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1 Introduction and Objective 
 

Today, our concept to treat physiological disorder (i.e. disease) mainly relies on the 

drug receptor theory (chapter 3.1.5) and Fischer’s ‘lock and key’ theory,[1] which 

developed into ‘induced fit’. In other words, certain proteins – in many cases these are 

membrane receptors –, identified as being one element in a signal transduction process 

on a cellular level, are sought to be manipulated, preferably with small molecules, 

because they have the potential to be orally administrable. 

In recent years, the increasing amount of biological and biochemical knowledge 

concerning sequence, structure and function of biopolymers and biochemical 

processes has provided an abundance of new potential targets to the field of drug 

discovery.[2] Especially the enormous progress in the analytical techniques such as X-

ray crystallography, NMR and mass spectrometry, which are able to produce 

structural information, and besides this, PCR-based cloning technologies and the 

sequencing of the (human) genome have contributed a lot to this development. The 

latter produced the field called functional genomics, which is the search for the 

physiological role of a gene for which only its primary sequence is known, and it has 

revolutionized pharmacological research (chapter 3.1.5).  

Unfortunately, much of the obtained knowledge can still be considered as ‘raw data’. 

So far, it did not substantially translate into 1) an enhanced understanding of complex 

pathophysiological processes, which mainly boils down to the understanding of 

protein/protein-, peptide/protein- and nucleic acid/protein interactions and 2) an 

increase of productivity in the drug discovery process (chapter 2.1). An important task 

to be solved remains to find ways to reasonably process, interpret and understand the 

acquired information in order to be able to identify ‘drugable’ targets. This and other 

reasons (chapter 2.1), have forced the drug discovery process to develop into a very 

complex research and business area and to become one of the major driving forces for 

the combination of the classical research disciplines, namely chemistry, biology, 

pharmacology, medicine and even physics. 

Organic chemistry (chapter 2.1 and 2.2) is a helpful tool within this process of 

understanding, because it can give useful insights into the function of proteins by 



providing a (large) number of differently designed molecules, which may interact with 

them. This work is a contribution to the ongoing attempt in medicinal chemistry to 

acquire information about the physiological role of receptors through the elaboration 

of structure activity relationships concerning their ligands.     

In October 1999, a cooperation between Prof. Kessler (TU München) and Solvay 

Pharmaceuticals GmbH (Hannover) on the G protein coupled bombesin receptor 

subtype 3 (BRS-3) was initiated. BRS-3 is a product of genomic research belonging to 

the class of so-called ‘orphan receptors’ with yet unclear physiological role (chapter 

3.1.5 and 3.2.1). It became of interest to the pharmaceutical industry because the 

knock-out mouse model was pointing towards an involvement in obesity (chapter 

3.2.4).  

The starting point for this work are structure activity relationship studies on the – at 

that time - only known high affinity BRS-3 agonists, which are two bombesin-derived 

peptides – octapeptide [D-Phe6,Phe13]Bn(6-13) propylamide and the non-selective 

high affinity nonapeptide [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (chapter 3.2.4). 

Although these peptides allowed previously conducted receptor pharmacology studies 

in cell lines expressing the cloned BRS-3 receptor, they did not prove useful for in 

vivo studies. Therefore, the final goal is to obtain useful tool-substances, preferably 

proteolytically more stable, potent and selective small molecules, which may help to 

elucidate the possible role of BRS-3 in obesity and cancer. Biological evaluation of 

the alanine and D-amino acid scan analogues of these peptides is carried out using 

their ability to mobilize intracellular calcium in BRS-3 transfected CHOG�-16 cells in 

a Fluorometric Imaging Plate Reader (FLIPR) assay (chapter 4.2.1) combined with 

receptor binding studies. 

In the second step, with the initial structure activity relationship (SAR) information in 

hand, different strategies, such as N- and C-terminal deletions (chapter 4.3.4), 

cyclization (chapter 4.3.5), and attaching the identified pharmacophores onto a small 

peptide scaffold (chapter 2.3 and 4.3.6), are applied. If these techniques would render 

a small molecule lead structure, systematic optimization should be possible in 

repeated steps comprising synthesis followed by biological evaluation. Finally, such a 
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lead structure should be useful for the design and parallel synthesis of compounds for 

‘biased libraries’, pursuing the goal to obtain potent and selective small molecules. 

 

The second and smaller part of this thesis is a continuation of G. Sulyok’s work in 

cooperation with Merck KGaA (Darmstadt) on small molecule �v�3 antagonists 

mimicking the RGD sequence, which have been demonstrated to possess enhanced 

pharmacokinetic properties. A series of small molecule azapeptides bearing large 

aromatic systems, heteroaromats and arylethers in the 3-position of glutaric acid, 

which serves as Asp mimetic, is synthesized and evaluated. Furthermore, the effect of 

incorporating a cyclic constrained��-amino acid as replacement for aspartic acid on 

the binding affinity will be investigated. 
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2 Strategies in Medicinal Chemistry 
 

2.1 Medicinal Chemistry in the Context of Drug Discovery  

 

The science of medicinal chemistry deals with the finding, identification, 

characterization, synthesis and optimization of chemical compounds, which are 

potential drug candidates. Medicinal chemistry therefore represents an important 

element in the process of modern drug discovery (Figure 2.1).    

 
     Target
 Identification
and Validation

    Lead
Generation

Early Clinical
Development
Phase I, IIa

 Late Clinical 
Development
Phase IIb, IIIa 

 

Figure 2.1: Schematic depiction of the drug discovery process. Medicinal chemistry is 

involved in lead generation and optimization.    

 

In the last 10 years the prevailing paradigm in drug discovery was the attempt to 

overcome the lack of understanding complex biological systems with a massive use of 

high technology, which should enable universal and complete trial and error. This has 

changed medicinal chemistry, which used to be solely dominated by organic synthesis 

in former days. Today, the focus lies on the rapid, technology-supported identification 

– in silico and/or via synthesis - of new promising leads, their optimization and the 

provision of sufficient amounts thereof for biological testing. However despite the 

existence of high throughput technologies, an ever increasing speed of data processing 

and the huge amount of available information today, the number of new chemical 

entities (NCEs) is on a constant decline.[3] The reasons for this can be found in the 

required high safety standards for drugs, which cause a high failure rate of drug 

candidates and the high existing therapeutic standards, making it difficult and often 

extremely costly to improve already established drugs or therapies. Moreover, despite 

all the high technologies available today, many steps in the overall process of drug 

discovery are still not predictable but instead mainly driven by serendipity. 
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Nevertheless, or perhaps because of this, the pharmaceutical market is extremely 

interesting and profitable. 

The following chapters will give a very brief overview over the important issues 

concerning the complex field of medicinal chemistry and its tools with an emphasis on 

those being relevant for the design of BRS-3 agonists (chapter 4).  

 

 

2.2 Combinatorial Chemistry 

 

Combinatorial chemistry has become an important tool for medicinal chemists, 

because different strategies allow the rapid synthesis of large numbers of compounds. 

Advances in combinatorial chemistry have always been closely related with the 

progress in solid phase synthesis (chapter 4.3.1).[4] 

 

A, B, C

A, B, C A, B, C A, B, C

A B C

AA
BA
CA

AB
BB
CB

AC
BC
CC

A A1 2                                    
Splitting

Coupling A B1 1 A B2 2

B1 B2

C1 C2

A B C1 1 1 A B C2 2 2

A B

Mixing

Repeat procedure x-times  
 

Figure 2.2: A) Single step of the ‘split-mix’ approach, which includes splitting, 

coupling and mixing. B) Parallel synthesis of two compounds in distinct reaction 

vessels employing similar monomers. A, B and C are monomers.  
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The ‘split-mix’ approach has been introduced by Furka in the early 1980s,[5,6] 

Houghten et al. have used a similar method employing tea bags (Figure 2.2).[7,8] A 

single step of this strategy comprises splitting of the solid support (polymer resin) into 

N equal parts (N is the number of employed monomers), coupling of each monomer to 

one of the created fractions and finally mixing of the divided parts. If this whole 

process is repeated x-times, the possible number of theoretically obtainable 

compounds is Nx. This approach leads to compound-mixtures, which, after biological 

screening, have to be deconvoluted, i.e. potential active compounds have to be 

identified. The ‘one-bead-one-compound’ concept followed from the realization that 

the ‘split-mix’ method generates only one distinct type of compound on each resin-

bead.[9] For large libraries a 3-fold excess of beads vs. possible compounds is 

necessary in order to ensure that 95% of all possible molecules are present.[10] 

Biological evaluation of the compounds may be carried out ‘on bead’ using 

antibodies, which induce a coloring of the beads.[11] The following techniques may be 

used for the identification of the ‘active’ compound: Sequencing, mass 

spectrometry,[12] or tagging.[13,14] 

Different from the ‘split-mix’ approach the parallel synthesis strategy uses the 

combinatorial coupling of building blocks to generate single compounds in distinct 

reaction vessels (Figure 2.2). Although this strategy is not suitable for the synthesis of 

extremely large numbers of compounds, it has, compared to the synthesis of 

compound-mixtures, the advantages that deconvolution is not required and biological 

evaluation of single compounds is possible. Geysen et al. were the first to realize 

parallel peptide synthesis on polymer-coated pins.[15,16] The recent development of 

resin bound reagents for organic synthesis is expected to have an impact on the 

synthesis of combinatorial libraries.[17] 

 

 

2.3 Origin and Generation of Lead Structures 

 

Many drugs are derived from natural products, obtained from plants, animals and their 

poisons or microorganisms in an overwhelming structural diversity. However only 
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relatively few compounds directly became drugs, such as morphine, digitoxin, or 

cyclosporin,[18] because the original compounds either had severe side effects, low 

bioavailability, or an antagonist was needed instead of an agonist (or vice versa). In 

most cases, natural products serve as a lead structure. Prominent examples for this are 

the antibiotic tetracyclin,[19] the macrolides epothilone[20] and taxol,[21] or the dolastatin 

peptides,[22] modified derivatives of which are used in cancer therapy. 

Besides natural products, synthetic compounds are an important source for lead 

structures. Although the screening of large compound collections is not a new idea – a 

prominent example are Domagks’ sulfonamides[23] - the advent of the high throughput 

screening (HTS) technology in the 1990s revolutionized the search for lead 

compounds. Today, the ‘ultra’ HTS (uHTS) technology, based on the 1536-well plate 

format, allows the screening of about 100.000 compounds per day.[24] This technology 

has been complemented by the combinatorial/parallel and rapid synthesis of large 

numbers of compounds (chapter 2.2).  

As a contrast to the above-described random search, the so-called de novo design is 

purely knowledge-based.[18] In this approach, molecules with a known 

(crystal)structure are ‘docked’ to the binding pocket of the target protein - with known 

3D structure. A second, more challenging possibility is the stepwise ‘building’ of 

protein ligands. Rational design has been most successful for inhibiting enzymes - 

serine-, aspartyl- or metalloproteases – prominent examples for this are renin,[25,26] or 

HIV-protease.[27,28] However, this approach mainly remained limited to enzymes, 

because of the unavailability of 3D structures and reliable models of more complex 

proteins such as transmembrane receptors.[29,30] 

The so far described methods may be seen as the ‘extreme’ strategies for lead-finding, 

both having their successes and limitations. Therefore, nowadays strategies which try 

to combine both type of elements, random and rational search, are gaining attraction 

in medicinal chemistry.[31] 

Several strategies use neuropeptides as a starting point for the generation of small 

molecule leads. If the solution structure of a peptide is available, a 3D pharmacophore 

model can be generated. Then, in a virtual screening procedure, molecules with a 

similar 3D arrangement of identical or isosteric functional groups can be identified as 
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lead structures. This method has been successfully used for the identification of non-

peptide small molecules as lead structures using cyclic peptides as a starting point (see 

also chapter 3.2.3).[32-34]  
neuropeptide of interest

deletions to identify minimum fragment 
            which retains high affinity

alanine scan to determine key amino acid side chain for:
                  a.) binding  b.) conformation 

attach key side chains to molecular scaffolds

explore spacial arrangement of “side chains”:
   deletions and conformational constraints

optimize “side chains”

nanomolar ligand  
Figure 2.3: ‘Peptoid’ design strategy (Horwell, Howson, Rees, 1988). 

 

Researchers at Parke-Davis (Cambridge, UK) developed the so-called ‘peptoid design 

strategy’ (described in Figure 2.3) as a method to design low molecular weight ligands 

using the chemical structure of mammalian neuropeptides as a starting point[35,36] - the 

term ‘peptoid’ is used here, differently as in chapter 4.4.4, in the sense of ‘a small 

molecule topographical analogue of a peptide’.[37] This strategy is based on the ‘three 

ligand hypothesis’ by Schwyzer, Arïens and Farmer (1980).[37-39] They argued that 

since a nanomolar binding affinity is represented by a binding energy of 

approximately 12.6 kcal.mol-1 (Gibbs-Helmholtz equation), this could be achieved by 

only three appropriately orientated amino acid side-chains. Therefore, it is possible to 

attach the pharmacophores, which are assumed to have a certain spatial proximity, 

onto a molecular scaffold of small size.   
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Moreover, the evaluation and classification of common drug shapes[40] has led to the 

identification of so-called ‘privileged scaffolds’ for specific classes of target proteins. 

These scaffolds represent common motives repeatedly found in known ligands, and 

constitute a possible starting point for the design of new libraries.[41,42] In case of 

GPCRs 4-phenyl-piperazine was the most frequently occurring fragment.[43] 

 

 

2.4 Optimization of Lead Structures 

 

In many cases a new drug has to combine many features exceeding efficacy, such as 

selectivity, low toxicity of the drug and its metabolites. Furthermore, oral 

administration is desirable and distribution/excretion parameters should be such that 

the drug has to be administered not more than once a day. These aspects are mainly 

determined by the pharmacokinetic properties of a compound, also known as ADME-

parameters (absorption, distribution, metabolism, excretion).[44] Very often toxicity is 

included in the term (	 ADMET), because these issues together are intensely 

investigated before and during the clinical phases I and II of a promising candidate. 

Due to the high costs of these studies and ethical aspects, they can only be carried out 

for a few selected compounds. Increasing attempts are made to use simple models, 

such as an absorption test using Caco-2 cells, toxicity tests (e.g. ATP measurements, 

enzyme release), or in vitro metabolism assays using liver microsomes or hepatocytes, 

in order to determine and predict these characteristics of a compound as soon as 

possible (known as ‘early ADME’ or eADME).[45-47]  

Semi-empirical methods enable a rough prediction whether compounds can be 

classified as so-called ‘druglike molecules’. An important parameter of a compound 

influencing the above-mentioned properties, especially relating to absorption, is 

lipophilicity. The biologically active molecule, after oral administration, needs to 

sufficiently dissolve in an aqueous solution (e.g. in the stomach, blood) and pass 

several lipophilic cell membranes until it reaches its target tissue. Corwin Hansch
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developed a model simulating these processes.[48] Thereby the partition coefficient P 

between 1-octanol and water serves as criterion for the lipophilicity of a compound:  

in waterconstant on dissociati :            
)-(1[compound]

[compound]  
water

octanole
�

��

�P

 

Because most contributions from fractions of larger molecules add up in a linear 

fashion in this model, the lipophilicity, which is presented as the logP, of any desired 

molecule can be calculated (	 cLogP) using computer programs.[49] Depending on 

the mode of action of a specific drug most cases require a bivalent character with 

respect to lipophilicity, because too lipophilic compounds will be easily resorbed but 

are quickly eliminated (first pass effect), too polar compounds will not be able to pass 

membranes.  

The relation between lipophilicity, the number of H-bond donors and -acceptors, and 

molecular weight and the absorption- and permeability properties was finally 

summarized by Lipinski et al.,[50] who analyzed 2245 compounds out of a 50.000 

compound database, having superior physico-chemical properties - they managed to 

enter clinical phase II. Based on this analysis, a practical ‘rule of five’ was set up, 

which states that poor absorption and permeability are likely, when: 

 

�� cLogP 
 5, 

�� the molecular weight 
 500 g/mol, 

�� the number of H-bond donors (sum of NHs and OHs) 
 5, 

�� the number of H-bond acceptors (sum of Ns and Os) 
 10, 

�� compounds, that are substrates for biological transporters are an exception of this 

rule. 

 

A very recently published evaluation of 1100 drug candidates at GlaxoSmithKline 

suggests that a high oral bioavailability in rats can be attributed to a reduced molecular 

flexibility, as measured by the number of rotatable bonds, and a low polar surface 

area.[51] Although these latter rules do not allow a quantitative prediction either, they 
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offer a more sophisticated solution to the problem because now higher molecular 

weights can be tolerated, if rigidity is sufficient. Taken together, these rules are 

important for the optimization process of lead compounds because the borders 

between pharmacokinetics and pharmacodynamics, which is the interaction of the 

compound with its target, are fuzzy and the first is clearly influenced by the latter. 

Optimization of these processes is pursued via structural modifications of the lead 

compound, as being realized in the synthesis of ‘focused’ or ‘biased libraries’. The 

evaluation of such a series of compounds leads to a SAR model. A statistical – i.e. 

quantitative – computer-based SAR (	 QSAR) model can guide or dominate this 

optimization process and may allow predictions concerning biological activity and 

bioavailability.[52,53] Early QSAR models were mainly limited to explaining in the 

retrospective. More powerful are 3D-QSAR methods such as the comparative 

molecular field analysis (CoMFA), which correlates the electronic and steric field 

environment of a compound with its biological activity.[43,54]  

There are a lot of plausible structural modifications, including the bioisosteric 

replacement of functional groups through residues with similar biological properties 

(due to a similar electronic distribution), e.g. the exchange of hydrogen by fluorine, or 

the carboxylic acid by tetrazole. Furthermore, the variation of spacer lengths and 

substitution patterns, e.g. of aromatic systems, or the incorporation of conformational 

constraints, such as the insertion of alkyl chains at the C� or cyclization (see also 

chapter 4.3.5). Whereas the pharmacophore groups of a lead structure usually react 

very sensitively against changes, other moieties may be variable. Therefore, the 

simple removal of residues from lead structures is an important further option. 

Insertion of new groups, as outlined above, is also possible. As a rule of thumb the 

attachment of additional polar groups is often unsuccessful. Better results are usually 

obtained with properly placed additionally lipophilic groups, which optimize the steric 

fit of the molecule in the binding pocket.  
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3 G Protein Coupled Receptors (GPCRs) as Drug Targets 
 

3.1 Basics about GPCRs  

 

G protein coupled receptors (GPCRs) represent a large superfamily of membrane 

proteins, which share a conserved structure composed of seven transmembrane helices 

(7-TM). Despite of their structural homology, a number of diverse ligands for GPCRs 

are known. They include peptide hormones such as bradykinin, bombesin, 

angiotensin, somatostatin and endothelin, biogenic (catechol)amines, which can also 

serve as neurotransmitters, such as epinephrine (adrenaline), dopamine, serotonine, 

and furthermore nucleosides and nucleotides, lipids, eicosanoids and others such as 

glutamate and Ca2+.[43,55] Because of their central role in cell-cell communication, 

GPCRs are important targets for the modulation of pathophysiological processes. 

Today, GPCRs represent the largest and single most important class of all drug 

targets.[56] Currently, worldwide more than 50% of all drugs are GPCR based and their 

annual sales exceeded 30 billion US$ in 2001.[57] Among the 100 top-selling drugs 

25% are targeted against GPCRs. Due to this proven track of being excellent drug 

targets, it is commonly assumed that orphan GPCRs, which emerged from genomic 

research, will offer a similar aptitude in the future.[58-60] About 1-3% of the human 

genome encode approximately 1000 GPCRs, a number, which, until recently, was 

predicted to be much larger.[61,62] Excluding sensory (olfactory) receptors, there are 

presently about 200 receptors which are categorized as ‘known’ GPCRs to be 

activated by some 70 identified ligands, and about 100-150 orphan GPCRs with 

unknown ligand(s) and physiological role (see chapter 3.1.5).[55,60,63]  

 

 

3.1.1 G Protein Coupled Receptors – Structure and Ligand Binding 

 

Despite their topological homology, mammalian GPCRs are grouped into three major 

families, based on their structural differences:[64]  
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�� Family A: The rhodopsin- or adrenergic-like receptors. This group is by far the 

largest. Its characteristics are a short N-terminal tail and some 20 highly conserved 

amino acids in the transmembrane receptor core.  

�� Family B: This small group of secretin- or glucagon-like receptors displays a 

longer N-terminal tail with six highly conserved cysteine residues.[65] 

�� Family C: The metabotropic glutamate-like receptors share a very long N-terminal 

domain (500-600 residues), which is involved in glutamate, GABA or calcium 

binding.[55,66,67]  

 

Rhodopsin constitutes a special case among GPCRs because its ligand, the inverse 

agonist 11-cis-retinal, covalently bound by a Schiff’s base to the amino group of 

Lys296 in helix 7 of the opsin, is uniquely activated by photons, which cause 

isomerization to all-trans-retinal.[68] Nevertheless, it currently serves as a general 

model for GPCRs.[29,43,69] The first high resolution structure of a prototype GPCR, 

which became available in 2000 with the successful crystallization of the inactivated 

form of bovine rhodopsin,[29,30,70,71] shows, as expected,[72,73] the overall structure to be 

dominated by seven counterclockwise oriented (as seen from the extracellular side), 

normally transmembrane located helices, an N-terminal extracellular and a C-terminal 

cytoplasmic domain (Figure 3.1). The most striking, newly found features were that 1) 

the helices are kinked at Pro residues located roughly around the binding site of 11-cis 

retinal, and that 2) the fourth cytoplasmic loop, which is formed through anchoring the 

C-terminal domain to the membrane with palmitoylated cysteins, contains a small 

amphiphilic helix (VIII in Figure 3.1 A), lying almost parallel to the membrane.[29] 

This helix is thought to be involved in the rhodopsin-transducin interactions (see 

chapter 3.1.3).[74-76] Helices 2, 3, 5 and 6 are more hydrophilic than helices 1, 4, and 7 

and are therefore located towards the transmembrane core of the receptor, whereas the 

latter can be found peripherally.[77-79] The extracellular domain of rhodopsin is 

comprised of three loops (Figure 3.1). While loops 1 and 2 are both along the 

periphery of the molecule, loop 2 displays some unique features: It contains two � 

strands, is attached to helix 3 through a disulfide bond, and deeply folds into the 

center of rhodopsin, thus contributing to the retinal binding pocket by forming a 
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lid.[29,30] Two out of the three cytoplasmic loops of rhodopsin in the crystal structure, 

namely C2 and C3, which are thought to be involved in G protein interaction (see 

chapter 3.1.3), could not be resolved due to their flexibility.[30] 

 

cytoplasmic side

extracellular side
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membrane
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N
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loop 1
loop 2 loop 3

loop 4loop 3
loop 2loop 1

extracellular side
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Figure 3.1: (A) Ribbon drawing of the 2.8 Å crystal structure of bovine rhodopsin[29] 

showing 11-cis-retinal in red and a counterclockwise arrangement of the 7-TM 

helices. (B) Schematic secondary structure representation of a transmembrane GPCR. 

The palmitoylated C-terminal segment forms a fourth cytoplasmic loop, the disulfide 

bond between Cys110 and Cys187 is conserved among most GPCRs.  

 

As can be seen from the crystal structure, the retinal is buried deeply into the 

transmembrane core.[29,30] A similar observation has been made in general for small 

molecule ligands of GPCRs, which are found to preferentially bind to the 7-TM 

region.[55] Binding of catecholamine was studied in case of the �-adrenergic receptor 

and is thought to involve helices 3, 5, 6 and 7. Residues, which take part in the 

interactions include two serines, namely Ser204 and Ser207 on helix 5, Asp113 on helix 

3, and several Phe moieties on helix 6 and 7, perhaps responsible for �-stacking.[80-82] 

This binding mode can be interpreted as more or less generally valid for the 
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interaction between biogenic amine agonists and GPCRs, because a conserved 

involvement of Asp113 located on transmembrane helix 3 was observed for several 

biogenic amines- (e.g. �-adrenergic-, angiotensin-receptor) and peptide binding 

GPCRs (e.g. urotensin II-, somatostatin-, melanocyte concentrating hormone 

receptors).[43] In this model Asp113 forms a salt bridge with the basic amine nitrogen. 

Moreover, other small ligands, e.g. adenosine/ATP as agonists for the purinergic 

receptors, or spiropiperidines as agonists for the chemokine receptors, have been 

found to bind to the transmembrane cleft in comparable fashion as biogenic amines or 

retinal.[83-85] 

Based on this similar binding mode for a large number of different small ligands, it 

would be reasonable to speculate about a common binding pocket for all agonists. 

However, this greatly oversimplifies the picture,[86] because early results from 

mutational mapping experiments showed, that certain peptide agonists most likely do 

not penetrate the transmembrane pocket but instead bind to peripheral sites.[87-90] 

Furthermore, antibodies directed against extracellular loops were found to be able to 

activate GPCRs.[91] In order to be able to give a possible explanation for this 

phenomenon, the originally developed ternary complex model,[92] which assumes 

cooperative interaction among receptor, G protein and agonist, had to be 

extended.[93,94] Based on the original postulation of a steady equilibrium of receptors 

being in the active and the inactive state by Costa and Herz,[95] net activation of the 

receptor can be achieved by shifting this equilibrium through stabilization of the 

active state(s) caused by ligand binding, even to peripheral domains. Today, allosteric 

action of – even small molecule - agonists at GPCRs is widely recognized.[96-102] 

However, the presence of a ligand is not necessarily a prerequisite for receptor 

activation. This concept was validated by experiments, which showed that mutations 

on extracellular loops produced an active conformation of the receptor.[103,104] 

Moreover, it explains the mechanism of inverse agonism[105] and has led to the 

generation of constituively activated receptors, which may lead to a better 

understanding of the detailed mechanism of the action of currently used drugs or even 

to the discovery of ligands with high efficacy, which were not detectable by 

conventional drug screening methods before.[94,104,106]  
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In general, it is thought, that ligand binding causes disruption of a stabilizing network 

of intramolecular interactions, which constrain the receptor in its inactive state.[107,108] 

This leads to a conformational change of the receptor, and in the special case of 

rhodopsin, it was possible to dissect these conformational changes that follow 

photoinduced ligand activation into a series of activated states, namely 

bathorhodopsin, lumirhodopsin, and meta-states I and II using UV/Vis and FTIR 

spectroscopy.[68] However, similar models for other GPCRs could not be obtained.[107] 

At present, little is known about the formation of GPCR dimers/oligomers and their 

potential role in receptor activation.[107,109,110] It is assumed, that the oligomerization of 

receptors may have a similar importance for signal amplification as it is known for G 

proteins.[110] One of the most important observations indicating (hetero-) 

oligomerization came from the metabotropic �-aminobutyric acid (GABA) receptor. 

So far, the concept of receptor oligomerization had little impact on the design of 

assays or multivalent ligands or new therapies.[110] 

 

 

3.1.2 G Proteins 

 

Signal transduction of the GPCRs is mediated through heterotrimeric guanine 

nucleotide-binding proteins (G proteins).[111,112] G proteins are made up of �, �, and � 

subunits. Although there are many gene products which encode these subunits (20 �, 

6 � and 12 � gene products are known),[112] only four main classes of G proteins are 

distinguished on the basis of their �-subunits due to sequence homology,[111,113] and 

because these subgroups use similar second messenger pathways (see chapter 3.1.4):   

 

�� The Gq family comprises five members, namely G�q, G�11, G�14, G�15, and G�16, 

which activate phospholipase C � (PLC �). 

�� The Gs family (‘s’ stands for ‘stimulatory’) and the Gi family (‘i’ stands for 

‘inhibitory’) stimulate or inhibit adenylate cyclase. 

�� G12 and G13.[113]
 Currently, little information is available about their function.[112] 
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G�15 and G�16[114] have received considerable attention in pharmaceutical research, 

especially concerning orphan receptor research, because – unlike other G�q familiy 

members – they are able to link to a great variety of natively Gs-, Gi- and Gq-coupled 

receptors[115] and stimulate PLC � with subsequent Ca2+ release, which enables 

screening analysis using the FLIPR-technology[116] (see chapter 3.1.6 and 4.2.1). 

Although G�16 is still the most versatile known G protein,[117] engineered chimeric G 

proteins are thought to substitute G�16 in cases where coupling to the PLC � pathway 

fails.[117-120] Chimeras based on the G�q backbone with a C-terminal sequence of G�i, 

and an N-terminal shortened sequence with an attached myristic acid, have proved to 

be more efficient in coupling Gi-linked receptors (e.g. the somatostatin receptor) to the 

phospholipase C � (PLC �) pathway than G�16 and therefore enable detection using 

the FLIPR-assay.[117]  

In 1996, the first crystal structure of a heterotrimeric G protein, the Gt was solved with 

bound GDP and in absence of the receptor.[121] The G�t subunit has three distinct 

structural components:[121] 

 

�� A Ras-like GTPase domain consisting of a six-stranded �-sheet surrounded by six 

helices. This GTPase domain hydrolyzes bound GTP after activation of the G 

protein and returns it to the inactive form.[122] 

�� An entirely � helical domain consisting of a long central helix surrounded by five 

smaller helices.  

�� An N-terminal � helix that projects away from the remainder G�t subunit.  

 

The guanine nucleotide binds in a deep cleft between the GTPase and a helical 

domain. The G�t unit starts with an N-terminal helix, and further comprises seven �-

sheets with four antiparallel strands each, aligned in a propeller-like structure. The G�t 

unit consists of two helices but contains no inherent tertiary structure.  

Interactions between the G�t and the G��t subunits occur at two distinct locations, 

termed the ‘switch-interface’ and the ‘N-terminal interface’. Hereby, the � subunit has 
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no direct contact to the � subunit. A comparison to previous crystal structures 

separately obtained for the � subunit[123] and the �� dimer[124] shows, that binding of 

G�t to G��t results in a dramatic structural reorganization at the contact sites of the � 

subunit, however no significant changes on the �� unit are observed.      

 

 

3.1.3 Interactions of Activated GPCRs and G Proteins 

 

A conformational change of the receptor leads to an activation of the G protein. This 

causes the exchange of guanosine triphosphate (GTP) for bound guanosine 

diphosphate (GDP) at the � subunit, leading to the dissociation of the heterotrimer 

into a G�-GTP- and a G��-unit,[125-128] which triggers further signal transduction using 

downstream effectors[112] as described in the following chapter. 

As rhodopsin for the GPCRs, the interaction between rhodopsin and transducin (Gt) is 

thought to serve as a model for the understanding of the signal transduction from 

GPCRs to G proteins.[68,129] Although high resolution X-ray structures are available 

for each single unit, the GDP bound transducin crystallized in the absence of 

rhodopsin[121] and dark-state rhodopsin,[29,30,70,71] the interactions between rhodopsin 

and transducin and the molecular mechanism of the catalyzed GDP release are still not 

understood,[68] also because information about the complex is limited.[74]  

The particularly important role of the extreme C-terminus of the G protein[130,131] for 

the receptor/G protein-interface has early been expected since the pertussis toxin-

catalyzed ADP-ribosylation of a Cys, which is conserved among the Gi family and 

four amino acids away from its C-terminus, causes disruption of this 

interaction.[120,132] This initial insight has been supported by numerous subsequent 

studies, which include C-terminal mutations in the � subunit of G proteins[133,134] the 

generation of C-terminally chimeric G proteins,[117,118] and the inhibition of the 

GPCR–G protein interactions by antibodies developed against C-terminal 

sequences.[135-137] Furthermore, binding of peptides, namely one mimicking the 11 C-

terminal amino acids of G�t
[138] and two peptides corresponding to C-terminal residues 
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of the � subunit of Gt
[74,139] were found to block rhodopsin/transducin interactions 

while stabilizing the excited meta II state of rhodopsin. Based on these results the 

binding of Gt to rhodopsin was roughly explained by a two-site sequential fit 

mechanism.[140] NMR spectroscopical studies of the C-terminally undecapeptide 

G�t(340-350) yielded an almost ideal �-helical conformation with an �L-type C-

capping motif in the bound state.[129,141-144] This region was found to be unstructured in 

the crystal structure (unbound state).[121] Rhodopsin/transducin complexes have also 

been studied by FTIR spectroscopy.[145-147]  

Out of the four loops C1-C4, which together with the carboxyl-terminal tail comprise 

the cytoplasmic surface of rhodopsin (Figure 3.1), three are thought to be involved in 

the interactions with Gt, namely C2, C3[148] and C4.[74-76] In case of the M2 muscarinic 

receptor, the critical residues for recognizing the C-terminal end of the chimeric Gi/o 

were determined in mutagenesis studies[149]  as Val385, Thr386, Ile389 and Leu390.  
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3.1.4 Signal Transduction Cascades of GPCRs 
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Figure 3.2: Pathways and detection possibilities of the GPCR signalling through G�q 

via PLC-� activation (A) and through G�s (or G�i, not shown) via activation of 

adenylate cyclase (B). For details see text. 

 

The translation of the extracellular stimulus into a biochemical intracellular signal 

following G protein activation and the possibilities to detect this event in a dose-

dependent manner are depicted in Figure 3.2 and described in the following. 

Depending on the nature of the receptor and G protein, two different major pathways 

can be observed:[112,120,122] 

 

�� The phosphoinositide cascade (Figure 3.2, A):[150-52] The G�q subunit, which is 

formed during dissociation of Gq activates the isoform 1 of PLC �, which catalyzes 

the cleavage of phosphatidyl inositol 4,5-biphosphate (PIP2) into the two separate 

messengers inositol (1,4,5)-triphosphate [Ins(1,4,5)P3] and sn-1,2-diacylglycerol 

(DAG). The first one causes a rapid release of Ca2+ from intracellular stores such 

as the endoplasmatic reticulum, which is used as a quantitative readout for receptor 

activation. The latter activates protein kinase C (PKC), which relays activation of 
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transcription factors, promotor based recognition elements and finally reporter 

gene translation. The gene product can be used as quantitative assay readout.   

�� The cAMP cascade (Figure 3.2, B):[153,154] Release of the � subunit from Gs 

activates the membrane bound adenylate cyclase, which leads to a conversion of 

ATP to cyclic AMP. The second messenger cAMP activates protein kinase A 

(PKA), which consists of two catalytic and two regulatory chains and is inactive in 

absence of cAMP. Binding of cAMP to the regulatory units releases the catalytic 

chains, which then phosphorylate specific serine and threonine residues in target 

proteins. Among others, a possible target is the cAMP-response element binding 

protein (CREB), which in case of activation leads to an increase in the 

transcription of genes (e.g. firefly luciferase) with the CRE within their promotor 

sequence. As for the phosphoinositide cascade, the gene products can be used as 

assay readout. If the associated protein is Gi, the inhibition of the forskolin 

mediated cAMP production by the agonist can be detected. 

 

Although the G�� dimer is not involved in these pathways, it can also serve as 

effector, e.g. as activator of certain ion channels or the MAP kinase pathway.[112] 

Receptor desensitization involves phosphorylation, subsequent binding of �-arrestins 

followed by internalization.[155] However, this process is presently under constant 

revision, also because the �-arrestins are now thought to additionally play a role in the 

signaling pathway.[155] 
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3.1.5 Orphan G Protein Coupled Receptors and the Reverse Pharmacological 

Strategy 

 

In classical pharmacology, a disease state and/or the discovery, isolation and (if 

possible) identification of a pharmacologically active substance and its physiological 

characterization stood at the beginning of a research project, which eventually could 

lead to the development of new drugs.[58,59]  

In contrast, modern pharmacological research is based on the drug receptor theory, 

founded by Langley and Ehrlich,[156] and the vast genetic data, obtained from the 

complete sequencing of the human genome.[61,62]  

Mass sequencing of randomly chosen expressed sequence tags (ESTs) followed by 

bioinformatic analysis of these sequences to identify structural characteristics of 

(known) GPCRs has led to the identification of about 100-150 orphan receptors in 

recent years.[60,63,157] The strategies, which are applied to determine the physiological 

role  of these receptors – the first step usually is the search for a natural ligand -, have 

been termed ‘reverse pharmacology’ and/or ‘orphan receptor strategy’.[58,59,63,158-161] At 

present, several definitions for the term ‘reverse pharmacology’, which is somewhat 

broader than just covering orphan GPCRs, are given in the literature.[58,63,161] This is 

because the optimal concept of how to generate drugs most efficiently is under 

constant debate. However, it can be generally said that biological assays employing 

more or less characterized receptors represent the starting point (see also chapter 2.1).  

The orphan receptor strategy can be considered as a special case of the reverse 

pharmacological principle, its first step is the transfection of the complete orphan 

receptor gene into appropriate cells (Figure 3.3).[63,159-161] Because the orphan receptor 

strategy faces two major unknowns (Figure 3.4), namely the nature of the ligand(s) 

itself and the type of second messenger response, that the ligand may evoke,[159] a 

variety of screening systems should be used for the search of this ligand(s) (see 

chapter 3.1.6).  
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Figure 3.3: The orphan receptor strategy involves: (1) expression of the cloned 

orphan GPCR in a cell line; (2) exposure of this cell line to a tissue extract that is 

expected to contain the natural ligand. (3) recording the second messenger response 

(4) fractionation of the tissue extract, isolation and structural determination of the 

active compound (5) resynthesis and testing of the active compound (not shown). 

 

So far a very helpful tool in the determination of an orphan receptors’ role proved to 

be primary sequence homology comparisons. They allow to find out about its 

relationship to other known receptors, because the number of permutations caused by 

possible ligands and activities, would make the search for its natural ligand an almost 

impossible task (Figure 3.4).[159] Furthermore, in many cases expression in chinese 

hamster ovary (CHO)- and human embryonic kidney (HEK) 293-cells lines[58,59] and 

linking to G�16 or related chimeras (see chapters 3.1.2 and 3.1.3) successfully 

enabled screening in functional assays using the PLC � pathway. As a source for the 

natural ligand, tissue extracts (compound mixtures) and libraries of known ligands 

have been used.[63,159-161] In the absence of a ligand, receptor expression can be 

confirmed using northern and Western blotting.[59] 
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Figure 3.4: The difficulty of the orphan receptor strategy is the vast number of 

possible permutations generated by possible ligands and second messenger activities, 

which have to be used in assays for detection. Without additional information, the 

search for natural ligands is therefore an extremely challenging task. 

 

Although the orphan receptor strategy and reverse pharmacology approach have led to 

the identification of many natural ligands in recent years (Table 3.1),[63,161] the 

proportion of available orphan receptor sequences that have been ‘de-orphanized’ in 

this manner remains relatively small. New approaches like the constitutively 

activating receptor technology (CART) are gaining increasing attention,[104] also 

because it is now a generally accepted concept that various ligands can bind to 

different binding sites to have different effects on GPCRs.[86,96,104,107]  

 

Table 3.1: Orphan GPCRs and identified ligands. 

Receptor Ligand Found Major function Ref. 

ORL-1 Nociceptin/Orphanin FQ 1995 Anxiety, Memory 162 

HFGAN72 Orexins/Hypocretins 1998 Feeding, Sleeping 163,164 

GPR-10 Prolactin-releasing pept. 1998 Prolactin secretion 165 

APJ Apelin 1998 Immune response 166 

GHS Ghrelin 1999 Obesity 167 

SLC-1 Melanin-concentrating 

hormone (MCH) 

1999 Obesity 168 

GPR-14 Urotensin II 1999 Vasoconstriction 169-172 

FM-3/4 Neuromedin U 2000 Uterine contraction 173 
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From the perspective of the pharmaceutical drug research, the most relevant inherent 

problem of the genomics-based search for new drugs using cloned orphan receptors is 

target validation.[3] In contrast to that in classical pharmacology very often a 

fortuitously discovered ‘validated target’ constituted the origin of the development of 

a new drug. Target validation can be defined as the relevance of a questioned target 

for a disease process and the possibility of taking influence on the development of 

such a process by manipulating this target. In the last consequence definite proof can 

only be obtained from clinical trials, however early studies e.g. using animal models 

are desirable. Moreover, functional genome analysis together with proteomics can 

provide valuable information.[174] However, it becomes more and more apparent, that 

many orphan receptors may be part of very complex biological systems void of the 

still prevailing and desired ‘one drug/one target/one disease’ principle.[174-177]  

 

 

3.1.6 Biological Assays  

 

Assays for screening of ligands against GPCRs can be classified into two major 

categories: cell assays (functional cell-assay) and homogenous assays with membrane 

preparations containing the receptor (classical binding assay).[178] Both systems are 

apparently different and each is limited in its possibilities. The functional cell assays 

such as the FLIPR-assay (described below) comprising the entire 

receptor/promotor/effector system allow the detection of agonism and antagonism 

(however competitive and non-competitive antagonism are not distinguishable) as a 

result of the triggered biochemical transduction cascade (see chapters 3.1.3 and 3.1.4). 

The classical binding assay can (only) give information about the competitive binding 

of a questioned compound to the agonist binding site on the receptor protein by 

observing the displacement of the usually radiolabelled peptide agonist. A putative 

intrinsic agonist activity of a compound displaying high affinity to the agonist epitope 

can not be detected via the binding assay. On the other hand functional assays are 

complex systems relying on multiple parameters and suffer from the disadvantage, 

that activation of the receptor - or stabilization of the activated form thereof – can only 
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be assumed to happen through interactions of the ligand with the receptor at the 

agonist epitope. However, in principle other possibilities - which complicate the 

situation - are thinkable, e.g. allosteric modulation of the receptor or intervention into 

the transduction cascade remote from the agonist-receptor level. The development of 

the orphan receptor strategy[63,161] is closely related with the development of numerous 

new functional cell assay systems in the last years, some of which will briefly be 

introduced in the following (see also Figure 3.2 and chapter 3.1.4):  

 

�� The Fluorometric Imaging Plate ReaderTM (FLIPR) assay[116] (a detailed 

description is given later in chapter 4.2.1) measures the elevation of intracellular 

calcium [Ca2+]i upon agonist activation. This assay has found broad application 

because coexpression of G�16 enables coupling of most GPCRs, the simple 

readout (fluorescent dyes or aequorin luminescence) and a high degree of 

automatization allow high throughput screening.   

�� In reporter-gene assays[179,180] a number of promotors (e.g. ICAM-1) have been 

used to activate the translation of reporter genes such as e.g. firefly 

luciferase[181,182] or GFP.[183] Luminescence is used as a readout. 

�� The Receptor Selection and Amplification TechnologyTM (R-SAT)[184-186] 

developed by Arcadia Pharmaceuticals relies upon the focus (i.e. colony) forming 

and proliferative capacity of agonists acting on GPCRs in NIH 3T3 cells using the 

MAP kinase cascade. 

�� Cloned GPCR are expressed in yeast cells.[187,188] However difficulties in 

demonstrating functional expression is a limitation. 

 

More or less distant in the future lies the use of constitutively active GPCRs for drug 

screening[104] (chapter 3.1.1), or a recent development of noncovalently immobilized, 

isolated GPCRs arranged as microarrays, which may allow the simultaneous screening 

of multiple receptor types.[189,190]   
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3.2 The Orphan Receptor Bombesin Receptor Subtype 3 (BRS-3) 

 

3.2.1 The Bombesin-Like-Peptides and the Bombesin Receptor Family 

 

The family of bombesin-like peptides (BLPs) derives its name from a peptide of 14 

amino acids originally isolated by Anastasi et al. in 1971 from the skin of the 

European frog Bombina bombina.[191] The subsequently isolated peptides, which are 

structurally related to bombesin, have been classified into three subfamilies:[192,193] the 

bombesin (Bn), the ranatesin and the phyllolitorin subfamilies (Table 3.2). This 

classification is based upon the differences of the C-terminal amidated seven/eight 

amino acids comprising domain, which is highly conserved among the BLPs and 

mainly responsible for biological activity and binding.[194] 

At present only two mammalian bombesin-like peptides are known - gastrin-releasing 

peptide (GRP),[195,196] a 27-mer, which belongs to the bombesin subfamily and 

neuromedin B (NMB),[197] a 10-mer, which shares similarities with the amphibian 

peptide ranatesin. So far no mammalian member of the phyllolitorin family has been 

isolated.  

 

Table 3.2: Bombesin-like peptides share a high sequence homology at the C-terminus 

as highlighted through comparison of the positions respecting to positions 7 to 14 of 

bombesin (pE = pyroglutamic acid). 
  7 8 9 10 11 12 13 14  

Bombesin pEQRLGN Q W A V G H L M NH2

Alytesin pEGRLGT Q W A V G H L M NH2

GRP VPLPAGGGTVLTKMYPRGN H W A V G H L M NH2

NMB GN L W A T G H F M NH2

Litorin pE Q W A V G H F M NH2

Ranatesin pEVP Q W A V G H F M NH2

Phyllolitorin pE L W A V G F M NH2

 

The exogenous introduction of BLPs induces a wide range of biological activities, 

both, on isolated organs in vitro and on organisms in vivo.[198] Besides other actions, 



28___________________________3 G Protein Coupled Receptors (GPCRs) as Drug Targets    

such as the control of smooth muscle contraction,[194,199] the secretion of other 

gastrointestinal peptide hormones,[200] the regulation of body temperature,[201,202] and 

certain behavioral responses,[203,204] the regulation of food intake and satiety [205-210] has 

probably attracted most attention. However, such observations do not necessarily 

allow simple deductions for the role of the BLPs in organisms, because these effects 

are obtained after administration and therefore primarily represent a pharmacological 

effect. Furthermore, BLPs are thought to act as autocrine growth factors in human 

small cell lung cancer (SCLC).[211,212]  

As described above, in the beginning research on the ‘bombesin-field’ concentrated on 

the isolation of native peptides from different organisms and the detection of their 

biological activities. In the late 1980s it became apparent, that there are at least two 

different receptors, which account for these biological activities. Autoradiographic 

studies in rat brain revealed different binding affinities for radiolabelled NMB and Bn 

in several regions.[213,214] This finding was later manifested using several antagonists 

in various tissues.[215-217] Further investigations demonstrated that one receptor named 

NMB-R[218-220] - i.e. neuromedin B preferring bombesin receptor, sometimes also 

referred to as bombesin receptor 1 - binds NMB and Bn with highest affinity 

(nanomolar range) and GRP with lower affinity (hundreds of nanomolar range), 

whereas a second receptor named GRP-R receptor[219,221] - i.e. gastrin releasing 

peptide preferring receptor, sometimes also referred to as bombesin receptor 2 - binds 

GRP and Bn with high affinity (nanomolar range) and NMB with lower affinity 

(hundreds of nanomolar range).[222]  

Today, there is evidence for at least two more bombesin receptors besides the NMB-R 

and GRP-R described above, namely bombesin receptor subtype 3 (termed BRS-

3),[223,224] and the bombesin receptor subtype 4 (BB4-R).[225,226] Unlike the first two Bn 

receptors, which have been discovered and characterized employing classical 

pharmacological methods including their natural ligands, the latter two have been 

introduced on a rational basis due to sequence homologies using cloning technologies 

and can be classified as orphan receptors (see chapter 3.1.5). A detailed description of 

BRS-3 is subject of chapter 3.2.4. A gene encoding the mentioned fourth putative 

bombesin receptor was found in frog brain.[225] Unlike for the other three bombesin 
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receptors no mammalian form of the BB4-R could so far be identified. Studies with 

different Bn agonists and antagonists showed, that this receptor has a unique profile 

with respect to this ligands (named pharmacological profile).[226] However, similar as 

for BRS-3 (see chapter 3.2.4) a severe limitation for studying the biological relevance 

of the BB4-R is the lack of native cells containing the receptor on a sufficient level.  

 

 

3.2.2 Peptide Bombesin Receptor Antagonists 

 

Bn antagonists have been developed on the basis of the Bn peptide sequence or related 

peptides such as substance P. In order to find analogues with retained affinity but 

reduced agonist action, the common strategy was to alter those parts of the native 

structure, which are responsible for agonist action but not important for affinity. All of 

these compounds are selectively acting on the GRP-R. The discovered antagonists can 

be grouped into several different classes:[227] 

 
�� As a first class of Bn/GRP antagonists, D-amino acid analogues of substance P 

(SP) such as [D-Arg1,D-Phe5,D-Trp7,9,Leu11]SP or [D-Arg1,D-Pro2,D-Trp7,9,Leu11] 

SP, which originally have been developed as substance P receptor antagonists, 

were described.[228,229] Major limitations of these peptides however are their 

relatively low potency and their lack of selectivity. 

�� Secondly, insertion of D-amino acids at position 12, especially Phe, results in  

Bn/GRP antagonists, the most potent being [D-Phe6,12]Bn.[230] However, as for the 

substance P analogues, low potency is a limitation. 

�� Reduction of single peptide bonds in Bn proved to be successful between position 

13 and 14 and resulted in the potent Bn/GRP antagonist [Leu13, 

�CH2NHLeu14]Bn.[231] This class of compounds could be further optimized by 

insertion of D-Phe at position 6, which allowed N-terminal deletion of amino 

acids, resulting in the potent antagonist [D-Phe6,Leu13,�CH2NHPhe14]Bn(6-

14).[232,233] Furthermore, Leu13 and Leu14 have been successfully substituted by D-

Pro-�CH2NH-Phe[234,235] and different mimics.[236]  
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�� A fourth class of potent Bn/GRP antagonists is represented by the desMet 

analogues of the C-terminus of Bn[237,238] and GRP.[239-241] Again, insertion of D-

Phe at position 6 allowed deletion of the residual N-terminal amino acids, C-

terminal esters and amides proved to be especially potent. Very recently, the 

application of [D-Phe6,Leu-NHEt13,desMet14]Bn(6-14) analogues modified with 

1,4,8,11-tetraazaundecane labeled with 99mTc as a diagnostic tool in oncology 

using the SPECT technology was described.[235] 

 

Discussions about the bioactive, receptor bound conformation of bombesin analogues 

resulted in a type II �-bend conformation[201,231,242-245] with Gly11 in a pivotal position, 

not at least because of structural parallels to somatostatin analogues. More recently, 

for Ac-Bn(7-14) a conformation of three consecutive �-turns followed by a bend and 

finishing with two �-turns was proposed.[246] Unfortunately, so far none of these 

proposals has been elaborated into a working model. However, the successful 

implementation of conformational constrained dipeptide mimics replacing Val10-

Gly11,[247] or the agonists and antagonists obtained by covalent cyclization of Bn[243] 

point at a bend conformation. 

Despite the similarity of the GRP-R and NMB-R, peptide antagonists acting on the 

NMB-R have not been obtained by the above-described strategy.[227,248] It was later 

discovered that an unrelated cyclic somatostatin analogue SS-octa has about 100-fold 

selectivity of NMB-R over GRP-R.[249] 

 

 

3.2.3 Small Molecule Ligands for Bombesin Receptors and Related GPCRs  

 

The first described nonpeptide Bn/GRP antagonists displaying affinities in the 

micromolar range were found from screening of large compound libraries (CP-70,030 

and CP-75,998, Figure 3.5),[250] or isolated from plant extracts such as the natural 

products kuwanon G and H.[251] Unlike the examples described before, more potent 

GRP/NMB antagonists have been developed by researchers at Parke-Davis 

(Cambridge, UK) on a rational basis using the so-called ‘peptoid’ design 
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strategy[35,36,252] as described in chapter 2.3. In this remarkable approach, an alanine 

scan of the Bn peptide fragment AcBn(7-14)[246] represented the starting point for the 

design of small molecule GRP/NMB antagonists.[253,254] A focused search applied on 

the companies’ compound collection for small molecules comprising the three most 

important residues for binding, namely Trp8, Val10 and Leu/Phe13, yielded the high 

affinity lead PD141467, a �-methyl-(S)-tryptophan urea bearing a C-terminal 

phenylserinol and an N-terminal 2,5-diisopropylphenyl moiety.[253] Subsequent C/N-

terminal optimization furnished the selective high affinity NMB antagonist PD168368 

and the ‘balanced’ NMB/GRP antagonist PD176252 (Figure 3.5).[254] Recently, it was 

demonstrated that the latter is able to treat sexual dysfunction when administered to 

rats.[255] These are the only small molecule ligands described for Bn receptors to date. 

Neither small molecule agonists are available for any of the Bn receptors nor 

antagonists for the BRS-3. 
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Figure 3.5: CP-70,030 and CP-75,998 are low affinity GRP-R antagonists (IC50 = 

1.5-3 �M). PD168368 is a selective, high affinity NMB-R antagonist, PD176252 a 

mixed NMB/GRP antagonist. 
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It is noteworthy that similar small molecule agonists/antagonists bearing a constrained 

tryptophan as their central unit have been obtained for related GPCRs using 

comparable strategies (Figure 3.6):  

 

�� Starting out with CCK-8S, a sulfated fragment of the endogenous neuropeptide 

cholecystokinin (CCK), the key amino acids for binding within this peptide 

sequence were determined in an alanine scan as Trp and Phe.[256] Optimization of a 

Trp-Phe dipeptide lead yielded the selective CCK-B antagonist CI-1015, a �-

methyl-(R)-tryptophan derivative (Figure 3.6, A).[257-260] 

�� Similar as for CCK and Bn receptors, researchers at Parke-Davis developed 

selective antagonists for the neurokinin receptors NK1,[261,262] NK2
[263,264] and 

NK3
[265,266] (Figure 3.6, B).  

�� Using the Veber-Hirschmann peptide[267] as a template, nonpeptide selective 

agonists for the somatostatin receptor sst2 have been obtained from a focused 

search for small molecules comprising the Tyr-D-Trp-Lys motif of the Mercks’ 

compound collection followed by lead optimization (Figure 3.6, C).[33,34,268] 
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Figure 3.6: Selected ligands, all bearing constrained tryptophan as a core unit, 

adressing related target GPCRs: A) CCK-B antagonist (Parke-Davis). B) NK1 

antagonist (Parke-Davis/Pfizer). C) sst2 agonist (Merck). 
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3.2.4 Discovery, Pharmacology and Ligands of the Orphan Receptor BRS-3 – 

Status Quo 

 

The orphan receptor, bombesin receptor subtype 3 (BRS-3) was identified as a 

member of the Bn receptor family since it shares 51% and 47% amino acid sequence 

homology with the two mammalian bombesin receptors, NMB-R and GRP-R, 

respectively.[223,224] 

Unlike NMB-R and GRP-R, which are widely expressed in rat brain and 

gastrointestinal tract,[218-221,269] distribution of BRS-3 is much more limited. It has only 

been found on pregnant guinea-pig uterus, to a low degree in guinea-pig brain, on 

secondary spermatocytes in testis of rats, in a specific brain region of mice, and in 

human lung, ductal breast and epidermal carcinoma cell lines.[223,224,270,271]  

Although the orphan receptor strategy[58,59,63,159-161] has led to the identification and 

assignment of several neuropeptides to orphan GPCR’s, in case of BRS-3 a natural 

high affinity ligand still remains unknown and the physiological and pathological 

function is still not understood. However, very recently hemorphins, which are 

endogenous peptides formed during the in vivo hydrolysis/degradation of hemoglobin, 

namely LVV-hemorphin-7 and VV-hemorphin-7, could be identified as ligands for 

BRS-3.[272] These ligands induce Ca2+ mobilization in a FLIPR-assay using CHO 

hBRS-3 cell lines in the micromolar range comparable to the response obtained by 

GRP and NMB.[272]  

In principle, although this approach may reach too short, potential (patho-) 

physiological roles for BRS-3 can speculated to be of the same categories as for the 

more established GRP-R and NMB-R. An important hint about the biological 

importance of BRS-3 was obtained from BRS-3 deficient mice produced by targeted 

disruption. In contrast to GRP-R or NMB-R knock-out mice[207,209] they develop mild 

obesity, hypertension and diabetes.[273,274] Therefore it was concluded, that BRS-3 is 

important for the regulation of energy balance, body weight and blood pressure. 

However, a direct relation between BRS-3 and obesity is improbable, because an 

investigation of the BRS-3 encoding gene of humans suffering from adipositas did not 

show any mutations.[275]  
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Like NMB-R and GRP-R, which are involved in the growth regulation of SCLC as 

mentioned above in chapter 3.2.1, BRS-3 was found on human lung cancer 

cells,[223,276-278] and ovarian cancer,[279] however at a lower level of expression. Very 

recently, BRS-3 was connected with the treatment of neurological disorders.[280] 

So far, two peptidic high affinity BRS-3 agonists have been described, [D-

Phe6,Phe13]Bn(6-13) propylamide[281] and the non-selective high affinity agonist [D-

Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14) and its D-Phe6 analogue,[222,282] which was further 

developed into the more selective (R)-Apa11 and (S)-Apa11 analogues.[242] They were 

derived synthetically from BLP fragments by substitution of amino acids and C-

terminal modification. These peptides allowed receptor pharmacology studies for the 

first time since so far no known natural agonist or antagonist of the Bn receptor family 

showed high affinity on BRS-3.[222,224,226,281] Studies with the agonist [D-Tyr6,�-

Ala11,Phe13,Nle14]Bn(6-14) showed that the BRS-3 receptor has a unique 

pharmacology compared to the other bombesin receptors, NMB-R, GRP-R and BB-

R4.[222,226,283] Additional difficulties were encountered by the fact that no natural cell 

line could be found to express BRS-3 in a sufficient level for study.[281,283] Therefore 

BRS-3 pharmacology studies were carried out using BRS-3 transfected BALB 3T3 or 

NCI-H1299 non-small cell lung cancer cells.[281,283,284] These studies,[281,283] as well as 

others[285,286] gave insight in the signaling pathway of BRS-3. Receptor activation can 

be measured by the increase of the level of intracellular calcium ([Ca2+]i) caused by 

phospholipase C activation. Furthermore, activation of BRS-3 leads to increases in 

inositol phosphates and an increase in tyrosine phosphorylation of p125FAK.[283]  

 

 

3.2.5 Binding Sites and Selectivity at Bombesin Receptors 

 

Ligand-based investigations designed to elaborate the importance of structural 

differences required for selectivity on these two receptor subtypes showed that when 

NMB, which differs from Bn in positions 3, 6 and 9 (Table 3.2), was made more 

GRP- or Bn-like, position 3 was most important followed by position 9.[248,287] 
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Several studies addressing the receptors’ molecular basis of selectivity for ligands – 

agonists and antagonists - have been carried out using mutants of the GRP-R, NMB-R 

and BRS-3 produced by site directed mutagenesis.[284,286,288-291] As already mentioned 

above all known BLPs have low affinities for the BRS-3.[222] In two different studies 

four amino acids, which are conserved among GRP-R and NMB-R however not at 

BRS-3, namely Gln121, Arg288, Ala308 and Pro199, were exchanged against the 

corresponding residues in the BRS-3 sequence. As a result of this a drop in the 

affinities of GRP and Bn in case of the GRP-R,[284] and NMB and Bn in the case of 

NMB-R,[291] respectively, was observed. Conversely, affinity for Bn/GRP or 

Bn/NMB, respectively, could be increased when these four residues were altered in 

the human BRS-3 sequence, thereby placing emphasis on the importance of these 

residues for the selective binding of the natural ligands. Three out of these four 

residues are located in the transmembrane helices 3, 6 and 7, whereas one (Pro199) can 

be found in the third extracellular loop. Further studies carried out on GRP-R 

identified Tyr285 as critical for agonist binding and Phe313 for the affinity of an 

antagonist.[288] It is noteworthy, that the binding of the peptidomimetic high affinity 

NMB-R antagonist PD168368,[253] was not improved on BRS-3 upon exchange of the 

said four amino acids.[291] The authors concluded that, although this peptidomimetic 

antagonist was developed employing structural features of NMB required for high 

affinity, both compounds “may have overlapping, but distinct structural requirements 

for high affinity binding”, which even would not rule out different binding sites.[291] 

Further studies showed that inhibition of this antagonist is competitive, however 

allosteric antagonism could not be excluded.[286] Recent results obtained from receptor 

mutational and modeling studies imply, similar as descibed above for the natural 

ligands,[284,291] a small importance of the third extracellular loop for the selectivity of 

the antagonist PD168368 for the NMB-R over the GRP-R. Furthermore, an important 

role for the residues of the fifth upper transmembrane region was found.[290] Modeling 

studies based on a bacteriorhodopsin homology model suggest, that Tyr220 of helix 5 

interacts with the nitrophenyl-moiety of the antagonist in the transmembrane binding 

pocket.[290]
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4 Design, Synthesis and Biological Evaluation of BRS-3 Agonists 
 

4.1 Introductory Remarks 

 

The following chapter describes the development of low molecular weight BRS-3 

agonists in a systematic medicinal chemistry approach with a linear nonapeptide and 

octapeptide, respectively, as a starting point. As already pointed out in the 

introduction, this work resulted from a cooperation initiated in October 1999 between 

Prof. Kessler (TU München) and Solvay Pharmaceuticals GmbH (Hannover). The 

synthesis part was carried out at the TU München and the biological testing in the 

pharmacological department of Solvay Pharmaceuticals. Furthermore, some selected 

compounds were tested in a previously described radioligand binding assay[222] at 

CEREP (Celle L’Evescault, France). 

It is important to mention that unlike e.g. in natural product synthesis, where the goal 

of a work is clearly defined, for this work neither a suitable strategy nor the outcome 

was known or predictable. This work is comprised of iterative steps of synthesis and 

biological testing. Therefore it was decided to dissect this chapter in logical units that 

reflect the chronological and strategic progress of this project. In each section the 

strategic decisions, planning, synthesis, biological results and possible structural 

implications of a series of compounds are described and discussed.  

 

 

4.2 Biological Evaluation of the BRS-3 Agonists 

 

4.2.1 Intracellular Calcium Measurements with the FLIPR-System 

 

The biological evaluation of all described BRS-3 agonists at Solvay Pharmaceuticals 

was carried in a functional cell assay using the FLIPR-system (Fluorometric Imaging 

Plate ReaderTM, Molecular Devices), which is able to detect changes in the 

intracellular calcium concentration ([Ca2+]i) of cells as a result of G protein receptor 

activation. Originally, this system was developed for the measurement of membrane 
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potentials at Pharmacia-Upjohn. It consists of the following four components: 

Pentium-computer, argon-laser, 96-well-pipettor and a CCD-camera (Figure 4.1).  

          
FLIPR enclosure 
- CCD-camera 
- 96-well-pipettor 

 

Argon-ion- 
laser 
 

 

 

 

 

 

 
Pentium- 
Based-PC 
 

 

 

   Camera controller  Power supply  

 

Figure 4.1: The FLIPR2-system. 

 

The FLIPR-system was designed for measurements in the 96-well-plate format and is 

suitable for pharmacological HTS. The pipettor has three positions for 96-well plates, 

which makes it possible to consecutively add two different substances to a well 

containing the cells during any one experiment (see chapter 8.5.3). For FLIPR 

measurements, both adherent (e.g. CHO, HEK-293) and non-adherent cells (e.g. 

Jurkat, THP-1) can be used. Changes of the intracellular calcium concentration are 

mediated by a change in specific fluorescence, which is induced by laser-excitation of 

the calcium sensitive fluorescent dye Fluo-4/Fluo-3 (Molecular Probes) and detected 

by the CCD-camera. The difficult aspect of this particular assay is the strong 
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background component to the fluorescence data making it necessary to discriminate 

between the fluorescence signal from a cell monolayer and the background 

fluorescence from the extracellular medium. This problem has been technically solved 

by an angular direction of the laser from below through the clear-bottomed 96-well 

plates containing the cell monolayer, thereby minimizing the proportion of unspecific 

fluorescence. The calcium fluorescent dye Fluo-4 is present in its acetoxymethylester 

form (Figure 4.2), which enables permeabilization of the cell membrane. Additionally, 

the detergent pluronic acid F-127 facilitates the passive transport of the dye into the 

cell cytoplasm. Intracellular esterases cleave the ester to yield the free acid, which is 

able to form a complex with calcium ions. The cell membrane is almost impermeable 

for the free acid. A possible residual permeability via ion channels is blocked by the 

addition of probenecid. 
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Figure 4.2: Molecular structure of the acetoxymethylester form of fluorescent dye 

Fluo-4. 

 

The FLIPR measurement using adherent CHO cells consists of the following steps 

(for experimental details see chapter 8.5.2):  

 

1. Plating of the Cells 

Cultivated cells are seeded into 96-well plates one day prior to measurement and 

cultivated in the incubator.  

2. Loading of the Cells with Fluorescent Dye 

The culture medium is replaced by the loading medium. The cells are incubated for 

45-60 min with the dye at 37 ºC in the incubator.   

 



4 Design, Synthesis and Biological Evaluation of BRS-3 Agonists                                        39                         

3. Washing of the Cells 

After loading of the cells with the dye, the residual extracellular dye is removed by 

washing with a Denley cell-washer (Labsystems). 

4. Generation of the Application Plate 

The substances to be tested are dissolved in DMSO and then diluted into 96-well 

plates. Substances are diluted into 8 or 16 different wells depending on compound 

and receptor. Each application plate contains one line (8 wells) of a reference 

compound, i.e. the endogenous ligand or [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14), 

respectively, and one line (8 wells) of buffer. 

5. FLIPR Measurement 

The FLIPR-system is controlled by a Windows (Microsoft) compatible software. 

Before starting the measurement, the loading of the cells is checked by recording 

the fluorescence in each well at a constant exposure intensity and –duration. Values 

are supposed to be between 3000-5000 counts.  

 

In order to approach statistical limits, each application plate was measured on 2-3 cell 

plates, and additionally in most cases, experiments were repeated on different days. 

Measured calcium signals are obtained in counts over time. A typical FLIPR calcium 

signal from a single well is shown in Figure 4.3. From each well only the maximum of 

the signal was exported to Excel. There the values were normalized with the value of 

the reference compound at a concentration of maximal response, usually 16 M. 

Values from all measurements for each compound were combined in Excel and for 

each compound one single dose-response curve was generated using Graphpad Prism 

(Version 3.00, Graphpad Software). For comparison of functional potencies of 

different compounds, EC50-values were extracted (Figure 4.3). The EC50-value (EC = 

Effect Concentration) represents the concentration where the half maximal relative 

Ca2+ signal for a specific compound on a certain receptor is reached. However, the 

EC50-value does not provide any information about the maximal intensity of the 

functional activation of a compound, which also represents an important criterion for 

potency. Therefore, for some compounds, additionally, the maximal relative 

functional potency at a specific concentration (usually 16 M) compared to the 
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endogenous ligand or [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14), respectively, is given in 

Tables 4.8, 4.11-16 and Figures 4.7 and 4.8.  
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Figure 4.3: A) FLIPR calcium signal. B) Dose-response curve created with Graphpad 

Prism. The red dotted lines mark the concentration of half-maximal activation (= 

EC50-value).   

 

 

4.2.2 Characterization of the FLIPR Cell-Assays 

 

In order to demonstrate the liability of the used FLIPR cell-assays, we evaluated its 

characteristics and compared them with literature data. Therefore, the two endogenous 

ligands NMB (2) for NMB-R and GRP (3) for GRP-R and the high affinity BRS-3 

agonist [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) were used as reference compounds. 

Functional potencies of 1 at NMB-R, GRP-R, and BRS-3 in comparison with NMB 

and GRP are shown in Figure 4.4 and Table 4.1 and can be summarized as follows: 

NMB-R showed clear preference for NMB, GRP-R showed preference, however less 

clearly, for GRP. Both peptides, NMB and GRP, showed relatively low activity on 

BRS-3. 1 showed functional potency at all three receptors with low selectivity. 
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Figure 4.4: Characterization of the FLIPR cell-assays. Dose-response curves of the 

three peptides [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1), NMB (2) and GRP (3) tested 

on the three receptors: A) BRS-3; B) NMB-R; C) GRP-R. 

 

In recent studies[222,282], the affinity of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) 

towards the bombesin receptors NMB-R, GRP-R, BRS-3 and BB-R4 has been 

determined in radioligand binding assays. Later, the ability of 1, NMB, GRP and Bn 

to induce calcium mobilization in a FLIPR-assay using HEK-293 and RBL-2H3 cells 

was assessed.[292] In accordance with these studies 1 showed high functional potency 

on all three bombesin receptors NMB-R, GRP-R and BRS-3 in our measurements 

(Table 4.1). 
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Table 4.1: Mobilization of intracellular calcium by [D-Phe6,�-Ala11,Phe13,Nle14] 

Bn(6-14) (1) and endogenous ligands NMB (2) and GRP (3) in CHO cells transfected 

with the human bombesin receptors NMB-R, GRP-R and BRS-3.  

NMB-R GRP-R BRS-3  
 
no.

 
 
peptide -pEC50 

a -pEC50 
a -pEC50 

a 

1 [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) 6.51 ± 0.08 7.08 ± 0.09 6.82 ± 0.05 

2 NMB 6.93 ± 0.11 7.38 ± 0.06 5.35 ± 0.04 

3 GRP 5.49 ± 0.14 7.46 ± 0.15 5.20 ± 0.02 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 4-30 independent 
concentration-response curves. Additional experimental details are described in Table 4.2 and 
chapters 4.2.1 and 8.5. 
 

Different from others,[292] but similar as reported for the affinity studies,[222] we found 

little functional activity for NMB and GRP on BRS-3 with NMB 
 GRP. Relatively 

low functional potency of NMB on BRS-3 was also reported by Wu et al.[281] In 

accordance with previous studies,[292] functional selectivity of the BRS-3 receptor 

towards 1 was much higher than selectivity of the NMB-R receptor towards NMB and 

the GRP-R receptor towards GRP. However, in contrast to others[292] we found that the 

functional potency of 1 
 GRP on NMB-R and NMB 
 1 on GRP-R. Taken together, 

we achieved satisfactory high, although not total correspondence with results obtained 

from different[222] and identical[292] test systems.  
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4.3 Linear and Cyclic Peptide BRS-3 Agonists 

 

4.3.1 General Synthetic Aspects  

 

Peptide chemistry and synthesis have gone through dramatic changes since Curtius[293] 

and Emil Fischer[294] have synthesized the first simple peptide derivatives. The interest 

in preparing these chains of amino acids linked by amide bonds stemmed from the 

observation made by Hofmeister[295] and Fischer,[296] that proteins are polymers 

consisting of amino acids. Although methods for the coupling of two amino acids 

were available, it was due to failures in the development of applicable protecting 

groups that substantially delayed further progress in peptide chemistry.[294,297] A 

breakthrough occurred in 1932 when Bergmann introduced the benzyloxycarbonyl 

protecting-group.[298]  

A further milestone was marked by Merrifield in 1963 with the development of the 

automated peptide synthesis on solid support, a copolymer of styrene crosslinked with 

1-2% divinylbenzene.[4] The SPPS technique substantially facilitates the practical  
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Scheme 4.1: Peptide synthesis according to the Fmoc/tBu-strategy on solid support. 
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peptide synthesis procedure, because the anchoring of the C-terminal amino acid to 

the insoluble support allows the use of an excess of amino acids and coupling 

reagents, which enables almost quantitative yields for the coupling steps of small 

peptides. Furthermore, after reaction coupling reagents and by-products can be 

removed by simple filtration.  

The synthesis of peptides longer than two amino acids requires the tactical utility of 

orthogonal temporary and permanent protecting groups.[299] Among others,[300,301] the 

Boc-strategy[302-304] and the later developed Fmoc/tBu-strategy[303-306] are most 

prominent today. The Fmoc/tBu-strategy, which has proved to be especially 

practicable in combination with SPPS (Scheme 4.1), was used for the synthesis of 

peptide BRS-3 agonists described in the following chapters.  

In modern Fmoc SPPS, the C-terminal properties of a peptide can easily be 

determined by the choice of the appropriate linker. The linkers employed for the 

synthesis of BRS-3 agonists are summarized in Figure 4.5: The Rink MBHA 

linker[307] and the Sieber amide linker[308] have been used for the synthesis of peptide 

amides, the trityl chloride linker[309] for the synthesis of peptide carboxylic acids and 

the FMPE-linker[310] for the synthesis of carboxamides. 
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Figure 4.5: Linkers employed for the synthesis of BRS-3 agonists: A) Rink amide 

MBHA linker. B) Trityl chloride linker. C) 2-(4-Formyl-3-methoxyphenoxy)ethyl 

(FMPE) linker. D) Sieber amide linker. Product after cleavage/-conditions: A) 

Peptide amides/90% TFA. B) Peptide carboxylic acids/90% TFA. C) 

Carboxamides/90% TFA. D) Peptide amides/1% TFA. 
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Besides other coupling methods such as the azide process,[293] acid chlorides,[311] acid 

fluorides,[312] mixed- and symmetrical anhydrides,[313] or nitrophenyl- and 

pentafluorophenyl active esters,[300,314] the use of in situ activated amino acids became 

very popular, also because this method is very compatible with automated synthesis. 
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Figure 4.6: Coupling reagents (A), coupling additives (B), sterically hindered bases 

(C) and scavengers (D) that were employed for the synthesis of BRS-3 agonists (with 

the exception of DCC and HBTU).     

 

Originally, carbodiimides such as DCC (Figure 4.6, A) have been used for 

activation,[315] however due to low solubility of the formed dicyclohexylurea and 

because amino acids were especially prone to racemization,[316] it has been mostly 

displaced by other coupling reagents[317-323] (Figure 4.6, A). Furthermore, the use of 

additives[324-326] (Figure 4.6, B) has helped to minimize the latter problem: 

Nucleophilic attack of the amino acid carboxylate at the coupling reagent (Figure 4.6, 

A), driven by the good leaving group OBt or OAt, respectively, intermediately leads 

to a acyluronium- or -phosphonium-derivative (precursors of the latter such as 

BOP,[321] PyBOP[320] etc. are not shown here), which is then quickly transformed to 

the OBt/OAt-active ester due to the presence of two moles of OBt or OAt, 

respectively, or anhydrides. This active ester is less susceptible to racemization than 

the acyluronium-species,[316] yet still reactive enough for N-acylation of amino acids. 
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Furthermore, the use of sterically hindered and weak bases such as sym.-collidine 

(Figure 4.6, C) helps to prevent racemization considerably.[327,328]  

In Fmoc/tBu SPPS, deprotection of the temporary protecting group Fmoc is carried 

out with 20% piperidine in NMP (v/v).[306] For final cleavage of the peptide from solid 

support and simultaneous deprotection of the permanent protecting groups a cocktail 

of trifluoroacetic acid and suitable scavengers is used. For this work, the use of 

sidechain protecting groups was limited to triphenylmethyl- (Trt) at Gln, Cys and His 

and tbutyloxycarbonyl- (Boc) at Trp. Triisopropylsilane (TIPS) has proved to be 

especially suitable as scavenger because it irreversibly hydrates carbocations and is 

easy to remove.[329,330] Problems encountered during the deprotection of Trp(Boc)[331] 

– however not necessarily observed for all the compounds that contained Trp(Boc) - 

are discussed below in chapters 4.3.5.2 and 4.4.4.2. 

 

 

4.3.2 Alanine Scans of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) and [D-Phe6,Phe13] 

Bn(6-13) propylamide 

 

4.3.2.1 Synthesis 

 

C-terminal reductive amination for the synthesis of peptide-carboxamides 14-22, 32-

39, peptides for C-terminal optimization (chapter 4.3.7) and some of the 

peptidomimetics as described later in chapter 4.4 has been conducted on FMPE 

resin.[310] Therefore, the imine, resulting from the condensation of the appropriate 

amine with the aldehyde-functionalized resin in the presence of the water-withdrawing 

reagent TMOF (Scheme 4.2), was reduced with NaBH(OAc)3 in a one-pot 

synthesis.[332] Coupling of the first C-terminal amino acid to the resin-bound secondary 

amine was then carried out using HATU/HOAt/sym.-collidine activation[318,320,326] For 

further chain-elongation, standard Fmoc protocols were used. 
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Scheme 4.2: Reductive amination on FMPE resin. Synthesis of C-terminally amidated 

peptides 14-22 and 32-39. 

 

 

4.3.2.2 Biological Evaluation 

 

Alanine scans of biological active polypeptides are conducted in order to acquire 

information about the role of a single amino acid sidechain for affinity or functional 

potency. Sidechains can either be directly involved in the binding to the receptor or, 

alternatively, they may play a major role for the intramolecular stabilization of the 

‘bioactive’ conformation. Both can be achieved via hydrogen bonds,[333] electrostatic 

or hydrophobic interactions.[334,335] However, without further data, it is almost 

impossible to deduce such details of the binding mode solely from a binding- or 

functional assay. 

The effect on calcium mobilization at NMB-R, GRP-R and BRS-3 and receptor 

affinity at BRS-3 of substituting an individual amino acid against Ala or D-Ala, 

respectively, in 1 is shown in Table 4.2 and Figure 4.7. 

In the case of BRS-3, replacement of Trp8 or Phe13 reduced functional potency in 1 

drastically by about 400-fold or 200-fold, respectively. This finding was consistent 

with a significant loss of affinity of analogues 7 and 12 towards the BRS-3 receptor as 

determined in the radioligand binding assay.[222] 
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Table 4.2: Mobilization of intracellular calcium in CHO cells transfected with the 

human bombesin receptors NMB-R, GRP-R and BRS-3 and receptor affinity to the 

human bombesin receptor BRS-3 by analogues of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-

14) (1) in which individual amino acids were replaced by Ala or D-Ala, respectively. 

  NMB-R GRP-R BRS-3  

no. peptide -pEC50 
a -pEC50 

a -pEC50 
a Inhib. b 

4 AQWAV�AHF-Nle-NH2 6.33 ± 0.13 8.35 ± 0.08 7.49 ± 0.13 91 c 

5 aQWAV�AHF-Nle-NH2 5.12 ± 0.59 8.28 ± 0.05 7.13 ± 0.09 d 

6 fAWAV�AHF-Nle-NH2 5.45 ± 0.07 7.63 ± 0.05 6.51 ± 0.05 95 

7 fQAAV�AHF-Nle-NH2 Inactive 7.25 ± 0.04 4.62 ± 0.10 47 

8 fQWAV�AHF-Nle-NH2 6.01 ± 0.10 8.03 ± 0.07 7.21 ± 0.18 96 

9 fQWAA�AHF-Nle-NH2 5.41 ± 0.40 8.58 ± 0.08 6.78 ± 0.06 97 

10 fQWAVAHF-Nle-NH2 5.39 ± 0.10 7.22 ± 0.03 5.93 ± 0.02 103 

11 fQWAV�AAF-Nle-NH2 Inactive 8.31 ± 0.06 6.32 ± 0.24 99 

12 fQWAV�AHA-Nle-NH2 4.95 ± 0.22 8.24 ± 0.07 4.84 ± 0.07 51 

13 fQWAV�AHFA-NH2 Inactive 8.71 ± 0.07 6.60 ± 0.09 100 
a FLIPR-assay (Solvay Pharmaceuticals GmbH, Hannover, Germany). Functional potencies are given 
in -pEC50 ± SEM from 3-9 independent concentration-response curves. b Radioligand binding assay 
(CEREP, Celle L’Evescault, France).[222] Values are given in percent of control specific binding of the 
reference compound [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14) from two independent measurements at 10 
�M. c Two independent measurements at 0.1 �M. d Not determined. Additional experimental details 
are described in chapters 4.2.1 and 8.5. 
 

A smaller, but still significant drop in functional potency of about 20-fold was 

observed when substituting ß-Ala11. Negligible effects were found when other amino 

acids were replaced against Ala. In the case of GRP-R peptides showed smaller 

differences in potencies, a reduction of about 5-6 fold was found when Trp8 and ß-

Ala11 were exchanged. Marginal increases of about 4-5 fold could be observed when 

Val10 and Nle14 were substituted. At NMB-R all replacements caused a loss of 

functional potency, alteration of Trp8, His12 and Nle14 resulted in completely inactive 

peptides (analogues 7, 11 and 13). Smaller effects, about 4-fold loss of activity, could 
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be observed for Gln7, Val10, and ß-Ala11, whereas the functional potency of analogue 

12 with substituted Phe13 dropped about 10-fold. 

The results of the alanine scan of 18 concerning calcium mobilization and receptor 

affinity at BRS-3 are given in Table 4.3 and Figure 4.7. 

 

Table 4.3: Functional potencies and receptor affinity of [D-Phe6,Phe13]Bn(6-13) 

propylamide (18) analogues in which individual amino acids were replaced by Ala or 

D-Ala, respectively. 

BRS-3  

no. 

 

peptide -pEC50 a Inhib. b 

 

clogP 

14 AQWAVGHF-propylamide 5.08 ± 0.29 85 c d 

15 aQWAVGHF-propylamide 5.02 ± 0.09 d -1.39 

16 fAWAVGHF-propylamide 5.43 ± 0.07 93 d 

17 fQAAVGHF-propylamide 4.70 ± 0.16 42 d 

18 fQWAVGHF-propylamide 6.66 ± 0.18 99 d 

19 fQWAAGHF-propylamide 5.36 ± 0.10 99 d 

20 fQWAVAHF-propylamide 6.84 ± 0.08 87 d 

21 fQWAVGAF-propylamide Inactive 89 d 

22 fQWAVGHA-propylamide 4.79 ± 0.05 85 d 

a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 2-4 independent concentration-
response curves, potencies on NMB-R and GRP-R were not determined. b Radioligand binding 
assay.[222] Values are given in percent of control specific binding at 10 �M. c Two independent 
measurements at 0.1 �M. d Not determined. Additional experimental details are described in Table 4.2 
and chapters 4.2.1 and 8.5. 
 

The parent ligand 18 showed about 3-fold lower functional potency compared to 1. 

Interestingly, the EC50-value rose of about 1.5-fold when Gly at position 11 was 

substituted (20). All other replacements in 18 including N-terminal amino acids D-

Phe6 and Gln7 led to a loss of functional potency. As in 1, Trp8 and Phe13 are key 

residues for receptor activation. Upon replacement a significant drop of about 90-fold 

and 70-fold, respectively, was observed. However, contrary to 1, substitution of His12 
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in 18 resulted in a completely inactive peptide. The importance of Trp8 is underlined 

by the receptor affinity data. However, no significant impact was observed when His12 

or Phe13 were altered. 
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Figure 4.7: Effect on intracellular calcium mobilization of replacing single amino 

acids with Ala in [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) compared to [D-Phe6, 

Phe13]Bn(6-13) propylamide (18) at 16 �M in BRS-3 transfected CHOG�16 cells. D-

amino acids were substituted with D-Ala, �-Ala with Ala. Functional potencies from 

2-3 independent measurements are given in percent ± SEM relative to the Ca2+ 

response of 1. 

 

Structure activity studies revealed the importance of Trp8 and His12 for biological 

activity of Bn,[194] and Trp8 and Leu13 for the activity of Ac-Bn(7-14) on NMB-R and 

GRP-R,[246] respectively. However, in a very recently published work[292] functional 

potency was maintained on all three bombesin receptors when Trp8 was substituted by 

alanine in [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1). This contradicts our 
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measurements, which showed in accordance with the studies mentioned above,[194,246] 

that Trp8 in 1 as in other bombesin analogues is crucial for receptor activation and 

affinity (Table 4.2, Figure 4.7), although a change of its configuration did not greatly 

affect functional potency (Table 4.4). This result was even more confirmed by the 

structure activity studies performed on [D-Phe6,Phe13]Bn(6-13) propylamide (18) 

(Table 4.3, Figure 4.7). On the other hand, the reported significant reduction of the 

biological response on NMB-R and BRS-3 but not on GRP-R by replacement of Phe13 

with alanine in 1[292] is consistent with our findings (Table 4.2, Figure 4.7). As for 

BRS-3, Trp8 and �-Ala11 were found to be important for functional potency on GRP-

R. Furthermore, contrary to a previous report[292] we could not observe enhanced 

functional potency on GRP-R when D-Phe6 was replaced by alanine. However, there 

was a small increase when Val10 was substituted (Table 4.2). 

 

 

4.3.3 D-Amino Acid Scans of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) and [D-Phe6, 

Phe13]Bn(6-13) propylamide 

 

The effect on calcium mobilization at NMB-R, GRP-R and BRS-3 and receptor 

affinity at BRS-3 of substitution of an individual amino acid against its stereoisomer 

in 1 is shown in Table 4.4 and Figure 4.8.  

In case of BRS-3 functional activity dropped about 400-fold when Phe13 was replaced. 

That the L-isomer is required at position 13 was also confirmed by radioligand 

binding data. Other substitutions also caused reductions in potency, especially those 

analogues with altered Ala9, Val10 and ß-Ala11 displayed about 50-140 fold lower 

EC50-values. Relatively insensitive towards stereochemical changes were positions 6, 

7 and, to a lesser degree also 12 and 14, where EC50-values dropped about 4-6 fold 

and about 20-30 fold, respectively. At GRP-R functional potency dropped 

significantly when Trp8, Ala9, and also, to a lesser degree, the three C-terminal amino 

acids His12, Phe13 and Nle14 were altered. 
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Table 4.4: Functional potencies and receptor affinity of [D-Phe6,�-Ala11,Phe13,Nle14] 

Bn(6-14) (1) analogues in which individual amino acids were replaced by their 

stereoisomers. 

NMB-R GRP-R  BRS-3  

no. 

 

peptide -pEC50 
a -pEC50 

a -pEC50 
a Inhib. b

23 FQWAV�AHF-Nle-NH2 5.54 ± 0.09 8.17 ± 0.06 6.60 ± 0.31 100 

24 fqWAV�AHF-Nle-NH2 5.17 ± 0.07 8.44 ± 0.07 6.46 ± 0.10 100 

25 fQwAV�AHF-Nle-NH2 Inactive 6.11 ± 0.06 5.65 ± 0.10 80 

26 fQWaV�AHF-Nle-NH2 Inactive 6.22 ± 0.09 5.47 ± 0.04 89 

27 fQWAv�AHF-Nle-NH2 4.73 ± 0.08 7.19 ± 0.04 5.06 ± 0.04 79 

28 fQWAVaHF-Nle-NH2 5.18 ± 0.06 7.56 ± 0.07 5.40 ± 0.05 74 

29 fQWAV�AhF-Nle-NH2 4.78 ± 0.04 6.38 ± 0.03 5.74 ± 0.08 94 

30 fQWAV�AHf-Nle-NH2 Inactive 6.45 ± 0.06 4.60 ± 0.04  46 

31 fQWAV�AHF-D-Nle-NH2 4.74 ± 0.03 6.53 ± 0.02 5.84 ± 0.12 92 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 3-6 independent concentration-
response curves. b Radioligand binding assay.[222] Values are given in percent of control specific 
binding at 10 �M. Additional experimental details are described in Table 4.2 and chapters 4.2.1 and 
8.5. 
 

Nevertheless, as for the replacement with alanine, the importance of Phe at position 13 

was much lower at GRP-R compared with BRS-3 or NMB-R. Contrary to BRS-3, at 

NMB-R and GRP-R position 11 showed low sensitivity concerning stereochemical 

changes with reductions of about 7-fold at NMB-R and approximately 3-fold at GRP-

R. As for BRS-3, at both receptors NMB-R and GRP-R, N-terminal amino acids could 

be exchanged by their stereoisomeric counterparts without much impact on functional 

potency.  
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Table 4.5: Functional potencies and receptor affinity of [D-Phe6,Phe13]Bn(6-13) 

propylamide (18) analogues in which individual amino acids were replaced by their 

stereoisomers. 

BRS-3  

no. 

 

peptide -pEC50 a 

32 FQWAVGHF-propylamide 5.44 ± 0.06 

33 fqWAVGHF-propylamide 5.35 ± 0.02 

34 fQwAVGHF-propylamide 4.80 ± 0.12 

35 fQWaVGHF-propylamide Inactive 

36 fQWAvGHF-propylamide Inactive 

37 fQWAVaHF-propylamide 4.96 ± 0.21 

38 fQWAVGhF-propylamide 4.66 ± 0.49 

39 fQWAVGHf-propylamide Inactive 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 2-4 independent concentration-
response curves, potencies on NMB-R and GRP-R were not determined. Additional experimental 
details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
 

Stereochemical changes in 18 basically resulted in inactive peptides at BRS-3 as 

shown in Table 4.5 and Figure 4.8. Only analogues 32 and 33 with changed D-Phe6 

and Gln7 retained modest functional activity. 

As already pointed out in chapter 4.3.2, the presence of the phenyl-ring at position 13 

had a low significance for functional activity on GRP-R. Moreover, it could now be 

demonstrated, that an L-configuration at position 13 is absolutely necessary for 

functional potency on BRS-3 but not on GRP-R (Table 4.4, Figure 4.8). This fits very 

well into the picture that the sidechain of position 13 is less important for the 

activation of the GRP-R. A previous study[287] already pointed out that the residue in 

position 13 is important for selectivity of NMB-R over GRP-R. However in Ac-Bn(7-

14), Leu13 was approximately equally important for both, NMB-R and GRP-R.[246] 
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Figure 4.8: Effect on intracellular calcium mobilization of replacing individual amino 

acids against their stereoisomeric form in [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) 

compared to [D-Phe6,Phe13]Bn(6-13) propylamide (18) at 16 �M in BRS-3 

transfected CHOG�16 cells. Gly and �-Ala were substituted with D-Ala. Functional 

potencies from 3 independent measurements are given in percent ± SEM relative to 

the Ca2+ response of 1. 
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4.3.4 Shortened Fragments and Substitutions 

 

The alanine- and D-amino acid scans of the two peptides 1 and 18 revealed a 

remarkable difference in their biological response. This was quite surprising because 

the difference in their amino acid sequence is limited and furthermore contained to 

two positions, namely position 11, with �-Ala in 1 and Gly in 18 and the C-terminus, 

where 1 bears a Nle instead of n-propylamide in 18. In order to better understand this 

phenomenon, the two peptides 40 and 41 were prepared. They should allow a better 

comparison between 1 and 18 (especially 41), and an interpretation of the results 

described in the previous two chapters (Table 4.6).  

 

Table 4.6: Functional potencies and receptor affinity of [D-Phe6,�-Ala11,Phe13, 

Nle14]Bn(6-14) (1) analogues in which Ala9 and �-Ala11 were substituted against Gly. 

NMB-R  GRP-R BRS-3  

no. 

 

peptide -pEC50 a -pEC50 a -pEC50 a Inhib. b 

 

clogP

40 fQWGV�AHF-Nle-NH2 4.85 ± 0.12 7.83 ± 0.08 5.97 ± 0.13 c -0.07 

41 fQWAVGHF-Nle-NH2 5.81 ± 0.08 7.72 ± 0.09 5.64 ± 0.06 97 0.04 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 3-5 independent concentration-
response curves. b Radioligand binding assay.[222] Values are given in percent of control specific 
binding at 10 �M. c Not determined. Additional experimental details are described in Table 4.2 and 
chapter 4.2.1 and 8.5. 
 

Peptide 40 showed a decreased functional potency especially on BRS-3 and NMB-R. 

Compound 41 was synthesized to further elucidate the importance of position 11 and 

for comparison between 1 and 18. Replacement of �-Ala11 by Gly (41) led to a 

tremendous, about 35-fold reduction of functional potency at BRS-3 but only to small, 

about 2-fold declines at NMB-R and GRP-R. 

Interestingly, the absence of the imidazole ring at position 12 caused no major loss of 

functional potency on BRS-3 in 1 but, similar to the observation for Bn,[194] in 18 

(Table 4.2 and 4.3, Figure 4.7). The explanation for this shift of importance probably 

lies within the one carbon atom elongated backbone structure at position 11 in 1 

compared to 18 (�-Ala exchanged vs. Gly). However contrary to that, Leu at position 
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13 was important for receptor affinity at NMB-R and GRP-R in Ac-Bn(7-14).[246] The 

discovery of the highly potent BRS-3 agonist 1[222] and the more selective analogues, 

which where obtained by manipulation of position 11,[242] also demonstrated the 

crucial role of this position in BLPs concerning BRS-3 activity and selectivity over 

the other bombesin receptors NMB-R and GRP-R. Comparison of peptide 1 with �-

Ala11, peptide 10 with Ala11 and peptide 41 with Gly11 showed that functional potency 

decreased drastically in the order �-Ala 
 Ala 
 Gly on BRS-3, whereas functional 

potency concerning NMB-R and GRP-R is less affected. This corresponds very well 

with previous results.[292] Interestingly, a similar order of functional potency on BRS-3 

was observed for peptides 18 and 20 with Ala 
 Gly. However, analogues of 18 with 

variation at position 11 showed higher functional potency compared with their 

corresponding analogues of 1. With the exception of positions 6 and 7 a change in the 

stereochemistry of 18 resulted in inactive peptides (Table 4.5, Figure 4.8). When 

compared to the corresponding D-amino acid scan analogues of 1 this negative trend 

can also be at least partially attributed to the difference in backbone length at position 

11, which obviously makes the bioactive conformation of peptide 18 more sensitive 

towards stereochemical changes. 

Concluding from the results of the alanine- and D-amino acid scans, it was speculated 

that the easiest way to obtain shorter BRS-3 active compounds was to simply delete 

amino acids from the C- and especially D-Phe6 and Gln7 from the N-terminus.  

Therefore, in a next step N-terminal and/or C-terminal shortened fragments of 1 with 

acylated N-terminus and analogues, in which individual amino acids are substituted, 

were prepared (Table 4.7). 

The effect of N-terminal deletion of D-Phe6 and Gln7 and simultaneous variation of 

position 11 by insertion of Gly, Ala, �-Ala and �-amino-butyric acid was studied in a 

series of compounds, namely 42-49. In order to avoid possible negative influence of 

an N-terminal charge each peptide analogue was additionally prepared in the N-

terminal acetylated form (peptides 43, 45, 47 and 49). All truncated fragments showed 

reduced functional activity with �-Ala 
 �-amino-butyric acid 
 Gly 
 Ala on BRS-3 

and interestingly also on GRP-R. 
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Table 4.7: Functional potencies and receptor affinity of [D-Phe6,�-Ala11,Phe13,Nle14] 

Bn(6-14) (1) analogues in which N-terminal and/or C-terminal amino acids are 

deleted, individual amino acids are substituted  and the N-terminus is acetylated. 

NMB-R  GRP-R BRS-3  

no. 

 

peptide -pEC50 a -pEC50 a -pEC50 a Inhib. 
b 

 

clogP 

42 WAVGHF-Nle-NH2 Inactive 6.02 ± 0.04 4.93 ± 0.05 60 0.94 

43 Ac-WAVGHF-Nle-NH2 4.75 ± 0.07 6.22 ± 0.02 4.93 ± 0.02 61 0.9 

44 WAVAHF-Nle-NH2 Inactive 5.86 ± 0.05 4.76 ± 0.04 24 1.25 

45 Ac-WAVAHF-Nle-NH2 Inactive 5.75 ± 0.01 Inactive 40 1.21 

46 WAV�AHF-Nle-NH2 Inactive 6.89 ± 0.13 5.29 ± 0.06 80 1.14 

47 Ac-WAV�AHF-Nle-NH2 Inactive 7.45 ± 0.06 5.70 ± 0.10 98 1.11 

48 WAVXHF-Nle-NH2 c Inactive 6.18 ± 0.03 5.33 ± 0.05 82 1.35 

49 Ac-WAVXHF-Nle-NH2 
c Inactive 6.45 ± 0.04 5.17 ± 0.06 78 1.31 

50 wAV�AHF-Nle-NH2 Inactive 6.86 ± 0.07 4.72 ± 0.01 79 1.14 

51 Ac-wAV�AHF-Nle-NH2 Inactive 6.70 ± 0.07 5.49 ± 0.10 95 1.11 

52 WAV�AYF-Nle-NH2 4.88 ± 0.01 5.85 ± 0.02 4.76 ± 0.02 � 10 2.88 

53 Ac-WAV�AYF-Nle-NH2 4.71 ± 0.12 6.17 ± 0.11 4.76 ± 0.01 � 10 2.84 

54 fQWAV�AYF-Nle-NH2 4.74 ± 0.04 7.78 ± 0.13 5.01 ± 0.10 � 10 1.97 

55 fQWAV�AHF Inactive Inactive 4.77 ± 0.37 92 1.21 

56 WAV�AHF Inactive Inactive Inactive � 10 -1.23 

57 Ac-WAV�AHF Inactive Inactive Inactive � 10 1.0 

a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 2-5 independent concentration-
response curves. b Radioligand binding assay.[222] Values are given in percent of control specific 
binding at 10 �M. c X = �-amino-butyric acid. Additional experimental details are described in Table 
4.2 and chapters 4.2.1 and 8.5. 
 

Functional potency of 46 at BRS-3 with �-Ala11 increased with N-terminal acetylation 

approximately 2.5-fold. This strategy had an opposite effect when applied to 48 with 

�-amino-butyric acid at position 11, where activity dropped slightly about 1.5-fold. 
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Changing the stereochemistry at the N-terminal position 8 of analogues 46 and 47 

resulted in peptides 50 and 51, where functional potency was even slightly more 

reduced. Most interestingly, substitution of His12 by Tyr led to a selective GRP-R 

agonist 54, which showed only about 2-fold reduced activity at GRP-R but almost 

eradicated functional response at NMB-R and BRS-3. C-terminal modification of the 

amide into a carboxylic acid (compound 55) resulted in a huge loss of functional 

response on all three receptors. However, receptor affinity at the BRS-3 was almost 

retained. Peptides 56 and 57 with truncated C-terminal Nle14-amide and N-terminal D-

Phe6 and Gln7 were completely inactive.  

As already observed for the comparison between 1 and 18 (Tables 4.2, 4.4 and 4.6), 

the series of N-terminally truncated compounds 42-49 also confirmed that position 11 

is obviously optimized with �-Ala on BRS-3 and also on GRP-R (Table 4.7). 

However, for the truncated compounds the order for Ala and Gly was flipped to Gly 
 

Ala.  

Interestingly, high selectivity for GRP-R of the unselective agonist 1 could be 

achieved by a single substitution of His12 against Tyr (Table 4.7). The reasons for this 

selectivity as can be concluded from the aforementioned results rather lie in the 

presence of the tyrosine side chain than in the absence of the imidazole-ring of the 

histidine. It can be speculated, that the orientation of the adjacent phenyl ring at 

position 13, which is crucial for selectivity at GRP-R over NMB-R and BRS-3, is 

unfavorably affected by this substitution. 

Although residues at positions 6, 7 and, with the exception of NMB-R, also 14 seemed 

not to be necessary for functional potency on all three receptors as determined by the 

alanine- and D-amino acid scans, it was not possible to obtain equally active shorter 

fragments by simple deletion (Table 4.7). Therefore it can be concluded, that 1 or 18, 

respectively, or their one N-terminal amino acid shortened fragments are minimum 

active BLP-derived fragments. This agrees well with the minimum length of the NMB 

sequence that is required for retention of full BRS-3 activity.[281,292] Comparable 

results were also obtained in a minimal ligand analysis for GRP.[239] 
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4.3.5 Cyclic Analogues of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) 

 

4.3.5.1  Introduction and Strategy 

 

Because a simple deletion of amino acids at the two termini of 1 was not a successful 

strategy to obtain equally active shorter fragments we pursued two different and 

separate attempts in order to receive functional potent and selective BRS-3 

compounds with an increased activity and/or a reduction of molecular weight down to 

about 500 Da. The first strategy was to synthesize cyclic peptide analogues of 1, 

which is described in this chapter. In a second approach, which is described in chapter 

4.3.6, we attached the pharmacophores onto a molecular scaffold.  

Cyclization of linear peptides has become a general approach for the generation of 

lead structures and for the elucidation of bioactive conformations.[336-338]  

 

less active more active

complex

receptor

     active
matched case

       inactive
mismatched case

flexible molecule in solution

constrained molecules in solution

 
 

Figure 4.9: Flexible molecules (e.g. linear peptides) can have many different 

conformations in solution. Cyclization restricts the number of possible conformations. 
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Cyclization of peptides has two major implications:  

 

�� The degree of conformational freedom of the peptide backbone is drastically 

reduced.  

�� The stability against proteases of the peptide is increased.  

 

Most linear peptides can be considered as very flexible in solution. They can adopt 

many different conformations, which even may be energetically relatively equally 

favored. Cyclization fixes the 3D structure of the peptide because it leads to a 

reduction of the possible number of conformations and to the preferential population 

of only a few thereof. In case where, by accident, the ‘bioactive’ conformation of the 

peptide is matched (‘matched-case’), cyclization can lead to a tremendous increase in 

affinity or activity at the receptor because of a decrease in entropy (Figure 4.9). 

Furthermore, an increase in selectivity for a certain receptor is also a possible 

consequence. On the other hand, if the linear peptide is forced into an unfavorable 

conformation (‘mismatched-case’), the introduction of such a sterical constraint can 

also lead to a complete loss of the biological activity (Figure 4.9). The increase in 

proteolytical stability is important, if the development of a drug is pursued, because 

the metabolic stability of linear peptides usually is very limited. 

We have seen many examples where cyclization of a linear peptide has led to a 

dramatic increase in biological activity.[243,337,339-344] In the ‘ideal’ case, the amino 

acids important for biological activity were found to be next to each other in the 

primary sequence of the natural ligand.[345-355] Then, a reasonable approach usually 

proved to be the generation of systematic libraries of stereoisomeric cyclic penta- and 

hexapeptides.[337,340] The structure of cyclic penta- and hexa- modelpeptides has been 

studied thoroughly in our group.[336,356,357] The conformation of homodetic, cyclic 

peptides is mainly determined by the configuration of its amino acids. It is known, that 

D-amino acids in general and especially D-proline prefer the i+1 position of a �II’ and 

a �I-turn, respectively.[336,356] Cyclic hexapeptides are often comprised by two �-

turns,[358] for cyclic pentapeptides, two ‘most important’ conformations, the �,�- and 

the �,�-conformation have been proposed.[336,359,360] The important implication for the 
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systematic search for new lead structures in drug design of these studies is, that due to 

this simple tool which, to a certain degree, enables to distinctly manipulate and 

‘freeze’ the comparatively rigid conformation of cyclic penta- and hexapeptides, a 

systematic spatial screening by insertion of a single D-amino acid at different 

positions becomes possible.[361,362]  
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Figure 4.10: Topography of epitopes of peptides when bound to the receptor. Amino 

acids A, B and C of the epitope are A) adjacent to each other-sychnologue message; 

B) non-adjacent to each other-rhegnylogue message. 

 

Obviously, this case was more complicated: The alanine and D-amino acid scans 

indicated that there are four additional amino acids between the pharmacophoric 

important amino acids, namely Trp8 and Phe13. Although there are different 

suggestions about the exact bioactive conformation of bombesin and related 

peptides,[201,231,242-246] it is feasible that they adopt a bend-like structure. This is 

supported by the fact that a �-turn mimetic could successfully replace the dipeptide 

Val-Gly in conformational constrained bombesin analogues.[247] Taken together, this 

gave rise to the assumption that peptide 1 forms a secondary structure in which these 

amino acids are – although not adjacent in the primary sequence – spatially located 

close to each other (Figure 4.10). Consequently, a spatial screening by systematic 

manipulation of the configuration of single amino acids in a head-to-tail cyclized 

nonapeptide 1 as described above for libraries of penta- and hexapeptides[337,340] was 

not considered as a promising strategy because of the following reasons:  

 

�� In case when several pharmacophoric amino acids are adjacent the conformational 

decisive area is usually limited to these amino acids. In this case however, the task 
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of accidentally fixing the bioactive conformation of a nonapeptide, which had 

turned out to be the minimum active fragment (see chapter 4.3.4), was pursued. In 

other words, besides the correct orientation of the pharmacophoric groups, their 

spatial distance was unknown. 

�� Because of the lack of spatial distance information with respect to the crucial 

amino acids Trp8 and Phe13, the probability to fix these residues in a wrong 

distance was very high. Furthermore, no information was available that allowed 

the assumption that a head-to-tail cyclization would provide the correct distances. 

 

Moreover, because of the assumed high flexibility in both, the native linear and a 

potential cyclic nonapeptide 1, a NMR-supported structure analysis leading to a more 

structure-based rational design was not feasible.[243]  

Because of the aforementioned reasons, a combinatorial approach for the introduction 

of a conformational constraint by means of cyclization where both, stereochemistry 

and spatial distances would be varied simultaneously was considered as being most 

promising. Recently, Liskamp et al. introduced the concept of the ‘rolling loop scan’ 

by connecting the side chains of bis-N-alkylated peptides by means of ring-closing 

metathesis.[363] Thereby, loops of any desired size and position connecting two peptide 

amide bonds could be formed. Inspired by this approach we applied a similar 

combinatorial concept for 1 (Figure 4.11, A). Loops were introduced by oxidative 

connection of two inserted Cys or D-Cys, respectively.[243,339,342,343,364-368] Therefore, 

all possible positions except Trp8, Phe13 and �-Ala11, which were found to be 

important for functional activity at BRS-3 (see chapter 4.3.2 and 4.3.3), were 

substituted. Because our results and previous findings suggested, that �-Ala11 can be 

considered as the pivotal point of the proposed bend-like structure of the 

molecule,[201,231,242-246] not at least because of structural parallels to somatostatin 

analogues, each position lower than that of �-Ala11, namely 6, 7, 9, and 10, was linked 

to one of the two higher positions 12 and 14 by cystine formation. Insertion of Cys 

and D-Cys, respectively, at each position generated all four possible stereoisomers for 

each possible loop size, which ranged from 3-9 amino acids. 
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Figure 4.11: A) Combinatorial “rolling loop-scan” of 1. Two amino acids at one time 

were replaced by Cys or D-Cys, respectively, except those with high (red-colored) and 

medium (yellow) significance for functional activity, to form disulfide-bridged cyclic 

peptides of varying loop size after oxidation. Arrows mark the position of the 

connecting disulfide-bridge. B) Published derivatives[243] with variations at position 

11 and 13 were synthesized for comparison. 

 

 

4.3.5.2 Synthesis 

 

Parallel automated synthesis of the linear precursors of the heterodetic cystine 

peptides 58-94 was carried out on a multiple peptide synthesizer SyRoll using 

standard Fmoc/tBu-strategy,[303-306] HOBt/TBTU activation[324,325] and Sieber amide 

resin[308] as described in chapter 8.2.1 and 8.3.2. The following synthesis, which 

included cleavage of the linear peptide from solid support, deprotection and oxidative 

cyclization could efficiently be carried out as a single process, which can be 

characterized by repeated steps of addition/reaction/concentration and precipitation 

(chapter 8.2.1 and 8.3.2). This became possible because only a small amount of by-
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products were formed during this process and DMSO was used as oxidative agent (see 

below).   

It is known that especially Cys and Trp are susceptible to various side reactions during 

the cleavage/deprotection process including alkylation by cations produced under 

highly acidic conditions without appropriate quenching[302-304] or reduction of the 

indole ring of the tryptophan with silanes/TFA.[369] These problems were effectively 

circumvented by the use of:  

 

�� Triisopropylsilane, which is superior to other scavenger systems,[329,330]  provides 

irreversible quenching and furthermore has a lower reduction potential towards 

Trp than e.g. triethylsilane.[369]  

�� Trp(Boc), which under strong acidic conditions forms the stable and indole-

protecting N-carboxy indole[331,370] resulting from the incomplete cleavage of the 

Boc-protecting group under highly acidic conditions. 

 

Destruction of the N-carboxy indole was achieved during the oxidation process in 

aqueous solution[331,370] as described below. The triphenylmethane, which was formed 

during deprotection of the Cys and His and quenching with triisopropylsilane, was 

removed by precipitation of the peptide in ice-cold ether. Thereby the 

triphenylmethane stayed in solution and was separated by simple decantation after 

centrifugation.  

Among the various cystein oxidation methods, which include air oxidation in aqueous 

solution,[371-373] iodine,[374,375] thallium trifluoroacetate[376] or K3Fe(CN)6,[377,378] we 

preferred the DMSO-mediated oxidation[379,380] because of the following 

advantages:[367]  

 

�� Reagents such as the highly toxic thallium trifluoroacetate, iodine or K3Fe(CN)6 

are strongly oxidative and afford careful adjustment of the reaction conditions in 

order to avoid overoxidation.[381] Furthermore, sidechains such as Trp and His are 

susceptible to side reactions.[375]  
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�� Oxidation with air oxygen is equally mild as DMSO. However, unlike 

DMSO,[379,382] air oxidation sometimes affords careful adjustment of the pH, 

otherwise the reaction proceeds very slow or incomplete.[373,378] 

�� The use of strong oxidative agents such as the ones described above affords 

additional workup procedures.[378,383] 

�� DMSO is an excellent solvent for peptides. 

  

The oxidation process was carried out in a 50% aqueous DMSO (v/v) solution. In 

principle, lower DMSO concentrations can also be used without limitations.[367] 

However in this case, the DMSO also served as a solvent because of the low solubility 

of the peptides in water. In order to prevent intermolecular dimerization and 

oligomerization, the reaction was carried out at peptide concentrations of approx-

imately c = 5 � 10-4 M.  

Furthermore, it is noteworthy that the yields of the deprotection/cyclization-step did 

not depend on the size of the ring - yields ranged from 44-69% after HPLC 

purification (data not shown).  

 

 

4.3.5.3 Biological Evaluation 

 

In a previous work, Coy et al. studied the effect of several covalently cyclized 

bombesin analogues on basal and bombesin-stimulated amylase release in rat 

pancreatic acini.[243] It was found, that cyclo[6,14][D-Cys6,Cys14]Bn(6-14) (90) was an 

amylase releasing agonist with an EC50 of 187 nM.[243] Furthermore, the activity of this 

agonist could be enhanced by substituting D-Ala for Gly at position 11 (peptide 

91).[243] These compounds as well as some more NMB-like analogues with Phe at 

position 13 instead of Leu (peptides 93 and 94, Figure 4.11, B) were prepared for 

comparison with peptides 58-89.  

As can be taken from Table 4.8 none of the cystine-bridged peptides including the 

reported agonist 90 on rat pancreatic acini displayed considerable activation of the 

BRS-3 receptor in the FLIPR-assay.  
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Table 4.8: Functional potencies of disulfide-bridged cyclic analogues of [D-Phe6,�-

Ala11,Phe13,Nle14]Bn(6-14) (1). 

BRS-3  

no. 

 

peptide -pEC50 a Emax 
a 

 

clogP

74 cyclo[6,12][Cys6,12,�-Ala11,Phe13, Nle14]Bn(6-14) 4.76 ± 0.01 10 ± 5 1.35 

75 cyclo[6,12][D-Cys6,�-Ala11,Cys12,Phe13, Nle14]Bn(6-14) 4.89 ± 0.01 23 ± 8 1.35 

76 cyclo[6,12][Cys6,�-Ala11,D-Cys12,Phe13, Nle14]Bn(6-14) 4.76 ± 0.04 30 ± 3 1.35 

77 cyclo[6,12][D-Cys6,12,�-Ala11,Phe13, Nle14]Bn(6-14) 4.79 ± 0.02 23 ± 2 1.35 

85 cyclo[9,12][D-Phe6,D-Cys9,12, 

�-Ala11,Phe13,Nle14]Bn(6-14) 

4.92 ± 0.05 27 ± 5 1.88 

87 cyclo[10,12][D-Phe6,D-Cys10, 

�-Ala11,Cys12,Phe13,Nle14]Bn(6-14) 

4.91 ± 0.01 15 ± 4 0.63 

a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 2-3 independent concentration-
response curves, potencies on NMB-R and GRP-R were not determined. Emax represents the Ca2+ 
signal at 16 �M in percent of maximal response of 1. Additional experimental details are described in 
Table 4.2 and chapters 4.2.1 and 8.5. 
 

Only modest activities with EC50-values of less than 10 M and a receptor activation 

of maximal 30% compared to 1 was observed for compounds 74-77, which have been 

cyclized between position 6 and 12 (former D-Phe6 and His12). Furthermore, peptide 

85 with cyclization points between position 9 and 12, and compound 87 to an even 

lower degree, have some residual activity. Although this approach did not render the 

aimed increase in activity, some conclusions can be drawn: 

 

�� The observation, that cyclic peptides can (although only moderately) activate the 

receptor supports the assumption that 1 is present in a kinked structure when 

bound to the receptor. 

�� The fact that peptide 90 and derivatives thereof (Figure 4.11, B) could not address 

the BRS-3 receptor in the FLIPR-assay although it is a reported agonist on rat 

pancreatic acini[243] has its cause in the selectivity of this compound for the 

NMB/GRP receptors or is due to the difference of the used test-systems. 
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4.3.6 Discovery of the Tetrapeptide Lead-Structure 

 

The evaluation of N- or C-terminal deleted fragments made clear that 1, or its by D-

Phe6 truncated fragment, already was a minimum active BLP-derived fragment 

concerning functional activity at BRS-3. Therefore a different approach was attempted 

to obtain smaller lead structures. Using the knowledge obtained from the results 

described above and considering the hypothesis, that the spatial distance between Trp8 

and Phe13 in the bioactive conformation of 1 is small due to a turn induced around 

position 11, [201,231,242-246] a tetrapeptide was designed (Figure 4.12). 

 

Tetrapeptide Mini-Library:

H-D-Phe-Gln-Trp-Ala-Val- -Ala-His-Phe-Nle-NH� 2

H-D-Phe-Gln-Trp-Phe-NH2

H-D-Phe-Gln-  Trp-     Phe- NH        ( )
H-D-Phe-Gln-D-Trp-   Phe- NH         ( )
H-D-Phe-Gln-  Trp-  D-Phe-NH        ( )
H-D-Phe-Gln-D-Trp-D-Phe-NH        ( )

2
2
2
2

102
95

103
104  

 

Figure 4.12: A tetrapeptide consisting of the three N-terminal amino acids of [D-

Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) and Phe-NH2 formed the basis of a four 

membered mini-library. The peptides with permutated stereochemistry at the two C-

terminal amino acids presented the residues Trp and Phe or their stereoisomers at 

two different distances.  

 

It consisted of the three N-terminal amino acids of 1 and Phe-NH2 (compound 102) 

and formed the basis of a four-membered mini-library (compounds 95, 102-104). The 

peptides with permutated stereochemistry at the two C-terminal amino acids presented 

the residues Trp and Phe or their stereoisomers at two different distances. 
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4.3.6 Systematic SAR of Tetrapeptide Lead 

 

Functional potency and receptor affinity at BRS-3 of the four membered mini-library 

(peptides 95, 102-104) and modified analogues are shown in Table 4.9. To our very 

surprise, compound 95 clearly showed residual activity with an EC -value of about 

10 M in the FLIPR-assay. 

50

 

Table 4.9: Functional potencies from 2-5 independent concentration-response curves 

and receptor affinity of the tetrapeptide mini-library (peptides 95, 102-104) and 

analogues in which individual amino acids were substituted. 

BRS-3  

no. 

 

peptide -pEC   50
a Inhib.  b

 

clogP 

95 fQwF-NH  2 5.00 ± 0.09 15 0.1 

96 Ac-fQwF-NH  2 Inactive 25 c 

97 aQwF-NH  2 Inactive � 10 c 

98 fAwF-NH  2 4.82 ± 0.10 26 -0.34 

99 fQaF-NH  2 Inactive � 10 -1.31 

100 fQWA-NH2 Inactive � 10 -1.32 

101 FQwF-NH2 5.05 ± 0.03 14 0.1 

102 fQWF-NH2 Inactive 11 0.1 

103 fQWf-NH2 Inactive � 10 0.1 

104 fQwf-NH  2 Inactive 19 0.1 

105 fNwF-NH2 5.08 ± 0.08 27 0.79 

106 f �AwF-NH2 Inactive 13 1.8 

107 fQwF Inactive � 10 -0.95 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 2-5 independent concentration-
response curves. All compounds are inactive on NMB-R and GRP-R except 95 with -pEC50 of 4.76 ± 
0.01 on GRP-R, functional activity of 96 on NMB-R and GRP-R was not determined. b Radioligand 
binding assay.[222] Values are given in percent of control specific binding at 10 �M. c Not determined. 
Additional experimental details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
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N-terminal acetylation resulted in a loss of functional activity (96), however, 

enhanced receptor affinity was observed. Analogues of 95, in which amino acids were 

replaced by alanine (97-100) indicated the importance of the three aromatic residues 

whereas removal of the sidechain of Gln even slightly increased receptor affinity. 

Analogues with modified stereochemistry (compounds 101-104) demonstrated the 

intolerance towards C-terminal alterations as well as the necessity of a D-

conformation at the Trp-residue (102). On the other hand, functional potency was 

retained when stereochemistry was changed at the N-terminal D-Phe (101). As 

expected from the aforementioned results, Gln could be replaced by Asn (105). 

However, �-Ala was not tolerated (106). Again, C-terminal removal of the lipophilic 

amide resulted in a compound without functional response (107). 
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4.3.7 C-Terminal Optimization 

 

In a next step C-terminally modified analogues of the discovered tetrapeptide lead-

structure 95 were prepared (Table 4.10). Formally, the C-terminal Phe-NH2 group was 

replaced by differently substituted arylamines. 

 

 

 

Table 4.10: Functional potencies and receptor affinity of 

C-terminally modified analogues of 95. 

H2N
O

H
N

N
H

O H
N

O
R

OH2N

NH

BRS-3  

no. 

 

R -pEC50 
a Inhib. b 

 

clogP 

108 Benzyl- Inactive 49 1.09 

109 1-(2-Phenylethyl)- 6.15 ± 0.08 82 1.3 

110 1-[2-(3, 4-Dimethoxyphenyl)ethyl]- Inactive � 10 0.96 

111 1-[2-(4-Bromophenyl)ethyl]- 5.68 ± 0.07 58 1.7 

112 1-(Pyridine-2-ylethyl)- 5.97 ± 0.06 16 -0.19 

113 1-[(R)-(+)-�-Methylphenylethyl]- 5.63 ± 0.05 59 1.7 

114 1-[(S)-(-)-�-Methylphenylethyl]- 5.58 ± 0.09 51 1.7 

115 1-(2,2-Diphenylethyl)- Inactive 28 c 

a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 2-5 independent concentration-
response curves. All compounds were tested inactive on NMB-R and GRP-R.  b Radioligand binding 
assay.[222] Values are given in percent of control specific binding at 10 �M. c Not determined. 
Additional experimental details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
 

Most importantly, incorporation of a 1-(2-phenylethyl)-residue (109) increased 

functional potency about 15-fold. Insertion of a benzyl-moiety resulted in a loss of 

functional activity (108), which demonstrated that the carbon chain length is crucial. 

Aromatic substitutions (110 and 111) or replacement of phenyl- by 2-pyridyl- (112) 

did not further improve functional potency. Interestingly, compound 112 showed 

almost equal functional potency compared to 109 but much lower receptor affinity. 

Sterical constraints (113 and 114) reduced functional response about 2-fold compared 
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to 109, incorporation of a 1-(2,2-diphenylethyl)-residue (115) resulted in a completely 

inactive compound. Compounds 108-115 did not induce calcium mobilization on the 

NMB-R and GRP-R. 

Furthermore, compound 95 (Table 4.9) suggests that a relative proximity of the 

residues Trp8 and Phe13 in the bioactive conformation of 1 is very probable. The same 

conclusion can be drawn from the recently described antagonists for the NMB-R, 

GRP-R[253,254] and related receptors (see chapter 3.2.3). Although these compounds 

have been developed by similar strategies,[35,36,252] a successful shortening of the 

sequence required for BRS-3 activation as represented by compound 95 was very 

surprising. Systematic SAR of the lead structure 95 revealed that all three aromatic 

residues are necessary for functional potency on BRS-3 (Table 4.9). Furthermore, a D-

conformation for the Trp seemed to be mandatory (Table 4.9). Our first attempts to 

optimize the lead structure 95 were directed towards the C-terminus (Table 4.10). As 

expected, the transformation of the C-terminal amide group into a free carboxylic acid 

was unfavorable for functional potency on BRS-3 (Table 4.7 and 4.9) because most 

naturally occurring peptides including the bombesin-like peptides are C-terminally 

amidated. Moreover, a comparison of compounds 18 and 41 showed that deletion of 

the C-terminal amide group even raised BRS-3 functional potency. Based on this 

observation we rationalized that further increased C-terminal lipophilicity by removal 

of the C-terminal amide group would lead to a substantial increase of functional 

activity of the lead structure 95. This concept worked very well, within our studies the 

unsubstituted 1-(2-phenylethyl)amide (compound 109) proved to be the most suitable 

C-terminal structural moiety (Table 4.10). Structural constraints did not improve 

functional response, too lipophilic residues were not tolerated (Table 4.10). Gln was 

incorporated into the structure of compound 95 because it was part of the N-terminal 

tripeptide sequence of peptide 1 (Figure 4.12). In addition to that the Gln served as a 

spacer between the Phe and the Trp. Therefore it was not very surprising that its 

sidechain was not necessary for functional potency on BRS-3 (Table 4.9). The fact 

that the Gln might be replaceable represented a promising outlook for further 

structural modifications towards nonpeptide ligands for BRS-3, which will be subject 

of the following chapters. 
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4.4 Peptidomimetic BRS-3 Agonists 

 

4.4.1 General Strategy 

 

In the previous chapters, it was described how we have been able to design the short 

peptide agonist H-D-Phe-Gln-D-Trp-1-(2-Phenylethyl)amide (109) using the linear 

nonapeptide [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) as a starting point.[384]  

Although the improvement in functional activity from D-Phe-Gln-D-Trp-Phe-NH2 

(95) to H-D-Phe-Gln-D-Trp-1-(2-Phenylethyl)amide (109) as described in chapters 

4.3.6-4.3.8 was considerable with about 15-fold (Tables 4.9 and 4.10) a comparison 

with the activities of the nona- and octapeptides (Tables 4.2 and 4.4) made clear, that 

presumingly all compounds would bind to the same epitope, it would be possible to 

further optimize the interaction of these smaller molecules with the receptor by – 

maybe even small - structural changes. Furthermore, we were now also aiming 

towards compounds with a reduced peptidic character, which would increase the 

proteolytical stability, and a higher lipophilicity, which would putatively improve the 

pharmacokinetic profile and may eventually allow oral application. However, the first 

goal of this further optimization was to generate new tool substances, which may help 

to unravel the still unclear physiological role of the human orphan receptor BRS-3 and 

its possible use as a drug target in obesity and cancer.  

It was tried to approach these goals by means of combinatorial chemistry. In the 

following chapters the course from initial thoughts and planning leading to the parallel 

solid- and solution phase synthesis of a combinatorial library of low molecular weight 

peptidomimetic agonists based on the structure of the short peptide agonist 109 is 

described.  

 

 

4.4.2 Design and Scope of a Small-Molecule Library  

 

In the following, the prominent features of this library will be summarized. Because 

the same assay-system as for the peptides described in the chapters above would be 
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used, generation of the library-compounds would be carried out by the use of parallel 

synthesis. Application of the ‘split-method’[5,6] combined with ‘on-bead screening’ 

technology[12] or biological screening of compound mixtures was not considered as an 

option mainly because of their incompatibility with the FLIPR-assay but also because 

these methods are only useful for a qualitative but not quantitative determination of 

affinity. Moreover, they suffer from substantial drawbacks such as the need for 

synthetic optimization, time consuming deconvolution or a high susceptibility for 

artefacts in the obtained biological data due to synergistic effects.[385,386] 

As a consequence of this the C-terminal unit of agonist 109, namely D-Trp-1-(2-

Phenylethyl)amide was considered as ‘optimized’ with respect to functional potency. 

Although ADMET[3,44] parameters were not taken into account in this optimization 

process and other structural modifications are thinkable, a limitation of the C-terminal 

optimization process was necessary in order to keep the synthesis of the library 

manageable. Parallel synthesis - which requires separate workup, compound 

purification and biological testing - limits the number of processable compounds in a 

reasonable time.  

Since the knowledge obtained from our previously conducted studies was used for the 

design of this library, it can be considered as ‘biased’. Our attention was directed 

towards the N-terminal part of the molecule, because the SAR of lead-structure 95 

already suggested, that the sidechain of the Gln is not essential for functional activity. 

However all three aromatic moieties are needed.[384] Furthermore, a stereochemical 

change of the N-terminal D-Phe in 95 did not affect functional potency.[384]  

The C-terminal unit D-Trp-1-(2-Phenylethyl)amide, either attached to solid support 

or, represented by building block 138, in solution phase, serves as a common basis for 

all members of the library (Figure 4.13). To this C-terminal building block, differently 

modified substitutes for the D-Phe-Gln unit would be attached. During such a fine-

tuning process with no 3D structural data available it is advisable that changes at the 

original structure are carried out stepwise rather than several ones simultaneously. The 

applied structural modifications can roughly be divided into two different classes:  
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�� The backbone of the D-Phe-Gln unit is modified by deletions and the introduction 

of various peptidomimetic elements. 

�� In this context it is reasonable to investigate modifications of the sidechains such 

as deletions with respect to the Gln-sidechain and the substitution pattern of the N-

terminal aromatic residue of the D-Phe or the replacement with heteroaromatic- or 

constrained aromatic systems. 

 

Taken together, these tools should allow the further elaboration of the structural 

requirements for biological activity of this part of the agonist and a reduction to a 

minimum fragment. Moreover, the backbone variations should mainly account for the 

enhanced metabolic stability of potential conformationally tolerated surrogates.  

The use of different peptidomimetic backbone elements or classes automatically leads 

to a division of the overall library into several sublibraries. A summary of these 

different backbone modifications that are used for the substitution of the N-terminal 

D-Phe-Gln unit of 109 is given in Figures 4.13 and 4.14: 

 

�� In a first step, the N-terminal amine is deleted and the Gln sidechain is removed 

(chapter 4.4.3). 

�� Additionally, the N-terminal carbonyl is removed. Formally this corresponds to a 

replacement of the D-Phe-Gln unit by N-substituted glycines and -alanines 

(chapter 4.4.4). 

�� Alternatively to the N-terminal carbonyl removal, the Gln C� is substituted by 

nitrogen, which leads to azapeptides (chapter 4.4.5). 

�� Replacement of the N-terminal amide bond in azapeptides by a C-N double bond 

leads to semicarbazones (chapter 4.4.6). 

�� Formal reduction of this C-N double bond of the semicarbazones leads to 

semicarbazides (chapter 4.4.7). 

�� Finally, scaffolds containing piperazine and piperidine are inserted (chapter 4.4.8). 
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Figure 4.13: Modular design of peptidomimetic BRS-3 agonists. The marked region 

of structure 109 depicts the previously optimized part of the molecule, which is left 

unchanged for the further studies. ‘Aromat’ refers to differently substituted or 

heteroatoms containing aromatic residues. 

 

It is planned that each of these sublibraries would contain several representatives, 

differing in their N-terminal aromatic systems. With respect to the variation of this N-

terminal aromatic system two goals are pursued: 

 

�� Among each other the members within a series should contain residues of great 

diversity.    

�� By repeating identical or similar substitution patterns within each series a 

comparison between the different series of compounds would be possible. 
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Figure 4.14: Schematic depiction of different classes of peptide mimetics/backbone 

modifications that are used in this work (R = substituted or functionalized alkyl- or 

aryl moieties; in some cases, not for peptoides, semicarbazones, R = H). 

 

In order to obtain diversity at the N-terminus the following different aromatic systems 

are incorporated: (1) The unsubstituted phenyl-moiety; (2) 4-chlorophenyl- as 

lipophilic residue; (3) 3-pyridyl- as heteroaromatic/basic moiety; (4) 2-furyl- as 

heteroaromatic residues; (5) 1,3-benzodioxol-5-yl-; (6) tetrahydroisoquinolin-1-yl 

(122) as constrained/basic system; (7) 2-indolyl- (119) as heteroaromatic/constrained 

system. Furthermore, the spacer attached to the aromatic system is varied in length. 

Not all of these aromatic elements are used in all of the sublibraries. This is because 

building blocks are on the one hand chosen to generate a maximum of diversity, on 

the other hand quick availability is necessary, either by easy synthetic access or 

commercial purchase. In this context the 2-arylacetic acids, which can be obtained 

commercially in great diversity, prove to be advantageous as N-terminal capping 

element (chapter 4.4.3.1 and 4.4.5.2). The same accounts for arylaldehydes needed for 

the synthesis of semicarbazones (chapter 4.4.6.2). They also serve as a starting point 

for building blocks leading to semicarbazides (chapter 4.4.7.2). Furthermore, 

differently substituted benzyl- and phenylethyl-bromides were purchased as educts for 

N-substituted glycines and alanines (chapter 4.4.4.2). Synthesis of the two building 

blocks (119) and (122) is described in chapter 4.4.3.1.  
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4.4.3 N-Terminal Modification and Gln Substitution 

 

4.4.3.1 Synthesis 

 

Firstly, in order to remove N-terminal chirality and increase lipophilicity, peptides 

with a removed N-terminal aminofunction (163-167) were prepared (Scheme 4.6).[310] 

For synthesis of the peptides, FMPE resin[310] was reductively aminated with 1-(2-

phenylethyl)amine as described above (Scheme 4.2) and loaded with Fmoc-D-Trp-OH 

using HATU/HOAt/sym.-collidine activation[318,320,326] to yield resin-bound Fmoc-

protected propanamide 138.[332] Chain extension including the coupling of the N-

terminal building blocks, which were incorporated instead of the D-Phe in lead-

structure 109, namely phenylacetic acid, 4-chlorophenylacetic acid, 3-(4-

chlorophenyl)propionic acid, 2-{1,2,3,4-tetrahydro-2-[(9H-fluoren-9-ylmethoxy) 

carbonyl]-1-isoquinolinyl}acetic acid (119)[306,387,388] and (1H-indol-2-yl)acetic acid 

(122)[389,390] was carried out using standard Fmoc protocols[303,304] with 

TBTU/HOBt/DIPEA activation[324,325] (Scheme 4.5). N-terminal building blocks 

except 119 and 122 – their synthesis is described below - were purchased from 

commercial sources. 

Fmoc-protected 3,4-dihydroisoquinoline acetic acid 119 was synthesized in four steps 

(Scheme 4.3): First, 1-(2-phenylethyl)amine was condensed with formic acid by 

slowly heating the reaction mixture to 200 �C and simultaneously distilling the 

emerging water and then the formic acid off to ensure complete reaction.[387] A 

possible further (and unwanted) side-reaction of the relatively low-reactive carbonyl 

116 to the Schiff-base product was suppressed by an excess of formic acid. The 

product was finally purified by vacuum distillation and obtained in 89% yield. In a 

second step, ring-closure was achieved under Bischler-Napieralski conditions, which 

furnished the desired 3,4-dihydroisoquinoline 117 in 74% yield.[387] In this 

thermodynamically controlled process drastic reaction conditions (160 �C, 1.5 hrs) 

ensure the electrophilic attack at the aromatic system, a mixture of polyphosphoric 

acid and phosphorus pentoxide (‘super-PPA’) effects the withdrawal of water.  
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Scheme 4.3: Synthesis of 2-{1,2,3,4-tetrahydro-2-[(9H-fluoren-9-ylmethoxy)carbonyl] 

-1-isoquinolinyl}acetic acid (119). 

 

Workup of this reaction was somewhat tricky, because the formed product could only 

be extracted from the resulted brownish-black reaction mixture after complete 

neutralization of the acid at pH = 10. Alternatively, phosphorus oxychloride can be 

used for cyclization.[391] The solvent-free conversion of the 3,4-dihydroisoquinoline 

117 with malonic acid under abstraction of CO2 was straightforward[388] and produced 

the racemic cyclic constrained �-amino acid 118 in 48% yield after recrystallization, 

which is still capable of improvement. Final Fmoc-protection[306] provided 

compatibility of this building block with the Fmoc-strategy.[303,304,392]  

As a second possible constrained phenylalanine mimetic besides 119, (1H-indol-2-

yl)acetic acid (122) was introduced and prepared in three steps (Scheme 4.4): First, 4-

(2-nitrophenyl)acetoacetic acid ethyl ester (120) was prepared from (2-

nitrophenylacetyl)imidazolide as acylating agent and potassium ethyl malonate in the 

presence of magnesium dichloride/triethylamine with subsequent decarboxylation in 

82% yield.[389] The imidazolide was prepared in situ from 2-nitrophenyl acetic acid 

and N, N’-carbonyldiimidazole. In principle, there are other routes, which lead to ethyl 

arylacetylacetates such as the Claisen-condensation – acylation of the enolate of 
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Scheme 4.4: Synthesis of (1H-indol-2-yl)acetic acid (122). 

 

ethylacetate with ethyl arylacetates[393] – or, similar to the malonic acid ester synthesis 

described above, the use of Meldrum’s acid[394] followed by decarboxylation. 

However, these methods produce lower yields or give rise to retro-condensation 

reactions.[389,390] Cyclization of the �-ketoester 120 was carried out using titanium (III) 

chloride in aqueous acetone and yielded the indolyl acetic acid ester 121 in 74% yield 

(Scheme 4.4).[390] The mechanism of this reaction can be proposed as follows: 

Reduction of the nitro-group to the amine is followed by an intramolecular 

condensation and finally by an H-shift, generating the thermodynamically more stable 

aromatic system.  

Saponification of the ester 121 with aqueous NaOH/methanol yielded indolyl acetic 

acid 122 in 73% yield (Scheme 4.4).  

Cleavage of the final compounds 163-167 from solid support and acidic deprotection 

was carried out with TFA/TIPS/H2O (18:1:1). Stable carbaminic acids were not 

observed, probably due to their rapid decay under the mild acidic aqueous HPLC-

conditions. The additional substitution of Gln with Ala besides the removal of the N-

terminal NH2 of lead-structure 109 led to peptides 168-174, which were prepared 

similarly as 163-167 (Scheme 4.5). 
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Scheme 4.5: Synthesis of analogues of 109 with a removed N-terminal aminofunction 

(163-167) and with an additional substitution of Gln against Ala (168-174). 

Compounds 175-181 with removed N-terminal peptide bond are discussed in chapter 

4.4.4. Reagents: (a) (for R2 = Fmoc: 20% piperidine/NMP), Fmoc-Gln(Trt)-OH or 

Fmoc-Ala-OH, TBTU/HOBT/DIPEA, NMP; (b) 20% piperidine/NMP; (c) carboxylic 

acid building blocks,a TBTU/HOBt/DIPEA, NMP; (d) 1.) TFA/TIPS/H2O (18:1:1), 2.) 

HPLC; (e) {arylalkyl-[9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic acid (131-

134), TBTU/HOBT/DIPEA, NMP; (f) 1.) 2-{arylalkyl-[(9H-fluoren-9-ylmethoxy) 

carbonyl]amino}propionic acid (135-137), HATU/HOAt/sym.-collidine, DMF, 2.) 

TFA/CH2Cl2/TIPS (10:10:1), 3.) DMSO/HOAc/H2O (8:1:1), 4.) 20% piperidine/DMF, 

5.) HPLC (65-87%). a Purchased from commercial sources except 119, 122. 
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4.4.3.2  Biological Evaluation 

 

One of the most reliable methods in medicinal chemistry to improve in vitro activity is 

to incorporate properly positioned lipophilic groups or, as could be suggested for our 

case, to remove ‘unnecessary’ hydrophilic groups (chapter 2.4). Although C-terminal 

optimization of the aforementioned lead-structure, which resulted in the removal of 

the amide function, was sufficient to increase functional potency about 15-fold to 

generate agonist 109 with an EC50 of 710 nM,[384] we expected that further 

improvement of functional activity could be achieved by exploiting the N-terminal 

SAR of this molecule. On the other hand, we were aiming at oral availability, which 

requires solubility. Therefore, regarding Lipinski’s ‘rule of five’,[50] lipophilicity, 

which can be estimated and expressed by the n-octanol/water partition coefficient 

cLogP value, should not exceed the magnitude of five. Firstly we deleted the N-

terminal aminofunction of the agonist 109 (Scheme 4.5, Figure 4.13). As a result of 

this, the cLogP value raised from 1.3 to 1.81 (Tables 4.10 and 4.11), as compared to 

the augmentation of 0.1 of H-D-Phe-Gln-D-Trp-Phe-NH2 to 1.3 of agonist 109 

(Tables 4.9 and 4.10). 

As can be seen from Table 4.11 (compounds 163-167) the effect of this increase of 

lipophilicity on functional potency at BRS-3 is low except for compound 167 with an 

increase of about 12-fold. Compounds 163 and 164 showed functional potencies on 

the NMB-R and GRP-R in the micromolar range. 

In the second step a series of compounds were investigated where in addition to the 

deleted aminofunction Gln was replaced by Ala and the N-terminal aromatic residue 

was differently substituted or replaced by heteroaromatic moieties (Table 4.11). 

Although the synthetic effort to get from lead structure H-D-Phe-Gln-D-Trp-Phe-NH2 

to compounds 168-174 was relatively small, the impact on improvement of functional 

potency was enormous. With compounds 168 and 171, potencies in the nanomolar 

range were obtained. Furthermore, all compounds showed excellent selectivity for 

BRS-3. As seen in the preceding series, compounds 163-167, indole-2-yl/3-pyridyl 

was clearly favored as N-terminal aromatic residue over 4-chlorophenyl. On the other 

hand, these alterations probably do not represent much progress concerning 
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proteolytic stability, since these compounds still comprised three peptide bonds. 

Therefore, efforts now were directed towards a reduction of the peptidic character of 

the compounds. 

 

N
H O

H
N

NH

H
N

O
R2

O R1

Table 4.11: Functional potencies of modified 

analogues of 109 with N-terminally deleted 

aminofunction (163-167). Additionally, in 

compounds 168-174, Gln was replaced by Ala. 

BRS-3  

no. 

 

R1 

 

R2 -pEC50 
a Emax 

a 

 

cLog P 

163 (CH2)2CONH2 Benzyl- 5.92 ± 0.25 38 ± 1 1.81 

164 (CH2)2CONH2 4-Chlorobenzyl- 5.85 ± 0.15 62 ± 4 2.52 

165 (CH2)2CONH2 1-[2-(4-

Chlorophenyl)ethyl]- 

 

6.63 ± 0.13

 

68 ± 6 

 

2.91 

166 b (CH2)2CONH2 1,2,3,4-Tetrahydroiso- 

quinoline-1-ylmethyl- 

 

6.15 ± 0.25

 
c 

 

c 

167 (CH2)2CONH2 1H-Indole-2-ylmethyl- 7.25 ± 0.34 82 ± 5 1.8 

168 CH3 Benzyl- 8.67 ± 0.26 71 ± 5 3.62 

169 CH3 4-Chlorobenzyl- 6.85 ± 0.28 75 ± 9 4.33 

170 CH3 1-[2-(4-

Chlorophenyl)ethyl]- 

 

5.19 ± 0.05

 

30 ± 2 

 

4.72 

171 CH3 1,3-Benzo- 

dioxol-5-ylmethyl- 

 

8.11 ± 0.46

 

75 ± 7 

 

3.18 

172 CH3 Pyridine-3-ylmethyl- 7.50 ± 0.14 74 ± 2 2.12 

173 CH3 1,2,3,4-Tetrahydroiso- 

quinoline-1-ylmethyl- 

 

6.51 ± 0.10

 

69 ± 8 

 

3.83 

174 CH3 1H-Indole-2-ylmethyl- 7.10 ± 0.20 69 ± 1 3.61 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 4-11 independent 
concentration-response curves. All compounds tested were inactive on the NMB-R and GRP-R except 
for 163 with EC50 = 15.0 �M (13.9-16.3) on NMB-R and EC50 = 19.1 �M (15.5-23.5) on GRP-R and 
164 with EC50 = 18.5 �M (16.6-20.7) on NMB-R and EC50 = 12.2 �M (11.1-13.3) on GRP-R. b 
Compound contained impurities. c Not determined. Additional experimental details are described in 
Table 4.2 and chapters 4.2.1 and 8.5. 
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4.4.4 Probing the Necessity of the N-terminal Amide Bond 

 

4.4.4.1 Introduction 

 

An important milestone in the course from peptide to nonpeptides of a lead structure 

such as 109 is to find suitable surrogates, which reduce the peptidic character – i.e. the 

peptide bond, which is responsible for it – thereof. If the questioned amide bond is not 

directly involved in the binding to the active site of the receptor or, alternatively, in 

the intramolecular stabilization of the active substances’ 3D structure, this strategy can 

lead to a success. However, it is impossible to make predictions about the outcome of 

such an attempt, if precise structural data of receptor and ligand are lacking. In 

principle there are several possibilities for the modification or removal of a peptide 

bond: 

 
�� The peptide bond can be replaced, e.g. by a sulfonamide,[395,396] a phosphon- 

amidate,[397] or urea.[398-401] 

�� The amide bond can be reduced, as successfully carried out e.g. for bombe- 

sin,[231,244] somatostatin[402] or substance P [403] analogues. 

�� A ‘shift’ of the peptide sidechains from the C� by one position along the peptide 

backbone to the amide nitrogen leads to so-called ‘peptoids’.[404-406]  

 
The latter of these approaches was followed, and since we aimed to alter only the N-

terminal amide bond in a first step by incorporation of one single peptoid 

monomer,[407,408] it can be considered as equivalent to a reduction according to the 

second point and a simultaneous shortage of the backbone.  

The definition of the term ‘peptoid’ has been coined by Zuckermann et al. as 

oligomers of N-substituted glycines,[404,405] although it was also used in a different 

sense before[409] (chapter 2.3). Peptoids have been successfully used as lead 

structures[410,411] and offer the following advantages: Besides their metabolic 

stability,[412] a great variation of functional groups is easily possible and due to their 

achirality and certain flexibility, they allow the probing of a large conformational 

space.[404] There are two synthetic routes that lead to oligomers of N-substituted 
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glycines, both of which have been shown to be applicable to solid support automated 

synthesis and the generation of chemically diverse libraries:[413-416] 

 

�� The alignment of N-terminal Fmoc-protected N-substituted glycines according to 

the Fmoc-strategy.[404] This route requires a previous synthesis of the monomers.  

�� The ‘submonomer’ synthesis, in which the (hetero-)polymer is assembled by 

alternated coupling of an �-haloacetic acid and nucleophilic substitution with a 

primary amine.[405] 

 

Synthesis of peptoid monomers can be carried out by direct alkylation of �-haloacetic 

acid esters in toluene.[417,418] However, this method can lead to substantial side 

reactions such as dialkylation or aminolysis of the ester, especially if the chloroacetate 

is used.[417] An alternative for water-soluble amines is the reaction with glyoxylic acid 

followed by reduction.[404] Good results can also be obtained for lipophilic amines, 

when bromoacetic acid ethyl ester is used.[419]  

 

 

4.4.4.2 Synthesis 

 

In order to probe the necessity of the N-terminal amide bond for functional activity, it 

was planned to replace the N-terminal unit of 109, D-Phe-Gln against differently N-

substituted glycines and alanines. For being able to implement these building blocks 

into standard Fmoc protocols,[303,304] it was decided to furnish them with an Fmoc 

protecting group in order to minimize side reactions during the coupling process. All 

protected peptoid monomers, except 133, were synthesized in two steps: Firstly, 2-

(arylalkylamino)acetic acid ethyl esters (123, 124 and 126) and 2-

(arylalkylamino)propionic acid ethyl esters (128-130) were prepared from 2-

bromoacetic acid ethyl ester and benzyl-, 4-chlorobenzyl- and 1-(2-phenylethyl)amine 

in toluene (Scheme 4.6).[417,418] While yields for the glycine analogues 123, 124 and 

126 were in the range of 57-64%, only 35-41% were obtained for the alanine 

analogues 128-130 after column chromatography. In the second step, the esters were 
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hydrolyzed with aqueous NaOH and, after neutralization with 1 N HCl, Fmoc was 

introduced without intermediate purification to yield the Fmoc-protected N-alkylated 

glycines 131, 132 and 134 and the corresponding alanine building blocks 135-137, 

which were obtained as racemic mixtures. Again, yields for this two step 

transformation were higher for the glycine analogues (92% - quant) compared to the 

corresponding alanine analogues (65-85%). Interestingly, some of the N-Fmoc 

protected monomers showed cis-trans-isomerie about the amide bond (compounds 

127 and 133-136), as detected in the 1H NMR-spectrum, whereas others (131, 132 and 

137) did not. Nevertheless, all monomers eluted in the analytical HPLC as single, 

well-defined peaks. 
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Scheme 4.6: Synthesis of {arylalkyl-[9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic 

acids (131, 132 and 134) and 2-{arylalkyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino} 

propionic acid  derivatives (135-137). 

 

Differently from the above described peptoid monomers, 2-{pyridine-3-ylmethyl-

[(9H-fluorene-9-ylmethoxy)carbonyl]amino}acetic acid (133) was synthesized in 

three steps[419,420] via the tert-butyl ester 125 (Scheme 4.7) because introducing the 

Fmoc group at the C-terminally unprotected monomer was found to be extremely  
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Scheme 4.7: Synthesis of 2-{pyridine-3-ylmethyl-[(9H-fluorene-9-ylmethoxy)carbo 

nyl]amino}acetic acid (133). 

 

difficult.[419,420] Fmoc-protection of tert-butyl ester 125 was straightforward using 

sym.-collidine as a base as previously described.[420] For final cleavage of the tert-

butyl group TIPS was conveniently used as a scavenger in a 1:10 (v/v) mixture with 

TFA, thereby avoiding the previously used low-volatile m-Kresol.[420]  
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H
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139

1. 1-(2-phenylethyl)amine, 
    TBTU/HOBt/DIPEA, DMF 
2. 20% piperidine/DMF

97%

 
Scheme 4.8: Synthesis of tert-Butyl-3-{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl] 

ethyl}-1H-1-indole-carboxylate (139). 

 

Preparation of the peptoid-peptide hybrids 175-178 was carried out on solid 

support[310] using TBTU/HOBt/DIPEA activation[324,325] (Scheme 4.5). For synthesis 

of compounds 179-181, Fmoc-protected peptoid monomers 135-137 were coupled to 

139 in solution with HATU/HOAt/sym.-collidine activation[318,320,326] (Scheme 4.5). 

Cleavage of the Boc-protecting group from D-Trp turned out to be incomplete after 
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treatment with TFA/TIPS (10:1) (v/v) at 0 �C.[331] ESI mass spectral data indicated 

that the carbaminic acid was stable under these highly acidolytic and water-free 

conditions. Destruction of the carbaminic acid was achieved by treatment with 

DMSO/H2O/HOAc (8:1:1) (v/v). Compounds 179-181 were tested as racemic 

mixtures. 

 

 

4.4.4.3  Biological Evaluation 

 

In compounds 175-178, the N-terminal peptide bond was removed by incorporation of 

N-substituted glycine, in compounds 179-181 by N-substituted alanine (Table 4.12). 

Thus, it is assumed that these modifications introduce a greater flexibility to the 

backbone accompanied with enhanced metabolic stability.[404-406,412]  

 

 

N
H O

H
N

NH

H
N

O

R2

R1

Table 4.12: Functional potencies of modified 

analogues of 109 containing peptoide monomer 

building blocks (175-178) and N-arylated 2-

aminopropionic acid building blocks (179-181). 

BRS-3  

no. 

 

R1 

 

R2 -pEC50 a Emax 
a 

 

cLog P 

175 H Benzyl- 7.68 ± 0.17 87 ± 6 3.86 

176 H 4-Chlorobenzyl- 8.54 ± 0.39 81 ± 2 4.58 

177 H Pyridine-3-ylmethyl- 7.68 ± 0.23 82 ± 8 2.37 

178 H 1-(2-Phenylethyl)- 7.78 ± 0.27 92 ± 16 4.08 

179 CH3 Benzyl- 7.34 ± 0.14 86 ± 13 4.17 

180 CH3 4-Chlorobenzyl- 8.39 ± 0.26 83 ± 13 4.89 

181 CH3 1-(2-Phenylethyl)- 7.60 ± 0.13 82 ± 10 4.39 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 7-11 independent 
concentration-response curves. All compounds tested were inactive on the NMB-R and GRP-R. 
Additional experimental details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
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Deletion of the carbonylfunction caused cLogP values to slightly increase by about 

0.2-0.7. Here, in contrast to the preceding series, the 4-chloro substituted compounds 

176 and 180 showed the highest functional potency with EC50-values around 3-4 nM. 

The explanation for this shift of high functional potency could probably be that a high 

lipophilicity is favorable but only in the correct distance from the tryptophan. This 

distance is obviously too large for compounds 163-174. Moreover a basic 

functionality located closer to the tryptophan seems to enhance functional activity. 

The overall series of compounds 175-181 demonstrated, that the carbonyl function or 

the planarity caused by the peptide bond was not contributing to the binding mode of 

the compound to the receptor or to its activation and therefore could be omitted. 

 

 

4.4.5 Azapeptides as BRS-3 Agonists 

 

4.4.5.1 Introduction 

 

The exchange of a C�H of an amino acid against a nitrogen atom leads to a so-called 

azaamino acid.[421] Since the first systematic incorporation of azaamino acids into 

peptides,[422,423] a large number of peptides incorporating these residues have been 

prepared and examined in the field of medicinal chemistry,[421] mainly because of the 

following reasons: 

 

�� The exchange of an azaamino acid against an amino acid goes along with a loss of 

asymmetry and with a conformational change.[424-427] This may lead to an increase 

in biological activity. 

�� An increase in biological acitvity can also be the result of the enhanced stability of 

azapeptides against enzymatic degradation[421,428] which may cause a prolonged 

duration of action or different absorption-, distribution- and transport 

characteristics of azapeptides. The latter is undoubtedly influenced by the 

observation that the acidity of the NH which is next to the N� is higher compared 

to that of the corresponding peptides.[429] 
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�� The relatively easy synthetic access to azapeptides.[421,430-435]  

 

Azaamino acids have been successfully incorporated into various peptide 

hormones,[421,422,436] and comprise the scaffold of small molecules such as integrin 

antagonists[12,437] and a number of different protease inhibitors.[438-441] So far, two 

drugs bearing azaamino acids, namely the LHRH-agonist Zoladex� [421] and a 

dipeptide isoster for the inhibition of HIV-1 protease,[438,442] have been introduced to 

the market. 

The isoelectronic C�H	N� replacement probably leads to a configuration, which can 

be described as somewhere in between the D- and the L-configuration of the 

corresponding amino acid.[421,431] Ab initio calculations for diacylhydrazines showed 

that the N-N torsional angle should be twisted with a CO-N-N-CO dihedral angle of 

approximately 90�.[424] While for the glycine analog the rotational barrier is relatively 

small, it increases significantly upon N-substitution of the nitrogen suggesting that 

azapeptides are relatively rigid. Similar structural information has been obtained from 

cystal structures of model-azapeptides[425,426] and ab initio calculations for comparable 

compounds,[427,443-445] which showed dihedral angles of about � = -70�, � = -20� for 

the first and � = � 90� � 30, � = 0 � 30 or 180 � 30 for the latter.   

The precursors of azaamino acids, the monoalkylated hydrazines, can either be 

prepared by the condensation of blocked carbazates with aldehydes and subsequent 

reduction[446-449] or alternatively by the nucleophilic alkylation of hydrazines.[450,451] 

The coupling of these building blocks to the amine of the ‘preceding’ amino acid can 

be achieved by a variety of different carbonylating agents and methods,[421,434,435]  

either activating the N- or the C-terminus. Despite the numerous routes and examples 

for the synthesis of azapeptides in solution,[421,439,440,452] besides the synthesis of 

azatides,[431] there are only a few reported for the preparation on solid 

support.[430,432,434,435,453,454]  
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4.4.5.2 Synthesis 

 

In order to receive azapeptides 182-186 (Scheme 4.10), formally, Gln had to be 

replaced in peptide 109 by azaglycine. The synthesis was planned to be carried out on 

FMPE resin.[331,332] In search for a suitable solid phase method, activation of the 

Fmoc-protected hydrazine with phosgene was chosen[430] because other solid phase 

methods suffer from major drawbacks: The N-terminal activation with bis-2,4-

dinitrophenyl carbonate leads to hydantoin formation and furthermore has a reportedly 

slow reaction rate,[432,433,455] the in situ activation of alkylated hydrazines with 

triphosgene,[434,435] gives rise to considerable amounts of by-products when applied to 

Fmoc-hydrazine.[430] Moreover, the approach used by J. Wermuth and J. S. Schmitt in 

our group for the synthesis of cyclic RGD peptides containing azaamino acids,[453,454] 

namely the activation of the aminofunction with triphosgene leading to the isocyanate, 

was not favored. This method is devoid of the advantage of organic reactions carried 

out on solid support, namely to achieve complete conversion by the use of an excess 

of reagent. 

Boc

H
N

NH2

H
N

NH2Fmoc O

N NH

O O83%

COCl2, toluene
CH2Cl2, NaHCO3 aq.
0 oC, 10 min

1. Fmoc-Cl, DIPEA,
    CH2Cl2
2. TFA, CH2Cl2
3. Na2CO3 aq.

94%

140 141  
Scheme 4.9: Synthesis of 5-(9H-Fluoren-9-ylmethoxy)-1,3,4-oxadiazol-2(3H)-one 

(141). 

 

For synthesis 5-(9H-fluoren-9-ylmethoxy)-1,3,4-oxadiazol-2(3H)-one (141) was 

freshly prepared from Fmoc-hydrazine 140 using an excess of phosgene (1.89 M 

solution in toluene) as previously described[12,430,437] (Scheme 4.9). Fmoc-hydrazine 

was easily synthesized from Boc-hydrazine in high yield in a protection step with 

Fmoc-Cl and DIPEA as a base followed by a Boc-deprotection step carried out with  
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Scheme 4.10: Synthesis of azapeptides 182-186 and semicarbazones 187-190. 

Reagents: (a) oxadiazolone 141, CH2Cl2 (68% a); (b) 20% piperidine/NMP; (c) 

carboxylic acid building blocks,b,c TBTU/HOBt/DIPEA, NMP; (d) 1.) TFA, TIPS, H2O 

(18:1:1), 2.) HPLC; (e) 1.) 20% piperidine/DMF, 2.) arylaldehydes,b,d THF (47-83%); 

(f) 1.) TFA/CH2Cl2/TIPS (30:30:1), 2.) DMSO/HOAc/H2O (8:1:1), 3.) HPLC (56-

63%). a For R1 = H. b Purchased from commercial sources except: c 119, 122; d 143. 

 

50% TFA (v/v) in CH2Cl2 at 0 �C (Scheme 4.9).[392] Final careful neutralization caused 

precipitation of the product. Thereby, unwanted Fmoc-cleavage was not observed. 

This method was found to be superior to the one which was previously used in our 

group,[456,457] namely monoprotection of aqueous hydrazine with Fmoc-Cl,[306] because 

this method suffers from the drawback that a certain amount - usually about 5-10% - 
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of diacylated hydrazine is formed. For the incorporation of azaglyzine in compounds 

182-186, resin-bound propanamide 138 was Fmoc-deprotected and reacted with an 

excess of freshly prepared oxadiazolone 141 in dry CH2Cl2 for 90 min[430,457] (Scheme 

4.10). Further coupling of the N-terminal carboxylic acid building blocks 2-

phenylacetic acid, 2-(4-chlorophenyl)acetic acid, 2-(3-pyridyl)acetic acid and the 

constrained 119 and 122, which were previously described in chapter 4.4.2, was 

carried out using standard Fmoc protocols[303,304] with TBTU/HOBt/DIPEA 

activation.[324,325] Azapeptides 182-185 were finally obtained after cleavage from solid 

support and subsequent HPLC purification in 13-31% overall yield with reference to 

the loaded resin. Diastereomers 185a and 185b have been separated by HPLC.    

 

 

4.4.5.3 Biological Evaluation 

 

As already mentioned earlier it is generally believed that a critical amount of rigidity 

is a prerequisite for high activity and selectivity.[337] Although calculations showed 

that azagycine, unlike other azaamino acids, has a relatively easy access to different 

conformations,[424] there are examples for scaffolds bearing azaglycine as their core 

and structurally dominating unit, such as RGD-mimetics, which demonstrated to 

possess these features.[12,430,437] Obviously the same proves true in this case. All 

azapeptides show excellent activities and selectivities on the BRS-3 receptor, 

especially compound 183 with an EC50-value in the subnanomolar range (Table 4.13). 

It is noteworthy, that the dose-response curves of compounds 183 and 186 have 

relatively shallow slopes (see appendix). Although the distance to the lipophilic 4-

chloro substituted moiety seems to be larger than in compounds 175-181 with the 

removed peptide bond, it is feasible that the azaglycine induces a bent-like structure 

because of the torsion of the N-N angle. Therefore the actual length of the compound 

in its ‘bioactive’ conformation could resemble that of the peptoide-peptide hybrids 

(chapter 4.4.4). 
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Table 4.13: Functional potencies of azapeptides 

182-186. 

BRS-3  

no. 

 

R -pEC50 a Emax 
a 

 

cLog P 

182 Benzyl- 8.51 ± 0.18 86 ± 10 3.61 

183 4-Chlorobenzyl- 9.72 ± 0.49 89 ± 14 4.33 

184 Pyridine-3-ylmethyl- 8.87 ± 0.26 102 ± 26 2.12 

185a 

185b 

1,2,3,4-Tetrahydroiso- 

    quinoline-1-ylmethyl- 

8.03 ± 0.12 

7.71 ± 0.12 

95 ± 15 

91 ± 15 

3.83 

3.83 

186 1H-Indole-2-ylmethyl- 8.66 ± 0.43 84 ± 4 3.6 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 7-14 independent 
concentration-response curves. All compounds tested were inactive on the NMB-R and GRP-R. 
Additional experimental details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
 

 

4.4.6 Semicarbazones as BRS-3 Agonists 

 

Similar as for the preceding series of compounds described in chapters 4.4.3 and 4.4.4, 

a removal/substitution of the N-terminal amide bond was also tried for the azapeptides 

(previous chapter). Synthesis and evaluation of semicarbazones are subject of this 

chapter 4.4.6. The next chapter 4.4.7 deals with the synthesis and biological 

evaluation of semicarbazides.   

 

 

4.4.6.1 Synthesis 

 

Analogues of azapeptides 182-186, bearing a C-N double bond instead of the N-

terminal peptide bond, were prepared in solution (Scheme 4.10). Acylation of amine 
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139 (Scheme 4.8) with freshly prepared oxadiazolone 141 in DMF at room 

temperature resulted in azacompound 142 which was then Fmoc-deprotected and 

without intermediate purification reacted with benzaldehyde, 4-chlorobenzaldehyde, 

furan-2-carbaldehyde and 4-(2-thienyl)benzaldehyde (143) in THF at room 

temperature. Imine bond formation was slow probably due to residual basicity, 

however since the desired compounds 144-147 were obtained in acceptable yields, 

optimization of this process was not pursued. Benzaldehyde, 4-chlorobenzaldehyde, 

furan-2-carbaldehyde were purchased from commercial sources whereas 4-(2-

thienyl)benzaldehyde (143) was synthesized from 4-bromobenzaldehyde via Suzuki-

coupling (Scheme 4.11).[458] Final Boc-deprotection under first strong and then mild 

acidic conditions gave semicarbazones 187-190. 

 

Br
O

H

O

H

S

2-thienylboronic acid, 
CsF, 3 mol % Pd(PPh3)4,
DME, 20 hrs, 100 oC

88%

143  
Scheme 4.11: Synthesis of 4-(2-thienyl)benzaldehyde (143). 

 

 

4.4.6.3 Biological Evaluation 

 

The replacement of the N-terminal peptide bond by an N-terminal C-N double bond, 

(semicarbazones 187-190, Table 4.14) caused an increase of the cLogP value of about 

0.6 compared to the azapeptides 182-186 (chapter 4.4.5). This increase in lipophilicity 

was tolerated for the 2-furyl as aromatic moiety, but not for highly lipophilic residues 

such as 4-chlorophenyl- (compound 188) or 4-(2-thienyl)phenyl- (compound 190), for 

which low activities were observed. This drop of functional activity correlates well 

with the increasing cLogP value. Because compound 189 was highly active, the low 

activity of the more lipophilic compounds can not be attributed to a possible 

conformational change. Taken together, the results confirm those obtained from the 
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peptoide-peptide hybrids 175-181, namely that the N-terminal peptide bond is not 

involved in receptor activation. 
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Table 4.14: Functional potencies of semicarbazones 

187-190. 

BRS-3  

no. 

 

R -pEC50 a Emax 
a

 
 

 

cLog P 

187 Phenyl- 6.63 ± 0.32 89 ± 0 4.21 

188 4-Chlorophenyl- 5.56 ± 0.27 78 ± 0 4.92 

189 2-Furyl- 8.83 ± 0.34 94 ± 3 3.38 

190 4-(2-Thienyl)phenyl- 5.10 ± 0.31 58 ± 7 5.98 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 6 independent concentration-
response curves. All compounds tested were inactive on the NMB-R and GRP-R. Additional 
experimental details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
 

 

4.4.7 Semicarbazides as BRS-3 Agonists 

 

Formally, analogues of azapeptides 182-186 with a removed N-terminal peptide bond 

(semicarbazides) could be obtained by reduction of the semicarbazones described in 

chapter 4.4.6. In this case however, a different strategy was needed, avoiding the 

necessity to reduce the imine bond in the presence of the tryptophan moiety, which 

itself is susceptible towards reductive reagents as discussed earlier in chapter 

4.3.5.1.[369] Therefore suitably protected azaamino acid constituents were prepared, 

which then would be coupled to the amine 139 (Scheme 4.12).  
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4.4.7.1 Synthesis 

 

In the first step Boc-hydrazine was reacted to the Boc-protected hydrazones 148-150 

with the appropriate aldehydes in THF.[446] Contrary to previous reports, no 

conversion was observed when reduction of 148 was attempted through hydrogenation 

over 5% Pd/C in THF as a solvent at room temperature,[446] both at atmospheric 

pressure or at 50 atm. However, reduction with sodium cyanoborohydride[448] afforded 

the desired Boc-protected arylalkylhydrazines 151-153 in good yields. It was further 

planned to convert these building blocks into acylating agents selectively at the 

unsubstituted nitrogen atom of the hydrazine after Boc-deprotection in the following 

N
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R
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R

NH2
NH
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d

139

154-156

148-150 151-153

R = Benzyl-
4-Chlorobenzyl-
Furyl-2-ylmethyl-

191
192
193

 

Scheme 4.12: Synthesis of semicarbazides 191-193. Reagents: (a) arylaldehydes b, 

THF (82-96%); (b) 1.) NaCNBH3, THF, AcOH, 2.) NaHCO3, 3.) 1 N NaOH, MeOH 

(71-93%); (c) Fmoc-Cl, NaHCO3, dioxane (72-98%); (d) 1.) TFA/CH2Cl2/TIPS 

(20:20:1), 2.) 139, bis(pentafluorophenyl)carbonate, DMAP, CH2Cl2, 3.) TFA/TIPS 

(40:1), CH2Cl2, 4.) 20% piperidine/DMF, 5.) HPLC (9-21%). b Purchased from 

commercial sources. 
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steps. Because the site of acylation is dependent on the nature of the substituted 

hydrazine and the activation reagent and therefore was difficult to predict,[430,431,446] 

Fmoc was introduced at the arylalkylated nitrogen to give building blocks 154-156. 

Preliminary attempts to cleave the Boc-protecting group were carried out by careful 

treatment with TFA/CH2Cl2/TIPS/H2O (4:14:1:1) (v/v) at 0 �C and showed 

approximately 70% deprotection after 1 hr as monitored by TLC and HPLC-MS. 

However, we observed unexpected degradation of the dried deprotected species at 

room temperature within 24 hrs. Surprisingly, attempts to remove the Boc with 4 N 

HCl in dioxane as a solvent at room temperature[438] failed because of insufficiently 

low reaction rates. Therefore, it was decided to cleave the Boc-group of 154-156 

under more drastic conditions than aforementioned with TFA/CH2Cl2/TIPS (20:20:1) 

(v/v). Without further workup, activated carbazic acid esters were immediately 

generated using bis(pentafluorophenyl)carbonate, and without isolation instantly 

reacted with the amine 139.[431,451] This method worked very well and was found to be 

superior to the use of a solution of phosgene in toluene,[430] which seems to require 

more subtle adjustment of the reaction conditions. Direct cleavage of Boc and Fmoc 

without intermediate purification finally furnished the desired semicarbazides 191-193 

(Scheme 4.12).  

 

 

4.4.7.3 Biological Evaluation 

 

Functional potencies of the semicarbazides 191-193 were lower than of the 

corresponding azapeptides 182-186, however, as expected still excellent (Table 4.15). 

As for the peptoid-peptide hybrids, removal of the carbonyl group caused the cLogP 

values to raise about 0.3 orders of magnitude compared to azapeptides 182-186. 

Unlike for the semicarbazones (chapter 4.4.6), which are more lipophilic, but similar 

as for the azapeptide series (chapter 4.4.5) the N-terminally 4-chloro substituted 

compound 192 showed highest activity.  
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Table 4.15: Functional potencies of semicarbazides 

191-193. 

BRS-3  

no. 

 

R -pEC50 
a Emax 

a 

 

cLog P 

191 Benzyl- 7.84 ± 0.23 81 ± 0 3.9 

192 4-Chlorobenzyl- 8.22 ± 0.42 83 ± 5 4.62 

193 Furyl-2-ylmethyl- 7.62 ± 0.14 96 ± 14 3.08 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 6 independent concentration-
response curves. All compounds tested were inactive on the NMB-R and GRP-R. Additional 
experimental details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
 

 

4.4.8 Piperazine- and Piperidine Derivatives 

 

We furthermore decided to incorporate benzyl-piperazine and –piperidine as N-

terminal building blocks. It has not escaped our notice that this are commonly used 

motives for lead structures. This has been confirmed in a very recent investigation: A 

quantitative classification of known GPCR ligands revealed 4-phenyl-piperazine to be 

the most privileged substructure (chapter 2.3). 

 

 

4.4.8.1 Synthesis 

 

Building blocks (4-benzyl-piperazin-1-yl)acetic acid (159) and its piperidine analogue 

160 were prepared in two steps similar as described for 123-126 followed by 

saponification (Scheme 4.6). After coupling of these building blocks to the amine 139 

(Scheme 4.8) using TBTU/HOBt/DIPEA activation[324,325] and Boc-deprotection, 

carried out as described above for synthesis of 179-181, compounds 194 and 195 were 

obtained (Scheme 4.13). 
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Scheme 4.13: Synthesis of compounds 194 and 195 containing piperazine and 

piperidine. Reagents: (a) 4-benzyl-piperazine/-piperidine, N(Et)3, toluene, 4 d  (90-

92%); (b) 1.) NaOH aq., CH3OH, 2.) HCl (quant); (c) 139, HATU/HOAt/sym.-

collidine, DMF (74-79%); (d) 1.) TFA/CH2Cl2/TIPS (30:30:1), 2.) DMSO/HOAc/H2O 

(8:1:1), 3.) HPLC (68-72%).   

 

 

4.4.8.2  Biological Evaluation 
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Table 4.16: Functional potencies of compounds 

containing a piperazine and piperidine scaffold. 

BRS-3  

no. 

 

Z -pEC50 
a Emax 

a 

 

cLog P 

194 N 7.16 ± 0.09 90 ± 1 4.98 

195 C 7.52 ± 0.79 84 ± 5 5.85 
a FLIPR-assay. Functional potencies are given in -pEC50 ± SEM from 6 independent concentration-
response curves. Compounds tested were inactive on the NMB-R and GRP-R. Additional 
experimental details are described in Table 4.2 and chapters 4.2.1 and 8.5. 
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Table 4.16 shows functional activities of the peptidomimetics incorporating piperazine 

(194) and piperidine (195). As for the preceding series of compounds, high activities 

(EC50-values of 70 nM and 30 nM) and selectivities were obtained. Similar as for 

compounds 183 and 186 (chapter 4.4.5.3), the dose-response curve of compound 195 

was found to have a shallow slope (see appendix). The cLogP value of compound 195 

clearly exceeds the suggested upper limit of five according to Lipinski et al. and 

would therefore most probably possess poor absorption and permeability properties. 

 

 

4.4.9 FLIPR Antagonist Experiment 

 

Additional FLIPR experiments were carried out to assess the selectivity of the new 

agonists to the BRS-3 receptor over the NMB and the GRP receptors. The ability of 

compounds 163-195 to inhibit receptor activation of the agonists NMB at NMB-R and 

GRP at GRP-R was investigated. As a reference, the known antagonists [D-Phe12]Bn, 

[D-Phe6,Leu13,p-chloro-Phe14]Bn(6-14) and [D-Phe6,Leu-NHEt13,desMet14]Bn(6-14) 

were used.[232,459,460] First, a solution of the new agonists and reference antagonists at 

eight different concentrations were added to CHO cells transfected with the NMB or 

GRP receptor followed by a solution of the agonist and calcium mobilization was 

permanently measured. In all measurements, no reduction of the calcium emission 

induced by the presence of the aforementioned compounds could be observed. Thus 

we conclude, that the investigated compounds are not antagonists of the NMB-R and 

GRP-R.  

 

 

4.4.10 Do Peptide- and Small Molecule BRS-3 Agonists bind to different 

Epitopes? 

 

For a selection of peptidomimetic BRS-3 agonists, binding affinities were determined 

in the radioligand binding assay (CEREP).[222] The results of these studies are shown  
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Table 4.17: Binding affinities (BRS-3) for selected compounds. 

compound Inhib. a compound Inhib. a 

168 14 183 34 

171 22 188 5 

175 2 189 -1 b 

176 6 192 5 

182 25 195 56 
a Radioligand binding assay (CEREP, Celle L’Evescault, France).[222] Values are given in percent of 
control specific binding of the reference compound [D-Tyr6,�-Ala11,Phe13,Nle14]Bn(6-14) from two 
independent measurements at 1 �M. b Binding of reference compound slightly improved. 
 

in Table 4.17. Except compound 195, which showed 56% inhibition of the radioligand 

binding at a concentration of c = 10-6 M, only azapeptides 183 (34%) and 182 (25%) 

weakly inhibited radioligand binding. If these compounds would bind to the same 

epitope as the BRS-3 peptide agonists/antagonists, we would have expected a greater 

inhibition of the radioligand binding. Assuming, that high functional activity requires 

high affinity to the receptor, a possible explanation for the low inhibition is that the 

peptides and the small molecule compounds bind to different areas of the receptor. 

This would be unexpected, because the small molecules were designed to contain 

peptide structural features critical for high functional activity. For the peptides, 

structural requirements for binding and functional potency were almost congruent 

(chapter 4.3.2 and 4.3.3). One can speculate about the parallelism seen for the binding 

mode of the NMB-R antagonist PD168368 as discussed in chapter 3.2.5.[290,291] This 

antagonist has structural similarity to the BRS-3 agonists described in the previous 

chapters. Because at present, limited data concerning binding and structure is 

available, an explanation of this phenomenon remains to be awaited in the future. 
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5 Integrins – An Introduction 
 

 

The integrins are a large family of cell adhesion receptors, which besides the 

cadherins, selectins and the immunoglobulins, mediate cell-cell and cell-matrix 

interactions.[461] Adhesive contacts between cells or between cells and the extracellular 

matrix (ECM) are important for embryogenesis, cell differentiation, hemostasis, 

wound-healing and immune response.[345,462-464] These interactions include cell-

anchoring and the transmission of signals. The ‘outside-in signaling’ process is 

thought to affect migration, cell shape and proliferation.[464,465] Unlike for other 

receptors, ‘inside-out signaling’ is possible, a process which regulates the status of the 

integrins between low- and strongly adhesive.[466] 

Integrins are heterodimeric, transmembrane glycoproteins, containing non-covalently 

linked �- and �-subunits. There are 18 known �- and 8 �-subunits, which make up 

some 24 different known combinations with the �1-, the �2- and the �v-families (5 

integrins) being the largest subgroups.[467] The most common integrin binding motif is 

the Arg-Gly-Asp (RGD) sequence found within many extracellular matrix 

proteins.[345,468-470] 

The �v�3 integrin (vitronectin receptor) binds various RGD-containing proteins 

including fibronectin, fibrinogen, vitronectin, as well as many disintegrins and small 

peptides. The �v�3 integrin is expressed on the surface of a variety of cell types 

including platelets, endothelical cells, vascular smooth muscle cells, osteoclasts and 

tumor cells.[471] Therefore, this integrin is thought to play a major role in 

angiogenesis,[472-474] apoptosis,[475,476] and osteoclast mediated bone resorption.[477,478] 

In 2001, the crystal structure of the extracellular segment of the �v�3 integrin was 

solved (see Figure 5.1).[479] The N-terminal segment of the �v-subunit contains four 

repeated motives (9 amino acids of lengths) within the �-hairpin loops of blades 4-7 of 

the �-propeller, which bind divalent cations (Ca2+, Mg2+) and have structural 

similarity to the ‘EF hand’ of calmodulin.[479,480] 
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Figure 5.1: Crystal structure of the extra-

cellular segment of �v�3.[479] The two N-

terminal segments assemble into a ‘head’, from 

which two ‘tails’ emerge. The �v-subunit (blue) 

consists of three �-sandwich domains (Calf-1, 

Calf-2 and thigh domain) and the seven-bladed 

�-propeller. The �3-subunit (red) comprises 

two ‘head’ domains, the �A- and the hybrid 

domain, and six ‘tail’ domains, namely a PSI 

domain, four cystein-rich epidermal growth 

factor (EGF) domains and a �-tail domain 

(�TD).   

 

The interface between the �A domain and the �-propeller was found to have great 

resemblance to the interface between the � and � subunits of G proteins (see chapter 

3.1.2). Interestingly, at the core of this interface, the sidechain of Arg261, which is part 

of a 310-helix of the �A domain, interacts with several aromatic sidechains of the �-

propeller through cation-� bonding.[479] The �A domain comprises a ‘metal ion 

dependent adhesion site’ (MIDAS).[479] The divalent cation (Ca2+,Mn2+) is coordinated 

by five amino acids of the integrin and a water molecule, or an glutamate - in the 

presence of a ligand.[481,482] A crystal structure of the liganded �v�3 integrin[333] 

shows, that the Arg sidechain of the ligand pentapeptide inserts into a groove of the �-

propeller forming salt bridges to Asp218 and Asp150, the Asp contacts the Mn2+ at 

MIDAS in �A, and the Gly being at the interface between the �-propeller and the �A 

domain. 

The C-terminus of the �-subunit binds intracellular proteins such as talin,[483] 

vinculin,[484,485] and �-actinin,[486] thereby linking the receptor to the actin-filament of 

the cytoskeleton.   
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6 Synthesis and Biological Evaluation of �v�3-Antagonists 
 

6.1 Previous Work and Objective 

 

In recent years, the development of selective �v�3 integrin antagonists has attracted 

considerable attention in medicinal chemistry.[487,488] Besides for small cyclic 

peptides,[337,420] progress has been achieved towards nonpeptide ligands. Interestingly, 

a multitude of different scaffolds proved to be capable of successfully mimicking the 

original RGD sequence by linking together an C-terminal acidic and N-terminal basic 

moiety: Among others, there are benzodiazepins,[489,490] hydantoins[491], spirocyclic 

scaffolds,[492,493] constrained glycyl amides,[494] acyliminothiazolines,[495] and 

 

NH

H2N
O

N
H

H
N

H
N

O
O NH2

COOH

N
H
N

H
N

O
N
H

O
COOH

ClCl

N
H
N

H
N

O
N
H

O

N

COOH

N
H
N

H
N

O
N
H

O
COOH

Aromat

lead structure
�v�3: IC50 = 150 nM

�v�3: IC50 = 6.0 nM, 
selective (���b�3),
improved pharmaco-
kinetics

 
Figure 6.1: Design of �v�3 integrin antagonists. Previously, a azapeptide lead  

structure (top)[457] has been optimized (middle)[456] by coworkers. This work 

investigates the incorporation of 1) larger aromatic, heteroaromatic residues and 

arylethers at the 3-position of the C-terminal glutaric acid (bottom left) and 2) of a 

cyclic constrained �-amino acid (bottom right).  
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isoxazolines.[496] In our group work has been directed towards the development of 

azapeptide scaffolds as peptidomimetic �v�3 antagonists (Figure 6.1). Based on a 

lead structure developed by C. Gibson, [12,430,457] which incorporates azaglycine (Figure 

6.1), a library of peptidomimetics was synthesized by G. Sulyok.[437,456] Thereby, 

major improvement was achieved by increasing C-terminal lipophilicity realized 

through the incorporation of aromatic �-amino acids and bioisosteric glutaric acids as 

Asp mimetics. Furthermore, basic building blocks and spacers, constituting the 

arginine mimetic, have been varied. As a result of this optimization a 3,5-dichloro 

substituted compound bearing methylaminopyridine as guanidine mimetic[489,490] 

(Figure 6.1) showed improved affinity and pharmacokinetic properties with 

approximately 7% oral bioavailability. 

As already demonstrated by G. Sulyok in a few examples and assumed to be valid in 

more general case large aromatic or highly lipophilic residues are favorable for 

affinity at �v�3.[456] In continuation of this work this question will be investigated in 

more detail. Secondly, heteroaromatic moieties and arylethers will be incorporated. 

Furthermore, an interesting issue is the tolerance towards C-terminal constraints 

concerning the backbone. In a previous investigation the insertion of the cyclic 

carboxylic acid building block nipecotinic acid resulted in an inactive compound.[456] 

We assumed that 1) the lack of a C-terminal aromatic residue and 2) a too restricted 

flexibility of the C-terminal carboxylic acid may be responsible for this result. Since 

benzodiazepines[489] and other compounds,[490] incorporating aromatic residues and an 

additional methylene unit between the (seven-membered) ring and the carboxylic acid 

have shown to be potent �v�3 antagonists we expected the cyclic constrained �-amino 

acid 2-(1,2,3,4-tetrahydro-1-isoquinolinyl)acetic acid (118) to be a suitable substitute 

for aspartic acid. 

Besides the lengths of the spacer the basicity of the guanidine or of a suitable 

replacement is an important factor for the selectivity of �v�3 antagonists over 

�IIb�3.[497-501] As already mentioned above (methyl-)aminopyridine in combination 

with alkyl spacers has a proven record of being such a suitable guanidine replacement 

with high selectivity for �v�3.[437,456,489,490] Because it was pursued to selectively 
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investigate C-terminal modifications, all �v�3 antagonists in this series were equipped 

with 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) as Arg mimetic. 

 

 

6.2 Synthesis 

 

In analogue manner as the parental RGD sequence the planned �v�3 antagonists can 

be retrosynthetically dissected into the following subunits: A C-terminal aspartic acid 

mimetic, a mimetic for the centrally located glycine and an N-terminal arginine 

mimetic. These individual mimetics and their precursors were synthesized in solution 

phase, final assembly of the azapeptide �v�3 antagonists was carried out partially in 

solution and on solid support (TCP resin[309]) in similar fashion as previously 

elaborated by G. Sulyok.[437,456] 

Starting out with differently substituted arylaldehydes (Scheme 6.2) a number of 

glutaric acids with different substitution in the 3 position were prepared as Asp 

mimetics (Scheme 6.1). Similar as previously described[456,502,503] the corresponding 

arylaldehyde was reacted with two equivalents of ethylacetoacetate, which 

simultaneously served as a solvent, and 0.136 equivalents of piperidine. Whereas for 

substituted benzaldehydes the reaction mixture solidifies in reaction times rarely 

exceeding 24 hrs aldehydes bearing heteroaromatic and large aromatic systems can 

afford longer reaction times and produce viscous oils (precursors of compounds 196 

and 201). A possible reaction mechanism of this reaction is depicted in Scheme 6.1: 

First, one equivalent of ethylacetoacetate is thought to condense with the aldehyde in a 

Knoevenagel-type reaction, then a second equivalent of ethylacetoacetate is consumed 

in a Michael-addition to yield the racemic 2,4-bisaceto-3-arylglutaric acid 

diethylester. After recrystallization in ethanol saponification using a 5 M aqueous 

solution of NaOH interestingly affords, besides the cleavage of the ester groups, a 

removal of the acetyl-groups in a retro-Claisen reaction. Weaker basic conditions (1 

molar) would lead to decarboxylation and the corresponding diketone.[504] The overall 

yields of this reaction were in the range of 15-66%.  
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Scheme 6.1: Possible reaction mechanism for the synthesis of glutaric acid building 

blocks 196-203: 1) Knoevenagel-type reaction followed by 2) Michael-addition.  
a Intermediate products of 196 and 201 have not been isolated and recrystallized 

(viscous oils). 

 

As glycine mimetic azaglycine was used.[12,437,456] The synthesis of Fmoc-hydrazine is 

described earlier in chapter 4.4.5.2. As already outlined in the previous chapter 5-[N-

(4-methylpyridine-2-yl)amino]pentanoic acid (213) was used as Arg mimetic. It 

comprises an alkyl spacer, pentanoic acid, and 2-amino-4-methylpyridine as basic 

moiety. For synthesis a twofold excess of aminopyridine was reacted with 5-

bromopentanoic acid ethyl ester over night at 130 �C.[456,505] Separation from the side 

product, bisalkylated aminopyridine, was achieved using flash chromatography and 

yielded 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid ethyl ester (212) in 45% 

yield. Saponification of the ethyl ester 212 was carried out with a 2 M aqueous 

solution of NaOH. Problems were encountered for the isolation of the product, 

because the unprotected compound 213 combines a basic and acidic moiety. Although 
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the product could not be precipitated as previously described,[456] extraction from the 

dried residue with chloroform and excess DIPEA was possible (27% yield). 

 

R

OH

R

O

O

N
H

OH
N

Fmoc

R
COOHHOOC

R
COOHN

H

OH
N

Fmoc

O OO

R

H
NN

O

OH

H
NN

O

H
N

N
H

O
COOH

R

196-203

a b

204-211

214-221

c

213

R =

e

2-Furyl-
2-Thienyl-
2-Benzo[b]furanyl-
5-(2,3-Dihydro
benzo[b]furanyl)-
5-(1,3-Benzodioxolyl)-
1-Naphtyl-
2-Naphtyl-
2-(9H-Fluorenyl)-

222-229

d

 

Scheme 6.2: Synthesis of azapeptides 222-229. Reagents: (a) 1.) ethylacetoacetate, 

piperidine, 0 °C, 2.) ethanol, reflux,a 3.) NaOH aq., 85 °C, 4.) HCl (15-66%); (b) 

acetic anhydride, 140 °C (63-85%); (c) Fmoc-hydrazine (140), THF, reflux (64-95%); 

(d) DIPEA, CH2Cl2, TCP resin; (e) 1.) 20% piperidine/NMP, 2.) 213, 

HATU/HOAt/sym.-collidine, NMP, 3.) TFA/TIPS/H2O (18:1:1), 4.) HPLC (6-59%). 

 a Intermediate products of 196 and 201 have not been isolated and recrystallized 

(viscous oils). 

 

Assembly of the �v�3 antagonists started with the solution phase coupling of the C-

terminal glutaric acids to Fmoc-hydrazine.[437,456] In order to achieve selective 

coupling to one of the two acid groups of the dicarboxylic acids, they were converted 

to their corresponding anhydrides using a 4.7-fold excess of acetic acid anhydride 

(Scheme 6.2) and obtained as crystalline solids in yields ranging from 63-85%.[506] 

Then the mono-activated and –protected carboxylic anhydrides were reacted with 

Fmoc-hydrazine in THF under opening of the six-membered ring to give 5-[N’-

(Fmoc)hydrazino]-5-oxo-3-arylpentanoic acids 214-221 in 64-95% yield (Scheme 
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6.2). Prior to coupling of 213 to the Fmoc-deprotected hydrazine moiety using 

HATU/HOAt/sym.-collidine activation[318,320,326] building blocks 214-221 were 

attached to solid support (Scheme 6.2). Resin loading was in the range of 0.45-0.71 

mmol/g. Final cleavage of the �v�3 antagonists from the resin was achieved with 

TFA/TIPS/H2O (18:1:1). After HPLC purification and lyophylization the azapeptide 

RGD peptidomimetics 222-229 were obtained in 6-59% yield with respect to resin 

loading. 

N
H
N

O

H
N

N
H

O

N

COOH

230

 
Figure 6.2: Azapeptide RGD peptidomimetic 230 incorporating the cyclic �-amino 

acid Asp mimetic 118. 

 

Synthesis of the azapeptide RGD mimetic 230 incorporating the cyclic constrained �-

amino acid 2-(1,2,3,4-tetrahydro-1-isoquinolinyl)acetic acid (118) (Figure 6.2) was 

carried out in similar manner as described above for compounds 222-229. A detailed 

description for the synthesis of racemic 119 - which is Fmoc-protected 118 - is given 

earlier in chapter 4.4.3.1 (Scheme 4.3). Whereas loading of TCP resin with 119 was 

sufficient with 0.426 mmol/g problems were encountered for the coupling of activated 

Fmoc-hydrazine 141 (chapter 4.4.5.2) to the resin-bound, Fmoc-deprotected 

secondary amine 118. After coupling of the Arg mimetic 213 carried out as described 

above, cleavage from the resin and HPLC purification, 230 was obtained in only 1.3% 

yield with respect to resin loading. Optimization of this process was not further 

pursued. 
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6.3 Biological Evaluation and Discussion 

 

Binding affinities on isolated integrin receptors �v�3, �v�5, �v�6 and �IIb�3 for all 

synthesized RGD mimetics were determined in the laboratory of Dr. S. Goodman at 

Merck KGaA (Darmstadt). The used �v-integrins were isolated from human placenta, 

from human thrombocytes (�IIb�3) or cloned using a baculovirus system 

(�v�3).[437,456] The natural ligands vitronectin (�v�3, �v�5), fibronectin (�v�6) and 

fibrinogen (�IIb�3) were obtained from human plasma. Inhibitory effects of the RGD 

mimetics were determined by measuring their effect on the interaction between 

immobilized integrin and biotinylated soluble ligands. The exact determination of the 

IC50-value was carried out only for compounds exceeding the threshold of 
 50% 

inhibition at 10-7 M (Table 6.1).  

 

N
H
N

H
N

O
N
H

O
COOH

RTable 6.1: Azapeptide integrin antagonists 

incorporating heteroaromatic moieties, 

arylethers and larger aromatic residues. 

�v�3 �v�5 �v�6 �IIb�3  

no. 

 

R IC50 [nM] a IC50 [nM] a IC50 [nM] a IC50 [nM] a 

222 2-Furyl- 78 
 10000 54% b,e 
 10000 

223 2-Thienyl- 31 
 1000 95% b,e 
 10000 

224 2-Benzo[b]furanyl- 17 
 10000 130 
 1000 

225 5-(2,3-Dihydro 

benzo[b]furanyl)- 

 

22 

 


 10000 

 

52 

 


 10000 

226 5-(1,3-Benzodioxolyl)- 1.2 91% c,e 50 81% c,e 

227 1-Naphthyl- 120 
 10000 
 10000 
 10000 

228 2-Naphthyl- 13 72% c,e 19 
 10000 

229 2-(9H-Fluorenyl)- 2.3 
 10000 13 62% d,e 
a Receptor binding assay on isolated integrin receptors (Merck KGaA, Darmstadt, Germany). Peptide 
GRGDSPK was used as a reference for �v�3 (IC50 = 520 nM), peptide Ac-RTDLDSLRT for �v�6 
(IC50 = 5.7 nM). For additional experimental details see text. b Inhibition at 10-6 M. c Inhibition at 10-5 
M. d Inhibition at 10-7 M. e IC50-value was not determined. 
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Compounds 222-224 comprise heteroaromatic moieties, 225 and 226 arylethers, and 

compounds 227-229 contain larger aromatic systems (Table 6.1). For the series of 

heteroaromatic residues, affinity towards �v�3 increases in the order 2-furyl � 2-

thienyl � 2-benzo[b]furanyl. Compound 224, which is bearing the largest residue 

benzo[b]furanyl, has high, however not excellent affinity. It can be speculated, that an 

exchange of the oxygen atom in the benzo[b]furanyl moiety against sulfur would lead 

to a similar affinity enhancement as seen for the 2-furyl moiety with the 2.5-fold 

increase. In similar order as observed for �v�3, affinity for �v�6 increases, however 

on a lower level. Selectivity against �v�5 and �IIb�3 is relatively high (
 30 fold). 

Interesting results are obtained from the incorporation of arylether moieties 

(compounds 225 and 226). The presence of a heteroatom (oxygen) in the para-

position of the phenyl as realized in the bicyclic 5-dihydrobenzo[b]furanyl moiety 

(compound 225) leads to a decrease of binding affinity compared to the unsubstituted 

phenyl (IC50 = 22 nM compared to 7.3 nM[456]) similar as for the para-methoxy 

substituted compound[456] (IC50 = 22 nM). Insertion of an additional heteroatom 

(oxygen) in the meta-position leading to the 5-benzodioxolyl moiety increases affinity 

almost 20-fold, thus producing the most potent compound of this series. A very 

similar observation has been made by researchers at Merck (West Point, USA) in a 

work concerning �-amino acids as Asp mimetic,[507-509] published during the course of 

this investigation. 

So far the investigation of larger aromatic systems was limited to biphenyl and 1-

naphthyl, the latter being incorporated into a �-amino acid.[456] Whereas similar 

moderate affinity values were obtained for 1-naphthyl as incorporated in glutaric acid 

(compound 227) shifting to 2-naphthyl substantially increases affinity about 10-fold 

(Table 6.1). The effect for �v�6 is even larger: Shifting the anchoring position of 

naphthyl from one to two leads to an increase of affinity from IC50 
 10000 (inactive) 

to IC50 = 19 nM. Finally it was found, that 2-fluorenyl (compound 229) is comparable 

to or slightly better than biphenyl.[456]  
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Based on these results a clearer SAR model concerning the requirements of the C-

terminal aromatic residue of azapeptide �v�3 antagonists can be proposed (Figure 

6.3). Because similar observations have been made for aromatic �-amino acids as part 

of RGD mimetics based on different scaffolds,[507-509] this model is expected to be of 

more general value than just for this series of azacompounds. 
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Figure 6.3: C-terminal structure activity relationship model of �v�3 integrin 

antagonists. 

 

In para-position of the aromatic system, large lipophilic residues such as phenyl or 

chlorine[456] are favorable for high affinity, probably because of hydrophobic 

interactions with the receptor. In meta-position, electron rich heteroatoms are 

favorable, whereas electron deficient residues such as NO2
[456] are unfavorable. This 

may be due to hydrogen bonding or polar interactions with the �v�3 integrin. Finally 

heteroatoms in the 2-position of the aromatic system or additional aromatic rings 

annealed in the 2- and 3-position are unfavorable for affinity. 
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Summarizing the results for �v�6 it has been shown in accordance with previous 

results,[456] that large and preferably bicyclic aromatic residues are favorable for 

activity, however only if the second ring is attached or annealed in the 3-/4-position. 

Biological evaluation of compound 230 incorporating 2-(1,2,3,4-tetrahydro-1-

isoquinolinyl)acetic acid (118) as Asp mimetic (Figure 6.2) gave only 15% inhibition 

at �v�3, 11% inhibition at �v�5 and 0% inhibition at �v�6 and �IIb�3 (all 

measurements were carried out at c = 10-5 M). IC50-values are therefore 
 10 M. A 

more systematic investigation with respect to different ring sizes and cyclization 

positions - as originally planned - was not further conducted. Nevertheless, the 

evaluation of compound 230 seems to indicate that introducing C-terminal rigidity 

mediated by a six-membered ring as a scaffold to which the necessary elements for 

affinity - an aromatic residue and an acetic acid moiety - are connected is not 

tolerated. 
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7 Summary  
 

The first part of this work describes the development of bombesin receptor subtype 3 

(BRS-3) agonists. The G protein coupled receptor BRS-3 belongs to the class of so-

called ‘orphan receptors’, because it was discovered by identifying a gene sequence 

which shares about 50% homology to those of the more established bombesin receptors 

NMB-R and GRP-R.[223] This origin explains the inherent lack of knowledge 

concerning the physiological function and natural ligands of BRS-3. Latest results point 

towards an involvement in a special form of lung cancer (SCLC),[223,276-278] the 

regulation of the energy household and obesity.[273] The presented work is the attempt to 

learn more about the ligand structural requirements of this receptor and to provide new 

small molecule tool substances for pharmacological research and the elucidation of its 

function.        

A pictorial summary of the BRS-3 project is given in Figure 7.1 and described in the 

following. Detailed structure activity studies on nonapeptide [D-Phe6,�-Ala11,Phe13, 

Nle14]Bn(6-14)[222,282] (1) and octapeptide [D-Phe6,Phe13]Bn(6-13) propylamide[281] (18) 

concerning functional potency on NMB-R, GRP-R, and BRS-3 in a FLIPR-assay were 

used as a starting point. We could demonstrate that for functional activity of 1 on BRS-

3, the amino acids Trp8, Phe13 and also �-Ala11 are important. However, in 18 the 

sidechain of His12 is crucial for BRS-3 functional activity as well. This shift of 

importance can at least be partially attributed to the difference in backbone length at 

position 11. Substitution of His12 by Tyr in 1 led to a high selectivity of GRP-R over 

BRS-3 and NMB-R: Functional potency on GRP-R was almost maintained whereas 

functional response on BRS-3 was reduced about 150-fold and about 20-fold on NMB-

R. 

The knowledge derived from the structure activity studies was used to develop 1) a 

library of disulfide bridged peptides of varying ring size, which turned out to be devoid 

of remarkable functional activity and 2) a small tetrapeptide library of peptides 

comprising the three N-terminal amino acids of 1 and a C-terminally amidated Phe. By 

permutating the stereochemistry of the two tetrapeptide C-terminal amino acids Trp and 

Phe it could be demonstrated, that only compound 95 was able to selectively 
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Figure 7.1: Development of peptidomimetic BRS-3 agonists using the nonapeptide [D-

Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) and octapeptide 18 (not shown) as a starting 

point. 

 

activate BRS-3 with an EC50-value in the micromolar range. Elaboration of the 

structural features of this lead structure revealed, that the presence of the three aromatic 

moieties and a D-configuration of the tryptophan are necessary for functional activity 
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and the glutamine sidechain and the configuration of the N-terminal D-Phe being of low 

importance. Furthermore, BRS-3 functional potency of this lead structure could be 

increased markedly, i.e. about 15-fold, by removal of the C-terminal amide. Then 

efforts were directed towards using the obtained selective short peptide BRS-3 agonist 

H-D-Phe-Gln-D-Trp-1-(2-Phenylethyl)amide (109) as a structural template for the 

design of proteolytically more stable small molecules. A ‘biased’ library of 

peptidomimetics with conserved C-terminal D-Trp-1-(2-Phenylethyl)amide moiety and 

structural variations on the N-terminal  H-D-Phe-Gln unit was developed. It was 

demonstrated that N-terminal increase of lipophilicity by simple deletion of the 

aminofunction combined with removal of the Gln sidechain furnished selective BRS-3 

agonists in the nanomolar range. Furthermore, substitution of the H-D-Phe-Gln unit by 

peptoide monomers showed that the N-terminal peptide bond is not required for 

receptor activation. Gln can further be replaced with azaglycine, leading to compounds 

with subnanomolar activities (183: EC50 = 0.19 nM). For azapeptides, too, a removal of 

the N-terminal peptide bond is possible (semicarbazides 191-193). However, as shown 

by the semicarbazones 187-190 a too lipophilic N-terminus seems not to be tolerated. 

The finding, that also piperidine or piperazine can be incorporated suggests that a large 

number of different spacers are able to mimic the function of the former Gln at this 

position. From the analysis of the substitution and distance pattern for the different 

series of compounds it seems very likely that a lipophilicity placed at a correct distance 

from the tryptophan combined with a basic functionality located in between is favorable 

for functional potency. A further FLIPR experiment, in which the ability of the 

described peptidomimetics to inhibit activation of NMB-R and GRP-R by their natural 

ligands was investigated showed, that these compounds are not antagonists for the 

NMB-R and GRP-R. The fact that some selected peptidomimetics were not able to 

inhibit radioligand binding was unexpected and leaves open questions as to which 

epitope these compounds bind in order to activate the receptor as detected in the 

FLIPR-assay.  

In summary this work describes the development of selective tool substances for BRS-3 

with improved pharmacokinetic properties, which may prove to be helpful in the 

understanding of the physiological role of this orphan receptor. At present extended 
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pharmacological tests including animal tests are conducted with two selected 

compounds (183 and 195) at MDS Panlabs Inc. (Taiwan).  

 

The second part of this work describes the synthesis and evaluation of a series of 

azapeptide RGD mimetics as �v�3 integrin antagonists. The inhibition of integrin 

receptors is currently thought to be of substantial value for the treatment of 

pathophysiological processes in which the migration of cells or the invasive formation 

of new blood vessels plays a central role. By attaching large aromatic systems, 

heteroaromats and arylethers to the 3-position of glutaric acid, which serves as a 

substitute for aspartic acid in the RGD sequence, the prevailing picture of a C-terminal 

pharmacophore SAR model elaborated by G. Sulyok could be refined. Whereas large 

lipophilic residues are favorable in para-position and electron rich heteroatoms in meta-

position, heteroatoms in 2-position or annealed aromatic rings in 2-/3-position are likely 

to decrease affinity. Highest affinity for the �v�3 receptor was achieved by placing an 

oxygen atom in meta-position of the aromatic moiety (compound 226; IC50 = 1.2 nM).  

Increasing C-terminal rigidity by incorporation of the cyclic �-amino acid 2-(1,2,3,4-

tetrahydro-1-isoquinolinyl)acetic acid (118) as mimetic for aspartic acid turned out to 

be unsuccessful and produced an inactive compound.   
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8 Experimental 
 
 
8.1 Materials for Synthesis and General Methods 

 

Solvents for synthesis were either obtained ‘technical grade’ and distilled prior to use 

or purchased (‘absolute’ or ‘for synthesis’) from Fluka (Seelze) or Merck (Darmstadt). 

NMP (distilled) was a gift from BASF (Ludwigshafen). Solvents for column 

chromatography were obtained ‘technical grade’ and distilled prior to use except 

hexane, which usually was used undistilled. The HPLC-solvents acetonitrile (solvent 

B) and TFA were purchased ‘gradient grade’ from Merck (Darmstadt), water (solvent 

A) was deionized and further purified using a Milli-Q system from Millipore 

(Molsheim, France).     
 

Fmoc-protected amino acids were purchased from Novabiochem (Darmstadt), 

Advanced ChemTech (Louisville, USA) or MultiSynTech (Witten), 2-(4-formyl-3-

methoxyphenoxy)ethyl polystyrene (FMPE) resin, Rink Amide MBHA resin and 

Sieber Amide resin were purchased from Novabiochem (Darmstadt). Tritylchloride 

polystyrole resin (TCP resin) was obtained from PepChem (Tübingen), HATU and 

HOAT from Perseptive Biosystems (Hamburg), TBTU and HOBt from Quantum 

Appligene (Heidelberg), bis(pentafluorophenyl)carbonate from Senn Chemicals 

(Dielsdorf, Switzerland), 3-(4-chlorophenyl)propionic acid from CPS Chemie + 

Service (Düren), TFA from Solvay (Hannover) and 2,3-dihydrobenzo[b]furan-5-

carbaldehyde from Maybridge Chemicals (UK). All other chemicals were purchased 

from Aldrich (Deisenhofen), Merck (Darmstadt), Lancaster (Mühlheim), or Fluka 

(Seelze).  
 

Peptide Synthesis was carried out manually or on a multiple peptide synthesizer 

SyRoll from MultiSynTech (Witten). For manual synthesis, PE-syringes (2 mL, 5 mL 

or 20 mL) from Becton-Dickinson (Fraga, Spain) or Braun (Melsungen) equipped with 

PE-frits from Roland Vetter Laborbedarf (Ammerbuch) were used. To ensure optimal 

mixing conditions, the syringes were rotating at about 30 rpm. Loading of the resin 

was carried out in glassware equipped with glass frits. 
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Air or moisture sensitive reactions were carried out in dry glassware and under 

argon (99.996%) atmosphere. Moisture sensitive and/or absoluted solvents were 

transferred in syringes under argon. 
 

For HPLC purification compounds were dissolved in DMSO, acetonitrile or 

methanol (‘gradient grade’) and filtered using syringe filters RC 15 or RC 25 (RC-

membrane, 0.45 m) from Sartorius (Göttingen). Purification and analytical purity 

determination was carried out on RP-HPLC systems from Amersham Pharmacia 

Biotech (analytical: Äkta Basic 10F with pump system P-900, detector UV-900 and 

Autosampler A-900; preparative: Äkta Basic 100F with pump system P-900, detector 

UV-900) or Beckman (System Gold with solvent module 125 and detector module 

166; pump system 110B, control unit 420 and detector Knauer Uvicord) were used 

equipped with columns from Omnicrom YMC (analytical: ODS-A C18, 250 mm � 4.6 

mm, 5 m, flow rate: 1 mL/min; semi-preparative: ODS-A C18, 250 mm � 20 mm, 5 

m or 10 m, flow rate: 8 mL/min; preparative: ODS-A C18, 250 mm � 30 mm, 10 

m, flow rate: 25 mL/min) or Macherey-Nagel (preparative: Nucleosil C18, 250 mm � 

40 mm, 7 m, flow rate: 25 mL/min). Compounds were eluted with linear gradients 

(30 min) of acetonitrile (solvent B) in water (solvent A) and 0.1 % (v/v) TFA. For 

analytical purity determination of the compounds after semi-preparative or 

preparative HPLC purification the peak integrals of the analytical HPLC 

chromatogram at the detector wavelength of 220 nm was evaluated.  
 

For column chromatography Silica Gel 60 (230-400 mesh ASTM, Korngröße 0,040-

0,063 mm) from Merck (Darmstadt) was used in 50-100 fold excess to the raw 

material, for flash chromatography pressure of 1-1.2 bar was applied.  
 

Thin layer chromatography (TLC) and the determination of the Rf-value was carried 

out using TLC aluminium sheets covered with Silica Gel 60 F254 from Merck 

(Darmstadt). For detection, TLC-plates were examined under UV-light (� = 254 nm). 

If enhanced visualization was necessary, the plate was treated with aqueous 

molybdophosphoric acid/cer-(IV)-sulfate solution (6.25 g molybdophosphoric acid 

hydrate, 2.5 g cer-(IV)-sulfate, 15 mL sulfuric acid and 235 mL water) and heated. 
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Melting points were determined on a Büchi 510 melting point apparatus according to 

Dr. Tottoli and are uncorrected.  
 

All 1H-NMR and 13C-NMR spectra were recorded on Bruker AC250 or DMX500 

instruments at 300 K, spectral data was processed on Bruker Aspekt 1000 (AC 250) or 

on Silicon Graphics Indy-, O2- and Octane-workstations running XWIN-NMR 

software. Chemical shifts (�) are given in parts per million (ppm) relative to 

tetramethylsilan, coupling constants are given in Hertz (Hz). As internal standard, 

tetramethylsilane or the solvent peak was used: DMSO-d5: 2.49 ppm (1H-NMR) and 

DMSO-d6: 39.5 ppm (13C-NMR); CHCl3: 7.24 ppm (1H-NMR) and CDCl3: 77.0 ppm 

(13C-NMR). 13C-NMR spectra were recorded 1H broad band decoupled. For peak 

assignment, HMQC- and COSY-experiments were performed in most cases.  
 

GC-mass spectrometry (EI or CI) was carried out on a Finnigan MAT 8200 

instrument connected to a GC-unit Serie 4160 from Carlo Erba. Electrospray 

ionisation (ESI)-mass spectra were recorded on a Finnigan LCQ mass spectrometer in 

combination with a Hewlett Packard 1100 HPLC-system equipped with a ODS-A C18 

(125 mm � 2 mm, 3 m, flow rate: 0.2 mL/min) column from Omnicrom YMC. 

Compounds were eluted with linear gradients (15 min) of water (solvent A) and 

acetonitrile (solvent B) in 0.1% (v/v) formic acid. Low-resolution mass spectra are 

given in the form ‘X (Y) [M+Z]+’, where ‘X’ is the detected mass, ‘Y’ the observed 

intensity of the mass peak, ‘M’ the investigated molecule and ‘Z’ the attached cation. 

High-resolution mass spectra (HRMS) were recorded by Solvay Pharmaceuticals 

GmbH (Hannover) (BRS-3 agonists) and at the mass spectrometry facility of the 

University of Cincinnati (Cincinnati, Ohio, USA) on spectrometers using the 

electrospray ionisation-time of flight (ESI-TOF) technique.  
 

Lyophilization was carried out using an Alpha 2-4 lyophilizer from Christ (Osterode).  
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cLogP-values (logarithm of the partition coefficient between n-octanole and water) 

were calculated by Solvay Pharmaceuticals GmbH (Hannover) using Sybyl 6.8 from 

Tripos Inc. 

 
 
8.2 General Synthetic Methods  

 

8.2.1 General Methods for Solid-Phase Synthesis  

 

General Method 1: Reductive Amination of the Formyl Resin FMPE and 

Coupling of the First Amino Acid[310,332] 

FMPE resin (2.378 g, maximum capacity: 0.5 mmol/g) is pre-swollen in DCE (24 

mL) for 10 min. Then TMOF (12 mL), the appropriate amine (11.89 mmol) and 

NaBH(OAc)3 (2.52 g, 11.89 mmol) are added and the mixture is submitted to 

ultrasonic for 10 min and then shaken over night at room temperature. The resin is 

washed with CH2Cl2 (3 � 20 mL, 3 min each) and NMP (3 � 20 mL, 3 min each) 

followed by the addition of a mixture of the Fmoc-protected amino acid (2.378 mmol), 

HATU (0.904 g, 2.378 mmol), HOAt (0.323 g, 2.378 mmol) and sym.-Collidine 

(2.882 g, 23.78 mmol) in NMP (20 mL). The resin is shaken at room temperature for 5 

hrs, then washed with NMP (3 � 20 mL, 3 min each) and again treated over night with 

a mixture of the Fmoc-protected amino acid (2.378 mmol), HATU (0.904 g, 2.378 

mmol), HOAt (0.323 g, 2.378 mmol) and sym.-collidine (2.882 g, 23.78 mmol) in 

NMP (20 mL) (double coupling). Finally the resin is washed with NMP (3 � 20 mL, 3 

min each), CH2Cl2 (3 � 20 mL, 3 min each) and dried thoroughly in vacuo. The 

loading of the dry resin is determined using the following equation: 

2

12

)01.34(
1000)(

mMWMW
mml

aaa ���

��
�  

 

l loading of the resin with building block (Fmoc-protected amino acid plus 

amine) [mmol/g] 

m1 weight of the used resin before coupling [g] 

m2 weight of the dried polymer after coupling [g] 
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MWaa molecular weight of the Fmoc-protected amino acid [g/mol] 

MWa molecular weight of the amine [g/mol] 

 

General Method 2: Loading of TCP Resin  

To pre-swollen TCP resin (1.16 g, maximum capacity: 0.9 mmol/g) in dry CH2Cl2 

(6 mL, 10 min.), the appropriate Fmoc-protected amino acid or Fmoc-protected 

carboxylic acid building block (1.56 mmol, 1.5 eq) and DIPEA (177 L, 1.03 mmol) is 

added and the resin is left to stand for 5 min. Then DIPEA (91 L, 0.52 mmol) is 

added and the resin is shaken. After 2 hrs, for capping of unreacted trityl-groups, 

methanol (1.16 mL) is added and the resin is shaken for another 15 min. Finally the 

resin is washed with dry CH2Cl2 (5 � 20 mL, 3 min each), NMP (5 � 20 mL, 3 min 

each), dry CH2Cl2 (5 � 20 mL, 3 min each), then with a mixture of methanol/CH2Cl2 

(1:1, 20 ml) and methanol (20 ml). The resin is dried thoroughly in vacuo, and the 

loading of the dry resin is determined using the following equation: 

 

2

12

)45.36(
1000)(

mMW
mml

��

��
�  

l loading of the resin with building block [mmol/g] 

m1 weight of the used resin before coupling [g] 

m2 weight of the dried polymer after coupling [g] 

MW molecular weight of the Fmoc-protected amino acid/carboxylic acid building 

block [g/mol] 

 
The error that emerges from the weight difference between Cl- and MeO- can be 

neglected.   

 

General Method 3: Cleavage of the Fmoc-Protecting-Group[306] 
The resin (100 mg) is pre-swollen in NMP (5 mL, 10 min). The Fmoc-protecting-

group is cleaved with a freshly prepared solution of 20% piperidine (v/v) in NMP (5 

mL) for 15 min, then the resin is washed with NMP (5 � 5 mL, 3 min each) and again 

treated with 20 % piperidine (v/v) in NMP (5 mL, 15 min). Finally the resin is washed 

with NMP (5 � 5 mL, 3 min each). 
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General Method 4: Coupling with TBTU/HOBt[324,325] 

The resin-bound free amine (0.045 mmol) is washed with NMP (5 � 5 mL, 3 min 

each). Then the resin is treated with a solution of the appropriate Fmoc-protected 

amino acid or carboxylic acid building block (0.09 mmol, 2 eq), HOBt·H2O (12.2 mg, 

0.09 mmol, 2 eq) and TBTU (28.9 mg, 0.09 mmol, 2 eq) in NMP (2 mL). At last, 

DIPEA (44 L, 0.256 mmol, 5.7 eq) is added and the resin is shaken for 45 min. After 

washing with NMP (5 � 5 mL, 3 min each), the coupling step is repeated using the 

same reagents, amounts and coupling time (double coupling). Finally the resin is 

washed with NMP (5 � 5 mL, 3 min each). 

 

General Method 5: Coupling with HATU/HOAt[318,320,326] 

The resin-bound free amine or hydrazine (0.389 mmol) is washed with NMP (5 � 

5 mL, 3 min each). Then the resin is treated with a solution of the appropriate Fmoc-

protected amino acid or carboxylic acid building block (0.779 mmol, 2 eq), HATU 

(296 mg, 0.779 mmol, 2 eq) and HOAt (106 mg, 0.779 mmol, 2 eq) in NMP (5 mL). 

At last, sym.-collidine (1027 L, 7.79 mmol, 20 eq) is added and the resin is shaken 

over night. After washing with NMP (5 � 5 mL, 3 min each), the coupling step is 

repeated using the same reagents, amounts and coupling time (double coupling). 

Finally the resin is washed with NMP (5 � 5 mL, 3 min each). 

 

General Method 6: Acetylation of Resin-Bound Free Amines 

The resin-bound free amine (100 mg resin) is washed with NMP (5 � 5 mL, 3 min 

each). Then a mixture of acetic acid anhydride (0.28 mL, 2.9 mmol), DIPEA (0.48 

mL, 2.8 mmol) and NMP (4.2 mL) is added and the resin is shaken for 20 min. Finally 

the resin is washed with NMP (5 � 5 mL, 3 min each).  

General Method 7: Standard Protocol for Solid Phase Synthesis  

The protected amino acids or carboxylic acids are coupled according to the 

following general protocol:  
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step reagents operation number time [min] 

1 NMP washing 1 10 

2 20% (v/v) piperidine/NMP deprotecting 1 15 

3 NMP washing 5 3 

4 20% (v/v) piperidine/NMP deprotecting 1 15 

5 NMP washing 5 3 

6 BBa/DIPEA/HOBt/TBTU/NMP coupling 1 45 

7 NMP washing 5 3 

8 BBa/DIPEA/HOBt/TBTU/NMP coupling 1 45 

9 NMP washing 5 3 
a Building block = Fmoc-protected amino acids or commercially available carboxylic acids. 

 
If the synthesis is stopped at one point over night, the resin is washed with NMP (5 

times, 3 min each) and dry CH2Cl2 (5 times, 3 min each) and thoroughly dried in 

vacuo. Before the compound is cleaved from the resin under acidic condition, the 

Fmoc-group is removed according to general method 3. 

 

General Method 8: Cleavage from FMPE, TCP or Rink Amide MBHA Resin and 

Deprotection 

Cleavage and deprotection of the compound from the resin is achieved using the 

following general protocol: 

 
step reagents operation number time [min] 

1 CH2Cl2 washing 3 10 

2 TFA/TIPS/H2O (18:1:1) cleaving/deprotecting 3 30 

3 CH2Cl2 washing 3 3 

For 100 mg of resin, usually 2 mL of cleaving reagent is used. The combined filtrates 

of the steps 2 and 3 are reduced in vacuo using a liquid-nitrogen-cooled rotary 

evaporator. 

 

General Method 9: Cleavage from Sieber Amide Resin and Deprotection 
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The dried Sieber Amide resin (approx. 100 mg, 0.036-0.052 mmol) is pre-swollen 

in CH2Cl2. The linear peptide is cleaved from the resin by continuously dropping 

CH2Cl2 (70 mL) with 1% (v/v) TFA through the resin within a time period of 3 hrs 

(flow-procedure). Then, water (1 mL) is added to the yellow solution and the organic 

solvent is removed in vacuo. The residue is treated with TFA (1.8 mL), water (0.1 mL) 

and triisopropylsilane (0.1 mL) and left to stand for 30 min. Then the solvent is 

evaporated using a liquid-nitrogen-cooled rotary evaporator and a freshly prepared 

solution of 20% piperidine (v/v) in NMP (10 mL) is added and the mixture is left to 

stand for another 30 min. The deprotected, linear peptide is precipitated by adding this 

mixture to an ice-cold solution of diethyl ether (200 mL). After 10 min, the solution 

with the precipitated peptide is centrifugated and the solvent is decanted.    

 

General Method 10: Formation of Disulfide-bridged Cyclic Peptides via Cysteine 

Oxidation[379,380] 

The linear peptide, containing two trityl-protected cysteins, is cleaved from Sieber 

Amide resin and deprotected according to general method 9. Then the peptide is 

dissolved in DMSO (40 mL), water (40 mL) is added slowly and the solution is stirred 

at room temperature over night. The solution is removed in vacuo using a liquid-

nitrogen-cooled rotary evaporator, and the residue is submitted to RP-HPLC. 

 

General Method 11: Coupling of 5-(9H-Fluoren-9-ylmethoxy)-1,3,4-oxadiazol-

2(3H)-one (141) to Resin-Bound Free Amines[430] 

FMPE resin (100 mg, 0.354 mmol/g, 0.035 mmol) is treated with 20% piperidine 

(v/v) in NMP (2 � 5 mL, 15 min each) to deprotect the resin-bound amine. Then the 

resin is washed with NMP (5 � 5 mL, 3 min each), dry CH2Cl2 (5 � 5 mL, 3 min each) 

and subsequently left in dry CH2Cl2 (5 mL) for half an hour. Then the resin is treated 

with a solution of 5-(9H-fluoren-9-ylmethoxy)-1,3,4-oxadiazol-2(3H)-one (141) (30.5 

mg, 0.108 mmol, 3.1 eq) in dry CH2Cl2 (1 mL) and stirred for 90 min. The reaction is 

stopped by washing with CH2Cl2 (5 � 5 mL, 3 min each) and NMP (5 � 5 mL, 3 min 

each). 
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8.2.2 General Methods for Solution-Phase Synthesis 

 

General Method 12: Synthesis of N-Arylalkylated Glycine or Alanine Ethyl Ester 

Derivatives[417,418] 

In a 250 ml flask the appropriate benzylamine or phenylethylamine (50 mmol) and 

triethylamine (50 mmol) are stirred in toluene (38 mL) at 0 �C. Then, the appropriate 

bromoacetic acid ethyl ester, bromoacetic acid tert-butyl ester or 2-bromo-propionic 

acid ethyl ester (50 mmol) in toluene (18 mL) is added dropwise during a period of 4 

hrs and then the mixture is left stirring for 4 d at room temperature. For workup the 

organic phase is extracted with water (300 mL) and dried over Na2SO4. The solvent is 

removed and, if necessary, the residue is submitted to flash-chromatography (ethyl 

acetate/ hexane, 1:1). 

 

General Method 13: Synthesis of N-Arylalkyl-N-[(9H-fluoren-9-ylmethoxy) 

carbonyl] Glycine or Alanine Derivatives 

The appropriate N-arylalkylated glycine or alanine ethyl ester (5.17 mmol) is 

treated with 1 N NaOH (7.76 mL, 7.76 mmol) and methanol (15 mL) for 30 min at 

room temperature. Then, the solution is neutralized with 1 N HCl, the solvent is 

removed in vacuo, and the residue is dissolved in saturated NaHCO3-solution (16 mL) 

and dioxane (4 mL). Under ice cooling Fmoc-Cl (5.3 mmol) dissolved in dioxane (10 

mL) is added dropwise over 15 min. The solution is stirred for another 30 min at 0 �C 

and then over night at room temperature. For workup, water (20 mL) is added and the 

aqueous phase is washed with diethyl ether (100 mL) and then acidified with conc. 

HCl to pH = 1. Finally the product is extracted with ethyl acetate (3 � 100 mL), the 

solvent evaporated and, if necessary, the residue is chromatographed (ethyl 

acetate/hexane/acetic acid, 1:1:1%). 

 

General Method 14: Synthesis of (4-Benzyl-piperazin/piperidin-1-yl)acetic acid  

The appropriate ester (3.82 mmol) is treated with 1 N NaOH (5.73 mL, 5.73 

mmol) and methanol (11.5 mL) at room temperature and stirred over night. For 
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workup, the solution is neutralized with conc. HCl and evaporated to dryness. The 

residue is then submitted to flash-chromatography (methanol/chloroform, 1:1). 

 

General Method 15: Synthesis of N’-(Arylmethylene)hydrazinecarboxylic Acid 

tert-Butyl Ester Derivatives[446] 

In a 250 ml flask the appropriate arylaldehyde (15 mmol) in THF (5 mL) is added 

dropwise at room temperature over 10 min to a stirred solution of tert-butoxycarbonyl 

hydrazine (15 mmol) in THF (15 mL). The precipitated product is collected after 3 hrs 

and dried, or, in cases, where no precipitation occurs, the solvent is removed and the 

residue is submitted to flash-chromatography. 

 

General Method 16: Synthesis of N-(tert-Butoxycarbonyl)-N’-arylmethyl hydra-

zine Derivatives[448] 

A suspension of the appropriate N’-(arylmethylene)-hydrazinecarboxylic acid tert-

butyl ester (6.8 mmol) in dry THF (30 mL) is treated with NaCNBH3 (10.2 mmol) at 0 

�C under argon atmosphere. Then acetic acid (11.5 mL) is added dropwise over a 

period of 10 min and the resulting clear mixture is left stirring over night at room 

temperature. For workup, water (60 mL) and ethyl acetate (60 mL) are added, the 

aqueous phase is brought to pH = 8 with NaHCO3. Then the organic layer is separated, 

washed with saturated NaHCO3-solution (50 mL) and brine (50 mL), dried over 

Na2SO4 and concentrated in vacuo. The colourless residue is treated with methanol (40 

mL) and 1 N NaOH (20 mL), stirred for 1 hr at room temperature and heated to reflux 

for 1 hr. Then the product is extracted with diethyl ether (3 � 100 mL), the solvent is 

removed and drying yields a yellow oil which, if necessary, is submitted to flash-

chomatography. 

General Method 17: Synthesis of N-Arylmethyl-N-[(9H-fluoren-9-ylmethoxy)car 

bonyl]-N’-(tert-butoxycarbonyl)hydrazine Derivatives 

The appropriate N-arylmethyl-N’-(tert-butoxycarbonyl)hydrazine (4.49 mmol) is 

suspended in dioxane (7 mL) and 10% NaHCO3 (23 mL) at 0 ºC. After Fmoc-Cl (4.95 

mmol) in dioxane (14 mL) is added dropwise within 10 min, the mixture is allowed to 

stir over night at room temperature. For workup, water (70 mL) is added, the aqueous 
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phase is then extracted three times with diethyl ether (300 mL), the organic phase is 

separated and the solvent removed in vacuo. The residue is then submitted to flash-

chromatography. 

 

General Method 18: Coupling with TBTU/HOBt in Solution[324,325]  

The appropriate carboxylic acid (2.14 mmol), amine (2.14 mmol), HOBt (3.21 

mmol) and TBTU (3.21 mmol) are dissolved in DMF (15 mL). Then DIPEA (9.2 

mmol) is added dropwise over 5 min. at room temperature and the solution is allowed 

to stir under TLC-control for a given time. The solvent is removed using a liquid-

nitrogen-cooled rotary evaporator and the residue is submitted to flash-

chromatography. 

 

General Method 19: Coupling with HATU/HOAt in Solution[318,320,326] 

The appropriate carboxylic acid (0.736 mmol), amine (0.736 mmol), HATU (1.10 

mmol) and HOAT (1.10 mmol) are dissolved in DMF (7 mL). Then sym.-collidine 

(11.0 mmol) is added dropwise over 10 min at room temperature and the solution is 

allowed to stir for a given time. The solvent is removed using a liquid-nitrogen-cooled 

rotary evaporator and the residue is submitted to flash-chromatography. 

 

General Method 20: Cleavage of the Fmoc-Protecting-Group in Solution[306] 

The appropriate Fmoc-protected amine (1.59 mmol) is dissolved in a solution of 

20% (v/v) piperidine in DMF (6 mL) at room temperature and the solution is allowed 

to stir for 30 min. Then the solvent is removed in vacuo using a liquid-nitrogen-cooled 

rotary evaporator and the residue is submitted to flash-chromatography. 

 

General Method 21: Deprotection of Boc-Protected Tryptophan-Containing 

Compounds in Solution[331,370] 

The appropriate Boc-protected tryptophan-containing compound (0.289 mmol) is 

dissolved in CH2Cl2 (3 mL). Triisopropylsilane (0.1 mL) is added and the solution is 

cooled to 0 °C. Then TFA (3 mL) is added dropwise over 5 min and the solution is 

allowed to stir for 1 hr. The solvent is removed in vacuo using a liquid-nitrogen-cooled 
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rotary evaporator and the residue is treated with a mixture of DMSO (8 mL), water (1 

mL) and acetic acid (1 mL) and stirred over night. The solution is evaporated to 

dryness using a liquid-nitrogen-cooled rotary evaporator and the residue is submitted 

to RP-HPLC. 

 

General Method 22: Coupling with Bis(pentafluorophenyl)carbonate in 

Solution[431] 

The appropriate N-arylmethyl-N-[(9H-fluoren-9-ylmethoxy)carbonyl]-N’-(tert-

butoxycarbonyl)hydrazine (0.54 mmol) is dissolved in CH2Cl2 (2 mL), 

triisopropylsilane (0.1 mL) is added and the solution is cooled to 0 �C. Then TFA (2 

mL) is added dropwise over 5 min and the solution is allowed to stir for 30 min until 

TLC-control showed complete cleavage of the Boc-protecting-group. The solution is 

evaporated to dryness using a liquid-nitrogen-cooled rotary evaporator and redissolved 

in a solution of dry CH2Cl2 (8 mL) and DMAP (0.54 mmol). This solution is added 

dropwise and under stirring to a solution of bis(pentafluorophenyl)carbonate (0.54 

mmol) in dry CH2Cl2 (20 mL) over a period of 20 min. Upon completion of the 

addition, a solution of the amine (0.54 mmol), DMAP (0.54 mmol) and dry CH2Cl2 (8 

mL) is added. The resulting mixture is allowed to stir for 30 min at room temperature. 

Then the solvent is removed in vacuo and the residue is redissolved in CH2Cl2 (4 mL) 

and triisopropylsilane (0.1 mL) and the solution is cooled to 0 �C. TFA (4 mL) is 

added dropwise over 5 min and the solution is allowed to stir for 30 min. The solution 

is evaporated to dryness using a liquid-nitrogen-cooled rotary evaporator and then 

treated with a solution of 20% (v/v) piperidine in DMF (10 mL) for 30 min. at room 

temperature. The solvent is removed using a liquid-nitrogen-cooled rotary evaporator 

and the product is purified by RP-HPLC. 

 

General Method 23: Cleavage of the Fmoc-Protecting-Group and Hydrazone 

Formation in Solution 

N1-(2-Phenylethyl)-(2R)-2-{[N’-((9H-fluoren-9-ylmethoxy)carbonyl)hydrazino] 

carboxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (142) (0.26 mmol) is 

dissolved in a solution of 20% (v/v) piperidine in DMF (2 mL) at room temperature 
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and the solution is allowed to stir for 30 min. Then the solvent is removed in vacuo 

using a liquid-nitrogen-cooled rotary evaporator, the residue is redissolved in THF (10 

mL) and the appropriate aldehyde (0.26 mmol, 1 eq) is added. The mixture is allowed 

to stir at room temperature. After 2-24 hrs, another 1-2 eq of the aldehyde are added.  

As soon as TLC-control shows sufficient product formation, the solution is evaporated 

to dryness and the residue is submitted to flash-chromatography.   

 

General Method 24: Synthesis of 3-Arylglutaric Acids[456,502,503] 

A mixture of the appropriate arylaldehyde (80 mmol) and ethylacetoacetate (159 

mmol) is cooled to 0 �C and stirred. Then piperidine (1.08 mL) is added dropwise 

within 10 min and the mixture is allowed to warm up to room temperature and left 

stand for 3 days. The mixture usually solidifies after 24 to 48 hrs. To the obtained solid 

ethanol (70 mL) is added and the suspension is heated until a clear solution is formed. 

This solution is allowed to cool down to room temperature, the precipitation is 

collected in a funnel, washed with small amounts of ethanol and dried in vacuo. In 

some cases, the reaction mixture remains a viscous oil. In this case the intermediate 

product is not isolated. The intermediate product is saponified by portionwise addition 

to a stirred solution of NaOH (10 g, 0.25 mol) in water (50 mL) at 85 �C, and kept at 

this temperature for additional 3 hrs. Then the mixture is allowed to cool, and after 

addition of ice (100 g), it is extracted with ethyl acetate (3 � 50 mL). The aqueous 

phase is then carefully acidified to pH = 1 with conc. HCl. Upon acidification the 

product precipitates or separates as oil from the aqueous phase. The precipitation is 

collected, the oil is extracted with ethyl acetate, dried over MgSO4, and evaporated to 

dryness. The obtained solid is dried in vacuo.   

  

General Method 25: Synthesis of 3-Arylglutaric Acid Anhydrides[506] 

The appropriate 3-arylglutaric acid (10 mmol) is mixed with acetic acid anhydride 

(4.5 mL), heated to 140 �C (oil bath temperature) under reflux and kept at this 

temperature for 30 min. Then the mixture is allowed to cool to room temperature. In 

cases where the product crystallizes, it is separated and dried in vacuo. If no 
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precipitation occurs the solvent is evaporated and the residue is chromatographed 

(CH2Cl2/ethyl acetate, 20:1). 

 

General Method 26: Synthesis of 5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydra 

zino]-5-oxo-3-arylpentanoic acids 

The appropriate 3-arylglutaric acid anhydride (3.57 mmol) and an equimolar 

amount of N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) are dissolved in dry 

THF (40 mL) and refluxed at 100 �C (oil bath temperature) over night under argon 

atmosphere. Then the solvent is evaporated and the residue is chromatographed (ethyl 

acetate/hexane/acetic acid, 2:1:1%). 
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8.3 BRS-3 Agonists 

 

8.3.1 Solution-Phase Synthesis of Building Blocks 

 

N
H

O

H
116

 
N-Phenylethyl-formamide (116)[387] 

A mixture of 1-(2-phenylethyl)amine (20.0 g, 0.165 mol) and formic acid (49.4 

ml, 1.309 mol) was slowly heated to 200 �C, while water and formic acid were 

distilled off. Then the mixture was kept at 200 �C for 1 hr, distillation of the product 

under vacuum yielded a colourless oil (22.0 g, 0.147 mol, 89%). 

 
1H-NMR (250 MHz, DMSO-d6, 300 K) � = 8.06 (bs, 1H, CHO), 7.16-7.32 (m, 5H, 

C6H5), 3.32-3.42 (m, 2H, NH-CH2), 2.77 (t, J = 7.2 Hz, 2H, NH-CH2-CH2); 

Analytical HPLC (5-90% in 30 min) tR = 15.04 min. 

 

N
117

 
3,4-Dihydro-isoquinoline (117)[387] 

Polyphosphoric acid (25 g) and phosphorus pentoxide (5.4 g, 38.0 mmol) were 

kept under argon while being heated to 180 �C in an oil bath for 1 hr. Then, N-

phenylethyl-formamide (116) (4.3 g, 28.8 mmol) was added at 160 �C and stirring and 

heating were continued for 1.5 hrs before the mixture was allowed to cool down to 

room temperature. For workup, water (40 mL) was added, and the mixture was 

brought to pH = 10 through careful addition of saturated NaOH-solution. The aqueous 

solution was then extracted with diethyl ether (500 mL), the organic phase was 

separated and dried with NaOH, evaporation of the solvent yielded a brown oil (2.81 

g, 21.4 mmol, 74%). 
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1H-NMR (250 MHz, DMSO-d6, 300 K) � = 8.32 (t, J = 2.3 Hz, 1H, N-CH), 7.16-7.40 

(m, 4H, C6H4), 3.59-3.66 (m, 2H, N-CH2), 2.66 (t, J = 7.3 Hz, 2H, N-CH2-CH2); 

Analytical HPLC (5-90% in 30 min) tR = 8.29 min. 

NH

COOH

118

 
2-(1,2,3,4-Tetrahydro-1-isoquinolinyl)acetic acid (118)[388] 

3,4-Dihydro-isoquinoline (117) (2.2 g, 16.77 mmol) and malonic acid (1.94 g, 

16.77 mmol) were mixed at room temperature and heated in an oil bath at 120 �C for 1 

hr. Then the mixture was cooled down and recrystallized from methanol (150 mL), 

drying yielded a colourless solid (1.52 g, 7.99 mmol, 48%). 

 
mp 230 �C decomp; 1H-NMR (250 MHz, D2O, 300 K) � = 7.13-7.23 (m, 4H, C6H4), 

4.65 (t, J = 6.9 Hz, 1H, CH-NH), 3.44-3.54 (m, 1H, NH-CH2), 3.24-3.34 (m, 1H, NH-

CH2), 2.95-3.03 (m, 2H, NH-CH2-CH2), 2.79 (d, J = 6.1 Hz, 2H, CH2-COOH); HRMS 

(ESI-TOF) for C11H14NO2 [M+H]+: 192.1047 (calcd 192.1025); Analytical HPLC (5-

90% in 30 min) tR = 10.15 min. 

N

COOH

Fmoc
119

 
2-{1,2,3,4-Tetrahydro-2-[(9H-fluoren-9-ylmethoxy)carbonyl]-1-isoquinolinyl} 

acetic acid (119)  

A suspension of 2-(1,2,3,4-tetrahydro-1-isoquinolinyl)acetic acid (118) (0.9 g, 

4.73 mmol), saturated NaHCO3-solution (15 mL) and dioxane (5 mL) was cooled to 0 

�C. Then Fmoc-Cl (1.35 g, 5.2 mmol) dissolved in dioxane (5 mL) was added 

dropwise over 30 min and the mixture was allowed to stir over night at room 

temperature. The aqueous phase was extracted with diethyl ether (30 mL) and 

acidified to pH = 1 with conc. HCl. The product was then extracted with ethyl acetate 

(50 mL), the organic phase was dried with MgSO4 and removed in vacuo. The residue 

was chromatographed (ethyl acetate/hexane/acetic acid, 1:1:1%), drying yielded a 

colourless foam (1.54 g, 3.73 mmol, 79%). 
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mp 61-63 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.54; 1H-NMR 

(250 MHz, DMSO-d6, 300 K) � = 7.79-7.91 (m, 2H, CH2-CH-C-C-CH), 7.63-7.66 (m, 

2H, CH2-CH-C-CH), 7.05-7.39 (m, 8H, CH2-CH-C-CH-CH-CH and C6H4), 5.40-5.52 

(m, 1H, NH-CH), 4.37-4.42 (m, 1H, COO-CH2-CH), 4.25-4.32 (m, 2H, COO-CH2), 

3.62-4.02 (m, 1H, N-CH2), 3.27-3.38 (m, 1H, N-CH2), 2.52-2.76 (m, 4H, N-CH-CH2 

and N-CH2-CH2); MS (ESI) m/z 179.1 (30), 414.0 (20) [M+H]+, 436.2 (25) [M+Na]+, 

492.8 (15), 826.7 (5) [2M+H]+, 849.1 (45) [2M+Na]+, 865.1 (100) [2M+K]+; HRMS 

(ESI-TOF) for C26H24NO4 [M+H]+: 414.1721 (calcd 414.1705); Analytical HPLC (5-

90% in 30 min) tR = 27.53 min. 

 

NO2

O

O

O
120

 
4-(2-Nitrophenyl)acetoacetic acid ethyl ester (120)[389]  

Triethylamine (8.7 mL, 62.4 mmol) and magnesium chloride (4.64 g, 48.7 mmol) 

were added to a stirred solution of potassium ethyl malonate (6.97 g, 37.8 mmol) in 

dry acetonitrile (70 mL), and stirring was continued for 2 hrs at room temperature. 

Then, a solution of 2-nitrophenyl acetic acid (3.55 g, 19.5 mmol) and N, N’-

carbonyldiimidazole (3.47 g, 21.4 mmol) in dry acetonitrile (25 mL), which was 

prepared 15 min before, was added. The mixture was stirred at room temperature over 

night and then heated to reflux for 2 hrs. After the mixture had cooled, 13% HCl (70 

mL) was added slowly to the suspension and the temperature was kept below 25 ºC. 

The organic phase was then separated and evaporated, the residue was treated with 

ethyl acetate, and the aqueous layer was extracted with ethyl acetate (100 mL). The 

combined organic phases were washed with saturated NaHCO3 solution and brine, 

then dried with Na2SO4, and finally concentrated to give yellow crystals (4.0 g, 15.8 

mmol, 82%).    

 
mp 56-57 �C; 1H-NMR (250 MHz, CDCl3, 300 K) � = 8.14 (dd, J = 7.0 Hz, , J = 1.0 

Hz, 1H, NO2-C-CH), 7.61 (ddd, J = 7.5 Hz, J = 7.5 Hz, J = 1.2 Hz, 1H, NO2-C-CH-

CH-CH), 7.48 (ddd, J = 7.5 Hz, J = 7.5 Hz, J = 1.2 Hz, 1H, arom), 7.31 (dd, J = 7.5 
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Hz, J = 1.2 Hz, 1H, arom), 4.26 (s, 2H, CO-CH2-C6H4NO2), 4.23 (q, J = 7.0 Hz, 2H, 

CH2-CH3), 3.64 (s, 2H, CO-CH2-CO), 1.31 (t, J = 7.0 Hz, 3H, CH2-CH3); MS (EI) m/z 

43.2 (35), 87.1 (35), 115.1 (100), 120.0 (65), 137.0 (55), 164.0 (25), 206.0 (5), 250.9 

(1) [M+]; Analytical HPLC (20-90% in 30 min) tR = 14.07 min. 

 

NH

O

O 121

 
(1H-Indol-2-yl)acetic acid ethyl ester (121)[390] 

4-(2-Nitrophenyl)acetoacetic acid ethyl ester (120) (2.68 g, 10.7 mmol) was 

dissolved in acetone (30 mL) and transferred to a separating funnel. Aqueous 

ammonium acetate solution (4 M, 288 mL) and aqueous TiCl3-solution (15%, 77 mL) 

were added. The mixture was shaken for 7 min and the resulting dark green solution 

was extracted with ether (4 � 100 mL) and the combined extracts were washed with 

brine and dried with MgSO4. The ether was removed in vacuo and the residue was 

chromatographed (CH2Cl2), drying yielded orange crystals (1.6 g, 7.87 mmol, 74%). 

 
mp 26-30 �C; TLC Rf (CH2Cl2) = 0.59; 1H-NMR (250 MHz, CDCl3, 300 K) � = 8.66 

(bs, 1H, NH), 7.52 (d, J = 7.6 Hz, 1H, NH-C-C-CH-CH), 7.25 (d, J = 7.3 Hz, 1H, NH-

C-CH-CH), 7.03-7.15 (m, 2H, NH-C-CH-CH-CH), 6.32 (s, 1H, NH-C-CH-C), 4.16 (q, 

J = 7.3 Hz, 2H, CH2-CH3), 3.75 (s, 2H, CH2-COOC2H5), 1.25 (t, J = 7.3 Hz, 3H, CH2-

CH3); 13C-NMR (62.9 MHz, CDCl3, 300 K) � = 170.57, 136.24, 130.56, 128.12, 

121.56, 119.98, 119.65, 110.74, 101.64, 61.27, 33.86, 14.03; MS (EI) m/z 77.1 (10), 

103.1 (10), 130.0 (100), 203.0 (55) [M]+; Analytical HPLC (5-90% in 30 min) tR = 

21.91 min. 

NH

OH

O 122

 
(1H-Indol-2-yl)acetic acid (122) 

(1H-Indol-2-yl)acetic acid ethyl ester (121) (1.0 g, 4.92 mmol) was treated with 

NaOH (0.45 g, 11.3 mmol) in water (2.5 mL) and methanol (2.5 mL) for 30 min. Then 

the aqueous phase was washed with diethyl ether (25 mL) and acidified to pH = 1 with 
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conc. HCl. The product was then extracted with ethyl acetate (30 mL), the solvent was 

dried with MgSO4 and removed in vacuo. The residue was chromatographed (ethyl 

acetate/hexane/acetic acid, 1:1:1%), drying yielded a colourless solid (0.63 g, 3.59 

mmol, 73%). 

 
mp 103/104 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.42; 1H-NMR 

(250 MHz, DMSO-d6, 300 K) � = 12.49 (bs, 1H, COOH), 10.98 (bs, 1H, NH), 7.43 (d, 

J = 7.6 Hz, 1H, NH-C-C-CH-CH), 7.31 (d, J = 8.0 Hz, 1H, NH-C-CH-CH), 6.90-7.05 

(m, 2H, NH-C-CH-CH-CH), 6.24 (s, 1H, NH-C-CH-C), 3.72 (s, 2H, CH2-COOH); 

Analytical HPLC (5-90% in 30 min) tR = 17.12 min.  

 

O

O
N
H

123
 

2-(Benzylamino)acetic acid ethyl ester (123) 

2-(Benzylamino)acetic acid ethyl ester (123) was prepared according to general 

method 12 using benzylamine (5.53 g, 51.7 mmol) and bromoacetic acid ethyl ester 

(8.63 g, 51.7 mmol). The residue was chromatographed, drying yielded a yellow oil 

(5.74 g, 29.7 mmol, 57 %).  

 
TLC Rf (ethyl acetate/hexane, 1:1) = 0.46; 1H-NMR (250 MHz, DMSO-d6, 300 K)    � 

= 7.22-7.30 (m, 5H, C6H5), 4.09 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.72 (s, 2H, NH-CH2-

C6H5), 3.30 (s, 2H, NH-CH2-CO), 2.54 (bs, 1H, NH), 1.19 (t, J = 7.2 Hz, 3H, CH2-

CH3); GC-MS (EI) m/z 65.0 (30), 91.0 (100), 106.0 (80), 120.0 (85), 192.9 (5) [M]+; 

Analytical HPLC (5-90% in 30 min) tR = 10.34 min.  

 

O

O
N
H

124

Cl  
 

2-(4-Chlorobenzylamino)acetic acid ethyl ester (124) 

2-(4-Chlorobenzylamino)acetic acid ethyl ester (124) was prepared according to 

general method 12 using 4-chlorobenzylamine (7.08 g, 50.0 mmol) and bromoacetic 
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acid ethyl ester (9.05 g, 50.0 mmol).  The residue was chromatographed, drying 

yielded a yellow oil (6.55 g, 28.8 mmol, 58%). 

 
TLC Rf (ethyl acetate/hexane, 1:1) = 0.46; 1H-NMR (250 MHz, DMSO-d6 300 K)     � 

= 7.34-7.36 (m, 4H, C6H4Cl), 4.10 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.71 (s, 2H, NH-

CH2-C6H4Cl), 3.30 (s, 2H, NH-CH2-CO), 2.52 (bs, 1H, NH), 1.19 (t, J = 7.0 Hz, 3H, 

CH2-CH3); GC-MS (EI) m/z 77.1 (15), 89.1 (40), 99.0 (15), 125.0 (100), 140.0 (80), 

154.0 (85), 197.9 (1), 226.9 (5) [M]+; Analytical HPLC (5-90% in 30 min) tR = 13.36 

min. 

 

O

O
N
H

125N

 
 

2-(Pyridine-3-ylmethylamino)acetic acid tert-butyl ester (125) 

2-(Pyridine-3-ylmethylamino)acetic acid tert-butyl ester (125) was prepared 

according to general method 12 using 3-picolylamine (5.0 g, 46.2 mmol) and 

bromoacetic acid tert-butyl ester (9.02 g, 46.2 mmol). Drying yielded a brown oil (8.6 

g, 38.7 mmol, 84%). 

 
TLC Rf (acetonitrile/water, 4:1) = 0.64; 1H-NMR (250 MHz, DMSO-d6, 300 K)        � 

= 8.52 (d, J = 1.7 Hz, 1H, N-CH-C), 8.46 (dd, J = 4.7 Hz, J = 1.7 Hz, 1H, N-CH-CH), 

7.71-7.76 (m, 1H, N-CH-C-CH), 7.31-7.37 (m, 1H, N-CH-CH), 3.75 (s, 2H, NH-CH2-

C5H4N), 3.22 (s, 2H, NH-CH), 2.52 (bs, 1H, NH), 1.44 (s, 9H, CH3); GC-MS (EI) m/z 

41.1 (45), 57.1 (65), 92.0 (100), 107.0 (25), 119.0 (20), 121.0 (100), 165.9 (65), 221.8 

(2) [M]+; Analytical HPLC (5-90% in 30 min) tR = 8.41 min. 

 

O

O
N
H

126

 
2-[1-(2-Phenylethyl)amino]acetic acid ethyl ester (126) 

 2-[1-(2-Phenylethyl)amino]acetic acid ethyl ester (126) was prepared according to 

general method 12 using 1-(2-phenylethyl)amine (6.79 g, 56.0 mmol) and bromoacetic 
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acid ethyl ester (9.35 g, 56.0 mmol). The residue was chromatographed, drying yielded 

a yellow oil (7.45 g, 35.9 mmol, 64%). 

 

TLC Rf (ethyl acetate/hexane, 1:1) = 0.42; 1H-NMR (250 MHz, DMSO-d6, 300 K)    � 

= 7.15-7.28 (m, 5H, C6H5), 4.08 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.33 (s, 2H, NH-CH2-

CO), 2.67-2.78 (m, 4H, NH-CH2-CH2), 1.91 (bs, 1H, NH), 1.18 (t, J = 7.2 Hz, 3H, 

CH2-CH3); GC-MS (EI) m/z 42.1 (80), 77.1 (20), 88.1 (35), 105.0 (75), 116.0 (100), 

134.0 (70), 207.9 (2) [M]+; Analytical HPLC (5-90% in 30 min) tR = 11.59 min. 

O

O
N

Fmoc

N

127

 
2-{Pyridine-3-ylmethyl-[(9H-fluorene-9-ylmethoxy)carbonyl]amino}acetic acid 

tert-butyl ester (127)[419,420] 

2-{Pyridine-3-ylmethyl-[(9H-fluorene-9-ylmethoxy)carbonyl]amino}acetic acid 

tert-butyl ester (127) was prepared from 2-(pyridine-3-ylmethylamino)acetic acid tert-

butyl ester (125) (1.12 g, 5.04 mmol). Under ice cooling, Fmoc-Cl (1.42 g, 5.5 mmol) 

in dioxane (7.5 mL) was dropped in a period of 30 min to 125 and sym.-collidine (668 

L, 5.04 mmol) in water (20 mL) and dioxane (20 mL). Upon completion of the 

addition the mixture was stirred another 1 hr at 0 �C and then for 24 hrs at room 

temperature. Then the solvent was removed in vacuo and the residue was 

chromatographed (ethyl acetate/hexane, 1:1), drying yielded a colourless oil (1.8 g, 

4.04 mmol, 80%). The compound shows cis/trans-isomerie in a ratio of approximately 

1:1. 

 
TLC Rf (ethyl acetate/hexane, 1:1) = 0.26; 1H-NMR (250 MHz, DMSO-d6, 300 K)    � 

= 8.31-8.48 (m, 2H, N-CH-C and N-CH-CH), 7.88 (t, J = 7.6 Hz, 2H, arom), 7.21-7.52 

(m, 8H, arom), 4.21-4.53 (m, 3H, CH2-CH), 4.23 (s, 2H, N-CH2), 3.85 and 3.87 (s, 2H, 

N-CH2-CO), 1.32 (s, 9H, CH3); MS (ESI) m/z 179.1 (15), 211.1 (17), 389.2 (100), 

445.1 (25) [M+H]+, 467.1 (25) [M+Na]+, 911.0 (10) [2M+Na]+; Analytical HPLC (5-

90% in 30 min) tR = 21.91 min. 
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O

O
N
H 128

 
2-(Benzylamino)propionic acid ethyl ester (128) 

2-(Benzylamino)propionic acid ethyl ester (128) was prepared according to 

general method 12 using benzylamine (5.36 g, 50.0 mmol) and 2-bromo-propionic 

acid ethyl ester (9.05 g, 50.0 mmol).  The residue was chromatographed, drying 

yielded a yellow oil (3.7 g, 17.8 mmol, 36%). 

 

TLC Rf (ethyl acetate/hexane, 1:1) = 0.57; 1H-NMR (250 MHz, DMSO-d6, 300 K)    � 

= 7.20-7.28 (m, 5H, C6H5), 4.10 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.66 (q, J = 13.4 Hz, 

2H, NH-CH2-C6H5), 3.25 (q, J = 6.9 Hz, 1H, NH-CH), 2.40 (bs, 1H, NH), 1.17-1.23 

(m, 6H, CH2-CH3 and CH-CH3); GC-MS (EI) m/z 65.1 (45), 91.1 (100), 106.1 (60), 

134.1 (100), 176.0 (1), 192.0 (1), 207.0 (1) [M]+; Analytical HPLC (5-90% in 30 

min) tR = 12.36 min. 

O

O
N
H 129

Cl  
 

2-(4-Chlorobenzylamino)propionic acid ethyl ester (129)  

2-(4-Chlorobenzylamino)propionic acid ethyl ester (129) was prepared according 

to general method 12 using 4-chlorobenzylamine (7.08 g, 50.0 mmol) and 2-bromo-

propionic acid ethyl ester (8.35 g, 50.0 mmol). The residue was chromatographed, 

drying yielded a yellow oil (4.25 g, 17.6 mmol, 35%). 

 
TLC Rf (ethyl acetate/hexane, 1:1) = 0.58; 1H-NMR (250 MHz, DMSO-d6, 300 K)    � 

= 7.31-7.38 (m, 4H, C6H4Cl), 4.09 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.65 (q, J = 13.9 Hz, 

2H, NH-CH2-C6H4Cl), 3.20-3.24 (m, 1H, NH-CH), 2.51 (bs, 1H, NH), 1.17-1.22 (m, 

6H, CH2-CH3 and CH-CH3); GC-MS (EI) m/z 84.1 (15), 89.1 (35), 99.0 (10), 125.0 

(100), 140.0 (45), 168.0 (100), 209.9 (1), 225.9 (1), 241.9 (1) [M]+; Analytical HPLC 

(5-90% in 30 min) tR = 13.85 min.  
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O

O
N
H

130

 
2-[1-(2-Phenylethyl)amino]propionic acid ethyl ester (130) 

 2-[1-(2-Phenylethyl)amino]propionic acid ethyl ester (130) was prepared 

according to general method 12 using 1-(2-phenylethyl)amine (6.3 g, 52.0 mmol) and 

2-bromo-propionic acid ethyl ester (9.41 g, 52.0 mmol). The residue was 

chromatographed, drying yielded a yellow oil (4.7 g, 21.2 mmol, 41%). 

 

TLC Rf (ethyl acetate/hexane, 1:1) = 0.48; 1H-NMR (250 MHz, DMSO-d6, 300 K)    � 

= 7.15-7.28 (m, 5H, C6H5), 4.08 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.29 (q, J = 6.9 Hz, 

1H, NH-CH), 2.62-2.78 (m, 4H, NH-CH2-CH2), 1.91 (bs, 1H, NH), 1.17 (m, 6H, CH2-

CH3 and CH-CH3); GC-MS (EI) m/z 56.1 (90), 77.2 (30), 91.1 (20), 105.1 (95), 130.1 

(100), 148.1 (85), 190.0 (1), 221.0 (1) [M]+; Analytical HPLC (5-90% in 30 min) tR = 

13.39 min. 

O

OH
N

Fmoc

131

 
 

2-{Benzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic acid (131) 

2-{Benzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic acid (131) was 

prepared from 2-(benzylamino)acetic acid ethyl ester (123) (1.0 g, 5.17 mmol) 

according to general method 13. The residue was chromatographed, drying yielded a 

colourless solid (1.85 g, 4.78 mmol, 92%).  

 
mp 133-135 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.37; 1H-NMR 

(250 MHz, DMSO-d6, 300 K) � = 12.73 (bs, 1H, COOH), 7.88 (t, J = 7.6 Hz, 2H, 

arom), 7.64 (d, J = 7.3 Hz, 1H, arom), 7.52 (d, J = 7.6 Hz, 1H, arom), 7.23-7.43 (m, 

8H, arom), 7.00-7.02 (m, 1H, arom), 4.35-4.49 (m, 3H, COO-CH2-CH), 4.29 (s, 2H, 

N-CH2-C6H5), 3.83 (s, 2H, N-CH2-CO); HPLC-MS (ESI) m/z 179.1 (90), 388.0 (40) 

[M+H]+, 410.2 (35) [M+Na]+, 774.9 (30) [2M+H]+, 797.1 (60) [2M+Na]+, 813.2 (100) 
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[2M+K]+, 1184.1 (30) [3M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 25.75 

min. 

O

OH
N

Fmoc

Cl

132

 
 

2-{4-Chlorobenzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic acid (132) 

2-{4-Chlorobenzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic acid (132) 

was prepared from 2-(4-chlorobenzylamino)acetic acid ethyl ester (124) (1.0 g, 4.4 

mmol) according to general method 13. Drying yielded a colourless solid (1.85 g, 4.4 

mmol, quant). 

 
mp 145 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.32; 1H-NMR (250 

MHz, DMSO-d6, 300 K) � = 7.88 (t, J = 7.8 Hz, 2H, arom), 7.64 (d, J = 7.3 Hz, 1H, 

arom), 7.23-7.51 (m, 8H, arom), 6.99 (d, J = 8.6 Hz, 1H, arom), 4.34-4.50 (m, 3H, 

COO-CH2-CH), 4.22 (s, 2H, N-CH2-C6H4Cl), 3.84 (s, 2H, N-CH2-CO); HPLC-MS 

(ESI) m/z 179.1 (75), 422.0 (30) [M+H]+, 842.9 (25) [2M+H]+, 865.0 (50) [2M+Na]+, 

881.2 (100) [2M+K]+; Analytical HPLC (5-90% in 30 min) tR = 28.38 min. 

 

O

OH
N

Fmoc

N

133

 
 

2-{Pyridine-3-ylmethyl-[(9H-fluorene-9-ylmethoxy)carbonyl]amino}acetic acid 

(133)[419,420]  

2-{Pyridine-3-ylmethyl-[(9H-fluorene-9-ylmethoxy)carbonyl]amino}acetic acid 

(133) was prepared from 2-{pyridine-3-ylmethyl-[(9H-fluorene-9-ylmethoxy)carbo 

nyl]amino}acetic acid tert-butyl ester (127) (0.4 g, 0.89 mmol) by treatment with a 

mixture of TFA (4 mL) and triisopropylsilane (0.4 mL) at 0 �C for 1 hr. The solvent 

was removed in vacuo, drying yielded a colourless solid (yield not determined). The 

compound shows cis/trans-isomerie in a ratio of approximately 1:1.  
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mp 166/167 �C ; TLC Rf (acetonitrile/water) = 0.61; 1H-NMR (250 MHz, DMSO-d6, 

300 K) � = 8.47-8.71 (m, 2H, N-CH-C and N-CH-CH), 7.23-7.78 (m, 10H, arom), 

4.52-4.59 (m, 2H), 4.24-4.36 (m, 3H), 3.93 and 4.02 (s, 2H, N-CH2-CO); HPLC-MS 

(ESI) m/z 179.1 (25), 211.1 (30), 389.2 (100) [M+H]+, 776.9 (50) [2M+H]+; 

Analytical HPLC (5-90% in 30 min) tR = 16.86 min. 

O

OH
N

Fmoc

134

 
2-{1-(2-Phenylethyl)-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic acid (134) 

2-{1-(2-Phenylethyl)-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}acetic acid (134) 

was prepared from 2-[1-(2-phenylethyl)amino]acetic acid ethyl ester (126) (1.0 g, 4.83 

mmol) according to general method 13. The residue was chromatographed, drying 

yielded a colourless solid (1.86 g, 4.63 mmol, 96%). Compound shows cis/trans-

isomerie in a ratio of 1:1.60. 

 
mp 140/141 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.42; 1H-NMR 

(250 MHz, DMSO-d6, 300 K) � = 12.65 (bs, 1H, COOH), 7.90 (d, J = 7.0 Hz, 2H, 

arom), 7.66 (d, J = 7.0 Hz, 1H, arom), 7.61 (d, J = 7.6 Hz, 1H, arom), 7.17-7.45 (m, 

8H, arom), 6.91-6.95 (m, 1H, arom), 4.21-4.54 (m, 3H, COO-CH2-CH), 3.79 and 3.93 

(s, 2H, N-CH2-CO), 3.12 and 3.46 (t, J = 7.6 Hz, 2H, N-CH2-CH2), 2.41 and 2.79 (t, J 

= 7.6 Hz, 2H, N-CH2-CH2); HPLC-MS (ESI) m/z 179.1 (90), 402.0 (50) [M+H]+, 

424.2 (30) [M+Na]+, 802.9 (40) [2M+H]+, 825.1 (45) [2M+Na]+, 841.3 (100) 

[2M+K]+, 1225.9 (25) [3M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 27.27 

min. 

O

OH
N

Fmoc

135

 
2-{Benzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propionic acid (135) 

2-{Benzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propionic acid (135) was 

prepared from 2-(benzylamino)propionic acid ethyl ester (128) (1.0 g, 4.83 mmol) 

according to general method 13. The residue was chromatographed, drying yielded a 
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colourless oil (1.26 g, 3.14 mmol, 65%). Compound shows cis/trans-isomerie in an 

undetermined ratio. 

 
TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.35; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 12.34 (bs, 1H, COOH), 7.83-7.91 (m, 2H, arom), 7.68 (d, J = 

7.3 Hz, 1H, arom), 7.12-7.50 (m, 10H, arom), 4.21-4.46 (m, 6H, N-CH, N-CH2, COO-

CH2-CH), 1.13 and 1.20 (d, J = 7.2 Hz, 3H, CH3); HPLC-MS (ESI) m/z 179.1 (70), 

402.0 (70) [M+H]+, 424.2 (60) [M+Na]+, 825.1 (55) [2M+Na]+, 841.2 (100) [2M+K]+, 

1225.8 (25) [3M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 27.64 min. 

 

O

OH
N

Fmoc

Cl

136

 
 

2-{4-Chlorobenzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propionic acid 

(136) 

2-{4-Chlorobenzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propionic acid 

(136) was prepared from 2-(4-chlorobenzylamino)propionic acid ethyl ester (129) (1.0 

g, 4.14 mmol) according to general method 13. The residue was chromatographed, 

drying yielded a colourless oil (1.3 g, 2.98 mmol, 72%). Compound shows cis/trans-

isomerie in an undetermined ratio. 

 
TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.41; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 12.43 (bs, 1H, COOH), 7.82-7.90 (m, 2H, arom), 7.67 (d, J = 

7.3 Hz, 1H, arom), 7.21-7.48 (m, 8H, arom), 7.08 (d, J = 8.2 Hz, 1H, arom), 4.20-4.49 

(m, 6H, N-CH and N-CH2 and COO-CH2-CH), 1.12 and 1.20 (d, J = 7.3 Hz, 3H, 

CH3); HPLC-MS (ESI) m/z 179.1 (95), 436.0 (75) [M+H]+, 458.2 (40) [M+Na]+, 

893.0 (50) [2M+Na]+, 909.2 (100) [2M+K]+; Analytical HPLC (5-90% in 30 min) tR 

= 29.36 min. 
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O

OH
N

Fmoc

137

 
2-{1-(2-Phenylethyl)-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propionic acid 

(137)  

2-{1-(2-Phenylethyl)-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propionic acid 

(137) was prepared from 2-[1-(2-phenylethyl)amino]propionic acid ethyl ester (130) 

(1.0 g, 4.52 mmol) according to general method 13. Drying yielded a colourless resin 

(1.6 g, 3.85 mmol, 85%). 

 
TLC Rf (ethyl acetate/hexane/acetic acid, 1:1:1%) = 0.45; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 7.87 (d, J = 7.3 Hz, 2H, arom), 7.67 (d, J = 7.0 Hz, 2H, arom), 

7.18-7.39 (m, 8H, arom), 6.91 (d, J = 6.7 Hz, 1H, arom), 4.33-4.64 (m, 3H, COO-CH2-

CH), 2.80-3.47 (m, 2H, N-CH2-CH2), 2.95-3.20 (m, 1H, N-CH), 2.44 (t, J = 7.8 Hz, 

2H, N-CH2-CH2), 1.23 (d, J = 7.9 Hz, 3H, CH-CH3); HPLC-MS (ESI) m/z 179.1 

(100), 194.1 (45), 416.0 (95) [M+H]+, 438.2 (50) [M+Na]+, 830.8 (45) [2M+H]+, 

869.3 (90) [2M+K]+, 1267.8 (20) [3M+Na]+; Analytical HPLC (5-90% in 30 min) tR 

= 28.42 min. 

N
H

O

O
O

H
N

N
Boc

138

 
N1-(2-Phenylethyl)-(2R)-2-[(9H-fluoren-9-ylmethoxy)carboxamido]-3-[1-(tert-but 

oxycarbonyl)-3-indolyl]propanamide (138)  

 N1-(2-Phenylethyl)-(2R)-2-[(9H-fluoren-9-ylmethoxy)carboxamido]-3-[1-(tert-

butoxycarbonyl)-3-indolyl]propanamide (138) was prepared according to general 

method 18 from 1-(2-phenylethyl)amine (0.26 g, 2.14 mmol) and Fmoc-D-Trp(Boc)-

OH (1.13 g, 2.14 mmol) in a reaction time of 1 hr. The residue was chromatographed 

(ethyl acetate/ hexane, 1:1), drying yielded a colourless, waxy solid (1.33 g, 2.1 mmol, 

quant). 
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mp 140 °C; TLC Rf (ethyl acetate/hexane, 1:1) = 0.67; 1H-NMR (500 MHz, DMSO-

d6, 300 K) � = 8.18 (t, J = 5.4 Hz, 1H, NH-CH2-CH2), 8.05 (d, J = 8.1 Hz, 1H, N-C-

CH-CH), 7.86 (d, J = 7.6 Hz, 2H, CH2-CH-C-C-CH), 7.74 (d, J = 7.8 Hz, 1H, N-CH-

C-C-CH), 7.70 (d, J = 8.5 Hz, 1H, NH-CH-CH2), 7.62-7.65 (m, 2H, CH2-CH-C-CH), 

7.59 (s, 1H, N-CH-C), 7.37-7.41 (m, 2H, CH2-CH-C-C-CH-CH), 7.33 (t, J = 7.8 Hz, 

1H, N-C-CH-CH), 7.21-7.29 (m, 5H, CH2-CH-C-CH-CH and m-CH and N-CH-C-C-

CH-CH), 7.16-7.19 (m, 3H, o-CH and p-CH), 4.31-4.36 (m, 1H, NH-CH-CH2), 4.16-

4.24 (m, 3H, COO-CH2-CH), 3.34-3.39 (m, 1H, NH-CHH-CH2), 3.25-3.30 (m, 1H, 

NH-CHH-CH2), 3.03 (dd, J = 14.6 Hz, J = 4.7 Hz, 1H, NH-CH-CHH), 2.95 (dd, J = 

14.3 Hz, J = 9.8 Hz, 1H, NH-CH-CHH), 2.70 (t, J = 7.3 Hz, 2H, NH-CH2-CH2), 1.55 

(s, 9H, CH3); HPLC-MS (ESI) m/z 308.2 (20), 530.3 (40), 630.3 (40) [M+H]+, 652.4 

(10) [M+Na]+, 1259.5 (100) [2M+H]+, 1281.5 (30) [2M+Na]+; Analytical HPLC (5-

90% in 30 min) tR = 32.99 min. 

H2N
O

H
N

N
Boc

139

 
tert-Butyl-3-{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-indole- 

carboxylate (139)  

tert-Butyl-3-{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-indole- 

carboxylate (139) was prepared from N1-phenethyl-(2R)-2-(9H-fluoren-9-ylmethoxy) 

carboxamido-3-[1-(tert-butyloxycarbonyl)-3-indolyl]propanamide (138) (1.0 g, 1.59 

mmol) according to general method 20. The residue was chromatographed with ethyl 

acetate/hexane (2:1). After the Fmoc-piperidine-complex was washed from the 

column, the product was eluted with chloroform/methanol (15:1), drying yielded a 

yellow oil (0.63 g, 1.55 mmol, 97%).  

 
TLC Rf (chloroform/methanol, 10:1) = 0.54; 1H-NMR (500 MHz, DMSO-d6, 300 K) 

� = 8.07 (d, J = 8.2 Hz, 1H, N-C-CH-CH), 7.96 (m, 1H, NH-CH2-CH2), 7.65 (d, J = 

7.7 Hz, 1H, N-CH-C-C-CH), 7.52 (s, 1H, N-CH-C), 7.32 (t, J = 7.6 Hz, 1H, N-C-CH-
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CH), 7.24 (t, J = 7.3 Hz, 3H, m-CH and N-CH-C-C-CH-CH), 7.17 (t, J = 7.3 Hz, 1H, 

p-CH), 7.12 (d, J = 7.5 Hz, 2H, o-CH), 3.48 (t, J = 6.3 Hz, 1H, NH-CH-CH2), 3.25-

3.31 (m, 2H, NH-CH2-CH2), 3.01 (dd, J = 14.0 Hz, J = 5.3 Hz, 1H, NH-CH-CHH), 

2.80 (dd, J = 14.5 Hz, J = 7.5 Hz, 1H, NH-CH-CHH), 2.62 (t, J = 7.3 Hz, 2H, NH-

CH2-CH2), 1.59 (s, 9H, CH3); MS (ESI) m/z 159.1 (20), 291.2 (75), 308.1 (95), 352.1 

(70), 408.1 (100) [M+H]+, 430.1 (35) [M+Na]+, 815.2 (15) [2M+H]+, 837.1 (20) 

[2M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 21.18 min. 

 

NH2N
H

O

O
140

 
 

N-[(9H-Fluoren-9-ylmethoxy)carbonyl]hydrazine (140)[392] 

Boc-Hydrazine (10.0 g, 75.6 mmol) and DIPEA (12.95 mL, 75.6 mmol) were 

dissolved in dry CH2Cl2 (200 mL) and cooled to 0 �C. Then Fmoc-Cl (19.6 g, 75.8 

mmol) in dry CH2Cl2 (100 mL) was added over a period of 30 min and the mixture 

was allowed to stir over night at room temperature. The organic phase was extracted 

with water (200 mL) and then reduced in vacuo to a volume of 100 mL. 

Trifluoroacetic acid (100 mL) was added carefully at 0 �C and the mixture was stirred 

for 1.5 hrs. Finally the product was precipitated by careful addition of saturated 

Na2CO3-solution (300 mL), drying yielded a colourless solid (18.02 g, 70.8 mmol, 

94%).    

 
mp 150-153 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 10.10 (bs, 1H, NH), 9.60 

(bs, 1H, NH), 7.89 (d, J = 7.6 Hz, 2H, CH2-CH-C-C-CH), 7.70 (d, J = 7.3 Hz, 2H, 

CH2-CH-C-CH), 7.42 (t, J = 7.3 Hz, 2H, CH2-CH-C-CH-CH), 7.33 (t, J = 7.4 Hz, 2H, 

CH2-CH-C-C-CH-CH), 4.48 (d, J = 6.6 Hz, 2H, CO-CH2), 4.27 (t, J = 6.7 Hz, 1H, 

CO-CH2-CH); 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 156.26, 143.59, 140.98, 

127.96, 127.34, 125.33, 120.39, 67.00, 46.60; HRMS (ESI-TOF) for C15H15N2O2 

[M+H]+: 255.1134 (calcd 255.1119); Analytical HPLC (5-90% in 30 min) tR = 16.47 

min. 
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N NH

O OO 141
 

 

5-(9H-Fluoren-9-ylmethoxy)-1,3,4-oxadiazol-2(3H)-one (141)[12,430,437] 

A suspension of N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) (1.49 g, 

5.78 mmol), CH2Cl2 (60 mL) and saturated NaHCO3-solution (60 mL) was stirred 

vigorously at 0 �C for 5 min, then stirring was stopped and the mixture was allowed to 

stand for 5 min. Then phosgene (1.89 M in toluene, 7.95 mL, 15.0 mmol) was added 

carefully to the lower organic phase by syringe and upon completion of the addition, 

stirring was continued. After 10 min water (20 mL) and CH2Cl2 (20 mL) were added, 

the phases were separated quickly and the aqueous phase was extracted with CH2Cl2 

(50 mL). The combined organic phases were dried with Na2SO4, the solvent was 

removed in vacuo, drying yielded a colourless solid (1.35 g, 4.82 mmol, 83%). 

 
mp 125 °C; 1H NMR (250 MHz, CDCl3, 300 K) � = 8.72 (bs, 1H, NH), 7.77 (d, J = 

7.5 Hz, 2H, CH2-CH-C-C-CH), 7.59 (d, J = 7.4 Hz, 2H, CH2-CH-C-CH), 7.42 (t, J = 

7.1 Hz, 2H, CH2-CH-C-CH-CH), 7.32 (t, J = 7.1 Hz, 2H, CH2-CH-C-C-CH-CH), 4.49 

(d, J = 7.8 Hz, 2H, CH2-CH), 4.32-4.41 (m, 1H, CH2-CH). 

N
H O

H
N

N
Boc

N
H

H
N

O

O

O

142

 
N1-(2-Phenylethyl)-(2R)-2-{[N’-((9H-fluoren-9-ylmethoxy)carbonyl)hydrazino] 

carboxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (142)[12,430,437]  

tert-Butyl-3-{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-indole- 

carboxylate (139) (500 mg, 1.23 mmol) and freshly prepared 5-(9H-fluoren-9-

ylmethoxy)-1,3,4-oxadiazol-2(3H)-one (141) (515 mg, 1.84 mmol) were dissolved in 

dry DMF (20 mL) and the mixture was allowed to stir for 75 min at room temperature. 

Then the solvent was removed in vacuo using a liquid-nitrogen-cooled rotary 



148____________________________________________________________ 8 Experimental    

evaporator and the residue was chromatographed (chloroform/methanol, 20:1). Drying 

yielded a colourless solid (0.58 g, 0.84 mmol, 68%). 

 
mp 135-137 °C; TLC Rf (chloroform/methanol, 20:1) = 0.27; 1H-NMR (500 MHz, 

DMSO-d6, 300 K) � = 9.06 (bs, 1H, NH-NH), 8.13 (bs, 1H, NH-CH2-CH2), 7.98-8.01 

(m, 2H, NH-NH and N-C-CH-CH), 7.89 (d, J = 7.1 Hz, 2H, CH2-CH-C-C-CH), 7.68-

7.73 (m, 2H, CH2-CH-C-CH), 7.62 (d, J = 7.8 Hz, 1H, N-CH-C-C-CH), 7.46 (s, 1H, 

N-CH-C), 7.40-7.44 (m, 2H, CH2-CH-C-C-CH-CH), 7.29-7.35 (m, 3H, CH2-CH-C-

CH-CH and N-C-CH-CH), 7.21-7.26 (m, 3H, m-CH and N-CH-C-C-CH-CH), 7.17 (t, 

J = 7.1 Hz, 1H, p-CH), 7.13 (d, J = 6.7 Hz, 2H, o-CH), 6.48 (d, J = 7.5 Hz, 1H, NH-

CH-CH2), 4.42-4.46 (m, 1H, NH-CH-CH2), 4.22-4.34 (m, 3H, COO-CH2-CH), 3.28 

(m, 1H, NH-CHH-CH2), 3.17 (m, 1H, NH-CHH-CH2), 2.90-3.02 (m, 2H, NH-CH-

CH2), 2.62 (m, 2H, NH-CH2-CH2), 1.57 (s, 9H, CH3); HPLC-MS (ESI) m/z 179.2 

(10), 334.3 (10), 378.2 (10), 588.4 (10), 632.3 (25), 654.4 (35), 688.3 (80) [M+H]+, 

710.4 (100) [M+Na]+, 1375.5 (40) [2M+H]+, 1397.5 (25) [2M+Na]+; Analytical 

HPLC (5-90% in 30 min) tR = 30.44 min. 

H

O

S
143

 
4-(2-Thienyl)benzaldehyde (143)[458]   

A stirred mixture of 4-bromobenzaldehyde (390 mg, 2.11 mmol), 2-thienyl 

boronic acid (300 mg, 2.34 mmol), powdered cesium fluoride (713 mg, 4.69 mmol) 

and Pd(PPh3)4 (81.1 mg, 3 mol percent, 70.2 mol) in DME (7.5 mL) was kept under 

argon while being heated at reflux for 20 hrs at 100 ºC (oil bath). For workup, the 

solvent was removed in vacuo, chromatography of the residue (ethyl acetate/hexane, 

1:5) afforded a yellow solid (350 mg, 1.86 mmol, 88%). 

 
mp 73/74 �C; TLC Rf (ethyl acetate/hexane, 1:5) = 0.56; 1H-NMR (500 MHz, CDCl3, 

300 K) � = 10.0 (s, 1H, CHO), 7.89 (d, J = 8.0 Hz, 2H, CHO-C-CH), 7.77 (d, J = 8.0 

Hz, 2H, CHO-C-CH-CH), 7.47 (d, J = 3.6 Hz, 1H, S-CH), 7.40 (d, J = 4.7 Hz, 1H, S-

CH-CH-CH), 7.14 (t, J = 4.2 Hz, 1H, S-CH-CH); 13C-NMR (125.7 MHz, CDCl3, 300 

K) � = 191.43, 142.78, 140.19, 135.17, 130.48, 128.49, 126.93, 126.09, 125.06; MS 
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(EI) m/z  40.1 (8), 79.1 (8), 115.1 (45), 159.1 (20), 188.0 (100) [M]+; Analytical 

HPLC (5-90% in 30 min) tR = 24.72 min.  

N
H O

H
N

N
Boc

N
H
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(phenylmethylene)hydrazino]carboxamido}-3-[1-

(tert-butoxycarbonyl)-3-indolyl]propanamide (144)  

N1-(2-Phenylethyl)-(2R)-2-{[N’-(phenylmethylene)hydrazino]carboxamido}-3-[1 

-(tert-butoxycarbonyl)-3-indolyl]propanamide (144) was prepared from N1-(2-

phenylethyl)-(2R)-2-{[N’-((9H-fluoren-9-ylmethoxy)carbonyl)hydrazino]carboxami- 

do}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (142) (179 mg, 0.26 mmol) 

and benzaldehyde (55 mg, 0.52 mmol) according to general method 23 in a reaction 

time of 4 hrs. The residue was chromatographed using a gradient of ethyl 

acetate/hexane (1:1) to ethyl acetate/hexane (4:1), drying yielded a colourless, 

crystalline solid (120 mg, 0.217 mmol, 83%). 

 
mp 102-104 °C; TLC Rf (ethyl acetate/hexane, 1:1) = 0.50; 1H-NMR (500 MHz, 

DMSO-d6, 300 K) � = 10.49 (s, 1H, N-NH), 8.20 (t, J = 5.5 Hz, 1H, NH-CH2-CH2), 

8.03 (d, J = 8.2 Hz, 1H, N-C-CH-CH), 7.85 (s, 1H, N-CH-C6H5), 7.71 (d, J = 8.0 Hz, 

1H, N-CH-C-C-CH), 7.62 (d, J = 7.5 Hz, 2H, o-CH), 7.52 (s, 1H, N-CH-C), 7.37-7.42 

(m, 3H, m-CH and p-CH), 7.31 (t, J = 7.7 Hz, 1H, N-C-CH-CH), 7.26 (t, J = 7.5 Hz, 

2H, m-CH), 7.21 (t, J = 7.5 Hz, 1H, N-CH-C-C-CH-CH), 7.15-7.19 (m, 3H, o-CH and 

p-CH), 6.91 (d, J = 8.4 Hz, 1H, NH-CH-CH2), 4.53 (m, 1H, NH-CH-CH2), 3.31-3.34 

(m, 1H, NH-CHH-CH2), 3.22-3.27 (m, 1H, NH-CHH-CH2), 3.14 (dd, J = 14.3 Hz, J = 

7.2 Hz, 1H, NH-CH-CHH), 3.10 (dd, J = 14.4 Hz, J = 5.2 Hz, 1H, NH-CH-CHH), 

2.69 (t, J = 7.4 Hz, 2H, NH-CH2-CH2), 1.53 (s, 9H, CH3); HPLC-MS (ESI) m/z 498.3 

(10), 554.3 (70) [M+H]+, 576.4 (25) [M+Na]+, 850.3 (30) [(3M+K+H)/2]2+, 1107.4 

(100) [2M+H]+, 1129.4 (70) [2M+Na]+, 1660.8 (10) [3M+H]+, 1682.3 (20) [3M+Na]+; 

Analytical HPLC (5-90% in 30 min) tR = 29.35 min. 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorophenylmethylene)hydrazino]carboxami- 

do}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (145)  

 N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorophenylmethylene)hydrazino]carbox- 

amido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (145) was prepared from 

N1-(2-phenylethyl)-(2R)-2-{[N’-((9H-fluoren-9-ylmethoxy)carbonyl)hydrazino]car- 

boxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (142) (179 mg, 0.26 

mmol) and 4-chlorobenzaldehyde (74 mg, 0.52 mmol) according to general method 23 

in a reaction time of 18 hrs. The residue was chromatographed using a gradient of 

ethyl acetate/hexane (1:1) to ethyl acetate/hexane (4:1), drying yielded a colourless, 

crystalline solid (120 mg, 0.204 mmol, 78%). 

 
mp 140-142 °C; TLC Rf (ethyl acetate/hexane, 1:1) = 0.42; 1H-NMR (500 MHz, 

DMSO-d6, 300 K) � = 10.56 (s, 1H, N-NH), 8.20 (t, J = 5.5 Hz, 1H, NH-CH2-CH2), 

8.03 (d, J = 8.2 Hz, 1H, N-C-CH-CH), 7.83 (s, 1H, N-CH-C6H4Cl), 7.70 (d, J = 7.9 

Hz, 1H, N-CH-C-C-CH), 7.66 (d, J = 8.4 Hz, 2H, Cl-C-CH), 7.45 (d, J = 8.3 Hz, 2H, 

Cl-C-CH-CH), 7.30 (t, J = 7.6 Hz, 1H, N-C-CH-CH), 7.26 (t, J = 7.5 Hz, 2H, m-CH), 

7.21 (t, J = 7.6 Hz, 1H, N-CH-C-C-CH-CH), 7.16-7.20 (m, 3H, o-CH and p-CH), 6.95 

(d, J = 8.4 Hz, 1H, NH-CH-CH2), 4.53 (m, 1H, NH-CH-CH2), 3.34 (m, 1H, NH-CHH-

CH2), 3.25 (m, 1H, NH-CHH-CH2), 3.11-3.13 (m, 2H, NH-CH-CH2), 2.69 (t, J = 7.4 

Hz, 2H, NH-CH2-CH2), 1.53 (s, 9H, CH3); MS (ESI) m/z 532.2 (10), 588.3 (75) 

[M+H]+, 610.3 (10) [M+Na]+, 1175.3 (100) [2M+H]+, 1197.3 (15) [2M+Na]+, 1761.7 

(10) [3M+H]+, 1784.1 (5) [3M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 31.09 

min. 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(furan-2-ylmethylene)hydrazino]carboxamido}-3-

[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (146)  

N1-(2-Phenylethyl)-(2R)-2-{[N’-(furan-2-ylmethylene)hydrazino]carboxamido}-

3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (146) was prepared from N1-(2-

phenylethyl)-(2R)-2-{[N’-((9H-fluoren-9-ylmethoxy)carbonyl)hydrazino]carboxami- 

do}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (142) (179 mg, 0.26 mmol) 

and furan-2-carbaldehyde (75 mg, 0.78 mmol) according to general method 23 in a 

reaction time of 2 d. The residue was chromatographed (ethyl acetate/hexane, 1:1), 

drying yielded a colourless, crystalline solid (100 mg, 0.184 mmol, 71%). 

 
TLC Rf (ethyl acetate/hexane, 1:1) = 0.30; 1H-NMR (500 MHz, DMSO-d6, 300 K) � 

= 10.47 (s, 1H, N-NH), 8.25 (s, 1H, NH-CH2-CH2), 8.03 (d, J = 8.0 Hz, 1H, N-C-CH-

CH), 7.76 (s, 2H, C-O-CH and N-CH-C4H3O), 7.65 (d, J = 7.8 Hz, 1H, N-CH-C-C-

CH), 7.47 (s, 1H, N-CH-C), 7.31 (t, J = 7.6 Hz, 1H, N-C-CH-CH), 7.15-7.27 (m, 6H, 

C6H5 and N-CH-C-C-CH-CH), 6.79 (s, 1H, O-C-CH-CH), 6.71 (d, J = 8.4 Hz, 1H, 

NH-CH-CH2), 6.59 (s, 1H, O-C-CH-CH), 4.53 (m, 1H, NH-CH-CH2), 3.30 (m, 1H, 

NH-CHH-CH2), 3.22 (m, 1H, NH-CHH-CH2), 3.07 (d, J = 5.7 Hz, 2H, CH-CH2), 2.65 

(t, J = 7.2 Hz, 2H, NH-CH2-CH2), 1.55 (s, 9H, CH3); MS (ESI) m/z 510.3 (15), 544.3 

(55) [M+H]+, 566.3 (50) [M+Na]+, 835.2 (25) [(3M+K+H)/2]2+, 1087.4 (45) [2M+H]+, 

1109.5 (100) [2M+Na]+, 1630.3 (5) [3M+H]+, 1652.2 (20) [3M+Na]+; Analytical 

HPLC (5-90% in 30 min) tR = 27.62 min. 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-(2-thienyl)phenylmethylene)hydrazino]carbox- 

amido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (147) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-(2-thienyl)phenylmethylene)hydrazino]car-

boxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (147) was prepared 

from N1-(2-phenylethyl)-(2R)-2-{[N’-((9H-fluoren-9-ylmethoxy)carbonyl)hydrazino] 

carboxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propanamide (142) (100 mg, 

0.146 mmol) and 4-(2-thienyl)benzaldehyde (143) (54.7 mg, 0.291 mmol) according to 

general method 23 in a reaction time of 4 d. The residue was purified by RP-HPLC 

(60-100% in 30 min), lyophilization yielded a colourless powder (44 mg, 0.069 mmol, 

47%). 

 
mp 188-191 °C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.50 (s, 1H, N-NH), 

8.18 (t, J = 5.6 Hz, 1H, NH-CH2-CH2), 8.01 (d, J = 8.5 Hz, 1H, N-C-CH-CH), 7.83 (s, 

1H, N-CH-C10H7S), 7.64-7.70 (m, 5H, C6H4 and N-CH-C-C-CH), 7.57-7.58 (m, 2H, 

C4HH2S), 7.53 (s, 1H, N-CH-C), 7.30 (t, J = 7.6 Hz, 1H, N-C-CH-CH), 7.19-7.26 (m, 

3H, m-CH and N-CH-C-C-CH-CH), 7.14-7.17 (m, 4H, o-CH and p-CH and C4H2HS), 

6.91 (d, J = 8.4 Hz, 1H, NH-CH-CH2), 4.48-4.52 (m, 1H, NH-CH-CH2), 3.30-3.36 (m, 

1H, NH-CHH-CH2), 3.20-3.25 (m, 1H, NH-CHH-CH2), 3.12 (dd, J = 7.9 Hz, J = 14.8 

Hz, 1H, NH-CH-CHH), 3.08 (dd, J = 5.6 Hz, J = 14.8 Hz, 1H, NH-CH-CHH), 2.67 (t, 

J = 7.2 Hz, 2H, NH-CH2-CH2), 1.53 (s, 9H, CH3); HPLC-MS (ESI) m/z 636.3 (75) 

[M+H]+, 658.4 (10) [M+Na]+, 1271.5 (100) [2M+H]+, 1293.5 (20) [2M+Na]+; 

Analytical HPLC (5-90% in 30 min) tR = 32.00 min. 
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N’-(Phenylmethylene)hydrazinecarboxylic acid tert-butyl ester (148) 

N’-(Phenylmethylene)hydrazinecarboxylic acid tert-butyl ester (148) was synthe-

sized according to general method 15 using benzaldehyde (2.4 g, 22.7 mmol). The 

precipitation was collected, drying yielded a colourless solid (4.1 g, 18.6 mmol, 82%). 

 
mp 187 �C; TLC Rf (ethyl acetate/hexane, 1:1) = 0.62; 1H-NMR (250 MHz, DMSO-

d6, 300 K) � = 10.89 (bs, 1H, NH), 8.00 (s, 1H, N-CH), 7.60 (d, J = 7.6 Hz, 2H, o-

CH), 7.39-7.42 (m, 3H, m-CH and p-CH), 1.47 (s, 9H, CH3); MS (EI) m/z 41.2 (20), 

57.2 (100), 120.1 (15), 147.0 (6), 164.0 (30), 220.0 (4) [M]+; Analytical HPLC (5-

90% in 30 min) tR = 22.03 min. 

 
H
N

O

O
N

Cl

149

 
 

N’-(4-Chlorophenylmethylene)hydrazinecarboxylic acid tert-butyl ester (149) 

N’-(4-Chlorophenylmethylene)hydrazinecarboxylic acid tert-butyl ester (149) was 

synthesized according to general method 15 using 4-chloro-benzaldehyde (2.12 g, 15.1 

mmol). The residue was chromatographed (ethyl acetate/hexane, 1:5), drying yielded a 

colourless solid (3.64 g, 14.3 mmol, 95%). 

 
mp 170/171 �C; TLC Rf (ethyl acetate/hexane, 1:5) = 0.27; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 10.97 (bs, 1H, NH), 7.99 (s, 1H, N-CH), 7.63 (d, J = 8.6 Hz, 

2H, Cl-C-CH), 7.47 (d, J = 8.6 Hz, 2H, Cl-C-CH-CH), 1.47 (s, 9H, CH3); MS (EI) m/z 

41.2 (20), 57.2 (100), 154.0 (10), 181.0 (5), 197.9 (20), 253.9 (5) [M]+; Analytical 

HPLC (5-90% in 30 min) tR = 24.52 min.  

 



154____________________________________________________________ 8 Experimental    

H
N

O

O
N

O
150

 
 

N’-(Furan-2-ylmethylene)hydrazinecarboxylic acid tert-butyl ester (150) 

N’-(Furan-2-ylmethylene)hydrazinecarboxylic acid tert-butyl ester (150) was 

synthesized according to general method 15 using furan-2-carbaldehyde (4.3 g, 44.7 

mmol). Drying yielded a colourless solid (9.0 g, 42.8 mmol, 96%). 

 
mp 158-160 �C; TLC Rf (ethyl acetate/hexane, 1:5) = 0.23; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 10.84 (bs, 1H, NH), 7.89 (s, 1H, N-CH), 7.76 (d, J = 1.3 Hz, 

1H, O-CH-CH), 6.76 (d, J = 3.1 Hz, 1H, O-C-CH), 6.56-6.58 (m, 1H, O-CH-CH), 1.46 

(s, 9H, CH3); GC-MS (EI) m/z 41.1 (30), 57.1 (100), 110.0 (35), 136.9 (8), 153.9 (15), 

209.9 (8) [M]+; Analytical HPLC (5-90% in 30 min) tR = 18.49 min. 

 
H
N

O

O
N
H

151

 
 

N-(tert-Butoxycarbonyl)-N’-(benzyl)hydrazine (151) 

N-(tert-Butoxycarbonyl)-N’-(benzyl)hydrazine (138) was synthesized from N’-

(phenylmethylene)hydrazinecarboxylic acid tert-butyl ester (135) (1.5 g, 6.8 mmol) 

according to general method 16. Drying yielded a yellow oil (1.41 g, 6.3 mmol, 93%). 

 
TLC Rf (ethyl acetate/hexane, 1:5) = 0.73; 1H-NMR (250 MHz, DMSO-d6, 300 K) � 

= 8.24 (bs, 1H, NH-CO), 7.22-7.32 (m, 5H, C6H5), 4.71 (bs, 1H, NH-CH2), 3.88 (s, 

2H, NH-CH2), 1.35 (s, 9H, CH3); GC-MS (EI) m/z 41.1 (50), 57.1 (100), 91.1 (95), 

106.0 (45), 122.0 (35), 149.0 (8), 165.9 (50), 222.0 (1) [M]+; Analytical HPLC (5-

90% in 30 min) tR = 15.45 min. 
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H
N

O

O
N
H

Cl
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N-(tert-Butoxycarbonyl)-N’-(4-chlorobenzyl)hydrazine (152) 

N-(tert-Butoxycarbonyl)-N’-(4-chlorobenzyl)hydrazine (152) was synthesized 

from N’-(4-chlorophenylmethylene)hydrazinecarboxylic acid tert-butyl ester (149) 

(1.5 g, 5.8 mmol) according to general method 16. The crude product was 

chromatographed (ethyl acetate/hexane, 1:4), drying yielded a colourless solid (1.05 g, 

4.1 mmol, 71%). 

 
mp 77-82 �C; TLC Rf (ethyl acetate/hexane, 1:5) = 0.15; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 8.23 (bs, 1H, NH-CO), 7.35 (m, 4H, C6H4Cl), 4.84 (bs, 1H, 

NH-CH2), 3.85 (s, 2H, NH-CH2), 1.37 (s, 9H, CH3); GC-MS (CI) m/z 124.9 (10), 

139.9 (10), 156.9 (60), 200.8 (100), 238.7 (2), 256.8 (2) [M+H]+; Analytical HPLC 

(5-90% in 30 min) tR = 19.07 min. 
H
N

O

O
N
HO

153
 

 

N-(tert-Butoxycarbonyl)-N’-(2-furylmethyl)hydrazine (153) 

N-(tert-Butoxycarbonyl)-N’-(2-furylmethyl)hydrazine (153) was synthesized from 

N’-(furan-2-ylmethylene)hydrazinecarboxylic acid tert-butyl ester (150) (6.0 g, 28.7 

mmol) according to general method 16. Drying yielded a colourless solid (5.37 g, 25.3 

mmol, 88%). 

 
mp 53/54 �C; TLC Rf (ethyl acetate/hexane, 1:1) = 0.57; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 8.25 (bs, 1H, NH-CO), 7.55 (s, 1H, O-CH-CH), 6.36-6.38 (m, 

1H, O-C-CH), 6.24-6.28 (m, 1H, O-CH-CH), 4.68-4.73 (m, 1H, NH-CH2), 3.83 (d, J = 

9.5 Hz, 2H, NH-CH2), 1.38 (s, 9H, CH3); GC-MS (EI) m/z 41.2 (25), 57.1 (100), 81.1 

(100), 96.1 (25), 112.1 (10), 156.0 (30), 212.0 (5) [M]+; Analytical HPLC (5-90% in 

30 min) tR = 14.35 min.  
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N-Benzyl-N-[(9H-fluorene-9-ylmethoxy)carbonyl]-N’-(tert-butoxycarbonyl)hy- 

drazine (154) 

N-Benzyl-N-[(9H-fluorene-9-ylmethoxy)carbonyl]-N’-(tert-butoxycarbonyl)hy- 

drazine (154) was prepared from N-(tert-butoxycarbonyl)-N’-(benzyl)hydrazine (151) 

(1.0 g, 4.49 mmol) according to general method 17. The residue was chromatographed 

(ethyl acetate/hexane, 1:2), drying yielded a colourless foam (1.95 g, 4.38 mmol, 

98%). 

 
TLC Rf (ethyl acetate/hexane, 1:3) = 0.47; 1H-NMR (250 MHz, DMSO-d6, 300 K) � 

= 9.62 (bs, 1H, NH), 7.89 (d, J = 7.6 Hz, 2H, arom), 7.75 (d, J = 6.4 Hz, 1H, arom), 

7.56 (m, 1H, arom), 7.28-7.43 (m, 8H, arom), 7.02 (m, 1H, arom), 4.15-4.65 (m, 5H, 

N-CH2 and CO-CH2-CH), 1.44 (s, 9H, CH3); HPLC-MS (ESI) m/z 167.0 (20), 179.1 

(100), 467.1 (50) [M+Na]+, 910.9 (15) [2M+Na]+; Analytical HPLC (5-90% in 30 

min) tR = 27.95 min.   
H
N

O

O
N

Fmoc
155Cl

 
N-(4-Chlorobenzyl)-N-[(9H-fluorene-9-ylmethoxy)carbonyl]-N’-(tert-butoxycarb- 

onyl)hydrazine (155) 

N-(4-Chlorobenzyl)-N-[(9H-fluorene-9-ylmethoxy)carbonyl]-N’-(tert-butoxycarb- 

onyl)hydrazine (155) was prepared from N-(tert-butoxycarbonyl)-N’-(4-chlorobenzyl) 

hydrazine (152) (0.8 g, 3.12 mmol) according to general method 17. The residue was 

chromatographed (ethyl acetate/hexane, 1:2), drying yielded a colourless foam (1.37 g, 

2.86 mmol, 92%). 

 
mp 53-55 �C; TLC Rf (ethyl acetate/hexane, 1:1) = 0.78; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 9.62 (s, 1H, NH), 7.89 (d, J = 7.3 Hz, 2H, arom), 7.74 (d, J = 

6.7 Hz, 1H, arom), 7.56 (m, 1H, arom), 7.27-7.43 (m, 7H, arom), 6.99 (m, 1H, arom), 
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4.2-5.52 (m, 5H, N-CH2 and CO-CH2-CH), 1.43 (s, 9H, CH3); HPLC-MS (ESI) m/z 

179.2 (100), 200.9 (20), 501.1 (35) [M+Na]+, 978.8 (20) [2M+Na]+; Analytical 

HPLC (5-90% in 30 min) tR = 28.82 min.  

H
N

O

O
N

O

Fmoc

156

 
N-[(9H-Fluorene-9-ylmethoxy)carbonyl]-N-(2-furylmethyl)-N’-(tert-butoxycar- 

bonyl)hydrazine (156) 

N-[(9H-Fluorene-9-ylmethoxy)carbonyl]-N-(2-furylmethyl)-N’-(tert-butoxycarbo- 

nyl)hydrazine (156) was prepared from N-(tert-butoxycarbonyl)-N’-(2-

furylmethyl)hydrazine (153) (4.5 g, 21.2 mmol) according to general method 17. The 

residue was chromatographed (ethyl acetate/hexane, 1:1), drying yielded a colourless 

foam (6.6 g, 15.2 mmol, 72%). 

 
TLC Rf (ethyl acetate/hexane, 1:3) = 0.54; 1H-NMR (250 MHz, DMSO-d6, 300 K) � 

= 9.57 (bs, 1H, NH), 7.90 (d, J = 7.5 Hz, 2H, arom), 7.58-7.72 (m, 3H, arom), 7.28-

7.46 (m, 4H, arom), 6.39 (bs, 2H, arom), 4.22-4.51 (m, 5H, N-CH2 and CO-CH2-CH), 

1.44 (s, 9H, CH3); HPLC-MS (ESI) m/z 179.2 (100), 259.1 (65), 379.1 (40), 457.3 

(85) [M+Na]+, 891.2 (25) [2M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 29.61 

min.  

N
N

O

O

157

 
(4-Benzyl-piperazin-1-yl)acetic acid ethyl ester (157)  

(4-Benzyl-piperazin-1-yl)acetic acid ethyl ester (157) was prepared according to 

general method 12 using 4-benzyl-piperazine (3.0 g, 17.0 mmol) and bromoacetic acid 

ethyl ester (2.84 g, 17.0 mmol). Drying yielded a colourless oil (4.09 g, 15.6 mmol, 

92%). 

 
TLC Rf (ethyl acetate/hexane, 1:1) = 0.50; 1H-NMR (250 MHz, DMSO-d6, 300 K) � 

= 7.28-7.39 (m, 5H, C6H5), 4.15 (q, J = 7.0 Hz, 2H, CH2-CH3), 3.52 (s, 2H, CH2-

C6H5), 3.25 (s, 2H, N-CH2-CO), 2.59 (m, 4H, N-CH2-CH2), 2.45 (m, 4H, N-CH2-CH2), 
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1.26 (t, J = 7.0 Hz, 3H, CH2-CH3); 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 

169.702 (CO), 138.141, 128.641, 127.989, 126.723, 62.092 (CH2-C6H5), 59.621 (O-

CH2), 58.461 (N-CH2-CO), 52.487 (N-CH2-CH2), 51.994 (N-CH2-CH2), 13.996 (CH3); 

HPLC-MS (ESI) m/z 171.1 (35), 189.2 (20), 263.3 (100) [M+H]+; Analytical HPLC 

(5-90% in 30 min) tR = 11.10 min.  

N
O

O
158

 
(4-Benzyl-piperidin-1-yl)acetic acid ethyl ester (158) 

(4-Benzyl-piperidin-1-yl)acetic acid ethyl ester (158) was prepared according to 

general method 12 using 4-benzyl-piperidine (3.0 g, 17.1 mmol) and bromoacetic acid 

ethyl ester (2.86 g, 17.1 mmol). Drying yielded a colourless oil (4.02 g, 15.4 mmol, 

90%).   

 
TLC Rf (ethyl acetate/hexane, 1:1) = 0.64; 1H-NMR (250 MHz, DMSO-d6, 300 K) � 

= 7.49-7.66 (m, 5H, C6H5), 4.44 (q, J = 7.0 Hz, 2H, CH2-CH3), 3.51 (s, 2H, N-CH2-

CO), 3.17 (d, J = 11.3 Hz, 2H, N-CH2-CH2), 2.86 (d, J = 6.4 Hz, 2H, CH2-C6H5), 2.45 

(t, J = 10.1 Hz, 2H, N-CH2-CH2), 1.86-1.90 (m, 3H, CH and N-CH2-CH2), 1.63 (dd, J 

= 11.9 Hz, J = 3.4 Hz, 2H, N-CH2-CH2), 1.55 (t, J = 7.0 Hz, 3H, CH2-CH3); 13C-NMR 

(62.9 MHz, DMSO-d6, 300 K) � = 169.823 (CO), 140.135, 128.778, 127.906, 125.518, 

59.492 (O-CH2), 58.961 (N-CH2-CO), 52.517 (N-CH2-CH2), 42.389 (CH2-C6H5), 

36.892 (CH), 31.623 (N-CH2-CH2), 13.951 (CH3); HPLC-MS (ESI) m/z 188.2 (100), 

234.2 (45), 262.2 (100) [M+H]+; Analytical HPLC (5-90% in 30 min) tR = 16.12 min. 

OH

N
N

O 159

 
(4-Benzyl-piperazin-1-yl)acetic acid (159) 

 (4-Benzyl-piperazin-1-yl)acetic acid (159) was prepared from (4-benzyl-

piperazin-1-yl)acetic acid ethyl ester (157) (1.0 g, 3.82 mmol) according to general 

method 14, drying yielded a colourless solid (0.89 g, quant). 

 
mp 242-245 �C; TLC Rf (methanol) = 0.58; 1H-NMR (500 MHz, DMSO-d6, 300 K) � 

= 7.68 (m, 2H, arom), 7.44 (m, 3H, arom), 4.42 (s, 2H, CH2-C6H5), 4.10 (s, 2H, N-
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CH2-CO), 3.5-3.7 (m, 4H, N-CH2-CH2), 3.46 (m, 4H, N-CH2-CH2); GC-MS (EI) m/z 

38.1 (20), 91.1 (100), 119.1 (30), 132.1 (20), 146.1 (15), 189.1 (15), 234.1 (20) [M]+; 

Analytical HPLC (5-90% in 30 min) tR = 7.64 min. 

N
O

OH
160

 
(4-Benzyl-piperidin-1-yl)acetic acid (160) 

(4-Benzyl-piperidin-1-yl)acetic acid (160) was prepared from (4-benzyl-piperidin-

1-yl)acetic acid ethyl ester (158) (1.0 g, 3.82 mmol) according to general method 14, 

drying yielded a colourless solid (0.89 g, quant). 

 
mp 250-252 �C; TLC Rf (methanol) = 0.71; 1H-NMR (500 MHz, DMSO-d6, 300 K) � 

= 7.26-7.29 (m, 2H, arom), 7.16-7.19 (m, 3H, arom), 3.63 (s, 2H, N-CH2-CO), 3.39 (d, 

J = 10.5 Hz, 2H, N-CH2-CH2), 2.91 (m, 2H, CH2-C6H5), 2.52 (t, J = 7.2 Hz, 2H, N-

CH2-CH2), 1.66-1.75 (m, 3H, CH and N-CH2-CH2), 1.51-1.53 (m, 2H, N-CH2-CH2); 

GC-MS (EI) m/z 44.1 (10), 91.1 (15), 188.1 (100), 233.0 (5) [M]+; Analytical HPLC 

(5-90% in 30 min) tR = 14.09 min. 

N
H O

H
N

N
Boc

N
ON 161

 
N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperazino)methyl]carboxamido}-3-[1-(tert-

butoxy carbonyl)-3-indolyl]propanamide (161)  

 N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperazino)methyl]carboxamido}-3-[1-

(tert-butoxy carbonyl)-3-indolyl]propanamide (161) was prepared from tert-butyl-3-

{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-indolecarboxylate (139) 

(150 mg, 0.368 mmol) and (4-benzyl-piperazin-1-yl)acetic acid (159) (86 mg, 0.368 

mmol) according to general method 18 in a reaction time of 23 hrs. The residue was 

chromatographed (chloroform/methanol, 10:1), drying yielded a yellow oil (170 mg, 

0.273 mmol, 74%). 
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TLC Rf (chloroform/methanol, 10:1) = 0.52; 1H-NMR (500 MHz, DMSO-d6, 300 K) 

� = 8.20 (t, J = 5.5 Hz, 1H, NH-CH2-CH2), 8.00 (d, J = 8.1 Hz, 1H, N-C-CH-CH), 

7.72 (d, J = 8.5 Hz, 1H, NH-CH-CH2), 7.63 (d, J = 7.8 Hz, 1H, N-CH-C-C-CH), 7.46 

(s, 1H, N-CH-C), 7.22-7.31 (m, 9H, N-C-CH-CH and N-CH-C-C-CH-CH and m-CH 

and C6H5), 7.16-7.18 (m, 3H, o-CH and p-CH), 4.60-4.62 (m, 1H, NH-CH-CH2), 3.36-

3.44 (dd, J = 25.5 Hz, J = 13.5 Hz, 2H, NH-CH2-C6H5), 3.29-3.36 (m, 1H, NH-CHH-

CH2), 3.21-3.27 (m, 1H, NH-CHH-CH2), 3.04 (dd, J = 14.7 Hz, J = 5.2 Hz, 1H, NH-

CH-CHH), 2.99 (dd, J = 14.7 Hz, J = 8.2 Hz, 1H, NH-CH-CHH), 2.73-2.93 (m, 2H, 

N-CH2-CO), 2.20-2.33 (m, 8H, N-CH2-CH2-N), 1.56 (s, 9H, CH3); HPLC-MS (ESI) 

m/z 189.1 (20), 568.3 (100), 624.3 (85) [M+H]+, 646.3  (30) [M+Na]+, 1269.3 (25) 

[2M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 23.13 min. 

N
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H
N

N
Boc

N
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N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperidino)methyl]carboxamido}-3-[1-(tert-

butoxy carbonyl)-3-indolyl]propanamide (162)  

N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperidino)methyl]carboxamido}-3-[1-

(tert-butoxy carbonyl)-3-indolyl]propanamide (162) was prepared from tert-butyl-3-

{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-indolecarboxylate (139) 

(150 mg, 0.368 mmol) and (4-benzyl-piperidin-1-yl)acetic acid (160) (86 mg, 0.368 

mmol) according to general method 18 in a reaction time of 23 hrs. The residue was 

chromatographed (chloroform/methanol, 10:1), drying yielded a yellow oil (180 mg, 

0.289 mmol, 79%). 

 
TLC Rf (chloroform/methanol, 10:1) = 0.62; 1H-NMR (500 MHz, DMSO-d6, 300 K) 

� = 8.23 (t, J = 5.5 Hz, 1H, NH-CH2-CH2-C6H5), 8.03 (d, J = 8.5 Hz, 1H, N-C-CH-

CH), 7.79 (bs, 1H, NH-CH-CH2), 7.64 (d, J = 8.0 Hz, 1H, N-CH-C-C-CH), 7.47 (s, 

1H, N-CH-C), 7.32 (t, J = 7.7 Hz, 1H, NH-C-CH-CH), 7.12-7.27 (m, 11H, N-CH-C-

C-CH-CH and C6H5 and C6H5), 4.61-4.65 (m, 1H, NH-CH-CH2), 3.30-3.40 (m, 1H, 
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NH-CHH-CH2-C6H5), 3.23-3.28 (m, 1H, NH-CHH-CH2-C6H5), 3.05 (dd, J = 14.7 Hz, 

J = 5.2 Hz, 1H, NH-CH-CHH), 2.99 (dd, J = 14.6 Hz, J = 8.2 Hz, 1H, NH-CH-CHH), 

2.73-2.96 (m, 2H, N-CH2-CO), 2.69 (t, J = 7.2 Hz, 2H, NH-CH2-CH2-C6H5), 2.65-2.73 

(m, 1H, N-CHH-CH2-CH), 2.47-2.53 (m, 1H, N-CHH-CH2-CH), 2.44 (d, J = 6.5 Hz, 

2H, CH-CH2-C6H5), 1.80-2.0 (m, 2H, N-CHH-CH2-CH), 1.58 (s, 9H, CH3), 1.36-1.47 

(m, 3H, N-CH2-CHH-CH), 1.04-1.13 (m, 2H, N-CH2-CHH-CH); HPLC-MS (ESI) 

m/z 188.1 (20), 567.3 (70), 623.3 (100) [M+H]+, 645.2 (25) [M+Na]+, 1245.2 (10) 

[2M+H]+, 1267.3 (40) [2M+Na]+; Analytical HPLC (5-90% in 30 min) tR = 25.49 

min. 
 
 
8.3.2 Linear and Cyclic Peptide BRS-3 Agonists 
 

Synthesis of linear peptides 4-13, 23-31 and 40, 41 was carried out using Rink Amide 

MBHA resin.[307] Linear peptides 14-22, 32-39 and 108-115 were synthesized on 

FMPE resin,[310] which was reductively aminated with the corresponding amine and 

loaded with the appropriate Fmoc amino acid according to general method 1. Linear 

peptides 42-54 and 95-106 were synthesized on Sieber Amide resin.[308] Peptides 55-

57 and 107 were synthesized on TCP resin.[309] The resin was loaded according to 

general method 2, Fmoc was removed according to general method 3. Chain extension 

was carried out either manually as described in chapter 8.1 or on a peptide synthesizer 

(SyRoll) using standard Fmoc protocols as depicted in general method 7. Peptide 

bonds were formed using activation according to general method 4. Cleavage from all 

resins was carried out using general method 8, except for Sieber Amide resin (general 

method 9). For preparation of peptides 58-94, the linear sequence was synthesized on 

Sieber Amide resin, cleavage from solid support and deprotection were carried out 

according to general method 9. Then, cyclization via cysteine oxidation was carried 

out according to general method 10. The N-terminal free amine of peptides 43, 45, 47, 

49, 51, 53, 57 and 96 was acetylated on solid support (general method 6). All peptides 

were purified by RP-HPLC, purity of the peptides was 95% or higher except for 17 

(93%), 64 (94%), 76 (89%), 82 (91%), 85 (93%), 87 (93%), 88 (93%) and 99 (92%). 

Analytical data of peptides 4-115 is listed in Tables 8.1-8.13. 
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8.3.3 Peptidomimetic BRS-3 Agonists 

 

Peptidomimetic BRS-3 agonists were synthesized in solution or on solid support. 

All compounds synthesized on solid support were synthesized on FMPE resin, loaded 

with 1-(2-phenylethyl)amine and Fmoc-D-Trp(Boc)-OH according to general method 

1. Resin weights before and after loading (m1 and m2) and resin loading (l) are given in 

brackets. Yields are given with respect to the loaded resin.  

 

N
H O

H
N

H
N

H
N

O

O NH2

O

163

 
N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-(benzyl- 

carboxamido)pentanediamide (163)  

N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-(benzyl- 

carboxamido)pentanediamide (163) was synthesized on solid support (m1 = 100 mg, 

m2 = 124 mg, l = 0.315 mmol/g). Coupling of Fmoc-Gln(Trt)-OH (48 mg, 0.078 

mmol) and phenylacetic acid (10.6 mg, 0.078 mmol), deprotection and cleavage from 

the resin were carried out according to general methods 3, 4, 7, and 8. HPLC 

purification and lyophilization yielded a colourless powder (11.1 mg, 0.020 mmol, 

63%). 

 
mp 226/227 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.77 (s, 1H, NH-CH-C), 

8.30 (d, J = 7.1 Hz, 1H, NH-CH-CH2-CH2), 8.18 (d, J = 8.3 Hz, 1H, NH-CH-CH2), 

7.95 (t, J = 5.0 Hz, 1H, NH-CH2-CH2), 7.55 (d, J = 8.0 Hz, 1H, NH-CH-C-C-CH), 

7.31 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.23-7.27 (m, 6H, o-CH, m-CH), 7.16-7.19 

(m, 2H, p-CH), 7.11 (d, J = 7.5 Hz, 2H, o-CH), 7.07 (s, 1H, NH-CH-C), 7.05 (t, J = 

7.7 Hz, 1H, NH-C-CH-CH), 6.97 (t, J = 7.2 Hz, 1H, NH-CH-C-C-CH-CH), 6.72 (bs, 
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2H, CO-NH2), 4.39-4.44 (m, 1H, NH-CH-CH2), 4.15-4.21 (m, 1H, NH-CH-CH2-CH2), 

3.47 (d, J = 6.0 Hz, 2H, CO-CH2), 3.16-3.21 (m, 2H, NH-CH2-CH2), 3.11 (dd, J = 14.5 

Hz, J = 4.9 Hz, 1H, NH-CH-CHH), 2.86 (dd, J = 14.7 Hz, J = 8.9 Hz, 1H, NH-CH-

CHH), 2.57 (t, J = 8.0 Hz, 2H, NH-CH2-CH2), 1.92-2.00 (m, 1H, NH-CH-CH2-CH2), 

1.85-1.92 (m, 1H, NH-CH-CH2-CH2), 1.69-1.77 (m, 1H, NH-CH-CH2-CHH), 1.60-

1.69 (m, 1H, NH-CH-CH2-CHH); HPLC-MS (ESI) m/z 247.0 (25), 308.1 (70), 554.2 

(60) [M+H]+, 576.4 (100) [M+Na]+, 850.0 (40), 1107.2 (20) [2M+H]+, 1129.2 (100) 

[2M+Na]+; HRMS (ESI-TOF) or C32 H35 N5 O4 [M+H]+: 554.2786 (calcd 554.2767); 

Analytical HPLC (5-90% in 30 min) tR = 21.32 min (97.9% purity at 220 nm). 

N
H O

H
N

H
N

H
N

O

O NH2

O
Cl

164

 
N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-[(4-chlo- 

robenzyl)carboxamido]pentanediamide (164) 

N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-[(4-chlo- 

robenzyl)carboxamido]pentanediamide (164) was synthesized on solid support (m1 = 

100 mg, m2 = 128 mg, l = 0.357 mmol/g). Coupling of Fmoc-Gln(Trt)-OH (56 mg, 

0.091 mmol) and 4-chlorophenylacetic acid (15.6 mg, 0.091 mmol), deprotection and 

cleavage from the resin were carried out according to general methods 3, 4, 7, and 8. 

HPLC purification and lyophilization yielded a colourless powder (6.3 mg, 0.011 

mmol, 35%). 

 
mp 219/220 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.77 (s, 1H, NH-CH-C), 

8.33 (d, J = 7.5 Hz, 1H, NH-CH-CH2-CH2), 8.19 (d, J = 9.0 Hz, 1H, NH-CH-CH2), 

7.94 (t, J = 5.0 Hz, 1H, NH-CH2-CH2), 7.55 (d, J = 7.5 Hz, 1H, NH-CH-C-C-CH), 

7.29-7.32 (m, 3H, NH-C-CH-CH and Cl-C-CH), 7.23-7.26 (m, 4H, m-CH and Cl-C-

CH-CH), 7.17 (t, J = 7.3 Hz, 1H, p-CH), 7.11 (d, J = 7.6 Hz, 2H, o-CH), 7.08 (s, 1H, 

NH-CH-C), 7.05 (t, J = 7.7 Hz, 1H, NH-C-CH-CH), 6.97 (t, J = 8.0 Hz, 1H, NH-CH-
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C-C-CH-CH), 6.73 (bs, 2H, CO-NH2), 4.39-4.44 (m, 1H, NH-CH-CH2), 4.16-4.20 (m, 

1H, NH-CH-CH2-CH2), 3.47 (d, J = 6.0 Hz, 2H, CO-CH2), 3.16-3.21 (m, 2H, NH-

CH2-CH2), 3.10 (dd, J = 14.3 Hz, J = 5.0 Hz, 1H, NH-CH-CHH), 2.86 (dd, J = 14.8 

Hz, J = 8.5 Hz, 1H, NH-CH-CHH), 2.56 (t, J = 7.0 Hz, 2H, NH-CH2-CH2), 1.92-1.99 

(m, 1H, NH-CH-CH2-CH2), 1.84-1.92 (m, 1H, NH-CH-CH2-CH2), 1.68-1.76 (m, 1H, 

NH-CH-CH2-CHH), 1.60-1.68 (m, 1H, NH-CH-CH2-CHH); HPLC-MS (ESI) m/z 

308.1 (100), 588.2 (65) [M+H]+, 610.4 (35) [M+Na]+, 1175.1 (15) [2M+H]+, 1197.2 

(30) [2M+Na]+; HRMS (ESI-TOF) for C32H34N5O4 Cl [M+H]+: 588.2382 (calcd 

588.2378); Analytical HPLC (5-90% in 30 min) tR = 22.62 min (99.7% purity at 220 

nm). 

N
H O

H
N

H
N

H
N

O

O NH2

O

Cl
165

 
 

N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-[1-(2-(4-

chlorophenyl)ethyl)carboxamido]pentanediamide (165)  

N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-[1-(2-(4-

chlorophenyl)ethyl)carboxamido]pentanediamide (165) was synthesized on solid 

support (m1 = 78 mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Gln(Trt)-

OH (43 mg, 0.070 mmol) and 3-(4-chlorophenyl)propionic acid (13.1 mg, 0.070 

mmol), deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a colourless 

powder (16.8 mg, 0.028 mmol, 79%). 

 
mp 213-215 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.78 (s, 1H, NH-CH-C), 

8.14 (d, J = 8.2 Hz, 1H, NH-CH-CH2), 8.08 (d, J = 7.4 Hz, 1H, NH-CH-CH2-CH2), 

7.99 (t, J = 5.8 Hz, 1H, NH-CH2-CH2), 7.55 (d, J = 8.5 Hz, 1H, NH-CH-C-C-CH), 

7.28-7.32 (m, 3H, NH-C-CH-CH and Cl-C-CH), 7.26 (t, J = 7.4 Hz, 2H, m-CH), 7.21 
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(d, J = 8.0 Hz, 2H, Cl-C-CH-CH), 7.18 (t, J = 7.3 Hz, 1H, p-CH), 7.15 (d, J = 7.6 Hz, 

2H, o-CH), 7.08 (s, 1H, NH-CH-C), 7.05 (t, J = 7.7 Hz, 1H, NH-C-CH-CH), 6.97 (t, J 

= 7.7 Hz, 1H, NH-CH-C-C-CH-CH), 6.72 (bs, 2H, CO-NH2), 4.39-4.45 (m, 1H, NH-

CH-CH2), 4.15-4.21 (m, 1H, NH-CH-CH2-CH2), 3.18-3.29 (m, 2H, NH-CH2-CH2), 

3.11 (dd, J = 14.4 Hz, J = 4.7 Hz, 1H, NH-CH-CHH), 2.88 (dd, J = 14.8 Hz, J = 8.8 

Hz, 1H, NH-CH-CHH), 2.79 (t, J = 7.7 Hz, 2H, CO-CH2-CH2), 2.64 (t, J = 7.5 Hz, 

2H, NH-CH2-CH2), 2.34-2.46 (m, 2H, CO-CH2-CH2), 1.82-1.98 (m, 2H, NH-CH-CH2-

CH2), 1.65-1.74 (m, 1H, NH-CH-CH2-CHH), 1.55-1.65 (m, 1H, NH-CH-CH2-CHH); 

HPLC-MS (ESI) m/z 308.1 (100), 602.2 (65) [M+H]+, 624.4 (30) [M+Na]+, 1203.2 

(10) [2M+H]+, 1225.1 (30) [2M+Na]+; HRMS (ESI-TOF) for C33H36N6O4 [M+H]+: 

602.2541 (calcd 602.2534); Analytical HPLC (5-90% in 30 min) tR = 22.58 min 

(97.7% purity at 220 nm). 

N
H O

H
N

H
N

H
N

O

O NH2

ONH

166

 
 

N1-[(1R)-2-(1H-3-Indolyl)-1-(phenethylcarbamoyl)ethyl]-(2S)-2-[(1,2,3,4-tetrahy- 

dro-1-isoquinolinylmethyl)carboxamido]pentanediamide (166)  

 (166) was synthesized on solid support (m1 = 100 mg, m2 = 126 mg, l = 0.336 

mmol/g). Coupling of Fmoc-Gln(Trt)-OH (52 mg, 0.085 mmol) and 2-{1-[1,2,3,4-

tetrahydro-2-(9H-fluoren-9-ylmethoxy)carbonyl]isoquinolinyl}acetic acid (119) (35 

mg, 0.085 mmol), deprotection and cleavage from the resin were carried out according 

to general methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a 

colourless powder (6.0 mg, 0.0099 mmol, 31%). According to the analytical HPLC 

chromatogram, the sample contained impurities. Further purification was not carried 

out. 
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HPLC-MS (ESI) m/z 308.1 (63), 609.3 (15) [M+H]+, 631.3 (100) [M+Na]+, 647.3 

(10) [M+K]+; 1239.3 (20) [2M+Na]+; HRMS (ESI-TOF) for C35H40N6O4 [M+H]+: 

609.3179 (calcd 609.3189); Analytical HPLC (5-90% in 30 min) tR = 17.72 min. 

 

N
H O

H
N

H
N

H
N

O

O NH2

O

H
N

167

 
 

N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-[(1H-2-

indolylmethyl)carboxamido]pentanediamide (167)  

N1-{(1R)-2-(1H-3-Indolyl)-1-[1-(2-phenylethyl)carbamoyl]ethyl}-(2S)-2-[(1H-2-

indolylmethyl)carboxamido]pentanediamide (167) was synthesized on solid support 

(m1 = 78 mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Gln(Trt)-OH (43 

mg, 0.070 mmol) and (1H-indol-2-yl)acetic acid (122) (12.3 mg, 0.070 mmol), 

deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a colourless 

powder (6.6 mg, 0.011 mmol, 31%). 

 
mp 195-201 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.86 (s, 1H, NH-C), 

10.76 (s, 1H, NH-C), 8.24 (d, J = 7.5 Hz, 1H, NH-CH-CH2-CH2), 8.21 (d, J = 8.2 Hz, 

1H, NH-CH-CH2), 7.96 (t, J = 5.6 Hz, 1H, NH-CH2-CH2), 7.55 (d, J = 7.8 Hz, 1H, 

NH-CH-C-C-CH), 7.39 (d, J = 7.8 Hz, 1H, NH-C-CH-C-CH), 7.29 (t, J = 8.2 Hz, 2H, 

C-NH-C-CH-CH and CH-NH-C-CH-CH), 7.22 (t, J = 7.4 Hz, 2H, m-CH), 7.14 (t, J = 

7.4 Hz, 1H, p-CH), 7.06-7.08 (m, 3H, NH-CH-C and o-CH), 7.04 (t, J = 8.0 Hz, 1H, 

NH-C-CH-CH), 6.95-6.99 (m, 2H, NH-CH-C-C-CH-CH and NH-C-CH-CH), 6.90 (t, 

J = 7.4 Hz, 1H, NH-C-CH-C-CH-CH), 6.72 (bs, 2H, CO-NH2), 6.20 (s, 1H, C-CH-C-

NH), 4.41-4.45 (m, 1H, NH-CH-CH2), 4.23-4.27 (m, 1H, NH-CH-CH2-CH2), 3.63 (d, 

J = 3.4 Hz, 2H, CO-CH2-C8H6N), 3.13-3.24 (m, 2H, NH-CH2-CH2), 3.09 (dd, J = 14.5 

Hz, J = 5.4 Hz, 1H, NH-CH-CHH), 2.86 (dd, J = 14.5 Hz, J = 8.7 Hz, 1H, NH-CH-
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CHH), 2.56 (t, J = 7.6 Hz, 2H, NH-CH2-CH2), 1.87-2.01 (m, 2H, NH-CH-CH2-CH2), 

1.71-1.78 (m, 1H, NH-CH-CH2-CHH), 1.61-1.69 (m, 1H, NH-CH-CH2-CHH); 

HPLC-MS (ESI) m/z 286.1 (20), 308.1 (25), 436.2 (20), 593.2 (100) [M+H]+, 908.6 

(20), 1185.2 (40) [2M+H]+, 1207.2 (35) [2M+Na]+; HRMS (ESI-TOF) for 

C34H36N6O4 [M+H]+: 593.2888 (calcd 593.2876); Analytical HPLC (5-90 % in 30 

min) tR = 21.62 min (99.7% purity at 220 nm). 

N
H O

H
N

H
N

H
N

O
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N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-(benzylcarboxamido)ethyl]carboxamido}-3-

(1H-3-indolyl)propanamide (168)  

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-(benzylcarboxamido)ethyl]carboxamido}-3-

(1H-3-indolyl)propanamide (168) was synthesized on solid support (m1 = 78 mg, m2 = 

100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Ala-OH (22 mg, 0.070 mmol) and 

phenylacetic acid (9.6 mg, 0.070 mmol), deprotection and cleavage from the resin 

were carried out according to general methods 3, 4, 7, and 8. HPLC purification and 

lyophilization yielded a colourless powder (12.6 mg, 0.025 mmol, 71%). 

 
mp 205-207 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.78 (s, 1H, NH-CH-C), 

8.24 (d, J = 6.8 Hz, 1H, NH-CH-CH3), 8.18 (d, J = 8.4 Hz, 1H, NH-CH-CH2), 8.00 (t, 

J = 5.5 Hz, 1H, NH-CH2-CH2), 7.57 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.31 (d, J = 

8.1 Hz, 1H, NH-C-CH-CH), 7.23-7.27 (m, 6H, o-CH and m-CH), 7.16-7.19 (m, 2H, p-

CH), 7.14 (d, J = 7.5 Hz, 2H, o-CH), 7.06 (s, 1H, NH-CH-C), 7.05 (t, J = 7.7 Hz, 1H, 

NH-C-CH-CH), 6.97 (t, J = 7.3 Hz, 1H, NH-CH-C-C-CH-CH), 4.38-4.43 (m, 1H, NH-

CH-CH2), 4.21-4.25 (m, 1H, NH-CH-CH3), 3.45 (s, 2H, CO-CH2), 3.19-3.24 (m, 2H, 

NH-CH2-CH2), 3.11 (dd, J = 14.7 Hz, J = 4.6 Hz, 1H, NH-CH-CHH), 2.84 (dd, J = 

14.6 Hz, J = 9.6 Hz, 1H, NH-CH-CHH), 2.61 (t, J = 7.6 Hz, 2H, NH-CH2-CH2), 1.01 

(d, J = 7.0 Hz, 3H, CH3); HPLC-MS (ESI) m/z 159.1 (40), 291.2 (35), 308.1 (100), 

497.2 (80) [M+H]+, 519.4 (55) [M+Na]+, 764.5 (20), 993.1 (10) [2M+H]+, 1015.2 
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(100) [2M+Na]+; HRMS (ESI-TOF) for C30H32N4O3 [M+H]+: 497.2566 (calcd 

497.2553); Analytical HPLC (5-90% in 30 min) tR = 22.74 min (99.9% purity at 220 

nm). 

N
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H
N

H
N

O
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Cl  
 

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((4-chlorobenzyl)carboxamido)ethyl]carbox- 

amido}-3-(1H-3-indolyl)propanamide (169)  

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((4-chlorobenzyl)carboxamido)ethyl]carbox- 

amido}-3-(1H-3-indolyl)propanamide (169) was synthesized on solid support (m1 = 78 

mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Ala-OH (22 mg, 0.070 

mmol) and 4-chlorophenylacetic acid (12.1 mg, 0.070 mmol), deprotection and 

cleavage from the resin were carried out according to general methods 3, 4, 7, and 8. 

HPLC purification and lyophilization yielded a colourless powder (10.4 mg, 0.019 

mmol, 54%). 

 
mp 198-200 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.78 (s, 1H, NH-CH-C), 

8.28 (d, J = 6.8 Hz, 1H, NH-CH-CH3), 8.18 (d, J = 8.4 Hz, 1H, NH-CH-CH2), 7.99 (t, 

J = 5.5 Hz, 1H, NH-CH2-CH2), 7.57 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.29-7.32 

(m, 3H, NH-C-CH-CH and Cl-C-CH), 7.24-7.27 (m, 4H, m-CH and Cl-C-CH-CH), 

7.18 (t, J = 7.3 Hz, 1H, p-CH), 7.13 (d, J = 7.5 Hz, 2H, o-CH), 7.07 (s, 1H, NH-CH-

C), 7.05 (t, J = 7.7 Hz, 1H, NH-C-CH-CH), 6.97 (t, J = 7.4 Hz, 1H, NH-CH-C-C-CH-

CH), 4.37-4.44 (m, 1H, NH-CH-CH2), 4.20-4.26 (m, 1H, NH-CH-CH3), 3.45 (s, 2H, 

CO-CH2), 3.16-3.26 (m, 2H, NH-CH2-CH2), 3.11 (dd, J = 14.7 Hz, J = 4.5 Hz, 1H, 

NH-CH-CHH), 2.84 (dd, J = 14.6 Hz, J = 9.6 Hz, 1H, NH-CH-CHH), 2.60 (t, J = 7.6 

Hz, 2H, NH-CH2-CH2), 1.00 (d, J = 7.0 Hz, 3H, CH3); HPLC-MS (ESI) m/z 159.1 

(30), 291.2 (25), 308.1 (65), 531.1 (100) [M+H]+, 553.3 (20) [M+Na]+, 816.4 (20), 

1083.0 (55) [2M+Na]+; HRMS (ESI-TOF) for C30H31N4O3Cl [M+H]+: 531.2139 



182____________________________________________________________ 8 Experimental    

(calcd 531.2163); Analytical HPLC (5-90% in 30 min) tR = 24.15 min (99.9% purity 

at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-(1-(2-(4-chlorophenyl)ethyl)carboxamido)eth- 

yl]carboxamido}-3-(1H-3-indolyl)propanamide (170) 

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-(1-(2-(4-chlorophenyl)ethyl)carboxamido) 

ethyl]carboxamido}-3-(1H-3-indolyl)propanamide (170) was synthesized on solid 

support (m1 = 78 mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Ala-OH (22 

mg, 0.070 mmol) and 3-(4-chlorophenyl)propionic acid (13.1 mg, 0.070 mmol), 

deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a colourless 

powder (10.2 mg, 0.019 mmol, 54%). 

 
mp 214-217 �C; 1H-NMR (500 MHz, DMSO-d6, 300K) � = 10.78 (s, 1H, NH-CH-C), 

8.14 (d, J = 8.5 Hz, 1H, NH-CH-CH2), 8.02-8.04 (m, 2H, NH-CH2-CH2 and NH-CH-

CH3), 7.57 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.24-7.32 (m, 5H, NH-C-CH-CH 

and m-CH and Cl-C-CH), 7.17-7.21 (m, 5H, o-CH and p-CH and Cl-C-CH-CH), 7.07 

(s, 1H, NH-CH-C), 7.05 (t, J = 7.5 Hz, 1H, NH-C-CH-CH), 6.97 (t, J = 7.4 Hz, 1H, 

NH-CH-C-C-CH-CH), 4.39-4.43 (m, 1H, NH-CH-CH2), 4.20-4.26 (m, 1H, NH-CH-

CH3), 3.22-3.29 (m, 2H, NH-CH2-CH2), 3.11 (dd, J = 14.6 Hz, J = 4.5 Hz, 1H, NH-

CH-CHH), 2.86 (dd, J = 14.6 Hz, J = 9.5 Hz, 1H, NH-CH-CHH), 2.78 (t, J = 7.7 Hz, 

2H, CO-CH2-CH2), 2.68 (t, J = 7.5 Hz, 2H, NH-CH2-CH2), 2.36-2.40 (m, 2H, CO-

CH2-CH2), 0.97 (d, J = 7.0 Hz, 3H, CH3); HPLC-MS (ESI) m/z 159.1 (40), 291.2 

(30), 308.1 (100), 545.1 (95) [M+H]+, 567.4 (35) [M+Na]+, 837.3 (15), 1089.0 (30) 

[2M+H]+, 1111.0 (65) [2M+Na]+; HRMS (ESI-TOF) for C31H33N4O3Cl [M+H]+: 

545.2327 (calcd 545.2319); Analytical HPLC (5-90% in 30 min) tR = 25.01 min 

(98.0% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((1,3-benzodioxol-5-ylmethyl)carboxamido) 

ethyl]carboxamido}-3-(1H-3-indolyl)propanamide (171) 

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((1,3-benzodioxol-5-ylmethyl)carboxamido) 

ethyl]carboxamido}-3-(1H-3-indolyl)propanamide (171) was synthesized on solid 

support (m1 =  78 mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Ala-OH 

(22 mg, 0.070 mmol) and 2-(1,3-benzodioxol-5-yl)acetic acid (12.8 mg, 0.070 mmol), 

deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a colourless 

powder (12.1 mg, 0.022 mmol, 62%). 

 
mp 211 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.78 (s, 1H, NH-CH-C), 

8.17-8.19 (m, 2H, NH-CH-CH2 and NH-CH-CH3), 7.99 (t, J = 5.5 Hz, 1H, NH-CH2-

CH2), 7.57 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.31 (d, J = 8.1 Hz, 1H, NH-C-CH-

CH), 7.26 (t, J = 7.5 Hz, 2H, m-CH), 7.18 (t, J = 7.3 Hz, 1H, p-CH), 7.13 (d, J = 7.5 

Hz, 2H, o-CH), 7.07 (s, 1H, NH-CH-C), 7.05 (t, J = 7.7 Hz, 1H, NH-C-CH-CH), 6.97 

(t, J = 7.4 Hz, 1H, NH-CH-C-C-CH-CH), 6.81 (s, 1H, CO-CH2-C-CH-C), 6.78 (d, J = 

7.9 Hz, 1H, CO-CH2-C-CH-CH), 6.68 (d, J = 8.0 Hz, 1H, CO-CH2-C-CH-CH), 5.91 

(s, 2H, O-CH2-O), 4.38-4.43 (m, 1H, NH-CH-CH2), 4.19-4.24 (m, 1H, NH-CH-CH3), 

3.35 (s, 2H, CO-CH2-C7H5O2), 3.18-3.27 (m, 2H, NH-CH2-CH2), 3.11 (dd, J = 14.6 

Hz, J = 4.5 Hz, 1H, NH-CH-CHH), 2.83 (dd, J = 14.6 Hz, J = 9.7 Hz, 1H, NH-CH-

CHH), 2.61 (t, J = 7.6 Hz, 2H, NH-CH2-CH2), 0.99 (d, J = 7.0 Hz, 3H, CH3); HPLC-

MS (ESI) m/z 159.1 (45), 291.1 (40), 308.1 (95), 541.2 (55) [M+H]+, 563.3 (60) 

[M+Na]+, 1103.1 (100) [2M+Na]+; HRMS (ESI-TOF) for C31H32N4O5 [M+H]+: 

541.2452 (calcd 541.2451); Analytical HPLC (5-90% in 30 min) tR = 22.38 min 

(99.7% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((3-pyridyl)methylcarboxamido)ethyl]carbox- 

amido}-3-(1H-3-indolyl)propanamide (172) 

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((3-pyridyl)methylcarboxamido)ethyl]carb-

oxamido}-3-(1H-3-indolyl)propanamide (172) was synthesized solid support (m1 = 78 

mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Ala-OH (22 mg, 0.070 

mmol) and 3-pyridylacetic acid (12.3 mg, 0.070 mmol), deprotection and cleavage 

from the resin were carried out according to general methods 3, 4, 7, and 8. HPLC 

purification and lyophilization yielded a colourless powder (13.2 mg, 0.027 mmol, 

76%). 

 
mp 95-97 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.78 (s, 1H, NH-CH-C), 

8.57-8.59 (m, 2H, N-CH-CH and N-CH-C), 8.40 (d, J = 7.0 Hz, 1H, NH-CH-CH3), 

8.20 (d, J = 8.4 Hz, 1H, NH-CH-CH2), 7.97-8.01 (m, 2H, NH-CH2-CH2 and N-CH-C-

CH), 7.57 (d, J = 7.8 Hz, 2H, NH-CH-C-C-CH and N-CH-CH), 7.31 (d, J = 8.1 Hz, 

1H, NH-C-CH-CH), 7.26 (t, J = 7.5 Hz, 2H, m-CH), 7.18 (t, J = 7.2 Hz, 1H, p-CH), 

7.13 (d, J = 7.5 Hz, 2H, o-CH), 7.07 (s, 1H, NH-CH-C), 7.05 (t, J = 7.7 Hz, 1H, NH-

C-CH-CH), 6.97 (t, J = 7.4 Hz, 1H, NH-CH-C-C-CH-CH), 4.04-4.45 (m, 1H, NH-CH-

CH2), 4.23-4.29 (m, 1H, NH-CH-CH3), 3.61 (s, 2H, CO-CH2-C5H4N), 3.18-3.28 (m, 

2H, NH-CH2-CH2), 3.09 (dd, J = 14.6 Hz, J = 4.7 Hz, 1H, NH-CH-CHH), 2.84 (dd, J 

= 14.6 Hz, J = 9.6 Hz, 1H, NH-CH-CHH), 2.60 (t, J = 7.5 Hz, 2H, NH-CH2-CH2), 

1.01 (d, J = 7.1 Hz, 3H, CH3); HPLC-MS (ESI) m/z 159.1 (75), 191.0 (45), 291.1 

(60), 308.1 (80), 377.1 (30), 498.2 (85) [M+H]+, 520.3 (40) [M+Na]+, 995.1 (5) 

[2M+H]+, 1017.1 (100) [2M+Na]+; HRMS (ESI-TOF) for C29H31N5O3 [M+H]+: 

498.2495 (calcd 498.2505); Analytical HPLC (5-90% in 30 min) tR = 15.52 min 

(99.7% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((1,2,3,4-tetrahydro-1-isoquinolinyl)methyl- 

carboxamido)ethyl]carboxamido}-3-(1H-3-indolyl)propanamide (173) 

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((1,2,3,4-tetrahydro-1-isoquinolinyl)methyl- 

carboxamido)ethyl]carboxamido}-3-(1H-3-indolyl)propanamide (173) was synthe-

sized on solid support (m1 = 78 mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of 

Fmoc-Ala-OH (22 mg, 0.070 mmol) and 2-{1-[1,2,3,4-tetrahydro-2-(9H-fluoren-9-

ylmethoxy)carbonyl]isoquinolinyl}acetic acid (119) (29 mg, 0.070 mmol), deprotec-

tion and cleavage from the resin were carried out according to general methods 3, 4, 7, 

and 8. HPLC purification and lyophilization yielded a colourless powder (4.7 mg, 

0.0085 mmol, 24%). The compound shows cis/trans-isomerie in a ratio of 1:1.08. 

 
mp 110-113 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.78 (s, 1H, NH-CH-C), 

8.80 and 9.21 (bs, 1H, CH2-NH-CH), 8.39 and 8.45 (d, J = 7.5 Hz, 1H, NH-CH-CH3), 

8.21 and 8.23 (d, J = 8.5 Hz, 1H, NH-CH-CH2), 8.10 (s, 1H, NH-CH2-CH2-C6H5), 

7.60 (d, J = 7.8 Hz, 1H, C-NH-CH-C-C-CH), 7.31 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 

7.15-7.28 (m, 9H, C6H5 and NH-CH-C6H4), 7.08 (s, 1H, C-NH-CH-C), 7.05 (t, J = 7.6 

Hz, 1H, CH-NH-C-CH-CH), 6.97 (t, J = 7.5 Hz, 1H, C-NH-CH-C-C-CH-CH), 4.77-

4.82 (m, 1H, NH-CH-CH2-CO), 4.46-4.52 (m, 1H, NH-CH-CH2-C8H6N), 4.33-4.44 

(m, 1H, NH-CH-CH3), 3.40-3.48 (m, 1H, CH-NH-CHH-CH2), 3.27-3.36 (m, 2H, CH-

NH-CHH-CH2 and NH-CHH-CH2-C6H5), 3.17-3.24 (m, 1H, NH-CHH-CH2-C6H5), 

2.81-3.08 (m, 6H, CH-NH-CH2-CH2 and NH-CH-CH2-CO and NH-CH-CH2-C8H6N), 

2.64 (t, J = 7.5 Hz, 2H, NH-CH2-CH2-C6H5), 0.94 and 1.02 (d, J = 7.0 Hz, 3H, CH3); 

HPLC-MS (ESI) m/z 159.1 (15), 300.1 (10), 308.2 (30), 421.2 (10), 552.3 (15) 

[M+H]+, 574.3 (100) [M+Na]+, 1125.2 (20) [2M+Na]+; HRMS (ESI-TOF) for 

C33H37N5O3 [M+H]+: 552.2959 (calcd 552.2975); Analytical HPLC (5-90% in 30 

min) tR = 18.91 min. 
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N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((1H-2-indolyl)methylcarboxamido)ethyl]- 

carboxamido}-3-(1H-3-indolyl)propanamide (174) 

N1-(2-Phenylethyl)-(2R)-2-{[(1S)-1-((1H-2-indolyl)methylcarboxamido)ethyl]- 

carboxamido}-3-(1H-3-indolyl)propanamide (174) was synthesized on solid support 

(m1 = 78 mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of Fmoc-Ala-OH (22 mg, 

0.070 mmol) and (1H-indol-2-yl)acetic acid (122) (12.3 mg, 0.070 mmol), 

deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a colourless 

powder (5.8 mg, 0.011 mmol, 31%). 

 
mp 188-193 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.86 (s, 1H, NH-C), 

10.76 (s, 1H, NH-C), 8.20 (d, J = 8.5 Hz, 1H, NH-CH-CH2), 8.17 (d, J = 7.1 Hz, 1H, 

NH-CH-CH3), 8.01 (t, J = 5.5 Hz, 1H, NH-CH2-CH2), 7.56 (d, J = 8.1 Hz, 1H, NH-

CH-C-C-CH), 7.38 (d, J = 7.8 Hz, 1H, NH-C-CH-C-CH), 7.29 (t, J = 9.1 Hz, 2H, C-

NH-C-CH-CH and CH-NH-C-CH-CH), 7.22 (t, J = 7.4 Hz, 2H, m-CH), 7.15 (t, J = 

7.4 Hz, 1H, p-CH), 7.11 (d, J = 7.6 Hz, 2H, o-CH), 7.06 (s, 1H, NH-CH-C), 7.04 (t, J 

= 7.6 Hz, 1H, NH-C-CH-CH), 6.94-6.99 (m, 2H, NH-CH-C-C-CH-CH and NH-C-CH-

CH), 6.90 (t, J = 7.0 Hz, 1H, NH-C-CH-C-CH-CH), 6.19 (s, 1H, C-CH-C-NH), 4.41-

4.45 (m, 1H, NH-CH-CH2), 4.26-4.31 (m, 1H, NH-CH-CH3), 3.60 (d, J = 3.5 Hz, 2H, 

CO-CH2-C8H6N), 3.15-3.29 (m, 2H, NH-CH2-CH2), 3.08 (dd, J = 14.6 Hz, J = 4.8 Hz, 

1H, NH-CH-CHH), 2.84 (dd, J = 14.4 Hz, J = 9.5 Hz, 1H, NH-CH-CHH), 2.61 (t, J = 

7.6 Hz, 2H, NH-CH2-CH2), 1.00 and 1.01 (s, 3H, CH3); HPLC-MS (ESI) m/z 229.0 

(25), 308.1 (45), 379.2 (40), 536.2 (100) [M+H]+, 558.4 (40) [M+Na]+, 823.0 (25), 

1071.2 (70) [2M+H]+, 1093.2 (75) [2M+Na]+; HRMS (ESI-TOF) for C32H33N5O3 

[M+H]+: 536.2661 (calcd 536.2662); Analytical HPLC (5-90% in 30 min) tR = 23.55 

min (97.7% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(benzyl)amino]methylcarboxamido}-3-(1H-3-indol- 

yl)propanamide (175)  

N1-(2-Phenylethyl)-(2R)-2-{[(benzyl)amino]methylcarboxamido}-3-(1H-3-indol- 

yl)propanamide (175) was synthesized on solid support (m1 = 78 mg, m2 = 100 mg, l = 

0.354 mmol/g). Coupling of 2-{benzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino} 

acetic acid (131) (27 mg, 0.070 mmol), deprotection and cleavage from the resin were 

carried out according to general methods 3, 4, 7, and 8. HPLC purification and 

lyophilization yielded a colourless powder (9.8 mg, 0.022 mmol, 62%). 

 
mp 107-109 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.82 (s, 1H, NH-CH-C), 

9.11 (bs, 1H, NH-CH2-CO), 8.69 (d, J = 8.1 Hz, 1H, NH-CH-CH2), 8.24 (m, 1H, NH-

CH2-CH2), 7.62 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.38-7.43 (m, 5H, C6H5), 7.32 

(d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.26 (t, J = 7.4 Hz, 2H, m-CH), 7.18 (t, J = 7.2 Hz, 

1H, p-CH), 7.16 (d, J = 7.4 Hz, 2H, o-CH), 7.10 (s, 1H, NH-CH-C), 7.06 (t, J = 7.4 

Hz, 1H, NH-C-CH-CH), 6.98 (t, J = 7.5 Hz, 1H, NH-CH-C-C-CH-CH), 4.57 (q, J = 

5.7 Hz, 1H, NH-CH), 4.02 (m, 2H, NH-CH2-C6H5), 3.63-3.66 (m, 1H, NH-CH2-CO), 

3.53-3.56 (m, 1H, NH-CH2-CO), 3.27-3.34 (m, 1H, NH-CH2-CH2), 3.20-3.26 (m, 1H, 

NH-CH2-CH2), 3.04 (dd, J = 14.5 Hz, J = 5.1 Hz, 1H, NH-CH-CHH), 2.86 (dd, J = 

14.5 Hz, J = 9.0 Hz, 1H, NH-CH-CHH), 2.64 (t, J = 7.5Hz, 2H, NH-CH2-CH2); 

HPLC-MS (ESI) m/z 159.1 (35), 291.2 (60), 308.2 (100), 455.2 (45) [M+H]+, 477.4 

(30) [M+Na]+, 931.2 (60) [2M+Na]+; HRMS (ESI-TOF) for C28H30N4O2 [M+H]+: 

455.2452 (calcd 455.2447); Analytical HPLC (5-90% in 30 min) tR = 19.00 min 

(97.6% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(4-chlorobenzyl)amino]methylcarboxamido}-3-(1H-

3-indolyl)propanamide (176) 

N1-(2-Phenylethyl)-(2R)-2-{[(4-chlorobenzyl)amino]methylcarboxamido}-3-(1H-

3-indolyl)propanamide (176) was synthesized on solid support (m1 = 78 mg, m2 = 100 

mg, l = 0.354 mmol/g). Coupling of 2-{4-chlorobenzyl-[(9H-fluoren-9-ylmethoxy) 

carbonyl]amino}acetic acid (132) (29.8 mg, 0.070 mmol), deprotection and cleavage 

from the resin were carried out according to general methods 3, 4, 7, and 8. HPLC 

purification and lyophilization yielded a colourless powder (11 mg, 0.022 mmol, 

62%). 

 
mp 138-140 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.82 (s, 1H, NH-CH-C), 

9.13 (bs, 1H, NH-CH2-CO), 8.68 (d, J = 8.2 Hz, 1H, NH-CH-CH2), 8.25 (m, 1H, NH-

CH2-CH2), 7.61 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.49 (d, J = 8.2 Hz, 2H, Cl-C-

CH), 7.41 (d, J = 8.1 Hz, 2H, Cl-C-CH-CH), 7.32 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 

7.26 (t, J = 7.4 Hz, 2H, m-CH), 7.18 (t, J = 7.3 Hz, 1H, p-CH), 7.16 (d, J = 7.5 Hz, 2H, 

o-CH), 7.10 (s, 1H, NH-CH-C), 7.06 (t, J = 7.3 Hz, 1H, NH-C-CH-CH), 6.97 (t, J = 

7.5 Hz, 1H, NH-CH-C-C-CH-CH), 4.57 (q, J = 5.8 Hz, 1H, NH-CH), 4.03 (m, 2H, 

NH-CH2-C6H4Cl), 3.62-3.67 (m, 1H, NH-CH2-CO), 3.51-3.56 (m, 1H, NH-CH2-CO), 

3.26-3.34 (m, 1H, NH-CH2-CH2), 3.19-3.26 (m, 1H, NH-CH2-CH2), 3.04 (dd, J = 14.5 

Hz, J = 5.1 Hz, 1H, NH-CH-CHH), 2.86 (dd, J = 14.5 Hz, J = 9.0 Hz, 1H, NH-CH-

CHH), 2.64 (t, J = 7.5 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 159.1 (30), 291.2 

(50), 308.1 (100), 489.2 (60) [M+H]+, 511.4 (10) [M+Na]+, 999.1 (30) [2M+Na]+; 

HRMS (ESI-TOF) for C28H29N4O2Cl [M+H]+: 489.2055 (calcd 489.2057); Analytical 

HPLC (5-90% in 30 min) tR = 20.15 min (99.5% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(3-pyridyl)methylamino]methylcarboxamido}-3-(1H 

-3-indolyl)propanamide (177) 

N1-(2-Phenylethyl)-(2R)-2-{[(3-pyridyl)methylamino]methylcarboxamido}-3-(1H 

-3-indolyl)propanamide (177) was synthesized on solid support (m1 = 78 mg, m2 = 100 

mg, l = 0.354 mmol/g). Coupling the TFA-salt of 2-{pyridine-3-ylmethyl-[(9H-

fluorene-9-ylmethoxy)carbonyl]amino}acetic acid (133) (35.4 mg, 0.070 mmol), 

deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a colourless 

powder (6.6 mg, 0.014 mmol, 40%). 

 
mp 89-93 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.82 (s, 1H, NH-CH-C), 

9.20 (bs, 1H, NH-CH2-CO), 8.71 (d, J = 8.0 Hz, 1H, NH-CH-CH2), 8.59-8.62 (m, 2H, 

N-CH-C and N-CH-CH), 8.26 (t, J = 5.5 Hz, 1H, NH-CH2-CH2), 7.83 (d, J = 8.0 Hz, 

1H, N-CH-C-CH), 7.62 (d, J = 8.0 Hz, 1H, NH-CH-C-C-CH), 7.46 (dd, J = 7.9 Hz, J 

= 4.7 Hz, 1H, N-CH-CH), 7.32 (d, J = 8.0 Hz, 1H, NH-C-CH-CH), 7.26 (d, J = 7.4 

Hz, 2H, m-CH), 7.18 (t, J = 7.2 Hz, 1H, p-CH), 7.16 (d, J = 7.5 Hz, 2H, o-CH), 7.11 

(s, 1H, NH-CH-C), 7.06 (t, J = 7.0 Hz, 1H, NH-C-CH-CH), 6.98 (t, J = 7.0 Hz, 1H, 

NH-CH-C-C-CH-CH), 4.57 (q, J = 6.0 Hz, 1H, NH-CH), 4.09 (m, 2H, NH-CH2-

C5H4N), 3.69-3.75 (m, 1H, NH-CHH-CO), 3.57-3.64 (m, 1H, NH-CHH-CO), 3.27-

3.35 (m, 1H, NH-CHH-CH2), 3.19-3.27 (m, 1H, NH-CHH-CH2), 3.05 (dd, J = 14.9 

Hz, J = 5.2 Hz, 1H, NH-CH-CHH), 2.87 (dd, J = 14.6 Hz, J = 8.8 Hz, 1H, NH-CH-

CHH), 2.64 (t, J = 7.1 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 159.1 (15), 291.2 

(35), 308.2 (40), 456.2 (100) [M+H]+, 478.4 (10) [M+Na]+, 703.1 (20), 911.0 (15) 

[2M+H]+, 933.1 (40) [2M+Na]+; HRMS (ESI-TOF) for C27H29N5O2 [M+H]+: 

456.2387 (calcd 456.2400); Analytical HPLC (5-90% in 30 min) tR = 15.58 min 

(99.6% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[1-(2-phenylethyl)amino]methylcarboxamido}-3-(1H-

3-indolyl)propanamide (178)  

N1-(2-Phenylethyl)-(2R)-2-{[1-(2-phenylethyl)amino]methylcarboxamido}-3-(1H 

-3-indolyl)propanamide (178) was synthesized on solid support (m1 = 78 mg, m2 = 100 

mg, l = 0.354  mmol/g). Coupling of 2-{1-(2-phenylethyl)-[(9H-fluoren-9-yl-

methoxy)carbonyl]amino}acetic acid (134) (28.3 mg, 0.070 mmol), deprotection and 

cleavage from the resin were carried out according to general methods 3, 4, 7, and 8. 

HPLC purification and lyophilization yielded a colourless powder (2.7 mg, 0.0058 

mmol, 16%). 

 
mp 197-199 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.82 (s, 1H, NH-CH-C), 

8.79 (bs, 1H, NH-CH2-CO), 8.74 (d, J = 8.5 Hz, 1H, NH-CH-CH2), 8.26 (t, J = 5.5 Hz, 

1H, NH-CH2-CH2), 7.62 (d, J = 8.0 Hz, 1H, NH-CH-C-C-CH), 7.31-7.34 (m, 3H, NH-

C-CH-CH and m-CH), 7.25-7.28 (m, 3H, p-CH and m-CH), 7.19-7.21 (m, 3H, p-CH 

and o-CH), 7.16 (d, J = 7.6 Hz, 2H, o-CH), 7.12 (s, 1H, NH-CH-C), 7.05 (t, J = 7.5 

Hz, 1H, NH-C-CH-CH), 6.98 (t, J = 7.5 Hz, 1H, NH-CH-C-C-CH-CH), 4.58 (q, J = 

5.5 Hz, 1H, NH-CH), 3.73-3.79 (m, 1H, NH-CHH-CO), 3.62-3.67 (m, 1H, NH-CHH-

CO), 3.29-3.34 (m, 1H, NH-CHH-CH2), 3.20-3.25 (m, 1H, NH-CHH-CH2), 3.04-3.08 

(m, 3H, NH-CH-CHH and CH2-NH-CH2-CH2), 2.84-2.92 (m, 3H, NH-CH-CHH and 

CH2-NH-CH2-CH2), 2.64 (t, J = 7.4 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 

159.1 (20), 291.1 (40), 308.1 (90), 469.2 (100) [M+H]+, 491.3 (25) [M+Na]+, 507.2 

(15) [M+K]+, 722.6 (10), 959.1 (50) [2M+Na]+; HRMS (ESI-TOF) for C29H32N4O2 

[M+H]+: 469.2604 (calcd 469.2604); Analytical HPLC (5-90% in 30 min) tR = 19.50 

min (97.9% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[1-(benzylamino)ethyl]carboxamido}-3-(1H-3-indol- 

yl)propanamide (179) 

N1-(2-Phenylethyl)-(2R)-2-{[1-(benzylamino)ethyl]carboxamido}-3-(1H-3-indol- 

yl)propanamide (179) was prepared from tert-butyl-3-{(2R)-2-amino-2-[1-(2-phenyl- 

ethyl)carbamoyl]ethyl}-1H-1-indolecarboxylate (139) (0.30 g, 0.736 mmol) and 2-

{benzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propanoic acid (135) (0.295 g, 

0.735 mmol) according to general method 19 in a reaction time of 1 hr. The residue 

was chromatographed (ethyl acetate/ hexane, 1:1) and then fully deprotected according 

to the general methods 21 and, subsequently without intermediate purification, 20. The 

product was finally chromatographed (ethyl acetate), lyophilization yielded a 

colourless powder (0.25 g, 0.534 mmol, 73%). The ratio of the two isomers was 

determined from the NMR-integrals of the CH3 group as 1:1.52. 

 
mp 100-105 �C; TLC Rf (ethyl acetate) = 0.34; 1H-NMR (500 MHz, DMSO-d6, 300 

K) � = 10.83 and 10.85 (s, 1H, NH-CH-C), 9.1 (m, 1H, NH-CH-CH3), 8.74-8.78 (m, 

1H, NH-CH-CH2), 8.27 and 8.34 (t, J = 5.6 Hz, 1H, NH-CH2-CH2), 7.63 and 7.68 (d, J 

= 7.8 Hz, 1H, NH-CH-C-C-CH), 7.17-7.21 and 7.24-7.33 and 7.33-7.37 and 7.40-7.43 

(m, 11H, C6H5 and C6H5 and N-C-CH-CH), 7.09 and 7.14 (s, 1H, NH-CH-C), 6.96-

7.07 (m, 2H, NH-C-CH-CH and NH-CH-C-C-CH-CH), 4.62-4.68 (m, 1H, NH-CH-

CH2), 3.98-4.01 (m, 1H, NH-CHH-C6H5), 3.76-3.78 (m, 1H, NH-CH-CH3), 3.61-3.67 

and 3.41-3.43 (m, 1H, NH-CHH-C6H5), 3.34-3.39 (m, 1H, NH-CHH-CH2), 3.26-3.30 

(m, 1H, NH-CHH-CH2), 3.05-3.09 (m, 1H, NH-CH-CHH), 2.84-2.93 (m, 1H, NH-CH-

CHH), 2.67-2.72 (m, 2H, NH-CH2-CH2), 1.11 and 1.34 (d, J = 6.9 Hz, 3H, CH3); 

HPLC-MS (ESI) m/z 291.2 (30), 308.1 (100), 469.2 (95) [M+H]+, 491.4 (10) 

[M+Na]+, 937.2 (15) [2M+H]+, 959.2 (55) [2M+Na]+; HRMS (ESI-TOF) for 

C29H32N4O2 [M+H]+: 469.2595 (calcd 469.2604); Analytical HPLC (5-90% in 30 

min) tR = 19.05 and 19.34 (98.7% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[1-((4-chlorobenzyl)amino)ethyl]carboxamido}-3-(1H 

-3-indolyl)propanamide (180)  

N1-(2-Phenylethyl)-(2R)-2-{[1-((4-chlorobenzyl)amino)ethyl]carboxamido}-3-

(1H-3-indolyl)propanamide (180) was prepared from tert-butyl-3-{(2R)-2-amino-2-[1-

(2-phenylethyl)carbamoyl]ethyl}-1H-1-indolecarboxylate (139) (0.30 g, 0.736 mmol) 

and 2-{4-chlorobenzyl-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propanoic acid 

(136) (0.32 g, 0.734 mmol) according to general method 19 in a reaction time of 1 hr. 

The residue was chromatographed (ethyl acetate/ hexane, 1:1) and then fully 

deprotected according to the general methods 21 and, subsequently without 

intermediate purification, 20. The product was finally chromatographed (ethyl acetate), 

lyophilization yielded a colourless powder (320 mg, 0.637 mmol, 87%). The ratio of 

the two isomers was determined from the NMR-integrals of the CH3 group as 1:1.24. 

 
mp 107-110 �C; TLC Rf (ethyl acetate) = 0.24; 1H-NMR (500 MHz, DMSO-d6, 300 

K) � = 10.85 and 10.83 (s, 1H, NH-CH-C), 9.2 (m, 1H, NH-CH-CH3), 8.72 and 8.77 

(d, J = 8.5 Hz, 1H, NH-CH-CH2),  8.28 and 8.34 (t, J = 5.5 Hz, 1H, NH-CH2-CH2), 

7.68 and 7.63 (d, J = 7.7 Hz, 1H, NH-CH-C-C-CH), 7.17-7.20 and 7.24-7.33 and 7.40-

7.50 (m, 10H, C6H5 and C6H4Cl and NH-C-CH-CH), 7.09 and 7.15 (s, 1H, NH-CH-C), 

6.96-7.07 (m, 2H, NH-C-CH-CH and NH-CH-C-C-CH-CH), 4.61-4.69 (m, 1H, NH-

CH-CH2), 3.98-4.02 (m, 1H, NH-CHH-C6H4Cl), 3.75 (m, 1H, NH-CH-CH3), 3.60-

3.67 and 3.39-3.43 (m, 1H, NH-CHH-C6H4Cl), 3.34-3.38 (m, 1H, NH-CHH-CH2), 

3.24-3.29 (m, 1H, NH-CHH-CH2), 3.05-3.08 (m, 1H, NH-CH-CHH), 2.85-2.92 (m, 

1H, NH-CH-CHH), 2.67-2.71 (m, 2H, NH-CH2-CH2), 1.33 and 1.10 (d, J = 6.9 Hz, 

3H, CH3); HPLC-MS (ESI) m/z 291.2 (30), 308.1 (100), 503.2 (35) [M+H]+, 525.4 

(15) [M+Na]+, 1027.1 (20) [2M+Na]+; HRMS (ESI-TOF) for C29H31N4O2Cl [M+H]+: 
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503.2218 (calcd 503.2214); Analytical HPLC (5-90% in 30 min) tR = 20.16 min and 

20.52 min (99.6% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[1-(1-(2-phenylethyl)amino)ethyl]carboxamido}-3-(1H 

-3-indolyl)propanamide (181) 

N1-(2-Phenylethyl)-(2R)-2-{[1-(1-(2-phenylethyl)amino)ethyl]carboxamido}-3-

(1H-3-indolyl)propanamide (181) was prepared from tert-butyl-3-{(2R)-2-amino-2-[1-

(2-phenylethyl)carbamoyl]ethyl}-1H-1-indolecarboxylate (139) (0.30 g, 0.737 mmol) 

and 2-{1-(2-phenylethyl)-[(9H-fluoren-9-ylmethoxy)carbonyl]amino}propan- 

oic acid (137) (0.305 g, 0.737 mmol) according to general method 19 in a reaction 

time of 1 hr. The residue was chromatographed (ethyl acetate/ hexane, 1:1) and then 

fully deprotected according to the general methods 21 and subsequently without 

intermediate purification, 20. The product was finally chromatographed (ethyl acetate), 

lyophilization yielded a colourless powder (230 mg, 0.477 mmol, 65%). The ratio of 

the two isomers was determined from the NMR-integrals of the CH3 group as 1:1.59. 

 
mp 89-91 �C; TLC Rf (ethyl acetate) = 0.15; 1H-NMR (500 MHz, DMSO-d6, 300 K) 

� = 10.83 and 10.79 (s, 1H, NH-CH-C), 8.88 (m, 1H, NH-CH-CH3), 8.77 (m, 1H, NH-

CH-CH2), 8.24 and 8.32 (t, J = 5.4 Hz, 1H, NH-CH2-CH2), 7.63 (d, J = 7.8 Hz, 1H, 

NH-CH-C-C-CH), 7.15-7.18 and 7.21-7.28 and 7.29-7.33 (m, 11H, NH-C-CH-CH and 

C6H5 and C6H5), 7.04-7.12 (m, 2H, NH-C-CH-CH and NH-CH-C), 6.94-7.00 (m, 1H, 

NH-CH-C-C-CH-CH), 4.59-4.64 (m, 1H, NH-CH), 3.82-3.86 (m, 1H, CH-CH3), 3.29-

3.35 (m, 1H, NH-CHH-CH2), 3.22-3.30 (m, 1H, NH-CHH-CH2), 2.75-3.09 (m, 6H, 

NH-CH-CH2 and CH-NH-CH2-CH2), 2.66 (t, J = 7.2 Hz, 2H, NH-CH2-CH2), 1.35 and 

1.12 (d, J = 6.9 Hz, 3H, CH3); HPLC-MS (ESI) m/z 291.2 (30), 308.1 (100), 362.1 

(35), 483.3 (95) [M+H]+, 505.4 (30) [M+Na]+, 987.2 (50) [2M+Na]+; HRMS (ESI-
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TOF) for C30H34N4O2 [M+H]+: 483.2759 (calcd 483.2760); Analytical HPLC (5-90% 

in 30 min) tR = 19.76 min and 20.05 min (96.1% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(benzoyl)hydrazino]carboxamido}-3-(1H-3-indol-

yl)propanamide (182)  

N1-(2-Phenylethyl)-(2R)-2-{[N’-(benzoyl)hydrazino]carboxamido}-3-(1H-3-ind- 

olyl)propanamide (182) was synthesized on solid support (m1 = 78 mg, m2 = 100 mg, l 

= 0.354 mmol/g). Coupling of 5-(9H-fluoren-9-ylmethoxy)-1,3,4-oxadiazol-2(3H)-one 

(141) (30.5 mg, 0.108 mmol) was carried out according to general method 11, 

coupling of phenylacetic acid (9.5 mg, 0.070 mmol), deprotection and cleavage from 

the resin were carried out according to general methods 3, 4, 7, and 8. HPLC 

purification and lyophilization yielded a colourless powder (2.6 mg, 0.0054 mmol, 

15%). 

 
mp 109-114 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.79 (s, 1H, NH-CH-C), 

9.80 (s, 1H, NH-NH), 7.95-8.00 (m, 2H, NH-CH2-CH2 and NH-NH), 7.51 (d, J = 7.9 

Hz, 1H, NH-CH-C-C-CH), 7.30 (d, J = 8.2 Hz, 1H, NH-C-CH-CH), 7.23-7.28 (m, 6H, 

o-CH, m-CH), 7.19-7.22 (m, 1H, p-CH), 7.16 (t, J = 7.1 Hz, 1H, p-CH), 7.13 (d, J = 

7.5 Hz, 2H, o-CH), 7.02-7.04 (m, 2H, NH-CH-C and NH-C-CH-CH), 6.95 (t, J = 7.5 

Hz, 1H, NH-CH-C-C-CH-CH), 6.36 (d, J = 8.0 Hz, 1H, NH-CH-CH2), 4.36 (q, J = 6.6 

Hz, 1H, NH-CH), 3.41 (s, 2H, CO-CH2), 3.14-3.29 (m, 2H, NH-CH2-CH2), 3.01 (dd, J 

= 14.6 Hz, J = 5.7 Hz, 1H, NH-CH-CHH), 2.91 (dd, J = 14.5 Hz, J = 7.5 Hz, 1H, NH-

CH-CHH), 2.58 (t, J = 7.1 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 334.3 (25), 

484.3 (90) [M+H]+, 506.4 (20) [M+Na]+, 745.2 (20), 967.4 (100) [2M+H]+, 989.4 (40) 

[2M+Na]+; HRMS (ESI-TOF) for C28H29N5O3 [M+H]+: 484.2347 (calcd 484.2349); 

Analytical HPLC (5-90% in 30 min) tR = 21.07 min (98.6% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorobenzoyl)hydrazino]carboxamido}-3-(1H 

-3-indolyl)propanamide (183) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorobenzoyl)hydrazino]carboxamido}-3-(1H 

-3-indolyl)propanamide (183) was synthesized on solid support (m1 = 78 mg, m2 = 100 

mg, l = 0.354 mmol/g). Coupling of 5-(9H-fluoren-9-ylmethoxy)-1,3,4-oxadiazol-

2(3H)-one (141) (30.5 mg, 0.108 mmol) was carried out according to general method 

11, coupling of 4-chlorophenylacetic acid (12 mg, 0.070 mmol), deprotection and 

cleavage from the resin were carried out according to general methods 3, 4, 7, and 8. 

HPLC purification and lyophilization yielded a colourless powder (3.0 mg, 0.0058 

mmol, 16%). 

 
mp 195/196 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.79 (s, 1H, NH-CH-C), 

9.81 (s, 1H, NH-NH), 8.00 (s, 1H, NH-NH), 7.94 (bs, 1H, NH-CH2-CH2), 7.51 (d, J = 

7.9 Hz, 1H, NH-CH-C-C-CH), 7.23-7.34 (m, 7H, m-CH and C6H4Cl and NH-C-CH-

CH), 7.17 (t, J = 7.3 Hz, 1H, p-CH), 7.13 (d, J = 7.5 Hz, 2H, o-CH), 7.02-7.05 (m, 2H, 

NH-CH-C and NH-C-CH-CH), 6.95 (t, J = 7.5 Hz, 1H, NH-CH-C-C-CH-CH), 6.38 (d, 

J = 8.1 Hz, 1H, NH-CH), 4.36 (q, J = 6.7 Hz, 1H, NH-CH), 3.42 (s, 2H, CO-CH2), 

3.16-3.24 (m, 2H, NH-CH2-CH2), 3.01 (dd, J = 14.9 Hz, J = 5.6 Hz, 1H, NH-CH-

CHH), 2.91 (dd, J = 14.5 Hz, J = 7.5 Hz, 1H, NH-CH-CHH), 2.58 (t, J = 7.5 Hz, 2H, 

NH-CH2-CH2); HPLC-MS (ESI) m/z 334.2 (40), 518.2 (100) [M+H]+, 540.2 (30) 

[M+Na]+, 1035.3 (65) [2M+H]+; HRMS (ESI-TOF) for C28H28N5O3Cl [M+H]+: 

518.1951 (calcd 518.1959); Analytical HPLC (5-90% in 30 min) tR = 22.50 min 

(99.5% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-(3-pyridyl)ethanoyl)hydrazino]carboxamido}-

3-(1H-3-indolyl)propanamide (184) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-(3-pyridyl)ethanoyl)hydrazino]carboxamido}-

3-(1H-3-indolyl)propanamide (184) was synthesized on solid support (m1 = 78 mg, m2 

= 100 mg, l = 0.354 mmol/g). Coupling of 5-(9H-fluoren-9-ylmethoxy)-1,3,4-oxa- 

diazol-2(3H)-one (141) (30.5 mg, 0.108 mmol) was carried out according to general 

method 11, coupling of 3-pyridylacetic acid (12 mg, 0.070 mmol), deprotection and 

cleavage from the resin were carried out according to general methods 3, 4, 7, and 8. 

HPLC purification and lyophilization yielded a colourless powder (4.5 mg, 0.0093 

mmol, 26%). 

 
mp 116-120 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.79 (s, 1H, NH-CH-C), 

9.89 (s, 1H, NH-NH), 8.63 (s, 1H, N-CH-C), 8.61 (d, J = 5.0 Hz, 1H, N-CH-CH), 

8.02-8.04 (m, 2H, NH-NH and N-CH-C-CH), 7.96 (bs, 1H, NH-CH2-CH2), 7.63 (dd, J 

= 7.3 Hz, J = 5.8 Hz, 1H, N-CH-CH), 7.51 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.30 

(d, J = 8.2 Hz, 1H, NH-C-CH-CH), 7.25 (t, J = 7.6 Hz, 2H, m-CH), 7.17 (t, J = 7.4 Hz, 

1H, p-CH), 7.13 (d, J = 7.5 Hz, 2H, o-CH), 7.02-7.04 (m, 2H, NH-CH-C and NH-C-

CH-CH), 6.95 (t, J = 8.0 Hz, 1H, NH-CH-C-C-CH-CH), 6.44 (d, J = 8.1 Hz, 1H, NH-

CH), 4.32-4.36 (m, 1H, NH-CH), 3.59 (s, 2H, CO-CH2-C5H4N), 3.22-3.26 (m, 1H, 

NH-CHH-CH2), 3.15-3.19 (m, 1H, NH-CHH-CH2), 3.01 (dd, J = 14.4 Hz, J = 5.6 Hz, 

1H, NH-CH-CHH), 2.91 (dd, J = 14.6 Hz, J = 7.4 Hz, 1H, NH-CH-CHH), 2.58 (t, J = 

7.5 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 152.1 (40), 185.2 (30), 334.3 (30), 

485.3 (100) [M+H]+, 507.3 (70) [M+Na]+, 523.3 (10) [M+Na]+, 969.3 (20) [2M+H]+, 

991.4 (50) [2M+Na]+, 1007.5 (20) [2M+K]+; HRMS (ESI-TOF) for C27H28N6O3 

[M+H]+: 485.2298 (calcd 485.2301); Analytical HPLC (5-90 % in 30 min) tR = 15.96 

min (99.3 % purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-(1,2,3,4-tetrahydro-1-isoquinolinyl)ethanoyl) 

hydrazino]carboxamido}–3-(1H-3-indolyl)propanamide (185) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-(1,2,3,4-tetrahydro-1-isoquinolinyl)ethanoyl) 

hydrazino]carboxamido}–3-(1H-3-indolyl)propanamide (185) was synthesized on 

solid support (m1 = 78 mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of 5-(9H-

fluoren-9-ylmethoxy)-1,3,4-oxadiazol-2(3H)-one (141) (30.5 mg, 0.108 mmol) was 

carried out according to general method 11, coupling of 2-{1-[1,2,3,4-tetrahydro-2-

(9H-fluoren-9-ylmethoxy)carbonyl]isoquinolinyl}acetic acid (119) (29 mg, 0.070 

mmol), deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. The two isomers, 185a and 185b were separated by HPLC, 

lyophilization yielded colourless powders (185a: 1.6 mg, 0.0029 mmol, 8%, 185b: 0.9 

mg, 0.0017 mmol, 5%). 

 
Spectroscopical data for 185a:  

mp 105-110 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.79 (s, 1H, C-NH-CH-

C), 9.94 (s, 1H, NH-NH), 8.75 and 9.25 (bs, 1H, CH2-NH-CH), 8.12 (s, 1H, NH-NH), 

8.04 (t, J = 5.5 Hz, 1H, NH-CH2-CH2-C6H5), 7.54 (d, J = 7.5 Hz, 1H, NH-CH-C-C-

CH), 7.31 (d, J = 8.0 Hz, 1H, NH-C-CH-CH), 7.17-7.26 (m, 7H, NH-CH-C6H4 and m-

CH and p-CH), 7.14 (d, J = 7.4 Hz, 2H, o-CH), 7.05 (s, 1H, NH-CH-C), 7.04 (t, J = 

7.7 Hz, 1H, NH-C-CH-CH), 6.96 (t, J = 7.0 Hz, 1H, NH-CH-C-C-CH-CH), 6.49 (d, J 

= 8.0 Hz, 1H, NH-CH-CH2-C8H6N), 4.75-4.84 (m, 1H, CH-CH2-CO), 4.35-4.39 (m, 

1H, NH-CH-CO), 3.31-3.48 (m, 2H, NH-CH2-CH2), 3.24-3.28 (m, 1H, NH-CHH-

CH2-C6H5), 3.16-3.20 (m, 1H, NH-CHH-CH2-C6H5), 2.87-3.01 (m, 6H, NH-CH2-CH2 

and NH-CH-CH2-CO and NH-CH-CH2-C8H6N), 2.59 (t, J = 7.5 Hz, 2H, NH-CH2-

CH2-C6H5); HPLC-MS (ESI) m/z 308.2 (20), 539.3 (45) [M+H]+, 561.3 (100) 
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[M+Na]+, 577.2 (15) [M+K]+, 1077.3 (10) [2M+H]+, 1099.3 (40) [2M+Na]+, 1115.4 

(15) [2M+K]+; HRMS (ESI-TOF) for C31H34N6O3 [M+H]+: 539.2764 (calcd 

539.2771); Analytical HPLC (5-90% in 30 min) tR = 18.08 min (94% purity at 220 

nm). 

 
Spectroscopical data for 185b: 

mp 120-123 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.79 (s, 1H, C-NH-CH-

C), 9.95 (s, 1H, NH-NH), 8.78 and 9.26 (bs, 1H, NH), 8.12 (s, 1H, NH-NH), 8.03 (t, J 

= 5.8 Hz, 1H, NH-CH2-CH2-C6H5), 7.54 (d, J = 7.7 Hz, 1H, NH-CH-C-C-CH), 7.31 

(d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.17-7.26 (m, 7H, NH-CH-C6H4 and m-CH and p-

CH), 7.14 (d, J = 7.3 Hz, 2H, o-CH), 7.03-7.05 (m, 2H, NH-CH-C and NH-C-CH-

CH), 6.95 (t, J = 7.0 Hz, 1H, NH-CH-C-C-CH-CH), 6.49 (d, J = 8.2 Hz, 1H, NH-CH-

CH2-C8H6N), 4.80-4.86 (m, 1H, CH-CH2-CO), 4.37 (q, J = 3.6 Hz, 1H, NH-CH-CH2-

C8H6N), 3.31-3.48 (m, 2H, NH-CH2-CH2), 3.22-3.28 (m, 1H, NH-CHH-CH2-C6H5), 

3.15-3.20 (m, 1H, NH-CHH-CH2-C6H5), 2.87-3.05 (m, 6H, NH-CH2-CH2 and NH-

CH-CH2-CO and NH-CH-CH2-C8H6N), 2.59 (t, J = 7.5 Hz, 2H, NH-CH2-CH2-C6H5); 

HPLC-MS (ESI) m/z 308.2 (20), 539.3 (30) [M+H]+, 561.3 (100) [M+Na]+, 577.3 

(15) [M+K]+, 1099.3 (25) [2M+Na]+; HRMS (ESI-TOF) for C31H34N6O3 [M+H]+: 

539.2768 (calcd 539.2771); Analytical HPLC (5-90% in 30 min) tR = 18.10 min 

(98.6% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-(1H-2-indolyl)ethanoyl)hydrazino]carboxami- 

do}–3-(1H-3-indolyl)propanamide (186) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-(1H-2-indolyl)ethanoyl)hydrazino]carboxami- 

do}–3-(1H-3-indolyl)propanamide (186) was synthesized on solid support (m1 = 78 

mg, m2 = 100 mg, l = 0.354 mmol/g). Coupling of 5-(9H-fluoren-9-ylmethoxy)-1,3,4-

oxadiazol-2(3H)-one (141) (30.5 mg, 0.108 mmol) was carried out according to 

general method 11, coupling of (1H-indol-2-yl)acetic acid (122) (12.3 mg, 0.070 

mmol), deprotection and cleavage from the resin were carried out according to general 

methods 3, 4, 7, and 8. HPLC purification and lyophilization yielded a colourless 

powder (5.7 mg, 0.011 mmol, 31%). 

 
mp 109-115 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.92 (s, 1H, NH-C), 

10.79 (s, 1H, NH-C), 9.80 (s, 1H, NH-NH), 8.04 (s, 1H, NH-NH), 7.97 (bs, 1H, NH-

CH2-CH2), 7.52 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.40 (d, J = 7.7 Hz, 1H, NH-C-

CH-C-CH), 7.30 (d, J = 8.0 Hz, 2H, CH-NH-C-CH and C-NH-C-CH), 7.24 (t, J = 7.4 

Hz, 2H, m-CH), 7.16 (t, J = 7.3 Hz, 1H, p-CH), 7.12 (d, J = 7.5 Hz, 2H, o-CH), 6.90-

7.05 (m, 5H, C-CH-NH and CH-NH-C-CH-CH-CH and C-NH-C-CH-CH-CH), 6.45 

(d, J = 8.0 Hz, 1H, NH-CH-CH2), 6.23 (s, 1H, C-CH-C-NH), 4.36-4.40 (m, 1H, NH-

CH-CH2), 3.60 (s, 2H, CO-CH2-C8H6N), 3.15-3.26 (m, 2H, CH2-CH2-C6H5), 3.02 (dd, 

J = 14.5 Hz, J = 5.7 Hz, 1H, NH-CH-CHH), 2.91 (dd, J = 14.6 Hz, J = 7.4 Hz, 1H, 

NH-CH-CHH), 2.58 (t, J = 7.4 Hz, 2H, CH2-CH2-C6H5); HPLC-MS (ESI) m/z 366.1 

(30), 523.2 (100) [M+H]+, 545.3 (25) [M+Na]+, 803.6 (20), 1045.2 (90) [2M+H]+, 

1067.2 (40) [2M+Na]+; HRMS (ESI-TOF) for C30H30N6O3 [M+H]+: 523.2444 (calcd 

523.2458); Analytical HPLC (5-90% in 30 min) tR = 22.31 min (98.7% purity at 220 

nm). 



200____________________________________________________________ 8 Experimental    

 

N
H O

H
N

H
N

N
H

N
O

187

 
 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(phenylmethylene)hydrazino]carboxamido}-3-

(1H-3-indolyl)propanamide (187) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(phenylmethylene)hydrazino]carboxamido}-3-

(1H-3-indolyl)propanamide (187) was prepared from N1-(2-phenylethyl)-(2R)-2-{[N’-

(phenylmethylene)hydrazino]carboxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl] 

propanamide (144) (120 mg, 0.217 mmol) according to general method 21. Lyophili-

zation yielded a colourless powder (62 mg, 0.137 mmol, 63%). 

 

mp 183 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.85 (s, 1H, NH-CH-C), 

10.43 (s, 1H, N-NH), 8.06 (t, J = 5.5 Hz, 1H, NH-CH2), 7.81 (s, 1H, N-CH-C6H5), 

7.60 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.54 (d, J = 7.4 Hz, 2H, o-CH), 7.36-7.41 

(m, 3H, m-CH and p-CH), 7.32 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.25 (t, J = 7.5 Hz, 

2H, m-CH), 7.14-7.19 (m, 3H, o-CH and p-CH), 7.11 (s, 1H, NH-CH-C), 7.05 (t, J = 

7.4 Hz, 1H, NH-C-CH-CH), 6.94 (t, J = 7.5 Hz, 1H, NH-CH-C-C-CH-CH), 6.72 (d, J 

= 8.0 Hz, 1H, NH-CH), 4.44 (q, J = 7.4 Hz, 1H, NH-CH-CH2), 3.27-3.35 (m, 1H, NH-

CHH-CH2), 3.19-3.27 (m, 1H, NH-CHH-CH2), 3.11 (d, J = 6.4 Hz, 2H, NH-CH-CH2), 

2.66 (t, J = 7.4 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 454.2 (30) [M+H]+, 

476.2 (100) [M+Na]+, 700.0 (75), 929.1 (100) [2M+Na]+; HRMS (ESI-TOF) for 

C27H27N5O2 [M+H]+: 454.2246 (calcd 454.2243); Analytical HPLC (5-90% in 30 

min) tR = 23.49 min (94.3% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorophenylmethylene)hydrazino]carboxami- 

do}-3-(1H-3-indolyl)propanamide (188)  

N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorophenylmethylene)hydrazino]carbox-

amido}-3-(1H-3-indolyl)propanamide (188) was prepared from N1-(2-phenylethyl)-

(2R)-2-{[N’-(4-chlorophenylmethylene)hydrazino]carboxamido}-3-[1-(tert-butoxy-

carbonyl)-3-indolyl]propanamide (145) (120 mg, 0.204 mmol) according to general 

method 21. Lyophilization yielded a colourless powder (56 mg, 0.115 mmol, 56%). 

 
mp 173-175 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.85 (s, 1H, NH-CH-C), 

10.51 (s, 1H, N-NH), 8.05 (t, J = 5.5 Hz, 1H, NH-CH2), 7.79 (s, 1H, N-CH-C6H4Cl), 

7.59 (d, J = 8.0 Hz, 1H, NH-CH-C-C-CH), 7.56 (d, J = 8.4 Hz, 2H, Cl-C-CH), 7.46 (d, 

J = 8.3 Hz, 2H, Cl-C-CH-CH), 7.33 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.25 (t, J = 

7.5 Hz, 2H, m-CH), 7.15-7.18 (m, 3H, o-CH and p-CH), 7.11 (s, 1H, NH-CH-C), 7.05 

(t, J = 7.4 Hz, 1H, NH-C-CH-CH), 6.94 (t, J = 7.5 Hz, 1H, NH-CH-C-C-CH-CH), 

6.73 (d, J = 8.0 Hz, 1H, NH-CH-CH2), 4.43 (q, J = 7.5 Hz, 1H, NH-CH-CH2), 3.27-

3.35 (m, 1H, NH-CHH-CH2), 3.19-3.27 (m, 1H, NH-CHH-CH2), 3.11 (d, J = 6.2 Hz, 

2H, NH-CH-CH2), 2.66 (t, J = 7.5 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 339.1 

(30), 488.2 (60) [M+H]+, 510.3 (100) [M+Na]+, 752.0 (80), 997.2 (75) [2M+Na]+; 

HRMS (ESI-TOF) for C27H26N5O2Cl [M+H]+: 488.1859 (calcd 488.1853); Analytical 

HPLC (5-90% in 30 min) tR = 25.18 min (98.1% purity at 220nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(furan-2-ylmethylene)hydrazino]carboxamido}-3-

(1H-3-indolyl)propanamide (189)  

N1-(2-Phenylethyl)-(2R)-2-{[N’-(furan-2-ylmethylene)hydrazino]carboxamido}-

3-(1H-3-indolyl)propanamide (189) was prepared from N1-(2-phenylethyl)-(2R)-2-

{[N’-(furan-2-ylmethylene)hydrazino]carboxamido}-3-[1-(tert-butoxycarbonyl)-3-

indolyl]propanamide (146) (100 mg, 0.184 mmol) according to general method 21. 

Lyophilization yielded a colourless powder (46 mg, 0.104 mmol, 57%). 

 
mp 100/101 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.82 (s, 1H, NH-CH-C), 

10.41 (s, 1H, N-NH), 8.09 (t, J = 5.5 Hz, 1H, NH-CH2), 7.76 (s, 1H, C-O-CH), 7.73 (s, 

1H, N-CH-C4H3O), 7.55 (d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.30 (d, J = 8.1 Hz, 

1H, NH-C-CH-CH), 7.25 (t, J  = 7.4 Hz, 2H, m-CH), 7.14-7.17 (m, 3H, o-CH and p-

CH), 7.07 (s, 1H, NH-CH-C), 7.03 (t, J = 7.4 Hz, 1H, NH-C-CH-CH), 6.93 (t, J = 7.5 

Hz, 1H, NH-CH-C-C-CH-CH), 6.74 (d, J = 3.2 Hz, 1H, O-C-CH-CH), 6.58-6.60 (m, 

2H, NH-CH-CH2 and O-C-CH-CH), 4.45 (q, J = 6.8 Hz, 1H, NH-CH-CH2), 3.24-3.31 

(m, 1H, NH-CHH-CH2), 3.17-3.24 (m, 1H, NH-CHH-CH2), 3.02-3.10 (m, 2H, NH-

CH-CH2), 2.62 (t, J = 7.4 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 444.2 (30) 

[M+H]+, 466.3 (65) [M+Na]+, 685.1 (90), 909.2 (100) [2M+Na]+, 1352.1 (15) 

[3M+Na]+; HRMS (ESI-TOF) for C25H25N5O3 [M+H]+: 444.2036 (calcd 444.2036); 

Analytical HPLC (5-90% in 30 min) tR = 22.07 min (93.2% purity at 220 nm). 
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N
H O

H
N

H
N

N
H

N
OS

190

 
 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-(2-thienyl)phenylmethylene)hydrazino]carbox- 

amido}-3-(1H-3-indolyl)propanamide (190)  

N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-(2-thienyl)phenylmethylene)hydrazino]carb- 

oxamido}-3-(1H-3-indolyl)propanamide (190) was prepared from N1-(2-phenylethyl)-

(2R)-2-{[N’-(4-(2-thienyl)phenylmethylene)hydrazino]carboxamido}-3-[1-(tert-but- 

oxycarbonyl)-3-indolyl]propanamide (147) (40 mg, 0.063 mmol) according to general 

method 21. Lyophilization yielded a colourless powder (25 mg, 0.047 mmol, 74%). 

 
mp 219-221 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.87 (s, 1H, NH-CH-C), 

10.48 (s, 1H, N-NH), 8.06 (t, J = 5.5 Hz, 1H, NH-CH2-CH2), 7.81 (s, 1H, N-CH-

C10H7S), 7.69 (d, J = 8.2 Hz, 2H, CH-CH-C-C4H3S), 7.57-7.61 (m, 5H, NH-CH-C-C-

CH and CH-C-C4H3S and C4HH2S), 7.33 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.25 (t, J 

= 7.5 Hz, 2H, m-CH), 7.16-7.18 (m, 4H, o-CH and p-CH and C4H2HS), 7.13 (s, 1H, 

NH-CH-C), 7.06 (t, J = 7.7 Hz, 1H, NH-C-CH-CH), 6.95 (t, J = 7.5 Hz, 1H, NH-CH-

C-C-CH-CH), 6.74 (d, J = 7.9 Hz, 1H, NH-CH-CH2), 4.43 (q, J = 7.7 Hz, 1H, NH-

CH-CH2), 3.27-3.34 (m, 1H, NH-CHH-CH2), 3.20-3.27 (m, 1H, NH-CHH-CH2), 3.12 

(d, J = 6.4 Hz, 2H, NH-CH-CH2), 2.66 (t, J = 7.4 Hz, 2H,  NH-CH2-CH2); HPLC-MS 

(ESI) m/z 387.0 (25), 536.1 (100) [M+H]+, 558.2 (20) [M+Na]+, 822.9 (30), 1070.9 

(50) [2M+H]+, 1093.0 (30) [2M+Na]+; HRMS (ESI-TOF) for C31H29N5O2S [M+H]+: 

536.2120 (calcd 536.2120); Analytical HPLC (5-90% in 30 min) tR = 26.61 min 

(98.5% purity at 220 nm). 
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N
H O

H
N

H
N

N
H

H
N

O
191

 
 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(benzyl)hydrazino]carboxamido}-3-(1H-3-indol- 

yl)propanamide (191) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(benzyl)hydrazino]carboxamido}-3-(1H-3-indol- 

yl)propanamide (191) was prepared from N-benzyl-N-[(9H-fluorene-9-ylmethoxy) 

carbonyl]-N’-(tert-butoxycarbonyl)hydrazine (154) (0.24 g, 0.54 mmol) and tert-butyl-

3-{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-indolecarboxylate (139) 

(0.22 g, 0.54 mmol) according to general method 22. Lyophilization yielded a 

colourless powder (34.2 mg, 0.075 mmol, 14%). 

 
mp 81-84 �C; 1H-NMR (500 MHz, CDCl3, 300 K) � = 8.13 (s, 1H, NH), 7.56 (d, J = 

7.9 Hz, 1H, NH-CH-C-C-CH),  7.34 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.16-7.29 (m, 

9H, NH-C-CH-CH and m-CH and p-CH and C6H5), 7.11 (t, J = 7.1 Hz, 1H, NH-CH-

C-C-CH-CH), 6.94-6.95 (m, 3H, o-CH and NH-CH-C), 6.88 (bs, 1H, NH-CH), 5.99 

(bs, 1H, NH), 4.43 (q, J = 6.5 Hz, 1H, NH-CH-CH2), 3.91 (bs, 2H, NH-CH2-C6H5), 

3.34-3.42 (m, 1H, NH-CHH-CH2), 3.16-3.24 (m, 1H, NH-CHH-CH2), 3.14 (dd, J = 

14.0 Hz, J = 5.5 Hz, 1H, NH-CH-CHH), 3.07 (dd, J = 14.3 Hz, J = 7.4 Hz, 1H, NH-

CH-CHH), 2.45-2.59 (m, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 307.1 (20), 456.1 

(45) [M+H]+, 478.3 (45) [M+Na]+, 703.0 (100), 911.0 (15) [2M+H]+, 933.0 (90) 

[2M+Na]+, 995.1 (15), 1387.9 (15) [3M+Na]+; HRMS (ESI-TOF) for C27H29N5O2 

[M+H]+: 456.2403 (calcd 456.2400); Analytical HPLC (5-90% in 30 min) tR = 21.09 

min (98.3% purity at 220 nm). 
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N
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N
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H

H
N

O
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorobenzyl)hydrazino]carboxamido}-3-(1H-

3-indolyl)propanamide (192) 

N1-(2-Phenylethyl)-(2R)-2-{[N’-(4-chlorobenzyl)hydrazino]carboxamido}-3-(1H-

3-indolyl)propanamide (192) was prepared from N-(4-chlorobenzyl)-N-[(9H-fluoren-

9-ylmethoxy)carbonyl]-N’-(tert-butoxycarbonyl)hydrazine (155) (0.30 g, 0.63 mmol) 

and tert-butyl-3-{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-indole 

carboxylate (139) (0.26 g, 0.63 mmol) according to general method 22. Lyophilization 

yielded a colourless powder (26.8 mg, 0.055 mmol, 9%). 

 
mp 75-80 �C; 1H-NMR (500 MHz, ACN-d3, 300 K) � = 9.74 (bs, 1H, NH), 7.91 (d, J 

= 7.7 Hz, 1H, NH-CH-C-C-CH), 7.98 (d, J = 8.1 Hz, 1H, NH-C-CH-CH), 7.74-7.83 

(m, 5H, m-CH and p-CH and Cl-C-CH), 7.71 (t, J = 7.4 Hz, 1H, NH-C-CH-CH), 7.66-

7.69 (m, 4H, o-CH and Cl-C-CH-CH), 7.62 (t, J = 7.5 Hz, 1H, NH-CH-C-C-CH-CH), 

7.58 (s, 1H, NH-CH-C), 6.99 (bs, 1H, NH-CH), 6.89 (bs, 1H, NH-CH2-CH2), 4.87 (q, 

J = 6.9 Hz, 1H, NH-CH-CH2), 4.34 (bs, 2H, NH-CH2-C6H4Cl), 3.87-3.94 (m, 1H, NH-

CHH-CH2), 3.76-3.82 (m, 1H, NH-CHH-CH2), 3.66 (d, J = 6.2 Hz, 2H, NH-CH-CH2), 

3.17 (t, J = 7.3 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 490.1 (70) [M+H]+, 

512.3 (50) [M+Na]+, 754.8 (100), 978.9 (25) [2M+H]+, 1001.0 (90) [2M+Na]+, 1063.1 

(20); HRMS (ESI-TOF) for C27H28N5O2Cl [M+H]+: 490.2006 (calcd 490.2010); 

Analytical HPLC (5-90% in 30 min) tR = 23.01 min (98.7% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-furylmethyl)hydrazino]carboxamido}-3-(1H-3-

indolyl)propanamide (193)  

N1-(2-Phenylethyl)-(2R)-2-{[N’-(2-furylmethyl)hydrazino]carboxamido}-3-(1H-

3-indolyl)propanamide (193) was prepared from N-[(9H-fluoren-9-ylmethoxy) 

carbonyl]-N-(2-furylmethyl)-N’-(tert-butoxycarbonyl)hydrazine (156) (0.30 g, 0.69 

mmol) and tert-butyl-3-{(2R)-2-amino-2-[1-(2-phenylethyl)carbamoyl]ethyl}-1H-1-

indolecarboxylate (139) (0.28 g, 0.69 mmol) according to general method 22. 

Lyophilization yielded a colourless powder (65.1 mg, 0.146 mmol, 21%). 

 
mp 59-62 �C; 1H-NMR (500 MHz, ACN-d3, 300 K) � = 9.72 (s, 1H, NH), 8.14 (d, J = 

7.9 Hz, 1H, NH-CH-C-C-CH), 7.97 (d, J = 8.3 Hz, 1H, NH-C-CH-CH), 7.95 (s, 1H, 

C-O-CH), 7.82 (t, J = 7.5 Hz, 2H, m-CH), 7.76 (t, J = 7.2 Hz, 1H, p-CH), 7.70 (t, J = 

7.4 Hz, 1H, NH-C-CH-CH), 7.67 (d, J = 7.5 Hz, 2H, o-CH), 7.62 (t, J = 7.6 Hz, 1H, 

NH-CH-C-C-CH-CH), 7.60 (s, 1H, NH-CH-C), 7.05 (bs, 2H, NH-CH-CH2, and NH-

CH2-CH2), 6.89 (s, 1H, O-C-CH-CH), 6.80 (s, 1H, O-C-CH), 4.89 (q, J = 6.8 Hz, 1H, 

NH-CH-CH2), 4.41 (bs, 2H, NH-CH2-C4H3O), 3.82-3.92 (m, 2H, NH-CH2-CH2), 3.68 

(dd, J = 14.5 Hz, J = 5.9 Hz, 1H, NH-CH-CHH), 3.64 (dd, J = 14.0 Hz, J = 7.7 Hz, 

1H, NH-CH-CHH), 3.17 (t, J = 7.0 Hz, 2H, NH-CH2-CH2); HPLC-MS (ESI) m/z 

446.2 (30) [M+H]+, 468.3 (65) [M+Na]+, 688.0 (80), 913.1 (100) [2M+Na]+; HRMS 

(ESI-TOF) for C25H27N5O3 [M+H]+: 446.2196 (calcd 446.2192); Analytical HPLC 

(5-90% in 30 min) tR = 21.51 min (98.6% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperazino)methyl]carboxamido}-3-(1H-3-

indolyl)propanamide (194)  

N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperazino)methyl]carboxamido}-3-(1H-3-

indolyl)propanamide (194) was prepared from N1-(2-phenylethyl)-(2R)-2-{[(4-

benzylpiperazino)methyl]carboxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propan- 

amide (161) (170 mg, 0.273 mmol) according to general method 21. Lyophilization 

yielded a colourless powder (97 mg, 0.185 mmol, 68%). 

 
mp 67-70 �C; 1H-NMR (500 MHz, CDCl3, 300 K) � = 8.40 (s, 1H, NH-CH-C), 7.60 

(d, J = 7.9 Hz, 1H, NH-CH-C-C-CH), 7.55 (d, J = 7.5 Hz, 1H, NH-CH-CH2), 7.43-

7.49 (m, 3H, m-CH and p-CH), 7.34-7.37 (m, 3H, o-CH and NH-C-CH-CH), 7.23-

7.27 (m, 2H, m-CH), 7.19 (t, J = 7.2 Hz, 2H, NH-C-CH-CH and p-CH), 7.13 (t, J = 7.5 

Hz, 1H, NH-CH-C-C-CH-CH), 7.05 (d, J = 7.4 Hz, 2H, o-CH), 6.96 (s, 1H, NH-CH-

C), 6.26 (s, 1H, NH-CH2-CH2), 4.68 (q, J = 7.5 Hz, 1H, NH-CH-CH2), 4.03 (dd, J = 

23.8 Hz, J = 12.9 Hz, 2H, NH-CH2-C6H5), 3.48-3.55 (m, 1H, NH-CHH-CH2), 3.38-

3.45 (m, 1H, NH-CHH-CH2), 3.23 (dd, J = 14.8 Hz, J = 7.4 Hz, 1H, NH-CH-CHH), 

3.14 (dd, J = 14.8 Hz, J = 7.2 Hz, 1H, NH-CH-CHH), 3.08 (m, 2H, N-CH2-CO), 2.70 

(t, J = 6.9 Hz, 2H, NH-CH2-CH2-C6H5), 2.61-2.75 (m, 8H, N-CH2-CH2-N); HPLC-

MS (ESI) m/z 189.1 (75), 524.4 (100) [M+H]+, 546.5 (20) [M+Na]+, 562.4 (15) 

[M+K]+, 1069.4 (25) [2M+Na]+; HRMS (ESI-TOF) for C32H37N5O2 [M+H]+: 

524.3026 (calcd 524.3026); Analytical HPLC (5-90% in 30 min) tR = 18.73 min 

(99.7% purity at 220 nm). 
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N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperidino)methyl]carboxamido}-3-(1H-3-

indolyl)propanamide (195)  

N1-(2-Phenylethyl)-(2R)-2-{[(4-benzylpiperidino)methyl]carboxamido}-3-(1H-3-

indolyl)propanamide (195) was prepared from N1-(2-phenylethyl)-(2R)-2-{[(4-

benzylpiperidino)methyl]carboxamido}-3-[1-(tert-butoxycarbonyl)-3-indolyl]propan- 

amide (162) (180 mg, 0.289 mmol) according to general method 21. Lyophilization 

yielded a colourless powder (109 mg, 0.209 mmol, 72%). 

 

mp 73-75 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 10.84 (s, 1H, NH-CH-C), 

8.81 (d, J = 8.3 Hz, 1H, NH-CH-CH2), 8.25 (t, J = 5.2 Hz, 1H, NH-CH2-CH2), 7.61 (d, 

J = 7.7 Hz, 1H, NH-CH-C-C-CH), 7.14-7.31 (m, 11H, N-C-CH-CH and C6H5 and 

C6H5), 7.09 (s, 1H, NH-CH-C), 7.02 (t, J = 7.3 Hz, 1H, NH-C-CH-CH), 6.96 (t, J = 

6.9 Hz, 1H, NH-CH-C-C-CH-CH), 4.60 (q, J = 6.9 Hz, 1H, NH-CH-CH2), 3.81 (d, J = 

15.2 Hz, 1H, N-CHH-CO), 3.67 (d, J = 13.1 Hz, 1H, N-CHH-CO), 3.21-3.34 (m, 3H, 

NH-CH2-CH2 and N-CHH-CH2-CH), 3.06 (dd, J = 14.4 Hz, J = 4.9 Hz, 1H, NH-CH-

CHH), 2.97-2.93 (m, 3H, NH-CH-CHH and N-CHH-CH2-CH), 2.59-2.67 (m, 3H, NH-

CH2-CH2 and N-CHH-CH2-CH), 2.46-2.48 (m, 2H, CH-CH2-C6H5), 1.57-1.70 (m, 3H, 

N-CH2-CHH-CH and CH-CH2-C6H5), 1.32-1.46 (m, 2H, N-CH2-CHH-CH); HPLC-

MS (ESI) m/z 188.1 (70), 523.3 (100) [M+H]+, 803.7 (20), 1045.1 (20) [2M+H]+, 

1067.3 (40) [2M+Na]+; HRMS (ESI-TOF) for C33H38N4O2 [M+H]+: 523.3070 (calcd 

523.3073); Analytical HPLC (5-90% in 30 min) tR = 21.30 (99.8% purity at 220 nm). 
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8.4 �v�3 Integrin Antagonists 

 

8.4.1  Solution-Phase Synthesis of Building Blocks 

 

Synthesis of the �v�3 antagonists (chapter 8.4.2) was carried out using the 

building blocks described below and, additionally, 5-(9H-fluoren-9-ylmethoxy)-3H-

[1,3,4]oxadiazol-2-one (141) and 2-{1-[1,2,3,4-tetrahydro-2-(9H-fluoren-9-ylmeth 

oxy)carbonyl]isoquinolinyl}acetic acid (119), which were described earlier in chapter 

8.3.1. 

O

COOHHOOC
196

 
3-(Furan-2-yl)glutaric acid (196)  

3-(Furan-2-yl)glutaric acid (196) was prepared from 2-furylcarboxaldehyde (7.68 

g, 80 mmol) and ethylacetoacetate (20.6 g, 158.4 mmol) according to general method 

24. Saponification of the intermediate product, a viscous oil, yielded the desired 

product as a crystalline, colourless solid (4.46 g, 22.5 mmol, 28%). 

 
mp 130 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 7.48-7.50 (m, 1H, C-O-CH), 

6.30-6.32 (m, 1H, O-CH-CH), 6.09 (d, J = 3.2 Hz, 1H, O-C-CH), 3.52 (m, 1H, CH2-

CH-CH2), 2.56 (d, J = 7.1 Hz, 4H, CH2-CH-CH2); 13C-NMR (62.9 MHz, DMSO-d6, 

300 K) � = 172.86 (COOH), 156.57 (O-C-CH), 141.79 (C-O-CH), 110.53 (O-CH-

CH), 105.18 (O-C-CH), 37.99 (CH2-CH-CH2), 31.82 (CH2-CH-CH2); Analytical 

HPLC (5-90% in 30 min) tR =  11.75 min. 

S

COOHHOOC

197

 
3-(Thiophene-2-yl)glutaric acid (197)  

3-(Thiophene-2-yl)glutaric acid (197) was prepared from 2-thiophenecarb- 

aldehyde (8.97 g, 80 mmol) and ethylacetoacetate (20.6 g, 158.4 mmol) according to 

general method 24. Saponification of the intermediate product, a crystalline solid 
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(13.32 g, mp 100 �C), yielded the desired product as a brown solid (8.07 g, 37.7 mmol, 

47%). 

 
mp 115/116 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 7.28-7.31 (m, 1H, C-S-

CH), 6.89-6.93 (m, 2H, S-C-CH-CH), 3.71 (m, 1H, CH2-CH-CH2), 2.48-2.72 (m, 4H, 

CH2-CH-CH2); 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 172.77 (COOH), 146.99 

(S-C); 126.89, 124.17, 123.89, 41.25 (CH2-CH-CH2), 33.47 (CH2-CH-CH2); 

Analytical HPLC (5-90% in 30 min) tR = 13.17 min. 

O

COOHHOOC

198

 
3-(Benzofuran-2-yl)glutaric acid (198) 

3-(Benzofuran-2-yl)glutaric acid (198) was prepared from 2-benzofuryl- 

carboxaldehyde (4.82 g, 33 mmol) and ethylacetoacetate (8.52 g, 65.5 mmol) 

according to general method 24. Saponification of the intermediate product, a 

colourless solid (5.89 g, mp 132 �C), yielded the desired product as a colourless solid 

(3.68 g, 14.8 mmol, 45%). 

 
mp 139/140 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 7.44-7.55 (m, 2H, O-C-

CH-CH-CH-CH), 7.14-7.26 (m, 2H, O-C-CH-CH-CH), 6.61 (s, 1H, O-C-CH-C), 3.67 

(m, 1H, CH2-CH-CH2), 2.67 (d, J = 9.4 Hz, 4H, CH2-CH-CH2); 13C-NMR (62.9 MHz, 

DMSO-d6, 300 K) � = 172.69 (COOH), 159.99, 154.12, 128.51, 123.83, 122.94, 

120.88, 111.05 (O-C-CH-CH), 102.27 (O-C-CH-C), 37.66 (CH2-CH-CH2), 32.24 

(CH2-CH-CH2); Analytical HPLC (5-90% in 30 min) tR =  16.79 min. 

COOHHOOC

O

199

 
3-(2,3-Dihydrobenzo[b]furan-5-yl)]glutaric acid (199)  

3-(2,3-Dihydrobenzo[b]furan-5-yl)]glutaric acid (199) was prepared from 2,3-

dihydrobenzo[b]furan-5-carbaldehyde (2.0 g, 13.5 mmol) and ethylacetoacetate (3.47 
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g, 26.7 mmol) according to general method 24. Saponification of the intermediate 

product, a crystalline solid (1.77 g, mp 145 �C), yielded the desired product as a 

colourless solid (1.35 g, 5.4 mmol, 40%). 

 
mp  144 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 7.65 (m, 1H, C-CH-C), 7.47-

7.50 (m, 1H, C-CH-CH-C-O), 7.17 (d, J = 8.2 Hz, 1H, C-CH-CH-C-O), 5.00 (t, J = 

8.8 Hz, 2H, O-CH2-CH2),  3.85-3.91 (m, 1H, CH2-CH-CH2), 3.65 (t, J = 8.6 Hz, 2H, 

O-CH2-CH2), ; 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 173.08 (COOH), 158.47 

(O-C), 135.46, 127.17, 127.00, 124.18, 108.58, 70.94 (O-CH2-O), 37.71 (CH2-CH-

CH2), 29.33 (CH2-CH-CH2); Analytical HPLC (5-90% in 30 min) tR = 13.42 min. 

COOHHOOC

O
O

200

 
3-(1,3-Benzodioxole-5-yl)glutaric acid (200) 

3-(1,3-Benzodioxole-5-yl)glutaric acid (200) was prepared from 1,3-benzo- 

dioxole-5-carboxaldehyde (25.0 g, 166.5 mmol) and ethylacetoacetate (42.1 g, 323.7 

mmol) according to general method 24. Saponification of the intermediate product, a 

colourless solid (41.9 g), yielded the desired product as a colourless solid (19.3 g, 76.5 

mmol, 46%). 

 
mp  171 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 6.87 (s, 1H, C-CH-C-O), 

6.79 (d, J = 7.9 Hz, 1H, C-CH-CH-C-O), 6.70 (d, J = 8.0 Hz, 1H, C-CH-CH-C-O), 

5.95 (s, 2H, O-CH2-O), 3.35 (m, 1H, CH2-CH-CH2), 2.41-2.65 (m, 4H, CH2-CH-CH2); 

Analytical HPLC (10-90% in 30 min) tR = 11.85 min. 

COOHHOOC

201

 
3-(Napht-1-yl)glutaric acid (201)  

3-(Napht-1-yl)glutaric acid (201) was prepared from 1-naphtylcarboxaldehyde 

(6.24 g, 40 mmol) and ethylacetoacetate (10.35 g, 79.5 mmol) according to general 
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method 24. Saponification of the intermediate product, a viscous oil, yielded the 

desired product as a slightly yellow solid (1.54 g, 5.96 mmol, 15%). 

 
mp 193/194 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 8.20 (d, J = 8.3 Hz, 1H, 

8-H), 7.91 (d, J = 7.9 Hz, 1H, 5-H), 7.78 (d, J = 7.4 Hz, 1H, 4-H), 7.45-7.61 (m, 4H, 2-

H and 3-H and 6-H and 7-H), 4.38 (m, 1H, CH2-CH-CH2), 2.75 (d, J = 7.2 Hz, 4H, 

CH2-CH-CH2); 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 173.16 (COOH), 139.78, 

133.80, 131.22, 128.97, 127.06, 126.36, 125.76, 125.73, 123.44, 123.32, 40.09 (CH2-

CH-CH2), 32.44 (CH2-CH-CH2); Analytical HPLC (5-90% in 30 min) tR =  17.49 

min. 

COOHHOOC

202

 
3-(Napht-2-yl)glutaric acid (202) 

3-(Napht-2-yl)glutaric acid (202) was prepared from 2-naphtylcarboxaldehyde 

(5.7 g, 36.5 mmol) and ethylacetoacetate (9.47 g, 72.8 mmol) according to general 

method 24. Saponification of the intermediate product, a slightly yellow solid (9.98 g, 

mp 155-157 �C), yielded the desired product as a slightly yellow solid (4.1 g, 15.9 

mmol, 44%). 

 
mp  176/177 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 12.09 (bs, 1H, COOH), 

7.82-7.87 (m, 3H, 4-H and 5-H and 8-H), 7.75 (s, 1H, C-CH-C), 7.45-7.49 (m, 3H, 3-

H and 6-H and 7-H), 3.59 (m, 1H, CH2-CH-CH2), 2.58-2.79 (m, 4H, CH2-CH-CH2); 

Analytical HPLC (5-90% in 30 min) tR = 17.03 min. 

COOH

COOH
203

 
3-(9H-Fluoren-2-yl)glutaric acid (203) 

3-(9H-Fluoren-2-yl)glutaric acid (203) was prepared from 9H-2-fluorene- 

carbaldehyde (5.0 g, 25.7 mmol) and ethylacetoacetate (6.7 g, 51.5 mmol) according to 

general method 24. Saponification of the intermediate product, a crystalline solid (8.5 
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g, mp 188-190 �C), yielded the desired product as a colourless solid (5.0 g, 16.9 mmol, 

66%). 

O
O

O

O

204

 
3-(Furan-2-yl)glutaric acid anhydride (204)  

3-(Furan-2-yl)glutaric acid anhydride (204) was prepared from 3-(furan-2-

yl)glutaric acid (196) (2.7 g, 13.6 mmol) according to general method 25. The residue 

was chromatographed, drying yielded colourless crystals (2.09 g, 11.6 mmol, 85%). 

 
mp 102 �C; TLC Rf (CH2Cl2/ethyl acetate, 20:1) = 0.79; 1H-NMR (250 MHz, DMSO-

d6, 300 K) � = 7.59-7.61 (m, 1H, C-O-CH), 6.39-6.41 (m, 1H, O-CH-CH), 6.25-6.27 

(m, 1H, O-C-CH), 3.66 (m, 1H, CH2-CH-CH2), 2.92-3.16 (m, 4H, CH2-CH-CH2); 13C-

NMR (62.9 MHz, DMSO-d6, 300 K) � = 167.05 (CO), 154.08 (O-C-CH), 142.85 (C-

O-CH), 110.75 (O-CH-CH), 105.96 (O-C-CH), 34.07 (CH2-CH-CH2), 27.52 (CH2-

CH-CH2); Analytical HPLC (5-90% in 30 min) tR =  16.58 min. 

S
O

O

O

205

 
3-(Thiophene-2-yl)glutaric acid anhydride (205)  

3-(Thiophene-2-yl)glutaric acid anhydride (205) was prepared from 3-(thiophene-

2-yl)glutaric acid (197) (5.5 g, 25.7 mmol) according to general method 25. The 

residue was chromatographed, drying yielded a colourless solid (3.24 g, 16.5 mmol, 

64%). 

 
mp 95 �C; TLC Rf (CH2Cl2/ethyl acetate, 20:1) = 0.75; 1H-NMR (250 MHz, DMSO-

d6, 300 K) � = 7.43-7.45 (m, 1H, C-S-CH), 6.99-7.02 (m, 1H, S-C-CH-CH), 3.85 (m, 

1H, CH2-CH-CH2), 2.98-3.19 (m, 4H, CH2-CH-CH2); 13C-NMR (62.9 MHz, DMSO-

d6, 300 K) � = 166.94 (CO), 144.35 (S-C), 127.40, 125.05, 124.49, 37.07 (CH2-CH-

CH2), 29.04 (CH2-CH-CH2); Analytical HPLC (5-90% in 30 min) tR = 18.10 min. 
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O
O

O

O

206

 
3-(Benzofuran-2-yl)glutaric acid anhydride (206)  

3-(Benzofuran-2-yl)glutaric acid anhydride (206) was prepared from 3-

(benzofuran-2-yl)glutaric acid (198) (2.6 g, 10.5 mmol) according to general method 

25. The desired product precipitated upon cooling, drying yielded colourless crystals 

(1.86 g, 8.1 mmol, 77%). 

 
mp 166/167 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 7.50-7.60 (m, 2H, O-C-

CH-CH-CH-CH), 7.19-7.32 (m, 2H, O-C-CH-CH-CH), 6.76 (s, 1H, O-C-CH-C), 3.88 

(m, 1H, CH2-CH-CH2), 3.06-3.28 (m, 4H, CH2-CH-CH2); 13C-NMR (62.9 MHz, 

DMSO-d6, 300 K) � = 166.89 (CO), 157.35, 154.34, 128.03, 124.46, 123.24, 121.23, 

111.17 (O-C-CH-CH), 102.94 (O-C-CH-C), 33.78 (CH2-CH-CH2), 27.98 (CH2-CH-

CH2) ; Analytical HPLC (5-90% in 30 min) tR =  21.69 min. 

O

O

O

O 207

 
3-(2,3-Dihydrobenzo[b]furan-5-yl)]glutaric acid anhydride (207) 

3-(2,3-Dihydrobenzo[b]furan-5-yl)]glutaric acid anhydride (207) was prepared 

from 3-(2,3-dihydrobenzo[b]furan-5-yl)]glutaric acid (199) (1.05 g, 4.2 mmol) 

according to general method 25. The residue was chromatographed, drying yielded a 

yellow solid (0.72 g, 3.1 mmol, 69%). 

 
mp  136/137 �C; TLC Rf (CH2Cl2/ethyl acetate, 20:1) = 0.58; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 7.14 (m, 1H, C-CH-C), 6.95-6.99 (m, 1H, C-CH-CH-C-O), 6.71 

(d, J = 8.2 Hz, 1H, C-CH-CH-C-O), 4.49 (t, J = 8.7 Hz, 2H, O-CH2-CH2), 3.40-3.53 

(m, 1H, CH2-CH-CH2), 3.14 (t, J = 8.7 Hz, 2H, O-CH2-CH2), 2.85-3.05 (m, 4H, CH2-

CH-CH2); 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 167.66 (CO), 159.04 (O-C), 

132.82, 128.02, 126.29, 123.52, 109.09, 71.14 (O-CH2), 36.82, 32.60, 29.24. 
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O

O

O

O

O 208

 
3-(1,3-Benzodioxole-5-yl)glutaric acid anhydride (208) 

3-(1,3-Benzodioxole-5-yl)glutaric acid anhydride (208) was prepared from 3-(1,3-

benzodioxole-5-yl)glutaric acid (200) (4.0 g, 15.9 mmol) according to general method 

25. The desired product precipitated upon cooling, drying yielded a colourless solid 

(3.1 g, 13.2 mmol, 84%). 

 
mp  184 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 6.90-6.91 (m, 1H, C-CH-C-

O), 6.87 (d, J = 8.0 Hz, 1H, C-CH-CH-C-O), 6.70-6.74 (m, 1H, C-CH-CH-C-O), 5.98 

(s, 2H, CH2-O-CH2), 3.47 (m, 1H, CH2-CH-CH2), 2.86-3.06 (m, 4H, CH2-CH-CH2); 

Analytical HPLC (5-90% in 30 min) tR = 18.87 min. 

O

O

O

209

 
3-(Napht-1-yl)glutaric acid anhydride (209) 

3-(Napht-1-yl)glutaric acid anhydride (209) was prepared from 3-(napht-1-

yl)glutaric acid (201) (1.35 g, 5.2 mmol) according to general method 25. The desired 

product precipitated upon cooling, drying yielded a colourless solid (0.85 g, 3.5 mmol, 

63%). 

 
mp 162 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 8.25 (d, J = 8.1 Hz, 1H, 8-H), 

7.95 (d, J = 7.1 Hz, 1H, 5-H), 7.86 (d, J = 8.1 Hz, 1H, 4-H), 7.48-7.62 (m, 3H, 3-H 

and 6-H and 7-H), 7.41 (d, J = 7.1 Hz, 1H, 2-H), 4.48 (m, 1H, CH2-CH-CH2), 3.00-

3.22 (m, 4H, CH2-CH-CH2); 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 167.73 

(CO), 137.00, 133.69, 130.88, 129.02, 127.88, 126.76, 126.14, 125.82, 123.20, 122.72, 

36.35 (CH2-CH-CH2), 28.47 (CH2-CH-CH2); Analytical HPLC (5-90% in 30 min) tR 

= 23.40 min. 
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O

O

O

210

 
3-(Napht-2-yl)glutaric acid anhydride (210) 

3-(Napht-2-yl)glutaric acid anhydride (210) was prepared from 3-(napht-2-

yl)glutaric acid (202) (3.9 g, 15.1 mmol) according to general method 25. The desired 

product precipitated upon cooling, drying yielded a colourless solid (2.5 g, 10.4 mmol, 

69%). 

 
mp  194-196 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 7.88-7.94 (m, 3H, 4-H 

and 5-H and 8-H), 7.78 (s, 1H, C-CH-C), 7.48-7.55 (m, 3H, 3-H and 6-H and 7-H), 

3.75 (m, 1H, CH2-CH-CH2), 3.03-3.24 (m, 4H, CH2-CH-CH2); Analytical HPLC (5-

90% in 30 min) tR = 22.64 min. 

O

O

O

211

 
3-(9H-Fluoren-2-yl)glutaric acid anhydride (211) 

3-(9H-Fluoren-2-yl)glutaric acid anhydride (211) was prepared from 3-(9H-

fluoren-2-yl)glutaric acid (203) (5.0 g, 16.9 mmol) according to general method 25. 

The desired product precipitated upon cooling, drying yielded a colourless solid (3.4 g, 

12.2 mmol, 72%). 

 
mp  239-242 �C; Analytical HPLC (5-90% in 30 min) tR = 23.79 min. 

 

N
H
N

O

O
212

 
5-[N-(4-Methylpyridine-2-yl)amino]pentanoic acid ethyl ester (212) 

5-Bromopentanoic acid ethyl ester (33.03 g, 25 mL, 158 mmol) and 2-amino-4-

methylpyridine (32.9 g, 304 mmol) were refluxed over night at 130 �C (oil bath 

temperature). After cooling down to room temperature, saturated NaHCO3-solution 
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(100 mL) was added to the reaction mixture, which was then extracted with diethyl 

ether (5 � 100 mL). The combined organic phases were dried over MgSO4 and the 

solvent was removed in vacuo. The residue was submitted to flash chromatography 

(ethyl acetate/hexane, 1:1, 2 L; 3:2, 1 L; 7:3, 1 L; 4:1, 1 L), drying yielded a colourless 

solid (16.7 g, 70.7 mmol, 45%). 

 
mp 41-43 �C; TLC Rf (ethyl acetate/hexane, 1:1) = 0.26; 1H-NMR (250 MHz, 

DMSO-d6, 300 K) � = 7.90 (d, J = 5.3 Hz, 1H, N-CH-CH), 6.38 (d, J = 5.2 Hz, 1H, N-

C-CH), 6.17 (s, 1H, N-CH-CH), 4.51 (bs, 1H, NH), 4.11 (q, J = 7.2 Hz, 2H, O-CH2-

CH3), 3.25 (q, J = 6.3 Hz, 2H, NH-CH2), 2.33 (t, J = 7.0 Hz, 2H, CH2-CO), 2.21 (s, 

3H, C-CH3), 1.60-1.80 (m, 4H, NH-CH2-CH2-CH2), 1.23 (t, J = 7.0 Hz, 2H, O-CH2-

CH3); Analytical HPLC (5-90% in 30 min) tR = 13.58 min. 

 

N
H
N

O

OH
213

 
5-[N-(4-Methylpyridine-2-yl)amino]pentanoic acid (213) 

5-[N-(4-Methylpyridine-2-yl)amino]pentanoic acid ethyl ester (212) (16.7 g, 70.7 

mmol) was dissolved in methanol (20 mL), treated with 2 M aqueous NaOH (71 mL, 

141 mmol) and stirred at room temperature over night. Then the solvent was removed 

in vacuo and the remaining solid was thoroughly extracted with CHCl3 (500 mL) and 

excess of DIPEA.  The filtrate was evaporated, drying yielded a colourless solid (3.92 

g, 18.8 mmol, 27 %).  

 

mp 138-140 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 7.79 (d, J = 5.2 Hz, 1H, 

NH), 6.26-6.30 (m, 2H, arom), 6.22 (s, 1H, arom), 3.17 (dt, J = 5.8 Hz, 2H, NH-CH2), 

2.21 (t, J = 7.0 Hz, 2H, CH2-CH2-CO), 2.11 (s, 3H, CH3), 1.41-1.58 (m, 4H, NH-CH2-

CH2-CH2); 13C-NMR (62.9 MHz, DMSO-d6, 300 K) � = 174.6 (COOH), 159.3, 147.3, 

146.8, 113.1, 107.9, 40.5, 33.7, 28.8, 22.4, 20.8; HRMS (ESI-TOF) for C11H17N2O2 

[M+H]+: 209.1293 (calcd 209.1290); Analytical HPLC (5-90 % in 30 min) tR = 9.83 

min. 
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O

COOH
N
H

OH
N

O

O

214

 
5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(furan-2-yl)pentan- 

oic acid (214) 

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(furan-2-yl)pentan- 

oic acid (214) was prepared from 3-(furan-2-yl)glutaric acid anhydride (204) (0.6 g, 

3.3 mmol) and N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) (0.85 g, 3.3 

mmol) according to general method 26. The residue was chromatographed, drying 

yielded a colourless solid foam (1.13 g, 2.6 mmol, 79%). 

 
mp  143/144 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 2:1:1%) = 0.30; 1H-NMR 

(250 MHz, DMSO-d6, 300 K) � = 9.80 (s, 1H, NH-NH), 9.26 (s, 1H, NH-NH), 7.89 (d, 

J = 7.3 Hz, 2H, arom), 7.71 (d, J = 7.3 Hz, 2H, arom), 7.50 (s, 1H, O-CH-CH), 7.29-

7.44 (m, 4H, arom), 6.32-6.33 (m, 1H, O-CH-CH), 6.09-6.12 (m, 1H, O-C-CH), 4.20-

4.34 (m, 3H, CH-CH2-O), 3.51-3.60 (m, 1H, CH2-CH-CH2), 2.36-2.68 (m, 4H, CH2-

CH-CH2); HPLC-MS (ESI) m/z 195.1 (25), 435.1 (65) [M+H]+, 457.4 (50) [M+Na]+, 

473.3 (12) [M+K]+, 671.5 (50), 869.2 (100) [2M+H]+, 891.3 (87) [2M+Na]+, 907.4 

(47) [2M+K]+, 1105.6 (35), 1303.1 (37) [3M+H]+ ; HRMS (ESI-TOF) for C24H23N2O6 

[M+H]+:  435.1565 (calcd 435.1556); Analytical HPLC (5-90% in 30 min) tR = 21.88 

min. 

S

COOH
N
H

OH
N

O

O

215

 
 

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(thiophene-2-yl) 

pentanoic acid (215)  

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(thiophene-2-yl) 

pentanoic acid (215) was prepared from 3-(thiophene-2-yl)glutaric acid anhydride 
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(205) (0.7 g, 3.6 mmol) and N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) 

(0.91 g, 3.6 mmol) according to general method 26. The residue was chromato-

graphed, drying yielded a colourless solid foam (1.3 g, 2.9 mmol, 81%). 

 
mp  86/87 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 2:1:1%) = 0.33; 1H-NMR 

(250 MHz, DMSO-d6, 300 K) � = 9.77 (s, 1H, NH-NH), 9.25 (s, 1H, NH-NH), 7.88 (d, 

J = 7.4 Hz, 2H, arom), 7.71 (d, J = 7.0 Hz, 2H, arom), 7.31-7.44 (m, 5H, arom), 6.89 

(m, 2H, S-CH-CH-CH), 4.23-4.33 (m, 3H, CH-CH2-O), 3.78 (m, 1H, CH2-CH-CH2), 

2.47-2.78 (m, 4H, CH2-CH-CH2); HPLC-MS (ESI) m/z 179.2 (25), 433.1 (15), 451.1 

(42) [M+H]+, 473.3 (52) [M+Na]+, 489.2 (15) [M+K]+, 695.5 (50), 901.2 (50) 

[2M+H]+, 923.2 (100) [2M+Na]+, 939.3 (55) [2M+K]+, 1145.4 (15), 1351.1 (10) 

[3M+H]+, 1373.2 (30) [3M+Na]+, 1389.3 (20) [3M+K]+; HRMS (ESI-TOF) for 

C24H23N2O5S [M+H]+: 451.1339 (calcd 451.1328); Analytical HPLC (5-90% in 30 

min) tR = 22.10 min. 

O

COOH
N
H

OH
N

O

O

216

 
 

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(benzofuran-2-yl) 

pentanoic acid (216)  

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(benzofuran-2-yl) 

pentanoic acid (216) was prepared from 3-(benzofuran-2-yl)glutaric acid anhydride 

(206) (0.7 g, 3.0 mmol) and N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) 

(0.77 g, 3.0 mmol) according to general method 26. The residue was chromato-

graphed, drying yielded a colourless solid foam (1.1 g, 2.3 mmol, 77%). 

 
mp 167 �C; TLC Rf (ethyl acetate/hexane/acetic acid, 2:1:1%) = 0.24; 1H-NMR (250 

MHz, DMSO-d6, 300 K) � = 9.85 (s, 1H, NH-NH), 9.27 (s, 1H, NH-NH), 7.88 (d, J = 

7.4 Hz, 2H, arom), 7.71 (d, J = 7.4 Hz, 2H, arom), 7.15-7.54 (m, 8H, arom), 6.61 (s, 

1H, O-C-CH), 4.24-4.34 (m, 3H, CH-CH2-O), 3.64-3.75 (m, 1H, CH2-CH-CH2), 2.53-
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2.78 (m, 4H, CH2-CH-CH2); HPLC-MS (ESI) m/z 179.2 (45), 245.2 (35), 289.1 (25), 

307.1 (25), 467.1 (15), 485.2 (77) [M+H]+, 507.4 (55) [M+Na]+, 523.3 (40) [M+K]+, 

746.7 (70), 969.3 (100) [2M+H]+, 991.4 (90) [2M+Na]+, 1007.4 (73) [2M+K]+, 1230.8 

(20), 1453.2 (30) [3M+H]+; HRMS (ESI-TOF) for C28H25N2O6 [M+H]+: 485.1718 

(calcd 485.1713); Analytical HPLC (5-90% in 30 min) tR = 24.16 min. 

COOH
N
H

OH
N

O

O

O

217

 
5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(2,3-dihydrobenzo 

[b]furan-5-yl)pentanoic acid (217) 

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(2,3-dihydrobenzo 

[b]furan-5-yl)pentanoic acid (217) was prepared from 3-(2,3-dihydrobenzo[b]furan-5-

yl)glutaric acid anhydride (207) (0.35 g, 1.5 mmol) and N-[(9H-fluoren-9-ylmethoxy) 

carbonyl]hydrazine (140) (0.38 g, 1.5 mmol) according to general method 26. The 

residue was chromatographed, drying yielded a colourless solid foam (0.6 g, 1.2 

mmol, 80%). 

 
mp 161/162 �C; TLC Rf (ethyl acetate/hexane/acetic acid) = 0.26; 1H-NMR (250 

MHz, DMSO-d6, 300 K) � = 9.68 (s, 1H, NH-NH), 9.20 (s, 1H, NH-NH), 7.89 (d, J = 

7.4 Hz, 2H, arom), 7.71 (d, J = 7.0 Hz, 2H, arom), 7.29-7.44 (m, 4H, arom), 7.08 (s, 

1H, O-C-C-CH-C), 6.93 (d, J = 8.0 Hz, 1H, C-CH-CH-C-O), 6.63 (d, J = 7.7 Hz, 1H, 

C-CH-CH-C-O), 4.46 (t, J = 8.4 Hz, 2H, O-CH2-CH2), 4.25-4.32 (m, 3H, CH-CH2-O), 

3.40 (m, 1H, CH2-CH-CH2), 3.11 (t, J = 8.0 Hz, 2H, O-CH2-CH2), 2.36-2.71 (m, 4H, 

CH2-CH-CH2); HPLC-MS (ESI) m/z 179.2 (25), 247.2 (28), 291.0 (11), 469.1 (19), 

487.2 (55) [M+H]+, 509.4 (57) [M+Na]+, 525.3 (35) [M+K]+, 749.7 (76) 

[(3M+K+H)/2]2+, 768.7 (14), 973.3 (72) [2M+H]+, 995.4 (100) [2M+Na]+, 1011.5 (85) 

[2M+K]+, 1235.8 (33), 1459.3 (10) [3M+H]+, 1481.3 (20) [3M+Na]+, 1497.6 (22) 

[3M+K]+; HRMS (ESI-TOF) for C28H27N2O6 [M+H]+:  487.1868 (calcd 487.1869); 

Analytical HPLC (5-90% in 30 min) tR = 22.23 min. 
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COOH
N
H

OH
N

O

O

O
O

218

 
 

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(1,3-benzodioxole-5-

yl)pentanoic acid (218)  

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(1,3-benzodioxole-

5-yl)pentanoic acid (218) was prepared from 3-(1,3-benzodioxole-5-yl)glutaric acid 

anhydride (208) (1.0 g, 4.3 mmol) and N-[(9H-fluoren-9-ylmethoxy)carbonyl] 

hydrazine (140) (1.1 g, 4.3 mmol) according to general method 26. The residue was 

chromatographed, drying yielded a yellow solid foam (2.0 g, 4.1 mmol, 95%). 

 
mp 100 �C; HPLC-MS (ESI) m/z 179.2 (42), 249.1 (54), 293.0 (30), 471.0 (26), 489.0 

(76) [M+H]+, 511.2 (76) [M+Na]+, 527.1 (37) [M+K]+, 752.3 (27), 977.0 (94) 

[2M+H]+, 999.0 (100) [2M+Na]+, 1015.1 (70) [2M+K]+, 1486.8 (14) [3M+Na]+; 

HRMS (ESI-TOF) for C27H25N2O7 [M+H]+: 489.1688 (calcd 489.1662); Analytical 

HPLC (5-90% in 30 min) tR = 20.82 min. 

 

COOH
N
H

OH
N

O

O
219

 
 

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(napht-1-yl)pentan- 

oic acid (219)  

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(napht-1-yl)pentan- 

oic acid (219) was prepared from 3-(napht-1-yl)glutaric acid anhydride (209) (0.51 g, 

2.1 mmol) and N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) (0.54 g, 2.1 

mmol) according to general method 26. The residue was chromatographed, drying 

yielded a colourless solid foam (0.85 g, 1.7 mmol, 81%). 
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mp  208 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 9.85 (s, 1H, NH-NH), 9.26 

(s, 1H, NH-NH), 8.24 (d, J = 8.3 Hz, 1H, arom), 7.87-7.93 (m, 3H, arom), 7.70-7.80 

(m, 3H, arom), 7.29-7.62 (m, 8H, arom), 4.24-4.41 (m, 4H, CH-CH2-O and CH2-CH-

CH2), 2.53-2.84 (m, 4H, CH2-CH-CH2); HPLC-MS (ESI) m/z 179.2 (60), 241.2 (22), 

255.2 (27), 495.3 (60) [M+H]+, 517.5 (90) [M+Na]+, 533.3 (76) [M+K]+, 761.8 (48) 

(3M+K+Na)/2]2+,  780.7 (15), 989.4 (64) [2M+H]+, 1011.5 (92) [2M+Na]+, 1027.5 

(100) [2M+K]+, 1256.1 (14), 1483.4 (10) [3M+H]+, 1505.6 (10) [3M+Na]+, 1521.6 

{10) [3M+K]+; HRMS (ESI-TOF) for C30H27N2O5 [M+H]+: 495.1893 (calcd 

495.1920); Analytical HPLC (5-90% in 30 min) tR = 24.14 min. 

COOH
N
H

OH
N

O

O

220

 
 

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(napht-2-yl)pentan- 

oic acid (220)  

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(napht-2-yl)pentan- 

oic acid (220) was prepared from 3-(napht-2-yl)glutaric acid anhydride (210) (0.72 g, 

3.0 mmol) and N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) (0.76 g, 3.0 

mmol) according to general method 26. The residue was chromatographed, drying 

yielded a colourless solid foam (1.1 g, 2.2 mmol, 73%). 

 
mp  101-103�C; TLC Rf (ethyl acetate/hexane/acetic acid, 2:1:1%) = 0.26; 1H-NMR 

(250 MHz, DMSO-d6, 300 K) � = 12.03 (bs, 1H, COOH), 9.76 (s, 1H, NH-NH), 9.21 

(s, 1H, NH-NH), 7.29-7.90 (m, 15H, arom), 4.23-4.33 (m, 3H, CH-CH2-O), 3.67 (m, 

1H, CH2-CH-CH2), 2.60-2.78 (m, 4H, CH2-CH-CH2); MS (ESI) m/z 179.1 (31), 241.1 

(24), 255.1 (40), 299.0 (27), 477.0 (12), 495.0 (60) [M+H]+, 517.3 (36) [M+Na]+, 

533.1 (25) [M+K]+, 989.0 (100) [2M+H]+, 1011.1 (52) [2M+Na]+, 1027.1 (44) 

[2M+K]+; HRMS (ESI-TOF) for C30H27N2O5 [M+H]+: 495.1893 (calcd 495.1920); 

Analytical HPLC (5-90% in 30 min) tR = 23.45 min. 
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5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(9H-fluoren-2-yl) 

pentanoic acid (221)  

5-[N’-(9H-Fluoren-9-ylmethoxycarbonyl)hydrazino]-5-oxo-3-(9H-fluoren-2-yl) 

pentanoic acid (221) was prepared from 3-(9H-fluoren-2-yl)glutaric acid anhydride 

(211) (1.0 g, 3.6 mmol) and N-[(9H-fluoren-9-ylmethoxy)carbonyl]hydrazine (140) 

(0.91 g, 3.6 mmol) according to general method 26. The residue was chromato-

graphed, drying yielded a colourless solid foam (1.2 g, 2.3 mmol, 64%). 

 
mp 130 �C; 1H-NMR (250 MHz, DMSO-d6, 300 K) � = 9.72 (s, 1H, NH-NH), 9.20 (s, 

1H, NH-NH), 7.21-7.89 (m, 15H, arom), 4.22-4.32 (m, 3H, CH-CH2-O), 3.55 (m, 1H, 

CH2-CH-CH2), 2.37-2.81 (m, 4H, CH2-CH-CH2); MS (ESI) m/z 179.1 (38), 279.1 

(46), 293.1 (66), 337.0 (20), 515.0 (16), 533.0 (70) [M+H]+, 555.3 (36) [M+Na]+, 

571.1 (43) [M+K]+, 1065.0 (100) [2M+H]+, 1103.1 (38) [2M+K]+; HRMS (ESI-TOF) 

for C33H29N2O5 [M+H]+: 533.2111 (calcd 533.2076); Analytical HPLC (5-90% in 30 

min) tR = 24.65 min. 
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8.4.2 Peptidomimetic �v�3 Integrin Antagonists 
 

Peptidomimetic �v�3 antagonists were synthesized on solid support (TCP resin). 

Resin weights before and after loading (m1 and m2) and resin loading (l) are given in 

brackets. Yields are given with respect to the loaded resin. 

 

N
H
N

O

O

COOH
N
H

OH
N

222

 
5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(furan-2-yl)-5-oxo 

pentanoic acid (222)  

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(furan-2-yl)pentanoic acid (214) (0.27 g, 0.62 mmol) according to general 

method 2 (m1 = 430 mg, m2 = 600 mg, l = 0.71 mmol/g). Fmoc-deprotection and 

coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) (177 mg, 0.85 

mmol) were carried out according to general methods 3 and 5, cleavage from the resin 

was carried out according to general method 8. RP-HPLC purification and 

lyophilization yielded a colourless, solid resin (13.8 mg, 0.0342 mmol, 8%). 

 
mp 69-72 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 12.22 (bs, 1H, COOH), 

9.80 (s, 1H, NH-NH), 9.73 (s, 1H, NH-NH), 8.41 (bs, 1H, NH-CH2), 7.81 (d, J = 6.0 

Hz, 1H, N-CH), 7.50 (s, 1H, CH-O), 6.80 (s, 1H, N-C-CH), 6.68 (d, J = 6.0 Hz, 1H, N-

CH-CH), 6.33 (s, 1H, CH-CH-O), 6.12 (s, 1H, CH-CH-CH-O), 3.56 (m, 1H, CH2-CH-

CH2), 3.27 (m, 2H, NH-CH2), 2.64 (dd, J = 15.9 Hz, J = 5.1 Hz, 1H, CH2-CH-CH2), 

2.49-2.54 (m, 2H, CH2-CH-CH2), 2.40 (dd, J = 14.7 Hz, J = 7.7 Hz, 1H, CH2-CH-

CH2), 2.31 (s, 3H, CH3), 2.16 (m, 2H, CH2-CH2-CO), 1.59 (m, 4H, CH2-CH2-CH2-

CO); MS (ESI) m/z 191.2 (100), 223.2 (48), 385.4 (28), 403.3 (96) [M+H]+, 441.2 (25) 

[M+K]+, 865.2 (21) [2M-H+2K]+; HRMS (ESI-TOF) for C20H27N4O5 [M+H]+: 

403.1947 (calcd 403.1981); Analytical HPLC (5-90% in 30 min) tR = 11.53 min (95% 

purity at 220 nm). 
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5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(thiophene-2-yl)-

5-oxopentanoic acid (223)  

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(thiophene-2-yl)pentanoic acid (215) (0.29 g, 0.64 mmol) according to general 

method 2 (m1 = 474 mg, m2 = 600 mg, l = 0.51 mmol/g). Fmoc-deprotection and 

coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) (127 mg, 0.61 

mmol) were carried out according to general methods 3 and 5, cleavage from the resin 

was carried out according to general method 8. RP-HPLC purification and 

lyophilization yielded a colourless powder (38.0 mg, 0.0907 mmol, 30%). 

 
mp 67-72 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 12.19 (bs, 1H, COOH), 

9.79 (s, 1H, NH-NH), 9.71 (s, 1H, NH-NH), 8.49 (bs, 1H, NH-CH2), 7.80 (m, 1H, N-

CH), 7.30 (m, 1H, S-CH), 6.89-6.91 (m, 2H, arom), 6.81 (s, 1H, arom), 6.69 (m, 1H, 

N-CH-CH), 3.77 (m, 1H, CH2-CH-CH2), 3.27 (m, 2H, NH-CH2), 2.72-2.78 (m, 1H, 

CH2-CH-CH2), 2.49 (m, 3H, CH2-CH-CH2), 2.32 (s, 3H, CH3), 2.15 (m, 2H, CH2-

CH2-CO), 1.58 (m, 4H, CH2-CH2-CH2-CO); HPLC-MS (ESI) m/z 191.2 (97), 223.2 

(47), 401.3 (23), 419.3 (100) [M+H]+, 441.3 (6) [M+Na]+, 457.2 (5) [M+K]+; HRMS 

(ESI-TOF) for C20H27N4O4S [M+H]+: 419.1731 (calcd 419.1753); Analytical HPLC 

(5-90% in 30 min) tR = 11.75 min (94% purity at 220 nm). 
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5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(benzo[b]furan-2-

yl)-5-oxopentanoic acid (224) 

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(benzofuran-2-yl)pentanoic acid (216) (0.31 g, 0.64 mmol) was loaded on the 

resin according to general method 2 (m1 = 480 mg, m2 = 600 mg, l = 0.45 mmol/g). 

Fmoc-deprotection and coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid 

(213) (112 mg, 0.54 mmol) were carried out according to general methods 3 and 5, 

cleavage from the resin was carried out according to general method 8. RP-HPLC 

purification and lyophilization yielded a colourless powder (39.4 mg, 0.087 mmol, 

32%). 

 
mp 112-114 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 12.31 (bs, 1H, COOH), 

9.85 (s, 1H, NH-NH), 9.72 (s, 1H, NH-NH), 8.48 (bs, 1H, NH-CH2), 7.80 (m, 1H, N-

CH), 7.53 (d, J = 6.8 Hz, 1H, O-C-(CH)3-CH), 7.48 (d, J = 8.0 Hz, 1H, O-C-CH-CH), 

7.19-7.23 (m, 2H, O-C-CH-(CH)2), 6.81 (s, 1H, N-C-CH), 6.69 (m, 1H, N-CH-CH), 

6.61 (s, 1H, O-C-CH-C), 3.71 (m, 1H, CH2-CH-CH2), 3.27 (m, 2H, NH-CH2), 2.63-

2.74 (m, 3H, CH2-CH-CH2), 2.53-2.55 (m, 1H, CH2-CH-CH2), 2.31 (s, 3H, CH3), 2.15 

(m, 2H, CH2-CH2-CO), 1.58 (m, 4H, CH2-CH2-CH2-CO); MS (ESI) m/z 191.2 (56), 

223.2 (26), 453.3 (100) [M+H]+, 491.3 (15) [M+K]+, 943.3 (13) [2M+K]+, 965.4 (10) 

[2M-H+K+Na]+; HRMS (ESI-TOF) for C24H29N4O5 [M+H]+: 453.2159 (calcd 

453.2138); Analytical HPLC (5-90% in 30 min) tR = 14.92 min (96% purity at 220 

nm). 
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5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(2,3-dihydroben- 

zo[b]furan-5-yl)-5-oxopentanoic acid (225)  

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(2,3-dihydrobenzo[b]furan-5-yl)pentanoic acid (217) (0.28 g, 0.57 mmol) 

according to general method 2 (m1 = 420 mg, m2 = 600 mg, l = 0.66 mmol/g). Fmoc-

deprotection and coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) 

(165 mg, 0.79 mmol) were carried out according to general methods 3 and 5, cleavage 

from the resin was carried out according to general method 8. RP-HPLC purification 

and lyophilization yielded a colourless powder (10.8 mg, 0.0237 mmol, 6%). 

 

mp 75-80 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 11.92 (bs, 1H, COOH), 

9.69 (s, 1H, NH-NH), 9.67 (s, 1H, NH-NH), 8.44 (bs, 1H, NH-CH2), 7.80 (d, J = 6.4 

Hz, N-CH), 7.08 (s, 1H, C-CH-C-O), 6.92 (d, J = 8.1 Hz, 1H, CH-CH-C-CH2-CH2-O), 

6.81 (s, 1H, N-C-CH), 6.70 (d, J = 6.4 Hz, 1H, N-CH-CH), 6.63 (d, J = 8.2 Hz, 1H, 

CH-CH-C-CH2-CH2-O), 4.47 (t, J = 8.6 Hz, 2H, CH2-CH2-O), 3.36-3.43 (m, 1H, CH2-

CH-CH2), 3.26-3.28 (m, 2H, NH-CH2), 3.12 (t, J = 8.6 Hz, 2H, CH2-CH2-O), 2.67 (dd, 

J = 15.5 Hz, J = 5.6 Hz, 1H, CH2-CH-CHH), 2.36-2.47 (m, 3H, CH2-CH-CHH), 2.32 

(s, 3H, CH3), 2.14 (m, 2H, CH2-CH2-CO), 1.58 (m, 4H, CH2-CH2-CH2-CO); HPLC-

MS (ESI) m/z 191.1 (100), 223.1 (55), 437.2 (15), 455.2 (54) [M+H]+, 477.2 (6) 

[M+Na]+; HRMS (ESI-TOF) for C24H31N4O5 [M+H]+: 455.2310 (calcd 455.2294); 

Analytical HPLC (5-90% in 30 min) tR = 12.44 min (95% purity at 220 nm). 
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5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(1,3-benzodioxole 

-5-yl)-5-oxopentanoic acid (226)  

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(1,3-benzodioxole-5-yl)pentanoic acid (218) (0.35 g, 0.72 mmol) according to 

general method 2 (m1 = 525 mg, m2 = 700 mg, l = 0.55 mmol/g). Fmoc-deprotection 

and coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) (160 mg, 

0.77 mmol) were carried out according to general methods 3 and 5, cleavage from the 

resin was carried out according to general method 8. RP-HPLC purification and 

lyophilization yielded a colourless powder (103.9 mg, 0.228 mmol, 59%). 

 
mp 85-90 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 9.70 (s, 1H, NH-NH), 9.67 

(s, 1H, NH-NH), 8.53 (bs, 1H, NH-CH2), 7.81 (m, 1H, N-CH), 6.78-6.83 (m, 3H, N-C-

CH and CH-CH-C-O and C-CH-C-O), 6.67-6,71 (m, 2H, N-CH-CH and CH-CH-C-

O), 5.96 (s, 2H, O-CH2-O), 3.36-3.43 (m, 1H, CH2-CH-CH2), 3.28 (m, 2H, NH-CH2), 

2.63-2.69 (m, 1H, CH2-CH-CHH), 2.35-2.50 (m, 3H, CH2-CH-CHH), 2.33 (s, 3H, 

CH3), 2.14 (m, 2H, CH2-CH2-CO), 1.58 (m, 4H, CH2-CH2-CH2-CO); HPLC-MS 

(ESI) m/z 191.1 (100), 223.1 (60), 439.2 (15), 457.2 (90) [M+H]+, 479.2 (10) 

[M+Na]+; 934.9 (15) [2M+Na]+; HRMS (ESI-TOF) for C23H29N4O6 [M+H]+: 

457.2052 (calcd 457.2087); Analytical HPLC (5-90% in 30 min) tR = 12.44 min 

(96% purity at 220 nm). 
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5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(napht-1-yl)-5-

oxopentanoic acid (227)  

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(napht-1-yl)pentanoic acid (219) (0.29 g, 0.59 mmol) according to general 

method 2 (m1 = 435 mg, m2 = 600 mg, l = 0.60 mmol/g). Fmoc-deprotection and 

coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) (150 mg, 0.72 

mmol) were carried out according to general methods 3 and 5, cleavage from the resin 

was carried out according to general method 8. RP-HPLC purification and 

lyophilization yielded a colourless powder (79.8 mg, 0.173 mmol, 48%). 

 
mp 90-95 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 12.09 (bs, 1H, COOH), 

9.83 (s, 1H, NH-NH), 9.69 (s, 1H, NH-NH), 8.51 (bs, 1H, NH-CH2), 8.21 (d, J = 7.7 

Hz, 1H, 9-H), 7.92 (d, J = 7.7 Hz, 1H, 6-H), 7.72-7.82 (m, 2H, N-CH and 4-H), 7.47-

7.58 (m, 4H, 2-H, 3-H, 7-H, 8-H), 6.82 (s, 1H, N-C-CH), 6.70 (d, J = 5.3 Hz, 1H, N-

CH-CH), 4.35-4.43 (m, 1H, CH2-CH-CH2), 3.27 (m, 2H, NH-CH2), 2.74-2.85 (m, 2H, 

CH2-CH-CH2), 2.58-2.65 (m, 1H, HHC-CH-CH2), 2.49-2.55 (m, 1H, HHC-CH-CH2), 

2.32 (s, 3H, CH3), 2.14 (m, 2H, CH2-CH2-CO), 1.59 (m, 4H, CH2-CH2-CH2-CO); 

HPLC-MS (ESI) m/z 191.1 (100), 223.1 (62), 445.3 (15), 463.2 (83) [M+H]+, 485.2 

(8) [M+Na]+; HRMS (ESI-TOF) for C26H31N4O4 [M+H]+: 463.2308 (calcd 463.2345); 

Analytical HPLC (5-90% in 30 min) tR = 14.57 min (94% purity at 220 nm). 
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5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(napht-2-yl)-5-

oxopentanoic acid (228) 

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(napht-2-yl)pentanoic acid (220) (0.31 g, 0.63 mmol) according to general 

method 2 (m1 = 465 mg, m2 = 600 mg, l = 0.49 mmol/g). Fmoc-deprotection and 

coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) (122 mg, 0.59 

mmol) were carried out according to general methods 3 and 5, cleavage from the resin 

was carried out according to general method 8. RP-HPLC purification and 

lyophilization yielded a colourless powder (43.4 mg, 0.0938 mmol, 32%). 

 
mp 92-95 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 9.76 (s, 1H, NH-NH), 9.65 

(s, 1H, NH-NH), 8.52 (bs, 1H, NH-CH2), 7.82-7.86 (m, 3H, 4-H, 6-H, 9-H), 7.80 (d, J 

= 6.5 Hz, 1H, N-CH), 7.73 (s, 1H, 1-H), 7.43-7.49 (m, 3H, 3-H, 7-H, 8-H), 6.82 (s, 

1H, N-C-CH), 6.70 (d, J = 6.5 Hz, 1H, N-CH-CH), 3.62-3.71 (m, 1H, CH2-CH-CH2), 

3.26 (m, 2H, NH-CH2), 2.80 (dd, J = 15.8 Hz, J = 5.4 Hz, 1H, CH2-CH-CHH), 2.64 

(dd, J = 15.9 Hz, J = 9.7 Hz, 1H, CH2-CH-CHH), 2.56 (d, J = 7.5 Hz, 2H, CH2-CH-

CH2), 2.32 (s, 3H, CH3), 2.13 (m, 2H, CH2-CH2-CO), 1.57 (m, 4H, CH2-CH2-CH2-

CO); MS (ESI) m/z 191.1 (100), 223.1 (63), 445.3 (20), 463.2 (68) [M+H]+, 501.2 (10) 

[M+K]+; HRMS (ESI-TOF) for C26H31N4O4 [M+H]+: 463.2307 (calcd 463.2345); 

Analytical HPLC (5-90% in 30 min) tR = 15.23 min (91% purity at 220 nm). 
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5-{N’-[5-(4-Methylpyridine-2-ylamino)pentanoyl]hydrazino}-3-(9H-fluoren-2-yl)-

5-oxopentanoic acid (229) 

TCP resin was loaded with 5-[N’-(9H-fluoren-9-ylmethoxycarbonyl)hydrazino]-5-

oxo-3-(9H-fluoren-2-yl) pentanoic acid (221) (0.32 g, 0.6 mmol) according to general 

method 2 (m1 = 450 mg, m2 = 600 mg, l = 0.50 mmol/g). Fmoc-deprotection and 

coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) (125 mg, 0.60 

mmol) were carried out according to general methods 3 and 5, cleavage from the resin 

was carried out according to general method 8. RP-HPLC purification and 

lyophilization yielded a colourless powder (34.7 mg, 0.0693 mmol, 23%). 

 
mp 92-94 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 9.75 (s, 1H, NH-NH), 9.67 

(s, 1H, NH-NH), 8.41 (bs, 1H, NH-CH2), 7.84 (d, J = 7.5 Hz, 1H, N-CH), 7.77-7.80 

(m, 2H, CH-CH-CH-CH-C-CH2 and C-CH-CH-C-C-CH2), 7.56 (d, J = 7.4 Hz, 1H, 

CH-CH-CH-CH-C-CH2), 7.46 (s, 1H, C-CH-C-CH2), 7.36 (t, J = 7.4 Hz, 1H, CH-CH-

CH-CH-C-CH2), 7.25-7.30 (m, 2H, C-CH-CH-C-C-CH2 and CH-CH-CH-CH-C-CH2), 

6.80 (s, 2H, N-C-CH), 6.68 (d, J = 6.4 Hz, 1H, N-CH-CH), 3.87 (s, 2H, C-CH2-C), 

3.53-3.57 (m, 1H, CH2-CH-CH2), 3.25-3.27 (m, 2H, NH-CH2), 2.76 (dd, J = 15.8 Hz, 

J = 5.4 Hz, 1H, CH2-CH-CHH), 2.58 (dd, J = 16.1 Hz, J = 9.7 Hz, 1H, CH2-CH-

CHH), 2.50-2.52 (m, 2H, CH2-CH-CH2), 2.31 (s, 3H, CH3), 2.13 (m, 2H, CH2-CH2-

CO), 1.58 (m, 4H, CH2-CH2-CH2-CH2-CO); HPLC-MS (ESI) m/z 191.2 (100), 223.1 

(72), 501.2 (80) [M+H]+, 539.1 (12) [M+K]+; HRMS (ESI-TOF) for C29H33N4O4 

[M+H]+: 501.2510 (calcd 501.2502); Analytical HPLC (5-90% in 30 min) tR = 16.86 

min (94% purity at 220 nm). 
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1-(Acet-2-yl)-2-{N’-[5-(4-methylpyridine-2-ylamino)pentanoyl]hydrazino}carb- 

oxy-1,2,3,4-tetrahydroisochinoline (230)  

TCP resin was loaded with 2-{1-[1,2,3,4-tetrahydro-2-(9H-fluoren-9-ylmethoxy) 

carbonyl]isoquinolinyl}acetic acid (119) (0.48 g, 1.16 mmol) according to general 

method 2 (m1 = 0.84 g, m2 = 1.0 g, l = 0.426 mmol/g). Fmoc-deprotection and 

coupling of freshly prepared 5-(9H-fluoren-9-ylmethoxy)-3H-[1,3,4]oxadiazol-2-one 

(141) (385 mg, 1.32 mmol) were carried out according to general methods 3 and 11, 

coupling of 5-[N-(4-methylpyridine-2-yl)amino]pentanoic acid (213) (177 mg, 0.852 

mmol) according to general method 5, cleavage from the resin was carried out 

according to general method 8. RP-HPLC purification (10-80% in 30 min) and 

lyophilization yielded a colourless powder (3.0 mg, 0.00542 mmol, 1.3%). 

 
mp 103-109 �C; 1H-NMR (500 MHz, DMSO-d6, 300 K) � = 8,81 (bs, 1H, NH-NH), 

8.44 (bs, 1H, NH-NH), 8.25 (d, J = 6.5 Hz, 1H, N-CH-CH), 7.74-7.77 (m, 4H, arom), 

7.34 (s, 1H, N-C-CH), 7.21 (d, J = 6.4 Hz, 1H, N-CH-CH), 6.06-6.07 (m, 1H, N-CH), 

4.46-4.52 (m, 1H, CH-CH2), 3.82-3.93 (m, 3H, NH-CH2 and CH-CH2), 3.47-3.57 (m, 

2H, N-CH2-CH2), 3.30-3.40 (m, 2H, N-CH2-CH2), 2.94 (s, 3H, CH3), 2.79-2.84 (m, 

2H, CH2-CO), 2.23-2.35 (m, 4H, CH2-CH2-CH2-CO); MS (ESI) m/z 191.2 (8), 249.1 

(100), 440.1 (30) [M+H]+, 462.1 (8) [M+Na]+, 478.1 (10) [M+K]+, 901.0 (2) 

[2M+Na]+, 917.1 (3) [2M+K]+, 939.1 (4) [2M-H+Na+K]+, 945.1 (4); HRMS (ESI-

TOF) for C23H30N5O4 [M+H]+: 440.2273 (calcd 440.2298); Analytical HPLC (5-90% 

in 30 min) tR = 14.69 min (92.7% purity at 220 nm). 
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8.5 Biological Evaluation 

 

8.5.1 Molecular Cloning, Transfection and Cell Culture  

 

The cDNA of the human BRS-3 receptor (Acc. L08893), of the human NMB receptor 

(Acc. M73482) and of the human GRP receptor (Acc. M73481) was kindly provided 

by James Battey, Ph.D. (NIDCD, NIH, USA) to Solvay Pharmaceuticals GmbH 

(Hannover, Germany). The cDNA was cut out of pGEM4 (Promega, Madison, USA), 

in case of BRS-3 and GRP with Eco RI, in case of NMB with Eco RI and Bam HI and 

cloned into the expression vector pcDNA3.1(-) (Invitrogen, Carlsbad, California). 

For transfection, CHO-K1 cells (Molecular Devices, Sunnyvale, California), stably 

transfected with the expression vector RD-HGA16 of the human G�16-protein (Acc. 

M63904), were seeded into 24-well plates (2 � 104 cells/well) and cultured over night 

under sterile conditions in a humidified Nuaire incubator from Zapf (Sarstedt, 

Germany) at 37 �C and 5% CO2 in Nut.Mix.F-12 (Ham) with Glutamax-I medium 

(GibcoBRL, Paisley, Scotland) supplemented with 10% fetal calf serum (inactivated at 

56 ºC for 1 hr, origin: South America, GibcoBRL), 0.025 mg/mL gentamicin 

(GibcoBRL) and 0.2 mg/mL hygromycin B (GibcoBRL). The next day, cells were 

transfected with 12 L of a 0.3 g/L receptor’s DNA solution using the ‘Effectene 

Transfection Reagent’ from Qiagen (Hilden, Germany) according to the 

manufacturer’s instruction.[510] One day after transfection the medium was changed. 

From now on, cells were cultured under sterile conditions (37 �C, 5% CO2) in 

Nut.Mix.F-12 (Ham) with Glutamax-I medium (GibcoBRL, Paisley, Scotland) 

supplemented with 10% fetal calf serum (GibcoBRL), 0.025 mg/mL gentamicin 

(GibcoBRL), 0.2 mg/mL hygromycin B (GibcoBRL) and 0.5 mg/mL geneticin 

(GibcoBRL). For cell test optimization, cells with the highest receptor expression rate 

were selected. Therefore, transfected cells were diluted 1:30000 with the above 

described medium and transferred into 96-well plates. After incubation (37 �C, 5% 

CO2) over night, wells containing a single cell were chosen and cells were cultivated 

in 24-well plates, then 25 mL- and finally 250 mL Costar plastic flasks (Corning, NY, 
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USA). Then receptor expression was assessed by determination of the EC50-value of 

the corresponding endogenous ligand, NMB (2) for NMB-R, GRP (3) for GRP-R, or 

[D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) for BRS-3, respectively. 

Selected cells were stored in aliquots of 1.8 mL (1 x 106 cells/mL) medium in 10% 

DMSO (v/v) at -80 ºC. For cultivation, aliquots were warmed up to 37 ºC, transferred 

into a Costar plastic flask (225 mL) from Corning (NY, USA) and diluted with 50 mL 

of supplemented medium. The medium was exchanged after 30 min of cultivation. 

Every following 1 to 3 days the medium was removed, the adherent cells (40-95% 

confluency) were washed with PBS Dulbecco’s (GibcoBRL) and then separated from 

the flask bottom by treatment with trypsin-EDTA (GibcoBRL) for 2 min at 37 °C. For 

further cultivation, cells were transferred into a new plastic flask with fresh medium. 

For FLIPR measurements, cells were seeded into Costar 96-well assay plates (clear 

bottom with lid, Corning) at a density of 1.2 x 104 cells/well. 

 
 
8.5.2 FLIPR (Fluorometric Imaging Plate Reader) Assay  

 

CHO cells were cultivated 18-24 hrs in Costar 96-well assay plates (Corning) until 

they were confluent. Probenecid solution was prepared fresh every day, at a stock 

concentration of 250 mM. Therefore, probenecid (710 mg, 2.5 mmol) from Sigma 

(Seelze) was dissolved in 1 N NaOH (5 mL) and diluted with HBSS without phenol 

red (GibcoBRL) with 20 mM HEPES (PAA Laboratories GmbH, Linz, Austria). A 

stock solution (2 mM) of fluorescent calcium indicator dye Fluo4 (Molecular Probes, 

OR, USA) was prepared from Fluo4 (1 mg) solubilized in DMSO (440 L) and stored 

at at -20 ºC. Immediately before use an aliquot of dye stock solution (22 L) was 

mixed with an equal volume of 20% (w/v) pluronic acid F-127 (Sigma, Seelze) in 

DMSO. Then the cells were loaded for 45-60 min (37 ºC, 5% CO2) with 100 L 

loading medium prepared from HBSS without phenol red (42 mL) with 60 mM 

HEPES and aliquots of stock solutions of probenecid (420 L), Fluo4 (22 L) and 

pluronic acid (22 L). The cells were washed three times with 100 L of HBSS with 

20 mM HEPES and 2.5 mM probenecid in a Denley cell-washer (Labsystems). After 
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the final wash, a 100 L residual volume remained on the cells in each of the 96 well. 

Peptides were dissolved in DMSO as 10 mM stock solutions and diluted with HBSS 

with 20 mM HEPES into 96-well plates from Greiner (Frickenhausen, Germany). The 

highest concentration applied for measurements usually was 33 M, in some cases as 

low as 1 M. Well-to-well dilutions were 1:2, 1:3, 1:4 or 1:10 into 8 or 16 different 

wells depending on compound and receptor. For reference, each ligand microplate 

contained [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) (Polypeptide Laboratories, 

Wolfenbüttel), in case of measurements on BRS-3, NMB (2) (Bachem, Heidelberg) in 

case of NMB-R and GRP (3) (Bachem, Heidelberg) in case of GRP-R. The FLIPR 

(Molecular Devices, Sunnyvale, California) was programmed to measure background 

fluorescence during 30 sec in 6 sec intervals. Then 50 L from each well of the ligand 

microplate were transferred to the cell plate and fluorescence change in counts was 

recorded during 100 sec in 1 sec intervals and in 6 sec intervals during the last 42 sec. 

From each well the maximum of fluorescence change was exported to Excel 

(Microsoft) and normalized with the value of the reference compound at a 

concentration of maximal response, usually 16 M. Dose response curves and EC50-

values were calculated using Graphpad Prism (Version 3.00, Graphpad Software).   

 
 
8.5.3 FLIPR Antagonist Experiment 

 

The FLIPR was programmed to measure background fluorescence during 60 sec in 6 

sec intervals. Then fluorescence change in counts was recorded during 100 sec in 1 sec 

intervals and 50 L from each well of the microplate containing the potential 

antagonists and the known antagonists [D-Phe12]Bn (Bachem), [D-Phe6,Leu13,p-

chloro-Phe14]Bn(6-14) (Bachem) and [D-Phe6,Leu-NHEt13,desMet14]Bn(6-14) 

(Bachem) were transferred to the cell plate after 12 sec.[232,459,460] The highest 

concentration of the potential and known antagonist applied for the measurements was 

10 ���well-to-well dilutions were 1:3. Then fluorescence was measured during 210 

sec in 6 sec intervals. In the subsequent 100 sec, measurements were carried out every 

1 sec. After 37 sec, 50 L of a solution containing the agonist, NMB for NMB-R and 
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GRP for GRP-R was transferred to each well of the cell plate. The concentration of the 

agonists in each well was 1 M for NMB and 0.5 M for GRP. Finally fluorescence 

was measured during 120 sec dissected in 6 sec intervals. 
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10  Appendix 
 

10.1 Alascan of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1). Dose response curves 

(BRS-3) of peptides 4-13 (Table 4.2) (n = number of independent dose 

response measurements). 
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10.2 Alascan of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1). Dose response curves 

(NMB-R) of peptides 4-13 (Table 4.2). 
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10.3 Alascan of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1). Dose response curves 

(GRP-R) of peptides 4-13 (Table 4.2). 
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10.4 Alascan of [D-Phe6,Phe13]Bn(6-13) propylamide. Dose response curves (BRS-

3) of peptides 14-22 (Table 4.3). 
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10.5 D-amino acid scan of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1). Dose response 

curves (BRS-3) of peptides 23-31 (Table 4.4). 
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10.6 D-amino acid scan of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1). Dose response 

curves (NMB-R) of peptides 23, 24, 27-29, 31 (Table 4.4). 
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10.7 D-amino acid scan of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1). Dose response 

curves (GRP-R) of peptides 23-31 (Table 4.4). 
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10.8 D-amino acid scan of [D-Phe6,Phe13]Bn(6-13) propylamide. Dose response 

curves (BRS-3) of peptides 32-39 (Table 4.5). 
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10.9 Analogues of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) with N-terminal and/or 

C-terminal deleted amino acids, individual amino acids are substituted and the 

N-terminus is acetylated. Dose response curves (BRS-3) of peptides 40-57 

(Tables 4.6 and 4.7). 
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10.10 Analogues of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) (1) with N-terminal and/or 

C-terminal deleted amino acids, individual amino acids are substituted and the 

N-terminus is acetylated. Dose response curves (NMB-R) of peptides 40, 41, 

43, 52-54 (Tables 4.6 and 4.7). 
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10.11 Analogues of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) with N-terminal and/or C-

terminal deleted amino acids, individual amino acids are substituted and the N-

terminus is acetylated. Dose response curves (GRP-R) of peptides 40-55 

(Tables 4.6 and 4.7). 
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10.12 Disulfide bridged cyclic analogues of [D-Phe6,�-Ala11,Phe13,Nle14]Bn(6-14) 

(1). Dose response curves (BRS-3) of peptides 74-77 and 85-87 (Table 4.8). 
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10.13 Tetrapeptide mini-library and analogues in which individual amino acids were 

substituted. Dose response curves (BRS-3) of peptides 95-107 (Table 4.9). 
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10.14 C-terminally modified analogues of 95. Dose response curves (BRS-3) of 

peptides 108-115 (Table 4.10). 
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10.15 Analogues of 109 with N-terminally deleted aminofunction and additionally 

with Gln replaced by Ala. Dose response curves (BRS-3) of compounds 163-

174 (Table 4.11). 
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10.16 Analogues of 109 containing peptoide monomer building blocks and N-

arylated 2-aminopropionic acid building blocks. Dose response curves (BRS-3) 

of compounds 175-181 (Table 4.12). 
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10.17 Dose response curves (BRS-3) of azapeptides 182-185 (Table 4.13). 
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10.18 Dose response curves (BRS-3) of semicarbazones 187-190 (Table 4.14). 
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10.19 Dose response curves (BRS-3) of semicarbazides 191-193 (Table 4.15). 
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10.20 Dose response curves (BRS-3) of compounds 194 and 195 (Table 4.16). 
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10.21 Analogues of 109 with N-terminally deleted aminofunction. Dose response 

curves (NMB-R) of compounds 163 and 164 (Table 4.11). 
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10.22 Dose response curves (GRP-R) of tetrapeptide 95 and analogues of 109 with N-

terminally deleted aminofunction, compounds 163 and 164 (Tables 4.9 and 

4.11). 
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