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Abstract 

 

The 1,2-cis aminoglycosides are considered difficult to prepare in a highly stereoselective 

manner.  Some strategies have been developed to date including the preparation of 2-azido, 2-

benzylidine and 2,3-oxazolidinone glycosyl donor for the stereoselective Ŭ-1,2-cis-

glycosylation. However, there is a need for the development of other methods due to the 

constant screening of glycosylation conditions, along with preparation of different glycosyl 

donors and significant protecting group manipulation.  This thesis work was concerned in part, 

with determining the potential of anomerisation reactions for the stereoselective synthesis of 

1,2-cis glycosides of GlcNAc and GalNAc and other related and important glycosides.   

An introduction to carbohydrate chemistry is provided in the first chapter of this thesis with a 

summary of what is known to date about anomerisation reaction. The second and third chapters 

deal with the investigation of anomerisation of thiols derived from GlcNAc and GalNAc as 

well as some of their O/S-glycosides.   

Glycosyl thiols are useful building blocks for the synthesis of S-glycosides. These are of 

interest for the synthesis of various types of glycoconjugates, mostly glycomimetics.  A 

relatively small number of procedures are known to produce Ŭ-glycosyl thiols, compared to the 

corresponding b-anomers.  A series of acetylated and benzoylated ɓ-GlcNAc and GalNAc 

thiols were synthesised and their anomerisation reactions investigated under different 

conditions. The anomerisation/epimerisation of Ŭ-glycosyl thiols to the b-anomer was also 

investigated.  Benzoylated glycosyl thiols showed a higher propensity to undergo 

anomerisation reactions compared to corresponding acetylated glycosyl thiols.  Equilibrium 

between Ŭ- and ɓ-anomers was established for acetylated glycosyl thiols in EtOAc.  The use of 

TiCl4 in dichloromethane led to the Ŭ-anomer, via a thiazoline. This observation was included 

in a paper published in Organic Letters (DOI: 10.1021/acs.orglett.7b02760), contributing to 

formation of a mechanistic proposal for the epimerisation of glycosyl thiols.  The Lewis acid 

catalysed anomerisation of some O-glycosides and S-glycosides derived from GlcNAc and 

GalNAc is described, with limitations identified.   

The next part of the thesis (Chapter 4) deals with the design and synthesis of glycoclusters 

based on neoglycopeptides.  Molecular self-assembly is considered to be a useful approach for 

the synthesis of novel molecular architecture. Proteins and peptides can self-organize and form 

well -defined structures with a role as scaffold for the presentation of biological and 

immunological active ligands, such as carbohydrates.  Herein the coiled-coil motif was 
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explored as a scaffold for the multivalent display of peptide and carbohydrate ligands. De novo 

peptides self-assemble into dimeric and trimeric coiled coils when exposed to aqueous media. 

The lactose disaccharide, bearing a triethylene glycol (TEG) chain, was linked to asparagine 

and then subjected to solid phase peptide synthesis to produce peptide sequences creating 

divalent and tetravalent dimeric neoglycopeptides as well as trivalent trimeric 

neoglycopeptides.  Such glycoclusters based on lactose are of interest as galectin inhibitors.  

These glycoclusters have been analysed by circular dichroism (CD) spectroscopy, which 

showed evidence for helical formation.  They are currently under study of their self-assambly 

characteristics by analytical ultracentrigugation (AUC) and under biological evaluation to 

ascertain their galectin-3 inhibitory potential. 
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dd    Doublet of doublets  

ddd    Doublet of doublets of doublets 

DEPT    Distortionless Enhancement by Polarisation Transfer 

DMAP    4-Dimethylaminopyridine 

DMF    Dimethylformamide 

dt    Doublet of triplets 

EDC    1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

equiv.    Equivalent  

ES-HRMS   High-Resolution Mass Spectrometry - Electrospray Ionization 

Et    Ethyl 

Et3N    Triethylamine 

EtOAc    Ethylacetate 

FT-IR    Fourier Transform Infrared (spectroscopy) 

g    Grams 

gHMBCAD   Heteronuclear Multiple Bond Correlation 

gHSQCAD   Heteronuclear Single Quantum Correlation 

GlcNAc   N-Acetylglucosamine 

GalNAc                                  N-Acetylgalactosamine 

h    Hours  

HBr    Hydrobromic acid 

Hz    Hertz 

J    Coupling constant, in Hz 

m    Multiplet 

M    Molar 

M+
    Mass of the molecular ion (mass spectrometry) 

Me    Methyl 

MeCN    Acetonitrile 

MeOH    Methanol 

MHz    Megahertz 

min    Minutes 



Page 11 of 209 
 

mL, µL   Milliliter, Microliter  

mol, mmol, ɛmol  Mole, Milimole, Micromole 

NaOMe   Sodium methoxide 

NMR    Nuclear Magnetic Resonance 

OTf    Triflate 

Ph    Phenyl 

Piv    Pivaloyl 

ppm    Parts per million 

Py    Pyridine 

q    Quartet 

r.t.    Room temperature 

s    Singlet 

sat.    Saturated  

t    Triplet  

td    Triplet of doublets 

t-Bu    tert-Butyl 

TFA                                         Trifluoroacetic acid 

THF    Tetrahydrofuran 

TLC    Thin Layer Chromotography  

TMSOTf   Trimethylsilyl trifluoromethanesulfonate 

 
 
 
 
 
 
 
 
 



Page 12 of 209 
 

Table of Amino Acids and Their Abbreviations  
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 An I ntroduction to Carbohydrate Chemistry and the Anomerisation 

Reaction 

  

 Stereochemistry of Carbohydrates 

The general stereochemical principles are fundamental in the carbohydrate field; carbohydrates 

possess multiple stereogenic carbon atoms leading to the formation of different conformational 

isomers. In solution they exist in equilibrium between special conformational forms and can 

assume different ring forms of different size; these rings are also chiral, and they can assume 

many different conformations. Finally, the glycosidic linkages of oligo- and polysaccharides 

represent another source of stereochemical variety.1 

Fisher, in 18932, proposed that sugars have a hemiacetal type of ring structure and the carbon 

atom at position 1 is asymmetric and can assume two different configuration, so D-glucose can 

exist in two configurations. This hypothesis became evident when the D-glucose was reacted 

with acidic methanol isolating a methyl glucoside with a specific rotation of +157°, and shortly 

after it was found a second methyl glucoside with a specific rotation of -34°.3 The two 

compounds were named methyl Ŭ-D-glucopyranoside and methyl ɓ-glucopyranoside. 

The Ŭ- and ɓ-D-glucopyranose are configurational epimers and are defined as anomers, where 

the OH in position 1 can be written on the right or on the left of carbon 1 in the Fischer 

projection (Figure 1.1). This was demonstrated by Böeseken4 when, to define the Ŭ and ɓ-D-

glucose configuration, he carried out an experiment where two anomers were reacted with boric 

acid. The form of D-glucose with a specific rotation of +112° reacted with boric acid and was 

defined as Ŭ-D-glucose. This is possible because the OH-1 and OH-2 of the sugar are in cis 

configuration between each other, therefore they are sterically disposed to react with borate 

ion. The consequence if this interaction is an increase of the acidity and consequently 

conductivity of the reaction mixture.  The form of D-glucose with the specific rotation of +19° 

was defined ɓ-D-glucose and has trans configuration between OH-1 and OH-2, because the 

trans vicinal OH groups are inert to the borate ion. The Ŭ-anomer can be defined as the anomer 

that has the anomeric carbon atom in the same configuration as the reference carbon atom. The 

ɓ-anomer has opposite configuration.  
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Figure 1.1 Fischer projections of D-glucose and chair conformation of Ŭ- and ɓ-D-glucopyranose. 

 

The finding that D-glucose has three specific rotations, +112°, +19° and +52,7° was explained 

by the identification of the mutarotation phenomenon. Lowry5 showed that the Ŭ-D-

glucopyranose and ɓ-D-glucopyranose are in equilibrium and the observed specific rotation of 

52,7Á corresponds to the equilibrium of both forms. So, if Ŭ-D-glucopyranose is in solution the 

starting specific rotation is 112° and the mutarotation direction downward to the equilibrium 

value of 52,7Á. In the same way when the ɓ-D-glucopyranose is in solution the starting specific 

rotation is +19° and the mutarotation upward to the equilibrium value of 52,7°.5 Based on the 

value at equilibrium it was calculated that at equilibrium the amounts of ɓ-D-glucopyranose 

and Ŭ-D-glucopyranose present are 64% and 36%, respectively.  

This equilibrium is created by the opening of the pyranose forms of the glucose to form an 

open chain aldehyde. The open chain aldehyde can re-cyclise to reform the hemiacetal (Scheme 

1.1).  
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Scheme 1.1 Mutarotation of D-glucose. 

 

The mutarotation phenomenon is not observed in glycosides under these conditions. Under 

acid catalysed conditions, glucose can react with alcohols to form glycosides, and in this case 

the reaction is under thermodynamic control and the thermodynamically more stable compound 

is formed which is represented by the Ŭ-glycoside. This situation is opposite to the formation 

of the equilibrium of the D-glucose, where for steric reason the substituent at the anomeric 

position would take an equatorial position to avoid steric hindrance. The preference for a 

substituent at the anomeric position to adopt an axial configuration in the formation of 

glycoside can be explained by a phenomenon called the anomeric effect.

 

Scheme 1.2 The reaction of glucose with methanol and an acid catalyst. 
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 The anomeric effect 

The anomeric effect is defined as the preference of electronegative substituents at the anomeric 

centre of pyranose to assume the axial orientation. This hypothesis was first introduced by J.T. 

Edward in 19556, when he based his observations on the fact that axial alkoxy groups at the C-

1 position generally show a greater stability than equatorial ones. He proposed that this 

phenomenon is related to the orientation of the unshared electrons of the ring oxygen, where 

the lone electron pairs of the oxygen can determine the conformational preferences of 

structures. 

A more general definition of anomeric effect was introduced when it was realised that it is not 

related to only carbohydrates, but in general to all molecules, intended as a general preference 

of segment R-X-A-Y to adopt the gauche conformation over the antiperiplanar (anti). In the 

segments R-X-A-Y, A represents an element of intermediate electronegativity (such as C,S), 

Y is an atom more electronegative than A (such as O, N or an halogen), X represents an element 

with a lone pairs and R is H or C7 (Figure 1.2). 

 

 

Figure 1.2 Newman projections showing preference for gauche position. 

 

Two main explanations have been proposed for the origin of the anomeric effect7: one based 

on favourable/unfavourable dipoleïdipole interactions between the ring oxygen atom and the 

anomeric substituent (called the electrostatic model), and another based on 

favourable/unfavourable orbitalïorbital interactions between the ring oxygen atom and the 

anomeric substituent (called the hyperconjugation model). 

The electrostatic dipole model was initially proposed by Edward to explain the destabilization 

of equatorial conformers of carbohydrates due to repulsive force between the ring dipole, 

created from unshared electrons of the ring oxygen and the substituent in the equatorial 

position. In the axial orientation, the dipoles created partially cancel each other leading to an 

increased preference for the axial conformer (Figure 1.3). This electrostatic model is supported 

by the evidence that aqueous solvation effect increases the amount of the ɓ-anomer present at 
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equilibrium and the preference for the axial conformer decreases when the solvent dielectric 

constant increases.8 ,9 

 

 

Figure 1.3 Electrostatic model explaining the endoanomeric effect. 

 

The hyperconjugation model proposes that the preference for the Ŭ-anomers is due to the 

delocalization of the charge from the lone pairs on X to the vacant antibonding orbital (ů*) of 

the C-Y bond. This explains the geometry changes associated with the anomeric effect, since 

the n Ÿů* electron delocalization interaction tends to weaken the CīY bond, but strengthen 

the XīC bond by increasing its double bond nature.10 

 

 

Figure 1.4 Antiperiplanar lone pair hypothesis. 

 

Different studies have been conducted to estimate the contribution of the electrostatic and 

hyperconjugative interactions to the anomeric effect. Computational work by Mo and co-

workers11 evaluated the effect of the hyperconjugation interactions in different acyclic 

molecules such as methoxymethyl fluoride, methoxymethyl chloride, methanediol, 

methanediamine, aminomethanol, and dimethoxymethane. It was established that both steric  

and hyperconjugation effect contribute to the conformational preferences of methoxymethyl 

fluoride and methoxymethyl chlorides.12 This founding was in accordance with the general 

consensus that both steric and electronic interactions contribute to the generalized anomeric 

effect. But It was also demonstrated that in the most stable conformers of ethanediol, 

methanediamine, aminomethanol, and dimethoxymethane the hyperconjugative interactions 

play a negative role in the conformational preferences and only the steric effect is responsible 

for the generalized anomeric effect. 
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 Glycosylation 

Glycosylation is the most important reaction in the field of carbohydrate chemistry (or 

glycoscience). Carbohydrates exist as complex oligomers or conjugated with different 

biomolecules such as lipids, peptides and proteins, and their isolation and characterization are 

difficult due to their low abundance and heterogeneity in nature.13 The solution is the synthesis 

of these molecules to be able to provide pure carbohydrates in significant quantities.  

When dealing with carbohydrates, the variety of the glycosidic bond is one of the major 

characteristics to take in consideration. There are different types of glycosidic bonds: O-, N-, 

S-C- with the O-glycosidic bond representing the most abundant in nature and the most difficult 

to synthesize. There are two types of O-glycosides, defined as Ŭ- and ɓ or 1,2-cis and 1,2-trans 

glycosides (Figure 1.5). 

 

 

Figure 1.5 Type of glycosidic bond. 

 

Glycosylation involves the reaction between a glycosyl donor and a glycosyl acceptor (or 

acceptor) in the presence of a promoter, to form a glycosidic bond. The activation of the leaving 

group of the glycosyl donor bearing a non-participating group, assisted by the promoter, leads 

to the formation of an  oxocarbenium ion intermediate.14 The nucleophilic attack of the glycosyl 

acceptor (or acceptor) to form the glycosidic bond, can occur either from the top or the bottom 

face of the intermediate, giving rise to a mixture of 1,2-trans or 1,2-cis glycosides, with the 

1,2-cis being the major product due to the anomeric effect.15 
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Scheme 1.3 General glycosylation mechanism with non-participating group. 

 

The stereoselectivity of the glycosylation reaction can be influenced by various factors, such 

as: protecting groups, leaving groups, temperature, solvent and promoters.  

 

 Neighbouring group participation 

 
The stereoselective formation of the glycosidic linkage is one of the most challenging aspects 

of carbohydrate chemistry. The stereoselective introduction of 1,2-cis glycosides often 

represents a problem, but on the other hand, the selective formation of 1,2-trans glycosides can 

be easily achieved by neighbouring group participation of a 2-acyl group. 

In this strategy, the glycosyl cation formed by the departed of the leaving group activated by 

the promoter, is stabilized intramolecularly by the formation of a bicyclic intermediate, the 

acyloxonium ion (Scheme 1.4). The formation of the bicyclic intermediate blocks the attack 

from the bottom face, allowing the nucleophilic attack of the acceptor only from the top face 

of the ring, forming stereoselectively the 1,2-trans glycoside16. 
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Scheme 1.4 Mechanism of glycosylation in the presence of a neighbouring participating group. 

 

 Solvent effect 
 

The influence of solvent on the stereochemical outcome of the glycosylation is well known.17 

The use of participating solvents, such as acetonitrile and diethyl ether, leads to preferential 

formation of 1,2-trans and 1,2-cis glycosides respectively (Scheme 1.5). 

The use of acetonitrile leads to the formation of an equatorial glycosidic linkage through the 

formation of an Ŭ-nitrilium ion intermediate. Trapping experiments have been carried out 

where the axially orientated amide product is obtained.18 

The use of diethyl ether generally results in the formation of the thermodynamically more 

stable axial glycoside as the main product, through the formation of the an equatorial oxonium 

cation. The formation of the equatorial cation intermediate is due to either the reverse anomeric 

effect19 or steric reasons.  
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Scheme 1.5 Formation of Ŭ- and ɓ-glycoside in the presence of diethyl ether and acetonitrile. 

 

 Type of leaving group and activation 

 

Various factors are involved in the control of the stereoselectivity in the glycosylation 

reactions. It has been demonstrated that the type of leaving group plays a significant role in the 

determination of the Ŭ/ɓ ratio of glycosides.20 

Different approaches have been developed, including glycosyl halides21, 

trichloroacetimidates22, and thioglycosides23 as glycosyl donors. 

The discovery of the first controlled glycosylation procedure attributed to Koenigs and Knorr21 

in 1901, when they concluded that the glycosyl chlorides and bromides can react with alcohols 

in the presence of Ag2CO3 or Ag2O as acid scavengers, where they complex with the anomeric 

halogen leading to the departure of the leaving group (Figure 1.6). 
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Figure 1.6 Complex of glycosyl halide and Ag salt. 

  

In terms of stereoselectivity of the glycoside bond formed after the glycosylation reaction, two 

different pathways can be followed depending on the configuration of the glycosyl halide used. 

The 1,2-cis glycosyl halide can give both anomers. When the glycosyl donor has a 

neighbouring participating group in position 2 the formation of the 1,2-trans glycosides usually 

occurs for reasons given above. When there is no participating group, then the glycosyl cation 

is able to react with an alcohol and a mixture of 1,2-trans and 1,2-cis glycosides can be formed 

(Scheme 1.6). 

 

 

Scheme 1.6 Possible pathways of glycosidation with glycosyl bromide. 

 

When the glycosyl donor does not have a neighbouring participating group, in principle the 

formation of the oxocarbenium ion intermediate should allow the attack from both faces of the 

ring leading to the formation of a mixture of 1,2-cis and 1,2-trans glycosides; even if the Ŭ-
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anomer is thermodynamically favourable a substantial amount of the kinetic ɓ-anomer is often 

obtained. 

The selective formation of Ŭ-glycosides has been investigated in carbohydrates with the use of 

benzyl groups as protecting groups and with ɓ-halide as starting substance, the mechanism of 

the reaction should follow an SN2 mechanism with inversion of the anomeric configuration. 

This reaction is possible only with stable and isolable ɓ-halides.24 

Another glycosyl donor widely used, the glycosyl imidate, was reported by Schmidt in 

1980.22 Glycosyl trichloroacetoimidates can be easily prepared by a based-catalyzed addition 

of an anomeric alcohol to a trichloroacetonitrile (Cl3CCN). The use of a strong base such as 

DBU or NaH can give the Ŭ-anomer as thermodynamic product, while weaker base such as 

K2CO3 can gives the ɓ-anomer as kinetic product25 (Scheme 1.7). 

 

 

 

Scheme 1.7 Trichloroacetimidate synthesis. 

 

The glycosyl trichloroacetimidates formed can react in the presence of a catalytic amount of 

Lewis acid, such as trimethylsilyl triflate (TMSOTf) or boron trifluoride (BF3·OEt2) as 

promoter.26 The stereoselectivity of the glycosides formed depends on different factors, such 

as neighbouring participating groups, solvents and type of leaving group (Scheme 1.8). 

 



Page 24 of 209 
 

Scheme 1.8 Mechanism of glycosylation using trichloroacetimidate donor. 

 

Thioglycosides can be used as glycosyl donors and glycosyl acceptors due to their 

stability in different conditions. They were discovered for the first time by Fischer in 1900.23 

A promoter like methyl triflate (MeOTf) activates the thioglycoside by producing an 

intermediate sulfonium ion, which then gives rise to glycosylating carbocationic intermediates 

depending on the presence of participating or non-participating group at the C-2 position, that 

react with the alcohol giving a ɓ-glycoside or a mixture of Ŭ- and ɓ-anomers (Scheme 1.9). 

 

Scheme 1.9 General mechanism for glycosylation using thioglycosides. 

 

Other promoters: DMTST, PhSeOTf, Me2S2/Tf2O and NIS/TMSOTf  have been developed  

and are capable to promote this glycosylation27. 

The above glycosylation procedures cover some of the more popular methods for the synthesis 

of glycosides, but the formation of the 1,2-cis glycosides is still challenging due to the need of 

simple and efficient methods. One of these methods can be anomerisation. 

 

 Anomerisation 

The term anomerisation is used to indicate the epimerisation of anomers. An example is the 

reversible conversion of a 1,2-trans glucopyranoside to a more stable 1,2-cis glucopyranoside; 

in the case of mannopyranose the 1,2-trans would be more stable than the 1,2-cis (Scheme 10). 

The anomerisation can occur in solution (an example is the mutarotation of glucose), or with 

the use of a promoter (Lewis acids have been discovered as efficient promotors28). This 
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transformation establishes an equilibrium between the two anomers and the anomeric effect, 

or factors which influence anomer stability determine the anomeric distribution with the 

thermodynamic more stable product being expected to be favoured due to stabilising 

electrostatic/hyperconjugation interactions (vide supra).   

 

 

Scheme 1.10 Anomerisation of glycosides (X= OR, SR, OH). 

 

Much work has been done on the anomerisation by Lindberg and Lemieux. This can be 

summed up in two proposed mechanism. 

Lindberg29 proposed an endocyclic mechanism, where the acid promoter coordinates with the 

ring oxygen of the saccharide leading to an endocyclic cleavage of the O-5-C-1 bond and 

formation of an open chain intermediate where the rotation of the C-1-C-2 bond results in the 

formation of the Ŭ/ɓ-mixture by ring closure.  Lemieux30 suggested an exocyclic cleavage of 

C-1-O-1 bond upon coordination of the acidic promoter with the aglycon leading to the 

formation of an ion pair; the attack of the aglycon back to reform the glycosidic bond from 

both faces results in the formation of the Ŭ/ɓ-mixture (Scheme 1.11).  
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 Scheme 1.11 Endocyclic and exocyclic cleavage pathways.   

 

Evidence of the endocyclic cleavage was presented by Pilgrim and Murphy31, where a trapping 

experiment was carried out using sodium cyanoborohydride that allowed the isolation of an 

intermediate formed during a Lewis acid promoted anomerisation. The trapping intermediate 

was carried out on both O- and S-glycosides using TiCl4 as Lewis acid (Scheme 1.12).  

  

 

 

Scheme 1.12. Trapping of intermediates. 

 

An interest in understanding how conformational and electronic factors influence the 

anomerisation of O- and S-glycosides led Pilgrim and Murphy to carry out a systematic study 

on 18 substrates where the rates of SnCl4 anomerisation were measured (Table 1.1). 

The 1st order equilibrium kinetic constant kf+kr (where kf is the rate constant for the forward 

reaction ŬĄɓ and kr is the rate constant for the reverse reaction ɓĄŬ), was determined for each 

reactant. The relative rates were calculated in each case and compared to butyl 2,3,4,6-tetra-O-

acetyl-D-glucopyranoside 1A. The stereochemical outcome was also reported. 
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Table 1.1: Kinetics of SnCl4-catalyzed anomerisation of glycoside. Adapted with permission 

from reference 31. Copyright (2010) American Chemical Society. 

Entry Substrate 106(kr + kf) (s-1) Relative Rate ʰΥʲ 

1A 

 

4 1 10:1 

1B 

 

170 42.5 16:1 

1C 

 

470 117.5 24:1 

1D 

 

420 105 4:1 

1E 

 

920 230 7:1 

1F 

 

290 72.5 19:1 

1G 

 

19 4.75 16:1 

1H 

 

400 100 13:1 

1I 

 

6.9 1.725 2:1 

1L 

 

43 10.75 4:1 

1M 

 

4.9 1.225 15:1 

1N 

 

42 10.5 11:1 
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1O 

 

14 3.5 2:1 

1P 

 

20 5 4:1 

1Q 

 

21 5.25 11.5:1 

1R 

 

210 52.5 13:1 

1S 

 

1100 275 11.5:1 

1T 

 

12000 3000 19:1 

 

It was found that methyl ester derivatives of glucuronic acid had a faster rate than their 

corresponding glucosides and galactosides (cf. entries 1A vs 1B, 1C vs 1G, 1D vs 1I, 1E vs 

1L, 1F vs 1M, and 1Q vs 1R). The presence of a free carboxyl acid on the glucuronic acid 1T 

led to faster reactions being observed compared to the allyl ester 1S and methyl ester 1R. 

This data showed consistency with the results shown by Lemieux and Hindsgaul32, who 

reported that the rate of anomerisation of an isopropyl glucopyranoside derivative was 

enhanced when a combination of SnCl4 and carboxylic acid was used to promote anomerisation 

Under superacid condition, the formation of a complex COO-Sn, and consequent liberation of 

a proton to form a protonated specie at the ring oxygen, enhanced the rate of the reaction via 

an open chain intermediate. 

 

 

Scheme 1.13 Lemieux and Hindsgaul carboxylic acid enhanced anomerisation. 
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Pilgrim also found that comparing the rate of anomerisation of the O-galactoside with                

O-glucosides, the O-galactoside were faster (cf. entry 1A vs 1M, 1B vs 1F, 1G vs 1N, 1I vs 

1O). This was explain by the fact that the presence of the electronegative substituent at C-4 

being more electron donating leading to more electron density in the pyranose ring, enhancing 

the ability of the ring oxygen to interact with the Lewis acid.33 

S-Glycosides (1D, 1I, 1L and 1O) were found to be faster than the corresponding O-glycosides 

(1B, 1A, 1G and 1M), but the amount of Ŭ-anomer formed at the equilibrium was lower for S-

glycosides. Sulfur is less electronegative than oxygen which would give rise to a reduced 

endoanomeric effect.  Also, sulfur is larger than oxygen and may have increased 1,3-diaxial 

interaction with H-3 and H-5. These factors would reduce the stereoselectivity. 

Sulfur is less electronwithdrawing and would facilitate cation formation more than oxygen by 

the endocyclic cleavage mechanism. Thus, the presence of sulfur leads to an increase in the 

rate of anomerisation compared to when oxygen is present. 

The protecting groups also influenced the rate of anomerisation. Benzoylated glycosides 

showed a higher rate than acetylated glycosides (cf. entries 1B vs 1C, 1D vs 1E, 1A vs 1G, 1I 

vs 1L and 1O vs 1P), and the ratio for benzoyl protection was higher at the equilibrium.  

It was observed that reaction temperature could influence stereoselectivity. When the reactions 

were carried out at lower temperature, the amount of Ŭ-anomer formed was higher. In 

particular, at 0 ÁC the Ŭ:ɓ ratio was found to be higher when compared to reactions carried out 

at higher temperatures (20, 30, 40 °C) (Table 1.2). 

  

Table 1.2 Effect of Temperature on SnCl4-Catalyzed Anomerization. Adapted with permission 

from reference 31. Copyright (2010) American Chemical Society. 

Substrate Temp (C°) 106(kr + kf) (s-1) ʰΥʲ 

 

0 4.7 26.8:1 

 

20 4207.1 17.2:1 

 

30 17 15.7:1 



Page 30 of 209 
 

 

40 29 14.4:1 

 

-15 6.4 7.5:1 

 

0 14 5.8:1 

 

30 42 3.7:1 

 

TiCl4 had an increased rate of anomerisation compared with SnCl4, but when the TiCl4 was 

used to promote the anomerisation of S-glucosides, the Ŭ:ɓ ratio was lower than for SnCl4. 

The concentration of Lewis acid was shown to influence the proportion of the Ŭ-anomer 

formed. It was found that by increasing the number of equivalents of Lewis acid, it was possible 

to increase the Ŭ:ɓ equilibrium ratio. This was explained by the Lewis acid coordinating to the 

anomeric substituent increasing the electronegativity of the substituent at the anomeric 

position, increasing the anomeric effect and the amount of Ŭ-anomer formed (Figure 1.7). 

 

Figure 1.7 Possible type of chelation with Lewis acid. 

 

This hypothesis could also explain the higher proportion of Ŭ-anomer formed for 

glucuronides/galacturonides compared to glucosides/galactosides due to two different type of 

chelation.  

The evidence that the anomeric ratio is influenced by the concentration of Lewis acid was also 

reported by OôReilly and Murphy34 where they showed that for the anomerisation of glycosyl 

thiols the number of  equivalents of Lewis acid used can influence the amount of Ŭ-anomer 

(Table 1.3). 
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Table 1.3 Effect of TiCl4 concentration on Ŭ:ɓ ratio in anomerisation of glycosyl thiols
35. 

 

 
 

TiCl 4 (No of Equiv) 
Ŭ:ɓ ratio after 

anomerisation 

0.5 60:40 
1.5 80:20 
2.5 88:11 
3.5 83:17 
4.5 78:22 

 

 

The anomerisation of glycosyl thiols derived from glucuronic acid is faster than the other 

pyranoses due to the favourable coordination the C-6 carbonyl group with the Lewis acid. A 

deeper study on the anomerisation of the benzoylated glycosyl thiols was carried out by Doyle 

et al.36 

For this work, the use of TiCl4 and SnCl4 in the presence or absence of additives such as 

pyridine and MSA (methanesulfonic acid) was carried out.  It was found that the use of TiCl4 

(3 eq) and pyridine (0.5 eq) together led to only the Ŭ-anomer for compound 2A, and improved 

stereoselectivity for compound 2B and 2C (Table 1.4). 

 

Table 1.4 TiCl4 promoted epimerization. Adapted with permission from reference 36. 

Copyright (2017) American Chemical Society. 

Entry  
Thiol reacting 

mixture 

Reagents 

and 

Conditions 

Products (relative proportion by NMR 

spectral analysis) 

2A 

 

TiCl4 (3 eq), 

pyridine (0.5 

eq), CH2Cl2, 

rt, 16 h  

2B 

 

TiCl4 (3 eq), 

pyridine (0.5 

eq), CH2Cl2, 

rt, 16 h  

2C 

 

TiCl4 (3 eq), 

pyridine (0.5 

eq), CH2Cl2, 

rt, 16 h  
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It was found that treating 2,3,4-tri-O-benzoyl-thio-L-rhamnopyranosyl thiols, which contained 

mostly the axial or Ŭ-anomer (Ŭ:ɓ = 2.5:1), with TiCl4 gave the ɓ-anomer. Selectivity was 

enhanced when the substrate was treated with SnCl4 giving 78% of the ɓ anomer (Scheme 

1.14). 

 

Scheme 1.14 Epimerisation of 2,3,4-tri-O-benzoyl-thio-L-rhamnopyranosyl thiols with TiCl4 and 

SnCl4. 
 

The anomerisation of various glycosyl thiols from axial to equatorial using TiCl4 as promoter 

gave a high proportion of ɓ-anomer formed (Table 1.5). 
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Table 1.5 Ŭ:ɓ ratio for anomerisation of various glycosyl thiols derivatives. Adapted with 

permission from reference 36. Copyright (2017) American Chemical Society. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reacting axial 

thiol  

Reagents and 

Conditions 

ɓ:Ŭ ratio 

 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
80:20 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
82:18 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
75:25 

 

SnCl4 (2.5 eq), 

CH2Cl2, -30 °C, 

24h 

78:22 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
91:9 

 

SnCl4 (2.5 eq), 

CH2Cl2, -30 °C, 

24 h 

89:11 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
91:9 

 

SnCl4 (2.5 eq), 

MSA (0.5 eq), 

CH2Cl2, 4 °C, 24 

h 

86:14 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
90:10 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
54:46 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 24 h 
79:21 
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 Anomerisation of 2-amino-2-deoxy sugars 

2-Amino-2-deoxy sugar units are essential components of oligosaccharides and 

glycoconjugates37, and are involved in many biological processes, such as molecular 

recognition38, signal transduction and differentiation39. 

The stereoselective formation of the ɓ-1,2-trans glycoside of 2-amino-2-

deoxyglucopyranosides can be achieved through neighbouring group participation. When 2-

acetamido-2-deoxy-glycosyl donors are used for the synthesis of 1,2-trans glycosides, the 

activation of anomeric acetates or chlorides leads to the formation of a stable 1,2-oxazoline. 

Even under harsh Lewis acid catalysis, this stable oxazoline does not show strong glycosyl 

donor properties. Although the synthesis of 1,2-trans glycosides is possible with the use of the 

oxazoline through activation with Yb(OTf)3
40 CuCl2

41
 FeCl3

42
, the installation of different 

protecting groups on the C-2 amino functionality is the preferred choice. To prevent oxazoline 

formation 2-deoxy-phthalimido and N-alkoxy carbonyl protected glycosyl donors were 

introduced for the synthesis of 1,2-trans glycosides43 (Scheme 1.15). 

 

 

Scheme 1.15 N-oxycarbonyl (A) and phthalimido (B) groups and oxazoline formation (C) in 

glycosidic bond formation. 
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On the other hand, 1,2-cis aminoglycosides are considered more difficult to prepare in a 

completely stereoselective manner. Different strategies have been used to selectively prepare 

1,2-cis glycosides including the preparation of 2-azido44, 2-benzylidene45, and 2,3-

oxazolidinone46 glycosyl donors for the stereoselective Ŭ-1,2-cis-glycosylation.  

The need for constant screening of glycosylation conditions, along with preparation of different 

glycosyl donors and significant protecting group manipulation, lead to the necessity of new 

procedures for the stereoselective formation of 1,2-cis aminoglycosides. One recent strategy 

introduced for the 1,2-cis-selective glycosylation was the use of 2,3-trans carbamate derivatives 

as glycosyl donors. 

Interestingly it has been reported that these glycosyl donors can be subjected to anomerisation 

by endocyclic cleavage and that the 1,2-trans glycoside can be converted to the 1,2-cis 

glycoside under weakly acidic conditions47,48 (Scheme 1.16). 

 

 

Scheme 1.16 Anomerisation of 2,3-trans carbamate. 

 

In particular, one study was carried out by Manabe et al. 49 where they considered the effect of 

substituents on the anomerisation of the carbamate derivatives. 

It was found that the Lewis acid BF3.OEt2 was sufficient to induce Ŭ-glycoside formation and 

there was also a solvent effect50, where the use of CH3CN gave higher amounts of Ŭ-anomer 

than dichloromethane.  When diethyl ether was used, no anomerisation occurred. 

Results from the study on the effect of different substituents on the nitrogen atom of the 

carbamate group indicated that both the anomerisation ratio and rate could be influenced, and 

with selection of an appropriate substituent then complete anomerisation was possible. 

In particular, the use of carbamates (R = CO2Me, CO2Allyl, CO2Bn, CO2CH2CCl3) in 

compounds 2L, 2M, 2N and 2O gave the Ŭ-anomer in good yields. In compounds 2P, 2Q, 2R, 
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2S and 2U gave only Ŭ-anomer in good yield, in this case the presence of the acetyl group on 

the nitrogen of the 2,3-trans carbamate derivative was found to increase the yield of the 

anomerisation (Table 1.6).  

 

Table 1.6 Effect of carbamate N-substituents on the anomerisation reaction. Adapted with permission 

from reference 38. Copyright © 2013, John Wiley and Sons. 
 

 
 

Entry R PG X 
Yield 

-̡product 
Yield 

-hproduct 

2D Bn Bn 2 16 63 
2E PMB Bn 2 15 77 
2F o-nitrobenzyl Bn 2 26 63 
2G CH2CN Bn 2 15 71 
2H CH2CO2Me Bn 2 - - 
2I H Bn 2 69 19 
2L CO2Me Bn 2 0 80 
2M CO2All Bn 2 0 88 
2N CO2Bn Bn 2 0 88 
2O CO2CH2CCl3 Bn 2 0 88 
2P Ac Bn 2 0 87 
2Q Ac Ac 2 0 70 
2R Ac Ac 1 0 87 
2S Ac Ac 0.5 0 90 
2T Ac Ac 0.1 65 30 
2U Ac Ac 0.1 2 89 

 

 

These results show that the anomerisation is accelerated in compounds with an acetyl group at 

nitrogen. The carbonyl group of the acyl group can assume two conformation syn and anti and 

adoption of an anti-conformation is necessary to increase the rate. Data obtained from 

theoretical studies on the rotation of the N-C bond of the carbamate N-substituents showed that 

pyranosides with N-acetylcarbamate substitution exhibit higher energy barrier between anti 

and syn conformers. The orientation of the carbonyl oxygen toward the anomeric site also lower 

the dipole moment and this stabilises the cation forming during the endocyclic cleavage 

reaction. The stabilisation of the transition state/structure leads to a rate increase (Scheme 

1.17).   
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Scheme 1.17 Stabilization of cation in anti-conformation. 
 

 
 

Anomerisation of 2-deoxy-2-amino saccharides was also reported by Farrell and Murphy51, 

where uronic acid based ɓ-GlcNAc and GalNAc azides protected with benzoyl groups were 

reacted with TiCl4 (2.5 equiv.) at -18 ÁC for 48 hours, the corresponding Ŭ- GlcNAc and 

GalNAc azides were isolated in high yield (> 87%) and stereoselectivity (> 9:1, Ŭ:ɓ). 

In this case, the anomerisation via endocyclic cleavage is believed to be favoured by the 

presence of the C-6 carbonyl that chelates alone with the ring oxygen to the Lewis acid forming 

a more stable five membered chelate (Scheme 1.18) 

 

 
  

Scheme 1.18 Chelate induced anomerisation of uronic acid based GlcNAc and GalNAc azides. 
 

 

Another example of formation of 1,2-cis aminoglycosides was presented by Jensen et al. 52 

where they reported the glycosidation-anomerisation from GalNAc donors presenting a 

pivalate ester at the anomeric position, catalysed by bismuth(III) trifluoromethanesulfonate 

Bi(OTf)3. 

When the reaction was carried out at 80 °C, the major product was the ɓ-anomer. However, 

when carrying out the reaction at 100 °C after 20 h, the product was a mixture with higher 

percentage of Ŭ-anomer (Scheme 1.19). 
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Scheme 1.19 Glycosidation-anomerisation of GalNAc donors presenting a pivalate ester. 
 

 

 

The development of anomerisation or glycosidation-anomerisation reactions, like the one 

described above, could contribute to the stereoselective synthesis of 1,2-cis glycosides of 

GlcNAc and GalNAc and other related and important glycosides. 
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 Anomerisation of Ŭ- and ɓ- glycosyl thiols 

 Introduction  

Glycosyl thiols are important building blocks for the synthesis of glycoconjugates and they can 

be employed as intermediates for the synthesis of various types of biologically important 

molecules. 

The replacement of the anomeric oxygen by sulfur can be investigated. An advantage is that 

the anomeric C-S bond resistance to acid/base or enzyme-mediated hydrolysis is increased, 

conferring to these molecules an enhanced stability, useful in the design of therapeutics.53  

The glycosyl thiol can be easily formed following an SN2 reaction between a glycosyl halide 

and thiourea or thioacetate, which gives the desired thiol after mild hydrolysis (Scheme 2.1). 

This type of reaction can give a mixture of Ŭ/ɓ isomers, but when the sugars involved are N-

acetyl-2-deoxy-D-glucosamine/galactosamine, then there is usually a ɓ-selectivity. 

 

Scheme 2.1 Synthesis of thiols via SN2 mechanism. 

 

A relatively small number of procedures are known to produce Ŭ-glycosyl thiols, compared to 

the b-anomers. The most commonly reported procedure consists of the use of the ɓ-

chloride54(Scheme 2.2). This procedure showed low reproducibility and efficiency due to the 

high instability of the ɓ-chloride24. 

 

 

 

 

Scheme 2.2 Synthesis of Ŭ-glycosyl thiol via ɓ-chloride. 
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The stereoselective synthesis of Ŭ-GlcNAc and GalNAc based glycosyl thiols can be achieved 

with the use of Lawessonôs reagent. Knapp et al. 55 reported that treatment of 2-acetamido-2-

deoxy-1,3,4,6-tetra-O-acecyl-ɓ-D-glucopyranose (Scheme 2.3) with Lawessonôs reagent led to 

the formation of the thioamide which then cyclized by displacement of the anomeric acetate to 

provide the thiazoline triacetate. The hydrolysis of the thiazoline gives the a-glycosyl thiol.  

 

 
 

Scheme 2.3 Synthesis of Ŭ-glycosyl thiol using Lawessonôs reagent. 

 

 Objective 

The above two approaches represent the main synthetic routes for the synthesis of Ŭ- and ɓ-

glycosyl thiols, particularly for GlcNAc and GalNAc. As part of this project, concerned with 

the anomerisation of GlcNAc and GalNAc derivatives, it was decided to investigate the 

possibility of using Lewis acid promoted anomerisation as a possible approach for the 

interconversion of Ŭ-and ɓ-glycosyl thiols. 

For these reasons, a series of acetylated and benzoylated ɓ-GlcNAc and GalNAc thiols were 

synthesised (Figure 2.1) and their anomerisation reactions investigated under Lewis acid 

conditions. The anomerisation of Ŭ-glycosyl thiols to the b-anomer was also investigated.  
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Figure 2.1 Glycosyl thiols synthesised for the anomerisation study. 

 

  Synthesis of substrates 

  Synthesis of acetylated-ɓ-GlcNAc and ɓ-GalNAc thiols 
 

The investigation commenced with the synthesis of the peracetylated ɓ- GlcNAc and GalNAc 

thiols 3 and 7. These two thiols were obtained through two different routes which involved two 

different glycosyl halide precursors. 

The first route(Scheme 2.4) shows the synthesis of the chloride 1, starting from 2-acetamido-

2-deoxy-D-glucopyranose56. Halide 1 was reacted with thiourea to give the intermediate 2, 

which was treated with sodium metabisulfite to give the ɓ-thiol 3. 

 

 

Scheme 2.4 Synthesis of ɓ-GlcNAc thiol 3. 
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The synthesis of intermediate 4 (Scheme 2.5) started from the 2-acetamido-2-deoxy-D-

galactopyranose which was reacted with acetic anhydride in pyridine to give a fully acetylated 

GalNAc 4, which was subsequently treated with 33% hydrogen bromide (HBr) in acetic acid 

(AcOH) giving the glycosyl bromide 5; this intermediate was reacted with thiourea to give the 

thiouronium salt intermediate 6 which was then hydrolysed with sodium metabisulfite to give 

the ɓ-GlcNAc thiol 7. 

 

 

Scheme 2.5 Synthesis of ɓ-GalNAc thiol 7. 

 

 Synthesis of acetylated-Ŭ- GlcNAc and Ŭ-GalNAc thiols 
 

For the synthesis of the acetylated-Ŭ-GlcNAc thiol 13 (Scheme 2.6), D-glucosamine 

hydrochloride was reacted with 4-methoxybenzaldehyde to protect the amine in the second 

position of the sugar and gave 8.  Afterwards 8 was acetylated using acetic anhydride in 

pyridine to give the fully acetylated compound 9. The protecting group on the amine was 

removed under acidic conditions, and the free amine 10 obtained was then acetylated with 

acetyl chloride to give the acetamide 11 in good yield.57 

Compound 11, with the acetate in the ɓ-configuration, was reacted with the Lawessonôs 

reagent55 to give the thiazoline 12. This intermediate was hydrolysed with a mixture of  

TFA/H2O, to give the Ŭ-GlcNAc thiol 13.58  
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Scheme 2.6 Synthesis of Ŭ-GlcNAc thiol 13. 

 

The synthesis of the Ŭ-GalNAc thiol 16 is displayed in Scheme 2.7 where the treatment of the 

galactosamine hydrochloride with acetic anhydride in pyridine gave the desired intermediate 

14 in ɓ-conformation. This intermediate was then treated with the Lawessonôs reagent58 to give 

the thiazoline precursor 15 that was subsequently hydrolysed in acidic condition to give thiol 

16. 

 

Scheme 2.7 Synthesis of Ŭ-GalNAc thiol 16. 
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 Synthesis of benzoylated Ŭ- and ɓ-GlcNAc thiols 
 

For the synthesis of benzoylated ɓ- and Ŭ-GlcNAc 22 and 24, it was necessary synthesize the 

intermediate 19 with the b-configuration. 

The treatment of the glucosamine hydrochloride with 4-methoxybenzaldehyde led to the 

formation of the intermediate 8, (Scheme 2.6); the benzoylation of intermediate 8 using benzoyl 

chloride in pyridine gave compound 17 (Scheme 2.8), which was hydrolysed under acidic 

conditions to give the salt 18. The amine was then acetylated with acetyl chloride to give the 

perbenzoylated GlcNAc 19 in good yield. All compounds produced in this sequence were 

crystallized except for 19, which was purified by flash chromatography. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.8 Synthesis of perbenzoylated GlcNAc 19. 

 

For the synthesis of ɓ-GlcNAc thiol 22, intermediate 19 (Scheme 2.9) was treated with 33% 

HBr in AcOH giving glycosyl bromide 20; this intermediate was then reacted with thiourea to 

give thiouronium salt 21 which was then hydrolysed with sodium metabisulfite to give ɓ-

GlcNAc thiol 22. 
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Scheme 2.9 Synthesis of ɓ-GlcNAc thiol 22. 

 

Ŭ-glycosyl thiol 24 was prepared by treating the intermediate 19 with the Lawessonôs reagent 

and the thiazoline intermediate formed was hydrolysed with TFA/H2O to give the final 

perbenzoylated-Ŭ-GlcNAc derivative 24 (Scheme 2.10) 

 

 

Scheme 2.10 Synthesis of Ŭ-GlcNAc thiol 24. 

 

 Synthesis of benzoylated-Ŭ- and ɓ- GalNAc thiols 
 

For the synthesis of ɓ-GalNAc thiol 30 and Ŭ-GalNAc thiol 32 it was necessary to follow a 

different synthetic pathway. 

The galactosamine HCl salt (Scheme 2.11) was protected on the amine function with a 2,2,2-

trichlorethoxycarbonyl (Troc) protecting group, giving intermediate 25, that was subsequently 

reacted with benzoyl chloride in pyridine to give the benzoylated 26, this intermediate was 

obtained as a mixture of two anomers.  

It was necessary to separate the two anomers and isolate the ɓ-anomer. For this scope 

intermediate 26 was suspended in a hot mixture of dichloromethane-petroleum ether and 

allowing this to cool led to formation of a precipitate that was the b-anomer. 
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Scheme 2.11 Synthesis of perbenzoylated GalNAc 27. 

 

Intermediate 26 with the desired stereochemistry was treated with activated zinc in the presence 

of acetic acid and acetic anhydride to remove the Troc protecting group and acetylation of the 

amine gave the final acetamide 27. 

For the synthesis of thiol 30 (Scheme 2.12), intermediate 27 was treated with 33% HBr in 

AcOH giving glycosyl bromide 28; this intermediate was then reacted with thiourea to give 

thiouronium salt 29, which was then hydrolysed with sodium metabisulfite to give ɓ-GalNAc 

derivative 30.  

 

 

 

Scheme 2.12 Synthesis of ɓ-GalNAc thiol 30. 
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Ŭ-glycosyl thiol 32 was prepared treating intermediate 27 with the Lawessonôs reagent and the 

thiazoline intermediate formed was hydrolysed with TFA and H2O to give benzoylated-Ŭ-thiol 

29 (Scheme 2.13). 

    

 

Scheme 2.13 Synthesis of Ŭ-GalNAc thiol 32. 

 

 Synthesis of p-methoxybenzoylated glycosyl thiols 
 

To examine the effect of the protecting group on the anomerisaton of glycosyl thiols, it was 

decided to prepare a ɓ-GlcNAc thiol with p-methoxybenzoates as protecting groups. 

For the synthesis of p-methoxybenzoylated ɓ-GlcNAc 38, the same synthetic strategy was 

followed as used for the synthesis of the benzoylated and acetylated ɓ-GlcNAc thiols showed 

in the previous paragraph. 

Glucosamine hydrochloride (Scheme 2.14) was treated with 4-methoxybenzaldehyde to 

selectively protect the amine in position 2 and the intermediate 8 formed was treated with p-

methoxybenzoyl chloride in pyridine to give compound 33, which was hydrolysed under acidic 

conditions to give salt 34. The treatment of the amine with acetyl chloride gave 35 in good 

yield. All products were crystallized, except for 35 which was purified by flash 

chromatography. 
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Scheme 2.14 Synthesis of p-methoxybenzoylated GlcNAc 35. 

 

Intermediate 35 (Scheme 2.15) with the p-methoxybenzoate group at the anomeric position in 

an equatorial configuration was treated with HBr (30% acetic acid) in DCM to obtain glycosyl 

halide 36, which was treated with thiourea to obtain thiouronium salt 37, this intermediate was 

subsequently treated with sodium metabisulfite to obtain the final b-thiol 38. 

 

 

Scheme 2.15 Synthesis of p-methoxybenzoylated ɓ-GlcNAc 38. 

 



Page 49 of 209 
 

  Anomerisation reactions 

The investigation of the anomerisation reactions of GlcNAc and GalNAc glycosyl thiols started 

with the use of reactant thiols 3 and 22.  

 

 

Figure 2.2 Compounds for anomerisation reactions. 

 

The choice of these two compounds as starting point for the preliminary study of the 

anomerisation is due to the higher cost of N-acetyl galactosamine and galactosamine HCl salt. 

The anomerisation reactions of the ɓ-acetylated and ɓ-benzoylated GlcNAc thiols were 

investigated under a variety of conditions. 

The investigation took into consideration the effect of the anomerisation promoter.  Both SnCl4 

and TiCl4 were tested and the number of equivalents of the Lewis acid used were also 

investigated. The reactions were carried out in the presence of a co-promoter; the temperature 

and the type of solvent in which to perform the reactions were also varied. 

The main goal of these studies was to identify the optimum conditions to achieve the 

anomerisation of thiols derived from GalNAc and GlcNAc. 

 

 Anomerisation studies of perbenzoylated ɓ-GlcNAc thiols 
 

The investigation of the anomerisation of the perbenzoylated-ɓ-GlcNAc thiol 22 started with a 

first set of conditions reported in the PhD thesis of Shane OôSullivan and in the M.Sc. thesis of 

Michelle McKinney, subsequently published by Doyle et al36.  

During his PhD, OôSullivan showed that pyridine used as co-activator could enhance the Ŭ-

selectivity of benzoylated glycosyl thiols when used with TiCl4.  

McKinney had found that methanesulfonic acid (MSA) could enhance the rates of 

anomerisation reactions promoted by SnCl4 or TiCl4 for O-glycoside substrates.  

The use of SnCl4 with MSA and SnCl4 with pyridine were thus tested for the anomerisation of 

the glycosyl thiol 22 (Table 2.1).  
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Table 2.1. SnCl4 promoted anomerisation of glycosyl thiol 22 in the presence of MSA or pyridine, in 

DCM. 

 

Lewis Acid Solvent 
Concentration 

(mM) 
MSA Pyridine 

Time and 
Temperature 

҈  h %̡  
% 

Oxazoline 

0.5 eq SnCl4 DCM 54 - - 48 h rt 23 47 30 

0.5 eq SnCl4 DCM 54 0.5 - 48 h rt 25 48 27 

0.5 eq SnCl4 DCM 54 - 0.5 48 h rt 33 48 19 

 

When the anomerisation was performed with the use of 0.5 equivalent of SnCl4 in a 54 mM 

solution (Table 2.1) it was possible to observe the formation of a small amount of the Ŭ-anomer 

together with the formation of the oxazoline side product (Figure 2.3).  The use of MSA and 

pyridine as additives (Table 2.1), did not significantly improve epimerisation.  33% of the Ŭ-

anomer was formed when the pyridine was used as co-promoter. From a mechanistic point of 

view the observation of the oxazoline may indicate that the anomerisation can proceed by 

exocyclic cleavage. 

 

Figure 2.3 Oxazoline side product. 

 

A set of experiments were carried out where the amount of solvent was increased, leading to 

more dilute solutions. Other parameters such as the number of equivalents of SnCl4, the 

reaction time and temperature were kept constant. 

 

 

 

 

 

 

 



Page 51 of 209 
 

Table 2.2 Effect of the concentration on the anomerisation of glycosyl thiol 22. 

 

 

 

 

From Table 2.2 it is clear that high dilutions improved in a significant manner the Ŭ-selectivity, 

giving the best result when the concentration of the solution decreased to 4.4 mM. This result 

suggested that the concentration plays an important role in the selectivity towards the Ŭ-

anomer. A change in the concentration of reagents was found to influence the stereoselectivity 

of glycosylation in a study carried out by Kononov et al.59 It was observed that different 

supramers can be detected depending on the concentration.  

Supramers (supramolecular isomers) are defined as differently arranged assemblies of the same 

molecular entities, formed after aggregation in the reaction mixture.60 

Data obtained by optical rotation showed that the changes in the molecular conformation of 

glycosyl donor and glycosyl acceptor at concentrations exceeding 69 mM were consistent with 

the hypothesis that mixed supramers were formed. Similarly, it can be suggested that at 

different concentrations, the benzoylated glycosyl thiol 22 reacts differently depending on the 

type of interaction or arrangement formed with reactants. 

SnCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  % Oxazoline 

0.5 eq DCM  10.2 48h rt 27 41 32 

0.5 eq DCM  7.4 48h rt 50 50 - 

0.5 eq DCM  5.2 48h rt 51 49 - 

0.5 eq DCM  4.4 48h rt 65 35 - 

0.5 eq DCM  3.5 48h rt 58 42 - 



Page 52 of 209 
 

 

Figure 2.4 The NMR spectra obtained for the anomerisation reactions of 22 using 0.5 equivalents of 

SnCl4 in different concentration of DCM (red spectrum 5 ml DCM, light green spectrum 7 ml DCM, 

green spectrum 10 ml DCM, blue spectrum 12 ml DCM, purple spectrum 15 ml DCM). 

 

From the overlapped NMR spectra (Figure 2.4) it is possible to observe that by decreasing the 

concentration of the solution, the triplet at 4.7 ppm, which is characteristic of the anomeric 

proton of the glycosyl thiol 22 in ɓ conformation, and the doublet at 2.6 ppm, which is 

characteristic of the proton of the -SH at the anomeric position, are reduced in intensity. These 

signals almost completely disappear when the reaction was carried in 4.4 mM solution. The 

increase in intensity of the doublet of doublets at 5.94 ppm is consistent with the increased 

formation of the Ŭ-anomer. 

The overlapped NMR spectra (Figure 2.5) show the comparison of benzoylated GlcNAc thiol   

22, the product of the anomerisation reaction obtained after work up and the Ŭ-anomer 24 

previously synthesized.  

 

 

 

 

 

 

H1Ŭ H1ɓ 
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Figure 2.5 Overlapped NMR spectra of the benzoylated-ɓ-GlcNAc glycosyl thiol (red spectrum), 

anomerisation reaction (green spectrum) and benzoylated-Ŭ-GlcNAc glycosyl thiol (blue spectrum) 

previously synthesized. 

 

It was next decided to investigate the use of MSA, as co-promoter, with SnCl4 together with 

the low concentration conditions used in the previous experiments, to see if the co-promoter 

could enhance the Ŭ-selectivity. 

 

Table 2.3 Effect of the MSA on the anomerisation of glycosyl thiol 22. 

 

 

 

SnCl4 Solvent 
Concentration 

(mM) 
MSA 

Time and 
Temperature 

҈  h %̡  %Oxazoline 

0.5 eq DCM  7.4 0.5 48h rt 47 53 - 

0.5 eq DCM  5.2 0.5 48h rt 48 52 - 

0.5 eq DCM  4.4 0.5 48h rt 60 40 - 

H1ɓ 

H1Ŭ 

H1Ŭ 

 

H1ɓ 
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The results in Table 2.3 show that the combination of MSA and SnCl4 does not improve the 

Ŭ/ɓ ratio of the reaction, showing that the MSA does not have a cooperative effect as suggested 

in the M.Sc. thesis work of Michelle McKinney, where the use of MSA and SnCl4 together 

was found to be a powerful combination, capable of enhancing the anomeric equilibrium in 

favour of the Ŭ-anomer. This data was confirmed by Doyle et al36 when the addition of MSA 

in the anomerisation of Ŭ-mannopyranosyl thiol increased the stereoselectivity to > 9:1 in 

favour of the ɓ-anomer.. The use of more equivalents of Lewis acid together with the co-

activator was investigated (Table 2.4). 

 

Table 2.4: Effect of the concentration of Lewis acid and MSA on the anomerisation of glycosyl thiol 

22. 

 

 

 

The data obtained show that MSA did not improve the Ŭ:ɓ ratio at more dilute conditions. 

Increasing the amount of Lewis acid and consequently decreasing the concentration of the 

solution (Table 2.4), did not enhance the amount of the Ŭ-anomer formed either, but instead 

the formation of the side product was increased. The need of reducing the amount of Lewis 

acid to just 0.5 equivalent can be justified by the suppression of the formation of the side 

product, suggesting a possible mechanism that will be shown in the next section. 

 

 

 

 

 

SnCl4 Solvent Concentration 
(mM) 

MSA Time and 
Temperature 

҈  h %̡  %Oxazoline 

0.5 eq  DCM 42 0.5 48h rt - - - 

1 eq  DCM 35 0.5 48h rt 24 47 29 

1.5 eq  DCM 30 0.5 48h rt 24 45 31 

2 eq  DCM 26 0.5 48h rt 21 44 35 

3 eq  DCM 20 0.5 48h rt 24 44 32 
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  Identification of the side product: oxazoline 
 

This side product is the one observed in all the experiments previously discussed (Figure 2.6 

and 2.7).  

 

Figure 2.6 Oxazoline side product. 

 

 

 

Figure 2.7 NMR spectrum of oxazoline side product (purified, impurity traces still present in the 

spectrum). 

 

As shown above, when anomerisation is performed with 0.5 equivalents of SnCl4 in 4.4 mM 

solution at room temperature for 48 hours, the major product is the Ŭ-anomer. When the 

anomerisation is performed with 0.5 eq of SnCl4 in 0.75 ml of CDCl3, in a concentrated 

solution, condition used for the NMR experiment to observe the complex, the major product 

after work up is not the Ŭ-anomer but the side product identified as the oxazoline.  

These results suggest a possible exocyclic cleavage mechanism (Scheme 2.16) indicating that 

when the anomerisation is performed in concentrated solution with SnCl4, the Lewis acid 
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coordinates with the thiol of the sugar in an exocyclic cleavage, forming the oxocarbenium ion 

that reacts with the oxygen of the carbonyl of the acetamide group in position 2 of the sugar 

forming the oxazoline. At low concentration this process does not seem to happen, this could 

be possible due to a different type of interaction or arrangement formed with Lewis acid and 

the solvent that allows the thiol to attack the oxocarbenium, leading to the Ŭ-anomer.  

 

Scheme 2.16 Possible mechanism for the formation of oxazoline. 

 

 

  Experiments with TiCl 4 
 

Next, it was decided to investigate the use of TiCl4 as a Lewis acid. A first experiment was 

performed using 0.5 equivalents of TiCl4 in 42.5 mM solution at room temperature for 48 

hours. The result was a mixture of ɓ-anomer, Ŭ-anomer and a side product that was identified 

as thiazoline 39 (Figure 2.8). The formation of the thizoline as side product was unexpected 

given that the oxazoline had formed with SnCl4, so it was decided to investigate further.  

 

Figure 2.8 Thiazoline 39. 

 

Different experiments were set to investigate the role of concentration in the formation of the 

thiazoline from reactions promoted by TiCl4. 
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Table 2.5 Effect of the concentration on the formation of thiazoline 39. 

TiCl4 
Solvent 
DCM 

Concentration 
mM 

% 
Thiazoline 

Isolated yield 

0.5 eq  mL 70  - - 

0.5 eq  mL 42.5 25 - 

2.5 eq  mL 23 15 - 

0.5 eq  mL 7.4 60 - 

0.5 eq  mL 4.4 80 49% 

0.5 eq  mL 3.5 
Not 

observed 
- 

All the experiments were performed at room temperature for 48 hours 

 

When the anomerisation is performed with 0.5 equivalents of TiCl4 in 4.4 mM solution at room 

temperature for 48 hours, a concentration found to be the best in the anomerisation of the 

GlcNAc thiols with SnCl4, the major product was the thiazoline, which was isolated at 49% 

yield (Table 2.5). 

Figure 2.9 shows the overlapped NMR spectra of the starting material 22, the reaction mixture 

and the isolated final product thiazoline 39. 

 

 

Figure 2.9 NMR spectra of the benzoylated-ɓ-GlcNAc glycosyl thiol (red spectrum), anomerisation 

reaction (green spectrum) and thiazoline formed after purification (blue spectrum). 
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Although this result is not directly correlated to the anomerisation of the ɓ-anomer into the Ŭ-

anomer, it is important for two different reasons. First, the isolation of thiazoline represents a 

new synthetic procedure that gives the key precursor for the formation of the Ŭ-GlcNAc thiol.  

After reaction with TiCl4, the thiazoline formed was successfully hydrolysed by TFA:H2O 1:1 

and this generated Ŭ-anomer 40 in good yield (Scheme 2.17). 

 

 

Scheme 2.17 Epimerisation of 22 via thiazoline. 

 

Second, this result helped gain an understanding of the interaction of the TiCl4 with glycosyl 

thiols more generally and why the a-anomer can form in these reactions. As reported in the 

recent publication by Doyle et al36 (Scheme 2.18) the reaction of a rhamnose thiols substrate 

with TiCl4 leads to an equilibrium between the two anomers, but TiCl4 is also able to induce a 

nucleophilic attack by the thiol of the rhamnose at the carbonyl in position 2 which lead to the 

formation of a cation intermediate (Scheme 2.18). 

 

 

Scheme 2.18 Mechanistic investigation of epimerisation of rhamnose 

"Adapted with permission from reference 36. Copyright (2017) American Chemical Society." 

 



Page 59 of 209 
 

Similarly, we can deduce that when the substrate 22 reacts with TiCl4 (Scheme 2.19), some Ŭ-

thiol is generated in equilibrium with the ɓ-thiol, but the nucleophilic attack by the thiol takes 

place and after the formation of an intermediate, the stable thiazoline is formed. 

 

 

 

 

Scheme 2.19 Possible mechanism for the formation of thiazoline. 

 

 

 Investigation of conversion of Ŭ-glycosyl thiol to ɓ-glycosyl thiol.  
 

The anomerisation/epimerisation of Ŭ-anomers to ɓ-anomers was also investigated, given that 

parallel work was ongoing in the laboratory, carried out by Lisa Doyle, in studying such 

reactions for various saccharides (glucose, mannose, galactose). 

The outcome of the effect of concentration on this reaction is summarised in Table 2.6. 
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Table 2.6 Effect of concentration on the anomerisation of an Ŭ-glycosyl thiol 24. 

 

SnCl4 Solvent 
Concentration 

(mM) 
Time and  

Temperature 
҈  h %̡  %Oxazoline 

0.5 DCM  35 48h rt 28 60 12 

0.5 DCM  4.4 48h rt 42 47 11 

 

The results show that the anomerisation of the perbenzoylated Ŭ-GlcNAc glycosyl thiol 

proceeds best in concentrated condition, giving 60% of the ɓ-anomer, showing that the Ŭ-

anomer can be anomerised, although not completely to the ɓ-anomer, in contrast with the 

anomerisation of the ɓ-GlcNAc glycosyl thiol 22, where it was observed to preceed better in 

diluted condition (Table 2.1) 

The effect of the TiCl4 in the anomerisation of perbenzoylated Ŭ-GlcNAc thiols was also 

studied (Table 2.7).  

 

Table 2.7 Effect of TiCl4 on the anomerisation of Ŭ-glycosyl thiol 24. 

 

TiCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  %Thiazoline 

0.5 DCM  35 48h rt   Major product 

0.5 DCM   4.4 48h rt 28 - 72 

 

In this case, when the Ŭ-anomer is treated with TiCl4 in DCM, the major product formed is the 

thiazoline, as for the ɓ-anomer showed in the previous paragraph, showing that the TiCl4 

interact with the carbonyl of the acetamide in position 2, independently of the stereochemistry 

conformation of the thiol at the anomeric position.  
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 Anomerisation studies of perbenzoylated Ŭ- and ɓ-GalNAc thiols 
 

To complete the study, the anomerisation of the perbenzoylated-ɓ-GalNAc thiols was carried 

out. 

The conditions tested were the same used for the analysis of the GlcNAc precursors, and in this 

case (Table 2.8), the diluted condition gave a better percentage of conversion compared to the 

more concentrated conditions. 

 

Table 2.8 Effect of concentration on the anomerisation ɓ-GalNAc thiol 30. 

 

 

 

 

For the anomerisation of 32 (Table 2.9), it was possible to convert the Ŭ-anomer to the ɓ-

anomer, in the same time a large amount of oxazoline was also detected. 

Table 2.9 Anomerisation of Ŭ-GalNAc thiol Ŭ-GalNAc thiols 32. 

 

 

 

 

 

 

 

 

SnCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  %Oxazoline 

0.5 eq   DCM 4.4 48h rt 50 50 - 

0.5 eq   DCM 35 48h rt - 50 50 

SnCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  %Oxazoline 

0.5 eq DCM 35 48h rt 9 47 44 
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 Anomerisation studies of peracetylated ɓ-GlcNAc thiols 
 

The investigation of the anomerisation of the peracetylated ɓ-GlcNAc thiol was also carried 

out.   

The first two sets of experiment were performed using 0.5 equivalents of SnCl4 and TiCl4 in 

DCM at room temperature for 48 hours (Table 2.10). 

 

Table 2.10 Effect of Lewis acid on the anomerisation of acetylated-ɓ-GlcNAc thiol 3. 

 

 

Lewis Acid Solvent 
Time and 

Temperature 
҈  h %̡  

%Side 
product 

0.5 eq SnCl4 DCM 48h rt - 85 15 

0.5 eq TiCl4 DCM 48h rt 17 83 - 

 

As shown in the Table 2.10, the percentage of conversion of ɓ-anomer to Ŭ-anomer was low in 

both cases, slightly higher in the case of the TiCl4. When SnCl4 was used, a white precipitate 

was formed when added to the substrate dissolved in DCM. This made it difficult to study 

deeper the use of the SnCl4 in the presence of DCM by NMR. 

It was necessary to investigate the use of alternative solvents in which the anomerisation of 

GlcNAc thiols would give better yields. 

A selection of solvents was tested; it was decided to focus the attention on the use of DCM 

with diethyl ether, DCM and ethyl acetate, chloroform and nitromethane. 
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Table 2.11 Effect of solvent on the anomerisation of acetylated-ɓ-GlcNAc thiol 3. 

 

SnCl4 Solvent 
Time and 

Temperature 
҈  h %̡  %Side product 

0.5 eq DCM 10% Et2O 48h rt 34 66 - 

0.5 eq DCM 20% Et2O 48h rt 32 68 - 

0.5 eq DCM 50% Et2O 48h rt 16 84 - 

0.5 eq CH3Cl 48h rt 7 93 - 

0.5 eq nitromethane 48h rt 35 65 - 

0.5 eq DCM/EtOAc 1:1 48h rt 25 75 - 

 

As shown in the Table 2.11, the yields of the Ŭ-anomer are all low with nitromethane giving 

35% conversion. The use of nitromethane is not generally attractive due to its explosive nature. 

At this point the attention was focused on the research of a new solvent that could represent a 

valuable alternative in the anomerisation experiments. It was decided to test ethyl acetate as 

solvent (Table 2.12). 

 

Table 2.12 Effect of EtOAc on the anomerisation of acetylated-ɓ-GlcNAc thiol 3. 

 

SnCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  

0.5 eq EtOAc  90 48h rt 41 59 

0.5 eq EtOAc  58 48h rt 49 51 

0.5 eq EtOAc  24 48h rt 50 50 

0.5 eq EtOAc  15 48h rt 47 53 

0.5 eq EtOAc  11 48h rt 47 53 

 

The use of ethyl acetate as solvent in the anomerisation reactions improved the percentage of 

conversion of the ɓ-anomer to the Ŭ-anomer but the yield did not exceed 50%, even when the 

amount of solvent was increased. Also, increasing the equivalents of SnCl4 did not enhance the 

Ŭ/ɓ ratio. The results suggest that these conditions may allow the equilibrium to be established 
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between the anomers, not influenced by a coordination to the Lewis acid.  EtOAc is expected 

to compete for coordination to SnCl4 as well as the thiols.   

Figure 2.10 shows the NMR spectra of acetylated-ɓ-GlcNAc thiol 3, anomerisation reaction 

after work up, and acetylated-Ŭ-GlcNAc thiol 13.   

 

Figure 2.10 NMR spectra of acetylated-ɓ-GlcNAc thiol 3 (red), anomerisation reaction (green), 

acetylated-Ŭ-GlcNAc thiol 13 previously prepared (blue). 

It is known that SnCl4 can coordinate with heteroatoms, such as oxygen, nitrogen and sulfur 

and that the anomerisaton can proceed via coordination of the Lewis acid with the glycosyl 

thiol61. However, this coordination can be reduced by the competition with a solvent containing 

an oxygen atom such as ethyl acetate. 

In a study carried out by Kemula et al. 62 downfield shifts of ester protons upon addition of 

SnCl4 in DCM were reported, showing that when ester molecules, such ethyl acetate, 

coordinates with SnCl4 through the free electron pair on the carbonyl oxygen, also the electron 

distribution on the whole molecules changes, altering the environment of the protons in the 

molecules and causing a downfield shift of their peaks. In particular, closer the proton is to the 

coordination site, larger the downfield shift will be.  
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Figure 2.11 Coordination of carbonyl oxygen of EtOAc with Lewis acid. 

 

Evidence to support this coordination can be shown in the NMR experiment conducted to 

investigate the formation of the complex between the perbenzoylated-ɓ-GlcNAc thiol and 

SnCl4 previously described, where traces of ethyl acetate were present in the sample. 

 

 

Figure 2.12 1H NMR spectrum of complex in the presence of Lewis acid SnCl4, the signals of ethyl 

acetate were integrated. 
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Figure 2.13 13C NMR spectrum of complex experiment, the signals of ethyl acetate are peak picked. 

Table 2.13 shows the changes in the chemical shift of the signals of the ethyl acetate indicating 

that a coordination between the Lewis acid and ethyl acetate could be possible and that ethyl 

acetate competes with glycosyl thiols for the coordination with Lewis acid and this reduce the 

anomerisation of the substrates. 

Table 2.13 Shift of ethyl acetate signal in1H and 13C NMR spectra in CDCl3. 

1I ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ όʵ)in CDCl3, in ppm CH3 OCH2 COCH3 

Ethyl Acetate 1.26 4.12 2.05 

Experimental signal in complex 1.30 4.24 2.23 

 

13/ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ όʵύ ƛƴ /5/ƭ3 in ppm CH3 OCH2 COCH3 CO 

Ethyl Acetate 14.19 60.49 21.04 171.36 

Experimental signal in complex 13.92 63.20 21.39 - 

 

It can be deduced that the presence of ethyl acetate does not stop the anomerisation but limits 

the conversion due to the competition of solvent in the coordination of glycosyl thiol with the 

Lewis acid. 

It was decided to investigate the role of temperature. Two experiments were set, one where the 

reaction was conducted at 4 ęC and the another at -20 ęC (Table 2.14).  
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Table 2.14 Effect of temperature on the anomerisation of acetylated-ɓ-GlcNAc thiol 3. 

 

SnCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  %Cl 

0.5 eq EtOAc  58 48h 4 °C 8 61 31 

0.5 eq EtOAc 58 48h -20 °C - 72 28 

 

Only a small amount of Ŭ anomer was formed at lower temperature. 

The use of TiCl4 was investigated carrying out reactions with 0.5 and 2.5 equivalents of the 

Lewis acid.  

 

Table 2.15 Effect of TiCl4 on the anomerisation of acetylated -ɓ-GlcNAc thiols 3. 

 

TiCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
%

 h
%
 ̡

% Side 
product 

0.5 eq DCM  58 48h rt - - 100 

2.5 eq DCM  40 48h rt - - 100 

 

In this case the formation of the Ŭ-anomer was not observed and neither the presence of the 

starting material, however the NMR spectrum showed the formation of a side product that was 

not possible to identify.  
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 Anomerisation studies of peracetylated Ŭ-GlcNAc thiols 
 

The conversion of acetylated-Ŭ-GlcNAc thiols was studied next. 

 

Table 2.16 Effect of solvent on the anomerisation of 13. 

 

SnCl4 Solvent 
Concentration 

(mM) 
MSA 

Time and 
Temperature 

҈  h %̡  %Cl 

0.5 eq EtOAc  58 - 48h rt 56 44 - 

0.5 eq EtOAc  24 - 48h rt 50 50 - 

0.5 eq EtOAc  58 0.5 48h rt 50 50 - 

0.5 eq EtOAc  58 - 48h ς 20 °C 87 13 - 

0.5 eq DCM/EtOA 95:5 58 - 48h rt 50 23 25 

 

The results in Table 2.16 show that the same condition used for the anomerisation of the 

acetylated-ɓ- GlcNAc can be applied in the reverse direction. This indicates that EtOAc allows 

equilibrium to be established between the two anomers. 

 Anomerisation studies of peracetylated ɓ-GalNAc thiols 
 

To complete the analysis on the anomerisation of acetylated GalNAc derivatives were 

undertaken (Table 2.17). 

 

Table 2.17. Effect of solvent on the anomerisation of 7. 

 

SnCl4 Solvent 
Concentration 

(mM) 
MSA 

Time and 
Temperature 

҈  h %̡  %Cl 

0.5 eq EtOAc/DCM 1:1 58 - 48h rt 56 44 - 

0.5 eq EtOAc/DCM 1:1 58 0.5 48h rt 50 32 18 

0.5 eq EtOAc/DCM 1:9 58 - 48h rt 46 54 - 

0.5 eq EtOAc 58 - 48h rt 40 20 40 
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It was found that the best Ŭ:ɓ ratio was given using ethyl acetate and DCM in a ratio 1:1. It was 

also observed the formation of glycosyl chloride as side product when MSA was used and also 

when ethyl acetate was used as solvent. 

 

 Anomerisation studies of peracetylated Ŭ-GlcNAc thiols 
 

 Finally, the reverse of the anomerisation was carried out with 16 (Table 2.18).   

 

Table 2.18 Effect of solvent on the anomerisation of 16. 

 

 

In this case the anomerisation gave 34% of the b-anomer as well as an unidentified side 

product. 

 

 Anomerisation studies of p-methoxybenzoylated ɓ-GlcNAc thiols 
 

The results obtained led us to examine the effect of a more electron donating group than the 

benzoate group on the epimerisation of the GlcNAc glycosyl thiols. The investigation of the 

use of the p-methoxybenzoate groups was carried out. 

The experiments were conducted investigating the effect of the TiCl4 and SnCl4 as promoter 

and the concentration of DCM used. Experiments with SnCl4 are summarised in Table 2.19. 

None of the conditions used gave more that 40% anomerisation, which is similar to what was 

obtained when TiCl4 was used as promoter.  

This suggests that the effect of the electron withdrawing p-methoxybenzoate could, instead of 

activating, deactivate the glycosyl thiols towards anomerisation, giving less Ŭ-anomer than the 

benzoate. 

 

SnCl4 Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  %Side product 

0.5 eq EtOAc  58 48h rt 36 34 30 

0.5 eq DCM/EtOAc 1:1 58 48 h rt 41 22 45 
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Table 2.19 Effect of solvent and Lewis acid on the anomerisation of 38. 

 

 

 

 Conclusion 

A series of acetylated and benzoylated thiols derived from glucosamine and galactosamine 

were synthesised and their anomerisation was investigated under different conditions. 

Benzoylated glycosyl thiols showed a higher propensity to undergo anomerisation reactions to 

corresponding acetylated glycosyl thiols. The optimal concentration to obtain maximum 

percentage of anomerisation of 60% of the perbenzoylated glycosyl thiol 22 was found to be 

4.4 mM. The concentration plays an important role in the anomerisation mechanism, showing 

that the use SnCl4 with DCM could give the formation of the Ŭ-anomer. The use of TiCl4 with 

DCM also led to the Ŭ-anomer, via the thiazoline. The anomerisation of the Ŭ-perbenzoylated 

GlcNAc 24 and GalNAc 32 was observed to proceed best in concentrated condition, 42 mM, 

obtaining maximum percentage of anomerisation of 60% for glycosyl thiol 24 and 47% for 

compound 32. The formation of oxazoline was observed as a side product in both cases. 

The synthesis of 40 via TiCl4 was included in the following paper published in Organic Letters 

(DOI: 10.1021/acs.orglett.7b02760). 

The synthesis of perbenzoylated GlcNAc 19 was included in Carbohydrate Chemistry: Proven 

Synthetic Methods, Volume 4 (Vogel, C. (Ed.), Murphy, P. (Ed.). (2018). Carbohydrate 

Chemistry. Boca Raton: CRC Press). 

The acetylated glycosyl thiols showed equilibrium between the two anomers in EtOAc, with 

the maximum percentage of anomerisation of ~50%. The anomerisation of acetylated glycosyl 

Lewis acid Solvent 
Concentration 

(mM) 
Time and 

Temperature 
҈  h %̡  % Thiazoline 

%Unknown 
side product 

3 eq    SnCl4 DCM  19.5 48h rt 26 74 - - 

0.5 eq SnCl4 DCM  14.5 48h rt 35 65 - - 

0.5 eq SnCl4 DCM  3.8 48h rt 38 62 - - 

0.5 eq SnCl4 EtOAc  14.5 48h rt 38 62 - - 

3 eq    SnCl4 DCM  3.5 48h rt 31 43 26 - 

2.5 eq TiCl4 DCM  21.6 48h rt - 70 - 30 
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thiol 3 carried out with different concentrations did not improve the Ŭ:ɓ ratio, and also the use 

of different solvents did not give a higher percentage of conversion. The use of a more electron 

withdrawing group like p-methoxybenzoate did not improve the conversion toward the Ŭ-

anomer.  
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 Anomerisation of O- and S- glycosides 

 

 Objective 

The potential for a glycosidic linkage to undergo anomerisation, under acidic or Lewis acidic 

conditions, provides an opportunity for the stereoselective formation of a glycosidic linkage.  

Herein O-glycosides and S-glycosides derived from glucosamine and galactosamine were 

subjected to synthesis and a study of their anomerisation reactions. 

 

 Synthesis of substrates 

 Synthesis of benzoylated-ɓ-GlcNAc -O-glycosides 
 

The synthesis of benzoylated GlcNAc derivatives started with the selective protection of the 

amine functional group of glucosamine with a trichloroethoxycarbonyl (Troc) protecting 

group63 to give intermediate 41 (Scheme 3.1). Then reaction of 41 with benzoyl chloride in 

pyridine gave a fully protected 42. This intermediate was successively treated with HBr 33% 

in AcOH and then a mixture of MeCN/H2O to give the hemiacetal 4364. 

 

 

 

 

 

 

 

 

 

Scheme 3.1 Synthesis of 43. 

 

Intermediate 43 was treated with trichloroacetonitrile and 1,5-diazabiciclo[5.4.0]undec-7-ene 

(DBU) in DCM to give  donor 44 that was subsequently reacted with different alcohol 

functionalities to give different O-glycoside (Scheme 3.2).      
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Scheme 3.2 Synthesis of donor 43 and glycosylation with different alkyl groups. 

The yields of the glycosylation reactions are provided in Table 3.1.  

Table 3.1. Alcohols used in the glycosylation reaction and relative yields. 

Donor Alcohol Product %yield 

44 MeOH 45 82 

44 BuOH 46 65 

44 Allyl alcohol 47 81 

44 3-Butyn-1-ol 48 76 

44 1-Heptadecanol 49 74 

 

Next, the O-glycosides were treated with activated zinc to remove the Troc protecting group.  

The liberated amine was acetylated immediately (Scheme 3.3). 

 

 

 

Scheme 3.3 Generation of O-glycosides 50-55. 
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 Synthesis of benzoylated glycosides of GalNAc 
 

The synthesis of the GalNAc derivatives was performed following the same strategy used for 

the GlcNAc derivatives. Thus galactosamine was treated with 2,2,2-trichlorethoxycarbonyl 

chloride in aq NaHCO3 to protect the amine group and give intermediate 25 65 (Scheme 3.4). 

The free hydroxyl groups were then protected with benzoyl groups by reaction of 25 with 

benzoyl chloride in pyridine to give fully protected intermediate 26.  This was successively 

treated with HBr 33% in AcOH to give the glycosyl bromide and subsequent reaction with 

MeCN-H2O gave hemiacetal 55. 

 

 

 

 

 

 

 

 

 

Scheme 3.4 Synthesis of intermediate 55. 

 

The trichloroacetimidate donor 56 was prepared by reaction of 55 with trichloroacetonitrile 

and DBU in DCM. Glycosylation reactions gave different O-glycosides (Scheme 3.5). 

    

 

 

Scheme 3.5 Synthesis of donor 56 and glycosylation with different alkyl groups. 
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Table 3.2 summarises the yields of the glycosidations.  Intermediate 56 was treated with 

methanol, butanol, allyl alcohol, 3-butyn-1-ol, 1-heptadecanol to form the respective O-

glycosides in good yields. 

 

Table 3.2 Alcohols used in the glycosylation reaction and relative yields. 

Donor Alcohol Product %yield 

56 MeOH 57 55 

56 BuOH 58 86 

56 Allyl alcohol 59 81 

56 3-Butyn-1-ol 60 58 

56 1-Heptadecanol 61 84 

 

 

The O-glycosides were treated with activated zinc to selectively remove the Troc protecting 

group at the second position of the sugar and in the same time acetylate the amine with acetic 

acid and acetic anhydride to give the acetamide. This reaction was repeated for all the O-

glycosides as shown in Scheme 3.6. 

 

 

 

 

Scheme 3.6 Generation of O-galactoosides 62-66. 
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 Synthesis of peracetylated-ɓ-O-glycoside 
 

The synthesis of peracetylated-ɓ-O-glycoside 71 started from the intermediate 41 previously 

prepared (Scheme 3.7).  This was acetylated with acetic anhydride in pyridine66 to give 67.  

The acetylated intermediate 67 was then treated with hydrazine acetate in DMF to selectively 

remove the acetyl group at the anomeric position to form hemiacetal 68 that was reacted with 

trichloroacetonitrile in the presence of DBU to form the glycosyl donor 6967. 

The glycosyl donor 69 was reacted with butanol in the presence of TMSOTf to form glycoside 

70. Finally, removal of the Troc protecting group and the acetylation of the liberated amine 

gave the acetamide 71.  

 

 

 

Scheme 3.7 Synthesis of 71. 
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 The preparation of S-glycosides from GlcNAc 
 

Replacement of the anomeric oxygen of O-glycosides with a sulfur atom leads to an important 

class of synthetic carbohydrates, the thioglycosides; this modification is tolerated by most 

biological systems and are less susceptible to acid/base or enzyme-mediated hydrolysis68.  

The synthesis of the thioglycosides started from the intermediate 42 previously formed in the 

synthesis of the O-glycosides. This intermediate was treated with HBr 33% in AcOH to form 

glycosyl bromide 72 (Scheme 3.8). 

The synthesis of the glycosyl thiols is based on the SN2 displacement of the anomeric halide, 

and thiourea has been used as source of sulphur. The addition of the thiourea in acetone to the 

glycosyl bromide 72 formed the thiourea salt 73 that was successively cleaved with sodium 

metabisulfite to give the glycosyl thiol 74.69 

 

 

Scheme 3.8 Synthesis of ɓ-glycosyl thiol 74. 

 

The synthesis of the S-methyl- and S-butyl glycosides were achieved by direct anomeric 

alkylation of the glycosyl thiol 74 with 1-iodobutane in the presence of sodium hydride (NaH), 

and iodomethane in the presence of DIPEA. As the anomeric configuration of the glycosyl 

thiol is unaffected during this transformation, the synthesis of the thioglycosides in the ɓ 

conformation 75 and 76 was obtained (Table 3.3).  
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Table 3.3 Alkylation of glycosyl thiol and relative yields 

 

Donor  I-R Product %yield 

74  iodomethane  75 68 

74 1-iodobutane  76 60 
 

The S-glycosides 75 and 76 were next treated with activated zinc in the presence of acetic acid 

and acetic anhydride to remove the Troc protecting group; acetylation gave the final acetamides 

77 and 78. Yields of the final products are shown in Scheme 3.9. 

 

 

 

 

Scheme 3.9 Yields of final S-glycosides after removal of Troc protecting group 

 

 Anomerisation studies with benzoylated O-glycosides derived from 

GlcNAc and GalNAc  

 

With different O-Glycosides and S-glycosides in our hands it was decided to investigate the 

anomerisation reaction. Since previous studies showed that use of 2.5 equivalents of TiCl4 and 
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DCM could be effective for the anomerisation of O-and S glycosides, it was decided to use 

these conditions as the starting point for the investigation51. 

The anomerisation of compounds listed in Table 3.1 was carried out in DCM with 2.5 

equivalents TiCl4 as the Lewis acid catalyst. The reactions were carried at room temperature 

over a time of 48h. After work up the product mixtures were analysed by 1H-NMR 

spectroscopy with the integration of assignable signals in the 1H-NMR spectra used to 

determine the amounts of each anomer present.  The Ŭ-anomer was isolated after 

chromatography to give yields for all O- and S-glycosides. 

In the majority of cases a small amount of Ŭ-chloride, example of GlcNAc 101 and GalNac 

102 derivatives (Figure 3.1), was formed as by-product of the Lewis acid promoted 

anomerisation. The glycosyl chloride by-product 101 was confirmed by the synthesis of this 

compound providing the 1H-NMR data for its characterization, showing a value of ŭ 6.34 (d, J 

= 3.7 Hz). This reported data corresponds with the observed by-product signal in the TiCl4 

promoted anomerisation reaction herein. 

 

 

Figure 3.1 The GlcNAc and GalNAc examples of the Ŭ-chloride by-product from the Lewis acid 

promoted anomerisation. 

 

 

Table 3.4 Anomerisation of benzoylated-O-glyosides derived from GlcNAc/GalNAc 

O-glycosides reacting 

compounds 

Reagents and 

Conditions 

Ŭ:ɓ:101:102 

after work -

up 

Isolated yield 

(%) of major 

anomerb 

Ŭ-anomer isolated 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
99:1:0:0 69 

 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
99:1:0:0 71 
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TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
98:2:0:0 70 

 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
64:36:0:0 -  - 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
98:2:0:0 68 

 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
83:1:0:16 73 

 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
81:1:0:18 67 

 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
88:1:0:11 67 

 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 

68:0:0:8 

(24% 

unknow side 

product) 

- - 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
92:1:0:7 74 

 

 

In most cases the anomerisation reaction displayed high Ŭ:ɓ ratio when reaction mixtures were 

analysed by 1H-NMR spectroscopy; the products were isolated in good yields after column 

chromatography. 
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Anomerisation reactions of some alkynes 53 and 65 were found to progress to a lesser degree 

than for other O-glycosides (60%).  The reaction of 65 showed the formation of an unknown 

side product inseparable from the Ŭ-anomer making it impossible to obtain an isolated yield 

for the Ŭ-anomer. The GalNAc derivatives has a higher percentage of the glycosyl chloride 

102.  

 

Figure 3.2 NMR spectra of starting b-glycoside 51 (red spectrum), anomerisation reaction after work 

up (green spectrum) and Ŭ-anomer 80 isolated (blue spectrum). 
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Figure 3.3 NMR spectra of starting material 63 (red spectrum), anomerisation reaction after work up 

(green spectrum) and Ŭ-anomer 84 isolated (blue spectrum). 

 

It is known that varying the protecting groups can affect the Ŭ:ɓ ratio and the rate of 

anomerisation31.  Benzoyl protecting groups can give higher rates of reaction in case of 

anomerisation with glucopyranosides or galactopyranosides.  Differences in the efficiencies of 

acetylated GlcNAc derivatives and benzoylated GlcNAc derivatives were thus investigated as 

part of this work.  Reactions of 71 were tested using SnCl4 and TiCl4
 as Lewis acid and the 

results are summarised in Table 3.5. 

 

Table 3.5 Anomerisation of ɓ-acetylated-GlcNAc-O-glycosides. 

O-glycosides reacting 

compounds 

Reagents and 

Conditions 

Ŭ:ɓ:1:103 

after work -up 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 h 
38:48:17:0 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 48 h 
24:61:0:15 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 7 

days 
97:1:2:0 
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When the anomerisation of 71 carried out with TiCl4 in DCM at room temperature for 48 h and 

the Ŭ:ɓ ratio evaluated by 1H NMR spectroscopy, this showed that the use of TiCl4 gave a 

mixture of anomers (44:56). Thus, the reaction has not progressed as far as that of the 

corresponding benzoylated analogue.  However, when the anomerisation was carried out with 

2.5 equivalents of TiCl4 in DCM at room temperature for 7 days, the formation of the Ŭ-anomer 

increased to 97%.  This indicated that benzoylated derivative 51 was faster than the 

corresponding acetylated derivative 71, as has been consistently observed for other benzoylated 

derivatives. This is probably due to the inductive effect of the benzoyl protecting groups on the 

electron density of the sugar ring that effects the velocity of the reaction and the anomeric 

effect, resulting in the formation of higher proportion of Ŭ-anomer 

As for the anomerisation of benzoylated-O-glycosides a small amount of Ŭ-chloride, example 

of GlcNAc 1 derivative shown in Figure 3.4, was formed as by-product of the TiCl4 promoted 

anomerisation. For the SnCl4 promoted anomersiation it was observed the formation of the 

oxazoline 103 (figure 3.4) as by-product. 

The identity of glycosyl chloride by-product 1 was confirmed by the 1H-NMR data showing a 

value of ŭ 6.34 (d, J=3.7 Hz). This reported data corresponds with the observed by-product 

signal in the TiCl4 promoted anomerisation reaction herein. The identity of oxazoline 103  was 

confirmed by 1H-NMR data reported in literature70, showing a value of ŭ 5.86 (d, J=7.4 Hz). 

This reported data corresponds with the observed by-product signal in the SnCl4 promoted 

anomerisation reaction herein. 

 

 

Figure 3.4 The GlcNAc Ŭ-chloride 1 and oxazoline 103 by-products from the Lewis acid promoted 

anomerisation. 
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Figure 3.5 NMR spectra of reaction mixture after anomerisation of 71 in different conditions: 2.5 eq 

TiCl4, 48h (red); 2.5 eq SnCl4 48h (green); 2.5 eq TiCl4, 7 days (blue). 
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  Anomerisation of benzoylated S-glycosides derived from ɓ-GlcNAc 

The S-glycosides were subjected to the same conditions as used for the O-glycosides (Table 

3.6).  

 

Table 3.6 Anomerisation of ɓ-benzoylated-GlcNAc-S-glycosides. 

S-glycosides reacting 

compounds 

Reagents and 

Conditions 

Ŭ:ɓ:Oxazoline 

after work -up 

Isolated yield 

(%) of major 

anomerb 

Ŭ-anomer isolated 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
61:17:21 51 

 

 

SnCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
58:25:17 - 

 

 

TiCl4 (2.5 eq), 

CH2Cl2, rt, 48 

h 
- 49 

 
 

For the anomerisation of ɓ-benzoylated-GlcNAc-S-glycoside 78 it was not possible determine the 

Ŭ:ɓ ratio by 1H NMR spectroscopy due to overlap of the signals, but the a-anomer could be 

separated and isolated in 49% yield. The anomerisation of ɓ-benzoylated-GlcNAc-S-glycoside 77 

was carried out using both TiCl4 and SnCl4 and the result showed that the use of the SnCl4 did 

not improve the formation of the Ŭ-anomer. With the use of the TiCl4 there was a slight 

improvement in the conversion but the percentage of the Ŭ-anomer formed was lower than that 

observed for related O-glycosides. 

Also, for the anomerisation of S-glycosides was observed the formation of a by-product. In this 

case, for the SnCl4 and TiCl4 promoted anomerisation, the oxazoline, example of GlcNAc 

derivative shown in figure 3.6 and observed and characterized in Chapter 2, was formed as by-

product.  

The oxazoline structure was confirmed by 1H-NMR spectroscpy, showing a value of ŭ 6.14 (d, 

J = 7.4 Hz). This reported data corresponds with the observed by-product signal in the SnCl4 

and TiCl4 promoted anomerisation reaction of ɓ-benzoylated-GlcNAc-S-glycosides 77 and 78. 
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Figure 3.6 The GlcNAc examples of the oxazoline by-product from the Lewis acid promoted 

anomerisation. 

 

These results compared with anomerisation of O-glycosides show that the S-glycosides give 

lower proportions of Ŭ-anomer that the corresponding O-glycosides and this can be due the 

lower electronegativity of the sulfur atom that result in a lower anomeric effect. Also, the size 

of the sulfur atom can affect the steric preference of the latter to assume the equatorial 

conformation rather than the axial. 

 

 Conclusion 

Thirteen ɓ-glycosides were synthesised and subjected to Lewis acids with a view to promoting 

formation of the Ŭ-anomers. The Ŭ:ɓ ratio in the product mixtures were determined by 1H NMR 

spectroscopy and Ŭ-anomers were isolated. The benzoylated glycosides with increasing 

complexity on the aglycon (alkyl and alkene) showed that the use of 2.5 equivalents of TiCl4 

were sufficient to obtain a high Ŭ:ɓ ratio and the Ŭ-anomers were isolated in good yields. The 

benzoylated glycoside 53 and galactoside 65 showed a lower Ŭ:ɓ ratio due to the nature of the 

aglycon, also a side product was observed during the anomerisation of the 65, inseparable from 

the Ŭ-anomer.  The presence of benzoyl protecting groups, able to donate more electrons into 

the sugar ring was shown to influence the velocity of the reaction, with the benzoylated 

glycosides anomerising faster that the acetylated protected glycosides. The thioglycosides gave 

Ŭ-anomers but the stereoselectivity was not as high as for the O-glycosides, due to a lower 

anomeric effect, attributable to the lower electronegativity of the sulfur.   
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 Coiled-coil scaffolds 

 

4.1 Introduction  

 Self-assembly peptides as scaffold for drug delivery 

 

Molecular self-assembly can be considered a useful approach for the synthesis of novel 

molecular architecture. The self-assembled substructure is held together by weak, non-covalent 

bonds, such as hydrophobic interactions, hydrogen bonds and electrostatic interactions. Taken 

separately, these interactions are not powerful enough to hold together such a self-assembled 

structure, but when combined, they can form stable and durable structures with well-defined 

conformations.71  

Proteins and peptides can self-organize and form well-defined structures with a specific 

functionality, but when a specific biological function is not associated with a particular 

sequence, they can still have a role as a scaffold for the presentation of biological and 

immunological active ligands, such as carbohydrates.72 

Zacco et al73  showed that the design of self assemble scaffold for the presentation of ligands 

can be a valuable approach for hepatocyte-specific drug/gene delivery. It was shown that 

coiled-coil glycopeptides can be used as scaffold for the presentation of sugar moieties, such 

as galactose moieties, to the binding site of the asialoglycoprotein receptors (ASGPR) on 

hepatocytes  

 

 

Figure 4.1 Carbohydrate-binding sites of the asialoglycoprotein receptors (ASGPR) on hepatocytes. 

Adapted with permission from reference 73. Copyright © 2015, American Chemical Society 

 

Peptides can be employed as scaffolds due to their biocompatibility, biodegradability and their 

easy formation using standard peptide synthesis procedures. They are relatively stable 
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compounds due to their structural folding and their assembly results in highly specific 

structures which are characterized by a series of intermolecular interactions, such as 

hydrophobic interactions, hydrogen bonds and electrostatic interactions .72 

The specificity in the self-assembly mechanism is related to the sequence of each peptide 

giving the ability to form different structures. 

One of the most common self-assembly structure is characterised by two to six right-handed 

alpha helices forming a left-handed super-helical bundle called a coiled coil. 

Typical examples of coiled coils in nature are represented by myosin and Ŭ-keratin. Ŭ-keratin 

consists of an Ŭ-helix secondary structure, wounded with another molecule of Ŭ-Keratin 

forming a coiled coil structure, with the two helices kept together by disulfide bonds74. Myosin 

is characterised by the presence of an Ŭ-helix coiled coil at the tail domain75. 

Coiled coils are common in many natural proteins. They can provide structural support as 

scaffold in the design and preparation of drug delivery systems, such as collagen, nanofibers 

and nanotubes.76 This characteristic can be facilitated by the fact that only some of the residues 

in the sequence of the coiled coils are fundamental for the folding of the peptide. Thus it is 

possible to modify the peptide sequence to introduce ligands and molecules of interest in 

biological evaluation at appropriate amino acids.77 

 

 Coiled Coils 

 

A coiled coil is a typical protein folding motif present in most natural proteins and consists of 

two to five Ŭ-helixes wrapped around each other to form a supercoil. 

The basic component of a coiled coil is an Ŭ-helix structure, the most common secondary 

structure in peptides and proteins. It was first discovered by Linus Pauling in 1950s when he 

proposed that the Ŭ-helix structure is formed by intra-strand interaction between the carbonyl 

group of each peptide residue and the amide group of the forth residue, forming a hydrogen 

bond78.  

The Ŭ-helix is typically right-handed with 3.6 residues per turn and a rise of 1.5 ἴ per residue 

which results in a pitch of 5.4 ἴ.  

The helix propensity is defined as the tendency of some amino acids to occur more frequently 

in a Ŭ-helix than other, and Pace et al. 79 found that alanine has the highest helix propensity and 

proline and glycine the lowest. It was hypothesised that the stability of the Ŭ-helix is due to the 

formation of the backbone hydrogen bonds and van der Waals interactions that give an 

enthalpic contribution of 1 kcal/mol per residue. So, if there are alanine residues in the Ŭ-helix, 
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the favourable interaction makes the helix more stable than the random coil. In the same way 

when glycine residues are more abundant, the resulting helix is less stable than the coil. This 

is mainly due to the replacement of the H of glycine by the CH3 of the alanine, that reduces the 

phi-psi space available to residues and generates the 1 kcal/mol difference in helix propensity 

between glycine and alanine.80 Where phi (ű) and psi (ɣ), two torsion angles,  describe the 

rotations of the peptide backbone around the bonds between N-CŬ (ű) and CŬ-C (ɣ). These 

torsion angles allow the peptide backbone to adopt a certain fold. This information is useful in 

the de novo design of molecular structures based on Ŭ-helix secondary structure like coiled 

coils. 

It is known that almost 3% of all amino acids in the genome are involved in the formation of 

coiled coil motifs.  

The knob-into-hole arrangement, characteristic of the coiled coils, is a specific arrangement in 

which the two adjacent Ŭ-helices pack together, specifically the side chain of the residue in one 

helix (knob) packs into the hole formed by four side chains of the facing helix. This is possible 

only if the side chain of the residues in both chains occupy equivalent positions along the entire 

structure.  

This arrangement is not possible in a canonical Ŭ-helix78 due to the presence of 3.6 residues 

per helical turn that makes the side chains to drift continuously. However, in the coiled coil the 

distortion formed by the supercoiling respect to the helix axis, lowers the values of residues 

per turn to 3.5, allowing the position of the side chains to repeat after two turns, leading to the 

7/2 periodicity of the canonical left-handed coiled coil81.  

The 7/2 periodicity is called heptad repeat and its denoted as (a-b-c-d-e-f-g)n,  where a and d 

positions are occupied by non-polar residues that form the inter-helical hydrophobic core. Both 

positions are mostly represented by residues of leucine, isoleucine and valine that pack together 

in a ñknobs-into-holesò (KIH) (Figure 4.1) way to minimize their interaction with water 

molecules.  
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Figure 4.2  Views of a classical coiled-coil dimer82. (A and B) Orthogonal views of the structure. The 

figures are shown, with the backbone represented by ribbons, side chains that make up the KIH 

interactions as sticks and the heptad positions aïg coloured red to violet. the hydrophobic core is 

represented in red and green. (C) A single KIH interaction between a óknobô from one helix (shown in 

green on the rightmost helix) and a óholeô formed by four residues on the other (left-hand helix). 

Adapted with permission from reference 82. Copyright © 2008, Oxford University Press. 

 

Positions e and g are occupied by charged or hydrophilic residues where the two helices form 

electrostatic interactions; b ,c and f are in general hydrophilic as well, they represent the helical 

surfaces and due to solvent exposure, are also the positions that can be subjected to 

modification83 (Figure 4.2). 

 

 

Figure 4.3 The arrangements of resides in the coiled coils are illustrated by the helical-wheel diagram 

(The Helical-Wheel diagram was designed using DrawCoil 1.0). 
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The hydrophobic interaction is the main driving force for the self-assembly and folding of 

coiled coils. However, the nature of the residues in the specific positions are not only important 

for the folding and the assembly of a coiled coil, but also for the oligomerization state of the 

structure, specifically the positions a-d and e-g which play an important role in the 

determination of the self-assembly structure of the molecule. 

The specific characteristics of the residues in the heptad repeat allow the formation of dimeric 

and trimeric coiled coil structures. It is known that when the isoleucine is in position a and 

leucine in position d, the hydrophobic core yields preferentially to a dimeric conformation. 

When both leucine or isoleucine are in a and d position, there is a formation of a trimeric 

structure and when leucine is in a and isoleucine in d there is the formation of a tetrameric 

structure.  

These preferences have been pointed out in an extensive study carried out by Harbury et al. on 

the GCN4-p1, a transcriptional activator protein, in which it was shown that the oligomerisation 

state of the coiled coils was influenced by the alteration of the hydrophobic core of the leucine 

zipper molecule.84 Woolfson et al. explored the possibility of designing de novo coiled coils 

peptide oligomers based on preferences showed by Harbury. This study is particularly 

interesting because it represents a useful toolkit for the theoretical design of de novo peptides 

and proteins.  

Starting from the assumption that the combination of leucine and isoleucine in positions a and 

d  leads to the formation of three different oligomer states dimer, trimer and tetramer, it was 

shown that the combination of hydrophobic pair of residues like a=d=Ile and a=Leu and d=Ile  

are good rules for the formation of trimer and tetramers respectively, but to specify a dimer the 

rule of a=Ile and d=Leu is not enough (Figure 4.3). In solution and in crystal structures, the 

peptides presenting these two residues gave rise to a trimer and not dimer, but when a single 

modification was introduced into the sequence, where in a position was positioned an Asn 

residue, this substitution gave the desired dimer strucure85.  
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Figure 4.4 Helical-wheel diagram (right) showing the position (X and Y) were introduce the 

modifications, (I, L, N) that give rise to dimeric, trimeric and tetrameric states (left). "Adapted with 

permission from reference 85. Copyright (2012) American Chemical Society." 

 

This indicates that the energy required in the switch from one oligomer state to another is small 

and can be controlled by the introduction of the so-called negative design86.  

The negative design strategy is one of the strategies developed to control the oligomerization 

state, introducing polar or charged amino acids in position a or d or a charged interaction at 

specific e and g positions. In contrast, to stabilise specific conformations, the element of 

positive design can be introduced and in general these involve the introduction of more 

hydrophobic residues at the a or d position.     

The stability of coiled coils is also determined by the residues at e and g positions, stabilizing 

the inter-helical arrangement with residues of opposite charge. In general, the nature of these 

residues not only effect the stability but also the oligomerization state. The homo or 

heterooligomeric structure of the helices can be determined by the polar interaction of the 

residues flanking the hydrophobic core. These interactions in parallel coiled coils generally 

occur between the g position of one heptad of the helix and e position of the next heptad of the 

adjacent helix87. 

 

 Lectins 

 

Peptides based on coiled coil structure represent valuable scaffolds for the presentation of 

ligands to biological targets.76 

Major areas of study in terms of developing ligands for biological targets have included 

proteins, lipids and DNA. Interest in glycobiology has risen only within the last 2-3 decades, 

possibly due to the structural and functional complexity of carbohydrates. 
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Glycobiology is a fundamental area of study for human health and disease as demonstrated by 

the fact that carbohydrates are directly involved in almost all biological aspects of cell life and 

play a significant role in almost every human disease.88 Carbohydrates are the most abundant 

molecules found in nature and are synthesized in all organisms. Their heterogeneity and 

complexity in structure and conformation allows them to act as signalling molecules in 

different biological processes, such as cell adhesion, proliferation, host immune response, 

cancer development and many more.89 

Lectins are the most studied molecules in glycobiology. Lectins are a class of molecules 

defined as cell-agglutinating proteins of non-immune origin that can bind mono- and 

oligosaccharides with high selectivity and affinity. Even if they have not originated from the 

immune system and do not have the ability to stimulate the immune system to produce antigens, 

their function and mechanism of action resemble that of the antibodies; they can be 

inactivated/inhibited by low molecular weight molecules such as carbohydrates. 

Lectins are referred to as hemagglutinins, proteins with the ability to agglutinate erythrocytes 

(erythrocytes clump up and stick together) and were isolated for the first time by Stillmarl in 

1888 while he was studying the toxic effect on blood of castor bean extract (Ricinus 

communis).90 During this study, he noticed that the red cells were being agglutinated. The 

material responsible for this was isolated and named ricin. Ricin acts as a toxin by inhibiting 

protein synthesis inactivating the ribosome.  

The isolation of the crystalline protein named Concanavalin A by Sumner in 1919 was the first 

pure hemagglutinin isolated from jack bean (Conavalia ensiformis) and able to agglutinate 

erythrocytes and yeast.91 

In 1910 Landsteiner, after discovering the human blood type A, B and O, showed that 

hemagglutinins do not agglutinate the blood of different species equally, reporting that lectins 

produced from various seed extracts were different when tested with blood cells of different 

animals.  

In 1945, Boyd discovered that some lectins were blood type specific and reported that the 

lectins found in the lime beans would agglutinate blood type A erythrocytes but not blood type 

B and 0. This discovery represented a crucial step in the study of the lectins because it was 

found that the inhibition of the specific blood type cell is due to a specific carbohydrates moiety 

present on the surface of the cell. Specifically, the agglutination of the blood type A 

erythrocytes by bean lectin was inhibited by a linked N-acetyl-D-galactosamine and that the 

type 0 cells agglutinated by lectin of L. tetragonolobus were inhibited by a linked L-fucose.92 
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ñI proposed that these blood-antigen-specific plant agglutinins (which are also specific 

precipitins) be called ñlectinsò -from the Latin legere, to pick out or choose -intending thus to 

call attention to their specificity without begging the question as to their nature.ò 

William Clouser Boyd 

 

 Plant and Animal Lectins 

 

Lectins are found in a wide variety of plants and have been studied by measuring the ability of 

their extracts to agglutinate erythrocytes, thus becoming a useful tool in research due to their 

ability to interact with receptor-linked glycans on cell surfaces and are able to trigger or inhibit 

cell signalling and biochemical responses. Lectins can act as immunomodulators interacting 

with glycan moieties over the surface of immune cells, generating a signal transduction and 

producing cytokines capable of inducing an immune response against tumours and infections. 

In this way lectins can be considered pharmaceutical tools for identification of sugar targets for 

new therapeutic strategies.93 

One of the most well-known plant lectins is the European Misletoe (Viscum album) having 

immunomodulatory and antitumor activities.94 Misletoe lectins, indicated with the acronym 

ML, can be divided in type I, II and III, and are glycosylated proteins with cytotoxic activity. 

Structurally they consist of two chains A and B, linked with a disulfide bond, their cytotoxic 

activity being due to the ability of the chain B to bind the carbohydrate on the cell surface 

allowing the chain A to enter the cytoplasm and inhibit protein biosynthesis, hydrolysing the 

N-glycosidic bond of an adenine residue in the 28S ribosomal RNA. The biological action of 

lectins is mediated by the recognition and binding to specific ligands on the surface of the target 

cells, and ML displays different sugar specificity between the 3 isoforms,  MLI shows more 

affinity for D-galactose, MLIII is more specific for D-GalNAc and MLII shows an intermediate 

affinity for both sugars.95 

Although lectins were first discovered in plants, this is not the only source of lectins. Animal 

lectins can recognize carbohydrates present on the surface of the cells endogenous to the 

animal, but also carbohydrates presented by microbial invaders.96  

Ashwell and Harford gave the first example of animal lectins able to discriminate between 

different glycoproteins, describing the binding of the asialoglycoprotein receptor in 

mammalian liver.97 
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Glycans can have different roles in cells: a structural role and a non-structural role. 

Oligosaccharides can have structural roles when they are present at the cell surface, can be 

incorporated into the extracellular matrix and attached to secreted glycoproteins and mediate 

transport of the glycoconjugates to the cell surface, or act as markers for cell-cell recognition 

events. When oligosaccharides have a non-structural role they generally require the 

involvement of a sugar-binding lectins. In this case the sugar-binding activity can be ascribed 

to a carbohydrate-recognition domain (CRD), which is a protein module present in the lectin 

polypeptide.98 

Based on the structure of CRDs we can define different groups of lecitins: lectins that are 

predominantly intracellular and lectins that generally function outside the cell. 

The intracellular lectins, calnexin family, M-type, L-type and P-type are located in luminal 

compartments of the secretory pathway and they explicate their function trafficking, sorting 

and targeting mature glycoproteins.99 

The extracellular lectins: C-type, R-type, siglecs and galectins are either secreted into the 

extracellular matrix or body fluids or localized to the plasma membrane and mediate a range 

of functions including cell adhesion, cell signalling, glycoprotein clearance and pathogen 

recognition.100 

The C-type lectins are the most well-known lectins and are Ca++ dependent glycan binding 

proteins. Their family includes different structural proteins like collectins, selectins, endocyclic 

receptors and proteoglycan (or lecticans and include aggregan, brevican, versican, and 

neurocan), they differ in the selectivity and specificity for the type of glycans they recognize 

with high affinity, but they share homology in their CRDs.101 

Lectins can be comprised only of their CRD and in this case their functions depend on 

multivalency, which is the ability of lectins to cross-link glycan-containing structures. One of 

the lectins to function in this way are the galectins that will be discussed in detail in the next 

section. 

 

 Galectins  

 

Galectins are a family of animal lectins characterized by their binding affinity for ɓ-

galactosides and have at least one CRD, they are small (14-36 kDa) and soluble proteins. They 

were at first known as S-type lectins due to their dependence on thiols for activity. This 

property was found in galectin-1, the first galectin studied but it was not found in many other 

galectins. Galectins can be considered unusual among the other lectins because they are present 
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not only in the cytosol where once targeted they will be translocated in the nucleus but also in 

extracellular matrix.102 

Based on their CRD, galectins can be divided in 3 types: proto, chimera and tandem repeat 

(Figure 4.4). The proto-type galectins are characterized by the presence of one CRD and form 

a non-covalently linked homodimer; the chimera-type galectins, represented mainly by 

galectin-3, have a C-terminal CRD associated with an N-terminal part consisting of multiple 

proline and glycine; the tandem repeat-types are characterized by the presence of two CRDs 

connected by a peptide linker. With the exception of the chimera-type, represented by the only 

galectin-3, the proto-type and the tandem repeat galectins can be divided in different subtypes, 

which have been numbered following the number of their discovery. At the moment, 15 

galectins subtypes have been identified: Galectin-1, -2, -5, -7, -10, -11, -13, -14, and -15 are 

proto type. Galectin-4, -6, -8, -9, and -12 are tandem repeat-type.103 

 

 

Figure 4.5 Galectin subtypes, proto-type, chimeric and tandem-repeat104. "Adapted with 

permission from reference 103. Copyright © 2002, Springer Nature". 

 

The three types of galectins function in different ways.  The proto-type galectins dimerize via 

hydrophobic interface mediating the cell-cell interaction. Galectin-3 oligomerizes in the 

presence of multivalent ligands via the N-terminal peptide to form trimers or pentamers.  On 

the other hand the tandem repeat-type galectins with their two different CRDs recognize 

different saccharide ligands with a single polypeptide.105 

The CRD of most galectins is a 130 amino acid peptide folded in a globular domain. The X-

ray crystal structure of many CRDs (including bovine galectin-1, human galectin-2, -3, and -7, 

and individual domains of galectin-9) show a conserved fold consisting of two anti-parallel ɓ-
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sheets with six (SI-S6) and five (FI-F5) strands, respectively. The side chains of the amino 

acids of the six strands sheet (S4-S6) form the carbohydrate binding site. 

The binding of the D-Gal residue to the binding site is due to the formation of hydrogen bonds 

involving the hydroxyl group on C4 and C6, ring oxygen and van der Waals interaction 

between the hydrophobic patch formed by CH3-5 and a Trp or Tyr residue of the protein. 

Glucose residue can also interact with the hydroxyl group on C3, but lactose has a higher 

binding affinity than the galactose and glucose residue alone. LacNAc instead has been shown 

to bind tightly with higher affinity than lactose due to the addition interaction of the nitrogen 

of NAc with amino acid residues of the binding site mediated by water molecules. Galectin-3 

shows a slot open at both sides of the binding site in which the LacNAc is positioned in such a 

way that the GlcNAc portion can interact with the solvent forming an extended binding site 

that increases the binding affinity of galectin-3 with multiple lactosamine units.106  

 

Figure 4.6 The galectin carbohydrate-binding site with a close-up view with bound lactose (Galɓ1-

4Glc) and named interacting amino acid side chains. "Adapted with permission from reference 105. 

Copyright © 2002, Kluwer Academic Publishers 

 

Galectin-3 is an important intracellular and extracellular lectin, with its physiological role not 

being completely understood.  Its main role is to interact with extracellular proteins and cell 

surface glycoproteins. Evidences suggested it has a role in cancer immunology and 

inflammation, carrying out a double function, as an inhibitor and inducing signalling.107 

The inhibitor function of galectins is particularly relevant when galectin-3 is connected to 

cancer. The correlation between galectin-3 and cancer is shown by the overexpression by the 

cell of high levels of galectin-3, promoting cancer progression and metastasis, regulating cell 
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proliferation, apoptosis, cell adhesion. The mechanism of its action is not completely clear, but 

it has been shown that some potential carbohydrate ligands are able to block galectin-3 activity. 

GR-MD-02, a galectin-3 inhibitor, invented by Galectin Therapeutics, has been tested in 

combination with Yervoy® (ipilimumab), an anti-CTLA4 monoclonal antibody, in patients 

with metastatic melanoma. The preclinical study found that that GR-MD-02 increased tumour 

shrinkage and enhanced survival in immune competent mice with prostate and breast cancers 

when combined with one of the immune checkpoint inhibitors, anti-CTLA-4 or anti-PD-1. 

(Ref.  Galectin Therapeutics Inc.)   

 

 Multivalency  
 

Carbohydrates are often presented to their binding partners via synthetic scaffolds to optimize 

and regulate the signal response using the multivalent effect. 

Lectin-carbohydrate binding can be of low affinity with a dissociation constants (Kd) in the 

range of nM or µM, in this case this weak monovalent binding is compensated by multiple 

interactions between ñclustersò of glycans and receptors resulting in high selectivity and strong 

binding, able to compensate the required high-avidity binding interaction relevant in vivo108. 

This evidence is showed by the interactions of glycans with the asialoglycoprotein receptor 

(ASGPR) on the surface of hepathocytes; the mammalian hepatic receptors have affinity 

toward clustered galactosyl and GalNAc residues, and this affinity can be reproduced and 

enhanced when the valency of the clustered glycans is increased. The resulting glycocluster 

display a higher affinity for the target than the expected from the sum of the constitutive 

interaction, this phenomenon first described by Lee and Lee and named ñglycoside cluster 

effectò stating that ñ... the degree of dependency of affinity increase on valency varied from 

lectin to lectin. A strong glycoside cluster effect obviously requires two partners: a lectin with 

clustered sugar binding sites and a multivalent ligand that can present sugars with proper 

orientation and spacing.ò109 

The chemical synthesis of artificial multivalent carbohydrate models by conjugation of the 

carbohydrate ligand moiety to different scaffolds help to investigate the interaction involved in 

the carbohydrate-lectin binding.  

Different factors need to be taken in consideration during the design of glycoclusters, the length 

of the linker, the geometry and the orientation of the ligand, all these characteristics play a big 

role in the creation of effective and competitive molecules.  
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The synthesis of multivalent scaffold represents a challenging opportunity to create molecule 

with high potential for fighting virus and bacteria and also signalling pathways resulting from 

cancer.  

 

 Previous scaffolds used in Murphy group 

 

The synthesis of potential inhibitors of the glycan-lectin binding can be seen as an important 

medical prospective in relevant processes such as tumor spread.  

The development of potent inhibitors has been investigated in the Murphy group110,111, where 

several molecules have been synthesized, bearing sugars moieties on different scaffolds with 

potential inhibitory activities. The different structural parameters such as scaffold backbones, 

the type of sugar ligands to adopt, the geometry and orientation of ligands along with the 

spacing between ligands, is directly related to the function and selectivity of the possible 

inhibitors.  

The synthesis of bivalent scaffolds based on glycophanes, dihydroxybenzeneand 

terephthalamides bearing lactose as ligand gave interesting results when tested as inhibitors of 

the lectin-mediated heamagglutination; specifically the assay based on surface-immobilised 

glycoprotein, with four different type of lectins : a plant toxin (VAA: Viscum album (a species 

of mistletoe), agglutinin/toxin which is galactoside specific), galectin-3, truncated galectin-3 

and galectin-4, showed that only two compounds exhibited inhibitory activity (0.5 mM sugar 

concentration) against galectin 3 and plant toxin VAA. 

This enhanced inhibitory activity is due to the flexible structure of compound 3A and 3B, 

compared to the rigid structure of glycophane compound 3C110 (Figure 4.5). 
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Figure 4.7 Multivalent compounds by Murphy and co. Adapted with permission from reference 

110. Copyright © 2009, American Chemical Society). 

 

Based on the good results showed previously, and focusing more on the multivalency, new bi-  

tri- and tetravalent compounds were synthesized.  

These compounds, showed in Figure 4.6, were tested as inhibitors of plant lectins showing a 

small inhibitory effect. The test against chicken galectins (CG) and two human galectins 

galectin-3 and galectin-4 showed a potent inhibitory activity especially for compound 3D and 

3E.  

These results support the hypothesis that the valency is an important feature in the design of 

possible inhibitors because enhance the inhibitory effect and that the sugar moiety plays also 

an important role in the selectivity against a specific target111.  
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Figure 4.8 FucLac, lactose based sugar headgroups connected to different scaffolds. Adapted 

with permission from reference 111. Copyright © 2012, American Chemical Society. 

 

 Objectives 

The aim of this work was to investigate the self-assembly of coiled coil peptide bearing lactose 

residues as potential glycocluster ligands for lectins, such as galectins.  The peptides 

synthesized were designed to form dimeric and trimeric coiled coils for the multivalent 

presentation of lactose in water solution. The triethylene glycol (TEG) unit was used as a spacer 

between between the lactose and the peptide scaffold.  The TEG was chosen to confer increased 

solubility and to ensure the lactose is presented at a sufficient distance from the peptide surface 

to enable interaction with the galectin.   

 Results and Discussion 

 Coiled-Coil Scaffold Design and Synthesis 
 

As discussed, the heptad repeat is the common characteristic of coiled coils where the position 

a and d are in general occupied by hydrophobic amino acids, position e and g by opposite 

charged amino acid and position b, c and f are solvent exposed. The solvent exposed positions 

are those that allow the modification in the de novo design; these are the positions where a 

modified amino acid can be incorporated.  
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The proposed work herein is based on the design and synthesis of oligomeric dimers and 

trimers, where a lactose bearing a triethylene glycol (TEG) chain was coupled to aspartate and 

then introduced into the peptide sequences creating a dimeric divalent, dimeric tetravalent and 

trimeric trivalent glycoclusters for presentation of lactosyl ligands as potential inhibitors of 

galectins-3. 

 

Figure 4.9 Schematic representation of dimeric divalent, dimeric tetravalent and trimeric 

trivalent glycoclusters.  

The de novo peptide design was based on two different heptad repeats, one able to give the 

exclusive formation of coiled coil trimers and the other one coiled coil potentially giving 

dimers under physiological conditions. 

The trimeric peptide sequence was designed on the defined heptad (IaAbAcIdEeQfKg)4 repeated 

four times and having two glycine residues flanking the edges of the peptides. 

This sequence was investigated by Sweeney et al112, in a similar study where two N-

lactosylated Ŭ-helical trimeric coiled coils were synthesized, and presented the lactose residues 

on the final and penultimate heptad. Due to the low yield of the coupling of the lactosylated 

amino acid for one of the peptides, it was decided to introduce a linker increasing the distance 

between the sugar moiety and the peptide sequence, decreasing the possibility of peptide 

aggregation. Also, the initial coiled coils from Sweeney et al.  had the lactose residue very 

close to the peptide surface. 

The N-terminus was acetylated to avoid ionic charges from the free amine that could interfere 

with the folding, the use of the Rink amide 4-methylbenzhydrylamine (MBHA) resin assures 

the presence of an amide at the C-terminus after cleavage of the resin, even in this case to avoid 

the presence of a charged carboxylic acid that would prevent the formation of the coiled coil. 

The heptad position a and d were occupied by isoleucine (Ile) residues, these residues were 

included to try to assure the formation of the trimeric structure, position g and e were occupied 

by opposite charged amino acids, respectively Lysine (Lys) and Glutamic acid (Glu). Alanine 
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(Ala) was added in position b and c to increase the helix propensity. The position chosen for 

the modification was position f, without altering the oligomerisation state of the peptide. 

The coiled coil selected as dimeric scaffold was a 26-amino acid peptide sequence H2Nï

LESKLKELESKLKELESKLKELESKL-OH named CCP and reported in the work of Faleski 

et al113 .  This sequence was designed to allow the formation of a coiled coil dimers in 

physiological conditions. The sequence is formed by three and a half heptad repeat 

(LaKbEcLdEeSfKg)3.5. 

The heptad position a and d were occupied by leucine (Leu) residues, as reported previously 

these residues would, in principle, assure the formation of the dimeric structure. Position g and 

e as per the trimeric sequence were occupied by opposite charged amino acids, respectively 

lysine (Lys) and llutamic acid (Glu) to assure the presence of the required electrostatic 

interaction. Position b, c and f were the positions exposed to the solvent and so susceptible of 

modification because not directly involved in the folding of the peptide into an Ŭ-helix. The c 

position was chosen for the introduction of lactose and the spacer.  

 

 

 Lactosylated Asparagine 
 

The synthesis of the peptides required the incorporation of a glyco-amino acid. 

The sugar chosen for the design of the glycopeptides was the disaccharide lactose, which was 

grafted to the side chain of aspartic acid and subsequently incorporated in the peptide sequence 

via Fmoc based solid phase peptide synthesis (SPPS). 

The synthesis started with the preparation of the brominated peracetylated lactose 89 (Scheme 

4.1).  In this building block the hydroxyl groups of the lactose are protected with acetyl groups 

and bromine is introduced at the anomeric position using HBr in AcOH in DCM at 0 °C. 

Next a triethyleneglycol chain (TEG) displaced the bromine at the anomeric position in the 

presence of silver carbonate114, with this glycosylation giving 90 in 71% yield.  
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Scheme 4.1 Synthesis of intermediate 92. 

  

The intermediate 90 was reacted with methanesulfonyl chloride to form a mesylate in which 

then underwent nucleophilic substitution in the presence of NaN3 to give azide 91. The azide 

intermediate was reduced to amine 92 by hydrogenation with palladium on activated carbon in 

EtOAc. 

 

 

Scheme 4.2 Synthesis of glyco-amino acid 94. 

 

The amine 92 was then coupled with a protected aspartic acid using 2-ethoxy-1-

ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) as coupling reagent to afford 93 as shown in 

Scheme 4.2.   

This intermediate was treated with TFA to remove the t-butyl protecting group from the 

aspartic acid, to give the desired glyco-amino acid 94 in good yield.  This was subsequently 

used in the SPPS to give the glycosylated coiled coils. 

 


































































































































































































