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Abstract 

Cell surface glycoconjugates play an important role in many fundamental processes of cell 

recognition. For example, bacterial adhesion is mediated by carbohydrate-specific binding of 

bacterial lectins to the glycocalyx of host cells. The molecular and structural complexity of the 

glycocalyx is essential for its biological function but yet has not been understood in every detail. 

Thus, scientists are interested in developing new tools and methods to investigate the role of 

glycans in biological processes. Within the scope of this thesis multifunctional glycoconjugates 

were designed and synthesized to study in particular, the organization of multivalency and the 

conformational switching of monosaccharides in the context of carbohydrate recognition.  

In the first part of this thesis, the organization of heteromultivalency is addressed in a bottom-up 

approach based on the synthesis of regioisomeric heterobivalent Man/Glc glycoclusters, which 

were derived from a multifunctional maltoside scaffold molecule. These glycoclusters were 

tested as inhibitors of lectin (FimH)-mediated bacterial adhesion and the results rationalized 

by molecular modelling. It turned out that especially the spatial orientation of the Man ligand 

essentially governs the inhibitory potency of the respective heteroglycocluster, whereas the 

glucose moiety contributes secondary interactions in complex with the bacterial lectin FimH. 

In order to explore and control different monosaccharide conformations, xylose derivatives 

were investigated as conformational switches in the second part of this thesis. Accordingly, a 

new synthesis strategy of 2,4-diamino xyloside derivatives was explored based on xylals as 

key intermediates of the synthetic route. Danishefskyôs iodosulfonamidation was utilized to 

achieve xylo-configured conformational switches with high precision in stereo- and 

regiochemistry. Their 4C1 to 1C4 conformational equilibrium can be controlled by chelation of 

the 2- and 4-amino groups with zinc ions. Furthermore, the conformational equilibrium of 2,4-

diamino xyloside derivatives was analyzed in greater detail by a combination of NMR 

spectroscopy and theoretical chemistry in collaboration. 

In a last chapter, the xyloside conformational switch was used as basis for the synthesis of a 

bivalent cluster mannoside. Its controlled conformational switching between the 4C1 and the 

1C4 conformation strongly influences the amplitude of Man ligand presentation. The biological 

effect of this kind of orientational control of ligand presentation was measured in a bacterial 

adhesion-inhibition assay, showing a significant functional difference. 

Within these three sections this thesis revealed original architectures and synthetic routes for 

functional glycoconjugates, with whom effects of multivalency, and spatial ligand orientation 

were controlled and led to a better understanding of carbohydrate recognition.  
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Kurzzusammenfassung 

Glykokonjugate auf Zelloberflächen nehmen eine wesentliche Rolle in fundamentalen 

Zellerkennungsprozessen ein. Insbesondere die bakterielle Adhäsion ist bestimmt durch 

kohlenhydratspezifische Bindungen von bakteriellen Lektinen an die Glykokalyx von 

Wirtszellen. Die molekulare und strukturelle Komplexität der Glykokalyx ist essenziell für ihre 

biologische Funktion, jedoch bis jetzt nicht bis ins Detail verstanden. Demzufolge sind 

NaturwissenschaftlerInnen daran interessiert, neue Methoden und Instrumente zu schaffen, 

um die Rolle von Glykanen in biologischen Prozessen zu untersuchen. Im Rahmen dieser 

Arbeit wurden multifunktionale Glykokonjugate entwickelt und synthetisiert, um insbesondere 

die Organisation von Multivalenz und das konformationelle Schalten von Monosacchariden im 

Kontext der Kohlenhydraterkennung zu untersuchen.  

Im ersten Teil dieser Thesis wurde die ĂOrganisation von Heteromultivalenzñ in einem 

bottom-up Ansatz adressiert. Dazu wurden, basierend auf multifunktionalen Maltosescaffolds 

regioisomere heterobivalente Man/Glc Glykocluster dargestellt. Diese Glykocluster wurden als 

Inhibitoren von lektinvermittelter bakterieller Adhäsion (FimH) getested und die Ergebnisse 

wurden mit Hilfe von Modellingexperimenten genauer untersucht. Es zeigte sich, dass 

besonders die räumliche Orientierung der Mannoseliganden essenziell für das 

Inhibitionspotential der jeweiligen Heteroglykocluster war. Zudem konnte festgestellt werden, 

dass die Glc-Einheit zu sekundären Cluster-Protein Wechselwirkungen mit dem Lektin FimH 

führte. 

Um die unterschiedlichen Konformationen von Monosacchariden zu analysieren und zu 

kontrollieren, wurden im zweiten Teil dieser Thesis Xylosederivate als konformationelle 

Schalter untersucht. Dabei wurde eine neue Synthesestrategie für 2,4-Diaminoxyloside 

entwickelt, welche auf Xylalen als Schlüsselintermediaten basierte. Zudem wurde 

Danishefskyôs Iodsulfonamidierung implementiert, um xylo-konfigurierte konformationelle 

Schalter mit einer hoher Regio- und Stereospezifizität darzustellen. Das vorliegende 

konformationelle Gleichgewicht von 2,4-Diaminoxyolsiden zwischen 4C1 zu 1C4 lässt sich durch 

die Komplexierung von Zinkionen kontrollieren. Das konformationelle Gleichgewicht von 2,4-

Diaminoxylosiden wurde mit einer Kombination aus NMR-Experimenten und einer 

Kollaboration mit der theoretischen Chemie genauer analysiert. 

Im letzten Kapitel wurden, basierend auf den konformationell schaltbaren Xylosiden, bivalente 

Mannosidcluster synthetisiert. Das kontrollierte Schalten zwischen den 4C1 und 1C4 

Konformationen beeinflusst die Amplitude der Mannosidligandenpräsentation immens. Die 

Auswirkungen dieser kontrollierten Kontrolle der Ligandenpräsentation wurde in bakteriellen 
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Adhäsions-Inhibitions-Assays bestimmt und zeigte einen signifikanten funktionalen 

Unterschied auf. 

In den drei Abschnitten dieser Thesis konnten originelle Architekturen und Syntheserouten für 

funktionale Glykokonjugate aufgezeigt werden, mit denen Effekte der Multivalenz und der 

räumlichen Ligandenorientierung kontrolliert werden konnten. Diese Aspekte führen zu einem 

besseren Verständnis von Kohlenhydraterkennung.  
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1 General introduction 

Carbohydrates are essential components of all living organisms. Next to lipids, nucleotides, 

and proteins they play a central role in biochemical processes in health and disease. [1] The 

structural diversity of carbohydrates (glycans) is unequaled due to the stereochemical features 

of monosaccharides including the stereo- and regiochemistry of the glycosidic linkages leading 

to oligo- and polysaccharides. In addition, functional modifications, such as 

O-sulfatation, -acetylation, or -phosphorylation, as well as deoxy- and amino-deoxy functions 

contribute to the vast variety of glycans in nature and their biological functions.[2] In nature 

carbohydrates are products of photosynthesis, forming D-glucose from carbon dioxide and 

water. Subsequent biosynthetic steps of the plant cell metabolism lead to multiple 

modifications of D-glucose such as epimerization, resulting in the biosynthesis of diverse 

glycans. In mammalian organisms, carbohydrates have different crucial functions, such as 

energy production, energy storage and macromolecule fabrication. In addition, they are also 

involved in cell recognition,[3] cell communication and microbial colonization and invasion[4] 

either by commensal or pathogenic species.[1b] However, in the field of carbohydrate and 

glycobiological research many details of the impact of glycans remain unknown to date due to 

the enormous complexity of carbohydrate display on the cell surface.[5] Thus, additional 

synthetic as well as analytical tools for the study of glycan recognition and function are 

required, in order to better understand carbohydrate-dependent cell biology and to explore the 

diversity and structural boundary conditions of glycoconjugate function beyond what is known 

so far.[6] 

1.1 Carbohydrates in the context of glycobiology 

Cell surface glycans play a fundamental role in glycobiology, especially in processes such as 

cell recognition and cell adhesion. Cell recognition can occur when a counterpart (e.g., bacteria 

or viruses) recognizes a specific carbohydrate epitope as glycoligand on the surface of a cell 

membrane via special carbohydrate-binding proteins, so-called lectins (vide infra).[7] These 

carbohydrate-protein interactions depend on the stereochemistry and the conformation of 

glycoligands, their presentation in space and their multivalent organization. 

The membrane of eukaryotic cells consists of different lipids, which are forming a bilayer 

surrounding the cell and protecting it from external influences such as pH changes or salts. 

Furthermore, various proteins are incorporated into this bilayer. They connect the innercellular 

and extracellular sites and function as receptors, ion channels or carrier proteins. At the 

extracellular site, the lipid bilayer of eukaryotic cells is functionalized with complex 
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inhomogenously arranged glycoconjugates, which are bound to proteins or lipids incorporated 

in the cell membrane. This thick layer of glycoconjugates (up to 100 nm or more) surrounds 

the whole cell and is thus called the ñglycocalyxò (Figure 1.1).[8] The composition of the 

glycocalyx differs from cell type to cell type and thus is highly individual. In addition, the 

glycocalyx is dependent on the aging process and the physiological status of a cell. [9] For 

cancer cells it is observed that the expression of bulky glycoproteins is upregulated, which 

influences transmembrane receptor organization and function resulting in metastasis.[10] 

The glycocalyx represents a site of first contact in many biological processes and interacts with 

a broad spectrum of external partners. These extracellular processes mediated by the 

glycocalyx have been extensively investigated. It was shown that glycoconjugates in form of 

glycoproteins or glycolipids play an important role in cellular processes, such as signaling,[3a] 

molecular recognition[11] and cell adhesion.[12] For example, glycoconjugates serve as 

attachment points for pathogenic organisms including bacteria or viruses. These adhesion 

processes are mediated by protein-protein interactions, carbohydrate-carbohydrate 

interactions and especially by protein-carbohydrate interactions, respectively. Many 

mechanistic details of glycocalyx functions are not fully understood to date and define an 

important research area in glycobiology. 

 

Figure 1.1. Electron micrograph of an endothelial cell (left) showing the glycocalyx.[13] A schematic 

overview of a eukaryotic cell membrane (right) shows the phospholipid bilayer and some basic glycan 

structures,[14] which are commonly linked to either membrane proteins (N-glycans, O-glycans, 

proteoglycans), GPI anchors or lipids. Carbohydrate moieties are depicted according to the convention 

introduced by the Consortium for Functional Glycomics (CFG).[15] 
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Glycocalyx components mainly consist of glycoproteins and glycolipids. In glycolipids, the lipid 

moiety is embedded into the cell membrane, projecting the glycoconjugate to the extracellular 

space.[16] But glycolipids can exist also in the lumen of the endoplasmic reticulum (ER). Often, 

the carbohydrate constituents of glycolipids fare galactose or glucose residues as in the case 

of cerebrosides. The oligosaccharide portions of gangliosides are more complex and typically 

contain sialic acid residues. Especially gangliosides are an important object of glycobiological 

research because they are part of cell signaling processes in the nervous system. [17] 

Glycoproteins, on the other hand, are divided into two main groups, N- and O-glycoproteins. 

The O-glycans, bearing a N-acetylgalactosamine (GalNAc) moiety in its structure, are bound 

to the hydroxyl group of a side chain of serine (Ser) or threonine (Thr), respectively (Figure 

1.1).[18] O-Glycans mainly occur in mucins, which are transmembrane proteins and can be 

found in mucous secretions. 

N-Glycans form the most common group of glycoproteins. They are N-glycosidically linked to 

the side chain of an asparagine (Asn) residue of the protein. The common sequon for 

N-glycosylation is Asn-X-Ser or Asn-X-Thr (X is any amino acid except proline). In general, all 

N-glycans share the same core pentasaccharide, namely 

Man (Ŭ1,6) (Man (Ŭ1,3)) Man (ɓ1,4) GlcNAc (ɓ1,4) GlcNAc (ɓ1-Asn). With respect to the 

diverse functionalization of this core pentasaccharide, N-glycans are subdivided into three 

classes, those of the high-mannose type, where only mannose units are attached to the core 

structure, the complex type, in which several ñantennaeò, containing galactose and neuraminic 

acid are attached to the core structure, and those of the hybrid type, in which mannose units 

are attached to the Man (Ŭ1,6) branch and a complex-type antennae to the other branch of the 

core structure (Figure 1.2).[19] 

Furthermore, N-glycans can be modified at the core structure with L-fucose (Ŭ1,6) or 

D-xylose (ɓ1,2), which can have an effect on glycan processing in various biological aspects 

(Figure 1.1 and Figure 1.2).[20] Thus, fucose itself plays an important role in recognition 

processes and supports specific carbohydrate-protein interactions.[21] On the other hand, core-

xylose is an immunogenic motif and can often be found in plants. It has been observed that 

core xylosylation plays a significant role in food allergens and is present in glycans of parasitic 

nematodes.[22] In mammals, xylose is found in proteoglycans as part of the core structure. [23] 
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Figure 1.2. Schematic presentation of the three different types of N-glycans of the high-mannose, 

complex and hybrid type. All types share the same core pentasaccharide: 

Man (Ŭ1,6) (Man (Ŭ1,3)) Man (ɓ1,4) GlcNAc (ɓ1,4) GlcNAc (ɓ1,Asn). All carbohydrates are shown by 

the conventions of the Consortium for Functional Glycomics (CFG)[14-15] and the following abbreviations 

are used: Gal (galactose), Man (mannose), GalNAc (N-acetylgalactosamine), Neu5Ac (N-

acetylneuraminic acid) and Fuc (L-fucose).[24] Figure adapted from the literature.[14] 

The glycosylation of eukaryotic proteins is a complex co-translational modification affecting the 

solubility, charge, and conformation of the protein. Additionally, glycosylation provides 

carbohydrate ligands for specific recognition processes in cell-cell communication, signal 

transduction, and immune response.[25] Many of these processes are mediated by interactions 

with lectins.[26] Lectins are defined as carbohydrate-specific proteins, lacking an enzymatic or 

immune activity. They are present in all living organisms including viruses, bacteria and 

plants.[6b] 

In 1936, a first conclusion about lectins and their carbohydrate-specific binding was drawn 

when concanavalin A (Con A) was isolated from jack beans by Sumner and Howell. [27] By 

further investigations, it could be clarified that lectins show similarities in their primary, or 

tertiary structures, respectively. Additionally, it was revealed that the interaction between 

lectins and carbohydrate ligands is non-covalent and reversible.[3a] The carbohydrate 

specificity of lectins is often based on a conserved amino acid sequence, which is forming the 

so-called carbohydrate recognition domain (CRD). The CRD of lectins recognizes terminal 

non-reducing carbohydrate motifs of glycans and forms complexes with such glycoepitopes. 

Their carbohydrate specificity discriminates between Ŭ- and ɓ-anomers, which is reflected in 

different binding affinities.[26] Due to their carbohydrate specificity, lectins are involved in 

several biological processes like cell-cell interactions in the immune system and in the 

adhesion of infectious agents to host cells.[4] 
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In particular, glycoconjugates of the glycocalyx enable the adhesion of commensal and 

pathogenic bacteria to eukaryotic cells, which is essential for mammals. The immune system 

needs those commensal bacteria to inhibit the colonization of pathogens. But if commensal 

bacteria colonize in regions where they normally do not occur, they can turn into pathogens.[28] 

One example of commensal bacteria are the Gram-negative Escherichia coli (E. coli), which 

colonize the gastrointestinal tract of mammals. Other E. coli strains, however are pathogens 

and responsible for a number of infectious diseases, such as urinary tract infections 

(uropathogenic E. coli, UPEC),[29] meningitis (neonatal meningitis causing E. coli, NMEC),[30] 

or diarrhoea (enterohemorrhagic E. coli, EHEC).[31] The adhesion of these bacteria occurs 

mainly via bacterial lectins, which are located either on the bacterial surface or are part of their 

adhesive organelles called fimbriae.[32] E. coli bacteria adhere to Ŭ-D-mannoside residues on 

the surface of urothelial cells mediated by so-called type 1 fimbriae.[33] This type of fimbriae 

consists of the main structural subunit FimA forming the pilus rod, the subunits FimF and FimG, 

and the mannose-specific adhesin FimH, which is located at the tip of the fimbriae (Figure 1.3, 

A).[34] Fimbriae are connected to the periplasm via a complex with FimC and subunits can cross 

the bacterial membrane through a pore, formed by FimD.[35] 

The first crystal structure of the FimH-FimC complex has revealed that the adhesin FimH 

consists of two domains, namely the FimHP pilus domain and the FimHL lectin domain. At the 

tip of the FimHL domain, the CRD of FimH is located, which specifically binds Ŭ-D-

mannosides.[34] The interactions between a mannose ligand and the FimH CRD were 

investigated in great detail and X-ray analysis revealed that the hydroxyl groups of the ligand 

interact through hydrogen bonds with the amino acid residues Phe1, Asn46, Asp47, Asp54, 

Gln133, Asn135, and Phe142. Furthermore, mannosides with an aromatic aglycone show 

increased affinity due to interactions with two tyrosine residues (Tyr48 and Tyr137) forming the 

so-called ñtyrosine gateò at the entrance of the FimH CRD. These residues undergo -́ˊ 

interactions with the aromatic glycoconjugate, which improves the overall complexation of the 

ligand (Figure 1.3, B).[36] In addition to the interactions inside the CRD and with the tyrosine 

gate, the complexes between carbohydrate ligands and the lectin FimH can be influenced by 

secondary interactions with various regions in the periphery of the CRD.[37] 
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Figure 1.3. Schematic representation of the type 1 fimbriae, consisting of the fimbrial shaft and a flexible 

tip including the lectin FimH (A).(Figure adapted from literature.[35]) The CRD of FimH is specific for Ŭ-

D-mannosides and the ñtyrosine gateò (Tyr48 and Tyr137) supports the interactions with the aromatic 

aglycone of synthetic ligands.(B) In the periphery of the CRD various other amino acids can exert 

secondary interactions with further moieties of, for example, glycoclusters. Rendered with Schrödinger 

(color code: positive charges in purple, neutral in green, negative charges in red). 

FimH-mediated bacterial adhesion is a very well investigated process and can serve as robust 

model system for the investigation of carbohydrate-protein interactions and some of their more 

novel aspects, such as ligand orientation or conformational effects. 

1.2 Multivalency effects 

An important characteristic of the glycocalyx is the multivalent presentation of glycoligands. 

Typical binding constants of singular lectin-carbohydrate interactions are in the millimolar or 

high micromolar range. However, as oligosaccharides are highly branched and glycoligands 

are presented as multiple copies,[38] carbohydrate recognition benefits from the fact that 

various simultaneous carbohydrate-lectin interactions can occur in a multivalent process 

adding several low affinities of singular interacting events to an overall high avidity.[39] 

Therefore, multivalent glycoconjugates have become valuable tools to investigate 

carbohydrate interactions. Already early studies by Y. C. Lee and co-workers have shown that 

a linear increase of ligand valency within a synthetic glycocluster can result in a logarithmic 

increase of binding avidity (combined strength of all carbohydrate-lectin interactions).[39b, 40] 

This effect has been called the ñcluster effectò, corresponding to multivalent interaction of 

glycoligands with multiple CRDs of a lectin.[41]  

It has turned out, that multivalency effects can have quite different reasons.[41] Kiessling and 

colleagues suggested several possible mechanisms for multivalency effects.[42] For example, 

a glycoconjugate carrying multiple ligands can bind to multiple binding sites of one receptor. 
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Therefore, the cost for the translational entropy that is needed for the first ligand-receptor 

interactions is paid with the affinity of the first contact and all following binding interactions can 

proceed without further translational entropy cost.[43] This enables multivalent ligands to bind 

simultaneously to oligomeric receptors, an effect that is called the chelation effect (Figure 1.4, 

A). Multivalent ligands can also act as activators of a signal transduction as they bind to 

multiple non oligomeric receptors on the cell surface. This process is facilitated by the diffusion 

of receptors in the fluid lipid bilayer and triggered by multivalent ligands (Figure 1.4, B). On the 

other hand, some receptor proteins possess binding subsites in addition to the CRD, providing 

additional interactions with multivalent ligands (Figure 1.4, C). High avidity can also be the 

result of a high local ligand concentration, which statistically affects the frequency of ligand-

protein interactions (Figure 1.4, D).[44] 

Many of the described multivalency effects occur with oligomeric lectins, bearing more than 

one CRD. However, the cluster effect can also be observed with the monomeric bacterial lectin 

FimH, a protein that forms just one CRD accommodating exactly one mannosyl residue. In this 

case, it has been suggested that a cluster effect is the result of a high concentration of 

mannosyl residues in the close neighborhood to the FimH CRD (Figure 1.4, D). Furthermore, 

the multivalency mechanism profits from the quick rebinding of mannoside residues after their 

release.[45] 

 

Figure 1.4. Illustration of possible mechanisms of multivalent ligand-receptor binding processes. The 

entropic chelate effect (A) increases affinity due to multiple binding events. Multivalent ligands can 

cluster multiple receptors (B). Secondary interactions support the ligand-receptor interactions (C). A 

high ligand concentration statistically favors binding events (D). Figure adapted from the literature. [42a] 
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Since it is important to study multivalency effects, a variety of multivalent glycomimetics have 

been developed, for example glycoclusters, glycopolymers, or glycodendrimers.[46] The 

majority of multivalent systems presents the same ligand in a multiple fashion and thus its 

concentration is locally increased.[47] However, the biological environment of the glycocalyx is 

defined by a heterogeneity of various ligands and hence several effects of carbohydrate 

recognition are excluded when just homomultivalent glycoclusters are studied.[48] Thus, 

heteromultivalent glycoconjugates have been taken into account for the investigation of 

carbohydrate recognition processes and indeed, significant heteromultivalent effects were 

observed and termed ñheterocluster effectò.[49] 

Hence, the group of García-Fernández pioneered the synthesis of heteromultivalent 

glycoclusters, paying tribute to the natural diversity of glycocalyx carbohydrates.[50] The group 

used ɓ-cyclodextrin as a scaffold molecule and addressed the primary positions of the 

glucosides for functionalization with diverse carbohydrate ligands. A synthesis strategy was 

designed, which allowed the preparation of homo- and heteromultivalent glycoclusters with up 

to 21 sugar ligands and different sugar densities (Figure 1.5, A). In this way, 

heteroglycoclusters with Man/Glc and Man/Lac combinations were achieved, and the 

interaction of the targeted clusters with concanavalin A (ConA, Man/Glc specific) and peanut 

agglutinin (PNA, Lac specific) were studied using enzyme-linked lectin assays (ELLA), 

isothermal titration calorimetry (ITC) and surface plasmon resonance spectroscopy (SPR). 

While homovalent glycoclusters exhibited a multivalency effect as expected, this effect was 

often surpassed by heteromultivalent clusters depending on ligand density. The heterocluster 

effect was explained by secondary interactions between heterogeneous glycan moieties and 

the lectin surface, which can significantly influence binding.[50a] Subsequently, a variety of 

further heteromultivalent glycoconjugates were prepared[48] and heteroglycoclusters have 

become increasingly interesting in glycobiology as well as in drug design.[51] 

Further investigations of the heterocluster effect addressed the precise presentation of 

carbohydrate ligands and their relative orientation to each other was addressed next. Thus, 

the group of Dumy and Renaudet proposed a combinatorial approach for the synthesis of a 

structurally diverse library of four monosaccharide ligands based on a tetrafunctional 

cyclopeptide scaffold.[52] By orthogonal ligation chemistry (oxime ligation, thiol-ene reaction, 

copper-catalyzed azide-alkyne cycloaddition and nucleophilic substitution) it was possible to 

achieve a defined distribution of carbohydrate ligands (Figure 1.5, B).[52c] Furthermore, this 

approach enables the synthesis of higher branched heteroglycoclusters by conjugation of 

multiple scaffolds. For a heteroglycocluster with two different ligands the group of Renaudet 

observed a heterocluster effect in the interactions with the lectins LecA and LecB.[52d] 
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Figure 1.5. Examples of heteromultivalent glycoclusters. The functionalization of ɓ-cyclodextrins with 

various carbohydrate ligands (Man, Lac, Glc) increases the affinity to lectins (A). Small tetrafunctional 

cyclic peptides are suitable scaffolds for the synthesis of heteromultivalent glycoclusters (B) by 

combinatorial chemistry to achieve a defined ligand distribution (Man, Glc, GalNAc, GlcNAc). 

1.3 Conformations of pyranoses 

Monosaccharides mainly exist as cyclic hemiacetals in the form of furanoses (5-membered 

ring) or pyranoses (6-membered ring), respectively. Especially the stereochemical details of 

monosaccharide substitution influence and govern the conformational properties of sugars. 

Five main classes of ring conformations have been described, the chair (C), skew (S), boat 

(B), half-chair (H) and the envelope (E) conformation.[53] The shape of a particular conformer 

is referenced with respect to a plane, which is defined by four (C, S, B, H) or five (E), 

respectively, atoms of the ring (Figure 1.6). Atoms which are positioned above or below the 

ring plane are depicted in super- or subscript before and after the letter which defines the 

specific conformational type. 

 

Figure 1.6. Schematic representation of chair (C), skew (S), boat (B), half-chair (H) and envelope (E) 

ring conformations of pyranoses. The shape of the ring conformation is referenced to a plane (grey), 

generated by 4 or 5 atoms, respectively, and specified by respective super- and subscripts. 

The mathematical description of pyranose ring systems was introduced by Cremer and Pople 

in 1975 in their work about ring puckering coordinates. [54] They showed that every ring shape 

can be precisely devised by the definition of three coordination numbers, the Cremer-Pople 

parameters. For this, the puckering parameter Q, describing the degree of deviation of the 

atoms related to the plane, was defined. In addition, the angles ɗ and ◖ are used to define the 
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position of the conformation on the multidimensional surface of Q (Figure 1.7, A).[55] Hence, 

using the parameters Q, ɗ and ◖ a spherical coordinate system is built for pyranose rings, 

where the poles are occupied by the two chair conformers 4C1 and 1C4. The equator is defined 

by the skew and boat conformers and in between the envelope and half-chair conformations 

are positioned. The resulting Cremer-Pople plot is a theoretical and for every pyranose 

individual consideration for the occurring ring conformations and conformational 

interconversions of pyranoses. To track the conformational changes of pyranoses the British 

chemist Sir Fraser Stoddart constructed a two-dimensional projection of the conformational 

interconversion pathways (Figure 1.7, B).[56] On this map it is assumed that one of the three 

Cremer-Pople parameters is kept constant. Hence the interconversions can be described in 

two dimensions. 

 

Figure 1.7. Cremer-Pople parameters Q (A) can describe ring conformations of pyranoses. 

Abbreviations: E: envelope, B: boat, C: chair, S: skew, H: half-chair. 

The conformational preferences of pyranoses can be differently affected. On the one hand, 

electronic and sterical effects of the functional groups of a monosaccharide can influence the 

ring conformation. Additionally, also external stimuli can affect the ring conformation. One 

assumption for the preference for a specific ring conformation of a monosaccharide is that 1,3-

diaxial interactions between functional groups (mainly OH groups) of a carbohydrate cause 

steric hindrance. This is also one reason why most D-configured aldohexoses (e.g., D-glucose, 

D-galactose, or D-mannose) exist as 4C1 conformers where most substituents are equatorially 

orientated. The conformational equilibrium of ɓ-D-glucose lies far on the side of the 4C1 

conformer owing to an energy barrier between the two chairs of ~5.70 kcal/mol (Figure 1.8). 

On the other hand, for the same reason, L-sugars (e.g., L-rhamnose or L-fucose) can be found 

exclusively in the inverted 1C4 conformation. 
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Figure 1.8. Natural occurring D-sugars (e.g., D-glucose) are mainly present in the 4C1 conformation due 

to high-equatorial orientated functional groups. 

The energetically unfavored 1,3-diaxial interactions in monosaccharides can be overcome in 

different ways leading to a distortion of the preferred 4C1 conformation. For example, bulky 

vicinal protecting groups (e.g., silyl ethers) induce ring distortion and the conformation changes 

from the 4C1 to the 1,4B conformer as described by Bols et al. for the activity of super-armed 

glycosyl donors (Figure 1.9, A).[57] Another possibility to influence the regular chair 

conformation is the formation of bridging protecting groups, which were also introduced to 

affect the reactivity of monosaccharides. For example, the 1,2,4-O-acetyl orthoester derivative 

of glucose presented by Bochkov et al. is locked in the B1,4 conformation (Figure 1.9, B).[58] 

Yamada and co-workers showed that butenylene-bridged glucosides serve as ñaxial richò 

glycosyl donors, such as the twisted glucose derivate depicted in Figure 1.9, C, showing a 3S1 

conformation.[59] 

In addition to the modification of the hydroxyl groups by protection chemistry also the anomeric 

effect has an influence on the conformation of sugars. It stabilizes the axial orientation of 

electron withdrawing groups at the anomeric center by hyperconjugation of non-bonding 

electrons of the endocyclic oxygen to the anti-bonding ů orbital of the bond between the 

anomeric carbon and the anomeric electronegative group. Thus, benzoylated ɓ-D-xylosyl 

halides (e.g. bromide) are forced by an anomeric stabilization into the 1C4 conformation as 

shown by Lindner (Figure 1.9, D).[60] Also other interactions have an influence on the 

conformation of sugars such as intramolecular hydrogen bonds or charged and aromatic 

substituents, which give rise to dipole-dipole and -́  ́ interactions, respectively. Hence, 

L-iduronic acid, a constituent of heparin, shows high conformational flexibility depending on its 

degree of sulfation and can occur in 4C1, 1C4 or 2SO conformation (Figure 1.9, E).[61] 

While for most examples the chair, skew and boat conformations are the dominating forms, 

glycals exist in the half-chair conformation. Glycals are defined by a double bond between the 

anomeric center and C-2 and represent important and versatile building blocks in carbohydrate 

chemistry. The tri-O-acetylated D-glucal, for example, adopts a 4H5 half-chair conformation 

(Figure 1.9, F). This conformational features makes glucal amenable for an electrophilic attack 

from the ɓ-face of the molecule.[62] 
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Figure 1.9. The main conformation of sugars can be distorted into other favored conformations by 

several modifications, for example bulky protecting groups (A), bridging units (B and C), the anomeric 

effect (D), charged substituents or unsaturated bonds (F). 

Furthermore, some monosaccharides (e.g., D-altrose, D-idose or D-xylose) show small energy 

barriers between several energy minimum conformations.[63] Thus, without further 

modifications, they exist as a conformational equilibrium. Conformational equilibria are 

complicated to control, and their analysis is difficult to tackle.  

However, the ring conformation of monosaccharides plays a significant role in many natural or 

synthetic processes. It affects carbohydrate recognition and the reactivity of molecules in 

numerous ways. For example, a strained conformation of a glycosyl donor influences the 

dissociation of the anomeric leaving group, the preorganization of intermediates and the 

stereochemical outcome of a glycosylation reaction.[64] Also enzymatic reactions such as 

glycoside cleavage and formation of glycosidic bonds proceed through various conformational 

changes of the carbohydrate substrates.[65] For example, the endo-1,4-ɓ-xylanases are 

enzymes, which are involved in the hydrolysis of hemi-cellulose, so-called xylan.[66] These 

enzymes perform the hydrolysis of xylan via a glycosyl-enzyme intermediate, which has an 

oxocarbenium ion character and occurs in the 2,5B conformation.[67] The group of Wilson could 

crystallize the reactive intermediate of the enzyme-xylan complex and X-ray analysis proved 

its 2,5B conformation in the active site (Figure 1.10, A).[68] Furthermore, the group of Blériot 

demonstrated that the 2,5B conformer of xylosides is enormously reactive in glycosylation 

reactions. By locking the boat conformation with a 2,5-ethyl bridge, various thioxylosides were 

prepared and tested in glycosylation reactions to show that derivatives in the 2,5B conformation 

reacted approximately 200 times faster than the respective 4C1 conformers (Figure 1.10, B).[69] 
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Figure 1.10. The enzyme-substrate complex that is formed during the hydrolysis of xylan contains a 

reactive 2,5B conformer as demonstrated by co-crystallization with endo-1,4-ɓ-xylanase (A); graphic 

adapted from the literature.[68] Thioxylosides locked in the 2,5B conformation show higher reactivity as 

glycosyl donors than the analogues in 4C1 conformation (B).[69] 

1.4 Conformational equilibria and their analysis 

In addition to the conformational analysis of monosaccharides, studying the conformations of 

oligo- and polysaccharides is important since conformational aspects of glycans are highly 

connected to their biological function. The conformational analysis of oligosaccharides is 

typically concentrated on the glycosidic bonds and their orientation, which is defined by three 

torsion angles (◖, ɣ, and ɤ).[70] As mentioned earlier, also the conformational flexibility of the 

monosaccharide ring is an important feature in the context of glycobiology. Hence, the function 

of natural occurring carbohydrates such as furanosides in DNA[71] or the hexopyranose Ŭ-L-

idopA in heparin[72] are dependent on their conformational structure. Accordingly, the 

conformational analysis of monosaccharides, the theoretical prediction of occurring 

conformations and the influence of the ring conformation on molecular function is important.[73] 

The conformation of monosaccharides is highly dependent on the presence of exocyclic 

groups. Thus, the potential energy landscape of monosaccharides differs for all pyranose 

species. The group of Beckham computed by high-level quantum mechanics in the gas phase 

the possible ring conformations of different carbohydrates and in addition determined the 

kinetic landscapes for conformational interconversions (Figure 1.11).[74] With these results it 

was possible to gain information about certain carbohydrate structures in enzyme-

carbohydrate complexes, which could not be explained so far. [65b] 

Especially the puckering of the pentose ɓ-D-xylose is of interest, since its two stable chair 

conformers show a small energy barrier (~2.3 kcal/mol between 1C4 and 4C1)[74] and thus 

conformational interconversions might occur.[75] In addition to the two isomeric chair 

conformations, the most kinetically accessible conformation is the 2SO (Figure 1.11), which was 

also shown in NMR experiments by Rönnols and co-workers.[76] The interconversion energies 
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along the equator are relatively low (0.5-5.6 kcal/mol). Thus, puckering from the 2SO to other 

skew or boat conformers are also favored and can be found as reactive intermediates in 

enzyme-carbohydrate complexes. Furthermore, the Beckham group could calculate the 

electronic structures of various conformers, which gave more insights into the connections 

between conformational structures and reactivity.[74] 

 

Figure 1.11. Computed puckering interconversions pathways for ɓ-D-xylose at the CCSD(T)6-

311+G(d,p) level of theory (298 K in kcal/mol). color code: green: local energy minimum; blue: transition 

state. Figure adapted from the literature.[74] 

While the conformation of monosaccharides in protein-carbohydrate complexes is enormously 

affected by the structure of the active site of the protein, also other environmental parameters 

can have an influence on the conformation. In addition to the constitution of substituents also 

the presence of metal ions or solvent characteristics are important for the occurrence of 

carbohydrate conformers.[77] In unpolar solvents intramolecular interactions such as charge-

dipole or dipole-dipole interactions are facilitated. The formation of intramolecular hydrogen 

bonds increases in solvents with a lower polarity.[75] Additionally, it has been shown that the 

anomeric effect for carbohydrates is of greater significance in unpolar solvents. 

Widmalm and co-workers prepared naphthoyl ɓ-D-xylosides in order to investigate their 

potency to inhibit the biosynthesis of glycosaminoglycans. [76] They figured out that these 

xylosides occurred in conformational equilibria in solution. In addition to the assumed 4C1 

conformation also the inverted 1C4 and the 2SO conformations could be found. Furthermore, a 

relationship between the conformer distribution and the polarity of the solvent, in which the 

sample was measured, was observed. In polar solvents (DMSO, MeOH) the 4C1 conformation 

was predominant, but for solvents with a lower polarity (benzene, chloroform) the population 
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of 4C1 was decreasing and the 1C4 and the 2SO conformations were observed. This 

solvent-dependent conformational behavior was rationalized with intramolecular hydrogen 

bonds between the 2- and the 4-hydroxyl group, which could occur in the 1C4 conformation with 

all substituents in an axial orientation.[78] 

 

Figure 1.12. The conformational equilibrium of naphthoyl xylosides is dependent on the solvation 

environment and three conformers can occur. In polar solvents the 4C1 conformation is dominant, 

whereas the population of 1C4 and 2SO increases in unpolar solvents. Figure adapted from the 

literature.[78] 

For the analysis of conformational equilibria, it is important to know that the exchange rate (kex) 

between two conformers is highly dependent on the temperature.[79] For the conformational 

interconversion from one conformer to another, an activation energy has to be payed to reach 

a transition state towards the next intermediate (Figure 1.13, A). These time-dependent 

processes can be studied by dynamic NMR spectroscopy.[79] Since the ring interconversion is 

a fast process (~100 ns), NMR spectroscopy of these molecular processes often displays a 

time-averaged signal of two or more conformers, so-called coalesced peaks. The occurrence 

of separated or coalesced peaks is dependent on the exchange rate (kex) and the frequency 

difference between the nuclei in the respective conformers (ȹɜ). The relationship between 

these two parameters results in a coalescent spectrum when kex is 2.22 times ( /́ã2) larger 

than ȹɜ of the exchanging states. The temperature for the kex at the transition state between 

the conformers is called the coalescence temperature (Tc). Since kex is temperature-dependent 

the spectral appearance varies with the temperature. Around the coalescence temperature 

NMR signals are broadened due to the Heisenberg uncertainty principle related to the energy 

states of the conformers. Above Tc one set of sharp signals is describing an average of the 

dynamic equilibrium. Otherwise below this temperature, the two signal sets of isomeric 

conformers are separated (Figure 1.13, B). Accordingly, NMR spectroscopy at low 

temperatures can lead to a separation of the signals and thus to coupling constants of the pure 

conformers.[80] 
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Figure 1.13. The conformational equilibrium between to pyranoside conformers is 

temperature-dependent (A). If both conformers are present at the same time, NMR spectroscopy can 

give time-average signal peaks for both conformers. Depending on kex the signals are separated or 

coalescent (B). 

The conformation of pyranosides can be determined be NMR spectroscopy by measuring the 

coupling constants between the vicinal ring protons. Coupling constants can be affected by 

various parameters, such as geometric or electronic factors. For the theoretical prediction of 

coupling constants, the general Karplus equation for 3JH,H couplings, derived by Haasnoot et 

al., takes the dihedral angle of two vicinal protons into account. [81] Furthermore, coupling 

constants are affected also by the electronegativity of substituents, the orbital hybridization, 

and the bond length.  

1.5 Conformational switchable monosaccharides 

For molecular switches it is important that the molecule can exist in two or more stable isomeric 

states. The transition between this states affects properties of the molecule depending on the 

distance between functional groups and their relative orientation (shape, size, polarity, 

complexing ability or biological activity).[82] The well-defined stereochemistry and the high 

degree of functionalization makes monosaccharides attractive as molecular switches for 

different applications.[83] However, conformational effects in sugar rings are difficult to control, 

to analyze, and finally to proceed reversible, as it is required for molecular switches. In general, 

the pyranose ring has to be functionalized in a way that by addressing the functional group 

with an external stimulus the energy difference between two conformational states (which are 

in the same energetic range) can be overcome and the ring flip occurs. Only few examples of 

monosaccharide switches have been published so far. 
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One tool for triggering conformational change is the modification of the anomeric aglycone. It 

is known that axial arrangement of electron withdrawing groups prefer, stabilized by the 

anomeric effect with the endocyclic oxygen, the 4C1 conformation. Davis and co-workers 

showed that N-(Ŭ-D-xylosyl)-imidazole occurs in its unprotonated form in the 4C1 conformation 

as expected. Though, by protonation of the imidazoyl unit the anomeric effect is overwhelmed 

and a conformational change to the 1C4 conformer takes place (Figure 1.14, A)[84] so-called the 

reversed anomeric effect.[85] Coutrot and Busseron demonstrated that the conformation of a 

pyridinium mannoside can be switched in a supramolecular mannosyl [2]rotaxane.[86] If the 

macrocycle is not in the periphery of the aglycone pyridinium the mannosyl residue shows 1C4 

conformation dedicated to the reversed anomeric effect. But if the macrocycle is shuttled 

towards the mannosyl residue by deprotonation, the positive pyridinium charge is shielded and 

the anomeric effect overwhelms again (Figure 1.14, B). This is resulting in a conformational 

change to the 4C1, which is reversible by back shuttling of the macrocycle. 

 

Figure 1.14. Carbohydrate based molecular switches which are triggered by a reversed anomeric effect. 

Protonation of the anomeric N-imidazoyl moiety leads to a ring flip of xylosides (A). The reversed 

anomeric effect of mannosides can also occur due to supramolecular [2]rotaxanes resulting again in a 

ring flip (B). Figure adapted from the literature. [84, 86] 
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Another tool for switching the conformation of monosaccharides is the complexation with metal 

ions. Thus, by the synthetic modification of carbohydrates to chelating agents stimuli-

responsive surfactants are generated, which are interesting for material science. [87] By the 

functionalization of methyl Ŭ-D-glucoside, Pedersen and co-workers presented a 

conformational switchable lipid (Figure 1.15)[88] where the 3- and 6-positions were modified 

with lipophilic alkyl chains and the 2- and 4-positions with pyridine residues. By the addition of 

zinc (II) cations a conformational flip from 4C1 to 1C4 was caused by complexation with the metal 

salt. The 1C4 conformation with all substituents in axial orientation is amphiphilic and can be 

corporated into liposomes to encapsulate a fluorescent cargo, for example. This process is 

reversible by the addition of a stronger ligand (EDTA), which makes the lipid attractive for 

liposomal drug delivery systems. 

 

Figure 1.15. Conformational switchable glucoside-based lipid for the formation of liposomes.[88] 

The ability of a monosaccharide to serve as a molecular switch is highly dependent on the 

energy difference between two stable conformers. For D-xylose the energy barriers for 

puckering interconversions between the chair conformers are low (~2.3 kcal/mol between 1C4 

and 4C1).[74] By synthetic modifications of ɓ-D-xylopyranosides the energy barrier between the 

conformers can be overcome and conformational switches can be achieved.[78, 89] 

In 1999, Hashimoto and Yuasa employed the first conformational hinge based on a 

xylopyranoside.[90] By modification of D-xylose they synthesized 2,4-diamino xylosides which 

could be switched between their chair conformations by the chelation of metal (II) ions (Figure 

1.16). The xyloside switches offer two further positions for functionalization (1- and 3-position) 

in order to transfer the conformational transition to a molecular function. First, trisaccharides 

with a central xylose hinge were synthesized and the switching ability was studied with different 

metal ions.[91] Next, the 1- and 3-position were modified with pyrene residues and the molecular 

switch was used as a metal specific excimer fluorescence sensor. [92] By a ring flip of the 

xyloside, the pyrene substituents are orientated in an axial position and can now exert -́  ́
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interactions resulting in a fluorescence emission. On the other hand, the pyrene interactions 

stabilize also the corresponding 1C4 state. In addition, it was also shown that the conformational 

change can be triggered by protonation. Furthermore, Yuasa and co-workers presented a 2,4-

diamino xyloside-based lipid and incorporated it into micelles by conformational switching. [93] 

Thus the incorporation and release of a drug were controlled by a hinged sugar. 

 

Figure 1.16. Hashimoto and Yuasa showed that 2,4-diamino xylosides can serve as molecular switches. 

The conformational transition from 4C1 to 1C4 is triggered by chelation of metal ions or protons. By varying 

the functional groups at the 1- and 3- position the xylosides can be used in various applications. 

The fact that -́  ́ interactions between pyrene groups can stabilize conformations was also 

shown by Sakakibara and Ariga.[94] They employed a pyrene-functionalized methyl b-D-

xyloside to flip the chair conformation of the sugar ring in a Langmuir monolayer by varying the 

surface pressure. The ring flip was detected by excimer emission of staggered pyrene 

residues, demonstrating that interactions between aromatic residues support conformational 

changes.  
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2 How can carbohydrate-protein interactions be controlled? ï The 

project idea 

Carbohydrate-protein interactions play a crucial role in many essential biological processes 

such as in the adhesion of bacteria to the glycocalyx of human cells, which is mediated by 

lectins. Strikingly, carbohydrate-protein interactions are crucial in both health and disease 

states of an organism.[1b] Hence, it is important to study carbohydrate recognition, which is 

dependent on ligand accessibility, multivalency effects, ligand density, and also the 

conformation of glycoligands. Tailor-made glycomimetics can help to address the meaning of 

specific parameters that influence carbohydrate recognition in a bottom-up approach rather 

than to tackle the complex orchestration of glycobiology top-down. 

The project of this thesis is focused on two aspects of carbohydrate recognition, the 

organization and spatial distribution (ñpresentationò) of carbohydrate ligands and the 

conformation of xylosides in order to utilize them as conformational switches. For the first 

approach, a maltoside scaffold was designed and elaborated into regioisomeric Man/Glc 

heterobivalent glycoclusters. (Figure 2.1, chapter 3). The influence of the varying relative 

orientation of an Ŭ-D-mannoside ligand versus a ɓ-D-glucoside moiety was tested in bacterial 

adhesion-inhibition assays. The testing results were rationalized by molecular modelling 

studies. 

In the second approach, diamino-xylosides were elaborated into conformational switches. A 

ring flip between the 4C1 and 1C4 conformation can be triggered by metal complexation of the 

two amino groups of the sugar ring. This ñmolecular machineò, a rather unexplored area in the 

glycosciences, can be utilized to, again, vary and control the relative orientation of two 

mannose ligands in space. Also in this case, for the biological testing E. coli bacteria were 

employed in adhesion-inhibition assays (Figure 2.1, chapter 4, 5 and 6). The results were 

rationalized by molecular modelling and molecular dynamics simulations. The work on the 

xyloside conformational switching project included two unexpected aspects. First, the 

synthesis of the target molecules proved to be very demanding and accordingly, a rich body 

of chemistry is described in chapter 4. Secondly, it became necessary to analyse 

conformational equilibria of certain xyloside derivatives, which could not be resolved by NMR 

spectroscopy. For this purpose, a cooperation was established with theoretical chemistry. 

Accordingly, the spectroscopic and theoretical analysis of xyloside conformational dynamics is 

described in chapter 5.  
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Figure 2.1. Overview about the tools to ñorganize glycoligand presentationò in carbohydrate recognition 

processes, which are discussed in the respective chapters.  
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3 The effect of carbohydrate ligand presentation by maltose-based 

glycoclusters 

In addition to homo- and heteromultivalency, the three-dimensional (3D) presentation of 

carbohydrate ligands in a supramolecular context is an important parameter of carbohydrate 

recognition. Hence, the design of glycoclusters in which glycoligand presentation can be 

precisely controlled, such as on a surface (glycoarrays) or projected from a molecular scaffold, 

became important. Various scaffold molecules can be employed to organize multivalency in 

3D space as they can provide a precise spatial orientation of carbohydrate ligands. In addition, 

functional scaffolds allow for the switching of carbohydrate spatial presentation between well-

defined states. Assuming that within the glycocalyx, ligand presentation is likewise modulated 

to control biological function, functional glycoconjugates allow a valuable bottom-up approach 

to systematically study the effect of ligand orientation in carbohydrate recognition. [6b, 40, 95] 

Pioneer work in this field has been performed by Strömberg and co-workers, who 

demonstrated that glycosphingolipids (GSL) can exist in different orientation relative to a 

membrane. They found that binding to different adhesin varies according to the spatial ligand 

presentation at the membrane.[95b] Hakomori has studied the assembly of glycoconjugates on 

surfaces and their interactions with adhesins.[95a, 96] Boons and co-workers demonstrated that 

the recognition of carbohydrate ligands by influenza virus hemagglutinin is modulated by their 

presentation within an array of complex branched N-glycans.[97] 

Several other approaches were employed to address the organization of multivalency in the 

context of carbohydrate recognition.[47] Lindhorst and co-workers used photoresponsive 

azobenzene glycosides to control the spatial arrangement of glycoconjugates and to 

investigate the effect of different glycoligand orientation on carbohydrate recognition. [98] Hence, 

azobenzene glycosides were immobilized on a gold surface and the resulting glyco-SAMs 

were photoisomerized[99] to demonstrate that bacterial adhesion could be reversibly controlled 

by the isomerization status (E or Z configuration of the azo group) of the glycosylated surface 

and hence the orientation of the carbohydrate ligand. [98a] (Figure 3.1, A). Later, the same 

phenomenon was observed, when the glyco-SAMs were designed with rather rigid biphenyl 

azobenzene glycoconjugates as shown by Fast and colleagues.[98d] Control of glycoligand 

presentation using photoswitchable glycoconjugates could also be transferred to the surface 

of human mammary epithelial cells type-1 (HMEC-1). By metabolic oligosaccharide 

engineering Möckl and co-workers attached azobenzene mannosides to the cell surface by 

copper(I)-catalyzed azide alkyne cycloaddition (CuAAC, click reaction). Afterwards the 

bacterial adhesion of type 1-fimbriated E. coli bacteria to the HMEC-1 cells was investigated 

and the ligand orientation was controlled by irradiation with UV light. The experiment showed 
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higher bacterial binding for the E- than for the Z-state of the surface (Figure 3.1, B).[98b] 

Furthermore, Despras et al. demonstrated that HMEC-1 cells could also be functionalized with 

more complex multivalent azobenzene cluster mannosides and photoisomerized.[98c] The 

experiment once again showed that the E-isomer on a surface is a better ligand for bacterial 

adhesion than the Z-isomer. 

 

Figure 3.1. Presentation of different azobenzene glycoconjugates to influence bacterial adhesion of 

type 1 fimbriated E. coli bacteria. By isomerization of the azo group the spatial orientation of mannoside 

ligands on related to a gold (A)[98a] or human cell (HMEC-1, B)[98b] surface can be varied and thus 

bacterial adhesion controlled.  

For the design of functional glycoclusters with varied ligand presentation in 3D space, the 

choice of the scaffold molecule is crucial as it defines the options for multifunctionality as well 

as for the 3D features of ligand presentation.[47] In previous work Brekalo et al. demonstrated 

that spatial ligand presentation by so-called pseudoenantiomeric heterobivalent glycoclusters 

is essential for carbohydrate recognition processes.[100] Based on D- and L-serine various 

glycocluster pairs were synthesized and tested as inhibitors of mannose-specific bacterial 

adhesion (Figure 3.2) to show that the differentiation in the stereochemistry of a focal point 

varied the inhibitory potency of Man/Glc glycoclusters significantly. 

 

Figure 3.2. Representation of serine-based pseudoenantiomeric heterobivalent glycoclusters. The (s)-

cluster shows a 20-fold higher biological activity to type 1 fimbriated bacteria than the (r)-cluster.[100] 



The effect of carbohydrate ligand presentation by maltose-based glycoclusters 

- 24 - 

For the multivalent presentation of carbohydrate ligands frequently also carbohydrate scaffolds 

were utilized.[101] Typically, glycoside scaffolds provide a rigid conformation, a defined 

stereochemistry, and in addition, their multifunctionality offers many possibilities for 

combinatorial derivatization. Furthermore, the biological compatibility of carbohydrates 

qualifies them as.[102] In recent years, Lindhorst and co-workers have frequently utilized 

carbohydrate scaffolds to generate various glycoclusters. First, homomultivalent glycoclusters 

of an A5 type were achieved by uniform functionalization of all positions of a mono- or 

disaccharide, respectively.[103] These so-called ñoctopus glycosidesò[104] were later 

complemented by the synthesis of AB4-type scaffold molecules.[105] Lindhorst and Gloe 

described a mannose-derived N3(NHBoc)4-type scaffold molecule which was utilized as 

tetravalent glycocluster in multivalency studies (Figure 3.4, A). 

This work exemplifies the potential of carbohydrate scaffolds. The individual positions of the 

sugar rings allow for a facile heterogeneous functionalization of carbohydrate scaffolds (Figure 

3.3).[106] For instance the anomeric position can be addressed individually by glycosylation and 

thus various functional moieties can be introduced as the aglycone of a glycoside scaffold. The 

primary hydroxyl group at the 6-position of hexapyranoses can be discriminated from the 

remaining secondary alcohols utilizing steric control of regioselectivity. Finally, the reactivity of 

the secondary hydroxyl groups is controlled by stereoelectronic factors of the respective 

saccharide (e.g., ring conformation and configuration of the hydroxyl groups). These 

differences in reactivity combined with a suitable protecting group strategy make it possible to 

orthogonally introduce functional groups at a carbohydrate scaffold. 

 

Figure 3.3. Selectively modification of carbohydrates to synthesize multifunctional scaffolds by 

differentiation of the hydroxyl groups. 

Hence, even AB2-, ABC-, or ABCDE-type carbohydrate scaffold molecules can be 

achieved.[107] For the synthesis of a AB2-type scaffold Ciuk et al. allylated the 2- and 3-position 

of a respective mannoside (Figure 3.4, B). The corresponding scaffold was used for the 

synthesis of bivalent glycoclusters.[108] In the work of Patel et al. a ABC-type scaffold (Figure 

3.4, C), based on galactose, served as a precursor in the synthesis of heteroglycoclusters 

bearing mannosyl, lactosyl and fucosyl moieties. Thus, the 6-hydroxyl group was replaced by 

an amino function and the three functional groups could be addressed by orthogonal ligation 
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chemistry.[107c] Opatz and colleagues used orthogonal protection to achieve a thioglucoside of 

the ABCDE-type (Figure 3.4, D)[109] which can be employed in combinatorial chemistry.[110] 

 

Figure 3.4. Carbohydrates can serve as scaffold molecules for the synthesis of glycoclusters. Their 

multifunctionality makes them suitable to be derivatized in various types. Abbreviations: All: allyl; 

TBDPS: tert-butyl di-phenyl silyl; EE: 1-ethoxy-ethyl. 

Relying on the findings of Brekalo et al.,[100] the concept of a variable spatial presentation of 

Man- and Glc-ligands and the influence on bacterial adhesion was transferred to the 

disaccharide D-maltose as a scaffold molecule. D-Maltose serves as a privileged scaffold 

molecule for two reasons. First, its natural occurrence makes the system more biomimetic and 

on the other hand, the systematically functionalization of maltosides is easily accessible. 

Moreover, the structure of D-maltose offers the opportunity to vary the position of a Man ligand 

and the relative orientation of a respective Glc-moiety in order to investigate the influence of 

ligand presentation and secondary interactions with the lectin (Figure 3.5). 

Hence, maltose was converted into a trifunctional scaffold of the ABC-type to allow ligation 

chemistry by naturally occurring amide bonds to attach an Ŭ-D-mannopyranoside (Man) and a 

ɓ-D-glucopyranoside (Glc) unit to the primary 6- and 6ô-positions of the scaffold. With this 

requirement, a maltose scaffold was targeted with orthogonal protected or respectively masked 

amino groups at the 6- and 6ô-position to allow amide coupling with carboxy functionalized 

glycoside ligands. In the master thesis of Jaeschke the concept of trifunctional maltose 

scaffolds was introduced and first attempts for the preparation were described.[111]  
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Figure 3.5. Maltose-based regioisomeric heterovalent glycoclusters for the investigation of 

carbohydrate-protein interactions. Heteroglycoclusters are based on a trifunctional propargyl ɓ-D-

maltoside 3. Color code: Glc (blue); Man (dark green). Abbreviations: PG: protecting groups; L: linker; 

Prop: propargyl; CuAAC: copper-catalyzed azide alkyne cycloaddition. 

Thus, two regioisomeric heterobivalent Man/Glc glycoclusters, 1 and 2 (Figure 3.5), were 

targeted where the sugar moieties are ligated to the maltoside scaffold via amide bonds. A 

propargyl functional group was chosen as aglycone part of the maltoside to allow for eventual 

conjugation of the glycocluster by click chemistry or its immobilization on surfaces. The 

prepared heterobivalent glycoclusters were tested as inhibitors of mannose-specific bacterial 

adhesion (FimH-mediated). In order to tease out the single effect of ligand scaffolding on 

carbohydrate recognition, various synthetic targets were targeted; (i) the synthesis of a 

trifunctional maltoside scaffold with orthogonal protected amino groups and (ii) regioisomeric 

glycoclusters with Man and Glc ligands and in addition a homobivalent cluster mannoside for 

comparison. Two key questions were addressed: 

¶ Has the position of the Man ligand (6 or 6ô, respectively) an influence on FimH affinity? 

¶ Does a sugar moiety in addition to a specific glycoligand support carbohydrate 

recognition, for example by secondary carbohydrate-lectin interactions? 

The essence of this chapter was published:[112] 

S. O. Jaeschke, I. vom Sondern, T. K. Lindhorst, "Synthesis of regioisomeric maltose-

based Man/Glc glycoclusters to control glycoligand presentation in 3D space", Org. 

Biomol. Chem. 2021, 19, 7013-7023. (DOI: 10.1039/D1OB01150B)  
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3.1 Synthesis of heterobivalent maltose-based glycoclusters 

For the synthesis of heteromultivalent glycoclusters 1 and 2, a synthetic strategy was 

envisaged, which is divided into the synthesis of the trifunctional maltose scaffold on the one 

hand and its subsequent modification with synthetic Ŭ-D-mannopyranoside and ɓ-D-

glucopyranoside ligands, respectively, at the primary 6- and 6ô-positions of the maltoside 

scaffold leading to the two heterobivalent glycoclusters 1 and 2 with regioisomeric 

carbohydrate presentation. 

The targeted maltoside scaffold 3 represents a trifunctional glycoside, containing an alkyne 

functionality in its aglycone part and two orthogonally protected amino functions, both derived 

from the primary hydroxyl groups present in maltose. Whereas the alkyne moiety offers the 

possibility for further ligation by Cu(I)-catalyzed 1,3-dipolar cycloaddition, for example the 

protected amino groups can be subsequently addressed by amide coupling reactions to 

achieve glycoclusters 1 and 2, respectively. 

 

Figure 3.6. Heterovalent maltose-based glycoclusters 1 and 2 were synthesized from a 

heterofunctionalized maltose scaffold 3. PG = protecting group or masked amino function. 

Since the synthesis of the trifunctional scaffold 3 requires orthogonal addressable amino 

groups at the 6- and 6ô-position, first of all the primary hydroxyl groups of D-maltose (4) had to 

be differentiated and functionalized, respectively. The synthesis of multifunctional maltose 

scaffolds was started from D-maltose (4). In a first reaction step the disaccharide was 
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converted into the 1,6-anhydro derivative maltosan (6), in which both, the anomeric position 

and the primary 6-position are blocked. According to the work of Tanaka et al., the 1,6-anhydro 

derivative 6 was synthesized by treating D-maltose (4) with 2-chloro-1,3-dimethyl imidazolium 

chloride (5, DMC) in the presence of triethylamine in water.[113] Here, compared to the work of 

Tanaka, the purification of 6 was optimized by an additional acetylation step using acetic 

anhydride in pyridine. This procedure allowed easy removal of 1,3-dimethyl-2-imidazolidinone 

(DMI), which is a byproduct from 5, by an aqueous workup. Subsequent deacetylation of the 

peracetylated intermediate under Zemplén conditions[114] gave 6 as a colorless solid in a yield 

of 94 % over three steps (Scheme 3.1). The 1H NMR spectrum clearly showed that the chair 

conformation of the reducing sugar ring changes from the 4C1 to its 1C4 conformer. In 

comparison to the shape of maltose (4), the ring protons of 6 are in the 1C4 conformation in 

equatorial positions. This is indicated in the 1H NMR spectrum by the relatively small coupling 

constants 3J of ~0.5 to ~1 Hz, compared to ~9-10 Hz typically found for trans-diaxial coupling 

constants. 

Having 6 in hand, functionalization of the 6ô-position could be addressed in the next step as 

the anomeric and 6-hydroxyl group is blocked in the 1,6-anhydro ring. Because the direct 

introduction of an azide group by an Appel reaction or a Mitsunobu reaction with the 

unprotected 6 was not possible, it was necessary to implement a protecting group strategy. To 

obtain a maltose derivative in which only the 6ô-position is unprotected, first this primary 

hydroxyl group of 6 was protected. Thus, the tert-butyldimethylsilyl ether protecting group 

(TBDMS) was used, because its introduction is regioselective for primary hydroxyl groups of 

the sugar ring. Therefore, according to a procedure of Jian et al., maltosan (6) was treated 

with tert-butyldimethylsilyl chloride (TBDMSCl) in pyridine at room temperature.[115] After 

complete conversion of the starting material the remaining free secondary hydroxyl groups 

were esterified with benzoyl chloride (BzCl) in the same pot. This one-pot procedure gave the 

TBDMS-protected maltosan 7 in a yield of 77 % over two steps. The silyl ether 7 was 

deprotected in tetrahydrofuran using tetra-n-butylammonium fluoride (TBAF), buffering the 

system with acetic acid, to achieve the pure 6ô-hydroxy maltosan 8 after column 

chromatography in 92 % yield.  

For the final functionalization of the 6ô-OH group of 8 an azido group was introduced by a 

modified Mitsunobu reaction.[116] According to a procedure of Thompson and co-worker,[117] 

maltosan derivative 8 was treated with triphenylphosphine, diphenyl phosphoryl azide (9, 

DPPA) and diisopropyl azodicarboxylate (DIAD) at room temperature. The 6ô-azido maltosan 

10 was obtained clean in a yield of 72 % after column chromatography (Scheme 3.1). 
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Scheme 3.1. Selective functionalization of the 6ô-position of D-maltose (4) leading to azido maltose 10. 

(a) Et3N, H2O, 0 °CŸrt, 2 h; (b) Ac2O, pyridine, rt, 2.5 h; (c) NaOMe, MeOH, rt, 1 h, 94 % (over 3 steps); 

(d) TBDMSCl, pyridine, rt, 4 h; (e) BzCl, pyridine, rt, 1 h, 77 % (over 2 steps); (f) AcOH, TBAF, THF, 

0 °CŸrt, 16 h, 92 %; (g) PPh3, DIAD, dry THF, -15 °CŸrt, 16 h, 72 %. 

In the next step the anomeric position had to be functionalized. This was possible by the 

acetolysis of the 1,6-anhydro ring with acetic anhydride[118] yielding the corresponding 1,6-

diacetate product which can in turn be selectively deprotected at the anomeric position and 

subsequently transformed into a glycosyl donor such as a trichloroacetimidate over three steps 

(Scheme 3.2).[119]  

For the acetolysis, the 1,6-anhydro compound 10 was treated at room temperature with a 

mixture of acetic anhydride, acetic acid, and catalytic amounts of sulfuric acid (Scheme 3.2). 

After complete conversion into the 1,6-diacetate 11, it was neutralized and the intermediate 

further taken in the next step without purification. Anomeric deprotection was achieved with 

hydrazinium acetate in dimethylformamide at 55 °C.[120] After complete conversion into the 

hemiacetal 12 it was washed in an aqu. workup and the intermediate taken in the following 

step without further purification. According to Schmidt et al.[121] the reducing maltose 

intermediate 12 was deprotonated with 1,8-diazabicycloundec-7-ene (DBU) and then treated 

with trichloroacetonitrile in dry dichloromethane[122] to furnish the addition product 13 after 

column chromatography in a yield of 68 % (over three steps). The achieved glycosyl donor 

allows introduction of a functional aglycone moiety as required for the preparation of a 

multifunctional maltose-based scaffold. Here, glycosylation of propargyl alcohol (14) allows 

further immobilization or other modifications by ñclick chemistryò (Scheme 3.2). Thus, 13 and 

propargyl alcohol (14) were treated with Lewis acid boron trifluoride diethyl etherate (BF3ĀEt2O) 
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in CH2Cl2 and the desired propargyl ɓ-maltoside 15 was obtained in pure form in a yield of 

91 % (Scheme 3.2). 

 

Scheme 3.2. Synthesis of maltoside derivative 15 starting from 1,6-anhydro compound 10. (a) H2SO4, 

Ac2O, AcOH rt, 1 h; (b) N2H4·AcOH, DMF, 55 °C, 2 h; (c) DBU, Cl3CCN, dry CH2Cl2, 0 °CŸrt, 2 h, 68 % 

(over 3 steps); (d) BF3·Et2O, 3 Å MS, dry CH2Cl2, 0 °CŸrt, 2 h, 91 %. 

In order to introduce a second orthogonal amino function at the 6-position of the maltosyl 

scaffold, the 6-O-acetyl protecting group of 15 had to be removed first. Ester protecting groups 

can easily be cleaved under basic conditions or according to Zemplén transesterification.[114] 

In addition, it is also possible to cleave ester protecting groups under acidic conditions. 

However, in this case, a method for the chemoselective cleavage of acetyl groups in the 

presence of benzoyl esters was seeked. It is known that different ester groups have graded 

reactivities and that acetyl esters are more acid-labile than benzoyl esters.[123] Thus, according 

to Pornsuriyasak and co-worker[124] the O-acetyl group at the 6-position of 15 could be cleaved 

using acetyl chloride and methanol, producing hydrogen chloride (HCl) in situ (Scheme 3.3). 

The acid protonates the acetyl carbonyl function and thus cleavage of the O-acetyl group is 

facilitated, while the benzoyl ester is kept intact under these conditions. Decreasing the 

temperature to 0 °C prevented an unwanted deprotection of benzoyl esters and the obtained 

6-hydroxy-6ô-azido-deoxy maltoside 16 was isolated in a yield of 76 %. For the orthogonal 

functionalization with a second amino group, phthalimide derivatives were introduced. Besides 

the fact that phthalimides are well-known precursors of amino functions, it is advantageous for 

the envisaged synthetic sequence that phthalimides are acidic enough to be used in Mitsunobu 

reactions as nucleophiles.[125] 
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Accordingly, first 16 was treated with phthalimide (17) according to the work of Walker et al.[126] 

Thus, under Mitsunobu conditions 16 was converted in the presence of triphenylphosphine 

and DIAD to yield phthalimido maltoside 18 in a yield of 70 % after purification on silica gel 

(Scheme 3.3). With the diamino maltoside 18 in hand, the selective deprotection of the 

phthalimido protecting group was attempted with the aim to keep the benzoyl esters intact. 

However, it turned out, that by treating 18 with hydrazine in ethanol the anomeric propargyl 

function was reduced and the benzoyl groups were cleaved. Thus, an alternative route for the 

amino group of the 6-position of 16 had to be found. To this end, the 6-amino function was 

introduced as tetrachlorophthalimide (19, TCP-NH). Tetrachlorophthaloyl protecting groups 

are well-known in carbohydrate chemistry because they can be removed under milder 

conditions than the respective phthalimides allowing the presence of ester protecting 

groups.[127] Due to the electron-withdrawing chlorine atoms the acidity of the imidic hydrogen 

is enhanced, which makes the TCP-NH (19) a more effective reagent in Mitsunobu reactions. 

According to a procedure of Fraser-Reid and co-worker[128] 16 was treated with 

triphenylphosphine and DIAD in the presence of TCP-NH (19). The corresponding maltoside 

derivative 20 could be isolated after column chromatography in a yield of 81 % (Scheme 3.3). 

 

Scheme 3.3. Introduction of an orthogonal amino moiety at the 6-position of maltoside 16 by Mitsunobu 

reactions give the maltose-based scaffolds 18 and 20. (a) AcCl, MeOH, CH2Cl2, 0 °CŸrt, 16 h, 76 %; 

(b) PPh3, DIAD, dry THF, 0 °CŸrt, 72 h, 70 %; (c) PPh3, DIAD, dry THF, 0 °CŸrt, 16 h, 81 %; (d) 

N2H4·H2O, EtOH, 60 °C, 2h. 

With the derivative 20 in hand, a maltose-based scaffold was achieved for the synthesis of 

heteromultivalent glycoclusters. To attach carbohydrate ligands to the multifunctional maltose 

scaffold 20 by amide coupling, two different carboxy-functionalized glycosides had to be 

synthesized. Amide conjugation was chosen owing to the natural character of this linkage 
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which is found in native glycopeptides. In addition, the short methylene linker in the aglycone 

makes the glycoclusters comparable with methyl Ŭ-D-mannoside as a standard inhibitor for 

FimH in later bacterial binding studies.  

The mannoside ligand 25[129] was synthesized in two steps starting from the known mannose 

peracetate 22. According to a procedure of Kumar et al., 22 was used in a glycosylation 

reaction with BF3·Et2O as a promoter and benzyl glycolate (23) as a glycosyl acceptor at 0 °C. 

The corresponding mannoside 24 was isolated in a yield of 65 %. Then in a second step, the 

benzyl ester was cleaved by hydrogenation using palladium as a catalyst under a hydrogen 

atmosphere. After filtration over celite the free carboxylic acid 25 was obtained in quantitative 

yield (Scheme 3.4).  

 

Scheme 3.4. Synthesis of mannose carboxylic acid 25 starting from peracetylated mannose 22. (a) 

BF3·Et2O, 3 Å MS, dry CH2Cl2, 0 °CŸrt, 16 h, 65 %; (b) H2, Pd/C, EE, rt, 2 h, quant. 

In an analogous sequence glucoside ligand 28 was synthesized starting from the known 

glucosyl trichloroacetimidate 26.[121] According to a procedure of Wang et al., 26 was activated 

using BF3·Et2O and benzyl glycolate (23) was glycosylated in a yield of 87 %.[130] Afterwards 

the corresponding free carboxylic acid 28 was obtained by palladium-catalyzed hydrogenation 

of the benzyl ester 27 in quantitative yield (Scheme 3.5). 

 

Scheme 3.5. Synthesis of glucose carboxylic acid 28 starting from glucose trichloroacetimidate (26). (a) 

BF3·Et2O, 3 Å MS, dry CH2Cl2, 0 °CŸrt, 16 h, 87 %; (b) H2, Pd/C, EE, rt, 2 h, quant. 

With the scaffold 20 and the ligand 25 and 28 in hand, the functionalization of the 6-position 

was performed in a two-step reaction. First, the TCP protecting group had to be cleaved. While 
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the selective deprotection of phthalimide 18 was not successful (Scheme 3.3) the more labile 

tetrachlorophthalimide could be removed under milder reaction conditions. According to a 

procedure of Fraser-Reid and co-workers 20 was treated with ethylenediamine in a mixture of 

acetonitrile and tetrahydrofuran at 50 °C.[131] The corresponding free amine 21 was obtained 

and used without any further purification in an amide coupling reaction with activated carboxylic 

acids 25 or 28 (Scheme 3.6). Here the conditions of the amide coupling required optimization 

of the activation reagents and the used solvents. 

 

Scheme 3.6. Synthesis of maltose derivative 29 and 30 starting from 20. (a) ethylenediamine, 

MeCN/THF, 50 °C, 1 h; (b) NHS, EDC·HCl, DMSO, rt, 16 h, 60 % (over 2 steps); (c) NHS, EDC·HCl, 

DMSO, rt, 16 h, 64 % (over 2 steps). 

The optimization for the amide bond formation was performed with the mannoside ligand 25. 

Accordingly, in all attempts, first the carboxylic acid was activated to an active ester at room 

temperature and afterwards the amine 21 was added for the conjugation (Table 3.1). In a first 

attempt 25 was activated according to a procedure of Hotha and co-worker[132] and 25 was 

treated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and hydroxy benzotriazole 

(HOBt) in tetrahydrofuran, but after the addition of amine 21 and DIPEA the formation of the 

corresponding amide 29 was not observed. Changing the activation reagent as reported by 

Lindhorst and co-workers[133] from EDC to diisopropylcarbodiimide (DIC) in the presence of 

HOBt led to the formation of amide 29, which was isolated in a poor yield of 30 % after column 

chromatography. To increase the yield of 29 another activation method had to be implemented. 
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In the next approach, following a procedure of Stoddart and co-worker, 25 was treated with O-

benzotriazol-1-yl-N,N,Nô,Nô-tetramethyluronium tetrafluoroborate (HBTU·BF4) in the presence 

of DIPEA.[134] After the addition of the free amine 21 the formation of amide 29 was observed. 

Isolation of 29 (34 %) showed that the yield was not changed significantly. 

With these results in hand, it was tried to form active esters with N-hydroxysuccinimide (NHS) 

from the corresponding carboxylic acid 25. First, according to Greatrex et al.[129] 25 was reacted 

with NHS and dicyclohexylcarbodiimide (DCC) in dimethylformamide. In fact, the targeted 

amide conjugate 29 was formed but it could not be purified by column chromatography and 

the 1H NMR showed impurities of the urea side product of DCC. Thus, it was decided to change 

the activation reagent from DCC to the water-soluble EDC·HCl, whereas all side products 

could be removed by an aqu. workup. For this optimized reaction conditions, the amide 29 

could be isolated in an increased yield of 57 %. Finally, in a last step the solvent was changed 

from DMF to dimethyl sulfoxide (DMSO), which resulted in a higher isolated yield of 29 (68 %). 

With this it was shown that the optimal conditions for the activation of 25 belong to the 

treatment with NHS and EDC in DMSO (Table 3.1). 

Employing these optimized conditions, the amide coupling of glucoside 28 with the free amine 

21 gave the respective monovalent amide glycoconjugate 30 in a yield of 64 % after column 

chromatography (Table 3.1). 

Table 3.1. Optimization of the amide bond formation between carboxylic acid 25 and 28 and amine 21 

All reactions were carried out at room temperature for 16 h. 

Entry Carbohydrate ligand Coupling reagent Solvent Yield 

1 Man-CO2H 25 HOBt, EDC·HCl, DIPEA THF - 

2 Man-CO2H 25 DIC, HOBt, DIPEA CH2Cl2 30 % 

3 Man-CO2H 25 HBTU·BF4, DIPEA DMF 34 % 

4 Man-CO2H 25 NHS, DCC, DIPEA DMF not isolated 

5 Man-CO2H 25 NHS, EDC·HCl, DIPEA DMF 57 % 

6 Man-CO2H 25 NHS, EDC·HCl, DIPEA DMSO 68 % 

7 Glc-CO2H 28 NHS, EDC·HCl, DIPEA DMSO 64 % 

 

With the monovalent clusters 29 and 30 in hand, the heterobivalent glycoclusters 1 and 2 were 

targeted. Hence, the 6ô-azido functional group in 29 and 30, respectively, offers two different 

possibilities for amide bond formation. On one hand, reduction of the azide into the 
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corresponding amine provided the opportunity for amide coupling reactions, as described for 

the 6-position before. Unfortunately, reduction of azido cluster 30 favors intramolecular 

migration of the benzoyl ester protecting group of the 4ô-position and give the corresponding 

benzoyl amide. To avoid this side reaction, the clusters 29 and 30 were functionalized by a 

Staudinger ligation. A Staudinger ligation as introduced by Saxon and Bertozzi[135] involves the 

reaction of an azide with a phosphine, which react to an aza-ylide after release of nitrogen.[136] 

The aza-ylide intermediate can be reacted with activated carboxylic acids to the corresponding 

amides. Hence, Staudinger ligation was performed for the functionalization of 30 and 29 with 

carboxylic acids 25, respective 28, employing optimized activation conditions (NHS/EDC) 

(Scheme 3.7).  

 

Scheme 3.7. Synthesis of maltose-based heteroglycoclusters 1 (A) and 2 (B) by Staudinger ligation 

starting from clusters 30 and 29, respectively. (a) NHS, EDC·HCl, PPh3, dry THF, 0 °CŸrt, 16 h; (b) 

NHS, EDC·HCl, PBu3, dry THF, 0 °CŸrt, 16 h, 32 %; (c) NHS, EDC·HCl, PMe3, dry THF, 0 °CŸrt, 16 h, 

68 %; (d) NaOMe, MeOH, rt, 2 h, 82 %; (e) NHS, EDC·HCl, PMe3, dry THF, 0 °CŸrt, 16 h, 65 %; (f) 

NaOMe, MeOH, rt, 2 h, 88 %. 

In a first attempt 25 and azide 30 were treated with PPh3 but it was observed that no reaction 

took place, and the azido function was still intact (Scheme 3.7). Then, the reaction was 

performed with a more reactive phosphine and according to Mizuno et al. tributyl phosphine 

(PBu3) was utilized.[137] Thus, carboxylic acid 25 and azide 30 were treated with PBu3 in dry 

tetrahydrofuran for 16 h and the targeted product 31 was isolated after column 
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chromatography in a poor yield of 32 %. In addition, also the benzoyl migration product was 

found as the major side product (45 %). To increase the yield of the amide 31 it was focused 

on the choice of the phosphine. Lindhorst and co-workers showed that the Staudinger ligation 

with trimethyl phosphine (PMe3) gave fair yields.[138] With this in mind 25 was added to azide 

30 and treatment with PMe3 providing the targeted protected heterovalent glycocluster 31 in a 

good yield of 68 % (Scheme 3.7). These reaction conditions were further employed for the 

functionalization of 29 with glucoside carboxylic acid 28. Here, treatment with PMe3 gave the 

heteroglycocluster 32 in a good yield of 65 %. 

In a last step the ester protecting groups for both clusters had to be removed. Thus, under 

standard Zemplén transesterification conditions the clusters 31 and 32 were treated with 

sodium methoxide in methanol.[114] Neutralization, extraction and size exclusion 

chromatography provided the targeted heteroclusters in yields of 82 % for 6ô-Ŭ-Man-6-ɓ-Glc 1 

and 88 % for 6ô-ɓ-Glc-6-Ŭ-Man 2 respectively (Scheme 3.7). Lyophilization of both compounds 

made them available for biological assays with E. coli bacteria. 

In order to test whether heteromultivalent or scaffolding effects occur for protein carbohydrate 

interactions, a control substance 35 was designed (Scheme 3.8). Hence, the terminal 6ô-

position of scaffold 20 was functionalized with a carboxymethyl Ŭ-D-mannoside, and the 6-

position was N-acetylated. With this approach the influence of the presence of carbohydrate 

ligands at the 6-position can be investigated. On the other hand, the motive of an amido group 

at the 6-position is still present and has no effect on interactions of the glycocluster and the 

lectin FimH. 

For the synthesis of this monovalent maltose cluster 35, it was started from scaffold molecule 

20. In a first step the TCP protecting group was removed by treatment of 20 with 

ethylenediamine. Then, subsequently without any further purification the free amino group was 

acetylated by using acetic anhydride in the presence of pyridine and the 6-amido maltoside 33 

was obtained in a yield of 70 % over two steps. With this maltoside in hand the 6ô-position was 

derivatized in a Staudinger ligation reaction. Thus, following the optimized reaction conditions, 

the carboxymethyl mannoside 25 was activated with NHS and EDC·HCl and after the addition 

of maltoside 33 treatment with PMe3 gave the monovalent maltoside cluster 34 in a yield of 

50 %. In a last step the ester protecting groups were cleaved under Zemplén transesterification 

conditions[114] to achieve the unprotected monovalent maltoside cluster 35 in a yield of 90 % 

after size exclusion chromatography (Scheme 3.8). Before 35 was used in a biological assay 

it was lyophilized.  
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Scheme 3.8. Synthesis of a monovalent maltose-based glycocluster 35 starting from scaffold 20. (a) 

ethylenediamine, MeCN/THF, 50 °C, 1 h; (b) Ac2O, pyridine, rt, 16 h, 70 % (over 2 steps); (c) NHS, 

EDC·HCl, PMe3, dry THF, 0 °CŸrt, 16 h, 50 %; (d) NaOMe, MeOH, rt, 2 h, 90 %. 

With the heterogeneous functionalized maltose-based glycoclusters 1, 2 and 35 in hand, their 

properties as inhibitors of bacterial adhesion could be tested. For such assays, the analogous 

homobivalent glycocluster, carrying two Ŭ-D-Man moieties was required. 
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3.2 Synthesis of homobivalent maltose-based glycoclusters 

For the biological testing of the two heterobivalent maltose-based glycoclusters 1 and 2, the 

homobivalent cluster mannoside 36 was required for comparison. For the synthesis of 36, the 

diazide 37 was envisaged as starting material for a subsequent Staudinger ligation with the 

manno-configured carboxymethyl glycoside 25 (Figure 3.7). 

 

Figure 3.7. Homovalent maltose-based glycocluster 36 is synthesized from a homofunctionalized 

maltose scaffold 37 bearing two primary azido moieties, which can be addressed by Staudinger ligation. 

PG = protecting group. 

For a first approach towards maltoside scaffold 37, D-maltose (4) was treated with TsCl in 

pyridine according to Rolland et al.,[139] in order to achieve the bis-tosylate 38 after in situ 

acetylation and in the next step the targeted bis-azide 39 after nucleophilic substitution. 

However, this reaction sequence was not successful. In a second attempt, D-maltose (4) was 

treated with NaN3 in the presence of triphenylphosphine (PPh3) and carbon tetrabromide 

(CBr4) in DMF according to Kovensky and co-workers.[140] After complete conversion of the 

starting material the remaining free hydroxyl groups were acetylated in the same pot and the 

desired diazido maltose 39 was obtained in a fair yield of 36 % over two steps. However, the 

synthesis failed in the following step as the BF3·Et2O-catalyzed glycosylation of propargyl 

alcohol (14) to gain the maltoside 40 did not work (Scheme 3.9). 
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Scheme 3.9. Synthesis of diazido maltoside 40 starting from D-maltose (4). (a) TsCl, pyridine, 0 °CŸrt, 

2 h; (b) Ac2O, pyridine, rt, 16 h; (c) NaN3, DMF, 80 °C, 16 h; (d) NaN3, PPh3, CBr4, DMF, rt, 16 h; (e) 

Ac2O, pyridine, rt, 16 h, 36 % (over 2 steps); (f) BF3·Et2O, 3 Å MS, dry CH2Cl2, 0 °CŸrt, 2 h. 

As a consequence of these results, the glycosylation, starting from the literature-known 

maltose octaacetate 41,[141] was performed first, delivering the propargyl maltoside 42 in a yield 

of 48 % after column chromatography (Scheme 3.10). Concomitantly with this work, Fletcher 

and co-workers in 2019 published the synthesis of 42 using the same reaction conditions.[142] 

With maltoside 42 in hand, the acetyl protecting groups were removed in the next step under 

Zemplén conditions[114] to obtain the unprotected maltoside 43 in quantitative yield. 

Unfortunately, also with the propargyl maltoside 43, the regioselective azide functionalization 

with PPh3, CBr4, and NaN3 according to Defaye and co-workers[143] did not give the desired 

bis-azide 40. 

As the Appel-analogous reaction of the propargyl maltoside 43 with NaN3 does not work, the 

primary hydroxyl groups of the maltoside were first regioselective protected as TBDPS ethers 

to yield maltoside 44 after in situ-benzoylation (Scheme 3.10). According to Yan et al.[144] 43 

was treated with tert-butyldiphenylsilyl chloride (TBDPSCl) and after full conversion of the 

starting material the remaining free hydroxyl groups were benzoylated in the same pot by the 

addition of BzCl yielding disilylether maltoside 44 in a yield of 74 % over two steps. 

Deprotection of the silyl ether protecting groups by treatment with tetra-n-butyl ammonium 

fluoride (TBAF) gave maltoside 45 in a yield of 87 % after purification by column 

chromatography. In a final step in a modified Mitsunobu reaction[116] the primary hydroxyl 

groups of 45 were turned into azide functional groups by treatment with PPh3, DPPA and DIAD 
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according to a procedure of Thompson and co-workers,[117] giving the bis-azide 46 in a good 

yield of 74 % after column chromatography (Scheme 3.10). 

In order to reduce the number of reaction steps and increase the overall yield of 46 an 

alternative modification strategy was applied and, referring to the work of Takano and co-

workers,[145] the primary OH groups of maltoside 43 were regioselectively tosylated. 

Accordingly, maltoside 43 was treated with tosyl chloride (TsCl) and by the addition of BzCl to 

the same pot the remaining secondary OH groups were esterified, which gave the bis-tosylated 

maltoside 47 in a yield of 67 % over two steps. In a nucleophilic substitution reaction, the bis-

tosylate 47 was reacted with NaN3 in DMF to obtain 46 in a yield of 84 % (Scheme 3.10). 

 

Scheme 3.10. Synthesis of diazido maltoside 46 starting from peracetylated maltose 41. (a) BF3·Et2O, 

3Å MS, dry CH2Cl2, 0 °CŸrt, 48 h, 48 %; (b) NaOMe, MeOH, rt, 2 h, quant.; (c) NaN3, PPh3, CBr4, DMF, 

rt, 16 h; (d) Ac2O, pyridine, rt, 16 h; (e) TBDPSCl, pyridine, 0 °CŸrt, 4 h; (f) BzCl, pyridine, 0 °CŸrt, 6 h, 

74 % (of 44 over 2 steps); (g) TsCl, pyridine, 0 °CŸrt, 2 h; (h) BzCl, pyridine, 0 °CŸrt, 6 h, 67 % (for 47 

over 2 steps); (i) AcOH, TBAF, THF, 0 °CŸrt, 16 h, 87 %; (j) PPh3, DIAD, dry THF, -15 °CŸrt, 16 h, 

74 %; (k) NaN3, DMF, 80 °C, 16 h, 84 %. 

Overall, the propargyl diazido maltoside 46 was obtained in five reaction steps from 

peracetylated maltose 41. With this homobifunctional scaffold molecule in hand, it was now 

possible to address the 6- and 6ô-position with carbohydrate ligands in a Staudinger ligation 

reaction for the preparation of homobivalent glycoclusters. 
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For the synthesis of the glycoclusters 36 and 50 the bis-azido maltoside 46 was conjugated 

with the two carboxymethyl glycosides 25, respectively 28 in a Staudinger ligation. Employing 

the optimized reaction conditions, carboxymethyl mannoside 25 was activated by using NHS 

and EDC·HCl and after addition of bis-azido maltoside 46 treatment with PMe3 gave the 

bivalent maltoside cluster 48 in a yield of 56 % (Scheme 3.11). With 48 in hand the ester 

protecting groups were cleaved under Zemplén conditions[114] to achieve the unprotected 

bivalent maltoside cluster 36 in a yield of 77 % after size exclusion chromatography. 

 

Scheme 3.11. Synthesis of maltose derivative 36 starting from 46. (a) NHS, EDC·HCl, PMe3, dry THF, 

0 °CŸrt, 16 h, 56 %; (b) NaOMe, MeOH, rt, 2 h, 77 %; (c) NHS, EDC·HCl, PMe3, dry THF, 0 °CŸrt, 

16 h, 65 %; (d) NaOMe, MeOH, rt, 2 h, 79 %. 

In accordance with the optimized Staudinger conditions also the 6ôɓ-Glc-6ɓ-Glc glycocluster 

49 was synthesized, using carboxymethyl glucoside 28 as a ligand, and the protected bivalent 
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glycocluster 49 was obtained in a yield of 65 %. Cleaving the ester protecting groups gave the 

bis-glucoside glycocluster 50 in a yield of 79 % after size exclusion chromatography on 

Sephadex (Scheme 3.11). 

With the heterogeneous functionalized maltose-based glycoclusters 1, 2 and 35 and the 

homogeneous cluster 36 in hand biological testing in bacterial adhesion-inhibition assays was 

performed. 

3.3 Biological testing 

To test the synthesized maltose-based glycoclusters 1, 2, 35 and 36 as ligands of the 

mannose-specific bacterial lectin FimH, adhesion-inhibition assays with E. coli were 

performed.[146] As mentioned earlier (cf. chapter 3.1), it was of interest to answer two main 

questions. First, the role of the relative position of the mannoside ligand at the maltose scaffold 

was addressed. Secondly, putative secondary interactions exerted by the glucose moiety in 

the heterobivalent glycoclusters were evaluated. 

In the employed adhesion-inhibition assay[146] the inhibition of type 1 fimbriae-mediated 

adhesion of fluorescent E. coli to a mannan-coated surface is measured. The employed E. coli 

strain PKL1162 expresses GFP (green fluorescent protein) and hence, bacterial adhesion can 

be correlated to fluorescence read-out.[147] Testing of serially solutions of the maltose-based 

glycoclusters leads to dose-response inhibition curves of which IC50 values were deduced. 

Because results measured with live bacteria can vary significantly between independent 

experiments, methyl Ŭ-D-mannopyranoside (MeMan) was used as a reference ligand in each 

experiment. Therefore, inhibitory potencies of each synthetic ligand can be reported relative to 

MeMan (RIP values) and compared to each other (cf. Experimental section, chapter 8.3). 

Figure 3.8 shows an example of inhibition curves as obtained with glycoclusters 1, 2, and 

MeMan tested on the same plate. Both glycoclusters show a higher inhibitory potency than 

MeMan and moreover the heterobivalent glycocluster 1, carrying the Man ligand at the 6ô-

position of the maltoside scaffold is a better inhibitor of FimH-mediated bacterial adhesion than 

the regioisomeric glycocluster 2.  
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Figure 3.8. Inhibition curves obtained with maltosides 1 and 2 as inhibitors for type 1 fimbriae-mediated 

bacterial adhesion to a mannan-coated microtiter plate. MeMan was tested in parallel on the same plate. 

Sigmoidal concentration-response curves were fitted by non-linear regression. Error bars are standard 

deviations from triplicate values on one plate. 

The IC50 values obtained, and the respective RIP values are compiled in Table 3.2. All tested 

glycocluster 1, 2, 35, and 36, showed a higher inhibitory potency than MeMan. The 

homobivalent glycocluster 6ôŬMan-6ŬMan (36) showed the highest inhibitory potency (RIP = 

8.01), which was 8-fold better than for MeMan. The regioisomeric glycoclusters 6ôŬMan-6ɓGlc 

(1) and 6ôɓGlc-6ŬMan (2) significantly difference in their inhibitory potencies, 2 showing a RIP 

value of 2.99 and 1 of 5.70 (Table 3.2). This almost twofold difference can be attributed to the 

effect of relative ligand positioning, in other words, the Man ligand presentation at the 6ô-

position of the maltoside scaffold (cluster 1) is superior to ligation at the 6-position (cluster 2). 

The monovalent glycocluster 35 is a relevant control compound to test the effect of a 6-ligated 

glucose moiety. As the RIP of 35 (4.33) is somewhat lower than the RIP of 1 (5.70), the 

ɓ-D-Glc moiety at the 6-position of the maltose glycocluster 1 seems to have a beneficial effect 

on FimH affinity of the ligand for FimH (Table 3.2). This finding parallels with the known 

heterocluster effect.[48, 148]  
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Table 3.2. Inhibitory potencies of the maltose-based glycoclusters 1, 2, 35, and 36 as determined in 

adhesion-inhibition assays with type 1 fimbriated E. coli (pPKL1162). 

Cluster IC50 a [mmol] IC50 MeManb [mmol] RIPc Average RIPd 

6ôaMan-6aMan 36 
1.98 (±0.13) 14.57 (±1.58) 7.34 (±1.28) 

8.03 (±1.34) 

2.08 (±0.15) 18.12 (±1.61) 8.71 (±1.40) 

6ôaMan-6bGlc 1 

2.08 (±0.03) 12.39 (±1.19) 5.96 (±0.66) 

5.70 (±0.77) 

2.05 (±0.15) 11.14 (±0.97) 5.44 (±0.87) 

6ôbGlc-6aMan 2 
3.74 (±0.31) 12.39 (±1.19) 3.31 (±0.59) 

2.99 (±0.57) 

4.17 (±0.48) 11.14 (±0.97) 2.67 (±0.54) 

6ôaMan-6NHAc 35 
3.11 (±0.34) 13.43 (±0.77) 4.32 (±0.72) 

4.33 (±0.65) 

2.06 (±0.12) 8.94 (±0.67) 4.34 (±0.58) 

a IC50 values are average values of duplicate or triplicate results on one plate. 

b IC50 (MeMan) values are average values of triplicate results on the same plate. 

c RIP values are based on the inhibitory potency of MeMan tested on the same microplate 

IP (MeMan) ſ 1); RIP(glycocluster) = IC50(MeMan)/IC50(glycocluster). 

d RIP mean values of two independent experiments with error propagation . 

With the outcome from the biological testing of the various maltose-based glycoclusters, it was 

of interest to explain the differences in the RIP values. Thus, the lectin-carbohydrate 

interactions were studied by molecular modelling. 

3.4 Molecular modelling 

For the investigation of the detailed binding process of the maltose-based glycoclusters to the 

lectin FimH docking studies with the Schrödinger software were performed.i In a first step the 

glycoclusters 1, 2, 35 and 36 were subjected to a docking study using the program Glide.[149] 

The glycocluster ligands were prepared by using Maestro[150] and then minimized by using 

LigPrep[151] with the OPLS3e force field.  

 

i The modelling experiments were performed in a cooperation with Ingo vom Sondern, M.Sc. from the 
Lindhorst group. 
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Since the lectin FimH can occur in two different conformations, namely the open gate 

conformation (PDB code 1KLF)[152] and the closed gate conformation (PDB code 1UWF)[38a], 

theoretical experiments for both conformers were performed. In case of the open gate the 

tyrosine residues Tyr48 and Tyr137 at the entrance of the CRD are more separated from each 

other and interaction with unpolar or aromatic aglycons of mannoside ligands can take place. 

For the docking both protein conformers were prepared with the implemented Protein 

Preparation Wizard.  

Next, docking was performed in an extra precision mode, which fixed the lectin in a rigid 

conformation whereas the ligand is flexible during the docking process (cf. Experimental 

section, chapter 8.4.1). The top glide scoring results were then submitted to a MM-GBSA 

calculation[153] (molecular mechanics energies combined with generalized born and surface 

area continuum solvation), which gave binding energies for the four glycoclusters (Table 3.3). 

These binding energies were compared, and it turned out that the results for the closed gate 

conformation of the lectin FimH correlated better with the experimental RIP values than with 

the open gate conformation. In case of the open gate conformation the monovalent cluster 35 

showed the best binding (-72.09 kcal mol-1), which was in contrary to the biological results. On 

the other hand, molecular modelling with the closed gate conformer of FimH showed that 

heterobivalent cluster 1 was the best ligand (-89.52 kcal mol-1) and clusters 35 and 36 showed 

second-best binding, which was in better accordance with the biological experiments (Table 

3.3). Therefore, for further refinement of the molecular modelling using IFD, only the closed 

gate conformation of FimH (PDB code: 1UWF) was considered.  

The binding of carbohydrate ligands to the lectin FimH is a highly dynamic event.[154] Hence, 

for the prediction of this recognition process an induced fit docking (IFD)[155] was performed, 

whereas next to the ligand also the receptor protein is allowed to adapt different conformations. 

The IFD calculations led to IFD scores, which described various binding poses. For every 

glycocluster the top five binding poses were selected by the best docking score and ranked by 

using the implemented Metadynamics.[156] Here a short molecular dynamics simulation of 10 

ns was performed to determine the stability of the predicted binding modes by collective 

variables. It was shown by Clark et al. that a sampling by metadynamics is more precise in 

finding the correct protein-ligand complex than ranking only by docking score.[157] In the next 

step the most stable protein-carbohydrate complexes of each ligand were selected and 

subjected to a MM-GBSA calculation to determine the binding energies of the complexes, 

respectively. The results for the IFD calculations are shown in Table 3.3. 
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Table 3.3. Computed results from molecular modelling studies with the synthetic ligands 1, 2, 35, and 

36. The best docking scores and corresponding binding energies (MM-GBSA) using Glide or induced fit 

docking (IFD) are listed. IFD poses were ranked using metadynamics and the most stable complex was 

selected for a MM-GBSA calculation to give IFD binding energies. Lower values suggest tighter FimH 

binding. RIP values (higher values relating to stronger FimH binding) are shown for comparison. 

Glycocluster (RIP) Glide score 
Binding energy 

[kcal mol-1]a 
IFD score 

IFD binding 

energy  

[kcal mol-1]a 

 1KLF 1UWF 1KLF 1UWF 1UWF 1UWF 

6ôaMan-6aMan 36 (8.03) -9.930 -12.391 -70.29 -59.82 -312.26 -87.90 

6ôaMan-6bGlc 1 (5.70) -10.044 -12.481 -57.71 -89.52 -312.32 -83.60 

6ôbGlc-6aMan 2 (4.33) -8.928 -11.218 -65.95 -53.34 -313.93 -81.14 

6ôaMan-6NHAc 35 (2.99) -9.839 -10.675 -72.09 -60.47 -310.64 -79.15 

a best binding poses were used for the MM-GBSA calculations. 

The theoretical binding energies, computed by IFD, were in excellent correlation with the 

observed RIP values from inhibition-adhesion assays (Figure 3.9). The linear relationship 

between the binding energy and the experimental RIP value underlines that IFD is a valid 

method to predict carbohydrate-protein interactions and their complexes. Glycocluster 36 

showed the best binding (-87.90 kcal mol-1) and also for the heterobivalent glycoclusters 1 

(-83.60 kcal mol-1) and 2 (-81.14 kcal mol-1) realistic binding energies were determined. In 

addition, the monovalent glycocluster 35 was predicted as the weakest ligand 

(-79.15 kcal mol-1), which was also in accordance with the experimental RIP value. These 

calculations led to a ranking of the glycocluster FimH affinity of 36 > 1 > 2 > 35.  
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Figure 3.9. Comparison of computed binding energies from MM-GBSA[153] calculations with relative 

inhibitory potency (RIP) values from biological testing. Error bars are displayed for experimental RIP 

values (cf. Table 3.2). Higher RIP values and lower binding energies correspond to stronger binding. 

The computed results are in excellent correlation with the experimental results. Graphic adapted from 

literature.[112] 

To figure out, what were the driving forces for the different binding energies, respective RIP 

values, of the maltose-based glycoclusters, the computed FimH-glycocluster complexes were 

inspected and the results for the clusters 1, 2 and 36 are shown in Figure 3.10. All structures 

reveal that the Ŭ-D-mannosyl ligand is buried in the CRD of the FimH bond by the typical 

hydrogen bond network with the CRD.[37b] The differences in binding affinity are assigned to 

secondary non-covalent interactions of the second (glycosyl) residue with the periphery of the 

CRD of FimH and to the ligand presentation by the maltoside scaffold (Figure 3.10, A). The 

binding poses of the glycoclusters could be divided into two categories. On one hand the 

glycocluster, where the mannosyl residue was ligated to the 6ô-position (1, 35 and 36), bond in 

the same way. The other category of glycoclusters was represented by 2, bearing the 

mannosyl residue on the 6-position, respectively. 

In case of glycoclusters 1, 35 and 36 the more hydrophilic site of the maltose scaffold is 

oriented towards the tyrosine gate and interacts with it. The structures show also that 

comparing 1 and 36 the 6-positioned glycosyl residues (Man for 36 and Glc for 1) interact with 

the same region of the protein surface around Asp140 (Figure 3.10, B) and the affinity for FimH 

differs in the hydrogen bond patterns. For the cluster 2 it is the other way round and a different 

binding mode with FimH is observed (Figure 3.10, B). The maltoside scaffold is orientated 
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towards the opposite direction, which has as consequence that the 6ô-Glc residue is interacting 

with another region resulting in a lower affinity for FimH. 

 

Figure 3.10. Connolly surface representations of selected FimH-glycocluster complexes as derived from 

induced fit docking (IFD) using the closed gate conformation of FimH (pdb: 1UWF). [38a] The maltose-

based glycoclusters 1, 2, and 36 are depicted as stick models. Protein coloring represents the 

electrostatic potential of the surface (positive charges in purple, neutral in green, negative charges in 

red, cf. depicted color bar). Hydrogen bonds are indicated as dashed lines. Graphics adapted from 

literature.[112] 

Following, the explicit hydrogen bond patterns of the glycoclusters with FimH were inspected 

(Figure 3.11). For the homobivalent glycocluster 36, the 6-conjugated mannose moiety and 

the amide bond form additional hydrogen bonds to Asn138, Ser139, and Asp140 in complex 

with FimH. This interaction pattern looks similar for the heterobivalent glycocluster 1, having a 

glucose moiety ligated at the 6-position of the maltoside scaffold (hydrogen bonds to Tyr137 

and Asn140). Only the monovalent glycocluster 35, which binds like glycoclusters 1 and 36, is 

lacking in secondary interactions with Asp140 due to the missing carbohydrate at the 6-

position. On the other hand, the heterobivalent glycocluster 2, with the mannosyl ligand ligated 

to the 6-position, forms hydrogen bonds between the Glc residue and Asp100, which results 

in a lower affinity.  
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Figure 3.11. Two-dimensional representation of the most stable ligand-protein complexes from IFD for 

glycoclusters 1, 2, 35, and 36. The hydrogen bond network is shown in magenta. FimH amino acids are 

represented teardrop shaped. The mannose binding pocket as multi-colored line (interruption indicates 

solvent exposure). Grey shades indicated solvent exposure. Graphic adapted from literature.[112] 

The molecular modelling and the predicted IFD binding energies supported the results from 

the biological experiments. It revealed the importance of the spatial Man ligand presentation 

by a maltoside scaffold and demonstrated that secondary interactions with additional glycoside 

moieties lead to higher lectin affinity. 

3.5 Conclusion 

This subproject was dedicated to the synthesis and testing of a series of novel maltose-based 

glycoclusters. A facile synthetic pathway led to a multifunctional maltoside scaffold, which 



The effect of carbohydrate ligand presentation by maltose-based glycoclusters 

- 50 - 

could further be functionalized by orthogonal ligation chemistry. The achieved heterobivalent 

Man/Glc glycoclusters (Figure 3.12) were employed to systematically explore the influence of 

the spatial presentation of a Man ligand versus a Glc moiety in a bottom-up approach. 

Biological testing was performed using an adhesion-inhibition assay with type 1-fimbriated E. 

coli and RIP values were determined for all synthetic glycoclusters. The measured effects were 

rationalized by molecular modelling of the FimH-glycocluster complexes allowing to estimate 

the importance of secondary interactions exerted by the Glc moiety. 

 

Figure 3.12. Overview of the synthesized maltose-based glycoclusters. 

The testing results clearly showed that the presentation of the Man ligand at the 6ô-position of 

the maltoside scaffold leads to better binding to the lectin FimH (1 versus 2). Furthermore, an 

additional sugar unit at the 6-position of the scaffold (Glc or Man) increases the affinity of the 

respective glycocluster. If this carbohydrate moiety is missing, the inhibitory potency decreases 

(1 and 36 versus 35). The results suggest that synthetic carbohydrate scaffolds may indeed 

mimic some of the complexity of natural glycoconjugates in order to vary glycoligand 

presentation in 3D space. Other than in a top-down approach exploring carbohydrate 

recognition with glycosylated cells, for example, carbohydrate scaffolds allow the investigation 

of specific principles of carbohydrate recognition, isolated from the overwhelming complexity 

of a more natural environment.  
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4 Conformational glycoswitches: Synthesis of 2,4-diamino 

xylosides 

In addition to the regioisomeric ligand presentation by carbohydrate scaffolds, the spatial 

orientation of carbohydrate ligands can also be controlled by conformational switching. In 

biological processes conformational changes play a significant role as the function of 

macromolecules often is related to small conformationally switchable units. Conformational 

changes can be induced by multiple environmental factors such as ion concentration, pH 

value, temperature, phosphorylation, light or binding of a ligand. Often conformational changes 

in biological systems are the first step of cascade reactions such as in signalling. Many 

examples exist for conformational changes in nature.[158] While the induced conformational 

change by binding of insulin to its receptors is an example for peptide switches, [159] the 

conformation of the oligosaccharide heparin is highly dependent on the sulfation of the 

molecule.[61a, 160] It is known that the function of the glycocalyx is dependent on accessibility, 

multivalency and density of carbohydrate constituents. But also conformations of glycans have 

an effect on carbohydrate recognition processes.[5b, 42a] It has been demonstrated by Normark 

and co-workers that the orientation of glycosphingolipids plays an essential role in bacterial 

adhesion and the spatial orientation of glycoligands is a factor in the signaling between normal 

and malignant cell development.[95b]  

To control the orientation of carbohydrate ligands in space, in this account monosaccharide 

scaffolds were utilized as conformational switchable units. Compared to molecular switches 

like azobenzene glycosides, the switching of monosaccharide conformation can be triggered 

by other stimuli, such as metal ions or pH value (cf. chapter 1.5). By synthetic modifications ɓ-

D-xylose the energy barrier between the chair conformers can be reduced and the pentose 

can be turned into a conformational switch. Thus, Yuasa and Hashimoto demonstrated that 

2,4-diamino xylosides can suite as molecular switches by metal complexation (cf. chapter 

1.5).[90] 

In order to further study and utilize the conformational behavior of xylosides, for example to 

control spatial ligand presentation, 2,4-diamino ɓ-D-xylosides were targeted as molecular 

switches (Figure 4.1). En route to conformational switches, xyloside 51 was designed as a key 

molecule. The amino functions at the 2- and 4-position serve as chelating functional groups, 

allowing to trigger a conformational interconversion by complexation of metal ions, as 

described by Yuasa.[90, 92a, 93] In addition, the 1- and 3-positions are modified with aryl moieties 

for two reasons. On the one hand, it was shown that aromatic -́  ́interactions support the ring 

flip by stabilizing the 1C4 conformation (cf. chapter 1.5). On the other hand, the direct addition 
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of phenyl moieties transfers the conformational motion, due to their rigidity, to the mannosyl 

ligands in order to gain maximal control over spatial ligand presentation. 

 

Figure 4.1. The synthesis of the 2,4-diamino xyloside 51 is a key intermediate for the investigation of 

conformational equilibria and switching, respectively. On the one hand, 51 represents a system where 

the conformational switching can be stimulated by metal cations (A). On the other hand, multivalent 

glycoclusters can be synthesized derived from 51 and their distance can be influenced depending on 

the chair conformation of the xyloside. This in turn can influence mannose-specific bacterial binding (B). 

It was of interest to investigate designed diamino xyloside 51 for three reasons: 

¶ The synthesis of diamino xylosides is a challenging task. A new convincing synthetic route 

was seeked allowing for high precision regio- and stereoselectivity. 

¶ It is of interest to study the conformational behavior of 51 and its ability as a molecular 

switch by the addition of metal ions.  

¶ Finally, 51 serves as a scaffold for the synthesis of bivalent glycoclusters to study the 

effect of spatial ligand presentation using conformational switchable xylosides (chapter 6). 

For the synthesis of aminosugar derivatives, such as 51, various methods have been 

described over the years and often natural aminosugars (e.g., glucosamine) are used as 

starting material. Nevertheless, when amino moieties have to be introduced at other ring 

positions than the 2-position, appropriate reaction pathways have to be employed. Thus, SN2 

substitution often is a suitable method. In substitution reactions, azides, phthalimides or 

sulfonamides have frequently been employed to replace an activated OH-group, leading to an 

inversion of configuration at the respective stereocenter.[161] However, also other 
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functionalization reactions for the introduction of amino groups like the Mitsunobu reaction or 

the addition to the glycal double bond have been implemented into the aminosugar chemistry. 

For the synthesis of 2,4-diamino xylosides a previous method, published by Yuasa and 

Hashimoto, started from D-xylose (52).[90] First, D-xylose was converted in 5 steps into the 

corresponding methyl 4-mesyl-ɓ-D-xyloside 53, which formed the precursor for the synthesis 

of the Ļerný epoxide 54. Then, two azido functional groups were introduced via a tandem ring 

opening of 54 with sodium azide to give the 2,4-diazido xyloside 55. At this point a 

disadvantage of the synthesis becomes apparent as regioisomeric diazides are obtained as 

side products in this reaction. Furthermore, for the modification of the aglycone in order to 

achieve other xylosides (57) than methyl xylosides (cf. Figure 1.16), further steps are required 

involving acetolysis of 55 and conversion into suitable xylosyl donors 56 (trichloroacetimidate 

or chloride). In glycosylation reactions the desired xylosides are obtained as anomeric mixtures 

because of the lack of anomeric control of the 2-azido group of 56 (Figure 4.2).[90, 91b, 92b] 

 

Figure 4.2. Literature-known synthetic route to achieve masked 2,4-diamino xylosides 57 starting from 

D-xylose (52).[90] The ĻernĨ epoxide 54 is reached in 7 steps and then a tandem ring opening reaction 

delivers the diazide 55. In order to exchange the aglycone moiety another 3-4 steps are required where 

stereoselectivity is not ensured. MS: mesyl, LG: leaving group. 

In order to overcome the weaknesses of this established synthesis of 2,4-diamino xylosides, 

a new synthetic pathway was envisaged. Thus, first it was tried to optimize the stereospecificity 

for the glycosylation reaction and reduce the number of reaction steps. Accordingly, the 

synthetic route via ĻernĨ epoxides was carried out with thioxylosides.  

The essence of this chapter was published:[162] 

S. O. Jaeschke, T. K. Lindhorst, "Versatile Synthesis of Diaminoxylosides via 

Iodosulfonamidation of Xylal Derivatives", Eur. J. Org. Chem. 2021, 2021, 6312-6318. 

(DOI: 10.1002/ejoc.202100792). 
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4.1 Synthesis of 2,4-diamino xylosides via thioglycosides 

For the synthesis of 2,4-diamino xylosides a synthetic strategy was envisaged which was 

based on ĻernĨ epoxides, but for the modification of the anomeric center another approach 

was implemented. While in the previous work of Yuasa and Hashimoto the conversion of the 

anomeric position to a glycosyl donor and respective glycosylation took place at a late stage 

of the synthetic sequence, in this account a thioglycoside was utilized, which was prepared at 

the beginning of the synthetic pathway. Thioglycosides serve as potent glycosyl donors in the 

glycosylation of unreactive glycosyl acceptors. Furthermore, thioglycosides can be introduced 

early in the synthesis sequence, since they are stable as anomeric protecting groups under 

several reaction conditions.[163] 

Once the thioxyloside was synthesized, the ĻernĨ epoxide 60 was prepared which is the key 

intermediate of this synthetic approach (Figure 4.3). Accordingly, in a tandem ring opening 

reaction with sodium azide the 2,4-diazido thioxyloside 61 was targeted, which serves as a 

xylosyl donor for the challenging stereoselective ɓ-glycosylation reaction of 4-bromophenol. 

Since also in this account the 2-position is bearing an azido masked amino function, no 

neighbouring group effect can assist in a stereoselective glycosylation. For the ɓ-selective 

glycosylation of 2-azido glycosides it is known that stereoselectivity can be increased by the 

use of coordinating solvents (e.g., MeCN) or ionic liquids. Furthermore, the 3-position had to 

be functionalized by O-arylation with a 4-bromophenyl residue (Figure 4.3). Since the synthesis 

of the 2,4-diamino xylosides is highly dependent on the reactivity of intermediate 60, the 

synthetic work was first focused on the synthesis of this ĻernĨ epoxide. 

 

Figure 4.3. Synthesis of azide masked 2,4-diamino xylosides 58 and 59 by a nucleophilic tandem ring 

opening of ĻernĨ epoxide 60. Thioxyloside 61 serves as a glycosyl donor for further glycosylation of an 

aromatic aglycone. The synthetic pathway starts from the monosaccharide D-xylose (52) LG: leaving 

group; PG: protecting group. 
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The synthesis of ĻernĨ epoxides was started from known peracetylated D-xylose (62) and in 

a BF3·Et2O-promoted glycosylation reaction with thiophenol (63) the desired thioglycoside 64 

was obtained after column chromatography in a yield of 70 % (Scheme 4.1).[164] Cleaving the 

acetyl protecting groups under Zemplén transesterification conditions gave the unprotected 

thioglycoside 65 in high yield.[165] For the formation of ĻernĨ epoxides it is necessary to 

regioselectively introduce a leaving group at the 4-position. First a 2,3-isopropylidene 

protecting group was installed, and the 4-OH group was converted into a mesylate. 

Accordingly, 65 was treated with 2-methoxypropene (66) in the presence of a catalytical 

amount of camphor sulfonic acid to give the corresponding acetal 67 in a yield of 57 %.[166] 

Then, in a two-step reaction, first 67 was treated with MsCl in pyridine and in a second step 

the acetal protecting group was cleaved under acidic conditions with acetic acid, yielding the 

targeted mesylated thioxyloside 68 in 72 % over 2 steps (Scheme 4.1).  

To increase the yield of 68 and to decrease the number of reaction steps thioglycoside 68 was 

synthesized in a different approach. Thus, thioxyloside 65 was treated with dibutyltin oxide 

(Bu2SnO) to form the stannylidene intermediate 69, which was not further purified and 

subsequently treated with MsCl in CH2Cl2. An advantage of this reaction is that during the 

mesylation HCl is produced in situ, which leads to deprotection of the tin acetal. The targeted 

thioxyloside 68 was obtained after two steps in a yield of 80 % (Scheme 4.1). 

 

Scheme 4.1. Synthesis of thioxyloside 68 starting from peracetylated xylose 62. (a) BF3·Et2O, dry 

CH2Cl2, 0 °CŸrt, 16 h, 70 %; (b) NaOMe, MeOH, rt, 1 h, 96 %; (c) CSA, dry DMF, rt, 4 h, 57 %; (d) 

MsCl, pyridine, rt, 16 h; (e) AcOH, 60 °C, 4 h, 72 % (over two steps); (f) Bu2SnO, dioxane, 100 °C, 3 h; 

(g) MsCl, dry CH2Cl2, 0 °CŸrt, 16 h, 80 % (over two steps). 
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Next, thioxyloside 68 was converted into the corresponding ĻernĨ epoxide 70.[167] In general, 

anhydro sugars serve as important intermediates for the derivatization of carbohydrates and 

especially small oxirane rings (intramolecular epoxides) show a high reactivity. The reactivity 

of an epoxide is also highly dependent on the position of the anhydro ring, the general steric 

arrangement and the conformation of the substrate. [168] By nucleophilic opening of 

carbohydrate epoxides functional groups like fluorides,[169] amines[170] or alkoxides[171] can be 

introduced in a regio- and stereospecific way. Also for the synthesis of 4-azido-4-deoxy 

xylosides it is known that ring opening reactions of 3,4-epoxids are promising.[172]  

To achieve the diazide 72, by epoxide opening, the 3,4-L-arabinosyl epoxide 70 was required. 

Thus, 68 was treated with sodium methoxide in methanol[167] and by an intramolecular 

nucleophilic attack, the 3,4-L-arabinosyl epoxide 70 was formed and isolated in an excellent 

yield of 94 % (Scheme 4.2). To force a tandem epoxide opening to introduce two azido 

moieties, it was necessary to convert the 2-OH group of 70 into a sulfonate leaving group. 

Thus, 70 was treated with MsCl in the presence of pyridine and the corresponding mesylate 

71 was obtained in a yield of 89 %. However, it was not stable to moisture and cannot be 

stored in the freezer since degradation occurred. Nevertheless, with derivative 71 in hand, two 

different synthetic strategies for its derivatization were pursued. In the first approach the 

regioselective tandem epoxide ring opening of the ĻernĨ epoxide 71 by the nucleophilic attack 

of an azide was applied.[172] The nucleophilic attack of the azide at the 4-position results in an 

equatorial hydroxide intermediate at the 3-position. In a following intramolecular SN2 reaction 

the 2-mesylate can be replaced and the corresponding 2,3-anhydro lyxoside 73 is formed, 

which can be opened regioselectively by a second azide leading to the 2,4-diazido xyloside 72 

(Scheme 4.2).[172] According to a procedure of Hashimoto and co-workers 71 was treated with 

sodium azide in toluene and water at 140 °C, but only decomposition of the starting material 

was observed. Also, reactions at lower temperatures did not show a conversion to the targeted 

diazide 72. 

In order to open the 3,4-epoxide 71 regioselectively with an azide moiety, it was tried to avoid 

the cascade reaction of 71 to 72. It is known from the work of Voelter and co-workers that 

epoxides like 71 can be opened under mild conditions by the use of Lewis acids and the 

displacement of the C-2-leaving group and the formation of 72 can be avoided.[173] Accordingly, 

following a procedure of Banaszek et al,[174] 71 was treated with trimethylsilyl azide (TMSN3) 

and BF3·Et2O, but as shown before, again the formation of the desired product 73 was not 

accomplished and decomposition of 71 was obtained (Scheme 4.2).  
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Scheme 4.2. Synthesis of thioxyloside 72 starting from thioxyloside 68. (a) NaOMe, MeOH, 0 °C, 2 h, 

94 %; (b) MsCl, pyridine, dry CH2Cl2, rt, 1 h, 89 %; (c) NaN3, TBAB, toluene/H2O, 140 °C, 16 h; (d) 

TMSN3, BF3·Et2O, rt, 2 h, CH2Cl2. 

In the tandem ring opening of epoxide 71 in order to yield 72, various side reactions can occur 

(Figure 4.4). While the nucleophilic epoxide opening of the 3,4-epoxide 74 to the 2,3-epoxide 

intermediate 75 by an azide is regioselective, the reaction of 75 with sodium azide can give 

the 2- or 3-azido-functionalized regioisomers 76 and 77, respectively.[175] In the presence of 

nucleophiles, the C-2 leaving group can be substituted in a classical SN2 reaction, yielding 

thiolyxoside 78 with an inverted C-2 stereocenter. 

Finally, in case of 2-sulfonated thioglycosides a migration of the anomeric thio group can take 

place. By an intramolecular nucleophilic rearrangement of the activated 2-position the 

episulfonium ion 79 is formed, which is in equilibrium with the lyxosyl carbenium ion 79b. The 

attack of an external nucleophile gives an anomeric mixture of lyxoside 80.[176] This sulfanyl 

migration reaction can take place under various conditions. Nevertheless, high temperatures 

and strong nucleophiles like azides, are supporting the rearrangement as described by Pale[177] 

and Liptak.[178] In addition to the activated 2-position also the ring strain of the 3,4-oxirane ring 

of the pyranose 74 can lead to the 1,2-sulfanyl migration. However, this side reaction also 

explains the instability of thioarabinoside 71 and its sensitivity to moisture. 
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Figure 4.4. In addition to the unregiospecific opening of the 3,4-epoxide 74 also side reactions can 

occur. An unwanted substitution of the 2-positioned leaving group can give the axial substitution product 

78. Thioglycosides with a leaving group at the 2-position can undergo a sulfanyl migration via a cyclic 

intermediate 79a, which can be opened by a nucleophile to lead 80. LG: leaving group. 

Since an intramolecular sulfanyl migration had to be avoided, the synthetic strategy had to be 

altered. Next to thioglycosides also glycosyl sulfoxides are potent glycosyl donors for the 

glycosylation of aromatic glycosyl acceptors. They are activated by triflic anhydride at low 

temperatures in the presence of a nucleophilic acceptor.[179] In addition, an intramolecular 

migration of a sulfoxide moiety should not occur.[180] In the following, the epoxy-thioglycosides 

were converted into the respective sulfoxides. 

The synthesis of glycosyl sulfoxides started from the thio arabinoside 70 with an oxidation 

using meta-chloroperbenzoic acid (mCPBA). According to a procedure of Carpintero et al.,[181] 

70 was treated with 1.0 equ. mCPBA in CH2Cl2 and the corresponding sulfoxide 81 was 

obtained in a fair yield of 53 %. Next, 81 was treated with MsCl in the presence of pyridine and 

the respective mesylate 82 was isolated in a yield of 76 %. The sulfoxide with a 2-tosyl group 

83 was synthesized in a one pot procedure starting from 70. Thus, in accordance to a 

procedure of Sauvé and co-workers,[182] 70 was treated with TsCl in the presence of potassium 

iodide and silver oxide. After full conversion of the starting material, mCPBA was added and 

the tosylated sulfoxide 83 was obtained in a yield of 48 % over two steps. For all sulfoxides 

only the formation of a single stereoisomer was observed. However, the configuration of the 

sulfur stereocenter (R or S) could not be assigned.[183]  

With the two sulfoxides 82 and 83 in hand, the opening of the epoxide was attempted. In a first 

experiment, 82 was treated with NaN3 (9.0 equ.) at 140 °C. Here, decomposition of the starting 

material was observed and attempts to perform the reaction at lower temperatures (80 °C, 
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60 °C) showed the same result. Next, it was tried to open the epoxide via activation with a 

Lewis acid. Thus, 82 was treated with TMSN3 and BF3·Et2O, but also this approach was not 

successful as the targeted diazido xylosyl sulfoxide 84 could not be obtained (Scheme 4.3). 

 

Scheme 4.3. Synthesis of xylosyl sulfoxides 82 and 83 as precursors for the synthesis of 2,4-diazido 

xylosyl sulfoxide 84. (a) mCPBA, CH2Cl2, -78 °C, 30 min, 53 %; (b) MsCl, pyridine, dry CH2Cl2, 0 °CŸrt, 

16 h, 76 %; (c) 1. TsCl, KI, Ag2O, CH2Cl2, 0 °CŸrt, 16 h, 2. mCPBA, CH2Cl2, -40 °C, 1 h, 48 % (over 

two steps); (d) NaN3, TBAB, toluene/H2O, 140 °C, 16 h; (e) TMSN3, BF3·Et2O, CH2Cl2, 2 h. 

After these unsuccessful attempts of the nucleophilic opening of different ĻernĨ epoxides, it 

was concluded that for the regio- and stereoselective synthesis of 2,4-diamino xylosides 

another approach was required. 

4.2 Starting from L-arabinose ï the glycal approach 

The next synthetic pathway en route to 2,4-diamino xylosides, no longer started from D-xylose 

(52), but from its C-4 epimer L-arabinose (85) (Figure 4.5). 

For the introduction of the two amino functionalities at the 2- and 4- position different reaction 

methods were utilized. The introduction of the 2-amino moiety was planned by an 

azidonitration reaction (1. step), which is a radical addition of an azido radical to the double 

bond of a glycal. Hence, L-arabinal 86 was the key intermediate in this synthetic route. Glycals, 

1,2-unsaturated sugar derivatives, serve as powerful building blocks in organic synthesis,[184] 

owing to the ease with which they can be transformed into many other derivatives (e.g. 

C-glycosides,[185] epoxides[186] or for the electrophilic and radical additions to the double bond). 

Once the arabinal 86 is functionalized with the 2-azido moiety it had to be converted into the 

corresponding arabinosyl donor 87, which will be further used for the glycosylation of 

4-bromophenol (2. step). As described for the glycosylation with thioglycosides, also this 
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reaction had to be optimized in order to yield high ɓ-stereospecificity. Finally, for the 

introduction of the 4-amino functionality, an SN2 reaction of the 4-OH group was employed, 

which gave the respective 2,4-diamino D-xyloside (Figure 4.5).  

Since the synthetic route of 2,4-diamino xylosides starting from L-arabinose is dependent on 

the azidonitration, it was started with the synthesis of L-arabinal 86.  

 

Figure 4.5. Synthesis of azide masked 2,4-diamino xylosides 58/59 with the azidonitration as the key 

reaction. Thus, L-arabinal (86) is synthesized from L-arabinose (85). After azidonitration the anomeric 

position of 87 is converted into a glycosyl donor for further glycosylation of an aromatic aglycone. An 

inversion of the 4-position yields D-xyloside derivative 58. LG: leaving group; PG: protecting group. 

The synthesis of glycal 86 was started from the pentose L-arabinose (85) and first of all, the 

hydroxyl groups were acetylated. According to a procedure of Gehrke et al., 85 was acetylated 

with acetic anhydride in pyridine, which gave the literature-known peracetate 88[187] in a yield 

of 80 %. By treatment of 88 with hydrogen bromide (HBr) in acetic acid the arabinosyl bromide 

89 was obtained, which was subjected to the glycal synthesis step without any further 

purification (Scheme 4.4). 

The synthesis of glycals from their corresponding glycosyl bromides is a reductive elimination 

reaction and has been introduced by Fischer and Zach in 1913. [188] The fact that zinc can 

donate two electrons to the glycosyl halide, enables the formation of an unsaturated 

carbohydrate derivative. Over the years, the synthesis of glycals has been investigated 

extensively.[189] According to a procedure of Zhang and co-workers,[190] the bromide 89 was 

treated with zinc dust in an ammonium chloride-buffered system at 40 °C. The corresponding 

arabinal 90[187] was isolated after column chromatography in a yield of 33 % over two steps 

(Scheme 4.4). 
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Scheme 4.4. Synthesis of arabinal 90 starting from peracetylated L-arabinose (85). (a) Ac2O, pyridine, 

rt, 4 h, 80 %; (b) HBr, AcOH, CH2Cl2, 0 °C, 4 h; (c) Zn, NH4Cl, MeCN, 40 °C, 3.5 h, 33 % (over 2 steps). 

With the arabinal 90 in hand, the introduction of the equatorial 2-amino function became the 

focus of the next step. A well-known method to synthesize aminosugars from glycals is the 

azidonitration procedure. This reaction has been introduced by Lemieux and Ratcliffe and 

describes the radical addition of an azide to the glycal double bond and proceeds 

regioselectivity to yield anti-Markovnikov products.[191] The reaction takes place in the presence 

of ceric(IV)ammonium nitrate (CAN). In a first single electron transfer step, an azide anion is 

oxidized, and the corresponding azido radical can attack glycal 91. By a second single electron 

transfer, 91a is transferred into a carbocation, which can react with nucleophiles e.g., nitrate 

to an anomeric mixture 91b. Since the radical addition to the double bond is not 

stereoselective, an axial derivative can be formed in addition to an equatorial azide at the C-2. 

It must be mentioned that the substituents and their configuration at the C-3 and C-4 position 

have an influence on the stereoselectivity. While axial C-4 substituents (as in galactal) favor 

the formation of an equatorial azido function, equatorial substituents (as in glucal) can increase 

the amount of the axial side product (Figure 4.6).[192] 

 

Figure 4.6. Mechanism of the radical azidonitration reaction to glycals.[193] 

With the arabinal 90 in hand, first the synthesis of a respective glycosyl chloride 93, a 

Koenigs-Knorr-type glycosyl donor was tackled. Thus, in a classical azidonitration according 

to a procedure of Yoshimura et al.,[194] the arabinal 90 was treated with CAN and NaN3 in 

acetonitrile to give the literature-known arabinosyl nitrate 92,[194] which was subsequently used 

for the chlorination without purification. Thus, 92 was treated with tetraethylammonium chloride 

(TEACl) and the desired arabinose chloride 93[194] was obtained in a yield of 30 % over two 

steps. The attempt to convert the arabinal 90 directly into the corresponding chloride 93 by an 

azidochlorination[195] with FeCl3, NaN3 and H2O2 was not successful (Scheme 4.5).  
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As an alternative glycosyl donor, the trichloroacetimidate 97 was synthesized. The required 

hemiacetal 96 can be achieved either directly by hydration of the nitrate 92 or by an 

azidohydratization reaction with the arabinal 90. For the anomeric denitration reaction, two 

different procedures were followed. On the one hand, according to Dean and co-workers[196] 

the nitrate 92 was treated with hydrazinium acetate in DMF, but no conversion of the starting 

material could be observed. Thus, in another approach following a procedure of Gauffeny et 

al.,[197] the nitrate 92 was reacted with thiophenol and DIPEA in acetonitrile. Thus, 96 was 

obtained from 90 in 25 % yield over two steps after column chromatography (Scheme 4.5). To 

increase the yield of hemiacetal 96, an azidohydratization was performed, as it has been 

introduced by the group of Vankar in 2018 as a regio- and stereoselective reaction under mild 

reaction conditions.[198] One reagent required for the derivatization of a glycal, is 

[bis(trifluoroacetoxy)iodo]benzene (95, PIFA), which had to be prepared. Thus, treatment of 

iodobenzene (94) with oxone in the presence of trifluoro acetic acid (TFA) gave 95 in a yield 

of 70 %.[199] With 95 in hand, the procedure of Vankar and co-workers was followed. Since the 

azidohydratization is a radical reaction, 95 in the presence of TMSN3 and the catalyst TEMPO 

forms an intermediate radical, which can react with the arabinal 90. In the presence of water, 

the hemiacetal 96 can be formed, which was isolated after column chromatography in a yield 

of 51 %. Formation of the lyxo-configured side product was not observed in this case (Scheme 

4.5). Accordingly, for the preparation of the trichloroacetimidate 97, the anomeric hydroxyl 

group of the arabinose derivative 96 was deprotonated by DBU and the addition of the resulting 

anomeric oxyanion upon the triple bond of trichloroacetonitrile furnished the O-glycosyl 

trichloroacetimidate 97 in a yield of 50 %. 

 

Scheme 4.5. Synthesis of arabinosyl donors 93 and 97 by azidonitration of arabinal 90. (a) CAN, NaN3, 

dry MeCN, -30 °C, 5 h; (b) TEACl, MeCN, rt, 16 h, 30 % (over 2 steps); (c) FeCl3, NaN3, H2O2, MeCN, 

0 °C, 6 h; (d) PhSH, DIPEA, MeCN, 0 °C, 45 min, 25 %; (e) TFA, Oxone, CH2Cl2, rt, 3 h, 70 %; (f) 

TMSN3, TEMPO, Bu4NHSO4, CH2Cl2/H2O, 0 °C, 1.5 h, 51 %; (g) Cl3CCN, DBU, CH2Cl2, 0 °C, 2 h, 50 %. 
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With the glycosyl donors 93 and 97 in hand, the anomeric position was functionalized in a 

glycosylation reaction with 4-bromophenol (98). In a first approach, chloride 93 was employed 

and according to a procedure of Van der Marel and colleagues[200] 98 was treated with CsOH 

in CH2Cl2 in the presence of tetrabutylammonium bromide before arabinosyl chloride 93 was 

added. The targeted Ŭ-L-arabinoside 99 was isolated in a yield of 21 % (Ŭ:ɓ = 3:1) (Scheme 

4.6). To increase the yield for this glycosylation reaction, the glycosyl donor 97 was employed. 

In order to avoid an anomeric mixture, the reaction had to be carried out in acetonitrile, which 

exerts a coordinating effect leading to the formation of Ŭ-L-arabinosides. Accordingly, donor 

97 and acceptor 98 were treated with BF3·Et2O in acetonitrile at -40 °C to yield arabinoside 99 

in a good yield of 90 % (Ŭ/ɓ = 1:1). Attempts to perform the reaction at higher temperatures (-

10 °C, rt) increased the amount of the ɓ-L-arabinoside side product. Also, the utilization of 

TMSOTf as a promoter did not increase the formation of the Ŭ-L-arabinoside 99 (Scheme 4.6). 

For the functionalization of the 4-position of 99, a regioselective protecting group chemistry 

had to be applied, which required cleaving of the acetyl protecting groups first. Thus, 99 was 

treated under mild conditions with K2CO3 in MeOH and the unprotected Ŭ-L-arabinoside 100 

was achieved in a yield of 50 % starting from the anomeric mixture (Ŭ/ɓ = 1:1) of 99. Next, the 

3-OH group was selectively protected because it is known, that the equatorial 3-OH group is 

more acidic and selective acylation is thermodynamic favored.[201] According to a procedure of 

Thiem and co-workers,[202] 100 was treated with 1.0 equivalent of BzCl in pyridine and the 

targeted product 101 was obtained in a yield of 40 %. Then in a last step towards 2,4-diazido-

xylosides, an equatorial azido group had to be introduced at the 4-position by a SN2 reaction 

with NaN3 as the nucleophile. Thus, according to the work of Elchert et al.,[203] 101 was treated 

with Tf2O in pyridine at -35 °C, but the corresponding triflate was not stable and it was not 

possible to proceed with the nucleophilic substitution reaction (Scheme 4.6). 

 

Scheme 4.6. Synthesis of 2,4-diazido xyloside 58 by glycosylation of 4-bromophenol (98). (a) BF3·Et2O, 

dry MeCN, -40 °C, 1 h, 90 % (Ŭ/ɓ = 1:1); (b) CsOH, TBAB, CH2Cl2, rt, 16 h, 21 % (Ŭ/ɓ = 3:1); (c) K2CO3, 

MeOH, rt, 2 h, 50 %; (d) BzCl (1 equ.), pyridine, CH2Cl2, -35 °C, 2 h, 40 %; (e) Tf2O, pyridine, CH2Cl2; 

(f) NaN3, DMF; (g) NaOMe, MeOH. Abbr.: OTCA: O-trichloroacetimidate. 
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Since the yields for the functionalization of the glycal 90 to the corresponding glycosyl donors 

93 and 97 (Scheme 4.5) were not satisfying and the substitution of the 4-OH group was not 

successful (Scheme 4.6), the synthetic strategy had to be changed. To this end, the 

functionalization sequence of the ring positions was changed, first addressing inversion of the 

4-position of L-arabinose and then form the glycal and proceed with azidonitration. 

In order to first functionalize the 4-position by an inversion reaction, a suitable protecting group 

pattern had to be implemented.[204] Starting from L-arabinose (85), the literature-known 1,2,3-

tri-O-benzoylated L-arabinose derivative 103[205] was synthesized. Thus, according to Beahm 

et al.,[205] L-arabinose (85) was treated with 3.0 equivalents of BzCl in a mixture of pyridine and 

CH2Cl2 at -30 °C and the targeted 103 was isolated after column chromatography in a yield of 

45 %. For the following nucleophilic substitution reaction, the free 4-OH group was activated 

employing a procedure of Beahm and colleagues.[205] Hence, the alcohol 103 was reacted with 

Tf2O in pyridine and the corresponding triflate intermediate 104 was subsequently dissolved in 

DMF and NaN3 was added. The SN2 reaction yielded the desired azido-D-xylose derivative 

105[205] in 57 % over two steps after column chromatography (Scheme 4.7). 

For the synthesis of the required xylal, the xylosyl bromide 106 had to be formed first. Hence, 

105 was treated with HBr in acetic acid but unfortunately, these reaction conditions lead to 

decomposition of the starting. Since the group of Meier reported similar problems along the 

synthesis of azido-functionalized glycosyl bromides,[206] anomeric bromination was carried out 

under milder conditions. Indeed, the glycosyl bromide 106 could be obtained in 72 % yield after 

treatment with titanium bromide (TiBr4) according to a procedure of Jon and co-workers 

(Scheme 4.7).[207] 

 

Scheme 4.7. Synthesis of xylosyl bromide 106 starting from L-arabinose (85). (a) BzCl (3 equ.), pyridine, 

dry CH2Cl2, -30 °C, 2 h, 45 %; (b) Tf2O, pyridine, dry CH2Cl2, -20 °C, 2 h; (c) NaN3, dry DMF, rt, 16 h, 

57 % (over 2 steps); (d) HBr, AcOH, CH2Cl2, 0 °C, 2 h; (e) TiBr4, CH2Cl2/EE, 40 °C, MW, 1 h, 72 %. 

The xylosyl bromide 106 served as the starting material for the synthesis of the corresponding 

xylal 109. Even if azides can be potentially reduced under the conditions of the reductive 

elimination, the synthesis of primary azide containing glycals is literature-known.[208] Thus, 
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according to the procedure of Zhang and co-workers,[208c] 106 was treated with zinc dust in a 

buffered (NH4Cl) suspension of acetonitrile at 40 °C for 3.5 h, but the targeted xylal 109 was 

not obtained. Hence, the reaction time was decreased, and the reaction carried out at 40 °C 

for 30 min (Table 4.1). Unfortunately, under these conditions only the respective amino xylal 

107 (37 %) was isolated as confirmed by NMR and mass analysis. When the reaction was 

performed at lower temperatures (rt, 0 °C), no conversion was observed. In another attempt 

the buffering system of the reaction was changed and following a procedure of Shao and co-

workers,[208a] 106 was treated with zinc in the presence of sodium dihydrogen phosphate, which 

gave again the amino xylal 107 in a yield of 38 % (Table 4.1). In order to reduce the risk of 

azide reduction during the xylal formation, the reaction was performed with titanocene chloride 

(Cp2TiCl) in the presence of a smaller amount of zinc powder (2.0 equ.).[209] However, these 

conditions resulted in the decomposition of the starting material 106. Also, the attempt to use 

1-methylimidazol as an additive and run the reaction under inert conditions as described by 

Németh and co-workers,[210] was not successful.  

Table 4.1. Reaction conditions for the reductive elimination of xylosyl bromide 106 to synthesize xylals 

as shown in Scheme 4.8.  

Entry Reagents Solvent Temp. Time Yield of amino xylal 107 

1 Zn, NH4Cl MeCN 40 °C 3.5 h - 

2 Zn, NH4Cl MeCN 40 °C 30 min 37 % 

3 Zn, NH4Cl MeCN rt 8 h - 

4 Zn, NH4Cl MeCN 0 °C 8 h - 

5 Zn, NaH2PO4 acetone rt 1 h 36 % 

6 Zn, Cp2TiCl THF rt 1 h - 

7 Zn, 1-methylimidazol ethyl acetate rt 1 h - 

 

As the envisaged reaction pathway cannot be continued with a free amino function, in order to 

save the synthetic plan, it was tried to reverse the 4-amino group into an azide group. Hence, 

in a next effort to reach the xylal 109, the xylal 107 was subjected to a copper-catalyzed 

diazotransfer reaction[211] using the diazo donor imidazole-1-sulfonyl azide (108, ISA) in 

methanol. This reaction indeed gave the desired azide 109 in almost 50 % (Scheme 4.8). 
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Scheme 4.8. Synthesis of azido xylal 109 starting from xylosyl bromide 106. (a) Zn (detailed conditions 

in Table 4.1); (b) ISA, K2CO3, CuSO4, MeOH, rt, 16 h, 49 %. 

With the azido xylal 109 in hand, the second amino function at the 2-position was introduced 

by an azidonitration reaction. Thus, according to the work of Yoshimura,[194] the xylal 109 was 

treated with CAN and NaN3 in acetonitrile at -30 °C, which gave a stereoisomeric mixture of 

2-azido xylosyl nitrate 110a and 2-azido lyxosyl nitrate 110b in a poor overall yield of 28 % 

(xylo:lyxo ratio of 1:2) (Scheme 4.9). The configuration of the two products was determined by 

NMR spectroscopy. Unfortunately, the two stereoisomers could not be separated by column 

chromatography. Attempts to increase the yield and the stereospecificity of the reaction by 

changing the temperature (0 °C and rt) or the solvent (CH2Cl2 instead of MeCN) were not 

successful.  

In an alternative approach, the direct synthesis of the glycosyl donor 112 was attempted and 

accordingly the azido-xylal 109 subjected to an azidohydration according to Vankar et al.[198] 

However, when 109 was treated with TMSN3, PIFA (95), TEMPO and Bu4NHSO4 in a mixture 

of CH2Cl2 and water, the desired reducing xylose 111 was not obtained. Because of this failure, 

also the xylosyl trichloroacetimidate derivative 112 cannot be obtained along this route 

(Scheme 4.9). 

 

Scheme 4.9. Azidonitration and azidohydration of xylal 109. (a) CAN, NaN3, dry MeCN, -30 °C, 5 h, 

28 % (ratio 110a : 110b in 1:2); (b) TMSN3, PIFA (95), TEMPO, Bu4NHSO4, CH2Cl2/H2O, 0 °C, 1.5 h; 

(c) Cl3CCN, DBU, CH2Cl2, 0 °C, 2 h. 
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At this point it was decided to not continue with the reaction pathway based on the 

azidonitration of the azido-functionalized xylal 109 for two reasons. First, the synthesis of the 

4-azido-functionalized xylal 109 hardly is a high-yielding reaction due to the concomitant 

reduction of the azido group during xylal formation. Second, the introduction of a 2-azido 

functionality by azidonitration comes along with low yields and lacking stereospecificity. As a 

consequence of these difficulties, in the next synthetic plan, the 4-azido group masking an 

amino function, was replaced by a protected amino function, where the protecting group is 

stable under reductive conditions (e.g., a phthaloyl protecting group). 

Again, the synthesis started with the regioselective benzoylation of L-arabinose to achieve the 

tri-benzoylated L-arabinose 103 (cf. Scheme 4.7).[205] Then, the triflate 104 was formed as 

before and in turn reacted with potassium phthalimide (113) in DMF yielding the desired 

D-xylo-configured epimer 114 in yields around 60 % over two steps (Scheme 4.10). Addition 

of 18-crown-6[212] increases the nucleophilicity of the naked phthalimide anion and improves 

the yield of the reaction to 78 %. In the next step, 114 was converted into the xylosyl bromide 

115 with HBr in acetic acid in an excellent yield of 93 % after column chromatography. The 

xylosyl bromide 115 served as the starting material for the xylal synthesis under known 

conditions using zinc powder and NH4Cl[208a] to obtain the 4-phthalimido-protected xylal 116 in 

a yield of 42 %. When a catalytical system of zinc and vitamin B12 as reported by Franck and 

co-workers was employed, the yield of the reaction was increased to over 80 % and the 

reaction time reduced to 1 h.[213] Vitamin B12 is known as a catalyst in reductive elimination 

reactions to cleave ɓ-chloroethyl-ester protecting groups or the synthesis of glycals. [214] In this 

type of reactions, the Co(III) of vitamin B12 is reduced in the presence of zinc dust to Co(I). This 

reactive species can insert into the C-bromide bond of 115 in an oxidative addition and followed 

by a reductive elimination the corresponding glycal 116 is formed. 

 

Scheme 4.10. Synthesis of xylal 116 starting from tri-benzoylated L-arabinose 103. (a) Tf2O, pyridine. 

CH2Cl2, -20 °C, 2 h; (b) 18-crown-6, DMF, rt, 16 h, 78 % (over 2 steps); (c) HBr, AcOH, CH2Cl2, rt, 2 h, 

93 %; (d) Zn, NH4Cl, MeCN, rt, 16 h, 42 %; (e) Zn, NH4Cl, Vit-B12, CH2Cl2, MeOH, rt, 1 h, 83 %. 
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Next, the 4-Phth-xylal 116 was subjected to an azidonitration employing CAN and NaN3 in 

acetonitrile at -30 °C. Again, the isolated product displayed a stereoisomeric mixture of the 

xylo- (117a) and lyxo-configured (117b) azido glycosyl nitrates in a ratio of 2:1 (xylo : lyxo) 

(Scheme 4.11). Separation of the stereoisomers by column chromatography was 

unsuccessful. Because it was shown earlier for glucals that azidonitrations at higher 

temperatures are more stereoselective in the gluco series than in with mannosyl nitrates,[215] 

the azidonitration for 116 was also carried out at room temperature, but this decreased the 

overall yield and the ratio of the obtained stereoisomers remained unchanged. 

 

Scheme 4.11. Azidonitration of xylal 116 yields a stereoisomeric mixture. (a) CAN, NaN3, dry 

MeCN, -30 °C, 5 h, 50 % (ratio 117a : 117b, 2:1); (b) CAN, NaN3, dry MeCN, rt, 5 h, 33 % (ratio 

117a : 117b, 2:1). 

During the azidonitration reaction, an azido radical is added to the glycal and the 

stereochemical outcome is influenced by different parameters. While solvents or temperatures 

can be optimized, the structure of the glycal and its substituents is harder to achieve. For the 

sterical outcome of the reaction especially the stabilization of the radical intermediate 91a 

(Figure 4.6) is important. While carbohydrates with an axial C-4 group (e.g. arabinal) favor the 

equatorial addition of an azide, for equatorial C-4 groups (e.g. xylal) the amount of the axial 

side product increases.[193] In addition, pentoses have no methylene hydroxyl group, which can 

also have a directing sterically influence. Another factor incluening the reaction is the structure 

of the substituents. In case of azido xylal 109 the axial addition of an azido radical dominated 

and thus particularly the lyxo-configured side product was formed. On the other side, in case 

of phthaloyl xylal 116 the presence of two electron withdrawing protecting groups improved the 

stereoselectivity and the amount of xylo-configured product was increased, but not satisfying. 

In conclusion, the azidonitration of xylals does not serve as a robust and stereoselective 

method for the functionalization towards 2,4-diamino xylosides. The addition of azido radicals 

is regio- but not stereoselective and once they are formed, they still must be converted into the 

respective glycosyl donors for further glycosylation. In fact, however, the synthesis of the xylal 

116 was optimized and serves as a powerful building block in the next approach. 
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4.3 Following the glycal approach via iodosulfonamidation 

The synthesis of 2-amino-2-deoxy saccharides is an important field of carbohydrate chemistry 

since these monosaccharides are subunits of many glycoconjugates such as glycoproteins or 

heparin.[216] Thus, many elegant methods have been employed to synthesize 2-amino-2-deoxy 

carbohydrates and often glycals serve as powerful building blocks. A promising method for the 

conversion of glycals is the iodosulfonamidoglycosylation introduced by Danishefsky et al., 

which was first described in 1990.[217] This reaction provides 2-amino-2-deoxy ɓ-glycosides 

with a high stereo- and regioselectivity and thus Danishefsky and co-workers established this 

method over the years in the context of the synthesis of complex oligosaccharides. [218]  

According to the reaction mechanism of the iodosulfonamidation the iodosulfonamide 119 

serves as the key intermediate of this reaction pathway. In addition to the control of the 

stereochemistry the iodosulfonamidation also allows the introduction of various aglycons. 

While it was first focused on the synthesis of O-xyloside 120, the intermediate 119 can also be 

rearranged resulting in xylosyl azides, respectively. However, once the 2,4-diamino xyloside 

120 is synthesized, finally the derivatization of the 3-position can be targeted (Figure 4.7).  

 

Figure 4.7. Synthesis of 2,4-diamino xyloside 117 by iodosulfonamidation of the xylal 118 as the key 

reaction step. After an iodosulfonamidation a rearrangement reaction of 119 gives 2,4-diamino xyloside 

120, which is further derivatized in an O-arylation reaction to yield 117. PG: protecting group. 

The key reaction step of this synthetic account is the iodosulfonamidation of xylal 118. For the 

correct stereochemical outcome of this reaction the electrophilic addition of iodonium (I+) to the 

cyclic vinyl ether 118 is a crucial step. Iodonium is attacking the ɓ-face of 118 leading to a 

cyclic iodonium ion 119b (Scheme 4.12). This addition is stereospecific because the ɓ-face 

iodonium is stabilized due to the p-orbitals of the endocyclic ring oxygen, which was shown by 
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Fraser-Reid and Lemieux earlier.[219] Once 119b is formed, it can be opened regiospecifically 

by a nucleophile at the anomeric carbon assisted by the anomeric effect, for example a 

sulfonamide (H2NSO2R) leading to trans-diaxial addition product 119.[220] Next, due to the 

nucleophilic character of the N-sulfonamide and the iodine leaving group a cyclic aziridine 

121b is formed. Because of the instability of aziridine 121b, this can be opened in the presence 

of a nucleophile (e.g., alcohol or azide) in order to give the 2-amino ɓ-D-glycoside 121 with a 

high regio- and stereospecificity. Nevertheless, in the presence of electron-withdrawing 

protecting groups in glycals an unwanted anomerization of the iodosulfonamide 119 can occur. 

This 1,2-cis addition product 119c cannot undergo an aziridine rearrangement and thus not be 

further derivatized.[221] 

 

Scheme 4.12. Mechanism for the iodosulfonamidation of glycals via iodonium intermediate 119b and 

aziridine 121b. 

For the success of an iodosulfonamidation reaction, next to the configuration of the glycal also 

the iodonium source is a crucial factor. In most approaches, either N-iodosuccinimide (NIS) or 

iodonium di-sym-collidine perchlorate (IDCP) are used. While NIS is a commercially available 

chemical, IDCP has to be synthesized freshly.  

To apply the iodosulfonamidation to the glycal 116 first of all the literature-known IDCP 

(124)[222] had to be prepared (Scheme 4.13). Thus, following the synthesis procedure of 

Lemieux and Morgan,[223] sym-collidine (122) was treated with sodium perchlorate and silver 

nitrate in water. Silver di-sym-collidine perchlorate (123) was precipitated and directly 

subjected to the next step by treatment with iodine in CH2Cl2 gave the targeted IDCP 124 in a 

yield of 96 % after recrystallization from diethyl ether. 
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Scheme 4.13. Synthesis of IDCP 124 started from sym-collidine. (a) AgNO3, NaClO4, H2O, rt, 15 min; 

(b) I2, CH2Cl2, rt, 15 min, 96 %. 

For the derivatization of xylal 116 by iodosulfonamidation with benzene sulfonamide (125) it 

was first tried to use NIS as the iodonium source. Following a procedure of Gautier et al.,[221] 

116 was treated with NIS and iodine in the presence of 125 at -10 °C in CH2Cl2. It turned out 

however, that the succinimide was the stronger nucleophile and opened the iodonium 

intermediate, as it was described by Thiem and colleagues,[224] forming the trans addition 

product 128, which was not able to undergo a rearrangement reaction via an aziridine (Scheme 

4.14). In a second attempt, the iodonium source was changed to IDCP and according to the 

work of Danishefsky and co-workers,[218c] 116 was treated with IDCP in the presence of 125 in 

CH2Cl2 and the corresponding iodosulfonamide 126 was obtained in a yield of 62 % (Scheme 

4.14). Other than the azidonitration, the iodosulfonamidation gave stereospecifically the 1,2-

trans addition product in the lyxo-configuration, as it was confirmed by 1H NMR spectroscopy. 

Then, subsequently 126 was used in a rearrangement reaction and iodosulfonamide 126 and 

4-bromophenol 98 were treated with lithium hexamethyldisilazane (LiHMDS) in THF at -78 °C. 

The presence of this base had two advantages. On the one hand, the nucleophilic lithium 

phenolate of 98 could be formed while on the other hand the formation of the aziridine 

intermediate (cf. Scheme 4.12) is preferred in a basic medium. In addition, silver triflate 

(AgOTf) was added to the reaction to abstract the produced iodide. The targeted 2,4-diamino 

ɓ-D-xyloside 127 was isolated in a fair yield of 69 % and with excellent ɓ-stereospecificity and 

a high regiospecificity of the sulfonamide at the 2-position (Scheme 4.14). 

 

Scheme 4.14. Synthesis of diamino xyloside 127 starting from xylal 116. (a) NIS, I2, CH2Cl2, -10 °C, 2 h, 

61 %; (b) IDCP, CH2Cl2, 0 °C, 30 min, 62 %; (c) LiHMDS, AgOTf, THF, -78 °CŸrt, 16 h, 69 %. 
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With xyloside 127 in hand, in an ultimate step the 3-position of the xyloside had to be 

functionalized in order to reach the targeted xyloside 117. Thus, removal of the 3-O-benzoyl 

protecting group was required to subject the xyloside to an O-arylation reaction. It is known 

that benzoyl ester groups in the neighbourhood of phthalimido groups can be chemoselectively 

cleaved under Zemplén transesterification reaction conditions.[225] Thus, 127 was treated with 

sodium methoxide in methanol at room temperature, but the desired product 129 could not be 

obtained under these conditions. Lower reaction temperatures (0 °C or -10 °C) did not change 

the outcome of the reaction. In a second attempt it was tried to cleave the benzoyl protecting 

group under milder conditions by treating 127 with K2CO3 in methanol at -30 °C. Unfortunately, 

also these conditions showed no conversion to the targeted 129 (Scheme 4.15). 

At this point, it was decided to try a global deprotection of 127 and cleave the protecting groups 

of both amines and the 3-OH group at the same time. Thus, Birch conditions were applied 

according to Danishefsky and co-workers[218d] and 127 was treated with sodium in the presence 

of liquid ammonia in THF at -78 °C for 40 min. However, under these reaction conditions 

decomposition of the starting material was observed (Scheme 4.15). 

 

Scheme 4.15. Deprotection of 2,4-diamino xyloside 127. (a) NaOMe, MeOH, rt, 2 h; (b) K2CO3, 

MeOH, -30 °C, 5 h; (c) Na, NH3, THF, -78 °C, 40 min. 

Facing the unsatisfying situation of the deprotection of 127, two main problems were figured 

out. On the one hand, the removal of the benzene sulfonamide group had to be optimized, 

since birch conditions were not compatible with 127. On the other hand, a strategy for the 

chemoselective deprotection of the 3-position had to be seeked. While benzoyl ester protecting 

groups are labile under basic conditions, acetyl esters can be cleaved under acidic conditions 

keeping the phthalimide intact.[226] Thus it was decided to change the protecting group at the 

3-position of 127 into an acetyl protecting group. 

For the synthesis pathway with acetyl protecting groups, the benzoyl protecting groups of 114 

were cleaved under Zemplén conditions and the unprotected intermediate was subsequently 
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acetylated with acetic anhydride and pyridine to obtain 131 over two steps in an excellent yield 

of 96 % (Scheme 4.16). Bromination of the anomeric position with HBr in acetic acid gave the 

corresponding bromide 132 in high yields and in a reductive elimination reaction with zinc, 

NH4Cl and vitamin B12, the acetylated xylal 133 was reached in a yield of 83 %. With 133 in 

hand, the xylal double bond could be addressed by an iodosulfonamidation reaction and 133 

was treated with benzene sulfonamide and IDCP in CH2Cl2. The corresponding 

iodosulfonamide 134 was isolated in a good yield of 88 % (Scheme 4.16), which proved again 

that the iodosulfonamidation serves as a stereoselective functionalization method for xylals.  

Consequently, 134 was subjected to the aziridine rearrangement and glycosylation reaction to 

provide xyloside 135. Hence, 134 was treated with LiHMDS and AgOTf in the presence of 

4-bromophenol 98 at -78 °C. However, the desired 135 could not be isolated and the reaction 

conditions led to decomposition of the iodosulfonamide 134, which can be assigned to the 

lability of the acetyl protecting group under the strong basic environment. Nevertheless, the 

rearrangement of iodosulfonamides requires lithium or potassium alkoxides. An alternative 

could be the use of stannyl alkoxides, which was described by Danischefsky et al. for the case 

of tributyltin benzyloxide.[227] Since the use of stannyl phenolates in rearrangement reactions 

of iodosulfonamides is not intensively discussed, it was decided to not continue with the acetyl 

protecting group pathway. Instead, the deprotection of the sulfonamide group became the 

focus of further optimizations. 

 

Scheme 4.16. Synthesis of acetylated 2,4-diamino xyloside 135 starting from xylose derivative 114. (a) 

NaOMe, MeOH, rt, 1 h; (b) Ac2O, pyridine, rt, 2.5 h, 96 % (over 2 steps); (c) HBr, AcOH, CH2Cl2, rt, 2 h, 

93 %; (d) Zn, NH4Cl, Vit-B12, CH2Cl2, MeOH, rt, 1 h, 83 %; (e) H2NSO2Ph, IDCP, CH2Cl2, 0 °C, 30 min, 

88 %; (f) LiHMDS, AgOTf, THF, -78 °CŸrt, 16 h; (g) AcCl, MeOH. 

For iodosulfonamidation reactions different sulfonamide reagents (H2NSO2R) are known, 

which have to meet two main requirements in this synthetic approach. First, it has to be 
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nucleophilic enough to open the iodonium intermediate, formed by the addition of IDCP to the 

glycal. Second, in most cases the sulfonamide represents a protecting group, and its removal 

must be guaranteed. Next to the benzene sulfonamide several other aromatic sulfonamides 

(para-nitrobenzene sulfonamide[228] or para-toluene sulfonamide[229]) are used in 

iodosulfonamidation reactions of glycals. They all have in common that its cleavage requires 

harsh conditions, since aromatic sulfonamides are stable functional groups. An alternative is 

the 2-(trimethylsilyl)ethanesulfonamide (141, NSES).[230] This sulfonyl protecting group is 

cleaved under mild conditions using fluoride ions. For the introduction of this protecting group 

several methods exist. While free amines can be protected by the respective sulfonyl chloride 

140 (SESCl),[231] SES protected amines can also be used in nucleophilic substitution or 

Mitsunobu reactions due to their strong nucleophilicity.[232] This makes the SESNH2 141 also 

suitable as an amine source for the iodosulfonamidation. [233] 

The synthesis of 2-(trimethylsilyl)ethanesulfonamide (141, H2NSES) was started from 

vinyltrimethylsilane (137) according to the work of Weinreb et al. (Scheme 4.17).[230] In a radical 

addition to the vinyl group 137 was treated with tert-butyl perbenzoate (138) in the presence 

of sodium bisulfite (NaHSO3) in MeOH and the corresponding sodium sulfonate salt 139 was 

obtained in a yield of 54 %. Subsequently, 139 was converted into the sulfonyl chloride 140 by 

treatment with phosphorous pentachloride (PCl5) in CH2Cl2 in an excellent yield of 96 %. In a 

final step according to Lamaty and co-workers,[234] the sulfonamide 141 was formed by 

treatment of 140 with gaseous ammonia, which gave the targeted H2NSES 141 after 

recrystallization in a good yield of 67 % (Scheme 4.17). 

 

Scheme 4.17. Synthesis of trimethylsilyl ethylene sulfonamide (141, H2NSES) starting from 

vinyltrimethylsilane (137). (a) NaHSO3, MeOH, 80 °C, 72 h, 54 %; (b) PCl5, CH2Cl2, 0 °CŸrt, 4 h, 96 %; 

(c) NH3, CH2Cl2, 0 °C, 3 h, 67 %. 

With the H2NSES 141 in hand, the iodosulfonamidation of xylal 116 was performed following 

a procedure of André and colleagues.[235] The xylal was reacted with 141 in the presence of 

IDCP at 0 °C for 1 h (Scheme 4.18). Unfortunately, the cis-addition product 142b was formed 

in a yield of almost 80 % instead of the desired trans-addition product 142 as confirmed by 

1H NMR. Since the opening of the iodonium intermediate can only take place from the Ŭ-face 
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of the sugar ring (leading to 142) the cis-product must be an epimerization product of 142 (cf. 

Scheme 4.12). In fact, it is known that epimerization of the anomeric sulfonamide can occur 

especially for armed glycals, which was described by Petillo and co-workers.[228] To avoid the 

formation of the ɓ-lyxose product 142b, first of all the temperature was decreased, and the 

reaction carried out at -20 °C for 1 h (Table 4.2). In fact, under these reaction conditions, the 

amount of formed ɓ-lyxose 142b was decreased and a mixture of both anomers (1.5:1) was 

isolated. Next, the reaction time was decreased[221] and 116 treated with H2NSES/IDCP at 0 °C 

for 30 min, which increased the selectivity for 142 significantly. Under these conditions, the 

targeted 142 was isolated in a yield of 85 % as the pure Ŭ-lyxose anomer. Further decreasing 

of the reaction time led to lower yields (cf. Table 4.2). With 142 in hand, the glycosylation of 4-

bromophenol was addressed next and in a rearrangement reaction iodosulfonamide 142 and 

4-bromophenol 98 were treated with LiHMDS and AgOTf at -78 °C. The targeted diamino ɓ-

xyloside 143 was obtained in a high yield of 87 % and with an excellent ɓ-stereospecificity and 

high regiospecificity of the amino function (Scheme 4.18). 

Table 4.2. Optimization of the reaction conditions for the iodosulfonamidation of xylal 116 with H2NSES 

as depicted in Scheme 4.18. All reactions were carried out in dry CH2Cl2 and 4 Å MS was added. 

Entry I+-source Time Temperature Yield Ŭ:ɓ 

1 IDCP 1 h -20 °C 63 % 1.5 : 1 

2 IDCP 1 h 0 °C 78 % only ɓ 

3 IDCP 30 min 0 °C 85 % only Ŭ 

4 IDCP 15 min 0 °C 55 % only Ŭ 

5 NIS 30 min 0 °C - - 

 

In addition to the ɓ-selective glycosylation the iodosulfonamide 142 offered another synthetic 

advantage. According to Danishefskyôs established iodosulfonazidation method, it was 

possible to introduce a third orthogonal amino function masked as an azide. Thus, 142 was 

treated with sodium azide in DMF and the triamine-xyloside 144 was obtained in a fair yield of 

58 % (Scheme 4.18). This xylose scaffold offers the possibility to address each position 

chemoselectively to build up heteromultivalent glycoclusters, for example. In addition, the 

azido function can be used in CuAAC or Staudinger ligation chemistry for immobilization on 

surfaces, for instance.  
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Scheme 4.18. Synthesis of diamino xyloside 143 starting from xylal 116 (a) H2NSES, IDCP, CH2Cl2, 

0 °C, 30 min, 85 %; (b) LiHMDS, AgOTf, THF, -78 °CŸrt, 6 h, 87 %; (c) NaN3, DMF, rt, 16 h, 58 %. 

With xyloside 143 in hand, it was again tried to selectively deprotect the 3-O-benzoyl protecting 

group for further functionalizations. Thus, xyloside 143 was subjected to a transesterification 

reaction under Zemplén reaction conditions by treatment with sodium methoxide in methanol. 

Unfortunately, the phthaloyl protecting group was unstable under these conditions and the 

corresponding xyloside 145 was isolated in a high yield of 92 % (Scheme 4.19). To reinstall 

the phthaloyl by an intramolecular cyclization, 145 was treated with diisopropylcarbodiimide 

(DIC) and DMAP and the derivative 146 reached in a yield of 57 %. 

 

Scheme 4.19. Synthesis of xyloside 146 by debenzoylation and subsequent intramolecular ring closure 

of 143. (a) NaOMe, MeOH, rt, 2 h, 92 %; (b) DIC, DMAP, CH2Cl2, 0 °C, 16 h, 57 %. 

With the xyloside 146 in hand, 3-OH group was addressed next in different functionalization 

reactions. The respective functional group at the 3-position had to fulfill two different aspects. 

On the one hand, an aromatic structure was envisaged, to support the conformational switch 

and stabilize the 1C4 conformation by -́  ́ interactions between the linkers at the 1- and 3-

positions. Thus, like at the anomeric position an aromatic bromo derivative had to be 

implemented to build up enlarged aromatic biphenyl systems by Suzuki-Miyaura cross-

coupling. On the other hand, it was planned to transfer the motion of the conformational xylosyl 
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hinge to the arms at the 1- and 3-position and it was decided to limit the degrees of freedom 

and arylate the 3-hydroxyl group with a 4-bromo phenyl residue. The O-arylation of 

carbohydrates is a challenging task in the aspects of regioselectivity, stereoselectivity and 

efficiency.[236] Often, the introduction of a phenyl ether to carbohydrates requires SN2 

replacement, epoxide opening or Mitsunobu reactions, which leads to an inversion of the 

stereocenter.[237] Another approach is represented by the direct construction of the C(sp2)-O 

bond, which has the advantage to employ the sugar substrate without any further activation 

and gives the opportunity of a higher stereocontrolled functionalization. For these reactions a 

class of reactive electrophilic arylating reagents is needed. One class is represented by 

hypervalent iodine compounds. First Olofsson and co-workers showed that O-arylation of 

carbohydrate hydroxyl groups with hypervalent iodonium salts showed excellent 

stereochemistry (no inversion) and promising yields. [238] In addition, the basic arylation 

conditions are compatible with a range of functional groups and the arylating reagents are 

simple available.[239] In addition to the work of Olofsson the group of Niu showed that 

regioselective O-arylation of unprotected carbohydrates with hypervalent iodonium salts can 

be controlled by the addition of copper triflate (Cu(OTf)2).[240] Next to the class of hypervalent 

iodonium salts, another arylating reagent is represented by aryl ammonium salts. The group 

of Uchiyama showed that these reagents can arylate alcohols with a high stereo- and 

regioselectivity.[241] With the iodine and the ammonia salts two possibilities for the O-arylation 

of the 3-OH group of 146 were taken into account.  

The synthesis of the iodonium salts was performed according to a procedure of Olofsson and 

co-workers starting from 4-iodo-bromobenzene (147).[242] In an oxidation reaction, 147 was 

reacted with bromobenzene 148 in the presence of meta-chloroperbenzoic acid (mCPBA), 

which gave oxidation to an iodine(III) species. By the addition of triflic acid (TfOH), 149 was 

precipitated as the iodonium triflate 149 in a yield of 70 %. As a second arylating reagent, the 

chloride salt 150 was synthesized. Thus, 149 was dissolved in acetonitrile and by the addition 

of an aqueous solution of ammonium chloride 150 was precipitated in a yield of 86 % (Scheme 

4.20, A). For the arylation with ammonium salts, the trimethyl ammonium salt 152 was 

synthesized as a reagent. Following the procedure of Pees et al.,[243] 4-bromo-N,N-

dimethylaniline (151) was treated with methyl trifluoromethane sulfonate (MeOTf) in CH2Cl2 

and 152 was obtained in a yield of 90 % (Scheme 4.20, B). With 149, 150 and 152, three 

reagents for the further arylation of 146 were available and had to be tested, respectively. 
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Scheme 4.20. Synthesis of arylating reagents 149, 150 and 152. (a) mCPBA, TfOH, CH2Cl2, rt, 1 h, 

70 %; (b) NH4Cl, MeCN, rt, 1 h, 86 %; (c) KBr, MeCN, rt, 1 h; (d) MeOTf, CH2Cl2, 0 °C, 1 h, 90 %. 

For the arylation of the 3-OH group of xyloside 146, first the hypervalent iodine reagents were 

tested. According to a procedure of Olofsson and co-workers,[238] 146 was treated with 

iodonium triflate 149 in the presence of KOtBu in toluene (Scheme 4.21). Unfortunately, under 

these conditions the targeted 153 was not formed but the formation of the ortho-carboxy amide 

145 was observed. Also changing the counterion of the iodonium salt, by using 150, did not 

change the outcome of this arylation reaction and 153 could not be achieved. Hence, according 

to a procedure of Wang et al., it was tried to functionalize the 3-OH group by treatment with 

trimethylammonium salt 152 in the presence of KHMDS. This reaction again, did not form 153 

but instead a ring opening of the 4-phthaloyl group took place. It seemed that by deprotonation 

of the 3-OH group with a base, the corresponding alkoxide attacked the carbonyl function of 

the phthalimide leading to a transesterification and opening of the cyclic imide, respectively. 

To prove this, 146 was reacted in a Williamson etherification to install a benzyl group under 

basic conditions. Thus, 146 was treated with 4-bromo-benzyl bromide (154) and K2CO3. 

Nevertheless, also for this reaction no formation of xyloside 155 was observed, rather 

intramolecular phthalimide opening occurred. 

In a last attempt, basic reaction conditions were avoided, and the etherification was performed 

with a trichloroacetimidate requiring acidic conditions. According to a procedure of Kinjo et 

al.,[244] 146 was treated with the literature-known trichloroacetimidate 156[244], which was 

activated by the addition of 0.3 equ. TfOH, but no conversion of the starting material 146 was 

observed. Equally, attempts to perform the reaction at higher temperatures or to activate the 

trichloroacetimidate 156 with TMSOTf did not lead to 155 (Scheme 4.21).  
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Scheme 4.21. Attempts to functionalize the 3-OH group of xyloside 146. (a) KOtBu, toluene, rt, 6 h; (b) 

KHMDS, THF, rt, 5 h; (c) K2CO3, DMF, 60 °C, 5 h; (d) TfOH, THF, 0 °C, 2 h. 

To avoid the intramolecular opening of the phthalimido group, it was decided to remove the 

phthalimide protecting group and mask the corresponding free amine as an azide. Accordingly, 

the 3-O-benzoyl ester and the phthaloyl protecting group were removed by treatment of 143 

with ethylenediamine (EDA) in EtOH at 70 °C and the unprotected xyloside 157 was obtained 

after column chromatography in an excellent yield of 90 % (Scheme 4.22). Subsequently 

treatment of 157 with ISA in the presence of K2CO3 and catalytical amounts of CuSO4 in MeOH 

gave the targeted azide 158 in a fair yield of 74 %. With this molecule in hand, further 

functionalization of the 3-position was tested keeping in mind to avoid intramolecular side 

reactions. First, O-arylation of the 3-OH group was performed with hypervalent iodine salts. 

When 158 was treated with the iodonium salt 149 in the presence of KOtBu in toluene,[238] the 

arylated product 159 was not obtained. When the reaction was performed at higher 

temperatures (50 °C) or with an excess of the base (5 equivalents), no conversion was 

observed. In a second approach, O-arylation with aryl ammonium salt 152 was performed. But 

the reaction of 158 with aryl ammonium salt 152 in the presence of KOtBu showed no formation 

of 159. Also changing the base to KHMDS did not give the desired product (Scheme 4.22). 

Furthermore, it was checked if either the functionalization of the 3-position under basic 

conditions prohibited, or if the problem lies in the arylation conditions. Accordingly, 158 was 

subjected to a Williamson etherification with the benzyl bromide derivative 154 in DMF in the 

presence of K2CO3 at 60 °C and the formation of a product was observed. It turned out, that in 

this reaction not the 3-OH group was benzylated, but the sulfonamide was functionalized. The 

SES-N-bromobenzylated xyloside 160 was the only isolated product obtained in a high yield 
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of 86 % (Scheme 4.22). This result suggests that the NH-sulfonamide is the stronger 

nucleophile than the 3-OH group. 

 

Scheme 4.22. Synthesis and functionalization of azidoxyloside 158 starting from xyloside 143. (a) 

ethylenediamine, EtOH, 70 °C, 1.5 h, 90 %; (b) ISA, CuSO4, K2CO3, MeOH, rt, 16 h, 74 %; (c) KOtBu, 

toluene, rt, 6 h; (d) K2CO3, DMF, 60 °C, 5 h, 86 %. 

Owing to the fact that the 2-sulfonamide group is more nucleophilic than the 3-OH group, an 

alternative strategy for the removal of the SES-protecting group of 143 was seeked. 

Furthermore, the respective free amine had to be protected with a protecting group, which is 

stable under basic modification conditions. Next, the 3-OH group had to be deprotected and 

the 4-phthalimide protecting group had to be exchanged in order to avoid intramolecular ring 

opening as described in Scheme 4.19.  

In contrast to other sulfonamides the 2-(trimethylsilyl)ethanesulfonamide represents a 

protecting group, which can be cleaved with fluorides. Cleavage with fluorides produces 

volatile side products, namely fluorotrimethylsilane, ethylene and sulfur dioxide, which gives 

the free amine without any further workup. Fluoride attacks the fluorophilic silicium initiating 

ɓ-elimination and producing the three gaseous side products (cf. Scheme 4.23). 

The deprotection of 143 was performed according to a procedure of Danishefsky and co-

workers,[218d] and 143 was treated with cesium fluoride in DMF at 90 °C in order to reach the 

free amine 161. Unfortunately, this led to decomposition of the starting material and the formed 

side products could not be isolated. Attempts to carry the reaction out at 70 °C or 50 °C gave 
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the same results. In an approach to treat 143 with TBAF in THF at 70 °C again decomposition 

took place while at room temperature no conversion was observed (Scheme 4.23). 

It is known that SES-protected primary amines show differences of reactivity during the 

deprotection step.[245] Especially the acylation of the SES-protected amine increases the 

reactivity for the deprotection step. The group of Kurt showed that neighbouring group-active 

ester functionalities can lead to unwanted side products but this can be avoided by 

derivatization with Boc protecting groups, which activate the SES-deprotection as well.[246] 

According to Kurt and co-workers, the deprotection of 143 was accomplished by treatment with 

Boc2O and TBAF in THF (Scheme 4.23). This reaction gave the Boc-protected amino xyloside 

162 in an excellent yield of 96 %. With this derivative in hand, next the 3-benzoyl and the 4-

phthaloyl protecting groups were concomitantly cleaved by treating 143 with hydrazinium 

hydrate to achieve the unprotected xyloside 163 in a fair yield of 57 %. In a final step, the 4-

amino group of 163 was protected with a protecting group, which is stable under basic 

conditions providing a uniform protecting group pattern of the xyloside. Thus, treatment of 163 

with Boc2O in the presence of triethylamine gave selective Boc protection of the 4-amino group 

in an excellent yield of 96 %. It has to be mentioned that the three steps leading from 143 to 

164 can be carried out without any intermediate purification steps. Following this procedure 

164 was synthesized from 143 in a yield of 86 % over three steps (Scheme 4.23). 

 

Scheme 4.23. Synthesis of xyloside 164 starting from xyloside 143. (a) Fluorides, dry CH2Cl2, rt, 16 h; 

(b) Boc2O, TBAF, THF, rt, 2 h, 96 %; (c) N2H4·H2O, EtOH, 70 °C, 2 h, 57 %; (d) Boc2O, Et3N, THF, H2O, 

rt, 2 h, 96 %; from 143 to 164 without isolation of the intermediates 86 % over 3 steps. 

In order to validate if 164 is stable under basic conditions an etherification was performed. 

Thus, 164 was treated with the benzyl bromide 154 in the presence of NaH in DMF and the 

corresponding benzylated xyloside 165 was isolated after column chromatography in a 

moderate yield of 44 %. Nevertheless, this result proved that a general functionalization of the 

3-position under basic conditions was possible (Scheme 4.24).  
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Accordingly, the O-arylation of xyloside 164 was performed with iodonium triflate 149 in the 

presence of KOtBu in toluene at 0 °C giving the arylated product 166 in a fair yield of 53%. 

However, NMR spectroscopy showed that the product was a mixture of regioisomers. In 

addition to the para-bromo-arylated product 166, also the meta-product 166b (para:meta ratio 

96:4) was formed and it was not possible to separate the regioisomers by column 

chromatography (Scheme 4.24). The formation of the meta-arylation product is known as a 

side reaction for O-arylation reactions.[239d] The fact that the proton next to the iodine in 168 is 

slightly acidic, favors an elimination reaction leading to the aryne 169 as a reactive 

intermediate.[247] This aryne can be attacked by a nucleophile (e.g. carbohydrate alkoxide) with 

a poor regioselectivity either at the para- or the meta-position, respectively (Scheme 4.24).  

 

Scheme 4.24. Functionalization of the 3-position of 164 by benzylation or O-arylation. Aryne formation 

can take place as a side reaction giving regioisomeric mixtures (bottom). Acidic deprotection of the Boc-

protecting groups gives diamino xyloside 167. (a) NaH, DMF, 0 °CŸrt, 2 h, 44 %; (b) TFA, CH2Cl2, rt, 

16 h, 92 %. 

In order to regioselectively achieve the xyloside 166 and avoid aryne formation, the reaction 

was optimized. First, the arylation was carried out with iodonium chloride 150 as the arylating 

source to increase the reactivity of the arylating reagent (Table 4.3, entry 2). However, again 

a regioisomeric mixture of 166 and 166b (para:meta ratio 92:8) was isolated in a yield of 61%. 

Next, the choice of the base was investigated (Table 4.3, entry 3-5), but the arylation of 164 

with iodonium triflate 149 in the presence of sodium hexamethyldisilazane (NaHMDS) or 
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K2CO3 was not successful and no conversion to 166 was observed. An additional attempt with 

iodonium chloride 150 and K2CO3 gave again a regioisomeric mixture (para:meta ratio 93:7) 

in a yield of 41 %. Since the optimization of the base or the arylating reagent did not show an 

improvement for the arylation of 164, it was tried to trap the formed aryne intermediate before 

a meta-arylation can take place. Hence, an additive in form of an aryne scavenger was added 

to the reaction mixture. It is known that amines are potential scavengers because they react 

with arynes but are not easily arylated.[248] Accordingly piperidine was added in sub-

stoichiometric amounts and KOtBu was used as the base. Indeed, the formation of 166b was 

inhibited and the para-substituted 166 was formed as the sole regioisomer and isolated in good 

yield of 58 % after column chromatography (Table 4.3, entry 6). 

Table 4.3. Optimization of the reaction conditions for the O-arylation of the 3-position of 164 to reach 

166 as depicted in Scheme 4.24. All reactions were carried out in toluene at 0 °C. The ratio between 

para and meta substituted product was determined by NMR-spectroscopy. 

Entry X- Base Additive para:meta (166:166b) Yield 

1 OTf KOtBu - 96 : 4 53 % 

2 Cl KOtBu - 92 : 8 61 % 

3 OTf NaHMDS - - - 

4 OTf K2CO3 - - - 

5 Cl K2CO3 - 93 : 7 41 % 

6 OTf KOtBu piperidine 100 : 0 58 % 

 

Interestingly, the 1H NMR spectra of the bis-Boc-protected xylosides 164, 165, and 166 

suggested the presence of a conformational equilibrium by signal line broadening in various 

solvents. According to the fact that xylose is a conformationally flexible molecule, it was of 

interest to study the conformational features and dynamics of xylosides 164, 165, and 166. 

This work is described in chapter 5. 

In a final step towards 2,4-diamino xylosides, the Boc protecting groups had to be removed. 

Thus, 166 was treated with TFA in CH2Cl2 and in order to gain free amino groups the reaction 

solution was neutralized with ion exchange resin Amberlyst 21,[249] and the diamino xyloside 

167 was purified by column chromatography and isolated in a yield of 72 % (Scheme 4.24). 

Finally, after extensive investigations, the 2,4-diamino xyloside 167 was successfully obtained. 

In this synthesis, xylal derivatives serve as perfect key intermediates. The described synthetic 



Conformational glycoswitches: Synthesis of 2,4-diamino xylosides 

- 84 - 

route starting from L-arabinose (85) comprises 9 steps delivering the unprotected diamino 

xyloside 167 in an overall yield of 9 %. Here, iodosulfonamidation of functionalized xylosides 

serves as the method of choice for the synthesis of 2,4-diamino xylosides. The beauty of this 

synthetic pathway lies in its convincing stereo- and regiochemistry and satisfying yields and it 

shows tolerance to a wide range of functional groups. 

4.4 2,4-Diamino xylosides as conformational switches 

With the 2,4-diamino xyloside 167 in hand, it was of interest whether it is conformational 

switchable in a reversible fashion and thus suitable as a molecular switch. As described before, 

2,4-diamino xylosides serve as ligands for either metal(II) ions or can complex protons.[90, 92b] 

In both cases a conformational ring flip from the thermodynamically more stable 4C1 to the less 

stable 1C4 conformer occurs and the orientation of all substituents changes from equatorial to 

axial. The formation of metal-xylose complexes using various metal cations was studied by 

NMR spectroscopy in different solvents (Scheme 4.25). Additionally, the association energy of 

the xyloside ligand 167 with zinc chloride (ZnCl2) was calculated at a B3LYP-D3/def2-TZVPP 

level of theory (computational experiments were performed by Prof. Dr. Alexander A. Auer 

(MPI Mülheim)) which confirmed that the complexation is exothermic by more than 90 kJ/mol. 

This result predicted the formation of complex 168 in high yields and with a short reaction time. 

 

Scheme 4.25. Conformational switching of 167 by the addition of an external stimulus (zinc). The xylose 

ligand 167 undergoes a conformational transition from 4C1 to 1C4, which is reversible. Complexation: 

ZnCl2, MeCN-d3, rt; Backswitching: TETA, MeCN-d3, rt. TETA: triethylenetetramine. Optimized 

conformations of 167 and 168 (B3LYP-D3/def2-TZVPP, see computational details for protocol using 

CREST[250] conformational search protocol) and rendered using Avogadro color code: dark grey: carbon; 

red: oxygen; blue: nitrogen; white: hydrogen; dark red: bromine; green: chloride; grey: zinc. 
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First, zinc(II)complexes were formed. Zinc(II) cations can exist with a tetragonal complexation 

geometry and are known as metal ions which are complexed by diamino xylosides. When to a 

solution of 167 in acetone-d6 0.5 equiv. of zinc chloride (ZnCl2) were added, the conformational 

change was initiated as followed by 1H NMR spectroscopy at room temperature (Figure 4.8). 

It was observed that immediately in addition to the signal set of 167 a second set of pyranose 

protons occurred in a 1:1 ratio. For the new set of signals, small coupling constants were 

observed leading to singlets, which is an indication for the 1C4 structure. All new signals could 

be assigned to the corresponding ring protons, and it was shown that by complexation of zinc 

a downfield shift of all signals took place. By the addition of further 0.5 equiv. of ZnCl2 to the 

solution full conversion of the 4C1 conformer 167 to the 1C4 complex 168 proceeded. In order 

to test the system for reversibility an excess of triethylenetetramine (TETA) was added, which 

is a stronger chelating ligand and the zinc precipitated as the Zn-TETA complex. Furthermore, 

the xyloside ligand 167 was liberated with inverted 4C1 conformation. Besides the two species 

167 and 168, various other small signals (at 5.5 ppm and 4.4 ppm) were detected in the NMR 

spectrum, which can be assigned to the fact that free amines in acetone can form imines as 

side products. Accordingly, to get more information about the structure of the complexed 

xylose ligand the formation of 168 had to be observed in different solvents. 

 

Figure 4.8. Switching ability of 167 by the addition of ZnCl2 in acetone. The free ligand 167 proved 4C1 

conformation (A). By addition of 0.5 equiv. of ZnCl2 complex 168 was formed (B), which was the only 

species after addition of 1.0 equiv. of ZnCl2 (C). Backswitching was achieved by addition of TETA (D). 

1H NMR spectra (acetone-d6, 500 MHZ, 298 K, 0.01 M). Protons were assigned by COSY and HSQC. 

Color code: green: signal set of 167; orange: signal set of 168. 
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The complexation of zinc with 167 was further proceeded in deuterated acetonitrile (MeCN-d3). 

Thus, 167 was dissolved in MeCN-d3 and 1H NMR spectroscopy revealed that no imine side 

products were formed. Next, 1 equiv. of ZnCl2 was added to the solution and it was observed 

that the conformation of the xyloside ligand changed into the 1C4 conformer 168. In accordance 

with the calculated association energy the complex was formed fast (less than 1 min). NMR 

spectroscopy for 168 indicated a 1C4 conformation due to small coupling constants (almost 

singlet signals) because all ring protons are equatorial orientated. Furthermore, the spectrum 

showed a slight downfield shift for all ring protons (Figure 4.9). In addition, the presence of 168 

with two chloride ligands for the zinc ion was confirmed by ESI mass spectrometry. However, 

with 168 in hand the reversible backreaction was targeted to prove the switching ability of 167. 

Thus, by the addition of TETA zinc precipitated, and the free xylose ligand 167 underwent a 

ring flip to the 4C1 conformation, respectively. Both reactions, the complexation and the 

backswitching, proceeded in quantitative yields, which makes 167 a suitable candidate as a 

molecular switch. 

 

Figure 4.9. Conformational switching of 167 by the addition of ZnCl2 in MeCN. The free ligand 167 

proved 4C1 conformation (A). By addition of 1.0 equiv. of ZnCl2 complex 168 was formed (B) 1H NMR 

spectrum (MeCN-d3, 500 MHZ, 298 K, 0.01 M). Protons were assigned by COSY and HSQC. The 

signals of the NH2 groups in 167 (spectrum A) are buried under the solvent signal (water in CD3CN at 

~2.17 ppm, not shown). 
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Besides ZnCl2 the switching ability of 167 was also tested with other zinc salts. However, the 

addition of zinc acetate (Zn(OAc)2) or zinc triflimide (Zn(N(Tf)2)2) to solutions of 167 in MeCN-d3 

were not leading to a ring flip induced by complexation of the metal. Also, other diamagnetic 

metal ions were tested for conformational switching. However, complexation of manganese 

perchlorate (Mn(ClO4)2) or mercury acetate (Hg(OAc)2) was not successfully at room 

temperature. Yuasa and Hashimoto describe the complexation process for these metal cations 

as relatively slow and with low yields and complexes could only be formed at higher 

temperatures.[90-91] Thus, experiments with manganese and mercury ions were performed at 

higher temperatures (328 K) but a ring flip of the xyloside ligand 167 could not be observed 

and thus these metals seem not to be suited for conformational switching. 

In addition to the prove as a molecular switch the zinc complex 168 served also as a stable 

1C4 conformer and defined conformation to study conformational dynamics of xylosides. To get 

more insights about different conformations of xylosides and their behavior of transition into 

each other it was necessary to synthesize additional xylose derivatives with defined 

conformation. Thus, in order to decrease the degrees of freedom diamino xyloside 167 was 

fixed into its 1C4 conformation by an intramolecular crosslinking of the diamino groups of the 

xyloside. Following a procedure of Fröhlich and co-workers,[251] 167 was treated with 

1,1ô-carbonyldiimidazol (CDI) in the presence of triethylamine in DMF to yield the desired 

bicyclic urea xyloside 169 in a good yield of 81 % (Scheme 4.26).  

 

Scheme 4.26. Locking of the 1C4 conformation of 169 by cyclic urea formation. (a) CDI, Et3N, DMF, rt, 

16 h, 81 %. Abbreviation: CDI: carbonyldiimidazole. 

The 1C4 conformation of 169 was confirmed by 1H NMR spectroscopy due to the small coupling 

constants of the ring protons (2-3 Hz, almost singlets). The conformational ring flip also 

induced a downfield shift of the ring protons, which was especially high for the ring protons 

next to the urea function (H-2, H-3, and H-4 by ~0.7 ppm) (Figure 4.10). By comparison of the 

NMR spectra of 168 and 169, similarities in the change of coupling constants and the chemical 

shift were observed. Thus, both compounds served as benchmarking molecules for a structural 

investigation of xyloside conformers. 
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Figure 4.10. Conformational locking of the diamine 167 (A) by a bicyclic urea formation to yield the urea 

derivative 169 (B), where the 1C4 conformation was locked. 1H NMR spectrum (MeCN-d3, 500 MHZ, 

298 K, 0.01 M). Protons were assigned by COSY and HSQC. The signals of the NH2 groups in 167 

(spectrum A) are buried under the solvent signal (water in CD3CN at ~2.17 ppm, not shown). 

4.5 Conclusion 

In conclusion of this subproject a new synthetic approach for the synthesis of 2,4-diamino 

xylosides was introduced. While previous synthetic accounts via a tandem ring opening of 

ĻernĨ epoxides are limited owing to their regio- and stereochemical outcome, xylals turned out 

as the intermediate of choice. Starting from L-arabinose, 4-amino-functionalized D-xylose 

derivatives such as 114 can readily be accessed and turned into difunctional xylals as 116. 

Iodosulfonamidation and the following rearrangement of the 2-iodo lyxosyl sulfonamide 142 

provide access to a wide range of orthogonally protected 2,4-diamino xylosides with a high 

regio- and stereospecificity. Furthermore, the number of reaction steps was decreased 

compared to previous pathways and the reaction conditions are tolerant to a wide range of 

protecting groups. 

In addition, a surprising conformational dynamic was observed with the bis-Boc-protected 

diaminoxylosides 164, 165 and 166. 1H NMR spectra suggested a conformational equilibrium 

owing to the observed signal line broadening. On the other hand, the unprotected 2,4-diamino 

xyloside 167 proved to exist in the 4C1 conformation only and by complexation of zinc cations 
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a conformational switch from the 4C1 to the 1C4 conformation occurred. This ring flip is 

reversible by precipitation of the zinc, which makes 167 an ideal target for the use as a 

molecular switch. 

The xylosides167, 168, and 169 were presenting defined conformations and can be utilized as 

benchmarking molecules in following experiments to analyze the conformational equilibrium of 

the bis-Boc protected 166. 
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5 Solvent-dependent conformational equilibria and their analysis 

The synthetic bis-N-Boc protected xylosides 164, 165, and 166 (cf. chapter 4) apparently exist 

as dynamic equilibria between several conformations, as suggested by NMR analysis. In 

particular, the 1H NMR spectra of 166 are strongly dependent on the solvent in which they are 

conducted (Figure 5.1). The conformational dynamic of functionalized diamino xylosides hence 

depends on the environment (solvent). However, determination of the precise distribution for 

conformers of 166 in solution was not possible for two reasons: (i) the missing knowledge 

about the nature of conformers occurring in solution and (ii) the missing information about the 

coupling constants of the pure conformers (Figure 5.1).  

However, the fact that the conformations of 2,4-diamino xylosides are in addition by the 

complexation with metal ions controllable by solvent parameters was of significant interest. 

Thus, for the investigation of the conformational behavior of 166 in solution a toolbox for 

conformational analysis had to be set up (Figure 5.1). Thus, in addition to NMR spectroscopy, 

the conformational analysis was assisted by computational methods. They offer the potential 

to predict the occurrence of conformers in solution and furthermore coupling constants can be 

computed to analyse conformational equilibria. This work was performed in a collaboration 

with Prof. Dr. Alexander A. Auer (MPI, Mülheim). 

 

Figure 5.1. Diamino xyloside 166 occurs in a conformational equilibrium in various solvents. For the 

further investigation of the conformational behavior in different environments an analytical toolbox is 

needed, which combines experimental and computational approaches. 
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Before it was possible to study conformational equilibria of xylosides in solution, benchmarking 

data were required. On the one hand, coupling constants of defined conformations had to be 

determined by NMR spectroscopy in order to know the NMR data of occurring conformers. On 

the other hand, a theoretical approach was required to predict coupling constants of unknown 

conformers which cannot be isolated in pure form. 

5.1 Determination of coupling constants to describe conformations 

The conformational shape (pucker) of pyranosides parallels with the size of 3JH,H coupling 

constants of the ring protons of the sugar ring. While the xyloside 166 suggested the presence 

of a conformational equilibrium in different solvents, the diamino xylosides 167, 168, and 169 

explicitly exist as one conformer only. Whereas the diamine 167 exists in the 4C1 conformation, 

the xylosides 168 and 169 are locked in the 1C4 conformation either by zinc complexation or 

as cyclic urea derivative. 

For the detailed structure analysis of the three compounds 167, 168, and 169, it was necessary 

to determine the ring proton coupling constants. Several NMR techniques are available for the 

determination of coupling constants. In addition to 1H NMR spectroscopy also correlated NMR 

experiments can measure vicinal or geminal proton couplings. In 1H-1H-COSY spectroscopy, 

cross peaks give information about spin-spin couplings between protons or other nuclei. 

However, precise coupling constants cannot be determined this way, whereas this is different 

in double quantum filtered COSY spectroscopy (DQF-COSY), which is a phase sensitive 

method.[252] By employing a third pulse in a DQF-COSY experiment, a selection takes place, 

which selects only singlet signals that existed as double-quantum coherence between the first 

pulses. All other signals are canceled, and as a consequence the overlay of diagonal peaks is 

decreased and from the cross peaks coupling constants can be determined.[253]  

For the xylosides 168 and 169 coupling constants could not be measured by 1H NMR 

spectroscopy. DQF-COSY experiments were employed to determine coupling constants from 

the cross peaks to provide a full characterization of the 1C4 conformers (Figure 5.2 for the 

example of 169). 
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Figure 5.2. Determination of coupling constants of 1C4 xyloside 169 by DQF-COSY spectroscopy 

(500 MHz, MeCN-d4, 298 K). Signals with a positive sign are red; negative signs are blue.  

The determined coupling constants of 168 and 169 are collected in Table 5.1 and show once 

again that 3J coupling constants of the 1C4 xylosides are relatively small (1.6-3.9 Hz). Only the 

2J coupling constant for the CH2 group is high (12-13 Hz) as expected. Additionally, for 

compound 167 coupling constants were determined by 1H NMR spectroscopy (Table 5.1). 

Measurements in different solvents proved the conformational stability (variation of coupling 

constants less than 1 Hz) and coupling constants typical for a 4C1 conformation were 

measured. 
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Table 5.1. NMR-experiments for xylosides 167, 168 and 169. were measured in different solvents. For 

the determination of the coupling constants (in Hz) 1NMR or COSY-DQF experiments at different 

temperatures were performed. 

Xyloside Solvent J1,2 J2,3 J3,4 J4,5a J4,5b J5a,5b 

167 DMSO-d6 7.44 8.93 8.93 5.00 10.73 11.54 

167 acetone-d6 7.64 9.20 9.20 n.d n.d n.d 

167 CDCl3 7.60 9.05 9.05 4.76 9.79 11.38 

167 MeCN-d3 7.52 9.06 9.06 5.03 10.22 11.66 

168 MeCN-d3
 2.80 3.89 3.18 1.67 1.90 12.0 

169 MeCN-d3 (328 K) 2.18 3.54 3.90 2.24 2.83 13.0 

 

With the determination of coupling constants of xylosides 167, 168 and 169, a sufficient basis 

to benchmark computational results against measured spin-spin coupling constants was 

available. Next, a computational method was employed to describe conformers of xylosides 

reliably. For the computation of the spin-spin coupling constants of 167, 168 and 169, various 

DFT functionals were tested for their accordance with the experimental results. For the 

investigation, the generalized gradient approximation (GGA) functionals PBE[254] and TPSS[255] 

were taken into account, as well as the hybrid functionals TPSSH, [256] PBE0[254, 257] and 

B3LYP.[258] First, coupling constants of 167 were calculated by employing the different 

functionals on a DFT/pc-J3 level of theory. Calculations with PBE revealed a good accordance 

with the experimental results (RMSD = 0.33). Coupling constants calculated with TPSS and 

TPSSH gave to high values for 3J couplings and too low values for the 2J5a,5b coupling. The 

hybrid functionals PBE0 or B3LYP did not show a more precise accordance than PBE and 

hence cannot describe the 4C1 conformation of 167 satisfactory (Table 5.2). 
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Table 5.2. Computational and experimental spin-spin coupling constants (computed at the DFT/pc-J3 

level of theory) for 167. All values given in Hz. 

 Exp. (DMSO-d6) PBE PBE0 TPSS TPSSH B3LYP 

J1,2 7.44 7.48 7.90 9.63 9.71 8.24 

J2,3 8.93 9.38 9.80 12.00 12.06 10.30 

J3,4 8.93 9.01 9.54 11.54 11.66 10.00 

J4,5a 5.00 5.61 5.79 5.73 5.85 6.09 

J4,5b 10.73 10.71 11.24 13.31 13.44 11.80 

J5a,5b 11.54 11.27 13.20 8.53 9.73 12.81 

RMSD exp/calc.  0.33 0.91 2.49 2.37 1.13 

 

For the calculation of the coupling constants of 169 all functionals showed for the coupling 

constants lower values than the experimental results. Also, the PBE functional was not in a 

good but still acceptable accordance with the experiment (RMSD = 1.48). In this case, it can 

be seen that small coupling constants were predicted systematically to small (Table 5.3). 

Table 5.3. Computational and experimental spin-spin coupling constants (computed at the DFT/pc-J3 

level of theory) for 169. All values given in Hz. 

 Exp. (MeCN-d3) PBE PBE0 TPSSH B3LYP 

J1,2 2.18 0.07 0.99 0.40 1.03 

J2,3 3.54 1.60 1.72 1.28 1.76 

J3,4 3.90 2.55 2.67 2.31 2.78 

J4,5a 2.24 2.89 2.98 2.64 3.19 

J4,5b 2.83 1.33 1.53 1.04 1.62 

J5a,5b 13.0 12.35 14.42 11.28 14.06 

RMSD exp/calc.  1.48 1.32 1.69 1.24 
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The calculation of coupling constants of the zinc complex 168 was in better agreement with 

the experiment. The functionals PBE, PBE0 and B3LYP correlated well with the small coupling 

constants. Only the calculation with TPSS and TPSSH were not satisfying and not in 

acceptable accordance with the NMR experiment (Table 5.4). 

Table 5.4. Computational and experimental spin-spin coupling constants (computed at the DFT/pc-J3 

level of theory) for 168. All values given in Hz. 

 Exp. (MeCN-d3) PBE PBE0 TPSS TPSSH B3LYP 

J1,2 2.80 1.87 2.01 1.39 1.50 2.14 

J2,3 3.89 3.44 3.56 3.38 3.46 3.72 

J3,4 3.18 4.34 4.48 4.36 4.45 4.71 

J4,5a 1.67 1.13 1.24 0.57 0.67 1.32 

J4,5b 1.90 2.23 2.40 1.81 1.94 2.56 

J5a,5b 12.00 10.97 12.87 7.91 9.14 12.39 

RMSD exp/calc.  0.81 0.78 1.90 1.45 0.76 

 

In summary, the results for calculated spin-spin coupling constants using the functionals TPPS 

and TPPSH was not in good agreement with the experimental values. But the results with PBE, 

PBE0 and B3LYP all showed promising results with a maximum deviation from the 

experimental data of approximately 1 Hz. Moreover, the PBE/pc-J3 level of theory revealed 

the best accordance with the experiment and offers superior cost-efficiency. In addition, by 

comparing the 4C1 conformation (167) with the 1C4 conformation (168 and 169), it is noticeable 

that coupling constants of the 4C1 chair (J1,2, J2,3, J3,4, and J4,5b) are reduced by more than 6 Hz 

in comparison to those of the 1C4 conformer. Thus, the accuracy of the calculated spin-spin 

coupling constants can be regarded as satisfactory for predicting trends in conformational 

changes. For all further investigations the PBE/pc-J3 level of theory was employed to calculate 

spin-spin coupling constants.[259] 

For the analysis of ring conformations of xylosides, the spin-spin coupling constants are of 

particular interest. Nevertheless, to prove the results of the computed electronic structures also 

the chemical shielding of the compounds had to be investigated and agree with the 

experimental data. Hence, in addition to the coupling constants also the chemical shift for 13C 

and 1H were calculated on a DLPNO-MP2/pcSseg-3 level of theory.[260] The theoretical and 
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experimental data are collected in Table 5.5 and Table 5.6. Since the chemical shift is 

dependent on the solvent, all experiments were carried out in MeCN-d3. 

In summary, the theoretical chemical shifts for the ring protons of xylosides 167, 168 and 169 

were in good agreement with the experimental values. The maximum deviation of 0.74 ppm 

was observed for H-3 of 168. The RMSD of 0.27 ppm on the other hand, suggested a fairly 

good accordance between experiment and theory (Table 5.5). In addition to the ring protons, 

also the chemical shifts for protons of the substituent were calculated (Table 8.5). Here an 

average RMSD of 0.44 ppm indicated that the calculation is less precise than for the ring proton 

chemical shifts. This is due to the conformational degrees of freedom of the free substituents. 

It has to be mentioned that the calculations were performed without solvents. Substituents 

(especially amino groups in 167) can undergo interactions with the solvent, which affects the 

chemical shift of the corresponding proton. 

Table 5.5. NMR data for the chemical shift (in ppm) of the pyranose ring protons (H-1 to H-5b) of 

xylosides 167, 168 and 169 in MeCN-d3 (298 K) and comparison to the calculated data. Calculated 

values were obtained at the DLPNO-MP2/pcSseg-3 level of theory and are displayed in grey columns. 

Proton 167 (exp) 167 (calc.) 168 (exp) 168 (calc.) 169 (exp) 169 (calc.) 

1 4.84 4.83 5.50 5.26 5.36 5.11 

2 3.02 3.31 3.51 3.30 3.71 3.75 

3 4.03 3.60 4.52 5.26 4.89 5.08 

4 3.05 3.00 3.37 3.22 3.54 3.33 

5a 3.91 4.17 4.36 4.55 4.29 4.63 

5b 3.34 3.20 3.65 3.56 3.49 3.58 

 

Next, the chemical shifts of the 13C nuclei were calculated and compared to the experimental 

values. It was found that the theoretical shifts for 13C were less good than for the protons. For 

this calculation it became even more apparent that the substituents are more affected by 

solvents than the xyloside ring carbons (Table 5.6). For the carbons of the carbohydrate ring 

an acceptable agreement between experiment and theory could be determined (RMSD = 

8.52 ppm). However, for the substituents the deviation was higher (RMSD = 14.85 ppm) (Table 

8.6). Here another effect is responsible for a low accuracy. The calculations were carried out 

without relativistic effects. Thus, carbons in the ortho- and meta-position to the bromine 
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substituents show a wrong trend and cannot be calculated correctly due to the absence of 

relativistic effects in this account.[261] 

Table 5.6. NMR-data for the chemical shift (in ppm) of the pyranose ring carbons (C-1 to C-5) of 

xylosides 167, 168 and 169 in MeCN-d3 and comparison to the calculated data. Calculated values have 

been obtained at the DLPNO-MP2/pcSseg-3 level of theory and are displayed in grey columns. 

Carbon 167 (exp.) 167 (calc.) 168 (exp.) 168 (calc.) 169 (exp.) 169 (calc.) 

1 103.42 112.44 97.00 107.16 99.13 110.12 

2 57.99 64.68 49.44 54.14 47.18 54.36 

3 86.34 103.05 72.21 74.79 68.57 75.29 

4 53.48 61.03 48.34 55.43 48.13 57.32 

5 67.76 74.42 59.07 65.71 62.01 69.34 

 

With the results for the calculation and experimental NMR data of the spin-spin coupling 

constants and the chemical shifts in hand, a solid toolbox for the conformational analysis of 

xylosides was set up. These tools could now be tested in the analysis of the conformational 

equilibrium of xyloside 166.  

5.2 Which conformers occur in solution? 

Carbohydrates with a low energy barrier between two conformers can occur in a 

conformational equilibrium of these two species. The transition between conformers is 

relatively fast (100 ns) and thus NMR spectroscopy cannot resolve an equilibrium of 

conformers resulting in an average signals reflecting the dynamic process. However, to 

investigate conformational equilibria and predict coupling constants with computational 

methods it is necessary to know which conformers of a pyranoside occur in solution. At this 

stage, two different approaches can be followed. Either by low temperature NMR spectroscopy 

the signals of all occurring conformers can be resolved and characterized, or a computational 

conformational search is performed in order to predict the occurring pyranoside conformers. 

Since the xylosides 168 and 169 are locked in the 1C4 conformation a conformational search 

was not necessary. But for 167 it was of interest if a conformational search supports the NMR 

results and defines the 4C1 conformation. By employing the CREST protocol[250] in combination 

with optimizations at the B3LYP-D3/def2-TZVPP level of theory an extensive conformational 
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search for 167 was carried out. The computational search yielded three energetically favored 

conformers. Next to the chair conformers 4C1 and 1C4, an additional minimum corresponding 

to the skew conformation 1S5 was detected (Figure 5.3, A). For the three conformers single 

point energies were determined by employing DLPNO-CCSD(T)/cc-pVTZ level of theory to 

assess, whether relative energies can be used to identify stable conformers without taking 

solvent interactions and flexible substituents into account. [262] The calculations suggested an 

equilibrium between the two chair conformations 4C1 (0.80 kJ/mol) and 1C4 (0.00 kJ/mol). The 

skew conformation was predicted as unfavored with a single point energy of 23.4 kJ/mol. Note 

conformers found and the range of energies observed were in accordance with what has been 

found for other glycosides.[74, 263] At this stage it has to be mentioned that a better agreement 

would require methods that allow for extensive sampling of solvent-solute interactions (ab-initio 

molecular dynamics). As experimental data revealed that the 4C1 conformation is favored, we 

not only trusted in single point energies to assign the observed conformers. Spin-spin coupling 

constants were computed for the three suggested conformers by employing a PBE/pc-J3 level 

of theory. The spin-spin coupling constants of the conformers of 167 are shown in (Figure 5.3, 

B) and significant differences and trends can be observed. First, the calculated coupling 

constants of 4C1 are in good agreement with the experimental determined ones. Thus, it was 

concluded that in the presence of a solvent the equilibrium of conformers is trended to the 4C1 

conformer. It was demonstrated that the coupling constants of the three conformers differ 

characteristically from each other. On the one hand, the 1C4 showed low spin-spin coupling 

constants, on the other hand, for the 4C1 conformer all coupling constants are 3-4 Hz larger 

than for the 1C4 conformer. Additionally, the 1S5 conformation showed a quite different coupling 

pattern with no clear trend in the coupling constants (Figure 5.3, B). 

 

Figure 5.3. Optimized geometries of the lowest energy conformers for xyloside 167 (A) and relative free 

energies (in kJ/mol referenced to the lowest energy conformer) were obtained from conformational 

sampling. No solvent effects have been considered, geometries, frequencies and enthalpy corrections 

have been obtained at the B3LYP-D3/def2-TZVPP level of theory, energies have been obtained at the 

DLPNO-CCSD(T1)/cc-pVTZ level of theory. The spin-spin coupling constants (PBE/pc-J3) for all 

conformers obtained for compound 167 (B). The experimental coupling constants (light green) agree 

with the computed coupling constants of the 4C1 conformation (dark green).  
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With these results in hand, it was next aimed at a conformational search for the bis-N-Boc-

protected xyloside 166 since it was of interest to study the existing conformational equilibrium. 

Again, by employing the CREST protocol in combination with optimizations at the B3LYP-

D3/def2-TZVPP level of theory an extensive conformational search for 166 was carried out 

and three lowest energies conformers were obtained (Figure 5.4, A). As the most stable 

conformation the 1C4 conformation was suggested. Additionally, the 4C1 and the 2SO 

conformers were assigned. Accordingly, for the three conformers single point energies were 

calculated by employing a DLPNO-CCSD(T)/cc-pVTZ level of theory. For 166 it was shown 

that the energies did not differ by more than 7 kJ/mol, which suggested a conformational 

equilibrium of the three conformers. However, as demonstrated for 166, it was necessary to 

use computed coupling constants of the conformational assignment in addition to energies. 

Thus, the spin-spin coupling constants of the three conformers were calculated by employing 

a PBE/pcJ-3 level of theory. Again, it was shown that for the 1C4 low coupling constants are 

characteristic, while the 4C1 conformation coupling constants are systematically higher by 

4-6 Hz. Furthermore, the 2SO conformer showed a coupling pattern with alternating constants 

(Figure 5.4, B).  

 

Figure 5.4. Optimized geometries of the lowest energy conformers for xyloside 166 (A) and relative free 

energies (in kJ/mol referenced to the lowest energy conformer) were obtained from conformational 

sampling. No solvent effects have been considered, geometries, frequencies and enthalpy corrections 

have been obtained at the B3LYP-D3/def2-TZVPP level of theory, energies have been obtained at the 

DLPNO-CCSD(T1)/cc-pVTZ level of theory. The spin-spin coupling constants (PBE/pcJ-3) for all 

conformers obtained for compound 166 (B). 

With this conformational search, it was demonstrated that computed gas-phase energies alone 

are not sufficient for the interpretation of a conformational equilibrium. The effect of solvents 

on the conformational behavior of pyranosides is crucial and has to be considered. Widmalm 

and co-workers showed that the conformation of xylosides is influenced by solvent 

parameters.[78] But the computed energies indicate that different conformers are occurring in a 

conformational equilibrium and the size of energy differences gives a hint, which conformation 
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might dominate the equilibrium and which can be excluded. Thus, for investigation of the 

conformational equilibrium of 166 in solution, the computed conformers have to be considered. 

5.3 Solvent-dependent conformational equilibria  

As described in chapter 4.4 the bis-N-Boc-protected diaminoxyloside 166 exists as a 

conformational equilibrium as shown in 1H NMR experiments (line broadening of the ring 

proton peaks). In fact, the conformational equilibrium of pyranosides is influenced by solvation 

and intermolecular interactions.[73c, 263c] In order to gain more information about the 

conformational equilibrium of 166 in CDCl3, a temperature dependent NMR experiment was 

carried out (Figure 5.5) with the aim in mind to separate the average signal set into single 

conformer signal sets and to determine their ratio. It was observed that between 278 K and 

318 K the peaks for the ring protons were broadened. In this range the coalescence 

temperature is assumed, which was not further determined. It was demonstrated that by further 

increasing the temperature the signals became sharper and average coupling constants of all 

conformers in the equilibrium could be determined. On the other hand, decreasing the 

temperature did not lead to a separation of the signals into two (or more) signal sets. 

 

Figure 5.5. Temperature-dependent NMR spectroscopy to study the conformational equilibrium of 166. 

1H NMR spectra (CDCl3, 500 MHz, 0.02 M). Protons were assigned by COSY and HSQC. 
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Therefore, another method for the analysis of the conformational equilibrium of 166 was 

required. Since the coupling constants of the pure conformers could not be determined, the 

composition of the conformational equilibrium had to be determined by a combination of 

experimental and computational analysis. First, average coupling constants (of all conformers 

in the equilibrium) were determined by NMR spectroscopy in ten different deuterated solvents. 

These experiments revealed that the coupling constants were highly dependent on the solvent. 

The solvents exhibited different characteristics ranging from polar (DMSO-d6 or DMF-d7) to 

non-polar solvents (benzene-d6 or CDCl3) (Table 5.7). In addition to the 1H NMR experiments 

at different temperatures also 2D NMR experiments (DQF-COSY) were conducted, because 

they were valuable for the determination of xyloside coupling constants. In polar solvents it 

was observed that the coupling constants of the pyranoside protons were higher (3J coupling 

constants between 5-10 Hz), indicating a favored 4C1 conformation. On the other hand, in less 

polar solvents it was seen that at 298 K the 1H NMR spectra showed broad signal indicative 

for a dynamic equilibrium between two conformers. Thus, the temperature was increased in 

order to determine coupling constants of the mixtures of conformers, and this led to sharper 

signals. Furthermore, for non-polar solvents with lower dielectric constants a systematic 

decrease of the coupling constants was observed (3J coupling constants between 3-5 Hz). This 

trend was also observed for the experimental and computated coupling constants of 168 and 

169 (Table 5.1). 

With the results for the various conformational equilibria of 166 in hand, a trend for the different 

solvents was figured out and once again it was shown that the conformational behavior of 

pyranosides is dependent on solvent-solute interactions. This observation might be interpreted 

such that solvents function as different external stimuli to overcome the energy barrier between 

the conformers and change the distribution of conformers. Note that the conformational 

equilibria are highly dependent on polarity of the solvent. The observed trend is in accordance 

with the computed coupling constants of 166 and 167 (Figure 5.3 and Figure 5.4). The 

decrease of the coupling constants in less polar solvents is a convincing argument for the 

assumption of a conformational equilibrium between the two chair conformations 4C1 and 1C4.  
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Table 5.7. NMR-experiments for xyloside 166 were measured in different solvents. For the 

determination of the coupling constants (given in Hz) 1NMR or DQF-COSY experiments were used. 

Theoretical coupling constants are colored in grey and were computed at the PBE/pc-J3 level of theory. 

Solvent J1,2 J2,3 J3,4 J4,5a J4,5b J5a,5b 

4C1 (PBE) 9.09 9.77 9.84 6.00 11.30 10.98 

DMSO-d6 
a 8.03 9.66 9.66 5.15 11.37 11.37 

DMF-d7 a 8.33 9.76 9.76 5.27 10.94 10.94 

acetone-d6 
a 7.55 8.46 8.46 4.88 11.88 11.05 

MeOD-d3 a 7.41 8.73 9.38 5.12 9.61 11.92 

pyridine-d5 a 6.77 8.34 8.34 4.69 9.89 11.51 

THF-d8 a 5.87 7.89 7.89 4.49 9.18 11.84 

toluene-d8 b 4.38 6.10 6.10 3.87 6.58 11.83 

benzene-d6 b n.d. 5.63 5.63 3.81 6.55 11.87 

CDCl3 b 4.17 5.53 5.53 3.70 5.97 12.04 

chlorobenzene-d5 b 4.21 5.42 5.42 3.47 5.50 12.00 

1C4 (PBE) 1.02 2.04 3.33 2.34 1.70 11.57 

a Spectra measured at 298 K  

b Spectra measured at 328 K. 

The coupling constants determined for 166 in various solvents reflect average values of a 

mixture of conformers of unknown distribution. Unfortunately, the spin-spin coupling constants 

of the pure conformers comprising the mixture could not be determined experimentally and 

thus the population of different conformers could not be assigned. On the other hand, we have 

demonstrated that coupling constants of single conformers can be computed with an accuracy 

of ~1 Hz. In addition, the conformational search (chapter 5.3) revealed for 166 that three 

conformers are favored, namely the 4C1, 1C4 and the 2SO conformer. With this information in 

hand, the coupling constants of all three conformers were calculated on a DFT/pc-J3 level of 

theory for the functionals PBE, PBE0 and B3LYP (cf. experimental section, Table 8.7). 
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Knowing the computational results of the coupling constants of the 4C1 and the 1C4 conformers, 

a least squares fit of the observed experimental coupling constants in a specific solvent was 

performed, leading to the 1C4:4C1 distribution in every employed solvent (Table 5.8). It was 

shown that the fitted ratios were stable regardless of the functional, which was used for the 

calculation. Again, the results obtained with the PBE functional were in best accordance with 

the experimental data and showed the lowest RMSD. It was seen that in polar solvents the 4C1 

conformation was dominating (95 % for DMF or DMSO) and in less polar solvents the amount 

of 1C4 conformer increased significantly (up to 60 %).  

Since the conformational search revealed that three conformers have to be considered in the 

dynamic conformation mixture of 166, the least squares fit was also proceeded for a three-

component average including the 2SO conformation. As the population of the skew 

conformation was never above 2 %, it was excluded of the further investigations. 

Table 5.8. The 1C4:4C1 distribution of conformers in conformational equilibria of 166 in various solvents 

was determined by a least squares fit of the type Ji
exp(solvent) = a * Ji

calc(1C4) + * Ji
calc(4C1) for different 

levels of theory. 

 PBE PBE0 B3LYP 

Solvent 1C4:4C1 RMSD 1C4:4C1 RMSD 1C4:4C1 RMSD 

DMF-d7 5:95 0.3 10:90 0.9 16:84 0.8 

DMSO-d6 5:95 0.5 10:90 0.9 16:84 0.7 

acetone-d6 11:89 0.8 16:84 1.2 22:78 1.2 

MeOD-d3 16:84 0.5 21:79 0.6 27:73 0.4 

pyridine-d5 21:79 0.5 26:74 0.8 31:69 0.7 

THF-d8 29:71 0.6 33:67 0.8 38:62 0.7 

toluene-d8 53:47 0.4 56:44 0.7 60:40 0.6 

benzene-d6 55:45 0.5 58:42 0.8 62:38 0.7 

CDCl3 59:41 0.4 62:38 0.6 65:35 0.5 

chlorobenzene-d5 61:39 0.4 64:36 0.6 68:32 0.5 
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For a better understanding of how the solvent affects the conformational distribution the fitted 

ratios for the population of the 4C1 conformer at the PBE/pc-J3 level of theory were plotted 

against the experimental coupling constants measured in the respective solvents (Figure 5.6). 

It can be seen that the coupling constants followed the trend of the computational predicted 

values and (J1,2, J2,3, J3,4, J4,5a and J4,5b decreasing from 4C1 to 1C4 and J5a,5b increasing). Thus, 

for each coupling constant a linear regression was performed and extrapolated for the values 

of 0 % and 100 % of 4C1 to forecast the coupling constants of the pure conformers from the 

experimental values.  

 

Figure 5.6. Dependence of experimental spin-spin coupling constants on the fitted ratio between the 

4C1 and 1C4 conformers of 166 in different solvents. For each of the couplings in each solvent, a least 

squares fit has been carried out including J1,2, J2,3, J3,4 J4,5a, J4,5b, and J5a,5b to obtain the optimal 1C4:4C1 

ratio as % of 4C1 on the x-axis. Dotted lines illustrate a linear regression of the experimental values and 

computed ratios. Squares show the computed coupling constants of the 1C4 conformer at 0 % and the 

4C1 conformer at 100 %, respectively. 

The coupling constants from the extrapolation and the PBE-computed ones were compared to 

see that they are in excellent accordance (Table 5.9). The 3J couplings showed satisfying 

values in a range less than 1.00 Hz deviation and only the 2J5a,5b coupling was less good 

predicted (deviation by 1.00 Hz). Nevertheless, these results demonstrated that the 

combination of experimental and computational methods have the potential to reveal 

information about equilibria of sugars, which are otherwise not available. 
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Table 5.9. Interpolated coupling constants of compound 166 using the experimental spin-spin coupling 

constants obtained in various solvents and the 1C4:4C1 ratios obtained from a least-squares-fit of the 

computed values to the experimental ones. All values given in Hz. 

 1C4 extrapolated 1C4 (PBE) Deviation 4C1 extrapolated 4C1 (PBE) Deviation 

J1,2 1.10 1.02 0.08 8.41 9.09 -0.68 

J2,3 2.51 2.04 0.47 9.88 9.77 0.11 

J3,4 2.43 3.33 -0.90 10.01 9.84 0.17 

J4,5a 2.47 2.34 0.13 5.36 6.00 -0.64 

J4,5b 1.81 1.70 0.11 11.94 11.30 0.64 

J5a,5b 12.57 11.57 1.00 11.21 10.98 0.23 

5.4 Conclusion 

This subproject was dedicated to the analysis of the dynamic conformational equilibrium of the 

xyloside 166 in solution. The xylosides 167, 168, and 169, existing in defined conformations, 

served as benchmarks for a conformational analysis based on combined experimental and 

computational approaches. The structures of all three xylosides were clarified by NMR 

experiments and coupling constants confirmed the pyranoside conformations. The 

experimental data were supported by computational studies. 

With this toolbox the conformational equilibrium of the bis-N-Boc-protected xyloside 166 in 

various solvents was studied. A conformational search suggested three lowest energy 

conformers, namely 4C1, 1C4, and 2SO and the distribution of the conformers in solution was 

determined. It could be shown that in polar solvent (DMSO, DMF) the 4C1 conformation is 

dominating, while with decreasing solvent polarity the population of the 1C4 conformer 

increases. 

In addition to metal complexation, the conformational flip or equilibrium, respectively, of 

xylosides can be influenced by solvent effects. The combination of computational and 

experimental approaches forms a useful toolbox to analyse conformational equilibria in 

different solvents.  
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6 Biphenyl xyloside clusters to control spatial ligand presentation 

The synthesized 2,4-diamino xyloside 167 holds the potential of controlling the amplitude of 

glycoligand presentation by switching of the xylose chair conformation. Accordingly, bivalent 

mannoside clusters 170 and 171 based on a conformational switchable xylose scaffold were 

prepared (Figure 6.1). The functionalization of 167 with Ŭ-D-mannoside ligands was targeted 

by Suzuki-Miyaura cross-coupling in order to form rigid biphenyl linkages. These linkers on 

one the hand, directly transfer the xylose ring-flip motion in order to control the amplitude of 

ligand presentation. On the other hand, the biphenyl moieties stabilize the 1C4 conformation by 

-́  ́interactions and furthermore the biphenyl aglycones increase the binding affinity towards 

FimH. The conformational ring flip is afforded covalently by the formation of a bicyclic urea 

derivative. With both conformers in hand, they were evaluated for their binding abilities towards 

the lectin FimH. 

 

Figure 6.1. The control of ligand presentation based on scaffolding on the conformational switchable 

xyloside 167. The structure of the bis-mannoside glycoclusters 170 (4C1) and 171 (1C4) is affected by 

the conformational ring flip and the mannoside ligands come closer to each other. Aromatic biphenyl 

linker moieties support the conformational ring flip by -́  ́interactions. 

Biphenyl Ŭ-D-mannosides show high inhibitory potencies towards the lectin FimH relying on 

the strong ́ -  ́interactions between the aromatic aglycone moiety and the tyrosine gate (Tyr48 

and Tyr137).[154a] Over the years, several mannosides and oligomannosides were designed as 

potential antagonists of type 1 fimbriae-mediated bacterial adhesion.[36, 264] It turned out that 
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antagonists with a biphenyl aglycone show a high affinity (in the nanomolar range) and by 

specific further functionalization or tuning of the aglycone, the affinity can be further 

increased.[265] Thus, it is important that the terminal phenyl moiety is electrostatic 

complementary to the electron-rich Tyr48 residue, which results in a particularly strong 

electrostatic attraction (distance ~4 Å) (Figure 6.2).[266] 

 

Figure 6.2. Binding mode of biphenyl Ŭ-D-mannosides. The biphenyl aglycone is interacting by -́  ́

interactions with the tyrosine gate, especially Tyr48. Additionally, further functional groups can interact 

with the CRD periphery by non-covalent interactions.[37d] 

According to the ñsub-site-assisted aglycone bindingò it is of interest to investigate biphenyl 

mannosides as ligands for FimH. Next to their strong binding affinity also their rigid structure 

is of interest, since the spatial ligand presentation can be influence by the defined molecular 

geometry of bivalent glycoclusters.[267] The group of Roy studied the influence of carbohydrate 

assembly together with imparting conformational restriction. Thus, by applying cross-coupling 

reactions they built up glycoclusters with galactosides or mannosides as carbohydrate ligands, 

comprising rigid biphenyl or aryl-alkyne linkages as scaffold moieties, so-called ñsugar rodsò 

(Figure 6.3).[268] For bivalent glycoclusters, the group used the regiochemistry of the phenyl 

units of the scaffolds in order to vary inter-saccharide distances and test their effect in 

multivalent lectin binding interactions. By an aryl-alkyne cross-coupling, they prepared ortho- 

and para-substituted bis-mannosides. The rigidity of the scaffold provides a short distance 

between the carbohydrate ligands for the ortho-derivative and a maximum distance for the 

para-derivative.[269] Additionally, the group prepared a hexameric mannoside cluster with rigid 

biphenyl linkages. The divalent and hexavalent clusters were tested by turbidimetry for their 

cross-linking ability with the lectin ConA, which is known to form cross-linked lattices with 

multiantennary glycans.[270] In this assay, the results obtained with the hexameric cluster reflect 

the effects of cross-linking due to its highly multivalent character. Moreover, clusters with a 

long inter-mannoside distance (para-derivative) showed a higher preference to form cross-

linked lattices, compared to the relatively short distanced ortho-derivative.  
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Figure 6.3. The given structure of a rigid scaffold molecule affects the cross-linking ability of mannoside 

ligands towards tetrameric ConA. Additionally, multivalent glycocluster increase the binding ability. [269] 

In order to investigate the xylose-based bivalent glycoclusters 170 and 171 as structurally 

varied ligands of the bacterial lectin FimH, the Suzuki-Miyaura cross-coupling reaction was 

employed for their preparation. 

6.1 Synthesis of bis-biphenyl xyloside glycoclusters 

The Suzuki-Miyaura cross-coupling is a reaction, which requires the optimization of many 

parameters. Besides the reaction partners, the base, the Pd-catalyst, the solvent, temperature, 

time and further additives can be varied.[271] In order to optimize the reaction conditions for the 

current xyloside substrate, the synthesis of the biphenyl mannoside 175 was employed as an 

inexpensive model system. 

First of all the organoboron nucleophile (e.g. boronic acids or pinacol boronic esters) was 

chosen, which show differences in nucleophilicity.[272] In addition to pinacol boronic esters, 

potassium trifluoroborates serve also as C-nucleophiles and show a three times higher 

nucleophilicity.[272] Potassium trifluoroborates can be prepared from organoboronic acids or 

esters, respectively, by treatment with potassium bifluoride (KHF2) in aqueous solution.[273] 

Thus, in addition to the synthesis of pinacol boronic esters 172 and 178 also the trifluoroborates 

173 and 179 were synthesized and tested in Suzuki reactions. 
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In one approach potassium 4-anisol trifluoroborate (173)[274] was synthesized, according to a 

procedure of Molander et al. by treatment of the boron ester 172 with KHF2 giving 173 in high 

yield. Next, Suzuki-Miyaura cross-coupling with 4-iodophenyl mannoside 174 and the two 

boron derivatives 172, respectively 173, was performed. Adapting the conditions of Cutolo et 

al.,[275] boronic ester 172 and mannoside 174 were reacted in the presence of Pd(PPh3)4 and 

Cs2CO3 in dioxane to obtain the biphenyl derivative 175 in a yield of 37 %. On the other hand, 

the reaction of the trifluoroborate 173 with mannoside 174 according to a procedure of Sliman 

et al.[276] in the presence of Pd(dppf)Cl2 and DIPEA gave the same product (175) in a higher 

yield of 57 % (Scheme 6.1). 

 

Scheme 6.1. Test reactions for the synthesis of biphenyl mannoside 175 and synthesis of Ŭ-D-

mannoside ligands 178 and 179 as precursors for Suzuki-Miyaura cross-coupling reactions. (a) KHF2, 

MeOH, rt, 1 h, 86 %; (b) Pd(PPh3)4, Cs2CO3, dioxane, 80 °C, 2 h, 37 % from 172; (c) DIPEA, 

Pd(dppf)Cl2, MeOH, 70 °C, 2 h, 57 % from 173; (d) BF3·Et2O, dry CH2Cl2, 0 °CŸrt, 16 h, 39 %; (e) 

(BPin)2, KOAc, Pd(dppf)Cl2·CH2Cl2, DMSO, 80 °C, 2.5 h, 60 %; (f) KHF2, MeOH, rt, 1 h, 91 %; (g) 

DIPEA, Pd(dppf)Cl2, MeOH, 70 °C, 54 %. 

Next, two different organoboronic mannosides were synthesized, namely the pinacol boronic 

ester 178 and the trifluoroborate 179 (Scheme 6.1). The synthesis of 178 was started from the 

trichloroacetimidate 176 and in a BF3·Et2O-promoted glycosylation reaction 4-iodo phenol 

(177) was glycosylated in a yield of 39 %.[277] Subsequently, according to a procedure of 
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Janetka and co-workers,[278] 178 was treated with bis(pinacolato)diboron and KOAc in the 

presence of the catalyst Pd(dppf)Cl2, which gave the pinacol boronic ester 178 in a yield of 

60 %. In order to prepare the trifluoroborate 179, a procedure of Hutton and co-workers was 

followed.[274b] Hence, the pinacol boron ester 178 was treated with KHF2 to achieve the targeted 

trifluoroborate salt 179 in a yield of 91 %. Finally, in a Suzuki-Miyaura cross-coupling reaction, 

trifluoroborate 179 and 4-bromoanisole (180) were treated with DIPEA and Pd(dppf)Cl2 in 

MeOH at 70 °C and the corresponding biphenyl mannoside 175 was obtained in a moderate 

yield of 54 % after column chromatography (Scheme 6.1). In conclusion of these experiments, 

the trifluoroborates 173 and 179 can be regarded as suitable reagents for Suzuki reactions 

with peracetylated mannosides. 

With the organoboron reagents 173 and 179 in hand, the derivatization of 2,4-diamino 

xylosides by Suzuki-Miyaura cross-coupling reactions was commenced, which required 

optimization of the reaction conditions for the xylosides 164 and 166, respectively. First, the 

xyloside 164 and the trifluoroborate 173 were treated with DIPEA and Pd(dppf)Cl2 in MeOH at 

70 °C according to Molander et al.[273] to yield the biphenyl xyloside 181 in a yield of 85 % 

(Scheme 6.2). This reaction proved that the cross-coupling of trifluoroborates with Boc-

protected-2,4-diamino xylosides is possible in promising yields. 

 

Scheme 6.2. Synthesis of biphenyl xyloside 181 by a Suzuki-Miyaura coupling with the trifluoro borate 

173. (a) DIPEA, Pd(dppf)Cl2·CH2Cl2, MeOH, 70 °C, 2 h, 85 %. 

Next, the optimized reaction conditions were applied to the 1,3-disubstituted xyloside 166. 

First, xyloside 166 was reacted with two equivalents of the trifluoroborate 173 in the presence 

of DIPEA and Pd(dppf)Cl2 in MeOH for 2 h to isolate the desired bis-functionalized derivative 

182 in a moderate yield of 37 % (Scheme 6.3). In order to improve the yield, 166 was reacted 

with pinacol boronic ester 172 in the presence of Pd(dppf)Cl2 and potassium phosphate,[279] 

but the desired product 182 was not formed. However, the results of the test reactions of the 

trifluoroborate 173 with the xylosides 164 and 166 indicated that trifluoroborate derivatives are 

the reagents of choice for the Suzuki reaction with diamino xylosides. 
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Scheme 6.3. Synthesis of the bis-biphenyl xyloside 182 by a Suzuki-Miyaura coupling with trifluoro 

borate 173 or pinacol boronic ester 172 (a) DIPEA, Pd(dppf)Cl2·CH2Cl2, MeOH, 70 °C, 2 h, 37 %; (b) 

Pd(dppf)Cl2·CH2Cl2, K3PO4, DMF, 80 °C, 16 h. 

Based on the experiences made in the preparation of 182, the synthesis of bis-biphenyl 

glycocluster 183 was targeted (Scheme 6.4). However, when 166 was subjected to a cross-

coupling reaction with the mannosyl trifluoroborate 179 in the presence of DIPEA and 

Pd(dppf)Cl2 in MeOH, the desired cluster 183 could not be isolated (Table 6.1, entry 1). In 

order to exclude a negative influence of the solvent (e.g., transesterification of the acetyl 

protecting groups), dioxane was used instead of MeOH, but again the biphenyl cluster 183 did 

not form (Table 6.1, entry 2). In another approach, xyloside 166 was reacted with the boron 

pinacol ester 178 following a procedure of Cutolo et al. (Table 6.1, entry 3).[275] When 166 was 

treated with 178 in the presence of Pd(PPh3)4 and Cs2CO3 in a mixture of water and dioxane 

again the desired cluster 183 did not form. Equally, all approaches to perform the reaction 

under dry conditions and at higher temperature were not successful (Table 6.1, entry 4). Up to 

this point, all experiments showed that the starting material 166 reacted with the catalyst, 

proving that the oxidative addition was effective, but the transmetallation and reductive 

elimination did not take place. For these latter reaction steps, the base is important. It is known 

that fluorides are potent bases for Suzuki-Miyaura reactions due to the fluorophilicity of the 

organoboranes.[280] Thus, cesium fluoride (CsF) was utilized and according to the work of 

Kagechika and co-workers,[281] 166 and 178 were treated with CsF and Pd(dppf)Cl2 in THF for 

8 h. In fact, under these conditions the cluster 183 was obtained in a moderate yield of 40 %. 

By increasing the reaction time to 16 h the yield of 183 was almost doubled. With the 

optimization of the cross-coupling reaction the cluster 187 could be synthesized in a high yield 

(79 %). In addition, it was shown that CsF is perfectly suited as a base for Suzuki-Miyaura 

reactions with acetyl-protected glycosides. 
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Scheme 6.4. Synthesis of the bis-biphenyl glycocluster 183 by Suzuki-Miyaura cross-coupling between 

xyloside 166 and organoboronic derivatives 178/179. (Reaction details are given in Table 6.1) 

Deprotection and acetylation of 183 gave the 4C1 glycocluster 187. (a) TFA, CH2Cl2, rt, 2 h; (b) Ac2O, 

pyridine, rt, 5 h, 87 % (over 2 steps); (c) K2CO3, MeOH, rt, 5 h, 95 %. 

Table 6.1. Optimization of the reaction conditions for the Suzuki-Miyaura cross-coupling reaction of 

xyloside 166 with organoboron derivatives as depicted in Scheme 6.4. 

Entry Reactants Pd-cat Base Solvent Conditions Yield 

1 179-BF3 Pd(dppf)Cl2 DIPEA MeOH 80 °C, 2 h - 

2 179-BF3 Pd(dppf)Cl2 DIPEA dioxane 80 °C, 2 h - 

3 178-BPin Pd(PPh3)4 Cs2CO3 dioxane/H2O 80 °C, 1 h - 

4 178-BPin Pd(PPh3)4 Cs2CO3 dioxane 120 °C, 2.5 h - 

5 178-BPin Pd(dppf)Cl2 CsF THF 60 °C, 8 h 40 % 

6 178-BPin Pd(dppf)Cl2 CsF THF 80 °C, 16 h 79 % 

 

NMR spectroscopy proved that the bis-biphenyl glycocluster 183 exists in a conformational 

equilibrium in solution, as described above for its precursor 166. In order to investigate the 

influence on bacterial adhesion of the conformation of the xylose hinge it was necessary to 

synthesize two defined conformers; on the one hand, a 4C1 conformer, and on the other hand, 
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a 1C4 conformer which is locked in its inverted chair conformation. For the 4C1 conformer, free 

amino groups ought to be avoided as in biological testing they can cause side effects which 

cannot be interpreted. Therefore, the 2,4-diamino xyloside 183 was converted into its NHAc 

derivative 186. Accordingly, the Boc protecting groups of 183 were cleaved with TFA in CH2Cl2 

(Scheme 6.4). The crude product was acetylated with Ac2O in pyridine and the corresponding 

N-acetylated xylose-based glycocluster 186 was isolated in a yield of 87 % over two steps. 

The 1H NMR spectrum of 186 showed no conformational dynamic. Then, the O-acetyl 

protecting groups were removed under Zemplén transesterification conditions to achieve the 

unprotected bivalent xylose-based cluster 187 in 4C1 conformation in a yield of 95 %. 

The 1C4 conformer was realized by the synthesis of a cyclic urea derivative 184 (Scheme 6.5). 

This reaction is irreversible and hence, the xylose can no longer be considered a molecular 

switch. On the other hand, cyclic urea formation guarantees the defined 1C4 conformation in 

biological testings. Starting from the biphenyl xylose-based glycocluster 183, first the 

Boc-protecting groups were cleaved with TFA and the unprotected intermediate was subjected 

to an intramolecular cyclization reaction with CDI in the presence of Et3N in DMF according to 

Chen and co-workers.[251] The bicyclic urea derivative 184 was obtained in a good yield of 74 % 

over two steps. In a final step, the O-acetyl protecting groups were removed under Zemplén 

conditions, which gave the unprotected 1C4 glycocluster 185 in a yield of 74 %. 

 

Scheme 6.5. Synthesis of the 1C4 locked glycocluster 185 by intramolecular urea formation of 183. (a) 

TFA, CH2Cl2, rt, 16 h; (b) CDI, Et3N, DMF, rt, 16 h, 74 % (over 2 steps); (c) K2CO3, MeOH, rt, 4 h, 74 %. 

With the two xylose-based clusters 185 and 187 in hand, a pair of conformers was synthesized, 

which were tested as inhibitors of the adhesion of type1-fimbriae-mediated E. coli bacteria. 

Here, it was of interest to test the effect of varying ligand distances as provided by the 

conformers 185 and 187 on carbohydrate recognition. 
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6.2 Biological testing 

The glycoclusters 185 and 187 were evaluated as inhibitors in a standard adhesion-inhibition 

assay with GFP-transfected E. coli (pPKL1162) in serial dilutions (experimental details in 

chapter 3.3 and chapter 8.3).[146] Because biological experiments with live bacteria can vary 

significantly between independent experiments, methyl Ŭ-D-mannopyranoside (MeMan) and 

phenyl Ŭ-D-mannopyranoside (PheMan) were utilized as reference ligands in each experiment 

in parallel to the tested ligands. Since the clusters 185 and 187 are bearing hydrophobic units 

in form of two biphenyls, the solubility of the clusters in water is limited. As it was assumed that 

both clusters show a high affinity to FimH due to their aromatic aglycone moieties, serial 

dilutions were started with a 0.4 mM solution. However, 5 % DMSO had to be added to the 

aqueous buffer in order to dissolve the glycocluster at this concentration.  

The results of the inhibition assay are depicted in Figure 6.4 (cf. Experimental section, Figure 

8.4). For each inhibitor dose-response inhibition curves were obtained to determine IC50 

values. Testing of 185 and 187 on the same plate revealed that both clusters have a much 

higher inhibitory potency than the standard inhibitor MeMan and even higher than phenyl 

Ŭ-D-mannopyranoside (PheMan). Furthermore, a difference between 185 and 187 was 

observed. The 4C1 conformer 187 turned out to be a more potent inhibitor than the 1C4 

conformer 185. 

 

Figure 6.4. Inhibition curves obtained for clusters 185 and 187 as inhibitors for type 1 fimbriae-mediated 

bacterial adhesion. Sigmoidal concentration-response curves were fitted by non-linear regression. Error 

bars are standard deviations from triplicate values on one plate. 


































































































































































































































































































































































































































