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Abstract 

A modern aspect in the investigation of carbohydrate-protein interactions is the study of the 
influence of relative carbohydrate orientation on carbohydrate recognition. Apparently, car-
bohydrate-specific proteins, in particular the lectins, distinguish between different spatial 
and relative arrangements of specific carbohydrate ligands. Here, tailor-made glycomimetics 
were prepared to investigate such phenomena. Hence, the focus of this thesis is based on 
the synthesis of enantiomeric scaffold molecules for the asymmetric assembly of homo- and 
heterovalent glycoclusters. Two main synthetic approaches were used; asymmetric synthesis 
and chiral pool synthesis to stereoselectively prepare tri- and tetrafunctional scaffold mole-
cules. The synthesis of a pair of diasteromeric glycoclusters with altered configuration at the 
central scaffold stereocenter allows the variation of the orientation of the ligated carbohy-
drate in space. In the first project, SHARPLESS epoxidation of a primary allylic alcohol was em-
ployed to access enantiomeric tetrafunctional scaffold molecules. Different analytical valida-
tion methods were applied to determine the enantioselectivity of this reaction. However, 
only one of three potential glycosylation steps was accomplished so far as further optimiza-
tions of the glycosylation reactions are still needed. However, with the described synthetic 
route, a promising entry into the stereoselective synthesis of heterotrivalent diastereomeric 
glycoclusters has been introduced. The second project of this thesis refers to the synthesis of 
trifunctional enantiomeric scaffolds from the chiral pool to achieve a focused library of 
“pseudoenantiomeric” heterobivalent glycoclusters. The enantiomeric amino acids L- and D-
serine were used as chiral pool starting materials. Carbohydrate recognition was then inves-
tigated in an adhesion-inhibition study with type 1-fimbriated E. coli bacteria and additional-
ly, with the plant lectin concanavalin A. The inhibitory potencies of pseudoenantiomeric glu-
cose-mannose glycoclusters revealed striking differences in FimH-mediated bacterial adhe-
sion. Building on this striking result, glycoarrays were fabricated with spacer-functionalized 
variations of the same diastereomeric glycoclusters, which were mounted onto N-
hydroxysuccinimide-prefunctionalized surfaces. The prepared glycoarrays were then tested 
in adhesion assays with E. coli bacteria under static and dynamic flow conditions. Here, the 
results supported the previous finding but especially the testings under flow have to be fur-
ther validated. In conclusion, the biological tests revealed the importance of carbohydrate 
orientation on ligand recognition as well as a heterocluster effect. In a final subproject, the 
chiral pool synthetic approach was applied for the synthesis of isomeric homotrivalent gly-
coclusters. Trifunctional enantiomeric scaffolds were successfully synthesized in analogy to 
previous work, however, the following glycosylation steps to achieve homotrivalent manno-
sides were hampered by anomerization and orthoester formation. In conclusion, 
pseudoenantiomeric glycoclusters were achieved, thereby introducing a novel type of multi-
valent glycoarchitecture for the investigation of ligand orientation in carbohydrate orienta-
tion. Some of these new molecular tools clearly showed the importance of relative scaffold-
ing on carbohydrate recognition. This opens a door into a new regime of glycobiological 
studies. 



  



Kurzzusammenfassung 

Ein moderner Aspekt bei der Untersuchung von Kohlenhydrat-Protein-Wechselwirkungen ist 
die Untersuchung des Einflusses der relativen Kohlenhydratorientierung auf die Kohlenhyd-
raterkennung. Offensichtlich unterscheiden kohlenhydratspezifische Proteine, wie Lektine, 
zwischen unterschiedlichen räumlichen und relativen Anordnungen spezifischer Kohlenhyd-
ratliganden. Hierbei wurden maßgeschneiderte Glycocluster hergestellt, um solche Phäno-
mene zu untersuchen. Der Schwerpunkt dieser Arbeit liegt auf der Synthese enantiomerer 
Scaffoldmoleküle für die asymmetrische Bildung von homo- und heterovalenten Glycoclus-
tern. Mit der asymmetrischen Synthese und der chiralen Poolsynthese wurden zwei Haupt-
syntheseansätze verwendet, um tri- und tetra-funktionelle Scaffoldmoleküle stereoselektiv 
herzustellen. Die Synthese eines Paares diastereomere Glycocluster mit veränderter Konfi-
guration am zentralen Scaffoldstereozentrum ermöglicht die Variation der Orientierung des 
ligierten Kohlenhydrats im Raum. Im ersten Projekt wurde die SHARPLESS -Epoxidierung eines 
primären Allylalkohols eingesetzt, um Zugang zu enantiomeren tetrafunktionellen Scaffold-
molekülen zu erhalten. Zu diesem Zeitpunkt konnte nur eine von drei Glykankomponenten 
eingebaut werden und eine weitere Glykolisierungsoptimierung ist erforderlich. Mit dem 
beschriebenen Syntheseweg wurde jedoch ein vielversprechender Einstieg in die stereose-
lektive Synthese heterotrivalenter diastereomerer Glycocluster eingeführt. Das zweite Pro-
jekt dieser Arbeit bezieht sich auf die Synthese trifunktioneller enantiomerer Scaffolds aus 
dem chiralen Pool von L- und D-Serin Aminosäuren, um eine eine fokussierte Bibliothek von 
"pseudoenantiomeren" heterobivalenten Glycoclustern zu erhalten. Die Kohlenhydraterken-
nung wurde durch eine Adhäsionshemmungsstudie mit Typ 1-fimbrierten E. coli Bakterien 
und zusätzlich mit dem Pflanzenlektin Concanavalin A untersucht. Die Hemmpotenzen des 
pseudoenantiomeren Glucose-Mannose-Glycocluster-Paares zeigten bemerkenswerte Un-
terschiede bei FimH-vermittelter Bakterienadhäsion. Aufbauend auf diesem Ergebnis wur-
den Glycoarrays mit Spacer-funktionalisierten Variationen desselben diastereomeren Paares 
von Glycoclustern hergestellt, die auf mit N-Hydroxysuccinimid vorfunktionalisierten Ober-
flächen montierten wurden. Die hergestellten Glycoarrays wurden folgend unter statischen 
und flussdynamischen Bedingungen mittels Adhäsionstests mit E. coli Bakterien untersucht. 
Hier stützten die Ergebnisse den vorherigen Befund, wobei die Tests unter Durchflussbedin-
gungen weiter validiert werden müssen. Die biologischen Tests zeigen die Wichtigkeit der 
Kohlenhydratorientierung sowie einen Heteroclustereffekt für die Ligandenerkennung. Im 
letzten Teilprojekt wurde der Syntheseansatz aus chiralen Pools für die Synthese trifunktio-
naler enantiomerer Scaffolds angewendet. Die folgenden Glykosylierungsschritte zur Erzie-
lung homotrivalenter Mannoside wurden jedoch durch Anomerisierung und Orthoesterbil-
dung verhindert. Zusammenfassend wurden pseudoenantiomere Glycocluster erzielt, 
wodurch ein neuartiger Typ einer multivalenten Glycoarchitektur zur Untersuchung der Lig-
andenorientierung in der Kohlenhydratorientierung eingeführt wurde. Diese neuen moleku-
laren Werkzeuge zeigen deutlich die Bedeutung der relativen Orientirung für die Erkennung 
von Kohlenhydraten. Dies öffnet neue Regime glykobiologischer Studien. 
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A guide to this thesis 

This thesis comprises nine chapters.  

The first chapter provides an introduction with basic information about carbohydrate-

protein interactions. This chapter especially refers to the modification of carbohydrate 

recognition through variation of asymmetric centers from the scientific reported studies 

which are complied with our study. 

Chapter 2 explains the objectives of this thesis.  

Chapters 3-6 present the individual subprojects. Each chapter starts with a paragraph intro-

ducing individual objectives with the following section about results and discussion. Mole-

cule numbering is specific for each chapter. Figures, schemes and tables follow the se-

quenced order numbering of individual chapters. 

Chapter 7 provides a comprehensive conclusion.  

The experimental procedures and the NMR spectra related to all projects are collected in 

chapter 8. The experimental procedures of performed biological adhesion assays are also 

given in chapter 8 with reference to chapter 5. 

All Scientific references are given in chapter 9.  
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1 General Introduction 

From the scientific point of view it is difficult to provide a definition to life, but it is sensible 

to note that life is a process. Every organism has a life cycle, can grow and adapt to the envi-

ronment, undergo metabolism, reproduce and evolve. A cell, often called the building block 

of life, is the structural and organizational unit of life. At a molecular level, a cell consists of 

biomolecules such as proteins, lipids, nucleic acids and carbohydrates. Human origin arises 

from these essential molecules. WATSON and CRICK suggested the DNA helical structure in 

1953[1] showing the clear structural basis of a gene, influencing the particular characteristics 

of an individual organism. The historical discovery of the human A, B and O blood groups 

back in 1900 play a crucial role for the understanding of the structural basis of individual 

erythrocytes.[2] The structure of the lipid bilayer was discovered by GORTER and GRENDEL in 

the 20th century. Up to then the importance of the cell membrane with its function was dis-

regarded.[3] The cell membrane except separating interior and extracellular space of the cell 

was found to control substance exchange between cells and their environment. This discov-

ery laid the foundation of the significance of the cell membrane as an essential factor that 

contributes to the cell function.[4] 

Each component of an organism in a variety of ways is involved in the life-sustaining 

chemical pathways. Also ligands and receptors are important players. Ligands[5] were first 

regarded as informational messengers while receptors (lectin and proteins, respectively)[6] 

activate the primary effect which is then often linked with second messengers and coordi-

nate secondary effects and so forth. Therefore, multicellular organisms through multiple 

molecular interactions are able to specifically control complex functions. The interactions of 

carbohydrates with lipids and proteins play a key role in many biological functions and are 

involved in one of the most important life processes.[7] Carbohydrates covering the cell sur-

face are regarded as cell surface recognition code ("sugar code"). This code is "decoded" by 

lectins. Hence they were termed as cell surface recognition code. Our understanding of lec-

tin-carbohydrate interactions goes back to jack bean hemagglutinin which was found to pre-

cipitate not only red blood cells but also fat emulsions and yeast cells.[8] Glycosylated pro-

teins, peptides and lipids play a variety of functions in the immune system and are indicators 

of the healthy or diseased state of a human body.[9] For instance, adhesion of Helicobacter 
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pylori bacteria on epithelial cells causes inflammations and tissue damage.[10] Moreover, the 

well-known human fertilization process between the sperm plasma membrane and egg’s 

zona pellucida is potentiated by Sialyl-LewisX (sLeX) tetrasaccharide.[11] Additionally, it is also 

reported that carbohydrate-carbohydrate or protein-protein interactions also play an im-

portant role in cell-cell interaction processes.[12] To date, many naturally occurring glycans 

and a variety of synthetic glycomimetics are known as bioactive substrates in different bio-

logical applications. Despite of all these and many other findings the function of glycans in 

biology is still not well understood. Hence, the glycosciences are a field of research that 

seeks to understand carbohydrate recognition in more detail and in a conclusive way. 

1.1 Carbohydrate-protein interactions 

Among many possible cell-cell interactions, carbohydrate-protein interactions were found as 

one of the most fundamental processes in cell biology. Carbohydrates and proteins are 

found on every cell surface. The discovery of erythrocyte agglutination with the toxin lectin 

ricin[13] recalls that there are two possible approaches to study carbohydrate-protein interac-

tions. Back in the 19th century seminal work of LEE and LEE demonstrated that one way is of 

a protein side and the other way is from a carbohydrate side.[14] In general, a protein that 

binds to a carbohydrate is named a lectin. The name is derived from Latin “lectus” to choose 

or to select. Lectins are found to bind carbohydrates with high specificity. LANDSTEINER illus-

trated the specificity concept in his book chapter “The Specificity of Serological reactions” by 

the end of 1936.[15] The majority of lectins contain more than one carbohydrate recognition 

domain (CRD).[16] A lectin may bind to a free complex carbohydrate in solution or to the car-

bohydrate moiety found as a part of glycolipids or glycoproteins (glycans) on cell surfaces.[17] 

The interactions of glycans with lectins in a solution refer to the process known as protein 

precipitation. Moreover, when a lectin interacts with carbohydrates on a cell surface (e.g. 

red blood cells) the multiple interactions cause the cross-linking of the cells resulting in ag-

glutination. Agglutination became the oldest method used to study carbohydrate-protein 

interactions.[18] To date, there are several methods developed for their investigation. Kinet-

ics and near-equilibrium method include titration calorimetric studies and surface plasmon 

resonance where non-equilibrium methods include glycan microarray screening. Neverthe-

less, investigation of carbohydrate-proteins interaction is mostly based on lectin-specific 
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recognition and binding. The ability of carbohydrates to code information raised an interest 

in the design of various glycan structures. Thus it is important to investigate the characteris-

tics of both lectins and glycans. 

1.1.1 The lectins and their ligands 

Glycan binding proteins (GBPs) are found in all kinds of living organisms and they play an 

important role in many biological processes. In general, GBPs can be divided into two major 

classifications: lectins and glycosaminoglycan-binding proteins.[6] Glycosaminoglycan (GAG) 

proteins bind to highly negatively charged glycosaminoglycan polysaccharides. Antithrombin 

specifically recognizes heparin and its activity were discovered back in 1939 for regulating 

normal blood coagulation.[19] On the other hand, lectins neither have enzymatic activity nei-

ther they act as antibodies.[20] They are found ubiquitously in nature and there are several 

ways of lectin classification. 

Back to the very beginning, the lectin from Venomous snake[21] might have been the 

first lectin to be found to cause erythrocytes agglutination. This recalls that animal lectin was 

probably the first lectin to show binding activity to carbohydrates without even being re-

ported. However, MARCHALONIS and EDELMAN reported a natural hemagglutinin from the he-

molymph of the horseshoe crab Limulus polyphemus in 1968.[22] At the beginning of 19th 

century, the plant lectin Concanavalin A (ConA) was isolated from Jack Beans (Canavalia en-

siformis) and it was the first lectin isolated in pure form (Figure 1.1).[23] SUMNER and HOWELL 

reported that ConA agglutinates erythrocyte cells and yeast but also precipitates glycogen 

from solution. At this point, it was first assumed that ConA binds to carbohydrates on the 

cell surfaces as well as to carbohydrates in a solution.[24] In the following, the concept of 

non-covalent lectin-carbohydrate interactions was extended to other lectins and different 

mono- and oligosaccharide ligands.[25] These findings led to a lectin classification according 

to their CRD domain: (i) mannose-specific, (ii) galactose and N-acetylgalactosamine specific, 

(iii) N-acetylglucosamine specific, (iv) L-fucose specific and (v) N-acetylneuraminic acid (sialic 

acid) specific.[26] ConA recognizes -mannosides, -glucosides and the mannotrioside Man-

-1,3-(Man--1,6)-Man and it is first used for X-ray crystallographic studies to elucidate the 

structural details of carbohydrate-lectins interactions.[23a] In the meantime, lectins were also 

found in bacteria and viruses, where they serve as either hemagglutinins or adhesins and 
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toxins.[27] Lectins can also be toxic and targeted by the pathogens for the human immune 

system causing some of the most lethal infections.[28] For instance, FimH lectin (Figure 1.1) is 

known to mediate the adhesion of uropathogenic E. coli bacteria (UPEC) to adhere to the -

D-mannoside of urothelial epithelial cells. One of the most pathological conditions is caused 

by E. coli urinary tract infections (UTi).[29] 

 

Figure 1.1: (A) ConA crystal structure in homotetramer form (monomers colored in violet, 
red, green, magenta) bound to calcium (gold) and manganese (grey) metallic 
cations[30]; (B) Crystal structure of FimH binding domain (violet) to -D-
mannose (binding pocket of FimH) in complexation with chaperone FimC (yel-
low) and pili domain of FimH (purple). FimH lectin is adhesin of type 1 fimbri-
ated E. coli bacteria.[31] 

Based on lectins evolutionary relatedness they can be classified into (i) plant lectins, (ii) ani-

mal lectins and (iii) microbial lectins. Even when lectins are of the same biological relation-

ship the primary structure and molecular organization of lectins are highly specific. The hu-

man influenza virus binds to 2-6 linked sialic acid whereas the bird influenza virus binds to 

2-3 linked sialic acid.[32] Furthermore, the biggest group of animal lectins so-called C-type 

lectins coordinate with metal ions like Ca2+ or Mg2+ which are essential for binding to carbo-

hydrate.[33] Here the presence of metal ions is involved in the complex formation where for 

legume lectins (plant lectins) those metal ions are not necessarily essentials but are im-
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portant for CRD coordination in recognition processes.[34] To date, many C-type lectins were 

found as large transmembrane glycoproteins. On the other hand, galectins are small soluble 

lectins specific for -galactosides with biological relationships from Dictyostelium discoideum 

to mammalian tissues.[35] The most investigated C-type lectins can be grouped into selectins, 

collectins and endocytic lectins. Interestingly, selectins are C-type lectins, including P-, L- and 

E-selectins, which bind to carbohydrates that come along with proteins such as cell surface 

mucins.[36] More commonly many lectins are divided into (i) simple lectins, (ii) mosaic or mul-

tidomain and (iii) macromolecular assembly.[26] Lectins and their interplay with carbohy-

drates is of the most importance in the glycoscience and structural composition, ligand den-

sity, multivalency, spatial and regional control are factors that are studied in particular.[37] 

1.1.2 Naturally occurring carbohydrates 

Carbohydrate functions were thought to be limited up to the discovery of their roles as 

recognition agents.[38] Classically carbohydrates are known to serve in energy storage in the 

human body. However, at the beginning of 19th century carbohydrates were termed as “let-

tres de noblesse”- extremely important molecules.[39] They are, in fact, biological regulatory 

molecules. Moreover, carbohydrates found in nature impregnate a variety of complex struc-

tures conjugated to other biological molecules. The glycocalyx, found on the external surface 

of every eukaryotic cell, is a thick sugar coat consisting of diverse carbohydrate moieties 

named glycans. Thus, carbohydrates play an important role in many biological processes e.g. 

cell-cell recognition and cell adhesion.[40] Moreover, glycans found on the cell surfaces are 

conjugated on their aglycone part in form of glycolipids or glycoproteins (Figure 1.2).[41] Gly-

colipids are a form of bilayer consisting of the non-polar fatty acid tails connected to the 

inner part of a cell membrane and polar head groups on the outer membrane surface. Divers 

glycan moieties are linked glycosidically to the lipid polar head group. There are two main 

subgroups of glycolipids divided on the glycerol- and the sphingo-glycolipid backbone, re-

spectively.[42] The majority of animal glycosphingolipids (GSLs) contain glucose or galactose 

O-glycosidically linked on the terminal C-1 primary hydroxyl group of the lipid moiety (e.g. 

ceramide). Glucosylceramide is one example of GSL found both in plants and animals.[43] 

Furthermore, glycoglycerolipids are minor constituents of GSL where glycans are linked to 

the C-3 hydroxyl group of glycerol moiety.[44]  
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Figure 1.2: Illustration of the eukaryotic cell membrane focused on presentation and di-
versity of glycan classes found in nature. Glycans are linked to their aglyconic 
part e.g. lipids or proteins in form of glycoproteins, glycolipids, proteoglycans 
and GPI-anchoring glycan-binding proteins (GBP) or are found free and not 
linked to the cell surface e.g. Hyaluronan.[41] 

A term glycoprotein, on the other hand, comes from a conjugated system where the glycan 

part is mostly N- or O-covalently linked to the amino acid side chains of a protein. N-glycans 

are typically carbohydrate units -glycosylated on the amine side chain of asparagine (Asn) 

or arginine (Arg) commonly involving N-acetylglucosamine (GlcNAc) residues.[45] O-glycans 

are O-linked saccharides (e.g. N-acetylgalactosamine, glucose and mannose) mostly found 

on the hydroxyl side chain of serine or threonine amino acid of a protein.[46] The majority of 

glycoproteins have been discovered through the animal kingdom and some of the common 

glycoproteins found in nature are represented in Figure 1.3.[41] Other types of glycoproteins 

are called proteoglycans with long sulfated glycosaminoglycan chains. They are usually found 

with a reducing xylose residue linked on the serine primary hydroxyl group of a “core pro-

tein”.[47] Microbes, on the other hand, show the variety of glycans that are very unique and 

not found in plants or animals.[48] 
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Figure 1.3: The most common glycan-protein linkages isolated from the animal 
kingdom.[48] 

Lipopolysaccharides (LPs), capsular polysaccharides (CPs) and exopolysaccharides (EPs) are 

parts of bacterial cell membranes rich in glycan diversity. S-glycans have been currently 

characterized only in bacteria where a glycan moiety is linked to the sulfur of cysteine resi-

due.[49] This type of glycans was first reported in some eukaryotes but not characterized. On 

the other hand, widespread C-mannosyl glycans found in mammalians appears to be absent 

in bacteria and yeast.[50] This unique type of glycans incorporates mannose residues through 

the carbon-carbon bond to the tryptophan amino acid residue of proteins.[50b] Common for 

all types of glycans is that their free hydroxyl group of each monomeric unit can be sulfated 

or phosphorylated. Heparan sulfate occurs as proteoglycan where the GlcNAc subunit is sul-

fated both on 6-O sulfate and 2-N sulfate position.[51] On the other hand, hyaluronan gly-

cosaminoglycan (GAG) found in some bacteria as capsular polysaccharide appears to exist 

primarily as a free glycan in some animal cells (unattached to any aglycone).[52] Nevertheless, 

common to numerous glycans conjugated to aglycone fraction (amino acids) are oligosac-

charidic structures constitute the most internal part of glycans, namely, the core of glycans 

or invariant fraction of glycans. Figure 1.4 represents the core of glycans found on most of 

the O-glycosyl proteins (A), saccharide linear core that exist in most of the proteoglycans (B) 

and branched core common to all N-glycosyl proteins (C).[53] The glycan structures are creat-

ed by invariant core and divers glycosidic structures that confer specificity on the glycans 

and thus constitute the variable fraction of glycans. 
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Figure 1.4: Schematic illustration of common oligosaccharides internal cores of glycopro-
teins.[53] 

For instance, mucins, -highly glycosylated proteins-, contain hundreds of heterogenous O-

GalNAc glycans with various functions. The carbohydrates found on the variable fraction of 

O-GalNAc glycans include GalNAc, Gal, GlcNAc, Fuc and Sia. GalNAc O-linked to Ser/Thr is the 

initiating sugar of O-GalNAc glycans and is sometimes extended to form one of four common 

core structures giving linear or branched O-GalNAc glycans (Figure 1.5).  

 

Figure 1.5: Schematic illustration of complex O-GalNAc glycans attached to the mucin 
with different cores identified by gray boxes. Extended core 1, 2, 3 and 4 O-
GalNAc glycans are from human respiratory mucins and the extended core 3 is 
from human colonic mucins. All four core structures can be extended, 
branched and terminated with Fuc, Sia or blood group determinants.[41]  

The length of O-GalNAc glycans may vary from a single to more than 20 carbohydrate resi-

dues on mucins. This complexity often makes it very difficult to assign functions of individual 

O-GalNAc glycans. Moreover, on the structural basis, the spatial conformations of many gly-
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cosidic structures extending the core remain less well explored hence can be termed as “an-

tennae”. The importance of the determination of the structural nature of glycosidic linkage 

and the order in which the residue of monosaccharides of the branching point are conjugat-

ed was essential to establish the relationships between glycan structure and their specific 

biological activity. For instance, in the carbohydrate metabolism, it is known that each sialyl-

transferase is specific for a particular sugar substrate and depends on the nature of glycosid-

ic linkage formed between sialic acid and the carbohydrate acceptor. PAULSON and coworkers 

who isolated -D-galactoside--(2-6)-sialyltransferase from bovine colostrum, demonstrated 

that the enzyme forms only the -(2-6)-sialyl linkage incorporating Sia onto the specific se-

quence -Gal-(1-4)-GlcNAc.[54] On the other hand, isomers -Gal-(1-3)-GlcNAc and -Gal-(1-

6)-GlcNAc are poor sequence acceptors for the incorporation.[55] Sialic acids (Sias) are typi-

cally found to be terminating branches of N-glycans, O-glycans and gangliosphinoglypids 

with remarkable potential for biologically significant diversity. On the other hand, Sias at-

tached to a glycoconjugate must eventually be removed at some point in the life cycle of the 

molecule. It was found that deficiency in -neuraminidase (sialidase) enzyme brings to sial-

idosis disease and causes abnormal accumulation of complex carbohydrates in patient tis-

sues and urine, generally fatal. Some of the isolated heterogenous oligosaccharidic struc-

tures from siallidosis urine are given in Figure 1.6.[53, 56]  

 

Figure 1.6: Schematic illustration of some of the major oligosaccharides isolated from 
Sialidosis Urine with internal cores of N-glycans.[53]  

Knowledge of the structure of the isolated oligosaccharides allowed the definition of the 

nature of enzyme deficiency and also important information on glycoprotein biology. Here, 

the nature of the glycosidic linkage between monosaccharides and the proper glycan con-

formation could be determined by NMR studies concerning the glycosidic order of Sia resi-

due.[53] Despite the diversity of glycoproteins in nature their carbohydrate components have 
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many common structural features. First branched N-glycans of plant origin were isolated 

from soybean agglutinin containing the same internal core as those from many animal gly-

coproteins, fungi and yeast (Figure 1.7).[57] Here, the triantennary highly mannosylated  

N-glycan was found identical to oligomannoside isolated from the Chinese hamster ovary 

cell membrane or bovine lactotransferrin protein.[58] The same triantennary oligosaccharide 

was isolated from major glycoprotein of mouse, cattle and human urinary bladder epitheli-

um that can serve as the receptor for the FimH lectin adhesin of type 1-fimbriated E. coli, the 

organism that causes a great majority of urinary tract infections.[59] Due to this and many 

other pathogenic infections caused by host-pathogen interaction various synthetic glycomi-

metics were developed as potential inhibitors of pathogens from a different origin.[60] By the 

beginning of 20th interesting finding was reported from FIRON and coworkers showing that 

synthetic conformational isomer of the previously mentioned natural triantennary oligosac-

charide isolate exhibited more than a 20 fold higher inhibitory activity for preventing E.coli 

adhesion.[61] Nevertheless, the function and biological activity of carbohydrates refer to their 

large prospective in glycobiological studies.[62] Glycobiology studies the structure, biosynthe-

sis and biology of glycans which are widely distributed in nature. Some of these phenome-

nons are discussed in the following chapters of this thesis. 

 

Figure 1.7: Schematic illustration of some of the major N-glycans found on internal cores 
of glycoproteins from different biological origins. 
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1.2 Multivalency in carbohydrate-protein interactions 

Despite the isolation and characterization of many proteins and their carbohydrate ligands, 

the mechanistic details of the interaction between those fundamental molecules are still not 

fully understood. Many factors can potentially contribute to a complex carbohydrate-protein 

interaction. In the study of the agglutination process, it is hypothesized that the interaction 

between carbohydrates and proteins occurs in a multivalent manner, respectively through 

cross-linking interactions.[14] Here, plenty of carbohydrate copies on a cell surface interact 

with lectins, which are also found to interact in multiple modes (Figure 1.8). As suggested, 

the interactions between a single carbohydrate and a protein are rather weak and the bind-

ing affinity increases through complex binding mechanisms.[63] This phenomenon was first 

demonstrated by Y. C. LEE when investigating the ASHWELL receptor, contained out of a vari-

ous number of terminal galactoside residues, that was exposed in binding to lectin with mul-

tiple numbers of CRD and elucidated the difference in 10,000-fold higher binding affinity for 

the ligand with an increased number of galactose residues.[64] This effect was termed as 

“cluster effect” by Y. C. LEE and coworkers employing low molecualr weight glycoclusters or 

bovine serum albumin (BSA)-conjugated neoglycoproteins, respectively.[14] This brought to 

the finding that many carbohydrate-protein interactions occur through a multivalent fash-

ion.[65] Moreover, LEE and LEE also demonstrated that the binding affinity of multiple mono-

valent interactions add to an overall binding strength which is called aviditiy.  

However, various investigations led to various postulations about the mechanisms of 

carbohydrate-protein recognition. Overall, multivalent interactions of ligands with receptors 

normally occur through intra- or intermolecular binding assuming a proper orientation of 

ligands. A proper pre-orientation of ligands is closely related to the well-known chelate ef-

fect.[66] One of the possible explanations for the high affinity of multivalent glycoligands is 

based on thermodynamics. In case of the chelate effect, entropy is significantly altered in 

every stage of the formation of a multivament carbohydrate-prtien complex, whereas en-

thalpy stays unchanged (Figure 1.8). 
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Figure 1.8: Mechanisms illustrations of possible ligand-receptor binding: (A) Chelation 
effect achieved by the perfect fit of divalent ligand to the divalent receptor;[67] 
(B) Illustration of multivalent binding what could bring to a receptor cluster-
ing;[68] (C) Statistical rebinding illustration of divalent ligand and monomeric 
receptor binding;[69] (D) Ligand subside unit binding with a secondary binding 
site of a receptor.[70] 

One of many examples, where carbohydrate recognition is operated through the chelate 

effect is definitively the inhibition of Shiga like toxin (SLT) by the STARFISH ligand introduced 

by BUNDLE and coworkers.[71] The determined avidity in the inhibition of SLT and the im-

portance of a multivalent effect seen in comparison of a pentavalent STARFISH ligand with a 

known monovalent trisaccharide ranges in the subnanomolar range. Namely, the transla-

tional, rotational, conformational and solvation-associated entropies were found as idealized 

factors for observation of carbohydrate-protein interactions. An interesting finding to 

demonstrate entropy importance for carbohydrate-lectin binding was illustrated through the 

rebinding mechanism. BREWER and coworkers reported this finding in the study of soybean 

agglutinin interactions (SBA), a tetrameric GalNAc specific lectin, with modified linear glyco-

protein (mucin). Favorable binding entropy measured by isothermal titration calorimetry 

(ITC) was explained as binding and jumping of the lectin from GalNAc to GalNAc residue of 

the mucin.[69] This way we can also better understand the mechanism behind lectin binding 

to multivalent glycoconjugates. However, calorimetric studies are challenging and often lec-

tin structural modifications are the main consideration to obtain high binding avidity. Inter-

esting modifications were shown with designed model molecules for inhibition of norovirus-
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es. A multivalent inhibitor with -L-fucoside residue on polyacrylamide scaffold showed in-

creased binding avidity to the virus once when a competitive ligand is attached, compared 

with the prototype ligand without a competitive ligand.[70] These types of ligands are found 

to interact with a secondary binding site of the receptor. A deeper and more conclusive un-

derstanding of multivalency effects in carbohydrate recognition may lead to potential inhibi-

tors that would prevent microbial entry in host cells. Strikingly, it is assumed that human 

milk protects infants against noroviruses mostly due to the presence of multiple glycan 

chains attached to the viruses and thus preventing the infections. This again suggests that 

the designs of further multivalent ligand architectures are of major interest in developing 

the theory behind carbohydrate-protein interactions.  

1.2.1 Mutlivalency in ligand design 

Since it is known that lectin CRDs can be of homogeneous or heterogeneous nature, many 

glycoligands are synthesized according to this theory. Synthetic glycoligands with well-

defined structures possess a considerable potential for the elucidation of the mechanism of 

carbohydrate binding. Different types of core molecules were employed to display synthetic 

oligo- and polysaccharides (Figure 1.9). One example is polyamidoamine core (PAMAM) 

made of the repetitively branched subunit of amide and amine functional group.[72] Spherical 

carbohydrate display of glycomimetics is in overall in close connection to the dendrimeric 

architecture of saccharides found in nature. Back to 1985 such an architectural model was 

integrated by NEWKOME and ever since was used for the synthesis of many glycodendrons.[73] 

Mostly small molecules are used as a core molecule for the preparation of branched and 

antennary oligosaccharides.  

The well-known core molecules are tris(hydroxymethyl)methylamine (TRIS) or pen-

taerythritol (PE).[74] When carbohydrate ligands are ligated to small core molecules like TRIS 

or PE, the resulting molecules are called glycoclusters where in contrast to polysaccharides 

the polymer-based multivalent architectures are called glycopolymers. Different synthetic 

approaches facilitate the synthesis of homomultivalent glycoclusters and glycodendrimers, 

respectively. The ability to expand the focal point to a dendrimeric core provided some of 

the largest multivalent glycoconjugates.[75] A series of glycodendrimers were built while 

branching up the same parent dendrimeric core. This brought to the understanding of car-
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bohydrate valency and the investigation of carbohydrates affinity for lectin binding. Fur-

thermore, these are the main factors used in the study of multivalency effect. Furthermore, 

these are the main structural factors used in the study of multivalency effects. Overall, dif-

ferent types of multivalent glycoconjugates can be divided into linear, branched and cyclic 

architectures (Figure 1.10). Alternatively, an orthogonal functional group at the scaffold fo-

cal point allows further immobilization with different marker molecules (e.g. biotin linkers, 

porphyrins, peptides, or rhodamine fluorophores) or immobilization to various surfaces (e.g. 

gold, glass), respectively.  

 

Figure 1.9: Different structures of core molecules employed in the synthesis of glycoclus-
ters: (A) NEWKOME type scaffold, (B) Pentaerythritol, (C) TRIS (tris (hydroxyme-
thyl) aminomethane), (D) Tris(2-aminoethyl) amine), (E) Mannitol scaffold. 

To test more complex glycoligands that are structurally closer to the heterogeneous display 

of cell surfaces, first heteroglycoclusters were reported from the DANISHEFSKY group.[76] Gly-

copeptides connected to three different carbohydrate-based antitumor antigens were used 

for total synthetic vaccine development. Furthermore, LINDHORST and coworkers [77] reported 

an orthogonal protection strategy for mixed type glycodendrons employing glycerol and 

glycerol-glycol polyether scaffold. These were the first model molecules with distinct carbo-

hydrate moieties conjugated with a scaffold molecule with an additional functional group at 

the focal point of the glycocluster. This way KATAJISTO and LÖNNBERG combined the benefits of 

orthogonal protection to obtain a small library of triantennary peptide glycoclusters.[78] Fur-

thermore, GARCÍA FERNÁNDEZ and coworkers pointed out the importance of the “heterocluster 

effect” in their work with homo- and heteroglycoclusters based on -cyclodextrins (CD) and 
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tested with different lectins (ConA, PNA).[79] The term heterocluster effect refers to an in-

creased binding affinity of a lectin to a glycocluster carrying various carbohydrate ligands.[79c] 

It was observed that the binding affinity of protein receptors for mixed type heteroglycoclus-

ters exhibited higher affinity than those of homomultivalent clusters. The same group inves-

tigated the binding affinity of homomultivalent and heteromultivalent derivatives in high- 

and low-cluster density.[79b] Thus, ligand valency and density are both main parameters in 

carbohydrate recognition.  

 

Figure 1.10: Schematic overview on some of the common core designs for glycan repre-
sentation: (A) linear core for polymers and peptide assembly, (B) branched 
cores for dendron and dendrimer assembly, (C) cyclic cores for cyclopeptide, 
cyclodextrin and macrocycle assembly. 

A series of glycoligands differing in homo/heterogeneity, in valency, nature of scaffolding, 

length of the linkers and in the nature of carbohydrate ligands were evaluated in recent 

years.[74, 80] The investigation of a variety of hetero- and homomultivalent ligands on surfaces 

allowed scientists to draw conclusions about multivalent natural ligand epitopes found on 

cell surfaces. Multivalency and the spatial orientation of carbohydrates contribute to overall 

binding avidity.[81] Mannopyranosyl assembly on the peptide backbone demonstrated in par-

ticular that scaffolding and epitope spatial orientation is one of the primary structural pa-
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rameters for effective ligand recognition.[82] Furthermore, spatial and temporal orientation 

study with photoswitchable ligands, linked to the surfaces[83] provided more information on 

proper lectin recognition.[84] On the other hand, homovalent glycoconjugates for specific 

lectin recognition were used.[84b] The nature of lectin recognition in carbohydrate-protein 

interactions is often very difficult to define. For example, FimH adhesive lectin of E. coli bac-

terium, known to possess only one carbohydrate recognition domain, recognizes multivalent 

glycoligands.[85] Additionally, it is reported that especially many trivalent and tetravalent 

ligands exhibit higher binding affinity than monovalent ones. However, the attempt to inves-

tigate lectin binding affinity, the LINDHORST group referred to the concentration-dependent 

fabrication of glycoclusters in valency dependent adhesives on glycoarrays.[86] The cell sur-

face presents a more heterogeneous and complex system than synthetically fabricated gly-

coarrays. A variety of multivalent synthetic ligands exhibited strong binding avidity but most-

ly the specificity of individual lectins and their unique characteristics are of higher interest to 

investigate carbohydrate-protein interactions in a deeper concern. Hence, the primary struc-

tural modifications of carbohydrate ligands are great tools to investigate the theory behind.   

1.3 Modification of carbohydrate recognition through variation of 
asymmetric centers  

More than 80 carbohydrate-binding lectins are identified up to date and many of them 

demonstrated high stereoselective binding specificity. The plant lectin ConA exhibits a higher 

binding affinity for -D-mannosides than for -D-mannosides.[87] Owing to their complex 

structural nature, proteins have the ability to discriminate between chiral substrates (Figure 

1.11). 

 

Figure 1.11: Illustration of stereoselective receptor recognition of chiral substrates in the 
binding mechanism. 



1 General introduction 
 

17 
 

Hence, the high enantiomeric purity and dedicated stereochemistry are one of the principal 

properties of chiral substrates involved in biochemical reactions.[88] To mimic the structural 

cell coat, different amino acids or carbohydrates were used as scaffold molecules in the 

epitope presentation of many glycoligands and their biological evaluation, respectively.[81b, 

82, 89] Back in 1979, the amino acid lysine was used as scaffold molecule in seminal work of 

DENKWALTER reporting a first chiral dendrimer.[90] However, it was evaluated that mannopyra-

noside scaffolding on a peptide backbone exhibits a significant difference in inhibitory po-

tency for lectin binding due to distinct carbohydrates spatial orientation.[82] Conformational 

flexibility of the peptide backbone allowed the formation of stereochemically controlled 

scaffolding for spatial carbohydrate orientation. Stereochemical communication between 

peptide and carbohydrate domains was previously studied showing that there are distinct 

and measurable differences in binding to stereochemically defined ligands.[91]  

Apart from previous studies probably the first example referring on lectin selective 

binding to the stereospecific controlled configuration of carbohydrate ligands was reported 

by the REYMOND group.[92] A pair of stereoisomeric glycodendrimers was derived either from 

a D- or a L-configured peptide core. The formed pair of dendrimers exhibited distinct differ-

ences in the inhibition of LecB binding for Pseudomonas aeruginosa biofilms formation. For 

the sake of clarity, the glycopeptide dendrimer containing D-amino acid was designed to en-

hance dendrimer stability towards proteolysis. However, it was reported that the gly-

codendrimer based on an L-amino acid peptide core exhibited a 38-fold higher binding affini-

ty to LecB than its stereoisomer, built on the respective D-peptide core. The bacterial C-type 

lectin LecB binds to L-fucose and D-mannose and conjugates of these two monosaccharides. 

Because D-mannose establishes hydrogen bonds via 6-OH group with the amino acid serine 

of LecB lectin the group of TITZ and coworkers hypothesized that the chirality at the C6 posi-

tion and the orientation of 6-OH group, as well as neighboring aglyconic substituents of the 

C7 position at mannoheptose derivatives would influence on the lectin binding. A series of 

novel diastereomeric mannoheptoses were designed for the stereoisomeric examination of 

the binding affinity to LecB.[56c] The hypothesis that the configuration on the C6 position 

might influence on binding affinity was found promising. All mannoheptose derivatives with 

S-configuration on the C6 position exhibited higher binding affinity with a selectivity of a 

factor of three than their R configured isomers (Figure 1.11, molecules in section A). Moreo-

ver, the ability to modify the C6 position of D-mannose demonstrated the potentially in-
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creased lectin specificity. In contrast to LecB, the other bacterial lectin of Pseudomonas ae-

ruginosa LecA specifically recognizes D-galactose derivatives even in the µM range.[93]  

 

Figure 1.11: Inhibitory potency of isomeric pair of carbohydrate ligands for the inhibition 
of LecB (A)[93] and LecA (B)[94] 

In order to determine whether the carbohydrate recognition domain of LecA lectin would 

display stereospecific properties similar to LecB, a pair of chiral epoxygalactoheptoses were 

designed.[94] Here, the stereochemistry of the examinated epoxides was used mainly for tar-

geting cysteine residue (Cys69) in covalent binding to lectin active side and avoid dissocia-

tion from the lectin. The biological evaluation of prepared diastereomeric ligands indicated a 

distinct difference in stereoselectivity of LecA binding to prepared D- and L-glycoisomers 

(Figure 1.11, molecules in section B). The obtained data revealed that configuration of the 

asymmetric center of both ligands is a relevant parameter for further investigation of carbo-

hydrate-protein interactions. In recent reports of antivirulence drugs, similar findings based 

on carbohydrate recognition revealed that the variation of the asymmetric center is relevant 

for inhibition of UTI biofilm formation.[95] The group of JANETKA and coworkers reported a 

series of isomeric hydroxymethyl C-mannoside ligands with improved pharmacokinetic 

properties for UPEC inhibition. The binding of FimH adhesive lectin of UPEC was evaluated 

with stereoisomeric C-mannosides. Additionally, the C-glycosidic bond of the same com-

pounds was exchanged with the O-glycosidic bond to evaluate the ligand's metabolic stabil-

ity. However, it was found that stereoselectivity of bacterial adhesive lectin FimH exhibits a 

50-fold higher affinity in binding to R-isomeric ligand when compared to its S-configured 
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ligand. The structures of tested isomers with significant pharmacokinetic properties are 

shown in Figure 1.12. Here again it was shown that the stereochemistry of asymmetric cen-

tre siginificantly effected lectin binding. Thus, the study of ligand orientation through varia-

tion of the chirality of an aglyconic scaffold part might lead to a step forward for the more 

comprehensible understanding of carbohydrate-protein interactions. 

 

Figure 1.12: Inhibitory potency of stereochemically addressed C-glycosides for the inhibi-
tion of UTI biofilm formation.[95] 
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2  Objectives  

Many of the life biological processes are regulated through carbohydrate-protein interac-

tions. The importance of understanding these processes raised scientific interest in the for-

mation of different glycomimetic architectures. Structural diversity, carbohydrate density, 

valency, and spatial orientation are some of the parameters varied in glycomimetics con-

struction. Moreover, a variety of synthetic glycans were used to study the mechanism of the 

rather complex carbohydrate-protein interactions. Nature already demonstrated that rather 

specific and stereoselective events occur in biological systems. Many receptors are known as 

chiral and are therefore highly stereospecific in recognition processes. In this thesis, we 

aimed to investigate whether the variation of the configuration at the focal point of a gly-

cocluster would affect lectin binding in different way. Variation of the focal point configura-

tion allows the specific alteration of the relative carbohydrate orientation, such as in dia-

stereomeric pairs of glycoclusters. Two main synthetic pathways were used in the synthesis 

of multifunctional enantiomeric scaffolds for the preparation of hetero- and homomultiva-

lent glycoclusters (Figure 2.1). Asymmetric synthesis was employed to access enantiomeric 

tetrafunctional scaffolds while chiral pool synthesis was employed to stereoselective prepare 

trifunctional scaffold molecules.  

In the third chapter, an asymmetric stereoselective synthesis combined with an or-

thogonal protection strategy is discused towards the synthesis of asymmetric heterotrivalent 

glycoclusters. Moreover, SHARPLESS epoxidation of primary alcohols allows the formation of 

asymmetric center and formation of desired compounds in high enantiomeric excess. Hence 

was used in the preparation of target tetrafunctional enantiomeric scaffolds. Tetrafunctional 

enantiomeric scaffold molecules carry three orthogonally protecting groups that were ad-

justable for the following glycosylation reactions. Once prepared, heterotrivalent glycoclus-

ters can be used to investigate the nature of carbohydrate recognition. Enantiopure L- and D-

serine amino acids were used in the derivatization of trifunctional enantiomeric scaffolds for 

homo- and heteromultivalent glycoclusters assembly. In chapter four the preparation of var-

ious divalent glycoclusters and their biological evaluation is discussed. Standard adhesion 

assays were used to test FimH-mediated bacterial adhesion and Concanavalin A binding to 

mannosylated surfaces. Adhesion assay is one of the methods used to test lectin binding 
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affinity under different environmental conditions.[96] Glycoarray assembly of pseudodia-

stereomeric glycoclusters are themed in chapter five, which focuses on the adhesion of type 

1 fimbriated E. coli bacteria under static as well as under flow conditions. 

 

Figure 2.1: Schematic representation with the thesis thematics focused on the relative orien-
tation of carbohydrate ligands on various enantiomeric scaffolds. Employed stere-
oselective synthesis and chiral pool approach are two main approaches used to-
wards the synthesis of hetero- and homomultivalent glycoclusters. 

The chiral pool approach was also used in the synthesis of trifunctional enantiomeric scaf-

folds for the formation of homomutivalent glycoclusters. Chapter six refers to the architec-

ture of the formed scaffold that allows for the attachment of three identical carbohydrate 

motifs without racemization at the focal stereocenter. Additionally, the scaffold can be used 

for glycocluster mounting on various surfaces. In overall, carbohydrate relative orientation 

assembled on chiral scaffolding is a new promising scope for a better understanding of car-

bohydrate-protein interactions.  
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3 Asymmetric synthesis of enantiomeric tetrafunctional 
molecules for glycocluster assembly 

It was LOUIS PASTEUR who first demonstrated molecular chirality and explained stereoisomer-

ism.[97] Enantiomerically pure molecules that are mirror images of each other often exhibit a 

marked difference in biological activity because they interact with asymmetric receptors. 

Amino acids and carbohydrates are molecules from the chiral pool occurring as L- and D-

stereoisomers and can be used as building blocks to provide a defined molecular morpholo-

gy. Another way to control stereochemistry is the application of asymmetric catalysis. The 

demanding task of asymmetric catalysis is reaction enantioselectivity that favors the for-

mation of one enantiomer or diastereoisomer over another. Our aim to control the configu-

ration of the focal carbon center of tetrafunctional scaffolds relies on enantioselectivity 

achieved thanks to an appropriate catalyst. SHARPLESS asymmetric epoxidation of allyl alcohol 

derivatives is one method of choice to achieve high enantioselectivity, generally more than 

90 % enantiomeric excess.[98] The catalysts involved in this reaction are asymmetric metal-

coordinated complexes (titanium center) formed using enantiopure chiral ligands (tartaric 

acid derivatives) and thus providing chiral 2,3-epoxy alcohols from primary and secondary 

allylic alcohols (Figure 3.1). 

 

Figure 3.1:  SHARPLESS enantioselective epoxidation of allylic alcohol is catalyzed by an 
asymmetric dinuclear titanium-tartrate complex. The allylic alcohol motif is 
essential for the formation of the reactive complex species.  
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After the formation of a dinuclear asymmetric titanium-tartrate complex, the oxidizing 

agent, generally a hydroperoxide, binds as a ligand to the titanium center. Then, the allylic 

alcohol substrate also complexes the same metal center than the hydroperoxide but at the 

opposite side and the enantioselective epoxidation takes place. One great advantage of this 

method is the predictability: according to a model defined by SHARPLESS, epoxidation cata-

lyzed with (-)-tartaric esters occurs at the top face of the olefin while with the complex com-

prising (+)-tartrate ligands, the oxidation takes place at the bottom face (Figure 3.2).[98] 

 

Figure 3.2. SHARPLESS’ prediction rule for the stereochemistry of the resulting epoxy  
alcohol; “O” symbolizes the oxidant (generally a hydroperoxide).  

In this chapter, is described the synthesis of tetrafunctional enantiomeric scaffolds 1a and 1b 

(Figure 3.3) using SHARPLESS enantioselective epoxidation as the key reaction.  

 

Figure 3.3:  Tetrafunctional enantiomeric scaffolds 1a and 1b designed for the posiblle-
formation of heterotrivalent glycoclusters.  
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Once prepared, the scaffolds can be used in the formation of different heterotrivalent gly-

coclusters. Variation in the scaffold glycosylation pattern with distinct carbohydrate motifs 

would bring to the formation of asymmetric glycocluster pairs. The defined stereochemistry 

at the scaffold’s focal point would then be used to alter the relative carbohydrate ligand ori-

entation in order to finally study putative asymmetric ligand recognition by a lectin. Fur-

thermore, the prepared scaffold also allows a further preparation of glycoarrays through the 

immobilization of the glycoclusters on different surfaces.  

3.1 Introduction of the focal stereocentre via SHARPLESS epoxida-
tion and characterization of the chiral epoxy alcohols 

The symmetrical allylic alcohol 2-methylene-1,3-propanediol 2 was used as the starting ma-

terial in this synthesis (Scheme 3.1). First, it was selectively monoprotected introducing a 

tert-butyldiphenyl silyl (TBDPS) protecting group under basic conditions to give 3 in 76 % 

yield. SHARPLESS epoxidation using chiral tartrate diesters D-(-)-diethyl tartrate or L-(+)-diethyl 

tartrate (DET) allows the formation of two distinct epoxides with the opposite configuration 

on the quaternary asymmetric center. In general, the metalo-complex between tartrate and 

titanium (IV) isopropoxide, in the presence of tert-butyl hydroperoxide (TBHP) as the oxidiz-

ing agent, allows asymmetric epoxidation of allylic alcohol to be carried out only with  

5 to 10 mol % of catalyst.[98] The configuration of resulting epoxides depends on the stereo-

chemistry of chiral tartrate diester employed in the reaction. On the other hand, compound 

3 displays the required alcohol directing group for epoxidation reactions. Epoxidation of the 

rather slowly reacting allylic alcohol 3 was successfully carried out by using a molar ratio (ac-

cording to 1) Ti/DETof 10:13, therefore furnishing 4a and 4b up to 83 % yield respectively.  

The reaction was carried out in three distinct stages: Ti-DET complex formation, co-

ordination of the hydroperoxide to the chiral complex, epoxidation upon addition of the al-

lylic alcohol substrate. Each stage required a different temperature to achieve good conver-

sion and high enantioselectivity (Table 3.1). Besides, the reaction time in each step was 

modulated for optimizing the process and the epoxidation was performed at different scales 

(100 mg to gram scale). It was observed that the epoxidation of allyl alcohol 3 on larger reac-

tion scales (1-2 g) using (+)-DET showed higher enantioselectivity than the enantioselectivity 

achieved using (-)-DET catalyst. Also, high enantioselectivity of up to 91 % ee was achieved 
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using (+)-DET catalyst on a 1 g reaction scale under the described reaction conditions (cf. 

chapter 8, Figure 8.11 ).  

 

Scheme 3.1. Synthesis of enantiomeric epoxides 4a/4b and installation of a focal stereo-
centre via SHARPLESS asymmetric epoxidation. The resulting epoxy alcohol en-
antiomers were respectively derivatized into diastereomeric compounds 5a -
5d using the acyl chloride of MOSHER acid. 

Table 3.1: Reaction optimization for SHARPLESS epoxidation of primary allylic alcohol 3.  

Entry Scale Catalyst Time A Time B Time C Yield ee 
1 1.0 g (+) DET 15 min 45 min 150 min 83 % 91 % 
2 1.5 g (-) DET 20 min 60 min 150 min 83 % 82 % 
3 1.7 g (+) DET 20 min 60 min 150 min 70 % 88 % 
4 2 g (+) DET 20 min 60 min 180 min 72 % 88 % 
5 2 g (-) DET 20 min 60 min 180 min 70 % 80 % 

To determine both the enantiomeric excess and the absolute configuration of the resulting 

stereocenter, the MOSHER ester method was used.[99] To this end, 4a and 4b were quantita-

tively reacted with S-(+)- or R-(-)--methoxy--(trifluoromethyl)phenylacetyl chloride (S-(+)- 

or R-(-)-MTPA-Cl) to provide a set of four diastereomeric ester products  

5a - 5d (Scheme 3.1). Each respective pair of diastereoisomers (5a/5b and 5c/5d) can there-

Step A: DET/Ti(Oi-Pr)4 complex formation at 0 °C. 
Step B: Coordination of oxidizing agent t-BuOOH at -20 °C. 
Step C: Epoxide formation at -23 °C. 
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fore be investigated by NMR spectroscopy, showing distinct characteristic signals both in 1H 

and 13C spectra. In contrast to deuterated chloroform, 1H NMR spectra measured in deuter-

ated benzene showed sufficient signal splitting and were used for the determination of en-

antiomeric excess (ee) only. Hence, the ee values can be determined by measuring the inte-

gral ratio of the protons at position 3 (CH2 position of the epoxide ring) in each respective 

pair of diastereoisomers (Figure 3.4, A - B). Consequently, the comparison of the pair 5a/5b 

provides an enantiomeric excess of 82 % for the formation of epoxy alcohol 4a while the 

comparison of 5c/5d shows that 4b was formed also in 88 % ee. Here depicted enantiomeric 

excess relates to the epoxidation of 3 which was carried out with both catalysts on a c.a. 

reaction scale of 1.5 g (Table 3.1, Entry 2 and 3). 

 

Figure 3.4. Analysis of the stereochemical outcome of the Sharpless epoxidation reaction. 
The enantiomeric excess was determined by comparing diastereomeric ratios 
obtained after derivatization of the epoxy alcohols 4a and 4b with (R)-(-)-
MTPCl to give diastereoisomeric esters 5b and 5d (A, B); the stereochemistry 
of the epoxide was determined by comparing the respective chemical shifts of 
the C-3 position (CH2 epoxide): a shielding effect should be observed when 
the phenyl group of the MOSHER ester is syn to the C-3 position (C, D). 
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The determination of the absolute configuration of the stereogenic center formed upon 

epoxidation was a more complex task. Based on literature reports, an empirical model de-

scribed for chiral secondary alcohols was used (Figure 3.4, C-D). According to this model, the 

preferred conformer of the MOSHER ester should exhibit s-trans conformation for the ester 

O-C(O) bond while the CF3 group and the C=O bond are coplanar. Although the conforma-

tional bias for compounds 5a - 5d may be different than those for esters derived from sec-

ondary alcohols, such a model was used for solving the stereochemistry of 4a and 4b. There-

fore, it is expected to observe a magnetic shielding effect when the CH2 group of the epoxide 

is syn to the phenyl ring of the MOSHER ester group (Figure 3.4, C - D). Based on the MOSHER 

method, 13C NMR chemical shift of a certain carbon in the (S)-MTPA ester and the chemical 

shift of the same carbon in the (R)-MTPA ester are expressed using ΔSR parameter  

(ΔSR =  - R). With the respect to the phenyl group of the MTPA moiety, the use of ΔSR 

expresses that the carbons that are shielded in the (R)-MTPA derivative give positive ΔSR, 

while those that are shielded in the (S)-MTPA derivative give a negative ΔSR value.[99] All 13C 

NMR chemical shifts of 5a - 5d were methodologically arranged and deduced ΔSR values 

were used to assign the absolute configuration of 4a and 4b (Table 3.2). 

Table 3.2:  Deduced ΔSR values from 13C NMR (500 MHz C6D6) of 4a (R) and 4b (S) with 
(S)-MTPCl and (R)-MTPCl for the assignment of the absolute configuration. (S)-
MTPCl results in (R)-MTPA ester where (R)-MTPCl results in (S)-MTPA ester of 
5a - 5d. The values for 13C NMR chemical shifts () are measured in ppm. 

 4a (R) 4b (S) 

Atom  (2S, 6R)-5a  (2S,6S)-5b ΔSR  (2R,6R)-5c  (2R,6S)-5d ΔSR 
C-1a,b 64.3 63.9 -0.4 63.9 64.3 +0.4 

  C-2 57.3 57.2 -0.1 57.2 57.3 +0.1 
C-3a,b 48.3 48.7 +0.4 48.7 48.3 -0.4 
C-4a,b 64.7 65.3  +0.6 65.3  64.7 -0.6 

As shown in Figure 3.4, the comparison of the chemical shifts of the peak corresponding to 

the C3 position in each pair 5a/5b and 5c/5d indicates that 5a/5b are respectively (2S,6R)- 

and (2S,6S)-configured while 5c/5d are respectively (2R,6R)- and (2R,6S)-configured. From 

these data, the configuration at the focal point could be assigned as R for 4a and S for 4b, 

respectively obtained in the presence of (-)- and (+)-diethyl tartrate. This is under the predic-

tion according to the SHARPLESS rule for epoxy alcohol stereochemistry  

(see Figure 3.2). Moreover, this is also consistent with the comparison of the measured opti-

ΔSR = S  - R 
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cal rotation values, which are given in the literature for similar structures (cf. chapter 8, page 

82-83).[100] 

3.2 Synthesis of the tetrafunctional chiral scaffold 1b 

The key epoxy alcohol intermediates 4a and 4b were next reacted with trichloracetonitrile in 

the presence of the non-nucleophilic base diazabicycloundecene (DBU), providing 2,3-epoxy-

1-trichloroacetimidates 6a and 6b in moderate yields (Scheme 3.2).[101] Upon treatment of 

6a/6b with a catalytic amount of diethyl aluminium chloride (Et2AlCl) and the required pres-

ence of molecular sieves, an intramolecular cyclization reaction at the C-2 quaternary center 

resulted in the formation of oxazolines 7a and 7b by regioselective epoxide opening[102], re-

spectively in 72 and 70 % yields. After this stage, only one of the two enantiomeric scaffolds 

was used for completion of the synthesis. Indeed, it was not possible to achieve the other 

enantiomer because of a lack of time. 

 

 

Scheme 3.2. Synthesis of tetrafunctionalized chiral scaffolds 1b via formation of an  
oxazoline ring. 
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The newly generated primary hydroxyl group of 7b was then protected under strongly basic 

conditions with an allyl ether group, furnishing 8b in very good yield (84 %). With two prima-

ry alcohol groups orthogonally protected, a third primary hydroxyl function had to be in-

stalled on the chiral scaffold. For this purpose, the substrate 8b was treated under mild acid-

ic hydrolysis conditions to open the oxazoline ring, thereby forming an intermediate with a 

free amine at the focal point and free primary alcohol. A subsequent diazo-transfer reaction 

with imidazole sulfonyl azide hydrochloride 9[103] under basic condition led to the formation 

of the target scaffold molecule 1b in 77 % yield over two steps. The chiral scaffold molecule 

1b (Scheme 3.2) carries a free primary hydroxyl group and can be therefore used as a glyco-

syl acceptor in a further glycosylation reaction. 

3.3 Mannosylation of the chiral scaffold 

The azido group on molecule 1b can be used for further ligand immobilization on surfaces. 

Also, this functional group is inert under a wide scope of reaction conditions, including acid-

ic/strong acidic conditions, which is crucial for glycosylation reactions.  

Glycosylation reactions of the chiral scaffold 1b were carried out with perbenzoylated 

glycosyl donors since benzoyl protecting groups are known to be stable against migration 

under acidic conditions.[104] In a first glycosylation attempt, the thiomannoside donor 10[105] 

was used, employing N-iodosuccinimide (NIS) and trifluoromethanesulfonic acid (TfOH) as 

promotor system (Scheme 3.3).[106] However, under these conditions, the expected glycosyl-

ation reaction did not take place probably due to a competition between the allyl group of 

the acceptor and the sulfide of the donor for the iodonium transfer. The donor could be re-

covered and no glycosylation activation occurred at this stage. The second attempt involved 

the trichloroacetimidate donor 11 under activation with boron trifluoride diethyl etherate. 

However, the reaction, in this case, didn’t take place due to the donor hydrolysis. In a third 

try, donor 11 was used again, changing the promotor to trimethylsilyl trifluoromethanesul-

fonate (TMSOTf).[107] Also in this case, the reaction failed due to donor hydrolysis and the 

formation of a polar by-product that could not be isolated by column chromatography. Fur-

ther optimization conditions for glycosylation of 1b were not performed but the synthetic 

pathway was found suitable for the formation of tetrafunctional enantiomeric scaffolds to-

ward the preparation of heterotrivalent isomeric glycoclusters.  
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Scheme 3.3: Synthesis of 12b in mannosylation attempts of 1b with benzoylated thioglyco-
side and imidate donors. 

On the other hand, a new synthetic pathway using the oxazoline derivative 7a as glycosyl 

acceptor was implemented. The great advantage to use 7a as a precursor molecule is that 

only one orthogonally protection group would be then used in the preparation of heterotri-

valent isomeric glycoclusters (Scheme 3.4). This then results in 2 steps shorter synthetic 

pathways when compared to the previously presented pathway. 

The glycosylation of 7a was performed following KOENIGS-KNORR conditions[108], there-

fore using mannosyl bromide 13 as the donor, silver triflate as the promotor and the bulky 

non-nucleophilic base sym-collidine (2,4,6-trimethylpyridine) as a proton scavenger. Indeed, 

to prevent the acid-mediated opening of the oxazoline ring, and resulting racemization at 

the focal carbon, it was critical to buffer the glycosylation medium. The KOENIGS-KNORR glyco-

sylation led to the formation of two main products: the target glycoside 14a and the ortho-

ester 15, respectively isolated in 19 % and 51 % yield. For both products, the focal stereocen-

ter remained intact, thanks to the neutral conditions, as proven by 1H-NMR analysis (cf. 
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chapter 8, Figure 8.27 and Figure 8.29). Each product was isolated as a mixture of two iso-

mers, approximately in a 9:1 ratio; this is not surprising given that the batch of acceptor 7a 

used in this glycosylation was obtained from an epoxidation reaction with an ee of c.a. 80 % 

and therefore an enantiomeric ratio of 9:1. Moreover, only the exo isomer of the orthoester 

14 may have been formed during the glycosylation reaction, since no other isomer could be 

detected on the NMR spectra. 

 

Scheme 3.4: Synthesis of 14a in the second glycosylation approach involving the use of 
glycosyl acceptor 7a under KOENIGS-KNORR conditions. 

The predominance of orthoester 15 might be explained by the use of the base, which proba-

bly impaired the glycosylation pathway. In fact, the nucleophilic attack of the alcohol accep-

tor on the intermediate arising from the anchimeric assistance of the 2-O-benzoyl group can 

occur either at the anomeric carbon or the carbon atom of dioxolane ring, respectively giving 

the glycoside and the 1,2-orthoester products (Scheme 3.5). It is known that the second 

pathway is favored when the medium is neutral or even basic.[109] Also, the glycosylation 

reaction of 7a by bromide 13 was further attempted using insoluble silver carbonate salt 

(Ag2CO3)[110] but this again led to an unsuccessful outcome with the orthoester formation. 

Alternatively, the 1,2-orthoester rearrangement using the Lewis acid trimethylsilyl trifluoro-

methanesulfonate (TMSOTf) as a catalyst could lead to the expected glycoside 14a.[61a, 111] 

However, as written above, such reaction conditions could be detrimental for the oxazoline 

ring and may lead to the epimerization of the focal stereocenter. The experiments for the 
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scaffold glycosylation were not further pursued because even slightly acidic conditions 

would bring to non-selective glycosylation activation with the concomitant ring-opening of 

oxazoline on 7a/7b. Based on these experimental facts, the study to obtain asymmetric het-

eroglycocluster pairs was later continued through the chiral pool approach for the prepara-

tion of divalent heteroglycoclusters as discussed in Chapter 4. 

 

 

Scheme 3.5: Schematic pathways for a) glycosylation with the 2-O-benzoyl participating 
group (red pathway) and b) 1,2-orthoester formation resulting from the nu-
cleophilic attack of the glycosyl acceptor on the carbon of the dioxolane ring 
(blue pathway). 
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3.4 Conclusion 

In conclusion, the stereoselective synthetic approach using the well-known selective SHARP-

LESS epoxidation method allowed the formation of two distinct enantiomeric substrates for 

tetrafunctional scaffolds assembly. The highest obtained enantiomeric excess of 91 % with 

the described reaction conditions is strictly reaction scale-dependent. Often was found that 

high selectivity occurs on the larger reaction scale comparing to the smaller scale. Moreover, 

when the same reaction conditions for the epoxidation were carried out, the same reaction 

selectivity could not be observed for both catalysts. Thus was necessary to optimize reaction 

conditions at each stage. MOSHER ester analysis was applied after each performed epoxida-

tion step to deduce enantiomeric selectivity. The absolute configuration of the formed enan-

tiomeric epoxides could be deduced from their diastereomeric MTPA esters. Each enantio-

mer was reacted either with S-(+)- or R-(-)--methoxy--(trifluoromethyl)phenylacetyl chlo-

ride (S-(+)- or R-(-)-MTPA-Cl) to provide a set of four diastereomeric esters. Due to the mag-

netic shielding effect from the phenyl group of the MTPA moiety conformational skeleton of 

the formed esters could be determined. Thus, the epoxidation with (-)- and (+)-diethyl tar-

trate led to the formation of 4a (R) and 4b (S) epoxides with expected stereoselectivity. In 

the following synthetic pathway, the targeted tetrafunctional enantiomeric scaffold 1b could 

be obtained in a relatively good yield. On the other hand, the glycosylation of the formed 

scaffold could not be carried out in a successful outcome and requires further reaction opti-

mization. Here, we rather proceeded with a two-step shorter synthetic pathway for the for-

mation of heterotrivalent glycoclusters and used oxazoline precursor molecule 7b in the fol-

lowing glycosylation step. The advantage of such a synthetic pathway lies in the presence of 

only one protection group in the synthetic pathway towards the heterotrivalent glycocluster 

assembly. Glycosylation of 7a applying the KOEGNIS-KNORR reaction conditions under neutral 

conditions was significantly altered by the 1,2-orthoester formation. However, the glycosyla-

tion of the enantiomeric scaffold 7a was successful, and the first glycan moiety -D-

mannoside, could be addressed at this stage. For the proof of concept, it was found that the 

enantiomeric scaffolds formed in the synthetic route represent a potential for the glycosyla-

tion of various alcohols and the promising en route towards heterotrivalent glycoclusters 

assembly should be carried out in the future.  
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4 Chiral pool synthesis of enantiomeric trifunctional scaf-
fold molecules for glycocluster assembly 

4.1.  Overview 

Carbohydrate-protein interactions are intensively investigated in the context of cell-cell and 

host-cell interactions. The synthetic preparation of carbohydrate ligands and their biological 

evaluation are one of the principal approaches towards the investigation of carbohydrate-

protein interactions. Synthesis of carbohydrate ligands is often a challenge. Structurally, gly-

cans found on the cell a surface often consist of multiply branched epitopes and organized 

scaffolding. Moreover, they are found in the form of glycolipids or glycoproteins conjugated 

to chiral amino acids or lipids. The investigation of multiply displayed ligands with the varia-

tion of various other structural parameters should lead to a better insight into carbohydrate-

protein interactions. Interestingly, lectins are highly specific for their carbohydrate ligands 

and minor differences in ligand orientation, for example, can influence lectin binding. The 

LINDHORST group has already demonstrated by the use of photoswitchable units that ligand 

orientation is of importance for proper lectin recognition. 

Here a new strategy to vary carbohydrate orientation based on a chiral pool ap-

proach using D- and L-amino acids as starting materials was presented. In comparison to the 

stereoselective synthesis, the use of the chiral pool starting materials was of the advantage 

to provide a trifunctional enantiomeric scaffold with defined stereochemistry at the focal 

point. D- and L-serine gave access to the trifunctional enantiomeric scaffolds 10a and 10b for 

the putative variation of carbohydrate ligand orientation. The successful synthetic pathways 

applied in this approach allowed us to prepare a small library of heterodivalent diastereo-

meric pairs of glycoclusters.  

Furthermore, we were able to perform binding studies with two different lectins, the 

plant lectin Concavalanin A (ConA) and E. coli bacteria, where carbohydrate recognition is 

mediated by the bacterial lectin FimH.i The two pseudoenantiomeric glucose-containing gly-

coclusters as inhibitors of FimH-mediated bacterial adhesion demonstrated striking differ-

ences in the inhibitory potencies. The pseduoenantiomeric ligand that is based on the L-

serine-derived scaffold exhibited 20 times stronger inhibitory potency than D-serine derived 
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analog (Figure 4.1). This work was published as a full paper and all overcome synthetic barri-

ers are part of the following paper.  

 

Figure 4.1:  Difference in inhibitory potency between diastereomeric glucose-mannose 
glycocluster pairs for type 1 fimbriated E. coli bacterial adhesion.[104]  

 

 

 

i For the interpretation of the binding assays (cf. Fig.2 in publication tables S1-S10 in supporting in-
formation) valency-corrected (vc) relative inhibition potencies (RIP) for the divalent cluster manno-
side 6 were obtained by dividing the respective RIP by two. Alternatives to this calculation of RIPvc 
values can be considered in the future, such as valency correction based on measured IC50 values.  
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4.2 Published paper: “Pseudoenantiomeric glycoclusters:  
synthesis and testing of heterobivalency in carbohydrate-
protein interactions” 

 

 

 

Reproduced from: 

Jasna Brekalo, Guillaume Despras and Thisbe K. Lindhorst 

Org. Biomol. Chem., 2019, 17, 5929-5942. 

DOI: 10.1039/C9OB00124G 

with permission from The Royal Society of Chemistry. 

 

 

 

 

 

 

 

 

Own contribution: The synthesis of all molecules, their analytical and biological studies 
were performed by Jasna Brekalo under the supervision of Dr. Guil-
laume Despras and Prof. Dr. Thisbe. K. Lindhorst. Molecular modeling 
was done by Dr. Guillaume Despras. The manuscript was written by all 
three authors. The final manuscript was submitted by Prof. Dr. Thisbe. 
K. Lindhorst. The cover image was drawn by Julia Hain. 
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5 Bacterial adhesion to synthetic glycoarrays 

ln the LINDHORST group, carbohydrate-specific adhesion of type 1-fimbriated E. coli bacteria 

has been frequently used to test carbohydrate recognition in cell-cell interactions that are 

ruled by carbohydrate-lectin interactions. E. coli are commensal bacteria in humans, but 

they can also be pathogenic. For instance, urinary tract infections (UTIs) caused by adhesion 

of uropathogenic Escherichia coli bacteria (UPEC) are one of the most common infections 

worldwide.[29] Bacteria use adhesive organelles so-called fimbriae with a lectin unit at their 

very end to adhere to glycans of the cell surface glycocalyx. Adhesion to host cell surfaces 

and bacterial colonization can sometimes lead to fatal infections. There are several reported 

methods [112] for the treatment and prevention of UTIs but a molecular understanding of the 

involved processes is crucial for the treatment of diseases arising from microbial adhesion. 

Understanding the complete mechanism behind bacterial adhesion is a challenging 

task. Inhibition of bacterial adhesion to host cell surface or glycoarrays, respectively, is one 

of the methods that are frequently used to study carbohydrate-protein interactions. Lectins 

bind to glycoproteins and other sugar-containing entities on the surface of various cells. 

Thus, synthetic saccharides might be used to prevent bacterial adhesion in the frame of an 

anti-adhesion therapy.[60c, 113] 

Microarrays are a means to study carbohydrate-protein interactions, including bacte-

rial adhesion. Multiple strategies to fabricate microarrays have been reported including co-

valent and non-covalent (passive) carbohydrate immobilization on various solid supports. 

Among others, -glass, gold, quartz and polystyrene surfaces are commonly used for the 

preparation of glycoarrays.[114] Non-covalent immobilization mostly depends on hydrophobic 

interactions.[115] For the relatively small and hydrophilic oligosaccharides, various conjuga-

tion methods have been established. One common approach is oligosaccharide biotinylation 

and their immobilization on streptavidin-coated surfaces.[116] On the other hand, covalent 

carbohydrate immobilization has been used in the form of self-assembled monolayers on 

the gold surfaces, so-called SAMs.[117] SHIN'S group reported the use of glass slides with thiol 

groups as solid support for covalent saccharide immobilization.[118] A relatively well-known 

method for covalent carbohydrate immobilization includes succinimide active ester groups 

for amide ligation. In addition, different methods were developed in a similar manner and 

are all based on the pre-functionalization of a glass surface. Epoxy-silane, amino, azide, al-
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dehyde and active ester substrates are among the functional groups used as glass coating 

with the capacity to form covalent bonds with amino-, thio- and hydroxy-functionalized car-

bohydrates (Figure 5.1). Bacterial adhesion and its inhibition can be tested using one of such 

established glycoarrays.  

 

Figure 5.1:  Schematic representation of the glycoarrays fabrication: (A) Succinimide ester 
activation for the amide bond formation; (B) DIELS-ALDER ligation; (C) Epoxy 
nucleophilic activation; (D) Schiff´s base aldehyde-amine ligation;  
(E) 1,3-dipolar cycloaddition between azide and alkynes; (F) thiol-maleimide 
ligation; R-carbohydrate residue. 

In order to test bacterial adhesion on such fabricated glycoarrays, two main factors have to 

be considered. One is important from a chemical point of view and the other is more rele-

vant from the point of view of the environmental or dynamic nature of performed assays. 

Depending on the type of functional group on the surface it is of importance to test nonspe-

cific bacterial adhesion on the surfaces. Thus, suitable blocking reagents are used for block-

ing unspecific adhesion. Furthermore, because it is known that the length of a linker used for 

carbohydrate immobilization influences the affinity of bacterial adhesion, its nature for non-
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specific binding was also investigated.[74] Oligoethylene glycol linkers were found favorable 

for the prevention of nonspecific binding.[119] The density concept studied by FERNANDEZ and 

coworkers with their cyclodextrin model was proved efficient also for glycoarrays 

assembly.[79b, 79c] Moreover, the LINDHORST group pointed out the importance of ligands con-

centration in their study with different ligand valencies used to vary carbohydrate density on 

polyester surfaces.[115b] Furthermore, different methods were used to establish glycoarrays 

with more experimental flexibility which would imitate the form of glycoconjugates in the 

natural state.[120] With respect to the naturally occurring adhesive environment, different 

dynamic conditions were considered in assays in order to provide more realistic conditions 

in the study of bacterial adhesion. Hence, bacterial adhesion can be investigated under dif-

ferent flow conditions with respect to the physiological natural flow or the flow of interest 

e.g. vein flow or capillary flow. Especially the regulation of shear stress under flow conditions 

was found to be relevant in lectin binding activity as demonstrated in different studies.[121] 

The bacterial adhesin (lectin) FimH of E. coli bacteria exerts so-called catch-bonds under flow 

conditions.[122]  

Here, we have prepared glycoarrays with the novel pseudoenantiomeric heterodiva-

lent glycoclusters using pre-functionalized polystyrene surfaces. With these glycoarrays, bac-

terial adhesion was tested under static conditions, as commonly performed in our group. 

The sharp difference in bacterial adhesion-inhibition assay demonstrated with Glc-Man 

diastereomeric pair discussed in chapter 4 evoked our interest to test bacterial adhesion to 

glycoarrays with pseudoenantiomeric pair of ligands. Bacterial adhesion to formed glycoar-

rays was additionally tested under different dynamic environmental conditions. Hence, the 

same glycoconjugates were immobilized on a glass surface via succinimide ester activation 

for the testing of bacterial adhesion under shear stress.  
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5.1. Synthesis of pseudoenantiomeric glycoarrays 

For the immobilization of the divalent pseudoenantiomeric glycoclusters, a heterobifunc-

tional polyethylene glycol linker (PEG), terminated with a propargyl and an amine group, 

respectively, were found suitable. The propargyl group was used for Cu(I)-catalyzed 1,3-

dipolar cycloaddition with the azido functional group present in synthesized glycoclusters. 

The amino-functional group of the heterobifunctional linker, on the other hand, can be used 

for the immobilization on surfaces. Both homobifunctional and heterobifunctional linkers 

can be varied in length and are readily commercially available.  

The regioselective covalent modification of only one terminal functional group of the 

linker often presents a challenge. The modified synthetic methodology used herein for the 

synthesis of the heterobifunctional linker molecule 5 comprises four steps (Scheme 5.1). The 

use of the inexpensive starting material 1 (OEG4) allowed the formation of the required ter-

minal propargyl group under basic conditions, providing compound 2 in a modest 55 % yield. 

Then, the replacement of the primary halide in 2 using sodium azide gave alkyl azide 3. This 

functionality was used for the preparation of primary amine 4 under STAUDINGER reaction 

conditions. Then, the formed amino group was NH-Boc protected to obtain compound 5 

prior to the use in Cu(I)-catalyzed 1,3-dipolar cycloaddition reaction with azide-

functionalized glycocluster (Scheme 5.1). 

 

 

Scheme 5.1: Synthesis of heterobifunctional linker 5 used for the fabrication of glycoarrays.  
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Scheme 5.2: Synthesis of (A) Dimannoside cluster 8 ligated to the polyethylene glycol linker 
5 with available primary amino group for the immobilization on surfaces; (B) 
pseudoenantiomeric glycoclusters 11a and 11b ligated to the polyethylene 
glycol linker 5 for the immobilization on surfaces; Reagents and conditions: a) 
linker 5, sodium ascorbate, copper(II) sulfate, water, N,N-dimethylformamide; 
b) first step: sodium methoxide solution, methanol; second step: trifluoroace-
tic acid, water.  
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The synthetic linker 5 was then used in a click reaction with the dimannoside 6 for the 

preparation of compound 7 as a reference compound for the heterocluster effect study. 

Dimannoside 6 was prepared as previously reported in our published paper.[104] Standard 

deprotection according to ZEMPLÉN followed by treatment with trifluoroacetic acid for the 

cleavage of the NH-Boc protection group allowed the formation of 8 in 72 % yield (Scheme 

5.2). Synthesis of the pseudoenantiomeric glycoclusters 9a and 9b was based on the same 

synthetic strategy as previously published[104] but with the minor change in the protection 

group strategy. The here reported molecules contained acetyl protection groups, whereas in 

the published paper the use of benzoyl groups was reported. They were found more favored 

since they are less prone to acetyl migration under acidic conditions. Here, the glycoclusters 

9a and 9b were obtained from O-acetylated precursors. Next, the synthesized glycocluster 

pairs 9a and 9b derived from reported trifunctional enantiomeric scaffolds were further 

used in Cu(I)-catalyzed 1,3-dipolar cycloaddition reaction with 5 where 10a and 10b isomers 

were isolated up to 85 % yield. Deprotection according to ZEMPLÉN and the NH-Boc deprotec-

tion furnished 11a and 11b. Thus, the formation of the primary amino group allowed further 

fabrication of 8, 11a and 11b on different pre-functionalized surfaces under favorable reac-

tion conditions. 

5.2.  Tests under static conditions 

The previous studies of Glc-Man pseudoenantiomeric glycocluster pairs revealed a strik-

ing 20 fold difference in inhibitory potency for type 1 fimbriae-mediated E. coli bacteria ad-

hesion. Hence we were interested to investigate the bacterial adhesion on glycoarrays of the 

same ligand pairs under different adhesive dynamic conditions. Thus, in our first attempt, 

the formed carbohydrate derivatives 8, 11a and 11b were used for the fabrication of carbo-

hydrates to the pre-functionalized polystyrene surfaces. The formed glycoarrays were used 

for the testing adhesion of type 1 fimbriae-mediated E. coli bacteria under static conditions. 

The immobilization of formed ligand derivatives was carried out under pH = 9 in carbonate 

buffer on the pre-activated 96-well microtiter plate to yield 12, 13a and 13b glycoarrays 

(Figure 5.2). A serial dilution of amino-functionalized carbohydrate derivatives led to a con-

centration-dependent series of inhibition conditions, starting from 8 mM up to 7.8 µM con-
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centration range. The concentration range was in close relation to the IC50 depicted concen-

tration values reported from the previous adhesion-inhibition assays.[104]  

 

Figure 5.2: Schematic illustration of amino-functionalized carbohydrate derivatives for 
12, 13a and 13b glycoarrays formation on the pre-functionalized microtiter 
plate. 

Each inhibitory concentration of 13a and 13b were tested in triplicates on the same plate, 

whereas dimannoside 12 were tested in duplicates on the same plate. After the immobiliza-

tion of carbohydrate derivatives, the nonbound carbohydrate derivatives are washed with 

phosphate buffer saline-tween (PBST) multiple times. Remained unreacted surface groups 

were blocked with 2-aminoethanol. The same fabrication was used for the preparation of 

three individual microtiter plates for the testing of bacterial adhesion under static condi-

tions. Adhesion to the glycoarrays was deduced from the fluorescence readout employed 

PKL1162 E. coli strain expressing the green fluorescence protein (GFP).[96] On each plate, a 

negative control was employed with the set of wells containing only 2-aminoethanol reagent 

fabricated on the surfaces of wells. Thus we were able to determine the ratio between bac-

teria adhered to the glycoarrays and those bound to the negative control and deduce the 

relative adhesion. In the employed assays with type 1-fimbriated E. coli, the bacterial lectin 

FimH mediates binding to -D-mannosyl residues.[31, 85]  

Hence we were able to study heterocluster effect in bacterial adhesion to the two 

distinct heterobivalent stereoisomers 13a and 13b compared to the adhesion on homobiva-
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lent ligand 12.[79c] The results are presented in Figure 5.3 where adequate interpretation 

valency-corrected values are also depicted. From the shown results, a slight decrease of ad-

hesiveness to fabricated glycoarrays can be observed looking from higher (8 mM) to lower 

(7.8 µM) concentration dilution range. Concentration-dependent fabrication of glycoarrays 

highly depends on the cluster valency as previously reported by LINDHORST group.[86] Hence, it 

was expected that when approached micromolar concentration range a gradual decreased 

bacterial adhesion can be observed due to the decreased ligands presentation for lectins to 

adhere. However, the high error bars represented at the micromolar range indicates uncer-

tainty in the interpretation of bacterial adhesion in this region.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3: Relative adhesion of E. coli to glycoarrays under static conditions at graded 
concentrations. The relative adhesion values are the means values from three 
independent measurements. Error bars are given as standard error of the 
mean (SEM) of experiments with three independent sets.i   
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Table 5.1. Depicted relative adhesion values for E. coli bacteria to glycoarrays under stat-
ic conditions. 

Re
la

tiv
e 

ad
he

si
on

 Inhibitor concentration 
 8 

(mM) 
4 

(mM) 
2 

(mM) 
1 

(mM) 
500 

(µM) 
250 

(µM) 
125 

(µM) 
62.5 
(µM) 

31.3 
(µM) 

15.6 
(µM) 

7.8 
(µM) 

13a 0.84 0.69 0.61 0.52 0.55 0.53 0.54 0.48 0.47 0.49 0.50 
13b 0.85 0.81 0.80 0.76 0.72 0.71 0.62 0.58 0.55 0.43 0.38 
12 0.98 0.90 0.94 1.00 0.90 0.85 0.76 0.80 0.68 0.54 0.47 
12vc 0.50 0.45 0.47 0.50 0.45 0.43 0.38 0.40 0.34 0.27 0.24 

Presented values in Table 5.1 demonstrate minor changes in graduated relative bacterial 

adhesion to clusters in the two last points of the micromolar range. In overall, glycoarray 12 

fabricated with homobivalent ligand exhibited the highest bacterial adhesion at each con-

centration stage in comparison to the heterobivalent ligands. At a higher concentration 

range of glycoarray 12, the adhesion of type 1-fimbriated E. coli nearly reached fully relative 

adherence.  

 

 

 

 

 

 

 

 

Figure 5.4: Relative adhesion of E. coli to glycoarrays under static conditions at high-
density glycoarrays. The diagram presents the zoomed version of the concen-
tration range of interest previously shown in Figure 5.3.i  

Furthermore, a comparison of the valency-corrected values of 12vc demonstrated a pro-

nounced heterocluster effect for both 13a and 13b isomers at each of the depicted concen-

trations. The same was previously found in the reported adhesion inhibition assay for iso-



5 Bacterial adhesion to synthetic glycoarrays 
 

61 
 

meric Glc-Man asymmetric glycocluster pairs.[104] Hence, the carbohydrate nature of the 

second nonspecifically recognized motif by type 1-fimbriated E. coli bacteria supports the 

theory of heterocluster effect for increased affinity towards binding.[79c] From another point 

of view, a more significant finding is the difference in bacterial adhesion to the two hetero-

bivalent stereoisomers at fabricated 13a and 13b glycoarrays. Here, glycoarray 13b exhibited 

a more than 20 fold higher bacterial adherence when compared to its diastereomeric pair 

displayed at 13a glycoarray. The results presented in Table 5.1 for isomeric ligands 13a and 

13b show the pronounced difference in relative bacterial adhesion at high glyocoarray densi-

ty. The distinct adhesive difference occurs at a ligand concentration of 1 mM or more (Figure 

5.4), whereas in the micromolar region the difference in bacterial adhesion is remarkably 

reduced. The same difference was previously demonstrated in solution, testing the inhibito-

ry potency of isomeric Glc-Man glycocluster in bacterial adhesion.[104] Here again, the as-

says gave evidence that besides heterogeneity, FimH-mediated binding of E. coli cells de-

pends on the three-dimensional organization glycoligands architecture.  

  

i For the interpretation of the binding assays (cf. Fig. 5.3 and 5.4) valency-corrected (vc) adhesion for 
the divalent cluster mannoside 12 were obtained by dividing the respective adhesion by two. As an 
alternative to this approach, half concentrations should be applied in the binding assays to obtain 
valency corrected adhesion to glycoarray 12.  
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5.3.  Tests under flow conditions 

In a published paper of ISBERG and BARNES flow-dependent bacterial adhesion to host cells 

was described as a complex dance in which two partners encourage and discourage each 

other approaches.[123] Bacteria use adhesive organelles to mediate “the dance” with the gly-

cosylated cell surface of their host cells. These organelles are called fimbriae and the com-

prised lectin subunits that are frequently found at the fimbriae tips. Type 1 fimbriae are par-

ticular fimbriae found in E. coli bacteria, mediating mannose-specific adhesion to host cells 

promoted by the adhesin FimH. FimH is comprised by a lectin domain and in addition by a 

pilin domain that integrates the protein within the fimbrial shaft (cf. chapter 1, Figure 1.2). 

The flexible linker region between these two domains can alter the FimH structure under 

different dynamic conditions. For example, shear stress or a mechanical force leads to the 

extension of the flexible interdomain linker chain and hence to the enhancement of FimH-

receptor interactions.  

Changing the conditions under which adhesion is measured was consequently used 

to study the molecular mechanism of lectin function in the interplay between a glycosylated 

surface and soluble ligands.[124] BROOKS AND TRUST suggested appropriate adhesion-

stimulating conditions already 30 years ago.[125] Red blood cell hemagglutination by Aer-

omonas salmonicida was enhanced under shear stress allowing maximal agglutination. An-

other example, where dynamic conditions are of functional importance is leukocyte rolling 

over endothelium is also promoted by lectins, in this case, selectins.[126] For selectins, shear 

stress is physiologically important in order to prevent leukocyte aggregation and a proper 

interaction within the blood vessel wall. Also, the interaction of guinea pig red blood cells 

with FimH was found to be stimulated under flow-induced shear stress, where lower flow 

rates prevented adhesion of erythrocytes. SOKURENKO et al. used a FimH variant identical to 

the one expressed by uropathogenic E. coli strain to demonstrate a 10-fold increase of bac-

terial attachment to erythrocytes under shear stress.[124] In addition, the study of Pseudo-

monas aeruginosa bacterial adhesion to different antibiotics revealed a linear colleration as 

the flow rate increased.[127] Consequently, it appears important to study bacterial adhesion 

under different dynamic conditions in order to reflect conditions that occur naturally in 

pathogen interactions with hosts.  
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In our approach to study bacterial adhesion under flow conditions, carbohydrate derivatives 

11a and 11b were fabricated on succinimide ester NHS pre-activated glass slides. A 5 mM 

carbonate buffer was used for the fabrication of glycoarrays with ligands 11a and 11b to 

provide high-density glycoarrays 13a and 13b (Figure 5.5). On the one glass slide, two of six 

wells chamber were treated with ligand 11a, two with 11b and the remaining two wells 

chamber were used as the negative control. After multiple washing with PBST and PBS buff-

er, the remained unfunctionalized surface was blocked with 2-aminoethanol blocking rea-

gent and then again washed with PBS. 

 

Figure 5.5: Amino conjugation of carbohydrate ligands 11a and 11b on the NHS pre-
functionalized surfaces in carbonate buffer, pH = 9, for the formation of 13a 
and 13b glycoarrays. 

On to the dried NHS-glass glycoarrays, the sticky channel slides IBIDI VI0.4 with a self-

adhesive underside were mounted. These parallel microfluidic channels provide a method 

for the investigation of bacterial adhesion under flow, where various dynamic conditions can 

be applied. The experimental set up can be used for different shear stress range depending 

on the channel height. Physiological shear stress can vary between almost 0 and  

120 dyn/cm2 depending on the vessel type and the size of the organism (e.g., mice, human). 
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In our preliminary experiments, the shear stress of 0.18 dyne/cm2 was applied in the flow 

rate of 0.10 mL/min in a time period of half an hour. The flow rate in human urethra covers a 

wide range since it specifically depends on individuals characteristics.[128] Mechanical forces 

induced by the friction of adhesion medium against the glycoarray are of a great impact on 

the physiological behavior and adhesion properties (Figure 5.6). In this regard, the two do-

main part between FimH, adhesin domain and FimH pilin domain, can be altered under 

shear stress. Ligand-receptors interactions are reinforced by mechanical stress so-called 

called catch-bond mechanism.  

 

Figure 5.6: Shear stress in biofluidic system induced by the friction of liquid to surfaces.  

In here tested E. coli bacterial adhesion study the unidirectional laminar flow was applied for 

30 minutes. Under the continuous force through microfluidic channels, both the flow direc-

tion and viscosity can be assumed as constant over some time. These conditions are re-

quired for the experimental conditions of homogenous laminar flow. Additionally, the shear 

stress in a channel is dependent on the obtained viscosity at the performed temperature. 

However, we applied rather a small shear stress for bacterial adhesion testing and the opti-

mal flow rate for activating catch bond mechanism still needs to be simulated. Bacterial ad-

hesion was measured by the fluorescence readout of the used E. coli strain PKL1162 express-

ing the green fluorescence protein (GFP) as in the tests under static conditions. Additionally, 

bacterial adhesion was studied using fluorescence microscopy for visual observation of ad-

hered bacteria on individual glycoarrays. The relative adhesion was defined as the ratio be-

tween bacteria adhered to the glycoarrays 13a and 13b, respectively, and negative control. 

The first preliminary results could be obtained for bacterial adhesion under flow conditions 

to 13a and 13b glycoarrays from three independent experiments (Figure 5.7). The distinct 

difference in the bacterial adhesion could be observed after an applied laminar flow of  



5 Bacterial adhesion to synthetic glycoarrays 
 

65 
 

0.18 dyn/cm2. Nearly a complete bacterial adhesion to glycoarray 13b could be obtained. 

Hence, more than a 20 fold higher bacterial adhesion to the glycoarray 13b was observed in 

comparison to its isomer 13a. This finding was not unexpected since our previous studies 

under static conditions indicated a similar difference in bacterial adhesion to the same pair 

of isomers. On the other hand, more dense glycoarrays are required for a significant amount 

of E. coli bacteria to adhere.[129]  

 
Figure 5.7: Relative adhesion of E. coli to glycoarrays under dynamic conditions and flow 

rate of 0.10 mL/min at 5 mM concentrations. The relative adhesion values are 
the mean values from three independent measurements. Error bars are given 
as standard error of the mean (SEM) of experiments with three independent 
sets.  

However, in the obtained relative adhesion values shown in Figure 5.7, the standard devia-

tions are rather high for the performed experiments under flow conditions. Regarding the 

relative adhesion values from independent experiments due to uncertainties in the per-

formed experiments no definite conclusion can be drawn from these results (Figure 5.8). 

Since we are working with live E. coli bacteria, the applied mechanic forces implemented 

from the flow rate has a great impact on the physiological behavior and adhesive properties 

of the bacteria.  
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Figure 5.8: Relative adhesion of E. coli to glycoarrays under dynamic conditions and flow 
rate of 0.10 mL/min at 5 mM concentrations performed on three individual 
plates. The relative adhesion values are the mean values from duplicates on 
the same plate. Error bars are given as standard error of the mean (SEM).  

However, we were interested to investigate if unspecific bacterial adhesion to the surface 

might be the reason for the high deviations found in our experiments. As sometimes the 

data obtained from the negative control can be an offset to the fabricated glycoarrays we 

used fluorescence microscopy for visual observation of adhered bacteria (Figure 5.9).  

 

 

 

 

Figure 5.9: Relative adhesion of E. coli to glycoarrays under dynamic conditions and flow 
rate of 0.10 mL/min at 5 mM concentrations performed on one individual 
plate. (A) shows bacteria adhered to glycoarray 13a, (B) shows bacteria adhe-
sion to glycoarray 13b and (C) shows negative control- blocking reagent  
2-amino ethanol.  
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As expected, adhered bacterial cells were found in the maximal amount on the glycoarray 

13b. On the other hand, the amount of adhered bacteria found on the negative control and 

glycoarray 13a was in the same ratio, with rather decreased number of adhered cells than to 

13b. It could be observed that on both wells of negative control in our experimental setup a 

significant amount of bacterial adhered in the comparison to the number of bacteria ad-

hered to glycoarrays 13a and 13b. Nevertheless, it was expected that none or bare amount 

of bacteria should adhere on negative control and especially not in the number observed. 

Hence it is hypothesized that the non-specific binding of bacterial adhesion could be the 

main source found for the uncertainty in the performed assays. There are two possible rea-

sons to consider when giving this hypothesis. One reason is the insufficient concentration of 

blocking reagent to block remained functional groups on the glass slides and avoid unspecific 

binding and the other more technical reason is the loss of pressure in the applied flow rate 

due to not properly mounted sticky chambers on glass slides what can significantly alter the 

flow rate. Often it was found that an increased flow rate strongly decreases unspecific bacte-

rial binding to the surfaces.  

Summarizing the results from numerous performed assays for evaluation of the iso-

meric glycocluster pairs towards bacterial adhesion, no conclusive results could be obtained. 

Based on this, further technical improvement should be made in order to resolve our ques-

tions and establish an experimental set up for testing bacterial adhesion under flow condi-

tions. 
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6 En route to pseudoenantiomeric homotrivalent gly-
coclusters 

Many reports have shown that multivalency is a crucial factor to effect stronger binding of 

lectins to their ligands, hence increasing the avidity of lectin ligands. However, in addition to 

multivalency effects, ligand binding is also strongly dependant on the overall ligand presen-

tation. Here, such effects were tested with appropriate oligosaccharide mimetics and the -

D-mannoside-specific adhesion of type 1-fimbriated bacterial cells, mediated by FimH. Alt-

hough the bacterial lectin FimH is a monovalent lectin with only one CRD, many tri- and tet-

ra-mannosides were found as potent inhibitors of type 1 fimbriae-mediated adhesion of E. 

coli.[85] It is apparent, that the enhanced affinity of -D-mannosides with aromatic aglycon 

for FimH is due to their interaction with the so-called tyrosine gate of the lectin, formed by 

Tyr48 and Tyr137 and flanking the binding pocket. On the other hand, it is a bit odd that an 

increased number of carbohydrate ligands leads to improved binding in this testing 

system.[14] Possibly, an increased ligand concentration contributes to the effect observed in 

these carbohydrate-protein interactions.[86] Interestingly, ligand density studies together 

with heteromultivalency effects and demonstrate that the binding affinity clearly depends 

on the relative orientation of carbohydrate ligands.[79a] Also in our group, the effects of car-

bohydrate valency, the spatial arrangement and the conformational flexibility of carbohy-

drate ligands on their interactions with the specific receptors were demonstrated.[82, 84b] Re-

cently JANETKA and RATH pointed out that lectins affinity differs depending on the stereospe-

cific modulation of carbohydrate ligands.[95] Today, the interest in the binding effects of vari-

ous small carbohydrate ligands has grown enormously. Different structural parameters that 

might potentially influence a lectin affinity of ligands increase our understanding of the bind-

ing phenomena we observe.  

In this subproject, a chiral pool approach was used to achieve trifunctional enantio-

meric scaffolds for the synthesis of homotrivalent cluster glycosides in which the three-

dimensional assembly of sugar ligands is varied in a specific way as shown in Figure 6.1 (gly-

cocluster assembly). We were interested to see if the configuration at the focal stereocenter 

of the scaffold molecule contributes to different affinity of the resulting trivalent cluster-

mannosides for FimH, or in other words, if the variation of the focal point configuration 

leads to different results in adhesion-inhibition assays with type a-fimbriated E. coli cells.  
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Figure 6.1: Schematic illustration of the two targeted diastereomeric homotrivalent gly-

cocluster assembly (A) based on trifunctional enantiomeric scaffolds (B) that 
are derived from chiral D- and L-serine starting materials.  

It was planned, to functionalize trifunctional enantiomeric scaffolds by Cu(I)-catalyzed 1,3-

dipolar cycloaddition using the azido-functionalized divalent mannoside cluster, followed by 

a final -D-mannosylation step. Hence, a propargyl group was required and introduced into 

the enantiomerically pure NH-Boc protected amino acid, D- or L-serine, respectively, by WIL-

LIAMSON etherification (Scheme 6.1). Then, the esterification of the carboxyl group was per-

formed in the same pot using potassium carbonate and iodomethane to yield  

O-propargylated esters 2a and 2b in relatively good yield. The synthesized intermediates 

were enantiomerically pure and in the agreement with the literature reports. In the next 

reaction step, lithium boron hydride was employed and the following acidic workup gave the 

primary alcohols 3a and 3b in yields around 60 %. This synthetic pathway was not further 

optimized. 

 
 
Scheme 6.1: Synthesis of the enantiomeric scaffold molecules 3a and 3b: a) propargyl 

bromide, sodium hydride, N,N-dimethylformamide, 0 °C to rt; b) iodome-
thane, potassium carbonate, N,N-dimethylformamide, 0 °C to rt; c) lithium bo-
ron hydride, tetrahydrofuran, 0 °C to rt.  
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The obtained pair of enantiomeric scaffold alcohols was further used for the assembly of the 

desired diastereomeric trivalent glycoclusters. First the known divalent glycoside 4 was em-

ployed, which was prepared according to the literature.[104] Cu(I)-catalyzed 1,3-dipolar cy-

cloaddition ligated the azide-modified cluster 4 with the enantiomeric scaffold molecules 3a 

and 3b, yielding the respective 5a and 5b in less than two hours under microwave heating 

(Scheme 6.2). This synthetic approach facilitated the recovery of starting materials. Finally, 

the NH-Boc group was deprotected under acidic conditions in order to furnish the respective 

free amine for a subsequent diazo-transfer reaction with imidazole sulfonyl azide. Indeed, 

the desired azide-functionalized-derivatives 6a and 6b were obtained in more than 70 % 

yield. An advantage of this approach is to avoid possible polymerization in the click reaction 

step and also it is known that the formed azide functional group is more favorable in glyco-

sylation reactions than a NH-Boc carbamate group. Additionally, the azide group can be used 

for further immobilization on surfaces with heterobifunctional linker molecules.  

 

Scheme 6.2: Synthesis of 5a and 5b via CuAAc click reaction between alkyne-functionalized 
scaffold molecules and the azide-modified cluster glycoside 4. The same was 
further used in the diazo transfer reaction for the formation of 6a and 6b. 

In the next step, varieties of glycosylation conditions were applied for the mannosylation of 

6a and 6b, respectively (Figure 6.2). Three different mannosyl donors 7a, 7b and 7c were 

applied for the mannosylation of 6a and 6b, respectively, but, unfortunately, the expected 2-
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trans glycosides were not formed. As the starting material was recovered in most of the cas-

es, it is assumed that the primary hydroxyl group of the glycosyl acceptor is probably to ste-

rically hindered to allow a proper reaction. 

 

Figure 6.2: Attempts to achieve 8a and 8b by mannosylation of 6a and 6b. The mannosyl 
donors 7a, 7b and 7c were employed under appropriate conditions. All reac-
tions were performed in anhydrous dichloromethane, and with 3 Å molecular 
sieves. Special reaction conditions for 7a and 7c: 0° C to rt; using 7b: 0 °C to rt 
with BF3

.Et2O or -45 °C to rt with TMSOTf.  

However, when 7d was used as a mannosyl donor for the glycosylation of 6a under a promo-

tion with triflic anhydride (Tf2O) and buffering with 2,6-di-tert-butyl-4-methylpyridine 

(DTBMP) the formation of 9a as ,-isomeric mixture occurred in poor 14 % yield (Scheme 

6.3). This glycosylation method is particularly used for the glycosylation of unreactive nucle-

ophiles. On the other hand, this type of glycosyl donor is known to often lead to the for-

mation of ,-isomeric mixtures.[130] Also here, even in the presence of participating benzoyl 

groups, the reaction led to the ,-isomeric mixture of 9a. The gated decoupled 13C NMR 

spectrum shows the heterocoupling constant JC-1, H-1 of 173.88 Hz for all three C-1 mannosyl 

carbon atoms, a value indicating the formation of -conformation of all three glycosidic link-

ages[111, 131] (cf. chapter 8, Figure 8.66). Based on the chemical shift of both hydrogen and 

carbon atoms on the HSQC NMR spectra (cf. chapter 8, Figure 8.65) it can be hypothesized 
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that the - and -anomeric mixture was formed. On the other hand, the ratio of the ob-

tained stereoisomers could not be determined at this point since chemical peaks of both - 

and -anomeric atoms are overlapping with other hydrogen atoms of molecule 9a.  

 

Scheme 6.3: Synthesis of the undesired ,-isomeric mixture of 9a in glycosylation attempt 
of 6a when 7d mannosyl donor was used. 

Because of the undesired and unexpected results in the mannosylation of the azide 6 a new 

synthetic pathway was seeked, employing the enantiomeric scaffold molecules 3a and 3b in 

a glycosylation reaction with the known mannosyl bromide 7c under mild reaction condi-

tions using silver triflate and buffering with acid scavenger 2,4,6-collidine (Scheme 6.4). 

 

Scheme 6.4: Synthesis of undesired 1,2-orthoesters 12a and 12b. The mannosylation of the 
enantiomeric scaffold molecules 3a and 3b with glycosyl donor 7c yielded en-
do/exo isomeric mixture of 1,2-orthoesters 10a and 10b. 
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However, this reaction led to a diastereomeric mixture of glycosyl orthoesters, 10 and 10b. 

The orthoester formation occurs when the acceptor attacks the electrophilic carbon of the 

dioxolane ring of the bicyclic intermediate instead of on the anomeric carbon. Here, -1,2-

orthoester endo/exo isomeric mixture was formed (Figure 6.3). This was revealed after a 

final deprotection step, when the NMR analysis of 12a and 12b revealed the alkoxy group at 

the dioxolan ring of endo/exo isomers.[132] The full determination of individual compounds is 

represented in the supplementary information (cf. chapter 8, page 175-183).  

 

Figure 6.3: Schematic illustration of exo/endo 1,2-orthoester formation. Synthetic path-
ways a) and b) show possible ways for the formation of exo and endo isomers 
configured dioxolane rings from benzylidene derivative.  

At first sight, the formation of the 1,2-orthoester could not be identified clearly. The chemi-

cal shift for H-1 mannosyl proton of the respective mannosyl 1,2-orthoester was found 

downfield-shifted in the 1H NMR spectra and in this case overlapped with the H-4 mannosyl 

proton. Hence, the coupling constant for anomeric proton could not be measured. However, 

the formation of 1,2-orthoesters could be confirmed with the HMBC NMR spectrum with 

152 MHz what indicated multiple bond correlations between the quaternary carbon of the 

formed orthoester, the neighboring ortho-protons of the phenyl ring and H-1 mannosyl pro-

ton (cf. chapter 8, Figure 8.81 and Figure 8.85). The clear identification of the formed ortho-

esters was observed in the final step after the ZEMPLÉN deprotection of 11a and 11b in the 

synthesis of 12a and 12b. The gated decoupled 13C NMR spectrum shows the characteristic 

heterocoupling constant  JC-1, H-1 of 171.6 Hz for C-1 mannosyl carbons of dimannoside resi-

due[133] where coupling constant JC-1, H-1 of 177.9 Hz was found characteristic for -mannosyl  

1,2-orthoesters[134] (cf. chapter 8, Figure 8.82 and Figure 8.86). Additionally, all formed 1,2-
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orthoesters in the synthetic pathway were characterized by HMBC NMR spectra measured 

under 152 MHz.  

The performed three-step synthetic route provided the undesired 1,2-orthoester in-

termediates in a rather high yield. Hence, we aimed to isomerize the orthoesters into the 

respective glycosides and the unprotected intermediates 12a and 12b were treated with 

TMSOTf as a catalyst for orthoesters rearrangement.[61a, 111, 135] The catalytic role of TMSOTf 

is to provide reaction conditions for the formation of 1,2-benzylidene oxonium which then 

can be attacked by the masked silyl ether Me3SiOR and form the expected 1,2-trans-

glycosides. However, the use of TMSOTf catalyst in the presence of deuterated water as a 

solvent reaction led to ,-isomeric mixture of A and substrate B (Figure 6.4). Orthoester 

rearrangement should be performed with 10a and 10b substrates in an organic solvent. Al-

ternatively, the glycosylation conditions of 3a and 3b should be further optimized.  

 

Figure 6.4: Schematic illustration of 1,2-orthoester rearrangement of 12b. Under the de-
scribed reaction conditions, hydrolyzed compound A and silylated compound 
B were obtained.  
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7 Summary 

The work of this thesis was focused around the question if the relative orientation of carbo-

hydrates in space is a critical factor that directs carbohydrate-protein interactions. In order 

to probe this hypothesis, for which some evidence has been provided recently, various ap-

proaches were followed to achieve novel glycoclusters of different architecture. They all had 

in common that through the variation of the configuration at a central stereocentre within 

the scaffold moiety, the three-dimensional carbohydrate presentation was varied. In the first 

section of this thesis, stereoisomeric heterotrivalent glycoclusters were targeted and for this, 

stereoselective synthesis was used for the preparation of tetrafunctional enantiomeric scaf-

fold molecules. Here, SHARPLESS epoxidation of an allylic alcohol formed the key step of the 

synthetic pathway. Enantiomeric epoxides were achieved with up to 91 % ee (enantiomeric 

excess) and their configuration was assigned using the MOSHER reagent and analysis by NMR 

spectroscopy. In the second part of the synthetic pathway, the obtained enantiomeric scaf-

fold molecules were submitted to regioselective orthogonal protection-deprotection steps in 

order to form tetrafunctional enantiomeric scaffold molecules for the further glycosylation. 

Two different attempts were undertaken to achieve the targeted heterotrivalent glycoclus-

ters. In the first glycosylation pathway, the enantiomeric tetrafunctional scaffolds were used 

as glycosyl acceptors. But along this route, an allyl protecting group was found to be not 

suitable for glycosylation step due to its electron-withdrawing properties. Thus, a silyl ether 

(TBDPS)-protected oxazoline intermediate was used as the glycosyl acceptor in the second 

glycosylation pathway. However, in this case, the formation of undesired 1,2-orthoester side 

products was observed under KOENIGS-KNORR glycosylation conditions, and unfortunately, 

attempts to rearrange the formed orthoester were not successful. To eventually arrive at the 

target glycocluster stereoisomers, the essential enantiomeric scaffolds were provided with 

the herein described work (Figure 7.1). 

 

Figure 7.1:  Summary of the prepared tetrafunctional scaffolds and isomeric glycosides. 
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In the second part of this thesis, a chiral pool approach was followed to provide a focused 

library of heterodivalent glycoclusters diastereomers, which can be considered 

“pseudoenantiomers”. Readily available D- and L-serine, respectively, were used as enanti-

opure starting materials and converted into enantiomeric trifunctional scaffold molecules 

carrying an azido functional group and two hydroxyl groups which could be subsequently 

addressed in glycosylation steps with various glycosyl donors.  

 

Figure 7.2: Summary of the prepared trifunctional scaffolds and from them heterodiva-
lent glycoclusters derivatives. 

All synthesized glycoclusters contain -D-mannoside moiety, which is known as the ligand of 

the bacterial lectin FimH, which is found on the tips of type 1 fimbriae, expressed by E. coli 

bacteria (Figure 7.2). Four pairs of diastereomeric heterodivalent glycoclusters were ob-

tained and tested as inhibitors of type 1 fimbriae-mediated bacterial adhesion and in addi-

tion as ligands of the Jack Bean lectin Concanavalin A. 

 

Figure 7.3: Biological evaluation of diastereomeric ManGlc glycocluster pair in the 
standard adhesion-inhibition assay. All illustrations shown on the upper side 
of this figure are referring to ManGlc glycocluster pair derived from D-
serine amino acid whereas on the bottom side the effect of the ManGlc 
glycocluster derived from L-serine is depicted.  
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Strikingly, the diastereomeric pair of the -D-glucoside--D-mannose glycocluster, exhibited 

very different potency as inhibitors of type 1 fimbriae-mediated bacterial adhesion. The gly-

cocluster based on the L-serine-derived scaffold exhibited a 20-fold higher inhibitory potency 

than its D-serine derived analog (Figure 7.3). On the other hand, no significant binding differ-

ence was seen with the plant ConA lectin. These exciting findings were partly rationalized by 

molecular modeling (performed by Dr. G. DESPRAS) but in the future, the thermodynamic pa-

rameters of the observed carbohydrate-protein interaction with diastereomeric heterobiva-

lent glycoclusters should be further investigated, involving isothermal titration calorimetry 

and other analytical methods.  

In the end, numerous assays were performed to test the influence of carbohydrate 

orientation on fabricated glycoarrays. For these tests, the most relevant diastereomeric het-

erodivalent glycoclusters were derivatized and ligated to glass slides. Type 1 fimbriae-

mediated adhesion of E. coli to the fabricated glycoarrays was tested under static conditions 

as well as under flow (Figure 7.4). Again it was demonstrated, that the relative stereochem-

istry of carbohydrate presentation on a surface is a regulating factor in carbohydrate-protein 

interactions. However, the results obtained in the biological testing under flow remain pre-

liminary at this point due to methodological inadequacies. 

 

Figure 7.4: Biological evaluation of diastereomeric ManGlc glycocluster pair in differ-
ent biological assays (A and B). All illustrations shown on the upper side of this 
figure are referring to ManGlc glycocluster pair derived from D-serine ami-
no acid whereas on the bottom the effect of ManGlc glycocluster pair de-
rived from L-serine is depicted. 
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In the third part of this thesis, diastereomeric pairs of homotrivalent cluster mannosides 

were targeted, building on intermediates that were made available by preceding work (Fig-

ure 7.5). The synthesis of homotrivalent glycoclusters was undertaken from two different 

synthetic pathways. In the first synthetic pathway employing CuAAC ligation a divalent man-

nose cluster was first provided, but the final mannosylation caused unexpected problems. It 

turned out that in the last mannosylation step the undesired , mixture of anomers was 

formed. Therefore, a different synthetic pathway was used, where the primary hydroxyl 

group of the trifunctional enantiomeric scaffold was first used as a glycosyl acceptor for a 

mannosylation attempt. Here again, the mannosylation step led to the undesired 1,2-

orthoester formation as a mixture of endo and exo isomers. Again, orthoesters rearrange-

ment was not successful. 

 

Figure 7.5: Summary of the prepared trifunctional scaffolds and from them homovalent 
glycoclusters derivatives. 

In conclusion, novel homo- and heterovalent glycoclusters were achieved, in which the con-

figuration at a central stereocenter of the scaffold moiety is varied (inverted). Two classical 

approached were successfully followed, stereoselective synthesis and a chiral pool ap-

proach. Most importantly, the obtained molecular tool indeed allowed us to show, that car-

bohydrate presentation makes a difference in carbohydrate-protein interactions. In spite of 

the fact that some data collected in this thesis remain preliminary, a new door into a better 

understanding of how carbohydrate recognition is regulated in nature has been opened: 

Relative orientation of carbohydrate ligands is a regulating structural parameter in carbohy-

drate-protein interactions as shown with some of the herein presented new glycoclusters. It 

will be interesting to further investigate whether and how the variation of asymmetric cen-

ters and overall carbohydrate orientation influences lectin binding. 
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8 Experimental section 

8.1  General methods 

Reaction and reaction monitoring 

Air- or moisture-sensitive reactions were carried out under nitrogen in dry glassware unless 

otherwise stated. Solvents were purchased as technical grade solvents and purified by distil-

lation before use. All reactions were monitored by thin-layer chromatography (TLC) on silica 

gel plates (GF 254, Merck). Detection of spots was effected by UV light and/or subsequent 

charring with 10 % sulphuric acid in ethanol, vanillin, or ninhydrin followed by heat treat-

ment at ∼150 °C. Flash chromatography was performed on silica gel 60 (0.040–0.063 mm) 

using distilled solvents or with column machine “Interchim PuriFlash 450”. Optical rotations 

were measured with a PerkinElmer 241 polarimeter (sodium D-line: 589 nm) in the solvents 

indicated. Cryostat FP40 machine was used to maintain constant temperatures at low tem-

peratures from -20 to -25 ° C. 

Spectroscopic methods 

Nuclear magnetic resonance-NMR 
1H and 13C NMR spectra were recorded on a Bruker Avance 200, Bruker ARX300, Bruker 

AvanceNeo 500 and Bruker Avance 600 spectrometer at 298 K. Chemical shifts (in ppm) are 

relative to residual non-deuterated solvent as an internal reference if not differently stated. 

Full assignment of the peaks was achieved with the aid of 2D NMR techniques (1H-1H COSY, 
1H-13C HSQC, 1H-13C HMBC and 1H-1H NOESY). Data are presented as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and br = broad 

signal), coupling constant in Hertz (Hz) and, integration. 

Infrared spectroscopy-IR 

Infrared spectra were measured with a Perkin Elmer FT-IR Paragon 1000 (ATR) spectrometer 

and were reported in cm-1. 

Mass spectroscopy-MS 
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ESI mass spectra were recorded on an Applied Biosystems (Applera) Mariner 5280 instru-

ment ESI-TOF and HR (high resolution) MS ESI spectra on a ThermoFisher Orbitrap (Q Exac-

tive Plus from Thermo Scientific). 

8.2 Synthetic procedures for Chapter 3 

For the characterization of enantiomeric scaffolds, carbon atoms of the core moiety are 

numbered as described in Figure 8.1. Compounds derived after SHARPLESS epoxidation with  

(-) DET catalyst are specified by an "a", and their enantiomeric counterparts, derived from (+) 

DET catalyst, by "b". Compounds are named according to IUPAC nomenclature. 

 

Figure 8.1.  Atom numbering for NMR data description of the synthesized compounds. 

General procedure for catalytic asymmetric SHARPLESS epoxidation (procedure A).[100a, 136] To 

a round bottom flask with activated 3 Å molecular sieves (35 % of the mass of allyl alcohol), 

anhydrous dichloromethane (c = 0.6 M) was added. To the flask was added either (-) or (+) 

diethyl tartrate (0.13 eq.) and titanium(IV) isopropoxide (0.1 eq.) at 0 °C (ice bath). The reac-

tion mixture was stirred for 20 min at 0 °C then it was cooled down to -20 °C, using a cryostat 

machine and tert-butyl hydroperoxide (2.4 eq., c = 5.5 M in decane, over 4 Å molecular 

sieves) was added dropwise in a period of 15 minutes at 500 rpm at -20 °C. The reaction mix-

ture was stirred for 45 min at -20 °C. The monoprotected allylic alcohol was dissolved in an-

hydrous dichloromethane (c = 1.0 M) in the presence of 3 Å molecular sieves (6.7 % of the 

mass of allyl alcohol) and the resutlting solution with molecular sieves was added dropwise 

to the reaction mixture at an initial temperature at -23 °C in a period of 15 minutes at 500 

rpm. The mixture was stirred at 500 rpm for 2.5 hours at -23 °C in a cryostat then stirred at 

the same speed at -12 °C until completion. Afterwards, the solution was warmed to 0 °C, 

quenched with water and stirred additionally for 45 min at 0 °C. To the reaction mixture 

were added 5 to 6 drops of 30 % sodium hydroxide in satd. sodium chloride solution and 

stirred vigorously to clear out the formed white emulsion what allowed the phase separa-
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tion. The aqueous phases were extracted with dichloromethane and the combined organic 

layers were washed with brine, dried over magnesium sulfate, filtered and concentrated. 

The residue was purified by flash chromatography to afford the expected compound as 

translucent syrup.  

General procedure and analysis for MOSHER ester formation of epoxy alcohols (procedure 

B).[99, 137] This method was used for the determination of enantiomeric excess (ee) and for 

the assignment of the absolute configuration of formed epoxy alcohols after asymmetric 

SHARPLESS epoxidation. The epoxy alcohol was dissolved with anhydrous dichloromethane  

(c = 0.3 M) then 4-(dimethylamino)pyridine (1 eq.), triethylamine (4.7 eq.) and either S-(+) or 

R-(-)--methoxy--(trifluoromethyl)phenylacetyl chloride (MTPA chloride, 1.4 eq.) were 

added sequentially at room temperature. The solution warmed up and turned orange. Reac-

tions were generally completed in 30 min to 60 min. It is important to ensure full completion 

of reaction since kinetic resolution in an incomplete reaction might significantly alter ee de-

termination. The reaction was quenched by the addition of 3-(dimethylamino)propylamine 

(1-3 drops) and concentrated. The residue was passed through a short plug of silica gel in 

order to remove polar impurities.  

General procedure for trichloroacetimidate formation from epoxy primary alcohol (proce-

dure C). The starting material was dissolved in anhydrous dichloromethane (c = 0.2 M) and 

1,8-diazabicycloundec-7-ene (0.1 eq.) and trichloroacetonitrile (1.1 eq.) were added at 0 °C 

(ice bath). The mixture was allowed to warm to room temperature then stirred until comple-

tion. Aq. satd. solution of sodium bicarbonate was added to the mixture at 0 °C. The aqueous 

phases were extracted with dichloromethane then the combined organic layers were 

washed with brine, dried over magnesium sulfate, filtered and concentrated. The residue 

was purified by flash chromatography to afford the expected compound. 

General procedure for Et2AlCl-catalyzed cyclization of epoxy trichloroacetimidates (proce-

dure D). The epoxy trichloroacetimidate was dissolved in anhydrous tetrahydrofuran  

(c = 0.15 M) and activated 4 Å molecular sieves were added (30 % of the mass of starting ma-

terial). To the mixture, diethyl aluminum chloride (0.5 eq., c = 1.0 M in hexane) was added 

dropwise at 0 °C. The mixture was allowed to warm to room temperature then stirred until 

reaction completion and aq. satd. sodium bicarbonate was added at 0 °C. The aqueous phas-
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es were extracted with dichloromethane then the combined organic layers were washed 

with brine, dried over magnesium sulfate, filtered and concentrated. The residue was puri-

fied by flash chromatography to afford the expected compound. 

2-(tert-Butyldiphenylsilanyloxymethyl)prop-2-en-1-ol (3). Sodium hydride (60 % dispersion 

in mineral oil, 90.0 mg, 22.7 mmol, 1 eq.) was added to a solution of 2-methylene-1,3-

propanediol (2.0 g, 22.7 mmol) in anhydrous tetrahydrofuran (c = 0.4 M, 56 mL) at 0 °C (ice 

bath). After stirring for 1 h tert-butyl(chloro)diphenylsilane (5.90 mL, 22.7 mmol, 1 eq.) was 

added and the mixture was stirred for 18 h at room temperature. The solution was then 

cooled to 0 °C, quenched with ice/water (60 mL) and aqueous phases were extracted with 

ethyl acetate. Then the combined organic layers were washed with brine, dried over magne-

sium sulfate, filtered and concentrated. The residue was purified by flash chromatography to 

afford the expected compound 3 as colorless oil (5.60 g, 76 %). Analytical and spectroscopic 

data were found to be in agreement with the reported literature[138]; 1H NMR (500 MHz, 

CDCl3, TMS) δ 7.73–7.60 (m, 4H, 4 H-Ar), 7.48-7.32 (m, 6H, 6 H-Ar), 5.16-5.14 (m, 1H, H-3a), 

5.12-5.11 (m, 1H, H-3b), 4.26 (s, 2H, H-1), 4.17 (s, 2H, H-4), 1.09-1.03 (m, 9H, Si-C(CH3)3) 

ppm; 13C NMR (126 MHz, CDCl3, TMS) δ 147.1 (C-2), 135.5, 133.2, 129.8, 127.7 (4 C, 4 C-Ar), 

111.2 (C-3), 65.6 (C-1), 64.5 (C-4), 26.8 (Si-C(CH3)3), 19.2 (Si-C(CH3)3) ppm. 

(R)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxiran-2-yl)-propane-1-ol (4a). General proce-

dure A for SHARPLESS epoxidation was applied to 3 (1.50 g, 4.60 mmol). Reagents and condi-

tions: (-)-diethyl tartrate (102 µL, 598 µmol, 0.13 eq.), titanium(IV) isopropoxide (136 µL, 460 

µmol, 0.1 eq.), tert-butyl hydroperoxide (2.0 mL, 2.4 eq., c = 5.5 M in decane, over 4 Å molec-

ular sieves), anhydrous dichloromethane (c = 0.4 M, 11.5 mL). Flash chromatography with 

ethyl acetate/cyclohexane 15/85 yielded compound 4a (1.30 g, 83 %, 83 % ee) as a translu-

cent syrup; Rf = 0.3 (ethyl acetate/cyclohexane 1.5/8.5); []20
D  = + 6.0 (c 1 , chloroform); 1H 

NMR (600 MHz, CDCl3) δ 7.72-7.61 (m, 4H, 4 H-Ar), 7.48-7.35 (m, 6H, 6 H-Ar), 3.94 (dd, 2J4a,4b 

= 12.3 Hz, 3J4a,OH = 4.8 Hz, 1H, H-4a), 3.88-3.74 (m, 3H, H-4b, H-1), 2.85 (d, 2J3a,3b = 4.8 Hz, 1H, 

H-3a), 2.66 (d, 2J3a,3b = 4.8 Hz, 1H, H-3b), 1.81 (dd, 3J4b,OH = 8.2 Hz, 3J4a,OH = 4.8 Hz, 1H, OH), 

1.06 (s, 9H, Si-(CH3)3) ppm; 13C NMR (151 MHz, CDCl3) δ 135.6, 132.9, 132.8, 129.9, 127.8 (12 

C, 10 C-Ar), 64.8 (C-1), 61.8 (C-4), 59.6 (C-2), 48.9 (C-3), 26.8 (Si-C(CH3)3), 19.2 (Si-C(CH3)3) 

ppm; IR (ATR) vmax/cm-1 3433, 3071, 2930, 2857, 1427, 1110, 700; ESI-HRMS: m/z calcd. for 

C20H26O3Si + Na+ = 365.15434 [M+Na]+; found 365.15414. 
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(S)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxiran-2-yl)-propane-1-ol (4b). General proce-

dure A for SHARPLESS epoxidation was applied to 3 (1.70 g, 5.1 mmol). Reagents and condi-

tions: (+)-diethyl tartrate (113 µL, 662 µmol, 0.13 eq.), titanium(IV) isopropoxide (151 µL, 510 

µmol, 0.1 eq.), tert-butyl hydroperoxide (2.30 mL, 2.4 eq., c = 5.5 M in decane, over 4 Å mo-

lecular sieves), anhydrous dichloromethane (c = 0.4 M, 12.8 mL). Flash chromatography with 

ethyl acetate/cyclohexane 1/4 yielded compound 4b (1.20 g, 70 %, 88 % ee) as a translucent 

syrup; Rf = 0.3 (ethyl acetate/cyclohexane 1/4); []20
D = - 6.1 (c 1, chloroform);  

1H NMR (500 MHz, CDCl3) δ 7.70-7.63 (m, 4H, 4 H-Ar), 7.49-7.35 (m, 6H, 6 H-Ar), 3.95 (dd, 
2J4a,4b = 12.3 Hz, 3J4a,OH = 4.8 Hz, 1H, H-4a), 3.88-3.76 (m, 3H, H-4b, H-1), 2.87 (d, 
2J3a,3b = 4.8 Hz, 1H, H-3a), 2.67 (d, 2J3a,3b = 4.8 Hz, 1H, H-3b), 1.81 (dd, 3J4b,OH = 8.2 Hz, 
3J4a,OH = 4.8 Hz, 1H, OH), 1.09 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) δ 135.6, 

132.9, 132.8, 129.9, 127.8 (12 C, 12 C-Ar), 64.9 (C-1), 61.9 (C-4), 59.5 (C-2), 48.9 (C-3), 26.8 

(Si-C(CH3)3), 19.2 (Si-C(CH3)3) ppm; IR (ATR) vmax/cm-1 3443, 3071, 2930, 2857, 1427, 1109, 

700; ESI-HRMS: m/z calcd. for C20H27O3Si + Na+ + H+ = 343.17240 [M+Na+H]+; found 

343.17226. 

(S)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxirane)-propyl-(R)--methoxy--

trifluoromethyl-phenylacetate (2S, 6R)-5a. General procedure B for MOSHER ester analysis 

was applied to starting material 4a (R) (11.0 mg, 32.0 µmol). Reagents and conditions: (S)-

(+)--methoxy--trifluoromethylphenylacetyl chloride (8.0 µL, 42.0 mmol, 1.3 eq.),  

4-(dimethylamino)pyridine (4.0 mg, 32.0 µmol, 1 eq.), triethylamine (21.0 µL, 150 µmol,  

4.7 eq.), 3-(dimethylamino)propylamine (1-3 drops), anhydrous dichloromethane (c = 0.3 M, 

106 µL). The residue was passed through short plug of silica gel in order to remove polar im-

purities with ethyl acetate/cyclohexane 1/20 providing MOSHER ester (2S, 6R)-5a (14.0 mg, 79 

%) as yellow syrup. The product was obtained along with the minor diastereoisomer (2R, 

6R)-5c; Rf = 0.3 (ethyl acetate/cyclohexane 1/20); []20
D = + 18.0 (c 0.8 , chloroform); 1H NMR 

(500 MHz, C6D6, TMS) δ 7.74-7.63 (m, 6H, 6 H-Ar), 7.23-7.17 (m, 6H, 6 H-Ar), 7.10-6.97 (m, 

3H, 3 H-Ar), 4.53 (d, 2J4a,4b = 11.9 Hz, 1H, H-4a), 4.25 (d, 2J4a,4b = 11.9 Hz, 1H, H-4b), 3.59 (ABq, 

1a,1b = 0.05 ppm, 2J1a,1b = 11.5 Hz, 2H, H-1), 3.57 (br s, 3H, O-CH3), 2.24 (ABq, 3a,3b = 0.14 

ppm, 2J3a,3b = 4.9 Hz, 2H, H-3), 1.10 (s, 9H, Si-(CH3)3) ppm;  13C NMR (126 MHz, C6D6, TMS) δ 

166.3 (R-CO2R´), 136.0, 135.9, 133.3, 133.2, 130.2, 129.8, 128.7, 128.3, 128.2, 128.0 (18 C, 18 

C-Ar), 85.4 (CF3), 64.7 (C-4), 64.3 (C-1), 57.3 (C-2), 55.4 (O-CH3), 48.3 (C-3), 27.2, 26.9 (Si-
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C(CH3)3), 19.4 (Si-C(CH3)3) ppm; IR (ATR) vmax/cm-1 2931, 2857, 1754, 1472, 1168, 1107, 700; 

ESI-HRMS: m/z calcd. for C30H34O5F3Si + H+ = 559.21221 [M+H]+; found 559.21183. 

(S)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxirane)-propyl-(S)--methoxy--

trifluoromethyl-phenylacetate (2S, 6S)-5b. General procedure B for MOSHER ester analysis 

was applied to starting material 4a (R) (10.0 mg, 30.0 µmol). Reagents and conditions: (R)-(-)-

-methoxy--trifluoromethylphenylacetyl chloride (7.0 µL, 37.0 µmol, 1.3 eq.),  

4-(dimethylamino)pyridine (4.0 mg, 30.0 µmol, 1 eq.), triethylamine (19.0 µL, 136 µmol,  

4.7 eq.), 3-(dimethylamino)propylamine (1-3 drops), anhydrous dichloromethane (c = 0.3 M, 

100 µL). The residue was passed through short plug of silica gel in order to remove polar im-

purities with ethyl acetate/cyclohexane 1/20 providing MOSHER ester (2S, 6S)-5b (13.0 mg,  

80 %) as a yellow syrup. The product was obtained along with the minor diastereoisomer 

(2R, 6S)-5d. Enantiomeric excess was determined by  1H NMR analysis in C6D6 at 500 MHz 

focusing on the terminal methylene protons between δ 2.40-2.10 ppm; Rf = 0.3 (ethyl ace-

tate/cyclohexane 1/20); []20
D  = - 17 (c 0.8 , chloroform); 1H NMR (500 MHz, C6D6, TMS) δ 

7.71-7.65 (m, 6H, 6 H-Ar), 7.22-7.17 (m, 6H, 6 H-Ar), 7.08-7.00 (m, 3H, 3 H-Ar), 4.35 (ABq, 

4a,4b = 0.17 ppm, 2J4a,4b = 11.8 Hz, 2H, H-4), 3.61 (br s, 2H, H-1), 3.38 (br s, 3H, O-CH3), 2.23 

(ABq, 3a,3b = 0.04 ppm, 2J3a,3b = 4.23 Hz, 2H, H-3), 1.09 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 

MHz, C6D6, TMS) δ 166.3 (R-CO2R´), 136.0, 135.9, 133.46, 133.2, 130.2, 129.8, 128.6, 128.3, 

128.2, 127.9 (18 C, 18 C-Ar), 85.4 (CF3), 65.3 (C-4), 63.9 (C-1), 57.2 (C-2), 55.4 (O-CH3), 48.7 

(C-3), 26.9 (Si-C(CH3)3), 19.4 (Si-C(CH3)3) ppm; IR (ATR) vmax/cm-1 2931, 2857, 1754, 1472, 

1168, 1107, 700; ESI-HRMS: m/z calcd. for C30H34O5F3Si + H+ = 559.21221 [M+H]+; found 

559.21190.  

(R)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxiran-2-yl)-propyl-(R)--methoxy--

trifluoromethyl-phenylacetate (2R, 6R)-5c. General procedure B for MOSHER ester analysis 

was applied to 4b (S) (13.0 mg, 39.0 µmol). Reagents and conditions: (S)-(+)--methoxy--

trifluoromethylphenylacetyl chloride (10.0 µL, 51.0 mmol, 1.3 eq.),  

4-(dimethylamino)pyridine (5.0 mg, 39.0 µmol, 1 eq.), triethylamine (26.0 µL, 183 µmol,  

4.7 eq.), 3-(dimethylamino)propylamine (1-3 drops), anhydrous dichloromethane (c = 0.3 M, 

130 µL). The residue was passed through short plug of silica gel in order to remove polar im-

purities with ethyl acetate/cyclohexane 1/20 providing MOSHER ester (2R, 6R)-5c (15.0 mg, 
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70 %) as a yellow syrup. The product was obtained along with the minor diastereoisomer 

(2S, 6R)-5a. Enantiomeric excess was determined by  1H NMR analysis in C6D6 at 500 MHz 

focusing on the terminal methylene between δ 2.40-2.10 ppm; Rf = 0.3 (ethyl ace-

tate/cyclohexane 1/20); []20
D  = + 16 (c 1 , chloroform); 1H NMR (500 MHz, C6D6) δ 7.73-7.62 

(m, 6H, 6 H-Ar), 7.23-7.17 (m, 6H, 6 H-Ar), 7.10-6.98 (m, 3H, 3 H-Ar), 4.35 (ABq, 4a,4b = 0.17 

ppm, 2J4a,4b = 11.8 Hz, 2H, H-4), 3.61 (br s, 2H, H-1), 3.38 (br s, 3H, O-CH3), 2.23 (ABq, 3a,3b = 

0.04 ppm, 2J3a,3b = 4.86 Hz, 2H, H-3), 1.09 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 MHz, C6D6, 

TMS) δ 166.3 (R-CO2R´), 136.0, 135.9, 133.46, 133.2, 130.2, 129.8, 128.6, 128.2, 127.9 (18 C, 

18 C-Ar), 85.0 (CF3), 65.3 (C-4), 63.9 (C-1), 57.2 (C-2), 55.4 (O-CH3), 48.7 (C-3), 26.9 (Si-

C(CH3)3), 19.4 (Si-C(CH3)3) ppm; IR (ATR) vmax/cm-1 2931, 2857, 1754, 1472, 1168, 1107, 700; 

ESI-HRMS: m/z calcd. for C30H34O5F3Si + H+ = 559.21221 [M+H]+; found 559.21162. 

(R)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxiran-2-yl)-propyl-(S)--methoxy--

trifluoromethyl-phenylacetate (2R, 6S)-5d. General procedure B for MOSHER ester analysis 

was applied to starting material 4b (S) (10.0 mg, 28.0 µmol). Reagents and conditions: (R)-(-)-

-methoxy--trifluoromethylphenylacetyl chloride (7.0 µL, 36.0 µmol, 1.3 eq.),  

4-(dimethylamino)pyridine (3.40 mg, 28.0 µmol, 1 eq.), triethylamine (18 µL, 132 µmol,  

4.7 eq.), 3-(dimethylamino)propylamine (1-3 drops), anhydrous dichloromethane (c = 0.3 M, 

100 µL). The residue was passed through a short plug of silica gel in order to remove polar 

impurities with ethyl acetate/cyclohexane 1/20 providing MOSHER ester (2R, 6S)-5d (16.0 mg, 

quantitative) as a yellow syrup. The product was obtained along with the minor diastereoi-

somer (2S, 6S)-5b; Rf = 0.3 (ethyl acetate/cyclohexane 1/20); []20
D  = - 19 (c 1, chloroform); 1H 

NMR (500 MHz, C6D6, TMS) δ 7.73-7.65 (m, 6H, 6 H-Ar), 7.24-7.18 (m, 6H, 6 H-Ar), 7.10-6.99 

(m, 3H, 3 H-Ar), 4.53 (d, 2J4a,4b = 11.9 Hz, 1H, H-4a), 4.26 (d, 2J4a,4b = 11.9 Hz, 1H, H-4b), 3.59 

(ABq, 1a,1b = 0.05 ppm, 2J1a,1b = 11.6 Hz, 2H, H-1), 3.36 (br s, 3H, O-CH3), 2.32 (d, 2J3a,3b = 4.8 

Hz, 1H, H-3a), 2.18 (d, 2J3a,3b = 4.8 Hz, 1H, H-3b), 1.10 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 

MHz, C6D6, TMS) δ 166.3 (R-CO2R´), 136.0, 135.9, 133.3, 133.2, 132.8, 130.2, 129.8, 128.7, 

128.3, 128.2 (18 C, 18 C-Ar), 85.0 (CF3), 64.7 (C-4), 64.3 (C-1), 57.3 (C-2), 55.3 (O-CH3), 48.3 

(C-3), 26.9 (Si-C(CH3)3), 19.4 (Si-C(CH3)) ppm; IR (ATR) vmax/cm-1 2931, 2857, 1754, 1472, 

1168, 1107, 700; ESI-HRMS: m/z calcd. for C30H34O5F3Si + H+ = 559.21221 [M+H]+; found 

559.21194. 
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(S)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxiran-2-yl)-propane-1-trichloroacetimidate 

(6a). General procedure C for trichloroacetimidate formation was applied to 4a (R) (1.0 g, 

3.10 mmol). Reagents and conditions: 1,8-diazabicycloundec-7-ene (46.0 µL, 306 µmol,  

0.1 eq.), trichloroacetonitrile (340 µL, 3.40 mmol, 1.1 eq.), anhydrous dichloromethane  

(c = 0.2 M, 15.4 mL). Flash chromatography with ethyl acetate/cyclohexane 1/20 yielded 

compound 6a (S) (900 mg, 60 %) as a yellow viscous gel; Rf = 0.3 (ethyl acetate/cyclohexane 

1/20); []20
D  = + 3 (c 1 , chloroform); 1H NMR (500 MHz, CDCl3) δ 8.38 (s, 1H, NH), 7.78-7.60 

(m, 4H, 4 H-Ar), 7.51-7.35 (m, 6H, 6 H-Ar), 4.54 (ABq, 4a,4b = 0.07 ppm, 2J4a,4b = 11.4 Hz, 2H, 

H-4), 3.86 (ABq, 1a,1b = 0.08 ppm, 2J1a, 1b = 11.4 Hz, 2H, H-1), 2.87 (d, 2J3a,3b = 4.9 Hz, 1H, H-

3a), 2.77 (d, 2J3a,3b = 4.9 Hz, 1H, H-3b), 1.06 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) 

δ 162.5 (NH=C-CCl3), 135.6, 132.9, 129.8, 127.8 (12C, 12 C-Ar), 91.1 (NH=C-CCl3), 68.5 (C-4), 

63.7 (C-1), 57.7 (C-2), 49.2 (C-3), 26.7 (Si-C(CH3)3) 19.3 (Si-C(CH3)3) ppm; IR (ATR) vmax/cm-1 

3343, 3071, 2930, 2857, 1666, 1111, 1085, 795; ESI-HRMS: m/z calcd. for C22H27NO3Cl3Si = 

486.08203 [M+H]+; found 486.08203. 

(R)-2-((tert-Butyldiphenylsilanyloxymethyl)-oxiran-2-yl)-propane-1-trichloroacetimidate 

(6b). General procedure C for trichloroacetimidate formation was applied to 4b (S) (1.20 g, 

3.50 mmol). Reagents and conditions: 1,8-diazabicycloundec-7-ene (53.0 µL, 350 µmol, 0.1 

eq.), trichloroacetonitrile (386 µL, 3.90 mmol, 1.1 eq.), anhydrous dichloromethane (c = 0.2 

M, 17.5 mL). Flash chromatography with ethyl acetate/cyclohexane 1/20 yielded compound 

6b (R) (1.10 g, 65 %) as a yellow viscous gel; Rf = 0.3 (ethyl acetate/cyclohexane 1/20); 

 []20
D  = - 3 (c 1 , chloroform); 1H NMR (500 MHz, CDCl3, TMS) δ 8.37 (s, 1H, NH), 7.72-7.60 

(m, 4H, 4 H-Ar), 7.50-7.34 (m, 6H, 6 H-Ar), 4.54 (ABq, 4a,4b = 0.07 ppm, 2J4a,4b = 11.7 Hz, 2H, 

H-4), 3.85 (ABq, 1a,1b = 0.07 ppm, 2J1a,1b = 11.4 Hz, 2H, H-1), 2.88 (d, 2J3a,3b = 4.9 Hz, 1H, H-

3a), 2.77 (d, 2J3a,3b = 4.9 Hz, 1H, H-3b), 1.06 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 MHz, CDCl3, 

TMS) δ 162.5 (NH=C-CCl3), 135.6, 132.9, 129.9, 129.8, 127.8, 127.7 (12C, 12 C-Ar), 91.0 

(NH=C-CCl3), 68.5 (C-4), 63.7 (C-1), 57.9 (C-2), 49.2 (C-3), 26.7 (Si-C(CH3)3), 19.3 (Si-C(CH3)3) 

ppm; IR (ATR) vmax/cm-1 3343, 3071, 2930, 2857, 1666, 1111, 1085, 795; ESI-HRMS: m/z 

calcd. for C22H27NO3Cl3Si + Na+ = 508.06397 [M+Na]+; found 508.06382. 
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(S)-4-((tert-Butyldiphenylsilanyloxymethyl)-hydroxymethyl)-2-(trichloromethyl)-2-

oxazoline (7a). General procedure D for oxazoline formation was applied to 6a (S) (600 mg, 

1.23 mmol). Reagents and conditions: diethylaluminium chloride (616 µL, 0.5 eq., c = 1.0 M in 

hexane), anhydrous tetrahydrofuran (c = 0.15 M, 8.20 mL). Flash chromatography with ethyl 

acetate/cyclohexane 15/85 yielded compound 7a (S) (430 mg, 72 %) as a white viscous gel; Rf 

= 0.3 (ethyl acetate/cyclohexane 15/85); []20
D  = - 14 (c 1 , chloroform); 1H NMR (600 MHz, 

CDCl3, TMS) δ 7.72-7.55 (m, 4H, 4 H-Ar), 7.55-7.33 (m, 6H, 6 H-Ar), 4.77 (d, 2J4a,4b = 8.3 Hz, 

1H, H-4a), 4.62 (d, 2J4a,4b = 8.3 Hz, 1H, H-4b), 3.85-3.58 (m, 4H, H-3, H-1), 1.9 (br s, 1H, OH), 

1.06 (s, 9H, Si-(CH3)3) ppm; 13C NMR (151 MHz, CDCl3, TMS) δ 164.2 (N=C-CCl3), 135.6, 135.5, 

132.7, 132.6, 131.9, 130.3, 129.9, 128.1, 127.8 (12C, 12 C-Ar), 86.4 (N=C-CCl3), 77.5 (C-2), 

74.9 (C-4), 65.8 (C-3 or C-1), 65.0 (C-3 or C-1), 26.8 (Si-C(CH3)3), 19.3 (Si-C(CH3)3) ppm; IR 

(ATR) vmax/cm-1 3398, 3071, 2930, 2857, 1660, 1427, 1106, 795, 700; ESI-HRMS: m/z calcd. 

for C22H27NO3Cl3Si + H+ = 486.08212 [M+H]+; found 486.08203. 

(R)-4-((tert-Butyldiphenylsilanyloxymethyl)-hydroxymethyl)-2-(trichloromethyl)-2-

oxazoline (7b). General procedure D for oxazoline formation was applied to 6b (R) (1.0 g, 

2.10 mmol). Reagents and conditions: diethylaluminium chloride (1.0 mL, 0.5 eq., c = 1.0 M in 

hexane), anhydrous tetrahydrofuran (c = 0.15 M, 13.7 mL). Flash chromatography with ethyl 

acetate/cyclohexane 1/9 yielded compound 7b (R) (1.40 g, 70 %) as a white viscous gel; Rf = 

0.3 (ethyl acetate/cyclohexane 1/9); []20
D  = + 14 (c 1 , chloroform); 1H NMR (500 MHz, CDCl3, 

TMS) δ 7.68-7.63 (m, 4H, 4 H-Ar), 7.50-7.35 (m, 6H, 6 H-Ar), 4.77 (d, 2J4a,4b = 8.3 Hz, 1H, H-4a), 

4.62 (d, 2J4a,4b = 8.3 Hz, 1H, H-4b), 3.85-3.61 (m, 4H, H-3, H-1), 1.79 (br s, 1H, OH), 1.06 (s, 9H, 

Si-(CH3)3) ppm; 13C NMR (126 MHz, CDCl3, TMS) δ 164.2 (N=C-Cl3), 135.7, 135.6, 132.7, 132.6, 

129.9, 127.9, 127.8 (12C, 12 C-Ar), 86.4 (N=C-CCl3), 77.5 (C-2), 74.9 (C-4), 65.8 (C-1) , 65.0 (C-

3), 26.8 (Si-C(CH3)3), 19.3 (Si-C(CH3)3) ppm; IR (ATR) vmax/cm-1 3398, 3071, 2930, 2857, 1660, 

1427, 1106, 795, 700; ESI-HRMS: m/z calcd. for C22H27NO3Cl3Si + H+ = 486.08212 [M+H]+; 

found 486.08203. 

(R)-4-((tert-Butyldiphenylsilanyloxymethyl)-allyloxymethyl)-2-(trichloromethyl)-2-

oxazoline (8b). The oxazoline derivative 7b (R) (428 mg, 812 µmol) was dissolved in anhy-

drous N,N-dimethylformamide (c = 0.5 M, 300 µL) then sodium hydride (60 % dispersion in 

mineral oil, 7.0 mg, 182 µmol, 1.2 eq.), allyl bromide (39.4 µL, 456 µmol, 3.0 eq.) were added 
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sequentially at 0 °C (ice bath). The mixture was stirred until completion at 0 °C and ethyl ace-

tate and water were added. The organic phases were washed with brine, dried with magne-

sium sulfate, filtered and concentrated. Flash chromatography with ethyl ace-

tate/cyclohexane 1/20 yielded compound 7b (R) (68.0 mg, 84 %) as a translucent viscous gel; 

Rf = 0.3 (ethyl acetate/cyclohexane 1/20); []20
D  = + 21 (c 0.7 , chloroform); 1H NMR (500 

MHz, CDCl3, TMS) δ 7.69-7.65 (m, 4H, 4 H-Ar), 7.45-7.34 (m, 6H, 6 H-Ar), 5.86-5.76 (m, 1H,  

H-6), 5.21 (dq, J = 17.3 Hz, J = 1.6 Hz, 1H, H-7a), 5.14 (dq, J = 10.4, J = 1.5 Hz, 1H, H-7b), 4.67 

(ABq, 4a,4b = 0.12 ppm, 2J4a,4b = 8.2 Hz, 2H, H-4), 4.03-3.19 (m, 2H, H-5), 3.78 (ABq,  

1a,1b = 0.07 ppm, 2J1a,1b = 10.4 Hz, 2H, H-1), 3.52 (ABq, 3a,3b = 0.1 ppm, 2J3a,3b = 9.7 Hz, 2H, 

H-3), 1.05 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 MHz, CDCl3, TMS) δ 163.2 (N=C-Cl3), 135.7 

(2C, 2 C-Ar), 134.2 (C-6), 133.0, 132.8, 129.9, 129.8, 127.8 (10C, 10 C-Ar), 117.1 (C-7), 86.7 

(N=C-CCl3), 76.7 (C-2), 75.1 (C-4), 72.5 (C-5), 71.9 (C-1), 65.8 (C-3), 26.82 (Si-C(CH3)3), 19.3 (Si-

C(CH3)3) ppm. 

(R)-2-Azido-((tert-butyldiphenylsilanyloxymethyl)-allyloxymethyl)-propane-1-ol (1b). The 

starting material 8b (R) (240 mg, 455 µmol) was dissolved in anhydrous tetrahydrofuran  

(c = 0.15 M, 3.0 mL) and 1.0 N hydrochloric acid (455 µL, 1 eq.) was added. The reaction was 

stirred for 18 h then diluted with ethyl acetate and concentrated to dryness. The residue was 

dissolved in a mixture of 2/1/1 methanol/dichloromethane/water mixture (c = 0.1 M,  

5.0 mL). Than potassium carbonate (126 mg, 910 µmol, 2 eq.), copper(II) sulfate pentahy-

drate (1.0 mg, 0.45 µmol, 0.01 eq.) and imidazole-1-sulfonyl azide hydrochloride (152 mg, 

729 µmol, 1.6 eq.) were added sequentially. The blue mixture turned brown after reaction 

duration of 16 h and then concentrated to dryness. Then ethyl acetate and water were 

pured in and the aqueous phase was extracted with ethyl acetate and the combined organic 

phases were washed with brine, dried over magnesium sulfate then concentrated. Flash 

chromatography with ethyl acetate/cyclohexane 1/9 yielded compound 1b (R) (150 mg,  

77 %) as a translucent viscous gel; Rf = 0.3 (ethyl acetate/cyclohexane 1/9); []20
D  = - 65  

(c 0.8, chloroform); 1H NMR (500 MHz, CDCl3, TMS) δ 7.67–7.62 (m, 4H, 4 H-Ar), 7.46-7.34 

(m, 6H, 6 H-Ar), 5.90-5.83 (m, 1H, H-6), 5.24 (dq, J = 17.3 Hz, J = 1.6 Hz, 1H, H-7a), 5.17 (dq, J 

= 17.3 Hz, J = 1.5 Hz1H, H-7a), 3.96 (dt, 2J5a,5b = 5.5 Hz, 3J5,6 = 1.5 Hz, 2H, H-5), 3.60 (ABq, a,b 

= 0.05 ppm,2Ja,b = 9.9 Hz, 2H, H-1 or H-4), 3.53 (ABq, a,b = 0.03 ppm,2Ja,b = 10.8 Hz, 2H, H-1 

or H-4), 3.43 (ABq, 3a,3b = 0.02 ppm,2J3a,3b = 9.0 Hz, 2H, H-3), 1.05 (s, 9H, Si-(CH3)3) ppm; 13C 
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NMR (126 MHz, CDCl3, TMS) δ 135.6 (2C, 2 C-Ar), 134.5 (C-6), 133.1, 129.8, 127.8 (10C, 10 C-

Ar), 116.9 (C-7), 72.9 (C-3), 72.4 (C-5), 66.5, 65.8 (2C, C-1, C-4), 56.8 (C-2), 26.9 (Si-C(CH3)3), 

19.3 (Si-C(CH3)3) ppm. 

(R)-4-O-(tert-Butyldiphenylsilanyloxymethyl)-4-O-(2,3,4,6-tetra-O-benzoyl--D-

mannopyranosyl)methyl)-2-(trichloromethyl)-2-oxazoline (14a). To a round bottom flask 

with glycosyl acceptor 7a (116.3 mg, 238 µmol) and activated 3 Å molecular sieves anhy-

drous dichloromethane (c = 0.1 M, 2.40 mL) was added. The solution was stirred at room 

temperature for 15 min. Then the mixture was cooled to -41 °C (dry ice/acetonitrile) and 

treated with 2,4,6-collidine (34.7 µL, 286 µmol, 1.2 eq.) and silver trifluoromethanesulfonate 

(74.3 mg, 286 µmol, 1.2 eq.). Then glycosyl donor 12 (189 mg, 286 µmol, 1.2 eq.) was added 

at an initial temperature of -41 °C. The mixture was stirred at -41 °C for three hours and then 

was allowed to warm to room temperature and stirred until completion. The resulting mix-

ture was then diluted with ethyl acetate and filtrated over celite bed. The filtrate is subse-

quently washed with ice-cold 1 N hydrochloride acid, dried over magnesium sulfate, filtered 

and concentrated. Flash chromatography with ethyl acetate/cyclohexane 1.5/8.5 afforded 

compound 14a (R, S) as white foam (47.0 mg, 19 %) and orthoester 15 (S, R) as a white 

amorphous solid (130 mg, 51 %) with intensive hazelnut smell. Compound 14a (R, S): Rf = 0.3 

(ethyl acetate/cyclohexane 1.5/8.5); 1H NMR (500 MHz, CDCl3, TMS) δ 8.09-8.05 (m, 2H, 2 H-

Ar), 8.04-8.01 (m, 2H, 2 H-Ar), 7.92-7.89 (m, 2H, 2 H-Ar), 7.84-7.80 (m, 2H, 2 H-Ar), 7.73-7.68 

(m, 4H, 4 H-Ar), 7.60-7.47 (m, 4H, 4 H-Ar), 7.42-7.31 (m, 12H, 12 H-Ar), 7.28- 7.22 (m, 2H, 2 

H-Ar), 6.10 (t, 3J3,4 = 3J4,5 = 10.0 Hz, 1H, H-4Man), 5.83 (dd, 3J3,4 = 10.1 Hz, 3J2,3 = 3.4 Hz, 1H, H-

3Man), 5.70 (dd, 3J2,3 = 3.3 Hz, 3J1,2 = 1.8 Hz, 1H, H-2Man), 5.12 (d, 3J1,2 = 1.7 Hz, 1H, H-1Man), 

4.74 (ABq, 7a,7b = 0.1 ppm, 2J7a,7b = 8.6 Hz, 2H, H-7), 4.64 (dd, 2J6a,6b = 11.9 Hz, 3J5,6a = 2.3 Hz, 

1H, H-6aMan), 4.46-4.35 (m, 2H, H-5Man, H-6bMan), 3.98 (d, 2J10a,10b = 10.4 Hz, 1H, H-10a), 3.86 

(ABq, 9a,9b = 0.08 ppm, 2J9a,9b = 10.4 Hz, 2H, H-9), 3.76 (d, 2J10a,10b = 10.4 Hz, 1H, H-10b), 

1.09 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 MHz, CDCl3, TMS) δ 171.1 (N=C-CCl3), 166.1, 165.4, 

165.2, 163.8 (5C, 5 PhC=O), 135.7, 135.6, 133.5, 133.2, 133.1, 132.7, 132.6, 130.1, 130.0, 

129.9, 129.8, 129.7, 129.3, 129.1, 128.9, 128.6, 128.5, 128.4, 128.3, 127.9 (36 C, 36 C-Ar), 

98.2 (C-1Man), 86.4 (CCl3), 76.4 (C-8), 75.2 (C-7), 70.0 (C-2Man), 69.9 (C-3Man), 69.8 (C-10), 69.2 

(C-5Man), 66.7 (C-4Man), 65.5 (C-9), 62.6 (C-6Man), 26.9 (Si-C(CH3)3), 19.3 (Si-C(CH3)3) ppm. 
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Orthoester 15 (S, R)-exo: Rf = 0.3 (ethyl acetate/cyclohexane 2/8); 1H NMR (500 MHz, CDCl3, 

TMS) δ 8.00-7.97 (m, 2H, 2 H-Ar), 7.90-7.86 (m, 4H, 4 H-Ar), 7.63-7.58 (m, 6H, 6 H-Ar), 7.54-

7.46 (m, 3H, 3 H-Ar), 7.43-7.30 (m, 13H, 13 H-Ar), 7.29-7.23 (m, 2H, 2 H-Ar), 5.83-5.78 (m, 

1H, H-4Man), 5.67-5.62 (m, 2H, H-3Man, H-1Man), 4.93-4.90 (m, 1H, H-2Man), 4.61 (ABq, 7a,7b = 

0.13 ppm, 2J7a,7b = 8.6 Hz, 2H, H-7), 4.48 (dd, 2J6a,6b = 12.1 Hz, 3J5,6a = 3.6 Hz, 1H, H-6aMan), 4.33 

(dd, 2J6a,6b = 12.0 Hz, 3J5,6a = 5.0 Hz, 1H, H-6bMan), 4.12-4.06 (m, 1H, H-5Mans), 3.67 (ABq, 9a,9b 

= 0.09 ppm, 2J9a,9b = 10.5 Hz, 2H, H-9), 3.46 (ABq, 10a,10b = 0.06 ppm, 2J10a,10b = 9.7 Hz, 2H, H-

10), 0.99 (s, 9H, Si-(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) δ 171.2 (N=C-CCl3), 166.0, 165.9, 

165.2, 163.3 (4C, 4 PhC=O), 135.7, 135.6, 133.5, 133.4, 133.0, 132.8, 132.6, 130.1, 129.9, 

129.8, 129.7, 129.5, 128.9, 128.4, 128.3, 128.2, 127.8, 127.7 (36 C-Ar), 126.4 (2C, 2 C-Phortho), 

122.5 (orthoester Cq), 98.0 (H-1Man), 86.5 (CCl3), 76.1 (2C, C-8, C-2Man), 75.1 (C-7), 72.4 (C-

5Man), 70.6 (C-3Man), 66.5 (C-4Man), 65.8, 65.7 (2C, C-9, C-10), 63.2 (C-6Man), 26.9 (Si-C(CH3)3), 

19.2 (Si-C(CH3)3) ppm. 

 



8 Experimental section 
 

91 
 

8.2.1 NMR spectra of new molecules for Chapter 3 

 
Figure 8.2: 1H NMR (600 MHz, CDCl3) spectrum of compound 4a. 

 
Figure 8.3: 13C NMR (151 MHz, CDCl3) spectrum of compound 4a. 
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Figure 8.4: 1H NMR (500 MHz, CDCl3) spectrum of compound 4b. 

Figure 8.5: 13C NMR (126 MHz, CDCl3) spectrum of compound 4b. 
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Figure 8.6: 1H NMR (600 MHz, CDCl3) spectrum of compound (2S,6R)-5a MOSHER ester. 
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Figure 8.7:  13C NMR (126 MHz, C6D6) spectrum of compound (2S,6R)-5a MOSHER ester. 
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Figure 8.8: 1H NMR (500 MHz, C6D6) spectrum of compound (2S,6S)-5b MOSHER ester. 

Figure 8.9: 13C NMR (126 MHz, C6D6) spectrum of compound (2S,6S)-5b MOSHER ester. 
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Figure 8.10: 1H NMR (500 MHz, C6D6) spectrum of compound (2R,6R)-5c MOSHER ester with 
  obtained 88 % ee. 

 
Figure 8.11: 1H NMR (500 MHz, C6D6) spectrum of compound (2R,6R)-5c MOSHER ester with 

obtained 91 % ee. 
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Figure 8.12: 13C NMR (126 MHz, C6D6) spectrum of compound (2R,6R)-5c MOSHER ester. 
 

Figure 8.13: 1H NMR (500 MHz, C6D6) spectrum of compound (2R,6S)-5d MOSHER ester. 
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Figure 8.14: 13C NMR (126 MHz, C6D6) spectrum of compound (2R,6S)-5d MOSHER ester. 
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Figure 8.15: 1H NMR (500 MHz, CDCl3) spectrum of compound 6a. 
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Figure 8.16: 13C NMR (126 MHz, CDCl3) spectrum of compound 6a. 
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Figure 8.17: 1H NMR (500 MHz, CDCl3) spectrum of compound 6b. 
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Figure 8.18: 13C NMR (126 MHz, CDCl3) spectrum of compound 6b. 

Figure 8.19: 1H NMR (600 MHz, CDCl3) spectrum of compound 7a. 
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Figure 8.20: 13C NMR (151 MHz, CDCl3) spectrum of compound 7a. 

Figure 8.21: 1H NMR (500 MHz, CDCl3) spectrum of compound 7b. 



8 Experimental section 
 

101 
 

Figure 8.22: 13C NMR (126 MHz, CDCl3) spectrum of compound 7b. 

Figure 8.23: 1H NMR (500 MHz, CDCl3) spectrum of compound 8b. 
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Figure 8.24: 13C NMR (126 MHz, CDCl3) spectrum of compound 8b. 

Figure 8.25: 1H NMR (500 MHz, CDCl3) spectrum of compound 1b. 
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Figure 8.26: 13C NMR (126 MHz, CDCl3) spectrum of compound 1b. 
 

Figure 8.27: 1H NMR (500 MHz, CDCl3) spectrum of compound 14a.  
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Figure 8.28: 13C NMR (126 MHz, CDCl3) spectrum of compound 14a. 

Figure 8.29: 1H NMR (500 MHz, CDCl3) spectrum of 15 orthoester. 
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Figure 8.30: 13C NMR (126 MHz, CDCl3) spectrum of 15 orthoester. 
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8.3 Supporting information for published paper in Chapter 4 
“Pseudoenantiomeric glycoclusters: synthesis and testing of 
heterobivalency in carbohydrate-protein interactions” 
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Published supporting information correction: in the preparation of 10a and 10b imidazole-1-sulfonyl 
azide was used instead of imidazole-1-sulfonyl chloride. 
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8.4 Synthetic procedures for Chapter 5 

For the characterization of serine-derived enantiomeric scaffolds, the carbon atoms of the 

core moiety are numbered as described in Figure 8.31. Diastereomers derived from on D-

serine are specified by an "a", and their diastereomeric counterparts, based on the L-serine 

scaffold as "b". Compounds are named according to IUPAC nomenclature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 8.31: Atom numbering for NMR data description of individual substrates. 

General procedure for copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction 

(general procedure A). The azide moiety and alkyne moiety (2 eq.) were dissolved in  

N,N-dimethylformamide (c = 0.08 M). Sodium ascorbate (2 eq.) and copper(II) sulphate  

(1 eq.) were dissolved in water (N,N-dimethylformamide/water 4/1) and after sonication for 

cca. 30 min were added to the reaction mixture. The reaction was stirred at room tempera-

ture for 12 h then diluted with dichloromethane and 0.1 N ethylenediamine solution in water 

was added. Aq. phases were extracted with dichloromethane then collected organic phases 

were dried with magnesium sulfate, filtrated and concentrated. The residue was purified by 

flash chromatography to afford the expected compound. 

General procedure for ester cleavage and subsequent NH-Boc cleavage (general procedure 

B). Ester-protected glycocluster was dissolved in anhydrous methanol (c = 0.03 M). Then so-

dium methoxide (c = 5.4 M in methanol, two drops) was added and the mixture was stirred at 
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room temperature until completion. Then the resulting mixture was neutralized with Amber-

lite IR120-H+, diluted with methanol, filtered and concentrated. The residue was taken up 

into a 1:1 mixture of water and methanol then washed with diethyl ether and the combined 

aqueous layers were concentrated to dryness. The residue was purified by size exclusion 

chromatography on Sephadex G10 gel eluted with deionized water. Then the unprotected 

compound was dissolved in water/trifluoroacetic acid 4/1 and sonicated till the reaction 

completion. The residue was concentrated till dryness then dissolved in the minimum 

amount of water then taken to microfiltration and liophylizatation to afford the expected 

compound. 

3-(2-(2-(2-Chloroethoxy)ethoxy)ethoxy)prop-1-yne (2). 60 % sodium hydride in mineral oil 

(1.80 g, 44 mmol, 1.5 eq.) and 80 % wt. propargyl bromide (9.80 mL, 88 mmol, 3 eq.) were 

added under inert atmosphere to the solution of alcohol 1 (5.00 g, 29.0 mmol) in anhydrous 

N,N-dimethylformamide (c = 0.1 M, 30.0 mL) at 0 °C. The reaction was stirred until comple-

tion then water was added and aqueous phases were extracted with ethyl acetate. Com-

bined organic phases were dried over magnesium sulfate, filtrated and concentrated. Flash 

chromatography with ethyl acetate/cyclohexane 1.5/8.5 yielded compound 2 as a yellow oil  

(3.30 g, 55 %). Analytical and spectroscopy data were found to be in the agreement with the 

literature.[139] 

3-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)prop-1-yne (3). Sodium azide (3.00 g, 45.1 mmol,  

3 eq.) was added under an inert atmosphere to the compound 2 (3.32 g, 15.2 mmol) in an-

hydrous N,N-dimethylformamide (c = 0.5 M, 30.0 mL). The reaction was stirred at 80 °C until 

completed and water was poured in. Aqueous phases were extracted with ethyl acetate  

(3x 50 mL) and the collected organic phases were washed with brine, dried with magnesium 

sulfate, filtrated and concentrated. Flash chromatography with ethyl acetate/cyclohexane 

2/8 yielded compound 3 as a yellow liquid (1.46 g, 45 %). Analytical and spectroscopy data 

were found to be in the agreement with the literature.[140] 

2-(2-(-(Prop-2-yn-1-yloxy)ethoxy)ethoxy)ethanamine (4). To the starting material 3 (1.40 g, 

6.0 mmol) in tetrahydrofuran (c = 0.5 M, 120 mL), water (12.0 mL) and triphenylphosphine 

(4.72 g, 18.0 mmol, 3 eq.) were added and the reaction mixture was stirred for 16 h then 

concentrated. Flash chromatography with dichloromethane/methanol/ammonium solution 
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80/19/1 yielded compound 4 as yellow oil (1.18 g, 98 %). Analytical and spectroscopy data 

were found to be in the agreement with the literature.[141] 

N-tert-Butyl-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethoxy)ethyl) carbamate (5).  

4-Dimethylaminopydridine (146 mg, 1.21 mmol, 0.2 eq.) and di-tert-butyl bicarbonate  

(2.00 g, 9.10 mmol, 1.5 eq.) were added to the compound 4 in anhydrous tetrahydrofuran  

(c = 0.2 M, 30.0 mL) at 0 °C. The reaction mixture was stirred for 3 h at room temperature 

then concentrated. The residue was dissolved with ethyl acetate and washed with brine, 1 N 

hydrochloride acid and collected organic phases were dried over magnesium sulfate and 

then concentrated. Flash chromatography with ethyl acetate/cyclohexane 1/9 to 4/6 yielded 

compound 5 as a yellow oil (715 mg, 42 %). Analytical and spectroscopy data were found to 

be in the agreement with the literature.[142] 

2-{1-[N-tert-Butyl-(2-(2-methoxyethoxy)ethyl)carbamoyl]-1H-1,2,3-triazol-4-yl}-1,3-di-O-

(2,3,4,6-tetra-O-benzoyl--D-mannopyranosyl)-1,3-propanediol (7). General procedure A 

was applied to the azidodisaccharide residue 6[104] (210 mg, 171 µmol) and propargylated 

linker 5 (54.0 mg, 188 µmol, 1.1 eq.) in N,N-dimethylformamide (c = 0.075 M, 2.30 mL). The 

mixture of sodium ascorbate (67.0 mg, 342 µmol, 2 eq.) in 550 µL water and copper(II) sul-

fate (42.0 mg, 331 µmol, 1 eq.) after sonicated for cca. 10 min were added to the reaction 

mixture. The mixture was stirred until completed and then diluted with dichloromethane 

and 0.1 N ethylenediamine solution was added. Aqueous phases were extracted with di-

chloromethane then collected organic phases were dried with magnesium sulfate, filtrated 

and concentrated. Flash chromatography with ethyl acetate/cyclohexane 20/1 to 7/3 yielded 

compound 7 as an amorphous solid (101 mg, 50 %); Rf = 0.3 (ethyl acetate/cyclohexane 7/3); 
1H NMR (500 MHz, CDCl3) δ 8.11-8.08 (m, 4H, 4 H-Ar), 8.02-7.92 (m, 9H, 8 H-Ar, H-10), 7.82-

7.79 (m, 4H, 4 H-Ar), 7.61-7.53 (m, 4H, 4 H-Ar), 7.51-7.30 (m, 16H, 16 H-Ar), 7.27-7.25 (m, 

2H, 2 H-Ar), 7.25-7.24 (m, 2H, 2 H-Ar), 6.15-6.09 (m, 2H, 2 H-4Man), 5.83 (dd, 3J3,4 = 10.2 Hz, 
3J2,3 = 3.3 Hz, 1H, H-3Man), 5.73-5.68 (m, 2H, H-2Man, H-3Man), 5.66 (dd, 3J2,3 = 3.2 Hz, 3J1,2 = 1.8 

Hz, 1H, H-2Man), 5.19 (br s, 2H, H-1Man, H-8), 5.11 (d, 3J1,2 = 1.6 Hz, 1H, H-1Man), 4.85-4.77 (m, 

2H, H-12 ethylene), 4.77-4.65 (m, 2H, 2 H-6aMan), 4.59-4.38 (m, 4H, 2 H-6bMan, H-7a, H-9a), 

4.37-4.29 (m, 1H, H-5Man), 4.23 (dd, 3J = 10.8 Hz, 3J = 6.4 Hz, 1H, H-7b or H-9b), 4.16-4.13 (m, 

1H, H-7b or H-9b), 4.10-4.06 (m, 1H, H-5Man), 3.72 (t, 3J = 4.8 Hz, 2H, 2 H-ethylene), 3.66-3.58 

(m, 2H, 2 H-ethylene), 3.54 (br s, 4H, 4 H-ethylene), 3.47 (t, 3J = 5.1 Hz, 2H, 2 H-etyhlene), 
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3.29-3.25 (m, 2H, H-13 ethylene), 1.43 (s, 9H, NH-CO2C(CH3)3) ppm; 13C NMR (126 MHz, 

CDCl3) δ 166.1, 166.0, 165.5, 165.4, 165.3, 165.2, (8C, 4 CH3C=O, 4 PhC=O) 145.4 (C-11), 

133.5, 133.2, 133.1, 133.0, 129.9, 129.8, 129.7, 129.1, 128.9, 128.8, 128.6, 128.5, 128.4, 

128.3 (20C, 20 C-Ar), 98.3, 97.7 (2C, 2 C-1Man), 70.5, 70.4, 70.2 (4C, 4 C-ethylene), 70.0, 69.9 

(4C, 2 C-2Man, 2 C-3Man), 69.8 (C-ethylene), 69.6, 69.4 (2C, 2 C-5Man), 67.2, 66.6 (2C, C-7, C-9), 

66.2 (2C, C-4Man), 64.5 (C-12 ethylene), 62.5, 62.3 (2C, 2 C-6Man), 60.0 (C-8), 40.2 (C-13 eth-

ylene), 28.40 (NH-CO2C(CH3)3) ppm; ESI-HRMS: m/z calcd. for C85H85N4O25: 1561.54832; 

found 1561.54974. 

2-{1-[(2-(2-Methoxyethoxy)ethyl)amino]-1H-1,2,3-triazol-4-yl}-1,3-di-O-(-D-

mannopyranosyl)-1,3-propanediol (8). General procedure B was applied to starting material 

7 (90.0 mg, 576 µmol). Reagents and conditions: sodium methoxide (2-3 drops), anhydrous 

methanol (c = 0.03 M, 2.00 mL). Size exclusion chromatography G10 in water yielded precur-

sor molecule (26.0 mg, 72 %). The residue was dissolved in water/trifluoroacetic acid 4/1 and 

sonicated for 1 h then concentrated till dryness. The residue was taken to microfiltration and 

lyophilisation what yielded compound 8 as white foam (100 mg, quantitativ); [𝑎] = + 400 (c 

1 , dd water); 1H NMR (600 MHz, D2O) δ 8.19 (s, 1H, H-10), 5.18-5.14 (m, 1H, H-8), 4.79 (d, 
3J1,2 = 1.4 Hz, 1H, H-1Man), 4.73 (d, 3J1,2 = 1.3 Hz, 1H, H-1Man), 4.68 (s, 2H, H-12 ethyelene), 4.19 

(dd, 2J = 10.8 Hz, 3J = 8.0 Hz, 1H, H-7a or H-9a), 4.14 (dd, 2J = 11.1 Hz, 3J = 4.2 Hz, 1H, H-7a or 

H-9a), 4.01 (dd, 2J = 11.0 Hz, 3J = 7.6 Hz, 1H, H-7b or H-9b), 3.95 (dd, 2J= 10.8 Hz, 3J = 3.9 Hz, 

1H, H-7b or H-9b), 3.84 (br s, 1H, H-2Man), 3.80-3.75 (m, 2H, H-2Man, H-6aMan), 3.74-3.72 (m, 

3H, H-6aMan, 2 H-ethylene), 3.70-3.61 (m, 11H, 2 H-6bMan, 8 H-ethylene, H-3Man), 3.60-3.52 

(m, 3H, H-3Man, 2 H-4Man), 3.35-3.32 (m, 1H, H-5Man), 3.21-3.15 (m, 2H, H-13 ethylene), 3.06-

3.00 (m, 1H, H-5Man) ppm; 13C NMR (151 MHz, D2O) δ 144.0 (C-11), 124.9 (C-10), 100.4, 99.6 

(2C, 2 C-1Man), 73.1, 73.0 (2C ,2 C-5Man), 70.4 (2C, C-3Man), 69.8 (2C, 2 C-2Man), 69.7, 69.5, 69.5 

(2C, 2 C-ethylene), 68.8 (C-ethylene), 66.5 (2C, 2 C-4Man), 66.4 (C-ethylene), 66.3, 66.0 (2C, C-

7, C-9), 62.9 (C-12 ethylene), 61.0 (C-8), 60.8, 60.7 (2C, 2 C-6Man), 39.1 (C-13ethylene) ppm; IR 

(ATR) vmax/cm-1 3354, 2929, 1686, 1050, 646; ESI-HRMS: m/z calcd. for C24H45N4O15 + H+: 

629.28759 [M+H]+; found 629.28773. 

(S)-2-Azido-1-O-(2,3,4,6-tetra-O-acetyl--D-mannopyranosyl)-3-O-(2,3,4,6-tetra-O-benzoyl-

-D-glucopyranosyl)-1,3-propanediol (9a). White foam; Rf = 0.3 (ethyl acetate/cyclohexane 

4/6); 1H NMR (600 MHz, CDCl3) δ 8.03 (dd, J = 7.2 Hz, J = 1.1 Hz, 2H, 2 H-Phortho), 7.97 (dd, J = 
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8.2 Hz, J = 1.0 Hz, 2H, 2 H-Phortho), 7.90 (dd, J = 8.2 Hz, J = 1.0 Hz, 2H, 2 H-Phortho), 7.82 (dd, J = 

8.2 Hz, J = 1.0 Hz, 2H, 2 H-Phortho), 7.59-7.47 (m, 3H, 3 H-Ar), 7.43-7.27 (m, 9H, 9 H-Ar), 5.91 

(dd, 3J2,3 = 3J3,4 = 9.7 Hz, 1H, H-3Glc), 5.71 (dd, 3J3,4 = 3J4,5 = 9.7 Hz, 1H, H-4Glc), 5.54 (dd, 3J2,3 = 

9.7 Hz, 3J1,2 = 7.9 Hz, 1H, H-2Glc), 5.31-5.21 (m, 3H, H-2Man, H-3Man, H-4Man), 4.94 (d, 3J1,2 =  

7.8 Hz, 1H, H-1Glc), 4.77 (d, 3J1,2 = 1.4 Hz, 1H, H-1Man), 4.67 (dd, 2J6a,6b = 12.2 Hz, 3J5,6a =  

3.1 Hz, 1H, H-6aGlc), 4.51 (dd, 3J6a,6b = 12.2 Hz, 3J5,6b = 4.8 Hz, 1H, H-6bGlc), 4.25 (dd, 2J6a,6b = 

12.3 Hz, 3J5,6a = 5.2 Hz, 1H, H-6aMan), 4.19-4.16 (m, 1H, H-5Glc), 4.07-4.01 (m, 2H, H-6bMan,  

H-9a), 4.00-3.92 (m, 1H, H-5Man), 3.82-3.66 (m, 3H, H-8, H-7a, H-9b), 3.47 (dd, 2J9a,9b =  

10.3 Hz, 3J8,9b = 5.6 Hz, 1H, H-7b), 2.15 (s, 3H, CH3C=O), 2.08 (s, 3H, CH3C=O), 2.04 (s, 3H, 

CH3C=O), 1.99 (s, 3H, CH3C=O) ppm; 13C NMR (151 MHz, CDCl3) δ 170.6, 170.0, 169.8, 169.7, 

166.1, 165.8, 165.2, 165.1 (8C, 4 PhC=O, 4 CH3C=O), 133.5, 133.3, 133.2, 129.9, 129.8, 129.6, 

129.2, 128.8, 128.4, 128.3 (20C, 20 C-Ar), 101.4 (C-1Glc), 97.9 (C-1Man), 72.8 (C-3Glc), 72.7  

(C-5Glc), 72.4 (C-2Glc), 71.7 (C-4Glc), 69.1 (C-9), 68.9, 68.7, 68.6 (3C, C-3Man, C-4Man, C-5Man), 

67.7 (C-7), 65.9 (C-2Man), 62.8 (C-6Glc), 62.3 (C-6Man), 60.2 (C-8), 20.9, 20.7, (4C, CH3C=O) ppm.  

(R)-2-Azido-1-O-(2,3,4,6-tetra-O-acetyl--D-mannopyranosyl)-3-O-(2,3,4,6-tetra-O-benzoyl-

-D-glucopyranosyl)-1,3-propanediol (9b). White foam; Rf = 0.3 (ethyl acetate/cyclohexane 

4/6); 1H NMR (600 MHz, CDCl3) δ 8.03 (dd, J = 8.2 Hz, J = 1.0 Hz, 2H, 2 H-Phortho), 7.96 (dd, J = 

8.2 Hz, J = 1.0 Hz, 2H, 2 H-Phortho), 7.90 (dd, J = 8.2 Hz, J = 1.0 Hz, 2H, 2 H-Phortho), 7.82 (dd, J = 

8.2 Hz, J = 1.0 Hz, 2H, 2 H-Phortho), 7.59-7.47 (m, 3H, 3 H-Ar), 7.46-7.26 (m, 9H, 9 H-Ar), 5.90 

(dd, 3J2,3 = 3J3,4 = 9.7 Hz, 1H, H-3Glc), 5.68 (dd, 3J3,4 = 3J4,5 = 9.7 Hz, 1H, H-4Glc), 5.51 (dd, 3J2,3 = 

9.7 Hz, 3J1,2 = 7.9 Hz, 1H, H-2Glc), 5.32-5.18 (m, 3H, H-2Man, H-3Man, H-4Man), 4.90 (d, 3J1,2 =  

7.8 Hz, 1H, H-1Glc), 4.75 (d, 3J1,2 = 1.4 Hz, 1H, H-1Man), 4.66 (dd, 2J6a,6b = 12.2 Hz, 3J5,6a =  

3.1 Hz, 1H, H-6aGlc), 4.51 (dd, 2J6a,6b = 12.2 Hz, 3J5,6b = 4.8 Hz, 1H, H-6bGlc), 4.25 (dd, 2J6a,6b = 

12.3 Hz, 3J5,6a = 5.2 Hz, 1H, H-6aMan), 4.19-4.17 (m, 1H, H-5Glc), 4.03 (dd, 2J6a,6b = 12.3 Hz,  
3J5,6b = 2.3 Hz, 1H, H-6bMan), 3.97 (dd, 2J7a,7b = 10.5 Hz, 3J7a,8 = 4.8 Hz, 1H, H-7a), 3.94-3.88 (m, 

1H, H-5Man), 3.80-3.76 (m, 1H, H-8), 3.75-3.70 (m, 2H, H-8b, H-9a), 3.58 (dd, 2J9a,9b = 10.2 Hz, 
3J8,9b = 3.7 Hz, 1H, H-9b ), 2.15 (s, 3H, CH3C=O), 2.09 (s, 3H, CH3C=O), 2.02 (s, 3H, CH3C=O), 

1.98 (s, 3H, CH3C=O) ppm; 13C NMR (151 MHz, CDCl3) δ 170.7, 169.9, 169.8, 169.7, 166.1, 

165.8, 165.2, 165.0 (8C, 4 PhC=O, 4 CH3C=O), 133.5, 133.3, 133.2, 129.9, 129.8, 129.7, 129.5, 

129.2, 128.7, 128.5, 128.4, 128.33 (20C, 20 C-Ar), 101.5 (C-1Glc), 97.7 (C-1Man), 72.8 (C-3Glc), 

72.5 (C-3Glc), 72.4 (C-4Glc), 71.7 (C-2Glc), 69.5, 69.2 (3C, C-3Man, C-4Man, C-5Man), 68.9 (C-5Glc), 
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68.5 (C-9), 67.3 (C-7), 65.8 (C-2Man) , 62.9 (C-6Glc), 62.3 (C-6Man), 59.7 (C-8), 20.9, 20.8, 20.7, 

(4C, 4 CH3C=O) ppm.  

(S)-2-{1-[N-tert-Butyl-(2-(2-methoxyethoxy)ethyl)carbamoyl]-1H-1,2,3-triazol-4-yl}-1-O-

(2,3,4,6-tetra-O-acetyl--D-mannopyranosyl)-3-O-(2,3,4,6-tetra-O-benzoyl--D-

glucopyranosyl)-1,3-propanediol (10a). General procedure A was applied to the azido disac-

charide residue 9a (308 mg, 301 µmol) and propargylated linker 5 (9.0 mg, 331 µmol, 1.1 eq.) 

in N,N-dimethylformamide (c = 0.08 M, 3.20 mL). The mixture of sodium ascorbate (120 mg, 

602 µmol, 2 eq.) in 800 µL water and copper(II) sulfate (8.20 mg, 331 µmol, 1 eq.) was soni-

cated for cca. 10 min and then added to the reaction mixture. The mixture was stirred until 

completed then diluted with dichloromethane and 0. 1 N ethylenediamine solution in water 

was added. Aqueous phases were extracted with dichloromethane then collected organic 

phases were dried with magnesium sulfate, filtrated and concentrated. Flash chromatog-

raphy with ethyl acetate/cyclohexane 9/1 yielded compound 10a as translucent gel (334 mg, 

85 %); Rf = 0.3 (ethyl acetate/cyclohexane 9/1); 1H NMR (500 MHz, MeOD) δ 8.09-8.04 (m, 

2H, 2 H-Ar), 7.98 (s, 1H, H-10), 7.94-7.88 (m, 4H, 4 H-Ar), 7.81-7.79 (m, 2H, 2 H-Ar), 7.67-7.54 

(m, 3H, 3 H-Ar), 7.53-7.38 (m, 7H, 7 H-Ar), 7.37-7.30 (m, 2H, 2 H-Ar), 5.99 (dd, 3J2,3 = 3J3,4 = 9.7 

Hz, 1H, H-3Glc), 5.72 (dd, 3J3,4 = 3J4,5 =  9.7 Hz, 1H, H-4Glc), 5.46 (dd, 3J2,3 = 9.8 Hz, 3J1,2 = 7.9 Hz, 

1H, H-2Glc), 5.21 (dd, 3J3,4 = 3J4,5 = 9.9 Hz, 1H, H-4Man), 5.17-5.13 (m, 3H, H-1Glc, H-3Man, H-8), 

5.12 (dd, 3J2,3 = 3.3 Hz, 3J1,2 = 1.7 Hz, 1H, H-2Man), 4.72 (d, 3J1,2 = 1.7 Hz, 1H, H-1Man), 4.70-4.54 

(m, 2H, H-6Glc), 4.46-4.40 (m, 2H, H-5Glc, H-6aMan), 4.38 (br s, 2H, H-12 ethylene), 4.28 (dd, 
2J6a,6b = 10.9 Hz, 3J5,6b = 7.6 Hz, 1H, H-6bMan), 4.21-4.07 (m, 2H, H-7a, H-9a), 4.02 (dd, 2J7a,7b = 

12.3 Hz, 3J7b,8 =2.4 Hz, 1H, H-7b), 3.95 (dd, 2J9a,9b = 10.9 Hz, 3J8,9b = 7.0 Hz, 1H, H-9b), 3.72-3.68 

(m, 1H, H-5Man), 3.66-3.61 (m, 6H, 6 H-ethylene), 3.60-3.56 (m, 2H, 2 H-ethylene), 3.53 (t, 3J = 

5.6 Hz, 2H, 2 H-ethylene), 3.24 (t, 3J = 5.6 Hz, 2H, H-13 ethylene), 2.13 (s, 3H, CH3C=O), 2.06 

(s, 3H, CH3C=O), 2.06 (s, 3H, CH3C=O), 1.97 (s, 3H, CH3C=O), 1.44 (s, 9H, NH-CO2C(CH3)3) ppm; 
13C NMR (126 MHz, MeOD) δ 172.3, 171.5, 171.4, 167.5, 167.0, 166.7, 166.6 (8C, 4 CH3C=O, 4 

PhC=O), 145.0 (C-11), 134.8, 134.6, 134.5, 130.9, 130.7, 130.6, 130.3, 130.2, 130.1, 129.8, 

129.7, 129.6, 129.5, 125.2 (21C, 20 C-Ar, C-10), 102.2 (C-1Glc), 99.2 (C-1Man), 74.4 (C-3Glc), 73.3 

(2C, C-2Glc and C-5Glc), 71.6, 71.5, 71.3, 71.1 (4C, 4 C-ethylene), 70.9 (C-4Glc), 70.6, 70.3, 70.2 

(4 C, C-4Glc, C-2Man, C-3Man, C-5Man), 69.4 (C-6Man), 68.1 (C-9), 66.9 (C-4Man), 64.8 (C-10), 63.9 
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(C-6Glc), 63.3 (C-7), 61.9 (C-8), 41.0 (C-13 etyhelene), 28.8 (NH-CO2C(CH3)3), 20.7, 20.7, 20.6 

(4C, 4 CH3C=O) ppm.  

(R)-2-{1-[N-tert-Butyl-(2-(2-methoxyethoxy)ethyl)carbamoyl]-1H-1,2,3-triazol-4-yl}-1-O-

(2,3,4,6-tetra-O-acetyl--D-mannopyranosyl)-3-O-(2,3,4,6-tetra-O-benzoyl--D-

glucopyranosyl)-1,3-propanediol (10b). General procedure A was applied to the azido disac-

charide residue 9b (308 mg, 301 µmol) and propargylated linker 5 (9.0 mg, 331 µmol, 1.1 

eq.) in N,N-dimethylformamide (c = 0.08 M, 3.20 mL). The mixture of sodium ascorbate (120 

mg, 602 µmol, 2 eq.) in 800 µL water and copper(II) sulfate (8.20 mg, 331 µmol, 1 eq.) was 

sonicated for cca. 10 min then added to the reaction mixture. The mixture was stirred until 

completed then diluted with dichloromethane and 0.1 N ethylenediamine solution in water 

was added. Aqueous phases were extracted with dichloromethane then collected organic 

phases were dried with magnesium sulfate, filtrated and concentrated. Flash chromatog-

raphy with ethyl acetate/cyclohexane 9/1 yielded compound 10b as translucent gel (290 mg, 

73 %); Rf = 0.3 (ethyl acetate/cyclohexane 9/1); 1H NMR (500 MHz, MeOD) δ 8.09-8.05 (m, 

2H, 2 H-Ar), 7.99-7.89 (m, 4H, 4 H-Ar, H-10), 7.81-7.79 (m, 2H, 2 H-Ar), 7.66-7.55 (m, 3H, 3 H-

Ar), 7.53-7.44 (m, 5H, 5 H-Ar), 7.43-7.40 (m, 3H, 3 H-Ar), 7.36-7.33 (m, 2H, 2 H-Ar), 6.01 (dd, 
3J2,3 = 3J3,4 = 9.7 Hz, 1H, H-3Glc), 5.74 (dd, 3J3,4 = 3J4,5 = 9.7 Hz, 1H, H-4Glc), 5.56 (dd, 3J2,3 = 9.8 

Hz, 3J1,2 = 8.0 Hz, 1H, H-2Glc), 5.24-5.19 (m, 4H, H-1Glc, H-2Man, H-4Man, H-8), 5.10 (dd, 3J3,4 = 

10.1 Hz, 3J2,3 = 3.4 Hz, 1H, H-3Man), 4.80 (d, 3J1,2 = 1.6 Hz, 1H, H-1Man), 4.71 (dd, 2J6a,6b = 12.2 

Hz, 3J5,6a = 3.1 Hz, 1H, H-6aGlc), 4.58 (dd, 2J6a,6b = 12.2 Hz, 3J5,6b = 4.6 Hz, 1H, H-6bGlc), 4.49-4.39 

(m, 4H, H-5Glc, H-6aMan, H-12 ethylene), 4.24-4.11 (m, 4H, H-5Man, H-6bMan, H-7a, H-9a), 4.01-

3.93 (m, 2H, H-7b, H-9b), 3.68, 3.49 (m, 10H, 10 H-ethylene), 3.23 (t, J = 5.6 Hz, 1H, H-13 eth-

ylene), 2.14 (s, 3H, CH3C=O), 2.09 (s, 3H, CH3C=O), 2.05 (s, 3H, CH3C=O), 1.97 (s, 3H, CH3C=O), 

1.45 (s, 9H, NH-CO2C(CH3)3) ppm; 13C NMR (126 MHz, MeOD) δ 172.4, 171.5, 171.4 (4C, 4 

CH3C=O), 167.5, 167.0, 166.7, 166.6, 158.6 (5C, NH-CO2C(CH3)3, 4 PhC=O), 145.1 (C-11), 

134.8, 134.6, 134.5, 130.9, 130.8, 130.6, 130.4, 130.2, 130.1, 129.8, 129.7, 129.6, 129.5, 

125.2 (20C, 20 C-Ar), 125.1 (C-10), 101.9 (C-1Glc), 98.5 (C-1Man), 74.5 (C-3Glc), 73.3, (2C, C-2Glc, 

C-5Glc), 71.5, 71.3, 71.1 (5 C, 5 C-ethylene), 71.0 (C-4Glc), 70.7 (C-12 ethylene), 70.4, 70.0 (3C, 

C-2Man, C-3Man, C-5Man), 69.2 (C-6Man), 67.7 (C-7), 66.8 (C-4Man), 63.9, 63.3 (2C, C-6Glc, C-9), 

61.44 (C-8), 41.2 (C-13 ethylene), 28.8 (NH-CO2C(CH3)3), 20.6 (4C, 4 CH3C=O) ppm. 
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(R)-2-{1-[(2-(2-Methoxyethoxy)ethyl)amino]-1H-1,2,3-triazol-4-yl}-1-O-(-D-

mannopyranosyl)-3-O-(-D-glucopyranosyl)-1,3-propanediol (11a). General procedure B 

was applied to starting material 10a (334 mg, 254 µmol). Reagents and conditions: sodium 

methoxide (2-3 drops), anhydrous methanol (c = 0.05 M, 5.00 mL). Size exclusion chromatog-

raphy G10 in water yielded precursor molecule (140 mg, 76 %). The residue was dissolved in 

water/trifluoroacetic acid 4/1 and sonicated for 1 h then concentrated till dryness. The resi-

due was taken to microfiltration and lyophilisation what yielded compound 11a as white 

foam (110 mg, quantitativ); [𝑎] = + 64 (c 1 , dd water); 1H NMR (500 MHz, D2O) δ 8.17 (s, 

1H, H-10), 5.18-5.12 (m, 1H, H-8), 4,70 (d, 3J1,2 = 1.70 Hz, 1H, H-1Man) 4.66 (s, 2H, H-12 eth-

ylene), 4.35 (d, 3J1,2 = 7.9 Hz, 1H, H-1Glc), 4.35-4.30 (m, 1H, H-9a), 4.22 (dd, 2J9a,9b = 11.6 Hz, 
3J8,9b = 8.2 Hz, 1H, H-9b), 4.10 (dd, 2J7a,7b = 11.0 Hz, 3J7a,8 = 4.0 Hz, 1H, H-7a), 3.95 (dd, 2J7a,7b = 

11.0 Hz, 3J7b,8 = 6.8 Hz, 1H, H-7b), 3.85 (dd, 2J6a,6b = 12.4 Hz, 3J5,6a = 2.2 Hz, 1H, H-6aMan), 3.76 

(dd, 3J2,3 = 3.4 Hz, 3J1,2 = 1.8 Hz, 1H, H-2Man), 3.75-3.69 (m, 3H, H-6bMan, H-6Glc), 3.69-3.64 (m, 

9H, H-3Glc, 8 H-ethylene), 3.64-6.61 (m, 2H, 2H-ethylene), 3.54 (dd, 3J3,4 = 3J4,5 = 9.8 Hz, 1H,  

H-4Glc), 3.38 (m, 2H, H-4Man, H-5Man), 3.32-3.26 (m, 1H, H-3Man), 3.21 (m, 1H, H-5Glc), 3.17-3.13 

(m, 3H, H-2Glc, H-13 ethylene) ppm; 13C NMR (126 MHz, D2O) δ 143.8 (C-11), 125.1 (C-10), 

102.9 (C-1Glc), 100.2 (C-1Man), 75.9, 75.5 (2C, C-4Man, C-5Man), 73.1 (C-5Glc), 73.0 (C-2Glc), 72.9 

(C-3Glc), 70.4 (C-2Man), 69.5 (C-3Man), 69.6, 69.5, (4C, 4 C-ethylene), 68.2 (C-9), 66.2 (3C, C-3Glc, 

C-7, C-6Glc), 66.3 (C-12 ethylene), 61.2 (C-8), 60.8, 60.7 (3C, C-6Man, C-ethylene), 39.1 (C-13 

ethylene) ppm; IR (ATR) vmax/cm-1 3339, 2881, 1675, 1430, 1031, 646; ESI-HRMS: m/z calcd. 

for C24H45N4O15 + H+: 629.28759 [M+H]+; found 629.28625. 

(S)-2-{1-[(2-(2-Methoxyethoxy)ethyl)amino]-1H-1,2,3-triazol-4-yl}-1-O-(-D-

mannopyranosyl)-3-O-(-D-glucopyranosyl)-1,3-propanediol (11b). General procedure B 

was applied to starting material 10b (290 mg, 220 µmol). Reagents and conditions: sodium 

methoxide (2-3 drops), anhydrous methanol (c = 0.05 M, 4.50 mL). Size exclusion chromatog-

raphy G10 in water yielded precursor molecule (120 mg, 75 %). The residue was dissolved in 

water/trifluoroacetic acid 4/1 and sonicated for 1 h then concentrated till dryness. The resi-

due was taken to microfiltration and lyophilisation what yielded compound 11b as white 

foam (100 mg, quantitativ); [𝑎] = + 61 (c 1 , dd water); 1H NMR (500 MHz, D2O) δ 8.19 (s, 

1H, H-10), 5.19-5.10 (m, 1H, H-8), 4.77 (d, 3J1,2 = 1.70 Hz, 1H, H-1Man), 4.66 (s, 2H, H-12 eth-

ylene), 4.41 (d, 3J1,2 = 7.9 Hz, 1H, H-1Glc), 4.37 (dd, 2J9a,9b = 10.7 Hz, 3J8,9a = 3.8 Hz, 1H, H-9a), 
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4.15-4.10 (m, 2H, H-7a, H-9b), 3.92 (dd, 2J7a,7b = 10.7 Hz, 3J7b,8 = 3.8 Hz, 1H, H-7b), 3.83-3.80 

(m, 2H, H-2Man, H-6aMan), 3.72-3.64 (m, 11H, H-6bMan, 10 H-ethylene), 3.62-3.65 (m, 2H, H-

6Glc), 3.56-3.49 (m, 2H, H-3Man, H-5Man), 3.41 (dd, 3J2,3 = 3J3,4 = 9.2 Hz, 1H, H-3Glc), 3.37-3.34 (m, 

1H, H-5Glc), 3.28 (dd, 3J4,5 = 9.8 Hz, 3J3,4 = 9.0 Hz, 1H, H-4Glc), 3.18-3.14 (m, 3H, H-2Glc, H-13 

ethylene), 3.00-2.89 (m, 1H, H-4Man) ppm; 13C NMR (126 MHz, D2O) δ 143.9 (C-11), 125.0 (C-

10), 102.3 (C-1Glc), 99.5 (C-1Man), 76.0 (C-5Glc), 75.6 (C-3Glc), 72.9 (2C, C-2Glc, C-4Man), 70.4 (C-

3Man), 69.8 (C-2Man), 69.6, 69.5, 69.0 (4C, 4 C-ethylene), 68.0 (C-9), 66.4 (C-7), 66.3 (C-5Man), 

66.1 (C-ethylene), 63.0 (C-12 ethylene), 60.8 (C-8), 60.7 (2C, C-6Man, C-6Glc), 39.1 (C-13 eth-

ylene) ppm; IR (ATR) vmax/cm-1 3332, 2882, 1430, 1674, 1127, 646; ESI-HRMS: m/z calcd. for 

C24H45N4O15 + H+: 629.28759 [M+H]+; found 629.28625. 
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8.4.1 NMR spectra of new molecules for Chapter 5 

Figure 8.32: 1H NMR (500 MHz, CDCl3) spectrum of compound 7. 

Figure 8.33: 13C NMR (126 MHz, CDCl3) spectrum of compound 7. 
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Figure 8.34: 1H NMR (600 MHz, D2O) spectrum of compound 8. 

Figure 8.35: 13C NMR (151 MHz, CDCl3) spectrum of compound 8. 
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Figure 8.36: 1H NMR (600 MHz, CDCl3) spectrum of compound 9a. 

Figure 8.37:  13C NMR (151 MHz, CDCl3) spectrum of compound 9a. 
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Figure 8.38: 1H NMR (600 MHz, CDCl3) spectrum of compound 9b. 
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Figure 8.39: 13C NMR (151 MHz, CDCl3) spectrum of compound 9b. 
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Figure 8.40: 1H NMR (500 MHz, MeOD) spectrum of compound 10a. 
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Figure 8.41: 13C NMR (126 MHz, MeOD) spectrum of compound 10a. 
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Figure 8.42: 1H NMR (500 MHz, MeOD) spectrum of compound 10b. 

Figure 8.43: 13C NMR (126 MHz, CDCl3) spectrum of compound 10b. 
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Figure 8.44: 1H NMR (500 MHz, D2O) spectrum of compound 11a. 

Figure 8.45: 13C NMR (126 MHz, D2O) spectrum of compound 11a. 
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Figure 8.46: 1H NMR (500 MHz, D2O) spectrum of compound 11b. 

Figure 8.47: 13C NMR (126 MHz, D2O) spectrum of compound 11b. 
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8.5 Synthetic procedures for Chapter 6 

For the characterization of serine-derived enantiomeric scaffolds, the carbon atoms of the 

core moiety are numbered as described in Figure 8.48. Compounds derived from D-serine 

are specified by an "a", and their enantiomeric counterparts, based on L-serine, by a "b". 

Compounds are named according to IUPAC nomenclature. 

 

  

Figure 8.48: Atom numbering for NMR data description of individual substrates. 

General procedure for glycosylation (procedure A). To a round bottom flask containing gly-

cosyl acceptor and 3 Å molecular sieves, anhydrous dichloromethane (c = 0.1 M) was added. 

After stirring at room temperature for 15 min, the mixture was cooled to -41 °C (dry 

ice/acetonitrile) then treated with 2,4,6-collidine (1.2 eq.) and silver trifluoromethanesul-

fonate (1.2 eq.). Then bromide glycosyl donor (1.2 eq.) was added at an initial temperature 

of -41 °C. Stirring was continued at -41 °C for three hours and the reaction mixture allowed 

to warm to room temperature and stirred until completion then diluted with ethyl acetate 

and filtrated over celite bed. The filtrate is subsequently washed with ice-cold 1 N hydrochlo-

ride acid, dried over magnesium sulfate, filtered and concentrated. The crude residue was 

purified by flash chromatography to afford the expected compound. 

General procedure for glycosylation (procedure B). To a round bottom flask with activated 3 

Å molecular sieves, trifluoromethanesulfonic anhydride (2 eq.) was added. The mixture was 

cooled to -70 °C (dry ice/ acetonitrile) and sulfonyl glycosyl donor (2 eq.) in anhydrous di-

chloromethane (c = 0.3 M), 2,6-di-tert-butyl pyridine (1.5 eq.) and glycosyl acceptor were 

added sequentially. The reaction was stirred for 45 min at -60 ˚C and stopped by the addition 
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of aq. satd. sodium bicarbonate then diluted with dichloromethane and filtrated over celite 

bed. The filtrate is subsequently washed with brine, dried over magnesium sulfate, filtered 

and concentrated. The crude residue was purified by flash chromatography to afford the 

expected compound. 

General procedure for propargylation subsequent methyl ester formation (general proce-

dure C). NH-Boc-D- or L-serine was added to an ice-cold solution of sodium hydride (2.2 eq.) 

in anhydrous N,N-dimethylformamide (c = 0.45 M) and the reaction mixture stirred for 30 

min. Then propargyl bromide 80 % solution in toluene (1.1 eq.) was added dropwise at 0 °C. 

The reaction was stirred for 2 h at 0 °C then concentrated. The residue was taken up in water 

and 1 M hydrochloric acid was added until pH = 2-4 was reached. The aqueous phases were 

extracted with ethyl acetate and the combined organic layers were dried over magnesium 

sulfate, filtered and concentrated. The resulting yellow syrup was dissolved in anhydrous 

N,N-dimethylformamide (c = 0.7 M) and potassium carbonate (1.5 eq.) were added. 

Afterward, methyl iodide (1.5 eq.) was added dropwise at 0 °C. The mixture was stirred at 

room temperature until completion then diluted with water and the aqueous phases were 

extracted with ethyl acetate. The combined organic layers were dried over magnesium sul-

fate, filtered and concentrated and the residue was purified by flash chromatography to af-

ford the expected compound. 

General procedure ester reduction (general procedure D). The starting material was dis-

solved in anhydrous tetrahydrofuran (c = 0.4 M) and 2 M lithium borohydride in tetrahydrofu-

ran (1.5 eq.) was added dropwise at 0 °C. The reaction was stirred for 12 h at room tempera-

ture then treated at 0 °C with satd. aq. ammonium chloride. The aqueous phases were ex-

tracted with ethyl acetate and the combined organic layers were dried over magnesium sul-

fate, filtered and concentrated then the residue was purified by flash chromatography to 

afford the expected compound. 

General procedure for copper(I) catalyzed azide-alkyne cycloaddition (CuAAC) reaction 

(general procedure E). In 32 mL microwave tube azide moiety, alkyne moiety (2 eq.), cop-

per(I) bromide (0.2 eq.) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (0.05 eq.) were 

dissolved with anhydrous N,N-dimethylformamide (c = 0.1 M). The reaction was stirred at  

60 °C under microwave conditions for 1 hour. The mixture was washed with toluene and 
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transferred into a flask and concentrated to dryness. Then water and ethyl acetate were 

poured in and the aqueous phases were extracted with ethyl acetate and the combined or-

ganic layers were dried over magnesium sulfate, filtered and concentrated. Then the residue 

was purified by flash chromatography to afford the expected compound. 

General procedure for NH-Boc cleavage and subsequent diazotransfer reaction (general 

procedure F). The starting material was dissolved in anhydrous tetrahydrofuran (c = 0.1 M) 

and 4 M hydrochloric acid in dioxane (5 eq.) was added and the reaction was stirred until 

completion then concentrated till dryness. The residue was dissolved in a 2:1:1 metha-

nol/dichloromethane/water mixture (c = 0.1 M) and potassium carbonate (2 eq.), copper(II) 

sulfate pentahydrate (0.01 eq.) and imidazole-1-sulfonyl azide hydrochloride (1.6 eq.) were 

added sequentially. The blue mixture turned brown after stirred for sixteen hours. The reac-

tion mixture was then concentrated to dryness. The residue was diluted with ethyl acetate 

and water. The aqueous phase was extracted with ethyl acetate and the combined organic 

phases were washed with brine, dried over magnesium sulfate then concentrated. The resi-

due was purified by flash chromatography to afford the expected compound. 

General procedure for ester cleavage (general procedure G). To a solution of the ester pro-

tected glycocluster in dry methanol (c = 0.03 M), sodium methoxide (c = 5.4 M in methanol, 

two drops) was added and the mixture was stirred at room temperature until completion 

then neutralized with Amberlite IR120-H+, diluted with methanol, filtered and concentrated. 

The residue was taken up into a 1:1 mixture of water and methanol then washed with dieth-

yl ether and the aqueous layer was concentrated to dryness. The residue was purified by size 

exclusion chromatography on Sephadex G10 gel and eluted with deionized water. 

2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl bromide (7c). To a round bottom flask with 

1,2,3,4,6-penta-O-benzoyl-α,-D-mannopyranoside (3.60 g, 5.13 mmol) in anhydrous di-

chloromethane (c = 0.5 M, 10.2 mL), hydrogen bromide in 33 % (w/w) glacial acetic acid (ca. 

5.1 mol/L, 4.50 mL) was added at 0 °C. The mixture was allowed to warm to room tempera-

ture then stirred until completion of the reaction, and stopped by adding aq. satd. sodium 

bicarbonate at 0 ˚C. The aqueous phases were extracted with dichloromethane then the 

combined organic layers were washed with brine, dried over magnesium sulfate, filtered and 

concentrated. Flash chromatography with ethyl acetate/cyclohexane 8/92 yielded com-
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pound 7c (2.20 g, 70 %) as a white foam. Analytical and spectroscopic data were found to be 

in agreement with reported literature.[143] 

(2-Methyl-5-tert-butylphenyl)-α-D-(2,3,4,6-tetra-O-benzoyl)-sulfonyl mannopyranoside 

(7d). To a round bottom flask with (2-methyl-5-tert-butylphenyl)-α-D-(2,3,4,6-tetra-O-

benzoyl)-thiomannopyranoside (800 mg, 1.10 mmol) in anhydrous dichloromethane (c = 0.2 

M, 5.30 mL), meta-chloroperoxybenzoic acid (363 mg, 1.60 mmol, 1.5 eq.) was added at -20 

°C. The mixture was allowed to warm to room temperature then stirred until completion of 

the reaction and stopped by adding aq. satd. sodium bicarbonate at 0 ˚C. The aqueous phas-

es were extracted with dichloromethane then the combined organic layers were washed 

with brine, dried over sodium sulfate, filtered and concentrated. Flash chromatography with 

ethyl acetate/cyclohexane 1.5/8.5 yielded compound 7d (560 mg, 70 %) as white foam.  

Analytical and spectroscopic data were found to be in agreement with reported 

literature.[130, 144] 

(R)-N-tert-Butoxycarbonyl-O-propargyl-D-serine methyl ester (2a). General procedure C was 

applied to N-Boc-D-serine (2.20 g, 10.7 mmol). Reagents and conditions for the first step: 

sodium hydride 60 % dispersion in mineral oil (94.0 mg, 23.6 mmol, 2.2 eq.), propargyl 

bromide (1.30 mL, 11.8 mmol, 1.1 eq.), anhydrous N,N-dimethylformamide (c = 0.45 M,  

23.0 mL); Reagents and conditions for second step: potassium carbonate (3.54 g, 25.6 mmol, 

1.5 eq.), methyl iodide (1.60 mL, 25.6 mmol, 1.5 eq.), anhydrous N,N-dimethylformamide  

(c = 0.7 M, 15.4 mL). Flash chromatography with ethyl acetate/cyclohexane 1/9 yielded com-

pound 2a (1.70 g, 61 %) as a yellow viscous oil; Rf = 0.3 (ethyl acetate/cyclohexane 1/9); 

[𝑎]  = - 10.9 (c 1, chloroform); 1H NMR (500 MHz, CDCl3) δ 5.37 (br s, 1H, NH), 4.49-4.43 (m, 

1H, H-2), 4.15 (d, 3J1,4 = 2.4 Hz, 2H, H-4), 3.96 (dd, 2J1a,1b = 9.2 Hz, 3J1a,2 = 2.9 Hz, 1H, H-1a), 

3.79-3.73 (m, 4H, H-1b, COOCH3 ), 2.45 (t, 4J4,6 = 2.4 Hz, 1H, H-6), 1.45 (s, 9H, NHCO2C(CH3)3) 

ppm; 13C NMR (126 MHz, CDCl3) δ 170.9 (COOCH3), 155.5 (NHCO2C(CH3)3), 80.0 

(NHCO2C(CH3)3), 78.8 (C-5), 75.0 (C-6), 69.7 (C-1), 58.5 (C-4), 53.8 (C-2), 52.5 (COOCH3), 28.3 

(NHCO2C(CH3)3) ppm. 

(S)-N-tert-Butoxycarbonyl-O-propargyl-L-serine methyl ester (2b). General procedure C was 

applied to NH-Boc-L-serine (2.20 g, 10.7 mmol). Reagents and conditions for first step: 

sodium hydride 60 % dispersion in mineral oil (94.0 mg, 23.6 mmol, 2.2 eq.), propargyl 
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bromide (1.30 mL, 11.8 mmol, 1.1 eq.), anhydrous N,N-dimethylformamide (c = 0.45 M,  

23.0 mL); Reagents and conditions for second step: potassium carbonate (3.54 g, 25.6 mmol, 

1.5 eq.), methyl iodide (1.60 mL, 25.6 mmol, 1.5 eq.), anhydrous N,N-dimethylformamide  

(c = 0.7 M, 15.4 mL). Flash chromatography with ethyl acetate/cyclohexane 1/9 yielded com-

pound 2b (2.10 g, 76 %) as yellow viscous oil. 1H NMR and 13C NMR were found to be in 

agreement with the reported literature.[145] [𝑎]  = + 11.5 (c 1, chloroform); literature values: 

[𝑎]  = + 17.8 (c 2.7, chloroform) and [𝑎]  = + 14.7 (c 1.2, chloroform). 

(S)-2-N-(tert-Butoxycarbonyl)-1-O-(propargyl)-1,3-propanediol (3a). General procedure D 

was applied to starting material 2a (1.70 g, 6.61 mmol). Reagents and conditions: 2 M lithium 

borohydride in tetrahydrofuran (5.0 mL, 1.5 eq.), anhydrous tetrahydrofuran (c = 0.4 M,  

17.0 mL). Flash chromatography with ethyl acetate/cyclohexane 4/6 yielded compound 3a 

(1.0 g, 65 %) as a translucent viscous gel; Rf = 0.3 (ethyl acetate/cyclohexane 3/7); 

[𝑎]  = - 29.7 (c 1, chloroform); 1H NMR (500 MHz, CDCl3) δ 5.15 (br s, 1H, NH), 4.22-4.10 (m, 

2H, H-4), 3.88-3.76 (m, 2H, H-2, H-3a), 3.76-3.59 (m, 3H, H-1, H-3b), 2.47 (t, 4J4,6 = 2.4 Hz, 1H, 

H-6), 1.45 (s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) δ 156.1 (NHCO2C(CH3)3), 

79.8 (NHCO2C(CH3)3), 79.1 (C-5), 75.0 (C-6), 70.1 (C-1), 63.7 (C-3), 58.6 (C-4), 51.5 (C-2), 28.37 

(NHCO2C(CH3)3) ppm; IR (ATR) vmax/cm-1 3292, 2977, 2119, 1685, 1511, 1366, 1168, 1028, 

648; ESI-HRMS: m/z calcd. for C11H18NO4 + Na+ + H+ = 252.12008 [M+Na+H]+; found 

252.12062. 

(R)-2-N-(tert-Butoxycarbonyl)-1-O-(propargyl)-1,3-propanediol (3b). General procedure D 

was applied to starting material 2b (2.10 g, 8.21 mmol). Reagents and conditions: 2 M lithium 

borohydride in tetrahydrofuran (6.12 mL, 1.5 eq.), anhydrous tetrahydrofuran (c = 0.4 M, 

21.0 mL). Flash chromatography with ethyl acetate/cyclohexane 4/6 yielded compound 3b 

(1.20 g, 62 %) as a translucent viscous gel; Rf = 0.3 (ethyl acetate/cyclohexane 3/7); 

[𝑎]  = + 37.7 (c 1, chloroform); 1H NMR (500 MHz, CDCl3) δ 1H NMR (500 MHz, CDCl3) δ 5.13 

(br s, 1H, NH), 4.17 (dd, 2J4a,4b = 3.4 Hz, 2J3,4 = 2.4 Hz, 2H, H-4a, H-4b), 3.84-3.78 (m, 2H, H-2, 

H-1a), 3.74-3.63 (m, 3H, H-1b, H-3), 2.46 (t, 4J4,6 = 2.4 Hz, 1H, H-6), 2.09 (br s, 1H, OH), 1.45 

(s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) δ 156.1 (NHCO2C(CH3)3), 79.8 

(NHCO2C(CH3)3), 79.1 (C-5), 75.0 (C-6), 70.2 (C-1), 63.8 (C-3), 58.7 (C-4), 51.53 (C-2), 28.35 

(NHCO2C(CH3)3) ppm; IR (ATR) vmax/cm-1 3293, 2977, 1685, 1511, 1366, 1168, 1028, 648; ESI-

HRMS: m/z calcd. for C11H18NO4 + Na+ + H+ = 252.12008 [M+Na+H]+; found 252.12062. 
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(S)-2-N-(tert-Butoxycarbonyl)-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetra-O-benzoyl--D-

mannopyranosyl))-1,3-propanediol]-1H-1,2,3-triazol-4-yl]-methyl}-1,3-propanediol (5a). 

General procedure E for CuAAC addition was applied to azide moiety 4 (1.0 g, 787 µmol) and 

alkyne moiety 3a (360 mg, 1.57 mmol, 2 eq.). Reagents and conditions: copper(I) bromide 

(21.0 mg, 150 µmol, 0.2 eq.) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (21.0 mg, 

39.0 µmol, 0.05 eq.), anhydrous N,N-dimethylformamide (c = 0.1 M, 7.80 mL), reaction was 

stirred at T = 60 °C for 1 hour under microwave conditions. Flash chromatography with ethyl 

acetate/cyclohexane 4.5/5.5 afforded compound 5a as a white foam (1.10 g, 93 %); Rf = 0.3 

(ethyl acetate/cyclohexane 4.5/5.5); [𝑎] = - 703 (c 0.6, chloroform); 1H NMR (500 MHz, 

CDCl3) δ 8.13-8.06 (m, 4H, 4 H-Ar), 8.04-7.98 (m, 5H, 4 H-Ar, H-6), 7.96-7.92 (m, 4H, 4 H-Ar), 

7.83-7.80 (m, 4H, 4 H-Ar), 7.60-7.55 (m, 4H, 4 H-Ar), 7.50-7.44 (m, 2H, 2 H-Ar), 7.44-7.31 (m, 

14H, 14 H-Ar), 7.28-7.26 (m, 1H, H-Ar), 7.26-7.23 (m, 3H, 3 H-Ar), 6.17-6.07 (m, 2H, H-4Man2, 

H-4Man3), 5.82 (dd, 3J3,4 = 10.2 Hz, 3J2,3 = 3.3 Hz, 1H, H-3Man2), 5.73-5.70 (m, 2H, H-2Man3,  

H-3Man3), 5.65 (dd, 3J2,3 = 3.3 Hz, 3J1,2 = 1.8 Hz, 1H, H-2Man2), 5.36-5.30 (m, 1H, NH), 5.24-5.15 

(m, 2H, H-1Man3, H-7), 5.10 (d, 3J1,2 = 1.6 Hz, 1H, H-1Man2), 4.79 (s, 2H, H-4), 4.77-4.66 (m, 2H, 

H-6aMan2, H-6aMan3), 4.56-4.43 (m, 3H, H-6bMan2, H-6bMan3, H-9a), 4.39 (dd, 2J8a,8b = 10.9 Hz, 
3J7,8a = 4.7 Hz, 1H, H-8a), 4.35-4.29 (m, 1H, H-5Man2), 4.23 (dd, 2J8a,8b = 10.9 Hz, 3J7,8b = 7.0 Hz, 

1H, H-8b), 4.12-4.07 (m, 2H, H-5Man3, H-9b), 3.84 (s br, 1H, H-2), 3.80-3.73 (m, 2H, H-3a,  

H-1a), 3.72-3.57 (m, 2H, H-3b, H-1b), 1.38 (s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (126 MHz, 

CDCl3) δ 166.1, 165.7, 165.4, 165.3 (8C, 8 PhC=O), 145.5 (C-5), 133.6, 133.5, 133.3, 133.2, 

133.1, 129.9, 129.8, 129.7, 129.0, 128.8, 128.6, 128.5, (48C, 48 C-Ar), 128.3 (C-6), 98.3  

(C-1Man2), 97.6 (C-1Man3), 79.3 (NHCO2C(CH3)3), 70.0 (C-1), 69.9 (4C, C-2Man2, C-2Man3, C-3Man2, 

C-3Man3), 69.6 (C-5Man2), 69.4 (C-5Man3), 67.3 (C-8), 66.6 (C-9), 66.5, 66.2 (2C, C-4Man2, C-4Man3), 

64.8 (C-4), 62.6, 62.4 (3C, C-3, C-6Man2, C-6Man3), 60.2 (C-7), 51.5 (C-2), 28.3 (NHCO2C(CH3)3) 

ppm; IR (ATR) vmax/cm-1 2970, 1722, 1451, 1260, 1094, 706; ESI-HRMS: m/z calcd. for 

C82H79N4O24 + H+ = 1503.50788 [M+H]+; found 1503.50715.  

(R)-2-N-(tert-Butoxycarbonyl)-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetra-O-benzoyl--D-

mannopyranosyl))-1,3-propanediol]-1H-1,2,3-triazol-4-yl]-methyl}-1,3-propanediol (5b).  

General procedure E for CuAAC addition was applied to azide moiety 4 (1.0 g, 787 µmol) and 

alkyne moiety 3b (360 mg, 1.57 mmol, 2 eq.). Reagents and conditions: copper(I) bromide 

(21.0 mg, 150 µmol, 0.2 eq.) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (21.0 mg, 
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39.0 µmol, 0.05 eq.), anhydrous N,N-dimethylformamide (c = 0.1 M, 7.80 mL), reaction was 

stirred at T = 60 °C for 1 hour under microwave conditions. Flash chromatography with ethyl 

acetate/cyclohexane 4.5/5.5 afforded compound 5b as a white foam (1.00 g, 85 %); Rf = 0.3 

(ethyl acetate/cyclohexane 4.5/5.5); [𝑎] = - 710 (c 1, chloroform); 1H NMR (500 MHz, CDCl3) 

δ 8.12-8.07 (m, 4H, 4 H-Ar), 8.03-7.92 (m, 9H, 8 H-Ar, H-6), 7.84-7.79 (m, 4H, 4 H-Ar), 7.60-

7.54 (m, 4H, 4 H-Ar), 7.51-7.45 (m, 2H, 2 H-Ar), 7.45-7.29 (m, 14H, 14 H-Ar), 7.29-7.27 (m, 

2H, 2 H-Ar), 7.26-7.21 (m, 2H, 2 H-Ar), 6.14-6.09 (m, 2H, H-4Man2, H-4Man3), 5.82 (dd,  
3J3,4 = 10.2 Hz, 3J2,3 = 3.3 Hz, 1H, H-3Man2), 5.75-5.67 (m, 2H, H-2Man3, H-3Man3), 5.67-5.62 (m, 

1H, H-2Man2), 5.31 (s, 1H, NH), 5.23-5.15 (m, 2H, H-1Man3, H-7), 5.10 (d, 3J1,2 = 1.7 Hz, 1H,  

H-1Man2), 4.84-4.78 (m, 2H, H-4), 4.78-4.64 (m, 2H, H-6aMan2, H-6aMan3), 4.56-4.43 (m, 3H,  

H-6bMan2, H-6bMan3, H-9a), 4.39 (dd, 2J8a,8b = 10.8 Hz, 3J7,8a =4.7 Hz, 1H, H-8a), 4.35-4.30 (m, 

1H, H-5Man2), 4.23 (dd, 2J8a,8b = 10.8 Hz, 3J7,8b =7.0 Hz, 1H, H-8b), 4.14-4.04 (m, 2H, H-5Man3,  

H-9b), 3.83 (br s, 1H, H-2), 3.81-3.73 (m, 2H, H-3a, H-1a), 3.71-3.61 (m, 2H, H-3b, H-1b), 3.12 

(br s, 1H, -OH), 1.36 (s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) δ 166.1, 165.7, 

165.4, 165.3 (8C, 8 PhC=O), 145.4 (C-5), 133.6, 133.5, 133.3, 133.2, 133.1, 129.9, 129.8, 

129.7, 129.0, 128.8, 128.6, 128.5, 128.3, 128.2, 125.3, (48C, 48 C-Ar), 123.4 (C-6), 98.3  

(C-1Man2), 97.6 (C-1Man3), 79.3 (NHCO2C(CH3)3), 70.1 (C-1), 70.0, 69.9, (4C, C-2Man2, C-2Man3,  

C-3Man2, C-3Man3), 69.6 (C-5Man2), 69.5 (C-5Man3), 67.3 (C-8), 66.6 (C-9), 66.5 (C-4Man2), 66.2  

(C-4Man3), 64.7 (C-4), 62.6 (C-3), 62.4 (2C, C-6Man2, C-6Man3), 60.2 (C-7), 51.5 (C-2), 28.3 

(NHCO2C(CH3)3) ppm; IR (ATR) vmax/cm-1 2970, 1722, 1451, 1260, 1094, 706; ESI-HRMS: m/z 

calcd. for C82H79N4O24 + H+ = 1503.50788 [M+H]+; found 1503.50703. 

(S)-2-Azido-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetra-O-benzoyl--D-mannopyranosyl))-1,3-

propanediol]-1H-1,2,3-triazol-4-yl]-methyl}-1,3-propanediol (6a). General procedure F was 

applied to starting material 5a (750 mg, 500 µmol). Reagents and conditions for first step: 4 

M hydrochloric acid in dioxane (10.0 mL, 40 mmol, 80 eq.), anhydrous tetrahydrofuran  

(c = 0.1 M, 5.0 mL). Reaction was completed after 2 h. Reagents and conditions for second 

step: potassium carbonate (137 mg, 100 µmol, 2 eq.), copper(II) sulfate pentahydrate (2 mg, 

5 µmol, 0.01 eq.) and imidazole-1-sulfonyl azide hydrochloride (167 mg, 800 µmol, 1.6 eq.), 

methanol/dichloromethane/water mixture 2:1:1 (c = 0.1 M, 5.0 mL). Flash chromatography 

with ethyl acetate/cyclohexane 4.5/5.5 afforded compound 6a as a white foam (443 mg,  

63 %); Rf = 0.3 (ethyl acetate/cyclohexane 4/6); [𝑎] = - 375 (c 1, chloroform); 1H NMR  
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(600 MHz, CDCl3) δ 8.13-8.10 (m, 4H, 4 H-Ar), 8.03-7.98 (m, 5H, 4 H-Ar, H-6), 7.96-7.92 (m, 

4H, 4 H-Ar), 7.86-7.78 (m, 4H, 4 H-Ar), 7.65-7.54 (m, 4H, 4 H-Ar), 7.50-7.45 (m, 2H, 2 H-Ar), 

7.46-7.39 (m, 6H, 6 H-Ar), 7.39-7.31 (m, 8H, 8 H-Ar), 7.29-7.27 (m, 1H, H-Ar), 7.26-7.23 (m, 

3H, 3 H-Ar), 6.13-6.09 (m, 2H, H-4Man2, H-4Man3), 5.82 (dd, 3J3,4 = 10.2 Hz, 3J2,3 = 3.3 Hz, 1H, 

 H-3Man2), 5.73-5.69 (m, 2H, H-2Man3, H-3Man3), 5.64 (dd, 3J2,3 = 3.2 Hz, 3J1,2 = 1.8 Hz, 1H,  

H-2Man2), 5.27-5.19 (m, 1H, H-7), 5.17 (s, 1H, H-1Man3), 5.10 (d, 3J1,2 = 1.5 Hz, 1H, H-1Man2), 4.83 

(s, 2H, H-4), 4.77-4.65 (m, 2H, H-6aMan2, H-6aMan3), 4.58-4.45 (m, 3H, H-6bMan2, H-6bMan3, H-

9a), 4.39 (dd, 2J8a,8b = 10.8 Hz, 3J7,8a = 4.6 Hz, 1H), 4.34-4.29 (m, 1H, H-5Man2), 4.23 (dd,  
2J8a,8b = 10.9 Hz, 3J7,8b = 7.1 Hz, 1H, H-8b), 4.16-4.04 (m, 2H, H-5Man3, H-9b), 3.89-3.70 (m, 3H,  

H-1, H-3a), 3.68-6.62 (m, 2H, H-2, H-3b) ppm; 13C NMR (151 MHz, CDCl3) δ 166.1, 165.7, 

165.6, 165.4, 165.3 (8C, 8 PhC=O), 145.2 (C-5), 133.6, 133.5, 133.3, 133.2, 133.1, 129.9, 

129.8, 129.7, 129.0, 128.8, 128.6, 128.5, 128.4, 128.2, 125.3 (48C, 48 C-Ar), 123.6 (C-6), 98.4 

(C-1Man2), 97.6 (C-1Man3), 70.0, 69.9 (4C, C-2Man2, C-2Man3, C-3Man2, C-3Man3), 69.7 (C-1), 69.6  

(C-5Man2), 69.4 (C-5Man3), 67.4 (C-8), 66.6 (C-9), 66.5, 66.2 (2C, C-4Man2, C-4Man3), 64.8 (C-4), 

62.6, 62.4 (2C, C-6Man2, C-6Man3), 62.2 (C-2), 62.1 (C-3), 60.3 (C-7) ppm; IR (ATR) vmax/cm-1 

2955, 2097, 1722, 1259, 1094, 1026, 706; ESI-HRMS: m/z calcd. for C77H69N6O22 + H+ = 

1429.44594 [M+H]+; found 1429.44530. 

(R)-2-Azido-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetra-O-benzoyl--D-mannopyranosyl))-1,3-

propanediol]-1H-1,2,3-triazol-4-yl]-methyl}-1,3-propanediol (6b). General procedure F was 

applied to starting material 5b (800 mg, 532 µmol). Reagents and conditions for first step:  

4 M hydrochloric acid in dioxane (10.6 mL, 42.5 mmol, 80 eq.), anhydrous tetrahydrofuran  

(c = 0.1 M, 5.30 mL). Reaction was completed after 2 h. Reagents and conditions for second 

step: potassium carbonate (147 mg, 106 µmol, 2 eq.), copper(II) sulfate pentahydrate  

(2.0 mg, 5 µmol, 0.01 eq.) and imidazole-1-sulfonyl azide hydrochloride (178 mg, 851 µmol, 

1.6 eq.), methanol/dichloromethane/water mixture 2:1:1 (c = 0.1 M, 5.3 mL). Flash chroma-

tography with ethyl acetate/cyclohexane 4.5/5.5 afforded compound 6b as a white foam 

(556 mg, 73 %); Rf = 0.3 (ethyl acetate/cyclohexane 4/6); [𝑎] = - 393 (c 1, chloroform); 1H 

NMR (500 MHz, CDCl3) δ 8.15-8.05 (m, 4H, 4 H-Ar), 8.05-7.91 (m, 9H, 8 H-Ar, H-6), 7.88-7.75 

(m, 4H, 4 H-Ar), 7.63-7.54 (m, 4H, 4 H-Ar), 7.52-7.46 (m, 2H, 2 H-Ar), 7.45-7.31 (m, 14H,  

14 H-Ar), 7.28-7.26 (m, 1H, H-Ar), 7.26-7.24 (m, 3H, 3 H-Ar), 6.14-6.10 (m, 2H, H-4Man2,  

H-4Man3), 5.82 (dd, 3J3,4 = 10.2 Hz, 3J2,3 = 3.3 Hz, 1H, H-3Man2), 5.72-5.69 (m, 2H, H-2Man3,  
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H-3Man3), 5.64 (dd, 3J2,3 = 3.2 Hz, 3J1,2 = 1.7 Hz, 1H, H-2Man2) 5.26-5.15 (m, 2H, H-7, H-1Man3), 

5.10 (d, 3J1,2 = 1.5 Hz, 1H, H-1Man2), 4.86-4.79 (m, 2H, H-4), 4.76-4.65 (m, 2H, H-6aMan2,  

H-6bMan3), 4.56-4.45 (m, 3H, H-6bMan2, H-6bMan3, H-9a), 4.39 (dd, 2J8a,8b = 10.9 Hz, 3J7,8a =  

4.5 Hz, 1H, H-8a), 4.34-4.29 (m, 1H, H-5Man2), 4.23 (dd, 2J8a,8b = 10.9 Hz, 3J7,8b = 7.1 Hz, 1H,  

H-8b), 4.16-4.01 (m, 2H, H-5Man3, H-9b), 3.81-3.70 (m, 3H, H-1, H-3a), 3.70-3.59 (m, 2H, H-2, 

H-3b), 2.74 (br s, 1H, -OH) ppm; 13C NMR (126 MHz, CDCl3) δ 166.1, 165.7, 165.6, 165.4, 

165.3 (8C, 8 PhC=O), 145.2 (C-5), 133.6, 133.5, 133.3, 133.2, 133.1, 129.9, 129.8, 129.7, 

129.0, 128.8, 128.6, 128.5, 128.4, 128.2, 125.3 (48C, 48 C-Ar), 123.6 (C-6), 98.4 (C-1Man2), 

97.6 (C-1Man3), 70.0, 69.9, (4C, C-2Man2, C-2Man3, C-3Man2, C-3Man3), 69.7 (C-1), 69.6 (2C, C-5Man2, 

C-5Man3), 67.4 (C-8), 66.6 (C-9), 66.5, 66.2 (C-4Man2, C-4Man3), 64.8 (C-4), 62.6, (2C, C-6Man2,  

C-6Man3), 62.4 (C-2), 62.2 (C-3), 60.3 (C-7) ppm; IR (ATR) vmax/cm-1 2955, 2097, 1722, 1259, 

1094, 1026, 706; ESI-HRMS: m/z calcd. for C77H69N6O22 + H+ = 1429.44594 [M+H]+; found 

1429.44503. 

(R)-2-Azido-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetra-O-benzoyl--D-mannopyranosyl))-1,3-

propanediol]-1H-1,2,3-triazol-4-yl]-methyl}-3-O-(2,3,4,6-tetra-O-benzoyl--D-

mannopyranosyl)-1,3-propanediol (9a). General procedure B was applied to acceptor 6a 

(100 mg, 70 µmol) and donor 7d (108 mg, 140 µmol, 2 eq.). Reagents and conditions: trifluo-

romethanesulfonic anhydride (24.0 µL, 140 µmol, 2 eq.), 2,6-di-tert-butylpyridine (22.0 mg, 

105 µmol, 1.5 eq.), anhydrous dichloromethane (c = 0.3 M, 230 µL), T = -78 ˚C to -60 ˚C for 45 

min. Flash chromatography with ethyl acetate/cyclohexane 4/6 afforded compound 9a 

as,-mixture, white foam (20.0 mg, 14 %); Rf = 0.3 (ethyl acetate/cyclohexane 1/1); 

[𝑎] = - 71 (c 1, chloroform); ESI-HRMS: m/z calcd. for C111H95N6O31 + H+ = 2007.60363 

[M+H]+; found 2007.60374; 1H NMR (500 MHz, CDCl3) δ 8.13-8.07 (m, 6H, 6 H-Ar), 8.05-7.90 

(m, 14H, 14 H-Ar), 7.86-7.78 (m, 6H, 6 H-Ar), 7.60-7.52 (m, 7H, 7 H-Ar), 7.49-7.44 (m, 3H,  

3 H-Ar), 7.44-7.29 (m, 23H, 23 H-Ar), 7.25-7.21 (m, 2H, 2 H-Ar), 6.16-6.09 (m, 3H, H-4Man1,  

H-4Man3, H-4Man2), 5.89 (dd, 3J3,4 = 10.1 Hz, 3J2,3 = 3.3 Hz, 1H, H-3Man1), 5.84 (dd, 3J3,4 = 10.1 Hz, 
3J2,3 = 3.3 Hz, 1H, H-3Man3), 5.75-5.71 (m, 3H, H-2Man1, H-2Man2, H-3Man2), 5.66 (dd,  
3J2,3 = 3.2 Hz, 3J1,2 =1.8 Hz, 1H, H-2Man3), 5.27-5.22 (m, 1H, H-7), 5.20 (br s, 1H, H-1Man2), 5.12-

5.11 (m, 2H, H-1Man1, H-1Man3), 4.91-4.85 (m, 2H, H-4), 4.76-4.66 (m, 3H, H-6aMan1, H-6aMan2, 

H-6aMan3), 4.58-4.39 (m, 6H, H-5Man1, H-6bMan1, H-6bMan2, H-6bMan3, H-8a, H-9a), 4.37-4.32 (m, 

1H, H-5Man3), 4.28-4.19 (m, 1H, H-8b), 4.19-4.15 (m, 2H, H-9b, H-5Man2), 4.01 (dd, 2J3a,3b =  
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10.4 Hz, 3J3a,2 =4.0 Hz, 1H, H-3a), 3.92-3.86 (m, 1H, H-2), 3.85-3.80 (m, 2H, H-1), 3.79-3.64 (m, 

1H, H-3b) ppm; 13C NMR (126 MHz, CDCl3) δ 166.1, 166.0, 165.5, 165.4, 165.3, 165.2 (11C, 11 

PhC=O), 133.5, 133.4, 133.2, 133.1, 133.0, 129.9, 129.8, 129.7, 129.2, 129.1, 128.9, 128.8, 

128.6, 128.5, 128.4, 128.3, (71C, 71 C-Ar), 123.9, (C-6), 98.3 (C-1Man3), 97.9 (C-1Man2), 97.7 (C-

1Man1), 70.1, 70.0, 69.9, 69.7 (6 C, C-2Man1, C-2Man3, C-2Man2, C-3Man1, C-3Man3, C-3Man2), 69.7 (C-

1), 69.6 (C-5Man3), 69.5 (C-5Man1), 69.12 (C-5Man2), 67.9 (C-3), 67.3 (C-8), 66.6, 66.5, 66.4, 66.3, 

66.2 (4C, C-4Man1, C-4Man3, C-4Man1, C-9), 64.9 (C-4), 62.7, 62.6, 62.4 (3C, C-6Man1, C-6Man3, C-

6Man2), 60.1 (C-7), 60.0 (C-2) ppm.  

 

 

 

 

 

(R)-2-N-(tert-Butoxycarbonyl)-1-O-(propargyl)-3-O-(3,4,6-tri-O-benzoyl-1,2-

dioxolanephenyl--D-mannopyranosyl)-1,3-propanediol (10a). General procedure A for gly-

cosylation was applied to acceptor 3a (220 mg, 1.0 mmol) and donor 7c (763 mg, 1.20 mmol, 

1.2 eq.). Reagents and conditions: silver trifluoromethanesulfonate (300 mg, 1.20 mmol, 1.2 

eq.), 2,4,6-collidine (154 µL, 1.20 mmol, 1.2 eq.), anhydrous dichloromethane (c = 0.1 M, 9.60 

mL), T = -41 ˚C to room temperature after three hours. Flash chromatography with ethyl ace-

tate/cyclohexane 3/7 afforded mixture of 10aexo and 10aendo as a white foam (668 mg, 86 %); 

Rf = 0.3 (ethyl acetate/cyclohexane 3/7); [𝑎] = - 42 (c 0.6, chloroform); IR (ATR) vmax/cm-1 

2975, 2300, 1719, 1451, 1264, 1091, 1067, 706; ESI-HRMS: m/z calcd. for C45H45NO13 + Na+ = 

830.27831 [M+Na]+; found 830.27840. Compound 10aendo: 1H NMR  

(500 MHz, CDCl3) δ 8.02-7.99 (m, 2H, 2 H-Ar), 7.92-7.88 (m, 4H, 4 H-Ar), 7.69 (dd, J = 7.5 Hz,  

J = 1.7 Hz, 2H, 2 H-Phortho), 7.54-7.46 (m, 3H, 3 H-Ar), 7.41-7.27 (m, 9H, 9 H-Ar), 5.89-5.84 (m, 

1H, H-4Man), 5.84 (d, 3J1,2 = 2.5 Hz, 1H, H-1Man), 5.68 (dd, 3J3,4 = 9.9 Hz, 3J3,2 = 3.8 Hz, 1H,  

H-3Man), 5.08 (t, 3J1,2 = 3.5 Hz, 1H, H-2Man), 4.82 (br s, 1H, NH), 4.52 (dd, 2J6a,6b = 12.0 Hz, 3J5,6a 

= 3.4 Hz, 1H, H-6aMan), 4.35 (dd, 2J6a,6b = 12.0 Hz, 3J5,6b = 4.8 Hz, 1H, H-6bMan), 4.16-4.09 (m, 

1H, H-5Man), 4.07 (dd, 4J1,4 = 7.5 Hz, 4J4,5 = 2.3 Hz, 2H, H-4), 3.93-3.85 (br s, 1H, H-2), 3.61 (dd, 
2J1a,1b = 9.2 Hz, 3J1a,2 = 4.0 Hz, 1H, H-1a), 3.57-3.52 (m, 1H, H-3a), 3.49 (dd, 3J1a,1b = 9.2 Hz, 

 () 9a () 9a 

Atom 1H-NMR 13C-NMR 1H-NMR 13C-NMR 

1Man3 5.12-5.13 (m) 98.3 5.17 (br s ) 97.7 

2Man3 5.66 (dd) - 5.71-5.69 (m) - 

Table 8.1: Chemical shifts (ppm) for ,-mixture of 9a. 

Descriptor: - peak was not found 
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3J1b,2 = 5.7 Hz, 1H, H-1b), 3.44 (dd, 3J3a,3b = 9.4 Hz, 3J3b,2 = 6.1 Hz, 1H, H-3b), 2.43 (t, 4J =  

2.3 Hz, 1H, H-6), 1.39 (s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) δ 166.0, 165.9, 

165.2 (3C, 3 PhC=O), 155.3 (NHCO2C(CH3)3), 137.9, 133.5, 133.4, 133.0, 130.1, 129.8, 129.7, 

129.6, 129.4, 129.0, 128.9, 128.4, 128.3, 128.2, 126.5, 125.3, 122.7 (23C, 23 C-Ar), 122.7  

(orthoester Cq), 98.0 (C-1Man), 79.4 (2C, C-5, NHCO2C(CH3)3), 76.4 (C-2Man), 74.8 (C-6), 72.3 (C-

5Man), 70.8 (C-3Man), 68.5 (C-1), 66.5 (C-4Man), 63.2 (C-6Man), 62.3 (C-3), 58.4 (C-4), 49.4 (C-2), 

28.3 (NHCO2C(CH3)3) ppm.  

 

 

 

 

 

 

Table 8.2:  Chemical shifts (ppm) for compound 10aendo and 10aexo. 

10aendo 10aexo 

Atom 1H-NMR 13C-NMR 1H-NMR 13C-NMR 

1Man ~5.84 (d, 3J1,2 = 2.5 Hz) 98.0 - - 

2Man 5.08 (t, 3J2,3 = 3.5 Hz) 76.4 - - 

3Man 5.68 (dd, 3J3,4 = 9.9 Hz, 3J2,3 = 3.8 Hz) 70.8 - - 

4Man 5.89-5.84 (m)* 66.5 - - 

5Man 4.14-4.09 (m) 72.3 - - 

6aMan 

6bMan 

4.52 (dd, 2J6a,6b = 12.0 Hz, 3J5,6a = 3.4 Hz) 

4.35 (dd, 2J6a,6b = 12.0 Hz, 3J5,6b = 4.8 Hz) 

63.2 - - 

1a 

1b 

3.61 (dd, 2J1a,1b = 9.2 Hz, 3J1a,2 = 4.0 Hz) 

3.49 (dd, 2J1a,1b = 9.0 Hz, 3J1a,2 = 5.7 Hz) 

68.5 3.71 (dd, 2J1a,1b = 9.4 Hz, 3J1a,2 = 3.9 Hz) 

3.68-3.64 (m)* 

- 

2 3.93-3.85 (m) 49.4 3.83-3.77 (m) - 

3a 

3b 

3.57-3.52 (m)* 

3.44 (dd, 2J3a,3b = 9.4 Hz, 3J2,3a = 6.1 Hz) 

62.3 - 

- 

- 

4 4.07 (dd, 2J4a,4b = 7.5 Hz, 4J4,6= 2.3 Hz) 58.4 4.16 (dd, 2J4a,4b = 5.0 Hz, 4J4,6 = 2.4 Hz) 58.6 

5 - 79.4 - - 

6 2.43 (t, 4J4,6 = 2.4 Hz) 74.8 2.46 (t, 4J4,6 = 2.4 Hz) 75.0 

NHBoc 1.39 (s) 28.3 1.45 (s) 28.3 

Phortho 

Phq 

7.69 (dd, J = 7.5 Hz, J = 1.7 Hz) 

- 

126.5 

122.7 

- 

- 

- 

- 

Descriptors: a) - peak was not found; b) * peak was found in the described region  
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(S)-2-N-(tert-Butoxycarbonyl)-1-O-(propargyl)-3-O-(3,4,6-tri-O-benzoyl-1,2-

dioxolanephenyl--D-mannopyranosyl))-1,3-propanediol (10b). General procedure A for 

glycosylation was applied to acceptor 10b (230 mg, 1.0 mmol) and donor 7c (800 mg,  

1.21 mmol, 1.2 eq.). Reagents and conditions: silver trifluoromethanesulfonate (310 mg, 

1.21 mmol, 1.2 eq.), 2,4,6-collidine (160 µL, 1.21 mmol, 1.2 eq.), anhydrous dichloromethane 

(c = 0.1 M, 10 mL), T = -41 ˚C to room temperature after three hours. Flash chromatography 

with ethyl acetate/cyclohexane 3/7 afforded mixture of 10bexo and 10bendo as white foam 

(580 mg, 72 %); Rf = 0.3 (ethyl acetate/cyclohexane 3/7); [𝑎] = - 52 (c 1, chloroform); IR 

(ATR) vmax/cm-1 2975, 2300, 1719, 1451, 1264, 1091, 1067, 706; ESI-HRMS: m/z calcd. For 

C45H45NO13 + Na+ = 830.27831 [M+Na]+; found 830.27839. Compound 10bendo: 1H NMR  

(500 MHz, CDCl3) δ 8.02-7.98 (m, 2H, 2 H-Ar), 7.93-7.87 (m, 4H, 4 H-Ar), 7.71-7.66 (m, 2H,  

2 H-Phortho), 7.55-7.46 (m, 3H, 3 H-Ar), 7.39-7.27 (m, 9H, 9 H-Ar), 5.87-5.81 (m, 2H, H-1Man,  

H-4Man), 5.68 (dd, 3J3,4 = 10.0 Hz, 3J2,3 = 4.0 Hz, 1H, H-3Man), 5.07 (t, 3J2,3 = 3.5 Hz, 1H, H-2Man), 

4.82 (br s, 1H, NH), 4.52 (dd, 2J6a,6b = 12.0 Hz, 3J5,6a = 3.5 Hz, 1H, H-6aMan), 4.36 (dd, 2J6a,6b = 

12.0 Hz, 3J5,6b = 4.9 Hz, 1H, H-6bMan), 4.15-4.09 (m, 1H, H-5Man), 4.07 (t, 3J4,6 = 2.6 Hz, 2H,  

H-4 ), 3.90 (br s, 1H, H-2), 3.59 (dd, 2J1a,1b = 9.1 Hz, 3J1a,2 = 4.1 Hz, 1H, H-1a), 3.56-3.50 (m,  

5.8 Hz, 2H, H-1b, H-3a), 3.43 (dd, 3J3a,3b = 9.4 Hz, 3J3b,2 = 6.2 Hz, 1H, H-3b), 2.43 (t, 4J4,6 =  

2.4 Hz, 1H, H-6), 1.40 (s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (126 MHz, CDCl3) δ 166.0, 165.9, 

165.2 (3C, 3 PhC=O), 155.3 (NHCO2C(CH3)3), 136.1, 133.5, 133.4, 133.0, 129.8, 129.7, 129.6, 

129.4, 129.0, 128.9, 128.4, 128.3, 128.2, 126.5, 125.3, 122.6 (23C, 23 C-Ar), 122.7 (orthoester 

Cq), 98.0 (C-1Man), 79.5 (NHCO2C(CH3)3), 79.5 (C-5), 76.3 (C-2Man), 74.8 (C-6), 72.4 (C-5Man), 

70.8 (C-3Man), 68.4 (C-1), 66.5 (C-4Man), 63.2 (C-6Man), 62.5 (C-3), 58.4 (C-4), 49.3 (C-2), 28.4 

(NHCO2C(CH3)3) ppm. 
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(R)-2-N-(tert-Butoxycarbonyl)-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetra-O-benzoyl--D-

mannopyranosyl))-1,3-propanediol]-1H-1,2,3-triazol-4-yl]}-3-O-(3,4,6-tri-O-benzoyl-1,2-

dioxolanephenyl--D-mannopyranosyl)-1,3-propanediol (11a). General procedure E for Cu-

AAC addition was applied to azide moiety 4 (482 mg, 378 µmol) and alkyne moiety 10a  

(610 mg, 756 µmol, 2 eq.). Reagents and conditions: copper(I) bromide (10.3 mg, 72 µmol, 

0.2 eq.) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (10.0 mg, 19 µmol,  

0.05 eq.), anhydrous N,N-dimethylformamide (c = 0.1 M, 3.90 mL), T = 60 ˚C for 1 hour under 

microwave conditions. Flash chromatography with ethyl acetate/cyclohexane 4/6 afforded 

mixture of 11aendo and 11aexo as a white foam (520 mg, 66 %); Rf = 0.3 (ethyl ace-

tate/cyclohexane 4/6); [𝑎] = - 47 (c 1, chloroform); IR (ATR) vmax/cm-1 2961, 1720, 1451, 

1260, 1092, 1067, 1026, 750, 706; ESI-HRMS: m/z calcd. for C116H105N4O33 + H+ + H+ = 

2081.66556 [M+ 2 H]+; found 2081.66852. Compound 11aexo: 1H NMR (600 MHz, CDCl3) δ 

8.11-8.09 (m, 4H, 4 H-Ar), 8.02-7.98 (m, 4H. 4 H-Ar), 7.99-7.91 (m, 7H, 6 H-Ar, H-6), 7.89-7.85 

Table 8.3: Chemical shifts (ppm) for compound 10bexo and 10bendo. 

10bendo 10bexo 

Atom 1H-NMR 13C-NMR 1H-NMR 13C-NMR 

1Man 5.87-5.81 (m)* 98.0 - - 

2Man 5.07 (t, 3J2,3 = 3.5 Hz) 76.3 - - 

3Man 5.68 (dd, 3J3,4 = 10 Hz, 3J2,3 = 4 Hz) 70.8 - - 

4Man 5.87-5.81 (m)* 66.5 - - 

5Man 4.15-4.09 (m) 72.4 - - 

6aMan 

6bMan 

4.52 (dd, 2J6a,6b = 12.0 Hz, 3J5,6a = 3.5 Hz)  

4.36 (dd, 2J6a,6b = 12.0 Hz, 3J5,6b = 4.9 Hz) 
63.2 

- 

- 

- 

1a 

1b 

3.59 ( dd, 2J1a,1b = 9.1 Hz, 3J1a,2 = 4.1 Hz) 

3.56-3.50 (m)* 
68.4 

- 

- 
- 

2 3.93-3.85 (m) 49.3 - - 

3a 

3b 

3.56-3.50 (m)* 

3.43 (dd, 2J3a,3b = 9.4 Hz, 3J3b,2 = 6.2 Hz) 
62.5 

- 

- 
- 

4 4.07 (t, 4J4,6 = 2.6 Hz) 58.4 4.17 (dd, 2J4a,4b = 3.6 Hz, 4J4,6 = 2.4 Hz) - 

5 - 79.5 - - 

6 2.43 (t, 4J4,6 = 2.4 Hz) 74.8 2.46 (t, 4J4,6 = 2.4 Hz) - 

NHBoc 1.40 (s) 28.4 1.45 (s) 28.4 

Phortho 

Phq 

7.71-7.66 (m)* 

- 

126.5 

122.7 

7.71-7.66 (m)* 

- 

- 

- 

Descriptors: a) - peak was not found; b) * peak was found in the described region.  
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(m, 4H, 4 H-Ar), 7.82-7.80 (m, 4H, 4 H-Ar), 7.68-7.65 (m, 2H, 2 H-Ph), 7.59-7.53 (m, 4H,  

4 H-Ar), 7.51-7.47 (m, 1H, H-Ar), 7.46-7.28 (m, 25H, 25 H-Ar), 7.25-7.21 (m, 6H, 6 H-Ar), 6.15-

6.09 (m, 2H, H-4Man2, H-4Man3), 5.89 (br s, 1H, H-1Man1), 5.86-5.82 (m, 2H, H-3Man2, H-4Man1), 

5.75-5.69 (m, 3H, H-2Man2, H-2Man3, H-3Man3), 5.67-5.66 (m, 1H, H-3Man1), 5.18 (br s, 1H,  

H-1Man3), 5.15-5.13 (m, 1H, H-7), 5.09 (br s, 2H, H-1Man2, H-2Man1), 4.74-4.70 (m, 3H, H-4,  

H-6aMan2), 4.67 (dd, 2J6a,6b = 12.3 Hz, 3J5,6a = 2.2 Hz, 1H, H-6aMan3), 4.55-4.37 (m, 5H, H-6aMan1, 

H-6bMan2, H-6bMan3, H-8a, H-9a), 4.35-4.32 (m, 2H, H-5Man2, H-6bMan1), 4.23-4.16 (m, 1H,  

H-8b), 4.14-4.04 (m, 3H, H-5Man1, H-5Man3, H-9b), 3.98 (br s, 1H, H-2), 3.67-3.64 (m, 2H, H-1a, 

H-3a), 3.58 (dd, 2J1a,1b = 9.2 Hz, 3J1b,2 = 5.9 Hz, 1H, H-1b), 3.53 (dd, 2J3a,3b = 9.2 Hz, 3J2,3b =  

5.6 Hz, 1H, H-3b), 1.29 (s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (151 MHz, CDCl3) δ 166.1, 166.0, 

165.8, 165.6, 165.5, 165.4, 165.3, 165.2, (11C, 11 PhC=O) 155.8 (NHCO2C(CH3)3), 145.3 (C-5), 

137.9, 133.5, 133.4, 133.3, 133.2, 133.1, 132.9, 130.0, 129.8, 129.7, 129.6, 129.3, 129.1, 

129.0, 128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 123.6, (72 C, 71 C-Ar, C-6), 

122.9 (orthoester Cq), 98.3 (C-1Man2), 98.0 (C-1Man1), 97.6 (C-1Man3), 79.3 (NHCO2C(CH3)3), 76.7  

(C-2Man1), 72.0 (C-5Man1), 70.9 (C-2Man2), 70.0 (4C, C-2Man3, C-3Man1, C-3Man3, C-3Man2), 69.6  

(C-5Man2), 69.4 (C-5Man3), 69.3 (C-1), 67.2 (C-8), 66.6 (C-4Man1), 66.5 (C-9), 66.4 (C-4Man2 or  

C-4Man3), 66.3 (C-4Man2 or C-4Man3), 64.6 (C-4), 63.1 (C-6Man1), 62.9 (C-3), 62.6 (C-6Man2 or  

C-6Man3), 62.4 (C-6Man2 or C-6Man3), 59.9 (C-7), 49.7 (C-2), 21.5 (NHCO2C(CH3)3) ppm.  

(S)-2-N-(tert-Butoxycarbonyl)-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetra-O-benzoyl--D-

mannopyranosyl))-1,3-propanediol]-1H-1,2,3-triazol-4-yl]-methyl}-3-O-(3,4,6-tri-O-benzoyl-

1,2-dioxolanephenyl--D-mannopyranosyl)-1,3-propanediol (11b). General procedure E for 

CuAAC addition was applied to azide moiety 4 (340 mg, 266 µmol) and alkyne moiety 10b 

(430 mg, 533 µmol, 2 eq.). Reagents and conditions: copper(I) bromide (7.30 mg, 50 µmol, 

0.2 eq.) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (7.0 mg,  

13.0 µmol, 0.05 eq.), anhydrous N,N-dimethylformamide (c = 0.1 M, 2.70 mL), T = 60 ˚C for  

1 h under microwave conditions. Flash chromatography with ethyl acetate/cyclohexane 4/6 

afforded mixture of 11bendo and 11bexo as white foam (368 mg, 65 %); Rf = 0.3 (ethyl ace-

tate/cyclohexane 4/6); [𝑎] = - 40 (c 1, chloroform); IR (ATR) vmax/cm-1 2961, 1721, 1451, 

1260, 1093, 1067, 771, 706, 462; ESI-HRMS: m/z calcd. For C116H105N4O33 + H+ + H+ = 

2081.66748 [M+ 2 H]+; found 2081.66556. Compound 11bendo: 1H NMR (600 MHz, CDCl3) δ 

8.11-8.09 (m, 4H, 4 H-Ar), 8.02-7.99 (m, 4H, 4 H-Ar), 7.96-7.90 (m, 7H, 6 H-Ar, H-6), 7.90-7.84 
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(m, 4H, 4 H-Ar), 7.84-7.79 (m, 4H, 4 H-Ar), 7.68-7.66 (m, 2H, 2 H-Ph), 7.59-7.54 (m, 4H,  

4 H-Ar), 7.50-7.38 (m, 12H, 12 H-Ar), 7.37-7.33 (m, 5H, 5 H-Ar), 7.32-7.28 (m, 9H, 9 H-Ar), 

7.25-7.22 (m, 6H, 6 H-Ar), 6.15-6.09 (m, 2H, H-4Man2, H-4Man3), 5.87-5.81 (m, 3H, H-1Man1,  

H-3Man2, H-4Man1), 5.73-5.66 (m, 4H, H-2Man2, H-2Man3, H-3Man1, H-3Man3), 5.18 (d, 3J1,2 = 1.1 Hz, 

1H, H-1Man3), 5.16-5.12 (m, 1H, H-7), 5.10 (d, 3J1,2 = 1.3 Hz, 1H, H-1Man2), 5.09-5.06 (m, 1H,  

H-2Man1), 4.74-4.71 (m, 3H, H-4, H-6aMan2), 4.68 (dd, 2J6a,6b = 12.3 Hz, 3J5,6a = 2.4 Hz, 1H,  

H-6aMan3), 4.53-4.39 (m, 5H, H-6aMan1, H-6bMan2, H-6bMan3, H-8a, H-9a), 4.35-4.32 (m, 2H,  

H-5Man2, H-6bMan1), 4.20 (dd, 2J8a,8b = 10.8 Hz, 3J7,8b =6.6 Hz, 1H, H-8b), 4.13-4.04 (m, 3H,  

H-5Man1, H-5Man3, H-9b), 3.95 (br s, 1H, H-2), 3.69-3.67 (m, 1H, H-1a), 3.61-3.63 (m, 2H, H-1b, 

H-3a), 3.57-3.50 (m, 1H, H-3b), 1.22 (s, 9H, NHCO2C(CH3)3) ppm; 13C NMR (151 MHz, CDCl3) δ 

166.1, 166.0, 165.8, 165.5, 165.4, 165.3, 165.1 (11C, 11 PhC=O), 155.8 (NHCO2C(CH3)3), 145.2 

(C-5), 133.5, 133.3, 133.2, 133.1, 132.1, 130.0, 129.8, 129.7, 129.6, 129.3, 129.1, 129.0, 

128.8, 128.6, 128.5, 128.4, 128.3, 128.2, 126.6, 125.3, 123.8, (72C, 71 C-Ar, C-6), 122.8 (or-

thoester Cq), 98.3 (C-1Man2), 98.0 (C-1Man1), 97.6 (C-1Man3), 79.2 (NHCO2C(CH3)3), 76.6 (C-

2Man1), 72.0 (C-5Man1), 70.9 (C-2Man2), 70.0 (3C, C-2Man3, C-3Man1, C-3Man3), 69.9 (C-3Man2), 69.6  

(C-5Man2), 69.4 (C-5Man3), 69.3 (C-1), 67.3 (C-8), 66.6 (C-4Man1), 66.5 (C-9), 66.4 (C-4Man2 or  

C-4Man3), 66.3 (C-4Man2 or C-4Man3), 64.7 (C-4), 63.1 (C-6Man1), 62.6 (2C, C-3, C-6Man2), 62.4  

(C-6Man3), 59.9 (C-7), 49.6 (C-2), 28.2 (NHCO2C(CH3)3) ppm.  

(R)-2-N-(tert-Butoxycarbonyl)-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetrahydroxy--D-

mannopyranosyl))-1,3-propanediol]-1H-1,2,3-triazol-4-yl]-methyl}-3-O-(3,4,6-tri-O-benzoyl-

1,2-dioxolanephenyl--D-mannopyranosyl)-1,3-propanediol (12a). General procedure G 

was applied to starting material 11a (500 mg, 240 µmol). Reagents and conditions: sodium 

methoxide (4-5 drops), anhydrous methanol (c = 0.03 M, 7.40 mL). Size exclusion chromatog-

raphy G10 in water yielded mixture of 12aendo and 12aexo as a white foam  

(124 mg, 62 %); [𝑎] = + 126 (c 1, dd water); IR (ATR) vmax/cm-1 3341, 2929, 1682, 1050, 

1025, 669, 584 ESI-HRMS: m/z calcd. for C39H60N4O22 + Na+ = 959.35992 [M+Na]+; found 

959.35946. Compound 12aendo: 1H NMR (600 MHz, D2O) δ 8.12 (s, 1H, H-6), 7.60 (dd, J =  

7.4 Hz, J = 2.2 Hz, 2H, H-Phortho), 7.51-7.41 (m, 3H, 2 H-Phmeta, H-Phpara), 5.67 (d, 3J1,2 = 2.4 Hz, 

1H, H-1Man1), 5.18-5.11 (m, 1H, H-7), 4.81 (d, 3J1,2 = 1.4 Hz, 1H, H-1Man2 or H-1Man3), 4.75 (br s, 

1H, H-2Man1), 4.73 (br s, 1H, H-1Man2 or H-1Man3), 4.65 (br s, 2H, H-4), 4.21-4.12 (m, 2H, H-8a, 

H-9a), 4.04-3.98 (m, 3H, H-3Man1, H-8b, H-9b), 3.90-3.85 (m, 2H, H-2, H-2Man2 or H-2Man3), 
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3.81-3.71 (m, 3H, H-2Man2 or H-2Man3, H-6aMan1, H-6aMan3), 3.69-6.64 (m, 5H, H-3Man2 or  

H-3Man3, H-4Man1, H-6bMan1, H-6aMan2, H-6bMan3), 3.61-3.51 (m, 8H, H-1, H-3a, H-3Man2 or  

H-3Man3, H-4Man2, H-6bMan2, H-6bMan3), 3.46 (dd, 2J3a,3b = 10.1 Hz, 3J2,3b = 4.9 Hz, 1H, H-3b), 

3.41-3.34 (m, 2H, H-5Man1, H-5Man2 or H-5Man3), 3.07-3.02 (m, 1H, H-5Man2 or H-5Man3), 1.41 (s, 

9H, NHCO2C(CH3)3) ppm; 13C NMR (151 MHz, D2O) δ 157.7 (NHCO2C(CH3)3 ), 144.1  

(C-5), 130.0, 128.6 (2C, C-Phpara, C-Phmeta), 126.1 (C-Phortho), 124.8 (C-6), 122.1 (orthoester 

Cq), 100.3 ( C-1Man2 or C-1Man3), 99.7 (C-1Man1), 99.6 (C-1Man2 or C-1Man3), 81.2 (NHCO2C(CH3)3), 

79.3 (C-2Man1), 75.1 (C-5Man1), 73.1, 72.9 (2C, C-5Man2, C-5Man3), 70.6 (C-3Man1), 70.4 (2C, C-

3Man2, C-3Man3), 69.9, 69.8 (2C, C-2Man2, C-2Man3), 68.9 (C-1), 66.8 (C-4Man1), 66.5, 66.4, 66.3, 

66.0, (4C, C-4Man2, C-4Man3, C-8, C-9), 65.9 (C-4), 63.6, 63.2, 61.0, 60.9, 60.7 (4C, C-3, C-6Man1, 

C-6Man2, C-6Man3, C-7), 49.8 (C-2), 27.7 (NHCO2C(CH3)3) ppm.  

 

 

 

 

Descriptors: a) - peak was not found; b) * peak was found in the described region  

Table 8.4: Chemical shifts (ppm) for compounds 12aendo and 12aexo. 

12aendo 12aexo 

Atom 1H-NMR 13C-NMR 1H-NMR 13C-NMR 

1Man1 5.68 (d, 3J1,2 = 2.4 Hz ) 97.5 - - 

2Man1 4.75 (br s)* 79.3 - - 

1Man2,3  100.3  100.4 

1a 

1b 

3.58-3.51 (m)* 

3.58-3.51 (m)* 
68.9 

- 
- 

2 3.90-3.85 (m) 49.8 - - 

3a 

3b 

3.61-3.51 (m)* 

3.46 (dd, 2J3a,3b = 10.1 Hz, 3J2,3b = 4.9 Hz) 
63.2 

- 

- 
- 

4 4.65 (br s)* 63.3 4.67 (br s)* 63.3 

5 - 144.1 - 144.2 

6 8.12 (s) 124.8 8.18 (s) 124.8 

7 5.15-5.10 (m)* 63.6 5.19-5.15 (m)* 63.6 

NHBoc 1.41 (s) 27.7 - - 

Phortho 7.60 (dd, J = 7.5 Hz, J = 2.1 Hz) 126.1 - - 

Phm, 

Php 

Phq 

7.49-7.43 (m)* 

7.49-7.43 (m)* 

 

128.6 

130.0 

122.1 

- 

- 

- 

- 



8 Experimental section 
 

182 
 

(S)-2-N-(tert-Butoxycarbonyl)-1-O-{1-[[2-(1,3-di-O-(2,3,4,6-tetrahydroxy--D-

mannopyranosyl))-1,3-propanediol]-1H-1,2,3-triazol-4-yl]}-3-O-(3,4,6-tri-O-benzoyl-1,2-

dioxolanephenyl--D-mannopyranosyl)-1,3-propanediol (12b). General procedure G was 

applied to starting material 11b (170 mg, 240 µmol). Reagents and conditions: sodium 

methoxide (2-3 drops), anhydrous methanol (c = 0.03 M, 2.40 mL). Size exclusion chromatog-

raphy G10 in water yielded mixture of 12bendo and 12bexo as a white foam (42.0 mg, 70 %). 

[𝑎]  = + 102 (c 0.5, dd water); IR (ATR) vmax/cm-1 3341, 2929, 1687, 1050, 1025, 669, 584; 

ESI-HRMS: m/z calcd. for C39H60N4O22 + Na+ = 959.35992 [M+Na]+; found 959.35921. Com-

pound 12bexo: 1H NMR (600 MHz, D2O) δ 8.18 (s, 1H, H-6), 7.60 (dd, J = 7.5 Hz, J = 2.1 Hz, 2H, 

2 H-Phortho), 7.49-7.43 (m, 3H, 2 H-Phmeta, H-Phpara), 5.67 (d, 3J1,2 = 2.5 Hz, H-1Man1), 5.19-5.15 

(m, 1H, H-7), 4.81 (d, 3J1,2 = 1.3 Hz, 1H, H-1Man2 or H-1Man3), 4.79 (br s, 1H, H-2Man1), 4.73 (br s, 

1H, H-1Man2 or H-1Man3), 4.67 (br s, 2H, H-4), 4.21-4.12 (m, 2H, H-8a, H-9a), 4.03-3.92 (m, 3H, 

H-3Man1, H-8b, H-9b), 3.90-3.84 (m, 1H, H-2Man2 or H-2Man3), 3.81-3.71 (m, 4H, H-2, H-2Man2 or 

H-2Man3, H-6aMan1, H-6aMan2 or H-6aMan3), 3.70-3.63 (m, 4H, H-3Man2 or H-3Man3, H-4Man1, H-

6bMan1, H-6aMan2 or H-6aMan3), 3.61-3.51 (m, 7H, H-1, H-3, H-3Man2 or H-3Man3, H-4Man2, H-4Man3,  

H-6aMan2 or H-6aMan3, H-6bMan2, H-6bMan3), 3.41-3.37 (m, 1H, H-5Man1), 3.36-3.32 (m, 1H,  

H-5Man2 or H-5Man3), 3.10-3.01 (m, 1H, H-5Man2 or H-5Man3), 1.41 (s, 9H, NHCO2C(CH3)3) ppm; 
13C NMR (151 MHz, D2O) δ 157.7 (NHCO2C(CH3)3), 144.2 (C-5), 130.0, 128.6 (2C, C-Phpara,  

C-Phmeta), 126.1 (C-Phortho), 124.7 (C-6), 122.0 (orthoester Cq), 100.4 (C-1Man2 or C-1Man3), 99.6  

(C-1Man2 or C-1Man3), 97.5 (C-1Man1), 81.2 (NHCO2C(CH3)3), 79.2 (C-2Man1), 75.2 (C-5Man1), 73.1, 

72.9 (2C, C-5Man2, C-5Man3) 70.6 (C-3Man1), 70.4 (2C, C-3Man2, C-3Man3), 69.9, 69.8 (2C, C-2Man2,  

C-2Man3), 69.3 (C-1), 66.8 (C-4Man1), 66.5, 66.4, 66.3, 66.0 (4C, C-4Man2, C-4Man3, C-8, C-9), 63.3, 

(C-4), 61.0, 60.9, 60.8, 60.7, 60.6 (5C, C-6Man1, C-6Man2, C-6Man3, C-7, C-3), 51.7 (C-2), 27.7 

(NHCO2C(CH3)3) ppm.   
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12bexo 12bendo 

Atom 1H-NMR 13C-NMR 1H-NMR 13C-NMR 

1Man1 5.67 (d, 3J1,2 = 2.5 Hz) 97.5 - - 

2Man1 4.79 (br s)* 79.2 - - 

1Man2,3  100.4  100.3 

1a 

1b 

3.61-3.51 (m)* 

3.61-3.51 (m)* 
69.3 

3.58-3.51 (m)* 

3.58-3.51 (m)* 
69.0 

2 3.80-3.74 (m)* 51.7 3.90-3.85 (m)* 49.8 

3a 

3b 

3.61-3.51 (m)* 

3.61-3.51 (m)* 
60.7 

- 

3.46 (dd, 2J3a,3b = 10.1 Hz, 3J2,3b = 4.9 Hz) 
63.2 

4 4.67 (br s)* 63.3 4.65 (br s)* 63.3 

5 - 144.2 - 144.1 

6 8.18 (s) 124.7 8.12 (s) 124.8 

7 5.19-5.15 (m)* 60.9 5.15-5.10 (m)* 60.9 

NHBoc 1.41 (s) 27.7 - - 

Phortho 7.60 (dd, J = 7.5 Hz, J = 2.1 Hz) 126.1 - - 

Phm 

Php 

Phq 

7.49-7.43 (m)* 

7.49-7.43 (m)* 

 

128.6 

130.0 

122.0 

- 

- 

- 

- 

Table 8.5:  Chemical shifts (ppm) for compounds 12bexo and 12bendo. 

Descriptors: a) - peak was not found; b) * peak was found in the described region.  
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8.5.1 NMR spectra of new molecules for Chapter 6 

 
Figure 8.49: 1H NMR (500 MHz, CDCl3) spectrum of compound 2a. 

Figure 8.50: 13C NMR (126 MHz, CDCl3) spectrum of compound 2a. 
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Figure 8.51: 1H NMR (500 MHz, CDCl3) spectrum of compound 3a. 

Figure 8.52: 13C NMR (126 MHz, CDCl3) spectrum of compound 3a. 
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Figure 8.53: 1H NMR (500 MHz, CDCl3) spectrum of compound 3b. 

Figure 8.54: 13C NMR (126 MHz, CDCl3) spectrum of compound 3b. 
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Figure 8.55: 1H NMR (500 MHz, CDCl3) spectrum of compound 5a. 

Figure 8.56: 13C NMR (126 MHz, CDCl3) spectrum of compound 5a. 
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Figure 8.57: 1H NMR (500 MHz, CDCl3) spectrum of compound 5b. 

Figure 8.58: 13C NMR (126 MHz, CDCl3) spectrum of compound 5b. 
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Figure 8.59: 1H NMR (600 MHz, CDCl3) spectrum of compound 6a. 
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Figure 8.60: 13C NMR (151 MHz, CDCl3) spectrum of compound 6a. 
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Figure 8.61: 1H NMR (500 MHz, CDCl3) spectrum of compound 6b. 

Figure 8.62: 13C NMR (126 MHz, CDCl3) spectrum of compound 6b. 
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Figure 8.63: 1H NMR (500 MHz, CDCl3) spectrum of compound 9a. 
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Figure 8.64: 13C NMR (126 MHz, CDCl3) spectrum of compound 9a. 
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Figure 8.65: HSQC NMR (151 MHz, CDCl3) spectrum pointing on anomers of compound 9a. 

 

Figure 8.66: 13C gated decoupling NMR (151 MHz, CDCl3) spectrum of 9a (green) com-
pared with 13C NMR (126 MHz, CDCl3) spectrum of 9a (red). 
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Figure 8.67: 1H NMR (500 MHz, CDCl3) spectrum of compound 10a. 

Figure 8.68: 13C NMR (126 MHz, CDCl3) spectrum of compound 10a. 
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Figure 8.69: HMBC NMR (151 MHz, CDCl3) spectrum of compound 10a. 
 

Figure 8.70: 1H NMR (500 MHz, CDCl3) spectrum of compound 10b. 
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Figure 8.71: 13C NMR (126 MHz, CDCl3) spectrum of compound 10b. 

 
Figure 8.72: HMBC NMR (151 MHz, CDCl3) spectrum of compound 10b. 
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Figure 8.73: 1H NMR (600 MHz, CDCl3) spectrum of compound 11a. 

Figure 8.74: 13C NMR (151 MHz, CDCl3) spectrum of compound 11a. 
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Figure 8.75: HMBC NMR (151 MHz, CDCl3) spectrum of compound 11a. 
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Figure 8.76: 1H NMR (600 MHz, CDCl3) spectrum of compound 11b. 
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Figure 8.77: 13C NMR (151 MHz, CDCl3) spectrum of compound 11b. 

 
Figure 8.78: HMBC NMR (151 MHz, CDCl3) spectrum of compound 11b. 
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Figure 8.79: 1H NMR (600 MHz, CDCl3) spectrum of compound 12a. 

Figure 8.80: 13C NMR (151 MHz, CDCl3) spectrum of compound 12a. 
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Figure 8.81: HMBC NMR (151 MHz, CDCl3) spectrum of compound 12a. 

 
Figure 8.82: 13C gated decoupling NMR (151 MHz, CDCl3) spectrum of 12a (green) com-

pared with 13C NMR (126 MHz, CDCl3) spectrum of 12a (red). 
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Figure 8.83: 1H NMR (600 MHz, CDCl3) spectrum of compound 12b. 

Figure 8.84: 13C NMR (151 MHz, CDCl3) spectrum of compound 12b. 
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Figure 8.85: HMBC NMR (151 MHz, CDCl3) spectrum of compound 12b. 

 
Figure 8.86: 13C gated decoupling NMR (151 MHz, CDCl3) spectrum of 12b (green) com-

pared to 13C NMR (126 MHz, CDCl3) spectrum of 12b (red). 
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8.6 Biological adhesion assays (with reference to chapter 5) 

General methods 

Buffer solutions and media.  

Carbonate buffer: sodium carbonate (10.6 g) and sodium hydrogen carbonate (8.40 g) dis-

solved in bi-distilled water (1 L), pH = 9.6. PBS buffer: PBS tablets commercially available 

from Gibco, solution of 2 PBS tablets contain 10 mM sodium phosphate, 2.68 mM potassium 

chloride and 140 mM sodium chloride in bi-distilled water (1 L), pH = 7.45. PBST buffer (PBS 

buffer + 0.05 % v/v Tween®20); pH values were adjusted by using 0.1 M aq. hydrochloric acid 

or 0.1 M aq. sodium hydroxide. LB medium (lysogeny broth medium- sterilized): tryptone  

(10 g L-1), yeast extract (5 g L-1), sodium chloride (10 g L-1) in bi-distilled water (1 L), pH = 7.0, 

ampicillin (100 mg L-1) and chloramphenicol (50 mg L-1).  

Preparation of bacterial suspension. 

To test bacterial adhesion to glycoarrays type 1 fimbriated GFP-PKL1162 E. coli bacterial ad-

hesion was investigated. The bacterial E. coli strain PKL1162 was cultured from frozen stock 

in LB media overnight at 37 °C. The bacterial pellet obtained after centrifugation (15 min/ 

4000 rpm/ 4 °C), decantated of the media, washed twice with PBS (2 mL) and then suspend-

ed in PBS buffer. The bacterial suspension was adjusted to OD600 = 0.48 in PBS buffer.  

Covalent functionalization on polystyrene surfaces.  

The synthesized compounds were tested in triplicates on the same microplate. Serial diluted 

derivatives 13a, 13b and 12 with an initial concentration of c = 8 mM were immobilized on 

the 96- well black microtiter plates (Nunc amino immobilizer surfaces, Polysorp). Immobiliza-

tion conditions: in carbonate buffer (100 μL per well), pH = 9.6, incubated overnight at 37 °C 

and 175 rpm. The plates were then washed three times with PBST and remained unreactive 

surface was blocked with 2-amino-ethanol (c = 10 mM) in carbonate buffer (120 μL per well), 

incubated at 37 °C and 175 rpm for at least two hours. The plates were washed twice with 

PBST and then once with PBS. Thus prepared glycoarrays can be stored under low tempera-

ture (-50 °C) for a longer time period.  
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Adhesion assays with fimbriated GFP-PKL1162 E. coli bacteria under static conditions. 

Covalently fabricated glycoclusters on polystyrene surfaces were then used to test bacterial 

adhesion under static conditions.[96] Thus 50 μL of the bacterial solution in PBS buffer 

(OD600= 0.48) was added in all wells and incubated for one hour at 37 °C and 100 rpm. The 

microtiter plates were then washed three times with PBS buffer. Then PBS (120 μL per well) 

was added in all wells for GFP fluorescence intensity readout at λexc = 485 nm and λem=  

535 nm. Compounds were tested in three independent experiments. The obtained fluores-

cence read-out was then used for the calculation of relative bacterial adhesion. In order to 

calculate valency-corrected values the obtained relative adhesion values of Man)2 12 were 

divided by the number of clustered mannosyl ligands.  

Covalent functionalization on N-hydoxysuccinimide glass surfaces. 

Commercially available NHS glass slides (SuperNHS Microarray Substrate Slides, Arrayit) 

were fixed in bottom-less microarray hardware 96 wells microplate for glycocluster fabrica-

tion. Synthesized derivatives 13a and 13b were then fabricated in duplicates on the same 

glass slide with an initial concentration of c = 5 mM and carbonate buffer (100 μL per well). 

The glass slides were then incubated overnight at ambient temperature and agitation of  

250 rpm. So formed glycoarrays are then washed three times with PBST. The glass slides 

were then soaked in 10 mL solution of 2-amino-ethanol (c = 20 mM) and incubated at 37 °C 

and 175 rpm for three hours to functionalised remained unreactive functional groups. The 

plates were washed twice with PBST, once with PBS and once with bi-distilled water. Using 

N2(g) the slides where dried and thus µ-Slide VI0.4 (IBIDI) channel slides were stacked on the 

glass surface providing the 0.4 mm channel hight suitable for the high shear stress range. 

Thus prepared glass slides were used for the testing of bacterial adhesion under flow condi-

tions. 

Adhesion assays with fimbriated GFP-PKL1162 E. coli bacteria under flow conditions. 

The formed glycoarrays were then used to test bacterial adhesion under flow conditions. In 

the experimental set up µ-Slide VI0.4 (IBIDI) channel slides allowed us to apply flow on three 

individual wells in the same time period. Bacterial suspension in PBS (OD600 = 0.48) was ap-

plied under a laminar flow rate of 10 mL/min on the first set of wells to the formed glycoar-

rays in a time range of 30 min. Then the unbound bacteria were washed with PBS buffer for 
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10 min under the same flow rate (Figure 8.96). Afterward, the channel tubes were changed 

to the other duplicate set of wells of the same slide. Hence, the same flow conditions were 

applied. The plate was then fixed in bottomless microarray hardware 96-wells microplate 

and the channel slides were filled with PBS (120 μL per well) for GFP fluorescence intensity 

readout at λexc = 485 nm and λem= 535 nm. The same experimental set up was used to test 

bacterial adhesion to the same glycoarrays in three independent experiments. The obtained 

fluorescence read-out was then used to calculate relative adhesion. 

 

Figure 8.87:  Experimental set up to test bacterial adhesion under laminar flow. Three sy-
ringes are filled with bacterial suspension and three with PBS buffer. Hence, 
one set of individual wells could be tested for the adhesion and following the 
washing step at the time. Then the channel tubes could be used for the sec-
ond set of individual wells. 
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Bacterial adhesion under static conditions 

 

Figure 8.88:  Relative adhesion of E. coli bacteria to glycoarrays under static conditions at 
graded concentrations. The relative adhesion values are the mean values from 
triplicates on the same plate for 13a and 13b, and duplicates for 12. Error bars 
are given as standard error of the mean.i 

 
Figure 8.89:  Relative adhesion of E. coli bacteria to glycoarrays under static conditions at 

graded concentrations. The relative adhesion values are the mean values from 
triplicates on the same plate for 13a and 13b, and duplicates for 12. Error bars 
are given as standard error of the mean.i 
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Figure 8.90:  Relative adhesion of E. coli bacteria to glycoarrays under static conditions at 

graded concentrations. The relative adhesion values are the mean values from 
triplicates on the same plate for 13a and 13b, and duplicates for 12. Error bars 
are given as standard error of the mean.i 

 
  

i For the interpretation of the binding assays (cf. Fig. 8.88, 8.89 and 8.90) valency-corrected (vc) adhe-
sion for the divalent cluster mannoside 12 were obtained by dividing the respective adhesion by two. 
As an alternative to this approach, half concentrations should be applied in the binding assays to ob-
tain valency corrected adhesion to glycoarray 12.  
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Bacterial adhesion under flow conditions 

 

 
Figure 8.91: Relative adhesion of E. coli to glycoarrays under flow conditions. Glycocluster 

solution of 5 mM in carbonate buffer was used for glycoarray fabrication. Bac-
terial adhesion was tested in five individually performed experiments. The rel-
ative adhesion values are the mean values from duplicates on the same plate. 
Error bars are given as standard error of the mean. 

 

 
Figure 8.92: Three independently tested assays of E. coli bacteria to 13a and 13b glycoar-

rays under flow conditions used for the final determination of the adherence. 
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10.1 Abbreviations 

- CD    - cyclodextrin 

E. coli    Escherichia coli 

i- Pr    isopropyl 

Asn     asparagine 

Arg    arginine 

BacAC2    2, 4-diacetamido-2, 4, 6-trideoxy--D-glucopyranose 

Boc    tert-butyloxycarbonyl 

BSA    bovine serum albumin 

ConA    concanavalin A 

CPs    capsular polysaccharides 

CRD    carbohydrate recognition domain 

Cys    cysteine 

CuAAC    copper(I)-catalyzed azide alkyne cycloaddition 

DBU    diazabicycloundecene 

DET    diethyl tartrate 

DMAP    4-dimethyaminopyridine 

DMF    dimethylformamide 

DTBMP   2, 6-di-tert-butyl-4-methylpyridine 

EPS    epoxy polysaccharides 

ESI-HRMS   electrospray ionization high resolution mass spectroscopy 

Fuc    fucose 

FucNAc   N-acetyl-fucosamine 

GAG    glycosaminoglycan 
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Gal    galactose 

GalNAc   N-acetylgalctosamine 

GBPs    glycan binding proteins 

GFP    green fluorescent protein 

Glc    glucose 

GlcNAc    N-acetylglucosamine 

GPI    glycosylphosphatidylinositol 

GSLs    glycosphingolipids 

HMBC    heteronuclear multiple bond coherence 

HSQC    heteronuclear single quantum coherence 

Hyl    hydroxylysine 

Hyp    hydroxyproline 

IR    infrared spectroscopy 

ITC    isothermal titration calorimetry 

LPs    lipopolysaccharides 

Man    mannose 

MPTPA   -methoxy--(trifluoromethyl)phenylacetic acid 

MPTPA-Cl   -methoxy--(trifluoromethyl)phenylacetyl chloride 

NMR    nucler magnetic resonance 

OEG    oligo(ethylene) glycol 

PAMAM   polyamidoamine 

PBST    phosphate buffered saline tween 

PE    pentaerythritol 

PEG    poly(ethylene) glycol 

PNA    peanut agglutinin 

Pse    pseudo 
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RIP    relative inhibition potency 

SBA    soybean agglutinin 

SD    standard deviation 

SEM    standard error of the mean 

Ser    serine 

Sia    sialic acid 

SLT    Shiga like toxin 

sLeX    sialyl-Lewis X 

TBHP    tertiary butyl hydroperoxide 

TBTA    tris[(1-benzyl-1H-1, 2, 3-triazol-4-yl)methyl]amine 

TfOH    trifluoromethanesulfonic acid 

THF    tetrahydrofuran 

Thr    threonin 

TMSOTf   trimethylsilyl trifluoromethanesulfonate 

TRIS    tris(hydroxymethyl)aminomethane 

Tyr    tyrosine 

UPEC    uropathogenic Escherichia coli 

UTi    urinary tract infection 

Xyl    xylose 


