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I. Introduction and aims 

In recent years, the importance of polypeptides and proteins has increased in 

pharmaceutical research. Therefore, there is a need to create artificial molecules that are self-

assembling, having a well-defined, specific and predictable secondary structure, while retaining 

their properties similar to proteins. Thus, foldamer chemistry has become a major area of 

medicine, pharmacology and biological research over the past 30 years. 

Both open-chain and cycloalkane cyclic β-amino acids, including sugar amino acids 

seem to be suitable foldamer monomers. The primary advantage of these types of compounds 

is the capability to form β-peptides resistant to the enzymes, which cleave the polymers of the 

usual α-amino acids. A further advantage of the sugar amino acids is their ability to increase 

the water solubility of the oligo- and polymers and foldamers formed. They can be substituted 

in a variety of ways by their hydroxyl groups and exhibit a molecular propensity for secondary 

structural elements. 

One of the aims of my PhD thesis was to elaborate the total synthesis of two C-3 epimer 

furanoid ring β-amino acids, by optimizing each reaction step and solve the critical steps to 

make monomer production highly 

economical and efficient. 

 The next proposed step was to 

probe the coupling properties of the 

prepared β-amino acids. However, prior to 

the coupling of the β-sugar amino acids I 

synthesized diamide model compounds to 

test the suitability of the C- and N-terminal 

of the monomers to form an amide bond. 

Subsequently, I focused on the exploration 

of the  coupling conditions  to optimize the 

synthesis of peptides containing sugar 

amino acids. The purpose of the synthesis 

of α/β-hetero- and β/β-homooligomers was to investigate the coupling properties of sugars with 

naturally occuring α-amino acids and with themselves.  

Finally, I planned to investigate the tendency of the prepared diamide model 

compounds, homo- and heterooligomers to form secondary structure, and the sugar-ring 

induced conformational change by chiroptical spectroscopy, and the homooligomers by 2D 

Figure 1. Synthesis of α/β-chimeric peptides 

containing β-sugar amino acids, which are able to 

modify the variable region of Exendine-4. The 

starting material for the production of β-sugar amino 

acids is α-D-glucose. 
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NMR spectroscopy. The secondary structure of the oligomers determines their ability to modify 

the variable region of the Exendine-4 miniprotein in the near future. 

 

II. Methods 

The reduction of the azido-sugar derivatives was carried out with the H-Cube Mini® 

flow system using 10% Pd/C catalyst. The peptides were prepared by manual solid phase 

peptide synthesis and with continuously flow peptide synthesizer (Fmoc/tBu strategy, 2-Cl-Trt-

Cl resin) as well. The success of peptide coupling was verified by Kaiser test and the resin 

capacity was determined using UV spectroscopy. 

Carbohydrate derivatives and peptides were identified by ESI-MS, FTIR, RP-HPLC and 

1H, 13C, 31P NMR (250 MHz, CDCl3, D2O, DMSO-d6, DMF-d7). The peptides were purified 

using RP-HPLC and examined by 1H-1H 2D NMR (COSY, TOCSY, ROESY, NOESY, 700 

MHz, D2O, MeOH-d3) measurements. ECD and VCD spectroscopies (2x distilled H2O, MeOH, 

CH3CN) were employed to reveal the chiroptical properties of the molecules. 

Density functional theory (DFT) based ab initio computations were carried out to 

determine the conformational population of the model compounds and to predict the VCD and 

ECD spectra of their most stable conformers. 

 

III. New scientific results 

1. Synthesis of C-3 epimeric β-sugar amino acids 

During my research, I developed the economical multigram scale total synthesis of two C-

3 epimeric furanoid ring β-sugar amino acids, the 1,2-O-isopropylidene-N-(9-

fluorenylmethoxycarbonyl)-3-amino-3-deoxy-α-D-ribofuranuronic acid (Fmoc-RibAFU(ip)-

OH) and the 1,2-O-isopropylidene-N-(9-fluorenylmethoxycarbonyl)-3-amino-3-deoxy-α-D-

xylofuranuronic acid (Fmoc-XylAFU(ip)-OH) via a synthesis route of 7 and 8 steps, 

respectively. The later final product is a completely new foldamer monomer. Each step of the 

synthesis starting from α-D-glucose was optimized in large scale too in respect of reaction time, 

yield and cost. One of the critical steps of the synthesis was the N-terminal insertion, which was 

studied in details in case of the ribo derivative. I found that the reaction via the 3-O-(imidazole-

1-sulfonyl) derivative is suitable for scale-up. Another critical step was the gluco  allo 

conversion in case of the xilo derivative, for which Swern oxidation proved to be the best 
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solution. With high amounts of monomers at hand we had a unique opportunity to explore their 

peptide coupling properties and to prepare various peptide sequences. 

 

2. Optimization of the solid phase peptide synthesis of sugar amino acids 

The first step towards the optimization of the conditions for SPPS was the selection of a 

suitable monomer. I benchmarked the Fmoc-protected derivative and its precursor, the azido-

carboxylic acid too. However, the later one failed to be reduced to the corresponding amine, 

because on solid phase a stable, only partially hydrolysable phosphinimine is formed under the 

conditions of the Staudinger reaction. Thus, only the Fmoc derivative seemed to be suitable for 

coupling. In the next step, I selected the resin with optimal characteristics for coupling, and 

tested the conditions of Fmoc deprotection. Moreover, I determined the coupling times with 

different coupling reagents, by following the formation and stability of the active ester 

employing 1H NMR spectroscopy.  Two model peptides, namely -GGXGG- and -GXXG- were 

subjected to the experiments. Based on the coupling efficiencies, the PyBOP/DIEA coupling 

system showed the best performance. In addition, the Fmoc-GlcAPU(Me)-OH pyranoid ring β-

sugar amino acid featuring a structure and properties different from the two model peptides, 

gave similar result. Therefore, I would strongly recommend PyBOP/DIEA for the coupling of 

sugar amino acids. 

 

3. Synthesis and structural analysis of homooligomers 

Using the optimized coupling conditions tetrameric and hexameric homooligomers were 

synthesized using the Fmoc-RibAFU(ip)-OH monomer unit, and also attempted to elucidate 

their secondary structure using ECD and 2D NMR spectroscopies. The ECD spectra recorded 

in water showed that oligomers containing sugar amino acids have a structural preference 

similar to β-peptides. It was also observed that the spectral intensity was increasing with the 

number of sugar amino acid units. Temperature-dependent measurements showed that the 

structure is the most stable at 5 °C. We were able to assign each monomer to the 2D NMR 

spectra of the hexamer molecule in H2O-D2O solution at pH 4.09; however, the lack of enough 

ROE cross-peaks prevented the secondary structure to be fully determined. 

 

4. Stability and formation of the active esters from α- and β-amino acids 

In order to further optimize the solid phase peptide synthesis the detailed examination of 

the active ester stability and formation from amino acids is crucial. For this purpose, various α- 

and β-amino acids were systematically tested by 1H NMR using the PyBOP/DIEA reagent pair, 
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which proved to be the most effective in case of the sugar amino acids. The 1H peaks 

characteristic to the active ester and/or PyBOP were integrated and used as input data in our 

kinetic models, which compared very well with the measurements. Thus, the hydrolysis half-

life and the concentration of the active ester at the start of hydrolysis could be securely extracted 

from the models. Based on the rates of active ester hydrolysis, the investigated amino acids can 

be classified into three separate groups. Interestingly, the amino acids incorporated in each 

group feature strikingly similar structural properties. The three groups are characterized as 

follows: i) fast hydrolyzing active ester, β- or γ-branched reactive amino acids (e.g. Gly, Ala), 

ii) slow hydrolyzing active ester, β - or γ-branched less reactive amino acids (e.g. Thr, Ile), iii) 

stable active ester with less reactive amino acids with a rigid structure or a large side chain (e.g. 

ACPC, β3 -Val). Based on the kinetic data and the rules of thumb derived, one can fine-tune the 

coupling conditions of each amino acid to be optimal, resulting in high coupling efficiency. 

 

5. Revealing the structure of diamide model compounds using VCD/ECD spectroscopies 

combined with ab initio computations 

The application of ECD/NMR and 

ECD/NMR/X-ray combined methods has 

severe limitations to determine the 

secondary structure of β-peptides. This 

issue was surmounted by the development 

of a method, where VCD and ECD 

spectroscopies are combined with ab initio 

calculations. Our novel method can be 

generally used for the structure 

determination of β-peptides. To validate 

our method, diamide model compounds 

were synthesized and their tendency to 

form a secondary structure was 

successfully proven. An interesting feature of the investigated models is the stabilization by an 

intramolecular H-bond in case of the monomethyl-amide-containing model, which is missing 

in case of the dimethyl-amide-containing derivative because of the steric hindrance. This 

structural change was routinely followed by ECD and VCD spectroscopies. The method is 

suitable for the assignment of experimental VCD and ECD spectra, as well as for structure 

determination.  Since the technique is not computationally demanding and/or it does not require 

Figure 2. Assignment of VCD and ECD spectra and 

secondary structure of diamide model compounds by 

comparing measured and calculated spectra. 
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complicated spectroscopic instrumentation, it is expected to become a standard structural 

analysis tool of peptide chemistry. 

 

IV. Importance of the new results 

During my PhD work I carried out the highly optimized total synthesis of two C-3 

epimeric furanoid cyclic β-amino acids, and tested their coupling properties. Furthermore, I 

prepared sugar amino acid containing homo- and heterooligomers and examined their 

secondary structure as well. Our results extend the knowledge of foldamer chemistry and solid 

phase peptide synthesis. The prepared β-peptides might be used to modify the variable region 

of the Exendine-4 miniprotein in near future. By the inclusion of hydrophilic peptides increase 

of the solubility and favourable pharmacological (especially pharmacodynamic) properties are 

expected, which will enlarge the applicability of Exendine-4 type chimeric peptides in 

antidiabetic medications. 
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