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Abstract

Infections by Mycobacterium tuberculosis, the causative agent of tuberculosis (TB),
have reemerged as a public health threat in recent years. The resurgence in TB has
sparked renewed interest in identifying new antibiotics that can be used to treat this
disease, which claims nearly three million lives worldwide each year. This disease
has been difficult to treat, which can be attributed in part to the unusual structure
of the cell wall of the organism. In order to identify new anti-tuberculosis agents,
our research goal is to develop new analogues that mimic the linker, o-L-Rha-(1—3)-
GlcNAc-1-phosphate of the cell wall. We carried out two studies. In our first study,
we synthesized analogues that replace the N-acetylglucosamine fragment of the dis-
accharide linker with a D-threonine amino acid.

The second study focused on the synthesis of analogues formed by modifying
the C-1"and C-4 positions of L-thamnose. We attached a heterocycle (imidazole or
thiazole) to the C-4 position of L-rhamnose and a octyl group to the C-1"position.
Difficulties arose in the reduction of C-4 hydroxyl in these analogues. Biological in-
vestigation of these analogues were performed by our collaborators Dr. P. J. Brennan
and Dr. D. C. Crick at Colorado State University, USA. Unfortunately, all the com-
pounds showed no inhibitory activity. However, these results provided us the needed

information and knowledge to design our future work.
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Chapter 1

Introduction

Tuberculosis (TB) is caused by the microorganism Mycobacterium tuberculosis. It has
infected a third of the world’s population (approximately 2 billion people). Among
those, there were about 8 million new cases of TB with 3 million deaths in 1995.3:4

This global epidemic is growing and becoming more threatening. The breakdown
in health services, the spread of human immunodeficiency virus (HIV) infection, and
the emergence of multidrug-resistant TB are contributing to the worsening impact of
this disease. In 1993, WHO declared TB as a global emergency. It is estimated that
between 2000 and 2020, nearly one billion people will be newly infected, 200 million
people will get sick, and 35 million will die from TB, if no better control is found.®

Several factors have contributed to the increase in TB infection. HIV is acceler-
ating the spread of TB.® HIV and TB form a lethal combination, each speeding the
other’s progress. HIV weakens the immune system. Someone who is HIV-positive and
exposed to TB is many times more likely to become sick with TB than someone who
is HIV negative. TB is a leading cause of death among people who are HIV-positive,
accounting for about 15% of AIDS deaths worldwide.®

Furthermore, poorly managed TB treatment programmes are threatening to make
1



1. Introduction

TB incurable. Drug-resistant TB is caused by inconsistent or partial treatment,
when patients do not take all their drugs regularly for the required period because
they start to feel better or when doctors and health workers prescribe the wrong
treatment. A particularly dangerous form of drug-resistant TB is multidrug-resistant
TB (MDR-TB), defined as the disease due to TB bacilli resistant to at least isoniazid

and rifampicin, the two most powerful anti-TB drugs.5—2

1.1 Structure of the mycobacterial cell envelope

The cell wall of Mycobacterium spp. is required for growth and survival.? Its formation
has become the focus of the search for essential targets in the development of new
drugs against tuberculosis.!®

The mycobacterial cell wall is composed of three major layers, the plasma mem-
brane, a peptidoglycan and a mycolic acid bilayer (Fig.1.1).! The plasma membrane
is the innermost layer of the cell wall and consists of a phospholipid bilayer contain-
ing diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol and the
phosphatidylmannoside family (PIMs) (Fig.1.1). The outer layer of the mycobac-
terial cell wall consists of mycolic acids, which are esters of long chain fatty acids.
The mycolic acids are high molecular weight a-alkyl, §-hydroxy fatty acids, present
mostly as covalently bound esters of a branched polysaccharide, the arabinogalactan
(AG).

The peptidoglycan is the backbone of the mycobacterial cell wall and consists of a
regular hetero-polymer that contains alternating molecules of N-acetyl glucosamine
(NAG) and N-acetyl muramic acid (NAM) linked via a 8-(1—4) glycosidic bond.!
These hetero-polymers lie side by side in the cell wall and are cross-linked by short
chain peptides. This rigid peptidoglycan structure sheathes the entire plasma mem-

2
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1. Introduction

brane and prevents the cell wall from rupturing due to the osmotic pressure of the
interior. The arabinogalactan (AG) resides next to the peptidoglycan. It is made of
arabinose and galactose. Both these monosaccharides are in their furanose form. The
linear galactan chain that extends from the peptidoglycan linkage is composed of 12
to 15 repeating disaccharide units of alternating 5- and 6-linked -D-Galf molecules
(Fig.1.2). Arabinan chains are attached to the C-5 hydroxyl of various 5,6-linked Galf
residues of the linear galactan. These arabinan chains are composed of linear 5-linked
D-Araf residues with branches extending from 3,5-linked D-Araf residues. The non-
reducing termini of the arabinan branches are composed of two identical disaccharide
units (8-D-Araf-(1—2)-a-D-Araf), one of which is attached to the 3-position of the
branch point, the other attached to the 5-position. Thus the termini of the arabinan
are non-reducing. Mycolic acid residues are attached to the 5-position of the terminal
and 2-linked Ara residues at the end of the branches.!!

The reducing end of the AG is linked to peptidoglycan through a unique disaccha-
ride linker consisting of a a-L-Rha-(1—3)-GlcNAc-1-phosphate. In the biosynthesis
of the mycobacterial cell wall,'*> the disaccharide linker is formed first as a diphos-
phoprenol ester. The poly(galactofuranose) chain of the AG is then constructed from
the C-4" hydroxyl of the linker, after which the arabinofuranosyl and mycolate com-
ponents are added. The linkage disaccharide is thus a key structure in the overall
biosynthesis of the cell wall. Therefore it has become a good target for drug design.

In our study, we design analogues that mimic portions of the linker.
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1. Introduction

1.1.1 Structure of the linker region

In order to design compounds that mimic the linker, it is important to understand
the detailed structure and the biosynthesis of this linker.

The linker was discovered by Brennan et al. in 1990'® and has not been found
in humans or in other bacteria.* It is a pyranosidic disaccharide a-I-Rha-(1—3)-
GlcNAc-1-phosphate, linking arabinogalactan to the underlying peptidoglycan layer
(Fig.1.3). The rhamnose moiety in the linker is attached to the galactan portion of
the arabinogalactan via its C-4’ hydroxyl group. The rhamnose sugar is attached to
the third position of N-acetyl glucosamine via its C-1" hydroxyl group, and N-acetyl

glucosamine is anchored to the peptidoglycan through a phosphate.

OH
HO 5 Q —
O_'; o Z 07 AcHN o\?/o
_ 5 1 OH GIcNAc g/o - o o
HO Rha

Gal Y\
Q OH

Muramic acid

Figure 1.3: The a-L-Rha-(1—3)-GlcNAc-1-phosphate linker

1.2 Biological formation of oligosaccharides

The biosynthesis of oligosaccharides is controlled by glycosyltransferases. Glycosyl-

transferases are the enzymes that catalyze the transfer of sugars from specific glycosyl
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donors to specific acceptors. Example is shown in Fig.1.4. The structures of glycosyl

donors have been useful in the design of glycosyltransferase inhibitors.!?

A
HO _OH Ho _~OH
o) o] 0]
HOé@/OR + HO > u l|3|
or o[> A
o o)

R = Glycoconjugate

UDP-Gal,5  OHOH

galactosyltransferase

I 1 I
P.
L CO- o N
OR * - -
HOé@/O © © o
OH on OH OH
UDP

Figure 1.4: An example of the glycosyltransferase reaction

1.2.1  Glycosyl donors and glycosyltransferase reaction mechanism

There are two types of glycosyl donor substrates for glycosyltransferases (Fig.1.5).'¢
One is the glycosyl nucleotide. Most glycosyl nucleotides consist of a glycose, diphos-
phate (also called pyrophosphate), a ribose and a base, except that the donor CMP-
NeubAc has only one phosphate. The glycosyltransferases that use these types of
donors are called Leloir glycosyltransferases. The Leloir pathway is responsible for the

synthesis of most mammalian glycoconjugates and some aspects of bacterial polysac-
7



1. Introduction

Table 1.1: Common sugar nucleotides used by mammalian glycosyltransferases
UDP GDP CMP

N-Acetylgalactosamine | Fucose Sialic acid

N-Acetylglucosamine Mannose

N-Acetylmuramic acid

Galactose

Glucose

Glucuronic acid

Xylose

charide synthesis. Table 1.1 gives the common sugar nucleotides used by mammalian
glycosyltransferases.!” Glycosyltransferases that utilize other types of glycosyl donors
are called non-Leloir glycosyltransferases. A typical non-Leloir donor is composed of
a glycose, diphosphate or monophosphate and a lipid moiety. The non-Leloir pathway

is mostly involved in the biosynthesis of bacterial cell walls.®

OH OH
HO )
o2 HO
0
ﬁ 0 AchHN | Il 9
AN G b o—P—0—Uridine O_T_O‘—T_O“PO'YPWHO'
I - -

4-  o- o ©
UDP-GlcNAc GlcNAc-P-P-Polyprenol
(Leloir pathway) ( non-Leloir pathway)

Figure 1.5: Two types of glycosyl donors

Glycosyltransferases are extremely difficult to isolate because they are membrane
bound and secreted in very small amounts. Thus, there are only a few glycosyltrans-
ferases that have had their structures resolved so far.!® It is commonly perceived that
a glycosyltransferase has two domains in its structure. One domain harbors an accep-
tor and the other domain is occupied by a donor during the glycosylation reaction.

In the donor domain, there is a divalent metal cation such as Mn?* or Mg?*, to bind

8



1. Introduction

to the diphosphate moiety and assist the nucleotide in leaving.?

It is believed that glycosyltransferases carry out the glycosylation in such a way
that the anomeric configuration of the donor sugars is inverted (Fig.1.6).2! The car-
boxylate in the acceptor domain provides the base catalysis to activate the acceptor
as a nucleophile. The acceptor nucleophile then attacks the donor anomeric carbon
center in a Sy2 fashion. The divalent metal cation in the donor domain site provides
Lewis acid assistance to the cleavage of the donor glycosidic bond. As a result, the
anomeric configuration of the donor sugars is inverted when the new glycosyl bond is

formed.?!

Acceptor domain

Donor domain

Figure 1.6: Interactions of a glycosyltransferase with a donor and an acceptor
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1.3 Chemical glycosidic bond formation

Chemical synthesis of a glycosidic bond is much more complicated than the synthesis
of other biopolymers such as peptides or nucleic acids. The stereoselective (a/3
selectivity) introduction of the glycosidic linkage is a major problem. Glycosidic
bond formation is generally achieved by condensing a fully protected glycosyl donor,
which bears a potential leaving group at its anomeric centre, with a suitably protected
acceptor that often contains only one free hydroxyl group.

Traditionally, the most widely used glycosylation methods have exploited anomeric
halide derivatives of carbohydrates as glycosyl donors. These are often referred to
as “Konigs-Knorr” reactions. However, these compounds often suffer from insta-
bility and require drastic conditions for their preparation. The introduction of the
orthoester?? and imidate?® procedures provided the first practical alternatives to the
glycosyl halide methodologies. Since these original disclosures, many other leaving
groups for anomeric centres have been reported (Fig.1.7).2

However, of these glycosyl donors, the anomeric bromides, trichloroacetimidates
and thioglycosides have been applied most widely. These compounds can be pre-
pared under mild conditions and are sufficiently stable to be purified and stored for
a considerable period of time. In addition, they undergo glycosylation under mild
conditions. By selecting the appropriate reaction conditions, high yields and good

o/ ratios can be obtained.

10
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NH

vgmx tg,ﬂ@/lLCCl t&‘,\SR

: . L Thio-glycosides
Gl | halides .
( )é/iog’yCL E!i ) Trichloroacetimidate (R = alkyl, aryl, pyridyl)

S
0
2 s sk

Glycosyl xanthate

o)

0
@]
= e = SR A
N

Glycosyl 1,2-epoxide Anomeric
sulphoxide diazirines Orthoester

(R=0R/, S8R, CN)

0 R

l
=2 E&ro/( \\;&@R—\P(: —=2.0H

Vinyl glycosides

(R=H, R=Me) Glycosyl phoshorous Reducing sugar
(R = alkyl, O-alkyl,
X =0, §, lone pair)

Anomeric acetate

o) N SeAr N O@:\
n-pentenoyl glycoside Seleno-glycosides n-pentenyl glycoside

Figure 1.7: Glycosyl donors used for glycosidic bond synthesis
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1.3.1 Neighbouring-group assisted procedures

The most reliable method for the construction of 1,2-trans-glycosidic linkages utilizes
neighbouring-group participation from a 2- O-acyl functionality. The principle of this

approach is schematically illustrated in Scheme 1.1 and Scheme 1.2.
R&

O

Né) \—("-)-/ o) .
S/\% —o > WOR

R’CQ - S/V\;! R/&o

L

Oxocarbenium ion 1.2-trans-
iycoside
Acyloxonium ion Sad

R'OH R'OH

—0 OR' 0
< S
s \/SA" \/ﬁ

A %
R™ Yo R R
o/B-mixture 1,2-orthoester

Scheme 1.1: Neighbouring-group participation

A promoter (A) activates an anomeric leaving group thus assisting in its departure.
The result is the formation of an oxocarbenium ion. Subsequently, neighbouring-
group participation of a 2-O-acyl protecting group leads to the formation of a more

stable acyloxonium ion. In the latter intermediate, additional resonance stabilization

12



1. Introduction

of the positive charge is provided by two oxygen atoms. In the case of the oxocarbe-
nium ion, only the ring oxygen atom gives resonance stabilization and hence this is
less stable than the acyloxonium ion. Attack of an alcohol at the anomeric centre of
the acyloxonium results in the formation of a 1,2-trans-glycoside.

In some glycosylations, the alcohol will attack at the C(2) position of the dioxolane
ring of the acyloxonium ion, resulting in the formation of an undesired orthoester.
In some cases, the orthoester can be isolated as a moderately stable product, but
in other reactions it may rearrange to the desired glycosidic or to an aldose and an
acetylated sugar alcohol (Scheme 1.2).

Orthoester formation may be prevented by the use of a C(2) benzoyl or pivaloyl
group. In these cases, orthoester formation is disfavoured by the presence of the
bulky phenyl or tert-butyl group attached to the dioxolane ring. In some cases, the

glycosylation may also proceed via the oxocarbenium ion to give mixtures of anomers.

: 0 0 OH
S/N/Z OR o S \/?(l) . S/\/?H . /ﬁ\
R’go R)&OR' Fi/&o ROT R

Scheme 1.2: Rearrangement of the orthoester

1.3.2 In situ anomerisation

In situ anomerisation is a kinetically-controlled process. This concept was first in-
troduced by Lemieux in 1965%5 who observed that a rapid equilibrium can be estab-
lished between « and § halides by the addition of tetra-n-butyl ammonium bromide
(Scheme 1.3). The anomerisation is believed to proceed through several intermedi-
ates. At equilibrium, there is a shift towards the o bromide since this compound is
stabilized by an endoanomeric effect. However, the 3 bromide is much more reactive

13



1. Introduction

towards nucleophilic attack by an alcohol than is the more stable c-bromide. Thus,
glycosylation takes place preferentially on the 8 bromide in an Sy2 fashion and gives
mainly « glycoside. An important requirement for this reaction is that the rate of

equilibration should be much faster than that of glycosylation.

H R
<y /
) o)
TRk L =8 )= T_e —
OBn v oa? BnO oRr
P-glycoside . o-glycoside
minor product R/Q\ (main product)

H

Scheme 1.3: a-Glycosidic bond synthesis by in situ anomerisation

The anomeric outcome of glycosylation can also be discussed in more general mech-
anistic terms. First, the product ratio is governed by competing rates of formation of
the o and § glycoside and therefore glycosylation is kinetically controlled. Second,
according to the Curtin-Hammett principle, if two reactants are in fast equilibrium
the position of this equilibrium and therefore the reactant ratios will not determine
the product ratio. The product ratio, however will depend on the relative activation
energies of the reactions from each of the two reactants (o and § halide). In the case
of the in situ anomerisation procedure, the activation energy for the glycosylation
of the # anomer is significantly lower than for the & anomer and therefore the reac-
tion proceeds mainly through the § anomer. The origin of the higher reactivity of 3
halides is a kinetic anomeric effect. Additionally, the o anomer is less reactive due to
ground state stabilization by an endo anomeric effect.

The solvent used in the reaction medium plays an important role in the in situ
anomerisation procedure. It is essential that n situ anomerisation is performed in a

solvent of low polarity. In polar solvents, the reaction proceeds via an oxocarbenium
14



1. Introduction

ion and the anomeric selectivity is reduced.

The efficacy of in situ anomerisation was demonstrated by the condensation of
a fucosyl bromide with a glycosyl acceptor in the presence of tetra-n-butyl ammo-
nium bromide to give a trisaccharide mainly as the a anomer (Scheme 1.4). It should
be noted that tetra-n-alkyl ammonium halides react only with very reactive glyco-
syl halides. More reactive activators are required for more demanding glycosylations
and nowadays a range of activators with different reactivities are available, includ-
ing Hg(CN),, HgBry, AgClO4 and AgOTf.26 Glycosyl bromides, glycosyl imidates,
thioglycosides and glycosyl fluorides also undergo in situ anomerisation.

Ph
Ph

BuyNBr
gp'“ R ?Qiosn —
OBn Ph
AcHNGR,  OBn &ﬁ
AcHN
07/.0Bn
OBn

OBn

Scheme 1.4: An example of in situ anomerization

1.3.3 Solvent participation

Solvents also play an important role in glycosylation, especially in promoting stere-
oselectivity. The donors that are affected by solvents the most are those that do not
have a participating group at C-2. Solvents of low polarity can dramatically increase
their a-selectivity because in situ anomerisation is facilitated and the formation of

oxocarbenium ions is suppressed.?”

15



1. Introduction

Some solvents also participate in glycosylation.?” It is well known that diethyl
ether or a mixture of toluene and dioxane promotes « anomeric selectivity, whereas
acetonitrile increases [ selectivity. The reaction mechanism for diethyl ether is shown
in Scheme 1.5 and the reaction mechanism for acetonitrile is shown in Scheme 1.6.
When diethyl ether complexes with the oxocarbenium ion, it forms an intermediate in
which the diethyl oxonium ion adopts the equatorial position. Nucleophilic displace-
ment of the 8 diethyl oxonium gives an « glycoside. In contrast, when acetonitrile
complexes with the oxocarbenium ion, the nitrilium ion prefers an axial orienta-
tion. Nucleophilic substitution of the a-nitrilium intermediate leads to a S-glycoside.
There has been no good explanation so far as to why the diethyl oxonium favours the

equatorial position and the nitrilium prefers an axial orientation.

t
ter * E\ /Et
0 promo 5 .
./

Et
X (

Scheme 1.5: Particiption of diethyl ether
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0 promoter +? <X _R
S ( S <
X "*N=C-CH,4 <+ =C-CHj4
0]
S/F/: OR

Scheme 1.6: Participation of acetonitrile

1.4 Glycosyl donors

1.4.1 Glycosyl halides

Koenigs and Knorr introduced the use of glycosyl bromides and chlorides as glycosyl
donors in 1901.%2 This classical approach uses heavy metal salts mainly silver and
mercury salts or alkyl ammonium halides to achieve the activation of the anomeric
center.?? Complexation of the anomeric bromide or chloride with a silver or mercury
salt greatly improves their leaving group ability. Departure of the anomeric leaving
group will give an oxocarbenium ion, which in turn will react with an alcohol to give

a glycoside (Scheme 1.7).

LN +
PO/N] — e a2 X /‘/ﬁ‘
Br "o ( " 4\ PO OR
Br. Q\,
N >
\Hg+ + R/ H

Scheme 1.7: Activation of glycosyl halides

Alternatively, an activated anomeric halide may be substituted by an alcohol via
17



1. Introduction

an Sy2 mechanism leading to a glycoside. The reactivity of glycosyl halides is deter-
mined by the protecting group pattern and in general ether protected derivatives are
more reactive than analogous ester protected glycosyl donors. Furthermore, Fraser-
Reid developed the “Armed-Disarmed concept.?® That is, acyl protecting groups at
C(2) depress the anomeric reactivity as compared with ether groups. This observation
can be easily rationalized. Departure of the anomeric leaving group results in a posi-
tive charge at the anomeric centre. Esters are strongly electron-withdrawing and will
destabilize the resulting positively charged intermediate and hence displacement of
such halides is energetically less favourable. Protecting groups also determine the sta-
bility of glycosyl halides. For example, 2,3,4,6-tetra- O-acetyl-a-D-glycosyl bromide is
a reasonably stable compound which can be stored for a considerable period of time.
However, the analogous O-benzylated derivative will decompose within several hours
after preparation.

Glycosyl bromides are more reactive than glycosyl chlorides but are also more
labile. In general, glycosyl iodides are too labile to be used in glycosylations. It
was believed that glycosyl fluorides were too stable to be used as glycosyl donors.
However, in 1981 Mukaiyama and coworkers demonstrated that these compounds
can be activated with AgClO,/SnCl,.3! Subsequent reports expanded the knowledge
about activators for glycosyl fluorides, and commonly used promoters are BF3-OEt,,%2
CpMCly-AgClOy (M = Hf, Zr)*? and CpHfCly-AgOT{.3? Glycosyl fluorides can be
purified by silica gel column chromatography and have a good shelf-life. They can
even undergo a limited number of protecting group manipulations.

Glycosyl bromides are most commonly prepared by treatment of a per- O-acetylated
sugar derivative with a solution of HBr in acetic acid (Scheme 1.8). The more sta-

ble a-anomer is usually obtained in high yield. In this reaction, the anomeric acetyl

18



1. Introduction

moiety is converted into a good leaving group by protonation. Next, an oxocarbe-
nium ion is formed by departure of acetic acid, which is substituted by bromide. In
the first instance, a mixture of anomeric bromides may be formed and these quickly
equilibrate to the thermodynamically more stable o anomer. The latter compound
is stabilized by a strong endoanomeric effect. Other non-anomeric acetyl moieties
in this compound may also be protonated. However, departure of these groups will
result in the formation of highly unstable carbonium ions. Thus, normally this type

of reaction will not occur.

OAC OAc
+ OAc
HBr / HOAc
AcO 01/\ AcO ) o
AcO \H/ AcO '/\ ACO
OAc AcO
o) AcO
+
H Br

Scheme 1.8: Preparation of glycosyl bromide

Glycosyl chlorides can be obtained by the treatment of aldosyl acetates with alu-
minium trichloride or phosphorus pentachloride (Scheme 1.9). This procedure is

relatively harsh and many functionalities will not survive under these conditions.

OAc OAc
0 PCls / AICl3
Ac/:A\OC 5 OAc AcO 0]
AcO AcO
AcO
Cl

Scheme 1.9

Several milder methods have been described with the Vilsmeier-Haack reagent,
one of the most useful reagents for the preparation of labile glycosyl chlorides or bro-

mides. The Vilsmeier-Haack reagent (MesNt =CHCICI™) is formed by the reaction of

19



1. Introduction

dimethylformamide (DMF') with oxalyl chloride [CIC(O)C(O)Cl]. An anomeric bro-
mide will be formed when oxalyl bromide is used in the formation of Vilsmaier-Haack
reagent (Me,Nt =CHBrBr™).

Several methods have been reported for the preparation of glycosyl fluorides®
but the most common procedure is treatment of a thioglycoside with NBS (N-
bromosuccinimide) and (diethylamino)sulfur trifluoride (DAST)3® or the reaction of
lactol with DAST or 2-fluoro-1-methylpyridinium p-toluenesulfonate.?® An alternative
method is the treatment of a 1,2-anhydro-pyranoside with tetra-n-butylammonium

fluoride (TBAF).

1.4.2 Trichloroacetimidates

Sinay was the first to use an imidate for the synthesis of a glycoside,” but it was to
be Schmidt who would extend the method and make the use of trichloroacetimidates
rival the well established Koenigs-Knorr procedure.®® In fact, the trichloroacetimi-
date method is now often preferred for the synthesis of a 1,2-trans-glycoside, simply
because it does not involve the use of heavy metal reagents in the promotion step.
Trichloroacetimidates are usually prepared from the corresponding hemiacetals
(Scheme 1.10) by base catalyzed reaction with trichloroacetonitrile in dichloromethane
as solvent. The choice of base is critical since it determines the anomeric configuration
of the product. The strong bases such as sodium hydride,?® cesium carbonate*® and
DBU* give the thermodynamically more stable a-trichloroacetimidate, while weaker

bases such as potassium carbonate*? give the f-anomers as kinetic products.
b

O
_— CL,CCN m /Ik
1€QL/A'\I\/"J OH base
Scheme 1.10: Synthesis of trichloroacetimidates
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1. Introduction

The coupling of trichloroacetimidates with glycosyl acceptors is usually mediated
by Lewis acids, the choice of which influences both the rate and stereochemical out-
come of the coupling. Trimethylsilyl trifluoromethanesulfonate (TMSOTT) and boron
trifluoride etherate®® are usually the Lewis acids of choice. They allow coupling to
occur between -78°C and 0°C over time periods ranging from minutes to hours, de-
pending on the reactivity of the acceptors. ~** In addition weaker Lewis acids, such

as silver triflate, sometimes work very efficiently.*®

1.4.3 Thioglycosides

Thioglycosides were first introduced in glycosidation reactions by Ferrier in 1973,
who used the ethylthio group at the anomeric position. Subsequently, Hanessian?”
demonstrated the usefulness of the 2-pyridylthiol. Currently, the phenylthio and the
ethylthio carbohydrate derivatives are the most commonly used glycosyl donors from
this class of compounds. Thioglycosides are quite versatile and useful intermediates
in oligosaccharide synthesis owing to their ease of preparation, stability, and rich
chemistry. One of their distinct advantages is that their thio group can serve as a
temporary protecting group stable to almost all glycosidation conditions currently in
use.

Common usage of thioglycosides in glycosidation reactions is a relatively new de-
velopment*® compared with the Koenigs-Knorr method. The accepted mechanism
of the thioglycoside based glycosidation reaction is similar to that of the Koenigs-
Knorr reaction. Thus the thiophilic reagent used as an activator initiates displace-
ment of the sulfur by the lone pair of electrons of the ring oxygen to form the ox-
onium species, which is then trapped by the glycosyl acceptor in the usual fashion

as shown in Scheme 1.11. A variety of thiophiles “X” have been employed for the
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activation of thioglycosides. The initial studies involved heavy-metal salts, such as
those of mercury, copper, and lead.*® These reagents, however, suffer from low re-
activity and inconvenience and have not been extensively employed. Recently, sev-
eral more effective activators have been introduced, including NBS,*° methyl triflate
(MeOQTf),5° dimethyl(methylthio)sulfonium triflate (DMTST),5! N-iodosuccinimide-
triflic acid (NIS-TfOH),*? and trimethylsilyl triflate (TMSOTY).5

Electrophilic activation

R
H\B/
X +
Rl Rl .W |+ "R ) .
%@\N wophie N0V SR N2DR =2
— OR
SR X OR'
OR‘ ORI

(X* = Me", Me,S"SMe, 1)

Scheme 1.11: Direct activation of thioglycosides
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Chapter 2

Results and Discussion 1

This chapter presents the synthesis of analogues in which the N-acetylglucosamine
fragment of the disaccharide linker a-L-Rha-(1—3)-a-D-GlcNAc is replaced with a D-
threonine amino acid (Fig.2.1). In this section, we will also describe both our success-
ful and unsuccessful attempts toward the stereocontrolled synthesis of D-threonine-a-
L-rhamnopyranoside (23). We attempted the glycosidic bond synthesis using rham-
nosyl bromide, rhamnosyl imidate and rhamnosyl thioglycoside. We found out that

the reaction utilizing the rhamnosyl thioglycoside produced the best yield.

OH
Hogé% o oJ™  ome
-0 goz AcHN OMH_OR —O\QQ# m
HO  oH 5 "0 on
o~L-Rha-(1-->3)-0~D-GlcNAc linker N-acetyl-O-(a-L-rhamnopyranosyl)-

D-threonine methyl ester

Figure 2.1: A representation of how D-threonine fragment mimics the N-acetyl glu-
cosamine fragment of the linker
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2. Results and Discussion 1

2.1 Retro-synthetic analysis of 23

As reviewed in chapter 1, there are many approaches available to form glycosidic
bonds. However, thioglycosides, glycosyl imidates and glycosyl halides are the most
commonly used glycosyl donors. Therefore we envisioned that the compound 12
could be synthesized from building blocks 16 and 21 as shown in Scheme 2.1. Final

target compound 23 could be prepared from 12 via functional group manipulations.

N A
CO,CH N
Aco\m# NHAC Zrs — AC()@Z| NH, CO,CH3
AcO
OAc AcO OAc
23 22

ACO@# NEcpny 02
AcO OAc
12

Ph

SEt Nee”
Aco@# HO \/L Ph

+
AcO $ COCH,
OAc e
16
21

Scheme 2.1: Retrosynthetic analysis of compound 23
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2. Results and Discussion I

2.2 Methods for making amino acid glycosides

The synthesis of O-glycosylated serine or threonine was a challenging problem due
to the acid lability of thev glycosidic bond and the base sensitivity (retro-Michael
reaction) of the amino acid O-glycosides.’¥~%¢ Therefore, a synthesis of O-glycosides
demanded the development of versatile and selective protecting group techniques.
Initially, the Boc group®” was used for N-terminus protection. Consequently, the use
of 9-fluorenylmethoxycarbonyl (Fmoc)3¥~% based coupling strategies and Cbz0!:6?
based strategies appeared to be superior methods as they avoided acidic conditions
for deprotection of the N-termini.

However, glycosylation of N-acylated S-amino alcohols, such as Fmoc-protected
or Chz-protected serine and threonine derivatives, as well as the structurally related

03 is not efficient. Problems encountered by

ceramides and protected sphingosines,
pioneers®®:% in this area include low yields and poor a/f selectivity. Polt et al.®
attributed these problems to the decreased nucleophilicity of the glycosyl acceptor due

to an unfavourable hydrogen bonding pattern which arises from amide type protecting

groups, or an adjacent peptide bond (Fig.2.2).

0 COOMe Ph  COOMe Ph  COOMe
JJ\ ; J\\ : )%GD :
RO Tl/\ Ph N/ﬁ —  Ph rl\l
— 0@ \ O H O
H e 9 \H H/ @
Unfavourable H-bond Favourable H-bond

Figure 2.2: Reactivity of imine protected threonines/serines

Therefore, they suggested protection of the N-terminus with an imine group which

would generate a favourable hydrogen bonding pattern. Furthermore, this would
25



2. Results and Discussion 1

increase the nucleophilicity of the neighbouring hydroxyl.

Polt et al. have developed a synthetic methodology for glycosidation of L-threonine.
It has been shown that L-threonine Schiff base can be synthesized from commercially
available L-threonine as shown in Scheme 2.2. In addition, they had successfully
synthesized various glycosides by using this L-threonine Schiff base according to the
Koenigs-Knorr procedure. Similarly, we synthesized D-threonine Schiff base 21 and

tried to synthesize the required glycoside 12.

MeOH/SOCI,/0 °C
HO

NH,.HCI

L-threonine

PhyC=NH/CH,Cly/rt

Schiff base

Scheme 2.2: Robin Polt’s procedure

2.2.1 Synthesis of methyl N-(diphenyl methylene)-D-threoninate

According to our synthetic plan illustrated in Scheme 2.1, we also needed to synthe-
size the acceptor 21 (Schiff base). Commercially available D-threonine was boiled
in methanol with thionyl chloride to synthesize the crude D-threonine methyl es-
ter hydrochloride 20 in 98% yield. The crude compound 20 was then treated with

benzophenone imine according to O’Donnell and Polt’s procedure (Scheme 2.3).%7
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2. Results and Discussion I

After 2 days reaction time, the crude product was purified by recrystallization (ethyl

ether:hexane, 1:1). Schiff base 21 was obtained as needle shaped crystals in 85%

yield.
P Ph
o NH, NH;CI N=C/\
CH30H/s0CI, HO PhC=NH HO\/Q o
! C COOH 0% S COCH; CH,Cly/rt § COCH;
3 H3C H3C
19 20 21

Scheme 2.3: Formation of the Acceptor

2.2.2 Attempted glycosylation with bromide

Earlier reports on Koenigs-Knorr glycosylation demonstrated that glycosyl bromides
with a participating group at C-2 were appropriate donors for the synthesis of 1,2-
trans-glycosides.%® This prompted us to investigate this approach for the synthesis of
a-L-rhamnopyranoside 12 (Scheme 2.4, pathway A).

OH OAc Br

Ac,0 HBr/Ac,O
HO@# 2 - ACO@# —— %5 AcO 0 Pathway A
Pyridine/ 0°C  AcO 4A Molecular sieves
H AcO
© oH OAc OAc Promoter /Soivent
8 9 10
Hydrazine acetate Product 12
DMF/rt
NH Pathway B
OH o Il 4A Molecular sieves
3C (|3 Promoter /Solvent
AcOZ7O7  K,CO4/CCILCN o 21
—_—
A OAc  CHClLit AR
AcO 15
14 OAc

Scheme 2.4: Attempted glycosylation using rhamnosyl bromide as a donor
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2. Results and Discussion I

Compound 8 was acetylated quantitatively with acetic anhydride in pyridine to
give tetraacetate 9.5° Treatment of 9 with HBr provided the rhamnosyl bromide 10
which was purified by column chromatography. The compound 10 was reacted with
the acceptor 11 with variation of the solvent, temperature and promoter to find the
best conditions for this reaction.” Table 2:1, paths a-h present the results obtained
from these experiments. In all of these reaction paths, compound 10 was stirred with

11 for approximately 24 hours but no product could be detected by TLC.

2.2.3 Attempted glycosylation with imidate

Because we required the coupling product 12 for the synthesis of target analogues, the
coupling reaction was attempted again by changing the donor to rhamnosyl imidate
15 (Scheme 2.4, pathway B).%:7! We tested the synthesis by varying the solvent,
promoter and temperature. In Table 2:1, paths i-m present the results obtained from
these experiments.

Compound 14 was treated with 6 equivalents of trichloroacetonitrile in the pres-
ence of potassium carbonate in dichloromethane™ and we obtained a-rhamnosyl im-
idate 15 as the major product. In addition, we found a small amount of S-rhamnosyl
imidate as the minor product.

We used TMSOTY as a promoter for this process (Table 2.1, paths j-m). Reaction
attempted with BF3-OEty was generally unsatisfactory (Path i in Table 2.1). In path
j, we changed the promoter to TMSOTf and the solvent to CH3NO,. TLC showed
no product formation.

We next attempted the same reaction by changing the solvent to diethyl ether
(Path k in Table 2.1). After stirring for 16 hours, two new carbohydrate spots and

spots for the two reactants appeared in the TLC. Purification was done by flash
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2. Results and Discussion I

column chromatography (hexane:EtOAc, 2:1) and the products were identified by
NMR. NMR confirmed that these two new spots on TLC were o and § anomers of
the coupling product. Unfortunately, the yield of the required o anomer 12 was 7%
and of the B anomer 13 was 38%. The amount of recovered starting material was
substantial. However, in this attempt the reaction did work to a certain extent.

We then tried the same reaction in dichloromethane at room temperature (Path 1
in Table 2.1). We obtained a crude product that was purified by column chromatog-
raphy. The yield of the @ anomer 12 was 16%, while the § anomer 13 was obtained
in 31% yield. In addition, we isolated a considerable amount of starting material. As
we obtained a larger portion of § anomer in this reaction at room temperature, we
next studied the same system at -78 °C (Path m in Table 2.1). This reaction was

unsuccessful as we only obtained 2% of the expected anomer.

2.2.4 Glycosylation with a thioglycoside donor

We next studied glycosylation using a thioglycoside as the donor. As depicted in
Scheme 2.5, the rhamnosyl thioglycoside donor 16 was prepared from L-rhamnosyl
tetraacetate 9. Acetylated rhamnose 9 was treated with ethanethiol in the presence
of the Lewis acid BF3-OEty. This reaction was monitored by TLC. After 5 h reaction
time, TLC showed that the reaction was complete and two products had formed.
Products were isolated by recrystallization and identified by NMR. The « anomer
16 was isolated as the major product. It was obtained as a crystalline solid in 80%
overall yield.” The minor $-thioglycoside was obtained in 15% yield.

The reaction mechanism for preparing rhamnosyl thioglycosides from peracety-
lated rhamnose 9 has been studied (Scheme 2.5).”* An intermediate oxocarbenium

ion 17 is first formed by cleaving the exocyclic acetyl group with the assistance of
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N:C\Ph Promoter /Solvent O%COchs
HO
A0 07 \/K — A0 LR N=CPh,
s CO,CH;  4A Molecular sieves AcG
AcO OAc HsC OAc

10, X=Br o./ B mixture

15, X=0C=NHCClI;

16 , X=SEt
Path | Donor Temp. | Promotor Solvent Yield(%)

(°C) =a:0

a Bromide 10 rt HgCNy:HgBrs | CH2Cly 0
b Bromide 10 rt HgCN,y CH3NOy:Benzene | 0
c Bromide 10 rt HgCN,y CH;Cly 0
d Bromide 10 rt HgCN,y CH3NO, 0
e Bromide 10 vt HgCNg Acetonitrile 0
f Bromide 10 rt AgOTf Benzene 0
g Bromide 10 -25 AgOTI CH:Cl, 0
h Bromide 10 -25 AgOTi CH3NOQO5:Benzene | 0
1 Imidate 15 rt BF3.0Ety Hexane 0
j Imidate 15 -40 TMSOTE CH3NO, 0
k Imidate 15 rt TMSOTE Et20 7:38
1 Imidate 15 rt TMSOTT CH,Cl, 16:31
m Imidate 15 -78 TMSOTE CH,Cl, 2:0
n Thioglycoside 16 -78 TfOH/NIS CH,Cly 6:0
0 Thioglycoside 16 rt TfOH/NIS CH,Cl, 35:25

Table 2.1: Different conditions used for glycosidic bond formation
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2. Results and Discussion 1

BF3-OFEty. The intermediate 17 equilibrates to the more stable intermediate, dioxo-
nium ion 18, by neighbouring group assistance of the C-2 acetyl group. Nucleophilic
attack by ethanethiol on the intermediate 18 affords the o rhamnosyl thioglycoside

16 via an Sy 2 mechanism.

OAc SEt
AcO L EtSH, BF3.OEt, o
AcO
AcO
OAc AcO OAc
9 16
e
O+ EtSH

P + )
0 0 CH——’B ACOW 7 ACO@QZ\@
A _ . +,"{
cO % AcO O% —_ AcO 0=
CH
17

3 CH3

CH, 18

Scheme 2.5: Mechanism of rhamnosy! thioglycoside

2.2.5 Synthesis of coupling product 12

Rhamnosyl thioglycoside 16 was coupled with the acceptor 21 (Scheme 2.6). This
reaction is very sensitive even to a trace amount of moisture and it is important to

use extremely dry conditions. The promoters were N-iodosuccinimide and triflic acid.
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Ph CHs
SEt N:C/\Ph o%
ACO@# . HO\:/KCo o Promoter /Solvent AcO @Zl NchthZCHg,
AcO OAc HsC 2¥13 4A Molecular sieves AcO OAc
16 21 12
+
oHs
AcO 750 . _CO,CHs
O
AcO OAc
N=CPh,
13

Scheme 2.6: Glycosylation using rhamnosyl thioglycoside as donor

First, the reaction was performed at -78°C in dichloromethane (Path n in Table
2.1). Completion of the reaction was monitored by TLC. After 2 hours reaction
time, TLC confirmed that two products had formed. However, after work up and
purification, a substantial amount of starting material was recovered. In addition,
o anomer 12 was isolated in 6% yield, and structure was identified by NMR. We
presumed that the § anomer 13 was formed by comparing the Ry values (R; = 0.28)
of the TLC, even though we could not isolate it.

We also conducted the same coupling reaction at room temperature (Path o in
Table 2.1). This reaction produced two new products which were purified by col-
umn chromatography. They were identified by using NMR as 12 (Fig.2.3) and 13
(Fig.2.4). The two anomers can be distinguished by nuclear Overhauser effect (nOe)
analysis (Fig.2.5). In compound 12, average nOe enhancements were found between
the H-5 and the CH; and H-3 positions of the sugar ring (7% and 2% enhancements
respectively). No nOe was observed between H-5 and the anomeric proton. This
indicated that the compound 12 was the o anomer. Compared to the compound

12, compound 13 showed nOe between H-5 and the anomeric proton (4.4% enhance-
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2. Results and Discussion I

ment). This confirmed compound 13 was the § anomer. In addition, compound 13
showed nOe between H-5 and H-3 and CH; positions of the sugar ring (5.5% and 4%
enhancements respectively).

Based on the results in Table 2.1, we concluded that this reaction at room tem-
perature (Path o) was a better approach than the others. This gave 35% yield of the
a-isomer and 25% of the § anomer. Since all our efforts to synthesize o anomer using
different donors under different conditions proved to give very low yields, we decided

to continue our study with Path o for which the results are shown in Table 2.1.
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2. Results and Discussion 1

4.4%
5.5%
a0 o
AcO 249 ; CO,CH;
0 /Y
AcO
OAc N=CPh,
13

Figure 2.5: The nOe results of compound 12 and 13

The mechanism of the coupling process can be sketched as shown in Scheme 2.7.
The electrophile in this reaction is a combination of two promoters NIS/TfOH. First,
sulfur from the thioglycoside donor adds to the electrophile and then the sulfur-
carbon bond breaks with the assistance of a kinetic anomeric effect. This forms the
oxocarbenium ion A, which would generate the more stable cyclic dioxonium ion B

by neighbouring group participation. Nucleophilic attack by acceptor on intermediate

B would produce the a coupling product.
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OH OH
Q@—I  — QN ®
@ © ©
(oH
\im_[\ |
| +9
O .. EtS+ AcO 0z

SEt . @?
AcO O AcO o
AcO 0 ad Lo \(
AcT \( b,

A

TN
“TT P

CH
8 3
N~
AcO@# NchhgozCHa
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Scheme 2.7: Mechanism of the coupling reaction
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N=CZ_
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CO,CHj
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We next focused our attention on the deprotection of the o anomer 12.7 This was

first tried by using Pd/C in methanol, stirring at room temperature under Hj (Scheme
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2.8). After 10 minutes, the reaction was complete, as determined by TLC. The crude
product was diluted with dichloromethane and filtered through Celite. The product
was purified by column chromatography to afford 22 in 67% yield. The NMR spectra.
were used to identify the compound. The 'H NMR spectrum confirmed the structure
of this compound through the disappearance of the proton peaks corresponding to
the two phenyl groups (Fig.2.6).

It is worthy of note that we tried the same reaction using trifluoroacetic acid and

water in THF. We obtained the deprotected product 22 within 5 minutes in 80%

yield.
H, /Pd /C
MeOH CHy
o N7 o0t ACOW N, 2o
AcO N=CPh2 AcO
AcO OA OAc
C
22
12 \ TFA /water /
Ac,0 / Pyridine
0%
RN
CO,CH
AcO@# NHAC 2 °
AcO OAc
23

Scheme 2.8: Synthesis of compound 22 and 23

In the next step, the compound 22 was acylated and we obtained the desired
analogue 23 in 96% yield. The product 23 was purified and fully characterized by
NMR. An additional singlet appeared at 2.14 ppm in the proton spectrum, as well as

a broad doublet at 6.3 ppm corresponding to the NHAc group (Fig.2.7).
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Chapter 3

Results and Discussion 11

This chapter outlines the synthesis of analogues formed by modifying the C-1" and
C-4° positions of L-rhamnose. Our plan was to attach an octyl group to the anomeric

“carbon of the sugar and a heterocycle to the C-4” position (Fig.3.1).

O(CHz)7CH x O(CH,);CHs O(CHy)7CH3
BzO OBz
X=8, X=NH

Figure 3.1: Analogues synthesized by modifying C-1"and C-4 "position of L-rhamnose

These analogues were expected to disrupt the conversion of GL-2 to GL-3 (Fig.3.2)
in arabinogalactan biosynthesis. Therefore, it is important to understand the detailed

description of AG biosynthesis.
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Transferase | GIecNAc-P-P-Polyprenol (GL-1)

P-Polyprenol (L)

UDP-GIcNACc UMP dTDP-Rha

Transferase Il Cd
TDP

Rha-GlcNAc-P-P-Polyprenot (GL-2)

UDP-Galf
Galactosyltransferase Q
(Galactase 1) UDP

(Galf)ag-Rha-GlcNAc-P-P-Polyprenol (GL-3)

/ C50-Araf
Transferase IV
Ne Cgo-P

(Ara)gg-(Galf)3g-Rha-GlcNAc-P-P-Polyprenol (GL-4)

Peptidoglycan
Transferase V (

P-Polyprenol

(Ara)gg-(Galf)zg-Rha-GlcNAc-P-P-Peptidoglycan (GL-5)

Figure 3.2: Arabinogalactan biosynthesis

3.1 Arabinogalactan Biosynthesis

AG biosynthesis begins with a lipid polyprenol phosphate (L) (Fig.3.2). The P-
polyprenol is abundant in the mycobacterial cell wall, and serves as an acceptor for
glycosyltransferase I. The glycosyltransferase I catalyzes the transfer of N-acetyl D-
glucosamine 1-phosphate (GlcNAc-1-P) from the nucleotide donor (UDP-GlcNAc) to
the polyprenol phosphate (Pol-P), yielding glycolipid GlcNAc-P-P-polyprenol (GL-
1). In turn the GL-1 serves as an acceptor for the next step of glycosylation. Glyco-

syltransferase II transfers L-rhamnopyranose from the sugar nucleotide donor (dTDP-

Rha) to GL-1, forming the disaccharide lipid Rha-GlcNAc-P-P-polyprenol (GL-2).
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3. Results and Discussion 11

At this stage, the disaccharide linker is synthesized. The galactofuranose and arabi-
nofuranose are sequentially introduced from sugar donors UDP-Galf and Cso-P-Araf
to the disaccharide linker through the rhamnose end, forming AG-Rha-GlcNAc-P-P-
polyprenol glycolipid GL-4. At the last step of the biosynthesis, GL-4 serves as a

glycosyl donor and is transferred to a peptidoglycan.

3.2 Synthesis of imidazole analogues

Having established the procedure for synthesis of the D-threonine analogues, we fo-
cused our attention on the next aspects of the project. The area of inhibitors of
mycobacterial glycosyltransferases has developed rapidly over the past few years. A
survey of the progress of this field helped us to design our project. Mainly there are 2
types of mycobacterial glycosyltransferase inhibitors. They are galactosyltransferase

inhibitors and arabinosyltransferase inhibitors.

3.2.1 Galactosyltransferase inhibitors

The polysaccharide AG in the mycobacterial cell wall (Fig.1.1) has many galactofu-
ranose residues. These galactose linkages are the ideal targets for designing drugs
against mycobacterial galactosyltransferases. Reynolds and coworkers have reported
several galactofuranose disaccharides with $1—5 and $1—6 glycosidic linkages simi-
Jar to the natural galactan (Fig.3.3).”® They were designed with the aim of disrupting
the arabinogalactan biosynthesis (GL-2 to GL~3) at a late stage, when the galactan
portion is already under construction. All these compounds have their reducing end,
C-1 blocked by an n-octyl group. The n-octyl group is considered to be a suitable
mimic of the lipophilic polyprenol moiety of the natural sugar donors.

The analogues 25 and 30 were found to be cytotoxic in an in vitro whole cell
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RO O(CH)rCH;

RiO O(CHa)7CH3

, R0, N
R2Q @ 7 OR; !
R20., H
Rg_o OR2

28 R4y = Bn, R, =Ac MIC >128 pg/mL
29 Ry = Me, Ry, = Ac MIC >12.8 pg/mL

[25 R, =Bn, R, =H MIC >12.8< 128 pg/mL |
|3o R; = Bn, Ry =H MIC >12.8< 128 pg/mL

24 Ry = Me, R, = Ac MIC >128 pg/mL

26 R, = Me, R, =H MIC >128 pug/mL

27 R, & R, = H MIC >128 pg/mL 31 Ry = Me, Ry =H MIC >12.8 pg/mL

32 Ry & Ry = H MIC >128 ug/mL

MIC - Minimum concentration needed for the inhibition

Figure 3.3: The galactofuranose disaccharides with 31—5 and 1—6 glycosidic link-
ages
assay, but they were not active as either acceptors or inhibitors in a cell free glycosy-
transferase assay. Clearly, the benzyl groups in the reducing sugar are too large to
allow enzyme binding and inhibition. In addition, the fully de-protected analogues
27 and 32 were found to be the only active galactosyltransferase acceptors in the
mycobacterial galactosyltransferase assay.

As a continuation of their earlier work, Reynolds and coworkers’” have synthesized
a group of analogues that target the formation of an Araf o(1—5)-Galf linkage
(Fig.3.4). They were aimed to disrupt the arabinogalactan biosynthesis (GL-3 to
GL-4) in the assembly of the arabinan. All these compounds have their reducing end,
C-1 blocked by an n-octyl group. In addition, analogues 33 and 34 have their non
reducing end blocked while 35 and 36 have their non reducing end open. All of these
analogues have been tested against the cell growth of M. tuberculosis. The test results
showed that the partially deprotected disaccharide analogue 35 was the best inhibitor.
That means the Araf a(1—5)-Galf octyl linkage in 35 is similar to the natural

substrate. The fully de-blocked disaccharide 37 was the only arabinosyltransferase
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acceptor found in the acceptor assay. The other compounds were not recognized as
substrates for arabinosyltransferase enzymes, presumably due to the presence of the

methyl and benzyl ether protecting groups on the reducing sugar.

R,0 OR
2 O, 2 RiO  OCqHir
~~~—_Reducing end

Non reducingend R30 0,
5 OR,

R,0

H

33 R4 =Bn, R, =Bz MIC >128 ug/mL
34 Ry = Me, Ry, =Bz MIC >128 pg/mL
35 Ry =Bn, Ry, =H MIC =32 ug/mL
36 Ry = Me, R, =H MIC >128 ng/mL
37 R & Ry=H MIC >128 ug/mL

Figure 3.4: Analogues that target Araf a(1—5) galf linkage

Analogues 38, 39 and 40 (Fig.3.5) have also been synthesized and tested.? They
were aimed to disrupt at the first steps beyond the linker in arabinogalactan biosyn-
thesis (GL-2 to GL-3). The cell growth assay showed that the partially protected
analogue 38 and fully protected analogue 39 were better inhibitors than the fully
unprotected analogue 40. The acceptor assay indicated that the fully deprotected
disaccharide analogue 40 and the partially deprotected analogue 38 were acceptors
in the galactosyltransferase catalyzed reaction. Both of them have their non-reducing
end C-6 “open. Disaccharide 39 was the only analogue that showed inhibition activity
but was not an acceptor. This is probably due to the blockage of both its C-1 and
C-6" ends. The blockage prevented it from being used as a glycosyl acceptor by the

enzyme.
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O(CH,)7CHs O(CH3);CH3 O(CHy)7CHj
OH O Q OAc O Q OH O Q
- -0
9 R 5 o e HO  on
HO OH )< AcO OAC)< HO OH
HO AcO HO
38 39 40
ICgo>12.8<128g/mL  ICso>12.8 < 128 g/mL ICsq > 128 g/mL

ICgq : Concentration at 50% inhibition against the cell growth of Mycobacterium tuberculosis

Figure 3.5: The results of Reynolds and coworkers?

3.2.2 Arabinosyltransferase inhibitors

Reynolds et al.”® studied the effect of a(1—5) linked octyl arabinofuranosyl disac-
charides (Fig.3.6) for mycobacterial arabinosyltransferase activity. All of these com-
pounds have their reducing end, C-1, blocked by an n-octyl group. Compounds 41
and 42 are fully protected disaccharide analogues, 43 and 44 are partially protected
disaccharide analogues and 45 is a fully unprotected disaccharide analogue. Ana-
logues 44 and 45 have their reducing end closed, and 43-45 have their non-reducing

end C-5" open.

/ Non-reducing end
HO— ¥
BzO OBz O-OH
O- Reducing end

oBz O OR o O OR

0. O-1, 1

OrR OCgHqy OR OCsHy;

41 R =Bn MIC >128 pg/mL 43R = Bn MIC >12.8<128 pg/mL. |

42 R = Me MIC >128 pg/mL
44 R = Me MIC >128 pg/imt.

45R =H MIC >128 pg/mL

Figure 3.6: The a(1—5) linked octyl arabinofuranosyl disaccharide

In-vitro assays of these analogues were conducted with a multi-drug resistant
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strain of M. tuberculosis. The tests indicated that 43 was the best inhibitor (IC50>12.8<128
pg/ml). Acceptor activity assays showed that the fully unprotected disaccharide ana-
logue 45 was a good acceptor of the arabinosyltransferase, but the partially protected
analogue 43 was not. Enzyme assays of these analogues indicated that 43 was an
inhibitor of arabinosyltransferase with an ICsq value of 1.12 mM. The partially depro-
tected disaccharide 44 was also an inhibitor, but with much weaker activity. All of
these results implied that 43 retained the recognition sites of the natural substrate,

but prevented the enzyme from using it as an acceptor.

All the literature on mycobacterial glycosyltransferase inhibitors suggested to us
that it is logical to synthesize analogues with an n-octyl group at the reducing end.
Therefore, we decided to incorporate an octyl group on the C-1" position of rhamnose
sugar and synthesized our second set of compounds. In addition, we decided to modify
the C-4” position of rhamnose sugar.

The C-4"position was modified by incorporating an imidazole and also a thiazole
group. At physiological pH imidazole may protonate so that the resulting structure,
with a positively charged imidazole, mimics the partial positive charge of the galacto-
furanose residue (Fig.3.7). If the imidazole could be attached via a spacer (O or C),
the structure would be a better representative of the natural linker with galfuranose
than one without a spacer. However, we faced problems of finding a synthetic strategy
to incorporate a spacer. Therefore, we decided to synthesize our compounds without

a spacer.
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OH - + O(CH,);CH
HOH 5 NH 2)73
OHr 9% X 0—GleNAc—R & o
% ) v
+
HO 8N HoOH OH
H OH
Y=NH,S

Figure 3.7: A representation of how positively charged heterocycle mimics the partial
positive charge of the galactofuranose residue

3.2.3 Retrosynthetic analysis

For the preparation of 46, we chose ketone 48 and imidazole as the building blocks
as shown in Scheme 3.1. Compound 47 was the main intermediate in this synthesis.

O(CH,),CHj O(CH,)7CHj

NH NH
{ o { o
N o > N
OH HO® O
46 )(

47

O(CHy)7CH3

O
P -
o O O + NVNR
e ©
48

Scheme 3.1: Retrosynthetic analysis of 46

48



3. Results and Discussion IT

3.2.4 Synthesis of the imidazole anion

According to the retrosynthetic pathway in Scheme 3.1, we are required to synthesize
the imidazole anion at position 2. This can be done by synthesizing the N-substituted
imidazole. This N-protection can be achieved by using different groups (methyl, tert-
butyl).” However, many of them suffer from drawbacks. In some cases, lithiated
derivatives fail to undergo reaction with certain electrophiles.

Katritzky et al., have described an excellent N-protecting method [N-(dialkylamino)

methyl protection] which avoids all the above problems. In addition, this method
gave us an additional advantage as it does not need a deprotection step. That is
because the N-(dialkylamino)methyl group hydrolyzes at room temperature on treat-
ment with a mild acid during the work up.

The synthesis of N-(dialkylamino)methyl derivatives of imidazole can be done un-
der Mannich reaction conditions. In the Mannich reaction of imidazole, the ring is
nucleophilic at four possible sites, the 1, 2, 4 and 5 positions.”™ The relative nucle-
ophilicity of these four positions is determined by the pH of the medium. Under acidic
conditions, substitution occurs on the nitrogen (position 1) as shown in Scheme 3.2.5
However, under basic conditions, substitution is possible in all four possible sites.
For an example, the Mannich reaction between 2-methyl imidazole, piperidine and

formaldehyde gave four Mannich bases (Scheme 3.3).5

O

- /CH3
pH=5 NZ

CH, CHs

I

l\|:/\NH + H-C

Scheme 3.2: The nucleophilicity of position 1 in imidazole
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CH; o CHs

pH =12 N O™
N I O _PHE12 y
o N—CH,—N + HaC—¢
I NH + HC—H o l/ 2 ) 3 Nl
N

Scheme 3.3: Nucleophilicity of imidazole at 1,4 and 5 positions

According to the above literature, we mixed imidazole in water with dimethy-
lamine hydrochloride and 37% aqueous formaldehyde solution. The pH was main-
tained at 5 by adding concentrated HCl (Scheme 3.4). After 48 hours, the solution
was made strongly alkaline by adding 20% KOH and then the crude product was
extracted with chloroform.

However, this gave a very low yield. The extraction was inefficient. That is
because the product 49 tends to be more soluble in water than in CHCls. Therefore,
we employed a continuous extractor to extract the product into dichloromethane.
After 12 hours, we managed to extract the crude product in 92% yield. The crude

product was identified by NMR and found to be clean enough to use directly in the

next step.
H
N (CHa)NHeHCI H,0 =\ CH
W N N—CH—N_ °
N HCHO/HCI/pH=5 \CH3
49

Scheme 3.4: Synthesis of compound 49
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3.2.5 Synthesis of L-rhamnosyl ketone 48

The ketone 48 was efficiently synthesized from L-rhamnosyl tetraacetate 9 in four
steps. First, rhamnosyl tetraacetate 9 was converted to octyl 2,3,4-tri- O-acetyl-o-L-
rhamnopyranoside 52 in 80% yield.8! The compound 52 was then deprotected with
sodium methoxide in methanol and we obtained compound 50 (Scheme 3.5) as a

white solid in 88% yield.®

OAc O(CH,)7CH3 O(CHz)7CH3
AcO :Z ;OZ SnCly/CHaCN aAco @# NaOMe/ MeOH o @Z‘
n-Octanol /0 °C
A0 Hac AO  Hac HO  on
9 52 50

Scheme 3.5: Synthesis of 50

The deprotected product 50 was then treated with 2,2 -dimethoxypropane and
camphorsulfonic acid in acetone.8! After 5 hrs, the 2,3-diol 50 was selectively pro-
tected with an isopropylidene group. The 2,3-isopropylidene ketal is formed prefer-
entially over the 3,4-isopropylidene ketal because the cis-fused ketal is more thermo-

dynamically stable than the trans-fused ketal.8? A reaction mechanism is proposed in

Scheme 3.6.
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O(CHy);CH3
O(CH,),CH
(CHy)y 3C _— HO o
HO O amphorsulronic
acid / 2,2"-dimethoxy 0 o)
HO 44 propane/acefone X
50 51 /—\
OMe H*‘
Mechanism
. H +
MeQ MeQ) | Meo> H—O
OMe H* OMe —_ OH
’ . h) OH
H/.o.
H

5—{0‘— o

Scheme 3.6: Synthesis of 51

>< '(?//‘\ OH
/

In the next step, the free hydroxyl at the C-4 position was oxidized by the Swern
method to obtain the required ketone 48 as a colourless oil in 92% yield.®3 A mecha-
nism for oxidation of secondary alcohols is shown in Scheme 3.7. The key step in the

mechanism is the formation of a sulfoxonium species, a strong oxidizing agent.
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O(CH,);CHj O(CH;)7CH3

HO@# Swern Oxidation ﬁ#
O o e O><O

51 438

Mechanism
o
N N, i
(@] o~ o d @)
C O C ~
| o &
Lo —1 v — 7%
TR cl PN e
CH3 H3C CH3 Cl /S+\
H,C CH
2 ‘
/\«“fsl + Cco, + CO + O
.o HC/ \
R R'
/CH3 . /CHa

@) S
R — . /e ) - S /K \

R R ; ROR ™
N NEt,

S
HeC™

Scheme 3.7: Synthesis of 48

3.2.6 Coupling of 49 with the rhamnosyl ketone 48

Katritzky et al.”® have shown that lithiation occurs regiospecifically at the 2 position
of imidazole derivative 49. Moreover, Andrea Vasella and coworkers®® have reacted

1-(MesNCH;)Im with tetra- O-benzylgluconolactone in the presence of n-Buli and
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have obtained the crystalline a-D-glucopyranose 53 in 68% yield (Scheme 3.8).

OBn
[\ CH BuLi N
BnO o . NVN_CH2~N< 3 THF/nBuli o ,’\>
BnO 0 CHs 78% BnO N
BnO BnO
49 OH
53

Scheme 3.8: The results of Andrea Vasella coworkers

As depicted in Scheme 3.8, the resulting heterocyclic carbanion of 49 can be
reacted with ketone type electrophiles. Therefore, we reacted ketone 48 with the
anion derived from 49 (Scheme 3.9). The reaction yielded the coupling product 47
in 67% yield. The appearance of new peaks at ¢ 6.94 (1H), 7.07 (1H) for imidazole
hydrogen and 9.49 (brs, 1H) for the NH group in the 'H NMR, spectrum confirmed
the successful formation of the coupling product (Fig.3.8).

In this reaction we chose n-Buli as a base, which degrades even with a trace
amount of moisture. Therefore, it is very important to handle n-Buli under an argon

atmosphere under extremely dry conditions.

O(CH)7CH3 NH O(CH,);CHj
</\
= )
/) _CH BuLi N
Oo%z N N—CH, N\ 3 THF/ n-Buli HOO
)( CHy,  -78°%C )(O
49
47

Scheme 3.9: Coupling reaction of ketone 48 and the imidazole anion 49
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In accordance with our initial synthetic plan (Fig.3.7), we next attempted the
reduction of the axial C-4 “hydroxyl group in 47 as portrayed in Scheme 3.10. First,
we attempted the reduction by employing NaH/CS,/Mel and BusSnH.? In the first
step, we stirred the 47 in THF with NaH/CS,/Mel. Consequently, we obtained in-
termediate 55 with a NMe group (Scheme 3.11). Disappointingly, this reaction was
not successful as it incorporates a methyl group to the imidazole nitrogen.

O(CHy)7CH3 O(CHy)7CHs

NH NH
CW Reduction (W

47 54

Scheme 3.10: Proposed reduction of compound 54

O(CH,)7CHj4 O(CH,);CH3

NH
Q\%\\OZ‘ _NaH, CSy, Mel (J\P\#
J

47 ‘
Me

Scheme 3.11: Attempted reduction of 47

As the base NaH deprotonates both OH and NH in 47, we next tried the Bar-
ton and McCombie method. Barton and McCombie first employed thionobenzoate,
S-methyl xanthate and thiocarbonylimidazolide derivatives for deoxygenation of car-
bohydrate secondary alcohols in 1975.8% Since then, this method has been extensively
applied to the preparation of deoxy sugars. The mechanism is shown in Scheme
3.12.8% An o-stabilized thiocarbon radical is formed when thiocarbonyl derivatives
are attacked by the tributyltin radical. The phenyl, SMe or imidazole groups stabi-

lize the radical. The 3 scission of the radical followed by hydrogen transfer from the
o6
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stannane affords the desired deoxygenated product.

CHy);CH
W O(CHaCHs /N Q(CH2)CHs O(CHy)7CH
<\ \ o NH 2T
Q7 Thiocarbonyldiimidazole "N BusSnH/ AIBN W
H
Ho® & DMAP/Toluene /OO><O Xylene/reflux
s=C_

47 k’> 5 4

Barton_ and McCombie deoxygenation method

S—SnBus S—SnBu
. 3
\ A _ BusSn _ sn’ M R +

o R’ o) R

Bu3Sn' + RH

Scheme 3.12: Barton and McCombie method

According to the Barton and McCombie method, we heated 47 in toluene with
thiocarbonyldiimidazole and DMAP. As depicted in Scheme 3.12 we expected to have
the intermediate 56. However, we were unsuccessful in preparing the required thiocar-
bonylimidazole derivative 56 probably due to the steric hindrance at this C-4 centre.
Instead of 56, we obtained 57 as shown in Scheme 3.13. We thought perhaps this is
quite similar to the expected thiocarbonylimidazolide derivative 56 and we refluxed
it with ATBN/BugSnH in xylene. Surprisingly, we obtained the product 58, which
was expected to be a high energy structure. Even though this seems to be a very high
energy structure, we found that it can be isolated at room temperature. The identity
of the structure was confirmed by NMR (Fig.3.9) and mass spectrometry analysis.

Two mechanisms were proposed for the formation of this interesting product 58
as shown in Scheme 3.14. Mechanism A is a radical process. The reaction medium

has a radical initiator AIBN. Therefore, it produces the BugSn' radical. Then a
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homolytic bond cleavage occurs in 57 as shown in Scheme 3.14 and produces the
intermediate A. The CO bond in intermediate A breaks and produces intermediate
B. Both the intermediate A and B are stable tertiary radicals which are logically
possible. Therefore, this mechanism is also acceptable.

Mechanism B is a concerted electrocyclic reaction. According to the Woodward
and Hoffman theory,®” thermal reactions with 4n 7 electron systems will undergo
electrocyclic reactions by conrotatory motion whereas systems with 4n + 2 7 electrons
will react by the disrotatory mode. The compound 57 has a 8 7 electron system.
Therefore, it is a 4n system which must undergo conrotatory mode if this reaction
happens via the mechanism B.

Both these mechanisms are logically acceptable according to the experimental
results. However, we can determine the mechanism by doing further experiments. If
we carry out the same reaction without a radical initiator and BusSnH and if it still

gives the product, then it is a pericyclic process. Otherwise it a radical process.

58



3. Results and Discussion I1

O(CH»)7CH4
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Scheme 3.13: Proposed mechanism for the formation of 57
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3. Results and Discussion I1

A] Proposed mechanism 1

(\ O(CH)7CHz O(CH,)7CH3
W AIBN/ BugSnH_ W + Bugn® + COS
Xylene/reﬂux /Y
l BusSn* /
</\{\J O(CH,);CHs C?O O(CH,),CHs
0
NW LNW
0 -~ Q o
)’)C O)< 0
S N\
B
SnBusy u3Sn Intermediate B
Intermediate A
Bl Proposed mechanism 2
O(CHz)7CH3 O(CH,);CH3

N
{NTW Nﬁ#
AIBN/ BusSnH P
3 ~— Y 3 + COS

(@] e
% 0 XO Xylene/reflux QN )(O
S
58

Scheme 3.14: Proposed mechanism for 58

We also tried reduction of 47 with Hy/Pd/C, monitoring the reaction by TLC.
Only starting material was found after 12 h reaction time. All our efforts to reduce
47 to 54 proved to be impossible. This may be due to the steric hindrance at the C-4
position. Therefore, we decided to synthesize analogues with the C-4 "hydroxyl group.
As shown in Scheme 3.15, the next step involved the removal of the isopropylidene

group. We heated 47 with aqueous glacial acetic acid and obtained 59 in 90% yield.
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O(CH,)7CHs O(CH,),CH
</\NH </\NH ( 2)7 3
N ACOH:H0=4:1 S 2\ 720
0
HOY O 60°C HOPH oy
47 59

Scheme 3.15: Deprotection of 47

3.2.7 Retrosynthetic analysis

Compound 61 was the coupling product of 48 and thiazole anion. Compound 60 was
expected to be obtained from 61 by functional group manipulation (Scheme 3.16).

In this synthesis, we used a synthetic strategy similar to that used for imidazole

analogues.

O(CHy)7CH3 O(CH,)7CH3

S s
OH o = HO® O
60 )(

O(CHy);CHj5

S
WE

9]

OoO

48

Scheme 3.16: Retrosynthetic analysis of analogue 60
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3.2.8 Synthesis of analogues 61-65

We attached the thiazole to C-4 position of ketone 48 by stirring at -78 °C with
n-BuLi (Scheme 3.17).%88 The reaction was monitored by TLC and after 4 h reaction
time there was one new carbohydrate spot visible both under UV and after spraying

with 5% sulfuric acid.

O(CH,);CHs /s O(CHy)7CH3
7 [S> N-BULITHE W
p T 0
SHCES N -78°% HOY O
48 61

Scheme 3.17: Coupling reaction of the ketone 48 and thiazole

Since we chose optimum conditions, the reagents were completely converted to
product and the isolation of the desired product was accomplished without any
difficulty. The final product was extracted with extra Et,O and purified by column
chromatography. This provided a colourless oil 61 in 73% yield. The *H NMR of
the isolated product 61, provided the evidence for the formation of this compound.
Two doublets appeared at 7.25 and 7.76 ppm indicating that the thiazole group had
been attached to the sugar (Fig.3.10). These results were also confirmed by **C NMR
analysis.

The mechanism of the coupling process can be sketched as shown in Scheme
3.18. The nucleophile is produced by deprotonating thiazole by n-Buli at -78 °C. In
the next step, the thiazole anion attacks the electrophile (ketone) and produces the
coupling product 61. Special notice should be given to the importance of the bulky
isopropylidene group which protects the hydroxyl groups at the 2 and 3 positions.
This provides the steric hindrance for the axial side of the C-4 position and leaves

the equatorial side open for nucleophilic attack.
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3. Results and Discussion I

O(CHy);CH
S n-BuLi /THF S
0
[ P [ pTLt o+
N -78°C N g )o( )
48
O(CH,);CHj,

Scheme 3.18: Mechanism of the coupling reaction

We next studied the Barton deoxygenation method for our coupling product 61.
The compound 61 in toluene was refluxed 2 days with thiocarbonyldiimidazole. The
reaction was monitored by TLC. Disappointingly, there was no product formed.

Then we decided to continue our study with the C-4 hydroxyl group in compound
61. In the next step, we removed the isopropylidene group without affecting other
functional groups (Scheme 3.19). Initially we stirred the compound 61 for 12 h with
a 4:1 acetic acid and water mixture, at room temperature. TLC showed that there
was no product formation. Then, we increased the temperature to 40°C and left
the reaction overnight. Again, we observed only the starting material. After that,
we increased the temperature to 60 °C. As we anticipated, the deprotection went to
completion within 2 hours. The product 60 was isolated by column chromatography
and obtained in 98% yield. The *H NMR spectrum of compound 60 was compared
with the 'H NMR spectrum of 61. The deprotected structure was confirmed by the
disappearance of the isopropylidene peaks at 1.35 and 1.61 ppm (singlets), which

correspond to the two methyl groups (Fig.3.11).
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3 O(CH2)7CHs
73 o~ O(CHy)7CHs
N ACOH : H,0 =4 : 1 [S o
O ~
HOY O 60°C N
/\/ HOPH oH
61

62

Scheme 3.19: Deprotection of 61
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3. Results and Discussion 11

We noticed that compound 62 has a tertiary hydroxyl at C-4. All other hydroxyls
are secondary groups. Because Et3SiH/BF;-Et,O at -10 °C reportedly reduces only
tertiary hydroxyls,3® we tried this reaction to reduce 62 and monitored the reaction
by TLC. Disappointingly, we found that the reaction was unsuccessful and the start-
ing material was not consumed. We next attempted the reduction by treating 62
with Et3SiH/CFsCOOH.” The reaction was done at -10 °C. This reaction was also
unsuccessful and starting material was recovered .

Since all our efforts to reduce 62 proved to be unsuccessful, we decided to continue
our study with the C-4 hydroxyl group. Compound 62 was simply protected with
Acy0 at 0 °C to obtain 63 in 73% yield (Scheme 3.20). Appearance of peaks at § 1.82
and 2.17 ppm as singlets for two OAc groups in the 'H NMR spectrum confirmed the

structure (Fig.3.12).

O(CH,),CH
</\S O(CH3);CH3 {/\S (CHz2)7CH3
N/)\/H\O# Pyridine/Ac,0 N= Q

QA
HOPH OH DMAP/0 °C HO™"“OAc
62 63

Scheme 3.20: Synthesis of analogue 63
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3. Results and Discussion I

Regioselective acylation of monosaccharides was extensively studied two decades
ago. The acyl pyridinium salt 64 is believed to form first in this reaction (Scheme
3.21), and then it reacts with the hydroxyl that has intramolecular hydrogen bond-
ing.%! Equatorial hydroxyls are generally more reactive than axial hydroxyls as they
are more acidic. There is only one equatorial hydroxyl in 62. In addition, this C-3
hydroxyl is cis to the C-2 hydroxyl and forms a hydrogen bond with it.** Therefore,
the C-3 hydroxyl would be benzoylated first, giving monobenzoylated product 65 as
the major product in 73% yield in low temperature (Scheme 3.21). In this reaction,
66 was obtained in 10% yield. The structures were confirmed by NMR. Regioselec-
tivity of the benzoylated products were confirmed by comparing the H-2 and H-3
proton shifts of both 65 and 66 with 62. In 65, the chemical shift of H-3 has shifted
downfield 0.67 ppm compared to the chemical shift of H-3 in 62. But chemical shift
of H-2 has only shifted 0.34 ppm. In 66, both chemical shifts of H-2 and H-3 have
shifted downfield in 0.78 ppm and 1.80 ppm respectively compared to chemical shifts
of H-2 and H-3 in 62.
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(0] (0]
// A // o
C\ + I P C\ -+
Cl N @

O(CH,)7CHs O(CH2),CH3 O(CH,);CH3

3 O s B
N7 Q Pyridine/0 °C N . N®
OH L. Benzoy! chloride HOPBZ 5 HOOBZ g,

HO

64

62 65 66

H---o\H

OH, cis to OH3
62

Scheme 3.21: Synthesis of analogues 65 and 66

As we needed to synthesize 66 as the main product for our study, we tried the

same reaction by increasing the temperature (Scheme 3.22). We were successful in

synthesizing 66 in 77% vield as a single product as identified by NMR. Appearance of

peaks between § 7.20-8.03 ppm in the 'H NMR spectrum indicated the attachment

of two phenyl groups (Fig.3.13). The C-4 hydroxyl in 62 was a tertiary hydroxyl

group and also sterically hindered compared to the two secondary hydroxyl group at

C-3 and C-2 position. Therefore, the C-4 was not benzoylated.

/s Q(CH)7CHa S O(CHa)7CHg
QW Pyridine/rt Q/W
H OOH OH Benzoyl chloride HOOBZOBZ
62 o6

Scheme 3.22: Synthesis of 66
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3. Results and Discussion 11

3.3 Biological investigations

Biological investigations were carried out by our collaborators Dr. P.J. Brennan
and Dr. D.C. Crick at Colorado State University, USA. Nine analogues (Fig.3.14)
were sent for biological testing and the effectiveness of the compounds as inhibitors
of mycobacterial AG biosynthesis was assayed® at up to 300 ug compound/mL.
We found that the compounds had no inhibitory effect on the formation of GL-3.

Therefore they are inactive.

S NS
CO,CH CO,CH
AcoﬁQf N=CPh, = ° Aco@# NH, 20 °
AcO OAc AcO OAc
12 22
CH O(CH,)CH O(CH,)CH
O% </\NH (CH2)CH3 </\NH (CH)CH3
AG L HO)O(O HoOH Sy
23 46
47
O(CH)CHy . O(CH,)7CHs . O(CHz)7CH3
</\ i ( 0 ( 0
N OH OAc
hol HOOM OH HOPA%OAc
X o2 .
61
O(CH,),CH3
73
~ 0
N
HO®®Z 0Bz
66

Figure 3.14: Tested compounds
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Chapter 4

Conclusions

1. We constructed a route to synthesize the analogue 23. In order to synthesize this
analogue 23, we coupled an acceptor with a donor. The procedure using TfOH/NIS
in CH,Cl, at room temperature to couple the acceptor, Schiff base 21 with the
donor, thioglycoside 16 was the best of other methods attempted. We achieved the
deprotection of coupling product 12 in good yield (80%) within 5 minutes. The
method incorporating CF3sCOOH/THF/H,0 at room temperature worked well for
this purpose.

2. We successfully constructed imidazole analogues 47 and 46. In order to im-
prove the efficacy of the coupling reaction, we synthesized imidazole derivative 49.
The coupling reaction of imidazole derivative 49 with L-rhammnose ketone 48 was suc-
cessfully achieved with nBuli/THF at -78°C in 67% yield. The deprotection of the 2
and 3 hydroxyl was done successfully in the presence of AcOH:H,O (4:1) at 60°C. The
reduction of the C-4 "hydroxyl of compound 47 was attempted. However, reduction
was unsuccessful under the conditions we attempted. For efficient reduction, the use
of other methods for a hindered tertiary hydroxyl is recommended.

3. We successfully prepared thiazole analogues 60, 63 and 66. The attachment of
74



4. Conclusions

the thiazole to L-rhamnose ketone 48 was carried out in the presence of nBuLi/THF
at -78°C. The coupling reaction was accomplished in high yield (73%). The depro-
tection was performed in the same manner as imidazole compounds. The protected

analogues 63 and 66 were synthesized successfully in high yield (73% and 77% re-

spectively).
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4. Conclusions

4.1 Suggestions for future work

As shown in the results, this thesis project has accomplished its initial goal to syn-
thesize the analogues for both projects. However, we found out that none of the
compounds had any significant galactosyltransferase inhibitory activity. Therefore, I
would like to point out a few suggestions to improve the synthesis and to design the
future work.

1. The glycosylation reaction in the first project only has 35% yield. This can be
improved by finding the optimum conditions. Thioglycoside donors may be tried in
different solvent systems and under different temperatures.

2. We have only tried a few methods for the reduction of C-4” hydroxyl group
in imidazole compound 47 and in thiazole compound 61. This can be tried under
different methods. For example, alcohol can be converted to a thiol and then reduced®
or it may be converted to a sulfonate and then reduced™ (Fig.4.1).

This will give analogues without C-4 “hydroxyl and they look like better mimetics
of the linker a-L-Rha-(1—3)-a-D-GlcNAc. Therefore, these compounds could have

an inhibitory activity against mycobacterial glycosyltransferases.

A] Via a thiol
ROH — > RsH —0AHs . RH
nickelocene

B] Via suifonates

TsCl/ Hy / Pd -
ROssR G/ Ha/PASC oy,

ROH

Figure 4.1: Other possibilities to reduce 47 and 61

3. The analogues could be synthesized by attaching the thiazole or imidazole to

the C-4" position of rhamnose via a carbon or oxygen (spacer). For example, Fig.4.2
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4. Conclusions

shows two possibilities. We could assume that these analogues would be a better
representation of the natural linker with galfuranose than ones without a spacer.

(|3H2NR2

H
N ; PBr N
HCHO in water 3
(o reomms gy = fh
N N Br

O(CHy);CH
(CHp)7CH3 H )\ O(CHZ 7CHs
HO ') N Base
o T [ ’>_\
X CoE O){’

O(CH,),CHj

CH,NR, CH,NR,
llxl nBuLi |
—_—
[ N/>—\ [ />'“CH2 0" Q o

Br

O(CH,);,CH;
N o@<o
Figure 4.2: Attachment of the heterocycle to L-rhamnose via a spacer

4. The compound 58 was synthesized unexpectedly via Barton and McCombie

method. This compound can be used in other areas in organic synthesis.
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Chapter 5

Experimental

5.1 General

1H and *C NMR, spectra were recorded in CDCl, on a Bruker Avance 300 FT instru-
ment using Xwinnmr software. Residual CHCl, in CDCl,was used as the chemical
shift standard for 'H spectra (7.26 ppm) and the carbon resonance of the solvent
was used as the standard for the ¥C spectra (77.2 ppm). Compounds were visu-
alized on analytical thin layer chromatograms (TLC) by UV light or by 5% HySO4
in ethanol. Flash Chromatography was performed on silica gel 60, eluting with the
solvent mixtures indicated. Melting points were determined in open capillaries and
are uncorrected. Optical rotations were recorded at room temperature in a micro-
cell, 1 dm path length. Microanalyses were obtained on pure compounds by Guelph
Laboratories, Guelph, ON.

Solvents and reagents were dried and purified using standard procedures.”® Reac-
tions requiring an inert atmosphere were conducted under a positive pressure of argon
or nitrogen in glassware oven dried overnight at 120 - 140 °C. Reaction temperatures

recorded are bath temperatures. “Drying” of organic extracts refers to the use of
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5. Experimental

anhydrous MgSQOy.
1,2,3,4-tetra- O-acetyl-a-L-rhamnopyranoside (9)
OAc

Aco@#
AcO

OAc

A solution of L-rhamnose (5.04 g, 27.6 mmol) in pyridine (50 mL) was cooled to 0
9C. Acetic anhydride (20 mL, 211.5 mmol) was added to this cooled solution and the
mixture was stirred overnight at 0 °C. The resulting mixture was poured into cooled
ice water (600 mL) and the product was extracted with diethyl ether (3 x 100 mL).
The combined organic layers were washed with 10% HCI (3 x 50 mL) and saturated
NaHCO; (3 x 100 mL), before being dried and concentrated. The crude product
(8.82g, 96%) was essentially one material by "H NMR. The crude product was used
within several days. The *H and 3C NMR spectra of the product were consistent
with the literature.®®

N-Diphenylmethylene- 0-(2,3,4-tri- O-acetyl-a-L-rhamnopyranosyl)-

D-threonine methyl ester (12)

@\# %Coons

12

The acceptor 21 (0.37 g, 1.3 mmol, 1 equiv.) and freshly activated powdered 4
A molecular sieves (0.2 g) were added to a solution of thioglycoside donor 16 (0.49
g, 1.5 mmol, 1.2 equiv.) in CHzCly (3 mL). The mixture was vigorously stirred for

1 h under argon. N-Iodosuccinimide (0.38 g, 1.7 mmol, 1.4 equiv.) and TfOH (18.4
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5. Experimental

pl) were added, and the suspension was stirred at room temperature for 5 h. The
reaction mixture was diluted with CH,Cly (3 mL) and filtered through Celite. The
filtrate was washed with saturated NayS,03; and saturated NaHCO3. The organic
solution was then dried and concentrated. The crude product was purified by flash
column chromatography (4:1 hexane:EtOAc) and 12 was obtained as a colourless oil
(255 mg, 35%), along with 13 (175 mg, 25%).

TLC (2:1 hexane:EtOAc) Ry 0.48.

[a]p=+172.0 (¢ 1.0, CHyCl,)

'H NMR (CDCls): 6 1.19 (d, 3H, J=2.0 Hz, CH;s), 1.21 (d, 3H, J=1.9 Hz, H-6),
1.91, 1.96, 2.02 (s, 3 x OAc) 3.70 (s, 3H, CO,CHj), 3.93 (dq, 1H, J=1.9 Hz, J=9.9
Hz, H-5), 4.13 (d, 1H, J=7.5 Hz, NCH), 4.38 (dq, 1H, J=7.5 Hz, J=2.0 Hz, CH3CH),
5.00 (dd, 1H, J=9.9 Hz, J=8.4 Hz, H-4), 5.02 (d, 1H, J=1.7 Hz, H-1), 5.08 (dd, 1H,
J=1.7 Hz, J=3.5 Hz, H-2), 5.19 (dd, 1H, J=3.5 Hz, J=8.4 Hz, H-3), 7.20 - 7.60 (m,
10H, Ar-H).

BC NMR (CDCly): 6 17.3 (CHs), 18.6 (C-67), 20.6, 20.7, 20.8 (3 x OAc), 52.2
(OCH,), 66.6 (CH;CH), 69.1 (C-3), 69.7 (C-2), 71.1 (C-4), 71.5 (C-5), 76.6 (CH5CH),
98.76 (C-1).

Anal. Caled for C3gH35NOqg: C, 63.26; H, 6.19; N, 2.46. Found: C, 63.00; H,
6.20; N, 2.42.
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5. Experimental

N-Diphenylmethylene- 0-(2,3,4-tri- O-acetyl-§-L-rhamnopyranosyl)-
D-threonine methyl ester (13)

¢Hs
ACOW\O /\/COZCHS
AcO
OAc N=CPh,

13

TLC (2:1 hexane:EtOAc) Ry 0.28.

' NMR (CDCly): 6 1.17 (d, 3H, J=6.3 Hz, CHy), 1.20 (d, 3H, J=6.2 Hz, H-6),
1.67, 2.05, 2.09 (s, 3 x OAc) 3.49 (m, 1H, H-5), 3.69 (s, 3H, CO,CHj), 4.10 (d, 1H,
J=6.5 Hz, NCH), 4.29 (dq, 1H, J=6.5 Hz, J=6.3 Hz, CHsCH), 5.04 (m, 2H, H-3,
H-4), 5.31 (d, 1H, J=2.7 Hz, H-1), 7.14 - 7.65 (m, 10H, Ar-H).

18C; NMR (CDCls): 6 17.5 (C-6°), 18.6 (CHs), 20.7, 23.8, 25.6 (3 x OAc), 52.0
(OCHs), 69.2 (C-5), 70.4 (C-3), 70.5 (C-4), 70.6 (CH;C), 76.2 (C-2), 97.1 (C-1),
124.4 (N=C), 127.9, 128.1, 128.4, 128.6, 128.9 (C-Ar), 169.7, 170.4, 170.9, 171.6 (4 x
C=0).

2,3,4-tri- O-acetyl-a-L-rhamnopyranoside (14)

OH

ACO@#
AcO

OAc
14

Compound 9 (7.30 g, 21.9 mmol) was dissolved in dry DMF (50 mL) and hydrazine
acetate (2.02 g, 21.9 mmol) was added. After 12 hours, the solution was poured into
brine (50 mL) and extracted with EtOAc (3 x 200 mL). The combined organic layers

were washed with water (3 x 100 mL), dried and concentrated. Recrystallization
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(3:2, ethyl ether:hexane) yielded 14 (5.64g, 88%). The 'H and *C NMR spectra of
the product were consistent with the literature.”
0-(2,3,4-tri- O-acetyl-a-L-rhamnopyranosyl) trichloroacetimidate (15)
||\i|H
CliC—C
O

Aco@#
AcO

OAc
15

A solution of 14 (3.38 g, 11.8 mmol) in CHyCly (25 mL) was mixed with potas-
sium carbonate (5.78 g, 59.0 mmol, 5 equiv.) and trichloroacetonitrile (7.1 mL, 70.0
mmol, 6 equiv.). The resulting suspension was stirred for 12 h at room temperature.
The mixture was diluted with CHyCly (25 mL), filtered through Celite and dried. The
organic solution was concentrated and the residue was purified by column chromatog-
raphy (2:1, petroleum ether:ethyl ether). This yielded product 15 (4.91 g, 96%). The

1H and ¥C NMR data of the product were consistent with the literature.”
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Ethyl 2,3,4-tri- O-acetyl-1-thio-a—L-rhamnopyranoside (16)
SEt

AcO@#
AcO

OAc
16

Tetra- O-acetyl-a-L-rhamnopyranose 9 (1.40 g, 4.20 mmol) was added to dry
CH,Cly (6 mL) and freshly activated powdered 4 A° molecular sieves (0.5 g). The
solution was cooled to 0 °C. BF3.Et,O (1.60 mL, 12.6 mmol, 3 equiv.) was added,
followed by ethanethiol (0.62 mL, 8.4 mmol, 2 equiv.). The resulting mixture was
stirred for 0.5 h at 0 °C. The mixture was allowed to come to room temperature and
was stirred for an additional 5 h. The mixture was diluted with CH,Cly (15 mL)
and filtered through Celite. The organic solution was washed with NaHCOs3 (3 x 20
mL), brine (3 x 10 mL), dried and the solvent was evaporated. The crude product
was purified by crystallisation (diethyl ether ) to yield (1.13 g, 80%) of the pure o-L
anomer 16. The 'H and 3C NMR spectra of the product were consistent with the
literature.™

D-threonine methyl ester hydrochloride (20)

+
NH5Cl
HO

£ CO,CHs

O,

Ha
20

The D-threonine (7.00 g, 58.8 mmol) was dissolved in methanol (120 mL). The
solution was cooled to 0 °C. Thionyl chloride (20 mL, 277.0 mmol) was added drop-
wise at 0 °C, during a period of 1.5 h. The mixture was refluxed over a period of 12

h. The solution was concentrated and the residue was re-evaporated from methanol
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4 times. The crude product (9.95 g, 98%) was used for the next step without any
purification.

TLC (1:1:0.4 EtOAc:CH,Cl,:CH3OH) Ry 0.44.

[a]p=+7.8 (¢ 1.0, CH30H)

'H NMR. (CDCl;): 6 1.46 (d, 3H, J=6.6 Hz, CHj), 3.83 (s, 3H, CO,CHs), 4.20
(d, 1H, J=4.1 Hz, H-2), 4.35 (dq, 1H, J=4.1 Hz and J=6.6 Hz, H-3).

13C NMR (CDCl3): 6 20.4 (CHj3), 53.3 (OCHjs), 59.7 (C-2), 66.4 (C-3), 206.8
(C=0).

Methyl N-(Diphenylmethylene)-D-threoninate (21)

Ph
N=C/\
HO Ph
g CO,CH3
HiC
21

Compound 20 (9.76 g, 57.5 mmol) was dissolved in CH,Cl, (150 mL) and ben-
zophenone imine (9.7 mL, 57.5 mmol) was added. After two days, the mixture was
diluted with CH,Cly (100 mlL), filtered, dried and concentrated. The white solid
residue was recrystallized from 1:1 hexane:ethyl ether to afford white needlelike crys-
tals of 21 (14.54 g, 85%).

TLC (2:1 hexane:EtOAc) Ry 0.42.

mp 73 °C.

[a]p=+172.0 (c 1.0, CH,Cl,)

'H NMR (CDCl3): 6 1.32 (d, 3H, J=6.1 Hz, CHs), 3.75 (s, 3H, CO,CHjs), 3.56
(d, 1H, J=8.0 Hz, H-2), 4.10 (dq, 1H, J=8.0 Hz and J=6.1 Hz, H-3), 7.15-7.83 (m,
10H, Ar-H).
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13C NMR (CDCl3): 6 20.1 (CHs), 52.4 (OCHs), 60.0 (C-2), 66.9 (C-3), 99.9
(N=C), 125.6, 126.3, 127.4, 127.5, 127.7, 128.1, 128.2, 128.3, 128.7, 128.9, 144.9
(Car), 1715 (C=0).

Anal. Caled for CigH;9NOs: C, 72.71; H, 6.44; N, 4.71. Found: C, 73.14; H, 6.88;
N, 4.84.

0-(2,3,4-tri- O-acetyl-a-L-rhamnopyranosyl)-D-threonine

R
Aco@# NH, C02CHs
AcO OAc
22

Compound 12 (111 mg, 0.2 mmol) was dissolved in MeOH (20 mL). 10% Pd/C

methyl ester (22)

(100 mg) was added and the solution was vigorously stirred under an atmosphere of
H,. After 10 min. the solution was filtered through Celite and diluted with CHyCl,
(10 mL). The organic solution was then dried and concentrated. The crude product
was purified by flash column chromatography (1:1:1 hexane:EtOAc:MeOH) to afford
22 as a colourless oil (53 mg, 67%).

[a]p= (c 1.0, CHCl;)

TLC (1:1:2 hexane:EtOAc:MeOH) Ry 0.28.

1H NMR (CDCly): 6 1.18 (d, 3H, J=3.0 Hz, H-6"), 1.32 (d, 3H, J=6.0 Hz, CHs),
1.96, 2.02, 2.11 (s, 3 x OAc), 3.42 (d, 1H, J=3.0 Hz, CHNHy), 3.75 (s, 3H, CO,CHj),
3.92 (dq, 1H, J=3.0 Hz, J=9.0 Hz, H-5), 4.16 (dq, 1H, J=3.0 Hz, J=6.0 Hz, CH;CH),
4.80 (d, 1H, J=2.7 Hz, H-1), 5.00 (dd, 1H, J=12.0 Hz, 9.0 Hz, H-4), 5.05 (dd, 1H,
J=3.0 Hz, J=2.7 Hz, H-2), 5.22 (dd, 1H, J=9.0 Hz, J=3.0 Hz, H-3).

3C NMR (CDCls): 6 17.2 (C-67), 18.1 (CHj), 20.7, 20.8, 20.9 (3 x CH3C=0),
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52.3 (OCHj), 59.1 (CHNH,), 66.7 (C-5), 68.9 (C-3), 70.0 (C-2), 71.1 (C4), 77.6
(CH3CH), 98.5 (C-1), 169.8, 169.9, 170.0 (3 x C=0).

Anal. Calced for Ci7Hy7;NOyo: C, 50.37; H, 6.71; N, 3.46. Found: C, 50.38; H,
6.90; N, 3.52.

N-acetyl- O-(2,3,4-tri- O-acetyl-o-L-rhamnopyranosyl)-

D-threonine methyl ester (23)

N
ACO@# Nrac 2T
AcO OAc

23

Compound 22 (378 mg, 0.9 mmol) was dissolved in pyridine (670 ul). Ac,O (88
pl, 0.9 mmol) was added and the solution was stirred 1h at 0 °C. The reaction was
neutralized with 10% HCI and diluted with CHyCly (5 mL). The organic solution
was then dried and concentrated. The crude product was purified by flash column
chromatography (4:1 hexane:EtOAc) to afford 23 as a colourless oil (401 mg, 96%).

[¢]p=-73.4 (c 1.0, CHCl3)

TLC (1:1 hexane:EtOAc) Ry 0.38.

'H NMR (CDCl;): 6 1.15 (d, 3H, J=6.4 Hz, H-6"), 1.21 (d, 3H, J=6.5 Hz, CHs;),
1.95, 2.00, 2.09 (s, 4 x OAc), 3.73 (d, 1H, J=3.0 Hz), 3.73 (s, 3H, CO,CHz;), 3.85
(dq, 1H, J=6.4 Hz, J=3.5 Hz, H-5), 4.31 (dq, 1H, J=6.5 Hz, J=2.5 Hz, CH3CH),
4.71 (m, 2H, CHNHAc, H-1), 4.96 (dd, 1H, J=3.5 Hz, H-4), 5.00 (dd, 1H, J=10.1
Hz, H-2), 5.18 (dd, 1H, J=3.5 Hz, J=10.1 Hz, H-3), 6.30 (d, 1H, J=9.23 Hz, NH)

130 NMR (CDCly): 6 17.2 (C-67), 18.2 (CH), 20.7, 20.8, 20.9, 20.1 (4 x CHsC=0),
52.7 (OCH3;), 56.3 (CHNHACc), 68.8 (C-3), 69.9 (C-4), 70.9 (C-2), 77.3 (CH3;CH), 98.6
(C-1), 169.8, 169.9, 170.1, 170.5, 170.6 (5 x C=0).
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Anal. Caled for CigHpeNO;;: C, 51.00; H, 6.53; N, 3.13. Found: C, 50.78; H,
6.50; N, 3.12.

Octyl 2,3-isopropylidene-4-(1H-imidazol-2yl)-a-L-rhamnopyranoside (47)

(NH O(CH,)CH;
HO)O(O
47

A solution of 49 (0.6 g, 4.8 mmol) in THF (28 mL) was cooled to -78 9C. tert-
butyllithium (2.5 M in hexane; 1.91 mL) was added and the resulting yellow solution
was stiired 1 h at -78 °C. A solution of ketone 48 (1.0 g, 3.2 mmol) in THF (15
mL) at -78 °C was added to the above mixture and stirred 8 h while maintaining
the temperature. The reaction was quenched with saturated NH,Cl and extracted to
Et20 (3 x 30 mL). The combined organic layers were successively washed with water
(3 x 30 mL), dried and evaporated to afford crude 47. Purification was done using
flash chromatography (4:1 hexane:EtOAc) and provided 47 (0.8 g, 67%).

TLC (2:1 hexane:EtOAc) Ry 0.20.

[a]p= +17.2 (c 1.0, CHCl3)

'H NMR (CDCl3): 6 0.88 (t, 3H, J=6.8 Hz, CHj), 0.96 (d, 3H, J=6.8 Hz, H-6),
1.27 (m, 8H, 4 x CHy), 1.36 (s, 3H, CHjs), 1.60 (m, 5H, CH,,CHs), 2.97 (s, 1H, OH),
3.44 (m, 2H, CH,), 3.69 (m, 2H, CH,), 4.22 (m, 2H, J=6.1 Hz, J=6.8 Hz, H-5, H-2),
4.83 (d, 1H, J=6.1 Hz, H-8), 5.08 (s, 1H, H-1), 6.94 (s, 1H, imidazol H), 7.07 (s, 1H,
imidazol H), 9.49 (brs, 1H, NH).

13C NMR (CDCl;): 6 13.8 (CHs), 14.1 (C-6), 22.6 (CHy), 25.2 (CHj), 25.9 (CHj),
26.1, 29.2, 29.4, 31.8 (4 x CHy), 67.1 (C-5), 68.0 (OCH,), 74.4 (C-2), 76.7 (C-3), 71.9
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(C-4), 97.0 (C-1), 109.3 (CHs),C, 114.9 (Imidazole C), 129.3 (Imidazole C), 148.6
(N=C-NH).
Anal. Caled for CooH34N2Os: C, 62.80; H, 8.96; N, 7.32. Found: C, 63.12; H,
9.16; N, 7.37. |
Octyl 2,3-isopropylidene-4-keto-a-L-rhamnopyranoside (48)

O(CH,);CH3
0]
o O

DY
48

A solution of oxalyl chloride (2.4 mL, 27.5 mmol) in CH,Cl, (68 mL) at -78 °C
was added to a solution of dimethyl sulfoxide (4.1 mL, 57.8 mmol) in CH,Cl, (18
mL). The resulting mixture was stirred 1 h at -78 °C. A solution of alcohol (5.5 g,
17.4 mmol) in CH,Cl; (68 mL) at -78 °C was added to it and stirred another 1 h at
the same temperature. The EtzN (10.5 mL) was added and allowed the reaction to
warm to room temperature. The reaction was again stirred at room temperature for
3 h. The mixture was diluted with CHyCl, (50 mL) and washed with brine (3 x 30
mL), water (3 x 30 mL). The organic layer was dried, concentrated and purified by
flash chromatography (2:1 hexane:EtOAc) to obtain 48 (5.0 g, 92%).

[¢] p=-86.7 (c 1.0, CHCl3)

TLC (15:1 hexane:EtOAc) Ry 0.41.

I NMR (CDCls): 6 0.88 (t, 3H, J=6.3 Hz, CHa), 1.27 (m, 10H, 5 x CHy), 1.36
(s, 3H, CHs), 1.39 (d, 3H, J=6.8 Hz, H-6), 1.49 (s, 3H, CHs), 1.59 (m, 2H, CH,),
3.50 (m, 1H, OCH), 3.73 (m, 1H, OCH), 4.24 (q, 1H, J=6.9 Hz, H-5), 4.43 (m, 2H,
H-8, H-2), 4.92 (s, 1H, H-1), 9.75 (s, 1H, CHO).
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13C NMR, (CDCl3): 6 14.0 (CH3), 16.0 (C-6), 26.0 (CHz3), 26.7 (CHs), 22.1, 22.7,
25.4, 29.0, 29.2, 31.6 (5 x CHa), 68.7 (C-5), 69.9 (OCH,), 75.9 (C-3), 76.6 (C-4), 78.8
(C-2), 96.9 (C-1), 111.3 (C(CHs)s), 204.8 (C=0).

Anal. Caled for Ci7H3005: C, 64.94; H, 9.62. Found: C, 65.23; H, 10.01.

1-[(Dimethylamino)methyl]imidazole (49)

)\ _CHj
N N—CHp—N
CHs,
49

Imidazole (5.00 g, 73.0 mmol) and dimethylamine hydrochloride (6.03 g, 73 mmol)
were dissolved in water (10 mL) and concentrated hydrochloride acid was added untill
the pH was just less than 5. Aqueous formaldehyde solution (37%, 7.02 g, 87.6 mmol)
was added, and the mixture was allowed to stand at room temperature for 48 h. The
solution was made strongly alkaline with saturated KOH solution, and extracted
with CH,Cly by continuous extraction method. The organic layer were dried and
concentrated to give an oil 49 (8.4 g, 92%)

TLC (1:1:2 hexane:EtOAc:ether) Ry 0.21.

la]p= +1.0 (c 1.0, CHCl3)

'H NMR (CDCl;): 6§ 2.24 (s, 6H, CHs), 4.62 (s, 2H, CH,), 6.92 (s, 1H, H-5), 7.03
(s, 1H, H-4), 7.46 (s, 1H, H-2).

13C NMR (CDCly): § 41.9 (CHj), 69.3 (CH,), 119.8 (C-5), 128.9 (C-4), 137.6
(C-2).
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Octyl a-L-rhamnopyranoside (50)
O(CH,);CH,
HO. =8

HO OH

50

A solution of 49 (5.00 g, 12.4 mmol) in methanol (14 mL) was reacted with NaOMe
(13.75 g, 69.0 mmol) in methanol (15 mL). The resulting solution was stirred for 12
h. The reaction was diluted with methanol and filtered through Celite. The organic
solution was concentrated and purified by flash chromatography (6:1 CHCl3:CH30H)
to obtain 50 (3.0 g, 88%). The 'H and *C NMR. spectra of the product were
consistent with the literature.8!

Octyl 2,3-isopropylidene-a-L-rhamnopyranoside (51)

O(CH,);CH5

51

Octyl a-L-rhamnopyranoside 50 (1.44 g, 5.2 mmol) and (+)-10-camphorsulfonic
acid (120.8 mg, 0.52 mmol) in dry acetone (10 mL) was treated with 2,2 -dimethoxy
propane (1.6 mL, 13.2 mmol). After stirring for 5 h, the mixture was neutrallized
to pH 7.0 by adding triethyl amine. The reaction was filtered through Celite, con-
centrated and purified by flash chromatography (9:1 hexane:EtOAc) to obtain 51
(1.0 g, 62%). The "H and 3C NMR. spectra of the product were consistent with the

literature.®!
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Octyl 2,3,4-tri- O-acetyl-a-L-rhamnopyranoside (52)

O(CH,);,CH3
AcO. =0
AcO OAc
52

Compound 9 (4.80 g, 14.5 mmol) was taken up into dry CHzCN (57 mL) and the
flask was purged with Ny and cooled to 0 °C. Stannic chloride (2 mL, 17.3 mmol)
was added and the resulting mixture was stirred 0.5 h at 0 °C. n-Octanol (2.3 mL,
14.5 mmol) was added dropwise to the cooled reaction mixture over a period of 30
min. The reaction was allowed to warm up to the room temperature and stirred 4
h. The reaction was quenched with water (25 mL) and extracted with CHCl3(3 x 50
mL). The combined organic layers were washed with saturated NaHCOs3 (3 x 20 mL),
brine (3 x 20 mL), dried and purified by flash chromatography (6:1 hexane:EtOAc)
and obtained a colourless oil 52 (4.6 mg, 80%). The *H and *C NMR spectra of the
product were consistent with the literature.®!

Octyl 2,3-isopropylidene-4-C-(imidazol-2-yl1)-4- O-

(S-methyl dithiocarbonate)-a-L-rhamnopyranoside (55)

Me
/ O(CHs),CH3
N
T
N
0% o
S X
\
S
|

Me
55

Glycoside 47 (200 mg, 0.53 mmol) and catalytic amount of imidazole were dis-

solved in THF (2 mL). A 60% sodium hydride dispersion (42 mg, 1.05 mmol) was
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added at 0 °C. After the reaction mixture was stirred for 30 min, carbon disulfide
(0.24 mL, 3.95 mmol) was added and stirred for another 30 min. Iodomethane (35.8
pl, 0.58 mmol) was then added and stirred at room temperature for 12 h. The sus-
pension was mixed with water (10 mL) and extracted with Et,O (3 x 10 mL). The
combined organic layers were washed with saturated NH,Cl (2 x 10 mL), brine (3
x 10 mL), dried and evaporated. The crude mixture was purified by using flash
chromatography (6:1 hexane:EtOAc) and provided 55 (108 mg, 42%).

TLC (2:1 hexane:EtOAc) Ry 0.58.

alp=-63.0 (c 1.0, CHCl3)

'H NMR (CDCl3): 6§ 0.88 (t, 3H, J=6.7 Hz, CHs), 1.12 (d, 3H, J=6.2 Hz, H-6),
1.28 (m, 8H, 4 x CH,), 1.36 (s, 3H, CHj), 1.58 (m, 2H, CHy), 1.65 (s, 3H, CHs),
2.80 (d, 3H, J=5.6 Hz, SCHs), 3.44 (m, 2H, CH,), 3.71 (m, 2H, OCHy), 3.90 (s,
3H, NCHs), 4.14 (d, 1H, J=6.2 Hz, H-2), 4.39 (q, 1H, J=6.2 Hz, H-5), 4.64 (d, 1H,
J=6.2 Hz, H-3), 5.07 (s, 1H, H-1), 6.69 (d, 1H, J=1.2 Hz, imidazol H), 6.92 (s, 1H,
J=1.2 Hz, imidazol H).

13C NMR (CDCly): 6 14.1 (CHj), 14.2 (C-6), 19.7 (SMe), 25.5, 25.8 (2 x CHj),
22.6 (CHy), 26.1, 29.2, 29.3, 29.4, 31.8 (5 x CH,), 35.6 (NMe), 67.6 (C-5), 68.0
(OCH,), 74.0 (C-4), 74.6 (C-2), 78.3 (C-3), 96.8 (C-1), 109.3 (CHs),C, 122.5 (Imida-
zole C), 126.8 (Imidazole C), 146.6 (N=C-NMe), 199.9 (OC=S).

Anal. Caled for CosHyoN3O5Ss: C, 56.53; H, 8.25; N, 5.73. Found: C, 57.00; H,
8.30; N, 5.75.
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Octyl 2,3-isopropylidene-4-C-(imidazol-2-yl)-4- O-(dithiocarbonate)-o-L-

rhamnopyranoside (57)
O(CH2)7CH3

(CHy)
%00 0
7X

57

Glycoside 47 (200 mg, 0.53 mmol) and thiocarbodiimidazole (0.15 g, 0.84 mmol)
were refluxed in toluene (6 mL) for overnight. The resulting mixture was concentrated
and residue was purified by using flash chromatography (2:1 hexane:EtOAc) and
provided 57 (150 mg, 67%).

TLC (2:1 hexane:EtOAc) Ry 0.53.

a]p=-73.0 (c 1.0, CHCls)

130 NMR (CDCl3): § 13.8 (CHg), 14.1 (C-6), 25.5, 25.6 (2 x CHs), 22.6, 26.1,
99.2, 29.3, 29.4, 31.8 (6 x CHy), 64.7 (C-5), 68.5 (OCHy), 73.0 (C-4), 73.6 (C-2), 83.2
(C-3), 96.9 (C-1), 111.3 (CHs)2C, 113.4 (Imidazole C), 137.0 (Imidazole C), 153.5
(N=C-N), 178.9 (OC=S).

Anal. Calced for Co;H3aNoO5S: C, 59.41; H, 7.60; N, 6.60. Found: C, 59.40; H,
7.90; N, 6.62.

Octyl 2,3-isopropylidene-4-C-(imidazol-2-yl)-a-L-rhamnopyranoside (58)
O(CHy)7CH3;

!

N\ O

NJ\@\\#
OXO
58

Glycoside 57 (150 mg, 0.36 mmol) in xylene (4.5 mL) was refluxed with tributyl-

stannane (0.2 mL, 0.57 mmol) for 6 h. The mixture was washed with dilute HCI (3
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x 5 mL) and water (3 x 5 mL), dried and concentrated. The resulting residue was
purified by flash chromatography (4:1 hexane:EtOAc) and afford 58 (53 mg, 41%).

TLC (4:1 hexane:EtOAc) Ry 0.28.

I NMR, (CDCly): 6 0.92 (m, 3H, CHa), 1.05 (d, 3H, J=6.5 Hz, H-6), 1.32 (m,
10H, 5 x CH,), 1.34 (s, 3H, CHj), 1.60 (s, 3H, CHs), 1.63 (m, 2H, CH,), 3.50 (m,
1H, OCHy), 3.71 (m, 15, OCHy), 4.22 (d, 1H, J=5.6 Hz, H), 4.39 (q, 1H, J=6.6 Hz,
H-5), 4.67 (d, 1H, J=5.6 Hz, H-2), 5.17 (s, 1H, H-1), 7.25 (d, 1H, imidazol H), 7.29
(d, 1H, imidazol H)

Anal. Calcd for CyoH3aN.O4: C, 65.91; H, 8.85; N, 7.69. Found: C, 65.90; H,
8.75; N, 7.60.

Octyl-4-(thiazol-2yl)-a-L-rhamnopyranoside (60)
OCHy),CHy

Compound 61 (2.7 g, 6.6 mmol) dissolved in 4:1 acetic acid:water solution (30
mL). The resulting mixture was stirred at 60 °C for 2 h. A solution was concentrated,
purified by flash chromatography (1:1 hexane:EtOAc) and obtained 60 (2.3 g, 98%).

TLC (1:1 hexane:EtOAc) Ry 0.39.

[a]p=-38.8 (¢ 1.0, CHCl;)

I NMR (CDCly): 6§ 0.88 (¢, 3H, J=6.5 Hz, CHy), 1.01 (d, 3H, J=6.4 Hz, H-6),
1.29 (1, 10H, 5 x CHy), 1.63 (m, 2H, CH,), 3.47 (m, 1H, OCH), 3.74 (m, 1H, OCH),
3.93 (m, 1H, H-2), 431 (m, 3H, H-3, H-4, H-5), 4.94 (d, 1H, J=1.3 Hz, H-1), 7.34
(d, 1H, J=3.2 Hz,Thiazoyl H), 7.77 (d, 1H, J=3.2 Hz,Thiazoyl H)

13C NMR (CDCl;): 6 13.6 (C-6), 14.07 (CHs), 22.6, 26.1, 29.2, 29.3, 29.4, 31.8
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(6 x CH,), 68.2 (OCH,), 69.8 (C-5), 70.2 (C-3), 70.9 (C-2), 79.6 (C-4), 99.9 (C-1),
119.8 (Thiazoyl C), 142.5 (Thiazoyl C), 172.1 (N=C-S).

Anal. Caled for Ci7Hy9NO5S: C, 56.80; H, 8.13; N, 3.90. Found: C, 57.01; H,
8.47; N, 3.91.

Octyl 2,3-isopropylidene-4-(thiazol-2yl)-a-L-rhamnopyranoside (61)

[s O(CH,)CH;
Ho)o(o
61

A solution of thiazole (1.2 g, 14.0 mmol) in THF (30 mL) was cooled to -78 °C.
tert-Butyllithium (2.5 M in hexane; 6.76 mL, 16.0 mmol, 1.2 equiv.) was added and
the resulting yellow solution was stirred 1 h at -78 °C. A solution of ketone 48 (4.4
g, 14 mmol) in THF (24 mL) at -78 °C was added to the above mixture and stirred
4h while maintaining the temperature. The reaction was quenched with large excess
of water and extracted to Et,O (3 x 100 mL). The combined organic layers were
successively washed with water (3 x 30 mL), dried and evaporated to afford a crude
oil. Purification of the crude oil using flash chromatography (10:1 hexane:EtOAc)
provided 61 (4.1 g, 73%) as a colourless oil.

TLC (10:1 hexane:EtOAc) Ry 0.33.

[a]p= +14.2 (c 1.0, CHCl;)

1§ NMR (CDCls): 6 0.87 (t, 3H, J=6.9 Hz, CHz), 0.9 (d, 3H, J=6.5 Hz, H-6),
1.27 (m, 8H, 4 x CHy), 1.35 (s, 3H, CHj), 1.57 (m, 2H, CHy), 1.61 (s, 3H, CH), 3.24
(s, 1H, OH), 3.45 (m, 2H, CHy), 3.70 (m, OCH,), 4.24 (m, 2H, H-5, H-2), 4.82 (d,
1H, J=5.6 Hz, H-3), 5.00 (s, 1H, H-1), 7.25 (d, 1H, J=3.2 Hz,Thiazoyl H), 7.76 (d,

1H, J=3.2 Hz,Thiazoyl H)
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15C NMR (CDCly): § 13.7 (C-6), 14.1 (CHs), 22.6 (CH,), 25.1 (CHs), 25.9 (CH),
26.1,29.2, 20.3, 20.4, 31.8 (5 x CHy), 67.5 (C-5), 68.0 (OCHy), 74.6 (C-2), 74.7 (C-4),
77.4 (C-3), 97.0 (C-1), 109.5 (CH3),C, 119.2 (Thiazoyl C), 143.0 (Thiazoyl C), 174.4
(N=C-S).

Anal. Caled for CyoHasNO5S: C, 60.12; H, 8.32; N, 3.51. Found: C, 60.45; H,
8.42; N, 3.62.

Octyl 2,3-acetyl-4-(thiazol-2-yl)-a-L-rhamnopyranoside (63)

O(CH,);CH3
( /SW
= O
N

HOPACOAc

63

The purified product 62 (281 mg, 0.78 mmol) was suspended in dry pyridine
(3 mL) containing a catalytic amount of DMAP. Ac;O (0.3 mL, 3.06 mmol) was
added at 0 °C and stirred for 6 h at 0 °C. The resulting solution was quenched with
concentrated HCI and then diluted with EtOAc (20 mL). The mixture was poured
into cooled water (20 mL) and extracted with EtOAc (3 x 20 mL). The combined
organic layers were washed with saturated NaHCO; (3 x 10 mL), brine (3 x 10 mL),
dried and concentrated. The crude product was purified by flash chromatography
(2:1 hexane:EtOAc) and obtained a colourless oil 63 (252 mg, 73%).

TLC (2:1 hexane:EtOAc) Ry 0.43.

[a]p= -46.8 (c 1.0, CHCls)

'H NMR (CDCl;): § 0.87 (%, 3H, J=6.9 Hz, CHj3), 1.03 (d, 3H, J=6.4 Hz, H-6),
1.30 (m, 8H, 4 x CH,), 1.63 (m, 2H, CHy), 1.82, 2.17 (s, 2 x OAc), 3.45 (m, CH,),
3.53 (s, 1H, OH), 3.71 (m, OCHy), 457 (q, 1H, J=6.4 Hz, H-5), 4.84 (d, 1H, J=14
Hz, H-1), 5.31 (dd, 1H, J=1.4 Hz, J=3.7 Hz, H-2 ), 5.75 (d, 1H, J=3.7 Hz, H-3),
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7.26 (d, 1H, J=3.2 Hz,Thiazoyl H), 7.75 (d, 1H, J=3.2 Hz,Thiazoyl H)

15 NMR, (CDCly): § 13.5 (CHy), 14.1 (C-6), 20.3, 20.9(2 x OAc), 22.6, 26.0,
29.1, 29.2, 29.3, 31.8 (6 x CHy), 68.6 (OCHy), 70.1 (C-2), 70.2 (C-3), 70.3 (C-5), 77.9
(C-4), 97.8 (C-1), 119.4 (Thiazoyl C), 143.0 (Thiazoyl C), 168.9, 169.1 (2 x C=0),
171.0 (N=C-S).

Anal. Caled for Co1H3sNO,S: C, 56.86; H, 7.50; N, 3.16. Found: C, 57.36; H,
7.81; N, 3.13.

Octyl 3-benzoyl-4-(thiazol-2-yl)-a-L-rhamnopyranoside (65)

O(CH,);,CHs
</\ )S\%\\#
— (@)
N

HOPBZ o

65

The purified product 62 (243 mg, 0.68 mmol) was suspended in dry pyridine (2
mL) at 0 °C. Benzoyl chloride (0.16 mL, 1.35 mmol) was added and stirred for 2 h at
0 9C. The resulting solution was diluted with CH,Cly (10 mL) and washed with 10%
HCI (2 x 5 mL), saturated NaHCO3 (3 x 5 mL), dried, concentrated and purified
by flash chromatography (6:1 hexane:EtOAc). This afford 65 (230 mg, 73%) and 66
(33 mg, 10%).

TLC (6:1 hexane:EtOAc) Ry 0.48.

[a]p= +100.6 (c 1.0, CHCl3)

I{f NMR, (CDCly): 6 0.89 (¢, 3H, J=6.8 Hz, CHy), 1.08 (d, 3H, J=6.3 Hz, H-6),
1.30 (m, 10H, 5 x CH,), 1.66 (m, 2H, CH,), 3.20 (s, 1H, OH), 3.52 (m, 1H, OCH),
3.78 (m, 1H, OCH), 4.27 (m, 1H, H-2), 4.56 (q, 1H, J=6.5 Hz, H-5), 4.67 (s, 1H,
OH), 4.98 (d, 1H, J=1.5 Hz, H-3), 5.75 (d, 1H, J=3.2 Hz, H-1), 7.26-7.94 (m, OBz),
7.22 (d, 1H, J=3.2 Hz,Thiazoyl H), 7.69 (d, 1H, J=3.2 Hz,Thiazoyl H)
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130 NMR (CDCly): § 13.6 (C-6), 14.1 (CHj), 22.7, 26.1, 29.3, 29.4, 29.4, 31.8 (6
x CH,), 68.4 (OCH,), 69.7 (C-5), 70.4 (C-2), 73.0 (C-3), 78.6 (C-4), 100.1 (C-1),
119.8 (Thiazoyl C), 128.2, 128.4, 129.4, 129.8, 133.2, 133.2, (C-Ar), 142.6 (Thiazoy]
Q), 164.9 (N=C-S), 171.3 (C=0).

Anal. QCaled for CyH33sNOgS: C, 62.18; H, 7.17; N, 3.02. Found: C, 65.03; H,
6.97; N, 2.56.

Octyl 2,3-benzoyl-4-(thiazol-2yl)-a-L-rhamnopyranoside (66)

O(CHy),CHs
3
iz
N
HOCBZ o

66

Z

The purified product 62 (561 mg, 1.56 mmol) was suspended in dry pyridine (2
mL) at room temperature. Benzoyl chloride (0.55 mL, 4.68 mmol) was added and
stirred for 2 h. The resulting solution was diluted with CH2Cly (10 mL) and washed
with 10% HCI (2 x 5 mL), saturated NaHCO; (3 x 5 mL), dried and concentrated.
The crude product was purified by flash chromatography (10:1 hexane:EtOAc) and
obtained a colourless oil 66 (685 mg, 77%).

TLC (4:1 hexane:EtOAc) Ry 0.47.

[e]p= +107.6 (c 1.0, CHCls)

IH NMR (CDCl): § 0.90 (t, 3H, J=6.9 Hz, CHy), 1.13 (d, 3H, J=6.4 Hz, H-6),
1.33 (m, SH, 4 x CHy), 1.43 (m, 2H, CHy), 1.72 (m, 2H,CHy), 3.60 (m, 1H, OCH),
3.82 (m, 2H, OCH, OH), 4.76 (q, 1H, J=6.4 Hz, H-5), 5.09 (d, 1H, J=1.3 Hz, H-1),
5.71 (dd, 1H, J=1.5 Hz, J=3.7 Hz, H-2), 6.11 (d, 1H, J=3.7 Hz, H-3), 7.19-8.01 (m,
2 x OBz), 7.20 (d, 1H, J=3.1 Hz,Thiazoyl H), 7.74 (d, 1H, J=3.1 Hz,Thiazoyl H)

130 NMR (CDCl3): 6 13.6 (C-6), 14.1 (CHj), 22.7, 26.1, 29.2, 29.3, 29.4, 31.8
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(6 x CH,), 68.7 (OCH,), 70.3 (C-5), 70.8 (C-2), 71.3 (C-3), 73.0 (C-4), 97.9 (C-1),
119.5 (Thiazoyl C), 119.7, 128.2, 128.3, 128.7, 129.2, 129.5, 129.6, 129.7, 129.8, 133.0,
133.2, 133.6 (C-Ar), 143.1 (Thiazoyl C), 164.9, 171.3 (2 x C=0), 171.0 (N=C-S).

Anal. Caled for C3;H3,NO,S: C, 65.59; H, 6.57; N, 2.47. Found: C, 65.20; H,
6.93; N, 2.44.
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