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1 Introduction 

 

Carbohydrates belong, besides DNA and proteins, to the most abundant biomolecules. 

The existence of carbohydrates in the form of polysaccharides was long known to serve 

essential functions, such as for energy storage in starch and glycogen or as structure-

determining components in the form of cellulose or chitin.  

Glycans are conjugates of carbohydrates that are associated with lipids and proteins. 

The biological functions of glycans were only discovered late, even though today there 

is an estimation that around 50% of all proteins are glycosylated.[1]  

The glycoside residues connected to proteins can have a direct influence on intrinsic 

protein properties, such as proteolytic stability, maintenance of solubility or protein con-

formation. Besides the influence on protein functions, the glycans can specifically inter-

act with other biomolecules. These are mainly glycan-binding proteins, such as antibod-

ies, enzymes or lectins. At the cell surface, the interactions of lectins with glycans are 

involved in numerous processes including cell-cell communication, cell adhesion, cell 

recruitment or intracellular trafficking.[2-3] The interplay of such processes allows the cells 

to react to external stimuli, which are mainly mediated by the extracellular matrix[4] 

(ECM). 

For biomedical research, the effective control of cell-matrix interactions is of crucial im-

portance for the development of improved materials for biomedical devices, such as im-

plants or prostheses. Commonly applied materials include titanium or steel. The lack of 

incorporation of these materials is still the major cause for a failure of these devices.[5] 

Improvements have been achieved by coating the materials with components of the 

ECM. The resulting bioinspired materials aim to positively stimulate interactions with the 

surrounding cells. Cell adhesion to this materials resembles a viable factor, which is im-

portant in this process. Therefore, proteins such as collagens, laminins, fibronectin or 

the small tripeptide RGD (arginine-glycine-aspartic acid) were used as coatings in order 

to increase cellular adhesion. Besides proteins and water, the ECM is mainly comprised 

of proteoglycans, which bear large polysaccharide chains.[4] These were shown to be 

effective coatings for biomimetic materials. However, investigations with the aim to re-

veal the effects of smaller carbohydrate structures on cell adhesion are rare. 
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A possible explanation for this lies in the diversity of carbohydrate structures. While oli-

gonucleotides and oligopeptides are linear molecules, oligosaccharides provide a higher 

structural information content due to the formation of branched structures.  

The emergence of carbohydrate microarrays in 2002 was a great achievement for the 

research on carbohydrate-protein interactions to decipher the information content of car-

bohydrate structures. Carbohydrate microarrays are created by immobilization of syn-

thetically or naturally derived glycans on a solid substrate. These arrays of immobilized 

glycans can be used to analyze binding partners. As an alternative to proteins, carbohy-

drate microarrays have been already successfully applied for virus particles and even 

whole cells in order to monitor carbohydrate-specific binding. The analysis of the result-

ing carbohydrate-interaction can be utilized to receive information about binding proper-

ties and binding specificities. With the ability to immobilize several hundreds of samples 

on a single array, the analysis of carbohydrate-protein interactions can be achieved in 

high-throughput, with a minimum of sample load necessary.  

However, the method relies on the availability of a carbohydrate library, which needs to 

be suitable for immobilization on carbohydrate microarrays. The most common approach 

for the preparation of carbohydrate microarrays applies glycoconjugates, which bear an 

ethylene glycol aglycon at the reducing end. The aglycon provides the chemical func-

tionality, which is necessary for the immobilization on the array. Current ligation tech-

niques make use of the unique reactivity of the reducing end for glycoconjugation. Yet, 

there is still no uniform way to generate glycoconjugates from unprotected carbohy-

drates, because the current techniques can have an influence on the carbohydrate-pro-

tein interactions. Therefore, more research for alternative ligation methods to synthesize 

glycoconjugates from unprotected, reducing carbohydrates is required. 
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2 State of the art 

 

2.1 Cellular adhesion 

The attachment of cells to substrates, other cells or surfaces is called cell adhesion. This 

process is mediated by transmembrane glycoproteins such as selectins or integrins. 

These project with their extracellular glycan residues into the extracellular matrix 

(ECM)[4]. Selectins are glycan receptors that bind to Sialyl-Lewisx and Sialyl-Lewisa ex-

pressed on epithelial cells for recruitment of leukocytes during inflammation.[6] Integrins 

regulate the formation of focal adhesion points to components of the ECM. The integrin 

ligands contain the short peptide sequence motif arginine-glycin-aspartic acid or RGD.[7] 

This motif can be found in fibronectin, collagen and laminin. Beside collagen fibers and 

laminin the ECM contains a vast amount of glycan structures. Excluding processes, in 

which carbohydrates play only regulatory functions for cell adhesion, then there remain 

only a few examples for carbohydrate mediated and specific cell adhesion. A reason for 

that is based on difficulties caused by the huge diversity and the heterogeneous distri-

bution of glycan structures in the ECM. Still, there are examples that show a contribution 

of glycans in specific cellular adhesion. One example is the class of galectins, which are 

dimeric galactose-binding proteins. Galectin-3 was shown to enhance cell adhesion of 

epithelial cancer cells that overexpress the Thomsen-Friedenreich disaccharide anti-

gen.[8] For biomedical research, cell adhesion is a viable factor for modulating the bio-

compatibility of surfaces for implants or in tissue engineering. Therefore, studies show 

enhanced cell adhesion properties and cell proliferation even without knowledge of an 

exact mechanistic background of the responsible lectins or cell surface receptors. In an 

experiment on -GlcNAc and -Gal-modified glass slides, chicken hepatocytes showed 

enhanced cell adhesion, which was specifically for the -GlcNAc surface.[9] Furthermore, 

poly(D,L)lactic acid and galactose were combined to a polymer surface, which showed 

improved adhesive properties of human keratinocytes compared to a polymer surface 

lacking galactose.[10] In a similar approach it was shown that such polymer surfaces do 

allow a selection of hepatocytes from a mixed cell suspension.[11] The glycosaminogly-

cans chitosan and hyaluronic acid, which are large polysaccharide structures of the 
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ECM, were shown to have a positive effect on osteoblast adhesion and cell viability on 

titanium surfaces. [12-13] 

 

2.2 Glycoside synthesis 

Glycosides are important biomolecules, which are involved in numerous biological pro-

cesses and therefore represent particularly interesting targets for binding studies or the 

development of therapeutic agents.[14] Natural glycans are structurally complex and 

highly diverse. As a consequence, the chemical synthesis of glycans is laborious and 

time consuming. A typical glycan synthesis involves a sequence of protecting group 

transformations in order to achieve a site specific glycosylation, as the protecting group 

can influence the stereochemical outcome of the glycosylation reaction. 

2.2.1 Glycosylation reactions 

Glycosides are cyclic acetals composed of a glycon and an aglycon, which are con-

nected by the glycosidic bond (Fig. 2.1).  

 

Fig. 2.1: General structure of O-glycosides 

O-glycosides can be produced in an activator-promoted reaction of a hemiacetal carbo-

hydrate, the glycosyl donor, and an alcohol acting as glycosyl acceptor (Fig. 2.2). The 

activation of the glycosyl donor leads to the formation of cationic intermediates (Fig. 2.2, 

I and II), which are attacked by the glycosyl donor axially or equatorially at the anomeric 

carbon. This leads to a mixture of - and -O-glycosides as reaction products.  
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Fig. 2.2: O-glycosylation with potential ion pairs in the intermediates 

The product ratio depends on several factors. The leaving anion X forms an ion pair with 

the glycosyl cation (Fig. 2.2 I) or the oxocarbenium ion (Fig. 2.2 II), which can hamper a 

nucleophilic attack from the equatorial or the axial side, respectively. Similarly, solvents 

with a high dielectric constant, such as ethers[15] or acetonitrile[16], can affect the product 

ratios, too. Another important factor that influences the product ratio is the anomeric ef-

fect. The anomeric effect[17] is observed in carbohydrates and similar heterocycles with 

O, S or N as endocyclic heteroatom and an electronegative substituent at the adjacent 

carbon, the anomeric center. Because of the anomeric effect, the axial substituent (the 

-anomer for D-sugars in 4C1 conformation) becomes energetically stabilized (Fig. 2.3, 

A), even though it is sterically less favorable compared to the substituent in equatorial 

position (Fig. 2.3, B).  

 

 

Fig. 2.3: Explanations for the anomeric effect 

Several theories that explain the origin of the anomeric effect are still in discussion.[18] 

The dipole moment, which results from addition of partial dipole moments, is minimized, 

if the electronegative substituent OR is in axial position (Fig. 2.3, A).[19] Another possible 

explanation is based on the hyperconjugation of n-orbitals, occupied by lone electron 

pairs of the endocyclic heteroatom, with an antibonding *-orbital at C1. This hypercon-

jugation is energetically most favorable for an antiperiplanar conformation of the *-or-

bital of the C1-OR bond, rather than the C1-H bond. (Fig. 2.3, C and D).[18] This is true 

for an axial substituent OR. On the other hand, an electropositive substituent conse-

quently favors the equatorial position, which was termed exo-anomeric effect. 
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A valuable strategy for anomer-selective glycosidation uses acyl protecting groups at C2 

of the glycosyl donor, which stabilize the cation intermediates (Fig. 2.4, I and II). Intra-

molecular stabilization by the acyl-protecting group at C-2 leads to bicyclic intermediates 

(Fig. 2.4, III and IV). As there are two possibilities for the nucleophile to react, the 1,2-

trans glycoside or the orthoester can be formed (Fig. 2.4). At neutral and basic condi-

tions, the orthoester can be isolated as major product. Under acidic promotion, the isom-

erization of the orthoester to the 1,2-trans glycoside is possible, a reaction which was 

extensively investigated by the group of Kochetkov.[20-21] 

 

Fig. 2.4: Effects of neighboring group participation of the protecting group at 
the C-2 in the glycosylation reaction 

In the last decades, many glycosylation donors, such as glycosyl halides (F[22], Br[23], Cl), 

thioglycosides[24] or trichloroacetimidates[25] were developed. 

The trichloroacetimidate method developed by Schmidt[25] stands out, as the trichloroa-

cetimidate donors are comparably stable but possess a high reactivity under mild condi-

tions. This opened a broad suitability for challenging glycosyl acceptors. The choice of 

base determines the stereoselectivity of the trichloroacetimidate donor. Weak bases 

such as K2CO3 or Cs2CO3 yield the -trichloroacetimidates (Fig 2.5, A). With strong ba-

ses (NaH, DBU) anomerization occurs and under thermodynamic control due to the ano-

meric effect -trichloroacetimidates are formed (Fig 2.5, B).  
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Fig. 2.5: Trichloroacetimidate donors – Synthesis (A and B) and glycosyla-
tion reaction (C) 

The trichloroacetimidate donors can be activated with catalytic amounts of lewis acid as 

promoter (Fig 2.5, C and D). BF3OEt2 and TMSOTf are common examples. The glyco-

side is released and the leaving group ends as trichloroacetamide, which is non-basic 

and ensures an irreversible course of the glycosylation reaction.  

 

2.2.2 Functionalization of reducing carbohydrates 

The generation of glycoside donors requires much effort for the introduction of protecting 

groups and for the transformation of protected carbohydrates into suitable glycoside do-

nors. Consequently, glycoside synthesis without need for protecting groups is attractive. 

As protecting groups serve to control anomeric selectivity and regioselectivity during gly-

cosylation reactions, protecting-group free methods must address these challenges, too. 

Here, the focus will be set on existing strategies to functionalize the reducing end of 

carbohydrates, as the functionalized glycoconjugates are important components for the 

generation of carbohydrate microarrays (see chapter 2.3).  

Fischer-type glycosylation 

Emil Fischer developed this glycosylation reaction in 1893 by treating reducing mono-

saccharides with methanol in the presence of a mineral acid, affording O-methyl glyco-

sides (Fig. 2.6). As reducing carbohydrates anomerize in water and polar solvents via an 

acyclic aldehyde, the resulting O-glycosides are obtained as pyranosides predominantly 

but furanosides and other ring sizes can be observed, too. 
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Fig. 2.6: Fischer glycosylation of galactose and methanol at equilibrium[26] 

Glycofuranosides are formed under kinetic control, but thermodynamically the glycopy-

ranosides are preferred. Product ratios in equilibrium depend on the carbohydrate ap-

plied. For galactose, a complex mixture is obtained in equilibrium (Fig 2.6)[26], whereas 

mannose delivers the -mannopyranoside almost exclusively. As a result of the product 

mixtures, the acidic conditions and the necessity of a high alcohol excess, this reaction 

is not suitable for oligosaccharides. 

N-Glycosylamines 

The anomeric center of reducing carbohydrates can be converted into N-glycosylamines, 

which can be derivatized with electrophiles. The amines can be introduced by chemical 

synthesis[27] or in one step with ammonium bicarbonate[28-29] (Fig. 2.7, A).  

 

Fig. 2.7: Synthesis and application of glycosylamines 

For further derivatization of the glycosylamines, Brun et al. used 2-iminothiolane to pro-

duce a small library of monosaccharides (Fig. 2.7, B).[30] The resulting thiols were applied 

on carbohydrate microarrays. In another approach, human milk oligosaccharides were 
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derivatized with acryloyl chloride followed by ozonolysis and a reductive amination step 

(Fig. 2.7, C). The disadvantages of glycosylamines are their chemical instability, potential 

anomerization[31], and the requirement of a second synthetic step for derivatization. 

Reductive amination 

Most of the methods to derivatize unprotected reducing carbohydrates make use of the 

unique reactivity of the acyclic aldehyde form (Fig 2.8).  

 

Fig. 2.8: Reductive amination to functionalize reducing carbohydrates 

Primary amines and aldehydes form Schiff bases, which are not stable in aqueous me-

dia. NaCNBH3 is able to reduce the Schiff base to a stable secondary amine, even under 

slightly acidic conditions. This reductive amination was used to introduce fluorescent la-

bels [32-34] or to couple carbohydrates to proteins.[35] Fukui et al. generated a library of 

neoglycolipids for carbohydrate microarrays.[36] The cyclic structure of the derivatized 

carbohydrates is lost after reduction. The acyclic carbohydrates were shown to have lost 

or a weakened ability to interact with lectins compared to their cyclic counterparts.[37-39] 

Oxime formation 

In 1996 the workgroup of Mutter was the first to apply the oxime formation as glycocon-

jugation method by attaching reducing carbohydrates to unprotected peptides in order to 

generate neoglycopeptides.[40] After this, the oxime formation was used to functionalize 

carbohydrates with fluorophores for UV or mass detection[41-43] and biological tags such 

as biotin[44]. Other applications include the immobilization of carbohydrates on microtiter-

plates for ELISA assays[45] or the capture of carbohydrates with gold nanoparticles[46] and 

analysis of oligosaccharides from cell extracts via transoximization[47] and immobilization 

on microarrays[48-50]. 
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O-Alkylhydroxylamines (short: oxyamines) such as O-Ethylhydroxylamine (pKa, base
1: 

4.65[51]) possess a lower pKa, base than comparable amine nucleophiles (pKa, base 9-11), 

but show a higher nucleophilicity due to the free electron pair at the adjacent oxygen 

atom. This effect was named -effect.[52] The oxime formation proceeds in two steps (Fig. 

2.9, A). The first step involves addition of the oxyamine to the aldehyde tautomer of the 

carbohydrate. The following dehydration step yields the corresponding oximes. Hereby, 

acyclic E- and Z-oximes, as well as cyclic -/-N-glycopyranosides and furanosides, are 

possible reaction products, with a reported majority of acyclic oximes.[37, 44, 53-54] The in-

terconversion of these products is rather slow, as the isomers can be isolated via 

HPLC[42, 44] and the equilibrium between E-, Z-oxime and N-pyranosides is stable be-

tween pH 2 to 7.[55] The oxime formation usually is performed in aqueous media at a pH 

of 3-6. Since the reaction rate for the oxime formation of acetone with hydroxylamine has 

a maximum at a pH of ~4.5, in literature this pH has been considered as optimum for the 

oxime formation.[56-57] In case of reducing carbohydrates the aldehyde form is only pre-

sent in small amounts and has to be formed continuously by the rate of mutarotation. 

This means that another possibly rate determining factor has to be taken into consider-

ation for an optimum in pH value. 

 

Fig. 2.9: Oxime formation (A) and the aniline catalyzed oxime formation (B) 

Since the equilibrium of E-/Z-oximes and /-N-pyranosides lies on the side of the acy-

clic oximes, the capability of these glycoconjugates to be recognized by biomolecules 

can be questioned. Liu et al. investigated the equilibrium ratio of fucose with aminooxy-

functionalized lipids. Additionally, the ratio of E-/Z-oximes and -N-fucosylpyranoside 

                                                

1 In order to achieve a better visual comparability to pKa values, when referring to the pKa, base, the 
equilibrium of the corresponding protonated bases are used here. For the pKa, base of the base 
NH3 for example, the pKa(NH4

+ ↔ NH3 + H+) = 9.2 is referred to. 
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was determined to be 70/15/15.[37] As the lectin Aleuria aurantia binds to fucose, binding 

of the lectin to the fucosylneoglycolipids could be confirmed by STD-NMR. Only the cyclic 

-N-fucosylpyranoside was recognized by the lectin.  

In another work, it was shown that the oxime conjugates of maltose, a disaccharide that 

consists of two glucose units, could be successfully cleaved by the enzyme glucoamyl-

ase into two glucose units.[55] The enzyme requires both sugar units in their cyclic pyra-

nose forms to be active. The ratio of E-/Z-oximes and-N-pyranoside of glucose with an 

ethylene glycol oxyamine was determined to be 60/20/20. For GlcNAc and an aminoox-

yacetyl functionalized peptide the equilibrium ratio was shown to be 45/25/6/24 of E-/Z-

oxime and /-N-pyranoside.[53]  

The enhancement of oxime formation reaction rates by aniline was discovered by 

Dirksen et al. on peptides[58] and in 2009 transferred to reducing carbohydrates[59]. Com-

pared to the oxime formation, the aniline-catalyzed reaction requires a high concentra-

tion of aniline from 10 to 100 mM for a 20 fold increase of the reaction rate.[59] This is 

considered to be possible as aniline forms a charged intermediate (Fig 2.9, B), which 

can be efficiently attacked by the oxyamine. More reactive catalysts such as m- and p-

phenylenediamine[60-61] and derivatized anthranilic acids[60, 62] or boronic acids[56] were 

developed to be more effective at neutral pH, but have not yet been applied on reducing 

carbohydrates. 

Reaction of secondary oxyamines 

In contrast to primary oxyamines, the secondary oxyamines yield exclusively cyclic gly-

coconjugates, as the oxyimminium ion can be stabilized efficiently by intramolecular cy-

clization (Fig. 2.10). As a result, /-N-pyranosides and /-N-furanosides are possible 

reaction products. Whereas mainly -N-pyranosides were reported [53, 63-65], mannose 

and galactose showed significant amounts of /-N-furanosides, too.[64-65]  

 

Fig. 2.10: Reaction of secondary oxyamines with reducing carbohydrates 
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Secondary oxyamines were applied in the synthesis of analogues of glycolipids[37, 64, 66-

67] and disaccharides[68], or of glycoconjugates for drug development[65, 69-70]. 

The reaction is performed in acidic aqueous buffers or organic solvents. As the reaction 

rates are low[71], high concentrations, elevated temperatures, or an excess of one reac-

tion partner is necessary to achieve higher yields and higher rates.[72] Especially the di-

rect reaction of surface immobilized oxyamines suffers from low reaction rates, which is 

the reason why Bohorov et al. generated a bifunctional oxyamine linker in order to use a 

high excess oxyamine in solution to achieve a high reaction yield. After chromatographic 

removal of unreacted linker, the glycoconjugates were printed on microarrays with the 

remaining amine group (Fig. 2.11).[73] This bifunctional linker was also applied by oth-

ers.[74-75] The cyclic glycoconjugates provide a natural presentation of the carbohydrates. 

 

Fig. 2.11:  Reaction with bifunctional oxyamine linker that was applied on 
carbohydrate microarrays[73] 

Aniline catalysis was reported to be effective to accelerate the reaction of secondary 

oxyamines with reducing carbohydrates.[76] However, a high concentration of 100 mM 

catalyst is necessary, which may cause toxic effects in biological systems. 

Hydrazone formation 

Derivatives of hydrazine react with reducing carbohydrates to N-glycopyranosides at 

acidic pH.[71, 77-78] At first acyclic hydrazones are formed comparable to the oxime for-

mation, but the equilibrium favors cyclic -N-glycopyranosides (Fig. 2.12).[71, 78-79] 

 

Fig. 2.12: Hydrazone formation of reducing carbohydrates 
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Even though the reaction rates are low, the reaction is often applied for analytical pur-

poses, as the glycan hydrazones are stable at neutral and basic pH but can be more 

easily cleaved in acid than oximes.[71, 80] Applications include hydrazide functionalized 

particles for capture and release of glycans from cell extracts for mass spectrometry[81-

82], generation of microarrays[50, 83], and aniline catalyzed synthesis of glycopolymers[79]. 

Thioglycosidations of unprotected sugars using DMC activation 

In 2009 the workgroup of Shoda published a new synthesis for thioglycosides within one 

step from unprotected carbohydrates in aqueous media (Fig. 2.13).[84] Central for gener-

ation of the reactive glycosyl donor is the reagent 2-chloro-1,3-dimethylimidazolinium 

chloride (DMC). Chemically, DMC is a dehydrative reagent with a wide range of synthetic 

applications[85], which was proven to be powerful for the synthesis of glycosyl azides from 

unprotected carbohydrates.[86] The Shoda group synthesized a series of aryl thioglyco-

sides with remarkably high / anomeric ratios and good to quantitative yields.[84, 87] 

 

Fig. 2.13: DMC-promoted thioglycosylation of unprotected carbohydrates 

The first step of the thioglycosylation reaction is the activation of the anomeric hydroxyl 

group, which is the most acidic group with a pKa of 12.1[88] (Fig 2.14 III and VI). As the 

anomeric configuration is retained after activation, the -anomer is able to react with a 

good nucleophile like thiophenol, with inversion of the configuration to the -thioglyco-

side (Fig 2.14 IV). One hypothetical explanation for the high diastereoselectivity is, that 

a bicyclic intermediate (Fig 2.14, V) was suggested for hydroxyl- or amino-functionalities 

at C-2 of the sugar (Fig 2.14, X=O and NH). For GlcNAc with an N-acetyl group at C-2, 

an efficient synthesis of the corresponding oxazoline is possible by using DMC. NMR 

investigations of the Winssinger group showed, that upon DMC-activation the -anomer 

(Fig 2.14, VI) is formed predominantly[89]. The -anomer is thermodynamically favored 

and can react directly to the corresponding -thioglycoside (Fig 2.14 VII). 
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Fig. 2.14: Postulated mechanism for the thioglycosylation with DMC 
 (adapted from Yoshida et al.[87]) 

An important reaction parameter is the base. For DBU, 1,6-anhydrosugars were ob-

served as side products, which can be prevented by using acetonitrile as cosolvent. It 

was shown that a wide variety of sugars, ranging from mono- to oligosaccharides, can 

be reacted to thioglycosides with this approach but the necessary amount of DMC varied 

strongly from 8 to 50 eq.[87] Furthermore, the Shoda group applied the reaction for quan-

titative fluorescent labeling of oligosaccharides with an umbelliferyl thiol.[90] The Winssin-

ger group recognized the potential of the DMC-promoted thioglycosylation and synthe-

sized glycopeptides with cysteine thioglycosides on solid phase.[89] In order to achieve 

this, it was necessary to modify the DMC-activation procedure. In a side reaction the free 

thiols can react with the DMC reagent by themselves. This process is reversible for aryl-

thiols, whereas it is irreversible for alkylthiols, because of their higher pKa. Addition of the 

thiol 30 minutes after preactivation of the sugar with DMC solved this issue. 

 

2.3 Carbohydrate microarrays 

Since the first independent publications in 2002[91-93], carbohydrate microarrays have 

emerged as an inevitable tool for the investigation of interactions with carbohydrates. 

The arrays are created by immobilization of synthetically or naturally derived glycans on 

a solid substrate (Fig. 2.15). Application of interaction partners, which bind to the carbo-

hydrates, can be utilized to receive information about binding properties and binding 

specificities. Offering the possibility to process a large number of carbohydrate samples 
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in combination with a minimal sample load necessary, carbohydrate microarrays are a 

perfect tool to investigate the complex interactions with carbohydrate structures. 

 

Fig. 2.15:  General overview on generation and application of carbohydrate 
microarrays 

 

2.3.1 Applications of carbohydrate microarrays 

Since overwhelming numbers of publications on carbohydrate microarrays have been 

published, only a brief summary will be discussed here.[94-95] As numerous biological pro-

cesses are mediated through glycan-protein interactions, carbohydrate microarrays were 

frequently used as a high throughput tool to investigate the interactions of proteins with 

glycans.  

Proteins, such as lectins, are interesting targets for therapeutics. Lectins are carbohy-

drate-recognizing proteins that are neither formed as a result of an immune response 

nor do they possess enzymatic activity. The binding patterns of mammalian, plant, viral, 

and bacterial lectins were analyzed for their binding specificities by a glycan microarray 

platform containing more than 200 glycan structures.[96]  

De Paz et al. produced a glycan microarray presenting synthetic heparin oligosaccha-

rides to screen for the binding specificities of heparin-binding proteins FGF-1 and FGF-

2, revealing a new specificity for 2,4-O-sulfated glucose.[97] As the FGF proteins are in-

teresting cancer targets, this finding allows the development of new vaccines. 

In the Paulson lab sialic acid derivatives for the sialic acid-binding protein Siglec-7 were 

synthesized on microarrays.[98] First, alkyne-functionalized sialic acid derivatives were 

immobilized on a microarray. In a second step, a library of azides was reacted on the 

microarray using the Cu(I)-catalyzed azide-alkyne cycloaddition to generate a library of 

1200 structures, which contained a new high affinity ligand for Siglec-7.  
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Fazio et al. demonstrated the enzymatic fucosylation for the synthesis of Sialyl-Lewisx 

from an immobilized precursor with GDP-Fucose and -1,3-fucosyltransferase.[91] An-

other elegant approach used glycosyltransferases for the synthesis of a library of com-

plex N-glycans on a microarray itself. Different glycosyltransferases with their corre-

sponding substrates were spotted onto distinct areas within an immobilized glycan li-

brary. After transferase elongation of the desired glycans and a subsequent washing 

step, this process was repeated. Hence, a variable scheme in the transferase application 

allowed to generate a whole set of N-glycans on the microarray.[99] 

The binding specificities of avian and human influenza hemagglutinins were screened, 

as they play an important role in the viral infection of epithelial cells.[100] In contrast to 

avian hemagglutinins, which bind to -2,3 NeuAc-Gal, human agglutinin binds to -2,6 

NeuAc-Gal. The switch of binding selectivity from avian to human species is one of the 

reasons for severe pandemics. The fine specificity of hemagglutinin binding was 

screened with glycan arrays on hemagglutinin binding preference using the whole virus 

particle.[101] As it is known, that a switch of the preference can be caused by a single 

mutation in the hemagglutinin sequence, glycan arrays can be used to monitor and to 

predict strain evolution.[102]  

The glycans of Schistosomas mansoni, the parasite responsible for bilharzia, were iso-

lated and immobilized on glycan arrays in order to screen for anti-glycan IgG and IgM 

antibody-responses in sera from infected individuals.[103] The serological profiles allowed 

a discrimination by individuals and age and showed that several glycans are involved in 

the immune response. This finding is an important basis for further exploration of S. 

mansoni glycan antigens in the context of immunity.[104] In a later study a similar approach 

combined with MS analysis allowed the identification of a glycan antigen that is present 

in all developmental stages of S. mansoni. This glycan was used to develop the antibody 

F2D2,which neutralizes schistosomola in vitro.[103] 

Glycan microarrays have been used to investigate interactions with whole bacteria. A 

microarray displaying a set of monosaccharides showed specific binding of the Esche-

richia Coli strain ORN178 to a -mannoside functionalized microarray. A differentiation 

of strains was possible within a mixture of bacteria.[105] 
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2.3.2 Access to glycan samples for glycan libraries  

The utility of carbohydrate microarrays relies on matching a suitably sized library of gly-

can samples to its application. This includes that the library covers the complete struc-

tural diversity necessary for completion of the task. For glycoproteins and glycolipids the 

estimated number of unique glycan motifs has grown from 500[106] to more than 3000[107] 

structures within seven years. One of the biggest glycan libraries today has been col-

lected by the CFG (www.functionalglycomics.org) and has grown within 10 years to 609 

glycan structures. The major limitation for carbohydrate microarrays is set by methods 

to acquire or to synthesize suitable glycoconjugates with high purity. 

 

Fig. 2.16: Sources for glycan structures. Chemical synthesis (A), enzymatic 
synthesis (B) and isolation from natural sources (C). 

The three major sources to acquire glycans are chemical and enzymatic synthesis as 

well as isolation of naturally occurring glycan structures. The chemical synthesis of gly-

cans requires multiple protecting group transformation and glycosylation steps to ensure 

regioselectivity and anomeric specificity (Fig. 2.16, A). In this process the installation of 

chemical modifications such as chemical reporters or linker, which can be necessary for 

functional carbohydrate microarrays, can be achieved easily. Efforts of the Seeberger 

lab to establish automated solid-phase glycosylations[108] still lack the breakthrough to 

become a routine method, as the glycosyl donors are not commercially available and the 

process requires specialized expertise. Chemically derived glycans can be used as start-

ing material for enzymatic synthesis of glycans by glycosyltransferases (Fig. 2.16, B). 

Glycosyltransferases use appropriate nucleotide sugars for regio- and stereoselective 

elongation of the glycan structure. Sequential iterations of the elongation steps with dif-



2  State of the art 

18 

ferent glycosyltransferases lead to the final glycan chain. A major limitation is the avail-

ability of transferases with suitable selectivity. Boons and coworkers used a combined 

approach of chemical synthesis and glycosyltransferases to synthesize a complete set 

of complex N-glycans.[75]  

Natural sources for glycans include milk oligosaccharides or glycans from glycolipids and 

–proteins (Fig. 2.16, C). The latter are released by endoglycosidases such as PNGase F 

or by chemical hydrolysis, yielding glycans with a free reducing end. The microheteroge-

neity of such glycans makes complex purification schemes inevitable, which are accom-

panied with tiny sample amounts. Introduction of a linker by chemoselective functionali-

zation methods such as reductive amination or oxime formation (compare chapter 2.2.2) 

are commonly applied to facilitate purification and to generate samples for microarrays. 

 

2.3.3 Assembly of carbohydrate microarrays 

The first step for the construction of carbohydrate microarrays involves the immobiliza-

tion of carbohydrates on a solid support (Fig. 2.17). As the immobilization strategy is a 

critical issue for later experiments, various strategies have been developed. They can be 

differentiated into covalent and noncovalent immobilization methods.[94, 109-110] The ap-

plicability of these methods depends on the availability of carbohydrates, the absence of 

interfering chemical functionalities and the compatibility with the surface chemistry.  

Noncovalent immobilization 

Site nonspecific and noncovalent immobilization that relies on the adsorption of carbo-

hydrates on surfaces is a simple strategy to generate carbohydrate microarrays 

(Fig. 2.17, A). This principle was used to immobilize polysaccharides on nitrocellulose[111-

112] and oxidized polystyrene slides[113]. As the adsorption relies on a large contact area 

between saccharide and surface, small saccharides are prone to be released from the 

surface during washing steps. 
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Fig. 2.17: Strategies for noncovalent immobilization 

Electrostatic interactions were exploited for the noncovalent and site nonspecific immo-

bilization of heparin polysaccharides. The negatively charged sulfate residues of the hep-

arin interact with the positively charged sidechain amines of a poly-L-lysine coated glass 

surface.[114] In another approach, chemically modified dextran polysaccharides were im-

mobilized on amine derivatized glass slides to investigate interactions with heparin bind-

ing growth factors.[115] 

For the site specific and noncovalent immobilization (Fig. 2.17, B) the carbohydrates 

need to be conjugated to a functional residue, which delivers the properties that are nec-

essary for the immobilization on the solid phase. A library of glycans was conjugated to 

lipids using reductive amination. The resulting neoglycolipids were immobilized on nitro-

cellulose or polyvinylidenedifluoride PVDF via hydrophobic interactions.[36, 116] 

In the Pohl group, the fluorine-fluorine interactions were implemented to generate car-

bohydrate microarrays. Combination of carbohydrates with a polyfluorinated alkyl agly-

con enabled the immobilization of the corresponding glycosides on polyfluorinated glass 

surfaces with a stable glycoside attachment during washing steps.[63, 117-118] Usage of a 

fluorinated aglycon can benefit from fluorous based synthetic methods, such as fluorous 

solid-phase extraction, which facilitates syntheses. A similar approach used a surface 

derivatization of phosphonic acid as head group combined with a fluorinated alkyl resi-

due to generate a fluorinated surface on aluminium oxide coated glass.[119] The resulting 

microarrays allowed the characterization of the immobilized carbohydrates by mass 

spectrometry to monitor enzymatic reactions on the microarrays. 
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The interaction of the protein streptavidin with biotin was used for the immobilization of 

carbohydrates frequently. Therefore, surfaces were coated with streptavidin and treated 

with glycosides bearing biotin aglycons.[79, 120] 

In addition, the Watson-Crick hybridization of oligonucleotides to form double stranded 

nucleic acid was transferred to the field of carbohydrate microarrays.[121] For this method 

an oligonucleotide strand serves as anchor to the surface while the complementary oli-

gonucleotide strand is conjugated to the carbohydrate sample. With the incorporation of 

carbohydrates into nucleotides suitable for oligonucleotide synthesis the spatial arrange-

ment of carbohydrates on the microarrays has become better addressable as the nucle-

otide sequences can be modulated easily. 

Covalent immobilization methods 

Covalent immobilization according to Fig. 2.18 A has been used most frequently to gen-

erate carbohydrate microarrays. The chemically functionalized surface reacts with a 

complementarily functionalized spacer, mostly derivatives of oligo (ethylene glycol), con-

jugated to the anomeric center of the carbohydrates. This requires both the chemical 

modification of the surface and the carbohydrates, but allows a site specific immobiliza-

tion. The other strategies involving the direct ligation of unmodified carbohydrates onto 

activated surfaces (Fig. 2.18, B and C) are discussed later. 

 

Fig. 2.18:  Strategies for covalent immobilization of carbohydrates on surfaces 
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For the covalent attachment of carbohydrates (Fig. 2.18, A) thiol and amine chemistry 

were utilized most extensively. The Michael addition of thiols with maleimides (Table 2.1, 

A) was applied in an early approach, in which a thiol-functionalized glass surface was 

reacted with maleimide-conjugated mono- and disaccharides.[93, 122] The inverse strategy 

of a maleimide-reactive surface and thiol-conjugated carbohydrates was realized on gold 

slides[123] and on glass slides[124-125] (Table 2.1, B). The thiol-disulfide exchange reaction 

was applied for covalent immobilization on microarrays.[126] On a gold surface, a mixed 

disulfide was generated in three reaction steps (Table 2.1, C). Immobilization of sulfhy-

dryl-functionalized carbohydrates was achieved by thiol-disulfide exchange, releasing 2-

thiopyridone. A different strategy involved plasma deposed sulfhydryl-functionalities on 

glass slides, which were reacted with glycomethanethiosulfonates (Table 2.1, D).[127] Im-

mobilization is ensured by the corresponding disulfides, formed as reaction products. 

Thiols are prone to oxidation, which leads to unreactive oxidation products and therefore 

reduces immobilization efficiency and longtime shelf-stability. Hence, it is important to 

evaluate all strategies with thiols involved on applicability for the tasks they shall be ad-

dressed to. 

Amine chemistry has been widely used on carbohydrate microarrays. A commercially 

available cyanuric chloride functionalized glass chip was reacted with para aminophenyl 

saccharides (Table 2.1, E).[128] As an alternative Blixt et al. have established a robust 

method that uses commercially available glass slides activated with N-hydroxysuccin-

imide-esters and amine functionalized glycosides (Table 2.1, F).[96] This setup has been 

applied by the consortium of functional glycomics on a variety of scientific questions for 

years. A similar approach was applied for immobilizing heparin glycans.[97] In the 

workgroup of Cummings, the selective ring opening of epoxides by amine linked glyco-

sides was used to generate microarrays (Table 2.1, G). The epoxy-activated surface was 

reported to be slightly more sensitive compared to the NHS-ester surface.[129] Glycans 

conjugated to BSA were immobilized on epoxy surfaces by reaction of residual amino-

functionalities of the protein.[130] Epoxide-activated surfaces readily react with hydrazide-

conjugated carbohydrates even in presence of other functional groups such as thiols, 

alcohols and amines under slightly acidic conditions (Table 2.1, H).[131] The oximes 

formed between an aldehyde-functionalized surface and an oxyamine-linked glycosa-

minoglycans were implemented to investigate the effects of sulfation on synthetic chon-

droitin sulfates (Table 2.1, I).[132] Beside thiol and amine chemistry, Diels-Alder cycload-

ditions were utilized for immobilizing cyclopentadienyl-conjugated monosaccharides on 

benzoquinone-functionalized self-assembled monolayers on gold (Table 2.1, J).[92]  
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Table 2.1: Methods for covalent and site-specific immobilization of chemically func-
tionalized carbohydrates 
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Table 2.1 (continued) 

 

The Diels-Alder reaction with inverse electron demand of electron rich carbohydrate-

conjugated dienophile with an immobilized tetrazine was reported for carbohydrate mi-

croarrays by Beckmann et al. (Table 2.1, K).[133-134] Azide chemistry was implemented by 

the Staudinger ligation of an immobilized phosphane and azides (Table 2.1, L).[135] The 

high tolerance for functional groups and solvents predestined the Cu(I) catalyzed 1,3-

dipolar Huisgen cycloaddition, which is referred to as ‘click-reaction’, for immobilizing 

azide-conjugated carbohydrates on various alkyne functionalized surfaces (Table 2.1, M 

and N).[91, 136] 

The chemical conjugation of carbohydrates with a functional spacer is synthetically labo-

rious and time-consuming. Site nonspecific approaches were developed giving access 

to a one-step immobilization procedure of unmodified carbohydrates (Fig. 2.18, B). Pho-

toreactive aryltrifluoromethyldiazirine dextrane coated glass slides were used to immo-

bilize plant xyloglycans[137] as well as bacterial polysaccharides, glycoproteins or whole 

cell extracts[138]. Another approach used perfluoroarylazide glycosides to generate PEG-

ylated microarrays.[139] A phthalimide modified glass surface was used to photochemi-

cally immobilize dextrans.[140] In all these approaches reactive carbenes, nitrenes and 

the radicals that are formed upon the photoactivation form covalent bonds with the car-

bohydrates in a site nonspecific manner. The reversible but covalent binding of boronic 

acids at 1,2 and 1,3 diols was applied to immobilize unmodified glycans on a phenyl-

boronic acid coated surface.[141] In this work it was shown, that this method is not suitable 

for monosaccharides. 

The condensation reactions of amines, hydrazides and oxyamines with aldehydes were 

recognized as a way to achieve site specific immobilization of unmodified reducing car-

bohydrates (Fig 2.18, C). Microarrays on hydrazide[83, 142] and oxyamine[83] coated sur-
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faces were assembled. For efficient immobilization on hydrazide surfaces elevated tem-

peratures of 50 °C for 12 h and high carbohydrate concentrations of 30 mM were neces-

sary, which limits the applicability on highly diluted naturally-derived glycans. 

 

2.3.4 Influence of glycan presentation on microarrays 

Monovalent interactions with carbohydrates tend to have a low affinity within millimolar 

to high micromolar Kd values. Glycan binding proteins (GBP) possess more than one 

binding pocket or form oligomers that contain multiple binding sites in order to compen-

sate weak monovalent interactions by multivalency.[143] Hereby, the affinity observed in 

case of multivalent binding is stronger than the sum of the avidities, which results in a 

high effective affinity.[144] As a prerequisite for multivalent interactions, the orientation and 

spatial arrangement of the glycans need to match to the corresponding binding sites of 

the GBP, in order to generate a multivalent binding complex. In this context the glycan 

density refers to the relative distance of the glycans on the surface. Hence, on a surface 

with high glycan density (Fig. 2.19, A) several binding sites of both interaction partners 

can be equipped for multivalent high-affinity interactions. In the other scenario (Fig. 2.19, 

B), a low glycan density restrains multivalent binding for one GBP because of the spatial 

arrangement of the binding pockets. This drop in affinity leads to a density dependent 

alteration of selectivity for this GBP, as the monovalent affinity may not be strong enough 

to bind the GBP on the surface. This effect was used to distinguish subpopulations of 

serum antibodies to the Tn antigen.[130]  

 

 

Fig. 2.19: Density of immobilized glycan ligands and spatial arrangement of 
binding pockets are crucial for multivalent interactions.  
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Different strategies were developed to alter glycan density in a controlled way on micro-

arrays.[126, 145-146] For gold surface-immobilized glycosyl alkanethiolates, the glycan den-

sity was shown to be efficiently reduced by using mixtures with a complementary thiol, 

which does not interact with the GBP.[147-148] Hence, the microarray surface itself acts as 

a multivalent scaffold with a variable glycan density.  

Controlling glycan presentation on a molecular level can be achieved by scaffolds that 

allow a specific preorganization of the glycans. The scaffolds are used as immobilization 

anchors on the surface. Depending on the scaffold, spacing, orientation, density, flexibil-

ity, and overall architecture can be varied. This requires more synthetic effort than a 

direct immobilization of glycans on microarrays. Examples of multivalent scaffolds in-

clude glycodendrimers[149], natural glycoproteins[150], DNA[151], neoglycopeptides[111], neo-

glycoproteins[152] and glycoclusters[153].  

 

2.3.5 Detection techniques for glycan microarrays 

Most of the detection techniques for glycan microarrays rely on fluorescently-labeled 

proteins which are detectable by a fluorescence scanner. The fluorophores can be bound 

directly[91, 93, 154] or indirectly to the GBP of interest. For indirect detection, several strate-

gies were established. The GBP itself can be labeled with an affinity tag, such as a biotin 

residue, which is visualized by a fluorescently labeled streptavidin reagent. Another strat-

egy involves an unlabeled GBP, which is visualized through binding of a primary 

anti-GBP antibody bearing an affinity tag or a fluorophore.[111, 154] By usage of a fluores-

cent secondary antibody the fluorescence signal can be further amplified. The advantage 

of using fluorescent labeling strategies is the broad range of available complementary 

reagents and fluorophores. One drawback of labeling the GBP directly, is the possibility 

of altering binding properties of GBPs by the label.[155] Furthermore, for newly discovered 

GBPs detection-antibodies may not be available and unspecific binding of the antibodies 

to glycans has to be ruled out, too. Oxidation and degradation of the fluorophores is a 

further limitation which leads to a signal decay over time. As a result, label-free strategies 

were established. Mass spectroscopy provides label-free detection with high sensitivity 

and was used to monitor glycosylation reactions[156] or enzymatic activities[119, 157] on sur-

faces, directly. In surface plasmon resonance (SPR) experiments kinetics and thermo-

dynamics of glycan-interactions can be determined. The serologic profile of 21 patients 

could be analyzed by SPR using immobilized glycans from the pathogen S. mansoni.[158] 

Other strategies that have been developed include detection of radioactivity,[137] oblique-



2  State of the art 

26 

incidence reflectivity difference microscopy,[159] electrochemoluminescence,[160] comple-

mentary metal oxide semiconductor-based electric signal readout[161] and cantilever-

based detection[162].
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3 Aim of this work 

 

The aim of this work was to generate carbohydrate-functionalized surfaces in order to 

identify carbohydrate structures, which lead to an enhancement of cellular adhesion.  

The surface of carbohydrate microarrays allows investigation of a multitude of immobi-

lized carbohydrates within defined areas and shall therefore be applied for the high-

throughput analysis of cellular adhesion. For the generation of the arrays, a site-specific 

immobilization of the carbohydrates shall be achieved, which requires the synthesis of 

suitable glycosides using O-glycosylation methods. The process to generate carbohy-

drate microarrays shall be optimized by usage of these glycosides. As quality control, 

monitoring of the successful immobilization of the glycosides on the array surface by 

fluorescently labeled lectins shall be applied. 

The adhesion of keratinocytes and fibroblasts shall be monitored on the carbohydrate 

microarrays using confocal light microscopy. Therefore, a platform needs to be devel-

oped, which enables to count adherent cells from the derived pictures. The cell counts, 

which are derived from this process, will be used to determine the enhancement of cel-

lular adhesion in dependence of the immobilized glycosides. These results shall be com-

pared to the applied positive controls, which are known adhesion-promotors, such as 

fibronectin.  

The preparation of glycoconjugates for the carbohydrate library is the major limiting fac-

tor for the generation of carbohydrate microarrays. Alternative synthetic approaches to 

classical multi-step O-glycoside synthesis shall be evaluated. The chemoselective liga-

tions of primary and secondary oxyamines with reducing carbohydrates are known reac-

tions for the generation of carbohydrate microarrays. So far, however, the reactions have 

not been studied systematically. Therefore, the parameters required for an efficient liga-

tion shall be investigated in detail. Additionally, the DMC-promoted thioglycosylation re-

action was shown to produce thioglycosides from unprotected sugars. An evaluation on 

the suitability of this reaction for the preparation of carbohydrate microarrays shall be 

performed. 

The development of these methods will help to investigate the contributions of carbohy-

drates on cellular adhesion, which will provide new bioactive surface coatings.
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4 Results and experiments 

4.1 Design of a glycoside library for microarrays 

For the investigation of cell adhesion on microarrays we aimed to immobilize carbohy-

drates covalently and site-specifically to prepare the arrays. The carbohydrate library 

was designed to consist of O-glycosides with an amino-functionalized linker as aglycon 

(Fig.4.1). Structurally, the linker ensures a spatial separation of the glycon and the array 

surface, which is important for a functional presentation of the glycons.[163] On the one 

hand, the amino-functionality offers flexibility on applicable reactive surfaces with epoxy- 

or succinimidyl groups for immobilization. On the other hand, this immobilization tech-

nique does not require potentially toxic activation reagents, such as copper salts, that 

could hamper cell experiments. The glycoside synthesis requires protection of the free 

amine as an azide- or by Boc-protection. 

 

 

Fig. 4.1: General structure of the glycosides for the generation of carbohy-
drate microarrays. 

The glycons of the library can be found as structural components within glycans of the 

extracellular matrix of mammalians. Due to the diversity of natural glycans, the focus was 

set on the monosaccharides glucose (Glc), N-acetylglucosamine (GlcNAc), mannose 

(Man), galactose (Gal), N-acetylgalactosamine (GalNAc), fucose (Fuc), and xylose (Xyl), 

as well as lactose (Lac) and maltose (Mal) as disaccharides. 

Sanki and Mahal published the synthesis for a series of such glycosides using Fischer-

type glycosylation.[164] This approach was promising, since unprotected sugars were ap-

plied, avoiding labor intensive synthesis of glycosyl donors for each library member. The 

reaction produces - and -glycosides for most of the sugars simultaneously, which both 

are target compounds for the microarray experiments. In the Fischer-type glycosylation, 

the alcohol is used as reagent and solvent. Hence, azido-linker 2[165] was synthesized in 
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two steps with 79% yield on a molar scale. In the literature, ion exchange resin with 

sulfonic acid residues was used as acid activator for the subsequent glycosylation. Using 

the published conditions, -glycoside 4[164] was synthesized from GlcNAc 3 in 40% yield. 

 

Fig. 4.2:  Synthesis of the alcohol 2 for the Fischer-type glycosylation with GlcNAc 3. 

As published before, other sugars led to mixtures of anomers. Fucose 5 was reacted 

with linker 2 in the Fischer-type glycosylation. For the reason of purification, the reaction 

mixture was acetylated after removal of remaining linker 2. This crude mixture contained 

furanosides and pyranosides. The furanosides could not be separated completely from 

the pyranosides. The pure fractions obtained for -fucoside 7 resulted in 19% yield, and 

for -fucoside 8 in 6% yield (Table 4.1, entry 1).  

Fischer-type glycosylation of glucose 6 with linker 2 led to 40% of -glucoside 10 (Table 

4.1, entry 2). The -glucoside was formed but turned out to be inseparable from the - 

and -glucofuranosides. The published Fischer-type glycosylation was successful for 

GlcNAc and fucose and does generally lead to a fast access to glycosides. This ad-

vantage of labor time on the other hand is reversed by the complex reaction mixtures 

leading to problematic purifications. These purifications failed for glucose and galactose. 

The conclusion was to discontinue this approach for the remaining syntheses, because 

other glycosylation methods can guarantee the absence of furanosides. 
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Table 4.1: Fischer-type glycosylations according to Sanki et al.[164]. 

 

* -glucoside was observed but was inseparable from -glucofuranosides 

GalNAc bears a 2-N-acetyl functionality, that allows a selective 1,2-trans-glycosylation 

via the corresponding oxazoline 12[166] (Fig. 4.3). The glycosylation was achieved by ac-

tivation of the oxazoline with TMSOTf in presence of linker 2. In this reaction, the TMSOTf 

as activator led to partial silylation of linker 2. The -galactoside 13[167] was isolated in 

33% yield. 

 

Fig. 4.3: Synthesis of -galactoside 13[167] via oxazoline 12[166]. 

Neighboring-group participation of acetyl groups was used for other 1,2-trans-glyco-

sides. -Trichloroacetimidate donors 14-16 were synthesized according to published 

methods in three steps from the free sugars. Glycosylation with donor 14 and linker 2 led 

to -galactoside 17[168] in a reproducible yield of 26% (Table 4.2, entry 1). Similarly the 
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-lactoside 18[168] was obtained in a yield of 63% (Table 4.2, entry 2). The TMSOTf as 

activator led to partial silylation of linker 2, observed on TLC and by LCMS. The -malto-

side 19 was accessible in 61% yield using BF3OEt2 as activator. 

Table 4.2: 1,2-trans-Glycosylations using -trichloroacetimidate donors and 2. 

 

For the removal of protecting groups, deacetylation should be performed prior to reduc-

tion of the azide. The reason is, that during hydrogenolysis of -glucoside 10 with Pd/C 

in MeOH an acyl shift from an O-acetyl group to the released amine occurred. Since the 

conditions to recover the amine from the corresponding acetylamines would cleave the 

glycosidic bond, N-acyl shifts must be avoided. The deacetylation of glycosides was 

achieved with volatile EtNMe2, which only needed to be removed in vacuum for workup 

(Table 4.3, Method A). Alternatively, Zemplén conditions[169] with catalytic amounts of 

NaOMe in MeOH were applied, followed by neutralization with acid ion exchange resin 

(Table 4.3, Method B). Both methods delivered the unprotected glycosides 20-26 with 

high purity and most often, in high yields. The products could be applied without further 

purification.  
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Table 4.3: Removal of acetyl protecting groups. 

 

*  Method A: EtNMe2 in dry MeOH; Method B: NaOMe in dry MeOH 
** Reduced yield due to sample loss during workup 

The reduction of the azide to the corresponding amine was achieved by catalytic hydro-

genation using Pd/C in MeOH (Table 4.4). Except for the fucosides 28 and 29 (Table 

4.4, entry 2 and 3), which needed purification after the hydrogenolysis, all other glyco-

sides 30-34 were obtained in very good yields. 

Table 4.4: Reduction of azides to corresponding amines. 
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For synthesizing 1,2-cis-glycosides, neighboring-group participation during the glycosyl-

ation reaction was avoided by benzyl ether protecting groups. The -trichloroacetimidate 

36[170] was synthesized from commercially available 2,3,4,6-tetra-O-benzylglucose 35 

with K2CO3 as base in 93% yield (Fig. 4.4). The -anomer 36 was chosen to take ad-

vantage of potential SN2-type reaction pathways that, combined with the anomeric effect, 

would promote formation of the desired -glucoside. Parameters that were varied sys-

tematically for maximizing the -glucoside ratio were temperature, solvent and lewis 

acid activation. Elevation of reaction temperatures increased the / ratio, but conditions 

for an exclusive synthesis of the -glucoside 37 could not be found. 

 

Fig. 4.4: Synthesis of -glucoside 37 from -trichloroacetimidate 36[170]. 

The highest  ratio of 4:1 was achieved with TMSOTf in Et2O at room temperature with 

a combined yield of 78%. Thereof, the -anomer 37 was isolated with a yield of 55% 

relative to 36.  

For the synthesis of xylosides, benzyl ether protecting groups were chosen to generate 

both, the - and -xylosides within one glycosylation reaction. 2,3,4-Tri-O-benzylxylopy-

ranose 39 was synthesized according to the literature in 3 steps and 48% yield from 

xylose 38 (Fig. 4.5).[171] Therefore, xylose 38 was applied in the Fischer-type glycosyla-

tion with acidic Amberlite® resin in MeOH, followed by a benzyl protection step. The me-

thyl glycoside was cleaved by sulfuric acid in HOAc. On this step, the removal of 

furanosides, which had formed during the Fischer-type glycosylation, could be achieved 

easily to afford 39. Starting from 39, the synthesis of the - and -trichloroacetimidate 

donors 40 and 41 was not successful, presumably due to the higher reactivity of xylose 

trichloroacetimidates compared to sugars containing a C-6 residue, such as glucose. 

This was circumvented by the synthesis of donor 42[171] in 87% yield, which contains a 

less reactive anomeric acetyl leaving group. In the glycosylation of 42 with linker 2, a 

combined yield of 67% was obtained for the xylosides with a  ratio of 2:1. The 

anomers could not be separated from each other via flash column chromatography, but 

HPLC afforded - and -xylosides 43 and 44. 
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Fig. 4.5: Synthesis of xylose donor 42 and glycosylation with linker 2. 

The -galactoside was synthesized by an Appel-type approach[172], as this strategy was 

reported to show high -selectivities on a variety of glycosyl acceptors. In this reaction, 

the glycosyl donor is formed in situ with PPh3 and CBr4 followed by the glycosylation 

reaction upon addition of the glycosyl acceptor. In order to avoid side reactions of PPh3 

with the linker 2, it was required to substitute the azide in 2 by another amine protecting 

group (Fig. 4.6). After catalytic hydrogenation of azido linker 2 to amine 45[173], a Boc 

protecting group was introduced according to literature, to obtain linker 46[173]. 

 

Fig. 4.6: Synthesis of linker 46, suitable for the Appel-type glycosylation to 

afford -galactoside 48. 
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Commercially available galactose donor 47 was reacted for 3 h with Appel-type reagents 

PPh3 and CBr4. Addition of linker 46 led to formation of -galactosides with an ano-

meric ratio of 4:1 () in 47% yield. From this mixture, the -galactoside 48 was sepa-

rated in 16% yield relative to 47.  

The removal of O-benzyl ether protecting groups, as well as the reduction of azides to 

corresponding amines can both be achieved by catalytic hydrogenation with Pd/C. Inter-

estingly, the hydrogenolysis of glucoside 37 to glucoside 49 failed under standard hydro-

genation conditions (Fig. 4.7). 

 

Fig. 4.7:  Removal of O-benzyl ethers with parallel reduction of the azide to the 
corresponding amine failed under standard hydrogenation conditions. 

The LCMS chromatogram of the reaction mixture showed a series of peaks that could 

be assigned to glucosides. All of them showed a complete conversion of the azide groups 

to the corresponding amines but differed in the count of cleaved O-benzyl ether groups. 

In conclusion, the catalytic hydrogenation stopped after reduction of the azide to the 

amine. This process was comparably fast as the hydrogenolysis of the O-benzyl ethers, 

leading to an incomplete debenzylation. From literature it is known, that catalytic hydro-

genolysis to remove O-benzyl ethers is retarded in presence of amines, whereas N-ben-

zyl ethers are cleaved.[174] Hence, different reaction conditions were tested to achieve 

complete hydrogenolysis. Since the experiments included addition of acid in order to 

break Pd-amine complexes by protonation of the amines, a mixture of xylosides 43 and 

44 ( 2:1) was applied as test system (Table 4.5). The xylosides were expected to be 

the most acid labile glycosides prone to hydrolysis.  

Neither performing the reaction under standard conditions, nor addition of 1.2 eq. HOAc 

led to conversion to the products 50 and 51 (Table 4.5, entry 1 and 2). An increase of 

dihydrogen pressure to 20 bar and application of 2 eq. TFA led to an improved conver-

sion to the products (Table 4.5, entry 3). Substitution of Pd/C by Pearlman’s catalyst 

Pd(OH)2/C had a comparable effect (Table 4.5, entry 4). 
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Table 4.5: Investigations to promote the removal of O-benzyl ether groups in pres-
ence of an azide functionality. 

 

*  Pd/C (5-10% Pd/C); Pd(OH)2/C (Pearlman’s catalyst with 20% Pd(OH)2/C) 
** Removal of the O-benzyl ethers was complete but was accompanied by partial decom-

position of the xylosides. 

By increasing the amount of TFA to 10 equivalents, a complete conversion to 50 and 51 

(Table 4.5, entry 5) within 2 h reaction time was achieved. The comparable reaction with 

Pd/C as catalyst needed 4 h for a complete conversion, but due to the longer reaction 

times necessary, decomposition was observed (Table 4.5, entry 6). TFA was a critical 

factor for successful conversion, since conditions that use a high excess of HOAc failed 

(Table 4.5, entry 7 and 8). 

Table 4.6: Global deprotection of O-benzyl ether functionalities under the optimized 
hydrogenolysis conditions. 
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By using the improved hydrogenation conditions, -glucoside 49 was synthesized in 97% 

yield from 37 (Table 4.6, entry 1). For -xyloside 50 a quantitative yield was obtained. 

Similarly, the -xyloside 51 was isolated in a quantitative yield. Starting from -galacto-

side 48 the Boc group was removed with CH2Cl2/TFA 1:1 first, to gain compound 52 in 

71% yield. Then, the O-benzyl ether groups were removed under the optimized condi-

tions and -galactoside 53 was obtained in 94% yield after HPLC purification.  

 

 

Fig. 4.8:  Overview of the library consisting of 14 O-glycosides. Compound 45 was used 
as negative control and the glycosides 54 and 55 were synthesized by Oliver 
Baudendistel during his bachelor thesis[175]. The abbreviations in the brackets 
correspond to the glycon of the glycoconjugates, with the anomeric position of 
the glycosidic linkage. This nomenclature will be used to facilitate the discus-
sion of the various glycoconjugates. 

The O-glycoside library (Fig. 4.8) was supplemented by -glycoside 54 and -manno-

side 55 that Oliver Baudendistel synthesized during his bachelor thesis.[175] With this li-

brary in hand, the next step was the generation of carbohydrate microarrays. 
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4.2 Investigation of cell adhesion on 

carbohydrate microarrays 

The glycoside library was designed to be immobilized on amine reactive surfaces. The 

slides that were chosen for a site-specific and covalent attachment of the O-glycosides 

were Nexterion® H provided from Schott. The slides possess a hydrophilic copolymer on 

the surface, to which reactive succinimidyl esters are attached (Fig. 4.9). These react 

with amines to form amide bonds. 

 

Fig. 4.9:  The surface of Nexterion® H slides with hydrogel and succinimidyl esters (left). 
Glycosides and other amines are immobilized via amide bonds (right). 

Generally, the procedure that was applied for the carbohydrate microarrays experiments 

comprised three steps (Fig 4.10). The conditions to immobilize and detect -glycoside 

54 and -mannoside 55 on Nexterion® H slides were established by Oliver Baudendistel 

during his bachelor thesis and his results shall be shortly summarized here (Fig 4.10, A, 

B and C).[175] Oliver Baudendistel optimized the printing buffer for the immobilization of 

the glycosides 54 and 55 (Fig 4.10, A). Parameters such as reaction time, humidity or 

cosolvents were varied. Best results were obtained with a PBS buffer consisting of 

150 mM phosphate, pH 8.5, 137 mM NaCl, 2.7 mM KCl and 0.01% (v/v) Tween® 20. The 

deactivation of remaining succinimidyl groups to prevent unspecific immobilization in 

later steps was performed using ethanolamine (Fig 4.10, B). For detection of immobilized 

glycosides (Fig 4.10, C) there were experiences in lectin staining available in the 

workgroup.[133] With this basis, Oliver optimized the glycoside staining by rhodamine la-

beled Con A and WGA and gained an excellent signal-to-background ratio of up to 81. 

As expected, the fluorescence correlated to glycoside concentrations up to 15 mM and 
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the lectins showed the predicted glycoside selectivities. Therefore, a functional presen-

tation of the glycosides 54 and 55 on Nexterion® H slides was proven. 

 

 

Fig. 4.10:  Generation of microarrays: A. Immobilization of the glycosides on succinimidyl acti-
vated Nexterion® H slides. B. Deactivation of residual reactive groups on the surface 
to prevent unspecific binding. C. Staining with rhodamine labeled lectins and fluores-
cence readout as a proof for immobilization of the glycosides. D. Incubation with cells 
to monitor cell adhesion by using light microscopy. 

With the established conditions applied, carbohydrate microarrays were generated using 

the library of O-glycosides. The glycosides were immobilized in consecutive 1:1 dilutions 

with linker 45 ranging from 15 mM to 117 µM. As positive controls, commercially available 

Fibronectin, which contains the RGD motif, and cyclo(RGDfK(PEG-NH2)) were immobi-

lized.  

The cell experiments were performed by Mara Ruff at the Fraunhofer IGB in Stuttgart. 

Fibroblast adhesion is an important process for biomedical research and was monitored 

using the carbohydrate microarrays. As a result, fibroblasts showed specific adhesion on 

spots with immobilized cyclo(RGDfK(PEG-NH2)). All the other samples did not lead to 
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adhesion of fibroblasts. The Fibronectin did not lead to cell adhesion, either. The hydro-

gel on the Nexterion® H surface consists substantially of ethylene glycol, which is known 

to have antiadhesive properties. These properties could overcome the adhesive forces 

of potentially existent, weak cell-carbohydrate interactions. Cyclo(RGDfK) is an opti-

mized and potent integrin ligand for cell adhesion.[176] However, the second positive con-

trol Fibronectin did not lead to fibroblast adherence. In conclusion, another cell experi-

ment using a surface, which lacks a repulsive hydrogel seemed promising. Therefore, 

the cell experiment was repeated on Nexterion® E slides.  

As a consequence of the missing hydrogel, the functional presentation of the glycosides 

differs on the Nexterion® E slides. For these slides, the surface is planar, which results 

in a two-dimensional presentation of the glycosides. This differs to the presentation on a 

three-dimensional and flexible hydrogel. This implicates that the spatial separation of the 

glycons becomes an even more critical factor. Sufficient space is required to enable mul-

tivalent interactions and to provide a functional presentation of the glycosideson the pla-

nar surface.[163] Hence, linker 59 was synthesized as a tool to elongate mannoside 55 in 

order to investigate the influence of linker length (Fig. 4.11). First, ethyl 2-bromoacetate 

56 was reacted with linker 2 after a procedure from Ranjitkar et al. and the published 

yield of 57[177] could be increased from 21% to 59%. The cleavage of the ethyl acetate 

under basic conditions yielded quantitatively 58[178]. The activation of the carboxylic acid 

with N-hydroxysuccinimide was achieved using the water-soluble carbodiimide EDAC. 

This was removable together with remaining NHS by simple aqueous extraction from the 

reaction mixture. 59 was obtained in 90% yield.  

 

Fig. 4.11: Synthesis of acid 58 and succinimidyl activated linker 59. 

First, the amide formation of -mannoside 55 was tested with the free carboxylic acid 58 

and different coupling reagents. The unprotected mannoside 55 was applied in order to 

avoid an acyl shift during synthesis, since this side reaction was already observed in 

case of acetylated glucoside 10. The activation of 58 with the coupling reagent HATU 

did not succeed in formation of 60 (Fig. 4.12). With HOBt and HBTU, a yield of 14% of 



4  Results and experiments 

41 

60 was obtained. Compared to HATU and HOBt/HBTU, the reaction of succinimidyl ac-

tivated acid 59 was superior, as 60 was obtained in a yield of 44%. Reduction of the 

azide 60 led to -mannoside 61 in 96% yield. 

 

Fig. 4.12: Elongation of the linker by amide coupling and hydrogenolysis to 61. 

As next step, the immobilization of the glycosides on Nexterion® E slides was investi-

gated. The corresponding surface is functionalized with epoxides. Hence, an immobili-

zation can be achieved by epoxide-opening of nucleophiles, such as amines or thiols 

(Fig. 4.13). The conditions for immobilization, proposed by the manufacturer Schott, in-

clude incubation for 1 h in a PBS buffer at pH 9. Song et al. showed a functional immo-

bilization of naturally derived glycans on Nexterion® E slides at a pH of 7.4 by heating to 

50°C for 12 h. Additionally, they observed that the sensitivity of Nexterion® E slides was 

higher compared to Nexterion® H slides.[179] 

 

Fig. 4.13: Epoxide-opening of amines for immobilization on Nexterion® E slides. 

Carbohydrate microarrays were generated. The samples were diluted by mixing with 

ethanolamine to generate molar fractions. This ensures a homogeneous distribution of 

the samples on the surface.[147-148] In addition, the total concentration is constant for every 
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sample, which means that the humidity can be optimized for all samples. Otherwise, 

concentration differences inevitably lead to shrinking or swelling of the spots by evapo-

ration or condensation of water. The processes of concentrating or diluting the samples 

has a great influence on the immobilization kinetics.[180]  

For immobilization of the samples a pH of 8.5 with a total concentration of 15 mM was 

chosen. For each spot 10 droplets were dispensed with a total volume of 4 nL and the 

reaction time varied from 70 to 100 min. After deactivation with ethanolamine, the slides 

were stained with rhodamine Con A. As a result, no specific fluorescence was observed 

for slides with 70 min reaction time. A slide with 100 min reaction time is depicted in Fig. 

4.14. Only the first block of -mannoside 55 (X=1.0, 15 mM) showed a specific fluores-

cence (Fig 4.14, A). Lower molar fractions possessed similar intensities as the negative 

controls 45 and 54.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14:  A. Immobilization of mannosides 55 and 61 and negative controls 45 and 54 as molar 
fractions for 100 min with pH 8.5 on Nexterion® E. Probes were stained with rhodamine labeled 
Con A and read out with a fluorescence gain of 201. Mannoside 55 was recognized by Con A. 
Unspecific fluorescence for the negative controls with comparable intensities as mannoside 61 
were observed. B. Profile of mannoside 55 (white line, length 1.5 mm) with X=1 (15 mM of 55). 
C. Profile statistics. The spots are uniform, but shrinking was observed due to a decreased hu-
midity of 67-70%. 
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-Mannoside 61 with the longer linker displayed no specific fluorescence. With a humid-

ity between 67-70% during the spotting process, the spots shrinked (Fig 4.14, B). Parti-

cles on the background showed, that optimization of the washing step was required. 

In the following experiments the optimization of the procedure to generate microarrays 

on Nexterion® E slides was continued. First, the humidity in the immobilization step was 

raised to 70-72%, which improved the spot morphology. The washing protocol for the 

lectin staining was optimized by adding a quick rinsing step with MilliQ water. Finally, the 

influence of pH for the spotting solution was investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15: A. Epoxy-activated slide was dispensed by samples with spot volumes of 4 nL in 10 
replicates and was incubated for 14 h. The specific staining of mannoside 55 was achieved with 
rhodamine Con A. The fluorescence gain was 179. Unspecific fluorescence of PBS buffer at high 
pH can be observed. B. Profile (white line, length 4.5 mm) of 55 with pH 10.0 and X=1 (15 mM 
55). C. The corresponding intensity profile shows homogenous spots with a low background, 
leading to a S/B ratio of 20. 



4  Results and experiments 

44 

Considering that, the pH was varied between pH 7.5 and 12 for -Mannoside 55 and 

PBS buffer. The reaction time for the immobilization was increased from 100 min to 14 

and 40 h, respectively. The arrays were deactivated and stained with rhodamine labeled 

Con A. The fluorescence read out is depicted in Fig 4.15. As a result, a concentration-

dependent and specific staining of -mannoside 55 was obtained. The negative control, 

-GlcNAc conjugate 54, was not stained by the lectin (Fig 4.15, A). Qualitatively, the spot 

morphology is homogenous (Fig 4.15, B) with comparable fluorescence intensities be-

tween the spots of each block and a low background fluorescence (Fig 4.15, C). 

In order to determine the influence of the pH value in the immobilization step, the fluo-

rescence intensities were quantified and are summarized in Fig 4.16 (left). The most 

intense signals were observed for mannoside 55 with pH 12. Here, the 15 mM concen-

tration (X=1) achieved a signal-to-background ratio (S/B) of 71. The S/B was determined 

of the averaged fluorescence for the corresponding concentration of the glycoside sam-

ple and the surrounding area of the spots. Thereby, the observed S/B was in the range 

of the S/B of 81, which Oliver Baudendistel had obtained in comparable Nexterion® H 

experiments[175]. Generally, the fluorescence signal decreased with lower molar fractions 

of 55. Additionally, the comparison of signal intensities for samples with a constant molar 

fraction but different pH dropped with lower pH values. From these results it could be 

concluded, that a high pH value was ideal for the immobilization process.  

 

 

 

Fig. 4.16: Left: Quantification of the fluorescence signals for molar fractions of mannoside 55 and 
GlcNAc conjugate 54 from the rhodamine Con A staining. As expected, only mannoside 
55 was recognized, which proved the functional immobilization. Right: The fluorescence 
signals of spots, where PBS was dispensed on as a negative control. For pH 11 and 
12, fluorescence from an unspecific binding of the lectin to the surface was observed. 
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In contrast, the samples with PBS buffer as negative controls also showed a pH-depend-

ent, unspecific fluorescence (Fig 4.16, right). For the PBS controls with pH 8.5 to pH 10, 

the fluorescence was still on the same level as the background intensity. The unspecific 

fluorescence increased significantly for pH 11 and 12. Consequently, the fluorescence 

intensities obtained for the mannoside dilutions at pH 11 and 12 (Fig 4.16, left) must 

have had a significant contribution from this unspecific effect, too. Since the origin of the 

effect remained unclear, the conclusion from these observations was, that pH 10 was 

ideal for the immobilization on Nexterion® E to achieve a functional presentation of the 

samples in a high density. 

After optimization of the protocol for the generation of carbohydrate microarrays on 

epoxy-activated Nexterion® E, the next step was to produce arrays for cell adhesion ex-

periments. Technically, observing cell adhesion on a plain surface is not trivial, as the 

adherent cells must be counted and be referenced to the localization of the correspond-

ing sample. One solution to address this task is by generating separated reactive wells 

on the slide surface by attachment of teflon masks[9] or by (photo-) lithographic methods 

using PDMS stamps[181-182]. Another solution is to detect the fluorescently labeled cells 

directly by GFP fusion proteins or by staining with fluorescent antibody conjugates. 

We aimed to immobilize the fluorescent dye 62 in a frame pattern on the array to localize 

the immobilized samples and to count the cells by computer-aided analysis. As fluores-

cent dye, the water-soluble conjugate of sulforhodamine B 62 was applied, which was 

available in the workgroup (Fig. 4.17). 

 

Fig. 4.17:  Sulforhodamine B conjugate 62 was used for generating a fluorescent reference 
frame on the microarray. Thioglycoside 63 supplemented the glycoside library. 

The carbohydrate microarrays were generated and the samples immobilized according 

to the fluorescent frame pattern. As samples, in addition to the library with 14 O-glyco-

sides, mannotriose thioglycoside 63 was immobilized on the microarray (sample list in 

the appendix). 63 was synthesized by Raphael Steimbach during his bachelor thesis[183] 

under my supervision (see chapter 4.4). Each glycoside was immobilized in four different 



4  Results and experiments 

46 

molar dilutions with ethanolamine. Alternatively, another set of samples was immobi-

lized, which consisted of glycoside mixtures. This should enable to provide a more nat-

ural presentation of the glycosides, since the ECM consists of a highly diverse mixture 

of glycans. Another intention was to address potential cooperative binding effects in-

duced by the glycoside mixtures.[184-186] As positive controls cyclo(RGDfK(PEG-NH2)) 

and Fibronectin and as negative controls ethanolamine and buffer were spotted. In total, 

172 different samples were dispensed on the arrays with 5 duplicates for each sample. 

14 replicates of arrays were produced within two experimental duplicates. After immobi-

lization and deactivation of the carbohydrate microarrays, one array was stained with 

rhodamine Con A (Fig. 4.18, A). The fluorescent frame can be recognized easily. The 

samples that provide the most intense fluorescent spots correspond to samples contain-

ing mannotriose 63. Little swelling of spots was observed, because of the time-intense 

immobilization process at the usual workplate temperature of 10°C.  

The carbohydrate microarrays were tested for the early stage of cell adhesion by Mara 

Ruff. HaCaT cells, an immortalized keratinocyte cell line, were used for the adhesion 

experiment. Keratinocytes are a crucial component of the outer human skin. Their adhe-

sion on surfaces is an important parameter in biomedical applications, such as implants. 

Mara placed the microarray slides into cell dishes and incubated them with 10.4 million 

cells for 30 min, before scanning the slides using a light microscope. These photos were 

analyzed using KNIME[187] software, which was performed by David Kolb and Christian 

Dietz in the workgroup of Prof. Berthold at the University Konstanz. For this analysis, the 

fluorescent frame on the arrays was used as reference to generate a grid containing all 

sample positions (Fig. 4.18, B). The result of this process is shown in Fig 4.18, C. The 

red areas represent calculated spots with immobilized samples. Within these red areas 

HaCaT cells, which can be seen as white dots, were counted. The resulting numbers 

were used as a measurement for the ability of the functionalized surface to promote the 

early stage of cell adhesion for HaCaT cells. After the whole process of optimizing cell 

experiments and data analysis, only one of the 13 produced carbohydrate microarrays 

could generate interpretable data. So statistically, an over-interpretation of the presented 

data should be avoided.  
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Fig. 4.18: A. Overview of an array, on which 172 different samples with 5 replicates were immo-
bilized for 18 h and stained by rhodamine Con A. The fluorescent frame is visible and the most 
intense spots correspond to samples containing Mannotriose 63. The usual workplate tempera-
ture of 10°C led to a swelling of spots because of the long-lasting spotting process. B. According 
to the fluorescent frame a two-dimensional, computed grid allowed the assignment of coordinates 
for each spot such as for P(xi/yk). C. Early adhesion of HaCaT cells (white dots). 10.4 million 
HaCaT cells were seeded for 30 min on the array before the array was scanned by light micros-
copy. For the computer-aided analysis using KNIME[187] software, a grid was generated to locate 
the immobilized samples. The red areas correspond to the areas, in which HaCaT cells were 
counted to investigate cell-adhesive properties. 

Theoretically, the data extracted from the cell experiments do contain experimental er-

rors, which must be considered. One reason for the error origins from the assumption, 

that the spots possess an ideal circular morphology, which is not always the case (com-

pare Fig. 4.18, A). Another factor to consider is that the location of the spots can possess 

a local dispersion from the theoretical grid. This origins form the production process of 

the arrays (compare Fig 4.18, C, top right spot of 62). For samples, which show a positive 

effect of early cell adhesion, these factors translate into a pessimistic view of the acquired 

data. 

The results for samples, which consisted of single glycosides, are presented in Fig 4.19. 

The sample compositions of the corresponding sample numbers are attached to the ap-

pendix.  
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Fig. 4.19:  Data from HaCaT adhesion experiment (N=1). Comparison of the glycosides in dif-
ferent molar fractions with X=1 (15 mM sugar) to X=0.01 (0.12 mM sugar and 14.88 

mM ethanolamine). -GlcNAc conjugate 54 led to an increase of early cell adhesion, 
whereas the other glycosides resulted in adhesion of less cells than the control. 
(RGD: cyclo(RGDfK(PEG-NH2)), FN: Fibronectin). Statistical significance was calcu-
lated by t-test with Welch correction[188] using ethanolamine control (dashed line) as 
reference (p<0.0001: ****, 0.0001≤p<0.001: ***, 0.001≤p<0.01: **, 0.01≤p<0.1: *). 

The number of adherent HaCaT cells in the ethanolamine control was used as reference 

for the statistical evaluation by t-test with Welch correction.[188] Experimentally, the total 

cell counts were observed to be elevated in the area of the controls, which resulted in 

elevated cell numbers for the samples in this area. As a result, spots with immobilized 

conjugate -GlcNAc 54 were preferred most by HaCaT cells for early adherence (Fig. 

4.19, sample 5). Cell numbers were comparable to the positive controls cy-

clo(RGDfK(PEG-NH2)) and Fibronectin. Qualitatively, the early adherence of HaCaT 

cells was not observed to follow uniform rules among the samples. For the immobilized 

conjugates -GlcNAc 54, -Glc 49, -Glc 30 and -Xyl 51 the number of early adherent 

cells followed a concentration dependent course. Therefore, raising the carbohydrate 

concentration could lead to a further increase of early cell adherence. In contrast, sam-

ples with immobilized conjugates of -Xyl 50, -Fuc 29 and -Gal 32 showed a constant 

number of early adherent cells among all four molar fractions. Otherwise, the single gly-

cosides did not follow a specific trend indicating an influence on the early adhesion of 

HaCaT cells. 

In Fig. 4.20 the results are shown for all samples, which contained mixtures of the gly-

cosides. The exact sample compositions are listed in the appendix. Qualitatively, these 

mixtures had a heterogeneous effect on early cell adhesion. More than half of the mixed 

samples showed a significantly increased cell number compared to the ethanolamine 

control. This indicates towards a positive contribution of the glycosides to early adhesion 

of HaCaT cells.  
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In comparison to the positive control cyclo(RGDfK(PEG-NH2)) (Fig. 4.20), there are only 

a few samples showing higher numbers of adherent cells. Since these results were ob-

tained from a single experiment, only the most significant samples (p<0.0001) will be 

discussed in more detail here. These are the samples 109 and sample 149. Sample 149 

is comprised of 7.5 mM -Glc conjugate 49 and 7.5 mM -Mal conjugate 34 in a 1:1 

mixture. In order to evaluate the influence of single sugars, the corresponding samples 

were extracted into separate graphs (Fig. 4.21). 

 

 

 

 

 

 

 

 

Fig. 4.21:  Samples containing mixtures of -Glc conjugate 49 (left). Only sample 149 
showed a significantly better early adhesion of HaCaT cells than the con-

trols. Mixtures with -Mal conjugate 34 (right) showed a positive effect on 
cell numbers compared to ethanolamine in a majority of the samples. 

For the -Glc conjugate 49 all mixtures except sample 149 did not display a positive 

effect on early cell adhesion compared to the ethanolamine control (compare Fig. 4.21, 

left). Only sample 149 showed better adhesive properties than the positive controls cy-

clo(RGDfK(PEG-NH2)) and Fibronectin. In case of the -Mal conjugate 34 the situation 

differs compared to the -Glc conjugate 49 (compare Fig. 4.21, right). The majority of 

mixtures containing 34 showed an enhanced adhesion compared to the ethanolamine 

control. In addition, adherent cells were present in comparable numbers to the positive 

controls. Structurally, the comparison of the most potent sample 149 to the ineffective 

samples 138 and 160 reveals minimal differences (Table 4.7). In sample 138 the -Glc-

NAc conjugate 27 differs only in the 2-N-acetyl group compared to -Glc conjugate 49. 

For sample 160, the -lactoside differs to 49 in the anomeric configuration and the O-4-

linked galactosyl residue. Based on these results, it would be interesting to investigate 

this structural discrimination of the mixtures by the HaCaT cells in further experiments. 
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Table 4.7: Structural comparison of the compositions of sample 149 with the 
ineffective samples 138 and 160. 

 

Sample 109, which was also active in the cell experiment, contained a mixture of the 

conjugates -Gal 32 (2.5 mM), -GlcNAc 54 (5 mM), -Fuc 28 (2.5 mM), -Man 55 (2.5 

mM) and -GalNAc 31 (2.5 mM). This sample composition was too complex to conclude 

any contributions of single sugars from this single experiment (extracted graphs for single 

sugars can be found in the appendix).  

As a summary, the developed platform for the investigation of the early HaCaT cell ad-

hesion allowed monitoring and comparison of 172 samples in one experiment. With this 

high-throughput setup, the influence of a heterogeneous carbohydrate environment, as 

it is common in nature, can be studied effectively. The sample compositions can be var-

ied by simple mixing, allowing a diversity that cannot be accomplished by synthetic mo-

lecular scaffolds. The cell adhesion experiments presented here do not require a fluo-

rescent manipulation of cells for the analysis of the array. This could be helpful in sub-

sequent cell experiments to monitor cell viability, expression rates or cell differentiation. 

As all these results originate from one single experiment, more experiments are neces-

sary in order to achieve statistically relevant conclusions. 

As an outlook to improve dispersion-related errors of the samples, the arrays could be 

scanned by light microscopy at the end of the immobilization process. With this picture 

as template, a grid could be generated providing the exact localization of the immobilized 

samples. Additionally, the algorithm of data analysis could be further optimized. With the 

same method that was used to count the cells, a local background for every sample could 

be generated by counting cells in close vicinity to the samples. This background would 

promote to eliminate experimental, local cell density differences. 
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The microarray technology has the capability to investigate a huge amount of samples. 

However, the bottleneck of carbohydrate microarrays is the acquisition of samples suit-

able for the generation of carbohydrate microarrays. Therefore, the next chapters focus 

on functionalization techniques for carbohydrates to achieve a fast access to samples, 

suitable for the generation of carbohydrate microarrays. 

 

4.3 Oxyamines for chemoselective ligations at 

the reducing end of carbohydrates 

The tautomeric equilibrium of reducing carbohydrates, which lies between the cyclic 

hemiacetals and the acyclic aldehyde, provides a unique reactivity for chemoselective 

ligation reactions. Reactions, which were reported and applied in terms of generating 

carbohydrate microarrays include reductive amination, hydrazone formation and reac-

tions of primary and secondary oxyamines with reducing carbohydrates. The reductive 

amination produces exclusively acyclic glycoconjugates. Hydrazones are less stable 

than comparable oximes. Therefore, we wanted to set the focus on the investigation of 

primary and secondary oxyamines reacting with reducing carbohydrates in order to gen-

erate glycoconjugates. 

The reactions of primary oxyamines with reducing carbohydrates lead to an equilibrium 

of acyclic E/Z-oximes and the cyclic /-N-glycopyranosides. Since many lectins do rec-

ognize only the cyclic /-N-glycopyranosides, investigations on the situation at the re-

action equilibrium are of crucial importance. This problem can be circumvented by appli-

cation of secondary oxyamines. These exclusively lead to cyclic /-N-glycopyranosides 

and in case of mannose also to N-glycofuranosides. Here the reactivity is significantly 

lower compared to the oxime formation. The reactions of primary and secondary oxy-

amines were both investigated by various groups under very diverse reaction conditions, 

such as aqueous or mixed organic solvents as well as different pH of the reaction. This 

variability limits the comparability and therefore a general conclusion on the influence of 

reaction parameters. Even though the reactions were commonly applied, there was no 

publication available providing a systematical approach to investigate the reactions from 

beginning until equilibrium, including a systematical variation of the reaction parameters. 
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4.3.1 Oxime formation 

From the preliminary work of my bachelor thesis[189] and the dissertation of Magnus 

Schmidt[190] from our workgroup, experiments on the oxime formation were already per-

formed. Magnus mixed 1.2 eq. (60 mM) O-ethyloxyamine or O-benzyloxyamine in 100 

mM aqueous deutero acetate buffer at pH 4 or 5 together with 1 eq. (50 mM) of the 

sugars glucose, N-acetyl-glucosamine GlcNAc, mannose and 2-deoxyglucose using 

TSP as internal standard. The course of the reactions was monitored by 1H spectra and 

the products were characterized in equilibrium using additional 2D spectra. However, 

during my dissertation, the reaction conditions were proven to be unstable over the 

course of the experiments, because of the oxyamine consumption in the reaction. As the 

buffer strength was not high enough to compensate for this, a change in pH from reaction 

start to the equilibrium of more than one pH unit was observed. The pH is a critical reac-

tion parameter, which influences the reaction kinetics, yields and to a small extend the 

equilibrium ratios. Because of this systematical error, it was necessary to partially repeat 

the experiments, since they were of importance for this study. 

First, in order to establish stable reaction conditions, all relevant reaction parameters 

were screened to minimize systematical errors. For stability of pH, the buffer strength 

needed to be increased from 100 mM to 500 mM of acetate and the sugar concentration 

was decreased from 50 mM to 36 mM. Additionally, the new experiments were recorded 

without signal suppression of the residual non-deuterated water resonance. For relevant 

resonances of the reaction between glucose and ethyloxyamine, the T1 relaxation time 

was determined in an inversion-recovery experiment. Longest relaxation of 3.9 s was 

observed for the CH3 protons of ethyloxyamine. Therefore, the spectra were recorded 

with 20 s gap between the measurements to ensure more than 5 times T1, which is 

necessary for proper integration.  

The reaction products were assigned at the reaction equilibrium using homo- and het-

eronuclear 2D NMR spectra COSY, HSQC, HMBC and NOESY. Additionally, in case of 

the glucopyranosides, the configuration at the anomeric center was assigned according 

to the method of Karplus[191]. Thereafter, the vicinal coupling constant 3J between H1 and 

H2 shows >9 Hz for -anomers and <4Hz for -anomers. For mannopyranosides with 

an axial substituent at C2, the torsion angle between H1 and H2 is around 60° for  and 

-anomer, resulting in similar vicinal coupling constants of <3Hz. In these cases, the 

anomeric configuration was determined by measurement of the geminal coupling con-

stant 1JC1-H1 from a non-decoupled HSQC. For -glycosides 1J <170 Hz was expected 

and for -glycosides 1J >170 Hz.[192] These values were determined for O-glycosides but 
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were also used as a trend for the N-glycosides. With the method of Karabatsos et al., 

the assignment of the oxime resonances was achieved.[193] Thus, the H1 resonance of 

E-oximes is expected to be shifted downfield in the chemical shift to the H1 resonance 

of the corresponding Z-oximes. Additionally, the 1JC1-H1 for E-oximes is expected to be 

1JC1-H1≈170 Hz, whereas for Z-oximes it is 1JC1-H1≈180 Hz. 

With the stable conditions established, the reactions of sugars with oxyamines were in-

vestigated. Therefore, sugar, oxyamine and TSP as internal standard were mixed in deu-

tero acetate buffer with defined pH and transferred into a NMR tube. From this starting 

point, consecutive 1H NMR spectra at defined time points were recorded until the reac-

tion equilibrium was reached. By integration of the TSP resonance with known concen-

tration, the integrals of starting material and the reaction products allowed quantification 

throughout all recorded 1H spectra and determination of the reaction yield.  

 

 

Fig. 4.22:  Stacked 1H spectra from given time points of the reaction of glucose with 1.2 eq. 
ethyloxyamine at pH 4.5. The resonances used for integration of the reaction 
progress were well separated. Glucose resonances (bottom) decreased over 
time and the signals of the reaction products (depicted on top) increased. 
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Exemplarily, the reaction of glucose with 1.2 eq. ethyloxyamine at a pH 4.5 is shown 

(Fig. 4.22). In the reaction, formation of E-oxime 65, Z-oxime 66 and -N-pyranoside 67, 

but no -N-pyranoside was observed. In the stacked spectra, the course of the reaction 

can be followed by the decrease of the glucose resonances and conversely, the increase 

of resonances from the reaction products. The integrals of the well separated resonances 

of glucose and the reaction products were plotted (Fig. 4.23). The data points were fitted 

to an exponential regression. This allowed determination of the reaction half-life period 

t0.5, upon which 50% of combined equilibrium yield was obtained. However, half-life pe-

riod of bimolecular reactions are highly concentration dependent. Therefore, t0.9 with 90% 

combined yield was calculated as a representative value for the applied reaction condi-

tions. According to this scheme, all the oxime ligations were monitored. 

 

 

Fig. 4.23:  Reaction progress until equilibrium, obtained for the reaction of glucose 
6 with ethyloxyamine 64 at pH 4.5. Exponential data fitting resulted in a 
t0.5 of 5.47 h and t0.9 of 19.3 h with a combined yield of 78%. 

In order to determine the influence of pH on the oxime formation, the reaction of glucose 

and 1.2 eq. ethyloxyamine was monitored between pH 3 and pH 6 (Table 4.8, entries 1 

to 5 and Fig. 4.24). In equilibrium, the product ratio of acyclic oximes to the cyclic -N-

glucopyranoside between pH 4.5 to 6 was constant 3.0:1. Only a slight shift to the acyclic 

oximes was observed at pH <4 with a ratio of 3.4:1 acyclic/cyclic at pH 3. During the 

reaction, the ratio of oximes to the cyclic -N-glucopyranoside was not constant until the 
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equilibrium, because the cyclic N-glucopyranoside is formed from the oximes. As ex-

pected, the pH has a strong influence on the oxime formation. A clear correlation be-

tween decrease of pH and an increase in reaction rates was observable. For pH 3 (t0.9 = 

4.48 h) the reaction was 20 times faster than the comparable reaction at pH 6 (t0.9 = 88.0 

h). In contrast, the reaction yields were observed to drop with decreasing pH values. For 

pH 3, only 14% combined yield was obtained in equilibrium, whereas at pH 4.5 the yield 

was 5.5 times higher with 78%, but at pH 6, 90% combined yield was already reached. 

 

 

Fig. 4.24:  pH dependency of the oxime formation of glucose with 1.2 eq. ethyloxyamine at 
various pH. Reaction rates and yields are strongly influenced by the pH value. 

The reverse effects of yield and reaction rate are illustrated in Fig 4.25. The t0.9 times 

increased moderately between pH 3 to pH 5 but then showed a soaring step between 

pH 5 and pH 6. The yield greatly increased between pH 3 to pH 4 and only moderately 

from pH 4.5 to pH 6. As a conclusion from these data, pH 5 was chosen for all further 

experiments, since it provided a compromise between acceptable reaction rate and high 

yield.  
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Fig. 4.25: Reverse effect of pH on combined equilibrium yields and reaction rates.  

Interestingly, from our results there was no maximum in reaction rate observable at a pH 

of ~4.5. This was reported by Jencks for the reaction of acetone with hydroxylamine.[57] 

For this reaction, Jencks reported, that the rate-determining step was the nucleophilic 

attack of hydroxylamine at a pH <4.5 due to protonation of the nucleophile. At pH >4.5 

the rate-determining step was elimination of water from the tetrahedral halfoxyaminal. 

Obviously, the oxime formation of a reducing sugar cannot be directly compared to the 

reaction of acetone and hydroxylamine. The concentration of the acyclic aldehyde form 

of the sugar in water is low. As the acyclic aldehyde form is the oxyamine-reactive spe-

cies, it becomes consumed in the course of the reaction. Thus, it constantly needs to be 

regenerated from the equilibrium between halfacetal and aldehyde form of the sugar. 

The reaction rates of glucose with ethyloxyamine could be explained with this imminent 

equilibrium being the rate-determining step in the oxime formation at pH <4.5. Since an 

increase of the acid catalyst results in a faster regeneration of the aldehyde form, the 

reaction rate increases with decreasing pH values. On the other hand, the nucleophilic 

attack of ethyloxyamine with a pKa, base
2 of 4.65[51] should become rate-limiting at lower 

pH values, leading to an observable decrease in reaction rate. The drop of yield at pH 3 

was the reason not to perform further experiments at even lower pH values. 

The influence of the sugar on the outcome of the oxime formation was compared, by 

monitoring the oxime formation of different sugars with 1.2 eq. ethyloxyamine at pH 5. 

The results supported the trends already observed in the experiments performed by 

Magnus Schmidt[190]. The reaction GlcNAc with ethyloxyamine at pH 5, the product ratio 

and yield were similar to those measured for Glc. For GlcNAc t0.9 was with 132 h more 

                                                

2 In order to achieve a better visual comparability to pKa values, when referring to the pKa, base, the 
equilibrium of the corresponding protonated bases are used here. For the pKa, base of the base 
NH3 for example, the pKa(NH4

+ ↔ NH3 + H+) = 9.2 is referred to. 
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than 4 times higher than for Glc (t0.9 = 31.3 h) (Table 4.8, entries 4, 8). It was reasoned 

that the electronegativity of the substituent at C2 of the sugar influences the reaction 

rates. This conclusion was supported by the reaction of 2-deoxy-glucose (2dGlc), which 

lacks an electron-withdrawing group at C2 (Table 4.8, entry 11). For 2dGlc, the oxime 

formation proceeded very fast (t0.9=0.81 h) with 98% combined yield. There were no cy-

clic pyranosides observed, but only E-and Z-oximes in a ratio of 1.5:1. Interestingly, the 

sugar mannose, which stereochemically differs from Glc in the axial OH at C2 only, re-

sulted in a 5 times faster reaction (t0.9=5.76 h) than Glc (Table 4.8 entries 12 and 4). The 

product ratio of 17.8:1 acyclic to cyclic showed a great difference compared to Glc, dis-

playing a ratio of 3.0:1. 

Oliver Baudendistel[194] performed the oxime formation of GlcNAc-(1→4)-GlcNAc (N,N’-

diacetylchitobiose 70) with 2 eq. ethyloxyamine to monitor the effect of a GlcNAc residue 

at C4 of GlcNAc. 70 showed a similar product ratio and yield than GlcNAc, but interest-

ingly, the GlcNAc residue at C4 led to a decrease of t0.9 time by 50%. 
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Additionally, the influence of the oxyamine on the oxime formation was investigated us-

ing O-benzylhydroxylamine 70 (benzyloxyamine) with a pKa, base of 4.23[51]. The benzylox-

yamine showed a very similar reactivity compared to ethyloxyamine regarding reaction 

rates and yields. Furthermore, the product ratio showed only a little shift to more cyclic 

products for both of them (Table 4.8, entries 15-18). As Magnus Schmidt[190] already 

observed, the application of 2,2,2-trifluoroethyloxyamine 71, as an oxyamine with elec-

tron-withdrawing substituents, produced with Glc the lowest product ratio of 2.2 to 1 (acy-

clic to cyclic). The resulting amount of cyclic product is higher than for the comparable 

reaction with ethyloxyamine (Table 4.8, entries 19, 4). The effect of the electron-with-

drawing fluorine substituents was clearly impacting the reaction rates, because 295 h 

was the longest t0.9 among all investigated reactions. Considering the effect of fluorine 

as purely electron-withdrawing substituent may underestimate the potential of fluorine to 

mediate strong hydrogen-bonds. These could contribute to the observed results, too. As 

a conclusion, the oxime formation was strongly dependent of the C2 residue of the ap-

plied sugar, whereas the effects of the oxyamine were of minor importance to the out-

come of the reactions.  

In the oxime formation, usually a complete consumption of carbohydrate is desired. This 

can be achieved by using an excess of oxyamine to shift the reaction equilibrium from 

the side of starting materials to the product side. Reactions were performed with Glc, 

GlcNAc and Man using 2 eq. of ethyloxyamine. Generally, in comparison to the corre-

sponding reactions with 1.2 eq. ethyloxyamine, the product ratios remained constant 

among all sugars (Table 4.8, compare entries 6, 9 and 13). The yield was increased by 

almost 10% for Glc (from 85% to 95% yield) and GlcNAc (from 81% to 90% yield) and 

5% for Man (from 89 to 94%). In addition, the reactions with 2 eq. ethyloxyamine were 

faster, with a reduction of t0.9 by 30% for Glc and GlcNAc and almost 60% for Man. 

Furthermore, the influence of the reaction temperature was investigated for the oxime 

formation. As it was expected, increasing the reaction temperature led to an increase of 

reaction rates, whereas the combined equilibrium yields remained substantially constant. 

Heating the reaction from 27°C to 39°C led to a reduction of t0.9 by a factor of 4 for Glc 

(t0.9=5.34 h) (Table 4.8, entries 6, 7a). Interestingly, the reaction temperature had an ef-

fect on the equilibrium product ratio, too. At 27°C the product ratio of acyclic/cyclic was 

observed to be 3.0:1 for Glc (Table 4.8, entry 5). The product ratio at 39°C increased to 

4.5:1 (acyclic/cyclic) and at 60°C to 6.8:1 (Table 4.8 entries 7a, 7b). This shift of product 

ratio was observed to be reversible, as cooling the sample from 60 to 27°C restored the 

original product ratio. A similar trend was observed for GlcNAc. Man showed at 27°C a 

product ratio of 18.2:1, which increased slightly to 19.3 at 39°C (Table 4.8, entries 
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13, 14). Thermodynamically, the shift of product ratio towards more acyclic oximes could 

be explained by the conformational degree of freedom for the products. Acyclic oximes 

have a higher degree of freedom than the cyclic N-glycosides, which results in a higher 

entropy term for the acyclic oximes in the Gibbs-Helmholtz equation (G=H-TS). The 

entropy term is temperature dependent and becomes more dominant with increasing 

temperatures. This leads to an increase of the product ratio between acyclic/cyclic prod-

ucts with raising temperatures. 

As a conclusion, the real-time monitoring of the oxime formation allowed a systematical 

investigation of the reaction until the equilibrium. The reaction was shown to be strongly 

dependent on pH. Decreasing the pH resulted in faster reaction rates, but the combined 

yield of glycoconjugates dropped simultaneously. The reaction rates of the investigated 

carbohydrates with the oxyamines at pH 5 increased according to the t0.9 values in the 

order of GlcNAc<Glc<Man<2dGlc. The product ratios in equilibrium were almost con-

stant from pH 3 to pH 6 with a majority of acyclic oximes as reaction products. The prod-

uct ratio in equilibrium was similar for Glc and GlcNAc with 3:1 (acyclic/cyclic) and for 

Man around 16:1. This has to be considered for the application of the glycoconjugates 

in carbohydrate interaction studies, since many lectins do not recognize the acyclic ox-

imes. The oxime formation can be accelerated by increasing the temperature. Thereby, 

the yield remains stable, but the product ratio of acyclic/cyclic reversibly shifts in favor of 

the acyclic oximes. 

The reaction of secondary oxyamines with reducing carbohydrates yield preferably cyclic 

glycoconjugates. Hence, it was an interesting reaction to be investigated in real-time by 

NMR spectroscopy and to compare the results with the results from the oxime formation. 

 

4.3.2 Ligations of sugars with secondary oxyamines 

The ligation of secondary oxyamines with reducing carbohydrates is a valuable tool to 

generate glycoconjugates, because the reaction is known to produce almost exclusively 

1,2-trans-N-glycopyranosides as reaction products. The cyclic sugar structure is pre-

served in these glycoconjugates, which is important for functional interaction studies with 

proteins. Therefore, we aimed to investigate the reaction of a secondary oxyamine with 

reducing carbohydrates in NMR. The experimental setup included to monitor the reaction 

of sugar (36 mM) with 1.2 eq. O-ethyl-N-methylhydroxylamine 73 in a deutero-acetate 

buffered solution (500mM) containing 2 mM TSP as internal standard at a specified pH. 
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The secondary oxyamine O-ethyl-N-methylhydroxylamine 73 was synthesized by Oliver 

Baudendistel[194] in the workgroup. 

The influence of pH was investigated with Glc and 73 in the range of pH 3 to pH 6 at 

21°C (Table 4.9, entries 1-5). In general, the reactions with Glc yielded exclusively the 

-N-glycopyranoside as product. An increase of pH correlated with higher yields but also 

with higher t0.9 times. At pH 3 only traces of product formation were observable (Table 

4.9, entry 1). The reaction at pH 4 delivered 13% yield with a t0.9 of 33.3 h (Table 4.9, 

entry 2). The comparable reaction at pH 6 resulted in 45% yield, but also in an unac-

ceptable time for t0.9 of 672 h (28 days), which is an increase by a factor of 20 (Table 4.9, 

entry 5).  

In order to increase reaction rates, the reaction temperature was raised from 21°C to 

39°C. This reduced the t0.9 by a factor of 8 (Table 4.9, entry 4, 6). Surprisingly, the yield 

did not remain constant at the higher temperature but dropped from 37% (21°C) to 29% 

(39°C). In order to elucidate the potential temperature dependence of the yield, an ex-

periment was performed with Glc and 2 eq. oxyamine 73. After equilibration at 39°C, a 

yield of 43% was observed (Table 4.9, entry 7a). Then, the sample was equilibrated at 

60°C, which resulted in a drop of yield to 30% (Table 4.9, entry 7b). Reversely, cooling 

the reaction to 21°C increased the yield to 51% but required a reequilibration time of 20 

days (Table 4.9, entry 7c). From a practical point of view, the observation of a low reac-

tion rate usually is counteracted by increasing the reaction temperature. According to our 

results, the increase of temperature leads only to a benefit regarding reaction time but 

not to a benefit of yield. This loss in yield could be compensated by usage of a higher 

excess of oxyamine.  

Next, the ligations of other sugars with secondary oxyamine 73 were investigated. Glc-

NAc was reacted with 2 eq. 73 at pH 5 and 39°C and the reaction was monitored in NMR. 

GlcNAc reacted with 73 exclusively to the -N-glycopyranoside. The reaction had a sig-

nificantly reduced reaction rate of t0.9=60.4 h compared to Glc (t0.9=17.3 h) (Table 4.9, 

entries 7a, 8) and a slightly reduced yield of 36% compared to Glc. In accordance with 

the reactivity observed in the oxime formation, 2dGlc showed the fastest reaction rate 

with 1.2 eq. 73 (t0.9=0.41 h) in 44% yield (Table 4.9, entry 9). The only observable product 

was -N-glycopyranoside. 
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With the sugar Man (t0.9=4.24 h), the ligation reaction was faster than for Glc or GlcNAc. 

Affirming the results of Langenhan et al.[65], the formation of three products was observed 

in the ligation with Man and 73. For assignment of the three reaction products, the 

anomer couplings of 1JC1-H1 were determined. The -N-glycopyranoside was assigned 

according to its higher 1JC1-H1 coupling than the 1JC1-H1 coupling of the -N-glycopyra-

noside.[192] Furthermore, the anomeric configuration of the -N-glycopyranoside was as-

serted by a 2D-NOESY spectrum (Fig. 4.26, A). Here, a NOESY contact was observable 

in between H1 and H3, as well as a contact for H1 and H5. This, together with the 1JC1-

H1 coupling and the vicinal 1H couplings that were observed, affirm the structure of a -

N-glycopyranoside in a 4C1 chair conformation. The presence of a furanoside was as-

serted by the 3JC4-H1 contact in the HMBC, which supported a constitution of the carbon 

atoms in a five-membered ring (Fig. 4.26, B). The NOESY contacts for the N-glyco-

furanoside between H1 and H2 as well as H1 and H3 support the structure of a -N-

glycofuranoside. In contrary, Langenhan et al.[65] assumed the formation of a -N-glyco-

furanoside.[65] However, this observation was reportedly based on the interpretation of 

the corresponding 1H spectrum, only. 

 

Fig. 4.26:  Assignments of the products from the reaction of Man with 73. A NOESY 
contacts between H1 and H3 as well as H1 and H5 asserted the formation 

of -N-glycopyranoside in 4C1 conformation. B NOESY contacts between H1 

and H2 as well as H1 and H3 support formation of the -N-glycofuranoside. 

The reaction of Man with 73 led to a combined yield in equilibrium of 20% with a product 

ratio of 3.5:1.5:1 (-Pyr/-Pyr/-Fur) (Table 4.9, entry 10). Oliver Baudendistel[194] per-

formed the reaction of N,N’-diacetylchitobiose with 73 and obtained similar results as for 

GlcNAc but with a slightly lower reaction rate (Table 4.9, entry 11). This is in contrast to 

the reaction rates observed in the corresponding oxime formations of GlcNAc and N,N’-

diacetylchitobiose with ethyloxyamine. Here, N,N’-diacetylchitobiose showed an accel-

erated rate compared to GlcNAc. 
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As a summary, the reaction rates of the sugars at pH 5 increased according to the t0.9 

values in the order of GlcNAc<Glc<Man<2dGlc. As expected, the reactions of secondary 

oxyamines with reducing carbohydrates provided exclusively cyclic glycoconjugates. Cy-

clic glycoconjugates are interesting for binding studies since the natural cyclic structure 

of the carbohydrate is maintained in opposite to acyclic oximes. Even though the oxime 

formation provided higher combined yields, the share of cyclic glycoconjugates was 

lower in comparison to the ligations with secondary oxyamine 73. For the oxime for-

mation of Glc with 2 eq. ethyloxyamine 64 at 39°C, a combined yield of 94% was ob-

tained with a ratio acyclic/cyclic of 4.5:1 (Table 4.8, entry 7a). This results in a yield of 

17% for the -N-glycopyranoside. The comparable ligation with secondary oxyamine 73 

resulted in a yield of 43% for the pure -N-glycopyranoside (Table 4.9, entry 7a). For 

mannose as sugar the yield of -N-glycopyranoside from the ligation with 73 was 12% 

(Table 4.9, entry 10), whereas the corresponding oxime ligation provided the -N-glyco-

pyranoside in a yield of 5%, only (Table 4.8, entry 14).  

The ligations of sugars with primary or secondary oxyamines, lead to reaction equilibria, 

which are dependent on the reaction temperature or the pH. This means that the equi-

librium composition can vary according to the applied conditions. Therefore, the synthe-

sis of glycoconjugates from unprotected sugars, which remain stable under variable con-

ditions, such as the previously mentioned parameters, is of great interest. 

 

4.4 DMC-promoted thioglycosylation 

The synthesis of O-glycosides is a major limiting factor for carbohydrate microarrays. As 

we have already seen, this originates from the synthetic effort, which is required for pro-

tecting-group operations and the lack of anomeric selectivity that requires advanced pu-

rification efforts. Therefore, methods to circumvent protecting-groups and to result in di-

astereoselective glycosylation reactions are highly desirable. Thereby, the DMC-pro-

moted thioglycosylation reaction[84, 87, 90], which was discovered in the Shoda workgroup 

was attractive. The reaction conditions address solutions for practical problems occurring 

during the synthesis of glycoconjugates from unprotected carbohydrates. Water as 

cosolvent solves issues regarding the solubility of unprotected oligosaccharides and sug-

ars bearing charges, such as neuraminic acid or sulfated sugars. The Shoda group 

showed with 2-mercaptopyridine, that the reaction tolerates the synthetically problematic 

primary amine at C2 of glucosamine.[87] Furthermore, glycosidic bonds are stable under 
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the basic reaction conditions. Most importantly, 1,2-trans glycosides were reported to be 

the main reaction products, which could be obtained in high yields.[84, 87, 90]  

Altogether, these preliminary factors were encouraging to investigate the suitability of the 

DMC-promoted thioglycosylation as a tool to synthesize glycoconjugates with the aim to 

generate carbohydrate microarrays.  

 

4.4.1 Optimization of the DMC-promoted 

thioglycosylation reaction 

The DMC-promoted thioglycosylation reactions, published by the Shoda group, start 

from a mixture of sugar, base and aryl thiol (Fig. 4.27). Sufficient DMC reagent is added 

to complete the reaction. 

 

Fig. 4.27: Reaction conditions applied by the Shoda workgroup.[84, 87, 90] 

Depending on the sugar, this results in DMC amounts, which are necessary for comple-

tion ranging from 3 to 50 eq. DMC and up to 133 eq. thiol. The Winssinger group ob-

served, that with this reaction procedure alkyl thiols do not produce thioglycosides. They 

concluded, that the thiols by themselves react with the DMC reagent. However, this pro-

cess should be reversible for aryl thiols in contrast to alkyl thiols.[89]  

Based on these observations our conclusion was, that a successive addition of DMC and 

base could be applied until the carbohydrate becomes completely converted. This new 

procedure would enable a general application of unknown carbohydrates for the thiogly-

cosylation reaction without the need of prior optimization of DMC amounts. In addition to 

that, more complex and valuable thiols should be applicable. This new activation scheme 

using a successive addition of DMC and base was implemented by Raphael Steimbach 

in his bachelor thesis[183] under my supervision. By applying the new reaction scheme, 

Raphael managed to synthesize a set of phenylthioglycosides with high 1,2-trans-selec-

tivity in good yields, starting from the unprotected sugars Glc, Gal, Man and GlcNAc. 
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From these promising results, the next step was to determine relevant reaction parame-

ters in order to control yields and anomeric selectivity. Thereby, it was aimed to achieve 

a diastereoselective thioglycosylation reaction, with only one anomer as product. This 

would greatly reduce the efforts of purification. 

The base possesses several roles in the glycosylation reaction. This starts with the 

deprotonation of the sugar to generate the anomeric glycosyl oxyanion. The O1 for Glu-

cose has a pKa of 12.1[88]. Hence, the pKa, base of the base3 was intended to have a con-

siderable effect on the outcome of the thioglycosylation reaction. Experiments to monitor 

the influence of the base were performed using glucose 6 and 5 eq. thiophenol 65 (Table 

4.10). These were reacted by successively adding 1 eq. DMC 64 and 2 eq. of base, until 

complete consumption of glucose 6 was observed.  

Table 4.10: The influence of base upon the DMC-promoted thioglycosylation 

 

*  6 eq. of base were added before the reaction to ensure basic conditions. 
** For the given pKa,base , the values refer to the equilibrium of protonated species 

of the bases, because for ammonia for example pKa(NH4
+ ↔ NH3 + H+) = 9.2. 

*** From a 1,6-disubstitution with thiophenol, a yield of 16% of phenyl-(6-deoxy-

6-S-phenylthio)-1--D-thioglucopyranoside was obtained as byproduct. 

As a result, the reaction with aqueous ammonia produced the highest yield with 78% but 

a poor / ratio of 35:65 and the highest consumption of 10 eq. DMC to complete the 

reaction (Table 4.10, entry 1). NEt3 with a pKa, base of 10.2 in water and 18.8[195] in MeCN 

produced a better anomeric ratio with / of 20:80 and a consumption of 7 eq. DMC 

(Table 4.10, entry 2). DBU, with a pKa, base of 12[196] in water and 24.3[195] in MeCN, needed 

                                                

3 In order to achieve a better visual comparability to pKa values, when referring to the pKa, base, the 
equilibrium of the corresponding protonated bases are used here. For the pKa, base of the base 
NH3 for example, the pKa(NH4

+ ↔ NH3 + H+) = 9.2 is referred to. 
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only 6 eq. of DMC for completion of the reaction (Table 4.10, entry 3). Because of the 

differences of pKa, base between the bases in water and MeCN, a direct ranking of pKa, base 

values should be avoided due to the solvent mixture. The / ratio of 24:76 for DBU was 

worse compared to NEt3. In addition to a selective thioglycosylation at O1 of glucose, the 

substitution of O6 in glucose by thiophenol was observed, leading to 1,6 disubstitution. 

The best / ratio of 10:90 was obtained for NaOH with the highest pKa, base in water of 

15.7, but needed 9 eq. DMC for completion (Table 4.10, entry 4). As a summary, there 

was no correlation observable regarding yield, / ratio or DMC amount necessary in 

order to complete the reaction. NaOH delivered the best / ratio for 66. 

From these results no conclusion could be drawn, which base would perform best in the 

DMC-promoted thioglycosylation of glucose and thiophenol. As a result, the base cannot 

be investigated separately. Additionally, other reaction parameters needed to be consid-

ered, to enable a better understanding of the reaction performance. These parameters 

were solvent, temperature and concentration. Therefore, glucose 6 with 5 eq. thiophenol 

65 were reacted by addition of DMC 64 and base until completion of the reaction was 

observed. A systematical variation of the above mentioned parameters in order to opti-

mize the reaction for 1,2-trans-selectivity and high yields were realized according to Ta-

ble 4.11. 

Table 4.11: Systematical investigation of solvent, temperature and concentration in 
combination with the base for the DMC-promoted thioglycosylation. 
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For ammonia as base, the increase of water content in the solvent mixture from 1:3 to 

1:1 H2O/MeCN provided similar results (compare Table 4.10, entry 1 to Table 4.11, en-

try 1). Interestingly, raising the water content of the solvent from 1:1 to 4:1 H2O/MeCN 

(compare Table 4.11, entries 1 and 2) resulted in an increase of the combined yield for 

76 from 79 to 90% as well as a lower / ratio from 33:67 to 13:87. Reducing the tem-

perature to -10°C further elevated the yield of 76 from 90 to 95% (Table 4.11, entries 2, 

3). In case of NaOH as base, the increase of water content did not lead to a decrease of 

the / ratio of 5:95, but the yield raised from 77 to 86% (Table 4.11, entries 4, 5). Low-

ering the temperature improved the / ratio from 5:95 to 2:98 (Table 4.11, entries 5, 6). 

Even though ammonia delivered better yields, NaOH was the superior base because of 

the lower / ratio. For NEt3 as base, the solvent mixture of 4:1 H2O/MeCN provided a 

remarkably small / ratio of 5:95. With a quantitative conversion of glucose to thiogly-

cosides 76, NEt3 performed best among all the other bases. Furthermore, by lowering 

the temperature from 0°C to -10°C a decrease of the / ratio to 3:97 was realized with 

NEt3. This was on a comparable level than NaOH with 2:98 (/), but resulted in a better 

yield for 76 (Table 4.11, entries 8, 6). The effect of lowering the Glucose concentration 

from 0.2 M to 0.1 M did not have an effect on the / ratio, but the yield of 76 dropped 

from 98 to 75% (Table 4.11, entries 8, 9). 

As a summary of the experiments, in the variations of reaction parameters were trends 

observable among the bases. First, lowering the temperature increased the yields and 

decreased the / ratio. Second, elevation of the water content in the solvent was an 

important factor for minimizing the / ratio. An increase of water content of more than 

4:1 H2O/MeCN was not practicable for temperatures at -10°C, because of freezing. 

NaOH provided excellent / ratios, but was not considered as suitable from a practical 

point of view. NaOH is added as a solution in water. The addition of NaOH results in an 

increase of water content in the reaction mixture. At -10°C this was observed to cause 

problems due to freezing reaction mixtures for some of the investigated sugars. Conse-

quently, NEt3 was considered as the best base for the thioglycosylation of glucose 6 with 

thiophenol 75. Additionally, a solvent composition of 4:1 H2O/MeCN at a temperature of 

-10°C were the best conditions to perform the reaction in case of glucose as sugar.  

Another interesting aspect was the reactivity of other nucleophiles than aryl thiols for 

DMC-promoted glycosylation reactions, using the new reaction scheme. For this pur-

pose, the reaction was performed by successively adding DMC and base to a mixture 

consisting of glucose and 5 eq. of the nucleophile. As nucleophiles, selenophenol, ethan-

ethiol and O-ethylhydroxylamine 64 were tested. Neither of those nucleophiles led to any 
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reaction with glucose. Therefore, the thioglycosylation reaction was shown to be very 

specific for aryl thiols by application of the new reaction scheme. 

The most important factor for the DMC-promoted thioglycosylation is the reactivity on 

different carbohydrates. For these experiments, a more interesting thiol was intended to 

be used (Fig. 4.28). The thiol 80 represents a combination of thiophenol and a glycol 

linker, bearing a protected amine functionality for the envisaged immobilization on mi-

croarrays. This linker was synthesized and applied in the second part of the bachelor 

thesis[183] carried out by Raphael Steimbach and shall be presented here shortly. Starting 

from commercially available Bis(4-hydroxyphenyl) disulfide 77, substitution of tosyl acti-

vated linker 78[197] led to the disulfide 79. After reduction with NaBH4, Raphael obtained 

thiolinker 80 in 74% yield.  

 

 

Fig. 4.28: Synthesis of aryl thiol 80, performed by Raphael Steimbach[183], 
which was aimed to be deployed in further microarray studies. 

Then he applied thiolinker 80 to apply the new reaction scheme for the DMC-promoted 

thioglycosylation on several carbohydrates. Hereby, he generated 5 thioglycosides with 

very high 1,2-trans-selectivity and good to excellent yields. After deprotection of the Boc-

group, the resulting amines (Fig. 4.29) were used to generate carbohydrate microarrays. 

Here, Raphael could show a selective and functional staining of mannosides 63 and 83 

by rhodamine labeled Con A. 
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Fig. 4.29:  Library of thioglycosides synthesized by Raphael Steimbach[183], 
using thiolinker 80 for the DMC-promoted thioglycosylation. 

From these results, the focus was set on proceeding to expand the scope of the new 

reaction scheme for the DMC-promoted thioglycosylation with regard to more diverse 

carbohydrates. Therefore, the thiolinker 80 needed to be resynthesized on a bigger 

scale. The yield of the reaction to obtain the disulfide 79 could be improved to become 

quantitative by adding 5% toluene to the chromatographic solvents. This facilitated puri-

fication of 79 by suppressing -stacking, which prevented coelution with starting material.  

With application of the previously optimized reaction conditions, the thioglycosylation re-

actions were performed using different sugars. Glucose yielded almost exclusively -

thioglucoside 92 (Table 4.12, entry 1). For both, Gal-(1→4)-Glc 85 (lactose) and Glc-

(1→4)-Glc 86 (maltose), the reducing end sugar unit is glucose. Hence, the results are 

interesting to compare with glucose (Table 4.12, compare entries 2, 3 with 1). In contrast 

to Glc however, lactose and maltose delivered selectively the corresponding -thiogly-

cosides 93 and 94 (Table 4.12, entries 2, 3). Lactose required with 9 eq. significantly 

more DMC to complete the reaction compared to Glc and maltose, which needed 7 and 

6 eq. of DMC, respectively. The reaction with lactose produced 66% yield of 93, which 

was a lower yield compared to the thioglucosides 92 and 94 with 75 and 79% yield. 

Therefore, the -4-O-galactopyranosyl residue in lactose had a significant effect on the 

outcome of the DMC-promoted thioglycosylation reaction. Fucose 5 and galactose 87 

were the only sugars, which resulted in a mixture of  thioglycofuranosides and /-

thioglycopyranosides with similar product ratios of about 10:20:70 (compare entries 4 

and 5). In the Shoda group, there were no furanosides reported for the DMC-promoted 

reaction of galactose with 2-mercaptopyridine, but a remarkably low yield of 18% of /-

2-pyridyl 1-thiogalactosides.[87] However, with our approach galactose produced a total 
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yield of 69% of thioglycosides (Table 4.12, entry 5) and fucose a total yield of 49% (Table 

4.12, entry 6). 

Table 4.12: Different carbohydrates were reacted with thiolinker 80 in a DMC-pro-
moted thioglycosylation with successive addition of DMC and base. 

 

* Gal-(1→4)-Glc is synonymous to Lactose, Glc-(1→4)-Glc to Maltose and  

GlcNAc-(1→4)-GlcNAc is a synonym for N,N’-diacetylchitobiose. 

** -D-N-Acetylglucosamine-6-O-sulfate, abbreviation according to Varki et al.[198] 

Sugars, bearing a N-acetyl group at C2 such as GlcNAc 3, are prone to form oxazolines 

as side products in the DMC-promoted thioglycosylation.[87] When GlcNAc was reacted 

with thiolinker 80, the -thioglycopyranoside 97 was formed almost exclusively, but due 

to oxazoline formation, 97 was obtained in 30% yield (Table 4.12, entry 6). GlcNAc-

(1→4)-GlcNAc 70, which is synonymous to N,N’-diacetylchitobiose, showed a compa-

rable reactivity as GlcNAc (Table 4.12, entries 6, 7) with a selective formation of -thio-

glycoside 98. Due to occurrence of the oxazoline, a yield of 30% of 98 was achieved. N-

Acetylglucosamine-6-O-sulfate 89 is a component of the polysaccharide keratan sulfate, 

which can be found in the ECM. For the thioglycosylation of 89, oxazoline formation was 

observed, resulting in a ratio of 3:97 for - to -thioglycoside 99 with a total yield of 29%. 

Except a higher consumption of DMC, this result was similar with the previous observa-

tions for GlcNAc and N,N’-diacetylchitobiose (Table 4.12, compare entry 8 with 6, 7). 

This means, that the sulfate residue at C6 was not significant for the reaction yield or the 
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 ratio. This is of particular interest, as Bohorov et al. reported the degradation of a 

sulfated sugar during a conjugation attempt with a N-methyl oxyamine under acidic con-

ditions.[73] Under the basic conditions of the DMC-promoted thioglycosylation reaction, 

the sulfate residue was observed to be stable. The reactivity of glucosamine 90 with a 

primary amine at C2 provided a clear contrast to the GlcNAc series. A total yield of 96% 

of /-thioglycosides was obtained. Only the anomeric ratio of 7:93 for - to -thioglyco-

side 100 was higher than for the GlcNAc series (Table 4.12, compare entry 9 with 6, 7 

and 8). In the reaction of glucuronic acid 91, which structurally consists of glucose bear-

ing a C6 carboxylic acid, a selective formation of -thioglycoside 101 in 49% yield was 

achieved (Table 4.12, entry 10).  

As a summary, the DMC-promoted thioglycosylation with successive addition of DMC 

tolerated a broad variety of unprotected carbohydrates. Primary amines as well as neg-

atively charged sulfate and carboxylate residues did not disturb the thioglycosylation re-

action, leading preferably to the 1,2-trans-thioglycosides. For all investigated carbohy-

drates, there were no more than 10 eq. of DMC consumed in order to complete the 

thioglycosylation reaction. 

For deprotection of the thioglycosides, the Boc-groups were removed using CH2Cl2/TFA 

2:1 (v/v) to obtain the corresponding amines (Table 4.13). This worked in high yields for 

most reactions, the thioglycosides were observed to be stable under the acidic reaction 

conditions. 

Table 4.13: Boc-deprotection of the thioglycosides to generate the corresponding amines. 
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Furthermore, a negative control was synthesized for the carbohydrate microarray exper-

iments. Structurally, it resembles thiolinker 80 with a methyl group instead of a glycon 

(Fig. 4.30). Thiolinker 80 was methylated by adding MeI to a solution of 80 with NaOH in 

EtOH to achieve 92% yield of 109. Removal of the Boc-protecting group with CH2Cl2/TFA 

2:1 (v/v) to obtain the corresponding amine 110 was quantitative. 

 

Fig. 4.30:  Synthesis of compound 110 as a negative control for carbohy-
drate microarray experiments, starting from thiolinker 80. 

 

4.4.2 Generation of carbohydrate microarrays with the 

thioglycosides 

In order to visualize the interactions of lectins with the thioglycosides, carboyhdrate mi-

croarrays were generated. For sample generation, the thioglycosides as well as the neg-

ative controls ethanolamine and 110 were dissolved in PBS buffer with a pH of 8.5. A 

total of 8 dilutions for each thioglycoside were generated. This was achieved by mixing 

a 2 mM thioglycoside solution with 2 mM ethanolamine to generate molar fractions. 

These ranged from X=1 to X=0.008, with a total concentration of 2 mM for all samples. 

The samples were immobilized on Nexterion® H slides. Each sample was dispensed in 

5 replicates with a per-spot volume of 4 nL with a relative humidity of 69-70% and a 

workplate temperature of 14.5°C.  

The spotting layout was modified in order to be able to apply a Nexterion® IC16 device. 

The device fixates a teflon grid on the slide in order to generate 16 wells on a single 

array. Each well has the size of 0.7 x 0.7 cm. In theory, this allows the application of 8 

lectins on a single microarray, because the new layout enables immobilization of all sam-

ples within two of these wells.  

After the spotting of samples, the slides were stored over 0.5 M NaCl for 2 h to immobilize 

the samples on the surface. After deactivation with ethanolamine and washing of the 
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slides, the Nexterion® IC16 were placed on the microarrays. For the lectin staining, the 

lectins rhodamine Con A and rhodamine WGA were applied. Therefore, 80 µL of a lectin 

solution with a lectin concentration of 1 µg/mL containing 10 mg/mL BSA was applied to 

one well and incubated for 90 min. After the removal of unbound lectin, the slides were 

scanned by a fluorescence reader.  

In Fig. 4.31 the results for the lectin staining with rhodamine Con A are displayed. As a 

result, samples containing the thioglycoconjugates of -(Man)3 63 and -Man 83 were 

recognized by rhodamine Con A. The fluorescence signal decreased in correlation with 

lower molar fractions of the samples, confirming the selective and functional staining of 

the lectin. In accordance to the known selectivity of Con A, the lectin did not bind to other 

thioglycoconjugates. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.31: Overview on 2 wells containing a complete set of samples on the Nexterion® H slide, 
which were stained by rhodamine Con A. X=1 corresponds to 2 mM sugar conjugate. The gain of 

the fluorescence readout was set to 134. The lectin recognized samples containing the -man-
nose structural motif (samples 63 and 83) with a sugar concentration dependent fluorescence. At 
the surrounding area of the spots, a fluorescence signal was observed, which was stronger for 
higher molar fractions of sugar. This signal decreased with an increasing distance of the spots. 
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Around the spots with the immobilized thioglycoconjugates of -(Man)3 63 and -Man 83, 

a fluorescence signal was observed. This could not be explained, since the spots re-

mained in shape from start to the end of the immobilization process. Furthermore, this 

fluorescent area showed a higher intensity for higher molar fractions of the sugars. Ad-

ditionally, the fluorescence intensity decreased with an increasing distance of the spots. 

From the manufacturer it is known that the 3D-hydrogel accumulates water, which leads 

to a swelling of the hydrogel. This process requires about 30 min, depending on the 

humidity. Before dispensing the samples on the microarray surface, the humidity in the 

array chamber needs to equilibrate for at least 20 min. From literature it was known, that 

drop drying as well as condensation of water from a too high humidity into the drops have 

an influence on the immobilization process.[180] The drop drying process is crucial for 

efficient immobilization of highly diluted samples on microarrays. On the other hand, a 

constant condensation of water into the sample spot, dispensed on a 3D hydrogel, was 

discussed to contribute to lateral diffusion of the sample into the hydrogel.[180] The profile 

of the fluorescent samples is depicted in Fig 4.32.  

 

 

Fig. 4.32: A: Overview on the samples recognized by rhodamine Con A (Enlargement of the 

upper left part of Fig. 4.31, glycoconjugates of -(Man)3 63 and -Man 83). A selective staining 
was achieved, with a concentration dependent course. Fluorescent background was observed in 
the hydrogel of the Nexterion® H slides. The profile is represented by the white bar with a length 
of 2.3 mm. B: Intensity profile proofed homogeneous spots according to the spot maxima, but the 
area around the spots showed a fluorescence signal, which decreased with increasing distance 

of the spots. C: Comparison of -(Man)3 63 with a concentration of 7.5 mM on a Nexterion® E 
slide without hydrogel. The spots provide sharp edges, which altogether led to the conclusion, 
that lateral diffusion of the sugar conjugates within the hydrogel of Nexterion® H slides was re-
sponsible for fluorescent staining by the lectin in the area around the spots. 

The intensity profile of the spots supports the theory, that diffusion into the hydrogel was 

responsible for the fluorescent background (Fig 4.32, A and B). The spots provide clear 

plateaus at the maxima of fluorescence with sharp edges on either side of the spots. A 

continuous swelling of the spots would lead to enlarged spots with irregular shapes. In 
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the worst case, this leads to an overflow of the sample across the surface. In contrast, 

the spots on the array show a regular and homogeneous shape. As diffusion is concen-

tration dependent, this also fits to the observed decrease of background fluorescence 

with lower molar fractions of the mannosides. As lateral diffusion of sample through the 

hydrogel cannot occur on a 2D surface, thioglyoconjugate -(Man)3 63 (7.5 mM), immo-

bilized on Nexterion® E without hydrogel was used to compare the different surfaces (Fig 

4.32 C). On this surface, immobilization of 63 results in clear and sharply defined spots 

without any fluorescent signal around the spots. Interestingly, the lateral diffusion pro-

cess in the hydrogel was only observed in case of the thioglycosides, but not in case of 

the O-glycoside library. For the calculation of fluorescence intensities, the fluorescent 

area around the spots was not considered as background, since it originated from a 

specific binding of the lectin to diffused sample. As this fluorescent area was not the 

result from an unspecific background staining, the fluorescence intensity of the ethano-

lamine control was used as reference to calculate the fluorescent background, which 

was subtracted from the samples. The results are shown in Fig. 4.33. Con A showed a 

similar fluorescence intensity for both thioglycoconjugates of -(Man)3 63 and -Man 83 

down to X=0.125. At lower molar fractions, only -(Man)3 63 is still recognized by the 

lectin. This is in accordance to the higher binding affinity of the lectin to -(Man)3 63 

compared to -Man 83.[199]  

 

Fig. 4.33:  Quantification of fluorescence intensity from the staining of rhodamine labeled 
Con A. A comparably strong binding of Con A to the immobilized mannosides 
63 and 83 can be observed until X=0.125. The fluorescence gain was 134. 



4  Results and experiments 

78 

Similarily, the fluorescence signals were calculated from the lectin staining with rhoda-

mine labeled WGA, which is known to bind GlcNAc and its oligomers (Fig. 4.34). The 

thioglycoconjugate of chitobiose 105 displayed the strongest fluorescence of all investi-

gated sugars down to a molar fraction of X=0.125. Then the fluorescence intensity drops 

significantly. Another sugar that was recognized by WGA was the thioglycoconjugate of 

-GlcNAc 81 and 6S-GlcNAc 106. 106 was bound stronger to WGA than 81, since the 

fluorescence signal did not drop until X=0.125. -GlcNAc 81 showed only a measurable 

fluorescence up to X=0.25. Qualitatively, the staining proofed a high selectivity, which 

was combined with a very low unspecific background fluorescence.  

The lateral diffusion of thioglycoside samples was observable in both, the staining of Con 

A, as well as in the WGA staining. As a result of the lateral diffusion of sample into the 

hydrogel, we abandoned the measurements of KD values for the lectin binding on the 

microarrays. As an outlook, this can be achieved on a different surface with the estab-

lished setup and spotting parameters. 

 

Fig. 4.34:  Results obtained from the staining with 1 µg/mL rhodamine labeled WGA. A 
selective staining for the thioglycoconjugates of chitobiose 105, 6S-GlcNAc 
106, and GlcNAc 81 was obtained with high selectivity. Fluorescence gain was 
134. 

As a summary, the DMC-promoted thioglycosylation could significantly accelerate the 

synthesis of glycoconjugates from unprotected reducing carbohydrates. In average, the 

synthesis of one thioglycoside, suitable for the generation of carbohydrate microarrays, 

required for both synthesis steps no more than 3 days for completion, including the pu-
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rification steps. The DMC-promoted thioglycosylation was very tolerant towards func-

tional groups in the carbohydrates and led primarily to the 1,2-trans-thioglycosides. As 

an outlook, the here presented synthesis route of thioglycosides could even be reduced 

to a one-step approach by elimination of the Boc-deprotection step. The DMC-promoted 

thioglycosylation was shown to tolerate free amines. Therefore, a thiolinker with an un-

protected amine could be applied for the DMC-promoted thioglycosylation reaction in 

order to synthesize the thioglycoconjugates within a single synthetic step. 

The N-glycoconjugates, which were obtained from ligations of sugars with primary and 

secondary oxyamines, showed equilibria compositions. These compositions were shown 

to be dependent of temperature or a change in pH value. In order to investigate carbo-

hydrate-protein interactions, the variation of temperature or pH is interesting to charac-

terize the mechanistic background of the interaction. The here presented thioglycosides 

remained stable under acidic and under basic conditions and therefore would be better 

suited candidates to investigate carbohydrate-protein interactions. Since the oxyamines 

are efficient in ligations of highly diluted sugars, the DMC-promoted thioglycosylation 

reaction can be considered to complement the available stock of methods.  

The immobilization of the thioglycosides on microarrays was shown to be efficient. Com-

pared to O-glycosides, the thioglycosidic linkage provides a higher stability against gly-

cosidases.[157] This implies, that they could serve as a more stable bioactive surface 

coating than O-glycosides. Arylthioglycosides are efficient glycosylation donors. After 

immobilization of the thioglycosides, the functionalized surface could be treated with in-

teraction partners such as enzymes or lectins. Using thiophilic reagents to release the 

thioglycosides could be used to characterize the bound interaction partners by mass 

spectrometry. 
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5 Summary 

The aim of this work was the generation of carbohydrate-functionalized arrays for the 

employment in cell adhesion experiments. These arrays enable the investigation of car-

bohydrate-specific contributions on cellular adhesion to generate new bioactive surfaces. 

 

Fig. 5.1: Synthetic approach to generate a library of 14 O-glycosides 

A library of 14 O-glycosides was synthesized by application of various glycosylation strat-

egies (Fig. 5.1). The aglycons were amino-oligo (ethylene glycol)-linker as a prerequisite 

for site-specific immobilization on epoxy-activated surfaces. The conditions to immobilize 

the glycosides on epoxy-activated slides were established and carbohydrate microarrays 

were generated. Fluorescently labeled lectins proofed the successful immobilization of 

the glycosides on the array as quality control. 

By immobilizing a fluorescent dye in a frame pattern on the array, we established a new 

system to directly locate immobilized samples on the arrays by light microscopy. Mara 

Ruff applied the carbohydrate microarrays to investigate HaCaT cell adhesion. Accord-

ing to this fluorescent frame, Christian Kolb used the software KNIME to generate a 

computed grid. This grid allowed to assign the locations of corresponding glycoside sam-

ples on the array, and was used to count adherent cells. The applied analysis method 

does not require fluorescent cells or the generation of separated wells on the array sur-

face in order to detect the samples. Therefore, the system is easily transferable to other 

cell types, and does not interfere with following experiments. Examples for such experi-

ments include labeling of intra- or extracellular structures of adherent cells on the array. 

As a result of the analysis, some of the pure glycoside samples showed a concentration-

dependent correlation of early cell adhesion, but only on a comparable level to the posi-

tive controls cyclo(RGDfK(PEG-NH2)) and Fibronectin. In case of the glycoside mixtures, 

a more diverse impact on the early cell adhesion was observed. A half of the 105 immo-

bilized glycoside mixtures provided a comparable cell count as the positive controls. The 
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best result for early cell adhesion was observed for a 1:1 mixture of 7.5 mM -Glc con-

jugate 49 and 7.5 mM -Mal conjugate 34. However, a repetition of these results is re-

quired in order to increase the statistical significance.  

The generation of glycoconjugates is the major limiting factor of carbohydrate microar-

rays. Oxyamines react with reducing sugars to glycoconjugates. Based on preliminary 

experiments by Magnus Schmidt[190], the reactions of primary and secondary oxyamines 

with reducing carbohydrates were monitored in real-time via NMR until the reaction equi-

librium was reached. 

 

Fig. 5.2: The reactions of primary oxyamine 64 or secondary oxyamine 73 with reducing 
carbohydrates were monitored until the reaction equilibria were reached. 

A systematical variation of reaction parameters allowed to investigate the effects on the 

reactions and to gain knowledge about factors influencing the reaction equilibria. 

The reaction of ethyloxyamine 64 with glucose was very pH dependent. The reaction 

rate decreased with increasing pH but the combined yield steadily increased. Dependent 

of the applied sugar the reaction rates increased in the order GlcNAc<Glc<Man<2dGlc. 

The equilibrium composition of acyclic E/Z-oximes with the cyclic N-glycosyloxyamine 

was pH independent, but was shifted to the acyclic oximes with increasing temperatures. 

Many lectins do only recognize the cyclic N-glycosyloxyamines, not the E/Z-oximes. 

The reactions of secondary oxyamines with reducing carbohydrates are valuable, since 

they exclusively lead to cyclic N-glycosides (Fig. 5.2). Oliver Baudendistel synthesized 

secondary oxyamine 73, which was used for the NMR-monitoring of the ligation reaction 

of 73 with sugars. The reactions of 73 with the sugars were monitored in NMR until equi-

librium. The reaction rate was observed to decrease with an increase of pH, but the yield 

of -N-glycoside increased. The reaction rates increased for the sugars in the order of 

GlcNAc<Glc<Man<2dGlc. All investigated sugars exclusively produced the -N-glyco-

side as reaction product except Man, which led to the -N-pyranoside and the -N-
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furanoside in a ratio of 7:3:1. An interesting finding was the temperature dependence of 

the yield. As expected, increasing the temperature accelerated the reaction of Glc with 

73. At 21°C, the -N-glycoside was obtained in a yield of 51%. In contrast to that the 

yield reduced at 60°C to 30%. Therefore, heating the reaction only leads to a benefit 

regarding reaction rate but not yield. Hence, a higher excess of oxyamine is necessary 

to compensate for this. Even though the oxime formation provided better yields, the 

shares of cyclic glycoconjugates were always trumped by the corresponding ligations of 

the secondary oxyamines with the sugars.  

The equilibria of the reactions of oxyamines with reducing sugars can be circumvented 

by synthesis of stable O- or S-glycosides. Therefore, the DMC-promoted thioglycosyla-

tion reaction, which was discovered in the Shoda[84, 87, 90] group was tested on its applica-

bility to generate stable thioglycosides for the generation of carbohydrate microarrays. 

We altered the published activation procedure of the reaction to a successive addition of 

base and DMC in order to react unknown sugar samples together with more valuable 

thiols. The reaction was optimized in order to achieve a selective 1,2-trans-thioglycosyl-

ation with high yields. Thereby, a clear correlation of 1,2-trans-selectivity was observed 

for increasing amounts of water in the solvent. The best reaction results were obtained 

for a 4:1 mixture of H2O/MeCN at -10°C with NEt3 as base. Other nucleophiles than 

arylthiols, such as selenophenol, ethyloxyamine or alkylthiols did not lead to any observ-

able reaction with the new activation procedure. 

In his bachelor thesis under my supervision, Raphael Steimbach[183] synthesized the new 

thiolinker 80. With linker 80 he managed to synthesize thioglycosides of Glc, Man, Glc-

NAc, Lac, and (Man)3, with high 1,2-trans-selectivity and high yields and could success-

fully immobilize them on an array.  

After these promising results, it was demonstrated in this work, that the reaction can be 

applied on sugars bearing sulfates, carboxylates or primary amines and still lead to 1,2-

trans-glycosides with high selectivity and in good yields (Fig. 5.3). The thioglycosides 

were applied on carbohydrate microarrays and could show a functional and selective 

staining by fluorescently labeled lectins in a concentration-dependent manner.  

With this methodology established, a further expansion of the cell adhesion studies could 

be continued with more diverse glycoside structures. Thioglycosides are known to have 

a higher stability against glycosidases. As a consequence, biomedical materials with an 

enhanced shelf-life of immobilized thioglycosides could be achieved. The thioglycoside 

linkage is known to be easily cleaved in presence of thiophilic reagents. A thioglycoside 

functionalized array could be used to perform multiple reactions of chemicals or enzymes 
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with the immobilized thioglycosides on the array. Addition of a thiophile reagent would 

release the products after the reactions in order to characterize them by MS. 

 

Fig. 5.3:  Scope of new thioglycosides, which could be synthesized by the 
DMC-promoted thioglycosylation reaction using thiolinker 80. 
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6 Zusammenfassung 

Das Ziel dieser Arbeit war es, Kohlenhydrat-funktionalisierte Oberflächen für die Anwen-

dung in Zellkulturexperimenten herzustellen. Diese Arrays ermöglichten die Untersu-

chung der spezifischen Einflüsse von Kohlenhydraten auf die Zelladhäsion. 

 

Fig. 6.1: Syntheseschema der Erzeugung einer Bibliothek, bestehend aus 14 O-Glykosiden. 

Durch die Anwendung zahlreicher Glykosylierungsstrategien wurde eine Bibliothek mit 

14 O-Glykosiden synthetisiert (Fig. 6.1). Als Aglykon diente ein Aminoethylenglykol-Lin-

ker zur spezifischen Immobilisierung auf Epoxid-aktivierten Oberflächen. Es wurden die 

optimalen Bedingungen für die Immobilisierung der Glykoside auf Epoxid-aktivierten Ob-

jektträgern etabliert und anschließend Kohlenhydrat-Mikroarrays hergestellt. Die erfolg-

reiche Immobilisierung der Glykoside wurde durch die spezifische Interaktion mit fluo-

reszenz-markierten Lektinen als Qualitätskontrolle bestätigt. 

Wir haben ein neues System zur direkten Lokalisierung von immobilisierten Proben auf 

dem Array mittels Lichtmikroskopie entwickelt. Dazu wurde ein Fluoreszenzfarbstoff zur 

Referenz als Rahmen auf dem Array immobilisiert. Die Kohlenhydrat-Mikroarrays wur-

den von Mara Ruff für die Untersuchung der Adhäsion von HaCaT-Zellen verwendet. 

Christian Kolb hat anhand des Fluoreszenzrahmens mit Hilfe der Software KNIME ein 

virtuelles Rahmengitter berechnet. Dieses Gitter ermöglicht die örtliche Bestimmung und 

Zuordnung zu den entsprechenden Glykosidproben auf dem Array, um die Anzahl der 

früh adhärierenden Zellen bestimmen zu können. Diese neue Analysemethode hat den 

Vorteil, dass weder fluoreszenzmarkierte Zellen noch getrennte Vertiefungen auf der Ar-

ray-Oberfläche nötig sind, um die Proben zu detektieren. Die Methode kann daher ein-

fach auf andere Zellsysteme übertragen werden. Außerdem interferiert die Methode 

nicht mit Folgeexperimenten wie z.B. der anschließenden Färbung von intra- oder ext-

razellulären Strukturen der adhärenten Zellen auf dem Array. 
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Als Ergebnis dieser Analyse, konnte eine konzentrationsabhängige Korrelation der Zel-

ladhäsion bei machen Glykosidproben beobachtet werden, die vergleichbar mit den 

Werten der Positivkontrollen Cyclo(RGDfK(PEG-NH2)) und Fibronektin waren. Für Pro-

ben mit Glykosidmischungen konnten unterschiedlichere Einflüsse auf die frühe Zellad-

häsion beobachtet werden. Die Hälfte der 105 immobilisierten Glykosidmischungen wies 

vergleichbare Zellzahlen zu den Positivkontrollen auf. Das beste Ergebnis auf die frühe 

Zelladhäsion erzielte eine 1:1 Mischung von 7,5 mM -Glc 49 und 7,5 mM -Mal 34. Um 

eine statistisch signifikante Aussage treffen zu können, müssen diese Ergebnisse jedoch 

noch einmal reproduziert werden. 

Der limitierende Faktor von Kohlenhydrat-Mikroarrays ist die Herstellung von Glykokon-

jugaten. Oxyamine reagieren mit reduzierenden Zuckern zu Glykokonjugaten (Fig. 6.2). 

Auf Vorexperimenten von Magnus Schmidt basierend, wurde die Reaktion von primären 

und sekundären Oxyaminen mit reduzierenden Kohlenhydraten mittels NMR beobach-

tet, bis sich das Reaktionsgleichgewicht eingestellt hatte. 

 

Fig. 6.2:  Die Reaktionen des primären Oxyamins 64 oder des sekundären Oxyamins 
73 mit reduzierenden Kohlenhydraten wurden bis zum Erreichen der Reakti-
onsgleichgewichte beobachtet. 

Durch die systematische Variation von Reaktionsparametern konnten die Effekte auf die 

Reaktionen untersucht und Rückschlüsse über die Faktoren gezogen werden, die das 

Reaktionsgleichgewicht beeinflussen. 

Die Reaktion von Ethyloxyamin 64 mit Glukose war sehr pH-abhängig. Die Reaktions-

geschwindigkeit nahm mit steigendem pH ab, allerdings stieg die kombinierte Ausbeute 

im Gegenzug stetig an. Die Reaktionsgeschwindigkeit nahm, abhängig vom eingesetz-

ten Zucker, in der Reihenfolge GlcNAc<Glc<Man<2dGlc zu. Die Zusammensetzung von 

azyklischen E/Z-Oximen und zyklischem N-Glykosyloxyamin war pH-unabhängig im Re-

aktionsgleichgewicht, verlagerte sich aber mit steigenden Temperaturen auf die Seite 
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der azyklischen Oxime. Viele Lektine binden nur an die zyklischen N-Glykosyloxyamine, 

aber nicht an die E/Z-Oxime. 

Die Reaktionen von sekundären Oxyaminen mit reduzierenden Kohlenhydraten sind be-

sonders nützlich, da sie ausschließlich zur Bildung zyklischer N-Glykoside führen. (Fig. 

5.2). Oliver Baudendistel synthetisierte das sekundäre Oxyamin 73, das für die Ligation 

von Zuckern eingesetzt wurde. Die Reaktion wurde mittels NMR bis zur Einstellung des 

Gleichgewichts verfolgt. Es konnte beobachtet werden, dass die Reaktionsgeschwindig-

keit mit steigendem pH abnimmt, die Ausbeute an -N-Glykosid aber zunimmt. Für die 

Zucker steigen die Reaktionsraten in der Reihenfolge GlcNAc<Glc<Man<2dGlc an. 

Alle untersuchten Zucker außer Man ergaben das -N-Glykosid als Reaktionsprodukt. 

Der Einsatz von Man hingegen führte zur Bildung von -N-Pyranosid und -N-

Furanosid in einem Verhältnis von 7:3:1. Besonders interessant war die Beobachtung 

der Temperaturabhängigkeit der Ausbeute. Wie erwartet wurde die Reaktion von Glc mit 

73 wurde durch steigende Temperaturen beschleunigt. Bei 21°C wurde eine Ausbeute 

von 51% erreicht. Im Gegensatz dazu war die Ausbeute bei einer Temperatur von 60°C 

allerdings auf 30% reduziert. Das Heizen der Reaktion führt daher nur zu einem Vorteil 

in Bezug auf die Reaktionsgeschwindigkeit, nicht aber in Bezug auf die Ausbeute. Ein 

größerer Überschuss an Oxyamin ist daher notwendig, um diesen Effekt auszugleichen. 

Obwohl die Oximbildung bessere Ausbeuten liefert wird der Anteil zyklischer Glykokon-

jugate immer von den entsprechenden Ligationen der sekundären Oxyamine mit redu-

zierenden Zuckern übertroffen.  

Die variablen Gleichgewichte der Reaktionsprodukte von Oxyaminen mit reduzierenden 

Zuckern können durch die Synthese stabiler Glykoside vermieden werden. Daher wurde 

die DMC-geförderte Thioglykosylierungsreaktion, die in der Arbeitsgruppe um Shoda[84, 

87, 90] entdeckt wurde, zur Herstellung stabiler Thioglykoside und deren Anwendbarkeit 

auf Kohlenhydrat-Mikroarrays hin untersucht.  

Die publizierte Reaktionsführung wurde weg von einer einmaligen, zu einer schrittweisen 

Zugabe von Base und DMC hin verändert. Dies erlaubte die Verwendung von nichtopti-

mierten Zuckerproben und den Einsatz wertvollerer Thiole. Die Reaktion wurde dahin-

gehend optimiert, eine selektive 1,2-trans-Thioglykosylierung mit hohen Ausbeuten zu 

erreichen. Hierbei konnte eine klare Korrelation zwischen der 1,2-trans-Selektivität und 

einem steigenden Wasseranteil im Lösungsmittel beobachtet werden. Die besten Reak-

tionsergebnisse ergaben sich aus einer 4:1 Mischung von H2O/MeCN bei -10°C mit NEt3 
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als Base. Im Gegensatz zu Arylthiolen konnte mit Nukleophilen wie Selenophenol, Ethy-

loxyamin oder Alkylthiole mit der neuen Aktivierungsprozedur keine Reaktion beobachtet 

werden. 

In seiner von mir betreuten Bachelorarbeit synthetisierte Raphael Steimbach einen 

neuen Thiolinker 80. Mit diesem Thiol 80 konnte er mit hoher 1,2-trans-Selektivität und 

guter Ausbeute Thioglykoside von Glc, Man, GlcNAc, Lac und (Man)3 synthetisieren. 

Diese konnte er außerdem erfolgreich auf einem Array immobilisieren. 

Nach diesen vielversprechenden Resultaten konnte in dieser Arbeit außerdem gezeigt 

werden, dass die Reaktion auch auf Zucker mit Sulfat-, Carbonsäure- oder primären 

Amino-Resten angewendet werden kann (Fig. 6.3). In diesen Fällen wurden auch hohe 

Selektivitäten für 1,2-trans-Thioglykoside und gute Ausbeuten erreicht. Die erfolgreiche 

Immobilisierung der Thioglykoside auf Kohlenhydrat Mikroarrays konnte über eine se-

lektive und konzentrationsabhängige Färbung mit fluoreszenzmarkierten Lektinen be-

wiesen werden. Mit der Etablierung dieser Methode könnten die Zelladhäsionsstudien 

mit vielfältigeren Glykosidstrukturen fortgesetzt werden. 

Es ist bekannt, dass Thioglykoside eine erhöhte Stabilität gegenüber Glykosidasen als 

O-Glykoside haben. Die Immobilisierung von Thioglycosiden könnte daher die Herstel-

lung von biomedizinischen Produkten mit einer höheren Haltbarkeit ermöglichen. Die 

Thioglykosid-Bindung kann durch die Zugabe thiophiler Reagenzien leicht gespalten 

werden. Ein Thioglykosid-funktionalisierter Array, könnte daher zur Durchführung zahl-

reicher Reaktionen von Chemikalien oder Enzymen mit den Thioglykosiden auf dem Ar-

ray eingesetzt werden. Durch die Zugabe eines thiophilen Reagenz, würden die Pro-

dukte freigesetzt werden und könnten anschließend mittels MS untersucht werden. 
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Fig. 6.3:  Variabilität der funktionellen Gruppen, die von der DMC-vermittelten Thiogly-
kosylierungsreaktion mit Linker 80 toleriert wurden. 
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7 Experiments 

7.1 General methods 

 

Solvents and reagents 

Technical solvents were destilled prior to use. Dry solvents were purchased from Sigma 

Aldrich or Fluka except for dry CH2Cl2, which was dried over CaH2 and freshly destilled 

before use. Reagents were purchased from Acros, Dextra, Fisher Scientific, Glycon, 

Sigma Aldrich and TCI and were used without further purification. Fibronectin was pur-

chased from Calbiochem. Cyclo(RGDfK(PEG-NH2)) was purchased from Peptides Inter-

national. BSA was purchased from Serva. TSP d4-(3-(Trimethylsilyl)propionic-2,2,3,3 

acid sodium salt) was obtained from Sigma Aldrich. d4-DOAc, DCl and D2O were pur-

chased from Deutero. 

 

Chromatography 

Analytical thin layer chromatography (TLC) was carried out on TLC Silica gel 60 F254 

coated aluminium sheets from Merck with detection by UV light at  = 254 nm. For further 

detection of spots the sheets were immersed in an appropriate staining solution: anisal-

dehyde (135 mL abs. EtOH, 5 mL conc. H2SO4, 1.4 mL acetic acid, 3.7 mL p-anisalde-

hyde), ninhydrin (100 mL butanol, 0.3 g ninhydrin, 3 mL acetic acid), permanganate (1% 

(w/v) potassium permanganate in water), sulfuric acid (15% H2SO4 in EtOH). After the 

sheets were dipped into the staining solution, gently heating was applied. 

 

High performance liquid chromatography (HPLC) was conducted on a LC-20A prom-

inence system (pumps LC-20AT, auto sampler SIL-20A, column oven CTO-20AC, photo 

diode array detector SPD-M20A, controller CBM-20A, evaporative light scattering detec-

tor ELSD-II) from Shimadzu. For the separation of compounds following columns were 

applied as stationary phase:  

Column A: Eurosphere 100 C-18 (16 x 250 mm, flow 9 mL/min) 

Column B: Kinetex Axia C-18 (21.2 x 250 mm, flow 10 mL/min) 
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Column C: Gemini C-6-Phenyl (21.2 x 250 mm, flow 10 mL/min) 

A gradient of H2O (eluent A) and MeCN (eluent B) was applied as mobile phase. If re-

quired, the addition of 0.1% TFA or 0.1% FA to the eluents was performed as reported. 

 

Flash column chromatography (FC) was performed on silica 40-63 µm mesh size from 

Merck with solvent mixtures as specified. Furthermore a Reveleris® purification system 

with variable dual wavelength detector and ELSD from Grace was applied as specified. 

As stationary phase prepacked Reveleris® flash cartridges with 40 µm mesh size parti-

cles with silica or C-8 reversed-phase silica were used. 

 

NMR spectroscopy 

Nuclear magnetic resonance (NMR) spectra were recorded on spectrometers Avance III 

600 MHz and on Avance III 400 MHz from Bruker. 1H chemical shifts[200] are depicted in 

ppm referenced to residual protic solvent resonances: d4-3-(Trimethylsilyl)propionic-

2,2,3,3 acid sodium salt: H = 0.00 ppm; CDCl3: H = 7.26 ppm; CD3OD: H: 3.31 ppm.13C 

chemical shifts[200] are referenced on solvent signals: d4-DOAc:C = 21.03 ppm; CDCl3: 

C = 77.16 ppm; CD3OD: C = 49.00 ppm. The multiplicity of the resonances were abbre-

viated as following: s (singlet), d (doublet), dd (doublet of doublet), ddd (doublet of dou-

blet of doublet), t (triplet), dt (doublet of triplet), pt (pseudo-triplet), q (quartet), dq (doublet 

of quartet), quin (quintet), m (multiplet), br (broad signal). The assignment of signals was 

achieved by first-order analysis which was supported by 1H,1H homo- and 1H,13C hetero-

nuclear two-dimensional correlation spectra (COSY, HSQC, HMBC, NOESY). 1JC1-H1 

couplings were determined from non-decoupled HSQC NMR spectra. 

 

Mass spectrometry 

Liquid chromatography electron spray ionization mass spectrometry (LC-ESI-MS) was 

performed on a LC-MS 2020 instrument combined with an ESI-MS detector from Shi-

madzu with pumps LC-20AD, auto sampler LC-20A HT, column oven CTO-20 AC, UV 

detector SPD-20 A and communication module CBU-20 A. As stationary phase a Nucle-

odur C-18 (4 x 125 mm, flow 0.4 mL/min) column from Machery Nagel was utilized. For 

the mobile phase a gradient of LCMS grade water with 0.1% formic acid (eluent A) and 

LCMS grade MeCN with 0.1% formic acid (eluent B) was applied. 
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ESI time of flight high resolution mass spectrometry (ESI-TOF-HRMS) was performed 

on a micrOTOF II instrument from Bruker in positive mode. 

7.2 Syntheses 

 

11-Azido-3,6,9-trioxaundecan-1-ol[165] (2) 

 

2      C8H17N3O4 

      219.24 g/mol 

 

The azide was prepared from tetra(ethylene glycol) in two steps according to Cubberley 

et al.[165] in 75% yield.  

 

 

11-Amino-3,6,9-trioxaundecan-1-ol[201] (45) 

 

45     C8H19NO4 

      193.24 g/mol 

 

The azide 2 was hydrogenolyzed according to GP5 with H2, Pd/C in MeOH to yield 45 in 

95% yield.  

 

 

11-Amino-3,6,9-trioxaundecan-1-ol[173] (46) 

 

46     C13H27NO6 

      293.36 g/mol 

 

45 was reacted according to Lebeau et al.[173] with di-tert-butyl dicarbonate and KOH to 

yield 46 in 76% yield.  

 

 

Ethyl 14-azido-3,6,9,12-tetraoxadodecadecanoate[202] (57) 

 

57      C12H23N3O6 

       305.33 g/mol 
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The azide 2 (11.20 g, 51.1 mmol, 1 eq.) was dissolved in 250 mL dry THF. At 0°C NaH 

(1.47 g, 61.3 mmol, 1.2 eq.) was added (60% suspension in mineral oil) and the reaction 

was stirred for 15 min. Ethyl 2-bromoacetate (13.65 g, 81.7 mmol, 1.6 eq.) was added 

dropwise at 0°C. After addition, the yellow suspension was stirred at r.t. for 2 h. 250 mL 

EtOAc were added and the organic phase was washed with H2O 100 mL twice with, and 

once with 100 mL 10% (w/v) citric acid then with 100 mL sat. NaHCO3 and 100 mL H2O. 

After removal of solvent, FC (PE/EtOAc 1:3 to 1:5) afforded 57[202] (9.12 g, 29.9 mmol, 

59%) as yellow oil. 

 

 

Ethyl 14-azido-3,6,9,12-tetraoxadodecadecanoate[178] (58) 

 

58      C10H19N3O6 

       277.27 g/mol 

 

57 (4.25 g, 13.9 mmol, 1 eq.) was dissolved in 28 mL MeOH. At 0°C, 28 mL 2 M NaOH 

were added and the reaction was stirred at r.t. for 10 min. The reaction was neutralized 

with six spatula Amberlite® IRC86. The resin was filtered off and after removing the sol-

vent 58[178] (3.85 g, 13.9 mmol, quant.) was obtained as yellow oil without need for further 

purification.  

 

 

2,5-Dioxopyrrolidin-1-yl 14-azido-3,6,9,12-tetraoxatetradecanoate (59) 

 

   59      C14H22N4O8 

       374.35 g/mol 

 

58 (210 mg, 757 µmol, 1 eq.) and N-hydroxysuccinimide (131 mg, 1.14 mmol, 1.5 eq.) 

were dissolved in 15 mL of dry CH2Cl2. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(174 mg, 909 µmol, 1.2 eq.) was added and the reaction stirred at r.t. for six hours. Then 

50 mL EtOAc were added and the organic phase was extracted, using 3 times 20 mL 

sat. NaCl. The organic phase was dried over MgSO4 and after removal of solvent 59 

(256 mg, 684 µmol, 90%) was obtained as brown oil.  

 

TLC: Rf = 0.15 (CH2Cl2/MeOH 19:1, anisaldehyde staining) 
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1H-NMR (399.8 MHz, CDCl3):  = 4.52 (s, 2 H; CH2 1), 3.82–3.78 (m, 2 H; CH2 2), 3.76–

3.61 (m, 12 H; CH2 3–8), 3.42–3.35 (m, 2 H; CH2 9), 2.94–2.78 (m, 4 H; 2 x CH2C(O)N) 

ppm. 

13C-NMR (100.6 MHz, CDCl3):  = 168.9 (C(O)O), 165.9 (C(O)N), 71.1, 5 x 70.4, 70.3, 

68.8 (C-1–C-8), 50.5 (C-9), 25.4 (2 x CC(O)N) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 375.1490 [M+H]+ (calc. m/z = 375.1510 [M+H]+) 

 

 

11-Azido-3,6,9-trioxaundecyl 3,4,6-tri-O-acetyl-2-deoxy-2-acetamido--D-galacto-

pyranoside[203] (13) 

 

13   C22H34N4O12 

548.54 g/mol 

 

According to a published procedure,13[203] was synthesized in 3 steps in an overall yield 

of 27%, starting from galactosamine hydrochloride.  

 

TLC: Rf = 0.38 (EtOAc/MeOH 9:1, anisaldehyde staining) 

1H-NMR (399.8 MHz, CD3OD):  = 5.34 (d, J = 3.2 Hz, 1 H; H-4), 5.05 (dd, 11.2, 3.2 Hz, 

1 H; H-3), 4.67 (d, J = 8.5 Hz, 1 H; H-1), 4.20–4.05 (m, 3 H; H-2, H-6a, H-6b), 4.02 (pt, 

J = 6.5 Hz, 1 H; H-5), 3.91 (dt, J = 11.3, 4.1 Hz, 1 H; (CHH 1‘), 3.74 (m, 1 H; (C-1)OCHH), 

3.70–3.60 (m, 12 H; CH2), 3.38 (t, J = 4.8 Hz, 2 H; CH2 8’), 2.14, 2.03, 1.95, 1.94 (each 

s, 3 H; C(O)CH3) ppm. 

13C-NMR (100.5 MHz, CD3OD):  = 173.6, 2 x 172.1, 171.7 (3 x C(O)CH3), 102.8 (C-1), 

72.3 (C-3), 71.8 (C-5), 71.7, 3 x 71.6, 71.5, 71.1, 70.0 (7 x CH2 1’–7’), 68.2 (C-4), 62.8 

(C-6), 51.8 (CH2 8’), 51.6 (C-2), 22.9, 2 x 20.6, 20.5 (4 x CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 549.2410 [M+H]+, 571.2213 [M+Na]+ (calc. m/z = 

549.2402 [M+H]+, 571.2222 [M+Na]+) 

 

 

11-Azido-3,6,9-trioxaundecyl 2-deoxy-2-acetamido--D-galactopyranoside (23) 

 

23    C16H30N4O9 

422.44 g/mol 
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Compound 13 (213 mg, 388 µmol) was dissolved in 3.25 mL dry MeOH. After adding 

0.65 mL EtNMe2 the reaction was stirred for two days until TLC showed complete con-

version. The solvent was removed under reduced pressure and 23 (157 mg, 372 µmol, 

96%) was obtained as a colorless viscous oil. 

 

TLC: Rf = 0.1 (CH2Cl2/MeOH 19:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.46 (d, J = 8.5 Hz, 1 H; H-1), 3.99–3.90 (m, 2 H; H-

2, CHH 1’), 3.84 (br. d, J = 3.2 Hz, 1 H; H-4), 3.80–3.62 (m, 15 H; H-6a, H-6b, CHH 1’, 

CH2 2’–7’), 3.60 (dd, J = 10.7, 3.3 Hz, 1 H; H-3), 3.54–3.49 (m, 1 H; H-5), 3.39 (pt, J = 

4.8 Hz, 2 H; CH2 8’), 2.00 (s, 3H; CH3) ppm. 

13C-NMR (100.6 MHz, CD3OD):  = 174.0 (C(O)CH3), 103.1 (C-1), 76.5 (C-5), 73.4 (C-

3), 4 x 71.5, 71.4, 71.0, (CH2 2’–7’), 69.7 (CH2 1’), 69.5 (C-4), 62.4 (C-6), 54.1 (C-2), 51.6 

(CH2-8’), 23.1 (CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 423.2066 [M+H]+, 445.1889 [M+Na]+ (calc. m/z = 

423.2086 [M+H]+, 445.1905 [M+Na]+) 

 

 

11-Amino-3,6,9-trioxaundecyl-2-deoxy-2-acetamido--D-galactopyranoside (31) 

 

31    C16H32N2O9 

396.44 g/mol 

 

Compound 23 (134 mg, 317 µmol) was hydrogenolyzed according to GP5. 31 (126 mg, 

317 µmol, quant.) was obtained as colorless oil. 

 

TLC: Rf = 0.05 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.45 (d, J = 8.5 Hz, 1 H; H-1), 3.99–3.89 (m, 2 H; H-

2, CHH 1’), 3.84 (br. d, J = 2.0 Hz, 1 H; H-4), 3.80–3.56 (m, 14 H; H-3, H-6a, H-6b, CHH 

1’, CH2 2’-6’), 3.55–3.46 (m, 3 H; H-5, CH2 7’), 2.80 (t, J = 5.3 Hz, 2 H; CH2 8’), 2.00 (s, 

3 H; CH3) ppm. 

13C-NMR (100.6 MHz, CD3OD):  = 174.1 (C(O)CH3), 103.2 (C-1), 76.7 (C-5), 2 x 73.4 

(C-3, C-7’), 4 x 71.5, 71.1, (C-2’–C-6’), 69.7 (C-1’), 69.4 (C-4), 62.5 (C-6), 54.2 (C-2), 

42.0 (C-8’), 23.1 (CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 397.2176 [M+H]+ (calc. m/z = 397.2181 [M+H]+) 
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11-Azido-3,6,9-trioxaundecyl 2-deoxy-2-acetamido--D-glucopyranoside (4) 

 

4    C16H30N4O9 

422.44 g/mol 

 

GlcNAc (2.46 g, 11.1 mmol, 1 eq.) was suspended in 2 (24.34 g, 111 mmol, 10 eq.). 

TMSOTf (0.62 g, 2.78 mmol, 0.25 eq.) was added and the mixture was heated to 80°C 

for 23 h. After cooling to r.t. the reaction mixture was purified by FC (EtOAc to 

EtOAc/MeOH 8:1) to yield 4 (1.87 g, 40%) as pale yellow oil. 

 

TLC: Rf = 0.13 (EtOAc/MeOH 3:1, anisaldehyde staining) 

1H-NMR (399.8 MHz, CD3OD):  = 4.81 (d, J = 3.6 Hz, 1 H; H-1), 3.91 (dd, J = 10.7, 3.6 

Hz, 1 H; H-2), 3.86–3.79 (m, 2 H; H-6a, CHH 1’), 3.72-3.64 (m, 15 H; H-3, H-6b, CHH 1’, 

CH2 2’–7’), 3.61 (ddd, J = 9.9, 6.4, 3.5 Hz, 1 H; H-5), 3.40–3.33 (H-4, CH2 8’), 2.00 (s, 3 

H; CH3) ppm. 

13C-NMR (100.5 MHz, CD3OD):  = 173.7 (C(O)CH3), 98.9 (C-1), 73.9 (C-5), 73.0 (C-3), 

72.3 (C-4), 71.7, 2 x 71.6, 71.5, 71.4, 71.1 (C-2’–C-7’), 67.9 (C-1’), 62.8 (C-6), 55.3 (C-

2), 51.8 (C-8’), 22.7 (CH3) ppm. 

 

 

11-Azido-3,6,9-trioxaundecyl-2-deoxy-2-acetamido--D-glucopyranoside (27) 

 

27    C16H32N2O9 

396.44 g/mol 

 

Compound 4 (412 mg, 975 µmol) was hydrogenolyzed according to GP5. 27 was ob-

tained as pale oil (374 mg, 943 µmol, 97%). 

 

TLC: Rf = 0.07 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

RP-HPLC: Rt = 12.24 min (5–20% B in 20 min, with 0.1% TFA, column B) 

1H-NMR (399.8 MHz, D2O with MeOH):  = 4.85 (d, J = 3.6 Hz, 1 H; H-1), 3.90 (dd, J = 

10.6, 3.6 Hz, 1 H; H-2), 3.86–3.78 (m, 2 H; H-6a, CHH 1’), 3.75 (dd, J = 6.3, 5.4 Hz, 1 H; 

H-6b), 3.72–3.52 (m, 15 H; H-3, H-5, CHH 1’, CH2 2’-7’), 3.45 (pt, J = 9.8, 9.1 Hz, 1 H; 

H-4), 2.77 (t, J = 5.4 Hz, 2 H; CH2 8’), 2.00 (s, 3 H; CH3) ppm. 
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13C-NMR (100.5 MHz, D2O with MeOH):  = 174.5 (C(O)CH3), 97.3 (C-1), 72.1, 72.0 (C-

5 and C7’), 71.2 (C-3), 70.1 (C-4), 69.9, 69.8, 2 x 69.7, 69.5 (C-2’–C-6’), 66.7 (C-1’), 60.7 

(C-6), 53.7 (C-2), 39.9 (C-8’), 22.0 (CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 397.2165 [M+H]+ (calc. m/z = 397.2181 [M+H]+) 

 

 

11-Azido-3,6,9-trioxaundecyl 2,3,4-tri-O-acetyl--D-fucopyranoside[164] (7)/(8) 

 

 C20H33N3O11 

 491.49 g/mol 

 

8          7  

 

L-Fucose (2.79 g, 11.1 mmol, 1 eq.) was reacted with 2 according to a published proce-

dure[164]. 7 (1.72 g, 3.21 mmol, 21%) and 8 (854 mg, 1.59 mmol, 10%) were obtained as 

colorless oils. 

 

TLC: Rf = 0.24 for both anomers (CH2Cl2/MeOH 9:1, anisaldehyde staining) 

-anomer (7) 

1H-NMR (600.3 MHz, CDCl3):  = 5.35 (dd, J = 10.0, 3.3 Hz, 1 H; H-2), 5.28 (dd, J = 3.3, 

1.0 Hz, 1 H; H-4), 5.12–5.08 (m, 2 H; H-1, H-3), 4.23 (dq, J = 6.6, 1.0 Hz, 1 H; H-5), 

3.81–3.73 (m, 1 H; CHH 1’), 3.70–3.59 (m, 13 H; CHH 1’, CH2 2’–7’), 3.38 (pt, J = 5.1 

Hz, 2 H; CH2 8’), 2.15, 2.07, 1.97 (3 x s, 3 H; 3 x CH3), 1.12 (d, J = 6.6 Hz, 3 H; 3 x H6) 

ppm. 

13C-NMR (100.5 MHz, CDCl3): = 170.8, 170.6, 170.2 (3 x C(O)CH3), 96.4 (C-1), 71.4 

(C-4), 3 x 70.9, 70.8, 70.3, 70.2 (C-2’–C-7’), 68.3 (C-3), 68.2 (C-2), 67.7 (C-1’), 64.5 (C-

5), 50.8 (C-8’), 21.0, 20.9, 20.8 (3 x CH3), 16.0 (C-6) ppm. 

-anomer (8) 

1H-NMR (399.8 MHz, CD3OD):  = 5.22 (dd, J = 3.0, 1.0 Hz, 1 H; H-4), 5.11–5.02 (m, 2 

H; H-2, H-3), 4.64 (dd, J = 7.0, 1.0 Hz, 1 H; H-1), 3.98–3.89 (m, 2 H; H-5, CHH 1’), 3.76–

3.60 (m, 13 H; CHH 1’, CH2 2’–7’), 3.38 (pt, J = 4.9 Hz, 2 H; CH2 8’), 2.16, 2.05, 1.94 (3 

x s, 3 H; 3 x C(O)CH3), 1.18 (d, J = 6.5 Hz, 1 H; 3 x H6) ppm. 

13C-NMR (100.5 MHz, CD3OD): = 172.3, 2 x 171.5 (3 x C(O)CH3), 102.1 (C-1), 72.8 

(C-2), 72.0 (C-4), 71.7, 3 x 71.6, 71.4, 71.1 (C-2’–C-7’), 70.5 (C-3), 70.2 (C-5), 70.0 (C-

1’), 51.8 (C-8’), 20.8, 2 x 20.5 (3 x C(O)CH3), 16.3 (C-6) ppm. 
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ESI-TOF-HRMS (pos. mode): m/z = 492.2168 [M+H]+, 514.1987 [M+Na]+ (calc. m/z = 

492.2188 [M+H]+, 514.2007 [M+Na]+) 

 

 

11-Azido-3,6,9-trioxaundecyl -D-fucopyranoside (20) 

 

20    C14H27N3O8 

365.38 g/mol 

 

Fucoside 7 (405 mg, 756 µmol, 1 eq.) was dissolved in 7.5 mL of a 1:5 mixture of 

EtNMe2/MeOH. After 3 days the reaction was completed according to TLC. The solvent 

was removed in vacuum. FC of the residue (CH2Cl2/MeOH 9:1) and removal of solvent 

afforded 20 (275 mg, 756 µmol, quant.) as colorless oil. 

 

TLC: Rf = 0.28 (CH2Cl2/MeOH 9:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.79 (d, J = 3.5 Hz, 1 H; H-1), 4.01 (dq, J = 6.6, 0.6 

Hz, 1 H; H-5), 3.83–3.77 (m, 1 H; CHH 1’), 3.77–3.63 (m, 15 H; H-2, H-3, H-4, CH2 2’–

7’), 3.63–3.58 (m, 1 H; CHH 1’), 3.40–3.36 (m, 2 H; CH2 8’), 1.21 (d, J = 6.6 Hz, 3 H; CH3 

6) ppm. 

13C-NMR (100.6 MHz, CD3OD): = 100.6 (C-1), 73.6 (C-4), 71.7, 2 x 71.6, 2 x 71.5, 

71.4, 71.1, 70.1 (C-2, C-3, C-2’–C-7’), 68.2 (C-1’), 67.5 (C-5), 51.7 (C-8’), 16.7 (C-6) 

ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 388.1670 [M+Na]+ (calc. m/z = 388.1690 [M+Na]+) 

 

 

11-Amino-3,6,9-trioxaundecyl -D-fucopyranoside (28) 

 

28    C14H29NO8 

339.39 g/mol 

 

Fucoside 20 (405 mg, 756 µmol, 1 eq.) was hydrogenolyzed according to GP5.  

The crude product was purified on a 12 g Reveleris® C-18 column using a gradient of 

3% to 44% H2O/MeCN. After lyophylization 28 (217 mg, 639 µmol, 80%) was obtained 

as colorless oil. 

 

TLC: Rf = 0.06 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 
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1H-NMR (400.1 MHz, CD3OD):  = 4.80 (d, J = 2.0 Hz, 1 H; H-1), 4.01 (q, J = 6.6 Hz, 1 

H; H-5), 3.84-3.77 (m, 1 H; CHH 1’), 3.74–3.72 (m, 2 H; H-2, H-3), 3.71–3.59 (m, 12 H; 

H-4, CHH 1’, CH2 2’–6’), 3.56 (t, J = 5.2 Hz, 2 H; CH2 7’), 2.85 (t, J = 5.2 Hz, 2 H; CH2 

8’), 1.21 (d, J = 6.6 Hz, 3 H; CH3 6) ppm. 

13C-NMR (100.6 MHz, CD3OD): = 100.6 (C-1), 73.6 (C-4), 72.4 (C-7’), 71.7, 3 x 71.5, 

71.3, 71.1 (C-2, C-2’–C-6’), 70.1 (C-3), 68.1 (C-1’), 67.6 (C-5), 41.7 (C-8’), 16.7 (C-6) 

ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 340.1950 [M+H]+ (calc. m/z = 340.1966 [M+H]+) 

 

 

11-Azido-3,6,9-trioxaundecyl -D-fucopyranoside (21) 

 

21    C14H27N3O8 

365.38 g/mol 

 

Fucoside 20 (414 mg, 773 µmol, 1 eq.) was deacetylated according to GP1. 21 (280 mg, 

766 µmol, 99%) was obtained as a colorless oil. 

 

TLC: Rf = 0.67 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.24–4.21 (m, 1 H; H-1), 4.00–3.91 (m, 1 H; CHH 1’), 

3.74–3.60 (m, 14 H; H-5, CHH 1’, CH2 2’–7’), 3.59 (dd, J = 3.0, 1.0 Hz, 1 H; H-4), 3.51–

3.44 (m, 2 H; H-2 and H-3), 3.40–3.36 (m, 2 H; CH2 8’), 1.26 (d, J = 6.5 Hz, 3 H; CH3 6) 

ppm 

13C-NMR (100.6 MHz, CD3OD): = 104.9 (C-1), 75.0 (C-2), 73.0 (C-4), 72.2, 71.9 (C-3 

and C-5), 71.6, 4 x 71.5, 71.1 (C-2’–C-7’), 69.5 (C-1’), 51.8 (C-8’), 16.8 (C-6) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 388.1673 [M+Na]+ (calc. m/z = 388.1690 [M+Na]+) 

 

 

11-Amino-3,6,9-trioxaundecyl -D-fucopyranoside (29) 

 

29     C14H29NO8 

339.39 g/mol 

 

Fucoside 21 (257 mg, 703 µmol, 1 eq.) was hydrogenolyzed according to GP5.  
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The crude product was purified on a 12 g Reveleris® C-18 column using a gradient of 

5% to 87% H2O/MeCN. After lyophylization 29 (182 mg, 536 µmol, 76%) was obtained 

as a colorless oil. 

 

TLC: Rf = 0.04 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

RP-HPLC: Rt = 11.06 min (8–30% B in 20 min, with 0.1% TFA, column B) 

1H-NMR (400.1 MHz, CD3OD):  = 4.25–4.20 (m, 1 H; H-1), 4.01–3.90 (m, 1 H; CHH 1’), 

3.74–3.60 (m, 13 H; H-3, H-5, CHH 1’, CH2 2’–6’), 3.59 (dd J = 2.0, 1.0 Hz, 1 H; H-4), 

3.55–3.46 (m, 3 H; H-2, CH2 7’), 2.81–2.76 (m, 2 H; CH2 8’), 1.27 (d, J = 6.5 Hz, 3 H; 

CH3 6) ppm. 

13C-NMR (100.6 MHz, CD3OD): = 104.9 (C-1), 75.0 (C-2), 73.4 (C-4), 73.0 (C-7’), 72.2, 

71.9, 4 x 71.5, 71.2 (C-3, C-5 and C-2’–C-6’), 69.5 (C-1’), 42.1 (C-8’), 16.8 (C-6) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 340.1957 [M+H]+ (calc. m/z = 340.1966 [M+H]+) 

 

 

2,3,4,6-Tetra-O-benzyl--D-glucopyranosyl trichloroacetimidate[170] (36) 

 

36   C36H36Cl3NO6 

685.04 g/mol 

 

The donor 36 was prepared according to Bergmann et al.[170] in 93% yield.  

 

 

11-Azido-3,6,9-trioxaundecyl-2,3,4,6-tetra-O-benzyl--D-glucopyranoside (37) 

 

37  C42H51N3O9 

741.88 g/mol 

 

Donor 36 (660 mg, 963 µmol, 1.1 eq.) was dissolved in 33 mL dry Et2O. Azide 2 (192 

mg, 876 µmol, 1 eq.) and a spatula molecular sieves 4 Å were added. TMSOTf (39 mg, 

175 µmol, 0.2 eq.) was added at r.t. and after 100 min TLC showed complete conversion 

of the azide 2. The reaction was quenched with saturated NaHCO3 and the solvent re-

moved. FC (PE to PE/EtOAc 2:1) afforded glycoside 37 (390 mg, 526 µmol, 55%) as 

colorless oil. 

 

TLC: Rf = 0.42 (PE/EtOAc 1:1, anisaldehyde staining) 
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1H-NMR (400.1 MHz, CD3OD):  = 7.40–7.13 (m, 20 H; 20 x H arom.), 4.95 (d, J = 3.5 

Hz, 1 H; H-1), 4.90 (d, J = 11.0 Hz, 1 H; PhCHH), 4.79–4.73 (m, 2 H; 2 x PhCHH), 4.72–

4.64 (m, 2 H; 2 x PhCHH), 4.57–4.44 (m, 3 H; 3 x PhCHH), 3.91 (pt, J = 9.3 Hz, 1 H; H-

3), 3.84 (ddd, J = 10.2, 4.2, 2.1 Hz, 1 H; H-5), 3.82–3.76 (m, 1 H; H-6a), 3.70–3.49 (m, 

17 H; H-2, H-4, H-6b, CH2 1’–7’), 3.28–3.24 (m, 2 H; CH2 8’) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 140.2, 139.8, 139.7, 139.4 (4 x C quat., arom.), 2 x 

129.4, 2 x 129.3, 2 x 129.1, 2 x 129.0, 2 x 128.8, 128.7, 128.6 (20 x C arom.), 98.0 (C-

1), 83.0 (C-3), 81.5 (C-2), 79.1 (C-4), 76.5, 76.0, 74.3, 73.7 (4 x PhCH2), 2 x 71.7, 71.6, 

2 x 71.5, 71.4, 71.1, 70.0 (C-5, C-1’–C-7’), 68.3 (C-6), 51.7 (C-8’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 742.3665 [M+H]+, 764.3482 [M+Na]+ (calc. m/z = 

742.3698 [M+H]+, 764.3518 [M+Na]+) 

 

 

11-Amino-3,6,9-trioxaundecyl--D-glucopyranoside (30) 

 

30    C16H30F3NO11 

469.41 g/mol 

 

Compound 37 (60 mg, 80.9 µmol) was dissolved in 1.6 mL MeOH in glass vial. 60 mg 

(50 wt%) of Pearlman’s catalyst (20% Pd(OH)2 on carbon) and TFA (92.2 mg, 809 µmol, 

10 eq.) were added. The vial was placed into an autoclave that was flushed with hydro-

gen once. A hydrogen pressure of 20 bar was applied with strong stirring. After 2 h TLC 

showed total consumption of starting material and the reaction suspension was filtered 

through a 0.45 µm syringe filter. After coevaporation with toluene and lyophylization the 

glycoside 30 (37 mg, 78.8 µmol, 97%) was obtained as colorless oil. 

 

TLC: Rf = 0.04 (CH2Cl2/MeOH 2:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.86 (d, J = 3.8 Hz, 1 H; H-1), 3.89 (ddd, J = 10.8, 

4.6, 2.3 Hz, 1 H; H-6a), 3.82 (ddd, J = 11.8, 2.3 Hz, 1 H; H-5), 3.78–3.73 (m, 3 H; H-6b, 

CH2 7’), 3.73-3.54 (m, 14 H; H-3, H-4, CH2 1’–6’), 3.47 (dd J = 9.7, 3.8 Hz, 1 H; H-2), 

3.13 (pt, 2 H; CH2 8’) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 99.7 (C-1), 75.1 (C-4), 73.9 (C-3), 73.3 (C-2), 71.7, 

71.4, 71.2, 2 x 71.1, 70.4 (C-1’–C-6’), 2 x 67.6 (C-6 and C-7‘), 62.7 (C-5), 40.2 (C-8‘) 

ppm 

ESI-TOF-HRMS (pos. mode): m/z = 356.1917 [M+H]+ (calc. m/z = 356.1915 [M+H]+) 

 



7  Experiments 

101 

2,3,4,6-Tetra-O-acetyl-(11-Azido-3,6,9-trioxaundecyl)--D-glucopyranoside[164] (10) 

 

10    C22H35N3O13 

549.53 g/mol 

 

The glycoside 10 was synthesized after a published procedure[164] starting from glucose 

(2.79 g, 15.5 mmol) in two steps. The -glycoside, which was formed during the reaction 

as well, could not be separated from the - and -furanosides. 10 (2.06 g, 4.47 mmol, 

29%) was obtained as a colorless oil. 

 

TLC: Rf = 0.72 (CH2Cl2/MeOH 9:1, anisaldehyde staining) 

1H-NMR (399.8 MHz, CD3OD):  = 5.25 (pt, J = 9.5 Hz, 1 H; H-3), 5.02 (pt, J = 9.8, 9.5 

Hz, 1 H; H-4), 4.88 (dd, J = 9.5, 8.0 Hz, 1 H; H-2), 4.75 (d, J = 8.0 Hz, 1 H; H-1), 4.28 

(dd, J = 12.3, 4.6 Hz, 1 H; H-6a), 4.14 (dd, J = 12.3, 2.3 Hz, 1 H; H-6b), 3.94–3.84 (m, 2 

H; H-5, CHH 1’), 3.79–3.72 (m, 1 H; CHH 1’), 3.70–3.59 (m, 12 H; CH2 2’–7’), 3.38 (pt, 

J = 5.0 Hz, 2 H; CH2 8’), 2.06, 2.03, 2.01, 1.97 (4 x s, 3 H; 4 x CH3) ppm 

13C-NMR (100.5 MHz, CD3OD):  = 172.3, 171.6, 2 x 171.2 (4 x C(O)CH3), 101.8 (C-1), 

74.3 (C-3), 72.9, 72.8 (C-2 and C-5), 71.7, 3 x 71.6, 71.4, 71.1 (C-2’–C-7’), 70.2 (C-1’), 

69.9 (C-4), 63.1 (C-6), 51.8 (C-8’), 20.7, 2 x 20.6, 20.5 (4 x CH3) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 550.2250 [M+H]+, 572.2068 [M+Na]+ (calc. m/z = 

550.2243 [M+H]+, 572.2062 [M+Na]+) 

 

 

11-Azido-3,6,9-trioxaundecyl--D-glucopyranoside[164] (22) 

 

22    C14H27N3O9 

381.38 g/mol 

 

Compound 10 (489 mg, 889 µmol) was dissolved in 1.5 mL dry MeOH. 7.5 mL EtNMe2 

were added and the reaction was monitored by TLC. After 26 h the reaction was com-

pleted and the solvent was removed in vacuum and after coevaporation with MeOH glu-

coside 22 (337 mg, 884 µmol, 99%) was obtained as a colorless oil. 

 

TLC: Rf = 0.20 (CH2Cl2/MeOH 9:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.30 (d, J = 7.8 Hz, 1 H; H-1), 4.05–3.99 (m, 1 H; 

CHH 1’), 3.86 (dd, J = 11.8, 1.8 Hz, 1 H; H-6a), 3.77–3.63 (m, 14 H, H-6b, CHH 1’, CH2 
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2’-7’), 3.40–3.33 (m, 3 H; H-3, CH2 8’), 3.29–3.25 (m, 2 H; H-4, H-5), 3.19 (dd, J = 9.1, 

7.8 Hz, 1 H; H-2) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 104.4 (C-1), 78.0, 77.9 (C-3 and C-5), 75.1 (C-2), 2 

x 71.6, 4 x 71.5 (C-2’–C-7’), 71.1 (C-4), 69.7 (C-1’), 62.8 (C-6), 51.8 (C-8’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 404.1620 [M+Na]+ (calc. m/z = 404.1640 [M+Na]+) 

 

 

11-Amino-3,6,9-trioxaundecyl--D-glucopyranoside (30) 

 

30    C14H29NO9 

355.38 g/mol 

 

Compound 22 (200 mg, 524 µmol) was hydrogenolyzed according to GP5. 30 (182 mg, 

512 µmol, 98%) was obtained as a colorless oil. 

 

TLC: Rf = 0.03 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.30 (d, J = 7.8 Hz, 1 H; H-1), 4.05–3.98 (m, 1 H; 

CHH 1’), 3.86 (dd, J = 11.8, 1.6 Hz, 1 H; H-6a), 3.77–3.72 (m, 1; CHH 1’), 3.72–3.60 (m, 

11 H; H-6b, CH2 2’–6’), 3.54 (pt, J = 5.3 Hz, 2 H; CH2 7’), 3.39–3.33 (m, 1 H; H-3), 3.29–

3.26 (m, 2 H; H-4, H-5), 3.19 (dd, J = 9.0, 7.8 Hz, 1 H; H-2), 2.80 (pt, J = 5.3 Hz, CH2 8’) 

ppm. 

13C-NMR (100.6 MHz, CD3OD):  = 104.4 (C-1), 2 x 78.0 (C-3 and C-5), 75.1 (C-2), 73.1 

(C-7’), 71.6, 4 x 71.5 (C-2’–C-6’), 71.2 (C-4), 69.7 (C-1’), 62.7 (C-6), 42.0 (C-8’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 356.1913 [M+H]+ (calc. m/z = 356.1915 [M+H]+) 

 

 

1-O-Acetyl-2,3,4-tri-O-benzyl-D-xylopyranoside[171] (42) 

 

42      C28H30O6 

462.54 g/mol 

 

Compound 42 was synthesized according to Lucero et al.[171] in 4 steps with an overall 

yield of 42 %. 
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11-Azido-3,6,9-trioxaundecyl-2,3,4-tri-O-benzyl--D-xylopyranoside (43)/(44) 

 

C34H43N3O8 

621.73 g/mol 

 

43             44 

 

Donor 42 (2.78 g, 6 mmol, 1 eq.) and azide 2 (2.63 g, 12 mmol, 2 eq.) were dissolved in 

12 mL dry CH2Cl2 and a spatula of 4 Å molecular sieve. After 1 h BF3·OEt2 (1.48 mL, 12 

mmol, 2 eq.) was added at r.t. slowly. The reaction was monitored by TLC. The reaction 

was quenched with NEt3, the solvent was removed in vacuum. FC (PE/EtOAc 1:1) af-

forded a mixture of -anomers (2.504 g, 4.03 mmol, 67%) which was separated by 

HPLC to afford 43 and 44 as colorless oils. 

 

TLC: Rf = 0.56 for both anomers (PE/EtOAc 1:2, anisaldehyde staining) 

RP-HPLC: Rt = 34.11 min for -anomer 43 and 40.15 min for -anomer 44 (66.5–68% 

B in 45 min, with 0.1% TFA, column A) 

 

-Anomer (43) 

1H-NMR (400.1 MHz, CDCl3):  = 7.41–7.24 (m, 15 H; 15 x CH arom), 4.92 (d, J = 10.8 

Hz, 1 H; PhCHH), 4.86 (d, J = 10.8 Hz, 1 H; PhCHH), 4.79–4.72 (m, 3 H; H-1, PhCH2), 

4.67 (d, J = 12.0 Hz, 1 H; PhCHH), 4.62 (d, J = 11.6 Hz, 1 H; PhCHH), 3.93–3.86 (m, 1 

H; H-3), 3.80–3.72 (CHH 1’), 3.72–3.61 (m, 13 H; CHH 1’, CH2 2’–7’), 3.60–3.52 (m, 3 

H; H-4, H-5a, H-5b), 3.45 (dd, J = 9.6, 3.6 Hz, 1 H; H-2), 3.38–3.34 (m, 2 H; CH2 8’) ppm 

13C-NMR (100.5 MHz, CDCl3):  = 139.1, 2 x 138.5 (3 x C quat, arom), 2 x 128.6, 5 x 

128.5, 4 x 128.1, 4 x 127.9 (15 x C arom), 97.3 (C-1), 81.4 (C-3), 79.9 (C-2), 78.3 (C-4), 

75.8, 73.6, 73.2 (3 x PhCH2), 4 x 70.8, 70.4, 70.1 (C-2’–C-7’), 67.0 (C-1’), 60.1 (C-5), 

50.8 (C-8’) ppm 

 

-Anomer (44) 

1H-NMR (400.1 MHz, CDCl3):  = 7.38-7.24 (m, 15 H; 15 x CH arom), 4.93 (d, J = 11.0 

Hz, 1 H; PhCHH), 4.85 (m, 2 H; 2 x PhCHH), 4.75–4.68 (m, 2 H; 2 x PhCHH), 4.61 (d, J 

= 11.6 Hz, 1 H; PhCHH), 4.38, (d, J = 7.6 Hz, 1 H; H-1), 4.01–4.00 (m, 1 H; CHH 1’), 

3.92 (dd, J = 11.6, 5.0 Hz, 1 H; H-5a), 3.79–3.72 (m, 1 H; CHH 1’), 3.71–3.67 (m, 2 H; 

CH2 2’), 3.66–3.58 (m, 11 H; H-4, CH2 3’–7’), 3.56 (pt, J = 8.8 Hz, 1 H; H-3), 3.40–3.33 

(m, 3 H; H-2, CH2 8’), 3.20 (dd, J = 11.6, 9.8 Hz, 1 H; H-5b) ppm 
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13C-NMR (100.5 MHz, CDCl3):  = 2 x 138.8, 138.3 (3 x C quat, arom), 128.7, 128.6, 6 x 

128.4, 2 x 128.2, 2 x 128.1, 2 x 128.0, 127.7 (15 x C arom), 104.5 (C-1), 83.9 (C-3), 82.0 

(C-2), 78.0 (C-4), 75.7, 74.9, 73.5 (3 x PhCH2), 70.8, 70.7, 2 x 70.4, 70.5 (C-2’–C-6’), 

70.1 (C-7’), 69.2 (C-1’), 64.0 (C-5), 50.8 (C-8’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 622.3103 [M+H]+, 644.2916 [M+Na]+ (calc. m/z = 

622.3123 [M+H]+, 644.2942 [M+Na]+) 

 

 

11-Azido-3,6,9-trioxaundecyl--D-xylopyranoside (50) 

 

50     C15H28F3NO10 

439.38 g/mol 

 

Xyloside 43 (82 mg, 131.9 µmol, 1 eq.) was dissolved in 2.6 mL MeOH. Pearlman’s 

catalyst (82 mg, 100 wt%) and TFA (101 µL, 150 mg, 10 eq.) were added and the sus-

pension was placed into an autoclave. After flushing once with H2, a pressure of 20 bar 

H2 was applied and the reaction stirred at r.t. for 2.5 h. The reaction was filtered through 

a 0.45 µm syringe filter, the filtrate was coevaporated 3 times with toluene. 50 (58 mg, 

132 µmol, quant) was obtained as colorless oil  

 

TLC: Rf = 0.10 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

RP-HPLC: Rt = 8.43 min (7% B in 15 min, with 0.1 % TFA, column A) 

1H-NMR (400.1 MHz, CD3OD):  = 4.80 (d, J = 3.6 Hz, 1 H; H-1), 3.87–3.80 (m, 1 H; 

CHH 1’), 3.78–3.73 (m, 2 H; CH2 7’) 3.73–3.59 (m, 11 H; CHH 1’, CH2 2’–6’), 3.59–3.47 

(m, 4 H; H-3, H-4, H-5a, H-5b), 3.45 (dd, J = 9.2, 3.6 Hz, 1 H; H-2), 3.16–3.10 (m, 2 H; 

CH2 8’) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 100.1 (C-1), 75.1 (C-4), 73.4 (C-2), 71.4 (C-3), 71.3, 

71.2, 2 x 71.1, 70.4 (C-2‘–C-6‘), 67.7 (C-7‘), 67.6 (C-1‘), 63.2 (C-5), 40.2 (C-8‘) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 326.1815 [M+H]+, 348.1612 [M+Na]+ (calc. m/z = 

326.1809 [M+H]+, 348.1629 [M+Na]+) 

 

 

11-Azido-3,6,9-trioxaundecyl--D-xylopyranoside (51) 

 

51    C15H28F3NO10 

439.38 g/mol 
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Xyloside 44 (38 mg, 61.1 µmol, 1 eq.) was dissolved in 1.2 mL MeOH. Pearlman’s cata-

lyst (38 mg, 100 wt%) and TFA (47 µL, 70 mg, 10 eq.) were added and the suspension 

was placed into an autoclave. After flushing once with H2, a pressure of 20 bar H2 was 

applied and the reaction stirred at r.t. for 3 h. The reaction was filtered through a 0.45 

µm syringe filter, the filtrate was coevaporated 3 times with toluene. 51 (27 mg, 67 µmol, 

quant.) was obtained as colorless oil. 

 

TLC: Rf = 0.10 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.28 (d, J = 7.6 Hz, 1 H; H-1), 4.00–3.93 (m, 1 H; 

CHH 1’), 3.87 (dd, J = 11.4, 5.3 Hz, 1 H; H-5a), 3.77-3.61 (m, 13 H; CHH 1’, CH2 2’–7’), 

3.48 (ddd, J = 10.2, 8.9, 5.3 Hz, 1 H; H-4), 3.35–3.31 (m, 1 H, H-3), 3.21 (pt, J = 11.4, 

10.2 Hz, 1 H; H-5b), 3.19 (dd, J = 9.1, 7.6 Hz, 1 H; H-2), 3.15–3.10 (m, 2 H; CH2 8’) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 104.7 (C-1), 77.8 (C-3), 74.9 (C-2), 71.4 (C-4), 4 x 

71.2, 70.7 (C-2‘–C-6‘), 69.5 (C-1‘), 67.8 (C-7‘), 67.1 (C-5), 40.4 (C-8‘) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 326.1811 [M+H]+ (calc. m/z = 326.1809 [M+H]+) 

 

 

2,3,4,6-Tetra-O-benzyl-11-tert-butoxycarbonylamino-3,6,9-trioxaundecyl--D-ga-

lactopyranoside (48) 

 

48      C47H61NO11  

816.00 g/mol 

 

2,3,4,6-Tetra-O-benzyl-D-galactose (750 mg, 1.39 mmol, 1 eq.) was dissolved in dry 

DMF. CBr4 (1.38 g, 4.16 mmol, 3 eq.) and PPh3 (1.09 g, 4.16 mmol, 3 eq.) were added 

and the reaction stirred at r.t. for 5 h. The acceptor 46 (1.22 g, 4.162 mmol, 3 eq.) was 

added. After 2 h the solvent was removed in vacuum and the crude mixture purified by 

FC (PE/EtOAc 2:1 to 1:1). A total of 527 mg of galactosides was obtained. Thereof 

180 mg of pure -galactoside 48 (180 mg, 221 µmol, 16%) was obtained and in a second 

fraction 347 mg of a 4:1 mixture of 48 together with the -galactoside. 

 

TLC: Rf = 0.41 (PE/EtOAc 1:1, anisaldehyde staining) 

RP-HPLC: Rt = 32.29 min for -anomer 48 (72.5–73.5% B in 45 min, with 0.1% TFA, 

column A) 

1H-NMR (400.1 MHz, CD3OD):  = 7.66–7.15 (m, 20 H; 20 x H arom), 4.94 (d, J = 3.1 

Hz, 1 H; H-1), 4.87–4.84 (m, 1 H; CHHPh), 4.75-4.63 (m, 4 H; 2 x CH2Ph), 4.53–4.38 
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(m, 3 H; CHHPh, CH2Ph), 4.03 (pt, J = 6.5 Hz, 1 H; H-5), 4.00–3.89 (m, 3 H; H-2, H-3, 

H-4), 3.79–3.72 (m, 1 H; CHH 1’), 3.66–3.45 (m, 13 H; CHH 1’, H-6a, H-6b, CH2 2’–6’), 

3.42 (pt, J = 5.5 Hz, 2 H; CH2 2’), 3.17 (pt, J = 5.5 Hz, 2 H; CH2 8’), 1.41 (s, 9 H; 3 x CH3) 

ppm 

13C-NMR (100.6 MHz, CD3OD):  = 158.1 (C(O)NH), 140.1, 140.0, 139.9, 139.4 (4 x C 

quat, arom), 133.7, 133.0, 132.9, 130.0, 129.9, 129.4, 3 x 129.3, 3 x 129.2, 2 x 129.0, 2 

x 128.9, 128.7, 2 x 128.6, 128.5 (20 x C arom), 98.8 (C-1), 79.9 (C(CH3)3), 79.7, 77.7, 

76.6 (C-2, C-3, C-4), 75.9, 74.3, 73.8, 73.7 (4 x CH2Ph), 2 x 71.5, 71.3, 71.1, 70.9 (C-3’–

C-7’), 70.5 (C-5), 70.2 (C-2’), 68.2 (C-1’), 41.2 (C-8’), 3 x 28.8 (3 x CH3) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 816.4305 [M+H]+, 838.4111 [M+Na]+ (calc. m/z = 

816.4317 [M+H]+, 838.4137 [M+Na]+) 

 

11-Amino-3,6,9-trioxaundecyl-2,3,4,6-tetra-O-benzyl--D-galactopyranoside (52) 

 

52      C44H54F3NO11  

829.91 g/mol 

 

Galactoside 48 (148 mg, 181 µmol, 1 eq.) was dissolved in 0.9 mL dry CH2Cl2 and cooled 

to 0 °C. 0.9 mL TFA were added and the reaction at r.t. stirred. After 15 min TLC showed 

complete consumption of starting material. The reaction mixture was coevaporated three 

times with 3 mL toluene. The residue was purified on a 12 g Reveleris® C18 column. As 

mobile phase H2O/MeCN with 0.1% TFA and a gradient of 40%–60% MeCN was applied. 

After removal of solvent, 52 (106 mg, 128 µmol, 71%) was obtained as a colorless oil. 

 

TLC: Rf = 0.84 (CH2Cl2/MeOH 9:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CDCl3):  = 7.71–7.20 (m, 20 H; 20 x H arom), 4.95–4.75 (m, 4 H; 

H-1, PhCH2, PhCHH), 4.72–4.64 (m, 2 H; 2 x PhCHH), 4.57–4.38 (m, 3 H; PhCH2, 

PhCHH), 4.13–4.05 (m, 3 H; H-2, H-3, H-4), 3.98–3.93 (m, 1 H; H-5), 3.86–3.77 (m, 2 H; 

H-6a, CHH 1’), 3.74–3.22 (m, 15 H; H-6b, CHH 1’, CH2 2’–7’), 2.56–2.30 (m, 2 H; CH2 

8’) ppm 

13C-NMR (100.6 MHz, CDCl3):  = 138.5, 138.4, 138.0, 137.2 (4 x quat C, arom), 132.4, 

132.2, 132.1, 3 x 128.8, 128.6, 128.5, 3 x 128.4, 128.3, 128.1, 2 x 127.7, 2 x 127.6, 2 x 

127.5 (20 x C arom), 96.5 (C-1), 78.9 (C-2), 77.2 (C-3), 74.9 (PhCH2), 74.2 (C-3), 73.3 

(C-4), 71.8 (PhCH2), 69.8, 4 x 69.5, 69.0, 68.8 (C-5, C-2’–7’), 66.2 (C-1’), 65.7 (C-6), 

38.9 (C-8’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 716.3775 [M+H]+ (calc. m/z = 716.3793 [M+H]+) 
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11-Amino-3,6,9-trioxaundecyl -D-galactopyranoside (53) 

 

53    C16H30F3NO11  

469.41 g/mol 

 

Compound 52 (60 mg, 72.3 µmol, 1 eq.) was dissolved in 0.72 mL MeOH. Pd(OH)2 (60 

mg, 100 wt%) and TFA (50 µL, 74 mg, 9 eq.) were added. The autoclave was once 

flushed with H2 and then a pressure of 20 bar H2 was applied. The reaction was moni-

tored by TLC. Upon completion the reaction mixture was filtered through a 0.45 µm sy-

ringe filter. The filtrate was coevaporated three times with 3 mL toluene. After removal of 

solvent in vacuum, 53 (32 mg, 68 µmol, 98%) was obtained as colorless oil.  

 

TLC: Rf = 0.13 (CH2Cl2/MeOH 9:1, anisaldehyde staining) 

RP-HPLC: Rt = 7.66 min (5–15% B in 20 min, with 0.1% TFA, column A) 

1H-NMR (400.1 MHz, CD3OD):  = 4.90 (d, J = 3.9 Hz, 1 H; H-1), 3.91–3.89 (dd, J = 3.3, 

1.1 Hz, 1 H; H-4), 3.89–3.79 (m, 4 H; H-2, H-3, H-5, CHH 1’), 3.78–3.60 (m, 15 H; H-6a, 

H-6b, CHH 1’, CH2 2’–7’), 3.16–3.10 (m, 2 H; CH2 8’) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 100.0 (C-1), 72.6 (C-3), 71.4 (C-4), 71.3, 2 x 71.1, 2 

x 71.0, 70.3, 70.1, 67.6, 67.5 (C-2, C-5, C-1’–C-7’), 62.8 (C-6), 40.2 (C-8’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 356.1896 [M+H]+ (calc. m/z = 356.1915 [M+H]+) 

 

 

2,3,4,6-Tetra-O-acetyl-11-azido-3,6,9-trioxaundecyl--D-galactopyranoside[168] (17) 

 

17      C22H35N3O13 

549.53 g/mol 

 

2,3,4,6-Tetraacetyl--D-galactosyl trichloroacetimidate (492 mg, 1 mmol, 1.1 eq.) and 

alcohol 2 (199 mg, 0.91 mmol, 1 eq.) were dissolved in dry CH2Cl2. A spatula molecular 

sieves 4 Å was added and the mixture stirred at r.t. for 1 h. The mixture was cooled to -

30 °C and TMSOTf (165 µL, 202 mg, 1 eq.) was added then the ice bath was removed. 

When TLC showed no remaining 2, the reaction was neutralized with NEt3, filtered and 

the solvent was removed in vacuum. The residue was purified using FC (PE/EtOAc 1:1 

to 1:3). The product 17 (120 mg, 244 µmol, 26%) was obtained as a colorless oil.  

TLC: Rf = 0.33 (PE/EtOAc 1:4, anisaldehyde staining) 
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1H-NMR (399.8 MHz, CDCl3):  = 5.37 (dd, J = 3.4, 1.0 Hz, 1 H; H-4), 5.20 (dd, J = 10.5, 

8.0 Hz, 1 H; H-2), 5.00 (dd, J = 10.5, 3.4 Hz, 1 H; H-3), 4.56 (d, J = 8.0 Hz, 1 H; H-1), 

4.19–4.09 (m, 2 H; H-6a, H-6b), 3.95 (ddd, J = 11.0, 4.6, 4.0 Hz, 1 H; CHH 1’), 3.90 (dpt, 

J = 7.8, 6.7, 1.0 Hz, 1 H; H-5), 3.77–3.70 (m, 1 H; CHH 1’), 3.70–3.59 (m, 12 H; CH2 2’–

7’), 3.42–3.35 (m, 2 H; CH2 8’), 2.14, 2.05, 2.04, 1.97 (4 x s, 3 H; 4 x CH3) ppm 

13C-NMR (100.5 MHz, CDCl3):  = 170.5, 170.4, 170.3, 169.6 (4 x C(O)CH3), 101.5 (C-

1), 71.0 (C-3), 5 x 70.8, 70.4, 70.1 (C-5, C-2’–C-7’), 69.2 (C-1’), 68.9 (C-2), 67.2 (C-4), 

61.4 (C-6), 50.8 (C-8’), 20.9, 2 x 20.8, 20.7 (4 x CH3) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 572.2033 [M+Na]+ (calc. m/z = 572.2062 [M+Na]+) 

 

 

11-Azido-3,6,9-trioxaundecyl--D-galactopyranoside (24) 

 

 

24     C14H27N3O9 

381.38 g/mol 

 

Compound 17 (504 mg, 917 µmol) was deacetylated according to GP1. 24 (324 mg, 850 

µmol, 93%) was obtained as a yellow oil.  

 

TLC: Rf = 0.55 (CH2Cl2/MeOH 5:1, anisaldehyde staining) 

1H-NMR (399.8 MHz, CD3OD):  = 4.25 (d, J = 7.5 Hz, 1 H; H-1), 4.06–3.97 (m, 1 H; 

CHH 1’), 3.82 (dd, J = 3.3, 1.0 Hz, 1 H; H-4), 3.79–3.63 (m, 15 H; H-6a, H-6b, CHH 1’, 

CH2 2’–7’), 3.56–3.49 (m, 2 H; H-2, H-5), 3.47 (dd, J = 9.7, 3.3 Hz, 1 H; H-3), 3.40–3.36 

(m, 2 H; CH2 8’) ppm. 

13C-NMR (100.5 MHz, CD3OD):  = 105.1 (C-1), 76.7 (C-5), 74.9 (C-3), 72.5 (C-2), 71.6, 

4 x 71.5, 71.1 (C-2’–C-7’), 70.3 (C-4), 69.6 (C-1‘), 62.5 (C-6), 51.8 (C-8‘) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 382.1804 [M+H]+ (calc. m/z = 382.1820 [M+H]+) 

 

 

11-Amino-3,6,9-trioxaundecyl--D-galactopyranoside (32) 

 

32     C14H29NO9 

355.38 g/mol 
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Compound 24 (284 mg, 745 µmol, 1 eq.) was hydrogenolyzed according to GP5. 32 (260 

mg, 732 µmol, 98%) was obtained as colorless oil.  

 

TLC: Rf = 0.08 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.26 (d, J = 7.3 Hz, 1 H; H-1), 4.05–3.96 (m, 1 H; 

CHH 1’), 3.84 (dd, J = 3.2, 0.9 Hz, 1 H; H-4), 3.80–3.58 (m, 13 H; H-6a, H-6b, CHH 1’, 

CH2 2’–6’), 3.56–3.50 (m, 4 H; H-2, H-5, CH2 7’), 3.48 (dd, J = 9.7, 3.2 Hz, 1 H; H-3), 

2.83–2.77 (m, 2 H; CH2 8’) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 105.0 (C-1), 76.6 (C-5), 74.8 (C-3), 73.1 (C-7’), 72.4 

(C-2), 4 x 71.4, 71.1 (C-2’–C-6’), 70.2 (C-4), 69.5 (C-1‘), 62.4 (C-6), 42.0 (C-8‘) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 356.1899 [M+H]+ (calc. m/z = 356.1915 [M+H]+) 

 

 

2,2’,3,3’,4’,6,6’-Hepta-O-acetyl-1-O-(11-Azido-3,6,9-trioxaundecyl)--maltoside (19) 

 

   C34H51N3O21 

19   837.78 g/mol 

 

 

The linker 2 (245 mg, 1.12 mmol, 1 eq.) and -trichloroacetimidate (1.31 g, 1.68 mmol, 

1.5 eq.) were dissolved in 11 mL of dry CH2Cl2 under N2. At r.t. BF3*OEt2 (206 µL, 238 

mg, 1.5 eq.) was added. After 3 h TLC showed the absence of linker 2 and the reaction 

was stopped with NEt3 (465 µL, 3 eq.) and the solvent removed under reduced pressure. 

FC (PE/EtOAc 1:1 to 1:3) afforded the product 19 (573 mg, 684 µmol, 61%) as colorless 

oil. 

 

TLC: Rf = 0.38 (PE/EtOAc 1:3, anisaldehyde staining) 

1H-NMR (399.8 MHz, CDCl3):  = 5.40 (d, J = 4.0 Hz, 1 H; H-1‘), 5.35 (pt, J = 10.6, 9.5 

Hz, 1 H; H-3‘), 5.24 (pt, J = 9.4, 8.8 Hz, 1 H; H-3), 5.04 (pt, J = 10.2, 9.5 Hz, 1 H; H-4‘), 

4.85 (dd, J = 10.6, 4.0 Hz, 1 H; H-2‘), 4.81 (dd, J = 9.4, 8.0 Hz, 1 H; H-2), 4.61 (d, J = 8.0 

Hz, 1 H; H-1), 4.47 (dd, J = 12.1, 2.7 Hz, 1 H; H-6a‘), 4.27–4.18 (m, 2 H; H-6a, H-6b‘), 

4.07–3.88 (m, 4 H; H-4, H-5, H-5‘, H-6b), 4.27–4.18 (m, 14 H; CH2 1’-7’), 3,38 (m, 2 H; 

CH2 8’), 2.13, 2.09, 2.04, 2.02, 2.01, 2 x 1.99 (each s, 3 H; 7 x C(O)CH3) ppm. 

13C-NMR (100.5 MHz, CDCl3):  = 2 x 170.7, 170.6, 170.4, 170.1, 169.8, 169.6 (7 x 

C(O)CH3), 100.5 (C-1), 95.7 (C-1‘), 75.5 (C-3), 72.8 (C-4 or C-5’), 72.3, 72.2 (C-2 and C-

5), 4 x 70.8, 70.4, 70.2 (C-2’’–C-7’’), 70.1 (C-2’), 69.4 (C-1’’), 69.2 (C-3’), 68.6 (C-4 or C-
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5’), 68.1 (C-4’), 62.9 (C-6’), 61.6 (C-6), 50.8 (C-8’’), 21.1, 21.0, 3 x 20.8, 2 x 20.7 (7 x 

C(O)CH3) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 838.3103 [M+H]+, 860.2929 [M+Na]+ (calc. m/z = 

838.3088 [M+H]+, 860.2907 [M+Na]+) 

 

 

11-Azido-3,6,9-trioxaundecyl--maltoside (26) 

 

   C20H37N3O14 

26   543.52 g/mol 

 

 

Compound 19 (222 mg, 265 µmol) was deacetylated according to GP1. 26 (138 mg, 254 

µmol, 96%) was obtained as colorless oil.  

 

TLC: Rf = 0.42 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 5.17 (d, J = 3.8 Hz, 1 H; H-1‘), 4.34 (d, J = 7.8 Hz, 1 

H; H-1), 4.04–3.97 (m, 1 H; CHH 1’’), 3.89 (dd, J = 12.2, 1.8 Hz, 1 H; H-6a), 3.86–3.78 

(m, 2 H; H-6a’, H-6b), 3.77–3.64 (m, 14 H; H-4’, H-6b, CH2 2’’–7’’), 3.64–3.58 (m, 2 H; H-

3, H-3’), 3.54 (pt, J = 9.4, 9.1 Hz, 1 H; H-4), 3.46 (dd, J = 9.7, 3.8 Hz, 1 H; H-2‘), 3.41–

3.36 (m, 3 H; H-5, CH2 8’’), 3.30–3.20 (m, 2 H; H-2, H-5’) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 104.2 (C-1), 102.8 (C-1‘), 81.2 (C-4), 77.6 (C-3), 76.5 

(C-5), 75.0 (C-2), 74.7 (C-5‘), 74.6 (C-3‘), 74.0 (C-2‘), 71.5, 5 x 71.4 (C-2‘‘–C-7‘‘), 71.0 

(C-4‘), 69.6 (C-1‘‘), 62.7 (C-6‘), 62.1 (C-6), 51.7 (C-8‘) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 544.2332 [M+H]+, 566.2160 [M+Na]+ (calc. m/z = 

544.2348 [M+H]+, 566.2168 [M+Na]+) 

 

 

11-Amino-3,6,9-trioxaundecyl--maltoside (34) 

 

   C20H39NO14 

34   517.53 g/mol 

 

 

Compound 26 (55 mg, 101 µmol, 1 eq.) was hydrogenolyzed according to GP5. 34 

(49 mg, 95 µmol, 94%) was obtained as colorless foam.  
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TLC: Rf = 0.04 (CH2Cl2/MeOH 5:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 5.16 (d, J = 3.7 Hz, 1 H; H-1‘), 4.34 (d, J = 7.7 Hz, 1 

H; H-1), 4.05–3.97 (m, 1 H; CHH 1’’), 3.89 (dd, J = 12.2, 1.8 Hz, 1 H; H-6a), 3.85–3.78 

(m, 2 H; H-6a’, H-6b), 3.77–3.72 (m, 1 H; CHH 1’’), 3.72–3.60 (m, 14 H; H-3, H-3’, H-4’, 

H-6b’, CH2 2’’–6’’), 3.60–3.50 (m, 3 H; H-4, CH2 7’’), 3.44 (dd, J = 9.7, 3.7 Hz, 1 H; H-2‘), 

3.38 (ddd, J = 9.5, 4.4, 2.2 Hz, 1 H; H-5), 3.29–3.22 (m, 2 H; H-2, H-5’), 2.84 (pt, J = 5.2 

Hz, 2 H; CH2 8’’), 

13C-NMR (100.6 MHz, CD3OD):  = 104.3 (C-1), 103.0 (C-1‘), 81.3 (C-4), 77.7 (C-3), 76.7 

(C-5), 75.1 (C-3’), 74.8 (C-2‘), 74.7 (C-2), 74.2 (C-5‘), 72.6 (C-7‘‘), 2 x 71.5, 3 x 71.4 (C-

2‘‘–C-6‘‘), 71.1 (C-4‘), 69.7 (C-1‘‘), 62.8 (C-6‘), 62.1 (C-6), 41.8 (C-8‘’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 518.2449 [M+H]+, 540.2256 [M+Na]+ (calc. m/z = 

518.2443 [M+H]+, 540.2263 [M+Na]+) 

 

 

2,2’,3,3’,4’,6,6’-Hepta-O-acetyl-1-O-(11-Azido-3,6,9-trioxaundecyl)--lactoside[167] 

(18) 

 

18   C34H51N3O21 

              837.78 g/mol 

 

The reaction was performed according to Murahashi et al.[167] and 18 (526 mg, 628 µmol, 

63%) was obtained as yellow oil. 

 

TLC: Rf = 0.33 (PE/EtOAc 1:3, anisaldehyde staining) 

1H-NMR (399.8 MHz, CDCl3):  = 5.33 (dd, J = 3.4, 0.9 Hz, 1 H; H-4‘), 5.18 (pt, J = 9.5, 

9.1 Hz, 1 H; H-3), 5.09 (dd, J = 10.4, 7.9 Hz, 1 H; H-2‘), 4.94 (dd, J = 10.4, 3.4 Hz, 1 H; 

H-3‘), 4.88 (dd, J = 9.5, 7.9 Hz, 1 H; H-2), 4.56 (d, J = 7.9 Hz, 1 H; H-1), 4.48 (dd, J = 

12.9, 2.1 Hz, 1 H; H-6a), 4.47 (d, J = 7.9 Hz, 1 H; H-1‘), 4.15–4.04 (m, 3 H; H-6b, H-6a‘, 

H-6b‘), 3.92–3.84 (m, 2 H; H-5‘, CHH 1’’), 3.78 (pt, J = 9.8; 9.1 Hz, 1 H; H-4), 3.74–3.56 

(m, 14 H; H-5, CH2 2’’–7’’, CHH 1’’), 3.38 (m, 2 H; CH2 8’’), 2.14, 2.11, 2.05, 3 x 2.03, 

1.95 (s, 3 H; each CH3) ppm. 

13C-NMR (100.5 MHz, CDCl3):  = 170.5, 170.4, 170.2, 170.1, 169.8, 169.8, 169.2 (7 x 

C(O)CH3), 101.2 (C-1‘), 100.8 (C-1), 76.4 (C-4), 73.0 (C-3), 72.8 (C-5), 71.8 (C-2), 71.1 

(C-3’), 5 x 70.8, 70.4, 70.2 (C-5’, C-2’’–C-7’’), 69.3, 69.2 (C-2’, C-1’’), 66.7 (C-4’), 62.2 

(C-6), 60.9 (C-6’), 50.8 (C-8’’), 21.0, 20.9, 20.8, 3 x 20.7, 20.6 (7 x C(O)CH3) ppm. 
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ESI-TOF-HRMS (pos. mode): m/z = 838.3069 [M+H]+, 860.2880 [M+Na]+ (calc. m/z = 

838.3088 [M+H]+, 860.2907 [M+Na]+) 

 

11-Azido-3,6,9-trioxaundecyl--lactoside (25) 

 

25  C20H37N3O14 

      543.52 g/mol 

 

The acetylated compound 18 (484 mg, 578 µmol, 1 eq.) was deacetylated according to 

GP1. 25 (284 mg, 523 µmol, 90%) was obtained as a colorless solid. 

 

TLC: Rf = 0.38 (CH2Cl2/MeOH 3:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.39–4.32 (m, 2 H; H-1, H-1’), 4.04–3.97 (m, 1 H; 

CHH 1’’), 3.90 (dd, J = 12.1, 2.5 Hz, 1 H; H-6a), 3.87–3.80 (m, 2 H; H-4’, H-6b), 3.79–

3.62 (m, 15 H; H-6a’, H-6b’, CHH 1’’, CH2 2’’–7’’), 3.62–3.56 (m, 2 H; H-4, H-5’), 3.56–

3.51 (m, 2 H; H-2’, H-3), 3.48 (dd, J = 9.7, 3.2 Hz, 1 H; H-3’), 3.44–3.35 (m, 3 H; H-5, 

CH2 8’’), 3.27 (pt, J = 8.7, 8.0 Hz, 1 H; H-2) ppm 

13C-NMR (100.6 MHz, CD3OD):  = 105.1 (C-1‘), 104.3 (C-1), 80.6 (C-2’), 77.1 (C-3), 

76.5 (C-5), 76.3 (C-5’), 2 x 74.8 (C-2, C-3’), 72.6 (C-4), 2 x 71.6, 3 x 71.5, 71.1 (C-2’’–

C7’’), 70.3 (C-4’), 69.7 (C-1’’), 62.5 (C-6’), 61.9 (C-6), 51.8 (C-8’’) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 544.2328 [M+H]+, 566.2152 [M+Na]+ (calc. m/z = 

544.2348 [M+H]+, 566.2168 [M+Na]+) 

 

 

11-Amino-3,6,9-trioxaundecyl--lactoside (33) 

 

33   C20H39NO14 

    517.53 g/mol 

 

The azide 25(159 mg, 293 µmol, 1 eq.) was hydrogenolyzed according to GP5. 33 (153 

mg, 293 µmol, quant.) was obtained as colorless oil. 

 

TLC: Rf = 0.03 (CH2Cl2/MeOH 5:1, anisaldehyde staining) 

1H-NMR (400.1 MHz, CD3OD):  = 4.37 (d, J = 3.6 Hz, 1 H; H-1), 4.35 (d, J = 3.8 Hz, 1 

H; H-1’), 4.04–3.97 (m, 1 H; CHH 1’’), 3.90 (dd, J = 12.2, 2.5 Hz, 1 H; H-6a), 3.88–3.83 

(m, 1 H; H-6b), 3.82 (dd, J = 3.3, 0.8 Hz, 1 H; H-4’), 3.79–3.61 (m, 13 H; H-6a’, H-6b’, 
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CHH 1’’, CH2 2’’–6’’), 3.61–3.56 (m, 2 H; H-4, H-5’), 3.56–3.52 (m, 4 H; H-2’, H-3, 

CH2 7’’), 3.48 (dd, J = 9.7, 3.2 Hz, 1 H; H-3’), 3.41 (ddd, J = 9.1, 3.8, 2.4 Hz, 1 H; H-5), 

3.26 (dd, J = 8.8, 8.0 Hz, 1 H; H-2), 2.83–2.79 (m, 2 H; CH2 8’’) ppm. 

13C-NMR (100.6 MHz, CD3OD):  = 105.1 (C-1‘), 104.3 (C-1), 80.6 (C-2’), 77.1 (C-3), 

76.5 (C-5), 76.3 (C-5’), 74.9 (C-3’), 74.8 (C-2), 72.6 (C-4), 5 x 71.5, 71.2 (C-2’’–C7’’), 

70.3 (C-4’), 69.7 (C-1’’), 62.5 (C-6’), 61.9 (C-6), 42.0 (C-8’’) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 518.2420 [M+H]+ (calc. m/z = 518.2443 [M+H]+) 

 

 

14-Azido-N-(12--D-mannosyl-3,6,9-12-tetraoxadodecyl)-3,6,9,12-tetraoxatetrade-

canamide (60) 

 

60    C24H46N4O14 

614.65 g/mol 

 

The amine 55 (34 mg, 101 µmol, 1 eq.) and 59 (57 mg, 152 µmol, 1.5 eq.) were dissolved 

in 1 mL DMF and stirred at r.t. for 6 h. The solvent was removed in vacuum and the 

residue was purified by FC (CH2Cl2/EtOH 3:1). 60 (30 mg, 47 µmol, 44%) was obtained 

as colorless oil.  

 

TLC: Rf = 0.26 (CH2Cl2/EtOH 3:1, anisaldehyde staining) 

1JC1-H1 = 169.7 Hz 

1H-NMR (399.8 MHz, CD3OD):  = 4.80 (d, J = 1.6 Hz, 1 H; H-1), 4.01 (s, 2 H; CH2 1’’), 

3.88-3.79 (m, 3 H; H-2, H-6a, CHH 1’) 3.77-3.60 (m, 28 H; H-4, H-5, H-6b, CHH 1’, CH2 

2’-6’, CH2 2’’-8’’), 3.60-3.54 (m, 3 H; H-3, CH2 7’), 3.45 (pt, J = 5.6 Hz, 2 H; CH2 8’), 3.41-

3.37 (m, 2 H; CH2 9’’) ppm 

13C-NMR (100.5 MHz, CD3OD):  = 172.8 (C(O)NH), 101.7 (C-1), 74.6 (C-3), 72.6 (C-

5), 72.1 (C-2), 71.9, 3 x 71.6, 4 x 71.5, 71.4, 2 x 71.3, 71.2, 71.1, 70.5 (C-2’-C-7’, C-1’’-

C-8’’), 68.6 (C-4), 67.8 (C-1’), 62.9 (C-6), 51.8 (C-9’’), 39.8 (C-8’) ppm 

LC-MS (pos. mode): m/z = 615.20 [M+H]+ (calc. m/z = 615.31 [M+H]+) 
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14-Azido-N-(12--D-mannosyl-3,6,9-12-tetraoxadodecyl)-3,6,9,12-tetraoxatetrade-

canamide (61) 

 

61  C24H49F3 N2O16 

702.67 g/mol 

 

 

The azide 60 (28 mg, 46 µmol, 1 eq.) was hydrogenolyzed according to GP5. The residue 

was purified by HPLC. The amine 61 (31 mg, 44 µmol, 96%) was obtained as colorless 

oil.  

 

TLC: Rf = 0.02 (EtOAc/MeOH 1:1, anisaldehyde staining) 

RP-HPLC: Rt = 17.02 min (20–50% B in 20 min, with 0.1% TFA, column B) 

1JC1-H1 = 169.8 Hz 

1H-NMR (400.1 MHz, CD3OD):  = 4.81 (d, J = 1.5 Hz, 1 H; H-1), 4.05–4.00 (m, 2 H; 

CH2 1’’), 3.87–3.79 (m, 3 H; H-2, H-6a, CHH 1’), 3.78–3.61 (m, 25 H; H-4, H-5, H-6b, 

CHH 1’, CH2 2’–6’, CH2 2’’–7’’), 3.44 (pt, J = 5.4 Hz, 2 H; CH2 8’), 3.18–3.10 (m, 2 H; CH2 

8’’), 3.61–3.53 (m, 3 H; H-3, CH2 7’) ppm. 

13C-NMR (100.6 MHz, CD3OD):  = 172.7 (C(O)NH), 101.7 (C-1), 74.6 (C-3), 72.6 (C-

5), 72.1 (C-2), 71.8, 71.6, 2 x 71.5, 2 x 71.4, 4 x 71.3, 71.1, 71.0, 70.5 (C-2’–C-7’, C-1’’–

C-7’’), 68.6 (C-4), 68.2 (C-8’’), 67.8 (C-1’), 62.8 (C-6), 40.6 (C-9’’), 39.9 (C-8’) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 589.3150 [M+H]+ (calc. m/z = 589.3178 [M+H]+) 

 

 

2,2-Dimethyl-4-oxo-3,8,11,14-tetraoxa-5-azahexadecan-16-yl 4-methylbenzenesul-

fonate[197] (78) 

 

78      C20H33NO8S 

447.54 g/mol 

 

Compound 78 was synthesized according to a published procedure[197] with TsCl, NEt3 

and DMAP starting from alcohol 46. 78 was obtained in 88% yield.  
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Bis(4-(2,2-dimethyl-4-oxo-3,8,11,14-tetraoxa-5-azahexadecane-16-oxy)phenyl)di-

sulfide[183] (79) 

 

79      C38H60N2O12S2 

      801.02 g/mol 

 

 

Disulfide 79 was synthesized according to the procedure in the bachelor thesis of Raph-

ael Steimbach[183] with 78, bis(4-hydroxyphenyl) disulfide and K2CO3 in DMF. Purification 

by FC was facilitated by adding 5% (v/v) toluene to the eluents for the FC. 79 was isolated 

quantitatively as colorless oil. 

 

 

tert-Butyl (11-(4-mercaptophenyl)oxy-3,6,9-trioxaundecyl)carbamate[183] (80) 

 

80      C19H31NO6S 

      401.52 g/mol 

 

Compound 80 was synthesized according to the procedure from the bachelor thesis of 

Raphael Steimbach[183] with 79 and NaBH4 in MeOH/THF. 80 was obtained in 73% yield 

as colorless oil.  

 

 

4'-((11-(tert-Butoxycarbonylamino)-3,6,9-trioxaundecyl)oxy)phenyl 1-thio-4-O-α-D-

glucopyranosyl-(1→4)-β-D-glucopyranoside  (94) 

 

 

       94  C31H51NO16S 

725.80 g/mol 

 

Maltose was reacted with 80 according to GP1. 6 eq. DMC solution and 12 eq. NEt3 were 

necessary to complete the reaction. 94 (86 mg, 119 µmol, 79%) could be obtained as a 

colorless solid. 

 

TLC: Rf = 0.55 (H2O/MeCN 1:4, anisaldehyde staining) 
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1H NMR (600.3 MHz, CD3OD):  = 7.56–7.51 (m, 2 H; H-2’’, H-6’’), 6.93–6.87 (m, 2 H; 

H-3’’, H-5’’), 5.15 (d, J = 3.8 Hz,1 H; H-1’), 4.43 (d, J = 9.7 Hz, 1 H; H-1), 4.14–4.10 (m, 

2 H; CH2 1’’’), 3.87, dd, J = 12.4, 1.5 Hz, 1 H; H-6a), 3.85–3.81 (m, 3 H; H-6b’, CH2 2’’’), 

3.78 (dd, J = 12.4, 4.8 Hz, 1 H; H-6b), 3.72–3.69 (m, 2 H; CH2 3’’’), 3.68–3.61 (m, 7 H; 

H-3, H-3’, H-6a’, CH2 4’’’ and 5’’’), 3.52–3.47 (m, 3 H; H-4, CH2 7’’’), 3.43 (dd, J = 9.8, 3.8 

Hz, 1 H; H-2’), 3.38–3.34 (m, 1 H; H-5), 3.26 (pt, J = 9.3 Hz, 1 H; H-4’), 3.23–3.17 (m, 3 

H; H-2, CH2 8’’’), 1.43 (s, 9 H; 3 x CH3) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 160.5 (C-4‘‘), 158.3 (C(O)NH), 2 x 136.3 (C-2‘‘ and 

C-6‘‘), 124.6 (C-1‘‘), 2 x 116.1 (C-3‘‘, C-5‘‘), 102.7 (C-1’), 89.8 (C-1), 80.8, 80.6 (C-4 and 

C-5’), 80.0 (C(CH3)3), 79.3 (C-5), 75.0 (C-4’), 74.7 (C-3’), 74.1 (C-2’), 73.2 (C-2), 71.7, 3 

x 71.5, 71.2, 71.0 (C-3, C-3’’’–7’’’), 70.7 (C-2’’’), 68.7 (C-1’’’), 62.7 (C-6’), 62.3 (C-6), 41.3 

(C-8’’’), 3 x 28.8 (3 x CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 726.3000 [M+H]+ (calc. m/z = 726.3001 [M+H]+) 

 

 

4'-((11-(tert-Butoxycarbonylamino)-3,6,9-trioxaundecyl)oxy)phenyl 1-thio-4-O-α-D-

glucopyranosyl-(1→4)-β-D-glucopyranoside  (102) 

 

   C28H44F3NO16S 

102   739.71 g/mol 

 

 

Boc-protected compound 94 (63 mg, 87 µmol) was reacted according to GP2. 102 (54 

mg, 73 µmol, 84%) was obtained as colorless solid. 

 

TLC: Rf = 0.19 (H2O/MeCN 1:3, anisaldehyde staining) 

RP-HPLC: Rt = 8.93 min (6–25 B with 0.1 % TFA in 20 min, column A) 

1H NMR (399.8 MHz, CD3OD):  = 7.56–7.51 (m, 2 H; H-2’’, H-6’’), 6.93–6.88 (m, 2 H; 

H-3’’, H-5’’), 5.15 (d, J = 3.8 Hz,1 H; H-1’), 4.44 (d, J = 9.7 Hz, 1 H; H-1), 4.16–4.09 (m, 

2 H; CH2 1’’’), 3.91–3.76 (m, 5 H; H-6a, H-6b, H-6a’, CH2 2’’’), 3.74–3.63 (m, 12 H; CH2 

2’’’–7’’’, H-3, H-5’, H-6b’), 3.60 (pt, J = 9.4 Hz, 1 H; H-3’), 3.49 (pt, J = 9.4, 9.1 Hz, 1 H; 

H-4), 3.44 (dd, J = 9.7, 3.8 Hz, 1 H; H-2’), 3.39–3.33 (m, 1 H; H-5), 3.26 (pt, J = 9.3 Hz, 

1 H; H-4’), 3.19 (pt, J = 9.3 Hz, 1 H; H-2), 3.13–3.08 (m, 2 H; CH2 8’’’) ppm. 

13C NMR (100.5 MHz, CD3OD):  = 160.4 (C-4‘‘), 2 x 136.4 (C-2’’, C-6‘‘), 124.7 (C-1‘‘), 2 

x 116.1 (C-3‘‘, C-5‘‘), 102.7 (C-1’), 89.7 (C-1), 80.7 (C-5), 80.5 (C-4), 79.3 (C-3), 75.0 (C-
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3’), 74.7 (C-5’), 74.1 (C-2’), 73.2 (C-2), 3 x 71.5, 71.4, 71.1, 70.7 (C-4’, C-2’’’–6’’’), 68.7 

(C-1’’’), 67.8 (C-7’’’), 62.7 (C-6’), 62.3 (C-6), 40.6 (C-8’’’) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 726.2472 [M+H]+ (calc. m/z = 726.2483 [M+H]+) 

 

 

4'-((11-Amino-3,6,9-trioxaundecyl)oxy)phenyl 1-thio-4-O--D-galactopyranosyl-

(1→4)-β-D-glucopyranoside[183] (93) 

 

93  C31H51NO16S 

725.80 g/mol 

 

Compound 93 was synthesized according to the procedure from the bachelor thesis of 

Raphael Steimbach[183]. 93 (72 mg, 99.2 µmol, 66%) could be obtained as colorless solid. 

 

TLC: Rf = 0.59 (H2O/MeCN 1:4, anisaldehyde staining) 

1H NMR (600.3 MHz, CD3OD):  = 7.56–7.51 (m, 2 H; H-2’’, H-6’’), 6.92–6.88 (m, 2 H; 

H-3’’, H-5’’), 4.44 (d, J = 9.8 Hz, 1 H; H-1), 4.35 (d, J = 7.7 Hz, 1 H; H-1’), 4.14–4.10 (m, 

2 H; CH2 1’’’), 3.89 (dd, J = 12.2, 2.3 Hz, 1 H; H-6a), 3.85–3.82 (m, 3 H; H-6b, CH2 2’’’), 

3.81 (dd, J = 3.1, 0.7 Hz, 1 H; H-4’), 3.77 (dd, J = 11.5, 7.6 Hz, 1 H; H-6a’), 3.72–3.62 

(m, 7 H; CH2 3’’’–5’’’, H-6b’), 3.61–3.58 (m, 2 H; CH2 6’’’), 3.57 (ddd, J = 7.6, 4.7, 0.7 Hz, 

1 H; H-5’), 3.56–3.51 (m, 3 H; H-2’, H-3, H-4), 3.51–3.47 (m, 3 H; H-3’, CH2 7’’’), 3.42–

3.37 (m, 1 H; H-5), 3.24–3.18 (m, 3 H; H-2, CH2 8’’’), 1.43 (s, 9 H; 3 x CH3) ppm. 

13C NMR (151.0 MHz, CD3OD):  = 160.5 (C-4‘‘), 158.3 (C(O)NH), 2 x 136.5 (C-2‘‘, C-

6‘‘), 124.4 (C-1‘‘), 2 x 116.0 (C-3‘‘, C-5‘‘), 104.9 (C-1’), 89.5 (C-1), 80.4 (C-5), 80.2 (C-3), 

80.0 (C(CH3)3), 77.9 (C-4), 77.0 (C-5’), 74.7 (C-3’), 73.1 (C-2), 72.5 (C-2’), 71.7, 2 x 71.5, 

71.2 (C-3’’’–6’’’), 71.0 (C-7’’’), 70.7 (C-2’’’), 70.2 (C-4’), 68.6 (C-1’’’), 62.5 (C-6’), 62.0 (C-

6), 41.2 (C-8’’’), 3 x 28.8 (3 x CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 726.2980 [M+H]+, 748.2808 [M+Na]+ (calc. m/z = 

726.3001 [M+H]+, 748.2821 [M+Na]+) 

 

 

4'-((11-(tert-butoxycarbonylamino)-3,6,9-trioxaundecyl)oxy)phenyl 1-thio--D-glu-

copyranosiduronic acid   (101) 

 

C25H39NO12S 

101 577.64 g/mol 
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D-Glucuronic acid (29.1 mg, 150 µmol, 1 eq.) was reacted with 80 according to GP4. 

7 eq. DMC solution and 14 eq. NEt3 were necessary to complete the reaction. After pu-

rification via HPLC, 101 (42 mg, 73 µmol, 49%) was obtained as a colorless solid. 

 

TLC: Rf = 0.58 (H2O/MeCN 1:4, anisaldehyde staining) 

RP-HPLC: Rt = 9.64 min (32–43 B with 0.1% TFA in 15 min, column A) 

1H NMR (400.1 MHz, CD3OD):  = 7.56-7.48 (m, 2 H; H-2’ and H-6’), 6.94–6.86 (m, 2 H; 

H-3’ and H-5’), 4.45 (d, J = 9.7 Hz,1 H; H-1), 4.16–4.10 (m, 2 H; CH2 1’’), 3.86–3.81 (m, 

2 H; CH2 2’’), 3.75 (d, J = 9.7 Hz, 1 H; H-5), 3.73–3.57 (m, 8 H; CH2 3’’–6’’), 3.52–3.45 

(m, 3 H; H-4, CH2 7’’), 3.38 (pt, J = 8.9 Hz, 1 H; H-3), 3.23–3.14 (m, 3 H; H-2, CH2 8’’), 

1.43 (s, 9 H, 3 x CH3) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 172.1 (C-6), 160.7 (C-4‘), 158.4 (C=O), 2 x 136.8 (C-

2‘ and C-6‘), 124.1 (C-1‘), 2 x 116.1 (C-3’, C-5‘), 90.3 (C-1), 80.2 (C-5), 80.1 (C(CH3)3), 

79.0 (C-3), 73.2 (C-2), 72.8 (C-4), 71.7, 2 x 71.6, 71.2 (C-3’’–6’’), 71.0 (C-2’’), 70.7 (C-

7’’), 68.7 (C-1’’), 41.3 (C-8’’), 3 x 28.8 (3 x CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 578.2244 [M+H]+ (calc. m/z = 578.2266 [M+H]+) 

 

 

4'-((11-amino-3,6,9-trioxaundecyl)oxy)phenyl-1-thio--D-glucopyranosiduronic 

acid (108) 

 

C22H32F3NO12S 

108  591.55 g/mol 

 

 

Compound 101 (27 mg, 48 µmol) was hydrogenolyzed according to GP2. 108 (22 mg, 

37.2 µmol, 78%) was obtained as colorless solid. 

 

TLC: Rf = 0.27 (H2O/MeCN 1:3, ninhydrin staining) 

RP-HPLC: Rt = 14.99 min (10–18% B with 0.1% TFA in 20 min, column A) 

1 droplet MeOH was added in order to reference the 13C NMR spectrum. 

1H NMR (400.1 MHz, D2O):  = 7.65–7.56 (m, 2 H; H-2’, H-6’), 7.09–7.00 (m, 2 H; H-3’, 

H-5’), 4.68 (d, J = 9.8 Hz,1 H; H-1), 4.30–4.22 (m, 2 H; CH2 1’’), 3.97–3.89 (m, 2 H; CH2 

2’’), 3.83–3.67 (m, 11 H; H-5, CH2 3’’-7’’), 3.60–3.50 (m, 2 H; H-3, H-4), 3.39–3.32 (m, 1 

H; H-2), 3.26–3.17 (m, 2 H; CH2 8’’) ppm. 
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13C NMR (150.9 MHz, D2O):  = 176.0 (C-6), 159.4 (C-4‘), 2 x 136.1 (C-2’, C-6‘), 123.6 

(C-1‘), 2 x 116.5 (C-3‘, C-5‘), 88.8 (C-1), 80.7 (C-5), 77.9 (C-3), 2 x 72.4 (C-2, C-4), 2 x 

70.6, 70.5, 70.4 (C-3’’–6’’), 69.9 (C-2’’), 68.2 (C-1’’), 67.3 (C-7’’), 40.0 (C-8’’) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 478.1720 [M+H]+ (calc. m/z = 478.1747 [M+H]+) 

 

 

4'-((11-(tert-butoxycarbonylamino)-3,6,9-trioxaundecyl)oxy)phenyl 1-thio-4-O-(2-

amino-2-deoxy--D-glucopyranosyl)-2-amino-2-deoxy--D-glucopyranoside (98) 

 

 

98 C35H57N3O16S 

807.91 g/mol 

 

N,N’-Diacetylchitobiose (31.8 mg, 75 µmol, 1 eq.) was reacted with 80 according to GP4. 

9 eq. DMC solution and 18 eq. NEt3 were added to complete the reaction. 98 (18 mg, 

22.3 µmol, 30%) was obtained as a colorless solid. 

 

TLC: Rf = 0.52 (H2O/MeCN 1:4, anisaldehyde staining) 

1H NMR (600.3 MHz, CD3OD):  = 7.48–7.44 (m, 2 H; H-2’’, H-6’’), 6.91–6.87 (m, 2 H; 

H-3’’, H-5’’), 4.58 (d, J = 10.4 Hz,1 H; H-1), 4.48 (d, J = 8.5 Hz,1 H; H-1’), 4.14–4.09 (m, 

2 H; CH2 1’’’), 3.89 (dd, J = 12.0, 2.1 Hz,1 H; H-6a’), 3.85–3,82 (m, 2 H; CH2 2’’’), 3.79 

(dd, J = 12.3, 1.5 Hz,1 H; H-6a), 3.77 (pt, J = 10.4, 9.9 Hz,1 H; H-2), 3.72–3.69 (m, 3 H; 

CH2 3’’’, H-2’), 3.68–3.62 (m, 6 H; CH2 4’’’, 5’’’, H-6b, H-6b’), 3.62–3.58 (m, 3 H; CH2 6’’’, 

H-3), 3.53 (pt, J = 9.3, 8.8 Hz,1 H; H-4), 3.51–3.47 (m, 2 H; CH2 7’’’), 3.43 (dd, J = 10.3, 

8.5 Hz,1 H; H-3’), 3.36–3.33 (m, 1 H; H-5’), 3.30–3.26 (m, 2 H; H-4’, H-5), 3.22–3.18 (m, 

2 H; CH2 8’’’), 2.00 (s, 3 H; C(O)CH3), 1.99 (s, 3 H; C(O)CH3), 1.43 (s, 9 H; CH3) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 173.8, 173.2 (2 x C(O)CH3), 160.4 (C-4’’), 158.4 (only 

in HMBC present: C(O)C(CH3)3), 135.8 (C-2’’ and C-6’’), 125.5 (C-1’’), 116.1 (C-3’’ and 

C-5’’), 103.2 (C-1’), 89.2 (C-1), 81.1 (C-4), 80.5 (C-5), 80.1(C(CH3)3) 78.2 (C-5’), 75.9 

(C-3’), 75.7 (C-3), 72.0 (C-4’), 71.7, 2 x 71.6, 71.3, 71.0 (C-3’’’–7’’’), 70.8 (C-2’’’), 68.7 

(C-1’’’), 62.5 (C-6’), 61.9 (C-6), 57.3 (C-2’), 55.6 (C-2), 41.3 (C-8’’’), 3 x 28.8 (C(CH3)3), 

2 x 23.0 (2 x C(O)CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 808.3492 [M+H]+ (calc. m/z = 808.3532 [M+H]+) 
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4'-((11-Amino-3,6,9-trioxaundecyl)oxy)phenyl 1-thio-4-O-(2-amino-2-deoxy--D-

glucopyranosyl)-2-amino-2-deoxy--D-glucopyranoside  (105) 

 

105 C32H50F3N3O16S 

821.81 g/mol 

 

Compound 98 (20 mg, 24.8 µmol) was reacted according to GP2. After purification by 

RP-HPLC, the residue was lyophilized two times in water. 105 (18 mg, 21.9 µmol, 78%) 

was obtained as colorless solid. 

 

TLC: Rf = 0.16 (H2O/MeCN 1:3, anisaldehyde staining) 

RP-HPLC: Rt = 9.71 min (5–30% B with 0.1% TFA in 20 min, column A) 

1H NMR (400.1 MHz, CD3OD):  = 7.49–7.43 (m, 2 H; H-2’’, H-6’’), 6.92–6.86 (m, 2 H; 

H-3’’, H-5’’), 4.58 (d, J = 10.4 Hz,1 H; H-1), 4.49 (d, J = 8.4 Hz,1 H; H-1’), 4.18–4.09 (m, 

2 H; CH2 1’’’), 3.90 (dd, J = 11.8, 1.8 Hz,1 H; H-6a’), 3.86–3,82 (m, 2 H; CH2 2’’’), 3.80 

(dd, J = 12.0, 1.7 Hz,1 H; H-6a), 3.76–3.56 (m, 15 H; CH2 3’’’-7’’’, H-2, H-2’, H-6b, H-6b’, 

H-3), 3.50 (pt, J = 9.5, 8.6 Hz,1 H; H-4), 3.45 (dd, J = 10.2, 8.4 Hz,1 H; H-3’), 3.37–3.33 

(m, 1 H; H-5’), 3.29–3.25 (m, 2 H; H-4’, H-5), 3.13–3.05 (m, 2 H; CH2 8’’’), 2.00 (s, 6 H; 

C(O)CH3) ppm. 

13C NMR (150.9 MHz, CD3OD):  = 173.8, 173.2 (2 x C(O)CH3), 160.4 (C-4’’), 136.1 (C-

2’’ and C-6’’), 125.1 (C-1’’), 116.0 (C-3’’ and C-5’’), 103.1 (C-1’), 88.8 (C-1), 81.1 (C-4), 

80.5 (C-5), 78.2 (C-5’), 2 x 75.9 (C-3, C-3’), 72.0 (C-4’), 2 x 71.6, 71.4, 71.2 (C-3’’’–6’’’), 

70.7 (C-2’’’), 68.7 (C-1’’’), 67.8 (C-7’’’), 62.5 (C-6’), 61.9 (C-6), 57.3 (C-2’), 55.5 (C-2), 

40.7 (C-8’’’), 2 x 23.0 (2 x CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 708.2987 [M+H]+ (calc. m/z = 708.3013 [M+H]+) 

 

 

4'-((11-Amino-3,6,9-trioxaundecyl)oxy)phenyl 2-acetamido-2-deoxy-6-O-sul-

fonato-1-thio--D-glucopyranoside  (106) 

 

106  C23H35F3N2O14S2 

684.65 g/mol 

 

N-Acetyl-D-glucosamine 6-sulfate (21.0 mg, 70 µmol, 1 eq.) was reacted with 80 accord-

ing to GP4. 10 eq. DMC solution and 20 eq. NEt3 were added to complete the reaction. 
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After purification on a Reveleris® C-18 column and subsequent purification on RP-HPLC 

deprotected 106 (14.0 mg, 20.5 µmol, 29%) was obtained as colorless oil. 

 

TLC: Rf = 0.30 (H2O/MeCN 1:3, ninhydrin staining) 

RP-HPLC: Rt = 13.18 min (15–35% B in 15 min with 0.1% TFA, column B) 

1H NMR (400.1 MHz, CD3OD):  = 7.54–7.48 (m, 2 H; H-2’’, H-6’’), 6.95–6.88 (m, 2 H; 

H-3’, H-5’), 4.58 (d, J = 10.4 Hz,1 H; H-1), 4.36 (dd, J = 11.0, 1.8 Hz,1 H; H-6a), 4.17–

4.12 (m, 2 H; CH2 1’’), 4.09 (dd, J = 11.0, 6.6 Hz,1 H; H-6b), 3.86–3.81 (m, 2 H; CH2 2’’), 

3.74–3.59 (m, 11 H; H-2, CH2 3’’–7’’), 3.51–3.40 (m, 2 H; H-3, H-5), 3.30–3.26 (m, 1 H; 

H-4), 3.10–3.06 (m, 2 H; CH2 8’’), 2.01 (s, 3 H; CH3) ppm. 

13C NMR (150.9 MHz, CD3OD):  = 173.4 (C(O)CH3), 160.2 (C-4’), 136.0 (C-2’, C-6’), 

125.3 (C-1’), 116.1 (C-3’, C-5’), 88.1 (C-1), 79.9 (C-5), 77.4 (C-3), 71.9 (C-4), 2 x 71.6, 

71.4, 71.1 (C-3’’–6’’), 70.7 (C-2’’), 2 x 68.7 (C-6, C-1’’), 67.8 (C-7’’), 56.1 (C-2), 40.8 (CH2 

8’’), 23.0 (CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 585.1764 [M+H]+, 607.1585 [M+Na]+ (calc. m/z = 

585.1782 [M+H]+, 607.1602 [M+Na]+) 

 

 

4'-((11-(tert-butoxycarbonylamino)-3,6,9-trioxaundecyl)oxy)phenyl 1-thio-4-O--

L-fucopyranoside  (111)/(95) 

 

 

C25H41NO10S 

547.66 g/mol 

 

111        95 

 

L-Fucose (31.8 mg, 75 µmol, 1 eq.) was reacted with 80 according to GP4. 10 eq. DMC 

solution and 20 eq. NEt3 were added to complete the reaction. After purification with a 

Reveleris® C-18 column the obtained glycoside mixture was purified by RP-HPLC. The 

separated fractions were lyophilized twice in water. 111 (7.8 mg, 14.3 µmol, 10%) and 

95 (28.2 mg, 51,5 µmol, 34%) were obtained as colorless oils. 

 

TLC: Rf = 0.66 for both anomers (H2O/MeCN 1:4, anisaldehyde staining) 

-Fucopyranoside (111) 

RP-HPLC: Rt = 21.77 min (29–33% B in 30 min, column A) 
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1H NMR (400.1 MHz, CD3OD):  = 7.44–7.38 (m, 2 H; H-2’, H-6’), 6.93–6.88 (m, 2 H; H-

3’, H-5’), 5.38 (d, J = 5.5 Hz,1 H; H-1), 4.47 (br q, J = 6.6 Hz,1 H; H-5), 4.15–4.11 (m, 2 

H; CH2 1’’), 4.09 (dd, J = 10.2, 5.5 Hz,1 H; H-2), 3.86–3.81 (m, 2 H; CH2 2’’), 3.74–3.68 

(m, 3 H; H-4, CH2 3’’), 3.68–3.51 (m, 7 H; H-3, CH2 4’’–6’’), 3.49 (t, J = 5.6 Hz, 2 H; CH2 

7’’), 3.20 (t, J = 5.6 Hz, 2 H; CH2 8’’), 1.43 (s, 9 H; C(CH3)3), 1.20 (d, J = 6.6 Hz, 3 H; CH3 

6) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 160.2 (C-4’), 158.4 (C(O)NH), 136.1 (C-2’, C-6’), 

126.5 (C-1’), 116.3 (C-3’, C-5’), 92.3 (C-1), 80.1 (C(CH3)3), 73.5 (C-4), 72.5, 71.7, 2 x 

71.6, 71.3, 71.0 (C-3, C-3’’–7’’), 70.8 (C-2’’), 69.8 (C-2), 68.7 (C-1’’), 68.4 (C-5), 41.3 (C-

8’’), 3 x 28.8 (3 x CH3), 16.5 (C-6) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 548.2510 [M+H]+, 570.2322 [M+Na]+ (calc. m/z = 

548.2524 [M+H]+, 570.2343 [M+Na]+) 

 

-Fucopyranoside (95) 

RP-HPLC: Rt = 19.00 min (29–33% B in 30 min, column A) 

1H NMR (400.1 MHz, CD3OD):  = 7.53–7.46 (m, 2 H; H-2’, H-6’), 6.93–6.85 (m, 2 H; H-

3’, H-5’), 4.38 (d, J = 8.9 Hz, 1 H; H-1), 4.15–4.09 (m, 2 H; CH2 1’’), 3.86–3.81 (m, 2 H; 

CH2 2’’), 3.73–3.69 (m, 2 H; CH2 3’’), 3.68–3.56 (m, 8 H; H-4, H-5, CH2 4’’-6’’), 3.53–3.44 

(m, 4 H; H-2, H-3, CH2 7’’), 3.21 (t, J = 5.6 Hz, 2 H; CH2 8’’), 1.43 (s, 9 H; C(CH3)3), 1.25 

(d, J = 6.4 Hz, 3 H; CH3 6) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 160.3 (C-4’), 158.4 (C(O)NH), 135.8 (C-2’, C-6’), 

125.8 (C-1’), 116.1 (C-3’, C-5’), 90.9 (C-1), 80.1 (C(CH3)3), 76.5 (C-5), 76.0 (C-3), 73.1 

(C-4), 71.7, 2 x 71.6, 71.3, 71.0, 2 x 70.8 (C-2, C-2’’–7’’), 68.7 (C-1’’), 41.3 (C-8’’), 3 x 

28.8 (3 x CH3), 17.0 (C-6) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 548.2502 [M+H]+ (calc. m/z = 548.2524 [M+H]+) 

 

 

4'-((11-Amino-3,6,9-trioxaundecyl)oxy)phenyl 1-thio-4-O--L-fucopyranoside  (103) 

 

 

103  C22H34F3NO10S 

561.57 g/mol 

 

Compound 95 (23 mg, 42 µmol) was deprotected according to GP2. After RP-HPLC, the 

isolated residue was lyophilized twice with water and 103 (23 mg, 41.0 µmol, 98%) was 

obtained as a colorless solid. 
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TLC: Rf = 0.51 (H2O/MeCN 1:3, anisaldehyde staining) 

RP-HPLC: Rt = 9.48 min (6–25% B with 0.1% TFA in 20 min, column A) 

1H NMR (400.1 MHz, CD3OD):  = 7.53–7.48 (m, 2 H; H-2’, H-6’), 6.93–6.87 (m, 2 H; H-

3’, H-5’), 4.41–4.34 (m, 1 H; H-1), 4.16–4.11 (m, 2 H; CH2 1’’), 3.88–3.80 (m, 2 H; CH2 

2’’), 3.74–3.63 (m, 11 H; H-4, CH2 3’’–7’’), 3.60 (q, J = 6.5 Hz, 1 H; H-5), 3.52–3.44 (m, 

2 H; H-2, H-3), 3.11–3.07 (m, 2 H; CH2 8’’), 1.25 (d, J = 6.5 Hz, 3 H; CH3 6) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 160.2 (C-4’), 135.8 (C-2’, C-6’), 125.8 (C-1’), 116.1 

(C-3’, C-5’), 90.7 (C-1), 76.5 (C-3), 76.0 (C-5), 73.1 (C-4), 71.6, 71.5, 71.4, 71.2 (C-2’’–

6’’), 2 x 70.7 (C-2, C-2’’), 68.7 (C-1’’), 67.8 (C-7’’), 40.6 (C-8’’), 17.0 (C-6) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 448.1996 [M+H]+ (calc. m/z = 448.2000 [M+H]+) 

 

 

4'-((11-(tert-butoxycarbonylamino)-3,6,9-trioxaundecyl)oxy)phenyl 2-amino-2-de-

oxy-1-thio--D-glucopyranoside  (100) 

 

 

100  C25H42N2O10S 

562.68 g/mol 

 

D-Glucosamine hydrochloride (32 mg, 150 µmol, 1 eq.) was reacted with 80 according 

to GP4. 7 eq. of DMC and 14 eq. NEt3 were added to complete the reaction. 100 (81 mg, 

144 µmol, 96%) was obtained as a colorless oil. 

 

TLC: Rf = 0.64 (H2O/MeCN 1:4, anisaldehyde staining) 

1H NMR (400.1 MHz, CD3OD):  = 7.57–7.52 (m, 2 H; H-2’, H-6’), 6.95–6.88 (m, 2 H; H-

3’, H-5’), 4.37 (d, J = 9.8 Hz, 1 H; H-1), 4.17–4.09 (m, 2 H; CH2 1’’), 3.90–3.80 (m, 3 H; 

H-6a, CH2 2’’), 3.72–3.57 (m, 9 H; H-6b, CH2 3’’–6‘‘), 3.53–3.47 (m, 2 H; CH2 7’’), 3.29–

3.18 (m, 5 H; H-3, H-4, H-5, CH2 8’’), 2.53 (pt, J = 9.3 Hz, 1 H; H-2), 1.43 (s, 9 H; C(CH3)3) 

ppm. 

13C NMR (100.6 MHz, CD3OD):  = 160.6 (C-4’), 158.4 (C(O)NH), 136.4 (C-2’, C-6’), 

124.0 (C-1’), 116.2 (C-3’, C-5’), 90.1 (C-1), 82.2 (C-5), 80.0 (C(CH3)3), 79.0, 71.7, 3 x 

71.6, 71.2, 71.0, 70.7 (C-3, C-4, C-2’’–7’’), 68.7 (C-1’’), 63.0 (C-6), 56.8 (C-2), 41.3 (C-

8’’), 3 x 28.8 (3 x CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 563.2627 [M+H]+ (calc. m/z = 563.2633 [M+H]+) 
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4'-((11-Amino-3,6,9-trioxaundecyl)oxy)phenyl 2-amino-2-deoxy-1-thio--D-gluco-

pyranoside (107) 

 

 

107  C24H36F6N2O12S 

690.60 g/mol 

 

Compound 100 (39 mg, 69.3 µmol) was reacted according to GP2. 107 (37 mg, 53.6 

µmol, 77%) was obtained as colorless solid. 

 

TLC: Rf = 0.16 (H2O/MeCN 1:3, ninhydrin staining) 

RP-HPLC: Rt = 4.76 min (5–8% B with 0.1% TFA in 20 min, column A) 

1H NMR (400.1 MHz, CD3OD):  = 7.62–7.57 (m, 2 H; H-2’, H-6’), 7.02–6.87 (m, 2 H; H-

3’, H-5’), 4.69 (d, J = 10.3 Hz, 1 H; H-1), 4.19–4.09 (m, 2 H; CH2 1’’), 3.91–3.82 (m, 3 H; 

H-6a, CH2 2’’), 3.74–3.62 (m, 11 H; H-6b, CH2 3’’–7‘‘), 3.53 (dd, J = 10.0, 8.4 Hz, 1 H; H-

3), 3.36–3.33 (m, 1 H; H-5), 3.30–3.25 (m, 1 H; H-4), 3.11 (pt, J = 5.2, 4.9 Hz, 2 H; CH2 

8’’), 2.86 (pt, J = 10.3 Hz, 1 H; H-2) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 161.2 (C-4’), 136.9 (C-2’, C-6’), 122.5 (C-1’), 116.4 

(C-3’, C-5’), 85.6 (C-1), 82.5 (C-5), 75.5 (C-3), 71.6, 71.5, 2 x 71.4, 71.2, 70.7 (C-4, C-

2’’–6’’), 68.7 (C-1’’), 67.8 (C-7’’), 62.5 (C-6), 56.2 (C-2), 40.6 (C-8’’) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 463.2083 [M+H]+ (calc. m/z = 463.2109 [M+H]+) 

 

 

4'-((11-(tert-butoxycarbonylamino)-3,6,9-trioxaundecyl)oxy)phenyl 1-thio--D-

galactopyranoside (112)/(96) 

 

 

C25H41NO11S 

563.66 g/mol 

 

 

   112        96 

D-Galactose (27.0 mg, 150 µmol, 1 eq.) was reacted with 80 according to GP4. 10 eq. 

DMC solution and 20 eq. NEt3 were added to complete the reaction. After purification 

with a Reveleris® C-18 column 58 mg of a mixture of glycopyranosides and furanosides 

was obtained. After purification with RP-HPLC the separated fractions were lyophilized 
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twice in water. 112 (10.1 mg, 17.9 µmol, 12%) and 96 (31.2 mg, 55.4 µmol, 37%) were 

obtained as colorless oils. 

 

TLC: Rf = 0.73 for both anomers (H2O/MeCN 1:4, anisaldehyde staining) 

RP-HPLC: Rt = 33.80 min for -anomer 96 and 36.69 min for -anomer 112 (23–25% B 

in 45 min, with 0.1% FA, column B) 

-Galactopyranoside (112): 

1H NMR (400.1 MHz, CD3OD):  = 7.50–7.44 (m, 2 H; H-2’, H-6’), 6.94–6.87 (m, 2 H; H-

3’, H-5’), 5.07 (d, J = 5.1 Hz, 1 H; H-1), 4.15–4.10 (m, 2 H; CH2 1’’), 4.07 (dd, J = 7.7, 5.5 

Hz, 1 H; H-3), 3.94–3.89 (m, 2 H; H-2, H-4), 3.86–3.82 (m, 2 H; CH2 2’’), 3.74–3.57 (m, 

11 H; H-5, H-6a and b, CH2 3’’–6‘‘), 3.50 (t, J = 5.6 Hz, 2 H; CH2 7’’), 3.21 (t, J = 5.6 Hz, 

2 H; CH2 8’’), 1.43 (s, 9 H; C(CH3)3) ppm 

13C NMR (100.6 MHz, CD3OD):  = 160.5 (C-4’), 158.4 (C(O)NH), 136.3 (C-2’, C-6’), 

126.0 (C-1’), 116.2 (C-3’, C-5’), 93.6 (C-1), 82.9, 82.8 (C-2 or C-4), 80.1 (C(CH3)3), 77.7 

(C-3), 72.0, 71.7, 2 x 71.6, 71.3, 2 x 71.0, 70.8 (C-5, C-2’’–7’’), 68.7 (C-1’’), 64.6 (C-6), 

41.3 (C-8’’), 3 x 28.8 (3 x CH3) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 564.2458 [M+H]+ (calc. m/z = 564.2473 [M+H]+) 

 

-Galactopyranoside (96): 

1H NMR (400.1 MHz, CD3OD):  = 7.56–7.49 (m, 2 H; H-2’, H-6’), 6.92–6.86 (m, 2 H; H-

3’, H-5’), 4.40 (d, J = 9.4 Hz, 1 H; H-1), 4.15–4.09 (m, 2 H; CH2 1’’), 3.88 (dd, J = 3.2, 0.9 

Hz, 1 H; H-4), 3.85–3.82 (m, 2 H; CH2 2’’), 3.78–3.57 (m, 10 H; H-6a and b, CH2 3’’–6‘‘), 

3.54 (pt, J = 9.4 Hz, 1 H; H-2), 3.51–3.48 (m, 3 H; H-5, CH2 7’’), 3.47 (dd, J = 9.2, 3.2 

Hz, 1 H; H-3), 3.21 (t, J = 5.6 Hz, 2 H; CH2 8’’), 1.43 (s, 9 H; C(CH3)3) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 160.3 (C-4’), 158.4 (C(O)NH), 135.7 (C-2’, C-6’), 

125.7 (C-1’), 116.1 (C-3’, C-5’), 91.0 (C-1), 80.5 (C-5), 80.1 (C(CH3)3), 76.3 (C-3), 71.7, 

2 x 71.6, 71.2, 2 x 71.0, 70.8 (C-2, C-2’’–7’’), 70.4 (C-4), 68.7 (C-1’’), 62.6 (C-6), 41.3 (C-

8’’), 3 x 28.8 (3 x CH3) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 564.2455 [M+H]+ (calc. m/z = 564.2473 [M+H]+) 

 

 

4'-((11-Amino-3,6,9-trioxaundecyl)oxy)phenyl 1-thio--D-galactopyranoside (104) 

 

   C22H34F3NO11S 

104    577.57 g/mol 
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Compound 96 (30 mg, 53.2 µmol) was reacted according to GP2. 104 (26 mg, 45 µmol, 

85%) was obtained as colorless oil. 

 

TLC: Rf = 0.31 (H2O/MeCN 1:3, ninhydrin staining) 

1H NMR (400.1 MHz, CD3OD):  = 7.56–7.49 (m, 2 H; H-2’, H-6’), 6.93–6.86 (m, 2 H; H-

3’, H-5’), 4.41 (d, J = 9.1 Hz, 1 H; H-1), 4.15–4.10 (m, 2 H; CH2 1’’), 3.88 (dd, J = 3.1, 0.7 

Hz, 1 H; H-4), 3.86–3.81 (m, 2 H; CH2 2’’), 3.77–3.64 (m, 12 H; H-6a and b, CH2 3’’–7‘‘), 

3.55–3.46 (m, 3 H; H-2, H-3, H-5), 3.11–3.06 (m, 2 H; CH2 8’’) ppm. 

13C NMR (100.6 MHz, CD3OD):  = 160.2 (C-4’), 135.7 (C-2’, C-6’), 125.7 (C-1’), 116.1 

(C-3’, C-5’), 90.8 (C-1), 80.5 (C-5), 76.3 (C-3), 71.6, 71.5, 71.4, 71.2, 70.9 (C-2, C-3’’-

6’’), 70.7 (C-2’’), 70.4 (C-4), 68.7 (C-1’’), 67.8 (C-7‘‘), 62.6 (C-6), 40.6 (C-8’’) ppm. 

ESI-TOF-HRMS (pos. mode): m/z = 464.1927 [M+H]+ (calc. m/z = 464.1949 [M+H]+) 

 

 

tert-Butyl (11-(4-methylthio)phenoxy-3,6,9-trioxaundecyl)carbamate (109) 

 

109      C20H33NO6S 

       415.55 g/mol 

 

A 1.2 M solution of NaOH (860 µL, 1.05 mmol, 1.2 eq) in EtOH was mixed with thiol 80 

and the mixture was stirred at r.t. for 10 min. Freshly distilled MeI was added (60 µL, 960 

µmol, 1.1 eq.). The mixture turned yellow. TLC showed complete consumption of XX 

after 40 min. 4 g of silica were added and the solvent was removed in vacuum. After FC 

(petroleum ether/EtOAc 4:1 to 3:4) compound 109 could be obtained as yellow oil (334 

mg, 804 µmol, 92%). 

 

TLC: Rf = 0.47 (petroleum ether/EtOAc, 1:2, KMnO4 and anisaldehyde staining) 

1H NMR (400.1 MHz, CDCl3):  = 7.28–7.22 (m, 2 H; H-2, H-6), 6.89–6.83 (m, 2 H; H-3, 

H-5), 4.13–4.09 (m, 2 H; CH2 1’), 3.87–3.83 (m, 2 H; CH2 2’), 3.75–3.71 (m, 2 H; CH2 3’), 

3.70–3.59 (m, 6 H; CH2 4’–6’), 3.53 (t, J = 5.1 Hz, 2 H; CH2 7’) 3.30 (t, J = 5.3 Hz, 2 H; 

CH2 8’) 2.44 (s, 3 H; SCH3) 1.43 (s, 9 H; C(CH3)3) ppm 

13C NMR (100.6 MHz, CDCl3):  = 157.5 (C-4), 156.1 (C(O)NH), 2 x 130.2 (C-2, C-6), 

129.2 (C-1), 2 x 115.5 (C-3, C-5), 79.4 (C(CH3)3), 71.0, 70.8, 70.7, 2 x 70,4 (C-3’-7’), 

69.9 (C-2’), 67.8 (C-1’), 40.7 (C-8’), 3 x 28.6 (C(CH3)3), 18.1 (SCH3) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 416.2089[M+H]+, 438.1904 [M+Na]+ (calc. m/z = 

416.2101 [M+H]+, 438.1921 [M+Na]+) 
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11-(4-methylthio)phenoxy-3,6,9-trioxaundecyl-1-amine (110) 

 

 110    C17H26F3NO6S 

     429.45 g/mol 

 

Compound 109 (298 mg, 717 µmol) was dissolved in 4.8 mL of dry CH2Cl2 and cooled 

to 0°C. 2.4 mL TFA were added and the ice bath was removed. After 10 min TLC 

(EtOAc/MeOH 9:1) showed complete conversion of 109. 10 mL toluene were added and 

the solvent was removed in vacuum. The residue was coevaporated 2 times with a mix-

ture of toluene and MeOH. FC (Reveleris® C-18 cartridge, 40 g) of the residue 20–80% 

B (A/B: H2O/MeCN with 0.1% TFA) and 2 times lyophylization with H2O afforded 110 as 

colorless oil (308 mg, 717 µmol, quant). 

 

TLC: Rf = 0.09 (EtOAc/MeOH 9:1, ninhydrin staining) 

1H NMR (399.8 MHz, CD3OD):  = 7.28–7.23 (m, 2 H; H-2, H-6), 6.93–6.87 (m, 2 H; H-

3, H-5), 4.15–4.09 (m, 2 H; CH2 1’), 3.74–3.65 (m, 10 H; CH2 2’–7‘), 3.10 (t, J = 4.9 Hz, 

2 H; CH2 8’) 2.41 (s, 3 H; SCH3) ppm 

13C NMR (100.5 MHz, CD3OD):  = 158.7 (C-4), 2 x 131.0 (C-2, C-6), 130.8 (C-1), 2 x 

116.4 (C-3, C-5), 71.6, 71.5, 71.4, 71.2 (C-3’–6’), 70.8 (C-2’), 68.7 (C-1‘), 67.8 (C-7‘), 

40.6 (C-8’), 17.8 (SCH3) ppm 

ESI-TOF-HRMS (pos. mode): m/z = 316.1580 [M+H]+, 338.1381 [M+Na]+ (calc. m/z = 

316.1577 [M+H]+, 338.1396 [M+Na]+) 

 

 

7.3 General Procedures 

 

GP1: Deacetylation 

The acetylated compound (1 mmol) was dissolved in 5 mL dry MeOH. 100 µL of NaOMe 

(0.5 M in MeOH) were added and the reaction was stirred at room temperature. The 

reaction was neutralized with acidic ion exchange resin Amberlite® IRC-86. After the pH 

was confirmed as neutral the resin was filtered off and washed with MeOH. After removal 

of solvent in vacuum the target compound was obtained.  
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GP2: Boc deprotection 

The Boc-protected derivative (100 µmol) was dissolved in 1.5 mL dry CH2Cl2 and cooled 

to 0°C. 750 µL TFA were added and the ice bath was removed. The reaction was moni-

tored by TLC. Upon complete consumption of starting material the reaction mixture was 

coevaporated with 3 mL of toluene three times. If necessary, purification was performed 

by RP-HPLC. The target compound was obtained after two cycles of lyophylization with 

water. 

 

GP3: NMR monitoring of the reaction of oxyamines with reducing carbohydrates 

The reducing monosaccharide (18 µmol) was weighed in a vial. 90 µL (1.2 eq.) oxyamine 

stem solution (240 mM oxyamine, 500 mM d4-DOAc, 1 mM TSP) and 410 µL deuterated 

acetate buffer (500 mM d4-DOAc, 1 mM TSP) were added at room temperature. For 2 

eq. oxyamine, 150 µL of the oxyamine stem solution were added and 350 µL of the 

deuterated acetate buffer. The mixing time and the pH of the reaction mixture were doc-

umented. The reaction mixture was transferred in a NMR tube and a series of 1H-NMR 

spectra were recorded with increasing time intervals. Each 1H-NMR spectrum was rec-

orded with 4 scans and a delay of 20 s between the scans. The reaction temperature 

was held constant with the internal heating of the NMR instrument. The calibration of the 

internal heating was achieved with external temperature standards from Bruker. At the 

equilibrium of the reaction, 2D-NMR spectra (COSY, HSQC, HMBC, NOESY) were rec-

orded additionally. NMR spectra were processed using MestReNova 10.0. Unique and 

well separated resonances of starting materials and reaction products were integrated in 

each 1H spectrum. The integrals were plotted against their corresponding reaction times. 

t0.9 and t0.5 values were determined by exponential regression (y=y0 +A exp(R0 x)) to the 

reaction curves using Origin 9.0. Errors were calculated by error propagation based on 

the errors of the fitting parameters with GUM Workbench Edu 2.4[204]. After the NMR 

experiments, the pH of the reaction mixture was measured. 

 

GP4: Thioglycosylation using DMC activation 

The carbohydrate (150 µmol, 1 eq.) and thiol 80 (301 mg, 750 µmol, 5 eq.) were dis-

solved in 1120 µL degassed H2O and 280 µL of degassed MeCN. Temperature was set 

to -10°C. NEt3 (125 µL, 900 µmol, 6 eq.) was added. The very hygroscopic 2-chloro-1,3-

dimethylimidazolinium chloride (285 mg, 1.69 mmol) was dissolved in 300 µL degassed 

MeCN to yield a 3.2 M solution. Sequentially, NEt3 (42 µL, 300 µmol, 2 eq.) and DMC 

solution (47 µL, 150 µmol, 1 eq.) both were added to the mixture with 10 min time inter-

vals between the additions, until TLC (H2O/MeCN 1:4) showed complete consumption of 

starting material. A spatula of silica was added and the solvent was removed in vacuum. 
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The crude mixture was purified on a Reveleris® C-18 column with application of a gradi-

ent of H2O/MeCN 5-50% (v/v). After removal of MeCN and lyophylization the thio-

glyocoside could be obtained. 

 

GP5: Hydrogenolysis 

The compound (100 µmol) was dissolved in 2 mL MeOH. The Pd/C catalyst (5 wt%) was 

added and the mixture was flushed with nitrogen for 5 min. For replacement of nitrogen 

vacuum was applied and subsequently flushed with a hydrogen balloon. The reaction 

was stirred at r.t. until TLC showed complete conversion of starting material. The reaction 

mixture was filtered through diatomaceous earth and the solvent was removed in vacuum 

to yield the product. 

 

 

Generation of buffers for Chip experiments 

 

PBST (150 mM, 137 mM NaCl, 2.7 mM KCl, 0.01% Tween 20) 

52.49 g Na2HPO4·12 H2O and 470 mg NaH2PO4·2 H2O were dissolved in 1 l MilliQ water. 

8 g NaCl, 201.2 mg KCl and 0.1 mL Tween® 20 were added and the pH was adjusted to 

8.5 or 10 with HCl or NaOH. 

 

Deactivation buffer (50 mM Ethanolamine in PBST) 

750 µL Ethanolamine were filled up to 250 mL with PBST and the pH was adjusted with 

HCl to pH 8.5. 

 

HEPES buffer (10 mM HEPES, 0.15 M NaCl, pH 7.5, 0.1 mM CaCl2, 0.1 mM MnCl2) 

4.77 g HEPES, 17.53 g NaCl, 29 mg CaCl2·2 H2O and 40 mg MnCl2·4 H2O were dis-

solved in 2 l MilliQ and the pH was adjusted to pH 7.5 with HCl or NaOH.  

 

HEPES washing buffer (HEPES buffer with 0.1% Tween® 20)  

2 mL Tween® 20 were filled up to 2 l with HEPES buffer. If necessary, the pH was read-

justed with HCl or NaOH to pH 7.5. 

 

 

Preparation of deuterated buffers for NMR investigations 

 

TSP solution (50 mM) 

TSP (8.6 mg, 50 µmol) was dissolved in 1 mL D2O to yield a 50 mM solution. 



7  Experiments 

130 

Deutero acetate buffer (500 mM, 1 mM TSP) 

286 µL (320 mg, 5 mmol) d4-DOAc were dissolved in 8 mL D2O. 200 µL TSP solution 

(50 mM) were added as internal standard. The pH was adjusted with NaOD in D2O and 

the solution was brought to 10 mL volume with D2O. 

As the pH electrode is calibrated in non-deuterated buffers the value pH*, which is meas-

ured by the instrument, needs to be corrected for deuterated solvents according to for-

mula (1).[205] 

(1) 𝑝𝐻 = 0.9291 ∙ 𝑝𝐻∗ + 0.421 

The correlation of pH and pD can be derived from formula (2).[205] 

(2) 𝑝𝐷 = 𝑝𝐻 ∙ 1.076 

 

Oxyamine stem solution (240 mM oxyamine, 500 mM d4-DOAc, 1 mM TSP) 

The corresponding primary or secondary oxyamines were dissolved in 2 mL deutero 

acetate buffer (500 mM, 1 mM TSP) and the pH was adjusted according to formula (1) 

with DCl and NaOD in D2O. 

 

Generation of carbohydrate microarrays on Nexterion® E slides 

15 mM stem solutions of the samples were prepared in PBST buffer and the pH was 

readjusted to pH 10 (pH 8.5 on Nexterion® H), if necessary. Molar fractions of the glyco-

sides were obtained by mixing the stem solutions with each other or by addition of a 15 

mM stem solution of ethanolamine in PBST with pH 10. Fibronectin was applied as 0.1 

µg/mL in PBST, pH 8.5. Cyclo(RGDfK(PEG-NH2)) was used as 100 µM solution[176] in 

PBST with pH 8.5. The samples were pipetted into a 384 well plate on ice. For the gen-

eration of microarrays an automated array printer Nanoplotter 2 from Gesim was utilized. 

The temperature of the working plate was controlled with a Unistat Tango from Huber 

Kälte to 14.5 °C. The humidity was set to 70-71% with a Humidity Control II from Lucky 

Reptile connected to a mist generator Hygro Plus from Hobby. The samples were spotted 

onto Nexterion® E slides with 10 droplets per sample with a total of 4 nL volume per spot. 

The microarrays were placed above a 0.5 M NaCl solution for 18 h. The chips were 

rinsed with MilliQ water and for removal of unreacted functionalities, placed in 20 mL of 

deactivation buffer for 2 h. The slides were rinsed with MilliQ water and carefully swayed 

for 5 min twice with 50 mL MeOH, then for 5 min twice with 50 mL MilliQ water. The 

slides were dried in a dry nitrogen stream and were stored at r.t. in darkness. 
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Incubation with rhodamine labeled lectins 

Stock aliquots of 50 µg rhodamine labeled lectins Con A and WGA from Vectorlabs were 

generated with MilliQ water, lyophilized and stored in darkness in the freezer. The mi-

croarray slides were immersed into 50 mL HEPES buffer containing 1% (w/v) BSA and 

1 µg/mL fluorescently labeled lectin for 2 h with 150 rpm on the shaker under exclusion 

from light. The slides were carefully swayed twice in 50 mL HEPES washing buffer and 

twice in 50 mL HEPES buffer for 5 min. The slides were rinsed with MilliQ water very 

short and subsequently dried in a stream of dry nitrogen. The slides were stored at r.t. in 

darkness. 

 

Fluorescence readout 

The fluorescence of lectins bound to the slides was quantified using an array scanner 

Genepix Personal 4100 A from Molecular Devices with an excitation wavelength at 

532 nm and an excitation angle of 25°. Detection filters were set from 550-600 nm. The 

resolution was set to 6 µm with a medium size pin hole and an oversampling factor of 4. 

The slides were scanned utilizing the HS-autofocus. The acquired images were analyzed 

using GenePix 4.1 software. For each spot the mean fluorescence was determined and 

the mean intensity calculated for all replicates. The averaged mean intensity of the neg-

ative controls was used for background compensation.  

 

Statistical analysis of cell adhesion experiments 

All data were represented as mean ± standard deviation. Statistical comparisons were 

calculated based on the cell count of ethanolamine control as reference. The statistical 

significance was calculated using the paired t-test with Welch’s correction.[188] Measure-

ment of statistical significance was presented as: p<0.0001: ****, 0.0001≤p<0.001: ***, 

0.001≤p<0.01: **, 0.01≤p<0.1: *
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8 Appendix 

8.1 Selected NMR spectra 
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Fig. 8.1: 1H-NMR of 27 at 399.8 MHz in D2O (1 droplet CD3OD added for reference). 

 

Fig. 8.2: 13C-NMR of 27 at 100.5 MHz in D2O (1 droplet CD3OD added for reference). 
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Fig. 8.3: 1H-NMR of 37 at 400.1 MHz in CD3OD. 

 

Fig. 8.4: 13C-NMR of 37 at 100.6 MHz in CD3OD. 
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Fig. 8.5: 1H-NMR of 60 at 399.8 MHz in CD3OD. 

 

 

Fig. 8.6: 13C-NMR of 60 at 100.5 MHz in CD3OD. 
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Fig. 8.7: 1H-NMR of 102 at 399.8 MHz in CD3OD. 

 

 

Fig. 8.8: 13C-NMR of 102 at 100.5 MHz in CD3OD. 



8  Appendix 

146 

 

Fig. 8.9: 1H-NMR of 101 at 400.1 MHz in D2O. 

 

 

Fig. 8.10: 13C-NMR of 101 at 150.9 MHz in D2O (1 droplet CD3OD added for reference). 
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Fig. 8.11: 1H-NMR of 103 at 400.1 MHz in CD3OD. 

 

 

Fig. 8.12: 13C-NMR of 103 at 100.6 MHz in CD3OD. 
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Fig. 8.13: 1H-NMR of 96 at 400.1 MHz in CD3OD. 

 

 

Fig. 8.14: 13C-NMR of 96 at 100.6 MHz in CD3OD. 
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Fig. 8.15: 1H-NMR of 110 at 399.8 MHz in CD3OD. 

 

 

Fig. 8.16: 13C-NMR of 110 at 100.5 MHz in CD3OD. 
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Fig. 8.17: 1H-NMR of 98 at 600.3 MHz in CD3OD. 

 

 

Fig. 8.18: 13C-NMR of 98 at 100.6 MHz in CD3OD. 
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Fig. 8.19: 1H-NMR of 105 at 400.1 MHz in CD3OD. 

 

 

Fig. 8.20: 13C-NMR of 105 at 150.9 MHz in CD3OD. 
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8.2 Cell adhesion experiments 

 

 

Fig. 8.21a: Overview on a part of the microscope scan of the whole microarray from the HaCaT 
cell binding experiment. Note that the three parts provide an overlap which results in 
non-fitting edges.  
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Fig. 8.21b: Overview on a part of the microscope scan of the whole microarray from the HaCaT 
cell binding experiment. Note that the three parts provide an overlap which results in 
non-fitting edges. 

 



8  Appendix 

154 

 

Fig. 8.21c: Overview on a part of the microscope scan of the whole microarray from the HaCaT 
cell binding experiment. Note that the three parts provide an overlap which results in 
non-fitting edges. 
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Fig. 8.21d:  Overview over the whole chip. The image was generated from the raw data of the 
convocal light microscope. The red circles correspond to the computed grid, which 
was used to count the HaCaT cells. 
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Table 8.1: Sample ID, sample composition and extraced cell counts of early adherent       
HaCaT cells obtained by the KNIME extraction. The calculated significances 
were shown in illustrations only for samples, which provided a significantly 
higher cell count compared to the negative controls of HOEtNH2. 

Sample ID Sample composition 
Averaged   
Cell count 

Standard 
Deviation 

Signifi-
cance 

p-Value 

RGD 100 µM cyclo(RGDfK(PEG-NH2)) pH 10.0 141.8 32.6  -  - 

PBS PBS Puffer pH 10.0 122.4 21.0  -  - 

HOEtNH2 15 mM Ethanolamine pH 10.0 96.0 4.3  -  - 

FN 100 µM Fibronectin in PBS, pH 8.5 124.8 13.4  -  - 

5 15 mM -GlcNAc in PBS, pH 10.0 157.6 12.3 *** 0.0001 

6 3 mM -GlcNAc, 12 mM Ethanolamine, pH 10.0 127.4 30.2 ns 0.0799 

7 0.6 mM -GlcNAc, 14.4 mM Ethanolamine, pH 10.0 97.2 16.0 ns 0.8783 

8 0.12 mM -GlcNAc, 14.9 mM Ethanolamine, pH 10.0 112.4 15.9 ns 0.0821 

9 15 mM -GlcNAc in PBS, pH 10.0 121.8 29.8 ns 0.1251 

10 3 mM-GlcNAc, 12 mM Ethanolamine, pH 10.0 88.4 16.7 ns 0.3740 

11 0.6 mM-GlcNAc, 14.4 mM Ethanolamine, pH 10.0 92.4 7.5 ns 0.3875 

12 0.12 mM-GlcNAc, 14.9 mM Ethanolamine, pH 10.0 102.8 7.8 ns 0.1377 

13 15 mM -Glc in PBS, pH 10.0 74.0 16.4 – 0.0381 

14 3 mM -Glc, 12 mM Ethanolamine, pH 10.0 60.0 10.8 – – – 0.0008 

15 0.6 mM -Glc, 14.4 mM Ethanolamine, pH 10.0 37.0 8.6 – – – – < 0.0001 

16 0.12 mM -Glc, 14.9 mM Ethanolamine, pH 10.0 24.6 5.9 – – – – < 0.0001 

17 15 mM -Glc in PBS, pH 10.0 75.0 8.7 – – 0.0032 

18 3 mM-Glc, 12 mM Ethanolamine, pH 10.0 63.2 17.9 – 0.0132 

19 0.6 mM-Glc, 14.4 mM Ethanolamine, pH 10.0 40.2 10.6 – – – – < 0.0001 

20 0.12 mM-Glc, 14.9 mM Ethanolamine, pH 10.0 24.2 4.0 – – – – < 0.0001 

21 15 mM -Xyl in PBS, pH 10.0 96.2 15.8 ns 0.9793 

22 3 mM -Xyl, 12 mM Ethanolamine, pH 10.0 67.6 20.9 – 0.0372 

23 0.6 mM -Xyl, 14.4 mM Ethanolamine, pH 10.0 31.2 5.8 – – – – < 0.0001 

24 0.12 mM -Xyl, 14.9 mM Ethanolamine, pH 10.0 27.4 9.3 – – – – < 0.0001 

25 15 mM -Xyl in PBS, pH 10.0 75.3 16.0 ns 0.0772 

26 3 mM-Xyl, 12 mM Ethanolamine, pH 10.0 88.6 3.9 – 0.0218 

27 0.6 mM-Xyl, 14.4 mM Ethanolamine, pH 10.0 69.8 7.0 – – – 0.0002 

28 0.12 mM-Xyl, 14.9 mM Ethanolamine, pH 10.0 58.0 3.2 – – – – < 0.0001 

29 15 mM -Fuc in PBS, pH 10.0 41.0 18.4 – – 0.0020 

30 3 mM -Fuc, 12 mM Ethanolamine, pH 10.0 53.6 10.9 – – – 0.0004 

31 0.6 mM -Fuc, 14.4 mM Ethanolamine, pH 10.0 40.6 12.8 – – – 0.0003 

32 0.12 mM -Fuc, 14.9 mM Ethanolamine, pH 10.0 39.6 7.4 – – – – < 0.0001 

33 15 mM -Fuc in PBS, pH 10.0 37.0 11.9 – – – 0.0004 

34 3 mM-Fuc, 12 mM Ethanolamine, pH 10.0 57.8 9.0 – – – 0.0002 

35 0.6 mM-Fuc, 14.4 mM Ethanolamine, pH 10.0 63.4 13.0 – – 0.0034 
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36 0.12 mM-Fuc, 14.9 mM Ethanolamine, pH 10.0 69.0 14.0 – 0.0103 

37 15 mM -Man in PBS, pH 10.0 41.4 33.6 – 0.0215 

38 3 mM-Man, 12 mM Ethanolamine, pH 10.0 64.8 10.5 – – 0.0013 

39 0.6 mM-Man, 14.4 mM Ethanolamine, pH 10.0 44.2 11.0 – – – 0.0002 

40 0.12 mM-Man, 14.9 mM Ethanolamine, pH 10.0 52.8 14.6 – – 0.0018 

41 15 mM -(Man)3 in PBS, pH 10.0 14.6 18.6 – – – – 0.0004 

42 3 mM-(Man)3, 12 mM Ethanolamine, pH 10.0 53.4 14.3 – – 0.0017 

43 0.6 mM-(Man)3, 14.4 mM Ethanolamine, pH 10.0 50.0 14.6 – – 0.0014 

44 0.12 mM-(Man)3, 14.9 mM Ethanolamine, pH 10.0 57.4 22.6 – 0.0176 

45 15 mM -GalNAc in PBS, pH 10.0 36.3 35.8 – 0.0437 

46 3 mM -GalNAc, 12 mM Ethanolamine, pH 10.0 21.0 9.0 – – – – < 0.0001 

47 0.6 mM -GalNAc, 14.4 mM Ethanolamine, pH 10.0 31.3 21.8 – – 0.0084 

48 0.12 mM -GalNAc, 14.9 mM Ethanolamine, pH 10.0 43.0 5.4 – – – – < 0.0001 

49 15 mM -Gal in PBS, pH 10.0 24.6 17.7 – – – 0.0006 

50 3 mM -Gal, 12 mM Ethanolamine, pH 10.0 26.0 8.5 – – – – < 0.0001 

51 0.6 mM -Gal, 14.4 mM Ethanolamine, pH 10.0 30.6 8.0 – – – – < 0.0001 

52 0.12 mM -Gal, 14.9 mM Ethanolamine, pH 10.0 27.4 8.1 – – – – < 0.0001 

53 15 mM -Gal in PBS, pH 10.0 51.4 29.6 – 0.0274 

54 3 mM-Gal, 12 mM Ethanolamine, pH 10.0 27.2 11.3 – – – – < 0.0001 

55 0.6 mM-Gal, 14.4 mM Ethanolamine, pH 10.0 49.6 11.4 – – – 0.0003 

56 0.12 mM-Gal, 14.9 mM Ethanolamine, pH 10.0 41.8 15.3 – – – 0.0009 

57 15 mM -Lac in PBS, pH 10.0 26.8 27.2 – – 0.0042 

58 3 mM -Lac, 12 mM Ethanolamine, pH 10.0 38.6 11.3 – – – 0.0001 

59 0.6 mM -Lac, 14.4 mM Ethanolamine, pH 10.0 44.8 5.4 – – – – < 0.0001 

60 0.12 mM -Lac, 14.9 mM Ethanolamine, pH 10.0 46.8 16.5 – – 0.0019 

61 15 mM -Mal in PBS, pH 10.0 75.4 25.6 ns 0.1468 

62 3 mM -Mal, 12 mM Ethanolamine, pH 10.0 35.4 11.0 – – – – < 0.0001 

63 0.6 mM -Mal, 14.4 mM Ethanolamine, pH 10.0 42.0 24.0 – – 0.0066 

64 0.12 mM -Mal, 14.9 mM Ethanolamine, pH 10.0 29.6 12.5 – – – 0.0001 

RGD 100 µM cyclo(RGDfK(PEG-NH2)) 54.2 15.8  -  - 

PBS PBS Puffer pH 10.0 26.0 6.2  -  - 

HOEtNH2 15 mM Ethanolamine pH 10.0 15.8 9.4  -  - 

FN 100 µM Fibronectin in PBS, pH 8.5 38.6 21.0  -  - 

69 5 mM-Man, 5 mM -Gal, 5 mM -GlcNAc; pH 10.0 92.2 18.4 *** 0.0002 

70 5 mM-Man, 5 mM -Gal, 5 mM-Fuc 51.6 17.1 ** 0.0056 

71 5 mM -Gal, 5 mM -GlcNAc, 5 mM-Fuc 30.2 8.6 * 0.0356 

72 5 mM -Gal, 5 mM-Fuc, 5 mM -GalNAc 26.4 10.1 ns 0.1241 

73 5 mM -Gal, 5 mM-Man, 5 mM -GalNAc 53.8 12.1 *** 0.0007 

74 5 mM-Man, 5 mM -GlcNAc, 5 mM-Fuc 48.4 9.0 *** 0.0005 

75 5 mM-Man, 5 mM -GlcNAc, 5 mM -GalNAc 46.4 8.2 *** 0.0006 

76 5 mM -GalNAc, 5 mM -GlcNAc, 5 mM-Fuc 31.8 7.9 * 0.0199 

77 5 mM -GalNAc, 5 mM -GlcNAc, 5 mM -Gal 52.6 9.1 *** 0.0002 

78 5 mM -GalNAc, 5 mM-Fuc, 5 mM-Man 21.8 11.4 ns 0.3899 
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79 
2.5 mM-Man, 2. 5 mM -Gal, 2. 5 mM -GlcNAc, 7.5 mM 
(Man)3 

27.4 11.0 ns 0.1107 

80 2.5 mM-Man, 2.5 mM -Gal, 2.5 mM-Fuc, 7.5 mM (Man)3 19.2 6.6 ns 0.5286 

81 
2.5 mM -Gal, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM 
(Man)3 

50.6 23.1 ns 0.0244 

82 
2.5 mM -Gal, 2.5 mM-Fuc, 2.5 mM -GalNAc, 7.5 mM 
(Man)3 

31.2 2.7 * 0.0188 

83 
2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GalNAc, 7.5 mM 
(Man)3 

16.8 4.6 ns 0.8376 

84 
2.5 mM-Man, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM 
(Man)3 

24.4 17.3 ns 0.3651 

85 
2.5 mM-Man, 2.5 mM -GlcNAc, 2.5 mM -GalNAc, 7.5 mM 
(Man)3 

30.8 13.3 ns 0.0786 

86 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM 
(Man)3 

26.2 9.5 ns 0.1199 

87 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM -Gal, 7.5 mM 
(Man)3 

13.8 5.6 ns 0.6954 

88 
2.5 mM -GalNAc, 2.5 mM-Fuc, 2.5 mM-Man, 7.5 mM 
(Man)3 

18.6 12.7 ns 0.7028 

89 5 mM-Man, 5 mM -Gal, 2.5 mM -GlcNAc, 2.5 mM-Fuc 34.0 16.1 ns 0.0683 

90 5 mM -Gal, 2.5 mM-Man, 5 mM -GlcNAc, 2.5 mM-Fuc 41.0 9.9 ** 0.0033 

91 
5 mM -Gal, 2.5 mM -Man, 2.5 mM -GlcNAc, 2.5 mM -Gal-

NAc, 2.5 mM-Fuc 
17.2 3.7 ns 0.7679 

92 5 mM -Gal, 5 mM -Man, 5 mM -GlcNAc,  2.5 mM -GalNAc 42.0 10.1 ** 0.0029 

93 2.5 mM -Gal, 5 mM-Man, 5mM -GlcNAc, 2.5 mM-Fuc 59.2 17.6 ** 0.0027 

94 2.5 mM -Gal, 5mM-Man, 5mM -GlcNAc, 2.5 mM -GalNAc 26.4 9.3 ns 0.1109 

95 
2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GalNAc, 5mM -Glc-

NAc, 2.5 mM-Fuc 
21.0 4.9 ns 0.3132 

96 5 mM -Gal, 2.5 mM-Man, -GalNAc, 5 mM -GlcNAc 32.0 8.7 * 0.0224 

97 
2.5 mM -Gal, 5 mM-Man, 2.5 mM -GlcNAc, 2.5 mM -Gal-

NAc, 2.5 mM-Fuc 
31.2 10.2 * 0.0378 

98 5 mM -Gal, 2.5 mM-Man, 5 mM-Fuc, 2.5 mM -GlcNAc 34.8 11.9 * 0.0245 

99 5 mM -Gal, 2.5 mM-Man, 5 mM-Fuc,2.5 mM -GalNAc 38.6 9.8 ** 0.0056 

100 5 mM -Gal, 5 mM-Man, 2.5 mM-Fuc, 2.5 mM -GalNAc 42.6 9.4 ** 0.0019 

101 2.5 mM -Gal, 5 mM-Man, 5 mM-Fuc, 2.5 mM -GlcNAc 63.6 15.6 *** 0.0008 

102 
2.5 mM -Gal, 5 mM-Man,2.5 mM-Fuc, 2.5 mM -GlcNAc,  

2.5 mM -GalNAc 
32.4 13.1 ns 0.0537 

103 
2.5 mM -Gal,2.5 mM-Man, 5 mM-Fuc, 2.5 mM -GalNAc,  

2.5 mM -GlcNAc 
21.0 7.4 ns 0.3611 

104 
5 mM -Gal, 2.5 mM-Man, 2.5 mM-Fuc, 2.5 mM -GalNAc,  

2.5 mM -GlcNAc 
27.0 8.8 ns 0.0870 

105 2.5 mM -Gal, 5mM-Man, 5 mM-Fuc, 2.5 mM -GalNAc 70.4 18.1 *** 0.0010 

106 5 mM -Gal, 2.5 mM -GlcNAc, 5 mM-Fuc, 2.5 mM -GalNAc 47.8 12.6 ** 0.0023 

107 
5 mM -Gal, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 2.5 mM-Man,  

2.5 mM -GalNAc 
24.6 10.9 ns 0.2084 

108 2.5 mM -Gal, 5 mM -GlcNAc, 5 mM-Fuc, 2.5 mM-Man 47.8 12.9 ** 0.0026 

109 
2.5 mM -Gal, 5 mM -GlcNAc, 2.5 mM-Fuc, 2.5 mM-Man,  

2.5 mM -GalNAc 
77.0 15.4 **** < 0.0001 

110 2.5 mM -Gal, 5 mM -GlcNAc, 5 mM-Fuc, 2.5 mM -GalNAc 45.8 13.1 ** 0.0039 

111 5 mM -Gal, 5 mM -GlcNAc, 2.5 mM-Fuc, 2.5 mM -GalNAc 38.4 20.0 ns 0.0643 

112 
2.5 mM -Gal, 2.5 mM -GlcNAc, 5 mM-Fuc, 2.5 mM -Gal-

NAc, 2.5 mM-Man 
41.8 5.9 ** 0.0013 

113 5 mM -Gal, 5 mM -GalNAc, 2.5 mM-Fuc, 2.5 mM-Man 46.0 18.2 * 0.0165 
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114 
2.5 mM -Gal, 2.5 mM -GalNAc, 5 mM-Fuc, 2.5 mM-Man,  

2.5 mM -GlcNAc 
32.8 13.4 ns 0.0523 

115 
2.5 mM -Gal, 5 mM -GalNAc, 2.5 mM-Fuc, 2.5 mM-Man,  

2.5 mM -GlcNAc 
35.8 21.8 ns 0.1141 

116 2.5 mM -Gal, 5 mM -GalNAc, 5 mM-Fuc, 2.5 mM -GlcNAc 35.4 10.8 * 0.0156 

117 5 mM -Gal, 5 mM -GalNAc, 2.5 mM-Fuc, 2.5 mM -Gal 48.6 15.9 ** 0.0062 

118 2.5 mM -Gal, 5 mM -GalNAc, 5 mM-Fuc, 2.5 mM-Man 26.8 4.7 ns 0.0579 

119 
2.5 mM -Gal, 5 mM-Man, 2.5 mM -GalNAc, 2.5 mM -Glc-

NAc, 2.5 mM-Fuc 
11.8 5.3 ns 0.4363 

120 2.5 mM -Gal, 5 mM-Man, 5 mM -GalNAc, 2.5 mM -GlcNAc 22.4 5.7 ns 0.2224 

121 
2.5 mM -Gal, 2.5 mM-Man, 5 mM -GalNAc, 2.5 mM -Glc-

NAc, 2.5 mM-Fuc 
34.0 11.3 * 0.0252 

122 5 mM -Gal, 2.5 mM-Man, 5 mM -GalNAc, 2.5 mM -GlcNAc 20.6 7.2 ns 0.3925 

123 2.5 mM -Gal, 5 mM-Man, 5 mM -GalNAc, 2.5 mM-Fuc 23.4 12.3 ns 0.3053 

124 
5 mM-Man, 5 mM -GlcNAc, 2.5 mM-Fuc, 2.5 mM -Gal-
NAc 

23.6 9.0 ns 0.2172 

125 
2.5 mM-Man, 5 mM -GlcNAc, 5 mM-Fuc, 2.5 mM -Gal-
NAc 

35.8 7.3 ** 0.0061 

126 
2.5 mM-Man, 5 mM -GlcNAc, 2.5 mM-Fuc, 2.5 mM -Gal-

NAc, 2.5 mM -Gal 
11.6 5.4 ns 0.4158 

127 
5 mM-Man, 2.5 mM -GlcNAc, 5 mM-Fuc, 2.5 mM -Gal-
NAc 

53.8 15.9 ** 0.0030 

128 
2.5 mM-Man, 5 mM -GlcNAc, 5 mM -GalNAc, 2.5 mM-
Fuc 

55.8 18.7 ** 0.0055 

129 2.5 mM-Man, 5 mM -GlcNAc, 5 mM -GalNAc, 2.5 mM -Gal 77.6 22.9 ** 0.0021 

130 
5 mM-Man, 2.5 mM -GlcNAc, 5 mM -GalNAc, 2.5 mM-
Fuc 

64.0 11.2 **** < 0.0001 

131 5 mM -GalNAc, 5 mM -GlcNAc, 2.5 mM-Fuc, 2.5 mM -Gal 54.2 16.3 ** 0.0032 

132 
5 mM -GalNAc, 2.5 mM -GlcNAc, 5 mM-Fuc, 2.5 mM-
Man 

5.3 2.9 ns 0.0639 

133 7.5 mM-GlcNAc, 7.5 mM -Glc 60.8 16.4 ** 0.0058 

134 7. 5 mM-GlcNAc, 7. 5 mM-Glc 13.0 7.1 ns 0.6092 

135 7. 5 mM-GlcNAc, 7. 5 mM -Xyl 3.6 1.5 – 0.0426 

136 7. 5 mM-GlcNAc, 7. 5 mM-Xyl 7.0 1.9 ns 0.1032 

137 7. 5 mM-GlcNAc, 7. 5 mM -Fuc 21.3 6.9 ns 0.3499 

138 7. 5 mM-GlcNAc, 7. 5 mM -Mal 18.4 4.8 ns 0.6004 

139 7. 5 mM-GlcNAc, 7. 5 mM -Lac 3.0 1.9 – 0.0363 

140 7.5 mM -Glc, 7.5 mM-Glc 42.8 25.4 ns 0.0754 

141 7.5 mM -Glc, 7.5 mM -Xyl 19.4 8.2 ns 0.5357 

142 7.5 mM -Glc, 7.5 mM-Xyl 13.4 6.3 ns 0.6485 

143 7.5 mM -Glc, 7.5 mM -Fuc 53.6 20.3 * 0.0163 

144 7.5 mM -Glc, 7.5 mM -Mal 45.8 6.7 *** 0.0006 

145 7.5 mM -Glc, 7.5 mM -Lac 46.6 10.7 ** 0.0013 

146 7.5 mM-Glc, 7.5 mM -Xyl 19.4 12.1 ns 0.6146 

147 7.5 mM-Glc, 7.5 mM-Xyl 5.8 4.3 ns 0.0761 

148 7.5 mM-Glc, 7.5 mM -Fuc 5.2 4.1 ns 0.0637 

149 7.5 mM-Glc, 7.5 mM -Mal 84.8 9.1 **** < 0.0001 

150 7.5 mM-Glc, 7.5 mM -Lac 21.0 17.7 ns 0.5827 

151 7.5 mM -Xyl, 7.5 mM-Xyl 7.8 4.3 ns 0.1368 
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152 7.5 mM -Xyl, 7.5 mM -Fuc 16.8 7.9 ns 0.8600 

153 7.5 mM -Xyl, 7.5 mM -Mal 66.6 32.6 * 0.0226 

154 7.5 mM -Xyl, 7.5 mM -Lac 54.6 7.9 *** 0.0001 

155 7.5 mM-Xyl, 7.5 mM -Fuc 18.6 9.3 ns 0.6482 

156 7.5 mM-Xyl, 7.5 mM -Mal 46.6 8.1 *** 0.0006 

157 7.5 mM-Xyl, 7.5 mM -Lac 106.8 50.1 * 0.0341 

158 7.5 mM -Fuc, 7.5 mM -Mal 41.4 9.0 ** 0.0023 

159 7.5 mM -Fuc, 7.5 mM -Lac 7.8 4.1 ns 0.1353 

160 7.5 mM -Mal, 7.5 mM -Lac 19.4 4.7 ns 0.4723 

161 
2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM-
GlcNAc 

108.3 91.1 ns 0.2201 

162 2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM -Glc 37.4 11.4 * 0.0119 

163 2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM-Glc 39.4 19.9 ns 0.0558 

164 2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM-Gal 58.6 8.6 **** < 0.0001 

165 2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM-Xyl 87.5 12.0 * 0.0345 

166 2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM -Fuc 44.6 5.0 *** 0.0008 

167 2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM -Mal 74.0 3.4 **** < 0.0001 

168 2.5 mM -Gal, 2.5 mM-Man, 2.5 mM -GlcNAc, 7.5 mM -Lac 34.4 15.6 ns 0.0583 

169 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM -
Glc 

117.5 13.4 * 0.0286 

170 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM-
Glc 

68.4 18.2 ** 0.0012 

171 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM-
Gal 

66.2 8.6 **** < 0.0001 

172 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM-
Xyl 

123.2 28.3 *** 0.0005 

173 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM -
Fuc 

- - - - 

174 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM -
Mal 

57.2 53.4 ns 0.1588 

175 
2.5 mM -GalNAc, 2.5 mM -GlcNAc, 2.5 mM-Fuc, 7.5 mM -
Lac 

44.4 5.4 *** 0.0008 

176 PBS Puffer pH 8.5 96.4 35.5 - - 

RGD 100 µM cyclo(RGDfK(PEG-NH2)) pH 10.0 - - - - 

PBS PBS Puffer pH 10.0 - - - - 

HOEtNH2 15 mM Ethanolamine pH 10.0 - - - - 

FN 100 µM Fibronectin in PBS, pH 8.5 - - - - 
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8.3 NMR assignments for the reactions of sugars 

with O-ethyl-N-methylhydroxylamine[194] 

 
 
 
Table 8.2:  Characteristic resonances of product obtained by the reaction of glucose with O-

Ethyl-N-methylhydroxylamine 73. 
 

 

 

 

Table 8.3:  Characteristic NMR data of product obtained by the reaction of GlcNAc with O-ethyl-
N-methylhydroxylamine 73. 
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Table 8.4:  Characteristic NMR data of product obtained by the reaction of 2-deoxyglucose with 
O-ethyl-N-methylhydroxylamine 73. 

 

 

Table 8.5:  Characteristic NMR data of product obtained by the reaction of mannose with      
O-ethyl-N-methylhydroxylamine 73. 

 

 




