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Abstract 

There are several published procedures available for the synthesis of ɓ-thiopyranoses 

such as gluco- or galacto-pyranoses. Given the ease with which one can access such ɓ-

thiopyranoses, the development of a reproducible anomerisation of these ɓ-

thiopyranoses to give the Ŭ-thiopyranoses would greatly facilitate the synthesis of 

various types of Ŭ-S-glycoconjugates. This was a major aim of this thesis work. To that 

end, a variety of thio-glycopyranoses were prepared and their anomerisation reactions 

investigated using Lewis acid promoters. The anomeristion of benzoylated 

thiopyranoses have been shown to be achievable in moderate to very good yields. 

Reactions were carried out for gluco-, galacto-, xylo-, arabino-, fuco- and rhamno-

pyranose derivatives. In addition some disaccharide derivatives containing a thiol 

functional group were anomerised. Alkylation of these glycosyl thiols was also 

demonstrated during the course of the thesis work. These results are reported in chapter 

one. 

 

The second chapter of the thesis describes the synthesis of glycoclusters containing N-

acetyl glucosamine (GlcNAc) for evaluation as bactericidal agents against Helicobacter 

Pylori. This is a spiral shaped bacterium that lives in the stomach and duodenum and 

infects about half of the worldôs population with some of these infected individuals 

developing peptic ulcers, gastric cancer and mucosa-associate lymphoma. This research 

was based on work showing that O-glycans expressing terminal 1,4-linked Ŭ-GlcNAc 

residues have antimicrobial activity against Helicobacter Pylori. Previous work from 

the Murphy laboratory has identified two bivalent GlcNAc derivatives with activity 

against two different strains of Helicobacter Pylori. Analogues of these bivalent 

structures were prepared. This included S-glycoside based analogues. 
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The final chapter of this thesis work describes the synthesis of N-acetyl galactosamine 

containing glycoclusters. In this case bivalent, trivalent and tetravalent structures were 

prepared, which included Ŭ-thiopyranose derivatives. A tetravalent compound 

synthesised was shown to have very high potency for a macrophage galactose C-type 

lectin receptor when compared to GalNAc itself. The work on this topic has been 

published in Organic and Biomolecular Chemistry (Org. Biomol. Chem., 2015, 13, 

4190-4203). 
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Chapter 1: Studies in the anomerisation of glycosyl thiols 

1.1 Background to carbohydrates 

The word carbohydrate is used to govern a class of polyhydroxylated aldehydes 

(aldoses) and ketones (ketoses) referred to as sugars or in the world of biochemistry, 

saccharides. The word carbohydrate itself comes from the fact that glucose, C6H12O6, 

the earliest pure form of a carbohydrate to be obtained was originally thought to be a 

hydrate of carbon, C6(H2O)6. This view has, as with most forms of chemistry and 

science in general, evolved with better understanding and studies on the topic in 

question, but what has lived on is the term carbohydrate. The understanding of these 

biomolecules has evolved with time also, promoting them from ñsimpleò energy storage 

molecules, to what are now considered one of the four major classes of macromolecules 

in biology
1
 - DNA, proteins, carbohydrates and lipids. 

With a few exceptions, the basic form of carbohydrates, the monosaccharides, have the 

chemical formula Cx(H2O)y, where x Ó 3. The simplest example of these is 

glyceraldehyde. These monosaccharides are carbohydrates, such as those in Fig. 1.1 

that cannot be hydrolysed into smaller sugars. The other class of carbohydrate, are 

called complex carbohydrates, these are compounds where two or more 

monosaccharide units are linked together to form a longer carbohydrate chain. These 

polysaccharides are capable of being hydrolysed back to their constituent 

monosaccharides or smaller sugar residues. 

Each of the monosaccharides in Fig. 1.1, have been shown in their D-absolute 

configuration but can also exist as their enantiomeric, mirror image, L-configuration. 

This D-/L-system works by relating all simple carbohydrates to glyceraldehyde, with 

respect to the absolute configuration of the secondary alcohol at the highest numbered 

stereocentre i.e. the chiral centre that is furthest from the aldehyde terminus of the 

carbohydrate structure being studied. This absolute configuration can be looked at 

through more common place nomenclature that is the R/S system for donating 

enantiomers. Working at the chiral centre furthest from the carbonyl group in the 

Fischer projections in Fig. 1.1 if the stereogenic centre has an absolute R (Rectus, Latin 

for right) configuration it will be referred to as a D-sugar, while if this stereocentre has 

an S (Sinister, Latin for left) configuration, it will be an L-sugar
2
. 
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Fig. 1.1 Fischer projections of monosaccharides. 

These Fischer projections are convenient for representing the diversity in 

monosaccharides but are not a true representation of how carbohydrates exist. They 

show the choice that is available to chemists who might wish to synthesise a variety of 

differing chiral compounds. Even with this diversity and the multi stereocentres that 

exist, in varying degrees, in these carbohydrates, it is at the anomeric centre, C-1, where 

a large proportion of the chemistry of a carbohydrate is focused, with control of the 

stereochemistry at this position being one of the main factors of thought for a 

carbohydrate chemist. 

Carbohydrates exist almost exclusively in a ring structure through an acid catalysed 

cyclisation reaction of the open chain form. As shown, Fig. 1.2, carbohydrates possess 

multiple hydroxyl groups giving rise to several possible formations of a number of 

different sized cyclic hemiacetals (lactols). Five and six membered rings are 

thermodynamically more stable than four and seven membered rings since they are less 

strained. Of the thermodynamically stable rings six membered lactols are more 

favoured due to their ability to adopt a chair conformation, which are essentially free 

from all types of ring strain. The cyclisation reaction for carbohydrates, e.g. the 

cyclisation of D-glucose, Fig. 1.2, leads to a new stereogenic centre being formed at C-

1, the anomeric centre. This gives rise to two new diastereomers, the Ŭ-anomer which 

has its substituent in down/axial position at the anomeric centre of D-sugars in a 
4
C1 
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conformation and the ɓ-anomer which has its substituent in up/equatorial position at the 

anomeric centre of D-sugars in a 
4
C1 conformation. In terms of a precise definition for Ŭ 

and ɓ anomers it is necessary to work out their respective stereochemistry as Ŭ and ɓ are 

stereodescriptors. If the anomeric centre has an R configuration, as worked out by the 

Cahn-Ingold-Prelog priority rules, and so too does the highest number chiral centre, i.e. 

the configuration reference carbon (the chiral centre that denotes either D or L to a 

sugar) the sugar is said to be ɓ and if the configuration of these two chiral centres differ 

(say R, S) the sugar is said to be Ŭ. That is, in the Ŭ-anomer the anomeric carbon and the 

reference atom have opposite configurations (R, S or S, R), while in the ɓ-anomer the 

configurations are the same (R, R or S, S). 

 

Fig. 1.2 The cyclisation of D-glucose. 

As alluded to - there does exist the possibility of a five membered ring (furanose) being 

formed. This in turn, as for the six membered pyranose, would also yield two separate 

and distinguishable diastereomers, Fig. 1.2. In the case of D-glucose, the six membered 

ring is the only form present in significant amounts under equilibrating conditions. 

Equilibration, and the percentage of each anomer of these lactols present in water, can 

be calculated through optical rotation or NMR measurements. It has been shown, at a 

variety of temperatures (predominately 20 °C) that for D-glucose, at equilibrium, a 

mixture of 36% Ŭ-glucose and 64% ɓ-glucose are present. These percentages are 

calculated with respect to the specific rotation of each of the pure isomers and that of 

the equilibrium mixture, Fig. 1.2. 
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The stereochemistry at the anomeric centre is capable of inversion due to the formation 

of the hemiacetals being an equilibrium process. These Ŭ- and ɓ-anomers are easily 

interconverted under acid catalysis via the open chain form through a process known as 

mutarotation. The mechanism is based around hemiacetal hydrolysis of either pyranose 

forms of glucose to the open chain polyhydroxylated aldehyde which may then re-

cyclise by one of several ring closure processes similar to that in Fig. 1.2 to reform a 

hemiacetal, again through another acid catalysed process. In the above cyclisation the 

equatorial conformation at the anomeric centre (ɓ-anomer) is the major product 

observed, this can be attributed to a steric effect. Depending on the reaction this 

distribution of Ŭ- and ɓ-anomers does not always occur, with many factors contributing 

to different quantities of anomers being observed. The factors influencing the selectivity 

of either Ŭ- or ɓ-anomers is what will be discussed in the next few sections and the 

considerations that need to be made so that control can be achieved on the distribution 

of anomers at this centre. 

1.1.1 Anomeric distribution 

As shown previously D-glucose can exist as two separate hemiacetals that are in 

equilibrium with each other through an open chain form in aqueous media under acid 

catalysed conditions. These cyclical hemiacetals are capable of reacting with alcohols to 

form acetals, which, in carbohydrate chemistry, are called glycosides Scheme 1.1. 

 

Scheme 1.1 Acetal/glycoside synthesis from hemiacetals. 

To obtain the desired glycoside an excess of the alcohol is usually used to drive the 

reaction to completion, so as to avoid the reverse reaction to the parent carbohydrate 

occurring. As the reaction is under thermodynamic control the thermodynamically most 

stable product is formed. For the reaction of D-glucose with methanol and an acid 

catalyst, Scheme 1.2, the product formation leads to a mixture of Ŭ- and ɓ-anomers. 

This time though, opposite to that of the ring formation of the parent carbohydrate, it is 

the Ŭ-anomer that is the major product.  

 

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

This is opposite to what would be expected on steric grounds, i.e. that the substituent 

would take up an equatorial (ɓ-) configuration to avoid steric hindrance. This 

preference for a substituent at the anomeric center to adopt an axial (Ŭ-) configuration, 
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the opposite stereochemistry as to what one might expect is attributed to a phenomenon 

known as the anomeric effect. 

1.1.2 The anomeric effect 

The term, anomeric effect, was first introduced by R.U. Lemieux in 1958 at a 

conference of the American Chemical Society. It was originally observed and proposed, 

in 1955 by J.T. Edward who stated that in pyranose rings, axial alkoxyl groups at the 

anomeric centre are more stable than those in an equatorial orientation
3
. The year 1955 

also saw the start of Lemieuxôs study on the anomerisation equilibrium of fully 

acetylated aldohexopyranoses
4
. Due to the observations, by these two chemists, of a 

preference for alkoxyl and acetyl groups to reside in an axial orientation means that the 

anomeric effect is now synonymous with the Edward-Lemieux effect. 

 

Fig. 1.3 The equilibrium of a substituted cyclohexane and the equilibrium of the 

corresponding substituted tetrahydropyran. 

This anomeric (stereoelectronic) effect refers to the tendency of an electronegative 

atom/substituent at the anomeric centre to reside in an axial position rather than an 

equatorial one. It was soon recognised that this phenomenon was not restricted to 

carbohydrates. As such a generalised anomeric effect was established. It is 

characterized as the preference for the synclinal (gauche) position over the 

antiperiplanar (anti) position. This preference in orientation occurs in sections of the 

form R-X-A-Y, where A is an element of intermediate electronegativity (e.g. C, P, S), 

Y denotes an atom that is more electronegative than A (e.g. O, N, or halogen), X 

denotes an element which possesses lone pairs (obstructed from view in the Newman 

Projections of Fig. 1.4), and R stands for H or C.
4
 

 

Fig. 1.4 Newman Projections for the anomeric effect. 

While this preference for electronegative atoms to adopt an axial conformation is not 

limited to carbohydrates the consequence of the anomeric effect can be quite evident in 

respect to monosaccharides and their derivatives. The two most widely accepted 
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rationalizations to explain and understand the phenomenon that is the anomeric effect 

are an electrostatic model and a hyperconjugation resonance theory. 

1.1.2.1 The electrostatic model  

Edward postulations for the anomeric effect are that of the electrostatic model. It 

describes the increased stability of an electronegative substituent in an axial orientation 

at the anomeric centre as being due to the preference of this substituent to orientate in 

such a way that the product conformation, which has a minimal net dipole moment 

between the electronegative substituent and the ring dipole, as generated by the lone 

pair electrons of the ring oxygen, is achieved
3
 Fig. 1.5 

 

Fig. 1.5 The electrostatic model. 

In the equatorial conformer, the dipoles are nearly parallel, giving rise to an unfavoured 

repulsive dipole-dipole interactions between the carbon-hetereoatom of the ring, i.e. the 

endocyclic oxygen, and the electronegative substituent at C-1, the anomeric position. In 

the opposite conformer, where the electronegative substituent at the anomeric centre has 

an axial configuration, these dipoles oppose each other leading to a smaller net dipole, 

thus giving rise to a plausible rationalisation of the anomeric effect
4
. 

Based on the difference in dipole-dipole interactions between the two anomers, it would 

be expected, when studied experimentally, that in increasingly polar solvents, the 

preference for the axial anomer would decrease, as, the more polar equatorial anomer 

would be stabilized and therefore favoured. This solvent effect was measured in studies 

of 2-methoxytetrahydropyrans
5
 and showed that the anomeric effect is higher, i.e. the 

axial isomer predominates at equilibrium, in less polar media, e.g. CCl4, than in more 

polar sovents, e.g. MeCN, thereby providing evidence for the electrostatic explanation 

of the anomeric effect. 

 

Fig. 1.6 Studies with 2-methoxytetrahydropyrans on the effect of solvent on the 

anomeric conformation. 

There also exist contradictory literature to that just stated, which provide other variables 

and examples which show a favourable stabilization of the axial isomer in increasingly 
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polar solvents. One study which demonstrated this looked at solvent effects at both 

room temperature, which proceeded as expected - with an enhancement of the anomeric 

effect in reduced polar media; and also at low temperature, where an opposite trend was 

observed with the axial/equatorial ratio increasing with increasing solvent polarity
6
. 

This behaviour was attributed to a solvent compression effect. 

Due to continued studies in the field of the anomeric effect, further evidence and results 

emerged of which the electrostatic model provided insufficient rationalisation on its 

own. These shortcomings of the electrostatic model included the inability to explain the 

variations of both the bond lengths and angles that are typically associated with the 

anomeric effect. This led to an alternative explanation for this phenomenon to be 

proposed, that now is known as the hyperconjugation resonance theory. 

1.1.2.2 The hyperconjugation resonance model  

The theory proposed by Edward, on the dipole-dipole interactions, does not account for 

the changes in structure that are characteristic of axial conformers arising as a cause of 

the anomeric effect. From investigations on cyclic-halogen ethers an alternative theory 

of hyperconjugation was proposed to explain the anomeric effect. The study of these 

cyclic-halogen ethers revealed that the anomeric effect ï a preference for the axial 

conformer, is associated with a significant lengthening of the carbon-halogen bond as 

well as an associated shortening of the adjacent carbon-oxygen bond
7
. The resonance 

form, Fig. 1.7, explains why the anomeric effect only operates when the anomeric 

substituent is an electronegative atom, such as O, F, Cl, or Br. This is due to an 

electronegative atom being óhappyô with a formal negative charge.  

 

Fig. 1.7 Resonance forms with an electronegative atom, to explain the anomeric effect. 

According to the hyperconjugation model the associated stabilization achieved in the 

axial conformation is due to electron donation, Fig. 1.8. In detail, it is attributed to 

delocalization (donation) of the antiperiplanar orbital of lone-pair electrons of the ring 

oxygen to the anti-bonding orbital of the carbon-halogen (or other electronegative 

substituent) bond. This interaction creates the characteristic observed lengthening of the 

carbon-halogen bond through electron transfer to its ů anti-bonding orbital, as well as 

the shortening of the carbon-oxygen bond by increasing its double-bond character. Due 

to this new partial sp
2
 character there is also an observed increase of the O-C-X (where 

X is electronegative atom such as O or a halogen atom like Cl) bond-angle when 

compared to the typical tetrahedral value. This hyperconjugation can only occur when 

the orbitals involved in this stabilizing effect are antiperiplanar to each other, this in 

turn can only happen when the electronegative substituent at the anomeric centre adopts 

an axial conformation, Fig. 1.8. 
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Fig. 1.8 The hyperconjugation resonance model. 

The stabilization effect obtained through the axial conformation by the interaction of a 

pair of electrons (nŸů*), as illustrated in Fig. 1.8 is inversely proportional to the 

energy difference between the high energy donor orbital and low energy empty acceptor 

orbital
8
. It therefore stands to reason that the greatest stabilisation will be generated 

from the interaction of the most effective donors, i.e. those with high energy orbitals, 

with the most effective acceptors, i.e. low energy orbitals. This effect is brought about 

by having the LUMO of the acceptor as close as possible in energy to the HOMO of the 

donor. 

The most effective donors - non-bonding orbitals or lone pairs, such as a carbanions 

lone pair (nC
-
) or unshared pairs of electrons in heteroatoms, are generally more 

effective donors than bonding orbitals due to the high energy levels they possess. The 

most effective donors can be listed according to the following sequence: 

nC
-
 > nN > nS > nO > ůC-S > ůC-C, ůC-H > ůC-O > ůC-F 

The most effective acceptors are the empty p orbital in a carbonium ion (nC
+
) followed 

by other empty/low energy orbitals. For halide species, a decrease in electronegativity 

of the halide equates to an increase in acceptor ability. The most effective acceptors can 

be organized according to the following sequence: 

nC
+
 > ů

*
C-Cl > ů

*
C-S > ů

*
C-F > ů

*
C-O > ů

*
C-C, ů

*
C-H 

The net effect of this electronic interaction is electronic delocalization, as has been 

shown, and therefore it is stabilizing. 

Using the idea of electronic interactions, the anomeric effect in nitrogen heterocycles 

vs. oxygen heterocycles was studied by Perrin et al.
9
 As shown in the list above, 

nitrogen is a more effective donor nŸů* than oxygen and as such the anomeric effect 

should be stronger in nitrogen heterocycles when compared to their analogous oxygen 

counterparts. If this were found true, it would give weight to the hyperconjugation 

model. 
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Fig. 1.9 Nitrogen heterocycles vs. oxygen heterocycles. 

When the structures in Fig. 1.9 were studied and compared it was found, 

experimentally, that there is as much axial conformer for one structure when compared 

to the other. Were nŸů* interactions dominant for the anomeric effect it would have 

led to a contrary result. It led Perrin et al. to conclude that the anomeric effect arises 

primarily from electrostatic interactions, though this conclusion was limited to non-

polar solvents. 

Despite the number of studies attributed to the anomeric effect a consensus on which 

theory is the actual basis of this phenomenon has yet to be agreed. Literature papers 

providing evidence for or against one theory over the other are a common sight. For 

example the electrostatic model had all but been completely discarded in recent years, 

until a recent publication provided computational evidence in favour of it
10

.  

Even with a lot of people falling down on one side or the other, in terms of what 

facilitates the phenomena of the anomeric effect, some researchers are trying to delve 

further by proposing alternative reasons for it or if it is indeed a sum of a number of 

factors, providing additional contributing factors to the anomeric effect
11

. Here they 

propose that the CH/n hydrogen bond, where n are lone pair electrons on an 

electronegative atom, is an important factor in the stabilization of axial conformers of 

cyclohexane derivatives and thereby glycosides, Fig. 1.10 and Fig. 1.11. 

 

Fig. 1.10 Explanation, in terms of the five-membered CH/O hydrogen bonds, for the 

axial preference of pyranosyl halides of Ŭ-anomers with the D-xylo and D-gluco 

configuration. 

 

Fig. 1.11 Explanation, in terms of the five-membered CH/O hydrogen bonds, for the 

axial preference of ɓ-anomers of xylosyl halides 

Due to this continued debate and numerous publications on the topic of the anomeric 

effect, many researchers in the field of carbohydrate chemistry have become pragmatic 
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and rather than dispelling reasonable evidence from both sides of the divide on which 

model is more correct, either the electrostatic model or the hyperconjugation resonance 

model, many believe the anomeric effect to be a cause of a combination of contributing 

factors.  

The combination of these factors, attributed to the anomeric effect, are employed 

throughout the field of carbohydrate chemistry in predicting or making assumptions on 

the distribution of the anomeric ratio of products at the anomeric centre. 

1.1.3 Stereoselective control in glycosidation 

1.1.3.1 The glycosidic bond  

Stereochemical control or rather a desire for stereochemical control exists throughout 

organic chemistry. As has been shown there is a pool of compounds available in 

carbohydrate chemistry with a variety of stereocentres (chiral centres). This selection of 

starting materials can prove invaluable to the chemist looking to synthesise chiral 

compounds. During synthesis using these compounds, glycosidic bonds can be formed. 

These glycosidic linkages are covalent bonds joining a carbohydrate (glycon) moiety to 

another residue which may be a non-carbohydrate residue (aglycon) or another 

carbohydrate derivative, via an O-, N-, or S- (acetal form) or C- (ether form) glycosidic 

linkage, making compounds termed, glycosides. These are formed by the nucleophilic 

displacement of a leaving group (X) from a carbohydrate, termed the glycosyl donor, at 

the anomeric centre by an acceptor generally in the presence of a promoter, which is 

present to activate this leaving group, Scheme 1.3 

 

Scheme 1.3 The synthesis of glycosides. 

The displacement generally follows a unimolecular SN1 mechanism. In this process, 

Scheme 1.4, an oxocarbenium intermediate will typically form following the activation 

and subsequent elimination of the leaving group from the anomeric centre of the 

glycosyl donor. Nucleophilic attack on either face of this intermediate by the acceptor is 

possible and therefore a mixture of Ŭ and ɓ-products can form. 
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Scheme 1.4 Mechanism of glycoside synthesis. 

The ratio of products that are formed is subjective to a number of factors, including but 

not limited to the anomeric effect, as previously discussed. It also involves 

neighbouring group participation and the solvent choice for the glycosidation 

1.1.3.2 Neighbouring group participation  

The orientation of the hydroxyl group (OH) at C-2 position in a pyranose ring of the 

óparentô carbohydrate has a substantial effect on the anomeric equilibrium. This can be 

demonstrated when comparing D-mannose, where the hydroxyl group at C-2 is in an 

axial/up position, relative to D-glucose, where the hydroxyl group at C-2 is in the 

equatorial/down position. The proportion of the Ŭ-anomer present decreases from 69% 

for the mannose derivative to 36% for the glucose moiety. 

This C-2 position and the substituent on it is also important when viewed as a way of 

predicting the product that might be achieved in the glycosidation reaction. There exist 

four types of glycoside, Fig. 1.12. These are named according to the orientation of both 

the glycosidic linkage and the substituent at the C-2 position. 

 

Fig. 1.12 Types of glycosides. 

Protecting groups used on the glycosyl donor are important especially that of the C-2 

position. Sugars with protecting groups at C-2 such as esters and amides are capable of 

a process known as neighbouring group participation. Scheme 1.5. 
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Scheme 1.5 Influence of protecting groups on glycoside synthesis. 

Following formation of the oxocarbenium intermediate, a donor with a protecting group 

at C-2 capable of the neighbouring group participation (e.g. acetate, benzoyl) will form 

a cyclic acetoxonium ion. This cyclic intermediate óblocksô one face from nucleophilic 

attack, resulting in 1,2-trans products. As such this neighbouring group participation 

gives ɓ-products for sugars bearing an equatorial C-2 group (e.g. glucose, galactose) 

and Ŭ-products for those with an axial C-2 group (e.g. mannose) for the D- series of 

sugars with protecting groups capable of neighbouring group participation. 

For donors bearing a non-participating group at the C-2 position (e.g. benzyl, azide), 

stereoselective synthesis of 1,2-cis-glycosides can be achieved. Here we also see a 

preference for the 1,2-cis-axial glycoside for reasons already discussed in section 1.1.2. 

1.1.3.3 In situ  anomerisation  

Lemieux proposed an alternative glycosidation pathway which employed donors with 

non-participating groups at the C-2 position, which yielded the desired 1,2-cis-product
12

 

Scheme 1.6. 

 

Scheme 1.6 Lemieuxôs alternative glycosidation pathway. 

This was achieved through the halide ion catalyzed glycosidation reaction of tetra-O-

benzyl-Ŭ-D-glucopyranosyl chloride and bromide with simple alcohols. The reaction is 

considered to proceed by way of the highly reactive ɓ-glycosyl halide which is brought 

into rapid equilibrium with the more stable Ŭ-anomer by halide ions donated from the 
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tetra-alkyl ammonium halide used. The reaction proceeds in an SN2 fashion with 

inversion of the highly reactive ɓ-glycosyl halide species with an acceptor as shown in 

Scheme 1.7 

 

Scheme 1.7 Lemieuxôs glycosylation mechanism (halide assisted in situ 

anomerization).
13

 

The rate of conversion between Ŭ-glycosyl halide and ɓ-glycosyl halide was observed 

to be considerably faster than glycosidation of the Ŭ-glycosyl halide when in the 

presence of the added halide ions. As such, high selectivity of the 1,2-cis-product can 

be achieved, as the rate of equilibrium between the two glycosyl halides is faster than 

the rate of reaction between that of the more favoured/stable Ŭ-glycosyl halide and the 

acceptor. 

1.1.3.4 Solvent choice 

The choice of solvent in glycosidations has been studied and has been shown to play an 

important role in anomeric control of these reactions
4
. This is particularly relevant for 

reactions where donors containing non-participating groups are being used. 

Glycosidations carried out in nitriles (e.g. acetonitrile) and ethers (e.g. diethyl ether, 

THF) have been shown to produce different anomeric products. 

Reactions carried out in ethers favour the formation of Ŭ-products while those carried 

out in nitriles favour the formation of ɓ-product. This is believed to be due to 

participation of the solvent with the oxocarbenium intermediate and, similar to that 

illustrated in the neighbouring group participation, this solvent molecule óblocksô one 

face of the intermediate from nucleophilic attack thus leading to product formation of 

the opposite anomer. 
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Diethyl ether was shown to participate by forming equatorial oxonium cations due to 

either the reverse anomeric effect
4
 or due to steric reasons, both of which would 

account for the subsequent favoured formation of an Ŭ-glycoside, Scheme 1.8. 

 

Scheme 1.8 The formation of an Ŭ-glycoside by diethyl ether participation. 

The proposed Ŭ-configuration of the intermediate, when using nitrile solvents, was 

supported by work carried out by Fraser-Reid
14

. Previous to this study there was a 

divide in opinion as to which configuration the glycosylacetonitrilium ion adopted, with 

some groups advocating a ɓ-configuration
15,16

 because of a proposed reverse anomeric 

effect
17

, which was considered the tendency of positively charged substituents, at the 

anomeric centre, to adopt an equatorial orientation. This was dispelled by the work of 

Fraser-Reid due to the trapping of the intermediate ion with 2-chlorobenzoic acid. 

Another postulation would be, contrary to diethyl ether example above, that the MeCN 

could adopt an axial configuration, as it would be less sterically hindered when 

compared to the analogous glycosyl diethyl ether ion intermediate. The overall effect 

when using nitrile solvents is the synthesis of ɓ-glycosides. 
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Scheme 1.9 The formation of a ɓ-glycoside and confirmation of an Ŭ-nitrilium 

pathway. 

This trapping had been done previously and was used by Sinay
16

 to prove their assumed 

ɓ-configuration due to the value observed for the coupling constant for their, N-(2,3,4,6-

tetra-O-benzyl-ɓ-D-glucopyranosyl)-acetyl-2-chlorobenzoylimide, H-1, ŭ 6.18, J1,2 7.2 

Hz, which would be considered to be in the expected range for a carbohydrate with a 
4
C1 conformation containing a substituent in an equatorial orientation at the anomeric 

centre and a substituent at the C-2 position also in an equatorial orientation.  

This configuration was dispelled through the experiment depicted in Scheme 1.9. 

Analysis of both the trapped imide and the subsequent deprotection of this to the amide 

confirmed an Ŭ-configuration. Even though the magnitude of the H-1, ŭ 5.97, coupling 

constant observed by FraserïReid, J1,2 7.3 Hz, for their imide structure, Scheme 1.9, 

seemed inappropriate for a carbohydrate with a 
4
C1 conformation in an Ŭ-configuration, 

he was able to demonstrate other aspects of the 
1
H NMR that fitted an Ŭ-conformer. 

This, along with making the ɓ-analogue independently and comparing the results of 

both, allowed FraserïReid to conclude that the intermediate species of the 

glycosylacetonitrilium ion has an Ŭ-configuration. The trapping proceeds in a somewhat 

similar manner to the Ritter reaction, to give an amide with Ŭ-configuration and thus 

confirming the mechanism pathway of glycosidations carried out in nitriles, Scheme 1.9 
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With the factors that can be attributed to the distribution of the anomeric ratio in a 

glycosidation reactions now discussed, it is worth briefly looking at a few glycosidation 

reactions where these influencing factors may arise and how they can be utilised to 

predict and manipulate a reaction to give a product of the desired stereochemistry. 

1.1.4 Glycoside synthesis 

1.1.4.1 Glycosidation background  

Nature, as is her prerogative, is far better at most things over man, that extends to the 

scope of chemistry and in this particular instance, to her ability to produce complex 

poly- and oligo-saccharides through the glycosidation reaction. The first chemical 

glycosidation was reported in 1879 by Arthur Michael
18

 (better known for the Michael 

reaction), in which the reaction proceeds with nucleophilic displacement of chlorine at 

the anomeric position. 

 

Scheme 1.10 The first chemical glycosidation as reported by Arthur Michael. 

This work along with Emil Fischerôs approach in 1893, as briefly discussed in section 

1.1.1, in which an unprotected sugar is reacted under acidic conditions with an excess 

of an acceptor, leads to an equilibrium of inter-converting species. 

 

Scheme 1.11 Emil Fischerôs approach to glycosidation. 

These early studies by Michael and Fisher provided some of the key fundamentals for 

achieving successful glycosidation reactions. These observations were, that protecting 

groups can be used to give products of desired ring size, that the use of a leaving group 

can be utilised to provide a variety of glycosides and that the glycosidation reaction 

could not be viewed as a typical acetal formation reaction. These considerations have 

lead to a number of glycosidation methods being developed which in some form or 

other base their techniques or procedures on the pioneering work carried out by these 

two chemists. 

One of these glycosidation methods, the Koenigs-Knorr glycosidation, reported in 

1901
19

, reacts glycosyl halides, (the general preparation of which is achieved through 

treatment of an anomeric acetate or 1,2-orthoester with HBr or HCl, with the reaction 

typically giving Ŭ-halide products due to reasons previously discussed in section 1.1.2), 

with alcohol acceptors in the presence of Ag salts. Initially these salts e.g. Ag2CO3 or 

Ag2O, were thought to be used primarily to mop up or scavenge the HX by-product, but 
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it was later realised that these silver salts were actually playing a more important role 

within the reaction. It was found that these silver salts were assisting in leaving group 

departure. It was also noted, at the time, that this method was very selective, often 

providing products with complete inversion at the anomeric centre, rationalized, at the 

time, as due to Walden inversion, which is where the incoming nucleophile attacks 

from the reverse side of the leaving group
20

. 

 

Scheme 1.12 Inversion at the anomeric centre due to the glycosidation reaction. 

This mechanistic pathway had to be re-evaluated as a greater understanding of the 

mechanics of carbohydrates and their various substituents began to unfold. One of 

which has been already touched on in section 1.1.3.2, that of neighbouring group 

participation provided by the ester protecting group at C-2. It was shown that two 

distinct pathways existed for glycosidation depending on the configuration of the 

glycosyl halide being used, 1,2-cis or 1,2-trans. The anomeric halide, of the glycosyl 

donor, complexes with a silver salt, regardless of the configuration of the donor, which, 

decreases the electron density at the anomeric centre, thereby making it more 

susceptible to nucleophilic attack. Subsequent to this the pathways diverge depending 

on what is possible for either the incoming nucleophile or what the glycosyl donor is 

capable of achieving through neighbouring group participation Scheme 1.13. 

 

Scheme 1.13 Possible pathways by which glycosidation may occur. 
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An alternative pathway, very similar to the Koenigs-Knorr glycosidation, is that of the 

Helfrich method, which also employs glycosyl halides as the glycosyl donor but in 

place of Ag salts uses Hg salts. Further distinction between these two methods arises in 

the polarity of the solvents in which they are carried out in. Koenigs-Knorr reactions are 

run in non-polar solvents while Helfrich glycosidations are carried out in polar solvents. 

Due to the instability of the halide and use of Ag or Hg salts and the disposal of these as 

waste at the end of the reaction, meant other methods of glycosidation were also 

investigated.  

The use of glycosyl fluorides was reported by Mukaiyama in 1981
21

. These fluorides 

are more stable than their corresponding bromides and chlorides, i.e. those used in the 

Koenigs-Knorr glycosidation. These glycosyl fluorides can be synthesised through a 

number of different ways, one of which is the treatment of an anomeric acetate with HF 

and pyridine. Mukaiyama found, after screening a variety of Lewis acids, that the 

combined used of SnCl2 and AgClO4 effectively promotes the stereoselective reaction 

of a glucosyl fluoride and with an alcohol acceptor. The 1,2-cis-glycoside (Ŭ-glycoside) 

is predominantly prepared in this fashion by the reaction of 2,3,4,6-tetra-O-benzyl-ɓ-D-

glucopyranosyl fluoride with a variety of alcohol acceptors, Scheme 1.14. 

 

Scheme 1.14 The use of glycosyl fluorides in glycosidation. 

These glycosyl fluorides, even with their enhanced stability, have not proven to be 

superior to other glycosyl halides in terms of glycosyl efficacy in glycosidation 

reactions. 

Another method of glycosidation was reported by Schmidt in 1980, as an alternative to 

the Koenigs-Knorr. The view of Schmidt was to prepare readily isolable intermediates 

with leaving groups, other than those halides already discussed, that do not require 

activation by undesirable heavy metal salts. It was proposed that suitable candidates 

would be glycosyl imidates. These can be readily synthesised from their corresponding 

hemiacetals. Initial studies were carried out using NaH as the base and it was found that 

reactions with aryl-substituted ketenimines gave exclusively the ɓ-imidates, while 

reactions with trichloroacetonitrile led to Ŭ-imidates, Scheme 1.15. 
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Scheme 1.15 The synthesis of glycosyl imidates as reported by Schmidt. 

Further work in this area has advanced the chemistry to where, now, depending on the 

base used, either the Ŭ- or ɓ-trichloroacetimidate can be selectively achieved
22

. A strong 

base e.g. DBU, NaH, will give the Ŭ-trichloroacetimidate selectively while a weak base, 

e.g. K2CO3, will give the opposite anomer, i.e. the ɓ-trichloroacetimidate, Scheme 1.16. 

 

Scheme 1.16 The synthesis of either Ŭ- or ɓ-trichloroacetimidates and subsequent use 

towards glycosides. 

These imidates can be then be used in the glycosidation reaction, where, generally, one 

would use the opposite anomer of the trichloroacetimidate to achieve the desired 

glycoside anomer, as illustrated in Scheme 1.16. With that said, the products achieved 

are once again subjective to the other parameters involved in the reaction, such as 

participating groups and solvent choice, both of which can affect the stereocontrol, i.e. 

product conformation. 

The above glycosidation methods cover some of the more popular techniques used but 

there are plenty of other synthetic procedures available to the chemist interested in 

forming glycosides. The name of the glycosidation method is generally derived from 

the functionality of the glycosyl donor being used, other than the named reactions 
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already covered. A few more examples of some of the main glycosyl donors, other than 

those already covered, are included below in Fig. 1.13. 

 

Fig. 1.13 An examples of some of the other main glycosyl donors. 

These by no means are the only donors capable of glycosidation but give a brief over 

view of the diversity available to do so. 

1.1.5 Thiols and thioglycosides 

1.1.5.1 Thiols  

Thiols, R-SH, are analogous to alcohols differing in the chalcogen (chemical element in 

group 16 of the periodic table) used, where the oxygen atom, of an alcohol is replaced 

by a sulfer atom, in a thiol. This sulfer atom due to its size and the relatively non-

polarized S-H bond, due to the small electronegativity difference between the sulfer 

atom (2.58) and the hydrogen atom (2.20), especially when compared to the 

electronegativity difference of the oxygen (3.44) and hydrogen (2.20) of an alcohol, 

mean it does not undergo efficient hydrogen bonding. Other chemical differences that 

can be observed, for example, are that thiols are stronger acids than the corresponding 

alcohol and that thiols have a lower dipole moment than equivalent alcohols. 

Thiols, along with the sulfer analogues of ethers, thioethers/sulphides, have one very 

notable and obvious physical characteristic, their extremely noxious odours. For this 

reason, volatile thiols are used as a safety measure by being added to natural gas 

(methane), which is odourless, so that any leaks can be easily detected. Its use as an 

easily detectable warning was seen on a mass scale as recently as Jan. 22
nd

 2013 when a 

gas cloud of methanethiol was released from a company called Lubrizol, in Rouen, 

France. The gas was detected in regions of southern England as well as areas southwest 

of Rouen, France, towards and including Paris. The incident, which was dubbed ñLe 

Pongò, led to emergency phone lines at Britainôs gas infrastructure being inundated 

with calls about the ósmellô of gas
23

. 

The ïSH functional group is also called a mercapto group/mercaptan, because of the 

violent reaction it has with mercury (II) oxide. Mercaptan being derived from the Latin 

mercurium captans (capturing mercury). 
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The thiol group becomes important when viewed as a precursor to thioglycosides. 

These S-glycosides are attractive alternatives to O-glycosides as they have been 

reported to show greater stability towards enzymatic cleavage as well as chemical 

degradation
24

 - this will be discussed further later. 

The sulfer in thiols and sulphides is more nucleophilic than that of the oxygen in 

corresponding alcohols and ethers, towards saturated carbon atoms, but many of their 

reactions resemble that of their oxygen analogues. The preparation of thiols is usually 

achieved through an SN2 reaction with a sulfer nucleophile and an alkyl halide 

 

Scheme 1.17 The preparation of thiols. 

It is necessary to ensure there is a large excess of the nucleophile so as to avoid the 

competitive reaction of the thiol product reacting through another SN2 reaction with a 

further alkyl halide, which would lead to formation of the thioether derivative. 

 

Scheme 1.18 The formation of thioethers. 

Due to this possible by-product formation and the need for a large excess of the sulfer 

nucleophile to avoid this symmetrical sulphide, a reaction using thiourea is commonly 

used to synthesis the thiol from an alkyl halide. This reaction proceeds via an 

alkylisothiourea salt which can then be hydrolysed to the desired thiol. 

 

Scheme 1.19 The preparation of thiols via an alkylisothiourea salt. 

1.1.5.2 S-glycosides as O-glycoside analogues  

Most naturally occurring glycosides are of the form of O- or N-glycosides, with 

carbohydrate derivatives with a sulfer atom at the anomeric centre not very common in 

nature. The very few examples, that can be found, are that of the simple alkyl 

thioglycosides of lincomycin and structurally related lincosamides antibiotics, found in 

Strptomyces species
25,26

, and also the glucosinolates
27

 (ɓ-thioglucoside-N-

hydroxysulphates) Fig. 1.14. 
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Fig. 1.14 Naturally occurring S-glycosides. 

Glucosinolates, also known as mustard oil glycosides, are predominantly found in 

plants of the order Brassicales
28

 (e.g. turnips, the mustard plant, cabbages, 

horseradishes). These glucosinolates act as an anti-herbivore defence in these plants by 

enzymatic activation, i.e. myrosinase-catalyzed hydrolysis upon plant tissue damage. 

This happens by cleavage of the thioglycoside, with the most commonly formed 

hydrolysis product, the isothiocyanate, being toxic to a wide range of organisms, 

Scheme 1.20. 

 

Scheme 1.20 Glucosinolates as an anti-herbivore defence. 

These isothiocyanates, and also indoles, are the two major products produced as a cause 

of autolytic breakdown, i.e. the self-digestion/destruction of a cell through the action of 

its own enzymes. Both of these derivatives demonstrate protective activities against 

many forms of cancer. Research has been reported on the in vitro and in vivo studies of 

these compounds, showing that they affect many stages of cancer development, 

including the induction of detoxiýcation enzymes (Phase II enzymes) and the inhibition 

of activation enzymes (Phase I enzymes).
29

 Apoptosis, i.e. programmed cell death, and 

cell cycle perturbations, due to these isothiocyanates, seem to be another potential 

chemopreventive pathway or mechanism by which they may act, especially with respect 

to the effects on initiated tumor cells. 
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Fig. 1.14 Lincosamides. 

The lincosamides (e.g. lincomycin, clindamycin) are a class of antibiotics which 

prevent bacteria replicating, by interfering with the synthesis of protein in these 

bacteria. They bind to the 50S ribosomal subunit and have been found to cause 

dissociation of peptidyl-tRNA from the ribosome
30

. The aforementioned, lincomycin, 

has been found to be effective against the likes of mycoplasma, which refers to a genus 

of bacteria that lack a cell wall. Without a cell wall, these bacteria are unaffected by 

many common antibiotics such as penicillin or other beta-lactam antibiotics, that target 

cell wall synthesis. They can also be used to treat plasmodium, which is a genus of 

parasitic protozoa. Infection with this genus is known as malaria. Lincomycin, due to its 

adverse effects and toxicity has, in large parts, been replaced by clindamycin, which is 

synthesised from lincomycin by substitution of the 7-hydroxy group with a chloride
31

. 

Clindamycin exhibits improved antibacterial activity, with respect to the native 

lincomycin, and as with lincomycin, exhibits some activity against parasitic protozoa, 

amongst other ailments. 

Thus these thioglycosides are interesting from a therapeutic point of view and therefore 

the synythesis of further derivatives could prove useful. S-Glycosides offer attractive 

alternatives to natural glycosides, O- or N-glycosides, due to their enhanced stability, 

that is that they are less susceptible to chemical degradation and enzymatic cleavage
32

. 

Sulfur is less basic than oxygen, so in terms of the hydrolysis of S-glycosides the 

concentration of the S-protonated conjugate acid would be lower than the corresponding 

O-glycoside
33

. 

Sulfur, while being less basic than oxygen, is, also, more nucleophillic. It is the stability 

to enzymatic cleavage, as well as the similarity in conformation of S-glycosides to the 

analogous O-glycoside that make them appealing analogues. In terms of bond lengths 

and angles, ethers, C-O-C, have a bond angle of about 104° and a C-O bond length of 

about 140 pm (where 1 Å = 100 pm) with the analogous thioethers having a functional 

group, C-S-C, bond angle of about 90° and a C-S bond length of about 180 pm. With 

respect to carbohydrates it has been reported, by Montero et al.
34

 that the C-S bond 

length (1.78 Å) and C-S-C bond angle (99Á) óstrongly differô from the analogous 

structure with the C-O bond length (1.41 Å) and C-O-C bond angle (116°). The 

differences, between both the bond lengths and angles, result in comparatively small 

variations between the positions of the atoms along the glycosidic bond. The S-

glycosides, however, are substantially more flexible due to their longer bonds and 

weaker stereoelectronic effects
35

. Due to the aforementioned properties, thioglycosides 

http://en.wikipedia.org/wiki/Lincomycin
http://en.wikipedia.org/wiki/Clindamycin
http://en.wikipedia.org/wiki/Antibiotics
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have an overall similar conformation with their corresponding O-glycosides and as such 

are attractive alternatives to the native O- or N-glycosides. This has led thioglycosides, 

including thiooligosaccharides and S-glycoconjugates, to be frequently sought as 

synthetic targets in carbohydrate chemistry
36

. 

Unlike hemiacetals, such as those discussed in Fig. 1.2, glycosyl thiols, precursors to S-

glycosides, are quite stable. It has been reported that thio-glycosyl anions do not 

mutarotate - that is the change of configuration at the anomeric centre, from either Ŭ- or 

ɓ- to the opposite anomeric configuration, even under basic conditions. As such the 

anomeric configuration of a glycosyl thiol can be retained throughout its use in the 

synthesis of its corresponding thioglycoside products. Due to this ability to maintain its 

configuration, the stereoselective synthesis of independent Ŭ- and ɓ-glycosyl thiols, and 

control of this stereoselectivity, is extremely important for subsequent work
37

. 

These thioglycosides often exhibit analogous conformation, as discussed above, as well 

as comparable or even more potent bioactivities when compared to their corresponding 

O-glycosides. 

Bioassays demonstrated that the Ŭ-S-galactosylceramide mimic of KRN7000, Fig. 1.16, 

possessed similar potency to KRN7000 in human NKT cell activation
38

. 

 

Fig. 1.16 KRN7000 and the Ŭ-S-galactosylceramide mimic. 

While the below S-linked glycopeptide mimic of tyrocidine, Fig 1.16, exhibited 

superior inhibitory activity against Bacillus subtilis than the natural antibiotic
39

. 

 

Fig. 1.17 S-linked glycopeptide mimic of tyrocidine. 
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The ability to control the stereoselectivity of glycosidic linkages is an intriguing one. As 

such the synthesis of glycosyl thiols, with a focus on the less common Ŭ-thiols, which 

are not susceptible mutarotation and their subsequent reaction to thioglycoside of 

known and controlled glycosidic linkages, is an appealing one, especially those with an 

Ŭ-configuration. A Lewis acid promoted anomerisation system, such as that described 

herein, to give Ŭ-glycosyl thiols would, as such, greatly facilitate the synthetic efforts of 

those involved in the synthesis of Ŭ-S-glycoconjugates. 

1.1.5.3 Synthesis of thioglycosides  

There exists two general synthetic pathways to thioglycosides, the first is very similar to 

those discussed for O-glycosides, through the direct introduction of, in this instance, a 

mercaptan through the nucleophilic displacement of an anomeric leaving group, which 

can be activated by a promoter.  

 

Scheme 1.21 Thioglycoside synthesis by means of a leaving group. 

The alternative is to synthesis an anomeric thiol or thiolate, which can then be reacted 

with an alkyl electrophile to give the desired thioglycosides 

 

Scheme 1.22 Thioglycoside synthesis by way of a thiol/thiolate. 

Both of these pathways are practical and there are numerous examples in the literature 

of their application. 

1.1ȢυȢτ 4Ï×ÁÒÄÓ ɻ-glycosyl thiols  

To date only a small number of procedures exist towards Ŭ-glycosyl thiols. Of the most 

commonly reported in the literature there exists one of 3 problems. The first type of 

procedure utilizes the ɓ-chloride product, Scheme 1.23, to access the Ŭ-thiol
40

 through a 

mechanism such as that discussed in section 1.1.3.3. 
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Scheme 1.23 The synthesis of an Ŭ-glycosyl thiol via a ɓ-chloride. 

The problem that exists with this type of reaction is the stability of the ɓ-chloride. It is a 

highly reactive species that prefers to be in an axial/Ŭ-conformation for reasons 

discussed in section 1.1.2. This type of procedure has been tried within many groups 

with some reporting that it failed to give them the desired Ŭ-product due to this high 

reactivity of the halide species
41

. It is the reproducibility/efficiency of this procedure 

that make it an undesirable reaction, again, due to the use of highly reactive ɓ-chlorides. 

Alternative routes towards Ŭ-glycosyl thiols are based on relatively long synthetic 

sequences
42

, Scheme 1.24. 

 

Scheme 1.24 The synthesis of an Ŭ-glycosyl thiol based on relatively long synthetic 

sequence. 

This preparation becomes disadvantageous, due to the number of linear steps needed to 

synthesis the Ŭ-glycosyl thiol, which may be needed for further synthetic steps to access 

S-oligosaccharides and/or S-glycoconjugates. This increase in synthetic manipulation 

could potentially lead to a proportional decrease in the mass of product obtained and as 

such is a disadvantageous synthetic route. 

An alternative route towards Ŭ-glycosyl thiols, is reported by Davis et al. using 

Lawessonôs reagent
43

. They found that the Lawesson reagent had the capability to 

covert reducing sugars or/and unprotected sugars into their analogous glycosyl thiols, 

Scheme 1.25. 

 

Scheme 1.25 The synthesis of an Ŭ-glycosyl thiol using Lawessonôs reagent. 

However, as shown, this synthetic procedure fails to provide stereochemical control at 

the anomeric centre of the glycosyl thiols that are synthesised, leading to a mixture of 

anomers. 
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One of the most practical and efficient routes to Ŭ-glycosyl thiols has been reported by 

Zhu et al
24

. The synthesis reported by these researchers involves the synthesis of 1,6- 

anhydrosugars and then subsequent ring opening using commercially available 

bis(trimethylsilyl)sulfide and TMSOTf, Scheme 1.26. 

 

Scheme 1.26 The synthesis of an Ŭ-glycosyl thiol using 1,6- anhydrosugars. 

Where this falls short is, again, in the required synthetic steps needed to obtained the 

desired Ŭ-glycosyl thiol due to the various protecting group manipulations. With each 

additional step the overall quantity of product obtained decreases so therefore the 

shorter the synthetic procedure, in theory, the greater overall yield obtained at the end. 

The development of an efficient reaction, using novel methodology, towards Ŭ-glycosyl 

thiols therefore provides a desirable endeavour and if achieved would greatly facilitate 

the synthetic efforts of those involved in the synthesis of Ŭ-S-glycoconjugates. 
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1.2 Anomerisation  

1.2.1 Background 

As far back as the 1930s, it was being proposed to use Lewis acids for the 

anomerisation of O-glycosides, and the methodology has not changed significantly 

since. 

Lewis acid promoted anomerisation can be useful in stereoselective glycoside synthesis 

as demonstrated by Pacsu
44

. This author describes the, then, novel synthesis of pure 

tetra-acetyl-ɓ-n-hexylglucoside, which can be anomerised - by heating in chloroform, 

with an equimolecular quantity of titanium tetrachloride to the then, inaccessible Ŭ-

anomer. 

 

Scheme 1.27 Pacsuôs Lewis acid promoted anomerisation of tetra-acetyl-ɓ-n-

hexylglucoside. 

The anomerisation reaction was investigated by two widely known carbohydrate 

chemists, Lemieux and Lindberg, and from their studies two possible pathways are 

usually considered when trying to understand the mechanism of the anomerisation 

reaction, Scheme 1.28. 

Both Lindberg and Lemieux demonstrated that the anomerisation reaction proceeds by 

way of an intramolecular mechanism. Lemieux demonstrated this by anomerising a 

racemic mixture of methyl ɓ-glucopyranoside tetraacetate. The methoxyl group of the 

D-isomer of this mixture was labelled with the radioactive isotope, C-14. 

Anomerisations of the racemic mixture were carried out using both boron trifluoride 

and titanium tetrachloride as catalysts of the anomerisation reaction. Subsequent 

analysis of the products, by isotopic dilution, showed, in both cases, that all the 

radioactivity was in the methyl Ŭ-D-glucopyranoside tetraacetate, i.e. no transfer of the 

radioactive C-14 was detected in the L-isomer, as such indicating an intramolecular 

reaction
45

. 

Lindberg discusses, with the knowledge that the anomerisation reaction is 

intramolecular, that the acid (A), catalysing the reaction, can coordinate with the ring 

oxygen leading to endocyclic cleavage of the O-5 ï C-1 bond, resulting in the open 

chain intermediate 1A; rotation of the C-1 ï C-2 bond can occur, with ring closure 

resulting in a mixture of Ŭ,ɓ products.
46

 

The alternative and earlier reported mechanism of Lemieux, involved cleavage of the 

exocyclic C-1 ï O-1 bond through the acid (A) coordinating with the aglycone. In his 

model, Lemieux postulates that both anomerisation and glycosidic cleavage result from 
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the presence of the acid catalyst (A), resulting in two ions which do not fully dissociate, 

but instead exist as an ion-pair 1B which can collapse to an Ŭ-glycoside.
45

  

 

Scheme 1.28 Proposed mechanisms for glycoside anomerisation. 

Recent studies
47

 also indicate that it is not one or the other, but rather contributions 

from both these pathways which result in anomerisation, albeit the probable 

contribution from the exocyclic pathway, in the anomerisation of glucuronic acid 

derivatives, is small. This was attempted to be illustrated through the reaction of the 

glucuronic acid derivative 1C, Scheme 1.29 in the presence of SnCl4, acting as the 

Lewis acid necessary for an anomerisation reaction to occur, and a competing azido-

trimethylsilane nucleophile. Results of < 5% of the Ŭ-azide product after one week 

could be postulated as demonstrating that the predominate mechanism of reaction, for 

anomerisation, is probably that of the pathway proposed by Lindberg. 

 

Scheme 1.29 A competitive reaction to try and elucidate the reaction mechanism. 

This competitive reaction was used to demonstrate that, for the two mechanisms under 

consideration, the endocyclic mechanism is probably the favoured one. If the exocyclic 

pathway, as proposed by Lemieux, were in operation to any significant degree, one 

would expect a probable higher proportion of azide product. Another reaction carried 

out to provide further evidence for the endocyclic cleavage mechanism, was presented 

by Pilgrim et al.
48

 Within this article a trapping experiment was carried out, Scheme 

1.30, using sodium cyanoborohydride to facilitate the identification of the intermediate 

generated during the endocyclic cleavage mechanism of a Lewis acid promoted 

anomerisation. This trapping was carried out using both an O- and S-glycosides. The 

experiment provided support that TiCl4 promoted anomerisations proceeds, at least to 

some extent, through endocyclic cleavage. 
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Scheme 1.30 A trapping experiment carried out to illustrate that the endocyclic 

cleavage mechanism is the mechanism by which TiCl4 promoted anomerisations occur. 

The azide product, synthesised as part of the competitive experiment in Scheme 1.29, 

may not even be as a result of an exocyclic mechanism, as an alternative endocyclic 

mechanism, Scheme 1.31, may also be used to account for the formation of the small 

amount of azide. If the rate of interconversion between the two acyclic azido-

intermediates, Ŭ and ɓ - leading to an Ŭ-intermediate, was fast compared to the rate of 

ring closure, such as that demonstrated for the anomeric effect in section 1.1.3.3, this 

would account for the absence of any ɓ-azido product. 

 

Scheme 1.31 Accounting for the azide product by means of the endocyclic mechanism. 

Much like the anomeric effect, it is hard to say definitively which of the mechanisms, is 

the true mechanism of reaction for the Lewis acid promoted anomerisation reaction. It 

is probable that there is a contribution from both proposed mechanisms but as discussed 

above there is now mounting evidence that it is the mechanism as proposed by 

Lindberg, i.e. the endocyclic mechanism that is the main mechanism of reaction. 
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Anomerisation is also evident in some glycosidation reactions which utilise Lewis acids 

within their reaction conditions. 1,2-Trans glycosides can be isolated from reactions 

using Lewis acids - TiCl4 or SnCl4, when donors containing 2-acyl groups are used, due 

to neighbouring group participation as discussed in section 1.1.3.2.
45

,
49

,
50

 However, in a 

number of such glycosidation reactions either the Ŭ-product or a mixture of both the Ŭ- 

and the ɓ-products can be obtained.
51

 The formation of these 1,2-cis glycosides (Ŭ-

products) can be explained by first the synthesis, through glycosidation, of the ɓ-

anomer, which subsequently under goes anomerisation to give a product with Ŭ-

configuration (glycosidation-anomerisation).
47

 

As in the case of glycosidations, anomerisation reactions do not yield completely the Ŭ-

anomer. This is on account of many contributing factors, from solvent choice, to 

protecting groups used. A JOC featured article from the Murphy laboratory
48

 reports on 

the study of these factors and discusses the conditions necessary to achieve faster rates 

of anomerisation as well as increasing the selectivity of the desired anomer obtained, in 

respect to a range of glucopyranoses, galactopyranoses, glucopyrunoic acid methyl 

esters, and galactopyrunoic methyl esters. 

Within this study it was found that galactose derivatives anomerised faster than their 

corresponding glucose compounds but for one exception (1M and 1Q, Table 1.1). This 

superior rate of anomerisation for galactose derivatives is believed to be on account of 

the orientation of the substituent at C-4. For glucose, substituents at C-4 adopt an 

equatorial orientation which leads to glucose derivatives being more electron 

withdrawing than their galactose counterparts, whose C-4 substituents adopt an axial 

configuration. With this increased electron density available to the ring in galactose 

compounds, the ring oxygen has an enhanced ability to coordinate to the Lewis acid and 

thereby facilitate anomerisation. In addition, the increased electron density, within 

galactose derivatives, should stabilize the positively charged intermediate of the 

anomerisation reaction. 

It was shown that the anomerisation of S-glycosides were consistently faster than those 

for corresponding O-glycosides, by a varying factors e.g. 2.5 times faster for S-

glycoside 1G (Table 1.1) than O-glycoside 1E (Table 1.1). This, again, is believed to be 

on account of increased electron density being presented to the ring oxygen, this time in 

respect to the anomeric position, with the sulfer atom of the S-glycoside being less 

electronegative than oxygen of its O-glycoside counterpart. This electronegativity factor 

also affects the proportion of the Ŭ-anomer achieved, at equilibrium, for S-glycosides 

when compared to corresponding O-glycosides. In this instance it has a negative effect, 

with S-glycosides generally having lower proportions of the desired Ŭ-anomer. This can 

be attributed to sulfer being less electronegative than oxygen, which results in a less 

pronounced anomeric effect and therefore less of the desired Ŭ-S-glycoside. In addition, 

sulfer is larger than oxygen and as such would have an increased preference for an 

equatorial position, on steric grounds. 
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Table 1.1: Overview of the kinetics obtained for the SnCl4 promoted anomerisations 

studies carried out by Pilgrim et al. 

Label Substrate 10
6
 (k f+kr) (s

-1
) Relative Rate Ŭ:ɓ 

1D 

 

4 1 10:1 

1E 

 

170 42.5 16:1 

1F 

 

470 117.5 24:1 

1G 

 

420 105 4:1 

1H 

 

920 230 7:1 

1I 

 

290 72.5 19:1 

1J 

 

19 4.75 16:1 

1K 

 

400 100 13:1 

1L 

 

6.9 1.725 2:1 

1M 

 

43 10.75 4:1 

1N 

 

4.9 1.225 15:1 

1O 

 

42 10.5 11:1 

1P 

 

14 3.5 2:1 

1Q 

 

20 5 4:1 
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1R 

 

21 5.25 11.5:1 

1S 

 

210 52.5 13:1 

1T 

 

1100 275 11.5:1 

1U 

 

12000
a 

3000 19:1 

Reactions were carried out at 30 °C with 0.08 M substrate and 0.04 M SnCl4 in CDCl3. 
a
Kinetics were determined by polarimetry 

The anomerisation of uronic acid derivatives were shown to anomerise significantly 

faster than their non-uronic counterparts. This can be illustrated through the following ï 

the allyl ester derivative 1T (Table 1.1) was found to be greater than five times faster 

than methyl ester 1S (Table 1.1), and the unprotected acid 1U (Table 1.1) was an order 

of magnitude faster than both of these sugars. All of these derivatives, 1S, 1T and 1U 

were significantly faster than the non-uronic pyranose derivative 1R (Table 1.1). This 

faster rate of anomerisation for glycosides possessing a carbonyl at C-6, was found to 

follow a similar pattern for all the derivatives reported within this article. The enhanced 

rate of anomersation was proposed to be due to coordination of the carbonyl, of the 

uronic acid/ester functional group, to the Lewis acid, promoting an endocyclic 

mechanism, as proposed by Lindberg ï Scheme 1.28, such as that displayed in Scheme 

1.32. 

 

Scheme 1.32 Proposed mechanism for the Lewis acid promoted anomerisation of 

uronic acids/esters. 

The unprotected acid 1U (Table 1.1) was shown to be the fastest of all the uronic acid 

derivatives reported, which, as already mentioned, were faster than all the non-uronic 

pyranoses tested. This enhanced rate of anomerisation for 1U is in line with the original 

observations by Lemieux and Hindsgaul.
52

 They demonstrated that isopropyl 2,3,4,6-

tetra-O-acetyl-ɓ-D-glucopyranoside in the presence of an equimolar amount of SnCl4 

was found to anomerise very slowly (half-time of reaction (t1/2) of about 1400 min.) but 

when the reaction was repeated with the same conditions except for the addition of one 
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molar equivalent of acetic acid (AcOH), anomerisation was found to proceed nearly 

100 times faster (t1/2 = 14 min). This work by Lemieux and Hindsgaul, coupled with the 

observations of the Murphy laboratory
47,48

, shows that the combination of a Lewis acid 

- SnCl4 in the reported articles, and a carboxylic acid, can afford powerful inter- or intra 

molecular promotion for the ɓ- to Ŭ- anomerisation of, in these instances, 

glucopyranoside derivatives. 

The faster anomerisation reaction observed for the allyl ester 1T (Table 1.1), compared 

to the methyl ester 1S (Table 1.1) within the studies by Pilgrim et al., could be 

attributed to the allyl group being a ˊ-donor and as such would coordinate more 

effectively to the Lewis acid. This would allow the facilitation of the Lewis acid 

promoted anomerisation to be more effectively achieved and as such provide the 

observed enhanced rate of reaction. 

The protecting groups present (OAc or OBz) on the carbohydrate were also reported as 

having an influence on the outcome of the Ŭ:ɓ ratios obtained at equilibrium. Higher 

selectivity of the Ŭ-anomer was reported for derivatives possessing benzoate (OBz) 

protecting groups as opposed to their analogous derivative possessing acetyl (OAc) 

protecting groups. The rate of anomerisation was also reported to increase when 

employing benzoates in place of acetyl protecting groups. The enhanced rate observed 

for the derivatives possessing benzoates can be reasoned as being due to the increased 

ability of the benzoyl groups to donate electron density into the ring of the carbohydrate 

when compared to acetyl groups. This increased electron density, as mentioned for the 

differences between galactose and glucose derivatives, contributes to an enhancement 

in the capability of the ring oxygen to coordinate to the Lewis acid and thereby assist 

anomerisation. 

The effect of varying the Lewis acid, used to promote the anomerisation reaction, from 

SnCl4 to TiCl4, as well as temperature variations were also investigated in the study by 

Pilgrim. These alterations were studied using both O- and S- glycosides as well as uroic 

and non-uronic pyranosides. The derivatives tested were ï 1E, 1G, 1J, 1L and 1M from 

Table 1.1 above. 
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Table 1.2: Lewis acid changes in the studies carried out by Pilgrim et al. 

Compound Lewis acid 

(0.04 M, 0.5 eq.) 

10
5
 (k f+kr) (s

-1
) Ŭ:ɓ 

 

SnCl4 17 16:1 

TiCl4 -
a 

47:1 

 

SnCl4 42 4:1 

TiCl4 -
a
 8:1 

 

SnCl4 1.9 14:1 

TiCl4 23 15.5:1 

 

SnCl4 0.69 2:1 

TiCl4 4.7 1.2:1 

 

SnCl4 4.3 4:1 

TiCl4 28 1.9:1 

Reactions were carried out at 30 °C with 0.08 M substrate. 
a
Rates were too fast to 

measure by NMR 

The reactions catalysed by TiCl4 were shown to have faster rates of anomerisation than 

those catalysed by SnCl4. In some cases, such as that observed for entries 1E and 1G 

(Table 1.2) the rate of anomerisation, when using TiCl4, was so quick that they were 

essentially instantaneous under the conditions described within the study. The 

selectivity for the Ŭ-anomer was also shown to be higher for the anomerisation of the 

glucuronides already mentioned - derivatives 1E and 1G, when catalysed by TiCl4 than 

for the anomerisation of these carbohydrates when catalysed by SnCl4. This increase of 

the Ŭ-anomer was not as evident or at least the trend was not as clear for glucosides 1J, 

1L and 1M. The Ŭ:ɓ ratio obtained for anomerisation of the O-glucoside 1J was higher 

for the TiCl4 catalyzed reaction than for the SnCl4 catalyzed reaction, as observed for 

the anomerisation of the glucuronides. However, the reverse was found for both the S-

glucosides 1L and 1M, even with there being a variation in protecting groups between 

these two glucosides. The obtained ratios, i.e. differences between O- and S-glucosides 

reported in the study, could possibly be accounted for through the formation of a 

complex such as Fig. 1.18 which is favourable for O-glycosides but may be less so for 

S-glucosides, in Lewis acid promoted anomerisations. 
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Fig. 1.18 A possible complex accounting for differences in obtained ratios. 

Table 1.3: Temperature variations in the studies carried out by Pilgrim et al. 

Compound Temp (°C) 10
5
 (k f+kr) (s

-1
) Ŭ:ɓ 

 

0 4.7 26.8:1 

20 7.1 17.2:1 

30 17 15.7:1 

40 29 14.4:1 

 

-15 6.4 7.5:1 

0 14 5.8:1 

30 42 3.7:1 

Reactions were carried out with 0.08 M substrate and 0.04 M SnCl4. 

As mentioned, the influence of temperature on the anomerisation reaction was also 

investigated. This variation was studied using, once again, glucuronides 1E and 1G 

(Table 1.3). When the reactions were carried out at lower temperatures it was found that 

the rate of anomerisation was reduced for both sugars. While the rate decreased it was 

also observed that there was an improvement in the quantity of Ŭ-anomer obtained, 

when carrying the anomerisation reactions out at lower temperatures, Table 1.3. 

Finally, the effect of increasing the concentration of Lewis acid was also reported. One 

of the experiments to study this modification was achieved by carrying out a series of 

anomerisations using O-glycoside 1E (Table 1.3). This particular series of reactions 

showed that increasing the Lewis acid concentration also improved the amount of the Ŭ-

anomer obtained. The experiment in question showed that by doubling the number of 

equivalents of TiCl4 used to promote the anomerisation, it was possible to increase the 

Ŭ:ɓ equilibrium ratio from 29:1 to 255:1, which roughly equates to a ~9-fold increase in 

selectivity. The same experiment but employing SnCl4, as the promoter of the 

anomerisation, also led to an increase in the Ŭ:ɓ equilibrium when doubling the amount 

of said Lewis acid used. This time the selectivity increased from 16:1 to 20:1. It can be 

reasoned that if the Lewis acid promoter was capable of coordinating to the anomeric 

substituent ï the oxygen/sulfer atom, as in Fig. 1.18, then this complex could augment 

the electronegativity of the substituent at the anomeric position of the glycoside, and 

thus lead to a more pronounced anomeric effect and thereby increase the quantity of the 

Ŭ-anomer generated. It was also postulated that the consistently higher proportion of Ŭ-

anomer produced through the Lewis acid promoted anomerisation of the 
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glucuronides/galacturonides studied compared to glucosides/galactosides in the article, 

could be explained by a chelate such as 1V in Fig. 1.19. 

 

Fig. 1.19 Chelates for glucuronides/galacturonides and glucosides/galactosides studied 

by Pilgrim et al. 

The observations and results, of the work discussed, are used as a guide within the 

studies of this project, to develop a strategy towards a system for the anomerisation of 

ɓ-thio-glycopyranoses to the less accessible Ŭ-anomers. 

1.2.2 Investigations of Lewis acid/Brønsted acid or Lewis acid/Lewis 

base systems  

As previously mentioned the rates of anomerisation for glucuronic acids are 

significantly faster than those for the corresponding glucuronic esters, which in turn are 

faster than the parent glucopyranoses, Fig. 1.19. 

 

Fig. 1.20 Depiction of decreasing rates of anomerisation for derivatives tested by 

Pilgrim et al. 

It has been shown that the differences in rate of anomerisation can be contributed to by 

a number of factors one of which may be due to inter- or intra-molecular catalysis, such 

as that observed and reported by Lemieux and Hindsgaul
52

. This increase in rate is 

postulated as being brought about by the acidic or uronic nature, whether ónativeô, as 

illustrated for the glucuronides/galacturonides in Scheme 1.33, or introduced as an 

additive to the anomerisation reaction ï such as that in the Lemieux and Hindsgaul 

observations. 
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Scheme 1.33 Proposed mechanism for the Lewis acid promoted anomerisation of 

uronic acids/esters. 

The observations by Lemieux
52

 - that the SnCl4 catalysed anomerisation of isopropyl 

2,3,4,6-tetra-O-acetyl-ɓ-D-glucopyranoside proceeds 100 times faster in the presence of 

one equivalent of acetic acid than in its absence open up the idea of additives to a 

reaction to increase rate and/or selectivity. It was observed, during the preparation of 

the Pilgrim et al paper
48

, that an unusually high rate of anomerisation was being 

achieved during a SnCl4 catalysed anomerisation of butyl-2,3,4,6-tetra-O-benzoyl-ɓ-D-

glucopyranoside. This anomaly was eventually attributed to the presence of a trace 

amount of benzoic acid in the reaction mixture. Quantification of the effect of benzoic 

acid on anomerisation was then carried out, using butyl-2,3,4-O-acetyl-ɓ-D-

glucupyrunoic acid methyl ester as the test substrate, Scheme 1.34. 

 

Scheme 1.34 Quantification of the effect of benzoic acid on anomerisation. 

It was shown, that by increasing the equivalents of benzoic acid, a rate increase could 

be observed during the SnCl4 anomerisation of this substrate. This ñco-operativeò 

experiment was repeated, using TFA as the co-promoter, but strangely produced no rate 

enhancement, this despite TFA having a lower pKa, 0.23, than benzoic acid, 4.23. 

The idea that a Lewis acid is capable of combining with an additive, such as a Brønsted 

acid, to produce a complex that has the ability to increase the rate of anomerisation 

and/or increase the Ŭ:ɓ ratio, is an intriguing one. 

 

Fig. 1.21 Possible complexation of acids with the Lewis acid SnCl4. 

It can be reasoned that the observed differences in rates of reaction between the 

anomerisation studies using benzoic acid and those using TFA, could possibly be 

attributed to the stability of the conjugate base of TFA. The stability of the 

trifluorocarboxylate anion may inhibit the beneficial complexation with SnCl4, such as 
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that in Fig. 1.21, and thus no increase in rate would be observed. Complexation theories 

aside, an anomerisation rate increase should still be observed when using TFA, due to 

the direct acid catalysis as shown by Lemieux.
52

 Due to these conflicting arguments it is 

necessary to approach the mechanistic side of this ñco-operativeò system from another 

viewpoint. To that end it is worth discussing the contents of a review written by 

Denmark et al.
53

  

In this review they discuss complexes similar to that of Fig. 1.21. It was shown that a 

Lewis acids metal centre can be made more electrophilic by the binding through the 

donation of a pair of electrons, of a Lewis base. The binding of a Lewis base leads the 

bonds around the metal centre of the Lewis acid becoming lengthened which 

corresponds to a ñspill overò effect, where the initial increased electron density about 

the metal centre is redistributed to the more electronegative peripheral atoms. As a 

result of this, the Lewis acid centre, of this new complex, is often rendered more 

electrophilic than the óparentô Lewis acid. 

If this augmented electrophilicity of the Lewis acid can be implemented in the 

chemistry of the anomerisation being studied herein, it could lead to greater rate 

enhancements in the reaction. 

This type of ñco-operativeò system was initially studied by McKinney with a focus on 

Brønsted acids
54

. As part of this M.Sc. thesis, screening of a variety of aromatic and 

aliphatic acids was carried out to try and find any physical parameters apart from pKa, 

such as steric and/or electronic effects that consistently influenced the rate of 

anomerisation. It was found that no such similarities could be found. What was 

observed was that the rate of anomerisation in the presence of 0.5 eq. MSA and 0.5 eq. 

SnCl4 was 60 times that observed in the presence of 0.5 eq. SnCl4 alone. 

This work by McKinney and others, cited above, on Lewis acid-Brønsted acid 

combinations, to enhance the rate of anomerisation, is a premise on which the 

anomerisation work of this section of the thesis is based. It is being investigated with 

the intention of finding a Lewis acid-co-promoter species that would significantly 

enhance the rate of the anomerisation reaction and lead to an increase in the scope of 

the reaction.  
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1.3 Results and discussions 

From the work on Lewis acid promoted anomerisations, developed and studied, within 

the Murphy laboratory, it was proposed that the development of a reliable and general 

route to Ŭ-thiopyranoses would be useful and was defined as an aim of this thesis work. 

The results discussed here, on the anomerisation of these thiopyranoses, using a co-

promoter, show that in some cases, good to excellent yields of the Ŭ-thiol can be 

generated. 

1.3.1 Synthesis of glycosyl thiols for anomerisation study 

Glycosyl thiols were prepared according to literature procedures. These involved the 

displacement of an anomeric bromide with thiourea to give the glycosyl thiouronium 

salt. This was subsequently hydrolysed under mildly basic conditions to give the 

thiopyranose 3 and 6, as displayed in Scheme 1.35. 

 

Scheme 1.35 The synthesis of glucose and galactose thiols. 

The reactions, as illustrated, did not proceed with high stereoselectivity, instead giving 

a mixture of anomers with the ɓ-anomer being the predominant anomer produced. The 

mixture obtained was used for the anomerisation reactions. 

1.3.2 Anomerisation reactions 

The anomerisation reactions of the above, glucopyranosyl and galactopyranosyl, thiols 

3 and 6, were investigated under a variety of conditions. Firstly the effect of varying the 

number of equivalents of the anomerisation promoter, TiCl4, was tested. The reactions 

were carried out in the presence of additives or potential co-promoters, to study their 

potential beneficial factors. The temperature was also varied, as was the choice of 

solvent in which the reactions were carried out in. The main objective was to identify if 

anomerisation of the thiols could be achieved and to optimise the yields and maximise 

the proportion of the Ŭ-anomer synthesised as a result of these studies. 

Note: The relative Ŭ:ɓ ratios, reported in the following tables, were determined by 

integration of well isolated, well defined signals of each derivative by 
1
H NMR. The 

spectra for each of these derivatives were obtained following work up, as discussed in 

experimental section. This integration provided the anomeric distribution, of each 

carbohydrate tested, subsequent to its anomerisation reaction. In addition, in the 
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majority of cases, a small amount of Ŭ-chloride, example for the galactose derivative 

shown in Fig. 1.22, was formed as a by-product (labelled x in subsequent tables) of the 

Lewis acid promoted anomerisation. This by-product has also been noted, in the 

following tables, through the integration procedure described. These ratios (Ŭ:ɓ:x) are 

also reported as a percentage, based on the relative integration of 
1
H NMR signals, for 

ease of comparison. 

 

Fig. 1.22 The galactose example of the chloride by-product from the Lewis acid 

promoted anomerisation of glycosyl thiols. 

These glycosyl chloride by-products, generated from the Lewis acid promoted 

anomerisations of the glycosyl thiols synthesised herein, were confirmed by means of a 

literature search. This search provided 
1
H NMR data for 7

55
, i.e. the by-product from 

the anomerisation reactions of galactose derivative 6, showing a value of 6.66 (d, J = 3.9 

Hz, 1H). This reported data corresponds with the observed by-product signal, in the Lewis 

acid promoted anomerisation of 6 - 6.64 (d, J = 5.3 Hz, 1H). 

An alternative possible by-product is that of the hemi-acetal, e.g. Fig. 1.23, but no data, 

from the literature, corresponded to any of the data obtained from the various Lewis 

acid promoted anomerisation reactions herein. 

 

Fig. 1.23 An example of the possible alternative by-product. 

Although there is not experimental data, e.g. 
1
H NMR data, for each of the glycosyl 

chloride by-products, it is believed that the by-products are the glycosyl chlorides as the 

anomeric proton signals for each of the side products are in the expected regions for a 

glycosyl chloride derivatives, within the 
1
H-NMR spectrum - between 6.0 and 7.0 ppm. 

In addition to these assumptions, it has also been reported in the Pilgrim et al. article
48

 

that the anomerisation of the S-glucuronide 1G, when using a 3-fold excess of TiCl4 led 

to a small quantity of the glycosyl chloride (< 2%) being formed. In this instance it was 

put that the formation of the glycosyl chloride is slow when compared the actual desired 

anomerisation. 

Further support towards the generation of the glycosyl chloride by-product as a result of 

the Lewis acid promoted anomerisation of glycosyl thiols is given in section 1.3.4.2. 

Herein the results of the anomerisation studies are presented and discussed. 
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1.3.2.1 Methanesulfonic acid (MSA) as a co-promoter for the anomerisation 

of glycosyl thiols  

The first set of conditions tested, were based on the M.Sc. thesis work of Michelle 

McKinney. McKinney had found that methane sulfonic acid could enhance the rates of 

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

TiCl4-MSA promoted anomerisation was investigated for the anomerisation of the 

glycosyl thiols 3 and 6. The parameters varied as part of this study were - reaction time 

and the amount of Lewis acid, TiCl4, used. 

Table 1.4: TiCl4 promoted anomerisation of 3 in the presence of MSA, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 MSA Ŭ:ɓ:x %Ŭ %ɓ %x 

16 h. r.t. CH2Cl2 1.0 eq. 0.3 eq. 1:0.84:0.04 53 45 2 

16 h. r.t. CH2Cl2 2.0 eq. 0.3 eq. 1:0.23:0.04 79 18 3 

16 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.14:0.07 83 12 5 

         

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.21:0.02 81 17 2 

         

4 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. 1:1.08:0.10 46 50 4 

19 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. 1:0.23:0.07 77 18 5 

70 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. 1:0.07:0.08 87 6 7 

 

Table 1.5: TiCl4 promoted anomerisation of 6 in the presence of MSA, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 MSA Ŭ:ɓ:x %Ŭ %ɓ %x 

16 h. r.t. CH2Cl2 1.0 eq. 0.3 eq. 1:0.57:0.06 61 35 4 

16 h. r.t. CH2Cl2 2.0 eq. 0.3 eq. 1:0.18:0.05 81 15 4 

16 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.16:0.06 82 13 5 

         

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.27:0.03 77 21 2 

         

4 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. 1:0.74:0.05 56 41 3 

19 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. 1:0.18:0.06 81 15 4 

70 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. 1:-:0.10 91 - 9 

 

In comparison with the results from McKinney, with acetylated thiosugars, the results 

in Table 1.4 and 1.5 indicated that anomerisation of the thiols could be achieved using 
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TiCl4-MSA. After 70 h (Table 1.4 and 1.5) both alpha thiols were present to a 

significant degree in each of the reaction mixtures. 

These reactions represented a significant step towards the synthesis of Ŭ-thiopyranoses 

by Lewis acid promoted anomerisation. The effect of reducing the temperature of the 

anomerisation reaction was studied next, with a view to trying to increase selectivity 

further, especially in the case of the glucose derivative. A previous study indicated that 

reduction in temperature could have this effect
48

. Also it was thought that, in carrying 

the reactions out at a lower temperature, it would lead to lower amounts of the chloride 

by-product 

Temperature and solvent are discussed together in the coming sections. 

 

1.3.2.2 Solvents for the anomerisation of glycosyl thiols  

The following tables summarise the ratio of Ŭ:ɓ anomers of the thiols achieved through 

the Lewis acid and MSA promoted anomerisations of glycosyl thiols 3 and 6, where 

both the solvent and the temperature, in which the anomerisation reactions were carried 

out in, were varied. 

Reactions were carried out in nitromethane at varying temperatures (r.t., 4 °C and -20 

°C) for both 3 and 6 with and without the co-promoter MSA. No thiol peaks for either 

Ŭ- or ɓ- derivatives were visible in any of the
 1
H-NMR spectra acquired for the product 

mixtures obtained. For the galactose derivative 6, in which only TiCl4 was used to 

promote the anomerisation reaction (i.e. no MSA was used) the only product which 

formed was the per-benzoylated galactose chloride, 7 Fig. 1.22. Data for this compound 

was in good agreement with that reported in the literature. 

The reaction was also carried out in CDCl3 and the results are summarised in Tables 1.6 

and 1.7. Only partial anomerisation was observed under these conditions. 

Table 1.6: TiCl4 promoted anomerisation of 3 in the presence of MSA, in CDCl3 

 

Time Temp. Solvent TiCl 4 MSA Ŭ:ɓ:x %Ŭ %ɓ %x 

16 h. r.t. CDCl3 2.5 eq. 0.3 eq. 1:2.02:0.10 32 65 3 

16 h. 4 °C CDCl3 2.5 eq. 0.3 eq. 1:4.00:0.10 20 78 2 

16 h. -20 °C CDCl3 2.5 eq. 0.3 eq. No Reaction 12 88 - 
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Table 1.7: TiCl4 promoted anomerisation of 6 in the presence of MSA, in CDCl3 

 

Time Temp. Solvent TiCl 4 MSA Ŭ:ɓ:x %Ŭ %ɓ %x 

16 h. r.t. CDCl3 2.5 eq. 0.3 eq. 1:1.39:0.12 40 55 5 

16 h. 4 °C CDCl3 2.5 eq. 0.3 eq. 1:2.02:0.10 32 65 3 

16 h. -20 °C CDCl3 2.5 eq. 0.3 eq. No Reaction 33 64 - 

 

Results here show, not unexpectedly, that carrying the reactions out under colder 

conditions actually slowed down the rate of the reaction. Thus a lower proportion of the 

Ŭ-anomer is formed at lower temperatures. It was also shown, with these reactions, that 

formation of the glycosyl chloride control cannot be reduced by lowering temperature 

as roughly the same quantities were seen throughout the temperature range. 

 

The anomerisation reaction in aromatic solvents was investigated next. This was sought 

to be studied as increased rates and selectivities had been observed in the presence of 

benzoyl protecting groups or when benzoate additives were added to the reaction 

mixtures
48

. In this case anomerisation reactions did proceed, (Tables 1.8 and 1.9 with 

toluene) but to a lesser degree than with dichloromethane.   

Table 1.8: TiCl4 promoted anomerisation of 3 with/without co-promoter MSA, in 

toluene 

 

Time Temp. Solvent TiCl 4 MSA Ŭ:ɓ:x %Ŭ %ɓ %x  

18 h. r.t. Toluene 2.5 eq. 0.3 eq. 1:5.07:0.31 16 79 5 

18 h. r.t. Toluene 2.5 eq. - 1:0.95:0.57 40 38 22 

74 h. r.t. Toluene 2.5 eq. - 1:0.75:0.25 50 38 12 

74 h. r.t. Toluene 5.0 eq. - 1:0.60:0.06 60 36 4 

 

  



Studies in the anomerisation of glycosyl thiols Chapter 1 

47 

 

Table 1.9: TiCl4 promoted anomerisation of 6 with/without co-promoter MSA, in 

toluene 

 

Time Temp. Solvent TiCl 4 MSA Ŭ:ɓ:x %Ŭ %ɓ %x  

18 h. r.t. Toluene 2.5 eq. 0.3 eq. 1:1.98:0.06 33 65 2 

18 h. r.t. Toluene 2.5 eq. - 1:0.97:0.43 42 40 18 

74 h. r.t. Toluene 2.5 eq. - 1:0.77:0.11 53 41 6 

74 h. r.t. Toluene 5.0 eq. - 1:0.91:0.11 50 45 5 

 

It was observed, during the anomerisation studies in toluene that the use of the co-

promoter, MSA, led to messy NMRs but also reduced the quantity of the desired Ŭ-

product obtained. 

Chlorobenzene (Cl-Benz.) was next investigated as a solvent in the absence of MSA, 

and the results are shown in Table 1.10. The reactions again had not gone to completion 

after 74 h. 

Table 1.10: TiCl4 promoted anomerisation of 3 and 6, in chlorobenzene 

 

Sugar Time Temp. Solvent TiCl 4 MSA Ŭ:ɓ:x %Ŭ %ɓ %x  

3 74 h. r.t. Cl-Benz. 2.5 eq. - 1:0.16:0.05 83 13 4 

6 74 h. r.t. Cl-Benz. 2.5 eq. - 1:0.36:0.10 68 25 7 

 

The reaction time required for the above reactions (74 h), make the reactions less 

desirable for practical purposes. 

As shorter reaction times would be more desirable and the use of MSA can sometimes 

lead to decomposition, then the reactions were investigated using benzoic acid 

(PhCO2H), in place of MSA, as the co-promoter. There was no major effect of benzoic 

acid noted in these reactions in this case. However, reactions in dichloromethane in the 

presence of MSA proceed to give the Ŭ-anomers to a greater extent. It was also shown 

that for the anomerisation reactions carried out in CH2Cl2, over a short reaction time, 4 

h, that the results of the anomerisations are, almost, comparable to that of the reactions 

carried out in chlorobenzene, over a longer reaction time, 19 h. 
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Table 1.11: TiCl4 promoted anomerisation of 3 with/without co-promoter MSA/benzoic 

acid, in toluene/chlorobenzene/CH2Cl2 

 

Time Temp. Solvent TiCl 4 MSA PhCO2H Ŭ:ɓ:x %Ŭ %ɓ %x  

4 h. r.t. Toluene 2.5 eq. - - 1:3.02:0.11 24 73 3 

19 h. r.t. Toluene 2.5 eq. - - 1:1.69:0.14 35 60 5 

4 h. r.t. Toluene 2.5 eq. - 0.3 eq. 1:3.25:0.11 23 75 2 

19 h. r.t. Toluene 2.5 eq. - 0.3 eq. 1:1.82:0.13 34 62 4 

4 h. r.t. Cl-Benz. 2.5 eq. - - 1:1.26:0.06 43 54 3 

19 h. r.t. Cl-Benz 2.5 eq. - - 1:0.73:0.05 56 41 3 

4 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. - 1:1.09:0.09 46 50 4 

19 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. - 1:0.23:0.05 78 18 4 

 

Table 1.12: TiCl4 promoted anomerisation of 6 with/without co-promoter MSA/benzoic 

acid, in toluene/chlorobenzene/CH2Cl2 

 

Time Temp. Solvent TiCl 4 MSA Bz. acid Ŭ:ɓ:x %Ŭ %ɓ %x  

4 h. r.t. Toluene 2.5 eq. - - 1:1.79:0.10 35 62 3 

19 h. r.t. Toluene 2.5 eq. - - 1:1.41:0.11 40 56 4 

4 h. r.t. Toluene 2.5 eq. - 0.3 eq. 1:1.77:0.10 35 62 3 

19 h. r.t. Toluene 2.5 eq. - 0.3 eq. 1:1.45:0.10 39 57 4 

4 h. r.t. Cl-Benz. 2.5 eq. - - 1:1.40:0.08 40 57 3 

19 h. r.t. Cl-Benz 2.5 eq. - - 1:0.98:0.11 48 47 5 

4 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. - 1:0.74:0.08 55 41 4 

19 h. r.t. CH2Cl2 2.5 eq. 0.3 eq. - 1:0.18:0.04 82 15 3 

 

It was next decided to screen a variety of potential co-promoters, for the anomerisation 

of the glycosyl thiols 3 and 6, in CH2Cl2, beyond those previously studied in the 

Murphy laboratory. 

 

1.3.2.3 Screening co-promoters for the anomerisation of glycosyl  thiols  

The most efficient co-promoter to date, as previously mentioned, was MSA and so, 

analogues of this were screened. In choosing these and subsequent co-promoters, the 

theory that if you were to use Lewis bases to coordinated to the metal centre of a Lewis 
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acid
53

 - that this could rendered the new complex more electrophilic than the parent 

Lewis acid, and as such lead to an enhanced rate or Ŭ:ɓ ratio of the anomerisation. 

MSA analogues 

 

Fig. 1.23 MSA and its analogues. 

Table 1.13: TiCl4 promoted anomerisation of 3 with MSA analogue co-promoters, in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

19 h. r.t. CH2Cl2 2.5 eq. MSA 1:0.23:0.07 77 18 5 

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.21:0.02 81 17 2 

16 h. r.t. CH2Cl2 2.5 eq. Sulfamic acid 1:0.07:0.02 92 6 2 

16 h. r.t. CH2Cl2 2.5 eq. Sulfuric acid 1:0.15:0.03 85 13 2 

16 h. r.t. CH2Cl2 2.5 eq. Sulfuric diamide 1:0.09:0.02 90 8 2 

16 h. r.t. CH2Cl2 2.5 eq. Dimethyl sulfone 1:0.08:0.03 90 8 2 

16 h. r.t. CH2Cl2 2.5 eq. Methansulfonamide 1:0.07:0.03 91 6 3 

16 h. r.t. CH2Cl2 2.5 eq. Dimethyl sulfoxide n/a n/a n/a n/a 
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Table 1.14: TiCl4 promoted anomerisation of 6 with MSA analogue co-promoters, in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

19 h. r.t. CH2Cl2 2.5 eq. MSA 1:0.18:0.06 81 15 4 

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.27:0.03 77 21 2 

16 h. r.t. CH2Cl2 2.5 eq. Sulfamic acid 1:0.21:0.09 77 16 7 

16 h. r.t. CH2Cl2 2.5 eq. Sulfuric acid 1:0.14:0.11 80 11 9 

16 h. r.t. CH2Cl2 2.5 eq. Sulfuric diamide 1:0.13:0.06 84 11 5 

16 h. r.t. CH2Cl2 2.5 eq. Dimethyl sulfone 1:0.17:0.06 81 14 5 

16 h. r.t. CH2Cl2 2.5 eq. Methansulfonamide 1:0.17:0.06 81 14 5 

16 h. r.t. CH2Cl2 2.5 eq. Dimethyl sulfoxide n/a n/a n/a n/a 

 

Similar or enhanced selectivities of the Ŭ-anomer were observed on varying the co-

promoter from MSA, with improved ratios being observed for the glucose derivative, 3, 

in particular. To continue with the study and see if these improved selectivities could be 

achieved with other co-promoters it was decided to move beyond S-O co-promoter 

derivatives. 

 

Phosphine type co-promoters 

Thus phosphines were investigated as Lewis bases in the reaction. 

 

Fig. 1.25 Phosphine co-promoters. 
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Table 1.15: TiCl4 promoted anomerisation of 3 and 6 with phosphine type co-

promoters, in CH2Cl2 

 

Sugar Time Temp. Solvent TiCl 4 0.3 eq. 

co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x  

3 17 h. r.t. CH2Cl2 2.5 eq. - 1:0.21:0.02 81 17 2 

3 16 h. r.t. CH2Cl2 2.5 eq. Me3P 1:0.07:0.02 92 6 2 

3 16 h. r.t. CH2Cl2 2.5 eq. Ph3P 1:0.05:0.02 93 5 2 

          

6 17 h. r.t. CH2Cl2 2.5 eq. - 1:0.27:0.03 77 21 2 

6 16 h. r.t. CH2Cl2 2.5 eq. Me3P 1:0.11:0.06 86 9 5 

6 16 h. r.t. CH2Cl2 2.5 eq. Ph3P 1:0.08:0.05 89 7 4 

 

The Lewis bases tested here showed similar if not slightly improved selectivities when 

compared to the TiCl4 and MSA analogues, Tables 1.13 and 1.14.  

 

Nitrogen based co-promoters 

The reactions were also tested using nitrogen containing Lewis bases. 

 

Fig. 1.26 Nitrogen based co-promoters. 

Table 1.16: TiCl4 promoted anomerisation of 3 with nitrogen based co-promoters, in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.21:0.02 81 17 2 

16 h. r.t. CH2Cl2 2.5 eq. Py. 1:0.03:0.02 95 3 2 

16 h. r.t. CH2Cl2 2.5 eq. Et3N 1:0.04:0.03 93 4 3 

16 h. r.t. CH2Cl2 2.5 eq. DMA 1:0.07:0.02 92 6 2 
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Table 1.17: TiCl4 promoted anomerisation of 6 with nitrogen based co-promoters, in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.27:0.03 77 21 2 

16 h. r.t. CH2Cl2 2.5 eq. Py. 1:0.08:0.06 88 7 5 

16 h. r.t. CH2Cl2 2.5 eq. Et3N 1:0.08:0.05 88 8 4 

16 h. r.t. CH2Cl2 2.5 eq. DMA 1:0.10:0.04 88 9 3 

 

The results achieved here indicated that pyridine gave slightly higher ratios than other 

co-promoters for the TiCl4-co-promoter anomerisation of the thiopyranoses 3 and 6, and 

significantly higher than using no promoter. 

Work was continued on the investigation of the co-promoter of the TiCl4 promoted 

anomerisation reaction 

 

Further nitrogen containing co-promoters were tested, including nitrogen derivatives 

which also had sulfonic acid derivatives and the results are shown in Tables 1.18 and 

1.19. 

 

Fig. 1.27 Further nitrogen containing co-promoters. 
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Table 1.18: TiCl4 promoted anomerisation of 3 with further nitrogen based co-

promoters, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

16 h. r.t. CH2Cl2 2.5 eq. Acetonitrile 1:0.07:0.03 91 6 3 

16 h. r.t. CH2Cl2 2.5 eq. EDTA 1:0.10:0.02 89 9 2 

16 h. r.t. CH2Cl2 2.5 eq. Quinaldic acid 1:0.15:0.02 85 13 2 

16 h. r.t. CH2Cl2 2.5 eq. ACES 1:0.10:0.02 89 9 2 

16 h. r.t. CH2Cl2 2.5 eq. Tosylhydrazide 1:0.10:0.14 81 8 11 

 

Table 1.19: TiCl4 promoted anomerisation of 6 with further nitrogen based co-

promoters, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

16 h. r.t. CH2Cl2 2.5 eq. Acetonitrile 1:0.58:0.08 60 35 5 

16 h. r.t. CH2Cl2 2.5 eq. EDTA 1:0.39:0.10 67 26 7 

16 h. r.t. CH2Cl2 2.5 eq. Quinaldic acid 1:0.27:0.06 75 20 5 

16 h. r.t. CH2Cl2 2.5 eq. ACES 1:0.25:0.07 76 19 5 

16 h. r.t. CH2Cl2 2.5 eq. Tosylhydrazide 1:-:0.11(0.34) 69 - 8(23) 

 

The results obtained from these set of reactions were comparable with the Ŭ:ɓ ratios 

obtained for the anomerisation reactions using TiCl4-MSA, with no significant 

improvements being observed. 

Next some derivatives of pyridine, the best co-promoter of the study so far, and 

DABCO were investigated and the results are shown in Tables 1.20 and 1.21. 
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Fig. 1.28 Derivatives of pyridine and DABCO as co-promoters. 

Table 1.20: TiCl4 promoted anomerisation of 3 with pyridine and related co-promoters, 

in CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.21:0.02 81 17 2 

16 h. r.t. CH2Cl2 2.5 eq. Py. 1:0.03:0.02 95 3 2 

16 h. r.t. CH2Cl2 2.5 eq. Pyridin-4-amine 1:0.07:0.02 92 6 2 

16 h. r.t. CH2Cl2 2.5 eq. DABCO 1:0.10:0.03 88 9 3 

16 h. r.t. CH2Cl2 2.5 eq. DMAP 1:0.07:0.02 92 6 2 

 

Table 1.21: TiCl4 promoted anomerisation of 6 with pyridine and related co-promoters, 

in CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-

promoter 

Ŭ:ɓ:x %Ŭ %ɓ %x 

17 h. r.t. CH2Cl2 2.5 eq. - 1:0.27:0.03 77 21 2 

16 h. r.t. CH2Cl2 2.5 eq. Py. 1:0.08:0.06 88 7 5 

16 h. r.t. CH2Cl2 2.5 eq. Pyridin-4-amine 1:0.14:0.07 83 11 6 

16 h. r.t. CH2Cl2 2.5 eq. DABCO 1:0.36:0.08 69 25 6 

16 h. r.t. CH2Cl2 2.5 eq. DMAP 1:0.15:0.03 85 13 2 

 

As there was no improvement in the reaction it was decided to focus on the structures 

where the best Ŭ-selectivity had been achieved. 
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Studies on the best co-promoters 

Three of the co-promoters were next investigated over a longer reaction period (72 h). 

Those chosen were pyridine, triethylamine and methansulfonamide. The effect of 

temperature was also investigated. 

 

Fig. 1.29 The best co-promoters of the Lewis acid promoted anomerisation reaction of 

glycosyl thiols. 

Table 1.22: TiCl4 promoted anomerisation of 3 with the best co-promoters over 72 h., in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-promoter Ŭ:ɓ:x %Ŭ %ɓ %x 

72 h. r.t. CH2Cl2 3.0 eq. Py. 1:0.02:0.02 96 2 2 

72 h. 0 °C CH2Cl2 3.0 eq. Py. 1:1.67:0.01 37 62 1 

72 h. r.t. CH2Cl2 3.0 eq. Et3N 1:-:0.03 97 - 3 

72 h. r.t. CH2Cl2 3.0 eq. Methanesulfonamide 1:0.02:0.02 96 2 2 

 

Table 1.23: TiCl4 promoted anomerisation of 6 with the best co-promoters over 72 h., in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 0.3 eq. co-promoter Ŭ:ɓ:x %Ŭ %ɓ %x 

72 h. r.t. CH2Cl2 3.0 eq. Py. 1:0.01:0.07 93 1 6 

72 h. 0 °C CH2Cl2 3.0 eq. Py. 1:1.64:0.04 37 61 2 

72 h. r.t. CH2Cl2 3.0 eq. Et3N 1:-:0.06 94 - 6 

72 h. r.t. CH2Cl2 3.0 eq. Methanesulfonamide 1:-:0.05 95 - 5 

 

Carrying out the reaction at lower temperature, again, proved ineffective in gaining 

control of the, chloride, by-product or increasing the desired Ŭ-thiopyranose product of 

the reaction. It was observed, however, that a slight increase of the Ŭ:ɓ ratio could be 

obtained by having long reaction times, 72 h, when compared to the the Ŭ:ɓ ratio for the 
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anomerisations carried out over a shorter reaction time, 16 h. (Tables 1.16 and 1.17 for 

Py. and Et3N, and Tables 1.13 and 1.14 for methanesulfonamide.) 

As the results for the co-promoters above, tables 1.22 and 1.23, are essentially 

comparable and as pyridine was readily available as an anhydrous solution in the 

laboratory, titanium tetrachloride and pyridine were selected for further investigation. 

The reaction was therefore investigated in the presence of the increased equivalents of 

TiCl4 alone and pyridine alone. 

 

1.3.2.4 More thorough investigations with pyridine as co -promoter of the 

anomerisation reaction  

Table 1.24: TiCl4/pyridine promoted anomerisation of 3 and 6, in CH2Cl2 

 

Sugar Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x  

3 72 h. r.t. CH2Cl2 3.0 eq. - 1:0.05:0.01 94 5 1 

3 72 h. r.t. CH2Cl2 - 0.3eq. 1:5.0:0.23 16 80 4 

          

6 72 h. r.t. CH2Cl2 3.0 eq. - 1:0.11:0.03 88 10 2 

6 72 h. r.t. CH2Cl2 - 0.3eq. 1:1.98:0.03 33 66 1 

 

As can be established from the data in Table 1.24, the effect of the pyridine on its own 

is either negligible or has no anomerisation capability at all. However the use of TiCl4 

(3.0 eq.) was effective and gave a high proportion of the Ŭ-anomer even in the absence 

of pyridine. 

 

To further understand the reaction, more studies were done, this time varying the 

equivalents used for both the Lewis acid and/or the pyridine co-promoter, to see if any 

differences in selectivity could be observed. 
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Table 1.25: TiCl4 promoted anomerisation of 3 with pyridine as co-promoter, varying 

equivalents of each, in CH2Cl2 

 

Entry  Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x 

1 16 h. r.t. CH2Cl2 0.5 eq. 0.3 eq. 1:0.61:0.02 61 37 2 

2 16 h. r.t. CH2Cl2 1.0 eq. 0.3 eq. 1:0.49:0.03 66 32 2 

3 16 h. r.t. CH2Cl2 2.0 eq. 0.3 eq. 1:0.17:0.04 83 14 3 

4 16 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.03:0.02 95 3 2 

          

5 24 h. r.t. CH2Cl2 3.0 eq. - 1:0.13:0.02 87 11 2 

6 24 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.05:0.03 93 5 2 

          

7 16 h. r.t. CH2Cl2 5.0 eq. 0.3 eq 1:0.06:0.02 93 6 1 

8 16 h. r.t. CH2Cl2 5.0 eq. 0.5 eq. 1:-:0.03 97 - 3 

          

9 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:-:0.02 98 - 2 

 

Table 1.26: TiCl4 promoted anomerisation of 6 with pyridine as co-promoter, varying 

equivalents of each, in CH2Cl2 

 

Entry  Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x 

1 16 h. r.t. CH2Cl2 0.5 eq. 0.3 eq. 1:0.82:0.05 53 44 3 

2 16 h. r.t. CH2Cl2 1.0 eq. 0.3 eq. 1:0.60:0.05 61 36 3 

3 16 h. r.t. CH2Cl2 2.0 eq. 0.3 eq. 1:0.21:0.08 78 16 6 

4 16 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.16:0.03 84 13 3 

          

5 24 h. r.t. CH2Cl2 3.0 eq. - 1:0.24:0.06 77 18 5 

6 24 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.13:0.08 83 11 6 

          

7 16 h. r.t. CH2Cl2 5.0 eq. 0.3 eq 1:0.20:0.06 79 16 5 

8 16 h. r.t. CH2Cl2 5.0 eq. 0.5 eq. 1:0.15:0.10 80 12 8 

          

9 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:0.04:0.09 88 4 8 

 

It can be seen here, that there is an enhancement in the Ŭ-selectivity when using the two 

reagents, TiCl4 and pyridine, together. 
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This statement is based on the ratios observed for the anomerisation reactions where the 

Lewis acid, TiCl4, was used on its own over a 24 h reaction period (entry 5, Table 1.25 

and 1.26), and when compared with the reaction carried out in the presence TiCl4 and 

0.3 eq of pyridine (entry 6, Table 1.25 and 1.26). The effect of increasing the co-

promoter, pyridine, from 0.3 to 0.5 equivalents leads to another slight increase in Ŭ:ɓ 

ratio (comparing entry 4 and 9, Table 1.25 and 1.26). 

 

To this point, the reactions were generally run over a 16 h reaction, as such, it was 

sought to see what ratios of products could be obtained over a shorter reaction time, 

using 3.0 eq. of TiCl4 and 0.5 eq. of pyridine. 

The (2+2 h) reaction was where the anomerisation was carried out using 3.0 eq. of 

TiCl4 with 0.3 eq. of pyridine for 2 h, then working up the reaction and taking the 

residue and subjecting it to the reaction conditions again for a further 2 h. 

Table 1.27: TiCl4 promoted anomerisation of 3 and 6 with pyridine as co-promoter over 

short reaction times, in CH2Cl2 

 

Entry  Sugar Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x  

1 3 4 h. r.t. CH2Cl2 3.0 eq. - 1:0.45:0.02 68 31 1 

2 3 4 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.16:0.02 85 14 1 

3 3 2+2 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.05:0.03 92 5 3 

           

4 6 4 h. r.t. CH2Cl2 3.0 eq. - 1:1.30:0.08 42 55 3 

5 6 4 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.63:0.05 60 37 3 

6 6 2+2 h. r.t. CH2Cl2 3.0 eq. 0.3 eq. 1:0.42:0.09 66 28 6 

 

A comparison of entries 2 and 3, Table 1.27 (and 5 with 6, Table 1.27) indicates that the 

2+2 approach led to an improved reaction. Also comparing entry 1 and 2 and 

comparing 4 and 5, Table 1.27, indicates that using pyridine is leading to an 

improvement in the anomerisation reactions. It can also be stated that a 16 h reaction is 

the optimum time need to achieve the greatest Ŭ-selectivity and as such anomerisations 

using these conditions should aim to be completed in or around that time. 

 

A final set of studies were done to compare the anomerisation capability of the 

developed promoter-co-promoter system, 3.0 eq. of TiCl4 and 0.5 eq. pyridine, versus 

the reagents when being used individually. Again the increase in the proportion of the 

alpha thiol is noted in the presence of pyridine. 
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Table 1.28: TiCl4 and pyridine individual and co-operative promoted anomerisation of 3 

and 6, in CH2Cl2 

 

Sugar Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x  

3 16 h. r.t. CH2Cl2 - 0.5 eq. 1:5.12:- 16 84 - 

3 16 h. r.t. CH2Cl2 3.0 eq. - 1:0.08:0.18 79 7 14 

3 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:0.05:0.05 91 5 4 

          

6 16 h. r.t. CH2Cl2 - 0.5 eq. 1:2.75:- 27 73 - 

6 16 h. r.t. CH2Cl2 3.0 eq. - 1:0.19:0.08 79 15 6 

6 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:-:0.11 90 - 10 

 

The tendency of pyridine to increase the proportion of the alpha anomer obtained could 

be explained by it acting as a Lewis base and donating electron density into the metal 

centre of the Lewis acid and thereby, contrary to what one might expect, could lead to 

increasing its electrophility and thereby enhancing the anomerisation of thiopyranoses 3 

and 6. 

The scope of the anomerisation conditions developed was next tested with other 

thiopyranose derivatives. 

 

1.3.3 Synthesis of further glycosyl thiols for anomerisation 

Additional thiopyranoses were prepared, similar to those described previously. Those 

synthesised were from D-xylose L-arabinose, L-rhamnose and L-fucose. These were 

prepared by displacement of an anomeric bromide with thiourea to give the glycosyl 

thiouronium salt. This was subsequently hydrolysed under mildly basic conditions to 

give the thiopyranose 12, 15, 18, 21 and 22 as displayed in Scheme 1.36. 
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Scheme 1.36 The synthesis of further glycosyl thiols. 

1.3.4 Anomerisation reactions 

The anomerisation reactions of the above thiols were investigated under the conditions 

developed through the previously described studies, that is, under TiCl4 and pyridine 

promoted anomerisation. The main objective was to extend the scope of thiopyranoses 

capable of undergoing anomerisation through Lewis acid promoted conditions. Herein 

the results of these investigations are presented and discussed. 

Table 1.29: TiCl4 promoted anomerisation of 12, 15, 18 and 21 with/without pyridine as 

co-promoter, in CH2Cl2 

 

Sugar Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x  

12 16 h. r.t. CH2Cl2 3.0 eq. - 1:0.10:0.04 88 9 3 

12 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:0.07:0.16 81 6 13 

15 16 h. r.t. CH2Cl2 3.0 eq. - -:1:0.12 - 89 11 

15 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 0.07:1:0.17 5 81 14 

18 16 h. r.t. CH2Cl2 3.0 eq. - 1:-:0.48 68 - 32 

18 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:0.03:0.42 69 2 29 

21 16 h. r.t. CH2Cl2 3.0 eq. - 1:-:1.34 43 - 57 

21 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:-:1.95 34 - 66 
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When using the novel conditions, developed herein, for anomerisation - TiCl4 and 

pyridine, fair to good selectivity, towards the anomer of desired stereochemistry, was 

observed for the derivatives tested within this study - xylose, arabinose, rhamnose and 

fucose.  

Anomerisation reactions, using just the Lewis acid, TiCl4, were also carried out which 

gave contrary results to those seen for the glucose and galactose derivatives, where an 

increase in Ŭ-selectivity of the sugars could be achieved through the co-operative 

anomerisation of the Lewis acid, TiCl4, and pyridine. The reactions within this study, 

where just the Lewis acid was used to facilitate the anomerisation, proved to be cleaner, 

with equal or enhanced selectivity of the anomer of desired stereochemistry. 

 

1.3.4.1 Effect of independently promoted anomerisation of xylose 12 by TiCl 4 

To see the effect of the Lewis acid, independently, a study was carried varying the 

equivalents of the TiCl4 used in the anomerisation reaction of 12 over a 16 h reaction 

period. 

Table 1.30: Varying equivalents of TiCl4 promoted anomerisation of 12, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x 

16 h. r.t. CH2Cl2 0.5 eq. - 1:0.84:0.08 52 44 4 

16 h. r.t. CH2Cl2 1.0 eq. - 1:0.29:0.04 75 22 3 

16 h. r.t. CH2Cl2 2.0 eq. - 1:0.09:0.04 88 8 4 

16 h. r.t. CH2Cl2 3.0 eq. - 1:0.09:0.05 88 8 4 

16 h. r.t. CH2Cl2 5.0 eq. - 1:0.06:0.04 91 5 4 

 

Improved selectivity for the Ŭ-anomer of 12 was achieved through the anomerisation 

reaction, as expected, by using increasing proportions of the Lewis acid. 

 

1.3.4.2 Attempts to improve anomerisation of rhamnose and fucose thiols  

From initial studies, as displayed in Table 1.29, it was noticed that work was needed to 

be done on improving the anomerisation reaction for the rhamnose and fucose thiols, 18 

and 21. To that end further studies were carried on these two substrates. 



Studies in the anomerisation of glycosyl thiols Chapter 1 

62 

 

Table 1.31: Varying equivalents of TiCl4 promoted anomerisation of 18, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x:z %Ŭ %ɓ %x %z 

16 h. r.t. CH2Cl2 0.5 eq. - 1:0.82:0.18:- 50 41 9 - 

16 h. r.t. CH2Cl2 2.5 eq. - 1:-:0.53:0.04 64 - 34 3 

16 h. r.t. CH2Cl2 5.0 eq. - 1:-:0.52:0.12 61 - 32 7 

 

Table 1.32: Varying equivalents of TiCl4 promoted anomerisation of 21, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x:z %Ŭ %ɓ %x %z 

16 h. r.t. CH2Cl2 0.5 eq. - 1:0.99:0.24:- 45 44 11 - 

16 h. r.t. CH2Cl2 2.5 eq. - 1:0.10:1.07:0.21 42 4 45 9 

16 h. r.t. CH2Cl2 5.0 eq. - 1:-:1.00:0.40 42 - 42 16 

 

There was an excessive amount of side product being synthesised as part of the 

anomerisation reaction for both rhamnose and fucose derivatives 18 and 21, increasing 

with increasing equivalents of the Lewis acid promoter. The main side product, labelled 

óxô in the tables above as well as subsequent tables, is that of their respective glycosyl 

chloride derivative. 

 

Fig. 1.30 Rhamnose thiol and its chloride by-product generated as part of the 

anomerisation reactions. 

This was deduced from the NMR data for the rhamnose derivative, where literature data 

exists to compare to. The reported 
1
H NMR data for 26, 6.23(d, J = 1.4 Hz, 1H), 

corresponds well with those observed for the major by-product of the Lewis acid 

promoted anomerisation reaction of 18, 6.23 (d, J = 1.6 Hz, 1H). 
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It can be speculated (as no experimental data exists), due to similar carbohydrate 

structure and signals in the NMR spectra that the major by-product for the 

anomerisation of fucose thiol 21 is also that of the chloride derivative, Fig. 1.31. 

 

Fig. 1.31 Speculated chloride by-product being generated as part of the anomerisation 

of fucose thiol 21. 

It is also worth nothing that there appears to be another small, unidentified, by-product 

being generated during the anomerisation of these two sugars, labelled ózô in the above 

and subsequent tables. It does not fit with reported data for a hemiacetal. Its peaks are 

very small with respect to the other peaks within the NMR spectra analysed. 

Side product control investigations on rhamnose and fucose thiols 

Studies were done to see if the anomerisation reaction of 18 and 21 could be controlled, 

with less side product production, i.e. to produce more of the desired anomerised 

thiopyranose product, with both time and temperature variations. 

Table 1.33: Varying times of TiCl4 promoted anomerisation of 18, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x:z %Ŭ %ɓ %x %z 

1 h. r.t. CH2Cl2 3.0 eq. - 1:0.68:0.11:0.36 46 32 5 17 

4 h. r.t. CH2Cl2 3.0 eq. - 1:0.45:0.23:0.35 49 22 12 17 

64 h. 4 °C CH2Cl2 0.5 eq. - 1:0.75:-:0.13 53 40 - 7 

 

Table 1.34: Varying times of TiCl4 promoted anomerisation of 21, in CH2Cl2 

 

Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x:z %Ŭ %ɓ %x %z 

1 h. r.t. CH2Cl2 3.0 eq. - 1:1.81:0.19:0.17 32 57 6 5 

4 h. r.t. CH2Cl2 3.0 eq. - 1:0.92:0.33:0.18 41 38 14 7 

64 h. 4 °C CH2Cl2 0.5 eq. - 1:0.90:0.05:- 51 46 2 - 
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It would appear from these initial tests that the side product forming within the 

anomerisations of 18 and 21 could be controlled, to some degree, by using temperature 

control parameters. The next step was to see if the same control could be achieved 

while increasing the equivalents of TiCl4 being used, to facilitate the anomerisation 

reaction, while also looking for an increase in the Ŭ-selectivity. 

Table 1.35: Varying temperature and time of TiCl4 promoted anomerisation of 18, in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x:z %Ŭ %ɓ %x %z 

16 h. 4 °C CH2Cl2 3.0 eq. - 1:0.64:0.11:0.49 45 28 5 22 

64 h. 4 °C CH2Cl2 3.0 eq. - 1:0.37:0.11:0.42 53 19 6 22 

64 h. -20 °C CH2Cl2 3.0 eq. - 1:1.99:0.05:0.20 31 61 2 6 

 

Table 1.36: Varying temperature and time of TiCl4 promoted anomerisation of 21, in 

CH2Cl2 

 

Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x:z %Ŭ %ɓ %x %z 

16 h. 4 °C CH2Cl2 3.0 eq. - 1:1.10:0.17:0.06 43 47 7 3 

64 h. 4 °C CH2Cl2 3.0 eq. - 1:0.58:0.21:0.05 54 32 11 3 

64 h. -20 °C CH2Cl2 3.0 eq. - 1:3.92:0.20:- 19 77 4 - 

 

Side product control can be achieved, to some degree, through simple temperature 

change but this in itself directly affects the quantity of the, desired, anomerised product 

being synthesised. These preliminary studies give an insight into the anomerisation of 

rhamnose and fucose thiols, 18 and 21. Further work on these two L-sugars is needed in 

ordered to try and increase both the selectivity and rate of their anomerisation. From 

this project, the work gives a good starting point for further investigations, with changes 

in the parameters discussed previously, such as solvent, a further screen of co-

promoters, and a change of protecting groups, could potentially lead to a greater 

increase in the synthesis of the desired product. 

 



Studies in the anomerisation of glycosyl thiols Chapter 1 

65 

 

1.3.5 Synthesis of disaccharide thiols for anomerisation 

The scope of the anomerisation reaction, being studied herein, was then tested with 

disaccharide derivatives. If the anomerisation of these sugars could be successful it 

would open the reaction to another possible group of chemists, those with a focus on or 

interest in polysaccharide chemistry. 

Not only that but if the anomerisation led to only a change in stereochemistry of the 

thiol and not the glycosidic linkage, it would show that the reaction is site specific.  

The thio-disaccharides synthesised as part of the anomerisation study, herein, are 

synthesised from D-lactose and D-cellobiose. The synthesis of these is similar to those 

thiopyranoses described previously. They were prepared by displacement of an 

anomeric bromide with thiourea to give the glycosyl thiouronium salt which was 

subsequently hydrolysed under mildly basic conditions to give the thiopyranose 29 and 

32 as displayed in Scheme 1.37. 

 

Scheme 1.37 The synthesis of disaccharide thiols. 

1.3.6 Anomerisation reactions 

The anomerisation of these thiols were investigated using the conditions developed 

from the studies on 3 and 6, as such they were subjected to an anomerisation reaction 

promoted by TiCl4 and pyridine over a 16 h. period. The anomerisation reaction 

promoted by the Lewis acid independently was also tested, as a comparison and as a 

follow up to the pattern observed for thiopyranoses 12, 15, 18 and 21. 
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Table 1.37: TiCl4 promoted anomerisation of 29 and 32 with/without pyridine as co-

promoter, in CH2Cl2 

 

Sugar Time Temp. Solvent TiCl 4 Py. Ŭ:ɓ:x %Ŭ %ɓ %x  

29 16 h. r.t. CH2Cl2 3.0 eq. - 1:0.09:0.06 87 8 5 

29 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:0.01:0.06 93 1 6 

          

32 16 h. r.t. CH2Cl2 3.0 eq. - 1:0.02:0.08 91 2 7 

32 16 h. r.t. CH2Cl2 3.0 eq. 0.5 eq. 1:0.01:0.05 94 1 5 

 

Through the study of the anomerisation of these disaccharides we see a return to the 

patterns observed for the 3 and 6 thiols, in that there is an improvement in Ŭ-selectivity 

when using the co-promoter anomerisation conditions developed, as opposed to using 

the Lewis acid unaided. 

The anomerisation is also shown to be regiospecific in this study, with only the thiol 

linkage, of both disaccharides, being anomerised to the desired Ŭ-derivative, leaving the 

glycosidic linkages, of both sugars, unchanged. 

 

Examples of the patterns observed, for the anomerisations studied, are depicted in the 

stacked NMR spectra below. 
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Example of glucose anomerisation NMRs 

 

Fig. 1.32 The NMR spectra obtained for the anomerisation reactions of 3 using the 

promoters individually and co-operatively. 

¶ The red spectrum is that of the starting material 3, i.e. the sugar before any 

anomerisation reaction has been carried out. 

¶ The green spectrum is for the reaction in which, only, 0.5 equivalents of 

pyridine was used to try and achieve an anomerisation. 

¶ The orange spectrum is for the reaction in which, only, 3.0 equivalents of TiCl4 

was used and the anomerisation achieved in doing so. 

¶ The blue spectrum is for the reaction in which both, 3.0 equivalents of TiCl4 and 

0.5 equivalents of pyridine were used and the anomerisation achieved in doing 

so. 
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Example of galactose anomerisation NMRs 

 

Fig. 1.33 The NMR spectra for the anomerisation reactions of 6 using the promoters 

individually and co-operatively. 

¶ The red spectrum is that of the starting material 6, i.e. the sugar before any 

anomerisation reaction has been carried out. 

¶ The green spectrum is for the reaction in which, only, 0.5 equivalents of 

pyridine was used to try and achieve an anomerisation. 

¶ The orange spectrum is for the reaction in which, only, 3.0 equivalents of TiCl4 

was used and the anomerisation achieved in doing so. 

¶ The blue spectrum is for the reaction in which, both, 3.0 equivalents of TiCl4 

and 0.5 equivalents of pyridine were used and the anomerisation achieved in 

doing so. 
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Example of xylose anomerisation NMRs 

 

Fig. 1.34 The NMR spectra for the anomerisation reactions of 12 using the promoters 

individually and co-operatively. 

¶ The red spectrum is that of the starting material 12, i.e. the sugar before any 

anomerisation reaction has been carried out. 

¶ The green spectrum is for the reaction in which, both, 3.0 equivalents of TiCl4 

and 0.5 equivalents of pyridine were used and the anomerisation achieved in 

doing so. 

¶ The blue spectrum is for the reaction in which, only, 3.0 equivalents of TiCl4 

was used and the anomerisation achieved in doing so. 
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Example of rhamnose anomerisation NMRs 

 

Fig. 1.35 The NMR spectra for the anomerisation reactions of 18 using the promoters 

individually and co-operatively. 

¶ The red spectrum is that of the starting material 18, i.e. the sugar before any 

anomerisation reaction has been carried out. 

¶ The green spectrum is for the reaction in which, both, 3.0 equivalents of TiCl4 

and 0.5 equivalents of pyridine were used and the anomerisation achieved in 

doing so. 

¶ The blue spectrum is for the reaction in which, only, 3.0 equivalents of TiCl4 

was used and the anomerisation achieved in doing so. 
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Example of disaccharide anomerisation NMRs 

 

Fig. 1.36 The NMR spectra for the anomerisation reactions of disaccharide 29 using the 

promoters individually and co-operatively. 

¶ The red spectrum is that of the starting material 29, i.e. the sugar before any 

anomerisation reaction has been carried out. 

¶ The green spectrum is for the reaction in which, only, 3.0 equivalents of TiCl4 

was used and the anomerisation achieved in doing so. 

¶ The blue spectrum is for the in which both, 3.0 equivalents of TiCl4 and 0.5 

equivalents of pyridine were used and the anomerisation achieved in doing so. 
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Anomerisation have been carried out on eight different substrates under the conditions 

developed, TiCl4 and pyridine promoted anomerisation. The best results, when using 

these novel conditions, were obtained for the sugars with a substituent at the C-6 

position. For those thiopyranoses where this substituent doesnôt exist, better reactions 

were achieved on using the Lewis acid, TiCl4, unaided. 

Anomerisations of glycosyl thiols using TiCl4 and pyridine 

 

Fig. 1.37 Crude yields of sugars anomerised by TiCl4 and pyridine. 

Anomerisations of glycosyl thiols using just TiCl4 

 

Fig. 1.38 Crude yields of sugars anomerised by just TiCl4. 

In the above, Fig. 1.37 and 1.38, the yields reported are those for the crude (unpurified) 

anomerised sugars, post anomerisation reaction and subsequent work up (see 

experimental section for details). These crude yields are those obtained from the 

anomerisation reactions, reported in previous tables with illustrations of some of the 

products obtained shown through the blue spectra in Fig.1.32 to 1.36, of the best 

reaction conditions reported in these previous tables, i.e. 3.0 eq. of TiCl4 and 0.5 eq. of 

pyridine for sugars 3, 6, 29 and 32, while for sugars 12, 15, 18 and 21 just 3.0 eq. of 

TiCl4 was used to obtained the crude yields shown in Fig. 1.38. For the anomeric 

distribution of these crude products, refer to appropriate previous tables. 
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Problems arose on trying to get isolated, clean, material which could be used for the 

analysis of those compounds synthesised through the, afore mentioned, anomerisations. 

It was observed that while the crude products of each of the anomerisation reactions 

indicated the presence of one major anomer, there was a significant decrease in isolated 

product yield being attained after attempts to purify the thiols by column 

chromatography. 

1.3.7 Subsequent studies and reactions of anomerised glycosyl thiols 

The loss of product, due to column chromatography, led to investigations on product 

purification, as well as the study of the use of the crude products without the need to 

carry out purification. This was done in an effort to try and retain the quantity of 

product achieved through the anomerisation reaction with that of the desired 

stereochemistry. 

1.3.7.1 Reactions using crude glycosyl thiols  

Three pathways, in which the crude sugars, synthesised through the anomerisation 

reactions, are used, are detailed below. 

The first pathway uses an alkylation reaction with dichloromethane as the electrophile. 

Thus reaction of the crude anomeric mixture (predominately the Ŭ-anomer), from the 

anomerisation of the series of glycosyl thiol shown previously, in CH2Cl2, was treated 

with DBU, leading to the 1-S-chloromethyl glycosyl thiols shown. The isolated yields 

of these products are provided in Fig. 1.39. Such chloromethyl derivatives can be used 

to prepare azide derivatives and for CuAAC reactions. 

 

Fig. 1.39 The synthesis of 1-S-chloromethyl glycosyl thiols. 



Studies in the anomerisation of glycosyl thiols Chapter 1 

74 

 

The second reaction investigated was the alkylation reaction of the glycosyl thiols with 

1,2-dibromoethane in the presence of K2CO3, while being stirred in an acetone-H2O 

mixture. 

  

Fig. 1.40 The synthesis of 2-bromoethyl glycosyl thiols. 
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The third reaction that was investigated was the methylation of the crude anomerised 

thiols with EtiPr2N and iodomethane 

 

Fig. 1.41 The synthesis of methyl glycosyl thiols. 

The results obtained from these three synthetic routes demonstrate the scope of these 

unpurified anomeric mixtures from the anomerisation reaction to be used in the 

synthesis of a variety of thioglycosides, with the anomeric substituent now having the 

less commonly found configuration. The yields reported are isolated yields. 

A single reaction, in which the crude anomerised thiol 35 was protected with an acetyl 

group, was also carried out. This was a further illustration of the successful usage of 

these crude anomerised sugars, without the need for purification. This reaction was 

completed by stirring, crude, 35 in pyridine followed by the addition of Ac2O, as per 

normal acetylation procedures, to give the thioacetyl 62. 

 

Fig. 1.42 The synthesis of 1-S-acetyl-2,3,4,6-tetra-O-benzoyl-1-thio-Ŭ-D-

galactopyranose. 

The success of these reactions illustrate that there isnôt a necessity for purification of the 

anomerised sugars and that the crude products can be used efficiently in subsequent 

reactions. 
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1.3.7.2 Purification of anomerised glycosyl thiols  

Attempts to improve the isolation of the thiols were also sought. 

Af ter extensive trialling of chromatography conditions, including investigation of 

gravity and flash methods using various solvent mixtures and adsorbents it was finally 

concluded that it is necessary to perform flash chromatography as quickly as possible 

using a short column of silica gel. The best isolated yields for the sugars synthesised 

through the anomerisations described previously after isolation by chromatography are 

shown below. 

Purification of glycosyl thiols using TiCl4 and pyridine promoted anomerisation 

 

Fig. 1.43 Isolated, pure Ŭ-glycosyl thiol yields of sugars anomerised by TiCl4 and 

pyridine. 

Purification of glycosyl thiols using just TiCl4 promoted anomerisation 

 

Fig. 1.44 Isolated, pure glycosyl thiol yields of sugars anomerised by just TiCl4. 

What has been shown, to this point, is that the anomerisation of thio-sugars is possible 

and the conditions described herein give moderate to high yields of products with the 

desired stereochemistry ï that of the harder the synthesis configuration. Through the 

reduction of these products during purification by column chromatography it was found 

that the crude thiols can be used without the need to purify them, which can lead to 

useful products without a further loss in overall yield. 

1.3.7.3 Application of anomerised thiols towards potential multivalent 

compounds  

The potential application of the glycosyl thiol products synthesised through the work 

herein can be demonstrated through the lactose derivative. Previous work from the 

Murphy laboratory by Guan-Nan Wang
56

 on glycoclusters as lectin inhibitors, with a 

focus on lactose derivatives, has been reported and will be discussed in more detail in 

chapter 3. For now itôs suffice to say that the need for multivalency is important and the 

patterns observed within this publication showed that there was an increasing effect 
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with increasing multivalency, the biggest of which, in the article mentioned, was a 

tetravalent compound. 

Thiol-yne click chemistry 

A way to increase this multivalency would be to utilise the thiols synthesised herein, 

such as that of the lactose derivative 36, and using either thiolene or thiolyne click 

chemistry and a suitable linker, such as the trivalent linker 84, synthesise a hexavalent 

derivative. 

 

Fig. 1.45 Mechanism of thiolyne click chemistry. 

Preliminary studies were investigated as part of this thesis, nearing its completion. 

Table 1.38: Thiol-yne click chemistry of 36 with 84 

 

Reaction Reaction time Sugar DPAP hv 

1 3 h. 1 eq. 0.3 eq. Sunlight 

2 3 h. 1 eq. 0.3 eq. 365 nm 

3 3 h. 1 eq. 1.3 eq. 365 nm 

4 65 h. 1 eq. 0.3 eq. Sunlight 

5 65 h. 1 eq. 1.3 eq Sunlight 
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Although the synthesis of the hexavalent compound 63 wasnôt achieved, these were 

only preliminary studies and this work has immense potential, as further research in this 

area could lead to a host of quickly and easily accessible multivalent compounds, with 

an Ŭ-configuration by use of the anomerisation conditions developed herein. The 

potential for these subsequently generated multivalent compounds to find activity as, 

say, lectin inhibitors, (chapter 3) are vast. 
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Chapter 2: Synthesis of N-acetyl glucosamine glycoclusters 

2.1 Background to N-acetyl glucosamine and multivalency 

2.1.1 Introduction 

N-Acetyl-D-glucosamine (GlcNAc) is a monosaccharide derivative of glucose differing in 

the substituent at the C-2 position, with the hydroxyl (OH) at C-2 of glucose replaced with 

an acetamide group (NHAc) in N-acetyl-D-glucosamine. This GlcNAc unit can be found in 

many biologically important oligosaccharides, glycoproteins and glycolipids. It can be 

found in, for example, part of the biopolymer peptidoglycan (murein) which is a mesh-like 

structure that makes up the cell wall of bacteria. It can also be found in the long chain 

polymer, chitin - the second-most abundant biopolymer in nature, which is made up solely 

of repeating units of GlcNAc. In nature chitin is the polymer which forms the exoskeletons 

of insects and crustaceans. The structurally similar chitosan, a polymer that is made up of 

repeating monosaccharide units D-glucosamine and N-acetyl-D-glucosamine, has become 

popular in wound treatment as surgical thread due to its strength and favorable biological 

attributes ï with antimicrobial activity against a wide variety of bacteria, while also being 

able to enhance the healing process by re-epithelialization and the regeneration of the 

normal skin. It has been reported to help reduce scar formation during the healing process 

by preventing the construction of granulation tissue
1
. 

 

Fig. 2.1 The structure of GlcNAc and polymers consisting of the GlcNAc monosaccharide. 
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The monosaccharide, GlcNAc, itself, has also been found to have potential in the 

treatments of various diseases such as ï osteoarthritis, where its use is to address the 

degenerative disorder (the problem) as opposed to the treatment of the associated pain 

(which is attained through the administration of steroids and does nothing to tackle the 

cause of the issues). This treatment with GlcNAc is believed to beneficial by providing the 

body with a sustained released form of glucosamine which is the substrate used for 

glycosaminoglycan (GAG) biosynthesis. It can also stimulate GAG synthesis, inhibit its 

degradation, and appears to be directly involved in the repair of damaged cartilage
2
, 

inflammatory bowel disease (such as Crohnôs disease and ulcerative colitis)
3
 and gastritis. 

This monosacharride offers an inexpensive and nontoxic treatment of these diseases. 

Herein the research is related to development of multivalent compounds, which present 

GlcNAc headgroups, which act as antibacterial agents against Helicobacter pylori. 

The following sections summarise why GlcNAc compounds, as multivalent ligands, are 

attractive from a synthetic point of view, and why they have potential applications. In 

addition, the modes of interaction of these multivalent compounds, is also covered. The 

application of click chemistry is also briefly reviewed. The last section of this chapter deals 

with the area of interest, Helicobacter pylori, and the compounds synthesized as part of this 

project for evaluation against this stomach bacterium. 

2.1.2 N-Acetyl glucosamine multivalent ligands  

There exists a variety of different types of architecture by which multivalent ligands exist 

or can be made from. These include polymers, dendrimers, dimers and clusters to name but 

a few, with each and all capable of existing based on aliphatic or aromatic scaffolds. 

Within these, structurally different types of GlcNAc derivatives can be synthesized as 

multivalent ligands. Here we briefly discuss some of these, which show why this 

carbohydrate has potential as a biological tool. 

Rheumatoid arthritis (RA) is a systemic autoimmune disease - an illness where the bodies 

own tissues are erroneously attacked by response of the immune system to what is believed 

to be a foreign invader. It, RA, is typified by chronic joint inflammation resulting in 

subsequent cartilage and bone deterioration/destruction, which can be observed as 

deformed and painful joints in a patient, which in turn can lead to loss of function. N-

Acetyl glucosamine (GlcNAc) is widely used as a supplement in the treatment of 

osteoarthritis, as alluded to at the outset of this chapter. Many researchers have utilized this 

information by carrying out trials using pure GlcNAc, independently, for the treatment of 

RA, with positive results being obtained. All these studies, though, were performed using 

GlcNAc in its natural form, i.e. as a monosaccharide, which is known to have a low 

binding affinity to its specific receptors. Accordingly, a multivalent compound based on 

GlcNAc could potentially provide an even more effective therapeutic agent in the treatment 

of RA than the monosaccharide. To this end Richter et al.
4
 used a recognized experimental 
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model of human RA, collagen-induced arthritis (CIA), to test the effectiveness of some 

multivalent GlcNAc compounds. This model is set up/created through the introduction of 

either bovine or chicken type II collagen (CII) emulsified in complete Freundôs adjuvant 

(CFA) into mice. The purpose of this experiment/model is to produce symptoms of RA, 

such as the aforementioned joint inflammation and swelling. This model, CIA, is then used 

as a way of studying the alterations of the functions of the immune system/response during 

the progression and development of the disease. Two glycodendrimers, Fig. 2.2, differing 

in their scaffold as well as size, bearing four or eight GlcNAc moieties, were used in the 

study. The researchers reported on a variety of responses such as the reduction of 

inflammation and the suppression of cells - T, B and APC (antigen-presenting cells) in the 

synovial, when using these glycodendrimers. A host of other responses and inhibitions, as a 

result of these GlcNAc-terminated glycoconjugates (GCs), Fig. 2.2, were also reported 

within the study. With RA known to affect areas of the body other than the joints, the 

authors also reported similar patterns in the spleen, with the glycodendrimers, Fig. 2.2, 

reported to have brought about a considerable decrease of NKG2D-expressing NK (natural 

killer) cells, without affecting their lytic function. A summary of what was found by 

Richter et al. was that the multivalent compounds tested either, successfully deferred the 

onset of arthritic symptoms, decreased the severity of these symptoms when present, and in 

18% (2A, Fig. 2.2) and 31% (2B, Fig. 2.2) of cases completely prevented their appearance. 

This proves that multivalent compounds presenting GlcNAc moeities can have a very 

positive influence in prevention as well as possible cure to, in this instance, RA. The results 

observed by Richter et al. provide evidence and support to the use of multivalent 

glycoclusters as a treatment of rheumatoid arthritis (RA) and collagen-induced arthritis 

(CIA) and as such gives rise to further research in the development of other therapeutics of 

these multivalent forms.
4
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Fig. 2.2 Glycodendrimers tested for potential in RA treatment. 

Schwefel et al. showed the importance of multivalency in regards to lectins, to be discussed 

later in chapter 3, with their studies on wheat germ agglutinin (WGA) ligands
5
. WGA is a 

plant type lectin that is augmented in the seeds of Triticum Vulgaris (wheat). Through the 

interaction with the fungal cell wall WGA can inhibit fungal growth and can also cause 

agglutination to occur, i.e. the clumping together of cells. Their initial screening studies 

identified a tetravalent neoglycopeptide, 2C in Fig. 2.3, which was reported to have had an 

exceptionally strong increase in WGA binding. This tetravalent derivative had an increased 

potency factor of 1440, which equates to a factor of 360 per carbohydrate residue, when 

compared to binding of the monosaccharide GlcNAc. Subsequent work in the area, lead to 
























































































































































































































































































































































































































































