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ABSTRACT 

Based on the efficient substrate for p60''^ protein tyrosine kinase (PTK) 

YIYGSFK (1) (K„ = 55 fxM) obtained by combinatorial methods, we have designed and 

synthesized a series of conformationaily and topographically constrained substrate-based 

peptide inhibitors for this enzyme. The inhibitors showed IC50 values in low micromolar 

range (0.1-3 ^M). A "rotamer scan" was performed by introducing four stereoisomers of 

P-Me(2')Nal in the postulated interaction site of peptide inhibitor (23) Y-c[D-Pen-

(2')Nal-GSFC]KR-NH2 aC5o= 1-6 nM). 

We found that the x' space constraints imposed by the specialized amino acids, 

introduced at position 3 of peptide 23, were not as important as the configuration of the 

C° of that residue to recognize the active site of Src and Lck PTK, as reflected on the 

observed selectivity ratios. Cocrystallization studies between Lck and two of our 

inhibitors are in progress, in a collaboration with Dr. X. Zhu (Kinetix, Pharmaceuticals, 

Inc.). The results obtained may serve as the basis for the design of Lck and/or Src 

inhibitors, either peptide or nonpeptide. 

SL-3111 is a high affinity (IC50 = 8.4 nM) and selective (|i/5 = 2020) 5-opioid 

receptor peptidomimetic ligand developed in Dr. Hruby's laboratory, as the result of 

extensive structure-activity relationship (SAR) studies based on peptide leads. However, 

bioassays (GPI and MVD) and in-vivo antinociception studies on the racemic mixture and 

both enantiomers of this compound, have shown particular problems such as low potency 

and toxicity. 
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We have shown the importance of the piperazine ring in this molecule for binding 

toward the 5-opioid receptor. Thus, maintaining such scaffold we have studied a series of 

solution and solid-phase approaches toward the synthesis of SL-3111 analogues, which 

explore wider functional diversity at this heterocyclic ring. 

Compounds 64-67 were synthesized by solution methods. Analysis of the 

biological data and molecular modeling studies of these compounds, revealed an 

interesting trend in terms of the effects of the substituent at position two of the piperazine 

scaffold. Three different solid-phase protocols were explored toward the development of 

a combinatorial library of this type of compounds, which may facilitate future SAR 

studies. 
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CHAPTER I 

INTRODUCTION 

LI Preface 

At the beginning of writing this dissertation the big question was: where to start? 

A lot of information had to be reviewed, selected, and then organized in a coherent 

sequence of events. Thus, some experimental attempts that were done to answer several 

questions that came along this Ph.D. research, among which no particular conclusive 

point was reached, had to be left out of this dissertation. However, the excitement and 

some times frustration experienced during those days have been without a doubt a very 

important part of this learning process, that I am sure will stimulate and inspire me in 

ftiture research thoughts. 

In this regard, I have been very lucky to work under Dr. Victor J. Hruby's 

direction. His philosophy of advice, guidance, and life in general did certainly allow the 

freedom to propose and test different ideas which I consider an essential part in the 

formation of any scientist. Also, the interdisciplinary character of the work described in 

this dissertation, which is also another consequence of Professor Hruby's personality, 

allowed me to interact and get involved with the ideas and enthusiasm of important 

persons in the area of pharmacology and combinatorial chemistry. I am certainly 

fortunate to have been able to work and interact with them. 



Thus, the presentation of the work described in this dissertation intends to recount 

in a logical way the achievements and failures, also inherent to any scientific research, 

corresponding to two different research projects in which I was involved. I certainly 

enjoyed it, and I hope some future reader may find some useful parts, either firom the 

failures or the achievements. 

Inhibitors of p60"" PTK: An Interdisciplinary Quest 

L2.1 Protein Tyrosine Kinases: pSO""* PTK 

Phosphorylation is one of the major posttranslational modifications which 

regulates many cellular process such as cell cycle, growth, and differentiation.' Protein 

Tyrosine Kinases (PTKs) are key enzymes which phosphorylate specific tyrosine residues 

within the sequence of a wide variety of fimctional proteins, by the transfer of the y-

phosphate of ATP (or GTP) to tyrosine hydroxyl groups. These enzymes have been found 

to be a common mechanism for transmitting mitogenic signals and regulating numerous 

cellular processes. 

Src is the best understood member of a family of nine tyrosine kinases that 

regulate cellular responses to extracellular stimuli.^ To date at least 200 different 

mammalian protein kinases or putative kinases have been identified and the vast majority 

of them are structurally related.^ It has been predicted fi-om the rate of discovery and fi-om 

the firequency of kinase genes in yeast chromosomes, that anywhere firom 1000 to 3000 

kinase genes may exist in the mammalian genome. Of the hitherto known kinases. 



approximately 80% are specific for the tyrosine residue, while the remainder 

phosphorylates Ser and Thr residues. 

Gene names for PTKs are usually italicized lower case three letter words {Ick, fyn 

src) with appropriate prefixes (c- or v-) if necessary. The protein products are either 

expressed as non-italicized three-letter words with the first letter capitalized (Lck, Fyn, 

Src) or as the combination p (protein)-apparent molecular weight-gene as subscript, for 

example p56'''' or p60''"^. For historical reasons, the v-src and c-src encoded proteins are 

termed pp60'''®" and pp60"^'^, respectively, where pp stands for phosphoproteins. 

PTKs are divided into three categories : (1) membrane receptor-linked PTKs, such 

as epidermal growth factor receptor (EGFR) and insulin receptor (InsR); (2) non-

receptor-linked cytosolic PTKs such as Abl, Fes, and Weel; and (3) non-receptor-linked 

membrane-anchored PTKs, such as the Src-family PTKs, among which Src, Lyn, Fyn, 

Lck, Blk, Yes, Hck, Fyr, and Yrk have been identified.^ 

The non-receptor PTKs can currently be further subdivided into nine families 

based on structural similarities (see Table 1.1).' In addition, a wealth of information on 

individual protein kinases has been summarized in The Protein Kinase Facts Book, edited 

by Hardie and Hanks.'** 
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A. 5rc family 

c-src, c-yes, fyn, yrk, lyn, Ick, hck, blk and rak 

Families and their members size of PTK (kDa) 

55-62 

members 

10 

B. abl family 

abl, arg 

150 

C. fes family 

c-fes/fps, fer 

D. family 

92-98 7 

70-72 7 

syk, zap 

E. /ec family 62-77 2 

tec, itk, (=tsk, emt), atk (=btk, emb) 

F. family 130 3 

jak-l, jak-2, tyk-2 

G family 125 1 

fak 

H. ac^ family 120 1 

ack 

I. csk family 50-60 3 

csk, ctk, matk 

Table 1.1 The currently known nine families of non-receptor PTKs. 

The cellular src gene was the first molecularly-defined proto-oncogene, and its 

product Src (also known as p60"^, or c-Src), is now known to be the source of the first 

detected tyrosine phosphorylation event.® Mutations in the src gene, captured in the 

genome of the Rous sarcoma virus, gave rise to the prototype oncogene v-src, encoding 

an activated tyrosine kinase v-Src (or p60'"^. Since the first description of the protein 
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kinase activity of v-Src7 many other proto-oncogenes, and many other tyrosine kinases, 

have been described, yet Src remains the focus of investigation both as a model tyrosine 

kinase and for its unique regulation and functions. 

Structure of PTK. Members of the Src-family in vertebrates have a common 

structure. The primary sequence is organized into multiple domains, with the catalytic or 

kinase domain residing intracelluiarly. Figure 1.1 illustrates the domain organization of 

p60'-^PTK. 

myristoylation 
site 

Gly-2 

unique 
domain 

regulatory 
region 

auto-
phosphorylation 

site 

Tyr-416 

negative 
regulatory 

site 

Tyr-527 

HzN 1 SH3 1 SH2 PTK Domain COOH 

1 89-140 144-249 250 i 502 
1 1 

1 

GXGXXG : NRDLRAAN' 

ATP binding 
catalysis 

Lys 295 
phosphotransfer 

Figure 1.1 Structure of the avian ppeo®"®^, the prototype of the Src-family 

PTK. 

Adaptor or cytoplasmic signaling domains, such as SH2, SH3 and pleckstrin 

homology (PH), are found in some of the non-receptor PTKs (e.g., Src, Fes, Syk, Abl, 

and Tyk2), whereas receptor PTKs (e.g., EGFR and InsR) are organized into ligand 



binding extracellular domain(s), hydrophobic transmembrane domain, and intracellular 

kinase domain. Despite the diverse primary structure organization of various PTKs, the 

kinase domain of various PTKs as well as that of Ser/Thr kinases is generally conserved. 

Thus, in order from N- to C-terminus, each Src-family member contains: (i) a short N-

terminal membrane anchor or Src-homology 4 (SH4) domain, (ii) a poorly-conserved 

"unique" region of40-70 residues, (iii) an Src-homology 3 (SH3) domain of 50 residues, 

which can bind to proline-rich sequences, (iv) an Src-homology 2 (SH2) domain of 100 

residues, which can bind to specific sites of tyrosine phosphorylation, (v) a catalytic 

(tyrosine kinase) domain of 250 residues, and (vi) a short C-terminal region containing a 

conserved tyrosine residue." 

The SH2 and SH3 regions are found independently of each other at any location 

in the protein. In most cases, Gly-2 is the target for the cotranslational and stable covalent 

modification with mjristic acid residue. As will be discussed later, myristoylation of the 

amino terminus is required for both membrane association and biological activity. These 

shared structural elements lead to certain common themes in regulation and function. 

The Src cytoplasmic tyrosine kinase has captured the imagination and 

experimental attention of those scientists interested in malignant transformation and 

signal transduction for most of this century. Yet until now we have only had an 

impressionist view of Src as depicted in Figure 1.1, where the general picture has been 

perceived but the details have been fu2zy. This view changed with the recent report by 

Xu et al, who have solved the crystal structure of human c-Src (Figure 1.2).' 
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Figure 1.2 X-ray crystal structure of human c-Src. 

Negative regulation on c-Src is achieved by interactions of the various conserved 

domains with each other and with the C-tail, and activation is accompanied by the 

binding of the non-catalytic domains to other proteins within the cell. Interactions of the 

Src SH2 domain with other domains of Src or with other proteins are dynamically 

regulated by the phosphorylation state of the SH2 ligands. Interactions of the Src SH3 

domain also depend on access to and availability of specific ligands. Interactions between 

the conserved domains of Src and other proteins serve not only to regulate the Src kinase 

activity but also to localize Src to specific subregions of the cell, so Src localization can 

change according to whether it is active or not. 

The structural domains of Src and their functions: the N-terminal region. Src-

family kinases are found associated with cell membranes, both the plasma membrane and 



intracellular membranes such as the endoplasmic reticulum and endosomes.'" Membrane 

association is critical for transformation by activated v-Src, and a recent study in which 

membrane association of activated mutant Lck was conditional upon an added chemical 

showed that activated Src-family kinase needs to remain at the membrane in order to 

signal." This indicates that proteins need to be phosphorylated by, or bound to, Src at the 

membrane for effective signal transmission. 

The major determinant of membrane localization lies in the N-terminal region of 

Src which Resh dubbed the Src-homology 4 (SH4) region.* Mjnistoylation is necessary 

for membrane localization. Non-myristoylated Src molecules are membrane bound by 

either biochemical or cytological criteria. On the other hand, some myristoylated Src 

molecules are also free in the cytosol, indicating that myristoylation does not guarantee 

membrane association.'^ Since Src is synthesized (and myristoylated) on polyribosomes 

that are not associated with membranes," some of this soluble myristoylated Src could be 

in transit to the membrane. In addition, some Src-family kinases may cycle on and off 

membranes. 

Palmitoylation not only anchors Src relatives more firmly to membranes, but also 

concentrates them in specialized structures called caveolae." Caveolae are regions of the 

plasma membrane that are enriched in glycosphingolipids and have an atypical 

population of peripheral and integreil membrane proteins. Palmitoylation would 

potentially do three things for Src-family members: (i) it would bring them to the plasma 

membrane rather than intracellular membranes, which lack caveolae; (ii) it would bring 
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them close to many cell surface receptors, especially those having guanosine 

phosphatidyl inositol (GPI) anchors at their C-terminus which are clustered in caveolae, 

permitting signaling from those receptors to the tyrosine kinase;" and (iii) it would bring 

them into proximity with potential substrates on the cytoplasmic surface of the caveolae 

membrane, such as caveolin.'® 

Localization at specific membrane systems and at the cytoskeleton : roles of the 

SH2 and SH3 domains. The distinctive localization of Src and its relatives in different 

cells suggests that localization is more complicated than simply targeting by the SH4 

domain to a generic membrane environment." For Src, mutations in the SH2 and SH3 

domains differentially affect localization at perinuclear versus peripheral membranes. 

Presumably, these domains interact with proteins and lipids, that are localized at specific 

membrane systems. 

SH2 domains are noncatalytic motifs of approximately 100 amino acids, and the 

prevalence of SH2 domain-containing proteins in cells that selectively modulate signal 

transduction pathways illustrates that albeit all SH2 domains have extraordinary ability to 

specifically bind pTyr (phosphotyrosine, pY), the affinity of such interactions with a 

pTyr-containing ligand (e.g., cognate protein or synthetic peptide) is highly dependent on 

the amino acid sequence directly C-terminal to the pY residue." The so called "signature 

sequence" of the SH2 domains is the FLVRES sequence, which is intimately requisite to 

contributing both electrostatic and multiple H-bonding contacts to the pY side chain of 

cognate pY containing ligands. In general, all SH2 domains determined to date share 
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common structural properties, including a central antiparallel P-sheet "core" flanked on 

each side by an a-helix. 

SH2 domains have the ability to bind tightly to specific tyrosine-phosphorylated 

proteins." The specificity of SH2 domains for local sequence surrounding the 

phosphotyrosine was assessed by Songyang et who used SH2 domains to fish for 

tight binding to phosphotyrosine peptides from a mixture of phosphopeptides. In the 

mixture, phosphotyrosine was followed by three residues at which all amino acids, except 

Trp and Cys, were equally represented. The Src, Fyn, Lck and Fgr SH2 domains selected 

the sequence pYEEI in preference to other sequences. The selection of specific 

phosphorylated peptide sequences in vitro suggests that Src may select proteins it binds to 

in the cell based on a local primary sequence. Indeed, some Src-binding proteins contain 

the predicted optimal binding sequence, pYEEI. The phosphorylated ligand binds 

perpendicular to the P-sheet core and typically interacts with two well-defined binding 

pockets: the pY pocket and a hydrophobic binding pocket that interacts with the pY+3 

side chain (He). A consequence of these observations, important to drug discovery, is 

that minimally sized phosphopeptide ligands of approximately 4-6 residues can 

sufficiently span between (or slightly beyond) the pY and pY+3 binding pockets 

(assuming an extended conformation) to effectively bind to the Src SH2 domain.*' 

The binding affinity of the Src SH2 domain may also be regulated. Ligands must 

compete with the C-terminal phosphorylated tyrosine of Src for binding to the SH2 



domain. Posttransiational modification of the Src SH2 domain could potentially also 

regulate its affinity. 

Recently, another property of the SH2 domain was discovered: this domain and 

the p85 subunit of phosphatidyl inositol 3 kinase (PI3 kinase) bind to certain 

phospholipids." Phospholipid binding through the SH2 domain could contribute to 

membrane localization of Src. Phospholipid binding interferes with phosphotyrosine 

binding, and which one predominates in the cell is not known. 

The SH3 domain and its binding properties. SH3 domains bind to proline-rich 

ligands that can adopt a left-handed type II polyproline (PPII) helical conformation," in 

which two proline residues directly contact the receptor, other prolines in the ligand 

appear to function as molecular scaffold promoting the formation of the PPII helix. The 

structures of the Src and Fyn SH3 domains show a globular domain, one side of which 

has slightly-depressed hydrophobic surface with an acidic cluster at one end." 

Results using combinatorial peptide libraries (see sections 1.4 and III.2) indicate 

that the Src SH3 domain binds peptides of the consensus sequence RPLPPLP. with the 

underlined residues contacting the hydrophobic surface of the SH3 domain and the first 

Arg contacting the acidic patch." The binding affinity of small peptides is weak (5-50 

(iM), and the sequence specificity is low; the optimal sequence can be changed with small 

reductions in affinity." Experiments with longer peptides show that residues surrounding 

the core motifs can also contribute to binding, and more importantly that there are subtle 

differences in binding affinity using SH3 domains from different Src-family kinases." 
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Moreover, interactions of the Src SH3 with complete proteins may be of higher affinity 

and yet be more selective than interactions with peptides. A number of proteins that 

contain Src-binding sequences also contain phosphorylation sites and may also interact 

with Src through the SH2 domain." 

Thus, SH2 and SH3 domains mediate the formation of specific protein 

complexes," and are found in a range of cytoplasmic signaling proteins. The activity of 

c-Src is mainly controlled by its carboxylate terminal tail, which possesses a tyrosine 

residue (Tyr-521 of chicken c-Src), that can be phosphorylated by the C-terminal Src 

kinase. Csk. 

Counterintuitively perhaps, phosphorylation of Tyr-527 represses the kinase 

activity of c-Src. Indeed, the main alteration in v-Src is a deletion that removes Tyr-527, 

and c-Src can be converted to an efficient oncogene by substituting Tyr-527 with Phe. 

One hypothesis to explain these findings is that the phosphorylated carboxy-

terminal tail might forge an intramolecular interaction with the SH2 domain, and in doing 

so interferes with the intervening kinase domain. Consistent with this view, mutations 

that affect the ability of c-Src SH2 domain to bind phosphotyrosine result in kinase 

activation. However, the ligand binding surface of the SH3 domain is also essential for 

kinase activation, indicating that the SH3 domain may contact the kinase domain. 

Catalytic domains: the Src kinase domain. Protein-kinase catalytic domains are 

typically divided into a small ATP-binding lobe and a large peptide-binding lobe, with 

the active site located in the cleft between the two lobes. Xu et al^ have shown that the 



inactive c-Src (in which Tyr-Sll is phosphorylated) has more closely apposed ATP- and 

peptide-binding lobes than are found in active kinase structures, as if they have been 

forced together following the phosphorylation. As anticipated, the carboxy-terminal tail 

interacts with the SH2 domain, but surprisingly, this interaction occurs on the opposite 

side of the molecule from the kinase active site, and it does not seem to disturb the 

structure of the kinase domain (Figure 1.3). They have also shown that when Tyr-527 is 

phosphorylated, not only is the kinase domain repressed, but the SH2 and SH3 domains 

are tied up in intermolecular interactions so that they can not associate with endogenous 

ligands and disturb the SH2/SH3 regulated signaling events. Although phosphorylation 

of Tyr-527 is likely to be the key regulatory switch, things may be more complicated. For 

example, intramolecular interactions in which the SH2 domains are engaged are probably 

weak, and more potent exogenous ligands for either domain may compete for binding 

thereby disrupting the inactive structure. A number of cellular inputs, including tail 

dephosphorylation or apposition of high affinity ligands for the SH2 or the SH3 

domains,^ could produce a transition to the open, active conformation. 

The flexibility of the SH2/SH3 interaction and the long linker between the SH2 

and the kinase domain might be relatively floppy, with little interaction among the 

component domains. The regulatory domains would be free in such state to bind their 

cognate cellular targets and to direct activated c-Src to its appropriate substrate and 

subcellular locations. c-Src family kinases therefore depend on modular interactions for 

these regulations and target recognition. These findings underscore the extraordinary 
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versatility of protein modules such as SH2. SH3 and PH domains, however, there is 

clearly still much to be discovered about the structures, biochemistry and biological 

functions of Src-kinases. 

To understand the physiological role and mechanisms of action of PTK. is 

important to smdy its substrate and/or inhibitor specificity. Therefore, identification of 

substrate motifs of various protein kinases is extremely imponant for the understanding 

of the signaling pathways of many cellular functions.'' 

Figure 1.3 'Top" view of the interactions between the SH3, linker and kinase 

domains. 

A schematic representation of some of the residues important for the binding of 

ATP and the kinase activity of Src-Hck is shown in Figure 1.4.^ The structure includes 

both SH domains, the kinase domain, and the C-terminal tail of the protein, which is 
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phosphorylated on the regulatory Tyr-527. The SH2 and SH3 domains lie besides the 

large (C-Ioop) and small (N-Ioop) lobes, respectively, of the kinase domain in opposite 

site of the catalytic groove. The SH2 domain binds the Tyr-527, which extends from the 

base of the adjacent catalytic domain. There is a 14 amino acid linker in between the SH2 

and the catalytic domain (see also Figure 1.3). As mentioned before, this linker adopts a 

PPII helical conformation and docks into the recognition site of the SH3 domain. 

Figure 1.4 Schematic representation of the active site of Src-Hck kinase with 

a possible mechanism of phosphorylation of the Tyr substrate with the y-phosphate of 

SHZ-kinase 

Glycine 
Ri^ 
Loop 

ATP. 
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• In the following section (1.2.2) several enzyme kinetic parameters and terms will be 

introduced. Please see Appendix I for a definition of these terms. 

1.2.2 Protein Tyrosine Kinase Inhibition: An Approach to Drug 

Development. 

Protein substrates for PTK. The known protein substrates for Src have been 

reported.^ Some of these substrates bind to and are phosphorylated by Src. Other 

substrates have not been shown to interact directly with Src, but tyrosine phosphorylation 

of these proteins are known to be elevated in Src-transformed cells. The binding of the 

protein substrates or associate molecules to Src via the Src SH2 or SH3 domains may 

facilitate the phosphorylation of these substrates. Attempts have been made to determine 

the substrate specificity of PTK, by using synthetic peptides to elucidate the substrate 

specificity of various PTKs as recognized by the catalytic domain. 

Peptide-derived substrates for p6(f'^ PTK. Eukaryotic cells contain numerous 

signal transduction pathways that allow them to undergo specific responses to distinct 

external signals. Protein kinases play an integral part in most of these pathways, 

providing both specificity and diversity. Hundreds of protein kinases have evolved, each 

of which can be activated by a distinct subset of stimuli and phosphorylate a distinct 

subset of protein targets. It is estimated that hundreds of novel protein kinases are yet to 

be discovered.^' 
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In contrast to the well-defined linear peptide substrate motifs recognized by 

specific Ser/Thr kinase, few peptide motifs have been identified for PTK. Peptides 

derived from the autophosphorylation site of various PTKs have been used for the 

elucidation of structural requirements for enzjone recognition, but these synthetic 

peptides are found to be, with some exceptions,^^ indiscriminately phosphorylated for 

various PTKs.^^'" In 1994, Boutin reviewed the literature and listed many reported PTK 

peptidic substrates (3-28 amino acids) with their affinity constants.^® With few exceptions 

most of these peptide substrates are rather inefficient with values in the high 

micromolar to millimolar range. 

The specificity of a given protein kinase in vivo is affected by a combination of 

factors including the co-localization of the kinase and its substrates,^' and the specificity 

of the active site for a particular sequence. The primary sequence around the site of 

phosphorylation is an important determinant of the specificity of protein kinases in vivo. 

In this regard, Sonyang et used a degenerate peptide library to show that each of the 

nine tyrosine kinases investigated has a unique optimal peptide substrate. In this case the 

SH2 domain on tyrosine kinases or targets of tyrosine kinases were shown to recognize 

phosphotyrosine in a specific sequence context, and thereby provides some specificity to 

maintain the fidelity of signaling events. In the case of pSO"'^ PTK, they report that the 

optimal substrate for this enzyme would contain the sequence EEIYGEFF, although the 

scoring of additional residues in various positions suggests considerable flexibility. The 

utility of these and other reported peptide substrates of p60''®" PTK is limited by 
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inefficient kinetic constants(high K„ values) and the size of the peptide (from 8 to 13 

residues). 

Recently, Knight et al^ reported several short, highly active substrates for p60'''®" 

PTK. The observation that only 5-7 residues are required for significant substrate activity 

suggests that small molecule inhibitor based upon interaction with the phosphoacceptor 

site may be developed. Ramdas et al^ have also reported a novel approach to determine 

the minimal size and semioptimal sequence of a peptide to serve as an inhibitor and/or 

substrate of p60'"^ PTK. In this work, the preferred amino acids surrounding Tyr were 

determined by a systematic study in which the length of a series of linear peptides was 

increased, starting from the tripeptide EYG. Using an iterative cycle, the size of the 

peptide was increased one residue at a time, first at the amino terminus and then at the 

carboxy terminus. The best overall peptide obtained from this method. EFEYGFF, had a 

Kj value of 0.13 mM with and values of 0.21 mM and 680 nmol/min mg, but was 

also an inhibitor with a value of 0.13 mM. However, since most of the peptides 

examined in this study have high and/or low values, it is difficult to make any 

strong conclusions about specificity. 

Among all the PTKs, Src is the enzyme with the most available information on its 

substrate specificity. This enzyme has been used to screen different types of peptide 

libraries,^^'*'''" and its kinetic parameters have been determined.^^ In one of these studies 

Budde et at" described what is called "biphasic kinetics", which resembles negative 

cooperativity (see Appendix I). Evidence indicated that these biphasic kinetics are due to 
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the presence of multiple forms of p60'"^ PTK with different K„ values for the protein 

substrate. The data reported suggest that these variants are due to different 

phosphorylation states of the enzyme, but not involving the T>T-416 or Tyr-527 sites. 

Table 1.2 summarizes the data on Src substrates reported by several groups. 

Peptide V^(nmol mg'mm') Reference 

YIYGSFK 55 40 

GIYWHHY 20 44 

AEEIYGEFEAKKKK 33 800 37 

EEPLYWSFPAKKK 67 45 

KKSRGDYMTMQIG 790 10 39 

EFEYAFF 210 680 39 

RDRVYVHDF 870 350 39 

RRLIEDAEYAARRG 650 210 39 

Ac-IYGEF-NH, 368 1020 32 

Ac-EDAIY-NH, 880 1860 32 

ELPYAG 2900 46 

c[ELPYAG] 6800 46 

Table 1.2 Comparison of published data on peptide substrates for Src. 

It is clear firom Table 1.2 that Src can phosphorylate many peptides with diverse 

sequences. This is consistent with the known diverse protein substrates for Src.^ 

p6(f'^ PTK : the target As indicated earlier PTKs are multidomain enzymes that 

include the catalytic domain and other discrete domains such as the extracellular ligand 
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binding domain, transmembrane domain, and adapter or signaling domain that are 

responsible for protein-protein interactions. Inhibition of any of these flmctionai domains 

may lead to the decrease in phosphorylation of potentizd leads. In the case of non

receptor PTKs such as p60''"'" PTK, inhibition of myristoylation will interfere with the 

membrane localization of the enzyme resulting in the loss of membrane bound substrates. 

Inhibitors that block the adapter domains such as SH2 and SH3 may directly interfere the 

interaction between the PTK and its target locus, or disrupt the interaction between the 

substrates and the enzyme leading to a decrease in phosphorylation. Alternatively. SH3 

or SH2 antagonists may inhibit the enzyme by allosteric interaction.^' 

Selective blocking of the binding sites of the SH2 domains may alter the signaling 

process and potentially impact the cellular response and, in addition, may help to further 

elucidate complex signaling pathways. This biological information, coupled with the 

availability of x-ray and NMR structural data for SH2 domains,""*'"'®' has projected SH2 

domains as prime targets of ligand design. Lastly, inhibition of the enzyme can also be 

obtained through direct inhibition of the catalytic or enzyme active-site itself; however, 

other factors such as specificity between the peptide-substrate active site and the ATP-

binding pocket have to be considered, as it will be discussed later (Section III. 1.2). 

Tyrosine phosphorylation may be the primary, or even the exclusive indicator of 

signal transduction in multicellular organisms.^' The receptor tyrosine kinases (RTKs) 

participate in transmembrane signaling, whereas the intracellular tyrosine kinases take 

part in signal transduction within the cell, including signal transduction to the nucleus 
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(see Section III. 1.1). Enhanced PTK activity resulting from tyrosine kinase 

overexpression can activate mutations or lead to persistent stimulation by autocrinically 

secreted growth factors, which in turn can lead to disease." The realization that aberrant 

tyrosine phosphorylation plays critical roles in triggering unbridled growth factors of 

some types of cancer cells, and in many other types of diseases, has raised the hope that it 

will be possible to identify specific inhibitors of PTKs implicated in the relevant types of 

human cancer and other diseases.®^ 

Among the Src-family protein kinases we have chosen p60''®^ PTK as a target to 

pursue due to the reasons enumerated below, besides its unique regulation and functions. 

1) Its activity is elevated in many human cancers.^ 

2) Alterations in the regulation of p60''^ PTK activity have been associated with 

neoplasia.®^ 

3) Changes in the activity are associated with changes in the cell cycle.'® 

4) Normal cells contain very low level and activity of p60'"^ PTK.®® 

5) The enzyme is not required for the establishment or maintenance of cell 

viability.®^ 

6) The enzyme is relatively small and not glycosylated or a transmembrane 

protein. 

7) p60'""^ is the best characterized PTK. 
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Thus, the first three points implicate the enzyme as a reasonable target, the next 

two suggest that disruptions of the enzyme activity will not be life threatening, and the 

last two ease the difficulty of performing research on otherwise large membrane-bound 

receptor PTK. 

Development of inhibitors for PTK: peptide-derived inhibitors. The search for 

^iead compounds" from which to develop specific enzyme inhibitors is generally 

performed by randomly screening natural products. However, this method is time 

consuming, expensive, and labor intensive. Since the natural substrate of pdO'"®" PTK is 

supposed to be a cellular protein, a tightly binding peptide (substrate) provides a rational 

starting point from which to design an inhibitor against p60'''^ PTK. However, the 

number of possible combinations within a peptide sequence of length n, containing the 20 

naturally occurring amino acids is equivalent to 20^^, a number which cannot be 

approached by standard peptide synthesis techniques. 

In the past few years, random combinatorial library methods have shown to be 

useful tools in the identification of peptide ligands for macromolecular targets.®" A more 

extensive discussion of this drug development strategy will be described in section 11.2.1. 

Based on two peptide leads (YIYGSFK and GIYWHHY) obtained by using these 

combinatorial methods. Lam et al^ reported the design and synthesis of several 

pseudosubstrate-based peptide inhibitors. Some of these compounds are highly potent and 

specific with ICjo values in the low micromolar range. Chimeric branched peptides based 

on the structural combination of these substrate sequences inhibited the enzyme with high 
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potency, indicating that the enzyme-active site of p60'"®® PTK can accommodate more 

than a linear motif. This may explain why seemingly several peptides with very different 

linear structures can all be phosphorylated by this enzyme, as shown in Table 1.2. 

In addition, phage peptide libraries*" have been developed to identify inhibitory 

sequences against pdO'"®" PTK.** 

Based on the substrate motif identified for several Ser/Thr protein kinases, potent 

pseudosubstrate-based inhibitors have been developed." Ala has often been used to 

replace the Ser or Thr of the substrate motif. The potency (K^) of these peptides vary 

tremendously between 0.004 and 150 p.M. The highly potent peptides are generally 

longer, with approximately 17 amino acids. The smallest and most active peptide 

inhibitor is GRTGRRNAI, a nonapeptide with value of 0.036 ^iM. 

On the other hand, it is clear that PTBCs have evolved to specifically coordinate an 

aromatic hydroxyl moiety within the enzyme-active site region. If the liydroxyl group of 

tyrosine is retained and additional fimctionalities are incorporated in the aromatic 

nucleus, this could preclude phosphoryl transfer or it may actually enhance enzyme 

activity. Thus, following the same basic idea of substituting the Tyr residue 

(phosphorylation site in the substrate) by various non-phosphorylatable tyrosine 

analogues, several peptide inhibitors of variable potency and specificity have been 

reported. The tyrosine residue has been replaced by: 1-naphthylalanine, 2-

naphthylalanine,"'" /7-fluorophenylalanine, /T-chlorophenylalanine," phenylalanine, D-

tyrosine, 2,6-dichIorotyTosine, methyltyrosine, phosphonophenylalanine," p-
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hydroxymethyl-phenyalanine (tyramine), L-3,4-dihyciroxyphenyaIaiune,'' 

guanidinophenylalanine and pentafluorophenylalanine," 4-(R,S-

hydroxyphosphonomethyl)-L-phenyIaIanine and 4-carboxy-L-phenyIalanine." 

Yuan et aP first described the use of tetrafluorotyrosine to replace tyrosine for the 

development of pseudosubstrate-based inhibitors for PTK. They suggested that the 

phenolic group of the PTK peptide inhibitor should have the following features: (a) it 

should structurally resemble tyrosine, (b) it should be negatively charged at physiological 

pH to promote binding , and (c) its anion should be less nucleophilic than a tyrosyl anion 

to block phosphoryl transfer. 

The efforts to generate this type of tyrosine kinase inhibitors which bind the 

peptide substrate site by replacing the tyrosine with unnatural amino acids, generally used 

a synthetic strategy wherein each specialized amino acid is incorporated separately into a 

peptide. In this approach the following, sometimes cumbersome, process has to be 

followed: 1) preparing each new unnatural amino acid in chiral form, 2) suitably 

protecting it for solid-phase peptide synthesis, 3) individually incorporating each 

unnatural amino acid into a peptide followed by deprotection and cleavage from the resin, 

all without affecting the unnatural flmctional groups present. In some cases, there is 

absolutely no way around this. 

An attractive example (but only applicable to particular cases) of a different 

strategy has been reported by Hangauer et al" They described the use of a divergent 

synthetic approach from a common peptide intermediate to more readily access peptide-
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based tyrosine kinase inhibitors. As shown in Scheme 1.1 an important advantage of 

incorporating L-(4-iodo)Phe into the precursor peptide to the aldehyde is that the 4-iodo 

group can also be used to introduce other functionalities, thereby providing a second 

branching point in the overall synthetic scheme. 

The more branching points that can be built into the scheme, the greater the 

variety of inhibitors which are likely to be accessible from a common core of advanced 

intermediates. This divergent inhibitor strategy, with multiple branching points for 

obtaining peptide-based tyrosine kinase inhibitors containing urmatural amino acids, has 

the potential to significantly accelerate this relative undeveloped approach to obtain 

inhibitors targeted to the unique peptide substrate sites. 

CO. Pd(PPh3)4 
BusSnH 

Ac l̂e-HN CO-Gly-Glu(t.Bu)-Phe-NH2 DMF/DMSO (10/1) Ac.|le-HN^CO.Gly-Glu(t-Bu)-Phe-NHj 

Heck, Stille, or Suzuki couplings 
1)Bu4NMn04 
2) TFA/CH^az 

1) (t-BuO)2P(0)H. CsF 
2)TFA/CH2Cl2 

Additional inhibitors Ac l̂e-HN^^C0.Gly-Glu(t-Bu)-Phe-NH2 Ac-lle-HN' ^CO-Gly-Glua-BuhPhe-NH, 

Scheme 1.1 Divergent synthesis of PTK inhibitors from common 

advanced pentapeptide intermediates." 
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Although the potency of the inhibitors presented in this work is not outstanding, 

the strategy is shown as a viable alternate route to append different functionalities at the 

4-position of the side chain of nonphosphorylatable tyrosine mimetics. As mentioned 

before, among all the PTKs, Src is the enzyme with the most available information, also 

in terms of pseudosubstrate-based peptide inhibitors. Table 1.3 summarizes the data 

reported by several groups. It is obvious that the inhibitory potency varies tremendously 

depending on the parent peptide and the tyrosine analogue used. 

The available data suggest that certain tyrosine analogues may work well for some 

peptides and for some PTKs but not for others. Therefore, it is incorrect to generalize 

that a specific amino acid analogue is an ideal tyrosyl replacement for the development of 

potent pseudosubstrate-based peptide inhibitors for all PTBCs. 
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Peptide inhibitor ICjo ((iM) Reference 

1. YIYGSFK (F;„= SS^iM) 40 

YI-(2')-NaIGSFK 66 63 

YI-(r)Nal-GSFK 94 63 

YI-(p-CI)Tyr-GSFK 363 63 

YIFGSFK 575 63 

YI-(p-F)Tyr-GSFK 605 63 

2. GIYWHHY (K„= 20 nM) 44 

GI-(2')Nal-WHH-(2')Nal 3.9 59 

GI-(2')Nal-WHH-(2')nal 4.0 59 

GI(2')nal-WHHY 16 59 

GI-(2')Nal-WHHY 23 59 

3. YIYGSFK and GIWHHY (hybrid) 

YI(2')Nal-GK(Ny-HHW)FK 0.6 59 

YIYGK(Ny-HHW)FK 2.2 59 

YI(2')Nal-GK(Ng-HH)FK 3.6 59 

4. EEYGEFF (F;„= 33 ^M) 37 

EEH2')NaI-GEFF 140 37 

EEIyGEFF 367 37 

EEIYGEFE 70 69 

5. EELLLFGEI 950 65 

EELL-DOPA-GEI 29 65 

EEEE-phenethylamine 1650 65 

EEEE-dopamine 53 65 

Table 1.3 Comparison of published kinetic data on peptide inhibitors for Src. 

The peptide with the value in parenthesis is the substrate used as a lead. 
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Non-peptidic PTK inhibitors. Various transmembrane receptors- for example the 

receptors of insulin-like growth factor (InsR), nerve growth factor (NGFR), epidermal 

growth factor (EGFR), fibroplast growth factor (FGF), and platelet derived growth factor 

(PDGFR), phosphorylate themselves on tyrosine residues in response to the binding of 

extracellular ligands. Thereby, these receptors (RTKs) gain the ability to trigger various 

intracellular signaling cascades by which cell growth, proliferation, and other genetic 

programs are regulated.™ Abnormal signaling via a number of these growth factors has 

been linked to various pathophysiological states. For example, PDGF, FGF, and EGF 

receptor tyrosine kinases have been implicated in the migratory and proliferative 

responses of vascular smooth muscle cells upon injury after balloon angioplasty.^* 

Additionally, the PDGF receptor tyrosine kinase has been implicated in the mitogenesis 

and progression of a variety of tumor cell lines and types," and the FGF receptor TK has 

been associated with neovascularization of several tumor types.^ 

A number of small molecule inhibitors of PTKs are now known, with most of the 

work having been carried out toward suppression of the intracellular tyrosine 

phosphorylation of the EGFR tyrosine kinase. This work has been extensively covered in 

a number of recent reviews.'^ Disregulation may also contribute to the generation of 

various diseases. Therefore, signal-transducting proteins are considered as promising 

targets for drug development. In addition, such drugs are likely to be useful in dissecting 

signaling pathways." The structures and general featiores of the most relevant and potent 

inhibitors of several receptor tyrosine kinases are described below. 
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Quinazolines. 4-AniIinoquinazolines are potent selective inhibitors of EGFR 

PTK, by competing at the ATP binding site (Figure 1.5)7' The profile of quinazolines 

was recently reviewed.^^** 

(ICso = 0.025 nM) 

Figure 1.5 General structure of quinazolines PTK (EGFR) inhibitors and two 

of the most potent structures reported. 

Pyrinddinones. Recently, a novel class of potent, broadly active tyrosine kinase 

inhibitors have been described." The 2-aminopyrimidino[2,3-a]pyridine-7(8H)-ones, 

particularly the compound depicted on Figure 1.6, was competitive with ATP and 

displayed the following ICjo values against a panel of tyrosine kinases, 0.079 jiM 

(PDGF), 0.043 i^M (FGFR), 0.044|iM (EGFR), and 0.009 (c-Src). In the cellular 

studies, this compound inhibited PDGF-mediated receptor autophosphorylation in a 

number of cell lines at ICjo values of 0.026-0.002 )aM and proliferation of two PDGF-

dependent lines at 0.3 |aM. 

PD153035 (IC50 = 0.006 nM) 
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The interesting part about this new type of compound is associated with its low 

selectivity. In theory, selective PTK inhibitors should be less likely to affect normal cells 

and thus produce fewer side effects. On the other hand, broadly active non-selective 

inhibitors may be required to overcome redimdancies in growth signaling pathways in 

order to arrest aggressively proliferating cells. Therefore, given the complex nature of 

signal transduction, i.e., redundancies and cross talk between signaling pathways, 

absolute selectivity may not be desirable when the need arises to simultaneously inhibit 

multiple growth signals. 

Figure 1.6 The currently most potent member of a new class of broadly 

active tyrosine kinase inhibitors. 

Thus, within this context, both types of selective and broadly active PTK 

inhibitors are now being considered for the potential treatment of cancer. 

Indoles and Oxindoles. Several PTK inhibitors were found to contain an indole 

moiety in their structure. Chemical library screening of more than 100,000 compounds 
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against PTK led to the discovery of PD146568 (Figure 1.7). This compound showed 

selectivity toward EGFR. 

An extensive SAR study of this family showed that PD 146568 inhibits both 

EGFR and v-Src PTK.*° This class of compounds have low |aM inhibitory activity both 

against isolated enzyme and whole cell bioassays. The mechanism of action was shown 

to be non-competitive against ATP or peptide substrate, which suggests the interaction of 

this class of compounds with some type of allosteric binding site. 

HO OH 

S-S 

PD146568 

R = 
^ // 

/••• \ \J 

- N  N—^ SU4984 

R = SU5402 

Figure 1.7 Indole and oxindole class of receptor PTK inhibitors. 

Recently, a new class of FGFr TK inhibitors containing oxindole scaffold were 

reported.®' Two compounds from this class, SU 4984 and SU 5402 (Figure 1.7), inhibited 

kinase activity of FGF with a median IC50 of 10-20 pM, and only weakly inhibited 

phosphorylation of PDGF receptor. Neither compound inhibited the kinase activity of 

EGFR, even at concentrations as high as 200 jiM. 
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Natural products screening programs have identified a number of substances 

which inhibit tyrosine kinases or disrupt cellular processes mediated by this class of 

enzymes. The structures of these compounds were used in rational design of more potent 

and selective PTK inhibitors by chemical modifications. Both erbastin and BE-23372M 

contain structural features present in the tyrophostins family developed by Levitzki's 

group (Figure 1.8).*^ 

In addition, staurosporine has also been used in designing diaminophthalamides 

series. Lavendustin A, which was isolated from streptomyces griseolavendus, has been 

used as a lead compound for optimization. In a recant study lavendustin A and its 

negative control lavendustin B were used with other PTK inhibitors to study the effect of 

tyrosine phosphorylation on insulin release from pancreatic cells. 

Ri 

General structure of 
tyrophostins 

staurosporine 

BE-23372M R = OH, lavendustin A 
R = H, lavendustin B 

Figure 1.8 Chemical structures of small molecule inhibitors of receptor PTK 

derived from natural products. 
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Inhibitors of p60^'^ PTK. Whereas, as shown above, the greatest progress in the 

last few years has been directed toward receptor tyrosine kinases, several reports are of 

significance with regard to non-receptor kinases, particularly p60'"^ PTK. Certain 

analogues of 5,10-dihydropyriinido[4,5-b]quinolin-4(lH)-one (I) have been recently 

shown to be selective inhibitors of c-Src (Figure 1.9)." Compound 1 inhibited this 

enzyme with an ICjo value of 0.5 (iM while having a value of 75 ^.M for the EGF receptor 

tyrosine kinase and greater than 3 mM for PKA. Similarly, pdO'"^ PTK could be 

inhibited in the 0.3-1 |iM range with a series of carbazole analogues of ellagic acid vsdth 

selectivities relative to PKA as high as 690-fold.** 

MeO 

MeO xxx> 
H 

I 

OH 

HO OH 
OH HO 

HO' 
HO 

O 

ellagic acid 

III IV 

Figure 1.9 Chemical structures of reported small molecule inhibitors of p60® 

PTK. 



In the phenanthridinone-based series of this analogues (II), the inhibition is partial 

mixed noncompetitive with respect to ATP, while analogues in the carbazole series (III) 

inhibit p60'"®" PTK in an ATP competitive manner. Finally, p60" '̂®" PTK inhibition data 

were recently published on a series of 3-(phenyl)carbamoyl-2-imino-chromene 

derivatives in which compound IV produced an ICjo of 35 nM,*® whose basic core 

structure resembles that of the recently reported broad-spectrum kinase inhibitor depicted 

in Figure 1.6. 

Many of the compounds described above have the needed potency, specificity and 

cellular pharmacology to truly test the concept that suppression of specific tyrosine 

kinases might have therapeutic benefits in certain disease states. Thus far this success has 

been attained mainly by means of natural product screening and optimization of 

promising leads; however, no reports exist of small molecule inhibitors based on peptide 

leads, with no doubt a gap in this area of research that needs to be further studied. 

For many of the inhibitors reported thus far, there has been a distinct convergence 

to certain common chemical features, regardless of the kinase. 

These include, in many cases, a substituted fused bicyciic ring system combined 

with another aromatic ring positioned off the main nucleus. This may be a reflection of 

the known high sequence homology in the catalytic domains of different kinases allowing 

basal interactions with common chromophores, which indicates that this site or some 

surrounding sequence imparts the most exquisite specificity and potency to date. Thus, 
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the challenge is on producing specific inhibitors that can discriminate the subtle structural 

differences between these kinases. 

13 Solid-Phase Methods 

13.1 Solid-Phase Peptide Synthesis (SPPS) 

Solid supports. The term solid-phase often conjures misleading images among 

the uninitiated, from a mortar and pestle up to some kind of high pressure system. Now. 

it is clear that solid supports that lead to successful results for macromolecules synthesis 

are far from static (dry), and because of the need for reasonable capacities, it is rare for 

solid-phase chemistry to take place exclusively on surfaces. Merrifield performed the first 

SPPS of a polypeptide on a chloromethylated 2% cross-linked polystjnrene resin.*' 

Peptide chemists soon noticed that cross-linking should be reduced to about 1% for the 

synthesis of longer peptides, while 0.5% cross-linking was found to render the resin too 

fragile. 

Thus, the resin support is now typically a polystyrene suspension polymer cross-

linked with 1% 1,3-divinylbenzene; the level of fimctionalization is typically 0.2 to 1.0 

mmol/g. Dry polystyrene beads have an average diameter of about 50 |im, but with the 

commonly used solvents for peptide synthesis, namely DCM and DMF, they swell 2.5 to 

6.2-fold in volume. Thus, the chemistry of solid-phase synthesis takes place within a 

well-solvated gel containing mobile and reagent accessible chains." 
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Under the best solvation conditions for both polystyrene and polyamide supports, 

reaction rates approach, but generally do not reach, those attainable in solution. It has 

been shown for a polystyrene carrier that macroscopic dimensions on both dry and 

solvated beads change dramatically once an appreciable level of peptide has been built 

up.'' Thus, for this specific case, reactions continue to occur efficiently throughout the 

interior of a peptide resin that was four-fold the weight of the starting support. 

A fertile area of inquiry has been the setting of supports and possibly other 

characteristics differing from the 1% cross-linked polystyrene and polyamide gel beads. 

These include controlled-pore silica glass,*" and linker chains grafted covalently onto 

dense Kel-F particles." Supports developed specifically to withstand the back pressure 

that arises during continuous-flow procedures have been low-density, highly permeable 

inorganic matrices with polyamide embedded within. Those embedded matrices include 

polyamide-kieselghur (pepsyn-K),'°and polyamide-polyhipe." 

An interesting recent development involves the use of polyethylene glycol-

polystyrene (PEG-PS) graft supports (O.l to 0.4 mmol/g) which swell well in a range of 

solvents including chlorinated solvents and water, and have excellent physical and 

mechanical properties for both batch and continuous-flow SPPS. They are freely 

permeable to macromolecules, making them ideally suited for the preparation of peptide 

libraries, affinity purification and on resin enzyme assays (see Section III.2) for both 

batch and continuous-flow SPPS.®^ Another widely used solid support is tentagel (TG) 

resin which is a polystyrene-polyoxoethylene support, similar to the PEG-PS graft 



support. These two types of polymeric support are the base of a vast variety of now 

conmiercially available resins which are designed to fit the needs of particular synthetic 

schemes. 

This approach has prompted the development of a wide variety of different 

handles that have allowed the improved sjoithesis of peptides with higher yields, 

increased optical purity, and better control of cleavage conditions. 

Intensive efforts have been made to synthesize handles that are fully orthogonal to 

the protecting groups used in SPPS. Anchoring linkages have been designed so that 

eventual cleavage provides either a fi-ee acid or amide at the C-terminus, although, in 

special cases, other useful end groups or none at all. can be obtained. Several handles 

have a firee or activated carboxyl group that is intended to attach to the polymeric support. 

Such handles are most frequently coupled onto supports that have been flmctionalized 

with amino groups. Amino groups are introduced onto a variety of polyamide supports 

by treatment with ethylenediamine to displace carboxylate derivatives." All else being 

equal, there are significant advantages to those anchoring methods in which the key step 

is amide bond formation by reaction of an activated handle carboxyl with an amino 

support, since such reactions can be made to go readily to completion. This approach 

allows control of loading levels and obviates difficulties that may arise due to the 

extraneous or unreacted flmctionalized groups. 

Overall, the best control is achieved by coupling "preformed handles" which are 

protected amino acid derivatives that have been synthesized and purified in solution prior 



58 

to the solid-phase anchoring step. As depicted in Scheme 1.2, often spacer molecules or 

so called resin handles or linkers have been added as links between the amino acid and 

the resin. Such modification can increase the swelling properties of the resin and 

decrease the interactions between peptide chain and the pol5mier, thus facilitating the 

synthesis of longer peptides. Linkers also have the advantage of allowing different 

anchoring and cleavage techniques that can be used for various orthogonal synthesis 

schemes, thus increasing the versatility of the method. 

B 
Unker j—A 

Linker ̂  + AB 

Scheme 1.2 Principle of solid-phase synthesis. Sphere: solid support. A: first 

building block. B; second building block, AB: product. 

Solid-phase peptide synthesis (SPPS). Merrifield's pioneering work in the area 

of polypeptide synthesis'' has led to the development of polymer supported sjmthesis as 

an important new strategy in organic chemistry. 

As previously mentioned, an appropriate polymeric support (resin) must be 

chosen that has adequate mechanical stability as well as desirable physicochemical 

properties that facilitate solid-phase synthesis. In practice, such supports include those 

that exhibit significant levels of swelling in useful reaction/wash solvents. Swollen resins 

Linker 
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beads are reacted and washed batchwise with agitation and filtered either with suction or 

under positive nitrogen pressure. Alternatively, solid-phase synthesis may be carried out 

in a continuous flow mode, by pumping reagent and solvent through resins that are 

packed into columns. The usual batchwise resins, while being cheaper, often lack the 

rigidity and strength necessary for colimm procedure. 

The concept of SPPS, as shown above in Scheme 1.2, is to retain the chemistry 

provided in solution (protecting scheme, reagents), but adding a covalent attachment step 

that links the nascent peptide chain to an insoluble polymeric support. 

Subsequently, the peptide is extended by a series of addition 

(deprotection/coupling) cycles. It is the main advantage of the solid-phase approach that 

the reactions are driven to completion by the use of excess soluble reagents, which can be 

removed by simple filtration and washing without manipulative losses. Because of the 

speed and simplicity of the repetitive steps, which are carried out in a single reaction 

vessel at ambient temperature, the major portion of the solid-phase procedure is readily 

amenable to automation. 

In the vast majority of SPPS, suitably N°- and side chain protected amino acids 

are added stepwise in the C to N direction. A 'temporary" protecting group is removed 

quantitatively at each step to liberate the N°- amino group of the peptide resin, following 

which the next incoming protected amino acid is introduced with its carboxyl group 

suitably activated (see Section rV.2.1). As shown in Scheme 1.3, once the desired 

sequence has been assembled satisfactorily on the polymeric support, the anchoring 



linkage must be cleaved. Depending of the chemistry of the original handle and on the 

cleavage reagent selected, the product from this step can be a C-terminal peptide acid, 

amide or other functionality. 

The cleavage can be conducted so as to retain "permanent" side-chain protecting 

groups and thus yield previously attached segments that, once purified, are suitable for 

further condensation. Alternatively, selected "permanent" groups can be retained on 

sensitive residues for later deblocking in solution. However, the approach that is the 

most widely used involves final deprotection which is carried out essentially concurrent 

with the cleavage; in this way, the release product is directly the free peptide. The 

combinations of "temporary" and "permanent" protecting groups and the corresponding 

methods for their removal form the essence of the two main strategies in SPPS which will 

be extensively discussed in Section IV. 1. 
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Functionalization Anchoring 
Linker -AA^—TP 

I 
PP 

- TP 

Deprotection 

L i n k e r  — — N H j  +  hO—AA^—TP 

PP 
I 
PP 

V 
Repetitive Cycle 

-HjO 

Coupling 

Linker 1—AA'—AA ™̂.̂ "-rP Cleavage and 
j jp  pp  pp  Pf"®' Deprotection 

Linker 

+ NHrAA" AA^-AA'-COiH 

Scheme 1.3 Stepwise solid-phase synthesis of peptides. Sphere: insoluble 

polymeric support; AA', AA^ AA", amino acid residues numbered starting from C-

terminus; TP, temporary protection: PP, permanent protection. 

Thus, in SPPS there is only a single coupling reaction that is repeated, namely 

formation of an amide bond from an activated acyl species and an amine. More than 

three decades ago, Merrifield introduced the concept of solid-phase synthesis.*® Since 

then, automated solid-phase synthesis of polypeptides,'̂ oIigonucleotides,'® and 

oligosaccharides,'* have been carried out with increasing regularity. The introduction of 

synthesis robots for simultaneous multiple synthesis of peptides was the logical 

continuation, and more recently the systematic synthesis of peptide libraries was 

developed (see Section III.2.1). Even for less complicated peptides, several weeks are 

often required for the classical multistep synthesis in solution including isolation and 

purification. Synthesis of biopolymers on solid supports has simplified those procedures 
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considerably by obviating for elaborate separation steps, however, its prerequisite is a 

quantitative yield in every step. 

In the case of the peptide bond formation, this reaction has been optimized over 

many years (more than thirty) and with the advent of new and more efficient coupling 

reagents (see Section IV.2) a 99.99% of completion can be guaranteed in most cases 

nowadays. The factor of reaction efficiency, as we will see later in Section L3.2, is the 

area of most active research in the solid-phase synthesis of nonoligomeric molecules or 

so called solid-phase organic synthesis (SPOS). 

13.2 SoUd-phase organic synthesis (SPOS) 

In recent years, solid-phase chemistry has evolved from being largely the preserve 

of peptide and oligonucleotide chemists to becoming the mainstream actively carried out 

by an every-day increasing number of organic chemists. The principal driving force for 

this change of emphasis has been the search within the pharmaceutical industry for 

libraries of low molecular weight compounds, also called small organic molecules, to 

generate new leads and accelerate the process of dmg discovery. Solid-phase synthesis is 

particularly suitable for combinatorial chemistry, and its advantages over traditional 

solution phase chemistry are briefly outlined in Table 1.4. 

Small organic molecule synthesis on solid supports is nowhere near as well 

optimized as synthesis of peptides and nucleotides. Consequently, the effort required for 

development of such synthesis, as well as the frustrations in some points, is considerable. 
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On Solid-Phase In Solution 

Advantages: 

Reagents can be used in excess 

without separation problems. 

All organic reactions 

can be used in principle. 

Purification of the product by 

washing the support. 

No adaption of known 

reaction conditions required. 

Simple complete automation of 

reaction sequences. 

Split synthesis possible. 

Pseudo-dilution. 

No additional reaction steps, 

linkage to and cleavage firom 

the support. 

Unlimited amounts of products. 

Disadvantages: 

Not well developed, time required 

for optinfiization. 

Additional steps for linkage to and 

cleavage firom the support. 

Reactants cannot be used in 

excess or additional work required. 

Automation of isolation and 

purification not as developed as in 

solid-phase. 

Support and linker limit possible 

chemistry. 

Methods for anal3mcal monitoring 

still under development. 

Table 1.4 Comparison of organic synthesis on solid-phase and in solution. 



64 

In discussions of synthesis on pol3aner support one must differentiate between 

polymer bound reagents and polymeric protecting groups. Reactions with polymer-

bound reagents are one step reactions in which the dissolved substrate is allowed to react 

with chemical reagents, mostly catalysts or enzymes that are bound to solid supports. 

As depicted in Scheme 1.4, many support-bound reagents have been developed'' 

for conducting a variety of chemical reactions on supports as a very convenient way to 

scavenge reaction by-products or excess reagents formed in conventional solution-phase 

strategies. A number of these polymer-boimd reagents are commercially available; they 

simplify the performance of reactions and especially the work-up of reaction mixtures." 

Scheme 1.4 Schematic representation of a one-step reaction with a polymer-

supported reagent, a covalentiy bound catalyst. 

As mentioned above solid-phase methodologies began to be optimized thirty 

years ago. Thus, the following advantages can be expected from these types of strategies: 
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1) Considerably simplified reaction procedures: time constiming purification and 

isolation steps are eliminated by the covalent binding of the substrate and 

product to the support. 

2) Thermodynamic and kinetic influence on the course of the reaction: higher 

yields can be obtained by using a large excess of reagents. 

3) Possibility of regenerating the support: the polymeric support can be 

regenerated and reused for new synthesis if appropriate cleavage conditions 

and suitable anchor groups are chosen. Most of the times the price of the 

support is not an important factor in the multistep synthesis of expensive 

products. Regenerable supports include Merrifield resin (PS/DVB resin) and 

a recently described polystyrene (REM) resin." 

4) Principle of high dilution: undesired side reactions such as cross-linking 

(polymerizations) and multiple couplings, can be suppressed by using 

supports with low loading (< 0.8 nunol/g). 

5) Influencing the stability (thermodynamic, kinetic) of polymer bound reagent, 

for example, by making use of the template effect in asymmetric synthesis."" 

6) Automation: automated synthesis is a basic requirement for the multiple 

parallel synthesis of individual compounds.'"' 

Supports and linkers for SPOS. There is no (and maybe won't be) "miracle 

support" upon which any organic reaction can be carried out, possibly without adjustment 



problems, and which will finally release the final product with the touch of a button. 

However, what is available is a constantly increasing number of resins and linkers from 

which the combination most suitable for a particular synthesis can be chosen.'"^ The 

correct choice of supports and the bound anchor groups is very important for the success 

of organic synthesis on solid support. As we will see later, the linker largely determines 

the conditions under which the product is released and thus the reaction conditions 

suitable for the synthesis, however, time spent in optimization even with the right support 

is often unavoidable. At present, the choice of available linkers still limits the reaction 

sequences possible on supports, since they are mostly optimized for biopolymer 

synthesis. The support almost exclusively used in SPOS of low molecular weight organic 

compounds is still polystyrene cross-linked with 1-2% divinylbenzene, the same used in 

peptide synthesis. 

At this point it would be a useless exercise to try to include in this part of the 

dissertation a complete review of what has been done in the area of SPOS in recent years, 

in different areas such as building blocks attached to resins, resins, scavenger resins, 

linkers, etc. The reason is the fact that there is a wealth of first hand available sources of 

information, that completely cover and update all this information in a periodic way. In 

this regard, Novabiochem, Inc has issued a very complete and comprehensive catalog. 

The book is entitled "the fine art of solid-phase synthesis". The 1998 version contains a 

number of interesting notes and tips in SPOS for both the beginner and the experienced 



chemists in the area. I certainly hope that they will update the book each 

year, [www.nova.ch] 

There is another company that is applying the same philosophy. Chiron 

Technologies (Australia) is also issuing a solid-phase chemistry manual, which also 

provides a very convenient way of presenting the highlights of the fast-growing SPOS 

research. The book organizes the work in specific areas, which helps to easily find 

publications related to a particular topic such as named reactions, transition metal 

chemistry, asymmetric reactions, etc., to mention a few. They have published the manual 

for the last three years, and will hopefiilly keep on doing so. [Solid-Phase Chemistry 

Publications, Chiron Technologies, April 1998. Australia, 

www.chirontechnologies.com.au] 

Similar to the requirements for peptide chemistry, the anchor and any other 

necessary protecting group must be stable to all of the reagents used in the synthesis 

(orthogonality principle). Table 1.5 describes the most common supports used in organic 

synthesis besides the classical Merrifield resin. The categorization of the linker has been 

made according to cleavage conditions, except in the case of traceless linkers and 

cyclization-cleavage strategies which are considered separately: acid-labile, nucleophile-

labile, photolabile and traceless-linkers. Tables 1.6 and 1.7 show some base and acid 

stable anchor groups for linking the substrate to the solid-phase, with some remarks 

regarding different synthetic perspectives. 

http://www.nova.ch
http://www.chirontechnologies.com.au
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Solid Support Remarks Ref. 

PS/DVB copolymer 
(I -5% cross-linking) 

hexamethylenediamine-
polyacryi resins and related 
polymers 

poly(N-acryIopyrrolidine) 
resins, PAP- and SPARE-
polyamide resins. 

polyethylene functionalized 
with acrylic acid 

kieselgur/polyamide 
(Pepsyn K) 

poly-hipe, PS/polydimethyl 
acrylamide copolymer 

good swelling properties; 103 
swells well up to 5 times 
its dry volume; at low levels 
of cross-linking only limited 
thermal stability 

polar resins; good swelling in 104 
DMF and H,0; do not swell in 
DCM 

swell in HiO, DMF and DCM 105 

synthesis on pins 106 

pressure stable; used in CF-SPPS; 107 
low swelling properties due to in
organic support 

CF-SPPS; loading capacity up to 91 
5 mmol/g; high cross-linking of 
the PS chains 

CPG 

tentagel, PEG-PS/DVB 
copolymers 

pressure and heat stable; stable 88 
toward aggressive reagents; low 
loading 

polar; swell in HiO, MeOH, DMF; 108 
MeCN and DCM; pressure stable 

Table 1.5 Selected supports (solid-phases) used in organic synthesis. 
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Anchor Name; Reagent for Cleavage; Application; 
Comments; Reference 

R 

Wang anchor (R=H); 95%TFA; immobilization 
of carboxylic acids; 

trityl chloride anchor (X=H); weak acids (AcOH); immobilization 
of nucleophiles; 2-chlorotrityl chloride anchor (X=C1); very weaks acids 

(AcOH/DCM 1:4); immobilization of nucleophiles;"" 
o 

PAM anchor; HF, TFMS A; immobilization of carboxylic acids; 
100 times more stable than chloromethylated Merrifield resin;'" 

X OMe 

OMe 

Rink acid (X=OH); AcOH/DCM; immobilization of carboxylic acids 
Rink amide (X=NH-Fmoc); TFA/DCM; immobilization of carboxylic 

acids by amide formation;"^ 
NHFmoc 

Sieber amide; TFA/DCM (1:99); immobilization of carboxylic acids 
by amide formation;"^ 

Table 1.6 Base-stable anchor groups for linking the substrate to the solid-

phase. 
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Anchor Name; Reagent for Cleavage; Application; 
Comments; Reference 

DBU/piperidine, p-elimination; suitable for peptide, oligo
nucleotide, and oligosaccharide synthesis on amino methylated 

solid supports; immobilization of carboxylic acids;'" 
o o 

hAAC ^CH 

NaOH, saponification; immobilization of alcohols, amines 
(irreversible) on hydroxymethylated PS/DVB resins;"' 

Bu^NT', immobilization of carboxylic acids on HiNCHj-PS/DVB resins; 
cumbersome synthesis of the linker;"' 

OH 

polymer 

Hydrazine hydrate, hydrazinolysis; stable in 25 % TFA; immobilization 
of carboxylic acids; 

NHj b) .01 a) 
Me 

D 
COzH 

a) (EtO)2P(S)SH/TFA, reductive acidolysis, in oxidized form stable toward 
acids and bases SCAL; immobilization of carboxylic acids;"' b) photolysis (hv = 350 

nm, 72 hr); stable in 50% TFA, labile in hydrazine hydrate, immobilization of carboxylic 
acids;"'* 

Table 1.7 Acid-stable anchor groups for linking substrate and support. 
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Linkers based on the ''safety catch" principle seem to be particularly promising 

for organic chemistry on solid-phase, since they are compatible with many reaction 

conditions in the non-activated state. As shown in Scheme 1.5, the activation of the 

handle takes place by methylation of the sulfonamide nitrogen, and the resulting 

secondary sulfonamide can be nucleophilically cleaved under mild conditions.'̂ ' 

Scheme 1.5 Safety catch linker as used by Ellman."^ 

Another highly desirable feature in a linker would be that it does not leave any 

functional groups in the target product of the solid-phase synthesis. At the same time, the 

cleavage reagent should be easily evaporable or easily separated, since work-up that is 

complicated or difficult to automate is generally undesirable. These requirements are 

fulfilled by two chemically similar silyl linkers shown in Figure 1.10, as described by 

Elhnan'̂ and Veber.'" 

2) LDA. THF. 0''C 

3) RiX. 0°C 

2) "OH. or amine Y = OH. NHR 
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a) b) 
\ / 
Si o Br 

NHEtxjc X = H  n = 1  

X = CN n=0 

Figure 1.10 Aryl siiyi linkers from Ellman et al. (a) and Vefaer et at. (b) that do 

not leave any functional group In the product after cleavage, in both cases performed by 

HF. 

Although attractive, these so called "traceless" linkers require somewhat 

complicated synthesis, since the first synthetic building block cannot simply be coupled 

to the support bound-linker. Instead, conjugates of linker and starting material are first 

s3aithesized in solution and attached to the solid-phase afterwards. This laborious 

synthesis has to be repeated for every new starting compound. 

Another challenge in the area of linker development is selectivity of cleavage. 

Thus, if the linker can be cleaved selectively, cleavage can take place in aliquots rather 

than releasing all the compound bound to one resin particle at once. This is mainly of 

interest for structural determination of biologically active components of substance 

mixtures, particularly in coded libraries (see Section 111.2). This type of linker, for use in 

96-well format bioassays, is known at present only usable under peptide synthesis 

conditions.'" Bradley et reported multiple linkers that were obtained by 

derivatization of amino ethyl resin with equimolar amounts of linker molecules with 

differing acid lability (Figure 1.11). 
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Figure 1.11 Selectively cleavable linker system developed by Bradley/" 

After the synthesis, as indicated in Figure 1.11, a third of the product is released 

with 1% TFA, followed by the next third with 95 % TFA; the last third remains on the 

resin under these conditions. 

Development of selectively cleavable linkers with wide applications in organic 

solid-phase synthesis is very difficult since the desired selectivity on aliquot cleavage 

must be compatible with the necessary orthogonality of the cleavage and the synthesis 

conditions. 

Organic reactions on the solid-phase. In the development of methods tor 

combinatorial chemistry and/or lead optimization, reactions known from classical 

solution chemistry must be tested for their suitability for solid-phase sjmthesis of non-

oligomeric compounds. In the last few years, in addition to the classical condensation 

used in peptide synthesis, a wide spectrum of reaction types have been investigated for 

their applicability to solid-phase organic synthesis. Substituted heterocyclic compounds 

offer a high degree of structural diversity and have proven to be broadly and 
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economically usefiii as therapeutic agents, as suitable scaffolds in various peptidomimetic 

designs.*" Particularly, the development of strategies for the synthesis of heterocyclic 

compounds on the solid-phase is expanding as a greater understanding of how to 

successfully carry out such reactions is gained. 

A large number of functional groups can be derivatized using solid-phase 

reactions, including amines,'" alcohols,'" aldehydes,'" ketones,'̂ ' carboxylic acids,'™ 

cyclopropanes,"' ether,'" imines,'"and the list goes on and on, together with an extensive 

and fast growing list of named reactions such as: Claisen, Stille, Suzuki, Heck, 

Dieckmann, Mannich, Hoffman elimination, etc. 

In addition, many standard organic reactions have been adapted to solid-phase 

chemistry. These include, to mention only a few, oxidations, reductions, nucleophilic 

substitutions, nucleophilic additions, carbene insertions, enolate chemistry, 

cycloadditions, free radicals, lithiation, etc. General reviews on these topics are also 

available and widely recommended.'̂  As mentioned before, comprehensive and yearly 

updated sources of information, including a web page (///www.5z.divinfo/) provide a 

reliable starting point for research in this area. 

A partial list of the wide variety of reactions adapted to solid-phase are shown in 

Scheme 1.6. 

http://www.5z.divinfo/
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Ccxidensalians 

Michael adHtion 
Claisen 
Aldai reaction 
Dieckmann 
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Mannicti 
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Pictst-Spangier reaction 
WHtig reaction 
Homer-Emmons 
(mine Ibnnation 
Grtgnard reaction 

fV Br 

R-R- OH Carbamates 
(AiOH) 

Multiconiponeni condensation 

Oxiilative phenol couplino 

NH OH 

Hofmann reanangeinent 

Aromatic nudeophUc 
Rnkelstein reaction 
Mitsiinobu reaction 
Catalyzed reactions . 

Stile coupling 
Suzuki coupling 
Heck reaction 

Scheme 1.6 The growing list of organic reactions adapted to the solid-phase 

thus far. 

Monitoring of solid-phase reactions. Every step in a multistep synthesis on a 

solid support yields a resin bound intermediate whose characterization represents a 

challenging problem."' Quantifying the loading (yield) and determining the structures of 

the polymer-bound product and possible by-products, which are fairly straightforward in 

solution-phase synthesis, are very difficult. In the case of SPPS the monitoring of 

coupling by different colorimetric tests is well established.'̂  In addition, quantitative 
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determination of coupling yields is possible, for example, by rapid, quantitative UV 

analysis of the cleavage product formed from the amino acid protecting group Fmoc, by 

direct sequencing on the support (for individual peptides), and by ES-MS and Edman 

degradation (for peptides bound to single beads). 

The above mentioned colorimetric methods can also be applied, in some cases, to 

monitor reactions in the synthesis of small organic molecules (SPOS). In this case, in 

addition to the standard cleave-and-analyze procedure: 1. derivatization, 2. cleavage, 3. 

purification, 4. analysis (MS, NMR and/or IR); several analytical methods are available 

for characterizing the polymer bound compounds and give information on the type and 

completeness of the reaction. 

a) FT-IR and FT-Raman spectroscopy."' 

b) Solid-state and gel-phase '̂ C NMR spectroscopy.'̂ ' 

c) High resolution 'H MAS and MAS-CH correlation in the gel-phase.'̂ ' 

d) Matrix-assisted laser desorption ionization time-of-flight (MALDI-

TOF)."" 

e) Elemental analysis. 

f) Titration of reactive groups (-NH,, -COjH, -SH, etc.). 

g) Gravimetric analysis. 



Due to the interference of the poljmier backbone and low loading, conventional IR 

and NMR spectra are difficult to interpret and not routinely obtained. The developments 

in the area of solid-state and gel-phase NMR in the last years has led to further suitable 

methods for monitoring reactions on supports. In gel-phase spectroscopy (b above), a 

solid sample, for instance PS-DVB resin, is transferred to an ordinary NMR tube and 

allowed to swell in a suitable solvent (CD^Cl, or CDCI3). After the sample is degassed, it 

can be measured under conditions typically used for dissolved samples. The utility of 

this gel-phase NMR technique is limited in that the proton NMR spectra it generates are 

still composed of very broad lines 100-300 Hz).'̂  

Some researchers, however, have exploited the smaller magnetic-susceptibility 

linebroadenings of lower frequency nuclei, and combined them with the observation of 

nuclei having a wide range of chemical shifts (like '̂ C) to generate gel-phase NMR 

spectra with line widths 25-75 Hz or more; the resonances are still resolved well enough 

to make structural assignments. This technique has been used primarily for '̂ C and "F 

NMR which are nuclei with significant chemical shift dispersion (wide spectral 

widths).'̂ ' 

High resolution 'H NMR spectra (c above), can be obtained by a combination of 

MAS (Magic Angle Spinning), a technique normally used in solid-state spectroscopy, and 

the previously described gel-phase method. As a result line broadening is suppressed 

effectively, and even with short measuring times the signal-to-noise ratio is improved 

considerably. MAS provides substantial line narrowing in one-dimensional '̂ C and 'H 



NMR spectra of solvent swollen polymer gels (where MAS removes either the 

susceptibility broadenings or the homonuclear dipolar couplings or both). Conventional 

MAS probes provide only moderate resolution at best."* It was not until an NMR probe 

was created that combined the use of both MAS and "magnetic-susceptibility-matched" 

materials, that the acquisition of high-resolution MAS NMR was made possible, 

especially for high field 'H studies. These kind of probes are now used to observe 'H 

linewidths of 4 Hz for resin-bound samples." '̂ 

Enger and Bradley'̂ ' monitored chemical reactions on the solid support by the use 

of MALDI-TOF-MS (d above). In this example, after every reaction step, 1-100 polymer 

beads were removed and placed directly in the sample holder. The synthesized 

compounds were then cleaved from the polymer. The polymer beads and liberated 

compounds were then embedded in a matrix and analyzed. This analytical method has 

been applied to the extremely acid labile Rink amide anchor, and subsequently with 

compounds in other acid-labile linkers such as MBHA, trityl, Wang, aminotrityl, and 

hydroxytrityl (see Tables 1.6 and 1.7). 

Regarding elemental analysis (e above) there is still much to be done. In general, 

the inaccuracy and deviation of the resvilts obtained is associated with the low loading of 

the substrates on the support. Information on the real availability of reactive functional 

groups on the resin is also very difficult to obtain by such an analysis. The 

reproducibility of C, H, N and halogen determination is too poor to quantitate small 

variations. Thus, in spite of the great progress made so far, the analysis of support-bound 



compounds and compound libraries is still not satisfactory and far from being a routine 

methodology in a laboratory. 

In the work described in this dissertation, I have relied heavily on several 

colorimetric methods and in the analysis of some functional group transformations by the 

use of IR spectroscopy of KBr pellets, and of course the cleave-and-analyze method. 

1.4 Combinatorial Chemistry 

The idea of evolutionary processes in chemistry is as old as chemistry itself. 

Wohler's successful experiments to generate oxalic acid from dicyanogen in 1824 and 

urea from ammonium cyanate in 1828 were understood as the evolution of inorganic 

matter into organic molecules, which are the basis of life. 

The formation of new molecules is today understood in terms of Darwinian 

evolution, in which new molecules evolve on the basis of feedback on their properties 

and the contribution to the performance of the organism. The invention of novel drugs by 

medicinal chemists can be interpreted as a similar evolutionary process; thus, new, better 

molecules are synthesized in a feedback loop based on the various properties of previous 

molecules. Now with the advent of combinatorial chemistry techniques, we are in a 

similar position to nature: that of being able to synthesize many molecules out of millions 

possible from a combinatorial library using a rather limited number of starting materials, 

but not knowing a priori which molecules out of all possible will satisfy our criteria for 

success. Thus, everything comes down to the following question: would it take medicinal 
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chemists the same length of time to reach the level of understanding in using 

combinatorial strategies as it took nature? Maybe, but in my opinion it is worthwhile, and 

unavoidable, to try. 

Rapid progress in molecular biology and gene technology has brought about 

fimdamental changes in biomedical research in the last ten years. It is estimated that 

there are 80,000 to 100,000 genes in the human genome. Currently, drug companies are 

working with about 500 "targets" or gene products, but it has been estimated that the 

sequencing of the human genome will boost this number by an order of magnitude, so it 

can be expected that 3000-10,000 targets will become available within the next few 

years.*'" 

Determination of the structure of these molecules has made it possible to 

understand diseases at the molecular level and has opened the door to rational drug 

design. The introduction of "High-Throughput Screening" (HTS) methods allows the 

rapid identification of new lead structures; however, it requires a large number of 

structurally diverse test substances, and here is where the concept of tradition^ organic 

synthesis (synthesizing one compoimd after the other) reaches its limits. Thus, 

determination of test compounds becomes the "bottle neck" in the search for active 

compounds. 

The revolutionary concept of combinatorial chemistry (combichem), enables 

hundreds to thousands of times more compounds to be synthesized and screened 
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compared to traditional approaches. Scheme 1.7 depicts how combinatorial chemistry 

impacts the process of drug discovery today. 

identification of a biological target 

Assay System | 

High Throughput Screening (HTS) | 

Lead Structure | 

i 
Optimization ] 

i 
Preclinical Candidate | 

Test Compounds 
by Combichem 

Scheme 1.7 The search for new drugs today. 

Combinatorial chemistry does not actually change the drug discovery process, 

which by necessity involves the screening of a large number of compounds for potential 

biological activity. Rather it introduces a new step, one that greatly increases the range of 

molecular diversity available to medicinal chemistry. This is done, at least in part, by 

accepting and hamessing randomness in the synthesis of molecules. The trick is to tame 

the randomness by creative techniques and mathematicai concepts that allow the 
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medicinal chemist to fish out, in a more rational way, from a mixture of compounds those 

that point to drug leads.'"" 

The extreme position in this scenario is to take '"combichem" as a way to make as 

many molecules as you can that are as different from each other as they can be, but no 

particular thought has to go into the designing of these libraries. Undoubtedly, the 

greatest power of it will be observed when it is used along with structure-based 

approaches and computational methods (virtimi libraries).'^'' 

The principle of combinatorial synthesis. The goal of combinatorial synthesis is 

to simultaneously produce many different products with defined structure."' As pointed 

out before, "combichem" takes its lead from nature, which succeeds in obtaining from 

only a few synthetic units {i.e., 20 natural amino acids) an astronomical number of 

products (peptides) with a similar amount of diverse functions by combinatorial 

principles. Combichem is based on a simple and revolutionary principle: instead of 

linking starting materials A and B to form one product AB (Scheme 1.8a), different 

building blocks of type A (A,-A,o) are treated with different building blocks of type B 

(B,-B,o) according to combinatorial principles, that is, each substance reacts with all other 

reactants (Scheme 1.8b). This can take place in separate reactions vessels, or 

simultaneously in a mixture. 
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Scheme 1.8 (a) Conventional organic synthesis, (b) Combinatorial organic 

synthesis. 

As depicted in Scheme 1.8b ten reagents of type A and ten of type B (which 

would be orthogonally protected amino acids in the case of peptides) give a hundred 

products in a combinatorial reaction. If we extend this principle of producing all possible 

combinations in each reaction to multiple-step synthesis, as is generally the case in drug 

discovery, we rapidly obtain a large number of product from only a few building blocks 

(Scheme 1.9). 
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Scheme 1.9 Multiple-step combinatorial synthesis. 

For a three-step synthesis with ten building blocks of each type A, B, £ and D, 

we obtain 10,000 compounds. The set of all the compounds produced in a combinatorial 

synthesis is known as a library. Depending on the production method, a compound 

library created by combinatorial synthesis can comprise separate compoimds or may be a 

mixture of defined composition (one-bead-one-compound)®*^'^ In a multistep 

combinatorial synthesis the size of such a library, which corresponds to the total number 

of all substances synthesized (N), is determined by the number of reactants or building 

blocks used per reaction (linear relation) and the number of reaction steps (exponential 

relation) [Equation 1]. 

Design of combinatorial synthesis. Several aspects must be considered when 

planning a combinatorial synthesis. First and most important, one has to be sure that the 

chemistry thought to be used in the solid-phase has reached, after several optimization 

N  =  n ^ x n ~ x n ^ x  n m (I) 
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stages, a decent level of reproducibility, yield and stereochemical fidelity. Then one 

should consider the following: 

a) The building blocks for the target molecule construction must be available as 

structurally diverse sets, either commercially or by short synthetic routes. 

b) The products should be as diverse as possible. This means that groups that can 

undergo non-covalent interactions (hydrophobic and ionic interactions, H-bonds) with 

a biological target molecule are presented in as many spatial configuration as 

possible. 

c) Finally, an ideal situation would require that both individual reactions and the whole 

sequence should be amenable to automation. 

As we discussed before (Section 1.3.1), peptide synthesis meets all of these 

conditions, which is the reason why this was the area where combichem began to be 

considered as a viable synthetic strategy. On the other hand, for the synthesis of small 

organic molecules, the range of application of each reaction in a chosen sequence must be 

examined on an individual basis. The aim is to maximize the range of application by 

suitable choice of reaction conditions or to identify suitable conditions for a particular set 

of diverse building blocks. In addition, the polymeric support and the linker also give 

another variable to consider and optimize. Thus, knowing the exact scope and limitations 

of each individual step in a given sequence enables a sensible choice of building blocks 



and thus bigger chances of success. Once these aspects have been considered, there 

remains the question of strategy for an efiRcient synthesis of the library (Scheme I.IO). 

As depicted below, doubly functionalized monomer units are linked in peptide 

synthesis and other oligomer synthesis (A). However, different strategies can be 

considered for the synthesis of non-oligomeric organic molecules. As shown in (B), one 

can start with a template that is already equipped with several fimctional groups. 

Different building blocks are attached through these groups, either in a series of separate 

steps or in one pot. 

Alternatively, one can use reactions that introduce a new functionality in the 

product, via orthogonal deprotection or functional group transformation, in which the 

next reaction step takes place (C). 
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Scheme 1.10 Strategies for combinatorial synthesis. 
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The multicomponent reactions are an extreme example of this strategy in which 

intermediates immediately undergo further reactions under constant conditions.'^ In 

principle, combinatorial synthesis can be performed both in solution and in solid-phase. 

We have already discussed and compared the advantages of working on solid-phase (see 

Section 1.3.2 and Table 4). In fact, the choice between these two formats will depend on 

the particular requirements. It may also make sense to combine both in a synthesis 

sequence, as described by Armstrong et al}*^ 

In Sections III.2.1 to III.2.3 the different concepts used in some combinatorial 

library approaches will be discussed in more detail. 
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L5 Peptidomimetics 

Medicinal chemistry research has been dramatically transformed by 

biotechnology. Previously, synthetic chemistry and natural products screening dominated 

drug research, but now molecular biology has become a driving force behind screening 

and the establishment of macromolecular targets. Thus, most of the research in 

biotechnology companies has been directed to peptide and protein therapeutics, in spite of 

their associated problems which will be discussed later on. 

Peptides occur throughout nature in a wide range of roles. They act as 

extracellular messengers -hormones, neurotransmitters, and neuromodulators- in plants 

and animals and thus influence such vital fimctions as metabolism, immune defense, 

respiration, and reproduction. Indeed, they are essential to virtually every biochemical 

process. Certainly one of the main focus in the area of peptide chemistry has been the 

manipulation of the above mentioned properties through peptide modification. 

The desire to use peptides as pharmaceuticals is the major incentive for 

modification."' The pharmacological properties of most peptides preclude their use as 

drugs, mainly due to the following factors: 

a) do not readily pass across biological membranes. 

b) low metabolic stability toward proteolysis in the gastrointestinal tract and in serum. 

c) poor absorption after oral ingestion, in particular due to their relatively high 

molecular mass or the lack of specific transport systems or both. 

d) rapid excretion through liver and kidneys. 



Specificity is also a problem. Peptide receptors and/or isoreceptors can be widely 

distributed in an organism and their stimulation results in a variety of desired and 

undesired effects, especially when the peptide is conformationally flexible and hence able 

to interact with alternative receptors. The aim of peptide modification is to determine the 

structure-activity relationships of endogenous peptides and to produce analogues that can 

overcome the barriers and problems described above, while retaining receptor activity 

(agonism and/or antagonism), selectivity, and most importantly, efficacy, in the case of 

G-protein coupled receptors"'(see Section 1.6). 

Various definitions of peptidomimetics or peptide mimetics (the terms are used 

interchangeably) exist in the literature. To mention just a few: 

Wiley and Rich: "Chemical structures designed to convert the information contained in 

peptides into small non peptide structures.""" 

Giannis and Kolter: "A compound that, as a ligand of a receptor, can imitate or block the 

biological effect of a peptide at the receptor level."'"** 

Moore: "A molecule that mimics the biological activity of a peptide but [..] no longer 

contains any peptide bond 

Gante: "[A] chemical "Trojan horse" [...], a substance having a secondary structure as 

well as other structural features analogous to that of the original peptide, which allows it 

to displace the original peptide firom receptors or en^nnes."'®^ 

Olson et al: do not offer a formal definition but their comments are informative. The 

term peptidomimetic is utilized to describe compoimds discovered through a variety of 
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research strategies. Indeed, even compounds identified by random screening and 

subsequently optimized through structural modification have been termed 

peptidomimetics if the initial lead was found in an assay in which the natural ligand is a 

peptide or a protein. The field of enzyme inhibitors uses peptide mimetics terminology 

for the replacements of segments of peptide-based substrates and inhibitors. The broad 

use of the term "peptide mimetic" is unavoidable, but the advocates of rational design do 

not favor its use to describe compounds found by screening.''' 

Hruby: "An organic molecule, such as a peptide analogue or nonpeptide ligand, that 

interacts with a receptor/acceptor in a similar chemical manner as the native 

peptide/protein ligand to effect the same biochemical (biological) activities.""* 

Veber: recently coined the term "peptide limetic" (a contraction of ligand mimetic) to 

distinguish between rationally derived peptidomimetics and compounds (discovered by 

screening) so divergent from peptides "that specific connections are no longer 

recognizable" but which exhibit activity in endogenous peptide assays.'®' 

The recent ascendance of peptide libraries is founded predominantly on their 

promise of leads for peptidomimetics and/or lead optimization,"^'"' and attention is now 

directed upon the development of peptidomimetic libraries which offer further molecular 

diversity''^'" and which indeed was one of the goals of this research. 

There are sources of peptidomimetics other than screening and modification of an 

endogenous peptide. A different approach is that in which peptidomimetics are 
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developed from complementarily deteraiining regions of monoclonal antibodies raised 

against receptors of interest."" 

Thus, peptidomimetics may be classified according to origin,"" activity,'®*"'*"' 

secondary structure,'®* topographical considerations,"'*^ which peptide torsion angles 

are constrained,""* and to peptide bond modifications, so called peptide bond 

surrogates.'" 

Design criteria for peptide mimetics. In the biological, chemical, and 

pharmaceutical areas peptidomimetics offer interesting advantages over physiologically 

active peptides which, as pointed out before, are crucial for the organism. These 

pharmacological properties, compared with peptides, are: 

1. an increased effectiveness and selectivity, which may decrease side effects. 

2. metabolic stability by hindering enzymatic degradation and improved oral 

bioavailability (though many peptides are or can be made stable proteolytic 

degradation). 

The generation of peptidomimetics is based primarily on the knowledge of the 

conformational, topochemical, and electronic properties of the native peptide and that of 

its address, in other words, the receptor or the enzyme active-site with which it interacts. 

The design of peptidomimetics as potential bioactive substances must take 

particular account of two structural factors: 



1. a favorable fit (3D conformation) with respect to the corresponding complementary 

spatial situation of the active site; if necessary, the conformation can be stabilized by 

the introduction of elements conferring rigidity. 

2. the placement of certain structural elements (e.g., fimctional groups, polar and 

hydrophobic regions) in defined positions so that the required interactions (e.g., 

hydrogen bonds, electrostatic or hydrophobic interactions) can occur. 

In addition, the knowledge of the bioactive conformation of the active substance 

(native peptide) generally serves as lead structure for the development of 

peptidomimetics. 

The rational design of nonpeptide compounds is not feasible without the 

information obtained from the study of the structure-activity relationships and 

conformational properties of peptide structures. The transition to a mimetic can then be 

made rational by adopting some general principles adapted from the treatise by Farmer:'" 

1. Replace as much of the peptide backbone as possible by a nonpeptide framework. If 

bond surrogates have been shown to retain activity, or peptide bonds are not exposed 

in the presumed bioactive conformations, then a structural template may be designed 

to eliminate amide bonds. 

2. Maintain peptide side chain pharmacophoric groups as in the peptide. With further 

SAR studies, variations of such functional groups, side chain length, and 

conformational constraints may be possible ways to enhance binding affinity and/or 

potency. 
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3. Retain some conformational flexibility in first-generation mimetics. The probability 

±at a pharmacophore hypothesis will be definitive for flexible peptide side chains is 

low, making it necessary that the first designs leave some of the side chain 

pharmacophoric groups unconstrained so that they may adopt conformations 

analogous to those of the peptide. 

4. Select appropriate targets based on availability of a pharmacophore hypothesis, or 

develop the information as a first step. In other words, it would be completely 

senseless to carry out a peptidomimetic project for which there is no idea of SAR 

studies and no three-dimensional hypothesis of the bioactive conformation has been 

proposed. 

In theory, following these general ideas and with an appropriate and successful 

design and subsequent modification of an initial lead structure, the likelihood that these 

peptide mimetics will become drug candidates is high. However, as it will be described 

in a part of the dissertation, progress toward this goal is just begirming to emerge. 

Considerable effort is still necessary to really bridge the gap between a peptidic and 

nonpeptidic structure, even when a good "binding" lead has been identified. 

A systematic approach to peptide and peptide mimetic design has been presented 

by Hruby et a/'" (Scheme l.l 1). The major goal of this approach is to define a specific 

pharmacophore of a particular receptor or acceptor molecule, and evaluate its validity by 

specific design of a ligand with predictable agonist or antagonist activities. 
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Scheme 1.11 Steps in peptidomimetic design. 

Structural possibilities. From a structural point of view, peptidomimetics can be 

prepared by approaches ranging from the "slight modification" of the initial structure to 

the generation of a pure non-peptide. These "subtle" modifications can be applied to side 

chains by replacing natural by unnatural side chains and the exchange of L- for D-amino 

acids (see Sections II. 1 and II.1.3). In addition, such modification of the peptide 

backbone can generally be achieved by isosteric or isoelectronic exchange of units in the 

peptide chain and by the introduction of additional firagments."'''®''"''" Scheme 1.12 

shows the more general modifications that can be incorporated on the peptide backbone. 

The prefix indicated under each box is used to name that particular type of modified 

peptide. 
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Scheme 1.12 The most common modifications to the peptide backbone. 

Undoubtedly, the synthesis of peptidomimetics is much more complicated than 

peptide synthesis as the degree of mimicry increases. On the one hand, it is not generally 

as simple to increase the chain length of the mimetics as that of peptides, and on the 

other, it is not always possible to take advantage of the chiral pool of optically active 

amino acids. In addition, in terms of possible combinatorial plans, as mentioned before, a 

lot of work has to be spent in optimizing the chemistry on solid-phase, which is far from 

optimal, as in the case of peptides. 
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A classical example in the literature which describes the development of a 

putative peptidomimetic based on a peptide lead, was reported by K. C. Nicolaou and R. 

Elirschmann in 1990 using a P-D-glucose as scafFold'"(Figure 1.12). 

Figure 1.12 Somatostatin (SMF) receptor ligands. 

Compounds I and II were shown to inhibit completely the binding of 

['"^I]CGP23996 to somatostatin receptor on membranes from cerebral cortex, pituitary, an 

AET-20 cell with approximate ICso's of 5 ^M. Compound II was found to inhibit GR12-

induced growth hormone release in a fimctional assay, showing it to be a somatostatin 

agonist."'*' Six years later, the same authors reported a follow-up on this work"* and in 

that paper they described the use of a minilibrary to obtain a potent NK-1 receptor ligand. 

They suggested that the use of libraries and rational design need not be mutually 

exclusive approaches to lead discovery. 

H 
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I  ^Cys<3H 

HzN-Ala 

Somatostatin 

I) X = OBn, R H 
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Focusing on the same molecular target (somatostatin) others have designed non-

peptide mimics using aza-sugar-based derivatives as scaffolds, showing modest (|iM) 

IC50 values on rat cerebral cortex."" 

1.6 Peptide and Peptidomimetic Agonists and Antagonists of the 5-Opioid 

Receptors 

1.6.1 Ligand-Receptor Interactions 

In general, cells utilize a variety of chemical structures that serve as chemical 

messages to facilitate information transfer. The message is a signal for the receiving cell 

to modify or modulate its properties, and most commonly the messenger (hormone, 

neurotransmitter, growth factor, etc.) manifests its effects by interaction with a cell 

surface receptor or acceptor molecule that generally is a macromolecule such as a protein 

or glycoprotein. 

The conformational change in the receptor that accompanies formation of the 

ligand-receptor complex is the stimulus necessary to trigger a variety of chemical and 

physical events in the cell, such as alterations in enj^ymatic activity, metabolism, ion 

channel properties, gene expression, and many other biochemical events. Interestingly, 

many of these messenger molecules are not highly selective and interact with a variety of 

receptor types and subtypes. This promiscuity is part of the wise network for efficiency 

in the biological system, but presents difficulties in trying to understand the 

relationship(s) between structure of a chemical messenger and its biological activity. 
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The interaction ligand-receptor may lead to coupling of the receptors with various 

membrane-associated molecules, such as ion channels, whose properties themselves 

become modified, leading to changes in cellular flmctions or properties. Alternatively, 

signal transduction may occur. The classical example is the modulation of the interaction 

of the receptors with G-proteins to eventually produce molecules which themselves act as 

signals such as cyclic-adenosine monophosphate (c-AMP), phospholipid metabolites, etc. 

These in turn activate other enzymes or proteins (e.g., kinases), eventually producing 

modulation and/or regulation of cell fimctions. 

Various time domains are also associated with the ligand-receptor interactions 

which complicate matters further. There are short-term responses on the order of 

milliseconds to minutes due to rapid changes in ion concentrations and other metabolic 

processes, as well as long-term responses that can take minutes to hours, including those 

that require protein modifications or even protein synthesis. The scenario gets even more 

complex as new factors, enzymes, protein domains, and substrates are identified as 

important pieces of the physiological process. 

The concept of ligand-receptor interaction has considerably evolved in the past 30 

years, when a receptor class was generally thought of as homogeneous for each major 

pharmacologic class of ligands. The conceptual rationale for this event has been 

explained by P. S. Portoghese from several standpoints."" In what he defines as 

recognition amplification"' (Scheme 1.13), the first recognition step involves a reversible 

association of the ligand with the receptor; the second leads to covalent bond formation 
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and requires proper alignment of the electrophilic group with a receptor-based 

nucleophile. The second step should amplify the recognition of the affinity label when 

the electrophilic group is chemically selective and within covalent binding distance of a 

compatible receptor-based nucleophile if it is assumed that each type of opioid receptor 

contains a different array of nucleophiles. 

G, 

Receptor type A 

~l 
Receptor type B 

1st recognition 

1st recognition 

2nd recognition ~1 

_ A 92 ^ 

hLZj^ No reaction 

Gt 

-L_r  ̂
Receptor type C 

1st recognition 

, f 

No reactian 

Scheme 1.13 A graphic representation of the concept of recognition 

amplification In the covalent binding of receptor A by an affinity label that contains a 

selective electrophilic group X. 

As shown in Scheme 1.13, although receptor types A-C have similar topographic 

features that lead to reversible binding (first recognition), they differ with respect to the 

reactivity of the receptor-based nucleophiles (G, and G,) and their locations. Only with 
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receptor type A is the nucieophile G, reactive with respect to X and within covalent 

binding distance (second recognition). 

This model stated that agonists dissociate more rapidly from a receptor than 

antagonists, and it was hypothesized that the rate of association determines the efficiency 

of receptor activation. Using the concepts of bivalent ligands and bridging neighboring 

recognition sites, Portoghese et al. developed highly selective opioid antagonists 

involving the linkage of two recognition units through a spacer''^ (Scheme 1.14). 

• 

~lj LT 

IV 

Scheme 1.14 A schematic representation of the concept of bridging neighboring 

recognition sites. 

The potency increase of the double pharmacophore bivalent ligand over 

monovalent ligand should be substantially greater than a factor of two if the confinement 
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of the &ee pharmacophore of a univalently bound bivalent ligand is held within the locus 

of the neighboring vacant recognition site, as this would be equivalent to a very high 

concentration of pharmacophore (Scheme 1.14A, state II). Consequently, bivalent 

binding (state III) should be favorable over univalent binding (state IV) if the spacer 

permits bridging of neighboring sites. The simultaneous occupation of two recognition 

sites (state III) should therefore lead to selectivity if such binding is favored by a single 

subpopulation of receptors. 

How spacer length may modulate selectivity via the bridging principle is 

illustrated conceptually by comparing Scheme 1.I4A with 1.I4B. Receptor type A is 

bridged by the bivalent ligand more readily than receptor type B because the spacer does 

not permit both pharmacophores of a single molecule to bind neighboring sites 

simultaneously in receptor type B. 

The message-address concept The "message-address" concept was proposed by 

Schwyzer.'" Accordingly, peptide hormones in the "sychnologic" class contain a 

"message" sequence and an "address" sequence of amino acid residues, each being 

sequential and close to one another in the peptide chain. The message component is 

responsible for signal transduction, while the address provides additional binding affinity 

and is not essential for the transduction process. 

The endogenous opioid peptides appear to conform to this model in that they 

contain an N-terminal tetrapeptide sequence, Tyr-Gly-Gly-Phe, that is an important 

requirement for activity. It has been proposed that this sequence carries the "message" 
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responsible for mediating the opioid effect, and that the C-terminal segment of these 

peptides, that differ in amino acid sequence, function as an "address" to bind to a unique 

subsite that is complementary to each type of opioid receptor. 

This concept has also been investigated in non-peptidomimetics,''^ and evaluated 

with respect to opioid receptor selectivity by the attachment of "address" sequences to the 

|a-opioid agonist oxymorphone (Figure 1.13)."^ As illustrated below the "5-address", 

which was considered to be Phe-Leu, is found in the 5-selective opioid peptide Leu-

enkephalin; the "K-address" (Phe-Leu-Arg-Arg-Ile-OMe) constitutes a portion of the k-

selective peptide dynorphin. Although the 5 and k binding selectivities resulting from 

these modifications are relatively low, they represented a dramatic change from that of 

the unsubstituted semicarbazone (A = NHj, Figure 1.13) which is (^-selective. These 

results suggested that the Tyr' residue of the opioid peptides comprises the message 

component and the sequence starting with Phe"* constimtes the address; in this context, 

Gly^-Gly^ serves as a spacer. 



103 

Message Spacer 

A (address) Selectivity 

Phe-Leu-OH 5 

Phe-Leu-Arg-Arg-lle-OMe k 

Figure 1.13 Opiate-peptide hybrids wtth an opioid agonist pharmacophore 

(message) and a peptide (address). 

As pointed out by Portoghese,'™ this conceptual model should not be viewed too 

literally, as it is possible that some portion of the message and address elements may be 

confluent with respect to function. 

The classical example of a non-peptide 5-selective antagonist designed under this 

concept employed the naltrexone pharmacophore for the message moiety and a key 

element in the Leu-enkephalin 5-address."® The key element, hypothesized to be Phe^, 

was joined to the morphinan structure of naltrexone through a rigid spacer (Figiu-e 1.14). 

A pjrrole spacer gave place to the initial member in the series, naltrindole (NTI), the first 

reported non-peptide 5-selective opioid receptor antagonist.''' 
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Address 

Ht 

Message 

COjH 

Spacer 

Mes 

HC 

Address 

HC 

Spacer (NTI) 

Figure 1.14 The relationship between message and address elements in 

enkephalin and an opiate as an approach to the design of NTI. 

Application of the concepts previously discussed has served as the basis for the 

development of models to explore the relationship between molecular structure and 

biological activity (molecular recognition). In addition, from these studies, probes which 

are now standard tools in opioid research were developed,"* which include the |a-selective 

affinity label p-funaltrexamine (P-FNA),'" a highly selective [i-opioid receptor 

antagonist; the ^.-opioid receptor antogonist norbinaltorphamine (norBNI),"^ and the 5-

opioid antagonist NTI (see also Section 1.6.3). 

Also, based on the message-address concept several molecular modeling studies 

have been used for the identification of potential active conformations of different non-

peptide 5-agonists,"' and for the development of a new class of potent and selective 5-
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opioid agonists,"" in which a non-aromatic moiety has been proposed as a viable 

alternative to the classical benzene ring as a 5-opioid address (see also Section 1.6.3). 

Agonists/Antagonists. Much evidence exists that agonists and antagonists bind 

differently to receptors,"' and thus, receptor selective antagonists must initially come 

from leads that are discovered in assays. Because binding per se caimot distinguish 

between agonists and antagonists, fimctional assays"' are required that measure either a 

second message or a specific bioactivity in tissue in whole animals. The reason agonists 

and antagonists have different structure-activity relationships is that they serve quite 

different functions on interacting with the receptor molecule (Table 1.8). In brief, 

because the conformation of a receptor in its agonist state is different from that in its 

antagonist (or inactive) state, it follows that the ligand-receptor interaction must be 

different to lead to a different conformation for the complex. 

Drugs are usually classified by their most prominent property and used 

accordingly as tools to investigate physiological systems and molecular mechanisms of 

receptor activation. It seems attractive to assume that the basic values of drug 

classification are descriptions of receptor events which are unique to drug-receptor pairs 

and therefore are predictive of drug effects across species and organ functions. However, 

a multitude of factors such as pharmacokinetics, reflex mechanism and action at multiple 

receptors make the classification more complex than a simple agonist/antagonist picture 
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Agonist 

Binds to a specific site on the receptor 

Leads to a change in the receptor 

Often leads to phenomena such as patching, 

desensitization, etc. 

Residence time in the receptor may be long 

or short 

Antagonist 

Binds to the agonist site (competitive) or to 

some other site (noncompetitive) on the 

receptor 

Need not lead to a conformational change 

in the receptor, but if it does, it must be an 

inactive state 

Generally does not lead to patching, 

desensitization, etc. 

Generally requires long residence time on 

the receptor to be effective 

Table 1.8 Biological activities of agonists versus antagonists.^^^ 

1.6.2 Opioid Receptors 

Discovery of opioid receptor types. Early observations showed that different 

opioid compounds produced different effects. A systematic investigation of the effects 

produced by a group of opioid drugs, including morphine, ketocyclazocine, and the 

racemic compound (±)SKF-10,047 by Martin et al,^^ defined three opioid drug 

syndromes into which opioids could be divided. Furthermore, these studies showed that 

the dependence produced by these drugs was suppressed by drugs within the same group 

but that abstinence symptoms would develop or might even be precipitated by 

administration of drugs from outside this group. These results led to the definition of 

three opioid receptor types (fx, k, and a) associated respectively with the three above 
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mentioned opioid drugs. More recent studies showed that a syndrome associated with 

(±)SKF-10,047 is not blocked by the general opioid antagonist naloxone, so the CT 

receptor is no longer considered part of the opioid receptor family. 

Identification of the 5-opioid receptor occurred during the investigation of opioid 

action produced by the endogenous opioid enkephalin and endorphin peptides by 

Kosterlitz.'*^ The actual number of different opioid receptors is one of the major 

controversies of opioid receptor pharmacology. There is evidence for additional opioid 

receptor types'" and for subtypes of the |i,"" 5,'" and k'" opioid receptor. The current 

availability of highly selective ligands for the three opioid receptor types greatly 

facilitates the characterization of the effects they mediate. Some of the most selective 

agonists and antagonists for the |a, K, and 5-opioid receptors'** are listed in Table 1.9. 

Peptides marked with • are known endogenous peptide ligands, only recently 

endogenous ligands for the jx-opioid receptor, endomorphins I and II, have been 

described.'" CTOP'*'' and CTAP'®^ are two somatostatin peptide analogues highly 

potent and long-acting fi-opioid receptor antagonists, both in vitro and in vivo. 

Recently, the three opioid receptors have been renamed as 0P„ OP,, and OP3 receptors, 

respectively, based in the order in which these G-protein coupled receptors were 

cloned.""' 
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Name/abbreviation Structure 

fj-opioid receptor agonists 

DAMGO Tyr-D-Ala-Gly-MePhe-NH-(CH2)2-OH 

PL-17 Tyr-Pro-MePhe-D-Pro-NH, 

•Endomorphin I and 11'" Tyr-Pro-Trp-Phe-NHjCI), Tyr-Pro-Phe-Phe-NHjCII) 

ft-opioid receptor antagonists 

CTOP"" D-Phe-c[Cy s-Tyr-D-T rp-Om-Thr-PenlThr-NH, 

CTAP"^ D-Phe-c[Cys-T yr-D-Trp-Arg-Thr-PenJThr-NHj 

K-opioid receptor agonists 

*Dyar\l YGGFLRRIPKLKWDVQ 

5-opioid receptor agonists 

* [Leujenkephalin T yr-Gly-Gly-Phe-Leu 

* [Metjenkephalin Tyr-Gly-GIy-Phe-Met 

DPDPE T yr-c [D-Pen-Gly-Phe-D-Pen]-OH 

Table 1.9 Peptide ligands for k ,  and 5-opjO(d receptors. 

All three opioid receptor types mediate the inhibition of c-AMP formation 

consistent with the employment of a G-protein effector system. Activation of |i and 5 

opioid receptors normally increases potassium ion conductance to produce neuronal 

hyperpolarization and the inhibition of action potential generation. Activation of k-

opioid receptors typically results in the inhibition of calcium ion conductance, which 

serves as a mechanism for the inhibition of synaptic transmission. The overall effect of 

opioid receptor activation is to inhibit neural transmission. 



G-Protein coupled receptors (GPCR). The guanine nucleotide coupled receptors 

constitute a superfamily of proteins whose fimction is to transduce a chemical signal 

across a cell membrane."' This mechanism provides communication between the exterior 

and the interior of the cell. In the GPCR, binding of the chemical messenger leads to the 

association of an intracellular G-protein, which in turn is linked to a second messenger 

pathway. Typically, G-proteins either stimulate or inhibit the production of the second 

messenger. The changing concentration of a second messenger can generate an action 

potential if it leads to the opening of ion channels. Taken together, the GPCRs and 

second messenger systems form a regulatory loop, with provision for feedback, signal 

modulation, and signal amplification. 

The arrangement of seven transmembrane helices (7TM) into a membrane-

spanning bundle was an early evolutionary innovation, as evidenced by its existence in 

archaebacteria, in viruses, in yeast, and in eukaryotic organisms. The ring topology is 

favorable for transmembrane signal transduction either by ion transport as in the 

archaebacteria, or some form of conformational switching, as has been proposed for the 

GPCRs.'" 

G-Protein association and signal transduction. A G-protein coupled receptor 

(GPCR) is the first component of a complex and versatile transduction pathway. Figure 

1.15 shows a general schematic of the activation of a G-protein. Ligand binding is 

followed by a change in the state of a receptor to one with increased affinity to G-

proteins. The receptor binds to the a-subunit of the G-protein, which in turn catalyzes the 



exchange of GTP (a regulatory protein) for GDP. The GTP binding then causes the a-

subunit to separate from the P- and y-subunits. 

QDP-Bound H«tarotrim»r 

Figure 1.15 A G-protein in its inactivated form. The protein has three units: 

the a (in red) with GDP bound, the P (green), and the y (magenta) subunits. 

The a-subunit of the G-protein then couples with an enzyme that catalyzes the 

production of second messenger molecules, typically cyclic AMP. cyclic GMP. diacyl 

glycerol, or IPS. The resulting change in concentration of the second messenger causes 

further downstream effector events -for example, the opening of ion channels- which as 

mentioned before, can ultimately trigger an action potential."" 

Receptor function. Until recently, ligands that act on GPCRs have been 

separated into one of three categories depending on their effect in cellular assays. An 

agonist bound to the receptor and led to its activation, whereas a partial agonist bound to 
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the same receptor but only produced partial activation, no matter how large its 

concentration. Typically, full agonism was defined by the native ligand, or a close 

analogue which was used as a standard. Ligands that competed with the agonist but did 

not evoke a second messenger response upon binding were classified as antagonists. 

The kinetic models which were developed to quantitate competitive binding could 

not distinguish whether the agonists and antagonists competed directly for the same 

(isosteric) sites on the receptors, or whether they competed for mutually exclusive 

(allosteric) sites. With the advent of point mutagenesis experiments, the question has 

been probed. 

In addition, the intracellular milieu also affects receptor activation and ligand 

binding. Binding studies in the presence and absence of nucleotides defined population 

of receptors in "high affinity" and "low affinity" states."^ G-Protein binding shifted the 

equilibrium between these states to favor the "high affinity" state. The concentration of 

guanine nucleotides, which blocked the G-protein binding, therefore favored the "low 

affinity" state. These observations were integrated into a model whereby receptor 

function required a ternary complex of agonist, receptor, and G-protein to produce 

activation. 

Two recent developments have substantially changed our understanding of 

receptor activation. The first described mutations that result in constitutively active 

receptors (receptors active in the absence of agonist)."^ This led to the second discovery 

that a number of antagonists were capable of reversing this constitutive activity. Rather 



than passively blocking the action of agonists, this subset of antagonists, the "inverse 

agonists","* were capable of shifting the equilibrium of the receptors from an active to 

inactive form. These developments separated receptor activation from the action of 

agonists, and changed the role of a class of antagonists. A revised model of receptor 

activation has been proposed based on these observations called the allosteric ternary 

complex model. 

In this model, the description of the receptor has been broadened to include two 

states, one an inactivated ground state, and the other an "active" form (Figure 1.16). 

Agonists favor the latter, and inverse agonists favor the former state. Partial agonists 

would be expected to have afRnity for both states, but still lead to receptor activation. 

Because the ligands would favor both states, some proportion of the receptor would be 

held inactive, leading to less than full efficacy. A similar hypothesis in terms of peptide 

hormone action has been described by Hmby and Hadley."^ 



Figure 1.16 The extended ternary complex model, showing G-protein 

association and ligand binding. R (receptor); LR (receptor-antagonist, inverse agonist): 

LR (receptor-agonist); GR (receptor-G-protein). 

True antagonists would be neutral in that they would block the interconversion of 

states rather than favor one state or another. This model has forced a reexamination of 

the role of the agonists. The agonist has traditionally been considered to induce receptor 

activation by providing the necessary energy from that liberated upon binding. The 

alternate interpretation which is also consistent with the allosteric model is that the 

agonist simply selects the active form of the receptor and shifts the equilibrium by 

forming an activated, agonist bound pool. The energy barrier is much lower in the latter 

interpretation. 
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There are currently over 700 sequences of G-protein coupled receptors known. 

There is yet no high-resolution experimental structure of GPCR. Therefore, two 

strategies have been followed to contrast GPCR models to be used in the interpretation of 

ligand binding and molecular biological data. The most prevalent strategy is to build 

models using the structure of bacteriorhodopsin as a homology template."® 

o 

A second approach is to build the models de novo, using the 9A structure of 

bovine rhodopsin as a guide by which to orient the helices.'" These two approaches have 

both strengths and limitations."* 

1.63 Peptide and Non-peptide Ligands of the §-Opioid Receptor 

The three opioid receptor types were identified by their 1) selective ligand 

requirements, 2) differential localization in the brain, 3) mediation of distinct effects, and 

4) unique amino acid receptor sequences.'®* 

Opiate drugs, which act primarily on the ji-opioid receptors, are used clinically to 

relieve severe pain. Morphine, the main constituent of opium, has been used and misused 

for its pain-killing and euphoria-generating effects for over two and a half thousand years. 

Countless morphine derivatives have been synthesized and examined in the search for 

morphine's mechanism of action and with the aim of developing analgesics without 

undesired side effects, such as euphoria, constipation, respiratory depression, and cough 

suppression. On the other hand, agonists acting at the 5-opioid receptor (DOR) have 

strong antinociceptive activity with relatively weak side effects,'" compared with 
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agonists at the n- or K-opioid receptors. Therefore, the 5-opioid receptor provides a more 

attractive target for the development of new and more potent analgesics. The hiunan 6-

opioid receptor has been cloned using hybridization screening methods, and has been 

shown to possess the appropriate ligand requirements of a 5-opioid receptor.^" 

The functional activity of the cloned hDOR (himian DOR) used in this work has 

been characterized in detail. These studies provided evidence for the utility of the 

hDOR/CHO (Chinese Hamster Ovary) cells for the evaluation of novel opioid drugs, of 

peptide or non-peptide origin, for potential clinical use.^°' 

The armamentarium of selective agonists for 5-opioid receptors has been 

comprised of peptide ligands related to the enkephalins, such as the conformationally 

constrained peptide DPDPE and its halogenated analogues^"^ (Table 1.9). They are 

exceptionally selective for the 5-receptor and resistant to enzymatic degradation by 

tissues.^"" Other peptidic ligands for the 5-opioid receptor include the deltorphins, which 

are present in amphibian skin.^*" The high potency and selectivity of the peptidic ligands 

make them valuable for characterization of the DORs. However, they are not active 

when systematically administered, because of their inability to cross the blood-brain 

barrier (BBB). To overcome this problem, and as discussed in Section 1.6, a series of 

non-peptidic ligands have been synthesized. 

Figure 1.17 shows some of the most potent and selective non-peptide agonists of 

the 6-opioid receptor. 7-Spiroindanyloxymorphone (SIOM),^°® was designed based in 

part on structure activity relationships studies of the prototypical 5-opioid antagonist 
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naltrindole (NTI, Figure 1.14)."^ Pharmacologicai evaluation revealed SIOM to be a full 

agonist in the mouse vas deferens (MVD), IC50 = 19 nM, and a partial agonist in the 

guinea pig ileum (GPI). It also showed the unusual feature of acting as a 5, antagonist at 

low dose and as a 5, agonist at higher dose, which suggested that there are two 

recognition sites on this receptor system. 

SNC80 (HBW373U86 SIOM 

SNC1S2 TAN67 (-)SB219825 

Figure 1.17 Some of the most potent and selective non-peptide agonists of 

the 5-opioid receptor. 

The racemic mixture of BW373U86 was reported by Chang et aP^io have low 6-

opioid receptor selectivity (10 to 40-fold) on the MVD bioassay. BW373U86 shows 

some analgesic activity in the mouse tail-flick and tail-pinch antinociceptive assays after 
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intrathecal injection, but is inactive following intracerebro ventricular, intraperitoneal, 

and oral administration.^*" Later, the enantiomeric forms of BW373U86 were resolved by 

Calderon et aP"* and the methyl ether of the aR,2S,5R epimer of BW373U86 (SNC80) 

was found to have over 2000-fold higher affinity for the 5 relative to the ^i-opioid 

receptor. SAR studies performed on SNC80 revealed a fiill agonist activity with an EC50 

value of 9.2 nM. Also in that study, SNC162 (Kj = 0.62 nM) was shown to be the most 

selective 5-receptor ligand (fi/S = 8770) available. In addition, 2-methyi-4-aa-(3-

hydroxyphenyl)-l,2,3,4,4a-5,12,12a-a-octahydro-quinolino[2,3,3-g]isoquinoline (TAN-

67) has shown high affinity for the 6-opioid receptor (K^ = 0.7 nM) in rat brain with 2070-

fold lower affinity at the fi-opioid receptor and 1600-fold lower affinity at the K-opioid 

receptor.^"^ It is a potent 6-opioid receptor agonist with an EC50 value of 4.4 nM in the 

MVD. In addition, it has been shown that the potency and receptor binding selectivity 

are nearly identical to those of pCl-DPDPE in the cloned human 8-opioid receptor,^""' 

making it one of the most selective agonists available. 

Novel pyrrolooctahydroisoquinoline derivatives have dso been reported as useful 

tools to study the influence of different non-aromatic 6-addresses on the affinity and 

selectivity of the 6-opioid receptor. (-)SB219825 was reported to have a binding affinity 

of 0.95 nM (Kj) for the 6-opioid receptor, although very low selectivity.'*" 

Antagonists of the ^-opioid receptor. Naloxone was the first pharmacologically 

pure opioid antagonist identified (Figure 1.18). It is considered to be a "universal" opioid 
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antagonist, and even today an action of an agonist is characterized as opioid-receptor 

mediated only if its effects are naloxone reversible.^'" 

naloxone 

o I  . .  0 
,N 

yj 

r "  

HO "OH 

OH 

icm74864 

R o 

S=C=N 

R = H. FtT 

R = CHj. SUPERFtT 
NTI 

Figure 1.18 The universal opioid antagonist naloxone, and other peptide and 

non-peptide S-receptor antagonists. 

As shown in Table 1.9 (p. 73), most of the 5-opioid receptor antagonists have 

been developed based on enkephalin structures. ICI-174864 is a potent and selective 

antagonist of 5-receptor activation, at least 200 times greater than its and k antagonists' 

potency."" It has been shown to have opioid agonist activity at high concentrations, 

probably 5-receptor mediated, and it also produces opioid analgesic effects at high doses 

following icv-administration. 

Naltrindole (NTI) is a naloxone analogue with a conformationally restricted 

aromatic system fused to its C5.7 carbons.'" In smooth muscle assays, NTI has a 
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selectivity of 150 ^/6, and 280-fold 5/^. As a 5-receptor antagonist it has a potency 80 

times that of naloxone and 300 times that of ICI-174864. Interestingly, the N-methyl 

analogue of NTI has opioid agonist activity that appears to be mediated through 5-

receptors. 

Selective irreversible inhibitors of 6-receptors are also known. FIT, a fentanyl 

isothiocyanate derivative, selectively covadently binds to 5-receptors.^*^ FIT is an 

analogue of the highly selective fi-agonist, fentanyl; its selectivity to acylate 5-receptors 

shows the subtle structural differences between these opioid receptors. Like FIT, 

SUPERFIT, (+)-cismethyIfentanyl isothiocyanate, selectively acylates 5-receptors but 

with a potency 5-10 times that of FIT. 

Another important class of 6-opioid receptor antagonists are those based on TIPP 

(Tyr-Tic-Phe-Phe-OH)^" (Figure 1.19). The shortening of these tetrapeptide sequences 

produced Tyr-Tic dipeptides with considerably weaker 5-affinities than TIPP,^" they 

represented the smallest opioid peptides to function as pure 6-antagonists. The 

development of these opioid mimetics has several advantages: a high hydrophobicity and 

low molecular weight, suitable for passage across the blood-brain barrier, limited 

conformation, and resistance to proteolytic degradation 
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HO HO 

HO HO 

DMT-Tic^" TMT-Tfc^^® 

Figure 1.19 S-Opioid receptor antagonists based on TIPP peptide. 

Further modification of the Tyr-Tic dipeptides with 2',6'-dimethyityrosine 

(DMT)^*® and 2',6'-dimethyl-P-methyltyrosine (TMT)^" generated a series of remarkably 

potent and selective 5-opioid receptor antagonists. 

L7 SL-3111: A High Affinity and Selective 5-Opioid Receptor Agonist 

As described before (Section 1.6.3), c[D-Pen%D-Pen^]enkephalin (DPDPE) is a 

conformationally constrained cyclic disulfide peptide developed in Dr. Hruby's 

laboratory. DPDPE, a potent and selective 5-opioid receptor agonist, has been the firame 

model for a number of different derivatives with a diverse range of bioactivity towards 

this receptor,^"^ which have provided important information regarding the ligand 

functional and structural requirements, and also evidence of 5-opioid receptor 

multiplicity.^"" 

Extensive NMR and molecular modeling studies,^'^ as well as an x-ray crystal 

structure,^'* have revealed a constrained conformation of the I4-membered disulfide ring 

of DPDPE (Figure 1.20). 
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Figure 1.20 Structure of c[D-Pen^,D-Pen®]enkephalin (DPDPE). 

As shown in the above figure, the mobility of the Tyr' and Phe^ side chain residue 

is an intrinsic characteristic of such molecule. Therefore, it was important to explore the 

topographical requirements of the 5-receptor for those side chain groups of DPDPE using 

substitutions with conformationally constrained amino acids (see Chapter II). Thus, a 

second generation of DPDPE analogues was prepared by introduction of four 

stereoisomers of P-MeTyr,^" 2',6'-dimethyl-P-methyltyrosine"'' at position 1 and P-

MePhe"' at position 4. 

Based on these observations, a model for a bioactive conformation of 

[(2S,3R)TMT']DPDPE has been proposed."^ This conformation, as shown in Scheme 

1.15, has been utilized for the design and synthesis of non-peptidomimetic ligands based 

on this conformationally and topographically restricted 5-opioid selective peptide ligand. 

From the first generation of peptidomimetics synthesized based on such design, l-(4-/-

butyl-3'-hydroxy)benzhydryl-4-benzylpiperazine (SL-3111) has emerged as a promising 
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non-peptidic lead for further design of a new generation of 5-opioid peptidomimetic 

ligands.^ As shown in Scheme 1.15, the R, group in the piperazine ring has not been 

included on the first series of peptidomimetics that originated SL-311I. In this first 

series, the compounds were intentionally designed to explore the fimctional roles of the 

two aromatic rings and the hydrophobicity of the R, group in the ligand-receptor 

interaction. 

((2S,3R)-TMT'1DPDPE 

Scheme 1.15 The rationale for the design of the first generation of 

peptidomimetic ligands based on [(2S,3R)TMT']DPDPE. 

SL-3 111 showed 8 nM binding affinity and over 2000-fold selectivity for the 5-

over the |i-opioid receptor. Binding studies of SL-3 111 and [pCl-Phe^]DPDPE on the 

cloned wild type and mutated human 5-opioid receptors suggested that SL-3111 has a 

binding profile similar to that of DPDPE, but different fi-om that of SNC80 (see Figure 

1.17), another 6-opioid selective non-peptide agonist. However, when tested in MVD(5) 

and GPI(f4.) bioassays, SL-3111, in spite of having a moderate selectivity of 460-fold (i/5 

N pharm 

Aromatic PhamiacophorBS 

Rrst Generation 
of Non-Peptide 
Ugands 

R, = different functionalities 
may provide conformational constraint Hydrophobic 

groups 
R2 = unexplored site on the 
scaffold 
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showed a very low potency (ECso = 85 nM) compared to 1.8 tiM observed for the peptide 

lead [(2S,3R)TMT']DPDPE. 

These differences in binding affinity and biological potency (MVD, GPI) raises 

interesting questions on the relationship between binding affinity and biological 

efficacy,"' and if additional features are required for the expected biological response. 

[.8 Goals of the Research 

GeneraL In Chapter I, Sections 1.2 through 1.6, the background for the two 

projects discussed in this dissertation, as well as important concepts used during the 

planning of each step, have been described. In Dr. Hruby's laboratory, a 

multidisciplinary approach to pursue such kind of goals has been established through 

close collaboration with other researchers in different fields of science (see Schemes I. II 

and 1.7). Thus, in the order in which the two projects were described in Chapter I, the 

specific aims for this dissertation are: 

Inhibitors of p60"" PTK 

I. Based on a peptide lead obtained from a combinatorial library, we seek to design 

inhibitors of p60''^ PTK by applying conformational constraints to test the 

hypothesis of a possible P-tum in the inhibitor that may interact with the enayme. In 

addition, topographical constraint criterias will also be applied by introduction of 

novel non-natural amino acids on those sequences. 
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2. Evaluate the potency and selectivity of the synthesized analogues toward different c-

src family members. 

Peptidomimetics for the 5-opioid receptor 

1. To explore asymmetric routes to prepare the single isomers of SL-3111 and to define 

the importance of that asymmetric center in the binding to the 5-opioid receptor. 

2. A different heterocyclic will be explored to observe the role of the scaffold on the 

interaction with the receptor. 

3. Based on the piperazine scaffold of SL-3111 we studied the effect of different 

flmctionalities incorporated in the heterocyclic ring of the peptidomimetic, as shown 

in Scheme 1.15. 

4. To accomplish such objective, solution and solid-phase synthetic protocols will be 

explored that may offer a reliable route toward the preparation of such analogues. 

5. Optimization of the solid-phase format for the construction of a suitable 

combinatorial library that could explore more diversity on the pharmacophoric groups 

of SL-3111. 

6. Evaluate in vitro (binding assay) on the cloned receptors and in culture tissue (MVD 

and GPI assay) the biological activities of the synthesized analogues. 

7. Based on the SAR studies results propose future design criteria for the fine timing of 

potential drug leads. 
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CHAPTER n 

CONFORMATIONAL AND TOPOGRAPHICAL CONSTRAINTS IN PEPTIDE 

DESIGN 

II.1 Basis of the Design 

In Section 1.5 we already stated the importance of polypeptides as a major class of 

intra and intercellular communicators. In addition, we also mentioned their implicit 

disadvantages for potential medical applications because of the high degree of flexibility, 

lack of high receptor selectivity and ready biodegradation or clearance, as some of the 

main reasons for the development of new non-peptide mimetics. 

With few exceptions, peptides of small to medium size (< 30-50 amino acid units) 

exist unordered in dilute aqueous solution in a multitude of conformations in dynamic 

equilibrivim (Scheme 2.1). 

P«ptid« Conformatienal Equilibrluin Racaptor 

• Attarnativa 
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AltamatWa Raeaptor*f'aptida 
Complax 

Undaslrad Biolooical 
Sffact 

IJ~ 
Bieaetiva Conformation 

Paptldasa-Paptida 
Complax 

Oastruetlon of Paptida 

Paptlda*Raeapter 
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Oaairad Biological 
Effact 

Scheme 2.1 Schematic representation of peptide ligand-receptor interactions. 
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If a receptor ligand has the biologically active receptor-bound conformation as its 

low energy conformation, then an increased affinity toward the receptor is expected, since 

the decrease in entropy on binding is less than that on the binding of a flexible ligand. In 

solution and in the absence of the receptor, the biologically active conformation can be 

poorly populated and is frequently quite different from the conformation obtained by, for 

example, x-ray structure analysis in the solid state.^ Furthermore, to date only a small 

number of biologically active peptides has been crystallized to be suitable for x-ray 

analysis. Moreover, many endogenous peptides can interact with different receptor types 

or subtypes (or enzymes), each of which can give rise to a different biological response. 

To design effective therapeutic drugs or appropriate drug leads, one must overcome this 

problem of "multiple receptor-ligands" and modify the peptide of concern to act 

selectively on only one specific biomolecular target. 

The design and use of conformationally and topographically constrained 

analogues of peptides helps overcome the problems mentioned above by using chemical 

modiflcation to restrict a residue or group of residues in a peptide to a small region in 

three-dimensional space. Thus, when the peptide interacts with the receptor, the 

conformation in solution will remain because not enough energy can be brought to bear to 

change it. These conformationally constrained peptides may reveal important insights 

into the bioactive conformation of the peptide and/or the pharmacophore preferences of 

the receptor.'®®^ In addition, this type of modified peptides also have the ability to 

overcome metabolic instability of peptides by overcoming the action of degradative 



enzymes. Such a modified structure is termed a "mimic" (imitation) of the parent 

peptide. In the following sections, the basic principles used in the design of 

conformationally constrained peptide mimetics are disctissed. 

II.l.l Primary Structure, Conformation: Local and Global Constraints 

Peptides are structurally diverse by virtue of the number of unique combinations 

of amino acid building blocks that form their molecular framework, known as the primary 

structure. The 3-D folding of the peptide onto itself through covalent (disulfide, lactam) 

or non-covalent (hydrogen or ionic) bonding deteraiines the secondary structure, or 

conformation, of the peptide. Also contributing to such secondary structure is the 

tendency of peptides to adopt spatial orientations of both the backbone and side-chain 

functionalities of hydrophobic amino acids (Trp, Tyr, Phe, Leu, lie, Val, Met) into 

proximity to form a hydrophobic smface. Similarly, hydrophilic amino acids form 

lipophobic surfaces that may provide a high degree of solvation in water. 

Since the amide backbone plays an important role in determining the three 

dimensional structure of the peptide, it is a primary target for the design of 

conformationally constrained peptides. This type of modification fails into two main 

categories, amide bond modifications and modifications of the a-carbon. The most 

important modifications that can be incorporated on the peptide backbone were already 

described in Scheme Local constraints are imposed when individual side 

chain groups are modified to restrict the side chain torsion angles, x' and x" (Figure 2.1). 
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Figure 2.1 a) Definition of peptide dihedral angles (|>, vj/, co, x'. and b) 

Newman projection of three staggered rotamers in a-amino acids. 

The idea is to impose a specific (dehydro or cyciopropyl amino acid substitution) 

or limited (^-substituted amino acid) conformational space on a particular amino acid by 

covalent or non-covalent steric interactions. Thus, these amino acids can be used as 

conformational probes in an effort to understand local conformations responsible for the 

bioactivity of a particular peptide. 

Cyclization (global constraint) of peptides reduces the degree of fireedom for each 

constituent within the ring, reducing substantially the flexibility of the parent linear 

molecule and stabilizes specific secondary structures of peptides. Furthermore, if the 
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conformation stabilized by the cycli2ation closely resembles the structure responsible for 

the bioactivity, this modification can increase potency and selectivity of the resulting 

peptides (Scheme 2.1). There are four different ways to cyclize linear peptides: 

cormection of a) the amino terminus to the carboxyl terminus; b) the amino terminus to a 

side chain, c) a side chain to the carboxyl terminus; and d) one side chain to another side 

chain (Figure 2.2). 

H. 

'CO 

A) 

N CO 

C) 

Figure 2.2 Four possible backbone cyclizations (see text). 

The covalent bonds depicted as a curve in Figure 2.2 are generally lactam, 

disulfide, ether, thioether, dimethylene (carba), azo and disiloxane linkages.'""*^® 

Another type of cyclization is side chain to backbone, in which a portion of a side 

chain (R) is modified so that it is covalently linked to the amide bond backbone. 
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Depending on the size of R and the ring size, (j>, and x angles will either be fixed or 

will have Limited flexibility. 

n.1.2 Topography: x' and Space 

Topography can be defined as the relative, cooperative, three dimensional 

arrangements of the side chain groups in a polypeptide.'** As we mentioned before, the 

incorporation of a bulky side chain can provide conformational constraints for a peptide. 

These functional groups (side chains) with an enormous diversity of chemical properties, 

when properly organized in three dimensional space, can perform an outstanding number 

of chemical flmctions that are the basis for, and essential to, biological systems. 

The key conformational features of interest are the % (chi) torsional angles (Figure 

2.1a). The x' angle is particularly important for many a-amino acid residues. As shown 

in Figure 2.1b, the preferred low energy conformation (rotamers) for the x' angles for 

most natural a-amino acids are gauche - [g(-)], trans (t), and gauche + [g(+)]. 

In each rotamer the disposition of the side chain relative to the peptide backbone 

changes considerably. In the case of g(-) conformation of an L-amino acid, the side chain 

will "point" toward the N-terminus of the peptide chain; for the trans conformation (t), 

the side chain group will be directed toward the C-terminus of the peptide chain; and for 

the g(+) conformation the side chain group will be located over the peptide backbone. 

At this point we can realize how important are these considerations in the design of new 

peptidomimetics, which require not only attention to mimicking the secondary structural 
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features, such as a-helix or P-tums, but also the topographical properties of the 

peptide/protein surface that are relevant in molecular recognition. 

The approach to design in chi space is to build in side chain structural features 

either covalent, steric, and/or stereoelectronic that will bias or fix the various side chain 

torsional angles to specific and predictable values (x', X')-"' Th® chain conformation 

can be controlled by introducing an alkyl group at the P position or on the aromatic ring 

of an amino acid residue, or other covalent bond (e.g. Tic). In addition, the extra alkyl 

groups can enhance the lipophilicity of peptide molecules, and therefore help to 

overcome the blood-brain barrier or other membrane barriers. 

II. 1.3 Specialized Amino Acids 

Unnatural amino acids are the main tool used to impose specific or limited 

conformational space on a particular side chain. In the first case, these amino acids 

contain the structure of Ac^c (aminocyclopropane carboxylic acid) (Figure 2.3). They 

restrict the rotation of the N"-C" and C°-CO bonds in a marmer similar to Ac^c. The four 

stereoisomers have been incorporated into taste ligands leading to Asp-(PMe)-Ac^c-

OMe."* The IR,2R isomer containing compound is sweet, whereas the other analogue 

containing the other stereoisomers are tasteless. These 2,3-methano amino acids severely 

restrict the rotation of C-C (x') and C^-C° (x"). The x' of the (Z)-isomers are fixed at 

+120° or -120°, while those of the (E)-isomers are restricted to 0°. 
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Figure 2.3 Structures of E- and Z-isomers of |3-substituted-2,3-methano 

amino acids. 

Other 2,3-niethano amino acids have been synthesized, including 2,3-

methanomethionine,"'* and 2,3-methanoieucine.""' 

The cyclization between N and or between C° and of Phe and Tyr has led to 

highly constrained amino acids such as I,2,3,4-tetrahydroisoquinoIine-3-carboxyIic acid 

(Tic), 2-aminoindane-2-carboxylic acid (Aic), l-aminoteralin-2-carboxyIic acid (Ate), to 

mention a few^ (Figure 2.4). 

CO2H 

Tic Aic 

Figure 2.4 Structures of and cyciized amino acids. 

Ate 
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These amino acids are particularly effective for fixing the rotation around C"-C^ 

(x') and C^-C (x") bonds. For example, the Tic residue restricts x' to either -60° [g(-)] or 

60° [g(+)]. The x' = 180° (t) side chain rotamer is excluded. In the Aic residue, x' and x" 

are restricted to -80° and -20° or 160° and 20°.^ Several examples of incorporation of 

these non-natural amino acids into bioactive peptides have been reported.^*"'**'"''' 

P-Methyl amino acids. A p-methylated-p-substituted amino acid can have four 

different stereochemical structures (2S,3R, 2S,3S, 2R,3S, and 2R,3R). Each isomer, as 

mentioned in Section II. 1.2, favorably adopts one of the three different side chain 

conformations [g(-), t, and g(+)]. 

Since each isomer has three major low energy side chain conformations (Figure 

2.1b), twelve different 3-D arrangements of the side chain are available in principle. All 

of the conformations may be potentially important for different peptide analogues and for 

different conformational requirements in molecular recognition. The populations of x' 

conformers can be determined by modem NMR techniques and measuring homonuclear 

and heteronuclear coupling constants."^ In addition, (x', X") energy maps have been 

calculated for the theoretical study of the conformational space available for the unusual 

side chain constrained amino acids."' 

In the work described in this dissertation we have introduced this type of 

topographical constraints in the sequence of biologically active peptides (enzyme 

inhibitors, in our case). Figure 2.5 shows the P-alkyl amino acids that have been 

synthesized in Hruby's laboratory in the past few years 
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R = H, OH 236 ref. 237 ref. 238 

Figure 2.5 Topographically constrained l^alkyl amino acids. 

The synthesis of all these specialized amino acids is mainly based, in most cases, 

on the combination of asymmetric 1,4-conjugate addition and electrophilic bromination 

reaction of a chiral boron enolate. Both a- and P-carbons are stereoselectively directed 

by the (4R)- or (4S)-phenyl-oxazolidinone Evans-type auxiliary. Hruby et al. have 

exhaustively studied the effects of introducing this type of constraint into several 

biologically active peptides."^ The observed results have established that the 

conformational and dynamic behavior of side chain groups is as critical as that of the 

peptide backbone structures for the study of biochemical processes. 

Miscellaneous mimetics for amino acids. In the past few years the chemical 

literature has received a wealth of reports on the synthesis of a wide variety of non-

proteinogenic amino acids featuring interesting side chain functionalities."' The reason 

behind the "boom" in this area may be easily explained by their use in the study of vital 
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biological phenomena and functions such as protein folding, hormone regulation, 

recognition, and transmembrane signaling, to mention just a few. 
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CHAPTER in 

DISCOVERY OF A NOVEL SERIES OF POTENT AND SELECTIVE PEPTIDE-

SUBSTRATE BASED INHIBITORS OF p60"" PROTEIN TYROSINE KINASE 

m.l General Introduction 

We have previously discussed in Sections 1.2.1 and 1.2.2 the general 

characteristics of our target enzyme p60'"®" PTK in terms of structure, function, 

substrates, and inhibitors, either peptidic or nonpeptidic. We have also listed the reasons 

why peO'"®" PTK presents itself as a suitable target for design of antiproliferative drugs. 

What follows is a description of a general view of the treatment of cancer as a degeneracy 

disease. 

HI.LI Cancer as a Disease of Intracellular Signaling 

Most of the anticancer drugs in use today have been developed by random 

screening, in animal tumor models, of large numbers of chemical compounds or natural 

product extracts. There are relatively few examples of rationally developed target-

oriented anticancer drugs. Currently available anticancer drugs act mainly by preventing 

the synthesis of DNA or by interfering with DNA fimction. Chemotherapy is curative for 

about 12% of human cancers, whilst most human cancers, those causing over 75% of 

cancer deaths, including lung, colon, breast, and prostate cancer, are refiactory to 
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chemotherapy. Survival rates for cancer patients in the United States are about 50% 

compared with 40% in the early I960's, before the widespread use of chemotherapy."" 

There is currently a need for new treatments and approaches to dealing with 

cancer, and this includes new types of cancer drugs. 

With the recent advances in the knowledge of the molecular and cellular biology 

of cancer cells, we are now able to identify specific molecular targets within the cancer 

cells. These targets are components of the intracellular signaling pathways that mediate 

the effects of growth factors and oncogenes on cell proliferation, transformation and cell 

death. 

The malignant transformation of a normal cell into a cancer cell requires 

activation of multiple oncogenes, as well as the loss of tumor-suppressor genes. A major 

function of oncogenes is to code for proteins that are components of growth factor-

activated intracellular signaling pathways.^"" Consequently, when an oncogene is 

overexpressed or constitutively activated through mutation, the cell receives a continuous 

signaling to grow. The combination of a number of oncogene-activated signaling 

pathways can lead to the transformation of a normal cell into a cancer cell. Thus, cancer 

can be considered as a disease of deranged intracellular signaling. Inhibiting the 

intracellular signaling pathways that mediate the effects of activated oncogenes represents 

a novel approach to treating cancer. 
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Signaling degeneracy and cancer cell selectivity. Therapeutic selectivity for the 

cancer ceil by drugs that inhibit signaling pathways should be possible because of the 

degeneracy of growth factor signaling. It is well known that more than one growth factor 

is required for the proliferation of a normal cell, and one growth factor can activate many 

signaling pathways.^"*^ Consequently, during cell growth, multiple signaling pathways are 

activated. A cell apparently can survive the complete inhibition of one of these pathways, 

with others taking over some, or all, of the normal functions of the inhibited pathway. In 

the particular case of c-Src protein tyrosine kinase, it is known that c-Src is prominently 

expressed in platelets and in the nervous system, and is highly conserved across species, 

suggesting that it is essential for cell flmction. When c-Src was totally disrupted in gene 

knockout mice, the expectation was that mice with severe and probably lethal defects in 

platelets and the nervous system would result. In fact, the mice in which c-Src was 

deleted grew almost normally, with the only phenotypic abnormality being osteoporosis.^' 

This is presumably because related tyrosine kinase genes, such as yes and fyn, take over 

the function of c-Src in deficient animals. 

Thus, if a drug can be developed that selectively blocks the signaling pathway that 

is activated by an oncogene, it may be possible to reverse the effects of the oncogene, 

while leaving the normal functions of the cell unaffected. This aspect of selectivity and 

specificity of designed inhibitors for p60®'^ PTK will be discussed in more detail in 

Section III. 1.2. 
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Figure 3.1 illustrates the concept just discussed. An important feature of this 

approach to drug development is that it is not necessary to target the oncoprotein itself to 

reverse the effects of the oncogene. Indeed, it has proven remarkably difficult to develop 

drugs that can target an oncoprotein with sufficient selectivity to inhibit the effects of just 

that oncoprotein. Using the approach described it should be sufficient to employ a 

surrogate, usually an enzyme (p60®'®^ PTK), of the oncogene-activated signaling pathway 

to reverse the effects of the oncogene (src). 

Growth Factor Receptor 

Cell Membrane 

I re tain 

Cytoplasm 

Figure 3.1 Degeneracy of growth factor signaling as an aid to cancer drug 

development. 

As depicted above, a growth factor acts through its cell surface receptor to 

activate multiple intracellular signaling pathways that ultimately control gene expression 

in the nucleus. Each of the boxes represents a unique step that is an enzyme, transducer 

or second messenger in a pathway. The overexpression or mutation of an oncogene leads 
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to the constitutive activation of one of the signaling pathways, shown by the dark arrows. 

Any of the dark boxes represents a target site for drugs that inhibit the oncogene-activated 

signaling pathway, leaving the other pathways necessary for normal cell function 

unaffected. 

Until recently, there were four potential sources of new compounds for screening 

against cancer; (I) random screening of off-the-shelf chemical compounds; (2) random 

screening of plant and animal chemical extracts and microbiological fermentation broths; 

(3) chemical modifications of previously identified active compounds; and (4) model-

directed synthesis of compounds based on the detailed knowledge of the unique structural 

features and activity of the protein target in question (de novo design). 

To this scenario, combinatorial peptide libraries have provided a new and 

promising set of possibilities for structure-activity information on the target (Sections 1.4 

and III.2). Scheme 3.1 illustrates the approach followed in this research, which 

comprehends several stages, each one offering a number of exciting and challenging 

avenues. As depicted, the final stage in this search will be the production of usable and 

stable drugs, from modifications of peptide leads through the use of modified unnatural 

peptides (see Chapter II) or the design of peptide mLnetic drugs (see Section 1.6.3). 
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Target: pSO®"*'® PTK 

Metabolic Stability 
Cell Permeability 

Substrates/Inhibitors 

Biological Screening/ Model 

Structure-Activity Relationships 
(bioactive sequence) 

Conformational and Topographical 
Constraints 

Combinatoriai Chemistry Approach 
(lead generation) 

NMR Studies/ X-ray/ Molecular Modeling 
Peptidomimetic Design and Synthesis 

Potential Antiproliferative Drug 

Scheme 3.1 Flow chart of the approach used in the search of potent/selective 

inhibitors of p60'̂ '" PTK. 

III.1.2 Protein Tyrosine Kinase Inhibitors: Scope and Limitations 

In section 1.2.2 were described some of the most potent peptidic and nopeptidic 

inhibitors of protein tyrosine kinases and of peO*"^ PTK in particular. It was also shown 

that most of these inhibitors have been obtained from random natural product screening, 

being ATP-site directed inhibitors. In this section we will discuss the main differences 



between ATP and active site directed (substrate-based) inhibitors, and why the latter is 

favored. 

The intracellular concentration of ATP is significantly greater than the typical K„ 

exhibited by protein kinases for ATP. The implications of this simple fact are profound. 

The percentage of innibition of an enzyme-catalyzed reaction at a given concentration of 

a competitive inhibitor {i.e., v/v) is given by equation 2. 

21 
V 

K. 

K„^[ATP]  

A.. 

(2) 

Assuming an intracellular ATP concentration of 5 mM and a fC„ of 5 |iM, Eq.(2) 

reduces to Eq. (3). 

^ I 
.005 + 5 .005 

K. I I 
+ 5 

Thus, in order to achieve 50% inhibition {i.e., v/v = 0.5) under physiological 

conditions, the concentration of a competitive inhibitor needs to be approximately 1000-

fold greater than its experimental derived BQ value. In other words, although the affinity 

of the inhibitor may be in the low micromolar range, under physiological conditions its 

effectiveness will be decidedly poorer. In contrast, the equation of an inhibitor that is not 

competitive with respect to ATP is given by Eq. (4). 
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V K, + [/] 

The inhibitor concentration that generates a 50% reduction in activity under these 

circumstances is equivalent to the of the inhibitor. The corresponding equation for an 

inhibitor that exhibits an uncompetitive inhibition pattern versus ATP reduces to Eq. (4) 

as well. This simple example illustrates one of the chief disadvantages associated with 

inhibitors that are directed against the ATP-binding site of protein kinases. Namely, that 

concentrations much higher than the inhibitor's measured will be required to effect a 

significant reduction in enzymatic activity under physiological conditions. It has been 

noted that this disadvantage is not due to the high intracellular concentration of ATP per 

se, but is rather a consequence of the disparity between intracellular ATP concentration 

and the corresponding for ATP in the kinase-catalyzed reaction."^ In addition, 

mammalian cells contain an enormous number of ATP-utilizing proteins. Therefore, it is 

critical that the specificity of these inhibitors be assessed against a variety of protein 

kinases as well as other ATP-dependent proteins. 

Inhibitors competitive with protein-substrate. The vast majority of inhibitory 

compounds that are competitive with protein substrates are peptides. From a medicinal 

point of view, as discussed in Section 1.5, they present certain limitations. However, 

peptides do provide a structural foundation upon which peptidomimetics can be designed. 

A traditional manner to produce peptide-based inhibitors is simply to replace the 

phosphorylatable moiety in a peptide/protein substrate with a nonphosphorylatable 
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residue " This approach has been relatively unexplored mainly because of the lack of 

suitable short peptide-substrates {i.e., eight residues or less)/^ wherein the 

phosphorylation site of the sequence can be replaced for aonphosphorylatable tyrosine 

analogues to produce inhibitors. 

As depicted in Scheme 3.1, combinatorial chemistry techniques now occupy an 

important place in the development of new drugs by speeding-up the finding of new 

leads. As we mentioned in Section 1.2.2, K. S. Lam et al.,^ using the "one-bead-one-

peptide" concept,®* have identified, after screening a limited heptapeptide library (500,000 

beads), a peptide with the sequence YIYGSFK-NH, as an efficient substrate for p60'^'^ 

PTK with a value of 55 |iM. Thus, as it will be described in Section III.3, using this 

substrate we have pursued the design of potent and specific inhibitors of this tyrosine 

kinase by applying conformational and topographical considerations already described in 

Chapter II. 

Also, in Section 1.4 a general view of the combinatorial chemistry concept was 

given. Now, in the following section, the particular techniques and strategies in this area 

that were used toward the discovery of YIYGSFK-NH, (1), the peptide lead in our 

inhibitor design, will be illustrated. 



145 

III.2 Downstream Development of a Combinatorial Library Approach: The Fine 

Tuning of a Peptide Lead 

ni.2.1 The One-Bead-One-Peptide Concept 

During the last seven years combinatorial chemistry has attracted enormous 

attention from industry and academia because it can greatly facilitate the drug discovery 

process. The study described in this dissertation is not an exception. All combinatorial 

library methods involve three main steps: (1) preparation of the library; (2) screening of 

the library components; and (3) determination of the chemical structures of active 

compounds. There are basically five distinct combinatorial library methods: (/) 

biological library methods such as phage display;®' (//) spatially addressable library 

approaches such as the multipin system;multiple synthetic techniques using 

segmentable carriers;"^ SPOT synthesis on cellulose paper or polymeric membrane;^" 

light-directed synthesis on chips;"®or diversomer technology;'""' (Hi) combinatorial 

library methods that require deconvolution: the iterative approach;®®*" positional 

scanning;^^ recursive deconvolution;"' and orthogonal partition;^"** (fv) the one-bead-one-

peptide combinatorial library method;®"*''^* and (v) synthetic solution library methods: 

affinity chromatography selection"'and affinity capillary electrophoresis."" 

The biological library approach (/) can only be applied to peptides and proteins 

and in general includes only the 20 eukaryotic amino acids. The remaining four methods 

involve synthetic or biosynthetic chemistry and may involve all classes of synthetic 



146 

building blocks. There are advantages and disadvantages in each of the above 

combinatorial library approaches. The method chosen depends largely on the nature of 

the target, the assay system, and the chemistry used on the solid-phase. 

As stated in the previous section, the peptide lead used in our inhibitory design 

was obtained using combinatorial methods,^ specifically the "one-bead-one-compound" 

concept. The unique features of this method are: (a) the synthesis of a large library is 

rapid using the "split synthesis'' approach (Scheme 3.2), (b) the components are spatially 

separable and therefore all compounds can be tested concurrently, not independently, (c) 

once identified, the structure of the compound on a positive bead may be determined 

directly or by an encoding strategy,"' and (d) both on-bead binding or fxmctional assays 

and solution-phase assays can be used by this approach. 

This concept, first recognized by Lam et al.,^ is based on the fact that 

combinatorial bead libraries prepared via a "split synthesis" approach"^ contain single 

beads displaying only one type of compound, although there may be up to 10'^ copies of 

the same compound on a single 100 )im diameter bead. Lam et al. further recognized that 

because each bead encountered only one amino acid at each coupling cycle, and that 

reaction was driven to completion, only one type of peptide was displayed on and within 

each bead. 
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3R (20) 

3P(20) 

3R (20) 

9P (400) 

3R (20) 

27P (8000) 

Scheme 3.2 Illustration of the split-synthesis method (one-bead-one-

compound) for combinatorial libraries. 

Thus, as shown above in Scheme 3.2, the solid support is divided, for example, 

into three equal parts, and each of the three aliquots is treated with a synthetic unit of type 

A. The resulting product resins are mixed and divided anew, giving three mixtures in 

which the resin-linked components A', A*, and A^ are present in equimolar amounts. 

These are treated with B', B", and B^, which gives nine defined products in total. Since 

there is only one reactant in solution in a reaction vessel at any one time that reacts with a 

large or small number of support-bound reaction partners, depending on the synthesis 

plan, all reactions can proceed to completion despite possible differences in kinetics (in 

nuix-split-reaction 
sequence 

Q—A^B^ 

^-A'B^ 
^A'B 

^-a'B'C^ 
^-a^B'C' 
^-A^B^C' 
^-A'b^C^ 

A^B^C' 
q-a'B^C' 
Q-A^B^C' 

A^B^C' 

^-a'B'C^ 

a'BV 
^-a'B^C^ 
®-A^B^C^ 

a^BV 
q-a'BV 
q-a^B^C^ 

q-a'b'c^ 
q-a^b'c' 
^-A^bV 
q-a'b^c* 
^-a^b^c^ 

^-a'B^C' 

ca—A^B^C^ 
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case of peptides). Repetition of cycle (x) of division, reaction, and mixing, gives in a 

short time a stochastic collection of up to if different peptides, as governed by the 

Poisson distribution (n being the number of aliquots in which the resin is split each time). 

At the end of such synthesis sequence, a compound library is obtained in which 

many copies of only one compound is present on each bead (one-bead-one-compound). 

As depicted in Scheme 3.2 the obvious advantage is that 27 products are obtained from 

nine synthetic building blocks (in three mixtures of nine compounds each), whereas their 

synthesis as separate compounds would require 81 reactions steps. All 8000 tripeptides 

obtained from the 20 natural amino acids can be synthesized in 20 mixtures of 400 

compounds each in an analogous way using only 60 coupling reactions. These are quasi 

separated compounds as long as they are bound to the solid phase. 

Burgess et al.^ have proposed some ideas on the statistical aspect of the split 

method. In particular, they examined how many support particles have to be used in 

order that all desired compounds are present in the resulting library with a certain 

probability. They were able to show that ten reactants per cycle and a total of five cycles 

(resulting in 10^ = 100,000 substances) require at least 500,000 support particles if 99% 

of all theoretical possible compounds are to be present in the library with 99% 

probability. For the commonly used synthetic resins, Ig of support material corresponds 

to several million particles, so that from a statistical point of view, libraries of the order 

of 10^ substances and greater are possible, in practice, using this method. Other statistical 

considerations on the split method have also been published."^ 
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ni.2.2 Screening Methods 

Regardless of the application (i.e., broad screening versus directed analoging), 

successful use of combinatorial libraries is highly dependent on the sensitivity of the 

assays that are used to identify and characterize ligands. 

In broad terms, assay procedures can be grouped into three categories: (I) those 

that rely on afiRnity purification with an inunobilized target receptor. (II) those in which a 

soluble receptor binds to tethered ligands, and (III) those in which soluble compounds are 

tested for activity, either directly or in competition assays. 

Both solid-phase and solution-phase assays have been developed for the one-

bead-one-compound combinatorial library method. In the solid-phase assays, the ligands 

are still covalently attached to the solid support and the assays involve either (1) direct 

binding of a molecular target to the bead-bound ligand or (2) detection of flmctional 

properties of the bead-bound ligand as phosphorylation of substrates. This approach can 

be applied to many other posttranslational modifications, such as prenilation, 

methylation, glycosilation, ubiquination, adenylation, sulfation, and hydroxylation. 

The binding of target to bead-bound ligand can be detected either by direct 

visualization (e.g., a color target such as a dye,"® or a larger target such as a cell^), or 

indirectly by using a reporter group such as an enzyme, a radionuclide, a fluorescent 

probe, or a color dye covalently attached to a target. 

In as much as most flmctional assays have been traditionally performed in 

solution phase (e.g., using a 96-well plate format), specific functional assays have been 
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developed for detecting ligands that are covalently attached to beads. Thus, Lam et al^ 

reported the use of a one-bead-one-compound library method to identify peptide substrate 

motifs for posttranslational modifications such as protein phosphorylation. After 

screening a limited heptapeptide library (500,000 beads) using such functional assay (see 

Section III.4.1), they identified YIYGSFK as an efiBcient substrate for p60'''^ PTK with a 

K„ value of 55 (xM, which, as compared in Table 1.2, fulfills the desired features of a 

substrate lead: short sequence and high potency. Thus, being a substrate it represents a 

suitable peptide lead for the production of peptide-substrate based inhibitors, which as 

discussed in Section III. 1.2, present better potential as a possible drug lead. 

ni3 Design of Conformationally aod Topographically Constrained Inhibitors of 

p60""^ PTK Based on a Substrate Obtained by Combinatorial Methods 

III.3.1 Structure-Activity Relathionship (SAR) Studies on YIYGSFK (1) 

Over 70 analogues of YIYGSFK (K„ = 55 (iM) were designed and synthesized on 

beads and their phosphorylation on solid support by p60''®" PTK was quantitated."' 

Figure 3.2 summarizes the conclusions obtained firom the SAR studies for the single L-

and D-amino acid substitution in YIYGSFK (1). 
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Figure 3.2 Summary of the SAR for a single amino acid substitution in 

YIYGSFK (1). * represents the site of phosphorylation. 

This peptide contains two tyrosine residues, Tyr' and Tjn^. The fact that 76%, 

71%, 41%, or 65% of the activity was retained when Tyr' was substituted by Phe, Thr. 

Trp or D-Tyr, respectively, suggests that Tyr' is not likely the phosphorylation site. In 

contrast, when those substitutions are performed at position 3, phosphorylation is almost 

abolished. This strongly suggested that T)a^ is the site of phosphorylation, which was 

also confirmed by mass spectrometry.^ In addition, as depicted in Figure 3.2, peptides 

with the residues not in parentheses display >55% activity; residues in parentheses 

exhibit 3-35% activity. Stereospecificity was shown to be crucial for residues 2-5 

(enclosed by the box). 

Based on these observations we have pursued the design and synthesis of 

conformationallly and topographically constrained inhibitors of p60"^ PTK. Thus, the 
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results obtained in Lam's study (Figure 3.2) showed that the residues He", Tyr^ and Gly^ 

are important for biological activity of 1. In addition, the Tyr^ residue was shown to be 

the phosphorylation site of this substrate which suggests the incorporation at this position 

of nonphosphorylatable tyrosine mimetics as discussed in Section 1.2.2. 

110.2 Stabilization of a Possible p-Turn in this Series of Analogues Via 

Disulfide Bond and SAR Studies 

From the above results we observed that the importance of the Gly^ residue for 

activity of 1 may suggest the presence of some type of P-tum stabilizing the secondary 

structure of these peptides. Thus, Gly^ could be, due to favorable steric reasons, the /+1 

or /+2 residue of the P-tum. Attempts to stabilize such turn by substitution of Gly^-Ser^ 

with Pro was not tolerable. We have already discussed in Section II.1.1 the different 

approaches used to reduce the degrees of freedom in a linear peptide (ligand) which may 

stabilize specific secondary structures (a possible P-tum in this case), that may be 

important for interaction with the acceptor biomolecule. Therefore, we pursued such 

stabilization on these peptides by introducing a conformational constraint via a disulfide 

bond. 

From a molecular recognition perspective,"* it can be argued that the most 

important features of the P-tum are the relative dispositions of side chain bonds I, 2, 3, 

and 4 (Figure 3.3). Bonds 2 and 3 are important because they govem the placement of 

the side chains residues /+1 and /+2, whose exposed nature makes logical recognition 
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sites. Bonds I and 4 determine the position of any binding groups before and after the P-

tum. 

Figure 3.3 Type II |3-tum topography showing the relative dispositions of the 

side-chain groups. 

Therefore, to determine if P-tums were an important secondary structure adopted 

by the peptides studied by Lam et alJ*" and hence maybe important for p60'"^ PTK 

binding, we synthesized a series of four linear analogues of YIYGSFK (1) and the 

corresponding cyclic disulfide derivatives 2-9 (Table 3.1). In the cyclic analogues a Cys 

residue was introduced at position 7 for disulfide bond formation as well as an extra Lys 

residue at position 9, to account for the pharmacophoric distances which may be 

important at the basic core of the peptide. In addition, to preserve the hydrophobic nature 

at position 2 (lie), shown to be important for activity, we introduced the chimeric amino 

acid penicillamine (Pen) at that position. This provided as well the SH group necessary 

to form the disulfide bond with Cys^. 

O Ra 

3 
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Recently, Lam et al." have reported that replacement of Tyr^ with (2')Nal in 

substrate 1 resulted in a moderately potent and specific inhibitor of p60'''^ PTK with an 

ICso value of 66 (see also Table 1.3). YI-(2')Nal-GSFK was shown to be a 

competitive inhibitor of p60'"^ PTK, when 1 was used as a substrate, and showed no 

activity toward cAMP-dependent protein kinase (a representative of serine/threonine 

kinases). Thus, we decided to incorporate this amino acid into peptide analogues 4 and 5. 

Using a solution-phase phosphorylation assay (see Section III.4.1), the IC50 values 

of peptides 2-9 were determined using 1 as a substrate. All the Tyr-containing inhibitors 

were not phosphorylated, as no new spots besides that of the phosphopeptide 

corresponding to the substrate where detected on the TLC of the solution-phase 

phosphorylation assay, as compared with the control containing only substrate (with no 

inhibitor). For the (2')Nal compounds, of course, phosphorylation is not possible. 

As shown in Table 3.1, the inhibitory potency was retained and in most cases 

improved by the introduction of the conformational constraint, which supports the theory 

of a P-tum stabilizing the secondary structure of the linear peptides. In addition, the 

reduced potency of peptides 8 and 9 shows the importance of Gly^ in both the linear and 

cyclic forms. Compound 5 showed a 28-foId increase in potency compared with the 

parent peptide (1) of this series. 
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Peptide Structure IC50, nM" 

2 Y-Pen-YGSFCKK-NH, 5.3±1.2 

3 Y-c[Pen-YGSFC]KK-NH, 3.0±1.0 

4 Y-Pen-(2')Nal-GSFC]KK-NH, 2.7±1.1 

5 Y-c[Pen-(2')NaI-GSFC]KK-NH, 2.0±0.3 

6 CIYGSFCKK-NH, 6.9±0.9 

7 c[CIYGSFC]BCK-NH, 2.7±1.2 

8 Y-Pen-Y-D-Ala-SFCKK-NH, 10±1.5 

9 Y-c[Pen-Y-D-Ala-SFC]KKNH, 18±3.1 

The values represent the mean of three to four experiments. The substrate used in these 

experiments was YIYGSFK (1) at a concentration of 55 nM. 

Table 3.1 IC50 values of the first series of linear and cyclic inhibitors of pSO*^ 

^ PTK, based on YIYGSFK (1) [K„ = 55 jiM], 

Based on these observations, it was decided to explore other structural and 

functional aspects of these cyclic inhibitors. Thus, we selected compound 3 (IC50 = 3.0 

HM) as the new lead. The following points were addressed and are discussed below, the 

results are shown in Table 3.2. 

1. Nature of the amino terminus. In peptides 10-12 the importance of the Tyr' 

residue and of the acetylation of the N-terminus, in the inhibitory capacity of 3, was 

studied. As shown in Table 3.2, it was observed that acetylation and/or deletion of Tyr' 

in compound 3 resulted in loss of inhibitory potency (8 to 9-fold in the case of 10). 



2. Nature of the basic core. As we discussed in Section III. 1.1, the site of action 

of this type of inhibitors is in the cytosoi. Therefore, one important criteria for successful 

PTK inhibitors is, among others, cell permeability. Thus, in peptides 2-9 the presence of 

a highly hydrophobic core with two Lys residues at the C-terminus suggests potential 

problems for membrane crossing. In peptides 13-16 we studied the effect, on the 

bioactivity of these analogues, of the susbstitution of Lys' by the less lipophilic and more 

basic amino acid Arg. After this modification, a 4- and 2-foId increase in potency for 10 

and 11, respectively, was observed. In the case of 3, the parent peptide of this series, this 

substitution produced the potent inhibitor 16 with an IC50 value of 1.2 ^iM, which 

represents a 46-fold increase in potency compared with 1. 

3. Stereochemical scan at positions 2 and 7. Although conformational effects 

due to changes in the configuration of a particular residue may not be immediately 

apparent in linear peptides, this type of substitution has been shown to be extremely 

important in the case of cyclic peptides, as is demonstrated in DPDPE, a potent and 

selective 6-opioid receptor agonist.^*"" Peptides 3 and 19-21, produced firom the L-and D-

configuration scan at positions 2 and 7, showed no significant difference in inhibitory 

potency. This result may confirm the existence of a P-tum that is being stabilized by the 

disulfide bond formation, in which the stereochemistry of the side-chain group that is out 

from the turn (/ residue), in this case Pen", has no significant influence on the potency of 

the inhibitor. 
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This result may suggest the possibility of using D-amino acids at these positions 

to enhance the metabolic stability of future analogues. 

Peptide Structure ICso, iiM' 

10 Ac-Y-c[Pen-YGSFC]KK-NH, 26.0±6.4 

11 Ac-c[Pen-YGSFC} KK-NH, 20.0±5.4 

12 c[Pen-YGSFC]KKNH2 14.4±10 

13 Ac-Y-c[Pen-YGSFC]KR-NH, 6.5±1.2 

14 Ac-c[Pen-YGSFC]KR-NH, I1±L8 

15 c[Pen-YGSFC]KR-NH, 20±1.8 

16 Y-c[Pen-YGSFC]KR-NH, 1.2±1.9 

17 Y-c[Pen-YGSFC]K-NH, 6.7±0.9 

18 Y-c[Pen-YGSFC]R-NH2 4.5±0.8 

19 Y-c[D-Pen-YGSFC]KK-NH, 2.8±0.2 

20 Y-c[Pen-YGSF-D-Cys]KK-NH, 4.3±1.4 

21 Y-c[D-Pen-YGSF-D-Cys]KK-NH, 2.7±0.5 

22 Y-c[D-Pen-(2')Nal-GSFC]R-NH2 3.3±1.1 

23 Y-c[D-Pen-(2')Nal-GSFC]KR-NH2 1.610.4 

24 Y-c[D-Pen-D-(2')Nal-GSFC]Kil-NH2 2.1 ±0.2 

'The values represent the mean of three to four experiments. The substrate used in these 

experiments was YIYGSFK (1) at a concentration of 55 jiM. 

Table 3.2 IC50 values of the second series of conformationally constrained 

inhibitors of PTK. 

On the basis of the results shown in Tables 3.1 and 3.2, peptides 22 and 23 were 

prepared incorporating the most effective structural and fimctional features 
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(pharmacophore pattern) that appear to be important for binding and inhibition of p60''"^ 

PTK, namely, the Lys'-Arg' sequence at the basic core C-tenninus, the (2')Nal residue at 

position 3, and the D-configuration of the Pen" residue. Similarly, we observed IC50 

values in the low micromolar range (1.5-3 |iM) for these two peptides which, to some 

extent, validates our design methodology. Compound 23 (IC50 = 1.6 {J.M) was selected as 

the lead for the next series of peptide analogues which incorporated topographically 

constrained amino acids and potentially nonphosphorylatable tyrosine analogues at 

position 3. Peptide 24 further examines the effect of the stereochemistry on residue 3, 

and as shown in Table 3.2, no considerable change in potency is observed compared with 

23. However, regarding selectivity, an interesting difference is observed as discussed in 

Section 111.3.4. 

in.3.3 Rotamer Scan and Tyrosine Mimetics Incorporation at Position 3 of 

Compound 23 

As we already discussed in more detail in Section II. 1.2, the topography of side-

chain groups plays a critical role in peptide-receptor interactions. The investigations of 

the topographical aspects of bioactive peptides offers great potential in the design of 

potent and selective peptides. This has been shown in the case of highly selective ligands 

for the 6-opioid, melanotropin and glucagon receptors."' In these studies it has been 

shown that the preferred topography of the side-chain groups can be examined by 

appropriately constraining, biasing, or fixing side-chain conformers in the gauche(-). 
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trans, or gauche (+) conformations generally found in amino acid residues (see Figure 

2.1b). 

The P-alkyl amino acids shown previously in Figure 2.5 were designed to be used 

as tools to favor one of the three possible rotamers of the x' side-chain torsion angles. 

Thus, it could be assiraied that the p-methyl substituent would favor, for steric reasons, 

the rotamer which places the p-proton between the NH and CO groups (Figure 3.4). 

However, in the case of the P-MePhe isomers, NMR and theoretical studies^ have shown 

a more complicated rotamer equilibrium for the p-methyl-substituted side chains. In this 

case, the p-methyl substituent does not always favor one particular x' rotamer but rather 

always eliminates the x' rotamer which places both bulky P-susbstituents in a gauche 

orientation to the carbonyl group; i.e., a trans rotamer (x'±180°) of both erythro isomers 

(2S,3S and 2R,3R), a gauche (+) rotamer (x'«60°) of the (2S,3R)-isomer, and a gauche(-) 

rotamer (x'~-60°) of the (2R,3S)-isomer, while allowing the other two conformers in each 

case. 

= - 60° = +/-180° = 60° 
gauche (•) trans gauche I*) 

Figure 3.4 Conformational analysis of the (2S,3S)-isomer of P-methyl-2'-

naphthylalanine. 
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Although an extensive conformational analysis has not yet been performed in the 

case of the four isomers of p-methyl-2'naphthylalanine,^ we decided to study the effects 

of these topographically-biased amino acids on the inhibitory potency of 23 toward p60'" 

PTK. Therefore, we introduced the four isomers (Figure 3.5) of this specialized amino 

acid at position 3 of this lead. 

K,. u. PH, 

Hiû  

CH, 
,CH: 

(2S,3SH}-Me<2')Nal (2S.3RH3-Me(2')Nal (2R.3R).p.Me(2-)Nal (2R,3S)-0-Me(2')Nal 

Figure 3.5 Structures of the four isomers of ^methyl-2'-naphthylalanine. 

Assuming a similar conformational behavior of this aromatic amino acid to the 

already studied P-MePhe isomers, we expected to observe a preference of the enzyme 

toward one of the four peptides containing a different isomer at this position. However, 

in contrast to the case of the membrane-bound receptor ligands,"' a significant difference 

in inhibitory potency among the four peptides was not observed (Table 3.3). Both 

erythro isomer-containing peptides were shown to be more potent. Peptide 25 showed an 

IC50 value of 1.0 jaM, which is a 2.1-fold increase in potency compared with its 

corresponding x' unconstrained peptide 24 and 55-fold compared with 1. The ICjo values 

for the (2R,3S)- and (2R,3R)-P-Me(2')Nal analogues showed a 3-fold difference in 



161 

potency which revealed a slight topographical requirement of the enzyme's active site to 

the orientation of the naphthyl ring at position 3. In this regard almost no improvement 

in bioactivity was observed in the case of peptides 27 and 28, which contain an L-

configuration at the C° of p-Me(2')Nal. 

Peptide Structure iC5o,^ivr 

25 Y-c[D-Pen-(2R,3R)-p-Me(2")Nal-GSFC]KR-NH, l.0±0.9 

25 Y-c[D-Pen-(2R,3S)-P-Me(2")Nal-GSFC]KR-NH, 2.9±1.3 

27 Y-cP-Pen-(2S,3S)-p-Me(2")Nal-GSFClKR-NH, I.5±1.0 

28 Y-c[D-Pen-(2S,3R)-p-Me(2")Nal-GSFC]KR-NH, 1.8±1.0 

29 Y-c[D-Pen-(3-I)Tyr-GSFC]KR-NH, 0.13±0.02 

30 Y-cp-Pen-(3,5diI)Tyr-GSFC]KR-NH, 0.54±0.42 

'The values represent the mean of three to four experiments. The substrate used in these 

experiments was YIYGSFK (1) at a concentration of 55 nM. 

Table 3.3 IC50 values of confomnationally and topographically constrained 

inhibitors of pSO*^®^ PTK. 

Perhaps the results can be explained on the basis of previous studies*®" which have 

shown unusual broad active-site substrate specificity for p60"^ PTK. This was explained 

in terms of a "dual specificity", i.e., the interaction enzyme-substrate is not fixed to a 

prescribed site but instead fluctuates according to the structural nature of the substrate. 

This broad specificity was explored in terms of the chain length between the 

phosphorylatable function and the adjacent peptide bond, but our results support this 

hypothesis in terms of topographic space as well. These results may suggest that the 
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enzyme p60"®® PTK, unlike some types of membrane-bound receptors,"^ is able to 

perform important conformational changes, molding itself around the inhibitor during the 

binding process which may avoid, to some extent the differentiation of distinct 

topographies on the interacting side-chains of the inhibitor. 

As mentioned before in Section 1.2.2, another rational approach in the search for 

potent inhibitors of PTKs is the introduction of nonphosphorylatable tyrosine mimetics in 

the phosphorylation sites of suitable substrates.®''"^^ Clearly, PTKs have evolved to 

specifically coordinate an aromatic hydroxy 1 moiety within the enzyme's active-site 

region. Thus, if the hydroxyl group of tyrosine is retained and additional functionalities 

are incorporated in the aromatic nucleus, phosphoryl transfer could be precluded or it 

may actually enhance enzyme activity. 

On the basis of the results obtained, position 3 in these inhibitors is thought to be 

the residue that resembles the phosphorylation site of the substrate YIYGSFK (1) and 

therefore the key interacting side chain of these peptides at the enzyme's active site. 

Thus, it was decided to incorporate the noimatural amino acids 3-iodotyrosine and 3,5-

diiodotyrosine as potential nonphosphorylatable tyrosine mimetics at position 3 of the 

lead inhibitory sequence 23. We thought the introduction of these two sterically 

demanding groups, ortho to the aromatic hydroxyl group, may interfere with the ability of 

this group to engage in productive hydrogen-bonding interactions with the active-site 

residues of the enzyme. This substitution led to the potent peptides 29 and 30 with IC50 

values of 0.13 and 0.54 |a.M, respectively. Compound 29 is 10-fold more active than its 



163 

Tyr^ analogue 16 and 420-fold more active than 1, the parent peptide of this study (Table 

3.3). 

This result may indicate a different role of the bulky iodine atoms at the active site 

of p60"^ PTK, which does not involve stereoelectronic effects that could affect the 

hydrogen-binding properties of the phenolic OH. These two compounds represent the 

most potent substrate-based inhibitors obtained so far, even more potent than the 

branched peptide inhibitor reported by Lam et al.^ with an ICjo value of 0.6 {iM (see also 

Table 1.3). 

III.3.4 Selectivity Studies 

Selectivity is a very important part in the design of PTK inhibitors, because they 

will interact at the peptide-substrate binding pocket rather than at the conserved ATP 

binding site (see Section III. 1.2). Thus, we evaluated the selectivity of our inhibitors 

against two other Src family PTKs, Lyn and Lck. Table 3.4 shows that peptides 23-30 

present a high Lyn/Src selectivity ratio. The highest selectivity for p60' "® PTK was 

observed for the x' unconstrained analogue 24, in which no inhibition of both Lyn and 

Lck was observed at concentrations of up to 800 jiM. On the other hand, the enzymatic 

specificity of the x'-biased inhibitors 25-28 is high in the case of Lyn (no inhibition 

above 800 mM) but only moderate for Lck (no inhibition up to 250 |j.M). 

The x'-constrained peptides 25 and 26 with D-configuration of the C" at position 

3 present, respectively, the lowest and highest IC50 values for p60'^'^ PTK inhibition. 
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which, as mentioned before, may represent a slight topographical recognition of the 

enzjmtie's active-site toward these two isomers in which the x' conformer populations are 

supposed to be different. However, in terms of Lck/Src specificity, it was observed that 

the presence of the p-methyl group produces a negative effect which makes inhibitors 25 

and 26 less selective. This is particularly clear in the case of the x'-unconstrained (no P-

methyl group) analogues 23 and 24 with L-and D-configurations at C" of (2')NaI^ 

residue, respectively. Peptide 24 shows a much higher Lck/Src selectivity ratio, 

considerably different to the one observed for the L-isomer-containing analogue 23. 

ICjo* |xM* Selectivities 

Peptide p60"" Lck Lyn Lck/Src Lyn/Src 

23 I.0±0.2 50±5 >800" 50 >800 

24 2.0±0.2 >800 >800 >400 >400 

25 1.2±0.3 260±40 >800 220 >670 

26 3.4±0.9 470±33 >800 140 >240 

27 2.6±0.6 220±10 >800 85 >310 

28 1.5±0.2 260±8 >800 170 >530 

29 0.6l±0.2 11±2 >800 18 >1300 

30 0.76±0.04 11±2 >800 14 >1100 

"The values indicate the mean of three to four independent experiments. The substrate used in 

these experiments was cdc.2(6-20) at a concentration of 100 jiM. ''Indicates that no inhibition by these 

peptides was found even at concentrations above 800 p.M. 

Table 3.4 Selectivity of peptides 23-30 for PTK over other Src family 

PTKs. 
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From these data we can stress two main points. First, in terms of selectivity, the 

x' constraints do not significantly enhance, to an important extent, the specificity of the 

inhibitors toward p60''"^ PTK. Second, in the x' unconstrained peptides 23 and 24, the 

absence of the methyl group at the P-carbon of that side chain greatly increases the 

Lck/Src selectivity ratio, further showing that the D-configuration of the C° at position 3 

makes compound 24 a potent and highly selective inhibitor of p60"®^ PTK. As 

mentioned before, compounds 29 and 30 were shown to be the most potent inhibitors of 

p60'"®" PTK found in our study, showing no inhibition of Ljm PTK at concentrations up 

to 800 |a.M. However, as shown in Table 3.4, they show a poor Lck/Src selectivity ratio 

which may indicate that the role of the iodine atoms may be conunon in both Src and Lck 

active sites. 

in.4 Biological In-Vitro Evaluation of PTK Inhibitors 

in.4.1 Phosphorylatioii Assays 

The cdc.2(6-20) peptide, KVEKIGEGTYGWYK (K„ = 100 ^^D, derived from 

p34cd<^^ has been reported to be a specific and efficient substrate for the Src family 

PTKs."' In this study we decided to use this peptide as a substrate to evaluate the 

selectivity of our inhibitors among Src family PTKs. The fact that Lyn and Lck kinase 

preparations contain some contaminating serine kinases precludes the use of 1 as a 

substrate. In all the other assays reported in Tables 3.1-3.3, the substrate used was 1 and 

the reported values represent the mean of three to four experiments. 
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Briefly, the phosphorylation assays were performed at 25°C in a final volume of 

20 mL of MES buffer (30 mM MES, 10 mM MgCU, and 0.4 mg/mL BSA, pH 6.8) 

containing a specific PTK, 10 |xM [y-^-P]ATP (specific activity, 25 Ci/mmol), and a 

specific peptide-substrate with or without an inhibitor. The concentrations of PTKs used 

were as follows: 30 units/mL for p60®"®^ PTK (900,000 units/mg), 90 units/mL for 

(6157 units/mg), and 90 units/mL for Lck (2500 units/mg). The reactions were initiated 

with the addition of the corresponding PTK. Reactions were allowed to proceed for 10 

min and were then stopped with 20 |iL of 150 mM phosphoric acid. The terminated 

reaction mixtures (5 |iL) were then spotted onto the anion-exchange TLC plates which 

had been previously soaked with 0.5 M NaCI for 5 min and rinsed with double-distilled 

water. The loaded TLC plates were air-dried for about 10 min. Chromatography was 

performed using 15 mM phosphoric acid and 0.25 M NaCl as the mobile phase for about 

15 min at room temperature to separate ^"P-labeled phosphopeptides from firee [y-^-P] ATP 

and other "P-labeled components such as [^"PJPPi.^" The dried TLC plates were then 

exposed to the storage phosphor screen for I h at room temperature. The exposed screen 

was read by a 425S Phosphorlmager, and the spots corresponding to the phosphopeptides 

were quantitated. For the background correction, [y-^"P]ATP and PTK were mixed 

together in the absence of any peptide and incubated under the same conditions described 

above. The IC50 values were estimated by nonlinear regression data analysis using GraFit 

program. 
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CHAPTER IV 

PEPTTOE SYNTHESIS 

rv.l Main Strategies in Solid-Phase Peptide Synthesis: A Brief Look at 

History 

The title of this section, or at least part of it, may sound too ambitious and indeed 

it is. The reason for this is the large number of researchers that have been involved in the 

many areas in which peptide science has evolved, since its foundation by Emil Fisher at 

the beginning of this century.^" In those days substances that became conspicuous on 

account of their taste, color, odor, or some biological activity stood as the focus of 

interest. As the skills of chemists increased they tumed to more complex problems, such 

as the structure and chemistry of fats, sugars, or the building components of nucleic acids. 

Thus began the study of natural products of greater molecular weight. Proteins, the 

fimctional molecules of all life processes, belong to this category. They initially appeared 

as most unsuited objectives of research: many are insoluble in water (keratin, hair, 

collagen, silk),and the soluble ones were usually obtained according to the methods at 

hand in non-homogeneous form, not as a crystalline material but as an ill-defined 

substance with indeterminable molecular weight. Peptides, building components of 

proteins, while more accessible to chemical manipulations, were found in nature in 

concentrations too low to stimulate systematical chemical studies until the tum of the 

century. 
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In Karlsbad in 1902, E. Fisher presented his views on protein structure according 

to which these are long chains of a-amino acids linked to each other through amide bonds 

between carboxyl and amino groups. He also siunmarized the isolation of amino acids 

and peptides from protein hydrolysates and discussed the coupling of amino acids. In his 

lecture the designations "peptide, dipeptide, tripeptide, etc." and later "polypeptides' were 

proposed However, it took until early 1950's that chemists began to look at this area of 

research with more interest. Of course, before the advent of solid-phase methods the 

beginnings were extremely challenging. 

The names of the pioneers in peptide synthesis such as Fisher, Bergmann, Zervas, 

Curtius, Abderhalden, Leuchs, duVigneaud are worth of mention. These names represent 

the early history of peptide synthesis which testifies the extraordinary creativity and skills 

of such scientists. 

In Scheme 1.2 we described the stepwise synthesis of peptides by solid-phase. A 

key for the success of such process was the advent of easily removable protecting groups 

for the amino (temporary) and side-chain (permanent) protecting groups. In addition, the 

orthogonality between these two groups turned out to be a keystone for the development 

and popularity of Merrifield's idea for SPPS. So far, two are the main strategies in SPPS, 

namely, Boc and Fmoc chemistry. 
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rV.l.l.N"-ter/-Butyloxycarboiiyl (Boc) Chemistry 

The so called "standard Merrifield" method is based on graduated acid liability 

(Figure 4.1). The acidolyzable "temporary" Boc group is introduced onto amino acids 

with either di-/erf-butyl dicarbonate or 2-/-butyloxycarbonyl-oximino-2-

phenylacetonitrile (Boc-ON) in aqueous 1,4-dioxane containing NaOH or triethylamine 

(TEA).^" The Boc group is stable to alkali and nucleophiles and removed rapidly by 

inorganic and organic acids. Its removal is usually carried out with trifluoroacetic acid 

(TFA) (20 to 50%) in dichloromethane (DCM) for 20 to 30 min, and for particular 

situations HCl (4N) in 1,4-dioxane for 35 min. Deprotection with neat (100%) TFA, 

which offers enhanced peptide resin solvation compared to TFA-DCM mixtures, 

proceeds in as little as 4 min. Following every acidolysis step a rapid diffusion-

controlled neutralization step with a tertiary amine usually 5 to 10% solution in DCM for 

3 to 5 min, is interposed to release the free N^-amine. 

Figure 4.1 Merrifield's protection scheme for SPPS based on graduated 

acidolysis (Boc chemistry). Bold arrows indicate HF labile bonds and clear arrow TFA 

labile bond. 

z.e-cijBzi 
r 

PAM-linker Boc 
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"Permanent" side chain protecting groups are ether, ester, and uretiiane 

derivatives based on benzyl alcohol, suitable "fine tuned" with electron-donating 

methoxy or methyl groups or electron-withdrawing halogens for the proper level of acid 

stability/lability. 

Alternatively, ether and ester derivatives based on cyclopentyl or cyclohexyl 

alcohol are sometimes applied because their use moderates certain side reactions. These 

"permanent" groups are sufficiently stable to repeated cycles of Boc removal, yet they are 

cleaved cleanly in the presence of appropriate scavengers by the use of liquid anhydrous 

hydrogen fluoride (HF) at 0°C or trifluoromethanesulfonic acid (TFMSA) at 25°C. 

"Permanent" protecting groups for side chains (Boc). For certain residues (e.g. 

Cys, Asp, Glu, Lys, and Pen), side chain protection is absolutely essential, whereas for 

others, an informed decision should be made depending upon the length of the synthetic 

target and other considerations. Some of the most widely used protecting groups for N"-

Boc amino acids have been listed (Table 4.1), together with information on how 

derivatives are prepared, conditions for their intentional deblocking, and conditions under 

which the indicated side-chain protection is either entirely stable by reagents used for 

peptide synthesis. 
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Side-chain Protected AA 

protective group derivative 

Stability Removal Introduction 

reagents 

Me- // % 

p-Methylbenzyl 

2-Adamantyl 

Cydohexyl 

2,6-dichlorobenzyl 

2-chlorobenzy(oxycarbonyl 

9-Ruorenylmethyloxycarbonyl 

Pen(PMB) 

Asp(0-2-Ada) 

TFA 

TFA. Piperidine 
1MHCI 

Asp(OcHex) TFA 

Tyr(2.6-Cl2BzI) TFA 

Lys(2-CIZ) TFA 

Lys(Fmoc) TFA 

HF PMB-Br + base 

HF Ada-2-OH + DCC 

HF 

HF 

cHex-OH+ Die 
+DMAP 

HF 2.6.Cl2Bzl-Br + base 

2-CIZ-OSu + base 

Piperidine Fmoc-Na 
TBAF +MgO 

Table 4.1 Ntt-Boc-amino acid side chain protection for SPPS. 265 

Particular attention must be given for cases of certain amino acids prone to 

racemization during stepwise SPPS, like His, due to an intramolecular abstraction of the 



172 

optically active a-proton by the imidazole 7c-nitrogen. To avoid this, the tosylate (Tos) 

group is used and removed by strong acid. The carboxamide side chain of Asn and Gin 

are often left unprotected in SPPS, but the risk of dehydration to form nitriles upon 

activation with in situ reagents must be considered. The highly sensitive side chains of 

Trp and Met generally survive cycles of Fmoc chemistry, but their protection during Boc 

chemistry is often advisable. For these purposes the base-labile N'"-formyl (CHO) and 

reducible sulfoxide ftmctions are applied respectively. The most challenging residue to 

manage in SPPS by this method is Cys, which is required for some applications in the 

free sulfhydryl state and, for others, as a contributor to a disulfide linkage. Compatible 

with this chemistry are the 4-methylbenzyl (PMB), acetamidomethyl (Acm), tert-

butylsulfenyl (StBu), and trimethylacetamidomethyl (Tacm). 

Linkers for Boc chemistry. The solid supports generally used for SPPS were 

already discussed in sections 1.3 and 1.3.1 in which a number of different acid-stable 

linkers were described. 

Cleavage in Boc chemistry. Treatment with HF simultaneously cleaves the linker 

and removes the side-chain protecting groups commonly applied in Boc chemistry 

(Scheme 18). HF cleavage is always carried out in the presence of a carbonium ion 

scavenger, usually 10% anisole. For cleavages of Cys (or Pen) containing peptides, 

fiirther addition of 1.8% p-thiocresol is recommended. Additional scavengers such as 

dimethylsulfide and p-cresol are used in conjunction with a two-stage-low-high HF 

cleavage method that provides extra control and thereby better product purities.^" 



173 

As mentioned before, there are other strong acids that can be used to cleave the 

product from the resin using Boc chemistry. TFMSA (IM)-thioanisoie(lM) in TFA 

cleaves PAM and MBHA linkers."" Trimethylsilyi bromide (TMSBr) and 

trimethylsilyltrifluoromethanesulfonate (TMSOTf) have also been used for strong acid 

cleavage and deprotection reactions, which are accelerated by the presence of thioanisole 

as a "soft" nucleophile.^" 

rV.1.2 N°-9-FluorenyImethoxycarbonyI (Fmoc) Chemistry 

A mild orthogonal alternative is constructed using Carpino's base-labile 

"temporary" Fmoc group (Figure 4.2).^®* 

(ert-butyl 

MeO. 

CH3 

o=ui 

OMe 

J 
Fmoc 

Y 
Rink-amide-MBHA 

Figure 4.2 A mild two-dimensional orthogonal protection scheme for SPPS 

(Fmoc Chemistry). A third dimension may be added by the use of acid-stable photolabile 

linker. Bold arrows indicate TFA labile bonds. 



Among others, the main advantage of this strategy compared with Boc is in the 

use of a mild acidic treatment to cleave the product from the resin. This avoids the use of 

risky experimental conditions and expensive equipment used in Boc chemistry. Fmoc 

amino acids were first used for SPPS a little more than two decades ago. Since that time, 

Fmoc SPPS methodology has been greatly enhanced by the introduction of a variety of 

supports, linkages, and side chain protecting groups, as well as by increased 

understanding of solvation conditions. The optimal reagent for the preparation of Fmoc 

amino acids is fluorenyhnethyl succinimidyl carbonate (Fmoc-OSu), applied in a partially 

aqueous/organic mixture in the presence of base; an alternative procedure, among others, 

uses Fmoc chloride. However, it is accompanied by unacceptable levels (2-20%) of 

Fmoc dipeptide formation. 

As illustrated in Figure 4.2, the first Fmoc amino acid is first bound (loaded) to 

the insoluble support via an acid-labile linker (see Table 1.7). The support bound Fmoc 

amino acid is deprotected by base (usually piperidine), by the indicated base catalyzed p-

elimination mechanism. After the desired peptide sequence has been obtained, the 

peptide-support and the base stable side chain blocking groups are acid (usually TFA) 

cleaved. While theoretically this scheme seems quite simple, some problems may arise 

by difficulties in obtaining ideal side chain protecting groups and a variety of side 

reactions. An excellent review by G. B. Fields and R. L. Noble that accounts synthetic 

difficulties and coupling and cleavage conditions using this chemistry is highly 

reconunended.^®* 
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"Permanent" protective groups for side chains (Fmoc). Side chain protection of 

Fmoc amino acids requires blocking groups that are ideally base stable and weak acid 

(TFA) labile. The most widely used protecting groups compatible with this chemistry are 

listed in Table 4.2, together with other useful information. Special attention must be 

observed in cases of amino acids that possess strongly nucleophilic side chains, such as 

Cys, Arg, and Lys. 

Cleavage in Fnwc chemistry. Fmoc SPPS is primarily designed for acidolysis of 

the peptide-linker. Since non-acidic conditions are utilized for N°-amino group 

deprotection, a weak acid can be used for cleavage and side chain deprotection. Alternate 

cleavage conditions, such as alkali, photolysis , fluoride ion, or hydrogenation, are used 

primarily for peptide isolation with intact side chain protecting groups or to produce a 

unique peptide carboxyl terminus (see Table 1.6). TFA cleavage of r-Bu and Boc groups 

results in /-butyl cation (by the S^l deprotection mechanism) an r-butyltrifluoroacetate 

formation. These species are responsible for /-butylation of Trp, Tyr, and Met. 

Modifications can be minimized by utilizing effective scavengers during TFA cleavage. 

The most efficient scavenger has been shown to be 1,2-EthanedithioI (EDT). However, 

trialkylsilanes, such as triisopropylsilane (TIPS) and triethylsilane (TES), have been 

shown to be effective non-odorous substitutes for EDT,^" and also very efficient at 

quenching highly stabilized cations liberated on cleavage of trityl and Rink amide linker. 

Cleavage using strong acids following Fmoc SPPS has also been reported. TFMSA"" 

offers the advantage of removing many side chain protecting groups that are not weak 
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acid labile, such as Mbs, Tos, and NO, (for Arg), among others, without requiring a 

special apparatus. 

Side-chain Protected AA Stability Removal Introduction 

protective group derivative reagents 

CH3 

HjC—1 
CHj 

teit-Butyl 

Asp/Glu(0(Bu) Base TFA C4HB/H* 
orBoc-F 

l̂ Adamantyl 

CH3 o 

A HaC-j-O 

CH3 
te/T-Butytoxycart)onyl 

tnphenytmethyl 

Me 

Me' 
Me 

SOj— 

Asp(O-l-Ada) Base 

Lys(Boc) 

Cys(Trt) 

Asn/Gln(Ttt) 

Arg(Pmc) 

Piperidine 

Pipendine 

Pipendine 
IN HOI 

Pipendine 

TFA Ada-1-OH • DCC 

TFA Boc-ON. B0C2O 

HOAcor Trt-OH. BF3-OEt2 
TFA 

TFA Trt-OH/AcjO/H* 

-rcA 2.2.S.7.8-pentamethylchroman 
• CISO3H 

Me 

2.2.5.7.8-pentamettiylciiroman-6-sulfbnyl 

Table 4.2 Nct-Fmoc amino acid side-clnain protection for SPPS."® 
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Comparison of both methodologies. Labile Fmoc chemistry has been utilized for 

SPPS as an alternative to Boc chemistry for over two decades. Fmoc has proven to be 

specially advantageous in the synthesis of peptides containing acid-labile residues or 

bonds. Certain problems in Fmoc chemistry still exist, such as Arg and His side chain 

protection and peptide-resin solvation. In general, however, Fmoc chemistry has proven 

to be well suited for SPPS. The coexistence of both strategies allow for the efficient 

chemical synthesis of a great variety of biomolecules as demonstrated in the peptides 

synthesized in this work. 

[V.2 Formation of Peptide Bond 

There are currently four major types of coupling techniques that serve well for the 

stepwise introduction of N°-protected amino acids for SPPS: a) in situ reagents; b) active 

esters; c) preformed symmetrical anhydrides; and d) amino acid halides. 

A set of novel approaches has been added to the above list of classic coupling 

methods for amide bond formation between an activated carboxylic acid and an amine. 

These methods usually involve the use of an organometalic reaction. In general, they are 

convenient for those cases of difficult couplings or fragment synthesis, but not for a 

repetitive synthetic cycle. Moody et a/"' have reported the use of carbenoid N-H 

insertions in the synthesis of dipeptides, which usually does not rely on formation of the 

peptide bond itself (Scheme 4.1a). 
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a) 

Peptide txxKl formation 

N' 
H "irA Rz 

cartjene insertian 

I H f 
JL NHj PO(OEt}i PG^^A^N^CCJjEt 1)DBUrtX3/l PG-^^^N^^COzEt 

H Q FUWOAc)  ̂ /Wuene/heat  ̂  ̂ D«/«r:.L R,CHO  ̂ O 
2 

Scheme 4.1 a) New approach to peptide synthesis, b) Carbenoid N-H Insertion 

in the synthesis of dehydropeptides. 

The key N-H insertion reaction was carried out by treating a mixture of the N-

protected amino acid amide and triethyldiazophosphonoacetate with a catalytic amount of 

rhodium(II) acetate in toluene, and resulted in the formation of the phosphonoacetate. 

The N-H insertion was completely regioselective. Wadsworth-Emmons reaction of the 

phosphonoacetate with a range of aldehydes using DBU as a base gave the corresponding 

dehydropeptides in good yields (Scheme 4.1b). This methodology, in particular, 

overcomes the difficulties of coupling a dehydroamino acid into a peptide sequence. 

Hegedus has also reported on the formation of peptide bond using chromium 

carbene complex photochemistry.^'^ These complexes are easily prepared from 

commercially available chromium hexacarbonyl, and organolithium reagents. This 
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methodology offers a potentially unique approach to the incorporation of unusual amino 

acid fragments into peptides (Scheme 4.2). 

New chiral center 

(CO)sCr^R 

hv 
(CO)5 

No coupling agent 

Xc = ctiiral auxiliary 

Scheme 4.2 Chromium carbene complex methodology. 

C02tBu 

New peptide bond 

As illustrated above, photolysis of amino carbene complex produces an amino 

ketene, then trapping that ketene with an a-amino acid forms both the peptide bond and 

the stereogenic center on the new amino acid residue in a single step. The use of a chiral 

auxiliary (Xc) is a key to achieve good diaestereoselectivity, whose cleavage can be 

performed either by reductive or oxidative methods. This methodology has been 

successfully applied in both solution and solid-phase formats. 

rV.2.1 Activation of the Carboxy Group: Coupling Methods 

As mentioned before there are four different (classical) ways of coupling along 

the lines of Scheme 4.3, and although the distinctions are blurred, the chemistry is 

universal. 
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^ .OH 
PGHN Y 

R 

O 
PGH PGHi/y^ " 

O O 

PG = protecting group 
X=activated OH group 

Scheme 4.3 General scheme for the classical peptide bond formation. 

IK situ reagents. In this method the acylating intermediate is generated in the 

presence of the amino acid component, by the addition of an activated agent to a mixture 

of the two components. The classical example is N,N-dicyclohexylcarbodiimide (DCC) 

(Figure 4.3). The related N,N-diisopropylcarbodiimide (DIC) is more convenient to use 

under some circumstances, because the resultant urea by-product is more soluble in 

DCM. The generality of carbodiimide mediated couplings is extended significantly by 

the use of I-hydroxybenzotriazole (HOBt) as an additive, which accelerates the 

couplings, suppresses racemization, and inhibits dehydration of the carboxamide side 

chains of Asn and Gin to the corresponding nitriles. Recent protocols^'^* involving 

benzotriazol-l-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP), 2-

(lH-benzotriazol-l-yl)-l,l,3,3-tetramethyluronium hexafluorophosphate (HBTU), 

benzotriazole-l-yl-oxy-tris-pyrrilidinophosphonium hexafluorophosphate (PyBOP), N-

[(dimethylamino)-1H-1,2,3-tria2olo[4,5-b]p3nidin-1 -ylmethylene]-N-methymethaninium 

hexafluorophosphate-N-oxide (HATU); have deservedly achieved popularity. BOP, 

HBTU, TBTU, and HATU require a tertiary amine for opiimal efficiency 



181 

R-N=C=N-R 

R = cydohexyl = DCC 
R = isopropyl = DIC 

a> 
I 

OH 

HOBt 

N 

I 
o. 

(CHshN^ I 
+^N(CH3)2 

N(CH3)2 

BOP 

(Me)2N 

HBTU 

(Me)2N N(Me)2 

HATU 

N 
\\ 

{CH2)4N-

PPs" 

^+^N(CH2)4 

N(CH2)4 

PyBOP 

Figure 4.3 In situ coupling reagents and additives for SPPS. 

In the phosphonium reagent-mediated coupling, the use of HOBt has been 

reported to accelerate the rates by the mechanism illustrated in Scheme 4.4. 

(RjNjjP^OBt PGHN PGHN PGHN 

PG = pratecting group PGHN 

O 

Scheme 4.4 Acyloxyphosphonium intermediate species on in situ peptide 
coupling. 
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Active esters. In this method an isolatable acylating agent is formed separately, 

and may even be purified before aminolysis. The classical 2- and 4-iiitrophenyl esters 

(ONo and ONp, respectively) have now been largely replaced by pentafluorophenyl 

(OPfp), HOBt, 3-hydroxy-2,3-dihydro-4-oxoben20triazine (ODhbt) and substituted 1-

phenylpyrazoline enol esters (Figure 4.4). 

Preformed symmetrical anhydrides (PSAs). PSAs are favored, in some 

instances, because of their high reactivity (Figure 4.4b). They are generated in situ using 

two equivalents of protected amino acids and one equivalent of DCC in DCM. The urea 

formed is removed by filtration and the coupling then proceeds in DMF."^ 

o o o 
3, b) 

NHPG NHPG 

PSA 

ONp 

OSu —O—N 

/> 
o 

OPfp 

°v 
OBt 

o 
ODhbt — 

I- II 
N 

Figure 4.4 a) Activated NO-protected amino acid esters. PG is either Boo or 

Fmcc. b) Preformed symmetrical anhydride. 



Amino acids halides. Acid chlorides are rarely used among peptide chemists. 

Long ago they gained the reputation of being "overactivated" and therefore prone to 

numerous side reactions, including loss of configuration. Also their use in SPPS has been 

limited because the Boc group is not completely stable to reagents used in the preparation 

of acid chlorides. The Fmoc group, on the other hand, survives acid chloride preparations 

with thionyl chloride, while both the Boc and Fmoc groups are stable to acid fluoride 

preparation with cyanuric fluoride."' Fmoc amino acid chlorides and fluorides react 

rapidly under SPPS conditions in the presence of HOBt/DIEA and DIEA, respectively, 

with very low levels of racemization."' 
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CHAPTER V 

DESIGN OF PEPTTOOMIMETIC LIGANDS SELECTIVE FOR THE 6-OPIOro 

RECEPTOR BASED ON SL-3I11 

V.l Design Approach to Peptidomimetic Ligands of the 5-Opioid Receptor 

The origin of SL-3111 as a suitable lead compound for the design of 

peptidomimetic ligands of the 6-opioid receptor was described in Section 1.7. Most 

importantly, it was pointed out the interesting question raised by the bioassay results 

observed for the peptide (DPDPE), and the peptidomimetic (SL-3111) in terms of 

biological efficacy."' Therefore, in order to study these fimdamental issues in drug 

design, a larger set of compound aneilogues of SL-3111 seemed a viable way to approach 

the problem. 

The search of compounds that could improve the biological profile of SL-3111 

must rely on strategies that allow sequential modifications of our lead, and the 

exploration of possible new pharmacophore sites. As illustrated in Figure 5.1 (see also 

Scheme 1.15) a SAR study has been performed in SL-3111.^ In that report was shown 

the importance of the two aromatic rings and the hydrophobic group in the benzylic 

carbon (R,). However, the exploration of the piperazine ring (Rj) was ignored in this 

first series of peptidomimetics based on |TMT']DPDPE. 

Based on these results we have pointed our attention toward the R, group as a 

possible way to improve the biological profile of SL-3 111. The concepts used in relation 
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to this goal will be described in Section V.3, and in Chapter VI a detailed discussion of 

each attempted synthetic pathway will be presented. Before that we will describe an early 

effort to prepare SL-3111 in an asymmetric way. 

|i/5 

860 

1.3 

1.3 

S 

15 

- 870 

2020 

Figure 5.1 SAR results showing the importance of the hydrophobic group 

(Ri) on SL-3111."' 

V.2 Synthetic Attempt Toward the Asymmetric Synthesis of SL-3111 

The initial binding assays as well as the in vitro biological potencies determined 

for SL-3111 were performed on the racemic mixture {rac) (Figiu-e 5.1). Thus, we had a 

strong interest in determining the importance of the only chiral atom of this molecule in 

its biological activity. The use of organoboron reagents for the asymmetric reduction of 

prochiral ketones has been well reviewed.^" Particularly interesting for our purposes were 

the reports on intramolecular asymmetric reduction of prochiral aromatic ketones 

(Scheme 5.1).^™ 

Ri 

DPDPE 

R, = H 

R, = Me 

Ri = iBu 

R, =Ph 

R, sCgHsPh 

R, = CgH5Ph 
SL-3111 

1C50 5 (nM) 

5 

6400 

610 

420 

34 

31 

8.4 
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Ipc 

(+) or (-) DIP-CI 

aq. NaOH 

R = Me. Ph 

X = OH. NHz. OMe 

a-pinene 

(+)-DIP-CI 

Scheme 5.1 The use of DIP-chloride in the asymmetric reductions of prochiral 

ketones. 

The similarity between the alcohols obtained on those reports and the benzhydryi 

halide used as a main building block in the synthesis of SL-3111 prompted us to apply 

such methodology. The preparation of that alcohol could be achieved, in theory, via the 

asymmetric reduction of the corresponding prochiral ketone. As illustrated in Scheme 

5.2, this type of compound can be prepared via the Swem oxidation of a siiitable O-

protected benzhydrylic alcohol (37 or 38). These alcohols were produced from the 

reaction of O-protected 3-hydroxy-benzaldehyde and /-butylphenylmagnesium bromide. 
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CHO 

MEMCroiEA 

•CM 

TIPSCI/imidazol 

CHO 

-JOT 
MgBr 

OH 

f-Bu 

OPG 

•MF 

OPG 

35 (PG = MEM) 

36 (PG = TIPS) 

THF 
37 (PG = MEM) 

38 (PG = TIPS) 

O 
-CI 

r-Bu 
•CM 

OPG 

(39) PG = 

Triisopropy tsilane 

(40) PG= -^0^^°^ 

Methoxyethoxymethyl ether 

Scheme 5.2 Preparation of the prochiral aromatic ketones 39 and 40. 

The reason to use two different phenol protecting groups on compounds 39 and 40 

was due to the results observed in the asymmetric reduction using DIP-chloride, as shown 

in Scheme 5.3. The reaction was carried out under dry atmosphere (Nj), using a 

permanently sealed glove-bag to weigh out reagents and to monitor the reaction. 

DIP-CI/THF/RT 

OTIPS 

Scheme 5.3 Asymmetric reduction of prochiral aromatic ketones 39 and 40. 
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After analysis of the purified compounds it was found that the MEM protecting 

group on 40 had been cleaved under the reducing conditions to afford compound 41. On 

the other hand, reduction of compound 39 was achieved in good yield (80 %) with no 

cleavage of TIPS to yield 38 after 36 hr under the same reaction conditions. At this point 

the stereochemical outcome of the reaction could have been investigated; however, 

prompted by the good yields obtained it was decided to continue with the synthesis, 

which only required two more steps (Scheme 5.4). Reaction of alcohol 38 with mesyl 

chloride at 0°C using triethylamine (TEA) as a base in DCM produced the chloride 38. 

8^2 reaction between 38 and l-benzylpiperazine using KjCOj as base in MeCN gave 

compound 43. 

OTIPS 
IMeSO^CI/TEA/DCM 1) Benzylpipafaane 

KjCOVMeCN/ renux 

2) (N^BuUN'r 

R = TIPS =43 

R = H= (SL.3111) 

Scheme 5.4 Preparation of SL-3111 using alcohol 38. 

As shown above, cleavage of TIPS group in compound 43 was obtained almost 

quantitatively by treatment with tetrabutylammonium fluoride (TBAF) in DCM to yield 

SL-3 111. The spectroscopic characteristics of the obtained product were in agreement 

with those previously reported for SL-3111. However, the enantiomeric ratio of the 
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reaction was shown to be 50:50, indicating no asymmetric induction. This was 

determined by the separation of the two optically pure enantiomers of SL-3 111 by chiral 

HPLC. 

The fact that no asynmietric induction was observed in the final product may 

indicate the participation of a hydrogen bond acceptor group -not sterically hindered- in 

one of the two aromatic rings and close to the isopinocampheyl (Ipc) group, in a way 

similar to that shown in Scheme 5.1. This may be important in obtaining a better 

enantiomeric excess. 

Although in principle unsuccessfiil, this experience led to the separation of the 

two enantiomers of SL-3 111. (+)- and (-)-enantiomers were 5-fold less and 2-fold more 

potent, respectively, in our binding assayOn the in vitro bioassay they showed lower 

potency on the MVD bioassay and a decrease in selectivity, also no considerable 

antinociceptive action was observed on the in vivo tests. 

The somehow unexpected biological profile for the two enantiomers put again 

into clear perspective the need to explore a wider range of structural diversity in our lead 

SL-3 111. This may be useful to understand the nature of such intriguing results 

generated from ligand/receptor interaction. 
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V3 Introducing Functional Diversity on the Piperazine Ring of SL-3111 

As illustrated in Figures 1.17 and 1.18, the structure of the most potent and 

selective agonists and antagonists of the 5-opioid receptor reported so far regularly 

present a 6-member heterocyclic ring. It could be postulated that this type of scaffold 

serves as a platform which orientates into the three-dimensional space the pharmacophore 

moieties that have been proposed to mediate the opioid effect, as discussed in Section 

1.6.1. Recent published^ and unpublished results from our laboratory have shown, after 

molecular modeling studies, that at the best superimposition of pharmacophores no 

overlap between the disulfide ring of [(2S,3R)TMT']DPDPE and the central rings of 

SIOM is observed. Therefore, the moieties of both 6-opioid receptor agonists (see 

Scheme 1.17) may serve as a scaffold for a correct spacing of pharmacophores (Figure 

5.2). 
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a) 

Figure 5.2 a) Superimposition of low-energy conformations of SIOM (red) 

and [(2S,3R)TMT^]DPDPE. b) Superimposition of SIOM (red) and the originally 
postulated six-member ring scaffold. 
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From these results the aforementioned six-member ring scaffold was originated. 

As shown in Figure 5.2b it does correspond well with the SIOM molecule, which also 

shows the potential importance of extra fimctionalities that may be attached to it. 

Furthermore, the idea to explore the chemical functionality in the piperazine ring 

also is originated from the structure of nonpeptide 5-opioid receptor agonists such as 

BW373U86, SNC80, SNCI62, Superfit, etc. (Figures 1.17 and 1.18). All these 

compounds present methyl groups linked to the scaffold. Thus, we now try to explore 

this site but with a larger set of different fimctionalities, not only methyl, and ideally with 

stereochemical control on the carbon bearing such functional group. 

As mentioned in Section 1.7, this part of the design was not considered in the first 

generation of peptidomimetics that gave origin to SL-3111. We have followed different 

routes toward this goal as will be described in detail in Chapter VI. Both formats, 

solution- and solid-phase were considered. The latter was viewed as a potentially more 

efficient route to explore, via combinatorial methods, the biological profile of the 

analogues synthesized in solution. 
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CHAPTER VI 

PEPTTOOMIMETICS: SOLUTION AND SOLID-PHASE APPROACHES 

TOWARD THE SYNTHESIS OF SL-3111 ANALOGUES 

VI. I Thiadiazin-2-thione as a Possible Scaffold 

The tetrahydro-2H-l,3,5-thiadiazine-2-thione heterocyclic ring is a well known 

prodrug system. Compounds of this class reported so far mosdy show, antimicrobial and 

anticandidal activity in vitro against gram-positive bacteria.^™ A wealth of derivatives 

have been studied; one of the reasons for this may be the fact that its synthesis is 

relatively straightforward. In addition, another attractive feature of this heterocyclic ring 

is the fact that its synthesis allows the introduction of at least 2 different R groups, using 

rather available starting materials (Scheme 6.1).^^^ 

Ri ^NHj KOH 
H 
N 

S 

potassium dithiocarbamate 

s 

I 
R2 

(44) R, R2, = benzyi 

(45) Ri = benzyl, 
R2 = carboxy-p-hydroxymethyl 

Scheme 6.1 Synthesis of 

thiadiazine-2-thione derivatives. 

3-Benzyl-5-susbsituted-tetrahydro-2H-1.3,5-
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The importance of the three-dimensional (3D) relationships between the 

pharmacophores of a suitable 5-opioid receptor ligand was already mentioned. In 

Hruby's laboratory an exhaustive database search based on a distance constraint 

originated from the molecular modeling studies described in Section V.3 was performed. 

The centroid to centroid distance vector between the two aromatic pharmacophores of 

7±3.5 A (Figure 6.1), found in the proposed bioactive conformation of 

[(2S,3R)TMT']DPDPE was used as the entering data in the search. From this study, a 

total of 292 satisfactory "hits" were obtained,"' and novel scaffolds proposed. 

Figure 6.1 Parameters used in the 3D database search 

For some reason the search did not identify the l,3,5-thiadiazin-2-thione ring as a 

"hit". However, in previous personal research work the structure of one of these 

derivatives was resolved by x-ray analysis, and £ifter observing the three-dimensional 

structure of the 3,5-phenethyl derivative (Figure 6.2a), it seemed reasonable to compare it 

with the structure of SIOM, as presented in Figure 5.2b, using the same overlap criteria 

(Figure 6.2b). 

OH 



Figure 6.2 a) X-ray structure of compound 44. b) Overlap of the above x-ray 

structure and SIOM (orange), c) Overlap of SIOM (orange) and the low energy 

conformation of compound 45. 
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As illustrated in Figure 6.2b a good correspondence (RMS = 1.3 Ang) of the two 

aromatic groups in both molecules is observed. Thus, molecular modeling studies were 

also performed on structures bearing benzyl and phenyl groups alternatively at positions 3 

and 5, and also a good correspondence was shown. This observations prompted us to 

investigate the possibility of a novel, and simple to prepare, scaffold for a series of 

potential 6-opioid receptor ligands. 

As shown in Scheme 6.1, two l,3,5-thiadiazine-2-thione derivatives were 

synthesized. Compound 44 is prepared in a rather simple way, by reaction of the 

corresponding N-benzyldithiocarbamate, formaldehyde, and benzylamine at O^C, via a 

postulated 1,4-dipoIar cycloaddition mechanism.^"*' On the other hand, the synthesis of 

compound 45 which allows the introduction of a chiral center and the side-chain of a 

wide variety of amino acids, carried out in a way similar to 44, required relatively more 

careful conditions (see Experimental part). We selected D-p-hydroxybenzylglycine as the 

amino acid whose side chain contains an aromatic hydroxy group that presented a good 

correspondence with the one displayed by SIOM, in accordance with our molecular 

modeling study (Figure 6.2c). 

Unfortunately, the two derivatives 44 and 45, when assayed in radiolabeled 

competition binding experiments, showed discouraging results. Both compounds 

presented very poor ICso's at both |i- and 5-opioid receptor. Compound 44 showed 27.8 

|j.M and 31.5 (iM; while 45 showed 73.6 (iM and 53.1 |iM at (i- and 5-receptor, 

respectively. 



From these results an important question was raised: does the receptor care about 

the nature of the scaffold? The thiadiazine-2-thione ring is a system with low 

conformational flexibility compared to the piperazine ring, thus it would be expected to 

present more selective interactions with the receptor. However, unfavorable interactions 

of the thiocarbamate group with side chains in the receptor may explain the observed 

poor binding affinity. Another reason may be that these systems are prone to produce a 

stable isothiocyanide molecule, which gives them its use as antimicrobial agents."'* 

Finding of the real reason was beyond the scope of this research, and thus, it was 

decided to put no further effort on this. 

The importance of the scaffold's nature has also been proven by recent 

unpublished results from Professor Hruby's laboratory. It has been shown that when the 

nitrogen bearing the ben2yl group in SL-3111 is substituted by CH, a decrease of 1500-

fold in binding affinity is observed; however, when the other nitrogen is changed, a 

compoimd with only 4.2-fold less affinity for the 5-opioid receptor is obtained. 

Therefore, based on the above results it was decided to keep a piperazine-based 

scaffold in future analogues, as described in the following sections of this chapter. 
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VI^ Solution-phase Approaches 

VI.2.1 Strategy Using Reductive AUtyiation as a Key Synthetic Tool 

Scheme 6.2 shows the proposed retrosynthetic plan for the preparation of 

analogues of SL-3 III, designed to explore functional diversity on the piperazine 

scaffold. As mentioned before such plan should present particular characteristics, such as 

ready availability of starting materials (preferable from a "chiral pool") and easy 

preparation of the piperazine ring bearing an extra functionality. 

Me Me O 

0 = =» o Ahboc 
^NHBoc 

r, = ch2.0-ch2-ph 
Scheme 6.2 Postulated retrosynthetic pathway for the synthesis of analogues 

ofSL-3111. 

Two reductive alkylations are proposed in the synthesis, both inter- and 

intramolecular. The a-(/-ButoxycarbonyIamino)-aldehydes (Boc-aminaldehydes) were 

readily prepared from N°-Boc amino acids via reduction of the corresponding Weiru-eb 
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amide as shown in Scheme 6.3.^ Boc-L-Ser(OBzl)-OH was used as the starting material 

to produce the corresponding Weinreb amide 46, using N.O-dimethylhydroxylamine 

hydrochloride and BOP as coupling agent. Compound 46 upon reduction with 5 equiv of 

lithiimi aluminum hydride (LAH) at 0°C in THF, yielded the Boc-amino aldehyde 47. 

The obtained amino aldehydes can be stored under argon for several weeks; when stored 

in organic solvents decomposition is detected by TLC. 

Rf Me Ri OMe r, 

D-CI-NW BocHN-V^^Me BocHN^" 
11 ar>o/TCA/Tuc U '• O BOP/TEAmiF 0 O 

46 47 
R, = CHrO-CHrPh 

Me 
I OMe 

" T .HC. kj ^ O BOP^TEAmiF ^J) ^ g 

48 49 

Scheme 6.3 Preparation of starting building blocks 47 and 49. 

The other building block (49) was also prepared using the same chemistry as 

shown in Scheme 6.3. Compound 49 was prepared by first protecting the secondary 

amine of commercial p-benzylglycine hydrochloride to produce 48. Attempts to carry 

out the amide forming reaction without previous N-Boc protection, resulted in formation 

of a oligopeptide made of repeating units of N-benzy[glycine, as revealed by FAB/MS 

analysis. 
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The next step in the synthesis was the reductive ailcylation (intermoiecular) 

between compound 50 and 47 (Scheme 6.4). First, N-Boc deprotection of compoimd 49 

to yield 50 was achieved with 4N HCl in a (1:1) MeOH/dioxane mixture. It has been 

previously reported the propensity for BHjCN" to reduce imminium systems such as those 

derived from ketones and secondary amines. It was zilso established that reduction of the 

imminium moiety (C=N"R2 or C=N^HR) with BHjCN" was rapid at pH 6-7, and that 

reduction of aldehyde was negligible in this pH range.^ Thus, we chose NaBHjCN as the 

H' source for this step. The classical solvent system for this kind of reductions is a 

mixture (15:1) THF-MeOH, to minimize enamine hydrolysis compared with the use of 

neat methanol. Furthermore, a recent report described the use of trimethylorthoformate 

(TMOF) as a mild and effective dehydrating solvent for imine formation.^ 

The imine formed by this method is not isolatable, but it's a viable intermediate 

for in situ reduction. 

^HBoc 

47 

R, = -CH2-0-CH2-Ph 

OMe 

o 

so 

TMOF. NaBHjCN 

(T 1); 20% yield 
(3 1): 35% yield 

Py-^Hi complex (SM sorn) 
4A°MS. MeOH 

(1:1) 
65% yield 

^OMe 

v° /^NHBOC Rt 
51a tft - 9 6 mm 

CTrV 
'OMe 

NHBoc Rt 
51b tR-23.2 mm 

Scheme 6.4 Two different methods to perform the reductive aikyiation between 

50 and 47 
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As illustrated in Scheme 6.4 (Path A), two different molar ratios for both reagents 

were used, however, the isolated yields, even when using higher amounts of Boc-

aminoaidehyde, were not completely satisfactory. Thus, the time spent in the preparation 

of 47, and the cost of it, prompted us to search alternative routes to carry out this step. 

We tried a pyridine-borane-based reductive amination protocol reported by DiMare et 

al.^ In this method the in situ application of molecular sieves is logical given the 

equivalent of water generated during imine formation. In addition, a certainly convenient 

part of this process is the use of 1:1 ratio of starting materials. After purification of 

reaction products, compound 51b was isolated. The MS/FAB showed a [M+I]* peak 

corresponding to the expected molecular weight. However, even when not detected by 

TLC, the 'H NMR spectra of this product clearly showed, at low field, the signals 

characteristics of pyridine. The other particular difference between 51a and 51b was 

their retention times (tn) in analytical RP-HPLC as indicated in Scheme 6.4. 

Kugelrohr distillation of the crude 51b at 115°C at high vacuum, was shown to be 

the solution to this problem. Purification made in this way produced a clear oil, showing 

the same analytical characteristics as 51a, in 65% yield. 

Once compound 51 was purified, the next step was the intramolecular reductive 

alkylation. As shown in Scheme 6.5a, reduction of 51 with LAH at O^C did not succeed. 

Following the same reaction conditions used to prepare compound 47, only small 

amounts of the expected amino aldheyde could be detected by FAB/MS analysis of a 

complex mixture. 



Scheme 6.5b shows a last attempt made via a tandem sequence in which no 

isolation of intermediates is achieved. In tliis way using 1.25 equiv of LAH, TFA 

50%/DCM to deprotect Boc. DIEA to neutralize the amine, and TMOF/NaBHjCN as 

reducing conditions gave compound 53. It could be isolated in only 7.5 % yield, just 

enough for a preliminary FAB/MS identification. Now, even though compound 53 could 

be obtained by overcoming several problems along the road, the route, as shown above, 

was quite inconvenient due to low yields mainly in the ring formation step 

(intramolecular reductive alkylation). 

a) 

Me 

i^NHBoc 
Ri 

R, = CH2-0-CH2-Ph 

51 

1) LAH/ 0°C/THF 
/^NHBoc 

Ri 

52 

a complex mixture 

b) 

Me 
I 

N-— 

r^NHi 
Ri 

NHBoc 

51 

1) LAH (1.25 eq.)/0°C/THF 

2) TFA 50%/DCM 

3) DIEAATMCF/NaBHaCN 

53 

R,= CHz-O-CHj-Ph 

Scheme 6.5 Attempts toward the intermolecular reductive alkylation. 
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Thus, after analyzing those results two options were considered: either work out 

the reaction conditions of the mentioned "bottle neck" step, or start working in an 

alternative route; we chose the latter. 

VI.2.2 Strategy Based on a Dipeptide (Diketopiperazine) Reduction 

Sometimes in life the answers to our problems lay just in front of our noses and 

we refuse to see them. In scientific research things are not that different and the common 

factor that makes the difference in both cases is, undoubtedly, experience. 

Diketopiperazines (DKPs) are amongst the most undesirable by-products formed 

in the early stages of peptide chemistry made in solution. Formation of this type of cyclic 

compound is mostly observed at the dipeptide level when methyl, ethyl or benzyl groups 

are used as a-carboxy protection (Scheme 6.6a).^ In SPPS their formation is kinetically 

and thermodynamically favored and causes the loss of resin-bound dipeptide together 

with low incorporation of the third amino acid. 

a) o 

o 
Rj = Ue. Et. Bz( 

b) 

O 

O 

OH 

Scheme 6.6 Dipeptide cyclization to yield DKPs under basic conditions, in 

solution (a) and on solid support (b). 
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Several factors govern the extent of the formation of DKPs. The most important 

are the types of peptide-resin anchorage present, the nature of the amino acids of the 

dipeptide, and the method used. As in solution, intramolecular cyclization will be 

favored by the presence of good leaving groups at the peptide-resin anchorage (Scheme 

6.6b). As shown above, when the peptide is bound to the resin as a benzyl ester, this side 

reaction can be quite severe in certain cases. The presence of electron-withdrawing 

groups on the aromatic handle will tend to exacerbate the problem. On the other hand, 

DKP formation is suppressed when C-terminal peptide-resin anchorage has a large steric 

requirement, such as trityl-based resins."" In the synthesis of peptide C-terminal amide, 

very little DKP formation occurs because benzylamino is such a poor leaving group. 

In general, to avoid this problem in Boc/Bzl synthesis, a procedure known as 

reverse addition can be used. It consists of the addition of the carbodiimide coupling 

reagent to the resin before addition of the third amino acid.^ In Fmoc//Bu synthesis, 

shorter deprotection times with piperidine can alleviate the problem. Also, removal of 

Fmoc with other reagents such as tetrabutylammonium fluoride (TBAF) has also been 

recommended.^** 

However, from a point of view of functional diversity potential, this type of 

heterocyclic system offers a highly attractive choice. As discussed before in Sections 

1.2.1, 1.3.2 and 1.4, combinatorial chemical libraries are now widely employed for the 

discovery of new drugs. In this t)T)e of research the target is, ideally, a molecule carrying 

different functional groups, with defined stereochemistry, that could be subsequently 



functionalized with different building blocks to generate a library of molecular 

diversomers. The diketopipera2dne skeleton has been one of the most investigated of the 

so-called "drug-like" type of scaffold. Several recent reports have described their 

synthesis in both solution- and solid-phase formats.^ 

For our purposes, the obvious step to obtain the piperazine scaffold was the 

reduction of DKP to the corresponding amine. A number of methods to achieve this 

transformation have been reported.^ Thus, based on this information the following 

retrosynthetic pathway was proposed Scheme 6.7). 

As illustrated, the route is relatively shorter than the one described in the previous 

section. Furthermore, it still present the main advantage of making use of readily 

available starting materials from a "chiral pool", and therefore high molecular diversity 

potential. In the first experiment we selected Boc-L-Ser-(OBzl)-OH as the starting amino 

acid to prepare more of compound 53. 
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rix 
H 

O 

" O SHBoc 

Scheme 6.7 DKP-based retrosysnthetic pathway toward the synthesis of 

analogues of SL-3111. 

As shown below in Scheme 6.8, our synthesis starts with a rather simple peptide 

coupling between commercially available N-benzylglycine ethyl ester and the N-Boc 

amino acid, using DIC/HOBt as coupling agents on DCM from 0°C to room temperature, 

in overnight stirring. The yields obtained after flash chromatography purification of the 

crude mixture were in the range of 90-95 % for the different amino acids used. 

OH 

OEt 

NHBoc 

Ri 

O 

HO' 

iQHBoc 

R, = CHj-O-CHz-Ph. Me. Bzl 

DCCMOBtrtXJM 

0''CtoRT 
overnight 

Scheme 6.8 Preparation of the dipeptide units. 

O^OEt 

NHBoc 

Ri 

54. R, = CHyO-CHz-Ph 

55. Ri = Me 

56. R, = Bzl 
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The formation of the diketopipera2dne from the corresponding dipeptide was 

pursued in different ways to come out with the best set of conditions, using 56 as a test 

compound. Thus, simultaneous hydrolysis of Boc and ester group in compound 56, using 

BBrj at -10''C^ yielded the corresponding free dipeptide. Also, sequential cleavage of 

ester and N-Boc groups using LiOH, and 6N HCI, yielded the free dipeptide (Scheme 

6.9). As shown by analytical RP-HPLC both deprotection protocols gave very similar 

yields. 

O^OEt 
 ̂ 1M BBrj/DCM 

ii N -10°CtoRT  ̂ J  ̂ r. M 
y J OCC/HOBt/DlEA O^N 

1) LiOH (5 eg) 1 Ri N O 

2) 6N HCI " 

56. R, =Bzi 57. R, =Bzl 

Scheme 6.9 The one-pot deprotection-cyclization sequence. 

The zwitterionic dipeptide was not isolated, and it was used immediately for 

intramolecular cyclization carried out using DCC/HOBt/DIEA, by stirring the mixture 

overnight. The reaction is not very clean and a lot of time had to be spent in purifying the 

diketopiperazine 57, which unfortunately shows very similar properties to the urea by

products, which makes its chromatographic separation cumbersome. 

Thus, based on these not very satisfactory results we switched to a different 

strategy that turned out to be those rather undesirable conditions for peptide chemists, as 

discussed before. 
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The protected dipeptide was treated with 90 % TFA/DCM for 1 h, monitoring the 

reaction by TLC (Hexanes/AcOEt, 1:1) using ninhydrin spray and heating to detect the 

free amine (Scheme 6.10).'^ 

Scheme 6.10 Dipeptide Boc-deprotection and in situ cyciization to 

diketopiperazine under basic conditions. 

In general, the reaction was complete after a few hours (2-3). Analytical HPLC 

and ninhydrin were used to determine completion of the reaction. To purify the obtained 

DKPs, two solvent systems of increasing polarity were used to eliminate small amounts 

of an nonpolar (unidentified) contaminant common to all the experiments performed (see 

Experimental part). Following the proposed retrosynthetic pathway (Scheme 6.7), the 

next step was the reduction of the DKP to the corresponding l-benzyl-3-susbtituted 

piperazine. We chose LAH as the reducing agent using slightly modified reaction 

conditions to those reported by Pohknarm et a/."*" (Scheme 6.11). 

2) TEA (8eq). RT 

1) 90% TFA/DCM/RT 

H 

57. Ri = Bzl 

58. Ri = Me 

59. Ri =CH2-0-CH2-Ph 
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1) LAH (6 eg)/ THF/ 0°C to RT 

36 h 

2) 15 % NaOH/ HaO I 
H 

I 
H 

57. R, = Bzl 

58. R, = Me 

59. R, = CHz-O-CHj-Ph 

53, R, = CHj-O-CHz-Ph 
60. R, = Me 

61, R, = Bzl 

Scheme 6.11 Diketopiperazine reduction by LAH. 

In addition, parallel experiments using other reducing conditions were carried out 

to determine the best procedure. The use of sodium trifluoroacetoxyborohydride,^'' 

prepared from an equivalent mole of sodium borohydride and TFA in THF, gave in the 

case of DKP's 57 and 58, the corresponding amine with no significant difference in 

isolated yield. 

Undoubtedly, the molecular diversity that can be explored by this method is 

certainly not only limited to N-benzylglycine as the starting unit; 1,3-susbtituted 

piperazine scaffolds or even 1,3,6-trisubstituted ones could be synthesized. The 

monomeric glycine building blocks can be readily prepared as shown in Scheme 6.12. 
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^ h^N-^R 
O 

HO. 
+ HzN R 

O 

Scheme 6.12 Synthesis of N-alkylglycine building blocks.^^ 

Esterification of the obtained monomelic glycines and condensation with different 

protected amino acids will yield the corresponding dipeptides which, following the 

procedure described before, will produce a set of diversely substituted piperazine-based 

scaffolds. 

The next step in our synthesis was the 5^2 reaction between compound 53 and 

chloride 37, as shown in Scheme 6.13. 

ID 
OMEM 

K2CO3. AON 

Reflux 
H 

53 62  ̂

63 

R,= CHz^O-CHj-Ph 

Scheme 6.13 Sn2 reaction between amine 53 and alkyi chloride 62. 

OMEM 

As shown above, reaction of 53 with 62 under 8^2 conditions using KjCOj as a 

base yielded compound 63 in 80 % yield after flash chromatography purification. The 
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next step, deprotection of MEM and benzyl groups, was first thought to be achieved in a 

one-pot fashion using common conditions to deprotect O-benzyl groups in peptides 

(anhydrous HF at 0°C). However, as shown in Scheme 6.14, these conditions gave a 

complete loss of starting material yielding a very complex mixture of compounds, as 

shown by analytical HPLC. Even though preparative HPLC was performed to separate 

and collect the peak shown to be most abundant, analysis of this product by MS/FAB did 

not show the expected product. 

HF/thiocresol 

OMEM 

Ri— .CH2*0-CH2-Ph 

o'c 
A very complex mixture observed by analytical 
HPLC 

D H j / P d - C / l  a t i n J 2 5 ' ' C  
16 hr. 88% 

2) 4N HCI. MeOH:Oioxane 
0°C to RT. 20 hr 

Scheme 6.14 O-MEM and O-Benzyl deprotection procedures on compound 63. 

Scheme 6.14 (route B) shows the alternative pathway taken. This route was 

actually considered before route A, but we were concerned about potential reduction of 

the benzhydrylic carbon linked to a tertiary nitrogen on compound 63. Thus, we tried 

hydrogenation using Pd/C catalyst at room temperature and 1 atm. After 16 hr of reaction 

TLC indicated no presence of starting material; in situ deprotection of MEM group using 



standard conditions^ yielded compound 64 (65 % yield) wiiich could be fully 

characterized, and ready for biological studies. 

Under the same reaction conditions described in Schemes 6.13 and 6.14 [path B 

(2)], but starting with the corresponding l-benzyI-3-susbtitutedpiperazines 53, 60, and 61. 

the SL-3111 analogues 65, 66, and 67 were prepared, respectively, with yields ranging 

from 40 to 50% after flash chromatography purification (Figure 6.3). 

Figure 6.3 Other prepared SL-3111 analogues functionalized at position 2. 

VI.3 Solid-Phase Approaches Toward the Design of a Combinatorial 

Library 

As discussed in Chapter VII, the flmctional diversity on the piperazine ring turned 

out to be a site worth investigating. One way to further study this region would be 

applying the synthetic methodology described in Section VI.2.2. However, in previous 

sections of this dissertation the importance of combinatorial methods for the optimization 

of drug leads has been stressed. Thus, it was decided instead to follow the classic 

approach of making one compound at a time, to pursue a solid-phase format for the 
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synthesis of this type of scaffold that could potentially be applied to the generation of a 

combinatorial library. Three protocols were investigated, all of them with particular 

characteristics in terms of the chemistry used in the solid phase. The common feature is 

to be able to incorporate different side chains in the piperazine ring of SL-3 111. and also 

alternate the dispositions of the aromatic pharmacophores relative to that side chain. 

The three explored approaches are discussed below. 

VI3.1 Strategy Based on a Retro-Michael (REM) Reaction 

The first approach is based on a recent report by Brown et al̂  for the synthesis 

of tertiary amines. The strategy relies on three essential steps conducted under ambient 

conditions: 1) coupling of the amine to the resin via Michael addition, 2) activation 

(quatemarization), and 3) cleavage of the produced tertiary amine (Hoffinann 

elimination). For our purposes, slight modifications were incorporated to obtain the 

target molecule as described in the proposed synthetic route (Scheme 6.15). 
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XH 

X = O. NH 

O 

Y = CI. OH 

1>DIPA/OCM/20°K 

or 

1) DCC/HOBt/DMAP 

O 
1) 

PTSA "HjN 

Rt 
OFm 

/DIEA 

a 
NHFmoc 

3) NaBH]CN/OMF 

OFm 

NHFmoc 

1) Piperidine 20% 

2)Rj-CHO 
3) NaBHiCN 

1) HOBVOIC/OMF 

2) Senzylbromide 

HN, 

or 
DDIEA/OMF 

Hoffmann elimination ^—N N—V 

Ri 

o 

Scheme 6.15 Solid-phase strategy based on a retro-Michael (REM) type of 

reaction. 

As illustrated above, two different tjqjes of resins were initially tested for best 

loading: Elink-amide-MBHA and hydroxymethylpolystyxene. Also, two building blocks 

were prepared. Compound 68 was obtained by esterification of Boc-Glycine with 

fluorenylmethanol using DCC as coupling agent, and dimethylaminopyridine (DMAP) as 

a base in THF. (Scheme 6.16). 
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OFm 

DUAPIDCCJTHF DTFAneal/PTSA 

89 

Scheme 6.16 Preparation of compound 68 and its tosylate salt 69. 

The N^-Boc protected fluorenylmethylester (OFm) (68) is treated with neat TFA 

at room temperature for 20 min, and then 1 equivalent ofp-toluenesulphonic acid (PTSA) 

is added. Tosylate salt 69 is obtained by trituration of the oily residue with cold ether. It 

showed a clear positive ninhydrin test indicating a free base. The second reason to use 

this type of ester (OFm) was to calculate the resin loading by measurement, using UV. of 

the dibenzoflilvene released from the resin by treatment with 20% piperidine. The other 

building block necessary to prepare was a N"-Fmoc-amino aldehyde. The procedure 

reported by J. P. Meyer,^'^ to produce this type of compound by reduction of the 

corresponding N,0-dimethylhydroxamate using LAH did not work. Thus, an altemative 

procedure using less harsh reducing conditions was utilized,"'^ and found to be a more 

reliable way to obtain optically pure amino aldehydes (Scheme 6.17). 



216 

FtnocHN 
O 

SH 
DMAP/DIC/THF 

O 
FmocHN UTESff'd-aTHF 

70 

O 
FmocHN  ̂

^  ̂ H 

71 

Scheme 6.17 Preparation of N"-Fmoc-amino aldehydes. 

As shown above, compound 70 is prepared by reaction of N°-Fmoc-GIy with 

benzyhnercaptan and DCC in anhydrous THF in the presence of catalytic amounts of 

DMAP. Reduction of 70 with triethylsilane (TES) in acetone or THF with 10% Pd on 

activated carbon as catalyst yielded compound 71. The use of flash chromatography on 

silica gel to purify the amino aldehyde (71) as indicated in the literature, resulted in 

considerable loss of the product. Later, it was found out that washings of the crude 

product with petroleum ether could eliminate most of the residual mercaptan, with no loss 

of product. 

Once compounds 69 and 71 were prepared, we proceeded with the loading of the 

resins as indicated in Scheme 6.15. In the case of the hydroxymethyl resin, acryloyl 

chloride (5 mmol) and DIEA (5 mmol) were used. MBHA-amide resin was loaded with 

acrylic acid using classical coupling procedures (DCC/HOBt), and monitoring the 

reaction with ninhydrin test. The loading of the resins, meaning the ratio of active groups 

on the resin per g of resin (mmol/g), was determined by indirect methods. Both resins 

were reacted with compound 69 using DIEA as a base. 
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Scheme 6.18 Indirect determination of resin loading. 

Several reaction times -using parallel array of colunms- were studied; however, 

after measurement of UV absorption from the chromophore produced, very low resin 

loadings were obtained (^12 %). As discussed before in Section 1.3.2, working on solid-

phase offers great advantages, but only when the chemistry has been well determined. 

Thus, at this point it was not clear if the resin was not being loaded with compound 69. A 

control experiment was run using both resins. 

Following the synthetic protocol described in Scheme 6.15, but using different 

building blocks, the synthesis of amine 72 was achieved in ahnost quantitative yield as 

shown by zmalytical HPLC and FAB/MS (Scheme 6.19). 
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Scheme 6.19 Control experiment to verify the REM resin-based chemistry. 

I 

Based on these results, it was concluded that the loading of the resin via Michael 

addition was almost quantitative in both resins when primary amines were used as 

reported in the literature." Our problem was that the amino-containing building block 

(70) in our case was not being loaded on this type of Michael acceptor resin. Thus, it was 

decided to change the electrophilic center on the solid support. A primary alkyl halide 

was our first choice. Thus, the following resins were prepared (Scheme 6.20). 

As illustrated below, three different types of resins were used under 4 different 

coupling conditions. The loading of bromoacetic acid to amino methylated resins is 

straightforward as described on several reports.^*^ In the case of p-bromopropionic acid 

only one report exists (a patent),^®® showing very few experimental details. The reaction 

was monitored with ninhydrin reagent, and as shown in Scheme 6.20, 

HBTU/HOBt/DIEA (2:2:4) was the set of conditions that finally produced a "negative" 

ninhydrin test on the resin, after 40 min at room temperature. 
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NHz HCr Br H 

RESIN BOP/DIEA DIC DIC/HOBt HBTU/HOBt/DlEA 

Rink Amide NO NO NO YES 

Rinl<-Amide-MBHA NO NO NO YES 

p-MBHA NA NO NO YES 

Scheme 6.20 Different coupling conditions tested to load anninomethyi resins 

with p-bromoproplonic acid. 

The Sn2 displacement on the solid support by compound 69 as a nucleophile was 

examined again, using this resin, under 3 different reaction conditions (Scheme 6.21). 

•MSO/RTor80°C 

JL no more than 10% 
Br + PTSAHljN ^ of susbstitution 

H O RToraO-C 

69 
DMF/DI^ 
RT or 80=0 " 

Scheme 6.21 Attempted Sn2 reactions on the solid support using 69 as a 

nucleophile 

After deprotection of the OFm group and measurement by UV of the produced 

benzofulvene, very low substitution levels on the resin were again detected. At this point 

and after looking at the available literature, it was concluded that even when the 

chemistry was indeed reproducible as shown in Scheme 6.19, validation of the building 



blocks required in our synthesis could not be achieved. Therefore, it was decided to 

switch gears toward a new strategy as described below. 

V13^ Strategy Based on an On-Resin Intramolecular Cyclization-Release 

Reaction 

In Chapter V and in previous sections of this chapter, it has been pointed out the 

importance of keeping a flexible scaffold, with a least one basic nitrogen that may mimic 

the amino terminus on the parent peptide DPDPE (see Scheme 1.15). Toward this goal 

an important modification to a reported strategy^®® was proposed. The key step of the 

methodology is the intramolecular cyclization-release of the product under mild 

conditions. Our goal was to be able to carry out this step but using a secondary amine as 

a nucleophile on the resin. As illustrated in Scheme 6.22, two types of acid-stable resins 

were loaded with Fmoc-Gly using an improved mixed anhydride method.^'^ Deprotection 

of the Fmoc group and analysis (by UV) of the dibenzofulvene produced gave 70-75 % 

loading (0.3-0.36 mmol/gr). 
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Scheme 6.22 Solid-phase protocol for SL-311 analogues containing a 2-

oxopiperazine scaffold. 

As illustrated above, the second step involves a reductive alkylation in TMOF 

using sodium cyanoborohydride (NaBHjCN) as reducing agent."* monitoring the reaction 

by chloranil test.'^ An important detail that was not mentioned in the published 

procedure, simple but overseen in several failed experiments, was to wash out the excess 

of aldehyde before adding the reducing agent. This produced a dramatic reduction of 

overalkylated product. 

A second reductive alkylation was carried out under the same conditions using 

both Boc-Glycinal (73) or Boc-Valinal (74), both prepared by reduction of the 

corresponding N,0-dimethylhydroxamate with LAH.^ Unlike reported in the 

literature,"' cyclization by treatment of the resin with toluene/ethanol mixtures under 

acidic (1% AcOH) or basic (4% TEA) conditions did not produce the desired compound. 

This could only be achieved by treatment of the resin for long periods of time under 

acidic conditions, as shown by GC/MS. One drawback of this approach is the production 
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of polyethyleneglycol (PEG) oligomers detected by GC/MS. due to prolonged reaction 

times. However, compound 76 could be clearly detected at m/z 232, as well as 75 (m/z = 

190). 

In our case, to produce analogues of SL-3111 using this methodology, a third 

reductive aikylation had to be performed before inducing the cyclization-release siep. 

Thus, we tried to load ketone 39 onto the resin via reductive aikylation, monitoring the 

reaction by chloranil and ninhydrin tests (Scheme 6.23).'^"" 

P O f NHBoc 1) N-Boc deprotection R, = H = 75 

2) 0 J I RJ=CH(CH3)2 = 76 

R, = H. CH(CH3)2 JH i \ ^ 
/TMOF/NaBHjCN 

I 39 

3) neat TFA/ toluene.«thanol/l% AcOH 

Scheme 6.23 Attempts toward the intramolecular on-resin cycllzatlon of a 

secondary amine. 

Under the cyclization conditions reported above, either acidic or basic, no product 

bearing the benzhydryl moiety could be detected by GC/MS analysis. The only products 

clearly detected were 75 and 76, which indicates that even when the secondary amine 

may be formed to some extent by reaction with ketone 39, the steric hindrance of the 

formed secondary amine avoids its intramolecular cyclization. Thus, only the fraction of 

the resin that is not alkylated by 39 releases the corresponding products either 75 or 76. 



A different cyclization-release protocol^ which consists in cleavage with neat 

TFA and reflux of the residue in toluene for several hours was also tried, but 

unsuccessfiilly. Furthermore, when the resin was loaded with an amino acid bearing a 

bulky side chain (/.e, isoleucine), and then treated as shown in Schemes 6.22 and 6.23, 

the scope of the cyclization turned out to be the same. In other words, only cyclization 

was observed when a primary amine is the nucleophilic moiety on the resin. From the 

above series of experiments we may conclude: 

1) Formation of N-alkylated-2-oxopiperazines, even with bulky groups at 

positions 2 or 5 is clean and reproducible. 

2) Cyclization of a secondary amine to yield the corresponding N,N-dialkylated-

2-oxopiperazine is sterically unfavorable. 

3) Appropriate reaction conditions to avoid overalkylation of the on-resin primary 

amine were found. 

VT.3.3 Strategy Based on a Mitsunobu-Like Reaction for ScafTold 

Construction 

The solid-phase approach described below intended to construct analogues of SL-

3111 displaying the 3 pharmacophore groups known, from our SAR studies (see Chapter 

VII), to be important for interaction with the 5-opioid receptor. Several characteristics of 

this strategy are common with those described in the two previous sections, however, the 
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main difference is that a spacer has been introduced between the piperazine scaffold and 

the resin linker. The rationale for this is that the molecule can be completely built on the 

solid support with no additional cleavage step, and thus the possibility of on-resin 

screening^' (Scheme 6.24) 

Scheme 6.24 The on-resin and free analogues of SL-3111. Exploring diversity 

at the three main pharmacophore sites. 

This methodology relies mainly on two reductive alkylation steps and a modified 

Mitsunobu-like intramolecular cyclization using a triphenylphosphine-cyclic sulfamide 

betaine.^"" Scheme 6.25 depicts the synthetic route on the solid-phase. Two types of acid-

labile resins were used: Tentagel-S-NH, (0.27 mmol/g) and Rink-amide-MBHA (0.41 

mmol/g). Both resins were loaded with N"-Fmoc-Ser(OTrt)-OH using HOBt/DIC as 

coupling agent in DMF. Loading of the amino acids was calculated by treatment of the 

resin with 20 % piperidine and measurement of the produced dibenzofiilvene adduct by 

UV. After calculation using Beer's equation the loading was 65 % and 75 % for Rink 

and Tentagel resins, respectively. 

o r 
cleavage 

R^,R2. and R3 = the 3 known pharmacophore groups for binding and recognition 
of the 6-opioid receptor. 
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As illustrated below in Scheme 6.25, Fmoc deprotection of the resin with 

piperidine 20% and reductive alkylation with Boc-glycinal (73) or Boc-L-alaninal (77), 

both synthesized by previously described methods,^ gave the on-resin secondary amine 

which was clearly identified by ninhydrin and chloranil tests. 

Trt Trt 
0 0 0 0 

1) DIOHOBT/OMF [J I 1) Pipendine 20 % _ II I 1) DIOHOBT/DMF 11 | 

2) Boc-Glydnal (73) 
l̂ Fmoc NHFmoc or Boc4.-AIaninal (77) 

3)NaBH3CN/TMOForDMF 
or RinK-MBHA^IH, 

^Tft 
O O' O 

rik- - ^ 1)R2CHO.Bofane.Py complex i 1) RjCHO. Borane-Py complex 
 ̂ 1 2)™SOTf/2.6..u«ine 2,95% TFA/r,PS;H,o 

3) 2-nitrobenz3nsulfbnyl chlonde/DIEA/OCM 
' 4) 1% TFArt)CM/5%TIPS  ̂

5)  PhjP-sulfbnamide betaine/DMF/DCM ' 
6) mercaptoacetic acid/DBU 

.Ri 

" "N' 

Scheme 6.25 Proposed solid-phase protocol for the preparation of SL-3111 

analogues. 

The next step involved a reductive alkylation on a secondary amine. However, 

none of the procedures used in previous experiments for on-resin primary amines worked. 

Thus, using the conditions reported by Khan et al.^^ for the reductive alkylation of 

secondary amines, we could, after some modifications, obtain a clear negative chloranil 

test indicating absence of secondary amine on the resin. Thus, borane-pyridine complex 

(BAP)^ was used for the in situ reduction of the imminium ion on the solid phase, using 



10 equivalents of each aldehyde and BAP. The modification introduced to the reported 

protocol consisted in the use of sonication for 6-8 h, instead of the reported long periods 

of time (8 days) at room temperature for the reaction to take place. 

The piperazine ring formation was attempted via a series of steps, all of them 

taking relatively short reaction times and monitored by either ninhydrin or chloranil test. 

First. Boc-removal on an acid-sensitive resin (Tentagel or Rink-MBHA) was achieved 

using the method described by Burgess et Using trimethylsilyltriflate (TMSOTf) 

and 2,6-Iutidine, Boc removal was achieved and clearly detected by a strong "'positive" 

ninhydrin test. Phenylphosphine-cyclic sulfamide betaine (78) has been reported as a 

stable source of the [PhjP]* species, which efficiently promotes the coupling between 

alcohols and carboxylic acids or nitrogen acids in a Mitsimobu-Iike marmer.^™ 

Thus, after Boc-deprotection, using TMSOTfi'2,6-lutidine, the on-resin primary 

amine is reacted with 2-nitrobenzylsulfonylchloride using DIEA as a base. This makes 

the proton bearing the nitrogen acidic enough to undergo the postulated Mitsunobu-like 

process (Scheme 6.26). 

Deprotection of trityl group using 1 % TFA in DCM and TIPS as scavenger 

yielded the primary alcohol as shown by KBr-IR analysis of the resin. Both on-resin 

groups sulfonamide and primary alcohol, in the presence of 78, are postulated to engage 

in the mechanism depicted in Scheme 6.26, to yield the cyclic pipera2dne. 
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Scheme 6.26 Mitsunobu-iike process for on-resin piperazine ring formation. 

Thus, the use of the sulfonamide with a lower pKa than that of betaine 78, 

generates the ion pair that subsequently reacts with the on-resin primary alcohol to afford 

the oxyphosphonium salt and the corresponding cyclic sulfamide. As illustrated in 

Scheme 6.26, intramolecular 8^2 displacement produced the on-resin piperazine ring plus 

triphenylphosphine oxide (TPPO). The extent of the cyclization reaction can be 

monitored in different ways. On-resin '^N NMR would detect different coupling patterns 

for RiNH and RjN groups. Also, the production of TPPO could be monitored by 

analytical HPLC. In our experiments we relied on chloranil and ninhydrin tests to detect 

the secondary amine obtained after treatment of the sulfonamide with a mercaptoacetic 

acid/DBU mixture. For this step the resin was splitted in five different reactors and 

monitored by chloranil test. It was observed that after 3 h the chloranil test did not 

showed further change in color intensity, which may indicate no further reaction. 

As shown in Scheme 6.25, the last step planned before cleavage is another 

reductive alkylation carried out under the same reaction conditions previously described 
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for an on-resin secondary amine. The reaction was again stopped until a negative 

chloranil test was observed, indicating no presence of a secondary amine. 

The above described solid-phase protocol has been performed, the colorimetric 

tests of the resin were clear in terms of functional group transformation on the solid-

phase, as well as the KBr-IR spectra of the resin performed in some stages of the route. 

However, attempted cleavages of the product have been, up to the moment of writing this 

chapter, somewhat imsuccessflxl. Only one type of cleavage cocktail has been used (95% 

TFA/ TIPS/ H,0). 

Further work needs to be done on this solid-phase protocol to explore different 

cleavage methods. One encouraging factor is the fact that the functional group 

transformation is actually taking place as observed by the clear ninhydrin and chloranil 

tests of the resin. 
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CHAPTER Vn 

STRUCTURE-ACTIVITY RELATIONSHIPS (SAR) OF SL-311I ANALOGUES 

Vn.l Structare-Acthity Relationships 

Radiolabeled ligand in vitro binding assays on the cloned human 5-opioid 

receptor and in tissue culture (MVD and GPI), provided us with information about the 

functional group requirements in our peptidomiraetics that may be important for binding 

and recognition toward this receptor. 

As discussed in Chapter VI, a different type of scaffold to the one present in SL-

3111 was studied. Such a heterocylic system shows certain characteristics that made it 

attractive to us, in terms of synthetic preparation. However, even when the molecular 

modeling studies showed a good correspondence in the three-dimensional space of the 

key pharmacophore groups, relative to our peptide [(2S,3R)TMT']DPDPE and non-

peptide (SIOM) leads, the binding affinity was only in the micromolar range. 

Figure 6.2c shows a clear overlap of the two main pharmacophores (phenol and 

phenyl) in compound 45 with those present in SIOM. However, in average, these two 

compounds (44 and 45) were 3000- and 5000-fold less potent at the 5-opioid receptor 

compared with SL-3111. In addition, two other analogues (HI and FV) have been 

prepared which support the idea of the scaffold being an active moiety of the mimetic 

molecule in its interaction with the 5-opioid receptor. In compound III the nitrogen 

bearing the phenyl group has been replaced with a CH showing a dramatic loss of binding 
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affinity (1500-foid). However, when the nitrogen bearing the benzhydryl group was 

substituted with the same group, compound IV was shown to be only 4.2-fold less potent 

(Figure 7.1) 

OH 

III IV 

Figure 7.1 Role of the nitrogen atoms in the piperazine scaffold of SL-3111 

(see tex tand Table 7.1). 

Based on these results, which clearly indicated the importance of the piperazine 

ring not only as a spacer platform but also as an interacting part of the mimetic, we 

prepared the next generation of SL-3111 analogues. In this series of compounds the 

piperazine ring was conserved to explore its functional diversity at position 2. Figure 7.2 

shows the structure of the synthesized compounds which display, at that position, 

aromatic, hydrophobic and potential donor/acceptor hydrogen bond moieties. Tables 7.1 

and 7.2 show their observed biological activities. 



OH OH 

SS 66 67 

Figure 7.2 Structure of SL-3111 analogues that explore functional diversity 

on the piperazine scaffold. 

The binding affinity resxilts for these compounds reported in Table 7.1, show a 

very interesting trend in terms of both selectivity and recognition toward the 5-opioid 

receptor, depending on the nature of the functionality linked to position 2. 

Binding Affinity IC50 (n]VI)±SEM Selectivity 

Compound ['H]DAMGO (n) ['H]Deltorphin 11 (6) |i/6 

III 22,870 12,640 1.8 

IV 4335 33 132 

64 6124±366 38 ±3.5 162 

65 26,000±4100 38±4.5 680 

66 3300±300 11 ±0.8 292 

67a > 80,000 > 10,000 

67b 46,300 21,300 2.2 

(+)-SL-3111 11,000±1950 42±0.1 260 

(-)-SL-3111 7760±350 4.1±1 1900 

SL-3Ill(rac) 17,000±3000 8.4±1.6 2020 

Table 7.1 Binding affinity of the 5-selective analogues of SL-3111. 



For obvious reasons our point of comparison is SL-3 111. Thus, compound 64 

bearing a hydroxymethyl group shows to be only 4.5-fold less potent than SL-3 111 but 

I2-foId less selective. 

The reason to incorporate the benzyloxymethyl side chain (65) in this series of 

analogues was based on a very interesting biological profile observed for compound SL-

5038 (Figure 7.3). As illustrated below this compound (SL-5038) was shown to be a j^-

antagonist on the mouse vas deferens (MVD) in vitro bioassay, shifting CTAP (a n-

opioid receptor antagonist) profoundly to the right in a dose vs. % of inhibition 

contraction curve. 

MVD 

3.0 +/- 0.2 

20.3 

25 % inhibition at 3 

Figure 7.3 SL-5038: A |i-antagonist in the MVD assay. 

Compound 65 shows, like 64, only 4.5-fold less affinity compared with SL-3111. 

but only 3-tbld less selectivity. On the other hand, compound 66 possesses almost the 

same binding affinity as SL-3 111, which agrees with the presence of methyl groups in 

several nonpeptidomimetic ligands for this receptor (see Figure 1.17). However, (i/5 

selectivity decreases considerably. 

SL-5038 

+ lnM ICl-174.864 

+ 1 nHA CTAP 
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The most interesting data, in our view, is the dramatic shift observed in both 

affinity and selectivity when a benzyl group is attached to position 2 of the piperazine 

ring. The two diaesteroisomers of compound 67 (a and b) were separated by RP-HPLC, 

and as shown in Table 7.1 no difference in binding affinity was observed. Both presented 

a complete loss of activity at either or 5-receptor. These findings could be interpreted 

in terms of a possible steric effect which somehow avoids the interaction of the 

benzhydryl aromatic pharmacophores in the three-dimensional space around both p.- and 

8-opioid receptors. In addition, the in vitro bioassays results of this compound have also 

revealed a similar trend to that observed in the cloned human 5-opioid receptor (hDOR) 

(Tables 7.1 and 7.2). 

Thus, as shown below in Table 7.2, compound 66 showed no biological activity 

(agonist or antagonist) in the GPI bioassay, indicating no interaction with the p-receptor. 

However, it showed to be an 6-agonist with a considerable |i/5 selectivity. Its potency is 

only 3.4-fold lower than that observed for SL-3111 (rac) but, overall, better than the 

corresponding (+) and (-) enantiomers of SL-3111. On the other hand, compound 67 

showed no biological activity at all in both fx- and S-opioid receptors, which also agrees 

with the binding data reported for this compound in Table 7.1. 

The GPI stands for guinea pig ileum which is a muscle preparation for the in vitro 

assay to measure bioactivities at the ^-opioid receptor. The MVD stands for mouse vas 

deferens which is also a muscle preparation for the in vitro assay to measure bioactivities 

at the 5-opioid receptor. 
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Bioassay data ICjq (iiM)±SEM Selectivity 

Compound 

64 

65 

66 

67a 

67b 

GPI (n) 

36 % at 10 |iM 

0 % at 10 [iM 

0 % at 30 

0 % at 30 \iM 

MVD(5) 

2263 

40 % at 30 ^M 

290 

10% at I ^iM 

^i/5 

NA 

NA 

> 104 

NA 

NA 

18 

21 

460 

(+)-SL-3111 

(-)-SL-3111 

SL-3111(rac) 

3000±1500 210 

7600±6500 360 

39,000±2600 85±10 

Table 7.2 Biological potencies of the synthesized peptldomimetics. 

Modeling studies. We have performed molecular modeling studies on 

compounds 64-67 in an attempt to address the question of how these differences in 

binding affinity and bioactivity may correlate with the minimal energy conformation 

found for these molecules. This information may serve as the basis for the design of the 

next (third) generation of peptidomiinetics based in our peptide lead 

[(2S,3R)TMT']DPDPE. Also, we have tried to rationalize the marked difference in 

biological profiles of the two extremes in our series (compounds 66 and 67). For this 

purpose we have used the software Macromodel 6.0 installed in a Silicon Graphics (O2) 

work station. A conformational search of 20000 conformers was performed using the 

OPLS force field (Optimized Potential for Liquid Simulations)^*" and the Monte Carlo 

minimization gradient. 
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Thus, by superimposing the local minimal energy conformations found for 

compounds 64-67, using an atom-by-atom correspondence, the following observations 

can be made. 

As illustrated below in Figure 7.4a, the overlap between compounds 64 (yellow) 

and 65 (gray) (RMS = 1.6 Ang), shows an almost perfect overlap among the 3 aromatic 

pharmacophores and the side chains at position 2 of the piperazine ring. 

In terms of bioactivity, as shown in Table 7.1 and 7.2, these two compounds 

showed the same (38 nM) binding affinity toward the 5-opioid receptor, with compound 

65 being only 4.1-fold more selective (^/5) than 64. Figure 7.4b shows the overlap of the 

minimal energy conformations of compounds 64 (yellow) and 66 (gray) (RMS = 1.4 

Ang). Again, an almost perfect correspondence of the three aromatic pharmacophores 

and the susbtituent at position 2 is observed. As mentioned before, 66 possesses almost 

the same binding afiRnity as the lead compound SL-3111, as shown in Table 7.1. 

Although less selective, 66 was also shown to be a 6-agonist with no agonist or 

antagonist activity at the |i-receptor in the GPI bioassay (Table 7.2). 
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a) 

b) 

C) 

Figure 7.4. Overlap of the calculated minimal energy conformation for 

compounds 64 (yellow) and a) 65 (gray); b) 66 (gray); and c) 67 (gray). 
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However, the most interesting observation in both in vitro binding and bioassay 

studies was the dramatic loss of bioactivity determined for compound 67. As depicted in 

Figure 7.4c, the side chains of compounds 64 (yellow) and 67 (gray), hydroxymethyi and 

benzyl, respectively, also present a good overlap (RMS = 1.4 Ang). Also, the three 

aromatic pharmacophores show an almost perfect overlap. Once again, the orientation of 

the /-Bu-Ph moiety is directed toward the same side as observed in compounds 64, 65, 

and 66. As shown in Tables 7.1 and 7.2, the binding affinity of compound 67 is 

completely lost as well as its selectivity. Also, agonist activity in both tissues, GPI and 

MVD, was not observed even at concentrations as high as 30 jxM, neither |x- or 5-

antagonism. 

Thus, in our view, from what is presented in Figures 7.4a-c, the most interesting 

data is the fact that when a bulky group, such as benzyl, is introduced at position 2 of the 

piperazine ring (67), the interaction of the phenolic moiety (message) with its counterpart 

at the receptor is somehow blocked as discussed above. 

Now, assuming a low energy rotation barrier for both phenyl rings in the 

benzhydryl moiety, it could be postulated that the phenolic ring in the bioactive 

conformation of the ligand requires a particular orientation, which is being blocked by the 

phenyl side chain in 67. This hj^othesis may be supported by the extraordinarily poor 

biological profile of compound 67. 

Figure 7.5 shows a "top view" of both piperazine rings in the overlap of 

compounds 64 (yellow) and 67. It is clear how the phenyl ring at position 2 of the 
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heterocyclic ring in 67, resides in a region of the molecule that "blocks" the phenolic 

group which is Icnown to mimic the Tyr' in the peptide lead (see Figure 1.15). Thus, 

what is observed in the calculated low energy conformations may give an indication of 

the topographical requirements of the possible bioactive conformation of these 

nonpeptidomimetic ligands. 

Figure 7.5. Top view" of the overlap between the calculated minimal energy 

conformations of 64 (yellow) and 67 (gray). 

What could follow in terms offuture design? There are several ways to further 

investigate the above discussed observations. Among others, one could be the synthesis 

of the analogue of 67 bearing a D-configuration at position 2 (Figure 7.6a). This 

compound can be prepared via the same route depicted in Section VI.2.2, but starting 

with D-phenylalanine. This will displace the benzyl side chain toward a different region 
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in the three-dimensional space which, in theory, would not block the interaction of the 

"message" moiety of the ligand with the receptor. 

Figure 7.6. Third generation of peptidomimetic ligands based on 

[(2S.3R)TI\/ir]DPDPE. 

In addition, another interesting analogue that may help to test the hypothesis of 

the localization of the hydrophobic pocket would be the compound shown in Figure 7.6b. 

A third analogue to pursue could be the one depicted in Figure 7.6c. In this case, based 

on the biological results observed for the two previously suggested analogues, the 

configuration of the carbon bearing the side chain of Asp or Glu will be incorporated. 

The carboxylic acid functionality intends to mimic the carboxy terminus of our peptide 

lead, which as illustrated in Figure 5.2c, may reside on the side opposite to the 

hydrophobic region of the molecule. This compound can also be synthesized by the same 

diketopiperazine-based route, with some modifications. These changes will involve an 

additional protection-deprotection-oxidation sequence of the primary alcohol that will be 

formed after reduction of the corresponding DBCP with LAH, as illustrated in Scheme 7.1. 

a) b) c) 
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The protection of the resulting primary alcohol is mandatory due to the high 

reactivity of the secondary halide (62) used to alkylate the secondary amine. Thus, as 

shown below in the retrosynthetic scheme, the primary alcohol would be selectively 

protected with r-Butyldimethylsilyl chloride (TBDMSCl), then the following sequence 

would be applied: N-Boc protection, TBDMS deprotection, alcohol oxidation, 

esterification, Boc-deprotection, and N-alkylation. An N-Boc protection is recommended 

to prevent possible oxidation of the secondary amine under the conditions to oxidize the 

primary alcohol. All of the above suggested reactions are known to be quantitative, 

therefore, although long, the route may be feasible. 

Scheme 7.1. Modified DKP-based synthetic sequence for the preparation of 

the third generation of nonpeptidomimetics. 

In addition, based on the postulated localization of the phenolic moiety in the 

possible bioactive conformation of these nonpeptidomimetic ligands, another interesting 

set of compounds worth studying, would be those shown in Figure 7.7. The introduction 
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of both enantiomers of Tyr (a), Phenylhydroxyglycine (b), as well as the four 

stereoisomers of p-alkylated derivatives of tyrosine at that position may reveal 

interesting SAR results. This type of substitution at position 2 of the piperazine ring may 

orientate the phenolic ring (Tyr' mimetic) toward a very similar region as the phenol 

group in SL-3111, but leaving a secondary amine available to be further functionalized 

with hydrophobic groups and/or alkyl-NH, moieties (see also Figure 7.5). 

(t, =H or hydrophobic group R, = H or hydraphobic group R, -H or hydrophobic group 

Ri = CH(CHJ)2. CHj 

Figure 7,7. A third generation of 5-opioid receptor non-peptide ligands. 

Of course, with the development of a solid-phase protocol for the synthesis of this 

type of compounds as the one described in Section VI.3.3, the exploration of the above 

discussed possibilities would be more easily accomplished. 

Radiolabeled Ligand Binding Assays. Membranes were prepared according to 

the following procedure: adult male Sprague-Dawley rats (200-300 g) obtained from 

Harlan Sprague-Dawley, Inc. (Indianapolis, IN), were sacrificed and their brains 

immediately removed and placed on ice. The whole brain was homogenized in 20 

volumes of 50 mM Tris-HCl stock buffer (pH 7.4) with a glass-teflon homogenizer. 



242 

The homogenate was centrifliged (48,000 x g for 15 min), resuspended, and 

preincubated (25 °C for 30 min) to remove endogenous opioids. The homogenate was 

centrifliged and resuspended again (0.5% final conc.). Binding affinities of the 

compounds were measured against [^H]Deltorphin II (41.0 Ci/mmol), and [^H]DAMGO 

([^H]Tyr-D-Ala-Gly-N-Methyl-Phe-Gly-ol) (48.9 Ci/mmol) (New England Nuclear) by a 

rapid filtration technique. A solution 1.0 nM [^H]DAMGO in a total volume of 1 mL of 

50 mM Tris-HCl buffer (pH 7.4) containing bovine serum albumin (1.0 mg/mL), 

bacitracin (50 fig/mL), bestatin (30 \igJvaL), captopril (10 jaM) and phenylmethylsulfonyl 

fluoride (O.l mM) was used. Assays were done in duplicate with 10 |iM naltrexone 

hydrochloride to define non-specific tissue binding. The binding reaction was terminated 

by rapid filtration through presoaked (0.5 % polyethylenimine solution) GF/B Whatman 

glass fiber strips with a Brandel Cell Harvester followed immediately by three rapid 

washes with 4 mL aliquots of ice-cold saline solution. The filters were removed and 

soaked in 10 mL scintillation fluid at 4 °C for at least 6 hrs before bound radioactivity 

was measured. The data was analyzed by non-linear least squares regression analysis. 

In Vitro Bioassays. Electrically induced smooth muscle contractions from mouse 

vas deferens (MVD) and guinea pig ileum (GPI) longitudinal muscle-myenteric plexus 

were used for bioassays.^*" Tissues came firom male ICR mice weighing 25-30 g and firom 

male Hartley guinea pigs weighing 150-400 g. The tissues were tied to gold chains with 

suture silk, suspended in 20 mL baths containing 37°C oxygenated (95% O,, 5% CO,) 

fCrebs bicarbonate solution (magnesium-free for the MVD), and allowed to equilibrate for 
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15 min. The tissues were then stretched to optimal length previously determined to be 1 

g tension (0.5 g for MVD) and allowed to equilibrate for 15 min. The tissues were 

stimulated transmurally between platinum plate electrodes at O.l Hz for 0.4 ms pulses 

(2.0 ms pulses for MVD) and supramaximal voltage. Drugs were added to the baths in 

20-60 (iL volumes. The agonists remained in tissue baths for 3 min and were removed by 

rinsing several times with fresh Krebs solution. Tissues were given 8 min to re-

equilibrate and regain predrug contraction height. Antagonists were added to the bath 2 

min prior to the addition of the agonists. Percent inhibition was calculated by dividing 

height for 1 min preceding the addition of the agonist by the contraction height 3 min 

after exposure to the agonist. The IC50 values represent the mean of not less than four 

tissues. Relative potency estimates were determined by fitting the mean data to the Hill 

equation by using a computerized non-linear least squares method. In some cases, the 

weak (J. agonist action of these analogues did not permit completion of full dose-response 

curves in the GPI. 
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CHAPTER Vin 

EXPERIMENTAL 

Vin.l Experimental Section. Peptide Synthesis 

Materials. The N°-Fmoc iodine-containing tyrosine analogues were purchased 

from Chem Impex International (Wood Dale, IL) and Peptide International (Louisville, 

KY). All other N°-Fmoc- and N'̂ -r-Boc-protected amino acids, p-

methylbenzylhydrylamine (/7-MBHA) resin (0.32 mmol of NHVg susbstitution) and 

Rink-amide-MBHA resin (0.41 mmol of NHj/g substitution), were purchased from 

Bachem (Torrence, CA). Other chemicals and solvents were purchased from the 

following sources: trifluoroacetic acid from Vega Biotechnologies (Tucson, AZ); anisole, 

1.2-ethanedithiol, 1-hydroxybenzotriazole, diisopropylethylamine, piperidine, 

diisopropylcarbodiimide, triethylsilane, methyl /-butyl ether, and phenol from Aldrich 

Chemical Co. (Milwaukee, WI); dichloromethane, dimethylformamide (DMF), acetic 

acid (HOAc), ethanol (EtOH), and ethyl ether from Mallinckrodt Baker Chemicals (Paris, 

KY); HPLC quality acetonitrile (MeCN) from Burdick and Jackson (Muskegon, MI); 

HBTU from Chem Impex Int. (Wood Dale, IL), Fmoc-Osu from Advanced ChemTech. 

(Louisville, KY); Amberlite IRA-68 (weakly basic anion exchange resin) from Sigma 

Chemical Co. (St. Louis, MO); disposable polypropylene columns (20 mL) from Pierce 

(Rockford, IL). 
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Purification of the peptides was achieved by preparative reverse-phase high-

performance liquid chromatography (RP-HPLC) on a Perkin-Elmer instrument model 

410-BIO, C,8-bonded silica colimm (VYDAC 218TP1010, 12x 275 mm). The peptides 

were eiuted with a linear gradient of MeCN in 0.1% aqueous TFA (10-90%) over 30 min 

at a flow rate of 5.0 mL/min. The separations were monitored at 230 and 280 nm with a 

Perkin-Elmer LC-235 diode array detector. FAB-MS analysis (glycerol matrix) were 

performed in a JEOL mass spectrometer model HX-110. Amino acid analysis was 

performed by hydrolysis of the peptides in 4N methanesulfonic acid, and the amino acids 

were analyzed with an automatic ABI 420H/A system. The [M+H]^ molecular ions were 

consistent with the amino acid sequence and structure of the peptides. The purity of the 

peptides was checked by analytical RP-HPLC in a Hewlett-Packard instrument model 

1090 using a C,g-bonded silica column (VYDAC 218 TBP-16, 46 x 250 mm)with a linear 

gradient elution of 0-50% MeCN in 0.1% TFA aqueous solution over 25 min at a flow 

rate of 1 mL/min. Thin layer chromatography of synthetic peptides was performed on 

silica plates (0.25 mm; Analtech, Newark, DE) with the solvent systems given in Table 

4.1. Peptides were visualized on the TLC by staining with 0.2% ninhydrin in ethanol and 

heating."®" 
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Vin.1.1 Peptide Synthesis 

The peptides synthesized in this work were prepared using both Boc and Fmoc 

strategies abeady described in Sections IV.l.l and IV. 1.2. What follows is a description 

of the synthetic protocols utilized in both cases. 

(A) Using the N°-/-Boc chemistry, compounds 2-24 were synthesized in a glass 

manual peptide synthesizer with a negative flow of Nt as a agitation method, using p-

MBHA resin substituted at the level of 0.32 mmol/g. The following N"-f-Boc amino 

acids with the indicated side chain protecting groups were used: Arg(Tos); Lys(ClZ); 

Ser(0-Bzl); Tyr(2,6-Cl2-Bzl); Cys(/?-MeBzl); Pen and D-Pen (^-MeBzl). The p-MBHA 

resin (0.1 g) is swollen for at least 2 h in DCM, then neutralized with 10% DIEA in DCM 

(2 X 10 mL). The first amino acid (2.2 equiv) was coupled to the resin using HOBt (2.2 

equiv) and HBTU (2.2 equiv) as coupling reagents and DIEA (3 equiv) in DMF for I to 

1.5 h. After a negative ninhydrin test was observed, the resin was washed sequentially 

with DMF (2 x I min) and DCM (2 x 1 min). Deprotection of the Boc groups was 

performed by 50% TEA in DCM, followed by treatment with 20% DIEA in DMF for 10 

min to neutralize the resin. Thus, the subsequent N°-/-Boc amino acids were coupled to 

the growing peptide chain under the same cycle described above. After the last synthetic 

cycle, the N-terminus was also deprotected and the resin washed with DCM (2 x 10 mL), 

ethanol (2 x 10 mL) and DCM (2x10 mL) and dried overnight under high-vacuum. The 

peptide was cleaved firom the resin by stirring with anhydrous HF for 60 min at 0°C, 

using a 1:1 (v/v) mixture of /7-cresol/p-thiocresol as scavengers (1 mL/g of peptide resin). 
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followed by removal of the scavengers and HF under high-vacuum conditions. To ensure 

complete removal of the scavengers and nonpeptide material, anhydrous ethyl ether (5 x 

30 mL) was added to the vessel and the mixture filtered using a course glass frit. The 

crude peptide was dissolved in glacial acetic acid, lyophilized, and purified by RP-HPLC 

using the conditions indicated above. 

(B) Peptides 25-30 were prepared using an N°-Fmoc strategy in disposable 

polypropylene colunms. The following side-chain protecting groups were used: 

Axg(Pbf); Cys(Trt); D-Pen(Trt); Tyr(f-But); Lys(Boc); and Ser(/-But). The Elink-amide-

MBHA resin (0.1 g) with a substitution level of 0.41 mmol/g was swollen in DMF for at 

least 2 h. The resin was Fmoc deprotected by a twofold treatment with 20% piperidine in 

DMF, while shaking the columns on a Labquake apparatus for 5 and 15 min. The N°-

Fmoc amino acids (2.5 equiv) were added sequentially using DlC (2.5 equiv) and HOBt 

(2.5 equiv) as coupling reagents. Once the amino acid was loaded on the resin 

(monitored by a negative ninhydrin test ), the resin was successively washed with DMF 

(3x2 min), DCM (2x2 min) and DMF (3 x I min). N"-Fmoc deprotection was carried 

out by 20% piperidine in DMF, in two cycles as mentioned above. After the last 

coupling cycle the N-terminal group was also deprotected and the resin washed with 

DMF (5 x), DCM (3 x), EtOH (2 x) and dried in vacuum overnight. 

The peptides were cleaved fi-om the resin in the same disposable colunm, using 

the following cleavage cocktail: TFA/phenol/EDT/anisole/TES (94:2:2:1:1) (v/w/v/v/v). 
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The crude peptides were recovered by rerf-butyi-methyl ether precipitation and dried 

under vacuum overnight. 

Cyclizations. The disulfide bond in all the cyclic peptides synthesized in this 

work was formed at pH 8.5-9.0 using the high dilution method"® (0.1 mmol/L) with 

different proportions of H,0/MeCN mixtures, depending on the hydrophobicity of the 

peptide. A 0.01M solution of K3[Fe(CN)6] (10 mL/0.1 g of peptide) was used as the 

oxidizing reagent. After two hours of stirring at pH 8.5-9.0, the pH of the mixture was 

adjusted to 4 by addition of 10% aqueous HO Ac solution, and the ferro- and excess of 

ferricyanide were removed by stirring the solution with 9 mL settled volume of Amberlite 

IRA-68 anion-exchange resin. The mixture was stirred for 2 h; later the resin was filtered 

and washed with HOAc/HjO (95:5) solution (60 mL/0.1 g of peptide). The solution was 

evaporated down to ca. 100 mL and lyophilized. The resulting cyclic peptide was 

purified by RP-HPLC using the conditions indicated above, which also indicated a yield 

of 90 to 95% of cyclization product. 
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MW RP-HPLC TLC. Rf 

eptide' Calculated Found" k\t^r I n m 

2 1124.4 1125.5 4.5(14.9) 0.30 0.51 0.15 
3 1122.4 1123.6 4.3(14.1) 0.32 0.55 0.18 
4 1158.3 1159.4 5.7(18.8) 0.27 0.57 0.27 
5 1156.3 1157.6 5.6(18.4) 0.29 0.59 0.30 
6 1046.3 1047.6 4.7(15.6) 0.24 0.35 0.26 
7 1044.3 1045.3 4.6(15.1) 0.29 0.40 0.31 
8 1139.2 1140.6 4.6(15.0) 0.33 0.49 0.18 
9 1137.2 1138.0 4.4(14.5) 0.40 0.52 0.26 
10 1164.4 1165.4 4.8(15.8) 0.35 0.54 0.24 
11 1001.4 1002.4 4.3(14.2) 0.32 0.54 0.26 
12 959.4 960.4 3.8(12.6) 0.29 0.37 0.14 
13 1192.4 1193.4 4.9(16.2) 0.35 0.62 0.33 
14 1029.2 1030.5 4.2(13.8) 0.32 0.55 0.31 
15 987.2 988.4 3.8(12.6) 0.25 0.53 0.17 
16 1150.4 1151.4 4.4(14.4) 0.32 0.59 0.22 
17 994.2 995.6 4.5(14.7) 0.39 0.65 0.43 
18 1022.2 1023.0 4.6(15.0) 0.43 0.70 0.52 
19 1122.4 1023.4 5.1(16.8) 0.32 0.57 0.23 
20 1122.4 1123.0 5.5(17.0) 0.31 0.50 0.12 
21 1122.4 1123.5 6.2(20.4) 0.33 0.56 0.19 
22 1184.3 1185.6 6.4(20.9) 0.37 0.66 0.45 
23 1184.2 1185.3 6.8(22.1) 0.53 0.76 0.63 
24 1184.2 1185.3 6.7(22.0) 0.50 0.71 0.68 
25 1198.1 1199.5 5.8(19.2) 0.34 0.66 0.27 
26 1198.1 1199.5 5.7(18.6) 0.36 0.65 0.36 
27 1198.1 1199.5 6.2(20.4) 0.39 0.65 0.36 
28 1198.1 1199.4 6.1(20.1) 0.38 0.65 0.32 
29 1276.2 1277.3 5.7(18.8) 0.36 0.65 0.37 
30 1402.2 1403.3 6.1(19.2) 0.40 0.67 0.39 

" See Tables l.l, 1.2 and 1.3 for structures. 
'' MW [M+H]* found by Fast Atom Bombardment Mass Spectrometry (FAB-MS). 
" Capacity factors (k') and retention times (tg) were recorded from the following systems Vydac 218TBP16 
C,x column (46 x 250 nun) with a linear acetonitrile gradient (0-50%) in 0.1% TFA aqueous solution over 
25 min, flow rate 1.0 ml/min. 
'' Silica plates Analtech (Newark, DE) (monitored by ninhydrin method), solvent systems; I 1-
butanol/acetic acid/water (4:1:5); It l-butanol/acetic acid/pyridine/water (4:1:1:3); HI ethyl 
acetate/pyridine/acedc acid/water (12:3:4.2:2.2). 

Table 8.1 Physical properties of the peptides synthesized in this work. 
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V 111.2 Experimental Section. Organic Synthesis 

All reagents, unless otherwise noted, were purchased from AJdrich Chemical Co. 

(Milwaukee, WI) and were used without further purification. All melting points were 

taken on a Thomas-Hoover capillary melting point apparatus and are uncorrected. NMR 

spectra were recorded with either a Varian Gemini-200 or a Unity-300 spectrometer, 

using tetramethylsilane (TMS) or 1,4-dioxane for D^O (3.71 ppm down field from TMS) 

as intemal standards. Optical rotations were measured on an Autopol III polarimeter 

using a 1.0 dm cell. Flash coliunn chromatography was performed using E. Merck silica 

gel (230 mesh). Purifications by preparative reverse phase high-performance liquid 

chromatography (RP-HPLC) were performed on a Perkin-Ehner instrument Model 410-

Bio, C,g-bonded silica column (VYDAC 218TP10I0, 12 x 275 mm), eluting with a linear 

gradient of acetonitrile in 0.1% aqueous TFA (10-90%) over 30 min at a flow rate of 5 

mL/min. Analytical HPLC was performed in a Hewlett-Packard instrument model 1090 

using a C,8-bonded silica column (VYDAC 218 TBP-16, 4.6 x 250 mm) with a linear 

gradient elation of 10-90% MeCN in 0.1% TFA aqueous solution over 40 min at a flow 

rate of 1 mL/min. Separations were simultaneously monitored at 3 wavelengths: 230, 

280, and 254 rmi. The retention times (tj are reported in min. High resolution (HR), 

fast-atom bombardment (FAB), and electrospray mass spectra (ESI/MS) were obtained at 

the University of Arizona Chemistry Department Mass Spectrometry Facility, with a 

JEOL mass spectrometer model HX-110. Optical rotation values for the four isomers of 

N®'-Fmoc-P-methyl-2'-naphthylalanine [N"-Fmoc-P-Me-(2')NaI] were measured on a 
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Perkin-Elmer polarimeter model 24IMC. Melting points were taken in a Thomas-

Hoover capillary melting point apparatus and are uncorrected. 

VIII3 Synthesis of N''-Fmoc-P-methyl-2'-napbthyIalanine Derivatives 

The synthesis of the four isomers of this specialized amino acid (31-34) was 

performed as reported in the literature;^ the corresponding N"-Fmoc protection was 

carried out in the following way. Briefly, the amino acid hydrochloride salts (1.50 mmol) 

were dissolved in 18 mL of aqueous 10% Na^COj, and the solution was cooled in an ice 

bath to 0°C. To this stirred mixture was added dropwise a solution of Fmoc-Osu (2.25 

mmol) dissolved in 14 mL of DMF. The mixture was stirred overnight at room 

temperature. The reaction was quenched by adding 15 mL of water, and the mixture was 

washed with ether (3x15 mL). The aqueous solution was cooled to 0°C, acidified with 

3N HCI (pH 2) and extracted with ethyl acetate (3x15 mL). The combined organic 

extracts were washed with water (3 x 20 mL) and brine (2x15 mL), dried over MgS04, 

filtered, and then vacuum removal solvent gave white powders for the four isomers of N°-

Fmoc-P-Me-(2')Nal. The yields obtained for the four isomers, after purification, were 

between 70 and 80%. Purification was performed by RP-HPLC and characterized by 

HRMS (FAB", OT-nitrobenzyl alcohol matrix) and 'H and '^C NMR. 

N"-Fmoc-(2S3S)-p-Me(2')NaI (31): mp = 197-198°C. 'H NMR (CDCI3, TMS, 

200 MHz): 5 1.46 (d, 3H, J= 7.24 Hz), 3.4-3.52 (m, IH), 4.1-4.38 (m, 3H), 4.76 (m, IH) 

5.45 (d, IH, J = 7.81 Hz). '^C NMR (CDCI3, 50 MHz): 5 16.23, 42.22, 47.08, 59.05, 
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67.04, 174.50. FAB-MS calcd for C,9H26N04 [M+H]^ 452.2862, found 452.1859. [alo'" 

= +45.3 (c 0-85, CHCI3). 

N"-Fmoc-(2S3R)-p-Me(2')NaI (32): mp = 105-109°C. 'H NMR (CDCI3, TMS. 

200 MHz): 5 1.48 (d, 3H. J= 6.96 Hz), 3.41-3.51 (m, IH), 4.14-4.39 (m, 3H), 4.75 (m. 

IH) 5.31 (d, IH, J = 8.30 Hz). "C NMR (CDCi,, 50 MHz): 5 16.20, 42.20, 58.97, 66.96,. 

FAB-MS calcd for C,<^,6N04 [M+H]* 452.2862, found 452.1859. [a]^-* = +53.3 (c 0.94, 

CHCI3). 

N"-Fmoc-(2IUS)-|3-lVIe(2')Nal(33): mp = 103-106°C. 'H NMR (CDCI3, TMS, 

200 MHz): 5 1.49 (d, 3H, J= 7.24 Hz), 3.46-3.51 (m, IH), 4.1-4.28 (m, 3H), 4.72 (m, IH) 

5.39 (d, IH, J = 8.34 Hz). '^C NMR (CDCI3, 50 MHz): 5 16.29, 42.26, 47.08, 59.04, 

67.13. FAB-MS calcd for C,9H,6N04 [M+H]' 452.2862, found 452.1859. [alp-^ = -49.5 

(c 0.98, CHCI3). 

N"-Fmoc-(2R3R)-p-Me(2')Nal (34): mp = 197-198°C. 'H NMR (CDCI3, TMS, 

200 MHz): 5 1.49 (d, 3H, J= 7.24 Hz), 3.46-3.54 (m, IH), 4.12-4.41 (m, 3H), 4.78 (m, 

IH) 5.47 (d, IH, J = 7.81 Hz). "C NMR (CDCIj, 50 MHz): 5 16.21,42.20, 46.98, 58.97, 

66.98. FAB-MS calcd for C,9H,6N04 [M+Hf 452.2862, found 452.1859. = -49.1 

(c 0.90, CHCI3). 

VII1.4 Attempt Toward the Asymmetric Synthesis of SL-3111 

3-(2-Methoxyethoxymethyl)beiizaldehyde (35). Into a stirred solution of 3-

hydroxybenzaldehyde (3.7 g, 30 mmol) in 60 mL of DCM, was added DIEA (7.6 mL, 
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43.7 mmol). To the resulting brown solution methoxyethoxymethyl chloride (MEMCl) 

(5.0 mL, 43.7 mmol) in 17 mL of DCM was added dropwise. A white fog was observed 

in the addition process. The resulting solution was stirred at room temperature for 3 hrs, 

then quenched by addition of 60 mL of 0.5 N HCI. The organic phase was separated and 

the aqueous phase extracted with DCM (3 x 60 mL). The combined organic phases were 

washed with 5% Na^COj (3 x 60 mL), water (3 x 60 mL), then dried over anhydrous 

MgS04. Evaporation of the dried solution yielded 5.4 g of an orange oil (86%). 'H NMR 

(CDCI3, 200 MHz): 6 ppm 9.90 (s, IH), 7.57-7.45 (m, 4H), 5.33 (s, 2H), 3.86-3.82 (m, 

2H), 3.58-3.54 (m, 2H), 3.38 (s, 3H); "C NMR (CDCI3, 50 MHz): 5 191.8, 157.7, 137.7, 

130.0, 123.5, 122.6 93.3, 71.4, 67.7, 58.9. HRMS-FAB Calcd for C„H,50, [M+H]* = 

211.0970. Found 211.0973. 

Preparation of 3-triisopropyIsiIyIether-benzaldehyde (36). Into a stirred mixture of 3-

hydroxybenzaldehyde (0.8 g, 6.5 mmol) and imidazol (1.32 g, 19.5 nrniol) in 7 mL of 

DMF, WEis added triisopropylsilylchloride (TIPSCl) (1.87 g, 9.7 mmol) dropwise at room 

temperature. The reaction was stirred under N, atmosphere for 4 h until no starting 

material was detected by TLC (AcOEt/Hex, 7:3). DMF was evaporated off and the crude 

redissolved in DCM and washed with HjO (3x25 mL). The organic phase was dried over 

MgS04, filtered, and evaporated to dryness to yield a light brown oil. After flash 

chromatography purification (AcOEt:Hex, 7/3), 1.807 g of a orange-red oil was obtained 

(98% yield). 'H NMR (CDCI3, 200 MHz) : 5 9.94 (s, IH), 7.44-7.09 (m, 4H), 1.32-1.19 
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(m, 3H), 1.12-1.06 (m, 18H). "C NMR (CDClj, 50 MHz); 5 192.11, 156.70, 129.97, 

126.25, 121.73, 119.48, 17.76, 12.52,12.30. 

Preparation of l-[4-/-Batyl-3'-(2-methoxyethoxymethyl)i-beiizhydrol (37). Into a 

stirred solution of r-butylphenylmagnesium bromide (3.0 M, 4.5 mL, 5 equiv.) in 10 mL 

of dry THF at 0°C and under Nj atmosphere, was added dropwise a solution of 35 in 5 

mL of dry THF. The resulting gray suspension was allowed to warm to room 

temperature, and monitored by TLC (AcOEt/Hexanes, 2:8). Then, the reaction was 

quenched by addition of 0.5N HCl (30 mL). The product was extracted with ether (3 x 40 

mL), and the combined organic fractions were washed with brine (60 mL), water (60 

mL), and dried over anhydrous MgS04. Evaporation of the solution gave the crude 

product which was further purified by flash chromatography (AcOEt/Hexanes, 2:8), to 

yield 37 as a colorless oil (80%). 'H NMR (CDCI3 200 MHz): 5 7.36-6.76 (m, 8H), 5.74 

(d, IH), 5.23 (s, 2H), 3.81-3.76 (m,2H), 3.54-3.49 (m, 2H), 3.33 (s, 3H), 2.26 (bs, IH), 

1.29 (s, 9H). 

Preparation of l-[4-/-Butyi-3'-triisopropilsilylether]-beiizhydrol (38). Following the 

same procedure outlined for 37 but using aldehyde 36 led to 38 after flash column 

purification (AcOEt/Hexanes, 2:8), as a colorless oil (75% yield). 'H NMR (CDCI3, 200 

MHz): 5 7.42-7.17 (m, 5H), 6.95-6.72 (m, 3H), 5.76 (s, IH), 1.29 (s, 9H), 1.16-1.09 (m, 

3H), 1.06-1.03 (m, 18H). ''C NMR (CDCI3, 50 MHz): 5 156.08, 150.426, 145.44, 140.82, 

129.29, 126.29, 125.29, 119.11, 118.87, 118.11,75.74,34.26,31.32, 17.87, 17.67, 12.58, 

12.25. 
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Preparation of l-[4-^-ButyI-3'-triisopropyIetherj-beii2ophenone (39). An oven dried 

flask fitted with a magnetic bar under nitrogen atmosphere, was charged with 75 niL of 

DCM and then cooled at -78°C. Oxalyl chloride (4.1 mL, 2M soln, 8.22 mmol), followed 

by 0.77 mL of DMSO were added sequentially via syringe. After 5 min alcohol 38 (2.26 

g, 5.48 mmol) dissolved in 15 mL of DCM was added into the above mixture via syringe. 

The mixture (a white suspension) was stirred for 30 min at -78°C. Then, TEA (1.66 g, 

16.4 mmol) was added via syringe (fumes are formed) and the mixture, now a yellow 

solution, was allowed to warm to room temperature. The organic phase is washed with 

water (3 x 25 mL), dried over MgS04, and evaporated off to dryness to yield a yellow 

semisolid. Flash chromatography purification (Hexanes/AcOEt, 9:1) yield 1.68 g of a 

yellowish oil (97%). 'H NMR (CDCl,, 200 MHz): 5 7.76 (d, 2H), 7.48 (d, 2H), 7.32 (d, 

3H), 7.15 (m, IH), 1.36 (s, 9H), 1.30-1.20 (m, 3H), 1.11-1.05 (m. 18H). 

Preparation of l-[4-^-Butyl-3'-(2-methoxyethoxyniethyi)|-benzophenone (40). 

Following the same procedure outlined for 39 but using alcohol 37 led to 40 after flash 

column purification (AcOEt/Hexanes, 3:7), as a colorless oil (80% yield). 'H NMR 

(CDClj, 200 MHz): 5 7.76 (d, 2H), 7.48 (d, 2H), 7.41-7.26 (m, 4H), 5.31 (s, 2H), 3.83 

(dd, 2H), 3.56 (dd, 2H), 3.37 (s, 3H), 1.36 (s, 9H). 

Preparation of 4-r-Butyl-3'-hydroxy-ben2hydrol (41). An oven dried 2-neck round 

bottom flask equipped with a magnetic bar and two rubber septum was purged with N, 

until it cooled down. Inside a glove-bag inflated with nitrogen and sealed, were weighed 

out ketone 40 (0.154 g, 0.45 mmol) and (+)-DIP-Cl (0.158 g, 0.495 mmol). Both 
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reagents were put into the flask inside the sealed bag with 0.3 mL of dry THF. The 

reaction was monitored (inside the glove-bag) by TLC (Hexanes/AcOEt, 7:3). After 3 h 

no starting material was detected and thus the reaction was quenched as follows. The 

residue was dissolved with 5 mL of ethyl ether and 2.2 equivalents of diethanolamine 

(0.160 mL). The solution was stirred for 30 min and then allowed to stand for 2 h. After 

filtration of the white precipitate, the organic solution was evaporated off to yield a green 

oil. Flash chromatography purification gave 0.149 g of a slightly green oil (wintergreen 

odor) in 84 % yield. 'H NMR (CDCI3, 200 MHz): 5 7.33-7.13 (m, 8H), 5.76 (s, IH), 5.32 

(s, IH), 1.29 (s, 9H). Following the same procedure outlined for 41 but using ketone 39 

led to 38 after flash chromatography purification (AcOEt/Hexanes, 1:9). as a colorless oil 

(75 % yield). Showing the same spectroscopic characteristics as described above. 

Preparation of 4-/-Butyl-3'-triisopropylsiIyIether-beiizhydryl chloride (42). To a 

solution of alcohol 42 (0.689 g, 1.67 mmol) in DCM at 0°C and under nitrogen 

atmosphere, is added via syringe TEA (0.202 g, 2.0 mmol) followed by mesyl chloride 

(0.029 g, 2.0 mmol). The mixture is stirred at 0°C and monitored by TLC 

(Hexanes/AcOEt, 9:1). After 1.5 h TLC indicated total consumption of starting material. 

The reaction was quenched by addition of 10 mL of H^O, then extracted with AcOEt (3 x 

10 mL). The organic layer is dried over MgS04, filtered and evaporated to dryness to 

obtain 0.680 g of a slightly green oil. After flash chromatography purification on the 

above mentioned solvent system, 0.62 g of a clear oil were isolated (86 % yield). 'H 

NMR (CDCI3, 200 MHz): 5 7.33-7.32 (m, 4H), 7.18-7.14 (d, IH), 6.99 (dd, IH), 6.90 (m. 
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IH), 6.81 (dd, IH), 6.06 (s, IH), 1.30 (s, 9H), 1.20-1.11 (m, 3H), 1.06-1.04 (d, 18H). "C 

NMR (CDClj, 50 MHz): 5 156.07, 151.02, 142.54, 138.07, 129.33, 127.44, 125.38, 

120.42, 119.48, 63.86, 34.53. 31.28, 17.87, 17.96, 12.58. 

Preparation of l-(4-/-Butyl-3'-triisopropylsi]yIether)-4-beiizyIpiperazine (43). In a 

round bottom flask provided with a reflux condenser were mixed chloride 43 (0.62 g, 

1.43 mmol), N-benzylpiperazine (0.253 g, 1.43 mmol) and potassium carbonate 

anhydrous (0.795 g, 5.75 mmol). The mixture was refluxed in acetonitrile and monitored 

by TLC (Hexanes/AcOEt, 9:1). After 3 h no starting material was detected. The beige 

color suspension was filtered and washed with AcOEt, and the solution evaporated off. 

After flash chromatography purification using the above indicated solvent system, 0.438 

g of a colorless thick oil was obtained (54 % yield). 'H NMR (CDCI3, 200 MHz): 6 7.30-

7.23 (m, 9H), 7.14-6.89 (m, 3H), 6.65 (s, IH), 4.12 (s, IH), 3.50 (s, 2H), 2.50-2.32 (bs, 

8H), 1.25 (s, 9H), 1.20-1.12 (m, 3H), 1.06-1.03 (m, 18H). 

Preparation of l-(4-/-Butyl-3'hydroxybenzhydryl)-4-benzylpiperazine (SL-3111). 

Into a flask containing compound 43 (0.438 g, 0.768 mmol) dissolved in 7 mL of dry 

THF, were added dropwise 3.3 mL of tetrabutylammonium fluoride (TBAF) under 

nitrogen atmosphere. The reaction was stirred at room temperature and monitored by 

TLC (Hexanes/AcOEt, 8:2). After 1 h the reaction was stopped, filtered and the solvents 

evaporated off. After flash chromatography 0.305 g of a white solid was obtained (97 % 

yield). All the spectroscopic characteristics of the obtained product were in agreement 

with those reported for SL-3111."^ Chiral resolution of the white solid was performed by 
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HPLC on a Shimadzu liquid chromatograph model SCL-IOA, using a chiral column 

chiralpack-AD (DAICEL) (25 cm x 0.5 cm). An isocratic eluent mixture of hexane:2-

propanol (97:3) was used as mobile phase with the detector set at 254 nm. The 

concentration of each injection was 1.5 mg/mL to obtain an adequate resolution. (+)-SL-

3111: White solid, m.p. = 109-110°C; /«= 7.2 min, [a]D^= + 11.5 (c 1, CHCI3); (-)-SL-

3111: White solid, m.p.= 109-110°C; 8.1 min, [a]D"= - 10.6 (c 1, CHCI3). 

Vin.S Solutioii Phase Synthesis of Analogues of SL-3111 

Vin.5.1 Synthesis of l^^Thiadiazin-2-thione Derivatives 

Preparation of 3-Benzyi-5-benzyl-tetrahydro-2H-135S-thiadiazine-2-thione (44). A 

solution of benzylamine (2.14 g, 20 mmol) and KOH (1 eq) in 30 mL of ethanol was 

cooled down to 15°C, then carbon disulfide (0.76g, 10 mmol) was added dropwise. The 

yellow mixture was stirred at 30-35°C (gentle reflux), after a few minutes a heavy 

precipitate is formed and the mixture stirred for 3 h. The mixture was cooled down to 

~10°C and formaldehyde (1.72 mL, 20 mmol) was added. The mixture was refluxed for 3 

more hours. After 1 h the solution became clear and after 3 h a white precipitate was 

formed again. The mixture was filtered and 4.85 g of a white solid (77.2 % yield) was 

collected. TLC (Hexanes/AcOEt, 8:2) showed only one product, Rf = 0.283, m.p. = 83-

85 °C. 'H NMR (CDCI3, 200 MHz): 5 7.41-7.09 (m, lOH), 5.32 (s, 2H), 4.36 (s, 2H), 

4.31 (s, 2H), 3.75 (s, 2H). '^C NMR (CDCI3, 50 MHz): 5 135.86, 135.23, 128.95, 128.86, 
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128.58, 128.17, 127.94, 68.17, 57.53, 54.56, 53.83. FAB/HRMS calcd. for 

[M+ir= 315.4814; found 315.0990. 

Preparation of 3-Beiizyl-5-carboxy-p-hydroxymethyl-tetrahydro-2H-13»5-

thiadiazine-2-thione (45). Into a three necked round bottom flask containing a solution 

of benzyiamine (1.07 g, 10 mmol) dissolved in HjO (20 mL), was added simultaneously 

and dropwise from two addition fionnels 2.8 mL of a 20% solution of KOH and carbon 

disulfide (0.76 g, 10 mmol). After complete addition, the white suspension was stirred at 

room temperature. After 3 h formaldehyde (0.64 g, 20 mmol) was added and the pink 

solution turned into a yellow suspension. The reaction was stirred for one more hour. 

Then, the slurry was filtered and the obtained yellow solution was immediately added 

dropwise to a solution of D-p-hydroxyphenylglycine (1.67 g, 20 mmol) in 20 mL of a 

phosphate buffer pH 7.8 (prepared from Na2HP04 and FCH,P04). The mixture was stirred 

for two more hours and then filtered to obtain 2.9 g of a white solid (79% yield); m.p. = 

151-152°C. 'H NMR (DMSO, 200 MHz): 5 7.29-7.26 (m, 5H), 7.07 (d, 2H,J= 8.46 Hz), 

6.68 (d, 2H, 8.42 Hz), 5.29 (d, IH,J= 16.03 Hz), 4.85 (d, IH, 16.0 Hz), 4.60-4.41 

(m, 3H), 4.33 (s, 2H). '^C NMR (DMSO, 50 MHz): 5 193.21, 171.91, 157.88, 135.75, 

130.22, 130.03, 129.19, 128.28,125.92, 115.97, 67.19, 65.27, 54.12. 

VIII.5.2 Strategy Based on a Double Reductive AUq^Iation 

Preparation of N"-(f-ButoxycarbonyI)-0-benzyI-L-serine-N-methoxy-N-

methylamide (46). Triethylamine (0.513 g, 5.07 mmol) was added to a stirred solution 
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of Boc-L-Ser(OBzl)-OH (1.5 g, 5.07 mmol) in 35 mL of DCM. Then BOP (3.74 g, 8.46 

mmol) was added, followed after a few minutes by N.O-dimethylhydroxylamine 

hydrochloride (0.544 g, 5.58 mmol) and triethylamine (0.56 g, 5.60 mmol). The reaction 

was monitored by TLC (Hexanes/AcOEt, 1:1) and after 3 h no starting material was 

detected. The mixture was diluted with DCM (200 mL) and washed successively with 

3N HCl (3 X 30 mL), saturated sodium hydrogen carbonate solution (3 x 30 mL). and 

brine (3 x 30 mL). The organic solution was dried with MgS04, filtered and the solvent 

evaporated to yield a slightly green oil. After flash chromatography purification using the 

above mentioned solvent, 1.38 g of a colorless oil (Rf = 0.492) was recovered in 82 % 

yield. 'H NMR (CDCI3, 200 MHz): 5 7.30 (s, 5H), 5.45 (d, IH, J = 8.8 Hz), 4.87 

(quintet, IH, 7 = 4.4 Hz), 4.53 (dd, 2H), 3.71 (s, 3H), 3.21 (s, 3H), 1.43 (s, 9H). '^C 

NMR (CDCIj, 50 MHz): 6 170.63, 155.40, 137.77, 128.42, 128.31, 127.59, 79.66, 73.04, 

69.73. 61.42, 50.81, 32.29. 28.30. FAB/MS : calcd. for C„H„N,05 [M+I]^ = 339.1; 

found 339.1. 

Preparation of N''-(/-ButoxycarbonyI)-0-beiizyI-L-serinaI (47). To a stirred solution 

of compound 47 (1.24 g, 3.67 mmol) dissolved in 35 mL of dry THF contained in a 100 

mL round bottom flask, at 0°C, was added in slow manner LAH powder (0.174 g, 4.58 

mmol, 5 equiv). After 25 min a solution of KHSO4 (0.875 g, 6.43 mmol) in 18 mL of 

HjO, was added careftilly and dropwise. Then, ether (150 mL) was added, and the 

aqueous phase was separated and extracted with ether (3 x 70 mL). The organic phases 

were combined and washed with 3N HCl (3 x 40 mL), saturated NaHCOj (3 x 40 mL), 
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saturated NaCl (3 x 40 mL), dried over MgS04, and filtered off. The solvent was 

evaporated off to yield 0.83 g of a slightly green oil (82.6% yield). 'H NMR (CDClj, 200 

MHz): 5 9.62 (s, IH), 7.35-7.25 (m, 5H), 5.43 (d, IH, J= 6.1 Hz), 4.50 (s, 2H), 4.31 (m, 

IH, y = 3.7 Hz), 3.99 (dd, IH, 7 = 3.3 Hz), 3.70 (dd, IH, J= 4.1 Hz), 1.45 (s, 9H). ''C 

NMR(CDCl3, 50 MHz): 5 199.15, 137.22, 128.48, 128.35, 127.95, 127.66, 80.19, 73.50, 

67.78, 60.02, 28.24. 

Preparation of N^-Boc-N'^-benzylglycine (48). To a solution of conmiercial N-

benzylglycine hydrochloride (2.0 g, 9.91 mmol) dissolved in 25 mL of a 2:1 mixture 

dioxane/water, were added 12 mL of I N NaOH. The mixture was stirred and cooled 

down in a ice-bath. Then, ditertbutyldicarbonate (Boc),0 (2.38 g, 10.9 mmol) was added, 

and the mixture stirred at room temperature. After 5 h, TLC (MeOH/AcOEt/ACOH, 

50:50:1) indicated total consumption of starting material. The reaction mixture was 

quenched with 30 mL of H^O and extracted with ethyl acetate (4 x 20 mL). The aqueous 

phase was acidified with powder citric acid up to pH 2 in a ice-bath, and then extracted 

with AcOEt (4 x 20 mL). The organic phase was dried over MgS04, filtered and the 

solvent evaporated off to yield 2.52 g of a pink solid (Rf = 0.559) in 95 % yield. 'H NMR 

(CDClj, 200 MHz): 5 7.36- 7.24 (m, 5H), 4.53 (d, 2H, J = 6.6Hz), 3.96 (s, IH), 3.82 

(s,lH), 1.48 (s, 9H). "'C NMR (CDClj, 50 MHz): 6 175.62, 175.18, 156.03, 155.57, 

137.16, 128.60, 128.49, 81.12, 80.91, 51.52, 50.88, 47.52, 28.23. An interesting solvent-

dependent difference in the 'H NMR spectra of compound 48 was observed when DMSO 

was used as a solvent, maybe due to a different rotamer population as observed below: 
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•H NMR (DMSO, 200 MHz): 5 7.34-7.24 (m, 5H), 4.40 (s, 2H), 3.84 (s, IH), 3.75 (s, 

IH), 1.37 (d, 9K,J= 7.04Hz). 

Preparation of N°-Boc-N"-benzylgIycine-N-methoxy-N-methylamide (49). Following 

the same procedure outlined for 46 but using compound 48 led to 49 after flash 

chromatography purification (AcOEt/Hexanes, 1:1), as a colorless oil (73 % yield). 'H 

NMR (CDClj, 200 MHz): 5 7.32-7.25 (m, 5H), 4.57 (s, IH), 4.54 (s, IH), 4.09 (s, IH), 

3.95 (s, IH), 3.64 (s, 2H), 3.58 (s, IH), 3.17 (s, 3H), 1.47 (s, 9H). ''C NMR (CDCI3, 200 

MHz): 5 156.03, 138.05, 128.45, 128.06, 127.45, 127.18, 80.29, 61.20, 51.47, 50.81, 

46.81,28.32. 

Preparation of N^-benzylglycine-N-methoxy-N-methylamide (50). Compound 49 

(0.340 g, 1.10 mmol) was dissolved in 20 mL of a 95 % TFA/DCM solution at room 

temperature. After 1.5 h TLC (Hexanes/AcOEt, 1:1) showed no presence of starting 

material, thus the reaction was stopped and the volatiles evaporated off. The crude 

yellow oil was dissolved with 50 mL of a 30% NaOH aqueous solution. The reaction 

was stirred for I h and the TLC of the AcOEt extracts showed a clear amine-Iike spot in 

the above solvent system. The organic phase was dried in MgS04, filtered and 

evaporated off to yield 0.236 g (100 % yield) of a yellow oil. 'H NMR (CDCI3, 200 

MHz): 5 7.34-7.24 (m, 5H), 3.83 (s, 2H), 3.62 (s, 3H), 3.55 (s, 2H), 3.18 (s, 3H). "C 

NMR (CDCI3, 50 MHz): 5 172.70, 139.33, 128.35, 128.22, 127.03, 61.20, 53.17, 48.24, 

32.25. If we compare the 'H NMR spectra of both compound 49 and 50 we can see an 
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important difference in splitting patterns shown by the methylene and methyl groups, 

with and without Boc group. 

Preparation of N''-beiizyl-N''-[(l-bei]zyloxymethyl-l-tertbutyloxycarbamate)-

ethanej-gtycme-N-methoxy-N-methylamide (Sla). In a round bottom flask was 

dissolved compound 50 (0.207 g, 0.99 mmol), and NaBHjCN (0.186 g, 2.97 mmoi) in 7 

mL of trimethylorthoformate (TMOF) under N, atmosphere. After 15 min of stirring at 

room temperature, aminoaldehyde 47 dissolved in 3 mL of TMOF was added via syringe. 

After overnight stirring under the above conditions no change was observed by TLC. 

Thus, 0.84 g of MgS04, 3 more equivalents of NaBHjCN, and 0.5 mL of AcOH were 

added and the reaction stirred for 3 more hours. After this period TLC (Hexanes/AcOEt, 

4:6) indicated two new spots were formed, after 1 h TLC indicated a more complex set of 

spots, thus it was decided to stop the reaction. The crude was filtered and the solution 

evaporated off The residue was dissolved in AcOEt (20 nJ!.) and washed with saturated 

NaHCO, solution (2 x 20 mL), brine (2 x 20 mL), then dried over MgS04, filtered and 

evaporated off to yield 0.391 g of a green oil as a crude product. Flash chromatography 

purification using the above indicated solvent system yielded 0.130 g of the expected 

product as a colorless oil (30 % yield). 'H NMR (CDClj, 200 MHz): 5 7.36-7.24 (m, 

lOH), 4.67 (s, IH), 4,51 (s, IH), 4.45 (s, IH), 3.83 (bs, 2H), 3.69-3.61 (m, 3H), 3.53-3.45 

(m, 5H), 3.11 (s, 3H), 2.92-2.79 (m, IH), 1.44 (s, 9H). '^C NMR (CDCI3, 200 MHz): 5 

155.90, 140.97, 139.21, 138.25, 128.91, 128.42, 128.22, 127.81, 127.44, 126.96, 78.90, 
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73.08, 70.51, 70.28, 65.10, 60.95, 58.48, 55.25. 53.10, 28.38. FAB/MS calcd. for 

C^^HjgNjOs [M+I]^ = 472.568; found 472.60. 

Preparation of N°-beiizyl-N°-[(l-beiizyloxymethyl-l-tertbutyloxycarbamate)-

ethaneJ-gfycine-N-methoxy-N-methylamide (51b). Into an oven dried round bottom 

flask containing 0.130 g of flame-activated 4 A molecular sieves and 5.3 mL of MeOH, 

were added under N, atmosphere compound 50 (0.276 g, 1.326 mmol) followed by 47 

(0.370 g, 1.326 mmol), both dissolved in 0.5 mL of MeOH, plus pyridine-borane 

complex (0.15 mL of a 8M solution). After 16 h of stirring at room temperature under N, 

atmosphere, TLC (AcOEt/Hexanes, 6:4) still indicated presence of compound 51. The 

reaction was stirred overnight; TLC showed total consumption of starting materials. The 

reaction was quenched with 1.5 mL of IN HCl and stirred for 2 min, then 2 mL of IN 

NaOH and stirred for 2 min. The reaction mixture was evaporated off and redissolved 

with 20 mL of AcOEt, washed with IN HCl (2 x 20 mL), saturated NaHCO, (2 x 20), and 

brine (2 x 20 mL). The organic phase was dried over MgS04, filtered and evaporated off 

to yield 0.548 g of a colorless oil as a crude product. After flash chromatography 

pimfication, 0.506 g of a slightly green oil was obtained. FCugelrohr distillation of this oil 

yield 0.406 g (65 % yield) of a clear oil which showed the same analytical characteristics 

as 51a with no pjnidine present, as shown by the 'H NMR spectra. 'H NMR (CDClj, 200 

MHz): 6 8.61 (d, 2H, /= 5.5 Hz), 7.94 (t, IH), 7.52 (t, 3H), 7.33-7.27 (m, 7H), 4.52 (s, 

IH), 4.46 (s,lH), 3.80 (m, 2H), 3.63 (m, IH), 3.49 (s, 2H) 3.12 (s, IH), 1.44 (s, 9H). 
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Preparation of N°-Benzyl-N°-[(l-beiizyIoxymethyI-l-tertbutyIoxycarbamate)-

ethane]>giycmal (52). To a stirred solution of 51 (0.105 g, 0.223 mmol) dissolved in 5.5 

mL of ether at CC, was added slowly LAH (0.0105 g, 0.28 mmol). After 30 min TLC 

(Hexanes/AcOEt, 4:6) indicated the presence of a new, less polar, spot. The reaction was 

stirred at 0°C for 10 more min and then TLC showed a more complex mixture. The 

reaction was then quenched by careful addition of 53 mg of KHSO4 dissolved in I mL of 

HjO. To the mixture was added 4 mL of ethyl ether and the organic phase separated. 

The aqueous phase was extracted with ether (3x5 mL) and the organic phases collected 

and washed with 3N HCl (3x5 mL), saturated NaHCOj (3x5 mL), brine, then dried 

over MgS04, filtered and concentrated under high vacuum to yield 12 mg of a colorless 

oil. FAB/MS calcd. For CyH23N204 [M+1]" = 413. 537; found 413.244, and a base peak 

at [M+l]-18 (H,0) = 395.3. 

Preparation of l-Ben^l-3-ben^loxymethylpiperazine (53). In a round bottom flask 

compound 51 (0.170 g, 0.363 mmol) was dissolved in 60 % TFA/DCM and stirred at 

room temperature for 25 min. The volatiles were evaporated off and the residue was 

redissolved in 10 mL of 30% NaOH aqueous solution. The aqueous solution was 

extracted exhaustively with AcOEt, dried over MgS04, filtered and concentrated to yield 

0.115 g of an orange oil. The oil was immediately dissolved in 4 mL of ether and the 

solution stirred at 0°C under N, atmosphere. To this solution was added LAH (0.016 g, 

0.4 mmol) and the solution was stirred for 20 min at 0°C. Then, KHSO4 (0.042 g) 

dissolved in 1 mL of HjO was added dropwise at that temperature. The reaction mixture 
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was diluted with 30 mL of ether and the phases separated. The organic phase was washed 

with IN HCl (3x10 mL), saturated NaHCO, (2x10 mL) and brine (2x10 mL), dried 

over MgSO^, filtered and concentrated to yield 0.040 g of a green oil. The oil was 

redissolved in situ with 1.5 mL of TMOF and NaBHjCN (0.016 g, 0.256 mmol) was 

added. The reaction was stirred overnight at room temperature and under N, atmosphere. 

TLC of the reaction mixture (Hexanes/AcOEt, 4:6) showed a new amine-Iike spot. The 

reaction was quenched by addition of 5 mL of a 2% HCl aqueous solution. The organic 

phase was dried over MgS04, filtered and concentrated to yield 0.008 g of a yellowish oil 

(7.5 % yield). FAB/MS calcd. for C.gHjjNjO [M+1]^ = 297.196; found 297.30. 

Vin.5.3 Strategy Based on Diketopiperazine Reduction 

Preparation of N°-Boc-Ser(OBzi)-N°-benzyIglycine ethyl ester (54). Into a solution of 

N-benzylglycine ethyl ester (1 g, 5.17 mmol), N-Boc-Ser(OBzl)-OH (1.52 g, 5.17 mmol), 

and HOBT (1.46 g, 10.8 mmol) dissolved in 20 mL of DCM and at 0°C, was added 

dropwise dicyclohexylcarbodiimide (DCC) (1.12g, 5.40 mmol), dissolved in 5 mL of 

DCM. The reaction was stirred and allowed to warm to room temperature overnight. 

TLC (Hexanes/AcOEt, 4:6) showed total consumption of the benzylglycine ester. The 

crude mixture was diluted with 100 mL of DCM, filtered twice to eliminate most of the 

urea by-product to yield, after evaporation of the solvent, a slightly green oil. Flash 

chromatography purification gave 1.96 g (80.6 % yield) of a colorless oil. 'H NMR 

(CDCI3, 200 MHz): 5 7.3-7.22 (m, lOH), 5.43 (d, IH, J= 7.9 Hz), 4.98 (d, IH, J= 14.5 
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Hz), 4.73 (d, lH,y= 13.1 Hz), 4.51 (s, 2H), 4.42 (d, IH, J= 14.7 Hz), 4.17-4.07 (m, 3H), 

3.74-3.63 (m, 2H), 1.43 (s, 9H), 1.22 (t, 3H, y = 6.9 Hz). ''C NMR (CDCI3, 200 MHz): 6 

171.65, 168.90, 168.65, 155.02, 135.98, 128.79, 128.30, 128.01, 127.89, 127.82, 127.62, 

127.39, 79.78, 73.38, 71.31, 61.55, 51.96, 50.14,46.93, 28.23, 14.04. 

Preparation N"-Boc-Ala-N°-beiizyIglycine ethyl ester (55). Following the same 

procedure outlined for 54 but using Boc-Ala-OH led to 55, after flash chromatography 

purification (AcOEt/Hexanes, 1:1), as a colorless oil (93 % yield). 'H NMR (CDCI3, 200 

MHz): 5 7.37-7.20 (m, 5H), 5.48 (bs, IH), 4.80-4.50 (m, 3H), 4.18-4.11 (dd, 3H), 1.44-

1.42 (bs, 9H), 1.39-1.34 (dd, 3H), 1.28-1.20 (td, 3H). ''C NMR (CDCI3, 50 MHz): 5 

173.80, 168.89, 168.72, 155.11, 154.86, 136.06, 135.25, 128.87, 128.55, 128.05. 127.97, 

127.54, 127.17, 79.56, 51.53, 61.07, 60.24, 51.70, 49.86, 48.23, 46.70, 46.06, 28.21, 

19.21, 13.98. FAB/MS calcd. for C.oH^gNA [M+I]' = 365.20 found; 365.10. = 25.16 

min. 

Preparation of N°-Boc-Phe-N°-benzylglycine ethyl ester (56). Following the same 

procedure outlined for 54 but using Boc-Phe-OH led to 56 (2.116 g), after flash 

chromatography purification (AcOEt/Hexanes, 1:1), as a white solid (93 % yield). 'H 

NMR (CDCI3, 200 MHz): 5 7.28- 7.21 (m, 8H), 7.11-7.01 (m, 2H), 5.27 (dd. IH, J = 

4.38), 4.75-4.61 (m, IH), 4.56-4.48 (m, IH), 4.22-4.06 (m, 2H), 3.14-2.91 (m, 2H), 1.38 

(s, 9H), 1.28-1.18 (m, 5H). ''C NMR (CDCI3, 50 MHz): 6 172.71, 168.74, 135.95, 

129.63, 128.68, 128.57, 128.43, 127.94, 127.65, 127.27, 126.76, 79.72, 61.63, 61.12, 
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51.88, 51.67, 48.21, 47.02, 39.62, 28.24, 14.01. ESI/MS calcd. for [M+lf = 

441.23; found 441.26. 

Preparation of l-Beiizyl-3-benzyl-2,5-diketopiperazme (57) 

(Method I: using BBrj to form the free dipeptide). Compound 56 (1.1 g, 2.5 nunol) 

was dissolved in 60 mL of DCM and the solution cooled down to -10°C. To this solution 

was added IM BBfj solution (3.13 g, 12.5 nunol) dropwise via cannula. The cloudy 

yellow mixture was stirred for 1 h at -10°C and at room temperature for 2 h. The reaction 

was quenched by careful addition of 60 mL of HiO. The layers were separated and the 

organic phase extracted with H,0 (3 x 30 mL). After liophylization of the aqueous phase 

a white-orange solid was obtained, showing a positive ninhydrin test and 95% purity by 

analytical RP-HPLC. FAB/MS calcd. for CigHjiNiOj [M+1]' = 313.18; found 313.10. tR 

= 14.31 min. 

(Using LiOH, 6N HCI). To a solution of compound 56 (0.77 g, 1.75 mmol) in 12 mL of 

5% HiO-dioxane solution, was added LiOH-HiO (0.750 g, 11.75 mmol). The reaction 

was stirred at room temperature and monitored by TLC (Hexanes/AcOEt, 4:6). After 2 h 

TLC indicated total consumption of starting material. The solution was evaporated off 

and the white residue redissolved in 10 mL of 6N HCI. After 1 h analytical RP-HPLC 

showed only one peak at 14.32 min. The solution was washed with AcOEt (3 x 30 mL) 

and the aqueous phase liophylized to give a white powder with the same analytical 

characteristics (FAB/MS) as the product obtained with the above method. 
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Cyclization. The free dipeptide (0.351 g, 1.008 mmol) was dissolved in 30 mL of DCM 

to form a cloudy solution, which became clear upon addition of DIEA (0.271 g, 2.1 

mmol). The solution was cooled down to 10°C and DCC (0.216 g, 1.05 mmol) was 

added, followed by HOBt (0.141 g, 10.5 mmol), both dissolved in 5 mL of DCM. The 

reaction was allowed to warm up to room temperature and stirred overnight. The cloudy 

solution was filtered and the filtrate concentrated to yield a white powder. Purification of 

this material was performed by flash chromatography using two solvent systems of 

increasing polarity; however, the yields were considerably poorer. 'H NMR (CDCI3, 200 

MHz): 5 7.32-7.15 (m, lOH), 4.46 (s, 2H), 4.3 (bs. IH), 3.49 (d, IH, y = 17.6 Hz), 3.17 

(m, 2H). 2.92 (d, IH, J = 17.6 Hz). '^C NMR (DMSO, 50 MHz): 6 165.49, 165.00, 

135.70, 130.14, 128.54, 128.35, 128.12, 127.58, 126.83, 55.60, 48.49, 48.25, 39.24. 

ESl/MS calcd. for C,gH„NA. [M+1]^ = 295.13; found 295.10. m.p. = 172-173 "C 

Preparation of l-Beii2yI-3-beiizyl-2,5-diketopiperazine (57) (by in situ deprotectioii-

cyclization sequence). Compound 56 (1.15g, 2.61 mmol) was treated with 14 mL of 

95% TFA-DCM at room temperature and monitored by TLC (MeOH/AcOEt, 4:6). After 

1 h TLC indicated total consumption of starting material. The reaction is evaporated off 

and the residue (a yellow oil) was dried under high vacuum for 2 h to remove most of the 

TFA (tR= 17.5 min). The residue was redissolved in 10 mL of DCM and 2 mL of TEA 

were added at room temperature; upon addition of TEA the clear solution became cloudy. 

The reaction was stirred at room temperature and after 2 h analytical RP-HPLC indicated 

total absence of the peak at 17.5 min and a new one at 16.6 min. Also, the reaction was 



270 

monitored by TLC in the above solvent system spraying the TLC with an ethanolic 

solution of ninhydrin and heating; the product is obviously ninhydrin inactive. The 

mixture was evaporated off and the residue purified with two solvent systems of 

increasing polarity; (Hexanes/AcOEt, 4:6) until all the hydrophobic contaminant was 

eliminated and then (MeOH/AcOEt, 4:6), to elute the desired compound. Concentration 

of the collected pure fractions gave 0.853 g of compound 57 as a white solid (98 % yield) 

showing the same analytical and spectroscopic characteristics described above. 

Preparation of l-Beiizyl-3-methyl-2,5-diketopiperazine (58). Following the same 

procedure outlined above for 57 but using 55 led to 58, after flash chromatography 

purification (MeOH/AcOEt, 4:6), as a white solid (75 % yield). 'H NMR (CDjOD, 200 

MHz): 5 7.36-7.26 (m, 5H), 4.60 (d, 2H, J = 3.1 Hz), 4.11 (q, IH,7 = 7 Hz), 3.88 (s, 2H), 

1.45 (d, 3H, J= 6.96 Hz). '^C NMR (CD3OD, 50 MHz): 5 169.46. 167.95, 136.96, 

129.92, 129.11, 128.99, 128.91, 52.02, 19.84. ESL^S calcd. for C,,H,5N,0, [M+1]" = 

219.10; found 219.01. m.p. = 137-138 "C. 1^= 9.17 min. 

Preparation of l-Benzyl-3-benzyloxymethyi-2,5-diketopiperazine (59). Following 

the same procedure outlined above for 57 but using 54 led to 59 after flash 

chromatography purification (MeOH/AcOEt, 4:6), as a white solid (96 % yield). 'H 

NMR (CDCI3, 200 MHz): 5 7.32-7.20 (m, lOH), 4.75 (d, IH, J = 14.6 Hz), 4.52 (s, 2H), 

4.43 (d, IH, y = 14.6 Hz), 3.97-3.88 (m, 2H), 3.79-3.68 (m, 2H). '^C NMR (CDCI3, 50 

MHz): 5 166.34, 164.43, 137.20, 134.90, 128.83, 128.49, 128.17, 127.97, 127.58, 73.59, 
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71.98,55.93,49.67,49.13. ESI/MS calcd. for [M+lf = 325.08; found 325.0. 

ni.p. = 149-150°C. Ir = 18.65 min. 

Preparation of l-Beiizyl-3-beiizyIoxymethylpiperazine (53). A solution of compound 

57 (0.60 g, 1.85 mmol) dissolved in 15 mL of dry THF was flushed with nitrogen for 20 

min. The solution was cooled down to 0°C in an ice-bath and LAH (0.35 g, 9.25 mmol) 

was added in portions (slowly at the beginning). The reaction was stirred at room 

temperature for 1 h, then LAH (0.210 g, 5.5 mmol) was added and the reaction stirred at 

room temperature for 36 h. The reaction was cooled down to -10°C and 0.15 mL of a 

15% aqueous NaOH solution were added. After 1 h, 2 mL of HjO were added and the 

reaction stirred overnight. The white precipitate was filtered out and washed with DCM 

(3 X 20 mL). The solution was dried over MgSOj, filtered and concentrated to give 0.46 

g of a slightly green oil (84 % yield). 'H NMR (CDCI3, 200 MHz): 5 7.30-7.25 (m, I OH), 

4.47 (s, 2H), 3.48 (s, 2H), 3.39-3.33 (m, 2H), 3.1-2.9 (m, IH), 2.9-2.85 (m, 2H), 2.08 (td, 

IH, y = 4.04 Hz), 1.82 (t, IH, J = 10.2 Hz). "C NMR (CDCI3, 50 MHz): 5 137.99, 

137.81, 129.08, 128.29, 128.09, 127.62. 127.58, 126.94, 73.27, 72.52, 63.30, 55.74, 

54.47, 53.61,45.03. FAB/MS calcd. for C.^H.^N,© [M+1]^ = 297.4219; found 297.1967. 

Preparation of l-Beiizyl-3-niethylpiperazine (60). Following the same procedure 

outlined above for 53 but using 58 led to 60 as a yellow oil (98 % yield). 'H NMR 

(CDCI3, 200 MHz): 5 7.33-7.24 (m, 5H), 3.49 (s, 2H), 2.92 (dd, 2H, J = 2.5 Hz), 2.90-

2.82 (m, IH), 2.76 (dd, 2H, J = 2.2 Hz), 2.03-1.97 (m, 2H), 1.01 (d, 3H, J = 6.3 Hz). '^C 
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NMR (CDCIj, 50 MHz): 5 137.95, 129.04, 128.03, 126.84, 63.25, 61.14, 53.47, 50.36, 

45.73, 19.82. ESI/MS calcd. for C,2H,^,[M+ir = 191.105; found 191.20. 

Preparation of l-Beiizyl-3-beiizylpiperazme (61). Following the same procedure 

outlined above for 53 but using 59 led to 61 as a brownish oil (97 % yield). 'NMR 

(CDCI3, 200 MHz): 5 7.33-7.17 (m, lOH), 3.50 (d, 2H, J = 5.8 Hz), 3.09-2.82 (m, IH), 

2.88-2.70 (m, 4H), 2.67-2.50 (m, IH), 2.09 (td, 2H, J= 3.9 Hz, 10.8 Hz), 1.91 (t, IH. 7 = 

10.3 Hz). "C NMR (CDCI3, 50 MHz): 5 138.45, 137.98, 129.14, 128.45, 128.13, 

128.04, 126.96, 126.31, 63.26, 59.54, 56.23, 53.25, 45.62, 40.71. ESI/MS calcd. for 

C,gH23Nj [M+l]+ = 267.14; found 267.20. 

Preparation of l-[4-r-ButyI-3'-(2-inethoxyethoxymethyl)|benzhydryl chloride (62). 

A mixture of alcohol 37 (4.16 g, 12.07 mmol) and triphenylphosphine (6.33 g, 

24.1mmol) in 35 mL of carbon tetrachloride was refluxed under Ar. After 30 min the 

clear yellow solution formed a heavy white precipitate. After 4 h TLC (Hexanes/AcOEt, 

1:1) of the crude mixture (a brown suspension) indicated total consumption of 37. The 

reaction was allowed to cool down to room temperature and then 40 mL of hexane were 

added. The mixture was filtered and the precipitate washed with hexane several times. 

Concentration of the milky-white solution gave 3.23 g of a brownish oil. Flash 

chromatography purification using the above solvent system produced 3.05 g of a slightly 

green oil (71 % yield). 'H NMR (CDCI3, 200 MHz) 5 7.34-6.80 (m, 8H), 6.07 (s, IH), 

3.75 (s, 3H), 3.83-3.79 (m, 2H), 3.56-3.52 (m, 2H), 3.36 (s, 3H), 1.29 (s, 9H). '^C NMR 
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(CDClj, 50 MHz): 6 142.68, 129.50, 129.39, 128.01, 127.36, 125.44, 121.22, 115.98, 

115-55,93.46,71.53, 67.63,63.92, 58.98, 34.51,31.33, 31.23. 

Preparation of l-[4-f-Butyl-3'-{2-methoxyethoxymethylbeiizhydryl)l-2-

beiizyloxymethyl-4-beiizylpiperazme (63). Compound 53 (0.430 g, 1.45 mmol) and 

FCiCOj (0.60 g, 4.3 mmol) were dissolved in 10 mL of MeCN, complete disolution was 

obtained after a few minutes of heating. Then, chloride 37 (0.526 g, 1.45 mmol) was 

added dissolved in 1.5 mL of MeCN. After 2 h of reflux under nitrogen atmosphere TLC 

(Hexanes/AcOEt, 4:6) indicated no presence of compound 37. The reaction was filtered 

and the precipitate washed several times with DCM. After concentration of the solution 

1.028 g of a brown oil was obtained. Flash chromatography purification of the crude 

gave 0.67 g of compound 63 (77 % yield). 'H NMR (CDCIj, 200 MHz): 5 7.34-6.82 (m, 

18H), 6.06 (s, IH), 5.25 (s, 2H), 5.21 (d, IH), 4.35 (d, IH), 3.81-3.76 (m, 4H), 3.56-3.48 

(m, 4H), 3.36 (s, 3H), 3.34 (d, IH), 3.01 (m, IH), 2.75 (m, IH), 2.53-2.23 (m, 3H), 1.30 

(s, 9H), 1.25 (s, 9H). "C NMR (CDClj, 50 MHz): 5 157.29, 149.54, 149.42, 145.81, 

143.77, 145.81, 143.77, 140.22, 138.59, 138.19, 129.23, 129.18, 128.97, 128.18, 127.26, 

126.82, 125.42, 125.18, 122.02, 121.21, 121.22, 115.99, 115.55, 93.46, 71.54, 72.56, 

69.69, 67.63, 63.04, 58.98, 52.83, 34.29, 31.23, 25.55. FAB/MS calcd for C4oHs,NA 

[M+lf = 623.85; found 623.39. 

Preparation of l-(4-f-Butyl-3'-hydroxybenzhydryl)-2-hydroxymethyl-4-

ben^lpiperazine (64). Compound 63 (0.10 g, 0.16 mmol) was dissolved in 3 mL of dry 

THF. The mixture was flushed with nitrogen for 25 min, then 0.05 g of Pd-C were added 
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and the reaction capped with a balloon filled with H,. The reaction was monitored by 

TLC ( Hexanes/AcOEt, 1:1). After 7 h, total consumption of starting material was 

observed. The mixture is filtered out through celite and the catalyst washed with EtOH 

several times. After concentration of the solution 0.082 g of a yellow oil were obtained 

(96.3 % yield). 

Cleavage of MEM protecting group. The above residue was dissolved in 0.5 mL of a 

1:1 solution of MeOH/dioxane. The solution was cooled down to 0°C then 1.5 mL of 4N 

HCl was added and stirred overnight allowing to warm to room temperature. The 

mixture was evaporated off to dryness and the residue was treated with cold ether. The 

white-yellow precipitate was triturated with ether several times and then dried under high 

vaccum. Analytical HPLC shows two peaks in a 1:1 ratio which, after HPLC separation, 

were shown to be the two corresponding diastereoisomers. Flash chromatography 

purification of the residue using two solvent systems of increasing polarity, 

(Hexanes/AcOEt, 8:2) then (MeOH/AcOEt, 1:1), gave 0.042 g of compound 64 as a 

slightly yellow solid (65 % yield). 'H NMR (CDjOD, 200 MHz): 5 7.43-6.69 (m, 13H), 

4.85 (s, 2H), 4.66 (d, IH, 7= 12.1 Hz), 4.44 (d, IH, 7= 12.1 Hz), 3.97 (m, IH), 3.65-3.50 

(m 3H), 3.37-3.30 (m,3H), 2.99 (m, IH), 1.26 (s, 9H). '^C NMR (CDjOD, 50 MHz): 5 

130.26, 130.29, 130.06, 129.92, 129.12, 129.08, 127.28, 121.23, 74.38, 35.40, 31.54. 

FAB/HRMS calcd. for C^^Hj^NA [M+l]" = 445.6272; found 445.2855. Analysis calcd. 

for C29H36N2O2-HCI: C, 67.49; H, 7.43; N, 5.43. Found: C, 67.16; H, 7.45; N, 5.30. m.p. 

= 139-140''C. tR = 25.49 min. 
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Preparation of I-(4-/'-BotyI-3'-hydroxy benzhy dryI)-2-beiizy IoxymethyI-4-

benzylpiperazine (65). Following the same procedure outlined above for 64, but without 

performing hydrogenolysis of the 0-benzyl group, gave 65 as a slightly red solid (40 % 

yield). 'H NMR (CD3OD. 200 MHz): 5 7.28-7.15 (m, 15H), 6.90-6.83 (m, 2H), 6.7 (ra. 

IH), 4.87 (s, 2H), 4.37-4.30 (m, 2H), 3.88 (td, 2H, J = 3.08 Hz), 3.75 (td, 2H, J = 2.92 

Hz), 3.58-3.96 (m, 2H), 3.04-2.87 (m, IH), 2.79-2.74 (m, IH), 2.54 (t, 2H, J = 8.88 Hz), 

2.38 (d, 2H), 1.25 (s, 9H). '^C NMR (CD3OD, 50 MHz): 5 157.02, 147.34. 141.79, 

139.62, 130.33, 129.43, 129.27, 128.83, 128.76, 128.57, 128.41, 128.22, 126.16, 110.43, 

74.01, 63.93, 55.33, 54.02, 38.99, 31.78. FAB/HRMS calcd. for [M+1]* = 

535.7524; found 535.3325. Analysis calcd. for C36H42N2O2-2HCI: C, 71.34; H. 7.33; N, 

4.64. Found: C, 73.0; H, 7.35; N, 4.64. m.p. = 85-86''C. 1^= 29.66 and 30.19 min (both 

diaestereoisomers, 1:1 ratio). 

Preparation of l-(4-/-Butyl-3'-hydroxyben2hydryi)-2-niethyl-4-benzyIpiperazine 

(66). Following the same procedure outlined above for 65 but using 60 led to 66 as a 

slightly yellow solid (43 % overall yield in two steps). After several experiments it was 

found out that in order to achieve better yields, in the 8^2 reaction, the reflux temperature 

had to be around 100°C and longer reaction times (9 h) must be used, compared with 

compound 64. 'H NMR (CD3OD, 200 MHz): 5 7.48-7.12 (m, 13H), 6.65 (bs, IH), 4.41-

4.23 (m, 2H), 3.7-3.1 (m, 7H), 1.17 (d, 12H). ''C NMR (CD3OD, 200 MHz): 6 159.44, 

132.73, 131.73, 131.65, 131.44, 130.38, 129.73, 129.54, 129.34, 129.28, 127.46, 127.32, 

78.26, 61.93, 61.84, 35.45, 31.73, 31.55. FAB/HRMS calcd. for Cj^Hj^N^O [M+1]^ = 
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429.6256; found, 429.2906. Analysis calcd. for C,9H36N,0-2CF3C02H: C, 60.41; H. 5.85; 

N, 4.27. Found: C, 60.2; H, 5.89; N, 4.10. m.p. = 173-175 °C. Ir = 25.21 min (only one 

diaestereoisomer). 

Preparation of l-(4-r-Butyl-3'-hydroxybeiizhydryl)-2-beiizyl-4-benzyIpiperazine 

(67). Following the same procedure outlined above for 65 but using 61 led to 67 as a 

slightly yellow solid (41.6 % overall yield in two steps). Also, it was found after several 

experiments that to get better yields, in the 8^2 reaction, the reflux temperature had to be 

around 100°C and longer reaction times (9 h) must be used, compared with compound 64. 

'H NMR (CD3OD, 200 MHz): 5 7.42-7.47 (m, lOH), 7.14-7.03 (m, 3H), 6.90-6.82 (m. 

3H), 6.72-6.78 (m, IH), 6.35 (d, IH), 6.72 (d, lH,y= 12.8 Hz), 4.02 (d, lH,y= 12.5 Hz), 

3.59-3.50 (m, 2H), 3.37- 3.24 (m, 3H), 3.03-2.91 (m, 4H), 2.77-2.66 (m, IH). 'T NMR 

(CD3OD, 50 MHz): 8 171.49, 138.57, 138.35, 138.04, 137.17, 132.24, 131.56, 131.32, 

130.32, 129.49, 129.83, 129.60, 129.23, 128.47, 126.97, 116.06, 115.90, 78.77. 61.84, 

57.35, 53.57, 50.95, 43.32, 35.21, 31.99, 31.63. FAB/HRMS calcd. for C35H4,N,0 

[M+1]' = 505.3219; found 505.3230. Analysis calcd. for C3JH40N2O-2HCI: C, 72.97; H, 

7.36; N, 4.86. Found: C, 72.90; H, 7.52; N, 4.54. m.p. = 170-172°C. Ir = 28.31 and 29.85 

min (both diaestereoisomers). 
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Vin.6 Solid-Phase Strategies: Toward the Development of a Combinatorial Library 

Vin.6.1 Strategy Based on a Retro-Michael (REM) Reaction 

Preparation of N"-Boc-GIycinefluorenylmethylester (68). To a mixture of Boc-GIy-

OH (2 g, 11.4 mmol), DCC (2.8 g, 13.7 mmol) and dimethyiaminopyridine (0.14 g, 1.14 

mmol) dissolved in 30 mL of THF, was added, under nitrogen atmosphere, 

fluorenemethanol (2.67 g, 14.8 mmol) dissolved in 5 mL of THF. The mixture, a white 

yellow suspension, was stirred at room temperature and monitored by TLC 

(Hexanes/AcOEt, 6:4). After 2 h, TLC indicated two new spots. After 5 h, no change 

was observed and the volatiles were evaporated off. The solution was redissolved in 50 

mL of AcOEt, and the insoluble materials filtered off. The filtrate, a slightly green 

solution, was washed with 1% citric acid (3 x 20 mL), HiO (2 x 20 mL), 0.5 N NaHCOj 

(2 X 20 mL), HiO (2 x 20 mL), dried over MgS04, filtered and concentrated. The oily 

residue was purified by flash chromatography using the above indicated solvent system. 

Concentration of the pure collected fractions gave 3.5 g of compound 68 as a slightly 

yellow foam (87 % yield). 'H NMR (CDCl,, 200 MHz): 5 7.776 (d, 2H, 7.4 Hz), 7.57 

(d, 2H,y= 7.3 Hz), 7.38-7.28 (m,4H),4.43 (d, 2H, J =7.3 Hz),4.23 (t, IH, 7.2 Hz),4.01 

(d, 2H, J = 4.7 Hz). 

Preparation of Glycinefluorenylmethylester tosylate salt (69). Compound 68 (0.141 

g, 0.4 mmol) was treated with 1.8 mL of neat TFA. The solution was stirred at room 

temperature for 1 h. Then, the solvent was removed by vacuum and 0.078 g of p-

toluenesulphonic acid were added. The residue, a yellow oil, was triturated with cold 
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ether and a white precipitate was formed. The white solid was washed several times, 

filtered and dried under high vacuum. The solid showed a very positive ninhydrin test. 

'H NMR (CD3OD, 200 MHz): 5 7.91 (d, 2H, 7 = 6.88 Hz), 7.37 (d, 2H, J = 7.2 Hz), 7.48-

7.31 (m, 4H), 4.53 (d, 2H, 6.8 Hz), 4.31 (t, IH, 7 = 6.7 Hz), 2.07 (s, 2H). m.p. = 145-

148°C. 

Preparation of N°-Fmoc-GlycinethiobeiizyIester (70). To a stirred of a solution of N"-

Fmoc-Gly (1.5 g, 5.04 mmol) and benzylmercaptan (1.18 mL, 10.09 mmol) dissolved in 

50 mL of dry THF, was added, at room temperature, a mixture of DMAP (0.6 g, 5.0 

mmol) and DIC (0.7 g, 5.5 mmol) both dissolved in 2 mL of THF. The clear solution 

turned slightly green after few minutes of stirring at room temperature. After 40 min, the 

color was deep yellow and the reaction was stirred overnight. The reaction mixture was 

concentrated under vacuum, and the residue redissolved in 70 mL of AcOEt, and washed 

with IN HCI (2 X 20 mL). The organic solution was filtered and dried over MgS04. 

After filtration and concentration of the solution, a brownish semisolid was obtained. 

Purification of the crude by flash chromatography (Hexanes/AcOEt, 8:2) gave compound 

70 as a yellow oil (92 % yield). 'H NMR (CDCI3, 200 MHz): 5 7.38 (d, 2H, 6.9 Hz), 7.59 

(d, IH, y = 6.8 Hz), 7.42-7.24 (m, 9H), 5.35 (bs, IH), 4.43 (d, 2H, J = 6.8 Hz), 4.21 (t, 

IH, y = 6.72 Hz), 4.14 (s, 2H). '^C NMR (CDClj, 50 MHz): 5 196.98, 143.67, 141.25, 

128.87, 128.57, 127.71, 127.47, 125.85, 119.97, 67.35, 50.42,47.10, 32.97. 

Preparation of N°-Fnioc-GIycinal (71). Compoimd 70 (0.53 g, 1.31 mmol) was 

dissolved in 10 mL of dry THF and stirred under nitrogen atmosphere. Then, Pd-C 
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catalyst (0.14 g) was added and the mixture stirred at room temperature for 10 min. To 

this solution was added triethylsilane (0.63 mL, 4 mmol) dropwise via syringe. The 

reaction was stirred for 4 h and monitored by TLC (Hexanes/AcOEt, 4:6), observing no 

change. Three more equivalents of TES were added and the mixture was stirred under 

nitrogen atmosphere at room temperature overnight. Afterwards, TLC showed total 

consumption of starting material 70. The mixture was filtered off through celite and the 

solution concentrated to yield a slightly green oil. The residue was then triturated with 

cold petroleum ether and a white precipitate was formed, which was washed several 

times. TLC of this product indicated only one spot (78 % yield). 'H NMR (CDCl,, 200 

MHz): 5 9.66 (s, IH), 7.76 (d, 2H, J = 7 Hz), 7.59 (d, 2H, 7.2 Hz), 7.44-7.25 (m, 4H), 

5.41 (bs, IH), 4.41 (d, 2H, J= 6.8 Hz), 4.22 (t, IH, 7 = 6.9 Hz), 4.16 (d, 2H, J = 4.7 Hz). 

"CNMR(CDCl3, 50 MHz): 5 143.70, 143.67, 141.30, 127.75, 127.07, 124.99. 112.99. 

67.22, 52.27,47.11. 

Preparation on solid-phase of N-allyl-N-benzyl-N-phenethyl amine (72). 

Preparation of the Michael-Acceptor resin. A 10 mL polypropylene column (Pierce, 

Rockford, IL) was loaded with (hydroxymethyl)polystyrene resin (0.2 g, 0.8 mmol/g) 

(Novabiochem, CA) and swollen in DCM and DIEA (0.3 mL) for I h. Then, acryloyl 

chloride (0.129 mL, 1.6 mmol) was added and the mixture was shaken in a labquake rotor 

for 4 h. After 4 '/S h the resin turned red and washed with DCM (3x3 mL), DMF (3x3 

mL) and MeOH (3x3 mL) and dried under vacuum. 
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Michael Addition. 0.05 g of the Michael-acceptor resin prepared above were swollen in 

DMF (0.7 mL) for 2 h, then phenethylamine (0.01 mL, 0.04 mmoi) was added and the 

column rotated for 20 h at room temperature. The resin was washed with DMF (3 x 2 

mL), DCM (3x2 mL) and methanol (2x2 mL) and dried under vacuimi. The resin 

showed a positive chloranil test. 

Reductive Alkylation, The resin was swollen in benzaldehyde (0.023 mL), AcOH (7.8 

p.L) and DMF (0.8 mL). Sodium triacetoxyborohydride (0.048 g) was added as a solid 

and the resin agitated for 18 h at room temperature. Afterwards, the resin showed 

negative ninhydrin and chloranil tests, indicating the presence of a tertiary amine on the 

resin. The resin was washed with DMF (3x2 mL), 5% DIEA in DMF (3x2 mL), DMF 

(3x2 mL), DCM (3x 2 mL) and methanol (2x2 mL), and dried under vaccum. 

Quaternarization. The resin (0.04 mmol) was swollen with a solution of allyl bromide 

(0.02 mL) in DMF (0.5 mL), and the column rotated for 18 h at room temperature. After 

this period, the resin was washed with DMF, DCM and methanol, then dried under 

vacuum. 

Hoffman-Elimination. To the dried resin was added DIEA (0.02 mL) in 0.5 mL of 

DMF. The column was rotated for 5 h at room temperature, and then the resin was 

drained and washed with DCM (3x3 mL). The filtrate was collected and concentrated to 

yield a colorless oil. ESl/MS calcd. for C,gH2iN [M+1]" = 252.69, found 252.1. 

Preparation (loading) of Aminomethyl Resins with P-Bromopropioinic Acid. Three 

different resins were used: Rink-amide-MBHA (0.41 mmol/g). Rink-amide (0.41 
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mmol/g) and the acid-stable ^MBHA (0.41 mmol/g) (Bachem, Torrence, CA). As 

indicated in Scheme 6.20 only one out of four different coupling conditions was 

successful, giving a negative ninhydrin test on the resin after 4 h of reaction at room 

temperature. Briefly, the resin (any of the three above, 0.15 g) was swollen in DMF for 2 

h. Then, 6 eq. of each P-bromopropionic acid, HOBt and HBTU were added dissolved in 

0.5 mL of DMF each, plus 12 eq. of DIEA. 

VIII.6^ Strategy Based on an On-Resin Intramolecular Cyclization-

Release Reaction 

Loading of the Resin. PAM Resin (0.60 g, 0.69 mmol/g) and Fmoc-Gly-OH (1 eq.) 

were swollen in DMF at room temperature for 1 h. Then, pyridine (3.3 eq.) and 2,6-

dichlorobenzoyl chloride (2 eq.) were added successively and the suspension rotated for 

20 h. The resin was washed and dried under vacuum. A loading of 0.36 mmol/g was 

determined by UV measurement of the formed dibenzofulvene adduct. 

Preparation of Boc-Glycinal (73). Following the same procedure as outlined for 

compound 47 but starting with Boc-Glycine-OH, in two steps, led to 73 as a colorless oil 

(98 % yield). 'H NMR (CDClj, 200 MHz): 5 9.62 (s, IH), 5.22 (bs, IH), 4.03 (bs, 2H), 

1.43 (s, 9H). 

Preparation of Boc-Valinal (74). Followmg the same procedure as outlined for 47, but 

starting with Boc-Vaiine, in two steps, led to 74 as a colorless (pleasant odor) oil (85 % 
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yield). 'H NMR (CDCI3, 200 MHz): 5 9.64 (s, IH), 5.05 (bs, IH), 4.23 (bs, 1H)2.28 (m, 

IH), 1.45 (s, 9H), 1.03 (d, 3H, J = 6.7 Hz), 0.94 (d, 3H, J = 6.9 Hz). 

Preparation on solid-phase of 3-Benzylketopiperazine (75) and 3-Isopropyl-5-

benzylketopiperazine (76). PAM-Gly-Fmoc resin (0.09 g, 0.3 mmol/g) was swollen in 

DMF for 1 h. Then, the resin was treated twice with piperidine 20 % in DMF (2 x 20 

mL) showing a very positive ninhydrin test (complete deprotection). The resin was 

washed with DMF (3x4 mL), TMOF (2x3 mL) and then swollen in benzaldehyde (8 

eq) dissolved in 0.5 mL of TMOF plus 13 (iL of AcOH. The column was rotated for 2 h, 

then drained and washed once with TMOF, followed by addition of sodium 

cyanoborohydride (24 eq) dissolved in 1.5 mL of TMOF. After 1.5 h, both chloranil and 

ninhydrin showed positive test. The resin was washed with TMOF (3x2 mL), and the 

aminoaldehyde (8 eq., either 73 or 74) was added dissolved in 0.5 mL of TMOF followed 

by MeOH (0.03 mL), AcOH (14 jaL) and sodium cyanoborohydride (24 eq.). After 2 h 

the resin showed a positive chloranil and ninhydrin test. The resin was washed with 

TMOF (2x3 mL), DMF (2x3 mL), DCM (2x2 mL), MeOH, and dried under vacuum. 

To promote the intramolecular cyclization-release reaction, the resin was treated with 2 

mL of a 1:1 mixture of toluene/ethanol plus 1% AcOH, and rotated on a Labquake shaker 

at room temperature for 48 h. The resin was drained and washed with ethanol, and the 

filtrate concentrated to yield a brownish semisolid which showed in the case of 73 a 

product 80 % pure as determined by GC/MS analysis. The peak at 10.9 min showed a 

m/z = 190 corresponding to the calculated molecular weight of 75. Likewise, compound 
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76 was produced following the same procedure and identified by GC/MS (11.7 min, m/z 

= 232), but in lower yield. 

Vin.63 Strategy Based on a Mitsunobu-Like Reaction for On-Resin 

Scaffold Construction. 

Loading of andnoresin with Fmoc-Ser(OTrt)-OH. Two polypropylene columns were 

loaded each with Tentagel-S-NH, (0.4 g, 0.47 mmol/g, Elapppolymer, Germany), and 

Rink-MBHA (0.4 g, 0.4 mmol/g). The resins were swollen for 2 h by rotation in a 

Labquake shaker. For Elink-MBHA resin previous deprotection of the amino group with 

20 % piperidine was necessary. The resin was treated with Fmoc-Ser(OTrt)-OH (2.5 eq.), 

HOBt (2.5 eq.), and DIG (3 eq.) in DMF. After 45 min of swelling at room temperature, 

a clear negative ninhydrin test  was observed. The resin was washed with DMF (3x2 

mL), DCM (3 x 2mL), MeOH (3x3 mL) and dried under high vacuum. The loading of 

the resin was calculated by treatment of a resin sample with 20% piperidine in DMF and 

analysis of the solution by UV. The loading was determined to be in the range of 65-75 

%, after several experiments, for both resins. 

On-Resin Reductive Alkylation. The following protocol was used for both resins. 0.15 g 

of resin was swollen in 2 mL of DMF and rotated for 1 h, then treatment of the resin with 

20% piperidine (2 x 20 mL) gave a positive ninhydrin test. The resin was washed with 

DMF (4x2 mL), 1 % AcOH in DMF (2x2 mL, to remove any residual piperidine), and 

TMOF (3x2 mL). The resin was swollen with a solution of amino aldehyde (3 eq. of 73 
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or 77) dissolved in 1 mL of TMOF, and rotated for 1 h. After this time, the resin was 

washed once with TMOF and then treated with sodium cyanoborohydride (24 eq.) and 

MeOH (0.5 mL) in TMOF. The reaction was monitored by ninhydrin and chloranil tests, 

which gave negative and positive results, respectively, after 4 h of rotation at room 

temperature. The reaction was also performed in DMF and the outcome was similar. 

The resin was then washed with DMF (3x2 mL), DCM (3x2 mL), MeOH (3x2 mL) 

and dried under vacuum. 

Second Reductive Alkylation on an On-Resin Secondary Amine. Once chloranil test 

showed clearly positive, the resin was loaded into a glass test tube and swollen in a 

mixture of DMF/ethanol (3:1). In the case of Tentagel, due to its better swelling 

properties, only ethanol was used. Both resins were treated with benzaldehyde (20 eq) 

and pyridine-borane complex (20 eq.). Then, the tube was capped, purged with nitrogen 

and sonicated overnight. After 13 h (depending on the aldehyde) a clear positive 

chloranil test indicated no N-H groups on the resin. The resin was washed with DMF (3 

X 3 mL), DCM (3x3 mL), MeOH (3x3 mL) and dried under vacuum. 

Mitsunobu-like Reaction for On-Resin Piperazine Synthesis. Sulf amide Formation. 

The resin (0.0615 mmol) was swollen in DCM for 1 h and then treated (2 x 30 min) with 

a mixture of l.OM trimethylsilyltriflate (TMSOTf) and 1.5M 2,6-Iutidine in DCM (1 mL 

of each). The resin was washed with DCM (5 x I min), MeOH (3x5 min), and DMF (2 

X 1 min). After washings ninhydrin test showed a complete deprotection of the Boc 

group. The resin was swollen in DCM for 1 h, washed with DCM and then treated with 



2-nitrobenzenesuIfonyI chloride (4 eq.) and DIEA (4 eq.). The resin turned from yellow 

to blue and finally to a strong green color. After 45 min, a negative ninhydrin test was 

observed indicating no NH, groups free on the resin. 

O-Trityl Deprotection. To deprotect the on-resin primary alcohol, the resin was washed 

with DCM, MeOH, and then swollen in DCM for I h. Then it was treated with a mixture 

of 1% TFA / 5% TIPS / 94% DCM (3x2 mL) 3 min each time. Upon addition of the 

first portion of the above cocktail, a strong yellow colored solution appeared whose color 

faded away after a few seconds, indicating successful trapping of the trityl cation by the 

scavenger. The resin was washed with DCM (4x2 mL), DMF (2 x 2 mL). and DCM (2 

X 2 mL). 

Mitsunobu-like Cyclization. The resin was swollen in a solution of sulfamide-betaine 

(78, 3 eq.) in 5% DMF/T)CM. After 5 h, FT-IR (KBr pellet) analysis of a dry resin 

sample showed absence of OH groups, which somehow indicates that cyclization had 

taken place. The resin was washed with DMF (3x2 mL) and DCM (3x2 mL). 

Deprotection of NSulfamide. The resin (0.0615 mmol) was swollen in DCM (2 mL) for 

1 h, and then treated with 2 mL of each I M DBU and 0.5 M mercaptoacetic acid in 

DCM. The reaction was monitored by chloranil test, which after overnight agitation 

turned positive, clearly indicating a secondary amine. The resin was washed with DCM, 

DMF, and MeOH and dried under high vacuum. Afterwards, the resin was treated again 

under the reductive alkylation conditions previously described for an on-resin secondary 

amine, zmd successfully monitored by chloranil test. 
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The Cleavage. At this point, as in most of the solid-phase protocols for small organic 

molecules, the critical part of the process was faced. First of all. it was observed after 

several failed experiments that if no scavenger was used, no product is released from the 

resin as shown by HPLC, probably due to irreversible reattachment with the linker. At 

the moment of writing this chapter only one cleavage cocktail had been used: 95% TP A/ 

2.5% TIPS / 2.5 % HjO. This has not given good results, and as mentioned before it 

needs further work. However, as described above, the colorimetric tests as well as FT-IR 

have indicated that functional group transformations are taking place on the resin, which 

is per se encouraging. 

Preparation of Boc-Alaninal (77). Following the same procedure as outlined for 

compound 47, but starting with Boc-AJanine, in two steps, led to 77 as a white solid (68 

% yield), m.p. = 87-88°C. 'H NMR (CDCI3, 200MHz): 6 9.58 (s, IH), 5.46 (d, IH). 4.2 

(dq, IH, y = 7 Hz), 1.45 (s, 9H), 1.33 (d, 3H). 

Preparation of Triphenylphosphine Cyciic-Sulfamide (78). To a refluxing solution of 

sulfamide under nitrogen atmosphere (1.5 g, 15.6 mmol) in 16 mL of anhydrous pyridine, 

was added 1,2-diamino-2-methylpropane (1.37 g, 15.6 mmol) dropwise for 20 min. The 

resulting mixture was refluxed for another 16 h under nitrogen atmosphere. After 

overnight reaction the color of the clear solution turned yellow. The solvent was 

evaporated off, and the yellow residue was triturated with cold hexane, filtered and dried 

under high vacuum to yield the corresponding 3,3-dimethyl-l,2,5-thiadiazolidine-l,l-

dioxide as a white solid (80 % yield), m.p. = 81-82 °C (lit.^°° 80-83 °C). The above 
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obtained product (1.8 g, 12.3 mmol) was dissolved in 20 mL of dry THF with 

triphenylphosphine (3.24 g, 12.3 mmol). To this solution was added diethylazo 

dicarboxylate (DEAD) (1.94 mL, 12.3 mmol), dropwise and under nitrogen atmosphere. 

After 1/3 of DEAD was added, a white precipitate was formed and the mixture was 

stirred at room temperature for 3 h. The reaction was filtered off and the filtrate, a yellow 

solution, was concentrated to yield 78 as a white light solid (86 % yield). m.p.= 169-

171°C (lit.^ 169-172 °C). 
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CHAPTER IX 

CONCLUSIONS AND FUTURE WORK 

PTK inhibitors. On the basis of the peptide substrate YIYGSFK (1) for 

p60*"^ PTK, obtained from a limited combinatorial library, we have designed 

conformationally and topographically constrained potent/selective inhibitors for this 

enzyme, showing ICjo values in the low micromolar and mediiun nanomolar range. 

Based on these results it has been postulated that the secondary structure of these 

inhibitors, upon interaction at the enzyme active-site, may involve some type of p-tum 

which was shown to be stabilized by the introduction of an intramolecular disulfide bond. 

Mammalian cells contain an enormous nimiber of ATP-utilizing proteins. 

Therefore, the specificity of suitable inhibitors that are competitive with ATP must be 

tested against a variety of protein kinases, as well as other ATP-dependent proteins. 

In our case, the inhibitors obtained in our study were shown to be non-competitive 

with ATP, and thus competitive with protein substrates. There are very few examples 

reported in the literature of the type of PTK inhibitors found in our studies, having a short 

sequence and low IC50 values, that may be used as the starting point of a peptidomimetic 

design. 

In addition, the four isomers of the non-proteinogenic amino acid P-Me(2')Nal 

were introduced at position 3 of the potent inhibitor Y-c[D-Pen-(2')Nal-GSFC]KR-NH2 

(23, ICso = 1.6 jiM). The so called "rotamer scan" showed that the topographical 
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requirements in the active site of the en^nne appear to not be very rigid. Thus, we 

concluded that the interaction enzyme-substrate is not fixed to a prescribed site, as in the 

case of membrane-bound receptors, but fluctuates according with the structural nature of 

the substrate. This broad specificity had been explored in terms of side chain length 

between the phosphorylatable function and the adjacent peptide bond,"' but our results 

support this hypothesis in terms of topographical space as well. 

The introduction of two new non-phosphorylatable tyrosine mimetics at position 3 

of peptide 23 produced the two most potent peptide susbtrate-based inhibitors of p60'"^ 

PTK reported thus far in our studies. 

Selectivity studies performed for peptides 23-30 indicated, in all cases, a high 

Lyn/Src selectivity ratio. In addition, we observed a negative effect of the (J-methyl 

group on the specialized amino acid, in the Lck/Src selectivity ratio. In this case the 

constraint does not significantly enhance the specificity of peptides 25-28 toward p60"®" 

PTK, as does the C" configuration of the x'-unconstrained analogue 24. As discussed 

before, this may suggest that the orientation of the whole side chain relative to the peptide 

backbone is more important than its x' space topography, to distinguish the subtle 

differences at the active sites of these two tyrosine kinases (Lck and Src). 

We have undergoing a collaboration with Dr. X. Zhu (Kinetix Pharmaceuticals, 

Inc), which pursues the cocrystallization of a peptide inhibitor-enzyme (Lck) complex, 

using peptides 27 and 30. In case of success, very important three-dimensional 

information of the mode in which these inhibitors bind to the enzyme will be obtained. 
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Based on those results, a peptidomimetic design of a molecule that may present higher 

inhibitory potency, raetabolically more stable, and able to act in intact cells may be 

obtained. 

S-Opioid receptor peptidomimetic iigands. Based on a high affinity and selective 

"true" peptidomimetic ligand for the 5-opioid receptor (SL-31II), we have explored other 

types of heterocyclic scaffolds. The results from in vitro binding and bioassay 

experiments, have revealed the importance of the piperazine ring not only as a platform, 

but as a pharmacophore that indeed interacts with the receptor. Thus, keeping the 

original piperazine scaffold, we have pursued the second generation of 5-opioid 

peptidomimetic Iigands which explored the functional diversity that can be incorporated 

into the heterocyclic ring template. Towards this goal two solution-phase synthesis were 

investigated. The best outcome was obtained with the route involving a diketopiperazine 

reduction as a way to obtain the functionalized piperazine ring. Using this methodology 

four analogues of SL-3111 were prepared. The results from in vitro binding and bioassay 

experiments revealed an interesting trend in the decrement of bioactivity of these 

analogues as the size of the substituent at that position augments. Based on molecular 

modeling calculations, a possible bioactive conformation for this type of peptidomimetics 

has been proposed. 

Thus, prompted by these observations and to more efficiently explore, via 

combinatorial methods, the postulated pharmacophore sites in our lead, we have studied 
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three different solid-phase protocols toward the synthesis of this type of compounds. 

Although strategically different, the common feature of three explored methods was the 

possibility to incorporate different side chains in the piperazine ring of SL-3 111, and also 

alternate the positions of the aromatic pharmacophores relative to that functionality, 

something that would be cumbersome to achieve by classical solution approaches. 

Even though the proposed chemistry could be reproduced in two of those solid-

phase protocols, we could not validate the building blocks necessary for our purposes. 

The results obtained thus far in the last attempted method are encouraging, even when it 

still requires fine tuning. In this method the whole molecule is built on the solid support, 

therefore, it may offer the possibility of on-screen assays. 

Finally, a third generation of peptidomimetics based on our peptide lead 

[(2S,3R)TMT']DPDPE has been proposed. As shown in Scheme 7.7, the design of such 

molecules is based on the molecular modeling results (conformational searches) 

performed in compounds 64-67. These results have shown the side chain incorporated at 

position two of the piperazine ring on SL-3 III as a viable region to introduce a tyrosine 

ring that may mimic Tyr' in our peptide lead. This would leave a secondary amine 

available for further flmctionalization with hydrophobic and/or aikyl-NH, groups. 
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APENDEXI 

This short appendix intents to provide a easy-to-grasp view of enzyme activity, 

through simple definitions of the most important concepts related to enzyme-substrate 

complex. 

Michaelis-Menten Kinetics. In the classical Michaelis-Menten scheme, the 

enzyme (E) binds substrate (S), forming a non-covalent enzyme-substrate complex (ES) 

which lowers the activation energy for converting substrate to product (P): 

E  +  S  ^  E  - S  ,  E  +  P  ( 5 )  
K  - 1  

For this scheme the initial reaction rate ( Vq) can be shown to be: 

_K,[EUS], Fmax 

[^]o 

Where = KjpJo = the maximum (initial) rate approached as [S]o is increased, 

and K„ = K.i+Ki/K, = the Michaelis-Menten constant. Under normal conditions, 

substrate binding is very fast relative to bond-breaking (K, ~ K., >>>^2). So the 

Michaelis-Menten constant is the dissociation constant for the ES complex. 

K , + K, K , 

While not all enzyme catalj^c process are as simple as that specified above ( i .e, 

single substrate, single catalytic step), for any enzymatic process we can safely assume 
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that will be influenced only by enzyme concentration and by the rate constant (K^jJ 

of the rate-determining step: 

^max ^cat (8) 

(For the simple two step reaction specified above, = K.,). Hence, the two 

parameters, and give insight into interactions at the enzyme active (catalytic) site 

and its substrate binding site, respectively. 

Active Site (K^J versus Binding Site (KJ. Binding interactions between enzyme 

and substrate optimize orientations effects, active site interactions optimize bond 

breaking/reforming process. The overall reaction rate, Vg, is dependent on both optimal 

substrate binding (low K„) and effective active site catalysis (high K^. This can be seen 

mathematically in equation 6. 

Cooperativity. Cooperativity has an inhibitor effect on reaction rate. The key 

here is that cooperative sites bind substrate sequentially. This takes longer than at non-

cooperative sites, which can bind substrate simultaneously and independently of each 

other. 

Irreversible Inhibitors. These inhibitors permanently poison the enzyme catalyst, 

and K„, falls to zero. If the binding site is radically deformed, K„ increases to infinity (no 

substrate bound). Suicides substrates actually bond permanently to the enzymes active 

site or binding site, clogging the binding site. 

Reversible Inhibitors. They partially reduce the reaction rate, and this effect can 

be reversed by removing the inhibitor (as opposed to the permanent effects caused by 
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irreversible ones). Competitive inhibitors often bind at the binding site like a true 

substrate, but then don't undergo subsequent reaction, so the "'apparent" increases. 

Finally, non-competitive inhibitors bind to the en2yme substrate complex and decrease 

Kq,. Because these effects are totally independent of binding, K„ remains unchanged, but 

K^a, decreases. Note that even in the presence of excess substrate, Vq approaches 

value that is lower than that found in the absence of the non-competitive inhibitor. 
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