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Abstract

Tuberculosis (TB) is an infectious disease that kills more than a million people a
year and poses a significant health threat. Because of the global spread of multi-
drug resistant TB and high infection rates, there is a significant unmet clinical
need for new drugs. M. tuberculosis (Mtb) produces mycothiol (MSH) in place of
glutathione as the most abundant low molecular weight thiol. MSH and
associated enzymes (e.g. mycothiol-S-transferase, MST) are thought to play
pivotal roles in cellular protection against various xenobiotics. Successful
synthesis of MST inhibitors may lead to the development of a novel strategy for
the treatment of TB.

The aim of this project is to validate MST as a novel drug target and understand
the role played by MST in mycobacterial physiology via the development of MSH
analogues as chemical probes. To achieve this a 2-fold approach was adopted.
The first approach includes the development of mycothiol analogues. The
synthetic routes towards the synthesis of three different mycothiol analogues
containing glucosamine and cysteine moieties are described. These simplified
analogues provide a potential scaffold for the synthesis of a library of S-
conjugates that would enable us to probe the hydrophobic pocket of MST and
gain some information about MST’s structure—activity relationships. The second
approach involves the use of kinetic target-guided synthesis (kTGS), a process
in which the protein acts as a catalyst or template in the synthesis of its own best
inhibitors from the ‘choices’ provided. Towards this goal, two azido and two
azidoacetamido derivatives of the simplified mycothiol analogue were
successfully synthesised and can act as a handle within the binding site.
Moreover, the above-mentioned azides were used to synthesize several triazoles
that can be utilised as standards when kTGS is performed. The significance of

these findings to future drug discovery efforts in this area is discussed.



Impact statement

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis
and is among the top 10 causes of death globally. In 2017, 1.6 million people died
because of TB with 10 million people estimated to suffer from it worldwide. TB is
extremely difficult to eradicate and has to be treated using a cocktail of
antimicrobial drugs that must be taken for a minimum of six months. Over the
years, the same anti-TB drugs have been used extensively resulting in the rise of
multi-drug resistant and extensively drug-resistant strains of TB. Because of the
global spread of multi-drug resistant tuberculosis and high infection rates, there
is a great need for new drugs to be brought to the clinic. M. tuberculosis produces
mycothiol (MSH) as the most abundant low molecular weight thiol. MSH and
associated enzymes (e.g. mycothiol-S-transferase, MST) are thought to play a
major role in combating oxidative stress and to be involved in the detoxification
of electrophilic toxins. This is why it is hypothesised that inhibition of MST will
lead to the development of a novel strategy for the treatment of TB.

This project resulted in the development of a novel approach towards the
synthesis of the cysteine-containing mycothiol scaffolds. Three different
mycothiol analogues containing glucosamine and cysteine moieties were
successfully obtained. The synthesised scaffolds can be easily derivatized
forming a library of S-conjugates that can be utilized to explore the role of MST
and other MSH-dependent enzymes. The described methodology can be used to
generate more mycothiol-based scaffolds if needed. Moreover, relatively short
and easy synthetic strategies were designed and applied to successfully form two
azido and two azidoacetamido derivatives of the simplified mycothiol analogue.
Because of the introduction of the azido group the analogues can be utilized in
kinetic target-guided synthesis (KTGS) to produce triazole containing mycothiol
analogues. KTGS is a process in which the protein acts as a catalyst or template
in the synthesis of its own best inhibitors from the ‘choices’ provided. The use of
KTGS to synthesise MST inhibitors will allow further exploration of this technique
in lead discovery. Additionally, a diverse chemical library containing azido
mycothiol analogue-based triazoles was successfully synthesised using standard
‘click chemistry’ conditions. Thus, providing an easy way to produce a diverse

library of potential MST substrates. The biological activity of all of the synthesised



mycothiol analogues will have to be tested. The findings of these tests will allow
a better understanding of the role of MSH-dependent enzymes. If a promising
candidate is found, it can be further developed into a lead compound and finally

novel anti-TB drugs could be identified.
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1. Tuberculosis

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis
and is among the top 10 causes of death globally. In 2017, 1.6 million people died
because of TB with 10 million people estimated to suffer from it worldwide.* It is
primarily an infection of the lungs and is spread through droplet transmission
while sneezing or coughing. The symptoms may be mild during first few months
and before the disease is diagnosed other people can be infected. It is estimated
that one-quarter of the world’s population is infected with TB but as the bacteria
are dormant in the majority of the cases, infected people neither develop nor
transmit the disease to others.! Dormant M. tuberculosis can reactivate in a
patient with a weakened immune system. This is why HIV-positive people are 20
to 30 times more likely to suffer from TB than healthy individuals.® Active, drug
sensitive TB is treatable using a cocktail of four antimicrobial drugs (isoniazid,
rifampicin, pyrazinamide and ethambutol) that must be taken for two months,
followed by four months of isoniazid and rifampicin treatment.? TB is extremely
difficult to eradicate due to the unique composition of the mycobacterial cell wall.
The differences between Gram-negative, Gram-positive and mycobacterial cell

walls are shown in Fig. 1. The Mtb cell wall is composed of a thin layer of cross-

Gram-negative cell wall Gram-positive cell wall Mycobacterial cell wall
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cytoplasm cytoplasm cytoplasm

Fig. 1. Scheme depicting bacterial cell walls. 1: cytoplasmic and outer
membrane, 2: peptidoglycan, 3: lipoprotein, 4: porin, 5: lipopolysaccharide, 6:
lipoteichoic acid, 7: teichoic acid, 8: lipoarabinomannan, 9: arabinogalactan, 10:
mycolic acid, 11: glycolipids.®
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linked peptidoglycan and branched arabinogalactan, to which mycolic acids are
attached. Another characteristic is the presence of lipoarabinomannan attached
to the cytoplasmic membrane which is not present in Gram-negative and Gram-
positive bacteria. The large amount of fatty acids present in the cell wall makes it
mostly impermeable. This is why many anti-TB drugs target cell wall
biosynthesis.® Each of the drugs used have a different mechanism of action.
Isoniazid acts via inhibition of mycolic acid synthesis, rifampicin blocks the
synthesis of RNA, pyrazinamide inhibits translation, while ethambutol inhibits
arabinogalactan synthesis (Table 1).4°> Because the same treatment has been
used for several decades and sometimes the drugs are not used appropriately or
correctly, multi-drug resistant strains of TB (MDR-TB) have evolved and spread
around the world. In order to be called multi-drug resistant, TB strains must be
resistant to isoniazid and rifampicin, which are the most effective first-line anti-TB
drugs.! MDR-TB is treated using the following drugs: fluoroquinolones (including
levofloxacin),® aminoglycosides (including streptomycin), capreomycin,
ethionamide, D-cycloserine (DCS) and para-aminosalicylic acid (PAS) (Table 1).
There are also two new drugs available that can be used in combination with
previous drugs, namely bedaquiline, which inhibits ATP production and
delamanid, which blocks the synthesis of mycolic acid and produces reactive
nitrogen species (Table 1). Additionally, there are two novel drugs (SQ109 and
pretomanid) currently under development, which act via inhibition of mycolic acid
synthesis (Table 1).* Pretomanid has recently been accepted for review by the
FDA,® while SQ109 has successfully completed a Phase 2b-3 clinical trial.”
Because of the spread of multi-drug resistant tuberculosis, there is an urgent

need for new drugs that act via novel mechanisms to be developed.
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Table 1. Antitubercular drugs.*>8

Mechanism of

Structure

action

Inhibition of
Isoniazid = mycolic acid
N | H synthesis.

Inhibition of

Rifampin RNA synthesis.

Inhibition of
translation. It
may also inhibit
N ATP synthesis.

Pyrazinamide NZ NH,

§ L on Inhibition of
Ethambutol /j/ ~ arabinogalactan

N
H synthesis.

Inhibition of
Streptomycin protein
synthesis.
IA: R=CH,OH
IB: R=CHs Inhibition of
Capreomycin protein
H2N/\/Y\ﬂ/ synthesis.
NH, O
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Levofloxacin

Inhibition of
DNA synthesis.

Ethionamide

Inhibition of
mycolic acid
synthesis.

D-Cycloserine

Inhibition of cell
wall
peptidoglycan
synthesis.

para-
Aminosalicylic
acid

Inhibition of
folic acid and
thymine
nucleotide
metabolism.

Bedaquiline

Inhibition of
ATP
production.

Delamanid

Inhibition of
mycolic acid
synthesis,
production of
reactive
nitrogen
species.

SQ109

Inhibition of
mycolic acid
synthesis.

Pretomanid

Inhibition of
mycolic acid
synthesis,
production of
reactive
nitrogen

species.
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2. Mycothiol

All eukaryotes and most Gram-negative bacteria produce the tripeptide
glutathione (GSH) as the major low molecular weight thiol. GSH plays a central
role in combating oxidative stress, is involved in the detoxification of electrophilic
toxins and serves as a cofactor for various enzymes.® It was found, however, that
Actinomycetes, to which M. tuberculosis belongs, instead produce mycothiol
(MSH) as the most abundant low molecular weight thiol. It has not been
extensively studied, but it is thought to fulfil the same functions as glutathione.®
The core functional component of GSH and MSH is the cysteine moiety.
However, mycothiol, unlike glutathione which is a tripeptide, has two sugar
moieties, namely inositol and glucosamine (Fig. 2).° The inositol moiety is not
found in any other biological thiol.?
OH

glucosamine
SH
chﬁ% 0 !
“0,C N
ST, Oy

NH
Y D-myo-inositol Glutamate Cysteine Glycine

N-acetyl cysteine
Mycothiol (1) Glutathione

Fig. 2. Structure of mycothiol and glutathione.

Mycothiol, like glutathione, serves as thiol reservoir and is important in
maintaining the reducing environment inside the cell as it acts as a redox buffer.
Its most important function is protection against various xenobiotics such as
oxidizing agents, alkylating agents and antibiotics.!! It is involved in the
detoxification of electrophilic toxins by forming mycothiol-toxin S-conjugates,
which are subsequently hydrolysed by mycothiol S-conjugate amidase (Mca)
generating GIcN-Ins and a mercapturic acid-toxin conjugate, which is transported
out of the cell.1? It has also been implicated in resistance to antibiotics such as
rifampicin and streptomycin. Moreover, it was found that mycothiol plays an
important role in the bioactivation of some antibiotics (e.g. isoniazid and
ethionamide).* A chemical mutant of Mycobacterium smegmatis in which MSH

production was disrupted showed a more than 25-fold increase in resistance to
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isoniazid compared to the wild type strain.'® It was also shown that mycothiol
lacking mutants: AmshA, AmshC and AmshD of M. smegmatis are resistant to
ethionamide. High levels of resistance to isoniazid and ethionamide in strains
lacking mycothiol confirms that MSH plays an important role in the bioactivation
of these pro-drugs. On the other hand, all MSH mutants were shown to be
sensitive to streptomycin and the AmshA mutant of M. smegmatis was 10 times
more sensitive to rifampicin (determined by E-test) as the level of mycothiol in the
M. smegmatis mutant was considerably decreased.'* Even though there is
conflicting evidence regarding the essentiality of MSH for M. tuberculosis, which
will be discussed in more detail in the next section, it is generally accepted that it
is vital for the survival of Mycobacterium species under stress conditions. Thus,
it is considered to be a good drug target.!!

2.1. Mycothiol biosynthesis

Mycothiol is biosynthesised in five steps that involve the following enzymes:
MshA, MshA2, MshB, MshC and MshD, which are found only in Actinomycetes.
All the enzymes in the mycothiol biosynthetic pathway are currently viewed as
potential drug targets, because not only are they not found in humans, but also
their inhibition would block the synthesis of mycothiol, which is important in
maintaining the viability of M. tuberculosis.*?

The first step is catalysed by MshA, which is a glycotransferase. It transfers N-
acetylglucosamine from UDP-N-acetylglucosamine (UDP—GIcNACc) to 1-L-myo-
inositol-1-phosphate (1-L-Ins-1-P) generating 3-phospho-1-D-myo-inosityl-2-
acetamido-2-deoxy-a-D-glucopyranoside (GIcNAc-Ins-3-P) (Fig. 3).1%12 It has
been demonstrated that the AmshA mutant of M. smegmatis is more sensitive to
a number of antibiotics including streptomycin and rifampicin and alkylating
agents (e.g. iodoacetamide, chlorodinitrobenzene) than the wild type strain.'#
The AmshA null deletion mutant of M. smegmatis was shown to block mycothiol
biosynthesis and slow cell growth.*®> There is conflicting evidence regarding the
essentiality of the mshA gene for M. tuberculosis.!! In 2006, it was found that the
mshA gene is required for growth of M. Tuberculosis,® however, two years later
it was reported that spontaneous mshA mutants of M. tuberculosis were viable.'’
MshA is thought to be a good drug target because it is the enzyme that catalyses
the first committed step in the mycothiol biosynthesis. To date two inhibitors of
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MshA have been reported. The first inhibitor UDP-(5F)-GIcNAc (2) (Fig. 4) is a

structural analogue of the natural substrate UDP-GIcNAc. It was found to

competitively inhibit MshA from Corynebacterium glutamicum (Ki~1.6 uM).18 The

second reported inhibitor was O-UDP-GIcNAc (3) (Fig. 4) — also a natural

substrate analogue. It was shown to inhibit MshA from M. smegmatis (ICso 0.2

mM).1® Solving the crystal structure and developing a method to easily purify

active MshA for M. tuberculosis would facilitate inhibitor discovery for this

enzyme.120

HN OH
HO HO O —£_CH,OH
HO MshA HO
How OH Y How o)
2-0,PO #03P0O

OH UDP-GIcNAc UDP OH
1-L-Ins-1-P GlcNAc-Ins-3-P
MshA2
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O
OH MshB ’4 OH

*HaN OH HN OH
HO ° ZB@CHZOH / HO ZB@CHZOH
8 L~0 CHACOOH HOLL~70

HO HO

OH
GlcN-Ins GlcNAc-Ins

ATP

Cys
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AMP
PP,
HS

o
pdun
to

N
: j—é(N OH MshD A oH
Obn 7/ X OH
Z\i\CHZOH Z\i\CHZOH
w acetylCoA CoA HQ w
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Fig. 3. Biosynthesis of mycothiol.
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Fig. 4. Structures of MshA inhibitors.

The next step is catalysed by the phosphatase MshA2, which dephosphorylates
GIcNAc-Ins-3-P  to produce N-acetyl-1-D-myo-inosityl-2-amino-2-deoxy-a-D-
glucopyranoside (GIcNAc-Ins) (Fig. 3). The gene encoding for MsShA2 activity has
not been identified and so has yet to be characterized biochemically.!?

The following step is catalysed by the deacetylase MshB, which deacetylates
GIcNAc-Ins to give GIcN-Ins (Fig. 3). MshB isolated from M. tuberculosis was
found to be a Zn?*-dependent deacetylase. Moreover, it is thought that this is the
rate-limiting step in the biosynthesis of mycothiol. MshB is not essential for
mycothiol biosynthesis as it was found that the mycothiol S-conjugate amidase
(Mca) can compensate for mshB gene deletion and mycothiol is not produced in
a dual AmshB/Amca knockout mutant.'**? |t was also found that mshB gene
disruption in M. smegmatis does not alter its sensitivity to streptomycin,
rifampicin, or ethionamide but increases sensitivity to erythromycin and
azithromycin.#

The first reported inhibitors of MshB were identified by screening a biased
chemical library that included compounds with both structural features of the
natural substrate (GIcN-Ins) and compounds found to inhibit Mca, which is a
closely related homolog of MshB. The greatest advantage of using the latter class
of dual inhibitors would be inactivation of both MshB and Mca. Eight analogues
(Fig. 5) out of 23 tested showed more than 40% inhibition at 200 yM
(fluorescence-detected HPLC assays). The most potent inhibitor (10) had an ICso
of 7 1 uM, so there is scope for further improvements to the activity of this
series.!12!

Three years later a new set of 21 substrate-mimics of GIcNAc-Ins was tested.
The synthesized compounds fall into three categories: cyclohexyl-2-deoxy-2-C-
alkylglucosides, naphthoquinones and thioglycosides (Fig. 6). All of the
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compounds were relatively weak inhibitors. The most promising class of
compounds was the naphthoquinones. The four compounds in this series
showed inhibition within the range of 57 to 95% at 500 uM substrate and inhibitor
concentrations. They also inhibited Mca, but to a lower extent (23 to 44%
inhibition at 250 uM).2? Additionally, two new assays for measuring MshB activity
were reported. The first assay is a fluorescence-based assay where
fluorescamine (FSA) is used.?® The second assay is a continuous 5,5’-dithio-bis-
(2-nitrobenzoic acid) (DTNB) based assay.?* The development of those assays

will help to screen prospective inhibitors more rapidly.

CF; M

Fig. 5. Structures of MshB inhibitors.
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thioglycosides cyclohexyl-2-deoxy-
2-C-alkylglucosides

Fig. 6. Structures of MshB inhibitors.

The fourth step in the mycothiol biosynthesis involves the ligase MshC, which
catalyses the ATP-dependent conjugation of cysteine with GIcN-Ins to yield Cys-
GlcN-Ins (Fig. 3). MshC has been found to be essential for the mycothiol
biosynthesis in M. smegmatis as well as essential for in vitro growth of M.
tuberculosis suggesting that it is a promising drug target.1*'? A mutant disrupted
in mshC gene of M. smegmatis has been demonstrated to be more sensitive to
erythromycin and azithromycin but not to rifampicin compared with the wild type
strain. Moreover, the AmshC mutant of M. smegmatis was more sensitive to
oxidative stress and alkylating agents (e.g. iodoacetamide,
chlorodinitrobenzene).* MshC is thought to be the most attractive drug target
amongst the mycothiol biosynthesis enzymes because of its essentiality for M.
tuberculosis growth. The first identified inhibitor of MshC, NTF1836 (12) (ICso
~100 uM) (Fig. 7), was found in a screen of a commercial library containing 2024
compounds. It was demonstrated that 12 inhibits growth of M. tuberculosis and
kills non-replicating cells.'1?526 In a more recent study, a library of 3100
chemically diverse compounds was screened and one compound, namely
dequalinium (13) (Fig. 7), was identified as a relatively potent, ATP-competitive
inhibitor of MshC (ICso 24 yM) that inhibits M. tuberculosis growth under aerobic

and anaerobic conditions.11:27
@ %:\/V\N" N

Cl
NTF1836 (12) Dequalinium (13)

Fig. 7. Structures of MshC inhibitors.
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The last step in the biosynthetic pathway of MSH is catalysed by the acetylase
MshD, which transfers an acetyl group from acetyl-CoA to Cys-GIcN-Ins to
produce mycothiol (Fig. 3). It was shown that deletion of the mshD gene in M.
smegmatis decreases mycothiol production in a cell.*® It was also demonstrated
that disruption in the mshD gene of M. tuberculosis increases the sensitivity of
the strain to oxidative stress (hydrogen peroxide) compared to the wild type
strain.?® Moreover, it was shown that the AmshD mutant of M. smegmatis is more
sensitive to a number of antibiotics (e.g. rifampin and vancomycin) and alkylating
agents (e.g. iodoacetamide, chlorodinitrobenzene) than the wild type strain.1.12.14

No inhibitors of MshD have been reported to date.'!

2.2. Mycothiol-dependent enzymes and their inhibitors

Because some anti-tubercular drugs like isoniazid and ethionamide require
mycothiol to exert their full effect, blocking its biosynthesis would limit the
usefulness of those drugs. This is why mycothiol-dependent enzymes rather than
the mycothiol synthesis enzymes may present more appealing drug targets.
Inhibitors of mycothiol-S-transferase (MST) could work synergistically with
current drugs that are detoxified by mycothiol-dependent enzymes like rifampicin
and streptomycin and with those that need mycothiol for bioactivation unless MST

is involved in the bioactivation.!

2.2.1. Mycothiol disulfide reductase (Mtr)

Mycothiol disulfide reductase (Mtr) is an enzyme responsible for the reduction of
oxidized mycothiol disulfide (MSSM) to MSH. Maintenance of a high thiol to
disulfide ratio is important for the maintenance of redox homeostasis inside the
cell. Mtr was characterized as one of the first mycothiol dependent enzymes by
sequence homology with GSH reductase. It is an NADPH/NADH dependent
flavoprotein. Its crystal structure has not been solved but its catalytic mechanism
and overall structure is believed to be analogous to that of the orthologous
glutathione reductase (31% sequence identity). It was also found that the inositol
moiety of MSSM is not essential for its recognition by Mtr by comparing the

steady-state kinetic parameters for MSSM and desmyoinositol mycothione 9112029
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Because of the known antimicrobial activity of naphthoquinones, a series of 24
synthetic and natural analogues of naphthoquinone 7-methyljuglone was
designed and synthesized as potential Mtr inhibitors. The most potent compound
of this series, which was shown to be subversive substrate of Mtr, was 5-hydroxy-
7-methyl-1,4-naphthoquinone (14) (MIC: 0.5 ug/mL) (Fig. 8). However, the
potential Mtr inhibitors were found to be non-specific and they are thought to
inhibit other disulfide reductases including those present in mammalian cells. 30
Additionally, the development of a continuous DTNB-coupled assay that allows
characterisation of slow time-dependent inhibitors of Mtr will help to identify

prospective inhibitors more rapidly.%:31
OH O

)
5-Hydroxy-7-methyl-1,4-naphthoquinone (14)
Fig. 8. Structure of Mtr inhibitor.

2.2.2. Mycothiol S-conjugate amidase (Mca)

Mycothiol S-conjugate amidase (Mca) is thought to be one of the most important
mycobacterial enzymes involved in the detoxification of the electrophilic toxins
including some antibiotics. This is believed to be the case because Mca
homologues were found within operons for antibiotic biosynthesis in antibiotic-
producing Actinomycetes. Mca has deacetylase activity and is a zinc
metalloenzyme. It hydrolyses the glucosaminyl-amide bond of mycothiol S-
conjugates to give GIcN-Ins, which is recycled back into the mycothiol
biosynthetic pathway, and S-conjugated cysteine or mercapturic acid, which is
transported out of the cell, probably via a yet to be identified efflux transporter
(Fig. 9).9:20.32.33
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Fig. 9. Scheme depicting the role of Mca in mycothiol dependent detoxification.

An mca gene mutant of M. smegmatis was found to be more sensitive to
streptomycin, electrophilic toxins (e.g. iodoacetamide, chlorodinitrobenzene) and
to oxidants (e.g. plumbagin, menadione) than the wild type strain.®* The crystal
structure of Mca has yet to be solved but its overall structure is believed to be
analogous to that of MshB (36% sequence identity). Because Mca and MshB are
homologs, they have overlapping substrate activity. As mentioned, Mca can
compensate for loss of MshB by deacetylating GIcNAc-Ins to give GIcN-Ins in
mutants lacking MshB. However, by examining the substrate specificity of Mca
with various substrates it was shown that large substrates (e.g. MS—rifamycin)
are preferred to small and polar substrates (e.g. MSH) by Mca. Comparison of
the kinetic parameters for a wide range of substrates showed that S-conjugates
can be either small, non-polar molecules or large macrocyclic antibiotics. The
acetyl and inositol moieties of mycothiol S-conjugates are essential for the
substrate recognition, because when substrates lacking those moieties were
used no Mca activity was observed.®2%3232 Mycothiol S-conjugate amidase is the
most studied drug target of all mycothiol-dependent enzymes. The first identified
inhibitors of Mca were four bromotyrosine-derived metabolites isolated from
Oceanapia sp. (a marine sponge). Compounds 15 and 16 showed the strongest
inhibition of Mca (ICso 3 uM for both compounds) (Fig. 10).3%36 In subsequent
years, screening of about 1500 marine plants and invertebrates extracts as well
as fungal extracts resulted in identification of 13 natural products that inhibited

Mca. It was also found that bromotyrosine-derived natural products competitively
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inhibit Mca, while gliotoxin (ICso 50 uM), which is a fungal metabolite, is a non-

competitive inhibitor of Mca.*® In another screen a psammaplin A-inspired

combinatorial library®” was used alongside natural products to identify the first
synthetic inhibitors of Mca (e.g. 17 and 18 ICso ~40 uM) (Fig. 10).28 More recently,

14 substrate-mimic inhibitors of Mca having a quinic acid-derived ring system

instead of a myo-D-Ins moiety were synthesized and tested as Mca inhibitors

(e.g. 19 and 20 ~45% inhibition of Mca at 50 uM) (Fig. 10).%°

Br
NOH H NH,
N\/\/\N/g
o H
Bromotyrosine-derived natural products 15 and 16
OH OH
Cl Cl
O O
| N/\/S—S | N/\/S—S
N H N H
HO HO
F NH,
Psammaplin A synthetic derivatives 17 and 18
OH OH
HO O HO o)
HO HO
0 NHO 0 NHO
= | OH OH OH OH
NS
N
N

Quinic acid-derived mycothiol analogues 19 and 20

Fig. 10. Structures of Mca inhibitors.
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2.2.3. Mycothiol-S-nitrosoreductase/-formaldehyde

dehydrogenase (MscR)

MscR is a NAD/mycothiol dependent formaldehyde dehydrogenase. It is involved
in the metabolism of formaldehyde, which is naturally produced by the cells as a
result of C1 compound metabolism (e.g. methane) and it is toxic even at low
concentrations. Mycothiol acts as a cofactor that spontaneously conjugates to
formaldehyde in order to form an S-hydroxymethyl-mycothiol adduct, which is
subsequently oxidized by MscR to give mycothiol formate ester (Fig. 11.a). MscR
was also shown to have NADH/mycothiol dependent nitrosomycothiol (MSNO)
reductase activity. It catalyses the conversion of nitrosomycothiol to MSSM and
nitrate (Fig. 11.b). Moreover, it is believed to be an essential enzyme involved in
cell protection against the toxic effects of nitric oxide, as it was demonstrated that
a MSH-deficient mutant of M. smegmatis was more sensitive to nitric oxide than

the wild type strain.®2%33 No inhibitors of MscR have been reported to date.

a) Oy
. . NAD+ NADH
JJ\ conjugation (0]
MSH HAH —9%0R, s Son > J
MscR MS
b)
NADH NAD+

EMSCRi
MSNO MSSM + NO5

Fig. 11. (a) Formaldehyde dehydrogenase and (b) mycothiol-S-nitroso reductase
activity of MscR.

2.2.4. Mycothiol-S-transferase (MST)

By analogy to the GSH-dependent detoxification pathway it was expected that
mycobacteria would produce an enzyme analogous to glutathione-S-transferase.
It was not until recently that the existence of a mycothiol-S-transferase (MST)
was identified in M. tuberculosis. MST activity of the protein encoded by the
Rv0443 gene from M. tuberculosis (77% sequence identity to M. smegmatis
MST) was confirmed using monochlorobimane (mBCIl) and MSH as substrates
and a mycothiol-bimane conjugate was identified as the product. It was
demonstrated that MST like other S-transferases catalyses the conjugation of
electrophilic toxins to the free thiol group on mycothiol, producing mycothiol S-

conjugates. Mycothiol S-conjugates are subsequently hydrolysed by mycothiol S-
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conjugate amidase in order to give GIcN-Ins, which is recycled back into the
mycothiol biosynthetic pathway, and mercapturic acid, which is transported out
of the cell. MST belongs to the DUF664 family which is a part of the DinB
superfamily (DNA-damage-induced genes). This superfamily includes proteins
known to have thiol-dependent catalytic activity or detoxification activity. The
crystal structure of MST has not been solved, but as it is a member of the DinB
superfamily of proteins its structure is believed to be similar to other family
members (e.g. mycothiol-dependent maleylpyruvate isomerase from C.
glutamicum). 1t is likely to contain a four-helix up-down-down-up bundle, form
dimers and to be metal-dependent (Fig. 12). An active site consisting of three
histidine residues chelating a metal ion is characteristic for DinB proteins and is
thought to be a potential binding site for the N-acetyl-cysteine moiety of the
mycothiol.114% Analysis of the polarity of the surface of a homology model (Fig.
12) revealed a relatively hydrophobic site to the left of the metal-binding site,
which may be where electrophilic toxins coupled to mycothiol bind. On the right,
a relatively hydrophilic site was revealed, and we propose that it is where the
GIlcN-Ins moiety of MSH binds.

proposed binding site
for the GlcN-Ins m0|ety

proposed
binding sit for
electrophlljc
toxms y >

Fig. 12. Homology model of MST (shown as ribbon) based on 3CEX (35.5%
identity) made by Dr Shozeb Haider (UCL School of Pharmacy). Image prepared
using PyMOL.
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It was found that MST was 200-fold more active toward mBCl with MSH than with
GSH, showing that MST is substrate selective towards MSH. It was also
suggested that inhibition of mycothiol-S-transferase could have an important role
in impairing detoxification of antibiotics, which could result in increased sensitivity
to antibiotics as MST was shown to have good activity when mitomycin C was

used as a substrate.1140

2.3. Chemical synthesis of mycothiol

The first attempt to chemically synthesise mycothiol was performed in 2002 by
Jardine et al.*! The synthetic plan was to synthesise separately the appropriately
protected sugar moieties, link them and finally couple the cysteine moiety to the
pseudo-disaccharide. First, the selectively acetylated myo-inositol with an
unprotected 1’-OH group was synthesised over six steps, finally giving pure D-25
and L-25 enantiomers (Fig. 13). Both enantiomers were separately coupled to
the protected glucosamine moiety (26) and treated with an anion exchange resin
to give four pseudo-disaccharides in total: 31 (the desired a-D anomer), 32, 33,
34 (Fig. 14) Because synthetic coupling of N-acetyl-cysteine to 31 was
unsuccessful, it was decided to use a cell-free extract of M. smegmatis to produce
mycothiol (1) (Fig. 15).4
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Fig. 13. Towards the synthesis of mycothiol. Reagents: (i) 1-ethoxycyclohexene,
p-toluenesulphonic acid, DMF; (ii) NaH, BnBr, toluene; (iii) camphanic acid
chloride, EtsN in CH2Cl2; (iv) (2) KOH in ethanol; (b) 80% acetic acid (v/v); (V)

acetic anhydride, pyridine; (vi) H2 and Pd/C.%*
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The first total chemical synthesis of mycothiol was achieved in 2004 by Lee and
Rosazza.*? A similar synthetic plan of linking three mycothiol building blocks was
adopted. As before, a protected D-myo-inositol having a free 1°’-OH group was
synthesised (D-25) but using a slightly modified synthetic route (Fig. 16). The
second building block, namely O-(3,4,6-tri-O-acetyl)-2-azido-2-deoxy-a,B-D-
glucopyranosyl) trichloroacetimidate (36), was then linked to D-25 using
trimethylsilyl trifluoromethanesulfonate (TMSOTf), which gave a 9:1 ratio of a-
and B-isomers. The isomers were separated by column chromatography and the
desired a-anomer (37) was reduced giving the amine (38), which was
successfully  coupled to  N,S-diacetyl-L-cysteine  (39) using  1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) as a coupling reagent and after deprotection gave
mycothiol (1) (Fig. 17).4?

(0]
OoH i R= <
OH (i-ii) O
HO OH ’ ¢
OH OH )
21
. OAc OAc
(iv) OAc ) OAc

BnO OAc HO OAc
OAc OAc OAc OAc
D-35 D-25

Fig. 16. Towards the synthesis of mycothiol. Reagents and conditions: (i) 1-
ethoxycyclohexene, p-TsOH, CH2Cl2, 100 °C, 2 h, 23%; (ii) BnBr, NaH, PhMe,
130 °C, 6 h to rt, 12 h, 54%; (iii) (1S)-(-)-camphanic chloride, DMAP, EtsN,
CH2Cl2, rt, 24 h, 49%; (iv) (2) KOH, EtOH, rt, 15 h, 97%, (b) CH3COOH, H:0,
100 °C, 2 h, then Acz20, pyridine, rt, 17 h, 89%; (v) Hz, Pd-C, EtOAc, rt, 48 h,
97%.%4?
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Fig. 17. The synthesis of mycothiol. Reagents and conditions: (i) TMSOTT,
molecular sieves, CH2Clz, 0 °C, 1 h, 56%; (ii) Hz, Pd-C, EtOAc, HCI, rt, 6 h, 81%;
(iii) HATU, HOAt, collidine, DMF, 0 °C, 2 h to rt, 22 h, 25%; (iv) Mg(OMe)2, MeOH,
rt, 2 h, 40%.42

Successful synthesis of mycothiol was also accomplished via intramolecular
alpha—glucosaminidation.*®> There are three main components crucial for
intramolecular alpha—glucosaminidation: a temporary tether (in this case a
methylene tether), a removable amine protecting group (N-arylsulfonyl group)
and a leaving group (S-tolyl group). First, the acetyl-protected glucosamine (40)
was decorated with S-tolyl and N-arylsulfonyl groups to give the protected
glucosamine (42) (Fig. 18). Next, the penta-O-benzylinositol (43) was converted
to the chloromethyl derivative (44), which was subsequently coupled with the
protected glucosamine (42) using  2-t-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine  (BEMP) to give the desired
glycosylation substrate (45) (Fig. 19). The glycosylation substrate (45) was
treated with PhSeCl and a catalytic amount of AgOTf to furnish the desired
glycoside (46) (Fig. 19). The advantage of using this method is that only a-
anomer of 46 is produced. After general deprotection, the glycoside (31) was
coupled with N-Boc-S-acetylcysteine (47) using HATU. Finally, after cysteine
deprotection using trifluoroacetic acid (TFA) and S to N acetyl migration,

mycothiol (1) was obtained (Fig. 19).%3

39



AcO AcO AcO
AN one . AN one (). A0 st
AcO AcO AcO

"NH; NHSO,Ar NHSO,Ar
cl
Ar = 2-naphthyl Tol = p-(CH3)CeHy
40 41 42

Fig. 18. Towards the synthesis of mycothiol. Reagents: (i) ArSO2Cl, EtsN, CH2Clz,
95%; (ii) Tol-SH, BF3-OEt2, CH2Cl2, 93% (9:1 B/a).*3
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Fig. 19. The synthesis of mycothiol. Reagents and conditions: (i) MeSCH2Cl, Nal,
NaH, THF, 8 h, 74%; (ii) SO2Cl2, CH2Cl2, 0 °C; (iii) 42, BEMP, THF, 98%; (iv)
PhSCI, AgOTf, CH2Cl2, CH3CN, -78 °C to -20 °C, 93%; (v) NaOMe, MeOH; (vi)
Na(Hg), NazHPO4, MeOH, 15 min, 74%; (vii) Hz, Pd(OH)2, HCI, aq t-BuOH, 6 h,
98%; (viil) HATU, i-Pr2EtN, DMF, 0 °C to 23 °C, 12 h, 77%; (ix) TFA, CH2Clz; (x)
pyridine, 100%.43

Chung et al.** has reported a mycothiol synthesis that involved regioselective
ketopinyl desymmetrization of benzyl-protected D-myo-inositol. 3-O-Ketopinyl 49
was linked to the protected D-glucosamine (48) using N-iodosuccinimide (NIS)
and triflic acid (TfOH) to give only the desired a-anomer (51) after subsequent
cleavage of the ketopinyl group (Fig. 20). Following the global deprotection, the
pseudo-disaccharide (31) was coupled with protected cysteine (47) using HATU
as a coupling reagent. Finally, after cysteine deprotection and S to N acetyl
migration, mycothiol (1) was obtained (Fig. 20). High overall yield (40%) and a-
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stereoselective glucosaminylation are the main benefits of using this method.**
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Fig. 20. The synthesis of mycothiol. Reagents and conditions: (i) NIS, TfOH,
CH2Clz, -60 °C, 3 h, 84%; (ii) NaOH, EtOH/CH2Cl2 (4/1), 60 °C, 30 min, 95%; (iii)
TBAF, THF, 95%; (iv) HATU, DIPEA, DMF, 12 h, 78%; (v) TFA, (vi) pyridine
100%.44

McConnell, Yu and Nguyen*® also reported a method for the synthesis of the a-
pseudo-disaccharide (31), which is an intermediate in the synthesis of mycothiol.
In this method, the protected D-myo-inositol (53) was a-selectively coupled with
the N-phenyl trifluoroacetimidate derivative of glucosamine (52) using a nickel
catalyst to give protected a-pseudo-disaccharide (54) (Fig. 21). It is worth noting
that a mixture of a- and B-anomers of 52 was used and only a-isomer of 54 was
produced (yield = 78%). After removal of the 2-trifluoromethyl-benzylidene group,
benzyl and acetyl protecting groups the desired a-pseudo-disaccharide (31) was
furnished (Fig. 21).4°
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Fig. 21. Towards the synthesis of mycothiol. Reagents and conditions: (i)
10 mol%, Ni(4-F-PhCN)4(OTf)2, CH2Cl2, 35 °C, 78%; (ii) 5 N HCI, acetone, reflux,
5 min, 98%; (iii) Pd(OH)2/C, Hz, t-BuOH, pH 4 buffer; (iv) NaOMe, MeOH, 55%
(2 steps).®®

Most recently, Manabe and Ito*® have reported mycothiol synthesis including
anomerization via endocyclic cleavage as a key step. First, in order to obtain the
B-pseudo-disaccharide (57), phthalimido-protected glucosamine thioglycoside
(56) and protected inositol (43) were linked via a glycosylation reaction (Fig. 22).
Next, protecting groups on the glucosamine ring were removed and a carbamate
group was introduced. In the following steps, the glucosamine ring was acetylated
and the B-pseudo-disaccharide (59) was fully anomerized to the desired a-
pseudo-disaccharide (60) (Fig. 22). The a-pseudo-disaccharide (60) was fully
deprotected and coupled to protected cysteine (47) using (1-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium
hexafluorophosphate (COMU) as a coupling reagent. As before#4, after cysteine
deprotection and S to N acetyl migration, mycothiol (1) was successfully
furnished (Fig. 22).4
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Fig. 22. Towards the synthesis of mycothiol. Reagents: (i) NIS, TMSOTf, CH2Clz,
90%; (ii) ethylenediamine, DMF, 82%; (iii) triphosgene, NaHCO3s, CH3CN-H:20,
93%; (iv) Acz20, pyridine, DMAP, 84%; (v) BFs-OEtz2, CH3CN, quant.; (vi) ag.
NaOH, dioxane, 72%; (vii) H2, Pd(OH)2/C, AcOH, dioxane, H20, 85%; (viii)
COMU, iPr2NEt, 80%; (ix) TFA; (x) pyridine, quant.4®

2.4. Chemical synthesis of mycothiol analogues

The first mycothiol analogue was synthesised in 1998 to perform kinetic and
mechanistic studies with the mycothione reductase from M. tuberculosis. At that
time the chemical synthesis of mycothiol was not yet reported, so a truncated
analogue, namely oxidised des-myo-inositol mycothiol (65) (Fig. 23), was
synthesised as a mixture of a- and B-isomers. First, glucosamine (61) was
coupled to N-a-Fmoc-S-acetamidomethyl-L-cysteine pentafluorophenyl ester
(62) to produce compound 63. Then, the Fmoc group was removed and the free
amine was selectively N-acetylated. Finally, thallium (lIl) trifluoroacetate was

used to produce the target disulphide (65). It was shown that both diastereomers
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act as substrates for the reductase.?’
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Fig. 23. The synthesis of the truncated mycothiol analogue (65). Reagents and
conditions: (i) 2 equiv of hydroxybenzotriazole, 5 equiv a-D-glucosamine
(freebase), DMF, room temperature, 2 h, 65%; (ii) 5% piperidine in DMF, rt,
0.5 h, 77%; (iii) 1.1 equiv AcO2 over 0.5 h, 2 equiv K2COs, H20, rt, 2 h, 66%; (iv)
1.1 equiv TI(CF3COz2)s, 2 equiv anisole, TFA, 4 °C, 1 h, 28%.4’

In 2002, in order to confirm the absolute configuration of mycothiol, mycothiol
bimane (MSmB) (70) was synthesised (Fig. 24). In short, the appropriately
protected inositol (66) was glycosylated with 3,4,6-tri-O-acetyl-2-azido-2-deoxy-
a-D-glucopyranosyl chloride producing a 2:1 mixture of a- and p-anomers. The
a-anomer was separated by column chromatography (yield = 44%). After inositol
ring deprotection and subsequent acetyl protection and azide reduction, the
amine (69) was formed. In the next step the amine (69) was coupled with N-
acetyl-L-cysteinyl monobimane and the global deprotection gave mycothiol
bimane (70). MSmB is produced by M. smegmatis and is a substrate for mycothiol
S-conjugate amidase. Synthetic MSmB was used as a substrate for Mca and the
data were compared with the results obtained when MSmB isolated from M.
smegmatis was used. NMR and CD spectra along with kinetic studies confirmed

that mycothiol is composed of D-myo-inositol, D-glucosamine and L-cysteine.*®
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Fig. 24. The synthesis of mycothiol bimane (70). Reagents: (i) 3,4,6-tri-O-acetyl-
2-azido-2-deoxy-a-D-glucopyranosyl chloride, AgOTf, 2,6-diisopropyl-4-methyl
pyridine, CH2Cl2, 44%; (ii) 1. ethylene glycol, (+)-camphor sulfonic acid, CHsCN
2. Ac20, pyridine 80%; (iii) Pd-C, H2, EtOAc, 86%; (iv) N-AcCysmB, DEPC,
iPr2EtN, DMF, 31%; (v) Mg(OMe)2, MeOH (dry), 75%.48

In the same year the first mycothiol analogue (78) to serve as a scaffold for further
development into anti-TB drugs was reported (Fig. 25). In order to simplify the
synthesis and isolation, the myo-inositol moiety was replaced by S-cyclohexyl. A
sulphur atom was used in place of the linking oxygen in the natural compound,
so that the obtained mycothiol analogue (78) would be more chemically and
biologically stable and it also sets the stereochemistry at the anomeric centre, so
that only the a-isomer is formed. The simplified analogue (78) was shown to be
a substrate for Mca when S-alkylated with bromobimane proving that it is a good
scaffold for further development into anti-TB drugs. The simplified mycothiol
analogue (78) was synthesised as follows (Fig. 25): first, the commercially
available acetyl-protected B-glucosamine (71) was treated with Lawesson’s
reagent to furnish the GIcNAc-thiazoline triacetate (72). In the second step, 72
was hydrolysed using trifluoroacetic acid to provide the acetamido mercaptan
(73) (only the desired a-isomer was formed). Next, the cyclohexyl ring was added
using a radical thiol-ene coupling to furnish the cyclohexyl thioglycoside (74). In
the following step, 74 was treated with hydrazine monohydrate to provide the
aminotriol (75). Then 75 was coupled with N-(tert-butoxycarbonyl)-S-acetyl-L-
cysteine (47) in order to furnish the amide (76). The penultimate step involves
treatment of 76 with trifluoroacetic acid leading to the formation of the ammonium
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salt (77), and finally 77 was treated with pyridine to furnish the simplified

mycothiol analogue (78) via intramolecular S-N acetyl transfer.*®
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Fig. 25. The synthesis of simplified mycothiol analogue (78). Reagents and
conditions: (i) Lawesson’s reagent, toluene, 80 °C, 1.5 h, 100%; (ii) TFA, wet
MeOH, 100%; (iii) CeHio, AIBN, CHCls, reflux, 79%; (iv) NH2NH2-H20, 120 °C,
24 h, 84%; (v) N-Boc-S-acetylcysteine (47), EDCI, DMF, 82%; (vi) TFA; (vii)
1. pyridine, 2. Sephadex, 100% from 76.49

The aminotriol intermediate (75) was then used as a scaffold for the synthesis of
a further 40 mycothiol analogues. The aminotriol (75) was N-substituted with a
range of different groups to mimic the transition state of the natural substrates for
the mycothiol dependent enzymes like Mca. The analogues were generated
using a variety of procedures including amide coupling, alkylation, acylation and
sulfonylation. Biological activity against M. tuberculosis was evaluated for 27 of
the analogues using an Alamar blue growth inhibition assay and four of them 79
— 82 (Fig. 26) showed weak inhibitory activity ranging from 4 to 51% inhibition at
6.25 pg/mL.*°
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Fig. 26. Structures of mycothiol analogues.®°

Mycothiol analogues having 2’-hydroxypropyl (90) or 2’-oxopropyl (91) groups in
place of L-cysteine were also synthesised (Fig. 27). The synthesis started with
acetyl protected 2-deoxy-2-C-allylglucoside (83) that was converted into the
glycoside fluoride (84). Then 84 was glycosylated with appropriately protected
inositol (43) to produce 85 as an inseparable 8:1 mixture of a- and B-anomers.
After the deacetylation of 85, the a-anomer (86) was separated by column
chromatography (yield = 36%). In the following step, the pure a-glycoside (86)
was benzylated. The desired 2’-hydroxypropyl (90) mycothiol analogue was
produced via epoxidation, subsequent ring opening and global deprotection of
88. The analogue 91 was obtained via oxidation of 88 followed by global
deprotection. The analogues were proposed to act as inhibitors of the MshB, thus
blocking the biosynthesis of mycothiol. Preliminary biological studies showed that
compounds 90 and 91 do not cause growth inhibition of M. smegmatis in vitro.
However, 90 and 91 inhibited [*H]inositol incorporation by whole cells (M.
smegmatis) into metabolites containing the inositol moiety proving that 90 and 91
have biological activity.>!

Because the chemical synthesis of mycothiol is challenging and low-yielding a
new mycothiol analogue was designed and synthesised, namely a fused bicyclic
thioglycoside (95) (Fig. 28). In the proposed synthetic route, the cysteine moiety
is introduced in the first step to address the most difficult step at the beginning of
the synthetic pathway. Then, the B-thioglycoside (93) was O-deacetylated and
the phthalimido group was removed. The addition of N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDCI) and subsequent deprotection resulted
in the formation of the desired bicyclic product (95). The inhibitory activity of the
analogue (95) on enzymes involved in the mycothiol biosynthetic pathway was

not reported.>?
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Fig. 27. The synthesis of 2’-hydroxypropy! (90) and 2’-oxopropy! (91) mycothiol
analogues. Reagents and conditions: (i) hydrazine acetate (2 equiv), DMF,
60 °C, 30 min, 92%; (ii) DAST (3 equiv), THF, rt, 30 min, 90% (a:B=2:1); (iii) 43
(1 equiv), 84 (1.6 equiv), BFs-Et20 (5 equiv), 4 A ms, rt, 2 h, (a:p =8:1); (iv)
NaOMe, MeOH-CH2Clz, rt, 1 h, 36%; (v) NaH, BnBr, THF, reflux, 20 h, 94%; (vi)
MCPBA (70%) (6 equiv), CH2Clz, rt, 24 h, 83% (1:1);. (vii) LAH (10 equiv), THF,
0 °C, 1 h, 82% (1:1); (viii) TPAP (cat), NMO (1.5 equiv), CH2Cl2, ms, rt, 25 min,
90%; (ix) H2, 10% Pd/C, EtOAc—MeOH, rt, 3 days, >90%.5!
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Fig. 28. The synthesis of the fused bicyclic thioglycoside (95). Reagents: (i) N-
acetyl-L-cysteine, BF3-Et20, CH2Cl2, 68%; (ii) NH2CH2CH2NH2, MeOH, 86%; (iii)
1. EDCI, HOBt, DMF, H20, 2. Ac20, pyridine, 50%; (iv) NaOMe, MeOH, 82%.52

More recently, an analogue (100) based on a scaffold reported by Knapp et al.*?
but having S-trichloroethenyl substituted cysteine instead of N-acetylcysteine
moiety was synthesised (Fig. 29). S-chloroalkenyl cysteine is known to be toxic
to cells as it undergoes B-lysis that results in production of reactive electrophiles
such as thioacyl halides. It was hypothesised that the synthesis of an Mca
substrate mimic decorated with S-haloalkenyl cysteine would result in cleavage
of the toxin selectively in mycobacteria. It is worth noting that the analogue (100)
also lacks an N-acetyl group as a free amino group on the cysteine moiety is
required for the binding with the -lyase enzyme. The synthetic pathway started

with a-D-glucosamine pentaacetate (96) that was treated with cyclohexanethiol
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to give a 2:1 mixture of a- and B-anomers. The anomers 74 (yield = 22%) and 97
were separated by column chromatography and carried separately through the
subsequent steps. The anomers 74 and 97 were globally deprotected over 3
steps and coupled with N-Boc-S-trichloroethenyl-L-cysteine to produce Boc-100
and Boc-101. Finally, the N-Boc groups were removed to give the desired
analogues 100 and 101. The analogue 100 and its B-anomer (101) (unlike their
Boc-protected derivatives) were reported to be taken up by M. smegmatis strain
and showed comparable growth inhibition (MIC: 250-500 pM for both
compounds). However, the analogue 100 and its B-anomer (101) were also
shown to be cytotoxic to HL-60 (human promyelocytic leukemia) (ICso 76 1 and
112 £18 uM, respectively) and 1A9 (human ovarian carcinoma) cells (ICso 79 £23
and 121 £16 yM, respectively), which could suggest that they act via different
mechanism than pB-lysis. Although selectivity should be improved, the S-
trichloroethenyl substituted mycothiol analogue (100) is thought to be promising

candidate for further development.>3
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Fig. 29. The synthesis of the S-trichloroethenyl substituted mycothiol analogue
(100). Reagents and conditions: (i) cyclohexanethiol (4 equiv), BF3-OEt2 (2
equiv), 1,2-dichloroethane, 0-55 °C, 3 h (74 22%, 97 11%); (ii) di-tert-butyl
dicarbonate (5.4 equiv), 4-(N,N-dimethylamino)pyridine (0.13 equiv), THF, reflux
18 h (98 quant, 99 82%); (iii) Na (1 equiv), MeOH, rt, 2 h; (iv) HCI, MeOH/water,
r,18 h; (v) KOBu (1 equiv), EDCI (2.5 equiv), N-Boc-S-trichloroethenyl-L-
cysteine (1.5 equiv), DMF, 0 °C —rt, 2 h (Boc-100 26%, Boc-101 35% over 3
steps); (vi) TFA, 0 °C —rt, 25 min (100 35%, 101 quant).>®

Most recently, two structural analogues (GlcF-Ins 106 and GIcNs-Ins 109) of

GlcN-Ins (31) were synthesised as potential inhibitors of MshC. The synthesis of
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GlcF-Ins (106) (Fig. 30) started with the fluorination of 3,4,6-tri-O-acetyl-D-glucal
(102) that was subsequently acetylated at the anomeric carbon to allow for the
separation of the D-glucopyranose from the a-D-mannopyranose by column
chromatography. After separation the anomeric carbon of the D-glucopyranose
was selectively deprotected to form 3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-D-
glucopyranose (103). Next, 103 was treated with trichloroacetonitrile (TCA) to
produce the TCA donor (104) that was glycosylated with the appropriately
protected inositol (66) to give only the desired a-product (105) that was globally
deprotected to furnish the GlcF-Ins (106). >
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Fig. 30. The synthesis of the GlcF-Ins (106). Reagents and conditions: (i)
Selectfluor®, DMF : water, RT, 12 h, (ii) Ac20, pyridine, DMAP, RT, 12 h, (58%);
(i) ammonium acetate, DMF, RT, 12 h, (96%); (iv) trichloroacetonitrile, K2COs,
anhydrous DCM, 0 °C, 16 h, (93%); (v) 66, TMSOTf, anhydrous DCM, MS-4 A,
-20 °C, 1 h, (78%); (vi) 10% w/w Pd-C, H2, MeOH, RT, 5 h, (98%); (vii)
NaOMe/MeOH, RT, 1 h, (vii) DOWEX 50WX8-100 ion exchange (H*) resin,
MeOH, 35 °C, 1 h, (98%).>*

In order to synthesise GIcNs-Ins (109) (Fig. 31), glucosamine hydrochloride (107)
underwent a diazo transfer reaction and was subsequently acetylated and
selectively deacetylated at the anomeric carbon to give 3,4,6-tri-O-acetyl-2-
deoxy-2-azido-D-glucopyranose (108). As before, 108 was treated with TCA to
produce the TCA donor (36) that was glycosylated with the appropriately
protected inositol (66) to give only the desired a-product (67) that was globally
deprotected to furnish the GlcNs-Ins (109). The inhibitory activity of the analogues
106 and 109 on MshC was not reported.>*
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Fig. 31. The synthesis of the GlcNs-Ins (109). Reagents and conditions: (i) Stick's
diazo transfer reagent, K2COs, CuS0O4-5H20, MeOH, RT, 3 h, (ii) Ac20, pyridine,
DMAP, RT, 12 h (87%); (iii) ammonium acetate, DMF, RT, 12 h, (98%); (iv)
trichloroacetonitrile, K2COs, anhydrous DCM, 0 °C to RT, 16 h, (90%); (v) 66,
TMSOTTf, anhydrous DCM, MS-4 A, -20 °C, 1 h, (81%); (vi) NaBrOs, Na2S204,

EtOAc:H20, RT, 6 h, (vii) NaOMe/MeOH, RT, 1 h, (vii) DOWEX 50WX8-100 ion
exchange (H*) resin, MeOH, 35 °C, 1 h, (90%).>*

In conclusion, there were multiple attempts to obtain a biologically active
mycothiol analogues. However, their synthesis proved to be challenging. This is
why development of a new synthetic strategy to form a simplified mycothiol
scaffold that would be easily derivatised is of great importance. Such a strategy
would enable the synthesis of mycothiol-based chemical probes that would help

to explore the role of MSH-dependent enzymes including MST.
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3. Kinetic target guided synthesis

In kinetic target guided synthesis (KTGS) the protein acts as a catalyst or template
in the synthesis of its own best inhibitor from a pool of choices provided. The
protein is typically incubated with one fragment that is known to bind to the protein
and a pool of fragments that can react with the constant fragment in order to form
irreversible bonds (Fig. 32). The archetypal click reaction, namely 1,3 dipolar
cycloaddition of alkynes and azides, is considered to be the gold standard in
kKTGS. The hits can be identified using LCMS and subsequently re-synthesised
using standard ‘click chemistry’ conditions. Binding and inhibition of the hits can
be confirmed using a variety of biophysical techniques including saturation
transfer difference NMR (STD-NMR), differential scanning fluorimetry (DSF) and
isothermal titration calorimetry (ITC). The use of kTGS has many advantages
over traditional medicinal chemistry approaches. Most importantly, it enables
quick exploration of the protein binding site. Moreover, it reduces synthetic effort
at early stages of drug development and produces potent inhibitors from two low-
affinity fragments in only one step. However, this approach also has limitations.
All of the reactants used as well as products formed should be stable under
physiological conditions and cannot cause degradation or denaturation of the
protein. Because the inhibitors are generated in very small amounts, they should
be easily synthesised using established ‘click chemistry’ conditions to enable
validation of the hits. 5556

N3 N3 |||

o 46—

Fig. 32. Principle of the kinetic target guided synthesis.

Kinetic target guides synthesis was first successfully employed to generate
inhibitors of acetylcholinesterase (AChE), which is a validated drug target in

Alzheimer’'s disease.®® AChE has been selected as there are two separate
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binding sites located next to each other in its active site. To perform KTGS two
known inhibitors of AChE, namely tacrine (K¢ =18 nM) and propidium (Kd¢ = 1.1
pMM) that bind to different binding sites were chosen. Each inhibitor was equipped
with an azido or alkyne linker of a various length. In total 8 analogues of each
inhibitor were synthesised. The analogues were incubated in pairs with the
enzyme to produce only one compound (Kd = 99 fM) out of 98 possibilities. In
another experiment a tacrine azido analogue was used as a handle within the
binding site and incubated with 23 alkyne fragments. This less biased approach
resulted in an identification of two additional AChE inhibitors. Over the years
KTGS was employed to find inhibitors of a wide range of protein targets e.g.

carbonic anhydrase, HIV protease and chitinase.>®
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4. Aims

Tuberculosis (TB) is an infectious disease that kills more than a million people a
year, thus posing a significant global health threat. TB is extremely difficult to
eradicate and has to be treated using a cocktail of antimicrobial drugs that must
be taken for a minimum of six months. Over the years, the same anti-TB drugs
have been used extensively resulting in the rise of multi-drug resistant and
extensively drug-resistant strains of TB.! Because of the global spread of multi-
drug resistant tuberculosis and high infection rates, there is a great need for new
drugs to be brought to the clinic.

M. tuberculosis and related Actinomycetes produce mycothiol as the most
abundant low molecular weight thiol. Mycothiol (MSH) is thought to fulfil the same
roles as glutathione in other species.'’® MSH unlike GSH, which is a tripeptide,
contains the functional cysteine moiety decorated with two sugar moieties,
namely inositol and glucosamine. It plays a major role in combating oxidative
stress, to which bacteria are exposed in host organism due to immune response
and antibiotics. It is involved in the detoxification of electrophilic toxins, serves as
a cysteine reservoir and as a cofactor for various enzymes (Fig. 33).° Even
though there is conflicting evidence regarding essentiality of MSH for M.
tuberculosis, mycothiol and related enzymes are considered to be good drug
targets due to its vital role in the survival of M. tuberculosis under stressed
conditions. Apart from protecting M. tuberculosis against some antibiotics (e.g.
rifampicin and streptomycin), mycothiol plays an important role in bioactivation of
other antibiotics such as isoniazid and ethionamide. Therefore inhibitors targeting
mycothiol-dependent enzymes are thought to be more promising drug targets
than those involved in mycothiol biosynthesis as they could work synergistically
with current drugs that require mycothiol for bioactivation and with those that are
detoxified by mycothiol-dependent enzymes.1?

Mycothiol-S-transferase (MST) is a key enzyme involved in the neutralisation of
electrophilic toxins in mycobacteria. MST in M. tuberculosis has recently been
identified and has not been extensively studied. Chemical tools are needed to
help to dissect the role played by MST and other MSH-dependent enzymes in M.
tuberculosis.'14° It is hypothesised that inhibition of MST will negatively affect cell

viability, enhance sensitivity to existing antibiotics and increase susceptibility to
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the human immune system.
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Fig. 33. Scheme depicting the biosynthesis of mycothiol and its role in
mycobacterial physiology.

MSSM Mycothiol-S-conjugate

The ultimate aim of this project was to validate MST as a novel drug target.
Because chemical synthesis of MSH is complicated and the isolation of mycothiol
from cells in sufficient quantities is challenging, potent and selective probes are
needed to investigate the role of MST and other MSH-dependent enzymes.
Towards the development of chemical probes, a 2-fold approach was taken. The
first approach included the development of substrate analogues based on a
simplified mycothiol scaffold (110) containing cysteine moiety (Fig. 34). The
analogues do not have the inositol ring because it was shown that the inositol
moiety is not crucial for the substrate recognition by Mtr, so it can be assumed
that it will be the case for other MSH dependent proteins.!? The simplified
analogues would provide a scaffold for the synthesis of a varied library of S-
conjugates that would enable us to probe the hydrophobic pocket of MST and

gain some information about the structure—activity relationships of the target

protein.
OH OH OH OH
HO © HO © HO © HO ©
HO " HO " HO X HO .
o) OH — 3 o— —
HmOH S-R S-R S-R
HS o] OH OH HS o 0
NHAc NHR' N3

1M1

Fig. 34. Structures of mycothiol (1) and simplified mycothiol analogues (110, 111,
112).
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The second approach involved the use of kinetic target guided synthesis (KTGS),
which is a process whereby the protein acts as a catalyst or template in the
synthesis of its own best inhibitors from the ‘choices’ provided. Towards this goal
azido derivatives of the simplified mycothiol analogue (111 and 112) (Fig. 34)
were designed for synthesis and testing. The analogues would act as a handle
within the binding site and would allow us to explore the cysteine-binding site of
mycothiol-S-transferase. The azido derivatives would be incubated with an
alkyne fragment library in the presence of MST in order to find triazole containing
hits. The identified hits would be synthesised using standard ‘click chemistry’
conditions.
The specific objectives are as follows:

(i) to synthesise the cysteine containing mycothiol analogues (110);

(ii) to synthesise the non-cysteine mycothiol analogues (111 and 112);

(iii) to synthesise the triazole containing mycothiol analogues.
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5. Synthesis of the cyclohexyl cysteine mycothiol

analogue

In order to explore the role of mycothiol-S-transferase it was necessary to
synthesise a series of analogues of the natural product. Chemical probes based
on a simplified mycothiol scaffold (78) that contains a cysteine moiety were
designed. It was proposed to follow a published methodology*® to develop a
range of substrate analogue inhibitors of MST. The simplified analogue (78)
contains a cyclohexyl group in place of the inositol ring present in the natural
product, as it was shown that the inositol moiety does not contribute greatly to
the binding affinity of mycothiol to Mtr.!* This simplified analogue (78) was
planned to be investigated as a substrate for enzyme kinetics studies and would
provide a scaffold for the synthesis of a library of S-conjugates. A series of novel
S-conjugates could be synthesised using thiol-ene coupling or S-alkylation (Fig.
35). The substituents used would vary in size and polarity to enable us to probe
the hydrophobic pocket of MST and gain some information about the structure—
activity relationships (SAR) of the target protein.
OH OH

Ho/ﬁ‘ Q/\X Ho/ﬁ‘
O == THO

NHAc

HS
NHAc

78

Fig. 35. Scheme outlining the synthesis of substrate analogue inhibitors of
mycothiol-S-transferase.

5.1. The first synthetic route

It was decided to synthesise the simplified mycothiol analogue (78) according to
the synthetic route presented by Knapp et al.*® (Fig. 36), which was described in
detail in the Introduction. In short, the acetamido mercaptan (73) could be
obtained using the acetyl-protected B-glucosamine (71) as a starting material.
Then the cyclohexane ring can be introduced giving the aminotriol (75) after
global deprotection. Finally, the aminotriol (75) would be coupled with N-Boc-S-

acetyl-L-cysteine (47) forming the simplified mycothiol analogue (78).

58



HO Q AcO Q Aco/g&/OAC
HO AGO C—> "AcO
N s s

NHAc + +
0
78 AcS OH
NHBoc

a7
Fig. 36. Retrosynthesis of the simplified mycothiol analogue (78).

First, following the published synthetic strategy,*® the acetyl-protected B-
glucosamine (71) was treated with Lawesson’s reagent and the reaction was
heated at 80 °C for 1.5 h (Fig. 37). Lawesson’s reagent was chosen, as it is the
most widely used reagent for converting carbonyl groups into thiocarbonyls and
allows for the preparation of heterocyclic compounds having a sulphur atom.>” A
sulphur atom was used to replace the linking oxygen in the structure of natural
mycothiol, so that the mycothiol analogue (78) would be more chemically and
biologically stable.®® The product, GIcNAc-thiazoline triacetate (72), was

successfully obtained in 76% yield.
OAc

OAc
0 . AcO Q
AcO oAc () . "AcO
AcO S
OY NH N X
71 72

Fig. 37. Synthesis of the GIcNAc-thiazoline triacetate (72). Reagents and
conditions: (i) Lawesson’s reagent, toluene, 80 °C, 1.5 h, 76%.

In the second step, the GIcNAc-thiazoline triacetate (72) was hydrolysed using
trifluoroacetic acid to provide the acetamido mercaptan (73) in quantitative yield
with no further purification required (Fig. 38). Acidic hydrolysis using TFA was
performed, so that the hydrolysis would only occur at the iminium carbon and not
at C-1 of 72.58 Additionally, use of TFA sets the stereochemistry at the anomeric
centre, so that only the a-isomer is formed. The formation of the sulfhydryl group
is important as it allows for the addition of the cyclohexyl group in the subsequent

step.
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72 73

Fig. 38. Synthesis of the acetamido mercaptan (73). Reagents and conditions: (i)
TFA, wet MeOH, 100%.

The third step in the synthetic pathway required a free radical addition of the
acetamido mercaptan (73) to cyclohexene using 2,2’-azobis(2-
methylpropionitrile) (AIBN) as a radical initiator (Fig. 39), however, the cyclohexyl
thioglycoside (74) was obtained in a low yield (8%).

OAc OAc
0 ; 0
AcO (i) AcO
Ac()éﬁ - AcO
AcHN &, AcHN SO

73 74

Fig. 39. Synthesis of the cyclohexyl thioglycoside (74). Reagents and conditions:
(i) CeH1o, AIBN, CHCI3, reflux, 8%.

Because the method reported by Knapp et al.*° proved to be low-yielding in our
hands, it was proposed to employ Sn2 nucleophilic substitution to afford the
cyclohexyl thioglycoside (74). The advantage of this type of reaction is that it does
not require the use of potentially explosive reagents such as AIBN and will thus
better lend itself to scale up. The acetamido mercaptan (73) was dissolved in dry
dimethylformamide, which is a polar, aprotic solvent, and treated with anhydrous
potassium carbonate to deprotonate the nucleophile 73, which attacks the
cyclohexyl bromide furnishing the cyclohexyl thioglycoside (74) (Fig. 40). The
reaction was stirred at room temperature for 1 h to give the cyclohexyl
thioglycoside (74) in 10% yield.

OAc OAc
AcO 0 (i) AcO 0
AcO AcO
AcHN gy AcHN SO

73 74

Fig. 40. Synthesis of the cyclohexyl thioglycoside (74). Reagents and conditions:
(i) CeéH11Br, K2CO3, DMF, 10%.
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In order to increase the yield, it was decided to optimise the reaction conditions
(Table 2). Two different solvents were used (DCM or THF) instead of DMF and a
range of different bases (EtsN, NaOH, N-methylmorpholine (NMM) and Cs2CO3).
None of the reaction conditions employed led to significant production of the

target compound (74).

Table 2. Reagents and conditions for the synthesis of 74.

Experiment Reaction _
Solvent Base Temperature _ Yield
code time

ERD1 DMF K2COs3 RT 1h 10%
ERD10 DCM EtsN RT 20 h -
ERD13 DCM NaOH RT 3h -
ERD19 THF NMM RT 15h -
ERE27 DMF | Cs2COs RT 1h -

As the reaction yield was not improved an alternative approach to the formation
of the cyclohexyl thioglycoside (74) was explored. Following the reaction
conditions proposed by Riordan et al.>3, a-D-glucosamine pentaacetate (96) was
treated with BF3-OEt2 and cyclohexanethiol to give a mixture of a- and -anomers
(Fig. 41). The anomers 74 and 97 were separated by column chromatography. In
our hands the yield of the cyclohexyl thioglycoside (74) from this reaction was
much lower than that stated by Riordan et al.>3 (3% vs 22%).
OAc

AcO 0 AcO . Acoﬁ\v O
AcO AcO AcO
AcHN AcHN AcHN
96 74 o7

Fig. 41. Synthesis of the cyclohexyl thioglycoside (74). Reagents and conditions:
(i) cyclohexanethiol, BF3-OEtz, 1,2-dichloroethane, 0-55 °C, 3 h, 74 3%, 97 10%.

In the next step, the conditions outlined by Knapp et al.*® were slightly changed
as the cyclohexyl thioglycoside (74) was treated with hydrazine monohydrate and
heated at 70 °C c.f. 120 °C for 22 h (Fig. 42). Hydrazinolysis is a widely used
method for the deprotection of N-acetyl and O-acetyl groups of aminosugars.®®In
this case the N-deacetylation was of the greatest importance, as a free amino
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group is needed for the conjugation of the aminotriol (75) with N-Boc-S-acetyl-L-
cysteine (47) in the next step. Under the stated conditions the desired aminotriol
(75) was isolated in 84% yield.

OAc OH

AcO Q ()  HO &
AcO —— Ho
L0 TTLO)

74 75

Fig. 42. Synthesis of the aminotriol (75). Reagents and conditions: (i)
NH2NH2-H20, 70 °C, 22 h, 84%.

The fifth step involves coupling of the aminotriol (75) with N-Boc-S-acetyl-L-
cysteine (47) in order to furnish the target amide (76). As N-Boc-S-acetyl-L-
cysteine (47) is not commercially available it had to be synthesised.

First, following the conditions presented by Knapp et al.,*® the N,N’-di-Boc-L-
cystine (113) solution in 5% ethereal acetic acid was treated with zinc dust at
0 °C. After 4 h, acetic anhydride and pyridine were added and the reaction was
stirred at room temperature for 2 h to obtain N-Boc-S-Ac-L-cysteine (47) in 35%
yield.

Because a low yield was obtained, it was decided to synthesise N-Boc-S-acetyl-
L-cysteine (47) using an alternative approach. N-Boc-S-acetyl-L-cysteine (47)
was prepared in a two-step reaction sequence. In the first step, the commercially
available N,N’-di-Boc-L-cystine (113) was treated with triphenylphosphine and
the reaction was stirred overnight at room temperature to obtain N-Boc-L-cysteine
(114) in a 100% vyield (Fig. 43). In this reaction triphenylphosphine acts as a
nucleophile and cleaves the S-S bond of the cystine producing
triphenylphosphine oxide and N-Boc-L-cysteine (114).5° The next step required
S-acetylation of N-Boc-L-cysteine (114). In order to acetylate 114 acetic
anhydride was added under basic conditions and the reaction was stirred at room
temperature for 3 h to give N-Boc-S-acetyl-L-cysteine (47) in a quantitative yield
(Fig. 43).
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Fig. 43. Synthesis of N-Boc-S-acetyl-L-cysteine (47). Reagents and conditions:
(i) PPhs, THF/H20, 100%; (ii) acetic anhydride, NaHCO3, 100%.

With 47 in hand, the coupling reaction to obtain the key intermediate (76) could
be attempted. Following the reaction conditions outlined by Knapp et al.,*® EDCI
was used as a coupling reagent and anhydrous DMF as the solvent (ERA27)
(Fig. 44.,Table 3). N-Boc-S-acetyl-L-cysteine (47) and the aminotriol (75) were
azeotroped with toluene to remove any residual water. The residue was dissolved
in DMF then EDCI was added at 0 °C and the reaction mixture was allowed to
warm to room temperature and stirred for 1 h. The resulting crude material was
purified by silica gel column chromatography. However, the target compound (76)
was not identified.
OH

0]
OH HO%
, HO
O
0o

NH
HO
HoN SO NHBoc
SAc
76

75

Fig. 44. Synthesis of 76. Reagents and conditions: (i) N-Boc-S-acetylcysteine
(47), EDCI, DMF.

In an amide coupling reaction, a base helps in the deprotonation of the carboxyl
group and carboxylate ion formed attacks the electron deficient carbon of the
coupling reagent. The additive such as 1-hydroxybenzotriazole (HOBt) reacts
with the activated carboxyl group to form an activated ester. Finally, the activated

ester reacts with the amine to form the desired amide product (Fig. 45).
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Fig. 45. Amide coupling mechanism. EDCI is used as a coupling reagent, DIPEA
as a base and HOBt as an additive.

Because the method presented by Knapp et al.,*® proved to be unsuccessful in
our hands alternative coupling conditions were investigated. There are various
factors affecting the product formation in an amide coupling reaction. They
include: the type of coupling reagent (more or less reactive). EDCI, HATU,
COMU, N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU), N,N’-dicyclohexylcarbodiimide (DCC), 2-ethoxy-1-
ethoxycarbonyl-1,2-dihydroquinoline (EEDQ), fluoro-N,N,N’,N’-
bis(tetramethylene)formamidinium hexafluorophosphate (BTFFH), O-
(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate (TBTU) and
O-(5-norbornene-2,3-dicarboximido)-N,N,N’,N’-tetramethyluronium

tetrafluoroborate (TNTU); type of a base (stronger or weaker): N,N-
diisopropylethylamine (DIPEA), KO'Bu, Et3N; solubility of the starting materials
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and the product in the solvent chosen for the reaction: DMF, acetonitrile, H20,
THF, DCM, pyridine, MeOH; use of an additive (HOBt); the equivalents of
reagents used in the reaction; the temperature at which the reaction is carried
out; the activation and reaction times and finally the purification technique
employed. In order to optimise reaction conditions for the synthesis of the desired
amide product (76) twenty different reaction conditions have been explored
(Table 3).

In the first set of test reactions, it was decided to add a base (DIPEA) to the
reaction mixture to help in the activation of the cysteine carbonyl group (ERA32,
ERA34, ERA36) (Table 3). Additionally, in the reactions ERA32 and ERA34 the
coupling reagent was changed to HBTU and acetonitrile was used as a solvent
in ERA34. The crude reaction mixtures were purified by column chromatography
(19:1 DCM/MeOH), however, the desired amide (76) was not isolated.

In order to find the optimal reaction conditions for the synthesis of 76, conditions
reported by Riordan et al.>® were employed (ERA38) (Table 3). The synthetic
strategy towards the synthesis of the mycothiol analogue (100) was described in
detail in the Introduction. Here, the number of equivalents of the coupling reagent
was slightly increased (2.5 c.f. 2) and KO'Bu was used as a base, nevertheless,
the target compound (76) was not formed.

Next, it was decided to explore another set of conditions presented by Slattegérd,
Gammon and Oscarson®? that were used in the synthesis of the bicyclic mycothiol
analogue (95). The number of equivalents of the cysteine (47) was reduced (1
c.f. 2), 3:1 DMF/water mixture was used as a solvent and EDCI as a coupling
reagent (ERA39) (Table 3). Additionally, an additive (HOBt) was used to help in
the formation of an activated ester, however, no product (76) formation was
observed.

In the next attempt to synthesise 76, reaction conditions used by Chung et al.**
in the synthesis of mycothiol were explored. An alternative coupling reagent —
HATU, 3 equivalents of DIPEA and no additive were employed (ERA40) (Table
3). Still the desired amide (76) was not isolated.

In effort to optimise the reaction conditions a new set of test reactions was
designed (ERA48 and ERA49) (Table 3). The number of equivalents of EDCI
was increased (3 c.f. 2) and KO'Bu was used as a base. Moreover, the activation

time was set to 15 min and the reactions were carried out for 5 h at 0 °C and then
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at room temperature for next 22 h (ERA49) or 2 days (ERA48) to allow the
reaction to complete. Once again, the product (76) was not obtained in either
case.

Inspired by the reaction conditions presented by Jones et al.®! that were used to
synthesise various glucosamine-amino acid conjugates (the use of cysteine was
not reported), reaction ERA52 was carried out (Table 3). HOBt was used as an
additive, trimethylamine as base and THF as a solvent, however, the aminotriol
(75) was dissolved in small amount of DMF as it is not soluble in THF. The desired
product (76) was not identified in any of the fractions collected during column
chromatography.

Following the reaction conditions used by Kyas and Feigel®? to prepare differently
glycosidated sugar amino acids based on a glucosamine core, two more
reactions were performed (ERA53 and ERAS57) (Table 3). The reaction
conditions employed in ERA53 and ERA57 were similar to the reaction conditions
that were used in ERA52, but the solvent was changed to DCM. Furthermore, in
reaction ERA57 the coupling reagent used was changed to EEDQ and no base
was used. The synthesis of 76 failed in both cases. It was decided to repeat
reaction ERA57 but changing the solvent to DMF, adding an additive (HOBt) and
a base (DIPEA) (ERA62) (Table 3), nevertheless, the desired amide (76) was not
isolated.

Inspired by the coupling conditions reported by Yoshimura et al.,®3 the reaction
was repeated using DCC as the coupling reagent, EtsN as a base and pyridine
as a solvent (the aminotriol (75) was dissolved in a small amount of DMF)
(ERAS5S) (Table 3). Once again, the reaction did not lead to the formation of the
target amide (76).

Due-Hansen et al.?* has recently published a novel protocol describing the
reaction conditions for the coupling of carboxylic acids with amines that failed
when conventional methods were employed. Following the presented method, a
fluorouronium reagent BTFFH was used as well as DIPEA and DMF as a solvent
(ERAG61) (Table 3). However, this method proved to be unsuccessful in the
synthesis of 76.

Inspired by the reaction conditions explored by Suttisansanee®® that led to the
synthesis of a truncated mycothiol analogue (64) three more reactions were
carried out (ERA74, ERA76 and ERC1) (Table 3). In each reaction a different
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coupling reagent was used (HBTU, TBTU and TNTU respectively). In all
reactions DMF was used as a solvent and DIPEA as a base. The activation time
was increased to 2 h and the reactions were stirred at room temperature for 24
h. The desired product (76) was still not formed.

In further efforts to optimise the reaction conditions COMU was used as a
coupling reagent (ERA80) (Table 3), because it was reported to be a better
choice than HATU in the mycothiol synthesis performed by Manabe and Ito.4®
DMF was used as a solvent, DIPEA as a base and equal equivalents of reagents
were used (ERA80). There was no activation time and the reaction was carried
out at room temperature for 24 h. One more time, no product (76) formation was
observed.

In the next attempt to synthesise 76, it was decided to follow the coupling
conditions employed by Laughlin and Bertozzi®® in the synthesis of various azido
sugars. Methanol was used as a solvent, EDCI as a coupling reagent, HOBt as
an additive and EtsN as a base (ERC14) (Table 3). There was no activation time,
but the reaction mixture was stirred at 0 °C for 30 min before EDCI and HOBt
were added. Then the reaction was allowed to slowly warm to room temperature
and stirred for 17 h. The desired product (76) was not isolated.

In summary, after exploring a wide range of different reaction conditions
synthesis and purification of the amide product (76) was unsuccessful. In most
cases the coupling reactions resulted in either no product formation or formation
of a complex mixture of products. As the target compound (76) is polar it would
be advisable to use a reversed-phase chromatography to obtain better separation
and to be able to isolate pure product. All reaction mixtures were purified by silica
gel column chromatography as other purification methods were unavailable at

that time.
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Table 3. Reagents and conditions for the synthesis of 76.
Equivalent

Experiment L N-Boc- . Coupling - Activation = Reaction
code Am(lgg;mol S-Ac. Cr:g;ptlaur:? Base | Additive Solvent reagent Base Additive Temperature time Time
Cys (47) 9
0 °C when adding
ERA 27 1 2 2 - - DMF EDCI - - EDC! then RT - 1h
ERA32 1 1 1 3 - DMF HBTU DIPEA - RT - 2h
ERA34 1 1 1 3 - MeCN HBTU DIPEA - RT - 2h
0 °C when adding
ERA36 1 2 2 3 - DMF EDCI DIPEA - EDC! thon RT - 1h
0 °C when adding .
- t -
ERA38 1 15 2.5 1 DMF EDCI KO'Bu EDC! then RT 10 min 2h
ERA39 1 1 2 ; 2 DMF/Hz0 EDCI - HOBt RT - 1h
0 °C when adding
ERA40 1 2 2 3 - DMF HATU DIPEA - HATU than 2T - 1h
ERA48 1 2 3 1 - DMF EDCI KO'Bu - Ve folr?? DU 15 min 2 days
ERA49 1 2 3 2 - DMF EDCI KO'BU - 0°C fog h then 15 min 22h
ERA52 1 1 1.2 1 1.2 THF/DMF EDCI EwN | HoBt | °°C fo% U 1h 20 h
ERA53 1 1 15 1 15 DCM EDCI EwN | HoBt | °°C foé# h then 1h 30h
ERA55 1 1 1.1 1 - Pyridine/DMF DCC EtN - UHE foqu_}_ Hiien 1h 30 h
ERA57 1 1 1.5 - - DCM EEDQ - - 0°c f(’% h then 1h 28 h
ERA61 1 1.3 15 45 - DMF BTFFH | DIPEA - ONC foé# R 1h 24 h
ERA62 1 1 15 2 1 DMF EEDQ | DIPEA | HoBt | 9°C fo% h then 1h 24 h
ERA74 1 2 2 3 - DMF HBTU DIPEA - RT 2h 24 h
ERA76 1 2 2 3 - DMF TBTU DIPEA - RT 2h 24 h
ERAS0 1 1 1 1 - DMF COMU | DIPEA - RT - 24h
ERC1 1 2 2 3 : DMF TNTU DIPEA ; RT 2h 24 h
ERC14 1 15 0.7 2 0.7 MeOH EDCI EwN | HoBt | 0°C f°r£'T5 aiien - 17 h
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5.1.1. Synthesis of the truncated mycothiol analogue

As the synthesis of the amide (76) proved to be more challenging than expected,
it was decided to synthesise the truncated mycothiol analogue, namely 2-amino-
2-N-(N-tert-butylcarbonyl-S-acetyl-L-cysteinyl)-2-deoxy-1-thio-D-

glucopyranoside (115), which lacks the thioglycoside and cyclohexyl moieties
present in 76 (Fig. 46). It was designed to act as a model system to further
optimise coupling conditions for the formation of 76 but could also be used to
explore SAR of the mycothiol-S-transferase. The use of D-glucosamine
hydrochloride (107), which is commercially available, instead of the aminotriol
(75) allows test reactions to be performed on a larger scale and the truncated
analogue (115) could be synthesised in one-step c.f. seven steps required for the

synthesis of the simplified mycothiol analogue (78).

s

107
+

;NHAC Q
ACS/\HJ\OH

NHBoc
47

Fig. 46. Retrosynthesis of the truncated mycothiol analogue (115).

It was decided to carry out a number of test reactions in parallel. Inspired by the
reaction conditions reported by Suttisansanee,® in the first set of test reactions
HBTU (ERA81 and ERA83) and TNTU (ERA84 and ERA85) were explored as
coupling reagents, DMF was used as a solvent and DIPEA as a base (Table 4).
Two different activation times were applied when using each coupling reagent,
namely 15 min (ERA81 and ERA84) and 2 h (ERA83 and ERAS85). All four
reactions (ERA81, ERA83, ERA84 and ERAS85) were carried out at room
temperature and stirred for 3 h. The crude reaction mixtures were purified by
column chromatography using a gradient of 0-20% methanol in dichloromethane
(2% methanol increments). However, the desired product (115) was not isolated.
In the second set of four test reactions (ERC2, ERC3, ERC4 and ERC5) the
reaction conditions were further optimized (Table 4). TNTU was used as a

coupling reagent and the activation time was set to 15 min in all test reactions
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(ERC2, ERC3, ERC4 and ERC5). However, the reaction time was extended (3 h
c.f. 6 h) in order to find out whether it affects the product (115) formation. In
reactions ERC2 and ERC3 the equivalents of TNTU were varied (two and three
equivalents were used respectively). In reactions ERC4 and ERC5 the number
of equivalents of D-glucosamine HCI (107) was varied (two and three equivalents
were used respectively). The crude reaction mixtures were purified by column
chromatography as before, however, the desired truncated analogue (115) was
not isolated.

Inspired by the work of Ajayi et al.,*® that was described in detail in the
Introduction, it was decided to explore an alternative coupling reagent, namely
HATU (ERC7) (Table 4). The temperature of the reaction mixture was lowered to
0 °C when the coupling reagent was added and then the reaction was allowed to
slowly warm to room temperature over 17 h. The crude reaction mixture was
chromatographed using 17:3 dichloromethane/methanol as the eluent,
nevertheless, the desired amide (115) was not obtained.

In summary, after exploring a wide range of different reaction conditions
synthesis and purification of the truncated mycothiol analogue (115) was

unsuccessful.
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Table 4. Reagents and conditions for the synthesis of 115.

. Equivalent . .. :
Expceor:jrzent GlcN HCI N-Boc-S- Coupling Solvent Base ?Z;gclalr:]tg Temperature Actt|i\r/T?(ta|on Ret?r(T:]t;on
(207) Ac-Cys (47) reagent
ERAS81 0.6 1 1 25 DMF | DIPEA HBTU RT 15 min 3h
ERA83 0.6 1 1 25 DMF | DIPEA HBTU RT 2h 3h
ERA84 1.2 1 1 25 DMF | DIPEA TNTU RT 15 min 3h
ERA85 0.6 1 1 25 DMF | DIPEA TNTU RT 2h 3h
ERC2 1 1 2 25 DMF | DIPEA TNTU RT 15 min 6 h
ERC3 1 1 3 25 DMF | DIPEA TNTU RT 15 min 6h
ERC4 2 1 1 25 DMF | DIPEA TNTU RT 15 min 6h
ERC5 3 1 1 25 DMF | DIPEA TNTU RT 15 min 6 h
0 °C when adding

ERC7 1 15 15 2.5 DMF DIPEA HATU HATU then RT - 17 h
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5.2. The second synthetic route

Because the first synthetic strategy after numerous optimisation attempts proved
to be unsuccessful another synthetic route towards the synthesis of the simplified
mycothiol analogue (78) was designed (Fig. 47). Here, it was decided to introduce
the cysteine moiety early in the synthetic route to overcome the most difficult step
in the synthetic pathway at the beginning. Also, an acetyl-protected glucosamine
(40) was planned to be used instead of glucosamine HCI (107) as it is less polar
making the purification and handling of the coupling product (116) easier. Then
the cyclohexyl group would be introduced and after deprotection the desired

simplified mycothiol analogue (78) would be obtained.
—> AX?&\V ¢ oo 7\ 0H
O O« _NH HSN cr
107
;NHAC ;NHBOC
SAC 416 /\)J\

+ NHBoc

ﬂ

Fig. 47. Retrosynthesis of the simplified mycothiol analogue (78).

First, the acetyl-protected glucosamine (40) was synthesised. It is commercially
available but relatively expensive, so it was decided to synthesise 40 in a three-

step reaction sequence according to a published protocol67 (Fig. 48).

OH OH OAc
(ii) |||
HO & HO&&OH — > AcO O
Hcﬁﬁmw HO AR Ohe
HaN+ N| HaN+
cl” cl-
107 117 118 40
o o

Fig. 48. Synthesis of 40. Reagents and conditions: (i) p-anisaldehyde, 1M sodium
hydroxide, 46% (ii) acetic anhydride, DMAP, pyridine, 57% (iii) 5N HCI, acetone,
67%.

In the first step, glucosamine HCI (107) was treated with p-anisaldehyde in 1 M
sodium hydroxide solution in order to obtain 2-p-methoxybenzylideneamino-B-D-
glucosamine (117) in 46% yield. In the next step, 117 was treated with acetic
anhydride, 4-(dimethylamino)pyridine (DMAP) and pyridine at 0 °C and the
reaction was stirred overnight at room temperature to obtain 2-deoxy-2-p-
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methoxybenzylideneamino-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose (118) in
57% yield. In the third step, 5 N HCI solution was added dropwise to the solution
of 118 in acetone under reflux in order to obtain the acetyl-protected glucosamine
(40) in 67% vyield.

Having the acetyl-protected glucosamine (40) and N-Boc-S-acetyl-L-cysteine
(47) in hand, the synthesis of the amide (116) was attempted. It was decided to
employ the reaction conditions used by Zeng et al.®® in the synthesis of
glucosamine mimetic peptides where 40 and various amino acids (use of cysteine
was not reported) were used as starting materials. DCC was used as a coupling
reagent, HOBt as an additive, NMM as a base and THF as a solvent (ERC38)
(Fig. 49) (Table 5). The activating reaction was carried out at O °C for 30 min and
then the solution of 40 and N-methylmorpholine was added. The reaction mixture
was stirred at 0 °C for 1 h followed by 16 h at room temperature. The reaction
was filtered to remove dicyclohexylurea (DCU) and worked-up. The residue was
chromatographed using 99:1 DCM/MeOH as the eluent to give 116. Because the
yield obtained was very low (5%) it was decided to perform a series of test

reactions in order to improve the yield.
OAc
OAc

o A;{S&SVOAC
Agg&&/%c . AcS/\HJ\OH O o NH
HsN + cr NHBoc
NHBoc
40 47 116

SAc

Fig. 49. Synthesis of 116. Reagents and conditions: (i) DCC, HOBt, THF, NMM,
5%.

In the first set of test reactions (ERC45, ERC46, ERC47, ERC48) the number of
equivalents of the protected glucosamine (40) was increased from 1 to 5 (Table
5) In the second set of test reactions (ERC49, ERC50, ERC51, ERC52) different
bases were used — NMM, no base, DIPEA and 2,4,6-collidine respectively (Table
5). In the third set of test reactions (ERC53, ERC54, ERC55) the number of
equivalents of N-Boc-S-acetyl-L-cysteine (47) was increased from 2 to 5 (Table
5). All reactions were monitored by thin layer chromatography (TLC). The best
results, when comparing three sets of test reactions, in terms of the product (116)
formation were obtained when the number of equivalents of the protected
glucosamine (40) was increased (ERC46, ERC47, ERC48). However, the full
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consumption of the protected cysteine (47) was observed only when 5
equivalents of 40 were used (ERC48). Because traces of DCU were visible in the
'H NMR spectrum of the product (116) even after recrystallization, it was decided
to use EDCI instead of DCC as a coupling reagent in order to ease purification.
The reaction ERC48 was repeated on a bigger scale (500 mg) and EDCI was
used as a coupling reagent (ERC58) (Table 5). The reaction was worked-up to
obtain the amide (116) in 64% yield. Some of the starting material (40) was also
recovered from the acidic aqueous phase (20%).
In summary, the desired amide (116) was synthesised using THF as a solvent,
NMM as a base and EDCI as a coupling reagent in a good yield (64%).
Having the two main components (i.e. the glucosamine and cysteine moieties) of
the simplified analogue (78) in place, the introduction of the S-cyclohexyl
substituent was explored. As before, following the reaction conditions presented
by Riordan et al.®3, the amide (116) was treated with BF3-OEt> and
cyclohexanethiol and heated at 55 °C for 5 h (Fig. 50). Previously when these
reaction conditions were employed to synthesise the cyclohexyl thioglycoside
(74) a mixture of a- and B-anomers was obtained, however, in this case only the
B-anomer (119) was isolated. Thus, the second synthetic route towards the
synthesis of the simplified mycothiol analogue (78) proved to be unsuccessful.
OAc

OAc
SH
0 0]
AcO OA ) AcO
Acog\v ° . 0 Acog\VS@
O~ NH Os_NH
;NHBOC ;NH2

SAc 116 SAc 119

Fig. 50. Synthesis of 119. Reagents and conditions: (i) BF3-OEt2, DCM/THF,
0-55 °C, 5 h, 18%.
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Table 5. Reagents and conditions for the synthesis of 116.

Experiment S Bl Coupling Activation  Reaction
Protected | N-Boc-S-Ac-L- | Coupling . Solvent Base Additive  Temperature : .

code GIcN (40) Cys (47) reagent Additive reagent time Time

ERC38 1 1 1 . 1 THF DCC - HOBt 0°Cfor 1h 05h 24 h
then RT

ERC45 1 1 1 10 1 THF DCC NMM HOBt 0 °Cfor 1h 0.5h 24 h
then RT

ERC46 2 1 1 10 1 THF DCC NMM HOBt 0°Cfor 1h 05h 24 h
then RT

ERCA7 3 1 1 10 1 THF DCC NMM HOBt 0 °Cfor 1h 0.5h 24 h
then RT

ERC48 5 1 1 10 1 THF DCC NMM HOBt 0°Cfor 1h 05h 24 h
then RT

ERC49 1 1 1 10 1 THF DCC NMM HOBt 0 °C for 1h - 24 h
then RT

ERC50 1 1 1 ; 1 THE DCC ; HOBt 0 °C for 1h ; 24 h
then RT

ERC51 1 1 1 10 1 THE DCC DIPEA | HOBt 0 °C for 1h 05h 24 h
then RT

2,4,6- 0 °C for 1h

ERC52 1 1 1 10 1 THE DCC | o> | HOBt then RT 0.5h 24 h

ERC53 1 5 1 10 1 THF DCC NMM HOBt 0 °C for 1h 05h 24 h
then RT

ERC54 1 3 1 10 1 THE DCC NMM HOBt 0 °C for 1h 0.5h 24 h
then RT

ERC55 1 2 il 10 1 THF DCC NMM HOBt 0 °Cfor 1h 0.5h 24 h
then RT

ERC58 5 1 1 8 1 THF EDCI NMM HOBt 0°Cfor 1h 0.5h 18 h
then RT
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5.3. The third synthetic route

As the two synthetic routes that had been explored to obtain the simplified
mycothiol analogue (78) proved to be unsuccessful a third synthetic strategy was
developed (Fig. 51). This approach encompasses the strengths of the two
previous strategies. The synthesis begins in the same way as in the first synthetic
route. The acetamido mercaptan (73) is formed using the acetyl-protected [3-
glucosamine (71) as a starting material. Then the cyclohexane ring is introduced
giving only the desired a-anomer (74). Next, the cyclohexyl thioglycoside (74)
would be selectively N-deacetylated to give 120. Finally, the amine (120) would
be coupled with N-Boc-S-acetyl-L-cysteine (47) and deprotected forming the
simplified mycothiol analogue (78).
OH OAc OAc OAc
% CERR o maiR sl
DY O T RO T e T

NHAG * *
SH Q
78 Br
AcS OH
NHBoc

a7
Fig. 51. Retrosynthesis of the simplified mycothiol analogue (78).

Having the cyclohexyl thioglycoside (74) in hand, the synthesis of the
glucopyranoside (98) was attempted following the reaction conditions presented
by Riordan et al.>® (Fig. 52). The cyclohexyl thioglycoside (74) was treated with
DMAP and Boc20 and stirred at 60 °C for 18 h. The resulting crude material was
purified by silica gel chromatography to give 98 in 89% yield. The Boc group was
introduced to allow the selective N-deacetylation in the next step followed by the
removal of a Boc group in the subsequent step to produce the free amine (120).
OAc OAc

AcO O —0 . aco &
AcO AcO
AcHN SO AcBocN &

74 98

-

Fig. 52. Synthesis of 98. Reagents and conditions: (i) DMAP, Boc20, THF, 60 °C,
89%.
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In the two following steps the reaction conditions employed by Metaferia et al.?!
in the synthesis of MshB inhibitors were used. First, the glucopyranoside (98) was
treated with hydrazine monohydrate and stirred at 0 °C for 1 h to give N-
deacetylated product (121) in 65% yield (Fig. 53). In this step it was important to
keep the reaction at 0 °C, otherwise the glucopyranoside (98) would be fully
deacetylated. In the subsequent step the N-Boc protected glucopyranoside (121)
was treated with trimethylsilyl trifluoromethanesulfonate (TMSOTf) and stirred at
0 °C for 4 h to give the free amine (120) in 83% yield (Fig. 53).

OAc OAc OAc
AcO O _QL> AcO O JL AcO O
AcO AcO AcO
H,oN

AcBocN SO BocHN SO

98 121 120

)

Fig. 53. Synthesis of 120. Reagents and conditions: (i) NH2NH2-H20, MeOH,
0 °C, 65%; (ii) TMSOTf, CH2Cl2, 0 °C, 83%.

Having the free amine (120) in hand, it was decided to synthesise the simplified
mycothiol precursor (122) following the optimized procedure for the synthesis of
the amide (116) that was described previously (Fig. 54). In short, EDCI was used
as a coupling reagent, HOBt as an additive, NMM as the base and THF as the
solvent. The main difference was the decrease in the number of equivalents of
the amine (120) used (1 c.f. 5). After column chromatography the desired amide
(122) was isolated in 20% vyield.

OAc OAc
i
AcO O 0 a0 &
AcO AcO
WO kO
NHBoc
SAc
120 122

Fig. 54. Synthesis of 122. Reagents and conditions: (i) N-Boc-S-Ac-Cys (47),
EDCI, HOBt, NMM, THF, 20%.

Because it requires 7 steps to obtain the simplified mycothiol precursor (122) and
the yields are variable only a small amount of the product (122) (16 mg) was
produced. The deacetylation of the amide (122) using sodium methoxide in

methanol was attempted (Fig. 55). However, there was not enough material to
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fully characterise the compound produced. Therefore, it was not possible to

confirm that the reaction was successful.

OAc OH
i
AcO 0 00 o 0
AcO HO
O RO
;NHBOC ;NHBOC
SAc SH
122 123

Fig. 55. Synthesis of 123. Reagents and conditions: (i) CHsONa, MeOH.

5.4. Conclusions

The synthesis of the simplified mycothiol scaffold (78) proved to be more

challenging than expected. The first synthetic route was based on published

methodology,*° but even after extensive optimisation did not lead to the formation

of the desired mycothiol analogue (78) (Fig. 56). The second synthetic approach

that was explored resulted in a formation of the acetyl-protected -cyclohexyl

cysteine mycothiol analogue (119) (Fig. 56). Finally, the immediate simplified

mycothiol analogue precursor (122) (Fig. 56) was successfully synthesised

establishing a novel approach towards the synthesis of the cysteine containing

mycothiol scaffolds.
OH OAc OAc

Fig. 56. Structures of 78, 119 and 122.
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6. Synthesis of other cysteine containing mycothiol

analogues

As a novel synthetic strategy towards the synthesis of the cysteine containing
mycothiol scaffolds was developed it was decided to synthesise three new
mycothiol analogue scaffolds (Fig. 57) to obtain a diverse set of chemical probes
to investigate the role of MST. The first two analogues (124 and 125) would
contain aromatic groups (phenyl and benzyl groups respectively) that are useful
chromophores in place of the cyclohexane ring. The phenyl and benzyl a-
thioglycosides had been previously shown to act as substrates for MshB,?224 so
it was expected that the analogues 124 and 125 would bind to MST. The third
analogue (126) would have a 2-azidoethyl group in place of the cyclohexyl moiety
that would enable us to easily modify this side of the compound using ‘click

chemistry’.

Fig. 57. Structures of the cysteine containing mycothiol analogues (124, 125 and
126).

6.1. The phenyl cysteine mycothiol analogue

In order to synthesise the phenyl cysteine mycothiol analogue (124) it was
decided to follow the optimized protocol for the synthesis of the cysteine
containing mycothiol scaffolds. Previously to obtain the cyclohexyl thioglycoside
(74) three different synthetic methods were explored. As it is not possible to
introduce a phenyl ring via Sn2 nucleophilic substitution using the acetamido
mercaptan (73) and thiophenol as starting materials, it was decided to employ the
alternative method where a-D-glucosamine pentaacetate (96) was treated with
BF3-OEt2 and thiophenol (Fig. 58). When these reaction conditions were used to
synthesise the cyclohexyl thioglycoside (74) a mixture of a- and p-anomers was

obtained, however, in this case only the B-anomer (127) was formed. Moreover,
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it was not possible to isolate the pure B-product (127) using column

chromatography (20-100% EtOAc in hexane) as it co-elutes with the side product

(128).
OAc OAc OAc
AcO ) ), Aco/g&/SQ + AcO Q
AcO AcO AcO
128

AcHN  Sac AcHN
96 127

Fig. 58. Synthesis of the phenyl thioglycoside (127). Reagents and conditions: (i)
thiophenol, BF3-OEtz, 1,2-dichloroethane, 0-55 °C, 3 h.

As only the phenyl B-thioglycoside (127) was formed when a-D-glucosamine
pentaacetate (96) was used as a starting material the reaction was repeated
using the acetyl-protected B-glucosamine (71) instead (Fig. 59). Again, only the
B-anomer (127) was obtained and as before the product (127) co-eluted with the
main side product (129) even after a second purification by column
chromatography (5% MeOH in DCM). Other purification methods (e.qg.
crystallization) were not explored as the phenyl 3-thioglycoside (127) was not the

target product.

OAc OAc OAc
AcO AcO AcO
AcHN AcHN AcHN
71 127 129

Fig. 59. Synthesis of the phenyl thioglycoside (127). Reagents and conditions: (i)
thiophenol, BF3-OEtz, 1,2-dichloroethane, 0-55 °C, 3 h.

In another attempt to synthesise the phenyl a-thioglycoside an acetyl-protected
glucosamine (40) was used as a starting material (Fig. 60). In this case no product

formation was observed and the unreacted starting material was isolated.
OAc OAc

AcO AcO
HsN* cI™ AcHN
40 127

Fig. 60. Synthesis of the phenyl thioglycoside (127). Reagents and conditions: (i)
thiophenol, BF3-OEt2, 1,2-dichloroethane, 0-55 °C, 3 h.

Because the synthesis of the phenyl a-thioglycoside proved to be unsuccessful

after multiple attempts it was decided to move on to the synthesis of the next
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cysteine containing mycothiol scaffold containing the benzyl moiety (125).

6.2. The benzyl cysteine mycothiol analogue

Having the acetamido mercaptan (73) in hand, the synthesis of the benzyl
thioglycoside (130) was attempted. As the benzyl thioglycoside (130) is a known
compound it was decided to follow the reaction conditions presented by
Lamprecht et al.?* to synthesise the target compound (130) and not to employ the
reaction conditions used to obtain the cyclohexyl thioglycoside (74). The
acetamido mercaptan (73) was dissolved in dichloromethane and treated with
benzyl bromide and triethylamine (Fig. 61). The reaction was stirred at room

temperature for 20 h to give the phenyl thioglycoside (130) in 69% yield.
OAc OAc

AcO O (i) AcO O
AcO AcO
AcHN SH AcHN S
73 130

Fig. 61. Synthesis of 130. Reagents and conditions: (i) benzyl bromide, EtsN,
CH2Clz2, 69%.

In order to selectively N-deacetylate the phenyl thioglycoside (130) the Boc group
was introduced following the previously optimized reaction conditions. In short,
the phenyl thioglycoside (130) was treated with DMAP and Boc20 and stirred at
60 °C for 18 h (Fig. 62). After purification by column chromatography (1% MeOH
in DCM) the N-Boc benzyl thioglycoside (131) was obtained in 88% yield.

OAc OAc
AcO O (i) _ AcO O
Aco/gﬁ AcO
AcHN S BocAcN s
130 131

Fig. 62. Synthesis of 131. Reagents and conditions: (i) DMAP, Boc20, THF,
60 °C, 88%.

In the next step, hydrazine monohydrate was used at O °C to exclusively remove
the N-acetyl group and give the N-Boc protected glucopyranoside (133).
However, the reaction resulted in a formation of the O-deacetylated product
instead (132) (Fig. 63).
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AcO _
AcO
BocAcN BocAcN

Fig. 63. Synthesis of 132. Reagents and conditions: (i) NH2NH2-H20, MeOH,
0 °C.

As the use of hydrazine monohydrate did not lead to the isolation of the N-Boc
protected glucopyranoside (133) it was decided to employ milder reaction
conditions.®® The N-Boc benzyl thioglycoside (131) was dissolved in methanol,
treated with N,N-diethylethylenediamine (DEAEA) and stirred at 0 °C for 1 h to
produce the desired N-Boc protected glucopyranoside (133) in 72% yield (Fig.

64).
AcO _\) _ AcO
AcO AcO
BocAcN BocHN

131 133

Fig. 64. Synthesis of 133. Reagents and conditions: (i) DEAEA, MeOH, 0 °C,
72%.

In the following step, the N-Boc protected glucopyranoside (133) was treated with
TMSOTT to remove the Boc group. The reaction was stirred at 0 °C for 2 h to form
the free amine (134) in 83% yield (Fig. 65).

AcO (), AcO
AcO
BocHN HoN 3
133 134

Fig. 65. Synthesis of 134. Reagents and conditions: (i) TMSOTf, CH2Cl2, 0 °C,
83%.

The successful synthesis of the free amine (134) made it possible to attempt a
coupling reaction leading to the formation of the acetyl-protected benzyl cysteine
mycothiol analogue (135) (Fig. 66). The same reaction conditions as for the
synthesis of the acetyl-protected cyclohexyl cysteine mycothiol analogue (122)
were employed i.e. EDCI was used as a coupling reagent, HOBt as an additive,
NMM as a base and THF as a solvent. The benzyl cysteine mycothiol analogue

precursor (135) was obtained in 9% yield.
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NHBoc
SAc
134 135

Fig. 66. Synthesis of 135. Reagents and conditions: (i) N-Boc-S-Ac-Cys (47),
EDCI, HOBt, NMM, THF, 9%.

As a result of the multi-step synthetic pathway employed only a small amount of
the analogue precursor (135) was isolated (16 mg). The deacetylation of the
amide (135) using sodium methoxide in methanol was attempted (Fig. 67).
However, there was not enough material to fully characterise the compound
produced. Therefore, it was not possible to confirm that the reaction was
successful. Time constraints did not allow the repetition of the whole synthetic
route in order to produce more product (135).
OAc OH

AcO O~ -+ > HO

O e
O~ _NH S O« _NHS
;j;NHBoc ;j;NHBoc

SAc SH
135 125

Fig. 67. Synthesis of 125. Reagents and conditions: (i) CHsONa, MeOH.
6.3. The azido cysteine mycothiol analogue

Having successfully synthesised the benzyl cysteine mycothiol analogue
precursor (135) the synthesis of the azido mycothiol analogue (126) was
attempted. First, the 2-bromoethyl thioglycoside (136) was obtained following the
reaction conditions reported by André et al.”® The acetamido mercaptan (73) was
dissolved in acetone-water mixture and treated with 1,2-dibromoethane and
potassium carbonate (Fig. 68). The reaction was stirred at room temperature for

3 h to produce the 2-bromoethyl thioglycoside (136) in 62% vyield.

83



Fig. 68. Synthesis of 136. Reagents and conditions: (i) 1,2-dibromoethane,
K2COs, acetone-water, 62%.

In the next step, the 2-azidoethyl thioglycoside (137) was synthesised via Sn2
nucleophilic substitution using sodium azide and the 2-bromoethyl thioglycoside
(136) as starting materials (Fig. 69)7°. The reaction was heated at 80 °C for 18 h
to give the desired product (137) in 82% vyield.

OAc OAc
AcO O (i) _ AcO O
AcO AcO
AcHN AcHN
S S
~"Br TN,
136 137

Fig. 69. Synthesis of 137. Reagents and conditions: (i) NaNs, DMF,
tertbutylammonium iodide, 80 °C, 82%.

Following the optimized synthetic route, the 2-azidoethyl thioglycoside (137) was
treated with DMAP and Boc20 and stirred at 60 °C for 18 h (Fig. 70) in order to
introduce the Boc group. However, the formation of the desired compound (138)

was not observed and the unreacted starting material was isolated.

OAc OAc
AcO O () _ AcO O
AcO AcO
AcHN BocAcN
S S
TN, TN,
137 138

Fig. 70. Synthesis of 138. Reagents and conditions: (i) DMAP, Boc20, THF,
60 °C.

As the Boc group introduction proved to be unsuccessful when the 2-azidoethyl
thioglycoside (137) was used as a starting material it was decided to repeat the
reaction using the 2-bromoethyl thioglycoside (136) instead. As previously 136
was treated with DMAP and Boc20 and stirred at 60 °C for 18 h (Fig. 71). After
purification by column chromatography (25-50% EtOAc in hexane) the desired

glucopyranoside (139) was successfully obtained in 83% yield.
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Fig. 71. Synthesis of 139. Reagents and conditions: (i) DMAP, Boc20, THF,
60 °C, 83%.

To selectively remove the N-acetyl group the intermediate (139) was dissolved in
methanol, treated with DEAEA and stirred at 0 °C for 1 h (Fig. 72). After column
chromatography the desired product (140) was isolated in 32% vyield.

OAc OAc
(o] i (e}
AcO () _ AcO
Aco/gﬁ Aco/gﬁ
BocAcN BocHN
S S
~"pr ~"pr
139 140

Fig. 72. Synthesis of 140. Reagents and conditions: (i) DEAEA, MeOH, 0 °C,
32%.

Next, the azido group was introduced using sodium azide® (Fig. 73). The reaction

was heated at 80 °C for 18 h to give the target compound (141) in 65% yield.

OAc OAc
AcO O (i) _ AcO O
AcO AcO
BocHN BocHN
S S
~"Br TN,
140 141

Fig. 73. Synthesis of 141. Reagents and conditions: (i) NaNs, DMF,
tertbutylammonium iodide, 80 °C, 65%.

Having successfully synthesised the N-Boc protected 2-azidoethyl
glucopyranoside (141) the N-Boc removal was carried out. 141 was treated with
TMSOT(f and the reaction was stirred at 0 °C for 2 h to produce the free amine
(142) in 100% vyield (Fig. 74).

Fig. 74. Synthesis of 142. Reagents and conditions: (i) TMSOTf, CH2Clz, 0 °C,
100%.

With the free amine (142) in hand, it was decided to attempt the synthesis of the
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acetyl-protected azido cysteine mycothiol analogue (143) following the coupling
reaction conditions previously applied to synthesise the cysteine containing
mycothiol analogue precursors (122 and 135). As before EDCI was used as a
coupling reagent and HOBt as an additive, however, in this reaction DIPEA was
used in place of NMM and DMF was used as the solvent (Fig. 75). After column
chromatography the desired azido cysteine mycothiol analogue precursor (143)

was isolated in 17% yield.

OAc OAc
AcO O (i) AcO &
AcO AcO
HaN O« _NH S
S\/\N3 \/\N3
NHBoc
SAc
142 143

Fig. 75. Synthesis of 143. Reagents and conditions: (i) N-Boc-S-Ac-Cys (47),
EDCI, HOBt, DIPEA, DMF, 17%.

Finally, the azido cysteine mycothiol analogue precursor (143) was deacetylated
using sodium methoxide in methanol to give the azido cysteine mycothiol
analogue (126) in 11% yield (Fig. 76).

OAc

AcO O 0
AcO
(@) NH S\/\ NH S\/\
N3 N3
NHBoc NHBoc

SAc
143

Fig. 76. Synthesis of 126. Reagents and conditions: (i) CHsONa, MeOH, 11%.
6.4. Conclusions

Three novel cysteine containing mycothiol scaffolds (124, 125 and 126) were
designed and their synthesis was attempted following the newly developed
synthetic strategy. The synthesis of the phenyl cysteine mycothiol analogue (124)
was unsuccessful because the phenyl a-thioglycoside, which is the key
intermediate in the synthetic pathway, was not obtained after several attempts.
The benzyl cysteine mycothiol analogue precursor (135) (Fig. 77) was

successfully synthesised. The unique benzyl cysteine analogue precursor (135)
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could be further developed into chemical probes that could be used to investigate
the role of MST. Finally, the first azido cysteine mycothiol analogue (126) (Fig.
77) was successfully produced and it could be used as a scaffold for the synthesis
of various analogues via ‘click chemistry’.

OAc OH

AcO O HO &
AcO N HO "
S S
\/\N3
AcS (@] HS O
NHBoc NHBoc

135 126

Fig. 77. Structures of 135 and 126.
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7. Synthesis of the non-cysteine mycothiol analogues

In order to explore the use of kinetic target guided synthesis (KTGS) in the
synthesis of MST inhibitors the azido derivatives of simplified mycothiol
analogues were needed. The analogues would act as a handle within the binding
site and would allow us to explore the cysteine-binding site of mycothiol-S-
transferase. During kTGS the azido derivatives would be incubated with an
alkyne fragment library in the presence of MST in order to find triazole containing
hits. In this way new inhibitors containing a triazole moiety would be synthesised.
Two types of derivative were designed: the azido mycothiol analogues and the

azidoacetamido mycothiol analogues.

7.1. The azido mycothiol analogues

The first set of the azido derivatives was based on 2-azido-2-deoxy-1-thio-a-D-
glucopyranose. Three analogues having the cyclohexyl (144), phenyl (145) and
benzyl groups (146) (Fig. 78.) were designed as those moieties had been
reported to be good replacements for the inositol ring in the mycothiol

structure.11.22.24

Fig. 78. Structures of the azido mycothiol analogues (144, 145 and 146).
7.1.1. The cyclohexyl azido mycothiol analogue

In order to obtain the novel cyclohexyl azido mycothiol analogue (144) the
following synthetic strategy inspired by the work of Gammon et al.?? was explored
(Fig. 79). First, the acetyl-protected 2-azido glucopyranose (148) would be
generated from glucosamine HCI (107). Then 148 would be treated with
cyclohexanethiol and BFs-OEt2 to give the desired azido analogue (144) after

global deprotection.
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OH OAc OAc OH
HO 0 AcO 0 AcO 0 HO&&A
H(&ﬁ — Accﬁﬁ — Aco/g\&“OAc C—> HoO OH

144 147 148 107

Fig. 79. Retrosynthesis of the cyclohexyl azido mycothiol analogue (144).

To synthesise the acetyl-protected 2-azido glucopyranose (148) using
glucosamine HCI (107) as a starting material, a diazotransfer reagent (149) was
required. 149 was synthesised in one pot over three steps according to the
methodology published by Goddard-Borger and Stick’* (Fig. 80). First, sodium
azide in acetonitrile was treated with sulfuryl chloride and the reaction mixture
was stirred at room temperature overnight. Next, imidazole was added and the
reaction was stirred for further 3 h. Finally, a solution of acetyl chloride in ethanol
was added and the resulting precipitate was filtered to give imidazole-1-sulfonyl
azide HCI (149) in 62% yield.

- 0
- /=NH
NaN, —0 Ny—S-N

149

Fig. 80. Synthesis of imidazole-1-sulfonyl azide HCI| (149). Reagents and
conditions: (i) SO2Cl2, MeCN, (ii) imidazole, (iii) acetyl chloride, EtOH, 62%.

With imidazole-1-sulfonyl azide HCI (149) in hand, synthesis of the acetyl-
protected 2-azido glucopyranose (148) was attempted following the reaction
conditions proposed by Goddard-Borger and Stick’* (Fig. 81). The glucosamine
HCI (107) was dissolved in methanol and treated with CuSOa4-5H20, potassium
carbonate and imidazole-1-sulfonyl azide HCI (149). The reaction mixture was
stirred at room temperature for 4 h, concentrated and dissolved in pyridine. Then,
acetic anhydride was added and the reaction mixture was stirred for another 4 h.
After purification by column chromatography (3:1 hexane/EtOAc) the desired
azide (148) was isolated in 77% vyield.
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OH OAc

0 o
HO (i-ii) _ AcO
Ho/g\\wOH ——> "AcO OAc

HsN* N3
Cl
107 148

Fig. 81. Synthesis of 148. Reagents and conditions: (i) imidazole-1-sulfonyl azide
HCI (149), K2COs, CuSO4-5H20, MeOH; (ii) acetic anhydride, pyridine, 77% (over
two steps).

In the next step, the acetyl-protected 2-azido glucopyranose (148) was treated
with BF3:OEt2 and cyclohexanethiol to give a mixture of a- and -anomers (Fig.
82). The anomers 147 (yield = 5%) and 150 (yield = 10%) were readily separated
by column chromatography (3:1 hexane/EtOAc). The vyields obtained were
modest, however, there was enough material to carry out the final step in the

synthetic pathway.
OAc

OAc OAc
AcO O () . AcO O +  AcO o) SO
Xc(b/gﬂMOAc Acc&ﬁ AcO

148 147 150

Fig. 82. Synthesis of 147 and 150. Reagents and conditions: (i) cyclohexanethiol,
BFs-OEt2, DCM, 0-55 °C, 5 h, 147 5%, 150 10%.

In the last step the a- (147) and - (150) anomers were separately deacetylated
using CH3sONa in MeOH to successfully produce the novel cyclohexyl azido
mycothiol analogue (144) (yield = 64%) and its f-anomer (151) (yield = 100%)
(Fig. 83). 151 could also be tested as a potential MST substrate to see if there is
a difference in the binding affinity between the anomers.

OAc OH
AcO O ), Ho O
AcO HO

147 144

OAc OH
ACO/%Q/ HO

N3 N3

150 151

Fig. 83. Synthesis of 144 and 151. Reagents and conditions: (i) CHsONa, MeOH,
144 64%, 151 100%.
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7.1.2. The phenyl azido mycothiol analogue

As the cyclohexyl azido mycothiol analogue (144) was successfully obtained it
was decided to follow the same synthetic strategy to obtain the phenyl azido
mycothiol analogue (145).

With the acetyl-protected 2-azido glucopyranose (148) in hand the synthesis of
the acetyl-protected phenyl azido mycothiol analogue (152) was carried out. 148
was treated with BF3-OEt2 and thiophenol to give a 3:1 a/f mixture of anomers
(Fig. 84). The separation of the anomers by column chromatography was
attempted to no avail. Gratifyingly, pure crystals of the acetyl-protected phenyl
azido mycothiol analogue (a anomer, 152) were obtained by crystallization from
ethanol (yield = 21%).22 Unlike previously, the B-anomer (153) was not isolated

in a pure form from the reaction mixture.

OAc OAc OAc
AcO o] (i) _ AcO & + AcO & s—«<:::>
AcO OAc AcO AcO
N3 N3 S N3
148 152 153

Fig. 84. Synthesis of 152. Reagents and conditions: (i) thiophenol, BFs-OEtz,
DCM, 0-55 °C, 5 h, 21%.

Finally, the acetyl-protected phenyl azido mycothiol analogue (152) was globally
deprotected using CH3ONa in MeOH to produce the phenyl azido mycothiol
analogue (145) in 100% yield (Fig. 85.).

OAc OH

AcO O _® . Ho O
AcO HO

152 145

Fig. 85. Synthesis of 145. Reagents and conditions: (i) CHsONa, MeOH, 100%.
7.1.3. The benzyl azido mycothiol analogue

Having successfully synthesised the cyclohexyl (144) and the phenyl azido
mycothiol analogue (145) the synthesis of the benzyl azido mycothiol analogue
(146) was attempted.

As before, the acetyl-protected 2-azido glucopyranose (148) was treated with
BFs-OEt2 and benzyl mercaptan to give 1:1 a/f3 mixture of anomers (154) that

was inseparable by column chromatography (Fig. 86). After numerous
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crystallization attempts the pure a-anomer of 154 was not isolated.

OAc OAc
AcO 0 O Acoﬁg\“
AcO OAc AcO S i:::
N3 N3

148 154

Fig. 86. Synthesis of 154. Reagents and conditions: (i) benzyl mercaptan,
BFs-OEt2, DCM, 0-55 °C, 5 h, 53%.

As the previously applied methodology towards the synthesis of the azido
mycothiol analogues proved to be unsuccessful in this case, a new synthetic
strategy was designed (Fig. 87). The plan involved global deprotection of the
benzyl thioglycoside (130) producing the benzyl aminotriol (155). Then, the amino
group could be replaced by an azido group forming the benzyl azido mycothiol
analogue (146).

OH OH OAc OAc
(0] (o] (o] (o]
HO HO AcO AcO
% —> Hcﬁﬁ —> "% —> Aco/gﬁ

HN g

146 _@ 155 _@ 130 _@ + 73
Br
Fig. 87. Retrosynthesis of the benzyl azido mycothiol analogue (146).

The benzyl thioglycoside (130) was treated with hydrazine monohydrate and
heated at 70 °C for 22 h (Fig. 88). However, the desired the benzyl aminotriol
(155) was not isolated. Most probably, only the O-acetyl groups were removed
and the N-acetyl group remained intact thus not forming the free amine (155). As
155 was not obtained it was not possible to proceed to the next step.

OAc OH

AcO O Q) HO 0
AcO -—~>>= Ho
AcHN S H2N S
» O =0

Fig. 88. Synthesis of 155. Reagents and conditions: (i) NH2NH2-H20, 70 °C,
22 h.
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Because the benzyl azido mycothiol analogue (146) was not obtained after
employing two different synthetic strategies it was decided to move on to the

synthesis of the azidoacetamido mycothiol analogues.

7.1.4. Conclusions

To enable the synthesis of the MST inhibitors via kinetic target guided synthesis
(KTGS) three different azido mycothiol analogues were designed (144, 145 and
146). A short and easy synthetic strategy was used to successfully obtain not
only the novel cyclohexyl azido mycothiol analogue (144) but also its B-anomer
(151) (Fig. 89). Following the same synthetic route, the phenyl azido mycothiol
analogue (145) (Fig. 89) was synthesized from the crystalline 152. The synthesis
of the benzyl azido mycothiol analogue (146) proved to be more challenging as
an inseparable mixture of anomers of the precursor (154) was formed. An
alternative synthetic pathway employed did not result in the formation of the
benzyl azido mycothiol analogue (146) as the synthesis of its precursor (155)
failed.

OH OH OH
HO ° HO&S‘O HO O
HO HO HO
TLO R L0
144 151 145

Fig. 89. Structures of 144, 151 and 145.
7.2. The azidoacetamido mycothiol analogues

The second set of the azido derivatives was based on 2-azidoacetamido-2-
deoxy-1-thio-a-D-glucopyranose. Once again three analogues having the
cyclohexyl (156), phenyl (157) and benzyl groups (158) (Fig. 90.) were designed
and their synthesis was attempted. The 2-azidoacetamido group was introduced
to mimic the cysteine moiety in the mycothiol structure and would also allow the

use of the analogues (156, 157 and 158) in the kinetic target guided synthesis.
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OH OH
HO&% HO&% éﬁ
HO HO
HN SO HN s@ HN
A, A,
N3 N3

156 157

Fig. 90. Structures of the azidoacetamido mycothiol analogues (156, 157 and
158).

7.2.1. The cyclohexyl azidoacetamido mycothiol analogue

In order to form the cyclohexyl azidoacetamido mycothiol analogue (156) a
synthetic route based on the work presented by Hang et al.”? was designed (Fig.
91). Hang et al. described the three-step synthesis of 2-azidoacetamido-2-deoxy-
1,3,4,6-tetra-O-acetyl-D-galactopyranose using D-galactosamine hydrochloride
as a starting material.”? It was decided to employ the same reaction conditions to
obtain the acetyl-protected 2-azidoacetamido glucopyranose (159) starting with
glucosamine HCI (107). Then 159 could be treated with cyclohexanethiol and
BF3-OEt2 to produce the desired azidoacetamido analogue (156) after global

deprotection.
OH

OH OH
o o o
HO AcO HO HO
HO Ac(ﬁﬂw H&AOH —> H&*AOH
HN HN HaN™ -

o o o)
N3 Ny Cl

156 159 160 107

Fig. 91. Retrosynthesis of the cyclohexyl azidoacetamido mycothiol analogue
(156).

To obtain the key intermediate (159), glucosamine HCI (107) was treated with
sodium methoxide solution in methanol to form a free amine to which chloroacetic
anhydride and triethylamine were added and the reaction was stirred at room
temperature for 16 h (Fig. 92.). The reaction was passed through a silica plug
and the crude material was carried through to the next step. The residue was
dissolved in DMF, sodium azide was added and the reaction was stirred at 80 °C
for 2 h (Fig. 92.). The reaction mixture was concentrated and dissolved in
pyridine. Then acetic anhydride and DMAP were added at 0 °C and the reaction

was stirred at room temperature for 2 h (Fig. 92.). As a complex mixture of
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products was formed purification by silica gel column chromatography did not
lead to the isolation of pure acetyl-protected 2-azidoacetamido glucopyranose
(159).

OH OAc

ﬁﬁm o Acoﬁ&
AcO OAc
3N+ _ HN
o
N3
107 159

Fig. 92. Synthesis of 159. Reagents and conditions: (i) chloroacetic anhydride,
triethylamine, MeOH; (ii) NaNs, DMF, 80 °C, 2 h; (iii) acetic anhydride, DMAP,
pyridine.

As the previously explored synthetic strategy towards the synthesis of the key
intermediate (159) proved to be unsuccessful a different approach was taken
(Fig. 93). Here, the acetyl-protected glucosamine (40) was used as a starting
material instead of glucosamine HCI (107) to make the purification of the
intermediate product (161) easier. The previously used reaction conditions were
slightly optimized. The acetyl-protected glucosamine (40) was dissolved in dry
DCM, treated with chloroacetic anhydride and triethylamine and stirred at 0 °C
for 1 h. After work up the desired acetyl-protected 2-chloroacetamido
glucopyranose (161) was isolated in 81% yield. Having successfully formed 161,
the synthesis of the key intermediate (162) was attempted (Fig. 93). As before,
the acetyl-protected 2-chloroacetamido glucopyranose (161) was dissolved in
DMF, sodium azide was added and the reaction was stirred at 80 °C for 2 h. The
acetyl-protected 2-azidoacetamido glucopyranose (162) was successfully

obtained in 59% yield.
0

A
AcO O_oac ACO&A/ 0, Acoﬁﬁ/
Aco/gﬂ/ cO

c OAc
OAc O oAc
HaN* ol HN HN
%o A
Cl N;
40 162

Fig. 93. Synthesis of 162. Reagents and conditions: (i) chloroacetic anhydride,
triethylamine, DCM, 0 °C, 1 h, 81%; (ii) NaNs, DMF, 80 °C, 2 h, 59%.

Having the key intermediate (162) in hand, the synthesis of the cyclohexyl
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azidoacetamido mycothiol analogue (156) was attempted. First, the acetyl-
protected 2-azidoacetamido glucopyranose (162) was treated with BFs-OEt2 and
cyclohexanethiol and the reaction was stirred at 55 °C for 3 h (Fig. 94).
Gratifyingly, only the a-anomer (163) was formed. The cyclohexyl
azidoacetamido mycothiol analogue precursor (163) was successfully obtained
after purification by column chromatography (20-65% EtOAc in hexane) in 18%
yield. As only small amount of the precursor (163) was isolated (10 mg) the
deacetylation was not attempted but the reaction was repeated on a bigger scale.
Surprisingly, when the reaction was scaled up (450 mg c.f. 50 mg) a 2:3 o/
mixture of anomers was formed. The mixture was inseparable by silica gel

column chromatography.

OAc OAc
Aco/g&/OAc O Aco 0
AcO AcO
HN HN SO
b b
N3 N3
162 163

Fig. 94. Synthesis of 163. Reagents and conditions: (i) cyclohexanethiol,
BFs-OEt2, 1,2-dichloroethane, 0-55 °C, 3 h, 18%.

7.2.2. The phenyl azidoacetamido mycothiol analogue

To obtain the phenyl azidoacetamido mycothiol analogue (157) the same
synthetic route as for the synthesis of the cyclohexyl azidoacetamido mycothiol
analogue (156) was employed.

The key intermediate (162) was treated with BFs-OEt2 and thiophenol to give only
the B-anomer (164) (Fig. 95). The acetyl-protected phenyl 2-azidoacetamido -
thioglucopyranoside (164) was isolated in 45% yield after purification by column

chromatography.
OAc OAc
AcO AcO
HN HN
0] @)
N3 N3
162 164

Fig. 95. Synthesis of 164. Reagents and conditions: (i) thiophenol, BFs-OEtz,
DCM, 0-55 °C, 3 h, 45%.
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As previous attempts to synthesise the phenyl a-thioglycoside using a-D-
glucosamine pentaacetate (96), p-D-glucosamine pentaacetate (71) and the
acetyl-protected glucosamine (40) as starting materials failed, no other synthetic
strategies towards the synthesis of the phenyl azidoacetamido mycothiol

analogue (157) were explored.

7.2.3. The benzyl azidoacetamido mycothiol analogue

The synthesis of the phenyl azidoacetamido mycothiol analogue (157) proved to
be unsuccessful, however, it was decided to try to obtain the benzyl
azidoacetamido mycothiol analogue (158) following the same synthetic pathway.
The acetyl-protected 2-azidoacetamido glucopyranose (162) was treated with
BF3-OEt2 and benzyl mercaptan and the reaction was stirred at 55 °C for 3 h (Fig.
96). As before, only the p-anomer (165) was formed. Purification by silica gel
column chromatography gave the acetyl-protected benzyl 2-azidoacetamido -

thioglucopyranoside (165) in 52% vyield.

Aco/g&/OAc UM Aco&&/s
AcO AcO _@

O
N3
162 165

Fig. 96. Synthesis of 165. Reagents and conditions: (i) benzyl mercaptan,
BFs-OEtz, 1,2-dichloroethane, 0-55 °C, 3 h, 52%.

Because the previously applied synthetic strategy did not lead to the formation of
the desired analogue (158) a new approach was taken (Fig. 97). Here, it was
decided to use the amine (134) as a starting material to be sure that only the a-
anomer would be formed. Then, the 2-chloroacetamido group was successfully
introduced following the previously described reaction conditions to form the
acetyl-protected 2-chloroacetamido benzyl thioglucopyranoside (166) in 72%
yield. Finally, 166 was treated with sodium azide and the reaction was stirred at
80 °C for 2 h. After work up, the benzyl azidoacetamido mycothiol analogue

precursor (167) was isolated in 82% yield.
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134 166 167

Fig. 97. Synthesis of 167. Reagents and conditions: (i) chloroacetic anhydride,
triethylamine, DCM, 0 °C, 1 h, 72%; (ii) NaNs, DMF, 80 °C, 2 h, 82%.

The last step in the synthetic pathway towards the formation of the benzyl
azidoacetamido mycothiol analogue (158) was planned to be the deacetylation
of the precursor (167) using sodium methoxide in methanol (Fig. 98). However,
this reaction was not attempted. As it takes 8 steps to obtain the benzyl
azidoacetamido mycothiol analogue precursor (167) only a small amount of the
compound (167) was isolated (90 mg) and it was decided to use it to synthesise
a few benzyl azidoacetamido mycothiol analogue-based triazoles.
OAc OH

AcO & (@, HO &
AcO HO

HN S—z HN S—z

Fig. 98. Synthesis of 158. Reagents and conditions: (i) CHsONa, MeOH.
7.2.4. Conclusions

As a result of the synthetic efforts towards the synthesis of the azidoacetamido
mycothiol analogues (156, 157 and 158) four novel mycothiol analogue
precursors were formed (163, 164, 165 and 167) (Fig. 99). The cyclohexyl
azidoacetamido mycothiol analogue precursor (163) was successfully obtained
but only when the reaction was performed on a small scale (50 mg), so there is
scope for further optimization. The synthesis of the phenyl azidoacetamido
mycothiol analogue (157) was unsuccessful as only the B-precursor (164) was
formed, which could be deprotected and tested alongside potential MST
substrates as a negative control. In the case of the benzyl azidoacetamido
analogue (158) synthesis, both pure a- (167) and B- (165) precursors were
isolated when two different synthetic approaches were employed. Both anomers

98



(165 and 167) could be deprotected and their binding affinity to MST could be

measured.

Aco/&‘ Acoﬁs
AcO AcO
ke
o %
N

165

Fig. 99. Structures of 163, 164, 165 and 167.
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8. Synthesis of the triazole containing mycothiol
analogues

Having successfully synthesised two a-azido mycothiol analogues (144 and 145)
and two a-azidoacetamido mycothiol analogue precursors (163 and 167) it was
decided to construct a small triazole library. The triazole containing mycothiol
analogues (168 and 169) (Fig. 100) could be used as standards when kTGS is
performed or be directly tested as substrates for mycothiol-S-transferase. One
analogue of each class was chosen as a model compound for the synthesis of
the triazoles (Fig. 100). The phenyl azido mycothiol analogue (145) was selected
over the cyclohexyl analogue (144) as it was produced in higher yields. The same
reason stood behind the selection of the benzyl azidoacetamido analogue

precursor (167).

168 169

Fig. 100. Structures of the triazole containing mycothiol analogues (168 and 169).
8.1. The phenyl azido mycothiol analogue-based triazoles

In order to produce a small library of the phenyl azido mycothiol analogue-based
triazoles (168) the following synthetic strategy was applied. The acetyl-protected
phenyl azido mycothiol analogue (152) was used in place of the phenyl azido
mycothiol analogue (145) to make the purification of the triazole products easier.
Following the reaction conditions presented by André et al.,’° the analogue
precursor (152) was dissolved in a THF/water mixture and treated with an alkyne,
copper sulphate pentahydrate and sodium ascorbate (Fig. 101). The reaction was
stirred at room temperature for 18 h to give an acetyl-protected triazole that was
subsequently deprotected using sodium methoxide in methanol. The phenyl
azido mycothiol analogue-based triazole (168) was isolated after column

chromatography.
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Fig. 101. Synthesis of the phenyl azido mycothiol analogue-based triazoles
(168). Reagents and conditions: (i) alkyne, CuSO4-5H20, sodium ascorbate,
THF/H20; (ii) CHsONa, MeOH.

To obtain a diverse triazole library alkynes with both aliphatic and aromatic
moieties were selected (Table 6). The acetyl-protected triazoles with aliphatic 4-
substituents (170, 172, 174) were easily purified, in most cases the standard
work-up was sufficient to isolate the pure compounds (170, 172, 174) in good
yields (57 — 100%) (Table 6). The acetyl-protected triazoles with aromatic 4-
substituents (176, 178, 180) were more difficult to purify and silica gel
chromatography was required in each case. The purification of the acetyl-
protected 4-methoxyphenyl triazole (180) proved to be the most challenging
leading to the isolation of the pure product (180) in only 13% yield (Table 6). In
this case, there was not enough material (180) to run the deacetylation reaction.
The deprotection of the acetyl-protected triazoles (170, 172, 174, 176, 178)
resulted in the formation of the triazoles with aliphatic 4-substituents (171, 173,
175) in good yields (44 — 67%) and the triazoles with aromatic 4-substituents (177
and 179) in low yields (26 and 33% respectively) (Table 6).
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Table 6. The phenyl azido mycothiol analogue-based triazoles.

OR2
2 (0]
RQO
InEaY,
RN
Compound R! R? Yield [%)]

170 \_ok Ac 100
171 \_on H 60
172 4<OH Ac 83
173 4<OH H 44
174 —< Ac 57
175 — H 67
176 @ Ac 67
e R o S R o
178 (, B Ac 65
179 7 N H 33

—
180 @ocm Ac 13

8.2. The benzyl azidoacetamido mycothiol analogue-based

triazoles

As a small library of the phenyl azido mycothiol analogue-based triazoles (168)
was successfully synthesised it was decided to follow the same synthetic strategy
in order to obtain a few benzyl azidoacetamido mycothiol analogue-based
triazoles (169). In short, the acetyl-protected benzyl azidoacetamido mycothiol

analogue (167) was treated with an alkyne, copper sulphate pentahydrate and
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sodium ascorbate to produce an acetyl-protected triazole that was deacetylated

using sodium methoxide in methanol to give a desired triazole (169) (Fig. 102).7°

OAc OH
AcO Q (=), Ho °
AcO HO
HN S—z HN S—z
N
R
167 169

Fig. 102. Synthesis of the benzyl azidoacetamido mycothiol analogue-based
triazoles (169). Reagents and conditions: (i) alkyne, CuSOa4-5H20, sodium
ascorbate, THF/H20; (ii) CH3ONa, MeOH.

Because the synthetic pathway towards the formation of the analogue precursor
(167) is long and the yields are variable there was enough material to carry out
only three ‘click reactions’ (Table 7). One triazole with aliphatic 4-substituent
(182) and one triazole with aromatic 4-substituent (184) were successfully
obtained. The synthesis of the acetyl-protected triazole having the benzyl moiety
(185) was unsuccessful as the purification by silica gel chromatography did not

lead to the isolation of the pure product (185).
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Table 7. The benzyl azidoacetamido mycothiol analogue-based triazoles.

R
Compound R? R? Yield [%)]
181 g Ac 89
182 \_on H 26
w | 15 | = 7
184 @ H 32
w | Y | ~ -

8.3. Conclusions

A small triazole library based on the phenyl azido mycothiol analogue (145) and
the benzyl azidoacetamido mycothiol analogue (158) was successfully
synthesised. Three novel azido triazoles with aliphatic 4-substituents (171, 173,
175) and one azidoacetamido triazole (182) as well as two novel azido triazoles
with aromatic 4-substituents (177 and 179) and one azidoacetamido triazole
(184) were obtained using ‘click chemistry’ conditions (Fig. 103). As both the
triazoles with aliphatic 4-substituents and the triazoles with aromatic 4-
substituents were formed it could be assumed that many other triazoles could be
synthesised using a range of different alkynes following the optimized synthetic
pathway if needed. Thus, this provides an easy way to produce a diverse library

of potential MST substrates.
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182 184

Fig. 103. Structures of the triazole containing mycothiol analogues (171, 173,

175,177,179, 182, 184).
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9. Summary

Two approaches were explored to design and synthesise selective chemical
probes to investigate the role of mycothiol-S-transferase. The first approach
included the development of substrate analogues based on a simplified mycothiol
scaffold (110) (Fig. 104). Synthesis of a simplified mycothiol analogue (78) via
methodology published by Knapp et al.*® was attempted, however, it was
unsuccessful even after extensive optimisation. The second synthetic route was
designed that led to the formation of the acetyl-protected (3-cyclohexyl cysteine
mycothiol analogue (119) (Fig. 104). Finally, the third synthetic strategy resulted
in the isolation of the immediate simplified mycothiol analogue precursor (122)
(Fig. 104). Having established a novel approach towards the synthesis of the
cysteine containing mycothiol scaffolds another three mycothiol scaffolds (124,
125 and 126) were designed. The phenyl cysteine mycothiol analogue (124) was
not obtained as the synthesis of the key intermediate, which is the phenyl a-
thioglycoside, was unsuccessful. The benzyl cysteine mycothiol analogue
precursor (135) (Fig. 104) and the azido cysteine mycothiol analogue (126) (Fig.
104) were successfully synthesised proving that the synthetic route may lead to
the formation of various cysteine containing mycothiol scaffolds.
OH OAc OAc

OAc
Ho/ﬁ Acoé%
HO AcO
HS (@] AcS O
NHBoc NHBoc _:z::>

126 135

Fig. 104. The cysteine containing mycothiol analogues (110 and 126) and the
analogue precursors (119, 122 and 135).

The second approach was planned to involve the use of kinetic target guided

synthesis (KTGS) in order to find new mycothiol-based chemical probes. Towards
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this goal two types of the derivatives were designed: the azido mycothiol
analogues (111) and the azidoacetamido mycothiol analogues (112). First, three
different azido mycothiol analogues were designed (144, 145 and 146). Following
a short and easy synthetic strategy the novel cyclohexyl azido mycothiol
analogue (144), its p-anomer (151) and the phenyl azido mycothiol analogue
(145) were successfully obtained (Fig. 105). The synthesis of the benzyl azido
mycothiol analogue (146) was unsuccessful even when an alternative synthetic
route was employed. Then, three novel azidoacetamido mycothiol analogues
(156, 157 and 158) were designed and their synthesis was attempted. The
cyclohexyl azidoacetamido mycothiol analogue precursor (163), the benzyl
azidoacetamido analogue precursor (167) and its B-anomer (165) were
successfully isolated (Fig. 105). The phenyl azidoacetamido mycothiol analogue
(157) was not formed, however, its B-precursor (164) was obtained (Fig. 105).

OH OH OH

HO 0 Hoé&;@ HO 0

Ho Ho HO
SO R e
144 151 145

AcO AcO AcO O s AcOﬁS@
AcO AcO AcO AcO
e Kg K*
N3 _@

163 164

Fig. 105. The azido mycothiol analogues (144, 145 and 151) and the
azidoacetamido mycothiol analogue precursors (163, 164, 165 and 167).

Additionally, a diverse chemical library containing the phenyl azido mycothiol
analogue-based triazoles (168) and the benzyl azidoacetamido mycothiol
analogue-based triazoles (169) was successfully synthesised (Fig. 106). Both
aliphatic and aromatic alkynes were used to show that the reaction conditions
can be employed to synthesise a wide variety of the triazole containing mycothiol
analogues.

To conclude, the findings of this research will help to better understand the role
played by mycothiol-S-transferase in mycobacteria as a diverse set of chemical
probes based on mycothiol structure was synthesised. Development of the
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mycothiol-based probes into MST inhibitors may lead to a novel strategy for the
treatment of tuberculosis. Moreover, the use of kinetic target guided synthesis in
lead discovery can be further explored.

OH OH OH

182 184

Fig. 106. Structures of the triazole containing mycothiol analogues (171, 173,
175, 177,179, 182, 184).
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10. Future work

With the novel mycothiol scaffold (126) and scaffold precursors (122 and 135) in
hand, the synthesis of a small library of novel S-conjugates using thiol-ene
coupling or S-alkylation will be possible (Fig. 107). The substituents used will vary
in size and polarity to enable us to probe the hydrophobic pocket of MST and gain
some information about the structure—activity relationships (SAR) of the target
protein.

OH OH

v
HO % Q X HO 0
HO HO
LN S e — HN
HS/\’/&O

Fig. 107. Scheme outlining the synthesis of a small library of simplified mycothiol
scaffold (110) S-conjugates.

In the second approach towards the synthesis of the chemical probes to
investigate the role of mycothiol-S-transferase the use of kinetic target guided
synthesis was planned. Because of time constraints and the fact that all of the
steps involved required extensive optimisation, only preliminary studies were
performed. To the best of our knowledge this would be the first attempt to employ
KTGS in the synthesis of MST inhibitors. To attempt kTGS three main
components are needed: a protein that would act as a catalyst or a template, an
azide and an alkyne that would form a triazole hit. Time constraints limited what
could be achieved in this part of the project, but the protein expression and
purification steps, and the azide ligand synthesis steps were completed, along
with proof of principle studies to show that 1,4-substituted triazoles could be
formed using copper-catalysed ‘click’ chemistry.

The first component, which is mycothiol-S-transferase, was expressed in E. coli
using a plasmid provided by Dr Mamta Rawat and purified using standard
methods. To confirm protein identity mass spectrometry will be performed. In
order to establish that MST is correctly folded and active an enzymatic activity
assay is required. To perform the assay*® mycothiol and bromobimane are

needed. As mycothiol is not commercially available it will have to be extracted
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and purified from Mycobacterium species.

The second component will be a mycothiol analogue containing an azido group.
Two azido mycothiol analogues were successfully obtained: the cyclohexyl azido
mycothiol analogue (144) and the phenyl azido mycothiol analogue (145) (Fig.
108). Two azidoacetamido mycothiol analogue precursors were also isolated: the
cyclohexyl azidoacetamido mycothiol analogue precursor (163) and the benzyl
azidoacetamido analogue precursor (167) (Fig. 108). The analogue precursors
(163 and 167) could be easily transformed into respective mycothiol analogues
(156 and 158) using sodium methoxide in methanol. Before the azido analogues
(144, 145, 156 and 158) could be used in kTGS their binding to mycothiol S-
transferase will have to be measured, preferably by isothermal titration
calorimetry.

The third component of the system is an alkyne. In order to select the most
suitable alkynes a library of alkyne fragments will be screened against MST using
differential scanning fluorimetry. The alkynes that will show the highest binding
affinity to MST will be subsequently used in the KTGS.

Having confirmed MST activity and having checked that the azido analogues
(144, 145, 156 and 158) bind to MST kinetic target guided synthesis will be
performed. Alkyne fragments will be grouped into mixtures of 5 based on their
molecular masses, so that triazoles of a unigue mass can be formed in each
group. Then an azide scaffold and purified MST will be added. Two sets of control
experiments will also be prepared. One containing bovine serum albumin instead
of MST and the other containing no protein. The 96-well plate will be sealed and
incubated at 37 °C in a water bath for 3 days. Finally, the triazole hits will be
identified using LCMS and subsequently re-synthesised using previously
optimized ‘click chemistry’ conditions. As a small triazole library based on the
phenyl azido mycothiol analogue (145) and the benzyl azidoacetamido mycothiol
analogue (158) was successfully obtained it can be assumed that the resynthesis
method will work for the other two analogues (144 and 156). Lastly, the binding
and inhibition of the re-synthesised hits will be confirmed using isothermal titration
calorimetry and/or differential scanning fluorimetry, together with assays to
assess the inhibition of MST enzymatic activity. Finally, the role of inhibitors in

cells/bacteria will be tested to establish proof of principle.
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163 167

Fig. 108. Structures of the azido mycothiol analogues (144 and 145) and the
azidoacetamido mycothiol analogues precursors (163 and 167).
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Part Il Experimental section
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11. Chemical synthesis

Materials

All materials were purchased from Sigma Aldrich, Fisher, VWR and Alfa Aesar
unless stated otherwise. All solvents were analytical or HPLC grade and used as
supplied without further purification. Anhydrous solvents were purchased from

Sigma Aldrich in a SureSeal™ bottle and used without prior purification.

NMR

H

Spectra were measured on a Bruker Avance 400 MHz or Bruker Avance 500 MHz
spectrometers using the deuterated solvent stated in parentheses. Chemical
shifts (§) are reported in parts per million (ppm) and referenced against
tetramethylsilane (TMS). Results are shown as: chemical shift (integration,
multiplicity, coupling constant, assignment). The following abbreviations were
used to indicate the signal multiplicity: s (singlet), d (doublet), t (triplet), m
(multiplet), dd (doublet of doublet), ddd (doublet of doublet of doublet), br s (broad
singlet). Coupling constants (J) are quoted in Hz. Assignments were made using
2D techniques such as COSY and HMQC.

13C

Spectra were measured on a Bruker Avance 400 MHz or Bruker Avance 500 MHz
spectrometers with 'H decoupling using the deuterated solvent stated in

parentheses. Chemical shifts (§) are reported in parts per million (ppm).

Mass spectrometry

High resolution mass spectra (HRMS) were obtained from the UCL School of
Pharmacy, Structural Chemistry or from the EPSRC National Mass Spectrometry
Facility Swansea, College of Medicine, Swansea University, Swansea, operating
in positive or negative mode. Low resolution mass spectra were measured on
Shimadzu LCMS-2020, operating in positive or negative mode, from solutions of

methanol. m/z values are reported in Daltons (Da).

Liquid chromatography-mass spectrometry

Liquid chromatography-mass spectrometry (LC-MS) spectra were recorded using
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Shimadzu LCMS-2020 equipped with an XTerra MS C18 column (4.6 x 50 mm,
2.5 ym) and a flow rate of 0.6 mL/min. The eluent system consisted of eluent A
(water with 0.1% formic acid, HPLC grade) and eluent B (acetonitrile with 0.1%
formic acid, HPLC grade) with the following conditions: 0.0 — 2.5 min 90% A: 10%
B, then a linear gradient from 2.5 min to 5.5 min to a final composition 5% A: 95%
B that was maintained for further 2.5 min, then adjusted to 10% A: 90% B over

10.5 min and held for 1.5 min. Total run time = 12 min.

Column chromatography

All column chromatography was performed manually using Merck silica gel 60
(0.040-0.063 mm) in a glass column. Elution was performed with specified
analytical or HPLC grade solvents under a positive pressure of compressed air.

Thin Layer Chromatography
TLC was performed on Merck silica gel 60 F2s4 aluminium-supported plates.
Samples were visualised using UV light (254 nm), or by thermal development

after staining with KMnOa or an ethanolic solution of ninhydrin.
Rotary evaporator

All solvents were removed in vacuo using either Heidolph or Buchi rotary

evaporators.
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(3aR,5R,6S,7R,7aR)-5-(Acetoxymethyl)-6,7-diacetoxy-2-methyl-
5,6,7,7a-tetrahydro-3aH-pyrano[3,2-d]thiazole (72)

To a solution of 2-acetamido-2-deoxy-B-D-glucopyranose 1,3,4,6-tetraacetate
(71) (1.00 g, 2.57 mmol, 1 eq.) in 10 mL of toluene, Lawesson’s reagent (0.69 g,
1.70 mmol, 0.66 eg.) was added. The reaction was heated at 80 °C for 1.5 h. The
reaction was then cooled to room temperature, neutralized by adding 100 mg of
sodium bicarbonate and purified directly by silica gel column chromatography
(3:7 ethyl acetate/dichloromethane) furnishing the GIcNAc-thiazoline triacetate
(72) as a yellow oil (0.68 g, 76%): Rt 0.64 (19:1 dichloromethane/methanol); H
NMR (400 MHz, CDCl3) 6 6.17 (1H, d, J = 7.1 Hz, CH-1), 5.51 (1H, dd, J = 3.3,
1.9 Hz, CH-3), 4.91-4.87 (1H, m, CH-4), 4.45-4.37 (1H, m, CH-5), 4.06 (2H, d, J
= 4.9 Hz, CH2-6), 3.51-3.46 (1H, m, CH-2), 2.25 (3H, d, J = 2.3 Hz, N=CCHg),
2.07 (3H, s, OC(O)CHs), 2.02 (3H, s, OC(O)CHs), 2.02 (3H, s, OC(O)CHza); 13C
NMR (100 MHz, CDCls) & 170.6 (SC=N), 169.6 (C=0), 169.3 (C=0), 168.2
(C=0), 88.8 (CH-1), 76.7 (CH-5), 70.7 (CH-3), 69.3 (CH-4), 68.5 (CH-2), 63.3
(CH2-6), 20.9 (N=CCHgs), 20.8 (OC(O)CHgs), 20.7 (OC(O)CHzs), 20.6 (OC(O)CHs;
LCMS (ESIY) m/z = 346.45 [(M+H)*, 100%)], Rt = 2.90 min; HRMS (ESI)
calculated for C14H20NO7S [M+H]* 346.0955 found 346.0956.

The data are in agreement with the reported literature values.”
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2-Acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranose (73)

OAc
6

4
AcO 20
AcO 1
AcHN SH

The GIlcNAc-thiazoline triacetate (72) (100 mg, 0.290 mmol) was dissolved in
1 mL of methanol. The solution was cooled to 0 °C and treated with 2 drops of
trifluoroacetic acid and 2 drops of water. The reaction was allowed to warm to
room temperature over 2 h, after which time it was concentrated in vacuo to
furnish the acetamido mercaptan (73) as a white solid (105 mg, 100%): Rt 0.35
(19:1 dichloromethane/methanol); *H NMR (400 MHz, CDCl3) 6 5.82 (1H, d, J =
8.4 Hz, NH), 5.71 (1H, dd, J = 7.1, 5.3 Hz, CH-1), 5.10-5.00 (2H, m, CH-3 + CH-
4), 4.45-4.38 (1H, m, CH-2), 4.25-4.20 (1H, m, CH-5), 4.18 (1H, dd, J=12.8,5.5
Hz, CHaHB-6), 4.07 (1H, dd, J =12.8, 5.5 Hz, CHaHB-6), 2.03 (3H, s, OC(O)CHy3),
1.99 (3H, s, OC(O)CHs), 1.98 (3H, s, OC(O)CHs), 1.91 (3H, s, NHC(O)CHzs); 13C
NMR (100 MHz, CDCI3) & 171.8 (NHC=0), 170.7 (C=0), 170.4 (C=0), 169.2
(C=0), 78.8 (CH-1), 70.7 (CH-3), 69.0 (CH-5), 67.9 (CH-4), 61.8 (CH2-6), 52.7
(CH-2), 23.1 (NHC(O)CHgs), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs); LCMS (ESI*)
m/z = 361.80 [(M-H), 100%], Rt = 3.83 min; HRMS (ESI*) calculated for
C14H22NOsS [M+H]* 364.1061 found 364.1061.

The data are in agreement with the reported literature values.”
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Cyclohexyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (74) and cyclohexyl 2-acetamido-2-deoxy-
3,4,6-tri-O-acetyl-1-thio-B-D-glucopyranoside (97)

ACO&Q‘ A0 Q4 SO
AcHN s OAcHN

Method A

To a solution of acetamido mercaptan (73) (50 mg, 0.138 mmol, 1 eq.) in a 10:1
mixture of cyclohexene/chloroform (2.2 mL), AIBN (5 mg, 0.030 mmol, 0.22 eq)
was added and the reaction was heated to 65 °C and stirred for 3 h. Additional
portions of AIBN (2 x 5 mg) were added after 1 h and 2 h. After 3 h the reaction
was cooled to room temperature and concentrated in vacuo. The resulting crude
material was purified by silica gel column chromatography (3:1 DCM/ethyl
acetate) furnishing the cyclohexyl thioglycoside (74) as a colourless oil (5 mg,
8%).

Method B
The acetamido mercaptan (73) (200 mg, 0.550 mmol, 1 eq.) was dissolved in dry

dimethylformamide (2 mL). The solution was treated with anhydrous K2COs
(152 mg, 1.20 mmol, 2 eq.), followed by cyclohexyl bromide (0.14 mL, 1.10 mmol,
2 eq.). The reaction was stirred for 1 h at room temperature, after which time it
was diluted with water (10 mL) and extracted with ethyl acetate (3 x 10 mL). The
organic layer was washed with water (3 x 10 mL) and brine (10 mL) then dried
over anhydrous MgSOa4 and concentrated in vacuo. The resulting crude material
was purified by silica gel column chromatography (1:3 ethyl
acetate/dichloromethane) furnishing the cyclohexyl thioglycoside (74) as a

colourless oil (24 mg, 10%).

117



Method C

To a solution of a-D-glucosamine pentaacetate (96) (1.00 g, 2.57 mmol, 1 eq.) in
1,2-dichloroethane (35 mL) cyclohexanethiol (1.26 mL, 10.28 mmol, 4 eq.) was
added and the reaction was stirred for 20 min at room temperature under argon.
The reaction was then cooled to 0 °C and BF3-OEt2 (0.63 mL, 5.14 mmol, 2 eq.)
was added drop-wise. The reaction was subsequently heated to 55 °C and stirred
for 3 h. After which time, the reaction was quenched with saturated NaHCOz3
(30 mL) and extracted with DCM (3 x 30 mL). The combined organic layers were
washed with brine (3 x 30 mL), dried over MgSO4and concentrated in vacuo. The
resulting crude material was purified by silica gel column chromatography (1:2
hexane/ethyl acetate) furnishing pure a- (74) (30 mg, 3%) and - (97) (115 mg,
10%) anomers as a colourless oil and a white solid respectively: R 0.56, R
0.38 (ethyl acetate); a-anomer: *H NMR (500 MHz, CDCl3) 8 5.68 (1H, d, J=9.0
Hz, NH), 5.47 (1H, d, J = 5.4 Hz, CH-1), 5.13-5.08 (1H, m, CH-4), 5.06-5.01 (1H,
m, CH-3), 4.53-4.48 (1H, m, CH-2), 4.41-4.37 (1H, m, CH-5), 4.25 (1H, dd, J =
12.3, 4.7 Hz, CHACHg-6), 4.08 (1H, dd, J = 12.5, 2.4 Hz, CHACHs-6), 2.86-2.80
(1H, m, CH’-1), 2.09 (3H, s, OC(O)CHzs), 2.03 (3H, s, OC(O)CHs), 2.02 (3H, s,
OC(O)CHs), 2.00-1.94 (2H, m, cyclohexyl), 1.95 (3H, s, NHC(O)CHs), 1.78-1.71
(2H, m, cyclohexyl), 1.62-1.59 (1H, m, cyclohexyl), 1.46-1.28 (5H, m, cyclohexyl);
13C NMR (126 MHz, CDClz) 8 171.5 (NHC=0), 169.9 (C=0), 169.8 (C=0), 169.3
(C=0), 83.7 (CH-1), 71.6 (CH-3), 68.5 (CH-4), 68.2 (CH-5), 62.1 (CH2-6), 52.3
(CH-2), 45.1 (CH-1’), 34.2 (cyclohexyl), 33.7 (cyclohexyl), 25.9 (cyclohexyl), 25.8
(cyclohexyl), 25.5 (cyclohexyl), 23.3 (NHC(O)CHzs), 20.7 (OC(O)CHs), 20.6
(OC(O)CH3); B-anomer: *H NMR (500 MHz, CDCIls) & 5.40 (1H, d, J = 9.1 Hz,
NH), 5.19-5.14 (1H, m, CH-3), 5.03-4.97 (1H, m, CH-4), 4.70 (1H, d, J = 10.4 Hz,
CH-1), 4.14 (1H, dd, J=12.2, 5.5 Hz, CHACHg-6), 4.06 (1H, dd, J = 12.2, 2.3 Hz,
CHACHg-6), 3.94-3.87 (1H, m, CH-2), 3.65-3.60 (1H, m, CH-5), 2.88-2.81 (1H, m,
CH’-1), 2.00 (3H, s, OC(O)CHs), 1.96 (6H, s, OC(O)CHs), 1.94-1.89 (2H, m,
cyclohexyl), 1.88 (3H, s, NHC(O)CHs), 1.71-1.65 (2H, m, cyclohexyl), 1.57-1.50
(1H, m, cyclohexyl), 1.35-1.13 (5H, m, cyclohexyl); 13C NMR (126 MHz, CDCls)
6 171.0 (C=0), 170.7 (C=0), 170.0 (C=0), 83.7 (CH-1), 75.7 (CH-5), 73.7 (CH-
3), 68.6 (CH-4), 62.5 (CH2-6), 52.9 (CH-2), 43.6 (CH-1’), 34.1 (cyclohexyl), 33.9
(cyclohexyl), 26.1 (cyclohexyl), 26.0 (cyclohexyl), 25.6 (cyclohexyl), 23.4
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(NHC(O)CHs), 20.8 (OC(O)CHs), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs); LCMS
(ESI*) m/z = 446.05 [(M+H)*, 100%], Rt = 3.87 min (a-anomer); HRMS (ESI*)
calculated for C20H32NOsS [M+H]* 446.1843 found 446.1839 (a-anomer).

The data are in agreement with the reported literature values.4%53
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Cyclohexyl 2-amino-2-deoxy-1-thio-a-D-glucopyranoside (75)

OH
6

450
oA

10

A mixture of the cyclohexyl thioglycoside (74) (185 mg, 0.416 mmol) and
hydrazine monohydrate (5.0 mL) was heated at 70 °C for 22 h. The reaction was
then cooled to room temperature and concentrated in vacuo. The resulting crude
material was dissolved in methanol and purified by silica gel column
chromatography (3:1 dichloromethane/methanol) furnishing the aminotriol (75) as
a colourless oil (97 mg, 84%): R 0.39 (3:1 dichloromethane/methanol); *H NMR
(400 MHz, MeOD) & 5.54 (1H, d, J = 5.3 Hz, CH-1), 4.00-3.96 (1H, m, CH-5),
3.82 (1H, dd, J = 11.9, 2.4 Hz, CHaHg-6), 3.74 (1H, dd, J = 12.0, 5.3 Hz, CHaHs-
6), 3.59 — 3.53 (1H, m, CH-4), 3.40-3.34 (1H, m, CH-3), 3.07 (1H, dd, J = 10.4,
5.3 Hz, CH-2), 2.87-2.80 (1H, m, CH-1’), 1.81-1.73 (2H, m, cyclohexyl), 1.65-1.58
(2H, m, cyclohexyl), 1.44-1.29 (6H, m, cyclohexyl); 13C NMR (126 MHz, D20) &
84.0 (CH-1), 72.8 (CH-3), 72.7 (CH-5), 70.0 (CH-4), 60.5 (CH2-6), 54.7 (CH-2),
44.1 (CH-1’), 33.8 (cyclohexyl), 33.2 (cyclohexyl), 25.5 (cyclohexyl), 25.4
(cyclohexyl), 25.1 (cyclohexyl); HRMS (ESI*) calculated for C12H22NO4S [M+H]*
278.1421 found 278.1421.

The data are in agreement with the reported literature values.*®

120



N-Boc-S-acetyl-L-cysteine (47)

AcS OH
NHBoc

Method A

To a solution of N,N’-di-Boc-L-cystine (113) (1.00 g, 2.27 mmol, 1 eq.) in 5%
ethereal acetic acid (20 mL), zinc dust (4.00 g, 61.29 mmol, 27 eq.) was added
portion-wise at 0 °C. The reaction was stirred for 4 h, after which time acetic
anhydride (5 mL, 52.89 mmol, 23 eq.) was added drop-wise, followed by pyridine
(20 mL). The reaction was stirred for 2 h at room temperature, after which time
the reaction was filtered through a Celite pad and washed with methanol. The
filtrate was concentrated in vacuo furnishing a yellow oil, which was dissolved in
ethyl acetate. The solution was washed with ice-cold 5% sulphuric acid (10 x
10 mL). The organic layer was collected, dried over anhydrous Na:SOs4 and
concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (2:98 methanol/dichloromethane) furnishing N-Boc-S-

acetyl-L-cysteine (47) as a light yellow oil (0.42 g, 35%).

Method B

To a solution of N,N’-di-Boc-L-cystine (113) (1.00 g, 2.27 mmol, 1 eqg.) in a 10:1
mixture of THF/water (22 mL), triphenylphosphine (656 mg, 2.50 mmol, 1.1 eq.)
was added. The reaction was stirred at room temperature for 20 h, after which
time the reaction was concentrated in vacuo and dissolved in water (10 mL). 6 M
NaOH was added until the solution reached pH 10. The aqueous solution was
extracted with ethyl acetate (3 x 10 mL). The aqueous layer was collected and
acidified with 10% HCI until pH 2 was reached, followed by extraction with ethyl
acetate (3 x 10 mL). The organic layer was collected, dried over anhydrous
MgSOa4 and concentrated in vacuo furnishing N-Boc-L-cysteine (114) as a pale
yellow oil (1.00 g, 100%).

To a solution of N-Boc-L-cysteine (114) (1.00 g, 4.54 mmol, 1 eq.) in 5.20 mL of
1 M NaHCOsat 0 °C, acetic anhydride (7.72 mL, 81.72 mmol, 18 eq.) was added
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drop-wise. The reaction was allowed to warm to room temperature over 3 h, after
which time it was diluted with water (10 mL). The solution was acidified with 10%
HCI until pH 2 was reached and extracted with dichloromethane (3 x 10 mL). The
organic layer was collected and concentrated in vacuo furnishing N-Boc-S-acetyl-
L-cysteine (47) as a light yellow oil (1.19 g, 100%). Rt 0.71 (8:2
dichloromethane/methanol); *H NMR (400 MHz, CDCIz) 8 7.11 (1H, br s, COOH),
5.23 (1H, br s, NH), 4.47-4.38 (1H, m, aCH), 3.37 (1H, dd, J = 14.1, 4.7 Hz,
BCHaHB), 3.25 (1H, dd, J = 14.1, 6.9 Hz, BCHaHBs), 2.45 (3H, s, SC(O)CHz3), 1.39
(9H, s, NHC(O)OC(CHs3)3); 13C NMR (100 MHz, CDCI3) & 194.7 (SC=0), 174.6
(COOH), 155.7 (NHC=0), 80.7 (C(CHs)s), 53.4 (aCH), 30.9 (BCHz), 30.5
(SC(O)CHz), 28.3 (NHC(O)OC(CHs)3); HRMS (ESI") calculated for C10H16NOsS
[M-H] 262.0755, found 262.0755.

The data are in agreement with the reported literature values.*
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2-(4-Methoxybenzylidene)amino-B-D-glucosamine (117)

OH

6
4
HO~ 7529, oH

N
o
o

To a solution of glucosamine HCI (107) (5.00 g, 0.0232 mol, 1 eq.) in 1 M aqueous
NaOH (24 mL), anisaldehyde (2.82 mL, 0.0232 mol, 1 eq.) was added via syringe
under vigorous stirring. The reaction was kept at 0 °C for 1 h. After which time it
was filtered and washed with water (2 x 20 mL) and a mixture of methanol and
ether (1:1, 2 x 20 mL). The precipitate was dried under vacuum to furnish 2-(4-
methoxybenzylidene)amino-B-D-glucosamine (117) as a white solid (3.20 g,
46%): Rr 0.80 (1:1 ethyl acetate/hexane); 'H NMR (400 MHz, DMSO-ds) & 8.18
(1H, s, HC=N), 7.75 (2H, d, J = 8.8 Hz, ArH), 7.05 (2H, d, J = 8.8 Hz, ArH), 6.59
(1H, d, J = 6.8 Hz, OH-1), 4.98 (1H, d, J = 5.3, OH-4), 4.87 (1H, d, J = 5.6 Hz,
OH-3), 4.78-4.73 (1H, m, CH-1), 4.61 (1H, t, J = 5.8 Hz, OH-6), 3.86 (3H, s, CH3),
3.79 (1H, dd, J=12.5, 6.6 Hz, CHaHs-6), 3.58-3.52 (1H, m, CHaHs-6), 3.52-3.45
(1H, m, CH-3), 3.32-3.27 (1H, m, CH-5), 3.23-3.17 (1H, m, CH-4), 2.79 (1H, dd,
J=9.1, 7.8 Hz, CH-2); 13C NMR (100 MHz, DMSO-de) d 161.2 (C=N), 161.0 (C-
4’), 129.6 (Ar), 129.1 (C-1’), 113.9 (Ar), 95.6 (CH-1), 78.2 (CH-2), 76.8 (CH-5),
74.6 (CH-3), 70.3 (CH-4), 61.2 (CH2-6), 55.2 (CH3); HRMS (ESI*) calculated for
C14H20NOs [M+H]* 298.1285, found 298.1287.

The data are in agreement with the reported literature values.®’
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2-(4-Methoxybenzylidene)amino-2-deoxy-1,3,4,6-tetra-O-acetyl-
B-D-glucopyranose (118)
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2-(4-Methoxybenzylidene)amino-p-D-glucosamine (117) (3.00 g, 0.0101 mol, 1
eg.) was treated with acetic anhydride (9 mL, 0.0960 mol, 9.5 eq.), pyridine
(16 mL, 0.202 mol, 20 eq.) and DMAP (0.025 g, 0.202 mmol, 0.02 eq) in an ice-
water bath. The reaction was stirred overnight at room temperature, after which
time the solution was poured into 100 mL of ice, forming a white precipitate. The
precipitate was isolated by filtration and washed with water (2 x 10 mL) and ether
(2 x 10 mL). The solid was dried under vacuum to furnish 2-(4-
methoxybenzylidene)amino-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose
(118) as a white solid (2.70 g, 57%): Rf 0.54 (1:1 ethyl acetate/hexane); *H NMR
(400 MHz, CDCIs) 6 8.15 (1H, s, HC=N), 7.65 (2H, d, J = 8.8 Hz, ArH), 6.91 (2H,
d, J = 8.8 Hz, ArH), 5.94 (1H, d, J = 8.3 Hz, CH-1), 5.46 — 5.39 (1H, m, CH-3),
5.17 — 5.11 (1H, m, CH-4), 4.38 (1H, dd, J = 12.4, 4.6 Hz, CHaHs-6), 4.13 (1H,
dd, J=12.4, 2.1 Hz, CHaHs-6), 3.97 (1H, ddd, J = 10.1, 4.6, 2.1 Hz, CH-5), 3.84
(3H, s, CH3), 3.44 (1H, dd, J =9.7, 8.3 Hz, CH-2), 2.10 (3H, s, OC(O)CHs), 2.03
(3H, s, OC(O)CHBg), 2.02 (3H, s, OC(O)CHzs), 1.88 (3H, s, OC(O)CHzs); 13C NMR
(100 MHz, CDCI3) 6 170.7 (C=0), 169.9 (C=0), 169.6 (C=0), 168.8 (C=0), 164.3
(C=N), 162.3 (C-4’), 130.3 (Ar), 128.3 (C-1"), 114.1 (Ar), 93.2 (CH-1), 73.3 (CH-
3), 73.0 (CH-2), 72.8 (CH-5), 68.0 (CH-4), 61.8 (CH2-6), 55.4 (CHs), 20.9
(OC(O)CHgs), 20.8 (OC(O)CHs), 20.7 (OC(O)CHs), 20.5 (OC(O)CHs); HRMS
(ESI*) calculated for C22H2sNO10 [M+H]* 466.1708, found 466.1700.

The data are in agreement with the reported literature values.®’

124



2-Amino-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose HCI
(40)
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To a refluxing solution of 2-(4-methoxybenzylidene)amino-2-deoxy-1,3,4,6-tetra-
O-acetyl-B-D-glucopyranose (118) (3.00 g, 6.44 mmol) in acetone (15 mL) 5 N
HCl was added dropwise (1.5 mL). The reaction was cooled to room temperature.
The precipitate was isolated by filtration and washed with acetone (6 mL) and
ether (2 x 15 mL). The solid was dried under vacuum to furnish 2-amino-2-deoxy-
1,3,4,6-tetra-O-acetyl-B-D-glucopyranose HCI (40) as a white solid (1.65 g, 67%):
Rf 0.57 (5% MeOH in DCM); H NMR (500 MHz, DMSO-ds) 5 8.87 (3H, s, NH3),
5.96 (1H, d, J = 8.7 Hz, CH-1), 5.44-5.38 (1H, m, CH-3), 5.01-4.96 (1H, m, CH-
4), 4.24 (1H, dd, J = 12.5, 4.5 Hz, CHaHs-6), 4.13-4.08 (1H, m, CH-5), 4.05 (1H,
dd, J=12.5, 2.1 Hz, CHaHg-6), 3.66-3.59 (1H, m, CH-2), 2.23 (3H, s, OC(O)CHs3),
2.08 (3H, s, OC(0O)CHs3), 2.05 (3H, s, OC(O)CHBa), 2.03 (3H, s, OC(O)CHg); 13C
NMR (126 MHz, DMSO-ds) & 169.9 (C=0), 169.8 (C=0), 169.3 (C=0), 168.6
(C=0), 90.1 (CH-1), 71.6 (CH-5), 70.3 (CH-3), 67.7 (CH-4), 61.2 (CH2-6), 52.0
(CH-2), 20.9 (OC(O)CHs), 20.8 (OC(O)CHs3), 20.5 (OC(O)CHs), 20.3
(OC(O)CH3); HRMS (ESI*) calculated for C14H22NOo [M-CI]* 348.1289, found
348.1293.

The data are in agreement with the reported literature values.®”
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2-Amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-1,3,4,6-tetra-
O-acetyl-B-D-glucopyranose (116)
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To a solution of N-Boc-S-acetyl-L-cysteine (47) (69 mg, 0.261 mmol, 1 eq.) in
anhydrous THF (2 mL) under nitrogen, HOBt (35 mg, 0.261 mmol, 1 eq.) and
EDCI (50 mg, 0.261 mmol, 1 eq) were added at 0 °C. The reaction was stirred at
0 °C for 0.5 h under nitrogen, after which time a solution of 2-amino-2-deoxy-
1,3,4,6-tetra-O-acetyl-B-D-glucopyranose HCI (40) (500 mg, 1.303 mmol, 5 eq.)
in anhydrous THF (14 mL) and N-methylmorpholine (0.23 mL, 2.088 mmol, 8 eq.)
were added. The coupling reaction was stirred at 0 °C for 1 h and then at room
temperature overnight, after which time it was concentrated in vacuo and
dissolved in ethyl acetate (6 mL). The organic solution was washed with saturated
NaHCOs (10 mL), 5% KHSOa4 (10 mL) and saturated NaCl (10 mL). The organic
layer was collected, dried over anhydrous Na2SOa, filtered and concentrated in
vacuo furnishing 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-1,3,4,6-
tetra-O-acetyl-B-D-glucopyranose (116) as a white solid (100 mg, 64%): Rt 0.37
(1:1 hexane/ethyl acetate); 'H NMR (500 MHz, CDCls) 8 6.49 (1H, d, J = 9.3 Hz,
NH), 5.73 (1H, d, J =8.7 Hz, CH-1), 5.23-5.18 (2H, m, CH-3 + NHBoc), 5.15-5.10
(1H, m, CH-4), 4.28 (1H, dd, J = 12.5, 4.5 Hz, CHaHg-6), 4.26-4.21 (2H, m, CH-
2 + CysaCH), 4.12 (1H, J = 12.4, 2.2 Hz, CHaHs-6), 3.83-3.79 (1H, m, CH-5),
3.31 (1H, dd, J = 14.3, 4.2 Hz, CysBCHaHg), 3.17 (1H, dd, J = 14.3, 7.3 Hz,
CysBCHaHs), 2.37 (3H, s, SC(O)CHs), 2.14 (3H, s, C(O)CHs), 2.09 (3H, s,
C(O)CHs), 2.04 (3H, s, C(O)CH3), 2.03 (3H, s, C(O)CHs), 1.45 (9H, s,
NHC(O)OC(CHz3)3); *¥C NMR (126 MHz, CDCIs) d 172.3 (C=0), 171.8 (C=0),
171.3 (C=0), 170.7 (C=0), 93.2 (CH-1), 73.8 (CH-3), 73.3 (CH-5), 69.9 (CH-4),
63.0 (CH2-6), 53.0 (CysaCH), 54.1 (CH-2), 31.7 (CyspCH2), 30.9 (SC=0), 28.7
(NC(O)OC(CHs)3), 20.8 (OC(O)CHz3), 20.6 (OC(O)CHs3), the NC=0 and C(CH3)3
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signals were not observed in the spectrum; HRMS (ESI*) calculated for
C24H37N2013S [M+H]* 593.2011, found 593.2012.
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Cyclohexyl 2-amino-2-N-(S-acetyl-L-cysteinyl)-2-deoxy-3,4,6-tri-
O-acetyl-1-thio-a-D-glucopyranoside (119)

To a solution of 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-1,3,4,6-tetra-
O-acetyl-B-D-glucopyranose (116) (30 mg, 0.051 mmol, 1 eqg.) and
cyclohexanethiol (12 pL, 0.102 mmol, 2 eq.) in a 1:1 mixture of DCM/THF (2 mL)
BF3-OEt2 (28 pL, 0.230 mmol, 4.5 eq.) was added at 0 °C under argon. The
reaction was stirred at 55 °C for 5 h. The reaction was then concentrated in vacuo
and diluted with EtOAc (5 mL), washed with brine (3 x 10 mL) and the organic
layer was separated. The aqueous layer was extracted with EtOAc (3 x 10 mL).
The combined organic layers were dried over MgSO4and concentrated in vacuo.
The resulting crude material was purified by silica gel column chromatography
(5% MeOH in DCM) furnishing cyclohexyl 2-amino-2-N-(S-acetyl-L-cysteinyl)-2-
deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (119) as a white solid (5 mg,
18%): Rf 0.35 (5% MeOH in DCM); *H NMR (500 MHz, MeOD) & 5.31-5.26 (1H,
m, CH-3), 5.00-4.95 (1H, m, CH-4), 4.86 (1H, d, J = 10.5 Hz, CH-1), 4.43-4.40
(1H, m, CysaCH), 4.26 (1H, dd, J = 12.3, 5.3 Hz, CHACHs-6), 4.13 (1H, dd, J =
12.3, 2.1 Hz, CHaCHs-6), 3.96-2.91 (1H, m, CH-2), 3.83 — 3.79 (1H, m, CH-5),
2.98-2.91 (1H, m, CH-1"), 2.86 — 2.76 (2H, m, CyspCH3), 2.07 (3H, s, SC(O)CH3),
2.03 (3H, s, C(O)CHs), 2.02 (3H, s, C(O)CH3s), 2.01 (3H, s, C(O)CHgs), 2.00-1.97
(1H, m, cyclohexyl), 1.79-1.74 (2H, m, cyclohexyl), 1.66-1.60 (2H, m, cyclohexyl),
1.42-1.28 (5H, m, cyclohexyl); 3C NMR (126 MHz, MeOD) & 170.6 (C=0), 169.9
(C=0), 169.8 (C=0), 84.9 (CH-1), 76.8 (CH-5), 74.5 (CH-3), 70.3 (CH-4), 63.6
(CH2-6), 57.2 (CysaCH), 54.6 (CH-2) 44.9 (CH-1’), 35.3 (cyclohexyl), 35.2
(cyclohexyl), 27.0 (CysBCH2), 26.8 (cyclohexyl), 26.8 (cyclohexyl), 26.7
(cyclohexyl), 22,5 (SC=0), 20.9 (OC(O)CHs), 20.7 (OC(O)CHs), 20.6
(OC(O)CH3); HRMS (ESI*) calculated for Ca23H3sN209S2 [M+Na]* 571.1760,
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found 571.1765.
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Cyclohexyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-
a-D-glucopyranoside (98)
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To a solution of the cyclohexyl thioglycoside (74) (50 mg, 0.112 mmol, 1 eq.) and
DMAP (1.4 mg, 0.0112 mmol, 0.1 eq.) in THF (1.5 mL) Boc20 (134 mg,
0.616 mmol, 5.5 eq.) was added and the reaction was refluxed at 60 °C for 18 h.
After which time, the reaction was concentrated in vacuo. The resulting crude
material was purified by silica gel column chromatography (4:1 hexane/ethyl
acetate) furnishing cyclohexyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-
thio-a-D-glucopyranoside (98) as a colourless oil (54 mg, 89%): Rr 0.83 (3:1
DCM/EtOAc); *H NMR (400 MHz, CDCls) 8 5.92 (1H, dd, J = 11.6, 8.8 Hz, CH-
3), 5.42 (1H, d, J = 5.6 Hz, CH-1), 5.05-4.96 (1H, m, CH-2), 4.92 (1H, dd, J =
10.3, 8.7 Hz, CH-4), 4.55 — 4.49 (1H, m, CH-5), 4.31 (1H, dd, J = 12.2, 4.7 Hz,
CHACHsg-6), 4.06 (1H, dd, J = 12.2, 2.1 Hz, CHACHg-6), 2.77-2.66 (1H, m, CH-
1’), 2.39 (3H, s, NC(O)CHgs), 2.06 (3H, s, C(O)CHs), 2.00 (3H, s, C(O)CHs), 1.92
(3H, s, C(O)CHzs), 1.91-1.88 (1H, m, cyclohexyl), 1.74-1.65 (2H, m, cyclohexyl),
1.59-1.56 (1H, m, cyclohexyl), 1.54 (9H, s, NC(O)OC(CHzs)3), 1.39-1.22 (6H, m,
cyclohexyl); 13C NMR (100 MHz, CDCIz) & 173.7 (C=0), 170.7 (C=0), 170.0
(C=0), 169.5 (C=0), 152.5 (NC=0), 85.2 (C(CHzs)3), 82.9 (CH-1), 70.8 (CH-4),
70.7 (CH-3), 67.8 (CH-5), 62.2 (CH2-6), 56.3 (CH-2), 44.3 (CH-1’), 34.2
(cyclohexyl), 33.5 (cyclohexyl), 28.0 (NC(O)OC(CHs)3), 26.9 (NC(O)CHs), 26.0
(cyclohexyl), 25.8 (cyclohexyl), 25.6 (cyclohexyl), 20.8 (OC(O)CHs), 20.7
(OC(O)CHp3); LCMS (ESI*) m/z =563.45 [(M+NHa)*, 100%], Rt = 4.92 min; HRMS
(ESI") calculated for C2sH40NO10S [M+H]* 546.2367, found 546.2362.

The data are in agreement with the reported literature values.>3
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Cyclohexyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (121)

To a solution of cyclohexyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-
a-D-glucopyranoside (98) (50 mg, 0.092 mmol, 1 eqg.) in methanol (3 mL)
hydrazine monohydrate (9 pL, 0.184 mmol, 2 eq.) was added at 0 °C and the
reaction was stirred at 0 °C for 1 h. After which time, the reaction was diluted with
DCM (5 mL), washed with 0.5 M HCI (5 mL), saturated solution of CuSOa4 (5 mL)
and NaHCOs (5 mL), dried over anhydrous MgSO4 and concentrated in vacuo
furnishing  cyclohexyl  2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (121) as a colourless oil (30 mg, 65%): Rf 0.89 (3:1
DCM/EtOAC); *H NMR (400 MHz, CDCI3) 6 5.44 (1H, d, J = 5.3 Hz, CH-1), 5.11-
5.02 (1H, m, CH-3), 5.03-4.95 (1H, m, CH-4), 4.73 (1H, d, J = 9.7 Hz, NH), 4.44-
4.33 (1H, m, CH-5), 4.27-4.22 (1H, m, CHACHg-6), 4.21-4.13 (1H, m, CH-2), 4.08
(1H, dd, J = 12.3, 1.7 Hz, CHACHs-6), 2.88-2.80 (1H, m, CH-1’), 2.08 (3H, s,
C(O)CHs), 2.02 (3H, s, C(O)CHs), 2.02 (3H, s, C(O)CHs), 1.98-1.94 (1H, m,
cyclohexyl), 1.79-1.71 (2H, m, cyclohexyl), 1.62-1.58 (1H, m, cyclohexyl), 1.42
(9H, s, NC(O)OC(CHs)3), 1.36-1.24 (6H, m, cyclohexyl); ¥3C NMR (100 MHz,
CDCls) 6 170.9 (C=0), 170.6 (C=0), 169.4 (C=0), 154.9 (NC=0), 84.2 (CH-1),
80.1 (C(CHs3)3), 71.8 (CH-4), 68.5 (CH-5), 68.5 (CH-3), 62.2 (CH2-6), 53.4 (CH-
2), 45.0 (CH-1’), 34.2 (cyclohexyl), 33.6 (cyclohexyl), 28.2 (NC(O)OC(CHs3)3),
25.9 (cyclohexyl), 25.8 (cyclohexyl), 25.6 (cyclohexyl), 20.7 (OC(O)CHs), 20.6
(OC(O)CHas); LCMS (ESI*) m/z = 526.25 [(M+Na)*, 100%], Rt = 4.59 min; HRMS
(ESI") calculated for C23H41N209S [M+NH4]* 521.2527, found 521.2521.

The data are in agreement with the reported literature values.??
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Cyclohexyl 2-amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (120)
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To a solution of cyclohexyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (121) (30 mg, 0.060 mmol, 1 eq.) in dichloromethane (3 mL)
TMSOTf (22 pL, 0.120 mmol, 2 eq.) was added at 0 °C and the reaction was
stirred at 0 °C for 4 h. After which time, the reaction was quenched with cold
saturated NaHCOs3 (5 mL) and extracted with dichloromethane (3 x 5 mL), dried
over anhydrous MgSOas4 and concentrated in vacuo furnishing cyclohexyl 2-
amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside  (120) as a
colourless oil (20 mg, 83%): Rf0.53 (3:1 DCM/EtOACc); *H NMR (400 MHz, CDClz)
05.41 (1H,d, J=5.1 Hz, CH-1), 4.97-4.92 (2H, m, CH-3 + CH-4), 4.49-4.44 (1H,
m, CH-5), 4.30 (1H, dd, J = 12.3, 4.9 Hz, CHACHs-6), 4.06 (dd, J = 12.3, 2.3 Hz,
CHACHg-6), 3.25-3.18 (1H, m, CH-2), 2.89-2.81 (1H, m, CH-1’), 2.07 (3H, s,
C(O)CHs3), 2.06 (3H, s, C(O)CHs), 2.02 (3H, s, C(O)CHs), 2.00-1.98 (1H, m,
cyclohexyl), 1.80-1.71 (2H, m, cyclohexyl), 1.62-1.57 (1H, m, cyclohexyl), 1.36-
1.28 (6H, m, cyclohexyl); *3C NMR (100 MHz, CDCI3) & 170.7 (C=0), 170.6
(C=0), 169.8 (C=0), 86.9 (CH-1), 75.1 (CH-4), 69.1 (CH-3), 68.4 (CH-5), 62.4
(CH2-6), 54.8 (CH-2), 44.8 (CH-1’), 34.4 (cyclohexyl), 33.7 (cyclohexyl), 25.9
(cyclohexyl), 25.8 (cyclohexyl), 25.6 (cyclohexyl), 20.8 (OC(O)CHs), 20.7
(OC(O)CHpa), 20.6 (OC(O)CHs); HRMS (ESI*) calculated for C1sH3oNO7S [M+H]*
404.1737, found 404.1733.

The data are in agreement with the reported literature values.?!
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Cyclohexyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-
3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (122)
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To a solution of N-Boc-S-acetyl-L-cysteine (47) (49 mg, 0.186 mmol, 1.5 eq.) in
THF (5 mL), HOBt (17 mg, 0.124 mmol, 1 eq.) and EDCI (36 mg, 0.186 mmol,
1.5 eq) were added at 0 °C. The reaction was stirred at 0 °C for 0.5 h, after which
time a solution of cyclohexyl 2-amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (120) (50 mg, 0.124 mmol, 1 eq.) in THF (5 mL) and N-
methylmorpholine (0.11 mL, 0.992 mmol, 8 eq.) were added. The coupling
reaction was stirred at 0 °C for 1 h and then at room temperature overnight, after
which time it was concentrated in vacuo and dissolved in ethyl acetate (5 mL).
The organic solution was washed with saturated NaHCO3 (10 mL), 5% KHSO4
(10 mL) and saturated NaCl (10 mL). The organic layer was collected, dried over
anhydrous NazSOs, filtered and concentrated in vacuo. The resulting crude
material was purified by silica gel column chromatography (3:1 DCM/ethyl
acetate) furnishing cyclohexyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-
deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (122) as a white solid (16
mg, 20%): Rt 0.71 (3:1 DCM/ethyl acetate); *H NMR (500 MHz, CDCl3) & 6.56
(1H, d, J = 7.6 Hz, NH), 5.49 (1H, d, J = 5.1 Hz, CH-1), 5.18 (1H, d, J = 6.0 Hz,
NHBoc), 5.11-5.02 (2H, m, CH-3 + CH-4), 4.40-4.32 (2H, m, CH-5 + CH-2), 4.23-
4.17 (2H, m, CHACHs-6 + CysaCH), 4.07 (1H, dd, J = 12.3, 2.0 Hz, CHACHg-6),
3.29 (1H, dd, J = 14.2, 4.2 Hz, CysBCHaHg), 3.17 (1H, dd, J = 14.2, 7.7 Hz,
CysBCHaHs), 2.80-2.73 (1H, m, CH-1’), 2.36 (3H, s, SC(O)CHs), 2.08 (3H, s,
C(O)CHs), 2.01 (6H, s, C(O)CHs3), 2.00-1.94 (1H, m, cyclohexyl), 1.72-1.64 (2H,
m, cyclohexyl), 1.62-1.55 (1H, m, cyclohexyl), 1.45 (9H, s, NHC(O)OC(CHz3)3),
1.41-1.26 (6H, m, cyclohexyl); 13C NMR (126 MHz, CDCI3) 3 171.3 (C=0), 170.7
(C=0), 169.4 (C=0), 155.5 (NC=0), 84.3 (C(CHs)3), 83.7 (CH-1), 71.0 (CH-3),
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68.4 (CH-5), 68.3 (CH-4), 62.1 (CH2-6), 54.8 (CysaCH), 52.6 (CH-2), 45.0 (CH-
1’), 33.7 (cyclohexyl), 31.2 (CysBCHz), 30.5 (SC=0), 29.7 (cyclohexyl), 28.3
(NC(O)OC(CHa3)3), 25.9 (cyclohexyl), 25.8 (cyclohexyl), 25.6 (cyclohexyl), 20.8
(OC(O)CHgs), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs); HRMS (ESI*) calculated for
C28H45N2011S2 [M+H]* 649.2459, found 649.2451.
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Benzyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (130)

To a solution of the acetamido mercaptan (73) (130 mg, 0.358 mmol, 1 eq.) in
dichloromethane (1.5 mL) benzyl bromide (0.05 mL, 0.430 mmol, 1.2 eq.) and
triethylamine (0.10 mL, 0.716 mmol, 2 eq.) were added. The reaction was stirred
at room temperature for 20 h, after which time the reaction was concentrated in
vacuo. The resulting crude material was purified by silica gel column
chromatography (2% methanol in DCM) furnishing the benzyl thioglycoside (130)
as a white foam (112 mg, 69%): Rf 0.32 (2% methanol in DCM); *H NMR (500
MHz, CDClz) & 7.28-7.15 (5H, m, ArH), 5.73 (1H, d, J = 8.4 Hz, NH), 5.28 (1H, d,
J = 5.4 Hz, CH-1), 5.10-4.94 (2H, m, CH-3 + CH-4), 4.45-4.37 (1H, m, CH-2),
4.26-4.21 (1H, m, CH-5), 4.15 (1H, dd, J = 12.4, 4.4 Hz, CHACHg-6), 3.89-3.82
(1H, m, CHACHs-6), 3.79-3.66 (2H, m, SCH2), 2.02 (3H, s, C(O)CHs), 1.95 (3H,
s, C(O)CHg), 1.93 (3H, s, C(O)CHa), 1.79 (3H, s, NHC(O)CHz3); 13C NMR (126
MHz, CDCl3) 6 171.4 (C=0), 170.7 (C=0), 169.9 (C=0), 169.3 (C=0), 137.2 (Ar),
128.9 (Ar), 128.7 (Ar), 127.5 (Ar), 83.6 (CH-1), 71.4 (CH-4), 68.6 (CH-5), 68.2
(CH-3), 61.9 (CH2-6), 52.0 (CH-2), 35.0 (SCH2), 23.1 (NHC(O)CHs), 20.8
(OC(O)CHas), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs); LCMS (ESI*) m/z = 454.25
[(M+H)*, 100%], Rt = 3.46 min; HRMS (ESI*) calculated for C2:H2sNOgS [M+H]*
454.1530, found 454.1524.

The data are in agreement with the reported literature values.?*
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Benzyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (131)

OAc
46
AcO 220
AcO 1
BocAcN S

To a solution of the benzyl thioglycoside (130) (240 mg, 0.529 mmol, 1 eq.) and
DMAP (6.5 mg, 0.0529 mmol, 0.1 eq.) in THF (8 mL) Boc20 (635 mg, 2.910 mmol,
5.5 eq.) was added and the reaction was refluxed at 60 °C for 18 h, after which
time, the reaction was concentrated in vacuo. The resulting crude material was
purified by silica gel column chromatography (1% MeOH in DCM) furnishing
benzyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (131) as a colourless oil (258 mg, 88%): Rt 0.34 (2% MeOH in
DCM); 'H NMR (400 MHz, CDCIls3) & 7.23-7.20 (4H, m, ArH), 7.18-7.13 (1H, m,
ArH), 5.97-5.87 (1H, m, CH-3), 5.17 (1H, d, J = 5.5 Hz, CH-1), 5.02-4.83 (1H, m,
CH-2 + CH-4), 4.40-4.33 (1H, m, CH-5), 4.22 (1H, dd, J = 12.3, 4.5 Hz, CHACHs-
6), 3.79 (1H, dd, J = 12.3, 2.0 Hz, CHACHs-6), 3.69-3.56 (2H, m, SCH2), 2.28
(3H, s, NHC(O)CHzs), 2.01 (3H, s, C(O)CHs), 1.94 (3H, s, C(O)CHs), 1.86 (3H, s,
C(O)CHea), 1.45 (9H, s, NHC(O)OC(CHgs)3); 3C NMR (100 MHz, CDCl3) 5 173.4
(C=0), 170.7 (C=0), 170.0 (C=0), 169.45 (C=0), 137.8 (Ar), 128.9 (Ar), 128.5
(Ar), 127.2 (Ar), 82.7 (CH-1), 70.7 (CH-3), 70.5 (CH-4), 68.1 (CH-5), 62.0 (CH-
6), 35.1 (SCH2), 27.7 (NHC(O)CHs), 20.8 (OC(O)CHs), 20.7 (OC(O)CHs), the
NC=0 and C(CHs)s signals were not observed in the spectrum; LCMS (ESI*) m/z
= 576.20 [(M+Na)*, 100%], Rt = 4.44 min; HRMS (ESI*) calculated for
C26H36NO10S [M+H]* 554.2054, found 554.2048.
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Benzyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (133)

To a solution of benzyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (131) (90 mg, 0.163 mmol, 1 eq.) in methanol (1 mL) DEAEA
(N,N-diethylethylenediamine) (46 uL, 0.326 mmol, 2 eq.) was added at 0 °C and
the reaction was stirred at 0 °C for 1 h, after which time the reaction was diluted
with DCM (5 mL), washed with 0.5 M HCI (5 mL), saturated solution of CuSOa4
(5 mL) and NaHCOs (5 mL), dried over anhydrous MgSOa4 and concentrated in
vacuo furnishing benzyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (133) as a yellow oil (60 mg, 72%): Rt 0.94 (2% MeOH in DCM);
H NMR (400 MHz, CDCls) & 7.25-7.22 (4H, m, ArH), 7.20-7.16 (1H, m, ArH),
5.24 (1H, d, J = 5.0 Hz, CH-1), 5.04-4.95 (2H, m, CH-3 + CH-4), 4.58 (1H, d, J =
9.3 Hz NH), 4.28-4.23 (1H, m, CH-5), 4.16 (1H, dd, J =12.5, 4.1 Hz, CHACHg-6),
4.11-4.07 (1H, m, CH-2), 3.88 (1H, dd, J = 12.3, 2.2 Hz, CHACHg-6), 3.78-3.67
(2H, m, SCHz), 2.02 (3H, s, C(O)CHs), 1.96 (3H, s, C(O)CHs), 1.95 (3H, s,
C(O)CHea), 1.33 (9H, s, NC(O)OC(CHs)3); *C NMR (100 MHz, CDClz) & 171.6
(C=0), 171.0 (C=0), 170.7 (C=0), 154.8 (NC=0), 128.9 (Ar), 128.7 (Ar), 127.4
(Ar), 127.3 (Ar), 84.0 (CH-1), 80.1 (C(CHs)3), 71.7 (CH-3), 68.6 (CH-5), 68.5 (CH-
4), 62.0 (CH2-6), 53.4 (CH-2), 34.9 (SCH2), 28.2 (NC(O)OC(CHsa)3), 20.7
(OC(O)CHgs), 20.6 (OC(O)CHs), 20.5 (OC(O)CHzs); LCMS (ESI*) m/z = 534.05
[(M+Na)*, 100%)], Rt = 4.31 min; HRMS (ESI*) calculated for C24H34NOgS [M+H]*
512.1949, found 512.1939.
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Benzyl 2-amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (134)

To a solution of benzyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (133) (60 mg, 0.117 mmol, 1 eq.) in dichloromethane (6 mL)
TMSOTf (42 pL, 0.234 mmol, 2 eq.) was added at 0 °C and the reaction was
stirred at 0 °C for 2 h, after which time the reaction was quenched with cold
saturated NaHCOs (5 mL) and extracted with dichloromethane (3 x 5 mL), dried
over anhydrous MgSO4 and concentrated in vacuo furnishing benzyl 2-amino-2-
deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (134) as a yellow oil (40 mg,
83%): Rf 0.31 (5% MeOH in DCM); *H NMR (400 MHz, CDCIl3) d 7.28-7.23 (4H,
m, ArH), 7.21-7.16 (1H, m, ArH), 5.16 (d, J = 5.3 Hz, CH-1), 4.97-4.92 (1H, m,
CH-3), 4.92-4.86 (1H, m, CH-4), 4.34-4.29 (1H, m, CH-5), 4.22 (1H, dd, J = 12.3,
4.7 Hz, CHACHg-6), 3.84 (1H, dd, J = 12.3, 2.2 Hz, CHACHE-6), 3.78-3.68 (2H,
m, SCHz), 3.18-3.13 (1H, m, CH-2), 2.03 (3H, s, C(O)CHs), 1.99 (3H, s,
C(O)CHz3), 1.95 (3H, s, C(O)CHa); **C NMR (100 MHz, CDClz) & 170.7 (C=0),
170.6 (C=0), 169.8 (C=0), 137.4 (Ar), 129.0 (Ar), 128.6 (Ar), 127.3 (Ar), 86.3
(CH-1), 74.8 (CH-3), 69.0 (CH-4), 68.4 (CH-5), 62.2 (CH2-6), 54.6 (CH-2), 34.5
(SCH2), 20.8 (OC(O)CHps), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs3); LCMS (ESI*) m/z
=412.00 [(M+H)*, 100%], Rt = 2.50 min; HRMS (ESI*) calculated for C19H26NO7S
[M+H]* 412.1424, found 412.1418.
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Benzyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-3,4,6-
tri-O-acetyl-1-thio-a-D-glucopyranoside (135)

OAc
L8
AcO 732
AcO 1
(@) NH S
NHBoc

To a solution of N-Boc-S-acetyl-L-cysteine (47) (105 mg, 0.401 mmol, 1.5 eq.) in
THF (5 mL), HOBt (36 mg, 0.267 mmol, 1 eq.) and EDCI (77 mg, 0.401 mmol,
1.5 eq) were added at O °C. The reaction was stirred at O °C for 0.5 h, after which
time a solution of benzyl 2-amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (134) (110 mg, 0.267 mmol, 1 eq.) in THF (5 mL) and N-
methylmorpholine (0.23 mL, 2.136 mmol, 8 eq.) were added. The coupling
reaction was stirred at O °C for 1 h and then at room temperature overnight, after
which time it was concentrated in vacuo and dissolved in ethyl acetate (5 mL).
The organic solution was washed with saturated NaHCO3 (10 mL), 5% KHSOa4
(10 mL) and saturated NaCl (10 mL). The organic layer was collected, dried over
anhydrous Na2SOs, filtered and concentrated in vacuo. The resulting crude
material was purified by silica gel column chromatography (3:1 DCM/ethyl
acetate) furnishing benzyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-
3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (135) as a colourless oil (16 mg,
9%): Rf 0.74 (3:1 DCM/ethyl acetate); *H NMR (500 MHz, CDCI3) & 7.25-7.22
(4H, m, ArH), 7.19-7.16 (1H, m, ArH), 6.48 (1H, d, J = 7.4 Hz, NH), 5.31 (1H, d,
J = 5.4 Hz, CH-1), 5.06-5.01 (3H, m, NHBoc + CH-3 + CH-4), 4.35-4.30 (1H, m,
CH-2), 4.28-4.24 (1H, m, CH-5), 4.17 (1H, dd, J = 12.4, 4.4 Hz, CHACHs-6), 4.14-
4.09 (1H, m, CysaCH), 3.86 (1H, dd, J =12.3, 2.2 Hz, CHACHg-6), 3.75-3.67 (2H,
m, SCH?2), 3.15 (1H, dd, J = 14.4, 4.2 Hz, CysBCHaHs), 3.01 (1H, dd, J = 14.3,
7.7 Hz, CysBCHaHs), 2.29 (3H, s, SC(O)CHz3), 2.03 (3H, s, C(O)CHs), 1.95 (3H,
s, C(O)CHg), 1.94 (3H, s, C(O)CHzs), 1.39 (9H, s, NHC(O)OC(CHs)z); **C NMR
(126 MHz, CDCI3) 6 171.4 (C=0), 170.7 (C=0), 169.4 (C=0), 137.2 (Ar), 128.9
(Ar), 128.7 (Ar), 127.5 (Ar), 83.2 (CH-1), 70.8 (CH-3), 68.5 (CH-5), 68.2 (CH-4),
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61.9 (CH2-6), 54.9 (CysaCH), 52.5 (CH-2), 34.9 (SCH), 31.0 (CysBCHz), 30.5
(SC=0), 28.3 (NC(O)OC(CHs3)s), 20.8 (OC(O)CHs), 20.7 (OC(O)CHs), 20.6
(OC(O)CHs3), the NC=0 and C(CHs)s signals were not observed in the spectrum;
LCMS (ESI*) m/z = 679.05 [(M+Na)*, 100%], Rt = 4.24 min; HRMS (ESI)
calculated for C29H39N2011S2 [M-H] 655.1995, found 655.1990.
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2-Bromoethyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (136)

To a solution of the acetamido mercaptan (73) (100 mg, 0.275 mmol, 1 eq.) in an
acetone-water mixture (2:1, 1.2 mL) potassium carbonate (46 mg, 0.330 mmol,
1.2 eq.) and 1,2-dibromoethane (0.19 mL, 2.20 mmol, 8 eq.) were added. The
reaction was stirred at room temperature for 3 h, after which time it was diluted
with DCM (5 mL). The organic layer was collected and the aqueous layer was re-
extracted with DCM (5 mL). The combined organic layers were dried over
anhydrous Na2SOs, filtered and concentrated in vacuo furnishing the 2-
bromoethyl thioglycoside (136) as a yellow solid (80 mg, 62%): Rs 0.37 (5%
MeOH in DCM); H NMR (400 MHz, CDsOD) 5 5.82 (1H, d, J = 8.4 Hz, NH), 5.50
(1H, d, J = 5.4 Hz, CH-1), 5.08-5.04 (1H, m, CH-4), 5.04-4.98 (1H, m, CH-3),
4.49-4.41 (1H, m, CH-2), 4.37-4.31 (1H, m, CH-5), 4.21 (1H, dd, J =12.3, 5.4 Hz,
CHACHs-6), 4.07 (1H, dd, J = 12.3, 2.2 Hz, CHACHs-6), 3.59-3.51 (1H, m,
CHACHgBI), 3.50-3.43 (1H, m, CHACHsBr), 3.11-3.03 (1H, m, SCHaCHs), 3.03-
2.95 (1H, m, SCHACHg), 2.07 (3H, s, C(O)CHs), 2.01 (3H, s, C(O)CHs), 2.00 (3H,
s, C(O)CHas), 1.93 (3H, s, NHC(O)CHs); *C NMR (100 MHz, CDClz) & 171.6
(C=0), 170.6 (C=0), 170.1 (C=0), 169.3 (C=0), 85.1 (CH-1), 71.0 (CH-3), 68.7
(CH-5), 68.2 (CH-4), 62.2 (CH2-6), 52.6 (CH-2), 33.9 (SCH2), 30.3 (CH2Br), 23.1
(NHC(O)CHgs), 20.8 (OC(O)CHs), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs); LCMS
(ESI") m/z = 471.85 [(M+H)*, 100%], Rt = 3.94 min; HRMS (ESI*) calculated for
Ci16H2sBrNOsS [M+H]* 470.0479, found 470.0474.

The data are in agreement with the reported literature values.”®
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2-Azidoethyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (137)

To a solution of the 2-bromoethyl thioglycoside (136) (80 mg, 0.170 mmol, 1 eq.)
in DMF (2 mL) tetrabutylammonium iodide (63 mg, 0.170 mmol, 1 eq.) and
sodium azide (44 mg, 0.680 mmol, 4 eq.) were added and the reaction was
refluxed at 80 °C for 18 h, after which time the reaction was diluted with DCM
(5 mL) and washed several times with water. The organic layer was collected,
dried over anhydrous Naz2SO4, filtered and concentrated in vacuo furnishing the
2-azidoethyl thioglycoside (137) as a yellow oil (60 mg, 82%): Rt 0.82 (5% MeOH
in DCM); *H NMR (400 MHz, CDCI3) 6 5.82 (1H, d, J = 8.6 Hz, NH), 5.48 (1H, d,
J = 5.4 Hz, CH-1), 5.10-5.04 (1H, m, CH-4), 5.04-4.99 (1H, m, CH-3), 4.48-4.41
(1H, m, CH-2), 4.34-4.29 (1H, m, CH-5), 4.21 (dd, J = 10.0, 7.2 Hz, CHACHs-6),
4.05 (dd, J =12.3, 2.3 Hz, CHACHs-6), 3.51-3.43 (2H, m, CH2Ns3), 2.86-2.79 (1H,
m, SCHaCHBs), 2.78-2.70 (1H, m, SCHaCHBs), 2.05 (3H, s, C(O)CHzs), 2.00 (3H, s,
C(O)CHs), 1.99 (3H, s, C(O)CHs), 1.92 (3H, s, NHC(O)CHs); 3C NMR (100 MHz,
CDCls) 6 171.6 (C=0), 170.5 (C=0), 170.1 (C=0), 169.3 (C=0), 84.8 (CH-1),
71.0 (CH-3), 68.6 (CH-5), 68.1 (CH-4), 62.0 (CH2-6), 52.5 (CH-2), 50.8 (CH2N3),
30.9 (SCHy), 23.1 (NHC(O)CHs), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs).

The data are in agreement with the reported literature values.”®
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2-Bromoethyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-
thio-a-D-glucopyranoside (139)

To a solution of the 2-bromoethyl thioglycoside (136) (50 mg, 0.106 mmol, 1 eq.)
and DMAP (1.3 mg, 0.0106 mmol, 0.1 eq.) in THF (1.5 mL) Boc20 (127 mg, 0.583
mmol, 5.5 eq.) was added and the reaction was refluxed at 60 °C for 20 h, after
which time the reaction was concentrated in vacuo. The resulting crude material
was purified by silica gel column chromatography (25-50% EtOAc in hexane)
furnishing 2-bromoethyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-
D-glucopyranoside (139) as a yellow oil (50 mg, 83%): Rr 0.80 (5% MeOH in
DCM); *H NMR (400 MHz, CDCls) & 5.90 (1H, dd, J = 11.5, 8.8 Hz, CH-3), 5.33
(1H, d, J = 5.6 Hz, CH-1), 5.05 — 4.95 (1H, m, CH-2), 4.87 (1H, dd, J = 10.3, 8.7
Hz, CH-4), 4.45-4.39 (1H, m, CH-5), 4.22 (1H, dd, J = 12.3, 5.6 Hz, CHACHg-6),
4.04 (1H, dd, J = 12.2, 2.1 Hz, CHACHs-6), 3.57-3.49 (1H, m, CHACHsBr), 3.43-
3.36 (1H, m, CHACHgBr), 3.01-2.93 (1H, m, SCHaCHs), 2.91-2.82 (1H, m,
SCHACHB), 2.36 (3H, s, NC(O)CHs), 2.03 (3H, s, C(O)CHs), 1.95 (3H, s,
C(O)CHs), 1.88 (3H, s, C(O)CHzs), 1.49 (9H, s, NC(O)OC(CHs)3); 13C NMR (100
MHz, CDCIs) & 173.6 (C=0), 170.6 (C=0), 169.9 (C=0), 169.4 (C=0), 152.2
(NC=0), 85.6 (C(CH3)3), 84.5 (CH-1), 70.7 (CH-4), 70.1 (CH-3), 68.2 (CH-5), 62.3
(CH2-6), 55.8 (CH-2) 34.2 (SCH2), 30.5 (CH2Br), 27.7 (NHC(O)CHs), 20.8
(OC(O)CHgs), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs); LCMS (ESI*) m/z = 593.80
[(M+Na)*, 100%], Rt = 4.47 min; HRMS (ESI*) calculated for C21H33BrNO10S
[M+H]*570.1008, found 570.1011.
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2-Bromoethyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-
a-D-glucopyranoside (140)

To a solution of 2-bromoethyl 2-acetamido-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-
thio-a-D-glucopyranoside (139) (100 mg, 0.175 mmol, 1 eq.) in methanol (1 mL)
DEAEA (N,N-diethylethylenediamine) (49 uL, 0.350 mmol, 2 eq.) was added at
0 °C and the reaction was stirred at 0 °C for 1 h, after which time the reaction was
diluted with DCM (5 mL), washed with 0.5 M HCI (5 mL), saturated solution of
CuSOs4 (5 mL) and NaHCOs (5 mL), dried over anhydrous MgSOs and
concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (3:1 hexane/EtOAc) furnishing 2-bromoethyl 2-amino-
N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (140) as a light
yellow oil (30 mg, 32%): Rf 0.50 (5% MeOH in DCM); *H NMR (400 MHz, CDCl3)
05.46 (1H, d, J = 5.4 Hz, CH-1), 5.08-5.02 (1H, m, CH-4), 5.02-4.97 (1H, m, CH-
3)4.71 (1H, d, J = 7.5 Hz, NH), 4.38-4.32 (1H, m, CH-5), 4.26-4.17 (2H, m, CH-
2 + CHaCHg-6), 4.09 (1H, dd, J = 12.3, 2.1 Hz, CHACHg-6), 3.63-3.54 (1H, m,
CHACHBBI), 3.52-3.44 (1H, m, CHACHgBr), 3.15-2.98 (2H, m, SCH2), 2.09 (3H,
s, C(O)CHgs), 2.03 (3H, s, C(O)CHs), 2.02 (3H, s, C(O)CHs), 1.42 (9H, s,
NC(O)OC(CHa)z); 13C NMR (100 MHz, CDCI3) 8 171.0 (C=0), 170.6 (C=0), 169.3
(C=0), ), 154.9 (NC=0), 85.9 (CH-1), 80.4 (C(CHs)3),71.2 (CH-3), 68.8 (CH-5),
68.4 (CH-4), 62.2 (CH2-6), 53.4 (CH-2), 34.0 (SCH2), 30.1 (CH2Br), 28.2
(NC(O)OC(CHas)s), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs), 20.5 (OC(O)CHpa);
HRMS (ESI) calculated for C19H31BrNO9S [M+H]* 528.0897, found 528.0891.
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2-Azidoethyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-
D-glucopyranoside (141)

To the solution of 2-bromoethyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-
a-D-glucopyranoside (140) (100 mg, 0.189 mmol, 1 eqg.) in DMF (4 mL)
tetrabutylammonium iodide (70 mg, 0.189 mmol, 1 eq.) and sodium azide (49 mg,
0.756 mmol, 4 eq.) were added and the reaction was refluxed at 80 °C for 2 h.
The reaction was then diluted with EtOAc (5 mL) and washed several times with
water. The organic layer was collected, dried over anhydrous Na2SOs4, filtered
and concentrated in vacuo furnishing 2-azidoethyl 2-amino-N-Boc-2-deoxy-3,4,6-
tri-O-acetyl-1-thio-a-D-glucopyranoside (141) as a yellow oil (60 mg, 65%): Rt
0.90 (5% MeOH in DCM); *H NMR (400 MHz, CDCls) & 5.45 (1H, d, J = 5.4 Hz,
CH-1), 5.11-5.05 (1H, m, CH-4), 5.05-4.99 (1H, m, CH-3), 4.73 (1H, d, J = 9.6
Hz, NH), 4.37-4.31 (1H, m, CH-5), 4.30-4.17 (2H, m, CH-2 + CHaCHg-6), 4.10
(1H, dd, J = 12.4, 2.2 Hz, CHACHs-6), 3.57-3.45 (2H, m, CH2Ns), 2.92-2.82 (1H,
m, SCHACHBs), 2.82-2.74 (1H, m, SCHACHBs), 2.09 (3H, s, C(O)CHs), 2.03 (3H, s,
C(O)CHs), 2.03 (3H, s, C(O)CHz3), 1.42 (9H, s, NC(O)OC(CHs)3); 13C NMR (100
MHz, CDCI3) & 170.6 (C=0), 169.3 (C=0), 85.8 (CH-1), 71.3 (CH-3), 68.8 (CH-
5), 68.3 (CH-4), 61.9 (CH2-6), 53.1 (CH-2), 50.6 (CH2N3s), 30.8 (SCH2), 28.2
(NC(O)OC(CHsa)3), 20.7 (OC(O)CHs3), 20.6 (OC(O)CHs), 20.5 (OC(O)CHg), the
NC=0 and C(CHs)s signals were not observed in the spectrum; HRMS (ESI*)
calculated for C19H34NsO9S [M+NH4]* 508.2072, found 508.2059.
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2-Azidoethyl 2-amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (142)
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To a solution of 2-azidoethyl 2-amino-N-Boc-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-
D-glucopyranoside (141) (110 mg, 0.224 mmol, 1 eq.) in dichloromethane (2 mL)
TMSOTf (81 pL, 0.488 mmol, 2 eq.) was added at 0 °C and the reaction was
stirred at 0 °C for 2 h, after which time the reaction was quenched with cold
saturated NaHCOs3 (5 mL) and extracted with dichloromethane (3 x 5 mL), dried
over anhydrous MgSOa4 and concentrated in vacuo furnishing 2-azidoethyl 2-
amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (142) as a yellow
solid (87 mg, 100%): R 0.43 (5% MeOH in DCM); *H NMR (400 MHz, CDCI3) &
5.37 (1H, d, J = 5.1 Hz, CH-1), 4.98-4.95 (2H, m, CH-3 + CH-4), 4.43-4.38 (1H,
m, CH-5), 4.30 (1H, dd, J =12.3, 5.0 Hz, CHACHs-6), 4.07 (1H, dd, J =12.3, 2.2
Hz, CHACHBg-6), 3.59-3.49 (2H, m, CH2N3s), 3.29-3.24 (1H, m, CH-2), 2.96-2.85
(1H, m, SCHACHg), 2.84-2.74 (1H, m, SCHaCHBs), 2.09 (3H, s, C(O)CHs3), 2.07
(3H, s, C(O)CHg), 2.03 (3H, s, C(O)CHzs); *C NMR (126 MHz, CDCIz) 5169.2
(C=0), 168.7 (C=0), 167.7 (C=0), 84.3 (CH-1), 70.6 (CH-3), 67.0 (CH-5), 66.6
(CH-4), 60.1 (CH2-6), 52.1 (CH-2), 49.0 (CH2N3), 29.6 (SCH2), 18.8 (OC(O)CHg3),
18.7 (OC(O)CHs), 18.6 (OC(O)CHs); LCMS (ESI*) m/z = 413 [(M+Na)*, 50%)], Rt
= 2.54 min. HRMS (ESI*) calculated for C14H23N4O7S [M+H]* 391.1288, found
391.1289.
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2-Azidoethyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-
3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (143)

To a solution of N-Boc-S-acetyl-L-cysteine (47) (536 mg, 1.5 eq.) in DMF (15 mL),
HOBt (183 mg, 1 eq.) and EDCI (390 mg, 1.5 eq) were added at 0 °C. The
reaction was stirred at 0 °C for 0.5 h, after which time a solution of 2-azidoethyl
2-amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (142) (530 mg, 1
eg.) in DMF (15 mL) and DIPEA (0.59 mL, 2.5 eq.) were added. The coupling
reaction was stirred at 0 °C for 1 h and then at room temperature overnight, after
which time it was diluted with ethyl acetate (20 mL). The organic solution was
washed with saturated NaHCOs (30 mL), 5% KHSO4 (30 mL), saturated NacCl
(30 mL) and several times with water. The organic layer was collected, dried over
anhydrous MgSOa, filtered and concentrated in vacuo. The resulting crude
material was purified by silica gel column chromatography (0-50% EtOAc in
DCM) furnishing 2-azidoethyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-
deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (143) as a yellow oil
(150 mg, 17%): *H NMR (500 MHz, CDCl3) 8 5.54 (1H, d, J =5.4 Hz, CH-1), 5.12-
5.09 (2H, m, CH-3 + CH-4), 4.45-4.41 (1H, m, CH-2), 4.39-4.35 (1H, m, CH-5),
4.29-4.25 (2H, m, CHACHg-6 + CysaCH), 4.10 (1H, dd, J = 12.5, 2.2 Hz, CHACHe-
6), 3.57-3.46 (2H, m, CH2N3), 3.32-3.28 (1H, m, CysBCHaHs), 3.06 (1H, dd, J =
14.2, 7.6 Hz, CysBCHaHg), 2.90-2.84 (1H, m, SCHaHg), 2.82-2.75 (1H, m,
SCHaHB) 2.37 (3H, s, SC(O)CHz3), 2.04 (6H, s, C(O)CHs), 2.03 (3H, s, C(O)CHj3),
1.46 (9H, s, NHC(O)OC(CHs)s); **C NMR (100 MHz, CDCl3) & 172.4 (C=0),
171.3 (C=0), 155.4 (NC=0), 84.2 (CH-1), 70.4 (CH-3), 68.7 (CH-4), 68.4 (CH-5),
62.0 (CH2-6), 53.5 (CysaCH), 51.5 (CH-2), 50.3 (CH2Nzs), 30.1 (SCH2), 30.3
(CysBCH2), 28.7 (SC(O)CHs), 26.9 (NHC(O)OC(CHs)3), 18.8 (C(O)CHs3), 18.7
(C(O)CHs), the C(CHs)s signal was not observed in the spectrum.
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2-Azidoethyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-
1-thio-a-D-glucopyranoside (126)

To a solution of 2-azidoethyl 2-amino-2-N-(N-Boc-S-acetyl-L-cysteinyl)-2-deoxy-
3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (143) (150 mg, 0.24 mmol, 1.2 eq.)
in methanol (2 mL) 25% sodium methoxide solution in methanol (0.042 mL, 0.20
mmol, 1 eq.) was added. The reaction was stirred at room temperature for 3 h,
after which time it was filtered furnishing 2-azidoethyl 2-amino-2-N-(N-Boc-S-
acetyl-L-cysteinyl)-2-deoxy-1-thio-a-D-glucopyranoside (126) as a white solid
(10 mg, 11%): *H NMR (500 MHz, DMSO-de) 8 7.71 (1H, d, J = 7.0 Hz, NH), 7.03
(1H, d, J = 8.8 Hz, NHBoc), 5.44 (1H, d, J = 5.1 Hz, CH-1), 5.14 (1H, d, J = 5.7
Hz, OH-4), 4.95 (1H, d, J = 5.5 Hz, OH-3), 4.61-4.57 (1H, m, OH-6), 4.27-4.20
(1H, m, CysaCH), 3.82-3.76 (1H, m, CH-2), 3.76-3.71 (1H, m, CH-5), 3.67 (1H,
dd, J = 10.4, 5.6 Hz, CHACHg-6), 3.55-3.45 (3H, m, CHACHs-6 + CH2N3), 3.43-
3.37 (1H, m, CH-3), 3.19-3.09 (2H, m, CH-4 + CyspBCHaHs), 2.83 (1H, dd, J =
13.1, 10.0 Hz, CysBCHaHs), 2.80-2.68 (2H, m, SCH2), 1.40 (9H, s,
NHC(O)OC(CHz3)3); *3C NMR (100 MHz, DMSO-ds) d 84.3 (CH-1), 74.5 (CH-5),
71.3 (CH-3), 71.2 (CH-4), 61.3 (CH2-6), 55.0 (CH-2), 54.2 (CysaCH), 51.0
(CH2Ns3), 40.8 (CysBCHz2), 30.1 (SCH2), 28.8 (NHC(O)OC(CHs)s), the NC=0 and
C(CHpas)s signals were not observed in the spectrum; HRMS (ESI") calculated for
C16H28Ns507S2 [M-H] 466.1430, found 466.1433.
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Imidazole-1-sulfonyl azide hydrochloride (149)
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Sulfuryl chloride (3.11 mL, 38.46 mmol, 1 eq.) was added dropwise to an ice-cold
suspension of sodium azide (2.50 g, 38.46 mmol, 1 eq.) in anhydrous acetonitrile
(38 mL). The reaction was stirred at room temperature for 22 h, cooled to 0 °C
and imidazole (5.24 g, 76.92 mmol, 2 eq.) was added portion wise. The reaction
was stirred at room temperature for a further 3 h, after which time the reaction
was diluted with ethyl acetate (100 mL), washed with water (2 x 100 mL) and
saturated aqueous sodium hydrogen carbonate (2 x 100 mL). The organic layer
was collected, dried over anhydrous MgSOa4 and cooled to 0 °C. Acetyl chloride
(4.12 mL, 57.69 mmol, 1.5 eq.) was added to ice-cold anhydrous ethanol
(17.5 mL) and added dropwise to the ice-cold ethyl acetate solution. The resulting
precipitate was filtered and washed with ethyl acetate (2 x 50 mL) to furnish
imidazole-1-sulfonyl azide HCI (149) as a colourless solid (5.0 g, 62%): Rr 0.42
(50:50 methanol/water, RP C-18 TLC); 'H NMR (400 MHz, D20) & 9.11 (1H, dd,
J=1.6,1.2Hz CH-2); 7.91 (1 H,dd, J=1.8, 1.6 Hz, CH-5), 7.49 (1H, dd, J = 1.8,
1.2 Hz, CH-4); 13C NMR (100 MHz, D20) & 137.8 (CH-2), 125.1 (CH-5), 119.8
(CH-4); LCMS (ESI*) m/z = 174.05 [(M+H)*, 100%)], Rt = 2.40 min; HRMS (ESI*)
calculated for C3H4NsO2S [M-CI]* 174.0080, found 174.0076.

The data are in agreement with the reported literature values.”*
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2-Azido-2-deoxy-1,3,4,6-tetra-O-acetyl-D-glucopyranose (148)
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To a solution of glucosamine HCI (107) (1.00 g, 4.64 mmol, 1 eq.), potassium
carbonate (1.28 g, 9.28 mmol, 2 eq.) and copper sulphate pentahydrate (12 mg,
0.05 mmol, 0.01 eq.) in methanol (23 mL) imidazole-1-sulphonyl azide HCI (149)
(1.17 g, 5.57 mmol, 1.2 eq.) was added and the mixture was stirred at room
temperature for 4 h, after which time the reaction was concentrated and co-
evaporated with toluene (2 x 20 mL). The residue was dissolved in pyridine
(23 mL) and acetic anhydride (3.5 mL) was added. The reaction was stirred at
room temperature for 4 h. After which time, it was concentrated, diluted with water
(80 mL) and extracted with ethyl acetate (3 x 60 mL). The combined organic
layers were dried over anhydrous MgSOas4 and concentrated in vacuo. The
resulting crude material was purified by silica gel column chromatography (3:1
hexane/ethyl acetate) furnishing the azide (148) as a yellow gum (2:1 B/a)
(1.34 g, 77%): Rf 0.33 (3:1 hexane/ethyl acetate); *H NMR (500 MHz, CDCls) &
6.21 (1H, d, J = 3.6 Hz, CH-1a), 5.46 (2H, d, J = 8.6 Hz, CH-1), 5.40-5.34 (1H,
m, CH-3a), 5.05-4.93 (5H, m, CH-33 +CH-4a), 4.24-4.21 (1H, m, CHACHs-60),
4.21-4.18 (2H, m, CHACHg -63), 4.05-3.94 (4H, m, CHACHs-6a + CH-5q), 3.73-
3.69 (2H, m, CH-5B), 3.60-3.55 (3H, m, CH-2a), 2.10 (9H, s, C(O)CHs-ap), 2.02
(3H, s, C(O)CHs-a), 2.01 (6H, s, C(O)CHs-B), 1.99 (9H, s, C(O)CHs-aB), 1.96 (3H,
s, C(O)CHs-a), 1.94 (6H, s, C(O)CHs-B); *C NMR (126 MHz, CDClI3) d 170.6
(C=0), 169.8 (C=0), 169.6 (C=0), 168.6 (C=0), 92.6 (CH-1B), 90.0 (CH-1q),
72.7 (CH-5B), 72.7 (CH-3B), 70.7 (CH-3a), 69.8 (CH-5a), 67.8 (CH-4apB), 62.6
(CH-2aB), 61.4 (CH2-6aB), 20.9 (OC(O)CHs), 20.7 (OC(O)CHs), 20.6
(OC(O)CHs), 20.5 (OC(O)CHs); HRMS (ESI*) calculated for Ci14H23N4Og
[M+NH4]*391.1460, found 391.1448.

The data are in agreement with the reported literature values.”
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Cyclohexyl 2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (147) and cyclohexyl 2-azido-2-deoxy-3,4,6-tri-
O-acetyl-1-thio-B-D-glucopyranoside (150)

OAc OAc

6 6
4 4
505 s R
C C

To a solution of 2-azido-2-deoxy-1,3,4,6-tetra-O-acetyl-D-glucopyranose (148)
(250 mg, 0.670 mmol, 1 eq.) and cyclohexanethiol (0.16 mL, 1.34 mmol, 2 eq.) in
DCM (5 mL) BF3-OEt2 (0.37 mL, 3.02 mmol, 4.5 eq.) was added at 0 °C under
argon. The reaction was stirred at 55 °C for 5 h, after which time the reaction was
diluted with DCM (5 mL), washed with brine (3 x 10 mL) and the organic layer
separated. The aqueous layer was extracted with DCM (3 x 10 mL). The
combined organic layers were dried over MgSO4and concentrated in vacuo. The
resulting crude material was purified by silica gel column chromatography (3:1
hexane/ethyl acetate) furnishing pure a- (147) (15 mg, 5%) and - (150) (30 mg,
10%) anomers as yellow oils: R 0.29, R 0.21 (3:1 hexane/ethyl acetate); a-
anomer: 'H NMR (500 MHz, CDCIls) 8 5.44 (1H, d, J = 5.6 Hz, CH-1), 5.20 (1H,
dd, J = 10.3, 9.4 Hz, CH-3), 4.96-4.89 (1H, m, CH-4), 4.45-4.40 (1H, m, CH-5),
4.23 (1H, dd, J = 12.3, 4.9 Hz, CHACHg-6), 4.00 (1H, dd, J = 12.4, 2.2 Hz,
CHACHg-6), 3.94-3.89 (1H, m, CH-2), 2.80-2.73 (1H, m, CH-1’), 2.02 (3H, s,
C(O)CHs3), 2.00 (3H, s, C(O)CHs), 1.97 (3H, s, C(O)CHs), 1.94-1.86 (2H, m,
cyclohexyl), 1.75-1.64 (4H, m, cyclohexyl), 1.57-1.49 (2H, m, cyclohexyl), 1.42-
1.31 (2H, m, cyclohexyl); *3C NMR (126 MHz, CDCI3) & 170.6 (C=0), 169.9
(C=0), 169.8 (C=0), 82.4 (CH-1), 71.9 (CH-3), 68.4 (CH-4), 68.0 (CH-5), 62.0
(CH2-6), 61.5 (CH-2) 43.5 (CH-1’), 34.0 (cyclohexyl), 33.5 (cyclohexyl), 31.6
(cyclohexyl), 25.8 (cyclohexyl), 25.6 (cyclohexyl), 20.8 (OC(O)CHzs), 20.7
(OC(O)CHBg), 20.6 (OC(O)CHpa); B-anomer: *H NMR (500 MHz, CDCI3z) & 5.01-
4.96 (1H, m, CH-3), 4.96-4.90 (1H, m, CH-4), 4.40 (1H, d, J = 10.3 Hz, CH-1),
4.16 (1H, dd, J = 12.2, 5.5 Hz, CHACHg-6), 4.05-4.01 (1H, m, CHACHs-6), 3.64-
3.55 (1H, m, CH-5), 3.44-3.39 (1H, m, CH-2), 2.94-2.89 (1H, m, CH-1), 2.03 (3H,
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s, C(O)CHzs), 2.00 (3H, s, C(O)CHs), 1.95 (3H, s, C(O)CHs), 1.91-1.82 (1H, m,
cyclohexyl), 1.75-1.66 (4H, m, cyclohexyl), 1.59-1.51 (2H, m, cyclohexyl), 1.42-
1.32 (3H, m, cyclohexyl); *3C NMR (126 MHz, CDCI3) & 170.6 (C=0), 170.0
(C=0), 169.6 (C=0), 83.9 (CH-1), 75.6 (CH-5), 74.5 (CH-3), 68.4 (CH-4), 63.9
(CH-2), 62.3 (CH2-6), 44.3 (CH-1’), 34.0 (cyclohexyl), 33.8 (cyclohexyl), 31.6
(cyclohexyl), 26.0 (cyclohexyl), 25.6 (cyclohexyl), 20.8 (OC(O)CHzs), 20.7
(OC(O)CH3), 20.6 (OC(O)CHs); HRMS (ESI) calculated for CisH27N307SCI
[M+CI]-464.1258, found 464.1251 (a-anomer), 464.1262 (B-anomer).
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Cyclohexyl 2-azido-2-deoxy-1-thio-a-D-glucopyranoside (144)

To a solution of cyclohexyl 2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (147) (15 mg, 0.035 mmol, 1.2 eq.) in methanol (1.5 mL) 25%
sodium methoxide solution in methanol (0.006 mL, 0.029 mmol, 1 eq.) was
added. The reaction was stirred at room temperature for 2 h, after which time it
was concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (8:2 DCM/MeOH) furnishing cyclohexyl 2-azido-2-
deoxy-1-thio-a-D-glucopyranoside (144) as a yellow oil (7 mg, 64%): R:0.20 (8:2
DCM/MeOH); *H NMR (500 MHz, MeOD) & 5.48 (1H, d, J = 4.9 Hz, CH-1), 4.01-
3.97 (1H, m, CH-5), 3.80 (1H, dd, J = 12.0, 2.4 Hz, CHACHB-6), 3.73 (1H, dd, J =
12.0, 5.2 Hz, CHACHE-6), 3.66-3.58 (2H, m, CH-2 + CH-3), 3.39-3.34 (1H, m, CH-
4), 2.93-2.86 (1H, m, CH-1"), 2.10-1.98 (2H, m, cyclohexyl), 1.83-1.74 (2H, m,
cyclohexyl), 1.66-1.59 (1H, m, cyclohexyl), 1.48-1.29 (5H, m, cyclohexyl); 13C
NMR (126 MHz, MeOD) & 84.1 (CH-1), 74.5 (CH-5), 74.3 (CH-3), 72.1 (CH-2),
65.2 (CH-4), 62.4 (CH2-6), 44.4 (CH-1’), 35.3 (cyclohexyl), 34.9 (cyclohexyl), 27.1
(cyclohexyl), 26.9 (cyclohexyl), 26.7 (cyclohexyl); HRMS (ESI*) calculated for
C12H22N304S [M+H]* 304.1326, found 304.1327.
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Cyclohexyl 2-azido-2-deoxy-1-thio-B-D-glucopyranoside (151)

OH
K
e
HO
N3

To a solution of 2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-B-D-glucopyranoside
(150) (30 mg, 0.070 mmol, 1.2 eq.) in methanol (3 mL) 25% sodium methoxide
solution in methanol (0.012 mL, 0.058 mmol, 1 eq.) was added. The reaction was
stirred at room temperature for 2 h, after which time it was concentrated in vacuo.
The resulting crude material was purified by silica gel column chromatography
(8:2 DCM/MeOH)  furnishing  cyclohexyl 2-azido-2-deoxy-1-thio-p-D-
glucopyranoside (151) as a yellow oil (21 mg, 100%): R:0.45 (8:2 DCM/MeOH);
'H NMR (500 MHz, MeOD) & 4.48 (1H, d, J = 10.2 Hz, CH-1), 3.85 (1H, dd, J =
12.1, 2.2 Hz, CHACHs-6) 3.66 (1H, dd, J = 12.1, 5.6 Hz, CHACHs-6), 3.39-3.34
(2H, m, CH-3 + CH-4), 3.29-3.25 (1H, m, CH-5), 3.15-3.11 (1H, m, CH-2), 3.09-
3.02 (1H, m, CH-1’), 2.11-1.99 (2H, m, cyclohexyl), 1.83-1.75 (2H, m, cyclohexyl),
1.67-1.60 (1H, m, cyclohexyl), 1.48-1.29 (5H, m, cyclohexyl); 13C NMR (126 MHz,
MeOD) & 84.7 (CH-1), 82.0 (CH-5), 78.4 (CH-3), 71.4 (CH-4), 68.5 (CH-2), 62.7
(CH2-6), 44.5 (CH-1"), 35.3 (cyclohexyl), 34.9 (cyclohexyl), 34.8 (cyclohexyl), 27.1
(cyclohexyl), 26.9 (cyclohexyl); HRMS (ESI*) calculated for Ci2H21N304SNa
[M+Na]*326.1152, found 326.1152.
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Phenyl 2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (152)
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To a solution of 2-azido-2-deoxy-1,3,4,6-tetra-O-acetyl-D-glucopyranose (148)
(250 mg, 0.670 mmol, 1 eq.) and thiophenol (0.14 mL, 1.34 mmol, 2 eq.) in DCM
(5 mL) BF3-OEt2 (0.37 mL, 3.02 mmol, 4.5 eq.) was added at 0 °C under argon.
The reaction was stirred at 55 °C for 5 h, after which time the reaction was diluted
with DCM (5 mL), washed with brine (3 x 10 mL) and the organic layer separated.
The aqueous layer was extracted with DCM (3 x 10 mL). The combined organic
layers were dried over MgSO4 and concentrated in vacuo. The resulting crude
material was purified by silica gel column chromatography (3:1 hexane/ethyl
acetate) furnishing 3:1 a/3 anomeric mixture as a yellow oil (175 mg, 62%). The
a-anomer (152) was obtained as white crystals by crystallization from ethanol
(60 mg, 21%): Rf 0.31 (3:1 hexane/ethyl acetate); *H NMR (500 MHz, CDCls) &
7.46-7.40 (2H, m, ArH), 7.29-7.23 (3H, m, ArH), 5.58 (1H, d, J = 5.6 Hz, CH-1),
5.30-5.25 (1H, m, CH-3), 5.01-4.95 (1H, m, CH-4), 4.56-4.50 (1H, m, CH-5), 4.23
(1H, dd, J=12.4, 5.1 Hz, CHACHs-6), 4.02 (1H, dd, J = 10.6, 5.6 Hz, CH-2), 3.97
(1H, dd, J = 12.4, 2.1 Hz, CHaCHs-6), 2.04 (3H, s, C(O)CHs), 1.99 (3H, s,
C(O)CHzs), 1.97 (3H, s, C(O)CHsa); *C NMR (126 MHz, CDClz) d 170.5 (C=0),
169.8 (C=0), 132.4 (Ar), 132.2 (Ar), 129.3 (Ar), 128.1 (Ar), 86.5 (CH-1), 72.1 (CH-
3), 68.7 (CH-4), 68.5 (CH-5), 61.9 (CH2-6), 61.6 (CH-2), 20.7 (OC(O)CHs), 20.6
(OC(O)CHas); LCMS (ESI*) m/z = 446.10 [(M+Na)*, 100%], Rt = 4.18 min; HRMS
(ESI") calculated for C1sH21N307SNa [M+Na]* 446.0992, found 446.0981.

The data are in agreement with the reported literature values.??
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Phenyl 2-azido-2-deoxy-1-thio-a-D-glucopyranoside (145)

To a solution of phenyl 2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (152) (25 mg, 0.059 mmol, 1.2 eq.) in anhydrous methanol
(2 mL) sodium methoxide (2.6 mg, 0.049 mmol, 1 eq.) was added under argon.
The reaction was stirred at room temperature for 2 h, after which time it was
concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (19:1 DCM/MeOH) furnishing phenyl-2-azido-2-deoxy-
1-thio-a-D-glucopyranose (145) as a white solid (18 mg, 100%): Rf 0.17 (19:1
DCM/MeOH); *H NMR (500 MHz, MeQOD) & 7.54-7.49 (2H, m, ArH), 7.32-7.23
(3H, m, ArH), 5.55 (1H, d, J =5.2 Hz, CH-1), 4.10-4.04 (1H, m, CH-5), 3.76-3.71
(2H, m, CH-2+CH2-6), 3.67-3.61 (1H, m, CH-3), 3.47-3.37 (1H, m, CH-4); 13C
NMR (126 MHz, MeOD) & 135.5 (Ar), 133.5 (Ar), 130.1 (Ar), 128.7 (Ar), 89.2 (CH-
1), 75.0 (CH-5), 74.7 (CH-3), 71.9 (CH-4), 65.4 (CH-2), 62.2 (CH2-6); LCMS
(ESI*) m/z = 342.20 [(M+FA-H)", 100%], Rt = 2.79 min; HRMS (ESI*) calculated
for C12H19N4O4S [M+NHa4]* 315.1122, found 315.1126.

The data are in agreement with the reported literature values.”
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2-Chloroacetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-
glucopyranose (161)

To a solution of 2-amino-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose HCI
(40) (100 mg, 0.261 mmol) in dichloromethane (5 mL) triethylamine (55 uL,
0.392 mmol, 1.5 eq.) and chloroacetic anhydride (67 mg, 0.392 mmol, 1.5 eq.)
were added at O °C and the reaction was stirred at room temperature for 1 h, after
which time the reaction was quenched with cold saturated Na2COs (5 mL) and
washed with 5% KHSO4 and brine, dried over anhydrous Na2SOs4 and
concentrated in vacuo furnishing 2-chloroacetamido-2-deoxy-1,3,4,6-tetra-O-
acetyl-B-D-glucopyranose (161) as a dark blue solid (90 mg, 81%): Rs 0.10 (4:1
hexane/EtOAc); *H NMR (500 MHz, CDCI3) & 6.57 (1H, d, J = 9.2 Hz, NH), 5.81
(1H, d, J=8.6 Hz, CH-1), 5.30-5.25 (1H, m, CH-3), 5.17-5.12 (1H, m, CH-4), 4.29
(1H, dd, J = 12.5, 4.6 Hz, CHACHg-6), 4.25-4.18 (1H, m, CH-2), 4.13 (1H, dd, J =
12.5, 2.2 Hz, CHACHB-6), 4.00 (1H, d, J = 15.2 Hz, CHACHsCI), 3.97 (1H, d, J =
15.2 Hz, CHACHECI), 3.86-3.82 (1H, m, CH-5), 2.12 (3H, s, C(O)CHz3), 2.09 (3H,
s, C(O)CHg), 2.05 (3H, s, C(O)CHBa), 2.04 (3H, s, C(O)CHa); *3C NMR (126 MHz,
CDCls) 6 170.0 (C=0), 169.7 (C=0), 168.4 (C=0), 165.7 (C=0), 91.0 (CH-1),
71.8 (CH-5), 71.0 (CH-3), 67.1 (CH-4), 60.8 (CH2-6), 52.1 (CH-2), 41.4 (CHzCI),
19.9 (OC(O)CHs), 19.7 (OC(O)CHas), 19.6 (OC(O)CHz3), 19.5 (OC(O)CHs); LCMS
(ESI") m/z = 445.85 [(M+Na)*, 100%], Rt = 2.94 min; HRMS (ESI*) calculated for
Ci16H26CIN2010 [M+NH4]* 441.1270, found 441.1269.

The data are in agreement with the reported literature values.”®
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2-Azidoacetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-
glucopyranose (162)

To the solution of 2-chloroacetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-
glucopyranose (161) (100 mg, 0.236 mmol, 1 eq.) in DMF (3 mL) sodium azide
(61 mg, 0.944 mmol, 4 eq.) was added and the reaction was refluxed at 80 °C for
2 h, after which time the reaction was diluted with EtOAc (5 mL) and washed
several times with water. The organic layer was collected, dried over anhydrous
MgSOg, filtered and concentrated in vacuo furnishing 2-azidoacetamido-2-deoxy-
1,3,4,6-tetra-O-acetyl-B-D-glucopyranose (162) as a yellow solid (60 mg, 59%):
Rf 0.26 (4:1 hexane/EtOAc); *H NMR (500 MHz, CDCIz) 8 6.38 (1H, d, J = 9.2
Hz, NH), 5.79 (1H, d, J = 8.7 Hz, CH-1), 5.26-5.20 (1H, m, CH-3), 5.17-5.11 (1H,
m, CH-4), 4.29 (1H, dd, J = 12.5, 4.6 Hz, CHACHg-6), 4.25-4.18 (1H, m, CH-2),
4.13 (1H, dd, J = 12.5, 2.3 Hz, CHACHg-6), 3.92 (2H, s, CH2N3), 3.85-3.80 (1H,
m, CH-5), 2.12 (3H, s, C(O)CHg3), 2.09 (3H, s, C(O)CHgs), 2.05 (3H, s, C(O)CH3),
2.04 (3H, s, C(O)CHz3); 13C NMR (126 MHz, CDCI3) 3 171.0 (C=0), 170.7 (C=0),
169.4 (C=0), 169.3 (C=0), 92.1 (CH-1), 72.8 (CH-5), 72.2 (CH-3), 67.9 (CH-4),
61.7 (CH2-6), 53.0 (CH-2), 52.6 (CH2N3s), 20.9 (OC(O)CHs), 20.7 (OC(O)CHs),
20.6 (OC(O)CHps), 20.5 (OC(O)CHs); LCMS (ESI*) m/z =509.85 [(M+DMSO+H)*,
100%], Rt = 3.80 min; HRMS (ESI*) calculated for CisH22N4O10Na [M+Na]*
453.1234, found 453.1231.

The data are in agreement with the reported literature values.””
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Cyclohexyl 2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-
a-D-glucopyranoside (163)

To a solution of 2-azidoacetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-
glucopyranose (162) (50 mg, 0.116 mmol, 1 eq.) in 1,2-dichloroethane (1 mL)
cyclohexanethiol (0.057 mL, 0.464 mmol, 4 eq.) was added and the reaction was
stirred at room temperature under argon for 20 min, after which time the reaction
was cooled to 0 °C and BF3-OEt2 (0.029 mL, 0.232 mmol, 2 eq.) was added under
argon. Then the reaction was stirred at 55 °C for 3 h. After which time, the reaction
was quenched with sodium bicarbonate solution and diluted with DCM (5 mL).
The organic layer was washed with brine (3 x 10 mL), dried over MgSO4 and
concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (20-65% ethyl acetate in hexane) furnishing cyclohexyl
2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside  (163)
as yellow oil (10 mg, 18%): Rt 0.12 (4:1 hexane/ethyl acetate); *H NMR (500
MHz, CDCls) 6 6.58 (1H, d, J = 8.9 Hz, NH), 5.48 (1H, d, J = 5.5 Hz, CH-1), 5.14-
5.05 (2H, m, CH-3 + CH-4), 4.52-4.46 (1H, m, CH-2), 4.44-4.40 (1H, m, CH-5),
4.27 (1H, dd, J = 12.4, 4.6 Hz, CHACHg-6), 4.02 (1H, dd, J = 12.4, 2.2 Hz,
CHACHg-6), 3.92 (2H, s, CH2Ns), 2.87-2.80 (1H, m, CH-1’), 2.09 (3H, s,
C(O)CHs3), 2.04 (3H, s, C(O)CHs), 2.02 (3H, s, C(O)CHs), 1.99-1.93 (2H, m,
cyclohexyl), 1.79-1.71 (2H, m, cyclohexyl), 1.64-1.57 (1H, m, cyclohexyl), 1.47-
1.24 (5H, m, cyclohexyl); **C NMR (126 MHz, CDCI3) & 171.3 (C=0), 170.7
(C=0), 169.4 (C=0), 83.4 (CH-1), 71.4 (CH-3), 68.5 (CH-4), 68.1 (CH-5), 62.0
(CH2-6), 52.6 (CH2Ns), 52.3 (CH-2) 45.2 (CH-1’), 34.2 (cyclohexyl), 33.7
(cyclohexyl), 25.9 (cyclohexyl), 25.8 (cyclohexyl), 25.5 (cyclohexyl), 20.8
(OC(O)CHas), 20.7 (OC(O)CHg3s), 20.6 (OC(O)CHs); HRMS (ESI*) calculated for
C20H31N40sS [M+H]* 487.1857, found 487.1853.
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Phenyl 2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-B-D-
glucopyranoside (164)

To a solution of 2-azidoacetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-
glucopyranose (162) (100 mg, 0.232 mmol, 1 eq.) in dry dichloromethane (2 mL)
thiophenol (0.10 mL, 0.928 mmol, 4 eq.) was added and the reaction was stirred
for 20 min at room temperature under argon. The reaction was then cooled to
0 °C and BF3-OEt2 (57 L, 0.464 mmol, 2 eq.) was added drop-wise. The reaction
was subsequently heated to 55 °C and stirred for 3 h, after which time the reaction
was quenched with saturated NaHCOs (5 mL) and extracted with DCM (3 x 5
mL). The combined organic layers were washed with brine (3 x 5 mL), dried over
MgSOas and concentrated in vacuo. The resulting crude material was purified by
silica gel column chromatography (25-65% ethyl acetate in hexane) furnishing
phenyl 2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-B-D-glucopyranoside
(164) as a yellow solid (50 mg, 45%): R:0.48 (1:2 hexane/ethyl acetate); *H NMR
(500 MHz, CDCI3) & 7.45-7.41 (2H, m, ArH), 7.26-7.22 (3H, m, ArH), 6.64-6.58
(1H, m, NH), 5.30-5.24 (1H, m, CH-3), 5.01-4.95 (1H, m, CH-4), 491 (1H,d, J =
10.4 Hz, CH-1), 4.15 (1H, dd, J = 12.2, 5.3 Hz, CHACHg-6), 4.12-4.08 (1H, m,
CHACHg-6), 3.95-3.83 (3H, m, CH-2 + CH2Ngz), 3.72-3.66 (1H, m, CH-5), 2.00
(3H, s, C(O)CHs), 1.95 (3H, s, C(O)CHs3), 1.92 (3H, s, C(O)CHz); 13C NMR (126
MHz, CDCI3) 6 170.9 (C=0), 170.6 (C=0), 169.4 (C=0), 167.0 (C=0), 132.8 (Ar),
132.1 (Ar), 129.0 (Ar), 128.3 (Ar), 86.1 (CH-1), 75.8 (CH-5), 73.3 (CH-3), 68.5
(CH-4), 62.4 (CH2-6), 53.5 (CH-2), 52.7 (CH2N3s), 20.8 (OC(O)CHs), 20.7
(OC(O)CHpas), 20.6 (OC(O)CHzs); LCMS (ESI*) m/z = 502.90 [(M+Na)*, 100%], Rt
= 3.55 min; HRMS (ESI*) calculated for C20H24N4OsSNa [M+Na]*503.1212 found,
503.1200.
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Benzyl 2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-B-D-
glucopyranoside (165)
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To a solution of 2-azidoacetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-
glucopyranose (162) (100 mg, 0.232 mmol, 1 eq.) in dry 1,2-dichloroethane
(2 mL) benzyl mercaptan (0.11 mL, 0.928 mmol, 4 eq.) was added and the
reaction was stirred for 20 min at room temperature under argon. The reaction
was then cooled to 0 °C and BFs-OEt2 (57 pL, 0.464 mmol, 2 eq.) was added
drop-wise. The reaction was subsequently heated to 55 °C and stirred for 3 h,
after which time the reaction was quenched with saturated NaHCO3 (5 mL) and
extracted with DCM (3 x 5 mL). The combined organic layers were washed with
brine (3 x 5 mL), dried over MgSO4 and concentrated in vacuo. The resulting
crude material was purified by silica gel column chromatography (25-65% ethyl
acetate in hexane) furnishing benzyl 2-azidoacetamido-2-deoxy-3,4,6-tri-O-
acetyl-1-thio-B-D-glucopyranoside (165) as a white solid (60 mg, 52%): R:0.40
(5% MeOH in DCM); *H NMR (500 MHz, CDCIls3) d 7.28-7.18 (5H, m, ArH), 6.25
(1H, d, J = 9.4 Hz, NH), 5.08-4.99 (2H, m, CH-3 + CH-4), 4.31 (1H,d, J=10.4
Hz, CH-1), 4.17 (1H, dd, J =12.3, 5.2 Hz, CHACHg-6), 4.11-4.04 (2H, m, CH-2 +
CHACHg-6), 3.87 (1H, d, J = 13.0 Hz, SCHACHB), 3.86-3.80 (2H, m, CH2N3), 3.77
(1H, d, J =13.0 Hz, SCHACHB), 3.55-3.50 (1H, m, CH-5), 2.05 (3H, s, C(O)CH3),
1.95 (3H, s, C(O)CHs), 1.94 (3H, s, C(O)CHs); *3C NMR (126 MHz, CDCls)
170.9 (C=0), 170.7 (C=0), 169.3 (C=0), 167.0 (C=0), 129.1 (Ar), 128.9 (Ar),
128.7 (Ar), 127.5 (Ar), 82.6 (CH-1), 75.9 (CH-5), 73.4 (CH-3), 68.4 (CH-4), 62.4
(CH2-6), 53.1 (CH-2), 52.5 (CH2Ns), 33.9 (SCHz), 20.8 (OC(O)CHs), 20.7
(OC(O)CHas), 20.6 (OC(O)CHzs); LCMS (ESI*) m/z = 517.10 [(M+Na)*, 100%], Rt
= 3.62 min; HRMS (ESI*) calculated for C21H2s6N4OsSNa [M+Na]*517.1369, found
517.1364.
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Benzyl 2-chloroacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (166)

To a solution of benzyl 2-amino-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (134) (70 mg, 0.170 mmol) in dichloromethane (2.5 mL)
triethylamine (35 pL, 0.255 mmol, 1.5 eq.) and chloroacetic anhydride (44 mg,
0.255 mmol, 1.5 eq.) were added at 0 °C and the reaction was stirred at room
temperature for 1 h. After which time, the reaction was quenched with cold
saturated Na2COs (1 mL) and washed with 5% KHSO4 and brine, dried over
anhydrous Na2SOs4 and concentrated in vacuo furnishing benzyl 2-
chloroacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (166) as
a violet oil (60 mg, 72%): Rf 0.11 (4:1 hexane/EtOAc); *H NMR (500 MHz, CDCls)
5 7.34-7.24 (5H, m, ArH), 6.68 (1H, d, J = 8.6 Hz, NH), 5.32 (1H, d, J = 5.3 Hz,
CH-1), 5.15-5.10 (2H, m, CH-3 + CH-4), 4.46-4.40 (1H, m, CH-2), 4.35-4.31 (1H,
m, CH-5), 4.26 (1H, dd, J =12.4, 4.3 Hz, CHACHg-6), 3.94 (1H, dd, J=12.4, 2.1
Hz, CHaCHg-6), 3.90 (1H, d, J = 15.2 Hz, CHACH&CI), 3.85 (1H, d, J = 15.2 Hz,
CHACHE&CI), 3.82 (1H, d, J = 13.6 Hz, SCHaCHs), 3.78 (1H, d, J = 13.6 Hz,
SCHACHB), 2.10 (3H, s, C(O)CHs), 2.04 (3H, s, C(O)CHzs), 2.01 (3H, s, C(O)CHj3);
13C NMR (126 MHz, CDCIs) & 171.2 (C=0), 170.7 (C=0), 169.3 (C=0), 137.1
(Ar), 132.0 (Ar), 129.5 (Ar), 128.4 (Ar), 83.2 (CH-1), 71.1 (CH-3), 68.9 (CH-5),
68.0 (CH-4), 61.8 (CH2-6), 52.6 (CH-2), 41.2 (CH2CIl), 35.2 (SCH2), 20.8
(OC(O)CHgs), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs); LCMS (ESI*) m/z = 510.05
[(M+Na)*, 100%], Rt = 3.81 min; HRMS (ESI") calculated for C21H25CINOsS [M-
H]-486.0989, found 486.1003.
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Benzyl 2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-
glucopyranoside (167)

To the solution of benzyl 2-chloroacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-
D-glucopyranoside (166) (15 mg, 0.0307 mmol, 1 eq.) in DMF (1 mL) sodium
azide (8 mg, 0.123 mmol, 4 eq.) was added and the reaction was refluxed at
80 °C for 2 h, after which time the reaction was diluted with EtOAc (5 mL) and
washed several times with water. The organic layer was collected, dried over
anhydrous MgSOa, filtered and concentrated in vacuo furnishing benzyl 2-
azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (167) as
a colourless oil (12 mg, 82%): Rt 0.18 (4:1 hexane/EtOAc); *H NMR (500 MHz,
CDCls) 6 7.37-7.23 (5H, m, ArH), 6.45 (1H, d, J = 8.7 Hz, NH), 5.33 (1H, d, J =
5.4 Hz, CH-1), 5.15-5.07 (2H, m, CH-3 + CH-4), 4.47-4.41 (1H, m, CH-5), 4.35-
4.30 (1H, m, CH-2), 4.25 (1H, dd, J = 12.4, 4.3 Hz, CHACHs-6), 3.93 (1H, dd, J =
12.3, 1.9 Hz, CHACHsg-6), 3.86-3.74 (4H, m, CH2Ns + SCH2), 2.10 (3H, s,
C(O)CHzs), 2.04 (3H, s, C(O)CHsa), 2.01 (3H, s, C(O)CHz3); 3C NMR (126 MHz,
CDCls) 6 171.4 (C=0), 170.7 (C=0), 169.3 (C=0), 137.1 (Ar), 129.0 (Ar), 128.7
(Ar), 127.6 (Ar), 83.3 (CH-1), 71.2 (CH-3), 68.8 (CH-5), 68.0 (CH-4), 61.8 (CH-
6), 52.4 (CH2N3), 52.2 (CH-2), 35.1 (SCH2), 20.8 (OC(O)CHs), 20.7 (OC(O)CHs3),
20.6 (OC(O)CHs); LCMS (ESI*) m/z = 516.95 [(M+Na)*, 100%], Rt = 3.82 min;
HRMS (ESI") calculated for C21H2sN4OsS [M-H] 493.1393, found 493.1375.
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Phenyl 2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-
O-acetyl-1-thio-a-D-glucopyranoside (170)
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Sodium ascorbate (2.4 mg, 0.012 mmol, 0.25 eq.) and copper sulphate
pentahydrate (3.0 mg, 0.012 mmol, 0.25 eq.) were added to a mixture of phenyl
2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (152) (20 mg,
0.047 mmol, 1 eq.) and propargyl alcohol (5.4 uL, 0.094 mmol, 2 eq.) in
THF/water (1:1, 1 mL). The reaction was stirred at room temperature for 18 h,
after which time the reaction was concentrated in vacuo and the residue was
dissolved in dichloromethane (5 mL). The mixture was washed with water (3 x
10 mL). The aqueous layer was re-extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried over anhydrous Na2SOs and
concentrated in vacuo furnishing phenyl 2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-
deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (170) as a white solid (23
mg, 100%): R¢ 0.18 (3:7 ethyl acetate/hexane); *H NMR (500 MHz, CDCIlz) 5 7.66
(1H, s, CH, triazole), 7.25-7.20 (5H, m, ArH), 5.85-5.79 (1H, m, CH-3), 5.75 (1H,
d,J=5.4Hz, CH-1),5.32 (1H,dd, J=11.7,5.4 Hz, CH-2), 5.18-5.13 (1H, m, CH-
4), 4.74 (2H, s, CH20H), 4.67-4.60 (1H, m, CH-5), 4.29 (1H, dd, J = 12.4, 5.0 Hz,
CHACHE-6), 4.06 (1H, dd, J = 12.4, 2.1 Hz, CHACHg-6), 2.02 (3H, s, C(O)CH3),
2.01 (3H, s, C(O)CHsa), 1.83 (3H, s, C(O)CHz); 3C NMR (126 MHz, CDClz) &
170.6 (C=0), 170.1 (C=0), 169.5 (C=0), 132.2 (Ar), 131.4 (Ar), 129.4 (Ar), 128.5
(Ar), 120.8 (CCH, triazole) 87.9 (CH-1), 69.1 (CH-5), 68.9 (CH-4), 68.8 (CH-3),
62.1 (CH-2), 61.8 (CH2-6), 53.5 (CH20H), 20.7 (OC(O)CHs), 20.6 (OC(O)CHs3),
20.5 (OC(O)CHs), the CCH triazole signal was not observed in the spectrum;
LCMS (ESI*) m/z = 480.05 [(M+H)*, 100%], Rt = 3.31 min.
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Phenyl 2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-
glucopyranoside (171)

To a solution of phenyl 2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-
O-acetyl-1-thio-a-D-glucopyranoside (170) (20 mg, 0.042 mmol, 1.2 eq.) in
methanol (2 mL) 25% sodium methoxide solution in methanol (8 pL, 0.035 mmol,
1 eq.) was added. The reaction was stirred at room temperature for 2 h, after
which time it was concentrated in vacuo furnishing phenyl 2-(4-hydroxymethyl-
1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-glucopyranoside (171) as a yellow solid
(9 mg, 60%): *H NMR (500 MHz, MeOD) & 7.99 (1H, s, CCH, triazole), 7.24-7.19
(2H, m, ArH), 7.18-7.13 (3H, m, ArH), 5.66 (1H, d, J = 5.3 Hz, CH-1), 4.88 (1H,
dd, J=11.1, 5.3 Hz, CH-2), 4.63 (2H, s, CH20H), 4.27-4.19 (1H, m, CH-3), 4.15-
4.09 (1H, m, CH-5), 3.80-3.69 (2H, m, CH2-6), 3.55-3.48 (1H, m, CH-4); 3C NMR
(126 MHz, MeOD) & 133.5 (Ar), 130.1 (Ar), 129.0 (Ar), 124.2 (CCH, triazole), 90.5
(CH-1), 75.4 (CH-5), 72.5 (CH-4), 71.5 (CH-3), 65.8 (CH-2), 62.2 (CH2-6), 56.6
(CH20H), the CCH triazole and quaternary aromatic carbon signals were not
observed in the spectrum; HRMS (ESI*) calculated for CisH20N3OsS [M+H]*
354.1118, found 354.1121.
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Phenyl  2-(4-(2-hydroxypropan-2-yl)-1,2,3-triazol-1-yl)-2-deoxy-
3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (172)

Sodium ascorbate (3.6 mg, 0.018 mmol, 0.25 eq.) and copper sulphate
pentahydrate (4.5 mg, 0.018 mmol, 0.25 eq.) were added to a mixture of phenyl
2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (152) (30 mg,
0.071 mmol, 1 eq.) and 2-methyl-3-butyn-2-ol (14 uL, 0.142 mmol, 2 eq.) in
THF/water (1:1, 1.5 mL). The reaction was stirred at room temperature for 18 h.
After which time the reaction was concentrated in vacuo and the residue was
dissolved in dichloromethane (5 mL). The mixture was washed with water (3 x
10 mL). The aqueous layer was re-extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried over anhydrous Na2SOs and
concentrated in vacuo furnishing phenyl 2-(4-(2-hydroxypropan-2-yl)-1,2,3-
triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (172) as a
yellow solid (30 mg, 83%): Rf 0.39 (5% MeOH in DCM); 'H NMR (500 MHz,
CDCI3) & 7.59 (1H, s, CH, triazole), 7.20 (5H, s, ArH), 5.84-5.78 (1H, m, CH-3),
5.73 (1H, d, J = 5.4 Hz, CH-1), 5.30 (1H, dd, J = 11.7, 5.4 Hz, CH-2), 5.18-5.13
(1H, m, CH-4), 4.64-4.59 (1H, m, CH-5), 4.29 (1H, dd, J = 12.4, 4.9 Hz, CHACHs-
6), 4.06 (1H, dd, J = 12.4, 1.9 Hz, CHACHs-6), 2.02 (3H, s, C(O)CHs), 2.01 (3H,
s, C(O)CHzs), 1.80 (3H, s, C(O)CHs); 1.57 (6H, s, CCHz3); 13C NMR (126 MHz,
CDCls) 6 170.6 (C=0), 170.0 (C=0), 169.5 (C=0), 132.2 (Ar), 131.6 (Ar), 129.4
(Ar), 128.4 (Ar), 118.6 (CCH, triazole) 87.9 (CH-1), 69.1 (CH-5), 69.0 (CH-4), 68.9
(CH-3), 68.5 (C(CHas)2), 62.1 (CH-2), 61.8 (CH2-6), 30.6 (CCHs), 20.7
(OC(O)CHs3), 20.6 (OC(O)CHs), 20.4 (OC(O)CHza), the CCH triazole signal was
not observed in the spectrum; LCMS (ESI*) m/z = 508.20 [(M+H)*, 100%)], Rt =
3.46 min; HRMS (ESI*) calculated for C23H29N3OsS [M+H]* 508.1754, found
508.1752.
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Phenyl 2-(4-(2-hydroxypropan-2-yl)-1,2,3-triazol-1-yl)-2-deoxy-1-
thio-a-D-glucopyranoside (173)

To a solution of phenyl 2-(4-(2-hydroxypropan-2-yl)-1,2,3-triazol-1-yl)-2-deoxy-
3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (172) (30 mg, 0.059 mmol, 1.2 eq.)
in methanol (2 mL) 25% sodium methoxide solution in methanol (11 pL, 0.049
mmol, 1 eq.) was added. The reaction was stirred at room temperature for 2 h,
after which time it was concentrated in vacuo. The resulting crude material was
purified by silica gel column chromatography (5% methanol in DCM) furnishing
phenyl 2-(4-(2-hydroxypropan-2-yl)-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-
glucopyranoside (173) as a colourless oil (10 mg, 44%): Rt 0.13 (5% MeOH in
DCM); *H NMR (500 MHz, MeOD) & 7.89 (1H, s, CH, triazole), 7.21 — 7.17 (2H,
m, ArH), 7.17 — 7.13 (3H, m, ArH), 5.64 (1H, d, J = 5.3 Hz, CH-1), 4.85 (1H, dd,
J=11.2, 5.3 Hz, CH-2), 4.25 — 4.20 (1H, m, CH-3), 4.12 — 4.08 (1H, m, CH-5),
3.78 — 3.71 (2H, m, CH2-6), 3.53 — 3.48 (1H, m, CH-4), 1.51 (6H, s, CCHa); 13C
NMR (126 MHz, MeOD) & 133.5 (Ar), 130.2 (Ar), 129.0 (Ar), 121.9 (CCH,
triazole), 90.6 (CH-1), 75.5 (CH-5), 72.3 (CH-4), 71.4 (CH-3), 65.7 (CH-2), 62.2
(CH2-6), 30.6 (CCH3s), the CCH triazole, C(CHs)2 and quaternary aromatic carbon
signals were not observed in the spectrum; LCMS (ESI*) m/z = 382.05 [(M+H)*,
100%], Rt =2.45 min; HRMS (ESI*) calculated for C17H23N30sS [M+H]* 382.1437,
found 382.1443.
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Phenyl 2-(4-cyclopropyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-
acetyl-1-thio-a-D-glucopyranoside (174)

Sodium ascorbate (3.6 mg, 0.018 mmol, 0.25 eq.) and copper sulphate
pentahydrate (4.5 mg, 0.018 mmol, 0.25 eq.) were added to a mixture of phenyl
2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (152) (30 mg,
0.071 mmol, 1 eq.) and cyclopropylacetylene (12 uL, 0.142 mmol, 2 eq.) in
THF/water (1:1, 1.5 mL). The reaction was stirred at room temperature for 18 h.
After which time the reaction was concentrated in vacuo and the residue was
dissolved in dichloromethane (5 mL). The mixture was washed with water (3 x
10 mL). The aqueous layer was re-extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried over anhydrous Na2SOs and
concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (25-33% EtOAc in hexane) furnishing phenyl 2-(4-
cyclopropyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-

glucopyranoside (174) as a white solid (20 mg, 57%): Rs 0.33 (5% MeOH in
DCM); 'H NMR (500 MHz, CDCls) & 7.36 (1H, s, CH, triazole), 7.22 — 7.19 (5H,
m, ArH), 5.81 — 5.76 (1H, m, CH-3), 5.72 (1H, d, J = 5.4 Hz, CH-1), 5.28 — 5.22
(1H, m, CH-2), 5.16 — 5.11 (1H, m, CH-4), 4.63 — 4.59 (1H, m, CH-5), 4.28 (1H,
dd, J=12.4,5.0 Hz, CHACHs-6), 4.05 (1H, dd, J = 12.6, 2.0 Hz, CHACHg-6), 2.02
(3H, s, C(O)CHs), 2.00 (3H, s, C(O)CHs), 1.92 — 1.86 (1H, m, CH), 1.82 (3H, s,
C(O)CHs), 0.92 — 0.88 (2H, m, CHz), 0.78 — 0.76 (2H, m, CH2); **C NMR (126
MHz, CDCI3) & 170.6 (C=0), 170.1 (C=0), 169.5 (C=0), 150.2 (CCH, triazole),
132.2 (Ar), 131.6 (Ar), 129.3 (Ar), 128.4 (Ar), 118.9 (CH, triazole), 87.9 (CH-1),
69.2 (CH-5), 68.9 (CH-4), 68.8 (CH-3), 61.9 (CH-2), 61.8 (CH2-6), 20.7
(OC(O)CHgs), 20.6 (OC(0O)CHs), 20.5 (OC(O)CHs), 8.0 (CH2), 7.9 (CH2), 6.8 (CH);
LCMS (ESI*) m/z = 490.20 [(M+H)*, 100%], Rt = 3.94 min; HRMS (ESI*)
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calculated for C23H27N3O7S [M+H]* 490.1648, found 490.1653.
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Phenyl 2-(4-cyclopropyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-
glucopyranoside (175)

To a solution of phenyl 2-(4-cyclopropyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-
acetyl-1-thio-a-D-glucopyranoside (174) (20 mg, 0.041 mmol, 1.2 eq.) in
methanol (2 mL) 25% sodium methoxide solution in methanol (7 yL, 0.034 mmol,
1 eq.) was added. The reaction was stirred at room temperature for 2 h, after
which time it was concentrated in vacuo. The resulting crude material was purified
by silica gel column chromatography (5% methanol in DCM) furnishing phenyl 2-
(4-cyclopropyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-glucopyranoside (175) as a
colourless oil (10 mg, 67%): Rf 0.21 (5% MeOH in DCM); *H NMR (500 MHz,
MeOD) & 7.75 (1H, s, CH, triazole), 7.21 — 7.18 (2H, m, ArH), 7.17 — 7.14 (3H, m,
ArH), 5.61 (1H, d, J = 5.3 Hz, CH-1), 4.83 — 4.78 (1H, m, CH-2), 4.22 — 4.17 (1H,
m, CH-3), 4.11 — 4.07 (1H, m, CH-5), 3.78 — 3.70 (2H, m, CH2-6), 3.52 — 3.47
(1H, m, CH-4), 1.94 — 1.88 (1H, m, CH), 0.92 — 0.87 (2H, m, CH), 0.73 — 0.69
(2H, m, CH2); 3C NMR (126 MHz, MeOD) & 133.6 (Ar), 130.1 (Ar), 129.0 (Ar),
122.1 (CH, triazole), 90.5 (CH-1), 75.4 (CH-5), 72.3 (CH-4), 71.3 (CH-3), 65.7
(CH-2), 62.2 (CH2-6), 8.2 (CH2), 8.1 (CH2), 7.4 (CH), the CCH triazole and
guaternary aromatic carbon signals were not observed in the spectrum; LCMS
(ESI") m/z = 364.00 [(M+H)*, 100%], Rt = 2.81 min; HRMS (ESI*) calculated for
C17H21N304S [M+H]* 364.1331, found 364.1333.
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Phenyl 2-(4-phenyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-
1-thio-a-D-glucopyranoside (176)

Sodium ascorbate (3.6 mg, 0.018 mmol, 0.25 eq.) and copper sulphate
pentahydrate (4.5 mg, 0.018 mmol, 0.25 eq.) were added to a mixture of phenyl
2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (152) (30 mg,
0.071 mmol, 1 eq.) and phenylacetylene (16 pL, 0.142 mmol, 2 eq.) in THF/water
(1:1, 1.5 mL). The reaction was stirred at room temperature for 18 h, after which
time the reaction was concentrated in vacuo and the residue was dissolved in
dichloromethane (5 mL). The mixture was washed with water (3 x 10 mL). The
aqueous layer was re-extracted with dichloromethane (3 x 10 mL). The combined
organic layers were dried over anhydrous Na2SO4 and concentrated in vacuo.
The resulting crude material was purified by silica gel column chromatography
(1:3 ethyl acetate/hexane) furnishing phenyl 2-(4-phenyl-1,2,3-triazol-1-yl)-2-
deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (176) as a white solid
(25 mg, 67%): Rr 0.11 (1:3 ethyl acetate/hexane); *H NMR (500 MHz, CDCls3) &
7.90 (1H, s, CH, triazole), 7.81-7.78 (2H, m, ArH), 7.40-7.36 (2H, m, ArH), 7.31-
7.27 (1H, m, ArH), 7.24-7.17 (5H, m, ArH), 5.91-5.85 (1H, m, CH-3), 5.78 (1H, d,
J=5.5Hz, CH-1), 5.37 (1H, dd, J = 11.7, 5.5 Hz, CH-2), 5.23-5.16 (1H, m, CH-
4), 4.69-4.65 (1H, m, CH-5), 4.31 (1H, dd, J = 12.4, 4.9 Hz, CHACHs-6), 4.09 (1H,
dd, J=12.4, 2.2 Hz, CHACHg-6), 2.04 (3H, s, C(O)CH?3), 2.02 (3H, s, C(O)CHs3),
1.83 (3H, s, C(O)CHz); ¥3C NMR (126 MHz, CDCIz) d 170.6 (C=0), 170.2 (C=0),
169.5 (C=0), 147.8 (CCH, triazole), 132.4 (Ar), 131.5 (Ar), 130.2 (Ar), 129.4 (Ar),
128.9 (Ar), 128.5 (Ar), 128.4 (Ar), 125.9 (Ar), 118.8 (CCH, triazole) 88.1 (CH-1),
69.1 (CH-5), 69.0 (CH-4), 68.8 (CH-3), 62.2 (CH-2), 61.9 (CH2-6), 20.7
(OC(O)CHas), 20.6 (OC(O)CHs), 20.5 (OC(O)CHs3); LCMS (ESI*) m/z = 526.10
[(M+H)*, 100%], Rt = 4.25 min; HRMS (ESI*) calculated for C26H27N307S [M+H]*
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526.1648, found 526.1645.
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Phenyl 2-(4-phenyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-
glucopyranoside (177)
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To a solution of phenyl 2-(4-phenyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-
1-thio-a-D-glucopyranoside (176) (25 mg, 0.048 mmol, 1.2 eq.) in methanol
(2 mL) 25% sodium methoxide solution in methanol (9 pL, 0.040 mmol, 1 eq.)
was added. The reaction was stirred at room temperature for 2 h, after which time
it was concentrated in vacuo. The resulting crude material was purified by silica
gel column chromatography (5% methanol in DCM) furnishing phenyl 2-(4-
phenyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-glucopyranoside  (177) as a
colourless oil (5 mg, 26%): Rf 0.20 (5% MeOH in DCM); *H NMR (500 MHz,
MeOD) & 8.40 (1H, s, CCH, triazole), 7.78-7.75 (1H, m, ArH), 7.38-7.34 (2H, m,
ArH), 7.29-7.16 (5H, m, ArH), 7.15-7.12 (2H, m, ArH), 5.70 (1H, d, J = 5.3 Hz,
CH-1), 4.93 (1H, dd, J = 11.2, 5.4 Hz, CH-2), 4.34-4.28 (1H, m, CH-3), 4.17-4.12
(1H, m, CH-5), 3.81-3.73 (2H, m, CH2-6), 3.57-3.53 (1H, m, CH-4); 13C NMR (126
MHz, MeOD) & 133.7 (Ar), 130.9 (Ar), 130.8 (Ar), 130.1 (Ar), 130.0 (Ar), 129.4
(Ar), 129.0 (Ar), 126.7 (Ar), 122.3 (CCH, triazole), 90.5 (CH-1), 75.5 (CH-5), 72.3
(CH-4), 71.4 (CH-3), 65.9 (CH-2), 60.4 (CH2-6), the CCH triazole signal was not
observed in the spectrum; LCMS (ESI*) m/z = 400.05 [(M+H)*, 100%], Rt = 3.19
min; HRMS (ESI*) calculated for C20H21N304S [M+H]* 400.1331, found 400.1336.
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Phenyl 2-(4-pyridin-2-yl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-
acetyl-1-thio-a-D-glucopyranoside (178)

Sodium ascorbate (3.6 mg, 0.018 mmol, 0.25 eq.) and copper sulphate
pentahydrate (4.5 mg, 0.018 mmol, 0.25 eq.) were added to a mixture of phenyl
2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (152) (30 mg,
0.071 mmol, 1 eq.) and 2-ethynylpyridine (14 uL, 0.142 mmol, 2 eq.) in THF/water
(1:1, 1.5 mL). The reaction was stirred at room temperature for 18 h, after which
time the reaction was concentrated in vacuo and the residue was dissolved in
dichloromethane (5 mL). The mixture was washed with water (3 x 10 mL). The
agueous layer was re-extracted with dichloromethane (3 x 10 mL). The combined
organic layers were dried over anhydrous Na2SO4 and concentrated in vacuo.
The resulting crude material was purified by silica gel column chromatography
(2% methanol in DCM) furnishing phenyl 2-(4-pyridin-2-yl-1,2,3-triazol-1-yl)-2-
deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (178) as a white solid
(24 mg, 65%): Rt 0.47 (2% MeOH in DCM); 'H NMR (500 MHz, CDCls) d 8.57 —
8.54 (1H, m, ArH), 8.27 (1H, s, CH, triazole), 8.11 — 8.08 (1H, m, ArH), 7.73-7.69
(1H, m, ArH), 7.25 — 7.21 (2H, m, ArH), 7.20 — 7.15 (4H, m, ArH), 5.96 — 5.90
(1H, m, CH-3),5.78 (1H, d, J = 5.5 Hz, CH-1), 5.36 (1H, dd, J =11.7, 5.5 Hz, CH-
2),5.21 -5.16 (1H, m, CH-4), 4.71 — 4.67 (1H, m, CH-5), 4.32 (1H, dd, J = 12.4,
4.9 Hz, CHaCHg-6), 4.08 (1H, dd, J = 12.4, 2.2 Hz, CHaCHg-6), 2.03 (3H, s,
C(O)CHs), 2.02 (3H, s, C(O)CHs), 1.82 (3H, s, C(O)CHz); *C NMR (126 MHz,
CDCls) 6 170.6 (C=0), 169.8 (C=0), 169.7 (C=0), 149.9 (CCH, triazole), 149.7
(Ar), 148.5 (Ar), 136.9 (Ar), 132.3 (Ar), 131.6 (Ar), 129.3 (Ar), 128.4 (Ar), 123.1
(Ar), 121.4 (CCH, triazole), 120.3 (Ar), 87.9 (CH-1), 69.2 (CH-5), 68.9 (CH-4),
68.8 (CH-3), 62.2 (CH-2), 61.8 (CH2-6), 20.7 (OC(O)CHs), 20.6 (OC(O)CHzs), 20.5
(OC(O)CHa); LCMS (ESI*) m/z = 527.15 [(M+H)*, 100%], Rt = 3.83 min; HRMS
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(ESI*) calculated for C2sH26N4O7S [M+H]* 527.1600, found 527.1593.
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Phenyl 2-(4-pyridin-2-yl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-
glucopyranoside (179)

OH
L8
HO 332
HO 1
N
v,
N
LN

To a solution of phenyl 2-(4-pyridin-2-yl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-
acetyl-1-thio-a-D-glucopyranoside (178) (20 mg, 0.038 mmol, 1.2 eq.) in
methanol (2 mL) 25% sodium methoxide solution in methanol (7 yL, 0.032 mmol,
1 eqg.) was added. The reaction was stirred at room temperature for 2 h, after
which time it was concentrated in vacuo. The resulting crude material was purified
by silica gel column chromatography (5% methanol in DCM) furnishing phenyl 2-
(4-pyridin-2-yl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-glucopyranoside (179) as a
colourless oil (5 mg, 33%): Rf 0.10 (5% MeOH in DCM); *H NMR (500 MHz,
MeOD) & 8.52 (1H, s, CH, triazole), 8.51 — 8.49 (1H, m, ArH), 8.04 — 8.01 (1H, m,
ArH), 7.86 — 7.82 (1H, m, ArH), 7.31 — 7.28 (1H, m, ArH), 7.24 — 7.21 (2H, m,
ArH), 7.15 — 7.12 (3H, m, ArH), 5.73 (1H, d, J = 5.4 Hz, CH-1), 4.98 (1H, dd, J =
11.3, 5.4 Hz, CH-2), 4.32 — 4.26 (1H, m, CH-3), 4.17 — 4.13 (1H, m, CH-5), 3.81
—3.74 (2H, m, CH2-6), 3.57— 3.52 (1H, m, CH-4); 13C NMR (126 MHz, MeOD) &
150.5 (Ar), 139.0 (Ar), 133.6 (Ar), 130.9 (Ar), 130.2 (Ar), 129.1 (Ar), 124.6 (Ar),
124.2 (CCH, triazole), 121.6 (Ar), 90.5 (CH-1), 75.5 (CH-5), 72.3 (CH-4), 71.4
(CH-3), 65.9 (CH-2), 62.2 (CH2-6), the CCH triazole and quaternary aromatic
carbon signals were not observed in the spectrum; LCMS (ESI*) m/z = 401.10
[(M+H)*, 100%], Rt = 2.66 min; HRMS (ESI*) calculated for C19H20N404S [M+H]*
401.1284, found 401.1288.

176



Phenyl 2-(4-(4-methoxyphenyl)-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-
tri-O-acetyl-1-thio-a-D-glucopyranoside (180)
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Sodium ascorbate (3.6 mg, 0.018 mmol, 0.25 eq.) and copper sulphate
pentahydrate (4.5 mg, 0.018 mmol, 0.25 eq.) were added to a mixture of phenyl
2-azido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (152) (30 mag,
0.071 mmol, 1 eq.) and ethynylanisole (19 mg, 0.142 mmol, 2 eq.) in THF/water
(1:1, 1.5 mL). The reaction was stirred at room temperature for 18 h, after which
time the reaction was concentrated in vacuo and the residue was dissolved in
dichloromethane (5 mL). The mixture was washed with water (3 x 10 mL). The
aqueous layer was re-extracted with dichloromethane (3 x 10 mL). The combined
organic layers were dried over anhydrous Na:SO4 and concentrated in vacuo.
The resulting crude material was purified by silica gel column chromatography
(25-50% EtOAc in hexane) furnishing phenyl 2-(4-(4-methoxyphenyl)-1,2,3-
triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (180) as a
white solid (5 mg, 13%): Rt 0.39 (2% MeOH in DCM); *H NMR (500 MHz, CDClz)
0 7.81 (1H, s, CH, triazole), 7.73 — 7.70 (2H, m, ArH), 7.24 — 7.21 (2H, m, ArH),
7.20 — 7.18 (3H, m, ArH), 6.93 — 6.89 (2H, m, ArH), 5.90 — 5.85 (1H, m, CH-3),
5.77 (1H, d, J = 5.5 Hz, CH-1), 5.35 (1H, dd, J = 11.8, 5.5 Hz, CH-2), 5.20 — 5.16
(1H, m, CH-4), 4.68 — 4.64 (1H, m, CH-5), 4.31 (1H, dd, J = 12.4, 4.9 Hz, CHACHe-
6), 4.09 (1H, dd, J = 12.4, 2.2 Hz, CHACHg-6), 3.79 (3H, s, OCHz3), 2.04 (3H, s,
C(O)CHzs), 2.02 (3H, s, C(O)CHsz), 1.83 (3H, s, C(O)CHzs); 3C NMR (126 MHz,
CDCls) 6 170.6 (C=0), 169.9 (C=0), 169.5 (C=0), 132.4 (Ar), 129.3 (Ar), 128.5
(Ar), 127.2 (Ar), 117.9 (CCH, triazole), 114.3 (Ar), 88.1 (CH-1), 69.2 (CH-5), 69.0
(CH-4), 68.8 (CH-3), 62.1 (CH-2), 61.8 (CH2-6), 55.4 (OCHs3), 20.7 (OC(O)CHp3),
20.6 (OC(O)CHs), 20.5 (OC(O)CHpa3), the CCH triazole and quaternary aromatic
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carbon signals were not observed in the spectrum; LCMS (ESI*) m/z = 556.15
[(M+H)*, 100%], Rt = 4.17 min; HRMS (ESI*) calculated for C27H290N3OsS [M+H]*
556.1754, found 556.1758.
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Benzyl 2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-
acetyl-1-thio-a-D-glucopyranoside (181)

Sodium ascorbate (2.6 mg, 0.013 mmol, 0.25 eq.) and copper sulphate
pentahydrate (3.2 mg, 0.013 mmol, 0.25 eq.) were added to a mixture of benzyl
2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside  (167)
(25 mg, 0.051 mmol, 1 eq.) and propargyl alcohol (6 pyL, 0.102 mmol, 2 eq.) in
THF/water (1:1, 1.0 mL). The reaction was stirred at room temperature for 18 h.
After which time the reaction was concentrated in vacuo and the residue was
dissolved in dichloromethane (5 mL). The mixture was washed with water (3 x
10 mL). The aqueous layer was re-extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried over anhydrous Na2SOs4 and
concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (5% methanol in DCM) furnishing benzyl 2-(4-
hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-

glucopyranoside (181) as a yellow oil (25 mg, 89%): Rt 0.14 (5% MeOH in DCM);
'H NMR (500 MHz, CDCl3) 8 7.52 (1H, s, CH, triazole), 7.28 — 7.18 (5H, m, ArH),
6.01 (1H, d, J =8.2 Hz, NH), 5.30 (1H, d, J = 5.4 Hz, CH-1), 5.04 — 4.98 (1H, m,
CH-4), 4.94 — 4.88 (1H, m, CH-3), 4.87 — 4.77 (2H, m, CH2N), 4.75 (2H, s,
CH20H), 4.34 — 4.28 (1H, m, CH-2), 4.23 — 4.18 (1H, m, CH-5), 4.16 (1H, dd, J
= 12.3, 4.4 Hz, CHACHg-6), 3.83 (1H, dd, J = 12.3, 2.0 Hz, CHACHg-6), 3.74 —
3.66 (2H, m, SCH), 2.02 (3H, s, C(O)CHs), 1.94 (3H, s, C(O)CHs), 1.90 (3H, s,
C(O)CHs3); 3C NMR (126 MHz, CDCl3) d 171.9 (C=0), 170.7 (C=0), 169.3 (C=0),
137.1 (Ar), 129.0 (Ar), 128.8 (Ar), 127.6 (Ar), 123.2 (CH, triazole), 83.0 (CH-1),
71.2 (CH-3), 68.7 (CH-5), 67.8 (CH-4), 61.7 (CH2-6), 56.6 (CH20H), 52.7 (CH-2),
52.6 (CH2N), 35.1 (SCH2), 20.8 (OC(O)CHs), 20.7 (OC(O)CHs), 20.6

179



(OC(O)CHs), the CCH triazole signal was not observed in the spectrum; LCMS
(ESI*) m/z = 551.20 [(M+H)*, 100%], Rt = 3.16 min; HRMS (ESI*) calculated for
C24H30N409S [M+H]* 551.1812, found 551.1819.
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Benzyl 2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-
glucopyranoside (182)
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To a solution of benzyl 2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-
acetyl-1-thio-a-D-glucopyranoside (181) (25 mg, 0.045 mmol, 1.2 eq.) in
methanol (2 mL) 25% sodium methoxide solution in methanol (8 pL, 0.038 mmol,
1 eqg.) was added. The reaction was stirred at room temperature for 2 h, after
which time it was concentrated in vacuo. The resulting crude material was purified
by silica gel column chromatography (5-20% methanol in DCM) furnishing benzyl
2-(4-hydroxymethyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-glucopyranoside (182)
as a yellow oil (5 mg, 26%): Rf 0.09 (5% MeOH in DCM); *H NMR (500 MHz,
MeOD) &6 7.76 (1H, s, CH, triazole), 7.25 - 7.22 (2H, m, ArH), 7.20 — 7.15 (2H, m,
ArH), 7.13 — 7.09 (1H, m, ArH), 5.23 (1H, d, J = 5.4 Hz, CH-1), 5.05 (1H, d, J =
16.2 Hz, CHACHEN), 4.97 (1H, d, J = 16.2 Hz, CHACHEN), 4.59 (2H, s, CH20H),
3.94 (1H, dd, J =11.0, 5.4 Hz, CH-2), 3.91 — 3.86 (1H, m, CH-5), 3.73 — 3.65 (3H,
m, SCHz + CHACHs-6), 3.61 (1H, dd, J = 12.0, 5.5 Hz, CHACHs-6), 3.57 — 3.52
(1H, m, CH-3), 3.29 — 3.25 (1H, m, CH-4); 3C NMR (126 MHz, MeOD) & 149.1
(CCH, triazole), 139.5 (Ar), 130.2 (Ar), 129.5 (Ar), 128.1 (Ar), 125.6 (CH, triazole),
83.9 (CH-1), 74.6 (CH-5), 72.9 (CH-4), 72.6 (CH-3), 62.5 (CH2-6), 56.5 (CH20H),
55.8 (CH-2), 52.9 (CH2N), 35.1 (SCH2); HRMS (ESI*) calculated for C1s8H24N4O6S
[M+H]* 425.1495, found 425.1499.
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Benzyl 2-(4-phenyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-
1-thio-a-D-glucopyranoside (183)

Sodium ascorbate (3.6 mg, 0.018 mmol, 0.25 eq.) and copper sulphate
pentahydrate (4.5 mg, 0.018 mmol, 0.25 eq.) were added to a mixture of benzyl
2-azidoacetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside  (167)
(35 mg, 0.071 mmol, 1 eq.) and phenylacetylene (16 pL, 0.142 mmol, 2 eq.) in
THF/water (1:1, 1.5 mL). The reaction was stirred at room temperature for 18 h,
after which time the reaction was concentrated in vacuo and the residue was
dissolved in dichloromethane (5 mL). The mixture was washed with water (3 x
10 mL). The aqueous layer was re-extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried over anhydrous Na2SOs and
concentrated in vacuo. The resulting crude material was purified by silica gel
column chromatography (10% methanol in DCM) furnishing benzyl 2-(4-phenyl-
1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranoside (183) as
a yellow solid (20 mg, 47%): R 0.50 (10% MeOH in DCM); 'H NMR (500 MHz,
CDCl3) 8 7.79 — 7.75 (3H, m, ArH + CH, triazole), 7.40 — 7.35 (2H, m, ArH), 7.31
—7.27 (1H, m, ArH), 7.23 — 7.15 (5H, m, ArH), 6.16 (1H, d, J = 8.3 Hz, NH), 5.26
(1H, d, J = 5.4 Hz, CH-1), 5.04 — 4.99 (1H, m, CH-4), 4.97 — 4.92 (1H, m, CH-3),
4.92 — 4.82 (2H, m, CH2N), 4.38 — 4.32 (1H, m, CH-2), 4.23-4.20 (1H, m, CH-5),
4.16 (1H, dd, J = 12.3, 4.4 Hz, CHACHE-6), 3.84 (1H, dd, J = 12.3, 2.1 Hz,
CHACHg-6), 3.72 — 3.64 (2H, m, SCH2), 2.02 (3H, s, C(O)CHs), 1.93 (3H, s,
C(O)CHz3), 1.87 (3H, s, C(O)CHa); *C NMR (126 MHz, CDCl3z) & 171.5 (C=0),
170.7 (C=0), 169.3 (C=0), 148.5 (CCH, triazole), 137.0 (Ar), 130.2 (Ar), 129.0
(Ar), 128.9 (Ar), 128.7 (Ar), 128.5 (Ar), 127.6 (Ar), 125.9 (Ar), 120.90 (CCH,
triazole), 83.0 (CH-1), 71.3 (CH-3), 68.7 (CH-5), 67.85 (CH-4), 61.8 (CH2-6), 52.7
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(CH2N), 52.6 (CH-2), 35.0 (SCH2), 20.8 (OC(O)CHs), 20.6 (OC(O)CHs), 20.5
(OC(O)CHs); HRMS (ESI*) calculated for C29H32N40sS [M+H]* 597.2019, found
597.2012.
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Benzyl 2-(4-phenyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-
glucopyranoside (184)

To a solution of benzyl 2-(4-phenyl-1,2,3-triazol-1-yl)-2-deoxy-3,4,6-tri-O-acetyl-
1-thio-a-D-glucopyranoside (183) (20 mg, 0.034 mmol, 1.2 eq.) in methanol
(2 mL) 25% sodium methoxide solution in methanol (6 pL, 0.028 mmol, 1 eq.)
was added. The reaction was stirred at room temperature for 2 h, after which time
it was concentrated in vacuo. The resulting crude material was purified by silica
gel column chromatography (5% methanol in DCM) furnishing benzyl 2-(4-
phenyl-1,2,3-triazol-1-yl)-2-deoxy-1-thio-a-D-glucopyranoside (184) as a white
solid (5 mg, 32%): Rt 0.11 (5% MeOH in DCM); *H NMR (500 MHz, MeOD) &
8.16 (1H, s, CCH, triazole), 7.75-7.70 (2H, m, ArH), 7.38-7.32 (1H, m, ArH), 7.28-
7.05 (7H, m, ArH), 5.25 (1H, d, J = 5.1 Hz, CH-1), 5.11-5.02 (2H, m, CH2N), 3.96
(1H, dd, J = 11.0, 5.4 Hz, CH-2), 3.92-3.87 (1H, m, CH-5), 3.74-3.65 (3H, m,
SCH2 + CHACHs-6), 3.62 (1H, dd, J = 12.1, 5.5 Hz, CHACHs-6), 3.58-3.53 (1H,
m, CH-3), 3.30-3.25 (1H, m, CH-4); 13C NMR (126 MHz, MeOD) & 131.3 (Ar),
130.9 (Ar), 130.1 (Ar), 130.0 (Ar), 129.5 (Ar), 129.4 (Ar), 128.1 (Ar), 126.7 (Ar),
122.2 (CCH, triazole), 83.8 (CH-1), 74.6 (CH-5), 72.9 (CH-3), 72.6 (CH-4), 62.5
(CH2-6), 55.8 (CH-2), 54.8 (CH2N), 35.1 (SCH>), the CCH triazole signal was not
observed in the spectrum; HRMS (ESI*) calculated for C23H26N4OsS [M+H]*
471.1702, found 471.1709.
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12. Biological experiments

Chemicals and Buffers

All chemical reagents were purchased from Fisher Scientific, Sigma Aldrich UK,
VWR or Life Sciences unless otherwise stated. SDS PAGE gel electrophoresis
was carried out using NOVEX™ precast gels and buffers from Invitrogen Ltd.
Instant Blue was obtained from Expedeon through Fisher Scientific. All solutions
for growth were autoclaved (Priorclave Front Loading Autoclave machine) and
stored at room temperature unless otherwise stated. A Beckman Coulter Avanti
J-E Centrifuge was used.

Mycothiol-S-transferase expression and purification
Mycothiol-S-transferase (MST) was overexpressed in E. coli BL21(DE3) host
cells harbouring the pETMtMST plasmid (from Dr M. Rawat, CSU Fresno). For
the expression step, the cells were grown overnight at 37 °C in 5 mL of Luria-
Bertani (LB) medium supplemented with ampicillin (100 ug/mL). 1 mL of the
overnight culture was transferred to 500 mL of the LB broth containing ampicillin
(100 pg/mL) and grown at 37 °C until the measured optical density at 650 nm
(OD650) reached 0.5. The cells were induced with 0.5 mM IPTG and incubated
overnight at 22 °C. Cells were harvested by centrifugation (15 min, 5000 rpm)
and resuspended in 20 mL of LEW buffer (50 mM NaH2PO4, 300 mM NaCl, 10%
glycerol, pH 8.0). Next, the cells were lysed using sonication and the cellular
debris was removed by centrifugation (20 min, 13000 rpm). The supernatant was
filtered through a 0.45 ym Whatman syringe filter and the protein was purified
using a Ni-NTA agarose gel. The column was washed with a Wash Buffer (50 mM
NaH2PO4, 300 mM NacCl, 10% glycerol, pH 8.0, 10 mM imidazole) and then the
protein was eluted with the Elution Buffer (50 mM NaH2PO4, 300 mM NaCl, 10%
glycerol, pH 8.0, 250 mM imidazole). SDS-PAGE Gel was used to identify the
purity of the protein and the Bradford assay was used to determine the
concentration of the protein in each of the fractions collected. The fractions
containing the protein were pooled and loaded onto a PD-10 column to undergo
buffer exchange with LEW buffer (50 mM NaH2PO4, 300 mM NaCl, 10% glycerol,
pH 8.0). The protein was stored in 100 pL aliquots at -80 °C.
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