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Abstract

Abstract

There are several published proceduresaa | abl e f or -thidpywanosegnt hes
such as glucoor galactepyranosesGiven the ease with which one can acesshb-
thiopyranoses the development of areproducible anomerisatiorof these b-
thiopyranosest o g i v-thiopyranaseswduld greatly facilitate the synthesis of
various types of}S-glycoconjugatesThis was a major aim of this thesis work. To that
end, a varietyof 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 fgtuco, galacte, xylo-, arabine, fuco- and rhamne
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 theithe®rk. These results are reported in chapter
one.
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The second chapter of the thesis describes the synthesis of glycoclusters coNtaining

acetyl glucosamine (GIcNACc) for evaluation as bactericidal agents aghehsbbacter

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

i nfects about half of the worl ddés popul at
developing peptic ulcers, gastric cancer and muassaciate lymphomdahis research

was based on work showing thatglycans expressing terminal djaked U-GIcNAc

residues havantimicrobial activity againsHelicobacter Pylori Previous work from

the Murphy laboratory has identified two bivalent GIcNAc derivatives witlviact

against two different strains dfielicobacter Pylori Analogues of these bivalent
structures were prepared. This includ&glycoside based analogues.
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Abstract

The final chapter of this thesis work describes the synthédksagetyl galactosamine
containing glycoclusters. In this case bivalent, trivalent and tetravalent structures were
prepared, which included-thiopyranose derivatives. A tetravalent compound
synthesised washown to have very high potency for a macrophgajactose @ype

lectin receptor when compared to GalNAc its@lhe work on this topic has been
published in Organic and Biomolecular Chemist@rd. Biomol. Chem.2015 13,
41904203)
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Chapter 1: Studies in the anomerisation of glycosyl thiols

1.1Background to carbohydrates

The word carbohydrate is used to govern a class of polyhydroxylated aldehydes
(aldoses) andetones (kmses) referred to as sugarsimrthe world of biochemistry,
saccharides. The word carbohydrate itself comes from the fact that glugblsgDd

the earliest pure formf@ carbohydrate to be obtaines originally thought to be a
hydrate of carbon, §H,0)s. This view has, as with most forms of chemistry and
science in general, evolved with better understanding and studies on the topic in
guestion, but what has lived on is the term carbohydrate.umtlerstanding of these

bi omol ecules has evolved with time al so, K
molecules, to what are now considered one of the four major classes of macromolecules
in biology* - DNA, proteins, carbohydrates and lipids.

With a few exceptions, the basic form of carbohydrates, the monosaccharides, have the
chemical formula H,0),, where x O 3. The simpl est e x amy
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 compound®rew 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 Fiyl, have been shown in their-dbsolute
configuration but can also exist as theirantiomeric, mirror image,-tonfiguration.

This D-/L-system works by relating all simple carbohydrates to glyceraldehyde, with
respect to the absolute configuration of sfeeondary 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 tlsatthe R/S system for donating
enantiomers. Working at the chiral centre furthest from the carbonyl group in the
Fischer projections in Fig. 1.1 tifie stereogenic centre has an absoRi{&ectus Latin

for right) configuration it will be referred to asD-sugar, while if this stereocentre has
anS(Sinister Latin for left) configuration, it will be an4sugaf.
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Fig. 1.1Fischer projections of monosaccharides.

These Fischer projections are convenient for representing the diversity in
monosaccharides but are not a true representation of how carbohyakistesrhey
show the choice that is available to chemists who might wish to syrdlaegesiety of
differing chiral compounds. Even with this diversity and the multi stereocentres that
exist, in varying degrees, in these carbohydratesaittiee anomec centre, C1, 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 agristructure through an acwhtalysed
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)ivéd- 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 conformationictv are essentially free

from all types of ring strain. The cyclisation reaction for carbohydrates, e.g. the
cyclisation of Dglucose, Fig. 1.2, leads to a new stereogenic centre being formed at C
1, the anomeric centre. This gives rise to two new dasteme r s-anomehwdhichU

has its substituent in down/axial position at the anomeric centresofgBrs in &C;
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conf or mat i-anemeravhich hds iisesubbtituent in up/equatorial position at the
anomeric centre of Bugars in 4C, conformation In terms ofa precise definition fo U

andb anomers it is necessary to work dugit respective stereochemisays U and b a
stereodscriptors If the anomeric centre has &configuration, as word out by the
Cahnlingold-Prelog priorty rules, and stoo 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 sugaris sdido b e b coafigudtatiandf thesentwachiral centres differ

(sayR, S the sugaris saibb e Th.at i sanomierrthe anbneericléarbon and the
reference atom have opposite configuratidRs§Jor S R) , whi | -anomenthet he b
configurations are the samie, Ror S S).

H
HO, CH,0H rotate about (')w rotate about H

S O R A R ‘BN
. 4 3 2 ., —_— ) 4 3 2 ) — HOHzC ",
HO\ IOH HO\\ (/OH Y OH

OH OH OH

{ / OH \

O5-H OH
HOH,Co__O._ .OH HOH,C. _O. LOH 0. OH
H——OH HOH,C
HO——H HO™ "'on HO" "'OH od on
H——OH OH OH
H——OH
a/B-p-glucofuranose

ot l l

g; o

(0]

HO —_— HO/&/
HO OH
HO Mixture HO

p-Glucose

OH [a]lp =+52.5 Ho
a-p-glucopyranose B-p-glucopyranose
36% 64%
[a]lp=+112 [a]lp=+19

Fig. 1.2The cyclisation of Eglucose.

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 caseghiddse 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. Ibdes shown, at a
variety of temperatures (predominately 20 °C) that feglirose, at equilibrium, a
mixture of 386 Uglucose and 84 b-glucose are present. These percentages are
calculated with respect to the specific rotation of each of the pure isamerhat 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

o f the hemiacetal s bei ng-aamandmgns are eabily i um [
interconverted under acid catalysia 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 @esses similar to that in Fig. 1.2 to reform a
hemiacetal, again through another acid catalysed process. In the above cyclisation the
equatori al conf or mat i o-anomar} is thé majorapragunte r i ¢
observed, this can be attributed to a staffect. Depending on the reaction this

di st r i b-an idandmers doesthot always occur, with many factors contributing

to different quantities of anomers being observed. The factors influencing the selectivity
of e i-b h-anbmets is what wilbe 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.

1.11 Anomeric distribution

As shown previously Eylucose can exist as two separamiacetals that are in
equilibrium with each other through an open chamt in aqueous media under acid
catalysed conditions. These cyclical hemiacetals are capable of reacting with alcohols to
form acetals, which, in carbohydrate chemistry, are cgligtbsides Scheme 1.1.

R
HO o ‘H+ HO 6‘) H HO (g b*H HO o H +H+ HO o
HO HO @ HO 0D - HO | —= HO
OH OH OR OR
HO g+ HO HO ) HO o .+ HO
HO Ho U HO HO HO

Scheme 1.JAcetal/glycoside synthesis fronemiacetals.

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 math the parent carbohydrate
occurring. As the reaction is under thermodynamic control the thermodynamically most
stable product is formed. Fahe reaction ofD-glucose with methanol and an acid
catalyst, Scheme 1.2, the product formation leads uxtu r e - a fi daddmers.

This time though, opposite to that of the ring formation of the parent carbohydrate, it is
t h eanofer that is the major product.

HO . HO HO
o CH;OH, H o o
HO OH _— HO HO oM
HO HO HO ©
HO

HO OMe HO
Methyl o-p-glucopyranoside Methyl B-p-glucopyranoside
66% 34%

Scheme 1.Z'he reaction of glucose with methanol and an acidysita

This is opposite to what would be expected on steric grounds, i.e. that the substituent
woul d t ake up -)aonfigueatiom aa avoid stdric hjn@rance. This
preference for aubstituent at the anomeric center to adopt an asipténfiguration,
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the opposite stereochenmgsas to what one might expdstattributed to a phenomenon
known as the anomeric effect.

1.12 The anomeric effect

The term, anomeric effect, was first rimduced by R.U. Lemieux in 1958t a
conference of the Aarican Chemical Societyt Was originally observed andqposed,

in 1955 by J.T. Edwaravho stated that in pyranose rings, axial alkoxyl groups at the
anomeric centre are more stable than those in an equatorial oriehtakieryear 1955

al so saw the start of Lemi euxds study
acetylated aldohexopyrano$e®ue to the observatisnby these two chemists, of a
preference for alkoxyl and acetyl groups to reside in an axial orientation means that the
anomeric dect is now synonymous with the Edwardmieux effect.

= ome T m

OMe

mO/OMe I WO

OMe

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

This anomeric (stereoelectronic) effectemsf 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 anomeffect was establishedlt is
characterized as the preference for the syncligdu¢h@ position over the
antiperiplanar gnti) position. This preference in orientation occurs in sections of the
form R-X-A-Y, where A is an element of intermediaiectronegativity (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 vieevNewiman
Projections of Fig. 1 and R stands for H or €.

RR
R &

Y

Anti Gauche

Fig. 14 Newman Projections fahe 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 twsi wmidely 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 drientate
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 achieley. 1.5

0,/ 9,/
0% < 0
W — X
/
Xl
aton aton 1
O H (6] X
Bé;u&m 3@)@%
X $ H
a-Anomer (Stabilized) B-Anomer (Destabilized)

Fig. 15 The electrostatic model.

In the equatorial conformer, the dipoles are nearly parallel, giving rise to an unfavoured
repulsive dipoldipole interactions between the carduteeoatom of the ring, i.e. the
endocyclic oxygen, and the electronegative substituentlatti= anomeric position. In

the opposite conformer, where the electronegative substituent at the anomeric centre has
an axial configurationthese dipoles oppose eaatherleading to a smaller net dipole,

thus giving rise to a plausible rationalisation of the anomeric &ffect

Based on the difference in diped#pole interactions between the two anomers, it would

be expectedwhen studied experimentally, that in increasingly polar solvents, the
preference for the axial anomeould decrease, as, the more polar equatorial anomer
would be stabilized and therefore favoured. This solvent effect was measured in studies
of 2-methoxytetrahydropyransind showed that the anomeric effect is higher, i.e. the
axial isomer predominates at equilibrium, in less polar media, e.g, tb&h in more

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

OMe
o —— /07

Fig. 16 Studies with 2-methoxytetrahydropyres on theeffect of solvent on the
anomeric conformation.

There also exist contradictory literature to that just stated, which provide other variables
and examifes which show a favourable stabilization of the axial isomer in increasingly

8
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polar solvents. One study which demonstrated this looked at solvent effects at both
room temperature, which proceeded as expecmth an enhancement of the anomeric
effect inreduced polar media; and also at low temperature, where an opposite trend was
observed with the axiallequatorial ratio increasing with increasing solvent polarity
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 ratioriahsan 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 phenon to be
proposed, that now is known as the hyperconjugation resonance theory.

1.1.2.2 The hyperconjugation resonance model

The theory proposed by Edwarh the dipoledipole interactions, does not account for

the changes in structure that are charastte of axial conformers arising as a cause of
the anomeric effect. From investigations on cybldogen ethers an alternative theory

of hyperconjugation was proposed to explain the anomeric effect. The study of these
cyclic-halogen ethers revealed thie anomeric effect a preference for the axial
conformer, is associated with a significant lengthening of the cdrdlmgen bond as

well as an associated shortening of the adjacent canbgmen bond 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
el ectronegative atom being 6éhappyd with a

3 D) N
N—a = m —
CCI Cl@

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

According to the hyperconjugation model the associated stabilization achieved in the
axial conformation is del to electron donation, Fig. 1.8 detalil, it is attributed to
delocalization (donation) of the antiperiplar@bital of lonepair electrons of the ring
oxygento the antibonding orbital of the carbemalogen (or other electronegative
substituent) bond. This interaction creates the characteristic observed lengti¢hang
carbonrhal ogen bond t hr ough +dnding orbital,nas wel @asn s f er
the shortening of the carbarxygen bond by increasing its doultdlend character. Due

to this new partial Spcharacter there is also an observed increaseed@-X (where

X is electronegative atom such as O or a halogen atom like Cl)-dagld when
compared to the typical tetrahedral value. This hyperconjugation can only occur when
the orbitals involved in this stabilizing effect are antiperiplanar to e#udr,othis 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.

Chapter 1

The stabilization effect obtained through the axial conformatiothéinteraction of a

i | | u sig invarsely groportionalRo the
energy difference between the high energy donor orbital and low energy emgtipacce
orbitaP. It therefore stands to reason that the greatest stabilisation will be generated
from the interaction of the most effective dondars. those with high energy orbitals,
with the most effedte acceptorsi.e. low energy orbitalsThis effect is brought about
by having the LUMO of the acceptor as close as possible in energy to the HOMO of the

pair of electrons (W 0 * ) ,

donor.

as

The most effective donorsnonbonding orbitals or lone pairs, such asarbanions
lone pair (nc) or unshared pairs of electrons in heteroatomr® generally more
effective donors than bonding orbitals due to the high energy levels they possess. The

most effective donors can be listeccording to the following sequence:

Nc >MN>Ns>No> cH>Ucc UcH> cB> cH

The most effective acceptors are the empty p orbital in a carboniumgQrfqtowed

by other empty/low energy orbitalBor halide species decrease in electronegativity
of the halideequates to an increase in acceptlityg. The most effective acceptors can
be organize@ccording to the following sequence:

+ * o * o * o * o * o * o
Nc > dbi> dk> dk> db> db, cH

1.8

The net effect of this electronic interaction is electronic delocalization, as has been
shown, and thereforeig stabilizing.

Using the idea of electronic interactions, the anomeric effect in nitrogen heterocycles
vs. oxygen heterocycles was studied by Perrin étAa. shown in the list above,

nitrogen is a more effective donorY 0 *

t han

oxygen

and as

sSsuc

should be stronger in nitrogen heterocycles when compared to their analogous oxygen
counterparts. If this were founwue, it would give weight to the hyperconjugation

model.

10
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4: N;;?’"‘ OMe 4:007““ OMe

Fig. 1.9Nitrogen heterocycles vs. oxygen heterocycles.

When the structures in Fig. 1.9were studied and compared it was found,
experimentally, thathere is as much axial conformer for one structure when compared
to the other. Wera Y U interactions dominant for the anomeric effect it would have
led to a contrary result. It led Perrin et @ conclude that the anomeric effect arises
primarily from dectrostatic interactions, though this conclusion was limited toe 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 electrostatmnodel had all but been completaliscarded in recent years,

until a recent publication provided computational evidence in favout®of it

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 byproposing alternative reasons for it or if it is indeed a sum of a number of
factors, providing additional contributing factors to the anomeric éffedere they
propose that the CH/hydrogen bond, wheren are lone pair electrons on an
electronegative atom, is an important factor in the stabilizaticaxiad conformers of
cyclohexane derivatives and thereby glycosides, Fifddnd RFg. 1.11

R ROA
AcO 0 0
O X
AcO g
,/B' -
Huuqu OAc R’ R=H, CHzoAC
4 R'=0Ac
C 1
| Cq X =F, Cl, Br

Fig. 1.10 Explanation, in terms of the fivmembered CH/O hydrogen bonds, for the
axi al preference o-fanonperss rwahntbesBylo and Dblucad es o f
configuration

q HI nonx
AcO O X _ QSC
AcO H B S
OAc
H OAc OAc X =F, Cl, Br
4C1 lc4

Fig. 1.11 Explanation, in terms of the fivmembered CHD hydrogen bonds, for the
axi al p r ednamers of xylesyl didlidedH

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

11
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and rathethan dispelling reasonable evidence from both sides of the divide on which
model is more correct, either teéectrostatic model or the hyperconjugation resonance
model, manybelieve the anomeric effect to be a cause of a combination of contributing
factars.

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 contrar rather a dgre for stereochemical contrekists throughout
organic chemistry. As has been shown there is a pool of compoundabkevan
carbohydrate chemistwith 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 tikages are covalent bonds joining a carbohydrate (glycon) moiety to
another residue which may be a rmmarbohydrate residue (aglycon) or another
carbohydrate derivative, via &, N-, or S (acetal form) oiC- (ether form)glycosidic
linkage, making compads 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 thleaving groupScheme 1.3

0 /\ . promoter 0
Glycosyl donor Acceptor

NO NO promOter NO NO
RO/\N@O/N OR' T» RO~ s O~y 1 OR!
Glycosyl donor Glycosyl acceptor

X = halide, SR, OC(NH)CCl,, etc
Scheme 1.3'he synthesis of glycosides.

The displacement generally follows a unimoleculgll $nechanism. In this process,
Scheme 1.4an oxocarbenium intermediate will typically form followitige 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 mixéur o f  -prodaatsaan form.

12
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B-face attack

.o @
—— O) promoter 0 _ ot +—~0
RO/\NJ"&( RO>\/) Vi RO~ %= OR'

a-face attack

oxocarbenium
intermediate

Scheme 1.4Mechanism of glycoside synthesis.

Theratio 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
neighbounng group parti@ation and the solvent choice the glycosidation

1.1.3.2 Neighbouring group participation

The orientation of the hydroxyl group (OH) at23position in a pyranose ring of the
Oparent 6 carbohydrate has eguilbsiumbThis eanhei a l e
demonstrated when comparingniannose, where the hydroxyl group a2ds in an

axial/up position, relative t®-glucose, wherghe hydroxyl group at € is in the
equatorial / down posi tanomer.presértegreagpes foom®a t i o n
for the mannose derivative to@dor the glucose moiety.

This G2 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. 1.1dhese are named according to the orientation of both
the glycosidic linkage and the substituent at th gsition.

HO, HO,

(0] (0] (0] (0]
tﬁ N or tﬂ = or
HOOR HO OR
a-p-Glucoside B-p-Glucoside o-p-Mannoside B-p-Mannoside
Type of Glycoside: 1,2-cis-axial 1,2-trans-equatorial 1,2-trans-axial 1,2-cis-equatorial

Fig. 1.12 Types of glycosides.

Protecting groups used on the glycosyl doae important especially that of the2C
position. Sugars with protecting groups a2 Guch as esters and amides are capable of
a process known as neighbouring group participation. Scheme 1.5.

13
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O
G
RO/ .
B-face attack OR
. ©] :
0) promoter ———~0 HO-R' major product
G%w X _— = G/\) —_— >
A
RO
a-face attack
0
R= Non-participating group oxocarbenium G/\/S/OR'
intermediate RO
minor product
B-face attack
O) promoter ! 0 HO-R' —2O0
G%X —_— G — G OR'
RO RO
. 7 major product
R= Participating group oxocarbenium ) Jorp
. di acetoxonium
Intermediate intermediate
—O0

G
ROOR’

minor product

Scheme 1.9nfluence of potecting groups on glycoside synthesis.

Following formation of the oxocarbenium intermediate, a donor with a protecting group
at G2 capable of the neighbouring group participation (e.g. acetate, benzoyl) will form
a cyclic acetoxonium ion. Thiscyclicemr medi at e &bl ocksdé one
attack, resulting in 1;Fans products. Asuch this neighbouring group participation

g i v emodudis for sugars bearing an equatorie? Group (e.g. glucose, galactose)

a n dprotucts for those with an axi€-2 group (e.g. mannose) for the Beries of
sugars with protecting groups capable of neighbouring group participation.

For donors bearing a neguarticipating group at the-€ position (e.g. benzyl, azide),
stereoselective synthesis of ‘Ljg-glycosides can be achieved. Here we also see a
preference for the 1;@s-axial glycoside for reasons already discussed in settioh

1.1.3.3 In situ anomerisation

Lemieux proposed an alternative glycosidation pathway which employed donors with
non-participating groups at the-Zposition, which yielded the desired X;j&-product?
Scheme 1.6.

OBn Et4N+Br' OBn ROH OBn
BnO O _—___» BnO O B — = BnO O
BnO I BnO T BnO
BnO DCM BnO

Br BnO OR

Scheme 1.6 e mi galtern@tive glycosidation pathway.

This was achieved through tinralide ion catalyzed glycosidation reactiontefraO-
benzytU-D-glucopyranosythloride and bromide with simple alcohohe reaction is
considered to proceed by way of the highlg a c¢ tglycesgl hdlide which is brought
into rapid equilibrium with the more stabléanomer by halide ions donated from the

14
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tetraalkyl ammonium halide used. The reaction proceeds in wh f&hion with
i nversion of t-dlyeosyhhaldgehrspegies with arcaccdeptoe as Bhown in
Scheme 1.7

——~0
G\ X t/_/o)
RO G rod
B-Halide
S}
X
S} @ ®
S}
@O S R'OH G/N/Q X -X® qu .H® G>/O
/- S . -
G rRo Q7R rRo QR ROoR:
RO H H a-Glycoside
R = Non-participating group X@
X = Halide
S}
ST X
fC)
rRO X
S}
X
0 w0 romH -0 i B 0 i W@ o
G G/\» G\ -OR R ,%—R Ga=\_OR'
ROy 40 Lo RO
) RO RO X RO -
a-Halide B-Glycoside
Scheme 17 Lemi eux0s gl ycosyl ati on mechani sm

anomerization§?

The rate of cooghgcesph -bydsyBatds waw dbseved

to be considerabl y f as tgyaosylthdlidenwheg linytteo si d a
presence of the added halide ions. As such, high selectivity of tresfduct can

be achieved, as the rate of equilibrium between the two glycosyl halides is faster than
the rate of reaction bet weglyoosythhlideandthéd t he
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 reacttofiéis is particularly relevant for
reactions where donors containing fearticipating groups are being used.
Glycosidations carri out in nitriles (e.g. acetonitrile) and ethers (e.g. diethyl ether,
THF) have been shown to produce different anomeric products.

Reactions carried out i Aproduttshvenite ghosk eawriedu r  t h
out in nitriles favour the formationfo -pfoduct. This is believed to be due to
participation of the solvent with the oxocarbenium intermediate and, similar to that

il lTustrated in the neighbouring group par
face of the intermediate from nucleophiattack 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 effear due to steric reasons, both of which would
account for the subseqg-glgoside $chemell& ed f or mat

6) t o Et,0 o0 It —0
—— promoter — 2 X @ G
P - — N - = O - >
G X G G N/u < RtO '

U RO Et OR

RO
\_/HO*R’
oxocarbenium a-face attack

R= Non-participating group intermediate major product

Scheme 1.8Thef or mat i elycosidé by aiethylléther participation.

The pr ogouafigueation & the intermediate, when using nitrile solvents, was
supported by work carried out by Frageid. Previous toHis study there was a
divide in opinion as to which configuration the glycosylacetonitrilium ion adopted, with
some groups -cadiguatort®benagse af a proposed reverse anomeric
effect’, 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
FraserReid due to the trapping of the intermediate ion withhBrobenzoic 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 glgcbsdesnt s i s the synthes:c
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. ®
—2O t O _ MeCN ~—0 B-face attack
> 4)\3( promoter { G/\) e > . o
RO RON ® —>- \/S/
I HO-R'

oxocarbenium

" ! major product
intermediate

R= Non-participating group

COOH
Trapping procedure ©i
Cl

OBn

OBn
BnO O BnO o)
BnO BnO
BnO BnO

N (6] -
A T
O o O Cl

H-1,85.97,J,,73 Hz

\ NaOMe, CH,Cl,

OBn
BnO
BnO
BnO HN

H-1,55.99,J,, 5.1 Hz
iy ﬁ |
O BnO
BnO
Bngégwm{ BnO
BnO

H-1, 55.31,le2 9.0 Hz

Scheme 1.9Thef or mat i ol yocfosa dd® and c enitrifiumr mat i o
pathway.

This trapping had been done previously and was used by'8ingyrove their assumed
b-configuration due to the value observed for the coupling constant forNhgi13,4,6
tetra-O-benzytb-D-glucopyranosybacetyt2-chlorobenzoylimide, HL 0 167.21 8,
Hz, which would be considered to be in the expected range for a carbohydrate with a
“C, conformation containing a substituent in an equatorial orientation at the anomeric
centre and a substituent at the2(osition 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
confirmeda n -cotdfiguration Even though the magnitude of thelH, a 5.97, cou
constant observed by FraBReid, J,» 7.3 Hz, for their imide structure, Scheme 1.9,

seemed inappropriate for a carbohydrate witBaconformation in arJ-configuration

he wasable to demonstrate other aspects of'thHe NMR t h at -cohforrner.e d an
Thi s, al ong wanaldgue nmdepandegtly dandth @omparing the results of

both, allowed FrasédrReid to concludethat the intermediate species of the
glycosylacetonitriliumionh a s -cardigurdtion. The trappingroceeds in a somewhat
similar manner to the Rit toenfigunateraand thus n , t o
confirming the mechanism pathway of glycosidations carried out in nitriles, Scheme 1.9
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With the factors tht 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 maipulate a reaction to give a product of the desired stereochemistry.

1.14 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 padiar instance, to her ability to produce complex
poly- and oligesaccharides through the glycosidation reaction. The first chemical
glycosidation was reported in 1879 by Arthur Mich&ébetter known for the Michael
reaction), in which the reaction proceeds with nucleophilic displacement of chlorine at
the anomeric position.

OAc KOAr OAc
AcO O — = AcO % oa
AcO AcO r
AcO

Cl AcO

Ar = Ph, 0-CHO-Ph, p-MeO-Ph
Scheme 1.10he first chemical glycosidaticas reported byrthur Michael.

This work along with Emi/l Fi scherds appro
1.11, in which an unprotected sugar is reacted under acidic conditions with an excess
of an acceptor, leads to an equilibrium of irdenverting species

OH
on MeOH ot HO -0 _,.OMe
HO 0 0 HO
oy ———— HO OMe *
HO . HO ¢
H HO
OH

HO

Scheme 1.1E mi | Fischerds approach to glycosida

These early studies by Michael and Fisher provided some of the key fundamentals for
achieving successful glycosidation reactions. These observations werngrotieating

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. Thesedeoations 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 KoeHigerr glycosidation, reported in
1901, reacts glycosyl halides, (the general preparation of which is achieved through
treatment of an anomeric acetate or-dsthoester with HBr or HCI, with the reaction

t ypi cal Fhylidegproductsdge tdreasons previously dismligs sectiorl.1.2),

with alcohol acceptors in the presence of Ag salts. Initially these salts e@QOAgr

Ag,0, were thought to be used primarily to mop up or scavenge the hxolyct, but
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it was later realised that these silver salts were actpldlying 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 #remeric centre, rationalized, at the
time, as due to Walden inversion, which is where the incoming nucleophile attacks
from the reverse side of the leaving gréup

H
op H oP o oP
PO O m, PO oy - -~ PO & OR
PO PO H PO
PO ! PO

Cl PO éD i
Scheme 1.12nversion at the anomeric centre due to the glycosidation reaction.

This mechanistic pathway had to beemmaluated 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 secfiadh3.2, that of neighbouring group
participaton provided by the ester protecting group af.dt was shown that two
distinct pathways existed for glycosidation depending on the configuration of the
glycosyl halide being used, 1¢®s or 1,2trans The anomeric halide, of the glycosyl
donor, complexe 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 possik for either the incoming nucleophile or what the glycosyl donor is
capable of achieving through neighbouring group participation Scheme 1.13.

OAc Ag,CO OAe /\MOH OAc
o 82403 o ¢ 6}
AcO AcO AcO
Oéﬁ —_— Ac(jéﬁ 5+ f Ao OMe

OBr OBr\
\« \‘g TAg,CO; \\g

OAc AeCO OAc ' OAc
0 £,C0; o +/ﬁ\ 0 ,/\
AcO - AcO 37 H AcO

(6} OMe

Scheme 1.1Possible pathways by which glycosidation may occur.
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An alternativepathway, very similar to thKoenigsKnorr glycosidationis that of the
Helfrich method, whichalso employs glycosyl halides as the glycosyl domatrin
placeof Ag salts uses Hg saltBurther distinction between these two methods arises in
the polariy of the solventén which they are carried out.iKoenigsKnorr reactions are

run in nonpolar solvents while Helfriclglycosidatiors are carried out in polar solvents

Due to the instability of the halide and use of &dHgsalts and the disposal ofetbe 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 #98hese fluorides

are more stable than their corresponding bromides and chlorides, i.e. those used in the
KoenigsKnorr glycosidation. These glycosyl fluorides can be synthesised through a
number of different ways, one of which is the treatmer@rodnomeric acetate with HF

and pyridine. Mukaiyama found, after screening a variety of Lewis acids, that the
combined used of SngChnd AgCIQ effectively promotes the stereoselective reaction

of a glucosyl fluoride andith an alcohol acceptor. THg2-cis-g | y ¢ o gyliycdside) ( U

is predominantly prepared in this fashion by the reaction of 2;84&0-benzytb-D-
glucopyranosyl fluoride with a variety of alcohol acceptors, Scheme 1.14.

OBn
OBn SnCly, AgClO, o
BnO Q g " R-OH - BnO~
BnO -15 °C, ether n BnO

BnO OR
Scheme 1.14he use of glycosyfluorides 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 byrfich in 1980, as an alternative to

the KoenigsKnorr. 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 wesgposed 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 arybubstituted keteniminesagv e e x ¢ | u smidates, whilet h e b
reactions with tr Hoidates9S$cemmelel6.oni tril e | ed t
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Aryl Arvl
_-Ary
OR J=C=N OR
o e
RO - RO _
RO NaH RO I
Aryl”  Aryl
R=Bn
OR CLLC—CN OR
O —_— O
RO RO
R&,«»OH it Ro§ﬁ
RO ROS
CCly R = Bn, Ac

Scheme 1.19he synthesis of glycosyl imidates as reported by Schmidt.

Further work in this area has advanced thenaistry to where, now, depending on the
base used;o reridilohoacetimidaieecanlbe selectively achiéved strong
base e. g. DB U, -iNchlbroacetimidate selgdtivelg whilera eveaklbase,
e.g. KCO;s, will give the oppositea n o me r , -trichlomacetimibdage, Scheme 1.16.

OR R R OR
Lewis Acid
(0] (0]
RO I RO OR'
RO R'OH RO
ROO NH RO

CCly

OR CI3;C—CN
(0]
Rgo/km OH
Base
RO
R =Bn, Ac
OR . . OR
0 Lewis Acid 0
RO o NH » RO
RO . RO
Y R'OH RO

RO ,
CCl, OR

Scheme 1.16The synthesi® f e i- o h-gidhlordhcetimidates and subsequent use
towards glycosides.

These imidates can be then be used in the glycosidation reashere, generally, one
would use the opposite anomer of thieehloroacetimidate to achieve the desired
glycoside anomer, as illustrated in Scheme 1WW&h that said, the products achieved
are once again subjective to the other parameters involveldeimetiction, such as
participating groups ansolvent 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 pedares 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 sahthe main glycosyl donors, other than
those already covered, are includedow in Fig. 1.13

E% E&WOW v&/O\/\/\

. . 0] .
1,2-epoxide Anomeric acetate Pentenyl glycoside

(0] (0] o)
O NS Ar N\ sr
Glycals Glycosyl sulphoxide Thioglycoside

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

These by no means are the only donors capable of glycasidait give a brief over
view of the diversity available to do so.

1.15 Thiols and thioglycosides

1.1.5.1 Thiols

Thiols, RSH, are analogous to alcohols differing in the chalcogen (chemical element in
group 16 of the periodic table) used, whtre oxygen atom, of an alcohisl replaced

by a sulfer atom in a thiol. This sulfer atondue to its size and the relatively ron
polarized SH bond, due to the small electronegativity difference betweersutier

atom (2.58) and the hydrogen atom (2.2@gpecially 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 aomg#r acids than the corresponding
alcohol and that thiols have a lower dipole moment than equivalent alcohols

Thiols, along with thesulfer analogues of ethers, thioethers/sulphides, have one very
notable and obvious physical characteristic, their ex¢hgmoxious 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 scaleeaiyers Jan. 222013 when a

gas cloud of methanethiol was released fromompanycalled 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 inctde whi ch was dub
Pongo, |l ed to emergency phone | ines at B
with calls abo®it the ésmell 6 of gas

The i SH functional group is also called a mercapto group/mercaptan, because of the
violent reaction it has with mercury (1) oxide. Mercaptan being derived from the Latin
mercuriumcaptans(capturing mercury).
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The thiol group becomes important when viewed as a precursor to thioglycosides.
These Sglycosides are attractive alternatives @glycosides as they have been
reported to show greater stability towards enzymatic cleavageeksasv chemical
degradatioff - this will be discussed further later.

The sulfer in thiols and sulphides is more nucleophilic than that of the oxygen in
corresponding alcohols aredhers, towards saturated carbon atoms, but many of their
reactions resemble that of their oxygen analogues. The preparation of thiols is usually
achieved through an\& reaction with aulfernucleophile and an alkyl halide

R—Br + NaSH —— R—SH + NaBr
U Excess

Scheme 1.1The 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 anoth2rr&action with a
further alkyl halide, which would lead formation of the thioether derivative.

R

R—Br + R—SH _ R—S—R + HBr

U
Scheme 1.18 he formation of thioethers.

Due to this possible bgroduct formation and the need for a large excess duilier
nucleophile to avoid this symmetrical sulphidegaation 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.

S @® NH.Br H,0, NaOH i

1] -
R—Br + H,N-C-NH, —> R—S=C—-NH, —— > R—SH + H,N-C—-NH,

U

Thiourea Alkylisothiourea salt
Scheme 1.19he preparation of this viaan alkylisothiourea salt.

1.1.5.2 Sglycosides as O-glycoside analogues

Most naturally occurring glycosides are of the form @f or N-glycosides, with
carbohydrate derivatives withsallferatom at the anomeric centre not very common in
nature. Thevery few examples, that cabe found, are that of the simple alkyl
thioglycosides of lincomycin and structurally related lincosamides antibiotics, found
Strptomyces specie&®?®, and also the glucosinolatés ( fhioglucosideN-
hydroxysulphates) Fig. 1.14
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Lincomycin Glucosinolates

Fig. 1.14 Naturally occurringS-glycosides.

Glucosinolates, also known as mustard oil glycosides, are predominantly found in
plants of the order Brassicafes(e.g. turnips, the mustard plant, cabbages,
horseradshes). These glucosinolates act as antarbivore defence in these plants by
enzymatic activation, i.e. myrosinasatalyzed hydrolysis upon plant tissue damage.
This happens by cleavage of the thioglycoside, with the most commonly formed
hydrolysis praluct, the isothiocyanate, being toxic to a wide range of organisms,

Scheme 1.20.

OH® OH

O H,O O

HO 3 2 HO
H& =, HC?&S/OH
OH HO HO
ool
S_ _R
HO W Y +

HO |
N
Glucosinolates (l) @Q R
=S O ®
"0 K |>
N\b\ —_— S=C=N-R
|
O‘(,),S \O@ K@ Isothiocyanate

Scheme 1.2@lucosinolates as an adfterbivore defence.

These isothiocyanates, and also indoles, are the two major products producedsas a ca

of autolytic breakdown, i.e. the salfgestion/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 gtudies of

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

i ncluding the induction of detoxiycation ¢
of activation enzymes (Phase | enzynfédpoptosis, i.e. programmed cell death, and

cell cycle perturbations, due to these isothiocyanates, seem to be ano#mapot
chemopreventive pathway or mechanism by which they may act, especially with respect

to the effects on initiated tumor cells.
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M M
Me o) ¢ Me e ¢
| HO H | Cl—TH
Mem N\ N HO N HO
e N ' H Me N'_ H
H (6] H o
HO HO
HOSMe HOSMe
Lincomycin Clindamycin

Fig. 1.14Lincosamides.

The lincosamides (e.dincomycin, clindamycir) are a class ofntibiotics 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 peptidfRNA from the ribosom&. 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 umraffbgt

many common antibiotics such as penicillin or other-tsttam 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. Lincopduanto its
adverse effects and toxicity has, in large parts, been replaced by clindamycin, which is
synthesised from liramycin by substitution of the-Aydroxy group with a chloride.
Clindamycin exhibits improved antibacterial activity, with respect to the native
lincomycin, and as with lincomycin, exhibits some activity against parasiitozoa,
amongst other ailments.

Thus these thioglycosides are interestingnfra therapeutic point of view and therefore
the synythesis of further derivatives could prove useuklycosides offer attractive
alternatives to natural glycosidg€d; or N-glycosides, due to their enhanced stability,
that is that they are less suschigtito chemical degradation and enzymatic cleatfage
Sulfur is less basic than oxygen, so in terms of the hydrolysiS-ghycosidesthe
concentration of th&protonated conjugate acid would be lower than the corresponding
O-glycosidé®,

Sulfur, while being less basic than oxygen, is, also, more nucleophiisahe stability

to enzymatic cleavage, as well as the similarity in conformatidggdjcosides to the
analogoudO-glycoside that make them appealing analogues. In terms of bond lengths
and angles, ethers-G-C, have a bond angle of about 104° and-@ 6ond length of

about 140 pm (where 1 A = 100 pm) with the analogous thioethenmsghaviunctional
group, GS-C, bond angle of about 90° and aSthond length of about 180 pm. With
respect to carbohydrates it has been regorby Montero et &f* that the GS bond

length (1.78 A) and &C bond angle (99A) o6strongly
structure withthe GO bond length(1.41 A) and @O-C bond agle (116°). The
differences, between both the bond lengths and angles, result in comparatively small
variations between the positions of the atoms along the glycosidic bondSThe
glycosides, however, are substantially more flexible due to their longedsband
weaker stereoelectronic effettsDue to the aforementioned properties, thioglycosides
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have an overall similar conformation with their correspondgjycosides and as sk
are attractive alternatives to the nateor N-glycosides. This has led thioglycosides,
including thiooligosaccharides ang-glycoconjugates, to be frequently sought as
synthetic targets in carbohydrate chemiStry

Unlike hemiacetals, such as those discussed in Fig. 1.2, glycosyl thiols, precu&ors to
glycosides, are quite stable. It has been reported thaglygosyl anions do not
mutarotate that is the change of configurationtah e anomeri c c-eontre,
b- 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 thioglycosidedarcts. Due to this ability to maintain its
configuration, the ster eoamedghdodylithols, armly nt h e ¢
control of this stereoselectivity, is extremely important for subsequent{vork

Thesethioglycosides often exhibit analogous conformation, as discussed above, as well
as comparable or even more potent bioactivities when compared to their corresponding
O-glycosides.

Bi oassays de mo-Sgatactosyiceramidé rmimit¢ of KRINEOOPId. 1.16
possessed similar potency to KRN7000 in human NKT cell activtion

0 0
HO _oH HO _oH

O HN )J\C25H51 O HN )J\C25H51
HO : OH HO :  OH
HO : B HO H B

(0] S
\/Y\C 14H2g \/Y\C 14H9

OH OH

a-galactosylceramide (KRN7000) a-S-galactosylceramide

Fig. 1.6KRN7 00 0 &aSmalactbsylograniide mimic.

While the below Slinked glycopeptide mimic of tyrocidine, Fig 1.16, exhibited
superior inhibitory activity againgacillus subtilisthan the natural antibiofi¢

Fig. 1.17 Slinked 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 adfoe o n t he FHheoks,svhicho mmo n
are not susceptible mutarotation and their subsequent reaction to thioglycoside of
known and controlled glycosidic linkages, is an appealing one, especially those with an
U-configuration. A Lewis acid promoted anomatisn system, such abat described

her ei n,-glycasyl thiolsweuldas such, greatly facilitate the synthetic efforts of
those invol ved -Sglgcodrjugates.y nt hesi s of U

1.1.5.3 Synthesis of thioglycosides

There exists two general syntlegpiathways to thioglycosides, the first is very similar to
those discussed f@-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 agmoter.

Sn1-type

B-face attack
— O) — O HS—R' —~0
RO /Ng promoter RO \) —_— RO~ %="\n~ SR'
a-face attack
X= Leaving group oxocarbenium
intermediate
Su2-type B-face attack

0 /\ —R 0
/\N:ﬁ HR RO% SR'
9!

X= Leaving group

RO

Scheme 1.2Thioglycoside 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 desirdibglycosides

Q
R'—X
RO SH = RO e\ SR
Scheme 1.2Z hioglycoside synthesis by way of a thiol/thiolate.
Both of these pathways are practical and there are numerous examples in the literature
of their application.
1.18uv 81 41 -glycadH thiolg
To date only a small n u mypheasyl thidls. Pfthermostd ur e s
commonly reported in the literature there exists one of 3 problems. The first type of

procedur e -ahilidrizeees prhed et , S-thibl® threughla. 2 3 ,
mechanism such as that discussed in se&tibA.3.
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OR OR

OH s
o -, o] RO
HO RO - .
Ho/éSw OH _— RO cl RO
HO RO

ROSR'

Scheme 1.23he synthesisofadg| ycosy !l -dghlbrideo!l via a b

The problem that exists with fitchorice. ltisppe of
highly reactive speci es -dorfoantationpforerédagonss t o
discussed in sectioh.12. This type of procedure has been tried within mamoums

with some reporting that -praductfdadtd thisshigho gi v
reactivity of the halide speci®s It is the reproducibility/efficiency of this procedure

that make it an undesirabl e r eaechldaidenn, agai

Al t ernati ve +lgcasyldhsols are baaed drs reldiively losgnthetic
sequencé$, Scheme 1.24.

OH OBn OBn OBn
HO/&&MOH - - Bno/é&WOH BnO O NO, . BnO O
HO — Bno > "Bno BnO
HO BnO
S
o)

BnO BnO SH

Scheme 1.24The synthesi® f  aylgcosy thiol based on relatively long synthetic
sequence.

This preparation becomes disadvantageous, due to the number of linear steps needed to
s y nt h e glycssyl thiolewhith may be needed for further synthetic steps to access
Soligosaccharides and/@-glycoconjugates. This increase in syntheticnipalation

could potentially lead to a proportional decrease in the mass of product obtained and as
such is a disadvantageous synthetic route.

An al ternat i v eglycosyl uhioks, istreperted lmysDavis et. aising
Lawe s s on &sThey éoand ¢hattthe Lawesson reagent ktzel capability to

covert reducing sugars or/and unprotected sugars into their analogous glycosyl thiols,
Scheme 1.25.

Lawesson Ragent

NO _ NO
RO/N OH solvent RO/N SH

Scheme 1.29he synthesisfanUg | ycos y | t hiol using Lawess

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 practicaln d e f f i c i -glycasyl thiolsuhaisebsen teported by
Zhu et af*. The synthesis reported by these researchers involves the synthesis of 1,6
anhydrosugars and then subsewot ring opening using commercially available
bis(trimethylsilyl)sulfide and TMSOTf, Scheme 1.26.

0 — — 07 —
HO&N‘OH BHO&‘ BnO Bno%
BrO6Me OBn BnO

HO SH

Scheme 1.2@he synthesis f  -glycosi thiol using 1,6anhydrosugars.

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

d e s i glgcosyl fHiol 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 theong greater overall yield obtained at the end.

The devel opment of an efficient -glyemwsyti on,
thiols therefore provides a desirable endeavour and if achieved would greatly facilitate
the synthetic efforts of those invoy e d i n t h eSglgcgconjupates i s of U
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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 ofO-glycosides, and the methodology has not changed significantly
since.

Lewis acid promoted anomerisation can be useful in stereoselective glycoside synthesis
as demonstrated by Pa&SuThis author describes the, then, novel synthesis of pure
tetraacetytb-n-hexylglucoside, which can be anomeriseldy heating in chloroform,

with an equimolecular quantity of titanium tetrachloride to the then, inaccessible
anomer.

OAc 211%1 OAc
AcO 0 OC.H 43> AcO 0
AcO 61113 reflux AcO
AcO AcO

OCgHy3

Scheme 1.27P a c s bewis acid promoted anomerisation of teti@etytb-n-
hexylglucoside.

The anomerisation reaction was investigated by two widely known carbohydrate
chemists, Lemieux and Lindberg, and fromith&tudies 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 mechamis Lemieux demonstrated this by anomerising a
racemi c mi xt-glucepyrandsidentetraabeyate. The methoxyl group of the
D-isomer of this mixture was labelled with the radioactive isotopel4C
Anomerisations of the racemic mixture were carriedl 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
radi oacti vity -Dvglusopyranosidetietraatate, i.ehno ltrandder of the
radioactive G14 was detected in the-isomer, as such indicating an intramolecular
reactiorf’.

Lindberg discusses, with the knowledge that the anomerisation reaction is
intramolecular, that the acid (A), catalysing the reac¢t@an coordinate with the ring
oxygen leading to endocyclic cleavage of thé © C-1 bond, resulting in the open
chain intermediatd A; rotation of the € i C-2 bond can occur, with ring closure
resulting in a mixture of) , pboducts*®

The alternative and earlier reported mechanisrhemhieux, involved cleavage of the
exocyclic G171 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), resultmgno ions which do not fully dissociate,
but instead exist as an igairlBwhi ch can c-glcdsidef’se to an U

Lindberg: AcO /\ AcO A AcO
AcOﬁZOR A AcO o0& A AcO 0
AcO Y AcO O AcO oD
c

+A
AcO AcO OR

Lemieux:

AcO A AcO @ | A AcO
AcO O or ACO 0 Or AcO 0
AcO \ AcO
AcO +A ¢
AcO AcO

OR

Scheme 1.2&roposed mechanisms for glycoside anomerisation.

Recent studié$ 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 derivativdlC, Scheme 1.29 in the presence of Sn@tting as the

Lewis acidnecessary for an anomerisation reaction to occur, and a competing azido
trimethylsilane nucleophile. Results &f5% of the U-azide product after one week
could be postulated as demonstrating that the predominate mechanism of reaction, for
anomerisationis probably that of the pathway proposed by Lindberg.

0 OMe Sl’lC14 OMC OMC
_TMSN;
AcO O . AcO
AcO OCy ACO AcO
AcO
1C <5%

Scheme 1.2R competitive reaction to try and elucidate the reaction mechanism.

This competitive reaction was used to demonstrate that, for the two mechanisms under
corsideration, 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 © provide further evidence for the endocyclic cleavage mechanism, was presented
by Pilgrim et al*® Within this article a trapping experiment was carried out, Scheme
1.30, using sodium cyanoborohydride to facilitate the identificationeofritermediate
generated during the endocyclic cleavage mechanism of a Lewis acid promoted
anomerisation. This trapping was carried out using bot-aand S-glycosides. The
experiment provided support that TiGiromoted anomerisations proceeds, at least to
some extent, through endocyclic cleavage.
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O OMe . (0] OMe (0] OMe
O T1C14 OH ACZO OA
AcO OB —— > AcO OB —— > AcO ¢ OB
AcO u NaCNBH; AcO u Py AcO u

OAc OAc OAc

OBz . OBz
O T1C14 OH
BzO SB —_— BzO SB
BzO u NaCNBH; BzO u

OBz OBz

Scheme 1.30A trapping experiment carried out to illustrate that the endocyclic
cleavage mechanism is the mechanism by which,fi@imoted 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 accouneféorthation of the small
amount of azide. If the rate of interconversion between the two acyclic-azido

i nter medi ateadmg to altiremebdiafe, was fast compared to the rate of
ring closure, such as that demonstrated for the anomeric effeetction1.13.3, this

would account for the absence of dngizido product.

MeO——0 /\SnCl MeO—=0 gy, MeO OO/SnC14
O i I o AcO
AcOﬁocY AcO&ocy — A% “ocy
AcO ~ AcO o)
AcO AcO| A0
Q
N3 ‘
MeO O
MeO OO/ anl4 fast ACO O/)SHC14
AcO ) N® = — X 0 !
AcO =0 slow ¢ ACOl>
AcO ¢ N;
®
-SnCl, -SnCl,
MeO (o) MeO OO
(@] AcO
Ag&ﬁm AcO
AcO ACON3

Scheme 1.3RAccounting for the azide product by means of the endocyclic mechanism.

Much like the anomeric effect, it is hard to say definitivghjich 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 thechmnism 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;Prans glycosides can beolated from reactions

using Lewis acids TiCl, or SnClh, when donors containingacyl groups are used, due

to neighbouring group participation as discussed in settib8.2**°>° However, in a

number of such glycosidation reactions t he-pr o hectJ or a mi xtur e
and {prodectsfcan be obtainétThe formation of these @i s gl ycosi de:
products) can be explained by first+t t he
anomer, which subsequently under goes anomerisation to gweg @ duct- wi t h
configuration (glycosidatiomnomerisation;’

As in the case of glycosidations, anomerisation reactions do not yiejd toent el 'y t h e
anomer. This is on account of many contributing factors, from solvent choice, to
protecting groups used. JOCfeatured article from the Murphy laborat8tyeports on

the study of these factors and discusses the conditimessery 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 exceptidnand1Q, Table 1.1). This
superior rate of anomerisation for galactose derivatives is believed to be on account of
the ofentation of the substituent at-££ For glucosgsubstituents at @ adopt an
equatorial orientation which leads to glucose derivatives being more electron
withdrawing than their galactose counterparts, whosgk dDbstituents 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
galactosederivatives, should stabilize the positively charged intermediate of the
anomerisation reaction.

It was shown that the anomerisationSaflycosides were consistently faster than those

for correspondingO-glycosides, by a varying factors e.g. 2.5 timesefagor S

glycosidelG (Table 1.1) thai®-glycosidelE (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 thidfer atom of theS-glycoside being less
electronegative than oxygen of (isglycoside counterpart. This electronegativity factor

also affects t hamomprrachieved, atiequitibriunf fergly¢osidesU

when compared to correspondi@eglycosides. In this instance it has a negative effect,
withSgl ycosi des generall y havi ragomerofhi€can pr o p C
be attributed tcsulfer being less electronegative than oxygen, which results in a less
pronounced anomericefiec and t her ef or eSglycesids. Inaddition,h e d e
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 Sp@tomotedanomerisations
studies carried out by Pilgrim et al.

Substrate 10° (ki+k,) (s Relative Rate U: b
OAc 4 1 10:1
(0]
Aﬁ&ﬁo&
OAc
(@) OMe 170 42.5 16:1
(0)
AZ‘Z&O&
OAc
(0] OMe 470 117.5 24:1
(0)
OBz
(0] OMe 420 105 4:1
(0]
AZ?&SBu
OAc
O=~OMe 920 230 7:1
(0]
OBz
AcO 290 72.5 19:1
COMe
ACOmOBu
OAc
OBz 19 4.75 16:1
(0)
BZB%;&/OBu
OBz
OMe 400 100 13:1
O
Mﬁ(goé&om
OMe
OAc 6.9 1.725 2:1
(0]
Affgcﬁ@/sm
OAc
OBz 43 10.75 4:1
(0]
BZB(QO/%/SBu
OBz
AcO _OAc 4.9 1.225 15:1
=
AcO OBu
OAc
BzO _oB; 42 10.5 11:1
S
BzO OBu
OBz
AcO _0Ac 14 35 2:1
R
AcO SBu
OAc
BzO 0B 20 5 4:1

L

BzO Bu

OBz
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1R OAc 21 5.25 11.5:1
0
Ag(goé&my
OAc
(o) OMe 210 52.5 13:1
0
Ag‘g(ﬁoq
OAc
(0] OAIl 1100 275 11.5:1
0
AXQ&OW
OAc
(0) OH 12006 3000 19:1
0
AZ%E&O@
OAc

Reactions were carried out at 30 °C with 0.08 M substrate and 0.04 M iSrCIDCls.
®inetics were determined by polarimetry

The anomerisation of uronic acid derivatives were shown to anomerise significantly
faster than their nearonic counterparts. This can be illustrated through the following
the allyl ester derivativ&T (Table 1.1) was found to be greater than five tirfasser

than methyl estetS (Table 1.1), and the unprotected atld (Table 1.1) was an order

of magnitude faster than both of these sugars. All of these derivetisesT and1U

were significantly faster than the nomonic pyranose derivativéR (Table1.1). This
faster rate of anomerisation for glycosides possessing a carbom@,awv&s 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 coordinatiore afatbonyl, of the
uronic acid/ester functional group, to the Lewis acid, promoting an endocyclic
mechanism, as proposed by Lindbér§cheme 1.28, such as that displayed in Scheme
1.32.

__Mcl,

R'O O R'O O / R'O (0
PO XR PO __XR PO
PO PO PO
PO PO POXR

P=Ac,Bz
R'=Me, Allyl, H
M=Ti, Sn
X=0,S

Scheme 1.32Proposed mechanism fdhe Lewis acid promotedanomerisation of
uronic acids/esters.

The unprotected acitiU (Table 1.1) was shown to be the fastest of all the uronic acid
derivatives reported, which, as already mentioned, were faster than all theonan
pyranoses tested. iBhenhanced rate of anomerisation Itfis in line with the original
observations by Lemieux and HindsgaulThey demonstrated that isopropyl 2,3:4,6
tetraO-acetytb-D-glucopyranoside in the presence of an equimolar amount of, SnCl
was found to anomerise very slowly (htithe of reaction ) 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 procedg near
100 times faster {£= 14 min). This work by Lemieux and Hindsgaul, coupled with the
observations of the Murphy laboratdf§?, shows that the combination of a Lewis acid

- SnCl, in the reported articles, and a carboxylic acid, can afford powerfut onténtra
mol ecul ar pr omot 6 o ddomerisation bfh & thése instances,
glucopyranoside derivatives.

The faster anomerisation reaction observed for the allyl &3t¢fable 1.1), compared

to the methyl estedS (Table 1.1)within the studies by Pilgrim et algould be
attributed to t hedonerlahdyas sughrwouldo coobdmatenngore a
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 carbohydratealsa reported as
having an influence on the outcome of the
sel ect i v iahoyer wds repontedl fotJderivatives possessing benzoate (OBz)
protecting groups as opposed to their analogous derivative possassiyt (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 duectedbed

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, contribidasetthancement

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
SnCl, to TiCly, as well as temperature variatiomsre also investigated in the study by
Pilgrim. These alterations were studied using @tlandS- glycosides as well as uroic

and noruronic pyranosides. The derivatives tested wetg, 1G, 1J, 1L and1M from

Table 1.1 above.
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Table 1.2:Lewis acid clanges in thetudies carried out by Pilgrim et al.

p)

e} OMe SnCl, 17 16:1
AcOTA— OB TiCls K 47:1
1E
e} OMe SnCl, 42 4:1
AcO o SBu TiCl, a 8:1
1G
OBz SnCl, 19 14:1
BN
BzO ol OBu TiCl, 23 15.5:1
1J
OAc SnCl, 0.69 21
Ao Ticl, 47 121
C
1L
OBz SnCl, 43 41
BzO oy SBu TiCl, 28 191
M

Reactions were carried out at 30 °C with 0.08 M substfRates were too fast to
measure by NMR

The reactions catalysed by TiGlere shown to have faster rates of anomerisation than
those catalysed by SnCIn some cases, such as that observed for entiesnd 1G

(Table 1.2) the rate of anomerisation, when using ;Ji®@&as so quick that they were
essentially instantaneous under the conditions described within the study. The
sel ect i v iahoyer fvas ralsotshoen tdJbe higher for the anomerisation of the
glucuronides already mentionederivativeslE and1G, whencatalysed by TiGlthan

for the anomerisation of these carbohydrates when catalysed by $hiGlincrease of

t h eanober was not as evident or at least the trend was not as clear for glutdsides
1LandiM. The U: b rati o ob the®-glueasideiJovas highero mer i s
for the TiCl, catalyzed reaction than for the SpChatalyzed reaction, as observed for
the anomerisation of the glucuronides. However, the reverse was found for b&th the
glucosideslL and 1M, even with there being a variai in protecting groups between
these two glucosides. The obtained ratios, i.e. differences be@vemrd S-glucosides
reported in the study, could possibly be accounted for through the fonmaitia
complex such as Fig. 1.Mhich is favourable fo©-glycosides but may be less so for
Sglucosides, in Lewis acid promoted anomerisations.
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oP
PO O
PO
o)

XR
R‘—§ \ P=Ac, Bz
0\ MC14 R'= MC, Ph
X=0,S
M =Ti, Sn

Fig. 1.18 A possible complex accounting for differences in obtained ratios.

Table 1.3 Temperature variations in tlstudies carried outy Pilgrim et al.

Compound Temp (°C) 10° (kit+k;) (sY) U: b
O=_OMe 0 4.7 26.8:1
A}‘&%&om 20 7.1 17.2:1
OAc 30 17 15.7:1
1E
40 29 14.4:1
O—_OMe 15 6.4 751
O
AcO
ZCO/%A/SBU 0 14 581
C
1G 30 42 3.7:1

Reactions were carried owith 0.08 M substrate and 0.04 M SpClI

As mentioned, the influence of temperature on the anomerisation reaction was also
investigated. This variation was studied using, once again, glucurobitfiesd 1G

(Table 1.3). When the reactions were carried oldvaer temperatures it was found that

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

al so observed that t her e wa sanomer obtamgur o v e me
when carrying the anomerisation reactions oldwer 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 usin@-glycoside 1E (Table 1.3). This particular series of reactions
showed that increasing the Lewis actd conc
anomer obtained. The experiment in question showed that by doubling the number of
equivalents of TiGlused to promotehe anomerisation, it was possible to increase the

U: b equilibrium ratio from 29-foldindreaseth55: 1,
selectivity. The same experiment but employing $n@s the promoter of the
anomerisation, also led to an increaseit he U: b equi |l i bri um when

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 the oxygnhkulferatom, as in Fig. 1.18hen 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
Uanomer generated. ltwasl so postul ated that the consi
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 susi¥ in Fig. 1.19

PO "
OR
Rl STACS
0
RX\ /

R"ﬁ X\lj P=Ac, Bz
0— Mcl, MCly R'=Me, Ph
R" = H, Me, Allyl
v X=0,8
M =Ti, Sn

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 ths project, to develop a strategy towards a system for the anomerisation of
b-thiogl ycopyranoses t-anometse | ess accessible U

1.22 Investigations of Lewis acid/Brgnsted acid or Lewis @d/Lewis

base systems

As previously mentioned the rates of anoisetion for glucuronic acids are
significantly faster than those for the corresponding glucuronic esters, which in turn are
faster than the parent glucopyranoses, EitP.

decreasing rates of anomerisation

o OH (¢} OAll o OMe OAc
o (0] (0] o
AcO AcO AcO AcO
ACO/ES/OCy ACO/ES/OCy ACO/ES/OCy Aco/éS/OCy
OAc OAc OAc OAc

Relative Rates: 571 52 10 1

Fig. 120 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 whidhay be due to inteor intramolecularcatalysis, such

as that observed and reported by Lemieux and Hindégdliis increase in rate is
postul ated as being brought about by the
illustrated for the glucuronides/galacturonides in Scheme 1.33, or introduced as an
additive to tle anomerisation reactioin such as that in the Lemieux and Hindsgaul
observations.
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MCl,
R'O——0 el RO~ =0 A . R'O——0
PO/E&/XR - PO/E@% xR - PO 2
PO PO PO
PO PO POy o

P=Ac, Bz
R'=Me, Allyl, H
M =Ti, Sn
X=0,$

Scheme 1.33Proposed mechanism for tHeewis acid promotedanomerisation of
uronic acids/esters.

The observations by Lemietfx- that the SnGl catalysed anomerisati of isopropyl
2,3,4,6tetraO-acetytb-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 observedygdtire preparation of

the Pilgrim et al pap&t that an unusually high rate of anomerisation was being
achieved during a Sngtatalysed anomerisation of bu)3,4,6tetraO-benzoyib-D-
glucopyranoside. This anomaly was eventually attetd 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 {28/#O-acetytb-D-
glucupyrunoic acid methyl ester as the test substrate, Sch8rhe

0.5 eq. SnCly

0 OMe x eq. BzZOH o Ogde
AcO O = A
AcO OBu AcO
AcO ACOOBU

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 SnChnomerisation of thisusb st r at e-o p elrhd tsi vfiecoo
experiment was repeated, using TFA as theroonoter, but strangely produced no rate
enhancement, this despite TFA having a lowgy, .23, than benzoic acid, 4.23.

The idea that a Lewis acid is capable of combining withduditive, such as a Brgnsted
acid, to produce a complex that has the ability to increase the rate of anomerisation
and/ or increase the U:b ratio, I's an intri

(0]

Cl
/4
Cl-Sp =— O)J\R
éfCl (H)

Fig. 1.21 Possible complexation of acids with the Lewicid SnCl

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 fretich as
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that in Fig. 1.21and thus no increase in rate would be observed. Complexation theories
aside, an anomerisation rate increase should still be observed when using &Ré, du

the direct acid catalysis as shown by LemiglRue to these conflicting arguments it is
necessary to approach tolpermedlvami styisd esni d
viewpoint. To that end it is worth discussing the contents of a review written by
Denmark et af®

In this review they discuss complexes $amto that of Fig. 1.21It was shown that a

Lewis acts 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
correspondsl toovea o e fect , where the initi
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 tharthe gparendLewis 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 ty-ppeoat ifiv o oadnitialy Sudiedrby McKisney with a focus on
Bronsted acidé. As part of this MSc. thesis, screening of a variety of aromatic and
aliphatic acids was carried out to try and find any physical parameters apartkgpm p
such as st&c 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.
SnCl was 60 timeshat observed in the presence of 0.5 eq. Salche.

This work by McKinney and others, cited above, on Lewis -8cmhsted acid
combinations, to enhance the rate of anomerisation, is a premise on which the
anomerisation work of this section of the thasibased. It is being investigated with

the intention of finding a Lewis acicb-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
r o ut ¢hiopymnosés 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 di-thiel can be
generated.

1.3.1 Synthesis of glycosyl thiols for anomerisation study

Glycosyl thiols wereprepared 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
thiopyranose8 and6, as dsplayed in Scheme 1.35.

Glucose

0,
on - OBz  33% HBU/ACOH, 0Bz 1) CS(NH,),, OBy
> Fy. o) CH,Cl, o Acetone o
HO O OH —————> BzO - = BzO _— = BzO
HO o BzO BzO BzO SH
HO 79% BzOl . 98% BzOL ~ 2) Na;$,0s, BzO
CH,Cl,-H,0
1 2 88% 3(a:p=1:74)
Galactose
HO BzO _(op 33% HBr/AcOH, BzO _(op 1) CS(NH,),, BzO
og BzCl, Py. o CH,Cl, o Acetone ? ng
&N“ OH BzO BzO SH
HO BzO
90% BzO 99% BzO 2) Na, 8,05,
HO OBz Br  CH,CL-H,0 BzO0

4 5 95% 6 (a:p=1:2.0)
Scheme 1.39he synthesis of glucose and galactose thiols.

The reactions, as illustrated, did not proceed with high stereoselectivity, instead giving
a mixture of aamomenbeing thpredammant ahoeer produced. The
mixture obtained was used for the anomerisation reactions.

1.32 Anomerisation reactions

The anomerisation reactions of the above, glucopyranosyl and galactopyranosyl, thiols
3 and6, were investigated under a variety of conditions. Firstly the effect of varying the
number of equivalents of the anomerisation promoter,,JiZs tested. The reactions
were carried out in the presence of additives or potentipr@moters, to study thei
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 amdiseax

t he pr op o rahomersyntloesised as a result of these studies.

Note:The relative U:b ratios, reported in
integration of well isolated, well defined signals of each derivativéFHbMR. The
spectrafor 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 ofc as e s, a s mahloride, xamplenfar the dalasi® derivative

shown in Fig. 1.22was formed as a kgyroduct (labelled x in subsequent tables) of the

Lewis acid promoted anomerisation. This-dopduct has also been noted, in the
following table s , through the integration procedul
also reported as a percentage, based on the relative integratitdrNMR signals, for

ease of comparison.

BzO OBz

@)
BzO
BzO

Cl
7

Fig. 1.2 The galactose example of thélaride byproduct from the Lewis acid
promoted anomerisation of glycosyl thiols.

These glycosyl chloride bgroducts, generated from the Lewis acid promoted
anomerisations of the glycosyl thiols synthesised herein, were confirmed by means of a
literaturesearch. This search providdd NMR data for7°>, i.e. the byproduct from

the anomerisation reactions of galactose deriv&iwshowing a value .66 (d,J = 3.9

Hz, 1H). This reported data corresponds with the observgadgduct signal, in the Lewis

acid promoted anomerisation®f 6.64 (d,J = 5.3 Hz, 1H).

An alternative possible bygroduct is that othe hemiacetal, e.gFig. 1.23 but no data,
from the literature, corresponded to any of the data obtained from the various Lewis
acid promoted anomerisation reactions herein.

BzO _ 0By
(o)
BzO OH
BzO

Fig. 1.23 An example of the possible alternative fmpduct.

Although there is not experimental data, él§.NMR data, for each of the glycosyl
chloride byproducts, it is believed that the-pyoducts are the glycosyl chlorides as the
anomeric proton signals for each of the side products are in the expected regens for
glycosyl chloride derivatives, within tH&l-NMR spectrum between 6.0 and 7.0 ppm.

In addition to these assumptions, it has also been reported in the Pilgrim et af®article
that the anomerisation of ti&glucuronidelG, when using a-3old excess of TiGlled

to a small quantity of the glycosyl chloride (%Rbeing 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 glycodgrice by-product as a result of
the Lewis acid promoted anomerisation of glyddkiols is given in section 1.3.2.

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 tifecMhesis work of Michelle
McKinney. McKinney had found that methane sulfonic acid could enhance the rates of
anomerisation reactions promoted by Sn@l TiCl, for O-glycoside substrates. This
TiCl,-MSA promoted anomerisation was investigated for the anomerisation of the
glycosyl thiols3 and6. The parameters varied as part of this study weeaction time

and the amount of Lewis acid, TiCused.

Table 1.4: TiC] promoted anomerisation 8fin the presence of MSA, in GBI,

OBz TiCly (x eq.) OBz
Bzoﬁw e o
BzO oo,
2 2 BZOSH
8
(a:p= 1.7.4)
Time Temp. Solvent  TiCl, MSA U: b: x %U  %b  %x
16 h. r.t. CH,CI, 1.0eq. 0.3eqg. 1:0.840.04 53 45 2
16 h. r.t. CH.CI, 20eq. 03eq. 1:0.23:0.04 79 18 3
16h. r.t. CH.CI, 3.0eq. 0.3eq. 1:0.14:0.07 83 12 5
17 h. r.t. CH,CI, 2.5 eq. - 1:0.21:0.02 81 17 2
4 h. r.t. CH,CI, 25eq. 0.3eg. 1:1.08:0.10 46 50 4
19 h. r.t. CH.CI, 25eq. 0.3eg. 1:0.23:0.07 77 18 5
70 h. r.t. CH.CI, 25eq. 03eq. 1:0.07:0.08 87 6 7
Table 1.5: TiC] promoted anomerisation 6fin the presence of MSA, in GBI,
BzO (R, TiCl, (X eq.) BzO 0B
o MSA (0.3 eq.) 0
BzO SH . BzO
‘ BzO CPrIZtC 2 BZOSH
6 9
(a:p=1:2.0)
Time Temp. Solvent  TiCl, MSA U: b: x %U  %b  %x
16 h. r.t. CH,Cl, 1.0eq. 0.3eg. 1:0.57:0.06 61 35 4
16 h. r.t. CH.CI, 20eqg. 03eq. 1:0.18:0.05 81 15 4
16 h. r.t. CH.CI, 3.0eq. 0.3eqg. 1:0.16:0.06 82 13 5
17 h. r.t. CH.CI, 2.5 eq. - 1:0.27:0.03 77 21 2
4 h. r.t. CH.CI, 25eq. 0.3eg. 1:0.74:0.05 56 41 3
19 h. r.t. CH,CI, 25eq. 03eq. 1:0.18:0.06 81 15 4
70 h. r.t. CH.CI, 25eq. 0.3eq. 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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TiCl,-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 synthesisagfyranoses

by Lewis acid promoted anomerisation. Téféect 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 hatves effect®. 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 ratiobf b anomers of the thiol
the Lewis acid and MSA promoted anomerisations of glycosyl tRi@ad 6, where

both the solvent and the temperature, incithe anomerisation reactions were carried

out in, were varied.

Reactions were carried out in nitromethane at varying temperatured (G.and-20

°C) for both3 and6 with and without the c@romoter MSA. No thiol peaks for either

U o r - ddrivatives were visible in any of th#i-NMR spectra acquired for the product
mixtures obtained. For the galactose derivaiyan which only TiCk was used to
promote the anomerisation reaction (i.e. no MSA was used) the only product which
formed was the pdrenaylated galactose chloridé Fig. 1.2. Data for this compound

was in good agreement with that reported in the literature.

The reaction was also carried out in Cp&hd the results are summarised in Tables 1.6
and 1.7. Only partial anomerisation was atsed under these conditions.

Table 1.6: TiC] promoted anomerisation 8fin the presence of MSA, in CDLI

OBz T1C14 (2.5 eq.) OBz
MSA (0.3 eq.) 0
BzO O Ao Bzo

IZBZO/&N‘ SH CDCly BzC)&ﬁ

BzO BzOgy

3 8

(o:p=1:7.4)

Time Temp. Solvent TiCl, MSA U: b: x %U %b  %x
16 h. r.t. CDCl, 25eqg. 0.3eq. 1:2.02:0.10 32 65 3

16 h. 4°C CDCl; 25eq. 0.3eg. 1:4.00:0.10 20 78 2
16 h. -20 °C CDCl, 25eqg. 0.3eq. NoReaction 12 88 -
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Table 1.7: TiC] promoted anomerisation 6fin the presence of MSA, in CDLI

BzO _ 0Bz TiCl, (2.5 eq.) BzO _op,
o - MsAO3e) 0
BzO SH CDCly B0

BzO SH
6 9
(a:p=1:2.0)
Time Temp. Solvent TiCl, MSA U: b: x %0 %b  %x
16 h. r.t. CDCl; 25eq. 0.3eq. 1:1.39:0.12 40 55 5

16 h. 4°C CDClg 25eq. 0.3eq. 1:2.02:0.10 32 65 3
16 h. -20 °C CDCl; 25eg. 0.3eg. NoReaction 33 64 -

Results here show, not unexpectedly, that carrying the reactions out under colder
conditionsactually slowed down the rate of the reaction. Thus a lower proportion of the
U-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 raughly 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®. 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: TiC] promoted anomerisation a8 with/without cepromoter MSA, in
toluene

OBz TiCly (x eq.) OBz
MSA .
BzO Toluene Bz
BzO

BzO SH
3 8
(o:p=1:7.4)

Time Temp. Solvent  TiCl, MSA U: b: x %U  %b  %x
18 h. r.t. Toluene 25eq. 0.3eqg. 1:5.07:031 16 79 5
18 h. r.t. Toluene 2.5 eq. - 1:0.95:0.57 40 38 22
74h. r.t. Toluene 2.5eq. - 1:0.75:0.25 50 38 12
74 h. r.t. Toluene 5.0 eq. - 1:0.60:0.06 60 36 4
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Table 1.9: TiC] promoted anomerisation d& with/without cepromoter MSA, in
toluene

BzO (R, TiCl, (x eq.) BzO _ 0Bz
§ 0 MSA (y eq.) (0]
-
BzO SH Toluene BzO BzO

BzO SH
6 9
(o:p =1:2.0)

Time Temp. Solvent  TiCl, MSA U: b: x %U  %b  %x
18 h. r.t. Toluene 25eqg. 0.3eq. 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 thenomerisation studies in toluene that the use of the co
promoter, MS A, |l ed to messy NMRs but al sc

product obtained.

Chlorobenzene (GBenz.) was next investigated as a solvent in the absence of MSA,
and the results ashown in Table 1.10. The reactions again had not gone to completion

after 74 h.
Table 1.10: TiC4 promoted anomerisation 8fand6, in chlorobenzene
OBz TiCl, (2.5 eq.) OCB)Z
BzO O BzO
SH BzO
BzO Chlorobenzene z
BzO BZOSH

3(a:p=1:74)
6 (a:p =1:2.0)

Sugar Time Temp. Solvent TiCl, MSA U: b:: %U %b %x
3 74 h. r.t. Cl-Benz. 2.5eq. - 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 malesirable and the use of MSA can sometimes
lead to decomposition, then the reactions were investigated using benzoic acid
(PhCQH), in place of MSA, as the garomoter. There was no major effect of benzoic
acid noted in these reactions in this case. Howeweactions in dichloromethane in the
presence of MS A fmmomersete adgreatay extpnt. Ut @vas talkoeshown
that for the anomerisation reactions carried out in@H¥; over a short reaction time, 4

h, that the results of the anomerisatians, 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: TiCJ promoted anomerisation 8fwith/without copromoter MSA/benzoic
acid, in toluene/chlorobenzene/gt,

OBz TiCl, (2.5 eq.) OBz
B2O /ﬁw co-promoter (X eq.) BzO (o)
BzO SH BzO
BzO BZOSH
3 8

(o:p=1:7.4)

Time Temp. Solvent TiCl, MSA PhCO,H U: b: %U %b %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. - 0.3eq. 1:3.25:0.11 23 75 2
19 h. r.t. Toluene 2.5 eq. - 0.3eqg. 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. CHCl, 25eqg. 0.3eq. - 1:1.09:0.09 46 50 4
19 h. r.t. CHCl, 25eq. 0.3eq. - 1:0.23:0.05 78 18 4

Table 1.12: TiCJ promoted anomerisation 6fwith/without copromoter MSA/benzoic
acid, in toluene/chlorobenzene/&t,

BzO0 _0opy TiCl, (2.5 eq.) BzO 0Bz
E 0 co-promoter (X eq.) g;O
SH BzO
BzO
BzO B0y
6 9
(a:p =1:2.0)

Time Temp. Solvent TiCl, MSA Bz. acid U: b:: %0 %b %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. - 0.3eq. 1:1.77:0.10 35 62 3
19 h. r.t. Toluene 2.5 eq. - 0.3eq. 1:1.45:0.10 39 57 4
4 h. r.t. Cl-Benz. 2.5eq. - - 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. CHCl, 25eqg. 0.3eq. - 1:0.74:0.08 55 41 4
19 h. r.t. CHCl, 25eq. 0.3eq. - 1:0.18:0.04 82 15 3

It was next decided to screen a variety of potentigbrconoters, for the anomerisation
of the glycosyl thiols3 and 6, in CH,Cl,, beyond those previously studied in the
Murphy laboratory.

1.3.2.3 Screening co-promoters for the anomerisation of glycosyl thiols

The most efficient cgpromoter to date, as previously mentioned, was MSA and so,
analogues of this were screened. In choosing these and subsegpemmoters, the
theory that if you were to use Lewis bases to coordinated to the metal centrevata
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acic?® - that this could rendered the new complex more electrophilic than the parent
lew s acid, and as such | ead to an enhanced

MSA analogues

9

H3C—§—OH
MSA

0 0 0 0 0 0
H,N—S—OH HO—S—OH H,N—S—NH, H;C—S—CH; H;C—S—NH, §

I I I I I H.C” > CH

(0] o) 3 3

Sulfamic acid Sulfuric acid Sulfuric diamide Dimethyl sulfone Methanesulfonamide Dimethyl sulfoxide

Fig. 1.23MSA and its analogues.

Table 1.13: TiCG4 promoted anomerisation & with MSA analogue cgromoters, in
CH.CI,

OBz TiCl, (2.5( gc;.) ) OBz
co-promoter (0.3 eq. (6}

BZB(Z()&&M SH oo Bﬁgcﬁﬁ

BzO 22 BZOSH

3 8

(o:p=1:7.4)
Time Temp. Solvent TiCl, 0.3 eq. coe U: b::%U %b %x
promoter

19 h. r.t. CHCl, 2.5eq. MSA 1:0.23:0.07 77 18 5
17 h. r.t. CH.,Cl, 2.5eq. - 1.0.21:0.02 81 17 2
16 h. r.t. CHCl, 2.5eq. Sulfamic acid 1:0.07:0.02 92 6 2
16 h. r.t. CH.Cl, 2.5eq. Sulfuric acid 1:0.15:0.03 85 13 2
16 h. r.t. CHCl, 2.5eq. Sulfuricdiamide 1:0.09:0.02 90 8 2
16 h. r.t. CHCl, 2.5eq. Dimethylsulfone 1:0.08:0.03 90 8 2
16 h. r.t. CH.,Cl, 2.5eqg. Methansulfonamide 1:0.07:0.03 91 6 3
16 h. r.t. CH,Cl, 2.5eqg. Dimethyl sulfoxide n/a n/a n/fa nla
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Table 1.14: TiC] promoted anomerisation & with MSA analogue cgromoters, in
CH.Cl,

BzO _0p, TiCl, (2.5 eq.) BzO 0By
o co-promoter (0.3 eq.) (0)
S/Wm SH ~— g B 0%
BzO B0 CH2C12 z BZOSH
6 9
(o:p =1:2.0)
Time Temp. Solvent TiCl, 0.3 eq. co U: b:: %U %b %X
promoter
19 h. r.t. CH.Cl, 2.5eq. MSA 1:0.18:0.06 81 15 4
17 h. r.t. CHCl, 2.5eq. - 1:0.27:0.03 77 21 2
16 h. r.t. CH,Cl, 2.5eq. Sulfamic acid 1:0.21:0.09 77 16 7
16 h. r.t. CHCl, 2.5eq. Sulfuric acid 1:0.14:0.11 80 11 9
16 h. r.t. CHCl, 2.5eqg. Sulfuric diamide 1:0.13:0.06 84 11 5
16 h. r.t. CH,Cl, 2.5eg. Dimethylsulfone 1:0.17:0.06 81 14 5
16 h. r.t. CHCl, 2.5eqg. Methansulfonamide 1:0.17:0.06 81 14 5
16 h. r.t. CH,Cl, 2.5eq. Dimethyl sulfoxide n/a na n/la nla
Similar or e n h an c eadomes wéreeabgelved iont varyisg the to t h e

promoter from MSA, with improved ratios being observed for the glucose derivative,
in particular. To continue with the study and see if these improved selectivitiesbeould
achieved with other epromoters it was decided to move beyon® Sopromoter
derivatives.

Phosphine type cpromoters
Thus phosphines were investigated as Lewis bases in the reaction.

0
P
H3C\ ‘\CH3 @

CH;
Trimethylphosphine (Me;P) Triphenylphosphine (Ph;P)

Fig. 1.25 Phosphine cgromoters.
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Table 1.15: TiC] promoted anomerisation 03 and 6 with phosphine type co
promoters, in ChCl,
TiCly (2.5 eq.)

OBz OBz
BZO% - co-promoter (0.3 eq.) Blzgo {;&%
B0 50 M ’ B20gy
3(a:p=1:7.4)
6 (a:p=1:2.0)
Sugar Time Temp. Solvent TiCl, 0.3 eq. U: b: %U %b %x
co
promoter
3 17 h. r.t. CH.Cl, 2.5 eq. - 1:0.21:0.02 81 17

3 16 h. r.t. CH.Cl, 2.5eq. MesP 1:0.07:0.02 92 6
3 16 h. r.t. CH.Cl, 2.5 eq. PhP 1:0.05:0.02 93 5

N NN

17 h. r.t. CH)Cl, 2.5eq. - 1:0.27:0.03 77 21
16 h. r.t. CH.Cl, 2.5eq. MesP 1:0.11:0.06 86 9 5
16 h. r.t. CH.,Cl, 2.5 eq. PhP 1:0.08:0.05 89 7

(o) e2 )]

The Lewis bases tested here showed similar if not slightly improved selectivities when
compared to the Tiglhnd MSA analogues, Tables 1.13 and 1.14.

Nitrogen based cgoromoters
The reactions were also testeging nitrogen containing Lewis bases.

N /\NJ 3
e . i

Pyridine (Py.) Triethylamine (Et;N) Dimethylacetamide (DMA)
Fig. 1.2 Nitrogen based ecpromoters.

Table 1.16: TiCJ promoted anomerisation & with nitrogen based epromoters, in
CH.CI,

OBz TiCl, Ez.s(g%.) ) ng
f0) CO-promoter .J €q. BzO

Bg;&w SH ~aman Bzoéﬁ

BzO BzOgy

3 8

(o:p=1:7.4)
Time Temp. Solvent TiCl, 0.3 eq. coe U: b: 3 %0 %b %x
promoter

17 h. r.t. CH)Cl, 2.5eq. - 1:0.21:0.02 81 17 2
16 h. r.t. CH.Cl, 2.5eq. Py. 1:0.03:0.02 95 3 2
16 h. r.t. CH.Cl, 2.5 eq. EtN 1:0.04:0.03 93 4 3
16 h. r.t. CH.Cl, 2.5eq. DMA 1:0.07:0.02 92 6 2
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Table 1.17:TiCl, promoted anomerisation @& with nitrogen based epromoters, in
CH.Cl,

BzO OBz T1C14 (25 eq) BzO OBz
o co-promoter (0.3 eq.) 0)
S/Wm SH ~ oL . B 0%
BzO B0 CH2C12 z BZOSH
6 9
(o:p =1:2.0)
Time Temp. Solvent TiCl, 0.3 eq. co U: b:: %0 %b %X
promoter
17 h. r.t. CHCl, 2.5eq. - 1:0.27:0.03 77 21 2
16 h. r.t. CH.Cl, 2.5eq. Py. 1:0.08:0.06 88 7 5
16 h. r.t. CH.Cl, 2.5 eq. Et;N 1:0.08:0.05 88 8 4
16 h. r.t. CH.Cl, 2.5eq. 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 TiGico-promoter anomerisation of the thiopyrano3esd6, and
significantly higher than using no promoter.

Work was continued on the investigation of thepcomoter of the TiGl promoted
anomerisation reaction

Further nitrogen containing garomoterswere tested, including nitrogen derivatives
which also had sulfonic acid derivatives and the results are shown in Tables 1.18 and
1.19.

0
HO
\f HJ\OH AN
NN

= = OH
N N
HO\H) (o)
. Ethylenedlammetetraacetlc acid . . .
Acetonitrile (EDTA) Quinaldic acid
(0] o. 0O
H H,N._ >SZ
N _OH 2N
HZN)J\/ \/\/S\ H
0" "0
2-(carbamoylmethylamino)ethanesulfonic acid p-Toluenesulfonyl hydrazide
(ACES) (Tosylhydrazide)

Fig. 1.27 Further nitrogen containing garomoters.
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Table 1.18: TiC] promoted anomerisation o3 with further nitrogen based €o
promoters, in ChCl,

OBy TiCl, Ez.s(oe%.) : 0](3)2

Bzoﬁw co-promoter (0.3 eq. BZO/%

B0 BzO - CHCl B0 BZOSH

3 8
(o:p=1:7.4)

Time Temp. Solvent TiCl, 0.3 eq.ce U: b: %0 %b %x
promoter

16 h. r.t. CH.Cl, 2.5 eq. Acetonitrile 1:0.07:0.03 91 6 3

16 h. r.t. CH)Cl, 2.5eq. EDTA 1:0.10:0.02 89 9 2

16 h. r.t. CH.Cl, 2.5 eq. Quinaldic acid 1:0.15:0.02 85 13 2

16 h. r.t. CH.Cl, 2.5eq. ACES 1:0.10:0.02 89 9 2

16 h. r.t. CH)Cl, 2.5eq. Tosylhydrazide 1:0.10:0.14 81 8 11

Table 1.19: TiC] promoted anomerisation o® with further nitrogen based €o
promoters, in ChCl

BzO0 _0Ry TiCl, (2.5 eq.) BzO 0By
&M co-promoter (0.3 eq.) %
SH T oL BzO
BzO N CH,Cl, z B2O%,,
6 9

(o:p =1:2.0)

Time Temp. Solvent TiCl, 0.3 eq. co U: b: x %0 %b %x
promoter

16 h. r.t. CHCl, 2.5eq. Acetonitrile 1:0.58:0.08 60 35 5
16 h. r.t. CHCl, 2.5eq. EDTA 1:0.39:0.10 67 26 7
16 h. r.t. CHCl, 2.5eq. Quinaldic acid 1:0.27:.0.06 75 20 5
16 h. r.t. CH.,Cl, 2.5eq. ACES 1:.0.25:0.07 76 19 5
16 h. r.t. CH,Cl, 25eq. Tosylhydrazide 1:-:0.11(0.34) 69 - 8(23)

The results obtained from these set of reactions were comparable with:tfe r at i os
obtained for the anomerisation reactions using JMS$A, with no significant
improvements being observed.

Next some derivatives of pyridine, the bestpromoter of the teidy so far, and
DABCO were investigated and the results are shown in Tables 1.20 and 1.21.
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N
NH, N N
B ) ~
= N ~ |
N N
e . 1,4-diazabicyclo[2.2.2]octane 4-dimethylaminopyridine
Pyridin-4-amine (DABCO) (DMAP)

Fig. 1.28 Derivatives of pyridine and DABCO as-poomoters.

Table 1.20: TiCJ promoted anomerisation 8fwith pyridine and related epromoters,
in CH2C|2

TiCl, (2.5 eq.)

OBz OBz
Bzo/ﬁw - co-promoter (0.3 eq.) BzO o)
BzO CH,Cl, B0

BzO

SH
3 8
(o:p=1:7.4)
Time Temp. Solvent TiCl, 0.3 eq. co U: b: %U %b %x
promoter

17 h. r.t. CH.Cl, 2.5eq. - 1:0.21:0.02 81 17 2
16 h. r.t. CH)Cl, 2.5eq. Py. 1:0.03:0.02 95 3 2
16 h. r.t. CHCl, 25eq. Pyridin4-amine 1:0.07:0.02 92 6 2
16 h. r.t. CH)Cl, 2.5eq. DABCO 1:0.10:0.03 88 9 3
16 h. r.t. CH.,Cl, 2.5eq. DMAP 1:0.07:0.02 92 6 2

Table 1.21: TiC) promoted anomerisation 6fwith pyridine and related epromoters,
in CH2C|2

BzO0 (OB, TiCl, (2.5 eq.) BzO _0oB;
0 co-promoter (0.3 eq.) 0)
SH ~ oo BzO
BzO N CH,Cl, z B20%,,
6 9
(o =1:2.0)

Time Temp. Solvent TiCl, 0.3 eq.ce U: b: %U %b %x

promoter
17 h. r.t. CHCl, 2.5eq. - 1:0.27:0.03 77 21 2
16 h. r.t. CH.Cl, 25eq. Py. 1:0.08:0.06 88 7 5
16 h. r.t. CHCIl, 25eq. Pyridin4-amine 1:0.14:0.07 83 11 6
16 h. r.t. CH)CIl, 2.5eq. DABCO 1:0.36:0.08 69 25 6
16 h. r.t. CH.Cl, 2.5eq. 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
wher e t-$electivitehad beed achieved.
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Studies on théest cepromoters

Three of the cgpromoters were next investigated over a longer reaction period (72 h).
Those chosen were pyridine, triethylamine and methansulfonamide. The effect of
temperature was also investigated.

N J ?
- N HyC—S—NH,
N K O
Pyridine (Py.) Triethylamine (Et;N) Methanesulfonamide

Fig. 1.0 The best cgpromoters of the Lewis acid promoted anomerisation reaction of
glycosyl thiols.

Table 1.22: TiCf promoted anomerisation 8fwith the best cgoromoters over 72 h., in
CH.Cl,

OBz TiCl, (3.0 eq.) OBz
Bzo/é&w - co-promoter (0.3 eq.) BzO (0)
BzO CH,Cl, Bz20— 0
BzO SH
3 8

(o:p=1:7.4)

Time Temp. Solvent TiCl, 0.3 eq. cepromoter U: b::%U %b %X

72 h. r.t. CHCl, 3.0eq. Py. 1:0.02:0.02 96 2 2
72h. 0°C CH).CIl, 3.0eq. Py. 1:1.67:0.01 37 62 1
72 h. r.t. CH.,Cl, 3.0 eq. EtzN 1:-:0.03 97 - 3
72 h. r.t. CH.,Cl, 3.0 eq. Methanesulfonamide 1:0.02:0.02 96 2 2

Tablel.23: TiCl, promoted anomerisation 6fwith the best cgoromoters over 72 h., in
CH.Cl,

BzO (OB, TiCl, (3.0 eq.) BzO _ 0Bz
o co-promoter (0.3 eq.) O

S/&,SM SH ~ oL 0 B 0%

BzO N CH,Cl, z B20%,,
6 9
(o:p =1:2.0)

Time Temp. Solvent TiCl, 0.3 eq. cepromoter U: b::%U %b %X
72 h. r.t. CH.Cl, 3.0eq. Py. 1:0.01:0.07 93 1 6
72h. 0°C CHyCI, 3.0eq. Py. 1:1.64:0.04 37 61 2
72 h. r.t. CH)Cl, 3.0 eq. Et;N 1:-:0.06 94 - 6
72 h. r.t. CH,Cl, 3.0 eq. Methanesulfonamide 1:-:0.05 95 - 5

Carrying out the reaction at lower temperature, again, proved ineffective in gaining

t

control of the, chloride,bp r oduct or i n c rtreopysanosegproduttef d e s i
the reaction. It was observed, h ablt bev e r
obtained by having |l ong reaction ti mes,
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anomerisations carried out over a shorter reaction time, 16 h. (Tables 1.16 and 1.17 for
Py. and EfN, and Tables 1.13 and 1.14 for methanesulfonamide.)

As the results for the cgromoters 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 reactionvas therefore investigated in the presence of the increased equivalents of
TiCl, alone and pyridine alone.

1.3.2.4 More thorough investigations with pyridine as co -promoter of the
anomerisation reaction

Table 1.24: TiCJ/pyridine promoted anomerisation ®and6, in CHCI,

OBz T;CL* (x eq.) OBz

Bzo CH,Cl, BoOY,,
3 (a:p=1:5.1)
6 (a:p =1:2.0)

Sugar Time Temp. Solvent TiCl, Py. U: b:: %U %b %X
3 72 h. r.t. CH,Cl, 3.0 eq. - 1:0.05:0.01 94 5 1
3 72 h. r.t. CH,CI, - 0.3eq. 1:5.0:0.23 16 80 4
6 72h. r.t. CH,CI, 3.0eq. - 1:0.11:0.03 88 10 2
6 72 h. r.t. CH,Cl, - 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 aHallvever the use of Ti¢l

(3.0 eq.) was effective arghve a high proportion df h eanolier 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 andlher pyridine cepromoter, to see if any
differences in selectivity could be observed.
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Table 1.25: TiCG4 promoted anomerisation & with pyridine as cgpromoter, varying

equivalents of each, in GBI,

OBz TiCl, (x eq.) OBz
Py. (yeq.) 0
BzO/é&w Bzoéﬁ
SH BzO
BzO N CH,Cl, z B203,,
3 8
(o:p=1:7.4)
Entry Time Temp. Solvent TiCl, Py. U: b: %U %b %X
1 16 h. r.t. CH,Cl, 0.5eqg. 0.3eq. 1:0.61:0.02 61 37 2
2 16 h. r.t. CHCI, 1.0eq. 0.3eq. 1:0.49:0.03 66 32 2
3 16 h. r.t. CHCl, 2.0eqg. 0.3eg. 1:0.17:0.04 83 14 3
4 16 h. r.t. CH)Cl, 3.0eq. 0.3eg. 1:0.03:0.02 95 3 2
5 24 h. r.t. CH)Cl, 3.0 eq. - 1:0.13:0.02 87 11 2
6 24 h. r.t. CHCl, 3.0eq. 0.3eqg. 1:0.05:0.03 93 5 2
7 16 h. r.t. CH,Cl, 5.0eq. 0.3eq 1:0.06:0.02 93 6 1
8 16 h. r.t. CH.CI, 5.0eq. 05eq. 1:-:0.03 97 - 3
9 16 h. r.t. CH.Cl, 3.0eq. 0.5eq. 1:-:0.02 98 - 2

Table 1.26: TiCJ promoted anomerisation @fwith pyridine as cgpromoter, varying

equivalents of each, in GBI,

BzO 0By TiCly (x eq.) BzO 0By
0 Py. (y eq.) 0
SH BzO
BzO B0 CH2C12 z BZOSH
6 9
(o:p =1:2.0)
Entry Time Temp. Solvent TiCl, Py. U: b: %U %b %X
1 16h. r.t. CH)CIl, 0.5eq. 0.3eq. 1:0.82:0.05 53 44 3
2 16 h. r.t. CH)Cl, 1.0eq. 0.3eq. 1:0.60:0.05 61 36 3
3 16 h. r.t. CHCl, 2.0eqg. 0.3eg. 1:0.21:0.08 78 16 6
4 16 h. r.t. CHCI, 3.0eq. 0.3eq. 1:0.16:0.03 84 13 3
5 24 h. r.t. CH,CI, 3.0 eq. - 1:0.24:0.06 77 18 5
6 24 h. r.t. CHCI, 3.0eq. 0.3eqg. 1:0.13:0.08 83 11 6
7 16 h. r.t. CHCl, 5.0eq. 0.3eq 1:0.20:0.06 79 16 5
8 16 h. r.t. CHCI, 5.0eq. 05eqg. 1:0.15:0.10 80 12 8
9 16 h. r.t. CH,Cl, 3.0eq. 0.5eq. 1:0.04:0.09 88 4 8
It can be seen her e, t h-adectitithvehenaising the taean

reagents, TiGland 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 24daction period (entry 5, Table 1.25

and 1.26), and when compared with the reaction carried out in the presencantiCl

0.3 eq of pyridine (entry 6, Table 1.25 and 1.26). The effect of increasing the co
promoter, py i di n e, from 0.3 to 0.5 equivalents
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 productauld be obtained over a shorter reaction time,
using 3.0 eq. of TiGland 0.5 eq. of pyridine.

The (2+2 h) reaction was where the anomerisation was carried out using 3.0 eq. of
TiCl, with 0.3 eq. of pyridine for 2 h, then working up the reaction and gakie
residue and subjecting it to the reaction conditions again for a further 2 h.

Table 1.27: TiC{ promoted anomerisation 8fand6 with pyridine as cgpromoter over
short reaction times, in GBI
TiCl, (3.0 eq.)

OBz OBz

Bzo CH,Cl, z BoOY,,
3(a:p=1:74)
6 (a:p =1:2.0)

Entry Sugar Time Temp. Solvent TiCl, Py. U: b: %U %b %x
1 3 4 h. r.t CH.,Cl, 3.0 eq. - 1.0.45:0.02 68 31 1
2 3 4 h. r.t. CHCl, 3.0eq. 0.3eg. 1:0.16:0.02 85 14 1
3 3 2+2 h. r.t. CHCl, 3.0eq. 0.3eg. 1:0.05:0.03 92 5 3
4 4 h. r.t. CH,Cl, 3.0 eq. 1:1.30:0.08 42 55

6 -
5 6 4 h. r.t. CHCI, 3.0eq. 0.3eg. 1:0.63:0.05 60 37
6 2+2 h. r.t. CH,Cl, 3.0eq. 0.3eqg. 1:0.42:0.09 66 28

o W w

A comparison of entries 2 and 3, Table 1.27 (and 5 wiffable 1.27 indicates that the

2+2 approach led to an improved reaction. Also comparing entry 1 and 2 and
comparing 4 and 5Table 1.27,indicates that using pyridine is leading to an
improvement in the anomerisation reactions. It can also be statea X6atreadion is

the optimum ti me ne esktlectiviy aada$ sucharmeridatonsgr e a
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
devebped promoteco-promoter system, 3.0 eq. of TikGind 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: TiCJ and pyridine individual and eoperative promoted anomerisation3of
and6, in CH,Cl,

OBz TiCly (x eq.) OBz
Py. .
Bgom SH - elq L. Blza(;gé%
’ BzO CHCL BZOSH
3(a:p=1:5.6)
6 (a:p=1:3.1)
Sugar Time Temp. Solvent TiCl, Py. U: b: %U %b %x
3 16 h. r.t. CH.CI, - 0.5eq. 1.5.12: 16 84 -
3 16 h. r.t. CH,CI, 3.0eq. - 1:0.08:0.18 79 7 14
3 16 h. r.t. CH,Cl, 3.0eq. 0.5eqg. 1:0.05:0.05 91 5 4
6 16 h. r.t. CH.Cl, - 0.5 eq. 1:2.75- 27 73 -
6 16 h. r.t. CH)Cl, 3.0eq. - 1:0.19:0.08 79 15 6
6 16 h. r.t. CHCl, 3.0eqg. 05eq. 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, calld lea
increasing its electrophility and thereby enhancing the anomerisation of thiopyrdnoses
and®é.

The scope of the anomerisation conditions developed was next tested with other
thiopyranose derivatives.

1.3.3 Synthesis of further glycosyl thiols for aomerisation

Additional thiopyranoses were prepared, similar to those described previously. Those
synthesised were from-Rylose L-arabinose, trhamnose and -fucose. These were
prepared by displacement of an anomeric bromide with thiourea to give tlws\glyc
thiouronium salt. This was subsequently hydrolysed under mildly basic conditions to
give the thiopyranosg2, 15, 18, 21 and22 as displayed in Scheme 1.36.
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Xylose 33% HBr/AcOH, 1) CS(NH,),,
HO /B&WOH BzCl, Py. B2O o) CH,Cl, BzO o} Acetone BzO /B&M .
HO 93% >~ BzO —’9 % BzO — . Bz
OH ° BzO /) ° BzO} 2) Na,S,0s, BzO
z T CH,Cl,-H,0
10 11 78% 12 (a:f = 1:2.0)
Arabinose
HO BzO 33% HBr/AcOH,  BzO 1) CS(NH),,  BzO
o) BzCl, Py. 0 CH,Cl, 0 Acetone fo)
HO T BzO T BzO BzO SH
HO ° BzO ° BzO 2) Na,S,0s, BzO
OH OBz Br CH,Cl,-H,0
13 14 69% 15 (a:p = 2.2:1)
Rhamnose
33% HB1/AcOH, Br 1) CS(NH,),.
BzCl, Py. CH,Cl Acetone
Ho L "0 T Bzow OBz =2 | polly 7 | BZOW SH
HO 93% BzO 86% BzO 2) Na,S,0 BzO
H B B 2925 B
(@) OBz OBz CH,Cly-H0 OBz
16 17 85% 18 (o:fp = 1:3.3)
SH
0O
Fucose OBz
OH OBz 3304, HBI/ACOH, Br I)ES(NHz)z, BZQOBZ21 10,
BzCl, Py. CH,Cl cetone >
Tdon MO Tfon, T Lo,
OH 91% OBz 94% OBz 2) Na,$,0s, SH
HO BzO BzO CH,Cl,-H,0 o
19 20 OBz
OBz

BzO
22,27%

Scheme 1.3@he 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, undgrahi€Clpyridine
promoted anomerisation. The main objective was to extemddbpe of thiopyranoses
capable of undergoing anomerisation through Lewis acid promoted conditions. Herein
the results of these investigations are presented and discussed.

Table 1.29: TiCf promoted anomerisation @®, 15, 18 and21 with/without pyridineas

co-promoter, in CHCI,
BzO
SH
B0 N sH 0 b0 L2 S Lot
BzO BzO SH BzO OBz OBz
BzO 0
15

BzO Bz
12 18 21
(a:p =1:2.0) (a:p =2.2:1) (o:p =1:3.3) (pure B)
Sugar Time Temp. Solvent TiCl, Py. U: b:: %U %b %x

12 16 h. r.t. CHCl, 3.0eq. - 1:.0.10:0.04 88 9 3
12 16 h. r.t. CHCIl, 3.0eq. 0.5eq. 1:0.07:0.16 81 6 13
15 16 h. r.t. CH,Cl, 3.0 eq. - -:1:0.12 - 89 11
15 16 h. r.t. CHCl, 3.0eq. 0.5eq. 0.07:1:0.17 5 81 14
18 16 h. r.t. CH,Cl, 3.0 eq. - 1:-:0.48 68 - 32
18 16 h. r.t. CHCIl, 3.0eq. 0.5eq. 1:0.03:0.42 69 2 29
21 16 h. r.t. CHCl, 3.0eq. - 1:-:1.34 43 - 57
21 16 h. r.t. CH)Cl, 3.0eq. 0.5eq. 1:-:1.95 34 - 66
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When using the novel conditions, developed herein, for anomerisafio@l, and
pyridine, fair to good selectivity, towards the anomer of desired stereochemistry, was
observed for the derivatives tested within this stuaylose, arabinose, rhamnose and
fucose.

Anomerisation reactions, using just the Lewis acid, fi@kere also carried out which

gave contrary results to those seen for the glucose and galactose derivatives, where an
i ncr e a-sekectivitynof the sugarsoald be achieved through the -operative
anomerisation of the Lewis acid, TiClnd 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 selectivitytbe 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 TiGlused in the anomerisation reactionl@over a 16 hreaction
period.

Table 1.30: Varying equivalents of Tiromoted anomerisation @®, in CHCI,

TiCl, (x eq.) 0)
BzO O . BZO%
SH BzO
Bzg;BZ?W CH,Cl, z B20,,
12 23
(o:p=1:2.0)
Time Temp. Solvent  TiCl,  Py. U: b: x %U  %b  %x
16 h. r.t. CH.CI, 0.5 eq. - 1:0.84:0.08 52 44 4
16 h. r.t. CH,ClI, 1.0 eq. - 1.0.29:0.04 75 22 3
16 h. r.t. CH,CI, 2.0 eq. - 1:0.09:0.04 88 8 4
16 h. r.t. CH.CI, 3.0 eq. - 1:0.09:0.05 88 8 4
16 h. r.t. CH,CI, 5.0 eq. - 1.0.06:0.04 91 5 4

| mproved s el eandmervofl2was dcloeved 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, adisplayed in Table 1.29, it was noticed that work was needed to
be done on improving the anomerisation reaction for the rhamnose and fucosd ghiols,
and21. To that end further studies were carried on these two substrates.
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Table 1.31: Varying equivalents TiCl, promoted anomerisation @8, in CHCI,

SH
B0~ L7 SN Tl xea) Bzo@f
CH,Cl1
BzO OBz 2l BzO OBz
18 24
(o:p =1:3.3)
Time Temp. Solvent TiCl, Py. U: b: x %U %b  %x %z
16 h. r.t. CH,Cl, 0.5eq. - 1:0.82:0.18: 50 41 9 -
16 h. r.t. CH,Cl, 25eq. - 1:-:0.53:0.04 64 - 34 3
16 h. r.t. CH,Cl, 5.0eq. - 1-:0.52:0.12 61 - 32 7

Table 1.32: Varying equivalents of TiJromoted anomerisation &fl, in CHCI,

SH
SH TiCl, (x eq.

BZOOBZ 2~ BZOOBZ

21 25

(pure B)

Time Temp. Solvent TiCl, Py. U: b: x: %U %b  %x %z
16 h. r.t. CHCl, 05eq. - 1:0.99:0.24: 45 44 11 -
16 h. r.t. CHCl, 25eq. - 1:0.10:1.07:0.21 42 4 45 9
16 h. r.t. CHCIl, 5.0eq. - 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 deriva®asd21, increasing

with increasing equivalents of the Lewis acid promoter. The main side product, labelled
6x6 in the tables above as well as subseqg
chloride derivative.

Cl
ety S Y
BzO OBz BzO OBz
18 26
(o:p =1:3.3)

Fig. 130 Rhamnose thiol and its chloride -pyoduct 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 reportdd NMR data for26, 6.23(d,J = 1.4 Hz, 1H),
corresponds well with those observed for the majoipioguct of the Lewis acid
promoted anomerisation reactionld 6.23 (dJ= 1.6 Hz, 1H).
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It can be speculated (as no experimental data exists), due to similar carbohydrate
structure and ignals in the NMR spectra that the major-fpduct for the
anomerisation of fucose thigll is also that of theldoride derivative, Fig. 1.31

Cl

7707 on.
OBz

BzO

Fig. 1.31 Speculated chloride bgroduct being generated as part of the anmagon
of fucose thioR1.

It is also worth nothing that there appears to be another small, unidentifipcydyct

being generated during the anomerisation
and subsequent tables. It does not fit with reggbdata 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 reactit8 afid21 couldbe 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 Tigpromoted anomerisation @8, in CH,CI,

SH
CH,CI
BzO OBz 21 BzO OBz
18 24
(a:p =1:3.3)

Time Temp. Solvent TiCl, Py. U: b: x: %U %b  %x %z
1h. r.t. CHCIl, 3.0eq. - 1:0.68:0.11:0.36 46 32 5 17
4 h. r.t. CHCl, 3.0eq. - 1:0.45:0.23:0.35 49 22 12 17
64 h. 4°C CH)Cl, 05eq. - 1:0.75::0.13 53 40 - 7

Tablel.34: Varying times of TiGlpromoted anomerisation &fl, in CHCI,

SH
SH TiCly (x eq.
BZOOBZ 22 BZOOBZ
21 25
(pure B)

Time Temp. Solvent TiCl, Py. U: b: x: %U %b %x %z
1h. r.t. CHCl, 3.0eq. - 1:1.81:0.19:0.17 32 57 6 5
4 h. r.t. CHCIl, 3.0eq. - 1.0.92:0.33:0.18 41 38 14 7
64 h. 4°C CH)Cl, 05eq. - 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 af8 and21 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 Ti(deing used, to facilitate the anomerisation
reaction, while also lookinf or an i neselectivisye in the U

Table 1.35: Varying temperature and time of fi@tomoted anomerisation dfg, in
CH.CI,

SH
BZO@ZNVSI_l T—>1C14 (30eq) BZO@?
CH,C1
BzO OBz A2) BzO OBz
18 24

(a:p =1:3.3)
Time Temp. Solvent TiCl, Py. U: b: x: %U %b %X %z
16 h. 4°C CHJCIl, 3.0eq. - 1.0.64:0.11:.0.9 45 28 5 22
64 h. 4°C CHCIl, 3.0eq. - 1.0.37:0.11.0.42 53 19 6 22
64h. -20°C CH),CIl, 3.0eq. - 1:1.99:0.05:0.20 31 61 2 6

Table 1.36: Varying temperature and time of fi@tomoted anomerisation @fl, in
CH.Cl,

SH
SH TiCl;(3.0eq.)
WBZ ;H—(jlq> WOBZ

BZOOBZ 22 BZOOBZ

21 25

(pure B)

Time Temp. Solvent TiCl, Py. U: b: x: %U %b %x %z
16 h. 4°C CH)Xl, 3.0eq. - 1:1.10:0.17:0.06 43 47 7 3
64 h. 4°C CH).Cl, 3.0eq. - 1:0.58:0.21:0.05 54 32 11 3
64h. -20°C CH)CIl, 3.0eq. - 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 anomew$ation
rhamnose and fucose thiols8 and21. Further work on these two-dugars 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 investigatatischanges

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.
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1.35 Synthesis oflisaccharide 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 grouichemists, 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 factose and Ezellobiose. The synthesis of these is similar to those
thiopyranoses described previously. They were prepared by displacement of an
anomeric bomide with thiourea to give the glycosyl thiouronium salt which was
subsequently hydrolysed under mildly basic conditions to give the thiopyrafesel

32 as displayed in Scheme 1.37.

Lactose
HO BzO
Hg%« o Bzgéﬁ

33% HBr/AcOH, 1) CS(NH,),,

BzO
DCM g:/ OBz Acetone BZO&LEZ/ OBz
_—
0
91% Bzgéﬁ 2) Na,$,0s, BzO B(%g%w SH
CH,Cl,-H,0 Bz0 BzO
68% 29

Cellobiose

OH oH BzCl, Py. OBZ OBZ
HO % OH 43% BzO

HO HO
33% HBr/AcOH, 1) CS(NH,),,
DCM OBZ OBz Acetone OBZ OBz
" BZO BZO
91 % BzO BZO 2) Na,S,0s, BzO BzO SH

CH,Cl,-H,0
57%

Scheme 1.37The synthesis of disacahde thiols.

1.3.6 Anomerisation reactions

The anomerisation of these thiols were investigated using the conditions developed
from the studies o8 and6, as such they were subjected to an anomerisation reaction
promoted by TiCJ and pyridine over a 16 tperiod. 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 thiopyranaok2sl5, 18 and21.
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Table 1.37: TiCJ promoted anomerisation @9 and 32 with/without pyridine as ce
promoter, in CHCI;

BzO OBz OBz OBz OBz
&Qp 0 Bz 2o °
BzO 25 SH BzO B20 SH
BzO B2O BzO BzO
29 32
(o:p =1:4.7) (o:p=1:3.4)
Sugar Time Temp. Solvent TiCl, Py. U: b:: %U %b %X

29 16 h. r.t. CHCl, 3.0eq. - 1:0.09:0.06 87 8 5
29 16 h. r.t. CHCI, 3.0eq. 0.5eg. 1:0.01:0.06 93 1 6

32 16 h. r.t. CH,Cl, 3.0 eq. 1:0.02:0.08 91 2
1

- 7
32 16 h. r.t. CH,Cl, 3.0eq. 0.5eq. 1:0.01:0.05 94 5

Through the study of the anomerisation of these disaccharides we see a return to the
patterns observed for tfeeand6t hi ol s, i n that t hselectvityi s an

when using the ecpromoter 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
inkange, of both disacchar i dederivatideeleaning tha n o me r
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

OBz TiCl, (x eq.) OBz
Py. (y eq.) (0]
0 y-yeq BzO
Bz CH,Cl, BZO
BzO rt. SH
3 16 h 8
(o:p=1:7.4)

|

3.0eq. TiCl4 +0.5 eq. Py.

Chapter 1

.

| Y YW I‘

\
il A | “ 1

W_N,W)‘ “v‘ J"-" L) ST ’Lv Mo SR A e

jut 3.0 eq. TiCl 4

L2
J b just 0.5 eq. Py.
L1
Starting material
L . A 1A
T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0

f1 (ppm)

Fig. 1.2 The NMR spectra obtained for the anomerisation reaction8 o$ing the

promoters individually and eoperatively.

1 Thered spectrunis that of the starting materid, i.e. the sugar before any

anomerisation reaction has been carried out.

1 The green spectrums for the reaction in which, only, 0.5 equivalents of

pyridine was used to try and achieve an anomerisation.

1 Theorange spectruris for the reaction in which, only, 3.0 equivalents of FiCl

was used and the anomerisation achieved in doing so.

1 Theblue spectrunis for the reaction in which both, 3.0 equivalents of T#gid
0.5 equivalents of pyridine were used and the anomerisatioieved in doing

SO.
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Example of galactose anomerisation NMRs

BzO OBy TiCl, (x eq.) BzO _oBz
0 Py. (yeq.) 0
SH BzO
BzO CH,Cl,
BzO o Bz0%H
6 16 h 9
(o:p=1:2.0)

JJ A 34Oeq.TiC::+045eq.Py. L L
\‘ W\ | “‘\U UU

‘ ‘N { ‘ |

\\H w‘“ ||‘ \ ‘.| \ ‘M ” MW h

w/’x kw'u,\,Mx»_ M AN s Lo Lmens ™ W WA n M\ ‘, S

| \"

Starting material L |
)

80 75 70 65 60 55 50 45 40 35 30 25 20
f1 (ppm)

Fig. 1.33The NMR spectra for the anomerisation reaction§ aking the promoters
individually and ceoperatively.

just 3.0 eq. TiCl 4

.

1 Thered spectrunis that of the startingnaterial 6, i.e. the sugar before any
anomerisation reaction has been carried out.

1 The green spectrums for the reaction in which, only, 0.5 equivalents of
pyridine was used to try and achieve an anomerisation.

1 Theorange spectruris for the reaction invhich, only, 3.0 equivalents of Tigl
was used and the anomerisation achieved in doing so.

1 The blue spectrums for the reaction in which, both, 3.0 equivalents of TiCl
and 0.5 equivalents of pyridine were used and the anomerisation achieved in
doing so.
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Example of xylose anomerisation NMRs

TiCl, (x eq.)
Bzo% Py.(yeq) BzO o]
SH BzO
BzO CH,Cl, B0
BzO rit. SH
12 16 h 23

(o:p=1:2.0)

L3
just 3.0 eq. TiCl 4
,__»M-/‘J L“UM u.. LL
"

3.0 eq. TiCl4 +0.5 eq. Py

J t " LM m Starting material JLL

8‘.2 B.‘U 7.‘8 7.‘6 714 7‘.2 7‘.0 6‘.8 6.‘6 6.‘4 612 610 5‘.8 5‘.6 5‘.4 5.‘2 5.‘0 418 416 4‘.4 4‘.2 4‘.0 3.‘3 3.‘6 314 312 3‘.0 2‘.8 2‘.6 2.‘4 2.‘2 210
f1 (ppm)

Fig. 1.34The NMR spectra for the anomerisation reactiondadiising the promoters
individually and ceoperatively.

1 Thered spectrunis that of the starting materidl, i.e. the sgar before any
anomerisation reaction has been carried out.

1 Thegreen spectrunis for the reaction in which, both, 3.0 equivalents of TiCl
and 0.5 equivalents of pyridine were used and the anomerisation achieved in
doing so.

1 Theblue spectrums for the eaction in which, only, 3.0 equivalents of TjCI
was used and the anomerisation achieved in doing so.
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Example of rhamnose anomerisation NMRs

TiCl, (x eq.) SH
BZOWSH Py- & eq) -~ BZO@?
BzO OBz Cl:thlz BzO OBz
18 lé h 24
(o:p=1:3.3)

T
w

LJ JJ just 3.0 eq.TiCl 4

L2
JJ V‘MJM eq.TiCl4 + 0.5 Py.
n A

—

_JU L M A J g Servema AL J N

T T T T T T T T T T T T T 1
5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 10
f1 (ppm)

Fig. 1.35The NMR spectra for the anomerisation reactiond®ifising the promoters
individually and ceoperatively.

1 Thered spectrums that of the starting materidl8, i.e. the sugar before any
anomerisation reaction has been carried out.

1 Thegreen spectruns for the reaction in which, both, 3.0 equivalents of TiCl
and 0.5 equivalents of pyridine were used and the anomerisation achieved in
doing so.

1 The blue spectrums for the reaction in which, only, 3.0 equivalents of TiCl
was used and the anomerisataxhieved in doing so.
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Example of disaccharide anomerisation NMRs

BzO _oB: OBz TiCly (x eq.) BzO _ 0Bz OBz
g&oé&w e, &oé&
BzO SH BzO
BzO BzO
BZO BZO CljthlZ BZO BZOSH
29 16 h 33

(o:B=1:4.7)

Jw M’) 3.0eq. TiC4l + 0.5 eq. Py.
1 T J\.
L2
w just 3.0 eq. Tiql
1L V- “

Starting material
I A

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
80 78 76 74 7.2 7.0 68 6.6 64 62 60 58 56 54 52 50 48 46 44 42 40 38 3.6 34 32 3.0 28 26 24 22 20 18
1 (ppm)

Fig. 1.3 The NMR spectra for the anomerisation reactions of disacch2®idsing the
promoters individually and eoperatively.

1 Thered spectrums that of the starting materi@9, i.e. the sugar before any
anomerisation reaction has been carried out.

9 Thegreen spectruns for the reaction in which, only, 3.0 equivalents of [}iC
was used and the anomerisation achieved in doing so.

9 The blue spectrumis for the in which both, 3.0 equivalents of TjGnd 0.5
equivalents of pyridine were used and the anomerisation achieved in doing so.
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Anomerisation have been carried out on ejfferent substrates under the conditions
developed, TiCJ and pyridine promoted anomerisation. The best results, when using
these novel conditions, were obtained for the sugars with a substituent at6the C
position. For those thiopyranoses where t
were achieved onsing the Lewis acid, TiG| unaided.

Anomerisations of glycosyl thiols using Tigand pyridine

Starting Sugars:
OBz BzO _ OBz BzO _oB; OBz OBz OBz
0 0 %;{ B 0&& 0
BzO O z
BZ(&M SH Bzoé@ﬁ SH B2O -0 sg B0 » -0 SH
BzO BzO BzO BzO Bz BzO
3 6 29 32
(a:p=1:7.4) (o:p = 1:2.0) (o:p =1:4.7) (o:p =1:3.4)
Anomerised Sugars:
OBz BzO _ OBz BzO _oB; OBz OBz OBz
TP Ny RN e
BzO BzO Z BZO z BzO
BzO BzO BzO
“sH BzOgy BzOg, BzO{
35 36

34 37
Crude yield: 94% Crude yield: 93% Crude yield: 91% Crude yield: 76%

Fig. 1.37 Crude yields of sugars anomerised by Ti&@id pyridine.
Anomerisations of glycosyl thiolasing just TiCl,

Starting sugars:
BzO

SH
Bﬁoo/;&w SH &0 BZOW o WBZ
z
B20 BzO SH BzO OBz BZOOBZ
BzO
12 15 18 21
(o = 1:2.0) (o =2.2:1) (o:p = 1:3.3) (pure B)
Anomerised sugars: SH SH
BzO o
ETA o B0 o7 on:
Z
BZOL,, Bz0 N Bz20 " OB, B2OOBZ
““SH
38 39 40 41
Crude yield: 93% Crude yield: 85% Crude yield: 89% Crude yield: 87%

Fig. 1.3 Crude yields of sugars anomerised by just 7iCl

In the above, Fig. 1.37 and 1,38e vyields reported are those for the crude (unpurified)
anomerised sugars, post anomerisation reaction and subsequent work up (see
expeimental 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 thugh the blue spectra in Fig.1.32 to 1.38 the best
reactionconditions reported in these previous tables, i.e. 3.0 eq. of didl 0.5 eq. of
pyridine for sugars, 6, 29 and 32, while for sugardl2, 15, 18 and21 just 3.0 eq. of

TiCl, was used to obtained theude yields shown in Fig. 1.3%or 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 doserved 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 vyield 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 pufiication. 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 sugargittsssised 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 c¢crude @ammenefromthe mi xt u
anomeriation of the series of glycosyl thiol shown previously, in,CH, was treated

with DBU, leading to the -5-chloromethyl glycosyl thiols shown. The isolated yields

of these products areqvided in Fig. 1.39Such chloromethyl derivatives can be used

to prepare azide derivatives and for CUAAC reactions.

Example Reaction:
OBz OBz
DBU
A L mo
BzO BzO
BZOS CH2C12 BZOS cl DBU:
H ~ N /j
crude N
N

Yields:
OBz BzO _OBz o BzO
B0 0 FTAEN 2
B0 0 Bz0 BzOg — q B0
Bz BzO ~ BzO
42 43 44 45
48% 54% 75% 53%

BzO OBz OBz OBz OBz
(0] O

0 BN o0
BzO BzO Z
BZzO B20 z BZzO

S._Cl S._¢l
46 47
43% 51%

Fig. 1.3 The synthesis of-5-chloromethyl glycosyl thiols.
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The second reaction investigated was the alkylation reaction of the glycosyl thiols with
1,2dibromoethane inthe presence of KO3, while being stirred in an acetohO
mixture.

Example Reaction:

OBz ) K,CO3 OBz
BzO /ég‘ Dibromoethane BzO /ég‘
BzO _ BzO
BZOSH Acetone-H,O BZOS
\/\Br
crude
Yields:
OBz BzO _ 0Bz o BzO
BzO O o) BzO o)
BZO BZO
BzO B0 BzO BZOS
z BzO ~ BzO
S
\/\Br S\/\Br Br S\/\Br
48 49 50 51
63% 50% 64% 52%
BzO Ry, OBz OBz OBz
O o) BzO O (0]
BzO BzO
B20 BZO Bzo BZO N
BZOS 204
\/\Br \/\ Br
52 53
52% 45%
Br Br
g7 g >
23 on, 0 257
BZOOBz BzO OBz
54 55
50% 51%

Fig. 140 The synthesis d?-bromoethylglycosyl thiols.
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The third reaction that was investigated was the methylation of the crude anomerised
thiolswith EtiP,N and iodomethane

Example Reaction:

OBz OBz
o DIPEA, Mel o
BZBOO - s BZBOO
Z! Z!
CH2C12 \‘
BzOgy BZ0gM e DIPEA:

A

Yields:

OBz BzO __ OBz o BzO
o) BzO
BzO 0 BZ(% BZO &
B0 5% B20 B2Ogm
Z BZOSMe € BZOSMe
57 59

SMe
56 58
70% 72% 75% 65%
BzO (g, OB OBz OBz
0 O
Bzo%o BzO Y
BzO BzO BzO Bz0 BzO
BZOSM@ Z SMe
60 61
61% 73%

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 treacto 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 tBtolas protecteé 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, crud@5 in pyridine followed by the adddn of AcO, as per
normal acetylation procedures, to give the thioad&yl

BzO _ 0B, BzO _opB;
0 _ A0 0
BzO Py. BzO
BZOSH 67% BZOSAC
35 62
(crude)

Fig. 1.£2 The synthesis of 1-Sacetyl2,3,4,6tetraO-benzoytl-thio-U-D-
galactopyranose

The success of these reactions illustrate thatthaen 6t a necessity for
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.

After 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
usng 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 TiGJand pyridine promoted anomisation

Anomerised Sugars:

OBz BzO _ 0Bz Bz0 _ 0Bz OBz OBz OBz
BZO&&' S ;;Tog &/0 0 B20o X o 0
BzO BzO BzO BzO ? BzO
BzO BzO BzO
SH BzOSH BZOSH BzOSH
Crude yield: 94% Crude yield: 93% Crude yield: 91% Crude yield: 76%
Isolated yield: 63% Isolated yield: 56% Isolated yield: 53% Isolated yield: 42%

34 35 36 37

Fig. 1431 s ol at e-dlycosyp thiol gields of sugars anomerised by Ti@hd
pyridine.

Purification of glycosyl thiols using just TiGlpromoted anomerisation

Anomerised sugars:

OBz SH SH
BzO 0 o
B20—= BzO BzO Q Q/ oB:
SH
BzOgy Bz0 OB, Bz B?

Crude yield: 93% Crude yield: 85% Crude yield: 89% Crude yield: 87%
Isolated yield: 52% Isolated yield: 48% Isolated yield: 40% Isolated yield: 38%
38 39 40 41

Fig. 1.4 Isolated, pure glycosyl thiol yields of sugars anomerised by just,.TiCl

What has been shown, to this point, is that the anomerisation edubars is possible

and the conditions described herein give moderate to high yields of products with the
desired sterochemistryi 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 prodicts 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 theokectderivative. Previous work from the

Murphy laboratory by Guahlan Wang® 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 itdés suffice to say t h:
patterns observed within thjgublication 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 derivatB®& and using either thiolene or thiolyne click
chemistry and a suitable linker, such as the trivalent liBkesynthesise a haxalent
derivative.

R Rl\s
2 _SH
// R/S\)\R Ry
/_\1 2
>< R
S - S
R~ \/\Rz R{ S
R \)\Rz
SH S
R{ R{” \/\R2

Fig. 1.46 Mechanism of thiolyne click chemistry.
Preliminary studies were investigated as part of this thesis, nearing its completion.

Table 1.38: Thiolyne click chemistry 086 with 84

Bz20 0B, BzO0 _oB:

OBz
OBz BzO
5 OBz 0 pt B0 B0
o o BzO O BzO ) @] (6]
BzO BzO
BzO BzO BzO B2z0 BzO
BzO Z0g S Z

BzO
SH

DPAP, hv

36 H/\O O/\)
S S
. OB» OBz OBz OBy
O 0 0Bz OBz
CH,Cl, W\O OBz 4 o /?%
B
S /\)

OBz
rt. OBz BzO
o o F B20°B?
OBz
O 07~0 397 o0
070 0Bz | OBz OBz
B
BzO B o]
H 20 BzO OBz
84

63

BzO™ OBy

Reaction Reaction time Sugar DPAP hv
1 3 h. 1eq. 0.3 eq. Sunlight
2 3h. 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 compo6Bdva s n 6 t achieved,
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 compoumds, wit
a n -codfiguration 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 ofN-acetyl glucosamine glycoclusters

2.1 Background toN-acetyl glucosamine and multivéency

2.1.1 Introduction

N-Acetyl-D-glucosamine (GIcNAc) is a monosaccharide derivative of glucose differing in
the substituent at the-Z position, with the hydroxyl (OH) at-€ of glucose replaced with

an acetamide group (NHAc) M-acetytD-glucosamine. This GIcNAc unit can bauhd in
many biologically important oligosaccharides, glycoproteins and glycolipids. It can be
found in, for exanple, part of the biopolymer peptidoglycan (murein) which is a Hiksh
structure thamakes up the cell wall of bacteria. It can also be fownthe long chain
polymer, chitin- the secondnost abundant biopolymer in nature, which is madsalely

of repeating units oGIcNAc. In nature chitin is the polymer which forms the exoskeletons
of insects and crustacearihe structurally similarhitosan, a polymer that is made up of
repeating monosaccharide unidssglucosamine andN-acetytD-glucosaming has become
popular in wound treatment as surgical thread due to its strength and favorable biological
attributesi with antimicrobialactivity agairst awide varietyof bacteriawhile also being

able toenhance the healing process byepathelialization andhe regeneration of the
normal skin It has been reported to hekpducescar formatiorduring the healing process

by preventing theonstructim of granulation tissue

OH
0]
HO
HoﬁNv OH
AcHN
GIcNAc

OH
‘ ‘Oéﬁ :
HO -
AcHN |
Chitin

OH OH
o | o |
HO - HO -

HN [ AcHN |y
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Fig. 2.1The structure of GICNAc and polymers consisting of theN&c monosaccharide.
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The monosaccharide, GIcNAgtiself, has also been found to have potential in the
treatments of various diseases suchi assteoarthritis where its use is to address the
degenerative disorddthe problem)as opposed to the treatmanit the associated pain
(which is attained through the administration of steroids and does nothing to tackle the
cause of the issues). This treatment with GIcNAc is believed to benéfycmbviding the

body with a sustained released form of glucosamiméchvis the substrate used for
glycosaminoglycar{GAG) biosynthesisit can also stimulate GAG synthesis, inhibits
degradation, and appears to be directly involved in the repair of damaged Cartilage
i nfl ammatory bowel di sease ( suc’andaastrit€r ohn 6 s
This monosacharride offers an inexpensivel anontoxic treatment othese diseases.
Herein the research is related to development of multivalent compounds, which present
GIcNAc headgroups, which act astibacterial agentsgainstHelicobacter pylori

The following sections summarise why GIcNAc quoands, as multivalent ligands, are
attractive from a synthetic point of view, and why they have potential applications. In
addtion, the modes of interactioof these multivalent compounds also covered. The
application of click chemistry is also brigfreviewed. The last section of this chapter deals
with the area of interestelicobacter pyloriand thecompounds synthesized as part of this
project for evaluation against this stomach bacterium.

2.1.2N-Acetyl glucosamine multivalent ligands

There aists 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 aromatioldsaff
Within these, structurally different types of GIcNAc 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 (RAs a sysemic autoimmune diseasen 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 typifieby chronic joint inflammation resulting in
subsequent cartilage @nbone deteriorationdestruction which can be observed as
deformed and painful joints in a patient, which in turn can lead to loss of funbkion
Acetyl glucosamine (GIcNAc)is widely used as a supplement in the treatment of
osteoarthritisas alluded tat the outset of this chapter. Margsearchers have utilized this
informationby carrying out trialsising pure GlIcNAcindependentlyfor the treatment of

RA, with positive results being obtained. All these studies, though, were performed using
GIcNAc in its natural form, i.e. as a monosaccharide, which is known to adees
binding affinity toits specificreceptors Accordingly, a multivalent compound based on
GIcNAc could potentially provide agven moreeffective therapeutic agent in the treatment

of RA than the monosaccharidgo this endRichter et af' used aecognizedcexperimental
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model of human RA, alageninduced arthritis (CIA), to test the effectiveness of some
multivalent GIcNAc compoundslhis model is set up/created through thigoduction of
eitherbovine or chicken typell col |l agen (Cl 1) emul sified
(CFA) into mice. The purpose of this experiment/model is to prodyogptomsof RA,

such aghe aforementionepint inflammation and swellingrhis model, CIA, is then used

as a way of studying thedterations of the functions of the immusystem/response during

the progression and development of the disease. Two glycodendrimers, Faiffiag

in their scaffold as well as sizbearing four or eight GIcCNAc moietiewere used in the
study The researcherseported on a variety of responses such as the reduction of
inflammationandthe suppression ofells- T, B and APC éntigenpresentng cells) in the
synovial, when using these glycodendrimers. A host of other responses and inhibitions, as a
result of theseGIcNAc-terminated glycoconjugates (GC$)ig. 2.2 were also reported
within the study. With RA known to affect areas of the body other than the joints, the
authorsalso reported similar patterns the spleenwith the glycodendrimersFig. 2.2
reported to have brought abautonsiderablelecreasef NKG2D-expressing NKnatural
killer) cells without affecting their Iytic function. A summary of what was found by
Richter et & was that the multivalent compountisted either, succesdfudeferredthe
onset of arthritic symptomsgecreased theeverityof these symptoms when preseand in

18% (2A, Fig. 2.2) and 3% (2B, Fig. 2.2) of cases completely prevented their appearance.
This proves thatmultivalent compounds presentingIlcNAc moeitiescan have a very
positive influence in prevention as well as possible cure to, in this instanc&@hR¥esults
observed byRichter et & provide evidence andupportto the use of multivalent
glycoclusters as &reatmentof rheumatoid arthritifRA) and collagennduced arthritis
(CIA) and as such gives rise to further research in the development of other therapeutics of
these multivalent form$.
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Fig. 2.2 Glycodendrimerdested for potential in RA treatment.

Schwefel etl. showed the importance of multivalency in regards to lectins, to bessiestu

later in chapter 3, with thestudies orwheat germ agglutinin (WGA) ligandsSWGA is a

plant type lectin thais augmentedn the seeds ofriticum Vulgaris(wheat). Through the
interaction with the fungal cell wall WGA canhibit fungal growthand can also cause
agglutinationto occur, i.e. the clumping together of cells. Their initial screening studies
identified atetravalenineoglycopeptide2C in Fig. 2.3,which was reported to have haah
exceptionallystrong increase in WGA binaly. This etravalent derivative had an increased
potency factor of 1440, which equates to a factor of 360 per carbohydrate residue, when
compared to binding of the monosaccha@eNAc. Subsequent work in the area, lead to
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