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1.1 Introduction 
Many biological processes are based on carbohydrate-protein interactions.1 

These interactions play a key role in the binding of bacteria, viruses or toxins 

to cell surfaces. Proteins that bind to carbohydrate moieties are commonly 

called lectins.2 A single interaction between a lectin and a carbohydrate is 

often too weak to be relevant, usually with a dissociation constant in the 

millimolar range, although each lectin shows high specificity for a particular 

carbohydrate. The origin of the weak binding can be found in the structure of 

the binding site present in a lectin. The binding pockets are typically shallow 

and solvent exposed. The interactions that take place are mostly hydrogen 

bonding interactions and hydrophobic interactions. In nature, the weak 

binding issue has been overcome by exploiting the formation of higher order 

protein structures. These higher valency structures enhance the binding to 

biological relevant levels.3 In other words high affinities are obtained by 

simultaneous binding of multiple sugars, as e.g. displayed on the surface of the 

cells, to multiple protein binding sites.  

In order to interfere with these protein-carbohydrate interactions extensive 

studies on the use of small molecule inhibitors have been performed. The use 

of such molecules helped to shed light on the myriad recognition events that 

occur during these biomolecular interactions. Inspired by the capability of 

nature to use multivalency to enhance the binding of a lectin to its specific 

carbohydrate motif, scientists have created thousands of multimeric 

carbohydrate structures as ligands for a wide range of carbohydrate binding 

proteins as indicated by the high number of reviews on this topic.4 In many 

cases an enhancement in the binding affinity from the monovalent structure to 

the multivalent one was observed. In 1995 Lee and co-workers named this 

phenomenon as the “cluster glycoside effect”.5 This effect was defined as an 

“affinity enhancement achieved by multivalent ligands over monovalent ones 

that is greater than would be expected from a simple effect of concentration”.6 

The design of a multivalent structure is based on a wide range of parameters. 

First of all the valency can vary from two to higher numbers. Another factor is 

the geometrical distribution of the ligands, it can be a linear, a circular or a 

multibranched structure. The results obtained are analyzed to rationalize a 

possible mechanism behind the recognition process. Even though good results 

have been obtained, predicting the effect of using a multivalent system still 

remains a challenge. This is due to the high complexity of the systems. There 
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are a number of factors that can modulate the binding, such as the valency of 

either the protein and the ligand, the position of the binding sites and the 

orientation of the ligands once they are bound to the protein, the nature and 

the length of the spacer that connects the ligands and the design of the scaffold 

used. On the other hand once the relationship between the mechanism and the 

potency of the binding is uncovered it would be possible to maximize the 

multivalency effect for each particular type of multivalent protein.  
 

In this overview the mechanisms and the major results obtained so far with 

multivalent systems are described. During the generic description a deeper 

insight into the nature and the influence of the linker or spacer is given. 

1.2 Mechanisms involved in multivalent binding 
The mechanisms involved in multivalent interactions are shown in Figure 1. 

All mechanisms can occur simultaneously or independently, even though 

there are cases where one mechanism is more favourable than another. The 

preferred mechanism depends on both the geometry of the ligands and the 

nature of the protein. For a monovalent ligand (Figure 1a), which forms weak 

interactions, a simple equilibrium between the free and the complexed state 

takes place. If a divalent ligand is taken into account one of the possible 

mechanisms is the so-called statistical rebinding mechanism (Figure 1b).4e,7 

The gain in the affinity is due to the proximity of the two ligands which 

increase the residence time, compared to the monovalent ligand, and 

consequently the binding affinity. This situation is usually more common 

when the protein is outfitted by only one binding site or when the binding 

sites are displayed far apart from each other. The statistical rebinding 

mechanism is also favoured when a linker, too short to bridge, is used to 

connect the ligands. The effect gained is usually moderate, around less than 

two orders of magnitude compared with the monovalent reference and it is 

called the minicluster effect.8,9 In these cases the number of ligands is low, 

around six ligands, but a higher effect can be achieved if the system used is 

outfitted with a greater number of ligands. In this frame Wolfenden and 

Cloninger7b found that using dendrimers as poly(amidoamine) (PAMAM) is 

possible to conjugate up to 172 ligands. Furthermore also polymeric 

structures can be used. Brewer and co-workers10 showed a much higher 

affinity of a mucin-type glycoprotein in which is essentially a polymeric chain 

containing up to a thousand ligands. In this case the protein can bind to the 
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ligand and slide over the polymer (Figure 1c), resembling the operative 

mechanism in the binding of proteins to DNA.  

 

 
Figure 1. a) monovalent binding; b) a divalent ligand and the statistical rebinding mechanism; 

c) a polymeric ligand and the statistical rebinding mechanism; d) a divalent ligand and the 

chelation mechanism; d) divalent ligands involved in cross-linking/aggregation. 

 

Another mechanism that can enhance the binding is chelation (Figure 1d). 

From a thermodynamic point of view the translational and rotational entropy 

is paid for during the binding of the first (sub)ligand. Enhanced overall 
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binding is observed due to reduced entropic barriers of the binding of the 

second (sub)ligand. The second binding event will, however, also leads to a 

fixation of the multivalent ligand and thus to a loss of conformational entropy. 

Therefore, if multivalent chelation type binding is possible, the loss of 

conformational entropy has to be overcome by the formation of the additional 

binding interactions. The largest multivalency effects are obtained via the 

chelating mode and in selected cases the enhancement can range from 103 to 

106 times.11 The nature and the length of the spacer, that connects the ligands, 

are of great importance.12 Therefore to obtain a chelate binding mode the 

length of the spacer has to span the distance between the binding sites. 

Chelation can usually compete with the formation of intermolecular binding 

between the multivalent system and multiple protein molecules. In this case a 

cross-linked net is formed (Figure 1e). Once the loss in conformational 

entropy cannot be paid by the formation of the additional binding, the 

occurrence of inter-molecular binding is more favourable than that of intra-

molecular binding and cross-linking may take place. The nature of the cross-

linked network depends on both the nature and the valency of the 

glycoconjugate and the lectins.13 

1.3 Multivalent systems 
In the last decade a large number of different glycoconjugate systems based on 

a large variety of scaffolds has been synthesized. The systems can be divided 

into two main groups. The difference lies in the number of ligands attached to 

the scaffold. One class is characterized by a discrete number of ligands, usually 

not higher than 20, even though some systems presented a higher, but still, 

controlled multivalency.7b,14 In the other class polymers or nanoparticles have 

been used as scaffold. In these cases a random distribution of ligands is 

displayed on the scaffold architecture. 

 

1.3.1 Multivalent systems with flexible core 
The main characteristic of a multivalent system composed by flexible linkers 

or scaffolds is the high adaptability to the geometry of the protein. Many 

examples in the literature report flexible dendrimeric structures (Figure 2), 

with some based on oligoethylene glycol spacers (Figure 2a),15 on ramified 

peptides (Figure 2b)16 or on other functionalized chains (Figure 2c).17 It is 

worth noticing that in order to obtain a strong multivalency effect it is not 
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always necessary to increase the valency of the system. The results obtained 

by, for example, Roy and co-workers16 using the peptide dendrimers (Figure 

2c) showed the same relative potency per sugar, of around 35, for the 

octavalent and the hexadecamer dendrimers.  

 

 
Figure 2. Examples of multivalent systems with flexible cores. 
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In our group striking multivalent results were obtained in the inhibition of 

cholera toxin (Figure 3).18  

 
Figure 3. Flexible dendrimeric systems and their inhibition results with Cholera toxin 

 

The cholera toxin belongs to the so-called AB5 toxins. The infamous disease 

cholera is caused by the A subunit after the toxin enters the cell after the five 

identical B subunits adhere to the cell surface in the intestinal tract.19 The 
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specific carbohydrate chain recognized by the B subunits is the GM1 

oligosaccharide (Figure 3).20 Numerous inhibitors have been synthesized and 

studied to block the B subunits. If the B subunits are blocked, in theory, also 

the attachment to the cell could be prevented. This would open the possibility 

for new therapeutic methodologies or new sensitive detection systems.21 

Studies conducted using the dendrimeric structures, shown in Figure 3, 

outfitted with the GM1 oligosaccharide, exhibited unprecedented potencies. 

The monovalent compound 1 had an IC50 of 7 M. Very good results were 

obtained when increasing the valency. The divalent compound 2 exhibited an 

IC50 of 2 nM and a relative potency of 9500 (4750 per sugar). A large jump in 

potency was observed for the tetravalent compound 3, IC50 0.23 nM, with a 

relative potency of 83000 (20750 per sugar). Outstanding result was achieved 

with the octavalent system 4 with an IC50 of 50 pM which meant a relative 

potency of 380000 (47500 per sugar). 

1.3.2 Multivalent systems with rigid core 
Alternatives to flexible systems i.e. rigid systems have also been investigated. 

In these cases the epitopes are connected via short linkers to a rigid core. 

Rigid architectures have received far less attention in the design of multivalent 

ligands. This is mainly due to challenges in creating systems that match the 

topology of the protein and are sufficiently soluble. Rigid structures have been 

synthetized where the epitopes are linked, for examples, to aromatic 

structures, such as aryl cluster (Figure 4a),22 fullerenes23 (Figure 4b) or 

porphyrine scaffolds (Figure 4c).24 Other structures that were more 

extensively investigated as rigid cores include the calix[n]arenes25 that can be 

present in specific conformations (Figure 5) that allow a different displays of 

the ligands. It is possible to have a full cone (Figure 5a) where all the ligands 

are localized on the same side or a partial cone and the so-called 1,3-alternate 

(Figure 5b), where the ligands are pointing in opposite directions. In this way 

it is possible to have the same chemical composition of the system yet have 

the ligands displayed in different geometries. Other rigid cores used are 

cyclodextrins (Figure 5c),26 which also allow a selective modification of the 

lower and upper rim, and cyclic peptide templates27 (Figure 5d). The 

structural features of the latter are due to the presence of two prolineglycine 

sections which induce a constrained conformation of the template i.e. an 

antiparallel -sheet. 
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Figure 4. Examples of multivalent systems with rigid aromatic core. a) aryl cluster; b) fullerene; 

c) porphyrine. 
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Figure 5. Examples of multivalent systems with rigid core. a) full cone calixarene; b) 1,3-

alternate calixarene; c) cyclodextrin; d) cyclic peptide. 

 

In our group rigid multivalent ligands were synthetized containing lactose-2-

aminothiazoline units (Figure 6).28 These compounds were tested with 

galectin-1, galectin-3 and galectin-5 and their affinities were evaluated. The 

dendrimers were outfitted with a lactose moiety. An outstanding result was 

obtained with the tetravalent rigid compound 4 which showed an IC50 of 70 

nM with a relative potency of 4286 i.e. 1071 per sugar unit compared to 

lactose 1. Another result that has to be underlined is the selectivity which 

arises using the rigid scaffolds. Although lactose already showed a higher 

affinity for galectin-3 and -5, both with an IC50 of 300 M, compared with 

galectin-1, with an IC50 of 4 mM, the rigid scaffold increased the selectivity for 

galectin-3. It is worth noting that the IC50s of compounds 3 and 4 for galectin-3 

were 200 nM and 70 nM, respectively, while the IC50s of the same compounds 

with galectin-5 were 15.1 M and 2.1 M, respectively. This difference can be 

explained by the different disposition of the binding sites present in galectin-1 

and -5. Therefore the use of a rigid template which is highly dependent on 

geometry can increase the discrimination and selectivity of one ligand for 

different proteins. 
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Figure 6. Rigid dendrimeric structures and inhibition results with galectin-1, -3 and -5. 

 

A similar result was obtained by Roy and co-workers29 where the trivalent 

ligand (Figure 7) showed a higher affinity for galectin-3 compared with 

galectin-1 and -7. Even this case underlined that the gain in selectivity arises 

from the rigidity of the system. 

 
Figure 7. A trivalent ligand which showed selectivity for galectin-3. 
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1.3.3 Polymers and nanoparticles 
As it was already mentioned, not only discrete systems have been used so far 

to study multivalency effects. Structures with a higher random number of 

epitopes have been developed. Among these, polymeric structures have been 

used. A remarkable result was obtained by Seeberger and co-workers30 using 

water soluble poly(p-phenylene-ethynylene) (PPE) grafted with mannoside 

moieties (Figure 8a). The fluorescent nature that distinguishes this conjugated 

polymer was exploited to create a fluorescent chemo sensor to detect different 

molecules, varying from analytes to explosive vapours.31 Seeberger showed 

that mannoside derivatized PPE caused aggregation of bacteria allowing their 

fast fluorescent detection in solution. 

Other structures have been developed with a different topological 

presentation of ligands such as nanoparticles (Figure 8b). In this case 

glycoconjugates are covalently attached to a metallic core and therefore they 

are displayed in a spherical manner.32 Penades and co-workers33 showed the 

successful use of gold nanoparticles in the inhibition of DC-SIGN which is 

involved in HIV infection. Other structures used so far include nanotubes 

(Figure 8c) which are characterized by unique electrochemical properties. 

Examples have been reported where nanotubes were outfitted with 

carbohydrate epitopes. The presence of the carbohydrate makes the system 

soluble in water,34 the presentation of the epitopes resemble those on the cell 

surface and these tubes can therefore be used as cell surface mimics.35 

Furthermore these systems showed potency in the capture of pathogens in 

solution such as Escherichia coli (E. coli)36 and anthrax spores.37 

Another interesting class of multivalent systems is based on the self-assembly 

behaviour of an oligoaromatic core in a polyvalent scaffold (Figure 8d).38 

Müller and Brunsveld39 used this structure for the detection of bacteria. The 

design of such planar molecules allowed the aggregation in water through 

intermolecular - interactions and hydrophobic contacts. The system 

induced aggregation of bacteria even though the multivalency effect was only 

moderate. 

1.4 Spacer or linker length and its effect on the binding 
The spacer length is a parameter of crucial importance, especially when the 

chelation mechanism is operative.  
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Figure 8. Examples of multivalent systems with a random and higher ligand presentation. a) 

polymeric structure; b) nanoparticles; c) nanotubes; d) polymeric assembled structure. 
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An appropriate selection of linker arm lengths able to span the distance 

between the binding sites of the protein has to be evaluated.In theory the use 

of a rigid spacer should create stronger binding since it should decrease the 

loss of conformational entropy which occurs during the multivalent binding. 

However the creation of rigid structures is difficult to realize. The low mobility 

of rigid systems requires a design that strongly matches the geometry of the 

protein. Obviously that is a requirement that is difficult to achieve, not only 

because the structure of the protein in solution has to be known but also 

because the difficulty to find chemical groups that yield a spacer of the desired 

geometry and length. Furthermore rigid systems often show low solubility 

which is another reason that only few have been previously investigated and 

applied. 

Another important factor to keep in mind during the design of a multivalent 

system with flexible spacers is the length of the spacer itself. Since the 

flexibility allows rotation, the final length of the spacer, that has to be taken 

into account, is not the extended conformation. Hol and co-workers,40 

designed four different pentavalent inhibitors (Figure 9) for the inhibition of 

the heat-labile enterotoxin (LT) from Escherichia coli.41 LT is a close relative of 

cholera toxin and is a member of the AB5 family of bacterial toxins. For this 

reason pentacyclen moiety (Figure 9a) was used as a pentavalent core 

structure which allowed a complementary spatial conformation of the 

multivalent system for LT. The pentavalent core was outfitted with different 

length spacers (Figure 9b) and their inhibitory potencies with LT were tested. 

The results showed clearly that the inhibitory potency is highly dependent on 

the length of the spacer. When n is four the IC50 dropped from 5 mM (n=1) to 

0.56 M. Interestingly the calculation of the effective distance between 

nonadjacent ligands, based on a model described by Knoll and Hermans,42 for 

n=4 is around 46 Å while the distance between non-adjacent binding sites is 

45 Å. The extended dimensions of the ligands are much larger than the 

effective ones, around 180 Å, more than three times as long. Another clear 

example about the correlation between distance and inhibition, again from 

Hol and co-workers,43 used the same core structure but with a slightly 

different linker (Figure 9c). This time also systems with larger effective 

distances than the binding distance were taken into account (n=6 and 8). The 

results obtained showed that even now the best result was obtained for n=4 

with an effective distance of around 43 Å. 
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Figure 9. Examples of the effect of the spacer length on the inhibition of LT. a) schematic 

representation of a pentavalent ligands; b) flexible chains used, inhibition results and effective 

distance; c) flexible chains used and best result. 

 

For n=6 and 8 the distances were around 51 Å and 57 Å respectively and the 

IC50s were about 5 and 7 M, respectively. These two examples clearly showed 

the dependence of the inhibitory potency on the length of the spacer and 
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underlined the important role of the linker during the design of a multivalent 

system. 

1.5 Pseudomonas aeruginosa lectin LecA 
The opportunistic pathogen Pseudomonas aeruginosa is the causative agent of 

lung infections and an important morbidity and mortality factor for immuno-

compromised and cystic fibrosis patients.44 The major danger of the bacterium 

is its creation of a biofilm which does not allow antibiotics to reach their 

original target. The bacterium contains several carbohydrate binding proteins 

and some of them are involved in the biofilm formation. Among them, the 

soluble lectins LecA (PA-IL) and LecB (PA-IIL) are known to be responsible for 

the creation of the biofilm. LecA is a galactose binding lectin and LecB is a 

fucose binding lectin. It has been observed that treatment with high 

concentration of fucose and galactose derivatives significantly decreased the 

amounts of P. aeruginosa in the airways of cystic fibrosis patients.45 The 

discovery of LecA and LecB inhibition with galactose and fucose, respectively, 

initiated a large number of studies to find higher affinity ligands able to 

compete even more efficiently in the inhibition.46 Promising results were 

obtained by Reymond and co-workers. They prepared a 15,625 member 

library of C-fucosyl peptide based dendrimers and screened them with LecB.47 

The tetravalent system, shown in Figure 10a was an 11-fold more potent 

inhibitor per sugar in comparison with the monovalent control but an 

outstanding result was obtained with the octavalent dendrimer with a relative 

potency of 55-fold. Peptide dendrimers, outfitted with galactose (Figure 10b), 

were also successfully used, by Reymond and co-workers, for the inhibition of 

lectin LecA.48 The galactose peptide dendrimers also led , for the first time, to 

the inhibition of the biofilm formation. LecA is a tetrameric protein and the 

shortest distance between two binding sites is 26 Å, measured between the 

anomeric oxygen of bound galactosides in the X-ray structure.49 Vidal and co-

workers reported a large number of multivalent compounds used for the 

inhibition of LecA. Some of the structures used were based on a fullerene (C60, 

Figure 11a),50 calixarenes (Figure 11b)51 and others.52 Due to the dimension 

and rigidity, some of the multivalent structures were not soluble in water. For 

each class of compounds the main inhibition jumps were obtained with the 

structures reported in Figure 11. For the fullerene derivatives50 (Figure 11a) 

the relative potency, compared with its monovalent control, was 12820 (1060 
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per sugar) measured with a Hemagglutination Inhibition Assay (HIA) and 

5500 (458 per sugar) measured with Enzyme Linked Lectin Assays (ELLA). 

 

 
 
Figure 10. Peptides based tetrameric structures able to inhibit the formation of the biofilm: a) 

C-fucosyl tetravalent structure for LecB and b) galactose tetravalent structure for LecA. 

 

For the calixarene structure51 (Figure 11b) the affinity with LecA was 

measured using Isothermal Titration Calorimetry (ITC) showing a Kd value of 

176 nM and a relative potency of 852 (213 per sugar). Further studies on the 

binding mode of the calixarene derivative showed that the two ligands 

displayed on one surface were able to chelate the two adjacent binding sites 

intramolecularly. The two ligands present in the opposite surface were, 

instead, chelating two adjacent binding sites of another LecA molecule, 

forming a network of monodimensional filaments.53 ITC measurements were 

also used to determine the Kd value for the flexible dendrimeric structures 

synthesized by Roy and co-workers (Figure 11c).54 The structure shown in 

Figure 11c had a Kd of 230 nM with a relative potency of 409 (45 per sugar). 

The higher affinity of the calixarene derivative for LecA than the flexible 

dendrimer derivatives underlined the utility of a rigid structure. The geometry 

adopted by the ligands, which is induced by the calixarene rigidity, was more 

favorable for the binding. The more rigid structure of the calixarene seemed to 

display the ligands in a conformation which matched the protein binding sites. 

Peréz and co-workers used gold nanoparticles (Figure 11d) outfitted with 

different percentages of galactose moieties.55  
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Figure 11. Multivalent structures used for the inhibition and affinity studies with LecA: a) 

fullerene; b) calixarene; c)flexible dendrimer; d) nanoparticles. 

 

ITC measurements showed that the best compound had a Kd value of 50 nM 

and it was 2824 times more potent than the monovalent control. However, the 
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gain in potency per galactoseide was only 42-fold, much lower than the value, 

of 213 for the calixarene derivative. Even though the affinity of the gold 

nanoparticle derivative is about three times higher than the calixarene one, 

the topological disposition of the galactoside induced by the rigid structure of 

the calixarene is more effective than the one of the nanoparticles. 

Outline of the thesis 
In this chapter a brief description of multivalency has been given with a 

particular focus on the role of the linker. It has been shown that, especially in 

the case of a chelating binding mode, it is necessary to find the optimal linker. 

The results obtained led to the conclusion that, despite the difficulties 

encountered during the design of a rigid linker, a fixed geometry could bring 

an enhancement in the affinity and a higher selectivity. The lectin LecA from 

Pseudomonas aeruginosa is an extremely interesting target, not only because 

of its biological relevance but also for its suitability to study the chelating 

multivalency effect. Furthermore, the affinity for LecA showed to be 

dependent on the geometry of the multivalent system and it seemed to be an 

optimal target to investigate the role of a rigid linker.  

This thesis covers the design and the synthesis of new rigid spacers used to 

form divalent systems. The spacer designs were based on a triazole-glucose 

repeating unit or on phenylene-ethynylene repeating unit. The inhibitors 

obtained were tested with LecA to evaluate a correlation between rigidity and 

affinity. 

The first spacer taken into account was based on a triazole-glucose repeating 

unit and in Chapter 2 the attempts to synthesize a suitable building block were 

described. The ideal building block required reproducible and high-yielding 

reactions. 

The successfully synthesized building block was used in Chapter 3 to 

synthesize rigid spacers. The strategy was based on the reiteration of three 

reactions: copper alkyne-azide cycloaddition (CuAAC) and introduction of the 

azide moiety via a triflate. The spacers synthesized were characterized by a 

different number of units, ranging from 2 to 4. The galactoside ligands coupled 

to the spacers exhibited different degrees of freedom. Furthermore, a PEG-

based divalent system was synthesized as a flexible reference to compare with 

the rigid systems. The divalent inhibitors obtained were evaluated with lectin 

LecA. 
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In Chapter 4 a different spacer design is described. The repeating unit was 

based, this time, on a phenylene-ethynylene moiety. The syntheses of the 

building blocks is described. The strategy consisted of alternating Sonogashira 

reactions and silyl-protecting group removal. The spacers obtained contained 

two to five phenylene-ethynylene unit. The three-unit spacer was coupled to a 

galactoside ligand and its potency as a LecA inhibitor was determined. 

In the last chapter, Chapter 5, a new and faster strategy to build rigid spacers 

based on the triazole-glucose unit is described. To increase the solubility of 

the protected spacer a new building block containing a silyl group was 

synthesized. The three different length spacers, from two to four units, were 

coupled with galactose ligands with different aglycon chains. Their inhibitiory 

potencies were tested with LecA and, for some compounds, also the Kd values 

were determined by ITC in selected cases. 
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2.1 Introduction 
A multivalency effect of a multivalent carbohydrate in the binding or 

inhibition of a carbohydrate binding protein with multiple binding sites can be 

strong, as has been shown for numerous systems.1 In the design of high-

affinity ligands, making the systems multivalent may lead to greatly increased 

binding potencies. Whether this happens or not greatly depends on the type of 

protein target. To what degree the affinity of a multivalent ligand increases 

depends on the characteristics of the compound. A very important 

characteristic is the nature and the length of the spacers that connect the 

ligands. For proteins with closely spaced binding sites the affinity is often very 

sensitive to the length of the spacer.2 For systems with longer distances 

between binding sites it is clear that flexible spacers can function quite well if 

their length, in an extended conformation, is much greater than the distance 

they are expected to bridge.3 In order to properly design a divalent ligand it is 

important not to take the spacer length in its extended conformation into 

account but use its effective length which takes the inevitable folds and turns 

into account. By using this as a design criterion it is possible to obtain large 

multivalency effects. In principle a larger multivalency effect could be 

achieved using a rigid spacer that connects the ligands. A divalent system with 

a rigid and much shorter spacer may be optimally designed to bind the 

protein. There are three different cases possible which are shown in Figure 1: 

the first one (Figure 1a) where the spacer is flexible, the second one where the 

spacer is rigid (Figure 1b) and the last case where the main core of the spacer 

is rigid but the ends are short and flexible (Figure 1c).  

Figure 1. a) Flexible spacer used to connect the ligands, the spacer is heavily folded to bridge 

the distance between the binding sites; b) rigid spacer with no flexibility; c) rigid spacer with 

flexible short tails, the short tails fold to allow the ligands to bind in the binding sites of the 

protein. 
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In the last case the short flexible tails allows some adjustment of the ligands in 

the binding sites, while there is no flexibility in the rigid spacer shown in 

Figure 1b. In this case the design of the divalent ligands has to perfectly match 

the topology of the protein. 

In the design of rigid spacers an important issue needs to be taken into 

account. Solubility of rigid systems can be limited. For this reason hydrophilic 

carbohydrates were chosen, as a first choice, as building blocks to make up the 

spacer and to increase water solubility. The carbohydrate hydroxyl groups can 

also be functionalized to tune the solubility properties in any desired 

direction. 

In this chapter the attempts to obtain a suitable building block to be used in 

the synthesis of the spacer are described.  

2.2 Approach 
The spacer design is based on pyranose sugars linked via 1,4-disubstituted 

1,2,3-triazole rings as shown in Figure 2. The direct connection of the two 

rings together brings more rigidity to the system. A natural glycosidic linkage 

would give too much rotational freedom to the spacer. Furthermore the 

connecting bonds from the sugar to the triazole need to be equatorial.  

 

Figure 2. Schematic representation of the spacer. 

The resulting chain allows rotation of its constituents but this hardly changes 

the overall linearity of the spacer. The synthetic strategy consists of a first 

copper catalyzed azide alkyne cycloaddiction (CuAAC, ‘click’) between a 

starting point molecule bearing an azide moiety A and the alkyne moiety 

present in the building blocks B (Scheme 1).  

 

Scheme 1. Schematic strategy to build up the spacer 
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Due to a likely polymerization problem the building block B cannot be 

outfitted directly with an azide moiety. The R group is, therefore, a precursor 

of an equatorial azide. Once the first CuAAC reaction is performed, giving C, R 

can subsequently be transformed to the desired functionality to obtain D 

which is ready for another “click” reaction with B.  

The possible building blocks that have been considered in the course of the 

present investigation are shown in Figure 3. 

 

Figure 3. Two different building blocks that can be used to build up the spacer. 

Building block E is a glucosamine derivative. The protected amino moiety can 

be deprotected and converted to an azide group via a diazo transfer 

reaction(Figure 4a). Building block F is a galactose derivative. In this case the 

hydroxyl group can be converted to the desired equatorial azide moiety via a 

triflate. Sodium azide can be added via an SN2 mechanism and the desired 

equatorial azide can be obtained (Figure 4b). 

 

Figure 4. Two step strategies to transform the equatorial azide precursor into an azide group a) 

for the protected amine present in E; b) for the free axial hydroxyl group present in F. 

2.2.1 Building block E 
The strategy followed to obtain the building block E is shown in Scheme 1. The 

strategy begins with the commercially available D-glucosamine hydrochloric 

acid salt 1.2. The first step consists of the neutralization of the hydrochloric 

acid salt with KOH. Once the amine moiety was free the 2,2,2-

Trichlorethoxycarbonyl (Troc) group was introduced to obtain compound 2.2. 

The next step was the selective protection of the primary hydroxylic position 
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with tert-butyldimethylsilyl chloride (TBDMSCl). The free anomeric position 

present in compound 2.2 can also react with TBDMSCl to give a mixture of 

compounds. To avoid this, the anomeric position was first protected with a 

methyl group using a Dowex H+ resin and MeOH. The subsequent reaction 

with TBDMSCl in pyridine, followed by the acetylation of the remaining 

hydroxyl groups, gave compound 3.2 in good yield. 

 

Scheme 1. Synthesis of building block 5.2. a) i-KOH, H2O; ii- TrocCl, r.t., overnight; b) i-MeOH, 

Dowex H+, reflux; ii-TBDMSCl, Py, 0°C; iii- Ac2O, Py, r.t., 74% after five steps; c) i- BF3·Et2O, 

CH2Cl2, r.t., 96%; ii-Dess-Martin periodinane, CH2Cl2, 70-95%; d) i-Bestmann-Ohira reagent, 

K2CO3, MeOH; ii- Zn powder. 

The TBDMS group was selectively removed using BF3·Et2O in high yield. The 

free hydroxyl group obtained was oxidized using the Dess-Martin 

periodinane.4 The formation of the aldehyde group was confirmed by 1H NMR 

spectrum which exhibits the characteristic peak of the aldehyde proton at 9.2 

ppm. The next step is the direct formation of the alkyne moiety from the 

aldehyde group with a diazo phosphonate. This reaction, known as the 

Seiferth-Gilbert homologation,5 is now performed using the Bestmann-Ohira 

reagent, 1-diazo-2-oxopropylphosphonate6 G as shown in Scheme 2. 

Unfortunately the reaction between compound 4.2 and Bestmann-Ohira 

reagent, following the standard procedure, did not give the desired product 

5.2. Attempts to prepare compound 5.2 changing the experimental conditions 

(i.e. temperature, molar ratio of reagents, solvent) were unsuccessful.  
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Scheme 2. Homologation of aldehyde to terminal alkyne with the Bestmann-Ohira reagent G.  

Considering the promising results obtained in the studies performed in 

parallel to prepare the building block F, the synthesis of the building block E 

was not further pursued. 

 

2.2.2 Building block F 
The formation of an alkyne moiety at the anomeric position with a  

configuration in a galactose derivative, as in F, is well described in the 

literature.7 To obtain compound 12.2 a strategy shown by Vasella and co-

workers was followed.7a Starting from galactose 6.2 (Scheme 4) the allylic 

group was introduced by reaction with allylic alcohol under acid conditions, 

using a Dowex H+ resin.  

 

Scheme 4. Synthesis of building block 12.2. a) i-allylic alcohol, Dowex H+, overnight; ii-NaH, 

BnBr, overnight, 90% over two steps. b) KOtBu, DMSO c) I2, THF/H2O, 69%; d) Dess-Martin 

periodinane, CH2Cl2, 98%; e) i-BuLi, TMS-acetylene, THF, -78°C, 1h; ii-BF3·Et2O, Et3SiH, 

CH2Cl2/acetonitrile (1:1), -20°C, 40’, 78%; f) TMS-triflate, Ac2O, 48h, 19%. 
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Subsequently the free hydroxyl groups were activated using sodium hydride 

and benzylated with benzyl bromide to give compound 7.2.To remove the 

allylic group from the anomeric position the double bond was isomerized with 

KOtBu to give compound 8.2 and the subsequent hydrolysis with I2 in THF 

allowed the formation of the free anomeric hydroxyl group present in 

compound 9.2. The alkyne group was introduced via nucleophilic attack on 

the galactone 10.2, previously formed using the Dess-Martin periodinane 

which oxidized the free hydroxyl group. The nucleophile used was the 

deprotonated TMS-acetylene formed after reaction at -78°C with BuLi. Once 

the triple bond was introduced the reaction with BF3·Et2O/triethylsilane 

(Et3SiH) allowed the dehydroxylation step that led to compound 11.2 in a  

configuration.8 Vasella’s method to replace the benzyl groups with acetyl 

groups is based on the use of TMS-triflate in acetic anhydride. In our hands the 

reaction was extremely slow and gave only poor yields (around 20%). Since 

the desired compound 12.2 is acetylated we wanted to investigate the same 

pathway starting from a peracetylated compound 13.2 (Scheme 5). The 

anomeric acetyl group was selectively removed using a mixture (1:1) of 

ethylendiamine/acetic acid in THF to give 14.2. The free hydroxyl group was 

oxidized using Dess-Martin periodinane. The galactone 15.2 formed reacted 

with TMS-acetylene, previously deprotonated with BuLi. When the reaction, 

monitored by TLC, did not show the presence of starting material it was 

quenched and the product was used for the next dehydroxylation step. The 

desired product 12.2 was obtained even though the yield was poor (max 

12%). 

 

Scheme 5. Synthesis of building block 12.2. a) H2NCH2CH2NH2/AcOH (1:1), THF. b) Dess-Martin 

periodinane, CH2Cl2, 70-95%; e) i-BuLi, TMS-acetylene, THF, -78°C, 1h; ii-BF3·Et2O, Et3SiH, 

CH2Cl2/acetonitrile (1:1), 0°C, 40’, 12%. 
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The need to find a fast and high yielding reaction for the removal of the benzyl 

groups led us to explore alternative conditions. Another reagent used to 

remove benzyl group is BCl3·SMe2 in CH2Cl2.9 This reagent was mainly used for 

simple functionalized molecules and its activity on sugars, to the best of our 

knowledge, had never been investigated before. The first attempts to remove 

the benzyl groups at room temperature were not satisfying. The reaction time 

was too long and mixtures of benzylated compounds were obtained. We tried 

to perform the reaction under microwave irradiation and the obtained results 

were satisfying. In this way it was possible to remove all the benzyl groups in 

20 min at 80°C (Scheme 6). After neutralization of BCl3·SMe2 with NaHCO3 the 

crude compound was acetylated with acetic anhydride to facilitate the 

purification.  

 

Scheme 6. a) i-BCl3·SMe2, CH2Cl2, MW, 80°C, 20’; ii-Ac2O, Py, overnight, 70% over two steps; b) 

NaOMe, MeOH, 98%; c) BzCl, Py, -40°C, 30%; d) i-NaOMe, MeOH; ii-Ac2O, Py, recycling step. 

The reaction with BCl3·SMe2 under microwave irradiation led also to the loss 

of the TMS-group to give compound 16.2 in 70% yield. The acetyl groups were 

removed using NaOMe in MeOH to obtain compound 17.2. Building block F is 

characterized by the presence of the free hydroxyl group in the axial position 

at C(4). In order to achieve the desired product 18.2 a selective benzoylation 

reaction at -40°C was explored.10 This reaction was fast (30 min), the only 

drawback was the formation of a mixture of different benzoylated compounds. 

The TLC of the reaction mixture showed four different spots. The highest one 

belonged to the fully benzoylated compound, the second one to the desired 

compound 18.2 and the other two belonged to compounds with a lower 

degree of benzoylation. After purification compound 18.2 was obtained with a 

yield of 30%. The low yield was overcome by recycling the mixture of 

benzoylated compounds. The benzoyl groups of the other products were 
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removed using NaOMe in MeOH and subsequently acetylated to give 

compound 16.2 which was reused to obtain more compound 15.2. The yield, 

increasing up to 76%, based on this recycling method. 

2.3 Conclusions 
A reliable pathway for the synthesis of a suitable building block to build up a 

rigid spacer was found. Different strategies were investigated. The first 

attempt to obtain a building block based on the generic structure E was not 

successful. Compound 4.2 obtained after six steps did not give the desired 

Bestmann homologation to introduce the alkyne moiety. The reason could be 

the presence in the molecule of multiple reactive sites. This strategy presents 

also other drawbacks which have to be taken into account. The removal of the 

amine protecting group would also cause a migration of the acetyl group to 

form the more stable amide. Due to more promising results reported in the 

literature7 we decided to focus on the strategy to synthesize a building block 

based on F. The biggest problem encountered during that route was the long 

time and low yield of the benzyl group removal reaction. This issue was 

overcome by using BCl3·SMe2 under microwave irradiation which yielded the 

desired product after a short reaction time (20 min.). Furthermore the use of 

the selective benzoylation at -40°C afforded the desired compound 18.2. An 

important step in this strategy was the recycling procedure which increased 

the yield from 30% up to 76%. We successfully managed to find a 

reproducible and high yielding synthetic route to our building block 18.2. 

2.4 Experimental part 
General: Unless stated otherwise, chemicals were obtained from commercial sources 

and were used without further purification. 12.27 and 14.211 were prepared as 

reported in the literature. Solvents were purchased from Biosolve (Valkenswaard, The 

Netherlands). All moisture-sensitive reactions were performed under a nitrogen 

atmosphere. Anhydrous THF was dried over Na/benzophenone and freshly distilled 

prior to use. All the other solvents were dried over molecular sieves 4 Å or 3 Å. TLC 

was performed on Merck precoated Silica 60 plates. Spots were visualized by UV light 

and 10% H2SO4 in MeOH. Microwave reactions were carried out in a Biotage Initiator 

microwave (Uppsala, Sweden). The microwave power was limited by temperature 

control once the desired temperature was reached. Sealed vessels of 2-5 mL and 10-

20 mL were used. Analytical HPLC runs were performed on a Shimadzu automated 

HPLC system with a reversed-phase column (Alltech, C8, 90 M, 5 mm, 250 L, 4.6 mm, 
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Deerfield, IL, USA) that was equipped with an evaporative light-scattering detector 

(PLELS 1000, Polymer Laboratories, Amherst, MA, USA) and a UV/Vis detector 

operating at 220 nm and 250 nm. Preparative HPLC runs were performed on an 

Applied Biosystems workstation. Elution was effected by using a linear gradient of 5% 

MeCN/0.1% TFA in H2O to 5% H2O/0.1% TFA in MeCN. 1H NMR (300 MHz) and 13C 

(75.5 MHz) were performed on a Varian G-300 spectrometer. NMR data of compounds 

7.2, 8.2, 9.2, 10.2, 11.2 and 12.2 were in agreement with a literature report.7 HSQC 

and HMBC NMR (500 MHz) were performed with a VARIAN INOVA-500. Electrospray 

Mass experiments were performed in a Shimadzu LCMS QP-8000. 

3.2. Trichloroethoxycarbonyl chloride (1.1 mL, 7.9 mmol) was added under ice-

cooling to a solution of D-(+)-glucosamine hydrochloride (1.0 g, 4.7 mmol) and 

NaHCO3 (1.1 g, 13.1 mmol) in H2O (25 ml). The mixture was stirred overnight. 

Progression of the reaction was checked by TLC-analysis (Rf = 0.90, 

EtOAc/AcOH/MeOH/H2O 4:3:3:2). Crude 2-deoxy-2-(2’,2’,2’-

trichloroethoxycarbonylamino)-D-glucopyranoside (white solid) was collected (2×) 

by filtration, washed with ice-cold H2O and dried, after which it was methylated by 

refluxing overnight using DowexH+ resin (1g) in MeOH (15 mL). The mixture was 

neutralized with Et3N and the resin was removed by filtration. The MeOH was 

removed under vacuum and the solid was dissolved in pyridine (15 mL). The solution 

was cooled at 0°C and tert-butyldimethylsilyl chloride (TBDMSCl, 1.0 g, 6.7 mmol) in 3 

mL pyridine was added dropwise. The solution was kept at 0°C for one hour and 

subsequently four hours at rt. Afterwards acetic anhydride (1 mL) was added and the 

solution was kept at r.t. overnight. The pyridine was removed under vacuum. The 

residue was dissolved in CH2Cl2 (30 mL) and washed with 1M KHSO4, H2O and brine. 

The organic layer was dried over sodium sulfate. The desired compound 3.2 (2.0 g, 3.5 

mmol, 74%) was obtained after column chromatography. α/β-mixture (1:2). 1H NMR 

(300 MHz, CDCl3): δ, ppm 5.54 (d, J1,2 = 3.8 Hz, 1 H, 1-Hα), 5.03 (d, J1,2 = 8.8 Hz, 1 H, 1-

Hβ); 13C NMR (75.5 MHz, CDCl3): δ ppm, 170.4, 170.2, 154.0 (3 × C=O), 95.4 (CCl3), 94.3 

(C-1), 74.3 (CH2CCl3), 74.3, 70.9, 66.8 (C-3, C-4, C-5), 61.8 (C-6), 55.5 (C-Me), 51.1 (C-

2), 30.6 ((CH3)3C), 25.9 ((CH3)3C), 20,6 (2×C(O)CH3), -2.3 (2×(CH3)2Si); MS (ESI) m/z 

calcd for C20H35O9Cl3NSi (M+H)+ 566.11, found 566.89. 

4.2 A solution of 3.2 (0.5 g, 0.9 mmol), in CH2Cl2 (25 mL) was treated with BF3·Et2O 

(0.6 mL, 4.5 mmol) and the mixture was stirred for 2 h at r.t. The reaction was 

quenched with a saturated solution of NaHCO3 (40 mL). The organic layer was 

separated, washed twice with water (40 mL) and once with brine (40 mL) and dried 

over Na2SO4. The solvent was removed under vacuum and the residue was purified by 

column chromatography. 13C NMR (75.5 MHz, CDCl3): δ = 20,6 (2×C(O)CH3), 51.1 (C-

2), 55.5 (C-Me), 61.8 (C-6), 66.8, 70.9, 74.3 (C-3, C-4, C-5), 74.3 (CH2CCl3), 94.3 (C-1), 

95.4 (CCl3), 154.0, 170.2, 170.4 (3 × C=O); MS (ESI) m/z calcd for C14H21O9Cl3N (M+H)+ 

452.03, found 452.95. The compound obtained (0.4 g, 0.86 mmol) was dissolved in 
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dried CH2Cl2 (10 mL) and the Dess-Martin periodinane (0.39 g, 0.92 mmol) was added 

to the mixture. After 2 hours Et2O (15 mL) was added to precipitate the Dess-Martin 

reagent which was removed by filtration. Removal of the solvent under vacuum 

afforded the pure aldehyde compound 4.2 (0.27-0.37 g, 0.6-0.8 mmol). 13C NMR (75.5 

MHz, CDCl3): δ ppm 200.8, 170.4, 170.21, 154.0 (4 × C=O), 95.4 (CCl3), 94.3 (C-1), 74.3 

(CH2CCl3), 74.3, 70.9, 66.8 (C-3, C-4, C-5), 61.8 (C-6), 55.5 (C-Me), 51.1 (C-2), 20,6 (2 × 

C(O)CH3); MS (ESI) m/z calcd for C14H19O9Cl3N (M+H)+ 450.01, found 450.76. 

15.2. The Dess-Martin periodinane (1.3 g, 3.0 mmol) was added to a solution of 

compound 14.2 (1 g, 2.8 mmol) in CH2Cl2 (10 mL). The mixture was stirred at r.t. for 

two hours. When the TLC analysis showed no more presence of the starting material 

Et2O (20 mL) was added. The precipitate was removed by filtration. After removal of 

the solvent under vacuum compound 15.2 was obtained (0.7-0.9 g, 1.9-2.6 mmol, 70-

95%)1H NMR (300 MHz, CDCl3): δ, ppm 5.55, 5.46, 5.44, 4.95, 4.45, 4.20, 1.99-2.21 (4s, 

4H, COCH3); 13C NMR (75.5 MHz, CDCl3): δ 170.8, 170.6, 170.4, 170.2, 164.3 (5 × C=O), 

75.6, 70.2, 70.0, 67.2, 61.3, 170.2, 170.4, 200.8 20,6 (4 × C(O)CH3); MS (ESI) m/z calcd 

for C14H19O10 (M+H)+ 347.09, found 347.67. 

3,7-Anhydro-4,5,6,8-tetra-O-acetyl-1,1,2,2-tetradehydro-1,2-D-glycero-L-

mannooctitol, 16.2. A BCl3·SMe2 solution (2M, 6.44 mL, 12.88 mmol) in CH2Cl2 was 

added to a solution of 11.2 (1 g, 1.61 mmol) in CH2Cl2 (12 mL). The mixture was 

heated under microwave irradiation at 80°C for 20 min. The resulting black solution 

was neutralized with a saturated NaHCO3 solution (80 mL). The liquid was 

evaporated, methanol was added and the suspension was filtered. The solvent was 

evaporated under vacuum and pyridine (15 mL) was added to the residue. The 

solution was treated with acetic anhydride (2.46 mL, 26 mmol) and the mixture was 

stirred overnight at r.t.. The mixture was concentrated under vacuum and the residue 

was dissolved in CH2Cl2, washed with 1M KHSO4 solution (15 mL), H2O (15 mL) and 

brine (15 mL). The organic layer was dried over sodium sulfate. After evaporation of 

the solvent the product was purified by column chromatography (ethyl 

acetate/hexane, 4:6) to give 2 as a white solid (0.430 g, 1.13 mmol, 70%). 1H NMR 

(300MHz, CDCl3): δ, ppm, 5.39 (d, 1H, J6,5=3.34 Hz, H-6), 5.38 (t, 1H, J4,3=J4,5=9.95 Hz, 

H-4), 4.97 (dd, 1H, J5,4=9.95 Hz, J5,6=3.34 Hz, H-5), 4.16 (dd, 1H, J3,1=2.19, J3,4=9.95 Hz, 

H-3), 4.09 (d, 2H, J8a,7=J8b,7=6.40 Hz, H-8ab), 3.88 (t, 1H, J7,8a=J7,8b=6.40 Hz, H-7), 2.50 

(d, J1,3=2.19 Hz, H-1), 2.13, 2.05, 2.02 and 1.96 (4s, 4H, COCH3). 13C NMR (75.5 MHz, 

CDCl3): δ ppm 170.59 (C=O), 170.40 (C=O), 170.26 (C=O), 169.53 (C=O). 78.10 (C-1), 

75.45 (C-2), 74.79 (C-7), 71.62 (C-5), 69.07 (C-3), 68.44 (C-4), 67.48 (C-6), 61.78 (C-8), 

20.09 (COCH3). MS (ESI) m/z calcd for C16H21O9 (M+H)+ 357.12, found 357.32. 

3,7-Anhydro-1,1,2,2-tetradehydro-1,2-D-glycero-L-mannooctitol, 17.2. A solution 

of 16.2 (3 g, 8.42 mmol) in methanol (25 mL) was treated with a solution of NaOMe in 

methanol (30%, 1 mL) and the mixture was stirred for 4 h at r.t. After neutralization 

with DowexH+, the mixture was filtered and the methanol evaporated under vacuum 

to give compound 17.2 as a white foam (1.57 g, 8.35 mmol, quant.) 1H NMR (300MHz, 
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CD3OD): δ, 3.86 (d, 1H, J6,5=3.2 Hz, H-6), 3.86 (dd, 1H, J3,1=2.19, J3,4=9.55 Hz, H-3), 3.73 

(d, 1H, J8a,7=6.05 Hz, J8a,8b=11.45 Hz, H-8a), 3.66 (d, 1H, J8b,7=6.05 Hz, J8b,8a=11.45 Hz, H-

8b), 3.65 (t, 1H, J4,3=J4,5=9.55 Hz, H-4), 3.48 (t, 1H, J7,8a=J7,8b=6.05 Hz, H-7), 3.40 (dd, 1H, 

J5,4=9.55 Hz, J5,6=3.30 Hz, H-5), 2.85 (d, J1,3=2.19 Hz, H-1). 13C NMR (75.5 MHz, CD3OD): 

δ ppm 82.04 (C-1), 80.67 (C-7), 75.70 (C-5), 75.06 (C-2), 72.43 (C-6), 72.25 (C-4), 

70.54 (C-3), 62.69 (C-8). MS (ESI) m/z calcd for C8H13O5 (M+H)+ 189.08, found 

189.40. 

3,7-Anhydro-4,5,8-tri-O-benzoyl-1,1,2,2-tetradehydro-1,2-D-glycero-L-

mannooctitol, 18.2. Benzoyl chloride (1.97 mL, 17 mmol) in pyridine (10 mL) was 

added dropwise to a solution of 17.2 (1 g, 5.3 mmol) in pyridine (25 mL) previously 

cooled at -40 C. The mixture was kept at -40°C for 30 min and the reaction was 

quenched with water (50 mL). The product was extracted three times with CH2Cl2 (30 

mL). After evaporation of the liquid, the residue was dissolved in CH2Cl2 and washed 

with 1M KHSO4, H2O and brine. The organic layer was dried over sodium sulfate. TLC 

analysis showed the presence of four different benzoylated compounds, monitored by 

TLC. The desired compound 18.2 (toluene/ethylacetate, 4/1; Rf=0.52) was obtained 

after column chromatography (toluene/ethylacetate, 9:1, 0.796 g, 1.59 mmol, 30%). 
1H NMR (300 MHz, CDCl3): δ 8.05-7.26 (m, 15H, Ar), 6.04 (t, 1H, J4,3=J4,5=10.18 Hz, H-

4), 5.37 (dd, 1H, J5,4= 10.18 Hz, J5,6=2.95 Hz, H-5), 4.70 (dd, 1H, J8a,7= 5.98 Hz, 

J8a,8b=11.60 Hz H-8a), 4.59 (dd, 1H, J8b,7= 5.98 Hz, J8b,8a=11.60 Hz, H-8b), 4.48 (dd, 1H, 

J3,1=2.05, J3,4= 10.18 Hz, H-3), 4.45 (d, 1H, J6,5=2.95 Hz, H-6), 4.10 (t, 1H, J7,8a=J7,8b= 5.98 

Hz, H-7), 3.22 (s, 1H, OH), 2.47 (d, 1H, J1,3=2.05 Hz, H-1). 13C NMR (75.5 MHz, CDCl3): δ 

ppm 166.62 (C=O), 165.94 (C=O), 165.39 (C=O), 133.47 (C, Ar), 133.32 (C, Ar), 133.30 

(C, Ar), 129-129.79 (CH, Ar), 129.50 (CH, Ar), 129.28 (CH, Ar), 128.94 (CH, Ar), 

128.50-128.40 (CH, Ar), 78.30 (C-1), 76.43 (C-2), 75.38 (C-7), 74.81 (C-5), 69.16 (C-4), 

68.99 (C-3), 67.63 (C-6), 63.53 (C-8). MS (ESI) m/z calcd for C29H25O8 (M+H)+ 

501.15, found 501.30. The other compounds were collected (1.9 g) and used to 

recover compound 16.2. 

Recovery of compound 16.2. The crude benzoylated compounds (1.9 g) were 

dissolved in methanol (20 mL) and treated with 500 μL of 30% MeONa solution in 

methanol. After 4 h the reaction mixture was neutralized with Dowex and the 

methanol was removed under vacuum. The residue obtained was dissolved in 

pyridine 10 mL and 3 mL of acetic anhydride was added. The mixture was stirred at 

r.t. and it was concentrated under vacuum. The residue was dissolved in CH2Cl2 and 

washed with 1M KHSO4, H2O and brine. The organic layer was dried over sodium 

sulfate. After evaporation of the solvent the product was purified by column 

chromatography (ethyl acetate/hexane, 4:6) to give 16.2 (1.23 g, 3.45 mmol, 93%). 
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3.1 Introduction 
In this chapter the strategy to synthesize the spacer is described. The 

incorporation of the spacers into divalent systems is shown and their 

inhibition of lectin LecA from Pseudomonas Aeruginosa is evaluated. As 

previously reported (chapter 2), the spacer design is based on pyranose 

sugars linked via 1,4-disubstituted-1,2,3-triazole rings. It is worth noting that 

the simple glycosidic bonds (Figure 1a), which can cause folding of the spacer, 

were not considered. The direct connection of the two rings via the triazole, 

instead, limits the freedom of movement and keeps an overall mostly linear 

conformation (Figure 1b).  

 

Figure 1. a) Units connected by glycosidic bonds; b) Units connected by triazole rings. 

The resulting chain of Figure 1b allows rotation of its constituents but this 

hardly changes the linearity of the spacer. The successful synthetic strategy, 

shown in Figure 2, is based on a copper catalyzed azide-alkyne cycloaddition 

(CuAAC) between a suitable azide A and a building block B. The subsequent 

step is the conversion of the free axial hydroxyl group present in product C to 

an equatorial azide in D. Compound D is ready for the reiteration of the ‘click’ 

reaction with building block B and the next azide introduction giving rise to 

structure E (Figure 2). 

3.2 Building up the spacer 
To build up the spacer, following the procedure shown in Figure 2, a starting 

point A is needed. In order to produce a spacer that is as rigid as possible a 

small molecule should be used for this purpose. For this reason the Boc 

protected azido amine 3.3 was chosen (Scheme 1). This compound was easily 

synthesized starting from ethanol amine (Scheme 1). The amine moiety was 

protected using Boc anhydride and the hydroxyl group was converted to an 

azide moiety via a tosylate.1 
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Figure 2. Synthesis and elongation strategy of the spacer 

 

 

Scheme 1. a) Boc2O, 98%; b) i-TsCl, py, 90%; ii-NaN3, DMF, 85%. 

 

Once the short starting point was purified, the building of the spacer began 

(Scheme 2). The first unit of the spacer was prepared by a “click chemistry” 

reaction between the starting point 3.3 and the building block 18.2 to give 

4.3. The axial hydroxyl group was transformed to an equatorial azide moiety, 

using triflic anhydride and subsequently sodium azide, to afford the desired 

compound 5.3 with a yield of 77%, over two steps. Reiteration of these two 

steps allowed the elongation of the spacer. The second, third and fourth units 

were introduced and compounds 7.3, 9.3 and 11.3 were obtained. The 

increase of the spacer length led to a decrease in the yields. For the “click” 

reaction products the yields ranged from 91% for 4.3 to 77% for 10.3, while 

for the azide introduction the yields ranged from 85% for 5.3 to 78% for 11.3. 

This behaviour is probably due to a lower solubility of the longer spacers in 

organic solvents. The three spacers obtained, 7.3, 9.3 and 11.3 contained the 

Boc protected amine. The introduction of the ligands to the spacer requires 

the conversion of the amine to an azide moiety (Scheme 3). Therefore the Boc 

groups were removed using trifluoroacetic acid (TFA). The crude compounds 

12.3, 13.3 and 14.3 were used in a diazotransfer reaction2 and the desired 

double azide compounds 15.3, 16.3 and 17.3 were obtained. Also in this case 



Chapter 3: First generation carbohydrate-triazole rigid spacers 

50 
 

the yields decreased with the increasing of the number of units (from 85% for 

15.3 to 75% for 17.3). 

 

Scheme 2. a) CuSO4·5H2O, Na-ascorbate, DMF/H2O (10:1), 80°C, MW, 40’, 91-77%; b) i-Tf2O, 

CH2Cl2/py (10:1), 0°C, 1.5 h; ii-NaN3, DMF, r.t., 5 h, 85- 78%. 
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Scheme 3. a) TFA, CH2Cl2; b) imidazole-1-sulfonyl azide, K2CO3, CuSO4·5·H2O, MeOH, 85-75% 

over two steps. 

3.3 Synthesis of the divalent inhibitors 
The double azide spacers were ready for a double ‘click’ reaction with the 

ligand. Since the target of our inhibition studies is the lectin LecA from 

Pseudomonas aeruginosa,3 which is a galatose-binding lectin, a galactose-based 

ligand was used. To investigate the role of rigidity in the inhibition two 

different galactosides 16.2 and 18.3 were used (Figure 3).  

 

Figure 3. Ligands with different flexibility in the aglycon part: 16.2 with no flexibility and 18.3 

with four atoms flexible chain. a) BF3·Et2O, 4-pentyn-1-ol, CH2Cl2, 86% 
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In the first compound, 16.2, the alkyne moiety is directly connected to the 

sugar, while in 19.3 the alkyne moiety is connected to the sugar via a four 

atom flexible chain. Compound 18.3 was obtained after a glycosilation 

reaction of the tetra-acetylated galactoside 13.2 with 4-pentyn-1-ol. 

Compounds 15.3, 16.3 and 17.3 were used to prepare the divalent 

compounds. Due to the low solubility of compound 17.3 only its reaction with 

18.3 was performed (Scheme 4). The double ‘click’ reactions yielded the 

desired protected divalent ligands 19.3, 21.3, 23.3, 25.3 and 27.3. The 

deprotection reaction was conducted using sodium methoxide as the catalytic 

base for the saponification. After purification with preparative HPLC the five 

divalent compounds 20.3, 22.3, 24.3, 26.3 and 28.3 were obtained. It is 

worth noticing that, while compounds 20.3 and 24.3 have the galactoside 

directly linked to the triazole, compounds 21.5, 26.3 and 28.3 have a short 

aglycon chain. The first pair was more rigid than the other three compounds 

which had more flexibility in the side arms. Compounds 20.3, 22.3, 24.3, 26.3 

and 28.3 were employed in LecA inhibition studies. 

3.4 Synthesis of the reference compounds 
The inhibitory potencies of the divalent compounds were compared to those 

of the monovalent compounds 32.3 and 33.3 and that of the divalent 

compound 39.3 (Scheme 5). Compound 32.3, which has the triazole directly 

attached to the galactoside, was used as reference for compounds 20.3 and 

24.3. Compounds 22.3, 26.3 and 28.3, characterized by the short flexible 

chain in the side arms, were compared to the monovalent reference 33.3. 

Furthermore to investigate the role of the rigidity they were also compared to 

39.3 whose spacer is a flexible polyethylene glycol (PEG). 

Compound 32.3 was obtained starting from 16.2 and 30.34 (Scheme 5). The 

‘click’ reaction afforded compound 31.3 whose acetyl groups were removed to 

give compound 32.3. The short flexible chain 30.3 was obtained after 

substitution of the chlorine moiety in compound 29.3 with NaN3 (Scheme 5). 

Compound 33.3 was obtained after a deprotection reaction of compound 

18.3. Compound 39.3 was prepared (Scheme 5) starting from the 

commercially available homo-PEG derivative 34.3. After the introduction of 

the alkyne moiety using propargyl amine to give 35.3 the double click reaction 

with the ligand can be exploited. The galactose ligand used, i.e. 37.3, was 

synthesized following a literature procedure.5 Starting from β-D-galactose-
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pentaacetate 13.2 via glycosidation reaction with 1-bromo-propan-3-ol 

compound 36.3 was obtained.  

 

 

Scheme 4. Synthesis of divalent inhibitors. a) CuSO4·5H2O, Na-ascorbate, DMF/H2O (10:1), 

80°C, MW, 40’, 83-80%; b) NaOMe, MeOH, 4 h, 87-70%. 

The bromine was converted to the azide moiety, present in 37.3, using NaN3. 

The double “click” reaction between 35.3 and 37.3 afforded the protected 
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divalent ligand. After deprotection the pure PEG-based divalent inhibitor 39.3 

was obtained. 

 

 
Scheme 5. a) NaN3, reflux, 75%; b) CuSO4·5H2O, Na-ascorbate, DMF/H2O (10:1), 80°C, MW, 40’, 

60-65%; c) NaOMe, MeOH, 4 h, 95-98%; d) DMAP, Et3N, EDCI, propargyl amine, CH2Cl2, 94%; e) 

BF3·Et2O, 1-bromo-propan-3-ol, CH2Cl2, 85%; f) NaN3, DMF, 80°C, 92%. 

3.5 Calculation of the PEG based spacer effective length 
The divalent compound 38.3 contains the long flexible PEG-based spacer, 

which is expected to span the 26 Å between neighbouring binding sites of 

LecA. The spacer of compound 38.3 contains one of the longest commercially 

available homogeneous PEG molecules. The spacer is of similar length as an all 

PEG spacer with 20 PEG units (CH2CH2O), since both contain 61 atoms. Using 

the calculation of the Flory radius6 for PEG, Rf=aN3/5, where Rf is the length, N 

is the number of PEG units, and a is the length of one monomer (taken to be 

3.5 Å), an effective length of 21.1 Å is calculated. Considering that the spacer of 

38.3 contains two amide bonds and two triazole units, it is likely that its 

effective length is longer than that. Furthermore flexible PEG and PEG-hybrid 

spacers are known to give a broad distance distribution, both theoretically7 
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and experimentally.8 Therefore the spacer of 38.3 is expected to adequately 

cover the distance between the two binding sites of LecA of 26 Å.  

3.6 Inhibition studies 
Inhibitory potencies were determined by observing the binding of 

fluorescently labelled LecA to a galactose-displaying chip surface9 (Table 1).  

 
Table 1. Inhibitory potency of mono and divalent galactosides on LecA bindinga 

Compound Valency IC50/M Relative potency 

(per sugar) 

32.3 1 92 (±3.7) × 10-6 1 (1) 

20.3 2 31 (±6.2) × 10-5 0.30 (0.15) 

24.3 2 17 (±3.4) × 10-7 54 (27) 

 

33.3 1 12 (±6.0) × 10-5 1 (1) 

22.3 2 22 (±2.3) × 10-8 545 (272) 

26.3 2 38 (±6.1) × 10-8 315 (158) 

28.3 2 76 (±5.8) × 10-7 16 (8) 

39.3 2 20 (±5.9) × 10-7 60 (30) 

a FITC-labeled LecA, 20 g mL-1 binding to a galactoside functionalized surface9 

 

In this assay two monovalent galactosides were used as reference compounds 

to account for the different aglycon part of the divalent ligands. Compound 

32.3, with a triazole aglycon, and 33.3, with a propylene aglycon, showed 

IC50’s of 93 and 120 M, respectively. With the exception of compound 20.3, 

all divalent ligands were more potent. Compound 22.3 was the most potent 

with an IC50 of 220 nM, a 545-fold improvement over the monovalent ligand 

33.3. The related compound 26.3, containing an extra spacer unit, was almost 

as potent with an IC50 of 380 nM. The flexible divalent PEG-based ligand 39.3 

showed an IC50 of 2 M which is 60 times better than the monovalent ligand 
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33.3. A dramatic decrease in potency was observed with 20.3, a relative of 

22.3 just lacking two propyloxy units, which showed an IC50 of 310 M, clearly 

not showing divalent binding. Compound 24.3, a relative of 20.3 just 

containing an extra spacer unit, showed major improvement with an IC50 of 

1.7 M, which is 182 times better than 20.3. Compounds 22.3 and 26.3 with 

IC50 of 220 nM and 380 nM, respectively, do not show a clear discrimination in 

inhibition power. Compound 28.3 which had a four-unit spacer showed an 

IC50 of 7.6 M. The presence of one unit more in the spacer than 26.3 made the 

potency drop of 20 times. The similarity in the IC50s of 22.3 and 26.3 could be 

explained by the free movement of the ligands due to the flexible aglycon 

chain which minimizes the difference of the spacer length. The spacer present 

in 28.3, instead, is undoubtedly too long compared to the 26 Å distance in 

LecA. 

3.7 Comparison of 24.3 and 32.3 with -ligand based 

inhibitors 44.3 and 46.3 
The difference in inhibitory potencies between 20.3 and 24.3 underlines the 

positive effect to have an additional unit in the spacer. Due to the high rigidity 

of the spacer of 24.3 it could be that the IC50 is influenced by the anomeric 

configuration of the ligands. In other words it could be possible that the  

anomer would interact more easily with the binding sites of the protein. To 

clarify this issue the  control 44.3 and the  divalent ligand 46.3 based on 

the three-unit spacer 16.3 were synthesized (Scheme 6). The synthesis of the 

 ligand 41.3 followed a literature procedure previously used on glucoside 

and galactoside.10 Treatment of 40.3 with an excess of tributylstannyl 

trimethylsilyl acetylene and trimethylsilyl triflate afforded compound 41.3. 

The removal of the benzyl group followed our procedure with BCl3·SMe2 in 

CH2Cl2 using microwave irradiation to give the -galactose based ligand 42.3. 

The monovalent control 44.3 was obtained after reaction of 42.3 with ethanol 

azide 30.3 and subsequent removal of the acetyl group. The divalent ligand 

46.3 was synthesized starting from 16.3. After double click reaction of 16.3 

with 42.3, compound 45.3 was obtained. The protecting groups were 

removed and the final compound 46.3 was achieved. The inhibition potencies 

of 44.3 and 46.3 were evaluated and the results are summarized in Table 2. 

The data obtained showed a comparable inhibitory potency for the 

monovalent controls 32.3 and 44.3 with 92 M and 112 M, respectively. 
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Scheme 6. Synthesis of the monovalent ligand 44.3 and the divalent ligand 46.3. a) TMS-

acetylene-SnBu3, TMSOTf, CH2Cl2, r. t., 78%; b) BCl3·SMe2, CH2Cl2, 80°C, 20 MW, 68%; c) 

CuSO4·5H2O, Na-ascorbate, DMF/H2O (10:1), 80°C, MW, 40’, 94-86%; d) NaOMe, MeOH, 4 h, 75-

55%. 

 
Table 2. Inhibitory potency of mono and divalent galactosides on LecA bindinga 

Compound Valency IC50/M Relative potency 

(per sugar) 

32.3 1 92 (±3.7) × 10-6 1 (1) 

24.3 2 17 (±3.4) × 10-7 54 (27) 

44.3 1 11 (±4.7) × 10-5 1 (1) 

46.3 2 24 (±5.5) × 10-6 4 (2) 

a FITC-labeled LecA, 20 g mL-1 binding to a galactoside functionalized surface9 

 

Even though there is not a noticeable difference between the monovalent 

inhibitors, the difference between the two divalent compounds 24.3 and 46.3 

is more remarkable. The IC50s data showed that when using galactose ligands 
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with a directly attached triazole, the  configuration is more favourable than 

the  one. The relative potency for 24.3 is 54 times compared with 32.3, while 

the relative potency for 46.3 is only 4 times. This could be due to the additive 

effect of the two ligands as part of the same compound. 

3.8 Estimating the potential for bivalent binding of 20.3 

and 22.2 
The complex between the more rigid 20.3 and the more flexible molecule 22.2 

with LecA from Pseudomonas aeruginosa was modelled using the X-ray 

structure of this lectin bound to galactose as a template (PDB ID: 1OKO). First, 

one of the terminal sugar moieties of either the rigid or flexible molecule was 

superimposed onto the galactose moiety of molecule A in the X-structure with 

respect to the atoms comprising the sugar-ring (Figure 4). Subsequently, the 

other terminal sugar of either the rigid or the flexible molecule was pulled to 

the binding site of galactose B using restrain molecular dynamics. The 

superimposed sugar and the protein were kept in a fixed position during the 

minimization. In the top structure (Figure 4a) our worst ligand, compound 

20.3 was modelled (see yellow structure, Figure 4a). Clearly the left galactose 

unit of 20.3 cannot reach the position of galactose B of the X-ray structure 

(blue structures). In contrast, as shown in the bottom structure (Figure 4b), 

both galactosides of our best ligand 22.3 can bind in both sites 

simultaneously. Modelling was accomplished using the Yasara Structure 

software (version 11.9.18, force field Amber99). 

3.9 Conclusions 
A series of divalent inhibitors, based on carbohydrate-triazole spacers, were 

synthesized in high yield by a multiple step synthesis, using azide–alkyne 

‘click’ chemistry. These compounds were evaluated as LecA inhibitors. 

Considering that a triazole-glucose unit contributes ca. 7Å to the spacer length, 

the prepared compounds were expected to show potency variation. 

Multivalency effects were observed as almost all divalent compounds showed 

improved potency over the monovalent. It was shown that 22.3 and 26.3 both 

containing rigid moieties were considerably more potent than the PEG based 

39.3. Compounds 22.3 and 26.3 contained more flexibility in their spacers 

than 20.3 and 24.3, which feature a direct attachment to the sugar. 
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Figure 4. a) Complex of compound 20.3 with LecA; b) Complex of compound 22.3 with LecA 

 

For 20.3 and 24.3 the potency is critically dependent on the spacer length, 

where one spacer unit too few, as in 20.3, leads to the abolishment of divalent 

binding (Figure 4). For such rigid compounds a perfect design could lead to 

high potency and more importantly to very high specificity. Naturally we can 

only include whole building blocks and no partial ones. Therefore not all 

distances can be prepared with a rigid design, so flexible end groups are 

needed. In the compounds containing the most flexible spacer ends, i.e. 22.3 

and 26.3, more forgiving inhibition behaviour was observed with respect to 

design imperfections. Besides the enhanced potency of the compounds 

containing rigid spacer units, effective non-folding spacers can also be 
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considerably shorter. There were 61 atoms present between the sugar 

anomeric carbons of 39.3, and between 22 and 37 atoms for 20.3, 22.3, 24.3 

and 26.3. Additionally, the use of sugars in the spacer is likely to enhance the 

biocompatibility11 and their rigid nature should enhance their selectivity. 

Overall the design strategy has led to some of the most potent LecA inhibitors 

that rival those of greater valency and size.12 

3.10 Experimental Section 
General. Unless stated otherwise, chemicals were obtained from commercial sources 

and were used without further purification. Solvents were purchased from Biosolve 

(Valkenswaard, The Netherlands). All moisture-sensitive reactions were performed 

under nitrogen atmosphere. All solvents were dried over molecular sieves 4 Å or 3 Å. 

TLC was performed on Merck precoated Silica 60 plates. Spots were visualized by UV 

light, 10% H2SO4 in MeOH and triphenylphosphine in THF followed by Ninhydrine. 

Microwave reactions were carried out in a Biotage microwave Initiator (Uppsala, 

Sweden). The microwave power was limited by temperature control once the desired 

temperature was reached. Sealed vessels of 2-5 mL and 10-20 mL were used. 

Analytical HPLC runs were performed on a Shimadzu automated HPLC system with a 

reversed-phase column (Alltech, C8, 90 M, 5 mm, 250 L, 4.6 mm, Deerfield, IL, USA) 

that was equipped with an evoparitive lightscattering detector (PLELS 1000, Polymer 

Laboratories, Amherst, MA, USA) and a UV/Vis detector operating at 220 nm and 250 

nm. Preparative HPLC runs were performed on an Applied Biosystems workstation. 

Elution was effected by using a linear gradient of 5% MeCN/0.1% TFA in H2O to 5% 

H2O/0.1% TFA in MeCN or by a gradient of 0.1% in H2O to 30% MeCN/0.1% TFA in 

H2O. 1H NMR (300 MHz) and 13C (75.5 MHz) were performed on a Varian G-300 

spectrometer. HSQC, HMBC and TOCSY NMR (500 MHz) were performed with a 

VARIAN INOVA-500. Electrospray Mass experiments were performed in a Shimadzu 

LCMS QP-8000. High resolution mass spectrometry (HRMS) analysis was performed 

using an Applied Biosystems 4700 MALDI TOF/TOF instrument. 

LecA inhibiton assay. The lectin LecA was obtained from Sigma-Aldrich and it was 

FITC labeled according to the procedure of Sigma-Aldrich. Microarray experiments 

were performed by using PamChip arrays run on a PamStation12 instrument (Pam-

Gene B.V., ‘s Hertogenbosch, The Netherlands). Data were obtained by real-time 

imaging of the fluorescence signal by a CCD camera. Images were analyzed by using 

BioNavigator software (Pam-Gene). Each array slide contains spots in duplicate. The 

fluorescence intensities were expressed in arbitrary units and the relative intensities 

were the average of the two duplicate spots. Aliquots of a solution of FITC-labeled 

LecA (20 g mL-1) in HEPES/PBS buffer (10 mM HEPES, 100 mM NaCl, 0.1% BSA. pH 

7.4), containing different concentrations of the inhibitors were incubated for 1 h at r.t. 
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and subsequently added to the glycodendrimer chip. The binding process was 

monitored for 2 h and the end values of the fluorescence detection were taken for the 

determination of the IC50 by using Prism 5 (Graphpad Software, Inc.). 

Molecular modeling: Molecular modeling was performed with Yasara (verion 11.9.18). 

The distance between the terminal nitrogens of the two azide groups was monitored 

every 20 ps during a 2500 ps MD simulation in vacuo at 1000K. We thank Dr. Johan 

Kemmink for measuring the simulation. 

 

4.3. Compound 3.3 (0.225 g, 1.2 mmol), CuSO4·5H2O (0.038 g, 0.15 mmol) and sodium 

ascorbate (0.060 g, 0.3 mmol) were added to a solution of 18.2 (0.5 g, 1 mmol) in DMF 

(15 mL) containing 10% water. The mixture was heated under microwave irradiation 

at 80°C for 30 min. After evaporation of the solvent the residue was dissolved in 

CH2Cl2. The organic solution was washed three times with water and brine and it was 

dried over sodium sulfate. The solvent was removed and the white solid compound 

4.3 was purified by column chromatography (EtOAc/Hexane, 2:3) (0.625g, 0.91 mmol, 

91%). 1H NMR (300 MHz, CDCl3): , ppm 8.02-7.29 (m, 15H, Ar), 7.80 (s, 1H, H-3), 6.07 

(t, 1H, J6,5=J6,7=9.95 Hz, H-6), 5.56 (dd, 1H, J7,6=9.95, J3,4=3.15 Hz, H-7), 5.04 (d, 1H, 

J5,6=9.95 Hz, H-5), 4.94 (t, 1H, JNH,1ab=4.55 Hz, NH), 4.71 (dd, 1H, J10a,9=5.94 Hz, 

J10a,10b=11.38 Hz, H-10a), 4.56 (dd, 1H, J10b,9=5.94 Hz, J10b,10a=11.38 Hz, H-10b), 4.53 (d, 

1H, J8,7=3.15 Hz, H-8), 4.34 (m, 2H, H-2ab), 4.27 (t, 1H, J9,10a=J9,10b=5.94 Hz, H-9), 3.49 

(m, 2H, H-1ab), 3.38 (s, 1H, OH), 1.42 (s, 9H, C(CH3)3. 13C NMR (75.5 MHz, CDCl3): δ, 

ppm 166.84 (C=O), 166.02 (C=O), 165.92 (C=O), 156.16 (NHC=O), 145.04 (C-4), 

133.80-133.36 (C, Ar), 130.23-128.41 (CH, Ar), 123.52 (C-3), 80.17 (C(CH3)3), 77.60 

(C-9), 75.29 (C-7), 74.15 (C-5), 70.09 (C-6), 68.00 (C-8), 63.51 (C-10), 50.56 (C-2), 

40.83 (C-1), 80.17 (C(CH3)3), 28.53 (C(CH3)3). MS (ESI) m/z calcd for C36H39N4O10 

687.27 (M+H)+, found 687.00. 

 

General procedure for the introduction of the azide. Preparation of compounds 

5.3, 7.3, 9.3 and 11.3. Triflic anhydride (10 equiv) was added dropwise to a solution 

of the carbohydrate (1 equiv) in CH2Cl2 (20 mL) containing pyridine 10 %, previously 

cooled at 0°C. The solution was stirred at 0°C for 1.5 h and the reaction was quenched 

adding cold 1 M KHSO4 (20 mL). The organic layer was washed two times with cold 

water and cold brine and dried over sodium sulfate. The solvent was evaporated 

giving the triflate-carbohydrate compound as a yellow solid which was used without 

any further purification. The solid was dissolved in DMF (20 mL) and sodium azide (5 

equiv) was added. The reaction mixture was stirred at r.t. for 5 h. The solvent was 

evaporated under vacuum and the residue was dissolved in CH2Cl2 and washed three 

times with water and brine. The organic layer was dried over sodium sulfate. The 

solvent was evaporated and the residue purified by column chromatography to give a 

yellowish solid. 
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General procedure for the “click reaction”. Preparation of compounds 6.3, 8.3 

and 10.3. The reactions between compound 18.2 and the azide–carbohydrate 

compounds 5.3, 7.3 and 9.3, respectively, were performed following the experimental 

procedure reported for the synthesis of the compound 4.3. 

5.3. (0.527 g, 0.74 mmol, 85%) 1H NMR (300 MHz, CDCl3): , ppm 8.09-7.28 (m, 15H, 

Ar), 7.66 (s, 1H, H-3), 5.84 (t, 1H, J7,6=J7,8=9.84 Hz, H-7), 5.65 (t, 1H, J6,5=J6,7=9.84 Hz, H-

6), 5.02 (d, 1H, J5,6=9.84 Hz, H-5), 4.85 (t, 1H, JNH,1ab=4.55 Hz, NH), 4.74 (dd, 1H, 

J10a,6=2.16 Hz, J10a,10b=12.53 Hz, H-10a), 4.62 (dd, 1H, J10b,9=4.53 Hz, J10b,10a=12.53, Hz, 

H-10b), 4.39 (m, 2H, H-2ab), 4.03 (t, 1H, J8,7=J8,9=9.84 Hz, H-8); 3.98 (m, 1H, H-9), 3.52 

(m, 2H, H-1ab), 1.40 (s, 9H, C(CH3)3). 13C NMR (75.5 MHz, CDCl3): , ppm 166.35 (C=O), 

165.82 (C=O), 165.68 (C=O), 156.03 (NHC=O), 144.28 (C-4), 133.97-133.24 (C, Ar), 

130.52-128.05 (CH, Ar), 123.34 (C-3), 80.17 (C(CH3)3), 77.33 (C-9), 73.95 (C-5), 75.11 

(C-7), 72.36 (C-6), 63.88 (C-10), 61.35 (C-8), 50.52 (C-2), 40.81 (C-1), 28.53 (C(CH3)3). 

MS (ESI) m/z calcd for C36H38N7O9 (M+H)+ 712,27, found 712.25. 

6.3. (0.775 g, 0.64 mmol, 86%) 1H NMR (300 MHz, CDCl3): , ppm 8.1 (1H, H-3’), 7.99-

7.11 (m, 30H, Ar), 7.71 (1H, H-3), 6.31 (1H, H-7), 5.93 (1H, H-6’), 5.81 (1H, H-6), 5.52 

(1H, H-7’), 5.30 (1H, H-8), 5.28 (1H, H-5), 4.95 (1H, H-5’), 4.89 (1H, NH), 4.71 (1H, H-

9), 4.65 (1H, H-10a’), 4.52 (1H, H-10b’), 4.45 (1H, H-10a), 4.40 (1H, H-8’), 4.38 (2H, H-

2ab), 4.20 (1H, H-9’), 3.93 (1H, H-10b), 3.50 (2H, H-1ab), 3.50 (1H, OH), 1.38 (9H, 

C(CH3)3). 13C NMR (75.5 MHz, CDCl3): , ppm 166.75 (C=O), 166.02 (C=O), 165.88 

(C=O), 165.73 (C=O), 165.63 (C=O), 165.17 (C=O), 165.08 (NHC=O), 156.08 (NHC=O), 

145.88 (C-4’), 144.29 (C-4), 134.36-132.83 (Ar), 130.01-127.89 (Ar), 123.90 (C-3), 

123.02 (C-3’), 80.13 (C(CH3)3), 77.33 (C-9), 76.87 (C-9’), 75.27 (C-7’), 74.32 (C-5’), 

74.20 (C-5), 73.97 (C-7), 72.97 (C-6), 70.32 (C-6’), 68.03 (C-8’), 63.49 (C-10’), 62.68 (C-

10), 61.07 (C-8), 50.53 (C-2), 40.77 (C-1), 28.52 (C(CH3)3). MS (ESI) m/z calcd for 

C65H62N7O17 (M+H)+ 1212,42, found 1212.25. 

7.3. (0.593 g, 0.48 mmol, 83%) 1H NMR (300 MHz, CDCl3): , ppm 8.09-7.14 (m, 15H, 

Ar), 7.85 (1H, H-3’), 7.69 (1H, H-3), 6.25 (1H, H-7), 5.53 (1H, H-6’), 5.81 (1H, H-6), 5.80 

(1H, H-7’), 5.23 (1H, H-8), 5.25 (1H, H-5), 4.95 (1H, H-5’), 4.86 (1H, NH), 4.64 (1H, H-

9), 4.66 (1H, H-10a’), 4.61 (1H, H-10b’), 4.40 (1H, H-10a), 3.97 (1H, H-8’), 4.39 (2H, H-

2ab), 3.90 (1H, H-9’), 3.98 (1H, H-10b), 3.52 (2H, H-1ab), 1.39 (9H, C(CH3)3). 13C NMR 

(75.5 MHz, CDCl3): , ppm 166.36 (C=O), 165.88 (C=O), 165.80 (C=O), 165.55 (C=O), 

165.49 (C=O), 165.07 (C=O), 156.03 (NHC=O), 145.08 (C-4’), 144.06 (C-4), 133.80-

133.24 (C, Ar), 130.24-128.29 (CH, Ar), 123.40 (C-3), 122.27 (C-3’), 80.18 (C(CH3)3), 

77.32 (C-9), 77.25 (C-9’), 75.11 (C-7’), 74.25 (C-5), 73.89 (C-5’), 73.82 (C-7), 72.78 (C-

6), 72.59 (C-6’), 64.02 (C-10’), 62.73 (C-10), 61.44 (C-8’), 61.13 (C-8), 50.53 (C-2), 

40.77 (C-1), 28.52 (C(CH3)3). MS (ESI) m/z calcd for C58H56N10O15 (M+H)+ 1237.43, 

found 1238.00. 

8.3. (0.618 g, 0.36 mmol, 80%) 1H NMR (300 MHz, CDCl3): , ppm 8.03-7.10 (m, 45H, 

Ar), 7.93 (2H, H-3’, H-3”), 7.65 (1H, H-3), 6.25 (2H, H-7, H-7’), 5.93 (1H, H-6’’), 5.76 
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(1H, H-6), 5.68 (1H, H-6’), 5.48 (1H, H-7’’), 5.23 (1H, H-5), 5.22 (1H, H-8), 5.19 (1H, H-

8’), 5.17 (1H, H-5’), 4.91 (1H, H-5’’), 4.84 (1H, NH), 4.70 (1H, H-9), 4.68 (1H, H-10a’’), 

4.65 (1H, H-9’), 4.47 (1H, H-10b’’), 4.40 (2H, H-10a, H-8’’), 4.38 (3H, H-2ab, H-10a’), 

4.15 (1H, H-9’’), 4.00 (1H, H-10b’), 3.95 (1H, H-10b), 3.48 (2H, H-1ab), 1.38 (s, 9H, 

C(CH3)3). 13C NMR (75.5 MHz, CDCl3): , ppm 166,74-165,00 (C=O), 156.06 (NHC=O), 

145.80 (C-4’’), 145.06 (C-4’), 144.16 (C-4), 134.00-132.82 (Ar), 130.30-128.00 (Ar), 

123.41 (C-3), 122.51 (C-3’’, C-3’), 80.16 (C(CH3)3), 77.45 (C-9, C-9’), 77.00 (C-9’’), 75.28 

(C-7’’), 74.14 (C-5’’), 73.97 (C-5, C-5’), 73.67 (C-7, C-7’), 72.91 (C-6’), 72.72 (C-6), 70.19 

(C-6’’), 67.88 (C-8’’), 63.41 (C-10’’), 62.87 (C-10’), 62.64 (C-10), 61.08 (C-8, C-8’), 50.49 

(C-2), 40.79 (C-1), 28.53 (C(CH3)3). MS (ESI) m/z calcd for C94H85N10O24 (M+2H)2+ 

869.29, found 869.90. 

9.3. (0.486 g, 0.28 mmol, 80%) 1H NMR (300 MHz, CDCl3): , ppm 8.10-7.11 (m, 45H, 

Ar), 7.88 (s, 1H, H-3’), 7.81 (s, 1H, H-3’’), 7.69 (s, 1H, H-3), 6.24 (1H, H-7), 6.21 (1H, H-

7’), 5.79 (1H, H-6’’), 5.78 (1H, H-7’’), 5.63 (1H, H-6), 5.50 (1H, H-6’), 5.23 (1H, H-5), 

5.21 (1H, H-8), 5.14 (1H, H-8’), 5.09 (1H, H-5’), 4.91 (1H, H-5’’), 4.87 (1H, NH), 4.65 

(1H, H-10a’’), 4.63 (1H, H-9), 4.61 (1H, H-10b’’), 4.53 (1H, H-9’), 4.42 (3H, H-10a, H-

2ab), 4.32 (1H, H-10a’), 3.95 (3H, H-10b’, H-10b, H-8’’), 3.86 (1H, H-9’’), 3.50 (2H, H-

1ab), 1.39 (s, 9H, C(CH3)3). 13C NMR (75.5 MHz, CDCl3): , ppm 166,35-165,02 (C=O), 

156.02 (NHC=O), 145.04 (C-4’’), 144.85 (C-4’), 144.06 (C-4), 133.99-133.05 (C, Ar), 

130.43-128.00 (CH, Ar), 123.41 (C-3), 122.39 (C-3’’), 122.26 (C-3’), 80.19 (C(CH3)3), 

77.50 (C-9, C-9’), 77.30 (C-9’’), 74.95 (C-7’’), 74.22 (C-5), 74.05 (C-5’), 73.80 (C-5’’), 

73.70 (C-7), 73.55 (C-7’), 72.66 (C-6, C-6’’), 72.36 (C-6’), 63.88 (C-10’’), 62.71 (C-10’), 

62.61 (C-10), 61.34 (C-8’’), 61.19 (C-8), 61.02 (C-8’), 50.54 (C-2), 40.81 (C-1), 28.53 

(C(CH3)3). MS (ESI) m/z calcd for C87H78N13O21 (M+2H)2+ 881.80, found 882.50. 

 

General procedure for the removal of the Boc. Preparation of compounds 12.3, 

13.3 and 14.3. Trifluoroacetic acid (5 mL, 50%) was added to a solution of 7.3, 9.3 

and 11.3 (0.16 mmol), respectively, in CH2Cl2 (10 mL). After 2 h the solvent was 

evaporated under vacuum to give the compounds 12.3, 13.3 and 14.3, respectively, as 

yellowish solids that were used without further purification. 

12.3. MS (ESI) m/z calcd for C60H52N10O14 (M+H)+ 1137.57, found 1137.37. 

13.3. MS (ESI) m/z calcd for C89H75N13O21 (M+2H)2+ 831.77, found 832.30. 

 

General procedure for the diazotransfer. Preparation of compounds 15.3, 16.3 

and 17.3. Imidazole-1-sulfonyl azide hydrochloride (1.2 equiv) was added to the 

ammonium salt 12.3, 13.3 and 14.3 (1 equiv), respectively, K2CO3 (2.5 equiv) and 

CuSO4·5H2O (0.01 equiv) in MeOH (5 mL) and the mixture was stirred at r.t. for 4 h. 

The solvent was removed under vacuum and the residue was dissolved in CH2Cl2 and 

washed three times with water and brine. After drying over sodium sulfate the solvent 

was removed and the compound purified by column chromatography. 
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15.3. (0.160 g, 0.14 mmol, 85% from 7) 1H NMR (300 MHz, CDCl3): , ppm 8.08-7.12 

(m, 30H, Ar), 7.92 (1H, H-3), 7.78 (1H, H-3’), 6.28 (1H, H-7), 5.55 (1H, H-6’), 5.91 (1H, 

H-6), 5.81 (1H, H-7’), 5.26 (1H, H-8), 5.32 (1H, H-5), 4.96 (1H, H-5’), 4.67 (1H, H-9), 

4.63 (1H, H-10a’), 4.59 (1H, H-10b’), 4.39 (1H, H-10a), 3.97 (1H, H-8’), 4.33 (2H, H-

2ab), 3.90 (1H, H-9’), 3.98 (1H, H-10b), 3.60 (2H, H-1ab). 13C NMR (75.5 MHz, CDCl3): 

, ppm 166.37 (C=O), 165.89 (C=O), 165.86 (C=O), 165.54 (C=O), 165.46 (C=O), 165.14 

(C=O), 145.03 (C-4’), 144.14 (C-4), 134.26-133.92 (Ar), 130.46-128.91 (Ar), 123.72 (C-

3), 122.51 (C-3’), 77.25 (C-9’), 77.22 (C-9), 75.16 (C-7’), 74.00 (C-5), 73.87 (C-5’), 

74.10 (C-7), 72.63 (C-6’), 72.38 (C-6), 64.07 (C-10’), 62.76 (C-10), 61.43 (C-8’), 61.14 

(C-8), 50.66 (C-1), 49.59 (C-2). MS (ESI) m/z calcd for C60H51N12O14 (M+H)+ 1163,36, 

found 1163.60 

16.3. (0.238 g, 0.14 mmol, 83% from 9) 1H NMR (300 MHz, CDCl3): , ppm 8.10-7.13 

(m, 45H, Ar), 7.87 (s, 1H, H-3’’), 7.80 (s, 1H, H-3’), 7.77 (s, 1H, H-3), 6.22 (1H, H-7), 6.18 

(1H, H-7’), 5.86 (1H, H-6’’), 5.77 (1H, H-7’’), 5.63 (1H, H-6), 5.49 (1H, H-6’), 5.25 (1H, 

H-5), 5.19 (1H, H-8), 5.11 (2H, H-5’, H-8’), 4.90 (1H, H-5’’), 4.63 (1H, H-10a’’), 4.61 (1H, 

H-9), 4.58 (1H, H-10b’’), 4.52 (1H, H-9’), 4.38 (3H, H-10a, H-2ab), 4.31 (1H, H-10a’), 

3.95 (3H, H-10b’, H-10b, H-8’’), 3.85 (1H, H-9’’), 3.68 (2H, H-1ab). 13C NMR (75.5 MHz, 

CDCl3): , ppm 166,14-164.83 (C=O), 144.78 (C-4’’), 144.53 (C-4’), 143.88 (C-4), 

133.49-133.12 (C, Ar), 129.80-128.23 (CH, Ar), 123.47 (C-3), 122.40 (C-3’’), 122.15 (C-

3’), 76.82 (C-9, C-9’, C-9’’), 74.73 (C-7’’), 73.66 (C-5), 73.62 (C-5’), 73.51 (C-5’’), 73.46 

(C-7), 73.39 (C-7’), 72.47 (C-6), 72.18 (C-6’), 71.94 (C-6’’), 63.68 (C-10’’), 62.49 (C-10’), 

62.39 (C-10), 61.10 (C-8’’), 60.86 (C-8, C-8’), 50.41 (C-1), 49.35 (C-2). MS (ESI) m/z 

calcd for C89H74N15O21 (M+2H)2+ 844.77, found 845.40. 

 

General procedure for the “click reaction”. Preparation of compounds 19.3, 21.3, 

23.3, 25.3 and 27.3. Compound 16.2 or compound 18.3 (1.2 equiv), CuSO4·5H2O 

(0.15 equiv) and sodium ascorbate (0.3 equiv) were added to a solution of 15.3, 16.3 

or 17.3 (2 equiv) in DMF (3 mL) with 10% water. The mixture was heated under 

microwave irradiation at 80°C for 30 min. After evaporation of the solvent the residue 

was dissolved in CH2Cl2 and washed three times with water and brine. After drying 

over sodium sulfate the solvent was removed and the compound purified by column 

chromatography to give a white solid. 

19.3. (0.04 g, 0.02 mmol, 83%) 1H NMR (300 MHz, CDCl3): 8.10-7.10 (30H, Ar), 7.93, 

7.73, 7.48, 7.44 (4H, 4×H-3), 6.26, 6.24 (2H, 2×H-7), 5.82, 5.66 (2H, 2×H-6), 5.52-5.41 

(3H, 2×H-14, 1×H-12), 5.32-5.06 (7H, 2×H-5, 2×H-13, 2×H-8, 1×H-12), 4.88-4.56 (8H, 

H-1ab, H-2ab, 2×H-9, 2×H-11), 4.38- 4.26 (2H, 2×H-10a), 4.15-3.95 (6H, 2×H-10b, 

2×H-16ab, 2×H-15), 2.11, 2.00, 2.02, 1.99, 1.98, 1.93, 1.87, 1.61 (6×CH3C=O). 13C NMR 

(75.5 MHz, CDCl3): 170.80-170.17, 169.99, 169.73 (C=O, acetyl), 166.04, 165.88, 

165.35, 165.08 (C=O, benzoyl), 145.20, 145.13, 144.78, 144.57 (4×C-4), 133.92-133.15 

(C, Ar), 130.27-129.45, 128.97-128.18 (CH, Ar), 123.76, 123.74, 122.70, 122.49 (4×C-
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3), 77.12 (2×C-9), 75.08 (2×C-15), 74.05-73.60 (2×C-5, 2×C-7, 2×C-11), 72.79 (1×C-6), 

72.37-71.90 (1×C-6, 2×C-13), 69.00 (2×C-12), 67.80 (2×C-14), 63.04, 62.76 (2×C-10), 

61.64-61.10 (2×C-8, 2×C-16), 49.89 (C-2, C-1), 20.93 (CH3C=O). MS (ESI) m/z calcd for 

C89H74N15O21 (M+2H)2+ 938.30, found 939.15. 

21.3. (0.04 g, 0.02 mmol, 85%) 1H NMR (300 MHz, CDCl3): 8.00-7.05 (30H, Ar), 7.91, 

7.52, 7.36, 6.89 (4H, 4×H-3), 6.22, 6.19 (2H, 2×H-7), 5.74, 5.67 (2H, 2×H-6), 5.40-5.35 

(2H, 2×H-17), 5.23-5.10 (5H, 2×H-5, 2×H-15, 1×H-8), 5.08-4.92 (3H, 2×H-16, 1×H-8), 

4.83- 4.60 (6H, 2×H-9, H-1ab, H-2ab), 4.45 (1H, 1×H-14), 4.41-4.10 (3H, 2×H-10a, 

1×H-14), 4.23-4.03 (5H, 2×H-19ab, 1×H-10b), 4.00-3.69 (5H, 2×H-13a, 2×H-18, 1×H-

10b) 3.50-3.31 (2H, 2×H-13b), 2.59-2.51 (4H, 2×H-11ab), 2.12, 2.09, 2.02, 2.01, 2.00, 

1.97, 1.96, 1.95 (6×CH3C=O), 2.00-1.58 (4H, 2×H-12ab). 13C NMR (75.5 MHz, CDCl3): 

170.70, 170.51, 170.39, 169.75 (C=O, acetyl), 166.08, 165.86, 165.35, 165.06 (C=O, 

benzoyl), 147.75 (2×C-4), 144.80, 144.45 (2×C-4), 133.85-133.29 (C, Ar), 130.21-

129.45 (CH, Ar) 128.94-128.28 (CH, Ar), 122.67, 122.64, 122.34, 122.26 (4×C-3), 

101.44 (2×C-14), 77.06, 76.66 (2×C-9), 73.82 (2×C-5, 2×C-7), 72.50 (2×C-6), 71.9 

(2×C-16), 70.80 (2×C-18), 69.20 (2×C-15, 2×C-13), 67.33 (2×C-17), 63.38, 62.64 (2×C-

10), 61.50-61.00 (2×C-8, 2×C-19), 49.93 (C-2), 49.45 (C-1), 29.18 (2×C-12), 21.90, 

21.78 (2×C-11), 20.89 (CH3C=O). MS (ESI) m/z calcd for C89H74N15O21 (M+2H)2+ 

996.34, found 996.95. 

23.5. (0.07 g, 0.03 mmol, 80%) 1H NMR (300 MHz, CDCl3): 8.10-7.10 (45H, Ar), 7.92, 

7.85, 7.74, 7.48, 7.44 (5H, 4×H-3), 6.326.15 (3H, 3×H-7), 5.85, 5.67, 5.64 (3H, 3×H-6), 

5.52-5.42 (3H, 2×H-14, 1×H-12), 5.32-5.06 (7H, 3×H-5, 2×H-13, 3×H-8, 1×H-12), 4.85-

4.50 (9H, H-1ab, H-2ab, 3×H-9, 2×H-11), 4.38- 4.25 (3H, 3×H-10a), 4.15-3.90 (7H, 

3×H-10b, 2×H-16ab, 2×H-15), 2.11, 2.01, 1.99, 1.97, 1.93, 1.87, 1.85, 1.61 (6×CH3C=O). 
13C NMR (75.5 MHz, CDCl3): 170.79-170.21, 169.98, 169.71 (C=O, acetyl), 166.03, 

165.87, 165.33, 165.06 (C=O, benzoyl), 145.19, 145.12, 144.81, 144.74, 144.58 (5×C-

4), 133.97-133.25 (C, Ar), 130.29-129.57, 129.46-128.19 (CH, Ar), 123.77, 123.76, 

122.72, 122.51, 122.50 (5×C-3), 77.06 (3×C-9), 75.05 (2×C-15), 74.05-73.60 (3×C-5, 

3×C-7, 2×C-11), 72.80-71.90 (3×C-6, 2×C-13), 69.00 (2×C-12), 67.82 (2×C-14), 62.80 

(3×C-10), 61.85-61.00 (3×C-8, 2×C-16), 49.86 (C-2, C-1), 20.93 (CH3C=O). MS (ESI) 

m/z calcd for C89H74N15O21 (M+2H)2+ 1201.37, found 1202.05. 

25.3. (0.07 g, 0.03 mmol, 82%) 1H NMR (300 MHz, CDCl3): 8.00-7.10 (45H, Ar), 7.86 

(2H, 2×H-3), 7.50, 7.34, 6.89 (3H, 3×H-3), 6.26-6.15 (3H, 3×H-7), 5.78-, 5.58 (3H, 3×H-

6), 5.40-5.35 (2H, 2×H-17), 5.23-4.95 (10H, 3×H-5, 2×H-15, 3×H-8, 2×H-16), 4.83- 4.67 

(5H, 1×H-9, H-1ab, H-2ab), 4.61, 4.54 (2H, 2×H-9), 4.45 (1H, 1×H-14), 4.40-4.25 (3H, 

3×H-10a, 1×H-14), 4.23-4.05 (5H, 2×H-19ab, 1×H-10b), 4.00-3.69 (6H, 2×H-13a, 2×H-

18, 2×H-10b), 3.50-3.33 (2H, 2×H-13b), 2.57-2.51 (4H, 2×H-11ab), 2.12, 2.09, 2.02, 

2.01, 2.00, 1.98, 1.97, 1.96 (6×CH3C=O), 1.67-1.57 (4H, 2×H-12ab). 13C NMR (75.5 MHz, 

CDCl3): 170.69, 170.51, 170.38, 169.74 (C=O, acetyl), 166.07, 165.83, 165.34, 165.03 

(C=O, benzoyl), 147.75 (2×C-4), 144.82, 144.74, 144.45 (3×C-4), 133.92-133.15 (C, 

Ar), 130.27-129.45 (CH, Ar) 128.97-128.18 (CH, Ar), 123.66 (1×C-3), 122.59 (2×C-3), 
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122.35, 121.28 (2×C-3), 101.65 (2×C-14), 77.09 (2×C-9), 76.67 (1×C-9), 74.00-73.70 

(3×C-5, 3×C-7), 72.60 (3×C-6), 71.21 (2×C-16), 70.83 (2×C-18), 69.24 (2×C-15, 2×C-

13), 67.36 (2×C-17), 63.30, 62.70 (3×C-10), 61.55-61.00 (3×C-8, 2×C-19), 49.96 (C-2), 

49.46 (C-1), 29.92, 29.15 (2×C-12), 21.93, 21.78 (2×C-11), 20.93 (CH3C=O). MS (ESI) 

m/z calcd for C89H74N15O21 (M+2H)2+ 1258.92, found 1259.70. 

27.3. (0.09 g, 0.03 mmol, 82%) 1H NMR (300 MHz, CDCl3): 8.00-7.10 (45H, Ar), 7.86 

(2H, 2×H-3), 7.50, 7.34, 6.89, 6.75 (4H, 4×H-3), 6.26-6.15 (4H, 4×H-7), 5.78-5.58 (4H, 

4×H-6), 5.40-5.35 (2H, 2×H-17), 5.23-4.95 (12H, 4×H-5, 2×H-15, 4×H-8, 2×H-16), 4.83- 

4.67 (5H, 1×H-9, H-1ab, H-2ab), 4.61, 4.54 (3H, 3×H-9), 4.45 (1H, 1×H-14), 4.40-4.25 

(3H, 3×H-10a, 1×H-14), 4.23-4.05 (5H, 2×H-19ab, 1×H-10b), 4.00-3.69 (6H, 2×H-13a, 

2×H-18, 2×H-10b), 3.50-3.33 (2H, 2×H-13b), 2.57-2.51 (4H, 2×H-11ab), 2.12, 2.09, 

2.02, 2.01, 2.00, 1.98, 1.97, 1.96 (6×CH3C=O), 1.67-1.57 (4H, 2×H-12ab). 13C NMR (75.5 

MHz, CDCl3): 170.69, 170.51, 170.38, 169.74 (C=O, acetyl), 166.07, 165.83, 165.34, 

165.03 (C=O, benzoyl), 147.75 (2×C-4), 144.82, 144.74, 144.45 (4×C-4), 133.92-

133.15 (C, Ar), 130.27-129.45 (CH, Ar) 128.97-128.18 (CH, Ar), 123.66 (1×C-3), 

122.59 (2×C-3), 122.35, 121.28 (3×C-3), 101.65 (2×C-14), 77.09 (3×C-9), 76.67 (1×C-

9), 74.00-73.70 (4×C-5, 4×C-7), 72.60 (4×C-6), 71.21 (2×C-16), 70.83 (2×C-18), 69.24 

(2×C-15, 2×C-13), 67.36 (2×C-17), 63.30, 62.70 (4×C-10), 61.55-61.00 (4×C-8, 2×C-

19), 49.96 (C-2), 49.46 (C-1), 29.92, 29.15 (2×C-12), 21.93, 21.78 (2×C-11), 20.93 

(CH3C=O). MS (ESI) m/z calcd for C156H149N18O48 (M+2H)2+ 1521.47, found 1521.70. 

 

General procedure for the removal of acetyl and benzoyl protecting groups. 

Preparation of compounds 20.3, 22.3, 24.3, 26.3 and 28.3. A solution of the 

protected carbohydrate compounds 19.3, 21.3, 23.3, 25.3 and 27.3 in methanol (5 

mL) was treated, respectively, with a solution of NaOMe in methanol (30%, 200 μL) 

and the mixture was stirred for 4 h at r.t.. After neutralization with Dowex, the 

mixture was filtered and the methanol evaporated in vacuum to give the desired 

compound, which was purified by preparative HPLC. 

20.3. (0.017 g, 0.017 mmol, 87%) 1H NMR (300 MHz, D2O): 8.34, 8.29, 8.00, 7.96 (4H, 

4×H-3), 5.01 (4H, H-1ab, H-2ab), 4.95-4.75 (4H, 2×H-5, 2×H-8), 4.54, 4.45 (2H, 2×H-

11), 4.34-4.27 (4H, 2×H-9, 2×H-7), 4.05-3.70 (14H, 2×H-14, 2×H-12, 2×H-6, 2×H-15, 

2×H-13, 2×H-16ab), 3.56 (2H, 2×H-10a), 3.34-3.27 (2H, 2×H-10b). 13C NMR (125 MHz, 

D2O): 143.40, 143.50, 142.30, 142.20 (4×C-4), 124.22, 124.15, 123.85, 123.83 (4×C-3), 

77.98 (2×C-15), 76.98 (2×C-9), 73.41 (3×C-7), 72.80-72.38 (2×C-5, 2×C-11, 2×C-13), 

71.80 (2×C-6), 68.98 (2×C-12), 67.85 (2×C-14), 60.99 (2×C-8), 59.98 (2×C-16), 58.75 

(2×C-10), 48.90 (C-2, C-1). HRMS (MALDI TOF/TOF) m/z calcd for C34H51N12O18 

(M+H)+ 915.3444 found 915.3411. 

22.3. (0.012 g, 0.012 mmol, 80%) 1H NMR (300 MHz, D2O): 8.33, 7.99, 7.93, 7.59 (4H, 

4×H-3), 4.99-4.92 (4H, H-1ab, H-2ab), 4.85-4.70 (4H, 2×H-5, 2×H-8), 4.39-4.25 (6H, 

2×H-9, 2×H-14, 2×H-7), 3.96-3.85 (6H, 2×H-6, 2×H-13a, 2×H-17), 3.79-3.62 (10H, 
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2×H-13b, 2×H-15, 2×H-16, 2×H-19ab), 3.56-3.49 (4H, 2×H-10a, 2×H-18), 3.31-3.24 

(2H, 2×H-10b), 2.95, 2.74 (4H, 2×H-11ab), 1.99, 1.90 (4H, 2×H-12ab). 13C NMR (125 

MHz, D2O): 146.30, 143.30, 143.14 (4×C-4), 123.94, 123.75, 122.12, 122.05 (4×C-3), 

101.34 (2×C-14), 76.90 (2×C-9), 73.90-73.00 (2×C-16, 2×C-7), 72.30-71.10 (2×C-15, 

2×C-6, 2×C-5), 69.25 (2×C-18), 67.70-67.00 (2×C-17, 2×C-13), 60.90-60.50 (2×C-8), 

59.49 (2×C-19), 58.53 (2×C-10), 48.75, 48.52 (C-2, C-1), 27.03, 26.92 (2×C-12), 19.54, 

19.35 (2×C-11). HRMS (MALDI TOF/TOF) m/z calcd for C40H62N12NaO20 (M+Na)+ 

1053.4096 found 1053.4061. 

24.3. (0.017 g, 0.015 mmol, 75%) 1H NMR (300 MHz, D2O): 8.39, 8.38, 8.32, 8.02, 7.99 

(5H, 5×H-3), 5.05 (4H, H-1ab, H-2ab), 4.92-4.78 (6H, 3×H-5, 3×H-8), 4.59, 4.49 (2H, 

2×H-11), 4.40-4.32 (6H, 3×H-9, 3×H-7), 4.10-3.73 (15H, 2×H-14, 2×H-12, 3×H-6, 2×H-

15, 2×H-13, 2×H-16ab), 3.63-3.58 (3H, 3×H-10a), 3.38-3.32 (3H, 3×H-10b). 13C NMR 

(125 MHz, D2O): 144.57-143.10 (5×C-4), 124.01-123.40 (5×C-3), 77.83 (2×C-15), 

76.81 (3×C-9), 73.24 (3×C-7), 72.53-72.18 (3×C-5, 2×C-11, 2×C-13), 71.70-71.60 (3×C-

6), 68.90-68.70 (2×C-12), 67.70 (2×C-14), 60.82 (3×C-8), 59.75 (2×C-16), 58.55 (3×C-

10), 48.70 (C-2, C-1). HRMS (MALDI TOF/TOF) m/z calcd for C42H62N15O22 (M+H)+ 

1128.4193 found 1128.4012. 

26.3. (0.014 g, 0.011 mmol, 65%) 1H NMR (300 MHz, D2O): 8.34 (2H, 2×H-3), 8.02, 

7.96, 7.67, 7.64 (4H, 4×H-3), 4.99-4.94 (4H, H-1ab, H-2ab), 4.87-4.72 (8H, 4×H-5, 4×H-

8), 4.37-4.25 (10H, 4×H-9, 2×H-14, 4×H-7), 3.99-3.85 (8H, 4×H-6, 2×H-13a, 2×H-17), 

3.78-3.60 (10H, 2×H-13b, 2×H-15, 2×H-16, 2×H-19ab), 3.57-3.47 (5H, 3×H-10a, 2×H-

18), 3.32-3.24 (3H, 3×H-10b), 2.95, 2.76 (4H, 2×H-11ab), 1.99, 1.91 (4H, 2×H-12ab). 
13C NMR (125 MHz, D2O): 145.12, 145.09, 143.52, 143.25 (5×C-4), 123.95, 123.82, 

122.54, 122.39 (5×C-3), 101.32 (2×C-14), 76.75 (3×C-9), 73.70-73.10 (2×C-16, 3×C-7), 

72.50-71.20 (2×C-15, 3×C-6, 3×C-5), 69.27 (2×C-18), 67.60-67.10 (2×C-17, 2×C-13), 

60.72 (3×C-8), 59.49 (2×C-19), 58.55 (4×C-10), 48.53 (C-2, C-1), 26.89 (2×C-12), 

19.42, 19.15 (2×C-11). HRMS (MALDI TOF/TOF) m/z calcd for C48H74N15O24 (M+H)+ 

1244.5031 found 1244.4996.  

28.3. (0.016 g, 0.013 mmol, 70%) 1H NMR (300 MHz, D2O): 8.34 (2H, 2×H-3), 8.02, 

7.96, 7.67, 7.64 (4H, 4×H-3), 4.99-4.94 (4H, H-1ab, H-2ab), 4.87-4.72 (8H, 4×H-5, 4×H-

8), 4.37-4.25 (10H, 4×H-9, 2×H-14, 4×H-7), 3.99-3.85 (8H, 4×H-6, 2×H-13a, 2×H-17), 

3.78-3.60 (10H, 2×H-13b, 2×H-15, 2×H-16, 2×H-19ab), 3.57-3.47 (5H, 3×H-10a, 2×H-

18), 3.32-3.24 (3H, 3×H-10b), 2.95, 2.76 (4H, 2×H-11ab), 1.99, 1.91 (4H, 2×H-12ab). 
13C NMR (125 MHz, D2O): 145.12, 145.09, 143.52, 143.42, 143.25 (6×C-4), 123.95, 

123.82, 122.54, 122.39, 122.30 (6×C-3), 101.32 (2×C-14), 76.75 (4×C-9), 73.70-73.10 

(2×C-16, 4×C-7), 72.50-71.20 (2×C-15, 4×C-6, 4×C-5), 69.27 (2×C-18), 67.60-67.10 

(2×C-17, 2×C-13), 60.72 (4×C-8), 59.49 (2×C-19), 58.55 (3×C-10), 48.53 (C-2, C-1), 

26.89 (2×C-12), 19.42, 19.15 (2×C-11). HRMS (MALDI TOF/TOF) m/z calcd for 

C56H84N18O27 (M+H)+ 1440.5753 found 1440.5798. 
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35.3. Propargyl amine (0.05 mL, 0.70 mmol) was added to a solution of 34.3 (0.20 g, 

0.30 mmol), 4-dimethyl aminopyridine (DMAP, 0.01 g, 0.08 mmol) and triethylamine 

(0.01 mL, 0.03 mmol) in CH2Cl2 (15 mL). The mixture was cooled to 0°C and 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI, 0.11 g, 0.60 mmol) 

was added. The mixture was stirred for 1 h at 0°C and overnight at r.t.. The reaction 

was quenched with a 1M KHSO4 solution (15 mL) and the organic layer was washed 

with NaHCO3 saturated solution, water and brine (20 mL). The organic solution was 

dried over sodium sulfate and after evaporation of the solvent, 35.3 was obtained as 

an oily product (0.21 g, 0.28 mmol, 93%). 1H NMR (300 MHz, CDCl3): 7.00 (2H, NH), 

3.95 (m, 4H, H-3), 3.65 (t, 4H, J6,5= 5.70 Hz, H-6), 3.60-3.50 (48H, (OCH2CH2)12O), 2.41 

(t, 4H, H-5, J6,5= 5.70 Hz), 2.16 (t, 2H, H-1, J1,3= 2.50 Hz). 13C NMR (75.5 MHz, CDCl3): 

171.28, 80.08, 71.01, 70.53-70.25, 70.21, 70.16, 66.92, 36.56, 28.76 MS (ESI) m/z calcd 

for C36H65N2O15 (M+H)+ 765.44, found 765.75.  

38.3. The general procedure for the “click reaction” was applied. Starting from 

compound 35.3 (0.19 g, 0.25 mmol) and compound 37.3 (0.24 g, 0.55 mmol), after 

column chromatography, 38.3 was obtained (0.19 g, 0.16 mmol, 65%). 1H NMR (300 

MHz, CDCl3): 7.53 (s, 2H, H-6), 7.29 (2H, NH), 5.31 (d, 2H, J13,12= 3.15 Hz, H-13), 5.15 

(dd, 2H, J11,10= 8.12 Hz, J11,12= 10.37 Hz, H-11), 4.95 (dd, 2H, J12,11= 10.37, Hz J12,13= 3.15 

Hz, H-12), 4.46-4.22 (m, 10H, H-15ab, H-10, H-7), 4.07 (m, 4H, H-4), 3.88-3.76 (m, 4H, 

H-14, H-9a), 3.68 (t, 4H, J1,2= 5.85 Hz), 3.60-3.50 (48H, (OCH2CH2)12O), 3.38 (m, 2H, H-

9b), 2.41 (t, 4H, J2,1 = 5.85 Hz, H-2), 2.11 (m, 4H, H-8), 2.11, 2.04, 1.98, 1.93 (24H, 

C=OCH3). 13C NMR (75.5 MHz, CDCl3): 171.28 (NHC=O), 170.32 (C=O), 170.18 (C=O), 

170.02 (C=O), 169.56 (C=O), 145.13, 122.60, 101.14, 70.76, 70.65, 70.48-70.35, 70.21, 

70.13, 68.76, 67.06, 66.97, 65.85, 61.18, 46.61, 36.71, 34.91, 30.13, 20.81, 20.65, 20.61, 

20.5. MS (ESI) m/z calcd for C70H116N8O35 (M+2H)2+ 814.33, found 814.70. 

39.3. The general procedure for the removal of acetyl protecting groups was applied. 

Starting from 38.3 (0.07 g, 0.04 mmol), compound 39.3 was obtained (0.05 g, 0.04 

mmol, 95%). 1H NMR (300 MHz, D2O): 7.95 (s, 2H), 4.56 (t, 4H, J=6.85 Hz), 4.49 (s, 4H), 

4.37 (d, 2H, J=7.74 Hz), 3.96-3.87 (m, 4H), 3.84-3.50 (m, 64H), 2.58 (t, 4H, J=5.93 Hz), 

2.23 (p, 4H, J=6.39 Hz). 13C NMR (125 MHz, D2O): 171.30 (NHC=O), 143.68 (C, Tr), 

122.40 (CH, Tr), 101.14, 73.47, 71.06, 69.07, 68.75-67.20, 66.98, 65.04, 64.65, 59.33, 

45.46, 34.28, 32.84, 27.92. HRMS (MALDI TOF/TOF) m/z calcd for C54H99N8O27 (M+H)+ 

1291.6619 found 1291.6371. 

18.3. BF3·Et2O (2.6 mL, 20.48 mmol) was added dropwise to a solution of β-D-

galactose pentaacetate 13.2 (2 g, 5.12 mmol) and 4-pentyn-1-ol (1.55 mL, 20.48 

mmol) in CH2Cl2 (50 mL) previously cooled at 0°C. The mixture was stirred overnight 

at room temperature. The solution was neutralized with a saturated NaHCO3 solution 

and the organic phase was washed with water (30 mL) and once with brine (30 mL). 

After drying over sodium sulfate, the solvent was removed and the compound purified 

by column chromatography to give 18.3 as a white solid (1.48 g, 3.58 mmol, 70%). 1H 

NMR (300 MHz, CDCl3): δ 5.30 (d, 1H, J9,8=2.57 Hz, H-9), 5.10 (t, 1H, J7,6=J7,8=9.10 Hz, 
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H-7), 4.94 (dd, 1H, J8,7= 9.10 Hz, J8,9=2.57 Hz, H-8), 4.41 (d, 1H, J6,7=9.10 Hz, H-6), 4.07 

(m, 2H, H-11ab), 3.88 (m, 2H, H-10, H-5a), 3.56 (m, 1H, H-5b), 2.18 (m, 2H, H-3), 2.18 

(1H, H-1), 2.06, 1.99, 1.96, 1.90 (C=OCH3), 1.73 (m, 2H, H-4). 13C NMR (75.5 MHz, 

CDCl3): δ ppm 170.19, 170.10, 169.95, 169.31 (4×C=O), 101.37, 83.29, 70.75, 70.49, 

68.83, 68.77, 68.18, 66.96, 61.18, 28.11, 20.61 (C=OCH3), 20.53 (2×C=OCH3), 20.45 

(C=OCH3), 14.63. MS (ESI) m/z calcd for C19H26KO9 (M+K)+ 437.12, found 437.15. 

19.3. The general procedure for the removal of acetyl protecting groups was applied. 

Starting from 18.3 (0.19 g, 0.48 mmol), compound 19.3 was obtained (0.12 g, 0.47 

mmol, 98%). 1H NMR (300 MHz, CD3OD): δ ppm 4.21 (d, 1H, J6,7=6.83 Hz, H-6), 3.96 

(dt, 1H, J5a,4=6.50 Hz, J5a,5b=9.90 Hz, H-5a), 3.84 (s, 1H, H-9), 3.73 (d, 2H, J11ab,10=6.36 

Hz, H-11ab), 3.65 (dt, 1H, J5b,4=6.50 Hz, J5b,5a =9.90 Hz, H-5b), 3.55-3.43 (m, 3H, H-7, H-

8, H-10), 2.30 (dt, 2H, J3,4=7.00 Hz, J3,1 =2.60 Hz, H-3), 2.20 (t, 1H, J1, 3=2.60 Hz, H-1), 

1.80 (p, 2H, J4,3=J4,5 =6.50 Hz, H-4). 13C NMR (75.5 MHz, CD3OD): δ ppm 104.94, 84.70, 

76.45, 74.86, 72.47, 70.17, 69.63, 69.24, 62.34, 29.99, 15.75. HRMS (MALDI TOF/TOF) 

m/z calcd for C11H18NaO6 (M+Na)+ 269.0996 found 269.0928. 

31.3. The general procedure for the “click reaction” was applied. Starting from 

compound 16.2 (0.05 g, 0.15 mmol) and compound 30.3 (0.02 g, 0.22 mmol), after 

column chromatography, 31.3 was obtained (0.04 g, 0.09 mmol, 60%). 1H NMR (300 

MHz, CDCl3): 7.77 (s, 1H, H-3),5.49 (d, 1H, J8,7= 3.15 Hz, H-8), 5.35 (t, 1H, J6,5=J6,7= 

10.10 Hz, H-6), 5.16 (dd, 1H, J7,6= 10.10 Hz J7,8= 3.15 Hz, H-7), 4.74 (d, 1H, J5,6= 10.10 

Hz, H-5), 4.48 (m, 2H, H-1ab), 4.17-4.08 (m, 3H, H-9, H-10ab), 3.98 (m, 2H, H-1ab), 

2.70 (s, 1H, OH), 2.19, 2.04, 2.00, 1.91 (12H, C=OCH3). 13C NMR (75.5 MHz, CD3Cl): 

170.77 (C=O), 170.51 (C=O), 170.45 (C=O), 170.35 (C=O), 144.69 (C-4), 124.04 (C-3), 

75.11 (C-9), 74.09 (C-5), 72.00 (C-7) 69.47 (C-6), 67.93 (C-8), 61.96 (C-10), 61.48 (C-

1), 53.14 (C-2), 20.99(C=OCH3). MS (ESI) m/z calcd for C18H25N3O10 (M+H)+ 444.16, 

found 444.70. 

32.3. The general procedure for the removal of acetyl protecting groups was applied. 

Starting from 31.3 (0.03 g, 0.07 mmol), compound 32.3 was obtained (0.02 g, 0.07 

mmol, quant). 1H NMR (300 MHz, CD3OD): δ ppm 8.05 (s, 1H, H-3), 4.49 (t, 2H, 

J2ab,1ab=5.55 Hz, H-2ab), 4.34 (d, 1H, J5,6=9.55 Hz, H-5), 3.97-3.83 (m, 4H, H-8, H-9, H-

10ab), 3.80-3.63 (m, 3H, H-1ab, H-6), 3.60 (dd, 1H, J7,8=3.15 Hz, J7,6 =9.55 Hz, H-7). 13C 

NMR (75.5 MHz, CD3OD): δ ppm 147.00 (C-4), 125.43 (C-3), 80.93 (C-9), 76.24 (C-5), 

76.20 (C-7) 72.23 (C-6), 70.91 (C-8), 62.83 (C-10), 61.58 (C-1), 54.02 (C-2). HRMS 

(MALDI TOF/TOF) m/z calcd for C10H18N3O6 (M+H)+ 276.1196 found 269.1135. 

43.3. The general procedure for the “click reaction” was applied. Starting from 

compound 16.2 (0.05 g, 0.15 mmol) and compound 42.3 (0.02 g, 0.22 mmol), after 

column chromatography, 43.3 was obtained (0.04 g, 0.09 mmol, 60%). 1H NMR (300 

MHz, CDCl3): 7.77 (s, 1H, H-3), 5.49 (d, 1H, J8,7= 3.15 Hz, H-8), 5.35 (dd, 1H, J6,5=3.8 Hz, 

J6,7= 10.10 Hz, H-6), 5.32 (d, 1H, J5,6= 3.8 Hz, H-5),5.16 (dd, 1H, J7,6= 10.10 Hz J7,8= 3.15 

Hz, H-7), 4.48 (m, 2H, H-1ab), 4.17-4.08 (m, 3H, H-9, H-10ab), 3.98 (m, 2H, H-1ab), 
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2.70 (s, 1H, OH), 2.19, 2.04, 2.00, 1.91 (12H, C=OCH3). 13C NMR (75.5 MHz, CD3Cl): 

170.77 (C=O), 170.51 (C=O), 170.45 (C=O), 170.35 (C=O), 144.69 (C-4), 124.04 (C-3), 

75.11 (C-9), 72.00 (C-7), 70.09 (C-5),69.47 (C-6), 67.93 (C-8), 61.96 (C-10), 61.48 (C-

1), 53.14 (C-2), 20.99(C=OCH3). MS (ESI) m/z calcd for C18H25N3O10 (M+H)+ 444.16, 

found 444.85. 

44.3. The general procedure for the removal of acetyl protecting groups was applied. 

Starting from 31.3 (0.03 g, 0.07 mmol), compound 32.3 was obtained (0.02 g, 0.07 

mmol, quant). 1H NMR (300 MHz, CD3OD): δ ppm 8.05 (s, 1H, H-3), 4.87 (d, 1H, J5,6=3.5 

Hz, H-5), 4.49 (t, 2H, J2ab,1ab=5.55 Hz, H-2ab), 3.97-3.83 (m, 4H, H-8, H-9, H-10ab), 3.80-

3.63 (m, 3H, H-1ab, H-6), 3.60 (dd, 1H, J7,8=3.15 Hz, J7,6 =9.55 Hz, H-7). 13C NMR (75.5 

MHz, CD3OD): δ ppm 147.00 (C-4), 125.43 (C-3), 80.93 (C-9), 76.20 (C-7), 72.23 (C-6), 

71.34 (C-5), 70.91 (C-8), 62.83 (C-10), 61.58 (C-1), 54.02 (C-2). HRMS (MALDI 

TOF/TOF) m/z calcd for C10H18N3O6 (M+H)+ 276.1196 found 269.1157. 

45.3. (0.07 g, 0.03 mmol, 82%) 1H NMR (300 MHz, CDCl3): 8.10-7.10 (45H, Ar), 7.92, 

7.85, 7.74, 7.48, 7.44 (5H, 4×H-3), 6.32-6.15 (3H, 3×H-7), 5.85, 5.67, 5.64 (3H, 3×H-6), 

5.52-5.42 (3H, 2×H-14, 1×H-12), 5.32-5.06 (9H, 3×H-5, 2×H-13, 3×H-8, 1×H-12, 2×H-

11), 4.85-4.50 (9H, H-1ab, H-2ab, 3×H-9), 4.38- 4.25 (3H, 3×H-10a), 4.15-3.90 (7H, 

3×H-10b, 2×H-16ab, 2×H-15), 2.11, 2.01, 1.99, 1.97, 1.93, 1.87, 1.85, 1.61 (6×CH3C=O). 
13C NMR (75.5 MHz, CDCl3): 170.79-170.21, 169.98, 169.71 (C=O, acetyl), 166.03, 

165.87, 165.33, 165.06 (C=O, benzoyl), 145.19, 145.12, 144.81, 144.74, 144.58 (5×C-

4), 133.97-133.25 (C, Ar), 130.29-129.57, 129.46-128.19 (CH, Ar), 123.77, 123.76, 

122.72, 122.51, 122.50 (5×C-3), 77.06 (3×C-9), 75.05 (2×C-15), 74.05-73.60 (3×C-5, 

3×C-7, 2×C-11), 72.80-71.90 (3×C-6, 2×C-13), 69.00 (2×C-12), 67.82 (2×C-14), 62.80 

(3×C-10), 61.85-61.00 (3×C-8, 2×C-16), 49.86 (C-2, C-1), 20.93 (CH3C=O). MS (ESI) 

m/z calcd for C89H74N15O21 (M+2H)2+ 1201.37, found 1202.12. 

46.3. (0.017 g, 0.015 mmol, 79%) 1H NMR (300 MHz, D2O): 8.39, 8.38, 8.32, 8.02, 7.99 

(5H, 5×H-3), 5.15, 5.13 (2H, 2×H-11), 5.05 (4H, H-1ab, H-2ab), 4.92-4.78 (6H, 3×H-5, 

3×H-8), 4.40-4.32 (6H, 3×H-9, 3×H-7), 4.10-3.73 (15H, 2×H-14, 2×H-12, 3×H-6, 2×H-

15, 2×H-13, 2×H-16ab), 3.63-3.58 (3H, 3×H-10a), 3.38-3.32 (3H, 3×H-10b). 13C NMR 

(125 MHz, D2O): 144.57-143.10 (5×C-4), 124.01-123.40 (5×C-3), 77.83 (2×C-15), 

76.81 (3×C-9), 73.24 (3×C-7), 72.53-72.18 (3×C-5, 2×C-11, 2×C-13), 71.70-71.60 (3×C-

6), 68.90-68.70 (2×C-12), 67.70 (2×C-14), 60.82 (3×C-8), 59.75 (2×C-16), 58.55 (3×C-

10), 48.70 (C-2, C-1). HRMS (MALDI TOF/TOF) m/z calcd for C42H62N15O22 (M+H)+ 

1128.4193 found 1128.4062. 
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4.1 Introduction 
In the study of carbohydrate–protein interactions, it is now well known that 

making a ligand multivalent increases its binding or inhibitory potency of 

ligands, while its monovalent counterparts would bind too weakly to have a 

biological relevance.1 The spacer is an important factor in the design of an 

effective multivalent ligand.2 While most systems reported thus far contain 

flexible spacers, there is a major untapped potential for systems based on rigid 

spacers.3 

In the previous chapter the synthesis of new rigid spacers based on 

carbohydrate-triazole repeating units is described. Divalent systems were 

prepared which exhibit a potent inhibition of the Pseudomonas aeruginosa 

lectin LecA.4 These important results prompted us to investigate the 

preparation of other rigid spacers to employ as starting material to get new 

inhibitors.  

In this chapter the synthesis of rigid spacers of various lengths based on 

phenylene-ethynylene units and their incorporation into a divalent ligand is 

described. For design purposes this system has the advantage that due to the 

high rigidity and linearity it is easy to predict their length as was recently 

shown by EPR measurement.5 Solubility of rigid hydrophobic spacers in an 

aqueous environment is notoriously poor and therefore PEG attachments have 

been employed. Such PEG units were also incorporated in glycopolymers 

based on the phenylene-ethynylene repeating units by Seeberger and 

coworkers (see schematically in Figure 1a), who used them for the detection 

of bacteria.6 The fluorescent properties of the polymer allowed a fast detection 

of the E. coli bacteria. Brewer et al. reported a divalent inhibitor with a short 

rigid spacer containing just a single phenylene-ethynylene.7 The inhibition 

shown by this compound was disappointing since it was less potent than its 

flexible divalent counterpart. There are to the best of our knowledge no other 

examples in the literature that show inhibition studies of lectins using divalent 

ligands directly connected by a rigid spacer based on phenylene-ethynylene 

unit (Figure 1b). 
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Figure 1. Schematic depiction of a) a rigid phenylene-ethynylene polymer core with ligands 

attached via flexible chains, and b) a divalent ligand using phenylene-ethynylene as a rigid 

spacer connecting the ligands. 

In order to systematically study the effects of spacer lengths on the binding 

potencies of divalent ligands, having access to a series of spacers of well-

defined lengths was imperative. We here report the synthesis of a series of 

spacers based on phenylene-ethynylene building blocks (Figure 2), with 

distinct syntheses for the compounds containing an even and an odd number 

of aromatic rings. The C-C bond in the phenylene-ethynylene unit was 

obtained by the palladium-catalyzed Sonogashira cross-coupling reaction 

between a terminal alkyne and an aryl iodide.8 Subsequently one of the 

spacers was incorporated into the structure of a divalent galactoside ligand 

and was used to inhibit the virulence-linked lectin LecA of Pseudomonas 

aeruginosa.9,10 

 

Figure 2. Generic structure of spacers containing an even (n=1, 3) and an odd (n=2, 4) number 

of units. 

4.2 Sonogashira reaction 
The Sonogashira reaction (SR) is the catalytic Csp-Csp2 cross-coupling reaction 

of terminal alkynes with aryl or vinyl halides or triflates in the presence of 

palladium and copper compounds, as co-catalysts, and a base to give aryl 

alkynes or enynes (Figure 3).11 

The reaction was first reported by Sonogashira, Tohda and Hagihara in 1975.8 

a)

polymer spacer

b)
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Figure 3. Sonogashira reaction 

It provides an efficient synthetic route for the preparation of target 

compounds with applications ranging from the natural products and 

pharmaceuticals to molecular organic materials.12 Members of the last group 

can be made using phenylene-ethynylene units, similar to those we report in 

this chapter. The molecular organic materials are of considerable interest for 

sensor13 and molecular-electronics applications14 owing to the specific 

fluorescent, conducting and electrochemical properties that the conjugated 

system confers to the molecule.15 The SR is widely employed in synthetic 

organic chemistry as the large number of reports indicates. For example the 

SciFinder data base showed for the word “Sonogashira” more than 1500 

references published in journals during the period 2007-2010.16 

The most used catalysts are Pd(PPh3)2Cl2 or Pd(PPh3)4 (PPh3 = triphenyl 

phosphine) in conjunction with copper(I) iodide as a co-catalyst and a base 

usually an amine (i.e. triethylamine, diisopropylethylamine).16 The reaction is 

carried out in organic solvents (i.e. THF, DMF, toluene) at room temperature 

or under heating. In the generally accepted reaction mechanism, the reaction 

takes place through the combined catalytic cycles of palladium (Figure 4, cycle 

A) and copper (Figure 4, cycle B). The active palladium catalyst is the 14 

electron species L2Pd(0). As far as the use of Pd(II) compounds is concerned, it 

is believed that copper acetylide is involved in the reduction of Pd(II) to Pd(0), 

first forming a PdL2(acetylide)2 compound and then, by reductive elimination, 

the active palladium catalyst L2Pd(0) and diacetylene.17 The reaction rate of 

the aryl or vinyl halides depend on the dissociation energy of the Csp2-X bond 

and follows the following trend: vinyl iodide > vinyl triflate > vinyl bromide > 

vinyl chloride > aryl iodide > aryl triflate > aryl bromide > > > aryl chloride. 

Studies are in progress on the development of more efficient palladium 

compounds.16 In this context the original Sonogashira catalysts have been 

modified (i.e. removing the copper co-catalyst or supporting the Pd-Phosphine 

complexes on solid materials) and other Pd compounds have been 
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investigated (i.e. Pd-Nitrogen compounds, palladacycles as well as palladium 

nanoparticles). 

 

 

Figure 4. Supposed mechanism for the copper-cocatalysed Sonogashira reaction 

 

The research also explored other transition metals cheaper than palladium 

such as iron, cobalt, nickel, copper and gold. However, many of these new 

catalytic systems do not give a substantial improvement in the reaction with 

respect to the classical Sonogashira catalysts. In addition, they have typically 

only been studied using simple and reactive substrates (i.e. iodobenzene and 

phenylacetylene) lacking results on more general applications. For these 

reasons the Sonogashira catalysts8 continue to be the most widely employed.16 

In the course of the present investigation to prepare phenylene-ethynylene 

rigid spacers we have used the traditional Sonogashira co-catalysts, 

Pd(PPh3)2Cl2 and CuI, and triethylamine as a base. Differently from the 

standard method, we have carried out the reactions under microwave 

irradiation obtaining high yields in short reaction times. 
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4.3 Synthetic Strategies  
Depending on the number of units in the spacer, two different routes can be 

applied. The pathway followed to obtain rods containing an even number of 

units is shown in Figure 5. The R group on the ring is used to increase the 

solubility of the system. The strategy relies on orthogonal protecting groups 

R1 and R2 of structure A, to enable the selective deprotection needed to make 

B. Its free alkyne moiety can undergo a Sonogashira reaction with C to give D. 

At this point the removal of the protecting group R1 and R2 can be performed, 

to either couple the ligands or elongate the system by a double Sonogashira 

reaction.  

 

Figure 5. Synthetic strategy for rigid spacers with an even number of units. 

The strategy to prepare spacers containing an odd number of units is shown in 

Figure 6.  

 

Figure 6. Synthetic strategy for rigid spacers with an odd number of units 
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The strategy is more straightforward since it does not require any orthogonal 

deprotection step. Starting with F, a double Sonogashira reaction with C 

should yield the three-unit system G. Removal of the protecting groups R1 can 

be performed, to either couple the ligands or elongate the system by a double 

Sonogashira reaction. 

4.4 Synthesis of the building blocks 
The building blocks 8.4 and 9.4, 1,4-diodo mono-alkynyl and 1,4-di-alkynyl 

substituted, respectively, were prepared as reported in Scheme 1.  

 

Scheme 1. Synthesis of the building blocks; a) KOH, CH3I, DMSO, r.t., 5 h, 98%; b) I2, HIO3, 

H2SO4, reflux, 12 h, 80%; c) BBr3, CH2Cl2, r.t., 48 h, 75%; d) TsCl, py, 4°C, 12 h, 85%; e) KI, K2CO3, 

methyl ethyl ketone, reflux, 48 h, 75%; f) PdCl2(PPh3)2 , CuI, TEA, THF, MW, 60°C, 20‘ 35% for 

8.4 and 53% for 9.4. 

In the general structures shown in Figure 5 and Figure 6 the R group is used to 

increase the solubility. For this purpose diethylene glycol methyl ether was 

used as a side chain. Silyl groups were used as selective protective groups for 

the alkyne moiety. 1,4-Bis[2-(2-methoxyethoxy)ethoxy]-2,5-diiodobenzene 

7.4, containing the iodine moieties needed for the Sonogashira reaction, was 

synthesized starting from the commercially available para- di-hydroxy 

benzene 1.4, following a literature report.18 The free hydroxyl groups were 
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methylated using KOH and CH3I to obtain 2.4. Reaction with HIO3 and I2 led to 

the introduction of the iodine groups to give 3.4. The protected hydroxyl 

groups were freed using BBr3 to give 2,5-diiodo-1,4-hydroquinol 4.4. The side 

chain was prepared starting from diethylene glycol monomethyl ether 5.4 

which reacted with tosyl chloride to give diethylene glycol monomethyl ether 

p-toluenesulfonate 6.4. Compound 7.4 was obtained by reaction of 6.4 and 

4.4. The desired building block 8.4 and 9.4 were prepared simultaneously 

from compound 7.4. The Sonogashira reaction under microwave irradiation 

with trimethylsilyl acetylene, followed by purification via column 

chromatography gave both compound 8.4 and 9.4 with 35% and 53% yields, 

respectively. These compounds were recently prepared independently 

through the traditional Sonogashira reaction employing Pd(PPh3)4, more 

expensive than PdCl2(PPh3)2, as catalyst.13 The use of microwave irradiation, 

performed by us, allowed a shorter reaction time (20 min at 60°C) than the 

one reported in the literature (24 h at 10°C for 8.4 and 24 h at 40°C for 9.4).13 

4.5 Synthesis of the two-unit spacer 13.4 
The strategy of Figure 3 was applied to the synthesis of the two-unit spacer. In 

order to obtain the orthogonally protected intermediate 10.4, mono-iodo 

compound 8.4 was coupled with tert-butyl(ethynyl)dimethylsilane (TBDMS-

acetylene) as shown in Scheme 2. From 10.4 the more labile TMS group was 

removed using K2CO3 to give 11.4. This compound was coupled to 5 by a 

Sonogashira reaction under microwave irradiation to give the protected two-

unit spacer 12.4. Removal of the silyl protecting groups with TBAF yielded the 

desired two-unit spacer 13.4.  

4.6 Synthesis of the three-unit spacer 16.4 
To obtain the three-unit spacer the odd strategy (Figure 4) was applied 

starting with compound F. In order to make F, the silyl protecting groups 

present in 9.4 were removed. Compound 9.4 which bears the TMS group was 

treated with K2CO3 to afford 14.4. Compound 14.4 was elongated in a double 

Sonogashira reaction under microwave irradiation with 8.4 to give the 

protected compound 15.4. The TMS protecting group was removed using 

K2CO3 to yield the three-unit spacer 16.4. This compound was also recently 

reported in literature13 where it was prepared by the standard Sonogashira 

reaction at 40°C for 48 h using Pd(PPh3)4 as catalyst. 
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Scheme 2. Synthesis of the two unit spacer. a) PdCl2(PPh3)2, CuI, TEA, THF, MW, 60°C, 20‘, 81% 

for 10.4, 79% for 12.4; b) K2CO3, MeOH/CH2Cl2, 45‘, 91%; c) TBAF, THF, 84%. 

 

Scheme 3. Synthesis of the three unit spacer. a) K2CO3, MeOH/CH2Cl2, 45‘,88%; b) PdCl2(PPh3)2, 

CuI, TEA, THF, MW, 60°C, 20‘, 75%. 
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4.7 Synthesis of the four-unit spacer 18.4 
The four-unit spacer was synthesized starting from the two-unit spacer 13.4 

and the iodo compound 8.4 through a double Sonogashira reaction under 

microwave irradiation to give 17.4 (Scheme 4). Deprotection of the two 

alkyne moieties with K2CO3 afforded the four-unit spacer 18.4. 

 

Scheme 4. Synthesis of the four unit spacer. a) PdCl2(PPh3)4 , CuI, TEA, THF, MW, 60°C, 20‘, 

73%; b) K2CO3, MeOH/CH2Cl2, 45‘, 88%. 

4.8 Synthesis of the five-unit spacer 20.4 
The synthesis of the five-unit spacer started with the elongation of the three-

unit spacer 16.4 through a double Sonogashira reaction under microwave 

irradiation with iodo compound 8.4 to give 19.4 (Scheme 5). The five-unit 

spacer 20.5 was obtained after deprotection of the alkyne moieties with 

K2CO3.  

4.9 Preliminary application 
As part of our program on bacterial adhesion inhibition by multivalent 

carbohydrates, the bacterial lectin LecA, a virulence factor of the problematic 

pathogen Pseudomonas aeruginosa is a target of interest.19,20 This tetrameric 

lectin binds galactosides and the shortest distance between two binding sites 

is around 26 Å.1b We previously noted, in chapter 3, that the use of a rigid 

spacer with some flexibility in the aglycon chain connecting the galactose 

ligands led to potent inhibition.4 Since the distance to cover is ca. 26 Å, the 

best match in the phenylene-ethynylene series should be the three-unit spacer 

16.4. Just the spacer, without the aglycon linking moiety, measures around 22 

Å.  
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Scheme 5. Synthesis of five unit spacer. a) PdCl2(PPh3)4, CuI, TEA, THF, MW, 60°C, 20‘, 70%; b) 

K2CO3, MeOH/CH2Cl2, 45‘, 88%. 

Coupling of the galactose ligand and the flexible aglycon part should result in a 

promising compound. CuAAC of 16.4 with the ligand 23.4 was performed as 

shown in Scheme 6 to give 24.4.  

 

Scheme 6. Synthesis of the divalent ligand 25.4. a) 1-bromo-propan-3-ol, BF3·Et2O, CH2Cl2, 12 h, 

82%; b) NaN3, DMF, 100°C, 12 h, 95%; c) CuSO4·5H2O, Na-ascorbate, DMF/H2O, MW, 80°C, 40‘, 

85%; b) NaOMe, MeOH, 41%.  

Compound 23.4 was synthesized, following a literature procedure,21 from the 

β-D-galactose-pentaacetate 21.4 via glycosidation reaction with 1-bromo-

propan-3-ol to afford compound 22.4. The bromine was converted to an azide 
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moiety using NaN3. The acetyl protecting groups, present in 24.4, were 

removed using NaOMe in MeOH yielding final product 25.4. 

4.10 Inhibition studies 
The inhibitory potency of 25.4 for LecA was studied in an ELISA type assay 

using a glycochip as solid phase.22 In this assay an IC50 value of 0.92 M was 

determined (Figure 7).  
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Figure 7. Inhibition curve of compound 25.4 with LecA. 

This result compared favorably with the monovalent reference compound 

26.4 (Figure 6, Table 1) which exhibited an IC50 of 120 M (Chapter 3).4 

Similarly, the divalent compound 25.4 was a more potent inhibitor than the 

higher valency compound 27.4, especially when expressed as the relative 

potency per sugar, which is 11 for the tetravalent 27.422,23 and 67 for 25.4. 

Table 1. Inhibitory potency of mono, di- and tetravalent galactosides on LecA bindinga 

Compound Valency IC50/M 
Relative Potency 

(per sugar) 

26.4 1 120 1 

27.4 4 2.7 44 (11) 

25.4 2 0.92 133 (67) 

a FITC-labeled LecA, 20 g mL-1 binding to a galactoside functionalized surface. 
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Figure 6. Previously tested compounds 

4.11 Conclusions 
In this chapter a strategy for the synthesis of rigid spacers or rods of different 

length based on phenylene ethynylene units was developed. Diethylene glycol 

methyl ether moieties were used as side chains to increase the solubility of the 

resulting systems. Compounds 18.4 and 20.4, with four and five phenylene-

ethynylene units, respectively, can still be further elongated, depending on the 

need of the project, thus enabling the preparation of long spacers with a well-

defined number of monomeric units. The CuAAC of the three-unit spacer 16.4 

with a galactose ligand gave the divalent ligand 24.4 in good yield. After 

deprotection compound 25.4 was used to inhibit the lectin LecA from 

Pseudomonas aeruginosa. A major potency increase was seen with the divalent 

structure based on the phenylene-ethynylene spacer, with an IC50 of 0.92 M, 

a 133-fold potency increase over a monovalent reference compound 26.4, 

clearly showing the potential for spacers of this nature. 

4.12 Experimental part 
General: Unless stated otherwise, chemicals were obtained from commercial sources 

and were used without further purification. 1,4-Bis[2-(2-methoxyethoxy)ethoxy]2,5-

diiodobenzene, 7.418 and 3-azidopropyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside, 

23.421 were prepared as reported in the literature. Solvents were purchased from 

Biosolve (Valkenswaard, The Netherlands). All moisture-sensitive reactions were 

performed under nitrogen atmosphere. Anhydrous THF was dried over 
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Na/benzophenone and freshly distilled prior to use. All the other solvents were dried 

over molecular sieves 4 Å or 3 Å. TLC was performed on Merck precoated Silica 60 

plates. Spots were visualized by UV light and 10% H2SO4 in MeOH. Microwave 

reactions were carried out in a Biotage microwave Initiator (Uppsala, Sweden). The 

microwave power was limited by temperature control once the desired temperature 

was reached. Sealed vessels of 2-5 mL and 10-20 mL were used. Analytical HPLC runs 

were performed on a Shimadzu automated HPLC system with a reversed-phase 

column (Alltech, C8, 90 M, 5 mm, 250 L, 4.6 mm, Deerfield, IL, USA) that was equipped 

with an evaporative light-scattering detector (PLELS 1000, Polymer Laboratories, 

Amherst, MA, USA) and a UV/Vis detector operating at 220 nm and 250 nm. 

Preparative HPLC runs were performed on an Applied Biosystems workstation. 

Elution was effected by using a linear gradient of 5% MeCN/0.1% TFA in H2O to 5% 

H2O/0.1% TFA in MeCN. 1H NMR (300 MHz) and 13C (75.5 MHz) were performed on a 

Varian G-300 spectrometer. NMR data of 16.4 were in agreement with literature 

report.13 HSQC and HMBC NMR (500 MHz) were performed with a VARIAN INOVA-

500. The numbering for protons in the NMR characterization are shown on the 

molecules, due to the symmetry of the molecule it does not correspond to the 

numbering used for nomenclature. Electrospray Mass experiments were performed in 

a Shimadzu LCMS QP-8000. High resolution mass spectrometry (HRMS) analysis was 

performed using an Applied Biosystems 4700 MALDI TOF/TOF instrument for 

compound 17.4.  

LecA inhibiton assay: The lectin LecA was obtained from Sigma-Aldrich and it was 

FITC labelled to the procedure of Sigma-Aldrich.24 Microarray experiments were 

performed by using PamChip arrays run on a PamStation12 instrument (Pam-Gene 

B.V., ‘s Hertogenbosch, The Netherlands). Data were obtained by real-time imaging of 

the fluorescence signal by a CCD camera. Images were analyzed by using BioNavigator 

software (Pam-Gene). Each array slide contains spots in duplicate. The fluorescence 

intensities were expressed in arbitrary units and the relative intensities were the 

average of the two duplicate spots. Aliquots of a solution of FITC-labelled LecA (20 g 

mL-1) in HEPES/PBS buffer (10 mM HEPES, 100 mM NaCl, 0.1% BSA. pH 7.4), 

containing different concentrations of the inhibitors were incubated for 1 h at r.t. and 

subsequently added to the glycodendrimer chip. The binding process was monitored 

for 2 h and the end values of the fluorescence detection were taken for the 

determination of the IC50 by using Prism 5 (Graphpad Software, Inc). 

 

1,4-bis[2-(2-methoxyethoxy)ethoxy]-2-[trimethylsilyl]ethynyl-5-idobenzene, 
8.4 and 1,4-bis[2-(2-methoxyethoxy)ethoxy]-2,5-
bis[trimethylsilyl]ethynylbenzene, 9.4 

The bis-iodinated compound 7.4 (1g, 1.77 mmol), was dissolved in THF (10mL). 

ethynyltrimethylsilane (TMS-acetylene, 2.6 g, 2.65 mmol), PdCl2(PPh3)2 (12.4 mg, 0.17 

mmol, 0.1 eq), CuI (6.74 mg, 0.35, 0.2 eq), Et3N (1 mL, 4 eq) were added to the 
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solution. The mixture was heated under microwave irradiation at 60°C for 20 min. 

After removal of the solvent the final products were purified by column 

chromatography to afford compound 5 (0.48 g, 35%) and compound 6 (0.33 g, 53%). 

The NMR data were in agreement with the ones reported in literature.13  

General Sonogashira reaction for the preparation of compounds 10.4, 12.4, 15.4, 

17.4, 19.4. 

The free alkyne compound (1 eq) was dissolved in THF and the mono-iodinated 

compound 8.4 (1.2 eq), PdCl2(PPh3)2 (0.1 eq), CuI (0.2 eq), Et3N (4 eq) were added. 

The mixture was heated under microwave irradiation at 60°C for 20 min. After 

evaporation of the solvent, the desired product was purified by column 

chromatography (Yield 70-80%). 

 

General TMS-deprotection reaction for the preparation of compounds 11.4, 

16.4, 18.4, 20.4. 

A mixture of a double TMS-protected compound (1 eq) and K2CO3 (2 eq) in the mixed 

solvents  MeOH/DCM (3/1) was stirred for 45 min. at r.t. The reaction mixture was 

washed with H2O. The aqueous layer was extracted with DCM. The combined organic 

layers were dried over Na2SO4, filtered and concentrated in vacuo to afford the desired 

product (Yield ~90%). 

 1,4-bis[2-(2-methoxyethoxy)ethoxy]-2-[tert-butyldimethylsilyl]ethynyl-5- 
[trimethylsilyl]ethynylbenzene 10.4  

0.49 mg, 81%: 1H NMR (300 MHz, CDCl3): δ = 6.90 (2H, s, H2, H5), 4.15 - 4.06 (4H, m, 

H7, H12), 3.89 - 3.80 (4H, m, H8, H13), 3.79 - 3.69 (4H, m, H9, H14), 3.58 - 3.50 (4H, m, H10, 

H15), 3.38 (6H, s, H11, H16), 0.99 (9H, s, H24), 0.24 (9H, s, H19) 0.16 (6H, s, H22). 13C NMR 

(75.5 MHz, CDCl3): δ = 153.9, 153.8 (C1, C4), 117.9, 117.5 (C3, C6), 114.2, 114.1 (C2, C5), 

101.4(C20), 100.9 (C17), 100.1 (C21), 98.7 (C18), 72.1, 72.0 (C10, C15), 71.1, 70.9 (C9, C14), 

69.7, 69.6 (C8, C13), 69.2 (C7, C12), 59.0 (C11, C16), 26.2 (C23), 16.7 (C24), -0.1 (C19), -4.7 

(C22). MS (ESI) m/z calc. for C29H49O6Si2 (M+H)+ 549.30 found 549.75. 

1,4-bis[2-(2-methoxyethoxy)ethoxy]-2-[tert-butyldimethylsilyl]ethynyl-5-
ethynylbenzene 11.4  

917 mg, 91%: 1H NMR (300 MHz, CDCl3): δ = 6.93 (1H, s, H2), 6.91 (1H, s, H5), 4.04 - 

4.17 (4H, m, H7, H12), 3.78 - 3.88 (4H, m, H8, H13), 3.63 - 3.74 (4H, m, H9, H14), 3.47 - 

3.57 (4H, m, H10, H15), 3.35 (6H, s, H11, H16), 3.29 (1H, s, H18), 0.97 (9H, s, H23), 0.15 (6H, 

s, H21). 13C NMR (75.5 MHz, CDCl3): δ = 153.9 (C1, C4), 118.0, 117.8 (C3, C6), 114.6, 

113.1 (C2, C5), 101.3 (C19), 98.8 (C20), 82.6 (C17), 79.7 (C18), 72.0 (C10, C15), 70.9, 69.7, 

69.6, 69.5, 69.2 (C7, C8, C9, C12, C13, C14), 59.0 (C11, C16), 26.1 (C22), 16.7 (C23), -4.7 (C21). 

MS (ESI) m/z calc. for C26H41O6Si (M+H)+ 477.26, found m/z 477.25. 
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Rod 12.4 

113 mg, 79%: 1H NMR (300 MHz, CDCl3): δ = 6.99 (1H, s, H2), 6.96 (1H, s, H5), 6.95 (1H, 

s, H24), 6.94 (1H, s, H27), 4.08 - 4.22 (8H, m, H7, H12, H28, H33), 3.82 - 3.92 (8H, m, H8, H13, 

H29, H34), 3.70 - 3.81 (8H, m, H9, H14, H30, H35), 3.45 - 3.60 (8H, m, H10, H15, H31, H36), 

3.33 – 3.40 (12H, H11, H16, H32, H37), 0.99 (9H, s, H41), 0.26 (9H, s, H19), 0.18 (6H, s, H40). 
13C NMR (75.5 MHz, CDCl3): δ = 154.1, 154.0, 153.4, 153.3 (C1, C4, C23, C26), 118.5, 

118.3, 117.3, 117.0 (C3, C6, C25, C28), 114.6, 114.5, 114.2, 114.1 (C2, C5, C24, C27), 101.5 

(C38), 100.9 (C39), 100.4 (C17), 98.8 (C18), 91.3, 91.1 (C20, C21), 72.0 (C10, C15, C31, C36), 

71.1, 70.9, 69.7, 69.6, 69.2 (C7, C8, C9, C12, C13, C14, C28, C29, C30, C33, C34, C35), 59.0 (C11, 

C16, C32, C37), 26.2 (C41), 16.7 (C42), -0.1 (C19), -4.6 (C40). MS (ESI) m/z calc. for 

C47H72O12Si2Na (M + Na)+ 907.44 found 907.50  . 

Rod 13.4 

The protected di-unit spacer 12.4 (140 mg, 0.16 mmol) was dissolved in THF (10 ml) 

and a solution of tetra-n-butylammonium fluoride (TBAF) (100 mg, 0.32 mmol) in 

THF (5 ml) was added dropwise. After 2 h at RT, water (15 mL) was added to quench 

the reaction. The compound was extracted with DCM. The organic layer were dried 

over Na2SO4 and filtered. The compound was purified by column chromatography to 

give product 13.4 as a yellow solid (94 mg, 84%). 1H NMR (300 MHz, CDCl3): δ = 7.03 

(2H, s, H2), 7.01 (2H, s, H5), 4.23 - 4.14 (8H, m, H7, H12), 3.91 - 3.85 (8H, m, H8, H13), 

3.79 - 3.71 (8H, m, H9, H13), 3.58-3.48 (8H, m, H10, H14), 3.39 - 3.33 (14H H11, H16, H18). 
13C NMR (75.5 MHz, CDCl3): δ = 154.2, 153.4 (C1, C4), 118.8, 117.4 (C3, C6), 115.0, 113.1 

(C2, C5), 91.1 (C17, C19), 82.7 (C18), 72.0 (C10, C15), 71.0, 69.7, 69.6, 69.5 (C7, C8, C9, C12, 

C13, C14), 59.0 (C11, C16). MS (ESI) m/z calc. for C38H51O12 (M+H)+ 699.33 found 698.75 

 

Rod 17.4 

113 mg, 73%: 1H NMR (300 MHz, CDCl3): δ= 7.01 (4H, d, H24, H27), 6.98 (2H, s, H2), 6.94 

(2H, s, H5), 4.20 - 4.05 (16H, m, H7, H12, H28, H33), 3.92 -3.82 (8H, m, H8, H13, H29, H34), 

3.80 - 3.70 (16H, m, H9, H14, H30, H35), 3.60 - 3.45 (16H, m, H10, H15, H31, H36), 3.35 – 

3.29 (24H, H11, H16, H32, H37), 0.23 (18H, s, H19. 13C NMR (75.5 MHz, CDCl3): δ = 154.1, 

153.5, 153.3 (C1, C4, C23, C26), 118.9, 117.9, 117.8, 117.3 (C3, C6, C25, C28), 114.6, 114.5, 

114.4 (C2, C5, C24, C27), 100.9, 100.4 (C17, C18), 91.5, 91.4, 91.3 (C20, C21, C38), 72.0 (C10, 

C15, C31, C36), 71.0, 69.6 (C7, C8, C9, C12, C13, C14, C28, C29, C30, C33, C34, C35), 59.0 (C11, C16, 

C32, C37), -0.1 (C19). MS (ESI) m/z calc. for C80H114O24Si2Na (M + Na)+ 1537.71 found 

1538.25. 

Rod 18.4 

47.0 mg, 88%: 1H NMR (300 MHz, CDCl3): δ = 7.03 (6H, s, H5, H23, H26), 7.01 (2H, s, H2), 

4.23 - 4.17 (16H, m, H7, H12, H27, H32), 3.95 - 3.82 (16H, m, H8, H13, H28, H33), 3.79 - 3.70 

(16H, m, H9, H14, H29, H34), 3.58 - 3.45 (16H, m, H10, H15, H30, H35), 3.39 - 3.35 (26H, s, 

H11, H16, H18, H31, H36). 13C NMR (75.5 MHz, CDCl3): δ = 154.2, 153.5, 153.4 (C1, C4, C22, 

C25), 118.9, 117.9, 117.8, 117.5 (C3, C6, C24, C27), 115.0, 114.6, 114.5 (C2, C5, C23, C26), 
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91.5, 91.4, 91.2 (C19, C20, C37), 82.7 (C17), 79.7 (C18), 72.0 (C10, C15, C30, C35), 71.0, 69.6 

(C7, C8, C9, C12, C13, C14, C27, C28, C29, C32, C33, C34), 59.0 (C11, C16, C31, C36). MS (ESI) m/z 

calc. for C74H99O24 (M+H)+ 1371.65 found 1372.14. 

Rod 19.4 

586 mg, 70%: 1H NMR (300 MHz, CDCl3): δ = 7.05 (6H, s, H24, H27, H42), 7.01 (2H, s, H2), 

6.98 (2H, s, H5), 4.10 - 4.29 (20H, m, H7, H12, H28, H33, H43), 3.83 - 3.97 (20H, m, H8, H13, 

H29, H34, H44), 3.67 - 3.82 (20H, m, H9, H14, H30, H36, H45), 3.45 - 3.61 (20H, m, H10, H15, 

H31, H36, H46), 3.39 - 3.34 (30H, s, H11, H16, H32, H37, H47), 0.26 (16H, s, H19). 13C NMR 

(75.5 MHz, CDCl3): δ= 154.1, 153.5, 153.3 (C1, C4, C23, C26, C41), 118.4, 117.9, 117.3 (C3, 

C6, C25, C28, C40), 114.5, 114.2 (C2, C5, C24, C27, C42), 100.9, 100.5 (C17, C18), 91.4, 91.3 (C20, 

C21, C38, C39), 72.0 (C10, C15, C31, C36, C46), 71.1, 69.6 (C7, C8, C9, C12, C13, C14, C28, C29, C30, 

C33, C34, C35, C43, C44, C45) 59.0 (C11, C16, C32, C37, C47), -0.1 (C19). MS (ESI) m/z calc. for 

C98H138O30Si2Na (M + Na)+ 1873.87 found 1874.98. 

Rod 20.4 

305 mg, 88%: 1H NMR (300 MHz, CDCl3): δ = 7.04 (8H, s, H2, H24, H27, H42), 7.01 (2H, s, 

H5), 4.13 - 4.25 (20H, m, H7, H12, H27, H32, H42), 3.84 - 3.93 (20H, m, H13, H28, H33, H43), 

3.71 - 3.79 (20H, m, H9, H14, H29, H34, H44), 3.46 - 3.58 (20H, m, H10, H15, H30, H35, H45), 

3.38 - 3.33 (32H, m, H11, H16, H18, H31, H36, H46). 13C NMR (75.5 MHz, CDCl3): δ = 154.2, 

153.6, 153.4 (C1, C4, C22, C25, C40), 118.8, 117.9, 117.4 (C3, C6, C21, C24, C39), 114.6, 114.4, 

113.1 (C2, C5, C23, C26, C41), 91.5, 91.3, 91.2 (C17, C18, C19, C20, C37), 82.6 (C17), 79.8 (C18), 

72.0 (C10, C15, C30, C35, C45), 71.0, 69.7, 69.5 (C7, C8, C9, C12, C13, C14, C27, C28, C29, C30, C32, 

C33, C34, C42, C43, C44), 59.0. MS (ESI) m/z calc. for C92H122O30Na (M + Na)+ 1729.79 

found 1730.10. 

Compound 24.4 

A mixture of 16.4 (68 mg, 66 µmol), galactose azide 23.4 (62 mg, 145 µmol), 

CuSO4·5H2O (7 mg, 26 µmol), sodium ascorbate (10 mg, 53 µmol) in DMF (1.8 ml) and 

H2O (0.2 ml) was stirred in the microwave for 40 min at 80°C. The solvent was 

removed in vacuo. The yellow residue was dissolved in DCM (15 ml) and washed three 

times with H2O and brine. The organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. After column chromatography the pure product 24.4 was 

obtained as yellow solid (102 mg, 85%). 1H NMR (300 MHz, CDCl3): δ = 8.35 (2H, s, 

H18), 7.96 (2H, s, H2), 7.08 (2H, s, H5), 7.07 (2H, s, H23), 5.41 (2H, d, H35, J35-34= 3.4 Hz), 

5.27 (2H, dd, H33, J33-32= 8.0 Hz, J33-34= 10.2 Hz), 5.03 (2H, dd, H34, J34-35= 3.3 Hz, J34-33= 

10.5 Hz), 4.62 – 4.38 (4H, m, H29, H32), 4.34 (4H, m, H24), 4.29-4.20 (8H, m, H7, H12), 

4.14 (4H, d, H37, J35-34=6.94 Hz), 3.98 – 3.81 (18H, m, H8, H13, H25, H31, H36), 3.83 – 3.70 

(12H, m, H9, H14, H26), 3.62 – 3.50 (12H, m, H10, H15, H27), 3.38 – 3.35 (26H, m, H11, H16, 

H28), 2.37 – 2.19 (4H, m, H30), 2.16, 2.12, 2.03, 2.00 (24H, s, H39). 13C NMR (75.5 MHz, 

CDCl3): 170.6, 170.2, 170.1, 169.7 (C38), 154.2, 153.5 (C1, C22), 148.6 (C17), 142.7 (C4), 

124.3 (C18), 121.6 (C3), 117.9, 117.7 (C5, C23), 114.6 (C2), 112.7, 111.63 (C6, C21), 101.4 

(C32), 91.7, 90.4 (C19, C20), 72.0, 71.0, 70.8, 70.7, 70.3, 69.7, 69.5, 68.8, 67.8 (C7, C8, C9, 



Chapter 4: Efficient synthesis of phenylene-ethynylene rods and their use as rigid spacers 

90 
 

C10, C12, C13, C14, C15, C25, C25, C26, C27, C33, C34, C36), 67.0 (C35), 66.12 (C31), 61.2 (C37), 

58.9 (C11, C16, C28), 46.5 (C29), 30.4 (C30), 20.9-20.5 (C39). MS (ESI) m/z calc. for 

C90H124N6O38 (M+2H)2+ 949.40 found 949.70.  

Compound 25.4 

Compound 24.4 (67 mg, 38 µmol) was dissolved in MeOH (3 ml) and NaOMe (50 µl, 

0.54 mmol) was added. The reaction mixture was stirred for 1 h, neutralized with 

Dowex H+ and filtered. The solution was concentrated and preparative HPLC was 

performed to afford pure 25.4 (23 mg, 41%) as a yellow solid. 1H NMR (300 MHz, 

CD3OD): δ = 8.49 (2H, s, H18), 7.81 (2H, s, H2), 7.18 (2H, s, H5), 7.13 (2H, s, H23), 4.64 

(4H, t, H29, J29,30= 6.82 Hz), 4.31 (4H, m, H24), 4.25 – 4.18 (10H, m, H7, H12, H32), 3.98 – 

3.85, (16H, m, H8, H13, H25, H31a, H35), 3.83 – 3.69 (16H, m, H9, H14, H26, H37), 3.64 – 3.46 

(20H, m, H10, H15, H27, H31b, H33, H34, H36), 3.32 – 3.28 (18H, m, H11, H16, H28), 2.26 (4H, 

quint, H30, J30,29= 6.82 Hz). 13C NMR (75.5 MHz, CD3OD): δ = 153.9 (C22), 153.6 (C4), 

149.1 (C1), 142.2 (C17), 125.1 (C18), 120.9 (C21), 117.6 (C6), 117.0 (C3), 114.5 (C23), 

113.1 (C5), 111.3 (C2), 103.7 (C32), 91.3, 90.3 (C19, C20), 75.3 (C34), 73.6 (C33), 71.7, 71.1, 

70.5, 69.8, 69.5, 69.4, 69.3, 68.9, 67.9 (C7, C8, C9, C10, C12, C13, C14, C15, C24, C25, C26, C27, 

C35, C36), 65.7 (C31), 61.1 (C37), 57.8 (C11, C16, C28), 46.7 (C29), 30.3 (C30). HRMS (MALDI 

TOF/TOF) m/z calc. for C74H109N6O30 (M+H)+ 1561,7188 found 1561.7128 
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5.1 Introduction 
Biological processes, such as bacterial1 or viral infection,2 inflammation,3 

cancer metastasis,4 often involve carbohydrate-protein interactions. Selective 

interfering with these interactions can lead to the development of new 

therapeutics. A natural winning strategy is to make a synthetic inhibitor 

multivalent since the monovalent interaction is not strong enough, usually in 

the millimolar range.5 The multivalent approach has been widely used and in 

the literature where numerous multivalent systems, varying from flexible to 

more rigid structures, have been reported.6 Even though there are many 

examples of highly active multivalent systems, the mechanism of action at the 

biomolecular and biological levels remains unclear. Bioanalytical techniques, 

such as hemagglutination inhibition assays (HIA), enzyme-linked lectin assays 

(ELLA), surface plasmon resonance (SPR) and isothermal titration 

microcalorimetry (ITC) are helpful tools for a better understanding and 

important results were obtained exploiting these techniques.7 An important 

issue during the design of a multivalent inhibitor is the spacer or linker that 

connects the ligands to each other. The nature of the spacer plays an 

important role in the binding.8 For both flexible and rigid spacers, length is a 

key issue. In the case of a flexible spacer the ‘effective length’ does not match 

the extended length due to its tendency to fold. For example in the case of a 

PEG spacer the ‘effective length’ is about three times shorter than the 

extended length of the molecule. In principle the optimal situation would be a 

rigid spacer that perfectly matches the distance between the binding sites and 

fits in the topology of the protein. 

In chapter 3 we developed a strategy to synthesize rigid spacer E (n=2, 3, 4) 

based on carbohydrate-triazole units (Figure 1).9 

These compounds were successfully incorporated into divalent systems via 

double copper catalyzed azide-alkyne cycloaddiction (CuAAC) with a 

galactoside ligand. Their inhibitory potency towards lectin LecA from 

Pseudomonas aeruginosa10 was evaluated.9 The promising results obtained 

underlined the winning strategy of using a carbohydrate-triazole based spacer 

to build divalent inhibitors. Although the synthetic pathway is straightforward 

it hides some drawbacks. The spacer obtained can be elongated only one unit 

at a time. The two non-identical termini, present in the final compounds E, 

cause an increase in the synthetic effort and a significant decrease in the 

overall yields, when converting them into homo-divalent ligands. 
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Figure 1. Previously employed strategy. 

In this chapter we report the improved preparation of a new generation of 

rigid spacers based on carbohydrate-triazole moieties. These compounds have 

been outfitted with galactoside moieties and their inhibition towards LecA 

was studied. Inhibitory potencies were determined by observing the binding 

of fluorescently labelled LecA to a galactoside-displaying chip surface.11 

Further studies were performed using molecular modelling, to obtain insight 

into the average length of the spacers, and ITC measurements, to obtain the 

thermodynamic parameters of the process. 

5.2 Synthetic Strategies 
The new strategy relies on the use of a central core (H or J, Figures 2 and 3, 

respectively), bearing two azide moieties. In this way the elongation can be 

achieved adding, via click chemistry, two units B at a time. As shown in 

Figures 2 and 3, two different ways are needed to obtain a spacer with an even 

and an odd number of units, I and M, respectively. 

In Figure 2 the “even” strategy is presented. Two different substrates, F and B, 

are needed. The first one has an azide moiety at the anomeric position while 

the second one has an alkyne moiety in the same position. The first click 

reaction between these two “bricks” gives a two-unit spacer G with two free 

hydroxyl groups. Their simultaneous conversion to azide moieties affords the 

generic structure H. The four-unit spacer can be easily obtained via a double 

“click” reaction between H and two building blocks B. Alternating these two 

steps allowed the elongation of the spacer to obtain I. The “odd” strategy, as 

shown in Figure 3, required a central core with two azide moieties J which can 

react with two molecules of the building block B to directly give the free 
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hydroxyl three-unit spacer K. Iteration of the double azide conversion and of 

the double click led to the elongation of the spacer M with odd numbers of 

units.  

 

Figure 2. The “even” strategy 

 

Figure 3. The “odd” strategy 

Three different building blocks are needed to start the synthesis of the 

spacers. These are B with an alkyne moiety at the anomeric position, F with an 

azide moiety at the anomeric position and J with two azide moieties, one in the 

anomeric position and the other one on the opposite side at C(4). Compound 

18.2, previously reported in chapter 2, is structurally analogous to B and 
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compounds 3.5 and 4.5, structurally analogous to F and J, respectively, were 

synthesized as shown in Scheme 1. 

 

Scheme 1. Synthesis of the monoazide 3.5 and the diazide 4.5 building blocks. a) SnCl4, TMSN3, 

96%; b) MeONa, MeOH, 95%; c) BzCl, CH2Cl2, -40 °C, 65%; d) i- Tf2O, CH2Cl2; ii-NaN3, DMF, 87%. 

Compound 2.5 was obtained by following a literature procedure.12 Starting 

from the peracetylated galactose after reaction with SnCl4 and TMSN3 the 

azide moiety was introduced giving 1.5. Removal of the acetyl groups afforded 

2.5. Compound 3.5 was obtained after selective benzoylation of 2.5 at -40°C 

with benzoyl chloride to give the desired structure with the free axial hydroxyl 

group. Compound 3.5 can be further converted to the new compound 4.5 

exploiting a reaction with triflic anhydride and a subsequent reaction with 

sodium azide.  

5.3 Synthesis of the two-unit spacer 6.5 
Compound 3.5 is ready for a ‘click’ reaction with compound 18.2, structurally 

analogous to B, to give the two-unit spacer 5.5 (Scheme 2). The new 

compound 5.5 showed low solubility in dichloromethane, due to the presence 

of the bulky benzoyl groups and of the two free hydroxyl groups. The double 

azide introduction to give compound 6.5 improved the solubility. In principle 

compound 6.5 is ready for a double click either with a generic building block B 

or with the desired ligand. 
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Scheme 2. Synthesis of the two units spacer 6. a) CuSO4, Na-ascorbate, DMF/H2O (10:1), MW, 

80 °C, 85%; b) i- Tf2O, CH2Cl2, 0°C; ii-NaN3, DMF, r.t., 85%. 

5.4 Synthesis of the three-unit spacer 10.5 
Due to the solubility problem observed for compound 5.5, the benzoyl groups 

present in compound 4.5 were converted to acetyl groups before starting to 

build up the three-unit spacer. Therefore compound 4.5 was treated with 

NaOMe in MeOH to give the free hydroxyl groups of glucose derivative 7.5 

with two azide moieties (Scheme 3). 

 

Scheme 3. Synthesis of the three-units spacer 10.5. a) MeONa, MeOH, 98%; b) Ac2O, Py, 97%; c) 

CuSO4, Na-ascorbate, DMF/H2O (10:1), MW, 80 °C, 87%; d) i- Tf2O, CH2Cl2, 0°C; ii-NaN3, DMF, r.t., 

84%. 
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The latter was then acetylated and compound 8.5 was obtained. The acetyl 

groups increased the solubility of the system. A double ‘click’ reaction on 8.5 

with compound 18.2 afforded the three-unit spacer 9.5. The subsequent azide 

introduction from the free hydroxyl groups of compound 9.5 gave the desired 

spacer 10.5. During these last two steps no solubility problem in organic 

solvents was encountered. 

5.5 Synthesis of the four-unit spacer 
The synthesis of the four-unit spacer required the conversion of the benzoyl 

groups present in 6.5 to acetyl groups as shown in Scheme 4. This precaution 

was necessary due to the size and the rigidity of the molecule, and the 

anticipation of poor solubility due to the benzoyl groups. 

 

Scheme 4. Synthesis of the four-unit spacer 15.5. a) i- MeONa, MeOH; b) Ac2O, Py, 92%; c) i- 

TBDMSCl, Py, 0°C; ii- BzCl, CH2Cl2, -40 °C, 35%; d) CuSO4, Na-ascorbate, DMF/H2O (10:1), 

wave, 80 °C, 88%; e) i- Tf2O, CH2Cl2, 0°C; ii-NaN3, DMF, r.t., 82%. 

For this reason compound 6.5 was deprotected using NaOMe and 

subsequently acetylated to give compound 12.5. Another precaution was 

adopted. Building block 18.2 caused solubility problem due to the presence of 

the bulky benzoyl group. Therefore a new building block was synthesized. 
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Starting from compound 14.2 it was possible to obtain compound 13.5 

(Scheme 4), consisting of a galactose derivative with a tert-butyldimethylsilyl 

group on the primary position and benzoyl groups on the remaining 

equatorial positions. This compound was easily synthesized in a one-pot 

reaction, after adding tert-butyldimethylsilyl chloride at 0°C. After 4 hours the 

solution was cooled down to -40°C and benzoyl chloride was added to obtain 

the selective benzoylation that left the axial hydroxyl group free. The silyl 

groups are known to increase the solubility in organic solvents. The acetylated 

compound 12.5 was clicked to the building blocks 13.5 to give compound 

14.5 with the free axial hydroxyl group. Despite the size no solubility problem 

was encountered. The final compound 15.5 was obtained after the usual 

reaction with triflic anhydride and sodium azide. 

5.6 ROESY analysis 
Compound 11.5 was analysed by NMR spectroscopy and part of the ROESY 

map obtained is shown in Figure 4.  

 

Figure 4. Enlargement of the ROESY map of compound 11.5. 

The enlargement shows the NOE effects between HTr, which is the signal 

belonging to the proton in the triazole moiety, with four protons. Two of these 

protons are H1N and H2N which are the anomeric proton and the proton close 

to it, respectively, belonging to the unit that is linked to the triazole through 



Chapter 5: Second generation carbohydrate-triazole rigid spacers 

101 
 

the nitrogen atom. The other two protons are H1C and H2C which are the ones 

belonging to the unit linked via the carbon atom. The triazole ring is in 

principle capable of rotation but if a complete free rotation with no 

preferential conformation was allowed the ROE effects measured for H1N and 

H1C or for H2N and H2C should be roughly the same. The intensity of the ROE 

effect due to HTr on H1N is almost double that of the one on H1C (1.00 vs 0.57). 

Similar results were obtained for H2N and H2C (0.61 vs 0.38). From these 

results it is clear that HTr preferentially stays closer to H1N. The next close 

proton is H2N which has a ROE effect a little higher than proton H1C and at last 

proton H2C with the lowest intensity ROE effect. 

5.7 Molecular modelling 
To gain deeper insights into the relation between the number of spacer units 

and the actual length of the spacer molecular modelling analysis was 

performed. The compounds studied are shown in Figure 5. Molecules a, b and 

c represent the spacer with two-, three- and four- unit, respectively, and no 

protecting groups. The distance was calculated from the last nitrogen of the 

azide moiety to the last nitrogen of the opposite azide moiety. The molecular 

modelling analysis of the three spacers showed an indication of the average 

length of each spacer. As shown the length of the spacer is increased about 7 Å 

per spacer unit, the maximum peak is at 17 Å, 24 Å and 31 Å for the two-, 

three- and four- unit spacers, respectively. It is worth noticing that other 

lengths are also possible. Except for the two-unit spacer which has a more 

strictly defined maximum peak at 17 Å, the three- and four- unit ones are 

spread on wider ranges going from 22 to 26 Å and 30 to 33 Å, respectively. 

Pseudomonas aeruginosa lectin LecA contains two galactose binding sites at a 

distance of 26 Å (when measured between the anomeric oxygens of two 

bound galactosides in a protein X-ray structure, PDB code:1OKO). Based on 

the results obtained the optimal length of the spacer that would allow a 

favourable chelation-type binding to the lectin is the three-unit one. 
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Figure 5. Histograms of the periodic monitoring (every 20 ps) of the distance between the two 

terminal azide nitrogens of the molecules in a 2500 ps MD simulation, at 1000K in vacuo, Yasara 

11.9.18, using te Amber 99 force field. 

5.8 Synthesis of the ligands 
The galactose derivative 19.3 (Scheme 5) was used for the preparation of the 

ligands. This compound has been employed in chapter 3 and it can be directly 

compared with the spacers previously used. It is characterized by the 

presence of three CH2 groups as its aglycon chain. The flexible chain allows 

some free movement in proximity to the binding site, which is important for 
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the galactoside to bind the lectin. The carbohydrate ligands were introduced 

by double ‘click’ chemistry reaction between the azide moieties present at the 

ends of the spacer and the alkyne galactose derivative 19.3, to give 

compounds 16.5, 18.5 and 20.5 in high yields.  

 

Scheme 5. a) CuSO4, Na-ascorbate, DMF/H2O (10:1), MW, 80 °C, 82-88%; b) NaOMe, NaOH, 59-

65%; c) i- BF3·Et2O, CH2Cl2; ii- NaOMe, NaOH, 55%. 

The three divalent ligands formed were deprotected with NaOMe and purified 

by preparative HPLC to give 17.5, 19.5 and 21.5 in good yields. These 
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inhibitors were employed in inhibition assays with LecA. These assays 

determined the inhibitory potencies through the observation of the binding of 

fluorescently labelled LecA to a galactose-displaying chip surface. The 

inhibitory potencies were compared to the one previously obtained using the 

monovalent ligand 32.3, which was obtained from 19.3 after removal of the 

acetyl groups (Scheme 5). The IC50 results obtained are summarised in table 1.  

Table 1. Inhibitory potency of mono and divalent galactoside on LecA bindinga 

Compound Valency IC50/M Relative potency 
(per sugar) 

32.3 1 12 ×10-5 (±6) 1 (1) 

17.5 2 16 ×10-8 (±1) 770 (385) 

19.5 2 12 ×10-8 (±2) 968 (484) 

21.5 2 35 ×10-7 (±11) 34 (17) 

a FITC-labelled LecA, 5 g mL-1 binding to a galactoside functionalized chip surface.11 

Compounds 17.5 and 19.5 with two and three units, respectively, showed 

similar high inhibition potency. The IC50 obtained are for the first one 156 nM 

and for the second one 124 nM while compound 21.5 with the four-unit 

spacer showed an IC50 of 3.5 M. The relative potencies of 17.5 and 19.5 were 

770- and 968-fold higher, respectively, than that of the monovalent control 

32.3 with an IC50 of 120 M. The results clearly show a huge difference 

between on the one side both compounds 17.5 and 19.5 with IC50‘s of 160 nM 

and 120 nM respectively, while on the other compound 21.5 with an IC50 of 

3.5 M. Despite their length difference, compounds 17.5 and 19.5 have a 

similar IC50. This result can be explained by considering that the aglycon 

flexible chain allows some adjustment of the ligands into the binding pockets 

of LecA, giving a low discrimination between the two lengths. Compound 21.5, 

instead, gives an IC50 in the micromolar range indicating that the long spacer, 

containing four units, is not beneficial for the binding. 

5.9 Synthesis of the ligands containing a short aglycon 

chain 
The molecular modelling data gave indications that discrimination between 

the two-, three- and four- unit spacers can be achieved using a shorter aglycon 

chain. Furthermore the high inhibition shown by compound 17.5 indicated 
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that the binding is possible even in a more or less extended aglycon 

conformation. Considering that the average length for a three unit spacer is 

around 24 Å, only a single CH2 group in between the anomeric oxygen of the 

ligand and the triazole should be enough. In this way, for the binding to LecA, 

the divalent ligand with the two-unit spacer would be too short and the one 

with four-unit spacer would be still too long while the divalent compound 

with three-unit spacer would have the optimal length to span the distance of 

26 Å. Compound 12.5, 10.5 and 15.5 were then clicked to 22.513 to give in 

good yields the protected divalent ligands 23.5, 25.5 and 27.5 (Scheme 6). 

Compounds 23.5, 25.5 and 27.5 were subsequently deprotected and purified 

by preparative HPLC to give the final compounds 24.5, 26.5 and 28.5 with 

two, three and four units, respectively. The monovalent control 31.5 was also 

synthesized (Scheme 6), to be compared to these new divalent inhibitors. 

Firstly the galactose derivative 22.5 was clicked to the 2-azidoethanol 29.5 to 

give 30.5 which was deprotected and the desired compound 31.5 was 

obtained. The four new compounds were employed in inhibition assays and 

the results obtained are summarized in Table 2. The results show a clear 

discrimination between the different lengths of the spacers. Most of all the IC50 

of 2.7 nM obtained for the divalent inhibitor 26.5 with a relative potency of 

7555, i.e. 3778 per sugar is the highest ratio reported in literature. In this 

series the IC50‘s values obtained for each compound perfectly matched the 

length of the spacer with respect to the distance between the binding sites in 

the protein. The shortest divalent compound 24.5 is not long enough to 

simultaneously reach both binding sites and it had an IC50 of 3.5 M. 

 

Table 2. Inhibitory potency of mono and divalent galactoside on LecA bindinga 

Compound Valency IC50/M Relative potency 
(per sugar) 

31.5 1 20 ×10-6 (±8) 1 (1) 

24.5 2 35 ×10-7 (±9) 6 (3) 

26.5 2 27 ×10-10 (±5) 7555 (3778) 

28.5 2 84 ×10-8 (±11) 24 (12) 

a FITC-labelled LecA, 5 g mL-1 binding to a galactoside functionalized chip surface.11 
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Scheme 6. a) CuSO4, Na-ascorbate, DMF/H2O (10:1), MW, 80 °C, 84-88%; b) NaOMe, NaOH, 60-

64%; c) i-BF3·Et2O, CH2Cl2; ii-  NaOMe, NaOH, 57%. 
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Compound 28.5 with four units spacer showed a lower IC50 value (840 nM) 

than compound 21.5, with a longer aglycon chain, but it is still too long for an 

optimal double binding. Finally, 26.5 seemed to match really well with LecA as 

it was shown by the MD simulation (Figure 6, see also Chapter 3, pag 37). 

 

Figure 6. Structure of 26.5 in complex with LecA obtained by docking followed by a 25 ps MD 

simulation. 

5.10 Isothermal titration calorimetry studies 
Further affinity studies were performed using isothermal titration calorimetry 

(ITC) which allows to obtain precise thermodynamic data on the binding 

between the desired inhibitor with LecA. The monovalent compound 31.5 was 

tested with LecA showing a Kd value of 22 M (Table 3) and a stoichiometry 

value of 0.916. Three divalent compounds 19.5, 26.5 and 38.3 (Scheme 6) 

were assessed and the results are shown in Table 3. These compounds were 

chosen because of their different degrees of freedom. In fact 19.5 and 26.5 

differ only in their aglycon chain, i.e. three CH2 groups for the first one and 

only one CH2 for the second one. Compound 38.5 is characterized by a flexible 

PEG based spacer. It was previously tested and it showed an IC50 value of 2 M 

(Chapter 3). The thermodynamic data confirmed the strong affinity of 

compound 26.5 for LecA. The Kd of the complex is 28 nM which is, to the best 

of our knowledge, the lowest value reported in the literature using the same 

technique. The relative potency of 26.5 compared with compound 31.5 is 815 
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(407 per galactose) times. Compounds 19.5 and 38.3 showed Kd values of 130 

nM and 1.9 M respectively. 

 

Table 3. Isothermal titration microcalorimetry (ITC) for mono and divalent galactoside with 
LecA. 

Compound Valency Kd (M) n H 
(KJ/mol) 

-TS (KJ/mol) 

31.5 1 22×10-6 

(±5) 
0.916 (±0.052) -34.9 (±2.8) 8.2 

26.5 2 28×10-9 
(±3) 

0.546 (±0.001) -48.6 (±0.2) 5.5 

19.5 2 13×10-8 
(±3) 

0.474 (±0.005) -48.1 (±0.7) 8.6 

38.3 2 19×10-7 
(±2) 

0.540 (±0.006) -44.8 (±0.7) 12.1 

 

All three divalent compounds revealed a stoichiometry of about 0.5 

confirming that, as expected for divalent systems, each galactose ligand 

interacts with one monomeric structure of LecA. It is worth noting that 

between compounds 19.5 and 26.5 the difference in the Kd is mainly due to a 

higher loss of entropy in 19.5 (-TS=8.6 KJ/mol and 5.4 KJ/mol, for 19.5 and 

26.5, respectively). The explanation of this difference can be found in the 

longer flexible aglycon chain. The galactoside ligands present in both 19.5 and 

26.5 need to find a defined position in order to bind LecA. In 19.5, since the 

aglycon chain is longer a larger number of rotatable bonds are constricted 

upon binding than in the case of compound 26.5. Compound 38.3, which is the 

PEG based inhibitor, also showed a greater loss of entropy than compounds 

19.5 and 26.5, in addition to not reaching quite the same level of enthalpy. 

The enthalpy difference can be due to an interaction of the carbohydrate 

based spacer with LecA which may be less for the PEG based spacer. The 

difference in the entropic factor (-TS=12.1 KJ/mol and 5.4 KJ/mol, for 38.3 

and 26.5, respectively) as in the case for 19.5 can be explained by the (partial) 

constraining of a number of rotatable bonds that needs to take place upon 

binding. 

5.11 Conclusions 
A new strategy to build rigid spacers based on carbohydrate-triazole units was 

developed. The successful synthetic pathway is faster and higher yielding than 
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the one previously shown.9 The Boc deprotection and the diazotransfer steps 

are avoided. It is now possible to immediately perform a double ‘click’ 

reaction with the ligands after the introduction of the azides. Furthermore, 

since only directly connected rings are present in the spacer, the system is 

likely more rigid. Conformational studies were performed by ROESY NMR and 

molecular modelling. The first technique showed that even though a free 

rotation of the triazole ring is possible, there are preferential conformations 

which may lead to more rigidity. The second technique showed the range of 

possible lengths for each spacer. Even though by increasing the number of 

units the range broadens up, the results obtained show that the two-unit 

spacer has a length of about 17 Å, the three-unit spacer of 24 Å and the four-

unit spacer of 31 Å. The new spacers were then outfitted with a previously 

used galactose derivative ligand 19.3. The affinity towards LecA was 

evaluated using microchip technology. IC50 results showed that the new 

ligands were more potent than the previous ones. The IC50 also showed clearly 

that the divalent ligand 21.5 based on the four-unit spacer is definitely too 

long for a chelating effect. The divalent inhibitor 17.5 and 19.5 had similar 

IC50‘s indicating that the three CH2 aglycon chain allowed the adjustment of 

the galactoside moieties in the binding pocket of LecA, avoiding any 

discrimination. Combining the molecular modelling results and the inhibition 

studies done so far we decided to use a better discriminating galactose 

derivative with a shorter aglycon chain, containing only one CH2 group. The 

IC50 data obtained showed a complete discrimination based on the length of 

the spacer. Among all compounds, compound 26.5 gave the most spectacular 

result. Its IC50 of 2.8 nM gives the highest relative potency reported in 

literature. The striking difference between 26.5 and all the other tested 

compounds shows that in this case a chelating mechanism is taking place 

during the inhibition of LecA. Additionally ITC studies were also performed 

which confirmed the high affinity of 26.5 with LecA, with a Kd of 28 nM, the 

lowest value for any LecA-ligand.7 The thermodynamic data gave information 

about the entropy of the complexes, showing that the higher loss of entropy of 

19.5 than 26.5 is responsible for the lower affinity of 19.5 for LecA. Both rigid 

systems exhibited a lower loss of entropy than compound 38.3 which is a 

PEG-based inhibitor, showing that in this case a rigid core is beneficial for the 

binding. In conclusion the winning strategy to use a carbohydrate-triazole 

rigid spacer and aglycon chains of the proper length is demonstrated. 

Moreover the remarkable discrimination between 26.5 with 24.5 and 28.5 
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underlines a the perfect match between these divalent ligands and LecA is 

found. 

5.12 Experimental Part 
General Remarks: Unless stated otherwise, chemicals were obtained from 

commercial sources and were used without further purification. Compounds 2.5,12 

22.5,13 were synthesized following literature procedures. Solvents were purchased 

from Biosolve (Valkenswaard, The Netherlands). All moisture-sensitive reactions 

were performed under nitrogen atmosphere. Anhydrous THF was dried over 

Na/benzophenone and freshly distilled prior to use. All the other solvents were dried 

over molecular sieves 4 Å or 3 Å. TLC was performed on Merck precoated Silica 60 

plates. Spots were visualized by UV light, 10% H2SO4 in MeOH and triphenylphosphine 

in THF followed by Ninhydrine. Microwave reactions were carried out in a Biotage 

microwave Initiator (Uppsala, Sweden). The microwave power was limited by 

temperature control once the desired temperature was reached. Sealed vessels of 2-5 

mL and 10-20 mL were used. Analytical HPLC runs were performed on a Shimadzu 

automated HPLC system with a reversed-phase column (Alltech, C8, 90 M, 5 mm, 250 

L, 4.6 mm, Deerfield, IL, USA) that was equipped with an evoparitive lightscattering 

detector (PLELS 1000, Polymer Laboratories, Amherst, MA, USA) and a UV/Vis 

detector operating at 220 nm and 250 nm. Preparative HPLC runs were performed on 

an Applied Biosystems workstation. Elution was effected by using a linear gradient of 

5% MeCN/0.1% TFA in H2O to 5% H2O/0.1% TFA in MeCN or by a gradient of 0.1% in 

H2O to 30% MeCN/0.1% TFA in H2O. 1H NMR (300 MHz) and 13C (75.5 MHz) were 

performed on a Varian G-300 spectrometer. HSQC, HMBC and TOCSY NMR (500 MHz) 

were performed with a VARIAN INOVA-500. Electrospray Mass experiments were 

performed in a Shimadzu LCMS QP-8000. High resolution mass spectrometry (HRMS) 

analysis was performed using an Applied Biosystems 4700 MALDI TOF/TOF 

instrument and a Bruker Q-TOF II.  

Molecular modeling: Molecular modeling was performed with Yasara (version 

11.9.18). The distances between the terminal nitrogens of the two azide groups or the 

anomeric oxygens of the galactose sugar molecules were monitored every 20 ps 

during a 2500 ps MD simulation in vacuo at 1000K. 

Isothermal titration microcalorimetry (ITC): The lectin LecA was obtained from 

Sigma-Aldrich and it was dissolved in buffer (0.1m TRIS-HCl, 6 mm CaCl2, pH 7.5) and 

degassed. Protein concentration (between 30 and 90 M depending on the ligand 

affinity) was checked by measurement of optical density by using a theoretical molar 

extinction coefficient of 28000. Carbohydrate ligands were dissolved directly into the 

same buffer, degassed, and placed in the injection syringe (concentration range: 

monovalent compound 31.5 1.67 mM and LecA solution 0.084 mM; divalent 26.5 0.25 

mM, LecA solution 0.042 mM; divalent 19.5 0.25 mM, LecA solution 0.042 mM; 



Chapter 5: Second generation carbohydrate-triazole rigid spacers 

111 
 

divalent compound 38.3 0.4 mM, LecA solution 0.042 mM). ITC was performed using 

a MicroCal Auto ITC200 from MicroCal Incorporated. LecA was placed into the 200 L 

sample cell, at 25°C. Titration was performed with 5 L injections of carbohydrate 

ligands every 300 sec. Data were fitted using the “one-site model” using MicroCal 

Origin 7 software according to standard procedures. Fitted data yielded the 

stoichiometry (n), the association constant (Ka), the enthalpy (H) and the entropy of 

binding. The Kd value was calculated as 1/Ka and T is 298 K. Two independent 

titrations were performed for each ligand tested. 

LecA inhibiton assay: Lectin LecA was FITC labeled according to the procedure of 

Sigma-Aldrich.14 Microarray experiments were performed by using PamChip arrays 

run on a PamStation12 instrument (Pam-Gene B.V., ‘s Hertogenbosch, The 

Netherlands). Data were obtained by real-time imaging of the fluorescence signal by a 

CCD camera. Images were analyzed by using BioNavigator software (Pam-Gene). Each 

array slide contains spots in duplicate. The fluorescence intensities were expressed in 

arbitrary units and the relative intensities were the average of the two duplicate spots. 

Aliquots of a solution of FITC-labeled LecA (5 g mL-1 for all tested compound and for 

compound 26.5 also a concentration of 0.5 g mL-1 was used) in HEPES/PBS buffer 

(10 mM HEPES, 100 mM NaCl, 0.1% BSA. pH 7.4), containing different concentrations 

of the inhibitors were incubated for 1 h at r.t. and subsequently added to the 

glycodendrimer chip. The binding process was monitored for 2 h and the end values of 

the fluorescence detection were taken for the determination of the IC50 by using Prism 

5 (Graphpad Software, Inc.). 

 

3.5. Benzoyl chloride (1.97 mL, 17 mmol) in pyridine (10 mL) was added dropwise to 

a solution of 2.5 (1 g, 4.87 mmol) in pyridine (25 mL) previously cooled at -40 C. The 

mixture was kept at -40°C for 30 min and the reaction was quenched with water (50 

mL). The product was extracted three times with CH2Cl2 (30 mL). After evaporation of 

the liquid, the residue was dissolved in CH2Cl2 and washed with 1M KHSO4, H2O and 

brine. The organic layer was dried over sodium sulfate. TLC analysis showed the 

presence of four different benzoylated compounds, monitored by TLC. The desired 

compound 3.5 (toluene/ethylacetate, 4/1; Rf=0.52) was obtained after column 

chromatography (toluene/ethylacetate, 9:1, 1.03 g, 1.96 mmol, 38%). NMR data were 

in agreement with the one reported in literature.15 

4.5. Compound 3.5 (2.0 g, 3.9 mmol) was dissolved in 20 mL of CH2Cl2 and 2 mL of 

pyridine. The solution was cooled at 0°C and 6.6 mL of triflic anhydride (6.6 mL, 39 

mmol) was added. The solution was stirred at 0°C for 1.5 h and the reaction was 

quenched adding cold 1 M KHSO4 (50 mL). The organic layer was washed two times 

with cold water and cold brine and dried over sodium sulfate. The solvent was 

evaporated giving the triflate-compound as a yellow solid which was used without any 

further purification. The solid was dissolved in DMF (20 mL) and sodium azide (1.2 g, 

19.3 mmol) was added. The reaction mixture was stirred at r.t. for 5 h. The solvent 
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was evaporated under vacuum and the residue was dissolved in CH2Cl2 and washed 

three times with water and brine. The organic layer was dried over sodium sulfate. 

The solvent was evaporated and the residue purified by column chromatography to 

give compound 3 (1.8 g, 3.4 mmol, 87%) as a yellowish solid. 1H NMR (300MHz, 

CDCl3): , ppm 8.13-7.35 (15H, benzoyl), 5.70 (t, J32=J34=9.7, 1H, H-3), 5.36 (t, 

J23=J21=9.7, 1H, H-2), 4.87 (d, J12= 9.0, 1H, H-1), 4.78 (d, J6a6b= 12.2, 1H, H-6a), 4.65 (dd, 

J6b5=4.2, J J6b6a =12.2, 1H, H-6’), 3.96 (t, J43=J45=9.7, 1H, H-4), 3.85 (m, 1H, H-5). 13C NMR 

(75.5 MHz, CDCl3): , ppm 166.08, 165.50, 165.13 (3×C=O, benzyl), 133.70, 133.61, 

133.46 (3×C, aromatic), 129.97-128.32 (CH, aromatic), 88.20 (C-1), 74.79 (C-5), 73.53 

(C-3), 71.12 (C-4), 62.99 (C-2), 60.55 (C-6). HRMS (Q-TOF) m/z calcd for C27H23N6O7 

(M+H)+ 543.163, found 543.165. 

7.5. Compound 4.5 (1.5 g, 2.8 mmol) was dissolved in 15 mL of MeOH and 0.5 mL of 

NaOMe in MeOH (30% solution) was added. The mixture was stirred 4h at r.t. The 

reaction was neutralized with the DowexH+. The mixture was filtered and the solvent 

was evaporated in vacuum to give compound 7.5 (0.6 g, 2.7 mmol, 98%) as a white 

solid. 1H NMR (300MHz, CD3OD): , ppm 4.48 (d, J12= 8.8, 1H, H-1), 3.82 (d, J6a6b= 12.0, 

1H, H-6a), 3.69 (dd, J6b5=4.0, J6b6a =12.0, 1H, H-6b), 3.51 (t, J32=J34=9.2, 1H, H-3), 3.40 (t, 

J23=J21=9.2, 1H, H-2), 3.29 (m, 1H, H-5), 3.17 (t, J43=J45=9.7, 1H, H-4). 13C NMR (75.5 

MHz, CD3OD): , ppm 90.57 (C-1), 76.86 (C-5), 75.93 (C-3), 73.41 (C-4), 61.48 (C-2), 

60.85 (C-6). HRMS (Q-TOF) m/z calcd for C6H11N6O4 (M+H)+ 231.084, found 231.087. 

8.5. Compound 7.5 (0.6 g, 2.6 mmol) was dissolved in 1 mL of pyridine and acetic 

anhydride (2.0 mL, 19 mmol) was added. The mixture was stirred at r.t. overnight. The 

solvent was removed under vacuum and the crude product was dissolved in CH2Cl2 

washed three times with 20 mL of water and once with brine. The organic layer was 

dried over Na2SO4. After the removal of the solvent the compound was purified by 

column chromatography to yield compound 8 (0.9 g, 2.5 mmol, 97%) as a white solid. 
1H NMR (300MHz, CDCl3): , ppm 5.19 (t, J32=J34=8.8, 1H, H-3), 4.86 (t, J23=J21=8.8, 1H, 

H-2), 4.66 (d, J12= 8.8, 1H, H-1), 4.43 (d, J6a6b= 12.2, 1H, H-6a), 4.27 (dd, J6b5=4.2, 

J6b6a=12.2, 1H, H-6b), 3.69 (t, J43=J45=9.4, 1H, H-4), 3.59 (m, 1H, H-5), 2.12, 2.09, 2.06 

(3×CH3, acetyl). 13C NMR (75.5 MHz, CDCl3): , ppm 170.34, 169.72, 169.37 (3×C=O, 

acetyl), 87.70 (C-1), 74.11 (C-5), 73.37 (C-3), 70.82 (C-4), 62.50 (C-2), 59.69 (C-6), 

20.61, 20.48, 20.44 (3×CH3, acetyl). HRMS (Q-TOF) m/z calcd for C12H17N6O7 (M+H)+ 

357.116, found 357.113.  

 

General procedure for the “click reaction”. Preparation of compounds 5.5, 9.5, 

14.5,16.5, 18.5, 20.5, 23.5, 25.5, 27.5 and 30.5. 

The alkyne-compound (1.2 eq), CuSO4·5H2O (0.15 eq) and sodium ascorbate (0.3 eq) 

were added to a solution of the azide-compound (1 eq) in DMF (15 mL) containing 

10% water. The mixture was heated under microwave irradiation at 80°C for 30 min. 

After evaporation of the solvent the residue was dissolved in CH2Cl2. The organic 
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solution was washed three times with water and brine and dried over sodium sulfate. 

The solvent was removed and the white solid was purified by column 

chromatography. 

 

General procedure for the introduction of the azide. Preparation of compounds 

6.5, 10.5 and 15.5. 

The compounds were prepared following the procedure previously described for the 

synthesis of compound 4.5.  

5.5. (1.2 g, 1.2 mmol, 85%) 1H NMR (300MHz, acetone-d6): , ppm 8.42 (s, 1H, H-2), 

8.06-7.26 (m, 30H, H-benzoyl), 6.44 (d, J3’4’= 8.9, 1H, H-3’), 6.32 (t, J4’3’=J4’5’=8.9, 1H, H-

4’), 6.13 (t, J43=J45=9.1, 1H, H-4), 5.73 (t, J5’4’=8.9, J5’6’=1.8, 1H, H-5’), 5.56 (t, J54=9.1, 

J56=1.8, 1H, H-5), 5.39 (d, JOH’6’=2.3, 1H, H-OH’), 5.16 (d, J34=9.1, 1H, H-3), 5.13 (d, 

JOH6=2.4, 1H, H-OH), 4.74-4.55 (m, 7H, H-6, H-6’, H-7’, H-8ab, H-8’ab), 4.48 (t, J78ab=4.3, 

1H, H-7). 13C NMR (75.5 MHz, acetone-d6): , ppm 162.76, 165.69, 165.36, 165.18, 

164.88, 164.49 (6×C=O, benzoyl), 145.70 (C-1), 133.34, 133.26, 233.19, 133.15, 

133.11, 132.84 (6×C, benzoyl), 130.15-128.22 (C, benzoyl), 122.04 (C-2), 85.82 (C-3’), 

76.34 (C-7), 75.95 (C-7’), 75.62 (C-5), 74.68 (C-5’), 72.98 (C-3), 69.75 (C-4), 69.08 (C-

4’), 67.38 (C-6), 66.96 (C-6’), 63.79 (C-8), 63.50 (C-8’). MS (ESI) m/z calcd for 

C56H48N3O16 (M+H)+ 1018.304, found 1018.306. 

6.5. (1.0 g, 0.9 mmol, 82%) 1H NMR (300MHz, acetone-d6): , ppm 8.42 (s, 1H, H-2), 

8.06-7.26 (m, 30H, H-benzoyl), 6.04 (d, J3’4’= 8.9, 1H, H-3’), 5.86-5.74 (m, 3H, H-4’, H-4, 

H-5’), 5.67 (t, J54=J56=9.1, 1H, H-5), 4.97 (d, J34=9.1, 1H, H-3), 4.72-4.58 (m, 4H, H-8ab, 

H-8’ab), 4.10-3.97 (m, 3H, H-6, H-6’, H-7’,), 3.88 (m, 1H, H-7). 13C NMR (75.5 MHz, 

acetone-d6): , ppm 166.11, 165.95, 165.59, 165.28, 165.18, 164.58 (6×C=O, benzoyl), 

144.76 (C-1), 133.75, 133.49, 133.47, 133.28, 133.07 (6×C, benzoyl), 129.82- 128.17 

(C, benzyl), 121.09 (C-2), 85.97 (C-3’), 76.81 (C-7), 75.82 (C-7’), 75.01 (C-5), 73.73 (C-

5’), 73.27 (C-3), 71.58 (C-4), 70.83 (C-4’), 63.62 (C-8), 62.94 (C-8’), 60.98 (C-6), 60.38 

(C-6’). HRMS (Q-TOF) m/z calcd for C56H46N9O14 (M+H)+ 1068.316, found 1068.315. 

11.5. The compound was prepared following the procedure previously described for 

the synthesis of compound 7.5. (0.4 g, 0.8 mmol, 97%) 1H NMR (300MHz, CD3OD): , 

ppm 8.20 (s, 1H, H-2), 5.59 (d, J3’4’= 8.7, 1H, H-3’), 4.41 (d, J34=8.9, 1H, H-3), 3.92 (t, 

J4’3’=J4’5’=8.7, 1H, H-4’), 3.81-3.50 (m, 9H, H-4, H-5’, H-5, H-8ab, H-8’ab, H-6’, H-7’), 3.36-

3.29 (m, 2H, H-6, H-7). 13C NMR (75.5 MHz, CD3OD): , ppm 145.76 (C-1), 122.55 (C-2), 

88.00 (C-3’), 78.95 (C-7), 77.73(C-7’), 77.25(C-5), 76.21(C-5’), 74.26 (C-3), 73.66 (C-4), 

72.73 (C-4’), 62.02 (C-6), 61.32 (C-6’, C-8), 60.72 (C-8’). HRMS (Q-TOF) m/z calcd for 

C14H22N9O8 (M+H)+ 444.159, found 444.160. 

12.5. The compound was prepared following the procedure previously described for 

the synthesis of compound 8.5. (0.5 g, 0.7 mmol, 92%) 1H NMR (300MHz, CDCl3): , 

ppm 7.72 (s, 1H, H-2), 5.79 (d, J3’4’= 7.5, 1H, H-3’), 5.40-5.20 (m, 4H, H-4’, H-4, H-5’, H-
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5), 4.69 (d, J34=8.7, 1H, H-3), 4.45-4.41 (m, 2H, H-8a, H-8’a), 4.31-4.27 (m, 2H, H-8b, H-

8’b), 3.86-372 (m, 3H, H-6, H-6’, H-7’,), 3.62 (m, 1H, H-7), 2.12 (s, 12H, CH3 acetyl), 

1.92, 1.86 (2×CH3 acetyl). 13C NMR (75.5 MHz, CDCl3): , ppm 170.48, 170.27, 169.91, 

169.57, 169.02 (6×C=O, acetyl), 144.53 (C-1), 121.25 (C-2), 85.57 (C-3’), 77.46 (C-7), 

76.39 (C-7’), 75.30 (C-5), 74.67 (C-5’), 73.37 (C-3), 72.65 (C-4), 71.27 (C-4’), 70.52 (C-

8), 63.00(C-8’), 62.35(C-6), 60.20(C-6’). HRMS (Q-TOF) m/z calcd for C26H34N9O14 

(M+H)+ 696.223, found 696.225. 

13.5. Compound 14.2 (0.8 g, 4.5 mmol) was dissolved in 5 mL of pyridine. The 

solution was cooled at 0°C and tert-butyldimethylsilyl chloride (TBDMSCl, 1.0 g, 6.7 

mmol) in 3 mL pyridine was added dropwise. The solution was kept at 0°C for one 

hour and subsequently four hours at rt. Afterwards the solution was cooled at -40°C 

and benzoyl chloride (1.8 mL, 15.8 mmol) in 5 mL of pyridine was added dropwise in 

30 min. The solution was kept at -40°C for 30 min, and the reaction was quenched 

with water (50 mL). The product was extracted three times with CH2Cl2 (30 mL). After 

evaporation of the liquid, the residue was dissolved in CH2Cl2 and washed with 1M 

KHSO4, H2O and brine. The organic layer was dried over sodium sulfate. TLC analysis 

showed the presence of four different benzoylated compounds, monitored by TLC 

(toluene/ethylacetate, 4/1; Rf=0.73). The desired compound 13.5 (0.8 g, 1.6 mol, 

35%) was obtained after column chromatography. 1H NMR (300MHz, CDCl3): , ppm 

7.99-7.97 (4H, CH benzoyl), 7.50-7.43 (2H, CH benzoyl), 7.37-7.29 (4H, CH benzoyl), 

6.01(t, J45=J43=9.1, 1H, H-4), 5.31 (dd, J54=9.1, J56=1.9, 1H, H-5), 4.47 (m, 1H, H-6), 4.43 

(d, J34= 9.1, 1H, H-3), 4.01 (dd, J8a7=3.8, J8a8b=11.6, 1H, H-8a), 3.94 (dd, J8b7=3.8, 

J8b8a=11.6, 1H, H-8b), 3.70 (t, J78ab=3.8, 1H, H-7), 3.28 (d, JOH6=1.9, OH), 2.44 (s, 1H, H-

1), 0.91 (s, 9H, SiC(CH3)3), 0.11 (s, 6H, Si(CH3)2). 13C NMR (75.5 MHz, CDCl3): , ppm 

165.93, 165.28 (2×C=O, benzyl), 133.33, 133.18 (2×C, benzoyl), 129.87, 129.75, 

129.41, 129.12, 129.02, 128.40, 128.35, 128.22 (8×C, benzoyl), 78.50 (C-1), 77.90 (C-

7), 75.15 (C-5), 74.95 (C-2), 69.30 (C-4), 69.01 (C-3), 68.11 (C-6), 62.81 (C-8), 25.88 

(SiC(CH3)3), 18.30 (SiC(CH3)3), -5.39 (Si(CH3)2). HRMS (Q-TOF) m/z calcd for 

C28H35O7Si (M+H)+ 511.215, found 511.217. 

14.5. (0.4 g, 0.2 mmol, 88%) 1H NMR (300MHz, CDCl3): , ppm 7.98-7.95 (m, 2H, 2×CH 

benzoyl), 7.82-7.79 (m, 5H, 2×CH benzoyl, 3×H-1), 7.51-7.26 (m, 16H, 8×CH benzoyl), 

6.01-5.93 (m, 3H, H-3’, 2×H-4”), 5.89-5.75 (m, 2H, H-5’, H-5), 5.56-5.45 (m, 3H, H-4’, 

2×H-5”), 5.35 (t, J43=J45=9.0, H-4), 4.98-4.73 (m, 5H, H-6, H-6’, H-3, 2×H-3”), 4.65 (m, 

1H, H-7’), 4.59 (s, 2H, 2×H-6”), 4.47 (m, 1H, H-7), 4.17 (m, 2H, H-8a, H-8a’), 4.07-3.96 

(m, 4H, 2×8ab”), 3.85 (s, 2×H-7”), 3.70-3.66 (m, 2H, H-8b, H-8b’), 3.55-3.50 (m, 2H, 

2×OH), 2.03, 2.01, 1.89, 1.84, 1.69, 1.65 (6s×CH3, acetyl), 0.89 (s, 9H, SiC(CH3)3), 0.7 (s, 

6H, Si(CH3)2). 13C NMR (75.5 MHz, CDCl3): , ppm 170.02, 169.79, 169.63, 169.07, 

169.04, 168.80 (6×C=O acetyl), 165.59, 165.58, 165.50, 165.46 (4×C=O benzoyl), 

145.56, 145.30, 144.50 (3×C-2), 133.32, 133.30, 133.19, 133.13 (4×C benzoyl), 

129.80-128.30 (C benzoyl), 123.24, 123.03, 121.52 (3×C-1), 85.64 (C-3’), 76.12 (2×C-

7”), 75.38 (C-7), 75.28 (C-7’), 74.96 (C-5”), 73.85 (C-5”), 73.05 (2×C-3”), 72.82 (C-3), 
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71.93 (C-5), 71.70 (2×C-4”), 70.91 (C-5’), 69.81(C-4), 69.75 (C-4’), 68.88 (2×C-6”), 

63.60 (C-8”), 63.56 (C-8”), 64.92 (C-8), 61.30 (C-8’), 60.37 (C-6), 59.70 (C-6’), 25.79 

(SiC(CH3)3), 20.65, 20.57, 20.46, 20.02, 19.89, 19.81 (6×CH3 acetyl), 18.25 (SiC(CH3)3), 

-5.47 (Si(CH3)2). HRMS (Q-TOF) m/z calcd for C82H102N9O28Si2 (M+H)+ 1716.637, found 

1716.638. 

15.5. (0.4 g, 0.2 mmol, 85%) 1H NMR (300MHz, CDCl3): , ppm benzyl, 5.96 (d, J3’4’= 

8.2, 1H, H-3’), 5.88-5.68 (m, 4H, 2×H-4”, H-5’, H-5), 5.55-5.31 (m, 4H, H-4’, 2×H-5”, H-

4), 4.94-4.72 (m, 5H, H-6, H-6’, H-3, 2×H-3”), 4.59 (m, 1H, H-7’), 4.41 (m, 1H, H-7), 

4.18-4.05 (m, 4H, H-8a, H-8a’, 2×H-6”), 3.99 (m, 4H, 2×8ab”), 3.70-3.58 (m, 4H, 2×H-7”, 

H-8b, H-8b’). 13C NMR (75.5 MHz, CDCl3): , ppm 169.90, 169.67, 169.62, 169.03, 

168.99, 168.72 (6×C=O acetyl), 165.62, 165.60, 165.41, 165.39 (4×C=O benzoyl), 

145.13, 144.84, 144.48 (3×C-2), 133.40-133.30, 129.76-128.33 (C benzoyl), 122.90, 

122.70, 121.43 (3×C-1), 85.69 (C-3’), 79.74 (C-7”), 79.70 (C-7”), 76.19 (C-7), 75.03 (C-

7’), 74.64 (C-5”), 74.55 (C-5”), 73.45 (2×C-3”), 72.91 (C-3), 72.88 (C-5), 72.49 (C-4”), 

72.40 (C-4”), 71.81 (C-5’), 71.64 (C-4), 70.87 (C-4’), 62.29 (2×C-8”), 61.83 (C-8), 61.24 

(C-8’), 60.31 (2×C-6”, C-6), 59.66 (C-6’), 25.88 (SiC(CH3)3), 20.61, 20.54, 20.46, 20.02, 

19.92, 19.84 (6×CH3 acetyl), 18.41 (SiC(CH3)3), -5.14, -5.35 (2×Si(CH3)2) (HRMS (Q-

TOF) m/z calcd for C82H100N15O26Si2 (M+H)+ 1766.650, found 1766.653. 

9.5. (0.5 g, 0.4 mmol, 87%) 1H NMR (300MHz, acetone-d6): , ppm 8.37, 8.27 (2H, 2×H-

1), 8.06-7.36 (30H, benzoyl), 6.39 (d, J3’4’= 8.8, 1H, H-3’), 6.13 (t, J43=J45=9.0, 1H, H-4), 

6.02 (t, J43=J45=9.0, 1H, H-4), 5.92 (t, J5’4’=J5’6’=9.0, 1H, H-5’), 5.71 (t, J4’5’=J4’3’=9.0, 1H, H-

4’), 5.64-5.58 (m, 2H, 2×H-5), 5.21-5.08 (m, 3H, H-6’, 2×H-3), 4.88 (m, 1H, H-7’), 4.68-

4.50 (m, 8H, 2×H-8ab, 2×H-7, 2×H-6), 4.00 (dd, 1H, J8a’7’=1.5, J8a’8b’=11.2, H-8a’), 3.87 

(dd, 1H, J8b’7’=2.4, J8b’8a’=11.2, H-8b’). 13C NMR (75.5 MHz, acetone-d6): , ppm 169.44, 

168.53, 168.19 (3×C=O acetyl), 165.71, 165.32, 165.05 (3×C=O benzoyl), 145.60, 

145.43 (2×C-2), 133.16, 133.11, 132.99 (3×C benzoyl), 130.14-128.27 (CH benzoyl), 

123.61, 122.84 (2×C-1), 84.88 (C-3’), 76.40 (2×C-7), 75.81 (C-5), 75.56 (C-5), 74.34 (C-

7’), 73.35 (C-3), 73.02 (C-3), 72.12 (C-5’), 70.80 (C-4’), 70.32 (C-4), 69.87 (C-4), 67.36 

(C-6), 67.33 (C-6), 63.80 (C-8), 63.77 (C-8), 61.99 (C-8’), 59.84 (C-6’), 19.52, 19.13, 

18.94 (3×CH3 acetyl). HRMS (Q-TOF) m/z calcd for C70H65N6O23 (M+H)+ 1357.410, 

found 1357.412. 

10.5. (0.4 g, 0.3 mmol, 84%) 1H NMR (300MHz, CDCl3): , ppm 8.08-7.27 (30H, 

benzoyl), 7.86, 7.70 (2H, 2×H-1), 5.93 (d, J3’4’= 8.7, 1H, H-3’), 5.89-5.68 (m, 3H, 2×H-4, 

H-5’, H-4’), 5.60-5.52 (m, 2H, 2×H-5), 5.06-5.02 (m, 2H, 2×H-3), 4.80-4.73 (m, 2H, H-6’, 

H-7’), 4.63-4.54 (m, 4H, 2×H-8ab), 4.09-3.94 (m, 5H, 2×H-6, 2×H-7, H-8a), 3.69 (dd, 1H, 

J8b’7’=1.9, J8b’8a’=11.0, H-8b’). 13C NMR (75.5 MHz, CDCl3): , ppm 169.79, 168.86, 168.78 

(3×C=O acetyl), 166.11, 166.05, 165.63, 165.57, 165.31, 165.22 (6×C=O benzoyl), 

144.48, 144.45 (2×C-2), 133.55-133.30 (C benzoyl), 129.77-128.31 (C benzoyl), 

123.20, 122.05 (2×C-1), 85.36 (C-3’), 76.99 (C-7), 76.92 (C-7), 74.96 (C-5), 74.74 (C-5), 

74.63 (C-7’), 73.42 (C-3), 73.21 (C-3), 72.11 (C-5’), 72.04 (C-4’), 71.73 (C-4), 70.60 (C-
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4), 63.60 (C-6), 63.56 (C-6), 61.61 (C-8’), 61.08 (C-8), 60.99 (C-8), 59.98 (C-6’), 20.35, 

19.75, 19.64 (3×CH3 acetyl). HRMS (Q-TOF) m/z calcd for C70H63N12O21 (M+H)+ 

1407.423, found 1407.424. 

Removal of acetyl and benzoyl protecting groups. Preparation of compounds 

17.5, 19.5, 24.5, 26.5 and 31.5. 

The compounds were prepared following the procedure previously described for the 

synthesis of compound 7.5. 

  

Removal of TBDMS, acetyl and benzoyl protecting groups. Preparation of 

compounds 21.5 and 28.5. 

A solution of the protected carbohydrate compound 20.5 or 27.5 (0.1 mmol), in 

CH2Cl2 (3mL) was treated with BF3·Et2O (60 L, 0.5 mmol) and the mixture was 

stirred for 2 h at r.t. Ethyl acetate (5 mL) was added to dissolve the precipitated 

product. The reaction was quenched with a saturated solution of NaHCO3 (10 mL). The 

organic layer was separated, washed twice with water (10 mL) and once with brine 

(10 mL) and dried over Na2SO4. The solvent was evaporated and the crude compound 

was used without further purification. The procedure for the removal of acetyl and 

benzoyl protecting groups, previously described, was applied. 

16.5. (60 mg, 32 mol, 87%) 1H NMR (300MHz, CDCl3): , ppm 8.12, 7.40, 7.35 (3s, 3H, 

3×H-1), 8.01-7.12 (m, 30H, benzoyl), 6.38 (d, J3’4’= 8.7, 1H, H-3’), 6.33 (t, 1H, 

J5’4’=J5’6’=8.7, 1H, H-5’), 6.21 (t, 1H, J54=J56=8.7, 1H, H-5), 6.01 (t, 1H, J4’3’=J4’5’=8.7, 1H, H-

4’), 5.88 (t, 1H, J43=J45= 8.7, 1H, H-4), 5.37 (s, 2H, 2×H-15), 5.27-4.97 (m, 8H, H-3, H-6, 

H-6’, 2×H-13, 2×H-14, H-7’), 4.80 (m, 1H, H-7), 4.45-4.33 (m, 4H, 2×H-12, H-8a,H-8a’), 

4.27-4.07 (m, 6H, H-8b, H-8b’, 2×H-17ab), 3.86-3.72 (m, 4H, 2×H-16, 2×H-11a), 3.40 

(m, 2H, 2×H-11b), 2.63 (m, 4H, 2×H-9ab), 2.12, 2.03, 1.97 (s, 6H; s, 6H; s, 12H; CH3 

acetyl), 1.76 (m, 4H, 2×H-10ab). 13C NMR (75.5 MHz, CDCl3): , ppm 170.59, 170.43, 

170.26, 170.11, 169.50, 169.48 (C=O acetyl), 165.85, 165.72, 165.10, 164.79, 164.57, 

164.53 (6×C=O benzoyl), 147.71, 147.48, 144.57 (3×C-2), 133.74, 133.54, 133.45, 

133.36, 133.17 (C, benzyl), 129.85-127.74 (C, benzoyl), 121.45, 121.34, 121.10 (3×C-

1), 101.47, 101.39 (2×C-12), 85.96 (C-3’), 76.38 (C-7), 75.21 (C-7’), 74.06 (C-3), 73.38 

(C-5), 72.80 (C-5’), 71.78 (C-4), 71.05 (C-4’), 70.90 (2×C-14), 70.49 (2×C-16), 68.99 

(2×C-11), 68.89 (2×C-13), 67.03 (2×C-15), 63.02 (C-8), 62.42 (C-8’), 61.19 (C-17), 

61.16 (C-17), 60.84 (C-6), 60.26 (C-6’), 28.88 (2×C-9), 21.55 (2×C-10), 20.73, 20.68, 

20.64, 20.59 (4×CH3 acetyl). HRMS (Q-TOF) m/z calcd for C94H98N9O34 (M+H)+ 

1896.622, found 1896.622. 

17.5. (12 mg, 13 mol, 63%) 1H NMR (300MHz, D2O): , ppm 8.49 (s, 1H, H-1), 8.02 (s, 

2H, 2×H-1), 6.05 (d, J3’4’= 8.9, 1H, H-3’), 4.88 (1H, H-3), 4.85 (1H, H-6’), 4.75 (1H, H-6), 

4.44 (1H, H-7’), 4.43 (1H, H-5’), 4.39 (2H, 2×H-12), 4.32 (1H, H-5), 4.29 (1H, H-7), 4.24 

(1H, H-4’), 3.97 (1H, H-4), 3.96 (2H, 2×H-11a), 3.92 (2H, 2×H-15), 3.76 (4H, 2×H-

17ab), 3.69 (2H, 2×H-11b), 3.68 (2H, 2×H-16), 3.65 (2H, 2×H-14), 3.59 (1H, H-8a’), 
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3.54 (2H, 2×H-13), 3.52 (1H, H-8a), 3.32 (1H, H-8b’), 3.27 (1H, H-8b), 2.87 (4H, 2×H-

10ab), 2.01 (4H, 2×10ab). 13C NMR (75.5 MHz, D2O): , ppm 148.57 (2×C-2), 145.43 

(C-2), 125.12 (C-1), 124.36 (2×C-1), 103.45 2×(C-12), 88.15 (C-3’), 78.98 (C-7), 77.67 

(C-7’), 75.77 (2×C-16), 75.19 (C-5), 74.40 (C-3), 74.14 (C-5’), 73.84 (C-4), 73.41 (2×C-

14), 73.29 (C-4’), 71.43 (2×C-13), 69.80 (2×C-11), 69.30 (2×C-15), 62.73 (C-6), 62.00 

(C-6’), 61.60 (2×C-17), 60.61 (C-8), 60.27 (C-8’), 29.05 (2×C-10), 21.61 (2×C-9). HRMS 

(Q-TOF) m/z calcd for C36H58N9O20 (M+H)+ 936.3798, found 936.383. 

18.5. (65 mg, 30 mol, 85%) 1H NMR (300MHz, CDCl3): , ppm 8.01-7.28 (m, 30H, H-

benzoyl), 7.92, 7.76, 7.45, 7.39 (4×H-1), 6.32-6.23 (m, 2H, 2×H-5), 5.99-5.73 (m, 4H H-

3’, 2×H-4, H-5’), 5.57 (t, 1H, H-4’), 5.38-5.30 (m, 4H, 2×H-15, 2×H-3), 5.22-5.09 (m, H, 

2×H-6, 2×H-13), 5.02-4.99 (m, 2H, 2×H-14), 4.96-4.77 (m, 3H, H-6’, 2×H-7), 4.58 (m, 

1H, H-7’), 4.50-4.45 (m, 2H, 2×H-8a), 4.38-4.35 (m, 2H, 2×H-12), 4.25-4.03 (m, 7H, 

2×H-8b, 2×H-17ab, H-8a’), 3.89-3.76 (m, 5H, 2×H-16, 2×H-11a, H-8b’), 3.40 (m, 2H, 

2×11b), 2.66 (m, 4H, 2×H-9ab), 2.13 (s, 6H, CH3 acetyl), 2.04 (s, 6H, CH3 acetyl), 1.99 

(s, 12H, CH3 acetyl), 1.90 (s, 3H, CH3 acetyl), 1.84-1.77 (m, 4H, 2×H-10ab), 1.62 (s, 3H, 

CH3 acetyl), 1.53 (s, 3H, CH3 acetyl). 13C NMR (75.5 MHz, CDCl3): , ppm 170.45, 

170.26, 170.11, 169.80, 169.48, 168.86, 168.77 (C=O acetyl), 165.85, 165.79, 165.21, 

165.09, 164.83, 164.81 (6×C=O benzoyl), 147.64, 147.53, 144.32, 144.30 (4×C-2), 

133.50-133.36, 129.72-128.32 (C, benzoyl), 123.29, 122.10, 121.15, 121.00 (4×C-1), 

101.39 (2×C-12), 85.41 (C-3’), 76.49 (2×C-7), 74.68 (C-7’), 73.98 (C-5), 73.67 (C-5), 

73.53 (C-3), 73.33 (C-3), 72.27 (C-5’), 71.96 (C-4), 71.84 (C-4), 70.89 (C-14), 70.60 (C-

4’), 70.50 (C-16), 68.99 (2×C-11, 2×C-13), 67.04 (2×C-15), 62.93 (2×C-8), 61.59 (C-8’), 

61.18 (2×C-17), 60.99 (C-6), 60.84 (C-6), 60.03 (C-6’), 28.89 (2×C-10), 21.57 (2×C-9), 

20.73, 20.69, 20.64, 20.58, 20.38, 19.75, 19.63 (CH3 acetyl). HRMS (Q-TOF) m/z calcd 

for C108H115N12O41 (M+H)+ 2235.728, found 2235.731. 

19.5. (10 mg, 9 mol, 60%) 1H NMR (300MHz, D2O): , ppm 8.50 (s, 1H, H-1), 8.36 (s, 

1H, H-1), 8.02 (s, 2H, 2×H-1), 6.08 (d, J3’4’= 8.9, 1H, H-3’), 4.94 (1H, H-6’), 4.88 (2H, 

2×H-3), 4.76 (2H, 2×H-6), 4.53 (1H, H-7’), 4.48 (1H, H-5’), 4.38 (2H, 2×H-12), 4.32 (2H, 

2×H-5), 4.28 (2H, 2×H-7), 4.26 (1H, H-4’), 3.97 (2H, 2×H-4), 3.96 (2H, 2×H-11a), 3.92 

(2H, 2×H-15), 3.76 (4H, 2×H-17ab), 3.69 (2H, 2×H-11b), 3.68 (2H, 2×H-16), 3.64 (2H, 

2×H-14), 3.62 (1H, H-8a’), 3.54 (2H, 2×H-11), 3.52 (2H, 2×H-8a), 3.37 (1H, H-8b’), 3.27 

(2H, 2×H-8b), 2.87 (4H, 2×H-10ab), 2.01 (4H, 2×10ab). 13C NMR (75.5 MHz, D2O): , 

ppm 148.87 (2×C-2), 145.98 (C-2), 145.81 (C-2), 126.19 (C-1), 125.17 (C-1), 124.31 

(2×C-1), 103.47 2×(C-12), 88.15 (C-3’), 78.97 (2×C-7), 77.62 (C-7’), 75.81 (2×C-16), 

75.19 (2×C-5), 74.40 (2×C-3), 74.21 (C-5’), 73.82 (2×C-4), 73.41 (2×C-14), 73.25 (C-

4’), 71.43 (2×C-13), 69.75 (2×C-11), 69.28 (2×C-15), 62.72 (2×C-6), 62.21 (C-6’), 61.61 

(2×C-17), 60.68 (2×C-8), 60.23 (C-8’), 29.06 (2×C-10), 21.61 (2×C-9). HRMS (Q-TOF) 

m/z calcd for C44H68N12O24 (M+H)+ 1149.454, found 1149.457. 

20.5. (78 mg, 30 mol, 82%) 1H NMR (300MHz, CDCl3): , ppm 7.79-7.27 (20H, 

benzoyl), 7.78 (H-1), 7.73 (H-1), 7.31 (2×H-1), 6.26 (t, J5”4”=J5”6”=9.2, 1H, H-5”), 6.25 (t, 
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J5”4”=J5”6”=9.2, 1H, H-5”), 6.00 (d, J3’4’= 8.2, 1H, H-3’), 5.88 (t, J5’4’=J5’6’=9.2, 1H, H-5’), 5.79 

(t, J54=J56=9.2, 1H, H-5), 5.64 (t, J4”5”=J4”5”=9.2, 1H, H-4”), 5.62 (t, J4”5”=J4”5”=9.2, 1H, H-

4”), 5.53 (t, J4’5’=J4’5’=9.2, 1H, H-4’), 5.37-5.32 (m, 3H, 2×H-15, H-4), 5.21-5.14 (m, 4H, 

2×H-13, 2×H-3”), 5.10-4.75 (m, 7H, 2×H-6”, 2×H-14, H-3, H-6’, H-6), 4.62 (m, 1H, H-7’), 

4.47-4.41 (m, 3H, 2×H-7”, H-7), 4.35 (d, J1213=8.9, 2H, 2×H-12), 4.16-4.08 (m, 6H, 2×H-

17ab, H-8a’, H-8a), 3.87-3.78 (m, 6H, 2×H-16, 2×H-8a”, 2×H-11a), 3.66 (m, 2H, H8b’, H-

8b), 3.44-3.40 (m, 4H, 2×H-8b”, 2×H-11b), 2.67 (m, 4H, 2×H-9ab), 2.17-1.70 (46H, 

14×CH3 acetyl, 2×H-10ab), 0.92 (s, 18H, SiC(CH3)3), 0.05 (s, 12H, Si(CH3)2). 13C NMR 

(75.5 MHz, CDCl3): , ppm 170.41, 170.24, 170.11, 169.91, 169.70, 169.61, 169.43, 

169.43, 169.03, 169.01, 168.74 (C=O, acetyl), 165.34, 165.32, 164.69 (C=O benzoyl), 

147.00, 146.96, 144.87, 144.60, 144.42 (5×C-2), 133.39, 129.68, 129.54, 128.55, 

128.37 (C benzoyl), 123.02, 122.80, 121.59 (C-1), 101.35 (2×C-12), 85.62 (C-3’), 79.13 

(2×C-7”), 76.16 (C-7), 74.96 (C-7’), 74.00 (C-5”), 73.91 (C-5”), 73.48 (2×C-3”), 72.91 

(C-5), 72.83 (C-3), 72.63 (C-4”), 72.54 (C-4”), 71.78 (C-5’), 71.61 (C-4), 70.88 (2×C-14, 

C-4’), 70.52 (2×C-16), 68.98 (2×C-13), 68.87 (2×C-11), 67.01 (2×C-15), 61.83 (C-8), 

61.68 (C-8’, 2×C-8”), 61.18 (2×C-17), 60.38 (C-6), 59.72 (2×C-6”), 59.61 (C-6’), 29.10 

(2×C-10), 25.83 (SiC(CH3)3), 21.63 (2×C-9), 20.71, 20.66, 20.63, 20.59, 20.56, 20.52, 

20.44, 20.00, 19.88, 19.79 (CH3, acetyl), 18.34 (SiC(CH3)3), -5.28, -5.48 (2×Si(CH3)2). 

HRMS (Q-TOF) m/z calcd for C120H152N15O46Si2 (M+H)+ 2594.955, found 2594.956. 

21.5. (11 mg, 8 mol, 50%) 1H NMR (300MHz, D2O): , ppm 8.51 (s, 1H, H-1), 8.36 (s, 

2H, 2×H-1), 8.02 (s, 2H, 2×H-1), 6.08 (d, J3’4’= 8.9, 1H, H-3’), 4.95 (1H, H-6’), 4.91 (1H, 

H-3), 4.86 (2H, 2×H-3”), 4.85 (1H, H-6), 4.75 (2H, 2×H-6”), 4.52 (1H, H-7’), 4.48 (1H, H-

5’), 4.38 (2H, 2×H-12), 4.37 (1H, H-5), 4.36 (1H, H-7), 4.32 (2H, 2×H-5”), 4.32 (2H, 

2×H-7”), 4.27 (1H, H-4’), 3.98 (3H, H-4, 2×H-4”), 3.96 (2H, 2×H-11a), 3.92 (2H, 2×H-

15), 3.76 (4H, 2×H-17ab), 3.68 (2H, 2×H-11b), 3.68 (2H, 2×H-16), 3.64 (2H, 2×H-14), 

3.65 (1H, H-8a’), 3.58 (1H, H-8a), 3.53 (2H, 2×H-13), 3.52 (2H, 2×H-8a”), 3.38 (1H, H-

8b’), 3.33 (1H, H-8b), 3.27 (2H, 2×H-8b”), 2.87 (4H, 2×H-10ab), 2.01 (4H, 2×10ab). 13C 

NMR (75.5 MHz, D2O): , ppm 149.23 (2×C-2), 146.10 (2×C-2), 145.80 (C-2), 126.19 

(2×C-1), 125.18 (C-1), 124.23 (2×C-1), 103.46 2×(C-12), 88.16 (C-3’), 78.98 (2×C-7”), 

78.91 (C-7), 77.62 (C-7’), 75.76 (2×C-16), 75.28 (C-5), 75.25 (2×C-5”), 74.44 (C-3), 

74.41 (2×C-3), 74.22 (C-5’), 73.81 (C-4, 2×C-4”), 73.41 (2×C-14), 73.29 (C-4’), 71.42 

(2×C-13), 69.76 (2×C-11), 69.29 (2×C-15), 62.94 (C-6), 62.68 (2×C-6”), 62.20 (C-6’), 

61.61 (2×C-17), 60.68 (2×C-8”), 60.63 (C-8), 60.20 (C-8’), 29.08 (2×C-10), 21.64 (2×C-

9). HRMS (Q-TOF) m/z calcd for C52H80N15O28 (M+H)+ 1362.529, found 1362.528. 

23.5. (37 mg, 25 mol, 87%) 1H NMR (300MHz, CDCl3): , ppm 7.91, 7.76, 7.71 (3×H-

1), 6.15 (d, J3’4’= 8.2, 1H, H-3’), 5.99 (t, J5’4’=J5’6’=9.2, 1H, H-5’), 5.80 (t, J54=J56=9.2, 1H, H-

5), 5.59 (t, J4’5’=J4’5’=9.2, 1H, H-4’), 5.47-5.43 (m, 3H, 2×H-13, H-4), 5.25-5.19 (m, 2H, 

2×H-11), 5.08-4.81 (m, 9H, 2×H-12, H-3, H-6’, H-6, 2×H-9ab), 4.74 (m, 1H, H-7’), 4.56-

4.52 (m, 3H, 2×H-10, H-7), 4.35-4.10 (m, 6H, 2×H-15ab, H-8a’, H-8a), 4.01-3.87 (m, 4H, 

2×H-14, H8b’, H-8b), 2.18-1.89 (m, 42H, CH3 acetyl). 13C NMR (75.5 MHz, CDCl3): , 

ppm 170.94, 170.65, 170.27, 170.23, 170.09, 170.06, 169.53, 169.51, 169.34, 169.04, 
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169.03 (C=O acetyl), 144.45, 144.18, 143.98 (3×C-2), 123.51, 123.33, 121.61 (3×C-1), 

99.56 (2×C-10), 85.57 (C-3’), 76.02 (C-7), 74.80 (C-7’), 73.23 (C-5), 72.88 (C-3), 72.02 

(C-5’), 71.35 (C-4), 70.73 (2×C-12, 2×C-14), 70.57 (C-4’), 68.68 (2×C-11, 2×C-9), 67.16 

(2×C-13), 62.16 (C-8), 62.08 (C-8’), 61.58 (2×C-9), 61.29 (2×C-15), 60.51 (C-6), 59.93 

(C-6’), 20.90-20.35 (CH3 acetyl). HRMS (Q-TOF) m/z calcd for C60H78N9O34 (M+H)+ 

1468.465, found 1468.466. 

24.5. (13 mg, 15 mol, 65%) 1H NMR (300MHz, D2O): , ppm 8.50 (s, 1H, H-1), 8.26 (s, 

2H, 2×H-1), 6.06 (d, J3’4’= 8.9, 1H, H-3’), 5.04 (d, J9a9b=11.5, 2H, 2×H-9a), 4.91 (2H, 2×H-

9b), 4.89 (2H, H-6’, H-3), 4.81 (1H, H-6), 4.51 (2H, 2×H-10), 4.48 (1H, H-7’), 4.46 (1H, 

H-5’), 4.35 (1H, H-5), 4.32 (1H, H-7), 4.25 (1H, H-4’), 3.99 (1H, H-4), 3.93 (2H, 2×H-13), 

3.78 (4H, 2×H-15ab), 3.72 (2H, 2×H-14), 3.64 (2H, 2×H-12), 3.61 (1H, H-8a’), 3.54 (3H, 

H-8a, 2×H-11), 3.34 (1H, H-8b’), 3.29 (1H, H-8b). 13C NMR (75.5 MHz, D2O): , ppm 

145.69 (C-2), 144.78 (2×C-2), 126.17 (2×C-1), 125.17 (C-1), 102.75 (2×C-10), 88.15 

(C-3’), 78.95 (C-7), 77.64 (C-7’), 75.88 (2×C-14), 75.19 (C-5), 74.40 (C-3), 74.14 (C-5’), 

73.81 (C-4), 73.34 (2×C-12), 73.24 (C-4’), 71.29 (2×C-11), 69.22 (2×C-13), 62.49 (2×C-

9), 62.79 (C-6), 62.00 (C-6’), 61.60 (2×C-17), 60.62 (C-8), 60.21 (C-8’). HRMS (Q-TOF) 

m/z calcd for C32H50N9O20 (M+H)+ 880.317, found 880.316. 

25.5. (50 mg, 23 mol, 84%) 1H NMR (300MHz, CDCl3): , ppm 8.00-7.26 (m, 30H, H-

benzoyl), 7.92, 7.76, 7.45, 7.39 (4×H-1), 6.32-6.24 (m, 2H, 2×H-5), 5.95-5.71 (m, 4H H-

3’, 2×H-4, H-5’), 5.56 (t, 1H, H-4’), 5.38-4.96 (m, 10H, 2×H-13, 2×H-6, 2×H-11, 2×H-3, 

2×H-12), 4.86-4.72 (m, 7H, H-6’, 2×H-7, 2×H-9ab), 4.58 (m, 1H, H-7’), 4.49-4.45 (m, 2H, 

2×H-8a), 4.39-4.37 (m, 2H, 2×H-10), 4.29-4.04 (m, 7H, 2×H-8b, 2×H-15ab, H-7a’), 3.93-

3.88 (m, 5H, 2×H-14), 3.74 (m, 1H, H-8b’), 2.13-1.54 (42H, CH3 acetyl). 13C NMR (75.5 

MHz, CDCl3): , ppm 170.64, 170.23, 169.97, 170.26, 170.20, 170.09, 169.96, 169.80, 

169.53, 169.44, 168.84, 168.78 (C=O acetyl), 165.83, 165.77, 165.24, 165.12, 165.02, 

165.00 (6×C=O benzoyl), 144.30, 144.27, 143.73, 143.69 (4×C-2), 133.60-133.40, 

129.75-128.09 (C, benzoyl), 123.24, 123.23, 123.15, 122.06 (4×C-1), 98.73 (2×C-12), 

85.47 (C-3’), 75.36 (2×C-7), 74.74 (C-7’), 73.82 (C-5), 73.59 (C-5), 73.53 (C-3), 73.37 

(C-3), 72.18 (C-5’), 71.99 (C-4), 71.79 (C-4), 70.84 (2×C-12), 70.57 (C-4’, 2×C-14), 

68.60 (2×C-11), 67.16 (2×C-13), 62.75 (2×C-8), 61.58-61.11 (C-8’, 2×C-17, C-6, C-6, 

2×C-9), 60.01 (C-6’), 20.83-19.66 (CH3 acetyl). HRMS (Q-TOF) m/z calcd for 

C104H107N12O41 (M+H)+ 2179.666, found 2179.666. 

26.5. (11 mg, 10 mol, 62%) 1H NMR (300MHz, D2O): , ppm 8.50 (s, 1H, H-1), 8.37 (s, 

1H, H-1), 8.26 (s, 2H, 2×H-1), 6.08 (d, J3’4’= 8.9, 1H, H-3’), 5.04 (2H, 2×H-9a), 4.93 (2H, 

2×H-9b), 4.91 (1H, H-6’), 4.89 (2H, 2×H-3), 4.81 (2H, 2×H-6), 4.52 (1H, H-7’), 4.48 (1H, 

H-5’), 4.51 (2H, 2×H-10), 4.35 (2H, 2×H-7), 4.33 (2H, 2×H-5), 4.28 (1H, H-4’), 3.99 (2H, 

2×H-4), 3.93 (2H, 2×H-13), 3.78 (4H, 2×H-15ab), 3.72 (2H, 2×H-14), 3.65 (1H, H-8a’), 

3.64 (2H, 2×H-12), 3.55 (2H, 2×H-8a), 3.54 (2H, 2×H-11), 3.38 (1H, H-8b’), 3.29 (2H, 

2×H-8b). 13C NMR (75.5 MHz, D2O): , ppm 145.45 (C-2), 145.15 (C-2), 144.85 (2×C-2), 

126.32 (2×C-1), 126.22 (C-1), 125.20 (C-1), 102. 74 (2×C-10), 88.15 (C-3’), 78.95 (2×C-
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7), 77.63 (C-7’), 75.86 (2×C-14), 75.22 (2×C-5), 74.40 (2×C-3), 74.21 (C-5’), 73.78 

(2×C-4), 73.35 (2×C-12), 73.23 (C-4’), 71.28 (2×C-11), 69.22 (2×C-13), 62.80 (2×C-6), 

62.50 (2×C-9), 62.41 (C-6’), 61.59 (2×C-15), 60.63 (2×C-8), 60.19 (C-8’). MS (ESI) m/z 

calcd for C40H61N12O24 (M+H)+ 1093.392, found 1093.389. 

27.5. (80 mg, 32 mol, 84%) 1H NMR (300MHz, CDCl3): , ppm 7.79-7.26 (20H, 

benzoyl), 7.77 (H-1), 7.65 (H-1), 7.30 (2×H-1), 6.31 (t, J5”4”=J5”6”=9.2, 1H, H-5”), 6.30 (t, 

J5”4”=J5”6”=9.2, 1H, H-5”), 5.99 (d, J3’4’= 8.2, 1H, H-3’), 5.87 (t, J5’4’=J5’6’=9.2, 1H, H-5’), 5.80 

(t, J54=J56=9.2, 1H, H-5), 5.66 (t, J4”5”=J4”5”=9.2, 1H, H-4”), 5.63 (t, J4”5”=J4”5”=9.2, 1H, H-

4”), 5.54 (t, J4’5’=J4’5’=9.2, 1H, H-4’), 5.39-5.13 (m, 9H, 2×H-13, H-4, 2×H-11, 2×H-3”, 

2×H-9a), 4.98-4.75 (m, 9H, 2×H-6”, 2×H-12, H-3, H-6’, H-6, 2×H-9b), 4.62 (m, 1H, H-7’), 

4.44-4.41 (m, 5H, 2×H-7”, H-7, 2×H-10), 4.27-4.08 (m, 6H, 2×H-15ab, H-8a’, H-8a), 3.90 

(m, 2H, 2×H-14), 3.80 (m, 2H, 2×H-8a”), 3.66 (m, 2H, H8b’, H-8b), 3.40 (m, 2H, 2×H-

8b”), 2.16-1.69 (46H, 14×CH3 acetyl, 2×H-10ab), 0.92 (s, 18H, SiC(CH3)3), 0.03 (s, 12H, 

Si(CH3)2). 13C NMR (75.5 MHz, CDCl3): , ppm 170.64, 170.23, 169.97, 169.90, 169.69, 

169.62, 169.35, 169.03, 168.99, 168.72 (C=O, acetyl), 165.37, 165.35, 164.91 (C=O 

benzoyl), 144.83, 144.56, 144.45, 143.45, 143.41 (5×C-2), 133.47-133.44, 129.68, 

129.66, 128.50, 128.38 (C benzoyl), 123.41, 122.98, 122.78, 121.49 (C-1), 99.11 (2×C-

10), 85.57 (C-3’), 79.26, 79.22 (2×C-7”), 76.21 (C-7), 75.05 (C-7’), 73.82 (C-5”), 73.72 

(C-5”), 73.53 (2×C-3”), 72.93 (C-5), 72.88 (C-3), 72.60 (C-4”), 72.50 (C-4”), 71.83 (C-

5’), 71.62 (C-4), 70.85 (2×C-12, C-4’), 70.64 (2×C-14), 68.61 (2×C-11), 67.11 (2×C-13), 

61.69 (C-8, C-8’, 2×C-8”), 61.28 (2×C-15, 2×C-9), 60.37 (C-6), 59.97 (2×C-6”), 59.70 (C-

6’), 25.85 (SiC(CH3)3), 20.79-19.82 (CH3, acetyl), 18.36 (SiC(CH3)3), -5.28, -5.40 

(2×Si(CH3)2). HRMS (Q-TOF) m/z calcd for C116H144N15O46Si2 (M+H)+ 2538.893, found 

2538.895. 

28.5. (14 mg, 11 mol, 55%) 1H NMR (300MHz, D2O): , ppm 8.51 (s, 1H, H-1), 8.36 (s, 

2H, 2×H-1), 8.25 (s, 2H, 2×H-1), 6.08 (d, J3’4’= 8.9, 1H, H-3’), 5.03 (2H, 2×H-9a), 4.93 

(2H, 2×H-9b), 4.91 (2H, H-3, H-6’), 4.89 (2H, 2×H-3”), 4.85 (1H, H-6), 4.80 (2H, 2×H-

6”), 4.52 (1H, H-7’), 4.52 (2H, 2×H-10), 4.48 (1H, H-5’), 4.35 (3H, H-5, 2×H-5”), 4.32 

(3H, H-7, 2×H-7”), 4.28 (1H, H-4’), 3.98 (3H, H-4, 2×H-4”), 3.93 (2H, 2×H-13), 3.78 (4H, 

2×H-15ab), 3.72 (2H, 2×H-14), 3.65 (1H, H-8a’), 3.63 (2H, 2×H-12), 3.61 (1H, H-8a), 

3.54 (2H, 2×H-8a”), 3.53 (2H, 2×H-11), 3.38 (1H, H-8b’), 3.35 (1H, H-8b), 3.28 (2H, 

2×H-8b”). 13C NMR (75.5 MHz, D2O): , ppm 145.45 (C-2), 145.15 (2×C-2), 144.85 

(2×C-2), 126.40 (2×C-1), 126.22 (2×C-1), 125.30 (C-1), 102.82 2×(C-10), 88.24 (C-3’), 

79.03 (2×C-7”, C-7), 77.70 (C-7’), 75.95 (2×C-14), 75.33 (C-5, 2×C-5”), 74.48 (C-3, 2×C-

3), 74.27 (C-5’), 73.85 (C-4, 2×C-4”), 73.42 (2×C-12), 73.32 (C-4’), 71.37 (2×C-11), 

69.30 (2×C-13), 63.00 (C-6), 62.68 (2×C-6”), 62.54 (C-6’, 2×C-9), 61.68 (2×C-15), 60.70 

(2×C-8”), 60.51 (C-8), 60.26 (C-8’). HRMS (Q-TOF) m/z calcd for C48H72N15O28 (M+H)+ 

1306.467, found 1306.461. 

30.5. (0.1 g, 0.2 mmol, 89%) 1H NMR (300MHz, CDCl3): , ppm 7.65 (s, 1H, H-3), 5.35 

(d, J98=1.3, 1H, H-9), 5.14 (t, J76=J78=8.9, 1H, H-7), 4.98 (dd, J89=1.3, J87=8.9, 1H, H-8), 
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4.89 (d, J5a5b=11.5, 1H, H-5a), 4.74 (d, J5b5a=11.5, 1H, H-5b), 4.61 (d, J67=8.9, 1H, H-6), 

4.43 (m, 2H, H-2ab), 4.18-3.89 (m, 5H, H-11ab, H-10, H-1ab), 3.40 (s, 1H, OH), 2.11, 

2.01, 1.96, 1.93 (4×CH3 acetyl). 13C NMR (75.5 MHz, CDCl3): , ppm 170.49, 170.20, 

170.05, 169.68 (4×C=O acetyl), 143.82 (C-4), 124.10 (C-3), 100.30 (C-6), 70.77 (C-10), 

70.74 (C-8), 68.62 (C-7), 67.05 (C-9), 62.80 (C-11), 61.25 (C-1), 60.91 (C-5), 52.67 (C-

2), 20.69, 20.65, 20.59, 20.51 (4×CH3 acetyl). HRMS (Q-TOF) m/z calcd for C19H28N3O11 

(M+H)+ 474.172, found 474.176. 

31.5. (30 mg, 0.1 mmol, 50%)  1H NMR (300MHz, CD3OD): , ppm 8.02 (s, 1H, H-3), 

4.96 (d, J5a5b=11.7, 1H, H-5a), 4.78 (d, J5b5a=11.7, 1H, H-5b), 4.47 (t, J2ab1ab=5.4, 2H, H-

2ab), 4.33 (d, J67=9.2, 1H, H-6), 3.92 (t, J1ab 2ab=5.4, 2H, H-1ab), 3.82 (d, J98=1.3, 1H, H-

9), 3.79-3.68 (m, 2H, H-11ab), 3.56-3.51 (m, 2H, H-10, H-7), 3.44 (dd, J89=1.3, J87=8.9, 

1H, H-8). 13C NMR (75.5 MHz, CD3OD): , ppm 144.19 (C-4), 124.62 (C-3), 102.74 (C-

6), 75.40 (C-10), 73.48 (C-8), 71.03 (C-7), 68.92 (C-9), 61.56 (C-11), 61.18 (C-1), 60.18 

(C-5), 52.46 (C-2). HRMS (Q-TOF) m/z calcd for C11H20N3O7 (M+H)+ 306.130, found 

306.133. 
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List of abbreviation 

 chemical shift 

Ac  acetyl 

AcOH acetic acid 

Boc tert-butyloxycarbonyl 

BSA bovine serum albumin 

Bn benzyl 

Bz benzoyl  

calcd calculated  

CuAAC Cu(I) catalyzed Azide Alkyne Cycloaddition 

d doublet  

Da Dalton 

dd  double doublet 

DIPEA N-N’-diisopropylethylamine 

DMF dimethylformamide  

DMSO dimethylsulfoxide  

E.coli Escherichia coli 

ELISA enzyme-linked immunosorbent assay 

ESI-MS electronspray ionization mass spectrometry 

EtOAc ethylacetate  

Gal galctose  

Glc glucose  

h hour 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

hex  hexane 

HMBC heteronulcear multiple bond correlation 

HPLC high pressure liquid chromatography 

HSQC heteronuclear single quantum coherence 

Hz Hertz 

IC50 half maximal inhibitory concentration 

ITC isothermal titration calorimetry 

J  coupling constant 

Kd dissociation constant 

m multiplet 
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M molar 

MeOH methanol 

NaOMe sodium methoxide 

NMR nuclear magnetic resonance 

PBS phosphate –buffered saline 

PDB protein data bank 

PEG poly ethylene glycol 

PPh3 triphenylphosphine  

RT room temperature 

Rf retention factor 

S. Suis Streptococcus suis 

t triplet 

TBDMS tert-butyldimethylsilyl 

Tf trifluoromethan sulfonate 

TFA trifluoroacetic acid 

THF tetrahydrofuran  

TLC thin layer chromatography 

TMS trimetylsilyl 

TMSOTf trimethylsilyl trifluoromethasulfonate 

TOCSY total correlation spectroscopy 

Troc 2,2,2-trichloroethoxycarbonyl 
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Summary 

Carbohydrate-protein interactions play a key role in many important 

biological processes and often involve multivalency to increase a binding to 

biologically relevant levels. Interfering with these interactions can potentially 

lead to the development of therapeutics. During the design of optimal 

multivalent inhibitors the nature and the length of the spacer, that connects 

the ligands, are important factors. Besides the length, spacer rigidity is 

another important factor which has received far less attention in the design of 

multivalent ligands. This is due to the fact that the design of a rigid system, 

which perfectly matches the geometry and the topology of the protein target, 

is difficult to achieve. In this thesis the strategy and the design to obtain 

different rigid spacers are described. These spacers are based on a 

carbohydrate-triazole moiety and a phenylene-ethynylene moiety. When the 

spacers were synthesized they were incorporated into divalent ligands that 

were tested with lectin LecA from bacterium Pseudomonas aeruginosa. The 

rigidity was shown to improve the affinity towards this lectin and yielded the 

most potent inhibitor known so far. 

Chapter 2 describes the strategies followed to synthesize a suitable building 

block to build a carbohydrate-triazole based spacer. The triazole ring is 

formed via “Click” chemistry. An azide moiety and an alkyne moiety had to be 

introduced onto a sugar ring. The first followed pathway started with the 

glucosamine. The amine moiety was protected with the Troc group and the 

anomeric position was methylated. The primary hydroxyl group was 

selectively protected with TBDMS group and all the other positions were 

acetylated. The TBDMS group was removed and the free hydroxyl group was 

oxidized to give access to the aldehyde. The Bestmann reaction, which 

transforms an aldehyde to an alkyne moiety, was applied. Unfortunately this 

reaction did not give the desired product. The other strategy started from 

galactose. The anomeric position was allylated and the other hydroxyls were 

benzylated. Once the allyl group was removed the free anomeric position was 

oxidized using the Dess-Martin reagent and an alkyne moiety was introduced. 

Removal of the benzyl groups and selective benzoylation left the axial 

hydroxyl group of C(4) free. The desired building block was successfully 

synthesized in high yield and with good reproducibility. 
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Chapter 3 describes the synthesis of a spacer. Starting from the Boc-protected 
azidoethanamine the first click chemistry reaction with the building block of 
chapter 2 was performed. After purification the free axial hydroxyl group at 
C(4) was converted to an equatorial azide via a triflate. The new compound is 
ready for another click reaction with the building block. Iterating these two 
processes allowed the building of up a spacer with up to four glucose units. 
Once the Boc group was removed, the amine moiety was converted to an 
azide.  The spacers were ready for a double click reaction with the ligands. 
Since the inhibition was to be tested with LecA from Pseudomonas aeruginosa, 
which is a galactose binding lectin, two different -galactoside ligands were 
used. The first one had an alkyne moiety directly attached to the anomeric 
position and the second one had a three CH2 aglycon chain that terminated 
with an alkyne moiety. Once the divalent ligands were synthesized their 
inhibitory potency was tested. The inhibition results showed that a 
multivalency effect was achieved for almost all compounds. Promising results 
were obtained with the divalent ligands with the spacers with two and three 
glucose units and the galactoside ligand with the three carbons aglycon chain. 
Furthermore a divalent ligand with a flexible PEG based spacer and a divalent 
system with -galactoside ligands were also synthesized. The inhibition 
studies showed a lower inhibition potency for the flexible divalent ligand and 

-galactoside.  Overall the design 
strategy has led to some of the most potent LecA inhibitors that rival those of 
greater valency and size. 

Chapter 4 describes a new rigid spacer based on phenylene-ethynylene units. 

The rigid spacers were synthesized by alternating the Sonogashira reaction 

and the silyl deprotection reaction. The two, three, four and five unit spacers 

were synthesized. The three unit spacer was double clicked to a galactose 

ligand. The new divalent ligand was tested with LecA. The result showed a 

weaker inhibition compared with the carbohydrate-triazole based spacer of 

chapter 4 but it was still stronger than a previously used tetravalent system. 

Chapter 5 describes the synthesis of a new generation carbohydrate triazole 

spacers. The first strategy of chapter 3 required the deprotection of an amino 

moiety and a diazotransfer reaction to obtain the corresponding azide moiety. 

To avoid these steps a new pathway was followed. The key step was to make 

the spacer (pseudo) symmetrical. In addition to the previously used building 

block, two different building blocks were synthesized. The first one was a 

galactose derivative with an azide moiety at the anomeric position. The 

second one was a glucose derivative with two azide moieties, one at the 

anomeric position and the other at C(4). To avoid solubility problems during 
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the synthesis in organic solvents another building block was also synthesized. 

A silylated galactose derivative with the alkyne moiety attached at the 

anomeric position was used. The silyl group increased the solubility. 

Following the usual iteration click reaction and azide introduction the two, 

three and four unit spacers were synthesized. The newly adopted strategy was 

faster and higher yielding than the previous one. Molecular modelling was 

done to investigate the average spacer length as an indication of its rigidity. 

Also in the application of this spacer system two different ligands were used. 

The first one had a three CH2 aglycon chain and the second one had only one 

CH2 aglycon chain. The divalent compounds obtained were tested with LecA. 

All the compounds showed multivalency effects. For the series with the longer 

aglycon chain no discrimination was observed between the two and three unit 

spacers, while for the other series the three unit spacer was uniquely different. 

The divalent ligand with the two unit spacer was too short, the one with the 

four unit spacer was too long while the divalent ligand with a three unit spacer 

showed the perfect match. The latter also showed the highest relative potency 

per sugar reported in literature.  To investigate the thermodynamics of the 

formation of the complexes, ITC studies were performed. The results 

confirmed that the divalent ligand with the short flexible aglycon chain and 

the three unit spacer formed the strongest complex with lecA. 
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Samenvatting 

Koolhydraat-eiwit interacties spelen een belangrijke rol in vele belangrijke 

biologische processen en zijn vaak multivalent om de binding te versterken 

zodat deze biologische relevant zijn.  Moleculen die deze interacties kunnen 

verstoren zijn potentiele geneesmiddelen.  Bij het ontwerpen van optimale 

multivalente inhibitoren zijn de aard en de lengte van de 'spacer' die de 

liganden verbindt, belangrijke factoren.  Naast de lengte is de rigiditeit van 

groot belang, hoewel hier historisch gezien maar weinig aandacht aan is 

besteed bij het ontwerpen van multivalente liganden. Dit komt doordat het 

ontwerpen van een rigide systeem dat perfect past op het eiwit erg moeilijk is.  

In dit proefschrift zijn strategieën en ontwerpen beschreven van verschillende 

rigide 'spacers'. Deze 'spacers' zijn gebaseerd op een koolhydraat-triazool 

bouwsteen en een fenyleen-ethynyleen bouwsteen.  Na de synthese werden ze 

gebruikt in divalente liganden en getest als inhibitor van het lectine LecA van 

de Pseudomonas aeruginosa bacterie.  De rigiditeit resulteerde in sterk 

verbeterde affiniteit en leidde tot de sterkste inhibitor tot nu toe. 

Hoofdstuk 2 beschrijft de strategieën die gevolgd zijn om een bouwsteen te 

maken voor de koolhydraat-triazool 'spacer'.  De triazool ring is gevormd via 

"Click" chemie. Een azide groep en een alkyn moesten aan de koolhydraat 

gezet worden.  De eerste route begon met glucosamine.  Het amine was 

beschermd met een Troc groep en de anomere hydroxyl was gemethyleerd.  

De primaire OH werd selectief beschermd met een TBDMS groep en de overig 

OH's werden geacetyleerd.  De TBDMS groep werd verwijderd en de C(6) 

werd geoxideerd naar het aldehyde.  Vervolgens werd de Bestmann reactie 

toegepast die een aldehyde omzet in een alkyn.  Helaas gaf deze reactie niet 

het gewenste product.  Een nieuwe strategie begon met galactose. Aan de 

anomere hydroxyl werd een allylgroep gezet, en de overige OH's werden 

gebenzyleerd.  Na het verwijderen van de allyl groep werd het anomere 

centrum geoxideerd met het Dess-Martin reagens en vervolgens werd daar 

een alkyn geïntroduceerd.  Verwijderen van de benzyl groepen en selectieve 

benzoylering zorgde voor een vrije hydroxyl op C(4).  De gewenste bouwsteen 

werd op deze wijze succesvol, reproduceerbaar gesynthetiseerd in hoge 

opbrengst. 

Hoofdstuk 3 beschrijft de synthese van een 'spacer'.  Uitgaande van Boc 

beschermd azidoethaanamine werd de eerste click reactie met de bouwsteen 
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van hoofdstuk 2 uitgevoerd.  Na zuivering werd de axiale OH op C(4) omgezet 

in een equatoriale azide via een triflaat.  De nieuwe verbinding was klaar voor 

de volgende click reactie met de bouwsteen.  Herhaling van deze processen 

maakte de synthese mogelijk van 'spacers' tot vier glucose eenheden.  Na het 

verwijderen van de Boc groep werd de amine omgezet in een azide groep.  De 

spacer was gereed voor een dubbele click reactie met de liganden.  Aangezien 

de inhibitie zou worden getest met LecA van Pseudomonas aeruginosa, een 

galactose bindend lectine, werden twee verschillende -galactoside liganden 

gebruikt.  De eerste had z'n alkyn eenheid rechtstreeks verbonden met het 

anomere centrum terwijl de tweede een keten van drie CH2 bevatte gevolgd 

door een alkyn eenheid.  Toen de syntheses van de divalente liganden was 

voltooid werd de inhibitie getest.  De test liet een mulitivalentie effect zien 

voor bijna alle verbindingen.  Veelbelovende resultaten werden verkregen met 

de divalente liganden met 'spacers' bestaande uit twee en drie glucose 

eenheden en met het galactoside ligand de C3 aglycon keten.  Ook werden een 

divalent ligand met een flexibele PEG 'spacer' en een divalent ligand met -

galactoside liganden gesynthetiseerd.  Inhibitie studies lieten een zwakkere 

inhibitie zien voor het flexibele divalente systeem en ook de noodzaak van het 

hebben van een -galactoside.  Samenvattend kan worden gezegd dat de 

ontwerpstrategie leidde tot enkele van de meest krachtige LecA inhbitoren die 

even goed zijn als grotere systemen met hogere valentie.    

Hoofdstuk 4 beschrijft een nieuw type rigide 'spacer' gebaseerd op fenyleen-

ethynyleen eenheden.  De rigide 'spacers' werden gesynthetiseerd door 

alternerende Sonogashira reacties en silyl ontschermingen.  'Spacers' 

bestaande uit twee t/m vijf eenheden werden gesynthetiseerd.  De 'spacer' 

van drie eenheden werd gekoppeld aan een galactoside ligand en werd getest 

als inhibitor van LecA.  De verbinding was een zwakker inhibitor dan het beste 

systeem van hoofdstuk 3 maar toch sterker dan een eerder gemaakt 

tetravalent systeem.   

Hoofdstuk 5 beschrijft de synthese van een nieuwe generatie koolhydraat-

triazool 'spacers'. In de eerste strategie van hoofdstuk 3 was het noodzakelijk 

een amino groep te ontschermen en vervolgens de azide te maken via een 

diazo transfer.  Om deze stappen te vermeiden werd een nieuwe route 

gevolgd.  De belangrijkste stap was de 'spacer' (pseudo)symmetrisch te 

maken.  Naast de reeds gebruikte bouwsteen werden twee nieuwe 
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bouwstenen gesynthetiseerd.  De eerste was een galactose derivaat met een 

azide groep aan het anomere centrum. De tweede was een glucose derivaat 

met twee azide groepen, één aan het anomere centrum en de andere aan de 

C(4).  Om oplosbaarheidsproblemen te voorkomen tijdens de synthetische 

stappen in organische oplosmiddelen werd een andere bouwsteen 

gesynthetiseerd.  Een gesilyleerde bouwsteen met een alkyn aan het anomere 

centrum werd hiervoor gebruikt.  Deze silyl groep verhoogde de 

oplosbaarheid.  Gebruikmakende van de gebruikelijke herhalingen van de 

click reactie en het invoeren van de azide groep, werden op deze wijze 

'spacers' met twee, drie en vier eenheden gesynthetiseerd.  De nieuwe 

strategie was sneller en gaf hogere opbrengsten dan de vorige.  'Molecular 

modelling' was gedaan om uit te zoeken wat de gemiddelde lengte van elke 

spacer was om een idee te krijgen over de mate van rigiditeit van de 

moleculen.  Ook in de toepassing van deze 'spacers' werden twee 

verschillende liganden gebruikt.  De eerste had drie CH2's in z'n aglycon keten 

en de tweede had er slechts één.  De gemaakte divalente verbindingen werden 

getest met LecA.  Alle verbindingen lieten multivalentie effecten zien.  In de 

serie met de langere aglycon keten werd geen verschil waargenomen tussen 

de systemen met de 'spacers' bestaande uit twee en drie bouwstenen, terwijl 

in de andere serie de 'spacer' bestaan de uit drie bouwstenen uniek was.  In 

deze serie was de 'spacer' met twee bouwstenen te kort, die met drie 

bouwstenen te lang, terwijl die met drie bouwstenen een perfecte match was.  

Deze laatste was ook de beste in de literatuur wat betreft de relatieve 

inhibitiesterkte per suiker.  Om de thermodynamische aspecten van de 

complexvorming te bestuderen werden ITC metingen gedaan.  Deze metingen 

bevestigden dat het divalente ligand met de korte aglycon keten en de drie 

'spacer' bouwstenen het sterkste bindt met LecA.   
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