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Abstract

The World Health Organisation in 1997 recognised the need for the

development of new drugs to combat the imminent threat of mass infection by multi-

drug resistant strains of pathogenic micro-organisms that spread diseases such as

tuberculosis (TB).  With this in mind, the work covered in this thesis focused on the

preparation of novel carbohydrate-based compounds as potential anti-bacterial agents,

in particular targeted to mycobacterial infection.  An essential cell wall structural

component of various mycobacteria (including M. tuberculosis) is the

galactofuranose (Galf) residue, which forms part of the polysaccharide

connection between the mycolic acids and the peptidoglycan layer.

Interference with the incorporation of Galf into this polysaccharide was

expected to compromise the physical integrity of the bacterial cell wall leading

to cell death.  With minimal projected side-effects, owing to the lack of Galf

residues in mammalian systems, hydrolytically-stable Galf analogues were

selected as promising targets for the development of potential therapeutic

agents against Galf containing pathogenic micro-organisms.

In 2000, the von Itzstein group identified the novel Galf-based N,N-didecyl-S-(1-

thio-β-D-galactofuranosyl) sulfenamide as a strong inhibitor of mycobacterial growth in

vitro.  As a result of this finding, a study of structure activity relationships (SAR) of

galactofuranose derivatives as antibacterial agents has been undertaken.  The primary

focus has been on the synthesis of a family of glycofuranosyl derivatives based on the

architecture of the N,N-dialkyl galactofuranosyl sulfenamide.



xxiv

To explore structure activity relationships, a number of related

compounds were prepared.  Chapter 2 describes the development of various

synthetic routes towards a suite of S-, O- and N- galactofuranosides which were

prepared from a common per-O-acylated Galf intermediate.  The range of

compounds included N,N-disubstituted sulfenamides and sulfonamides,

branched and straight chain alkyl thioglycosides, thioureas and alkyl O-

glycosides.  In addition, the aglycon units incorporated were designed in order

to identify the necessary characteristics for optimum anti-bacterial activity, and

included aglycons both aromatic and aliphatic in character.

For the purpose of investigating the requirement for a galactofuranose

glycan moiety for anti-bacterial activity, the aglycons of the more active

galactofuranosyl compounds (Chapter 2) were introduced onto alternate

furanose sugars.  Chapter 3 describes the synthetic strategies developed for the

synthesis of gluco- and arabinofuranosyl compounds.  Both glucofuranosyl

sulfonamides and arabinofuranosyl sulfonamides and thioglycosides were

prepared.

Chapter 4 describes the synthesis of non-carbohydrate probes carrying

the relevant aglycon units of the glycofuranosyl series.  This series of

compounds (containing either sulfenamide or sulfonamide functionality) were

prepared to investigate the requirement of a carbohydrate moiety for anti-

bacterial activity.

Chapter 5 describes methods to improve the water solubility of the most

active compounds prepared in Chapters 2 and 3.  Methods explored included

chemical modifications to the primary hydroxyl group of the sugar moiety, and

experimentation with formulation of active compounds.



xxv

Biological testing of the compounds prepared, carried out both in-house as part

of the work for this thesis, and by various external testing facilities, is reported in

Chapter 6.  In assays against M. smegmatis the Galf 9-heptadecyl thioglycoside was

found to be the most active compound with an in vitro potency of 1 µg/mL, comparable

to the frontline anti-TB drug ethambutol (1-4 µg/mL).  In addition, the thioglycoside

displayed excellent broad spectrum Gram positive anti-bacterial activity in vitro, but

was not active at concentrations below 64 µg/mL against a Gram negative organism.

Experimental data supporting the information presented in Chapters 2 to 6 is

detailed in Chapter 7.  Selected proton NMR spectra are presented in Appendix 1,

whilst Disc Diffusion and Zone assay data are tabulated in Appendix 2.
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CHAPTER 1

INTRODUCTION

Due to growing antibiotic resistance, many bacterial infections that were once

controlled by antibacterial drug therapies, are being revisited.  This is apparent not only

in third world societies, but also in the industrialised world due to the development of

multi-drug resistant (MDR) strains of bacteria that spread diseases such as tuberculosis.1

In addition to bacteria, parasites such the malaria causing organism, Plasmodium

falciparum, are also developing resistance to current therapeutic agents.1   These new

MDR strains, with some microorganisms immune to all present drug treatment

programs,1 have imposed significant challenges in the development of new drugs.  A

disease of such concern, and the focus of this thesis, is Tuberculosis (TB).

Apart from the emergence of new strains of ‘old threats’ there is also growing

concern about other diseases which have been in existence for generations, but for

which drug therapies are either inadequate or, if the disease is allowed to progress,

ineffective.2  Examples of such diseases falling under this description include

Trypanosomiasis (Chagas’ disease and African Sleeping Sickness) and Leishmaniasis

(Kala Azar).

Despite each of these diseases (TB, Trypanosomiasis and Leishmaniasis)

being spread by different vectors and different microorganisms, and therefore having

different modes of infection, the microorganisms possess a common cell surface

component.  It is this cell surface ‘glycan motif’, containing the carbohydrate residue D-

galactofuranose 1 (Galf) which forms the basis of the research described within.
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 1

1.1  Tuberculosis

The World Health Organisation (WHO) in 1997 identified that

Mycobacterium tuberculosis (the causative agent of TB) had developed multi-

drug resistance, and highlighted TB as a global emergency.2  For the past 25

years tuberculosis (TB) was considered almost totally eradicated in the Western

world.2  In recent years TB infection has begun to re-emerge, and rates of TB

have continued to rise in developing and industrialised nations alike.3  At

present an estimated one third of the world's population is infected with the TB

bacillus.  With approximately 9 million new cases each year, and an annual

death toll of 2 million, M. tuberculosis is now recognised as the single most

infectious pathogen worldwide. 3,4    Several factors have contributed to the

recent rise in rates of TB infection including migration, homelessness in major

cities, and global trade.  However, possibly of greatest significance, has been

the HIV pandemic. HIV and TB form a lethal combination, each speeding the

other’s progress.5  More HIV patients are infected and die from TB than any

other disease.5  The WHO in 2000 reported that HIV had been the single most

important factor determining the increased incidence of TB in Africa in the last

ten years.6  TB has been labelled a bigger killer than AIDS, malaria and tropical

diseases combined,4 therefore the quest for more effective, less toxic and

preferably cheaper drugs to treat the illness has intensified.
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1.1.1  Microbiology

Mycobacterium tuberculosis is a non-motile, non spore-forming, rod shaped

gram positive bacillus which has no capsule and does not produce a toxin.7  Its size

ranges from 0.2 to 0.6 microns in width and 1 to 5 microns in length.7  It is known as

“acid-fast” as the lipid content in its cell wall makes it resistant to usual Gram stain, and

resistant to decolourisation with acid-alcohol.7  For microscopic visualisation the bacilli

are stained by alternate Ziehl-Neelsen and Kinyoun techniques making them appear as

red-stained rods as shown in Figure 1.1.7  The high lipid content of the cell wall also

makes the mycobacterium resistant to chemical injury from agents routinely used in

disinfection such as sodium hydroxide and detergents.  It is however sensitive to

formaldehyde and glutaraldehyde, ultraviolet radiation, and heat.7

Figure 1.1 Mycobacterium tuberculosis stained by the Ziehl-Neelsen method.7

M. tuberculosis is an obligate aerobe, meaning its growth is dependent on

adequate oxygen tension.7  When oxygen deprived, the multiplication rate of the

mycobacterium is slowed or stopped.  Therefore organ systems infected by TB are

generally those that exhibit higher oxygen tension such as the lung.7

Another important characteristic of M. tuberculosis is that, like other micro-

organisms, it can produce viable mutants with altered sensitivity to drugs.  More severe

mutations can lead to multi-drug resistant (MDR) strains of the bacterium which is of

great importance in regard to creating appropriate therapies.5
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A close relative of M. tuberculosis, and the progenitor for the most widely used

human vaccine against tuberculosis, is the Mycobacterium bovis bacillus.8  More

commonly regarded as the causative agent of tuberculosis in a range of animal species,

M. bovis is transferable to man to give rise to the disease through for example, the

consumption or handling of unpasteurised milk, or by inhaling expectorated droplets

from infected cattle.9   The genome sequence of M. bovis is greater than 99.95%

identical to that of M. tuberculosis, but deletion of genetic information has led to a

reduced genome size.8  In vitro differentiation between M. bovis and M. tuberculosis

can be achieved by exploiting the ability of M. tuberculosis to produce niacin and to

reduce nitrates.10  M. bovis is generally niacin-negative and does not reduce nitrates.10

An additional marker for M. tuberculosis is its ability to demonstrate cording

(serpentine cord formation) when stained smears are prepared from BACTEC bottles,

while mycobacteria other than tuberculosis (including M. bovis) orient randomly.10

Growth rates of M. bovis and M. tuberculosis are similar according to the Runyon

classification,11 with visible colonial growth taking 3-6 weeks on standard medium.10

By contrast, rapidly growing mycobacterial species such as Mycobacterium

smegmatis, can exhibit visible colonial growth within 3-6 days.12  The growth rate and

relatively non-pathogenic nature of this cousin of M.  tuberculosis has seen the

widespread use of M. smegmatis as a model for tuberculosis.13

  1.1.2  Symptoms of TB

Tuberculosis is an infectious disease which most commonly affects the

lungs, but can also affect other oxygen rich organs including the brain, kidneys

and the bones.14  Failing a positive immune response to terminate the infection,

and if left untreated, the TB-causing mycobacteria will rapidly multiply giving
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rise to TB disease, destroying lung tissue or other affected organs.14  Infection

of the lung results in impaired respiratory activity and similarly other infected

organs will elicit symptoms related to that organ system.14  Common symptoms

of TB include a cough, occasionally with blood-streaked sputum, fatigue,

anorexia, fever, night sweats and chest pain among others.2  However diagnosis

of TB is often made difficult by social conditions, such as homelessness, and

concurrent disease such as HIV/AIDS.14  Furthermore, for patients infected with

TB in organ systems other than the lungs, TB is often not the clinician's first

diagnosis leading to a delay in treatment and therefore disease progression.  For

example, with symptoms of TB of the bowel, especially in the United States

and Western Europe, Crohn disease or cancer may be considered first.14

  1.1.3  Transmission

Tuberculosis is typically transmitted by fine particle aerosol.5  That is,

expectorated droplets from an infected person will evaporate leaving disease

bacilli drifting in the air for up to hours.  The bacilli are then deposited in the

lungs on contact, resulting in local infection, followed by rapid multiplication

and spreading throughout the body.5  Transmission rarely occurs through

ingestion of contaminated food or drink.5  It is also believed that direct

inoculation seldom results in TB transmission.14

However, not all people who are infected with TB become infectious

themselves or even get sick.  Approximately 90% of people are able to fight the

infection through their body’s natural defences.2  The WHO estimates, however,

that one person infected with TB will each year infect on average 10 to 15 other

people.2
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  1.1.4  Multi Drug Resistant TB

Inexpensive drugs are available to treat TB, but poor delivery to areas where the

drugs are needed most, linked with the problem of complex regimens needed to effect a

complete cure, has meant treatment failure is common.1  Compounding this problem,

and seeded by this very problem has been the emergence of multi-drug resistant strains

of the bacterium.  Multi-drug resistant TB (MDRTB) is now evident in almost every

part of the world, and in 2000 an estimated 50 million people were infected.1  MDRTB

is defined as a strain of TB that is resistant to at least isoniazid and rifampicin, two of

the first line drugs normally used in treatment of the disease.1  Drug resistance has

emerged due to poor patient compliance with the allocated drug regimen.  That is,

mutations by the bacteria can arise when a relaxation in drug administration is allowed

before a complete termination of the bacterium is effected.  Mutations can be specific to

the administered drug type.15  For example, many antibiotics include the β-lactam

moiety which interferes with the cell wall synthesis of bacteria.15  However, through

incomplete antibiotic therapy, some bacterial strains have been able to synthesise and

utilise the enzyme β-lactamase which cleaves the β-lactam and causes inactivation of

the drug.2  In an attempt to prevent further development of multi-drug resistant strains

of TB, the WHO have proposed a curative method for TB known as Directly Observed

Treatment Short Course, or DOTS.1  The program is supervised so that each patient

receives the correct dosage amount daily with confirmation of administration being

monitored by health workers.2  Flaws in this program can of course be imagined for

some third world countries.  Unfortunately, treating patients with MDRTB is extremely

difficult, expensive and frequently unsuccessful.1  For these reasons it is necessary to

develop a new series of anti-tuberculosis agents aimed at new drug targets.
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 1.2  The Cell Wall of Mycobacterium tuberculosis

With MDRTB becoming an ever increasing problem, new targets for novel drug

discovery to cure tuberculosis are being aggressively pursued.  The structural

framework of the cell wall of the tuberculosis bacillus is frequently targeted as a site of

action for potential drugs as the cell wall is essential for both its growth and survival in

the infected host.16

Figure 1.2 Graphical representation of the mycobacterial cell wall (reproduced from Evans17).
The galactofuran oligosaccharide (galactan) acts as a linker between the peptidoglycan and the
arabinofuran oligosaccharide (arabinan) which carries the mycolic acids.
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 1.2.1  Cell Wall Core Structure

Studies of the mycobacterial cell wall have revealed that it comprises three

covalently linked macromolecules.  These macromolecules are the mycolic acids (which

form a highly impermeable layer and are made up of unique 70 – 90 carbon containing

lipids), and a peptidoglycan layer, which are joined by an arabinogalactan (AG)

polysaccharide (Figure 1.2).16 Compounds synthesised during the course of this project

were expected to target the AG polysaccharide containing the carbohydrate residues D-

galactofuranose and D-arabinofuranose.  The AG biosynthetic enzymes play a key role

in the incorporation of structurally essential D-galactofuranose sugar residues into the

cell wall.  Understanding the biosynthetic pathways to arrive at the final glycan

structure can provide an insight into possible targets for drug action.  The research work

described herein targets the establishment of the arabinogalactan.  Thus, a brief

introduction into the structure elucidation of this arabinogalactan will be presented in

the following sections.

 1.2.2  Arabinogalactan Structural Studies

Early microchemical studies of the ‘waxy component’ of young tubercle bacilli

by Knaysi18 in 1929 were an initial development in the arduous task of identifying

weaknesses in the infectious mycobacterium that may lead to its eradication. Various

means of probing pathogens that presented newly encountered cellular characteristics

swiftly expanded the limited arsenal of early medicinal chemistry.  For example

Larcote’s19 experimentation in the late 1930’s explored the resistance of mycobacteria

to alcohol and acid and gave evidence that reinforced earlier work proposing an

encapsulation of the bacilli by a wax sheath.
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It was a further decade before more advanced techniques employed by Haworth

et al.20 enabled the identification of various saccharide components of lipid-bound

polysaccharides of M. tuberculosis.  The identification of D-galactose in the lipid-bound

fraction by Haworth was later supported by Aebi et al.21 who established that a

particular peptido-glycolipidic fraction (termed Wax D) was composed of mycolic acids

attached to, among various other sugars, D-galactose, and a mixture of amino acids.  A

more extensive study of the Wax D fraction by Asselineau et al.22 in 1958 reported the

fraction to contain specifically D-arabinose (D-ara), D-galactose (D-gal), D-mannose (D-

man), glucosamine and galactosamine sugars.  Yet another study by Kitaura23 provided

evidence for the fraction to contain mostly arabinose and galactose.  Kitaura’s

comprehensive analysis indicated percentage compositions of mycolic acids, reducing

sugars and amino acids as components of the cell wall of M. tuberculosis.  This model

provided by Kitaura in 1958 superseded all previous models and was the first reported

evidence of M. tuberculosis containing an arabinogalactan (AG) polysaccharide

component.

The conformation and linkage types of sugar residues comprising the

mycobacterial cell wall eluded researchers for another 15 years.  The idea that D-gal

assumed the furanose form was initially proposed by Japanese researchers Misaki et

al.,24 beginning in the mid 1960’s.  The existence of Galf in mycobacteria was not

confirmed however until 1973 when Vilkas et al.25 isolated a Galf-(1-6)-Gal

disaccharide from the AG of the cell walls of M. tuberculosis by partial acid hydrolysis.

Supporting Vilkas et al.,25 and expanding on the work of Misaki’s group, McNeil et al.26

have subsequently defined linkage patterns of Galf residues in the AG component of the

TB cell wall as (1-5)- and (1-6)- linked.  McNeil et al. also demonstrated the galactosyl
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and arabinosyl sugar residues to be of purely furanoid form as determined by mass

spectrometric analysis and comparison to analogous Galp linkages.

Both galactofuranosyl and arabinofuranosyl sugars are extremely rare in nature

and neither are evident in humans.27  The arabinogalactan is also quite unusual in

comparison to other bacterial polysaccharides in that only a few distinct structural

motifs make up the layer as opposed to a continuum of repeating saccharide units.16

The five major motifs of arabinogalactan (namely motifs A-E) have been isolated and

characterised28 which allows an investigation in detail of their make-up.  It has also

allowed the point of attack of potential inhibitors to be more accurately defined.

Structural analysis of the arabinogalactan motifs by Gurjar et al.28 revealed

that motifs A, B and C contain only arabinofuranose residues, while motif D (Structure

2, Figure 1.3) exclusively contains the D-galactofuranose sugar residue.28  Motif E

(Structure 3, Figure 1.3) is unique in that it contains both arabinofuranose and

galactofuranose residues in a framework that results in branching.28  This motif is also

considerably sterically congested as both the 5- and 6-positions of the reducing

galactofuranose component are linked with arabinofuranosyl and galactofuranosyl

residues respectively.28

  2           3

Figure 1.3 D-Galactofuranose containing motifs D and E of arabinogalactan.28
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 1.2.3  Enzymes of Galf Metabolism

The enzymes associated with Galf and AG biosynthesis have been identified

through studies of both mycobacterial and fungal polysaccharide systems.  In addition

to research on mycobacterial Galf containing polysaccharides, relatively advanced

studies have been undertaken on fungal polysaccharides isolated from Penicillium

charlesii.  Haworth et al.29 as early as 1937 isolated the galactocarolose polysaccharide

synthesised by this particular fungus.  Haworth’s group determined the polysaccharide

to constitute 9 to 10 Galf units in a β-(1-5) linked arrangement.  Thirty years later the

Trejo group30,31 implicated UDP-Galf as an intermediate in the biosynthesis of Galf

polysaccharides, in particular the galactocarlose polysaccharide.  Further, it was

suggested by Trejo et al.31 that Galf was formed from Galp via a unique ring contraction

mechanism that maintained a covalently linked UDP moiety, catalysed by an undefined

enzyme.  Reitschel-Berst et al.32 in 1977 identified a galactosidase enzyme also in the P.

charlesii species.  They determined this enzyme to be responsible for the variation of

Galf content in the cell walls of the fungus.  The authors implicated that the enzyme’s

involvement in Galf metabolism was specifically to cleave the glycosidic linkage

between Galf polysaccharides.  The group also proposed an enzymatic epimerisation

mechanism for the formation of Galp from glucose.  However it was another two

decades before evidence was produced to substantiate their proposal.

The hypothetical conversion of Galp to Galf proposed by Trejo et al.31 in 1971

gained support from the work of Stevenson et al.33 in 1994 when the group identified a

gene that encodes for a protein responsible for the specific sugar ring contraction in

fungal polysaccharide biosynthesis.  McNeil's group34 then consolidated prior

knowledge pertaining to Galf biosynthesis universally, before successfully identifying
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the enzymes specific to the biosynthesis of the arabinogalactan of mycobacteria (Figure

1.4).

Figure 1.4 Galactose metabolism in M. tuberculosis. Adapted from Weston et al.34

Initially UDP-galactose is derived in M. tuberculosis from salvage pathways

and/or from the conversion of common metabolites (Figure 1.4).34  From the

pathway from common metabolites, McNeil and co-workers have sequenced, and

subsequently expressed in E. coli, UDP-glucose 4-epimerase, which was shown to

convert UDP-Glcp into UDP-Galp.  From the galactose salvage pathway (biosynthesis

of UDP-Galp from environmental galactose), UDP-glucose-galactose-1-phosphate

uridylyl transferase, which transfers the phosphorylated nucleotide from UDP-Glcp to a

     Common
  Metabolites

   Galactose

    UDP-Glc     Gal-1-P

   UDP-Galp

   UDP-Galf

   Cell Wall Galactan

Galactokinase

UDP-glucose-
4-epimerase

UDP-glucose-galactose-
1-phosphate transferase

UDP-galactopyranose mutase

UDP-galactofuranose transfeasease
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phosphorylated Galp residue (Galp phosphorylated via galactokinase), was also

expressed and its function demonstrated.  Furthermore, McNeil's group34 verified the

assumption of Trejo et al.,31 and work by Stevenson et al.33 by cloning a mutase enzyme

which was shown to convert UDP-Galp to UDP-Galf.  The group suggested the

presence of an FAD (flavin adenine dinucleotide) moiety attached to the enzyme that

may play a role in the catalysis of the substrate conversion.  The gene encoding the

mutase enzyme was termed glf.34  McNeil and co-workers34 also provided evidence for a

Galf transferase enzyme in the cell wall of mycobacteria that utilises the donor substrate

UDP-Galf for the incorporation of the Galf residues into a growing Galf polysaccharide

acceptor.  Cloning of this protein was not achieved for some years.35

In vitro studies by Brennan et al. have shown that UDP-galactopyranose

mutase will shift the equilibrium of naturally occurring UDP-Galp 4 to 5-7%

UDP-Galf 5.35  UDP-Galf then acts as a Leloir donor for UDP-galactofuranose

transferase, and Galf is incorporated into the growing polysaccharide chain

(Leloir acceptor) in an alternating fashion to form a β(1,6) β(1,5) glycan 6

(Scheme 1.1).36



14

Scheme 1.1 Biosynthetic incorporation of Galf into a mycobacterial glycan. A) UDP-
Galatopyranose mutase; B) UDP-Galactofuranose transferase.

 1.2.4  UDP-Galatopyranose Mutase Mechanistic Studies

Studies by McNeil et al.34 redirected the attention of research efforts toward the

examination of mechanisms of the enzymes involved in the ring contraction and

incorporation of galactose into the AG of mycobacteria.  A noteworthy mechanistic

study is that by Barlow et al.37 in 1999 that concentrated on the unique ring contraction

of Galp to Galf performed by UDP-Galp mutase.  In contrast to the afore mentioned

mechanism proposed by Trejo et al.31 that included a ring contraction of UDP-Galp to

UDP-Galf while maintaining an O-linked UDP moiety, Barlow’s group suggested a

temporary cleavage of the anomeric C1-O bond to form a bicyclic sugar intermediate 7

via nucleophilic attack of the axial C-4 hydroxyl group on C-1 as depicted in Scheme

1.2.  As only the α-UDP-Galf is formed, to reintroduce the UDP moiety and form the

furanose sugar, bond cleavage between the pyranose ring oxygen, O-5, and C-1 occurs

(by either pathway a or b) followed by direct nucleophilic attack of the displaced UDP
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moiety at C-1.  The mechanism proposed by the Barlow group was derived from results

of positional isotope exchange (PIX) experiments that tracked the position of an 18O

originally attached to C-1.  It is conceivable that upon UDP displacement, any one of

three of the free UDP moiety's oxygens can re-attack the newly formed furanose

carbocation intermediate 8.  Nucleophilic attack on the newly formed furanose sugar 8

results in a portion of relocated 18O (see Scheme 1.2).

Scheme1.2 Barlow’s hypothetical mechanism for the ring contraction of UDP-Galp 4 to UDP-
Galf 5 by the mutase enzyme.  Anomeric 18O isotopically labelled oxygen evidently scrambled
following displacement of the UDP moiety, as re-attachment of UDP  resulted in a positional
exchange. (–XE = enzyme based nucleophile)

Kovensky and Sinaÿ38 in 2000 synthesised the benzyl protected derivative of 7

in Scheme 1.2 (Structure 10, Scheme 1.3). The authors were able to demonstrate

cleavage between C-1 and O-5 in the benzylated bicyclic compound via attack of
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various nucleophiles under acidic conditions to give a furanose (see Scheme 1.3).

Kovensky and Sinaÿ suggested mechanism a in Scheme 1.2 as the most plausible via

chemical means under the conditions outlined.

Scheme 1.3 An example of regioselective ring opening of the bicyclic benzyl protected
derivative 10 to the galactofuranoside 11 by various alcohols, under acidic conditions. Adapted
from Kovensky and Sinaÿ.38 CSA = camphorsulfonic acid.

Based on prior knowledge that identified the mutase enzyme as a flavoprotein,34

and therefore indicating the possibility of redox chemistry, research by Zhang and Liu39

was directed toward establishing the exact role of FAD in enzyme function.  Zhang et

al.39 found the mycobacterial mutase to be active in both the oxidised and reduced states

of the linked FAD, with the reduced state being two fold more active.  However

analogous experimentation by Sanders et al.40 found the oxidised mutase to be inactive.

Zhang et al.41 in a later study synthesised two fluorinated (redox inactive) analogues of

Galf in an attempt to rule out possible oxidation of UDP-Galf at positions C-2 and C-3

during catalysis. The experiment was designed to enable detection of the formation of

Galp.  That is, as the equilibrium favours Galp, the fluorinated analogues of Galf would

almost entirely be converted to the fluorinated Galp, provided redox chemistry at C-2

(Structures 13 and 14, Scheme 1.4) and C-3 was not enzymatically induced.   If redox

chemistry at either of these positions was enzymatically induced, the oxidised

intermediate 12 would be expected (see Scheme 1.4 for C-2 fluorinated analogues) with
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subsequent elimination of HF.  With FAD in its reduced state, the fluorinated analogues

acted as substrates for the mutase without the production of HF in each case.  Combined

with the results of a similar study by Barlow and Blanchard42 in which fluorinated Galp

analogues were synthesised as substrates for the mutase, it was concluded that it is not

possible for redox chemistry to be involved at C-2 or C-3 in the ring contraction of

UDP-Galp to UDP-Galf.  Both groups favour the mechanism as presented by Barlow et

al. in 1999 (Scheme 1.2), but each conclude their reports by indicating the obscure role

of enzyme-bound FAD.

       13         14

Scheme 1.4  The mutase enzyme mediated equilibrium of fluorinated C-2 derivatives of Galf
and Galp.  Both Zhang et al.41 and Barlow et al.42 showed that C-2 and C-3 fluorinated
derivatives of Galf and Galp are interconverted by the mutase enzyme without the elimination of
HF.  The authors suggest that FAD is therefore not responsible for oxidising either the C-2 or C-
3 positions.

By 2001 the crystal structure of an E.coli mutase (PDB code 1l8T) had been

solved to 2.4 Å resolution by Naismith and co-workers.40  The Naismith group40

identified the E.coli enzyme’s active site, which suitably locates the galactose sugar ring
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of UDP-galactose directly adjacent to the isoalloxazine ring of FAD for electron

transfer.  As mentioned previously, Sanders et al.40 determined the enzyme to be active

only while FAD is in its reduced state.  In alignment with their results, the authors

proposed a possible transfer of electrons to and from the C-1 position of the sugar for

each ring contraction cycle.  Although their hypothetical mechanism of electron transfer

is reasonable, like Zhang et al.41 and Barlow et al.,37 the Sanders group claims the

involvement of FAD in this redox process is mysterious.

Figure 1.5   The M. tuberculosis derived Galp mutase enzyme (PDB code 1v0j). An FAD moiety
(space filled models) is located within each monomeric cleft. Picture: courtesy of Martin Frank.44

More recently the Klebsiella pneumoniae (PDB code 1usj) and Mycobacterium

tuberculosis (PDB code 1v0j, Figure 1.5) derived, Galp mutase crystal structures were
solved to 2.00 Å and 2.25 Å resolution respectively.  Visualisation of the M .

tuberculosis crystal structure using the graphics program VMD43 depicts the dimeric
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nature of the mutase (Figure 1.5), and hence the occurrence of 2 FAD moieties
(identified as space filled models).  A closer investigation into the location of the FAD

moieties reveals their significant depth within the mutase cleft, in relation to the protein

surface (Figure 1.6).

Figure 1.6  The binding pocket of M. tuberculosis Galp mutase (PDB code 1v0j). It was
postulated by Soltero-Higgin et al45  that N5 of the reduced flavin (in blue, and deep within the
pocket) is suitably located for nucleophilic attack on the anomeric position of UDP-Galp. Picture:
courtesy of Martin Frank.44

In their structural and mechanistic study of the Klebsiella pneumonia derived

Galp mutase, Soltero-Higgin et al45 describe the location of the FAD moieties within

each monomeric cleft, and specifically indicate the N5 of the FAD’s isoalloxazine ring

as suitably positioned for nucleophilic attack of UDP-Galp.  That is, Soltero-Higgin et

al45 have suggested a mechanism in which the flavin co-factor assumes a new role, by

which the N5 of the reduced anionic flavin co-factor (in blue Figure 1.6,  in red Scheme
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1.5) attacks the anomeric position of the galactose residue with the release of UDP. This

is followed by a conversion from the pyranose to furanose conformations via a flavin-

derived iminium ion (in magenta, Scheme 1.5), and re-attack by the O-UDP

nucleophile to generate UDP-Galf.  Soltero-Higgin45 and co-workers successfully

trapped and identified the flavin-derived iminium ion 17  (Scheme 1.6) as the expected

reduced flavin-galactose adduct 19 (Scheme 1.6) using HPLC, mass spectrometry and

UV-visible spectroscopy.

Scheme 1.5  Soltero-Higgin’s45 proposed mechanism for the ring contraction of UDP-Galp to

UDP-Galf by the mutase enzyme.
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         17                  19

Scheme 1.6  Soltero-Higgin et al45 identified the expected reduced species 19 via reduction of
iminium ion 17 using NaCNBH3.

 1.2.5  Galf Transferase Studies

The enzyme responsible for the incorporation of Galf residues into the

mycobacterial galactan, Galf transferase, has recently received considerable attention,

yet its structure and mechanism of substrate catalysis for polysaccharide incorporation

remains unresolved.  Both the Brennan35 and Besra46 groups have identified the enzyme

as multifunctional.  The prior assumption that a single galactosyltransferase produces

both β-(1-5) and β-(1-6) linkages was substantiated by both authors upon the

identification of, and experimentation with the M. tuberculosis H37 Rv3808c gene

product.  Brennan and co-workers35 however also identified the same transferase protein

as being capable of galactofuranosylating the L-rhamnose containing, peptidoglycan

linker unit of the AG.  Whether the Rv3808c gene product is responsible for catalysing

these three specific linkages in vivo has not yet been confirmed.  In a review by

Houseknecht and Lowary47 the galactofuranosyl transferase is presumed to be

multifunctional in vivo, however Crick et al.,48 Brennan,35 and Besra and co-workers,46

prefer to hypothesise that 2 to 4 galactosyl transferases are required for complete

galactan biosynthesis.
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Attachment of mycolic acid containing Araf residues to the galactan

polysaccharide in an Araf-(1-5)-Galf type linkage has been shown also by Mikusova et

al.35 to be catalysed by an unidentified membrane-cell wall-associated arabinofuranosyl

transferase.

Work by Pan et al.49 in 2001 verified the mutase and transferase enzymes of

mycobacteria as essential for growth and viability.  By creating genetically modified M.

smegmatis with ‘knocked-out’ enzymes, the group were able to demonstrate the

inability of modified strains to grow when devoid of either transferase or mutase

activity.  This study provides further impetus for the arabinogalactan as being an

important target for new drug discovery and development.

 1.3  Development of Potential Antimicrobials Based on D -

Galactofuranose Analogues

As previously mentioned, some strains of M. tuberculosis have evolved to

become resistant to β-lactam-based drugs which act on the peptidoglycan layer of the

TB cell wall.15  Similarly evolution of the bacillus has meant that the action of some

existing drugs like the bacteriostatic antibacterial ethambutol 21 (Table 1.1), which acts

to destroy the arabinan content in TB cells49 are no longer effective as inhibitors of the

bacteria.2  Therefore it is crucial to produce new drugs that affect new targets.
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             Isoniazid
Action: Inhibits mycolic

acid synthesis.

            Ethambutol
Action: Interferes with

incorporation of Araf

residues into the AG.

            Cycloserine
Action: Interferes with

peptidoglycan  synthesis.

     20
                   21

        22

Table 1.1  Structure and mode of action of selected common anti-tubercular drugs that are
known to target M. tuberculosis cell wall synthesis.

Mycolic acids

Arabinogalactan

Araf residues

Galf residues

Peptidoglycan
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  1.3.1  Why Specifically Target Galf?

As the galactofuranosyl residue appears to be an essential cell wall

structural component of various mycobacteria (including M. tuberculosis as

described above), interference with incorporation of Galf would be expected to

compromise the physical integrity of the bacterial cell wall leading to cell

death.  Support for this concept can be found in the action of ethambutol 21 (Table 1.1)

which interferes with incorporation of arabinofuranose residues into the arabinan unit,

which also acts as a structural linker.27,49  Evidence that the arabinan unit is essential in

this role has been provided from studies of the specific arabinan transferase inhibition

activity of ethambutol and its effectiveness as an anti-tuberculosis drug. 27,49  Similar

strategies can conceivably be applied to the inhibition of galactofuranose enzymes.

There are currently no drugs which have a known mechanism of directly inhibiting the

formation or incorporation of Galf.49  If a drug can be designed to specifically inhibit

Galf metabolism, and it can be incorporated into a DOTS-like program, these

potentially new drugs may aid in the reduction of both deaths, and infection attributed

to native and MDR strains of TB.  A compound specifically inhibiting Galf metabolism

would be predicted to have minimal side-effects, owing to the lack of Galf

residues in mammalian systems.27

 1.3.2  Previous Work Targeting Galf Enzymes

It is not unreasonable to anticipate a number of modifications to the Galf

structure, particularly at biologically important linkage points, that may specifically

inhibit the growth of mycobacteria by interference with AG biosynthesis.  That is, as

Galf is incorporated into the growing polysaccharide chain in an alternating
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fashion to form a β (1-6)- β (1-5) glycan,26 functionalisation at C-1, C-5 or C-6

may interrupt the incorporation mechanism that is vital to the mycobacterium’s

viability.49  Another manipulation that may modulate the function of Galf

specific enzymes is the exchange of the endocyclic oxygen for an alternate

atom, as varying bond lengths and heteroatom electronic properties may assist

in enzyme inhibition.50

A large number of Galf derivatives have been prepared to probe the

enzymes of Galf metabolism. 38, 50-77  The chemical synthesis of UDP-Galf 5 as a

substrate for use in enzyme assays has been explored.75-77  Kovensky et al.38

similarly synthesised a UDP-Galf analogue but the compound differed in that

the UDP moiety was specifically C-linked 23 to test for enzyme inhibition.

Kovensky et al.38 based the design of 23 on the premise that the UDP moiety of

the substrate contributes the majority of substrate binding energy, while the

anomeric C-linkage provides for a non-hydrolysable substrate.78,79  The Fleet

group67 have also explored the synthesis of UDP-Galf mimetics in the form of

iminosugar-peptidonucleosides, for example 24.

         23            24

The largest contribution to the design and synthesis of Galf enzyme

inhibitors has undoubtedly been by the de Lederkremer group.51-66  From the
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beginning of this author’s interest in galactose chemistry in 1962,51 this group

has functionalised each of the C-1, C-4, C-5 and C-6 positions of the Galf

template, often by alkylation, with the production of over 40 novel compounds.

The de Lederkremer group have reported the testing of their Galf library against

one of a family of Galf enzymes, a galactofuranosidase isolated from

Penicillium charlesii (now P. fellutanum32).  However, although

galactofuranosidases have been isolated from the fungus P.charlesii and more

recently described in the Helminthosporium sacchari and Aspergillius species,58

their existence in the metabolism of mycobacterial glycoconjugates has not yet

been proven.

 In contrast, the Reynolds group69 have assayed specifically against a

mycobacterial transferase which is known to exist as an essential49 protein for

AG biosynthesis.  The compounds of Pathak et al., for example 25, which

include Araf,80 Araf / Galf,81 Galf and Rhap82 containing disaccharides with an

octyl glycoside on the reducing sugar, have led to the recognition for the

requirement of long chain, hydrophobic functionalisation at C-1 of the reducing

sugar (including Galf) to produce optimum inhibition.  The n-octyl C-1

functionalised Galf containing disaccharide 25 was shown to inhibit M. tuberculosis,

strain H37Ra, with an MIC value of 32 µg /mL.81   

25

Using a more comprehensive biological testing methodology, the Fleet

group have assayed against mycobacterial mutase and arabinofuranosyl
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transferase mycobacterial enzymes.50  The work of Fleet et al. pertaining to

Galf chemistry has focussed primarily on the known inhibition of transferases

by pyrrolidine analogues,50,67 for example compound 26, and previously

discussed 24.

Despite the total number of Galf based potential inhibitors of AG

biosynthesis already assayed estimated to be in excess of one hundred, there

has not yet been any significant inhibition reported.  Both the de Lederkremer54

and Fleet50 groups have provided evidence for inhibition of particular enzymes

by a limited number of their Galf derivatives (for example 26 by Fleet et al and

27 by de Lederkremer et al) however inhibition constants have not been

significant enough (IC50 = 0.08 – 1.05 mM) 50,54 to warrant further biological

testing.  For this reason there has not to this date, to the best of our knowledge,

been significant advances reported in the literature, 83-86 that describe Galf

containing compounds as inhibitors of mycobacterial growth.

    26        27

 1.3.3  1-Thio-galactofuranose Derivatives as Potential Antimicrobial Agents

It has been documented that thiosugars, which contain sulfur as a hetroatom in

place of oxygen, have specific physical properties to enable them to interfere with

enzymes or proteins involved in the recognition of the natural substrates.87  In

particular, S-glycosides (thioglycosides) have greater hydrolytic stability than analagous

O-glycosides which can be attributed to the different electronics of the heteroatoms
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making thioglycosides non-hydrolysable substrates and potential inhibitors for

glycohydrolases.54,88  In addition to differences in electronics between O  and S, the

larger size and more dispersed electron density of the sulfur means bond lengths are

longer than the corresponding oxygen-containing structure with bond angles being

smaller.87  The inability of enzymes to recognize altered physicochemical properties of

natural substrate counterparts can result in inhibition of the enzyme.54  Similarly, altered

physicochemical properties are evident in C-glycoside analogues and such compounds

can also produce enzyme inhibition.89

Both the de Lederkremer and von Itzstein groups have explored the use of Galf

thioglycosides as potential mycobacterial enzyme inhibitors.  The de Lederkremer

group synthesised a range of short chain alkyl and aryl Galf thioglycosides (for example

27) for evaluation against the galactofuranosidase from Penicillium fellutanum.  These

compounds were synthesised by reaction of per-O-benzoylated galactofuranose with

thiols under Lewis acid catalysis conditions to form galactofuranosyl thioglycosides.54

The von Itzstein group in 1998, also began work on a Galf project which sought to

design, synthesise and explore the biological activity of a range of 1-thio-

galactofuranosides.  Synthesis of thioglycosides was achieved by forming a thiolacetate

at C-1 of per-O-benzoylated Galf 28 which could be easily and selectively deprotected

with amine base90 to furnish a reactive thiolate.  The thiolate could then readily react

with alkyl bromides to produce a range of alkyl thioethers as potential inhibitors of

mycobacterial infection.91  In this way a suite of functionalised short alkyl chain

thioglycosides such as 29 were prepared.91  Unfortunately none of the compounds

prepared showed any significant biological activity when tested against the non-virulent

(mc2155) strain of M. Smegmatis.91
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            28      29  X = OH, NH2

During the preparation of their galactofuranosyl thioether series, Owen

and von Itzstein attempted to form the malonate derivative 30, from their

standard galactofuranosyl thioacetate precursor 28 (see Scheme 1.7).  In DMF,

and using diethylamine as a de-S-acetylating agent, the reaction unexpectedly

furnished the diethyl sulfenamide 31, possibly by way of the amine nucleophile

attacking the presumably reactive galactofuranosyl diethyl malonate 30.70

Biological testing of the unexpected N,N-diethyl sulfenamide reaction product

(deprotected), initially against M. smegmatis showed moderate activity.  These

results prompted more detailed studies of the effect of extended alkyl chain

length on bacterial inhibition.  An N,N-didecyl sulfenamide analogue 32 was

prepared which exhibited even greater activity in a mycobacterial cell culture

assay than the initial N,N-diethyl galactofuranosyl sulfenamide hit.  This

compound produced inhibition of mycobacterial cell growth in cultures of various

strains of drug resistant M. tuberculosis, with MIC values in the range of 0.5 – 5.0

µg/mL.83  These figures are comparable to many of today’s frontline TB antibacterials,

for example ethambutol, 21 which inhibits M. tuberculosis, strain H37Ra, with an MIC

value of 4 µg/mL.81  Given the significant activity of these initial compounds, further

work identifying the structure activity relationship of the galactofuranosyl

sulfenamides and associated furanose based families have now been undertaken

and the scope of the thesis is discussed in the following section.
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Scheme 1.7  Formation of anomeric diethyl sulfenamide 31.

                   32

 1.4  Scope of Thesis

This project was constructed to further explore the structure activity

relationship of these compounds, in particular the Galf N,N-didecyl sulfenamide

32, synthesised by the von Itzstein group in 2000,71 and to discover new

chemical entities that may provide next generation anti-tubercular drugs.  The

project encompassed the design, synthesis and biological evaluation of a suite

of three main classes of target compounds with, in the first instance, similar

aglycon (C-1 substituent) hydrophobicity to 32.  Aromatic aglycon units were

also investigated, and all target compounds were assayed against mycobacteria

in whole cell assays.  Due to the availability of other bacteria, the target



31

compounds were also assayed against a library of gram-positive and gram-

negative organisms.  The direction of the project, and hence the design of target

compounds, were based upon the structure activity relationship (SAR) of

chemical manipulations at C-1 and C-6 of Galf, C-1 of Glcf, and C-1 and C-5 of

Araf.  Galactofuranose with n-alkyl aglycons were chosen as a starting point on

the basis of the initial biological results for 32 and deprotected 31, and also

based on reports of the recognition of octyl glycosides of Galf in transferase

biochemical reactions 92.

Specific objectives of this project included:

1) The design and synthesis of a variety of galactofuranosyl-based compounds

with differing C-1 aglycons, to include; N,N-dialkyl and N,N-diaryl

sulfenamides (Galf-S-NR2) and sulfonamides (Galf-S(O)2-NR2), Galf

branched alkyl thioglycosides (Galf-S-CHR2) and n-alkyl thioglycosides

(Galf-S-CH2R). (Examples of Galf O-linked (Galf-O-CH2R), and Galf N-

linked (Galf-N-C(S)-NR2) compounds were also prepared).

2) The design and synthesis of Glcf and Araf sulfenamides, sulfonamides and

thioglycosides containing specific aglycon units.

3) The design and synthesis of a small library of non-carbohydrate probes

containing both sulfenamide and sulfonamide linkages.
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4) Synthesis of Galf C-6 modified and Araf C-5 modified sulfonamides and

thioglycosides.

5) Evaluation of the biological activity of the synthetic chemical library using

a disk diffusion assay and serial dilution broth assay, to ultimately

determine an MIC range for each synthetic target.

The in vitro testing was carried out against a range of bacteria including

mycobacteria (Mycobacterium smegmatis), selected gram positive

organisms (Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis,

Streptococcus pyogenes) and a gram-negative organism (Escherichia coli).
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 CHAPTER 2

SYNTHESIS OF GALACTOFURANOSE-BASED
COMPOUNDS WITH DIFFERING AGLYCONS

2.1  Introduction - Accessing the Galf template.

The potent anti-mycobacterial activity of the Galf didecyl sulfenamide 3293 has

led us to investigate a structure activity relationships of the sulfenamide class of Galf

based compounds.  In the first instance, variation of the functional group at the

anomeric C-1 was chosen for investigation.  To produce a range of C-1 functionalised

Galf derivatives, a base Galf template was required that was readily accessible and

easily manipulated.  The key intermediate required for the synthesis of such Galf

derivatives for this study was the per-O-acylated Galf derivative 33 (Figure 2.1) where

the anomeric position could be readily manipulated to allow introduction of sulfur-

linked (eg 3470), nitrogen-linked (eg 3557), carbon-linked (eg 3671) or oxygen-linked (eg

37) substituents for SAR studies (Figure 2.1).

                  32
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       34       35              36             37

Figure 2.1  Possible C-1 manipulations from key intermediate 33.

There are a number of reported methods of entry into the Galf template in the

literature.  The most readily accessible Galf template is commercially available D-

galactono-1,4-lactone 38.  Lerner and coworkers94 reported the hydroboration of 38 in a

procedure that yields the penta-O-acetate 39 in an overall 41% yield in three steps from

unprotected 38.

   38 39             40

An alternative furanose template used is the readily accessible glucofuranose 40.

Paulsen and Behre95 reported the epimerisation of the glucofuranose sugar 41 at C-4

through formation and subsequent hydration of the unsaturated derivative 42, to give

the galacto configured 43.  Although this method was later improved by Lemieux and

Stick,96 the synthetic scheme to arrive at 43 from 1,2:5,6-di-O-isopropylidene-α-D-
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glucose 41 is tedious (7 steps , 60% overall yield),96 and 43 is not ideally functionalised

for our use.

        41              42  43

Access to the Galf template from D-gal has been achieved through both

glycosidation and acylation methods.  For example, Plusquellec and coworkers74

utilised FeCl3 as a promoter to furnish the octyl galactofuranoside 44 from octanol and

D-gal in good overall yields (56%), with high β-selectivity (1:4.9 α:β).  45 could then

be converted via acetolysis to the acetylated product 39 in high yield.97  The Plusquellec

group also experimented with pent-4-ene-1-ol as a coupling reagent to yield 54% of the

acetylated α/β-galactofuranoside 46 in a 40:60 α/β anomeric mixture.98  Pentenyl

glycosides such as 46 have been shown to be useful as galactofuranosyl donors in

disaccharide synthesis.98

     44               45             46
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Also, a synthesis was reported by Chittenden77 for entry into per-O-acetylated

Gal f  39 via the methyl glycoside intermediate 47, using a one pot procedure with

crystallisation of the desired furanose product from isopropanol in 37 - 41% overall

yield.

            47

Recently Lerner99 reviewed a synthesis originally reported by Pirie100 in 1936

that stated acetolysis of unblocked aldose diethyl dithioacetals, in particular D-galactose

diethyl dithioacetyl 48 when reacted with acetic anhydride and concentrated sulfuric

acid, gave the acyclic heptaacetate 49 of the corresponding aldose.  However in a more

comprehensive analysis of the reaction products, Lerner99 demonstrated that the main

product of the acetolysis reaction of 48 is 1,2,3,5,6-penta-O-acetyl-β-D-Galf, 39.

Lerner’s revised method for the preparation of fully protected D-Galf describes a 6 day

total reaction time at room temperature to furnish 58.5% of 39 as a crystalline product.

         48      49

For the preparation of per-O-acylated Galf 33 directly from D-gal, the main

challenge is the generation of the furanose species as the ratio of furanose to pyranose

forms of D-galactose is normally exceedingly low.  For example, at 31 °C in aqueous
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solution the D-gal monosaccharide is present as the following tautomers at equilibrium;

30% α-pyranose, 64% β-pyranose, 2.5% α-furanose and 3.5% β-furanose.101  In a

pyridine solution, after several weeks at 25 °C the furanose tautomers were reported to

comprise only 17% of the mixture.101  The acylation reaction conditions must therefore

be optimised to force the equilibrium to the furanose form to achieve the best possible

yield of the desired 1,2,3,5,6-penta-O-acyl-α/β-D-galactofuranose compound mixture.

D’Accorso et al.102 developed a procedure which provides a 77.3% yield of the per-O-

benzoylated derivative 50 by reacting D-gal with benzoyl chloride in pyridine at 60 °C.

It was reported that the fully protected Galf species was easily crystallised from ethanol.

102   This method was based on the work of Acree et al101 who showed that the tautomer

ratio of D-galactose in pyridine at 80 °C was 31.7% α-pyranose, 31.2% β-pyranose,

13.7% α-furanose and 23.4% β-furanose.

             50

More complex Galf templates have also been reported that may be of use when

more complex Galf derivatives are required for SAR studies.  For example, Lafont et

al.103 have described the synthesis of 1,2,3-tri-O-acetyl-5,6-anhydro-D-galactofuranose

5 1  in 74% yield upon reaction of  6-O-tosyl-D-galactopyranose 52  with 1,8-

diazobicycloundec-7-ene.103  This method of entry into Galf provides an attractive

intermediate for the manipulation of the C-5 and C-6 positions of Galf.  The synthesis of

1,6-anhydro-α-D-galactofuranose 53 by reacting D-gal with p-toluene-sulfonic acid at

elevated temperature (1 step, 33%) as reported by Angyal et al.,104 also provides an
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attractive intermediate for synthesising more complex, C-5 functionalised Galf

derivatives.

       51           52                 53

 2.2  Synthesis of Key Starting Materials Per-O-acylated Galf 33 and
Per-O-acylated Galf thiolacetate 34.

 2.2.1  Synthesis of Per-O-acylated Galf 33.

It was our intention to have comparative syntheses for our key starting material

33, in order to develop a process for entry into per-O-acylated Galf that combined high

yields with efficient purification of the product. Both the per-O-benzoylated product 50

and per-O-acetylated product 39 were well suited to our proposed synthetic schemes as

the anomeric position can be easily manipulated,54,70 and can serve as a precursor to all

proposed synthetic targets.

In view of the high yielding preparation of 1,2,3,5,6-penta-O-benzoyl-α/β-D-

galactofuranose 50 reported by D'Accorso et al.102 it was felt that this would be a logical

starting point for the construction of the required per-O -acylated template 33.

D'Accorso et al.102 reported a preparation of 50 that described the suspension of D-gal in

pyridine solution at 60 ºC (Scheme 2.1, Step A) to firstly obtain an optimal furanose-

favoured tautomeric mixture.  Subsequent dropwise addition of benzoyl chloride, while

strictly maintaining an elevated temperature, enabled C-1 functionalisation, constraining
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the sugar to the furanose conformation.  An extended reaction period enabled complete

benzoate protection of the furanose template.  The crude material was subsequently

washed and recrystallised from ethanol.  This method for the preparation of 50 had

previously been attempted by the von Itzstein group,91 however the observed yields

were much lower (25% of 50) than the 77.3% reported by D'Accorso.  In spite of this, it

was decided that the preparation of 50 be carried out again as originally reported.102  In

our hands, a disappointing 23% yield of the desired α/β  mixture of Galf anomers was

recrystallised from ethanol solution (Scheme 2.1, Step A).  Inspection of the 1H and 13C

NMR's of the mother liquors obtained after crystallisation indicated that the remaining

galactose was predominantly of the pyranose conformation, as shown by differences in

C-4 proton and carbon chemical shifts when compared to an authentic per-O -

benzoylated Galf sample (eg. per-O-Bz Galp H-4, δ 6.18, J4,5 <1.0 Hz cf per-O-Bz Galf

50  H-4, δ 4.76, J4,5 4.8 Hz).102    Accordingly, our attention was directed toward

optimising reaction conditions to achieve the high yield reported by D'Accorso.102

Consequently, a number of minor variations to the original preparation were attempted

including adjustments to reaction temperature, and strict maintenance of anhydrous

conditions.  Whilst the yield of 50 was improved, the maximum observed yield of 31-

32% remained significantly lower than that reported by D'Accorso.102    However, in

light of the observation that the tautomeric equilibrium mixture of D-gal in pyridine at

80 ºC constitutes only 37% of the furanose species,101 the result achieved in our hands

was not surprising.

Given the lack of success using the procedure of D'Accorso, the alternate

method of entry into the per-O-acylated Galf template 33 presented by Chittenden77 was

explored.  According to Chittenden’s preparation of per-O-acetylated Galf 39, a

furanosyl methyl glycoside of galactose is initially formed by reaction of D- gal with
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methanol in the presence of a catalytic amount of H2SO4 at 60 °C.  After neutralisation,

a subsequent acetylation and acetolysis step is performed using acetic acid and acetic

anhydride, again in the presence of catalytic H2SO4, to yield the O-acetate protected

product 39 (Scheme 2.1, Steps B and C).  Isolation and purification of the product is

reportedly achieved by partition of the crude reaction mixture between water and

chloroform, and extraction of the product into chloroform.  Crystallisation of 39 is

achieved from ethanol at –10 °C.  Chittenden reported a 37-41% yield of Galf from the

crude reaction mixture.

           47   39 R = Ac

50 R = Bz

Scheme 2.1  Methods of entry into per-O-acylated Galf (39 and 50) toward the preparation of
Galf-SAc 34.  Reagents and Conditions:  (A) i.  pyr, 100 ºC, 1 h;  ii. BzCl, pyr, 60 ºC, 1 h, then
rt for 24 h;  (B) MeOH, cat. H2SO4, 60 ºC, 2 h;  (C) Ac2O, AcOH, H2SO4, rt, 48 h.

Carrying out the synthesis of 39 according to the reported procedure, it was

found by 1H NMR spectroscopic analysis, that the crude reaction product before

crystallisation contained predominantly the furanose conformed product (Figure 2.2,

Spectrum 2 - approximately 90% by integration of anomeric protons) when compared to

an authentic sample of β-Galf per-O-acetate (ie. β-Galf per-O-Ac H-1, δ 6.19, J1,2 <1.0

Hz, see Figure 2.2 - Spectrum 1; α-Galf per-O-Ac H-1, δ 6.32, J1,2 4.6 Hz, see Figure

2.2 - Spectrum 2).97  An initial crystallisation from ethanol resulted in 51% yield of the
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pure β-Galf per-O-acetate, with more product (up to 60%) recoverable via subsequent

crystallisations.  Both the α-Galf per-O-acetate and β-Galp per-O-acetate products

remained in solution. This observation is rationalised based on the high concentration of

the β-Galf per-O-acetate product in the crude, and also that the β-Galf per-O-acetate

product is a compound that is potentially more ameanable to crystallisation.

Accordingly, this method for entry into per-O-acylated Galf was favoured for large

scale synthesis.

Figure 2.2 Spectrum 1: 1H NMR spectrum of an authentic sample of β Galf per-O-acetate 39;

Spectrum 2: 1H NMR of the crude reaction mixture (Scheme 2.1, Step A) containing α/β-Galf

per-O-acetate and β-Galp per-O-acetate.

The various methods and numerous attempts undertaken for the preparation of per-O-

acylated Galf 33 resulted in a large supply of both the per-O-benzoylated 50 and per-O-
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acetylated 39 derivatives.  For this reason the synthetic schemes presented in this

chapter may use either 50 or 39 as starting materials.  The chemistry that can be

performed on these precursors is essentially the same, however the minor differences

that were observed will be addressed where appropriate.

 2.2.2  Synthesis of Per-O-acylated Galf thiolacetate 34.

A typical procedure105 for the introduction of a thiolacetate at the anomeric

position of a protected sugar is firstly to produce an anomerically activated species such

as a glycosyl halide.  Subsequent reaction using potassium thiolacetate for example

could then facilitate introduction of the thiolacetate via an SN2 displacement reaction.

However in this project, chemistry developed by the de Lederkremer group54 was

followed so as to form the thiolacetylated derivative 34  via a one pot synthetic

procedure.  According to the procedure described by Owen and von Itzstein70 the per-O-

acylated derivative (39 or 50) was reacted with tin tetrachloride in dichloromethane

(DCM) at 0 ºC for 1 hour, followed by the addition of thiolacetic acid (Scheme 2.2).

The benzoylated thiolacetate derivative 28 was isolated in 74% yield, and the acetylated

product 54 was isolated in 78% yield, after purification by column chromatography.

50 R = Bz           28 R = Bz

39 R = Ac           54 R = Ac

Scheme 2.2  Reagents and Conditions:  (A) SnCl4, CH2Cl2, HSAc, 0 ºC, 1 h, N2.

Inspection of the proton NMR spectrum for the product 1-S-acetyl-2,3,5,6-tetra-

O-benzoyl-1-thio-β-D-galactofuranose 28 revealed an upfield shifted anomeric proton



43

resonance when compared to that of the per-O-benzoate 50, and was represented by a

broad singlet at 6.34 ppm.  The small H-1 to H-2 coupling indicated formation of the β-

anomer. 70,74,54  Evidence for the formation a small percentage (approximately 8% by

integration) of the α-anomer of 28 was provided by the presence of a doublet (δ 6.30,

J1,2 4.6 Hz, H-1) in the 1H NMR spectrum of the crude reaction mixture, corresponding

to the H-1 resonance of the α-Galf SAc.

The mechanism of C-1 thiolacetate formation relied on the ability of tin to

become hypervalent,106 and therefore enabling the chlorinated species SnCl4 to

coordinate to the anomeric acyl oxygen.  The electron withdrawing effect of the

coordinated transition state forces deacylation at C-1 to form an oxo-carbocation

intermediate.  Subsequent C-2 acyl group participation at the α-face of C-1 restricts

nucleophilic attack of the thiol to the β-face.  In this way the 1-S-acetyl-2,3,5,6-tetra-O-

acyl-1-thio-β-D-galactofuranose 34 was stereoselectively furnished in high yield by this

reaction.

 2.3  Galactofuranosyl Sulfenamides

 2.3.1  Background

Sulfenamides constitute a class of compounds that contain a trivalent nitrogen

bonded to a divalent sulfur.107    Sulfenamides are highly labile and readily react with

both electrophiles and nucleophiles.108  With respect to this, sulfenyl protecting groups

(for example the 2-nitrophenyl sulfenyl group) form acid labile sulfur-nitrogen linkages

and are often used in peptide synthesis.109   Cleavage of the sulfur-nitrogen bond using

HCl occurs via electrophilic coordination to the nitrogen atom, followed by nucleophilic

attack on sulfur to produce an amine and a sulfenyl chloride.107  Accordingly,
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sulfenamides are also susceptible to nucleophilic attack on the more electropositive

sulfur atom.  Based on these reactivities, sulfenamide chemistry has been exploited in,

for example, the rubber industry as cross-linking agents in the vulcanisation of rubbers,

in agriculture as fungicidal agents, and in the pharmaceutical industry as requisite

functionality in biologically active agents.107,108

There has been unequivocal evidence presented in the literature to indicate that

the sulfinyl benzimidazoles class of peptic ulcer drugs (for example Omeprazole 55)

undergo transformations to active sulfenamides (56) in the acid transporting gastric

vesicles of the stomach, by way of acid catalysed cyclisation (Scheme 2.3).110  The

sulfenamide intermediates formed, are highly susceptible to thiol attack within the

catalytic subunit of the H+/K+ATPase, and readily form disulfide bonds with cysteine

residues of the ATPase enzyme, thereby inactivating the enzyme.111

     55     56

Scheme 2.3  Acid catalysed cyclisation of Omeprazole 55 to the active sulfenamide 56. 110

Although the site and mechanism of action of the N,N-didecyl sulfenamide 32

prepared by Owen et al.70 has not yet been determined, the known chemistry of its

functional groups aids in an understanding of how this novel compound may interact

with certain biological systems.   To further broaden our knowledge of the biological

systems we were targeting, and in an attempt to optimise the lead compound 32,

alterations to the original Galf N,N-didecyl sulfenamide template 32 were performed.

According to the literature improved activity was observed for an octyl glycoside in the
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design of inhibitors of mycobacterial transferases.92  As a result of this outcome it was

felt that a SAR study around the influence of alkyl chain length and substitution was of

merit.  Thus, the preparation of a series of N,N-dialkyl and N,N-diaryl sulfenamides was

undertaken.  These compounds included the diethyl 57 and didecyl 32 derivatives

originally prepared by Owen et al.,70(these compounds were resynthesised for

comparative biological studies for this project) and the newly synthesised dibutyl 58,

dihexyl 59, dioctyl 60 and dibenzyl 61 derivatives of this project.

     57       58                     59

     60       32      61

 2.3.2  Synthesis of N,N-dialkyl and N,N-diaryl Galactofuranosyl Sulfenamides

A large number of synthetic routes to sulfenamides have been developed over

the years. 70,107,108,112  However the most common method of sulfenamide formation is the

condensation of amines with sulfenyl halides.107  Mechanistically, the reaction proceeds

via nucleophilic attack of the amine on the sulfenyl halide, to produce the sulfenamide,

and an acid byproduct which is generally neutralised by excess amine.  Examples drawn

from the literature that describe the formation of glycosyl sulfenamides via a glycosyl

halide include a preparation by Bell et al.113 that involved the condensation of Glcp
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sulfenyl bromide with aniline.  However, given the instability of anomeric glycosyl

sulfenyl halides,114 and considering the ease of entry into Galf thiolacetate 34 ,

sulfenamide formation70 from glycosyl thiolacetates was chosen as the preferred

method.

The synthetic approach to Galf sulfenamides70,83is given in Scheme 2.4.  The

proposed70 mechanism for the reaction of 34 with diethyl bromomalonate and a

dialkylamine to produce an N,N-dialkyl sulfenamide is presented in Scheme 2.5.

Formation of the expected reaction product, the diethylmalonate thioglycoside (62,

Scheme 2.5) was not observed by Owen et al.70 and was thought instead to be a reactive

intermediate which enabled sulfenamide formation.  Reaction of per-O-benzoylated

Galf-SAc 28 with diethylamine in DMF gave the N,N-diethyl sulfenamide 31 in 74%

yield after 14 hours, while reaction with didecylamine in THF/DMF produced N,N-

didecyl sulfenamide 65 in 45% yield. 83

19 R = Bz  Where R = Bz      Where R = Ac  57 R' = (CH2)CH3

53 R = Ac            31 R' = (CH2)CH3    67 R' = (CH2)3CH3  58 R' = (CH2)3CH3

                                 63 R' = (CH2)5CH3     68 R' = (CH2)5CH3     59 R' = (CH2)5CH3

           64 R' = (CH2)7CH3     69 R' = (CH2)7CH3           60 R' = (CH2)7CH3

           65 R' = (CH2)9CH3     70 R' = (CH2)9CH3           32 R' = (CH2)9CH3

           66 R' = (CH2)Ph                61 R' = (CH2)Ph

Scheme 2.4  Reagents and Conditions: (A) BrCH(CO2Et)2, THF, HN((CH2)nCH3)2, 25 °C, 70

h, N2; or BrCH(CO2Et)2, MeOH, HN((CH2)nCH3)2, 25 °C, 2-12 h, N2; (B) NaOMe, MeOH, 25 °C,

1 h.
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34         71

      62              72

Scheme 2.5 Proposed mechanism for sulfenamide formation via a sulfenyl-malonate
intermediate.70

The initial attempted syntheses of the protected dihexyl and dioctyl

sulfenamides 63 and 64 from per-O-benzoylated Galf-SAc 28 using the published

procedure,70 were unsuccessful due to the formation of an unexpected reaction by-

product, that was inseparable from, and contaminated, the desired protected

sulfenamides.115  This by-product was identified as 7 3 , an adduct between

diethylmalonate and the dialkylamine employed in the reaction.115  It was proposed that

the by-product was formed by nucleophilic attack of the secondary amine at the

brominated carbon of diethyl bromomalonate.  Interestingly, in the initial reports of the

synthesis of either the diethyl70 or didecyl83 sulfenamide derivatives, no mention of this

by-product was made.  However this could be as a result of the volatility of 73 (n=1) as

determined in recent work.115  In the synthesis of protected didecyl sulfenamide 65,

Owen and von Itzstein83 reported only the crystallisation of excess didecyl amine

reagent from the reaction mixture.  In this case a combination of THF and DMF had
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been used to solubilize reagents.  The use of THF was therefore applied to the

preparation of dihexyl 63 and dioctyl 64 sulfenamides from 28.  By using THF as a

solvent in place of DMF, it was found that the formation of the by-product 73 (n = 5

and 7) was substantially reduced, and that excess amine salt (dihexyl and dioctyl

derivatives, as characterised by 1H NMR and mass spectroscopic analysis) could be

easily crystallised from the reaction mixture.  In this way the benzoate protected N,N-

dihexyl and N,N-dioctyl sulfenamides 63 and 64 were synthesised in 38%, and 67%

yield respectively from 28.  The lower yield of 63 was attributed to an insufficient

reaction time of 40 hours.  Extending the reaction time to 70 hours in the synthesis of 64

resulted in a more complete conversion of starting material to product, and therefore

increased yield.  The substantially longer reaction time required in THF solvent as

compared to DMF could be attributed to the lower polarity of THF, conditions that are

less likely to favour Galf thiolate 71 formation.  The reason for diminished by-product

formation in THF is unclear.

73 (n = 1, 5, 7)

Exposure of per-O-benzoylated thiolacetate derivative 28 to dibenzylamine in the

presence of excess diethyl bromomalonate under identical conditions to those described

above (THF, 25 ºC, 40 h) however, did not provide the expected Galf dibenzyl product

66.  Instead, after 40 hours reaction time, precipitation of the diaryl amine was observed

(as identified by 1H NMR analysis) and there was no conversion of the thiolacetate 28
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to the corresponding thiolate 71, as typically characterised by a baseline spot on TLC

analysis.  In light of this observation, the reaction was repeated with the addition of one

equivalent of the more nucleophilic116 diethylamine, initially in the absence of diethyl

bromomalonate, to ensure de-S-acetylation of 28, whilst employing the more polar

solvent system of 50% DMF in THF to favour thiolate formation.  Conversion of 28 to

the desired dibenzyl sulfenamide 66 was observed, albeit in a low yield of 16%.

Given the lack of success of improving the yield of the dibenzyl sulfenamide 66

by way of experimentation with various DMF/THF solvent systems, and a range of

temperatures, an alternative approach to diaryl sulfenamide synthesis was attempted.  In

view of the literature precedence indicating the use of sulfenyl-phthalimides (see

general structure 74) as excellent sulfenyl transfer reagents in the preparation of

sulfenamides,107 N-bromophthalimide was substituted for diethyl bromomalonate, and

was applied to the model diethyl sulfenamide reaction in DMF.  In this instance, it was

expected that the phthalimide-sulfenamide 76 (Scheme 2.6) would serve as a reactive

intermediate for the subsequent nucleophilic attack of the dialkyl amine to produce the

desired sulfenamide 31.  The reaction did proceed smoothly to furnish 31 in 59% yield,

compared to 74% obtained using diethyl bromomalonate.70  This result suggested that

under the described conditions, N-bromophthalimide was not a better sulfenyl transfer

reagent than diethyl bromomalonate.

    74 R = alkyl, phenyl, benzyl
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            28             75 76

           31

Scheme 2.6  Reagents and Conditions: (A) DMF, HN((CH2)CH3)2, 25 °C, 12 h, N2.

Further experimentation with reaction solvent was next pursued.  Given the

solubility of dibenzylamine in methanol, together with precedence for sulfenamide

formation in methanol solvent,112 we trialled the substitution of methanol for THF/DMF.

Surprisingly, when applied to the synthesis of the per-O-benzoyl dibenzyl sulfenamide

66, using diethyl bromomalonate, and without the aid of the additional de-S-acetylating

agent diethylamine, the reaction was complete within 12 hours, and 66 was prepared in

almost quantitative yield.  Interestingly, the competing side reaction to form the by-

product 73 discussed earlier was not observed.  Clearly the increased solubility of

dibenzylamine in methanol, together with the polar nature of methanol to favour

thiolate formation allowed for a more efficient conversion to the desired sulfenamide

product.

Having successfully prepared 66, the re-synthesis of the dihexyl and dioctyl per-

O-acetylated species 68 and 69, together with the dibutyl and didecyl per-O-acetylated

species 67 and 70 was attempted using methanol in place of THF as solvent.  In each

reaction the per-O-acetylated thiolacetate 53  was exposed to the appropriate
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dialkylamine in the presence of diethyl bromomalonate (Scheme 2.4).  The reactions in

each case were exceedingly fast and were complete within 2 hours, stirring at room

temperature.  However a number of reaction products were formed, and the yields

varied depending upon the nucleophilicity of the amine used.  The longer chain

secondary amines (dihexyl, dioctyl and didecyl) gave predominantly the desired

products 68, 69 and 70 respectively in 65-75 % yield.  An additional 10-15 % of the

Galf sulfenamides 68, 69 and 70 were present as a mixture of partially de-O-acetylated

species as determined by a single lower Rf spot compared to the desired material by

TLC analysis, and a single mass peak corresponding to the loss of an acetate protecting

group by mass spectrometric analysis.  The 1H NMR spectra of these mixtures were

complex, and for this reason a definitive characterisation was not possible.  Yet the

occurrence of a broad amino α-methylene multiplet at 2.90 ppm with appropriate

integration, provided evidence for the mixture to contain various partially protected Galf

sulfenamide species.

The greater nucleophilicity of dibutylamine resulted in a greater occurrence of

the partially protected species, and a lower yield of 53 % for the corresponding fully

protected per-O-acetylated sulfenamide 67.

Purification of the sulfenamides using column chromatography proved to be

challenging.  The benzoate protected dihexyl and dioctyl species 63 and 64 formed in

THF contained malonate-amine by-product 73 (n = 5 and 7) which co-eluted with the

sulfenamide product on silica chromatography support. The per-O-acylated dibenzyl,

dibutyl, dihexyl, dioctyl and didecyl species 66-70 synthesised in methanol, although

they did not contain by-product, contained a significant amount of free amine which

was eluted in small quantity upon column chromatography on silica, in a number of

fractions containing the desired material.  Despite this, at least one reasonably pure
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fraction was isolated for each example and used further for purposes of characterisation.

Ultimately, the problem of contamination by either amine or malonate-amine by-

product 73 was overcome in the ensuing deprotection or oxidation steps (vide infra,

Section 2.3.3 and 2.4.2).

The suite of protected Galf dialkyl sulfenamides were easily identified in the

first instance using 1H NMR spectroscopy (see Appendix 1).  For the acetate protected

N,N-dialkylated sulfenamides, a characteristic multiplet at 2.90 ppm was representative

of the amino α-methylene hydrogen atoms, appropriately integrating for 4 protons.

This multiplet was observed to resonate 0.30 ppm downfield of the triplet representative

of the amino α-methylene hydrogen atoms of the corresponding free amine (of an

authentic amine sample).  The anomeric α proton is represented as a doublet with a 3J

coupling of 2.8-2.9 Hz, and resonates downfield of H-5 at 5.41 ppm.  The per-O-

benzoylated dialkyl and diaryl species produce similar 1H spectra, however in the

benzoylated derivatives H-1 typically resonates further upfield of H-5 at 5.77 ppm.  The

α-methylene protons of the diaryl derivative 66 are represented as a singlet at 4.16 ppm.

Further structural evidence was provided by 13C NMR spectroscopy, in that the amino

α-methylene carbon atoms of both the benzoylated and acetylated dialkyl derivatives

were typically found to resonate at approximately 58.7 ppm, compared to the free amine

amino α-methylene carbon atoms which were found to resonate at around 51.0 ppm.

The anomeric carbon signals were observed to resonate at around 90.0-91.0 ppm,

compared to 86.0 ppm for C-1 of per-O-acetylated Galf-SAc 53.  Analysis by low-

resolution mass spectrometry (LRMS) identified a single base peak as the molecular ion

plus sodium for each example.  High resolution mass spectral analysis provided

accurate masses which supported the proposed protected sulfenamide structures 63, 64
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and 67-70.  Optical rotation for the series was exemplified by the per-O-benzoylated

dioctyl sulfenamide 64 and was determined to be -46.1° at 25 ºC (c1. CH2Cl2).

 2.3.3  Deprotection of Galactofuranosyl Sulfenamides

Deprotection of the small library of per-O-acylated sulfenamides to give the

dibutyl 58, dihexyl 59, dioctyl 60, didecyl 32, and dibenzyl 61 derivatives (Scheme

2.4), was achieved using one equivalent of sodium methoxide (1 M) in methanol

followed by neutralisation of the reaction mixture with Amberlite® IR-120 (H+) resin.

The reaction was complete in 15 minutes for the more base sensitive acetate protected

species, and 1 hour for the benzoylated compounds.  De-O-acylation was confirmed by

the absence of either acetate (2.00 - 2.10 ppm) or benzoate (7.26 - 8.10 ppm) signals

according to the starting material, in both the 1H and 13C NMR spectra of the

deprotected derivatives.

Substantial decomposition of the sulfenamides to lower R f material was

observed during neutralisation of the reaction mixture, with decomposition products

identified by 1H NMR and mass spectroscopic analysis as the free amine, and what

appeared to be a galactosyl thiol.  In agreement with literature evidence for the

instability of sulfenamides to acid,107 the extent of decomposition appeared to be

appreciably higher following acidification of the reaction mixture to pH 6-7, and

resulted in isolated yields as low as 50%.  Careful acidification of the reaction mixture

to pH 7.5 - 8.0 resulted in yields as high as 74% in the case of the dihexyl sulfenamide

59 , from the per-O -acetylated dihexyl sulfenamide 68 .  Furthermore, slight

decomposition was observed during rapid chromatography on silica, possibly due to the

acidic nature of silica.  Column chromatography using neutral alumina was attempted,



54

but this method did not appear to improve the outcome.  Attempted HPLC purification

using an analytical C-18 reverse phase column was also unsuccessful, and in this case

the column required back flushing to remove the adhered compound giving only the

decomposed dioctyl sulfenamide 60 , as the free amine and an unidentifiable

carbohydrate.  For these reasons it was difficult to achieve greater than 92% purity for

the dialkylated sulfenamides (see Appendix 1 for 1H NMR spectrum of 60).  The minor

impurities consisted of the free amine and a galactosyl thiol. Fortunately the dibenzyl

species 61, crystallised from ethyl acetate at -10 °C, and was isolated in sufficient purity

for elemental analysis (C20H25NO5S; C, 61.36 %; H, 6.44 %; N, 3.58 %;  Found: C,

61.11 %; H, 6.53 %; N, 3.45 %) (see Appendix 1 for 1H NMR spectrum of 61).  The

optical rotation of the dibenzyl sulfenamide 61 was determined to be -158.0° at 25 °C

(c1. MeOH).  Optical rotations for the deprotected dialkyl sulfenamides were

exemplified by the didecyl sulfenamide 32 ([α]D
25 -68.6° (c1. MeOH)).

Acquisition of low resolution mass spectra to include an intact molecular ion

was also challenging for the dialkylated derivatives.  Typically the molecular ion plus

sodium was present as a minor component ([M + Na]+ 1 - 10%), with the parent ion

being due to the relevant amine plus H+.  In a similar way, a previous mass

spectroscopic analysis of sulfenamides by Harpp et al117 also reported that sulfur-

nitrogen cleavage was seen to dominate the fragmentation pattern.   To achieve an intact

molecular ion in the HRMS, the deprotected sulfenamide samples were injected as a

water/methanol solution without the use of acid.  For the dibenzyl species 61, the parent

ion was the molecular ion ([M + Na]+ 100%).
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 2.3.4  Compound Stability Studies

The instability of the per-O-acylated sulfenamides during the neutralisation of

the deprotection reaction prompted an investigation into these compounds solution

stability, and susceptibility of the free dioctyl sulfenamide 60 to oxidation when

exposed to air.  After standing in a CD3OD solution for 5 days, no decomposition of 60

was observed by 1H NMR spectroscopy.  However inspection of the 1H NMR spectrum

of solid 60 after exposure to air and light for 30 days revealed an approximate 35%

decomposition of 60 as determined by the appearance of 2 new anomeric proton signals.

Also, the appearance of a triplet at 2.55 ppm, characteristic of a secondary amine α-CH2

signal, suggested cleavage of the amine portion of 60, and not oxidation at sulfur,

whereby the amino α-methylene protons of the oxidised species would be expected to

resonate downfield of the α-methylene protons of the sulfenamide (see Figure 2.4,

Section 2.4.2).  Chemical conversion of the sulfenamides to the corresponding

sulfonamides was next pursued.

 2.4  Galactofuranosyl Sulfonamides

 2.4.1  Background

Sulfonamides are characterised by the general formula RS(O)2NR'2.118   They

can be prepared by a variety of methods119-121 including the addition of amines to

sulfonyl chlorides, and via the oxidation of sulfenamides.  Sulfonamides bearing

secondary substitution about nitrogen have been shown122 to be chemically resistant to

alkaline hydrolysis, as base attack ionises the NH-group.  They are also resistant to

acidic attack with weak acid including hydrogen bromide and trifluoroacetic acid.122
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For these reasons, the use of N-acyl- and N-acyl-N-alkyl-sulfonamides as convenient

anchors in solid phase peptide synthesis is well documented. 122-125

Sulfonamides are also well known as requisite functionality of the sulfonamide

class of antibacterial agents.  Sulfonamide drugs are competitive antagonists for 6-

hydroxymethyl-7,8-dihydropteroate synthase (DHPS), an essential enzyme for the de

novo synthesis of folate in prokaryotes and lower eukaryotes.126  These drugs

characteristically act as mimics of para-aminobenzoic acid (PABA) 77, the natural

substrate for DHPS in folate synthesis.  The essential structural features for

sulfonamides to be effective competitive mimics for PABA are illustrated in Figure 2.3,

Structure 78, and include: a benzene ring with two substituents para to each other, the

singly substituted 1-sulfonamido group (in blue), and an amino group in the para

position (in magenta)127.

            77                78

Figure 2.3  Structure 77 is para-aminobenzoic acid (PABA), the natural substrate for DHPS.
General structure 78 highlights the key features of a sulfonamide drug to be an effective

competitive mimic for PABA127.

One potential metabolite of the glycosyl sulfenamides prepared in Section 2.3

may include oxidation at sulfur128 to form the corresponding sulfonamides.  To

investigate the effect of oxidation at sulfur on in vitro activity, and given the

susceptibility of sulfenamide linkages to acid hydrolysis, the suite of Galf sulfenamides

were oxidised to the potentially122 more acid stable sulfonamides of general structure 79.
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                      79

 2.4.2  Synthesis of N,N-dialkyl and N,N-diaryl Galactofuranosyl Sulfonamides

Sulfenamides can be oxidised to sulfinamides (general structure 80) via

succinimidosulfonium salts by reaction with N-chlorosuccinimide in dichloromethane

followed by hydrolysis with KHCO3.129

        80

However, we envisaged the relatively straight forward direct conversion to the fully

oxidised sulfur that used a typical procedure employing excess oxidising agent meta-

chloro perbenzoic acid (mCPBA) in dichloromethane.107,108  General Scheme 2.7

illustrates the synthetic route for the production of sulfonamides 87-91.

Sulfonamides 81-86  were synthesised by treatment of per-O -acylated

sulfenamides 31, 63,64 and 66-70 with mCPBA in dichloromethane at reflux for 2

hours.  The presence of either dialkylated amine or by-product (vide supra, Section

2.3.2) in the sulfenamide starting material did not appear to affect reaction progression,

and could be separated from the product by column chromatography on completion of

the reaction.
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Where R = Bz          Where R = Ac         Where R = Bz                     Where R = Ac

 31 R' = (CH2)CH3   67 R' = (CH2)3CH3   85 R' = (CH2)7CH3  81 R' = (CH2)3CH3

 63 R' = (CH2)5CH3  68 R' = (CH2)5CH3   86 R' = (CH2)Ph     82 R' = (CH2)5CH3

 64 R' = (CH2)7CH3  69 R' = (CH2)7CH3   83 R' = (CH2)7CH3

 66 R' = (CH2)Ph      70 R' = (CH2)9CH3                      84 R' = (CH2)9CH3

         87 R' = (CH2)3CH3

          88 R' = (CH2)5CH3

          89 R' = (CH2)7CH3

          90 R' = (CH2)9CH3

            91 R' = (CH2)Ph

Scheme 2.7  Reagents and Conditions: (A) mCPBA, CH2Cl2, reflux, 2 h; (B) NaOMe, MeOH,
25 °C, 1 h.

A doublet at 4.82 ppm was assigned to H-1 of the acetylated sulfonamides 81 -

84, and a doublet at 5.19 ppm was assigned to H-1 of benzoylated compounds 85 and

86.  For the dialkyl per-O-acylated species, the amino α-methylene multiplet was found

to resonate at 3.23 ppm, 0.3 ppm downfield of the amino α-methylene in the

corresponding sulfenamide series, which is consistent with the expected de-shielding

effect by the hexavalent oxidised sulfur.130  In a similar way, the amino α-methylene

singlet of the dibenzyl sulfonamide 86 was shifted downfield by 0.3 ppm.  Analysis by
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LRMS identified one signal that corresponded to the molecular ion plus sodium for

each example.

Final stage hydrolysis of the sulfonamide series using sodium methoxide in

methanol gave the target compounds 87  - 91 in good to excellent yield (75 - 90%).

Purification by column chromatography on silica was successful, and the desired

products were eluted intact, without decomposition. Figure 2.4, comparing the 1H NMR

spectra of Galf dioctyl sulfenamide 60 (Figure 2.4, Spectrum 1) and Galf dioctyl

sulfonamide 89 (Figure 2.4, Spectrum 2), illustrates the considerable effect of oxidation

at sulfur on the chemical shift of H-1.  Interestingly, H-1 of sulfonamide 89 was found

to resonate at 4.58 ppm, 0.58 ppm upfield of H-1 of sulfenamide 60.  This effect is

believed to occur as a result of anisotropic shielding, commonly observed in π bonding

systems.131  A localised magnetic field is generated by the electrons in the π bonds

(O=S=O) of the sulfonamide.  The circulation of electrons in the local field may be

para- or diamagnetic to B0 resulting in an additive or subtractive effect respectively, on

the chemical shift of nearby protons.  In the case of Galf dioctyl sulfonamide 89, H-1

appears to be located in the localised field with electrons opposing B0 therefore

resulting in a shielding of H-1 and a lower chemical shift (δ ppm) than would otherwise

be expected for a proton adjacent to an electron withdrawing group.131

Satisfactory microanalyses were obtained for the new sulfonamides 87-91.  The

shorter chain aliphatic sulfonamides appeared to be significantly hygroscopic.  This

trend was supported by microanalyses data.  Additionally, optical rotations for the

dihexyl 88, dioctyl 89 and didecyl 90 sulfonamides at 25 ºC indicated some consistency

for the series (88 [α]D
25 -72.4° (c1. MeOH), 89 [α]D

25 -65.3° (c1. MeOH), 90 [α]D
25 -

53.2° (c1. MeOH)).   
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Figure 2.4  Spectrum 1: Galf dioctyl sulfenamide 60, contaminated by decomposition product
dioctylamine and galactosyl thiol (see also Appendix 2). Spectrum 2: Galf dioctyl sulfonamide
89, stable to conditions that cause decomposition of 60.

The increased stability of the deprotected sulfonamide series was indicated

initially by their resistance to decomposition on silica support, in contrast to the

decomposition observed for the sulfenamide series during purification using silica.

Additionally, the contaminating amine peak evident in Spectrum 1 (Figure 2.4) of

freshly purified sulfenamide 60, became more prevalent upon exposure to mild acid

(0.01 M HCl), or upon standing in air for prolonged periods, which indicated cleavage

of the sulfur-nitrogen linkage, while sulfonamide 89 (Spectrum 2, Figure 2.4) was

resistant to decomposition upon exposure to similar conditions.
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Preliminary biological testing of the sulfenamide and sulfonamide libraries

identified 60, the Galf dioctyl sulfenamide, as the best performing compound against

Mycobacterium smegmatis, and 89, the Galf dioctyl sulfonamide, as the best performing

compound against a range of gram-positive organisms.  These results will be discussed

in detail in Chapter 6, yet these findings are imperative to the design of target

compounds for SAR studies of the remainder of this chapter, and for this reason have

been duly indicated.

 2.5  Branched Alkyl 1-thio-β-D-galactofuranosides

 2.5.1  Background

The galactofuranosyl didecyl sulfenamide 32 showed potent anti-mycobacterial

activity (see Chapter 6).  Therefore it was of interest to synthesise the corresponding

branched alkyl species 92 and 93 to determine whether the sulfur-nitrogen linkage of

the sulfenamides significantly contributed to the antibacterial properties of these

compounds.  The 9-heptadecyl and 11-heneicosanyl 1-thio-β-D-galactofuranosides 92

and 93 were chosen as direct comparisons to the N ,N-dioctyl and N ,N-didecyl

sulfenamides 60 and 32 respectively.  The 1,3-diphenyl-2-propanyl 1-thio-β-D-

galactofuranoside 94 was also prepared to investigate the effect of an aromatic aglycon

unit, and also to function as an isosteric comparison to the dibenzyl sulfenamide 61.
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60 R = octyl           92 R = octyl

32 R = decyl       93 R = decyl

61 R = benzyl           94 R = benzyl

          

Two approaches may be considered for the coupling of the branched carbon

aglycon unit 95, to the sugar moiety 96.  In the first instance, the familiar route utilising

the Galf thiolacetate 28  (96 , Y = SAc) in a base mediated coupling to either a

halogenated or O-activated 95 (X = halogen, O-sulfonate) was considered.90  An

alternative was to form a thiol of 95 (X = SH) for reaction with either the Galf glycosyl

bromide (96, Y = Br), or with the penta-O-acyl derivative of Galf 33 (96, Y = OAcyl) in

a Lewis acid mediated glycosidation.54  Both methods of target synthesis were explored.

        95                                         96

  eg. R = decyl

 2.5.2  Attempted synthesis of 11-heneicosanyl 1-thio-β-D-galactofuranoside 93

via Galf thiolacetate derivative 28.

The preparation of 11-heneicosanyl 1-thio-β-D-galactofuranosides 93  was

undertaken to serve as a model synthetic route for the proposed branched thioglycoside

series, as the reagents for the aglycon precursor 11-heneicosanol 97 were readily

available.  A number of approaches, outlined in Scheme 2.8, were trialed in the
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attempted synthesis of 11-heneicosanyl thioglycoside 93 via reaction of a C-11

activated heneicosane derivative.

Scheme 2.8  Reagents and Conditions: (A) 1. Mg, I2, bunsen heat; 2. CH3(CH2)9Br, THF,
40 °C, 2 h, N2; 3. CH3(CH2)9CHO, 55 °C, 1 h, N2, 46%; (B) CHCl3, (CH3)3BrSi, 50 °C, 16 h; (C)

(F3CSO2)2O, pyr, DCM, 0 °C, 1 h, Ar, 78%; (D ) H2NNH2.HOAc, DMF, 25 °C, 6 h, N2; (E)

CH3C6H4SO2Cl, DMAP, pyr, 0 °- 25 °C, 7 h, N2, 88%; (F) HNEt2, DMF, 25 °C, 8 h, N2. (G) LiBr,

acetone, reflux, 3 h, 72%; (H) THF, Bu4NI, HNEt2, reflux, 20 h, N2.

The starting material for this work, 11-heneicosanol 97132, was prepared by

reacting bromodecane with undecylic aldehyde under standard Grignard conditions133 to

furnish the desired alcohol 97 in 46% yield.  A number of activated 11-heneicosanyl

derivatives were then prepared as coupling with Galf thiolacetate derivative 28 proved

to be difficult.  In the first instance we sought to prepare the brominated heneicosanyl

derivative 98, as previous work within the von Itzstein group had described91 the high

yielding coupling reactions of alkyl bromides with a Galf thiolate, formed in situ via
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treatment of Galf thiolacetate 28 with diethylamine.90  Direct bromination of secondary

alcohols in quantitative yield using trimethylsilyl bromide has been reported.134

However, all efforts to synthesise the bromide 98 directly from 11-heneicosanol 97 by

reaction with trimethylsilyl bromide in chloroform were unsuccessful, and returned only

starting material 97.  It was felt that the long chain secondary alcohol 97 was less prone

to displacement by the bromide nucleophile than the short chain secondary alcohols

described in the literature.134  Therefore the preparation of sulfonate esters of 97 was

examined, with the view of condensing the O-activated species with the Galf

thiolacetate 28 to yield the desired alkyl-thioglycoside.  The 11-heneicosanyl tosylate

99 was firstly prepared from 97 in 88 % yield by reaction with p-toluenesulfonyl

chloride in pyridine in the presence of dimethylamino pyridine (DMAP).133  Evidence

for the formation of tosylate 99 was given by the appearance of appropriate resonances

in the aromatic region of the 1H NMR spectrum of purified 99, together with expected

13C NMR and mass spectral data.  In consideration of the potentially straight forward

conversion of the O-activated tosylate 99 to the 11-heneicosanyl bromide 98, the

tosylate was refluxed in acetone with lithium bromide for 3 hours to give the bromide

98 in 72 % yield, following purification by column chromatography.  In addition, the

more reactive135 O-activated 11-heneicosanyl triflate 100 was also synthesised in good

yield (78 %) from 97 by reaction with trifluoromethane sulfonic anhydride in pyridine.

The formation of bromide 98 and triflate 100 were verified using 1H and 13C NMR

spectroscopy, and comparison of spectra to known spectra of shorter aliphatic chain

analogues.  The peak representative of the methine proton for each of the brominated

species 98 and O-activated species 99 and 100, was found to resonate between 4.03 and

4.75 ppm, downfield of the corresponding 11-heneicosanol 97 (3.58 ppm).  In each

example the methine proton peak was found to appropriately integrate for 1 proton.
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   28          101

Entry Coupling partner De-S-acetylating
reagent

Solvent Temp.
(°C)

Time (h)

1 diethylamine DMF 25 20

2

hydrazine acetate

DMF 25 20

3 diethylamine THF reflux 66

4 diethylamine

THF

+ TBAI reflux 260

5 diethylamine DMF 25 20

6 diethylamine DMF 25 7

7

hydrazine acetate

DMF 25 7

Table 2.1  Conditions employed for the attempted coupling reactions of Galf thiolacetate 28 with
activated branched alkyl derivatives 98, 99 and 100.

With the brominated and O-activated 11-heneicosanyl species 98, 99 and 100 in

hand, coupling reactions with Galf thiolacetate 28, employing various conditions, were

next attempted and are presented Table 2.1.
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Reaction conditions identical to those reported by Owen et al.91 for the synthesis

of thioglycosides of Galf, via the coupling of Galf thiolacetate 28 and a bromoalkane,

were applied to the coupling of 28 with 11-heneicosanyl bromide 98 (entry 1, Table

2.1).  However under these conditions, coupling did not occur, despite the successful in

situ generation of the Galf thiolate 71 as represented by a baseline char by TLC

analysis.  A similar result was observed with the use of hydrazine acetate136 as the de-S-

acetylating agent (entry 2, Table 2.1).  Reaction solvent and temperature were altered

(entry 3, Table 2.1), but did not positively effect the outcome.  Entry 4, Table 2.1

indicates the use of TBAI for the purpose of potentially forming the 11-heneicosanyl

iodide in situ, however this attempt to couple 28 to 98 also was unsuccessful.  By

contrast, the thioglycosides of primary alkyl halides such as 1-bromodecane (see

Section 2.6) can be prepared by the same general method as that used in entry 1, Table

2.1,90 in a moderate to excellent yield.  The unreactive nature of heneicosanyl bromide

98  may be attributed to it being a secondary bromide coupled with increased

hydrophobicity, as compared to the use of shorter chain alkyl bromides reported in the

literature.90,91

Coupling of the O-activated branched alkyl species 100 and 99 were next

pursued.  The least reactive135 tosylate species 99, was exposed to Galf thiolacetate 28

and diethylamine in DMF at 25 °C, but the reaction returned only unreacted 11-

heneicosanyl tosylate 99 and galactosyl thiol.   Reaction of triflate 100 with the Galf

thiolacetate 28 under coupling conditions using either diethylamine or hydrazine acetate

as a de-S-acetylating agent, resulted in an intractable reaction by TLC examination.  The

eliminated analogue of 100, 10-heneicosene137 was observed by 1H NMR in the reaction

mixture which led us to believe that 100 was not a suitable coupling partner under the

necessary coupling reaction conditions.
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2.5.3  Synthesis of 11-heneicosanyl 1-thio-β-D-galactofuranoside 93 via

per-O-benzoylated Galf Derivative 50.

Failure to successfully prepare the desired 11-heneicosanyl thioglycoside 93 via

Galf thiolacetate 50 (Scheme 2.8), prompted us to pursue the alternate method of

aglycon attachment reactions of the 11-heneicosanyl thiol 103, or thiolate 104, with a

Galf derivative.  The two methods examined for the synthesis of 93 are outlined in

Scheme 2.9.

Scheme 2.9  Reagents and Conditions: (A) KSAc, acetone, reflux, 20 h, N2, 89%; (B)
NaOMe, MeOH, 25 °C, 1.5 h, N2, 82%; (C) Galf per-O-benzoate 50, (CH3)3BrSi, CH2Cl2, 0 - 25

°C, 24 h, N2; (D) acetone, 50 °C, 10 days, N2; (E) i. NaOMe, MeOH, 25 °C, 1 h, N2, ii. acidic ion

exchange resin, 75%; (F) SnCl4, CH2Cl2, 0 °C, 2 h, N2, 80% (4:1 β:α mix); (G) NaOMe, MeOH,

25 °C, 4 h, N2, 74%.

The pathways to 93 (Scheme 2.9) required the synthesis of 11-heneicosanyl thiol

103 or thiolate 104, both derived from the thiolacetate derivative 102.  11-Heneicosanyl
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thiolacetate 102 was prepared in high yield (89 %) from 11-heneicosanyl bromide 98 by

reaction with potassium thiolacetate in acetone at reflux.  Evidence for the formation of

102 was found on examination of the 1H NMR of purified 102 where a signal typical of

an S-acetate was observed at 2.31 ppm.  Furthermore, the peak representative of the

methine proton of 102 appeared as a triplet of triplets and was found to resonate 0.5

ppm upfield of the methine proton peak in the 1H NMR spectrum of the corresponding

bromide 98.

An attempt to produce the Galf 11-heneicosanyl β-thioglycoside 101 by reacting

the sodium thiolate 104, formed by reaction of thiol 102 with NaOMe (1 M) in MeOH,

with the highly reactive138,139 galactofuranosyl bromide 105 was unsuccessful.  The

galactofuranosyl bromide 105 was prepared57 by treatment of Galf per-O-benzoate 50

with bromotrimethylsilane in dichloromethane.  Due to the susceptibility of bromide

105 to hydrolysis,139  the crude reaction mixture containing 105 was used without

purification.  Reaction between crude 105 and 11-heneicosanyl sodium thiolate 104 in

refluxing acetone resulted in hydrolysis of the bromide 105, and conversion of the

thiolate starting material 104 to the corresponding thiol 103, as determined by mass

spectroscopic analysis.  It is possible that some impurity in the crude 105 may have

interfered with the coupling.

A Lewis acid mediated glycosidation of the per-O-benzoylated Galf 50 was next

attempted.  This reaction required the synthesis of 11-heneicosanyl thiol 103, as a

coupling partner for per-O-benzoylated Galf 50.  Thiol 103 was prepared in 70% yield

from 102 by reaction with sodium methoxide, and subsequent acidification with acidic

ion exchange resin.  Confirmation that the thiol and not the disulfide was formed upon

de-S-acetylation and isolation of 102 was found by mass spectrometric analysis of the

purified thiol 103 and upon re-acetylation, returned the starting thiolacetate 102.  The
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SnCl4 mediated glycosidation54 of per-O-benzoylated Galf 50 with thiol 103 produced

the 11-heneicosanyl thioglycoside 101 in an excellent 80% yield.  However, the 1H

NMR spectrum of the product indicated there to be a 1:4 α/β anomeric mixture of the

thioglycoside 101, with overlapping resonances at 5.65 and 5.66 ppm for the major and

minor products respectively.  This was surprising as the S-glycosidation reaction

employed to afford 101 is reported to give selectively the β-anomer in glycosidation

with thiols such as nPr, iPr, Bn and Ph.54  The observed minor product exhibited NMR

data for the alternate α-anomer of 101 and constituted 20% of the total mass of product.

Resonances for the anomeric protons of 101 correlated to literature values for the α74,102

and β54 anomers, with coupling constant values of 5.0 Hz74,102 (doublet, H-1 minor -

although overlapped by H-1 β) and <1 Hz54,74,102 (broad singlet, H-1 major) respectively.

Inspection of 13C NMR data for the anomeric mixture of 101 revealed C-1 of the β

anomer to resonate at 87.8 ppm, and C-1 of the α anomer to resonate at 86.1 ppm, and

appeared as a 15 % integral of the β C-1 signal.  Low resolution mass spectral data (ESI

m/z 930 [(M + Na)+ 100 %]), together with the appropriate elemental composition by

micro analyses (C55H70O9S; C, 72.82 %; H, 7.78 %; Found: C, 72.95 %; H, 7.91 %.)

confirmed the expected structure 101.  The mixture appeared as one spot by TLC

analysis, and the anomeric components were inseparable by column chromatography.

The standard sodium methoxide de-O-acylation procedure (NaOMe in MeOH)

previously employed in the deprotection of sulfenamides was successfully applied to

101 to afford the Galf 11-heneicosanyl thioglycoside 93 as an anomeric mixture (1:4,

α/β) in 74% isolated yield following purification by column chromatography on silica

support.   Thioglycoside 101 appeared to be very stable to deprotection conditions.

Isolation of a small amount of the β anomer of 101 (95% pure, see Appendix 1) was
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achieved and was of suitable purity for biological evaluation and characterisation

purposes.

 2.5.4  Synthesis of 9-heptadecyl and 1,3-diphenyl-2-propanyl 1-thio-β-D-

galactofuranosides, 92 and 94.

Having established an efficient and relatively high yielding procedure for the

preparation of Galf 11-heneicosanyl thioglycoside 101, synthesis of the 9-heptadecyl

derivative 92 was next attempted.  The required 9-heptadecyl thiol 106 was prepared

from the corresponding alcohol 107 in a similar way to that described for 103, in

accordance with Scheme 2.10.   The tin mediated coupling of the 9-heptadecyl thiol

aglycon unit 106 to per-O-benzoate 50 (Scheme 2.10) was carried out in an analogous

manner to the preparation of Galf 11-heneicosanyl thioglycoside 101 (Scheme 2.9).

The protected Galf 9-heptadecyl thioglycoside 108 was prepared as a 1:4 α/β anomeric

mixture in 83 % yield.  The 1H and 13C NMR spectra of 108 were almost identical to the

11-heneicosanyl derivative 101.  Low (ESI m/z 873 [(M + Na)+ 100 %]) and high

(Calcd for C51H62NaO9S  873.4012.  Found 873.3999) resolution mass spectral data

supported the proposed structure 108.
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Scheme 2.10  Reagents and Conditions: (A) i. Mg, I2, bunsen heat; ii. CH3(CH2)9Br, THF,
40 °C, 2 h, N2; iii. CH3(CH2)9CHO, 55 °C, 1 h, N2, 107 67 %; (B) CH3C6H4SO2Cl, DMAP, pyr, 0 °-

25 °C, 7 h, N2; (C) LiBr, acetone, reflux, 3 h, 115 80 % over 2 steps; (D) KSAc, acetone, reflux,

20 h, N2, 116 82 %, 113 53 % over 3 steps ; (E) i. NaOMe, MeOH, 25 °C, 1 h, N2, ii. acidic ion

exchange resin, 106 84 %, 110 79 %; (F) SnCl4, CH2Cl2, 0 °C, 2 h, N2, 108 83% (4:1 β:α mix),

109 69 %; (G) NaOMe, MeOH, 25 °C, 4 h, N2, 92 82 %, 94 80 %.

It was of interest to know whether the long alkyl chains of the aglycon thiols

103 and 106 were responsible for directing α-glycoside formation.  1,3-Diphenyl-2-

propanyl 1-thio-β-D-galactofuranoside 109 was prepared similarly to the branched alkyl

derivatives 101 and 108 as shown in Scheme 2.10.  Preparation of the 1,3-diphenyl-2-

propanyl thiol 110 was achieved from commercially available 1,3-diphenyl-2-propanol.

The 1,3-diphenyl-2-propanyl tosylate 111, and the 1,3-diphenyl-2-propanyl bromide

112 were reacted further as crude samples.  The 1,3-diphenyl-2-propanyl thiolacetate
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113 was isolated as a peach coloured oil in 53 % over 3 steps from 1,3-diphenyl-2-

propanol, which was comparable to the yield observed for the 11-heneicosanyl

derivative 102 isolated in 56 % from the corresponding alcohol.  Preparation of the thiol

110 was achieved in 79 % by treatment with sodium methoxide in methanol, followed

by acidification with ion exchange resin.  1H NMR analysis of the thiol revealed the

methine proton, represented as a multiplet, to resonate at 3.44 ppm.  The benzyl

methylene protons of thiol 110 were found to resonate at significantly different

chemical shifts (3.09 and 2.82 ppm), each represented as a doublet of doublets.  Micro

analysis data for 110 also supported the proposed structure (C15H16S; C, 78.90 %; H,

7.06 %; Found:  C, 79.19 %; H, 7.17 %).  The tin mediated coupling of 1,3-diphenyl-2-

propanyl thiol 110 with Galf per-O-benzoate 50 progressed smoothly to afford

exclusively the β anomer of 1,3-diphenyl-2-propanyl galactofuranoside 109 in 69 %

yield, as determined by a single C-1 peak at 82.5 ppm in the 13C NMR spectrum.  The

1H NMR spectrum of 109 provided further evidence for the formation of solely the β

anomer, with H-1 represented as a broad singlet at 5.32 ppm.  A single peak in the low

resolution mass spectrum correlated to the molecular ion plus sodium.  High resolution

mass spectral data was also consistent with the proposed structure 109.

These observations suggest that the nature of the aglycon coupling partner can

compromise the previously reported β-stereoselectivity54 of this reaction.  The de

Lederkremer group54 have shown that short branched and straight chain thiols can be

coupled stereoselectively to a per-O-acylated Galf template via a tin mediated

condensation.  In a similar way the diaromatic branched thiol was coupled via a β-

anomeric linkage exclusively.  It is proposed that the long alkyl chains of the 9-

heptadecyl and 11-heneicosanyl branched thiols directly effect the stereoselectivity of

this reaction.
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Deprotection and purification of the thioglycosides 108 and 109 in an analogous

way to that described for the 11-heneicosanyl thioglycoside 101, gave the expected

products 92 and 94 in 82% and 80% yields respectively (Scheme 2.10).  Mass

spectroscopic analysis provided evidence for all the targets to be of the appropriate

mass, and 1H NMR (see Appendix 1) and 13C NMR, together with elemental analysis,

provided supporting data for their structure and purity.

Despite the anomeric mixtures of the protected dialkylated compounds 101 and

108, sufficient quantities of the β anomers of the deprotected species 92 and 93 were

successfully separated by column chromatography (see Appendix 1 for 1H NMR) for

biological evaluation experiments (see Chapter 6).

 2.5.5  Synthesis of 9-Heptadecyl S,S-dioxo-1-thio-β-D-galactofuranoside 117

The metabolic fate for many sulfur containing drugs can often include oxidation

at sulfur to form the corresponding sulfoxide and/or sulfone.128  By contrast, anti-

bacterial sulfone drugs per se require this level of oxidation at sulfur for activity.126 In

consideration of these facts, the preparation of the sulfone of the most active branched

thioglycoside 92 (vide infra Chapter 6), was envisaged to determine the effect of

oxidation at sulfur on activity.  Furthermore, the sulfone 117 provided a direct isostere

to the Galf dioctyl sulfonamide 89, allowing comparison of biological results in

directing SAR studies.

    117 R = octyl        89 R = octyl
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Preparation of the sulfone 119 from the acetylated thioglycoside 118 was easily

achieved by applying a standard oxidative procedure133 using mCPBA in DCM under

reflux. (see Scheme 2.11).  Purification of the crude material by flash chromatography

yielded 80% of the desired product 119.  Deprotection using sodium methoxide in

methanol proceeded smoothly to give the expected product 117 as a white amorphous

solid in quantitative yield.  Inspection of the 1H NMR spectrum showed a downfield

shift of the methine proton multiplet to resonate at 3.19 ppm, when compared to the

corresponding methine proton resonance of the deprotected C-17 thioglycoside 92 (2.72

ppm, see Appendix 2).  In a similar way, analysis of the 13C NMR spectrum of the

sulfone 117 revealed a downfield shift of the corresponding carbon atom (S(O2)–CH-

R2) to resonate at 60.6 ppm compared to 47.4 ppm for the thioglycoside 92.  Mass

spectroscopic analysis identified a single mass peak representative of the molecular ion

plus sodium {m/z 489 [(M + Na)+ 100%]}.

       118 119     117

Scheme 2.11  Reagents and Conditions: (A) mCPBA, CH2Cl2, reflux, 2 h, 80%; (B) NaOMe,
MeOH, 25 °C, 1 h, 100%.

 2.6  Straight Chain Alkyl 1-thio-β-D-galactofuranosides

 2.6.1  Background

In 2000 Owen et al.91 synthesised a series of derivatised short alkyl chain Galf

thioglycosides (eg 29, vide supra Section 1.3.3) using procedures developed by the von
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Itzstein group90 as probes of mycobacterial infection.  None of the 8 compounds

synthesised in that study showed any significant biological activity when tested against

a non-virulent strain of M. Smegmatis mc2155.

     29

However it was of interest to produce the simple, straight chain, octyl and decyl

1-thio-β-D-galactofuranosides 120 and 121 as direct comparisons to the C-17 92 and C-

21 93 branched species.  In this way, the requirement for a structure containing two

alkyl chains could be investigated.  In addition, synthesis of a longer chain

thioglycoside, the hexadecyl 1-thio-β-D-galactofuranoside 122 was carried out.

            120  n = 7                123

            121  n = 9

            122  n = 15

A recent publication by Centrone and Lowary140 describes the synthesis of a

suite of C-phosphonate analogues of decaprenol arabinose as potential inhibitors of

mycobacterial transferases.  Of the compounds produced by Centrone and Lowary, a

hexadecyl phosphonate derivative 123  was shown to inhibit cell cultures of

Mycobacterium tuberculosis strain H37Rv with a MIC of 3.13 µg/mL.
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 2.6.2  Synthesis of Alkyl 1-thio-β-D-galactofuranosides 120, 121 and 122.

Synthesis of the straight chain alkyl thioglycosides followed Scheme 2.12.

From key thiolacetate derivative 28, the octyl 124 and decyl 125 thioglycosides were

synthesised by reaction with the appropriate alkylbromide in the presence of

diethylamine, in good yields (70% - 75%).  By comparison, formation of the benzoate

protected hexadecyl 1-thio-β-D-galactofuranoside 126115 by reaction of 2 8  with

hexadecyl bromide, gave a lower yield of 40%.  Based on literature,90 yields for this

coupling reaction were expected to be 60% or greater, although these couplings were

applied to different sugar templates, and utilised short chain aliphatic halides as

coupling reagents. Formation of the thioglycosides were confirmed in each case by

spectroscopic examination of the 1H NMR spectra that displayed resonances for the

methylene protons, that were characteristically represented α to sulfur as a multiplet at

2.70 ppm, compared to approximately 3.40 ppm in the alkyl halide.

               28  R = Bz     124  R = Bz, n = 7     120  n = 7

    125  R = Bz, n = 9     121  n = 9

    126  R = Bz, n = 15     122  n = 15

Scheme 2.12  Reagents and Conditions: (A) Br(CH2)nCH3, DMF, HNEt2, 25 °C, 4 h, N2, {124

n = 7, 75%}, {125  n = 9, 70%}, {126  n = 15, 40%};115    (B) NaOMe, MeOH, 25 °C, 2 h, N2, {120

n = 7, 74%}, {121  n = 9, 74%}, {122  n = 15, 81%}.

Deprotection of the benzoyl protected thioglycosides 124, 125 and 126 using

sodium methoxide in methanol progressed smoothly to afford 120, 121 and 122 in
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yields of 74%, 81% and 81% respectively.  Each target compound gave the expected

molecular ion by mass spectroscopic analysis, and purity was confirmed by 1H and 13C

NMR spectroscopy and by elemental analysis.

 2.6.3 Synthesis of Octyl S,S-dioxo-1-thio-β-D-galactofuranoside128

To further extend the library of compounds used to obtain SAR data, conversion

of a straight chain thioglycoside to the corresponding sulfone (as described in Section

2.5.4) was undertaken.  The benzoate protected octyl 1-thio-β-D-galactofuranoside 124

was chosen as the precursor to give a sulfone of analogous alkyl chain length to the

branched C-17 sulfone 117 (vide supra Section 2.5.4).  In a similar procedure to that

employed for the preparation of 117, the octyl thioglycoside 124 was refluxed in DCM

with mCPBA for 2 hours to give the oxidised product 127 in 92% yield following flash

chromatography (Scheme 2.13).  Deprotection utilising sodium methoxide in the usual

way gave the desired sulfone 128  as a white amorphous solid in good yield.

Comparative analysis of the 1H NMR spectra of sulfone 128 and the deprotected octyl

thioglycoside 120 showed the aglycon α-methylene protons of 128 resonating 0.5 ppm

downfield of those of 120 at 3.13 ppm, in a manner corresponding to that observed for

the branched sulfone 117 and thioglycoside 92 (see Appendix 1).  A single molecular

ion {m/z 363 [(M + Na)+ 100%]}, together with the correct elemental composition

provided the necessary evidence for the formation of the expected product 128.
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Scheme 2.13  Reagents and Conditions: (A) mCPBA, CH2Cl2, reflux, 2 h, 92%; (B) NaOMe,
MeOH, 25 °C, 1 h, 73%.

 2.7  Synthesis of a straight chain Galf O-glycoside

Thioglycosides have been reported88 to have increased hydrolytic stability to

glycosidases over the corresponding O-glycosides.  Studies by the de Lederkremer

group have reported the presence of galactofuranosidases in the fungus P.

charlesii, and more recently in the Helminthosporium sacchari and Aspergillius

species.58  It is not known if galactofuranosidases are present in mycobacteria,

however it is not unreasonable to predict the presence of this enzyme in species

that produce galactofuranosides.   If the enzyme was to be present in

mycobacteria, one may expect reduced activity for the S-glycoside.  To

determine whether a difference in antimycobacterial activity would be observed

between the S- and O-glycosides for the straight chain thioglycosides, the n-octyl β-D-

galactofuranoside 44 was prepared.

 44

Two methods for the preparation of the octyl glycoside 44 are available.74

Glycosylation of the penta-O-acyl sugar 33 can be performed in a similar manner to that
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applied to the synthesis of the branched thioglycosides (vide supra Section 2.2), using

the appropriate n-alkyl alcohol in a Lewis acid mediated condensation.  Alternatively,

as reported by Ferrieres et al74 the glycoside can be prepared directly from D-gal, also

utilising a Lewis acid complexing reagent, together with an omega n-alkyl alcohol, to

give the glycoside in one synthetic step, that can be crystallised from the crude reaction

mixture.  Despite the ease of entry into 44 via the Ferrieres procedure, both methods for

the synthesis of 44 were attempted.  It was of interest to examine the extent of anomeric

stereoselectivity in the formation of protected n-octyl β-D-galactofuranoside from Galf

per-O-benzoate 50.  The two approaches applied to the synthesis of 44 are shown in

Scheme 2.13.

Scheme 2.13 Reagents and conditions. (A) 1-octanol, SnCl4, CH2Cl2, 0 °C, 1 h, N2, 87% (1:3

α:β mix); (B) NaOMe, MeOH, 25 °C, 1 h, N2, 82%; (C) 1-octanol, FeCl3, CaCl2, THF, RT (11%

crystallised).

Treatment of Galf per-O-benzoate 50 with 1-octanol in the presence of tin

tetrachloride in anhydrous dichloromethane at 0° C gave a single spot of higher Rf than

the starting material by TLC analysis after one hour reaction time.  The product

obtained in 87% yield following flash silica chromatography, was characterised as a 1:3

α/β anomeric mixture by 1H NMR analysis.   The anomeric proton of the β anomer was

observed to resonate at 5.46 ppm and appeared as a broad singlet in the 1H NMR

spectrum, while the anomeric proton of the α anomer was hidden under H-2 between
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5.41 and 5.49 ppm, and appeared as a complex multiplet.  Together with the results

from the SnCl4 mediated thioglycosidations with branched alkyl thiols (Section 2.5.3)

these observations suggest that although C-2 neighbouring group interactions

theoretically occur at the underside face of the oxo-carbocation intermediate 131,

underside attack of the nucleophile to form the α species is not explicitly excluded.

      131

De-O-benzoylation of 129 in the usual way109 provided the α/β product 130 in

92% yield.  1H NMR resonances and splitting were consistent with data provided by

Ferrieres et al.74 (H-1 α; 4.84 ppm, J1,2 4.5 Hz. H-1 β; 4.86 ppm, J1,2 1.5 Hz).

The synthesis of n-octyl β-D-galactofuranoside 44 via the Ferrieres method74

involved reaction with 1-octanol, FeCl3 and CaCl2 at room temperature for 48 hours.

Following work-up, some (11%) of the desired β–anomer crystallised from the crude

mixture in diethyl ether, while more of the desired β–anomer was recovered by flash

chromatography.  1H and 13C NMR spectra of the product were consistent with both

literature,74 and that seen for 44 prepared via the alternative synthetic pathway.

Preparation of n-octyl β-D-galactofuranoside 44  via this method gave a 1:5 α /β

anomeric mixture (130).
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 2.8  Galactofuranosyl Thioureas

 2.8.1  Background

In accordance with our aim to develop a functionally diverse, yet specific library

to generate SAR data for the initial lead compound, the didecyl sulfenamide 32, it was

of interest to produce an N-linked galactofuranoside.  Having explored the sulfenamide,

sulfonamide, branched thioglycoside and sulfone templates, it was of interest to explore

readily accessible N-carbonyl thiourea derivatives, for example the Galf N',N'-dialkyl

thioureas 106 (didecyl) and 900 (dioctyl).  Although the spatial arrangement of the

thiourea function positions the dialkylated component one bond length further from C-1

than in the original sulfenamide template, the proposed compound was deemed suitable

to test the effects of N-linkage and terminal C-8 (octyl) and C-10 (decyl) dialkylation.

In addition, it was of interest also to test for potential anti-microbial capacity of the

thiourea function, as described by a number of authors 57,141,142.

      132  n = 7

      133  n = 9

Drugs containing the thiourea functional group are most commonly associated

with the treatment of hyperthyroid conditions.143 Although the specific mechanism of

anti-thyroid drugs like PTU (6-n-propyl-2-thiouracil) 134 has not been identified,143 it

has been postulated that they form stable electron donor-acceptor complexes with
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molecules essential for thyroid hormone biosynthesis, subsequently inhibiting the

pathway toward the synthesis of  thyroid hormones.143-145

         134      135

Another thiourea drug, Isoxyl (4,4'-diisoamyloxydiphenyl thiourea) 135 is

known to be an effective anti-tuberculosis drug, and has been used clinically to treat

both wild type, and multi-drug resistant strains of Mycobacterium tuberculosis.146

Although Isoxyl has been used clinically since the 1960's, it was only recently that

studies aimed toward identifying the mechanism of action of this drug have

demonstrated its worthiness for further development.146  Winder et al142 and more

recently the Brennan group141,146 provided evidence for Isoxyl to inhibit the synthesis of

the mycolic, oleic and tuberculostearic acids, of M. tuberculosis. Although the precise

mechanism of inhibition of the biosynthesis of these cell wall containing acids by Isoxyl

has not yet been determined, the authors attributed its action in part, to the thiourea

function.  In light of this, we felt our proposed compounds 132 and 133 could provide

some interesting biological data.

 2.8.2  Synthesis of Galf N', N'-dioctyl and didecyl thioureas 132 and 133

 The synthesis of the Galf dioctyl thiourea 132 was carried out from Galf per-O-

acetate 39, while the synthesis of the didecyl derivative 133 was from per-O-

benzoylated Galf 50 in accordance with Scheme 2.15.
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Scheme 2.15. Reagents and Conditions: (A) (CH3)3BrSi, CH2Cl2, 0 - 25 °C, 24 h, N2; (B)

KNCS, acetone, 25 °C, 2 h, 50% from 39, 40 % from 50; (C) HN[(CH2)9CH3]2, toluene, 25 °C, 2

h, 140 62 %, 139 71%; (D) NaOMe, MeOH, 25 °C, N2, (132, 0.5 h, 82%), (133, 1.5 h, 72%).

Marino et al. have previously reported the synthesis of Galf isothiocyanate 136

from 50 in 90% yield.66  However in our hands, the isothiocyanate 136 was obtained

only in a moderate 40 % yield from 50.  The yield of the analogous per-O-acetate

derivative 137 was better (50%), yet was still substantially lower than that reported by

Marino et al.  As our strategy was to prepare just two N-linked compounds in milligram

quantities, these yields were not optimised further.  The cause of the low yields was

partially attributed to hydrolysis of the glycosyl bromides 138 and 105, as determined

by mass spectroscopic analysis of the crude reaction mixtures.  Successful addition of

N,N-didecyl amine to 136, furnished the desired protected target thiourea 139 in 71%

yield.  Subsequent deprotection of 139 with sodium methoxide at 25 °C afforded what

appeared to be a 3:1 β/α anomeric mixture of the desired target 133.  In a similar way,

deprotection of the dioctyl derivative 140 to give 132 (afforded in 82% yield) was also

present as a mixture of deprotected anomers (β/α 5:2).  An article by Benito et al.147 on
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the preparation of mannopyranosyl thiourea derivatives, suggested that anomerization

of a mannopyranosyl thiourea may proceed via an open chain form.  If this were the

case, the energetically favoured Galp anomeric mixture would be the expected result

upon deprotection of 139.  However, the two anomeric protons observed in the 1H NMR

spectrum of the deprotected product 133 have relatively small J1,2 coupling constants

(2.1 and 4.8 Hz), suggesting that at least one of these components is in the furanose

form.  Furthermore, H-2 of the major component was represented as an apparent triplet

with a 3J coupling constant of 2.3 Hz.  The magnitude of this coupling is typical for a

furanose product, and is substantially smaller than the expected J2,3 coupling of

approximately 10 Hz148 that would be observed if the pyranose conformation was

present.  The J2,3 coupling of the minor component could not be seen due to peak

overlap.  The mass spectrum of 133 indicated a single peak {m/z 542 [(M + Na)+ 100

%]} as the molecular ion.  The mass spectrum of the mixture 132 also showed only one

peak equal to the mass of the parent ion {m/z 485 [(M + Na)+ 100 %]}.

 2.9  Towards the Synthesis of C-linked Galf Derivatives

 2.9.1  Background

C-glycosides offer robustness to both hydrolytic enzymes and chemical

cleavage.  There are a number of routes into Galf C-glycosides.71,149,150  For example, the

per-O-acylated nitrile 141 can be prepared in excellent yield from per-O-acylated Galf

33 by treatment with trimethylsilyl cyanide and boron trifluoride diethyl etherate in

dichloromethane.71  The Galf nitrile 141  would be an ideal template for further

elaboration to Galf dialkylated amides, and would provide a direct isostere to the

existing sulfenamide, sulfonamide and branched thioglycoside series.  Other routes into

Galf C-glycosides include exposure of D-gal to Meldrum's acid in DMF to give the
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lactone 142,149 and by the condensation of pentane-2,4-dione with D-gal in water to

afford the C-glycosidic ketone 143.150

  141 142              143

An interesting potential approach to Galf C-glycosides is from an anomeric

sulfone to afford an anomeric exo-glycal species, using Ramberg-Bäcklund

chemistry.151,152 The synthesis of Galf exo-glycal 144   was therefore attempted from the

previously synthesised Galf sulfone 128.  It was felt that the potentially ring flattened151

144  would be an interesting novel template for biological evaluation against

mycobacteria.

                         144           128

The Ramberg-Bäcklund rearrangement, first discovered in 1940,153 is in itself

interesting chemistry, which provides entry into alkenes from sulfones in one operation.

152   The application of this chemistry to carbohydrates has only recently been

described,151 and has not to the best of our knowledge been performed on the

galactofuranose template.  The Taylor group151 reported the base-catalysed conversion

of various anomeric glycosyl sulfones to the exo-glycals by exposure to CBr2F2  The
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mechanism was postulated to proceed via an α-halosulfone, with rearrangement to the

exo-glycal driven by base abstraction of the proton adjacent to the halogen and α to the

sulfone.  We therefore speculated that if our proposed silyl protected sulfone 145 was

subjected to Ramberg-Bäcklund conditions, it would proceed as illustrated in Scheme

2.16, to give a diastereomeric mixture of exo-glycal 146.

         145                                  147 R = TBDMS

                       146

          

Scheme 2.16  Diastereomeric mixture of exo-glycal 146 expected from the application of
Ramberg-Bäcklund conditions to sulfone 145.

Our approach commenced with the application of a standard silylation procedure

using tert-butyldimethylsilyl triflate and 2,6-lutidine in DMF109 to the Galf octyl sulfone

128 , to afford the protected derivative 145  in 89% yield (see Scheme 2.17).

Literature151 describes the exposure of a silyl protected glycosyl anomeric sulfone to

dibromodifluouromethane and freshly prepared potassium hydroxide bonded to alumina

oxide in DCM/tBuOH to provide an exo-glycal after 16 hours.  However all attempts to

convert 145 to the exo-glycal 146 were unsuccessful under the reported conditions.

After 20 hours, TLC analysis of the crude reaction mixture typically revealed two spots
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of higher Rf, but of lower visual intensity to the starting material remaining in the

mixture.  Following work-up, which involved washing the organic layer with brine,

drying and evaporation of solvent, isolation of the products observed by TLC analysis

was achieved by column chromatography affording small quantities of these species.

1H NMR analysis indicated that the products contained carbohydrate, however a proton

resonance at a shift expected for an olefinic proton (~5.1 ppm)151 was not observed in

either product.  Mass spectroscopic analysis revealed that one component isolated in 2%

yield displayed parent mass ions with typical bromine isotopic peaks, at a mass equal to

that of an α–brominated sulfone equivalent to 147 in Scheme 2.16.    Griffin et al151 also

observed a similar glucopyranose species formed in low yield if the stoichiometric

equivalents of base were significantly reduced, and the reaction time was shortened to 2

hours.  Subsequent attempts to produce 146 using increased excesses of base, together

with greater volumes of volatile brominating reagent were unsuccessful, and continued

to return predominantly un-reacted starting material 145.

     128  145 R = TBDMS    146 R = TBDMS

Scheme 2.17 Reagents and Conditions: (A) tBDMS-OTf, 2,6-lutidine, DMF, 25 °C, 20 h, N2,

(89%); (B) KOH/Al2O3 (25% w/w, 3 g), tBuOH/DCM (10:1), CBr2F2, 0 °C - 25 °C, 16 h, Ar.

 2.10  Conclusion

We have successfully prepared a diverse synthetic library from a common

galactofuranosyl precursor, per-O-acylated Galf 33, specifically for the purpose of
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investigating the structure-activity relationship of the didecyl sulfenamide 32.  Problems

relating to by-product formation in the synthesis of the sulfenamides were resolved, and

subsequently, improved yields for the reaction enabled the synthesis of a small suite of

dialkylated sulfenamides.  Potential stability issues confronting the sulfenamide class of

compounds were addressed through the synthesis of a secondary suite of

galactofuranosyl derivatives, the N,N-dialkyl sulfonamides.

Entry into the isosteric branched thioglycoside series was achieved using Lewis

acid catalysed glycosidation of per-O-benzoylated Galf 50.  Although this chemistry has

been reported to be β-stereoselective,54 we have found that the steric bulk of the aglycon

coupling partner can be substantially influential and lead to α-glycoside formation.

Mono-alkylated thioglycosides were achieved in excellent yield via the

anomeric thiolacetate 28. Oxidation of an example of both the straight and branched

chain thioglycosides provided the corresponding sulfone analogues for biological

evaluation to test the potency of these potential sulfur compound metabolites.

An example of a straight chain O-galactofuranoside was prepared via two

different literature methods from both a protected galactofuranoside, and from

unprotected D-galactose.  In each case an anomeric mixture of the octyl glycoside was

afforded.

Entry into a suitable N-linked galactofuranose was achieved in a one-pot, two

step synthesis from per-O-acylated Galf to provide the anomeric isothiocyanate.

Elaboration of the isothiocyanate via di-N,N'-alkylation gave the desired dioctyl and

didecyl thioureas in excellent yield.  Anomerisation of the thioureas was observed to a

small extent upon deprotection.  This result has previously been reported in the

literature for other glycosyl thioureas.
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Access to a C -linked e x o-glycal from the straight chain sulfone was

unsuccessful, however there is potential for this chemistry to be the subject of further

investigation as a novel entry into a C-linked galactofuranose template.
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 CHAPTER 3

S Y N T H E S I S  O F  1-THIO-FURANOSE
D ERIVATIVES OF D-G LUCOSE AND D-
ARABINOSE
 3.1  Background

As part of determining structure-activity relationships for the glycosyl

sulfenamides as active compounds against mycobacteria (vide infra Chapter 6), it was

thought to be of value to examine the specificity for the Galf ring.  Owen et al.154 had

previously synthesised the galactopyranosyl N,N-didecyl sulfenamide 160 in an attempt

to determine whether the furanose form was required for activity.  Initial testing of

compound 16093 indicated that it was not active at similar concentrations to 60, which

suggested the requirement for a five membered ring for potent activity.  An extension of

this work was then to determine whether the galacto configuration of the hexofuranose

was important for anti-mycobacterial activity.  To explore this further, a glucofuranosyl

(Glcf) analogue 116 was chosen in particular, as Glcf is not known to be a cell wall

component of mycobacteria.

           60            148
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         149             150

In addition to the preparation of the glucofuranosyl sulfenamide 149 an

arabinofuranose (Araf) analogue 150 of the N,N-dioctyl sulfenamide was proposed, to

determine whether it would be equally effective against mycobacterial growth in

mycobacterial cell culture assays.  The foundation of this approach is the fact that Araf

residues are incorporated into the AG via similar enzymes, and via a similar pathway to

Galf residues.  A major difference is that Araf is incorporated into the AG in an α-1,5

linkage.  For this reason the arabinofuranosyl target molecule 150 was the α-

arabinofuranosyl N,N-dioctyl sulfenamide, which we anticipated may interrupt AG

biosynthesis (as discussed previously Section 1.3.1).

In screening the library of Galf-based compounds described in Chapter 2 against

a range of organisms, it was discovered that the galactofuranosyl sulfonamide 89, and

9-heptadecyl thioglycoside 92 also displayed activity against mycobacterial growth

(vide infra Chapter 6).  We therefore chose to prepare the corresponding Glcf and Araf

sulfonamides 118 and 119, together with the Araf example of a C-17 branched

thioglycoside 120.
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                89               92

           118           119         120

To achieve the synthesis of Glcf and Araf derivatives 149 - 153 a similar

approach to that applied to the Galf derivatives was used, however due to the nature of

D-glucose (D-glc) and D-ara, some procedural modifications were required.

 3.2  Synthesis of Glucofuranosyl Derivatives

 3.2.1  Entry Into the Glucofuranose Template

As is the case for D-gal, entry into a per-O-acylated glucofuranose template is

not as simple as the preparation of the analogous glucopyranose.  As early as 1895

attempts to synthesise various glucofuranosyl derivatives were reported.155  In 1963 the

Whistler group156 developed a quantitative synthesis of 1,2-mono-O-isopropylidene-α-

D-glucofuranose 155 from the di-acetonide species 154 (Scheme 3.1).  Conversion of

155  to per-O-acylated 156, is carried-out by acetylation of 155 and subsequent

hydrolysis of the isopropylidene ketal, followed by acylation to give the per-O-acetate
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156.  This process has been reported to yield 41% of the desired product 156 over 5

steps from D-glc.157,158

      154 155          156

Scheme 3.1  Entry into per-O-acetylated Glcf 156 via commercially available diacetonide
154.156,157

More recently Ferrieres et al74,97provided a novel entry into 156 by way of a 3

step sequence (44% yield) from D–glc via an octyl glycoside, as described for entry into

the analogous Galf template (vide supra Chapter 2.1).  But perhaps the most convenient

preparation of a per-O-acylated Glcf template, and the method chosen for the synthesis

of 156 in this work, is that described by Furneaux et al,158 in which boric acid is used to

lock D-glc in the furanose conformation through the formation of a 1,2:3,5-bis-borate

ester 157.  The boric acid ester intermediate 157 proposed by the authors, underwent

acetolysis/acetylation without rearrangement of the furanoid template to afford the

penta-O-acetate 156 in 92% yield (Scheme 3.2).

            157       156

Scheme 3.2  Synthesis of per-O-acetylated Glcf  156 via the boric acid ester intermediate
157.158
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 3.2.2  Synthesis of N,N-dioctyl Glucofuranosyl Sulfenamide 149.

Access to the glucofuranosyl sulfenamide 149 was achieved as shown in

Scheme 3.3.

Scheme 3.3. Reagents and Conditions: (A) 1. H3BO3, AcOH, 50 °C, 1 h; 2. Ac2O, 50 °C, 16 h;

3. MeOH; 4. Ac2O, pyr, 25 °C, 2 h, 74%; (B) SnCl4, CH2Cl2, HSAc, 25 °C, 1.3 h, N2, 72%; (C)

BrCH(CO2Et)2, THF, HN[(CH2)7CH3]2, 25 ° C, 140 h, 26% or BrCH(CO2Et)2, MeOH,

HN[(CH2)7CH3]2, 25 °C, 2 h, 54% (D) NaOMe, MeOH, 25 °C, 15 min, N2, 45%; (E) mCPBA,

CH2Cl2, reflux, 2 h, 72%; (F) NaOMe, MeOH, 25 °C, 15 min, N2, 85%.

 Per-O-acetylated glucofuranose 156, was prepared in 74% yield in accordance

with the procedure of Furneaux et al.,158 by reaction of D-glc with boric acid, followed

by reaction with acetic anhydride in pyridine.  The product was purified by flash

chromatography, and its identity was confirmed by 1H NMR analysis.  Spectroscopic

data was consistent with literature values.97,158  Subsequent production of the anomeric

thiolacetate derivative 158 was readily achieved in good yield via the standard
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procedure, by treatment of the penta-O-acetate 156 with thiolacetic acid in the presence

of tin tetrachloride at 0 °C, as applied to the synthesis of Galf thiolacetate 54.  Evidence

for the formation of 158 was derived from the 1H NMR spectrum of the product, which

revealed a new peak at 2.38 ppm characteristic70 of an anomeric thiolacetate.  Analysis

of the 13C NMR spectrum revealed a new S-acetate carbonyl peak at 192.7 ppm.  Low

and high resolution mass spectral data provided further evidence for the proposed novel

structure 158; LRMS (ESI) m /z  429 [(M + Na)+ 100 %];  HRMS Calcd for

C16H22NaO10S  429.0831.  Found 429.0828.

In preparation of sulfenamide 159, Glcf thiolacetate 158 was found to be

unexpectedly unreactive toward anomeric de-S-acetylation via the initial sulfenamide

procedure (vide supra Section 2.3.2) using dioctylamine in THF.83  As a result, an

extended reaction time (140 h) was required to achieve even a moderate 26% yield of

sulfenamide 159.  This is in comparison to 67% yield after 70 hours reaction time for

the corresponding benzoylated Galf sulfenamide 64 (vide supra Section 2.3.2).  It was

felt that C-4 stereochemistry played an important role in the accessibility of the

anomeric thiolacetate.  Understandably though, as previously discussed in Section 2.3.2,

thiolacetates are potentially more resistant to thiolate formation in a non-polar solvent.

This was most notable in the glucose example with 60% of the starting material

remaining after 140 hours reaction time.  Despite the low yield, reaction in THF solvent

gave the single sulfenamide product 159.  1H NMR analysis of the sulfenamide product

159 revealed a characteristic broad peak at 2.87 ppm, integrating for four protons,

representing the four α-methylene protons of the sulfenamide aglycon (cf. Galf

analogue 2.90 ppm - Section 2.3.2).  The anomeric proton was observed to resonate at

5.18 ppm with a 3J coupling of 2.7 Hz.  Low and high resolution mass spectral data
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confirmed the fully protected sulfenamide 159; LRMS (ESI) m/z 627 [(M + Na)+ 100

%].  HRMS Calcd for C30H53NaNO9S  626.3336.  Found 626.3339.

By comparison to reaction in THF, reaction using methanol as solvent gave a

54% yield of Glcf dioctyl sulfenamide 159.  A second, more polar, sulfenamide product

was also isolated (18% yield) from the reaction.  This appeared to be 159 lacking an

acetate protecting group, as indicated by the presence of a more polar product by TLC

analysis.  1H and 13C NMR analysis and mass spectral data confirmed this observation.

1H NMR analysis of the partially deprotected material indicated the loss of an acetate

protecting group at C-2 (160) by an upfield shifted doublet of doublets, representative

of H-2, and the absence of an acetate signal at 2.01 ppm (vide infra Appendix 1).  One

can imagine the usefulness of 160 for further elaboration at C-2.  By comparison,

reaction of per-O-acetylated Galf in methanol to give acetate protected Galf sulfenamide

69 resulted in a complex isomeric mixture of partially protected components (vide supra

Section 2.3.2).

     160

 

 3.2.3  Stability of Deprotected Glcf sulfenamide 149.

Deprotection of acetate-protected Glcf sulfenamide 159  under standard

conditions using sodium methoxide at room temperature furnished the desired product

149, albeit in a relatively low 45% yield.  TLC examination of the reaction mixture

revealed a substantial amount of more polar products.  The deprotected Glcf
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sulfenamide 149 was extremely unstable and was found to readily decompose if left

standing in MeOH solution overnight.  One of the decomposition products appeared to

be the free dioctylamine as determined by 1H NMR, and mass spectrometric analysis.

The most obvious difference between the relatively stable Galf sulfenamide 58 and the

Glcf analogue 149 is the configuration at C-4.  It may be that the Glcf conformation

allows an intramolecular attack of the C-6 hydroxyl group on the sulfenamide linkage to

cause decomposition.  However this raises the question as to why the Galf analogue

does not also decompose by way of possible, adjacent molecule C-6 hydroxyl,

intermolecular attack.  Whatever the reason for the instability of 149, its characteristics

would not satisfy that of an ideal drug candidate.

 3.2.4  Synthesis of Glcf Dioctyl Sulfonamide 151.

Having successfully prepared the protected sulfenamide derivative 159, the

synthesis of the potentially more stable sulfonamide synthetic target 151  was

undertaken.  Accordingly, 159 was treated with mCPBA in DCM under reflux for 2

hours to afford 72% of pure Glcf sulfonamide 161 following column chromatography.

1H NMR spectroscopic analysis of 161 showed that the dioctylamine α-methylene

protons had undergone to undergo a 0.35 ppm downfield shift following oxidation at

sulfur to resonate at 3.22 ppm, in an identical manner to that observed for the Galf

sulfonamide 83 (vide supra Section 2.4.2).  Mass spectrometry provided supporting

evidence for the proposed structure 161; LRMS (ESI) m/z 658 [(M + Na)+ 100 %] 242

(67).  HRMS Calcd for C30H53NNaO11S  658.3237.  Found 658.3238.  The optical

rotation of sulfonamide 161 was measured in dichloromethane; [α]D
25 -52.1° (c1.

CH2Cl2).
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Exposure of 161 to previously described deacylation conditions provided the

novel sulfonamide 151 which did not display any instability on the acidic silica gel

chromatography support.  In addition, in methanolic solution, there was no evidence for

the decomposition of 151 over a 4 day period.  Furthermore, electro-spray mass spectral

analysis of 151 showed an intact molecular ion, compared to the corresponding

deprotected sulfenamide 149 , for which solvent system, ion trap and capillary

conditions required optimisation to achieve at best, a 24% mass peak representative of

the molecular ion.  1H and 13C NMR spectroscopic analysis of 151 gave the expected

data.  Microanalytical data for the deprotected sulfonamide revealed the hygroscopic

nature of the compound (C22H45NO7S. 0.66 H2O; C, 55.09 %; H, 9.74 %; N, 2.92 %;

Found: C, 55.12 %; H, 9.95 %; N, 2.95 %), analogous to the corresponding Galf dioctyl

derivative 89 (vide supra Section 2.4.2).

Pure 151 was subjected to a variety of biological assays to test for anti-microbial

activity for comparison with the Galf N,N-dioctyl sulfonamide 89 (vide infra Chapter 6).

 3.3  Synthesis of Arabinofuranosyl Derivatives

 3.3.1  Entry into the Arabinofuranose Template

Having firmly established that a per-O -acylated carbohydrate is a good

precursor to enable the high yielding syntheses of a variety of synthetic targets (vide

supra Chapter 2), we felt that the per-O-acetylated Araf derivative 162 (Scheme 3.4)

would allow the successful introduction of appropriate anomeric thio-linkages to

achieve our target compounds the N,N-dioctyl sulfenamide 150 and sulfonamide 152,

and the 9-heptadecyl thioglycoside 153.



99

150           152      153

The inherent challenge of overcoming the poor distribution of furanose

conformers in solution presented itself again for the five carbon sugar D-ara.  In water at

25 °C, D-ara is present as 96% pyranose 163 and 4% furanose 164 conformers.159

Traditional approaches toward the construction of an Araf template have involved

carefully controlled conditions160 to optimise furanose formation.  For example in the

synthesis of the tetra-O-acetate 162 the furanosyl methyl glycoside 165 is achieved in

high yield from D-ara via a kinetic Fischer glycosylation.  The methyl glycoside 165 is

subsequently subjected to acetylation/acetolysis conditions to afford 162.160-162   Over

three steps 162 is afforded in a respectable 70% yield160 (Scheme 3.4).

                           163                              164

      165           162

Scheme 3.4 Access to arabinofuranosyl tetra-O-acetate 162 via a Fischer glycosylation.160-162

Other researchers163,164 have applied a different strategy, whereby in

consideration of the five carbon sugar, selective primary hydroxyl group protection
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prevents pyranose ring formation.  This provides a reducing sugar that can undergo a

variety of manipulations, for example that described by Ikedo et al. 163 (Scheme 3.5).

   166      167

Scheme 3.5  Access into arabinofuranosyl template via selective C-5 protection methodology.
163,164

In considering the various possible entries into an Araf template, we felt that the

1,2,3-tri-O-acetylated C-5 silyl species 168 would be an excellent novel template, not

only for the synthesis of the anomeric substituted compounds 150, 152 and 153, but also

for the synthesis of Araf derivatives that are further elaborated at C-5.

          168

 3.3.2  Synthesis of Araf Sulfonamide 152.

By combining a modification of the silylation method of Ikeda et al.163 with a

standard acetylation procedure,109 differentially protected Araf derivative 168 was

obtained in 59% yield, in a convenient one pot synthesis from D-ara (Scheme 3.6).
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Scheme 3.6  Reagents and Conditions (A) 1. TBDPS-Cl, pyr, 0 °C, 12 h, N2. 2. Ac2O, pyr, 0
°C, 12 h, N2, 59% over 2 steps; (B) SnCl4, CH2Cl2, HSAc, 0 °C, 2 h, N2,171 55%, 170 18% (C)

BF3.Et2O, CH2Cl2, HSAc, 0 °C, 5 h, Ar,170 87%; (D) HN((CH2)7CH3)2, BrCH(CO2Et)2, MeOH, 25

°C, 3 h, Ar, 81% (E) mCPBA, CH2Cl2, reflux 4 h, 68%; (F) TBAF, AcOH, 25 °C, 15 h, N2, 62%;

(G) NaOMe, MeOH, 25 °C, 1 h, N2, 95%.

Conditions described by Ikeda et al.163 for the synthesis of mono-silylated Araf

derivative 1 6 6  (Scheme 3.5) involved treatment of D -ara with t e r t -

butylchlorodiphenylsilane (TBDPS-Cl) and imidazole in DMF at 0 °C to give the C-5

silylated product 166 in 63% yield.  Numerous attempts to reproduce Ikeda's method

resulted in, at best, 42% of the mono-silylated material, with other products being

identified by mass spectral analysis as potentially the 1,5-disilylated derivative 169, and

unreacted D-ara.
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           169

In an attempt to improve the yield of 166, pyridine was substituted for DMF as

solvent, as is a common change for this reaction.109  And in an effort to maximise the

consumption of the silylating reagent, while attempting to minimise disilylation, the

reaction was carefully monitored over several hours at 0 °C.  The reaction in pyridine

proceeded smoothly to give predominantly C-5 mono-silylated 166 after 12 hours, as

observed by TLC analysis.  To simplify the synthetic route to the tri-O-acetate 168, the

crude reaction mixture was evaporated and then re-suspended in pyridine and acetic

anhydride, to furnish 168 in one pot in 59% yield after purification.  1H and 13C NMR

spectroscopic analysis of the product provided evidence for a 3:2 α/β anomeric mixture

of 168.  The β-proton of the α-anomeric acetate was represented as a broad singlet and

resonated at 6.19 ppm (3J >1 Hz).  The α-proton of the β-anomeric acetate was

represented as a doublet and resonated at 6.37 ppm (3J 4.7 Hz). Characteristic tert-

butylchlorodiphenylsilane peaks were observed in the aromatic (δ  7.33-7.22, m, 10 H,

SiPh), and aliphatic (1.07, bs, 9 H, tert-butyl) regions.  Low and high resolution mass

spectral data was also obtained for 168; LRMS (ESI) m/z 537 [(M + Na)+ 100 %];

HRMS Calcd for C27H34NaO8Si  537.1921.  Found 597.1919.

The synthetic programme to this point has focussed primarily on the preparation

of β -linked sulfenamides, sufonamides and thioglycosides of galacto- and

glucofuranose.  In designing the synthetic route towards the Araf targets 150 and 153,

the main objective was to form an α-linked arabinofuranoside for the purpose of

mimicking the natural saccharide building blocks of the arabinogalactan in
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mycobacteria.  There was limited evidence in the literature92 to support stereospecific

Lewis acid catalysed α-glycosylation of a per-O-acylated Araf template.  Therefore, the

α-stereoselectivity of the Lewis acid mediated reaction, as applied to the Galf and Glcf

derivatives, was relatively unknown.  However, considering the stereochemistry of the

C-2 substituent on the Araf template, and the role that the neighbouring acyloxy

substituent plays in directing stereoselective glycoside formation,54 it was anticipated

that at least a portion of the desired α−thiolacetate material would be formed.  Also to

be considered for the glycosylation reaction was the susceptibility of the C-5 TBDPS

protecting group to cleavage under the acidic reaction conditions.  We had investigated

literature reports for the stability of the TBDPS protecting group prior to undertaking

this synthetic strategy.  The literature provided some assurance that this protecting

group was stable to Lewis acid.109    However the application of the previously

described thiolacetylation conditions using tin tetrachloride as catalyst (vide supra

Section 2.2) to tri-O-acetate derivative 168 did not furnish 170 as the sole product, but

instead afforded a 1:3 mixture of C-5 silylated thiolacetate 170, and the C-5 acetate

protected thiolacetate species 171.  In an attempt to minimise silyl group cleavage, the

reaction temperature was lowered to -78 °C.   In this way, the ratio of the desired

product 170 was improved, however the reaction mixture was complex and still

contained a significant amount of C-5 acetylated derivative 171.  The unanticipated

production of the C-5 acetylated Araf thiolacetate 171 did however provide a model

which allowed cross referencing of NMR data with analogous Galf and Glcf C-5

acetylated compounds 54 and 158 to confirm the formation of the desired α-glycoside

(vide infra Table 3.1).

1,2-Trans isomers in the furanose conformation are generally characterised by a

broad singlet for H-1 (J1,2 < 1.0 Hz), and by a low field signal for the anomeric carbon (δ
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≈ 85 ppm),54,70,102 while larger J1,2 values (around 4.6 Hz), and an upfield resonance for

C-1 (δ ≈ 95 ppm) indicate a 1,2-cis relationship. 97,102  Considering the orientation of the

C-1, C-2 and C-3 substituents of the Araf-SAc derivatives 171  and 170 , the J1,2

couplings observed for the α-anomer were predicted to be similar to those of the β-

anomers of the Galf and Glcf anomeric thiolacetates 54 and 158.  Table 3.1 gives C-1

and H-1 resonances (ppm), and J1,2 couplings (Hz) for acetylated Galf thiolacetate 54

and Glcf thiolacetate 158, benzoylated Galf thiolacetate 28, and the Araf compounds

170 and 171.  Given that the 1H and 13C NMR data for all 5 anomeric thiolacetates were

in excellent agreement, it was concluded that the α-linked Araf thiolacetates 170 and

171 had been successfully prepared.

Table 3.1  Comparative NMR data for various furanosyl anomeric thiolacetates.

Thiolacetate C-1 δ (ppm) H-1 δ (ppm) J1,2 (Hz)

Galf        54 86.0 5.98 < 1.0 Hz

Glcf      158 85.4 5.91 < 1.0 Hz

Araf      171 86.2 6.03 < 1.0 Hz

Galf        28 86.5 6.34 < 1.0 Hz

Araf      170 86.2 6.00 < 1.0 Hz

  54  R = Ac    158             171  R' = Ac

  28  R = Bz             170  R' = TBDPS
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In an effort to improve the synthesis of the desired C-5 silylated Araf

thiolacetate 170, the literature was revisited to discover similar glycosylation reactions

involving a thiol and the Lewis acid boron trifluoride diethyl etherate (BF3
.Et2O).165

Ferrier and Furneaux165 showed that 1,2-trans-1-thioglycosides can be prepared in high

yield from a per-O-acetylated sugar by treatment with a thiol in the presence of boron

trifluoride diethyl etherate acid catalyst.  This methodology was applied to the synthesis

of thiolacetate 170.  Accordingly C-5 silylated 1,2,3-tri-O-acetate derivative 168 was

treated with thiolacetic acid in the presence of BF3
.Et2O for 5 hours at 0 °C to cleanly

furnish the silyl protected thiolacetate 170.  Formation of the 1,2,3,5-tetra-O-acetate

species 171 was not observed.  Furthermore, aqueous work up of the crude reaction

mixture was simplified, as BF3
.Et2O did not emulsify upon exposure to aqueous

solution, as is observed for tin tetrachloride.  Purification of the crude product by flash

chromatography furnished the silyl protected α-Araf thiolacetate 170 in an excellent

87% yield.  The identity of the product was confirmed by the appearance of a 3 proton

singlet in the 1H NMR spectrum at 2.39 ppm, representative of the thiolacetate methyl

protons.  The 3J coupling of the H-1 proton was consistent with the α-derivative 170

(J1,2 < 1.0 Hz).  Expected thiolacetate peaks were also observed in the 13C NMR

spectrum, and mass spectral data further confirmed the expected structure 170; LRMS

(ESI) m/z 553 [(M + Na)+ 100 %].  HRMS Calcd for C27H34NNaO7SSi  553.1692.

Found 553.1685.

With the silyl protected thiolacetate 170 in hand, the synthesis of the Araf N,N-

dioctyl sulfenamide 172 was then attempted (Scheme 3.6).  A solution of 170 in

methanol was treated with 4 equivalents of dioctylamine followed by two equivalents of

diethyl bromomalonate, under an atmosphere of argon at room temperature.  TLC

analysis of the reaction mixture after 3 hours indicated complete consumption of the
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starting material, and a relatively clean conversion to a major product of higher R f,

together with a faint baseline spot.  Purification of the crude material by flash

chromatography gave the sulfenamide product 172 in 81% yield.  Characteristic α-

methylene protons of the sulfenamide aglycon were observed to resonate at 2.90 ppm,

in a similar region of the spectrum as the analogous Galf and Glcf derivatives.  Mass

spectral data confirmed the proposed structure 172.  Surprisingly, no partially de-O-

acetylated material was detected in the reaction mixture, however slight decomposition

of sulfenamide 172 on silica was observed as indicated by a faint baseline spot of the

column fractions by TLC analysis.  It was felt that the instability of Araf sulfenamide

172 in its protected form would translate to an unstable deprotected species 150, as was

observed for the gluco derivative 149. We therefore chose to bypass the deprotection of

172, and pursue the potentially more stable Araf sulfonamide target 152.

Exposure of protected Araf  N,N-dioctyl sulfenamide 172  to mCPBA in

dichloromethane at reflux provided sulfonamide 173 in a moderate 68% yield after

chromatography.  The instability of the starting material was again evident under the

oxidative conditions described, as represented by a faint baseline spot on TLC analysis

of the reaction mixture.  1H and 13C NMR spectra of the product indicated characteristic

resonances for the expected product 173, with the α-methylene protons located

downfield (3.20 ppm) of the corresponding sulfenamide 172 (2.90 ppm).  The

compounds elemental composition was verified by microanalysis (C41H65NO8SSi; C,

64.79 %; H, 8.62 %; N, 1.84 %; Found: C, 64.67 %; H, 8.88 %; N, 1.62 %).

To produce Araf  N ,N -dioctyl sulfonamide 152 , a final stage two-step

deprotection procedure was required.  Firstly, desilylation was undertaken by way of

treatment of 173 with tetra-nbutylammonium fluoride (TBAF) and acetic acid in THF109

to afford 174 as confirmed by the disappearance of the aromatic and aliphatic
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resonances of the silyl protecting group in the 1H NMR spectrum.  Secondly, a sodium

methoxide de-O-acetylation in methanol was carried out to yield 152 in 59% yield over

2 steps.  The 1H NMR proton resonances observed for 152 were consistent with the

relevant proton resonances of analogous Galf and Glcf deprotected sulfenamides 60 and

149.  A single peak in the mass spectrum representative of the molecular ion plus

sodium confirmed the structure to be 152.  The purity of the target molecule was

substantiated by 1H and 13C NMR spectroscopy together with an elemental analysis (see

also Appendix 1).

 3.3.3  Synthesis of 9-Heptadecyl Araf Thioglycoside 153.

As the developed methodology165 for thioglycoside formation using BF3
.etherate

as a Lewis acid gave an excellent result for the synthesis of the Araf anomeric

thiolacetate 170, synthesis of the branched C-17 thioglycoside 175 was attempted by the

application of the same reaction conditions.  The approach used for the synthesis of

9–heptadecyl 1-thio-α-D-arabinofuranoside 153 is shown in Scheme 3.7.

Scheme 3.7   Reagents and Conditions  (A) BF3.Et2O, CH2Cl2, 0 °C, 3 h, N2, 79%; (B) TBAF,

AcOH, 25 °C, 15 h, N2, 87%; (G) NaOMe, MeOH, 25 °C, 1 h, N2, 90%.
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Preparation of the 9-heptadecyl thiol coupling partner 106 is described in

Section 2.4.  The BF3
.etherate mediated glycosidation of the C-5 silylated 1,2,3-tri-O-

acetate Araf derivative 168 with thiol 106 proceeded smoothly to yield thioglycoside

175 in 79% yield.  1H NMR analysis of 175 showed the methine proton of the aglycon

unit resonating at 2.81 ppm, in an identical region of the NMR spectrum to that

observed for the protected Galf 9-heptadecyl analogue 108 (vide supra Section 2.5.4).

The chemical shifts of H-1 and H-5 protons were also consistent for the expected

structure 175, with H-1 having a small 3J coupling constant of 2.5 Hz, consistent with

the α-anomer.  The elemental composition of purified 175 further supported the

proposed structure (C42H66O6SSi; C, 69.38 %; H, 9.15 %; Found: C, 69.38 %; H, 9.26

%).  In contrast to the 1:4 anomeric mixture formed with Galf, formation of the β-

anomer of Araf was not observed by NMR analysis (see Appendix 1).  It was felt that

perhaps the location of the bulky silyl protecting group at C-5 inhibited nucleophilic

attack of the large thiol at the β-face of the Araf template.

Desilylation at C-5 of 175 was achieved with TBAF and acetic acid in THF to

furnish 176 in 87% yield (Scheme 3.7).  Subsequent acetate protecting group

hydrolysis, carried out in the usual way using sodium methoxide in methanol, afforded

the target Araf α-thioglycoside 153 in 90% yield.  Expected NMR spectroscopic data (δ

5.08 ppm H-1, δ 90.2 ppm C-1), together with mass spectral and microanalytical data

confirmed the formation of 9-Heptadecyl 1-thio-α-D-arabinofuranoside 153; LRMS

(ESI) m/z 427 [(M + Na)+ 100 %]; Micro-analysis: C22H44O4S.MeOH;  C, 63.26 %; H,

11.08 %;  Found: C, 63.35 %; H, 11.00 %.

3.4  Conclusion

For the purpose of addressing specificity issues relating to the most active of the

Galf sulfenamide series against mycobacteria, the N,N-dioctyl derivative, a number of
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Glcf and Araf derivatives were prepared.  The deprotected Glcf N,N-dioctyl sulfenamide

was successfully prepared in good yield.  Its poor stability in solution, however, meant

that entry of this compound into a biological assay could produce a misleading result.

Furthermore, due to its instability, this compound was predicted to have limited

potential as a drug candidate.  By comparison, the corresponding Glcf N,N-dioctyl

sulfonamide was considerably more stable to acid, and in solution, and was prepared

successfully in a good overall yield from D-glc.

The chosen method of entry into the Araf template provided a differentially

protected precursor that would enable further elaboration at the C-5 position at a later

stage (vide infra Chapter 5).  Formation of an anomeric thiolacetate presented problems

initially related to partial loss of the C-5 silyl protecting group.  However this was

overcome by employing an alternative Lewis acid catalyst, resulting in an improved

reaction yield, and a more simple work-up.  Although the protected Araf N,N-dioctyl

sulfenamide was successfully prepared from the thiolacetate, it displayed instability in

this form, and consequently the deprotected target was not pursued.  The Araf N,N-

dioctyl sulfonamide was prepared from the sulfenamide, and was successfully

deprotected in high yield.

The methodology developed for stereoselective anomeric thiolacetate formation

using BF3⋅etherate as catalyst, was applied to the synthesis of the Araf 9-heptadecyl

thioglycoside, and afforded solely the desired α-thioglycoside in excellent yield.

The results for the biological evaluation of the Glcf and Araf sulfonamides, and

the Araf branched thioglycoside are discussed in Chapter 6.
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 CHAPTER 4

NON-CARBOHYDRATE PROBES

 4.1  Background

Our investigations thus far have provided an insight into the susceptibility of

both mycobacteria and other gram-positive organisms alike to glycosyl sulfenamides,

sulfonamides and thioglycosides containing two terminal C-8 alkyl units in the aglycon

(see Chapter 6).  M. smegmatis appears to be especially susceptible to the N,N-dioctyl

aglycon unit of the Galf N,N-dioctyl sulfenamide 60, whilst the growth of some gram

positive organisms is inhibited to a greater extent by the corresponding sulfonamide 89.

Even greater anti-microbial potency is displayed by the isosteric C-17 branched

thioglycoside 92 against gram-positive bacteria.  However, substitution of the initial

galactofuranosyl moiety for another furanosyl sugar unit did not have a significant

affect on in vitro potency (see Chapter 6).

                  60                                               89   

              92
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With the intention of exploring further SAR for the thiol template without

compromising anti-microbial potency, we sought to prepare a small series of non-

glycosyl derivatives.  It was proposed that a straight forward coupling of the appropriate

amine to a simple cyclic alkyl or aromatic thiol would be a logical starting point to

quickly afford the appropriate targets, for example the cyclopentyl N ,N-dioctyl

sulfenamide 177 . Despite the poor in vitro activity observed for compounds

incorporating a diaromatic aglycon unit (see Chapter 6), we also envisaged a target of

this series to contain these more rigid aromatic, 'drug like' moieties,166 for example the

benzene N,N-dibenzyl sulfenamide 178.

         177         178

Although we had established a high yielding synthesis for glycosyl sulfenamides

(Section 2.3), the chemistry we employed was specific to anomeric glycosyl

thiolacetates70 and could not be efficiently applied to our proposed non-carbohydrate

targets.  Examination of the literature provided numerous methods for the preparation of

sulfenamides, many of which have been developed by the rubber industry for use as

vulcanisers.107   The most typical method for sulfenamide synthesis is presented in

general Equation (1).167

(1)
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In this instance the reaction proceeds by way of nucleophilic attack of an amine

on a sulfenyl halide with generation of acid, which can be neutralised by excess amine.

Alternatively, an umpolung of Equation 1 can be performed (general Equation 2) by the

addition of a thiol to an amine in the presence of an oxidising agent.  For example, as

described by Barton et al.,167 the exposure of amine to sodium hypochlorite facilitates

the formation of a chloramine, which subsequently undergoes nucleophilic attack by the

thiol to afford a sulfenamide in an SN2 type reaction. However, as reported by Sisler et

al.,168 the reaction is not general, and the authors indicated that aliphatic and simple

aromatic thiols that are exposed to such conditions preferentially give disulfides rather

than sulfenamides.

(2)

A third method169 for the preparation of sulfenamides involves the treatment of a

thiol with a sulfenamide (see general Equation 3).  The major competing side reaction

of this preparation is the formation of disulfide.169   Ignatov et al.169 have shown in

mechanistic studies for the synthesis of sulfenamides via this method, that undesired

disulfide formation is a consequence of low pH.  Pechet and coworkers167 gave further

evidence for the influence of pH on disulfide formation, and reported that 'the most

prominent by-product of all sulfenamide reactions, the disulfide, can potentially be

controlled by the maintenance of high pH and the use of a non-polar aprotic solvent'.

(3)
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In consideration of the observations made by Pechet and coworkers,167 together

with their reported 'convenient' preparation for a range of sulfenamides, our initial

strategy was to prepare the desired targets via intermediate chloramines in accordance

with general Equation 2, under basic conditions.

 4.2  Sulfenamide Synthesis by the Chloramine Method

The chloramine method for the synthesis of sulfenamides was, in the first

instance, employed for the preparation of derivatives based on benzene thiol 179

(Scheme 4.1).  Pechet and coworker's,167 one pot method was applied to the synthesis of

benzene N,N-dioctyl sulfenamide 180.  Excess dioctylamine was treated with sodium

hypochlorite for 10 minutes at 25 °C, and the mixture was extracted with chloroform

before reaction with benzenethiol at 0 °C (Scheme 4.1).  Examination of the crude

reaction mixture after 30 minutes by TLC (solvent system: hexane-EtOAc 5:1)

indicated one fluorescent spot that ran at the solvent front, and a low R f streak

characteristic of the amine.  Subsequent isolation and mass spectral analysis of each

component identified the high Rf fluorescent spot as the diphenyl disulfide 181, and the

lower Rf streak as dioctylamine.  Therefore to ascertain whether the chloramine 182 was

forming, dioctylamine was exposed to a large excess of sodium hypochlorite, and the

extracted amine product was analysed by 1H NMR spectroscopy.  A 0.3 ppm downfield

shift of the amine α-methylene protons to 2.90 ppm was observed, an expected result

for de-shielding by chlorine.130  However the addition of another equivalent of amine to

the NMR sample did not give rise to an expected α-methylene multiplet at 2.60 ppm as

would be observed for the free amine.  Two additional equivalents of amine were

required to produce the expected multiplet, suggesting that hypochlorite ions were
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present in the chloroform extract.  To overcome this problem, following extraction of

the chloramine 182, addition of a large excess of amine ensured complete consumption

of contaminating hypochlorite ions, and maintenance of basic conditions.  Despite this

modification to the procedure, the reaction continued to produce predominantly

disulfide 181.

182 R = (CH2)7CH3     179 180 R = (CH2)7CH3

184 R = (CH2)3CH3 185 R = (CH2)3CH3

183 R = CH2Ph 178 R = CH2Ph

Scheme 4.1  Reagents and Conditions:  (A) HN((CH2)nCH3)2 or HN(CH2Ph)2, NaOCl, 25 ºC,
10 min. (B) HN((CH2)nCH3)2 or HN(CH2Ph)2 (additional 10 equiv.), CHCl3, 0 ºC, 5 min.

                   181

Given our lack of success with dioctylamine, we repeated the reaction using

dibenzylamine and benzenethiol in an attempt to form the sulfenamide 178.  Again the

reaction yielded 100% disulfide 181.  On this occasion the result was not unexpected, as

the chloramine intermediate 183 was potentially more stable than the dioctyl analogue

182 described previously, due to the comparatively low electrophilic character of

nitrogen in the diaromatic chloramine species 183.
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In a final attempt to form a sulfenamide via the chloramine method,

dibutylamine was subjected to conditions analogous to those described above (Scheme

4.1).  In this instance, the greater reactivity of the generated chloramine 184 provided

what appeared to be a small quantity of the desired dibutyl sulfenamide product 185 by

TLC analysis (solvent system: hexane-EtOAc 5:1).  However repeated attempts to

isolate the product by column chromatography using either fluorosil or activated neutral

alumina were unsuccessful due to the inefficiency of these supports to separate the large

volume of amine present.  Distillation of the product was also attempted without

success.  Purification by column chromatography on silica support proved to be

successful in isolating a small quantity of product, although substantial decomposition

was observed.  1H and 13C NMR analysis supported the formation of the dibutyl

sulfenamide 185.

Despite the maintenance of high pH, the conditions described by Barton et al.167

for entry in to a sulfur-nitrogen linkage via a chloramine did not appear to be conducive

to sulfenamide formation with benzenethiol in our hands, and preferentially gave

disulfide, as reported by Sisler et al.168  We were convinced that an alternate method of

sulfenamide synthesis would provide better yields to enable the production of a greater

quantity of product.

 4.3  Sulfenamide Synthesis via a Sulfenyl Chloride Intermediate

Having had little success with a chloramine electrophile, we revisited the

literature for methods of sulfenamide preparation via a sulfenyl halide (general Equation

1, p111).  Although an early patent was located that claimed benzene N,N-dibutyl

sulfenamide 185 within a large library of diverse compounds as a bird repellent, a
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method, or proof for its synthesis was not described.170  Another patent by Guarino et

al.171 provided a method for sulfenamide synthesis, proceeding via addition of an amine

to a sulfenyl chloride (formed in situ by treatment of the appropriate thiol with sulfuryl

chloride), in an SN2 type mechanism in accordance with general Equation 1 (p 111).

Using a similar procedure172-174 to that of Guarino et al.171 the benzene N,N-

dibenzyl sulfenamide 178 was successfully prepared on the first attempt (Scheme 4.2).

Treatment of benzenethiol with one equivalent of sulfuryl chloride at -78 °C under

reduced pressure, followed by dilution of the mixture with dichloromethane and

addition of a solution of one equivalent each of dibenzylamine and triethylamine at 0 °C

and reaction for 3 hours, produced 178 in 34% yield after chromatography. Purification

of the reaction product by column chromatography was successful on activated alumina

in this instance, as a large excess of amine had not been used for this reaction.  The

formation of the sulfenamide 178 was confirmed by the observation of a singlet in the

1H NMR spectrum representative of the benzyl methylene protons, integrating for 4

protons at 4.09 ppm, downfield of the corresponding amine.  Additionally, mass

spectral analysis (without the use of acid) provided the molecular ion as a single peak

305 ([M + Na]+ 100%), and elemental analysis confirmed the expected atomic

composition (C20H19NS; C, 78.65%; H, 6.27%; N, 4.59%; Found: C, 78.83%; H, 6.37%;

N, 4.41%).

Unfortunately at this stage, progress was halted toward the completion of the

series of benzene-based sulfenamides due to the lack of availability of more

benzenethiol reagent.  Therefore from this point onward, cyclopentyl thiol 186 was

implemented as a carbohydrate substitute template.
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179 R' = phenyl                        178  R = CH2Ph, R' = phenyl

186 R' = cyclopentyl             187  R = CH2Ph, R' = cyclopentyl

                        177  R = (CH2)7CH3, R' = cyclopentyl

Scheme 4.2  Reagents and Conditions:  (A) i. 179 or 186, SO2Cl2, -78 ºC, 3 min., vacuum; ii.

CH2Cl2, HN((CH2)nCH3)2 or HN(CH2Ph)2, N(CH2CH3)3, 0 ºC, 3 h, N2.

In an analogous method to that described for the synthesis of the benzene N,N-

dibenzyl sulfenamide 178 (via formation of the sulfenyl chloride), cyclopentyl N,N-

dibenzyl sulfenamide 187 was prepared in a similar 36% yield (Scheme 4.2).  The

competing reaction of disulfide 188 formation, as identified by 1H NMR and mass

spectroscopic analysis, was again the primary hindrance that was inhibiting good

conversion of the thiol to the desired product.  However we reasoned that utilising a

more nucleophilic amine would potentially improve yields as we had observed earlier in

the synthesis of benzene N,N-dibutyl sulfenamide 185.  Accordingly, reaction of

dioctylamine with cyclopentyl sulfenyl chloride in the presence of triethylamine at 0 °C,

produced cyclopentyl N,N-dioctyl sulfenamide 177 as an oil in a pleasing 70% yield.

After a typical purification step, which involved separation of the desired product by

column chromatography on neutral alumina, acquired 1H and 13C NMR spectroscopic

data, together with low and high resolution mass spectral data indicated the proposed

structure 177.

        188
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 4.4  Oxidation of Sulfenamides

 4.4.1  Background

The glycosyl sulfonamides prepared in Section 2.4 showed increased stability

and aqueous solubility over the glycosyl sulfenamides (Section 2.3).  It was thought that

oxidation at sulfur of the non-glycosyl sulfenamides prepared in the previous Sections

(4.2 and 4.3) to afford the more stable sulfonamide targets, would result in a concurrent

increase in water solubility making them more amenable to biological assay conditions.

We therefore pursued the synthesis of sulfonamides 189, 190 and 191.

189            190     191

 4.4.2  Synthesis of Non-carbohydrate Sulfonamides 189, 190 and191.

Standard oxidative procedure using mCPBA in dichloromethane at reflux, as

applied to the glycosyl sulfenamides 178, 187 and 177, gave the expected targets, the

benzene N,N-dibenzyl sulfonamide 189, the cyclopentyl N,N-dibenzyl sulfonamide 190

and the cyclopentyl N,N-dioctyl sulfonamide 191 in excellent yields (Scheme 4.3).  1H

NMR spectroscopic analysis of cyclopentyl-N,N-dioctylsulfonamide 191 revealed a

downfield shift of the tertiary nitrogen's α-methylene protons to 3.19 ppm, from 2.84

ppm for the precursor sulfenamide 177.  Similar downfield shifts were observed for the

benzylic methylene protons of 189 and 190. Each compound (189, 190 and 191)

displayed the expected atomic composition when subjected to elemental analysis. In
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addition compound 191a, prepared by stirring p-toluenesulfonyl chloride and

dioctylamine in dry DCM with triethylamine for 16 h at room temperature, was

synthesised as an easily accessed suitable target.

178 R = CH2Ph, R' = phenyl             189   R = CH2Ph, R' = phenyl

187 R = CH2Ph, R' = cyclopentyl           190   R = CH2Ph, R' = cyclopentyl

177 R = (CH2)7CH3, R' = cyclopentyl     191   R = (CH2)7CH3, R' = cyclopentyl

            191a  R = (CH2)7CH3, R' = toluene

Scheme 4.3  Reagents and Conditions: (A) mCPBA, CH2Cl2, reflux 2 h, 189 93%, 190 73%,
191 85%.

 4.5  Conclusion

The synthesis of sulfenamides from simple aromatic thiols by reaction with

chloramines was not successful in our hands due to the strong influence of the

competing disulfide forming reaction under the conditions described in the literature.

Although the greater activity of the generated dibutyl chloramine afforded a small

quantity of the desired product, the method was not suitable for our primary targets

which required the use of less electrophilic chloramines.

An essential umpolung of this process, that is by forming a sulfenyl halide for

attack of an amine nucleophile, proved to be a successful synthetic route and provided

the desired targets in moderate to good yields of up to 70%.  Oxidation of the

sulfenamide targets afforded the corresponding sulfonamides for SAR studies (see

Chapter 6).
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To further explore chemical diversity, it would be of value to synthesise an array

of non-carbohydrate derivatives which include a more polar 'thiol template' that would

give improved water solubility, that is better suited to conventional broth serial dilution

assays (see Chapter 6).
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 CHAPTER 5

PRELIMINARY           LEAD           OPTIMISATION
INVESTIGATION: Improving the Drug-like Qualities of the Lead
Compound.

5.1  Background

Throughout our investigations into the biological evaluation of the most active

compounds reported in this thesis, we were becoming increasingly aware of the level of

the aqueous solubility of target compounds for the successful application of commercial

in vitro (vide infra Chapter 6) and in vivo (data not presented) assays.  Of particular

concern was the extremely low water solubility of the Galf and Araf C-17 branched

thioglycosides 92 and 153 (vide infra Chapter 5.3.5).  Consequently, the new major

challenge was the development of a viable strategy towards substantially improving the

water solubility of lead compounds, with the intention of producing a concurrent

increase in biological activity.

Two general methods were considered in an attempt to achieve this end.  Firstly,

increasing lead compound water solubility by experimentation with the formulation /

delivery of the active was proposed, and secondly, chemical modification of the active

species was considered to produce a pharmaceutically acceptable form (eg. an ionic

derivative of the active).  Both known methods175-183  of increasing water solubility were

investigated.
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5.2  Formulation Methods for the Enhancement of Lead Compound Water

Solubility

5.2.1 Background

A formulation method for the enhancement of the water solubility of a number

of drugs has been achieved by the complexation of the active compound with

cyclodextrins.  The success of this method is reflected by the availability of over 30

cyclodextrin (CD) containing pharmaceuticals marketed worldwide, and by voluminous

literature on the subject, including some excellent reviews.175-178

Cyclodextrins are cyclic polymers of glucose that possess a torus structure, with

primary and secondary hydroxyl groups oriented outward.184 This gives rise to a

hydrophilic outer region and a hydrophobic core, capable of forming non-covalent

complexes with hydrophobic compounds.176  The type of compounds typically used for

the complexation with cyclodextrin include small mono- and bi-cyclic aromatics.175-178

It was our intention to investigate whether a reversible CD-92 complex could be formed

by inserting the hydrophobic tails of the active compound 92 into the cyclodextrin core

using known methods (see general Scheme 5.1).185

       92

Scheme 5.1  Cartoon representation of the proposed insertion of Galf C17 branched
thioglycoside 92 into a cyclodextrin.  Note the natural spatial orientation of the hydroxyl groups
of a cyclodextrin to form a hydrophilic exterior, and an inner hydrophobic core.  Adapted from
CyDex™ information supplement185.
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There are three main classes of natural cyclodextrins, namely the alpha, beta and

gamma cyclodextrins, and they contain 6, 7 and 8, α-1,4 linked D-glucose monomers

respectively in their cyclic backbone.184 Alpha cyclodextrin (α-CD) is generally not the

first choice for formulary experiments due to its low complexation efficiency with most

drugs.  Beta cyclodextrin (β-CD) (see Structure 192 R = H) has a relatively good

complexation efficiency, however β-CD and its complexes have limited water

solubility.  Gamma cyclodextrin (γ-CD) has a favourable toxicological profile, however

it generally has a lower complexation efficiency than β-CD.175,177

192 R = H

193 R = (CH2)4SO3
-Na+

Chemical modifications have been made by numerous researchers to alter the

undesirable solubility and safety profile of parent α, β and γ CD's.  These modifications

have included for example, alkylation and sulfation of exterior hydroxyls, the product of

which is a marketed engineered CD called Captisol (see Structure 193 R = (CH2)4SO3
-

Na+).185  As it was not feasible to acquire engineered CD's of this description,

experimentation was carried out with non-modified β-cyclodextrin (β-CD).  Despite the
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low water solubility of β-CD (25 mg/mL), it was deemed a suitable model to test for an

improvement of the poorly water soluble, biologically active compound 92 (cf. water

solubility <0.1 mg/mL - see Chapter 5.3.5).  The major point of concern however was

the lack of examples in the literature that describe the insertion of a drug containing

freely rotatable di-alkyl chains into a CD.

5.2.2  Attempted complexation of Galf C-17 Branched Thioglycoside 92 with β-CD 192.

A sample of β-CD was kindly donated by Cyclolab Ltd., Budapest.  The

accompanying data sheet indicated that the purity of the cyclic form was verified by 1H

NMR before experimentation.

An established method185 for the formation of inclusion complexes of

hydrophobic molecules into a CD core was used for the attempted complexation of Galf

C-17 branched thioglycoside 92 with β-CD 192.  An aqueous stock solution of β-CD

was prepared to saturation point (25 mg/mL).  The stock suspension solution required

sonication for 30 minutes to achieve a clear solution.  Two fold serial dilutions were

made to give solutions of 25.0 (stock), 12.5, 6.1 and 3.1 mg/mL.  A 1.5 mL volume of

the β-CD solutions was added to vials containing accurately weighed amounts of

thioglycoside 92.  A control was implemented which contained only test compound 92,

in 1.5 mL of milli-Q water.  The vials were sonicated for 30 minutes, and then placed in

an agitator for 4 days at 25 °C.  After this time the solutions were passed through a 0.22

micron filter.  The filtrate was lyophilised and accurately weighed to determine the

extent of 192-92 complexation.  1H NMR analysis was also carried out to determine

compound content in the evaporated filtrate.  The results of the 192-92 complexation

experiment are presented in Table 5.1.
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Table 5.1  Attempted complexation of β-CD with Galf C-17 branched thioglycoside 92.  Results

show no improvement in the water solubility of thioglycoside 92.

Entry

#

Mass of test

compound 92
(mg)

Concn.

β-CD

(mg/mL)

Vol. of    β-

CD soln.

(mL)

Mass of

lyophilised

filtrate (mg)

Mass of lyophilised

filtrate minus mass

of β-CD (mg)

Solubility of

CD-92 complex

(mg/mL)

1 25.2 25.0 1.5 37.7 0.2 0.1

2 12.3 12.5 1.5 18.6 -0.2 0

3 12.3 6.1 1.5 9.3 0.1 0.1

4 12.1 3.1 1.5 4.4 -0.1 0

5 12.0 0 1.5 (water

only)

0 N/A 0

The maximum complexation capacity for 1.5 mL of a 25 mg/mL solution of β-

CD (entry #1, Table 5.1) is 14 mg of test compound 92 , calculating for a 1:1

stoichiometric ratio of β-CD to 92 complexation.  Unfortunately the results indicated

that the water solubility of 92 in β-CD solution was not noticeably improved over the

control experiment (entry #5, Table 5.1).

The experiment was repeated with sonication of the solutions over a 4 day

period.  Once again, no improvement in the water solubility of 92 was observed.  It was

felt that the highly flexible di-alkyl chains had a direct influence on the capacity of 92 to

insert into the ordered β-CD structure.  No further time was invested into this method of

improving lead compound water solubility.  We next turned our attention to chemical

modifications of the active species.

5.3  Approaches to improving water solubility by chemical modification

5.3.1  Background

Although a number of the glycosyl S-linked compounds prepared to this point

showed significant activity (see Chapter 6), these compounds are only slightly, if at all,

water soluble (see Chapter 5.3.5).  Given the more robust nature of the thioglycosides
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and sulfonamides compared to the sulfenamide linkage, a number of techniques could

be envisaged to improve the water solubility of these compounds through chemical

modification of one or more of the carbohydrate hydroxyl groups.  Examples drawn

from the literature of hydroxyl group substitution to introduce hydrophilic groups

include introduction of phosphate esters,186,187 amino acid esters188,189 and dicarboxylic

acid esters capable of self cleavage in solution.190-192  Each of these methods successfully

produced water soluble prodrugs of a compound with only limited water solubility.

Another method181-183 to increase water solubility is through sulfation of the

carbohydrate hydroxyl groups, a method that has been applied to increase the water

solubility of β-CD and is exemplified in the commercial product Captisol™ 193.193

Methods of sulfation are relatively mild compared to the preparation and unmasking of

phosphate esters186,187 and give access to the modified derivatives in a single step.

5.3.2  Sulfation of Galf sulfonamide 89, Galf thioglycoside 92, Galf sulfone 117 and

Araf thioglycoside 153.

The Galf C-17 branched thioglycoside 92 was chosen first for manipulation, as it

was the least water soluble of the most active glycosyl derivatives prepared.   An initial

attempt at sulfating 92 was carried out in accordance with a preparation described by

Chen et al. 193 Galf C-17 branched thioglycoside 92 was treated with two mole

equivalents of sulfur trioxide trimethylamine complex in DMF, and was stirred at room

temperature to 60 °C over 5 hours (Scheme 5.2).  After this time starting material was

still present, together with at least two more polar compounds, as determined by TLC

analysis.  Aqueous extraction of the significantly water soluble product, followed by

column chromatography on silica resulted in the isolation of the two polar compounds.

Analysis of the 1H NMR spectrum of the least polar product indicated that sulfation had

occurred at C-6 by way of a downfield shift of the C-6 methylene protons.  13C NMR
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and mass spectral data together with elemental analysis provided the necessary evidence

for the formation of mono-sulfated 194.  In this instance the 6-O-sulfate 194 was

achieved in 30% yield.  The more polar product isolated in 10% yield, however was not

characterised due to the complexity of the suspected di-sulfated mixture.  Separation of

the components present in the organic layer of the extraction step identified 25% of

unreacted starting material 92, and approximately 5% of mono-sulfated 194 by 1H NMR

analysis.  The reaction was repeated, however a similar result was observed.  In this

instance, purification of the reaction products was carried out via semi-preparative

HPLC.  However this proved to be extremely time consuming (2 mg/hour), and the

HPLC elution profile displayed extremely broad peaks that contained slight impurities

upon isolation, despite a considerable effort to optimise solvent system conditions.

  92                  194

Scheme 5.2  Reagents and Conditions: (A) N(CH3)3.SO3 complex, DMF, 25 - 60 °C, 5 h, N2,
35%;  (B) pyr.SO3 complex, pyr., 0 - 4 °C, 18 h, N2, 70%.

With the view of improving the yield and C-6 regioselectivity for the mono-

sulfation of 92, another sulfation method183 was investigated which utilises the more

reactive sulfur trioxide pyridine complex.  In accordance with the method of Hao Tran

et al.,183 a solution of the thioglycoside 92 in pyridine at 0 °C was treated with 2 mole

equivalents of sulfur trioxide pyridine complex, and the solution was stirred for 18

hours at 4 °C under an atmosphere of nitrogen (see Scheme 5.2).  After this time, thin-

layer chromatographic analysis of the reaction mixture showed the presence of a small
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amount (approximately 10-20%) of unreacted starting material, a major spot of the

desired mono-sulfated product 194, and a trace of the suspected di-sulfated species.

Extending the reaction time, to allow for the consumption of all of the starting material,

not only increased the concentration of the mono-sulfated product 194, but also that of

the di-sulfated products.  The presence of more of the di-sulfated species decreased the

efficiency of subsequent chromatographic purification and yielded a less pure product.

The isolation and purification of the desired mono-sulfated product 194 was achieved

by quenching the reaction mixture with a saturated sodium bicarbonate solution,

removal of the solvents under reduced pressure, and chromatographic purification on a

silica support.  This procedure yielded the desired mono-sulfated product 194 in

approximately 70% yield and of high purity as determined by 1H and 13C NMR.  This

new procedure did not require tedious, time-consuming HPLC purification in order to

produce a substrate suitable for biological evaluation.  Elemental analysis of 194

indicated the hygroscopic nature of the salt, to absorb 3 molar equivalents of water.

The water solubility of newly synthesised mono-sulfated 194 is presented in Section

5.3.5.

With a basic methodology established, the optimised conditions were then

applied to the Galf dioctyl sulfonamide 89 and the Galf C-17 branched sulfone 117, to

yield the mono-sulfate derivatives 195 and 196 in 74% and 79% respectively.  Thus the

adapted method appeared to be general for sulfation of primary hydroxyls, and it was

felt that this method could conceivably be applied to a wide range of glycosyl

candidates.  Subsequently, identical conditions were applied to the Araf C-17

thioglycoside 153.  However after 50 hours reaction time, the formation of only 18%

(20 mg - 80% corrected yield) of the desired mono-sulfate 197 was observed, with 65
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mg of starting material remaining after this time, indicating the lower reactivity of the

Araf primary hydroxyl.

For the purpose of evaluating the effect of sulfation on the solubility and

biological activity, the four compounds prepared were deemed to be sufficient.

     195              196

       197

5.3.3 Amino Acid Ester Pro-Drug Approach

5.3.3.1  Background

In recent years the use of the amino acid prodrug principle has been investigated

in order to improve the delivery and uptake profile of poorly water soluble compounds.

The approach has been used on model pharmaceuticals, for example the anti-herpes

drug Acyclovir, to achieve new products with significantly enhanced water solubility

and bioavailability.194  The foundation of this approach is that the prodrug functionality

is hydrolysed by esterases in vivo to unmask the parent molecule once delivery is

achieved.  It was felt that the preparation of an ionic form of an amino acid ester at C-6

of Galf (or C-5 of Araf) would be an appropriate alternative strategy to primary

hydroxyl sulfation, given that the reversible manipulation could potentially deliver the

active compound, as opposed to the permanent modification achieved by sulfation.
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5.3.3.2  Synthesis of Galf and  Araf C17 thioglycoside C-6  Alanyl Esters 198 and 199.

The strategy we considered toward synthesising an amino acid prodrug of the

thioglycosides 92 and 153 involved the coupling of a N-tert-Butoxycarbonyl (BOC)

protected alanine moiety via an ester linkage to the primary hydroxyl group using

dicyclohexylcarbodiimide (DCC), following a procedure reported by Altomare et al.188

Subsequent amine deprotection and acidification to the corresponding ammonium salt

was then envisaged to afford the potentially more water soluble derivatives 198 and

199.  Scheme 5.3 was used for the preparation of alanyl ester derivatives 198 and 199.

Scheme 5.3  Reagents and Conditions: (A) i. Alanine-BOC, DCC, DMAP,  DCM, -78 °C, 5 min.,
N2; ii. 25 °C, 20 h, Ar, 200 43% (80% based on recovered starting material), 201 30% (73%
based on recovered starting material),  (B) TFA, DCM, 0 °C, 2 h, Ar, 198 100%, 199 94%.
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Coupling of Galf C-17 thioglycoside 92 with BOC protected Alanine was

achieved in the presence of coupling reagent DCC and DMAP catalyst under anhydrous

conditions at low temperature (initially -78 °C, then to 25 °C over 20 hours).  Analysis

of the crude reaction mixture after 20 hours by thin layer chromatography revealed a

predominant product spot, together with a complex mixture of higher Rf material,

represented by a number of faint spots.  Although the starting material was not

completely consumed after 20 hours, the reaction mixture was worked up to avoid

excessive by-product formation.  The dicyclohexyl urea precipitate in the crude reaction

mixture was filtered from the mother liquors, and the evaporated mother liquors were

purified by flash chromatography.  The desired alanyl ester 200 was afforded in 76%

yield, based on recovered starting material.  Evidence for the formation of 200 was

achieved by low and high resolution mass spectral analysis, by way of a mass peak

corresponding to the mass of the proposed structure 200 (LRMS (ESI) m/z 628 [(M +

Na)+ 100%]. The 1H NMR spectrum of 200 showed a downfield shift of approximately

0.6 ppm of the H-6 and H-6' protons, as was expected for esterification at the C-6

hydroxyl group.  In addition, the appearance of a large singlet integrating for 9 protons

gave evidence for the presence of the BOC t-butyl group.  13C NMR analysis indicated

the presence of the BOC and alanyl carbonyl groups at 175.0 and 171.0 ppm

respectively, together with a downfield shifted C-6 peak which was observed to

resonate at 67.6 ppm.

Following the successful preparation of the BOC protected Galf alanyl ester 200,

identical reaction conditions were applied to the Araf C-17 thioglycoside 153.

Conversion of 153 to the desired alanyl ester 201 was observed to be substantially

slower than the Galf example described above, with only 42% of starting material

consumed after 20 hours.  Based on recovered starting material, 73% of the desired
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alanyl ester was achieved following column chromatography on silica.  Evidence for the

formation of 201 was given by 1H and 13C NMR spectroscopy, together with expected

low and high resolution mass spectral data corresponding to the proposed structure 201.

With the BOC protected alanyl-glycosyl derivatives 200 and 201 in hand,

deprotection of the alanyl amine was next investigated.  Mathew et al.189 described the

difficulty in removing a BOC protecting group from various amino acid prodrug

derivatives using strong acid, reporting of the formation of complex mixtures.  The

authors indicated the use of weak lactic acid to successfully deprotect such species.

Despite the observation of Mathew et al., the use of trifluoroacetic acid (TFA) was

employed for the deprotection of BOC protected derivatives 200 and 201, as the reagent

had been used previously in our lab for the removal of the BOC protecting group from

various glycosyl amino acid derivatives.  In dry DCM, 200 and 201 were each

separately treated with and excess of TFA and stirred for 4 hours and 2 hours

respectively to afford the TFA salts 198 and 199 in quantitative yield.  The absence of

the BOC t-butyl singlet at 1.45 ppm in the 1H NMR spectrum of the Galf product 198

and the Araf product 199, indicated the successful deprotection of each species.  Low

resolution mass spectral analysis of 198 and 199 showed the molecular ion (M-TFA-)+

as the parent ion in each example.  Evidence for the formation of 198 and 199 was

further quantified by 13C NMR spectroscopy, by the absence of the BOC carbonyl and t-

butyl carbon atoms.  Furthermore, a doublet of low intensity at 162.6 ppm with a JC,F

coupling of 38 Hz was  indicative of the trifluoroacetate carbonyl carbon in the 13C

NMR spectrum of the  Galf derivative 198.  The trifluoromethyl carbon peak of TFA-

was not detected.  The TFA- carbon peaks for the Araf species 199 were not detected in

the 13C NMR spectrum due to the small quantity of sample available for analysis.
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The improved water solubility of the Galf TFA salt 198 over the parent

thioglycoside 92 is discussed in Chapter 5.3.5.

5.3.4  Preparation of Self-cleavable Water Soluble Prodrugs

5.3.4.1  Background

Active components containing a self cleavable water solubilising moiety are

founded upon a similar principle to the amino acid prodrug just described,  however the

formation of a self cleavable prodrug of the general form 202 (Scheme 5.4) does not

require the involvement of esterases to unmask the active component.  Rather, the

succinate linked ammonium salts described by Sohma et al.190 in the preparation of

water soluble HIV protease inhibitors, self cleave in vivo via an intramolecular

mechanism, as is illustrated in general Scheme 5.4.

    202

Scheme 5.4  Mechanism of self cleavage of a succinate linked amide pro drug 202 to unmask
the parent drug under physiological conditions. Adapted from Sohma et al.190

Water soluble amides as illustrated in general Scheme 5.4, are reported190 to self

cleave under physiological conditions (phosphate buffered saline {PBS}, pH 7.4 at 37

°C), at varying rates dependent upon the nature of the water solubilising moiety (R,

Scheme 5.4) and the spacer moiety.  For example, when the water solubilising moiety R

equals ethylamine (Scheme 5.4), and n = 1 (succinic acid based spacer) the half-life was
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reported to be short with a value of 12.7 minutes.  When n = 2 (glutaric acid based

spacer) the half-life was considerably longer with a value of 20.7 hours.  Replacement

of the water solubilising unit with 3-aminomethylpyridine when n = 1, gave a half-life

value of 35.4 minutes in PBS at 37 °C.

In the case of the Galf sulfonamide 89, it was thought that the coupling of a self

cleavable ionic component may produce a desirable increase in water solubility, with

the concomitant ability to release the active compound in in vitro, whole cell assays.  In

consideration of the growth rate of bacteria used for biological screening, the succinic

acid based linker, and the 3-aminomethylpyridine water solubilising unit were chosen to

potentially provide the prodrug 203.

       203

The approach described by Sohma et al.190 toward the synthesis of the general

prodrug species as illustrated in Scheme 5.4 involved the coupling of either succinate or

glutamate linker to the free hydroxyl of the parent compound, using the appropriate

anhydride under basic conditions.  Next, the condensation of these half-esters with a

substituted primary amine using 1-ethyl-3-(3-dimethylaminopropyl)carboiimide (EDC),

and 1-hydroxybenzotriazole (HOBt), furnished the desired amide.  It was postulated

that this method could be applied regioselectively to the primary hydroxyl of Galf

sulfonamide 89 without modification.
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5.3.4.2  Attempted synthesis of Galf dioctyl sulfonamide C-6 succinyl ester.

A relatively straight forward coupling of a succinate moiety to the primary

hydroxyl of the Galf sulfonamide 89 was envisaged.  However treatment of 89 with

succinic anhydride and dicyclohexylamine (DCHA) in dry THF/ether at 2 °C under N2,

gave a complex mixture of products by TLC examination after 19 hours reaction time,

with starting material remaining.  Variations to the reported procedure were attempted,

including the addition of 4 Å sieves, the use of only THF or only diethyl ether solvent,

varied reaction time and varied reaction temperature.  Each attempt furnished complex

mixtures that were difficult to characterise by 1H NMR spectroscopy, together with

varying amounts of unreacted starting material.  The lack of specificity of this reaction

for primary hydroxyls prompted us to investigate an alternative candidate for

esterification.

5.3.4.3 Synthesis of Araf Dioctyl sulfonamide C-5 Succinyl ester derivative 204

As sufficient quantity of the Araf 2,3-di-O-acetate protected sulfonamide 174

prepared earlier was available, the reaction conditions described above (and in

accordance with Scheme 5.5) was applied to 174 to furnish the Araf succinic acid

derivative 205 in a pleasing 71% yield.  The structure was unequivocally characterised

as 205 by low and high resolution mass spectral data, and by 1H and 13C NMR

spectroscopy.  The 1H NMR spectrum clearly indicated the presence of the methylene

protons of the succinate moiety (m, 2.68 ppm), and the 13C NMR spectrum displayed

peaks at 176.5 and 171.5 ppm, representative of the succinate carbonyl carbons.

With the Araf half ester 205 in hand, a subsequent condensation with 3-

aminomethylpyridine in the presence of EDC and HOBt was carried out.  After 18

hours at 25 °C under argon, the desired Araf amide 206 was prepared in an excellent

86% yield.  The structure of 206 was confirmed by 1H and 13C NMR spectroscopy.  In
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addition to the expected glycosyl sulfonamide resonances, the presence of aromatic

pyridine proton resonances with appropriate integration in the 1H NMR spectrum

supported the proposed structure 206.  Further evidence for the preparation of 206 was

given by low and high resolution mass spectral data, specifically by the presence of a

parent ion representative of the molecular ion plus hydrogen.

Scheme 5.5  Reagents and Conditions (A) Succinic anhydride, DCHA, THF/ether, 2 °C, 20 h,
Ar, 71%. (B) 3-aminomethylpyridine, EDC, HOBt, 25 °C, 20 h, Ar, 86%. (C) HCl.ether, 25 °C, 5
min., N2, 100%.

As basic conditions required for the de-O-acetylation of Araf amide 206 was

anticipated to promote cleavage of the prodrug, the acetate deprotection was not

attempted.  The free amine 206 was subsequently converted to the corresponding

hydrochloride salt 204 by way of co-evaporation with 1.2 equivalents of anhydrous

hydrogen chloride in ether.  The 1H NMR spectrum of the salt 204 in deuterated

methanol showed a 0.3 to 0.7 ppm downfield shift of the substituted pyridine aromatic

protons, when compared to the spectrum of the free amine 206, carried out in the same
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solvent.  Furthermore, the substituted pyridine aromatic proton resonances in CDCl3

were represented as extremely broad multiplets, indicating poor solubility of 204 in this

solvent.  This is in sharp contrast to the well resolved aromatic protons of the

substituted pyridine for the free amine 206.  The low resolution mass spectrum of 204

showed the intact ion as the parent ion ({M}+ 100%). The water solubility of the

hydrochloride salt 204 is discussed in Section 5.3.5.

5.3.5 Water Solubility of Chemically Modified Compounds.

The chemical modifications performed on the Galf sulfonamide 89, Galf C-17

thioglycoside 92, Araf sulfonamide 152, and the Araf C-17 thioglycoside 153 resulted in

improved aqueous solubility in all cases.  The aqueous solubility of the modified

compounds 194, 195, 197, 198, and 204, and the parent compounds 89, 92, 152 and 153

were determined by adding an accurate volume of water to an accurately weighed

sample of test compound.  The suspension was sonicated for 24 hours at 40 °C, and the

solution syringed through a 0.22 micron filter.  The filtrate was lyophilised and weighed

to determine the aqueous solubility of each sample.  The results for the solubility

experiments are listed in Table 5.2.  The solubilities are accurate to 0.1 milligrams.
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Table 5.2  Water solubilities of parent and modified compounds.  Compound structures are
presented in Figure 5.1 below.

Entry # Compound # Mass of test

compound

(mg)

Vol. of   water

added (mL)

Mass of lyophilised

filtrate (mg)

Compound

Solubility

(mg/mL)

1 89 8.1 0.500 ∼0.1 ∼0.1

2 195 49.2 0.400 41.2 103.0

3 92 10.3 1.000 <0.1 <0.1

4 194 204.0 2.000 179.6 89.8

5 198 45.0 0.500 18.3 36.6

6 152 10.8 0.200 <0.1 <0.1

7 204 30.1 0.600 15.1 25.2

8 153 96.2 1.000 <0.1 <0.1

9 197 18.3 0.200 8.3 41.5

10 199 ND ND

The aqueous solubilities of the non-modified parent compounds (entries 1, 3, 6

and 8, Table 5.2) were poor with values in the range of 0.1 µg/mL to less than 0.1

µg/mL.  Sulfation of the parent compounds resulted in significant improvements to

water solubility.  The water solubility of 6-O-sulfated Galf sulfonamide 195 (entry 2,

Table 5.2) was determined to be 103.0 mg/mL, more than 1000 times greater than that

of the Galf parent sulfonamide 89 (entry 1, Table 5.2).   In a similar way, the 6-O-

sulfated Galf C-17 thioglycoside 194, and the 5-O-sulfated Araf C-17 thioglycoside 197

(entries 4 and 9, Table 5.2) showed marked improvements to water solubility with

values of 89.8 and 41.5 mg/mL respectively.  Conversion of parent compound 92 the

Galf C-17 thioglycoside (entry 3, Table 5.2), to the alanyl ester TFA salt 198 (entry 5,

Table 5.2), also showed a marked improvement in water solubility with a value of 36.6

mg/mL.  The limited quantity of the Araf alanyl ester 199, prevented the determination

of an accurate solubility value for this compound.  The water solubility of the
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hydrochloride salt of the O-acetate protected Araf sulfonamide 204 (entry 7, Table 5.2),

was also significantly improved with a value of 25.2 mg/mL.

Figure 5.1 To be used in conjunction with Table 5.2 above.

5.4  Conclusion

The attempted complexation of β-cyclodextrin with Galf C-17 thioglycoside 92

to improve water solubility by delivery formulation was unsuccessful.  However
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chemical modifications to achieve an increase in water solubility were successful and

included sulfation, the formation of alanyl ester salts and salts of self cleavable amides.

The yields for regioselective sulfation at C-6 of Galf derivatives 194, 195 and

196 were excellent in the range of 70 - 79%.  Sulfation at C-5 of the Araf derivative 197

was significantly slower than Galf, however the corrected yield (based on recovered

starting material) remained high at 80%.

Regioselective alanyl ester formation at C-6 of Galf C17 thioglycoside 92 and

Araf C-17 thioglycoside 153 was successful to give 80% (corrected yield) of the Galf

alanyl ester 200, and 73% (corrected yield) of the Araf alanyl ester 201, yet neither

reaction saw complete conversion of starting material.  The corresponding TFA salts

198 and 199 were achieved in quantitative yield.

Attempted formation of the Galf dioctyl sulfonamide containing a self cleavable

amide was unsuccessful due to the poor C-6 regioselectivity of the succinic acid

coupling reaction.  The appropriately protected 2,3-di-O-acetylated Araf sulfonamide

174 was next investigated, and the Araf glycosyl succinate derivative 205 was

successfully prepared in 71% yield.  Subsequent amide formation and conversion of the

free amine 206 to the hydrochloride salt 204 was achieved in 86% overall yield.

Each of the primary hydroxyl group modifications resulted in a significant

improvement in water solubility over the parent structures (cf. parent structure water

solubility 0.1 mg/mL or less).  The newly prepared sulfates and ammonium salts had

water solubilities in the range of 25.2 to 103.0 mg/mL.

Thus the series of modified, significantly more water soluble derivatives was

ready for subsequent in vitro biological evaluation.
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 CHAPTER 6

BIOLOGICAL EVALUATION

 6.1 Introduction
For the purpose of measuring the antibacterial activity of the compounds

prepared in this thesis, various in vitro assays were conducted against a panel of

bacteria including the primary target Mycobacteria, and, due to the availability of

organisms, also gram-positive and gram-negative bacteria.  In vitro assays were carried

out in a number of laboratories.  In the first instance, antibacterial activity assays,

particularly against mycobacteria, were carried out in the laboratory of Professor Ross

Coppel in the Department of Microbiology at Monash University in Melbourne.

Subsequently a number of appropriate in vitro assays were established 'in-house' at the

Institute for Glycomics.  In addition, as the intellectual property covering much of this

work was licensed to the biotechnology company Glykoz, biological testing of a

number of the compounds synthesised within this thesis were run in parallel at various

external testing facilities.  Data reported from outside bodies has been duly referenced.

Biological testing within the Institute for Glycomics comprised two main assay

types, namely the Zone susceptibility assay and the Serial dilution broth susceptibility

assay.  Each of these assays are recognised by the National Committee for Clinical

Laboratory Standards (NCCLS) as standard methods for determining the susceptibility

of various bacteria to chemical agents. 12,195,196  Using the protocols reported by the

NCCLS, together with procedures forwarded by Professor Ross Coppel, both the Zone

and Serial dilution assays were performed at the Institute for Glycomics, as part of the

work for this thesis.  The data obtained from both external and in-house testing were
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instrumental in providing structure activity relationships for the synthetic targets of this

thesis.

For simplicity, a compound library master sheet with compound numbers for

compounds referred to in this chapter is given in Figure 6.1.

 6.2  Initial Biological Screening (Monash University)

 

Compounds synthesised in the beginnings of this project by Dr David Owen at

Monash University in 1999 comprised a suite of variously functionalised

galactofuranosyl thioglycosides, which included the Galf diethyl sulfenamide

(compound 1, Figure 6.1) and the Galf didecyl sulfenamide 5.  An initial screen of these

compounds was carried out in the laboratory of Professor Ross Coppel using a Zone

assay93 (to be described in more detail in the following section).  In this assay filter

paper disks impregnated with the compound under investigation are placed on a lawn of

bacteria and any inhibition of bacterial growth around the disk after incubation is

measured.  This assay indicated that the didecyl sulfenamide 5 displayed significant

inhibitory activity against mycobacteria.  More detailed studies were subsequently

undertaken to determine the MIC values for the diethyl 1 and didecyl 5 sulfenamides.

For mycobacteria, studies were done in a BACTEC, an industry standard automated

culture system that detects the release of 14CO2 from radio-labelled palmitate following

its incorporation and metabolism by actively growing bacteria.197  For other gram

positive and gram negative bacteria, an agar dilution method was used in which the

compound was dissolved in the top level of agar at differing concentrations onto which

bacteria were plated, and levels of growth observed.198
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Figure 6.1. Compound library master sheet for compounds referred to in this chapter.
a Originally synthesised by Owen70; b Originally synthesised by Davis115; c Originally synthesised
by Ferrieres et al.74
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Didecyl sulfenamide 5 was deemed to be the best performing compound with an

MIC of 0.5 - 5.0 µg/mL against both drug sensitive and drug resistant strains of

mycobacteria.  Against the panel of gram positive bacteria the MIC values for 5 were in

the range of 5 - 50 µg/mL, while the activity against gram negative strains was greater

than 250 µg/mL.  The MIC of diethyl sulfenamide 1 was in the range of 50 - 250 µg/mL

against mycobacteria and greater than 250 µg/mL for gram positive and negative

bacteria.

Following the synthesis of Galf dioctyl sulfenamide 4, dihexyl sulfenamide 3

and the didecyl thiourea 26, prepared as part of this thesis, a preliminary biological

screen was undertaken by Professor Ross Coppel's laboratory.  In this instance a Zone

assay was implemented (with 10 µL of 10 mg/mL solution of compound applied to the

disk), and for comparative purposes, the didecyl sulfenamide 5 was used as a positive

control.  The results of this study are presented in Tables 6.1.199  The zone of bacterial

growth inhibition around the compound impregnated disk after incubation was

measured using an arbitrary scale: (+++ = large zone of inhibition, – = no zone of

inhibition).

Table 6.1  Zone Assay results against M. smegmatis and other gram positive bacteria.

Inhibition at 10 µg/mL*Compd. # Template Aglycon
linkage

R1 R2

M.smeg
mc2155

S.aureus
(clin. iso.)

B.subtilis
(clin. iso.)

E.faecalis
(clin. iso.)

3 Galf SN hexyl hexyl ++ + ++ +

4 Galf SN octyl octyl +++ +++ +++ +++

26 Galf NCS decyl decyl – – – –
*10 µL of 10 mg/mL solution of compound applied to the disk

Results from these experiments identified the dioctyl sulfenamide 4 to be the most

potent compound against each of the bacteria tested.  Furthermore, preliminary MIC
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testing suggested that the dioctyl sulfenamide 4 was 2 - 5 times more potent than the

didecyl analogue 5.  This result led to the design of a number of new synthetic targets

that included, but were not limited to, a terminal n-octyl containing aglycon unit.

 6.3  Development and Application of In-House Biological Testing.

 6.3.1 Disc Diffusion Assay

6.3.1.1 Background

Disc Diffusion testing is used as a routine clinical method for the

characterisation of bacterial isolates.  Bacterial isolates are labelled as susceptible,

intermediate or resistant according to their growth capacity in the presence of a known

antibacterial agent.200  Conversely, the assay can equally be applied to determining the

inhibitory activity of a novel compound against a prescribed bacterium.

The assay is performed by firstly impregnating sterile filter discs with various

quantities of the compound of interest as a solution.  The dried filter discs are applied to

the surface of an agar plate that has been inoculated with the test bacterium.  The

compound in the disc diffuses through the agar to give a decreasing logarithmic

concentration gradient about the filter disc.201  Following incubation, a lawn of bacterial

growth is visible where the bacteria is not affected by the compound.  In the case where

the compound exhibits inhibitory activity, a zone of inhibition around each disc is

formed.  With the aid of NCCLS manuals (Susceptibility Tables M100-S11),12,195 the

relative activity of the compound can be deduced by comparison of the result to that of

a known antibiotic.
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6.3.1.2 Development of the Zone Assay Protocol for Testing New Antibacterial

Agents

According to the NCCLS publication 'Performance Standards for Antimicrobial

Disc Diffusion Susceptibility Testing MR-A7,196 commercially available, pre-prepared

(dry) antimicrobial discs are applied to an inoculated agar plate to allow diffusion of the

drug through the agar.  A variation of this technique, named the Zone Assay, was

routinely conducted in the Coppel laboratories to assess the antibacterial activity of

novel compounds.  In this assay a 6 mm diameter, sterile, dry filter disk is applied to the

inoculated agar surface, and the test compound is then applied to the disk as a solution

(10 µL) in methanol or DMSO.  With the view of implementing a protocol that would

give reliable results for our synthetic library, both types of assays were trialled side by

side, using the dioctyl sulfenamide 4 as the antibacterial agent, against S. aureus (ATCC

29213).

Figure 6.2 shows the result for the Disc Diffusion assay carried out according to

NCCLS guidelines, while Figure 6.3 shows the result for the 'Zone assay' method

involving the application of compound to the disc as a solution.  In each experiment the

Galf N,N-dioctyl-β-sulfenamide 4 was assayed against S. aureus (ATCC 29213), and

tetracycline (30 µg) was used as the positive control.  It is evident that the zones of

clearing (lack of bacterial growth) are larger and more clearly defined in the Zone assay

(Figure 6.3), despite the lower disc loading (0.1 - 100 µg), than in the assay using the

dry disc (Figure 6.2, 10 - 500 µg of compound per disc).  However the effect of solvent

on the bacteria in the Zone assay must be considered.  In a separate experiment it was

determined that the application of 10 µL of methanol alone to a disc placed on an

inoculated agar plate resulted in a 6.5 - 7.0 mm (total diameter, from a 6 mm disc) zone

of clearing (ie. a 0.5 mm to 1 mm band of clearing around the disc).  Furthermore, the
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solvent was seen to travel across the agar, and therefore the potential for the solvent to

force the dispersion of the compound was also taken into account.  In light of these

observations, only those compounds producing zones of inhibition of 9 mm or greater

were viewed as potentially inhibitory.  Interestingly, despite the relatively high disc

loading for the dry disc method (Figure 6.2) the resultant zones of inhibition were

comparatively small.  The zone of growth inhibition observed with the 500 µg/disc (10

mm) was smaller than that produced by a standard sulphafurazole antibiotic disc of 300

µg (22 mm zone, results not shown).  The incapacity of 4 to diffuse from a dry disc into

and through the agar medium suggested that the dry disc method was not appropriate

for our synthetic library.

Accordingly, the Zone assay was chosen as an initial method for preliminary

screening of anti-bacterial activity of compounds prepared in this programme.

Compound disc loadings of 0.1, 1, 10, and 100 µg per disc were chosen, with

tetracycline (30 µg) and sulphafurazole (300 µg) (on alternate plates of duplicate runs)

as positive controls.

Figure 6.2 and 6.3  Inhibition of S. aureus (ATCC #29213) by Galf N,N-dioctyl-β-sulfenamide 4.

                          
Figure 6.2.  Disc Diffusion Assay (dry discs). Figure 6.3.  Zone Assay (compound

applied in MeOH).
1)  Tetracycline (30 µg, dry disc)   1)  Tetracycline (30 µg, dry disc)
2) 10 µg 4;  3) 100 µg 4;  4) 200 µg 4;   2)  0.1 µg 4;  3) 1 µg 4;  4) 10 µg 4;
5) 500 µg 4.            5) 100 µg 4.
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Table 6.2 Disc Diffusion Assay - disc impregnated with compound and dried. Dry filter
disc is placed on the surface of the inoculated agar.

Compound loading per disc - Zone (mm)Compd.
No.

Template R1 R2 Control
Zone

(mm)*
10 µg 100 µg 200 µg 500 µg

Sulfenamide
4 Galf octyl octyl 23 - 7.0 7.5 10.0

Table 6.3 Zone Assay - filter disc is placed on the surface of the inoculated agar.
Compound is applied to the disc in 10 µl of MeOH.

Compound loading per disc - Zone (mm)Compd.
No.

Template R1 R2 Control
Zone

(mm)*
10 µg 100 µg 200 µg 500 µg

Sulfenamide

4 Galf octyl octyl 23
7.5 8.5 11 14

6.3.1.3 Screen for Anti-mycobacterial Activity

As the initial screen for antimycobacterial activity was conducted concurrently

with the development of an appropriate assay protocol for our synthetic library, both the

disc diffusion and zone susceptibility methods were implemented.  The assays were

carried out on a suite of 21 compounds that included five galactofuranosyl sulfenamides

and their corresponding sulfonamides, the dioctyl glucofuranosyl sulfonamide, various

straight and branched chain galactofuranosyl thioglycosides and a galactofuranosyl

sulfone, thiourea and O-glycoside.  Each assay was run in triplicate.  The compounds

assayed are given in Figure 6.4, and the data for these experiments are presented in

Tables 6.4 and 6.5 in Appendix 2.
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Figure 6.4. Compounds evaluated for inhibition of M. smegmatis in Zone assays {Tables 6.4

and 6.5  (Appendix 2)}.

In accord with findings from the experimentation for the development of the

Zone assay (Section 6.3.1.2), the 'wet disc' technique (Table 6.4) identified more

potentially active compounds than applying a 'dry disc' (Table 6.5).  Not withstanding

this result, the general trend for both assays was essentially the same.  Results of the

Disc Diffusion assay (dry disc technique, Table 6.5) clearly identified the dioctyl

sulfenamide 4 as the most active compound.  This is in agreement with previous data

from Monash University that indicated the dioctyl sulfenamide 4 was more active than

the dihexyl (vide supra Table 6.1) and didecyl93 derivatives 3 and 5.

The sulfonamide series failed to display any anti-mycobacterial activity in the

'dry disc' assay, but the dihexyl and dioctyl galactofuranosyl sulfonamides 8 and 9, and

the dioctyl glucofuranosyl sulfonamide 28, showed some inhibition at the highest disc

loading of 100 µg using the wet disc method.  Generally, the sulfonamides were seen to
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exhibit significantly reduced activity compared to the sulfenamides against this type and

strain of mycobacteria in these assays.

Among the galactofuranosyl thioglycosides, only the sulfated 9-heptadecyl 6-

sulfonato-1-thio-β-D-galactofuranoside 16 showed any activity.  The capacity of 16 to

diffuse through the agar medium in both the 'wet' and 'dry' disc assays was excellent.

This was made apparent by the large zone of clearing produced by the compound.

However in each assay, the zone of clearing was not well defined, and contained growth

within it.  It was evident that although sulfated thioglycoside 16 could diffuse well

through agar, its potency was not sufficient to completely inhibit bacterial growth at

these concentrations.

6.3.1.4 Screen for Anti-bacterial Activity Against  Gram Positive and Gram

Negative Bacteria

Earlier studies undertaken at Monash University identified the galactofuranosyl

dihexyl and dioctyl sulfenamides 3 and 4, as comparatively active against a library of

clinical isolates of S. aureus, B. subtilis and E. faecalis as against M. smegmatis mc2155

(Table 6.1).  Therefore, with the intention of identifying compounds that exhibit

potential broad spectrum anti-bacterial activity, 19 compounds were chosen for

screening against Gram positive and Gram negative bacteria.  Test organisms were

selected based on their prevalence in society as infective organisms, together with their

availability.  The test organisms included Bacillus subtilis (clinical isolate),

Enterococcus faecalis (ATCC #29212), Streptococcus pyogenes (UNSW #026701) and

Escherichia coli (ATCC #25922).  The strain of Staphylococcus aureus (ATCC

#25923) is the recommended strain for disc diffusion assays due to its apparent

heightened sensitivity over ATCC #29213.196.  Note that in the development of the zone

assay, strain ATCC #29213 was used.  Where possible, the prescribed ATCC
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(American Type Culture Collection) strains of bacteria were used to enable cross-

referencing of results to NCCLS manuals.  In this way, the experiments could be cross-

referenced to zones of inhibition produced by positive controls.  Accordingly, in

consideration of NCCLS published Disc Susceptibility Assay data, Tetracycline (30

mg) was selected as a broad-spectrum anti-bacterial positive control drug.

The compounds chosen for this study are presented in Figure 6.5 and include;

the galactofuranosyl dioctyl and dibenzyl sulfenamides and sulfonamides, the protected

glucofuranosyl dioctyl sulfenamide and corresponding deprotected sulfonamide, the

dioctyl-malonate adduct of the sulfenamide reaction, a number of galactofuranosyl

thioglycosides and selected examples of non-carbohydrate sulfenamides and

sulfonamides.  The data for these experiments are presented in Tables 6.6 - 6.10 in

Appendix 2.

In alignment with previous data,93  although not all bacteria were equally

susceptible, the results showed overwhelming evidence for the requirement of a

terminal dialkylated C8 (octyl) aglycon unit to produce optimal inhibition.  Interestingly

the activities of the dioctyl galactofuranosyl and glucofuranosyl sulfonamides 9 and 28,

particularly against B. subtilis and S. pyogenes, were substantially greater than that of

the dioctyl galactofuranosyl sulfenamide 4.  Against these bacteria, 9-heptadecyl 1-thio-

β-D-galactofuranoside 13 also displayed good activity, yet the 21 carbon heneicosanyl

thioglycoside 14 failed to produce any significant activity.

To our surprise, the galactofuranosyl dioctyl sulfenamide 4 appeared to be

relatively inactive against the strain of S. aureus (ATCC #25923) used, yet in the

development of the zone assay its activity against the reportedly more resistant strain196

of S.aureus (ATCC #29213) was good (Table 6.3).



152

Figure 6.5. Compounds evaluated for inhibition of S. aureus, B. subtilis, E. faecalis, S.
pyogenes and E.coli in Zone assays {Tables 6.1 and 6.2  (Appendix 2)}.

The dibenzyl sulfenamide 6 appeared to have moderate activity across the entire

panel of bacteria, yet the diaromatic sulfonamides 11, 40 and 41, and thioglycoside 15,

generally did not seem to be active.  The 1,3-diphenylpropanyl thioglycoside 15 gave

only small zones of inhibition at the highest disc loading against B. subtilis, as did the

benzene dibenzyl sulfonamide 41, however it was difficult to quantify their activity

based on this result.
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It was felt, that although the Zone assays identified general trends of inhibitory

activity amongst our compound library, they were not adequate for directing SAR

studies.  The results were poorly reproducible in our hands, possibly due to the

observation that many of these compounds were critically limited by their lack of ability

to diffuse through agar.  In consideration of the possibility that many potentially active

compounds were being missed in the initial screen, we rationalised that the serial

dilution assays conducted in broth would be more suitable for our purposes, and would

enable a more quantitative identification of inhibitory activity.

 6.3.2 Serial Dilution Susceptibility Assay

6.3.2.1 Background

As is the case for the Disc Diffusion assay, the Serial Dilution assay is usually

indicated for the identification of the susceptibility of an organism (generally a clinical

isolate) to a chemotherapeutic agent, for the purpose of identifying potential drug

resistance.198  Alternately, the assay is also commonly applied200 to the quantitative

determination of minimal inhibitory concentration (MIC) values for novel compounds

against reference bacteria.

It has been documented that the MIC's derived from Serial Dilution assays are

often misconceived as being more accurate than the interpretive category results that are

provided by the Disc Diffusion assay.200  Owing to the fact that there is a direct

relationship between zone of inhibition diameter and the MIC for prescribed drugs

against reference bacterial strains, there is no supporting evidence for one assay to be

more accurate than the other.200  However, in light of the fact that the compound library

of this project were observed to have limited agar diffusion capacity, possibly due to the

nature of their side chains, it was felt the Serial Dilution assay would facilitate better
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interaction of the test compound with the organism, as small volumes of solvent

(methanol or DMSO) are tolerated by this assay.

The Serial Dilution broth assay is usually performed in a series of 8 tubes

containing broth culture media.  The test compound, dissolved in the appropriate

solvent, is added to the first tube, and two fold serial dilutions are made.  Each tube is

inoculated with the test bacterium, and incubated for a period relevant to the organism.

The MIC endpoint is read as the concentration at which there is an 80% or greater

reduction in growth compared to the control.198  Readings are based on absorbances

(625 nm) of the turbidity resulting from bacterial growth, with calibration to 0.5

McFarland standard, which is equal to approximately 2 x 108 colony forming units of

bacteria per millilitre (CFU/mL) for most species.198

6.3.2.2 Development of the Serial Dilution Broth Assay Protocol

In contrast to the high water solubility of the orally bio-available reference drugs

listed in the NCCLS manual 'Performance standards for antimicrobial susceptibility

testing'195 the compounds of this thesis, for the most part, suffered from low aqueous

solubility.  The inherent difficulties associated with assaying such compounds were

made apparent in the zone experiments, and were predicted to present similar problems

for the serial dilution broth assay, if alterations to the prescribed protocols198 were not

made.  In collaboration with Monash University's Department of Microbiology (Prof.

Ross Coppel's laboratory), we attempted to remedy the problem by way of a series of

experiments that were conducted on selected bacteria to determine their tolerance to

methanol or DMSO solvent added to the broth medium (data not presented).  It was

reasoned that the addition of small quantities of methanol or DMSO solvent to the assay

would enable dissolution of the test compound to provide reliable biological data,

without compromising the normal growth of the bacterium.  Across three bacterial
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species; Mycobacterium smegmatis  mc2155, Staphylococcus aureus (ATCC #25213)

and Bacillus subtilis (clinical isolate), a concentration of 2% methanol in broth did not

visibly affect bacterial growth. Staphylococcus aureus (ATCC #25213) was particularly

tolerant, and even at 5% methanol, the bacterium exhibited confluent growth.  In a

similar way, addition of 2% DMSO did not appear to affect bacterial growth.

To substantiate the reliability of the assay, the galactofuranosyl dioctyl

sulfenamide 4 was dissolved in 80 µL of methanol, added to 4 mL of broth, and serially

diluted in the normal way, giving final compound concentrations of 200 to 1.6 µg/mL.

Each tube was inoculated with Staphylococcus aureus (ATCC #25213) and incubated

for 20 h at 35 °C.  Duplicate experiments consistently gave an MIC of 25 - 50 µg/mL.

This result was compared to, and found to be in good agreement with the MIC value

provided by the Women's and Children's Hospital in Adelaide, where a micro-dilution

assay using sulfenamide 4 also against Staphylococcus aureus (ATCC #25213), was

conducted.202

6.3.2.3 Determination of MIC Values Using the Serial Dilution Assay

The developed assay, as described above, was limited to three bacteria ( M.

smegmatis, S. aureus and B. subtilis) for in-house testing.  External testing was also

conducted on a number of compounds on behalf of Glykoz by Micromyx in Michigan,

USA (micro-dilution assay), and at the Women's and Children's Hospital in Adelaide,

Australia (micro-dilution assay).  Only in instances where discrepancies arose between

external and in-house testing results, has external data been reported.   As a result of the

large volume of raw data generated from the MIC assays, condensed tables were

constructed for simplicity (see Tables 6.11 - 6.13).

It should be noted at this point that significant difficulties were encountered for

the mycobacterial serial dilution assay conducted in-house.  Despite performing the
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assay according to NCCLS guidelines203 (37 °C for 72 hours with addition of Tween 80

to reduce clumping), significant clumping of the bacteria was observed, giving

inconsistent and poorly reproducible data.  The results of in house testing have, none the

less been tabulated (Table 6.11).  Table 6.11 also contains more recent and reliable data

(in bold) from assays conducted on selected compounds by Micromyx (micro-dilution

assay).

Table 6.11  Serial Dilution Assay results against Mycobacterium smegmatis  mc2155

MIC (µg/mL)Entry # Template Aglycon
linkage

R1 R2

In-house Micromyx

– tetracycline – – – 0.5

2 galactofuranose SN butyl butyl >256 –

3 galactofuranose SN hexyl hexyl 256 >64†

4 galactofuranose SN octyl octyl 32 4†

5 galactofuranose SN decyl decyl 256 –

6 galactofuranose SN benzyl benzyl >256 16†

7 galactofuranose S(O)2N butyl butyl >256 –

8 galactofuranose S(O)2N hexyl hexyl 128-256 64†

9 galactofuranose S(O)2N octyl octyl >256 2†

12 galactofuranose 6-SO3
– S(O)2N octyl octyl 128 16†

10 galactofuranose S(O)2N decyl decyl >256 >32†

11 galactofuranose S(O)2N benzyl benzyl >256 >64†

13 galactofuranose SCH octyl octyl >256 1†

16 galactofuranose 6-SO3
– SCH octyl octyl 128 2†

14 galactofuranose SCH decyl decyl >256 –

15 galactofuranose SCH benzyl benzyl >256 –

17 galactofuranose S(O)2CH octyl octyl >256 2†

18 galactofuranose 6-SO3
– S(O)2CH octyl octyl 128 16†

20 galactofuranose S octyl – >256 >32†

21 galactofuranose S decyl – >256

22 galactofuranose S hexadecyl – insoluble

23 galactofuranose S(O)2CH octyl – – –

24 galactofuranose O octyl – >256 –
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25 galactofuranose NC(S)N octyl octyl – –

26 galactofuranose NC(S)N decyl decyl >256 –

28 glucofuranose S(O)2N octyl octyl 256 –

29 arabinofuranose S(O)2N octyl octyl >256 –

arabinofuranose S(O)2N octyl octyl30

2,3-di-O-Ac-5-O-succinyl

– –

arabinofuranose S(O)2N octyl octyl31

2,3-di-O-Ac-5-O-[(3-pyridylMe)amido]succinyl

– >32†

arabinofuranose S(O)2N octyl octyl32

2,3-di-O-Ac-5-O-[(3-pyridylMe)amido]succinyl HCl salt

– >16†

33 arabinofuranose SCH octyl octyl >256 –

34 arabinofuranose (SO3) SCH octyl octyl 256 –

39 cyclopentyl S(O)2N octyl octyl 256 >64†

42 p-toluene S(O)2N octyl octyl >256 –

43 diethyl malonate CN octyl octyl >256 >64†
†   Micromyx data.204

Table 6.12  Serial Dilution Assay results against Staphylococcus aureus ATCC# 29213

MIC (µg/mL)Entry # Template Aglycon
linkage

R1 R2

In-house Micromyx

– Vancomycin – – – 1

2 galactofuranose SN butyl butyl >256 –

3 galactofuranose SN hexyl hexyl >256 –

4 galactofuranose SN octyl octyl 32-64 16† 32∆

5 galactofuranose SN decyl decyl >256 –

6 galactofuranose SN benzyl benzyl – –

7 galactofuranose S(O)2N butyl butyl – –

8 galactofuranose S(O)2N hexyl hexyl >256 –

9 galactofuranose S(O)2N octyl octyl 16 8† 8∆

12 galactofuranose 6-SO3
– S(O)2N octyl octyl 64-128 256∆

10 galactofuranose S(O)2N decyl decyl >256 –

11 galactofuranose S(O)2N benzyl benzyl – –

13 galactofuranose SCH octyl octyl >256 2† 8∆

16 galactofuranose 6-SO3
– SCH octyl octyl 8-16 16†

14 galactofuranose SCH decyl decyl – –
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15 galactofuranose SCH benzyl benzyl – –

17 galactofuranose S(O)2CH octyl octyl >256 –

18 galactofuranose 6-SO3
– S(O)2CH octyl octyl 64 –

20 galactofuranose S octyl – – –

21 galactofuranose S decyl – – >256∆

22 galactofuranose S hexadecyl – insoluble

23 galactofuranose S(O)2CH octyl – – –

24 galactofuranose O octyl – – –

25 galactofuranose NC(S)N octyl octyl – 4-8†

26 galactofuranose NC(S)N decyl decyl – –

28 glucofuranose S(O)2N octyl octyl 4-8 8†

29 arabinofuranose S(O)2N octyl octyl 4-8 8†

arabinofuranose S(O)2N octyl octyl30

2,3-di-O-Ac-5-O-succinyl

>256 –

33 arabinofuranose SCH octyl octyl – >64†1††

34 arabinofuranose 6-SO3
– SCH octyl octyl – –

39 cyclopentyl S(O)2N octyl octyl – –

42 p-toluene S(O)2N octyl octyl – –

43 diethyl malonate CN octyl octyl – –
† Micromyx data.204

†† Micromyx data. S.aureus strain 0106 (methicillin-resistant).204

∆ Womens and Childrens Hospital Adelaide202

Table 6.13  Serial Dilution Assay results against Bacillus subtilis  (Clinical isolate)

Entry # Template Aglycon linkage R1 R2 MIC (µg/mL)

vancomycin 0.25

2 galactofuranose SN butyl butyl >256

3 galactofuranose SN hexyl hexyl 128

4 galactofuranose SN octyl octyl 32-64

5 galactofuranose SN decyl decyl 128

6 galactofuranose SN benzyl benzyl >256

7 galactofuranose S(O)2N butyl butyl >256

8 galactofuranose S(O)2N hexyl hexyl 256

9 galactofuranose S(O)2N octyl octyl 4-8

12 galactofuranose 6-SO3
– S(O)2N octyl octyl 64

10 galactofuranose S(O)2N decyl decyl >256

11 galactofuranose S(O)2N benzyl benzyl >256
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13 galactofuranose SCH octyl octyl 128

16 galactofuranose 6-SO3
– SCH octyl octyl 16

14 galactofuranose SCH decyl decyl _

15 galactofuranose SCH benzyl benzyl _

17 galactofuranose S(O)2CH octyl octyl 16

18 galactofuranose 6-SO3
– S(O)2CH octyl octyl 16-32

20 galactofuranose S octyl H _

21 galactofuranose S decyl H _

22 galactofuranose S hexadecyl H _

23 galactofuranose S(O)2 octyl H _

24 galactofuranose O octyl H _

25 galactofuranose NC(S)N octyl octyl _

26 galactofuranose NC(S)N decyl decyl >256

28 glucofuranose S(O)2N octyl octyl 4

29 arabinofuranose S(O)2N octyl octyl 4

arabinofuranose S(O)2N octyl octyl30

2,3-di-O-Ac-6-O-C(O)(CH2)2CO2H

>256

33 arabinofuranose SCH octyl octyl _

34 arabinofuranose 6-SO3
– SCH octyl octyl _

39 cyclopentyl S(O)2N octyl octyl >256

42 p-toluene S(O)2N octyl octyl _

43 diethyl malonate CN octyl octyl _

6.3.2.4 Discussion of MIC Data

Given that a two-fold variation in MIC values is the accepted tolerance for the

Serial Dilution broth assay,205 the results from the assays performed on gram-positive

organisms in house were in excellent agreement with those from Micromyx, and the

Women's and Children's Hospital.  Between duplicate experiments, results were highly

reproducible, and the quantitative MIC values obtained in-house were useful in

directing SAR studies.  As already mentioned, the results for the mycobacterial assay

performed in-house were not reliable, and therefore only the data given by Micromyx

will be discussed in the following section.  Details of structure activity observations are

described below.
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6.3.2.4.1 Galactofuranosyl sulfenamides vs sulfonamides

MIC values (Micromyx) for the galactofuranosyl sulfenamide series indicated

that the dioctyl derivative 4 was the most active (4 µg/mL) against M. smegmatis

mc2155.  The weaker activity of the dihexyl derivative 3 in the zone assay reported by

Coppel199 was confirmed by the Serial Dilution assay with an observed MIC value of

greater than 64 µg/mL.  Interestingly, the dibenzyl sulfenamide 6 also showed

significant activity (16 µg/mL). By comparison, the corresponding sulfonamides

generally appeared inactive at concentrations tested (dihexyl 8, 64 µg/mL; didecyl 10,

>32 µg/mL; dibenzyl 11, >64 µg/mL), however the dioctyl derivative 9 exhibited even

greater activity than the sulfenamide 4, with an MIC value of 2 µg/mL.

Of the galactofuranosyl sulfenamide and sulfonamide series, only compounds 4

and 9 containing the dioctyl aglycon unit showed inhibitory activity against S.aureus

ATCC# 29213.  Once again, the Galf dioctyl sulfonamide 9 produced an MIC value of

8µg/mL,204 an inhibition greater than that of the sulfenamide 4 (16 µg/mL).204

Experiments involving B. subtilis (clinical isolate) even more clearly

demonstrated the convergence of optimal activity toward the dioctyl aglycon, and the

greater activity of the sulfonamides over the sulfenamides.  MIC values for the

sulfenamides were; dibutyl 2, >256 µg/mL; dihexyl 3, 128 µg/mL; dioctyl 4, 32-64

µg/mL, didecyl 5 , 128 µg/mL, and for the sulfonamides; dibutyl 7, >256 µg/mL;

dihexyl 8, 256 µg/mL, dioctyl 9, 4-8 µg/mL, didecyl 10, >256 µg/mL.  These figures

are supported by the general trends observed for the 'wet disc' Zone screen (Section

6.3.1.3).

6.3.2.4.2 Thioglycosides and sulfones

Testing of the thioglycoside series by Micromyx against M. smegmatis, showed

the 9-heptadecyl 1-thio-β-D-galactofuranoside 13 to be the most potent compound
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prepared in this work with an MIC value of 1 µg/mL.  The S-oxidised analogue, the 9-

heptadecyl 1-thio-β-D-galactofuranosyl sulfone 17 had comparable activity (2 µg/mL),

while the simple octyl glycoside 20 appeared to be inactive at concentrations tested

(>32 µg/mL).   Unfortunately, biological results against mycobacteria for the remainder

of the thioglycoside series were not available.

Results of in house testing of 9-heptadecyl 1-thio-β-D-galactofuranoside 13 and

sulfone 17 against S. aureus were disappointing, with MIC values greater than 256

µg/mL.  However against B. subtilis, the 9-heptadecyl 1-thio-β-D-galactofuranoside 13

showed some inhibition (128 µg/mL), while the S-oxidised analogue 17  was

significantly inhibitory with an MIC of 16 µg/mL.  This figure is comparable to the

galactofuranosyl sulfonamide derivative 9 with an MIC of 4-8 µg/mL.

Surprisingly though, subsequent testing of thioglycoside 13 by Micromyx204 and

at the Women's and Children's Hospital, Adelaide,202 showed the compound's MIC

value to be as low as 2 µg/mL against S. aureus (ATCC# 29213).  This comparative

data against S. aureus, once again showed 13 to be the most potent compound of our

synthetic library, having similar activity to Vancomycin (MIC 1 µg/mL).  In addition,

testing of the arabinofuranosyl 9-Heptadecyl thioglycoside 33 against a methicillin

resistant strain of S. aureus204 gave an MIC of 1 µg/mL, providing evidence for this

class of compounds (the thioglycosides) to possess highly potent broad spectrum anti-

bacterial qualities.   Unfortunately, this also raised questions as to the efficiency of our

in-house assay in detecting anti-bacterial activity for substantially non-polar

compounds.

With the view of attaining a similar value to Micromyx for the 9-heptadecyl 1-

thio-β-D-galactofuranoside 13 against Staphylococcus aureus (ATCC# 29213), a further

alteration to the standard Serial Dilution protocol was made.  To ensure the correct
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dosage of compound was being delivered to each tube, the test compound 13 was

dissolved in methanol and serially diluted in methanol, before being added to the broth.

Unfortunately, the result of this experiment was in agreement with that of the original

protocol.

An additional modification to the assay, and pertaining to the 9-heptadecyl 1-

thio-β-D-galactofuranoside 13 , involved supplementation of the medium with

physiological levels of divalent calcium (vide infra Section 6.3.2.6).

6.3.2.4.3 Galactofuranosyl Thioureas

In-house testing results for the N,N-didecyl thiourea 26 against M.smegmatis

were considered to be unreliable due to the poor solubility of the compound.

Unfortunately, neither the dioctyl nor the didecyl thioureas 25 and 26 were assayed

against M.smegmatis by Micromyx.  Interestingly, testing of the dioctyl derivative 25

against S.aureus showed it to be significantly active with an MIC value of 4-8 µg/mL.204

Further biological evaluation of the galactofuranosyl thioureas is required to obtain a

true indication of their anti-microbial capacity.

6.3.2.4.4 Galactofuranosyl vs Glucofuranosyl vs Arabinofuranosyl Templates

Neither the specific template of the glycon unit, nor the stereochemistry at C-1

appeared to have an effect on the activity of the dioctyl sulfonamide.  The β-D-galacto,

β-D-gluco and α-D-arabino furanosyl dioctyl sulfonamides 9, 28 and 29 similarly gave

MIC values of 8 µg/mL against S. aureus, and approximately 4 µg/mL against B.

subtilis.  Subsequent synthesis and evaluation of the galactopyranosyl dioctyl

sulfonamide206 also showed comparable activity against B. subtilis.

6.3.2.4.5 Non-carbohydrate compounds

The purpose of preparing the non-carbohydrate library of sulfenamides and

sulfonamides was to test the requirement for the glycon unit.  Many of these compounds
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were synthesised before the development of the serial dilution assays was initiated.

Unfortunately a substantial proportion of these compounds could not be assayed by the

available methods due to their poor solubility in the broth medium.  Despite the poor

solubility of the cyclopentyl dioctyl sulfonamide 39  and the N ,N -dioctyl (p-

toluene)sulfonamide 42, dissolution of these compounds in DMSO (2% of broth

volume) followed by addition to the broth medium prevented their precipitation, thereby

enabling a quantitative measure of their activity.  Neither compound displayed

noteworthy activity against the organisms assayed at the concentrations tested, either in-

house or by Micromyx.

6.3.2.4.6 Effect of increased water solubility on activity

Due to the sensitivity difference of our assay between water soluble and water

insoluble compounds, the sulfated compounds generally exhibited lower MIC values.

This is at odds with the results of external testing facilities, whereby the automated

micro dilution techniques appear to have a greater capacity to accurately define the MIC

for less polar compounds.   The sulfated galactofuranosyl sulfonamide 12 (16 µg/mL)

showed a reduced potency against mycobacteria compared to the non-sulfated analogue

9  (2 µg/mL), despite it's marked improvement in water solubility.  The sulfated

9–heptadecyl 1-thio-β-D-galactofuranosyl sulfone 18 (16 µg/mL), showed a similar loss

of potency compared to the non-sulfated derivative 17 (2 µg/mL).  The sulfated

9–heptadecyl 1-thio-β-D-galactofuranoside 16 (2 µg/mL) however exhibited similar

potency to the 9-heptadecyl 1-thio-β-D-galactofuranoside 13 (1 µg/mL).  Although only

two sulfated compounds (12 and 16) were tested against S. aureus externally, the results

indicated a weaker MIC value (64-128 and 8-16 µg/mL) compared to their non-sulfated

analogues 9 and 13 (8 and 2 µg/mL). In-house testing results against B. subtilis showed

decreased or equivalent activity for the sulfated compounds with the exception of the
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9–Heptadecyl 1-thio-β-D-galactofuranoside 13 and its sulfated analogue 16 where

activity was seen to increase from 128 µg/mL to 16 µg/mL.

6.3.2.4.7 MIC Summary Table

Summary Table 6.14 has been prepared to indicate: 1. the most active

compounds as those containing a terminal dialkylated C8 (octyl) aglycon unit: 2. the

minimal impact altering the glycan template has on activity: and 3. the effect of

sulfation.

Table 6.14 Summary of the most active compounds

MIC (µg/mL)Entry # Template Aglycon
linkage

R1 R2

M. tb S. aur B. sub

4 Galf SN octyl octyl 4† 32   16† 32-64

9 Galf S(O)2N octyl octyl 2† 16    8† 4-8

12 Galf (SO3) S(O)2N octyl octyl 16† 64-128 64

13 Galf SC octyl octyl 1† >256  2† 128

16 Galf (SO3) SC octyl octyl 2† 8-16 16

17 Galf S(O)2C octyl octyl 2† >256 16

18 Galf (SO3) S(O)2C octyl octyl 16† 64 16-32

28 Glcf S(O)2N octyl octyl - 4 4

29 Araf S(O)2N octyl octyl - 4-8 4

30 Araf SC octyl octyl - 1†† _
† Micromyx data.204

†† Micromyx data. S.aureus strain 0106 (methicillin-resistant).204

6.3.2.5 Discussion of Zone and MIC Data from Monash University

Zone assays conducted by the Coppel laboratories at Monash University

involving the dioctyl sulfenamide 4  and the didecyl sulfenamide 5  against

mycobacteria, suggested the potency of 4 to be 2-5 times greater than 5.199  Detailed

studies of didecyl sulfenamide 5 against various strains of mycobacteria indicated 5 to
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have an MIC range of between 0.5 and 5 µg/mL, which is of comparable potency to

currently available chemotherapeutics.199  Yet the Serial Dilution assays performed 'in-

house' using mycobacteria, and undertaken in accordance with Serial Dilution protocols

supplied by the Coppel laboratory, and NCCLS protocols, appeared to be relatively

insensitive to the test compounds.  As the 'Gold Standard' radiometric (BACTEC)

mycobacterial assay used by the Coppel group 93 for the acquisition of these MIC values

was not available 'in–house', we could not cross-reference our results.   We therefore

envisage further testing of the dioctyl sulfenamide 4 using the BACTEC method, along

with octyl containing examples from other series including the 9-heptadecyl 1-thio-β-D-

galactofuranoside 13 and the cyclopentyl dioctyl sulfonamide 39, to more accurately

identify the potency of these compounds.

6.3.2.6 Broth supplementation with divalent calcium

In vitro studies of the antibacterial agent Daptomycin against S. aureus have

provided evidence for a direct correlation between drug activity and divalent calcium

concentration.207-210   To test whether divalent calcium supplementation to physiological

levels has any effect on the antibacterial activity of 9-heptadecyl 1-thio-β-D-

galactofuranoside 13 and the corresponding 6-O-sulfated derivative 16 against S. aureus

and B. subtilis, Ca2+ was added to the broth medium to 50 µg/mL in accordance with

NCCLS guidelines198 (see Table 6.15 and 6.16).    The data obtained for 13 against S.

aureus was unclear but visually 13 didn't appear to significantly inhibit the bacterium

with or without the presence of Ca2+.  The results for the other assays of 13 and 16

against either bacterium, with or without calcium, showed no differences in MIC

values.  These results have been supported by subsequent studies undertaken by

GLSynthesis211 in Massachusetts, USA, on the 6-O-sulfated thioglycoside derivative 16
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against S.aureus (Smith strain), whereby the addition of divalent calcium at a

concentration of 50 µg/mL did not significantly affect the MIC value obtained.

Table 6.15 Bacterium: Staphylococcus aureus ATCC# 29213

Entry # Template Aglycon linkage R1 R2 MIC (µg/mL)

Vancomycin 1

13 galactofuranose SC octyl octyl unclear

13 + Ca2+ (50 µg/mL) SC octyl octyl unclear

16 galactofuranose (SO3) SC octyl octyl 16-32

16 + Ca2+ (50 µg/mL) SC octyl octyl 16-32

Table 6.16 Bacterium: Bacillus subtilis  (Clinical isolate)

Entry # Template Aglycon linkage R1 R2 MIC (µg/mL)

vancomycin 0.25

13 galactofuranose SC octyl octyl 128-256

13 + Ca2+ (50 µg/mL) SC octyl octyl ~128

16 galactofuranose (SO3) SC octyl octyl 16-32

16 + Ca2+ (50 µg/mL) SC octyl octyl 16-32

 6.4 Resistance Studies

Multi Drug Resistant (MDR) strains of bacteria are becoming more prevalent as

infectious agents in society, and are proving to be increasingly difficult to treat using

existing therapies.1  Having identified a series of compounds that have good anti-

bacterial activity against a number of bacteria, it was our intention to determine whether

a strain of bacteria grown in the presence of one of these compounds would develop

resistance to the compound.  For this investigation, a standard strain of S. aureus

(ATCC# 29213) was chosen, and the water soluble 9-heptadecyl 6-sulfonato-1-thio-β-

D-galactofuranoside 16 (MIC: 8-16 µg/mL).  Methodology involving a two stage

resistance assay protocol was implemented.



167

Agar plates doped with the test compound at concentrations ranging from 128 to

2 µg/mL (two-fold serial dilutions) were inoculated with a calibrated saturated culture

of S. aureus, and 1/10 and 1/100 dilutions of the bacterium.  After incubation for 20

hours at 35 °C, colonies that grew at the lowest concentration of test compound, and at

the lowest dilution of bacterial culture, were re-suspended in broth as a stock culture for

Stage 2.  This stock culture, together with 1/10 and 1/100 dilutions were plated onto

doped agar (concentrations 128 to 2µg/mL) and incubated for 20 hours at 35 °C.

Visible growth of the bacterium at concentrations higher than that observed in the

presence of the test compound at Stage 1 could potentially indicate induced spontaneous

resistance.

An initial attempt of the experiment proved to be inconclusive as confluent

growth was observed on all plates, at all concentrations at the second stage of the

protocol.  A large number of colonies (100+) were taken from plates containing growth

at the lowest concentration of test compound at Stage 1 to make the stock culture for

Stage 2 which resulted in over saturating the plates with bacteria.

Following correspondence with the Coppel laboratory, the protocol was revised,

and the concentration of bacteria was limited to 1 colony per mL as a stock culture for

Stage 2.  The results for the second attempt for this experiment are presented in Tables

6.17 to 6.19.
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Table 6.17  Stage 1 - Resistance testing of S. aureus (ATCC# 29213) against 9-heptadecyl 6-
sulfonato-1-thio-β-D-galactofuranoside.

Compound 16 concentration in agar
Bacterial
Culture
Dilution

128
µg/mL

64 
µg/mL

32 
µg/mL

16 
µg/mL

8 
µg/mL

4 
µg/mL

2 
µg/mL

0 
µg/mL

Saturated
Culture¶

20
colonies

50
colonies

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

1/10 5-20
colonies

5
colonies

5
colonies

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

1/100 Nil
growth

Nil
growth

2
colonies

2000
colonies

confluent
growth

confluent
growth

confluent
growth

confluent
growth

¶ Saturated culture standardised

Table 6.18  Stage 2 - Resistance testing (culture A)

Bacterial
Culture
Dilution

128
µg/mL

64 
µg/mL

32 
µg/mL

16 
µg/mL

8 
µg/mL

4 
µg/mL

2 
µg/mL

0 
µg/mL

1 colony /
mL

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

1/10 2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

1/100 300-500
colonies§

300-500
colonies§

300-500
colonies§

300-500
colonies

300-500
colonies

300-500
colonies

300-500
colonies

300-500
colonies

§ Colonies were smaller at these concentrations

Table 6.19  Stage 2 - Resistance testing (culture B)
Bacterial
Culture
Dilution

128
µg/mL

64 
µg/mL

32 
µg/mL

16 
µg/mL

8 
µg/mL

4 
µg/mL

2 
µg/mL

0 
µg/mL

1 colony /
mL

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

confluent
growth

1/10 2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

2000
colonies

1/100 200-300
colonies§

200-300
colonies§

200-300
colonies§

200-300
colonies

200-300
colonies

200-300
colonies

200-300
colonies

200-300
colonies

§ Colonies were smaller at these concentrations

In the second resistance study, using a standardised stock culture in Stage 1 of

the experiment, plates were not over crowded with bacteria, and distinct colonies were

observed for dilutions of bacteria at higher compound concentrations eg. 1/10 and 1/100

culture dilutions at 32-128 µg/mL (Table 6.17).  Single distinct colonies were taken

from 1/100 dilutions at 32 µg/mL to prepare stock cultures A and B respectively for

Stage 2.  After re-plating onto a series of agar plates doped with 16 and incubated for 20

hours at 35 °C, growth was seen at all concentrations with the lower culture dilution for



169

both cultures A and B.  Although numbers of colonies on plates for all concentrations of

compound were similar at 1/100 dilution of bacteria, the size of the colonies for higher

concentrations of compound (32-128 µg/mL) were significantly smaller (see Figure

6.6).  Thus the bacteria isolated after the first round of growth on the doped agar (32

µg/mL) were found to be capable of growth in the presence of higher concentrations of

the drug (64 and 128 µg/mL) during the second round of growth on doped agar.  The

growth of the bacterium, however, was still adversely affected at higher concentrations

of test compound 16.

Figure 6.6.  Resistance testing: growth of S. aureus (ATCC# 29213) on agar plates doped with
9-heptadecyl 6-sulfonato-1-thio-β-D-galactofuranoside 16. A: Stage 1, 1/100 culture dilution,

128 µg/mL - Nil Growth; B: Stage 2 (culture A), 1/100 culture dilution, 128 µg/mL - 300-500

small colonies; C: Stage 2 (culture A), 1/100 culture dilution, 0 mg/mL - 300-500 larger colonies.

6.5 Conclusion

In summary, we have established an 'in-house' protocol for the reliable and

considerably accurate determination of MIC values for test compound activity against S.
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aureus  and B. subtilis.  More importantly, we have identified the furanosyl

9–heptadecyl thioglycosides as a lead series of compounds with potency against

Staphylococcus aureus comparable to the 'Gold Standard' drug Vancomycin.

The results indicated that the 9-heptadecyl 1-thio-β-D-galactofuranoside was the

most active of our synthetic library against Mycobacterium smegmatis.  The difficulties

encountered with the in-house mycobacterial assay suggest that a radiometric BACTEC

assay, or micro-dilution assay should be implemented to precisely assign MIC values to

the remainder of the compound library generated as part of this thesis.

The N,N-dialkyl sulfonamides show an increased potency over their analogous

sulfenamides against gram positive organisms, and interestingly the configuration of the

glycan template appears to be of only small importance with regard to inhibitory

activity, however it is evident that some glycan templates are better than others.

The general trends observed for both zone and serial dilution assays across all

organisms tested clearly identified the requirement for the aglycon moiety to contain

two terminal C-8 alkyl units.

  Sulfation, although increasing water solubility, generally reduced the activity

of the compound, according to external data for experimentation with both M.

smegmatis S. aureus.

 The library of compounds based on non-carbohydrate templates requires further

design and chemical modification to increase the water solubility of the compounds.

Alternately, an assay capable of determining the inhibitory activity of such compounds

could be implemented.

The data from the resistance studies suggested that S. aureus does have the

potential to grow in the presence of 9-heptadecyl 6-sulfonato-1-thio-β-D-

galactofuranoside 16, after being subjected to one growth passage in media containing
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16.  However to draw conclusions on the resistance potential of S. aureus to 16 at this

stage would be premature.

 6.6 Future work

With respect to mycobacterial screening, it is anticipated that the radiometric

BACTEC assay will be applied to the more active examples as determined by the

Micromyx assay of the library of compounds generated in this thesis.  Furthermore,

enzyme studies involving the UDP-galactopyranose mutase and the UDP-

galactofuranose transferase are envisaged to determine whether the anti-mycobacterial

activity of the sulfenamides, sulfonamides and thioglycosides arise from acting on these

specific biological targets.

The highly potent galacto- and arabinofuranosyl 9-heptadecyl thioglycosides 13

and 33 will be examined for their cytotoxicity both in vitro and in vivo, and their

potential to inhibit gram positive bacterial infections in mouse models will also be

investigated.
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 CHAPTER 7

EXPERIMENTAL

 7.1  Synthesis

General.

Reactions were monitored by thin-layer chromatography (TLC) on aluminium plates

coated with Silica Gel 60 F254 (E. Merck) and visualised with either 5% H2SO4,

ninhydrin, phosphomolybdic acid or vanillin developing agents with heating, or

ultraviolet (UV) light where applicable.  Compounds were purified by flash

chromatography using E. Merck Silica Gel 60 (0.040-0.063 mm), and in some cases

further purified using High-Performance Liquid Chromatography (HPLC) using an

Agilent HP1100.

Melting points were determined on a Gallenkamp melting point apparatus and are

uncorrected.

Infra-red spectra were recorded using a Bruker Vector 22 spectrophotometer between

NaCl windows.

Optical rotations were measured on a Jasco P-1010 polarimeter.

1H and 13C Nuclear Magnetic Resonance (NMR) spectra were recorded in CDCl3, D2O

or CD3OD using a Brüker 300 MHz spectrometer.  Data acquisition and processing
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were performed using XWINNMR software (version 3.1) running on a Silicon Graphics

O2 workstation.   Data editing was performed using XWINPLOT software.  Chemical

shifts are given in parts per million (ppm) relative to the solvent used [CDCl3: 7.26 (s)

for 1H; 77.0 (t) for 13C. CD3OD: 4.78 (s) for 1H; 49.0 (sept) for 13C.  D2O: 4.67 (s) for

1H].  2D COSY (COrrelation SpectroscopY) and HMQC (Heteronuclear Multiple

Quantum Coherence) experiments were run to support 1H and 13C assignments.

Abbreviations of multiplicities occur as s (singlet), d (doublet), t (triplet), dd (doublet of

doublets), q (quartet), quint (quintet) and (b) indicates a broad signal.

Low Resolution Mass Spectra (LRMS) utilising ElectroSpray Ionisation (ESI) were

obtained using a Bruker Esquire 3000.  Where LRMS (ESI method) was not suitable,

samples were carried out at the University of Queensland's mass spectrometry service

within the Department of Chemistry for data acquisition using electron impact.

High resolution mass spectra (HRMS) were carried out at the University of

Queensland's mass spectrometry service within the Department of Chemistry. All

HRMS were recorded using either an electrospray method in positive mode or electron

impact.

Elemental microanalyses were also carried out at the University of Queensland's

Department of Chemistry.

Filters used for the determination of compound water solubility were Millex GP 0.22

micron.
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All H2O used was either distilled H2O or Milli-Q H2O.  All commercial solvents

(acetone, chloroform, dichloromethane, ethyl acetate, hexanes, methanol and toluene)

were bulk distilled prior to use.  Dried solvents were distilled under N2 according to

Perrin and Armarego.212
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1,2,3,5,6-Penta-O-benzoyl-α/β-D-galactofuranose (50)

Prepared according to D'Accorso et al.102

A solution of D-galactose (10.00 g, 55.50 mmol) in pyridine (150 mL) was stirred for

1.5 h at 100 °C.  Benzoyl chloride (40 mL) was then added dropwise while maintaining

a solution temperature of 60 °C.  The reaction was stirred for 2 h at 60 °C, after which

time the heat was removed and the reaction stirred for a further 24 h at rt.  After this

time the mixture was poured into ice water (1 L).  The sticky white solid mass formed

was crushed in the ice water for 10 minutes to remove traces of benzoyl chloride and

pyridine.  This was repeated 5 times with fresh water in each instance over 48 h.  The

residue was then recrystallised from aqueous ethanol to furnish 1,2,3,5,6-penta-O-

benzoyl-α/β-D-galactofuranose as white crystals (7.72 g, 32 %).  (TLC; Rf 0.35,

Hexane-EtOAc 2:1).  1H NMR (300 MHz, CDCl3) (5:1 α/β mixture. assignment for α

anomer): δ  7.09-8.00 (m, 25 H, 5 x OCOPh), 6.85 (d, 1 H, J1,2 4.8 Hz, H-1), 6.29 (app t,

1 H, J3,2 ≈3,4 7.2 Hz, H-3), 5.89 (m, 2 H, H-5 and H-2), 4.81 (dd, 1 H, J6,5 4.2, J6,6' 12 Hz,

H-6), 4.76 (dd, 1 H, J4,5 4.8, J4,3 7.2 Hz, H-4), 4.70 (dd, 1 H, J6',5 6.3, J6',6 12 Hz, H-6');

(assignment for β anomer): 6.79 (s, 1 H, H-1) (assignments were confirmed by 1H-1H

COSY). m.p. 145-147 °C.  LRMS (ESI) m/z 723 [(M + Na)+ 100 %].  Acquired data

was in accordance to that given in the literature.102
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1-S-Acetyl-2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranose (28)

Prepared according to Owen et al.70

To a stirred solution of 1,2,3,5,6-penta-O-benzoyl-α/β-D-galactofuranose (3.60 g, 5.10

mmol) in dry CH2Cl2 (30 mL) at rt, under N2, was added tin tetrachloride (0.70 mL, 5.90

mmol).  After 10 minutes thiolacetic acid (0.70 mL, excess) was added and the reaction

was stirred for 1 h at rt.  After this time the reaction was diluted with sat. aq. NaHCO3

(100 mL) and EtOAc (100 mL).  The layers were separated and the organic layer was

washed once with sat. aq. NaHCO3 (100 mL) and once with sat. aq. NaCl (100 mL).

The organic phase was then dried over Na2SO4, filtered, and the solvent removed under

reduced pressure.  The resulting syrup was chromatographed (hexane-EtOAc 2:1, Rf

0.42) to furnish 1-S-acetyl-2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranose as a

thick, clear syrup (2.30 g, 74 %).  1H NMR (300 MHz, CDCl3): δ  7.26-8.10 (m, 20 H, 4

x OCOPh), 6.34 (s, 1 H, H-1), 6.10 (m, 1 H, H-5), 5.73 (d, 1 H, J3,4 4.2 Hz, H-3), 5.68

(t, 1 H, J2,3≈2,1 1.2 Hz, H-2), 4.76 (m, 2 H, H-6 and H-6'), 4.65 (app t, 1 H, J4,5≈4,3 4.2 Hz,

H-4) 2.44 (s, 3 H, SCOCH3) (assignments were confirmed by 1H-1H COSY).  LRMS

(ESI) m/z 677 [(M + Na)+ 100 %]. Acquired data was in accordance to that given in the

literature.70

1,2,3,5,6-penta-O-acetyl-β-D-galactofuranose (39)

Prepared according to Chittenden et al.77
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D-Galactose (5.0 g, 27.8 mmol) was suspended in methanol (100 mL) and heated to 60

°C before conc. H2SO4 (2 mL) was added.  The reaction was stirred at 60 °C for 2 hr,

after which time the solution became clear.  The reaction was neutralized with pyridine

(0.5 mL) and concentrated under reduced pressure to give a clear syrup.  Acetic acid (40

mL), acetic anhydride (50 mL) and conc. H2SO4 (1 mL) were added to the syrup and

stirred at rt for 48 hr.  After this time water (500 mL) was added and the sugar was

extracted with chloroform (3 x 200 mL).  The organic layer was separated and dried

over Na2SO4, and the solvent was removed under reduced pressure. 1,2,3,5,6-penta-O-

acetyl-β-D-galactofuranose was recrystallised from 100 mL of ethanol at –10 ˚C over 24

hours (5.50 g, 51 %). (TLC; Rf 0.30, Hexane-EtOAc 2:1).   1H NMR (300 MHz,

CDCl3): δ  6.18 (bs, 1 H, H-1), 5.33 (m, 1 H, H-5), 5.15 (d, 1 H, J2,1 1.4 Hz, H-2), 5.06

(dd, 1 H, J3,4 5.4, J3,2 1.6 Hz, H-3), 4.26-4.38 (m, 2 H, H-4 and H-6), 4.18 (dd, 1 H, J6',6

12.0, J6',5 6.9 Hz, H-6') 2.11, 2.09, 2.09, 2.03 (4 x bs, 15 H, 5 x OCOCH3) (assignments

were confirmed by 1H-1H COSY). 13C NMR (75.5 MHz, CDCl3): δ  170.5, 170.0, 169.8,

169.4, 169.1 (5 x OCOCH3), 99.1 (C-1), 82.1 (C-4), 80.6 (C-2), 76.3 (C-3), 69.2 (C-5),

62.5 (C-6), 21.0, 20.8, 20.7, 20.7, 20.6 (5 x OCOCH3) (assignments were confirmed by

1H-13C HMQC). [α]D
25 -38.4° (c1. CH2Cl2). m.p. 97-98 ˚C.  LRMS (ESI) m/z 413 [(M +

Na)+ 100 %]. Acquired data was in accordance to that given in the literature.77,157

1-S-Acetyl-2,3,5,6-tetra-O-acetyl-β-D-galactofuranose (54)

1,2,3,5,6-Penta-O-acetyl-β-D-galactofuranose (4.10 g, 10.5 mmol) was dissolved in dry

dichloromethane under N2 and the solution cooled to 0 °C. Distilled borontrifluoride
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diethyl etherate (1.60 mL, 1.2 equiv., 12.6 mmol) and thiolacetic acid (0.90 mL, 1.2

equiv., 12.6 mmol) were added dropwise and the reaction was allowed to warm to rt

over 3 h under N2.  After this time the reaction was diluted with dichloromethane and

quenched with sat. aq. NaHCO3.  The organic phase was separated and dried over

Na2SO4, and the solvent was removed under reduced pressure. The resulting yellow

syrup was chromatographed (2:1 hexane:ethyl acetate, Rf 0.25) to give 1-S-Acetyl-

2,3,5,6-tetra-O-acetyl-β-D-galactofuranose (3.33 g, 78 %) as a pale yellow syrup.  1H

NMR (300 MHz, CDCl3): δ  5.98 (bs, 1 H, H-1), 5.36 (m, 1 H, H-5), 5.22 (app t, 1 H,

J2,3≈2,1 1.8 Hz, H-2), 5.07 (m, 1 H, H-3), 4.32 (dd, 1 H, J6,6' 12.0, J6,5 4.2 Hz, H-6), 4.12-

4.24 (m, 2 H, H-4 and H-6'), 2.38 (bs, 3 H, SCOCH3) 2.11 (m, 9 H, 3 x OCOCH3), 2.03

(bs, 3 H, 1 x OCOCH3) (assignments were confirmed by 1H-1H COSY); 13C NMR (75.5

MHz, CDCl3): δ  192.4 (SCOCH3), 170.6, 170.1, 169.6, 169.5 (4 x OCOCH3), 86.0 (C-

1), 82.0 (C-4), 81.0 (C-2), 76.6 (C-3), 69.3 (C-5), 62.6 (C-6), 31.1 (SCOCH3),  20.9,

20.8, 20.7, 20.7 (4 x OCOCH3) (assignments were confirmed by 1H-13C HMQC).

LRMS (ESI) m/z 429 [(M + Na)+ 100 %]. HRMS Calcd for C16H22NaO10S  429.0831.

Found 429.0835.

N,N-Dibutyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide

(67)

1-S-acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranose (1.74 g, 4.29 mmol) was

dissolved in dry MeOH (40 ml).  Diethylbromomalonate (1.44 mL, 8.58 mmol, 2 molar

equiv.) was then added, and the mixture was stirred for 10 minutes at rt under argon.
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Dibutylamine (2.89 mL, 17.16 mmol, 4 molar equiv.) was then added and the reaction

stirred for 2 h at rt under argon.  After this time the solvent was removed under reduced

pressure.  The residue was then diluted in EtOAc (100 ml) and washed twice with sat.

aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent removed under

reduced pressure.  The residue was chromatographed  (hexane-EtOAc 16:1, then

hexane-EtOAc 2:1. TLC; Rf 0.56, hexane-EtOAc 2:1) to furnish N,N-dibutyl-S-(2,3,5,6-

tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide as a pale yellow syrup (1.11 g,

53 %).   1H NMR (300 MHz, CDCl3): δ  5.42 (d, 1 H, J1,2 2.8 Hz, H-1), 5.36 (m, 1 H, H-

5), 5.07 (m, 2 H, H-2 and H-3), 4.18 (m, 3 H, H-4, H-6 and H-6') 2.90 (m, 4 H,

N(CH2)2), 2.13, 2.10, 2.07, 2.05 (4 x s, 12 H, 4 x OCOCH3), 1.45-1.65 (m, 4 H, 2 x CH2,

dibutyl chain), 1.22-1.37 (m, 4 H, 2 x CH2, dibutyl chain), 0.91 (app t, 6 H, J 7.3 Hz, 2 x

CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ

170.1, 170.0, 170.0, 169.8 (4 x OCOCH3), 90.2 (C-1), 79.1 (C-4), 78.6 (C-3), 76.5 (C-

2), 69.2 (C-5), 62.6 (C-6), 58.2 (N(CH2)2), 30.5, 20.0 (4 x CH2, dibutyl chain), 20.8,

20.8, 20.7, 20.7 (4 x OCOCH3), 14.0 (2 x CH3) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 514 [(M + Na)+ 100 %].  HRMS Calcd for C22H37NNaO9S

514.2087.  Found 514.2086.

N,N-Dihexyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide

(68)

1-S-acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranose (1.86 g, 4.58 mmol) was

dissolved in dry MeOH (40 ml).  Diethylbromomalonate (1.54 mL, 9.16 mmol, 2 molar
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equiv.) was then added, and the mixture was stirred for 10 minutes at rt under argon.

Dihexylamine (4.27 mL, 18.32 mmol, 4 molar equiv.) was then added and the reaction

was stirred for 2 h at rt under argon.  After this time the solvent was removed under

reduced pressure.  The residue was then diluted in EtOAc (100 ml) and washed twice

with sat. aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent removed

under reduced pressure.  The residue was chromatographed  (hexane-EtOAc 16:1, then

hexane-EtOAc 2:1. TLC; Rf 0.64, hexane-EtOAc 2:1) to furnish N,N-dihexyl-S-(2,3,5,6-

tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide as a pale yellow syrup. (1.62g,

65 %).   1H NMR (300 MHz, CDCl3): δ  5.41 (d, 1 H, J1,2 3.2 Hz, H-1), 5.35 (m, 1 H, H-

5), 5.06 (m, 2 H, H-2 and H-3), 4.13-4.39 (m, 3 H, H-4, H-6 and H-6') 2.89 (m, 4 H,

N(CH2)2), 2.13, 2.10, 2.07, 2.05 (4 x s, 12 H, 4 x OCOCH3), 1.45-1.65 (m, 4 H, 2 x CH2,

dihexyl chain), 1.20-1.38 (m, 12 H, 6 x CH2, dihexyl chain), 0.88 (app t, 6 H, J 6.4 and

6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3): δ   170.5, 170.0, 170.0, 169.8 (4 x OCOCH3), 90.1 (C-1), 79.1 (C-4), 78.6 (C-

3), 76.4 (C-2), 69.2 (C-5), 62.6 (C-6), 58.5 (N(CH2)2), 31.7, 28.3, 26.5, 22.7 (8 x CH2,

dihexyl chain), 20.8, 20.8, 20.7, 20.7 (4 x OCOCH3), 14.1 (2 x CH3) (assignments were

confirmed by 1H-13C HMQC).   LRMS (ESI) m/z 570 [(M + Na)+ 100 %].  HRMS Calcd

for C26H45NNaO9S  570.2713.  Found 570.2717.

N,N-Dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide

(69)
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1-S-acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranose (2.07 g, 5.10 mmol) was

dissolved in dry MeOH (50 ml).  Diethylbromomalonate (1.71 mL, 10.2 mmol, 2 molar

equiv.) was then added, and the mixture was stirred for 10 minutes at rt under argon.

Dioctylamine (6.16 mL, 20.4 mmol, 4 molar equiv.) was then added and the reaction

was stirred for 2 h at rt under argon.  After this time the solvent was removed under

reduced pressure.  The residue was then diluted in EtOAc (100 ml) and washed twice

with sat. aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent removed

under reduced pressure.  The residue was chromatographed  (hexane-EtOAc 16:1, then

hexane-EtOAc 2:1. TLC; Rf 0.7, hexane-EtOAc 2:1) to furnish N,N-dioctyl-S-(2,3,5,6-

tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide as a pale orange syrup. (2.30 g,

75 %).   1H NMR (300 MHz, CDCl3): δ  5.41 (d, 1 H, J1,2 2.8 Hz, H-1), 5.35 (m, 1 H, H-

5), 5.06 (m, 2 H, H-2 and H-3), 4.06-4.38 (m, 3 H, H-4, H-6 and H-6') 2.90 (m, 4 H,

N(CH2)2), 2.13, 2.10, 2.07, 2.05 (4 x s, 12 H, 4 x OCOCH3), 1.50-1.61 (m, 4 H, 2 x CH2,

dioctyl chain), 1.20-1.35 (m, 20 H, 10 x CH2, dioctyl chain), 0.88 (app t, 6 H, J 6.4 and

7.0 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3): δ   170.5, 170.0, 169.8 (4 x OCOCH3), 90.1 (C-1), 79.1 (C-4), 78.6 (C-3), 76.4

(C-2), 69.1 (C-5), 62.6 (C-6), 58.5 (N(CH2)2), 31.9, 29.5, 29.3, 28.3, 26.9, 22.7 (12 x

CH2, dioctyl chain), 20.8, 20.8, 20.7, 20.7 (4 x OCOCH3), 14.1 (2 x CH3) (assignments

were confirmed by 1H-13C HMQC). νmax/cm-1 2929, 2856, 1749, 1372, 1232, 1045.

LRMS (ESI) m/z 626 [(M + Na)+ 100 %].  HRMS Calcd for C30H53NNaO9S  626.3339.

Found 626.3339.
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N,N-Didecyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide

(70)

1-S-acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranose (1.74 g, 4.29 mmol) was

dissolved in dry MeOH (50 ml).  Diethylbromomalonate (1.44 mL, 8.58 mmol, 2 molar

equiv.) was then added, and the mixture was stirred for 10 minutes at rt under argon.

Didecylamine (5.11 g, 17.16 mmol, 4 molar equiv.) was then added and the reaction

was stirred for 2 h at rt under argon.  After this time the solvent was removed under

reduced pressure.  The residue was then diluted in EtOAc (100 ml) and washed twice

with sat. aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent removed

under reduced pressure.  The residue was chromatographed  (hexane-EtOAc 16:1, then

hexane-EtOAc 2:1. TLC; Rf 0.7, hexane-EtOAc 2:1) to furnish N,N-didecyl-S-(2,3,5,6-

tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide as a pale orange syrup. (1.95 g,

69 %).   1H NMR (300 MHz, CDCl3): δ  5.41 (d, 1 H, J1,2 2.9 Hz, H-1), 5.35 (m, 1 H, H-

5), 5.06 (m, 2 H, H-2 and H-3), 4.18-4.37 (m, 3 H, H-4, H-6 and H-6') 2.90 (m, 4 H,

N(CH2)2), 2.13, 2.10, 2.07, 2.05 (4 x s, 12 H, 4 x OCOCH3), 1.48-1.61 (m, 4 H, 2 x CH2,

didecyl chain), 1.20-1.37 (m, 28 H, 14 x CH2, didecyl chain), 0.88 (app t, 6 H, J 6.4 and

7.0 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3): δ   170.5, 170.0, 170.0, 169.8 (4 x OCOCH3), 90.0 (C-1), 79.1 (C-4), 78.6 (C-

3), 76.4 (C-2), 69.1 (C-5), 62.6 (C-6), 58.5 (N(CH2)2), 31.9, 29.7, 29.6, 29.6, 29.4, 28.4,

26.9, 22.7 (16 x CH2, didecyl chain), 20.8, 20.8, 20.7, 20.7 (4 x OCOCH3), 14.1 (2 x

CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 682 [(M +

Na)+ 100 %].  HRMS Calcd for C34H61NNaO9S  682.3965.  Found 682.3965.
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N,N-Dihexyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfenamide

(63)

1-S-Acetyl-2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranose (193 mg, 0.30 mmol)

was dissolved in dry DMF (3 mL) and dry THF (3 ml).  Diethylbromomalonate (453 µl,

9 molar equiv.) was added and the mixture was stirred for 10 minutes at rt.

Dihexylamine (1.0 mL, excess) was then added and the reaction was stirred for 40 h at

rt under N2.  After this time the solvent was removed under reduced pressure with

heating to 35 °C for 24 h.  The waxy residue was then diluted in EtOAc (100 mL) and

the hydrobromide salt of the excess amine crystallised, and filtered from solution.  The

solution was washed with sat. aq. NaCl (2 x 100 mL), dried over Na2SO4, filtered, and

the solvent removed under reduced pressure.  The residue was chromatographed

(hexane-EtOAc 16:1 then hexane-EtOAc 16:1. TLC; Rf 0.54, hexane-EtOAc 6:1) to

f u r n i s h  N,N-dihexyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfenamide as a pale orange syrup (50 mg, 38 % - based on recovered starting material,

21% isolated yield).   1H NMR (300 MHz, CDCl3): δ  7.26 - 8.12 (m, 20 H, 4 x CO2Ph),

6.06 (m, 1 H, H-5), 5.77 (d, 1 H, J1,2 3.1 Hz, H-1), 5.67 (dd, 1 H, J3,2 2.1, J3,4 5.0 Hz, H-

3), 5.52 (dd, 1 H, J2,3 2.3, J2,1 3.0 Hz, H-2), 4.79 (app t, 1 H, J4,5≈4,3 4.5 Hz, H-4), 4.73 (m,

2 H, H-6 and H-6'), 2.95 (m, 4 H, N(CH2)2), 1.57 (m, 4 H, 2 x CH2, dihexyl chain), 1.24

(m, 12 H, 6 x CH2, dihexyl chain) 0.84 (t, 6 H, J 6.6 Hz, 2 x CH3) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   166.2, 165.9, 165.8,

165.6 (4 x CO2Ph), 133.7, 133.5, 133.4, 133.3, 130.2, 130.2, 130.0, 129.9, 128.7, 128.6,

128.5 (CO2Ph), 91.0 (C-1), 81.5 (C-4), 80.1 (C-2), 78.4 (C-3), 70.9 (C-5), 63.4 (C-6),
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58.8 (N(CH2)2), 31.9, 28.6, 26.7, 22.8 (8 x CH2, dihexyl chain), 14.2 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 818 [(M + Na)+ 38

%] 186 (100) 796 (32).  HRMS Calcd for C46H53NaNO9S  818.3339. Found 818.3347.

N,N-Dioctyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfenamide

(64)

1-S-acetyl-2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranose (780 mg, 1.19 mmol)

was dissolved in dry THF (25 ml).  Diethylbromomalonate (305 µL, 1.79 mmol, 1.5

molar equiv.) was then added, and the mixture was stirred for 10 minutes at rt under

argon.  Dioctylamine (1.44 mL, 4.76 mmol, 4 molar equiv.) was then added and the

reaction was stirred for 70 h at rt under argon.  After this time the solvent was removed

under reduced pressure.  The residue was then diluted in EtOAc (100 ml) and washed

twice with sat. aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent

removed under reduced pressure.  The residue was chromatographed  (hexane-EtOAc

16:1, then hexane-EtOAc 6:1. TLC; Rf 0.57, hexane-EtOAc 4:1) to furnish N,N-dioctyl-

S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfenamide as a pale orange

syrup. (601 mg, 67 % - based on recovered starting material, 59% isolated yield).   1H

NMR (300 MHz, CDCl3): δ  7.26 - 8.11 (m, 20 H, 4 x CO2Ph), 6.06 (m, 1 H, H-5), 5.77

(d, 1 H, J 3.0 Hz, H-1), 5.66 (dd, 1 H, J3,2 2.1, J3,4 5.0 Hz, H-3), 5.52 (dd, 1 H, J2,3 2.3,

J2,1 2.9 Hz, H-2), 4.79 (app t, 1 H, J4,5≈4,3 4.5 Hz, H-4), 4.73 (m, 2 H, H-6 and H-6'), 2.94

(m, 4 H, N(CH2)2), 1.56 (m, 4 H, 2 x CH2, dioctyl chain), 1.25 (m, 20 H, 10 x CH2,

dioctyl chain), 0.85 (t, 6 H, J 6.6 Hz, 2 x CH3) (assignments were confirmed by 1H-1H
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COSY);  13C NMR (75.5 MHz, CDCl3): δ   166.0, 165.7, 165.6, 165.3 (4 x CO2Ph),

133.5, 133.3, 133.2, 133.0, 133.0, 129.8, 129.7, 129.6, 129.5, 129.0, 128.5, 128.4, 128.3

(CO2Ph), 90.8 (C-1), 81.3 (C-4), 79.9 (C-2), 78.2 (C-3), 70.7 (C-5), 63.4 (C-6), 58.6

(N(CH2)2), 31.8, 29.5, 29.3, 28.4, 26.9, 22.6 (12 x CH2, dioctyl chain), 14.2 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC). [α]D
25 -46.1° (c1. CH2Cl2). νmax/cm-1

3424, 2930, 2857, 1726, 1283, 1250, 1110. LRMS (ESI) m/z 875 [(M + Na)+ 45 %] 227

(100) 471 (93).  HRMS Calcd for C50H61NaNO9S  874.3965.  Found 874.3960.

N,N-Dibenzyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfenamide

(66)

1-S-acetyl-2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranose (1.00 g, 1.53 mmol) was

dissolved in dry MeOH (30 ml).  Diethylbromomalonate (510 µL, 3.06 mmol, 2 molar

equiv.) was then added, and the mixture was stirred for 10 minutes at rt under argon.

Dibenzylamine (1.20 mL, 6.11 mmol, 4 molar equiv.) was then added and the reaction

stirred for 12 h at rt under Ar.  After this time the solvent was removed under reduced

pressure.  The residue was then diluted in EtOAc (100 ml) and washed twice with sat.

aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent removed under

reduced pressure.  The residue was chromatographed  (hexane-EtOAc 3:1. TLC; Rf

0.63) to furnish N,N-dibenzyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfenamide as a pale yellow syrup (1.10 g, 89 %).  1H NMR (300 MHz, CDCl3): δ

7.20 - 8.20 (m, 30 H, 4 x CO2Ph and 2 x CH2Ph), 6.05 (m, 1 H, H-5), 5.77 (d, 1 H, J1,2
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2.7 Hz, H-1), 5.64 (dd, 1 H, J3,4 4.8, J3,2 1.6 Hz, H-3),  5.47 (app t, 1 H, J 2,3≈2,1 2.6 Hz,

H-2), 4.65-4.77 (m, 3 H, H-4, H-6 and H-6’), 4.16 (s, 4 H, N(CH2Ph)2) (assignments

were confirmed by 1H-1H COSY); 13C NMR (75.5 MHz, CDCl3): δ 138.4, 133.5, 133.4,

133.3, 133.1, 130.0, 129.9, 129.7, 129.5, 129.0, 128.4, 128.3, 128.2, 127.4, 127.0 (4 x

CO2Ph and N(CH2Ph)2), 90.8 (C-1), 81.5 (C-4), 79.7 (C-2), 78.1 (C-3), 70.7 (C-5), 63.4

(C-6), 53.2 (N(CH2Ph)2) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI)

m/z 830 [(M + Na)+ 100 %].  HRMS Calcd for C48H41NNaO9S  830.2400.  Found

830.2421

N,N-dioctyl-N-diethylmalonate (73)

1H NMR (300 MHz, CDCl3): δ  4.19-4.26 (q, 4 H, J 7.1 Hz, CH3CH2-O), 4.22 (s, 1 H,

methine), 2.65 (m, 4 H, N(CH2)2), 1.45 (m, 4 H, 2 x CH2 dioctyl chain) 1.20-1.35 (m, 20

H, 10 x CH2 dioctyl chain and 2 x CH3CH2-O), 0.87 (app t, 6 H, J 6.5, J 7.0 Hz, 2 x CH3

dioctyl chain) (assignments were confirmed by 1H-1H COSY).  13C NMR (75.5 MHz,

CDCl3): δ   168.6 (CO), 67.5 (CH), 61.1 (CH3CH2-O), 52.4 (N(CH2)2), 31.9, 29.3, 28.6,

27.1, 22.7 (12 x CH2 dioctyl chain), 29.5 (CH3CH2-O), 14.2 (CH3), 14.1 (CH3)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 400 [(M + Na)+ 84

%], 510 (100).  HRMS Calcd for C23H45NNaO4  422.3246.  Found 422.3239
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N,N-Dibutyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide (58)

To a solution of N,N-dibutyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfenamide (365 mg, 0.49 mmol) in dry MeOH (20 ml), was added one equivalent of

NaOMe (490 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 2 h

under N2.  After this time the solution was neutralised with Amberlite IR 120 (H+) resin,

filtered, and the solvent was removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.35, EtOAc) to yield N,N-dibutyl-S-(1-thio-β-D-

galactofuranosyl) sulfenamide as a white amorphous solid (75 mg, 47 %).  1H NMR

(300 MHz, CD3OD): δ   5.18 (d, 1 H, J 5.6 Hz, H-1), 4.05 (dd, 1 H, J3,2 5.7, J3,4 7.9 Hz,

H-3), 3.84 (dd, 1 H, J4,3 7.9, J4,5 2.5 Hz, H-4), 3.74 (app t, 1 H, J 5.7 Hz, H-2), 3.71 (m,

1 H, H-5), 3.59 (m, 2 H, H-6 and H-6'), 2.91 (m, 4 H, (N(CH2)2), 1.58 (m, 4 H, 2 x CH2,

dibutyl chain), 1.32 (m, 4 H, 2 x CH2, dibutyl chain), 0.92 (app t, 6 H, J 2,3≈2,1 7.4 Hz, 2 x

CH3) (assignments were confirmed by 1H-1H COSY); 13C NMR (75.5 MHz, CD3OD): δ

91.3 (C-1), 82.3 (C-4), 79.0 (C-2), 76.7 (C-3), 70.5 (C-5), 63.1 (C-6), 57.7 (2 x

N(CH2)2),  29.8 (2 x CH2), 19.5 (2 x CH2), 13.0 (2 x CH3) (assignments were confirmed

by 1H-13C HMQC).  LRMS (ESI) m/z 400 [(M + Na)+ 10 %], 130 (100), 324 (20).

HRMS Calcd for C14H29NaNO5S  346.1664.  Found 346.1662.
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N,N-Dihexyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide (59)

To a solution of N,N-dihexyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfenamide (71 mg, 0.09 mmol) in dry MeOH (5 ml) was added one equivalent of

NaOMe (90 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 2 h under

N2. After this time the solution was neutralised with Amberlite IR 120 (H+) resin,

filtered, and the solvent was removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.30, EtOAc) to yield N,N-dihexyl-S-(1-thio-β-D-

galactofuranosyl)sulfenamide (21 mg, 62 %; 74 % from per-O-acetate protected starting

material).  1H NMR (300 MHz, CD3OD): δ   5.17 (d, 1 H, J 5.5 Hz, H-1), 4.03 (dd, 1 H,

J3,2 5.6, J3,4 7.8 Hz, H-3), 3.83 (dd, 1 H, J4,3 7.8, J4,5 2.5 Hz, H-4), 3.73 (app t, 1 H, J 2,3≈2,1

5.5 Hz, H-2), 3.70 (dd, 1 H, J5,4 2.5, J5,6 6.3 Hz, H-5), 3.58 (m, 2 H, H-6 and H-6'), 2.89

(m, 4 H, N(CH2)2), 1.57 (quintet, 4 H, J 6.9 Hz, 2 x CH2, dihexyl chain), 1.27 (m, 12 H,

6 x CH2, dihexyl chain), 0.87 (app t, 6 H, J 6.8 Hz, 2 x CH3) (assignments were

confirmed by 1H-1H COSY). 13C NMR (CD3OD, 75.5 MHz) δ 92.2 (C-1), 82.6 (C-4),

80.5 (C-2), 77.8 (C-3), 71.9 (C-5), 65.0 (C-6), 59.7 (N(CH2)2),  32.9, 29.4, 27.8, 23.8 (8

x CH2), 14.5 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI)

m /z 402 [(M + Na)+ 6 %] 186 (100) 242 (5).  HRMS Calcd for C18H37NNaO5S

402.2290.  Found 402.2291.
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N,N-Dioctyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide (60)

To a solution of N,N-dioctyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfenamide (430 mg, 0.51 mmol) in dry MeOH (30 ml), was added one equivalent of

NaOMe (510 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 2 h

under N2.  After this time the solution was neutralised with Amberlite IR 120 (H+) resin,

filtered, and the solvent was removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.38, EtOAc) to yield N,N-dioctyl-S-(1-thio-β-D-

galactofuranosyl) sulfenamide as a white amorphous solid (100 mg, 46 %; 68 % from

per-O-acetate protected starting material).  1H NMR (300 MHz, CD3OD): δ   5.16 (d, 1

H, J 5.5 Hz, H-1), 4.02 (dd, 1 H, J3,2 5.6, J3,4 7.8 Hz, H-3), 3.81 (dd, 1 H, J4,3 7.8, J4,5 2.5

Hz, H-4), 3.72 (app t, 1 H, J 5.5 Hz, H-2), 3.68 (dd, 1 H, J5,4 2.5, J5,6 6.3 Hz, H-5), 3.57

(m, 2 H, H-6 and H-6'), 2.88 (m, 4 H, N(CH2)2), 1.56 (m, 4 H, 2 x CH2, dioctyl chain),

1.27 (m, 20 H, 10 x CH2, dioctyl chain), 0.86 (app t, 6 H, J 6.6 Hz, 2 x CH3)

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD): δ  92.2

(C-1), 82.6 (C-4), 80.5 (C-2), 77.8 (C-3), 71.9 (C-5), 65.0 (C-6), 59.6 (2 x NCH2), 33.1,

30.6, 30.5, 29.4, 27.9, 23.7 (12 x CH2, dioctyl chain), 14.5 (2 x CH3) (assignments were

confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 458 [(M + Na)+ 9 %] 242 (100) 436

(7). HRMS Calcd for C22H45NaNO5S  458.2916.  Found 458.2907.
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N,N-Didecyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide (32)

To a solution of N,N-didecyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl)

sulfenamide (500 mg, 0.76 mmol) in dry MeOH (30 ml), was added one equivalent of

NaOMe (760 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 30 min

under Argon.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent was removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.52, EtOAc) to yield N,N-didecyl-S-(1-thio-β-D-

galactofuranosyl) sulfenamide as a colourless amorphous solid (201 mg, 54 %).  1H

NMR (300 MHz, CD3OD): δ   5.19 (d, 1 H, J 5.5 Hz, H-1), 4.05 (dd, 1 H, J3,4 7.9, J3,2

5.6 Hz, H-3), 3.85 (dd, 1 H, J4,5 2.4, J4,3 7.8 Hz, H-4), 3.73 (app t, 1 H, J2,3≈2,1 5.6 Hz, H-

2), 3.70 (m, 1 H, H-5), 3.59 (m, 2 H, H-6 and H-6'), 2.91 (m, 4 H, N(CH2)2), 1.50-1.67

(m, 4 H, 2 x CH2, didecyl chain), 1.20-1.39 (m, 28 H, 14 x CH2, didecyl chain), 0.89

(app t, 6 H, J 6.3 and 7.0 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);

13C NMR (75.5 MHz, CD3OD): δ  92.2 (C-1), 82.5 (C-4), 80.5 (C-2), 77.8 (C-3), 71.9

(C-5), 65.0 (C-6), 59.6 (N(CH2)2), 33.1, 30.9, 30.8, 30.7, 30.5, 28.3, 28.0, 23.8 (16 x

CH2, didecyl chain), 14.5 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).

[α]D
25 -68.6° (c1. MeOH). LRMS (ESI) m/z 514 [(M + Na)+ 1 %], 298 [(M – C6H12O5S

+ H)+ 100 %].
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N,N-Dibenzyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide (61)

To a solution of N,N-dibenzyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfenamide (330 mg, 0.41 mmol) in dry MeOH (20 ml), was added one equivalent of

NaOMe (410 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 1 h

under Argon.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent was removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.48, EtOAc) and then recrystallised from EtOAc at

-10 °C to yield N,N-dibenzyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide as a white

crystals (80 mg, 50 %).  1H NMR (300 MHz, CD3OD): δ   7.22-7.29 (m, 10 H,

N(CH2Ph)2), 5.31 (d, 1 H, J 5.4 Hz, H-1), 4.90 (bs, 4 H, N(CH2Ph)2), 4.07 (dd, 1 H, J3,4

7.8, J3,2 5.4 Hz, H-3), 3.90 (dd, 1 H, J4,5 2.7, J4,3 7.8 Hz, H-4), 3.73 (m, 1 H, H-5), 3.71

(app t, 1 H, J2,3≈2,1 5.4 Hz, H-2), 3.63 (m, 2 H, H-6 and H-6') (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD): δ  140.4, 130.1, 129.2,

128.3 (N(CH2Ph)2), 92.7 (C-1), 82.4 (C-4), 80.4 (C-2), 78.0 (C-3), 71.9 (C-5), 64.8 (C-

6), 62.9 (N(CH2Ph)2) (assignments were confirmed by 1H-13C HMQC). [α]D
25 -158.0°

(c1. MeOH). LRMS (ESI) m/z 414 [(M + Na)+ 100 %]. Micro-analysis: C20H25NO5S; C,

61.36 %; H, 6.44 %; N, 3.58 %;  Found: C, 61.11 %; H, 6.53 %; N, 3.45 %.
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N,N-Dibutyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfonamide

(81)

N,N-Dibutyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide (800

mg, 1.63 mmol) was dissolved in DCM (50 ml).  mCPBA (844 mg, 4.89 mmol, 3 molar

equiv.) was then added, and the mixture was refluxed for 2 h.  After this time the

mixture was diluted to 80 mL with DCM and quenched with sat. aq. NaHCO3 (80 mL).

The organic layer was separated and dried over Na2SO4.  The solvent was removed

under reduced pressure and the residue was then chromatographed  (hexane-EtOAc 2:1,

TLC; R f 0.41) to furnish N,N-Dibutyl-S-(2,3,5,6-tetra-O -acetyl-1-thio-β-D-

galactofuranosyl) sulfonamide as a clear syrup (530 mg, 62 %).      1H NMR (300 MHz,

CDCl3): δ  5.84 (app t, 1 H, J2,3≈2,1 3.8 Hz, H-2),  5.24 (m, 1 H, H-5), 5.18 (dd, 1 H, J3,4

7.5, J3,2 4.1 Hz, H-3), 4.82 (d, 1 H, J1,2 3.6 Hz, H-1), 4.60 (dd, 1 H, J4,5 3.7, J4,3 7.4 Hz,

H-4), 4.22 (m, 2 H, H-6 and H-6') 3.23 (m, 4 H, N(CH2)2), 2.13, 2.11, 2.09, 2.05 (4 x s,

12 H, 4 x OCOCH3), 1.50-1.65 (m, 4 H, 2 x CH2, dibutyl chain), 1.23-1.38 (m, 4 H, 2 x

CH2, dibutyl chain), 0.93 (app t, 6 H, J 7.3 Hz, 2 x CH3) (assignments were confirmed

by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ    170.4, 169.8, 169.2 (4 x

OCOCH3), 92.9 (C-1), 81.4 (C-4), 77.6 (C-3), 76.4 (C-2), 68.6 (C-5), 62.0 (C-6), 47.9

(N(CH2)2), 31.0, 19.9 (2 x CH2, dibutyl chain), 20.7, 20.7, 20.7, 20.6 (4 x OCOCH3),

13.8 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 546

[(M + Na)+ 100 %].  HRMS Calcd for C22H37NNaO11S  546.1985.  Found 546.1982.
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N,N-Dihexyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfonamide

(82)

N,N-Dihexyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide (850

mg, 1.55 mmol) was dissolved in DCM (30 ml).  mCPBA (805 mg, 4.65 mmol, 3 molar

equiv.) was then added, and the mixture was refluxed for 2 h.  After this time the

mixture was diluted to 80 mL with DCM and quenched with sat. aq. NaHCO3 (80 mL).

The organic layer was separated and dried over Na2SO4.  The solvent was removed

under reduced pressure and the residue was then chromatographed  (hexane-EtOAc 2:1,

TLC; R f 0.45) to furnish  N,N-Dihexyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-

galactofuranosyl) sulfonamide as a clear syrup (615 mg, 69 %).      1H NMR (300 MHz,

CDCl3): δ  5.84 (app t, 1 H, J2,3≈2,1 3.8 Hz, H-2),  5.27 (m, 1 H, H-5), 5.18 (dd, 1 H, J3,4

7.5, J3,2 4.1 Hz, H-3), 4.82 (d, 1 H, J1,2 3.6 Hz, H-1), 4.61 (dd, 1 H, J4,5 3.7, J4,3 7.4 Hz,

H-4), 4.23 (m, 2 H, H-6 and H-6') 3.23 (m, 4 H, N(CH2)2), 2.13, 2.11, 2.09, 2.06 (4 x s,

12 H, 4 x OCOCH3), 1.46-1.65 (m, 4 H, 2 x CH2, dihexyl chain), 1.20-1.38 (m, 12 H, 6

x CH2, dihexyl chain), 0.89 (app t, 6 H, J 6.4 and 6.7 Hz, 2 x CH3) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   169.8, 169.2 (4 x

OCOCH3), 92.9 (C-1), 81.4 (C-4), 77.6 (C-3), 76.4 (C-2), 68.6 (C-5), 62.0 (C-6), 48.2

(N(CH2)2), 31.5, 28.9, 26.3, 22.6 (8 x CH2, dihexyl chain), 20.7, 20.7, 20.7, 20.6 (4 x

OCOCH3), 14.0 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).   LRMS

(ESI) m/z 602 [(M + Na)+ 100 %].  HRMS Calcd for C26H45NNaO11S  602.2611.  Found

602.2615.
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N,N-Dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfonamide

(83)

N,N-Dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide (1.50 g,

2.49 mmol) was dissolved in DCM (50 ml).  mCPBA (1.29 g, 7.46 mmol, 3 molar

equiv.) was then added, and the mixture was refluxed for 2 h.  After this time the

mixture was diluted to 80 mL with DCM and quenched with sat. aq. NaHCO3 (80 mL).

The organic layer was separated and dried over Na2SO4. The solvent was removed

under reduced pressure and the residue was then chromatographed  (hexane-EtOAc 2:1,

TLC; Rf 0.56) to furnish N,N -Dioctyl-S -(2,3,5,6-tetra-O -acetyl-1-thio-β-D-

galactofuranosyl) sulfonamide as a clear syrup (992 mg, 63 %).      1H NMR (300 MHz,

CDCl3): δ  5.84 (app t, 1 H, J2,3≈2,1 3.7 Hz, H-2),  5.27 (m, 1 H, H-5), 5.18 (dd, 1 H, J3,4

7.5, J3,2 4.1 Hz, H-3), 4.82 (d, 1 H, J1,2 3.6 Hz, H-1), 4.62 (dd, 1 H, J4,5 3.8, J4,3 7.4 Hz,

H-4), 4.22 (m, 2 H, H-6 and H-6') 3.22 (m, 4 H, N(CH2)2), 2.13, 2.11, 2.09, 2.06 (4 x s,

12 H, 4 x OCOCH3), 1.43-1.67 (m, 4 H, 2 x CH2, dioctyl chain), 1.19-1.36 (m, 20 H, 10

x CH2, dioctyl chain), 0.88 (app t, 6 H, J 6.4 and 6.8 Hz, 2 x CH3) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   170.0, 169.8, 169.2 (4 x

OCOCH3), 92.9 (C-1), 81.4 (C-4), 77.6 (C-3), 76.4 (C-2), 68.6 (C-5), 62.0 (C-6), 48.2

(N(CH2)2), 31.8, 29.3, 29.2, 29.0, 26.7, 22.6 (12 x CH2, dioctyl chain), 20.7, 20.6 (4 x

OCOCH3), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC). [α]D
25 -

49.2° (c1. CH2Cl2). νmax/cm-1 2957, 2858, 1753, 1467, 1373, 1338, 1228, 1155, 1049.

LRMS (ESI) m/z 658 [(M + Na)+ 100 %].  HRMS Calcd for C30H53NNaO11S  658.3237.

Found 658.3231.
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N,N-Didecyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfonamide

(84)

N,N-Didecyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl) sulfenamide (1.20

g, 1.82 mmol) was dissolved in DCM (50 ml).  mCPBA (941 mg, 5.45 mmol, 3 molar

equiv.) was then added, and the mixture was refluxed for 2 h.  After this time the

mixture was diluted to 80 mL with DCM and quenched with sat. aq. NaHCO3 (80 mL).

The organic layer was separated and dried over Na2SO4. The solvent was removed

under reduced pressure and the residue was then chromatographed  (hexane-EtOAc 2:1,

TLC; Rf 0.6) to furnish N,N-Didecyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-

galactofuranosyl) sulfonamide as a clear syrup (1.09 g, 87 %).      1H NMR (300 MHz,

CDCl3): δ  5.84 (app t, 1 H, J2,3≈2,1 3.8 Hz, H-2),  5.28 (m, 1 H, H-5), 5.18 (dd, 1 H, J3,4

7.5, J3,2 4.1 Hz, H-3), 4.82 (d, 1 H, J1,2 3.6 Hz, H-1), 4.61 (dd, 1 H, J4,5 3.8, J4,3 7.4 Hz,

H-4) 4.22 (m, 2 H, H-6 and H-6') 3.22 (m, 4 H, N(CH2)2), 2.13, 2.11, 2.09, 2.05 (4 x s,

12 H, 4 x OCOCH3), 1.44-1.65 (m, 4 H, 2 x CH2, didecyl chain), 1.19-1.38 (m, 28 H, 14

x CH2, didecyl chain), 0.88 (app t, 6 H, J 6.4 and 6.7 Hz, 2 x CH3) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   170.3, 170.1, 169.8,

169.2 (4 x OCOCH3), 92.9 (C-1), 81.4 (C-4), 77.6 (C-3), 76.4 (C-2), 68.6 (C-5), 62.0

(C-6), 48.2 (N(CH2)2), 31.9, 29.6, 29.3, 29.0, 26.7, 22.7 (16 x CH2, didecyl chain), 20.7,

20.7, 20.7, 20.6 (4 x OCOCH3), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 714 [(M + Na)+ 100 %].  HRMS Calcd for C34H61NNaO11S

714.3863.  Found 714.3870.
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N,N-Dioctyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfonamide

(85)

N,N-Dioctyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfenamide (130

mg, 0.15 mmol) was dissolved in dry DCM (12 ml).  mCPBA (80 mg, 0.46 mmol, 3

molar equiv.) was then added, and the mixture was refluxed for 15 h.  After this time

the mixture was diluted to 30 mL with DCM and quenched with sat. aq. NaHCO3 (30

mL). The organic layer was separated and dried over Na2SO4. The solvent was removed

under reduced pressure and the residue was then chromatographed (hexane-EtOAc 16:1,

then hexane-EtOAc 8:1. TLC; Rf 0.62, hexane-EtOAc 3:1) to furnish N,N-dioctyl-S-

(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfonamide as a clear syrup (104

mg, 77 %).   1H NMR (300 MHz, CDCl3): δ  7.28 - 8.13 (m, 20 H, 4 x CO2Ph), 6.22

(app t, 1 H, J 2,3≈2,1 2.2 Hz, H-2), 5.99 (m, 1 H, H-5), 5.78 (dd, 1 H, J3,4 5.4, J3,2 2.0 Hz,

H-3),  5.19 (d, 1 H, J1,2 2.1 Hz, H-1), 5.06 (dd, 1 H, J4,5 4.4, J4,3 5.3 Hz, H-4), 4.65-4.77

(m, 2 H, H-6 and H-6'), 3.12-3.37 (m, 4 H, N(CH2)2), 1.53 (m, 4 H, 2 x CH2, dioctyl

chain), 1.14-1.32 (m, 20 H, 10 x CH2, dioctyl chain), 0.86 (app t, 6 H, J 6.5, J 6.9 Hz, 2

x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3):

δ   165.9, 165.7, 165.5, 164.9 (4 x CO2Ph), 133.6, 133.5, 133.4, 133.2, 133.2, 129.9,

129.7, 129.3, 128.8, 128.7, 128.5, 128.5, 128.4 (CO2Ph), 94.6 (C-1), 84.3 (C-4), 79.5

(C-2), 78.4 (C-3), 70.2 (C-5), 62.9 (C-6), 48.2 (N(CH2)2), 31.8, 29.2, 29.2, 28.9, 26.6,

22.6 (12 x CH2, dioctyl chain), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 906 [(M + Na)+ 100 %].  HRMS Calcd for C50H61NNaO11S

906.3863.  Found 906.3839.
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N,N-Dibenzyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfonamide

(86)

N,N-Dibenzyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl) sulfenamide

(900 mg, 1.11 mmol) was dissolved in DCM (30 ml).  mCPBA (810 mg, 4.69 mmol, 3

molar equiv.) was then added, and the mixture was refluxed for 14 h.  After this time

the mixture was diluted to 80 mL with DCM and quenched with sat. aq. NaHCO3 (100

mL). The organic layer was separated and dried over Na2SO4. The solvent was removed

under reduced pressure and the residue was then chromatographed (hexane-EtOAc 3:1,

TLC; Rf 0.45, hexane-EtOAc 3:1) to furnish N,N-dibenzyl-S-(2,3,5,6-tetra-O-benzoyl-1-

thio-β-D-galactofuranosyl) sulfonamide as a clear syrup (151 mg, 52 %).   1H NMR

(300 MHz, CDCl3): δ  7.18 - 8.15 (m, 30 H, 4 x CO2Ph and N(CH2Ph)2), 6.30 (app t, 1

H, J 2,3≈2,1 2.2 Hz, H-2), 6.01 (m, 1 H, H-5), 5.80 (dd, 1 H, J3,4 5.4, J3,2 2.1 Hz, H-3),

5.13 (m, 1 H, H-4), 5.11 (d, 1 H, J1,2 2.3 Hz, H-1), 4.69 (d, 2 H, J 5.9 Hz, H-6 and H-6’),

4.49 (d, 2 H, J 15.4 Hz, N(CH2Ph)2), 4.31 (d, 2 H, J 15.4 Hz, N(CH2Ph)2) (assignments

were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ  165.9, 165.7,

165.5, 164.9 (4 x CO2Ph), 135.2, 133.7, 133.6, 133.5, 133.2, 130.2, 130.0, 129.7, 129.2,

129.2, 128.7, 128.7, 128.5, 128.5, 128.4, 128.3, 127.9 (4 x CO2Ph and N(CH2Ph)2), 96.0

(C-1), 84.6 (C-4), 79.4 (C-2), 78.4 (C-3), 70.4 (C-5), 62.8 (C-6), 50.8 (N(CH2Ph)2)

(assignments were confirmed by 1H-13C HMQC). [α]D
25 -19.1° (c1. CH2Cl2). νmax/cm-1

3056, 2987, 1730, 1453, 1265, 1109.  LRMS (ESI) m/z 862 [(M + Na)+ 100 %].  Micro-
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analysis: C48H41NO11S; C, 68.84 %; H, 4.92 %; N, 1.67 %; Found: C, 68.50 %; H, 4.96

%; N, 1.58 %.

N,N-Dibutyl-S-(1-thio-β-D-galactofuranosyl) sulfonamide (87)

To a solution of N,N-dibutyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl)

sulfonamide (460 mg, 0.86 mmol) in dry MeOH (15 ml), was added one equivalent of

NaOMe (860 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 1 h

under Argon.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.32, EtOAc) to yield N,N-dibutyl-S-(1-thio-β-D-

galactofuranosyl) sulfonamide as a white amorphous solid (284 mg, 92 %).  1H NMR

(300 MHz, CD3OD): δ   4.62 (d, 1 H, J1,2 5.2 Hz, H-1), 4.47 (app t, 1 H, J2,3≈2,1 5.6 Hz,

H-2), 4.09 (dd, 1 H, J3,4 8.7, J3,2 6.2 Hz, H-3), 3.99 (dd, 1 H, J4,5 2.2, J4,3 8.7 Hz, H-4),

3.64 (m, 1 H, H-5), 3.55 (m, 2 H, H-6 and H-6'), 3.22 (m, 4 H, N(CH2)2), 1.46-1.51 (m,

4 H, 2 x CH2, dibutyl chain), 1.21-1.36 (m, 4 H, 2 x CH2, dibutyl chain), 0.89 (app t, 6

H, J 7.3 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5

MHz, CD3OD): δ  95.8 (C-1), 84.4 (C-4), 79.7 (C-2), 78.1 (C-3), 71.4 (C-5), 64.6 (C-6),

48.5 (N(CH2)2), 32.4, 20.9 (2 x CH2, dibutyl chain), 14.1 (2 x CH3) (assignments were

confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 378 [(M + Na)+ 100 %].  Micro-

analysis: C14H29NO7S.H2O; C, 45.02 %; H, 8.37 %; N, 3.75 %; Found: C, 44.78 %; H,

8.42 %; N, 3.74 %.
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N,N-Dihexyl-S-(1-thio-β-D-galactofuranosyl) sulfonamide (88)

To a solution of N,N-dihexyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl)

sulfonamide (520 mg, 0.90 mmol) in dry MeOH (15 ml), was added one equivalent of

NaOMe (900 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 1 h

under Argon.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.38, EtOAc) to yield N,N-dihexyl-S-(1-thio-β-D-

galactofuranosyl) sulfonamide as a white amorphous solid (288 mg, 78 %).  1H NMR

(300 MHz, CD3OD): δ   4.66 (d, 1 H, J1,2 5.2 Hz, H-1), 4.52 (app t, 1 H, J2,3≈2,1 5.6 Hz,

H-2), 4.14 (dd, 1 H, J3,4 8.7, J3,2 6.3 Hz, H-3), 4.04 (dd, 1 H, J4,5 2.2, J4,3 8.7 Hz, H-4),

3.69 (m, 1 H, H-5), 3.59 (m, 2 H, H-6 and H-6'), 3.25 (m, 4 H, N(CH2)2), 1.50-1.68 (m,

4 H, 2 x CH2, dihexyl chain), 1.24-1.41 (m, 12 H, 6 x CH2, dihexyl chain), 0.91 (app t, 6

H, J 6.4 and 6.8 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C

NMR (75.5 MHz, CD3OD): δ  95.8 (C-1), 84.4 (C-4), 79.7 (C-2), 78.1 (C-3), 71.4 (C-

5), 64.6 (C-6), 48.5 (N(CH2)2), 32.7, 30.3, 27.5, 23.7 (8 x CH2, dihexyl chain), 14.4 (2 x

CH3) (assignments were confirmed by 1H-13C HMQC). [α]D
25 -72.4° (c1. MeOH).

LRMS (ESI) m/z 434 [(M + Na)+ 100 %].  Micro-analysis: C18H37NO7S.H2O; C, 50.33

%; H, 9.15 %; N, 3.26 %; Found: C, 50.65 %; H, 9.28 %; N, 3.10 %.
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N,N-Dioctyl-S-(1-thio-β-D-galactofuranosyl) sulfonamide (89)

To a solution of N,N-dioctyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfonamide (185 mg, 0.21 mmol) in dry MeOH (15 ml), was added one equivalent of

NaOMe (210 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 1 h 40

min. under Argon.  After this time the solution was neutralised with Amberlite IR 120

(H+) resin, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.58, EtOAc) to yield N,N-dioctyl-S-(1-thio-β-D-

galactofuranosyl) sulfonamide as a white amorphous solid (73 mg, 75 %).  1H NMR

(300 MHz, CD3OD): δ   4.58 (d, 1 H, J 5.2 Hz, H-1), 4.44 (dd, 1 H, J2,3 6.1, J2,1 5.2 Hz,

H-2), 4.06 (dd, 1 H, J3,4 8.7, J3,2 6.1 Hz, H-3), 3.96 (dd, 1 H, J4,5 2.4, J4,3 8.7 Hz, H-4),

3.62 (m, 1 H, H-5), 3.52 (m, 2 H, H-6 and H-6'), 3.20 (m, 4 H, N(CH2)2), 1.52 (m, 4 H,

2 x CH2, dioctyl chain), 1.23 (m, 20 H, 10 x CH2, dioctyl chain), 0.82 (app t, 6 H, J 6.5,

J 6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5

MHz, CD3OD): δ  95.8 (C-1), 84.4 (C-4), 79.7 (C-2), 78.1 (C-3), 71.4 (C-5), 64.6 (C-6),

48.2 (N(CH2)2), 33.0, 30.4, 30.4, 30.4, 27.8, 23.7 (12 x CH2, dioctyl chain), 14.5 (2 x

CH3) (assignments were confirmed by 1H-13C HMQC). [α]D
25 -65.3° (c1. MeOH).

LRMS (ESI) m/z 490 [(M + Na)+ 100 %].  Micro-analysis: C22H45NO7S.1/2 H2O; C,

55.43 %; H, 9.73 %; N, 2.94 %; Found: C, 55.75 %; H, 10.07 %; N, 2.80 %.
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N,N-Didecyl-S-(1-thio-β-D-galactofuranosyl) sulfonamide (90)

To a solution of N,N-didecyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranosyl)

sulfonamide (800 mg, 1.16 mmol) in dry MeOH (15 ml), was added one equivalent of

NaOMe (1.16 mL, 1M solution in dry MeOH).  The reaction was stirred at rt for 1 h

under Argon.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.48, EtOAc) to yield N,N-didecyl-S-(1-thio-β-D-

galactofuranosyl) sulfonamide as a white amorphous solid (455 mg, 75 %).  1H NMR

(300 MHz, CD3OD): δ   4.65 (d, 1 H, J1,2 5.2 Hz, H-1), 4.52 (app t, 1 H, J2,3≈2,1 5.6 Hz,

H-2), 4.13 (dd, 1 H, J3,4 8.7, J3,2 6.3 Hz, H-3), 4.03 (dd, 1 H, J4,5 2.2, J4,3 8.7 Hz, H-4),

3.69 (m, 1 H, H-5), 3.59 (m, 2 H, H-6 and H-6'), 3.27 (m, 4 H, N(CH2)2), 1.51-1.67 (m,

4 H, 2 x CH2, didecyl chain), 1.21-1.39 (m, 28 H, 14 x CH2, didecyl chain), 0.89 (app t,

6 H, J 6.5 and 6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C

NMR (75.5 MHz, CD3OD): δ  95.8 (C-1), 84.4 (C-4), 79.7 (C-2), 78.1 (C-3), 71.4 (C-

5), 64.6 (C-6), 48.2 (N(CH2)2), 33.1, 30.7, 30.5, 30.4, 30.4, 27.7, 23.8, 17.6 (16 x CH2,

didecyl chain), 14.5 (2 x CH3) (assignments were confirmed by 1H-13C HMQC). [α]D
25 -

53.2° (c1. MeOH). LRMS (ESI) m /z 546 [(M + Na)+ 100 %].  Micro-analysis:

C26H53NO7S; C, 59.62 %; H, 10.20 %; N, 2.67 %; Found:  C, 59.32 %; H, 10.42 %; N,

2.50 %.
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N,N-Dibenzyl-S-(1-thio-β-D-galactofuranosyl) sulfonamide (91)

To a solution of N,N-dibenzyl-S-(2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranosyl)

sulfonamide (650 mg, 0.77 mmol) in dry MeOH (30 ml), was added one equivalent of

NaOMe (770 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 1 h

under Argon.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.42, EtOAc) to yield N,N-dibenzyl-S-(1-thio-β-D-

galactofuranosyl) sulfonamide as a white amorphous solid (250 mg, 76 %).  1H NMR

(300 MHz, CD3OD): δ   7.17-7.32 (m, 10 H, N(CH2Ph)2), 4.75 (d, 1 H, J 5.0 Hz, H-1),

4.64 (m, 1 H, , H-2), 4.47 (d, 2 H, J 15.4 Hz, 1 x N(CH2Ph)2), 4.31 (d, 2 H, J 15.5 Hz, 1

x N(CH2Ph)2), 4.15-4.22 (m, 2 H, H-3 and H-4), 3.73 (app dt, 1 H, J 2.0, J 6.5 Hz, H-5),

3.58-3.63 (m, 2 H, H-6 and H-6’) (assignments were confirmed by 1H-1H COSY);  13C

NMR (75.5 MHz, CD3OD): δ  137.6, 130.1, 129.7, 129.5, 129.2, 128.7, (N(CH2Ph)2),

97.1 (C-1), 84.6 (C-4), 79.9 (C-2), 78.1 (C-3), 71.4 (C-5), 61.6 (C-6), 52.3 (N(CH2Ph)2)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 446 [(M + Na)+ 100

%].  Micro-analysis: C20H25NO7S; C, 56.72 %; H, 5.95 %; N, 3.31 %; Found: C, 56.33

%; H, 6.01 %; N, 3.10 %.
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N,N-Dioctyl-S-6-sulfonato-(1-thio-β-D-galactofuranosyl) sulfonamide (195)

To a solution of N,N-dioctyl-S-(1-thio-β-D-galactofuranosyl) sulfonamide (200 mg, 0.43

mmol) in dry pyridine (15 ml) and was cooled to 0 °C.  Sulfur trioxide-pyridine

complex (2 equiv., 0.86 mmol, 136 mg) was added and the reaction was stirred at 2-4

°C for 50 h under N2.  After this time the reaction was quenched with sat. aq. NaHCO3,

and the solvent was evaporated.  The residue was chromatographed (EtOAc, EtOH,

H2O 14:4:1  TLC; R f 0.5) to yield N,N-dioctyl-S-6-sulfonato-(1-thio-β-D-

galactofuranosyl) sulfonamide as a colourless amorphous solid (180 mg, 74 %).  1H

NMR (300 MHz, CD3OD): δ   4.67 (d, 1 H, J 5.2 Hz, H-1), 4.52 (app t, 1 H, J2,3 6.1, J2,1

5.2 Hz, H-2), 4.17 (dd, 1 H, J3,4 8.6, J3,2 6.1 Hz, H-3), 4.02-4.10 (m, 3 H, H-4, H-6 and

H-6’), 3.97 (m, 1 H, H-5), 3.14-3.37 (m, 4 H, N(CH2)2), 1.50-1.68 (m, 4 H, 2 x CH2,

dioctyl chain), 1.21-1.39 (m, 20 H, 10 x CH2, dioctyl chain), 0.89 (app t, 6 H, J 6.4, J

6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CD3OD): δ   95.8 (C-1), 84.3 (C-4), 79.7 (C-2), 78.0 (C-3), 70.1 (C-6), 68.9 (C-5), 48.5

(N(CH2)2), 33.0, 30.4, 30.4, 27.7, 23.8 (12 x CH2), 14.5 (2 x CH3) (assignments were

confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 592 [(M + Na)+ 100 %].  Micro-

analysis: C22H44NNaO10S2.2H2O; C, 43.62 %; H, 7.99 %; N, 2.36 %; Found: C, 43.66

%; H, 8.02 %; N, 2.31 %.
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9-Heptadecyl 2,3,5,6-tetra-O-benzoyl-1-thio-α/β-D-galactofuranoside (108)

To a solution of 1,2,3,5,6-penta-O-benzoyl-D-galactofuranose (438 mg, 0.63 mmol) in

dry CH2Cl2 (7 mL) was added tin (IV) chloride (80 µL, 0.68 mmol, 1.3 molar equiv.)

and the solution was stirred for 10 minutes at 0 °C under N2.  9-Heptadecyl thiol (150

mg, 0.52 mmol, 1.0 molar equiv.) was then added and the reaction stirred for 2 h at 0 °C

under N2.  After this time the solvent was removed under reduced pressure.  The residue

was then diluted in CH2Cl2 (50 mL) and extracted with sat. aq. NaHCO3 (100 mL),

dried over MgSO4, filtered, and the solvent removed under reduced pressure.  The

residue was bonded to silica (dissolved in EtOAc and evaporated in the presence of

silica) and chromatographed  (hexane-EtOAc 6:1. TLC; Rf 0.52, Tol-EtOAc 20:1) to

furnish 9-Heptadecyl 2,3,5,6-tetra-O-benzoyl-1-thio-α/β-D-galactofuranoside (α:β 1:4

by 1H NMR analysis) as a clear syrup (373 mg, 83 %).  1H NMR (300 MHz, CDCl3 -

assignment for β anomer): δ  7.26 - 8.12 (m, 20 H, 4 x CO2Ph), 6.10 (m, 1 H, H-5), 5.66

(d, 1 H, J 1.3 Hz, H-1), 5.65 (broad d, 1 H, H-3 - overlapped by H-1), 5.52 (app t, 1 H,

J2,3≈2,1 1.3 Hz, H-2), 4.82 (app t, 1 H, J 4.3, J 4.2 Hz, H-4), 4.73 (m, 2 H, H-6 and H-6'),

2.88 (m, 1 H, SCHR2), 1.12-1.71 (m, 28 H, 7 x CH2, heptadecane chain), 0.85 (m, 6 H,

2 x CH3); (assignment for H-1 of α anomer): 5.66 (H-1 α overlapped by H-1 and H-3 β)

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3 -

assignment for β anomer): δ   166.0, 165.7, 165.6, 165.4 (4 x CO2Ph), 133.5, 133.4,

133.2, 133.1, 133.0, 130.0, 130.0, 129.9, 129.6, 129.5, 129.0, 129.0, 128.5, 128.4,

128.3, 128.3 (CO2Ph), 87.8 (C-1), 86.1(C-2), 83.1 (C-4), 81.1 (C-3), 70.4 (C-5), 63.5



205

(C-6), 46.7 (SCHR2), 35.4, 34.8, 31.9, 29.6, 29.5, 29.3, 26.9, 26.7, 22.7 (18 x CH2,

didecyl chain), 14.1 (2 x CH3); (assignment for C-1 of α anomer): δ 86.2  (assignments

were confirmed by 1H-13C HMQC). νmax/cm-1 2929, 2856, 1726, 1456, 1284, 1249,

1178, 1110. LRMS (ESI) m/z  873 [(M + Na)+ 100 %].    HRMS Calcd for C51H62NaO9S

873.4012.  Found 873.3999.

11-Heneicosanyl 2,3,5,6-tetra-O-benzoyl-1-thio-α/β-D-galactofuranoside (101)

To a solution of 1,2,3,5,6-penta-O-benzoyl-D-galactofuranose (178 mg, 0.25 mmol) in

dry CH2Cl2 (4 mL) was added tin (IV) chloride (32 µL, 0.28 mmol, 1.1 molar equiv.)

and the solution was stirred for 10 minutes at 0 °C under N2.  11-Heneicosane thiol (100

mg, 0.305 mmol, 1.2 molar equiv.) was then added and the reaction stirred for 2 h at 0

°C under N2.  After this time the solvent was removed under reduced pressure.  The

residue was then diluted in CH2Cl2 (50 mL) and extracted with sat. aq. NaHCO3 (100

mL), dried over MgSO4, filtered, and the solvent removed under reduced pressure.  The

residue was bonded to silica (dissolved in EtOAc and evaporated in the presence of

silica) and chromatographed  (hexane-EtOAc 9:1. TLC; Rf 0.60, Tol-EtOAc 20:1) to

furnish 11-heneicosanyl 2,3,5,6-tetra-O-benzoyl-1-thio-α/β-D-galactofuranoside (α:β

1:4 by 1H NMR analysis) as a clear syrup (183 mg, 80 %).  1H NMR (300 MHz, CDCl3 -

assignment for β anomer): δ  7.26 - 8.12 (m, 20 H, 4 x CO2Ph), 6.10 (m, 1 H, H-5), 5.65

(s, 1 H, H-1) 5.64 (broad d, 1 H, H-3 overlapped by H-1), 5.52 (app t, 1 H, J2,3≈2,1 1.5

Hz, H-2), 4.83 (app t, 1 H, J 4.6, J 4.1 Hz, H-4), 4.72 (m, 2 H, H-6 and H-6'), 2.88 (m, 1

H, SCHR2), 1.62 (m, 4 H, SCH(CH2)2), 1.15-1.51 (m, 32 H, 8 x CH2, didecyl chain),
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0.87 (m, 6 H, 2 x CH3); (assignment for H-1 of α anomer): δ 5.66 (H-1 α overlapped by

H-1 and H-3 β) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3 - assignment for β anomer): δ   166.0, 165.7, 165.6, 165.4 (4 x CO2Ph), 133.5,

133.3, 133.2, 133.1, 130.1, 130.0, 130.0,  129.9, 129.7, 129.6, 129.5, 129.0, 129.0,

128.5, 128.4, 128.3, 128.3 (CO2Ph), 87.8 (C-1), 83.1(C-2), 81.1 (C-4), 78.0 (C-3), 70.4

(C-5), 63.5 (C-6), 46.7 (SCHR2), 35.4, 34.8, 31.9, 29.6, 29.6, 29.3, 26.9, 26.7, 22.7 (18

x CH2, didecyl chain), 14.1 (2 x CH3); (assignment for C-1 of α anomer): δ 86.1

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 930 [(M + Na)+ 100

%].  Micro-analysis: C55H70O9S; C, 72.82 %; H, 7.78 %; Found: C, 72.95 %; H, 7.91 %.

1,3-Diphenyl-2-propanyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside

(109)

To a solution of 1,2,3,5,6-penta-O-benzoyl-D-galactofuranose (895 mg, 1.28 mmol) in

dry CH2Cl2 (15 mL) was added tin (IV) chloride (163 µL, 1.39 mmol) and the solution

was stirred for 10 minutes at 0 °C under N2.  1,3-Diphenyl-2-propanyl thiol (260 mg,

1.07 mmol) was then added and the reaction stirred for 2 h at 0 °C under N2.  After this

time the solvent was removed under reduced pressure.  The residue was then diluted in

CH2Cl2 (50 mL) and extracted with sat. aq. NaHCO3 (100 mL), dried over MgSO4,

filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed  (hexane-EtOAc 4:1. TLC; Rf 0.48, Tol-EtOAc 20:1) to furnish 1,3-

Diphenyl-2-propanyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside as a clear
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syrup (609 mg, 69 %).  1H NMR (300 MHz, CDCl3): δ  7.04 - 8.05 (m, 30 H, 4 x CO2Ph

and 2 x CH2Ph), 5.95 (m, 1 H, H-5), 5.49 (d, 1 H, J3,4 5.1 Hz, H-3), 5.32 (bs, 1 H, H-1)

5.17 (bs, 1 H, H-2), 4.57 (m, 2 H, H-6 and H-6'), 4.10 (app t, 1 H, J 4.1, J 4.6 Hz, H-4),

3.34 (m, 1 H, SCHR2), 3.04 (d, 2 H, J 7.1 Hz, SCHCH2 A and SCHCH2 A'), 2.99 (dd, 1

H, J  5.3, J 14.2 Hz, SCHCH2 B), 2.75 (dd, 1 H, J 9.3, J 13.9 Hz, SCHCH2 B')

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ

166.1, 165.7, 165.3, 165.2 (4 x CO2Ph), 139.4, 139.0 (2 x tert phenyl C), 133.5, 133.3,

133.2, 133.0, 130.0, 129.9, 129.8, 129.7, 129.5, 129.1, 128.9, 128.4, 128.4, 128.3,

128.2, 126.4, 126.4 (4 x CO2Ph and 2 x CHPh), 87.1 (C-2), 82.5 (C-1), 81.2 (C-4), 77.8

(C-3), 70.2 (C-5), 63.8 (C-6), 48.6 (SCHR2), 42.8, 40.9 (2 x CH2Ph) (assignments were

confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 829 [(M + Na)+ 100 %].  HRMS Calcd

for C49H42NaO9S  829.2447.  Found 829.2457.

9-Heptadecyl 1-thio-a/β-D-galactofuranoside (92)

To a solution of 9-Heptadecyl 2,3,5,6-tetra-O-benzoyl-1-thio-α/β-D-galactofuranoside

(α:β 1:4) (310 mg 0.36 mmol) in dry MeOH (15 mL) was added one equivalent of

NaOMe (360 µL, 1M solution in dry MeOH).  The reaction was stirred for 3 h at rt

under N2.  After this time the solution was neutralised with Amberlite IR 120 (H+) resin,

filtered, and solvent removed under reduced pressure.  The residue was bonded to silica

(dissolved in MeOH and evaporated in the presence of silica) and chromatographed

(EtOAc.  TLC; Rf 0.57, EtOAc) to furnish 9-Heptadecyl 1-thio-α/β-D-galactofuranoside

as a white amorphous solid (131 mg, 82 %).  1H NMR (300 MHz, CD3OD - assignment
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for β anomer): δ   5.02 (d, 1 H, J 4.4 Hz, H-1), 3.98 (dd, 1 H, J3,2 4.8, J3,4 7.6 Hz, H-3),

3.84 (dd, 1 H, J4,3 7.5, J4,5 2.7 Hz, H-4), 3.82 (app t, 1 H, J 4.5, J 4.7 Hz, H-2), 3.67 (dt,

1 H, J5,4 2.7, J5,6 6.2 Hz, H-5), 3.53 (m, 2 H, H-6 and H-6'), 2.72 (m, 1 H, 2 x SCHR2),

1.53 (m, 4 H, SCH(CH2)2), 1.15-1.45 (m, 24 H, 6 x CH2, heptadecane chain), 0.84 (app

t, 6 H, J 6.4, J 7.0 Hz, 2 x CH3); (assignment for α anomer): 5.17 (d, 1 H, J 3.9 Hz, H-1)

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD -

assignment for β anomer): δ  90.3 (C-1), 84.4 (C-2), 82.8 (C-4), 78.3(C-3), 72.1 (C-5),

65.1 (C-6), 47.4 (SCHR2), 36.6, 36.2, 33.1, 30.7, 30.5, 27.8, 23.8 (14 x CH2,

heptadecane chain), 14.5 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).

[α]D
25 -105.3° (c1. MeOH). LRMS (ESI) m/z 457 [(M + Na)+ 100 %].  HRMS Calcd for

C23H46NNaSO5  457.2964.  Found 457.2959.  Micro-analysis: C23H46O5S.MeOH; C,

61.76 %; H, 10.80 %; Found: C, 61.69 %; H, 10.89 %.

11-Heneicosanyl 1-thio-a/β-D-galactofuranoside (93)

To a solution of 11-heneicosanyl 2,3,5,6-tetra-O -benzoyl-1- th io-α /β-D-

galactofuranoside (α:β 1:4) (120 mg, 0.13 mmol) in dry MeOH (10 mL) was added one

equivalent of NaOMe (130 µL, 1M solution in dry MeOH).  The reaction was stirred for

4 h at rt under N2.  After this time the solution was neutralised with Amberlite IR 120

(H+) resin, filtered, and solvent removed under reduced pressure.  The residue was

bonded to silica (dissolved in MeOH and evaporated in the presence of silica) and

chromatographed (EtOAc-hexane 2:1 then EtOAc-hexane 4:1.  TLC; Rf 0.62, EtOAc) to

furnish 11-heneicosanyl 1-thio-α/β-D-galactofuranoside as a white amorphous solid (48
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mg, 74 %).  1H NMR (300 MHz, CD3OD - assignment for β anomer): δ   5.02 (d, 1 H, J

4.4 Hz, H-1), 3.99 (dd, 1 H, J3,2 4.8 Hz, J3,4 7.5 Hz, H-3), 3.84 (dd, 1 H, J4,3 7.5, J4,5 2.7

Hz, H-4), 3.82 (app t, 1 H, J 4.4, J 4.7 Hz, H-2), 3.68 (dt, 1 H, J5,4 2.7, J5,6 6.2 Hz, J5,6'

6.2 Hz, H-5), 3.55 (m, 2 H, H-6 and H-6'), 2.72 (m, 1 H, 2 x SCHR2), 1.53 (m, 4 H,

SCH(CH2)2), 1.17-1.47 (m, 32 H, 8 x CH2, didecyl chain), 0.84 (t, 6 H, J 6.6 Hz, 2 x

CH3); (assignment for α anomer): 5.18 (d, 1 H, J 3.9 Hz, H-1) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD -assignment for β anomer):

δ  90.3 (C-1), 84.4 (C-2), 82.8 (C-4), 77.8 (C-3), 72.0 (C-5), 65.1 (C-6), 47.3 (SCHR2),

36.6, 36.2, 33.1, 30.8, 30.7, 30.7, 30.5, 27.8, 23.8 (18 x CH2, didecyl chain), 14.5 (2 x

CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 513 [(M +

Na)+ 100 %].  HRMS Calcd for C27H54NaO5S  513.3590.  Found 513.3597.

1,3-Diphenyl-2-propanyl 1-thio-β-D-galactofuranoside (94)

To a solution of 1,3-Diphenyl-2-propanyl 2,3,5,6-tetra-O -benzoyl-1-thio-β-D-

galactofuranoside (320 mg, 0.39 mmol) in dry MeOH (15 mL) was added one

equivalent of NaOMe (390 µL, 1M solution in dry MeOH).  The reaction was stirred for

3 h at rt under N2.  After this time the solution was neutralised with Amberlite IR 120

(H+) resin, filtered, and solvent removed under reduced pressure.  The residue was

bonded to silica (dissolved in MeOH and evaporated in the presence of silica) and

chromatographed (EtOAc-EtOH 6:1.  TLC; Rf 0.35) to furnish 1,3-Diphenyl-2-propanyl

1-thio-β-D-galactofuranoside as a clear liquid (125 mg, 80 %).  1H NMR (300 MHz,
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CD3OD): δ   7.12-7.29 (m, 10 H, 2 x CH2Ph), 4.96 (d, 1 H, J 3.9 Hz, H-1), 3.99 (dd, 1

H, J 4.6, J 7.5 Hz, H-3), 3.76-3.81 (m, 2 H, H-2 and H-4), 3.69 (ddd, 1 H, J  7.0, J  5.6, J

2.7 Hz, H-5), 3.32 (quintet, 1 H, J 7.0 Hz, CH), 2.89 (m, 4 H, 2 x CH2Ph) (assignments

were confirmed by 1H-1H COSY).  13C NMR (75.5 MHz, CD3OD): δ  141.0, 141.0,

130.5, 130.5, 129.3, 127.3, 127.3 (2 x CH2Ph), 90.3 (C-1), 84.4 (C-2), 82.9 (C-4), 78.5

(C-3), 72.0 (C-5), 65.0 (C-6), 50.0 (SCHR2), 42.6, 42.5 (2 x CH2Ph) (assignments were

confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 513 [(M + Na)+ 100 %].  Micro-

analysis: C21H26O5S.1/4 H2O; C, 63.85 %; H, 6.77 %; Found: C, 64.02 %; H, 6.97 %.

9-Heptadecyl S,S-dioxo-(2,3,5,6-tetra-O-acetyl)-1-thio-β-D-galactofuranoside (119)

To a solution of 9-Heptadecyl 2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranoside (401

mg, 0.67 mmol) in dry CH2Cl2 (20 mL) was added mCPBA (3 molar equiv., 2.00 mmol,

345 mg) and the solution was refluxed for 2 h.  After this time the mixture was diluted

to 80 mL with DCM and quenched with sat. aq. NaHCO3 (80 mL).  The organic layer

was dried over Na2SO4 the residue was then chromatographed  (hexane-EtOAc 3:1,

TLC; Rf 0.3) to furnish 9-Heptadecyl S,S-dioxo-(2,3,5,6-tetra-O-acetyl)-1-thio-β-D-

galactofuranoside as a clear syrup (336 mg, 80 %).  1H NMR (300 MHz, CDCl3): δ

5.96 (app t, 1 H, J 3,4≈3,2 3.9 Hz, H-3),  5.27 (m, 1 H, H-5),  5.22 (dd, 1 H, J3,4 7.4, J3,2 4.1

Hz, H-3), 5.01 (d, 1 H, J 3.7 Hz, H-1), 4.62 (dd, 1 H, J4,5 3.8, J4,3 7.4 Hz, H-4), 4.32 (dd,

1 H, J6,6’ 11.7, J6,5 5.2 Hz, H-6), 4.14 (dd, 1 H, J6’,6 11.7, J6’,5 6.9 Hz, H-6’), 3.10 (m, 1 H,

S(O)2CH), 2.13, 2.10, 2.09, 2.05 (4 x s, 12 H, 4 x OCOCH3), 1.60-2.05 (m, 4 H, 2 x

CH2, dioctyl chain), 1.19-1.55 (m, 24 H, 12 x CH2, dioctyl chain), 0.87 (m, 6 H, 2 x
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CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ

170.3, 170.1, 169.8, 169.0 (4 x OCOCH3), 91.5 (C-1), 81.8 (C-4), 76.1 (C-3), 75.6 (C-

2), 68.4 (C-5), 61.9 (C-6), 60.1 (S(O)2CH), 31.8, 29.6, 29.5, 29.3, 29.2, 28.1, 26.7, 26.6,

26.3, 22.6 (14 x CH2, dioctyl chain), 20.7, 20.7, 20.6 (4 x OCOCH3),  14.1 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC). νmax/cm-1 2930, 2857, 1754, 1373,

1310, 1228, 1051. LRMS (ESI) m /z 657 [(M + Na)+ 100 %].  Micro-analysis:

C31H54O11S; C, 58.65 %; H, 8.57 %; Found:  C, 58.85 %; H, 8.75 %.

9-Heptadecyl S,S-dioxo-1-thio-β-D-galactofuranoside (117)

To a solution of 9-Heptadecyl S , S-dioxo-(2,3,5,6-tetra-O-acetyl)-1-thio-β-D-

galactofuranoside (230 mg, 0.36 mmol) in MeOH (20 mL) was added K2CO3 solution

(5 equiv. 1.18 mmol, 250mg – dissolved in 0.5 mL water).  The reaction was stirred for

15 min at rt.  After this time the reaction mixture was filtered through celite, and the

filtrate evaporated  under reduced pressure.  The residue was chromatographed (EtOAc.

TLC; Rf 0.59, EtOAc) to furnish 9-Heptadecyl S,S-dioxo-1-thio-β-D-galactofuranoside

as a white amorphous solid (100 %).  1H NMR (300 MHz, CD3OD): δ   4.82 (d, 1 H, J

5.3 Hz, H-1), 4.64 (dd, 1 H, J2,3 6.2, J2,1 5.3 Hz, H-2), 4.18 (dd, 1 H, J3,4 8.8, J3,2 6.2 Hz,

H-3), 4.04 (dd, 1 H, J4,5 2.6, J4,3 8.8 Hz, H-4), 3.69 (m, 1 H, H-5), 3.59 (m, 2 H, H-6 and

H-6'), 3.19 (m, 1 H, CH), 1.60-2.01 (m, 4 H, SCH(CH2)2), 1.24-1.60 (m, 24 H, 12 x

CH2), 0.90 (app t, 6 H, J 6.4, J 7.0 Hz, 2 x CH3) (assignments were confirmed by 1H-1H

COSY);  13C NMR (75.5 MHz, CD3OD): δ  94.5 (C-1), 84.8 (C-4), 77.9 (C-3), 77.5 (C-

2), 71.4 (C-5), 64.4 (C-6), 60.6 (S(O)2CHR2), 33.0, 30.7, 30.6, 30.4, 30.4, 28.8, 27.6,
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27.5, 27.3, 23.8 (14 x CH2), 14.5 (2 x CH3) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 489 [(M + Na)+ 100 %].  HRMS Calcd for C23H46NaO7S

489.2862.  Found 489.2855.

9-Heptadecyl 6-sulfonato-1-thio-β-D-galactofuranoside (194)

To a solution of 9-heptadecyl 1-thio-β-D-galactofuranoside (490 mg, 1.13 mmol) in dry

pyridine (15 mL) was added sulfur trioxide-pyridine complex (2.26 mmol, 313 mg, 2

equiv.) and was stirred at 2-4 °C for 18 h under N2.  After this time the reaction was

quenched with sat. aq. NaHCO3, and the solvent was evaporated under reduced

pressure.  The residue was chromatographed (EtOAc, EtOH, H2O 14:4:1  TLC; Rf 0.65)

to yield 9-Heptadecyl 6-sulfonato-1-thio-β-D-galactofuranoside as a colourless

amorphous solid (421 mg, 70 %).  1H NMR (300 MHz, CD3OD): δ   5.08 (d, 1 H, J 4.4

Hz, H-1), 4.04-4.10 (m, 3 H, H-3, H-6 and H-6’), 4.02 (m, 1 H, H-5), 3.92 (dd, 1 H, J4,5

2.6, J 4,3 7.3 Hz, H-4), 3.87 (app t, 1 H, J 2,3≈2,1 4.5 Hz, H-2), 2.79 (m, 1 H, CH), 1.23-1.66

(m, 28 H, 7 x CH2, dioctyl chain), 0.89 (app t, 6 H, J 6.4, J 7.0 Hz, 2 x CH3)

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD): δ  90.2

(C-1), 84.3 (C-2), 83.0 (C-4), 78.3 (C-3), 70.8 (C-6), 69.8 (C-5), 47.2 (CH), 36.5, 36.1,

33.1, 30.7, 30.7, 27.8, 27.7, 23.8 (14 x CH2, dioctyl chain), 14.5 (2 x CH3) (assignments

were confirmed by 1H-13C HMQC). [α]D
25 -95.7° (c1. MeOH).  LRMS (ESI) m/z 559

[(M + Na)+ 100 %].  Micro-analysis: C23H45NaO8S2.4H2O; C, 45.38 %; H, 8.78 %;

Found: C, 45.64 %; H, 8.50 %.
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9-Heptadecyl 6-sulfonato-S,S-dioxo-1-thio-β-D-galactofuranoside (196)

To a solution of 9-heptadecyl S,S-dioxo-1-thio-β-D-galactofuranoside (120 mg, 0.26

mmol) in dry pyridine (10 mL) was added sulfur trioxide-pyridine complex (0.52 mmol,

82 mg, 2 equiv.) and was stirred at 2-4 °C for 18 h under N2.  After this time the

reaction was quenched with sat. aq. NaHCO3, and the solvent was evaporated.  The

residue was chromatographed (EtOAc, EtOH, H2O 14:4:1  TLC; R f 0.4) to yield 9-

Heptadecyl 6-sulfonato-S,S-dioxo-1-thio-β-D-galactofuranoside as a colourless

amorphous solid (115 mg, 79 %).   1H NMR (300 MHz, CD3OD): δ   4.83 (d, 1 H, J 5.2

Hz, H-1), 4.64 (app t, 1 H, J 6.0, J  5.3 Hz, H-2), 4.22 (dd, 1 H, J3,4 8.6, J3,2 6.1 Hz, H-3),

4.05 (m, 1 H, H-4, H-6 and H-6'), 3.96 (m, 1 H, H-5), 3.21 (m, 1 H, CH), 1.61-2.01 (m,

4 H, S(O)2CH(CH2)2), 1.21-1.58 (m, 24 H, 12 x CH2, dioctyl chain), 0.89 (m, 6 H, 2 x

CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD): δ

94.4 (C-1), 84.9 (C-4), 77.9 (C-3), 77.5 (C-2), 70.0 (C-6), 68.9 (C-5), 60.4

(S(O)2CHR2), 33.1, 30.8, 30.7, 30.5, 30.4, 28.9, 27.6, 27.4, 27.1, 23.8 (14 x CH2), 14.5

(2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 591 [(M

+ Na)+ 100 %].  Micro-analysis: C23H45NaO10S2.3H2O; C, 78.90 %; H, 7.06 %; Found:

C, 79.19 %; H, 7.17 %.



214

9-Heptadecyl 6-O-(N-BOC-alanyl)-1-thio-β-D-galactofuranoside (200)

To a solution of 9-heptadecyl 1-thio-β-D-galactofuranoside (125 mg, 0.29 mmol) in dry

DCM (5 mL) was added BOC protected alanine (1.5 equiv., 0.43 mmol, 82 mg) and

dimethylaminopyridine  (0.5 equiv., 0.14 mmol, 18 mg), and the mixture was cooled to

-78 °C under argon.  1,3-dicyclohexylcarbodiimide  (1.2 equiv., 0.35 mmol, 60 mg) was

added, and the reaction was allowed to warm to room temperature.  The reaction was

stirred at room temperature for 20 h under argon.  After this time the solvent was

evaporated.  The residue was chromatographed (hexane-EtOAc 1:1, TLC; Rf 0.31) to

yield 9-Heptadecyl 6-O-(N-BOC-alanyl)-1-thio-β-D-galactofuranoside as a colourless

amorphous solid (75 mg, 43 %; 80 % based on recovered starting material).  1H NMR

(300 MHz, CD3OD): δ   5.09 (d, 1 H, J 4.4 Hz, H-1), 4.10-4.24 (m, 3 H, H-6, H-6’ and

ala-CH), 4.06 (dd, 1 H, J3,4  7.5, J3,2 4.9 Hz, H-3), 3.93 (m, 1 H, H-5), 3.89 (dd, 1 H, J4,5

2.5, J 4,3 7.5 Hz, H-4), 3.86 (app t, 1 H, J2,3≈2,1 4.7 Hz, H-2), 2.77 (m, 1 H, SCH), 1.18-

1.66 (m, 40 H, 14 x CH2 heptadecane chain, OC(CH3)3 and ala-CH3), 0.89 (app t, 6 H, J

6.1, J 6.9 Hz, 2 x CH3);  13C NMR (75.5 MHz, CD3OD): δ  175.0 (BOC C=O), 171.0

(ala C=O), 90.4 (C-1), 84.4 (C-2), 82.4 (C-4), 78.0 (C-3), 68.7 (C-5), 67.6 (C-6), 50.7

(ala-CH), 47.4 (SCH), 36.7, 36.2, 33.1, 30.7, 30.7, 30.5, 28.7, 26.8 (14 x CH2

heptadecane chain), 34.8 (-OC(CH3)3), 27.8 (-OC(CH3)3),  17.8 (ala-CH3), 14.5 (2 x

CH3).   LRMS (ESI) m/z 628 [(M + Na)+ 100 %]. HRMS Calcd for C31H59NNaO8S

628.3859.  Found 628.3866.
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9-Heptadecyl 6-O-(alanyl)-1-thio-β-D-galactofuranoside - Trifluoroacetic acid salt

(198)

To a solution of 9-Heptadecyl 6-O-(N-BOC-alanyl)-1-thio-β-D-galactofuranoside (40

mg, 0.07 mmol) in dry DCM (5 mL) at 0 °C under argon, was added trifluoroacetic acid

(100 µL). The reaction was allowed to warm to room temperature and was stirred for 4

h under argon.  After this time the solvent was co-evaporated with toluene to yield the

trifluoroacetic acid salt of 9-Heptadecyl 6-O-(alanyl)-1-thio-β-D-galactofuranoside as a

white amorphous solid (100 %). (TLC; Rf 0.1 EtOAc)  1H NMR (300 MHz, CD3OD): δ

5.37 (d, 1 H, J 5.6 Hz, H-1), 4.43 (m, 2 H, H-6 and H-6’), 4.33 (m, 1 H, H-5), 4.03-4.12

(m, 2 H, H-2 and ala-CH), 3.87 (m, 1 H, H-4), 3.60 (dd, 1 H, J3,4  10.2, J3,2 3.3 Hz, H-3),

2.97 (m, 1 H, SCH), 1.10-1.78 (m, 31 H, 14 x CH2 heptadecane chain, ala-CH3), 0.89

(app t, 6 H, J 6.3 and 6.9 Hz, 2 x CH3);  13C NMR (75.5 MHz, CD3OD): δ  171.0 (ala

C=O), 162.6 (JC,F 38 Hz, F3CCO2), (F3CCO2 peak not detected), 87.3 (C-1), 71.9 (C-3),

70.9 (C-4), 70.4 (C-5), 69.9 (C-2), 66.5 (C-6), 49.9 (ala-CH), 45.9 (SCH), 35.9, 34.8,

33.1, 30.7, 30.6, 30.5, 28.7, 26.8 (14 x CH2 heptadecane chain), 17.5 (ala-CH3), 14.5 (2

x CH3).   LRMS (ESI) m/z 506 [(M - TFA-)+ 100 %].

9-Heptadecanol  (107)

Magnesium turnings (169 mg, 6.95 mmol) and iodine (10 mg, catalytic) were combined

and heated over a Bunsen flame under N2 until I2 gas evolved.  The flask was allowed to
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cool, and then dry THF (20 mL) was added.  Bromooctane (1.0 mL, 5.79 mmol) was

added and the mixture was stirred for 3 h at 45 °C under N2.  After this time, nonyl

aldehyde (1.01 mL, 5.90 mmol) was added and the reaction was stirred for a further 2 h,

at 50 °C, under N2.  The reaction was then quenched with sat. aq. NH4Cl, and the

solvent was evaporated under reduced pressure.  The residue was diluted with CH2Cl2

(300 mL) and washed with sat. aq. NaCl (200 mL) followed by water (200 mL).  The

organic layer was dried over Na2SO4, filtered, and the solvent removed under reduced

pressure.  The residue was bonded to silica (dissolved in EtOAc and evaporated in the

presence of silica) and chromatographed (Hex-EtOAc 6:1. TLC; Rf 0.52, Hex-EtOAc

6:1) to furnish 9-heptadecanol as a white powder (998 mg, 67 %).  1H NMR (300 MHz,

CDCl3): δ   3.58 (m, 1 H, OCHR2), 1.20-1.48 (m, 28 H, 14 x CH2), 0.87 (app t, 6 H, J

6.4, J 7.0 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5

MHz, CDCl3): δ  72.0 (CH), 37.5, 31.9, 29.7, 29.6, 29.3, 25.7, 22.7 (14 x CH2), 14.1 (2

x CH3) (assignments were confirmed by 1H-13C HMQC). LRMS (ESI) m/z 279 [(M +

Na)+ 12 %] 449 (100).  HRMS Calcd for C17H35O  255.2688.  Found 255.2687.

9-Heptadecyl p-toluenesulphonate (114)

9-Heptadecanol (580 mg, 2.28 mmol) and tosyl chloride (1.30 g, 6.85 mmol, 3 equiv.)

were dissolved in dry pyridine (10 mL) at 0 °C under N2.  4-Dimethylaminopyridine (10

mg, catalytic) was added and the mixture was stirred for 10 minutes at 0 °C under N2.

After this time the ice bath was removed and the mixture was stirred for a further 8 h at

rt under N2.  The solvent was then removed under reduced pressure, and the residue

dissolved in CH2Cl2.  The solution was washed with 1 M HCl (100 mL), and then with
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sat. aq. NaHCO3 (100 mL) to neutrality.  The organic layer was dried over Na2SO4,

filtered, and solvent removed under reduced pressure.  The residue containing 9-

heptadecyl p-toluenesulphonate was given in quantitative yield and was used without

further purification. (TLC; Rf 0.60, hexane-EtOAc 12:1).  1H NMR (300 MHz, CDCl3):

δ  7.80 (d, 2 H, J 8.3 Hz, SPhCH3), 7.33 (d, 2 H, J 8.2 Hz, SPhCH3), 4.55 (quintet, 1 H,

J 6.0 Hz, CH), 2.46 (s, 3 H, SPhCH3), 1.50-1.70 (m, 4 H, 2 x CH2), 1.11-1.37 (m, 24 H,

12 x CH2), 0.89 (app t, 6 H, J 6.6, J 7.1  Hz, 2 x CH3) (assignments were confirmed by

1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ  129.6, 127.7 (SPhCH3), 84.7 (CH),

34.1, 31.8, 29.4, 29.3, 29.2, 24.7, 22.7 (14 x CH2), 21.8 (SPhCH3), 14.1 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 433 [(M + Na)+ 100

%].

9-Bromoheptadecane (115)

Lithium bromide (3.24 g, 37.3 mmol) and 9-Heptadecyl p-toluenesulphonate (crude,

1.53 g) were dissolved in dry acetone (50 mL) and stirred at reflux for 90 min. under N2.

After this time the solvent was removed under reduced pressure and the residue was

dissolved in EtOAc (100 mL).  The solution was washed once with sat. aq. NaCl (100

mL) and once with water (100 mL), dried over Na2SO4, and the solvent removed under

reduced pressure.  The residue was chromatographed (Hexane. TLC; Rf 0.97, Hex-

EtOAc 12:1) to furnish 9-Bromoheptadecane as a clear oil (433 mg, 80 %). 1H NMR

(300 MHz, CDCl3): δ   4.05 (app tt, 1 H, J 5.7 Hz, J 7.3 Hz, CH), 1.21-1.88 (m, 28 H,

14 x CH2), 0.90 (app t, 6 H, J 6.4, J 7.0 Hz, 2 x CH3) (assignments were confirmed by

1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   59.1 (CH), 39.2, 31.8, 29.5, 29.2,
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29.1, 27.6, 22.7 (14 x CH2), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) compound failed to ionise using Bruker Esquire 3000.

9-Heptadecyl thiolacetate (116)

9-Bromoheptadecane (376 mg, 1.12 mmol) and potassium thioacetate (270 mg, 2.36

mmol) were dissolved in dry acetone (20 mL) and refluxed for 24 h under N2.  After this

time the solvent was removed under reduced pressure and the residue was dissolved in

EtOAc (100 mL).  The solution was washed once with aq. NaCl (100 mL) and once

with water (100 mL), dried over Na2SO4, and the solvent removed under reduced

pressure.  The residue was chromatographed (hexane. TLC; Rf 0.26, hexane) to furnish

9-heptadecyl thiolacetate as a peach coloured oil (305 mg, 82%).  1H NMR (300 MHz,

CDCl3): δ  3.52 (tt, 1 H, J 5.7 Hz, J  7.6 Hz, CH), 2.32 (s, 3 H, SAc), 1.20 – 1.70 (m, 28

H, 14 x CH2), 0.90 (app t, 6 H, J 6.5, J 7.0 Hz, 2 x CH3);  13C NMR (75.5 MHz, CDCl3):

δ   196.2 (COCH3), 44.7 (CH), 34.8, 31.8 (2 x CH2), 30.8 (COCH3), 29.5, 29.3, 26.8,

22.7 (12 x CH2), 14.1 (2 x CH3).  LRMS (ESI) m/z 337 [(M + Na)+ 100%].  HRMS

Calcd for C19H38OS  314.2643.  Found 314.2633.

9-Heptadecyl thiol (106)

To a solution of 9-heptadecyl thiolacetate (219 mg, 0.66 mmol) in dry MeOH (10 ml)

was added one equivalent of NaOMe (1.00 mL, 1M solution in dry MeOH).  The

reaction was stirred at rt for 90 minutes under N2.  After this time the solution was
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neutralised with Amberlite IR 120 (H+) resin, filtered and solvent removed under

reduced pressure.  The residue was dissolved in EtOAc (100 mL), washed once with aq.

NaCl (100 mL), dried over Na2SO4, filtered and the solvent was removed under reduced

pressure.  The residue was chromatographed (hexane. TLC; Rf 0.73, hexane) to furnish

9-Heptadecyl thiol as a pale yellow oil (160 mg, 84%).  1H NMR (300 MHz, CDCl3): δ

2.71 (m, 1 H, CH), 1.12–1.63 (m, 28 H, 14 x CH2), 1.29 (d, 1H, J 6.4 Hz, CHSH), 0.82

(app t, 6 H, J 6.6, J 6.9 Hz, 2 x CH3);  13C NMR (75.5 MHz, CDCl3): δ   41.2 (CH),

39.0, 31.9, 29.5, 29.4, 29.3, 27.1, 22.7 (14 x CH2), 14.1 (2 x CH3).  LRMS not reported

due to failure of compound to ionise. Micro-analysis: C17H36S; C, 74.92 %; H, 13.31 %;

Found: C, 74.85 %; H, 13.56 %.

11-Heneicosanol (97)

Magnesium turnings (705 mg, 28.9 mmol) and iodine (10 mg, catalytic) were combined

and heated over a Bunsen flame under N2 until I2 gas evolved.  The flask was allowed to

cool, and then dry THF (100 mL) was added.  Bromodecane (5.0 mL, 24.1 mmol) was

added and the mixture was stirred for 2 h at 40 °C under N2.  After this time, undecylic

aldehyde (5.0 mL, 24.1 mmol) was added and the reaction was stirred for a further 1 h,

at 55 °C, under N2.  The reaction was then quenched with sat. aq. NH4Cl, and the

solvent was evaporated under reduced pressure.  The residue was diluted with CH2Cl2

(300 mL) and extracted with sat. aq. NaCl (200 mL) followed by water (200 mL).  The

organic layer was dried over Na2SO4, filtered, and the solvent removed under reduced

pressure.  The residue was bonded to silica (dissolved in EtOAc and evaporated in the

presence of silica) and chromatographed (hexane-DCM 2:1. TLC; Rf 0.57, Hex-EtOAc
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6:1) to furnish 11-heneicosanol as a white powder (3.44 g, 46 %).  1H NMR (300 MHz,

CDCl3): δ   3.58 (m, 1 H, OCHR2), 1.26-1.48 (m, 36 H, 18 x CH2), 0.88 (app t, 6 H, J

6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3): δ  72.0 (CH), 37.5, 31.9, 29.7, 29.6, 29.3, 25.7, 22.7 (18 x CH2), 14.1 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 335 [(M + Na)+ 100

%].   HRMS Calcd for C21H44NaO  335.3290.  Found 335.3289.

11-Heneicosanyl p-toluenesulphonate (99)

11-Heneicosanol (2.54 g, 8.14 mmol) and tosyl chloride (4.65 g, 24.4 mmol, 3 equiv.)

were dissolved in dry pyridine (40 mL) at 0 °C under N2.  4-Dimethylaminopyridine (10

mg, catalytic) was added and the mixture was stirred for 10 minutes at 0 °C under N2.

After this time the ice bath was removed and the mixture was stirred for a further 7 h at

rt under N2.  The solvent was then removed under reduced pressure, and the residue

dissolved in CH2Cl2.  The solution was washed with 1 M HCl (100 mL), and then with

sat. aq. NaHCO3 (100 mL) to neutrality.  The organic layer was dried over Na2SO4,

filtered, and solvent removed under reduced pressure.  The residue was

chromatographed (hexane-EtOAc 20:1. TLC; Rf 0.63, hexane-EtOAc 12:1) to furnish

11-heneicosanyl p-toluenesulphonate as a clear oil (3.2 g, 88 %).  1H NMR (300 MHz,

CDCl3): δ  7.79 (d, 2 H, J 8.3 Hz, SPhCH3), 7.32 (d, 2 H, J 8.0 Hz, SPhCH3), 4.54

(quintet, 1 H, J 6.0 Hz, CH), 2.44 (s, 3 H, SPhCH3), 1.49-1.62 (m, 4 H, 2 x CH2), 1.09-

1.37 (m, 32 H, 16 x CH2), 0.88 (app t, 6 H, J 6.8 Hz, 2 x CH3) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   144.2, 134.8, 129.6,

127.7 (SPhCH3), 84.6 (CH), 34.1, 31.9, 29.6, 29.5, 29.4, 29.3, 29.3, 24.7, 22.7 (18 x
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CH2), 21.6 (SPhCH3), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).

νmax/cm-1 2925, 2855, 1599, 1466, 1365, 1188.  LRMS (ESI) m/z 489 [(M + Na)+ 100

%].

11-Heneicosanyl trifluoromethanesulphonate (100)

To a solution of 11-heneicosanol  (200 mg, 0.65 mmol) in dry DCM (8 mL) and dry

pyridine (1 mL) at 0 °C under Ar, was added dropwise trifluoromethanesulfonic

anhydride (275 µL, 1.95 mmol, 3 molar equiv.) and the reaction was stirred for 25

minutes at 0 °C.  The ice bath was removed and the reaction was stirred for a further 30

minutes at rt under Ar.  After this time the solvent was removed under reduced pressure

and the residue diluted with DCM (100 mL).  The solution was washed with dilute HCl

(0.01 M, 100 mL) at 0 °C, dried over MgSO4, filtered and the solvent removed under

reduced pressure to yield 11-Heneicosanyl trifluoromethanesulphonate as a red oil (251

mg, 78 %).  (TLC; Rf 0.68, hexane-EtOAc 5:1).  1H NMR (300 MHz, CDCl3);  δ   4.61-

4.75 (m, 1 H, CH), 1.91-2.13 (m, 4 H, 2 x CH2), 1.15-1.38 (m, 32 H, 16 x CH2), 0.82-

0.91 (m, 6 H, 2 x CH3) (assignments were confirmed by 1H-1H COSY). 13C NMR (75.5

MHz, CDCl3): δ  96.6 (CF3), 75.3 (CH), 35.7, 31.8, 29.5, 29.4, 29.2, 29.0, 25.7, 22.6 (18

x CH2), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).



222

11-Bromoheneicosane (98)

11-Heneicosanyl p-toluenesulphonate (2.20 g, 4.7 mmol) and lithium bromide (2.91 g,

33.5 mmol) were dissolved in dry acetone (75 mL) and stirred at reflux for 3 h under

N2.  After this time the solvent was removed under reduced pressure and the residue was

dissolved in EtOAc (100 mL).  The solution was washed once with aq. NaCl (100 mL)

and once with water (100 mL), dried over Na2SO4, and the solvent removed under

reduced pressure to furnish 11-bromoheneicosane as a clear oil (1.27 g, 72 %).  The

brominated product was used without further purification. (TLC; Rf 0.87, hexane)  1H

NMR (300 MHz, CDCl3): δ   4.03 (tt, 1 H, J 5.7 Hz, J 7.3 Hz, CH), 1.19-1.89 (m, 36 H,

18 x CH2), 0.88 (app t, 6 H, J 6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H

COSY);  13C NMR (75.5 MHz, CDCl3): δ   59.1 (CH), 39.2, 31.9, 29.6, 29.5, 29.3, 29.1,

27.6, 26.5, 22.7 (18 x CH2), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C

HMQC). LRMS (ESI) compound failed to ionise using Bruker Esquire 3000.

11-Heneicosanyl thiolacetate (102)

11-Bromoheneicosane (1.00 g, 2.67 mmol) and potassium thioacetate (0.64 g, 5.80

mmol) were dissolved in dry acetone (50 mL) and refluxed for 20 h under N2.  After this

time the solvent was removed under reduced pressure and the residue was dissolved in

EtOAc (100 mL).  The solution was washed once with aq. NaCl (100 mL) and once

with water (100 mL), dried over Na2SO4, and the solvent removed under reduced

pressure.  The residue was chromatographed (hexane. TLC; Rf 0.33, hexane) to furnish
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11-heneicosanyl thiolacetate as a peach coloured oil (880 mg, 89 %).  1H NMR (300

MHz, CDCl3): δ  3.50 (tt, 1 H, J 5.7 Hz, J 7.6 Hz, CH), 2.31 (s, 3 H, SAc), 1.15 – 1.65

(m, 36 H, 18 x CH2), 0.87 (app t, 6 H, J 6.7 Hz, 2 x CH3) (assignments were confirmed

by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   196.1 (COCH3), 44.7 (CH), 34.8,

31.9 (2 x CH2), 30.8 (COCH3), 29.6, 29.5, 29.5, 29.3, 26.8, 22.7 (16 x CH2), 14.1 (2 x

CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 393 [(M +

Na)+ 42 %] 413 (100) 357 (42).  HRMS Calcd for C23H46NaOS  393.3167.  Found

393.3155.

11-Heneicosanyl thiol (103)

To a solution of 11-heneicosanyl thiolacetate (500 mg, 1.35 mmol) in dry MeOH (30

ml) was added one equivalent of NaOMe (1.35 mL, 1M solution in dry MeOH).  The

reaction was stirred at rt for 70 minutes under N2.  After this time the solution was

neutralised with Amberlite IR 120 (H+) resin, filtered and the solvent removed under

reduced pressure.  The residue was dissolved in EtOAc (100 mL), washed once with aq.

NaCl (100 mL), dried over Na2SO4, filtered and the solvent was removed under reduced

pressure to furnish 11-heneicosanyl thiol as a pale yellow oil (330 mg, 75 %).  The de-

S-acetylated product was used without further purification.  (TLC; Rf 0.70, hexane).  1H

NMR (300 MHz, CDCl3): δ  2.78 (m, 1 H, CH), 1.19–1.70 (m, 36 H, 18 x CH2), 0.88

(app t, 6 H, J 6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C

NMR (75.5 MHz, CDCl3): δ   41.2 (CH), 39.0, 31.9, 29.6, 29.6, 29.4, 29.3, 27.1, 22.7

(18 x CH2), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC). LRMS
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(ESI) compound failed to ionise using Bruker Esquire 3000. Micro-analysis: C21H44S;

C, 76.75 %; H, 13.49 %; Found: C, 76.60 %; H, 13.70 %.

1,3-Diphenyl-2-(p-toluenesulphonyl) propane (111)

1,3-Diphenyl-2-propanol (1.00 g, 4.72 mmol) and tosyl chloride (3.80 g, 20.02 mmol)

were dissolved in dry pyridine (10 mL) at 0 °C under N2.  4-Dimethylaminopyridine (10

mg, catalytic) was added and the mixture was stirred for 10 minutes at 0 °C under N2.

After this time the ice bath was removed and the mixture was stirred for a further 6 h at

rt under N2.  The solvent was then removed under reduced pressure, and the residue

dissolved in CH2Cl2.  The solution was washed with 1 M HCl (100 mL), and then with

sat. aq. NaHCO3 (100 mL) to neutrality.  The organic layer was dried over Na2SO4,

filtered, and solvent removed under reduced pressure.  The oil containing 1,3-Diphenyl-

2-(p-toluenesulphonyl) propane was used without further purification (TLC; Rf 0.44,

Hex-EtOAc 6:1).  1H NMR (300 MHz, CDCl3): δ  7.43 (m, 2 H, SPhCH3), 7.21 (m, 6 H,

2 x CH2Ph), 7.08 (m, 6 H, 2 H from SPhCH2 and 4 H from CH2Ph), 4.85 (quintet, 1 H, J

6.3 Hz, CH), 2.98 (dd, 2 H, J 6.4, J 14.1 Hz, (CH2Ph)A), 2.93 (dd, 2 H, J 6.1, J 14.1 Hz,

(CH2Ph)B), 2.38 (s, 3 H, SPhCH3) (assignments were confirmed by 1H-1H COSY);  13C

NMR (75.5 MHz, CDCl3): δ    129.6, 129.5, 128.4, 127.5, 126.6 (SPhCH3 and 2 x

CH2Ph), 84.6 (CH), 40.5 (2 x CH2Ph), 21.6 (SPhCH3) (assignments were confirmed by

1H-13C HMQC).  LRMS (ESI) m/z 389 [(M + Na)+ 100 %].



225

2-Bromo-1,3-diphenylpropane (112)

Lithium bromide (9.98 g, 0.114 mol) and 1,3-diphenyl-2-(p-toluenesulphonyl) propane

(crude, 4.27 g) were dissolved in dry acetone (50 mL) and stirred at reflux for 3 h under

N2.  After this time the solvent was removed under reduced pressure and the residue was

dissolved in EtOAc (100 mL).  The solution was washed once with aq. NaCl (100 mL)

and once with water (100 mL), dried over Na2SO4, and the solvent removed under

reduced pressure. The residue was chromatographed (Hexane. TLC; Rf 0.24) to furnish

2-Bromo-1,3-diphenylpropane as a clear oil (1.14 g).  1H NMR (300 MHz, CDCl3): δ

7.21-7.41 (m, 10 H, 2 x CH2Ph), 4.43 (m, 1 H, CH), 3.27 (dd, 2 H, J 5.8 Hz, J  14.4 Hz,

(CH2Ph)A), 3.19 (dd, 2 H, J 8.1 Hz, J  14.4 Hz, (CH2Ph)B) (assignments were confirmed

by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   138.5, 129.4, 128.5, 126.9 (2 x

CH2Ph), 57.1 (CH), 45.0 (2 x CH2Ph) (assignments were confirmed by 1H-13C HMQC).

LRMS (ESI) compound failed to ionise using Bruker Esquire 3000.

1,3-Diphenylpropanyl-2-thiolacetate (113)

2-Bromo-1,3-diphenylpropane (1.03 g, 3.54 mmol) and potassium thiolacetate (849 mg,

7.43 mmol) were dissolved in dry acetone (50 mL) and refluxed for 24 h under N2.
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After this time the solvent was removed under reduced pressure and the residue was

dissolved in EtOAc (100 mL).  The solution was washed once with aq. NaCl (100 mL)

and once with water (100 mL), dried over Na2SO4, and the solvent removed under

reduced pressure.  The residue was chromatographed (Hex-EtOAc 20:1, TLC; Rf 0.33

Hex-EtOAc 12:1) to furnish 1,3-diphenylpropanyl-2-thiolacetate as a peach coloured oil

(680 mg, 53 % over 3 steps from 1,3-Diphenyl-2-propanol). 1H NMR (300 MHz,

CDCl3): δ  7.21-7.37 (m, 10 H, 2 x CH2Ph), 4.04 (d quintets, 1 H, J 7.5, J 6.9 Hz, CH),

2.94 (ddd, J 7.7, J 6.9, J 14.1 Hz, 2 x CH2Ph), 2.27 (s, 3 H, SAc) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   195.4 (COCH3), 138.7,

134.5, 130.1, 129.3, 128.3, 126.6 (2 x CH2Ph), 47.1 (CH), 40.3 (2 x CH2Ph), 30.8

(COCH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 293 [(M +

Na)+ 100 %].  HRMS Calcd for C17H18NaOS  293.0976.  Found 293.0982.

1,3-Diphenyl-2-propanyl thiol (110)

To a solution of 1,3-Diphenylpropanyl-2-thiolacetate (425 mg, 1.49 mmol) in dry

MeOH (20 ml) was added NaOMe (2.23 mL, 1M solution in dry MeOH).  The reaction

was stirred at rt for 2 h under N2.  After this time the solution was neutralised with

Amberlite IR 120 (H+) resin, filtered and solvent removed under reduced pressure.  The

residue was dissolved in EtOAc (100 mL), washed once with aq. NaCl (100 mL), dried

over Na2SO4, filtered and the solvent was removed under reduced pressure. The residue

was chromatographed (Hex-EtOAc 20:1. TLC; Rf 0.75) to furnish 1,3-diphenyl-2-
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propanyl thiol as a pale yellow oil (287 mg, 79 %).  1H NMR (300 MHz, CDCl3): δ

7.21-7.40 (m, 10 H, 2 x CH2Ph), 3.44 (m, 1 H, CH), 3.09 (dd, 2 H, J 5.7, J 13.8 Hz,

(CH2Ph)A), 2.82 (dd, 2 H, J 8.5, J 13.8 Hz, (CH2Ph)B), 1.50 (d, 1 H, J 4.8 Hz, SH)

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ

139.1, 129.3, 128.5, 126.6 (2 x CH2Ph), 44.5 (CH2Ph), 43.6 (CH) (assignments were

confirmed by 1H-13C HMQC).  Micro-analysis: C15H16S; C, 78.90 %; H, 7.06 %; Found:

C, 79.19 %; H, 7.17 %.

Octyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside (124)

To a solution of 1-S-acetyl-2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranose (1.56 g,

2.39 mmol), and 1-bromooctane (824 µL, 4.77 mmol, 2 molar equiv.), in dry DMF (50

mL) under N2 was added diethylamine (745 µL, 7.17 mmol, 3 molar equiv.).  The

reaction was left to stir at rt for 4 h under Argon.  After this time the volatile

compounds were removed under reduced pressure.  The residue was then diluted in

EtOAc (100 mL), washed once with 0.5 M HCl (100 mL), twice with water (100 mL),

and dried over Na2SO4.  The solution was filtered and solvent removed under reduced

pressure.  The residue was chromatographed (hexane-EtOAc 6:1, Rf 0.40) to furnish

octyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside as a pale yellow syrup (1.30

g, 75 %).  1H NMR (300 MHz, CDCl3): δ  7.26-8.12 (m, 20 H, 4 x OCOPh), 6.09 (m, 1

H, H-5), 5.67 (dd, 1 H, J3,4 0.9, J3,2 4.1 Hz, H-3), 5.63 (s, 1 H, H-1), 5.55 (app t, 1 H,

J2,3≈2,1 1.4 Hz, H-2), 4.83 (dd, 1 H, J4,3 4.6, J4,5 3.9 Hz H-4), 4.75 (m, 2 H, H-6 and H-6'),

2.69 (m, 2 H, SCH2), 1.65 (apparent quintet, 2 H, J 7.5 Hz, S-CH2-CH2), 1.15-1.45 (m,

10 H, 5 x CH2), 0.89 (apparent t, 3 H, J 6.5, J 6.9 Hz, CH3) (assignments were
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confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   166.5, 166.1, 166.0,

165.8 (4 x OCOPh), 133.9, 133.8, 133.7, 133.5, 130.4, 130.4, 130.3, 130.1, 130.0,

129.9, 129.4, 129.3, 128.9, 128.8, 128.8, 128.7 (4 x OCOPh), 88.9 (C1), 83.3 (C2), 81.5

(C4), 78.3 (C3), 70.7 (C5), 63.9 (C6), 32.2 (S-CH2), 31.6 (S-CH2-CH2), 30.1, 29.6, 29.5,

29.3, 23.0 (5 x CH2), 14.5 (CH3) (assignments were confirmed by 1H-13C HMQC).

νmax/cm-1 3036, 2958, 2857, 1726, 1452, 1279, 1250, 1110.  LRMS (ESI) m/z 747 [(M +

Na)+ 100 %].  HRMS Calcd for C42H48NSO9  742.3050.  Found 742.3049

Decyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside (125)

To a solution of 1-S-acetyl-2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranose (820

mg, 1.25 mmol), and 1-bromodecane (260 µL, 1.25 mmol), in dry DMF (8 mL) under

N2 was added diethylamine (3 mL, excess). The reaction was left to stir at rt for 4 h.

After this time the volatile compounds were removed under reduced pressure.  The

residue was then diluted in EtOAc (100 mL), washed once with 0.5 M HCl (100 mL),

twice with water (100 mL), and dried over Na2SO4.  The solution was filtered and

solvent removed under reduced pressure.  The residue was chromatographed (hexane-

EtOAc 6:1, R f 0.45) to furnish decyl 2,3,5,6-tetra-O -benzoyl-1-thio-β-D-

galactofuranoside as a pale brown syrup (410 mg, 43 %).  1H NMR (300 MHz, CDCl3):

δ  7.26-8.12 (m, 20 H, 4 x OCOPh), 6.11 (m, 1 H, H-5), 5.69 (d, 1 H, J3,4 5.2 Hz, H-3),

5.63 (s, 1 H, H-1), 5.53 (app t, 1 H, J2,3≈2,1 1.4 Hz, H-2), 4.85 (app t, 1 H, J4,3≈4,5 4.6 Hz,

H-4), 4.78 (m, 2 H, H-6 and H-6'), 2.70 (m, 2 H, SCH2), 1.65 (apparent quintet, 2 H, J

7.5 Hz, S-CH2-CH2), 1.20-1.42 (m, 14 H, 7 x CH2), 0.89 (apparent t, 3 H, J 6.7 Hz,
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CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   

166.3, 166.0, 165.8, 165.7 (4 x OCOPh), 133.8, 133.6, 133.5, 133.3, 130.3, 130.2,

130.1, 130.0, 129.8, 129.7, 129.2, 129.2, 128.7, 128.7, 128.6 (4 x OCOPh), 88.8 (C1),

83.1 (C2), 81.3 (C4), 78.2 (C3), 70.5 (C5), 63.7 (C6), 32.2 (S-CH2), 31.5 (S-CH2-CH2),

29.9, 29.8, 29.8, 29.5, 29.4, 29.1, 22.9 (7 x CH2), 14.3 (CH3) (assignments were

confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 775 [(M + Na)+ 100 %].  HRMS Calcd

for C44H48NaO9S  775.2917.  Found 775.2917.

Octyl 1-thio-β-D-galactofuranoside (120)

To a solution of octyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside (413 mg,

0.57 mmol) in dry MeOH (20 mL), under N2 was added one equivalent of NaOMe (570

µL, 1M solution in dry MeOH).  The reaction was stirred for 1 h, at rt, under N2.  After

this time the solution was neutralised with Amberlite IR 120 (H+) resin, filtered, and

solvent removed under reduced pressure. The residue was chromatographed (EtOAc-

MeOH 10:1. TLC; Rf 0.43, EtOAc) to yield octyl 1-thio-β-D-galactofuranoside as a

white amorphous solid (160 mg, 91 %). 1H NMR (300 MHz, CD3OD): δ  5.02 (d, 1 H, J

4.6 Hz, H-1), 4.03 (dd, 1 H, J3,4 7.5, J3,2 4.9 Hz, H-3), 3.91 (dd, 1 H, J4,5 3.0, J4,3 7.5 Hz,

H-4), 3.87 (app t, 1 H, J2,3≈2,1 4.7 Hz, H-2), 3.72 (m, 1 H, H-5), 3.60 (m, 2 H, H-6 and H-

6'), 2.63 (m, 2 H, SCH2), 1.56-1.70 (m, 2 H, CH2 octyl chain), 1.23-1.47 (m, 10 H, 5 x

CH2, octyl chain), 0.89 (app t, 3 H, J 7.0, J 6.5 Hz, CH3) (assignments were confirmed

by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD): δ   90.8 (C-1), 83.9 (C-2), 82.9 (C-

4), 78.4 (C-3), 72.2 (C-5), 64.7 (C-6), 33.0 (SCH2), 32.0, 31.1, 30.4, 30.3, 30.0, 23.7 (6
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x CH2 octyl chain), 14.4 (CH3) (assignments were confirmed by 1H-13C HMQC).

LRMS (ESI) m/z 331 [(M + Na)+ 100 %].  Micro-analysis: C14H28O5S; C, 54.52 %; H,

9.15 %.  Found: C, 54.34 %; H, 9.32 %.

Decyl 1-thio-β-D-galactofuranoside (121)

To a solution of decyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside (300 mg,

0.41 mmol) in dry MeOH (20 mL), under N2 was added one equivalent of NaOMe (410

µL, 1M solution in dry MeOH).  The reaction was stirred for 2 h, at rt, under N2.  After

this time the solution was neutralised with Amberlite IR 120 (H+) resin, filtered, and the

solvent removed under reduced pressure.  The residue was diluted in water (50 mL) and

extracted with CH2Cl2 (50 mL).  The aqueous layer was evaporated under reduced

pressure to furnish decyl 1-thio-β-D-galactofuranoside as a white amorphous solid (99

mg, 74 %).  (TLC; Rf 0.73, EtOAc-EtOH 7:2)  1H NMR (300 MHz, CD3OD): δ  4.99 (d,

1 H, J1,2 4.5 Hz, H-1), 4.00 (dd, 1 H, J3,4 7.4, J3,2 4.6 Hz, H-3), 3.88 (dd, 1 H, J4,5 3.2, J4,3

7.4 Hz, H-4), 3.84 (app t, 1 H, J2,3≈2,1 4.7 Hz, H-2), 3.68 (m, 1 H, H-5), 3.57 (m, 2 H, H-

6 and H-6'), 2.60 (m, 2 H, SCH2), 1.60 (m, 2 H, J 7.4 Hz, SCH2CH2), 1.17-1.42 (m, 14

H, 7 x CH2), 0.86 (t, 3 H, J 6.8 Hz, CH3) (assignments were confirmed by 1H-1H

COSY). 13C NMR (75.5 MHz, DMSO): δ   90.7 (C-1), 83.9 (C-2), 82.8 (C-4), 78.3 (C-

3), 72.1 (C-5), 64.6 (C-6), 31.1, 32.0, 31.1, 30.7, 30.5, 30.4, 30.0  (9 x CH2), 14.5 (1 x

CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 359 [(M +

Na)+ 33 %] 242 (100). Micro-analysis: C16H32O5S.MeOH; C, 55.40 %; H, 9.85 %;

Found: C, 55.34 %; H, 9.48 %.
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Hexadecyl 1-thio-β-D-galactofuranoside (122)

To a solution of hexadecyl 2,3,5,6-tetra-O-benzoyl-1-thio-β-D-galactofuranoside (230

mg, 0.28 mmol) in dry MeOH (20 mL), under N2, was added one equivalent of NaOMe

(280 µL, 1M solution in dry MeOH).  The reaction was stirred for 2 h, at rt, under N2.

After this time the solution was neutralised with Amberlite IR 120 (H+) resin, filtered,

and the solvent removed under reduced pressure.  The residue was chromatographed

(EtOAc, R f 0.52) to furnish hexadecyl 1-thio-β-D-galactofuranoside as a white

amorphous solid (92 mg, 81 %).  1H NMR (300 MHz, CD3OD): δ  4.99 (d, 1 H, J1,2 4.5

Hz, H-1), 4.01 (dd, 1 H, J3,4 7.4, J3,2 4.8 Hz, H-3), 3.88 (dd, 1 H, J4,5 3.2, J4,3 7.4 Hz, H-

4), 3.84 (app t, 1 H, J2,3≈2,1 4.7 Hz, H-2), 3.69 (m, 1 H, H-5), 3.57 (d, 2 H, J 6.2 Hz, H-6

and H-6'), 2.60 (m, 2 H, SCH2), 1.60 (app quintet, 2 H, J 7.4 Hz, SCH2CH2), 1.18-1.42

(m, 26 H, 13 x CH2), 0.86 (t, 3 H, J 6.8 Hz, CH3) (assignments were confirmed by 1H-

1H COSY). 13C NMR (75.5 MHz, DMSO): δ   88.8 (C-1), 82.2 (C-2), 81.2 (C-4), 76.3

(C-3), 70.1 (C-5), 62.7 (C-6), 31.3, 30.2, 29.5, 29.0, 28.7, 28.6, 28.3, 22.1 (15 x CH2),

14.0 (1 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 443

[(M + Na)+ 100 %].  Micro-analysis: C22H44O5S.H2O; C, 60.24 %; H, 10.57 %; Found:

C, 60.28 %; H, 10.31 %.
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Octyl S,S-dioxo-(2,3,5,6-tetra-O-benzoyl)-1-thio-β-D-galactofuranoside (127)

Octyl (2,3,5,6-tetra-O-benzoyl)-1-thio-β-D-galactofuranoside (730 mg, 1.01 mmol) was

dissolved in dry DCM (50 ml).  mCPBA (530 mg, 3.03 mmol, 3 molar equiv.) was then

added, and the mixture was refluxed for 2 h.  After this time the mixture was diluted to

200 mL with DCM and quenched with sat. aq. NaHCO3 (100 mL).  The organic layer

was dried over Na2SO4 and the residue was then chromatographed  (hexane-EtOAc 4:1.

TLC; R f 0.25) to furnish Octyl S,S-dioxo-(2,3,5,6-tetra-O-benzoyl)-1-thio-β-D-

galactofuranoside as a clear syrup (700 mg, 92 %).   1H NMR (300 MHz, CDCl3): δ

7.26 - 8.15 (m, 20 H, 4 x CO2Ph), 6.29 (app t, 1 H, J 2,3≈2,1 2.1 Hz, H-2), 6.00 (m, 1 H,

H-5), 5.83 (dd, 1 H, J3,4 5.0, J3,2 2.0 Hz, H-3),  5.27 (d, 1 H, J1,2 2.3 Hz, H-1), 5.06 (app

t, 1 H, J 4,5≈4,3  4.8 Hz, H-4), 4.77 (m, 2 H, H-6 and H-6'), 3.12 (m, 2 H, S(O)2CH2), 1.84

(m, 2 H, CH2, octyl chain), 1.18-1.44 (m, 10 H, 5 x CH2, octyl chain), 0.88 (app t, 3 H, J

6.5, J 7.0 Hz, CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5

MHz, CDCl3): δ   166.0, 165.7, 165.6, 164.9 (4 x CO2Ph), 133.7, 133.7, 133.5, 133.3,

133.2, 129.9, 129.7, 129.3, 129.2, 128.7, 128.5, 128.5, 128.4 (CO2Ph), 94.7 (C-1), 85.1

(C-4), 78.2 (C-3), 77.4 (C-2), 70.1 (C-5), 63.0 (C-6), 50.5 (S(O)2CH2), 31.7, 28.9, 28.9,

28.5, 22.6, 21.5 (6 x CH2, octyl chain), 14.1 (CH3) (assignments were confirmed by 1H-

13C HMQC). νmax/cm-1 3056, 2930, 2859, 1730, 1453, 1265, 1109.  LRMS (ESI) m/z 779

[(M + Na)+ 100 %].  HRMS Calcd for C42H44NaO11S  779.2502.  Found 779.2488.
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Octyl S,S-dioxo-(2,3,5,6-tetra-O-tert-butyldimethylsilyl)-1-thio-β-D-

galactofuranoside (145)

Octyl S,S-dioxo-1-thio-β-D-galactofuranoside (150 mg, 0.44 mmol) was suspended in

dry DCM (5 ml).  TBDMS-triflate (1.01 mL, 4.40 mmol, 10 molar equiv.) together with

2,6-lutidine (256 µL, 2.20 mmol, 5 molar equiv.) was then added and the mixture was

stirred at rt for 20 h under N2.  After this time the mixture was diluted to 50 mL with

DCM and washed with brine (50 mL).  The organic layer was dried over Na2SO4 and

the residue was then chromatographed  (hexane-EtOAc 20:1. TLC; Rf 0.40) to furnish

Octyl S,S-dioxo-(2,3,5,6-tetra-O-tert-butyldimethylsilyl)-1-thio-β-D-galactofuranoside

as a clear syrup (312 mg, 89 %).   1H NMR (300 MHz, CDCl3): δ  4.73 (app t, 1 H, J

2,3≈2,1 2.8 Hz, H-2), 4.65 (d, 1 H, J 3.0 Hz, H-1), 4.36 (dd, 1 H, J3,4 5.4, J3,2 2.7 Hz, H-3),

4.29 (dd, 1 H, J4,5 3.5, J4,3 5.4 Hz, H-4), 3.81 (m, 1 H, H-5), 3.63 (m, 2 H, H-6 and H-6'),

3.03 (m, 2 H, S(O)2CH2), 1.71-1.93 (m, 2 H, 1 x CH2 octyl chain), 1.20-1.48 (m, 10 H, 5

x CH2 octyl chain), 0.91 (m, 3 H, CH3 octyl chain), 0.88 (m, 36 H, 4 x SiC(CH3)3), 0.11

(m, 24 H, 4 x Si(CH3)2) (assignments were confirmed by 1H-1H COSY);  13C NMR

(75.5 MHz, CDCl3): δ  97.9 (C-1), 87.6 (C-4), 80.9 (C-3), 79.9 (C-2), 72.3 (C-5), 64.6

(C-6), 49.8 (S(O)2CH2), 31.7, 29.1, 29.0, 28.7, 22.6, 21.2 (6 x CH2 octyl chain), 26.0,

25.8, 25.7 (4 x SiC(CH3)3), 18.4, 18.3, 17.9, 17.8 (4 x SiC(CH3)3), 14.1 (CH3), -3.8, -4.1,

-4.1, -4.6, -4.6, -5.0, -5.3, -5.4 (4 x Si(CH3)2) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 819 [(M + Na)+ 100 %].  HRMS Calcd for C38H84NaO7SSi4

819.4913.  Found 819.4919.
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Octyl S,S-dioxo-1-thio-β-D-galactofuranoside (128)

To a solution of octyl (2,3,5,6-tetra-O-benzoyl)-S,S-dioxo-1-thio-β-D-galactofuranoside

(660 mg, 0.87 mmol) in dry MeOH (20 mL), was added one equivalent of NaOMe (870

µL, 1M solution in dry MeOH).  The reaction was stirred for 1 h, at rt, under Argon.

After this time the solution was neutralised with Amberlite IR 120 (H+) resin, filtered,

and the solvent removed under reduced pressure. The residue was chromatographed

(EtOAc-MeOH 20:1. TLC; R f 0.29, EtOAc) to yield octyl S,S-dioxo-1-thio-β-D-

galactofuranoside as a white amorphous solid (218 mg, 73 %). 1H NMR (300 MHz,

CD3OD): δ  4.72 (d, 1 H, J 5.2 Hz, H-1), 4.61 (dd, 1 H, J2,3 6.0, J2,1 5.3 Hz, H-2), 4.17

(dd, 1 H, J3,4 8.6, J3,2 6.1 Hz, H-3), 4.05 (dd, 1 H, J4,5 2.8, J4,3 8.6 Hz, H-4), 3.70 (m, 1 H,

H-5), 3.60 (m, 2 H, H-6 and H-6'), 3.13 (m, 2 H, S(O)2CH2), 1.81 (m, 2 H, CH2 octyl

chain), 1.24-1.52 (m, 10 H, 5 x CH2, octyl chain), 0.90 (m, 3 H, CH3) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CD3OD): δ   95.9(C-1), 85.0 (C-4),

78.2 (C-3), 77.3 (C-2), 71.6 (C-5), 64.2 (C-6), 50.6 (S(O)2CH2), 32.9, 30.2, 30.2, 29.6,

23.7, 22.4 (6 x CH2 octyl chain), 14.4 (CH3) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 363 [(M + Na)+ 100 %].  Micro-analysis: C14H28O7S; C,

49.39 %; H, 8.29 %; Found: C, 49.35 %; H, 8.48 %.
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Octyl 2,3,5,6-tetra-O-benzoyl-α/β-D-galactofuranose (129)

To a stirred solution of 1,2,3,5,6-penta-O-benzoyl-α/β-D-galactofuranose (1.76 g, 2.51

mmol) in dry DCM (20 mL) at 0 °C, under Ar, was added tin tetrachloride (0.40 mL,

excess).  After 10 minutes 1-octanol (0.80 mL, excess) was added and the reaction left

to stir for 1 h at 0 °C, under Ar.  After this time the reaction was diluted to 200 mL with

EtOAc and quenched with sat. aq. NaHCO3 (100 mL).  The layers were separated and

the organic layer was washed once with sat. aq. NaHCO3 (100 mL) and once with sat.

aq. NaCl (100 mL).  The organic phase was then dried over Na2SO4, filtered, and the

solvent removed under reduced pressure.  The resulting syrup was chromatographed

(hexane-EtOAc 4:1, R f 0.53) to furnish Octyl 2,3,5,6-tetra-O -benzoyl-α/β-D-

galactofuranose as a thick, clear syrup (1.46 g, 87 %).  1H NMR (300 MHz, CDCl3): δ

(α/β 1:3 mix) β anomer: 7.26-8.15 (m, 20 H, 4 x OCOPh), 6.07 (m, 1 H, H-5), 5.62 (d,

1 H, J 5.2 Hz, H-3), 5.46 (bs, 1 H, H-1), 4.68-4.84 (m, 2 H, H-6 and H-6’), 4.64 (dd, 1

H, J4,5 3.5, J4,3 5.1 Hz, H-4), 3.69-3.78 (m, 1-H, OCH2), 3.47-3.58 (m, 1-H, OCH2),

0.91-1.70 (m, 12 H, 6 x CH2 octyl chain), 0.86 (app t, 3 H, J 6.3, J 6.9 Hz, CH3). α

anomer: 7.26-8.15 (m, 20 H, 4 x OCOPh), 6.25 (app t, 1 H J6.7, J 6.3 Hz, H-3), 5.81

(m, 1 H, H-5), 5.41-5.49 (m, 2 H, H-2 and H-1), 4.57-4.84 (m, 3 H, H-6, H-6’ and H-4),

3.81-3.90 (m, 1 H, OCH2), 3.31-3.42 (m, 1-H, OCH2), 0.91-1.70 (m, 12 H, 6 x CH2

octyl chain), 0.82 (app t, 3 H, J 6.8, J 7.2 Hz, CH3) (assignments were confirmed by 1H-

1H COSY); 13C NMR (75.5 MHz, CDCl3): δ β anomer: 166.1, 165.8, 165.7, 165.5 (4 x

OCOPh), 133.5, 133.3, 133.2, 133.1, 130.0, 130.0, 130.0, 129.8, 129.7, 129.5, 129.1,

129.0, 128.4, 128.4, 128.3, 128.3 (4 x OCOPh), 105.6 (C1), 82.1 (C2), 81.2 (C4), 77.6



236

(C3), 70.3 (C5), 67.7 (OCH2), 63.5 (C6), 31.8, 29.5, 29.4, 29.3, 26.2, 22.7  (6 x CH2

octyl chain), 14.1 (CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI)

m /z 731 [(M + Na)+ 100 %].  HRMS Calcd for C42H44NaO10  731.2832.  Found

731.2851.

n-Octyl β-D-galactofuranoside (130)

Prepared according to Ferrieres et al.213

To a solution of D-Galactose (3.6 g, 20 mmol) in THF (30 mL) at 0 ºC was added 1-

octanol (30 mmol, 4.72 mL), CaCl2 (20 mmol, 2.22 g) and FeCl2 (60 mmol, 9.72 g) and

the reaction was stirred for 72 h at rt.  After this time the solvent was removed under

reduced pressure. The residue was dissolved in EtOAc (100 mL) and was washed with

5 % HCl (3 x 50 mL) followed by water (2 x 50 mL). The organic layer was separated

and dried over MgSO4.  The residue was recrystallised from diethyl ether to yield n-

Octyl β-D-galactofuranoside as white crystals (670 mg, 11 %).   1H NMR (300 MHz,

CD3OD): δ  4.83 (d, 1 H, J 1.9 Hz, H-1), 3.99 (dd, 1 H, J3,4 6.7, J3,2 4.0 Hz, H-3), 3.92

(dd, 1 H, J2,3  4.1, J2,1 2.0 Hz, H-2), 3.89 (m, 1 H, H-4), 3.65-3.74 (m, 2 H, H-5 and

OCH2), 3.60 (m, 2 H, H-6 and H-6'), 3.40 (m, 1 H, OCH2), 1.57 (m, 2 H, CH2), 1.20-

1.42 (m, 10 H, 5 x CH2), 0.89 (m, 3 H, CH3) (assignments were confirmed by 1H-1H

COSY);  13C NMR (75.5 MHz, CD3OD): δ   109.4 (C-1), 84.0 (C-4), 83.5 (C-2), 78.7

(C-3), 72.4 (C-5), 68.9 (OCH2), 64.6 (C-6), 33.1, 30.8, 30.6, 30.5, 27.3, 23.8 (6 x CH2

octyl chain), 14.5 (CH3) (assignments were confirmed by 1H-13C HMQC). m.p. 98-101 º

C. Acquired data was in accordance to that given in the literature.213



237

2,3,5,6-Tetra-O-benzoyl-β-D-galactofuranosyl isothiocyanate  (136)

Prepared according to Marino et al.57

To a stirred solution of 1,2,3,5,6-penta-O-benzoyl-α/β-D-galactofuranose (2.10 g, 3.0

mmol), in dry DCM (15 mL) at 0 °C under N2, was added bromotrimethyl silane (4.0

mL, 30.3 mmol).  The ice bath was removed and the reaction was stirred for 24 h at rt

under N2.  After this time the solvent was removed under reduced pressure, and the

residue was dissolved in dry acetone (10 mL).  Potassium thiocyanate (0.87 g, 9.0

mmol) was added and the reaction was stirred for 2 h at rt, under N2.  After this time the

solvent was evaporated under reduced pressure, and the residue was dissolved in EtOAc

(100 mL).  The solution was washed once with aq. NaCl (100 mL), dried over Na2SO4,

and the solvent removed under reduced pressure.  The residue was bonded to silica

(dissolved in EtOAc and evaporated in the presence of silica) and chromatographed

(silica, hexane-EtOAc 4:1. TLC; Rf 0.44 Hex-EtOAc 4:1) to furnish 2,3,5,6-tetra-O-

benzoyl-β-D-galactofuranosyl isothiocyanate as a white crystals (750 mg, 40 %).  1H

NMR (300 MHz, CDCl3): δ  7.26-8.15 (m, 20 H, 4 x OCOPh), 6.10 (m, 1 H, H-5), 5.75

(d, 1 H, J3,4 4.3 Hz, H-3), 5.73 (s, 1 H, H-1), 5.59 (s, 1 H, H-2), 4.86 (app t, 1 H, J4,5≈4,3

4.3 Hz, H-4), 4.79 (dd, 1 H, J6,5 4.5, J6,6' 12.0 Hz, H-6), 4.73 (dd, 1 H, J6',5 6.8, J6',6 12.0

Hz, H-6') (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3): δ  166.0, 165.7, 165.3 (4 x OCOPh), (NCS – peak not detected), 133.8, 133.8,

133.7, 133.4, 133.1, 130.1, 130.0, 129.9, 129.7, 129.4, 129.3, 128.5, 128.5, 128.4, 128.2

(CO2Ph), 89.4 (C-1), 84.1 (C-4), 82.5 (C-2), 76.9 (C-3), 70.1 (C-5), 63.3 (C-6)
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(assignments were confirmed by 1H-13C HMQC). m.p. 141-145 °C.  LRMS (ESI) m/z

660 [(M + Na)+ 100 %]. Acquired data was in accordance to that given in the

literature.57

2,3,5,6-Tetra-O-acetyl-β-D-galactofuranosyl isothiocyanate (137)

To a stirred solution of 1,2,3,5,6-penta-O-acetyl-β-D-galactofuranose (2.20 g, 5.64

mmol), in dry DCM (20 mL) at 0 °C under N2, was added bromotrimethyl silane (7.44

mL, 56.40 mmol).  The ice bath was removed and the reaction was stirred for 24 h at rt

under N2.  After this time the solvent was removed under reduced pressure, and the

residue was dissolved in dry acetone (15 mL).  Potassium thiocyanate (1.65 g, 16.99

mmol) was added and the reaction was stirred for 2 h at rt, under N2.  After this time the

solvent was evaporated under reduced pressure, and the residue was dissolved in EtOAc

(100 mL).  The solution was washed once with aq. NaCl (100 mL), dried over Na2SO4,

and the solvent removed under reduced pressure.  The residue was chromatographed

(silica, hexane-EtOAc 2:1. TLC; Rf 0.40 Hex-EtOAc 2:1) to furnish 2,3,5,6-tetra-O-

acetyl-β-D-galactofuranosyl isothiocyanate as a clear syrup (1.10 g, 50%).  1H NMR

(300 MHz, CDCl3): δ  2.07, 2.13, 2.14, 2.16 (4 x s, 12 H, 4 x OCOCH3), 4.19 (dd, 1 H,

J6’,6 11.9, J6’,5 6.9 Hz, H-6’), 4.35 (dd, 1 H, J6,6’ 11.9, J6,5 4.5 Hz, H-6), 4.42 (app t, 1 H,

J4,5≈4,3 4.5 Hz, H-4), 5.06 (bd, 1 H, J 4.3 Hz, H-3), 5.15 (bs, 1 H, H-2), 5.42 (m, 2 H, H-5

and H-1) (assignments were confirmed by 1H-1H COSY);  LRMS (ESI) m/z 412 [(M +

Na)+ 100%].
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N,N-Dioctyl-N'-(2,3,5,6-tetra-O-acetyl-β-D-galactofuranosyl) thiourea (140)

To a solution of 2,3,5,6-tetra-O-acetyl-β-D-galactofuranosyl isothiocyanate (200 mg,

0.50 mmol) in dry toluene (5 mL) , was added dioctylamine (226 µL, 0.75 mmol), and

the mixture was stirred for 2 h at rt under N2.  After this time the solvent was removed

under reduced pressure and the residue chromatographed (Hex-EtOAc 2:1. TLC; Rf

0.70, Hex-EtOAc 4:3) to furnish N,N-dioctyl-N'-(2,3,5,6-tetra-O -acetyl-β-D-

galactofuranosyl) thiourea as a pale yellow syrup (200 mg, 62 %).  1H NMR (300 MHz,

CDCl3): δ  0.88 (app t, 6 H, J 6.4 and 7.0 Hz, 2 x CH3), 1.27 (m, 20 H, 10 x CH2), 1.64

(m, 4 H, 2 x CH2), 2.05, 2.09, 2.11, 2.15 (4 x s, 12 H, 4 x OCOCH3), 3.39-3.80 (m, 4 H,

N[(CH2)2]), 3.91 (dd, 1 H, J3,4 1.8, J3,2 8.4 Hz, H-3), 4.08 (dd, 1 H, J6’,6 12.2, J6’,5 6.8 Hz,

H-6’), 4.43 (dd, 1 H, J6,6’ 12.2, J6,5 3.4 Hz, H-6’), 5.09 (bs, 1 H, H-4), 5.35 (m, 2 H, H-2

and H-5), 6.10 (d, 1 H, JNH,1 8.8 Hz, NH), 6.75 (dd, 1 H, J1,2 4.4, J1,NH 8.8 Hz, H-1);  13C

NMR (75.5 MHz, CDCl3): δ  14.1 (2 x CH3), 20.7, 20.8 (4 x OCOCH3), 22.6, 27.0,

27.3, 29.3, 29.4, 31.8 (14 x CH2), 62.9 (C-6), 70.4 (C-5), 74.7 (C-2), 76.6 (C-4), 80.3

(C-3), 86.5 (C-1), 168.6, 169.7, 171.0 (4 x OCOCH3).  LRMS (ESI) m/z 653 [(M + Na)+

100%].
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N,N-Didecyl-N'-(2,3,5,6-tetra-O-benzoyl-β-D-galactofuranosyl) thiourea (139)

To a solution of 2,3,5,6-tetra-O-benzoyl-β-D-galactofuranosyl isothiocyanate (200 mg,

0.31 mmol) in dry toluene (5 mL) , was added didecylamine (154 mg, 0.52 mmol), and

the mixture was stirred for 2 h at rt under Ar.  After this time the solvent was removed

under reduced pressure and the residue chromatographed (toluene-EtOAc 20:1. TLC; Rf

0.47, Tol-EtOAc 20:1) to furnish N,N-didecyl-N'-(2,3,5,6-tetra-O-benzoyl-β-D-

galactofuranosyl) thiourea as a pale yellow syrup (210 mg, 71 %).  1H NMR (300 MHz,

CDCl3): δ  7.26-8.25 (m, 20 H, 4 x OCOPh), 7.07 (dd, 1 H, J1,2 3.8, J1,NH 8.5 Hz, H-1),

6.37 (d, 1 H, JNH,1 8.9 Hz, NH), 6.05 (m, 1 H, H-5), 5.94 (d, 1 H, J2,1 3.7 Hz, H-2), 5.75

(s, 1 H, H-3), 4.98 (d, 1 H, J6,6' 11.9 Hz, H-6), 4.69 (dd, 1 H, J6',6 12.3, J6',5 6.1 Hz, H-6'),

4.44 (d, 1 H, J4,5 8.8 Hz, H-4), 3.68 (broad s, 2 H, NCH2), 3.41 (broad s, 2 H, NCH2),

1.54 (broad s, 4 H, 2 x CH2), 1.05-1.40 (m, 28 H, 14 x CH2), 0.90 (t, 6 H, J 6.9 Hz, 2 x

CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ

179.9 (C=S), 166.8, 166.1, 165.5, 164.3 (4 x OCOPh), 133.8, 133.7, 133.4, 133.1,

130.0, 129.9, 129.9, 129.6, 129.4, 128.7, 128.6, 128.4, 128.3 (4 x OCOPh), 87.2 (C-1),

80.8 (C-4), 77.7 (C-2), 75.0 (C-3), 71.6 (C-5), 63.7 (C-6), 31.9, 29.5, 29.3, 27.2, 26.9,

22.7 (18 x CH2), 14.2, 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).

νmax/cm-1 3056, 2928, 2857, 1727, 1532, 1282, 1250, 1109. LRMS (ESI) m/z 958 [(M +

Na)+ 100 %] 936 (23).  HRMS Calcd for C55H70N2NaO9S  957.4700.  Found 957.4685.
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N,N'-Dioctyl-N'-(α/β-D-galactofuranosyl) thiourea (132)

To a solution of N,N-dioctyl-N'-(2,3,5,6-tetra-O-acetyl-β-D-galactofuranosyl) thiourea

(130 mg, 0.21 mmol) in dry MeOH (10 mL) was added one equivalent of NaOMe (210

µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 30 min. under N2.

After this time the solution was neutralised with Amberlite IR 120 (H+) resin, filtered

and the solvent removed under reduced pressure.  The residue was chromatographed

(EtOAc. TLC; R f 0.44, EtOAc-MeOH 20:1) to furnish N,N-dioctyl-N'-(α/β-D-

galactofuranosyl) thiourea as a white amorphous solid (80 mg, 82%, β/α 5:2 mixture).

1H NMR (300 MHz, CD3OD): δ   β/α 5:2 mixture. 6.19 (m, H-1β and Η−1 α), 4.14 (m,

H-3β and H-3α), 4.04 (app t, J4,5β=4,3β 2.9 Hz, H-4β), 4.00 (m, H-2β and H-2α), 3.82 (dd,

J4,5α 2.7, J4,3α 4.3 Hz, H-4α), 3.72 (m, H-5β, H-5α and H-6α), 3.50-3.66 (m, 2 x NCH2β

and 2 x NCH2α, Η−6'β and Η−6'α), 1.53-1.70 (m, 2 x CH2β and 2 x CH2α)  1.22-1.39

(m, 10 xCH2β and 10 x CH2α), 0.89 (m, 2 xCH3β and 2 x CH3α). 13C NMR (75.5 MHz,

MeOD): δ  13.8 (2 x CH3), 22.0, 23.5, 26.5, 28.0, 30.0, 30.1, 30.1, 31.7 (12 x CH2),

63.5 (N(CH2)2), 72.4 (C-5), 78.2 (C-3), 79.6 (C-2), 85.8 (C-4), 92.0 (C-1), 181.0 (C=S).

LRMS (ESI) m/z 485 [(M + Na)+ 100%].
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N,N'-Didecyl-N'-(α/β-D-galactofuranosyl) thiourea (106)

To a solution of N,N-didecyl-N'-(2,3,5,6-tetra-O-benzoyl-β-D-galactofuranosyl)

thiourea (150 mg, 0.16 mmol) in dry MeOH (20 mL) was added one equivalent of

NaOMe (160 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 1.5 h

under N2.  After this time the solution was neutralised with Amberlite IR 120 (H+) resin,

filtered and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc. TLC; Rf 0.47, EtOAc-Tol 4:1) to furnish N,N-didecyl-N'-

(α/β-D-galactofuranosyl) thiourea as a white amorphous solid (60 mg, 72 %, β/α 2:1

mixture). 1H NMR (300 MHz, CD3OD): δ   β/α 2:1 mixture. 6.13 (d, J 2.1 Hz, H-1α),

6.12 (d, J 4.8 Hz, H-1β), 4.06 (m, H-3β and H-3α), 3.98 (app t, J4,5β≈4,3β 2.9 Hz, H-4β),

3.93 (m, H-2β and H-2α), 3.75 (dd, J4,5α 2.7, J4,3α 4.3 Hz, H-4α), 3.64 (m, H-5β, H-5α

and H-6α), 3.42-3.60 (m, 2 x NCH2β and 2 x NCH2α, Η−6'β and Η−6'α), 1.49-1.64 (m,

2 x CH2β and 2 x CH2α)  1.13-1.31 (m, 14 xCH2β and 14 x CH2α), 0.82 (t, 2 xCH3β and

2 x CH3α) (assignments were confirmed by 1H-1H COSY). 13C NMR (75.5 MHz,

CD3OD): δ  181.0 (C=S), 92.0 (C-1), 85.8 (C-4), 79.6 (C-2), 78.2 (C-3), 72.4 (C-5),

63.7 (N(CH2)2), 32.7, 30.3, 30.3, 30.1, 28.0, 27.5, 23.4 (8 x CH2), 14.1 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 542 [(M + Na)+ 100

%].  HRMS Calcd for C27H54NaO5N2S  541.3651.  Found 541.3655.
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1,2,3,5,6-Penta-O-acetyl-β-D-glucofuranose (156)

Prepared according to Furneaux et al.158

To a solution of D-glucose (5.0 g,27.8 mmol) in glacial acetic acid (100 mL) was added

boric acid (3.8 g, 60.7 mmol), and the mixture was stirred for 1 h at 50 °C.  After this

time acetic anhydride (100 mL) was added and the mixture was stirred for a further 16 h

at 50 °C.  Methanol (20 mL) was added and the solvent was partially removed under

reduced pressure to a volume of 100 mL.  Methanol (10 mL) was again added and the

solvent was partially removed under reduced pressure to a volume of 50 mL.  Acetic

anhydride (100 mL) and pyridine (100 mL) were added to the mixture and the solution

was stirred for 2 h at 20 °C.  After this time, ice (200g) was added and the solution

stirred for 1 h.  The solution was then extracted with chloroform (3 x 150 mL) and the

combined organic portions were washed with HCl (2 M, 100 mL) and then water (100

mL).  The organic layer was dried over MgSO4 and the solvent was removed under

reduced pressure.  The residue was chromatographed (hexane-EtOAc 1:1. TLC; Rf 0.26,

Hex-EtOAc 2:1) to furnish 1,2,3,5,6-penta-O-acetyl-β-D-glucofuranose as a clear syrup

(8.0 g, 74 %). 1H NMR (300 MHz, CDCl3): δ  6.12 (s, 1 H, H-1), 5.42 (d, 1 H, J3,4 4.8

Hz, H-3), 5.28 (ddd, 1 H, J5,6 2.5, J5,6' 5.1, J5,4 9.3 Hz, H-5), 5.11 (s,1 H, H-2), 4.61 (dd,

1 H, J6',6 12.3, J6',5 2.4 Hz, H-6), 4.54 (dd, 1 H, J4,5 9.3, J4,3 4.8 Hz, H-4), 4.09 (m, 1 H,

H-6), 2.00-2.13 (5 x s, 15 H, 5 x OCOCH3) (assignments were confirmed by 1H-1H

COSY). LRMS (ESI) m/z 413 [(M + Na)+ 100 %]. Acquired data was in accordance to

that given in the literature.158
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1-S-Acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranose (158)

To a stirred solution of 1,2,3,5,6-penta-O-acetyl-β-D-glucofuranose (1.99 g, 5.1 mmol)

in dry CH2Cl2 (20 mL) at 0 °C, under N2 was added tin tetrachloride (660 µL, 5.6

mmol). After 10 minutes thiolacetic acid (730 µL, 10.3 mmol) was added and the

reaction was stirred for 80 minutes at 0 °C under N2.  After this time the reaction was

diluted with sat. aq. NaHCO3 (150 mL) and EtOAc (150 mL).  The layers were

separated and the organic layer was washed once with sat. aq. NaHCO3 (150 mL) and

once with aq. NaCl (150 mL).  The organic phase was then dried over Na2SO4, filtered,

and the solvent removed under reduced pressure.  The residue was chromatographed

(hexane-EtOAc 2:1, TLC; Rf 0.38, Hex-EtOAc 2:1) to furnish 1-S-acetyl-2,3,5,6-tetra-

O-acetyl-1-thio-β-D-glucofuranose as a thick clear syrup (2.07 g, 72 %).  1H NMR (300

MHz, CDCl3): δ  5.91 (s, 1 H, H-1), 5.39 (d, 1 H, J3,4 3.8 Hz, H-3), 5.23 (ddd, 1 H, J5,6

2.4, J5,6' 4.9, J5,4 9.5 Hz, H-5), 5.17 (s, 1 H, H-2), 4.57 (dd, 1 H, J6,6' 12.3, J6,5 2.4 Hz, H-

6), 4.43 (dd, 1 H, J4,5 9.5, J4,3 3.8 Hz, H-4), 4.10 (m, 1 H, H-6'), 2.38 (s, 3 H, SCOCH3),

2.00-2.14 (4 x s, 12 H, OCOCH3) (assignments were confirmed by 1H-1H COSY);  13C

NMR (75.5 MHz, CDCl3): δ  192.7 (SCOCH3), 170.5, 169.6, 169.0 (4 x OCOCH3), 85.4

(C-1), 80.9 (C-2), 79.2 (C-4), 73.3 (C-3), 67.9 (C-5), 63.0 (C-6), 30.7 (SCOCH3), 20.7,

20.7, 20.7, 20.6 (4 x OCOCH3) (assignments were confirmed by 1H-13C HMQC).

LRMS (ESI) m/z 429 [(M + Na)+ 100 %].  HRMS Calcd for C16H22NaO10S  429.0831.

Found 429.0828.
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N,N-Dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranosyl) sulfenamide (159)

Method 1. To a solution of 1-S-acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranose

(375 mg, 0.92 mmol) in dry THF (20 mL) was added diethylbromomalonate (314 µL,

1.84 mmol, 2 molar equiv.) and the mixture was stirred for 10 minutes at rt under Ar.

Dioctylamine (1.12 mL, 3.69 mmol, 4 molar equiv.) was then added and the reaction

was stirred for 140 h at rt under Ar.  After this time the solvent was removed under

reduced pressure.  The residue was then diluted in EtOAc (100 ml) and the solution

washed twice with aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent

removed under reduced pressure.  The residue was chromatographed  (hexane-EtOAc

16:1, then hexane-EtOAc 4:1. TLC; Rf 0.74, hexane-EtOAc 2:1) to furnish N,N-dioctyl-

S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranosyl) sulfenamide as a pale yellow syrup

(175 mg, 26 %-starting material was recoverable).

Method 2. To a solution of 1-S-acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranose

(110 mg, 0.27 mmol) in dry MeOH (10 mL) was added diethylbromo malonate (181

µL, 0.54 mmol, 2 molar equiv.) and the mixture was stirred for 10 minutes at rt under

Ar.  Dioctylamine (326 µL, 1.08 mmol, 4 molar equiv.) was then added and the reaction

was stirred for 2 h at rt under N2.  After this time the solvent was removed under

reduced pressure.  The residue was then diluted in EtOAc (100 ml) and the solution

washed twice with aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent

removed under reduced pressure.  The residue was chromatographed  (hexane-EtOAc

16:1, then hexane-EtOAc 2:1. TLC; Rf 0.74, hexane-EtOAc 2:1) to furnish N,N-dioctyl-

S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranosyl) sulfenamide as a pale yellow syrup
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(89 mg, 54 %).  1H NMR (300 MHz, CDCl3): δ  5.32 (dd, 1 H, J3,4 4.1, J3,2 1.2 Hz, H-3),

5.27 (ddd, 1 H, J5,6 2.4, J5,6' 4.9, J5,4 9.3 Hz, H-5), 5.18 (d, 1 H, J1,2 2.7 Hz, H-1), 5.08

(dd, 1 H, J2,3 1.2, J2,1 2.7 Hz, H-2), 4.59 (dd, 1 H, J6,6' 12.3, J6,5 2.4 Hz, H-6), 4.31 (dd, 1

H, J4,5 9.3, J4,3 4.1 Hz, H-4), 4.16 (dd, 1 H, J6',6 12.3, J6',5 4.9 Hz, H-6'), 2.87 (broad t, 4

H, N(CH2)2), 2.00-2.12 (3 x s, 12 H, 4 x OCOCH3), 1.50-1.62 (m, 4 H, 2 x CH2), 1.20-

1.36 (m, 20 H, 10 x CH2), 0.88 (app t, 6 H, J 6.7 Hz, 2 x CH3) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ  170.6, 169.7, 169.4,

169.3 (4 x OCOCH3), 91.2  (C-1), 79.7  (C-2), 78.4 (C-4), 74.1 (C-3), 68.2 (C-5), 63.0

(C-6), 58.7 (N(CH2)2), 31.9, 29.5, 29.3, 28.3, 26.9, 22.7 (12 x CH2), 20.8, 20.7 (4 x

OCOCH3), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS

(ESI) m/z 627 [(M + Na)+ 100 %].  HRMS Calcd for C30H53NaNO9S  626.3336.  Found

626.3339.

N,N-Dioctyl-S-(3,5,6-tri-O-acetyl-1-thio-β-D-glucofuranosyl) sulfenamide (160)

To a solution of 1-S-acetyl-2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranose (110 mg,

0.27 mmol) in dry MeOH (10 mL) was added diethylbromo malonate (181 µL, 0.54

mmol, 2 molar equiv.) and the mixture was stirred for 10 minutes at rt under Ar.

Dioctylamine (326 µL, 1.08 mmol, 4 molar equiv.) was then added and the reaction was

stirred for 2 h at rt under N2.  After this time the volatile compounds were removed

under reduced pressure.  The residue was then diluted in EtOAc (100 ml) and the

solution washed twice with aq. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the

solvent removed under reduced pressure.  The residue was chromatographed  (hexane-
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EtOAc 16:1, then hexane-EtOAc 2:1. TLC; Rf 0.61, hexane-EtOAc 2:1) to furnish N,N-

dioctyl-S-(3,5,6-tri-O-acetyl-1-thio-β-D-glucofuranosyl) sulfenamide as a pale yellow

syrup (30 mg, 18 % - reaction side product).  1H NMR (300 MHz, CDCl3): δ  5.31 (m, 1

H, H-5), 5.06 (d, 1 H, J1,2 4.2 Hz, H-1), 5.01 (dd, 1 H, J3,4 4.5, J3,2 1.6 Hz, H-3), 4.58

(dd, 1 H, J6,6' 12.3, J6,5 2.4 Hz, H-6), 4.32 (dd, 1 H, J4,5 8.8, J4,3 4.5 Hz, H-4), 4.14 (dd, 1

H, J6',6 12.3, J6',5 5.2 Hz, H-6'), 4.03 (dd, 1 H, J2,3 1.5, J2,1 4.2 Hz, H-2), 2.83 (m, 4 H, 2 x

N(CH2)2), 2.06, 2.06, 2.00 (3 x s, 9 H, 3 x OCOCH3), 1.57 (m, 4 H, 2 x CH2), 1.25 (m,

20 H, 10 x CH2), 0.87 (app t, 6 H, J 6.7 Hz, 2 x CH3);  13C NMR (75.5 MHz, CDCl3): δ

171.0, 170.7, 169.7 (3 x OCOCH3), 92.1 (C-1), 79.0  (C-2), 78.5 (C-3), 77.5 (C-4), 68.5

(C-5), 63.1 (C-6), 58.7 (N(CH2)2), 31.9, 29.7, 29.5, 29.4, 28.3, 27.6, 26.9, 22.7 (12 x

CH2), 20.8, 20.8, 20.8 (3 x OCOCH3), 14.1 (2 x CH3).  LRMS (ESI) m/z 584 [(M + Na)+

100 %].

N,N-Dioctyl-S-(1-thio-β-D-glucofuranosyl) sulfenamide  (149)

To a solution of N,N-dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranosyl)

sulfenamide (140 mg, 0.23 mmol) in dry MeOH (10 ml) was added one equivalent of

NaOMe (230 µL, 1M solution in dry MeOH).  The reaction was stirred for 15 minutes

at rt under N2.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc. TLC; Rf 0.29, EtOAc-hexane 4:1) to yield N,N-dioctyl-S-(1-

thio-β-D-glucofuranosyl) sulfenamide as a white amorphous solid (45 mg, 45 %).  1H

NMR (300 MHz, CD3OD): δ  4.92 (d, 1 H, J 2.6 Hz, H-1), 3.98 (m, 2 H, H-2 and H-3),
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3.87 (m, 2 H, H-4 and H-5), 3.72 (m, 1 H, H-6), 3.55 (dd, 1 H, J6',6 16.8, J6',5 5.5 Hz, H-

6'), 2.82 (m, 4 H, 2 x NCH2), 1.47-1.61 (m, 4 H, 2 x CH2), 1.16-1.33 (m, 20 H, 10 x

CH2), 0.83 (app t, J 6.5 Hz, J 6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H

COSY).  LRMS (ESI) m/z 458 [(M + Na)+ 24 %] 242 (100) 436 (8). HRMS Calcd for

C22H45NaNO5S  458.2916.  Found 458.2906.

N,N-Dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranosyl) sulfonamide (161)

N,N-Dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranosyl) sulfenamide (89 mg,

0.15 mmol) was dissolved in DCM (10 ml).  mCPBA (78 mg, 0.45 mmol, 3 molar

equiv.) was then added, and the mixture was refluxed for 2 h.  After this time the

mixture was diluted to 50 mL with DCM and quenched with NaHCO3 (50 mL).  The

organic layer was separated and dried over Na2SO4.  The residue was then

chromatographed  (hexane-EtOAc 2:1, TLC; Rf 0.56) to furnish N,N-Dioctyl-S-(2,3,5,6-

tetra-O-acetyl-1-thio-β-D-glucofuranosyl) sulfonamide as a clear syrup (67 mg, 72 %).

1H NMR (300 MHz, CDCl3): δ  5.57 (app t, 1 H, J2,3≈2,1 2.4 Hz, H-2),  5.33 (m, 2 H, H-3

and H-5), 4.77 (d, 1 H, J1,2 2.5, H-1), 4.57 (dd, 1 H, J6,6’ 12.4, J6,5 2.2 Hz, H-6), 4.40 (dd,

1 H, J4,5 9.1, J4,3 4.1 Hz, H-4), 4.13 (dd, 1 H, J6’,6 12.4, J6’,5 4.8 Hz, H-6’), 3.22 (m, 4 H,

N(CH2)2), 2.13, 2.10, 2.08, 2.00 (4 x s, 12 H, 4 x OCOCH3), 1.48-1.65 (m, 4 H, 2 x CH2,

dioctyl chain), 1.19-1.37 (m, 20 H, 10 x CH2, dioctyl chain), 0.88 (app t, 6 H, J 6.2 and

6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3): δ   170.5, 169.5, 169.5, 168.6 (4 x OCOCH3), 94.4 (C-1), 79.9 (C-4), 78.1 (C-

2), 74.3 (C-3), 67.5 (C-5), 62.8 (C-6), 48.3 (N(CH2)2), 31.8, 29.3, 29.2, 29.0, 26.7, 22.6
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(12 x CH2, dioctyl chain), 20.7, 20.1 (4 x OCOCH3), 14.1 (2 x CH3) (assignments were

confirmed by 1H-13C HMQC). [α]D
25 -52.1° (c1. CH2Cl2). νmax/cm-1 2958, 2858, 1752,

1467, 1372, 1228, 1156, 1046. LRMS (ESI) m/z 658 [(M + Na)+ 100 %] 242 (67).

HRMS Calcd for C30H53NNaO11S  658.3237.  Found 658.3238.

N,N-Dioctyl-S-(1-thio-β-D-glucofuranosyl) sulfonamide (151)

To a solution of N,N-dioctyl-S-(2,3,5,6-tetra-O-acetyl-1-thio-β-D-glucofuranosyl)

sulfonamide (45 mg, 0.07 mmol) in dry MeOH (5 ml), was added one equivalent of

NaOMe (70 µL, 1M solution in dry MeOH).  The reaction was stirred at rt for 15 min.

under Argon.  After this time the solution was neutralised with Amberlite IR 120 (H+)

resin, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (EtOAc.  TLC; Rf 0.58, EtOAc) to yield N,N-dioctyl-S-(1-thio-β-D-

glucofuranosyl) sulfonamide as a white amorphous solid (28 mg, 85 %).  1H NMR (300

MHz, CD3OD): δ   δ  4.70 (d, 1 H, J1,2 1.8 Hz, H-1),  4.49 (bs, 1 H, H-2), 4.12 (m, 1 H,

H-3), 4.09 (m, 1 H, H-4), 4.34 (m, 1 H, H-5), 3.77 (dd, 1 H, J6,6’ 11.6, J6,5 2.8 Hz, H-6),

3.61 (dd, 1 H, J6’,6 11.5, J6’,5 5.7 Hz, H-6’), 3.13-3.38 (m, 4 H, N(CH2)2), 1.52-1.67 (m, 4

H, 2 x CH2, dioctyl chain), 1.23-1.39 (m, 20 H, 10 x CH2, dioctyl chain), 0.90 (app t, 6

H, J 6.3 and 7.0 Hz, 2 x CH3)  (assignments were confirmed by 1H-1H COSY);  13C

NMR (75.5 MHz, CD3OD): δ  98.5 (C-1), 84.6 (C-4), 80.1 (C-2), 78.3 (C-3), 70.4 (C-

5), 65.1 (C-6), 49.8 (N(CH2)2), 33.0, 30.4, 30.4, 30.2, 27.7, 23.7 (12 x CH2, dioctyl

chain), 14.5 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI)



250

m/z 490 [(M + Na)+ 100 %].  Micro-analysis: C22H45NO7S.2/3 H2O; C, 55.09 %; H, 9.74

%; N, 2.92 %; Found: C, 55.12 %; H, 9.95 %; N, 2.95 %.

1,2,3-tri-O-acetyl-5-O-(tert-Butyldiphenylsilyl)-α/β-D-arabinofuranose (168)

D-Arabinose (2.00 g, 13.3 mmol) was suspended in dry pyridine (40 mL) and stirred at

0 °C under N2.  tert-Butyldiphenylsilyl Chloride (4.16 mL, 15.9 mmol, 1.2 molar

equiv.) was added dropwise over 5 minutes, and the reaction was left to stir at 2-4 °C

for 12 h under N2.  After this time the solvent was removed under reduced pressure.

The resulting oil was diluted to 100 mL with EtOAc and washed with water (100 mL)

and then with brine (100 mL).  The organic layer was dried over Na2SO4 and the solvent

removed under reduced pressure.  The oil was re-suspended in dry pyridine (20 mL)

and cooled to 0 °C under N2.   Acetic anhydride (20 mL, excess) was added and the

reaction was allowed to stir at 0 °C for 1 h under N2.  The ice bath was then removed

and the reaction was allowed to stir at rt for 18 h under N2.  After this time the solvent

removed under reduced pressure.  The residue was chromatographed (Hex-EtOAc 4:1.

TLC; Rf 0.45) to furnish a 3:2 α /β  mixture of 1,2,3-tri-O-acetyl-5-O-(tert-

butyldiphenylsilyl)-α/β-D-arabinofuranose as a clear syrup (4.04 g, 59 %).  1H NMR

(300 MHz, CDCl3): δ  7.33-7.22 (m, 10 H, SiPh), 6.37 (d, 1 H, J1,2 4.7 Hz, H-1β), 6.19

(bs, 1 H, H-1α), 5.63 (dd, 1 H, J3,4 6.1, J3,2 7.2 Hz, H-3β), 5.38 (m, 1 H, H-3α), 5.33 (dd,

1 H, J2,1 4.8, J2,3 7.2 Hz, H-2β), 5.21 (app d, 1 H, J 1.6 Hz, H-2α), 4.24 (dd, 1 H, J 4.0, J

8.8 Hz, H-4α), 4.12 (m, 1 H, H-4β), 3.87 (m, 2 H, H-5α and H-5'α), 3.81 (m, 2 H, H-5β

and H-5'β), 2.02-2.13 (6 x s, 18 H, 6 x OAc α and β), 1.07 (bs, 18 H, tert-butyl α and β)
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(assignments were confirmed by 1H-1H COSY).  13C NMR (75.5 MHz, CDCl3): δ 170.0,

169.9, 169.7, 169.5, 169.4 (6 x OCOCH3), 135.6, 135.6, 133.2, 133.1, 133.0, 129.8,

129.8, 127.7 (Si(Ph)2),  99.6 (C-1α), 93.6 (C-1β), 84.9 (C-4α), 81.7 (C-4β), 81.4 (C-

2α), 76.7 (C-3α),  75.6 (C-2β), 75.1 (C-3β), 64.4 (C-5β), 62.7 (C-5α), 26.7 (SiC(CH3)),

21.1, 21.0, 20.9, 20.8, 20.7, 20.5  (6 x OCOCH3), 19.3, 19.3 (SiC(CH3)) (assignments

were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 537 [(M + Na)+ 100 %].  HRMS

Calcd for C27H34NaO8Si  537.1921.  Found 597.1919.

1-S-acetyl-2,3-di-O-acetyl-5-O-(tert-butyldiphenylsilyl)-1-thio-α-D-arabinofuranose

(170)

5-O-(tert-Butyldiphenylsilyl)-1,2,3-tri-O-acetyl-α/β-D-arabinofuranose (2.10 g, 4.08

mmol) in dry DCM (20 mL) at 0 °C, under Ar was added BF3.OEt2 (1.2 equivalents,

4.90 mmol). After 10 minutes thiolacetic acid (1.5 equivalents, 433 mL, 6.12 mmol)

was added and the reaction was stirred for 5 h at room temperature under Ar.  After this

time the reaction was diluted with EtOAc (150 mL) and sat. aq. NaHCO3 (150 mL).

The layers were separated and the organic layer was washed once with sat. aq. NaHCO3

(150 mL) and once with aq. NaCl (150 mL).  The organic phase was then dried over

Na2SO4, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (hexane-EtOAc 3:1, TLC; Rf 0.30, Hex-EtOAc 4:1) to furnish 1-S-

acetyl-2,3-di-O-acetyl-5-O-(tert-butyldiphenylsilyl)-1-thio-α-D-arabinofuranose as a

clear syrup (1.88 g, 87 %).  1H NMR (300 MHz, CDCl3): δ  7.65-7.73 (m, 4 H, Si(Ph)2),

7.34-7.46 (m, 6 H, Si(Ph)2), 6.00 (bs, 1 H, H-1), 5.37 (m, 1 H, H-2),  5.25 (app t, 1 H, J
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3,4≈3,21.6 Hz, H-3), 4.14 (m, 1 H, H-4), 3.85 (m, 2 H, H-5 and H-5’), 2.39 (s, 3 H,

SCOCH3), 2.11 (s, 3 H, 1 x OCOCH3), 2.02 (s, 3 H, 1 x OCOCH3), 1.06 (s, 9 H, -

C(CH3)3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz,

CDCl3): δ 169.8, 169.7 (2 x OCOCH3), 135.7, 135.7, 133.0, 129.8, 127.8 (Si(Ph)2),

86.2 (C-1), 84.5 (C-4), 81.8 (C-3), 77.5 (C-2), 62.8 (C-5), 31.2 (SCOCH3), 26.7

(SiC(CH3)), 20.8, 20.8 (2 x OCOCH3), 19.3 (SiC(CH3)) (assignments were confirmed

by 1H-13C HMQC).  LRMS (ESI) m/z 553 [(M + Na)+ 100 %].  HRMS Calcd for

C27H34NNaO7SSi  553.1692.  Found 553.1685

1-S-Acetyl-2,3,5,-tri-O-acetyl-1-thio-α-D-arabinofuranose (171)

To a stirred solution of 1,2,3-tri-O -acetyl-5-O-(tert-butyldiphenylsilyl)-α/β-D-

arabinofuranose (1.17 g, 2.27 mmol) in dry CH2Cl2 (20 mL) at 0 °C, under N2 was

added tin tetrachloride (540 µL, 4.55 mmol). After 10 minutes thiolacetic acid (490 µL,

6.81 mmol) was added and the reaction was stirred for 2 h at 0 °C under N2.  After this

time the reaction was diluted with sat. aq. NaHCO3 (150 mL) and EtOAc (150 mL).

The layers were separated and the organic layer was washed once with sat. aq. NaHCO3

(150 mL) and once with aq. NaCl (150 mL).  The organic phase was then dried over

Na2SO4, filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (hexane-EtOAc 2:1, TLC; Rf 0.40) to furnish 1-S-acetyl-2,3,5,-tri-O-

acetyl-1-thio-α-D-arabinofuranose as a clear syrup (420 mg, 55 %).  1H NMR (300

MHz, CDCl3): δ  6.03 (bs, 1 H, H-1), 5.26 (app t, 1 H, J 2,3≈2,1 1.1 Hz, H-2), 5.05 (dd, 1

H, J3,4 2.9, J3,2 0.9 Hz, H-3), 4.37 (dd, J 2.9, J 10.0 Hz, H-5), 4.19-4.29 (m, 2 H, H-4 and
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H-5'), 2.40 (s, 3 H, SAc), 2.14 (s, 6 H, 2 x OAc), 2.10 (s, 3 H, OAc) (assignments were

confirmed by 1H-1H COSY); 13C NMR (75.5 MHz, CDCl3): δ 86.2 (C-1), 82.1 (C-4),

81.1 (C-2), 77.1 (C-3), 62.9 (C-5), 31.1 (SCOCH3), 20.8, 20.7 (3 x OCOCH3)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 357 [(M + Na)+ 100

%].  HRMS Calcd for C13H18NaO8S  357.0620.  Found 357.0625.

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-O-[tert-butyldiphenylsilyl]-1-thio-α-D-

arabinofuranosyl) sulfenamide (173)

1-S-acetyl-2,3-di-O-acetyl-5-O-(tert-butyldiphenylsilyl)-1-thio-α-D-arabinofuranose

(1.48 g, 2.79 mmol) was dissolved in dry MeOH (20 ml).  Diethylbromomalonate (938

µL, 5.58 mmol, 2 molar equiv.) was then added, and the mixture was stirred for 10

minutes at rt under argon.  Dioctylamine (3.36 mL, 11.15 mmol, 4 molar equiv.) was

then added and the reaction stirred for 3 h at rt under Ar.  After this time the solvent was

removed under reduced pressure.  The residue was then diluted in EtOAc (100 ml) and

washed twice with sat. NaCl (2 x 100 ml), dried over Na2SO4, filtered, and the solvent

removed under reduced pressure.  The residue was chromatographed  (hexane-EtOAc

6:1. TLC; Rf 0.70, hexane-EtOAc 4:1) to furnish N,N-Dioctyl-S-(2,3-di-O-acetyl-5-O-

[tert-butyldiphenylsilyl]-1-thio-α-D-arabinofuranosyl) sulfenamide as a pale yellow

syrup (1.67 g, 81 %).  1H NMR (300 MHz, CDCl3): δ  7.66-7.73 (m, 4 H, Si(Ph)2), 7.33-

7.47 (m, 6 H, Si(Ph)2), 5.44 (d, 1 H, J1,2 4.1 Hz, H-1), 5.34 (dd, 1 H, J3,4 5.4, J3,2 3.2 Hz,

H-3),  5.12 (dd, 1 H, J2,3 3.2, J2,1 4.0 Hz, H-2), 4.22 (m, 1 H, H-4), 3.85 (d, 2 H, J 3.9



254

Hz, H-5 and H-5’), 2.90 (m, 4 H, N(CH2)2), 2.05 (s, 6 H, 2 x OCOCH3), 1.18-1.63 (m,

24 H, 12 x CH2 dioctyl chain), 1.06 (s, 9 H, -C(CH3)3), 0.87 (m, 6 H, 2 x CH3)

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ 170.2,

169.9 (2 x OCOCH3), 135.7, 133.2, 133.1, 129.7, 129.7, 127.7, 127.7 (Si(Ph)2),  90.0

(C-1), 82.3 (C-4), 79.2 (C-2), 77.4 (C-3), 63.7 (C-5), 58.6 (N(CH2)2), 31.9, 29.7, 29.5,

29.4, 29.3, 28.6, 28.4, 27.4 (7 x CH2), 26.7 (SiC(CH3)), 20.8, 20.8 (2 x OCOCH3), 14.1

(2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 751 [(M

+ Na)+ 18 %], 382 (100).  HRMS Calcd for C41H65NNaO6SSi  750.4200.  Found

750.4205.

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-O-[tert-butyldiphenylsilyl]-1-thio-α-D-

arabinofuranosyl) sulfonamide (173)

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-O-[tert-butyldiphenylsilyl]-1-thio-α-D-

arabinofuranosyl) sulfenamide (1.10 g, 1.51 mmol) was dissolved in DCM (40 ml).

mCPBA (782 mg, 4.53 mmol, 3 molar equiv.) was then added, and the mixture was

refluxed for 14 h.  After this time the mixture was diluted to 80 mL with DCM and

quenched with NaHCO3 (80 mL).  The organic layer was dried over Na2SO4 the residue

was then chromatographed  (hexane-EtOAc 6:1, TLC; Rf 0.61, hexane-EtOAc 4:1) to

f u r n i s h  N,N-Dioctyl-S-(2,3-di-O-acetyl-5-O-[tert-butyldiphenylsilyl]-1-thio-α-D-

arabinofuranosyl) sulfonamide as a clear syrup (614 mg, 53 %).   1H NMR (300 MHz,

CDCl3): δ  7.65-7.71 (m, 4 H, Si(Ph)2), 7.34-7.47 (m, 6 H, Si(Ph)2), 5.85 (app t, 1 H, J

2,3≈2,1 3.4 Hz, H-2), 5.43 (dd, 1 H, J3,4 6.9, J3,2 3.6 Hz, H-3),  4.85 (d, 1 H, J1,2 3.3 Hz, H-
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1), 4.48 (m, 1 H, H-4), 3.83 (m, 2 H, H-5 and H-5’), 3.11-3.37 (m, 4 H, N(CH2)2), 2.08

(s, 3 H, 1 x OCOCH3), 2.07 (s, 3 H, 1 x OCOCH3), 1.51-1.68 (m, 4 H, 2 x CH2 dioctyl

chain), 1.17-1.39 (m, 20 H, 10 x CH2 dioctyl chain), 1.06 (s, 9 H, -C(CH3)3), 0.87 (m, 6

H, 2 x CH3) (assignments were confirmed by 1H-1H COSY). 13C NMR (75.5 MHz,

CDCl3): δ 170.2, 169.4 (2 x OCOCH3), 135.6, 135.6, 133.1, 133.0, 129.8, 129.8, 127.8,

127.7 (Si(Ph)2C(CH3)3),  93.8 (C-1), 84.7 (C-4), 78.6 (C-2), 77.3 (C-3), 62.9 (C-5), 48.2

(N(CH2)2), 31.8, 29.3, 29.2, 28.9, 26.7, 22.6 (14 x CH2), 26.7 (Si(Ph)2C(CH3)3), 20.8,

20.7 (2 x OCOCH3), 19.3 (Si(Ph)2C(CH3)3), 14.1 (2 x CH3) (assignments were

confirmed by 1H-13C HMQC). [α]D
25 +86.9° (c1. CH2Cl2). νmax/cm-1 3055, 2931, 2858,

1750, 1428, 1373, 1265. LRMS (ESI) m/z 242 [(HN(CH2)CH3 + H)+ 100 %], 519

[C25H32O8SSi]+ 8 %.  Micro-analysis: C41H65NO8SSi; C, 64.79 %; H, 8.62 %; N, 1.84 %;

Found: C, 64.67 %; H, 8.88 %; N, 1.62 %.

N,N-Dioctyl-S-(2,3-di-O-acetyl-1-thio-α-D-arabinofuranosyl) sulfonamide (174)

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-O-[tert-butyldiphenylsilyl]-1-thio-α-D-

arabinofuranosyl) sulfonamide (200 mg, 0.26 mmol) was dissolved in dry THF (5 ml).

TBAF (1.5 equiv., 0.39 mmol, 395 µL) and acetic acid (0.05 mL) were then added, and

the mixture was stirred at rt for 15 h under N2.  After this time more acetic acid (0.05

mL) was added and the reaction was stirred for a further 1 h.  The solvent was then

removed under reduced pressure and the residue was then chromatographed  (hexane-

EtOAc 3:2, TLC; Rf 0.3, hexane-EtOAc 2:1) to furnish N,N-Dioctyl-S-(2,3-di-O-acetyl-

1-thio-α-D-arabinofuranosyl) sulfonamide as a clear syrup (85 mg, 62 %).   1H NMR
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(300 MHz, CDCl3): δ  5.88 (app t, 1 H, J 2,3≈2,1 3.7 Hz, H-2), 5.28 (dd, 1 H, J3,4 2.4, J3,2

3.9 Hz, H-3),  4.82 (d, 1 H, J1,2 3.1 Hz, H-1), 4.46 (m, 1 H, H-4), 3.88 (dd, 1 H, J5,5’

12.7, J5,4 2.8 Hz, H-5), 3.73 (dd, 1 H, J5’,5 12.7, J5,4 3.5 Hz, H-5’), 3.23 (m, 4 H,

N(CH2)2), 2.11 (s, 6 H, 2 x OCOCH3), 1.50-1.63 (m, 4 H, 2 x CH2 dioctyl chain), 1.20-

1.35 (m, 20 H, 10 x CH2 dioctyl chain), 0.88 (app t, 6 H, J 6.3, J 7.0 Hz, 2 x CH3)

(assignments were confirmed by 1H-1H COSY); 13C NMR (75.5 MHz, CDCl3): δ  170.8,

169.3 (2 x OCOCH3), 93.3 (C-1), 84.3 (C-4), 78.3 (C-2), 76.6 (C-3), 61.0 (C-5), 48.1

(N(CH2)2), 31.8, 29.3, 29.2, 28.9, 26.7, 22.6 (12 x CH2 dioctyl chain), 20.8, 20.7 (2 x

OCOCH3), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS

(ESI) m/z 544 [(M + Na)+ 100 %].  Micro-analysis: C25H47NO8S; C, 57.55 %; H, 9.08

%; N, 2.68 %; Found: C, 57.72 %; H, 9.43 %; N, 2.66 %.

N,N-Dioctyl-S-1-thio-α-D-arabinofuranosyl sulfonamide (152)

N,N-Dioctyl-S-(2,3-di-O-acetyl-1-thio-α-D-arabinofuranosyl) sulfonamide (50 mg, 0.10

mmol) was dissolved in dry MeOH (5 ml).  NaOMe (1 equiv., 1 M, 96 µL, 0.10 mmol)

was then added, and the reaction was stirred at RT for 1.5 h under N2.  After this time

the solvent was removed and the residue was then chromatographed  (EtOAc:MeOH

10:1, TLC; Rf 0.45) to furnish N,N-Dioctyl-S-1-thio-α-D-arabinofuranosyl) sulfonamide

as a clear syrup (40 mg, 95 %).   1H NMR (300 MHz, CD3OD): δ  4.67 (d, 1 H, J 4.9

Hz, H-1), 4.52 (dd, 1 H, J2,3 5.8, J2,1 4.9 Hz, H-2),  4.04 (m, 1 H, H-4), 3.95 (dd, 1 H, J3,4

8.6, J3,2 5.8 Hz, H-3), 3.77 (dd, 1 H, J5,5’ 12.4, J5,4 2.5 Hz, H-5), 3.60 (dd, 1 H, J5’,5 12.4,

J5’,4 4.7 Hz, H-5’), 3.14-3.37 (m, 4 H, N(CH2)2), 1.51-1.68 (m, 4 H, 2 x CH2 dioctyl
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chain), 1.22-1.39 (m, 20 H, 10 x CH2 dioctyl chain), 0.90 (app t, 6 H, J 6.4, J 7.0 Hz, 2 x

CH3) (assignments were confirmed by 1H-1H COSY); 13C NMR (75.5 MHz, CD3OD): δ

96.0 (C-1), 85.9 (C-4), 79.9 (C-2), 78.1 (C-3), 62.0 (C-5), 48.5 (N(CH2)2), 33.0, 30.4,

30.3, 27.7, 23.7 (12 x CH2 dioctyl chain), 14.5 (2 x CH3) (assignments were confirmed

by 1H-13C HMQC).  LRMS (ESI) m/z 460 [(M + Na)+ 100 %].  HRMS Calcd for

C21H43NaNO6S  460.2716.  Found 460.2709.  Micro-analysis: C21H43NO6S.MeOH; C,

56.26 %; H, 10.09 %; N, 2.98 %; Found: C, 55.99 %; H, 10.52 %; N, 3.03 %.

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-succinyloxy-1-thio-α-D-arabinofuranosyl)

sulfonamide (205)

N,N-Dioctyl-S-(2,3-di-O-acetyl-1-thio-α-D-arabinofuranosyl) sulfonamide (295 mg,

0.57 mmol) was dissolved in dry THF/ether 1:2 (18 ml) and was cooled to 0 °C under

argon.  DCHA (1.2 equiv., 0.68 mmol, 136 µL) and succinic anhydride (1.2 equiv., 0.68

mmol, 68 mg) were then added, and the mixture was stirred at 2-4 °C for 18 h under

argon.  After this time the solvent was evaporated under reduced pressure and the

residue dissolved in EtOAc (50 mL) and washed with 10% citric acid solution.  The

organic layer was evaporated and the residue was then chromatographed  (hexane-

EtOAc 1:1 to hexane-EtOAc 1:5, TLC; Rf 0.5, hexane-EtOAc 1:1) N,N-Dioctyl-S-(2,3-

di-O-acetyl-5-succinyloxy-1-thio-α-D-arabinofuranosyl) sulfonamide as white crystals

(250 mg, 71 %).   1H NMR (300 MHz, CDCl3): δ  5.82 (dd, 1 H, J2,3 3.6, J2,1 3.2 Hz, H-

2), 5.19 (dd, 1 H, J3,4 7.2, J3,2 3.6 Hz, H-3),  4.82 (d, 1 H, J1,2 3.0 Hz, H-1), 4.61 (m, 1 H,

H-4), 4.58 (dd, 1 H, J5,5’ 12.3, J5,4 3.1 Hz, H-5), 4.23 (dd, 1 H, J5’,5 12.3, J5',4 5.0 Hz, H-
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5’), 3.23 (m, 4 H, N(CH2)2), 2.68 (m, 4 H, C(O)(CH2)2COOH), 2.11 (s, 3 H, 1 x

OCOCH3), 2.10 (s, 3 H, 1 x OCOCH3), 1.57 (m, 4 H, 2 x CH2 dioctyl chain), 1.27 (m,

20 H, 10 x CH2 dioctyl chain), 0.87 (app t, 6 H, J 6.4, J 7.0 Hz, 2 x CH3) (assignments

were confirmed by 1H-1H COSY); 13C NMR (75.5 MHz, CDCl3): δ   176.5

(C(O)(CH2)2COOH),  171.5 (C(O)(CH2)2COOH), 170.3, 169.3 (2 x OCOCH3), 93.3 (C-

1), 81.6 (C-4), 78.1 (C-3), 77.1 (C-2), 62.6 (C-5), 48.2 (N(CH2)2), 31.8, 29.2, 29.2, 28.6,

26.7, 22.6 (12 x CH2 dioctyl chain), 29.0, 28.7 (C(O)(CH2)2COOH), 20.7 (2 x

OCOCH3), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS

(ESI) m/z 644 [(M + Na)+ 100 %].  HRMS Calcd for C29H51NaNO11S  644.3081.  Found

644.3077.

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-succinyl-[{3-pyridylmethyl}amino]-1-thio-α-D-

arabinofuranosyl) sulfonamide (206)

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-succinyloxy-1-thio-α-D-arabinofuranosyl)

sulfonamide (110 mg, 0.18 mmol) was dissolved in dry DMF (5 ml) and was cooled to

0 °C under argon.  HOBt (0.22 mmol, 34 mg), 3-(aminomethyl)-pyridine (0.27 mmol,

27 µL) and EDC.HCl (0.27 mmol, 51 mg) were added and the mixture was stirred at rt

for 18 h under argon.  After this time the solvent was evaporated under reduced pressure

and the residue was then chromatographed  (EtOAc neat, TLC; Rf 0.39) to furnish N,N-

Dioctyl-S-(2,3-di-O-acetyl-5-succinyl-[{3-pyridylmethyl}amino]-1-thio-α-D-

arabinofuranosyl) sulfonamide as an amorphous transparent solid (110 mg, 86 %).   1H
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NMR (300 MHz, CDCl3): δ  8.52 (m, 2 H, NC5H4-aromatic), 7.64 (m, 1 H, NC5H4-

aromatic), 7.28 (m, 1 H, NC5H4-aromatic), 5.82 (app t, 1 H, J 3.6 and J 3.2 Hz, H-2),

5.19 (dd, 1 H, J3,4 7.1, J3,2 4.0 Hz, H-3),  4.83 (d, 1 H, J1,2 3.1 Hz, H-1), 4.61 (m, 1 H, H-

4), 4.47 (dd, 2 H, J 1.2 and J 5.9 Hz, NC5H4-CH2), 4.36 (dd, 1 H, J5,5’ 12.4, J5,4 3.2 Hz,

H-5), 4.23 (dd, 1 H, J5’,5 12.4, J5',4 5.0 Hz, H-5’), 3.23 (m, 4 H, N(CH2)2), 2.76 (m, 2 H, 1

x C(O)(CH2)2C(O)), 2.53 (m, 2 H, 1 x C(O)(CH2)2C(O)), 2.11 (s, 3 H, 1 x OCOCH3),

2.09 (s, 3 H, 1 x OCOCH3), 1.57 (m, 4 H, 2 x CH2 dioctyl chain), 1.27 (m, 20 H, 10 x

CH2 dioctyl chain), 0.87 (app t, 6 H, J 6.5, J 7.0 Hz, 2 x CH3); 13C NMR (75.5 MHz,

CDCl3): δ  172.4, 171.3 (2 x C(O)(CH2)2C(O)), 170.3, 169.3 (2 x OCOCH3), 148.9,

148.7, 135.8, 134.1, 123.7 (NC5H4-aromatic) 93.3 (C-1), 81.6 (C-4), 78.1 (C-3), 78.1

(C-2), 62.6 (C-5), 48.2 (N(CH2)2), 41.1 NC5H4-CH2) 31.8, 29.2, 29.2, 29.0, 26.7, 22.6

(12 x CH2 dioctyl chain), 30.8, 29.2 C(O)(CH2)2C(O)), 20.7 (2 x OCOCH3), 14.1 (2 x

CH3).  LRMS (ESI) m/z 712 [(M + H)+ 100 %].  HRMS Calcd for C35H57NaN3O10S

734.3662.  Found 734.3644.

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-succinyl-[{3-pyridylmethyl}amino]-1-thio-α-D-

arabinofuranosyl) sulfonamide.hydrochloride salt (204)

N,N-Dioctyl-S-(2,3-di-O-acetyl-5-succinyl-[{3-pyridylmethyl}amino]-1-thio-α-D-

arabinofuranosyl) sulfonamide (30 mg, 0.04 mmol) was dissolved in dry ether (5 ml).

Hydrogen chloride in ether (2.0 M, 1 µL) was added and the mixture was stirred at rt for

5 minutes under argon.  After this time the solvent was evaporated under reduced

pressure to furnish N , N - D i o c t y l - S - (2 ,3 -d i -O - a c e t y l - 5 - s u c c i n y l - [ { 3 -
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pyridylmethyl}amino]-1-thio-α-D-arabinofuranosyl) sulfonamide.hydrochloride salt as

an amorphous transparent solid (31 mg, 100 %).   1H NMR (300 MHz, CD3OD): δ  8.78

(m, 2 H, NC5H4-aromatic), 8.58 (d, 1 H, J 8.0 Hz, NC5H4-aromatic), 8.07 (dd, 1 H, J 5.8

and 7.9 Hz, NC5H4-aromatic), 5.74 (app t, 1 H, J 3.6 and J 3.2 Hz, H-2), 5.19 (dd, 1 H,

J3,4 6.8, J3,2 3.6 Hz, H-3),  5.06 (d, 1 H, J1,2 3.2 Hz, H-1), 4.57 (m, 3 H, H-4 and NC5H4-

CH2), 4.38 (dd, 1 H, J5,5’ 12.2, J5,4 2.9 Hz, H-5), 4.24 (dd, 1 H, J5’,5 12.2, J5',4 5.0 Hz, H-

5’), 3.23 (m, 4 H, N(CH2)2), 2.57-2.76 (m, 4 H, C(O)(CH2)2C(O)), 2.10 (s, 3 H, 1 x

OCOCH3), 2.08 (s, 3 H, 1 x OCOCH3), 1.59 (m, 4 H, 2 x CH2 dioctyl chain), 1.27 (m,

20 H, 10 x CH2 dioctyl chain), 0.90 (app t, 6 H, J 6.4 and 6.9 Hz, 2 x CH3); 13C NMR

(75.5 MHz, CD3OD): δ  174.9, 174.1 (C(O)(CH2)2C(O)), 171.8, 171.1 (2 x OCOCH3),

146.8, 141.7, 141.5, 128.4 (NC5H4-aromatic) 94.4 (C-1), 83.3 (C-4), 79.2 (C-2), 78.8

(C-3), 64.0 (C-5), 41.1 (N(CH2)2), 33.0 NC5H4-CH2) 31.0, 30.4, 30.4, 29.9, 27.7, 23.8

(12 x CH2 dioctyl chain), 30.2 (C(O)(CH2)2C(O)), 20.7, 20.6 (2 x OCOCH3), 14.5 (2 x

CH3).  LRMS (ESI) m/z 712 [(M + H)+ 100 %].

9-Heptadecyl 2,3-di-O-acetyl-5-O-(tert-butyldiphenylsilyl)-1-thio-α-D-

arabinofuranoside (175)

5-O-(tert-Butyldiphenylsilyl)-1,2,3-tri-O-acetyl-α/β-D-arabinofuranose (1.83 g, 3.56

mmol) in dry DCM (40 mL) at 0 °C, under N2 was added BF3.OEt2 (1.2 equivalents,

541 µL, 4.27 mmol). After 10 minutes 9-Heptadecyl thiol (1.0 equivalents, 1.02 g, 3.56

mmol) was added and the reaction was stirred for 3 h at at 0 °C to room temperature

under N2.  After this time the reaction was diluted with DCM (75 mL) and washed with
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sat. aq. NaHCO3 (75 mL).  The layers were separated and the organic layer was washed

once with sat. aq. NaCl (75 mL).  The organic phase was then dried over Na2SO4,

filtered, and the solvent removed under reduced pressure.  The residue was

chromatographed (hexane-EtOAc 4:1, TLC; Rf 0.50, Hex-EtOAc 6:1) to furnish 9-

Heptadecyl 2,3-di-O-acetyl-5-O-(tert-butyldiphenylsilyl)-1-thio-α-D-arabinofuranoside

as a clear syrup (2.032 g, 79 %).  1H NMR (300 MHz, CDCl3): δ  7.66-7.73 (m, 4 H,

Si(Ph)2), 7.33-7.47 (m, 6 H, Si(Ph)2), 5.34 (d, 1 H, J 2.5 Hz, H-1), 5.29 (dd, 1 H, J3,4 5.6,

J3,2 2.1 Hz, H-3),  5.11 (app t, 1 H, J 2,3≈2,1 2.3 Hz, H-2), 4.26 (m, 1 H, H-4), 3.84 (d, 2 H,

J 3.9 Hz, H-5 and H-5’), 2.81 (m, 1 H, CH), 2.08 (s, 3 H, 1 x OCOCH3), 2.05 (s, 3 H, 1

x OCOCH3), 1.18-1.65 (m, 28 H, 14 x CH2), 1.06 (s, 9 H, -C(CH3)3), 0.87 (m, 6 H, 2 x

CH3) (assignments were confirmed by 1H-1H COSY). 13C NMR (75.5 MHz, CDCl3): δ

170.2, 169.9 (2 x OCOCH3), 135.7, 134.5, 134.3, 133.3, 133.2, 130.3, 129.7, 129.7,

127.9, 127.7, 127.7 (Si(Ph)2C(CH3)3),  87.2 (C-1), 82.8 (C-4), 82.1 (C-2), 77.4 (C-3),

63.2 (C-5), 46.3 (CH), 35.3, 34.7, 31.9, 29.6, 29.5, 29.3, 26.7, 22.7, (14 x CH2), 26.7

(Si(Ph)2C(CH3)3), 20.8 (2 x OCOCH3), 19.3 (Si(Ph)2C(CH3)3), 14.1 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC). [α]D
25 +65.8° (c1. CH2Cl2). νmax/cm-1

3055, 2931, 2857, 1745, 1265. LRMS (ESI) m/z 749 [(M + Na)+ 100 %].  Micro-

analysis: C42H66O6SSi; C, 69.38 %; H, 9.15 %; Found: C, 69.38 %; H, 9.26 %.

9-Heptadecyl 2,3-di-O-acetyl-1-thio-α-D-arabinofuranoside (176)

9 - H e p t a d e c y l  2 , 3 - d i -O-acetyl-5-O-(tert-butyldiphenylsilyl)-1-thio-α-D-

arabinofuranoside was dissolved in dry THF (40 ml).  TBAF (1.5 equiv., 3.72 mmol,
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3.77 mL) and acetic acid (250 µL) were then added, and the mixture was stirred at RT

for 15 h under N2.  After this time more acetic acid (250 µL) was added and the reaction

was stirred for a further 1 h.  The solvent was then evaporated and the residue was

chromatographed  (hexane-EtOAc 2:1, TLC; Rf 0.35, hexane-EtOAc 3:1) to furnish 9-

Heptadecyl 2,3-di-O-acetyl-1-thio-α-D-arabinofuranoside as a clear syrup (1.06 g, 87

%).    1H NMR (300 MHz, CDCl3):  5.33 (bs, 1 H, H-1), 5.14 (app t, 1 H, J 2,3≈2,1 1.8 Hz,

H-2), 5.06 (dd, 1 H, J3,4 5.8, J3,2 2.0 Hz, H-3),  4.24 (m, 1 H, H-4), 3.85 (ddd, 2 H, J5',5

12.2, J5'4 3.9, J5,4 3.4 Hz, H-5 and H-5’), 2.81 (m, 1 H, CH), 2.12 (s, 3 H, 1 x OCOCH3),

2.09 (s, 3 H, 1 x OCOCH3), 1.19-1.68 (m, 28 H, 14 x CH2), 0.88 (app t, 6 H, J 7.0, J 6.5

Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY).  13C NMR (75.5 MHz,

CDCl3): δ 170.6, 169.8 (2 x OCOCH3), 87.4 (C-1), 82.7 (C-2), 82.0 (C-4), 77.3 (C-3),

61.6 (C-5), 46.4 (CH), 35.3, 34.6, 31.9, 29.6, 29.5, 29.3, 26.7, 22.7, (14 x CH2), 20.8 (2

x OCOCH3), 14.1 (2 x CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS

(ESI) m/z 511 [(M + Na)+ 100 %].  HRMS Calcd for C26H48NaO6S  511.3069.  Found

511.3072.

9-Heptadecyl 1-thio-α-D-arabinofuranoside (153)

To a solution of 9-Heptadecyl 2,3-di-O-acetyl-1-thio-α-D-arabinofuranoside (550 mg,

1.13 mmol) in dry MeOH (20 ml), was added one equivalent of NaOMe (1.13 mL, 1M
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solution in dry MeOH).  The reaction was stirred at rt for 1 h under N2.  After this time

the solution was neutralised with Amberlite IR 120 (H+) resin, filtered, and the solvent

removed under reduced pressure.  The residue was chromatographed (EtOAc.  TLC; Rf

0.70, EtOAc) to yield 9-Heptadecyl 1-thio-α-D-arabinofuranoside as a clear syrup (411

mg, 90 %).  1H NMR (300 MHz, CD3OD):  5.08 (m, 1 H,  H-1), 3.93 (m, 1 H, H-4),

3.89 (m, 1 H, H-2), 3.88 (s, 1 H, H-3), 3.75 (dd, 1 H, J5,5' 12.1, J5,4 2.9 Hz, H-5), 3.65

(dd, 1 H, J5',5 12.1, J5',4 4.6 Hz, H-5'),  2.81 (m, 1 H, CH), 1.21-1.68 (m, 28 H, 14 x CH2),

0.90 (m, 6 H, 2 x CH3) (assignments were confirmed by 1H-1H COSY).  13C NMR (75.5

MHz, CD3OD): δ  90.2 (C-1), 84.8 (C-2), 83.8 (C-4), 78.4 (C-3), 62.4 (C-5), 47.0 (CH),

36.6, 36.1, 33.1, 30.7, 30.7, 30.6, 30.5, 27.8, 27.7, 23.8 (14 x CH2), 14.5 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 427 [(M + Na)+ 100

%]. Micro-analysis: C22H44O4S.MeOH;  C, 63.26 %; H, 11.08 %;  Found: C, 63.35 %;

H, 11.00 %.

9-Heptadecyl 5-sulfonato-1-thio-α-D-arabinofuranoside (197)

To a solution of 9-Heptadecyl 1-thio-α-D-arabinofuranoside (88 mg, 0.22 mmol) in dry

pyridine (10 ml) and was cooled to 0 °C.  Sulfur trioxide-pyridine complex (2 equiv.,

0.44 mmol, 60 mg) was added and the reaction was stirred at 2-4 °C for 50 h under N2.

After this time the reaction was quenched with NaHCO3, and the solvent was

evaporated.  The residue was chromatographed (EtOAc:MeOH 10:1  TLC; Rf 0.22) to

yield 9-Heptadecyl 5-sulfonato-1-thio-α-D-arabinofuranoside as a colourless amorphous

solid (20 mg, 18 %).  1H NMR (300 MHz, CD3OD): 5.07 (d, 1 H, J 4.2 Hz, H-1), 4.04-
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4.16 (m, 3 H, H-5’, H-5, and H-4), 3.94 (dd, 1 H, J3,4 6.9, J5,2 4.8 Hz, H-3), 3.87 (app t, 1

H, J2,3=2,1 4.5 Hz, H-2), 2.79 (m, 1 H, CH), 1.21-1.67 (m, 28 H, 14 x CH2), 0.89 (app t, 6

H, J 6.3, J 6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY).  13C NMR

(75.5 MHz, CD3OD): δ  88.8 (C-1), 84.4 (C-2), 81.5 (C-4), 78.6 (C-3), 67.9 (C-5), 46.9

(CH), 36.5, 36.0, 33.1, 30.8, 27.8, 27.6, 23.8 (14 x CH2), 14.3 (2 x CH3) (assignments

were confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 529 [(M + Na)+ 100 %]. HRMS

Calcd for C22H43Na2O7S2  529.2246.  Found 529.2244.

9-Heptadecyl 6-O-(N-BOC-alanyl)-1-thio-α-D-arabinofuranoside (201)

To a solution of 9-heptadecyl 1-thio-α-D-arabinofuranoside (100 mg, 0.25 mmol) in dry

DCM (5 mL) was added BOC protected alanine (1.5 equiv., 0.38 mmol, 71 mg) and

dimethylaminopyridine  (0.5 equiv., 0.12 mmol, 15 mg), and the mixture was cooled to

-78 °C under argon.  1,3-dicyclohexylcarbodiimide  (1.2 equiv., 0.30 mmol, 62 mg) was

added, and the reaction was allowed to warm to room temperature.  The reaction was

stirred at room temperature for 20 h under argon.  After this time the solvent was

evaporated.  The residue was chromatographed (hexane-EtOAc 1:1, TLC; Rf 0.25) to

yield 9-Heptadecyl 6-O-(N-BOC-alanyl)-1-thio-α-D-arabinofuranoside as a colourless

amorphous solid (44 mg, 30 %; 73 % based on recovered starting material).  1H NMR

(300 MHz, CD3OD): δ   5.07 (d, 1 H, J 4.0 Hz, H-1), 4.04-4.34 (m, 4 H, H-5, H-5’, ala-

CH and H-4), 3.89 (app t, 1 H, J 4.2 and 4.4 Hz, H-2), 3.82 (dd, 1 H, J3,4  7.4, J3,2 4.6 Hz,

H-3), 2.78 (m, 1 H, SCH), 1.20-1.65 (m, 40 H, 14 x CH2 heptadecane chain, OC(CH3)3

and ala-CH3), 0.89 (app t, 6 H, J 6.3, J 7.0 Hz, 2 x CH3);  13C NMR (75.5 MHz,
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CD3OD): δ  174.8 (BOC C=O), 171.0 (ala C=O), 90.2 (C-1), 84.5 (C-2), 80.8 (C-4),

79.1 (C-3), 65.3 (C-5), 50.6 (ala-CH), 47.2 (SCH), 36.6, 36.1, 35.8, 30.7, 30.6, 30.5,

27.8, 23.8 (14 x CH2 heptadecane chain), 33.1 (-OC(CH3)3), 28.8 (-OC(CH3)3),  17.9

(ala-CH3), 14.5 (2 x CH3).   LRMS (ESI) m/z 598 [(M + Na)+ 100 %]. HRMS Calcd for

C30H57NNaO7S  598.3753.  Found 598.3753.

9-Heptadecyl 6-O-(alanyl)-1-thio-α-D-arabinofuranoside - Trifluoroacetic acid salt

(199)

To a solution of 9-Heptadecyl 6-O-(N-BOC-alanyl)-1-thio-α-D-arabinofuranoside (15

mg, 0.03 mmol) in dry DCM (5 mL) at 0 °C under argon, was added trifluoroacetic acid

(100 µL). The reaction was allowed to warm to room temperature and was stirred for 2

h under argon.  After this time the solvent was co-evaporated with toluene to yield the

trifluoroacetic acid salt of 9-Heptadecyl 6-O-(alanyl)-1-thio-α-D-arabinofuranoside as a

white amorphous solid (17 mg, 94 %). (TLC; R f 0.1 EtOAc)  1H NMR (300 MHz,

CD3OD): δ   5.08 (d, 1 H, J 3.7 Hz, H-1), 4.42 (m, 2 H, H-5 and H-5’), 4.15 (m, 2 H, H-

4 and ala-CH), 3.93 (app t, 1 H, J2,3≈2,1 3.9 Hz, H-2) 3.84 (dd, 1 H, J3,4  7.3, J3,2 4.3 Hz, H-

3), 2.78 (m, 1 H, SCH), 1.21-1.66 (m, 31 H, 14 x CH2 heptadecane chain, ala-CH3),

0.89 (app t, 6 H, J 6.3 and 6.9 Hz, 2 x CH3);  13C NMR (75.5 MHz, CD3OD): δ  171.0

(ala C=O), (F3CCO2 and F3CCO2 peaks not detected), 90.5 (C-1), 84.5 (C-2), 80.8 (C-

4), 78.9 (C-3), 66.3 (C-5), 49.9 (ala-CH), 47.3 (SCH), 36.0, 33.1, 30.7, 30.6, 30.5, 27.7,

23.8 (14 x CH2 heptadecane chain), 16.3 (ala-CH3), 14.5 (2 x CH3).   LRMS (ESI) m/z

476 [(M - TFA-)+ 100 %].
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Cyclopentyl-N,N-dioctyl sulfenamide (177)

Sulfuryl chloride (5 mmol, 402 µL) was cooled to –78 °C.  Cyclopentyl mercaptan (5

mmol, 535 µL) was then added dropwise and the reaction was stirred under reduced

pressure (50 mm Hg) for 3 min. The mixture was then diluted to 5 mL with dry DCM

and transferred to a second round bottom flask containing dioctylamine (5 mmol, 1.511

mL) and triethylamine (5 mmol, 697 µL) in dry DCM (50 mL).  The mixture was left to

stir at 0 °C under N2 for 2 h.  After this time the solvent was evaporated and the residue

dissolved in DCM (100 mL) and washed with brine.  The organic layer was dried over

Na2SO4 and the solvent evaporated.  The residue was chromatographed on neutral

alumina support (Hexane neat. TLC; R f 0.51) to yield cyclopentyl-N,N-dioctyl

sulfenamide as a clear oil (1.119 g, 70 %).  1H NMR (300 MHz, CDCl3): δ  3.34 (m, 1

H, methine), 2.84 (app t, 4 H, J 7.3, J 7.5 Hz, N(CH2)2), 1.80-1.94 (m, 2H, 1 x CH2

cyclopentyl), 1.62-1.77 (m, 2 H, 1 x CH2 cyclopentyl), 1.40-1.62 (m, 8 H, 2 x CH2

cyclopentyl and 2 x CH2 dioctyl chain), 1.20-1.38 (m, 20 H, 10 x CH2 dioctyl chain),

0.88 (app t, 6 H, J 6.5, J 6.9 Hz, 2 x CH3) (assignments were confirmed by 1H-1H

COSY);  13C NMR (75.5 MHz, CDCl3): δ  59.0 (N(CH2)2), 47.2 (methine), 31.9 31.8,

29.6, 29.4, 28.5, 27.1, 24.9, 22.7 (4 x CH2 cyclopentyl and 12 x CH2 dioctyl chain), 14.1

(2 x CH3) (assignments were confirmed by 1H-13C HMQC). νmax/cm-1 2926, 2856, 1466,

1377, 1097.  LRMS (ESI) m/z 342 [(M + H)+ 32 %], 442 (100), 242 (75).  HRMS Calcd

for C21H44NS  342.3194.  Found 342.3192
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Cyclopentyl-N,N-dioctyl sulfonamide (191)

Cyclopentyl-N,N-dioctyl sulfenamide (124 mg, 0.36 mmol) was dissolved in dry DCM

(10 ml).  mCPBA (188 mg, 1.09 mmol, 3 molar equiv.) was then added, and the mixture

was refluxed for 20 h.  After this time the mixture was diluted to 50 mL with DCM and

quenched with sat. aq. NaHCO3 (50 mL).  The organic layer was dried over Na2SO4 the

residue was then chromatographed on neutral alumina (hexane-EtOAc 7:1) to furnish

cyclopentyl-N,N-dioctyl sulfonamide as a clear oil (116 mg, 85 %).   1H NMR (300

MHz, CDCl3): δ  3.41 (quintet, 1 H, J 8.1 Hz, methine), 3.19 (app t, 4 H, J 7.7, J 7.8 Hz,

N(CH2)2), 1.90-2.08 (m, 4H, 2 x CH2 cyclopentyl), 1.72-1.88 (m, 2 H, 1 x CH2

cyclopentyl), 1.49-1.68 (m, 6 H, 1 x CH2 cyclopentyl and 2 x CH2 dioctyl chain), 1.19-

1.38 (m, 20 H, 10 x CH2 dioctyl chain), 0.88 (app t, 6 H, J 6.5, J 6.9 Hz, 2 x CH3)

(assignments were confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   61.7

(methine), 47.5 (N(CH2)2), 31.8, 29.3, 29.2, 28.9, 28.1, 26.8, 25.7, 22.6 (4 x CH2

cyclopentyl and 12 x CH2 dioctyl chain), 14.1 (2 x CH3) (assignments were confirmed

by 1H-13C HMQC). νmax/cm-1 2930, 2858, 1467, 1318, 1137.  LRMS (ESI) m/z 396 [(M

+ Na)+ 100 %].  Micro-analysis: C21H43NO2S; C, 67.51 %; H, 11.60 %; N, 3.75 %;

Found: C, 67.73 %; H, 11.95 %; N, 3.72 %.

Cyclopentyl-N,N-dibenzyl sulfenamide (187)
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Sulfuryl chloride (5 mmol, 402 µL) was cooled to –78 °C.  Cyclopentyl mercaptan (5

mmol, 535 µL) was then added dropwise and the reaction was stirred under reduced

pressure (50 mm Hg) for 3 min. The mixture was then diluted to 5 mL with dry DCM

and transferred to a second round bottom flask containing dibenzylamine (5 mmol, 961

µL) and triethylamine (5 mmol, 697 µL) in dry DCM (50 mL).  The mixture was left to

stir at 0 °C under N2 for 2 h.  After this time the solvent was evaporated and the residue

dissolved in DCM (100 mL) and washed with brine.  The organic layer was dried over

Na2SO4 and the solvent evaporated.  The residue was chromatographed on neutral

alumina support (Hexane neat. TLC; R f 0.26) to yield Cyclopentyl-N,N-dibenzyl

sulfenamide as a clear oil (541 mg, 36 %).  1H NMR (300 MHz, CDCl3): δ  7.22-7.36

(m, 10 H, aromatic), 4.07 (s, 4H, N(CH2Ph)2, 3.28 (m, 1 H, SCH), 1.39-1.90 (m, 8 H, 4

x CH2 cyclopentyl) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5

MHz, CDCl3): δ   139.2, 128.9, 128.2, 127.2 (2 x CH2Ph), 62.6 (N(CH2Ph)2), 48.1

(SCH), 31.5, 24.9 (4 x CH2 cyclopentyl) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 297 [(M)+ 33 %], 398 (100), 336 (77), 458 (65).  Micro-

analysis: C19H23NS; C, 76.72 %; H, 7.79 %; N, 4.71 %; Found: C, 76.83 %; H, 8.05 %;

N, 4.58 %.

Cyclopentyl-N,N-dibenzyl sulfonamide (190)

Cyclopentyl-N,N-dibenzyl sulfenamide (185 mg, 0.62 mmol) was dissolved in dry

DCM (15 ml).  mCPBA (322 mg, 1.86 mmol, 3 molar equiv.) was then added, and the
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mixture was refluxed for 20 h.  After this time the mixture was diluted to 50 mL with

DCM and quenched with sat. aq. NaHCO3 (50 mL).  The organic layer was dried over

Na2SO4 the residue was then chromatographed on neutral alumina (hexane-EtOAc 5:1)

to furnish cyclopentyl-N,N-dibenzyl sulfonamide as white crystals (191 mg, 93 %).   1H

NMR (300 MHz, CDCl3): δ  7.25-7.39 (m, 10 H, aromatic), 4.37 (s, 4H, N(CH2Ph)2,

3.41 (m, 1 H, S(O)2CH), 1.50-2.10 (m, 8 H, 4 x CH2 cyclopentyl) (assignments were

confirmed by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   136.1, 128.6, 128.6,

127.8 (2 x CH2Ph), 63.2 (S(O)2CH), 50.5 (N(CH2Ph)2), 28.3, 25.7 (4 x CH2 cyclopentyl)

(assignments were confirmed by 1H-13C HMQC). νmax/cm-1 3031, 2972, 2875, 1457,

1313, 1138.  LRMS (ESI) m/z 352 [(M + Na)+ 100 %].  Micro-analysis: C19H23NO2S; C,

69.27 %; H, 7.04 %; N, 4.25 %; Found: C, 69.41 %; H, 7.17 %; N, 4.12 %.

Benzene-N,N-dibutyl sulfenamide (185)

Dibutylamine (57.5 mmol, 9.69 mL, 10 molar equiv.) was added to Aq. NaOCl (2.1 M,

109 mL, 4 molar equiv.) and shaken in a separatory funnel for 10 min.  The mixture was

extracted with chloroform (15 mL), and the extract was cooled to 0 °C.  More

Dibutylamine (57.5 mmol, 9.69 mL, 10 molar equiv.) was added and the mixture cooled

to 0 °C with stirring under N2.  Thiophenol (5.75 mmol, 590 mL) was added and the

mixture was allowed to stir for 5 min. at 0 °C under N2.  After this time sat. aq. Na2SO3

was added to quench excess chloramide.  The mixture was separated and the organic

layer was diluted to 50 mL with DCM and washed three times with water.  The organic

layer was evaporated and the resultant oil was chromatographed (Hexane-EtOAc 5:1.

TLC; Rf 0.37) to yield Benzene-N,N-dibutyl sulfenamide as a clear oil (250 mg, 18 %).
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1H NMR (300 MHz, CDCl3): δ  7.60-7.69 (m, 2 H, SPh), 7.40-7.52 (m, 3 H, SPh), 3.01

(app t, 4H, J 7.5 Hz, N(CH2)2, 1.12-1.61 (m, 8 H, 4 x CH2 dibutyl chain), 0.82 (app t, 6

H, J 7.3 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR (75.5

MHz, CDCl3): δ   144.3, 130.6, 128.6, 126.2 (SPh), 47.7 (N(CH2)2), 30.8, 20.1 (4 x CH2

dibutyl chain), 13.7 (CH3) (assignments were confirmed by 1H-13C HMQC).  LRMS

(ESI) m/z 276 [(M + O + Na)+ 100 %].  HRMS Calcd for C14H23NNaOS  276.1398.

Found 276.1395.

Benzene-N,N-dibenzyl sulfenamide (178)

Sulfuryl chloride (5 mmol, 402 µL) was cooled to –78 °C.  Thiophenol (5 mmol, 513

µL) was then added dropwise and the reaction was stirred under reduced pressure (50

mm Hg) for 3 min. The mixture was then diluted to 5 mL with dry DCM and transferred

to a second round bottom flask containing dibenzylamine (5 mmol, 961 µL) and

triethylamine (5 mmol, 697 µL) in dry DCM (50 mL).  The mixture was left to stir at 0

°C under N2 for 3 h.  After this time the solvent was evaporated and the residue

dissolved in DCM (100 mL) and washed with brine.  The organic layer was dried over

Na2SO4 and the solvent evaporated.  The residue was chromatographed on neutral

alumina support (Hexane neat. TLC; R f 0.40) to yield benzene-N,N-dibenzyl

sulfenamide as a clear oil (519 mg, 34 %).  1H NMR (300 MHz, CDCl3): δ  7.20-7.41

(m, 15 H, aromatic), 4.09 (s, 4H, N(CH2Ph)2) (assignments were confirmed by 1H-1H

COSY) ;  13C NMR (75.5 MHz, CDCl3): δ   138.5, 129.0, 128.6, 128.6, 128.3, 127.4,
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126.9 (2 x CH2Ph and SPh), 61.2 (N(CH2Ph)2) (assignments were confirmed by 1H-13C

HMQC).  LRMS (ESI) m/z 305 [(M)+ 100 %].  Micro-analysis: C20H19NS; C, 78.65 %;

H, 6.27 %; N, 4.59 %; Found: C, 78.83 %; H, 6.37 %; N, 4.41 %.

Benzene-N,N-dibenzyl sulfonamide (189)

Benzene-N,N-dibenzyl  sulfenamide (200 mg, 0.65 mmol) was dissolved in dry DCM

(15 ml).  mCPBA (339 mg, 1.96 mmol, 3 molar equiv.) was then added, and the mixture

was refluxed for 20 h.  After this time the mixture was diluted to 30 mL with DCM and

quenched with NaHCO3 (30 mL).  The organic layer was dried over Na2SO4 the residue

was then chromatographed  (hexane-EtOAc 5:1. TLC; Rf 0.41) to furnish Benzene-N,N-

dibenzyl sulfonamide as white crystals (160 mg, 73 %).   1H NMR (300 MHz, CDCl3):

δ  7.00-7.89 (m, 15 H, aromatic), 4.34 (s, 4H, N(CH2Ph)2) (assignments were confirmed

by 1H-1H COSY);  13C NMR (75.5 MHz, CDCl3): δ   140.8, 135.4, 133.8, 132.5, 129.1,

128.6, 128.5, 127.7, 127.2 (2 x CH2Ph and SPh), 50.4 (N(CH2Ph)2) (assignments were

confirmed by 1H-13C HMQC).  LRMS (ESI) m/z 337 [(M)+ 7 %], 157 (100).  Micro-

analysis: C20H19NO2S; C, 71.19 %; H, 5.68 %; N, 4.15 %; Found: C, 71.26 %; H, 5.80

%; N, 4.00 %.
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N-(p-toluenesulfonyl)-dioctylamine (191a)

p-Toluenesulfonyl chloride (1.00 g, 5.25 mmol) was dissolved in dry DCM (25 ml).

Dioctylamine (1.58 mL, 5.25 mmol) and triethylamine (875 µL, 6.27 mmol) were then

added, and the mixture was stirred at rt. for 16 h under N2.  After this time the mixture

was diluted to 100 mL with DCM and washed with 0.5 M HCl (100 mL).  The organic

layer was dried over Na2SO4 and the residue was then chromatographed (hexane-EtOAc

8:1) to furnish N-(p-toluenesulfonyl)-dioctylamine as a clear oil (2.01 g, 97 %).   1H

NMR (300 MHz, CDCl3): δ  7.68 (d, 2 H, J 8.2 Hz, H3CPhS), 7.28 (d, 2 H, J 8.1 Hz,

H3CPhS), 3.08 (app t, 4 H, J 7.7 Hz, N(CH2)2), 2.41 (s, 3 H, H3CPhS), 1.45-1.53 (m, 4

H, 2 x CH2 dioctyl chain), 1.18-1.32 (m, 20 H, 10 x CH2 dioctyl chain), 0.88 (app t, 6 H,

J 7.0, J 7.2 Hz, 2 x CH3) (assignments were confirmed by 1H-1H COSY);  13C NMR

(75.5 MHz, CDCl3): δ  142.8, 137.2 (H3CPhS), 129.5, 127.1 (H3CPhS), 48.2 (N(CH2)2),

31.8, 29.2, 28.7, 26.8, 22.7 (12 x CH2 dioctyl chain), 21.5 (H3CPhS), 14.1 (2 x CH3)

(assignments were confirmed by 1H-13C HMQC). νmax/cm-1 2927, 2856, 1599, 1466,

1342, 1160.  LRMS (ESI) m/z 418 [(M + Na)+ 100 %].  Micro-analysis: C23H41NO2S; C,

69.82 %; H, 10.45 %; N, 3.54 %; Found: C, 69.82 %; H, 10.76 %; N, 3.71 %.
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7.2 Biological Evaluation

 7.2.1  Chemicals and Equipment

Tween-80 was supplied by H.B Shelby and Co. Pty Ltd, Milton, Qld, Australia.

Tetracycline Hydrochloride was purchased from Progen Industries Ltd, Darra, Qld,

Australia. Vancomycin Hydrochloride was purchased from Sigma-Aldrich Pty Ltd,

Sydney, Australia.  Sulfafurazole and tetracycline impregnated discs, blank discs and

disc dispensers were purchased from Oxoid Australia Pty Ltd, Melbourne, Australia.

Screw cap tubes were purchased from Sarstedt, Inglefarm, South Australia.  MIC assays

were shaken on an Edwards Bioline shaker.  Absorbances were measured on a Thermo

Spectronic, Biomate 3 spectrophotometer.  All solvents were analytical grade to ≥

99.9% purity.

 7.2.2  Bacterial Growth Media

Mueller Hinton bacteriological media was purchased from Oxoid Australia Pty

Ltd, Melbourne, Australia.  Mueller Hinton Agar medium consisted of 300 g of

dehydrated infusion from beef, 17.5 g casein hydrolysate,1.5 g of starch and 17 g of

agar per litre of Milli Q water.   Mueller Hinton Broth medium consisted of 300 g of

dehydrated infusion from beef, 17.5 g casein hydrolysate and 1.5 g of starch per litre of

Milli Q water.  Experiments assessing the effect of divalent calcium on antibacterial

activity used Mueller Hinton broth with additional Ca++ to a concentration of 50 g per

litre.  Luria-Bertani (LB) bacteriological media was purchased from Oxoid Australia
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Pty Ltd, Melbourne, Australia.  Luria Broth Base consisted of 10 g pancreatic digest of

casein, 5 g yeast extract and 10 g of sodium chloride per litre of Milli Q water, and if

solid agar media was to be prepared, LB bacteriological agar was added at 1.5% (w/v).

 7.2.3  Bacterial Strains

Table 7.1  Bacterial strains and species used in this study.

Bacterium Strain Source*

Mycobacterium smegmatis mc2 155 MU

Staphylococcus aureus ATCC 29213 IG

Staphylococcus aureus ATCC 25923 IG

Streptococcus pyogenes UNSW 026701 IG

Enterococcus fecalis ATCC 29212 IG

Bacillus subtilis clinical isolate IG

Escherichia coli ATCC 25922 IG

*MU = Monash University, Department of microbiology; IG = Institute for Glycomics

(dept. of microbiology), Griffith University.
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 7.2.4  Zone Assay Protocol

According to:

-Performance Standards for Antimicrobial Disk Susceptibility Tests;

NCCLS M2-A7.196

and

-Susceptibility Testing of Mycobacteria, Nocardiae, and Other Aerobic Actinomycetes;

NCCLS M24-T2.203

Test Bacteria: Staphylococcus aureus ATCC 25923

Streptococcus pyogenes UNSW 026701

Bacillus subtilis Clinical isolate

Enterococcus fecalis ATCC 29212

Escherichia coli  ATCC 25922

Growing Conditions:

Mycobacteria: The test organisms were grown in LB broth at 37 °C for 72 hours.

Absorbance at 410 nm was recorded and cultures were diluted to a density of 1 x 108

cfu*/mL.  100 µL of culture was plated onto a Mueller-Hinton agar plate.

Gram positive and Gram negative bacteria: The test organisms were grown in LB broth

at 37 °C for 18 to 20 hours.  Absorbance at 410 nm was recorded and cultures were

diluted to a density of 1 x 108 cfu*/mL.  100 µL of culture was plated onto a Mueller-

Hinton agar plate.

*cfu = colony forming units.
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Method:

An Oxoid blank filter disc (diameter 6.0 mm) was placed on the surface of a Mueller-

Hinton agar plate freshly inoculated with bacteria.  The filter disc was then doped with

10 µ L of compound diluted in methanol (or DMSO as indicated) at various

concentrations.  A total of 5 filter discs were placed on each agar plate according to

NCCLS196,203 standard measurements.  After incubation, the diameter of the zone of

inhibition was measured (mm).

Note:  For Streptococcus pyogenes, plain Mueller-Hinton agar was used.  For optimum

growth, the growth medium should be supplemented with 5% sheep blood.

 7.2.5  MIC Assay Protocol

According to:

-Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that grow

Aerobically; NCCLS M7-A5.198

and

-Susceptibility Testing of Mycobacteria, Nocardiae, and Other Aerobic Actinomycetes;

NCCLS M24-T2.203
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Serial dilutions:

Starting concentration for each compound was 256 µg/mL.

Serial Dilution: 1 2 3 4 5 6 7 8

LB broth vol.: 4mL 2mL 2mL 2mL 2mL 2mL 2mL 2mL

discard

Compound (µg/mL): 256 128 64 32 16 8 4 2

Solvent (MeOH): 2% 1% 0.5% 0.3% 0.13% 0.06% 0.03% 0.02%

Control:

An analogous set of serial dilutions were carried out omitting compound only, to

confirm adequate growth of bacteria with solvent present.

Test Bacterium:   Mycobacterium smegmatis   mc2 155

Growing Conditions:

The test organism was grown in LB broth at 37 °C for 72 hours with shaking (Tween 80

added to reduce clumping).

Assay:

5 µL of saturated culture was added to each serial dilution and incubated at 37 °C for 72

hours with shaking.  Absorbance at 410 nm was recorded for each serial dilution.
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Test Bacterium: Staphylococcus aureus ATCC 29213

Growing Conditions:

The test organism was grown in LB broth at 37 °C for 18 to 20 hours with shaking.

Assay:

5 µL of saturated culture was added to each serial dilution and incubated at 37 °C for 18

to 20 hours with shaking.  Absorbance at 410 nm was recorded for each serial dilution.

Test Bacterium: Streptococcus pyogenes UNSW 026701

Growing Conditions:

The test organism was grown in LB broth at 37 °C for 20 to 24 hours with shaking.

Assay:

5 µL of saturated culture was added to each serial dilution and incubated at 37 °C for 20

to 24 hours with shaking.  Absorbance at 410 nm was recorded for each serial dilution.

Note:  For Streptococcus pyogenes, plain LB broth was used.  For optimum growth,

cation-adjusted Mueller-Hinton broth with lysed horse blood (2-5% v/v) should be used

as growth medium.

 7.2.6  Resistance Testing Protocol

Test bacterium:  Staphylococcus aureus  (ATCC 29213)

Test compound:  9-heptadecyl 6-sulfonato-1-thio-β-D-galactofuranoside
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Doped agar containing the test compound at concentrations of 128, 64, 32, 16, 8, 4, 2

and 0 µg/mL was prepared by the addition of an aliquot of a DMSO solution of the test

compound (46 µg/mL) to sterile liquid Mueller-Hinton agar.

Stage 1

A saturated culture of bacteria was diluted in Mueller-Hinton broth to produce a stock

culture of OD410 = 1. The stock culture was then diluted 1/10 and 1/100 with broth. 10

µL of each of the stock culture and of the dilutions were spread onto agar plates doped

with test compound at 128, 64, 32, 16, 8, 4, 2, and 0 µg/mL (in duplicate).  Plates were

incubated overnight at 37 ˚C after which they were examined for bacterial growth.

Stage 2

From the surface of the agar plate with the 1/100 dilution of the original bacterial stock

culture and 32 µg/mL test compound (lowest concentration of bacteria growing at the

highest concentration of compound) a loop was loaded with one distinct bacterial

colony (two distinct colonies were observed).  Each bacterial colony (labeled A and B)

were suspended separately in 1 mL of Mueller-Hinton broth and dilutions of 1/10 and

1/100 were made.  10 µL of each of these second original stock cultures A and B, and of

the dilutions were spread onto agar plates doped with the test compound at 128, 64, 32,

16, 8, 4, 2, and 0 µg/mL (A in duplicate, B single run).  Plates were incubated overnight

at 37 ˚C after which they were examined for bacterial growth.
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 APPENDIX 1

1H NMR SPECTRA

N,N-Dioctyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide (60)
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N,N-Dibenzyl-S-(1-thio-β-D-galactofuranosyl) sulfenamide (61)

N,N-Dioctyl-S-(1-thio-β-D-galactofuranosyl) sulfonamide (89)
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9-Heptadecyl 1-thio-β-D-galactofuranoside (92)

11-Heneicosanyl 1-thio-β-D-galactofuranoside (93)
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9-Heptadecyl S,S-dioxo-1-thio-β-D-galactofuranoside (117)

Octyl 1-thio-β-D-galactofuranoside (120)
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Octyl S,S-dioxo-1-thio-β-D-galactofuranoside (128)

N,N-Dioctyl-S-(3,5,6-tri-O-acetyl-1-thio-β-D-glucofuranosyl) sulfenamide (160)
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N,N-Dioctyl-S-1-thio-α-D-arabinofuranosyl sulfonamide (152)

9-Heptadecyl 2,3-di-O-acetyl-5-O-(tert-butyldiphenylsilyl)-1-thio-α-D-

arabinofuranoside (175)
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N,N-Dioctyl-S-6-sulfonato-(1-thio-β-D-galactofuranosyl) sulfonamide (195)

9-Heptadecyl 6-O-(N-BOC-alanyl)-1-thio-β-D-galactofuranoside (200)
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N,N-Dioctyl-S-(2,3-di-O-acetyl-5-succinyl-[{3-pyridylmethyl}amino]-1-thio-α-D-

arabinofuranosyl) sulfonamide (206)
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 APPENDIX 2

ZONE DATA

Figure 6.1 Compound library master sheet for compounds referred to in Chapter 6.
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Table 6.4 Disc Diffusion Assay - disc impregnated with compound and dried. Dry
filter disc is placed on the surface of the inoculated agar.

Bacterium: Mycobacterium smegmatis (mc2155)
Compound loading per disc - Zone (mm)Compd.

No.

Template R1 R2 Control

Zone

(mm)*
0.1 µg 1 µg 10 µg 100 µg

Sulfenamides

2 Galf butyl butyl 23 - - - - - - - - - - - -

3 Galf hexyl hexyl 28 - - - 8 7 8

4 Galf octyl octyl 22 - - - - - - 9 9 9

5 Galf decyl decyl 23 - - - - - - - - - 7 - 7

6 Galf benzyl benzyl 23 - - - - - - - - - - - -

Sulfonamides

7 Galf butyl butyl 24 - - - - - - - - - - - -

8 Galf hexyl hexyl 25 - - - - - - - - - - - -

9 Galf octyl octyl 24 - - - - - - - - - - - -

10 Galf decyl decyl 21 - - - - - - - - - - - -

11 Galf benzyl benzyl 23 - - - - - - - - - - - -

28 Glcf octyl octyl 25 - - - - - - - - - - - -

Thioglycosides

13 Galf octyl octyl 25 - - - - - - - - - - - -

15 Galf benzyl benzyl 22 - - - - - - - - - - - -

16 Galf

(SO3
-Na+)

octyl octyl 24 - - - - - - 12† 11† 11† 18† 17† 20†

18 Galf hexyl H 23 - - - - - - - - - - - -

20 Galf octyl H 24 - - - - - - - - - - - -

21 Galf decyl H 24 - - - - - - - - - - - -

22 Galf hexadecyl H 22 - - - - - - - - - - - -

Sulfone

23 Galf octyl H 23 - - - - - - - - - - - -

Glycoside

24 Galf octyl H 23 - - - - - - - - - - - -

Thiourea

26 Galf decyl decyl 22 - - - - - - - - - - - -

*Sulphafurazole (300 µg); †extremely faint halo - growth within zone; - = no zone of growth inhibition;
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Table 6.5 Zone Assay - compound applied as a methanolic solution to a filter disc
already on the surface of the inoculated agar.

Bacterium: Mycobacterium smegmatis (mc2155)
Compound loading per disc - Zone (mm)Compd.

No.

Template R1 R2 Control

Zone

(mm)*
0.1 µg 1 µg 10 µg 100 µg

Sulfenamides

2 Galf butyl butyl 23 - - - - - 7 - - 7 7 - -

3 Galf hexyl hexyl 28 7 - - 8 8 - 9 10 9 10 11 10

4 Galf octyl octyl 22 - - - - - - 8 7 7 10 11 9

5 Galf decyl decyl 23 - - - - - - - - - - - -

6 Galf benzyl benzyl 23 - - - 7 7 - - - 7 10 10 10

Sulfonamides

7 Galf butyl butyl 24 - - 7 - - 7 - - 7 - - 7

8 Galf hexyl hexyl 25 - 7 7 - 7 7 7 7 7 8 9 9

9 Galf octyl octyl 24 - - - - - - - - - 8 7 7

10 Galf decyl decyl 21 - - - - 10 - - - - - - -

11 Galf benzyl benzyl 23 - - - - - - - - - - - -

28 Glcf octyl octyl 25 - - - - - - 7 7 - 9 8 8

Thioglycosides

13 Galf octyl octyl 25 - - - - - - 7 - 7 8 7 8

15 Galf benzyl benzyl 22 - - - 7 7 - 7 - - 11 10 -

16 Galf

(SO3
-Na+)

octyl octyl 24 7 - - 7 7 - 19 18 17 31 31 31

18 Galf hexyl H 23 - - - - - - - - - - - -

20 Galf octyl H 24 - - - - - - 7 - - 7 7 7

21 Galf decyl H 24 - - - 7 - 7 10 10 7 10 7 9

22 Galf hexadecyl H 22 - - - - - - - - - - - -

Sulfone

23 Galf octyl H 23 - - - - - - - - - - - -

Glycoside

24 Galf decyl decyl 22 - - - - - - - - - - - -

Thiourea

26 Galf octyl H 23 - - 7 - - 7 - - 7 - - 7

*Sulphafurazole (300 µg); †extremely faint halo - growth within zone; - = no zone of growth inhibition;
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Table 6.6 Zone Assay - compound applied as a methanolic solution to a filter disc

already on the surface of the inoculated agar.

Bacterium: Staphylococcus aureus (ATCC #25923)
Compound loading per disc - Zone (mm)Compd.

No.

Template R1 R2 Control

Zone

(mm)*
0.1 µg 1 µg 10 µg 100 µg

Sulfenamides

2 Galf octyl octyl 22 9 9 8 8 9 9 8 10

6 Galf benzyl benzyl 21 8 8 8 8 8 8 10 10

27 Glcf (OAc) octyl octyl 24 - - - - - - - -

Sulfonamides

9 Galf octyl octyl 23 8 8 9 9 10 11 10 9

11 Galf benzyl benzyl 22 - - - - - - - -

28 Glcf octyl octyl 23 8 8 8 8 8 8 8 8

Thioglycosides

13 Galf octyl octyl 24 - - 7 7 7 7 8 7

14 Galf decyl decyl 24 7 - 7 - 7 - 8 -

15 Galf benzyl benzyl 26 - - - - - - - -

18 Galf hexyl H 24 7 7 7 7 7 7 7 7

20 Galf octyl H 22 7 - 8 - 8 - 9 -

21 Galf decyl H 25 - - - 7 9 8 10 8

22 Galf hexadecyl H 24 - - - - - - - -

Sulfone

23 Galf octyl H 23 - - - - - - - -

Glycoside

24 Galf octyl H 22 7 - 8 - 8 - 9 -

Non-carbohydrate - Sulfonamides

40 Cyclopentyl benzyl benzyl 22 7 7 7 7 7 7 7 7

41 Benzene benzyl benzyl 24 7 7 7 7 7 7 7 7

Non-carbohydrate - Other

42 N-(p-toluene-

sulfonyl)-

octyl octyl 23 - - - 7 7 8 7 8

43 Diethyl

malonate

octyl octyl 22 - - - - - - - -

*Sulphafurazole (300 µg); †extremely faint halo - growth within zone; - = no zone of growth inhibition;
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Table 6.7 Zone Assay - compound applied as a methanolic solution to a filter disc
already on the surface of the inoculated agar.

Bacterium: Bacillus subtilis (clinical isolate)
Compound loading per disc - Zone (mm)Compd.

No.

Template R1 R2 Control

Zone

(mm)*
0.1 µg 1 µg 10 µg 100 µg

Sulfenamides

2 Galf octyl octyl 27 - 7 - - - 8 9 9

6 Galf benzyl benzyl 27 - 7 - 7 - 7 - 9

27 Glcf (OAc) octyl octyl 24 - - - - - - 7 -

Sulfonamides

9 Galf octyl octyl 27 12 7 12 12 13 14 17 22

11 Galf benzyl benzyl 30 - - - - - - - -

28 Glcf octyl octyl 27 - 7 8 10 13 12 22 14

Thioglycosides

13 Galf octyl octyl 27 7 7 7 7 9 14 17 20

14 Galf decyl decyl 22 7 7 7 8 7 8 7 9

15 Galf benzyl benzyl 27 7 7 8 7 9 10 12 11

18 Galf hexyl H 22 - 7 7 7 7 8 8 9

20 Galf octyl H 27 7 - 7 - 7 - 8 -

21 Galf decyl H 27 7 - 7 7 10 7 10 8

22 Galf hexadecyl H 24 - - - - - - - 7

Sulfone

23 Galf octyl H 23 - - - - - - - -

Glycoside

24 Galf octyl H 30 - - - - - - - -

Non-carbohydrate - Sulfonamides

40 Cyclopentyl benzyl benzyl 24 7 8 7 8 7 8 10 7

41 Benzene benzyl benzyl 24 8 8 8 8 8 8 10 10

Non-carbohydrate - Other

42 N-(p-toluene-

sulfonyl)-

octyl octyl 23 - - - - - - 7 -

43 Diethyl

malonate

octyl octyl 27 7 - 7 - - - 7 -

*Sulphafurazole (300 µg); †extremely faint halo - growth within zone; - = no zone of growth inhibition;



308

Table 6.8 Zone Assay - compound applied as a methanolic solution to a filter disc

already on the surface of the inoculated agar.

Bacterium: Enterococcus faecalis (ATCC #29212)
Compound loading per disc - Zone (mm)Compd.

No.

Template R1 R2 Control

Zone

(mm)*
0.1 µg 1 µg 10 µg 100 µg

Sulfenamides

2 Galf octyl octyl 13 8 8 8 8 10 8 10 10

6 Galf benzyl benzyl 10 - 8 8 9 9 9 14 12

27 Glcf (OAc) octyl octyl 15 - - - - - - - -

Sulfonamides

9 Galf octyl octyl 14 8 8 12 11 12 9 12 10

11 Galf benzyl benzyl 12 - - - - - - - -

28 Glcf octyl octyl 14 9 8 8 12 8 12 12 13

Thioglycosides

13 Galf octyl octyl 11 - - - - 7 - 8 -

14 Galf decyl decyl 15 7 7 8 7 8 7 7 7

15 Galf benzyl benzyl 12 - - - - - - 8 -

18 Galf hexyl H 15 7 - 7 - 7 7 8 7

20 Galf octyl H 11 - - - - - - - -

21 Galf decyl H 12 - - - - 7 7 7 7

22 Galf hexadecyl H 14 - - - - - - 7 7

Sulfone

23 Galf octyl H 12 - - - - 7 - 7 -

Glycoside

24 Galf octyl H 11 - - - - - - 8 -

Non-carbohydrate - Sulfonamides

40 Cyclopentyl benzyl benzyl 15 7 7 7 7 7 8 7 10

41 Benzene benzyl benzyl 15 7 7 7 7 8 7 10 9

Non-carbohydrate - Other

42 N-(p-toluene-

sulfonyl)-

octyl octyl 14 - - - - 7 7 8 8

43 Diethyl

malonate

octyl octyl 11 - - - - - - - -

*Sulphafurazole (300 µg); †extremely faint halo - growth within zone; - = no zone of growth inhibition;
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Table 6.9 Zone Assay - compound applied as a methanolic solution to a filter disc
already on the surface of the inoculated agar.

Bacterium: Streptococcus pyogenes (UNSW# 026701)
Compound loading per disc - Zone (mm)Compd.

No.

Template R1 R2 Control

Zone

(mm)*
0.1 µg 1 µg 10 µg 100 µg

Sulfenamides

2 Galf octyl octyl 39 9 13 13 10 15 10 21 23

6 Galf benzyl benzyl 36 7 7 9 8 11 9 13 11

27 Glcf (OAc) octyl octyl 20 - - - - - - - -

Sulfonamides

9 Galf octyl octyl 40 14 9 13 13 20 23 40 40

11 Galf benzyl benzyl 38 - - - - - - - -

28 Glcf octyl octyl 36 10 10 13 12 30 40 40 40

Thioglycosides

13 Galf octyl octyl 34 - - 7 7 13 8 39 20

14 Galf decyl decyl 19 7 7 7 7 7 7 7 7

15 Galf benzyl benzyl 35 - - - - - - - -

18 Galf hexyl H 19 7 8 7 8 8 8 10 8

20 Galf octyl H 40 - - - - - - 7 7

21 Galf decyl H 36 7 - - - 9 10 9 9

22 Galf hexadecyl H 18 - - - - - - 7 7

Sulfone

23 Galf octyl H 33 - - - - - - 8 -

Glycoside

24 Galf octyl H 37 - - - - - - 7 -

Non-carbohydrate - Sulfonamides

40 Cyclopentyl benzyl benzyl 22 8 7 8 7 8 7 10 7

41 Benzene benzyl benzyl 17 8 8 8 8 8 9 10 11

Non-carbohydrate - Other

42 N-(p-toluene-

sulfonyl)-

octyl octyl 21 7 - 7 - 8 - - -

43 Diethyl

malonate

octyl octyl 37 - - - - - - - -

*Sulphafurazole (300 µg); †extremely faint halo - growth within zone; - = no zone of growth inhibition;
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Table 6.10 Zone Assay - compound applied as a methanolic solution to a filter disc

already on the surface of the inoculated agar.

Bacterium: Escherichia coli (ATCC #25922)
Compound loading per disc - Zone (mm)Compd.

No.

Template R1 R2 Control

Zone

(mm)*
0.1 µg 1 µg 10 µg 100 µg

Sulfenamides

2 Galf octyl octyl 22 8 8 8 7 8 8 7 7

6 Galf benzyl benzyl 19 - 8 - 8 - 8 7 10

27 Glcf (OAc) octyl octyl 24 - - - - - - - -

Sulfonamides

9 Galf octyl octyl 22 - 8 - 8 - 10 - 9

11 Galf benzyl benzyl 20 - 7 - 7 - 7 - 7

28 Glcf octyl octyl 22 9 - 8 - 8 - 8 -

Thioglycosides

13 Galf octyl octyl 25 - 9 9 10 9 10 7 7

14 Galf decyl decyl 23 7 - - - 7 - 8 -

15 Galf benzyl benzyl 21 7 7 - 8 7 8 - 9

18 Galf hexyl H 22 7 7 7 7 7 - 8 7

20 Galf octyl H 22 8 8 8 8 9 7 12 10

21 Galf decyl H 20 8 8 8 7 10 8 10 10

22 Galf hexadecyl H 22 - - - - - - - -

Sulfone

23 Galf octyl H 21 8 9 8 9 7 9 9 9

Glycoside

24 Galf octyl H 21 - - 7 - - - 8 11

Non-carbohydrate - Sulfonamides

40 Cyclopentyl benzyl benzyl 22 8 8 8 8 8 8 8 8

41 Benzene benzyl benzyl 21 - - 7 7 7 - 7 10

Non-carbohydrate - Other

42 N-(p-toluene-

sulfonyl)-

octyl octyl 21 8 - 9 - 9 7 9 -

43 Diethyl

malonate

octyl octyl 22 - - - - - - - -

*Sulphafurazole (300 µg); †extremely faint halo - growth within zone; - = no zone of growth inhibition;


