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Abstract

The 1,2cis aminoglycosides are considered difficult to prepare in a highly stereoselective
manner. Some strategies have been developed tondatging the preparation of&zidqg 2-
benzylidine and 2;8xazolidinone glycosyl ahor f o r t he St elf2eims el ect
glycosylation.However there is a need for the development of other metldogsto the
constant screening of glycosylation conditions, along with preparation of different glycosyl
donors and significant protectingogip manipulation This thesis work was concerned in part,

with determining the potential of anomerisation reactions for the stereoselective synthesis of
1,2-cis glycosides of GIcNAc and GalNAc and other related and important glycosides.

An introductionto carbohydrate chemistry is provided in the first chapter of this thésisa
summary of what is known to date about anomerisation reaction. The second and third chapters
deal with the investigation of anomerisation of thiols derived from GIcCNAc anNAzgahs

well as some of thel®/Sglycosides.

Glycosyl thiols are useful building blocks for the synthesisSglycosides. These are of
interest for the synthesis of various types of glycoconjugates, mostly glycomimetics. A
relatively small number of pcedures are kmon t o p-glyocosyliticiods, ctimpared to the
correspondingp-a n o mer s . A series of-GlaNAe ang GalNAe d and
thiols were synthesised and their anomerisation reactions investigated under different
conditions. The anomerisation/epime s a t i-gtyaosyldhiols 10 theb-anomer was also
investigated.  Benzoylated glycosyl thiols showed a higher propensity to undergo
anomerisation reactioromparedo corresponding acetylated glycosyl thiols. Equilibrium
betweerl} a n dandmersvasestablished for acetylated glycosyl thiols in EtOAc. The use of
TiClsindi chl or o met hananeer, Viaedhiazolme. This ebsdbvation was included

in a paper published i@rganic Letters(DOI: 10.1021/acs.orglett.7b0276&ontributing to
formation of a mechanistic proposal for the epimerisation of glycosyl thibke Lewis acid
catalysed anomerisation sbmeO-glycosides and-glycosides derived fronGIcNAc and
GalNAcis described, with limitations identified.

The next part of the thesi€ltapter 4 dealswith the design and synthesis of glycoclusters
based on neoglycopeptideglolecular sefassemblys consideredo bea useful approach for

the synthesis of novel molecular architecture. Proteins and peptides eargaalze and form
well-defined structures with a role as scaffold for the presentation of biological and

immunological active ligands, such as carbohydratéerein the coiledcoil motif was
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explored as a scaffofdr the multivalent display of peptide and carbohydrate tigabe novo
peptides selassemble into dimeric and trimeric coiled coils when exposed to aqueous media.
The lactosedisaccharidebearing ariethylene glycol (TEG) chajrwaslinked to asparagine

and thensubjected to solid phase peptide synthesis toym®peptide sequences creating
divalent and tetravalent dimelic neoglycopeptides as well as trivaleritimeric
neoglycopeptides Such glycoclusters based on lactose are of interest as galectin inhibitors.
These glycoclusters have been analysed by airadichroism (CD) spectroscopyhich
showed evidence for helical formation. Thag currently under study of thegltassambly
characteristics byanalytical ultracentrigugation (AUC) and under biological evaluation to

ascertain their galectid inhibitory potential.
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1 An | ntroduction to Carbohydrate Chemistry and the Anomerisation
Reaction

1.1 Stereochemistryof Carbohydrates

The general stereochemical principles are fundamental in the carbohydrate field; carbohydrates
possess multiplstereogenicarbon atoms leading to thrmation of different conformational
isomers. In solution they exist in equilibrium between special conformational forms and can
assume different ring forms of different size; these rings are also chiral, and they can assume
many different conformation&inally, the glycosidic linkages of olig@nd polysaccharides
represent another source of stereochemical véariety

Fisher in 1893, proposed that sugars have a hemiacetal type of ring structure and the carbon
atom at position 1 is asymmetric and can assume iffepeht configuration, so-glucose can

exist in two configurations. This hypothesis became evident when-ghecose was reacted

with acidic methanol isolating a methyl glucoside with a specific rotation of +a6d°shortly

after it was found a secomuethyl glucoside with a specific rotation e84°2 The two
compounds wer eDglameap yread mys iglpy@moside.me t hy | b
T h e a © db-glucopyranoseare configurational epimers and are defined as anomers, where
the OH in position 1 can be written on the right or on thedéftarbonl in the Fischer
projection(Figure 11). This was demonstrated by Béesekehen to define thdd a md b
glucose configuratiornecarried out an experiment where two anomers were reacted with boric
acid. The form ob-glucose witha specific rotation of +112° reacted with boric acid and was
def i n edylucase This is possible écause¢he OH1 and OH-2 of the sugar are in cis
configuration between each othéngreforethey aresterically disposed to react with borate

ion. The consequence if this interaction as increaseof the acidity and consequently
conductivity of the reaction mixturel'he form of D-glucose with thespecific rotation of +19°

was d e-b-glutase and has trans configuration betweenlOdhd OH2, because the
trans vicinal OH gr oup s-anameecan be defined as tbe ahomer b or
that has the anomeric carbon atom in the samguoation as the reference carbon atdime

pb-anomer has opposite configuration.
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—OH

OH
H——OH m
HO——H = H94
H——OH Ho |

/ o
CHO CH,OH

H——OH
HO——H ()L-D-glucopyranose
H——OH
H——OH
CH,OH
HO——H OH
D-glucose \ H—OH o
HO——H = HO, OH
H——OH HO
H—-0—]
CH,OH

[-D-glucopyranose

Figure 1.1 Fischer projectionsaf-g| ucose and c¢ haagan doeghicopy@moseat i on o

The finding thab-glucose has three sgific rotations, +112°, +19° and +%2 was explained

by the identification of the mutarotation phenomenon. Léwsyh o we d t dv-at t he
gl ucopyr amglusopyraaosedre in equilibrium and tieservedspecific rotation of

527A corresponds to the emglucdpyranased isimsolationtie ot h f
starting specific rotation is 112° and the mutarotation direction downward to the equilibrium
value of 52, 7A. | nD-gtudopyraosensen solution thevdtagimg spgedifie b
rotation is +19° and the mutarotation upward to the equilibriulevef 52,7 Based orthe

value at equilibrium it was calculatedathat equilibrium the amousb f -D-@lucopyranose

a n dp-gliicopyranos@resent are 64% ar86% respectively

This equilibrium is created by the opening of the pyranose forms of the glucose to form an
open chain aldehyd&he open chain aldehyde carcylise to reform the hemiace{@cheme

1.1).
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CHO

H——OH oH A
O\v [e)
HO——H L <,
:__8: HO" ™" "OH
OH
CH,OH
D-Glucose / \
OH OH
K(O),OH kEoJ OH
HO" ™" "OH HO" ™" "OH
OH OH

OH OH
0 0
~ HO
OH OH
OH

Mixture

[alp +52.7°

B—D-Glucopyranose o~D-Glucopyranose

[alpjl9° [a]p +112°
64% 36%

Scheme 11 Mutarotation ofb-glucose.

The mutarotation phenomenon is not observed in glycosides under these canditiders

acid catalysed conditionglucose can reagtith alcohols to form glycosideand in this case

the reaction is under thermodynamic control and the thermodynamically more stable compound
is formed whi ch iglgcoside phisesimationtsemgposieyo the foemation

of the equilibrium of thed-glucose where for sted reason the substituent at the anomeric
position would take an equatorial position to avoid steric hindrance. The preference for a
substituent at the anomeric position to adopt an axial configuration in the formation of

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

oH OH OH
Q H', CH;0H 0 0
HO i HO HO
HMOH 25 o OMe
OH
OH OMe OH
Methyl o-D-glucopyranoside Methyl B-D-glucopyranoside
64% 36%

Schemel.2 The reaction of glucose with methanol and an acid catalyst.
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1.2 The anomeric effect

The anomeric effect is defined as the preference of electronegative substituents at the anomeric
centre of pyranose to assume the axial orientation. This hypothesis was first introduced by J.T.
Edward in 1958 when he based his observations on the fact that axial alkoxy grabhp€at

1 position genetly show a greater stability than equatorial aneg proposed that this
phenomenon is related to the orientation of the unshared electrons of the ring oxygen, where
the lone electron pairs of the oxygen can determine the conformational preferences of
structures.

A more general definition of anomeric effect was introduced when it was rethlegéds not

related toonly carbohydratesut in general to all molecules, intended as a general preference

of segment RX-A-Y to adopt the gauche conformation ptiee antiperiplanar (anti). In the
segments RX-A-Y, A represerg an element of intermediate electronegativity (such as C,S),

Y is an atom more electronegative than A (such as O, N or an halogen), X represents an element
with a lone pairs and R is H or (Figure 1.2)

() i
X—A e - /
w, — = — X—A
/ "y T -
R R R
Y

Y
gauche anti

Figure 1.2 Newmanprojections showing preference for gauche position

Two main explanations have been proposed for the origin of the anomerié: effetiased

on favourable/unfavourable dipdl#ipole interactions between the ring oxygen atom and the
anomeric substituent (called the electrostatic model and another based on
favourable/unfavourable orbitairbital interactions betweendhring oxygen atom and the
anomeric substituerfcalled the hyperconjugation moilel

The electrostatic dipole model was initially proposed by Edward to explain the destabilization
of equatorial conformers of carbohydrates due to repulsive force betweemghdipole,
created from unshared electrons of the ring oxygen and the substituent in the equatorial
position.In the axial orientation, the dipoles created partially cancel each other leading to an
increased preference for the axial conforffégurel.3). This electrostatic model is supported

by the evidence that aqueous s eahomerpresenhatef f ec
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equilibriumand the preference for the axial conformer decreases when the solvent dielectric

constant increasés’

05
e Yy

Unstabilized Stabilized

Figure 1.3 Electrostatic model exgining the endoanomeric effect

The hyperconjugation model p-anomeocs ssedsie td thea t t h
del ocalization of the charge from the |l one p
the GY bond. Thisexplainsthe geometry changes associated with theremiz effect, since

the n Yi* electron delocalizat i obutstrengthenr act i c
the XTC bond by incre8sing its double bond n

n,, orbital

T 8
X/;D) X
W m@ Bond strengthen
c* h
v Y Bond weaken
0

Stabilized

+

Figure 1.4 Antiperiplanar lone pair hypothesis

Different studies have been conducted to estimate the contribution @iebeostatic and
hyperconjugative interaction® the anomeric effecComputational work byMo and ce
workerg! evaluate the effect of the hyperconjugatiorinteractionsin different acycic
molecules such as methoxymethyl fluoride, methoxymethyl chloride, methanediol,
methanediamine, aminomethanol, and dimethoxymethHames established thabth steric

and hyperconjugation effect contributethe conformational preferences methoxynethyl

fluoride and methoxymethyl chloridé$ This founding was in aordance with the general
consensus that both steric and electronic interactions contribute to the generalized anomeric
effect. But It was also demonstrated thiatthe most stable conformse of ethaneidl,
methanediamine, aminomethanol, and dimethoxymethane the hyperconjugative interactions
play a negative role in the conformational preferencesalydthe steric effect is responsible

for the generalized anomeric effect
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1.3 Glycosylation

Glycosylation isthe most important reaction in the field of carbohydrate chemisiry
glycosciencg Carbohydrates exist as complex oligomers or conjugated with different
biomolecules such as lipids, peptides and proteins, and their isolation and charactenigation
difficult due to their low abundance and heterogeneity in natifiee solution is the synthesis

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

When dealing with carbohydrates, the variety of the glycosidic bond is one of the major
characteristic$o take in consideratiomhere are different tymef glycosidic bondsO-, N-,

S-C- with theO-glycosidic bond representing the most abundant in natdréhanmost difficult

to syntheize. There are two types@®g | ycosi de s-and e bicimaadlRigags U
glycosidegqFigure 1.5)

/ﬁ 1 A/OR
HO HO 1

OR
1,2-cis or a.—glycoside 1,2-trans or B—glycoside

Figure 1.5Type of glycosidic bond

Glycosylation involves the reaction bewvea glycosyl donor and a glycosyl acceptor (or
acceptor) in the presence of a promoter, to form a glycosidic bond. The activation of the leaving
group of the glycosyl donor bearing a Aearticipating group, assisted by the promoter,dead

to the formatim of an oxocarbenium ion intermediatéThe nucleophilic attack of the glycosyl
acceptor (or acceptor) to form the glycosidic bond, can occur eithertietop or the bottom

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

1,2-cis being the major product due to the anomeric effect.
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2
RO \é
OoP
Glycosyl cation

)

]

Promoter

A Promoter O
o] N—— |®
N - =\ -
RO\ LG RO (e
oP opP
Glycosyl donor Donor-promoter Top-face attack
<P—non—panecipating group) complex D /\
o
RODQ HO-R' Acceptor
Oxocarbenium Bottom-face attack

ion itermediate

0] o
N N )
ROM ROx—\_OR
PO .
OR
1,2-cis glycoside 1,2-trans glycoside

Schemel.3 General glycosylation mechanism with Aoarticipating group

The stereoselewity of the glycosylation reaction can be influencedvayious factorssuch

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

1.3.1 Neighbouring group participation

The stereoselectiviermationof the glycosidic linkage is one tdie most challenging aspsct

of carbohydrate chemistry. The stereoselective introduction oftid,8lycosides often
represents a problefnut on the other hand, the selective formation ofttg@sglycosides can

be easily achieved by neighbouring gro@ptigipation of a 2acyl group.

In this strategythe glycosyl cation formed by the departed of the leaving group activated by
the promoter, is stabilized intramolecularly by the formation of a bicyclic intermediate, the
acyloxonium ion(Scheme 1.4)The brmation of the bicyclic intermediate blocks the attack
from the bottom face, allowing the nucleophilic attack of the acceptor only from the top face

of the ring, forming stereoselectively the -tr@ns glycosidé®.
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o
T
OYO ¢
R
B /_‘ . Promoter Glycosyl cation
Promoter (@]
o] N— |®
B ——— - B —————
RO\ LG RO » (LG
o}
o o
R R' Top-face attack
Glycosyl donor Donor-promoter 0 /—\
[with partecipating complex R OE/ HO-R" Acceptor
group at C-2]
0P
Acyloxonium ion
WO
RO\~ _OR"
(0]
o

1,2-trans glycoside

Schemel.4 Mechanism of glycosylation in the presence of a neighbouring particigatog

1.3.2 Solvent effect

The influence of solvent on the stereochemical outcome of the glycosylation is well Known.
The use of participating sawts such as acetonitrile and diethyl ethieads to preferential
formation of 1,2transand 1,2cis glycosidesespectively (Scheme 1.5)

The use of acetonitrile leads to the formation of an equatorial glycosidic linkage through the
formation of anUnitrilium ion intermediate. Trapping experiments have been carried out
where the axially orientated amide product is obtatied

The use of diethyl ether generally results in the formation of the thermodynamically more
stable axial glycoside dsemain prodict, through the formation of the an equatorial oxonium
cation. The formation of the equatorial cation intermediate isalei¢her the reverse anomeric

effect® or steric reasons.
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)

ROQ
OoP
Glycosyl cation

@

Promoter

~ Promoter o
o |®
N— T N——\ ~ o
RO—\n LG RO Le
oP opP
Glycosyl donor Donor-promoter

complex

@
(o]
N—
OP
Oxocarbenium
ion itermediate

(29 @O’V
2 °
\" RO
ROv—_O& _ %PO‘ o HOR
PO N
. I
HOR'

1,2-cis glycoside 1,2-trans glycoside

Schemel5F o r ma t i aomdglp@bsidelin the presence of diethyl ether and acetonitrile

1.3.3 Type of leaving group and activation

Various factorsare involved in the control of the stereoselectivity in the glycosylation
reactions. It has been demonstrated thatype of leaving group playssagnificantrole in the
determination of t*e U/b ratio of glycosides
Different approach® have been developed including glycosyl halide$,
trichloroacetimidate®, and thioglycosidéd as glycosyl donors.

The discovery of the first controlled glycosylation proceditebutedto Koenigs and Knoft

in 1901, when thegoncludedhat the glycosyl chlorides and bromides can react with alsohol

in the presence of AGOs or A0 as acid scavengers, where they complex with the anomeric
halogen leading to the departure of the leaving g(Bigure 1.6)
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OoP

b‘\v St
"o S
po |/ .---Ad

Br-~
ol

Figure 1.6 Complex of glycosyl halide and Ag salt

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

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

The 1,2cis glycosyl halide can give both anomers. When the glycosyloddas a

neighbouring participating group in position 2 the formation of theraysglycosides usually

occurs for reasons given above. When there is no participating, ¢iheapthe glycosyl cation
is able to react with an alcohol and a mixture oftlaghsand 1,2cis glycosides can be formed
(Scheme 1.6)

[e)

Ac
OAc OAc., OAc
Ag,CO ] +
Acoﬁ . : Acom ACOM - Acom
AcO AcO
¢ o} o I AcO N AcO o

OR
(0]

A e By N

o o |

OAc

AcO 8!
AcO 5 \}

~0
e

OAc
AcO OR
o

By

(¢}

Schemel.6 Possible pathways of glycosidation with glycosyl bromide

When the glycosyl donor does not have a neighbouring participating group, in principle the
formation of the oxocarbenium ion intermediate should allow the attack from both faces of the

ring leading to the formation of a mixture of & and 1,2transglycosidese ven I f t
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anomer is thermodynamically favourable a substantial amount of the kirsnorber is often

obtained

The sel ect i vgycosides hasbeen mvestigafed indcarbohydrates with the use of

benzyl groups as pr-oatide aststarting sulgstarcey fhesmeehantsm afi t h

the reaction should follow am® mechanism with inversion of the anomeric configuration.

This reaction is possi bhblidessdbnly with stable a
Another glycosyl donor widely used, the glycosyl imigdatas reported by Schmidt in

198022 Glycosyl trichloroacetoimidates can be easily prepared by a{sasaiyzed addition

of an anomeric alcohol to a trichloroacetonitriles(@TN). The use of a strong base such as

DBU or NaH canomergas theemodyhaeic pfoduct, while weaker base such as

K.COsc an gi vaeomer dstkiaetidprodifé(Scheme 1.7)

oP opP
PO o) K,COs4 PO Q
PO PO O CCls
op i

Cl;CCN OP
OH NH

B = kinetic control

Base

OoP

OoP 0
PO% e
OH PO
PO
P ClsCCN oP

O.__ccl,

|
NH

a = thermodynamic control

Schemel.7 Trichloroacetimidate synthesis

The glycog! trichloroaceimidates formed can react in the presence of a catalytic amount of
Lewis acid, such as trimethylsilyl triflate (TMSOTf) or boron tridtide (BR-OEb) as
promoter?® The stereoselectivity of the glycosides formed depends on different fastiohs

as neighbouring participating groups, solvaridtype of leaving grougScheme 1.8)
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OPO-, Lewis m

PO __acid

—_—
OP OWC%

NH ROH

Schemel1.8 Mechanism of glycosylation using trichloroacetimidate donor

Thioglycosides can be used as glycosyl dsraord glycosyl accepterdue to their
stability in different conditins Theywerediscovered for the first time by Fischer in 1580.
A promoter like methyl triflate (MeOTf) activates the thioglycoside by producing an
intermediate sulfonium ion, which then gsuése to glycosylating carbotianic intermediates
depending on the presence of participating orpamicipating group at the-€ position, that
react with thglyglcoshadale @hhanadagmegSdemel.9of U

OoP oP

%”Meow ﬁy ﬁh 5 A=
N ROH ——=
PO PO \—/ PO

OP 5
oP
opP oP .. opP
/. MeOTf oo o o oo 0 /;OH . o
( . \ OR
o PO S-Me PO 5 PO N
): 07;0 R OYO >¢O

Schemel.9 Gereral mechanism for glycosylation using thioglycosides

Other promotersDMTST, PhSeOTf, MgS/Tf20 and NIS/TMSOTf have been developed

and arecapable to promote this glycosylatfén

The above glycosylation procedures cover some of the more popular methods for the synthesis
of glycosides, but the formation of the L& glycosidess still chalengingdue to the need of

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

1.4 Anomerisation

The term anomerisation is used to indicate the epimerisation of anomers. An example is the
reversible conversion of a Xeans glucopyranose&to a more stable 1,@s glucopyranoside
in the case of mannopyranose thettahs would be more stable than thedi2(Scheme 10).
The anomerisation can occur in solution (an example is the mutarotation of glucose), or with

the use of a promoter (s acids have been discovered as efficient prontSjorEhis
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transformation establishes an equilibrium between the two anomers and the anomeric effect,
or factors which influence anomer stability determine the anomeric distribution with the
thermodynamic more stable product being expected to be favaluedto stabilising

electrostatic/hyperconjugation interactions (vide supra).

0] 0]
W o b/
RO\ X T RO

1,2-trans glycoside

OoP "5
,O N -
Ro% —___ ~ FRox
X -
X
1,2-cis glycoside 1,2-trans glycoside

Schemel.10 Anomerisation of glycosides (X= OR, SR, OH)

Much work has been done on the anomerisation by Lindberg and Leniibisxcan be
summed up in two proposed mechanism.

Lindberg® proposed an endocyclic mechanism, where the acid promoter coordinates with the
ring oxygen of the saccharide leading to an endocyclic cleavage of-Ba€-D bond and
formation of an open chain intermediate where the rotation of th&€@ bond resits in the

f or mat i o nmixtufe bytringeclosure. bLemiedksuggestedn exocyclic cleavage of
C-1-O-1 bond upon coordination of the acidic promoter with the aglycon leading to the
formation of an ion pair; the attack of the aglycon back to reform the glycosidic bond from

both faces resul t s-mixtare($cheee X14)r mat i on of t he
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MCl
PO PO— -/ * PO
POA—T-OR PO =OR PO
oP
OPL

Endocyclic cleavage

PO + OP
PO OR PO o~ PO
OP

OP R OP5R

Exocyclic cleavage

Scheme 111 Endocyclic and exocyclic cleavage pathways.

Evidence of the endocyclic cleavage was presented by Pilgrim and Mynghegre a trapping
experiment was carried out using sodium cyanoborohydride that allowed the isolation of an
intermediate formed during a Lewis acid promoted anomerisation. The trapping intermediate

was carried out on bof®- andS-glycosideausing TiCk as Lewis acidScheme 1.12)

Ox-OMe OxOMe Ox-OMe
TiCl, (1.2 eq) Ac0
AcO (@] 4 ’ - AcO OH Pyridine AcO OAc OB
AcO OBu > AcO OBu X5 AcO u

OAc NaCNBH; (12 eq) OAc OAc
OBz OBz
TiClg (2 eq)
BzO 0] 4 BzO OH
Bzgé&/SBU > BzO SBu
BzO NaCNBH; (20 eq) BzO

Schemel.12. Trapping of intermediates

An interest in understanding how conformational and electronic factors influence the
anomerisation o®- andS-glycosides led Pilgrim ahMurphy to carry out a systematic study

on 18 substrates where the rates of $aGbmerisation were measur@able 1.1)

The F'order equilibrium kineticonstantk+k. (whereks is the rate constant for the forward
reactionUA b akrisdhe rate constant for the reverse readiigrl), was determined for each
reactantThe relative rates were calculated in each case and compared to buty2Ba46

acetytD-glucopyranosidd A. The stereochemical outcome was atsuortel.
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Table 1.1: Kinetics of SnCJ-catalyzed anomerisation of glycoside. Adapted with permission

from reference31. Copyright (2010) American Chemical Society.

Entry

Substrate

10°(ke + k) (s)

Relative Rate

h yi

1A

OAc

AcO 0

AcO OBu

8

AcO

10:1

1B

OMe

AcO 0
AcO

3

OBu
AcO

170

42.5

16:1

1C

OMe

BzO 0
BzO

3

OBu
BzO

470

117.5

24:1

1D

OMe

AcO O

AcO SBu

[

AcO

420

105

4:1

1E

OMe

BzO 0
BzO

3

SBu
BzO

920

230

71

1F

AcO|_ome

I

AcO OBu

AcO

290

72.5

191

1G

OB

BzO
BzO

g

OBu
OBz

19

4.75

16:1

1H

OMe

MeO 0

oM

I

D

400

100

13:1

11

OAc

AcO 0
AcO

L

SBu
AcO

6.9

1.725

2:1

1L

OBz

BzO Q
BzO
OBz

g

SBu

43

10.75

4:1

M

(@]
OBu

I

AcO
AcO

4.9

1.225

15:1

IN

BzO 0Bz

£

BzO OBu

BzO

42

10.5

1111
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AcO_opAc

10 14 3.5 2:1

[

AcO SBu

AcO
BzO _oRz

1P 20 5 4:1

BZO SBU

£

BzO
OAc

1Q A0~ 0 ocy 21 5.25 11.5:1
AcO

OMe

1R AcO 0 210 52.5 13:1
AcO OCy

8

3

AcO
OAll

1S AcO 0 1100 275 11.5:1
AcO OCy

2

AcO
OH

1T AcO 0 12000 3000 19:1
AcO OCy

s

AcO

It was found that methyl ester derivatives of glucuronic acid had a faster rate than their
corresponding glucosides and galactosides (cf. erftAess 1B, 1C vs 1G, 1D vs 11, 1E vs

1L, 1Fvs 1M, and1Q vs 1R). The presence of a free carboxyl acid on the glucuroniclicid

led to faster reactions being observed compared to the allyll&ed methyl estetR.

This datashowedconsisteny with the results shown by Lemieux and Hindsg&uwho
reported that the rate of anomerisation of an isopropyl glucopyranoside derivative was
enhanced when a combination of S&id carboxylic acid was used to promote anomerisation
Under superacid conditiothe formation of a complex CO8n, and consequent liberation of

a proton to form a protonated specie at the ring oxygehanced the rate of the reaction via

an open chain intermediate.

OAc OAc
ACO 0 SnCly, ACOH o
ACC?&/ O\( — A,%\(go

OAc CH,Cl, AcO(y

\(

Schemel.13Lemieux and Hindsgaul carboxylic acid enhanced amigaigon
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Pilgrim also found that comparing the rate of anomerisation ofCigalactoside with

O-glucosides, th®©-galactoside were faster (cf. entbh vs 1M, 1B vs 1F, 1G vs 1N, 11 vs

10). This was explain by the fact that the preseric#he electronegative substituent adC

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

the ability of the ring oxygen to interact with the Lewis atid

S-Glycosides 1D, 11, 1L and10) were found to be faster than the correspon@irgjycosides

(1B, 1A, 1G and1M) |

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

endoanomeric effect. Also, sulfur is larger than oxygen and may have increaskaixibi3

but

t h-anoraenformed tit the dquilidrium was lower fer S

interaction with H3 and H5. These factors would reduce the stereoselectivity.

Sulfur is less electronwithdrawing amebuld facilitate cation formation more than oxygen by

the endocyclic cleavage mechanisthus the presence of sulfur leads to an increase in the

rate of anomerisation compared to when oxygen is present.

The protecting groups alsofluencedthe rate of ammerisation. Benzoylated glycosides

showed a higher rate than acetylated glycoside®KtrieslBvs 1C, 1D vs 1E, 1A vs 1G, 11

vs 1L and10vs 1P), and the ratio for benzoyl protection was higher at the equilibrium.

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

were carried out at lower temperatuteh e

particular a t

0

AcC

t he

U: b

at higher temperatures (20, 30, 40 {Cable 1.2)

Table 1.2Effect of Temperature on SniCatalyzed Anomerizeon. Adapted with permission

ratio

was

from referenc&1. Copyright (2010) American Chemical Society.

found

Substrate

Temp (C°)

10°(ke + k) (s)

h Y]

OMe

O
0]

AcO

4.7

26.8:1

OMe

O
0]

AcO

20

4207.1

17.2:1

o

OMe

0
Aﬁg& OBu

AcO

30

17

15.7:1
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OMe

AcO 40 29 14.4:1

AcO

3

OBu
AcO
OMe

AcO
AcO

6.4 7.5:11

o)
/;%(
IR
(6)]

SBu
AcO
OMe

AcO
AcO

14 5.8:1

@)
g
o

SBu
AcO
OMe

AcO
AcO

30 42 3.7:1

L

SBu
AcO

TiCls had an increased rate of anaisation compared with Snglbut when the TiGlwas

used to promote the anomerisatiorBaflucosidest he U: b rati o was | ower
The concentration of Lewis acid waaomsrhown t
formed. It was found thdty increasing theumber ofquivalents of Lewis acid, it was possible

to increase tratie Thid wds explained by théLewisuaoid coordinating to the
anomeric substituent increasing the electronegativity of the substituent at the anomeric

position, increasing t he -anomerimenedFigured?.f ect and
OoP

b o) PO 2 op OR"
Bo > o .
XR RX

R
«O \ S /

MCl,
™~ Mo,

Figure 1.7 Possible type of chelation with Lewis acid

This hypothesis couldalso e x pl ai n t he hi g raeomer formedp forr t i o n
glucuronides/galacturonides compared to glucosides/galactosides due to two different type of
chelaton.

The evidence that the anomeric ratio is influenced by the concentration of Lewis acid was also
reported by OO&*Ruherd they shavaddhatNou thepahoynerisation of glycosyl

thiols thenumber of equivalents of Lewis acidsedc an i nf | uenc eandambhre a mo L
(Tablel1.3).
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Table 1.3Effectof TiChconcentration on U: b rati% in

Ticl, com

CO,Me >Me

AcO e CHCl AcO o)

AcO SH ————> AcO
24 h,0°C
AcO ACOSH
U: b rat

TiCl 4 (No of Equiv)

anomerisation

0.5 60:40
15 80:20
2.5 88:11
3.5 83:17
4.5 78:22

The anomerisation of glycosyl thiols derived from glucuronic aithster than the other

pyranases due to the favourable coordination thes@arbonyl group withhe Lewis acid. A

deeper study on the anomerisation of the benzoylated glycosylwastarried out by Doyle

et al®®

For this work the use of TiCGl and SnCiin the presence or absence of additives such as

pyridine and MSA(methanesulfonic acidyas carried out.
(3eq)

and pyridine (0.

stereoselectivity for compourgB and2C (Table 14).

It was found that the use of FiCl

Eanoener jor congpguedA, fared impriovedl

Table 1.4 TiCls promoted epimerization. Adapted withermission fromreference 8.
Copyright (2017) American Chemical Society.

. . Reagents . .
Entr Thiol reacting ar?d Products (relative proportion by NMR
y mixture Conditions spectral analysis)
BzO ng T|C|4(3 GQ), Bz0 ng BzO ogz BzO ng
oA 6o sH pyridine (0.5 B0\~ B0 SH 5,0
B20 eq), CHC,, O S B20 B20
=12 r-t’ 16 h B(nd) (10
OBz TIC|4(3 eq), ng OBZ o OBz
. e B
- 0= g | pyridine (0.5 Béeoéﬁ Bs‘;o sH ézoﬁﬁ
BzO eq), CHCl,,
oup = 1:45 rt, 16 h o (91) B (5)
BzO OBz OBz T|CI4 (3 eq), BzO _oBz OB BzO BzO
0 o - PSS 4 OBz 20 0Bz 0Bz
BZO&/O su| Pyridine (0.5 5o B0y - Bzoé&SH Bzog&
2c s B s %
ap=14 rt, 16 h e P
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It was found that treating 2,3t4-O-benzoyithio-L-rhamnopyranosyl thioJsvhich contained
mostly thanamerml (0 whh€El, Ra \be lapdmer.Sdectivitywas

enhanced when the substrate was treated withsgnClvi ng 78 % o (Schéentee b a
1.14)

SH SH
o T1C14 3 eq) SH BzO O
Bz0 CH,Clyrt,
2L,
BZ2O g, 16h BZO OB BzO  0op; BzO op;
Glycosyl
o:f =2.5:1 40% 1solated chloride

SH SnCly (2.5 eq)
820 @# MSA (0.5 eq) WSH BzO B0
BzO (O,  CH,CL,4°C,24h BzO 0B Bz o8 Bz0 0B,
o Glycosyl
78% 1solated chloride

Schemel.14 Epimerisation oR,3,4tri-O-benzoyithio-L-rhamnopyranosyl thiolwith TiCls and
SnCl.

The anomerisation of vatis glycosyl thiols from axial to equatorial using Ti@s promoter

gave a hi gh-apmer foronediableb). of b
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Table 15U0: b anomeri sat i on Adafted withr i ou s

ratio for
permission fronreferene 3. Copyright (2017) American Chemical Society.
Reacting axial Reagents and b: U ra
thiol Conditions
AcO OAc
o} SnCL(2.5 eq), )
Acogﬂ CH.Clo, 1t, 24 h 80:20
AcO SH
BzO _-0OBz
0 SnChL (2.5 eq), )
Bzogﬁ CH.Cl, 1t, 24 h 82:18
BzO
SH
OBz
BzO 0 SnChL (2.5 eq), ,
Bzggﬁ CH.Cl, 1t, 24 h 75:25
BzO
SH
Bz0 SnCL(2.5 eq),
BzO 2 CHClz, -30 °C, 78:22
BzOgy 24h
SH
oB
BzO \oz SnCk (2.5 eq), 91:9
OBz CH.CIy, rt, 24 h )
BzO
7 SnCL (2.5 eq),
WOBZ CH:Cl,, -30 °C, 89:11
5,6 OBz 24 h
OAc
ASL]O SnCh (2.5 eq), 919
AcO CH.Cly, rt, 24 h '
SH
SH SnCl (2.5 eq),
MSA (0.5 eq),
o .
AcO CH.Cly, 4 °C, 24 86:14
AcO OAc h
i SnCL (2.5 &)
n 5 ),
O .
ﬁ\ioxxc CH,Cl. 1t. 24 h 90:10
AcO OAc
9 SNCh(2.5 eq)
0 n -2 €(q), .
ACO% CH2C|2, rt, 24 h 54:46
ACOSH
o SNnCk (2.5 eq)
AcO 0 n .5 eq), ,
Aco CH.Clo, 1t, 24 h 79:21
AcO g
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1.5 Anomerisation of Zamino-2-deoxy sugars

2-Amino-2-deoxy sugar units are essential components of oligosaccharides and
glycoconjugate¥, and are involvedin many biological processesuch as molecular
recognitiort®, signal transductioanddifferentiatian®.

The stereoselective -1, 2drans a glycoside  ofo f-amind2h e b
deoxyglucopyranosides can be achieved through neighbouring group participation. \When 2
acetamide2-deoxyglycosyl donors are used for the synthesis oftig@s glycosides, the
activation of anomeric acetates or chlorides leads to the formation of a staldgak@ine.

Even under harsh Lewis acid catalysis, this stable oxazoline does not show strong glycosyl
donor properties. Although the synthesis ofttghs glycosides is possibletivithe use of the
oxazolire through activatiorwith Yb(OTf)3*® CuCh* FeCk*? the installation of different
protecting groups on the-Zamino functionality is the preferred choice. To prevent oxazoline
formation 2deoxyphthalimido andN-alkoxy carbonyl protected glycosyl donovgere
introduced for the synthesis of ityans glycoside's (Scheme 115).

(0] /;’:)\moter N— (0] — 0 N—— (0]

2-acetamido-2-deoxy-glycosyl donor 1,2-oxazoline

(6] /I;noter NO /_H\O-R' NO
B RO%LG — ROW ROW/OR'

[

N N @ N
O? ;:) 0 (0] -0 O? />\:o
2-deoxy-phthalimido protected 1,2-trans glycoside
glycosyl donor
(0] /l:(:moter O o) '/\ . 0
N SV N HO-R' N
C RO\l — RO \é@ — . RO RO\ _OH
NH w ( o NH
>¢O HN_ o H-N o
"RO RO
RO RO
N-oxycarbonyl protected 1,2-trans glycoside

glycosyl donor

Schemel.15N-oxycarbonyl(A) and phthalimido (Byroupsand oxazoline formation (Gn
glycosidic bond formation
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On the other hand, :@s aminoglycosides are considered more difficult to prepare in a
completely stereoselective manner. Different strategies have been used to selectively prepare
1,2-cis glycosides including the prepdion of 2azidd“ 2-benzyliden&, and 2,3
oxazolidinon®°gl ycosyl donor s flcisglydosylatort. er eosel ect i
The needor constant screening of glycosylation conditicadeng with preparation of different
glycosyl donors andignificant protecting group manipulatiotead to the necessity of new
procedures for the stereoselective formation ofcis2zaminoglycosides. One recent strategy
introduced for the 1;2is-selective glycosylatiowasthe use of 2, 3rans carbamate derivatives

as glycosyl donors.

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

by endocyclic cleavage and that the-ttghs glycoside can be converted to the-cis2
glycoside under weakly acidic conditidh® (Scheme 1.16)

NaCNBH,, HCI BnO
Ph/VOO o ELO 3 HO [e)
o OMe 2 o)
-

BnO _OBn AcO
AcO O

AcO (0] AgOTf
AcO&&/O%OMe — O; T BnO_ o
OB CH,CI o)
J—NAC " v O\%\
O

BnO OMe

Scheme 116 Anomerisation of 2,3rans carbamate

In particular one study was carried out by Manadiel “° where they considered the effect of
substituents on the anomerisation of the carbamate derivatives.

It was found that the Lewis acid BBEbkwa s s uf f i c i-glycoside foomatiomasidi c e U
there was also a solvent efféctwhere the use of AN gave hi ghemomeamount
than dichloromethane. When diethyl ether was use@nomerisation occurred.

Results from the study on the effect of different substituents on the nitrogen atom of the
carbamate group indicated that both the anomeoisa#itio and rate could be influencead

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

In particular the use of carbamates (R = @, CQAIllyl, CO2Bn, CQCH>CCh) in
compound£L, 2M, 2Nand20g a v e -ahomeiin dood yields. In compoun@P, 2Q, 2R,
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2Sand 2Ug a v e -anorheyin ddod yield, in this case the presence of the acetyl gnoup
the nitrogen of the 2,3trans carbamate derivativgas found to increase the vyield of the
anomerisatiorfTable 16).

Table 1.6 Effect of carbamate Mubstituents on the anomerisation reaction. Adapted with permission
from reference 8. Copyright © 2013, John Wiley and Sons.

oP BF3.OEt, oP oP OH
Aco/m/sm] _Xea Aco% spn * Aco/m ACO%
o
o>//NR e O>//NR O>//NR SPh O}/NR SPh
12h o} o o
Yield Yield
Entry R PG X -product  h-product

2D Bn Bn 2 16 63

2E PMB Bn 2 15 77

2F o-nitrobenzyl Bn 2 26 63

2G CHCN Bn 2 15 71

2H CHCQOMe Bn 2 - -

2l H Bn 2 69 19

2L CQGMe Bn 2 0 80
2M CQAlI Bn 2 0 88

2N CQBn Bn 2 0 88

20 CQCHCd Bn 2 0 88

2P Ac Bn 2 0 87

2Q Ac Ac 2 0 70

2R Ac Ac 1 0 87

2S Ac Ac 05 0 90

2T Ac Ac 0.1 65 30

2U Ac Ac 0.1 2 89

These results show that the anomerisation is accelerated in compounds with an acetyl group at
nitrogen. The carbonyl group of the acyl group can assume two conforregtiandanti and
adoption of ananti-conformation is necessary to increase the.rBtata obtainedfrom
theoreticaktudies on the rotation of the XC bond of thecarbamat&-substituerg showedhat
pyranosides withN-acetylcarbamatsubstitutionexhibit higher energy barrier betweemti
andsynconformes. The orientation of the carbongkygen toward the anomeric site also lower

the dipole momentand this stabilise the cation forming during the endocyclic cleavage
reaction The stabilisation of the transition state/structure leads to @& nacreasgScheme

1.17)
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oo RO S )
&wsph? RO&\VSPh RO&Ov/sph
O%N)/CH?’ O%N\fo O%N\FO
2V-(s)yn 2V-anti CHs CHs

Schemel.17 Stabilization of cation imnti-conformation

Anomerisation of 2leoxy2-amino saccharidesas alsoreported by Farrell and Murpbly

wher e ur oni-GlcNAcdndl GalNAcsaeidks pbotected with benzoyl groups were
reacted with TiCd (2.5 equiv) at1 8 AC for 48 hour-SlcNAtdne corr
GalNAc azides were isolated in high yield (> 87%) and stereoselectivity (£9:1H ) .

In this case,hte anomerisation via endocyclic cleavage is believed to be favoured by the
presence of the-6 carbonyl that chelates alone with the ring oxygen to the Lewis acid forming

a more stable five membered chelg8eheme 1.18)

O/ MCl,
Co,Me Meo s ff co,Me
BzO (0] N BzO o) @ BzO (@]
AcHN AcHN AcHN N3

Scheme 118 Chelate induced anomerisation of uronic acid based GIcNAc and GalNAc.azides

Another example of formation of 1-@s aminoglycosides was presented by Jemseal >2

where they reported the glycosidatianomerisation from GalNAc donors presenting a
pivalate ester at the anomeric position, catalysed by bismuth(lll) trifluoromethanesulfonate
Bi(OTf)a.

When the reaction was carried out at 8Qtth e maj or p r-amanerdHowewea s t h e
whencarrying out the reaction at 100 °C after 2ahHe product was a mixture with higher

per cen taaane(Sahéme [1.19)
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PivO i i i
OOP'V HO Bi(OTf); (15 mol%) PV OPiv
. 0
AcO OPiv + j\ ~ AcO

AcHN FmocHN™ ~CO,Bn CH,Cly, 100 °C AcHN
20 h, sealed vial 0O

FmocHN CO,Bn

Scheme 119 Glycosidatioranomerisation oGalNAc donors presenting a pivalate ester

The development of anomerisation or glycosidadoomerisation reactions, like the one
described above, could contribute to the stereoselective synthesis-@$ fjl#cosides of

GIcNAc and GalNAc and other related and important glycosides.
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2 Anomer i s adn glfrosyl thidls

2.1 Introduction

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

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

molecules.

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

the anomeric € bondresistancdo acid/base or enzyraediated hydrolysis is increased,

conferring to these molecules an enhanced stability, useful in the deshgmayfautics?

The glycosyl thiol en be easily formed following a3 reaction between a glycosyl halide

and thiourea or thioacetate, which gives the desired thiol after mild hydr(®gdisme 2.1)

This type of reacti on ¢lanwhanithe sugae invoivedede r e o f

acetyl2-deoxyp-gl ucosami ne/ gal act os amelattvity. t hen t her e
OR

Q/O Na, $0
e NH,B D s
N RO \A/SY 2Br CM/Water
ot NH,

ROYw—~\_SAc N@Z"& epch

We

Scheme2.1 Synthesis of thiols viaN2 mechanism

A relatively smal/l number gliycosyl thiols, eothpaad &bs ar e
the b-anomers. The most commonly reported procedure congfstsh e use- of t h
chloride*(Scheme 2.2)This procedure showed low reproducibility and efficiency due to the

hi gh inst adnoridd t y of t he b

OH

o OR OR
HO — 0 0
RO RO
HO OH Ro/éwm R(&ﬁ
OH RO RO

SR’

Scheme 2Synt he-gl gcoéyUchtofide ol via b
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The

with the

ster eos el eBGltNAward GaljAc bases glycssyl thibls can be achieved
u s eeagerit. Knapeiva 3 epomed that treatment ofadetamide-
deoxy1,3,4,6tetraO-acecytb-D-glucopyranose (Schen2es )

with Lawessonos

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

provide the thiazoline triacetate. The hydrolysis of the thiazoline gives-tiycosyl thiol.

AcO

OAc
_N
/\40
H5;C

OAc
H

——— > AcO

AcO

Scheme2.3Sy nt h e-glycasyl thibl usid. a we s sond s

2.2  Objective

The above two

S
/ N\ 1y
_O@éP\S/P

S

Ooj .

toluene, 80 °C, 1.5h

OAc
TFA/H,0
o] MeOH
—_—

N:<S
CH,

approaches

represent

OAc
o)
o) ¢
%c&op‘c

N
H v 7&
HsC
OAc
(@)
AcO
AcO
AcHN
SH

reagent

-d rhee bna i

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

the anomerisation of GIcNAc and GalNAertvatives it was decided to investigate the

possibility of using Lewis acid promoted anomerisation as a possible approach for the
i nt er c o n vaenrdglydmsyl thiast U

For thesereasona s er i

es of

synthesisedFigure 2.1)and their anomerisation reactions investigated under Lewis acid

conditions.
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AcO (0] O
SH BZO&/ O
AcO ACO&/SH BzO SH BZO&/ SH

AcHN AcHN AcHN ACHN

3 7 22 30
OAc AcO _OAc OBz BzO OBz
C BzO
AcO BzO

AcHN A
N su AcHNgp cHNgy ACHNL
13 16 24 32

Figure 2.1 Glycosyl thiolssyrthesised for the anomerisation study

2.3  Synthesis of substrates
2.3.1 Synthesis of acetylatedb-GIcNAc and b-GalNAc thiols

The investigation commenced wGIENAcanh@aNAcy nt hes
thiols 3 and7. These two thiols were obtaindddugh two different routes which involved two

different glycosyl halide precursors.

The first routéScheme?.4) shows the synthesis of the chloritlestarting from 2acetamide
2-deoxyD-glucopyranos®. Halide 1 was reacted with thiourea to give the intermediate

which was treated with sthol3d um met abi sul fite

OH
OAc
HO 0 OH Acetyl chloride AcO 0] thiourea
HO ’ AcO _—
NHAc 66% AcHN acetone, 60 °C

69%

/ﬁ/ sodium OAc

0] i i (@)

AcO metabisulfite  AcO /&/

AcO STNHZ  ~ A SH
AcHN N DCM/H,0 3:2 AcHN

heat at reflux 3h 3
60%

2

Scheme24Sy nt h e-&lcNAc thidl 3. b
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The synthesis of intermedia#® (Scheme2.5) started from the -acetamide2-deoxy-D-
galactopyranose which wasaated with acetic anhydride in pyridine to give a fully acetylated
GalNAc 4, which was subsequently treated with 33% hydrogen bromide (HBr) in acetic acid
(AcOH) giving the glycosyl bromidb; this intermediate was reacted with thiourea to give the
thiouranium salt intermediaté which was then hydrolysed with sodium metabisulfite to give

t h &3lcRAc thiol 7.

HO ~OH AcO —~OAc AcO _OAc
Q acetic anhydride 0 HBr (30% AcOH) (0]
HO OH _ ~ » AcO - AO
NHAc pyridine AcHNGA.  DCM, 0° C-r.t. AcHNg,
98% 82%
4 5
AcO __—OAc
: AcO
thiourea ﬁ/ sodium c Otgc
e —— AcO STNHZ metabisulfite - SH
acetone, AcHN > AcO HN
heat at reflux NH DCM/H,0 3:2 ¢
heat at reflux 3 h,
6 70% 7

Scheme25Sy nt h e-&alNAc thidl7. b

2.3.2 Synthesis of acetylated}- GIcNAc and U-GalNAc thiols

For the synthesis of thecetylateddGIcNAc thiol 13 (Scheme 2.6) D-glucosamine
hydrochloride was reacted withmMethoxybenzaldehyde to protect the amine in the second
position of the sugar and ga® Afterwards8 was acetylated using acetic anhydride in

pyridine to give the fully acetylatedompound9. The protecting group on the amine was
removed under acidic conditions, and the free arbiihebtained was then acetylated with

acetyl chloride to give the acetamitiein good yield®’

Compound1l,wi t h t he aeceotnaftieguirmti be, bwas reacted
reagert® to give the thiazolinel2. This intermediate was hydrolysed with a mixture of
TFA/HO, t o gGlcNAc thioli®® U
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The

OH

OAc

OH o
AcO
HO (0] Anisaldehyde HO 0 acetic anhydride ACCO OAc
HO OH - » HO A N
NH, HCI 1M NaOH |N o  Pyridine, 74% |
64%
MeO
Me0” g ¢ 9
SMHCI OAc acfetil 1chlo.ride OAc
triet !
ACO&O Ac Ticthylamine AcO 0 Lawesson's reagent
> AcO _— AcO OAc >
acetone, NH, HCI DCM 0 °C, 1h AcHN Toluene 80 °C

heat at reflux
98%

OAc

AcO 0
AcO
N

/|/S

12

67%
10

OAc
TFAHO o
MeOH, 0 °C-r.t, 2¢O AEN
98% SH

13

75%

Scheme26Sy nt h e-SlcNAc thidl 13.U

s y nt h-+alNAs thiol 16 is dispkayedlin Schen27 where the treatment of the

galactosamine hydrochloride with acetic anhydride in pyridine gave the desired intermediate

14i

n-cobformationThis intermediag wa s

t hen

treat ed Stogva

t he

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

16.

HO _-OH
0 acetic anhydride
HO OH
NH, HCl  pyridine 0 °C-r.t. AcHN
85%
14
AcO —OAc AcO —OAc
é% TFA/H,0 o
_—
AcO AcO
N 8 MeOOH, 8h AcHN
0 °C-r.t. SH
Y 95%
15 16

Lawesson's reagent

AcO —OAc
© AcO ¢

Toluene, 80 °C 3h
75%

Scheme2.7 Synthesis of}GalNAc thiol 16.
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233 Synt hesi s of-aiba@GdNAcyhiolst ed U

For the synt he=sainsdGloMAc 28 and24, @ wds aecessary $ynthesize the
intermediatel 9 with theb-configuration.

The treatment of the glucosamine hydrochloride witmethoxybenzaldehyde led to the
formation of the intermediat (Scheme2.6); the benzoylation dhtermediate3 using benzoyl
chloride in pyridine gave compourk¥ (Scheme 2.8)which was hydrolysed under acidic
conditions to give the sali8. The amine \&s then acetylated with acetyl chloride to give the
perbenzoylatedGIcNAc 19 in good vyield. Allcompoundsprodu@d in this sequenceere
crystallized except fot9, which was purified by flash chromatography.

OH OH OBz

] i HCI5M
HO Anisaldehyde HO&M BzCl o
HO on “EWY Tho oH T . BrO- OB, —

NH, gy | MNaOH pyridine 0 °C N Acetone,

o 12 h, 92% | heat at reflux
60% /@) 5 mins 97%
MeO

17

©)

MeO

OBz acetyl chloride OBz
B2O 0 triethylamine BZO&/OB
BzO OBz BzO z
NH,HCl DCM, 0 °C, 1h NHAc

91%
18 19

Scheme2.8 Synthesis operbenzoyated GICNACL9.

For the synthesis di-GICNAc thiol 22, intermediatel9 (Scheme2.9) was treated with 33%

HBr in AcOH giving glycosyl bromid@G; this intermediate was then reacted with thiourea to

give thiouronium sal2l which was then hydrolysed wittbosdi um met abi sul fit e
GIcNAc thiol 22
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OBz OBz

0 .
BZO&OB HBr (33% AcOH) 0 thiourea
BzO z DCM, BzO Acetone

NHAc 3 h, 55% AcHN Br heat at reflux,

19 20 3h

OBz sodium OBz
BZOﬁ S NH, metabisulfite B2O /ﬁ sH
BzO . BzO
AcHN W DCM/H,0 3:2 AcHN
NH HBr heat atreflux 3 h
50%
21 2

Scheme29Sy nt h e-SIcNAc thidl 22.b

U-glycosyl thiol24 was preparedy treating the intermediattO9wi t h t he Lawesson¢é
and the thiazoline intermediate formed was hydrolyseith WFA/H2O to give the final
perbenzoylated}GIcNAc derivative24 (Scheme2.10)

OBz B
OBz 0] 0%
BZO Ie) Lawesson reagent B%OO TFA/H,0 BzO %
BzO OBz c g N — B0
NHAC toluene 80 °C IS MeOHO°Crt ACHN gy
2 h, 79% )/ 8h
0,
19 23 o7 24

Scheme2.10Sy nt h e-SIcNAc thidl 24.U

2.3.4 Synthesis of benzoylated} a n d GdINAc thiols

For the synthesis di-GalNAc thiol 30 and U-GalNAc thiol 32 it was necessary téollow a

different synthetic pathway.

The galactosamine HCI sglbcheme 2.11yas protected on the amine function with a 2,2,2
trichlorethoxycarbonylTroc) protecting group, giving intermediéb, that was subsequentl

reacted with benzoyl chloride in pyridine to give the benzoyl@&dhis intermediate was

obtained as a mixture of two anomers.

It was necessarjfo separate the two a+amme.rFsr thesrsapei sol a
intermediate26 was suspended in a hot mixture of dichloromethasteoleum ether and

allowing this to cool led to formation of a precipitate that wasth@omer.
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HO OH HO _oH
BzCl
o) CCL,CH,COCl _ O
HO OH  NaHCO,0.75N HO OH  ,yridine 0°C
NH, HC1 0 °C-r.t. 12h NHTroc 12 h, 77%
80%
25
BzO BzO 0Bz
OBz Activated Zinc
o) > 0]
BzO OBz acetic acid, acetic BzO OBz
NHTroc anhydride, 1t, 1.5 h NHAc
73%
26 27

Scheme2.11 Synthesis operbenzoylated GalNA2?7.

Intermediat@6with the desired stereochemistry was treated with activated zinc in the presence

of acetic acid and acetic anhydride to removeTitoe protecting group and acetylation of the

amine gave the final acetami@g.

For the synthesis of thi@0 (Scheme 2.12)intermediate27 was treated with 33% HBr in
AcOH giving glycosyl bromide8; this intermediate was then reacted with thiourea to give

thiouronium sal29, which was then hydrolgsd wi t h s odi um m@aNAD i
derivative30.
BzO __ OBz BzO __ OBz
o) HBr (33% AcOH) 0] thiourea
BzO OBz > BzO - =
NHAc DCM 3h AcHN acetone,
87% Br  heat to reflux,
3h
27 28
BzO __ OBz . BzO _ OBz
sodium
0 N NH metabisulfite 0 SH
BzO W 2 E—— BzO
AcHN IR DCM/H,0 3:2 AcHN
" heat to reflux 3 h
29 549, 30

Scheme2.12 Synthesis ob-GalNAc thiol 30.
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U-glycosyl thiol32 was prepared treating intermedid®ewi t h t he Lawessonods r
thiazoline intermeidte formed was hydrolysed with TFA and®ito give benzoylatettthiol
29 (Scheme 2.13).

BzO __OBz Bz0O OBz BzO _ 0Bz
(0] Lawesson's reagent 0 TFA/H,0 O
BZO OBz - B0 ——————= B
NHAc toluene 80 °C N§  MeOHO°Crt. AcHN ¢y
2h, 62% }/ 8h, 71%
27 31 32

Scheme2.13 Synthesis ofGalNAc thiol 32.

2.3.5 Synthesis ofp-methoxybenzoylated glycosyl thiols

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

deci ded t ®IchAC thipl with g methoxfibenzoaseas protecting groups.

For the synthesis gi-mettox y b e n z o-BICNAE 38,dthe Bame synthetic strategias

followed asused fortheyynt hesi s of t he b e-GeNAgthiastskoddedand a
in the previous paragraph.

Glucosamine hydrochlorid¢Scheme 2.14)wvas treated with 4nethoxybenzaldehyde to
selectively protect thaminein position 2 and the intermediaddormed was trated withp-
methoxybenzoyl chloride in pyridine to give compo@3dwhich was hydrolysed under acidic
conditions to give sald4. The treatment of the amine with acetyl chloride gavén good

yield. All products were crystallizedexcept for 35 which wa purified by flash

chromatography.
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OH ot 4-methoxyb 1
-methoxybenzoy
o , 0 . 0 HCI 5 M
Anisaldehyde  HO Roﬁ
Hgo Ol y H&W oH chloride RO OR
NH 1 M NaOH N pyridine 0°C-rt N acetone
2 HCI | 12h. 87% | heat to reflux
60% ’ 5 mins, 85%
MeO MeO

8 33

& acetyl chloride OR

(0] i i o

RO thriethylamine RO

RO OR  — —  » RO OR

NH,HCI ~ DCM, 0°C, 1h NHAc
76%
34 35

Scheme2.14 Synthesis op-methoxybenzoylated GICNARS.

Intermediate35 (Scheme 2.15)ith thep-methoxybenzoatgroup at the anomeric position in
an equatorial configuration was tted with HBr (30% acetic acid) in DCM to obtain glycosyl

halide36, which was treated with thiourea to obtain thiouronium3althis intermediate was

subsequently treated with sodium metabisulfite to obtain thelfittaibl 38.

OR

OR
0 HBr (30% AcOH) RO 0 thiourea
RO -
RO OR > RO _—
DCM, 0°C-r.t. AcHN Acetone,
NHAc Br
3h, 73% heat to reflux,
35 36 3h
OR . OR
sodium
RO 0 S NH, metabisulfite RO 0 SH
RO \W E—— RO
AcHN DCM/H,0 3:2 AcHN
NH HCI heat to reflux 3 h
37 70% 38

Scheme2.15Synthesisop-met h o x y b e RGIcNAcB8at ed b

Page48 of 209



2.4  Anomerisation reactions

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

with the useof reactanthiols 3 and22.

OBZ OAC
BzO O sy AcO 0
BzO 0 SH

AcHN AcHN
22 3

Figure 2.2 Compounds for anomerisation reactions.

The choice of these two compounds as starting point for the preliminary study of the
anomerisation is due to the higher coshedcetyl galactosamine and galactosamine HCI salt.
The anomerisaton r ea ct i-aocnest yd fa tbendoylated &GIcNBc thiols were
investigated under a variety of conditions.

The investigation took into consideration the effect of the anomerisation promoter. Bath SnCl
and TiCk were tested and the number of e@lénts of the Lewis acid used were also
investigated. The reactions were carried out in the presence gfrarooter; the temperature

and the type of solvent in whic¢b perform the reactionserealso varied

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

anomerisation of thiols derived from GalNAc and GIcNAc.

2.4.1 Anomerisation studiesofp e r b e n z o@ldNActtheols b

The investigation of the anomerisation of the perbenzoyla@&ttNAc thiol 22 started with a

first set of conditions reported in the PhD
Michelle McKinney, subsequentfublished by Doyle el®®.

During his PhDOb S u | bhowea that pyridine used asacct i vat or cowul d enl
selectivity of benzoylated glycosyl thiols when used with 7iCl

McKinney had found that methanesulfonic acid (MSA) could enhance the rates of
anomerisation reacins promoted by Snegbr TiCls for O-glycoside substrates.

The use of SnGwith MSA and SnClwith pyridine were thus tested for the anomerisation of

the glycosyl thioR2 (Table 2.1)
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Table 2.1. SnCk promoted anomerisation gfycosyl thiol22in the presence of MSA or pyridine, in

DCM.
OBz OBz
Lewis acid
o0 e L BzOﬂ
BzO BzO
AcHN AcHN ¢y
22
. . 5
Lewis Acid Solvent Concentration MSA Pyridine Time and Aah o & .
(mM) Temperature Oxazoline

0.5eq Sngl DCM 54 - - 48 hrt 23 47 30
0.5eq Sn¢l DCM 54 0.5 - 48 hrt 25 48 27
0.5eq Sngl DCM 54 - 0.5 48 hrt 33 48 19

When the anomerisation was performed with the use of 0.5 equivalent afiS@C34 nM
solution(Table 21)itwas possiblédoo b s er ve t he f or mat i camomerf a s m
together with the formation of the oxazolisiele produc(Figure 2.3) The use of MSA and

pyridine as additivegTable 2.), did notsignificantlyimprove epimerisation. 33% o t-he U
anomer was formed when the pyridine was used gsa@moter. From a mechanistic point of

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

exocyclic cleavage.

Figure 2.3 Oxazdine side product.

A set of experiments were carried out where the amount of solvent was increased, leading to
more dilute solutions. Other parameters such as the number of equivalents oftSaCl

reaction time and temperature were kept constant.
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Table 22 Effect of the concentration on the anomerisatioglptosyl thiol22.

OBz OBz
Lewis acid
BzO O sH BzO 0
BzO BzO

AcHN AcHN ¢y
22
Concentration Time and .. . .

snd Solvent (mM) Temperature h o4 % Oxazoline
0.5eq DCM 102 48h rt 27 4 32
0.5eq DCM 74 48h rt 50 50 -
0.5eq DCM 52 48h rt 51 49 -
0.5eq DCM 44 48h rt 65 35 -
0.5eq DCM 35 48h rt 58 42 -

FromTable 22it is clear that high dilutions improved in a significantma e r -seldatiwity, U
giving the best result whehe concentration of the solati decreaskto 4.4 mM This result
suggested that the concentration plays an
anomerA change in the concentration of reatgamas found to influence thetereoselectivity
of glycosylation in a study carried out by Konenet al® It was observed thalifferent
supramergan bedetectedlepending on the concentration

Supramersqupranolecular ismers) are defined as differently arrangegemblies of the same
molecular entities, formealfteraggregation in thesaction mixturé®

Data obtained byptical rotation showed that the changeshe molecular conformatioif
glycosyl donor and glycosyl acceptirconcentrations exceeding 69 mdreconsistent with
the hypothesis thatixed supramersvere formed Similarly, it can be suggested that at
differentconcentrationsthe benzoylated glycosyl thi&2 reacs differently depending on the

type ofinteraction or arrangemefdrmedwith reactants
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4.5 4.0 3.5 3.0 2.5 2.0
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Figure 2.4 The NMR spectra obtained for the anomerisation reaxtiéB2 using 0.5 equivalents of
SnCl in different concentration of DCM (red spectrum 5 ml DCM, light green spectrum 7 ml DCM,
green spectrum 10 ml DCM, blue spectrum 12 ml DCM, purple spectrum 15 ml DCM).

From the overlapped NMR spectiigure2.4) it is possibleto observe thaby decreasing the
concentration of the solutioithe triplet at 4.7 ppmwhich ischaracteristic of the anomeric
proton of the glycosyl thioR2i n b ¢ o n &nd thendoubletoat 2.6 pprwhich is
characteristic of the praboof the-SH at the anomeric position, are reduced in internBitgse
signalsalmost completely disappear whtre reaction was carried in 4.4 mM solutidine
increasen intensity of the doublet of doublets at 5.94 ppm is consistent witintneased
formationo f  tahoener.U

The overlapped NMR spectri§ure2.5 show the comparison denzoylated GINAc thiol

22, the product of the anomeri sat i-amaomer24e act i

previously synthesized.
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0Bz
BzO 0 SI
Bz0

AcHN

<4—

0.5 eq SnC} 12 ml DCM

I

0Bz
0 o
Bz0
!wéﬁ ]
AcHN

SH

JMUMMM

<«

T T T
4.5 4.0 35

T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.

T
3.0

T T
2.5 2.0

0
Figure 2.5 Overlapped NMR spectra of thé”ﬁ?@nzoylabg@lcNAc glycosyl thiol (red spectrum),
anomerisation reaction (green spectrum) and benzoyla€dNAc glycosyl thiol (blue spectrum)

previously synthgzed.

It was next decided to investigate the o§8MSA, as cepromoter with SnCk together with
the low concentration conditions used in the previous experiments, to see ifghmroaer

coul d entsaectviiy. t he U

Table 2.3 Effect of the MSA on the anomerisationgdycosyl thiol22.

OBz OBz
Lewis acid
BzO BzO
AcHN AcHN SH

22

SnCj Solent Concentration MSA Time and »h 0 %Oxazoline
(mM) Temperature

0.5eq DCM 74 0.5 48h rt 47 53 -
0.5eq DCM 52 0.5 48h rt 48 52 -
0.5eq DCM 44 0.5 48h rt 60 40 -
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The results infable 2.3show that theombiration of MSA and SnC4 does not improve the
U/ b rati o ,shéwingthat therMSA doésinat Imave a cooperative efsciggested

in the M.Sc. thesis work of Michelle McKinneyhere theuseof MSA and SnCi together
was found to be a powerfabmbination, capable a¢nhancinghe anomeric equilibrium in

f av o ur -aoofmer Thisdatawhsconfirmedby Doyle et al*® when the addition of MSA

i n the an o meannoprartosylotmoincoefisedlhe stereoselectivity to > 9:1 in
f av our -aodmertTheeuseff more equivalents of Lewis acid together with the co
activatorwas investigate@Table 2.4.

Table 2.4 Effect of the concentration of Lewis acid and MSA on the anomerisatiglyadsy! thiol

22.
OBz OBz
Lewis acid
BzO BzO
AcHN AcHN SH

22

Snd Solvent Concentration MSA Timeand ::h % %Oxazoline
(mM) Temperature

0.5 eq DCM 42 0.5 48h rt - - -
1leq DCM 35 0.5 48hrt 24 47 29
1.5eq DCM 30 0.5 48h rt 24 45 31
2eq DCM 26 0.5 48h rt 21 44 35
3eq DCM 20 0.5 48h rt 24 44 32

The data obtained show that MSAddot improve thet b  ratamoie dlilute conditions.
Increasing the amount of Lewis acahd conseqgently decreasinghe concentration of the
solution(Table 24)di d not e nhanc e-anbrheeformed eithehttinstedd t h e
the formation of the side product was increased. The need of reducing the amount of Lewis
acid to just 0.5 equivalent cde justified by the suppression of the formation of the side
product, suggesting a possible mechanism that will be shown in the next section.
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2.4.2 Identification of the side product: oxazoline

This side product is the one observed in all the experinpeatsously discussed (Figuie6

and 2.7.
OBz
BzO 0
BzO

N\\(o
104

Figure 2.6 Oxazoline side product.

OBz 210
2000
BzO {1900

Bz0O |- 1800

\ () 1700
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i 1400
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900
800
700
600
1500
400

300

{200

100

Lo
!y e g ]

f--100

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 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 2.7 NMR spectrum of oxazoline side prod(ptrified, impurity traces still present in the
spectrum)

As shown abovenvhen anomerisation is performed with 0.5 equivalents of SnG@l.4 mM

solutiona t room temperature for 4 8anomeruwhsnthet he m
anomerisation is performed with 0.5 eq of Sni@l 0.75 ml of CD{, in a conentrated

solution, condition used for the NMR experiment to observe the complex, the major product
after wor k -anomer b thersidle protiulst édentified as the oxazoline.

These results suggest a possible exocybliavagemechanisn(Scheme 2.6) indicating that

when the anomerisation is performed in concentrated solution withy, Sh€lLewis acid
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coordinates with the thiol of the sugar in an exocyclic cleavage, forming the oxocarbenium ion
that reacts with the oxygen of the carbonyl of thetamide group in position 2 of the sugar
forming the oxazoline. At low concentration tipisocesdoes not seem to happehis could

be possible due tadifferenttype ofinteraction or arrangemefdrmedwith Lewis acidand

the solvent thaallows thethiol to attackthe oxocarbeniupieading to théJ-anomer

©
?nC|4
_ Sy 7
OBz 0Bz ® OBz
'b .. - SnCly o) o)
BzO BzO 0w BzO
BzO S BzO S  Bz0
AcHN H
NH N O
— O —

Scheme2.16 Possible mechanism for the formation of oxazoline

2.4.3 Experiments with TiCl4

Next it was decided to investigate the use of Ti@$ a Lewis acid. Aifst experiment was
performed using 0.5 equivalents of Ti@h 42.5 mM solutionat room temperature for 48
hoursThe r esul t waasn oameamomet Bnd aesideopfodubt that was identified
as thiazoline39 (Figure 2.8).The formation of the tlbline as side product was unexpected

given that the oxazoline had formed with Sp@b it was decided to investigate further.

OBz

BzO O
BzO

NT/ S

Figure 2.8 Thiazoline39.

Different experiments were set to investigate the role of coratanirin the formation of the

thiazoline from reactions promoted by TiCl
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Table 2.5 Effect of the concentration on the formation of thiazoB8e

. Solvent  Concentration % .
TiCl} DCM mM Thiazoline Isolated yield
0.5eq mL 70 - -
0.5eq mL 42.5 25 -
2.5¢eq mL 23 15 -
0.5eq mL 74 60 -
0.5eq mL 44 80 49%
Not
0.5¢eq mL 35 obs:rved -

All the experiments were performed at room temperature for 48 hours

When the anomerisation is performed with 0.5 equivalents of Ti@l4 mMsolutionat room
temperature for 48 hours, a concentration found to be the best in the anomerisation of the
GIcNAc thiols with SnCJ, the major product was the thiazolinehich wasisolatedat 49%

yield (Table 2.5)

Figure2.9shows the overlapped NMR spectra of tteagtsrg material?2, the reactiomixture

and the isolated final product thiazolig@

OBz
BzO O S
Bz0O

AcHN

1 i M *UVL,_

0.5 eq TiCA
12 ml DCM

.0Bz

BzO- 0\
BzO

JMWU;!MM i |l

T 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. 5 4.0 3.5 3.0 2.5 2.0 1.5

0 4.
f1 (ppm)

Figure 2.9NMR spectra of the benzoylat&dGIcNAc glycosyl thiol (red spectrum), anomerisation
reaction (green spectrum) and thiazelformed after purification (blue spectrum).
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Althought hi s result is not directlxanomerekratedtt
anomer, it is important for two different reasoRsst, the isolation of thiazoline represents a

new synthetipr ocedur e that gives the k-&gNApthid.cur sor
After reaction with TiCl, the thiazoline formed was successfully hydrolysed by TE@:H:1

andthisg e n e r -anbreedlOirJgood yield(Scheme 2.17)

OBz OBz
B20 o TiCl, (0.5 equiv) BzO (0]
BzO SH > BzO
CH,CI, N

NHAc room temp S
22 24 h 39 y
49%
TFA
MeOH, H,0O
7h
73%
OBz
BzO O
BzO
AcHN SH
40

Scheme2.17 Epimerisation oR2 via thiazoline

Secondthisresult helped gain an understanding of the interaction of the W@l glycosyl

thiols more generally and why tleeanomer can form in these reactioAs. reported in the
recent piblication by Doyleet af® (Scheme 2.18bhe reactiorof a rhamnosehiols substrate

with TiCls leads to an equilibrium between the two anomaus TiClis also able to induce a
nucleophilic attack by the thiol of the rhamnose at the carbonyl in position 2 which lead to the

formation of a cation intermediai€cheme2.18)

HS 0Bz g, OBz
e

BzO7~47~Me =——=BzO Me
CH,CI ©
212
OBz o SH

Axial thiol ClyTi~._ ?k
1,2-cis attack Ph il
OBz OBz

BzO Me BzO Me
d (0] work up (0]

o\k T oeaiRna
+

Ph

Scheme2.18 Mechanistic investigation of epimerisation of rhamnose
"Adapted with permission fromeference 8. Copyright (2017) American Chemical Society."

Pages8 of 209



Similarly, we cardeducethat when the substra®® reacts with TiC| (Scheme 2.19)somel+

t hi ol i's gener at e dthiol, but tee qucledphilib attackiby thevthidl takest h e b
place and after the formation of an intermediate, the stable thiazoline is formed.

OBz OBz
BzO O SH ﬂ; BzO Q
BzO - BzO

NH HN

H
)= Jy
O---T1ic,
22

OBz
BzO O OBz
BzO BzO o)
B —— VA
HN S o

L Ticl, -

Scheme2.19 Possible mechanism ftne formation of thiazoline.

244 | nvestigat i on -glytosyttliahtofeglysosykthol. o f U

The anomerisatidapimerisatioro f -a b 0 me ramomerswas also investigated, given that
parallel workwas ongoing in the laboratory, carried out bys&iDoyle,in studyingsuch
reactions for various saccharides (glucose, mannose, galactose).

The outcome of the effect of concentration on this reaction is summarised iR Fable
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Table26Ef f ect of concentrat i @lpcosgthiol2dhe anomeri sati ol

OBz OBz
Lewis acid
BzO O o)
U G S
AcHN SH AcHN
24
Concentration Time and . . .
22 h [ 0
Snd Solvent (M) Temperature Z] %00Oxazoline
0.5 DCM 35 48h rt 28 60 12
0.5 DCM 44 48h rt 42 47 11

The results show that t he a-GloNwe glyoosyathiol on o f
proceeds best I n concent r atneodnmea g n dsihtoiwoi nn,g gtih
anomer can be anomeriseglthough not completely o tahoener lm contrast with the
anomer i s a tGlchNAc glycosyl thibl22, where it was obserdeto preceed better in

diluted conlition (Table 2.1)

The effect of the TiGli n t he anomer i s at iGlzMAcC thibls waralsbenz oy
studied (Table.7).

Table 2.7 Effect of TiCL on the anomerisation tfglycosyl thiol24.

OBz OBz

Lewis acid
BzO Q BzO O su
BzO - BzO
AcHN SH AcHN
24

Tici Solvent Concentration Time and

32>

mh 0 %Thiazoline

(mM) Temperature
0.5 DCM 35 48h rt Major product
0.5 DCM 44 48h rt 28 - 72

In this casew h e n -andmer isreated with Tigin DCM, the major product formed is the
thiazolire , a s -bBrnomer shdwed irbthe previous paragraph, showing that the TiCl
interact with the carbonyl of the acetamide in position 2, independently of the stereochemistry

conformation of the thiol at the anomeric position

Page60 of 209



2.4.5 Anomerisation studies® p er b e n zaonydGabiAe thiold)

To complete the studyhe anomerisation of the perbenzoylate@alNAc thiols was carried
out.

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

case(Table2.8), the dluted condition gave a better percentage of conversion compared to the
moreconcentrated conditions.

Table 2.8 Effect of concentration on the anomerisatiGalNAc thiol 30.

BzO OBz BzO _ OBz
0 Lewis acid 0
Bzo% SH BZO&‘
AcHN AcHN SH
30
Concentration Time and . .

snd Solvent (mM) Termperature 22 h %4 %Oxazoline
0.5eq DCM 44 48h rt 50 50 -
0.5eq DCM 35 48h rt - 50 50

For the anomerisationf 32 (Table 2.9), it was possible to convetheUanomer -t o t he

anomer, in the same timdaageamount of oxazoline was also detected.

Table29A n o me r i s-&alNAo thiol dGalNAc thiols32.

BzO OBz BzO OBz

Bzogﬁo Lewis acid BzogowSH
AcHN SH AcHN
32
Concentration Time and . .
2”2 h 0 0
SnCj Solvent (mM) Temperature™ % %Oxazoline
0.5eq DCM 35 48h rt 9 47 44
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246 Anomeri sation st udGleNactlhols per acetyl at ed

The investigation of t he -&loNAotbiolwasaso cawied of t |
out.

The first two set of experiment were performed using 0.5 equivalents of S TiCkin
DCM at room temperature for 48 hours (Tabl&0).

Table 2.10 Effect of Lewis acid on the anomerisationaaketylateeb-GIcNAc thiol 3.

OAc OAc
Lewis acid
AcO 0 SH - AcO 0
AcO AcO

AcHN AcHN ¢y
3
. Y
Lewis Acid Solvent Time and 2z h o /Side
Temperature product
0.5eq Sn¢l DCM 48h rt - 85 15

0.5eq TiGI DCM 48h rt 17 83 -

As shown inth@able2.10t he per cent ageamdmeaanonaemldwinn o f |
both cases, slightly higher in the case of the Ai@ihen SnClwas useda white precipitate

was formed when added to the substrate dissolved in DB made it difficult to wdy

deeper the use of the Sn@i the presence of DCM by NMR.

It was necessarip investigate the use of alternative solvents in which the anomerisation of
GIcNAc thiols would give better yields.

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

with diethyl ether, DCM and ethyl acetate, chloroform and nitromethane.
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Table 2.11Effect of solvent on the anomerisation of acetyldig@IcNAc thiol 3.

OAc OAc
Lewis acid
AcO O s AcO 0
AcO AcO
AcHN SH

AcHN
3
SnCj Solvent Timeand ., %  %Side product
Temperature "
0.5eq DCM 10% ED 48h rt 34 66 -
0.5eq DCM 20% ED 48h rt 32 68 -
0.5eq DCM 50% ED 48hrt 16 84 -
0.5eq CHCI 48h rt 7 93 -
0.5eq nitromethane 48h rt 35 65 -
0.5eq DCM/EtOAc 1:1 48h rt 25 75 -

As shown in théTable2.1,t he y i e |l-ahameraiffe alltlo evithBitromethane giving

35% conversionThe use of nitromethane is notngeally attractive due to its explosive nature.

At this point the attention was focused on the research of a new solvent that could represent a
valuable alternative in the anomerisation experiments. It was decided to test ethyl acetate as
solvent(Table 212).

Table 2.12Effect of EtOAc on the anomerisation of acetylabe@IcNAc thiol 3.

OAc OAc
Lewis acid
AcO O sH AcO 0
AcO AcO

AcHN AcHN ¢y

Concentration Time and

sSnd Solvent (mM) Temperature h %
0.5eq EtOAC 90 48h rt 41 59
0.5eq EtOAC 58 48h rt 49 51
0.5eq EtOAC 24 48h rt 50 50
0.5eq EtOAC 15 48h rt 47 53
0.5 eq EtOAC 11 48h rt 47 53

The use of ethyl acetate as solvent in the anomerisation reactions improved the percentage of
conver si-anomer t-dn@merbin the yield did not exceed 50%, even when the
amountof solvent was increaseélso, increasing thequivalens of SnCk did notenhance the

U/ b Tha tesults suggest that these conditions may allow the equilibrium to be established
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between the anomers, not influenced by a coordination to the LewisEi#Ac is expected
to compete for coordination to Sn@s well as the thiols.

Figure 2.10shows the NMRspectra ofacetylateeb-GICNAc thiol 3, anomerisatiomeaction
after work upandacetylateed }GIcNAc thiol 13.

OAc
AcO

AcHN l L3

PR B O O

0.5eq SnCI4
3 ml EtOAc
Hla H1p J ,
OAc
AcO 0,
AcOQ
AcHN SH
Hlo rt

N |

T T T T T
3.0 2.5 2.0 1.5 1.0

T T T T
6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

Figure 2.10NMR spectra oficetylateeb-GIcNAc thiol 3 (red), anomerisation reaction (green),
acetylatedGIcNAc thiol 13 previously prepare(blue).

It is known that SnGlcan coordinate with heteroatonssich as oxygen, nitrogen andfsul

and that theanomerisaton can proceed via coordination of the Lewis acid with the glycosyl
thiol®%. However, this coordination can be reduced by the competition with a solvent containing
an oxygen atom such as ethyl acetate.

In a study carried out by Kemuéd al 2 downfield shifts of ester protons upon addition of
SnChk in DCM were reported, showing that when ester molecules, such ethyl acetate,
coordinates with Sn@through the free elén pair on the carbonyl oxygen, also the electron
distribution on the whole molecules chaggaltering the environment of the protons in the
molecules and causing a downfield shift of their peaks. In particular, closer the proton is to the

coordinationsite, larger the downfield shift will be.
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Cl

Cl_ \
\Sn’CI

Figure 2.11Coordination ofcarbonyl oxygen of EtOAc with Lewis acid

Evidence to suppotthis coordination can be shown in the NMR experiment conducted to
investigate the formatn of the complex between the perbenzoyldig@icNAc thiol and

SnCl previously described, where traces of ethyl acetate were presensantpée.
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1200
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Figure 2.12 'H NMR spectrum of complex in the presence of Lewis aoidlSthe signals of ethyl
acetate were integrated.
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Figure 2.13 3C NMR spectrum of complex experiment, the signals of ethyl acatapeak picked.

Table2.13showsthechangesn the chemical shift of the signals of thiyl acetate indicating
that a coordination between the Lewis acid and ethyl acetate could be possible and that ethyl
acetate compesavith glycosyl thiols for the coordination with Lewis acid and this reduce the

anomerisation of the substrates.

Table 2.13 Shift of ethyl acetate signallid and*C NMR spectra in CDGI

1 OKS YA Oih €EDGhiKppri O OGH COGk
Ethyl Acetate 126 4.12 2.05
Experimental signah complex 1.30 4.24 2.23

¥ OKSYAOlf HArkppnF O OG- Caxs €0)
Ethyl Acetate 1419 60.49 21.04 171.36
Experimental signah complex 1392 63.20 21.39 -

It canbe deduce that the presence of ethyl acetate does not stop the anomerisation but limits
the conversion due to the competition of solvent in the coordmat glycosyl thiol with the

Lewis acid.

It was decided to investigate the role of temperafin® experimerg were set, one where the
reaction was ¢ o0nahottehmte2de @dble2.14p C and t he
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Table 2.14Effect of temperature on the anomerisatiomaaétylateeb-GIcNAc thiol 3.

OAc OAc
Lewis acid
AcO 0 SH AcO 0
AcO AcO

AcHN AcHN ¢y
3

Concentration Time and .

2”2 h 04 0,
Snd Solvent (mM) Temperature ™ % %Cl
0.5eq EtOAC 58 48h 4°C 8 61 31
0.5eq EtOAc 58 48h-20°C - 72 28
Only a small amount of U anomer was formed a

The use of TiGl was investigated carrying out reactions with 0.5 and 2.5 equivalerte of t

Lewis acid.

Table 2.15Effect of TiCl40on the anomerisation of acetylatédGIcNAc thiols3.

OAc OAc
Lewis acid
AcO Q sH AcO 0
AcO AcO

AcHN AcHN ¢y
3

- - Ty oo
Ticl  Solvent Concentration Time and Y % Side

(mM) Temperature h i product
0.5eq DCM 58 48h rt - - 100
25eq DCM 40 48h rt - - 100

In this case t hanonferwasma dbseovedndmeéithet theepredénce of the
starting materialhoweverthe NMR spectrum showebeformation of aside product that was

not possibleo identify.
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2.47 Anomerisation studiesof @ r a ¢ e t yGlcBAc ¢hidls U

The conversion of acetylatddlGICNAc thiols was studiedext

Table 2.16Effect of solvent on the anomerisation1t

OAc OAc

Acoﬁ' Lewis acid Acoﬁ sH
AcO = AcO
AcHN SH AcHN

13

Concentration Time and .. .

Sndgj Solvent (M) MSA Temperature h o4  %Cl
05 eq EtOAC 58 - 48h rt 56 44 -
0.5 eq EtOAC 24 - 48h rt 50 50 -
0.5 eq EtOAC 58 0.5 48h rt 50 50 -
0.5 eq EtOAC 58 - 48h¢20°C 87 13 -
0.5eq DCM/EtOA 95:5 58 - 48h rt 50 23 25

The results in Tabl@.16 show that the same condition used for #momerisation of the
acetylateeb- GIcNAc can be applied in the reverse direction. This indicates that EtOAc allows

equilibrium to be established between the two anomers.

248 Anomeri sation st udGalNactimols peracetyl at ed

To complete the analysis otme anomerisation of acetylated GalNAc derivatives were
undertaker{Table2.17).

Table 2.17. Effect of solvent on the anomerisation/of

AcO __OAc AcO __0OAc

Lewis acid
AcO AcO
AcHN AcHN SH
7
Concentration Time and .. .

2"% h 0, 0,
sndd Solvent (M) MSA Temperature Yd %Cl
0.5eq EtOAc/IXM 1:1 58 - 48h rt 56 44 -
0.5eq EtOAc/DCM 1:1 58 0.5 48h rt 50 32 18
0.5eq EtOAc/DCM 1:9 58 - 48h rt 46 54 -
0.5eq EtOAcC 58 - 48h rt 40 20 40
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It was found that the best U:b ratiodtwasas gi v
also obsrved the formatioof glycosyl chloride as side product when MSA was used and also

when ethyl acetate was usedsatvent.

249 Anomeri sation st udGleNactliols per acetyl at ed

Finally, the reverse of the anomerisation was carrieaviabtl6 (Table2.18).

Table 2.18Effect of solvent on the anomerisationldt

AcO _OAc AcO _OAc
0] Lewis acid 0
AcO AcO SH
16
Concentration Timeand . . .
22 h 0 0,
Sndj Solvent (mM) Temperature -~ %6 %Side product
0.5eq EtOAC 58 48h rt 36 34 30
0.5eq DCM/EtOAc 1:1 58 48 hrt 41 22 45

In this case the anomerisation gave 34% of ikenomer as well as an unidentified side

product.

2.4.10 Anomerisation studies ofp-me t h o x y b e n-Glo\NWd tleidise d D

The results obtained led us to examine the effect of a more electron donating group than the
benzoge group on the epimerisation of the GIcNAc glycosyl thidlse investigaion of the

use of the pmethoxybenzoate grospvas carried out

The experiments were conducted investigating the effect of the &n@dl SnCl as promoter

and the concentration of@M used. Experiments with Snre summarised in TabR19.

None of the conditions used gave more that 40% anomerisation, which is similar to what was
obtained when TiGMas used as promoter.

This suggests that the effect of the electron withdrayingethoxybenzoate could, instead of
activating, deactivate the glycosyl thiols towards anomerisatiom i v i -angmet tleas the U

benzoate
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Table 2.19Effect of solvent and Lewis acid on the anomerisatioB8of

O/
QI QI
© © Lewis acid
W
o-O-obo g L —o@L%&%
AcHN AcHN
,om om SH

38
Lewis ad Solvent Concentration . Time and 22 h % % Thiazoline %Unknown
(mM) Temperature side product
3eq Sn¢l DCM 19.5 48h rt 26 74 - -
0.5 eq SnGl DCM 14.5 48h rt 35 65 - -
0.5 eq SnGl DCM 3.8 48h rt 38 62 - -
0.5 eq SnGl EtOAC 14.5 48h rt 38 62 - -
3eq Sn¢l DCM 3.5 48h rt 31 43 26 -
2.5 eq TiGl DCM 21.6 48h rt - 70 - 30

2.5 Conclusion

A series of acetylated and benzoylated thiols derived from glucosamingakattosamine

were synthesised and their anomerisation was investigated undegrdiffenditions.

Benzoylated glycosyl thiols showed a higher propensity to undergo anomerisation reactions to
corresponding acetylated glycosyl thiolBhe optimal concentration to obtamaximum
percentage of anomerisation of 60% of the perbenzoylatedgytythiol 22 was found to be

4.4 mM.The concentration plays an important role in the anomerisation mechanism, showing
thattheuse Snglvi t h DCM coul d gi v-anomeh &he tise of Ti@ith on o f
DCM al s o ‘lamomher,tvia thetthiadine.The anomerisation of tHg-perbenzoylated
GIcNAc 24 andGalNAc 32 was observetb proceed best in concentrated conditionp¥\a,
obtaining maximunpercentage of anomerisation &% for glycosyl thiol 24 and 47% for
compound32. The formation of oxadine was observedsaside product irboth cases

The synthesis afOvia TiCls was included in the following paper publishedirganic Letters

(DOI: 10.1021/acs.orglett.7b02760

The synthesis ghetbenzoylated GIcNAd9was included irCarbohydrate Bemistry: Proven
Synthetic Methods, Volume @/ogel, C. (Ed.), Murphy, P. (Ed.). (2018). Carbohydrate
Chemistry. Boca Raton: CRC Press).

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

the maximum percentage of anensation of ~50%T'he anomerisatioaf acetylated glycosyl
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thiol 3 carried outwith different concentratied i d not i mmprawieof hand: al s
of different solvents did najive a higher percentage of conversi®he use of a more electron
withdrawing group likep-met hoxybenzoate did not i mprove
anomer.
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3 Anomerisation of O- and S glycosides

3.1 Objective

The potential for a glycosidic linkage to undergo anomerisation, under acidic or Léiws ac
conditions, provides an opportunity for the stereoselective formation of a glycosidic linkage.
Herein O-glycosides ands-glycosides derived from glucosamine and galactosamine were

subjected to synthesis and a study of their anomerisation reactions.

3.2 Synthesis of substrates
3.2.1 Synthesis of benzoylateeb-GIcNAc -O-glycosides

The synthesis of benzoylated GIcNAc derivatives started with the selective protection of the
amine functional group of glucosamine withtrechloroethoxycarbony(Troc) protecting
groug® to giveintermediate41 (Scheme 3.1)Then reaction o#1 with benzoyl chloride in
pyridine gave a fully protectedl. This intermedite was successively treated with HBr 33%

in AcOH and then a mixture of Me@N.O to give the hemiacetdB®*.

OH OH | OBz
CCL,CH,COCI BzC
HO 0 ;, HO 18} —— > Bz0 (0]
HO OH  NaHCO,0.75N HO OH  pyridine 0°C B0 OBz
NH, gci  0C°rt. 12h NHTroc 12h, 76% NHTroc
85%
41 42
1. HBr 33% OBz
AcOH B2O 0
OH
2. CH;CN/H,0 4:1 Bz0
NHTroc

79%
43

Scheme3.1 Synthesis ofi3.

Intermediatet3 was treated with trichlwacetonitrile andL,5-diazabiciclo[5.40Jundee7-ene
(DBU) in DCM to give donor44 that was subsequently reacted with different alcohol
functionalities to give differer®-glycoside(Scheme3.2).
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B
OBz CCLCN OBz OBz
BzO 0 o DBU BzO 0 HO-R B0 o,
BzO — = B —_—
? TrocHN Bz0 “R

NHTroc DCM, 0° C 2h, ccl TMSOTY TrocHN
75% o 3 DCM,1t2.5h

43 44 NH

15
45 46 47 48 49

Scheme3.2 Synthesis of dnor43 and glycosylation with different alkyl groups.
The yieldsof the glycosylation reactions are provided in Tehle

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

Donor Alcohol Product %oyield
44 MeOH 45 82
44 BuOH 46 65
44 Allyl alcohol 47 81
44 3-Butyn-1-ol 48 76
44 1-Heptadecanol 49 74

Next the O-glycosides were treated with activated zinc to removd8tbe protecting group.

The liberated amine was acetylated immediat8gheémes.3).

OBz OBz
Activated Zinc
BzO \R Acetic Acid, Acetic Bz0 \R

AcHN
TrocHN Anhydride rt, 1.5 h ¢

OBz OBz OBz
BZO/&&/OM BzO o BZO/&/O
BzO ¢ BzO O~ BzO ~ X

AcHN AcHN AcHN
50: 76% 51: 84% 52: 78%
OBz OBz

BzO 0 BzO (0]
AcHN AcHN 15
53: 68% 54: 79%

Scheme3.3 Generation oD-glycosidesb0-55.
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3.2.2 Synthesis of benzoylated glycosides of GalNAc

The synthesis of the GalNAc derivatives was performed following the same strategy used for
the GIcNAc derivatives. Tis galactosamine was treated wWaJ2,2trichlorethoxycarbonyl
chloride in ag NaHC®to protect the amine group and giméermediate25 %° (Scheme 3.4)

The free lydroxyl groups were then protected with benzoyl groups by reacti@b wfith
benzoyl chloride in pyridine to givilly protected intermediat26. This was successively
treated with HBr 33% in AcOH to give the glycosyl bromide and subsequent reaction wit
MeCN-H20 gave hemiacet&s.

HO on HO _oH BzO 0Bz
o CCL,CH,COCl o BzCl o
HO OH " NaHC0,0.75 N HO OH " Ppyridine 0°C  BzO OBz
NH, HCI 0C°rt 12h NHTroc 12h, 77% NHTroc
80%
25 26
BzO 0Bz
1. HBr 33% AcOH o
- =
2. ACN/H,0 4:1 BzO OH
93% NHTroc

55
Scheme3.4 Synthesis of intermediafsb.

The trichloroacetimidate don&6 was prepared by reaction 85 with trichloroacetonitrile
and DBU in DCM. Glycoglation reactiongave differenO-glycosidegScheme 3.5)

BzO OBz BzO OBz

CCLCN
BzO 0Bz 3 o HO-R o
o DBU o)
—_— BzO —_— BzO \R
BzO OH DCM, 0° C 2h TrocHN cal 0.1 eq TMSOTf TrocHN
NHTroc 50% OY 3 DCM,rt.2.5h
55 56 NH
R

57 58 59 60 61

Scheme3.5 Synthesis of donds6 and glycosylation with different alkyl groups.
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Table 3.2 summarises the yields of the glycosidations. Intermedi@tevas treated with
methanol, butaol, allyl alcohol, 3butyn-1-ol, 1-heptadecanol to form the respecti@

glycosides in good yields.

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

Donor Alcohol Product %yield
56 MeOH 57 55
56 BuOH 58 86
56 Allyl alcohol 59 81
56 3-Butyn-1-ol 60 58
56 1-Heptadecanol 61 84

The O-glycosides were treated with activated zinc to selectively removeérteeprotecting
group at the second position of the sugar and in the same time acetylate the amine with acetic
acid and aceti anhydride to give the acetamide. This reaction was repeated for &k the

glycosides as shown Bcheme3.6.

BzO OBz BzO OBz

Activated Zinc
0 (0]
BzO N BzO O
R Acetic Acid, Acetic R

TrocHN h AcHN
Anhydride rt, 1.5 h

BzO OBz BzO OBz BzO OBz
BzO OMe BzO O\/\/ BzO O\/\
AcHN AcHN AcHN
62: 78% 63: 79% 64: 55%
BzO OBz BzO OBz
Lo °
BzO O\/\// BzO O\/@
ACHN ACHN 15
65: 60% 66: 69%

Scheme3.6 Generation oD-galactasides62-66.
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3.2.3 Synthesis ofperacetylated-b-O-glycoside

The synthesis gberacetylated-O-glycoside71 started from the intermediatel previously

prepared (Schem@.7). This was acetylated with acetic anhydride in pyritfine give 67.

The acetylated intermedia& was then treated with hydrazine acetate in DMF to selectively

remove the acetyl group at the anomeric position to form hemi&&tiaat was reacted with

trichloroacetonitite in the presence of DBU to form the glycosyl do6&t’.

The glycosyl dono69was reacted with butanol in the presence of TMSOTTf to form glycoside

70. Finally, removal of th@roc protecting group and the acetylation of the liberated amine

gave the acetamidé.

OH

HO 0
HO OH
NHTroc

41

CCL,CN
DBU

e ———
DCM, 0° C 2h,
71 %

Activated Zinc

acetic anhydride
rt.1.5h
60%

OAc
acetic anhydride AcO ﬁmOA
> c
pyridine 0°C 12h AcO
90% NHTroc
67

OAc
AcO (0] n-BuOH
AcO
0.1 eq TMSOTf
TrocHN q
O\H/CCB DCM, r.t.2.5h
85%
6 NH
OAc
AcO 0
AcO OBu
NHAc

71

Scheme3.7 Synthesis of1.
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3.2.4 The preparation of S-glycosides from GIcNAc

Replacement of the anomeric oxygerOaflycosides with a sulfur atom leads to an important
class of synthetic carbohydrates, the thioglycosides; this modiiicai tolerated by most
biological systems and are less susceptible to acid/base or enmaiated hydrolysf.

The synthesis of the thioglycosides started from the intermeti2gieeviously formed in the
synthesis of th®©-glycosides. This intermediate was treated with HBr 33% in AcOH to form
glycosyl bromider2 (Scheme 3.8)

The synthesis of the glycosyl thé is based on then3 displacement of the anomeric halide,

and thiourea has been used as source of sulphur. The addition of the thiourea in acetone to the
glycosyl bromide72 formed the thiourea sal3 that was successively cleaved with sodium

metabisuite to give the glycosyl thior4.%°

OBz OBz
BzO 0 HBr 33% AcOH BzO O
BzO OBz - BzO
NHTroc DCM 0°C
95% TrocHNBr
42 72
OBz sodium OBz
thiourea (0] tabisulfit
B]§SO S NH metabisulfite _ B 0 -
acetone, reflux TrocHN \|¢ DCM/H,0 3:2 BzO
16h NH, TrocHN
heat to reflux, 16h
73 65% 74

Scheme3.8 Synthesiof b-glycosyl thiol 74.

The synthesis of th&methyt and S-butyl glycosides were achieved by direct anomeric
alkylation of the glycosyl thiol4 with 1-iodobutane in the presence of sodium hyel{idaH),

and iodomethane in the presence of DIPEA. As the anomeric configuration of the glycosyl
t hiol is unaffected during this transfor mat

conformation75 and76 was obtainedTable 3.3)
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Table 3.3 Alkylation of glycosyl thiol and relative yields

OBz

OBz
I-R
BZO/&& SH . B O g
BZO BZO AN
TrocHN TrocHN R

74
Donor I-R Product %yield

74 iodomethane 75 68

74 1-iodobutane 76 60

The Sglycosidesr5 and76 were next treated with activated zinc in the presence of acetic acid
ard acetic anhydride to remove the Troc protecting group; acetylation gave the final acetamides

77 and78. Yields of the final products are shown in Scheme 3.9.

OBz
OBz Activated Zinc o
BzO Q S, - B S
BzO R Acetic Acid, Acetic z R

TrocHN

AcHN
Anhydride rt, 1.5 h

o

Bz
O
BzO
Bzoé@w

AcHN

77: 62%

(@)

Bz
BzO ~

AcHN

78: 75%

Scheme 3.%ields of final S-glycosides after removal of Troc protecting group

3.3 Anomerisation studies with benzoylated Gglycosides derived from
GlcNAc and GalNAc

With different O-Glycosides and-glycosides in our hands it was decided to investigate the
anomerisation reactionirge previous studies showed that use of 2.5 equivalents afang@l
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DCM could be effective for the anomerisation@fand S glycosides, it was decided to use
these conditions as the starting point for the investigdtion

The anomerisation of compounds listed Tiable 3.1 was carried out in DCM with 2.5
equivalents TiCl asthe Lewis acid catalyst. The reactions were carried at room temperature
over a time of 48h. After work up the product mixtures were analysedHEMMR
spectroscopy with the integration of assignable signals in*HhBIMR spectra used to
determine the amotins of each a n o meanomep wassislated. after T h e
chromatography to give yields for & andS-glycosides.

t he o f -cldoside,eegample o GitAIAGO1 ardrbalNact o f

102 derivatives (Figure 3.1), was formed as bgroduct of the Lewis acid promoted

I n maj ority
anomerisation. The glycosyl chloride-pyoduct101 was confirmed by the synthesis of this
compound providing thtH-NMR data for its characterization, showing a valué 6134 (d,J
= 3.7 Hz). This reported data corresgerwith the observed bByroduct signal in the TiGl

promoted anomerisation reaction herein.

BzO __OBz

Figure 3.1T h e

OBz
BzO O
BzO
AcHN

Cl

101

Gl c NAc a

nd Gal -shoide eypreducpfiore the Lewviis atidh e

(@]
BzO
AcHN

Cl
102

promoted anomerisation.

Table 3.4 Anomerisation of benzoylate@-glyosides derived from GIcNAc/GalNAc

O-glycosides reactin Reagents and Up:101:102 | Isolated yield -
aly 9 gen after work - (%) of major U-anomer isolated
compounds Conditions up anomer®
OBz OBz
BzO’é&/OMe TiCle (2.5 eq), Béooé%
BzO CH.Cly, 1t, 48 |  99:1:00 69 T ACHN
AcHN h OMe
50 79
OBz OBz
BZOﬂ/OBu TiCl4 (2.5 eq), 0 2
BzO oHN CH2CIﬁ, rt, 48 | 99:1:00 71 AcHNQOBy
51 80
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OBz OBz
BzO 0 o TiCl4(2.5 eq) BZO&%
BzO R ' . BzO
AGHN CHzCIﬁ, rt, 48 98:2:00 70 AcHNO
NVAN
52 81
OBz
Bzoé&/o\/\/ TiCl4(2.5 eq),
BZO 7" | CHClo 11, 48 | 64:36:00 ; ;
ACHN h
53
OBz OBZ
BzO ”. BzO
20— v% CHiCh. 1,48 | 98:2:00 68 0=
O+
54 82 15
BzO _OBz BzO __ OBz
g&/om TiCls(2.5 eq), 5 O%%
BzO HzClo, 1t, 4 :10: “
N CH.C 2 8| 83:10:16 73 ACHND
62 83
BzO OBz BzO _ OBz
O OBu TiCl4(2.5 eq), O
BzO CH.Cly, 1t, 48 | 81:10:18 67 BzO
AcHN h AcHNGE,
63 84
BzO OBz BzO _ OBz
0 o TiCl4(2.5 eq), 0
BzO CH.Cly, 1t, 48 | 88:10:11 67 BzO
AcHN h AcHNO
X
64 85
BzO OBz
) 68:00:8
g&/o\/\// TiCl4(2.5 eq), (24%
BzO CHCly, rt, 48 . - -
AcHN h unknow side
product)
65
BzO OBz BzO __ OBz
. 0
o 0 O\/ﬁ TiCla (2.5 eq), BZQ%
y4 . .
AcHN s CHzC';, rt, 48 92:10:7 74 ACHNO\/H
86
66 15

In most cases the anomerisation readtisplayed highl : b

analysed byH-NMR spectroscopy; the products were isolated in good vyields after column

chromatography.
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Anomerisation reactions of s alkyne$3 and65 were foundo progress to a lesser degree
than for othelO-glycosides (60%). The reaction @ showed the formation of an unknown
side product i naaneamakng It ienpossible tm obtaim an isdlated yield

f or -andneer. The GalNAc derivatives has a higher percentage of the glycosyl chloride
102.

OBz
BzO
AclIN l 3

2.5eqTiCl, Hla
rt, 48 h l

JMJL Aol

OBz
moé& Hlo
Bz0O
AU]IN()BU l L1
| M“L e e ST

T T T T T T T T
3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

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
f1 (ppm)

Figure 3.2NMR spectra of starting-glycoside51 (red spectrum), anomerisation reaction after work
up (gr een s-gnemeBlisolaed (bhuespectiim).
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Bz0Q 0Bz
R U\ JOBu

B0~ N H1pB
l L3
JJUUM [ R S S VY v
2.5eqTiCl,
rt, 48 h Hla
H1-aCl l

TR T
[T TR |

T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

4.5
f1 (ppm)

Figure 3.3NMR spectra of starting materié8 (red spectrum), anomerisation reaction after work up
(gr een s peandme®dimlated (blde spectrum).

It is known that varying the protentg gr oups can affect t he
anomerisatioft. Benzoyl protecting groups can give higher rates of reaction in case of
anomerisation witlglucopyranosides or galactopyranosides. Differences in the efficiencies of
acetylated GIcNAc derivatives and benzoylated GIcNAc derivatives were thus investigated as
part of this work. Reactions of71 were tested using SnCand TiCk as Lewis acid anthe

results are summarised in TaBl&.

Table 3.5A n o me r i s -adetylaiedGlchlAc-Ofglycosides.

O-glycosides reacting Reagents and Uh:1:103

compounds Conditions after work -up
OAc )
AcO 0 0B TiCl4 (2.5 eq), ) )
jcoéw Y CHiClo, 1t, 48 h | 38:4817:0
AcHN
OAc
AcO 0 SnCL (2.5 eq), .
,fcoéwom CHClo, 1t, 48 h | 24:61:0:15
AcHN
OAc TiCl4(2.5 eq),
AAcOOﬁ/OBu CHCly, 1t, 7 97:1:2:0
T AGHN days
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When the anomerisation @1 carried out with TiGlin DCM at room temperature for 48&ind

theU: b r at i o HNMRIspeerbseopythib showed that the use of TiQjave a

mixture of anomers (44:56). Thuthe reaction hanot progressed as far as that of the
corresponding benzoylated analogue. However, when the anomerisation was caxwigal ou
2.5equivalentsof TiGi n DCM at room temperatur-@nofmesr 7 d:
increased to 97%. Thisdicated that benzoylated derivativél was faster than the
corresponding acetylated derivatikk as has been consistently ohsf for other benzoylated
derivatives This is probablylue to thenductive effect of the benzoyl protecting groups on the
electron density of theugar ring thaeffects the velocity of the reactiorand the anomeric

effect, resulting in the formationbfi gher pr @apmaert i on of U

As for the anomerisation of beoylatedO-gl ycosi des a -chloraé, éxangplmo u n t
of GIcNAc 1 derivative shown in Figurg.4, was formed as bgroduct of the TiCl promoted
anomerisation. For the Sn{firomoted anomeration it was observed the formation of the
oxazolinel03 (figure 3.4) as byproduct.

Theidentity of glycosyl chloride byproductl was confirmed by th&H-NMR data showing a

val ue of J=87 Hz). ™ refoded data corresponds with the obsdryygutoduct

signal in the TiClpromoted anomerisation reaction herein. iti@tity of oxazolinel03 was
confirmed by'H-NMR data reported in literatuf® showing a value afi 5.86 (d,J=7.4 Hz).

This reported data corresponds with the observegrbguct signal in the SngZpromoted

anomerisation reaction herein.

OAc OAc
AcO 0 AcO 0]
AcO AcO
AcHN al 1\>1&/ O
1 103

Figure 3.4T h e G| «hbAdel add oxazolind 03 by-products from the Lewis acid promoted
anomerisation.
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OAc
) AcO O OBu
2.5eq T|Ch AcO
rt, 48 h AclIN
H1p
H1-aCl Hlo 1 .
2.5 eq SniC
t, 48 h H1p
H1 Oxazoline l
l ' MWM VZ
Hlo
2.5eq TiCk
rt, 7 days l
H1-aCl
l -1

T~ 1~~~ o~~~ rn.~. o~ T T r7r-rrT1T T+ Tr 1T T7 T T T T 1T 1T T L T T T
64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 34 32 30 28 26 24 22 20 1.8 16 14 12 1.0 08 06 04
1 (ppm)

Figure 3.5NMR spectra of reaction mixture after anomerisatbil in different conditions: 2.5 eq
TiCl4,48h (red); 2.5 eq SneA8h (green); 2.5 eq Tigl7 days (blue).
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3.4 Anomerisation of benzoylatedS gl ycosi des &EMAcved fr

The Sglycosides were subjected to the same conditeanssed for theD-glycosides(Table
3.6).

Table3.6An o me r i s-haniogatedswNIAc-8-glycosides

. . - . Isolated yield
S-glycosides reacting Reagents ad | Ub : x@zoline (%) of major J-anomer isolated
compounds Conditions after work-up anomer®
OBz OBz
BzOé&/SMe TiCl4(2.5 eq), BzO 0
BzO CH.Cl, rt, 48 61:17:21 51 BzO
AcHN h ACHNGMe
77 87
OBz
Bzoﬁ/we SnCk (2.5 eq),
BzO CH.ClIy, rt, 48 58:25:17 -
AcHN h
77
OBz OBz
Bzoﬁ/sm TiCl4(2.5 eq), Bzoﬁ/SBu
BzO CH.Cl, rt, 48 - 49 BzO
AcHN h AcHN
78 88

For the anomerisation éfbenzoylateeGIcNAc-S-glycoside78 it was not possible determine the

U: b r #tNMR spbcyroscopy du® overlap of the signals, but tieeanomer could be
separated and isolated in 49% yield. The anomerisatibiheaizoylateeGIcNAc-S-glycoside? 7

was carried out using both TiGind SnCjand the result showed that the use of the &€l

not improve te f or mat i-anamero With thé ese df the TiGhere was a slight

i mprovement in the conyv eanasnerdormedwas lonwerthantipae r c e n
observed for relate@-glycosides.

Also, for the anomerisation &glycosides was obsemd¢he formation of a bproduct. In this

case, for the Sneland TiCk promoted anomerisation, the oxazoline, example of GIcNAc
derivative shown in figure 3.6 and observed and characterized in Chapter 2, was formed as by
product.

The oxazoline structureas confirmed byH-NMR spectroscpy, showing a valuetts.14 (d,

J= 7.4 Hz). This reported data corresponds with the obserwgddaolyict signal in the Sngl

and TiCk promoted anomerisation reactiontabenzoylateeGIcNAc-S-glycosides/7 and78.
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OBz
BZO’%
BzO
1}0
Figure 3.6 The GIcNAc examms of the oxazoline bgroduct from the Lewis acid promoted
anomerisation.

These results compared with anomerisatio®ajlycosides show that tH&glycosides give

| ower pr o paoamerithatrihe coodspondifgglycosides and this can be due the
lower electronegativity of the sulfur atom that result in a lower anomeric effect. Also, the size
of the sulfur atom can affect the steric preference of the latter to assume the equatorial

conformation rather than the axial.

3.5 Conclusion

Thirteenb-glycosices were synthesised and subjected to Lewis acids with a view to promoting
formationofthd)Janomers. The U: b ratio in tMWM&MProduct
spect r os cangmers \meredisoldiedhe benzoylated glycosidesith increasing
compkexity on the aglycon (alkyandalkene)showed that the use &f5 equivalents of TiGl

were sufficient tbtainah i gh U: b r-andmers weaerisolated im goodlyieldbe
benzoylated glycoside3 andgalactosidéé5showeda | owe r Uo the nataeoftee d u e
aglycon also aside product wasbserved during the anomerisation of ®einseparable from

t h eanobher The presence of benzoyl protecting groups, able to donate more edé@atoon

the sugar ring was shown to influence the véyoof the reaction, with théenzoylated
glycosides anomerisgfaster that the acetylated protected glycosi@ies.thioglycosides gave
U-anomers but the stereoselectivity was not as high as faD-tiigcosides due to alower

anomeric effectattributable to the lower electronegativity of the sulfu
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4 Colled-coll scaffolds

4.1 Introduction

4.1.1 Seltassembly peptides as scaffold for drug delivery

Molecular selfassembly can be considered a useful approach for the synthesis of novel
molecular architectre. The selassembled substructure is held together by weakcooalent
bonds, such as hydrophobic interactions, hydrogen bonds and electrostatic interactions. Taken
separatelythese interactions are not powerful enough to hold together suchassseifbled
structure but when combined, they can form stable and durable structures witdefiakd
conformationg’!

Proteins ad peptides can setirganize and form welllefined structures with a specific
functionality, but when a specific biological function is not associated with a particular
sequencethey can still have a role as a scaffold for the presentation of biologidal a
immunological active ligands, such as carbohydr&tes.

Zaccoet al”® showed thathe design of self asgble scaffold for the presentation of ligands
can be a valuable approach toepatocytespecific drug/gene deliverylt was shown that
coiled-coil glycopeptide can be used as scaffold for the presentation of sugar moseiis,

as galactose moietiedo the binding site of thasialoglycoprotein receptors (ASGPR) on

hepatocytes
Unprecise ligand presentation Fine-tuned ligand presentation
A
((coneo-con v, ~
Coommaor) Seecie
binding binding
events events
Receptor Receptor
OFF ON
Biochemical

cascade

CELL

Figure 4.1 Carbohydratebinding sites of thasialoglycoprotein receptors (ASGPR) on hepatocytes
Adapted with permission from r@fencer73. Copyright © 2015, American Chemical Society

Peptidesanbe employed as scaffolds due to their biocompatibbitydegradhility and their

easy formation using standard peptide synthesis procedures. They are lyelstixe
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compounds due to their structural folding and their assembly results in highly specific
structures which are characterized by a series of intermoletuleractions such as
hydrophobic interactions, hydrogen bonds and electrostatic interacfions

The specificity in the seldissembly mechanism rglated to the sequence of each peptide

giving the ability to form different structures.

One of he most common sefssembly structure is characterised by two to six -hginided

alpha helices forming a leftanded supehelical bundle called a coiled ¢oi

Typical examples of coiled coi l-keraiinidkenatint ur e a
consi stéfiebfi xamsedondary structure, -Keminnded w
forming a coiled coil structure, with the two helices kept together byfidisudond$*. Myosin
ischaracteri sed badelixchiled cplatehe mihdoneaiho f an U

Coiled coils are common in many natural proteifisey can provide structural support as

scaffold in thedesign and preparation of drug delivery systems, such as collagen, nanofibers

and nanotube® This characteristic can be facilitated by the fact that only some of the residues

in the sequence of the coiled coils are fundamental for the folding of the péptidst is

possible to modify the peptide sequence to introduce ligands and molecules of interest in

biological evaluation at appropriate amino acids.

4.1.2 Coiled Coils

A coiled coil is a typical protein folding motif present in most natural proteins and consists of

t wo t ehelikes wrapped around each other to form a supercoil.

The basi c component-helixfstruagurectioeimMos domrmon isecondary a n
structure in peptides and proteins. It was first discovered by Linus Pauling in iw88&@she

pr opos e d-hdixstucturd isifermed by intstrand interaction between the carbonyl

group of each peptide residue and the amide group of the fortlnee$iadming a hydrogen

bond®,

T h ehelld is typically righthanded with 3.6 residues pertamda r i se of 1.5 1
which results in a pitch of 5.4 i,

The helix propensity is defined as the tendency of some amino acids to occur more frequently

in aUhelix than other, andaReet al. °found that alanine has the highest helix propensity and
proline and glycine the lowest. It was hypothesised thatt s t a b i -helixtisyduedofthet h e U
formation of the backbone hydrogen bonds and van der Waals interactions that give an

enthal pic contribution of 1 kcal/ moklheliger r es
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the favourable interaction rkes the helix more stable than the random. toithe same way

when glycine residues are more abundant, the resulting helix is less stable than the coil. This
is mainly due to the replacement of the H of glycine by the &@lthe alanine, that reduces the
phi-psi space available tesidues andenerates the 1 kcal/mol difference in helix propensity
between glycine and alanif@Wherephi ((i) andpsi (y), two torsion angles describe the
rotations of the peptide backbone around the bonds betwetIN ( G ) -Ca r( dhgse U
torsion anglesllow the peptide backbone to adopt a certain.folds information is useful in
thedenovodesi gn of mol ec ul &elix secomdary structure ke doiked e d o
colls.

It is known that almost 3% of all amino acids in the genome are involved in the formation of
coiled coil motifs.

The knobinto-hole arangement, characteristic of the coiled coils, is a specific arrangement in
whi ch t he thelices pack jogether, rsgecifidally the side chain of the residue in one
helix (knob) packs into the hole formed by four side chains of the facing hblscisTpossible

only if the side chain of the residues in both chains occupy equivalent positions along the entire
structure.

This arrangement i s +hait’®dyedoste presenee of 36 residuesa n o n |
per helical turn that makes the side chains to drift continuodshyever,jn the coiled coil the
distortion formed by the supercoiling respect to thexheetis, lowes the values of residues

per turn to 3.5, allowing the position of the side chains to repeat after two turns, leading to the
7/2 periodicity of the canonical leftanded coiled cdit.

The 7/2 periodicity is calletleptad repeaand its denoted as-{ac-d-e-f-g),, wherea andd
positions are occupied by n@olar residues that form the inteelical hydrophobic cordBoth
positions are mostly represented by ressaii¢eucine, isoleucine and valine that pack together

i n a -intetkmolbess 0 ( KHKW.H way (oRringnize their interaction with water

molecules.
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Figure 4.2 Views of a classical coiledoil dimef2 (A and B) Orthogonal views of the structure. The
figures are shown, with the backbone represented by ribbons, side chains that make up the KIH
interactions as sticks and the heptad positidgscaloured red to violet. the hydrophobic core is
represented in red and green. (C) A single KIH i
green on the right most urhesilues)on thesothat (ldtandddixg.| e 6 f or 1

Adapted with permission from refence82. Copyright © 2008, Oxford University Press.

Positionse andg are occupied by charged or hydrophilic residues where the two helices form
electrostatic interactionsb;,c andf are in general hydrophilic as well, they represent the helical

surfaces anddue to solvent exposur@re also the positions that can be subjected to

modificatiorf® (Figure 4.2)

C lonic interaction l

Inter-helical core
packing

Solvent exposed

Solvent exposed
positions

positions

lonic interaction

Figure 4.3 The arrangements of resides in the coiled coils are illustrated by the-dieal diagram
(The HelicalWheel diagram was designed usbigawCoil 1.0)
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The hydrophobic interaction is the main driving force for the-agdembly and folding of
coiled coils Howeverthe nature of the residues in the specific positions are not only important
for the folding and the assembly of a coiled chilt also for the oligomerization state of the
structure, specifically the positions-d and e-g which play an important role in the
determination of the selissembly structure of the molecule.

The specific characteristics of the residues in the heptaatrefiow the formation of dimeric

and trimeric coiled coil structures. it known that when the isoleucine is in posit@mand
leucine in positiord, the hydrophobic core yields preferentially to a dimeric conformation
When both leucine or isoleucineeain a andd position, there is a formation of a trimeric
structure and when leucine is @and isoleucine ird there is the formation of a tetrameric
structure.

These preferences have been pointed out in an extensive study carrietiatliunyet al on

the GCN4pl, a transcriptional activator protein, in which it was shthat the oligomerisation
state of the coiled coils was influenced by the alteration of the hydrophobic core of the leucine
zipper moleculé! Woolfsonet al. explored the possibility of designy de novocoiled coils
peptide oligomers based on preferences showed by Harbhis study is particularly
interesting becauserepresents a useful toolkit for the theoretical desigmeofiovopeptides

and proteins.

Starting from the assumption that the combination of leucine and isoleucine in pasdiths

d leads to the brmation of three different oligomer states dimer, trimer and tetramer, it was
shown that the combination of hydrophobic pair of residuestikielle anda=Leu andd=lle

are good rules for the formation of trimer and tetramers respectielto speci a dimer the

rule of a=lle andd=Leu is not enougliFigure 4.3) In solution and in crystal structurdbe
peptides presenting these two residues gave rise to a trimer and not dimer, but when a single
modification was introduced into the sequence, wirera position was positioned an Asn

residue, this substitution gave the desired dimer stréfcure
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Figure 4.4 Helicaltwheel diagram (right) showing the position (X and Y) evimtroduce the
modifications (I, L, N) that give rise to dimeric, trimeric and tetrameric states (left). "Adapted with
permission from refrenceB5. Copyright (2012) American Chemical Society."

This indicates that the energy required in the switatm bne oligomer state to another is small

and can be controlled by the introduction of thealednegative desigh.

Thenegative desigstrategyis one of the strategies developed to control the oligomerization
state, introducing polar or charged amino acids in pos#iond or acharged interaction at
specific e and g positions. In contrast, to stabilise specific conformations, the element of
positive design can be introduced and in general these involve the introduction of more
hydrophobic residues at theor d position.

The stability of coiled coils is also determined by the residuesaatlg positions, stabilizing

the interhelical arrangement with residues of opposite charge. In general, the nature of these
residues not only effect the stability but also the oligomeomastate. The homo or
heterooligomeric structure of the helices can be determined by the polar interaction of the
residues flanking the hydrophobic cofiéhese interactions in parallel coiled cogenerally
occurbetween the position of one heptad dii¢ helix ande position of the next heptad of the

adjacent heli¥’.

4.1.3 Lectins

Peptides hsed on coiled coil structure represent valuable scaffolds for the presentation of
ligands to biological target$.

Major areas of study in terms of developing ligands for biological targets have included
proteins, lipids and DNA. Interest in glycobiology haenonly within the last 23 decades

possiblydue to the structural and furemal complexity of carbohydrates.
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Glycobiology is a fundamental area of study for human health and disease as demonstrated by
the fact that carbohydrates are directly involved in almost all biological aspects of cell life and
play a significant rolén amost every human disea®Carbohydrates are the most abundant
molecules found in nature arate synthesized in all organisms. Their heterugey and
complexity in structure and conformation allows them to act as signalling molecules in
different biological processgsuch as cell adhesion, proliferation, host immune response,
cancer development and many méte.

Lectins are e most studied molecules in glycobiology. Lectins are a class of molecules
defined as celagglutinating proteins of neimmmune origin that can bind monand
oligosactarides with high selectivity and affinity. Even if they have not originated from the
immune system and do not have the ability to stimulate the immune system to produce antigens,
their function and mechanism of action resemble that of the antibodies;ctmeybe
inactivated/inhibited by low molecular weight molecules such as carbohydrates

Lectins are referred to as hemagglutinins, proteins with the ability to agglutinate erythrocytes
(erythrocytesclump up and stick togetheandwereisolated for the fist time by Stillmarl in

1888 while he was studying the toxic effect on blood of castor bean exRaihus
communix®® During this study, he notied that the red cells were being agglutinaféue
material responsibléor thiswas isolated and named ricin. Ricin acts as a toxin by inhibiting
protein synthesis inactivating the ribosome.

The isolation of the crystalline protein named Concanavaly Sumner in 1919 was the first
pure hemagglutinin isolated from jack be&wofavalia ensiformjsand able to agglutinate
erythrocytes and yea$t.

In 1910 Landsteiner, after stioveing the human blood type A, B and O, showed that
hemagglutinins do not agglutinate the blood of different species equally, reporting that lectins
produced fronvariousseed extracts were different when tested with blood cells of different
animals.

In 1945 Boyd discovered that some lectins were blood type speaniiit reportedhat the
lectins found in the lime beans would agglutinate blood type A erythrocytes but not blood type
B and 0. This discovery represed@ crucial step in the study of thectins because it was
found that the inhibition of the specific blood type cell is due to a specific carbohydrates moiety
present on the surface of the cell. Specifically, the agglutination of the blood type A
erythrocytes by bean lectin was inhibited binked N-acetytD-galactosamine and that the

type O cells agglutinated by lectin lof tetragonolobusvere inhibited by a linked-fucose®?
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4.1.4 Plant and Animal Lectins

Lectinsarefound in a wide variety gblants anchave beestudiedby measuring the ability of
their extracts to agglutinate erythrocytdsusbecoming a useful tool in research due to their
ability to interact with receptdinked glycans on cell surfaces and are able to trigger or inhibit
cell signalling and biochemical responsksctinscan act as immunomodulatdrgeracting

with glycan moieties over the surface of immune cgéxeratinga signal transduction and
produdng cytokinescapable of inducingn immune response against tumours and infections
In this way lectins can be considered pharmaceutical tools for identification of sugar targets for
new therapeutic strategiés.

One of the most weknown plant lectins is the European Misletd&s€um albunhaving
immunomodulatory and atimor activities? Misletoe lectinsindicated with the acronym
ML, can be divided in type I, Il and Ill, and are glycosylated proteins with cytotoxic activity.
Structurally they consist of two chaidsand B, linked with a dis@ide bond, their cytotoxic
activity beingdue to the ability of the chain B to bind the carbohydrate on the cell surface
allowing the chain A to enter the cytoplasm and inhibit protein biosynthesis, hydrolysing the
N-glycosidicbond of an adenine residue in the 28S ribosomal RNA. The biological action of
lectins is mediated by the recognition amtbiingto specific ligands on the surface of the target
cells, and ML displays different sugar specificity between the 3 isoformd, sMiws more
affinity for D-galactose, MLIII is more specific fa-GalNAc and MLII shows an intermediate
affinity for both sugar$®

Although lectins were first discovered in plarttss is not the only source of lectinsnimal
lectins can recognize carbohydrates present on the surfabe aklils endogenous to the
animal but also carbohydrates presented by microbial invafers.

Ashwell and Harford gavéhe first example of animal lectins able to discriminate between
different glycoproteins, describing the binding of the asialoglycoprotein receptor in

mammalian liveP/
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Glycans can have different roles in cels structural role and a nestructural role.
Oligosaccharides can have structural roles when they are present at the cell surface, can be
incorporated into the extracellular matrix and attached tetgtiglycoproteins and mediate
transport of the glycoconjugates to the cell surfacect as markers for cegell recognition
events. When oligosaccharides have a -stomctural role theygenerally require the
involvement of a sugarinding lectins In this case the sug#&inding activity can be ascribed

to a carbohydratescognition domain (CRDWwhich is a protein module present in the lectin
polypeptide®®

Based on the structure of CRDs we can define different grolipecitins: lectins that are
predominantly intradkilar and lectins that generally function outside the cell.

The intracellular lectins, calnexin family, -kpe, L-type and Rype are located in luminal
compartments of the secretory pathway and they explicate their function trafficking, sorting
and targéng mature glycoproteins.

The extracellular lectinsC-type, Rtype, siglecs and galectins are either secreted into the
extracellular matrix or body fluids or localized to the plasma membrane and mediate a range
of functions including cell adiseon, cell signalling, glycoprotein clearance and pathogen
recognition:®

The Gtype lectins are the most wédhown lectins and are Cadependent glycan binding
proteins Their family includes different striieral proteins like collectins, selectins, endocyclic
receptors and proteoglycan (or lecticans and inclaggregan, brevican, versican, and
neurocal, they differ in the selectivity and specificity for the type of glycans they recognize
with high affinity, but they share homology in their CRES5.

Lectins can be comprised only of their CRD and in this case their functions depend on
multivalency which is the ability of lectins to crodmk glycancontaining structures. One of

the lectins to function in this way are the galectins that will beudised in detail in the next

section

4.1.5 Galectins

Gal ectins are a family of ani mal | ectins C
galactosides and have at least one CRD, they are smé&b(&®a) and soluble proteins. They

were at first known as-§pe lectins due to their dependence on thiolsaidivity. This

property was found in galectih, the first galectin studied but it wast found in many other

galectins. Galectins can be considered unusual among the other lectins because they are present
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not only in the cytosol where once targeted thlybe translocated in the nucleus but also in
extracellular matrix®?

Based on their CRD, galectins can be divided in 3 types: proto, chimera and tanddm repea
(Figure 4.4) The protetype galectins are characterized by the presence of one CRD and form
a noncovalently linked homodimer; the chimerge galectins, represented mainly by
galectin3, have a @erminal CRD associated with antlrminal part consistg of multiple
proline and glycine; the tandem repégies are characterized by the presence of two CRDs
connected by a peptide linker. With the exception of the chitype represented by the only
galectin3, the protetype and the tandem repeat gélexcan be divided in different subtypes,
which have been numbered following the number of their discovery. At the moment, 15
galectins subtypes have been identified: Galetti, -5, -7, -10,-11,-13,-14, and-15 are

proto type. Galecti#, -6, -8, -9, and-12 are tandem repegtpe.1°3

Proto-type Chimera type Tandem repeat
o)

Galectin-1, -2, - Galectin-3 Galectin-4, -6, -

5,-7,-10,-11, - 8,-9,and -12

13, -14, and -

15

Figure 45 Galectin subtypes, protype, chimeric and tandenepeat®. "Adapted with
permission fronreferencel03. Copyright © 2002, Springer Nature"

The three types of galectins function in different ways. The fy@e galectins dimerize via
hydrophobic interface mediating the eedlll interaction. Galecti3 oligomerizes in the
presence of multivalent ligands via thet&tminal peptide to form trimers or pentamers. On
the other hand the tandem repbgie galectins with their two different CRDs recognize
different saccharide ligands with a single polypeptftie
The CRD of most galectins is a 130 amino acid peptide folded in algtadlomain. The X
ray crystal structure of many CRDOs¢luding bovine galectii, human galecti2, -3, and-7,
and individual domains of galect®) show a conserved fold consisting of twognta r a4 | e |
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sheets with six (SE6) and five (FHF5) strands, respectively. The side chains of the amino
acids of the six strands sheet {S@) form the carbohydrate binding site.

The binding of the&-Gal residudo the binding site is due to the formation of hydrogen bonds
involving the hydroxyl group on C4 and C6, ring oxygen and van der Waals interaction
between the hydrophobic patch formed by &Hanhd a Trp or Tyr residue of the protein.
Glucose residue carisa interact with the hydroxyl group on C3, but lactose has a higher
binding affinity than the galactose and glucose residue alone. LacNAc instead has been shown
to bind tightly with higher affinity than lactose due to the addition interaction of theyeitro

of NAc with amino acid residues of the binding site mediated by water molecules. Galectin
shows a slot open at both sides of the binding site in which the LacNAc is positioned in such a
way that the GIcNAc portion can interact with the solvent fogran extended binding site

that increases the binding affinity of galeeBiwith multiple lactosamine unit§®

As A
Hi " rg Asn Glu Arg
HO o ’
B \Ho HO OH Ga|B1 -4Glc
HO- \4\ ¢ OH
Trp QOH

Figure 4.6 The galectin carbohydratending sitewith acloseup view with bound lactose (Gail-
4Glc) and named interacting amino acid side chaikdapted with permission from referent6s.
Copyright © 2002, Kluwer Academic Publishers

Galectin3 is an important intracellular and extracellular lectin, with its physiological role not
being compétely understood. Its main role is to interact with extracellular proteins and cell
surface glycoproteins. Evidences suggested it has a role in cancer immunology and
inflammation, carrying out a double function, as an inhibitor and inducing sign&fing.

The inhibitor functionof galectinsis particularly relevant when galecthis connected to
cancer.The correlatiorbetween galect#3 and cancer is shown by the overexpression by the
cell of high levels of galect#3, promoting cancer progression and metastasguilating cell

Paged7 of 209



proliferation, apoptosis, cell adhesion. The mechanism of its action is not completelpuiea

it has been shown that some potential carbohydrate ligands are able to block-galettirty.
GR-MD-02, a galectifB inhibitor, invented by Galectin Therapeutics, has been tested in
combination with Yervoy® (ipilimumab), an arfiTLA4 monoclonalantibody, in patients

with metastatic melanomdhe preclinical study found that that @RD-02 increased tumour
shrinkage and enhanced survival in immune competent mice with prostate and breast cancers
when combined with one of the immune checkpoint inbib, anttCTLA-4 or antiPD-1.

(Ref. Galectin Therapeutics Inc.

4.1.6 Multivalency

Carbohydrates are often presented to their binding partners via synthetic scaffolds to optimize
and regulate the signal response using the multivalent effect.

Lectin-carbdiydrate binding can be of low affinity with a dissociation constang} ifiKthe

range of nM or puM, in this case this weak monovalent binding is compensated by multiple
interactions between fAclusterso ofandstrong ans a
binding, able to compensate the required faglity binding interaction relevant in vivs.

This evidence is showed by the interactions of glycans with the asialoglycoprotein receptor
(ASGPR) on the surface of hepathocytes; the mammalian hepatic receptors have affinity
toward clustered galactosyl and GalNAc residues, and this affinitypeamproduced and
enhanced when the valency of the clustered glycans is increased. The resulting glycocluster
display a higher affinity for the target than the expected from the sum of the constitutive
interaction, this phenomenon first described by leeda Lee and named nAgly
ef fect o B.ttleetdegreaof dependency of affinity increase on valency varied from
lectin to lectin. A strong glycoside cluster effect obviously requires two partners: a lectin with
clustered sugar binding teis and a multivalent ligand that can present sugars with proper
orientation®and spacing. o

The chemical synthesis of artificial multivalent carbohydrate models by conjugation of the
carbohydrate ligand moiety to different scaffolds help to investigate the interaction involved in
the carbohydratéectin binding.

Different factors negto be taken in consideration during the design of glycoclusters, the length
of the linker, the geometry and the orientation of the ligand, all these characteristics play a big

role in the creation of effective and competitive molecules.
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The synthesis afnultivalent scaffold represents a challenging opportunity to create molecule
with high potential for fighting virus and bacteria and agmalling pathways resulting from

cancer.

4.1.7 Previous scaffolds used in Murphy group

The synthesis of potential irditors of the glycadectin binding can be seen as an important
medical prospective in relevant processes such as tumor spread.

The development of potent inhibitors has been investigated in the Murphy-grétimvhere
several molecules have been sysited, bearing sugars moieties on different scaffolds with
potential inhibitory activities. The different structural paréene such as scaffold backbones,

the type of sugar ligands to adopt, the geometry and orientation of ligands along with the
spacing between ligands, is directly related to the function and selectivity of the possible
inhibitors.

The synthesis of bivalentscaffolds based on glycophanes, dihydroxybenzeneand
terephthalamides bearing lactose as ligand gave interesting results when tested as inhibitors of
the lectinmediated heamagglutination; specifically #msay based on surfaicemobilised
glycoprotein, wih four different type of lectins : a plant toxin (VAA: Viscum album (a species

of mistletoe), agglutinin/toxin which is galactoside specific), galegtitruncated galectifd

and galectird, showed that only two compounds exhibited inhibitory acti@t$ mM sugar
concentrationpgainst galectin 3 and plant toxin VAA.

This enhanced inhibitory activity is due to the flexible structure of comp8énend 3B,

compared to the rigid structure of glycophane comp@@idP (Figure 4.5)
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Figure 4.7 Multivalent compounds by Murphy ard. Adapted with permission from reference
110. Copyright © 2009, American Chemical Sogjet

Based on the good results showed previously, and focusing more on the endiyyalew bi

tri- and tetravalent compounds were syaitte.

These compounds, showedRigure4.6, were tested as inhibitors of plant lectins showing a
small inhibitory effect. The test against chicken galectins (CG) and two human galectins
galectin3 and galecti showed a potent inhibitory activity especially for compo8Bdcnd

3E

These results support the hypothesis that the valency is an important feature in the design of
possible inhibitors because enhance the inhibitory effect and thatgheraoiety plays also

an important role in the selectivity against a specific talyet
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Figure 4.8 FucLac, lactose based sugar headgroups connectéffierent scaffoldsAdapted
with permission from referendd 1. Copyright © 2012, American Chemical Society

4.2 Objectives

The aim of thisvork was tanvestigatehe selfassemblyf coiled coil peptide bearing lactose
residues as potential glycocluster ligands for lectins, such as galectins. The peptides
synthesized were designed to form dimeric and trimeric coiled coils for the muitivale
presentation of lactose in water solution. The triethylene glycol (TEG) unit was used as a spacer
between between the lactose and the peptide scaffold. The TEG was chosen to confer increased
solubility and to ensure the lactose is presented at aisuffiistance from the peptide surface

to enable interamin with the galectin.

4.3 Results and Discussion

4.3.1 Coiled-Coil Scaffold Design and Synthesis

As discussed, the heptad repeat is the common characteristic of coiled coils where the position
a andd arein general occupied by hydrophobic amino acids, posgiandg by opposite
charged amino acid and positibnpc andf are solvent exposed. The solvent exposed positions
are those that allow the modification in ttie novodesign; these are the positionkere a
modified amino acid can be incorporated.
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The proposed work herein is based on the design and synthesis of oligomeric dimers and
trimers, where a lactose bearing a triethylene glycol (TEG) chain was coogiegdartatand

then introduced into theeptide sequences creating a dimeric divalent, dimeric tetravalent and
trimeric trivalent glycoclusterfor presentation of #osyl ligands as potential inhibitors of

galectins3.

N X

Figure 4.9 Schematic representationaifmeric divalent, dimeric tetralent and trimeric
trivalent glycoclusters
The de novopeptide design was based on two different heptad repeats, one able to give the

exclusive formation of coiled coil trimers and the other one coiled coil potentially giving
dimers under physiological nditions.

The trimeric peptide sequence was designed on the defined Kleptad|EQrK g)4 repeated

four timesand having two glycine residues flanking the edges of the peptides.

This sequence was investigated by Sweedewl'*? in a similar study where two -N

| act o s-yelical triraedic cbiled coils were syntieed, and presented the lactose residues
on the final and penultimate hept&le to the low yield of the coupling of the lactosylated
amino acid for one of theeptidesit was decided to introduce a linker incsea the distance
between the sugar moiety and the peptide sequence, decreasing the possibility of peptide
aggregation. Also, the initial coiled coils from Sweeme¢yal had the lactose residue very
close to the peptide surface.

The Nterminus was acetgted to avoid ionic charges from the free amine that could interfere
with the folding, the use of the Rink amidenethylbenzhydrylamine (MBHA) resin assures
the presence of an amide at thée@ninus after cleavage of the resin, even in this case to avoid
the presence of a charged carboxylic acid that would prevent the formation of the coiled coil.
The heptad positioa andd were occupied by isoleucine (lle) residues, these residues were
included to try to assure the formation of the trimeric structwstipng ande were occupied

by opposite charged amino acids, respectively Lysine (Lys) and Glutamic acid (Glu). Alanine
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(Ala) was added in positiolmandc to increase the helix propensifyhe position chosen for

the modification was positioflp without altering the oligomerisation state of the peptide.

The coiled coil selected as dimeric scaffold was a@éo acid peptide sequenekNi
LESKLKELESKLKELESKLKELESKL-OH named CCP and reported in the work of Faleski

et al'® . This sequence was designedallow the formation of a coiled coil dimers in
physiological conditions. The sequence is formed by three and a half heptad repeat
(LaKbEcLdEeSK g)3 5.

The heptad positioa andd were occupied by leucine (Leu) residues, as reported previously
these resides would, in principle, assure the formation of the dimeric strud®as#tiong and

e as per the trimeric sequence were occupied by opposite charged amino acids, respectively
lysine (Lys) and llutamic acid (Glu) to assure the presence of the requeeiostatic
interaction Positionb, c andf were the positions exposed to the solvent and so susceptible of
modi fication because not direct| yhelixnihes!l ved

position was chosen for the introduction of lactose and the spacer.

4.3.2 Lactosylated Asparagine

The synthesis of the peptides required the incorporation of a-glyawo acid.

The sugar chosen for the design of the glycopeptides was the disaccharide lactose, which was
grafted to the side chain of aspartic acid and subsequently incorporated iptitie pequence

via Fmoc basedolid phasepeptidesynthesis (SPPS).

The synthesis started with the preparation of the brominated peracetylated88¢®sieeme

4.1). In this building block the hydroxyl groups of the lactose are protected with acaipkgro

and bromine is introduced at the anomeric posiisingHBr in AcOH inDCM at 0 °C

Next a triethyleneglycol chain (TEG) displaced the bromine at the anomeric position in the

presence of silver carbon&te with this glycosylation givin@0in 71% yield.
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OH
OH acetyl bromide triethylene glycol
AcOH, ACZO silver carbonate
_ =
MCOH r.t. DCM, r.t. 24h,

OH ‘OH
16h, 83% AOBr a0

AcO OAc 1. Methanesulfonyl cloride
% Trlcthyldmmc DCM 3h
O™ O™
O OH 2. NaN3 0\/\0/\/0\/\N
DMF 16h 71%

91

10 % Palladium on OAc

activated carbon, AcO OAc

H, o, o 4 o

- AcO AcO o O,
OAc AcO

EtOAc, 98%
92

Schemed.1 Synthesis ofntermediag 92.

The intermediat®0 was reacted with methanesulfonyl chloride to form a mesylate in which
then underwent nucleophilic substitution in the presence okiabive azide91l. The azide
intermediate was reduced to am@by hydrogenation with pallégim on activated carbon in
EtOAc.

Schemed.2 Synthesis ofjlyco-amino acidd4.

The amine 92 was then coupled with a protected aspartic acid usirgh@xy1-
ethoxycarbonyll,2-dihydroquinoline (EEDQ) as coupling reageatafford 93 as shown in
Schemet.2

This intermediate was treated with TFA to remove tteityl protecting group from the
aspartic acid, to give the desired glymmino acid94 in good yield. This was subsequently
used in the SPPS to give the glycasgl coiled coils.
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