
Synthesis of spin-labeled carbohydrates for the investigation 

of lectins and synthesis of carbasugars as activators for the 

glmS riboswitch 

Dissertation zur Erlangung des akademischen Grades 

eines Doktors der Naturwissenschaften (Dr. rer. nat.) 

 

vorgelegt von  

Torben Seitz 

 

an der 

 

 
Mathematisch-Naturwissenschaftliche Sektion 

Fachbereich Chemie 

Tag der mündlichen Prüfung: 30.04.2015 

1. Referent Prof. Dr. Valentin Wittmann 

2. Referent: PD. Dr. Malte Drescher 

3. Referent. Prof. Dr. Andreas Marx 

 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-292174

http://nbn-resolving.de/urn:nbn:de:bsz:352-0-292174




 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Damit das Mögliche entsteht, muss 
immer wieder das Unmögliche 
versucht werden.  
(H. Hesse) 

    

  



 

II  

Danksagung 

Die vorliegende Arbeit entstand im Zeitraum von Januar 2011 bis Januar 2015 in der Arbeitsgruppe von 

Herrn Prof. Dr. Valentin Wittmann im Fachbereich Chemie an der Universität Konstanz. 

An erster Stelle danke ich Prof. Dr. Valentin Wittmann für die interessanten Themen und die anregenden 

Hilfestellungen. Vor allem danke ich ihm für die gewährte wissenschaftliche Handlungsfreiheit, meinen 

Ideen in Eigenregie, oder in den von mir betreuten Bachelorarbeiten, nachzugehen.  

Dr. PD Malte Drescher und Prof. Dr. Andreas Marx danke ich für die Übernahme des Zweitgutachtens und 

des Prüfungsvorsitzes.  

Meinen beiden Kooperationspartnern Patrick Braun und Sabrina Weickert von der AG Drescher danke ich 

für die Zusammenarbeit und die Durchführung der EPR-Experimente. Ganz besonders danke ich meinem 

dritten Kooperationspartner, Daniel Matzner von der AG Günter Mayer in Bonn, der mit mir trotz vieler 

synthetischer Rückschläge noch immer am Traum der modifizierten Carbazucker festhält. Unvergessen 

bleibt die riesige Sauerei, die wir während seiner zwei Forschungsaufenthalte hier in Konstanz veranstaltet 

haben. Vor allem für die durchgehenden Skype-Krisen-Konferenzen möchte ich mich bei Dir bedanken, 

sowie für die kritische Durchsicht des Carbazuckerteils meines Manuskripts.  

Bei der AG Wittmann möchte ich mich für das gute Arbeitsklima bedanken. Ein besonderer Dank gilt 

meinen Laborkollegen Odin Keiper und Markus Schöwe sowie allen Flower-Power-Challenge-Absolventen. 

Ich hoffe wir behalten dieses 3:26-minütige (für manche vielleicht auch etwas weniger) Fitnessprogramm 

bis zu unserem Lebensende bei. Philipp Rohse möchte ich für die Messung von ELLAs sowie ITC 

Messungen danken. Vor allem danke ich ihm aber für sein musikalisches Talent und seine unvergesslichen 

Gitarrensongs während unserer zwei gemeinsamen AG Fahrten. Verena Schart danke ich für die kritische 

Durchsicht dieser Arbeit.  

Žarko Kulić danke ich für die Hilfe bei der Auswertung von NMR-Spektren und den unzähligen 2D- und 3D-

Spektren die er für mich aufgenommen hat. Auch für so manche Hilfestellung beim Arbeiten mit Pymol 

bedanke ich mich.  

Meiner Labornachbarin Juliane Leutzow danke ich für die anregenden Diskussionen und die tolle Idee mit 

der Corey-Chaykovsky-Reaktion, sowie für die vielen Liter trockenen THFs aus ihrer Destille.  

Natürlich möchte ich mich auch bei meinen Eltern bedanken, die mich während meines gesamten 

Studiums nicht nur finanziell unterstützt haben, sondern auch mit Rat und Tat zur Seite standen. Zu guter 

Letzt möchte ich meiner Frau Carina und meiner Tochter Nora danken. Ohne Euch wäre das Leben nicht 

einmal halb so schön!  

  



 

  III 

Table of contents 

TABLE OF CONTENTS ............................................................................................................................................... III 

ABBRIVIATIONS ...................................................................................................................................................... IV 

1.1 LECTINS ....................................................................................................................................................... 9 

1.2 WHEAT GERM AGGLUTININ ............................................................................................................................. 9 

1.3 ENZYME-LINKED LECTIN ASSAY ....................................................................................................................... 10 

1.4 SPIN-LABELED CARBOHYDRATES ..................................................................................................................... 11 

1.5 MULTIVALENCY AND COOPERATIVITY............................................................................................................... 14 

1.6 CONFORMATIONALLY UNAMBIGUOUS SPIN LABELING FOR EPR DISTANCE MEASUREMENTS ........................................ 18 

1.7 GALECTINS ................................................................................................................................................. 20 

1.8 RIBOSWITCHES ........................................................................................................................................... 22 

2.1 INVESTIGATION OF LABELED N-ACETYLGLUCOSAMINE LIGANDS BY AN ENZYME-LINKED LECTIN ASSAY............................ 27 

2.2 SYNTHESIS OF SPIN-LABELED WGA LIGANDS FOR BIFREQUENCY-CW-EPR SPECTROSCOPY.......................................... 28 

2.3 DEVELOPMENT OF SECOND-GENERATION SPIN-LABELED CARBOHYDRATES .............................................................. 28 

2.4 SYNTHESIS OF SPIN-LABELED CHITOBIOSE ......................................................................................................... 29 

2.5 SYNTHESIS OF SPIN-LABELED LACTOSE FOR THE INVESTIGATION OF GALECTINS ......................................................... 29 

2.6 SYNTHESIS OF CARBASUGAR DERIVATIVES AS ACTIVATORS FOR THE GLMS RIBOSWITCH .............................................. 30 

3.1 INVESTIGATION OF LABELED N-ACETYLGLUCOSAMINE LIGANDS BY AN ENZYME-LINKED LECTIN ASSAY............................ 31 

3.1.1 SYNTHESIS OF GLCNAC LIGANDS WITH NITROXIDE REPLACEMENT ....................................................... 31 

3.1.2 BINDING POTENCIES OF LABELED GLCNAC DERIVATIVES.................................................................... 34 

3.2 SYNTHESIS OF SPIN-LABELED WGA LIGANDS FOR BIFREQUENCY-CW-EPR SPECTROSCOPY.......................................... 37 

3.2.1 INVESTIGATION OF DIVALENT LIGAND 41 WITH BIFREQUENCY CW-EPR SPECTROSCOPY ........................... 42 

3.2.2 INVESTIGATION OF DIVALENT LIGAND 40 WITH BIFREQUENCY CW-EPR SPECTROSCOPY ........................... 46 

3.2.3 INVESTIGATION OF MONOVALENT LIGAND 45 WITH CW-EPR SPECTROSCOPY ........................................ 50 

3.3 DEVELOPMENT OF SECOND GENERATION SPIN-LABELED CARBOHYDRATES ............................................................... 52 

3.3.1 SYNTHESIS OF SECOND GENERATION SPIN-LABELED GLCNAC ............................................................. 53 

3.3.2 DEER MEASUREMENTS WITH SPIN-LABELED GLCNAC OF THE SECOND GENERATION .............................. 62 

3.4 SYNTHESIS OF SPIN-LABELED CHITOBIOSE ......................................................................................................... 64 

3.5 SYNTHESIS OF SPIN-LABELED GALACTOSE AND LACTOSE FOR THE INVESTIGATION OF GALECTINS ................................... 67 

3.5.1 EPR EXPERIMENTS WITH SPIN-LABELED LACTOSE ............................................................................. 70 

3.5.2 ITC MEASURMENTS WITH SPIN-LABELED LACTOSE ........................................................................... 73 

3.6 SYNTHESIS OF CARBASUGAR DERIVATIVES AS ACTIVATORS FOR THE GLMS RIBOSWITCH .............................................. 75 

3.6.1 ALTERNATIVES FOR THE WITTIG REACTION ..................................................................................... 77 

3.6.2 SYNTHESIS OF GLCN ENOL ETHERS ............................................................................................... 78 

3.6.3 SYNTHESIS OF GLUCOSAMINE CARBASUGARS DERIVED FROM MANNOSE .............................................. 81 

6.1 GENERAL METHODS .................................................................................................................................... 90 



 

IV  

6.2 ANALYTICS ................................................................................................................................................. 91 

6.3 GENERAL PROCEDURES ................................................................................................................................. 93 

6.4 SYNTHESIS OF GLCNAC LIGANDS .................................................................................................................... 95 

6.4.1 SYNTHESIS OF THE NITROXIDE REPLACEMENT ................................................................................ 101 

6.4.2 SYNTHESIS OF WGA LIGANDS WITH NITROXIDE REPLACEMENT ......................................................... 102 

6.4.3 SYNTHESIS OF SPIN-LABELED GLCNAC DERIVATIVES WITH NITROXIDE SPIN-LABEL IN 6-POSITION ............. 104 

6.5 SYNTHESIS OF SECOND GENERATION SPIN-LABELED CARBOHYDRATES ................................................................... 114 

6.5.1 SYNTHESIS OF PRECURSORS FOR C-GLYCOSYL COMPOUNDS ............................................................. 114 

6.5.2 SYNTHESIS OF 3,3,5,5-TETRAMETHYLPIPERAZINE-2,6-DIONE AND TEST SYSTEMS FOR CHAN-LAM COUPLING

 123 

6.5.3 SYNTHESIS OF C-GLYCOSYL DERIVATIVES ...................................................................................... 125 

6.5.4 SYNTHESIS OF SPIN-LABELED GLUCOSE ......................................................................................... 129 

6.5.5 SYNTHESIS OF SPIN-LABELED N-ACETYLGLUCOSAMINE ................................................................... 131 

6.5.6 SYNTHESIS OF SPIN-LABELED CHITOBIOSE ..................................................................................... 133 

6.5.7 SYNTHESIS OF SPIN-LABELED GALACTOSE ..................................................................................... 135 

6.5.8 SYNTHESIS OF SPIN-LABELED LACTOSE DERIVATIVES ........................................................................ 138 

6.6 SYNTHESIS OF CARBASUGAR DERIVATIVES ....................................................................................................... 141 

6.7 BIOCHEMICAL WORK (ELLA) ....................................................................................................................... 152 

6.7.1 USED CHEMICALS AND EQUIPMENT ............................................................................................. 152 

6.7.2 PREPARATION OF MICROTITER PLATES WITH AMINO-REACTIVE ISOTHIOCYANATE SURFACE 64 ................ 152 

6.7.3 COVALENT IMMOBILIZATION OF REFERENCE LIGAND 65 TO THE MODIFIED MICROTITER PLATES 64 .......... 153 

6.7.4 ELLA WITH COVALENTLY MODIFIED MICROTITER PLATES ................................................................. 153 

REFERENCES ....................................................................................................................................................... 154 

SELECTED SPECTRA ............................................................................................................................................... 159 

Abbriviations 

Ac2O acetic anhydride 

anal analytical 

BDA butane-1,2-diacetal 

Boc2O di-tert-butylcarbonate 

calcd calculated 

CGlcN carba D-glucosamine 

CGlcN6P carba D-glucosamine-6-phosphate 

CRD carbohydrate recognition domain 

cw continuous wave 

DCC dicyclohexylcarbodiimide 

DEER double electron electron resonance 



 

  V 

DLS dynamic light scattering 

DMAP dimethylaminopyridine 

DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 

EE ethylacetate 

ELLA enzyme-linked lectin assay 

EM microscopic effective molarity 

EPR electron paramagnetic resonance 

ESI electron spray ionization 

FC flash chromatography 

fru6P fructose-6-phosphate 

Gal D-galactose 

GlcNAc N-acetyl-D-glusoamine 

GlcN D-glusoamine 

GlcN6P D-glusoamine-6-phosphate 

glmS glucosamine-6-Phophsate-synthase 

HRP horseradish peroxidase 

ITC isothermal titration calorimetry 

KHMDS potassiumhexamethyldisilazane 

LacNAc N-acetyl-D-lactosamine 

Man D-mannose 

MHz megahertz 

mp melting point 

MS massspectrometry 

MTSSL methanethiosulfonate spin label 

NBS N-bromosuccinimid 

Neu5Ac N-acetylneuraminic acid 

NIS N-iodosuccinimid 

NMR nuclear magnetic resonance 

ORF open reading frame 

PCS pseudo contact shifts 

PSM porcine stomach mucin 

PTS phosphoenolpyruvate-sugar phosphotransferase system 

RBS ribosome binding site 

Rf retention factor 

RNA ribonucleic acid 

RP HPLC reversed phase high pressure liquid chromatography 

rt room temperature  



 

VI  

SPPS solid-phase peptide synthesis 

SPR surface plasmon resonance 

TBAF tetrabutylamoniumfluoride 

c rotational correlation time 

TCP tetrachlorophtaloyl 

TFA trifluoro acetic acid 

TLC thin layer chromatography 

TMSOTf trimethylsilyl trifluoromethanesulfonate 

Troc 2,2,2-trichloroethoxycarbonyl 

VFA Vicia faba agglutinin 

WGA wheat germ agglutinin 

 



Chapter 1 - Introduction and state of the art 

  7 

1 Introduction and state of the art 

Together with DNA, proteins and lipids, carbohydrates are one of the four fundamental classes of 

macromolecules found in nature.[1] Apart from their important function as energy source, carbohydrates are 

ubiquitous since living cells are coated on their cell membranes with a thick layer of carbohydrate polymer 

(Figure 1). This so called glycocalyx gives every cell an unique appearance and it is involved in many important 

biological processes including molecular recognition, cell-cell communication, inflammatory processes[2] and 

host-pathogen interactions. Moreover, over 50 % of all eukaryotic proteins are glycosylated.[3] In contrast to 

proteins or DNA, which occur as linear biopolymers, carbohydrates can form highly branched structures, due to 

their multiple stereo centers. Thus an enormous information content is generated, and this sugar code[4] can be 

read out through other biomolecules, e.g. lectins.[5] Unfortunately, the synthesis of complex carbohydrates still 

remains challenging and the detailed analysis of the manifold glycan structures found in nature is very time 

consuming. In an impressive work, Boons and coworkers could show that the presentation of carbohydrates 

indeed matters.[6] They printed assymetrical multi-antennary glycans on microarrays and screened for binding 

to lectins and influenza virus hemagglutinins. Here, different virus strains recognized different minimal 

epitopes and the presentation of these epitopes was crucial for effective binding of the virus. 

 

Figure 1: Electron microscope picture of an endothelial cell showing that the cell membrane is coated with the 

carbohydrate containing glycocalyx. Figure taken with permission from Nieuwdorp et al.[7] 
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Lectins are often embedded in the cell membrane with their carbohydrate recognition domains (CRD) pointing 

towards the extracellular space. They bind mono- and oligosaccharides reversibly with high specificity but are 

devoid of any catalytic activity and are no antibodies.[8] Lectins itself often contain multiple CRDs which can 

bind to multivalent carbohydrate epitopes. These multivalent carbohydrate-lectin interactions have been 

intensively investigated in the last decades. Still, the molecular binding mechanisms are not well understood. 

Valuable information about the structure and the binding mode of multivalent lectin inhibitors were obtained 

by X-ray crystallography.[9] However, methods for studying binding mechanisms in solution are missing. The use 

of spin-labeled carbohydrates for the investigation of carbohydrate-lectin interactions in solution using 

distance measurements by electron paramagnetic resonance (EPR) spectroscopy has been shown to be a 

promising approach.[10] In this work the use of spin-labeled carbohydrates for the investigation of 

carbohydrate-lectin interactions by EPR spectroscopy was developed further and also expanded to other lectins 

with higher medical relevance, including the galectins. Moreover a conformationally unambiguous spin label 

was attached as C-glycoside and evaluated. To confirm that the spin label does not interfere with ligand 

binding, an enzyme-linked lectin assay (ELLA) with covalently immobilized carbohydrates was used.  

Apart from carbohydrate-protein interactions also carbohydrate-RNA interactions are of great biological 

interest. For example the broad-spectrum antibiotics 2-desoxystreptamine aminoglycosides bind to a highly 

conserved sequence in the 16S rRNA of the 30S ribosomal subunit[11], leading to an interference with the 

proofreading function and thus inhibition of the translation of the protein biosynthesis. Unfortunately, bacteria 

develop resistance against all currently known antibiotics. In case of the aminoglycosides they reduce the 

uptake of the antibiotic or alter them or their ribosome binding sites.[12] This inescapable increase in bacterial 

resistance against antibiotics demands for an intensified search for novel antibiotics with new mode of action. 

Over the past 15 years, the role of non-coding RNAs (ncRNAs) in controlling bacterial gene expression was 

discovered.[13] They represent a yet unexplored potential target class for the search of new antibiotics. One 

promising candidate is the glmS riboswitch.[14] It represents a metabolite-dependent ribozyme that undergoes 

self-cleavage upon glucosamine-6-phosphate (GlcN6P) recognition. The glmS codes the GlcN6P synthase, which 

catalyses the reaction of fructose-6-phosphate (Fru6P). After self-cleavage the GlcN6P synthase is no longer 

coded from the glmS gene, leading to a decrease of UDP-GlcNAc, which is essential for cell wall synthesis. As 

the glmS riboswitch is found in many pathogens, e.g. Staphylococcus aureus, Listeria monocytogenes or Bacillus 

anthracis, the identification of molecules that activate the glmS riboswitch may provide antibacterial agents for 

otherwise multi-resistant bacteria. In previous studies it was shown that carba-GlcN6P (CGlcN6P) activates the 

glmS riboswitch of S. aureus in an in vitro cleavage assay nearly as effective as the natural substrate GlcN6P.[15] 

In this work, CGlcN6P was taken as lead structure and substituents should be attached to the carba-position, 

thus generating new interactions, e.g. hydrophobic interactions of phenyl or alkyl substituents with additional 

nucleobases adjacent to the metabolite binding pocket. This should lead to GlcN6P derivatives with higher 

affinity and, thus, higher potency in activating glmS-mRNA self-hydrolysis. These substituents are expected to 

enhance the specificity of CGlcN6P regarding the glmS-riboswitch and minimize side effects of the compound 

that may relate to off-target interactions with enzymes involved in the metabolism of the bacteria. 
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1.1 Lectins 

In nature three groups of proteins exist which can bind non-covalently to carbohydrate structures. One well 

known example is the AB0 blood group system. Here antibodies bind specifically to carbohydrate structures on 

the surface of the erythrocytes.[16] Glycosyltransferases are an example for carbohydrate-specific enzymes. 

They are responsible for the attachment of carbohydrates on oligosaccharide core structures including the 

synthesis of the blood group antigen.[17] The third group of carbohydrate-specific proteins are the lectins (per 

definition from Boyd in 1954).[18] The name comes from the Latin word legere, to pick or choose. Lectins 

specifically and reversibly bind carbohydrates but are devoid of catalytic activity in contrast to e.g. 

glycosyltrasferases and are not products of an immune response such as antibodies.[16]  

At the beginning of the 19th century Stillmark isolated the first plant lectins from castor beans during his 

doctoral thesis.[19] These extracts lead to an agglomeration of erythrocytes known as hemagglutination. To 

date, lectins are found in nearly every organism. They can be readily purified by affinity chromatography on 

immobilized carbohydrates.[20] Concanavalin A was the first lectin crystallized by J. B. Sumner in 1919.[21] To 

date, a wide variety of plant, animal, bacterial and virus lectins have been crystallized.[22] One reason for this 

great research interest is due to the fact that lectins are involved in cell recognition and in the development of 

many diseases.[18]  

Beside the classification of lectins due to their structural similarity[23] the differentiation of lectins according to 

their binding specificity has been established.[24] They are thereby classified into a small number of specificity 

groups according to the monosaccharide which is the most effective inhibitor of the agglutination of 

erythrocytes.[25] Though five classes are defined: D-mannose (Man), D-galactose (Gal), N-acetyl-D-glusoamine 

(GlcNAc), L-fucose (Fuc) and N-acetylneuraminic acid (Neu5Ac)-binding lectins (Figure 2). 

 

Figure 2: Chemical structures of the monosaccharides used for the classification of lectins.  

1.2 Wheat germ agglutinin 

Wheat germ agglutinin (WGA) is one of the most extensively studied and best characterized lectins.[20, 26] It is a 

plant lectin found in the seeds of Triticum vulgaris and forms a 36 kDa stable homodimer with a twofold 

symmetry axis.[27-29] Each monomer is formed from a glycine and cysteine rich peptide chain composed of four 

subunits (A–D Figure 3 B) each containing 43 amino acids.[30] The monomer is stabilized through 16 disulfide 

bonds (Figure 3 B). The WGA dimer contains eight carbohydrate binding sites (Figure 3 A) which specifically 

bind GlcNAc or Neu5Ac. The carbohydrate binding sites lie between two subunits of the peptide chains which 

are aligned antiparallel. The binding sites formed by the domains B and C (B1C2, B2C1, C1B2, C2B1) possess a 

higher affinity as those involving A and D (A1, A2, D1A2, D2A1).[31] Therefore, the former ones have been 
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termed “primary” binding sites and the latter ones “secondary” binding sites. Recently, several X-ray structures 

of multivalent GlcNAc derivatives bound to WGA have been solved in our group.[9] Ligand 1 (Figure 3 C) 

occupied for the first time all eight binding sites of the WGA dimer with each ligand bridging pairs of adjacent 

binding sites. 

 

Figure 3: A: X-Ray structure (PDB code: 2X52) of WGA with four inhibitor molecules 1 (C) bound to its eight binding sites.[9] 

B: Primary structure of WGA monomer with disulfide bridges shown by thick black bars. Figures taken with permission from 

Schwefel et al.[9] and Wright et al.[30] Copyright (2010, 1984) American Chemical Society. 

1.3 Enzyme-linked lectin assay 

One method that has been developed to determine binding potencies of carbohydrate-protein interactions is 

the enzyme-linked lectin assay (ELLA). In this assay, the concentration of a ligand leading to a 50 % inhibition of 

lectin binding to a reference ligand (IC50 value) is determined. The reference ligand is commonly a high 

molecular weight polymeric saccharide, e.g. porcine stomach mucin (PSM), coated non-covalently on a 

microtiter plate.[32] The lectin is incubated with different concentrations of to be tested ligands. The higher the 

binding potency of the ligand is and the higher the concentration of the ligand is the more binding sites of the 

lectin are blocked. After this preincubation the lectin with different concentrations of ligands is added to the 

microtiter plate and incubated again. In a subsequent washing step, unbound lectin is washed away. In case of 

WGA, the amount of bound lectin is quantified by a color reaction catalyzed by horseradish peroxidase (HRP), 

which is covalently linked to WGA (Scheme 1). The more potent the ligand is, the less WGA binds to the 

microtiter plate and the more WGA is washed away in the washing step. Thus less HRP is present to catalyze 

the color reaction.  
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Scheme 1: HRP catalyzes the color reaction of the dye ABTS (2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic 

acid)diammonium salt) 2 with hydrogen peroxide. The reaction is followed by measuring the absorption 

maximum of the blue-green ABTS•+ 3. 

In our group, C. Maierhofer improved this assay in her PhD thesis by employing covalently immobilized 

carbohydrates.[33] The use of this PSM-free ELLA showed several advantages, e.g. better reproducibility of IC50 

values, the IC50 values were considerably lower which leads to a lower concentration needed for maximum 

inhibition, and maximum inhibitions of 100 % could be achieved. However, it should be noted that an ELLA 

provides only IC50 values which greatly depend on the immobilized reference ligand and not binding constants. 

IC50 values are not comparable to Kd values obtained by other assays for the evaluation of lectin-carbohydrate 

interactions, e. g. ITC[34-35] or SPR.[36-38] Furthermore, lectin-enzyme conjugates are required which are not 

always commercially available.  

1.4 Spin-labeled carbohydrates 

Since the structure of biomolecules determined by X-ray crystallography may differ from the structure found in 

solution and furthermore the binding mechanisms in a densely packed crystal and in solution may not 

necessarily be the same, methods to investigate carbohydrate-protein interactions in solution are desirable. 

One new method for this purpose is presented by Braun et al. by the application of electron paramagnetic 

resonance (EPR) spectroscopy of spin-labeled GlcNAc derivatives binding to WGA.[10] Amongst others, double 

electron electron resonance (DEER or PELDOR) measurements[39-44] were used to determine distance 

distributions between spin probes. DEER measurements provide distance distributions between 1.5–10 nm[45] 

and, therefore, are suited for the investigation of multivalent ligand interactions of WGA, whose primary 

binding sites are between 2.1 nm and 5.3 nm apart from each other. Figure 4 shows two of the spin-labeled 

GlcNAc ligands (4 and 5) which were investigated by Braun et al.[10] The corresponding divalent GlcNAc ligands 

with a hydroxyl group at the C6-position instead of the nitroxide label are known inhibitors of WGA tested by 

C. Maierhofer[46] and also in this work (Chapter 3.1.2). The GlcNAc ligand 1 (Figure 3 C) with the longer linker 

has a high binding affinity towards WGA (IC50 = 57 µM) and it was possible to detect its multivalent binding to 

WGA with X-ray crystallography (Figure 3).[9] On the contrary, the divalent GlcNAc-ligand with the shorter 

linker, corresponding to 5, exhibits a significantly lower binding affinity towards WGA (IC50 = 734 µM), 

indicating that the linker is too short to allow chelating binding. Braun et al. investigated the binding 

characteristics in frozen glassy solution of the divalent ligands 4 and 5 with the DEER method (Figure 4). The 

distance distributions in solution without WGA (shown in red) do not differ much due to the folded 

conformation of the oligo(ethylene glycol) chains of 4. In blue the distance distributions with an eightfold 

excess of WGA dimer are shown. Here the curves differ significantly. For ligand 4, the distance at 2.3 nm is 

attributed to the bridging of adjacent primary sites (B1C2/C2B1 and C1B2/B2C1, cf. Figure 3), whereas in case 
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of ligand 5 this distance does not appear. Instead, a peak at 3.1 nm, in addition to distances below 2 nm were 

observed which could be attributed to the monovalent binding of two ligands at the binding sites C1B2 and 

C2B1. New distances were obtained with increasing concentration of ligand 4 (pink curve), which might refer to 

binding of additional ligands 4 to the same WGA dimer.  

 

 

Figure 4: Distance distributions from DEER analysis for the spin-labeled ligands 4 (A) and 5 (B). The experiments provided 

evidence for the chelating binding of 4 in frozen glassy solution, whereas ligand 5 with the shorter linker was not able to 

bridge neighboring binding sites of WGA. Figure adapted from P. Braun.[47]  

Moreover Braun et al. could show that the determination of distances between adjacent binding sites is also 

possible with a monovalently spin-labeled GlcNAc derivative 6 (Figure 5). The corresponding monovalent 

GlcNAc derivative with a hydroxyl group at the C6-position has only a low affinity towards WGA (IC50 = 14 mM, 

cf. Figure 24, Chapter 3.1.2). Nevertheless at a ligand/WGA dimer ratio of 7:1 the distance distribution from 

DEER analysis for the spin-labeled ligand 6 shows a peak at 2.3 nm characteristic for binding to adjacent binding 

sites (B1C2/C2B1 or C1B2/B2C1, cf. Figure 3). At lower concentration of ligand 6 (ligand/WGA dimer ratio of 

1:1) only longer distances appear, corresponding to distances between the binding sites C1B2 and C2B1 

(around 3 nm) and between B1C2 and B2C1 (around 4 nm).[10] 
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Figure 5: Distance distributions from DEER analysis for the spin-labeled ligand 6 in the presence of WGA (molar ratio 6/WGA 

dimer 1:1 (bottom) and 7:1 (top)). Figure adapted from P. Braun.[47] 

Apart from the work from Braun et al.[10] many spin-labeled mono-, di- and polysaccharides have been 

synthesized in the past.[48-49] They have mostly been used to study biopolymers in solution by measuring the 

rotational correlation time (c-time), gaining insight into their properties such as microviscosity[50] or gel-sol 

transitions.[51] Spin-labeled glucose has also been used as magnetic resonance imaging (MRI) contrast 

enhancing agent.[52] Distance mapping of protein-binding sites using TEMPO-labeled lactose by NMR 

spectroscopy has as well been described.[53] Recently Jiménez-Barbero and co-workers showed the use of 

lactose bearing a lanthanide binding tag to characterize the carbohydrate conformation in solution.[54] Beyond 

conformational characterization of the ligand, bound-state topological features of human galectin-3 (hGal-3) 

were obtained by using pseudo contact shifts (PCS).[54] The use of spin-labeled carbohydrates for the 

investigation of protein-carbohydrate interactions studied by EPR spectroscopy has to the best of my 

knowledge first been suggested in 2001 by Shin et al.[55] They describe the synthesis of spin-labeled maltose 

derivatives 7-10 (Figure 6) which were used for cw-EPR binding studies with Vicia faba agglutinin (VFA). 

Unfortunately the binding affinity for the spin-labeled maltose derivatives was insufficient to detect binding to 

the protein. However they note that “EPR spectroscopy using optimized spin-labeled carbohydrates would 

expand the scope of the studies on the protein-carbohydrate interactions.”[55]  
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Figure 6: Spin-labeled maltose derivatives 7–10 synthesized from Shin et al.[55] for binding studies with vicia faba agglutinin 

(VFA). 

The use of spin-labeled carbohydrates combined with the powerful DEER technique to study multivalent 

carbohydrate-protein interactions has so far in literature only been described by Braun et al.[10] With this 

technique no protein engineering is required, thus allowing the study of proteins in their native form. One key 

aspect of this work was to expand the scope of this technique.  

1.5 Multivalency and cooperativity 

The binding potencies from carbohydrates to lectins are usually rather weak (typically in the mM to µM 

range[4]) unless multivalent effects are involved. Multivalency is the ability of a molecule (ligand) to bind to 

another molecule (receptor) via multiple simultaneous non-covalent interactions.[56] Since the blocking of 

carbohydrate-protein interactions is desired for the treatment of many diseases, in the last decade a huge 

variety of multivalent inhibitors have been synthesized.[57-58] Higher binding affinity is thereby achieved through 

either high valency (e.g. dendrimers[59]), a spherical geometry (e.g. fullerenes[60]) or bridging binding systems[9, 

61-62] of carbohydrate moieties or a combination thereof. A central concept for understanding molecular 

recognition is cooperativity. Cooperativity arises from the interplay of two or more interactions leading to a 

system that behaves differently than expected from the properties of the individual isolated interactions. The 

interactions can thereby lead to positive or negative cooperativity, depending on whether one interaction 

favors or disfavors another. In the essays from Whitty[63], Hunter and Anderson[64], and Ercolani and 

Schiaffino[65] two types of cooperativity are theoretically described: allosteric and chelate cooperativity. The 

best understood example for positive allosteric cooperativity is oxygen binding to hemoglobin.[66] Here oxygen 

binding to each of the four bindig sites increaseas the affinity to the remaining binding sites. With strong 

positive cooperativity, only the extreme states are significantly populated leading to an “all-or-nothing” 

behavior which occurs widely in nature switching between “on” and “off” states. To explore the different 

scenarios of allosteric and chelate cooperativity Hunter and Anderson[64] start by considering simple equilibria 

involving receptors with only one or two binding sites and only monovalent ligands (Figure 7). As reference 

point serves the system in Figure 7 A, since no cooperativity is possible because there is only one interaction. 
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This simple two state equilibrium is characterized by the association constant K, the concentrations of bound 

AB and free receptor A and the concentration of free ligand B: 

𝐾 =  
[𝐴𝐵]

[𝐴][𝐵]
 

 

Figure 7: Complexation equilibria from a mono- and a divalent receptor with monovalent ligands. A: The reference system. 

B: Discrete allosteric systems. Figure adapted from Hunter and Anderson.[64] 

Allosteric ligand binding: The simplest case of allosteric cooperativity is shown in Figure 7 B. Two ligands, each 

with one binding site interact with a divalent ligand. In this system three states are possible: free AA, partially 

bound AA∙B and fully bound AA∙B2. The equilibria are characterized by two microscopic association constants K1 

and K2: 

2𝐾1 =  
[𝐴𝐴 ∙ 𝐵]

[𝐴𝐴][𝐵]
 

1

2
𝐾2 =  

[𝐴𝐴 ∙ 𝐵2]

[𝐴𝐴 ∙ 𝐵][𝐵]
 

Whether an allosteric cooperativity is positive or negative depends on the interaction parameter :  

∝=  
𝐾1

𝐾2

 

In the absence of cooperativity the microscopic association constants are identical, K1 = K2 = K and  = 1. In case 

of positive cooperativity is greater than 1, in case of negative cooperativity is less than 1. Another 

important parameter is the binding-site occupancy of the receptor A: 
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𝜃𝐴 =  

1

2
[𝐴𝐴 ∙ 𝐵] + [𝐴𝐴 ∙ 𝐵2]

[𝐴𝐴0]
 

with [AA0] given as: 

[𝐴𝐴0] = [𝐴𝐴] + [𝐴𝐴 ∙ 𝐵] + [𝐴𝐴 ∙ 𝐵2] = [𝐴𝐴](1 + 2𝐾1 + 𝐾1𝐾2[𝐵]2) 

Figure 8 shows the speciation profile for negative and positive allosteric cooperativity, which show how [AA∙B], 

[AA∙B2], and A vary with the ligand concentration B0. In case of negative cooperativity (Figure 8 left) the state 

of the partially occupied receptor AA∙B is the predominant species over a broad concentration range. Only with 

high ligand concentration the state of the fully occupied receptor AA∙B2 becomes occupied. In contrast we 

observe for positive cooperativity (Figure 8 right) an all-or-nothing-, two-state-behavior between the state of 

the unoccupied receptor and the fully occupied receptor. Assembly and disassembly of the complex take place 

over a narrower range of ligand concentration than for the single-site reference system (Figure 7 a). 

 

 

Figure 8: Speciation profiles for negative allosteric cooperativity with  = 0.01 (left) and positive allosteric cooperativity 

with  = 100 (right). Fully bound AA∙B2 is depicted in blue, partially bound AA∙B in red, and the total binding site occupancy 

in black. The y-axis shows the population of the state. The speciation profile for the reference system (Figure 7 a) is 

shown as gray dots. Figure taken with permission from Hunter and Anderson.[64] Copyright (2009) WILEY-VCH. 

Chelate ligand binding: For the discussion of chelate cooperativity Ercolani and Schiaffino consider the simplest 

possible system: binding of a divalent ligand BB to a divalent receptor AA with the prerequisite  = 1 to exclude 

allosteric cooperativity. The ligand is presented in excess relative to the receptor to neglect complexes 

involving more than one receptor (Figure 9).  
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Figure 9: Binding scheme of divalent ligand BB to divalent receptor AA assuming [BB]0 ≫[AA]0 and  = 1. Figure adapted 

from Ercolani and Schiaffino.[65] 

In this model system four states are possible for the receptor: free receptor AA, partially bound 1:1 open 

complex o-AA∙BB, the fully bound 1:1 cyclic complex c-AA∙BB, and the 1:2 complex AA∙(BB)2. The population of 

the different receptor states are determined through the intramolecular binding interaction Kintra = ½ K∙EM and 

the intermolecular binding constant K. The microscopic effective molarity EM (in units of molL-1) quantifies the 

amount of cyclic complex c-AA∙BB and K determines the strength of the intermolecular binding interaction 

between receptor and ligand. Figure 10 shows the speciation profile for the equilibria depicted in Figure 9 in 

the absence (K EM = 0.01) and in the presence (K EM = 100) of chelate cooperativity. Comparison of the two 

speciation profiles show that postitive chelate cooperativity leads to a sharp decrease of the partially bound 

open complex o-AA∙BB to favor the fully bound 1:1 cyclic complex c-AA∙BB. Similar to the case of allosteric 

cooperativity we observe at the macroscopic level an all-or-nothing behavior, characteristic for cooperativity. 

At high ligand concentrations, however, the cyclic complex c-AA∙BB is replaced by the 1:2 complex AA∙(BB)2 

since the concentration of the 1:2 complex depends on the square of the ligand concentration: 

[𝑐 − 𝐴𝐴 ∙ 𝐵𝐵] = 2𝐾2𝐸𝑀[𝐴𝐴][𝐵𝐵] 

[𝐴𝐴(𝐵𝐵)2] = 4𝐾2[𝐴𝐴][𝐵𝐵]2 

The speciation profile of the cyclic complex c-AA∙BB is bell-shaped, suggesting that the intramolecular process 

can be regarded as “none-all-none” behavior. At the ligand concentration at which the population of the cyclic 

complex c-AA∙BB and the 1:2 complex AA∙(BB)2 become equal we can define: 

[𝐵𝐵𝑠𝑤𝑖𝑡𝑐ℎ] =
𝐸𝑀

2
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According to this equation EM/2 can also be seen as the ligand concentration BBswitch above which the 

intramolecular process (formation of the cyclic complex c-AA∙BB from the open complex o-AA∙BB) loses the 

competition with the intermolecular one (binding of a second divalent ligand to the open complex o-AA∙BB).  

From the comparison of the speciation profiles of allosteric (Figure 8) and chelate (Figure 10) cooperativity we 

see, that both can lead to the same macroscopic behavior. However, only chelate cooperativity is dependent 

on the ligand concentration. Only in exceptional cases with a suitable reference system it is possible to 

determine the parameter EM to characterize chelate dependend cooperativity.[67-69] 

In chapter 3.2 we present a new experimental method to determine the parameter EM via cw-EPR 

spectroscopy of spin-labeled WGA ligands.  

 

 

Figure 10: Speciation profiles for the equilibria shown in Figure 9. Left for missing chelate cooperativity (K∙EM = 0.01) and 

right for chelate cooperativity (K∙EM = 100). Population of the cyclic complex c-AA∙BB in green, open complex o-AA∙B in red, 

1:2 complex AA∙(B2) in blue, and total binding-site occupancy A in black. The y-axis shows the population of the state. As 

reference the speciation profile for the reference system (Figure 7 a) is shown as gray dots. Figure taken with permission 

from Hunter and Anderson.[64] Copyright (2009) WILEY-VCH. 

1.6 Conformationally unambiguous spin labeling for EPR 

distance measurements 

EPR spectroscopy on site-directed spin-labeled biomolecules has developed as a powerful tool to investigate 

their structures. To introduce a spin label, often a specific functional group is used. For proteins or peptides the 

methanethiosulfonate spin label (MTSSL) 11 has been established.[70-73] All free cysteines of a protein can react 

with MTSSL 11 forming a disulfide bridge and thus the protein is spin-labeled. The commercial available 

nitroxides 12-14 (Figure 11) are commonly attached to synthetic molecules bearing an amino or carboxylic acid 

functionality via an amide or ester bond. 4-Amino-2,2,6,6-tetramethyl-1-oxyl-piperidin 14 has also been 

attached to nucleo bases.[74] However the most reliable structural information will be gained if the distance, 
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obtained by DEER experiments, is unaffected by the conformational flexibility of the spin-label. 2-ethynyl-1-

oxyl-2,2,5,5-tetramethylpyrroline 15 (Figure 11) has been used as spin-label for studies on the flexibility of 

oligonucleotides[75] and has been attached to a nucleoside by a Sonogashira cross-coupling reaction. Although it 

appears as an rigid* spin label, the C≡C triple bond and the N-O bond are not co-linear.[76] Due to this fact, the 

free rotation around C-C single bonds results in conformational isomers that differ in the distances between 

the paramagnetic centers. For oligonucleotides Sigurdsson and coworkers developed a rigid nitroxide-bearing 

isoindole moiety fused to cytosine by an oxazine linkage.[77] Moreover this cytosine analog 16 (Figure 11) can 

be converted to a fluorophore after reduction with mild reducing agents. Also for the spin labeling of proteins, 

the MTSSL-modified cysteines contain single bond flexibility in the linker between the backbone and the 

nitroxide. Therefore the amino acid 17 (Figure 11) is often used as an alternative for a conformationally rigid 

spin label.[78] Since the achiral amino acid 17 affects the peptide secondary structure,[79] Stoller et al. recently 

reported the incorporation of the chiral -L-amino acid 18 (Figure 11) into an alanine-rich peptide.[74] Both 

spin-labels are usally incorporated into the peptides through solid-phase peptide synthesis (SPPS). Stoller et al. 

performed distance measurements in a doubly labeled peptide and compared the spectroscopic data to those 

of the same peptide labeled with conventional MTSSL 11. The distance measurements obtained with this 

conventional method were as narrow as that with the rigid spin label 18. The authors state, that “the main 

advantage associated with the insertion of the spin probe 18 as compared to MTSSL is the straightforward 

assignment of the distance owing to the rigid and readily predictable structure of the label.”[74] 

 

Figure 11: Selection of nitroxides commonly used for spin labeling of biomolecules (11-15). 16 has been developed as rigid 

spin-labeled analog of cytosine for the incorporation into DNA[77] and the amino acids 17 and 18 have been reported as rigid 

spin labels in proteins.[74, 78] 

Also Godt and coworkers dealt with the synthesis and evaluation of conformationally unambiguous spin 

labels.[76, 80-82] They used the robust isoindoline nitroxide condensed with an imide moiety at a oligo(para-

phenyleneethynylene) (oligoPPE) scaffold (Figure 12). Sajid et al. evaluated the quality of the oligoPPE 19 

(labeled with the rigid isoindoline nitroxide) together with the oligoPPE 20 (labeled with a pyrroline nitroxide 

via a flexible ester linkage) in a comparative DEER study.[76] Since both spin labels 19 and 20 have the same rigid 

                                                                 

* in this work the word rigid is used but does not exclude rotating of the plane level of the ring attached to 
the radical. 
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scaffold line broadening of the DEER distance should occur due the flexible attachment of the spin label in 20. 

The authors compared the orientation-averaged background-corrected time-domain data and the oscillation 

persisted much longer for 19 than for 20. However for the absolute width of the distance distribution obtained 

by DEER analysis the distribution for the rigid spin label 19 is only slightly narrower compared to the 

distribution obtained for 20. 

 

Figure 12: Structure of spin-labeled oligoPPE 19 and 20 used in a comparative DEER study by Sajid et al.[76] 

1.7 Galectins 

Galectins are animal lectins with a highly conserved CRD and specifically bind to -galactosides. In the past they 

have been referred to as S-type lectins due to their requirement of free thiols for -galactoside binding activity. 

As also thiol-independent family members were characterized, in 1994 the term galectin was introduced.[83] 

Two criteria were defined, first: affinity for -galactosides and second: significant sequence similarity in the 

carbohydrate-binding site, the relevant amino acid residues of which have been identified by X-ray 

crystallography. To date, 15 mammalian galectins, named galectin-1 through galectin-15, have been described 

in a wide range of tissues.[84-85] For some galectins, e.g. galectin-8 also multiple isoforms are expressed.[86] The 

ones studied most are galectin-1 and galectin-3. According to their structural similarity, galectins are classified 

in three major groups: prototype, chimera, or tandem repeat (Figure 13). Each galectin contains at least one 

CRD composed of approximately 130 amino acids.[87] The prototype galectins are expressed as monomors with 

one CRD but they can form homodimers, leading to divalent lectins. Galectin-3 is the only representative of the 

chimera type. Here one CRD is linked via a collagen-like sequence to a non-lectin binding domain, hence the 

name chimera.[88] Galectin-3 can self-associate non-covalently to form homodimers[89] or even pentamers with 

synthetic multivalent carbohydrate ligands.[90] The third subgroup of the galectins, the tandem repeat type 

galectins, are composed of a single polypeptide chain that contains two different CRDs separated by a linker 

sequence. 
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Figure 13: Galectin subgroups.[91] The galectins are classified as prototype, chimera, or tandem repeat based on their 

molecular structure. Prototype galectins are expressed as monomers but they can form homodimers. The chimera galectin 

(galectin-3) has a CRD linked to a non-lectin domain via a collagen-like linker region. Tandem repeat galectins contain a 

single polypeptide chain with two different CRDs separated by a linker sequence. Figure adapted from Leffler et al.[92] 

Galectin-1, the first protein discovered in the galectin family occurs as a monomer as well as a non-covalent 

homodimer consisting of subunits each with one CRD.[83] Galectin-1 is involved in T-cell homeostasis and 

survival, T-cell immune disorders, inflammation[93], allergies, host-pathogen interactions as well as malignant 

tumor progression.[94] It is folded as a sandwich consisting of two anti-parallel -sheets (Figure 14), a typical 

folding pattern for galectins. Human galectin-1 exists as dimer in solution, the two monomers connected 

through the well-conserved hydrophobic core.[95] The dimer spontaneously dissociates at low concentrations 

(Kd ≈ 7 µM)[94] into a monomeric form that can still bind to its carbohydrate ligands,[96] but with an decreased 

affinity.[97] Moreover galectin-1 can also exist in an oxidized form incapable of carbohydrate binding.[98-99] 

Carbohydrate binding of galectin-1 is enthalpically driven, supporting the notion that van der Waals 

interactions and hydrogen bonds account for the main driving forces.[95] Galectin-1 binds preferentially to 

glycoconjugates containing the disaccharide N-acetyllactosamine (LacNAc), but it also binds to individual 

lactoseamine units with lower affinity (Kd ≈ 50 µM).[100-101] Galectin-1 uses the acidic arginine-, asparagine- and 

histidine residues to form direct hydrogen bonds to the axial 4-OH-group of the galactose moiety.[102] Thus the 

protein uses multiple contacts to a single hydroxyl group to distinguish between galactose (4-OH group axial) 

and other carbohydrates with an equatorial alignment of the 4-OH group. In addition to direct hydrogen bonds 

also indirect, water-mediated hydrogen bonds are involved in the binding process.[103]  

 

Figure 14: Structure of galectin-1 homodimer in complex with lactose (PDB code: 1W60). The two lactose molecules are 

presented as magenta stick model, the two peptide chains of the homodimer are shown as ribbon model. Figure designed 

with PyMOL with PDB file from Lopez-Lucendo et al.[95]  
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Since galectins have manifold functions both in the healthy and in the morbid tissue and they are involved in 

cancer metastasis,[104-105] a lot of research aims at finding selective inhibitors for therapeutic applications.[104] 

For example galectin-3 is overexpressed on the surface of tumor cells[106] and it is likely to be involved in the 

distribution of cancer as Meromsky et al. could show that the treatment of mice with an antibody against 

galectin-3 resulted in a decrease of up to 90 % in the appearance of tumor lung colonies.[107]  

1.8 Riboswitches 

Over the past 15 years the role of non-coding RNAs (ncRNAs) in controlling bacterial gene expression was 

discovered.[13] Riboswitches consist of RNA and are typically found in the 5’-untranslated region (UTR) of mostly 

bacterial mRNA.[108] They regulate the gene expression via binding of small metabolites. The small metabolites 

bind with high affinity and specificity to a highly folded structure, the aptamer domain. The second structure 

domain is an expression platform. Upon metabolite binding a global secondary conformational change is 

induced which mostly leads to repression of gene expression by transcription termination or inhibition of 

translation initiation (Figure 15). Besides in bacteria riboswitches have been identified in fungi[109] and 

plants[108] but not in humans so far. They represent a more or less unexplored potential target class for the 

search of new antibiotics.[110-112] A unique role among the different classes of riboswitches plays the glmS 

riboswitch discovered by Winkler et al. in 2004.[14] The glmS riboswitch acts as ribozyme (catalytically active 

RNA) that cleaves itself irreversibly after substrate binding. The substrate glucosamine-6-phosphate (GlcN6P) is 

a central metabolite needed for bacterial cell wall assembly as it is a precursor of peptidoglycan biosynthesis. 

The scission of the glmS riboswitch generates a short RNA fragment bearing a 2’,3’-cyclic phosphate and a 

second product with a characteristic 5’-OH terminus. The free 5’-OH group is recognized by the exonuclease 

RNase J1, a RNase conserved among bacteria, which degrades the glmS mRNA.[113] Thus the amount of 

glucosamine-6-phoshate synthetase is decreased which leads to a decrease of UDP-GlcNAc essential for the cell 

wall synthesis. Ribozyme-dependent glmS regulation seems to be fairly restricted to Gram-positive bacteria[114]. 

Today 463 glmS riboswitch variants have been predicted of which only five were identified in Gram-negative 

bacteria.[115] The methicillin-resistant S. aureus uses glmS riboswitch regulation. Therefore the identification of 

molecules that activate the glmS riboswitch may result in inhibition of bacterial growth by preventing efficient 

metabolite synthesis essential for the cell wall synthesis. However the search for unnatural GlcN6P analogues is 

restricted since only slight GlcN6P modifications are tolerated because of the riboswitches’ tight binding 

pocket.[116] 
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Figure 15: Overview of common principles of gene regulation by riboswitches. A: Termination of transcription: 

Upon binding of the regulatory metabolite to the aptamer part of the riboswitch, reorganization of stem-

looped regions occurs. As a consequence, within the expression platform of the riboswitch, a transcriptional 

terminator structure forms and gene expression is shut down. Blue, aptamer platform; red, expression 

platform; ORF = open reading frame. B: Inhibition of translational initiation occurs by a similar mechanism 

involving refolded hairpin domains. Binding of the metabolite to the aptamer platform results in folding of a 

stem masking the ribosome binding site (RBS) and, hence, inhibition of gene translation. C: The glmS-riboswitch 

is a metabolite-dependent ribozyme that undergoes self-cleavage upon interaction with glucosamine-6-

phophate (green hexagon). This results in destabilization of the mRNA and thus loss of gene expression. Figure 

taken with permission from Famulok et al.[117] Copyright (2007) American Chemical Society. 

 

The primary structure of the glmS riboswitch differs between the various strains of bacteria, but the aptamer 

region is highly conserved (Figure 16). Up to date six X-ray crystal structures of the glmS riboswitch with GlcN6P 

bound are published, four from Thermoanaerobacter tengcongenis[116, 118-119] and two from Bacillus 

anthracis.[120-121] The nucleotide sequence (nt -1–75) surrounding the active core forms the pseudoknots P2.1 

and P2.2. The pseudoknot P2.2 forms together with three additional pseudoknot helices P2, P3 and P3.1 and 

the double helix P1 a long compact column side-by-side with the short P2.1 pseudoknot. Moreover the 

structure is stabilized by the helices P4 and P4.1 through hydrogen bonds.[118]  
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Figure 16: A: GlmS riboswitch concensus model. The asterisk indicates the site of RNA self-cleavage. Optional hairpins (i) or 

(ii) are found in some representatives. Figure taken from McCown et al.[115] B: Crystal structure of glmS ribozyme from Klein 

et al.[116]  

During the cleavage reaction GlcN6P is assumed to be directly involved in catalysis.[122] The self-cleavage of 

glmS mRNA is 105–107 times slower in the absence of GlcN6P.[118, 123-124] A schematic depiction of the 

interactions responsible for the recognition of GlcN6P and the formed hydrogen bonds is shown in Figure 17 A. 

The functional importance of the amine is confirmed by crystal structures of glucose-6-phosphate (Glc6P) 

bound to the ribozyme[116] without cleaving the RNA. Even though this compound is an inhibitor rather than an 

activator of the ribozyme, Glc6P was found to bind in the same way as GlcN6P and also in the -axial anomeric 

conformation.[124] Since the ribozyme employs the amine of GlcN6P as a general acid-base catalyst any loss of 

the amine functionality (derivatives 26–28 Figure 17 B) leads to a complete loss of glmS riboswitch activation in 

vitro.[125] In Figure 17 B and C some attempts that were made in the synthesis of GlcN6P derivatives as artificial 

coenzymes for the glmS ribozyme in vitro are summarized. The tested derivatives show that only slight changes 

e.g. in the stereo chemistry (derivative 24) or the removal of hydroxyl groups required for ligand binding 

(derivatives 25, 29 and 30) lead to a complete loss of function. In summary the following interactions and 

characteristics should be kept in mind when designing or optimizing novel glmS ribozyme activating molecules: 

 

 A closed ring formation with the hydroxyl group of C-1 in the axial position is crucial for activation.[125-

126] 

 The C-6 position must contain a phosphate group, as loss or derivatization of this moiety leads to 

complete loss or reduction of affinity.[14, 126-127] 
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 The amino group at C-2 is essential for ribozyme activation as it is directly involved in catalysis of the 

RNA cleavage reaction.[14] Also methylation or acetylation of the amino group leads to complete loss 

or a decrease of activation.[125] 

 The hydroxyl groups of C-3 and C-4 interact with the RNA via hydrogen bonds.[116, 126] Removal or 

change in their steric configuration leads to loss of activation.[15, 125] 

 The ring oxygen forms a hydrogen bond with a cytosine[128], exchange of the ring oxygen with a 

methylene group leads to a twofold increase in the EC50-value in an in vitro cleavage assay (EC50 

GlcN6P = 3.1 µM vs EC50CGlcN6P 31 = 6.2 µM).[12] 

 
Figure 17: A: Schematic depiction of the interactions responsible for the recognition of GlcN6P. Hydrogen 

bonds are shown as two-headed arrows. Stacking interaction occurs between the nucleobase of G1 and the 

sugar ring. The red colored functional groups are crucial for the metabolite recognition of the glmS riboswitch. 

Figure adapted from Ferré-D’Amaré.[128] B: A selection of previously described GlcN6P derivatives from 

Wang[127] (21+22), Posakony[125] (23-28), Lünse[15] (29-31) and Fei[129] (32-33) et al. (C) and their effectiveness as 

coenzymes for the glmS ribozyme in vitro. (-) = inactive, (+) = active. 

 

From the selection of previously synthesized GlcN6P analogues apart from the phosphate mimics 32 and 33 

only the carbasugar 31 showed an in vitro activation of the glmS riboswitch (Figure 18). Furthermore C. Lünse 

could show in her dissertation, that the treatment of S. aureus MU 50 strains with CGlcN 34 lead to bacterial 

growth inhibition.[12] For these in vivo studies the use of CGlcN6P 31 was not possible because it is not very 

likely to pass the bacterial cell membrane due to its charged phosphate group. It is hypothesized that CGlcN 34, 

like other sugars (Glc, GlcNAc, GlcN), is in vivo phosphorylated and taken up by the phosphoenolpyruvate-sugar 
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phosphotransferase system (PTS). Moreover C. Lünse could also demonstrate synergistic effect of CGlcN 34 and 

vancomycin on S. aureus MU 50 growth inhibition. 

 

Figure 18: Lünse et al.[15] could show with an in vitro glmS cleavage assay that CGlcNP 31 activates the glmS riboswitch 

comparable to GlcN6P. Figure taken with permission from from Lünse et al. Copyright (2011) American Chemical Society. 
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2 Assignment of task 

2.1 Investigation of labeled N-acetylglucosamine ligands by an 

enzyme-linked lectin assay  

In a cooperation project with the Drescher group we recently described the application of EPR spectroscopy of 

spin-labeled ligands for the investigation of multivalent carbohydrate-protein interactions in solution.[10] An 

important prerequisite for such studies is that the spin-label does not interfere with lectin binding. The spin 

label was introduced in the 6-position of the GlcNAc residues. To investigate the influence of this modification 

on the binding affinity  to WGA one task of this work was the synthesis and the examination of a series of 

labeled ligands (Figure 19) and their application in an ELLA[130] with covalently immobilized carbohydrates. The 

binding potencies of the labeled ligands should be compared with the binding potencies of the unlabeled 

ligands with an unmodified 6-OH group. Further, the nitroxide labels should be replaced by methylamines to 

allow full NMR spectroscopy characterization. 

 

Figure 19: Aimed GlcNAc ligands 35, 37 and 39 bearing a nitroxide replacement in 6-position and GlcNAc ligands 36, 38 and 

1 with a hydroxy group in 6-position. 
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2.2 Synthesis of spin-labeled WGA ligands for bifrequency-cw-

EPR spectroscopy  

Braun et al.[10] could show chelating binding of ligand 4 (Figure 4, chapter 1.4) to WGA in frozen glassy solution. 

In these experiments either an equimolar ratio of ligand and WGA dimer or an eightfold excess of WGA dimer 

was used. An increased ligand concentration could lead to a change of the binding mode shifting from chelating 

binding to monovalent binding of divalent ligands. This behavior was theoretically described in chapter 1.5 for a 

model system with divalent ligands binding to a divalent receptor (Figure 9, chapter 1.5). The microscopic 

effective molarity EM/2 defines in this system the ligand concentration above which the chelating binding loses 

the competition against the monovalent binding of two ligands to the same receptor. Only in exceptional cases 

it was so far possible to determine the parameter experimentally and thus to characterize chelate-dependent 

cooperativity.[67-69] In this work, WGA (receptor) and divalent spin-labeled GlcNAc derivatives (ligand) should be 

used for the experimental investigation of chelate cooperativity. Upon binding to a bio-macromolecule, e.g. a 

protein, the rotational mobility of a small spin-labeled ligand decreases significantly which can be measured by 

an increase in the c value. Another task of this work was therefore the synthesis of spin-labeled GlcNAc ligands 

40–45 (Figure 20) which should differ in the linker length and in the spin label attachment. The spin label 

should either be placed at one GlcNAc residue or at one end of the linker generating a monovalent ligand. With 

these spin-labeled ligands Patrick Braun from the Drescher group should perform bifrequency-cw-EPR 

experiments which should lead to an experimental determination of the microscopic effective molarity.  

 

Figure 20: Aimed spin-labeled GlcNAc ligands with different linker length and the spin label either attached at one GlcNAc 

residue (40–42) or at the linker (43–45). 

2.3 Development of second-generation spin-labeled 

carbohydrates  

A disadvantage of the previously synthesized WGA ligands with the spin label attached to the 6-position of 

GlcNAc is the high rotational mobility of the nitroxide. This prevents exact distance measurements by DEER 

experiments. For sharper distance distributions in DEER measurements, a carbohydrate derivative with 

restricted flexibility of the spin label is desirable. Since most lectins accept substituents at the 1-position of the 

carbohydrate ligand the next generation of spin-labed carbohydrates should bear the spin label at this position. 
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Every spin label attached to the carbohydrate via an O-glycosidic bond features high spatial mobility upon 

rotation around the glycosidic bond. This can be prevented by aligning the spin label on the axis of the 

glycosidic bond (Figure 21). To prove this concept, the spin-labeled GlcNAc C-glycosyl compound 46 (Figure 21) 

should be synthesized in this work. The employed spin label has the advantage that it is conformationally rigid, 

allowing not only determination of the intermolecular spin label distance but also their relative orientation. A 

similar structure was recently published by Stoller et al.[74] who developed the spin-labeled amino acid TOPP (4-

(3,3,5,5-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenylglycine 47).  

 

Figure 21: A: Comparison of different spin label attachment strategies to GlcNAc. The planned spin-labeled GlcNAc 46 

should show decreased rotational mobility of the spin label compared to the so far used attachment in the 6-position of the 

GlcNAc residues shown in 6 (Figure 5). B: From Stoller et al.[74] developed spin-labeled amino acid TOPP (4-(3,3,5,5-

tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenylglycine 47 bearing a rigid spin label.  

2.4 Synthesis of spin-labeled chitobiose 

To further increase the binding affinity towards WGA spin-labeled chitobiose 48 (Figure 22) should be 

synthesized. The additional GlcNAc moiety of the disaccharide does not only increase the binding affinity it also 

changes the binding mode due to binding of one GlcNAc moiety to a subbinding pocket.[62]  

 

Figure 22: Aimed spin-labeled chitobiose 48 to enhance the binding affinity towards WGA. 

2.5 Synthesis of spin-labeled lactose for the investigation of 

galectins 

WGA is a well characterized lectin, but as a plant lectin it has limited medicinal relevance. Moreover WGA 

contains eight carbohydrate binding sites. This leads to multi-spin systems that are very difficult to interpret. 

One group of lectins with high medicinal relevance are the galectins. They contain only one carbohydrate 

binding site and e.g. in the case of galectin-1 they exist as dimer. Human galectin-1 should be addressed as 
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model lectin first, since various structures of galectin-1 have been solved.[95, 131-136] The galectin-1 dimer has two 

specific binding sites approximately 5 nm apart from each other, which makes it applicable for DEER 

experiments. Thus, the spin-labeled lactose derivative 49 (Figure 23) should be synthesized in this work. 

Further galectin-3[137-138] should be addressed. Although it is a monomer with only one CRD, it is of interest for 

the investigation with EPR spectroscopy since galectin-3 has been described to form oligomers in solution.[139] 

These oligomers, however, have not been structurally characterized. To analyze this oligomer formation in 

solution via EPR spectroscopy spin-labeled lactose derivative 49 should be used.  

 

Figure 23: Spin-labeled lactose derivative 49 to be synthesized for the investigation of galectins. 

2.6 Synthesis of carbasugar derivatives as activators for the 

glmS riboswitch 

Riboswitches are RNA elements which use a new mechanism to control gene expression in bacteria[13], archaea, 

and plants. They represent a yet unexplored potential target class for the search of new antibiotics. One 

promising candidate is the glmS riboswitch.[14] It represents a metabolite-dependent ribozyme that undergoes 

self-cleavage upon glucosamine-6-phosphate (GlcN6P) recognition. This leads to a decrease of the 

concentration of UDP-GlcNAc, which is essential for cell wall synthesis. As the glmS riboswitch is found in many 

gram-positiv bacteria e.g. S. aureus, the identification of molecules that activate the glmS riboswitch may 

provide antibacterial agents for otherwise multi-resistant bacteria. In cooperation with the Mayer lab in Bonn it 

was shown that carba-GlcN6P (CGlcN6P) activates the glmS riboswitch from S. aureus in an in vitro cleavage 

assay nearly as effective as the natural substrate GlcN6P.[15] 

In this second project the task was to attach substituents in the carba-position, thus generating hydrophobic 

interactions, e.g. of phenyl or alkyl substituents with additional nucleobases of the glmS aptamer domain. 

These modifications were expected to yield CGlcN6P derivatives with higher affinity and thus, higher potency in 

activating glmS-mRNA self-hydrolysis. The synthesized derivatives should be evaluated regarding their glmS-

riboswitch activation potential. These experiments should be performed in collaboration with Prof. Günter 

Mayer in Bonn. 
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3 Results and discussion  

3.1 Investigation of labeled N-acetylglucosamine ligands by an 

enzyme-linked lectin assay  

3.1.1 Synthesis of GlcNAc ligands with nitroxide replacement 

Nitroxide radical-containing organic compounds are difficult to characterize by NMR spectroscopy because the 

paramagnetic label leads to massive line broadening. Therefore, we decided to investigate WGA ligands in 

which the nitroxide group is replaced by a methylamine. This modification was expected to have a comparable 

size and, hence, a negligible effect on the binding affinity to the protein. At the same time it allowed the full 

characterization of all synthetic products by NMR spectroscopy.  

Scheme 2 depicts the synthesis of a suitable active ester for the attachment of the nitroxide replacement to 

amino-substituted carbohydrates. Pyrrolin derivative 50 was synthesized according to a procedure described by 

Hatano et al.[140] starting from 2,2,6,6-tetramethylpiperidine-4-one. After N-methylation with iodomethane, 

methyl ester 51 was saponified and the obtained carboxylic acid was coupled with N-hydroxysuccinimide to 

give the corresponding succinimidyl ester 52. 

 

Scheme 2: Synthesis of succinimidyl ester 52 starting from 2,5-dihydropyrrole derivative 50. 

Incorporation of the amine functionality in the 6-position of GlcNAc was achieved through the synthesis of 

azide-substituted glycosyl carbonates 57 (Scheme 3). 
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Scheme 3: Synthesis of the azide substituted active carbonate 57 modified according to Nägele.[141] 

Active carbonate 57 was then employed for the synthesis of doubly and singly labeled WGA ligands 35, 37, and 

39 (Scheme 4). The azides within 60, 61, and 62 were reduced to the corresponding amines by hydrogenolysis 

and reacted with active ester 52 as the final step. While the coupling of the corresponding nitroxides could be 

carried out in methanol, this solvent turned out to be not suitable for active ester 52. Instead of amide bond 

formation the use of methanol lead to methyl ester formation. A possible explanation for this different 

behavior could be the presence of the additional basic tertiary amine of 52. The GlcNAc derivatives without 

nitroxide replacement (36, 38 and 1, Figure 19) were synthesized according to Maierhofer et al.[9] 
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Scheme 4: Synthesis of carbohydrate-ligands 35, 37 and 39 with a nitroxide replacement. 
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3.1.2 Binding potencies of labeled GlcNAc derivatives 

Maierhofer et al.[33] immobilized a spacer-modified GlcNAc derivative on the microtiter plate (chapter 1.3). This 

derivative was synthesized in five steps starting from GlcN*HCl. To simplify the preparation of coated 

microtiter plates, the commercially available spacer-modified GlcNAc derivative 65 was used for covalent 

immobilization. F. Teusel could show in her Bachelor thesis[142] that the immobilization of the derivative 65 

resulted in IC50 values that were comparable to those found in literature.[143] Commercially available amino-

modified microtiter plates 63 were treated with 1,4-phenylene diisothiocyanate according to a modified 

procedure, described by Guo et al.[144] who used it for the preparation of DNA microarrays, generating amine-

reactive isothiocyanate surface 64. On this surface, amino spacer-modified GlcNAc derivative 65, containing 

two ethylene-glycol entities in the linker, was covalently immobilized (Scheme 5). This immobilization strategy 

via thiourea formation that was already employed in our group for successful preparation of carbohydrate 

arrays[143] has recently been termed a click-type reaction for the ligation of carbohydrates onto surfaces.[145] 

 

 

  

 

Scheme 5: Preparation of covalently modified microtiter plate 66. 

Next, the new surface 66 was used to determine inhibitory potencies of synthetic ligands 35, 37 and 39 bearing 

the nitroxide replacement and these values were compared to those of the unlabeled ligands 36, 38 and 1 
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(Table 1). WGA inhibitors with and without nitroxide replacement were always tested together on the same 

microtiter plate using the same dilution series. The obtained dose-response curves for binding inhibition of 

HRP-labeled WGA to covalently immobilized GlcNAc 65 are shown in Figure 24. For labeled divalent ligand 37 

the obtained IC50 value of 2 mM is comparable to the IC50 value of 3 mM for the unlabeled ligand 38. In case of 

the labeled divalent ligand 39 with longer ethylene glycol linker, the obtained IC50 value (3.4 µM) is three times 

lower than in case of the unlabeled ligand 1 (11 µM). This observation could also be seen with the labeled 

monovalent ligand 35. Comparison of the inhibition potencies from WGA ligands with or without the nitroxide 

replacement (Table 1) showed that the label in the 6-position of the GlcNAc residues leads to a minimal 

increase in binding affinity. This might be due to electrostatic interactions of the tertiary amine with the 

aspartic acid residue 86.[9] Assuming these interactions are missing in case of the nitroxide spin label, the 

binding affinity of the nitroxide-labeled ligands could be similar to those of the GlcNAc derivatives with a 

primary hydroxyl group. 
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Figure 24: Inhibition curves of WGA inhibitors. The inhibitors with nitroxide replacement (35, 37, 39) showed a slight 

increase in binding affinity towards WGA, compared to the inhibitors carrying a hydroxyl group at C6 (36, 38, 1)  
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Table 1: IC50 values obtained for synthetic ligands 35–39 and 1 by an ELLA with GlcNAc derivative 65 covalently immobilized 

as reference ligand.  

Compound Obtained 
IC50 values  

β  

 

30 mM  1 

 

 
5 mM 6 

 

 
14 mM 2.1 

 
 

2 mM  15 

 
3 mM 10 

 

 

3.4 µM  8823 

 

11 µM  2727 

 

β = relative inihibitory potency compared to GlcNAc 
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3.2 Synthesis of spin-labeled WGA ligands for bifrequency-cw-

EPR spectroscopy  

According to the model system from Hunter and Anderson[64] (chapter 1.5) four states are possible for a 

divalent receptor interacting with a divalent ligand in dependency on the ligand concentration: (1) free recepor, 

(2) partially bound 1:1 open complex, (3) fully bound 1:1 cyclic complex and (4) 1:2 complex with two divalent 

ligands monovalently bound (Figure 9, chapter 1.5). Apart from the intermolecular equilibrium constant K, the 

amount of chelatingly and monovalently bound ligand is dependent from the microscopic effective molarity 

(EM). EM/2 defines in this system the ligand concentration above which the chelating binding loses the 

competition against the monovalent binding of two ligands to the same receptor. If it is possible to quantify the 

amount of a chelatingly bound ligand (C1, Figure 25), unbound ligand (C2) and monovalently bound ligand (C3), 

the EM could be experimentally determined.  

 

 

Figure 25: Top: Crystal structure of WGA dimer (PDP code: 2X52) with subunits colored in blue and green. Primary binding 

sites are marked through white framed brown dots and spin labels are depicted through small yellow dots. The left picture 

shows chelating binding of a divalent ligand (C1) and the right picture shows monovalently binding of a divalent ligand (C3). 

Both binding modes are in dynamic equilibrium with unbound ligand in solution (C2). Bottom: Synthesized and examined 

spin-labeled GlcNAc ligands. 

Upon binding to a bio macromolecule, e.g. a protein, the rotational mobility decreases significantly 

corresponding to an increase of the rotational correlation time (c) of a small spin-labeled ligand. The c value 

can be obtained from the line withs of cw-EPR signals. Therefore, EPR spectroscopy can be used to determine 

to which extent a ligand is bound to a protein. Less clear, however, is the question how a spin label behaves 

that is linked to a protein via a flexible spacer. In case that the c value is the same as the one found for the free 
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ligand in solution it would not be possible to distinguish the monovalently binding mode C3 from the ligand 

free in solution C2 (Figure 25). However, if it is possible with cw-EPR spectroscopy to distinguish the three 

components C1-C3 (Figure 25) the amount of a chelatingly bound ligand (C1), unbound ligand (C2) and 

monovalently bound ligand (C3) could be calculated and, thus, EM could be experimentally determined for the 

ligands 40–42 (Figure 25).  

For a spin-labeled divalent ligand with a high binding affinity (IC50 values in the micro molar range as 

determined for ligand 39, Table 1, chapter 3.1.2) the c for chelating binding (C1) could be determined through 

cw-EPR measurements using a high WGA excess. Under these conditions ligand binding is almost quantitative. 

Also the c for the free ligand (C2) is accessible through cw-EPR measurements of the divalent ligand without 

WGA. Only the determination of parameter c for monovalent binding (C3) is sophisticated. As described in 

chapter 1.4 ligand 4 shows in DEER experiments even with an excess of ligand solely chelating binding. 

Therefore the GlcNAc derivatives 43–45 were synthesized (Figure 25). One GlcNAc residue was thereby 

substituted through a nitroxid label, leading to a monovalent ligand with a spin label attached at one end of the 

oligoethyleneglycol linker. This should simulate the monovalent binding (C3) of the divalent ligands 40–42 

(Figure 25). Since such a ligand binds monovalently to WGA, the mobility of the binding mode C3 is simulated 

through the spin-labeled flexible linker end. The mobility of the monovalent ligands 43–45 should not differ 

much from the mobility of the monovalently bound divalent ligands 40–42 since they contain the same linker. 

However such a monovalent ligand has a much less binding affinity. Due to this also a significant amount of 

unbound ligand was expected even at a high WGA excess, leading to cw-spectra of a superposition of the 

components C2 and C3. To better distinguish C2 and C3 all samples were measured by Patrick Braun with the 

bifrequency EPR method at different frequency in X-band (9 GHz) and in Q-band (34 GHz). Since this work 

focuses on the organic synthesis of spin-labeled carbohydrate ligands, the detailed EPR theory, the used fitting 

models and fitting parameter behind these experiments can be found in his work.[47] In the following section 

the results of the bifrequency experiments from P. Braun with ligands 40–44 as well as the cw-experiments 

with ligand 45 are summarized.  

For the synthesis of singly labeled divalent GlcNAc ligands, one side of the diamine linker had to be protected. 

The diamine linkers 59 and 58 were commercially available and one amine group was Boc-protected (Scheme 

6) according to Herges et al.[146] 
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Scheme 6: Synthesis of Boc-protected linkers 67 and 68 according to Herges et al.[146] 

For amine 77 no diamine linker was available; 77 was therefore synthesized in an 8-step synthesis (Scheme 7) 

according to Gérard et al.[147] In contrast to Gérard et al., who did not purify any of the intermediates, here FC 

purification was used to purify the Boc-protected linker 72 and 76 (Scheme 7) after reaction step 3 and 7. This 

might explain the lower reaction yields compared to literature. The advantage of purifying the intermediates 

was, that the Boc-protected linker 77 was obtained as colorless oil rather than as brown oil as described by 

Gérard et al. [147] 

 

Scheme 7: Synthesis of Boc-protected linker 77 according to Gérard et al.[147] 
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The Boc-proteced amines 67, 68 and 77 were then treated with active carbonate 78 (Scheme 8) which was 

synthesized according to Seitz et al.[148] After deprotection with TFA the second amine group was either treated 

with the succinimidyl ester 82 generating the monovalent ligands 43–45, or with azide-substituted glycosyl 

carbonate 57 yielding the divalent ligands 82–84 (Scheme 8). After deacetylation under Zemplén conditions[149] 

and reduction of the azide to the amine, the spin-label could be attached in the 6-postion of one GlcNAc 

residue through reaction with succinimidyl ester 82. 



Chapter 3 - Results and discussion 

  41 

 

Scheme 8: Synthesis of spin-labeled GlcNAc ligands with different linker lengths. A: Synthesis of monovalent ligands with 

spin label attached at the linker (43–45). B: Synthesis of divalent ligands with spin label attached to one GlcNAc residue (40–

42).  
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3.2.1 Investigation of divalent ligand 41 with bifrequency cw-

EPR spectroscopy 

The EPR experiments in this chapter were performed and evaluated by Dipl. Chem. P. Braun. 

An increase in the ligand concentration of 41 (Figure 26) with constant WGA concentration leads in theory to a 

shift of the equilibrium from chelatingly bound ligand (C1) to monovalently bound divalent ligand (C3) (Figure 

26) and the EM could be determined through the ligand concentration at which the population of the 

chelatingly bound ligand (C1) and the monovalently bound divalent ligand (C3) become equal.  

 

 

Figure 26: Crystal structure of WGA dimer (PDP code: 2X52) with subunits colored in blue and green. Primary binding sites 

are marked through white framed brown dots and spin labels are depicted through small yellow dots. The left picture 

shows the schematic chelating binding of a divalent ligand 41 (C1) and the right picture  shows monovalent binding of a 

divalent ligand 41 (C3). The binding mode of the monovalently bound divalent ligand with the spin-labeled GlcNAc residue 

is not considered, because it can not be distinguished from the chelating binding mode through cw-EPR spectroscopy. Both 

binding modes are in dynamic equilibrium with unbound ligand in solution (C2).  

For an experimental EM determination for the ligand 41 the percentage of the three components C1-C3 were 

calculated as a function of the ligand concentration using cw-EPR spectroscopy. The cw-EPR spectrum from an 

excess of ligand 41 with WGA is a superposition of the signals from the three different components C1-C3. 

Therefore the three components were determined in separate experiments and the mixed spectra could be 

simulated through a linear combination of the fitted single spectra. The cw-EPR spectrum from the chelated 

component (C1) was accessible through measurements using an equimolar ratio of 41 and WGA dimer. At this 

ratio 41 binds almost quantitative with negligible percentage of C2 and C3. The obtained cw-EPR spectra (black) 

in X-band (left) and in Q-band (right) are depicted in Figure 27 top. For the spectra simulation (red curves 

Figure 27) the set of parameters was simplified by considering only the four primary binding sites of WGA. 

Since the primary binding sites possess a tenfold stronger binding affinity, binding to the four secondary 

binding sites was neglected. As for C1, the cw-EPR spectra for C2 were experimentally accessible through 
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measuring 41 in solution without WGA. The obtained cw-EPR spectra are depicted in Figure 27 bottom. A 

higher frequency was better suitable for the analyses of fast dynamics. The simultaneous evaluation of both 

spectra delivered an almost ideal simulation. For the determination of the cw-EPR spectra for C3, monovalent 

ligand 44 (Figure 26 bottom) was used as a model, since such a binding mode is not expected for 41 until high 

ligand concentrations. However, according to the ELLA experiments described in chapter 3.1.2, for a 

monovalent ligand a considerably lower binding affinity was expected compared to a divalent ligand. Thus even 

with a protein excess the cw-EPR was expected to be an overlay of the cw-spectra from bound 44 and unbound 

44.  

 

Figure 27: X-band (left) and Q-band (right) cw-EPR spectra (T = 295 K). Experimental cw-spectra are depicted in black, 

simulated spectra are depicted in red. Top: cw-EPR spectra of 41 with a ligand to WGA dimer ratio of 1:1. Bottom: cw-EPR 

spectra from 41 in absence of WGA. With these experiments the parameters for the components C1 and C2 were 

accessible.  

Figure 28 depicts the mobility measurements in X-band (left, red) and in Q-band (right, red) at a ligand/WGA 

dimer ratio of 1:8. For comparison the cw-EPR spectra of 44 in absence of WGA are depicted in the same graph 

(black). Between the red and the black curves a clear intensity difference is visible since the measurements 

with WGA contain apart from a fraction of unbound ligand also a slowed fraction of monovalently bound 

ligand. This leads to a spectrum with broader line width and smaller signal intensity. For the determination of 

C3 the signal of the bound fraction was separated from the unbound fraction prior to line shape analysis. A 

detailed description of the used linear combination can be found elsewhere.[47]  
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Figure 28: Top: Comparison of the normed X-band (left) and Q-band (right) cw-EPR spectra (T = 295 K) of 44 at a 

ligand/WGA dimer ratio of 1:8 (red) and in absence of WGA (black). Bottom: through the simulation, the parameters for C3 

were obtained. 

After the parameters for all three binding modes C1-C3 had been determined through spectra simulation, the 

population of the three binding modes could be calculated for any ligand/WGA dimer ratio. Due to the results 

from previous EPR experiments (chapter 1.4) the shift of the equilibrium from chelatingly bound ligand (C1) to 

monovalently bound divalent ligand (C3) (Figure 26) is not expected until a large excess of ligand concentration. 

Therefore, samples with a ligand 41/WGA dimer ratio of 4:1, 6:1, 8:1, 12:1 and 16:1 were used for mobility 

measurements in X-band and in Q-band (experimental spectra can be found in the dissertation from P. 

Braun[47]). The spectra simulation of the experimental spectra delivered the amount of chelatingly bound ligand 

(C1), unbound ligand (C2) and monovalently bound ligand (C3) for every ligand/WGA dimer ratio which can be 

found in Table 2. 

P. Braun calculated for the fitting results an error of 2 %- 3 %.[47] The percentage of C3 lies therefore within the 

error range. Since the binding of the spin-labeled GlcNAc end and the unlabeled GlcNAc end of 41 have an 

equal probability, which could be shown in the ELLA experiments in chapter 3.1.2, the amount of C3 is twice as 

high. This factor of two was not considered in the results presented in Table 2. While the percentage of C1 with 

increasing ligand excess decreases, the percentage of C2 increases continuously up to 72 % at a ligand/WGA 

dimer ratio of 16:1. In contrast, the percentage of C3 stays nearly unchanged between 1 % and 4 %. This 

illustrates that the divalent ligand 41 binds also at a ligand/WGA dimer ratio of 16:1 mainly in a chelating 
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binding mode to WGA without a significant amount of monovalently bound divalent ligand. Samples with a 

higher ligand excess delivered no reproduceable results, since the strong signal of the unbound ligand 

prevented the analysis of the bound ligand. The percentage of all binding modes is summarized in Figure 29.  

Table 2: Percentage of the three components for ligand 41 obtained at different ligand/WGA dimer ratio.  

41/WGA dimer C1 C2 C3 

1:0 0 % 99 % 1 % 

4:1 75 % 23 % 2 % 

6:1 63 % 35 % 2 % 

8:1 50 % 46 % 4 % 

12:1 35 % 63 % 2 % 

16:1 27 % 72% 1 % 

 

 

Figure 29: Amount of chelatingly bound ligand (C1), unbound ligand (C2) and monovalently bound ligand (C3) in 

dependancy of the ligand/WGA dimer ratio for ligand 41. In these experiments the concentration of WGA dimer was kept 

constant and the ligand concentration was varied.  
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Even though it was not possible to determine EM for ligand 41, the EM could be estimated since we know the 

ligand concentration with the highest ligand to WGA dimer ratio (16:1, [41] = 800 µM), which was not high 

enough to reach the shift of the equilibrium from chelatingly bound ligand (C1) to monovalently bound divalent 

ligand (C3) (Figure 26). Due to the correlation [BB]switch = EM/2 for 41 EM > 1600 µM. This shows also the upper 

limit of the ligand to protein ratio applicable with EPR experiments. 

3.2.2 Investigation of divalent ligand 40 with bifrequency cw-

EPR spectroscopy 

The EPR experiments in this chapter were performed and evaluated by Dipl. Chem. P. Braun. 

In this chapter divalent WGA ligand 40 (Figure 30) was investigated in the same way as described for 41. In 

contrast to 41, the linker of 40 is not long enough to allow chelating binding to adjacent binding sites of WGA 

according to DEER experiments (chapter 1.4). In the case of 40 no equilibrium between the depicted binding 

modes C1-C3 in Figure 25 is expected because the binding mode C1 is not possible. Nevertheless for 40, in 

presence of WGA, three components were expected (Figure 30): the signal of the unbound ligand in solution 

(C2), the signal from ligand with the spin-labeled GlcNAc residue bound (C3a) and the signal of the ligand with 

the unlabeled GlcNAc residue bound (C3b). Since the binding affinity of the nitroxide labeled and the unlabeled 

GlcNAc are assumed to be equal (as discussed in chapter 3.1.2) the percentage of C3a and C3b should be 

similar. 

 

Figure 30: Crystal structure of WGA dimer (PDP code: 2X52) with subunits colored in blue and green. Primary binding sites 

are marked through white framed brown dots and spin labels are depicted through small yellow dots. The picture shows 

the expected binding modes for the divalent ligand 40. Apart from the free ligand in solution (C2), 40 could either bind with 

the labeled GlcNAc residue (C3a) or with the unlabeled GlcNAc residue (C3b). Binding to two adjacent binding sites is not 

possible because of the short linker. Derivative 43 was synthesized to simulate the binding mode C3b.  

Similar to chapter 3.2.1 the cw-EPR spectra of the three components (C2, C3a and C3b) were measured in 

separate experiments and described through line shape analysis in order to simulate the mixed spectra (the 

cw-EPR spectra can be found in the dissertation from P. Braun[47]). Compared to 41, 40 has a lower binding 

affinity in the low mM range. Therefore also with a protein excess no quantitative binding was expected and 
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the binding mode C3a and C3b should always occur together with C2. The obtained rotation correlation time 

for 40 (c = 0.48 ns) was 0.02 ns higher than the one obtained for 41 (c = 0.46 ns) containing a longer linker. 

This value indicates a smaller hydrodynamic radius for 41, although 41 contains a longer linker than 40. In 

agreement with the obtained distance distributions below 1.5 nm in DEER experiments, described in chapter 

1.4, this is another evidence for a folded conformation of the linker from 41 in solution. 

Similar to 41, the parameters for 40 of the binding mode C3b were determined through imitation of the 

binding mode with the monovalent linker 43. One linker end was labeled with a nitroxide which simulated the 

spin label mobility of divalent ligand 40 bound with the unlabeled GlcNAc residue (C3b). Since the monovalent 

ligand 43 exhibited a considerably lower binding affinity than the divalent ligand 40, even at a protein excess 

the cw-EPR spectrum was an overlay of the signals from bound 43 and unbound 43. As for ligand 41 our 

cooperation partner P. Braun was able to separate the bound and unbound fraction through spectra 

simulation.[47] After the parameters for all three binding modes C2, C3a and C3b had been determined through 

spectra simulation, the amount of the three components (C2, C3a and C3b) could be calculated for any 

ligand/WGA dimer ratio. Therefore, samples with a ligand 40/WGA dimer ratio of 1:0, 1:1, 2:1, 4:1, 6:1 and 8:1 

were used for mobility measurements in X-band and in Q-band (experimental spectra can be found in the 

dissertation from P. Braun[47]). Samples with a higher ligand excess delivered no reproduceable results, since 

the strong signal of the unbound ligand prevented the analysis of the bound ligand. 

The amount of unbound ligand in solution (C2), the amount of ligand with the spin-labeled GlcNAc residue 

bound (C3a) and the amount of the ligand with the unlabeled GlcNAc residue bound (C3b) in dependancy of 

the ligand/WGA dimer ratio is shown in Table 3. Whatever the ligand/WGA dimer ratio was, the component of 

ligand with the bound unlabeled GlcNAc residue (C3b) did not occur in the calculated error range of 2 % – 3 %. 

The results did not correspond to the expectations of the model system. Here an equal amount of C3a and C3b 

was expected. The high percentage of unbound ligand 40 even at low ligand/WGA dimer ratios is in agreement 

with the lower binding affinity of this shorter ligand, determined by previous ELLA experiments (IC50 value of 2 

mM for divalent ligand 37 containing the monooxalinker, compared to 3.4 µM for divalent ligand 39 containing 

the longer trioxalinker and therefore capable of binding to adjacent binding sites).  
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Table 3: Percentage of the three components for ligand 40 obtained at different ligand/WGA dimer ratios. 

40/WGA dimer C3a C2 C3b 

1:0 1 % 98 % 1 % 

1:1 92 % 8 % 0 % 

2:1 82 % 16 % 2 % 

4:1 63 % 35 % 2 % 

6:1 47 % 50 % 3 % 

8:1 36 % 63 % 1 % 

 

The amount of all three components (C2, C3a and C3b) is summarized in Figure 31. While the percentage of 

C3a decreases up to 36 % with increasing ligand excess, the percentage of C2 increases continuously up to 63 % 

at a ligand/WGA dimer ratio of 8:1. This trend is similar to the one obtained for ligand 41 with the longer linker.  

 

Figure 31: Amount of ligand 40 bound with the labeled GlcNAc residue (C3a), unbound ligand (C2) and bound ligand with 

the free spin-labeled GlcNAc residue (C3b) in dependancy of the ligand/WGA dimer ratio. In these experiments the 

concentration of WGA dimer was kept constant and the ligand concentration was varied. 
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According to this data, the obtained mixed spectra of 40 are composed of the signal from the ligand bound 

with the labeled GlcNAc residue (C3a) and the signal from the unbound ligand (C2). The signal from the bound 

ligand with the free spin-labeled GlcNAc residue (C3b) is missing. As already mentioned the results do not 

correspond to the expectations of the model system (Figure 30). Here a monovalently bound ligand was 

expected with statistically as much nitroxide labeled GlcNAc residues as unlabeled GlcNAc residues in the 

bound and unbound state. Hence the spectra simulation would deliver equal amounts for C3a and C3b. Since 

this was not the case, the model system for monovalent binding WGA ligand 40 needs to be redefined. The 

data indicate a divalent binding of 40 to WGA since the suspected unbound end of 40 exhibits a considerably 

lower mobility as expected. Since the ELLA experiments with GlcNAc ligands bearing a nitroxide replacement in 

the 6-position (chapter 3.1.2) as well as EPR experiments described by P. Braun in his work with ligand 41 and a 

doubly spin-labled analoge of 41[47] showed that the spin label has only a minor influence on the binding 

affinity, a preferentially binding of the nitroxide labeled GlcNAc residue was excluded. We propose binding of 

the second GlcNAc residue to a WGA subbinding site (binding model depicted in Figure 32 left) or crosslinking 

of WGA molecules through the ligand 40 (binding model depicted in Figure 32 right). The subbinding sites of 

WGA are found in close proximity of the primary binding sites and allow the binding of di-, tri- and 

tetrasaccharides with higher affinity than the monosaccharides.[5] The binding affinity of these subbinding sites 

is expected to be lower than the one for the primary or the secondary binding sites (Figure 3, chapter 1.2). 

Nevertheless even weak carbohydrate protein interactions could lead to a considerabely decrease of the spin 

label mobility. This binding mode for 40 is also in agreement with the DEER experiments described in chapter 

1.4. The distance distribution (Figure 4 B) show that the interspin distance of the doubly spin-labeled 

monooxaligand 5 decreases after addition of WGA. The decrease of the distance could be explained by a 

shortening of the ligand due to the simultaneous binding to WGA binding sites and WGA subbinding sites. 

 

Figure 32: Two possible explanations for the obtained data for divalent ligand 40 in this chapter. Left: Binding of ligand 40 to 

WGA subbinding sites (primary binding sites are marked through white framed brown dots and subbinding sites are 

inticated through brown dots). Right: Crosslinking of WGA molecules through the divalent ligand 40. 
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3.2.3 Investigation of monovalent ligand 45 with cw-EPR 

spectroscopy  

The EPR experiments in this chapter were performed by Dipl. Chem. P. Braun. 

For the trioxa-ligand 41 described in chapter 3.2.1, EM was above 1.6 mM. This value was higher than the 

maximum of the concentration range feasible with EPR experiments, because at high ligand concentration the 

strong signal of the unbound ligand prevented the analysis of the bound ligand. For the determination of the 

EM for a divalent ligand with EPR spectroscopy, a ligand is desirable which can bind chelatingly and has a 

moderate binding affinity (for an EM below 1.6 mM). However the synthesis of such an optimized ligand turned 

out to be problematic. As an attempt ligand 42 was synthesized (Scheme 8). The idea was that the longer linker 

allowed chelating binding of two adjacent binding sites but with a reduced binding affinity due to a not optimal 

distance of the two GlcNAc residues. With this ligand the same bifrequency cw-EPR experiments should be 

performed as already described for ligand 41. For the imitation of binding mode C3 (Figure 33) the linker-

labeled ligand 45 was synthesized (Scheme 8). Unfortunately the cw-EPR spectra from 45 with and without 

WGA (Figure 34) could not be distinguished. Due to the long flexible linker of 45 the rotational mobility of the 

spin label was very high and could not be distinguished from the mobility of 45 in solution. Therefore the 

parameters for C3 could not be determined which makes the synthesis of 42 (Scheme 8) the most useless 21-

step synthesis ever conducted in the Wittmann group. 

 

 

Figure 33: Schematic depiction of the binding equilibrium for ligand 42. Unfortunately the binding mode C3 could be 

distinguished from the unbound ligand in solution, due to the long flexible linker of 45. Therefore no further cw-EPR 

experiments were performed with ligand 42. 
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Figure 34: X-band cw-EPR spectra (T = 295 K) from ligand 45 in solution (black) and in a ligand to WGA dimer 

ratio of 1:8. Due to the long flexible linker of 45 the spectra of the ligand free in solution and with excess of 

WGA dimer do not differ enough.  

 

  



 

52  

3.3 Development of second generation spin-labeled 

carbohydrates 

The previously described WGA ligands (described in chapter 1.4 and in chapter 3.2) with the spin label attached 

to the 6-position of GlcNAc are characterized by a flexible linker between the sugar and the nitroxide group 

resulting in broad distance distributions in DEER measurements. For sharper distance distributions in DEER 

measurements, a carbohydrate derivative with a stiff connection to the spin label is desirable. For WGA the 

attachment of the nitroxide in the 6-position was chosen because the 6-OH group is not involved in protein 

binding. However the idea was to use spin-labeled carbohydrates for the investigation of lectins with unknown 

structure. Often, lectins accept substituents at the 1-position of the carbohydrate ligand. This chapter deals 

with the development of new spin-labeled C-glycosyl derivatives with restricted rotational mobility for sharper 

distance distributions in DEER measurements. Here only monovalent carbohydrate ligands should be 

synthesized since the preliminary studies described in chapter 1.4 showed that the binding affinity of a 

monovalent ligand 6 is sufficient to allow the determination of the distance between adjacent binding sites for 

WGA. The knowledge of this distance is crucial for the tailered synthesis of multivalent inhibitors. The strategy 

was to use monovalent spin-labeled carbohydrates with restricted rotational mobility of the spin label which 

allow the exact determination of the distances between the lectin binding sites (Figure 35).  

 

Figure 35: The titration of spin-labeled carbohydrates and DEER analysis would allow the investigation of structurally 

unknown lectins. Concentration-dependent oligomerization of lectins could also be investigated by DEER analysis. 

However distance measurements by EPR spectroscopy depend on some prerequisites. First the distances 

between the binding sites have to be in a distance range between 1.5 nm and 10 nm[45] and second the binding 

affinity of the monovalent carbohydrate ligand must not be too weak to ensure a sufficient proportion of lectin 

molecules with multiple ligands bound. Every spin label attached to the carbohydrate via an O-glycosidic bond 

features high spatial mobility upon rotation around the glycosidic bond. This can be prevented by aligning the 

spin label on the axis of the glycosidic bond (Figure 21, chapter 2.3). To prove this concept, the spin-labeled 

GlcNAc C-glycosyl compound 46 (Scheme 9) was synthesized in this work. The chosen planar spin label was 

recently published by Stoller et al.[74]. The obtained distance distribution upon binding to WGA by DEER analysis 



Chapter 3 - Results and discussion 

  53 

should be directly compared to the distance distribution from 6 (Figure 5, chapter 1.4). During the 

development of the synthesis of C-glycosidically spin-labeled GlcNAc different C-glycosylation reactions were 

tested using glucose as model system. 

 

Scheme 9: Left: Planned synthesis for spin-labeled C-glycoside 46. Right rectangle frame: From Stoller et al.[74] developed 

spin-labeled amino acid TOPP (4-(3,3,5,5-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenylglycine 47 bearing a rigid spin 

label. TCP = tetrachlorophtaloyl, dppf = 1,1’-bis(diphenylphosphino)ferrocene, PG = protecting group. 

3.3.1 Synthesis of second generation spin-labeled GlcNAc 

C-Glycosyl arenes are widespread in Nature.[150-151] In carbohydrate chemistry they have gained interest 

because of their stability against chemical and enzymatic hydrolysis.[152-154] However, up to date there are only 

a few reports on the synthesis of C-glycosyl arenes derived from GlcNAc.[155-157] Compounds containing 

electron-rich arenes can be obtained by Friedel-Crafts-like reactions of glycosyl donors, such as 

trichloroacetimidates.[158] Following this procedure from Castro-Palomino and Schmidt the first attempt was to 

synthesize C-glycosyl compound 86 (Scheme 10). Anisole as aromatic component has already been described 

by Castro-Palomino and Schmidt. For the synthesis of 86, a phenol protecting group was required which 

enhanced the electron density of the phenyl ring and allowed subsequent deprotection to a 4-hydroxyphenyl 

C-glycoside and converstion to triflate 86. After conversion to boronic acid 88 the spin-label precursor 89 was 

planned to be attached in a Chan-Lam coupling (Scheme 9).[159-162] 

 

Scheme 10: First synthesis plan for C-glycosyl arene compound 86 derived from GlcN*HCl. PG = protecting group. 
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The reaction conditions were first tested with the published procedure from Castro-Palomino and Schmidt[158] 

using anisole as electron rich glycosyl acceptor. However under dry conditions the activation of 

trichloroacetimidate 85 with Sn(OTf)2 resulted in the rearrangement to the trichloroacetamide 94 (Scheme 11). 

By using other lewis acids (TMSOTf, BF3*Et2O) for the activation of the glycosyl donor traces of the desired C-

glycosyl compound 93 could be detected via LC MS but could not be isolated.  

 

Scheme 11: Conversion of the trichloroacetimidate 85 with anisole as electron rich glycosyl acceptor resulted in the 

rearrangement of the trichloroacetimidate to the trichloroacetamide. 

A different, frequently used method for the preparation of C-glycosyl compounds is the addition of 

organometallic compounds to perbenzylated sugar lactones followed by reductive deoxygenation.[163-165] The 

approach has also been applied to the synthesis of C-glycosyl compound 99 derived from GlcNAc via 2-azido-

lactone 98 (Scheme 12).[157] Hence, this approach was tested for the synthesis of GlcNAc C-glycosyl compounds. 

The protection of the N-acetylamino group as azide is crucial since the protecting group has to be stable under 

basic and nucleophilic conditions of the C-glycosylation reaction.  

 

Scheme 12: Synthesis of the GlcNAc C-glycosyl compound 99 according to Czernecki and coworkers.[157, 166-168]  

Since the synthesis of the 2-azido-lactone 98 is very time consuming and challenging, the reaction conditions 

for the C-glycosylation were first tested with glucopyranolactone 101 (Scheme 13), which could be obtained 

through oxidation of 2,3,4,6-tetra-O-benzyl-D-glucopyranose 100.[168] By using 1,4-dibromobenzene 102, which 
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was mono lithiated with one equivalent of n-BuLi, the bromo functionalized -C-glycosyl derivative 103 could 

be obtained in 2 steps (Scheme 13).  

 

Scheme 13: The reaction conditions for the C-glycosylation reaction were first tested with glucopyranolactone 101 as a test 

compound. 

To later attach the spin label at the phenyl ring, the bromo residue needs to be converted into a boronic acid. 

In the first attempt the standard conditions,[169] using two equivalents of n-BuLi and 3 eq of triisopropylborate, 

were tested. Under these conditions, after acidic workup, only the hydrolysis product 105 and the reduction 

product 106 (Scheme 14) could be detected via LC MS. We assumed that the methylene groups of the benzyl 

protecting groups caused this problem, through reaction with the base or the formed lithiated phenyl ring.  

 

Scheme 14: Synthesis of boronic acid 104. 

To verify this assumption, bromo benzene 107 was used as a model compound, which was converted to phenyl 

boronic acid 108 and directly used in a Chan-Lam coupling with 3,3,5,5-tetramethylpiperazine-2,6-dione 89 

(Scheme 15 a). The spin label precursor 89 was synthesized according to Ramey et al.[170] In this case the 

coupling product 109 was obtained in good yield over 2 steps. In a second experiment one eq 1,2,3,4,6-penta-

O-benzyl-D-glucopyranose 110 (Scheme 15 b) was added leading to a dramatic decrease of the coupling 

product yield. Therefore the amount of n-BuLi and triisopropylborate were tripled for the convertion of C-

glycosyl compound 103 (Scheme 14) leading to the desired boronic acid 104 as main product according to LC 

MS. 
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Scheme 15: A: Bromobenzene 107 was used as test system for the conversion to phenyl boronic acid 108 which was used in 

a subsequent Chan-Lam coupling. B: Addition of 1,2,3,4,6-penta-O-benzyl-D-glucopyranose 110 lead to a dramatic decrease 

of the reaction yield. 

The crude boronic acid 104 was used in a Chan-Lam coupling with the spin label precursor 89 (Scheme 16), and 

amine 111 was obtained after purification via HPLC. The reason for the low yield was a considerable amount of 

two sideproducts 105 and 106 (Scheme 14) which were formed during the formation of boronic acid 104. Since 

the hydrogenation would reduce the spin label to the hydroxyl amine, the benzyl protecting groups were 

removed prior to oxidation to the nitroxide. Although some reaction steps in this synthesis of spin-labeled 

glucose derivative 113 were low yielding, the general reaction strategy could be validated with glucose as 

model sugar. One major drawback in this synthesis was the use of n-BuLi which reacted with the benzyl 

protecting groups. Even an increase of the equivalents lead to undesired sideproducts (Scheme 14). This issue 

was solved later in this chapter by using a different boronation protocol.  
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Scheme 16: Further conversion of boronic acid 104 to spin-labeled glucose derivative 113 of the second generation. 

The synthesis strategy, starting from glucopyranolactone 101 which was treated with 4-bromophenyllithium 

(Scheme 13) and converted to the C-glycosidically spin-labeled sugar 113 (Scheme 16) was then used for the 

synthesis of second generation spin-labeled GlcNAc. As described earlier, in case of GlcNAc the N-acetyl group 

needs to be protected as an azido group. Czernecki and coworkers introduced the azido group in an azido-

phenylsenylation of glycal 95 (Scheme 12).[167] In our working group we have used the diazo transfer for the 

generation of various azido sugars.[171] Therefore the synthesis depicted in Scheme 17 was chosen for 2-azido-

lactone 98, resulting in a synthesis with the same number of reaction steps compared to the Czernecki group. 

Glucosamine hydrochloride 91 was treated with triflylazide and the obtained 2-azido sugar 114 was per-

acetylated to give azido sugar 115 in excellent yield. 115 was then converted to bromide 116 which was used in 

a Koenigs-Knorr reaction with allylalcohol to yield 117. The acetyl groups were removed and the free hydroxyl 

groups of 118 were benzylated leading to protected azido sugar 119.  

After removing the allyl protecting group the free anomeric hydroxy group was oxidized. Thus the desired 2-

azido-lactone 98 was obtained in 8 steps with an overall yield of 12 %. 
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Scheme 17 : Chosen synthesis strategy for for 2-azido-lactone 98. 

With 2-azido lactone 98 in hand the C-glycosylation reaction was performed (Scheme 18). Czernecki and 

coworkers reported a C-glycosylation reaction of 98 using phenylmagnesiumbromide.[157] In their case the 

following reduction step was not successful independent of reagent quantities, reaction times and 

temperature.[157] In contrast, in the current thesis, reaction of 98 with 4-bromophenyllithium gave hemiacetal 

120 that was successfully deoxygenated to -C-Glycoside 121 (Scheme 18) either in a one pot reaction or after 

isolation of 120. The exclusive formation of the -C-Glycoside can be rationalized by an anomeric effect 

directing the attack of the hydride from the axial () position.[172] Unfortunately further conversion to the 

boronic acid 122 was not successful under the conditions tested for glucose C-glycosyl derivative 102. Only 

traces of the desired boronic acid 122 could be detected via LC MS.  

 

Scheme 18: Preparation of C-glycosyl derivative 121 and failed conversion to boronic acid 122. 
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Since the use of n-BuLi in the presence of benzyl protecting groups as well as in the presence of an azido group 

proved problematic, the idea was to introduce the boron functionality already during the C-glycosylation 

reaction (Scheme 19). Therefore (4-bromophenyl)boronic acid pinacol ester 123 was used instead of 1,4-

dibromobenzene using glucopyranolactone 102 again as model sugar. However the desired boronic acid 

pinacol ester 124 could not be obtained. Instead the deboronated derivative 106 was isolated after column 

chromatography. Although the chosen synthesis strategy for spin-labeled glucose derivative 113 was in this 

case successful it was not applicable for the synthesis of spin-labeled GlcNAc. A better protocol for the 

introduction of the boron functionality had to be found and the 10-step backup-synthesis for the 2-azido C-

glycosyl compound 121 with an overall yield of 6 % was very time consuming. Therefore, a third C-glycosylation 

reaction was tested which proved to be superior. 

 

Scheme 19: Attempt to introduce the boron functionality already during the C-glycosylation reaction. 

When searching for another synthesis of C-glycosyl arenes derived from GlcNAc, an old publication from 1958 

caught my attention. Therein, Yoshimura et al.[173] described the treatment of hydrobromide I with a Grignard 

reagent, generating the C-glycosyl compound III after re-acetylation (Figure 36). Considering the earlier 

described 10-step synthesis for C-glycosyl derivative 121 (Scheme 17 and Scheme 18), the short access via 

hydrobromide I, which is available in one step from D-glucosamine hydrochloride[174], would save 7 synthetic 

steps. 

 

Figure 36: Hand-drawn reaction scheme from Yoshimura et al.[173] for the C-glycosyl derivative IV. 

Therefore, the synthesis from Yoshimura et al.[173] was tested. Hydrobromide 125 was treated with a large 

excess of Grignard reagent to generate the unprotected C-glycosyl compound 126 (Scheme 20 A), which was 

subsequently re-acetylated to give 127. The product was purified by crystallization yielding 33 % of the -
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anomer which was comparable to the published yield. In addition from the mother liquor a small amount (7 %) 

of the pure -isomer and an anomeric mixture (/ 1:1.25, 10 %) could be obtained by column 

chromatography with EtOAc as eluent. Similarly, treatment of 125 with mono-lithiated 1,4-dibromobenzene 

128 and acetylation gave -C-glycosyl bromobenzene 130 (Scheme 20 B) in a yield of 12 % after crystallization. 

Although the yields of 127 and 130 might seem rather moderate they are attractive when compared to the 

lower overall-yield (6 %) of the 10-step synthesis via lactone 98 (Scheme 17 and Scheme 18). 

 

Scheme 20: Conversion of hydrobromide 125 to the C-glycosyl benzenes 127 (A) and 130 (B). 

With the C-glycosyl bromobenzene 130 in hand, a smoother boronation protocol was needed for the synthesis 

of boronic acid 88 (Scheme 21). After testing several protocols[175-177] a procedure from Ishiyama et al.[175] was 

used for the conversion of C-glycosyl bromobenzene 130 to boronic acid pinacol ester 87 (Scheme 21). Here 

bispinacolatodiboron 131, a palladium catalyst and KOAc as mild base were used, leaving the acetyl protecting 

groups untouched. Crucial for the success of this reaction was the use of dry, degased reagents. After oxidative 

cleavage of pinacol ester 87 to boronic acid 88, the attachment of the spin label was successful following the 

procedure from Stoller et al.[74] Thus the spin-labeled GlcNAc derivative 46 could finally be obtained in an 

overall-yield of 41 % starting from C-glycosyl bromobenzene 130.  
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Scheme 21: Final synthesis for spin-labeled GlcNAc 46 of the second generation. 
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3.3.2 DEER measurements with spin-labeled GlcNAc of the 

second generation 

The EPR experiments in this chapter were performed and evaluated by Dipl. Chem. P. Braun. 

To prove the concept if a carbohydrate derivative with restricted flexibility of the spin label leads to sharper 

distance distributions in DEER measurements, Patrick Braun from the Drescher group performed DEER 

experiments with spin-labeled GlcNAc derivative 46. In the experiments a molar ratio of GlcNAc derivative 46 

and WGA dimer of 2:1 was used. In the first DEER experiments D2O, deuterated glycerin and the X-band 

resonator were used. Here the sensitivity was insufficient (no dipolar development was visible and signals were 

too noisy). Since WGA recognizes - as well as -O-glycosides we decided to synthesize the -C-glycosyl 

derivative 46 since it was synthetically easier accessible than the -C-glycosyl derivative. Figure 37 shows the 

crystal structure of the primary binding sites B1C2 and C2B1 (Figure 3, chapter 1.2) from WGA with divalent 

inhibitor 1 from Schwefel et al.[9] GlcNAc derivative 46 was overlayed with the sugar as stick model. Since 46 is 

a -C-glycyoside the phenyl ring and the spin-label points to the tryptophan 107 from the protein chain. This 

clash could explain the low binding affinity indicated by the DEER experiments through the low modulation 

depth.  

 

Figure 37: Overlay of GlcNAc derivative 46 (stick model) with the crystal structure of divalent inhibitor X (red) and WGA 

dimer (green and cyan) solved by Schwefel et al.[9] Red crosses indicate water molecules. Figure designed with PyMOL with 

PDB file from Schwefel et al.[9] 

To quantify the binding affinity - and -C-glycosyl benzene derivatives 132 and 133 (Figure 38) were used as 

model compounds. 132 and 133 were accessible through conversion of hydrobromide 125 with PhMgBr 

depicted in Scheme 20 A. The -glycosyl benzene derivative 133 should fit into the binding pocket without 

unfavorable interactions with tryptophan 107. In an ELLA with covalently immobilized carbohydrates (as 
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described in chapter 3.1.2) the binding affinity was determined for the - and -C-glycosyl benzene derivatives 

132 and 133 and compared with GlcNAc (Figure 38). Although the relative inhibitory potency of the -

derivative 133 was six times higher than the one for the -derivative 132, the -derivative had still an IC50 value 

that was lower than GlcNAc. However in this ELLA experiments the spin-label was missing which could lead to a 

more unfavorable clash with the tryptophan 107.  

 

Figure 38: Inhibition curves of - and -C-glycosyl benzene derivatives 132 and 133 and GlcNAc 53. Although the relative 

inhibitory potency of the -derivative 133 was six times higher than the one for the -derivative 132, the -derivative had 

still an IC50 value that was lower than GlcNAc.  

We therefore decided to repeat the DEER experiments in Q-band and integrating a power amplifier made 

shorter pump pulses possible (30-40 ns instead of 70-80 ns). Hence the modulation depth increased ( = 0.97) 

and due to the good signal/noise ratio the distance evaluation became reliable. The obtained distance 

distributions with ligand 46 for a ligand/WGA dimer of 2:1 are shown in Figure 39. Compared to the obtained 

distance distributions for ligand 6 (Figure 5, chapter 1.4) the line width is indeed smaller. However for a 

detailed discussion of the obtained distance distributions different ratios of the spin-labeled GlcNAc derivative 

46 and WGA dimer need to be measured and the obtained distance distributions need to be directly compared 

to the ones obtained from the flexibly spin-labeled GlcNAc derivative 6. These measurements are currently 

performed by Sabrina Weickert in the Drescher Group and could not be included in this work. 
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Figure 39: Distance distributions from DEER analysis for the spin-labled GlcNAc 46. A molar ratio of GlcNAc derivative 46 

and WGA dimer of 2:1 was used. 

3.4 Synthesis of spin-labeled chitobiose 

A drawback of spin-labeled GlcNAc 46 was its low binding affinity towards WGA caused by unfavorable 

interactions with tryptophane residues in the binding pockets and the uncertainty of its binding mode. To 

further increase the binding affinity towards WGA spin-labeled chitobiose 48 (Figure 40) should be synthesized. 

Figure 40 shows a molecular model of divalent chitobiose ligand 134 with WGA.[62] Here the first GlcNAc moiety 

binds to the binding pocket and the second GlcNAc residue attached to the linker binds to a subbinding pocket. 

Therefore any spin-label attached to the GlcNAc residue as a -glycoside would point away from the WGA 

chain and an interference with an amino acid residue could be excluded.  

 

Figure 40: Molecular model of divalent chitobiose ligand 134 with its two chitobiose moieties occupying two adjacent 

binding sites of WGA.[62] The GlcNAc moiety attached to the linker binds to a sub-binding pocket. Any spin-label attached 

here would therefore point away from the WGA chain and an interference with an amino acid residue could be excluded. 

WGA chain 1 is colored yellow, chain 2 is colored blue. Figure taken with permission from Beckmann et al.[62] 
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Since the C-glycosylation protocol for the synthesis of -C-glycosyl bromobenzene 130 (Scheme 20) worked 

well, the C-glycosyl acceptor 136 (Scheme 22) was used as building block for the synthesis of the chitobiose C-

glycosyl derivative 137. The glycosylation with the glycosyl donor 85 and the glycosyl acceptor 136 worked only 

in moderate yield, since it is known that partially protected N-acetyl glucosamine derivatives are poor glycosyl 

acceptors.[178] To test whether the glycosylation reaction also works with other glycosyl donors, Troc-protected 

thioglycoside 140 was synthesized according to Ellervik et al. [179] With this glycosyl donor the glycosylation 

reaction using again the C-glycosyl derivative 136 as glycosyl acceptor was performed. In the glycoslation 

reaction using NIS and TMSOTf as activators for the thioglycoside 140 no chitobiose derivative 141 was formed 

(Scheme 22 B). Since the glycosylation reaction was successful with the TCP-protected thriochloroacetimidate 

85 no additional activators and reaction conditions were tested and the synsthesis was continued with the 

chitobiose derivative 137 (Scheme 22). After removal of the benzyl protecting groups and the 

tetrachlorophtaloyl protecting group, the deprotected chitobiose derivative was acetylated to the 

peracetylated chitobiose derivative 138.  

 

Scheme 22: A: Successful glycosylation of glycosyl donor 85 with glycosyl acceptor 136 to chitobiose derivative 137 and 

attempted conversion to boronic acid pinacol ester 139. B: The glycosylation reaction with Troc-protected thioglycosde 140 

as glycosyl donor to the chitobiose derivative 141 was not successful. TCP = tetrachlorophtaloyl, dppf = 1,1’-

bis(diphenylphosphino)ferrocene, Troc = 2,2,2-trichloroethoxycarbonyl. 



 

66  

The introduction of the boronic acid pinacol ester was not possible since the purification by flash 

chromatography (FC) failed due to the polarity of chitobiose derivative 139 which required CH2Cl2/MeOH as 

eluent leading to a black smearing of the catalyst. To test whether the boronic acid pincacol ester is stable 

under the conditions of the TCP deprotection, 4-iodophenylboronic acid pinacol ester 142 was treated with 

pyridine, ethylenediamine and Ac2O at 60°C. Under these conditions the pincacol ester was cleaved and the 

acetyl ester 143 (Scheme 23) was formed according to LC MS data. Therefore the TCP protecting group had to 

be removed prior to the introduction of the boronic acid pinacol ester (Scheme 24).  

 

Scheme 23: 4-Iodophenylboronic acid pinacol ester 142 was not stable under the conditions of the TCP deprotection.  

Treatment of 137 with ethylenediamine and subsequent acetylation gave 144. Using the partially benzylated 

chitobiose derivative 144, the boronation protocol from Ishiyama et al.[175] was again tested for the synthesis of 

boronic acid pinacol ester 145 (Scheme 24). Although FC was now performed using petroleum ether/EtOAc as 

eluent and a catalyst smearing could be prevented, the desired boronic acid pinacol ester 145 was not 

obtained.  

 

Scheme 24: The partially benzylated chitobiose derivative 144 was used in a second attempt for the introduction of the 

boronic acid pinacol ester. 

Since the introduction of the boron functionality turned out to be problematic, the idea was to introduce the 

spin label precursor 89 in a Buchwald-Hartwig amination[180-181] type reaction (Scheme 25).  
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Scheme 25: Second idea for the introduction of the spin label precusor 89 in a Buchwald-Hartwig amination-type reaction 

to amine 146.  

To the best of my knowledge, no examples of Buchwald-Hartwig couplings with imides are published. Since the 

coupling of bromobenzene derivatives with amides are described in literature[182], the Buchwald-Hartwig 

coupling was first tested with amide 147 using again the -C-glycosyl derivative 103 from D-glucose (described 

in chapter 3.3.1) as test compound. The synthesis of amide derivative 149 (Scheme 26) was successful under 

the conditions from Klapars et al.[182]  

 

Scheme 26: Synthesis of amide derivative 149 in a Buchwald-Hartwig coupling. 

Next the Buchwald-Hartwig coupling was tested with -C-glycosyl derivative 103 and spin label precursor 89 

under the same conditions using CuI as catalyst but no reaction product was formed. Also further test reactions 

using bromobenzene in microwave-assisted reactions with potassium phtalimide and CuI as catalyst were not 

successful. Due to these unexpected, synthetic difficulties this project was not further followed in this work 

since the focus was set on other projects.  

3.5 Synthesis of spin-labeled galactose and lactose for the 

investigation of galectins 

As described in chapter 1.7 galectins specifically bind glycans containing -galactose and sugars adjacent to the 

galactose moiety boost the binding affinity. It is known that an additional glucose moiety as in the case of 

lactose, enhances the binding affinity 50-fold, leading to a Kd of 0.2 mM.[92] As the application of DEER analysis 

requires a moderate binding affinity of the spin-labeled carbohydrate (low mM range), adding another sugar to 

the galactose seemed a good approach. Since the synthesis of oligo saccharides is challenging we aimed for 

lactose which should be suitable for DEER experiments according to the Kd of 0.2 mM. To further optimize the 
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reaction conditions, spin-labeled galactose 158 (Scheme 27) was synthesized first. Here the iodophenyl C-

glycosyl derivative 153 was synthesized to test whether the iodine increases the yield in the introduction of the 

boronic acid pincacol ester. Since this was not the case the cheaper 1,4-dibromobenzene was used in all other 

C-glycosylation reactions. The further synthesis of spin-labeled galactose derivative 158 (Scheme 27) was 

conducted similar to the synthesis of spin-labeled GlcNAc 46 described in chapter 3.3.1. In case of the benzyl 

protected boronic acid pinacol ester 154 (Scheme 27) a direct cleavage to the free boronic acid was not 

successful, due to the low polarity of the sugar derivative. This led to an unsufficient solubility in the 

water/acetone solvent mixture used for the oxidative cleavage of the boronic acid pinacol ester. After 

debenzylation and acetylation the pinacol ester 155 had a sufficient polarity for the oxidative cleavage to 

boronic acid 156 which was used in a subsequent Chan-Lam coupling with the spin label precursor 89. After 

oxidation and deacetylation the spin-labeled C-glalactosyl derivative 158 was obtained.  

 

Scheme 27: Synthesis of spin-labeled galactose 158. 

Unfortunately for the synthesis of spin-labeled lactose 49, hepta-O-benzyllactose 164 (Scheme 28) is 

commercially not available and was synthesized and further oxidized to lactone 165.[183] The allyl-protected 

lactosyl derivative 161 was synthesized according to Kopitzki et al.[184]  
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Scheme 28: Synthesis of lactone 165 as precursor for the C-glycosylation reaction. 

Next the C-glycosylation reaction was performed under the conditions already tested for glucopyranolactone 

101 (step 1 Scheme 29). The C-glycosyl derivative 166 could be further converted to the boronic acid pinacol 

ester 167 using the mild boronation protocol from Ishiyama et al.[175] A direct cleavage to the free boronic acid 

was not successful, due to the low polarity of the perbenzylated derivative 167 as already described for the 

galactose derivative 154 (Scheme 27). After debenzylation and acetylation the pinacol ester 168 had a 

sufficient polarity for the oxidative cleavage to boronic acid 169 which was used in a subsequent Chan-Lam 

coupling with the spin-label precursor 89. After oxidation and deacetylation the spin-labeled C-lactosyl 

derivative 49 could be obtained (Scheme 29) with 30 % yield over 2 steps.  
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Scheme 29: Synthesis of spin-labeled lactose derivative 49.  

3.5.1 EPR experiments with spin-labeled lactose  

The EPR experiments in this chapter were performed by Dipl. Chem. P. Braun. 

With the spin-labeled lactose derivative 49 of the second generation in hand, DEER experiments with galectin-1 

were carried out. To finally prove the concept if a carbohydrate derivative with restricted flexibility of the spin 

label leads to sharper distance distributions in these experiments, the obtained distance distributions should be 

directly compared to the one obtained from experiments with O-glycosidically labeled lactose derivative 171 

(Figure 41).  
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Figure 41: O-glycosidically labeled lactose derivative 171 synthesized by M. Schaarschmidt.[185]  

O-glycosidically labeled lactose derivative 171 was synthesized by M. Schaarschmidt during her bachelor thesis 

using the trichloroacetimidate method.[185] Unfortunately in cw-EPR experiments, no binding to h-gal-1 could 

be detected for both ligands 49 and 171, even with a fivefold excess of ligand (Figure 42).  

 

Figure 42: cw-EPR spectra of 49 (A) and 171 (B) in solution (magenta) and in presence of different h-gal-1 ammounts (black, 

red and blue). The shape of the cw-EPR spectra do not change after addition of h-gal-1.  

A possible explanation for the cw-EPR results could be, that in contrast to WGA, where all cysteins are oxidized 

as disulfide bonds, galectin-1 contains free cysteins. They might cause problems since the free thiols could 

reduce the nitroxide to the hydroxylamine. Even though the prufied h-gal-1 was treated with iodoacetamide to 

alkylate the thiols, some free cysteins might still exist. To test if free cysteine could reduce the nitroxide to the 

hydroxyl amine stability tests of spin label 172 in presence of thiols were performed. Thus, Fmoc-L-Cys-OH 173 

was mixed with a twofold excess of spin label 172 and the redox reaction was monitored via LC MS after 

15 min, 18 h, and 4 d. (Figure 43 A-C). The chromatograms show a slow oxidation of Fmoc-L-Cys-OH 173 to the 

disulfide 175 (Figure 43 A-C) since the disulfide peak 175 only occurs after 18 h (Figure 43 B1). The formation of 

the hydroxylamine 174 is only visible in the total ion current (TIC) (Figure 43 A2-C2) since the hydroxylamine is 

no longer UV active. Eventhough a little amount of hydroxylamine 174 is already present in the sample of spin 

label 172 (Figure 43 F) the amount of hydroxylamine 174 slowly increases with time (Figure 43 A2-C2) in 

prescence of Fmoc-L-Cys-OH 173. The small amount of hydroxylamine 174 present in the negative control 

(Figure 43 F) could have also be formed during the ionization process in the mass detector. As a second 

negative control Fmoc-L-Cys-OH 173 in absence of spin label 172 is shown after 4 d (Figure 43 E). Here only a 

little amount of disulfide 175 is formed after 4 d. Although free cysteine is able to reduce the spin label 172 to 

the hydroxylamine 174 the reaction needs several days. Since the EPR measurements were obtained directly 
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after probe preparation a reduction of the spin-label could likely be excluded. Moreover in case of the spin-

labeled lactose derivative 179 (Scheme 30) the corresponding hydroxylamine could not be detected after 

addition of h-gal-1.  

 

Figure 43: Stabilitytest of 4-hydroxy TEMPO 172 in prescence of Fmoc-L-cystein-OH 173. HPLC chromatograms (A1-C1) or 

total ion currents (A2-C2) (40-80 % MeCN in 10 min) of spin label 172 (3 mM) and Fmoc-L-Cys-OH 173 (1.5 mM) after 15 min 

(A), 18 h (B) and 4 d (C). As negative controls the HPLC chromatogram of Fmoc-L-Cys-OH 173 after 4 d (E) and the TIC of spin 

label 172 after 4 d (F) are depicted. The chromatograms show a slow oxidation of Fmoc-L-Cys-OH 173 to the disulfide 175 

(A-C). Compared to the negative control (F) a clear reduction of the spin label to the hydroxylamine 174 is visible after 4 d 

(C2). 

To further investigate the binding affinity of spin-labeled lactose derivatives towards h-galectin-1, spin-labeled 

lactosyl carbamate 179 was synthesized (Scheme 30). Lactosyl carbonate 176 was synthesized according to 

André et al.[186] Lactosyl carbonate 176 could then be treated with the free amine containing nitroxide 177 

obtaining the spin-labeled lactosyl derivative 179 after deacetylation. Since the synthesis of the spin-labeled 

C-glycosyl derivative 49 and the spin-labeled O-glycosyl derivative 171 was much more challenging, lactosyl 
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carbamate 179 was used for further experiments to solve the problem of the low binding affinity indicated by 

the cw-EPR experiments.  

 

Scheme 30: Synthesis of spin-labeled lactose carbamate 179.  

3.5.2 ITC measurments with spin-labeled lactose  

The ITC measurments in this chapter were performed and evaluated by Dipl. Chem. P. Rohse. 

Since cw-EPR measurements give only an indirect hint for a low binding affinity, the binding of spin-labeled 

lactose carbamate 179 towards h-galectin-1 was investigated by ITC. Brewer et al.[187] determined for lactose a 

Kd of 164 µM. For the determination of the Kd for 179 the measuring cell was filled with 62.4 µM h-galectin-1 in 

buffer (20 mM Na3PO4, 0.15 M NaCl, pH 7.2 according to Brewer et al.)[187] The protein concentration was 

determined by UV absorbance using 16960 as calculated extinction coefficient. The ligand solution (32 mM) 

was injected over time (Figure 44) resulting in a Kd value of 448 µM which lays in the same order of magnitude 

as the Kd value determined for lactose (Kd = 529 µM). Since the ITC data indicate binding of spin-labeled lactose 

carbamate 179 towards h-galectin-1 with sufficient binding affinity, DEER measurements are currently 

performed with lactose carbamate 179 by Sabrina Weickert in the Drescher Group. 
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Figure 44: ITC curve for spin-labeled lactose carbamate 179 with h-gal-1. With this data a Kd value of 448 µM was 

determined for lactose carbamate 179. The binding stoichiometry has been fixed to a value of 2, H value was calculated 

with –1207 ±36 cal/mol and S with 11.4 cal/mol. 
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3.6 Synthesis of carbasugar derivatives as activators for the 

glmS riboswitch 

From the selection of previously synthesized GlcN6P analogues the carbasugar 31 showed an in vitro activation 

of the glmS riboswitch (Figure 18, chapter 1.8).[15] These results were promising and the carbasugar 

represented the first molecule that activates the glmS riboswitch almost as effectively as the native metabolite 

GlcN6P. A co-crystal structure (Figure 45) of a cleavage-inhibited glmS riboswitch (G40A) and GlcN6P was 

published by Klein et al.[119] The dashed magenta line shows the interaction of the ring oxygen with the 

cytosine-3. Since this interaction is missing in case of the CGlcN6P 31, we wanted to replace this interaction by 

hydrophobic interactions of phenyl or alkyl substituents at the carba-position with a hydrophobic binding 

pocket. These modifications would enhance the specificity of CGlcN6P regarding the glmS riboswitch and 

minimize side effects of the compound that relate to secondary interactions with enzymes involved in GlcN6P 

metabolism.  

 

Figure 45: Co-crystal structure of a cleavage-inhibited glms riboswitch (G40A) and GlcN6P (PDB: UR0126).[119] Cytosine-3 is 

represented in ball and stick model and GlcN6P as stick model. Other nucleobases in close proximity to the ring oxygen are 

presented as thin stick model. The distance (in Ȧ) between the ring oxygen and the amino group of the cytosine-3 is shown 

as dashed magenta line. Possible space for substituents at the carba-position to generate stacking --interactions is 

indicated through the green square. 

 

For compounds with improved activity, bacterial growth assays with S. aureus (Mu50-strain) will be carried out 

in collaboration with Prof. Günter Mayer (University of Bonn). These tests will allow the selection of 

candidates, effective as lead molecules towards novel antibiotics. This work focuses on the synthesis of 

CGlcN6P variants bearing an oxygen-linked hydrophobic residue in the carba-position. The synthesis of variants 

without an oxygen linkage in the carba-position was the focus of the work from Dipl. Chem. Daniel Matzner in 

Bonn. The proposed synthesis for CGlcN6P variants is depicted in Scheme 31.  
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Scheme 31: A: Synthesis of cyclohexanone analogue 183. B: Proposed synthesis scheme yielding variants of CGlcN6P. R = 

Ac, alkyl or phenyl. 

Methylglycoside 180 was prepared according to Sofia et al.[188] and selectively benzylated yielding 181 (Scheme 

31 A). The free 6-OH group of 181 was oxidized to the aldehyde in a Swern oxidation and subsequently 

converted to the enylacetate 182. A Ferrier reaction[189] with enylacetate 182 (Scheme 31 A) as a key step 

introduced the substituent in the carba-position. Bender et al. reported the Ferrier reaction with a glucose 

derivative with an enylacetate as substituent[190] and Takahashi et al. reported the successful conversion with a 

maltose and galactose derivative.[191] In case of GlcN derivative 182 the Ferrier reaction succeeded but ketone 

183 could only be isolated as a mixture of isomers. According to Barton et al.[192], the benzyloxycarbonyl group 

would form an oxazolidinone ring in the following Wittig reaction. Thus the 1-OH† group would be protected 

and the acetyl group in the carba-position could be deprotected and derivatized (Scheme 31 B). Further 

conversion to the CGlcN6P variants could then be carried out according to the unsubstitued CGlcN6P 31 from 

Lünse et al.[15] However, the Wittig reaction to the oxazazolidinone 184 (Scheme 31 B) did not succeed. Our 

collaboration partner D. Matzner in Bonn was facing the same problem with a phenyl residue in the carba-

position. A possible explanation could be the steric hindrance of the bulky Wittig reagent through the 

                                                                 

† In this work the sugar numbering is used although this is not in agreement with IUPAC nomenclature. 

Therefore the anomeric 1-OH group of the former sugar derivative is still counted as 1-position and the 

additional methylene group of e.g. carbasugar derivative 186 is labeled as the 7-position. 
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substituent in the carba-position since in case of the unsubstituted keton derivative, also reported from Barton 

et al.[192], the Wittig reaction succeeded.  

3.6.1 Alternatives for the Wittig reaction 

Since the Wittig reaction of enylacetate 182 to the oxazazolidinone 184 (Scheme 31 B) was not successful, a 

new approach was to replace the reaction by a Wittig-type reaction that employs sterically less demanding 

reagents. The Corey-Chaykovsky reaction[193-194] seemed a promising alternative since sterically less demanding 

sulfur ylides are employed (Scheme 32 A). The epoxide 187 could then be regio-selectively opened e.g. using 

zeolite supported zinc borohydride[195] to incorporate the 6-OH group in the carbasugar.  

 

Scheme 32: Corey-Chaykovsky reaction (A) as alternative for the Wittig reaction (B) to incorporate the 6-OH group in the 

carbasugar.  

To find the optimal reaction conditions for the Corey-Chaykovsky reaction cyclohexanone 189 was used as a 

test compound. The conversion to the epoxide 190[196] succeeded best under the conditions from Ciaccio et 

al.[197] (Scheme 33 A). Procedures without DMSO lead to formation of a side product which lowered the yield. 

In case of cyclohexanone 183 only traces of the desired epoxide 187 were formed (Scheme 33 B) according to 

LC MS measurements. As main product the elimination product 191 was isolated.  
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Scheme 33: A: Corey-Chaykovsky reaction with cyclohexanone 189 under the conditions from Ciaccio et al.[197] B: The Corey-

Chaykovsky reaction with cyclohexanone 183 did not form the epoxide 187 instead LC MS measurements indicated the 

formation of the elimination product 191. 

Since under the basic conditions of the Corey-Chaykovsky reaction elimination seemed to be a problematic side 

reaction, the Tebbe reagent[198] was tested. In the Tebbe olefination only mild basic conditions (catalytic 

amounts of pyridine) are used. The olefin 192 (Scheme 34) could then be converted to the epoxide and in an 

additional step the epoxide could be regio-selectively opened. Sun and Nitz reported the use of the Tebbe 

reagent for the synthesis of carbocyclic analogues of mannose.[199] However in case of the keton 183 the Tebbe 

olefination was not successful. Only traces of the olefin 192 (Scheme 34) were detected in LC MS. A reason 

could be the two ester protecting groups which could also react with the Tebbe reagent to enol ethers. 

 

Scheme 34: Attempt to employ the Tebbe olefination to incorporate the 6-OH group in the carbasugar 193. 

3.6.2 Synthesis of GlcN enol ethers 

Enylacetate 182 (Scheme 31 A) was synthesized since the Ferrier reaction with different sugar enylacetates had 

already been reported. Unfortunately in the following Wittig-type reaction with keton 183 the ester 

functionality caused problems. To investigate whether different substituents at the carba-position would be 

better tolerated in the Wittig reaction and to simplify the derivatization of the substituents in the carba-

position, the idea was to use lactone 196 in a Wittig reaction thus obtaining different substituents in alkene 197 

(Scheme 35) as precursor for the Ferrier reaction. Alkene 195 was synthesized by a modified procedure 

according to Barton et al.[192] The ozonolysis to lactone 196 succeeded in a clean reaction with excellent yields. 

The subsequent Wittig reaction which should lead to different precursors for the Ferrier reaction was so far not 

successful. The derivatization of alkene 195 via olefin cross metathesis was disregarded since the Grubb 

catalysts react with vinylether to Fischer carbenes which are inactive in further olefin cross metathesis.  
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Scheme 35: Synthesis of lactone 196 as precursor for a Wittig reaction as a precursor of different alkenes in an alternative 

derivatization strategy. 

Since the derivatization via lactone 196 was not successful, the GlcN enol ethers were tried to be synthesized 

by the reaction of the sugar enolate 199 with an electrophile (Scheme 36). 

 

Scheme 36: Synthesis of GlcN enol ether200 by enolate formation and reaction with an electrophile.  

For the synthesis of benzyl enol ether 201 (Scheme 37) the conditions from Takahashi et al.[191] were applied 

using BnBr as electrophile instead of Ac2O. These conditions did not lead to the formation of benzyl enol ether 

201. Soft electrophiles like BnBr would preferably attack at the carbon but this expected side product 

formation was also not observed. 

 

Scheme 37: Attempted synthesis of benzyl enol ether 201. 

Next, different none-nucleophilic bases, solvents and electrophiles with phenylacetaldehyde 202 as  test 

compound (Table 4) were evaluated. Even for the easy to enolisize phenylacetaldeyde a strong base is required 

to form enolate 203. The Meerwein’s reagent Et3OBF4 is insoluble in THF, explaining the low yield in entry 1. 

Me3OBF4 was not tested due to its low solubility in most compatible solvents. Instead MeOTf was used due to 

its good solubility in THF.  
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Table 4: Testreactions with phenylacetaldehyde.  

 

Entry Base Temp. Solvent Electrophile Yield E/Z ratio Product 

1 KHMDS 0 °C THF Et3OBF4 28 % 10/4 204 

2 KHMDS rt DMSO Et3OBF4 87 % 5/10 204 

3 KHMDS 0 °C THF MeOTf 44 % 10/3 205 

4 Ditertbutyl-
pyridine 

60 °C THF MeOTf 0 % - 205 

5 2,6-
Lutidine 

60 °C THF MeOTf 0 % - 205 

6 KOtBu 0 °C  THF MeOTf 13 % 10/1.3 205 

7 KHMDS 0 °C THF BnBr 0% - 206 

KHMDS = Potassiumhexamethyldisilazane 

Due to these results the most promising conditions (entry 2 and 3 Table 4) were tested with sugar aldehyde 

198. Although methyl enol ether 207 could be obtained after purification with HPLC the elimination product 

208 was formed as side product at 0 °C (Scheme 38). Due to the formation of this sideproduct the use of DMSO 

as solvent was not suitable since the higher reaction temperature needed in case of DMSO exclusively lead to 

the formation of the elimination product 208. The formation of the aldehyde 208 proved problematic since a 

separation from the desired enol ether 207 was only possible via preparative HPLC. The reaction yield could be 

increased by lowering the temperature (Scheme 38 B). At even lower temperature (–78 °C) the yields 

decreased again although the elimination reaction was nearly suppressed since the aldehyde 198 did not react 

completely.  

 

Scheme 38: Synthesis of enol ether 207 at 0 °C (A) and at –30 °C (B). Elimination product 208 was formed as side product 

lowering the reaction yield. KHMDS = potassiumhexamethyldisilazane. 
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The ratio of the E/Z isomers of the methyl enol ether 207 was nearly 1:1, determined by the 1H-NMR of the two 

methyl signals of the enol ether. Unfortunatly it was not possible to determine which signal corresponds to 

which isomer. All attempts using NMR spectroscopic methods (including 3J(CH)-HMBC and 3D-NOESY-HSQC) 

were not successful, since all the important signals either overlayed with the signals from the other isomer or 

with the signals from the benzyl protecting groups. The separation of the two isomers with either preparative 

RP HPLC or FC was not possible. However, in the next step, the Ferrier reaction, the stereo information was 

expected to be lost (the reaction mechanism is reported in a review article from Ferrier[189]). Unfortunately the 

Ferrier reaction with enol ether 207 was not successful (Scheme 39).  

 

Scheme 39: Attempted Ferrier reaction of sugar enol ether 207 to cyclohexanone derivative 209. 

3.6.3 Synthesis of glucosamine carbasugars derived from 

Mannose 

Sun and Nitz reported in 2012 the synthesis of carbocyclic -D-glucosamine derivative 214 (Scheme 40) starting 

from -D-methylmannoside 210,[199] using the butane-1,2-diacetal(BDA) protecing group developed by Ley et 

al.[200] With this protecting group all reaction steps including the crucial Ferrier reaction succeded with excelent 

yields. Moreover this cyclic protecting group should not be as prone to elimination as the so far used benzyl 

protecting groups in the three and four position. Therefore, I assumed that the use of the diacetal protecting 

group would be beneficial for the synthesis of sugar enol ethers described in Scheme 36.  

 

Scheme 40: Reported synthesis from Sun and Nitz[199] for carbocyclic -D-glucosamine derivative 214 starting from -D-

methylmannoside 210. PMB = paramethoxybenzyl. 

The use of diacetal protecting groups with sugars derived from GlcN has so far not been published. Therefore, 

Yannick Gmeinder tried in his bachelor thesis to introduce the BDA protecting group into 2-azido-2-deoxy-1-O-

methyl-/-D-gucopyranoside but was not successful.[201] Due to this result, -D-methylmannoside 210 was 

used as precursor for the synthesis of glucosamine carbasugars, since the axial 2-OH group of mannose could 
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be inverted into an equatorial azido group by conversion into a good leaving group and subsequent SN2 

reaction with sodium azide (Scheme 41).  

 

Scheme 41: Inversion of mannose derivatives 215 into glucose derivatives 217. 

1,2,3,4-Protected mannose derivative 222 was synthesized according to Yamasaki et al.[202] starting from -D-

methylmannoside 210 (Scheme 42). The free 6-OH group was oxidized by a Swern oxidation into the 

corresponding aldehyde and the enolform of the aldehyde was acetylated obtaining the enylacetate 218. 

Interestingly only the Z-isomer of the enylacetate 218 was obtained. The configuration of the double bond was 

assigned via a 3J(CH)-HMBC. The coupling constant of the vinyl-H to the C-4 carbonatom of the mannosering 

was compared to the coupling constants obtained for acrylic acid (Figure 46). The obtained coupling constant 

(8.8 Hz) for the enylacetate 218 was similar to the Z-coupling constant found for acrylic acid (8.3 Hz). The E-

coupling constant (12.2 Hz) for acrylic acid is significantly higher. 

 

Figure 46: The configuration of the double bond of enylacetate 218 was assigned via a 3J-HMBC through comparison of the 

3JH,C-coupling constant with the coupling constants for acrylic acid. 

The Ferrier reaction of enylacetate 218 to cyclohexanon derivative 219 succeded in excellent yields as reported 

for the unsubstituted derivative by Sun and Nitz.[199] Accroding to the 3JH,H-coupling constant obtained for the 

H-1 triplet of 3.9 Hz three different isomers were possible (Figure 47). However, later in the synthesis the 

absolute stereoconfiguration of derivative 227 (Scheme 42) could be assigned. Thus, it can be concluded that 

the Ferrier reaction must have yielded isomer 219. 

 

Figure 47: Possible stereoisomers of the Ferrier reaction of enylacetate 218.  

After MOM-protection of the 1-OH, the ketone 223 was converted in a Corey-Chaykovsky reaction[193-194] to the 

epoxide 224. Under the basic reaction conditions the acetyl group was cleaved off. In the next step the epoxide 
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224 was selectively opened according to a procedure from RajanBabu and Nugent[203] using Cp2TiCl which was 

prepared in situ from Cp2TiCl2. Via this radical reaction the sterically hindered 5-position of the radical 

intermediate 225 was hydrogenated with cyclohexadiene and, thus, the desired isomer 226 could be obtained. 

After MOM-protection of the free OH-groups the fully protected mannose derivative 227 was debenzylated. 

The unprotected axial 2-OH group of 228 could now be converted into a triflate and inverted by an SN2 reaction 

with sodium azide to give 229. Here for the first time a carbasugar with an additional modification in the carba-

position was synthesized in 14 steps. For future in vitro activation tests with the glmS riboswitch this route can 

now be used to obtain larger quantities of this new carbasugar. In a global deprotection step under acidic 

conditions the BDA protecting group as well as the methoxymethyl protecting groups could then be removed 

and the free carbasugar can be phosphorylated or further modified.  

 

Scheme 42: Synthesis of azido carbasugar 229 starting from -D-methylmannoside 210. MOM = methoxymethyl. 
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4 Summary and outlook 

In the first part of this work the application of spin-labeled carbohydrates for the investigation of lectins via 

electron paramagnetic resonance (EPR) spectroscopy was further developed. With an enzyme-linked lectin 

assay (ELLA) it was shown that, in case of wheat germ agglutinin (WGA), the attachement of the spin label in 

the 6-position of the GlcNAc residues did not have a negative influence on the ligand binding. This attachement 

strategy was used to generate a series of spin-labled divalent ligands with different linker lengths (Figure 48) to 

investigate the binding mode towards WGA in dependency of the ligand concentration. Patrick Braun from the 

Drescher group performed bifrequency-cw-EPR experiments for an experimental determination of the 

microscopic effective molarity (EM). Although we were able to show that cw-EPR spectroscopy could be used 

to determine EM, for both ligands 40 and 41, only chelating binding was detected in the concentration range 

feasible for EPR spectroscopy (EM was above 1.6 mM).  

 

Figure 48: Synthesized spin-labeled divalent GlcNAc ligands 40–42 used in bifrequency-cw-EPR expteriments for an 

experimental determination of the microscopic effective molarity of divalent binding to WGA. 

The pentaoxa linker of ligand 42 was too flexible and, therefore, the monovalent binding mode could not be 

distinguished from the ligand free in solution via the mobility of the spin label. Olga Grotz synthesized in her 

“Zulassungsarbeit” another spin-labeled divalent GlcNAc ligand 229.[204]Isothermal titration calorimetry (ITC) 

measurments showed for this ligand a higher Kd value than for the trioxa ligand 41 and in contrast to 40, 
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dynamic light scattering (DLS) experiments did not show crosslinking of WGA for 230. Due to these 

experiments, which were carried out by Dipl. Chem. Philipp Rose with the corresponding ligands with a 

hydroxyl group in the 6-position, ligand 230 is currently under investigation in the Drescher Group. 

 

Figure 49: Spin-labeled divalent GlcNAc ligand 230 synthesized by Olga Grotz. This ligand is currently investigated in the 

Drescher Group via bifrequency-cw-EPR spectroscopy. 

A disadvantage of the spin label attachement in the 6-position of GlcNAc is the high rotational mobility of the 

nitroxide. This prevents exact distance measurements by double electron electron resonance (DEER) 

experiments and leads to broader distance distributions. In this work several conformationally rigid spin-labed 

carbohydrates were synthesized to overcome this issue (Figure 50). With spin-labeled GlcNAc 46 Patrick Braun 

from the Drescher Group obtained sharper distance distributions in DEER experiments with WGA.  

 

Figure 50: Synthesized conformationally unambiguous spin-labeled C-glycosyl compounds 113, 46, 158 and 49.  

Although the rigid attachment of the spin label leads to improved properties in DEER experiments, the 

synthetic effort for these C-glycosyl derivatives is much higher than the one for O-glycosidically or N-

glycosidcally labeled carbohydrates. Moreover the long-term stability of the derivatives 158 and 49 were 

limited. These derivatives decomposed during one year of storage in the freezer. Instead of lactosyl derivative 

49 the synthetically easily accessible lactosyl carbamate 179 (Figure 51) was used for the investigation of 

galectins. For the lactosyl carbamate 179 and human galectin-1 (h-gal-1) a Kd value of 448 µM was determined 

via ITC. This binding affinity is high enough for the investigation of h-gal-1 which is now used as a second model 

compound for the determination of distances between carbohydrate binding sites. Also with this compound 

EPR experiments are currently performed in the Drescher group. 
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Figure 51: Synthesized lacosyl carbamate 179 for the investigation of galectins.  

The second part of this work deals with the search for new antibiotics which use novel modes of action and 

could therefore overcome antibiotic resistance. One promising candidate is the glmS riboswitch. It represents a 

metabolite-dependent ribozyme that undergoes self-cleavage upon glucosamine-6-phosphate (GlcN6P) 

recognition. This leads to a decrease of the concentration of UDP-GlcNAc, which is essential for cell wall 

synthesis. As the glmS riboswitch is found in many gram-positiv bacteria, e.g. S. aureus, the identification of 

molecules that activate the glmS riboswitch may provide antibacterial agents for otherwise multi-resistant 

bacteria. In previous studies it was shown that carba-GlcN6P (CGlcN6P) activates the glmS riboswitch of S. 

aureus in an in vitro cleavage assay nearly as effective as the natural substrate GlcN6P.[15] In this work, CGlcN6P 

was taken as lead structure and substituents should be attached to the carba-position, thus generating new 

interactions, e.g. hydrophobic interactions of phenyl or alkyl substituents with additional nucleobases adjacent 

to the metabolite binding pocket. This should lead to GlcN6P derivatives with higher affinity and, thus, higher 

potency in activating glmS-mRNA self-hydrolysis. These derivatives should be tested in the Mayer Group in 

Bonn in in vitro and in vivo assays for glmS ribozyme activity. The first synthesis strategy (Scheme 43 A) used 

the GlcN derivative 182 to incorporate a substituent in the carba-position in a Ferrier reaction as key reaction. 

Although the introduction of the ester functionality in the carba-position was possible, the further conversion 

of the cyclohexanone derivative 183, e.g. in a Wittig reaction, did not succeed. A second strategy used the 

mannose derivative 218 (Scheme 43 B). Here, the use of the butane-1,2-diacetal protecing group yieled only 

one stereo isomer and the Ferrier reaction to the cyclohexanone derivative 219 was possible with excellent 

yields. Furthermore it was shown that cyclohexanone derivative 223 could be employed in a Corey-Chaykovsky 

reaction. The unprotected axial 2-OH group of 228 was converted into a triflate and inverted by an SN2 reaction 

with sodium azide to give 229. Here for the first time a carbasugar with an additional modification in the carba-

position was synthesized in 14 steps. With the epoxide 224 in hand also different substituents could be 

introduced in the carba-position. In the future this strategy could be used to generate CGlcN6P derivatives with 

modifications that might enhance the specificity regarding the glms riboswitch and lead to a new class of 

antibiotics, desperately needed for the fight against multi-resistent pathogens.  
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Scheme 43: A: First synthesis strategy for CGlcN6P derivatives via GlcN derivative 182. B: The use of the mannose derivative 

218 proved to be superior for the synthesis of carbasugar derivatives. 
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5 Zusammenfassung in deutscher Sprache 

Im ersten Teil dieser Arbeit wurde die Verwendung von spinmarkierten Kohlenhydraten für die Untersuchung 

von Lektinen mittels Elektronenspinresonanz(EPR)-Spektroskopie weiterentwickelt. Mittels eines 

enzymgekoppelten Lektinbindungstests (ELLA) konnte gezeigt werden, dass die Anbringung des Spinlabels in 

der 6-Position der GlcNAc-Reste keinen negativen Einfluss auf die Bindungsaffinität der Liganden hat. Es wurde 

eine Serie von verschiedenen spinmarkierten divalenten GlcNAc Liganden synthetisiert, um deren 

Bindungsmodus an Weizenkeimagglutinin (WGA) in Abhängigkeit von der Ligandkonzentration zu untersuchen. 

Die verschiedenen spinmarkierten Liganden unterschieden sich dabei in der verwendeten Linkerlänge. Mit 

diesen Liganden führte Patrick Braun von der Arbeitsgruppe Drescher Bifrequenz-cw-EPR-Experimente durch, 

um die mikroskopische effektive Molarität (EM) experimentell zu bestimmen. Für alle Liganden wurde in der 

Konzentrationsspanne, die mittels EPR Spekroskopie zugänglich ist (EM über 1.6 mM), ausschließlich 

chelatisierendes Binden detektiert. Ein Nachteil der Anbringung von Spinlabeln in der 6-Position der GlcNAc-

Reste besteht in der großen Flexibilität des Spinlabels durch die frei rotierbare Methylengruppe der 6-Position. 

Dies verhindert exakte Abstandsmessungen mittels „double electron electron resonance“ (DEER oder PELDOR) 

Messungen und führt zu breiten Abstandsverteilungen. Daher wurden in dieser Arbeit verschiedene 

konformativ eindeutige spinmarkierte Kohlenhydrate synthetisiert. Dabei wurde das Spinlabel über eine C-

glycosidische Bindung an die 1-Position der Kohlenhydrate angebracht. Dadurch konnten schärfere 

Abstandsverteilungen in DEER-Experimenten erreicht werden. Der zweite Teil dieser Arbeit beschäftigte sich 

mit der Suche nach neuen antibiotischen Wirkstoffen, die andere Stoffwechselwege inhibieren als die bereits 

auf den Markt befindlichen, um so antibiotische Resistenzen zu umgehen. Ein vielversprechender 

Stoffwechselweg in gramnegativen Bakterien wird dabei vom glmS Riboswitch gesteuert. Der glms-Riboswitch 

schneidet sich nach der Bindung von Glucosamin-6-phosphat (GlcN6P) selbst, was letzen Endes zur Abnahme 

der Konzentration an UDP-GlcNAc führt, das für die Zellwandsynthese des Bakteriums essentiell ist. Die 

Synthese von Molekülen, die den glms-Riboswitch aktivieren können, könnte daher Antibiotika gegen 

multiresistene Bakterien liefern. In vorangegangen Studien konnte gezeigt werden, dass Carbaglucosamin-6-

phosphat (CGlcN6P), bei dem der Ringsauerstoff durch eine Methylengruppe ausgetauscht wurde, den glmS-

Riboswitch von S. aureus in einem in vitro-Test fast genauso gut aktivierte wie das natürliche Substrat GlcN6P. 

Daher wurde in dieser Arbeit CGlcN6P als Ausgangsverbindung verwendet um Substituenten in der 

Carba-Position einzuführen. Diese Substituenten sollten durch zusätzliche hydrophobe Wechselwirkungen mit 

den Nucleobasen der glmS-Aptamerdomäne eine erhöhte Bindungsaffinität aufweisen. Die entsprechenden 

Derivate sollten in Kooperation mit der Arbeitsgruppe Mayer aus Bonn in in vitro und in vivo Tests auf ihre glmS 

Ribozymaktivität getestet werden. Die erste Synthesestrategie ging von Glucosamin(GlcN)-Derivaten aus, um in 
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einer Ferrier-Umlagerung als Schlüsselreaktion Substituenten in der Carba-Position einzuführen. Die Einführung 

einer Acetoxygruppe in der Carba-Position war zwar erfolgreich allerdings scheiterte die weitere Umsetzung 

zum Carbazucker. In einer zweiten Syntheseroute wurde von -D-Methylmannosid ausgegangen. Hier führte 

die Verwendung einer Butan-1,2-diacetal Schutzgruppe zu einem einzigen Stereoisomer nach der Ferrier-

Umlagerung und sehr guten Ausbeuten. Zudem war die weitere Umsetzung dieses Mannose-Derivates in einer 

Corey-Chaykovsky-Reaktion mit anschließender Epoxidöffnung möglich. Der Mannose-Carbazucker konnte 

zudem in zwei zusätzlichen Stufen in einen Carbazucker, der sich von der Glucose ableitet, umgewandelt 

werden. In Zukunft kann diese Synthesroute verwendet werden, um CGlcN6P-Derivate mit Modifikationen in 

der Carba-Position zu synthetisieren, die eine höhere Spezifizität hinsichtlich des glmS-Riboswitch besitzen, um 

so eine neue Klasse von Antibiotika zugänglich zu machen.  
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6 Experimental Section 

6.1 General Methods 

Technical solvents were distilled prior to use. Dry solvents were purchased from Fluka and Sigma-Aldrich or 

dried by common methods. Reagents were purchased from Acros, Fisher Scientific, Fluka, Glycon, Merck, MCAT 

and Sigma-Aldrich and used without further purification. Ion-exchange resin Amberlite IR-120 was intensively 

washed with MeOH prior to use. Reactions were performed, if necessary, with nitrogen as protecting gas using 

the Schlenck technique.  

Analytical thin layer chromatography (TLC) was carried out on TLC silica gel 60 F254 coated aluminum sheets 

(Merck) with detection by UV light (λ = 254 nm). Additionally, following reagents were used for visualization of 

spots if applicable: iodine chamber, ethanolic ninhydrin solution (3 % w/v), anisaldehyde solution (135 mL 

EtOH, 5 mL H2SO4, 15 mL glacial acetic acid, 3.7 mL p-anisaldehyde), aqueous potassium permanganate (1 % 

w/v). After dipping into one of the described solutions, heating was applied. Rf-values were determined under 

chamber saturation.  

Preparative flash column chromatography (FC) was performed on silica gel Geduran 60 (40 -60 µm, Merck) with 

solvent systems specified. 
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6.2 Analytics 

NMR SPECTROSCOPY 

NMR spectra were recorded on an Avance III 400 from Bruker at rt. 1H NMR chemical shifts are referenced to 

residual protic solvent (CDCl3 H = 7.26, D2O H = 4.79, DMSO-D6H = 2.50, C6D6 H = 7.16, MeOH-D4 H = 4.87) 

or internal standard TMS (H = 0.00). 13C chemical shifts are referenced to the solvent signal (CDCl3 (C = 77.1, 

DMSO-D6C = 39.5, C6D6 H = 128.1, MeOH-D4 H = 49.0). Chemical shifts are given as δ in ppm.  

For signal multiplicities the abreviations s = singulet, bs= broad singulet d = doublet, t = triplet, q = quartet, quin 

= quintet and m = multiplet will be used below. When feasible, assignments were supported by two 

dimensional correlation spectroscopy (COSY, HSQC, TOCSY and HMBC). 

MASS SPECTROMETRY 

ESI IT mass spectra were recorded on an Esquire 3000 plus instrument from Bruker with elctron spray 

ionization or at an LC MS instrument LCMS2020 from Shimadzu spezified below. Samples were prepared in 

MeOH (approx. 1 µg/mL). MALDI TOF mass spectra were recorded on a Bruker Microflex.  

CHN ANALYSIS 

Elemental analyses were performed in the microanalytical laboratory of the University of Konstanz with a vario 

EL instrument from elementar. 

ANALYTICAL AND PREPARATIVE REVERSED PHASE HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (RP 

HPLC) 

Analytical RP HPLC was conducted on a LC-20A prominence system (pumps LC-20AT, auto sampler SIL-20A, 

column oven CTO-20AC, diode array detector SPD-M2OA, controller CBM-20A and software LC-solution) from 

Shimadzu. Nucleosil 100-5 C18 column (4 x 250mm, flow rate 0.9 mL/min) was used as stationary phase. A 

gradient of water with 0.1 % TFA (eluent A) in MeCN with 0.1 % TFA (eluent B) was used as mobile phase. For 

preparative HPLC a Eurosphere 100-C18 (250*16 mm) column from Knauer or a Kinetex 5u C18 (250x21.2 mm) 

column was used.  

IR SPECTROSCOPY 

IR spectra were recorded on a Perkin–Elmer 100 Series FTIR spectrometer equipped with an ATR sampling unit. 

For thin-film experiments, H-Arrick VariGATR accessory equipped with Ge crystal, force sensor with digital read-

out and a wire-grid polarizer was used. For these measurements, the whole spectrometer and the VariGATR 

accessory were continuously purged with dry nitrogen.  
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LC MS 

LC MS measurements were performed at a LCMS2020 from Shimadzu (high pressure pumps LC-20 AD, 

autosampler SIL-20AT HAT, column oven CTO-20AC, UV-Vis detector SPD-20A, fluorescence detector RF-20A, 

controller CBM-20, ESI detector, software LC MS Solution, column Nucleodur 100-3-C18ec, 125*4 mm Machery 

Nagel). As eluent a gradient of A: H2O + 0.1 % formic acid and B: MeCN + 0.1 % formic acid was used. Solvents 

were LC MS grade.  

AUTOMATED NORMAL PHASE MEDIUM PRESSURE LIQUID CHROMATOGRAPHY (MPLC) 

The automated MPLC purification was conducted on a REVELERIS X1 flash chromatography system from Grace. 

REVELERIS flash cartridges from Grace were used as stationary phase. A gradient of EtOAc in petroleum ether 

or a gradient of MeOH in CH2Cl2 was used as mobile phase. The instrument had an evaporative light scattering 

(ELSD) detector in addition to an UV detector.  
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6.3 General procedures  

GP 1: Coupling of p-nitrophenyl carbonates to primary amines 

The activated carbonate (1.1 equiv per amino group of the amine) is dissolved in dry CH2Cl2 (3-10 mL per 

mmol), followed by the addition of the amine and DIPEA (5 equiv per amino group). The reaction is stirred at rt 

overnight. After removal of the solvent under reduced pressure, the residue is purified by FC. 

GP 2: Deacetylation of sugars by NaOMe/MeOH 

The acetylated sugar derivative is dissolved in a solution of NaOMe in dry MeOH (27 mM) and stirred at rt. 

After completion of the reaction, the reaction mixture is neutralized with ion-exchange resin Amberlite IR-120. 

The reaction mixture is filtered and MeOH is removed under reduced pressure. 

GP 3: Reduction of azides to primary amines 

The azide derivative is dissolved in MeOH (20 mL per 1 mmol of azide derivative) and 100 mg Pd/C (10 

% palladium) per 1 mmol of azide derivative is added. The reaction is stirred under H2 atmosphere at rt until 

the reaction is completed. The mixture is filtered through Celite, MeOH is removed under reduced pressure, 

and the obtained amine is lyophilized. 

GP 4: Coupling of 2,2,5,5-tetramethylpyrroline-1-oxyl-carboxylic acid succinimidyl ester to primary amines 

The primary amine is dissolved in dry MeOH (30 mL per 1 mmol of amine) and 2,2,5,5-tetramethylpyrroline-1-

oxyl-carboxylic acid succinimidyl ester (1.2 equiv) is added. If the amine was prepared via deprotection with 

TFA, additional DIPEA (5 equiv) is added. The reaction is stirred at rt overnight, concentrated in vacuo and the 

residue is purified by FC or preparative HPLC.  

GP 5: Synthesis of β-C-glycosyl derivatives from perbenzylated sugar lactones 

1,4-Dibromobenzene (1.5 equiv) is dissolved in dry THF (5 mL per mmol of 1,4-dibromobenzene) and cooled to 

–78°C. n-BuLi (2.5 M in hexane, 1.5 equiv) is added slowly that the internal temperature does not exceed –

65°C. After stirring at –78°C for 30 min, the sugar lactone, dissolved in dry THF (3 mL per mmol of sugar 

lactone), is added slowly and the reaction is stirred for 1 h at –78°C, warmed up to –30°C, quenched with 

water, extracted with Et2O and dried (MgSO4). After removal of the solvent under reduced pressure, the 

remaining oil is dissolved in dry CH2Cl2 (5 mL per mol of sugar lactone) and cooled to       –78°C. Et3SiH (2 equiv) 

and BF3*Et2O (2 eq) are added and the reaction mixture is warmed up to rt overnight. Saturated NaHCO3 

solution is added, extracted with CH2Cl2 (3x) and dried (MgSO4). After removal of the solvent under reduced 

pressure the residue is purified by recrystallization or by FC. 
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GP 6: Introduction of boronic acid pinacol ester 

Crown capped DMF is degassed prior to use by freezing in liquid N2 and applying reduced pressure. The solvent 

is allowed to warm up to rt under N2 and the process is repeated (2x). The sugar, bispinacolatodiboron (1.2 

equiv), PdCl2(dppf) (0.1 equiv), dppf (0.1 equiv) and KOAc (3 equiv) are placed in a schlenck flask and heated to 

80°C for 5 h under reduced pressure. Degassed DMF (1 mL per 0.1 mmol of sugar derivative) is added and the 

reaction mixture is stirred at 80°C overnight. DMF is removed under reduced pressure and the residue is taken 

up in EtOAc and washed with sat aq NaCl solution. After drying (MgSO4) the solvent is removed under reduced 

pressure and the residue is purified by FC. 

GP 7: Cleavage of boronic acid pinacolester 

The boronic acid pinacolester is dissolved in acetone/H2O 1:1 (10 mL per 0.1 mmol of sugar). NH4OAc (3 equiv) 

and NaIO4 (3 equiv) are added and the suspension is stirred at rt for 2 d. Acetone is removed under reduced 

pressure and the aqueous residue is extracted three times with EtOAc. The combined organic layers are 

washed with brine, dried (MgSO4) and concentrated under reduced pressure. 

GP 8: Chan-Lam coupling  

The free boronic acid, 3,3,5,5-tetramethylpiperazine-2,6-dione (1 equiv), Cu(OAc)2 (1 equiv), molecular sieve (4 

Å) and dry Et3N (1.4 equiv) in dry DMSO (20 mL per mmol of boronic acid sugar) is stirred at rt under oxygen 

atmosphere for 7 d. The suspension is filtered through Celite, diluted with water and extracted thrice with 

EtOAc. The combined organic layers are dried (MgSO4) and concentrated under reduced pressure. The residue 

is purified by FC. 

GP 9: Removal of benzyl ethers 

The benzyl-protected sugar is dissolved in MeOH (20 mL per 1 mmol of sugar derivative) and 100 mg Pd/C (10 

% palladium) per 1 mmol of sugar derivative is added. The reaction is stirred under H2 atmosphere at rt until 

the reaction is completed. The mixture is filtered through Celite, MeOH is removed under reduced pressure, 

and the obtained deprotected sugar is lyophilized. 

GP 10: Oxidation to spin-label 

To an ice-cold solution of the Chan-Lam coupling product in dry CH2Cl2 (40 mL per 1 mM of sugar), mCPBA (2 

equiv) is added. The solution is stirred at 0 °C for 15 min followed by rt for 5 h. The solvent is removed under 

reduced pressure and the residue is purified by FC or by preparative HPLC. 
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6.4 Synthesis of GlcNAc ligands 

2-Acetamido-1,3,4-tri-O-acetyl-2-deoxy-6-O-tosyl-D-glucopyranose 54[205] 

 

N-Acetyl-D-glucosamine 53 (10 g, 44 mmol) was suspended in pyridine (135 mL) and a solution of tosylchloride 

(21 g, 110 mmol) in pyridine (100 mL) was added dropwise at 0°C. The solution was stirred for 4 h at 0°C. Ac2O 

(80 mL) was added and the solution was stirred at rt overnight. After removal of the solvent under reduced 

pressure, the residue was dissolved in CH2Cl2 (25 mL), washed with 1 M HCl (3x) and sat aq NaHCO3. Each aq 

layer was extracted with CH2Cl2 (2x) and the combined organic layers were dried (MgSO4). After concentration 

under reduced pressure the residue was purified by FC (EtOAc) to give the tosylate 54 (15.33 g, 71 %) as yellow 

foam. 

Rf = 0.30 (EtOAc), anisaldehyde; 1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.75 (d, J = 8.3 Hz, 2 H, Ar-H), 7.34-3.69 

(d, J = 8.3 Hz, 2 H, Ar-H), 6.05 (d, J = 3.5 Hz, 1H, H-1), 5.68 (d, J = 9.4 Hz, 1 H, NH), 5.18 (t, J = 10.0 Hz, 1 H, H-3), 

5.03 (t, J = 9.5 Hz, 1 H, H-4), 4.37-4.31 (m, 1H, H-2), 4.11-4.02 (m, 3 H, H-5, H-6), 2.44 (s, 3 H, Ar-Me), 2.16 (s, 3 

H, C(O)CH3), 2.03 (s, 3 H, C(O)CH3), 2.02 (s, 3 H, C(O)CH3), 1.90 (s, 3 H, C(O)CH3); 13C-NMR (100 MHz, CDCl3): δ 

[ppm] =171.8, 170.3, 169.3, 168.7 (C=O), 145.3, 132.4, 130.0, 128.3 (CAr), 90.3 (C-1), 70.5 (C-3), 69.7 (C-5), 68.1 

(C-4), 67.5 (C-6), 51.1 (C-2), 23.1 (NHC(O)CH3), 21.8 (Me-Ar), 21.0, 20.8, 20.6 (C(O)CH3); MS (ESI): m/z calcd for 

C21H27NO11S + Na+: 524.5 [M+Na]+, found: 524.5. 

2-Acetamido-1,3,4-tri-O-acetyl-6-azido-2,6-dideoxy-D-glucopyranose 55[206] 

 

A suspension of sodiumazide (4.8 g, 73 mmol) and tosylate 54 (3.71 g, 7.3 mmol) in DMF (50 mL) was stirred for 

4 h at 80°C. Excess of sodiumazide was removed by filtration through celite and the solvent was removed under 

reduced pressure. The black residue was dissolved in CH2Cl2, washed with 1 M HCl (3x) and sat aq NaHCO3. The 

organic layer was dried (MgSO4), concentrated and the residue was purified by FC (EtOAc) yielding azide 55 

(1.68 g, 61 %) as colorless foam. 

Rf= 0.10 (petroleum ether/acetone, 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.18 (d, J = 3.7 Hz , 

1 H, H-1), 5.70 (d, J = 9.2 Hz, 1 H, NH), 5.23-5.18 (m, 1 H, H-3), 5.12 (t, J = 9.6 Hz, 1 H, H-4), 4.49-4.44 (m, 1 H, H-

2), 3.96-3.93 (m, 1 H, H-5), 3.36-3.27 (m, 2 H, H-6), 2.17 (s, 3 H, CH3), 2.14 (s, 3 H, CH3), 2.03 (s, 3 H, CH3), 1.91 

(s, 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 171.8, 170.2, 168.7, 162.9 (C=O), 90.5 (C-1), 71.0 (C-3), 70.7 

(C-5), 68.9 (C-4), 51.0 (C-2), 50.9 (C-6), 23.2, 21.1, 21.0, 20.8 (CH3); MS (ESI): m/z calcd for C14H20N4O8 + Na+: 

395.3 [M+Na]+, found: 395.5. 
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2-Acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranose 56[10] 

 

To a solution of ethylenediamine (0.3 mL, 5.2 mmol) in THF (20 mL), HOAc (0.3 mL, 4.4 mmol) was added 

dropwise at 0°C. Sugarazide 55 (0.84 g, 2.3 mmol) in freshly destilled THF (20 mL) was added dropwise to the 

suspension and the reaction mixture was stirred at rt for 24 h. CH2Cl2 (30 mL) was added, washed with 1 M HCl 

(30 mL) and the organic layer was separated. The aqueous layer was extracted with CH2Cl2 (5x) and the 

combined organic layers were dried (MgSO4) and concentrated. The residue was purified by FC (EtOAc) yielding 

the anomeric deprotected azide 56 (0.67 g, 87 %) as colorless foam. 

Rf= 0.24 (EtOAc), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.1 (d, J = 9.3Hz, 1 H, NH), 5.29-5.26 (m, 2 

H, H-1, H-3 ), 5.03 (t, J = 9.5 Hz, 1 H, H-3), 4.47 (bs, 1 H, OH), 4.30-4.26 (m, 1 H, H-2), 4.19-4.17 (m, 1 H, H-5), 

3.33-3.32 (m, 2 H, H-6), 2.03 (s, 3 H, CH3), 2.01(s, 3 H, CH3), 1.98 (s, 3 H, CH3); 13C NMR (100 MHz, CDCl3):  

[ppm] = 171.5, 171.1, 169.7 (C=O), 91.4 (C-1), 70.9 (C-3), 69.7(C-4), 68.8 (C-5), 52.6 (C-2), 51.3 (C-6), 23.1, 20.8, 

20.7 (CH3); MS (ESI): MS (ESI): m/z calcd for C12H18N4O7 + Na+: 353.3 [M+Na]+, found: 353.1. 

p-Nitrophenoxycarbonyl 2-acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranoside 57[10] 

 

Azide 56 (340 mg, 1.03 mmol) was dissolved in dry CH2Cl2 (5 mL) and cooled to 0°C. Et3N (0.3 mL, 2.2 mmol) was 

added dropwise followed by a solution of p-nitrophenyl chloroformate (400 mg, 2.0 mmol) dissolved in dry 

CH2Cl2 (2 mL). The mixture was stirred at rt for 3.5 h, washed with 10 % aq citric acid (2x) and water (2x). The 

combined aq layers were extracted with EtOAc. Combined solutions in EtOAc were dried (MgSO4) and 

concentrated. Short column FC (EtOAc/petroleum ether 1:1, then EtOAc) gave carbonate 57 (418 mg, 82 %) as 

colorless solid.  

Rf = 0.44 (EtOAc), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 8.28-8.25 (m, 2 H, Ar-H), 7.42-7.40 (m, 2 

H, Ar-H), 6.19 (d, J = 3.5 Hz, 1 H, NH), 6.11 (d, J = 8.4 Hz, 1 H, H-1), 5.30 (dd, J = 9.5 Hz, J = 10.7 Hz, 1 H, H-3), 

5.18 (t, J = 9.7 Hz, 1 H, H-4), 4.55-4.49 (m, 1 H, H-2), 4.14-4.08 (m, 1 H, H-5), 3.41-3.26 (m, 2 H, H-6), 2.05 (s, 3 H, 

CH3), 2.05 (s, 3 H, CH3), 1.98 (s, 3-H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 171.4, 170.7, 169.3 (C=O), 

125.1, 121.5 (CAr), 95.5 (C-1), 71.4 (C-5), 69.9 (C-3), 68.4 (C-5), 51.2 (C-2), 50.6 (C-6), 22.9, 20.6, 20.5 (CH3); MS 

(ESI): m/z calcd for C19H21N5O11 + Na+: 518.1 [M+Na]+, found: 518.2. 
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3-(2-Acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-propan-1-amine 62 [10] 

 

According to GP 1, carbonate 57 (668 mg, 1.35 mmol) was converted with propylamine (84 µL, 1 mmol). 

Purification by FC (CH2Cl2/MeOH 20:1) yielded azide 62 (453 mg, 81 %) as colorless solid. 

Rf = 0.28 (CH2Cl2/MeOH, 20:1), anisaldehyde;  1H NMR (400 MHz, CDCl3):  [ppm] = 6.10 (d, J = 3.7 Hz, 1 H, H-1), 

5.70 (d, J = 9.3Hz, 1 H, NHAc), 5.20-5.10 (m, 2 H, H-3, H-4), 5.07 (bs, 1 H, NHCH2CH2CH3), 4.47-4.46 (m, 1 H, H-2), 

3.98-3.96 (m, 1 H, H-5), 3.67 (dd, J = 3.0 Hz, J = 13.4 Hz, 1 H, H-6a), 3.28 (dd, J = 5.7 Hz, J = 13.4 Hz , 1 H, H-6b), 

3.20-3.19 (m, 2 H, NHCH2CH2CH3), 2.03 (s, 3 H, C(O)CH3), 2.03 (s, 3 H, C(O)CH3), 1.93 (s, 3 H, C(O)CH3), 1.62-1.52 

(m, 2 H, NHCH2CH2CH3), 0.95 (t, J =7.4Hz, 3 H, NHCH2CH2CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 171.7, 

170.2, 169.3 (C(O)CH3), 153.8 (OC(O)NH), 91.4 (C-1), 70.8 (C-4), 70.7 (C-3), 69.0 (C-5), 51.1 (C-2), 50.9 (C-6), 43.1 

(NHCH2CH2CH3), 23.2 (NHCH2CH2CH3), 23.1, 20.8, 20.7 (C(O)CH3), 11.3 (NHCH2CH2CH3); MS (ESI): m/z calcd for 

C16H25N5O8 + Na+: 438.2 [M+Na]+, found: 438.1. 

N,N‘-Bis-(2-acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranosyl-oxycarbonyl)-2,2’-

oxydiethanamine 61[10] 

 

According to GP 1, carbonate 57 (450 mg, 0.9 mmol) was converted with 2,2‘-oxydiethanamine 59 (42 mg, 0.41 

mmol). Purification by FC (CH2Cl2/MeOH 10:1) yielded azide 61 (202 mg, 61 %) as colorless solid. 

Rf = 0.36 (CH2Cl2/MeOH, 10:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.84 (bs, 2 H, NH), 6.23 (d, J 

= 3.7 Hz, 2 H, H-1), 6.02 (bs, 2 H, NH), 5.23 (t, J = 9.5 Hz, 2 H, H-3), 5.12 (t, J = 9.5 Hz, 2 H, H-4), 4.60-4.54 (m, 2 

H, H-2), 4.11-4.07 (m, 2 H, H-5), 3.65-3.57 (m, 4 H, CH2OCH2), 3.47-3.25 (m, 8 H, NHCH2CH2O, C-6ab), 2.03 (s, 6 

H, CH3), 2.01 (s, 6 H, CH3), 1.94 (s, 6 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 171.0, 169.7, 155.1 

(C(O)CH3), 91.5 (C-1), 70.6 (C-4), 70.5 (C-3), 69.9 (CH2OCH2), 69.3 (C-5), 51.0 (C-2), 51.0 (C-6), 40.7 

(NHCH2CH2O), 22.9, 20.8, 20.8 (CH3); MS (ESI): m/z calcd for C30H44N10O17 + Na+: 839.3 [M+Na]+, found: 839.3. 
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N,N‘-Bis-(2-acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranosyl-oxycarbonyl)-4,7,10-trioxa-

1,13-tridecandiamine 60[10] 

 

 

According to GP 1, carbonate 57 (504 mg, 1.02 mmol) was converted with 4,7,10-trioxa-1,13-tridecanediamine 

58 (100 µL, 0.46 mmol). Purification by FC (EtOAc/MeOH 5:1) yielded azide 60 (358 mg, 78 %) as colorless solid. 

Rf = 0.39 (EtOAc/MeOH, 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.18 (d, J = 9.2 Hz, 2 H, NHAc), 

6.09 (d, J = 3.6 Hz, 2 H, H-1), 5.19 (t, J = 11.0 Hz, 2 H, H-3), 5.11 (t, J = 10.0 Hz, 2 H, H-4), 4.52-4.46 (m, 2 H, H-2), 

4.00-3.97 (m, 2 H, H-5), 3.68-3.57 (m, 12 H, CH2O), 3.36-3.25 (m, 8 H, NHCH2CH-2CH-2O, H-6ab), 2.03 (s, 6 H, 

CH3), 2.01 (s, 6 H, CH3), 1.92 (s, 6 H, CH3), 1.85-1.70 (m, 4 H, NHCH2CH2CH2O); 13C NMR (100 MHz, CDCl3):   

[ppm] = 171.5, 170.3, 169.4 (C(O)CH3), 154.1 (OC(O)NH), 91.4 (C-1), 70.8 (C-4), 70.7 (C-3), 70.6 

(NHCH2CH2CH2OCH2CH2O), 70.2 (NHCH2CH2CH2OCH2CH2O), 69.4 (C-5), 69.2 (NHCH2CH2CH2O), 51.0 (C-2), 50.9 

(C-6), 39.4 (NHCH2CH2CH2O), 29.5 (NHCH2CH2CH2O) 23.0, 20.8, 20.7 (C(O)CH3); MS (ESI): m/z calcd for 

C36H56N10O19 + Na+: 955.9 [M+Na]+, found: 955.1. 

3-(2-Acetamido-6-azido-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-propan-1-amine 62A[10] 

 

Compound 62 (430 mg, 1.03 mmol) was deacetylated according to GP 2 yielding 62A as colorless solid in 

quantitative yield. 

Rf = 0.65 (MeCN/H2O, 4:1), anisaldehyde; 1H NMR (400 MHz, MeOD):  [ppm] = 5.90 (d, J = 3.7 Hz, 1 H, H-1), 

4.04 (dd, J = 3.5 Hz, 10.9 Hz, 1 H, H-2), 3.86-3.82 (m, 1 H, H-4), 3.72 (t, J = 9.8 Hz, 1 H, H-3), 3.60 (dd, J = 2.5 Hz, J 

= 13.9 Hz, 1 H, H-6a), 3.52-3.47 (m, 2 H, H-6b, H-5), 3.15-3.04 (m, 2 H, NHCH2CH2CH3), 2.01 (C(O)CH3), 1.56-1.49 

(m, 2 H, NHCH2CH2CH3), 0.95 (t, 3J =7.5 Hz, 3 H, NHCH2CH2CH3); 13C NMR (100 MHz, MeOD):  [ppm] = 175.0 

(C(O)CH3), 157.0 (OC(O)NH), 92.2 (C-1), 73.6 (C-4), 71.6 (C-3), 71.6 (C-5), 53.8 (C-2), 51.7 (C-6), 43.2 

(NHCH2CH2CH3), 23.3 (NHCH2CH2CH3), 22.6 (C(O)CH3), 11.4 (NHCH2CH2CH3). 
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N,N‘-Bis-(2-acetamido-6-azido-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-2,2’-oxydiethanamine 61A[10] 

 

Compound 61 (163 mg, 0.2 mmol) was deacetylated according to GP 2 yielding 61A as colorless solid in 

quantitative yield. 

Rf = 0.49 (MeCN/H2O, 4:1), anisaldehyde; 1H NMR (400 MHz, MeOD):  [ppm] = 6.03 (d, J = 3.5 Hz, 2 H, H-1), 

4.03 (dd, J = 3.8 Hz, 11.0 Hz, 2 H, H-2), 3.86-3.81 (m, 2 H, H-4), 3.69 (t, J = 9.4 Hz, 2 H, H-3), 3.57-3.53 (m, 6 H, 

NHCH2CH2O, H-6a), 3.45-3.40 (m, 4 H, NHCH2CH2O), 3.33-3.30 (m, 4 H, H-6b, H-5), 1.98 (s, 6 H, CH3); 
13C-NMR 

(100 MHz, MeOD):  [ppm] = 173.9 (C(O)CH3), 157.1 (OC(O)NH), 92.8 (C-1), 74.5 (C-4), 72.5 (C-3), 72.2 (C-5), 

70.8 (NHCH2CH2O), 54.4 (C-2), 52.4 (C-6), 41.7 (NHCH2CH2O), 22.5 (CH3). 

N,N‘-Bis-(2-acetamido-6-azido-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-4,7,10-trioxa-1,13-

tridecandiamine 60A[10] 

 

Compound 60 (241 mg, 0.25 mmol) was deacetylated according to GP 2 yielding 60A (157 mg, 82 %) as 

colorless solid. 

Rf = 0.48 (MeCN/H2O, 4:1), anisaldehyde; 1H NMR (400 MHz, D2O):  [ppm] = 5.96 (d, J = 3.6 Hz, 2 H, H-1), 4.11 

(dd, J = 3.8 Hz, 10.8 Hz, 2 H, H-2), 3.94-3.89 (m, 2 H, H-4), 3.79 (t, J = 10.0 Hz, 2 H, H-3), 3.71-3.67 (m, 10 H, 

OCH2CH2O, H-5), 3.63-3.54 (m, 8 H, NHCH2CH2CH2O, H-6ab), 3.32-3.20 (m, 4 H, NHCH2CH2CH2O), 2.05 (s, 6 H, 

CH3), 1.89-1.80 (m, 4 H, NHCH2CH2CH2O); 13C NMR (100 MHz, D2O):  [ppm] = 174.5 (C(O)CH3), 156.1 

(OC(O)NH), 91.3 (C-1), 72.4 (C-4), 70.6 (C-3), 70.4 (C-5), 69.6 (NHCH2CH2CH2OCH2CH2O), 69.4 

(NHCH2CH2CH2OCH2CH2O), 68.1 (NHCH2CH2CH2OCH2CH2O), 52.5 (C-2), 50.6 (C-6), 37.4 (NHCH2CH2CH2O), 28.6 

(NHCH2CH2CH2O), 21.8 (CH3). 
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3-(2-Acetamido-6-amino-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-propan-1-amine 62B[10] 

 

297 mg (0.89 mmol) of azide 62A was reduced to amine 62B according to GP 3 in quantitative yield. 

Rf = 0.06 (MeCN/H2O, 4:1), anisaldehyde; 1H NMR (400 MHz, D2O):  [ppm] = 5.95 (d, J = 3.6 Hz, 1 H, H-1), 4.08 

(dd, J = 3.8 Hz, 10.7 Hz, 1 H, H-2), 3.78 (t, J = 9.8 Hz, 1 H, H-3) 3.74-3.69 (m, 1 H, H-5), 3.49 (t, J = 9.5 Hz, 1 H, H-

4), 3.13 (t, J = 6.8 Hz, 2 H, NHCH2CH2CH3), 3.02 (dd, J = 2.5 Hz, J = 13.8 Hz, 1 H, H-6a), 2.86 (dd, J = 7.2 Hz, J = 

14.2 Hz, 1 H, H-6b), 2.04 (s, 3 H, C(O)CH3), 1.52-1.56 (m, 2 H, NHCH2CH2CH3), 0.95 (t, J =7.4 Hz, 3 H, 

NHCH2CH2CH3); 13C NMR (100 MHz, D2O):  [ppm] = 174.6 (C(O)CH3), 156.5 (OC(O)NH), 91.3 (C-1), 73.8 (C-4), 

71.0 (C-3), 70.6 (C-5), 52.7 (C-2), 42.2 (NHCH2CH2CH3), 41.1 (C-6), 22.2 (C(O)CH3), 21.7 (NHCH2CH2CH3), 10.4 

(NHCH2CH2CH3); MS (ESI): m/z calcd for C12H23N3O6 + H+: 338.2 [M+H]+, found: 328.2. 

N,N‘-Bis-(2-acetamido-6-amino-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-2,2’-oxydiethanamine 61B[10] 

 

Azide 61A (133 mg, 0.2 mmol) was reduced to amine 61B according to GP 3 in quantitative yield. 

Rf = 0.07 (MeCN/H-2O, 4:1), anisaldehyde; 1H NMR (400 MHz, D2O):  [ppm] = 5.97 (d, J = 3.8 Hz, 2 H, H-1), 4.09 

(dd, J = 3.6 Hz, 11.1 Hz, 2 H, H-2), 3.79 (t, J = 10.8 Hz, 2 H, H-3), 3.74-3.54 (m, 10 H, NHCH2CH2O, H-5), 3.49 (t, J = 

9.7 Hz, 2 H, H-4), 3.41-3.34 (m, 4 H, NHCH2CH2O), 3.01 (dd, J = 2.2 Hz, J = 13.9 Hz, 2 H, H-6a), 2.83 (dd, J = 6.9 

Hz, J = 14.0 Hz, 2 H, H-6b), 2.05 (CH3); 13C NMR (100 MHz, D2O):  [ppm] = 174.6 (C(O)CH3), 156.5 (OC(O)NH), 

91.6 (C-1), 73.9 (C-4), 70.9 (C-3), 70.7 (C-5), 69.1 (NHCH2CH2O), 52.7 (C-2), 41.1 (NHCH2CH2CH3), 40.1 (C-6), 21.8 

(CH3). 
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N,N‘-Bis-(2-acetamido-6-amino-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-4,7,10-trioxa-1,13-

tridecandiamine 60B[10] 

 

Azide 60A (155 mg, 0.2 mmol) was reduced to amine 60B (104 mg, 80 %) according to GP 3. 

Rf = 0.1 (MeCN/H2O, 2:1), anisaldehyde; 1H NMR (400 MHz, D2O):  [ppm] = 5.95 (d, J = 3.7 Hz, 2 H, H-1), 4.08 

(dd, J = 3.6 Hz, 10.7 Hz, 2 H, H-2), 3.78 (t, J = 9.8 Hz, 2 H, H-3), 3.72-3.68 (m, 10 H, OCH2CH2O, H-5), 3.61 (t, J = 

6.3 Hz, 4 H, NHCH2CH2CH2O) 3.52-3.47 (m, 2 H, H-4), 3.26 (t, J = 6.8 Hz, 4 H, NHCH2CH2CH2O), 3.00 (dd, J = 2.6 

Hz, J = 13.9 Hz, 2 H, H-6a), 2.82 (dd, J = 6.9 Hz, J = 14.0 Hz, 2 H, H-6b), 2.05 (CH3), 1.89-1.80 (m, 4 H, 

NHCH2CH2CH2O), 13C NMR (100 MHz, D2O):  [ppm] = 174.6 (C(O)CH3), 156.4 (OC(O)NH), 91.5 (C-1), 74.0 (C-4), 

71.0 (C-3), 70.7 (C-5), 69.6 (NHCH2CH2CH2OCH2CH2O), 69.4 (NHCH2CH2CH2OCH2CH2O), 68.2 (NHCH2CH2CH2O), 

52.7 (C-2), 41.2 (NHCH2CH2CH2O), 37.4 (C-6), 28.7 (NHCH2CH2CH2O), 21.8 (CH3). 

6.4.1 Synthesis of the nitroxide replacement 

2,2,5,5-Tetramethyl-2,5-dihydropyrrole-3-carboxylic acid methyl ester 50 [140] 

 

Methyl ester 50 was synthesized according to Hatano et al.[140] in 54 % yield over 2 steps. 

N-Methyl-2,2,5,5-tetramethyl-2,5-dihydropyrrole-3-carboxylic acid methyl ester 51 

 

Methyl ester 50 (10.46 g, 57.1 mmol) and K2CO3 (15.5 g, 114.2 mmol) were suspended in CHCl3 (500 mL). 

Iodomethane (17.8 g, 285.5 mmol) was added and the suspension was refluxed for 23 h. After filtration the 

solution was washed with brine (3x), dried (MgSO4) and concentrated. The residue was purified by FC 

(petroleum ether/EtOAc 4:1) to obtain methyl amine 51 (6.76 g, 60 %) as yellow liquid.  

1H-NMR (400 MHz, CDCl3):  [ppm] = 6.60 (s, 1 H, H-C=C), 3.73 (s, 3 H, OCH3), 2.26 (s, 3 H, NCH3), 1.28 (s, 6 H, 

CCH3), 1.16 (s, 6 H, CCH3), MS (ESI): m/z calcd for C11H19NO2 + H+: 198.3 [M+H]+, found: 198.2. 
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N-Methyl-2,2,5,5-tetramethyl-2,5-dihydropyrrole-3-carboxylic acid 51A 

 

Carboxylic acid 51A was obtained according to Hatano et al.[207] and used in the next step without further 

purification.  

N-Methyl-2,2,5,5-tetramethyl-2,5-dihydropyrrole-3-carboxylic acid succinimidyl ester 52 

 

Carboxylic acid 51A (1.07 g, 5.84 mmol) was suspended in dry THF (20 mL). N-hydroxysuccinimide (740 mg, 

6.42 mmol) and DCC (1.2 g, 5.84 mmol) were added and the solution was stirred at rt for 3 h. The solvent was 

removed under reduced pressure and the residue was purified by FC (petroleum ether/EtOAc 2:1 → 1:1) 

yielding succinimidyl ester 52 (1.31 g, 75 %) as white solid.  

Rf = 0.35 (petroleum ether/EtOAc 1:1), iodine; mp 138 C; 1H NMR (400 MHz, CDCl3):   [ppm] = 6.95 (s, 1 H, H-

C=C), 2.85 (s, 4 H, CH2CH2), 2.28 (s, 3 H, NCH3), 1.31 (s, 6 H, CCH3), 1.22 (s, 6 H, CCH3); MS (ESI): m/z calcd for 

C14H20N2O4 + H+: 281.1 [M+H]+, found: 281.0. 

6.4.2 Synthesis of WGA ligands with nitroxide replacement 

3-[2-acetamido-2,6-dideoxy-6-(N-methyl-2,2,5,5-tetramethyl-2,5-dihydropyrrole-4-carboxamide)--D-

glucopyranosyloxycarbonyl]-propan-1-amine 35 

 

Amine 62B (100 mg, 0.32 mmol) and succinimidyl ester 52 (110 mg, 0.4 mmol) were dissolved in DMSO (10 mL) 

and stirred at rt for 24 h. DMSO was removed under reduced pressure and the residue was coevaporated with 

toluene (3x). Subsequent purification by FC (CH2Cl2/MeOH 6:1) yielded GlcNAc derivative 35 (125 mg, 82 %) as 

colorless solid. 

Rf = 0.05 (CH2Cl2:MeOH, 6:1), iodine; 1H NMR (400 MHz, D2O):  [ppm] = 6.25 (s, 1 H, C=CH), 5.91 (d, J = 3.8 Hz, 

1 H, H-1), 4.09 (dd, J = 3.8 Hz, 10.8 Hz, 1 H, H-2), 3.87 (dd, J = 2.5 Hz, J = 14.2 Hz, 1 H, H-6a), 3.82-3.75 (m, 2 H, 
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H-3, H-5), 3.43 (t,  J = 9.6 Hz, 1 H, H-4), 3.28 (dd, 1 H,  J = 8.5 Hz, J = 14.2 Hz, 1 H, H-6b), 3.09 (t, J = 6.8 Hz, 2 H, 

NHCH2CH2CH3), 2.37 (s, 3 H, NCH3), 2.04 (s, 3 H, C(O)CH3), 1.56-1.47 (m, 2 H, NHCH2CH2CH3), 1.32 (s, 3 H, 

C(CH3)2), 1.31 (s, 3 H, C(CH3)2), 1.25 (s, 6 H, C(CH3)2), 0.90 (t, J =7.4 Hz, 3 H, NHCH2CH2CH3); 13C NMR (100 MHz, 

D2O):  [ppm] = 174.5, 168.2 (C(O)CH3), 156.2 (OC(O)NH), 140.5, 140.4 (C=CH), 91.2 (C-1), 72.1 (C-4), 71.6 (C-3), 

70.6 (C-5), 68.8, 66.5 (C(CH3)2, 52.6 (C-2), 42.2 (NHCH2CH2CH3), 39.9 (C-6), 26.2 (NCH3), 24.1, 23.9, 23.9, 

(C(CH3)2, 22.2 (NHCH2CH2CH3), 21.8 (C(O)CH3), 10.5 (NHCH2CH2CH3); RP HPLC: tr = 2.53 min (EC 125/4 

Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C22H38N4O7 + H+: 

471.3 [M+H]+, found: 471.3. 

N,N’-Bis-[2-acetamido-2,6-dideoxy-6-(N-methyl-2,2,5,5-tetramethyl-2,5-dihydropyrrole-4-carboxamide)--D-

glucopyranosyloxycarbonyl]-2,2’-oxydiethanamine 37 

 

Diamine 61B (88 mg, 0.15 mmol) and succinimidyl ester 52 (109 mg, 0.39 mmol) were dissolved in DMSO (4 

mL) and stirred at rt for 24 h. DMSO was removed under reduced pressure and the residue was coevaporated 

three times with toluene. Subsequent purification by FC (CH2Cl2/MeOH 10:1 → 4:1) yielded the divalent GlcNAc 

derivative 37 (70 mg, 0.08 mmol, 51 %) as colorless solid. 

Rf = 0.02 (CH2Cl2:MeOH, 4:1), iodine; 1H NMR (400 MHz, D2O):  [ppm] = 6.36 (s, 2 H, C=CH), 5.93 (d, J = 3.3 Hz, 

2 H, H-1), 4.09 (dd, J = 3.6 Hz, 10.9 Hz, 2 H, H-2), 3.85-3.70 (m, 6 H, H-6a, H-3, H-5), 3.69-3.52 (m, 6 H, H-4, 

NHCH-2CH2O), 3.46-3.26 (m, 6 H, H-6b, NHCH2CH2O), 2.51 (s, 6 H, NCH3), 2.05 (s, 6 H, C(O)CH3), 1.46, 1.45, 1.39 

(s, 24 H, C(CH3)2); 13C NMR (100 MHz, D2O):  [ppm] = 179.5, 164.6 (C(O)CH3), 156.3 (OC(O)NH), 139.6, 138.8 

(C=CH), 91.5 (C-1), 71.9 (C-4), 71.4 (C-3), 70.6 (C-5), 69.1 (NHCH2CH2O), 52.6 (C-2), 40.1 (NHCH2CH2O), 39.8 

(C-6), 26.9 (NCH3), 24.9, 23.4 (C(CH3)2, 21.8 (C(O)CH3); RP HPLC: tr = 2.05 min (EC 125/4 Nucleodur C-18 Gravity, 

3 µm, 0.4 mL/min, 20-95 % MeCN in 10 min); MS (ESI): m/z calcd for C42H70N8O15 + H+: 928.1 [M+H]+, found: 

927.5.  
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N,N’-Bis-[2-acetamido-2,6-dideoxy-6-(N-methyl-2,2,5,5-tetramethyl-2,5-dihydropyrrole-4-carboxamide)--D-

glucopyranosyloxycarbonyl]-4,7,10-trioxa-1,13-tridecandiamine 39 

 

Diamine 60B (86 mg, 0.12 mmol) and succinimidyl ester 52 (87 mg, 0.31 mmol) were dissolved in DMSO (4 mL) 

and stirred at rt for 24 h. DMSO was removed under reduced pressure and the residue was coevaporated three 

times with toluene. Subsequent purification by FC (CH2Cl2/MeOH 10:1 → 4:1) yielded the divalent GlcNAc 

derivative 39 (86 mg, 67 %) as colorless solid. 

Rf = 0.01 (CH2Cl2:MeOH, 4:1); 1H NMR (400 MHz, D2O):  [ppm] = 6.31 (s, 2 H, C=CH), 5.91 (d, J = 3.7 Hz, 2 H, H-

1), 4.09 (dd, J = 3.7 Hz, 10.7 Hz, 2 H, H-2), 3.85-3.75 (m, 6 H, H-6a, H-3, H-5), 3.73-3.67 (m, 8 H, OCH2CH2O), 3.59 

(t, J = 6.3 Hz, 4 H, NHCH2CH2CH2O), 3.43 (t, J = 9.4 Hz, 2 H, H-4), 3.34 (dd, J = 8.1 Hz,  14.2 Hz, 2 H, H-6b), 3.28-

3.15 (m, 4 H, NHCH2CH2CH2O), 2.39 (s, 6 H, NCH3), 2.05 (s, 6 H, C(O)CH3), 1.83-1.77 (m, 4 H, NHCH2CH2CH2O), 

1.39 (s, 12 H, C(CH3)2), 1.32 (s, 12 H, C(CH3)2); 13C NMR (100 MHz, D2O):  [ppm] = 179.5, 164.5 (C(O)CH3), 156.1 

(OC(O)NH), 140.1, 139.6 (C=CH), 91.3 (C-1), 72.0 (C-4), 71.5 (C-3), 70.6 (C-5), 69.6, 69.4 (OCH2CH2O), 68.2 

(NHCH2CH2CH2O), 52.6 (C-2), 39.9 (C-6), 37.5 (NHCH2CH2CH2O), 28.7 (NHCH2CH2CH2O), 26.6 (NCH3), 23.7, 23.8 

(C(CH3)2, 21.8 (C(O)CH3); MS (ESI): m/z calcd for C48H82N8O17 + H+: 1043.2 [M+H]+, found: 1043.6. 

6.4.3 Synthesis of spin-labeled GlcNAc derivatives with 

nitroxide spin-label in 6-position 

2,2,5,5-Tetramethylpyrroline-1-oxyl-carboxylic acid N-hydroxysuccinimidylester 82[208] 

 

3-Carboxyl-2,3,5,5-tetramethyl-3-pyrrolin-1-yl (150 mg, 0.81 mmol) and NHS (95 mg, 0.90 mmol) were 

suspended in 2 mL dry EtOAc and cooled to 0 °C. DCC (170 mg, 0.81 mmol), dissolved in dry EtOAc (1 mL), was 

added and the reaction mixture was stirred for 15 min at 0 °C and for 2 h at rt. The precipitate was removed by 

filtration and washed until it turned colorless. After removal of the solvent under reduced pressure the residue 

was crystallized (MeOH) to obtain the active ester 82 (168 mg, 0.6 mmol, 74 %) as yellow solid. 

Rf = 0.4 (petroleum ether/EtOAc 1:1), iodine; mp 168 C; anal. calcd for C13H17N2O5: C 55.51, H 6.09, N 9.96, 

found: C 55.52, H 6.06, N 9.96; MS (ESI): m/z calcd for C13H17N2O5 + Na+: 304.1 [M+Na]+, found: 304.2. 
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p-Nitrophenoxycarbonyl)-2-acetamido-3,4,6-tri-O-acetyl-2-desoxy--D-glucopyranoside 78[9, 148]  

 

Active ester 78 was synthesized in three steps with 50 % yield according to Seitz et al.[148]  

tert-Butyl (2-(2-aminoethoxy)ethyl)-carbamate 67[146] 

 

Boc2O (324 mg, 1.5 mmol) was dissolved in dioxane (4 mL) and added dropwise over 7 h to a solution of 2,2’-

oxydiethylamine 59 (890 mg, 8.5 mmol) in dioxane (1 mL). After stirring at rt overnight, dioxane was removed 

under reduced pressure. The residue was dissolved in water, extracted with CH2Cl2 (4x) and the combined 

organic layers were washed with brine (4x). After repetition of the washing procedure the combined organic 

layers were dried (MgSO4). After removal of the solvent under reduced pressure, amine 67 was obtained in 

quantitative yield as colorless oil.  

1H NMR (400 MHz, CDCl3):  [ppm] = 4.96 (s, 1 H, NH), 3.51-3.45 (m, 4 H, CH2-O-CH2), 3.31-3.28 (m, 2 H, 

CH2NHBoc), 2.85 (t, 3J = 5.3 Hz, 2 H, CH2NH2), 1.43 (s, 9 H, CH3). 

tert-Butyl (3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate 68[209] 

 

Boc2O (2.97 g, 13.6 mmol) was dissolved in dioxane (10 mL) and added dropwise over 7 h to a solution of 

4,7,10-trioxa-1,13-tridecandiamine 58 (15 g, 68.1 mmol) in dioxane (1 mL). After stirring at rt overnight, 

dioxane was removed under reduced pressure. The residue was dissolved in water, extracted with CH2Cl2 (4x) 

and the combined organic layers were washed with brine (4x). After repetition of the washing procedure the 

combined organic layers were dried (MgSO4). After removal of the solvent under reduced pressure, amine 68 

was obtained in quantitative yield as yellow oil.  

1H NMR (400 MHz, CDCl3):  [ppm] = 3.58-3.45 (m, 12 H, CH2O), 3.15-3.14 (m, 2 H, CH2NH), 2.75 (t, J = 8.0 Hz, 2 

H, NH2CH2), 1.70-1.66 (m, 4 H, CH2CH2CH2), 1.36 (s, 9 H, CH3). 

tert-Butyl (17-amino-3,6,9,12,15-pentaoxaheptadec-1-yl)carbamate 77[147] 
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Boc-protected pentaoxa linker 77 was prepared according to a 8 step procedure from Gérard et al.[147] in 6 % 

yield. 

Rf = 0.05 (MeCN/H2O, 4:1), ninhydrin; 1H NMR (400 MHz, MeOD):  [ppm] = 3.69-3.52 (m, 20 H, H-2–H-16), 

3.25 (t, J =5.7 Hz, 2 H, H-1), 2.81 (t, J =5.3 Hz, 2 H, H-17), 1.47 (s, 9 H, CH3), 13C NMR (100 MHz, MeOD):  [ppm] 

= 158.4 (C=O), 80.0 (C(CH-3), 73.5 (C-16), 71.6, 71.5, 71.4, 71.3, 71.1, 70.9 (C-2-C-12), 42.1 (C-17), 41.3 (C-1), 

28.8 (CH3), RP HPLC: tr = 2.95 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 20 

min); MS (ESI): m/z calcd for C17H36N2O7 + H+: 381.2 [M+H]+, found: 381.1. 

N-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyloxycarbonyl)-N’-tert-butyl-oxycarbonyl-2,2’-

oxydiethaneamine 79 

 

According to GP 1, carbonate 78 (899 mg, 1.76 mmol) was converted with amine 67 (326 mg, 1.59 mmol). 

Purification by FC (EtOAc → EtOAc/MeOH 5:1) yielded 79 (795 mg, 86 %) as colorless liquid. 

Rf = 0.67 (EtOAc/MeOH, 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.05 (d, J =3.6 Hz, 1 H, H-1), 

5.82 (bs, 1 H, NH), 5.54 (bs, 1 H, NH), 5.26-5.16 (m, 2 H, H-3, H-4), 4.91 (bs, 1 H, NH), 4.54-4.58 (m, 1 H, H-2), 

4.26 (dd, J = 12.6 Hz, J =4.0 Hz, 1 H, H-6a), 4.11-4.02 (m, 2 H, H-6b, H-5), 3.58-3.52 (m, 4 H, CH2OCH2), 3.44-3.30 

(m, 4 H, CH2NH), 2.07 (s, 3 H, C(O)CH3), 2.02 (s, 3 H, C(O)CH3), 2.01 (s, 3 H, C(O)CH3), 1.94 (s, 3 H, C(O)CH3), 1.45 

(s, 9 H, C(CH3)3); 13C NMR (100 MHz, CDCl3):  [ppm] = 170.9, 166.2, 156.3, 154.1 (C(O)CH3, OC(O)NH), 91.9 (C-

1), 77.4 (C(CH3)3), 71.0 (C-3), 69.5 (C-5), 67.8 (C-4), 61.7 (C-6), 51.0 (C-2), 41.2 (NHCH2), 28.5 (C(CH3)3), 23.1, 

20.8, 20.7 (C(O)CH3); MS (ESI): m/z calcd for C24H39N3O13 + H+: 578.3 [M+H]+, found: 578.3. 

 

 

N-(2-Acetamido-3,4,6-tri-O-acetyl-2-desoxy--D-glucopyranosyloxycarbonyl)-N’-tert-butyl-oxycarbonyl-

4,7,10-trioxa-1,13-tridecanediamine 80 
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According to GP 1, carbonate 78 (500 mg, 0.97 mmol) was converted with amine 68. Purification by FC (EtOAc 

→ EtOAc/MeOH 5:1) yielded 80 (609 mg, 91 %) as colorless liquid. 

Rf = 0.57 (EtOAc/MeOH, 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.05 (d, J =3.6 Hz, 1 H, H-1), 

5.94 (d, J = 9.3 Hz, 1 H, NH), 5.70 (bs, 1 H, NH), 5.26 (t, J =10.4 Hz, 1 H, H-3), 5.15 (t, J =9.7 Hz, 1 H, H-4), 4.47-

4.42 (m, 1 H, H-2), 4.22-4.05 (m, 3 H, H-5, H-6ab), 3.66-3.57 (m, 12 H, NHCH2CH2CH2OCH2CH2O), 3.52-3.49 (m, 2 

H, NHCH2CH2CH2O), 3.27-3.23 (m, 4 H, NHCH2CH2CH2O), 2.01 (s, 6 H, C(O)CH3), 1.96 (s, 3 H, C(O)CH3), 1.97 (s, 3 

H, C(O)CH3), 1.80-1.73 (m, 4 H, NHCH2CH2CH2O), 1.37 (s, 9 H, C(CH3)3); 13C NMR (100 MHz, CDCl3):  [ppm] = 

171.6, 170.9, 170.3 169.2 (C(O)CH3), 156.3, 154.0 (OC(O)NH), 91.7 (C-1), 71.2 (C-3), 70.6 (C-5), 70.2, 70.1 

(OCH2CH2O), 69.3 (CH2OCH2CH2O), 67.8 (C-4), 61.7 (C-6), 50.8 (C-2), 39.7, 38.7 (NHCH2CH2CH2O), 29.8, 29.2 

(NHCH2CH2CH2O), 28.5 (C(CH3)3), 23.1, 20.8, 20.7 (C(O)CH3); MS (ESI): m/z calcd for C30H51N3O15 + H+: 694.3 

[M+H]+, found: 694.1. 

N-(2-Acetamido-3,4,6-tri-O-acetyl-2-desoxy--D-glucopyranosyloxycarbonyl)-N’-tert-butyl-oxycarbonyl-

3,6,9,12,15-pentaoxaheptadecanediamine 81 

 

According to GP 1, carbonate 78 (511 mg, 1.0 mmol) was converted with amine 77 (380 mg, 1.0 mmol). 

Purification by FC (EtOAc → EtOAc/MeOH 5:1) yielded 81 (491 mg, 65 %) as colorless liquid. 

Rf = 0.35 (EtOAc/MeOH, 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.04 (d, J =3.6 Hz, 1 H, H-1), 

5.82 (bs, 1 H, NH), 5.23-5.11 (m, 3 H, H-3, H-4, NH), 4.53-4.47 (m, 1 H, H-2), 4.24 (dd, J = 3.9 Hz, J = 12.5 Hz, 1 H, 

H-6a), 4.07-4.00 (m, 2 H, H-5, H-6b), 3.69-3.57 (m, 18 H, NHCH2CH2O, OCH2CH2O), 3.51 (t, J = 5.1 Hz, 2 H, 

NHCH2CH2O), 3.40-3.26 (m, 4 H, NHCH2CH2O), 2.06 (s, 6 H, C(O)CH3), 2.00 (s, 3 H, C(O)CH3), 1.96 (s, 3 H, 

C(O)CH3), 1.42 (s, 9 H, C(CH3)3); 13C NMR (100 MHz, CDCl3):  [ppm] = 171.4, 170.9, 170.6, 169.2 (C(O)CH3), 

156.3, 154.1 (OC(O)NH), 91.7 (C-1), 71.1 (C-3), 70.7 (C-5), 70.6-69.5 (CLinker), 67.8 (C-4), 61.7 (C-6), 51.0 (C-2), 

41.2, 40.5 (NHCH2CH2O), 28.5 (C(CH3)3), 23.1, 20.8, 20.7 (C(O)CH3); MS (ESI): m/z calcd for C32H55N3O17 + H+: 

754.4 [M+H]+, found: 754.4. 

N-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyloxycarbonyl)-2,2’-oxydiethanamine 79A 
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Boc-protected GlcNAc derivative 79 (795 mg, 1.38 mmol) was dissolved in dry CH2Cl2 (30 mL) and cooled to 0°C. 

TFA (11 mL) was added slowly and the solution was stirred for 1 h. TFA was removed in N2-flow and the residue 

was coevaporated with toluene (3x). The residue was dissolved in H2O and lyophilized. The crude product was 

used in the next step without further purification.  

N-(2-Acetamido-3,4,6-tri-O-acetyl-2-desoxy--D-glucopyranosyloxycarbonyl)-4,7,10-trioxa-1,13-

tridecandiamine 80A 

 

Boc-protected GlcNAc derivative 80 (793 mg, 1.33 mmol) was dissolved in dry CH2Cl2 (30 mL) and cooled to 0°C. 

TFA (11 mL) was added slowly and the solution was stirred for 1 h. TFA was removed in N2-flow and the residue 

was coevaporated with toluene (3x). The residue was dissolved in H2O and lyophilized. The crude product was 

used in the next step without further purification.  

N-(2-Acetamido-3,4,6-tri-O-acetyl-2-desoxy--D-glucopyranosyloxycarbonyl)-3,6,9,12,15-

pentaoxaheptadecandiamine 81A 

 

Boc-protected GlcNAc derivative 81 (399 mg, 0.53 mmol) was dissolved in dry CH2Cl2 (10 mL) and cooled to 0°C. 

TFA (3 mL) was added slowly and the solution was stirred for 1 h. TFA was removed in N2-flow and the residue 

was coevaporated with toluene (3x). The residue was dissolved in H2O and lyophilized. The crude product was 

used in the next step without further purification.  

N-(2-Acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-N’-(2-acetamido-3,4,6-

tri-O-acetyl-2-deoxy--D-glucopyranosyloxycarbonyl)-2,2’-oxydiethanamine 82.2 
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According to GP 1, carbonate 57 (750 mg, 1.51 mmol) was converted with amine 79A (816 mg, 1.38 mmol). 

Purification by FC (EtOAc → EtOAc/MeOH 5:1) yielded 82.2 (1.15 g, 100 %) as colorless solid. 

Rf = 0.50 (EtOAc/MeOH, 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.51-6.48 (m, 2 H, NH), 6.24-

6.20 (m, 2 H, H-1), 5.76-5.73 (m, 2 H, NH), 5.25-5.10 (m, 4 H, H-3, H-4), 4.61-4.54 (m, 2 H, H-2), 4.24 (dd, J = 4.2 

Hz, J = 12.5 Hz, 1 H, H-6a(OAc)), 4.14-4.06 (m, 3 H, H-6b(OAc), H-5), 3.66-3.57 (m, 4 H, CH2OCH2), 3.49-3.26 (m, 

6 H, NHCH2, H-6ab(N3)), 2.04-1.93 (m, 21 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 171.3-169.5 (C=O), 

100.1 (C-1), 70.7, 70.3, 70.2, 69.9, 69.9, 69.2 (C-3, C-4, C-5, CH2OCH2), 69.7 (C-5), 67.9 (NHCH2CH2O), 61.7 (C-6), 

51.0 (C-2), 39.7, 38.7 (NHCH2), 29.8, 29.2 (NHCH2CH2CH2O) 23.1, 21.2-20.7 (CH3); MS (ESI): m/z calcd for 

C32H47N7O19 + H+: 834.3 [M+H]+, found: 834.3. 

N-(2-Acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-N’-(2-acetamido-3,4,6-

tri-O-acetyl-2-deoxy--D-glucopyranosyloxycarbonyl)-4,7,10-trioxa-1,13-tridecandiamine 83 

 

According to GP 1, carbonate 57 (350 mg, 0.62 mmol) was converted with amine 80A (338 mg, 0.57 mmol). 

Purification by FC (EtOAc → EtOAc/MeOH 5:1) yielded 83 (410 mg, 96 %) as colorless solid. 

Rf = 0.38 (EtOAc/MeOH, 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.10-6.03 (m, 3 H, H-1, NH), 

5.68 (bs, 1 H, NH), 5.22-5.10 (m, 4 H, H-3, H-4), 4.55-4.48 (m, 2 H, H-2), 4.24 (dd, J = 4.0 Hz, 12.4 Hz, 1 H, H-

6a(OAc)), 4.13-3.96 (m, 3 H, H-6b(OAc), H-5), 3.67-3.57 (m, 12 H, CH2O), 3.36-3.30 (m, 6 H, NHCH2, H-6ab(N3)), 

2.07-1.93 (m, 21 H, CH3), 1.84-1.78 (m, 4 H, NHCH2CH2CH2O); 13C NMR (100 MHz, CDCl3):  [ppm] = 171.6, 

170.9, 170.3 169.2 (C(O)CH3), 156.3, 154.0 (OC(O)NH), 91.7 (C-1), 71.2 (C-3), 70.6 (C-5), 70.3, 70.2 (CH2O), 69.7 

(C-4), 67.9 (CH2CH2O), 61.7 (C-6), 51.0 (C-2), 39.7, 38.7 (NHCH2), 29.8, 29.2 (CH2CH2CH2O) 23.1, 20.8, 20.7 (CH3); 

MS (ESI): m/z calcd for C38H59N7O21 + H+: 950.4 [M+H]+, found: 950.4. 

 

N-(2-Acetamido-3,4-di-O-acetyl-6-azido-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-N’-(2-acetamido-3,4,6-

tri-O-acetyl-2-deoxy--D-glucopyranosyloxycarbonyl)-3,6,9,12,15-pentaoxaheptadecandiamine 84 
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According to GP 1, carbonate 57 (129 mg, 0.26 mmol) was converted with amine 81A (200 mg, 0.26 mmol). 

Purification by FC (EtOAc → EtOAc/MeOH 5:1) yielded 84 (204 mg, 78 %) as colorless oil. 

Rf = 0.08 (EtOAc/MeOH, 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.49, 6.24 (bs, 4 H, NH), 6.07, 

6.04 (d, J = 3.6 Hz, 2 H, H-1), 5.27-5.12 (m, 4 H, H-3, H-4), 4.58-4.52 (m, 2 H, H-2), 4.24 (dd, J = 3.7 Hz, 12.4 Hz, 1 

H, H-6a(OAc)), 4.06-4.01 (m, 3 H, H-6b(OAc), H-5), 3.73-3.59 (m, 20 H, CH2O), 3.43-3.34 (m, 5 H, NHCH2, H-

6a(N3)), 3.28 (dd, J = 5.5 Hz, 13.5 Hz, 1 H, H-6b(N3)), 2.07-1.94 (s, 21 H, C(O)CH3); 13C NMR (100 MHz, CDCl3): 

 [ppm] = 171.4, 170.9, 170.7 169.4, 169.3 (C(O)CH3), 154.7 (OC(O)NH), 92.0, 91.7 (C-1), 71.2 (C-3), 71.0-68.0 

(C-4, C-5, CH2O), 61.8 (C-6(OAc)), 51.0, 50.8 (C-2, C-6(N3)), 41.1 (NHCH2), 23.0-20.7 (CH3); MS (ESI): m/z calcd for 

C40H63N7O23 + H+: 1010.4 [M+H]+, found: 1010.4. 

N-(2-Acetamido-6-amino-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-N’-(2-acetamido-2-deoxy--D-

glucopyranosyloxycarbonyl)-2,2’-oxydiethanamine 82.2A 

 

Compound 82.2 (1.26 g, 1.52 mmol) was deacetylated according to GP 2 and after lyophillization the obtained 

azide was directly reduced to the free amine 82.2A according to GP 3 as colorless solid in 90 % yield over two 

steps. 

Rf = 0.05 (MeCN/H2O 4:1), ninhydrin; 1H NMR (400 MHz, D2O):  [ppm] = 6.02-5.98 (m, 2 H, H-1,), 4.15-4.06 (m, 

2 H, H-2), 4.03-3.97 (m, 1 H, H-5(NH2)), 3.88-3.49 (m, 12 H, H-3, H-4, H-5(OH), CH2OCH2, H-6ab(OH), H-6a(NH2)), 

3.40-3.36 (m, 4 H, NHCH2), 3.23 (dd, J = 8.6 Hz, 13.4 Hz, 1 H, H-6b(NH2), 2.05 (s, 6 H, CH3); 13C NMR (100 MHz, 

D2O):  [ppm] = 174.7, 156.3 (C=O), 91.6, 91.3 (C-1), 73.8, 71.2, 70.3, 69.6, 69.4, 69.1 (C-3, C-4, C-5, CH2OCH2), 

60.3 (C-6(OH)), 52.7, 52,4 (C-2), 40.3, 40.1 (NHCH2, C-6(NH2)), 21.8 (CH3); MS (ESI): m/z calcd for C22H39N5O14 + 

H+: 598.6 [M+H]+, found: 598.3. 

 

N-(2-Acetamido-6-amino-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-N’-(2-acetamido-2-deoxy--D-

glucopyranosyloxycarbonyl)-4,7,10-trioxa-1,13-tridecandiamine 83A 
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Compound 83 (387 mg, 0.40 mmol) was deacetylated according to GP 2 and after lyophillization the obtained 

azide was directly reduced to the free amine 83A according to GP 3 as colorless solid in 81 % yield over two 

steps. 

Rf = 0.02 (MeCN/H2O 4:1), ninhydrin; 1H NMR (400 MHz, D2O):  [ppm] = 5.96 (t, J = 3.2 Hz, 2 H, H-1,), 4.11-4.05 

(m, 2 H, H-2), 3.84-3.50 (m, 20 H, OCH2, H-3, H-4, H-5, H-6ab(OH)), 4.13-3.96 (t, J = 6.8 Hz, 4 H, NHCH2), 3.09 

(dd, J = 2.7 Hz, 13.9 Hz, 1 H, H-6a(NH2)), 2.90 (dd, 1 H, J = 7.1 Hz, 13.9 Hz, H-6b(NH2)), 2.05 (s, 6 H,CH3), 1.86-

1.79 (m, 4 H, CH2CH2CH2); 13C NMR (100 MHz, D2O):  [ppm] = 174.6, 156.3 (C=O), 91.5, 91.4 (C-1), 73.8, 73.2 

(C-3), 71.0 (C-5(NH2)), 70.7 (OCH2CH2O), 70.6 (C-5(OH)), 69.6 (OCH2CH2O), 69.4, 68.2 (CH2CH2CH2O), 60.3 (C-

6(OH)), 52.7 (C-2), 41.O (C-6(NH2), 37.4 (NHCH2), 28.6 (CH2CH2CH2), 21.8 (CH3); MS (ESI): m/z calcd for 

C28H51N5O16 + H+: 714.3 [M+H]+, found: 714.2. 

N-(2-Acetamido-6-amino-2,6-dideoxy--D-glucopyranosyloxycarbonyl)-N’-(2-acetamido-2-deoxy--D-

glucopyranosyloxycarbonyl)-3,6,9,12,15-pentaoxaheptadecandiamine 84A 

 

Compound 84 (178 mg, 0.18 mmol) was deacetylated according to GP 2 and after lyophillization the obtained 

azide was directly reduced to the free amine 84A according to GP 3 as colorless solid in 70 % yield over two 

steps. 

1H NMR (400 MHz, D2O):  [ppm] = 5.99-5.97 (m, 2 H, H-1,), 4.13-4.06 (m, 2 H, H-2), 3.89-3.34 (m, 32 H, OCH2, 

H-3, H-4, H-5, H-6ab(OH)), 3.25 (dd, J = 2.9 Hz, 13.6 Hz, 1 H, H-6a(NH2)), 3.04 (dd, 1 H, J = 7.8 Hz, 13.6 Hz, H-

6b(NH2)), 2.05 (s, 6 H, CH3); 13C NMR (100 MHz, D2O):  [ppm] = 174.6, 174.5, 156.4, 156.3 (C=O), 91.6, 91.4 (C-

1), 73.8 (C-3), 71.7-69.1 (C-5, OCH2), 60.2 (C-6(OH)), 52.7, 52.6 (C-2), 40.7 (C-6(NH2), 40.0 (NHCH2), 21.8 (CH3); 

MS (ESI): m/z calcd for C30H55N5O18 + H+: 774.4 [M+H]+, found: 744.6. 

 

N-[2-Acetamido-6-(2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy-3-carboxamid)-2,6-dideoxy--D-

glucopyranosyloxycarbonyl]-N’-(2-acetamido-2-deoxy--D-glucopyranosyloxycarbonyl)-2,2’-

oxydiethanamine 40 
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Amine 82A (177 mg, 0.30 mmol) and active ester 82 (100 mg, 0.36 mmol) were coupled according to GP 4. The 

obtained spin-labeled GlcNAc ligand 40 was purified by FC (CH2Cl2/MeOH 10:1 → 6:1) yielding 40 (80 mg, 35 %) 

as colorless solid.  

Rf = 0.06 (CH2Cl2/MeOH 6:1), iodine; RP HPLC: tr = 16.10 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 0 % MeCN for 3 min, to 20 % in 10 min, to 70 % in 10 min); MS (ESI): m/z calcd for C31H51N6O16 + H+: 

664.3 [M+H]+, found: 664.4. 

N-[2-Acetamido-6-(2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy-3-carboxamid)-2,6-dideoxy--D-

glucopyranosyloxycarbonyl]-N’-(2-acetamido-2-deoxy--D-glucopyranosyloxycarbonyl)-4,7,10-trioxa-1,13-

tridecandiamine 41 

 

Amine 83A (100 mg, 0.14 mmol) and active ester 82 (48 mg, 0.17 mmol) were coupled according to GP 4. The 

obtained spin-labeled GlcNAc ligand 41 was purified by FC (CH2Cl2/MeOH 10:1 → 6:1) yielding 41 (76 mg, 61 %) 

as colorless solid.  

Rf = 0.05 (CH2Cl2/MeOH 6:1), iodine; RP HPLC: tr = 1.45 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 35-70 % MeCN in 5 min); MS (ESI): m/z calcd for C37H63N6O18 + Na+: 902.4 [M+Na]+, found: 902.3. 

 

 

 

N-[2-Acetamido-2,6-dideoxy-6-(2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy-3-carboxamid)--D-

glucopyranosyloxycarbonyl]-N’-(2-acetamido-2-deoxy--D-glucopyranosyloxycarbonyl)-3,6,9,12,15-

pentaoxaheptadecandiamine 42 
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Amine 84A (40 mg, 0.05 mmol) and active ester 82 (19 mg, 0.07 mmol) were coupled according to GP 4. The 

obtained spin-labeled GlcNAc ligand 42 was purified by preparative HPLC (Knauer Eurospher 100 C18, 250x16 

mm, 10-95 MeCN in 20 min) yielding 42 (13 mg, 28 %) as colorless solid.  

RP HPLC: tr = 4.75 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 10 min); MS 

(ESI): m/z calcd for C39H67N6O20 + H+: 940.4 [M+H]+, found: 940.4. 

N-(2-Acetamido-2-deoxy--D-glucopyranosyloxycarbonyl)-N’-(2,2,5,5-tetramethyl-3-pyrrolin-1-

yloxycarbonyl)-2,2’-oxydiethanamine 43 

 

To the TFA salt of amine 79A (176 mg, 297 µmol) in MeOH (7 mL), DIPEA (300 µl, 1.5 mmol) was added 

followed by the addition of succinimidylester 82 (100 mg, 356 µmol). The reaction was stirred for 4 h and the 

solvent was removed under reduced pressure. The residue was purified by FC (CH2Cl2/MeOH 15:1) yielding the 

spin-labeled GlcNAc ligand 43 (156 mg, 65 %) as colorless solid. 

RP HPLC: tr = 5.08 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 5-50 % MeCN in 20 min); MS (ESI): 

m/z calcd for C22H37N4O10 + H+: 518.3 [M+H]+, found: 518.3. 

N-(2-Acetamido-2-deoxy--D-glucopyranosyloxycarbonyl)-N’-(2,2,5,5-tetramethyl-3-pyrrolin-1-

yloxycarbonyl)-4,7,10-trioxa-1,13-tridecandiamine 44 

 

To the TFA salt of amine 80A (83 mg, 0.14 mmol) in MeOH (5 mL), DIPEA (140 µl, 0.75 mmol) was added 

followed by the addition of succinimidylester 82 (50 mg, 0.17 mmol). The reaction was stirred for 4 h and the 
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solvent was removed under reduced pressure. The residue was purified by FC (CH2Cl2/MeOH 15:1) yielding the 

spin-labeled GlcNAc ligand 44 (29 mg, 29 %) as colorless solid. 

Rf = 0.05 (CH2Cl2/MeOH 6:1), anisaldehyde; RP HPLC: tr = 2.51 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 45-95 % MeCN in 10 min); MS (ESI): m/z calcd for C28H49N4O12 + H+: 634.3 [M+H]+, found: 634.1. 

N-(2-Acetamido-2-deoxy--D-glucopyranosyloxycarbonyl)-N’-(2,2,5,5-tetramethyl-3-pyrrolin-1-

yloxycarbonyl)-3,6,9,12,15-pentaoxaheptadecandiamine 42 

 

To the TFA salt of amine 81A (160 mg, 20 µmol) in MeOH (5 mL), DIPEA (272 µl, 1.60 mmol) was added 

followed by the addition of succinimidylester 82 (78 mg, 250 µmol). The reaction was stirred overnight and the 

solvent was removed under reduced pressure. The residue was purified by preparative HPLC (Knauer Eurospher 

100 C18, 250x16 mm, 10-95 MeCN in 20 min) yielding the spin-labeled GlcNAc ligand 42 (12 mg, 9 %) as 

colorless solid. 

Rf = 0.47 (MeCN/H2O 4:1), anisaldehyde; RP HPLC: tr = 8.26 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 10-95 % MeCN in 20 min); MS (ESI): m/z calcd for C30H53N4O14 + H+: 694.4 [M+H]+, found: 694.5. 

6.5 Synthesis of second generation spin-labeled 

carbohydrates 

6.5.1 Synthesis of precursors for C-glycosyl compounds 

O-(3,4,6-Tri-O-acetyl-2-(3,4,5,6-tetrachlorophtalimido)-2-deoxy--D-glucopyranosyl) trichloracetimidate 

85[158] 

 

Trichloracetimidate 85 was prepared in thee steps according to Casro-Palomino and Schmidt[158] in 25 % yield.  

Rf = 0.43 (petroleum ether/EtOAc 2:1 with 0.1% Et3N), anisaldehyde; 1H NMR (400 MHz, CDCl3)  [ppm] = 8.69 

(s, 1 H, NH), 6.59 (d, J = 8.8 Hz, 1 H, H-1), 5.84 (dd, J = 10.5, 9.0 Hz, 1 H, H-3), 5.29 (dd, J = 10.1, 9.1 Hz, 1 H, H-4), 

4.62 (dd, J = 10.5, 8.8 Hz, 1 H, H-2), 4.45 – 3.94 (m, 3 H, H-5, H-6), 2.12, 2.05, 1.92 (s, 3 H, CH3); 13C NMR (100 
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MHz, CDCl3)  [ppm] = 170.8, 170.6, 169.4, 160.6 (C=O), 140.9, 130.2, 126.9 (CAr), 93.5 (C-1), 90.3 (CCl3), 73.0, 

70.7, 68.3, 61.6, 54.5 (C-2, C-3, C-4, C-5, C-6), 20.9, 20.7, 20.6 (CH3).  

3,4,6-Tetra-O-benzyl-D-glucopyranolactone 101[166] 

 

2,3,4,6-tetra-O-Benzyl-D-glucopyranose 100 (7 g, 13 mmol) was dissolved in dry DMSO (40 mL) and Ac2O (24.3 

mL, 0.26 mol) was added. The reaction mixture was stirred overnight at rt and concentrated. The residue was 

dissolved in CH2Cl2 and washed with water. The organic layer was dried (MgSO4) and the solvent was removed 

under reduced pressure. The residue was purified by FC (petroleum ether/EtOAc 4:1) yielding the lacton 101 

(6.58 g, 94 %) as colorless oil. 

Rf = 0.50 (petroleum ether/EtOAc 4:1), anisaldehyde; spectroscopic data corresponding to literature[166] 

2-Azido-2-deoxy-/-D-glucopyranose 114[171, 210-211] 

 

To a mixture of sodiumazide (10.8 g, 165 mmol) in CH2Cl2 (30 mL) and H2O (30 mL), Tf2O (13.8 mL, 82 mmol) 

was added dropwise at 0 °C. The mixture was stirred for 2 h at 0 °C. The layers were separated and the aqueous 

layer was extracted with CH2Cl2 (2x 25 mL). The combined organic layers were washed with sat aq NaHCO3. The 

TfN3 solution was added slowly to a mixture of glucosamine hydrochloride (6.6 g, 30.6 mmol), K2CO3 (5.8 g, 42 

mmol) and copper(II) sulfate hydrate (45 mg, 0.42 mmol) in H2O (90 mL). After addition of MeOH until layer 

unification (120 mL), the reaction mixture was stirred overnight at rt. After concentration under reduced 

pressure the crude product was used without further purification.  

Rf = 0.35 (CH2Cl2/MeOH 5:1), anisaldehyde. 

1,3,4,6-tetra-O-Acetyl-2-azido-2-deoxy-/-D-glucopyranoside 115[212] 

 

A solution of 2-azido-2-deoxy-/-D-glucopyranose 114 (6.1 g, 30 mmol) in pyridine (180 mL) and Ac2O (125 

mL) was stirred at rt overnight. The solvents were removed under reduced pressure and the residue was 

dissolved in CH2Cl2 (50 mL). The organic layer was washed with 1M HCl (3x 15 mL) and with sat aq NaHCO3 (20 

mL). After the removal of the solvent under reduced pressure, the residue was purified by FC (petroleum ether 
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/EtOAc 2:1) yielding 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-/-D-glucopyranoside 115 (10.4 g, 91 %) as an 

/mixture of 3:7.  

Rf = 0.37 (petroleum ether/EtOAc 2:1), anisaldehyde; spectroscopic data corresponding to literature.[212] 

2,4,6-tri-O-Acetyl-2-azido-2-deoxy--D-glucopyranosyl bromide 116[213] 

 

To a solution of azido sugar 115 (1.38 g, 3.7 mmol) in CH2Cl2 (40 mL) and EtOAc (8 mL), TiBr4 (1.7 g, 4.6 mmol) 

was added. The reaction mixture was stirred for 3 d at rt. Toluene (50 mL), MeCN (10 mL) and dry NaOAc (10 g) 

were added and the reaction mixture was stirred until decolorization. The suspension was filtered through 

celite and concentrated. The residue was purified by FC (petroleum ether/EtOAc 3:1) yielding the bromide 116 

(1.06 g, 73 %) as colorless oil.  

Rf = 0.36 (petroleum ether /EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, C6D6):  [ppm] = 5.76 (d, J = 3.7 Hz, 

1 H, H-1), 5.61 (dd, J = 9.3 Hz, 10.4 Hz, 1 H, H-3), 5.09 (dd, J = 9.3 Hz, 10.4 Hz, 1 H, H-4), 4.22 (dd, J = 4.1 Hz, 12.7 

Hz, 1 H, H-6a), 4.10 (ddd, J = 2.0 Hz, 4.1 Hz, 10.4 Hz, 1H, H-5), 3.84 (dd, J = 3.8 Hz, 12.7 Hz, 1 H, H-6b), 2.81 (dd, J 

= 3.8 Hz, 10.4 Hz, 1 H, H-2), 1.72 (s, 3 H, CH3), 1.71 (s, 3 H, CH3), 1.66 (s, 3 H, CH3); 13C NMR (100 MHz, C6D6):  

[ppm] = 169.7, 169.4, 169.2 (C=O), 88.1 (C-1), 73.0 (C-5), 71.9 (C-3), 67.5 (C-4), 62.4 (C-2), 60.9 (C-6), 20.2, 20.1, 

20.1 (CH3). 

2,4,6-tri-O-Acetyl-1-O-allyl-2-azido-2-deoxy--D-glucopyranoside 117 

 

Bromide 116 (886 mg, 2.24 mmol) was dissolved in dry CH2Cl2 (15 mL). Molecular sieve (4 Å) was added 

followed by allyl alcohol (305 µL, 4.48 mmol). The reaction mixture was stirred for 1 h followed by the addition 

of Ag2CO3 (940 mg, 3.4 mmol). The suspension was stirred for 24 h in the dark. CH2Cl2 (200 mL) was added and 

the suspension was filtered through celite. The filtrate was washed with water (3x), once with brine, dried 

(MgSO4) and concentrated. The residue was purified by FC (petroleum ether/EtOAc 3:1) yielding the allyl 

protected azido sugar 117 (410 mg, 49 %) as colorless foam. 

Rf = 0.31 (petroleum ether /EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 5.93 (dddd, J = 17.3 

Hz, 10.4 Hz, 6.2 Hz, 5.2 Hz, 1 H, OCH2CHCH2), 5.34 (dq, J = 17.2 Hz, 1.6 Hz, 1 H, OCH2CHCH2), 5.25 (dq, J = 10.4 

Hz, 1.3 Hz, 1 H, OCH2CHCH2), 5.09 – 4.89 (m, 2 H, H-3, H-4), 4.43 (d, J = 8.1 Hz, 1 H, H-1), 4.42 – 4.37 (m, 1 H, 

OCH2CHCH2), 4.26 (dd, J = 12.3 Hz, 4.8 Hz, 1 H, H-6a), 4.16 (m, 1 H, OCH2CHCH2), 4.11 (dd, J = 12.3 Hz, 2.4 Hz, 1 
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H, H-6b), 3.69 – 3.59 (m, 1 H, H-5), 3.57 – 3.42 (m, 1 H, H-2), 2.07 (s, 6 H, CH3), 2.00 (s, 3 H, CH3); 13C NMR (100 

MHz, CDCl3)  [ppm] = 170.7, 170.1, 169.7 (C=O), 133.1 (OCH2CHCH2), 118.5 (OCH2CHCH2), 100.9 (C-1), 72.7 (C-

3), 71.9 (C-5), 70.8 (OCH2CHCH2), 68.6 (C-4), 63.8 (C-2), 62.0 (C-6), 20.8, 20.8, 20.7 (CH3). 

1-O-Allyl-2-azido-2-deoxy--D-glucopyranoside 118 

 

Allyl protected azido sugar 117 (1.30 g, 3.5 mmol) was deacetylated according to GP 2. After lyophiliziation, the 

deacetlyated azido sugar 118 (810 mg, 95 %) was obtained as colorless solid. 

1H NMR (400 MHz, D2O)  [ppm] = 6.12 – 5.96 (m, 1 H, OCH2CHCH2), 5.44 (d, J = 17.3 Hz, 1 H, OCH2CHCH2), 5.34 

(d, J = 11.9 Hz, 1 H, OCH2CHCH2 ), 4.60 (d, J = 8.2 Hz, 1 H, H-1), 4.46 (dd, J = 12.8 Hz, 5.6 Hz, 1 H, OCH2CHCH2), 

4.29 (dd, J = 12.8 Hz, 6.3 Hz, 1 H, OCH2CHCH2), 3.94 (dd, J = 13.7 Hz, 1.6 Hz, 1 H, H-6a), 3.76 (dd, J = 13.1 Hz, 4.8 

Hz, 1 H, H-6b), 3.57 – 3.41 (m, 3 H, H-3, H-4, H-5), 3.41 – 3.30 (m, 1 H, H-2); 13C NMR (100 MHz, D2O)  [ppm] = 

133.1 (OCH2CHCH2), 118.9 (OCH2CHCH2), 100.3 (C-1), 75.9 (C-3), 74.4 (C-5), 70.7 (OCH2CHCH2), 69.6 (C-4), 65.7 

(C-2), 60.7 (C-6). 

1-O-Allyl-2-azido-3,4,6-tri-O-benzyl-2-deoxy--D-glucopyranoside 119 

 

NaH (60 % in mineral oil, 350 mg, 7.90 mmol) was suspended in DMF (4 mL) under N2 atmosphere and 

benzylbromide (0.93 mL, 7.9 mmol) was added dropwise at 0°C. Azido sugar 118 (0.81 g, 3.3 mmol) dissolved in 

DMF (8 mL) was added dropwise and stirred for 1.5 h at rt. Methanol was added, the mixture was diluted with 

EtOAc and neutralized with acetic acid. Water was added and the layers were separated. The organic layer was 

dried (MgSO4) and concentrated. The residue was purified by FC (petroleum ether/EtOAc 5:1) to obtain the 

benzyl protected azido sugar 119 (1.46 g, 2.84 mmol, 86 %). 

Rf = 0.45 (petroleum ether /EtOAc 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3)  [ppm] = 7.40-7.12 (m, 15 H, 

Ar-H), 5.97 (dddd, J = 16.8 Hz, 10.9 Hz, 6.1 Hz, 5.1 Hz, 1 H, OCH2CHCH2), 5.36 (dq, J = 17.2 Hz, 1.6 Hz, 1 H, 

OCH2CHCH2), 5.24 (dq, J = 10.4 Hz, 1.4 Hz, 1 H, OCH2CHCH2), 4.90 (d, J = 10.8 Hz, 1 H, CH2), 4.85-4.78 (m, 2 H, 

CH2), 4.63 (d, 2J = 12.2 Hz, 1 H, CH2), 4.59-4.51 (m, 2 H, CH2), 4.43 (ddt, J = 12.9 Hz, 5.1 Hz, 1.5 Hz, 1 H, 

OCH2CHCH2), 4.35-4.29 (m, 1 H, H-1), 4.16 (ddt, J = 12.9 Hz, 6.1 Hz, 1.4 Hz, 1 H, OCH2CHCH2), 3.77-3.67 (m, 2 H, 

H-6ab), 3.67-3.59 (m, 1 H, H-3), 3.52-3.38 (m, 3 H, H-2, H-4, H-5); 13C NMR (100 MHz, CDCl3)  [ppm] = 138.2-

138.0 (CAr), 133.7 (OCH2CHCH2), 128.6-127.9 (CAr), 117.8 (OCH2CHCH2), 101.1 (C-1), 83.4 (C-5), 77.9 (C-3), 75.7 

(CBn), 75.2 (C-4, CBn), 73.7 (CBn), 70.4 (OCH2CHCH2), 68.8 (C-6) , 66.5 (C-2). 
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2-Azido-3,4,6-tri-O-benzyl-2-deoxy-/-D-glucopyranose 97[167] 

 

[Ir(MePh2P)2(C8H12)]PF6 (12 mg, 14 µmol) was suspended in dry THF (3 mL) under N2. The suspension was 

evacuated and then saturated with H2. After stirring for 10 min the red suspension turned colorless. The 

solution was evacuated again to remove excess hydrogen and added dropwise over 15 minutes to a solution of 

the allyl protected sugar 119 (244 mg, 0.47 mmol) in dry THF (4 mL). After 5 min TLC (petroleum ether/EtOAc 

5:1) showed complete conversion of the starting material. THF (20 mL), water (3 mL) and NBS (300 mg) were 

added and the reaction mixture was stirred for 15 min. The reaction mixture was concentrated, dissolved in 

CH2Cl2 and extracted with sat aq NaHCO3. The aqueous layer was extracted once more with CH2Cl2 and the 

combined organic layers were concentrated. The residue was purified by FC (petroleum ether/EtOAc 3:1) 

yielding 97 (192 mg, 86 %) as colorless solid.  

Rf = 0.28 (petroleum ether/EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.33-7.06 (m, 15 H, 

Ar-H), 4.84-4.71 (m, 4 H, CH2), 4.54-4.42 (m, 3 H, CH2, H-1), 4.05-4.01 (m, 1 H, H-4), 3.96 (dd, J = 8.9 Hz, 10.4 Hz, 

1 H, H-3), 3.63-3.47 (m, 3 H, H-5, H-6ab), 3.33-3.29 (m, 1 H, H-2); 13C NMR (100 MHz, CDCl3):  [ppm] = 128.6-

127.9 (CAr), 96.3 (C-1), 80.2 (C-3), 78.7 (C-5), 75.7, 75.6, 73.6 (CBn), 70.8 (C-4), 68.8 (C-6), 67.6 (C-2). 

2-Azido-3,4,6-tri-O-benzyl-2-desoxy-D-glucono-1,5-lactone 98[168] 

 

To a solution of azido sugar 97 (3.00 g, 6.31 mmol) in dry DMSO (60 mL), Ac2O (12.88 g, 126.17 mmol) was 

added. The reaction mixture was stirred overnight at rt. The solvents were removed under reduced pressure 

and the residue was coevaporated with toluene (2x). The residue was purified by FC (petroleum ether/EtOAc 

5:1) yielding lactone 98 (1.62 g, 54 %) as a colorless oil.  

Rf = 0.43 (petroleum ether/EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.39-7.27 (m, 13 H, 

Ar-H), 7.20-7.15 (m, 2 H, Ar-H), 4.69-4.64 (m, 1 H, CH2), 4.61-4.49 (m, 3 H, CH2), 4.44-4.38 (m, 1 H, CH2), 4.37-

4.30 (m, 2 H, CH2, H-5), 4.14 (d, J = 3.1 Hz, 1 H, H-2), 4.08-4.04 (m, 1 H, H-3), 3.90 (dd, J = 6.5 Hz, 1.6 Hz, 1 H, H-

4), 3.67 (d, J = 4.7 Hz, 2 H, H-6ab); 13C NMR (100 MHz, CDCl3):  [ppm] =167.2 (C=O), 137.7, 136.7, 128.8-127.9 

(CAr), 79.7 (C-5), 78.4 (C-3), 73.7 (CBn, C-4), 72.8 (CBn), 72.2 (CBn), 68.9 (C-6), 59.1 (C-2).  
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3,4,6-tri-O-Acetyl-2-amino-2-deoxy--D-glucopyranosyl bromide hydrobromide 125[174] 

 

To dry glucosamine hydrochloride (5 g, 23.3 mmol), AcBr (8.4 mL, 112.5 mmol) was added and stirred at rt for 3 

d in a sealed flask. The crude product was dissolved in hot CHCl3 and filtered to remove unreacted glucosamine 

hydrochloride. After removal of the solvent using oil pump vacuum and condensation trap, the crude product 

was intensively washed with dry Et2O. After drying, the sugarbromide 125 (9.3 g, 90 %) was obtained as slightly 

brown solid. 

Rf = 0.44 (EtOAc), anisaldehyde; mp 148–150 °C. 

2-(4-Bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 123[214] 

 

1,4-Dibromobenzene (5 g, 21.1 mmol) was dissolved in dry THF (50 mL) under N2 and cooled to –78°C, followed 

by dropwise addition of n-BuLi (2.5 M in hexane, 8.4 mL, 21.1 mmol). After stirring for 20 min at –78°C, 

triisopropylborate (14.8 mL, 63.3 mmol) was added dropwise and the solution was stirred for 10 min at –78°C. 

The reaction was allowed to warm to rt and stirred for 1 h, cooled to 0°C and quenched with sat aq NH4Cl (20 

mL). After acidification with 1 M HCl, the reaction mixture was extracted with EtOAc (3x) and dried (MgSO4). 

Pinacol (2.5 g, 21.1 mmol) was added to the organic layer prior to the removal of the solvent under reduced 

pressure. The residue was purified by FC (petroleum ether/EtOAc 15:1) yielding the pinacol ester 123 (4.01 g, 

67 %) as colorless solid. 

Rf = 0.45 (petroleum ether/EtOAc 15:1), iodine; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.67-7.65 (m, 2 H, Ar-H), 

7.51-7.49 (m, 2 H, Ar-H), 1.34 (s, 12 H, CH3) 13C NMR (100 MHz, CDCl3):  [ppm] =136.5, 131.1, 126.4 (CAr), 84.2 

(C(CH3)2), 25.0.(CH3), 11B NMR (128 MHz, CDCl3):  [ppm] = 30.6.  

1,3,4,6-tetra-O-Acetyl-2-amino-2-deoxy--D-glucopyranoside hydrochloride 140A[215] 
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Hydrochloride 140A was synthesized from glucosamine hydrochloride according to Bergmann et al.[215] in 33 % 

over three steps.  

Ethyl-3,4,6-tri-O-acetyl-2-deoxy-1-thio-2-(2,2,2-trichloroethoxycarbonylamino)--D-glucopyranoside 140[179] 

 

The thiosugar 140 was synthesized from hydrochloride 140A according to Ellervik et al.[179] in 60 % yield over 

two steps. The spectroscopic data were in agreement with the published ones. 

Rf = 0.45 (petroleum ether/EtOAc 1:1), anisaldehyde. 

2,3,4,6-tetra-O-Benzyl-D-galacto-1,5-lactone 151[166] 

 

2,3,4,6-tetra-O-Benzyl-D-galactopyranose 150 (4 g, 7.39 mmol) was dissolved in dry DMSO (90 mL) and Ac2O 

(22 mL) was added. The reaction was stirred at rt overnight. The solvents were removed under reduced 

pressure and coevaporated with toluene (3x). The residue was purified by FC (PE/EtOAc 3:1) yielding lactone 

151 (3.95 g, 99 %) as colorless oil. 

Rf = 0.50 (petroleum ether/EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.43-7.23 (m, 20 H, 

Ar-H), 5.19 (d, J = 11.0 Hz, 1 H, CH2), 4.94 (d, J = 11.2 Hz, 1 H, CH2), 4.80-4.67 (m, 3 H, CH2), 4.61 (d, J = 11.2 Hz, 

1 H, CH2), 4.52-4.43 (m, 3 H, CH2, H-4), 4.36-4.32 (m, 1-H, H-4), 4.17-4.16 (m, 1 H, H-3), 3.89 (dd, J = 9.5 Hz, 2.2 

Hz, 1 H, H-5), 3.73-3.64 (m, 2 H, H-6); 13C NMR (100 MHz, CDCl3):  [ppm] = 170.1 (C=O), 137.9, 137.7, 137.5, 

128.6-127.7 (CAr), 80.3 (C-5), 77.5 (C-2, C-4), 75.4 (CBn), 74.9 (CBn), 73.8 (CBn), 73.0 (CBn), 72.7 (C-3), 67.7 (C-6). 

4-O-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)-1,2,3,6-tetra-O-acetyl-/-D-glucopyranose 159[216] 

 

Lactose (10 g, 29.2 mmol) was suspended in pyridine (280 mL) and Ac2O (140 mL). The suspension was stirred 

at rt for 12 h. After removal of the solvent under reduced pressure, the residue was dissolved in CH2Cl2, washed 

with 1 M HCl (3x) and aq sat NaHCO3. The aqueous layers were each extracted with CH2Cl2 (2x) and the 

combined organic layers dried (MgSO4). After removal of the solvent under reduced pressure the crude product 

(19.82 g, quant) was used without further purification. 
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Rf = 0.51 (petroleum ether/EtOAc 1:2), anisaldehyde. 

4-O-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)-2,3,6-tri-O-acetyl--D-glucopyranosyl bromide 160[184] 

 

Peracetylated lactose 159 (1 g, 1.47 mmol) was dissolved under exclusion from light in 2 mL CH2Cl2 and cooled 

to 0°C. HBr solution (33 % in AcOH, 2.5 mL) was added, the reaction mixture was stirred for 2 h, poured into ice 

water and extracted with EtOAc. The organic layer was washed with saturated sat aq NaHCO3 (4x) and dried 

(Na2SO4). The residue was washed with petroleum ether (3x). Thus, the bromide 160 (973 mg, 95 %) could be 

obtained as colorless solid. 

Rf = 0.55 (petroleum ether/EtOAc 1:2), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 6.52 (d, J = 4.0 Hz, 1 

H, H-1Glc), 5.54 (t, J = 4.0 Hz, 1 H-3Glc), 5.35 (dd, J = 3.3 Hz, 1.2 Hz, 1 H, H-4Gal), 5.12 (dd, J = 7.9 Hz, 10.4 Hz, 1 H, 

H-2Gal), 4.95 (dd, J = 3.5 Hz, 10.4 Hz, 1 H, H-3Gal), 4.75 (dd, J = 4.1 Hz, 10.0 Hz, 1 H, H-2Glc), 4.52-4.47 (m, 2 H, H-

6aGlc, H-1Gal), 4.22-4.05 (m, 4 H, H-6bGlc, H-6abGal, H-5Glc), 3.90-3.83 (m, 2 H, H-5Gal, H-4Glc), 2.15 (s, 3 H, CH3), 2.12 

(s, 3 H, CH3), 2.08 (s, 3 H, CH3), 2.06 (s, 3 H, CH3), 2.05 (s, 3 H, CH3), 2.04 (s, 3 H, CH3), 1.96 (s, 3 H, CH3); 13C NMR 

(100 MHz, CDCl3):  [ppm] =170.4, 170.3, 170.2, 170.2, 170.1, 169.3, 169.1 (C=O), 100.9 (C-1Gal), 86.5 (C-1Glc), 

75.1 (C-4Glc), 73.1 (C-5Glc), 71.1 (C-3Gal), 71.0 (C-2Glc), 70.9 (C-5Gal), 69.8 (C-3Glc), 69.2 (C-2Gal), 66.8 (C-4Gal), 61.2 

(C-6Glc), 61.0 (C-6Gal), 21.9-20.6 (CH3). 

4-O-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)-2,3,6-tri-O-acetyl-1-O-allyl--D-glucopyranoside 161 [184] 

 

Bromide 160 (1 g, 1.43 mmol) was dissolved in dry CH2Cl2 (10 mL) and molecular sieve (500 mg, 4 Å) was 

added. The suspension was stirred at rt and freshly distilled allyl alcohol (194 µL, 2.86 mmol) was added. The 

suspension was stirred for 1 h at rt. Ag2CO3 (0.59 g, 2.14 mmol) was added and stirring was continued for 24 h. 

The reaction mixture was filtered through celite. The filtrate was washed with water, sat aq NaHCO3 and with 

brine. The organic layer was dried (MgSO4) and concentrated. The residue was purified by FC (petroleum 

ether/EtOAc 1:1) to obtain the allyl protected compound 161 (547 mg, 57 %) as a colorless foam. 

Rf = 0.29 (petroleum ether/EtOAc 1:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 5.91-5.78 (m, 1 H, H-

2All), 5.34-5.33 (m, 1 H, H-4Gal), 5.28-5.15 (m, 3 H, H-3Glc, H-3All), 5.09 (dd, J = 7.9 Hz, 10.4 Hz, 1 H, H-2Gal), 4.97-

4.89 (m, 2 H, H-2Glc, H-3Gal), 4.52 (d, J = 7.9 Hz, 1 H, H-1Glc), 4.49-4.46 (m, 2 H, H-6aGlc, H-1Gal), 4.28-4.25 (m, 1 H, 

H-1All), 4.15-4.01 (m, 4 H, H-1All, H-6bGlc, H-6abGal), 3.88-3.84 (m, 1 H, H-5Gal), 3.79 (t, J = 9.4 Hz, 1 H, H-4Glc), 3.60-

3.56 (m, 1 H, H-5Glc), 2.14, 2.11, 2.05, 2.03, 1.95 (s, 21 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] =170.5, 
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170.4, 170.2, 170.1, 169.9 169.7, 169.2 (C=O), 133.5 (C-2All), 117.7 (C-3All), 101.2 (C-1Gal), 99.4 (C-1Glc), 76.4 (C-

4Glc), 73.0 (C-3Glc), 72.8 (C-5Glc), 71.8 (C-2Glc), 71.1 (C-3Gal), 70.8 (C-5Gal), 70.1 (C-1All), 69.3 (C-2Gal), 66.8 (C-4Gal), 

62.2 (C-6Glc), 60.9 (C-6Gal), 21.0-20.6 (CH3).  

1-Allyl-4-O-(2,3,4,6-tetra-O-benzyl--D-galactopyranosyl)-2,3,6-tri-O-benzyl--D-glucopyranoside 163 

 

Allyl protected sugar 161 (661 mg, 0.97 mmol) was deacetylated according to GP 2. After lyophiliziation, 

deacetlyated sugar 162 (360 mg, 97 %) was obtained as a colorless solid. NaH (240 mg, 5.9 mmol) was 

suspended in dry DMF (3 mL) at 0°C and BnBr (700 µL, 5.9 mmol) was added. After 15 min the deacetylated 

sugar 162 (271 mg, 0.7 mmol) in dry DMF (3 mL) was added dropwise. The reaction mixture was stirred for 1.5 

h at rt. Methanol and EtOAc were added and the reaction mixture was neutralized with acetic acid. Water was 

added and the layers were separated. The aqueous layer was extracted with EtOAc (1x) and the combined 

organic layers were dried (MgSO4). The solvent was removed under reduced pressure and the residue was 

coevaporated with toluene (1x). The obtained yellow oil was purified by FC (petroleum ether/EtOAc 4:1) to 

obtain the benzylated sugar 163 (505 mg, 71 %). 

 

Rf = 0.49 (petroleum ether/EtOAc 4:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.28-7.02 (m, 35 H, 

Ar-H), 5.92-5.82 (m, 1 H, H-2All), 5.27-5.22 (m, 1 H, H-3All), 5.12-5.09 (m, 1 H, H-3All), 4.95-4.61 (m, 10 H, CH2), 

4.49-4.44 (m, 2 H, H-1Gal, H-1Glc), 4.37-4.14 (m, 4 H, CH2), 4.07-4.02 (m, 1 H, H-1All), 3.88-3.82 (m, 3 H, H-1All, H-

4Glc, H-4Gal), 3.73-3.63 (m, 3 H, H-6abGlc, H-2Gal), 3.50-3.44 (m, 2 H, H-6aGal, H-3Glc), 3.37-3.26 (m, 5 H, H-6bGal, H-

5Glc, H-5Gal, H-3Gal, H-2Glc); 13C NMR (100 MHz, CDCl3):  [ppm] = 139.3-138.2 (CAr), 134.3 (C-2All), 128.5-127.2 

(CAr), 117.3 (C-3All), 102.9, 102.8 (C-1Glc, C-1Gal), 83.1 (C-3Glc), 82.7 (C-2Glc), 81.9 (C-3Gal), 80.1 (C-2Gal), 75.5 (C-5Glc), 

75.4 (C-4Glc), 75.3, 75.2, 74.8, 73.8 (CBn), 73.5 (C-4Gal), 73.2, 73.1 (CBn), 72.7 (C-5Gal), 70.4 (C-1All), 68.5 (C-6Glc), 

68.2 (C-6Gal). 

4-O-(2,3,4,6-tetra-O-Benzyl--D-galactopyranosyl)-2,3,6-tri-O-benzyl-/-D glucopyranose 164 

 

[Ir(MePh2P)2(C8H12)]PF6 (108 mg, 0.13 mmol) was suspended in dry THF (30 mL). The suspension was once 

evacuated and then saturated with H2. After 10 minutes the red suspension turned colorless. The solution was 

evacuated again to remove excess hydrogen and added dropwise over 15 min to a solution of the allyl 

protected sugar 163 (4.18 g, 4.13 mmol) in dry THF (40 mL). After 5 min TLC (petroleum ether/EtOAc 4:1) 

showed complete conversion of the starting material. THF (200 mL), water (10 mL) and NBS (1.08 g, 6 mmol) 

were added and the reaction mixture was stirred for 30 min. The reaction mixture was concentrated, dissolved 
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in CH2Cl2 and extracted with sat aq NaHCO3. The aqueous layer was extracted with CH2Cl2 and the combined 

organic layers were concentrated. The obtained crude product 164 (2.85 g, 71 %) was used in the next step 

without further purification.  

Rf = 0.19 (petroleum ether/EtOAc 3:1), anisaldehyde. 

4-O-(2,3,4,6-tetra-O-Benzyl--D-galactopyranosyl)-2,3,6-tri-O-benzyl-D-glucono-1,5-lactone 165 

 

Anomer deprotected sugar 164 (2.73 g, 2.8 mmol) was dissolved in dry DMSO (35 mL), Ac2O (6 mL) was added 

and the solution was stirred at rt for 12 h. The solvent was removed under reduced pressure and the residue 

was coevaporated with toluene (3x). The product was purified by FC (petroleum ether/EtOAc 3:1) yielding the 

lactone 165 (2.72 g, 2.8 mmol, quant) as colorless oil. 

Rf = 0.38 (petroleum ether/EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.36-7.19 (m, 35 H, 

Ar-H), 4.96 (d, J = 11.5 Hz, 1 H, CH2), 4.84 (d, J = 11.5 Hz, 1 H, CH2), 4.79 (d, J = 11.1 Hz, 1 H, CH2), 4.72-4.69 (m , 

4 H, CH2), 4.61-4.57 (m, 4 H, H CH2, H-5Glc), 4.49 (d, J = 11.9 Hz, 1 H, CH2), 4.41 (d, J = 7.8 Hz, 1 H, H-1Gal), 4.39-

4.29 (m, 3 H, CH2), 4.19 (dd, J = 4.1 Hz, 8.2 Hz, 1 H, H-4Glc), 4.11-4.06 (m, 2 H, H-3Glc, H-2Glc), 3.91 (d, J = 2.9 Hz, 

H-4Gal), 3.79 (dd, J = 7.7 Hz, 9.8 Hz, 1 H, H-2Gal), 3.71 (dd, J = 3.8 Hz, J = 11.2 Hz, 1 H, H-6aGlc), 3.63 (dd, J = 2.7 Hz, 

J = 11.2 Hz, 1 H, H-6bGlc), 3.60-3.56 (m, 1 H, H-6aGal), 3.48-3.42 (m, 3 H, H-3Gal, H-5Gal, H-6Gal); 13C NMR (100 MHz, 

CDCl3):  [ppm] = 168.9 (C=O), 138.8-127.6 (CAr), 104.1 (C-1Gal), 82.4 (C-3Gal), 80.1 (C-3Glc), 79.4 (C-2Gal), 78.3 (C-

5Glc), 77.1 (C-2Glc), 76.4 (C-4Glc), 75.4, 74.8 (CBn), 73.6, 73.5, 73.4, 73.2, 72.9, 72.8 (CBn, C-4Gal, C-5Gal), 68.5 (C-6Gal), 

68.3 (C-6Glc). 

6.5.2 Synthesis of 3,3,5,5-tetramethylpiperazine-2,6-dione and 

test systems for Chan-Lam coupling 

2,2’-azanediylbis(2-methylpropanenitrile) 89A[74] 

 

Acetone (35.6 mL) was added to an ice cold solution of KCN (39.05 g, 0.6 mol) and NH4Cl (38.5 g, 0.72 mol) in 

250 mL 30 % aq NH3. The reaction mixture was stirred for 7 d at rt and extracted with CH2Cl2 (3x). The organic 

layers were combined and dried (MgSO4). The solvent was cautiously removed under reduced pressure. The 

residue was distilled under reduced pressure (20 mbar) yielding the colorless liquid 89A (23.94 g, 53 %). 
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bp (20 mbar) = 52°C; 1H NMR (400 MHz, CDCl3)  [ppm] = 1.47 (s, 12H, CH3); 13C NMR (100 MHz, CDCl3)  [ppm] 

= 125.25 (CN), 45.99 (C(CH3)2), 29.30 (CH3). 

3,3,5,5-tetramethylpiperazine-2,6-dione 89[74]  

 

89A (10.09 g, ≈10 mL, 66.07 mmol) was added dropwise to stirred, ice cold, conc. H2SO4 (73.2 mL). The reaction 

was stirred for 3 d at rt, heated to 100°C for 1 h and again stirred at rt overnight. The reaction mixture was 

pured into ice water and neutralized with 10 M aq NaOH. After removal of water under reduced pressure, the 

residue was suspended in MeOH and Na2SO4 was removed by filtration. MeOH was removed under reduced 

pressure and the obtained white solid was washed with water and petroleum ether. After lyophylization the 

spin-label precursor 89 (4.1 g, 73 %) was obtained. 

Rf = 0.26 (petroleum ether/EtOAc 1:1); 1H NMR (400 MHz, DMSO-D6)  [ppm] = 10.64 (s, 1 H, NHC(O)), 2.75 (s, 

1 H, NH(C(CH3), 1.27 (s, 12 H, CH3); 13C-NMR (100 MHz, DMSO-D6)  [ppm] = 177.77 (C(O)NH), 54.68 (C(CH3)2), 

27.74 (CH3); RP HPLC: tr = 2.70 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 

min); MS (ESI): m/z calcd for C8H14N2O2 + H+: 171.1 [M+H]+, found: 171.1. 

3,3,5,5-tetramethyl-1-phenylpiperazine-2,6-dione 109 

 

To a solution of bromobenzene (250 mg, 1.57 mmol) in THF (5 mL), n-BuLi (2.5 M in hexane, 1.25 mL, 3.0 mmol) 

and triisopropylborate (1.1 mL, 4.5 mmol) were added under N2 atmosphere at –78 °C. The reaction mixture 

was stirred for 10 min at –78 °C and afterwards 1 h at rt. The reaction mixture was cooled to 0°C and sat aq 

NH4Cl solution was added. After the addition of EtOAc the solution was slightly acidified with 1 M HCl and 

extracted with EtOAc (3x). The combined organic layers were washed with brine. The organic layer was dried 

(MgSO4) and concentrated. The crude phenylboronic acid was coupled with 3,3,5,5-tetramethylpiperazine-2,6-

dione 89 (269 mg, 1.57 mmol) according to GP 8. Purification by FC (petroleum ether/EtOAc 1:2) yielded amine 

109 (253 mg, 66 % over two steps) as colorless solid.  

1H NMR (400 MHz, CDCl3)  [ppm] = 7.48-7.43 (m, 2 H, Ar-H ), 7.41-7.37 (m, 1 H, Ar-H), 7.10-7.06 (m, 2 H, Ar-H), 

1.70 (bs, 1 H, NH), 1.51 (s, 12 H, CH3); 13C NMR (100 MHz, CDCl3)  [ppm] = 176.8 (CO), 135.6, 129.3, 128.5, 

128.3 (CAr), 56.1 (C(CH3)2), 28.6 (CH3); RP HPLC: tr = 6.08 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 35-70 % MeCN in 5 min; MS (ESI): m/z calcd for C14H18N2O2 + H+: 247.1 [M+H]+, found: 247.2. 
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6.5.3 Synthesis of C-glycosyl derivatives 

1-(2,3,4,6-tetra-O-Benzyl--D-glucopyranosyl)-4-bromobenzene 103 

 

Lactone 101 (3.0 g, 5.56 mmol) was converted to the C-glycosyl compound 103 according to GP 5. The product 

was crystallized from a minimum of petroleum ether, yielding C-glycosyl compound 103 (2.76 g, 73 %) as 

colorless solid. 

Rf = 0.28 (petroleum ether/EtOAc 7:1); 1H NMR (400 MHz, CDCl3):  [ppm] = 7.53-7.19 (m, 22 H, Ar-H), 6.99-

6.92 (m, 2 H, Ar-H), 4.99-4.85 (m, 3 H, CH2), 4.70-4.62 (m, 2 H, CH2), 4.61-4.55 (m, 1 H, CH2), 4.46 (d, J = 10.5 Hz, 

1H, CH2), 4.21 (d, J = 9.3 Hz, 1 H, H-1), 3.89 (d, J = 10.5 Hz, 1 H, CH2), 3.83-3.74 (m, 4 H, H-3, H-4, H-6ab), 3.63-

3.58 (m, 1 H, H-5), 3.48-3.42 (m, 1 H, H-2); 13C NMR (100 MHz, CDCl3)  = 138.7-127.7 (CAr), 86.9 (C-4), 84.1 (C-

2), 81.0 (C-1), 79.5 (H-5), 78.4 (C-3), 75.8 (CBn), 75.3 (CBn), 75.1 (CBn), 73.6 (CBn), 69.2 (C-6); RP HPLC: 

tr = 10.50 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 90-100 % MeCN in 10 min); MS (ESI): m/z 

calcd for C40H39BrO5 + Na+: 703.2 [M+Na]+, found: 702.8. 

1-(2-Azido-3,4,6-tri-O-benzyl-2-deoxy--D-glucopyranosyl)-4-bromobenzene 121 

 

Lactone 98 (500 mg, 1.05 mmol) was converted to the C-glycosyl compound 121 according to GP 5. The residue 

was purified by FC (petroleum ether/EtOAc 7:1), yielding C-glycosyl compound 121 (358 mg, 55 %) as colorless 

oil. 

Rf = 0.32 (petroleum ether/EtOAc 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.53-7.48 (m, 2 H, 

Ar-H), 7.43-7.21 (m, 17 H, Ar-H), 4.91 (d, J = 10.7 Hz, 1 H, CH2), 4.79 (dd, J = 11.6 Hz, 19.8 Hz, 2 H, CH2), 4.70 (d, J 

= 12.2 Hz, 1 H, CH2), 4.64-4.58 (m, 2 H, CH2), 4.47 (s, 1 H, H-1), 3.98-3.89 (m, 3 H, H-2, H-3, H-4), 3.81-3.78 (m, 2 

H, H-6ab), 3.61-3.54 (m, 1 H, H-5); 13C NMR (100 MHz, CDCl3):  [ppm] = 138.5, 138.2, 137.7, 137.1, 131.5, 

128.8-127.7 (CAr), 83.7 (C-5), 80.0 (C-3), 78.0 (C-1), 75.6 (CBn), 74.5 (C-4), 73.7 (CBn), 72.6 (CBn), 69.4 (C-6), 64.2 

(C-2); RP HPLC: tr = 11.70 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 90-100 % MeCN in 20 min). 
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2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl-benzene 127[173, 217] 

 

Under N2, hydrobromide 125 (2.0 g, 4.44 mmol) was suspended in dry Et2O (20 mL). After cooling to 0 °C, a 3 M 

solution of PhMgBr in Et2O (16 mL, 49 mmol) was slowly added and the mixture was stirred at 0 °C for 2 h. The 

reaction was allowed to warm to rt and stirred overnight. The suspension was again cooled to 0 °C, the reaction 

was quenched with 1 M HCl (10 mL), and the product was extracted with water (3x 100 mL). The combined 

aqueous phases were concentrated under reduced pressure followed by addition of pyridine (30 mL) and Ac2O 

(15 mL). The mixture was stirred overnight and the solvents were removed under reduced pressure. The 

residue was dissolved in EtOAc, washed with 1 M HCl (3x 50 mL) and sat aq NaHCO3 (50 mL), and dried 

(MgSO4). EtOAc was removed under reduced pressure and the residue was crystallized from a minimum of i-

PrOH, yielding the -C-glycosyl compound 127 (590 mg, 33 %) as colorless solid. From the mother liquor a small 

amount (7 %) of the pure -isomer and an anomeric mixture (/ 1:1.25) (10 %) could be obtained by column 

chromatography with EtOAc as eluent. 

Rf = 0.48 (EtOAc), KMnO4; mp 257 C; []
D

24
 –35.3 (c 1, CHCl3); 1H NMR (400 MHz, DMSO-d6):  [ppm] = 7.90 (d, 

1 H, J = 9.3 Hz, NH), 7.32-7.26 (m, 5 H, Ar-H), 5.18 (t, 1 H, J =  9.3 Hz, H-3), 5.01 (t, 1 H, J =  9.3 Hz, H-4), 4.51 (d, 1 

H, J = 10.3 Hz, H-1), 4.15 (dd, 1 H, J = 12.5 Hz, 5.4 Hz, H-6a), 4.07 (dd, 1 H, J = 12.5 Hz, 5.4 Hz, H-6b), 4.03-3.92 

(m, 2 H, H-2, H-5), 2.01 (s, 6 H, CH3), 1.91 (s, 3 H, CH3), 1.54 (s, 3 H, CH3); 13C NMR (100 MHz, DMSO-d6): 

 [ppm] = 170.1, 169.8, 169.4, 168.6 (C=O), 137.9, 128.1, 127.9, 127.3 (CAr), 79.4 (C-1), 74.9 (C-5), 74.1 (C-3), 

68.8 (C-4), 62.4 (C-6), 53.9 (C-2), 22.3, 20.6, 20.5, 20.4 (CH3); MS (ESI) calcd for C20H25NO8 + H+ [M+H]+ m/z: 

408.2, found: 408.4; anal. calcd for C20H25NO8: C 58.96, H 6.18, N 3.44, found: C 58.69, H 6.38, N 3.52.  

1-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyl)-4-bromobenzene 130[217] 

 

1,4-Dibromobenzene (11.54 g, 48.95 mmol) was dissolved in dry THF (200 mL) and cooled to -78 °C. n-BuLi (2.5 

M in hexane, 19.6 mL, 48.95 mmol) was added dropwise and the reaction was stirred for 20 min. Sugarbromide 

125 (2 g, 4.45 mmol) dissolved in dry THF (100 mL) was added slowly. The mixture was allowed to warm up to 

rt and stirred overnight. The suspension was cooled to 0°C and the reaction was quenched with 1 M HCl (10 

mL). Et2O (300 mL) was added and the product was extracted with water (3x 100 mL). The aq solution was 

concentrated and pyridine (120 mL) and Ac2O (60 mL) were added to the residue. The reaction mixture was 

stirred overnight at rt and concentrated. The residue was dissolved in EtOAc, washed with 1 M HCl (3x 50 mL) 

and sat aq NaHCO3 (50 mL). After drying (MgSO4), EtOAc was removed under reduced pressure and the product 
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was crystallized from a minimum of i-PrOH, yielding the -C-glycosyl compound 130 (249 mg, 12 %) as colorless 

solid. 

Rf = 0.42 (petroleum ether/EtOAc 1:3), KMnO4; mp 262 C; []
D

25
 –47.8 (c 1, CHCl3); 1H NMR (400 MHz, 

DMSO-d6):  [ppm] = 7.95 (d, J = 9.6 Hz, 1 H, NH), 7.52 (d, J = 8.5 Hz, 2 H, Ar-H), 7.27 (d, J = 8.5 Hz, 2 H, Ar-H), 

5.18 (t, J = 9.8 Hz, 1 H, H-3), 5.01 (t, J = 9.8 Hz, 1 H, H-4), 4.50 (d,  J = 10.3 Hz, 1 H, H-1), 4.15 (dd, J = 12.7 Hz, 5.3 

Hz, 1 H, H-6a), 4.06 (dd, J = 12.7 Hz, 2.4 Hz, 1 H, H-6b), 3.99-3.91 (m, 2 H, H-2, H-5), 2.01 (s, 6 H, CH3), 1.91 (s, 3 

H, CH3), 1.56 (s, 3 H, CH3); 13C NMR (100 MHz, DMSO-d6):  [ppm] =170.2, 169.8, 169.4, 168.7 (C=O), 137.4, 

130.9, 129.4, 121.3 (CAr), 78.6 (C-1), 74.9 (C-5), 73.9 (C-3), 68.7 (C-4), 62.4 (C-6), 53.9 (C-2), 22.4, 20.6, 20.5, 20.4 

(CH3); RP HPLC: tr = 3.02 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min); 

MS (ESI): m/z calcd for C20H24BrNO8 + H+: 488.1 [M+H]+, found: 488.0; anal. calcd for C20H24BrNO8: C 49.4, H 

4.97, N 2.88. Found: C 49.64, H 4.95, N 3.15. 

2-Acetamido-2-deoxy-β-D-glucopyranosyl-benzene 132 

 

Compound 127 (460 mg, 1.13 mmol) was deacetylated according to GP 2. After lyophilization the -C-glycosyl 

compound 132 (260 mg, 82 %) was obtained as brown solid. 

1H NMR (400 MHz, D2O):  [ppm] = 7.38-7.37 (m, 5 H, Ar-H), 4.34 (d, J = 10.1 Hz, 1 H, H-1), 3.95-3.87 (m, 2 H, H-

2, H-5), 3.79 (dd, J = 12.5 Hz, 5.1 Hz, 1 H, H-6a), 3.67-3.53 (m, 3 H, H-6b, H-3, H-4), 1.71 (s, 3 H, CH3);  13C NMR 

(100 MHz, D2O):  [ppm] = 173.6 (C=O), 137.2, 128.8, 128.4, 127.4 (CAr), 80.8 (C-1), 80.0 (C-5), 75.2 (C-3), 69.9 

(C-4), 60.8 (C-6), 56.4 (C-2), 21.7 (CH3); MS (ESI): m/z calcd for C14H19NO5 + H+: 282.1 [M+H]+, found: 282.0.  

2-Acetamido-2-deoxy--D-glucopyranosyl-benzene 133 

 

The pure -C-glycosyl compound (127 mg, 0.31 mmol), obtained from FC of the mother liquor of compound 

125, was deacetylated according to GP 2. After lyophilization the -C-glycosyl compound 133 (73 mg, 84 %) 

was obtained as brown solid. 

1H NMR (400 MHz, D2O):  [ppm] = 7.40-7.31 (m, 5 H, Ar-H), 5.22 (d, J = 5.1 Hz, 1 H, H-1), 4.15 (dd, J = 5.1 Hz, 

8.0 Hz, 1 H, H-2), 4.0 (t, J = 7.5 Hz, 1 H, H-3), 3.90-3.85 (m, 1 H, H-6a), 3.78-3.74 (m, 1 H, H-5), 3.69-3.62 (m, 2 H, 

H-4, H-6b), 1.75 (s, 3 H, CH3); 13C NMR (100 MHz, D2O):  [ppm] =173.7 (C=O), 136.7, 128.5, 128.4, 128.0 (CAr), 
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76.2(C-5), 73.0 (C-1) 70.6 (C-3), 69.2 (C-4), 59.9 (C-6), 53.6 (C-2), 21.6 (CH3); MS (ESI): m/z calcd for C14H19NO5 + 

H+: 282.1 [M+H]+, found: 282.0.  

1-(2,3,4,6-tetra-O-Benzyl--D-glucopyranosyl)-benzene-4-benzamide 149 

 

 

An oven-dried Schlenk tube with Teflon seal was filled with C-glycosyl derivative 103 (50 mg, 0.07 mmol), CuI (2 

mg, 0.02 mmol), K2CO3 (20 mg, 0.14 mmol), benzamide (11 mg, 0.08 mmol), evacuated and backfilled with 

nitrogen. trans-1,2-Cyclohxanediamine (1 µL, 7 µmol) and dioxane (1 mL) werde added and the reaction 

mixture was stirred at 110°C for 20 h. The resulting suspensioin was cooled to rt and filtered through a 0.5x1 

cm pad of silica gel and eluted with EtOAc. The solvent was removed under reduced pressure and the residue 

was purified via FC (petroleum ether/EtOAc 3:1) yielding amide 149 (21 mg, 43 %) as colorless oil. 

Rf = 0.28 (petroleum ether/EtOAc 3:1); 1H NMR (400 MHz, CDCl3):  [ppm] = 7.81-6.90 (m, 30 H, Ar-H), 4.90-

4.79 (m, 3 H, CH2), 4.61-4.53 (m, 2 H, CH2), 4.49 (d, J = 12.3 Hz 1 H, CH2), 4.33 (d, J = 10.2 Hz, 1H, CH2), 4.17 (d, J 

= 9.5 Hz, 1 H, H-1), 3.79 (d, J = 10.3 Hz, 1 H, CH2), 3.74-3.70 (m, 4 H, H-3, H-4, H-6ab), 3.57-3.51 (m, 1 H, H-5), 

3.46-3.39 (m, 1 H, H-2); 13C NMR (100 MHz, CDCl3)  = 165.7 (C=O), 138.9-119.9 (CAr), 86.9 (C-4), 84.5 (C-2), 

81.3 (C-1), 79.5 (H-5), 78.5 (C-3), 75.8 (CBn), 75.3 (CBn), 75.1 (CBn), 73.6 (CBn), 69.3 (C-6). 

1-(2,3,4,6-tetra-O-Benzyl--D-galactopyranosyl)-4-iodobenzene 153 

 

Lactone 151 (3.7 g, 6.87 mmol) was converted to the -C-glycosyl compound according to GP 5 using 1,4-

diiodobenzene instead of 1,4-dibromobenzene. FC (petroleum ether/EtOAc 5:1) yielded the -C-glycosyl 

compound 153 (2.94 g, 59 %) as colorless oil. 

Rf = 0.47 (petroleum ether/EtOAc 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.56 (d, J = 8.3 Hz, 

2 H, Ar-H), 7.31-7.09 (m, 20 H, Ar-H), 6.87-6.85 (m, 2 H, Ar-H), 4.94 (d, J = 11.7 Hz, 1 H, CH2), 4.72-4.65 (m, 2 H, 

CH2), 4.57 (d, J = 11.7 Hz, 1 H, CH2), 4.45 (d, J = 10.5 Hz, 1 H, CH2), 4.40-4.33 (m, 2 H, CH2), 4.07 (d,  J = 9.4 Hz, 1 

H, H-1), 3.98 (d, J = 2.7 Hz, 1 H, H-4), 3.87 (d, J = 10.5 Hz, 1 H, CH2), 3.78 (t, J = 9.4 Hz, 1 H, H-2), 3.63-3.60 (m, 2 

H, H-3, H-5), 3.57-3.49 (m, 2 H, H-6ab); 13C NMR (100 MHz, CDCl3):  [ppm] = 139.4, 139.1, 138.6, 138.0, 137.9, 

137.3, 130.0-127.6 (CAr), 93.8 (CAr), 84.4 (C-5), 81.6 (C-1), 80.4 (C-2), 77.4 (C-3), 75.3 (CBn), 74.7 (CBn), 74.3 (C-4), 
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73.6 (CBn), 72.6 (CBn), 68.9 (C-6); RP HPLC: tr = 9.87 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 

80-100 % MeCN in 20 min); MS (ESI): m/z calcd for C40H39IO5 + H+: 727.2 [M+H]+, found: 727.2. 

1-(4-O-(2,3,4,6-Tetra-O-benzyl--D-galactopyranosyl)-2,3,6-tri-O-benzyl--D-glucopyranosyl)-4-

bromobenzene 166 

 

According to GP 5, the sugar lacton 165 (700 mg, 0.72 mmol) was converted to the -C-glycosyl compound 166. 

After removal of the solvent under reduced pressure the residue was purified by FC (petroleum ether/EtOAc 

4:1) to obtain the -C-glycosyl compound 166 (463 mg, 58 %) as colorless oil. 

Rf = 0.54 (petroleum ether/EtOAc 4:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.38-6.82 (m, 39 H, 

Ar-H), 5.08 (d, J = 10.7 Hz, 1 H, CH2), 4.91 (d, J = 11.6 Hz, 1 H, CH2), 4.74-4.73 (m, 2 H, CH2), 4.66-4.61 (m, 3 H, 

CH2), 4.52-4.44 (m, 4 H, CH2, H-1Gal), 4.32-4-15 (m, 3 H, CH2), 4.08 (d, J = 9.6 Hz, 1 H, H-1Glc), 4.03 (t, J = 9.6 Hz, 1 

H, H-4Glc), 3.84-3.78 (m, 3 H, H-4Gal, H-6aGlc, CH2), 3.72 (dd, J = 9.3 Hz, 7.7 Hz, 1 H, H-2Gal), 3.63-3.57 (m, 2 H, 

H-3Glc, H-6bGlc), 3.48-3.42 (m, 1 H, H-6aGal), 3.39-3.25 (m, 5 H, H-5Glc, H-3Gal, H-5Gal, H-6bGal, H-2Glc); 13C NMR 

(100 MHz, CDCl3):  [ppm] = 139.4-122.1 (CAr), 102.9 (C-1Gal), 85.2 (C-3Glc), 83.4 (C-2Glc), 82.7 (C-3Gal), 80.9 (C-

1Glc), 80.1 (C-2Gal), 79.8 (C-5Glc), 76.7 (C-4Glc), 75.6, 75.5, 75.2, 74.9 (CBn), 73.9 (C-4Gal), 73.6, 73.3 (CBn), 73.2 (C-

5Gal), 72.8 (CBn), 68.5 (C-6Glc), 68.2 (C-6Gal); MS (MALDI-TOF): m/z calcd for C67H67BrO10 + Na+: 1133.4 [M+Na]+, 

found: 1133.6. 

6.5.4 Synthesis of spin-labeled glucose 

(4-(2,3,4,6-tetra-O-Benzyl--D-glucopyranosyl)phenyl)boronic acid 104 

 

To a solution of C-glycosyl compound 103 (200 mg, 0.29 mmol) in THF (8 mL), n-BuLi (2.5 M in hexane, 0.68 mL, 

1.74 mmol) and triisopropylborate (1.6 mL, 7.06 mmol) were added under N2 atmosphere at –78 °C. The 

reaction mixture was stirred for 10 min at –78 °C followed by 1 h at rt. The reaction mixture was cooled to 0°C 

and sat aq NH4Cl solution was added. After the addition of EtOAc, the solution was slightly acidified with 1 M 

HCl and extracted with EtOAc (3x). The combined organic layers were washed with brine. The organic layer was 

dried (MgSO4) and concentrated. The crude product was used in the next step without further purification. 

RP HPLC: tr = 7.70 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min), MS 

(ESI): m/z calcd for C40H41BO7 + Na: 667.3 [M+Na]+, found: 667.2.  
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1-(4-(2,3,4,6-tetra-O-Benzyl--D-glucopyranosyl)phenyl)-3,3,5,5-tetramethylpiperazine-2,6-dione 111 

 

The crude phenylboronic acid 104 (187 mg, 0.29 mmol) was coupled with 3,3,5,5-tetramethylpiperazine-2,6-

dione 89 (49 mg, 0.29 mmol) according to GP 8. Purification by HPLC (Knauer Eurospher 100 C18, 250x16 mm, 

80-100 MeCN in 20 min) yielded amine 111 (12 mg, 13 %, over two steps) as colorless solid.  

Rf = 0.14 (petroleum ether/EtOAc 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.46 (d, J = 8.0 Hz, 2 

H, Ar-H), 7.40-7.12 (m, 18 H, Ar-H), 7.01 (d, J = 8.0 Hz, 2 H, Ar-H), 6.90-6.88 (m, 2 H, Ar-H), 4.92-4.78 (m, 3 H, 

CH2), 4.59-4.48 (m, 3 H, CH2), 4.37 (d, J = 10.0 Hz, 1 H, CH2), 4.21 (d, J = 9.4 Hz, 1 H, H-1), 3.78-3.67 (m, 5 H, H-3, 

H-4, H-6, CH2), 3.55-3.51 (m, 1 H, H-2), 3.44-3.40 (m, 1 H, H-5), 1.46 (s, 12 H, CH3); 13C NMR (100 MHz, CDCl3):  

[ppm] = 176.7 (C=O), 139.7, 138.8, 138.4, 138.3, 137.6, 135.6, 128.9-127.6 (CAr), 86.9 (C-3), 84.5 (C-5), 81.3 (C-

1), 79.6 (C-2), 78.5 (C-4), 75.9, 75.4, 75.3, 73.7 (CBn), 69.3 (C-6), 56.2 (C(CH3)2), 28.7 (CH3), RP HPLC: tr = 7.7 min 

(EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for 

C48H52N2O7 + Na: 791.4 [M+Na]+, found: 791.5.  

1-(4-(-D-glucopyranosyl)phenyl)-3,3,5,5-tetramethylpiperazine-2,6-dione 112 

 

Perbenzylated C-glycosyl compound 111 (95 mg, 0.12 mmol) was deprotected according to GP 9. Thus the 

unprotected amine 112 (48 mg, quant) was obtained as white solid. 

Rf = 0.1 (CH2Cl2/MeOH 7:1), anisaldehyde; 1H NMR (400 MHz, MeOD):  [ppm] = 7.58 (d, J = 8.0 Hz, 2 H, Ar-H), 

7.14 (d, J = 8.0 Hz, 2 H, Ar-H), 4.24 (d, J = 9.4 Hz, 1 H, H-1), 3.91-3.88 (m, 1 H, H-6a), 3.75-3.70 (m, 1 H, H-6b), 

3.53-3.40 (m, 3 H, H-3, H-4, H-5), 3.36 (t, J = 9.0 Hz, 1 H, H-2), 1.60 (s, 12 H, CH3); 13C NMR (100 MHz, CDCl3):  

[ppm] = 178.1 (C=O), 141.5, 136.4, 129.7, 129.2 (CAr), 83.1 (C-1), 82.2 (C-5), 79.6 (C-3), 71.9 (C-2), 71.9 (C-4), 

61.1 (C-6), 57.8 (C(CH3)2, 27.9.(CH3); RP HPLC: tr = 2.20 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 

0.4 mL/min, 40-80 % MeCN in 5 min); MS (ESI): m/z calcd for C20H28N2O7 + MeCN + H+: 450.2 [M+MeCN+H]+, 

found: 450.2.  
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1-(4-(-D-glucopyranosyl)phenyl)-3,3,5,5-tetramethyl-4-oxylpiperazine-2,6-dione 113 

 

Amine 112 (9 mg, 15 µmol) was oxidized to the spin-labeled sugar 113 according to GP 10. The residue was 

purified by FC (CH2Cl2/MeOH 10:1) yielding 113 (4 mg, 20 %) as white solid. 

Rf = 0.18 (CH2Cl2/MeOH 10:1), anisaldehyde; RP HPLC: tr = 3.45 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 

0.4 mL/min, 40-80 % MeCN in 5 min); MS (ESI): (ESI): m/z calcd for C20H27N2O8 + H2O+ H+: 442.2 [M+H2O +H]+, 

found: 442.2.  

6.5.5 Synthesis of spin-labeled N-Acetylglucosamine 

(4-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyl)phenyl)boronic acid pinacol ester 87 

 

Bromophenyl-C-glycosyl compound 130 (104 mg, 0.21 mmol) was converted to the boronic acid pinacol ester 

87 according to GP 6. The residue was purified by FC (petroleum ether/EtOAc 1:3) yielding pinacol ester 87 (106 

mg, 66 %) as colorless solid. 

Rf = 0.42 (petroleum ether/EtOAc 1:3), KMnO4; 1H NMR (400 MHz,CDCl3):  [ppm] = 7.74 (d, J = 7.8 Hz, 2 H, Ar-

H), 7.32 (d, J = 7.8 Hz, 2 H, Ar-H), 5.96 (d, J = 9.4 Hz, 1 H, NH), 5.31 (t, J = 9.6 Hz, 1 H, H-3), 5.21 (t, J = 9.6 Hz, 1 H, 

H-4), 4.45 (d,  J = 10.1 Hz, 1 H, H-1), 4.26 (dd, J = 12.2 Hz, 4.8 Hz, 1 H, H-6a), 4.20-4.10 (m, 2 H, H-6b, H-2), 3.84-

3.80 (m, 1 H, H-5), 2.04 (s, 3 H, CH3), 2.02 (s, 3 H, CH3), 2.00 (s, 3 H, CH3), 1.65 (s, 3 H, CH3), 1.29 (s, 12 H, CH3); 

13C NMR (100 MHz, CDCl3):  [ppm] =171.2, 170.9, 169.8, 169.5 (C=O), 140.0, 134.8, 126.7 (CAr), 83.9 (C(CH3)2), 

81.0 (C-1), 76.2 (C-5), 74.4 (C-3), 69.0 (C-4), 62.7 (C-6), 55.1 (C-2), 25.0, 24.9, 24.9, 23.0 (CH3), 20.8 (C(CH3)2); RP 

HPLC: tr = 3.26 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): 

m/z calcd for C26H36BNO10 + H+: 534.2 [M+H]+, found: 534.2. 

(4-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyl)phenyl)boronic acid 88  
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Pinacol ester 87 (100 mg, 0.18 mmol) was cleaved to the free boronic acid 88 according to GP 7. Thus the 

boronic acid 88 (65 mg, 40 %) was obtained as colorless solid.  

Rf = 0.10 (petroleum ether/EtOAc 1:3), KMnO4; 1H NMR (400 MHz, CDCl3):  [ppm] = 8.01 (s, 2 H, B(OH)2), 7.90 

(d, J = 9.5 Hz, 1 H, NH), 7.71 (d, J = 7.9 Hz, 2 H, Ar-H), 7.28 (d, J = 7.9 Hz, 2 H, Ar-H), 5.18 (t, J = 9.8 Hz, 1 H, H-3), 

5.01 (t, J = 9.8 Hz, 1 H, H-4), 4.52 (d,  J = 10.3 Hz, 1 H, H-1), 4.16 (dd, J = 12.4 Hz, 5.2 Hz, 1 H, H-6a), 4.07 (dd, J = 

12.4 Hz, 2.4 Hz, 1 H, H-6b), 4.03-3.92 (m, 2 H, H-2, H-5), 2.01 (s, 6 H, CH3) , 1.91 (s, 3 H, CH3), 1.54 (s, 3 H, CH3); 

13C NMR (100 MHz, CDCl3):  [ppm] =170.1, 169.8, 169.4, 168.6 (C=O), 139.6, 133.7, 126.3 (CAr), 79.4 (C-1), 75.0 

(C-5), 74.2 (C-3), 68.9 (C-4), 62.4 (C-6), 53.9 (C-2), 22.4, 20.6, 20.5, 20.4 (CH3); RP HPLC: tr = 3.85 min (EC 125/4 

Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for C20H26BNO10 + 

H+: 452.1 [M+H]+, found: 452.0. 

1-(4-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyl)phenyl)-3,3,5,5-tetramethylpiperazine-2,6-

dione 90 

 

Boronic acid 88 (40 mg, 88 µmol) was coupled with 3,3,5,5-tetramethylpiperazine-2,6-dione 89 according to GP 

8. The residue was purified by FC (EtOAc with 1 % NEt3) yielding 90 (13 mg, 26 %). 

Rf = 0.15 (EtOAc/NEt3 100:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.43 (d, J = 8.4 Hz, 2 H, Ar-H), 

7.05 (d, J = 8.4 Hz, 2 H, Ar-H), 5.48-5.41 (m, 2 H, H-3, NH), 5.19 (t, J = 9.8 Hz, 1 H, H-4), 4.67 (d, J = 10.2 Hz, 1 H, 

H-1), 4.25 (dd, J = 12.4 Hz, 5.2 Hz, 1 H, H-6a), 4.12 (dd, J = 12.4 Hz, 2.2 Hz, 1 H, H-6b), 4.09-4.02 (m, 1 H, H-2), 

3.87-3.83 (m, 1 H, H-5), 2.07 (s, 3 H, C(O)CH3), 2.05 (s, 3 H, C(O)CH3), 2.03 (s, 3 H, C(O)CH3), 1.74 (s, 3 H, 

C(O)CH3), 1.52 (s, 12 H, C(CH3)2); 13C NMR (100 MHz, CDCl3):  [ppm] =171.1, 171.0, 170.1, 169.7 (C=O), 

128.6-128.5 (CAr), 80.1 (C-1), 76.4 (C-5), 73.9 (C-3), 69.1 (C-4), 62.8 (C-6), 55.8 (C-2), 28.5 (C(CH3)2), 23.3, 20.9, 

20.9, 20.8 (C(O)CH3); RP HPLC: tr = 9.50 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 20-95 % 

MeCN in 20 min); MS (ESI): m/z calcd for C28H37N3O10 + H+: 576.6 [M+H]+, found: 576.3. 

1-(4-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyl)phenyl)-3,3,5,5-tetramethyl-4-

oxylpiperazine-2,6-dione 46A 
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The crude product from the Chan-Lam coupling 90 (47 mg, 82 µmol) was oxidized to the spin label according to 

GP 10. The residue was purified by flash chromatography (petroleum ether/EtOAc 1:4) yielding spin-labeled 

sugar 46A (39 mg, 66 µmol, 75 %, over two steps) as colorless solid. 

Rf = 0.32 (petroleum ether/EtOAc 1:4), anisaldehyde; RP HPLC: tr = 12.18 min (EC 125/4 Nucleodur C-18 Gravity, 

3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C28H36N3O11 + H+: 591.2 [M+H]+, found: 

591.3. 

1-(4-(2-Acetamido-2-deoxy--D-glucopyranosyl)phenyl)-3,3,5,5-tetramethyl-4-oxylpiperazine-2,6-dione 46 

 

Compound 46A (9 mg, 15 µmol) was deacetylated according to GP 2. After lyophilization the spin-labeled 

GlcNAc derivative 46 (6 mg, 86 %) was obtained as colorless solid. 

Rf = 0.18 (CH2Cl2/MeOH 10:1), anisaldehyde; RP HPLC: tr = 2.41 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 

0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C22H30N3O8 + MeOH+ H+: 497.2 [M+MeOH+H]+, 

found: 497.2. 

6.5.6 Synthesis of spin-labeled chitobiose  

1-(2-Acetamido-3,6-di-O-benzyl-2-deoxy--D-glycopyranosyl)-4-bromobenzene 136 

 

C-glycoside 130 (2.39 g, 4.92 mmol) was deprotected according to GP 2. The obtained solid was suspended in 

toluene (60 mL), Bu2SnO (2.68 g, 10.78 mmol) was added and the suspension was refluxed for 12 h in a water 

separator. The reaction was cooled to rt. Benzylbromide (1.7 mL, 14.7 mmol) and TBAI (3.98 g, 10.78 mmol) 

were added and the suspension was refluxed for 2.5 h. After cooling to rt, EtOAc was added and the suspension 

was washed with 1 M HCl (2x). The organic layer was dried (MgSO4) and concentrated under reduced pressure. 

The solid was purified by FC (petroleum ether/EtOAc 1:3) to obtain the di-benzylated C-glycosyl compound 136 

(1.33 g, 2.46 mmol, 50 %) as white solid. 

Rf = 0.56 (petroleum ether/EtOAc 1:3), mostain; 1H NMR (400 MHz,CDCl3):  [ppm] = 7.88 (d, J = 9.6 Hz, 1 H, 

NH), 7.50 (d, J = 8.4 Hz, 2 H, Ar-H), 7.33-7.24 (m, 12 H, Ar-H), 5.49 (d, J = 6.0 Hz, 1 H, CH2), 4.82 (d, J = 11.5 Hz, 1 

H, CH2), 4.62 (d, J = 11.5 Hz, 1 H, CH2), 4.51 (m, 2 H, CH2, H-3), 4.25 (d,  J = 10.1 Hz, 1 H, H-1), 3.79-3.76 (m, 2 H, 

H-6a, H-2), 3.62 (dd, J = 10.9 Hz, 5.5 Hz, 1 H, H-6b), 3.54-3.45 (m, 3 H, H-4, H-5, OH), 1.59 (s, 3 H, CH3); 13C NMR 

(100 MHz, CDCl3):  [ppm] = 168.4 (C(O)CH3), 139.2-120.8 (CAr), 84.0 (C-4), 79.9 (C-1), 79.4 (C-5), 73.5, 72.3 
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(CBn), 70.4 (C-6), 69.9 (C-3), 54.9 (C-2), 22.7 (CH3); RP HPLC: tr = 3.57 min (EC 125/4 Nucleodur C-18 Gravity, 3 

µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for C28H30BrNO5 + H+: 540.1 [M+H]+, found: 

540.2.  

1-((4-O-(3,4,6-tri-O-acetyl-2-(3,4,5,6-tetrachlorophthalimido)-2-deoxy--D-glucopyranosyl)-2-acetamido-3,6-

di-O-benzyl-2-deoxy--D-glycopyranosyl)-4-bromobenzene 137 

 

C-glycosyl compound 136 (100 mg, 185 µmol) and the TCP protected trichloroacetimidate 85 (133 mg, 185 

µmol) were coevaporated with toluene (3x), dissolved in CH2Cl2 (5 mL) and cooled to –35°C. TMSOTf (7 µl, 40 

µmol) was added and the reaction was stirred at –35°C for 2 h followed by 1 h at rt. The reaction was 

neutralized with NEt3 and concentrated. The residue was purified by FC (petroleum ether/EtOAc 1:1) yielding 

the chitobiose C-glycosyl compound 137 (68 mg, 62 µmol, 34 %) as colorless solid.  

Rf = 0.35 (petroleum ether/EtOAc 1:1), mostain; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.31-7.01 (m, 14 H, Ar-H), 

5.67 (d, J = 8.4 Hz, 1 H, H-1(2)), 5.57 (dd, J = 9.9 Hz, 8.9 Hz, 1 H, H-3(2)), 5.22-5.14 (m, 1 H, NH), 5.08 (t, J = 9.6 

Hz, 1 H, H-4(2)), 4.89 (d, J = 11.9 Hz, 1 H, CH2), 4.59-4.53 (m, 2 H, CH2, H-1(1)), 4.44-4.36 (m, 2 H, CH2), 4.21 (dd, 

J = 10.8, 8.4 Hz, 1 H, H-2(2)), 4.14-4.08 (m, 2 H, H-3(1), H-4(1)), 4.02 (dd, J = 12.6, 3.8 Hz, 1 H, H-6a(2)), 3.79 (dd, 

J = 12.6, 2.4 Hz, 1 H, H-6b(2)), 3.59 (dd, J = 11.9, 3.0 Hz, 1 H, H-6a(1)), 3.50 (dd, J = 11.9, 1.9 Hz, 1 H, H-6b(1)), 

3.45-3.33 (m, 3 H, H-5(1), H-2(1), H-5(2)), 1.91 (s, 6 H, CH3), 1.78 (s, 3 H, CH3), 1.59 (s, 3 H, CH3); 13C NMR (100 

MHz, CDCl3):  [ppm] = 170.7, 170.6, 170.3, 169.4 (C=O), 138.9-122.4 (CAr), 97.2 (C-1(2)), 80.4 (C-3(1)), 79.1 (C-

1(1), C-5(1)), 76.3 (C-4(1)), 73.6 (CBn), 73.5 (CBn), 71.8 (C-5(2)), 71.0 (C-3(2)), 68.7 (C-6(2)), 68.3 (C-4(2)), 61.5 (C-

6(1)), 58.6 (C-2(1)), 56.4 (C-2(2)), 23.5, 20.8, 20.7, 20.6 (CH3); RP HPLC: tr = 7.60 min (EC 125/4 Nucleodur C-18 

Gravity, 3-µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for C48H45BrCl4N2O14 + H+: 1095.1 

[M+H]+, found: 1094.9. 

1-((4-O-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy)--D-glucopyranosyl)-2-acetamido-3,6-di-O-benzyl-2-deoxy-

-D-glucopyranosyl)-4-bromobenzene 144 

 

TCP protected C-glycosyl compound 137 (100 mg, 90 µmol) was dissolved in pyridine (2 mL). Ethylenediamine 

(18 µL, 270 µmol) was added and the reaction mixture was stirred at 50 °C for 2 h, cooled to 0°C and Ac2O (500 
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µL) was added. The reaction was stirred for 2 h at rt and concentrated. The residue was purified by MPLC 

(petroleum ether/EtOAc, 66 % EtOAc → 100 % EtOAc in 10 min, 10 min 100 % EtOAc) yielding the C-glycosyl 

compound 144 (74 mg, 85 µmol, 94 %) as yellow foam.  

Rf = 0.29 (EtOAc), anisaldehyde, 1H NMR (400 MHz, CDCl3):  [ppm] = 7.35 (d, J = 8.4 Hz, 2 H, Ar-H), 7.23-7.12 

(m, 10 H, Ar-H), 6.99-6.90 (m, 2 H, Ar-H), 6.22 (bs, 1 H, NH), 4.12 (bs, 1 H, NH), 4.99-4.90 (m, 2 H, H-3(2), H-

4(2)), 4.79 (d, J = 11.4 Hz, 1 H, CH2), 4.68-4.49 (m, 4 H, H-1(2),  CH2, H-3(1)), 4.26 (d, J = 12.0 Hz, 1 H, CH2), 4.17-

4.10 (m, 3 H, H-4(1), H-6a(2), H-2(1)), 4.04-3.90 (m, 3 H, H-5(1), H-1(1), H-6b(2)), 3.69-3.41 (m, 4 H, H-6ab(1), H-

5(1), H-2(1)), 1.96 (s, 3 H, CH3), 1.95 (s, 3 H, CH3), 1.83 (s, 3 H, CH3), 1.65 (s, 3 H, CH3), 1.53 (s, 3 H, CH3), 13C NMR 

(100 MHz, CDCl3):  [ppm] = 170.7, 170.6, 169.8, 163.9, 163.1 (C=O), 139.8-122.3 (CAr), 99.1 (C-1(2)), 79.9 (C-

3(1)), 79.5 (C-5(1)), 77.9 (C-1(1)), 77.4 (C-4(1)), 73.6 (CBn), 73.0 (C-3(2)), 72.6 (CBn), 71.6 (C-5(2)), 69.5 (C-4(2)), 

69.6 (C-6(1)), 61.9 (C-6(2)), 57.5 (C-2(2)), 54.4 (C-2(1)), 23.4, 23.0, 21.3, 20.7, 20.7 (CH3), RP HPLC: tr = 4.25 min 

(EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min), MS (ESI): m/z calcd for 

C42H49BrN2O13 + H+: 871.2 [M+H]+, found: 870.9. 

6.5.7 Synthesis of spin-labeled Galactose 

(4-(2,3,4,6-tetra-O-Benzyl--D-galactopyranosyl)phenyl)boronic acid pinacol ester 154 

 

According to GP 6, iodobenzene C-glycosyl compound 153 (1.49 g, 2.06 mmol) was converted to boronic acid 

pinacolester 154. The residue was purified by automated column chromatography (petroleum ether/EtOAc, 0-

30 % EtOAc in 11 min) yielding the boronic acid pinacolester 154 (965 mg, 64 %) as colorless oil. 

Rf = 0.38 (petroleum ether/EtOAc 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.71 (d, J = 7.9 Hz, 

2 H, Ar-H), 7.41 (d, J = 7.9 Hz, 2 H, Ar-H), 7.28-6.86 (m, 20 H, Ar-H), 4.94 (d, J = 11.7 Hz, 1 H, CH2), 4.66 (m, 2 H, 

CH2), 4.58 (d, 3J = 11.7 Hz, 1 H, CH2), 4.39-4.31 (m, 3 H, CH2), 4.14 (d,  J = 9.3 Hz, 1 H, H-1), 3.98 (d, J = 2.7 Hz, 1 

H, H-4), 3.85 (t, J = 9.3 Hz, 1 H, H-2), 3.77 (d, J = 10.2 Hz, 1 H, CH2), 3.64-3.50 (m, 4 H, H-3, H-5, H-6), 1.25 (s, 12 

H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 142.8, 139.2, 138.7, 138.1, 138.0, 134.8, 128.5-127.4 (CAr), 84.4 

(C-5), 83.8 (C(CH3)2), 82.3 (C-1), 80.8 (C-2), 77.4 (C-3), 75.2 (CBn), 74.6 (CBn), 74.5 (C-4), 73.6 (CBn), 72.7 (CBn), 69.0 

(C-6), 25.0 (CH3); 11B NMR (128 MHz, CDCl3):  [ppm] = 29.9; RP HPLC: tr = 9.87 min (EC 125/4 Nucleodur C-18 

Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for C46H51BO7 + H+: 727.4 [M+H]+, 

found:. 727.2. 
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(4-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)phenyl)boronic acid pinacol ester 155 

 

154 (965 mg, 1.3 mmol) was deprotected according to GP 9. After removal of the solvent under reduced 

pressure, the residue was dissolved in pyridine (8 mL) and Ac2O (4 mL) was added. After stirring at rt overnight, 

the solvents were removed under reduced pressure and the residue was coevaporated with toluene (3x). The 

residue was then dissolved in EtOAc and washed with 1 M HCl (3x) and sat aq NaHCO3. The organic layer was 

dried (MgSO4) and concentrated. The acetylated sugar 155 (553 mg, 83 %) could be obtained as colorless foam. 

Rf = 0.31 (petroleum ether/EtOAc 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.72 (d, J = 8.0 Hz, 

2 H, Ar-H), 7.31 (d, J = 8.0 Hz, 2 H, Ar-H), 5.47-5.46 (m, 1 H, H-4), 5.28 (t, J = 9.9 Hz, 1 H, H-2), 5.12 (dd,  J = 9.9 

Hz, 3.4 Hz, 1 H, H-3), 4.31 (d,  3J = 9.9 Hz, 1 H, H-1), 4.13-4.10 (m, 2 H, H-6ab), 4.02-3.98 (m, 1 H, H-5), 2.15 (s, 3 

H, C(O)CH3), 1.96 (s, 3 H, C(O)CH3), 1.92 (s, 3 H, C(O)CH3), 1.74 (s, 3 H, C(O)CH3), 1.28 (s, 12 H, C(CH3)2); 

13C NMR (100 MHz, CDCl3): δ [ppm] = 170.6, 170.5, 170.4, 169.0 (C=O), 139.6, 134.9, 126.7 (CAr), 84.0 

(OC(CH3)2), 81.0 (C-1), 74.8 (C-5), 72.4 (C-3), 70.1 (C-2), 68.0 (C-4), 61.9 (C-6), 25.1, 25.0 (C(CH3)2), 20.9, 20.9, 

20.8, 20.7 (C(O)CH3),;11B NMR (128 MHz, CDCl3):  [ppm] = 29.9; RP HPLC: tr = 4.20 min (EC 125/4 Nucleodur C-

18 Gravity, 3 µm, 0.4 mL/min, 90-10 % MeCN in 20 min); MS (ESI): m/z calcd for C26H35BO11 + H+: 535.2 [M+H]+, 

found:. 535.1. 

(4-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)phenyl)boronic acid 156 

 

Pinacol ester 155 (145 mg, 0.27 mmol) was cleaved to the free boronic acid 156 (65 mg, 40 %) according to GP 

7.  

1H NMR (400 MHz, CDCl3):  [ppm] = 8.14 (d, J = 7.8 Hz, 2 H, Ar-H), 7.47 (d, J = 7.8 Hz, 2 H, Ar-H), 5.51-5.50 (m, 

1 H, H-4), 5.33 (t, J = 9.8 Hz, 1 H, H-2), 5.18 (dd,  J = 9.8 Hz, 3.2 Hz, 1 H, H-3), 4.41 (d,  J = 9.8 Hz, 1 H, H-1), 4.19-

4.05 (m, 3 H, H-6ab, H-5), 2.18 (s, 3 H, CH3), 1.99 (s, 3 H, CH3), 1.94 (s, 3 H, CH3), 1.78 (s, 3 H, CH3), 13C 

NMR (100 MHz, CDCl3):  [ppm] = 170.6, 170.4, 170.3, 169.0 (C=O), 141.2, 135.7, 126.9, 120.3 (CAr), 80.8 (C-1), 

74.7 (C-5), 72.2 (C-3), 70.0 (C-2), 67.9 (C-4), 61.8 (C-6), 20.8, 20.8, 20.7, 20.6 (CH3); RP HPLC: tr = 10.0 min (EC 

125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C20H25BO11 

+ H+: 453.2 [M+H]+, found:. 453.0. 
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1-(4-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)phenyl)-3,3,5,5-tetramethylpiperazine-2,6-dione 157 

 

Boronic acid 156 (145 mg, 0.27 mmol) was coupled with 3,3,5,5-tetramethylpiperazine-2,6-dione 89 according 

to GP 8. The residue was purified by FC (petroleum ether/EtOAc 1:1→ EtOAc) yielding 157 (82 mg, 0.14 mmol, 

57 %). 

Rf = 0.15 (petroleum ether /EtOAc 1:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.46 (d, J = 8.4 Hz, 

2 H, Ar-H), 7.05 (d, J = 8.4 Hz, 2 H, Ar-H), 5.52-5.50 (m, 1 H, H-4), 5.39 (t, J = 9.9 Hz, 1 H, H-2), 5.18 (dd,  J = 9.9 

Hz, 3.4 Hz, 1 H, H-3), 4.42 (d,  J = 9.9 Hz, 1 H, H-1), 4.18-4.06 (m, 3 H, H-6ab, H-5), 2.18 (s, 3 H, C(O)CH3), 1.99 (s, 

3 H, C(O)CH3), 1.94 (s, 3 H, C(O)CH3), 1.78 (s, 3 H, C(O)CH3), 1.51 (s, 12 H, C(CH3)2); 13C NMR (100 MHz, CDCl3): 

 [ppm] = 176.5, 170.7, 170.4, 170.4, 169.0 (C=O), 136.8, 136.0, 128.4, 128.4 (CAr), 80.4 (C-1), 74.9 (C-5), 72.4 

(C-3), 69.7 (C-2), 68.1 (C-4), 62.0 (C-6), 56.2 (C(CH3)2), 28.5 (C(CH3)2), 20.9, 20.9, 20.8, 20.6 (C(O)CH3); RP HPLC: 

tr = 12.89 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z 

calcd for C28H36N2O11 + H+: 577.2 [M+H]+, found:. 577.3. 

1-(4-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)phenyl)-3,3,5,5-tetramethyl-4-oxylpiperazine-2,6-dione 

158A 

 

Amine 157 (28 mg, 48 µmol) was oxidized to the nitroxyl according to GP 10. Preparative HPLC (Knauer 

Eurospher 100 C18, 250x16 mm, 20-95 MeCN in 20 min) yielded spin-labeled C-glycosyl compound 158A (13 

mg, 46 %) as colorless solid. 

Rf = 0.43 (petroleum ether /EtOAc 1:1), anisaldehyde; RP HPLC: tr = 14.99 min (EC 125/4 Nucleodur C-18 

Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); preparative HPLC: tr = 16.5 min (Knauer Eurospher 100 

C18, 250x16 mm, 9.6 mL/min, 20-95 % MeCN in 20 min, H2O and MeCN with 0.1 % FA); MS (ESI): m/z calcd for 

C28H35N2O12 + H+: 592.2 [M+H]+, found:. 592.1. 

1-(4-(-D-galactopyranosyl)phenyl)-3,3,5,5-tetramethyl-4-oxylpiperazine-2,6-dione 158 
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158A (13 mg) was deacetylated according to GP 2 yielding spin-labled galactose 158 as colorless solid in 

quantitative yield.  

Rf = 0.68 (MeCN/H2O 1:1), anisaldehyde; RP HPLC: tr = 6.56 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C20H27N2O8 + MeOH + H+: 456.2, found: 456.3.  

6.5.8 Synthesis of spin-labeled lactose derivatives 

 

(4-(4-O-(2,3,4,6-tetra-O-Benzyl--D-galactopyranosyl)-2,3,6-tri-O-benzyl--D-glucopyranosyl)phenyl)boronic 

acid pinacol ester 167  

 

Bromophenyl-C-glycosyl compound 166 (400 mg, 0.35 mmol) was converted to the boronic acid pinacol ester 

167 according to GP 6. The residue was purified by FC (petroleum ether/EtOAc 5:1) yielding pinacol ester 167 

(162 mg, 41 %) as colorless oil. 

Rf = 0.29 (petroleum ether/EtOAc 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.72 (d, J = 8.0 Hz, 2 

H, Ar-H), 7.36 (d, J = 8.0 Hz, 2 H, Ar-H), 7.29-6.85 (m, 35 H, Ar-H), 5.06 (d, J = 10.6 Hz, 1 H, CH2), 4.91 (d, J = 11.4 

Hz, 1 H, CH2), 4.75-4.72 (m, 2 H, CH2), 4.66-4.62 (m, 3 H, CH2), 4.54-4.47 (m, 3 H, CH2, H-1Gal), 4.38-4-28 (m, 3 H, 

CH2), 4.20-4.15 (m, 2 H, CH2, H-1Glc), 4.03 (t, J = 9.4 Hz, 1 H, H-4Glc), 3.86-3.80 ( m, 2 H, H-4Gal, H-6aGlc), 3.75-3.70 

(m, 2 H, H-2Gal, CH2), 3.64-3.60 (m, 2 H, H-3Glc, H-6bGlc), 3.50-3.30 (m, 6 H, H-5Glc, H-3Gal, H-5Gal, H-6abGal, H-2Glc), 

1.28 (s, 12 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 142.8-127.1 (CAr), 102.9 (C-1Gal), 85.1 (C-3Glc), 83.9 (C-

2Glc), 83.8 (C(CH3)2), 82.8 (C-3Gal), 81.8 (C-1Glc), 80.3 (C-2Gal), 79.9 (C-5Glc), 76.6 (C-4Glc), 75.5, 75.2, 74.9, 74.9 

(CBn), 73.9 (C-4Gal), 73.6 (CBn), 73.3 (C-5Gal), 72.8 (CBn), 68.6 (C-6Glc), 68.3 (C-6Gal), 25.0 (C(CH3)2); RP HPLC: tr = 

3.41 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 90-100 % MeCN in 10 min); MS (ESI): m/z calcd 

for C73H79BO12 + K: 1197.5 [M+K]+, found:. 1197.1. 

(4-(4-O-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)-2,3,6-tri-O-acetyl--D-glucopyranosyl)phenyl)boronic 

acid pinacolester 168  
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C-glycosyl compound 167 (119 mg, 0.1 mmol) was deprotected according to GP 2. After removal of the solvent 

under reduced pressure, the residue was dissolved in pyridine (4 mL) and Ac2O (2 mL) was added. The reaction 

mixture was stirred at rt overnight, the solvents were removed under reduced pressure and the residue was 

coevaporated with toluene (3x). The residue was dissolved in EtOAc and washed with 1 M HCl (3x) and sat aq 

NaHCO3. The organic layer was dried (MgSO4) and concentrated. The acetylated sugar 168 (87 mg, 0.1 mmol, 

quant) could thus be obtained. 

Rf = 0.34 (petroleum ether/EtOAc 1:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.73 (d, J = 8.0 Hz, 2 

H, Ar-H), 7.27 (d, J = 8.0 Hz, 2 H, Ar-H), 5.35-5.28 (m, 2 H, H-4Gal, H-3Glc), 5.15-5.10 (m, 1 H, H-2Gal), 5.02-4.94 (m, 

2 H, H-2Glc, H-3Gal), 4.53 (d, J = 7.9 Hz, 1 H, H-1Gal), 4.48-4.45 (m, 1 H, H-6aGlc), 4.36 (d, J = 9.8 Hz, 1 H, H-1Glc), 

4.17-4.06 (m, 3 H, H-6bGlc, H-6Gal), 3.92-3.85 (m, 2 H, H-4Glc, H-5Gal), 3.75-3.72 (m, 1 H, H-5Glc), 2.14 (s, 3 H, 

C(O)CH3), 2.08 (s, 3 H, C(O)CH3), 2.04 (s, 3 H, C(O)CH3), 2.04 (s, 3 H, C(O)CH3), 2.01 (s, 3 H, C(O)CH3), 1.95 (s, 3 H, 

C(O)CH3), 1.78 (s, 3 H, C(O)CH3), 1.31 (s, 12 H, C(CH3)2); 13C NMR (100 MHz, CDCl3):  [ppm] = 170.5, 170.4, 

170.3, 170.1, 170.0, 169.3, 169.2 (C=O), 139.5, 134.9, 126.4 (CAr), 101.3 (C-1Gal), 84.0 (C(CH3)2), 79.9 (C-1Glc), 

77.4 (C-5Glc), 76.8 (C-5Gal), 74.4 (C-3Glc), 73.1 (C-2Glc), 71.1 (C-3Gal), 70.8 (C-4Glc), 69.3 (C-2Gal), 66.8 (C-4Gal), 62.6 

(C-6Glc), 60.9 (C-6Gal), 25.0, 24.9 (C(CH3), 20.9-20.5 (C(O)CH3); RP HPLC: tr = 2.80 min (EC 125/4 Nucleodur C-18 

Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C38H51BO19 + H+: 845.3 [M+H]+, 

found:. 845.1. 

1-(4-(4-O-(2,3,4,6-Tetra-O-acetyl--D-galactopyranosyl)-2,3,6-tri-O-acetyl--D-glucopyranosyl)phenyl)-3,3,5,5-

tetramethylpiperazine-2,6-dione 170 

 

Pinacol ester 168 (86 mg, 100 µmol) was cleaved to the free boronic acid 169 according to GP 7. The crude 

boronic acid 169 was coupled with 3,3,5,5-tetramethylpiperazine-2,6-dione 89 according to GP 8. The residue 

was purified by FC (petroleum ether/EtOAc 1:2 → EtOAc) yielding 170 (30 mg, 35 %). 

Rf = 0.24 (petroleum ether /EtOAc 1:2), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.38 (d, J = 8.5 Hz, 2 

H, Ar-H), 7.04 (d, J = 8.5 Hz, 2 H, Ar-H), 5.36-5.35 (m, 1 H, H-4Gal), 5.31 (d, J = 9.2 Hz, 1 H, H-3Glc), 5.17-5.12 (m, 1 

H, H-2Gal), 5.06 (t, J = 9.8 Hz, 1 H, H-2Glc), 4.98 (dd, J = 10.2 Hz, 3.4 Hz, 1 H, H-3Gal), 4.54 (d, J = 8.0 Hz, 1 H, H-1Gal), 

4.49-4.41 (m, 2 H, H-1Glc, H-6aGlc), 4.17-4.06 (m, 3 H, H-6bGlc, H-6abGal), 3.93-3.87 (m, 2 H, H-4Glc, H-5Gal), 

3.78-3.74 (m, 1 H, H-5Glc), 2.16, 2.10, 2.06, 2.06, 2.04, 1.97, 1.83 (s, 3 H, C(O)CH3), 1.52 (s, 12 H, C(CH3)2); 13C 

NMR (100 MHz, CDCl3):  [ppm] = 170.6, 170.5, 170.3, 170.2, 170.1, 169.4, 169.2 (C=O), 136.8, 128.5, 128.2 

(CAr), 101.4 (C-1Gal), 79.5 (C-1Glc), 77.4 (C-5Glc), 76.8 (C-5Gal), 74.5 (C-3Glc), 72.9 (C-2Glc), 71.2 (C-3Gal), 70.9 (C-4Glc), 

69.3 (C-2Gal), 66.8 (C-4Gal), 62.7 (C-6Glc), 61.0 (C-6Gal), 28.4 (C(CH3), 21.0-20.6 (C(O)CH3), RP HPLC: tr = 14.23 min 
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(EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min), MS (ESI): m/z calcd for 

C40H52N2O19 + H+: 865.3 [M+H]+, found:. 865.5. 

1-(4-(4-O-(2,3,4,6-Tetra-O-acetyl--D-galactopyranosyl)-2,3,6-tri-O-acetyl--D-glucopyranosyl)phenyl)-3,3,5,5-

tetramethyl-4-oxylpiperazine-2,6-dione 49A 

 

Amine 170 (30 mg, 30 µmol) was oxidized to the nitroxyl 49A according to GP 10. Purification by FC (petroleum 

ether/EtOAc 1:1) yielded the spin-labeled sugar 49A (9 mg, 30 %) as colorless solid. 

Rf = 0.18 (petroleum ether/EtOAc 1:1), anisaldehyde; RP HPLC: tr = 16.15 min (EC 125/4 Nucleodur C-18 Gravity, 

3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C40H51N2O20 + Na+: 902.3 [M+Na]+, found:. 

902.2. 

1-(4-(4-O--D-galactopyranosyl--D-glucopyranosyl)phenyl)-3,3,5,5-tetramethyl-4-oxylpiperazine-2,6-dione 

49 

 

Compound 49A (9 mg, 10 µmol) was deacetylated according to GP 2. After lyophiliziation the C-glycosidically 

spin-labeled lactose derivative 49 (6 mg, quant) was obtained as colorless solid. 

Rf = 0.57 (MeCN/H2O 4:1), anisaldehyde; RP HPLC: tr = 6.78 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C26H37N2O13 + MeOH + H+: 618.3 [M+MeOH+H]+, 

found:. 618.3.  

3-(4-O-(2,3,4,6-tetra-O-Acetyl--D-galactopyranosyl)-2,3,6-tri-O-acetyl--D-

glucopyranosyloxycarbonyl)amino-2,2,5,5-tetramethylpyrrolidin-1-oxyl 178 
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-Lactosylurethan 176[218] (370 mg, 0.5 mmol) and 3-amino-2,2,5,5-tetramethylpyrrolidin-1-oxyl 177 (77 mg, 

0.45 mmol) were dissolved in dry CH2Cl2 (5 mL) and DIPEA (0.4 mL, 2.5 mmol) was added. The solution was 

stirred overnight at rt. The solution was concentrated and the residue was purified by FC (petroleum 

ether/EtOAc 1:2) yielding 178 (214 mg, 58 %) as colorless solid.  

Rf = 0.32 (petroleum ether/EtOAc 1:2), anisaldehyde; RP HPLC: tr = 14.0 min (EC 125/4 Nucleodur C-18 Gravity, 

3 µm, 0.4 mL/min, 20-95 % MeCN in 20 min); MS (ESI): m/z calcd for C35H51N2O20 + Na+: 842.3 [M+Na]+, found:. 

842.3. 

3-(4-O-(-D-galactopyranosyl)--D-glucopyranosyloxycarbonyl)amino-2,2,5,5-tetramethylpyrrolidin-1-oxyl 

179 

 

Compound 178 (44 mg, 50 µmol) was deacetylated according to GP 2. After lyophiliziation the spin-labeled 

lactose derivative 179 (24 mg, 91 %) was obtained as colorless solid. 

Rf = 0.41 (MeCN/H2O 4:1), anisaldehyde; RP HPLC: tr = 6.0 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 3-70 % MeCN in 20 min); MS (MALDI TOF): m/z calcd for C21H37N2O13 + Na+: 548.2 [M+Na]+, found:. 

548.0. 

6.6 Synthesis of carbasugar derivatives 

2-Amino-N-benzyloxycarbonyl-2-deoxy-1-O-methyl--D-glycopyranoside 180[188] 

 

The methylglycoside 180 was synthesized according to a procedure from Sofia et al.[188] in 49 % yield. 

 

2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-O-benzyl-2-deoxy-1-O-methyl--D-glycopyranoside 181  
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Methylglycoside 180 (5 g, 15.27 mmol) and trityl chloride (8.5 g, 30.48 mmol) were stirred in pyridine (45 mL) 

for 2 d. Pyridine was removed under reduced pressure, the residue was dissolved in CH2Cl2 and washed with 

brine. The aqueous layer was extracted with CH2Cl2 (2x) and the combined organic layers were dried (MgSO4). 

After filtration and removal of the solvent under reduced pressure the orange oil was used without 

purification. 

NaH (60 % in mineral oil, 2.9 g, 85.9 mmol) was suspended in dry DMF (50 mL) and cooled to 0°C. BnBr (14.7 

mL, 85.9 mmol) was added dropwise. The solution of crude tritylated methylglycoside in DMF (100 mL) was 

added dropwise and the reaction was stirred at rt for 3 h. MeOH was added, diluted with EtOAc and 

neutralized with acetic acid. The suspension was washed with water and the organic layer was dried (MgSO4), 

filtered and evaporated under reduced pressure to obtain a brown oil. 

The crude product was dissolved in CH2Cl2 (150 mL), TFA (9.7 mL, 125.6 mmol) and tri-iso-propylsilan (4.8 mL, 

22.84 mmol) were added and the reaction mixture was stirred for 1.5 h. The solvent was removed under 

reduced pressure and the residue was dissolved in CH2Cl2, washed with sat aq NaHCO3, dried (MgSO4), filtered 

and concentrated under reduced pressure. The brown oil was purified by FC (petroleum ether/EtOAc 5:1 to 

1:1) to obtain a yellow oil (6.53 g, 72 % over three steps). 

Rf = 0.45 (petroleum ether/EtOAc 1:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.29-6.91 (m, 20 H, 

Ar-H), 5.13-4.96 (m, 2 H, CH2), 4.80-4.77 (m, 2 H, CH2), 4.62-4.41 (m, 4 H, CH2, H-1, H-2), 4.23-4.13 (m, 2 H, CH2), 

4.03-3.98 (m, 1 H, H-3), 3.74-3.57 (m, 4 H, H-4, H-5, H-6ab), 3.19 (bs, 1 H, OH), 2.73 (s, 3 H, CH3); 13C 

NMR (100 MHz, CDCl3):  [ppm] = 158.0 (C=O), 138.5-125.7 (CAr), 99.8 (C-1), 79.7 (C-4), 77.4 (C-3), 75.0 (CBn), 

74.0 (CBn), 71.2 (C-5), 67.7 (CBn), 61.9 (C-6), 58.8 (C-2), 54.7 (CH3); RP HPLC: tr =7.69 min (EC 125/4 Nucleodur C-

18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for C36H39NO7 + Na+: 620.3 

[M+Na]+, found: 620.3. 

(E/Z)-6-O-Acetyl-2-amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-1-O-methyl--D-gluco-hex-

5-enopyranoside 182 

 

To a solution of oxalyl chloride (0.8 mL, 9.23 mmol) in dry CH2Cl2 (40 mL) at –78°C, DMSO (1.4 mL, 19.2 mmol) 

was added and the solution was stirred for 15 min at –78°C. A solution of methylglycoside 181 (4.6 g, 7.68 

mmol) in dry CH2Cl2 (20 mL) was added dropwise and the reaction mixture was stirred 1 h at –78°C. NEt3 (2.7 

mL, 19.2 mmol) was added and the solution was allowed to warm to rt. The solvent was removed under 

reduced pressure. The residue was dissolved in MeCN (50 mL), K2CO3 (5 g, 36 mmol), pyridine (12 mL) and Ac2O 

(8 mL) were added and the suspension was stirred at 80°C overnight. The suspension was filtered and washed 

with EtOAc. After removal of the solvent under reduced pressure, the residue was purified by FC (petroleum 

ether/EtOAc 3:1) yielding enolacetate 182 (4.07 g, 83 % over two steps) as an orange oil. 
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Rf = 0.40 (petroleum ether/EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.41-7.89 (m, 21 H, 

Ar-H, H-6), 5.26-5.10 (m, 2 H, CH2), 4.93-4.76 (m, 4 H, CH2, H-1, H-2), 4.68-4.53 (m, 2 H, CH2), 4.34-4.01 (m, 4 H, 

CH2, H-3, H-4), 2.97, 2.86 (s, 3 H, OCH3), 2.18, 2.11 (s, 3 H, C(O)CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 167.4 

(C=O), 138.4-125.6 (CAr, C-5), 123.3 (C-6), 101.2 (C-1), 80.1 (C-4), 76.2 (C-3), 74.4 (CBn), 74.0 (CBn), 67.8 (CBn), 58.3 

(C-2), 55.8 (OCH3), 47.0 (CBn), 20.7 (C(O)CH3); RP HPLC: tr = 8.59 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 

0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for C38H39NO8 + H+: 638.3 [M+H]+, found: 638.3. 

6-O-Acetyl-2-amino-N-benzyl-N-benzyloxycarbonyl-3,4-O-dibenzyl-2-deoxy-1-hydroxy-glucocyclohexan-5-

one 183 

 

A solution of enolacetate 182 (2.43 g, 3.81 mmol) and HgSO4 (226 mg, 0.76 mmol) in 1,4-dioxane/5 mM H2SO4 

2:1 (30 mL) was stirred at 80 °C for 24 h. The reaction mixture was extracted with CH2Cl2 and washed with 

water. The organic layer was dried (MgSO4) and concentrated. The residue was purified by FC (petroleum 

ether/EtOAc 2:1) yielding 183 (795 mg, 34 %) as colorless foam. 

Rf = 0.30 (petroleum ether/EtOAc 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.34-7.06 (m, 20 H, 

Ar-H), 5.10-5.04 (m, 3 H, CH2), 4.94-4.79 (m, 3 H, H-6, 2x CH2), 4.47-4.37 (m, 3 H, CH2), 4.17-4.04 (m, 4 H, H-1, H-

2, H-3), 2.11 (s, 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 138.5-127.3 (CAr), 76.4 (C-6), 86.2, 85.9, 75.2, 

74.4, 73.7, 73.5, 71.9, 71.6, 68.3 (CBn, C-1, C-2, C-3, C-4), 20.7 (CH3); RP HPLC: tr = 6.3 min (EC 125/4 Nucleodur 

C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min), MS (ESI): calc.: [M+H]+: 624.3, found: 624.3.  

2-Amino-N-benzyl-N-benzyloxycarbonyl-2,3-di-O-benzyl-2-deoxy-6-iodo-1-O-methyl--D-glucopyranoside 

194 

 

To a solution of methyl glycoside 181 (5.02 g, 8.4 mmol) in dry toluene (32 mL) triphenylphosphine (4.40 g, 16.8 

mmol) and imidazole (1.62 g, 23.8 mmol) were added. The reaction mixture was heated to 60 °C and I2 (3.0 g, 

23.6 mmol) was added in portions. The reaction mixture was stirred at 80 °C for 3 h and evaporated under 

reduced pressure. The brown oil was purified by FC (petroleum ether/EtOAc 5:1) yielding the iodosugar 194 

(4.09 g, 69 %) as colorless foam. 

Rf = 0.54 (petroleum ether/EtOAc 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.30-6.92 (m, 20 H, 

Ar-H), 5.18-4.97 (m, 2 H, CH2), 4.84 (dd, J = 4.9 Hz, 11.2 Hz, 1H, CH2), 4.77-4.65 (m, 2 H, CH2), 4.60-4.13 (m, 5 H, 

CH2, H-2), 4.07-3.95 (m, 1 H, H-3), 3.59-3.20 (m, 4 H, H-6ab, H-4, H-5), 2.77 (s, 3 H, CH3); 13C NMR (100 MHz, 
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CDCl3):  [ppm] = 128.8-125.6 (CAr), 99.7 (C-1), 83.6 (C-5), 75.3 (CBn), 70.0 (C-4), 67.7 (CBn), 55.0 (CH3), 53.5 (CBn); 

RP HPLC: tr = 15.0 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 20 min); 

MS(ESI): m/z calcd for C36H38INO6+ Na+: 730.2 [M+Na]+, found: 730.1. 

2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-1-O-methyl--D-gluco-hex-5-enopyranoside 

195[192] 

 

Iodo sugar 194 (3.44 g, 4.87 mmol) was dissolved in dry DMF (70 mL) and NaH (60 % in mineral oil, 0.67 g, 

20.44 mmol) was added. The suspension was stirred for 1 d at rt. DMF was removed under reduced pressure 

and the residue was dissolved in EtOAc and washed with 1 M HCl, sat aq NaHCO3, brine and dried (MgSO4). The 

solvent was removed under reduced pressure and the residue was purified by automated FC (15 % to 100 % B 

in 8 min, 5 min 100 % B (A: petroleum ether, B: EtOAc) to afford alkene 195 (2.32 g, 82 %) as colorless oil.  

Rf = 0.47 (petroleum ether/EtOAc 5:1), KMnO4; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.45-7.03 (m, 20 H, Ar-H), 

5.27-5.11 (m, 2 H, CH2), 4.94-4.57 (m, 8 H, CH2, H-1, H-2, H-6ab), 4.29-4.03 (m, 4 H, CH2, H-3, H-4), 2.93 (s, 3 H, 

CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 157.9 (C=O), 153.9 (C-5), 140.1-125.6 (CAr), 100.4 (C-1), 97.1 (C-6), 

81.8 (C-4), 75.9 (C-3), 74.4 (CBn), 74.1 (CBn), 67.6 (CBn), 58.5 (C-2), 54.9 (CH3), 46.9 (CBn); RP HPLC: tr = 6.45 min 

(EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 90-100 % MeCN in 10 min); MS (ESI): m/z calcd for 

C36H37NO6+ H+: 580.3 [M+H]+, found: 580.5. 

2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-1-O-methyl--D-glucono-1,5-lactone 196 

 

Alkene 195 (660 mg, 1.14 mmol) was dissolved in a mixture of CH2Cl2/MeOH 9:1 (130 mL) and cooled to –78 °C. 

With the help of an ozonizer, a mixture of ozone and oxygen was bubbled through the solution until it turned 

blue. The bubbling was continued for further 2 min. The ozonizer was turned off and oxygen was bubbled 

through the solution until it turned colorless again. To the cooled solution, dimethylsulfide (0.6 mL, 8.20 mmol) 

was added and the reaction mixture was allowed to warm to rt. The solvents were removed under reduced 

pressure and the residue was purified by FC (petroleum ether/EtOAc 5:1) yielding sugar lacton 196 (560 mg, 84 

%) as colorless oil.  

Rf = 0.24 (petroleum ether/EtOAc 5:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.35-6.89 (m, 20 H, 

Ar-H), 5.12-5.00 (m, 3 H, CH2), 4.87-4.57 (m, 4 H, CH2, H-1, H-2), 4.39-4.29 (m, 2 H, CH2), 4.21-3.90 (m, 3 H, CH2, 

H-3, H-4), 2.87 (s, 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 170.2 (C-5), 157.7 (C(O)OCH2Ph), 139.3-125.8 

(CAr), 100.1 (C-1), 81.3 (C-4), 74.8-74.6 (C-3, CBn), 68.0 (CBn), 57.2 (C-2), 56.6 (CH3), 47.3 (CBn); RP HPLC: tr = 4.94 



Chapter 6 - Experimental Section 

  145 

min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 90-100 % MeCN in 10 min); MS (ESI): m/z calcd for 

C35H35NO7+ H+: 582.2 [M+H]+, found: 582.5. 

(E/Z)-(2-ethoxyvinyl)benzene 204 

 

To KHMDS (0.5 M in toluene, 3.6 mL, 1.83 mmol) in dry DMSO (5 mL) was added dropwise freshly distilled 

phenylacetaldehyde 202 (200 mg, 1.66 mmol) in DMSO (1 mL) and stirred for 10 min at rt. Et3OBF4 (316 mg, 

1.66 mmol) was added whereupon the red colored solution turned yellow. Et2O was added and the solution 

was washed with water (3x). The solvents were removed under reduced pressure and the residue was purified 

by FC (petroleum ether/EtOAc 10:1) yielding the enol ethers 204 (140 mg, 57 % in an E/Z ratio of 5:10) as 

colorless liquid.  

Rf = 0.51 (petroleum ether/EtOAc 10:1), anisaldehyde; 1H NMR E isomer (400 MHz, CDCl3):  [ppm] = 7.62-7.01 

(m, 5 H, Ar-H), 6.99 (d, J = 12.5 Hz, 1 H, CH=CH-OEt), 5.86 (d, J = 12.5 Hz, 1 H, CH=CH-OEt), 3.90 (q, J = 7.1 Hz 2 

H, CH2), 1.35 (t, J = 7.1 Hz 2 H, CH3); 13C NMR E isomer (100 MHz, CDCl3):  [ppm] = 148.0 (CH=CH-OEt), 136.7, 

128.7, 125.2 (CAr), 106.1 (CH=CH-OEt), 65.6 (CH2), 15.0 (CH3); RP HPLC: tr = 4.7 min (EC 125/4 Nucleodur C-18 

Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min). 

(E/Z)-(2-methoxyvinyl)benzene 205 

 

To KHMDS (0.5 M in toluene, 3.6 mL, 1.83 mmol) in dry THF (5 mL) was added dropwise freshly distilled 

phenylacetaldehyde 202 (200 mg, 1.66 mmol) in dry THF (1 mL) at 0°C and stirred for 10 min at 0°C. MeOTf 

(200 µL, 1.83 mmol) was added whereupon the red colored solution turned yellow. The reaction was 

immediately stopped with 1 mL sat NaHCO3. Water was added and the solution was extracted with Et2O. The 

solvents were removed under reduced pressure and the residue was purified by FC (petroleum ether/EtOAc 

10:1) yielding the enol ethers 205 (64 mg, 29 % in an E/Z ratio of 10:3) as yellow liquid.  

Rf = 0.6 (petroleum ether/EtOAc 10:1), anisaldehyde; 1H NMR E isomer (400 MHz, CDCl3):  [ppm] = 7.49-7.01 

(m, 5 H, Ar-H), 6.95 (d, J = 13.0 Hz, 1 H, CH=CH-OMe), 5.72 (d, J = 13.0 Hz, 1 H, CH=CH-OMe), 3.57 (s, 3 H, CH3); 

13C NMR E isomer (100 MHz, CDCl3):  [ppm] = 149.0 (CH=CH-OMe), 136.5, 128.7, 125.2 (CAr), 105.2 (CH=CH-

OMe), 56.6 (CH3); RP HPLC: tr = 3.3 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN 

in 10 min); MS (ESI): m/z calcd for C9H10O+ H+: 135.0 [M+H]+, found: 135.0. 
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(E/Z)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-1,2-O-dimethyl--D-gluco-hex-5-

enopyranoside 207 

 

To KHMDS (0.5 M in toluene, 0.38 mL, 0.19 mmol) in dry THF (1 mL) was added dropwise aldehyde 198 (100 

mg, 0.17 mmol) in dry THF (1 mL) at –30°C and stirred for 2 h at –30°C. MeOTf (30 µL, 0.27 mmol) was added 

and stirred for 30 min at –30°C. The reaction was stopped with 1 mL sat NaHCO3. Water was added and the 

solution was extracted with CH2Cl2 (3x) and dried (MgSO4). The solvents were removed under reduced pressure 

and the residue was purified by preparative HPLC (Kinetex 5u C18, 250x21.2 mm, 80-100 % MeCN in 20 min) 

yielding the enol ethers 207 (43 mg, 44 %) as colorless liquid.  

Rf = 0.23 (petroleum ether/EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.29-6.92 (m, 20 H, 

Ar-H), 5.11-4.95 (m, 2 H, CH2), 4.78-4.44 (m, 6 H, 2x CH2, H-1, H-6), 4.26-4.17 (m, 2 H, CH2), 4.04-3.96 (m, 1 H, H-

2), 3.75-3.65 (m, 2 H, H-3, H-4), 3.37, 3.35 (s, 3 H, C=CH-OMe), 2.78 (s ,3 H, OCH3), 2.18, 2.11 (s, 3 H, C(O)CH3); 

13C NMR (100 MHz, CDCl3):  [ppm] = 128.6-126.2 (CAr, C-5), 102.8, 99.9 (C-6, C-1), 80.4 (C-4), 77.4 (C-2), 74.29 

(CBn), 74.0 (CBn), 70.9 (C-3), 67.6 (CBn), 55.6 (C=CHOCH3), 54.8 (OCH3), 47.6 (CBn); RP HPLC: tr = 9.35 min (EC 

125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 % MeCN in 10 min); MS (ESI): m/z calcd for C37H39NO7 

+ H+: 610.3 [M+H]+, found: 610.2. 

2-O-Benzyl-(2’S,3’S)-methyl-3,4-O-(2’,3’-dimethoxy-butane-2’,3’-diyl)-α-D-mannopyranoside 222[202] 

 

The methylglycoside 222 was synthesized from methyl -D-mannoside in 32 % yield (over four steps) according 

to Yamasaki et al.[202] 

Rf = 0.41, (petroleum ether/EtOAc 1:1) anisaldehyde. 

Spectroscopic data according to literature.[202]  

2-O-Benzyl-(2’S,3’S)-5-carbaldehyde-methyl-3,4-O-(2’,3’-dimethoxy-butane-2’,3’-diyl)-α-D-mannopyranoside 

218A 
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To a solution of oxalyl chloride (50 µL, 0.58 mmol) in dry CH2Cl2 (2 mL) at –50°C, DMSO (90 µL, 1.25 mmol) 

dissolved in dry CH2Cl2 (2 mL) was added and the solution was stirred for 15 min at –78°C. A solution of 

methylglycoside 222 (200 mg, 0.50 mmol) in dry CH2Cl2 (3 mL) was added dropwise and the reaction mixture 

was stirred 1 h at –78°C. NEt3 (0.35 mL, 2.5 mmol) was added and the solution was allowed to warm to rt. The 

solvent was removed under reduced pressure and the residue was purified by FC (petroleum ether/EtOAc 2:1) 

yielding the aldehyde 218A (110 mg, 55 %) as colorless oil. 

Rf = 0.35, red smearing (petroleum ether/EtOAc 1:1) anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 9.76 

(d, 1 H. J = 1.1 Hz, H-6), 7.43–7.27 (m, 5 H, Ar-H), 4.92 (d, 1 H, J= 12.1 Hz, CH2), 4.78 (d, 1 H, J = 1.7 Hz, H-1), 4.68 

(d, 1 H, J= 12.1 Hz, CH2), 4.32 (t, 1 H, J= 10.3 Hz, H-4), 4.16-4.12 (m, 2 H, H-3, H-5), 3.70-3.69 (m, 1 H, H-2), 3.35, 

3.29, 3.24 (s, 3 H each, OCH3), 1.35 ,1.32 (s, 3 H each, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 197.2 (C-6), 

138.5, 128.4, 128.1 (CAr), 101.0 (C-1), 100.3, 100.1 (quart. C), 75.3 (C-2), 74.3, 73.4, 68.7 (C-5, CBn, C-3), 64.1 (C-

4), 55.4, 48.2, 48.1 (OCH3), 18.0, 17.8 (CH3). 

6-O-Acetyl-2-O-benzyl-(2’S,3’S)-methyl-3,4-O-(2’,3’-dimethoxy-butane-2’,3’-diyl)-α-D-manno-hex-5-

enopyranoside 218 

 

Oxalylchloride (25 μL, 0.29 mmol) was dissolved in dry CH2Cl2 (1 mL) and cooled to -78°C. A solution of DMSO 

(43 μL, 0.62 mmol) in dry CH2Cl2 (1 mL) was added and the mixture was stirred for 15 minutes at –78°C. A 

solution of 222 (100 mg, 0.25 mmol) in CH2Cl2 (1.5 mL) was added and the mixture was stirred for 1.5 h at -

78°C. Then NEt3 (0.18 mL, 1.25 mmol) was added and the reaction was allowed to warm to rt. The solvent was 

removed under reduced pressure. MeCN (2 mL), Ac2O (0.26 mL, 3 mmol), K2CO3 (0.16 g, 1.15 mmol) and 

pyridine (0.4 mL, 5 mmol) were added and the mixture was stirred at 80°C for 20 h. The mixture was filtrated 

and the filter cake was washed with EtOAc. The solvent was removed under reduced pressure and the 

remaining residue was purified by FC (petroleum ether/EtOAc 3:1) yielding enol acetate 218 (80 mg, 73 %). 

Rf = 0.60 (petroleum ether /EtOAc 3:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.45-7.26 (m, 5 H, 

Ar-H), 7.10 (dd, J = 2.1 Hz, 0.6 Hz, 1 H, H-6), 4.98 (d, J = 11.9 Hz, 1H, CH2), 4.86 (d, J = 1.6 Hz, 1 H, H-1), 4.79 (dd, 

J = 10.5 Hz, 2.2 Hz, 1 H, H-4), 4.68 (d, J = 11.9 Hz, 1 H, CH2), 4.05 (dd, J = 10.5 Hz, 3 Hz, 1 H, H-3), 3.79 (dd, J = 

2.6 Hz, 1.4 Hz, 1 H, H-2), 3.43, 3.26, 3.25 (s, each 3 H, OCH3), 2.15 (s, 3 H, OAc), 1.35, 1.34 (s, each 3 H, CH3); 13C 

NMR (100 MHz, CDCl3):  [ppm] = 167.4 (C=O), 138.5 (C-5), 135.1, 128.4, 128.1, 127.7 (CAr), 120.3 (C-6), 100.4 

(C-1), 100.1, 100.0 (quart. C), 75.8 (C-2), 73.5 (CH2), 68.9 (C-3), 63.2 (C-4), 55.6, 48.1, 48.0 (OCH3), 20.73 

(C(O)CH3), 17.9, 17.8 (CH3); RP HPLC: tr = 6.13 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80-100 

% MeCN in 10 min); MS (MALDI): m/z calcd for C22H30O9+ Na+: 461.2 [M+Na]+, found: 461.2. 
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(2S,3S,4aS,6R,7R,8R,8aR)-8-(benzyloxy)-7-hydroxy-2,3-dimethoxy-2,3-dimethyl-5-

oxooctahydrobenzo[b][1,4]dioxin-6-yl acetate 219 

 

A solution of enol acetate 218 (50 mg, 0.11 mmol) and mercury sulfate (16.9 mg, 0.1 mmol) in dioxane/5 mM 

H2SO4 (1 mL/0.5 mL) was stirred for 2 h at 60°C. Brine (1 mL) was added and the mixture was stirred for another 

2 h at rt. Then the mixture was diluted with water and extracted with CH2Cl2. Solvent was removed under 

reduced pressure and the remaining residue was purified by FC (petroleum ether/EtOAc 1:1) yielding 

cyclohexanon derivative 219 (46 mg, 100 %). 

Rf = 0.45 (petroleum ether /EtOAc 1:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.44-7.26 (m, 5 H, 

Ar-H), 5.52 (dd, J = 3.7 Hz, 1 Hz, 1 H, H-6), 5.07 (d, J = 11.6 Hz, 1 H, CH2), 4.96 (d, J = 10.7 Hz, 1 H, H-4), 4.72 (d, J 

= 11.6 Hz, 1 H, CH2), 4.31 (t, J = 3.9 Hz, 1 H, H-1), 4.21 (dd, J = 10.6 Hz, 2.5 Hz, 1 H, H-3), 4.05 (dd, J = 4.5 Hz, 

2.5 Hz, 1 H, H-2), 3.27, 3.23 (s, each 3 H, OCH3), 2.18 (s, 3 H, C(O)CH3), 1.38, 1.35 (s, each 3 H, CH3); 13C NMR 

(100 MHz, CDCl3):  [ppm] = 196.4 (C-5), 169.3 (C(O)CH3), 138.2, 128.6, 128.5, 127.7 (CAr), 99.9, 99.7 (quart. C), 

75.9 (C-6), 75.6 (C-2), 74.4 (CH2), 71.9 (C-1), 71.6 (C-4), 70.9 (C-3), 48.6, 48.2 (OCH3), 20.6 (C(O)CH3), 17.8, 17.6 

(CH3); RP HPLC: tr = 3.22 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 80–100 % MeCN in 10 min); 

MS (MALDI): m/z calcd for C21H28O9+ Na+: 447.2 [M+Na]+, found: 447.1. 

(2S,3S,4aS,6R,7R,8R,8aR)-8-(benzyloxy)-2,3-dimethoxy-7-(methoxymethoxy)-2,3-dimethyl-5-

oxooctahydrobenzo[b][1,4]dioxin-6-yl acetate 223 

 

Cyclohexanon derivative 219 (100 mg, 0.23 mmol) was dissolved in dry CH2Cl2 (2 mL). DIPEA (60 µL, 0.53 mmol) 

and chloromethylmethyl ether (30 µL, 0.53 mmol) were added and the reaction was stirred at rt for 5 d. The 

mixture was concentrated and the residue was purified by FC (petroleum ether/EtOAc 2:1) yielding MOM-

protected cyclohexanon derivative 223 (86 mg, 80 %). 

Rf = 0.31 (petroleum ether /EtOAc 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.37-7.19 (m, 5 H, 

Ar-H), 5.51 (dd, J = 3.8 Hz, 1.3 Hz, 1 H, H-6), 5.00 (d, J = 11.3 Hz, 1 H, CH2(Bn)), 4.84 (d, J = 10.9 Hz, 1 H, H-4), 

4.65 (d, J = 11.3 Hz, 1 H, CH2(Bn)), 4.59 (d, J = 6.9 Hz, 1 H, O-CH2-O), 4.51 (d, J = 6.9 Hz, 1 H, O-CH2-O), 4.15-4.11 

(m, 2 H, H-1, H-3), 3.96-3.94 (m, 1 H, H-2), 3.24, 3.20, 3.16 (s, each 3 H, OCH3), 2.09 (s, 3 H, C(O)CH3), 1.31, 1.28 

(s, each 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 195.6 (C-5), 169.6 (C(O)CH3), 138.2, 128.6, 128.5, 127.7 
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(CAr), 99.9, 99.7 (quart. C), 97.4 (O-CH2-O), 77.1 (C-1), 75.5 (C-2), 74.9 (C-6), 74.3 (CH2), 71.9 (C-1), 71.5 (C-4), 

70.9 (C-3), 55.9, 48.5, 48.0 (OCH3), 20.7 (C(O)CH3), 17.8, 17.6 (CH3); RP HPLC: tr = 4.55 min (EC 125/4 Nucleodur 

C-18 Gravity, 3 µm, 0.4 mL/min, 65–95 % MeCN in 10 min); MS (ESI): m/z calcd for 2x C23H32O10+ Na+: 959.4 

[2M+Na]+, found: 959.3.  

(2S,3S,4aS,5R,6R,7R,8R,8aR)-8-(benzyloxy)-2,3-dimethoxy-2,3-demethylhydro-6H-

spiro[benzo][b][1,4]dioxine-5-2'oxiran]-6,7-diol 224 

 

NaH (60 % in mineral oil, 11 mg, 320 µmol) was suspended in try THF (0.5 mL) at 0 °C. (CH3)3SOI (88 mg, 400 

µmol) was added and the suspension was stirred for 10 min at 0°C. Keton 223 (40 mg, 80 µmol) dissolved in dry 

DMSO (1.5 mL) and dry THF (0.5 mL) was added dropwise. After stirring for 1 h at rt water was added and the 

mixture was extracted with CH2Cl2 (3x) and dried (MgSO4). The solvent was removed under reduced pressure 

and the residue was purified by preparative HPLC (Kinetex 5u C18, 250x21.2 mm, 40-80 % MeCN in 20 min) 

yielding the epoxide 224 (10 mg, 28 %) as colorless solid.  

Rf = 0.30 (petroleum ether /EtOAc 1:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.44-7.29 (m, 5 H, 

Ar-H), 5.02 (d, J = 11.4 Hz, 1 H, CH2(Bn)), 4.69-4.65 (m, 2 H, O-CH2-O), 4.63 (d, J = 11.4 Hz, 1 H, CH2(Bn)), 4.38 (d, 

J = 10.8 Hz, 1 H, H-4), 4.16-4.09 (m, 2 H, H-1, H-3), 4.03-4.02 (m, 1 H, H-2), 3.91 (t, J = 3.7 Hz, 1 H, H-7), 3.42, 

3.26, 3.23 (s, each 3 H, OCH3), 3.01 (d, J = 12.3 Hz, 1 H, OH), 2.88 (d, J = 6.0 Hz, 1 H, H-6a), 2.79 (d, J = 6.0 Hz, 1 

H, H-6b), 1.33, 1.31 (s, each 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 139.0, 128.4, 128.1, 127.7 (CAr), 

99.6, 99.4 (quart. C), 98.7 (O-CH2-O), 81.6 (C-7), 77.0 (C-2), 74.2 (CH2(Bn)), 68.6, 64.6 (C-1, C-3), 62.5 (C-4), 58.9 

(C-5), 56.4, 48.0, 47.9 (OCH3), 41.5 (C-6), 18.0, 17.8 (CH3); RP HPLC: tr = 14.0 min (EC 125/4 Nucleodur C-18 

Gravity, 3 µm, 0.4 mL/min, 40–80 % MeCN in 20 min); MS (ESI): m/z calcd for 2x C22H32O9+ Na+: 903.4 

[2M+Na]+, found: 903.3. 

(2S,3S,4aR,5S,6S,7S,8R,8aS)-8-(benzyloxy)-5-(hydroxymethyl)-2,3-dimethoxy-7-(methoxymethoxy)-2,3-

dimethyloctahydrobenzo[b][1,4]dioxin-6-ol 226 

 

Cp2TiCl2 (181 mg, 0.73 mmol) was dissolved in anhydrous, degassed THF (2.5 mL) and zinc powder (286 mg, 

4.38 mmol) was added and the reaction was stirred for 60 min until the reaction mixture had an intensive 

green color. Unreacted zinc was filtered of using a hollow needle under schlenk technique. The epoxide 224 

(246 mg, 0.56 mmol) and cylcohexa-1,4-diene (526 µL, 5.6 mmol) were dissolved in anhydrous, degassed THF 

(2.0 mL) and Cp2TiCl solution from above was added slowly and the reaction mixture was stirred for 2 h at rt. 
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Water was added and the mixture was extracted with CH2Cl2 (3x). After concentration, the residue was 

dissolved in small amounts of MeCN, filtered and purified by FC (petroleum ether /EtOAc 1:1 to 1:2) yielding 

the alcohol 226 (186 mg, 75 %) as colorless solid. 

Rf = 0.22 (petroleum ether /EtOAc 1:2), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.34-7.21 (m, 5 H, 

Ar-H), 4.87 (d, J = 11.6 Hz, 1 H, CH2(Bn)), 4.62 (d, J = 7.0 Hz, 1 H, O-CH2-O), 4.57 (d, J = 7.0 Hz, 1 H, O-CH2-O), 

4.51 (d, J = 11.6 Hz, 1 H, CH2(Bn)), 3.92-3.67 (m, 7 H, H-1, H-2, H-3, H-4, H-6ab, H-7), 3.34, 3.20, 3.19 (s, each 

3 H, OCH3), 2.84 (bs,  1 H, OH), 1.97-1.88 (m, 1 H, H-5), 1.59 (bs, 1 H, OH), 1.25, 1.24 (s, each 3 H, CH3); 13C NMR 

(100 MHz, CDCl3):  [ppm] = 138.9, 128.4, 128.0, 127.7 (CAr), 99.7, 99.2 (quart. C), 98.6 (O-CH2-O), 82.0 (C-7), 

76.9 (C-2), 73.9 (CH2(Bn)), 70.1, 69.4, 66.5 (C-1, C-3, C-4), 63.3 (C-6), 56.3, 48.0, 47.9 (OCH3), 43.9 (C-5), 18.0, 

18.0 (CH3); RP HPLC: tr = 10.7 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 40–80 % MeCN in 20 

min); MS (ESI): m/z calcd for 2x C22H34O9+ Na+: 907.4 [2M+Na]+, found: 907.3. 

(2S,3S,4aS,5R,6S,7S,8S,8aR)-5-(benzyloxy)-2,3-dimethoxy-6,7-bis(methoxymethoxy)-8-

((methoxymethoxy)methyl)-2,3-dimethyloctahydrobenzo[b][1,4]dioxine 227 

 

Alcohol 226 (85 mg, 0.19 mmol) was dissolved in dimethoxymethane (5 mL, 56.5 mmol). Phosphorpentoxide 

(163.2 mg, 1.15 mmol) was added under vigorous stirring and the reaction was stirred at rt for 1 h. The mixture 

was neutralized with NaHCO3, extracted with EtOAc and dried over MgSO4. The Solvent was removed under 

reduced pressure and the residue was purified by FC (petroleum ether/EtOAc 2:1) yielding MOM-protected 

alcohol 227 (62 mg, 61 %) as colorless oil. 

Rf = 0.36 (petroleum ether /EtOAc 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 7.37-7.19 (m, 5 H, 

Ar-H), 4.87 (d, J = 11.6 Hz, 1 H, CH2(Bn)), 4.64-4.51 (m, 7 H, 3x O-CH2-O, CH2(Bn)), 4.06 (t, J = 10.7 Hz, 1 H, H-4), 

3.91-3.89 (m, 2 H, H-3, H-7), 3.86 (t, J = 3.6 Hz, 1 H, H-1), 3.81-3.80 (m, 1 H, H-2), 3.77 (dd, J = 2.3 Hz, 9.6 Hz, 1 

H, H-6a), 3.63 (dd, J = 2.3 Hz, 9.6 Hz, 1 H, H-6b), 3.30, 3.26, 3.26, 3.20, 3.19 (s, each 3 H, OCH3), 2.02-1.97 (m, 1 

H, H-5), 1.25, 1.24 (s, each 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 139.3, 128.2, 128.1, 127.5 (CAr), 

99.6, 99.1 (quart. C), 98.0, 97.5 (O-CH2-O), 78.3 (C-1), 77.1 (C-2), 74.0 (C-7), 73.8 (CH2(Bn)), 70.6 (C-3), 63.4 (C-

4), 62.5 (C-6), 56.0, 55.8, 55.7, 47.9, 47.7 (OCH3), 41.0 (C-5), 18.0, 17.9 (CH3); RP HPLC: tr = 8.6 min (EC 125/4 

Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 65–95 % MeCN in 10 min); MS (ESI): m/z calcd for C26H42O11+ Na+: 

553.3 [M+Na]+, found: 553.1. 

 

 



Chapter 6 - Experimental Section 

  151 

 (2S,3S,4aR,5R,6R,7S,8S,8aR)-2,3-dimethoxy-6,7-bis(methoxymethoxy)-8-((methoxymethoxy)methyl)-2,3-

dimethyloctahydrobenzo[b][1,4]dioxin-5-ol 228 

 

According to GP 9, 60 mg (0.11 mmol) of the benzyl protected cyclohexane derivative 227 was deprotected. 

Thus the free alcohol 228 (41 mg, 85 %) was obtained as colorless oil.  

Rf = 0.18 (petroleum ether /EtOAc 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 4.79-4.74 (m, 2 H, 

O-CH2-O), 4.71-4.69 (m, 2 H, O-CH2-O), 4.62-4.56 (m, 2 H, O-CH2-O), 4.10 (t, J = 3.1 Hz, 1 H, H-1), 4.05-3.99 (m, 3 

H, H-3, H-4, H-7), 3.90 (dd, J = 3.1 Hz, 10.3 Hz, 1 H, H-2), 3.80 (dd, J = 2.3 Hz, 9.6 Hz, 1 H, H-6a), 3.71 (dd, J = 

2.3 Hz, 9.6 Hz, 1 H, H-6b), 3.39, 3.36, 3.33, 3.24, 3.23 (s, each 3 H, OCH3), 2.10 (tt, J = 2.3 Hz, 10.9 Hz, 1 H, H-5), 

1.30, 1.29 (s, each 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 100.1, 99.4 (quart. C), 98.0, 97.6, 97.6 (O-

CH2-O), 78.6 (C-1), 73.7 (C-7), 70.3 (C-3), 70.0 (C-2), 63.0 (C-4), 62.3 (C-6), 56.1, 55.8, 55.8, 47.9, 47.8 (OCH3), 

40.6 (C-5), 18.0, 17.8 (CH3); RP HPLC: tr = 3.8 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 mL/min, 65–95 % 

MeCN in 10 min); MS (ESI): m/z calcd for 2x C19H36O11+ Na+: 903.4 [2M+Na]+, found: 903.3. 

(2S,3S,4aR,5S,6R,7S,8S,8aR)-5-azido-2,3-dimethoxy-6,7-bis(methoxymethoxy)-8-((methoxymethoxy)methyl)-

2,3-dimethyloctahydrobenzo[b][1,4]dioxine 229 

 

To a stirred solution of alcohol 228 (40 mg, 90 µmol) and dry pyridine (36 µL, 450 µmol) in dry CH2Cl2 (2 mL) at 

0°C was added triflic anhydride (30 µL, 180 µmol). The solution was stirred for 1 h at rt. The solvent was 

removed under reduced pressure at rt and the residue was used for the next step without further purification. 

The residue was dissolved in dry DMF (2 mL) and sodium azide (58 mg, 900 µmol) was added. The resulting 

mixture was stirred at 80°C overnight. The suspension was filtered and washed with EtOAc. After removal of 

the solvent under reduced pressure, the residue was purified by FC (petroleum ether/EtOAc 2:1) yielding azide 

229 (8 mg, 19 % over two steps) as a colorless oil. 

Rf = 0.30 (petroleum ether /EtOAc 2:1), anisaldehyde; 1H NMR (400 MHz, CDCl3):  [ppm] = 4.88-4.83 (m, 2 H, 

O-CH2-O), 4.77-4.74 (m, 2 H, O-CH2-O), 4.61-4.57 (m, 2 H, O-CH2-O), 4.10 (t, J = 2.5 Hz, 1 H, H-1), 4.02 (t, J = 

10.1 Hz, 1 H, H-3), 3.79 (dd, J = 2.1 Hz, 9.5 Hz, 1 H, H-6a), 3.71-3.63 (m, 2 H, H-6b, H-4), 3.59 (dd, J = 2.5 Hz, 

11.1 Hz, 1 H, H-7), 3.53, 3.45, 3.34, 3.29, 3.25 (s, each 3 H, OCH3), 3.19-3.16 (m, 1 H, H-2), 2.17 (tt, J = 2.3 Hz, 

11.1 Hz, 1 H, H-5), 1.32, 1.31 (s, each 3 H, CH3); 13C NMR (100 MHz, CDCl3):  [ppm] = 99.7, 99.4 (quart. C), 97.7, 

97.3, 83.5 (O-CH2-O), 79.1 (C-2), 76.9 (C-1), 74.0 (C-7), 71.3 (C-3), 65.1 (C-4), 62.3 (C-6), 59.3, 56.3, 56.1, 48.0, 
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48.0 (OCH3), 40.2 (C-5), 18.0, 17.9 (CH3); RP HPLC: tr = 6.1 min (EC 125/4 Nucleodur C-18 Gravity, 3 µm, 0.4 

mL/min, 65–95 % MeCN in 10 min); MS (ESI): m/z calcd for C19H35N3O10+ Na+: 488.2 [M+Na]+, found: 488.1. 

6.7 Biochemical work (ELLA) 

6.7.1 Used chemicals and equipment  

Chemicals: 

2,2’-Azino-di-(3-ethylbenzthiazolin-6-sulfonic acid)- Sigma A-1888 

diamoniasalt (ABTS) 

H2O2 (30 %) Sigma H-1009 

HRP-labeled WGA Sigma L-7017 

Bovine serum albumin (BSA) Serva 11930 

Tween 20 Fluka 93773 

(2-(2-(2-Azidoethoxy)ethoxy)ethyl)-2-acetamido-2-deoxy- MCAT MC9303 

-D-glucopyranoside 

h-gal-1 Donation from 

 H. Prof. Dr. Hans-J. 

 Gabius, Universität 

 München 

Equipment: 

Fluostar Optima platereader                          BMG Labtech 

Plate-Washer                         Nunc 470175 

Sealing tapes for micro well plates                         Nunc 236366 

Microtiter plate 96 well polypropylene                        Nunc 442587 

Amino-functionalized 96 well plates                        Nunc 478042 

 

6.7.2 Preparation of microtiter plates with amino-reactive 

isothiocyanate surface 64 

Amino-functionalized microtiter plates were treated with a 0.5 % solution of 1,4-phenylene diisothiocyanate 

(PDC) in DMSO containing 0.4 % EtN(i-Pr)2 for 3 h at room temperature (100 µl per well). Plates were emptied 

and rinsed twice with isopropanol, twice with water, and twice with sodium carbonate/bicarbonate buffer 

(100 mM, pH 10.1) to give modified microtiter plates 64 (Scheme 5, chapter 3.1). 
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6.7.3 Covalent immobilization of reference ligand 65 to the 

modified microtiter plates 64 

The modified microtiter plates 64 were incubated with a 5 mM solution of reference ligand 65 in sodium 

carbonate/bicarbonate buffer (100 mM, pH 10.1) overnight at rt (100 µl per well). The wells were washed once 

with isopropanol and twice with PBST buffer (pH 7.3) to give microtiter plates 66 (Scheme 5, chapter 3.1). 

6.7.4 ELLA with covalently modified microtiter plates 

Microtiter plates 66 were blocked with 1 % bovine serum albumin (BSA) in PBS buffer for 90 min at 37 °C (150µl 

per well). The plates were then washed five times with PBST buffer. Solutions of WGA-HRP (final concentration 

of 1 µg/mL) and any tested inhibitor in serial dilutions in PBS buffer were pre-incubated for 60 min at 37°C in a 

96 well polypropylene microtiter plate. Then the WGA-HRP/inhibitor solutions were transferred to the blocked 

microtiter plates (100 µl per well) and incubated at 37 °C for 90 min. After having washed the plates five times 

with PBST buffer, a solution of 2,2’azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) (25 

mg per 100 mL) in citrate phosphate buffer (200 mM, pH 4.0) containing 0.015 % of H2O2 was added (50 µl per 

well). Plates were incubated for 30 min at room temperature in the dark. The color reaction was stopped by 

addition of 1 M H2SO4 (50 µl per well). After 5 min in darkness, the absorption was measured at 405 nm using a 

plate reader (BMG Labtech, FLUOstar OPTIMA). Percent inhibition was calculated with the following equation: 

% inhibition = ([A(no inhibitor) – A(with inhibitor)]/A(no inhibitor)) x 100 

In some cases, the absorption for the negative control (wells without any inhibitor) was lower than the one 

obtained for wells with low concentration of inhibitor, leading to negative IC50 values. In these cases the 

reference absorption value A(no inhibitor) was set to the absorption value with the lowest concentration of 

inhibitor. IC50 values were reported as the concentration of soluble ligand required for inhibition of 50 % of the 

binding of WGA-HRP to coated microtiter plates. All tests were performed in duplicate. 
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Selected spectra 

 

Figure 52: 1H-NMR spectrum from 57 at 400 MHz in CDCl3. 

 

Figure 53: 13C-NMR spectrum from 57 at 100 MHz in CDCl3. 
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Figure 54: 1H-NMR spectrum from 35 at 400 MHz in D2O.  

 

Figure 55: 1H-NMR spectrum from 37 at 400 MHz in D2O. 
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Figure 56: 1H-NMR spectrum from 38 at 400 MHz in D2O. 

 

Figure 57: 1H-NMR spectrum from 103 at 400 MHz in CDCl3. 
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Figure 58: 13C-NMR spectrum from 103 at 100 MHz in CDCl3. 

 

Figure 59: 1H-NMR spectrum from 111 at 400 MHz in CDCl3. 
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Figure 60: 13C-NMR spectrum from 111 at 100 MHz in CDCl3. 

 

Figure 61: 1H-NMR spectrum from 121 at 400 MHz in CDCl3. 
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Figure 62: 13C-NMR spectrum from 121 at 100 MHz in CDCl3. 

 

Figure 63: 1H-NMR spectrum from 127 at 400 MHz in DMSO-d6. 
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Figure 64: 13C-NMR spectrum from 127 at 100 MHz in DMSO-d6. 

 

Figure 65: 1H-NMR spectrum from 130 at 400 MHz in DMSO-d6. 
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Figure 66: 13C-NMR spectrum from 130 at 100 MHz in DMSO-d6. 

 

Figure 67: 1H-NMR spectrum from 90 at 400 MHz in CDCl3. 
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Figure 68: 13C-NMR spectrum from 90 at 100 MHz in CDCl3. 

 

Figure 69: 1H-NMR spectrum from 137 at 400 MHz in CDCl3. 
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Figure 70: 13C-NMR spectrum from 137 at 100 MHz in CDCl3. 

 

Figure 71: 1H-NMR spectrum from 154 at 400 MHz in CDCl3. 
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Figure 72: 13C-NMR spectrum from 154 at 100 MHz in CDCl3. 

 

Figure 73: 1H-NMR spectrum from 157 at 400 MHz in CDCl3. 
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Figure 74: 13C-NMR spectrum from 157 at 100 MHz in CDCl3. 

 

Figure 75: 1H-NMR spectrum from 166 at 400 MHz in CDCl3. 
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Figure 76: 13C-NMR spectrum from 166 at 100 MHz in CDCl3. 

 

Figure 77: 1H-NMR spectrum from 182 at 400 MHz in CDCl3. 
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Figure 78: 13C-NMR spectrum from 182 at 100 MHz in CDCl3. 

 

Figure 79: 1H-NMR spectrum from 207 at 400 MHz in CDCl3. 
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Figure 80: 13C-NMR spectrum from 207 at 100 MHz in CDCl3. 

 

Figure 81: 1H-NMR spectrum from 218 at 400 MHz in CDCl3. 
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Figure 82: 13C-NMR spectrum from 218 at 100 MHz in CDCl3. 

 

Figure 83: 1H-NMR spectrum from 219 at 400 MHz in CDCl3. 
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Figure 84: 13C-NMR spectrum from 219 at 100 MHz in CDCl3. 

 

Figure 85: 1H-NMR spectrum from 224 at 400 MHz in CDCl3. 
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Figure 86: 13C-NMR spectrum from 224 at 100 MHz in CDCl3. 

 

Figure 87: 1H-NMR spectrum from 227 at 400 MHz in CDCl3. 
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Figure 88: 13C-NMR spectrum from 227 at 100 MHz in CDCl3. 

 

Figure 89: 1H-NMR spectrum from 229 at 400 MHz in CDCl3. 
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Figure 90: 13C-NMR spectrum from 229 at 100 MHz in CDCl3. 
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Selected HPLC chromatograms 

 

Figure 91: HPLC chromatogram from 40 at 254 nm (Method: 3 min 0 % MeCN, 0-20 % MeCN in 10 min, 20-70 % 

MeCN in 10 min). 

 

Figure 92: HPLC chromatogram from 43 at 254 nm (Method: 20-95 % MeCN in 20 min). 

 

Figure 93: HPLC chromatogram from 41 at 254 nm (Method: 3-70 % MeCN in 10 min). 
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Figure 94: HPLC chromatogram from 44 at 254 nm (Method: 3-70 % MeCN in 10 min). 

 

Figure 95: HPLC chromatogram from 42 at 254 nm (Method: 20-95 % MeCN in 10 min). 

 

Figure 96: HPLC chromatogram from 45 at 254 nm (Method: 10-95 % MeCN in 20 min). 
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Figure 97: HPLC chromatogram from 113 at 254 nm (Method: 40-80 % MeCN in 5 min). 

 

Figure 98: HPLC chromatogram from 46 at 254 nm (Method: 3-70 % MeCN in 10 min). 

 

 

 

Figure 99: HPLC chromatogram from 158 at 254 nm (Method: 20-95 % MeCN in 20 min). Shown is the 

chromatogram of the unpurified spin-labeled galactose. The purified compound decomposed during storage. 
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Figure 100: HPLC chromatogram from 49 at 254 nm (Method: 20-95 % MeCN in 20 min). Shown is the 

chromatogram of the unpurified spin-labeled lactose. The purified compound decomposed during storage.  

 

Figure 101: HPLC chromatogram from 179 at 254 nm (Method: 3-70 % MeCN in 10 min). 

 




