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Ar Aryl 
Boc tert-Butoxycarbonyl 
BSA N,O-bis(Trimethylsilyl)acetamide 
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COSY Correlated spectroscopy 
DHP Dihydrophenanthrene 
DIEA Diisopropylethylamine 
DMSO Dimethylsulfoxide 
DMF Dimethylformamide 
DNA Desoxyribonucleic acid 
FTIR Fourier transform infrared 
Fmoc 9-Fluorenylmethyloxycarbonyl 
HATU N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-yl-methylene]-N-

methylmethanaminium hexafluorophosphate N-oxide 
HIV Human immunodeficiency virus 
HMDS 1,1,1,3,3,3-Hexamethyldisilazane 
HPLC High performance liquid chromatography 
LED Longitudinal encode-decode 
MCMM Monte Carlo Molecular Mechanics 
MD Molecular dynamics 
MS Mass spectrometry 
NOE Nuclear Overhauser effect 
NOESY Nuclear Overhauser effect spectroscopy 
NMR Nuclear magnetic resonance 
PFG Pulsed field gradient 
PyBOP (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 
RNA Ribonucleic acid 
r.t. Room temperature 
ROE Rotating-frame Overhauser effect 
RP Reversed-phase 
ROESY Rotating-frame Overhauser effect spectroscopy 
SPPS Solid phase peptide synthesis 
TATA Thymine-adenine-thymine-adenine 
TOCSY Total correlation spectroscopy 
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1 Svensk populärvetenskaplig sammanfattning

Allt levande i och omkring oss består av molekyler. Dessa förelig-
ger sällan som isolerade enheter, utan växelverkar med varandra. De 
enklaste interaktionerna mellan molekylerna påverkar ej deras 
sammansättning, men de kan avgöra om molekylerna förekommer i 
form av gas, vätska, eller som fast ämne. Vid mera genomgripande 
interaktioner förändras molekylernas sammansättning, det sker en 
kemisk reaktion. Livet innebär många sådana processer, de pågår till 
exempel då man rör sig, känner en doft eller smak, hör, pratar, ser 
eller tänker. Bakom alla dessa skeenden finns processer på molekylär 
nivå. Kemin är den del av vetenskapen som försöker förstå hur 
världen fungerar genom att undersöka strukturer, interaktioner och 
förändringar av molekyler. Läkemedelskemin är den gren som 
försöker förklara de kemiska processer som pågår i människokroppen 
och söka lösningar ifall någon av dessa inte fungerar på ett 
tillfredsställande sätt. Lösningen kan till exempel innebära fram-
ställningen av en tablett som hjälper mot huvudvärk eller ett vaccin 
mot tuberkulos. 

Människans kropp består till stor del av peptider och proteiner, en 
speciell typ av molekyler. Dessa är sammansatta av ett tjugotal 
byggstenar, så kallade aminosyror, vars kombination leder till en i 
praktiken obergänsad mångfald av peptider med otaliga funktioner. 
Peptider och proteiner deltar bland annat i uppbyggnaden av muskler, 
är nödvändiga för synen, transporterar syre i blodet och reglerar 
blodtrycket. En av de för allmänheten mest kända peptiderna är insu-
lin, som har en avgörande roll i regleringen av blodsockerhalten. Om 
regleringsmekanismen upphör att fungera leder det till diabetes. 
Följderna av denna sjukdom kan minskas betydligt genom att man 
tillför insulin via injektion. Insulin kan inte ges i tablettform eftersom 
det, liksom andra peptider, bryts ner i matsmältningssystemet innan 
det når blodomloppet.  
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Molekylers egenskaper kan påverkas genom förändringar i deras 
struktur. Genom att rationellt byta ut olika aminosyror i en peptid mot 
icke-aminosyror kan man förändra dess egenskaper. De modifierade 
peptiderna kallas peptidmimetika. Det kan vara möjligt att bibehålla 
vissa egenskaper från den ursprungliga peptiden och samtidigt tillföra 
nya och önskvärda egenskaper. En sådan förändring skulle till 
exempel kunna leda till en modifierad form av insulin som är möjlig 
att inta i tablettform. Att det inte finns någon sådan form av insulin på 
apoteken idag visar att den här typen av modifieringar är svåra att 
förverkliga. 

I denna avhandling  beskrivs de första stegen i utvecklingen av 
peptider vars struktur kan förändras fotokemiskt. Sådana peptid-
mimetika innehåller en enhet som tillåter reglering av deras egenska-
per med hjälp av ljus. Man skulle till exempel kunna reglera den 
tredimensionella strukturen och  därmed den biologiska aktiviteten av 
peptidmimetikan på detta sätt. 

I avhandlingens första del beskrivs en vidareutveckling av en 
metod för att koppla ihop vissa typer av molekylenheter på ett snabbt 
och effektivt sätt (Sonogashirakoppling). Genom optimering av 
betingelserna kan reaktionstiden minskas från timmar till 5-25 
minuter. Upphettningen åstadkoms med hjälp av mikrovågor och 
under tryck i ett slutet kärl. 

I andra delen undersöks de faktorer som kan stabilisera en särskilt 
tredimensionell peptidstruktur, så kallad hårnål (”hairpin”). Sådana 
peptider har visats ha många funktioner i människokroppen, bland 
annat att reglera översättningen av den genetiska koden som är lagrad 
i cellernas DNA. Betydelsen av de viktigaste typerna av stabiliserande 
interaktioner studerades med hjälp av olika spektroskopiska och 
teoretiska metoder. 

Slutligen har ett strukturelement byggts in i peptider som möjliggör 
fotokemisk reglering av deras struktur och egenskaper. De i avhand-
lingen beskrivna studierna har resulterat i förbättrade syntesmetoder 
och lagt grunden till utvecklingen av nya “hairpin” peptidmimetika 
vars struktur kan ändras genom belysning. Resultaten kommer med 
stor sannolikhet att få användning i och utanför läkemedelsvärlden.  
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2 Introduction 

Peptides have been shown to influence practically all known 
physiological processes,1 and are therefore of enormous interest for 
the development of therapeutic agents. Efforts made in the peptide 
field over the past 100 years have resulted in major discoveries for 
human well-being. The dynamic growth of peptide related research 
has led to an increasing interaction of virtually all fields of science, 
especially biology, chemistry and physics. 

Peptide chemistry has its earliest origins in Theodor Curtius’ initial 
synthesis of  hippuric acid (Scheme 1),2 and his development of the 
azide reaction,3 the most utilized coupling methodology until the 
1960s.

O

N3 NH2 OH

O
O

N
H

OH

O+

Scheme 1. Synthesis of hippuric acid, developed by Theodor Curtius in 1881. 

However, Emil Fischer’s initial synthesis of glycyl-glycine by the 
opening of piperazine-2,5-dione is popularly considered as the first 
preparation of a free peptide.4 He was also responsible for several 
other milestones in peptide science, such as the introduction of acid 
chlorides for peptide bond formation, the first synthesis of an optically 
active amino acid (aminolysis of -bromo isovaleric acid resulting in 
L-leucine), introduction of the terminology still in use today in peptide 
chemistry, and formulation of  the first theory on protein structure. 

The connection between peptide structure and biological activity 
was recognized at an early stage. One of the major advances in the 
field came from Vigneaud, who synthesized and determined the 



8

structure of oxytocin, the first peptide commercially utilized in 
medicine.5 Endogenous peptide mediators typically consist of up to 
fifty amino acids and are often flexible molecules. The knowledge of 
their conformational behavior in solution is crucial for the 
understanding of molecular recognition, an event involved in specific 
receptor and antigen binding, enzyme inhibition, as well as 
transcription and translation regulation. Most short linear peptides are 
present in solution as an ensemble of rapidly interconverting 
conformations. However, in some cases, the population of a group of 
similar conformers is preferred resulting in folding into a distinct 
steric arrangement. Folding is defined as the process whereby a 
peptide or protein molecule assumes its energetically favoured three-
dimensional shape. Peptides have a tendency to fold into a small 
number of regular secondary structural elements, usually described as 

-helices, reverse turns, and -hairpins (Figure 1). The recurring 
localization of such foldamers on the surface of proteins reflects their 
essential role in recognition events.6,7 

a b c
Figure 1. Structure of an -helix (a), a -hairpin (b), and a reverse turn (c).

2.1 -Hairpins
-hairpin is defined as a polypeptide or polynucleotide 

secondary structure element containing two antiparallel strands 
connected by a turn. In such peptides, the amino acid chain reverses 
its overall direction and intramolecular hydrogen-bonds are formed 
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Figure 2. Schematic representation of a -hairpin. 

between the facing amino acids, giving rise to pseudo-rings (for 
example: i and i+3  pseudo-ten; i-1 and i+4  pseudo-fourteen 
membered ring, Figure 2).8 In native -hairpins, the involved -turn 
was recognized to be always of type I’ or II’ conformation, which 
comprise only 4 % and 3 %, respectively, of all known classic  

-turns.9,10 It has been suggested that these, especially type I’, are only 
favoured when stabilized by additional hydrogen-bonds, for example 
in a -hairpin.10 Originally, the term -sheet was defined as a group of 
hairpins. However, today it is also used as a synonym for a -hairpin.

Whereas helical structures have been the subject of a large number 
of investigations,11,12 -hairpins have been much less studied until the 
1980’s,13 a fact most likely caused by their well-known pronounced 
aggregation tendency at concentrations typically used for structural 
investigations.14-16 

 Despite these obstacles, efforts to characterize and mimic  
-hairpins have been pursued intensively, most likely motivated by 

the recognition of their involvement in many vital physiological 
processes and pathological disorders. Protein-DNA recognition,17,18

protein-RNA recognition,19,20 and protein-protein21 recognition, 
Alzheimer's disease,22,23 prion diseases,24 the immunoglobulin E 
mediated allergic response,25 interaction of bacterial cell surface 
associated protein with immunoglobulin G,26-29 and HIV glycoprotein-
120 binding to human T-cell surface protein CD430 are some examples 
of the biological occurrence of the -hairpin secondary structure 
element. 
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2.2 -Hairpin Mimetics 
The direct use of peptides as oral drugs is in general limited by 

their poor absorption from the gastrointestinal tract, low metabolic 
stability towards proteolytic enzymes, rapid clearance through the 
liver and kidneys and a profound antigen character. Efforts to 
overcome these disadvantages have resulted in development of 
peptidomimetics, compounds mimicking the biological effects of 
endogenous peptides while displaying more favourable pharmaco-
logical properties. In peptidomimetics, the amino acids considered to 
be of minor importance for the molecular recognition event are 
substituted by non-peptidic moieties (Figure 3). Thereby, in the 
optimal case, they provide superior pharmacokinetic properties and 
simultaneously enforce the formation of a particular secondary 
structure element. 
 For - and -turns, the amino acid side chains in the turn regions 
were suggested to be involved in intramolecular interactions.6,31

However, in the case of -hairpins, those positioned in the extended 
strands are most likely to be responsible for the biological activity.32

Because of the low significance of the side chains in the turn parts of 
-hairpins for molecular recognition, a large number of hairpin 

mimetics replacing turns by other non-native peptide or non peptide 
motifs have been reported.8,33,34 The recently recognized correlation of 
biological activity with hairpin conformational stability (antiparallel 
alignment of the participating peptide strands) in some peptides35,36

signify the impact of well-designed, rigid turn mimetics. 

Figure 3. Schematic picture of a -hairpin (top) and a -hairpin mimetic (bottom).
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2.3 TATA-box Binding Protein 
The TATA-box is the most well known promoter region located 

upstream from the transcription start site in the minor groove of  
DNA.37 Association of TATA-box Binding Protein (TBP) to the 
TATA element is the first step in the formation of a preinitiation 
complex, to which RNA polymerases can bind. Consequently, TBP is 
required for the correct initiation of transcription in all eukaryotic 
cells. The crystal structure of the TATA-TBP complex,38 depicted in 
Figure 4, indicates that TBP is a protein, which pursues its biological 
effect by molecular recognition via -sheet regions.  

Figure 4. Crystal structure of the human TATA-box binding protein-TATA element 
complex, showing the interaction between -hairpin regions of the protein and 
bound DNA.38

Design of molecules capable of selective gene expression 
modulation represents a promising approach, for example to the 
treatment of cancer.35,39 Progress in development of minor groove 
binding drugs aimed to block transcription has been rapid over the 
past few years. The increasing interest in these compounds is 
motivated by their potential use as chemotherapeutic agents. 
Investigations of Dervan and coworkers40,41 revealed that such 
molecules often bind in the minor groove as dimers and their linkage, 
yielding hairpins, results in enhanced affinity to their target sequences.
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3 Aims of the Present Study 

The incorporation of photoswitchable elements into peptides is a 
promising novel scientific approach providing a large number of 
potential applications based on photomodulation of their physical, 
chemical and biological properties. Over the last few years a small 
number of such molecules have been developed, most of them 
incorporating an azobenzene moiety. However, to date there are no 
examples of non cyclic photoswitchable -hairpin mimetics. The 
design of such compounds is a great challenge, involving the 
simultaneous optimization of secondary interactions required for 
peptide folding and the fine tuning of photochemical properties. 

The objectives of this thesis were: 

The investigation of factors affecting -hairpin stability. 

Incorporation of a photoswitchable element, preferably not an 
azobenzene moiety, into a small model peptide likely to fold 
into a -hairpin conformation. 

Construction of a photoswitchable mimetic for a hairpin region 
of a known bioactive protein. 

Development of efficient synthetic routes for these molecules. 
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4 Overview of the Applied Methods 

4.1 Conformational Analysis 
The conformation describes the three dimensional structure of a 

molecule. Exploration of peptide structural preferences requires the 
utilization of a broad range of spectroscopic as well as theoretical 
methods.42 Short linear peptides are usually present in solution as an 
ensemble of rapidly interconverting conformations. In cases where 
one or more of these steric arrangements are of significantly lower 
energy, their population might be sufficient for spectroscopic 
detection. This paragraph presents a short summary of the methods 
used in our investigations, without trying to cover all aspects. 

4.1.1 Circular Dichroism Spectroscopy  
The use of circular dichroism (CD) spectroscopy for the elucidation 

of peptide solution conformation is widely spread.42 This chiroptical 
technique provides information about the overall molecular 
conformation in solution, and is therefore especially advantageous for 
investigation of larger peptides containing more than one ordered 
region. High sensitivity, enabling the reduction of sample require-
ments and thus avoidance of difficulties originating from limited 
solubility, is an attractive property of CD spectroscopy. The fact that 
solvents absorbing in the ultraviolet spectral region, for example 
dichloromethane, cannot be used for investigations is one of its 
limiting weaknesses. The diagnostic CD signature of a -hairpin is an 
intense negative band at 217-222 nm and a positive band at 195-200 
nm (Figure 5),43-45 while for -helices a pair of strong negative bands 
at 208 and 222 nm and a positive ellipticity at approximately 190 nm 
is characteristic.42,46



14

70

50

30

10

-10

-30

200 210 220 230 240 250

r

 (nm)

   [ ]
(mdeg)

Figure 5. Typical CD spectra of -helices ( ), -hairpins ( ) and random coils (r). 

Random coils exhibit a strong negative band at 195 nm and a weak 
positive band at 210-220 nm. 

4.1.2 Fourier Transform Infrared Spectroscopy  
Fourier Transform Infrared (FTIR) spectroscopy offers limited 

information on peptide conformation. Hydrogen-bonded and non-
bonded amides give rise to distinct signals due to the sufficiently short 
time scale of an FTIR measurement, however, these signals tend to 
overlap in the spectra. The amide N-H stretch region is most 
commonly investigated in -hairpin studies. Absorption observed at 
3250-3500 cm-1 is indicative of N-H…O=C hydrogen-bonds.47 A 
concentration-independent absorption band in the interval of  
3320-3330 cm-1 may be interpreted as intramolecularly hydrogen-
bonded amide NH, while solvent accessible NH’s give rise to a band 
at 3400-3500 cm-1.42,43,47

4.1.3 Nuclear Magnetic Resonance (NMR) Spectroscopy  
Of all spectroscopic methods, NMR provides the most detailed site  

specific information on three dimensional structure, but because of the 
relatively slow time scale of this technique, the gained parameters are 
population-weighted averages over all conformations present in 
solution. Structural information can be extracted by measurement of a 
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variety of NMR parameters, such as chemical shifts, and their 
temperature coefficients, coupling constants and NOEs.42

Chemical Shifts 

The chemical shifts of amide protons ( NH), an easily measurable 
parameter, can be indicative of hydrogen-bonding interactions. A  NH
of 7-9 ppm may reveal involvement of an amide proton in hydrogen-
bonding, while lower values (6-7 ppm) are associated with solvent 
exposed protons.43 In addition, the amide chemical shifts are 
extraordinarily sensitive for changes in solvent.43,48,49 Addition of 
strongly hydrogen-bond accepting dimethylsulfoxide to a peptide 
dissolved in chloroform has a relatively small effect (~ 0.2 ppm) on 
the NH’s of its hydrogen-bonded amide protons, while a more 
profound change (~ 2 ppm) is observed for non-hydrogen-bonded 
amides, a difference reflecting various levels of solvent shielding.44,48

Moreover, amide proton temperature coefficients ( / T) are 
comparatively sensitive and reliable hydrogen-bond indicators, 
showing a strongly solvent dependent behaviour.48-50 In polar aprotic 
solvents such as dimethylsulfoxide, / T values in excess of  
5 ppbK-1 are interpreted as solvent exposed amide protons, while 
those smaller than 3 ppbK-1 indicate solvent inaccessibility, either 
caused by hydrogen-bonding or steric shielding.43,49 On the other 
hand, in apolar aprotic chloroform, temperature coefficients are more 
difficult to interpret. Non-bonded or strongly hydrogen-bonded amide 
protons exhibit a small temperature dependency (0-3 ppbK-1). Amide 
NH’s in equilibrium between hydrogen-bonded and non-bonded states 
possess temperature coefficients in the range of 4-8 ppbK-1.48

Table 1. NMR parameters of various  amide protons in apolar aprotic solvents.

d /dT
(ppbK-1) (ppm) 

solv
(ppm) 

Strongly hydrogen-bonded amide NH < 3 > 7 < 0.2 

Amide NH in equilibrium between 
H-bonded and non H-bonded states  > 3 ~ 7 < 0.2 

Non hydrogen-bonded amide NH < 3  < 7 > 0.2 
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Figure 6. 3JNH,H  coupling constant as a function of the dihedral angle according to 
the Karplus equation.52,53

Hence, when using apolar aprotic solvents, / T values are only 
reliably interpretable in combination with other NMR parameters, 
such as chemical shift and its solvent dependency. Concerning these 
limitations, three types of amide protons are distinguishable in 
chloroform,48,50 their behaviour being summarized in Table 1. 

Furthermore, deuterium exchange measurements may be indicative 
of involvement in hydrogen-bonding.51

Coupling Constants 

The magnitude of the 3JNH,H coupling constants (Figure 6) is an 
easily measurable, but less reliable parameter for characterization of 
backbone conformation. Based on the dihedral angle dependence of 
three-bond coupling constants described by Karplus,52,53 the expected 
3JNH,H ’s of amino acids in the extended strands of a -hairpin are 
predicted to be high (> 7.5 Hz) compared to values observed in  

-helices (~ 4 Hz) or random coils (~ 6-7 Hz).42,43 

Nuclear Overhauser Effects 
Without doubt, the most extensively used NMR tool for exploration of 
peptide conformation is the observation of nuclear Overhauser effects 
(NOEs). The source of the NOE is dipolar cross-relaxation occurring 
through space between nuclei.54

CO

R

CO

H

3JNH,H
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Figure 7. The maximum nuclear Overhauser effect plotted against c for transient 
NOE and for ROE experiments.

The strength of this interaction between two spins, I and S, has an rIS
-6

distance dependence, where rIS depicts the internuclear distance. Thus, 
the NOE reveals the close proximity of nuclei not necessarily linked 
through bonds. The NOE is defined as the change in intensity of one 
resonance (I) when another resonance (S) is perturbed by saturation 
(steady state NOE) or inversion (transient NOE). Hence, the nuclear 
Overhauser enhancement fI{S} (or max) is the fractional change of the 
intensity of proton I while atom S is saturated (or inverted): fI{S} =  
(I-I0)/I0. The magnitude and sign (50 % to -100 %) of the steady-state 
homonuclear NOE between protons depend on the internuclear
distance (rIS), the external field (B0) and the correlation time ( c) of the 
molecule. A slightly smaller positive value (38.5 %) is observed for 
the transient NOE (Figure 7). For small peptides, rapid molecular 
tumbling corresponding to a short correlation time ( c) and small 
positive NOEs are typical. Slow tumbling, most characteristic for 
large proteins, results in large negative NOEs. In this situation the 
distance dependency as mentioned above no longer applies, resulting 
in so called spin diffusion. In the intermediate region the observable 
NOE is small and changes sign at the zero cross-over point where  

c = 1.12 ( being the Larmor frequency of the observed spin). As an 
alternative to the laboratory-frame NOE, observation of the rotating- 
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gradient strength

Figure 8. A typical set of LED-PFG56 1H NMR spectra for self-diffusion 
measurement, arrayed as a  function of gradient strength. 

frame Overhauser effect (ROE, by application of a strong radio 
frequency spin-lock field along a transverse axis) may in some cases 
be superior, since cross-relaxation occurring in the rotating frame is 
always positive, independently of correlation time.54,55 In practice, 
observation of an NOE or ROE between a pair of protons indicates 
that their distance is less then 3.5 Å in a measurable population of 
conformers.42,54 Commonly, the size of the NOE effects for small 
linear peptides is below 10 %. However, their intensity can in most 
cases be related to the relative amount of a folded conformation 
present in solution.

Diffusion Coefficients 
Pulsed-field gradient (PFG) NMR provides a convenient method for 
measuring translational motion.57,58 Random, kinetic energy driven 
translational movement of molecules is well described by their self-
diffusion coefficients. This quantity is easily measurable by following 
the attenuation of the echo signal (Figure 8) from a spin-echo pulse 
sequence in combination with two fixed length (longitudinal encoding 
and decoding, LED) gradient pulses. The first gradient pulse is used to 



19

/2x y

t1 t1+

g

rf pulse gradient pulse

t0

acquisition

No diffusion

Diffusion

Max signal

Small signal

Figure 9. A schematic representation of diffusion measurement by application of a 
spin echo pulse sequence and two rectangular gradient pulses. At the beginning of 
the pulse sequence a /2 radio frequency (rf) pulse rotates the macroscopic 
magnetization from the z-axis to the x-y plane. During the first  period, at t1 a 
gradient pulse is applied, generally along the z-axis. Hence, at t1 the spins present in 
solution experience a phase shift due to the main field and due to the applied 
gradient. At the end of the first  period a  pulse is applied along the y-axis to 
reverse the sign of the precession. At t1+  a second gradient pulse of equal duration 
and magnitude is applied. In absence of diffusion the effects of the two gradient 
pulses cancel and all spins refocus resulting in a maximum echo signal. If the spins 
have moved, the defocusing is scrambled giving an attenuated echo signal. The 
degree of dephasing is proportional to the displacement in direction of the gradient 
during the period of . Hence, larger diffusion is reflected by a poorer refocusing of 
the spins, i.e., a smaller echo signal.

spatially encode the position of the molecules. After the diffusion 
delay, a second decoding gradient pulse is applied. At the end of the 
pulse sequence, the magnetization refocused by the applied spin echo 
is detected (Figure 9). The echo attenuation produced by this 
technique56 is described by equation 1, 

ln(I/I0) = - 2g2 2D( - /3)  (1) 
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where I is the integral,  is the gyromagnetic ratio of the proton 
(2.675×104 radG-1s-1), g is the field gradient strength,  is the gradient 
pulse duration, D the self-diffusion coefficient and  the field gradient 
pulse interval. Since the diffusion coefficients are known to be 
dependent on molecular shape, the pulsed field gradient spin-echo 
NMR method has in some cases been applied to study protein folding 
processes.59,60 

4.1.4 X-ray Diffraction
In addition, X-ray analysis is the most definitive method for 

examination of peptide conformations. However, peptides and 
proteins are not always possible to obtain in an appropriate form for 
this technique. Furthermore, solid state conformations do not 
necessarily correspond to solution secondary structure. During 
crystallization, conformations are stabilized by intermolecular 
interactions, forces which are almost absent in diluted solutions.61

4.1.5 Computational Methods 
In addition to experimental evidence, theoretical conformational 

analysis techniques provide a valuable tool for exploration of peptide 
conformational preferences. However, the interpretation of 
simulations requires considerable caution since the reliability of the 
output is greatly dependent on the input, i.e. on the quality of the 
applied solvent model and force field parameters, as well as on the 
accuracy of the utilized equation system. Monte Carlo conformational 
search combined with Molecular Mechanics minimization (MCMM) 
and Molecular Dynamics (MD) simulation are two routinely applied 
techniques for peptide conformational studies. The semi-empirical and 
ab initio calculations are computationally expensive and therefore 
unusual for such large molecules.62

The Monte Carlo (MC) procedure is a random search method used 
to find low-energy conformations (Figure 10). At each MC step, the 
actual conformation is modified by random changes of a random 
number of torsion angles in order to generate a new steric 
arrangement. 
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Figure 10. Schematic description of conformational analysis using a Monte Carlo 
Molecular Mechanics algorithm as implemented in the program Macromodel.63

Then, the obtained conformation is minimized using molecular 
mechanics to find the nearest local energy minimum. Molecular 
mechanics is based on the assumption that bond lengths and bond 
angles have certain general values, which are defined in the applied 
force field and a deviation from these standard parameters results in 
an increase in the potential energy of the system. During the 
conformational search, low energy steric arrangements are identified 
and those within 10-50 kJmol-1 from the global minimum are kept. A 
method for analysis of the output of an MCMM procedure is 
calculation of the Boltzman distribution of the obtained low energy 
conformational states. The main advantage of the MCMM procedure 
is its speed. The molecular mechanics technique is based on a number 
of simplifications, and therefore extrapolation of parameters from a 
well studied to a new class of compounds might not be appropriate. 
Not surprisingly, various force fields consequently deliver different 
global minima, most likely caused by differences in the treatment of 
electrostatic effects. In addition, since polarization effects, long-range 
dipole interactions and hydrophobic forces are not incorporated in 
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common molecular mechanics parameters, the calculations most likely 
result in inaccurate relative conformational energies.64

The aim of a Molecular Dynamics (MD) calculation is to simulate 
the time-dependent motion of molecules in vacuum or in a solvent. In 
these methods, all atoms in a molecule are assumed to interact with 
each other and with solvent molecules, if any. All nuclei are given a 
starting velocity and are then allowed to move according to 
Newtonian physics. Unlike static geometry optimizations, MD is able 
to cross energy barriers between different conformations. The higher 
the temperature of the system, the higher barriers can be crossed, 
making the choice of temperature very important. These simulations 
follow the change of a property over time, yielding both statistical and 
dynamic information. However, conformations delivered by MD 
simulations may fall at higher energy then the true energy minimum.64

The combination of computer simulations and spectroscopic 
techniques, especially NMR spectroscopy, provides a powerful tool in 
peptide conformational analysis. Incorporation of experimental 
constrains into calculations, such as NOEs and 3JNH,H coupling
constants, may increase the quality of the output as well as decrease 
computational time. On the other hand, geometric constrains derived 
from NMR spectroscopy should be treated cautiously since they do 
not reflect a single conformer, but are weighted averages of 
parameters displayed by a set of rapidly equilibrating steric 
arrangements. 

4.2 Less Conventional Synthetic Methodologies 
The experimental conformational analysis of species presupposes 

their successful synthesis. During the preparation of the peptidomime-
tics studied in this thesis, various synthetic strategies were adopted. In 
particular, we have used the following less conventional methods. 

4.2.1 Microwave Assisted Synthesis 
Since the early beginnings of organic chemistry, the improvement 

of efficiency and speed of synthetic methodologies has been a 
challenge.  The demand for fast, reproducible preparation methods has
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Figure 11. Dipolar molecules in solution try to align themselves with an oscillating 
electric field by rotation, causing internal heating. 

increased more than ever during the last decades as a result of 
developments in interacting scientific areas. Acceleration has been 
achieved by automation of synthesis, purification and analysis steps, 
introduction of solid phase and combinatorial methods. However, 
none of these innovations affected the rate of chemical reactions, 
making it the rate limiting step of synthesis. The use of energy transfer 
by microwave irradiation turned out to be a powerful approach for 
dealing with this weakness of organic chemistry.65 Electromagnetic 
radiation consists of magnetic and electric vectors mutually 
orthogonal to each other. The magnetic field of microwaves has 
normally no effect on solutions, while its oscillating electric field 
causes energy transfer, primarily by dipolar polarization (dielectric 
heating) and secondarily by ionic conduction. Thus, the heating rate is 
associated with the dielectric properties of the sample.66,67 Dielectric 
heating is caused by the interaction of molecular dipoles with the 
applied alternating electric field (Figure 11). In the microwave 
radiation region ( = 0.3-300 GHz, in commercial ovens limited to  

= 2.45 GHz) dipoles are forced to attempt to align themselves with 
the electric field by rotation. In the oscillating field the orientation of 
dipoles changes with each alteration. However, the tumbling of 
dipoles is hindered by collisions and molecular friction causing an 
intense internal heating of the sample. The frequency difference of the 
applied field and the dipoles is defined by the tangent loss factor, tan
indicating the amount of microwave energy “lost” to the sample by 
being dissipated as heat. Heating by conduction occurs in the presence 
of an electrolyte that facilitates microwave energy absorption by 
converting the energy of electromagnetic radiation to kinetic energy, 
that in turn multiplies the collision rate in the medium.  
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Figure 12. Typical temperature, pressure and irradiation power curves for 
microwave heating of a reaction mixture in a sealed vial. 

The contribution of these two energy conversion mechanisms can lead 
to internal heating, in common solvents representing a temperature 
increase up to 10 C per second (Figure 12), without any wall effects 
(i.e., in case of conventional heating, the energy must be transferred 
through the wall of the reaction vessel, causing a temperature gradient 
between the hot wall and the colder interior). 

 The tangent loss factor (tan ), identical to the fraction of dielectric 
constant ’ and loss factor ’’, provides a convenient parameter for 
comparing abilities of various solvents to convert microwave energy 
into heat (Table 2).

Table 2. Boiling points (T), dielectric constants ( ’) and  loss tangent values (tan 
at room temperature for some common solvents. 

Solvent Tboil ( C) ’ tan 
Chloroform 61.1 4.8 0.091 
Tetrahydrofurane 66.0 7.6 0.047 
Dichloromethane 39.8 9.1 0.042 
Ethanol 78.3 24.6 0.941 
Methanol 64.7 32.7 0.659 
Acetonitrile 81.6 38.0 0.062 
Dimethylformamide 153.0 36.7 0.161 
Water 100.0 80.4 0.123 
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A high value for tan  indicates a high susceptibility to microwaves. 
The dielectric constant ’ represents the ability of a dielectric matter to 
store electrical potential energy under the influence of an electric 
field, while the dielectric loss factor is representative of the efficiency 
with which electromagnetic radiation is converted into heat. Since the 
magnitude of both ’, ’’ and tan  depend on temperature, the 
susceptibility of a solvent to microwaves is temperature dependent as 
well.66 If the tangent loss factor of an organic solvent increases with 
the temperature, its heating rate will also increase, resulting in an 
effect, most likely responsible for many of the rate enhancements 
observed during microwave heating. This effect, often called 
superheating, may result in raised boiling points. Furthermore, a 
solution’s dielectric constant always decreases with increasing 
temperature, a factor doubtlessly affecting chemical reactions. In 
addition, the increased frequency of vibrations may affect molecular 
mobility, described by the preexponential factor A of the Arrhenius 
equation (K = Ae- G/RT). By the use of closed vessels, reactions can be 
run under high pressure and significantly above their conventional 
reflux temperatures, leading to greatly magnified superheating effects. 
The increased temperature and thereby change in the exponential 
factor of the Arrhenius equation is likely to be responsible for most of 
the observed rate enhancements in microwave chemistry. Microwave 
heating in closed vessels also offers a simple possibility to retain 
volatile reagents and solvents, and allow application of inert 
atmosphere for reactions run at elevated temperatures.  

4.2.2 Photochemistry 
Photon absorption may convert a molecule to an electronically excited 
state. This species can then undergo reactions unlike those occurring 
in the ground state. Radical initiations, cycloadditions, electrocyclic 
reactions and isomerizations are some examples of possible light-
triggered transformations. Photosynthesis is one commonly known 
example for a photochemical reaction being of vital importance for 
human life. The light-induced cis-trans photoisomerization of  
11-retinal68 depicted in Scheme 2 is necessary for vision, while the 
trans-cis isomerization of urocanic acid in the epidermis is proposed 
to be responsible for the phenomenon of photoimmunosuppression 
(Scheme 3).69
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Scheme 2. Photochemically triggered cis-trans isomerization of opsin-bound  
11-cis-retinal into all-trans-retinal, a process essential for vision. 
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Scheme 3. The light-induced trans-cis isomerization of urocanic acid 

The photon-triggered pericyclic reaction of 7-dehydrocholesterol 
followed by a thermal [1,7]sigmatropic rearrangement resulting in 
vitamin D3 (Scheme 4) is a further example of a UV-light induced 
vital transformations in human.70,71  

OH
H

H
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H

h

Scheme 4. The last steps of the biosynthesis of vitamin D3.

In their ground state (S0), most organic molecules are in a low 
energy singlet state, i.e., with electrons having antiparallel spins. 
When a molecule absorbs a photon, it enters an excited state. There 
are several possible excited states, the first singlet (S1) and triplet 
states (T1), in which unpaired electrons have antiparallel respective 
parallel spins, being of particular significance in photochemistry 
(Figure 13). During the initial transition from the ground state of a 
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molecule, the electron is lifted to a higher energy level without a 
change in its spin state or change in its molecular geometry (Franck-
Condon principle).72,73

S0

S1

T1

ISC

ISC
ICF P

E

Figure 13. Illustration of the transitions between S0 ground state, S1 and T1 excited 
states (IC: internal conversion; ISC: intersystem crossing; F: fluorescence; P: 
phosphorescence; _____: radiative processes; …... non radiative processes). 

The direct transition between the singlet ground state and the first 
triplet state is spin-forbidden and thus the triplet state is reached 
through spin inversion (intersystem crossing) from the first excited 
singlet state. Intersystem crossing between the S1 and T1 states is rare 
in compounds without heteroatoms supplying a non-bonded electron 
pair.74 Compounds in excited states are of high energy. Hence they are 
very reactive and therefore try to rapidly return to a lower energy 
level. Decay to the ground state may either happen by photochemical 
transformations or by photophysical processes (fluorescence,
phosphorescence or heat exchange). 

Cis-trans isomerization can follow two main pathways, i.e. the 
diabatic or the adiabatic pathway.75,76 Additionally a dual mechanism 
between these two borderline cases is possible as well. In a diabatic 
photoisomerization (Figure 14a) the excited state surface has a 
minimum point (p* - excited perpendicular state) where the double 
bond is twisted with 90  from its planar geometry. From this point, the 
excited electron can fall back to the ground state via a radiationless 
transition and by continuing on the S0 energy surface, it can reach the 
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Figure 14. A simplified diagram for (a) diabatic and (b) adiabatic cis-trans 
isomerizations. 

cis or the trans geometry. In general, diabatic isomerization results in 
a photostationary state containing a mixture of both cis and trans
isomers with their ratio depending on the location of the p* state. 
Contrarily, in an adiabatic isomerization (Figure 14b) the pure trans
isomer, which is the energy minimum on the excited energy surface, is 
generated. In this case, the reaction occurs exclusively on the excited 
energy surface. Systems isomerizing through the dual pathway may 
return to their ground states via either p* or t* states. These processes 
usually provide an isomeric mixture. However, if the energy diffe-
rence between t* and p* is sufficiently large, one-way isomerization 
may happen. In general, two-way isomerizations typically proceed via 
diabatic pathway, with few adiabatic exceptions where the cis and 
trans isomers have very similar energies in both their ground and 
excited states.77,78 One-way isomerizations usually proceed via an 
adiabatic process. The photoisomerization of stilbene derivatives 
(Scheme 5) has been extensively studied resulting in the proposal of a 
rather complicated mutual cis-trans isomerization with substituent-
dependent multiplicity (triplet or singlet excited state).75,76,79,80 Trans
to cis isomerization is suggested to proceed mainly through two 
pathways. It may occur via a triplet mechanism involving an 
intersystem crossing followed by isomerization along a triplet surface 
which may cross the S0 singlet surface at approximately 90 .
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Scheme 5. Isomerization products from stilbene excitation, wavelengths may vary 
with substitution. 

From here, decay to the ground state is rapid and leads to either the cis
or the trans form. A second possible mechanism involves isomeriza-
tion of the first excited singlet state (S1) which does not cross the 
ground state energy surface but allows a return to the aforementioned 
state from the interconverting t* and c* excited geometries. Excitation 
of cis stilbene leads to the production of a mixture of trans and cis
isomers via a singlet mechanism, and to a smaller amount of dihydro-
phenanthrene (DHP) via an adiabatic process (Scheme 6). The 
cyclisation can be prevented by degassing, because in absence of 
oxidation agents DHP reverts both thermally and photochemically to 
cis stilbene. In both directions, various sensitizers,79 solvent polarity81

or substitutions81 can affect the composition of the photostationary 
state. Recently, the conformations of substituted stilbenes were 
studied82 and successful photoisomerizations of stilbene-linked DNA 
derivatives were published by Lewis et al.83,84

t

t* p* c*

c

DHP*

DHP

Scheme 6. A schematic description of the transitions between ground and excited 
states during stilbene photoisomerization. 
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5 Results and Discussion 

5.1 Improvements of the Sonogashira Reaction 
(Papers I and II) 

5.1.1 Palladium Mediated Cross-Couplings 
Carbon-carbon bond forming reactions are of central interest in 

preparative organic chemistry. Consequently, the development of 
palladium-catalyzed cross-couplings, such as the Heck, Suzuki, Stille, 
and Sonogashira reactions have found a broad range of applications. 
The common feature in these procedures is their similar mechanism, 
based on recurring oxidative addition and reductive elimination 
processes (Scheme 7).85

Pd(0)

Ar-Pd(II)-X

Ar-X

Ar-Pd(II)-R

R-H/M

Ar-R

A

B

C

Scheme 7. The general mechanism of Pd-catalyzed cross couplings (A: oxidative 
addition, B: transmetallation or -complex formation followed by insertion,  
C: reductive elimination). 

In the initial oxidative addition step (A), an arylic halide or 
comparable agent (e.g., triflate or diazonium ion) reacts with a Pd(0) 
species. At that time, the carbon-halogen bond breaks, resulting in the 
aryl group and the halide ion becoming bound to palladium as 
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negatively charged ligands, whereas Pd(0) is oxidized to Pd(II). 
Subsequently, the formed Pd(II)-complex may react with various 
species (B). In the Heck reaction, an alkene initially coordinated to the 
Pd(II)-complex ( -complex) will insert to afford a -alkyl-Pd species. 
In this step, the alkene is inserted into the aryl-palladium sigma bond, 
followed by -hydride elimination yielding the product (a substituted 
alkene) and a palladium-hydride complex, which in turn regenerates 
the catalytic Pd(0) in reaction with a base. In Suzuki and Stille 
reactions, unlike the Heck mechanism, the Pd(II)-complex reacts 
further with an organoboron or organotin compound, respectively. 
Hence, transmetallation results in an organometallic complex with an 
alkenyl and an aryl group bound to Pd(II). In the last reductive 
elimination step (C) a new carbon-carbon bond is formed and the 
catalyst is simultaneously reduced to Pd(0). 

5.1.2 The Sonogashira Coupling 
The Sonogashira reaction is an ameliorated version of the copper 

mediated Stephens-Castro procedure86 for coupling of aryl iodides 
with terminal acetylides. In 1975, the palladium-catalyzed cross-
coupling of arylic (or vinylic) halides with terminal alkynes was 
developed independently by Cassar,87 Heck88 and Sonogashira.89 The 
latest method applied the mildest conditions and therefore became 
most widely used. 

To date, the exact mechanism of the Sonogashira coupling is 
unknown. However, it was proposed to follow the oxidative 
addition/reductive elimination process, common for palladium cataly-
zed cross couplings.85,90 As shown in Scheme 8, the catalytic Pd(0)L2
species (L being an uncharged monodentate ligand, most often PPh3)
may be generated from Pd(0)L4 by loss of excess ligand, or from 
Pd(II)L4 by reduction through homocoupling of two alkyne molecules. 
The main catalytic cycle is initiated by oxidative addition (A) of an 
aryl halide or triflate. Then, an alkynylpalladium species is generated 
in the subsequent step (B) by ligand substitution with a terminal 
acetylene. Most probably, a transient copper acetylide attacks the 
ArPd(II)XL2 complex, resulting in replacement of a halide or 
comparable agent. The co-catalytic effect of copper is believed to be 
due to the conversion of the acetylene to a copper acetylide, that in 
turn reacts with the palladium(II) complex via transmetallation, in the  
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Scheme 8. The mechanism of Sonogashira cross couplings. (A: oxidative addition, 
B: transmetallation, C: reductive elimination.) 

same way as organoboron and organotin compounds react in the 
Suzuki and Stille couplings. Finally, a new carbon-carbon bond is 
formed between the acetylide ion and the aryl group in a reductive 
elimination step, similarly to other Pd-mediated cross couplings. 

Reaction rates are affected the most by the reactivity of the carbon-
halogen bonds in the oxidative addition, and by the substitution 
pattern of the arylic and acetylenic compounds. The reactivity order of 
organic halides or halide equivalents is: aryl iodide ~ aryl triflate > 
aryl bromide > aryl chloride. Rate enhancement can be achieved by 
introduction of electron withdrawing substituents on the haloaromatic 
ring, or by increasing the acidity of the corresponding acetylenes  
(Ar-C CH > R-C CH > Si-C CH).

Since the synthetic work on diphenylacetylene-linked -hairpin 
mimetics (Section 5.2) heavily relies on the Sonogashira coupling, its 
improvement seemed to be beneficial. Microwave heating has been 



33

shown to offer significant rate enhancements in 
a large variety of organic reactions,65,66 with 
numerous examples of palladium mediated 
couplings.91-93 In parallel to the completion of 
our optimization attempts, a microwave 
assisted heterogeneous-phase procedure for 
coupling of the most reactive aryl iodides with 
acetylenes was reported by Kabalka et al.94

We have shown that microwave mediated 
Sonogashira couplings performed in 
homogeneous (Table 3) or heterogeneous 
(Table 4) phase systems give excellent yields 
within 5-25 minutes for aryl halides and 
triflates. Our homogeneous-phase optimization 
studies included aromatic and heteroaromatic 
halides containing a large variety of substi-
tuents in different positions. Heterogeneous-
phase reactions were performed on 3-haloaryl 
substituted Rink amide resins. The type and 
amount of catalyst and co-catalysts, amount of 
additive improving the catalyst stability, base, 
solvent, temperature and work-up procedure 
were optimized. Microwave heating was 
performed using a single mode cavity with an 
automatic power control keeping the reaction 
temperature constant. The temperature, 
pressure and irradiation power vs. time were 
monitored making the procedure highly repro-
ducible. For heterogeneous-phase reactions, a 
modified Smith Process vial (Figure 15) 
equipped with a polypropylene frit and screw 
cap at one end, and sealed with an aluminum 
crimp cap fitted with a silicon septum at the 
other end, was used providing the possibility of 
both simplified resin handling and microwave 
heating.

During our homogeneous-phase optimization studies, the reaction 
temperature was varied between 60 C and 240 C, the most limiting 

Figure 15. A Smith 
process vial modified 
for solid-phase 
reactions.
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factor being decomposition of the palladium catalyst at higher 
temperatures. Optimal rate enhancement was observed at 120 C.

Table 3. Homogeneous-phase Sonogashira couplings using microwave heating at 
120 C. aYields are determined by 1H NMR. Method A: 2 % Pd(PPh3)2Cl2, and 4 % 
CuI. Method B: 5 % Pd(PPh3)2Cl2, 5 % CuI and 20 % PPh3. Method C: 2 % 
Pd(PPh3)2Cl2, 4 % CuI and 150 % LiCl.  

Si(CH3)3H Si(CH3)3Ar+
Pd(PPh3)2Cl2 , CuI

Et2NH, DMF
Ar-X

 Ar-X Yielda Reaction 
time

Literature
conditions 

1 2-Iodoaniline 92 % (A) 5 min 20 h 25 C
2 3-Iodoaniline 99 % (A) 5 min 20 h 25 C
3 4-Iodoaniline 98 % (A) 5 min 18 h 25 C
4 3-Bromoaniline 83 % (B) 25 min - 
5 4-Bromoaniline 87 % (B) 25 min -
6 Methyl-2-iodobenzoate 90 % (A) 5 min 16 h 40 C
7 Methyl-2-bromobenzoate 93 % (B) 25 min 16 h 25 C
8 Methyl-3-bromobenzoate 83 % (B) 25 min 16 h 25 C
9 Methyl-4-bromobenzoate 93 % (B) 25 min 16 h 25 C
10 2-Iodoanisole 99 % (A) 5 min 3 h, 25 C
11 3-Iodoanisole 99 % (A) 5 min -, 40 C
12 4-Iodoanisole 99 % (A) 5 min 5 h 80 C
13 2-Bromoanisole 87 % (B) 25 min 48 h reflux 
14 3-Bromoanisole 89 % (B) 25 min - 
15 4-Bromoanisole 90 % (B) 25 min >½ h 25 C
16 Iodobenzene 89 % (A) 5 min 20 h 25 C
17 Bromobenzene 87 % (B) 25 min 24 h 100 C
18 Phenyltriflate 94 % (C) 5 min >3 h 90 C
19 4-Cyano-phenyltriflate 99 % (C) 5 min 3 h 25 C
20 1-Iodo-4-trifluoromethyl-benzene 97 % (A) 5 min - 
21 1-Bromo-4-trifluoromethyl-benzene 92 % (B) 25 min 16 h 20 C
22 3-Bromopyridine 80 % (B) 25 min 5 h 80 C
23 2-Chloropyridine 97 % (B) 25 min 12 h 120 C
24 2-Iodothiophene 86 % (A) 5 min 2 h 25 C
25 3-Iodothiophene 88 % (A) 5 min no details 
26 3-Bromothiophene 81 % (B) 25 min 4 h, heat 
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A mixture of DMF and diethyl amine (1:3) was found to be the most 
advantageous solvent for our cross couplings, offering both adequate 
basicity and a high rate of energy absorbance when subjected to 
microwave irradiation (Table 2). As catalyst, Pd2(dba)3, Pd3(AcO)6,
Pd(PPh3)4 and Pd(PPh3)2Cl2 were examined. Of these, Pd(PPh3)2Cl2
was preferred because of its high reactivity and insensitivity to air. In 
agreement with corresponding protocols,85 the presence of CuI co-
catalyst resulted in higher rates. In reactions involving the less 
reactive aryl bromides and 2-chloropyridine, triphenylphosphine was 
added to the reaction mixture to ameliorate the stability of the 
palladium catalyst.95 It should be emphasized that the reaction 
conditions described in Table 4 were not optimized in every individual 
case, but the conditions optimized for iodoanilines and 4-bromo-
anisole were applied. However, electron-poor aryl halides were 
observed to be significantly more reactive compared to electron-rich 
substrates. In a small study, aromatic compounds substituted with 
electron withdrawing groups provided full conversion within shorter 
reaction times and/or in the presence of lower amount of catalysts. As 
an example, the coupling of trimethylsilylacetylene with 4-iodobenzo-
trifluoride in the presence of only 1 % Pd catalyst and 2 % Cu(I)  
co-catalyst at 120 C furnished 92 % yield after 10 minutes. 
Increasing the amounts of Pd to 2 % and Cu(I) to 4 % gave only a 
slightly higher yield of 97 % after 5 minutes. In general, the amount of 
catalyst could be decreased by letting the reactions run for longer 
time, or by adding larger amounts of triphenylphosphine to increase 
the palladium complex stability. However, employment of 
triphenylphosphine complicates the product purification considerably. 
Hence, a further improvement of the Sonogashira reaction was 
attempted by addition of solid phase bound triphenylphosphine. By 
using polymeric solid phase reagents an excess of reactive species 
were mixed in the solution, thereafter being easily removed by simple 
filtration. In our hands, however, the catalyst stability was not affected 
by the presence of resin-bound ligands. Consequently, neither the 
amount of catalysts nor the reaction time could be reduced. This fact 
might be explained by the improbability of palladium to complex 
simultaneously to several resin bound triphenylphosphines. 

To approach simplified purification and to demonstrate the scope 
of the microwave assisted procedure, coupling of polymer bound aryl 
halides was also attempted. Our results are summarized in Table 4. 



36

Table 4. Heterogeneous-phase Sonogashira couplings of terminal acetylenes on 
iodophenyl and bromophenyl resins. a Yields are determined by 1H NMR. Method A: 
120 C, 15 min, 5 % Pd, 10 % Cu. Method B: 120 C, 25 min, 10 % Pd, 20 % Cu, 
20 % PPh3.

RHX R+

Pd(PPh3)2Cl2 , CuI,
     Et2NH, DMF

t=15-25 min

  3-iodophenyl resin 3-bromophenyl resin 
R-C CH yieldA yieldB

1 Trimethylsilylacetylene 94 %a 97 %a

2 Ethynylbenzene 89 % 92 % 
3 1-Phenyl-prop-2-yn-1-ol 92 % 98 % 
4  N-Fmoc-3-ethynylaniline - 95 %a

5  N-Boc-3-ethynylaniline 98 %a 94 %a

6  3-Ethynylaniline 0 %a 0  %a

For optimization of heterogeneous-phase conditions, the coupling of  
the moderately reactive trimethylsilylacetylene with 3-halophenyl 
resins was used. Similarly to our homogeneous-phase study, the 
conditions producing full conversion of these reactions were then 
applied to further substrates yielding excellent yields for the reaction 
of various acetylenes with aryl iodides and bromides. Attempts for 
cross-coupling of polymer bound 3-chlorobenzoic acid with terminal 
acetylenes were without success. Cleavage of reaction products from 
the polymer support was achieved by its treatment with 95 % 
trifluoroacetic acid in dichloromethane. Under these conditions, also 
the protection groups of 1 (SiMe3), 4 (Fmoc) and 5 (Boc) were
removed (Tabel 4). For 3 an acid catalyzed rearrangement to a 
conjugated -  unsaturated ketone was observed.

The presented results allow a comparison of the scopes of 
heterogeneous- and homogeneous-phase Sonogashira couplings. 
Whereas aryl iodides and bromides react readily in all media, the 
coupling of an aryl chloride could only be performed using 
homogeneous catalysis. However, it should also be noticed, that  
2-chloropyridine, applied in homogeneous-phase investigations, is a 
comparatively electron-poor and therefore activated substrate for 
oxidative addition. The presence of an anilinic amine was tolerated 
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under homogeneous conditions, whereas no conversion was obtained 
on solid phase. This observation might be explained by the relative 
rates of the competing processes: Rapid coupling of aryl halides at 
elevated temperature under homogeneous (5 min) condition occurs 
faster than catalyst decomposition. On solid phase with longer 
reaction times (15-25 min), due to the slower diffusion of the 
reactants, the cross-coupling - inside of the resin - cannot compete 
with the amine mediated decomposition of the catalyst taking place in 
solution. Instead, amines can be used when they are protected by 
Fmoc or Boc groups (Table 4, entries 4 and 5). Interestingly, the 
Sonogashira coupling was prevented by an amine substituent more 
nucleophilic than aniline, as observed during the synthesis of the 
dibenzylacetylene-type mimetic 11 (Scheme 10). Free alcohols were 
tolerated under all conditions, most possibly as a result of the lower 
affinity of palladium to oxygen. The amount of catalysts and additives 
required for the coupling of aryl iodides (or bromides) on solid phase 
was slightly higher (5 % Pd, 10 % Cu, 15 min) than under homoge-
neous conditions (2 % Pd, 4 % Cu, 5 min). Nevertheless considerably 
lower than that needed for a solventless reaction (37 % Pd, 37 % Cu 
and 70 % PPh3, 2.5 min).94

The remarkably short reaction times achieved through our 
optimization studies raise the question of whether the reaction might 
have been affected by any kind of special rate enhancing microwave 
effect. Such non-thermal effects were for a long time discussed in the 
literature.96-102 Therefore, Sonogashira couplings of iodoanilines were 
carried out at exactly similar conditions using both conventional and 
microwave heating. As indicated by the results summarized in  

Table 5: The Sonogashira coupling of iodoanilines with trimethylsilylacetylene.98

Si(CH3)3H Si(CH3)3I

NH2 NH2

+
Pd(PPh3)2Cl2 , CuI

Et2NH, DMF

 Conventional heating Microwave heating 
Ar-X 5 h, 20 C 5 min, 120 C 5 min, 120 C

2-iodoaniline 98 % 98 % 98 % 
3-iodoaniline 99 % 99 % 99 % 
4-iodoaniline 97 % 95 % 98 % 
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Table 5, full conversion was furnished after 5 minutes at 120 C
independently of the heating method, a fact strongly implying that 
microwave irradiation has no special non-thermal effect. The various 
rates observed at 20 C and 120 C are satisfactorily explained by the 
difference in applied temperature. This thermal rate effect was most 
probably reinforced by increased turn-over numbers of the catalysts 
under high pressure, a factor reported to be the main origin for the rate 
enhancements observed for palladium mediated reactions performed 
in closed vessels.102

Recently, a number of new procedures were developed for coupling 
of alkynes and arylhalides, the conditions for metal-free couplings103

and those for coupling of aryl chlorides104 being of the most relevance.  
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5.2 Study of -Hairpin Stability (Papers III to V) 

5.2.1 Hydrophobic Interaction and Hydrogen-Bonding 
The biological activity of peptides and proteins was revealed to be 

in correlation with their three-dimensional structure. Over the last 
decades, characterization of a huge number of diverse molecules has 
led to the conclusion that proteins consist of a few types of regular 
secondary structural elements - -helices, - and -turns, -hairpins - 
connected by random coil sequences. These commonly occurring 
building blocks appear to be responsible for molecular recognition 
processes, and are therefore of extraordinary importance in drug 
design. Owing to their relative simplicity and small size, peptides are 
commonly applied model systems for elucidation of intrinsic factors 
governing protein folding.33,105,106

While considerable advances have been made in understanding the 
energetics of -helix formation,11,12 model -hairpins in contrast have 
been neglected until the last few years, partly because of their 
profound tendency to aggregate at concentrations generally used for 
conformational studies. Hence, the driving force of -hairpin folding 
was still a matter of debate when this project was initiated. The 
relative impact of the factors revealed to be of key importance for  

-hairpin stability ( -turn rigidity, interchain hydrogen-bonding, 
hydrophobic interactions, length of peptide strands, local environment, 
steric factors, electrostatic interactions, etc) is difficult to evaluate 
because of their simultaneous, possibly cooperative action.107 To 
separately study the role of the main conformational stabilizing 
interactions, a set of model compounds was designed.  

5.2.1.1 Diastereomeric Tolan Derivatives 
In a first approach, two diastereomers of a small -sheet mimetic, 

depicted in Figure 16, were investigated. The similarity of these 
compounds made it possible to separately study the role of 
hydrophobic interactions, while the effects of the turn region, 
hydrogen-bonding, chain length and electrostatics were identical and 
could therefore be isolated. 
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Figure 16. Diastereomeric model -hairpin mimetics with a tolan turn mimic.  

The known rigid, achiral tolan (diphenylacetylene) turn mimic108,109

and the shortest possible amino acid strands, containing small non 
polar, non aromatic side chains were chosen, which enabled us to 
minimize the size of the model system and simultaneously the 
interactions between the turn mimetic and the peptide strands. 

Synthesis. The (S)-Val,(S)-Ala-derivative (1a) and the (R)-Val, 
(S)-Ala-derivative (1b) of 2-amido-2’-carboxamidotolane were 
prepared using the methodology outlined in Scheme 9. (S)-N-Acetyl-
valine was prepared by acetylation of (S)-valine under sonochemical 
conditions.110 (S)-Alaninemethylamide was obtained by transamida-
tion of (S)-alaninemethylester following literature procedures.111

Subjecting 2-iodoaniline, 2, to Sonogashira conditions with trimethyl-
silylacetylene afforded 2-trimethylsilylethynylaniline, 3, in excellent 
yield, which was then desilylated by potassium fluoride112 furnishing 
2-ethynylaniline, 4. Compound 4 was cross-coupled with methyl-2-
iodobenzoate, yielding 2-amino-2’-carboxymethyldiphenylacetylene, 
5. Compound 6 was obtained by the HATU mediated coupling of 5
with (S)-N-acetylvaline. The amino group of 5 is deactivated by 
resonance stabilization and steric hindrance, making this step 
unusually difficult. Therefore, the amino group was activated with 
N,O-bis(trimethylsilyl)acetamide and the carboxyl group of (S)-N-
acetylvaline was preactivated with HATU. The two solutions were 
then combined to yield 6 in 52 % isolated yield in 72 hours. 
Alternatively, the modified procedure of Roshchin et al.113 gave 45 % 
yield in 20 hours. 6 was then hydrolyzed and racemised using four 
equivalents of  potassium tert-butoxide in diethyl ether, affording 7 in 
quantitative yield. 
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Scheme 9. Outline of the synthesis of the diastereomeric hairpins. Reaction 
conditions: (a) (CH3)3Si-C CH, Pd(PPh3)2Cl2, CuI, (C2H5)2NH, DMF, 120 ºC,  
5 min, 98 %. (b) KF×2H2O, CH3OH, r.t., 7 h, 97 %. (c) Methyl-2-iodobenzoate, 
Pd(PPh3)2Cl2, CuI, (C2H5)2NH, DMF, 120 ºC, 5 min, 78 %. (d) BSA, HATU, DIEA,  
N-acetyl-(S)-valine, r.t., 72 h, 52 %. (e) tert-BuOK, (C2H5)2O, 10 h, 99 %. (f) HATU, 
DIEA, (S)-alaninemethylamide, r.t., 1 h, 51 %. (g) HPLC, 55 % 1a, 45 % 1b.

The benzoic acid derivative 7 was then coupled to (S)-alanine-
methylamide applying HATU, resulting in a mixture of hairpin 
mimetic diastereomers 1a and 1b. The mixture was purified by 
column chromatography, and were then separated into the two 
diastereomers using HPLC. Compounds 1a and 1b were then studied 
with a combination of experimental and theoretical methods. 
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Figure 17. Compound 1a. Hydrogen-bonds connecting molecules A and B in two 
separate ribbons parallel to the a-direction. End methyl groups and valine side-
chain methyl groups were omitted for clarity. Hydrogen-bonds, intramolecular: 2.33 
and 2.03 Å; intermolecular: 2.07 and 2.16 Å. 

X-ray analysis. The solid state analysis of diastereomer 1a (Figure
17) shows that this compound has a high tendency to form  ten- and 
fourteen-membered ring C=O…H-N hydrogen-bonds, commonly 
observed in -hairpins. Compound 1b did not yield crystals suitable 
for X-ray diffraction experiments. 

Mass spectra. The ESI-MS spectrum (Figure 18) of 1a contains 
the [M+H]+ and [M+Na]+ ions, while the spectrum of 1b shows, in 
addition to [M+H]+ and [M+Na]+, also several fragment ions, of 
which m/z = 322 is the base peak.  
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Figure 18. ESI mass spectra of (a) 1a and (b) 1b.



43

-15

-10

-5

0

5

10

15

360340320300280260240220200

(S,S)-diastereomer (1a)

(R,S)-diastereomer (1b)

(nm)

(mdeg)

Figure 19. The CD spectra of the diastereomers 1a and 1b in methanol solution. 

The differences in the population of possible conformations - showing 
various tendency for ionization - is supposed to be responsible for the 
differences in the mass spectra of the two diastereomers.114

Circular dichroism. The CD spectrum of diastereomer 1a
recorded in methanol exhibited a maximum at 209 nm and an intense 
negative band at 228 nm which are assignable to a -turn,115 as well as 
the characteristic perturbation feature for tolan derivatives (Figure 
19).108 The reversed chirality at C -Val in diastereomer 1b gave rise to 
a spectrum that resembled, apart from the intensities, the mirror image 
spectrum of 1a. The different ellipticities at 228 nm suggest that 1a
has a slightly larger population of -structure as compared to 1b.

IR spectra. Further evidence for folding was obtained by FTIR 
analysis of the amide N-H stretch region of the diastereomers in 
chloroform solutions.43,47 The obtained spectra revealed the 
occurrence of both hydrogen-bonded (3307-3308 cm-1) and non-
bonded (3413 cm-1) amide protons, without showing any difference 
between the two diastereomers. 

NMR investigation. The 1H and 13C NMR spectra of 1a and 1b in 
chloroform, dimethylsulfoxide and methanol solutions have been fully 
assigned using homo- and heteronuclear correlation NMR 
experiments.  
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Figure 20. Interstrand NOEs observed in CDCl3 solution (400 MHz, 25 C). 

The configuration of the diastereomers were explored using inter-
strand NOEs (Figure 20), confirming the results of CD spectroscopic 
and X-ray crystallographic measurements. Absence of aggregation 
was probed by measurement of the amide proton chemical shifts as a 
function of concentration. Negligible variation of NH values were 
observed in dimethylsulfoxide, chloroform and methanol solutions  
(c = 30-180 mmoldm-3, 30-120 mmoldm-3, and 10-60 mmoldm-3,
respectively), allowing the investigation of intramolecular interactions 
in these solvents. 

Evidence for Hairpin Conformation 
Interstrand NOEs. Non-sequential NOEs provided evidence for 

-hairpin folding in chloroform solution of the diastereomers, the 
strongest effects being observed between the alpha protons of valine 
and alanine (Figure 20). For both diastereomers, these NOE cross-
peaks were much weaker in dimethylsulfoxide solutions, indicating 
the smaller population of folded conformations in a competitive 
solvent. NOEs between the -protons could not be studied in 
methanol solution due to signal overlap. In chloroform solution, 
following deuterium exchange of the amide protons, interstrand NOEs 
were observed between the methyl groups of valine and alanine for 
the 1a, but not for the 1b diastereomer (Figure 21). Interestingly, these 
very small effects could neither be observed in NOESY spectra, nor 
without deuterium exchange. 

Solvent effects on amide chemical shifts. For both diastereomers, 
the chemical shifts of the NHPh-Val and NHCH3NH-Ala protons  
(Figure 16) were much less affected by change of solvent than the 
signals of the NHAla and NHVal protons.
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Figure 21. Aliphatic region of the NOE difference spectra for the diastereomers 1a
and 1b, (400 MHz, 25 C, CDCl3 solution). (a) 1a, reference spectrum; (b) 1a, NOE 
difference spectrum, one Val-Me irradiated; (c) 1b, reference spectrum; (d) 1b,
NOE difference spectrum, one Val-Me irradiated. Integrated steady state NOEs are 
shown below the signals (in %, normalized to the irradiated CH3 group = -300 %). 

In agreement with the low-energy conformations proposed by X-ray 
crystallography (Figure 17) and computation (Figure 24), this 
observation indicated a -hairpin conformation, in which NHPh-Val and 
NHCH3NH-Ala are hydrogen-bonded.

Amide proton temperature coefficients ( T). The very 
similar temperature coefficients for both diastereomers in polar, protic  

Table 6. The amide proton temperature coefficients T (ppbK-1) were measured 
for 8 mmoldm-3 samples in DMSO-d6 over a temperature range of 298-418 K, in 
CH3OH:CD3OD (2:1) over a range of 178-323 K, and in CDCl3 over a temperature 
range of 298-333 K. 

/ T 1a 1b 
Residue MeOH DMSO CDCl3 MeOH DMSO CDCl3

NHPh-Val 2.6 3.1 0.4 2.5 2.6 0.7 
NHCH3NH-Ala 4.8 4.5 4.2 4.8 3.6 4.1 
NHAla 7.3 5.9 1.4 7.1 5.5 1.7 
NHVal 7.7 5.3 1.7 7.6 5.1 1.8 
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Table 7. 3JNH,H  coupling constants (Hz) in DMSO-d6, CH3OH:CD3OD (2:1), and 
CDCl3 solutions. 

3JNH,H 1a 1b 
Residue MeOH DMSO CDCl3 MeOH DMSO CDCl3

NHCH3NH-Ala 4.6 4.7 4.7 7.0 overlap 4.7 
NHAla 6.6 7.4 8.1 6.8 7.9 9.0 
NHVal 8.4 7.5 9.3 9.1 8.4 9.1 

methanol indicated the solvent accessibility of NHAla and NHVal

protons (Table 6). The values obtained for NHCH3NH-Ala pointed to its 
participation in an equilibrium between hydrogen-bonded and non-
hydrogen-bonded states, while the low temperature coefficient of 
NHPh-Val proposed its involvement in hydrogen-bonding. In 
dimethylsulfoxide and chloroform solutions, the amide temperature 
coefficients of the diastereomers revealed similar folded 
conformations to those observed in methanol, with NHPh-Val being 
hydrogen-bonded and NHCH3NH-Ala being in equilibrium between 
hydrogen-bonded and non-hydrogen-bonded states.

Extended side chain conformation. The magnitudes of 3JNH,H
coupling constants are indicative of peptide backbone conformation 
(Figure 6), with large numeric values proposing dihedral angles close 
to 180º.42,43 The coupling constants reported in Table 7 indicate that 
lower solvent competitivity facilitates hairpin folding. 

Thermodynamic analysis. A common method for quantitative 
description of hairpin stability is the investigation of the protein 
melting curve.116-119 By measuring the temperature dependency of a 
structural parameter sensitive to conformational changes, for example 
CD ellipticity, or NMR chemical shift of amino acid alpha protons or 
non-polar side chain protons, thermodynamic constants describing 
peptide folding and unfolding can be determined. This method 
presumes that hairpin folding can be described as a two state process: 

fFUFobs )(                     )2(

Here, obs represents the observed chemical shift for the investigated 
proton, U and F chemical shifts for its completely unfolded and 
folded states, and f the molar fraction of the unfolded molecule. 
Furthermore, it is assumed that the change in heat capacity ( Cpº)
upon unfolding is negligible. Cpº is proportional to the change in 
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exposed accessible surface area upon unfolding, which is likely to be 
small for short peptides,117,118 a reasonable assumption for our 
compounds. Following literature procedures,117,118 equation 3 was 
applied for a mathematical description of the chemical shift changes 
observed during the variable temperature NMR measurements. 

m

m
T
1

T
1

R
Hexp1

UF
Uobs                     (3) 

Here, T represents temperature (K), and Hm the enthalpy change 
upon unfolding (Jmol-1) at the melting temperature Tm (K). 1H NMR 
spectra of peptidomimetics 1a and 1b were recorded at various 
temperatures and the chemical shifts of alpha respective side chain 
protons were analyzed. The melting curves were first inspected as 
reciprocal temperature plots (Figure 22).  
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Figure 22. Reciprocal temperature plots of the 1H melting curves of structures 1a
and 1b (DMSO-d6 solution). The graphs show the CH3-Ala chemical shifts for the 
1b- (a) and 1a-diastereomers (b), and their derivatives of the first order, (c) and (d) 
respectively.
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An approximate value for Tm (inflexion point on the melting curve) 
was determined from its first derivative. The enthalpy change upon 
unfolding ( Hm) was then calculated using equation 4. 

                            

     (4) 

This first approximate Hm was then used as initial value for the 
iterative refinement of U, F, Tm and Hm by restricted non-linear 
curve-fitting calculations, applying equation 2. 

Results for DMSO-d6 solution. The 1H chemical shifts were 
measured over a temperature range of 298 to 418 K. The data of 
CH3

Ala, CH3
Val, CH Val, CH Val, and CH3

NHAla were investigated. 
However, the analyses of CH Ala and CH3

COVal were omitted because 
of the small chemical shift difference of these protons in the folded 
and unfolded states (| F- U| < 0.03 ppm).117,118 The reciprocal 
temperature curves pointed to a different thermodynamic behaviour of 
the diastereomeric mimetics in polar aprotic media. Compound 1b
had its melting point (Tm) at approximately 388 K, while the analysis 
of the variable temperature data of 1a revealed that its melting 
temperature may be at higher than 418 K, the highest temperature 
accessible for our NMR equipment (Figure 22). The fact that the 
inflexion point of the melting curve belonging to 1a could not be 
detected, deprived us of the possibility to calculate exact 
thermodynamic parameters for this diastereomer.  

T (K)

200 300 400 500 600

f (%)

0

20
40

60

80

a

T (K)

100 150 200 250 300 350 400

f (%)

0

20

40

60

80 1a

1b

b

Figure 23. Molar fraction of unfolded 1a-hairpin mimetic in DMSO-d6 (a) and in 
methanol (b) solutions. Curves are based on theoretical values calculated from 
average thermodynamic parameters in Table 7 and 8. Data points: Molar fractions 
calculated for different protons (symbols: ( ) CH -Val, ( ) CH -Val, ( )CH3-Val, 
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Table 8. Thermodynamic parameters for unfolding of -hairpin mimetic 1b in
DMSO-d6 solution. 

However, the comparison of the melting curves may allow the 
conclusion that mimetic 1a has a significantly higher -hairpin
population in dimethylsulfoxide solution than its diastereomer, 1b.
The thermodynamic parameters for folding into the -hairpin 
conformation of 1b, calculated by iterative fitting of chemical shifts 
using equation 2, are shown in Table 8. The molar fractions calculated 
from thermodynamic parameters summarized in Tables 8-10 are 
shown in Figure 23. 

Table 9. Thermodynamic parameters for unfolding of -hairpin mimetic 1a in
CH3OH:CD3OD (2:1) solution. 
.

Table 10. Thermodynamic parameters for unfolding of -hairpin mimetic 1b in
CH3OH:CD3OD (2:1) solution 

1H Tm
(K)

Hm
(kJmol-1)

Sm
(JK-1mol-1)

Gº298 C
(kJmol-1)

CH3
Ala 392.5  1.1 17.2  0.4 43.8  1.1 4.1  0.1 

CH3
Val 387.6  2.6 16.3  0.9 42.1  2.6 3.8  0.1 

CH3
NHAla 387.9  3.2 16.7  1.1 43.1  3.2 3.9  0.2 

CH Val 387.9  1.3 16.0  0.4 41.2  1.2 3.7  0.1 
CH Val 384.2  2.9 16.3  1.0 42.5  2.9 3.7  0.1 

Mean  s.d. 388  5.8 16.5 0 .6 42.5  0.9 3.8  0.3 

1H Tm
(K)

Hm
(kJmol-1)

Sm
(JK-1mol-1)

Gº298 C
(kJmol-1)

CH3
NHAla 312.2  1.7 11.1  0.3 35.6  1.2 0.5  0.04 

CH3
COVal 306.8  0.3 12.2  0.1 39.8  0.5 0.4  0.01 

CH3
Val 301.6  2.5 10.2  0.5 33.8  1.0 0.1  0.08 

Mean  s.d.  306. 9  7.5 11.2  0.6 36.4  1.3 0.32 0 .3 

1H Tm
(K)

Hm
(kJmol-1)

Sm
(JK-1mol-1)

Gº298 C
(kJmol-1)

CH3
NHAla 298.1  3.4 11.2  0.8 37.6  2.8 0.0  0.10 

CH3
COVal 302.6  1.2 11.6  0.3 38.3  1.1 0.2  0.04 

CH3
Val 303.4  1.0 10.6  0.2 34.9  0.8 0.2  0.03 

Mean  s.d.   301.4  3.8 11.1  0.4 36.9  1.9 0.12  0.1 
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Results for methanol solution. Chemical shifts were measured 
over a temperature range of 178 to 328 K. The NMR signals of alpha 
protons were omitted from the calculations because of signal overlap, 
and CH3

Ala was not investigated because the change of its chemical 
shifts upon unfolding was less than 0.03 ppm. Furthermore, the 
iterative nonlinear curve fitting for the chemical shift of CH -Val did 
not converge. Hence, the thermodynamic parameters calculated for 
CH3

Val, CH3
COVal and CH3

NHAla are reported in Tables 9 and 10, and 
the calculated molar fractions are depicted in Figure 23b. The 
calculated thermodynamic constants indicate very similar folding 
behaviour of the two diastereomers in this solvent.  

Results for CDCl3 solution. Variable temperature NMR studies 
were carried out over a temperature range of 213 to 328 K. Since the 
inflection points of the melting curves were not detectable in this 
temperature range and a tendency for aggregation was observed below 
room temperature, thermodynamic constants were not calculated in 
this solvent. However, based on these observations, we presume that 
in apolar, non-protic media both diastereomers are highly folded. 

Entropic and enthalpic contributions to -hairpin stability. The 
achieved thermodynamic parameters enabled us to compare the 
relative importance of hydrophobic and hydrogen-bonding 
interactions on hairpin stability. For both diastereomers, slightly 
exothermic folding was observed in polar solvents (methanol and 
dimethylsulfoxide). The consequently negative entropic contribution 
to folding indicated that hydrophobic interaction is not the dominating 
stability-determining factor for these compounds. In methanol, at 
room temperature, the enthalpic ( H = -11.1 kJmol-1) and entropic  
(-T S = -11.0 kJmol-1) contributions to the stability of diastereomer 
1b ( G = -0.12 kJmol-1) were approximately equal (Table 9). In 
dimethylsulfoxide, the folding remained still exothermic, but became 
enthalpy driven ( H = -16.5 kJmol-1, -T S = -12.7 kJmol-1, from 
Table 8). The increasing role of enthalpy upon change of solvent 
indicates the high impact of interstrand hydrogen-bonding on hairpin 
stability. As the folding process became more exothermic ( H upon 
unfolding is more positive in dimethylsulfoxide than in methanol, i.e. 

H upon folding is more negative) the entropy term turned to be 
increasingly more negative. Thus, the stronger hydrogen-bonding 
interactions were partly compensated by an adverse conformational 
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entropy term as the peptide backbone became more constrained in 
dimethylsulfoxide. However, when changing the solvent from 
methanol to dimethylsulfoxide, the decrease in entropy (-T S = -1.7 
kJmol-1) was overcompensated by an even larger decrease in enthalpic 
contribution ( H  = -5.4 kJmol-1).

Furthermore, comparison of thermodynamic parameters of the 
diastereomeric compounds differing only in the orientation of one of 
their side chains, provided an opportunity to estimate the impact of 
hydrophobic interactions on hairpin stability. As described above, in 
methanol the high contribution of the electrostatic interaction  
(i.e., hydrogen-bonding) concealed the rather small hydrophobic 
stabilizing effect. In the less competitive solvent dimethylsulfoxide, 
the hydrophobic contribution to hairpin stability was indicated by the 
approximately 30 K higher melting point of 1a in comparison to its 
diastereomer 1b. Thus, van der Waals interaction has a higher 
influence on -hairpin folding than the simultaneously occurring, but 
destabilizing steric crowding. 

Conformational analysis by theoretical calculations. Monte Carlo 
searches combined with molecular mechanics energy minimization 
were used to identify low-energy conformations of 1a and 1b. The 
calculations were performed using both the Amber* and the  
OPLS-AA all-atom force fields and the GB/SA solvation model for 
water and chloroform.  

Figure 24. Overlaid backbones of the conformations within 20 kJmol-1 of 1a (left) 
and 1b (right). In this simulation, the Amber* force field and CHCl3 solvent model 
were used. 
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Table 11. Results of Monte Carlo/Molecular Mechanics calculations. The relative 
amount of hairpin conformations identified among all conformations within  
25 kJmol-1 is shown in parentheses. 

H2O CHCl3

Conformation: hairpin  low-energy  hairpin  low-energy  
Force field: Amber*

1a 7 (4 %) 173 5 (16 %) 31 
1b 17 (7 %) 243 17 (74 %) 23 

Force field: OPLS-AA
1a 7 (2 %) 475 7 (16 %) 45 
1b 15 (2 %) 878 8 (18 %) 44 

Conformations within 25 kJmol-1 of the lowest energy minimum were 
examined. The conformations were then classified as “hairpin” or 
“non-hairpin”, depending on the presence of the two interchain 
hydrogen-bonds (Figure 16). The results are summarized in Table 11 
and the overlaid backbones of the conformations obtained within  
20 kJmol-1 using the Amber* force field and chloroform solvent 
model are shown in Figure 24. It should be noted, that the Amber* 
force field afforded low-quality force field parameters for the 
acetylene moiety, a fact depriving us of the possibility of an accurate 
calculation of the theoretical conformer population. However, this 
estimation was possible for the calculations applying the OPLS-AA 
force field, for which conformations identified as -hairpins amounted 
to a population of 16 % and 21 % at 298 K for diastereomers 1a and 
1b, respectively, using the Boltzman equation for evaluation.

Hence, opposite to our experimental observations, calculations in 
two different force fields predicted the -hairpin conformation of the 
(R,S)-diastereomer to be more likely than that of the (S,S)-diastere-
omer (Table 11). This failure might be attributed to overestimation of 
the importance of steric repulsions compared to attractive hydrophobic 
forces in the applied force fields. 

5.2.1.2 Investigation of Decapeptides 
To examine the scope of our observations made on small model 

molecules, two decapeptide derivatives were prepared (Figure 25). To 
facilitate the formation of a -turn, the well-known turn inducer  
(R)-Pro-Gly was incorporated into both compounds.120 To promote  
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-hairpin folding of 8, the Ile-Val-Leu-Leu and Leu-Ala-Thr-Thr 
antiparallel amino acid sequences were attached to its turn inducer. 
These peptide strands are extracted from the S4 sheet sequence of the 
TATA-box binding protein (Figure 4), and are known to fold into a  

-sheet in their native environment,38 Furthermore, -branched amino 
acids were shown to have high propensities in strand segments of 
native -hairpins in general116,121,122 and were found to be optimal for  

-hairpin stabilization by promotion of hydrophobic cluster 
formation.106,116,118 (It is worth mentioning that cross-strand aromatic 
interactions were recently also suggested to stabilize -hairpin 
conformation.123,124) In peptide 9, one of the amino acid strands was 
kept, and the other was exchanged for a polyglycine chain offering 
similar possibilities for hydrogen-bonding as the corresponding amino 
acid strand of 8. However, this prevented stabilization by interchain 
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Figure 25. Structures of peptides 8 and 9 for investigation of the impact of 
hydrophobic interactions on  -hairpin folding. 
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Figure 26.  Principles for investigation of hydrophobic effect. a, Inverted backbone 
orientation by inverted configuration of one of the peptide chains. b, Retained 
backbone orientation in combination with removal of amino acid side chains.

hydrophobic interactions. Moreover, a diethylaminopropionyl tail was 
attached to the amino terminals of both peptides to increase their 
water solubility. Hence, these compounds contain similar turn 
inducers and allow the formation of comparable interchain hydrogen-
bonds, but differ in possibilities for stabilization by hydrophobic 
forces. Their comparison may allow the evaluation of the impact of 
the hydrophobic effect on hairpin folding using an approach 
complementary to that applied for 1a and 1b. In the case of our small 
model compounds, the hydrophobic effect was removed by chirality 
change of the -carbon on one of the strands, thereby applying amino 
acids with similar secondary structure promoting propensities. This 
modification caused a simultaneous change in backbone orientation 
(approach a, Figure 26). In the decapeptide case, the hydrophobic 
interaction was prevented by elimination of the hydrophobic side 
chains on one of the peptide strands, resulting in retained backbone 
orientation but in changed sheet-forming tendencies of the applied 
amino acids in one of the peptide chains (approach b). In our opinion, 
none of these approaches is flawless. However, they are comple-
mentary and their combined use provides a reasonably good method 
for the evaluation of the impact of hydrophobic forces.

Synthesis. Compound 8 and 9 were synthesized on Rink amide 
MBHA linker attached to polystyrene beads. Chain elongation was 
accomplished using Fmoc/t-Bu protection and PyBOP mediated 
coupling steps in a mixture of dimethylformamide and diisopropyl-
ethylamine. Fmoc groups were removed with 20 % piperidine in 
dimethylformamide. Cleavage of the products was achieved with  
95 % trifluoroacetic acid in dichloromethane. Purification of the 
peptides was accomplished by preparative RP-HPLC. 
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Figure 27. CD spectra of 8 and 9 in methanol at ambient temperature 
 (pH = 4.6 –4.8; c = 0.56 mmoldm-3). 

Conformational analysis by CD. The conformation of the 
prepared decapeptides was investigated with circular dichroism 
spectroscopy in methanol solution (Figure 27). Compound 8 exhibited
a negative band at 220 nm indicative of -hairpin folding, while the 
spectrum of 9 resembled a non folded structure. 

NMR analysis. Homonuclear correlation experiments were 
recorded for sequential assignment and structural analysis in water, 
methanol and dimethylsulfoxide solutions.  

Proton chemical shifts. The structure of a peptide is proposed to 
be reflected by the chemical shifts of its protons. Residues in extended 
conformations were observed to have higher (0.1-0.6 ppm) chemical 
shifts than those being part of a random coil, while amino acids in  

-helices and -turns were reported to experience an opposite 
tendency.125,126 In methanol solution, the differences in the chemical 
shifts (Table 12) of amide and alpha-protons of similar residues 
proposes that 8 may have a larger tendency of hairpin folding than 
compound 9. Interestingly, in dimethylsulfoxide and water solutions 
the measured conformational shifts (paper V, supporting information) 
did not point to a significantly different behaviour of these molecules. 

Amide temperature coefficients. Furthermore, NH values 
(Table 13) were investigated to get insight in the hydrogen-bonding 
pattern of the decapeptides.48-50
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Table 12. 1H NMR chemical shifts ( , ppm) and coupling constants (JNH,H , Hz) of 
H  and NH protons in compounds 8-9 at 25 C in methanol solution.

Residue Proton 8 9 
Leu-1 NH 8.35 ppm J  7.5 Hz 8.46 ppm J  6.0 Hz 
or Gly-1 H 4.61 ppm 4.01, 3.95 ppm 
Ala-2 NH 8.66 ppm J  7.5 Hz 8.28 ppm J  4.5 Hz 
or Gly-2 H 4.65 ppm 4.25, 3.91 ppm 
Thr-3 NH 8.09 ppm J  9.0 Hz 8.44 ppm J  5.5 Hz 
or Gly-3 H 5.02 ppm 4.01, 3.73 ppm 
Thr-4 NH 8.48 ppm J  6.5 Hz 8.28 ppm J  5.5 Hz 
or Gly-4 H 4.78 ppm 4.17, 4.07 ppm 
Pro-5 H 4.36 ppm 4.35 ppm 
Gly-6 NH 8.48 ppm J  6.5 Hz 8.48 ppm J  6.0 Hz 

H 3.86, 3.78 ppm 3.99, 3.75 ppm 
Ile-7 NH 8.03 ppm J  8.5 Hz 7.88 ppm J  8.0 Hz 

H 4.37 ppm 4.27 ppm 
Val-8 NH 8.38 ppm J  8.5 Hz 8.14 ppm J  8.0 Hz 

H 4.33 ppm 4.24 ppm 
Leu-9 NH 8.51 ppm J  8.5 Hz 8.14 ppm J  8.5 Hz 

H 4.56 ppm 4.49 ppm 
Leu-10 NH 8.19 ppm J  7.5 Hz 8.14 ppm J  7.5 Hz 

H 4.45 ppm 4.37 ppm 

Table 13. Amide proton temperature coefficients / T (ppbK-1) for 8 and 9,
measured for 3 mmoldm-3 samples in DMSO-d6 (298-388 K), CH3OH:CD3OD (1:1,  
188-328 K) and H2O:D2O (1:1, 283-358 K) solutions. 

/ T 8 9 
Residue DMSO MeOH H2O DMSO MeOH H2O
Leu-1/Gly-1 3.4 5.3 3.8 3.6 6.5 3.9 
Ala-2/Gly-2 5.0 8.0 3.0 4.2 5.5 3.9 
Thr-3/Gly-3 4.0 7.8 5.7 4.0 5.2 3.6 
Thr-4/Gly-4 3.2 4.5 3.9 4.1 5.5 2.9 
Gly-5 2.6 6.8 5.5 2.9 4.9 4.3 
Ile-7 1.6 4.7 4.8 2.3 2.7 4.2 
Val-8 5.5 10.2 2.1 4.8 8.1 2.1 
Leu-9 2.7 6.7 3.9 4.9 7.5 3.2 
Leu-10 4.3 7.3 2.1 4.1 5.6 2.8 
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Figure 28. Summary of NOEs observed between non adjacent residues for 8  and 9,
spectra were obtained in methanol solution using wetroesy pulse sequence. 

For 8, the measured temperature coefficients in dimethylsulfoxide are 
consistent with a folded -hairpin structure in which the amide 
protons of Leu-9 and Ile-7 are intramolecularly hydrogen-bonded and 
Thr-4 is in equilibrium between hydrogen-bonded and non-bonded 
states. In the dimethylsulfoxide and methanol solutions of 9, a -turn 
population was indicated by the low NH of Ile-7. In water, the amide 
temperature coefficients pointed to involvement in hydrogen-bonding 
of several amide groups, however the pattern not being compatible 
with a -hairpin-like structure. 

The chemical shift change of alpha and non polar side chain 
protons as function of temperature did not allow the calculation of 
thermodynamic parameters for folding, since the inflection point of 
the melting curve could not be detected for any of the compounds in 
any investigated solvent.
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Figure 29. The conformation of 8, obtained as the global energy minimum by Monte 
Carlo Molecular Mechanics calculation using experimental constraints (NOE). 

Nuclear Overhauser effects. In methanol and DMSO solutions of 
8, several interchain ROESY/NOESY cross peaks being characteristic 
for a significant -hairpin population were observed (Figure 28). In 
methanol and DMSO solutions of 9, the NOEs found close to the (R)-
Pro-Gly turn mimic were indicative of a -turn, although no NOEs 
pointing to -hairpin folding were observed. Conversely, no NOEs 
pointing to hairpin folding were detected for neither 8 nor 9 in water. 

The folded conformation of 8 was visualized (Figure 29) by a 
Monte Carlo Molecular Mechanics calculation using the long-range 
NOEs depicted in Figure 19 as experimental constrains. In our 
computational studies, the hydroxyl groups of the threonines were 
masked as methoxy-groups, to compensate for the overestimation of 
the significance of their hydrogen-bonding; a general problem 
observed in most available force fields. 

Diffusion-based studies. Self-diffusion of the decapeptides were 
studied in dimethylsulfoxide solutions (pH = 2.6-2.8) using the LED 
stimulated PFG spin-echo experiment.56,127 The observed coefficients 
followed the order of molecular weight (8: D = 1.9× cm2s-1,
M = 1122 gmol-1; 9: D = 2.4× cm2s-1, M = 964 gmol-1) and could 
not be interpreted in terms of conformational changes. 

On the basis of the obtained experimental data, we assume that 
compound 8 has a tendency for folding into -hairpin conformation in 
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a non-protic solvent. On the contrary, 9 does not form a hairpin. 
However, for this compound the formation of a -turn was indicated 
in organic solvents by non residual NOEs. 

5.2.1.3 Conclusion 
Comparison of hydrogen-bonding and hydrophobic effect. The

population difference of the folded conformation of compounds 1a-1b
and 8-9 in solvents possessing different polarity and ability to 
competition (chloroform < dimethylsulfoxide < methanol < water) 
indicated the critical role of hydrogen-bonding for hairpin stability. 
The significantly higher thermodynamic stability of the folded 
conformation of 1a compared to that of 1b in dimethylsulfoxide 
solution, as well as the folding of 8 in dimethylsulfoxide in contrast to 
9, suggests that hydrophobic interactions are necessary for stabili-
zation of a -hairpin conformation. Thermodynamic data obtained for 
the small model systems, as well as the rather similar behaviour of  
1a-1b and 8-9 in protic solvents indicate the dominance of hydrogen-
bonding interactions over interchain hydrophobic forces.

5.2.2 The -Turn  

5.2.2.1 Pseudotetrapeptides 
The rigidity of the -turn of a hairpin is likely to significantly 

influence its folding behaviour. Hence, for selective investigation of 
turn rigidity, compounds containing similar strands but different turn 
mimics were prepared (Figure 30).  

N
H

N
H

O

O

O

N
H

O

N
H

N
H

O

O

N

N
H

N
H

O

O

NHO

N
H

N
H

O

O

O

N
H

N
H

O

1a 10 11

Figure 30. Model compounds for the study of the effect of turn rigidity on hairpin 
folding. 
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Scheme 10. Outline of the synthesis of 17  (a) 1) NaN(Si(CH3)3)2, HMDS, r.t., 40 h. 
2) conc. HCl, 50 %. (b) O[CO2C(CH3)3]2, CH2Cl2, K2CO3 in H20, r.t., 72 h, 60 %.  
(c) 1) (CH3)3Si-C CH, Pd(PPh3)2Cl2, CuI, (C2H5)2NH, DMF, 120 C, 6 min, 98 %. 
2) KF×2H2O, r.t., 14 h, 63 %. (d) CH3OH, HCl, r.t., 4 h, 99 %. (e) Pd(PPh3)2Cl2,
CuI, (C2H5)2NH, DMF, 120 C, 6 min, 81 %. (f) 6 M NaOH (aq), 120 C, 2 h, 61 %. 

In analogy to our previous study, in a first attempt a small set of 
model compounds was designed. 

Synthesis. Compound 10 was prepared on Kaiser’s linker attached 
to polystyrene resin applying standard Boc-SPPS methods. The 
precursor of 11 was obtained according to Scheme 10. The central part 
of mimetic 11 was obtained by benzylic nucleophilic substitution (a) 
followed by Boc-protection (b) of the amino group of 12. It is worth 
mentioning that protection of the benzylamine of 12 was necessary for 
a Sonogashira coupling. Furthermore, esterification (d) of the carboxyl 
group of 15 was also required for efficient coupling (e) of the two 
sides of 16. Base mediated hydrolysis (f) of the protecting methyl 
ester yielded 17, appropriate for application in standard SPPS. 



61

Table 14. Amide proton temperature coefficients / T (ppbK-1) for 10 and 11, 
measured for 3 mmoldm-3 samples in H2O:D2O (1:1, 283-358 K), DMSO-d6
(298-388 K), CH3OH:CD3OD (1:1, 188-328 K) and CDCl3 (213-323 K) solutions. 

/ T 10 11 
Residue H2O DMSO MeOH CDCl3 DMSO 
NHPh/Gly 5.5 4.2 6.5 5.7 5.6 
NHCH3 5.5 3.8 3.6 7.3 4.8 
NHAla 5.1 3.2 3.4 7.2 6.8 
NHVal 2.0 5.0 6.1 6.8 6.0 

Conformational analysis. NMR studies of 10 were performed in 
D2O:H2O (1:1), CD3OD:CH3OH (1:1), DMSO-d6 and CDCl3. Due to 
low solubility in most solvents, 11 was only evaluated in DMSO-d6.
For sequential assignment and structural studies, homonuclear 
correlation techniques were applied.

Amide temperature coefficients. Since the numerical values of 
the chemical shifts of 1a and 11 were most probably affected by the 
adjacent aromatic rings, the absolute values of the amide and  

-protons were not compared with literature values. However, the 
temperature dependency of the amide chemical shifts were assumed to 
be less affected and were therefore evaluated, the results being 
summarized in Table 14. The obtained data indicate that neither 10
nor 11 fulfills the requirement of two simultaneous interchain 
hydrogen-bonds necessary for a -hairpin. For compound 10, the 
temperature coefficient of NHVal in water reveals its involvement in 
hydrogen-bonding.

Solvent effects on amide chemical shifts. The chemical shift 
alteration upon change of solvent indicated one interchain amide 
hydrogen-bond (NHAla) for 10. solv = DMSO- CDCl3 for the amide 
protons, which assumed the following values: solv(NHCH3) = 0.6; 

solv(NHAla) = 0.1; solv(NHVal) = 0.4; solv(NHGly) = 0.8.

Coupling constants. The coupling constants measured for 
solutions of 10 and 11 are shown in Table 15. The comparatively low 
values indicate a high fraction of non ordered conformations in 
solution. 

Long-range NOEs. No interchain NOEs were detected for 11,
indicating an ensemble of conformations in its solution.  
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Table 15. Backbone 3JNH,H  coupling constants of 10 and 11 in various solvents. 
3JNH, H 10 11 
Residue H20 MeOH CDCl3 DMSO DMSO 
NHCH3NH-Ala 4.7 4.5 5.2 4.6 4.8 
NHAla 6.4 7.7 7.5 8.0 6.8 
NHVal 7.8 7.6 6.8 8.0 6.0 
NHGly/ NHbz 6.0 5.8 5.6 5.6 5.6 
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Figure 31. Non sequential NOEs in the CDCl3 solution of 10.

For compound 10, NOEs between nonadjacent residues were observed 
in methanol and chloroform solutions, the latter being summarized in 
Figure 31. This result is in agreement with studies made on similar 
structures.120,128

The variable temperature data of alpha and non polar side chain 
protons of 10 did not allow the calculation of thermodynamic 
parameters for its folding, since the inflection point of its melting 
curve could not be detected in any of the investigated solvents. 
Compound 11 was assumed to be unfolded in its dimethylsulfoxide 
solution, based on lack of interchain NOEs, on its / , and 

solv data. Hence, calculation of its thermodynamic parameters 
was not attempted. 

Computational results and discussion. Similarly to our earlier 
investigations on compound 1, Monte Carlo conformational search 
combined with molecular mechanics energy minimization using the 
OPLS-AA force field and the GB/SA CHCl3 solvation model 
implemented in the program Macromodel 7.0 were applied to predict 
the conformation population of 10 and 11. Conformations within  
25 kJmol-1 of the global minimum were retained and classified as 
folded or non-folded, depending on the presence or absence of two 
interchain hydrogen-bonds. 
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Table 16. Results of theoretical conformational analysis. Row 1: predicted amount 
of -hairpin conformations for 1, 10, and 11 identified among all conformations 
within 25 kJmol-1 of the global minimum. Row 2 and 3 describe the percentage of 
the found hairpin conformations (row 1) that have optimal geometries for interchain 
hydrogen-bonding according to Clothia.129

Peptide 1a 10 11 

Folded into -hairpin 16 % 20 % 31 % 

Angle of N-H-O > 155 92 % 43 % 64 % 

Angle of N-O-C = 135 -165 78 % 34 % 28 % 

The populations of hairpin conformations were calculated using the 
Boltzman equation and are summarized in Table 16. Data for compound 1a
is included in the table for comparison. Interestingly, the predicted tendency 
of stability for the -hairpin conformations of our compounds (1a < 10 < 11)
were just the opposite to that experimentally observed (1a > 10 > 11).
However, further examination of the obtained -hairpin conformations 
provided a possible explanation for our experimental results. In native 
hairpins, hydrogen-bonds have been shown to be approximately planar.129 

Inspection of the N-H-O and N-O-C angles in the interchain hydrogen-bonds 
of the folded -hairpin conformations (Table 16) revealed that in 1a they are 
within the interval found to be optimal in native -hairpins. The hydrogen- 

Figure 32. Hairpin conformations of 1a (left) and 11 (right), indicating the 
differences in the orientation of the amino acid strands. 
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bonds of 10 and 11 were found to be rather tilted (Table 16, row 2-3 
and Figure 32), explaining the experimentally observed low folding 
tendency of these molecules. The behaviour of the (R)-Pro-Gly 
segment has been thoroughly investigated earlier.128,130 It was 
concluded to be relatively rigid, a factor decreasing the entropic cost 
of hairpin folding and simultaneously preventing optimal contacts 
between amino acid side chains located on the antiparallel peptide 
strands.130 Consequently, one may suggest that the folding of 11 might 
be enthalpically more disfavoured than the folding of 10, while the 
flexibility of their turn regions may be comparable. 

5.2.2.2 Investigation of Decapeptides 
In a second approach, the influence of the turn region on -hairpin 

stability was studied by investigation of decapeptides (Figure 33). 
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Peptide 18 has an “inversed” Gly-(R)-Pro turn sequence, compared to 
the (R)-Pro-Gly turn inducer of compound 8 (Figure 33). 

Synthesis. The synthesis and purification of 18 was achieved as 
described for 8 and 9.

Circular Dichroism. The CD spectrum of 18 in methanol solution 
indicated an unordered structure (Figure 34). However, in addition to 
the dominating intense negative band at 204 nm, a weaker broad 
minimum at ca. 216-230 nm pointed to the presence of a small 
population of -turn/hairpin conformation. 
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Figure 34. CD spectra of 8 and 18 in methanol solution at ambient temperature 
 (pH = 4.6–4.8; c = 0.56 mmoldm-3). 

NMR analysis. Structural analyses of 18 in water, methanol and 
dimethylsulfoxide solutions was performed using COSY, TOCSY, 
ROESY and NOESY spectra. 

Proton chemical shifts. Compared to 8, the chemical shifts of the 
backbone amide and alpha-protons of 18 were generally low, 
indicating a rapid equilibrium of several conformations in its methanol  
solution (Table 17). Not surprisingly, similar tendencies were 
observed in its dimethylsulfoxide and water solutions (paper V, 
supporting information). 
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Table 17. 1H NMR chemical shifts ( , ppm) and coupling constants ( 3JNH,H , Hz) of 
CH  and NH protons in compounds 8 and 18 at 25 C in methanol solution. 
Residue Proton 8 18 
Leu-1 NH  8.35 ppm J  7.5 Hz  8.38 ppm J  7.5 Hz 
 H  4.61 ppm   4.43 ppm 
Ala-2 NH  8.66 ppm J  7.5 Hz  8.44 ppm J  6.5 Hz 
 H  4.65 ppm   4.45 ppm 
Thr-3 NH  8.09 ppm J  9.0 Hz  7.96 ppm J  8.0 Hz 
 H  5.02 ppm   4.40 ppm 
Thr-4 NH  8.48 ppm J  6.5 Hz  7.76 ppm J  8.0 Hz 
 H  4.78 ppm   4.40 ppm 
Pro H  4.36 ppm   4.51 ppm 
 H  2.28 ppm   2.21 ppm 
Gly NH  8.48 ppm J  6.5 Hz  8.07 ppm J  4.4 Hz 
 H  3.86, 3.78 ppm   4.13, 4.05 ppm 
Ile-7 NH  8.03 ppm J  8.5 Hz  8.26 ppm J  7.0 Hz 
 H  4.37 ppm   4.19 ppm 
Val-8 NH  8.38 ppm J  8.5 Hz  7.91 ppm J  7.5 Hz 
 H  4.33 ppm   4.00 ppm 
Leu-9 NH  8.51 ppm J  8.5 Hz  7.87 ppm J  8.5 Hz 
 H  4.56 ppm   4.34 ppm 
Leu-10 NH  8.19 ppm J  7.5 Hz  8.14 ppm J  7.5 Hz 
 H  4.45 ppm   4.37 ppm  

Table 18. Amide proton temperature coefficients / T (ppbK-1) for 18, measured 
for 3 mmoldm-3 samples in DMSO-d6 (298-388 K), CH3OH:CD3OD (1:1, 188-328 
K) and H2O:D2O (1:1, 283-358 K) solutions. 

/ T 18
Residue DMSO MeOH H2O
Leu-1 4.7 5.6 3.9 
Ala-2 3.6 6.5 3.1 
Thr-3 3.7 5.6 2.9 
Thr-4 2.1 2.7 4.8 
Gly 3.2 6.4 2.6 
Ile-7 3.7 5.4 3.3 
Val-8 5.2 6.5 3.3 
Leu-9 3.7 5.2 1.1 
Leu-10 3.9 6.4 3.0 
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Amide temperature coefficients. Variable temperature 1H NMR 
studies were carried out to further explore the conformational 
preferences of 18 (Table 18). The low temperature coefficient of 
NH(Thr-4) in dimethylsulfoxide and methanol solutions might be due 
to the formation of a six-membered ring via hydrogen-bonding to the 
OH(Thr-3), shown in Figure 35. In aqueous solution, the observed low 
amide temperature coefficients were more consistent with aggregation 
than folding into any known secondary structure. 
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Figure 35. Possible formation of a six membered ring by hydrogen-bonding of 
NH(Thr-4) to the OH(Thr-3). 

Nuclear Overhauser effects. In the solutions of 18, NOEs 
between nonadjacent residues could not be detected, suggesting non 
ordered solution conformations. 

Diffusion-based studies. We have measured the translational self-
diffusion coefficient of 18 in DMSO-d6 and has found it to be identical 
to the one observed for compound 8 (D = 1.9×10-6 cm2s-1, M = 1122 
gmol-1, pH = 2.6-2.8). This result may allow the assumption, that 
different conformational behaviour of such small peptides does not 
influence their diffusion rate significantly. 

Hence, all spectroscopic data point to a notably different behaviour 
of  the two isomeric peptides, 8 showing a tendency for folding in 
organic solvents and 18 being non folded under any investigated 
conditions.

5.2.2.3 Conclusion 
In summary, we have studied peptidomimetics containing similar 

amino acid chains, but various turn mimetics. These investigations, in 
agreement with earlier studies,130 propose that a rigid turn mimic 
(such as a tolan backbone), forcing the attached peptide strands in 
right orientation close to each other is essential for the initiation of  

-hairpin folding. 
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5.3 Investigation of Photoswitchable Peptidomimetics 
(Papers IV,V) 

Molecular switches are systems that possess two or more reversibly 
interconvertible states.131 Since the use of light as reagent offers fast 
and clean processes, development of photoresponsive systems is of 
outstanding interest. In addition, there is a considerable potential for 
practical applications of such compounds, among others within human 
therapeutics.132,133 For example, the physiological activity of a 
photoswitchable drug may be externally regulated, presupposing that 
its isomers significantly differ in bioactivity. Application of this 
principle may enable us to photochemically activate an inactive 
prodrug, resembling the bioactivation of vitamine D (Scheme 4), or to 
force a ligand binding to its receptor to dissociate from it. Attempts to 
photomodulate bioactivity have received increasing attention over the 
recent years.132-136

Figure 36.  Schematic picture of a photoswitchable -hairpin mimetic 

Since -hairpins are involved in a large variety of physiological 
processes and their biological activity in some cases has been shown 
to correlate to the thermodynamic stability of their folded 
conformation,35,36 we considered the development of a non cyclic 
photoswitchable -hairpin to be a promising challenge (Figure 36). 
Over the last few years, Chmielewski et al133,137 and Moroder et al138

attempted the preparation of a cyclic photoswitchable -hairpin 
mimetic by incorporation of a diazobenzene moiety. Stilbenes are in 
many ways superior compared to diazobenzenes, since they do not 
undergo thermal cis-trans isomerization, they are easier to separate 
and are less sensitive to oxidizing agents. DNA-hairpins were 
successfully prepared by incorporation of para-substituted stilbene 
diether linkers into a nucleotide chain.83,84 To date still no attempts for 
the application of stilbene derivatives in peptides have been reported. 
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The promising results of preliminary computational studies motivated 
the incorporation of meta-substituted stilbenes into peptides. 

At first, photochemical studies were performed on stilbene. 
Isomerization of the trans-isomer was induced by irradiation of an  
8 mmoldm-3 sample in hexane under air atmosphere, with a 300 W Xe 
arc light source for 6 hours at 300 nm yielding a 85 to 15 mixture of 
the cis and trans isomers. Non-selective irradiation of trans stilbene 
on the whole UV-VIS spectral region gave in our hands a mixture of 
the cis and trans stereoisomers after 20 minutes (cis:trans = 73:27). 

5.3.1 Study of Low Molecular-Weight Stilbene Derivatives 
Design. Similarly to our previous studies, three small model 

compounds (Figure 37) were at first designed for investigation of the 
turn inducing properties of meta-substituted stilbene derivatives.  
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Figure 37. Photoswitchable stilbene-type peptidomimetics. 
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Table 19. Results of theoretical conformational analysis summarizing the predicted 
amount of -hairpin conformations for the cis isomers of the mimetics 19-21
identified among all conformations within 25 kJmol-1 of the global minimum. Row 2 
and 3 describe the percentage of the found hairpin conformations (row 1) that have 
optimal geometries for interchain hydrogen-bonding according to Clothia.129

Peptide cis-19 cis -20 cis -21 
-hairpin 16 % 50 % 34 % 

Angle of N-H-O > 155 28 % 92 % 92 % 
Angle of N-O-C = 135 -165 32 % 39 % 59 % 

The attached peptide strands were identical to those present in 
compounds 1, 10 and 11 in order to minimize the complexity of the 
molecules and to allow comparison of spectroscopic parameters. 
Linkers of various length between the stilbene backbone and peptide 
strands were incorporated to find an optimal balance between 
enthalpic and entropic factors (orientation of the antiparallel chains 
and backbone rigidity).

Computational analysis. The conformation population of 19-21
was predicted applying the Monte Carlo conformational search 
method combined with molecular mechanics energy minimization 
using the OPLS-AA force field. The GB/SA CHCl3 solvation model 
implemented in the program Macromodel 7.0 was applied and 
conformations within 25 kJmol-1 of the global minimum were retained 
and classified as folded or non-folded, depending on the presence or 
absence of two interchain hydrogen-bonds. For the cis isomers,

-hairpin populations were estimated using the Boltzman equation. 
The relative amount of -hairpin conformations with optimal 
interchain hydrogen-bonding geometries are summarized in Table 19. 
The measured N-H-O and N-O-C angles of the predicted folded 
conformations suggest that the turn mimetic of compound 21 allow 
the most advantageous orientation of the attached peptide strands. No 
hairpin folding was indicated for any of the trans compounds.  

Synthesis. The low nucleophilicity of the anilinic amino group of 
23 was expected to cause complications in solid phase peptide 
synthesis. Therefore, trans-19 was instead prepared in solution, 
following the reaction path shown in Scheme 11. Consequently, 
esterification of 3-vinyl-benzoic acid gave 22. Then, 23 was prepared 
via Heck-coupling91 with 3-iodoaniline, resulting in a 2:18:80 mixture 
of the cis:internal:trans products. 
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Scheme 11. Outline of the synthesis of trans-19  (a) CH3OH, conc. HCl, 70 ºC, 14 h, 
88 %. (b) 3-Iodoaniline, Pd(OAc)2, (C2H5)3N, DMF, 150 C, 20 min, 56 %. (c) 6 M 
NaOH (aq), 100 ºC, 6 h, 98 %. (d) N-Acetyl-(S)-valine, PyBOP, DIEA, r.t., 2 h,  
17 %. (e) (S)-alaninemethylamide, BSA, HATU, DIEA, r.t., 18 h, 49 %.

The separated trans isomer ester was hydrolyzed and then reacted 
with alanine methylamide, yielding 25. Because of the low reactivity 
compared to a typical peptide amine, the aromatic amino group of 24
did not react under these conditions. Hence, in the last step, this amino 
group was activated with N,O-bis(trimethylsilyl)-acetamide139 for 
HATU mediated coupling with N-acetyl-valine, to yield trans-19.

The central parts of mimetic 20 and 21 were prepared in solution 
and thereafter incorporated into SPPS. Thus, a benzylic nucleophilic 
substitution140 followed by microwave-accelerated Stille coupling92

yielded 27 (Scheme 12). Interestingly, contrary to the similar Stille 
reaction, for efficient Heck coupling91 of 3-vinyl-benzylamine, 27,
Boc-protection of its amino group was necessary. 
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Scheme 12. Outline of the synthesis of 31. (a) 1) NaN(SiMe3)2, HMDS, r.t., 24 h.  
2) conc. HCl, 63 %. (b) Bu3SnCH=CH2, Pd(PPh3)2Cl2, Et3N, DMF, 130 °C, 15 min, 
84 %. (c) O[CO2C(CH3)3]2, CH2Cl2, K2CO3 in H2O, r.t., 72 h, 68 %. (d)  CH3OH, 
conc. HCl, r.t., 24 h, 98 %. (e) Pd(OAc)2, P(o-tolyl)3, Et3N, DMF, 90 °C, 15 min, 
 70 %. (f) 6 M NaOH (aq), 120 °C, 20 h, 34 %. 

Esterification of the carboxyl group of 3-iodophenyl acetic acid gave 
29, followed by Heck coupling of the two components leading to 30.
Base mediated hydrolysis of the resulting methyl ester 30 yielded 31,
which was suitable for application in standard SPPS.  

The preparation of peptidomimetic 21 was commenced by a 
Knoevenagel condensation141 followed by esterification of the 
carboxyl group of 34, resulting in the -  unsaturated ester 35
(Scheme 13). Since reduction of a double bound in the presence of an 
aryl halide is known to be difficult, a nickelboride catalyzed 
route142,143 was optimized for 35, yielding 36 in 68 % isolated yield.
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Scheme 13. Outline of the synthesis of 38. (a) CH2(COOH)2, pyridine, piperidine, 
100 C, 1.5 h, 95 %. (b) CH3OH, conc. HCl, r.t., 16 h, 93%. (c) Ni(OAc)2, NaBH4,
CH3OH, EtOAc, H2 (2 bar), 20 min, r.t., 68 %. (d) Bu3SnCH=CH2, Pd(PPh3)2Cl2,
Et3N, DMF, 130 °C, 25 min, 78 %. (e) O[CO2C(CH3)3]2, CH2Cl2, K2CO3 in H2O, 
r.t., 24 h, 70 %. (f) Pd(OAc)2, P(o-tolyl)3, Et3N, DMF, 120 °C, 30 min, 43 %.  
(g) tert-BuOK, Et2O, 10.5 h, 99 %. 

In our hands only 1.5 % debrominated byproduct was observed. 
Molecule 33 was formed by Stille coupling92 of 3-bromophenethyl-
amine, followed by Boc-protection of 32. Compound 37 was then 
obtained by Heck coupling of 33 with 36.91 Finally, base mediated 
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ester hydrolysis yielded the building block 38, which was then 
incorporated into 21 by SPPS.

Photoisomerization. Conversion of trans-19 - trans-21 into their 
cis isomers was achieved by irradiation at the absorption maxima of 
their C=C double bonds (  = 300 nm, Figure 38) in acetonitrile 
solution under N2 gas flow. The percentage of cis isomers after 90 to 
120 minutes of irradiation was determined by 1H NMR, and was 
found to be 70 % (19), 83 % (20), and 49 % (21), respectively. 
Attempts to separate the cis and trans isomers by preparative 
reversed-phase HPLC were unsuccessful and therefore, similarly to 
other studies,144 the cis isomers were investigated in mixtures with 
their trans isomers, obtained by photoisomerization of the latter. 
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Figure 38. Absorption profiles of the trans isomers of peptidomimetics 19, 20 and 
21, of the turn mimic 23 and of trans-stilbene. The spectra were obtained in 
methanol and  have been scaled differently to facilitate comparison.

NMR investigations. Limited by the poor water and chloroform 
solubility of the prepared peptidomimetics, conformational analysis 
was performed in CD3OD:CH3OH (1:1) and DMSO-d6 solutions.

Amide temperature coefficients. The obtained / T values 
reveal that none of the isomers of 19-21 have any tendency for 
formation of interchain hydrogen-bonds (Table 20).

20

21

trans-Stilbene 

19

23



75

Table 20. Amide proton temperature coefficients of peptidomimetics 19-21 in
DMSO-d6 and CH3OH:CD3OD (1:1) solutions. 

/ T DMSO MeOH DMSO MeOH 
Residue trans-19 cis-19
NHPh 5.2 6.3 5.1 6.8 
NHCH3 4.4 6.6 4.2 6.9 
NHAla 4.9 6.9 5.7 9.0 
NHVal 5.7 7.1 5.9 7.4 

trans-20 cis-20 
NHPhCH2 5.2 7.1 6.5 7.4 
NHCH3 5.1 7.5 7.1 7.8 
NHAla 6.0 9.1 8.6 9.9 
NHVal 5.4 7.7 7.2 9.4 

trans-21 cis-21 
NHPhCH2 5.5 7.5 5.7 8.2 
NHCH3 5.6 7.5 5.3 7.6 
NHAla 5.7 7.2 5.6 8.7 
NHVal 5.3 7.8 5.8 8.3 

Interchain NOEs. No long-range NOEs were detected for these 
compounds, indicating the absence of any folded structures in their 
solutions.  

Coupling constants. The 3JNH,H  coupling constants measured for 
dimethylsulfoxide and methanol solutions are summarized in Table 
21. The obtained coupling constants do not differ significantly for the 
cis and trans isomers of the same compound.  

Discussion. In summary, contrary to our computational predic-
tions, the cis isomers of 19-21 did not show any tendency of folding 
into -hairpin conformation, neither in methanolic nor in dimethyl-
sulfoxide solutions. The difference between our theoretical and 
experimental results may have its explanation in a combination of 
several factors. Our investigations on -hairpin stability, described in 
chapter 5.2, demonstrated that turn rigidity is one of the most critical 
factors affecting the folding. Since the amino acid strands of 
compounds 1, 10, 11, 19, 20 and 21 are identical, their different 
behaviour most likely originates from differences in the flexibility and  
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Table 21. 3JNH,H coupling constants of peptidomimetics 19-21 in DMSO-d6, and 
CH3OH:CD3OD (1:1) solutions 
3JNH, H DMSO MeOH DMSO MeOH 
Residue trans-19 cis-19 
NHCH3NH-Ala 4.6 4.0 4.5 4.9 
NHAla 7.6 7.2 8.0 7.6 
NHVal 8.5 6.8 9.0 7.6 

trans-20 cis-20 
NHCH3NH-Ala 4.5 4.0 5.0 5.0 
NHAla 7.5 6.5 6.0 6.0 
NHVal 9.0 8.0 8.5 8.1 
NHCH2Ph 6.0 5.5 6.0 5.8 

trans-21 cis-21 
NHCH3NH-Ala 5.5 5.0 4.5 4.5 
NHAla 7.5 7.5 7.5 7.5 
NHVal 9.0 8.5 8.5 7.2 
NHCH2Ph 4.0 6.0 6.0 5.0 

orienting preferences of their turn regions. The generation of 
organized structures from flexible molecules is an entropically 
disfavoured process. Folding can only be favoured if the negative 
entropic term ( S) is compensated by a counteracting enthalpic 
contribution ( H). Hence, a peptide will only form a -hairpin, if the 
cost of the induced backbone-strain is compensated by energy gained 
from interchain hydrophobic and hydrogen-bonding interactions. A 
more flexible turn segment increases the entropic cost of -hairpin 
formation, and a turn preventing optimal orientation required for 
favourable interchain contacts between the sidechains decreases the 
enthalpic advantage of folding. Therefore, we assume that folding of 
the cis isomers of 19, 20 and 21 is disfavoured due to a combination 
of these factors. According to molecular mechanics calculations, the 
N-H-O and N-O-C angles in the interchain hydrogen-bonds of 
peptidomimetic 19 are forced to be rather tilted (Table 19), hence, 
decreasing the enthalpic gain of folding.130  The CH2 linkers of 20
increase the flexibility of its turn mimic, thereby allowing somewhat 
more favourable sidechain-sidechain interactions (enthalpy term). 
However, the entropic cost of folding simultaneously increases. The 
(CH2)2 linkers of 21 most probably allow its amino acid strands to 
align themselves in optimal angles and distance for intramolecular 
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hydrogen-bonding, but the increased flexibility simultaneously 
decreases the hairpin inducing properties of its turn mimic. 

Hairpin stability is known to be affected by peptide strand length, 
with an optimum of seven amino acids in the antiparallel strands.145

Therefore, it was decided to incorporate the artificial amino acid 38
into a larger peptide (Scheme 14), which could offer a larger number 
of attractive interchain interactions for enthalpic compensation of the 
adverse entropy term.  

5.3.2 A Photoswitchable Oligopeptide 
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Scheme 14. The cis and trans isomers of photoswitchable analogue 39.
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Synthesis. Several attempts were made to incorporate the dipeptide 
mimic 38 by SPPS using Boc-protection and polystyrene resins. On 
the Merrifield ester resin, chain elongation was straightforward. 
However, the methylamine mediated cleavage of the product appeared 
to be very inefficient. On the other hand, using Kaiser’s 4-nitro-
benzophenone oxime linker the cleavage procedure was successful, 
but the acid catalyzed premature cleavage during amine deprotection 
steps prohibited its use. Therefore, 38 was converted into its Fmoc-
analogue 42 and was utilized in peptide synthesis on Rink amide resin 
(Scheme 15). The procedures for SPPS and purification were then 
identical to the preparation of 8, 9 and 18.
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Scheme 15. Outline of the synthesis of 42 (a) 50 % CF3COOH in CH2Cl2, 15 min., 
93%. (b) Fmoc-Cl, dioxane, 10 % Na2CO3 (aq), 17 h, 82 %. (c) CH2Cl2, conc. HCl, 
22 h, 91 %.

Photoisomerization. Isomerization of cis-39 was achieved by 
irradiation at  = 300 nm in dimethylsulfoxide solution under nitrogen 
gas flow. Attempts to separate the cis and trans isomers by RP-HPLC 
were unsuccessful and therefore, similarly to other studies,144 the cis
isomer was investigated in a 1:1 mixture of the isomers. 
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Conformational analysis. Limited by the poor solubility of 39 in 
water and chloroform, spectroscopic studies were carried out in 
methanol and dimethylsulfoxide solutions. 
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Figure 39. CD spectra of 8 and of the isomers of 39 in methanol solution at ambient 
temperature (pH = 4.6 – 4.8; c = 0.56 mmoldm-3). The CD spectrum of cis-39 was 
obtained by subtraction of the absorbance of the trans isomer from the CD spectrum 
of the photostationary state. 

Circular Dichroism. The CD spectrum of the trans-39 in 
methanol solution showed a broad negative band at 214-220 nm, a 
weak positive absorption centered at 280 nm and a negative band at ca 
300 nm. Since the trans-stilbene chromophore has its main absorption 
region at ca 300-350 nm,146 the valley at 214-220 nm might be 
interpreted as a folded -structure (Figure 39). On the other hand, the 
cis isomer showed two weak negative absorptions at 209 nm and  
217-224 nm, respectively. Hence, in agreement with the literature, 
irradiation of the stilbene moiety had a strong effect on its absorption 
spectrum.146 The latter spectrum may be indicative of a low 
population of folded structure as well. The obtained spectra are 
difficult to interpret. However, the observed change in CD features is 
at least a strong indicator of an alteration in the backbone 
conformation of 39 upon isomerization. 
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Table 22. 1H NMR chemical shifts ( , ppm) and coupling constants ( 3JNH,H ,Hz) of 
H and NH protons in trans- and cis-39 at 25 C in methanol solution. 
Residue Proton trans-39 cis-39 
Leu-1 NH  8.36 ppm J  6.5 Hz  8.37 ppm J  7.0 Hz 
 H  4.42 ppm  4.46 ppm 
Ala-2 NH  8.50 ppm J  6.0 Hz  8.52 ppm J  6.5 Hz 
 H  4.40 ppm  4.49 ppm 
Thr-3 NH  7.87 ppm J  7.5 Hz  7.96 ppm J  7.5 Hz 
 H  4.39 ppm  4.53 ppm 
Thr-4 NH  7.68 ppm J  8.5 Hz  7.81 ppm J  7.5 Hz 
 H  4.29 ppm  4.31 ppm 
CH2NH H  7.94 ppm J  5.5 Hz  7.90 ppm J  5.5 Hz 
CH=CH CH  7.16 ppm J  20.4 Hz  6.59 ppm J  12.6 Hz 
Ile-7 NH  8.01 ppm J  7.0 Hz  8.02 ppm J  7.5 Hz 
 H  4.16 ppm  4.22 ppm 
Val-8 NH  7.95 ppm J  7.5 Hz  8.06 ppm J  8.0 Hz 
 H  4.13 ppm  4.19 ppm 
Leu-9 NH  8.12 ppm J  8.5 Hz  8.21 ppm J  8.0 Hz 
 H  4.42 ppm  4.46 ppm 
Leu-10 NH  8.00 ppm J  7.0 Hz  8.05 ppm J  7.5 Hz 
 H  4.38 ppm  4.40 ppm 

Table 23. Amide proton temperature coefficients / T (ppbK-1) for 39, measured 
for 3 mmoldm-3 samples in DMSO-d6 (298-388 K) and CH3OH:CD3OD (1:1, 188-
328 K) solutions. 

/ T trans-39 cis-39 
Residue DMSO MeOH DMSO MeOH 
Leu-1 3.6 7.7 4.5 5.7 
Ala-2 5.2 7.4 4.7 7.5 
Thr-3 3.6 6.9 3.7 8.2 
Thr-4 2.2 4.4 2.3 5.9 
CH2NH 3.8 6.9 3.9 5.7 
Ile-7 4.1 8.5 4.2 7.8 
Val-8 5.2 7.6 5.1 9.7 
Leu-9 3.8 8.6 3.7 7.3 
Leu-10 3.6 8.7 4.2 8.1 
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NMR. Structural assignment and conformational analysis was 
carried out for methanol and dimethylsulfoxide solutions using 
TOCSY, ROESY and NOESY techniques. 

Proton chemical shifts. The chemical shifts of the backbone 
amide and alpha-protons of the cis and trans isomers of 39 were 
generally low compared to the folded 8, most probably indicating a 
rapid equilibrium of several conformations for both isomers in 
methanol solution (Table 22). Photoisomerization resulted in small 
chemical shift changes, which would be difficult to correlate with 
alteration in peptide secondary structure. 

Amide temperature coefficients. The / T values obtained by 
variable temperature 1H NMR studies were high (Table 23), with the 
exception of Thr-4. However, similarly to 18, the low amide 
temperature coefficient of this proton might be explained by formation 
of an intrachain six membered ring via hydrogen-bonding to  
Thr-3(OH) (Figure 35). Thus, the observed / T values were most 
consistent with an unordered secondary structure in both methanolic 
and dimethylsulfoxide solutions. 

Nuclear Overhauser effects. In the solutions of cis and trans-39
no NOEs between nonadjacent residues were detected.  

Diffusion-based studies. The self-diffusion coefficients of the 
isomers of 39 appeared to be identical (D = 1.4×10-6 cm2s-1, M = 1246 
gmol-1, DMSO-d6, pH = 2.6-2.8) and were slightly lower than that 
observed for 8 (D = 1.9×10-6 cm2s-1, M = 1122 gmol-1). Thus, these 
results indicate that either no changes in backbone conformation occur 
upon isomerization of the stilbene moiety of 39 or, more likely, 
confirms that the conformational differences of such small peptides do 
not influence diffusion rate significantly. 

Hence, the CD and NMR spectroscopic data of the isomers of 39
were contradictory to some extent, the former suggesting significant 
conformational differences, the latter indicating non folded solution 
structures for both isomers. A plausible explanation for the observed 
deviation may be the presence of a rapid conformational equilibrium 
for both isomers. On the long timescale of NMR, interconverting 
systems may show averaged intermediate parameters being most 
compatible with random coil data. In contrast, on the faster timescale 
of CD spectroscopy the interconverting conformations can be 
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separately detected. Thus, even a small proportion of a folded 
conformation exhibiting intense CD absorption may be detectable. 

In conclusion, neither the cis nor the trans isomer of 39 folded into a 
thermodynamically stable -hairpin conformation. This result can 
most easily be explained by an insufficient enthalpic compensation of 
the negative entropic term caused by the large flexibility of the 
incorporated turn mimic. 

5.3.3 Conclusion 
In summary, we have studied peptidomimetics containing various 

stilbene-type photoswitchable units. The preparation and photoisome-
rization of the mimetics were straightforward. Spectroscopic 
investigations revealed that meta substituted cis stilbene derivatives 
are not able to induce -hairpin folding in such small peptides, i.e., 
tetra- or decapeptide analogues. Apparently, a stilbene unit with 
(CH2)2 linkers is highly flexible. This flexibility is likely to result in a 
large adverse entropy term upon folding of these peptidomimetics, 
which can not be compensated for by attractive interchain interactions. 
Furthermore, stilbene moieties with (CH2)n (n = 0, 1) linkers appeared 
to induce inadequate geometries, yielding both poor enthalpic and 
entropic terms for -hairpin folding. 
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6 Concluding Remarks 

Attempts towards the development of photoswitchable -hairpins 
were made. The investigations included synthetic achievements and 
evaluation of peptide conformation stabilizing factors as well. The 
main achievements described in the thesis can be summarized as 
follows: 

A rapid Sonogashira coupling procedure has been 
developed, offering full conversion of a large variety of 
compounds within a few minutes, both in solution and on 
solid phase. The applied microwave heating methodology 
was shown not to involve any non-conventional effects on 
the reaction. 

The most important factors affecting -hairpin stability 
were investigated. Studies of tetrapeptide and decapeptide 
analogues indicated the essential role of a rigid -turn in 
hairpin folding. Moreover, hydrogen-bonding appeared to 
be the main interchain stabilizing force, whereas 
hydrophobic interactions between the antiparallel strands 
were found to be relatively weak. Nevertheless, attractive 
hydrophobic interactions were shown to provide an 
important contribution to the thermodynamic stability of -
hairpins.

For investigation of photoswitchable -hairpin mimetics, 
stilbene moieties were incorporated into tetra- and 
decapeptidomimetics. The synthesis and photochemical 
isomerization of these compounds were optimized. 
However, spectroscopic investigations revealed that fine-
tuning of the turn mimetic structure may be necessary in 
order to obtain photoswitchable -hairpin mimetics. 
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