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ABSTRACT 

 

Viruses are responsible for the onset of various infectious diseases and make a 

considerable impact on human health.  The search for antiviral drugs is significantly 

assisted by an understanding of the molecular events taking place during viral infections.  

The research described in this Ph.D. thesis was focussed on enzymes involved in two 

important stages of the influenza virus life cycle; virus replication, and virus release from 

the infected host cell.  Influenza virus is a significant human pathogen, with high annual 

infection rates, and three major pandemics recorded in the past 100 years.  The continual 

emergence of new strains of this virus (for example 2009 H1N1 swine influenza virus and 

H5N1 avian influenza virus) presents an on-going threat to mankind that could have 

devastating health and socio-economic impact. 

 

The work that forms the major part of the research, described in the first part (Chapters 2 to 

4) of the thesis, was directed towards the preparation of novel carbohydrate-based probes 

as potential inhibitors of influenza virus sialidase; an enzyme necessary for virus spread 

during influenza virus infection.  In this work, a glucuronide-based scaffold was chosen for 

investigating the development of new sialidase inhibitors.  These glucuronide-based 

derivatives are in essence mimetics of the natural, unsaturated sialic acid Neu5Ac2en, 

which is itself a micromolar inhibitor of the enzyme.  Chapter 2 describes the development 

of various synthetic routes towards preparation of β-glucuronyl phosphonate-based 

Neu5Ac2en mimetics, with phosphonate substituents replacing the glycerol side chain of 

Neu5Ac2en.  En route to the successful synthesis of the 'parent' β-glucuronyl 

phosphonates, several protecting group variations were investigated, with the outcome of 

the phosphonylation reaction seemingly dependent on the nature of the substituents present 

on the precursor glycal.  Chapter 3 describes the synthesis of a series of a 3-O-substituted 

2-acetamido-∆4-β-D-glucuronide-based inhibitors starting from readily available GlcNAc.  

The synthesized C-3 substituted derivatives were assessed for inhibition of influenza virus 

sialidase (N2) using an in vitro enzyme assay.  It was found that the parent C-3 hydroxy 

derivative has the maximum inhibitory activity compared to the glucuronide derivatives 

containing a hydrophobic substituent at C-3. 

 

Approaches towards the synthesis of C-4 substituted 2-acetamido-∆4-β-D-glucuronide-

based inhibitors are described in Chapter 4.  Several methodologies are reported, as well as 

protecting group manipulations, towards the attempted synthesis of C-4 substituted 4,5-



unsaturated glucuronide derivatives.  It appears from these investigations that gaining 

access to the C-4 position of the ∆4-glucuronide scaffold is not as straightforward as 

envisaged.  In this work, however, a pathway has been identified to synthesize a key 

intermediate β-keto ester that could lead to the C-4 substituted ∆4-glucuronide-based 

sialidase inhibitors. 

 

The second area of research in this thesis, described in Chapter 5, was based on a 

preliminary investigation that targeted viral polymerase, an enzyme necessary for viral 

replication.  The present work was focussed on building a library of 1'-homo-N-nucleoside 

mimetics, utilizing alkyne-azide 'click' chemistry to introduce a substituted triazole as a 

replacement for the nucleobase.  A range of potential polymerase inhibitors based on a 2,5-

anhydro-glucitol template has been synthesized to explore structure-activity relationships. 
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CHAPTER 1 
 

INTRODUCTION 

 

1.1 Viral Diseases 
 
Viral infection is a major cause of human disease and mortality; nearly one thousand 

different types of virus are known to infect humans, accounting for approximately 60% of 

all human infections.1  It has been possible to control many viral infections such as 

smallpox, poliomyelitis, and yellow fever, by safe and effective vaccines, but a plethora of 

viral diseases cannot be prevented by vaccination.  Some virus groups have been 

successfully targeted by antiviral drugs.  However, viral mutations causing drug resistance 

pose a continuous need for research in the field of viral infection control. 

 

The search for antiviral agents essentially depends on detailed understanding of the 

reactions and interactions occurring at the molecular level during viral infections.  With the 

advent of virogenomics,2,3 knowledge of complete genome sequences of both virus and 

host has led to greater understanding of viral replication, resulting in the development of 

novel drug targets.  Virus encoded protein targets are attractive as they are often not 

present in uninfected cells.  It has been possible to produce, purify and crystallise viral 

proteins which has allowed structure based approaches for the design and synthesis of new 

antiviral drugs.4  Some of the stages of the virus life cycle that can be targeted include 

virus adsorption, virus-cell fusion, viral DNA or RNA synthesis by polymerases, and the 

action of viral enzymes, such as HIV protease and influenza virus sialidase. 

 

The research described in this thesis was primarily focussed on the development of 

carbohydrate-based probes to target influenza virus sialidase, an enzyme critical for virus 

spread during influenza virus infection.  In addition, preliminary work towards developing 

carbohydrate-based inhibitors as potentially broad-spectrum anti-viral agents through 

targeting viral polymerase, an enzyme necessary for virus replication was undertaken.  

This introduction gives an overview of the development of influenza virus sialidase 

inhibitors.  An overview to viral polymerases as targets for drug discovery is given in 

Chapter 5. 

 

 

 



 

2

1.2 Influenza 
 
Influenza is an infectious disease affecting mainly the respiratory system.  The common 

symptoms include fever, sore throat, muscle pains, severe headache, coughing, weakness 

and fatigue.  In more serious cases, influenza can lead to pneumonia, which can be fatal, 

particularly in young children and the elderly.5  The term influenza was introduced in Italy 

in the 15th century to describe an epidemic attributed to the influence of the stars.  

However, in 1933, a virus was identified as the causative agent marking the beginning of a 

better understanding of the disease.6 

 

1.2.1 Morphology of Influenza virus 
 
Influenza is caused by an RNA virus of the family Orthomyxoviridae.  The viral envelope 

contains two major surface antigenic proteins, haemagglutinin (HA) and sialidase or 

neuraminidase (NA), appearing as 'spikes' on the virion surface.7  Beneath the viral lipid 

envelope is the matrix protein surrounding the core of ribonucleoprotein (RNP).  The RNP 

contains a genome of single-stranded RNA divided into eight (types A and B) or seven 

(type C) linear segments that are coated with nucleoprotein (NP).  The NP surrounds the 

three viral polymerase proteins PB2, PB1 and PA, which are important for virus 

replication.7-9 

 

1.2.2 Subtypes of Influenza virus 
 
Influenza viruses are categorised into A, B and C types based on serological differences.8  

Of these, type A viruses are the most virulent, capable of causing severe and sometimes 

fatal acute respiratory disease.  Influenza A viruses have been isolated from humans and 

various animals, including pigs, horses, and sea mammals, as well as from a great variety 

of different avian species (including domestic poultry).  Influenza B and C viruses have 

mainly been isolated from humans.9 

 

Influenza A viruses are further subdivided into different subtypes based on their two 

surface antigens, HA and NA.  All subtypes of the HA glycoprotein, H1 to H16, and NA 

glycoprotein, N1 to N9, are maintained in the avian world.  Influenza viruses that have 

become established in mammals, however show a restricted combination of HA and NA 

subtypes: human viruses have been limited to H1, H2, H3, N1 and N2.8  However, recently 

there have been instances of direct infection of humans by avian influenza virus types 

H5N1, H9N2 and H7N7.10,11 

http://en.wikipedia.org/wiki/Infectious_disease
http://en.wikipedia.org/wiki/Fever
http://en.wikipedia.org/wiki/Pharyngitis
http://en.wikipedia.org/wiki/Myalgia
http://en.wikipedia.org/wiki/Headache
http://en.wikipedia.org/wiki/Cough
http://en.wikipedia.org/wiki/Malaise
http://en.wikipedia.org/wiki/Malaise
http://en.wikipedia.org/wiki/Pneumonia
http://en.wikipedia.org/wiki/RNA_virus
http://en.wikipedia.org/wiki/Biological_family
http://en.wikipedia.org/wiki/Orthomyxoviridae
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The structural composition and properties of the influenza viruses have several 

implications that relate to their pathogenicity.  The influenza virus RNA polymerase is 

prone to a high error rate,5 which, in conjunction with the single strand genomic structure, 

manifests as a poor editing function.  The result is a high mutation rate,5,7 which promotes 

the production of mutant viruses (antigenic drift) that escape antibody recognition, and 

allows infection in individuals with prior exposure to earlier viral strains.  An event that 

has been associated with more serious clinical consequences, however, is antigenic shift,8 

detected only in type A influenza viruses.  An antigenic shift is believed to occur via a 

genetic recombination or reassortment of viral RNA of different influenza A virus strains.  

Such genetic mixing involves a susceptible animal, such as a swine being co-infected with 

a human and an avian influenza virus strain, resulting in a strain in which avian surface 

proteins have replaced those of the human strain.6 

 

Antigenic shift in influenza A viruses has triggered three pandemics in the last century.  

Spanish influenza in 1918 (type H1N1) caused 40-50 million deaths worldwide, Asian 

influenza in 1957 (H2N2) resulted in almost one million deaths, and lastly Hong Kong 

influenza in 1968 (H3N2) killed more than 30,000 people in the USA only.8  The recent 

outbreak and global spread of influenza A H1N1 2009 virus from swine to humans has 

compelled the World Health Organisation (WHO) to declare a pandemic caused by this 

virus.12  Between June 2009 and May 2010, more than 214 countries have reported 

laboratory confirmed cases of pandemic influenza (swine-origin A/H1N1), which 

accounted for over 18,000 deaths worldwide.13 

 

Since 1997, a highly pathogenic avian-origin H5N1 influenza A virus, has been causing 

epidemics in wild birds and in domestic poultry.10,14,15  Evidence has also shown that the 

H5N1 virus has been evolving rapidly in ducks and has become increasingly pathogenic in 

chicken and mice.10  Severe disease and fatalities have resulted from H5N1 infection in a 

number of human beings (most of whom are believed to have had close contact with 

infected poultry) and so far more than 290 human deaths have been reported by the 

WHO.13,16,17  Fortunately, there is no conclusive evidence so far of significant human-to-

human transmission of H5N1 viruses.14  With its high pathogenicity, if the H5N1 virus 

acquires mutations that allow human-to-human transmission, and that maintain the 

virulence of the avian strain, the virus could quickly spread and may cause a greater 

pandemic than the 1918 Spanish Flu.18  A recent study has estimated that a human-to-
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human transmissible, highly pathogenic, pandemic influenza virus could lead to ~62 

million deaths worldwide.19 

 

The control of a newly emerged, transmissible and potentially pandemic influenza virus is 

very difficult  Current vaccines will not be effective against the future pandemic virus.11,18  

The development of drugs in combating the disease is discussed in the subsequent sections. 

 

1.3 Life Cycle of Influenza A virus 
 
Influenza virus initiates infection by the multivalent binding of haemagglutinin 

glycoproteins on the viral envelope to glycoconjugates terminated by the carbohydrate 

sialic acid (e.g. N-acetylneuraminic acid, Neu5Ac 1), displayed on the host cell surface.  

This is followed by fusion of the viral and endosomal membranes and the release of viral 

genes into the cytoplasm through the M2 ion channels present in influenza A virus.  

Subsequently the viral genome is replicated, and used for the production of additional viral 

components.  In the next step, these viral genes and proteins assemble to construct the 

virion progeny for the budding process from the host cell.  The other surface glycoprotein, 

sialidase, then acts to cleave sialic acids from surface receptors and facilitates the release 

of virus particles to infect new host cells.20  The various stages during the virus life cycle 

have been targeted to develop drugs against the influenza virus.7,21-23  Figure 1 shows the 

life cycle of influenza virus and sites for the virus inhibition. 
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Figure 1.  Life cycle of influenza virus and sites targeted by drugs for viral 
inhibition.24  Figure reproduced from Reference 24, with permission. 

 

The first available anti-influenza drugs, amantadine and rimantadine,25 block the uncoating 

step in the viral life cycle by targeting the M2 ion channel protein and therefore their use is 

limited only to influenza A viruses.7,21  These drugs have an additional disadvantage that 

they cause serious CNS side effects in the patients.26,27  Moreover, the rapid emergence of 

drug resistance and the easy transmissibility of drug-resistant viruses28 have compromised 

the usefulness of amantadine and rimantadine.  Ribavarin has also been demonstrated to 

inhibit virus replication by acting on the RNA polymerase action21,23 (discussed in Chapter 

5). 

 

Both haemagglutinin and sialidase have been proposed as potential anti-influenza drug 

discovery targets.7,23  As previously mentioned HA mediates binding and fusion of the 

viral and host cell membranes.  Inhibition of binding HA to the epithelial cells could be an 

efficient means of blocking infection.  Much effort has been paid to the design of effective 

inhibitors of HA.22,29-31  However, the problem associated with carbohydrate receptor 

interactions is their relatively low binding affinity.  The binding constant of monovalent 

sialosides with influenza virus HA is relatively low, KD ~2.8 × 10-3 M.32  A possible 
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approach to increase the binding affinity of synthetic sialosides is to use a multivalent 

display of monomeric carbohydrate ligands.  For this reason, functionalised polymers, 

peptides, dendrimers, or liposomes that contain sugars have attracted interest, and some 

have been shown to exhibit higher binding affinities to HA.22,33 

 

As discussed earlier, sialidase assists in the release of the virus progeny by cleavage of the 

sialic acid (Neu5Ac 1) from the cell-surface glycoproteins at either Sia-α-2,3-Gal or Sia-α-

2,6-Gal linkages.21  By targeting the sialidase, it is possible to prevent the release of the 

newly formed virus particles and thereby inhibit further virus spread.20,34  Sialidase has 

proven to be the most successful drug target to date35 and will be discussed in detail in the 

next section. 

 

1.4 Influenza virus sialidase 
 
Influenza virus sialidase (NA) is essential for facilitating release of viral progeny from the 

host cell surface and preventing their aggregation.20,34  The viral NA has a box-shaped 

globular head attached to a thin stalk that is embedded in the viral membrane.6,9  The head 

of the NA is a homotetramer composed of identical disulfide-linked subunits.  Each 

monomer has six small β-sheets consisting of four antiparallel strands,6 with each β-sheet 

motif arranged as in the blades of a propeller.9  The active site of the protein lies close to 

the centre of a sixfold pseudo-symmetry axis,36 which passes through the centre of the 

monomer and relates the six β-sheets to each other.  Variable loops containing amino acids 

that change during antigenic drift have been found to form a circle around the active site.36  

Analysis by X-ray crystallography37 revealed that the active site contains a relatively large 

number of charged and polar residues that either make contact with bound α-Neu5Ac 1a 

(Figure 2), or support the residues involved in substrate binding, and that are highly 

conserved across all strains of influenza virus.  The latter point is highly relevant for the 

design of inhibitors against a virus that has a high mutation rate. 
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Figure 2.  Influenza virus sialidase monomer with α-Neu5Ac 1a bound. 

 

Influenza virus sialidase has attracted considerable attention as a target for antiviral drug 

design, owing to its prominent position at the surface of the virion, its profound role in 

viral pathogenesis, and the conserved nature of the active site among viral strains.37,38 

 

1.4.1 Catalytic mechanism of sialidase 
 
The mechanism by which sialidases exert their hydrolytic activity remains an active field 

of research.  In the absence of structural information, it was originally proposed39 in the 

1970’s that the hydrolysis reaction (Figure 3) is driven by substrate distortion, whereby the 

normally 2C5 sialoside is bound in an α-configured, high energy, half-chair conformation 

favoured by electrostatic interactions between the substrate carboxylate and positively 

charged residues in the enzyme active site.  The X-ray structures of influenza virus NA in 

complex with α-Neu5Ac 1a later confirmed both distortion of the substrate upon binding 

and the formation of a salt bridge between the carboxylate and a triarginyl cluster in the 

active site.40 
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Figure 3.  Mechanism of catalysis proposed41-43 for influenza virus sialidase. 

 

The hydrolysis reaction catalysed by influenza virus NA was suggested, on the basis of 

kinetic isotope effect measurements and molecular modelling studies,44 to proceed through 

an enzyme stabilised sialosyl cation intermediate 2 that in turn reacts in a stereoselective 

manner with water to afford α-Neu5Ac 1a (Figure 3).  However, it is now known that the 

formation of a covalent glycosyl-enzyme intermediate45 is a common feature of most 

retaining glycosidases.  For sialidases, there is increasing evidence to support the 

intermediacy of a covalent linkage formed between the substrate Neu5Ac and a conserved 

tyrosine residue46, though this has not been demonstrated for the influenza virus NA itself. 

 

All these studies led to the hypothesis that an attractive approach to anti-influenza drug 

design is the development of transition state analogues which could bind more tightly to 

the active site than substrate and thus restrain the role of sialidase in spreading influenza 

virus.  The first transition-state-like sialic acid-based influenza virus sialidase inhibitor 

Neu5Ac2en 3 was developed47 in 1974.  It has a Ki of ~ 4 μM against influenza A (N2) 

virus sialidase in vitro,48 and mimics the half-chair conformation of the proposed sialosyl 

cation transition-state intermediate 2 of sialoside hydrolysis.49 

O

R

HO2C

HO
OH

2 3 Neu5Ac2enR = NHAc
HHOH

HO O CO2H
R

HO

H OH

HOH

HO O CO2H
R

HO

H OH

R = NHAc

OHHO H

 
 

 



 

9

1.4.2 Influenza virus sialidase active site 
 
The active site of influenza virus NA is defined by a number of discrete adjoining binding 

pockets that interact with specific functional groups on the sialic acid ligand.  The active 

site contains an unusually high number of charged amino acids with a total of nine acidic 

residues, six basic residues and three hydrophobic residues.38  A number of bound water 

molecules also mediate substrate binding through hydrogen bonding networks.36,37  To 

facilitate extensive studies on structure activity relationships (SAR) in inhibitor design, the 

active site of influenza virus NA was divided into 5 regions, termed subsites 1-5.50  These 

subsites are depicted in Figure 4 for influenza A virus N2 sialidase with sialic acid-based 

inhibitor Neu5Ac2en 3 bound to the active site.50 
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Figure 4.  Depiction of influenza virus sialidase active site with inhibitor 
Neu5Ac2en 3 bound.50  [Residue numbering is based on influenza A (N2) virus 
sialidase.] 

 

Subsite 1 includes the Arg triad (118, 292, and 371), providing a positively charged 

electrostatic and hydrogen-bonding milieu for the anionic carboxylate group of the 

inhibitor.  Subsite 2 forms a negatively charged region, bounded by Glu 119 and 227, of 

the active site, and accommodates C4-OH of inhibitor 3.  Subsite 3, which is adjacent to a 

polar region formed by the side chain of Arg 152 and a bound water molecule, encircles a 

small hydrophobic region containing Trp 178 and Ile 222 and accommodates the 5-

acetamido group of Neu5Ac2en 3.  Subsite 5 is comprised of both charged and 

hydrophobic regions as it contains the carboxylate of Glu 276 and the methyl of Ala 246.  

Subsite 5 accommodates the glycerol side-chain of inhibitor 3.50  Subsite 4 was observed 



 

10

by scientists when they noticed that replacing the glycerol side chain of sialic acid-based 

inhibitors with branched aliphatic groups forces Glu 276 to undergo a conformational 

change, forming a salt bridge with Arg 224.  This exposes the methylene groups of Glu 

276 to form a hydrophobic region51 along with side chains of Ile 222 and Ala 246.  Subsite 

4 is, however, not occupied by any portion of Neu5Ac2en 3.  The reports37,52 of the crystal 

structures of Neu5Ac 1 and Neu5Ac2en 3 with influenza virus sialidase in 1990's led to a 

dazzling opportunity for the rational design of potent inhibitors of influenza virus sialidase. 

 

1.5 Structure-based drug design targeting influenza virus sialidase 
 
Inhibition of influenza virus sialidase will cause clumping of new virus particles with the 

host cell membrane, as well as with other virions, preventing release of new viral progeny 

to other uninfected cells and hence combating the spread of the virus.20  The challenge to 

develop potent inhibitors of the sialidase based on the study of enzyme structure and the 

mode of binding of α-Neu5Ac 1a (the product of enzyme hydrolysis), and its unsaturated 

analogue Neu5Ac2en 3 was taken up by a number of research groups.  Many 

reviews20,22,24,53-58 in the literature report on the development of sialidase inhibitors; herein, 

only a brief overview of the main findings in inhibitor development, based around the 

different scaffolds used in the design of sialidase inhibitors, will be presented. 

 

1.5.1 Sialidase inhibitors based on the natural substrate: development of zanamivir 
 
The first rational structure-based drug design study using influenza virus sialidase crystal 

structure(s) was performed by the von Itzstein group.59  From this study using molecular 

modelling program GRID, various potential interactions between a series of functional 

groups (probes) and the sialidase active site were identified.  It emerged from the GRID 

studies that replacement of the C-4 hydroxyl group by an amino group on the Neu5Ac2en 

scaffold should produce a substantial increase in binding affinity, by interaction between 

the amino group and Glu 119 in the subsite 2.  The synthesised compound 4-amino-4-

deoxy-Neu5Ac2en 4 was found to be a potent inhibitor of influenza A (N2) virus sialidase 

with a Ki ~ 4 × 10-2 μM (compared to Neu5Ac2en 3; Ki ~ 4 μM).48  In analysis of the X-ray 

crystal structure of 4 with influenza virus sialidase, it was seen that, in addition to 

interaction with Glu 119, the amino group forms strong interactions with Asp 151 and a 

crystallographic water molecule.59,60  During this drug design study it was also perceived 

that the substitution of the C-4 hydroxyl group by a larger more basic guanidinyl group on 

the parent Neu5Ac2en 3 should further enhance the binding affinity of the sialic acid 
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derivative.60  In fact, it was observed in the X-ray structure of 4-deoxy-4-guanidino-

Neu5Ac2en 5 with the sialidase, that all three of the guanidinyl nitrogens form interactions 

with active site residues.61  Both the primary guanidinyl nitrogens have interactions with 

the carbonyl oxygen of Trp 178, and also with either Glu 227 or Asp 151.61  The secondary 

guanidinyl nitrogen interacts with Asp 151 and also forms strong electrostatic and van der 

Waals interaction with Glu 119.  This compound also displaces a water molecule near Glu 

119 resulting in slow binding kinetics.40,60,61  All other interactions are through the same 

set of hydrogen-bonding interactions as seen with binding of Neu5Ac2en 3 in the active 

site. 
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4-Deoxy-4-guanidino-Neu5Ac2en 5 was found to be a competitive inhibitor of influenza 

virus sialidase with extremely potent in vitro and in vivo activity.24,60  It has an enzyme 

inhibition constant (Ki) of ~ 1 nM,48 against influenza A (N2) virus sialidase and exhibits 

excellent anti-viral activity against all known strains of influenza virus.24,53,62  It is also a 

selective inhibitor of influenza virus sialidase,48,60 with inhibition of human sialidases 

greater than 10,000 fold weaker in in vitro enzyme assays.63  From this pioneering work, 4-

deoxy-4-guanidino-Neu5Ac2en was developed as a therapeutic agent for the treatment of 

influenza virus infection, under the names zanamivir and Relenza®.  The highly polar 

nature of zanamivir 5 results in its poor oral bioavailability and rapid excretion and as a 

result it has to be administered by either an intranasal or oral inhalation route.64 

 

1.5.1.1  Glycerol-side chain analogues of zanamivir 
 
It was desirable to carry out further SAR studies on zanamivir-like derivatives to have a 

new class of orally bioavailable sialidase inhibitors as potential therapeutic agents against 

influenza virus infection.  Reducing the polarity of zanamivir by replacing the glycerol side 

chain with a less polar moiety was carried-out to improve the pharmacokinetic properties 

of the drug.51  It was discovered that replacement of the complex glycerol side chain with a 

tertiary amide having two appropriately sized alkyl groups (e.g. 7) could retain the 

inhibitory activity of zanamivir.  The C6-carboxamide series of compounds 6 (and 7), 

however, are much weaker inhibitors of the sialidase from influenza B virus.  It was 
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observed that the conformational change of residue Glu 276 required to accommodate the 

hydrophobic carboxamide side-chain of 6 (and 7), involves an extensive shift of amino 

acid residues that is energetically more costly for influenza B (NA B) sialidase than 

influenza A sialidase (NA A).51 
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1.5.1.2  Multivalent and 7-O-alkylated analogues of zanamivir 
 
It was reported61 from X-ray studies of the complex between influenza virus sialidase and 

zanamivir that the C-7 hydroxyl group of zanamivir 5 forms no interaction with the protein 

and in fact points out and away from the enzyme.  Based on this knowledge, various di- or 

multimeric displays of the zanamivir linked through the C-7 position have been developed 

as potential second generation inhibitors.65,66  They have significantly longer biological 

half-life and increased binding affinity than the monomeric zanamivir 5 and also showed 

long-lasting protective activity in mouse influenza virus infectivity experiments.65,66  

Furthermore, polyvalent sialidase inhibitors bearing zanamivir 5 on a poly-L-glutamine 

backbone have also shown much greater efficacy against influenza A in the mouse model 

by intranasal administration than zanamivir 5.67 

 

An alternative long acting neuraminidase inhibitor (LANI), R-125489 8 has also been 

generated by simple methylation of the C-7 hydroxyl group of zanamivir.67  R-125489, 8 

inhibited the NA activities of various type A and B influenza viruses, including subtypes 

N1 to N9 and oseltamivir-resistant viruses.68  Moreover, it was found that the esterified 

form, CS-8958, 9 showed improved efficacy and has superior life-prolonging effect.68  It is 

reported that a single dose of CS-8958, 9 might be sufficient to treat influenza and once-

weekly inhalation might be sufficient for prevention.69 
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1.5.2 Influenza virus sialidase inhibitors based on a cyclohexene scaffold 
 
Another very successful approach in designing influenza virus sialidase inhibitors was 

replacement of the dihydropyran ring of 4-amino-4-deoxy-Neu5Ac2en 4 with a 

cyclohexene ring.54,70  It was considered that a carbocyclic ring would be more stable than 

the dihydropyran core of Neu5Ac2en-type inhibitors, and easier to modify for optimisation 

of antiviral and pharmacological properties.70  The cyclohexene-based influenza virus 

sialidase inhibitors were also based on the proposed transition state intermediate 2 (Figure 

3) of the sialidase mechanism, and it was demonstrated that the double bond position in the 

carbocyclic structure plays an important role in deciding the best mimic of the transition 

state intermediate.70  In the cyclohexene-based transition-state mimetics, analogues with 

the double bond placed to directly mimic that between the endocyclic oxygen and C-2 in 2, 

had greater sialidase inhibitory activity than those with the double bond matching that of 

Neu5Ac2en 3 (i.e. between C-2 and C-3).70 

 

The hydrophobic backbone of the glycerol side-chain (around the C-8 position) in 

Neu5Ac2en-type inhibitors interacts with the enzyme active side.  This observation by 

Kim et al. established that there was a hydrophobic space in the glycerol side-chain 

binding subsite (4/5) to accommodate bulky lipophilic groups.  Therefore, on the 

cyclohexene structure, important interactions of the carboxylate, acetamido, and amino 

groups of 4 were kept constant, while an aliphatic ether replacing the glycerol side-chain 

was optimised to increase the lipophilicity of inhibitors while maintaining potent antiviral 

activity.  After careful SAR studies, a 3-pentyloxy side chain was introduced giving 

compound 10 which proved to be a potent inhibitor in vitro and in vivo against both NA A 

and NA B.70 
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From X-ray structural analysis of 10 in complex with influenza virus sialidase, it was 

evident that the 3-pentyloxy side-chain was placed against a large hydrophobic surface 

created by the hydrocarbon chains of Glu 276, Ala 246, Arg 224 and Ile 222.70  It was 

observed that one branch of the 3-pentyloxy moiety binds to subsite 4 in both NA A and 

NA B, and the other branch binds to subsite 5 of NA A with the induced Glu 276 
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conformational change, but binds to subsite 5 of NA B without inducing any 

conformational change.58  The region surrounding Glu 276 is hydrophobic in NA B and it 

was suggested that this might be preventing the rearrangement, while in NA A Glu 276 is 

surrounded by hydrophilic residues allowing its conformational change.71  The interactions 

of 10 with NA A are illustrated in Figure 5. 
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Figure 5.  Depiction of interactions of cyclohexene-based inhibitor 10 (oseltamivir 
carboxylate) with influenza A virus sialidase active site.54 

 

The development of compound 10 (GS 4071, oseltamivir carboxylate) proved to be a real 

breakthrough in designing a potent influenza sialidase inhibitor with Ki ~ 1 nM.70  Finally, 

the ethyl ester prodrug 11 of oseltamivir carboxylate 10 exhibited good oral 

bioavailability.70  It was approved as an orally administered sialidase inhibitor for use in 

the treatment and prophylaxis of influenza virus infection, under the names oseltamivir and 

Tamiflu®. 

 

1.5.3 Influenza virus sialidase inhibitors based on a benzoic acid scaffold 
 
The replacement of the dihydropyran ring of zanamivir 5 with a phenyl ring has been a 

tempting objective.  The benzene ring is much more stable, eliminates three chiral centres 

and is much more accessible synthetically.72  However, a direct benzoic acid analogue of 

zanamivir, compound 12, did not show any inhibitory activity against influenza virus 

NA,72 indicating that the benzene ring itself does not mimic well the dihydropyran ring of 
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zanamivir 5.  Further modification in designing inhibitors with improved activity based on 

an aromatic core73 led to compound 13, which showed a significantly improved IC50 of 48 

nM against influenza A sialidase.74 
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It was revealed by X-ray crystallography that the 3-pentylamino group of compound 13 

binds within the glycerol side-chain binding site (subsites 4/5) of the active site.  This 

produces the previously mentioned change in conformation of Glu 276 to form a charge-

charge interaction with Arg 224 (see for example Figure 5), creating a hydrophobic pocket 

within the active site into which one branch of the pentyl side chain binds.  These changes 

in NA A resulted in minimal disruption of the surrounding protein and thus 13 proved to be 

a good inhibitor for NA A.  However, similar conformational change of Glu 276 in NA B, 

as previously mentioned in the case of carboxamide-based inhibitors, is associated with the 

additional energy penalties, resulting in poorer inhibition of NA B.74 

 

1.5.4 Influenza virus sialidase inhibitors based on a cyclopentane scaffold 
 
In order to develop novel, orally active, potent and selective inhibitors of influenza virus 

sialidase, extensive study and comparison of X-ray crystal structures of various inhibitors 

bound to sialidase has been performed.52,75  It was established that for potent influenza 

virus sialidase inhibition, the relative positions of the interacting groups is important and 

not the absolute position of the central ring.75  It was demonstrated that properly designed 

compounds with five-membered ring scaffolds can occupy all the binding subsites of the 

influenza virus sialidase active site providing potent inhibitors.  In research using a 

cyclopentane scaffold, a number of intermediate compounds were produced until finally 

compound 14 (BCX-1812)75,76 was developed, containing all the important groups for 

sialidase interaction.  The 3-pentyl group of compound 14 formed interactions with both 

subsite 4 and subsite 5 of NA A or NA B.  It was found that Glu 276 (subsite 5) of NA A, 

but not NA B, was in a bent conformation involving salt bridge interaction with Arg 224.  

In addition, from X-ray crystal structure analysis, the stereochemistry of the guanidino 

group in compound 14 was found to be different from the guanidino group of zanamivir 5 
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resulting in a different orientation of the guanidino group of compound 14 in subsite 2, and 

this difference in orientation led to displacement of a water molecule in that subsite.75 

14 BCX-1812

CO2H

HN

OH

AcHN

H2N NH

 
 

BCX-1812, also known as peramivir, is a nanomolar inhibitor of both influenza A and B 

sialidases [IC50 1.1 nM and 0.2 nM against NA A and NA B respectively].77  This 

compound has successfully completed animal studies and clinical trials, demonstrating 

good oral efficacy in a mouse influenza model.  However, it was not able to demonstrate a 

significant decrease in time to relief of symptoms in humans, maybe due to low oral 

bioavailability of the drug.78  It was later reported that peramivir is effective when 

delivered as a single IM injection in vivo and could be used in the treatment of human 

influenza virus infections.78  Recently, peramivir has been authorised for emergency use, 

via intravenous administration, for treating pandemic 2009 H1N1 infection.79 

 

1.5.5 Influenza virus sialidase inhibitors based on a pyrrolidine scaffold 
 
Another remarkable approach to the design of influenza virus sialidase inhibitors was 

based on work with a pyrrolidine core, reported by Abbott laboratories.80,81  An extensive 

optimisation of compound 15 containing a pyrrolidine core led to the discovery of A-

315675 (or ABT-675) 16.80  The novel and significant aspect of this optimisation process 

was the identification of an unpredicted hydrophobic interaction within subsite 2, normally 

the site of charge-charge interactions (e.g. with the guanidino group of zanamivir 5).50  The 

X-ray crystallographic structure of A-315675, 16 bound to NA A and NA B revealed a 

hydrophobic interaction of the cis-propenyl group with subsite 2.  The n-propyl group of 

the other side-chain interacts with subsite 4, while the methyl and methoxy groups interact 

with subsite 5 for both NA A and NA B.  A-315675 exhibits potent activity against both 

influenza virus A and B sialidase [IC50 0.2 nM and 0.1 nM against NA A and NA B 

respectively].80 
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Due to its zwitterionic nature, A-315675 has limited oral bioavailability and has to be 

employed as the ethyl ester prodrug ABT-667 17, which has a bioavailability of over 

80%.80  Attempts to remedy this drawback via replacement of the pyrrolidine core with a 

furan or cyclopentane ring resulted in a significant loss of activity.82 

 

1.6 Viral resistance to sialidase inhibitors 
 
Use of antiviral therapy is always related to the fear of an appearance of resistant variants, 

and with influenza it is of more concern as the virus undergoes high rates of mutation.  The 

drugs amantadine and rimantadine, for example, produce resistant variants very rapidly.83  

Strains of virus resistant to the sialidase inhibitors zanamivir and oseltamivir have also 

been isolated both in vitro84 and in humans treated with the drugs.85  Resistance to 

osletamivir, the most widely used drug, is now found not only in the clinic but, 

importantly, also recently at high rates in circulating seasonal and even pandemic H1N1 

viruses.86  These strains have a mutation (His274Tyr) in the NA that prevents the key 

hydrophobic side chain of oseltamivir being accommodated in the active site.87,88  As well, 

a number of oseltamivir-resistant strains have been reported in oseltamivir-treated 

hospitalised children.85  Furthermore, in vitro resistance studies have shown that BCX-

1812 and ABT-675 have also generated resistant variants of influenza virus sialidase.89,90 

 

Resistance towards sialidase inhibitors is correlated to the mutation of conserved residues 

in the influenza virus sialidase active site and two mechanisms have been described:84 

mutations of catalytic residues involved directly in substrate contact, and mutations in the 

general active site architecture.  It has been reported that the mutations at conserved 

sialidase residues can also decrease sialidase enzymatic activity and disrupt the HA-NA 

balance required for efficient viral replication.91  Mutations associated with residues 

contacting the substrate are Arg292Lys (subsite 1) and Arg152Lys (subsite 3), and 

mutations involved at residues present in the general active site architecture are His274Tyr 

(subsite 5) and Glu119Gly (subsite 4).84  The Arg292Lys mutation was found to confer 
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more than 30,000-fold resistance to oseltamivir and 13-fold resistance to zanamivir, while 

Glu119Gly renders more resistance to zanamivir than oseltamivir.92 

 

Zanamivir and oseltamivir have understandably different resistance profiles due to the 

differences in their interactions with the sialidase active site.35  For zanamivir, the 4-

guanidino group forms an important interaction with Glu 119 and its mutation therefore 

leads to resistance towards the drug.  Oseltamivir has tight binding to the active site due to 

the re-orientation of Glu 276, to form a salt bridge with Arg 224, creating a hydrophobic 

pocket for binding of the oseltamivir side-chain.  It has been suggested that when the 

Arg292Lys mutation takes place, the reorientation of Glu 276 requires greater energy and 

oseltamivir binding to the active site becomes less effective.93  The cross-sensitivity of the 

mutated sialidases to the different potent sialidase inhibitors should prove important 

“if/when” widespread resistance to sialidase inhibitors emerges.85 

 

1.7 Recent development in the understanding of the sialidase active site 
 
The worldwide spread of 2009 H1N1 swine influenza virus and of H5N1 avian influenza 

virus has raised the concern of their potential to emerge as a highly pathogenic human-

adapted virus.  Emergence of drug resistance further adds to the challenge and makes the 

development of new anti-influenza drugs a priority.  Recently, Russell and co-workers 

have described that influenza A virus sialidases can be grouped into two phylogenetically 

and structurally distinct families: namely group-1 containing N1, N4, N5 and N8, and 

group-2 represented by the remaining sialidases N2, N3, N6, N7 and N9.94  Before this, it 

was always assumed that the inhibitors bind to the active sites of all influenza virus 

sialidases in the same way, as the amino acid sequences of the active sites are essentially 

the same for all the subtypes.  However, the crystal structures of the group-1 sialidases, 

such as N1 from the now infamous swine H1N1 and avian H5N1 strains, surprisingly 

reveal that the active sites of these enzymes have a significantly different three-

dimensional structure in the apo form from that of group-2 enzymes.94  The differences lie 

in a loop of amino acids known as the 150-loop (residues 147-152).  In apo structures of 

the group-1 sialidases (N1, N4 and N8), the 150-loop is in an ‘open-form’ resulting in a 

10Å long and 5Å deep 150-cavity adjacent to the subsite 2 of the active site.  This 150-

loop is always seen in ‘closed’ form in group-2 sialidases.  In the open 150-loop form of 

group-1 sialidases, the side chain carboxylate of proposed40 catalytic amino acid Asp 151 

points away from the active site.  Also, the side chain of another active-site amino acid, 

Glu 119, adopts a different conformation between the two groups.  In group-2 structures, 
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this residue forms a hydrogen bond with Arg 156 but in group-1 it adopts a conformation 

such that its carboxylate points in approximately the opposite direction.  X-Ray 

crystallography of group-1 sialidase complexed with the inhibitor oseltamivir carboxylate 

10 (Figure 6) reveal that this 150-loop eventually closes to tightly coordinate the inhibitor, 

resulting in the closed form, resembling the conformation observed in the group-2 sialidase 

structures.94  The fact that there is a more open architecture in the apo and initially 

inhibitor-complexed structures of the group-1 enzymes provides new and exciting 

opportunities for exploration in sialidase-targeted anti-influenza drug discovery against 

group-1 sialidases such as those of H1N1 and H5N1. 

 
Figure 6.  Comparison of group-1 (open form showing the 150-cavity) and group-2 
(closed form) sialidase active sites with oseltamivir carboxylate 10 bound.94  Figure 
reproduced from Reference 94, with permission. 

 

1.8 Scope of Thesis 
 
It is clear from the foregoing discussion that a continuous emergence of new strains of 

influenza virus, and resistance of current strains to presently marketed anti-influenza drugs, 

has made it essential to develop alternative approaches to prevent and treat influenza.  

Achieving this goal will require the development of potent inhibitors with good oral 

bioavailability.  Various stages of the virus life cycle can be targeted (such as virus 

adsorption, virus-cell fusion, viral DNA or RNA synthesis by polymerases, and the action 

of influenza virus sialidase) for developing the potent inhibitors against influenza virus 

infection.  In this thesis the major part of the work was focussed on work towards 

developing new inhibitors of the sialidase.  In addition, some preliminary work was 

undertaken in developing inhibitors targeting the viral polymerase, an enzyme necessary 

for virus replication. 

 

For developing the potential sialidase inhibitors, we chose to further explore a 

carbohydrate-based template.  It involved the design and development of synthetic 
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strategies to synthesise novel glucuronide-based inhibitors of influenza virus sialidase.  

These glucuronide-based derivatives will be in essence mimetics of Neu5Ac2en 3, which 

is itself a micromolar inhibitor of the enzyme. 

 

The specific objectives of this research project were as follows: 

 

I. To develop a synthetic strategy for the synthesis of glucuronyl phosphonate-based 

Neu5Ac2en mimetics, with various phosphonate substituents to replace the glycerol 

side chain of Neu5Ac2en 3. 

II. To develop synthetic strategies for the synthesis of potential sialidase inhibitors 

based on a glucuronic acid template with modifications around the C-3 position to 

explore binding interactions around subsite 2 of the sialidase active site.  Also, 

modification of the C-4 position was undertaken to explore binding interactions 

with the recently identified 150-loop region of group-1 sialidases. 

III. To evaluate synthesised compounds as inhibitors of influenza virus sialidases (from 

various influenza strains) using an in vitro fluorometric assay. 

IV. To develop and evaluate (using a viral infection assay) carbohydrate-based 

compounds as potentially broad-spectrum inhibitors of viral polymerases. 
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CHAPTER 2 
 

SYNTHESIS OF GLUCURONYL PHOSPHONATE-
BASED NEU5AC2EN MIMETICS 

 

2.1 Introduction 
 
In work in the 1980’s towards understanding the role of sialoglycoconjugates in biological 

processes, several modified sialic acid derivatives were synthesised from non-sialic acid 

precursors by Vasella and co-workers.95  The C-glycosylation of a derivative of N-acetyl-

D-glucosamine (GlcNAc) gave a 9-carbon sialic acid precursor which was further 

functionalised to synthesise Neu5Ac2en 3.  It was recognised by the Vasella group that a 

β-C-glycoside of 2-acetamido-D-glucuronic acid eliminated between C-4 and C-5, 18, has 

the correct stereochemistry to mimic Neu5Ac2en 3, with the aglycon unit taking the place 

of the Neu5Ac2en glycerol side-chain as illustrated in Figure 7.  This original observation 

has since been exploited by the von Itzstein group and others in the preparation of 

Neu5Ac2en mimetics where the C-6 C-linked glycerol side-chain of Neu5Ac2en is 

replaced by C-O,96-98 C-S99 and C-N100 linked side-chains (the aglycons of the 

glucosaminuronic acids). 
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HO
O CO2H

HO

HO
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H HO
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H
O CO2H

HO
AcHN

3 Neu5Ac2en 18 β-D-glucuronide-based Neu5Ac2en mimetics
R' = alkyl, aryl; X = C, O, S, N

X R'
XR'

 R = NHAc  
Figure 7.  The structural relationship between Neu5Ac2en 3 and 2-acetamido-Δ4-β-
D-glucuronides 18. 

 

Previous work regarding examining the biological activity of the Neu5Ac2en mimetics 

based on the glucuronic acid scaffold96,97 in the von Itzstein group has shown that β-O-

alkyl Δ4-glucuronides such as 19 to 22 provide micromolar inhibition of influenza A virus 

sialidases (Figure 8). 
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Figure 8.  Inhibition data against influenza A virus (N2 and N9) sialidases for 
various β-O-alkyl Δ4-glucuronides.  [In comparison, Neu5Ac2en 3: Ki (N9) = 5 μM 
and Ki (N2) = 0.1 μM].96,97 

 

Based on the observation that the replacement of the glycerol side-chain of Neu5Ac2en 

with hydrophobic groups on the glucuronic acid scaffold can lead to inhibitors with 

equivalent potency to Neu5Ac2en against influenza virus sialidase, it seemed possible that 

the further investigation of this class could lead to more potent inhibitors.  Importantly, it 

was observed98,99 that the O-glucuronide-based Neu5Ac2en mimetics have a different ring 

conformation in solution to that adopted by Neu5Ac2en which could have adversely 

affected their inhibitory potency.  It was therefore of interest to us to introduce a range of 

functionalities at the anomeric position of the glucuronide-based Neu5Ac2en mimetics, 

which could potentially allow the mimetics to adopt a Neu5Ac2en-like ring conformation, 

and to study the effect of these substitutions on sialidase binding.  In continuation of 

previous work96,97 by our group in this area, herein we were interested in developing a 

synthetic strategy for the preparation of glucuronic acid-based Neu5Ac2en mimetics of 

type 23, referred to as β-glucuronyl phosphonates.  The target β-glucuronyl phosphonates 

23 have a phosphonate at C-1 as the β-anomer, an acetamide group at C-2, a carboxylate at 

the C-6 position, and unsaturation between C-4 and C-5 of the pyranose ring as depicted in 

Figure 9. 

Carboxylate Phosphonate
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1
23

4
5

6
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R = alkyl, aryl

23

O
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HO2C

HO P
O

X
X R
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Figure 9.  Structure of target compound 23. 

 

The β-glucuronyl phosphonates 23 (when, X = N, R = alkyl) could be compared to the 

carboxamide analogues of 4-amino-Neu5Ac2en 6 and zanamivir 7, which showed good 

activity against influenza A sialidase,51 as mentioned previously in Chapter 1 (Section 
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1.5.1.1).  Preliminary molecular modelling101 with Neu5Ac2en 3 in which a phosphonate 

replaces the glycerol side-chain showed that the phosphonate moiety with a range of 

substituents (such as esters, amides, alkyl hydroxyl groups) could form potential 

interactions in the glycerol side-chain binding pocket (subsites 4/5).  Moreover, it was 

anticipated that the bulkier phosphonate moiety could assist in maintaining the 

Neu5Ac2en-like ring conformation in which all substituents are in an equatorial 

position.102,103  It was therefore of interest to explore the interaction of a range of 

phosphonate functionalities with influenza virus sialidase.  To the best of our knowledge β-

glucuronyl phosphonates of type 23 have not been made previously.  These phosphonate 

derivatives could be functionalised to introduce a diverse range of substituents on 

phosphorus to synthesise a long-chain phosphonate esters, phosphonate groups with alkyl 

hydroxyl groups, phosphonamides. 

 

2.1.1 Towards the synthesis of β-glucuronyl phosphonates 
 
In general, as commented on by Meuwly and Vasella,104 phosphonyl substituents had been 

introduced at every position of aldoses, with the exception of the anomeric position of 

pyranoses and furanoses, by 1970.105  In 1973, Paulsen and Thiem described106 the first 

synthesis of allylic glycosyl phosphonates of type 25 by treating tri-O-acetyl glycal 24 with 

dialkyl phosphonates under acidic conditions (Scheme 1). 

OAcO

OAc

O
AcO

AcO

OAc

24 25

HP(O)(OMe)2
P
O

OMe

OMeBF3·OEt2

 
Scheme 1.  Synthesis of an allylic β-glycosylphosphonate.106 

 

In the literature several methods have been reported for carbon-phosphorus bond formation 

in carbohydrates.105  For example, by the addition of dialkyl phosphonate or the anion from 

dimethyl methylphosphonate to the carbohydrate aldehydes related to galactose, arabinose, 

erythrose, and glyceraldehyde.107-109  The Michael-Arbuzov reaction,110 has been widely 

utilised in the synthesis glycosyl C-phosphonates111-113 and glycosyl thiomethyl 

phosphonates.114  This method involves a displacement reaction between trialkyl phosphite 

and an alkyl halide to form a pentavalent phosphonate derivative (Scheme 2).  As 

mentioned above, the addition of dialkyl phosphonate across an activated double bond 

under acidic106,115 or basic conditions116,117 has been explored to synthesise glycosyl 

phosphonates of type 25 (Scheme 1).  In this way various deoxy-,115 dehydro-,106 nitro-,116 
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and amino-117 deoxy phosphonate derivatives have been prepared.  However, there are 

currently only a few reports of the formation of a glycosyl phosphonate with a nitrogen 

substituent at C-2; phosphonylation of a 2-azido sugar118,119 and addition to a 2-nitro 

glycal.120  The former method involves reaction of a trichloroacetimidate glycosyl donor 

with trialkyl phosphite leading to a dialkyl phosphonate at the anomeric position.118  The 

latter procedure involves a Michael-type addition to the activated double bond of 2-nitro-

glycal by the phosphorus nucleophile generated from a dialkyl phosphonate.120 

R'-X + (RO)3P P
O

OR
OR

R' R-X+

R = alkyl, aryl, etc.
R' = alkyl, acyl, etc.
X = Cl, Br, I  

Scheme 2.  Michael-Arbuzov reaction.110 

 

In each of the carbon-phosphorus bond forming reactions described above, mainly two 

types of phosphonylating reagent have been used.  P(III) compounds (e.g., phosphite 

triesters), which have a lone electron pair located on the phosphorus atom and, therefore, 

the phosphorus centre in these species is basic and is a soft nucleophile that reacts with 

various (soft) electrophiles.121  The other class of phosphonylating reagents are the dialkyl 

phosphonates (or dialkyl hydrogen phosphonates) which have also been used as P-

nucleophiles.121  These compounds are known to undergo a phosphonate-phosphite 

tautomerism122 with the phosphite tautomer as the nucleophilic form and the phosphonate 

tautomer as the almost exclusively favoured but non-nucleophilic form (Figure 10).121  

This phosphonate-phosphite equilibrium can be shifted to the right,121 causing the 

nucleophilic nature of the phosphorus centre to become predominant.121,123 

P
O
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H

P
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..

Phosphonate tautomer Phosphite tautomer

 
Figure 10.  Phosphonate-phosphite tautomerism of dialkyl phosphonates.121 

 

2.1.1.1  Synthetic approaches to the target β-glucuronyl phosphonates 
 
Based on above mentioned literature methods for the synthesis of glycosyl phosphonates of 

2-N-sugars, the potential pathways into the target β-glucuronyl phosphonates 23 are 
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depicted retrosynthetically in Figure 11.  Two approaches were envisaged to synthesise β-

glucuronyl phosphonates 23; one starting with D-glucosamine 26 and the other approach 

starting with D-glucal 31.  In both approaches, the key steps are the introduction of the 

anomeric phosphonate and oxidation at C-6 to form the uronate.  In the approach from D-

glucal, manipulation of the 2-nitro substituent to give the 2-acetamido substituent is also 

required. 
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Figure 11.  Retrosynthetic pathways for the synthesis of β-glucuronyl phosphonates 23. 

 

Following an approach from D-glucosamine 26, in Path A, phosphonylation at the 

anomeric centre of the protected glucosamine derivative 27 giving glycosyl phosphonate 

28 would be done prior to oxidation at C-6, while in Path B the glucuronide 30 is prepared 

first, followed by phosphonylation.  Similarly, in an approach from D-glucal 31, via Path 

A', nitration of a protected derivative of D-glucal 31 would introduce a nitro group at C-2, 

which would be followed by phosphonylation and reduction of the nitro group (giving 28), 

and finally oxidation at C-6 to get the protected 2-amino glucuronyl phosphonate 29.  In 

Path B', oxidation at C-6 would be done prior to nitration at C-2 and phosphonylation.  

Pathways B and B' have the potential advantage that a single intermediate 30, (via 

approach 1 utilising D-glucosamine 26) or 34 (via approach 2 utilising D-glucal 31), could 

be used for the synthesis of a range of compounds [with shorter side-chain (e.g. simple 

alkyl) phosphonate esters] through reaction with various phosphonylating reagents.  
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Finally, elimination between C-4 and C-5 and de-esterification on key intermediate 29 

would lead to target compound 23.  Variation in the aglycon unit (to synthesise long-chain 

or functionalised phosphonate esters or phosphonamides) can also be envisaged, to be 

carried-out after introduction of a simple dimethyl phosphonate group at C-1.  The 

pathway used needs only to be the most efficient way of formation of the phosphonate, as 

long as the introduced phosphonate can survive the subsequent transformations required to 

give the eliminated 2-acetamido-2-deoxy-glucuronyl phosphonate. 

 

Due to the limited literature available regarding synthesis of β-glucuronyl phosphonates, it 

was decided to explore both approaches 1 and 2 simultaneously, to develop the most 

efficient method of synthesising key intermediate 29. 

 

2.2 Approach 1 to β-glucuronyl phosphonates - from D-glucosamine 
 
A previous unpublished preliminary study in the von Itzstein group on the synthesis of the 

key intermediate β-glucuronyl phosphonate 29 had begun using Path B from D-

glucosamine (Figure 11).  Following this route, direct phosphonylation of the advanced 

intermediate pivaloyl protected methyl 2-acetamido-2-deoxy-glucuronate 35,99 and of the 

corresponding oxazoline 3699 was investigated.101  However, under a range of conditions, 

Gehle et al.101 did not isolate the desired phosphonate product.  Therefore, the alternative 

path from D-glucosamine (Path A, Figure 11) involving initial phosphonylation of 27 

followed by C-6 oxidation was investigated in this work for synthesising the target 

compound 23 from D-glucosamine. 
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In considering the synthesis of 2-N-β-glucosyl phosphonate 28, the careful choice of the N-

protecting group had to be made as the reactivity at the anomeric centre depends to a large 

extent on the protecting group present at C-2, which also influences the diastereoselectivity 

of the reaction.124  In the literature,125 two approaches are reported to achieve 1,2-trans-

glycosidation of sugars with nitrogen substituents at C-2 (Figure 12).  Reactions involving 

a gluco-configured glycosyl donor 37, containing a participating group as the N-protecting 

group (Method A), can lead to β-glycosides.  The formation of cyclic intermediate 38 by 
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anchimeric assistance results in a shielding of the "α-face" of the donor allowing the 

reaction of the acceptor or nucleophile on the "β-face" only and thus allowing 1,2-trans-

glycosidation (giving 39) with high stereoselectivity.  This approach has been extensively 

used in glycosidations of 2-acylamino and 2-phthalimido sugars.125  Another method 

reported for the synthesis of β-glycosides involves the use of a 2-N-2-deoxy-α-D-

glycopyranosyl donor 40, having a non-participating nitrogen functionality (Method B).  

This method is mainly used with 2-azido-2-deoxy donors, but the reported 1,2-trans 

stereoselectivities are often lower (giving both β- and α-glycosides 39 and 41) than for 

donors containing C-2 participating groups (illustrated in Figure 12). 
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Figure 12.  Role of C-2 group in glycosidation reactions of 2-N-sugars. 
 

Using 2-azido-2-deoxy donors for phosphonylation, Briner and Vasella118 have previously 

reported the preparation of glycosyl phosphonates during their work on the synthesis of the 

phosphonate analogue of Lipid X, a biosynthetic precursor of Lipid A.  In the course of 

that work, 2-azido-2-deoxy trichloroacetimidate glycosyl donors of type 42 were reacted 

with trimethyl phosphite in the presence of trimethylsilyl triflate (TMSOTf) as catalyst, 

resulting in glycosyl phosphonates of type 43 with major α-, or in some cases with 

complete α-, stereoselectivity as depicted in Scheme 3.  It is important to mention here that 

this reaction was initially attempted on 1-O-acetyl glycosyl donors leading to mainly 
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recovered starting material or a 1-O-acetyl-2-phosphoramidate derivative, suggesting that a 

better leaving group at C-1 was required in the case of 2-azido 2-deoxy sugars.118 
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Scheme 3.  Synthesis of 2-azido-2-deoxy-β-glucosyl phosphonates.118 

 

In our work towards the synthesis of β-glucosyl phosphonate 28 (Figure 11) from D-

glucosamine, it was decided in the first instance to try to reproduce the reaction reported by 

the Vasella group118 on the phosphonylation of 2-azido-glucosyl donors, using instead 

acetylated GlcNAc 44 (Scheme 4) as the glycosyl donor.  As explained earlier, it was 

reasoned that an acetyl group protecting the 2-amino group of D-glucosamine would react 

via the corresponding oxazolinium ion 45 to facilitate the formation of the β-glycosyl 

phosphonate 46, instead of the α-anomer as was formed in the case of 2-azido sugars.118  

Moreover, the target compound 23 has an acetamide group at C-2 and starting initially 

with 2-N-acetylated D-glucosamine should decrease the number of steps to synthesise 

compound 23. 
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Scheme 4 

 

In the first step (Scheme 5), D-glucosamine 26 was peracetylated under standard 

acetylation conditions (Ac2O, pyridine, DMAP) to provide GlcNAc penta-O-acetate 44 in 

96% yield.  The 1H NMR spectrum confirmed exclusive formation of the α-anomer as the 

signal for the anomeric proton appeared as a doublet resonating at δ 6.15 with the 

magnitude of the coupling constant between H-1 and H-2 (J1,2 3.6 Hz), indicative of a cis-

relationship.  The next step in the synthesis towards the target compound 23 was formation 

of the glycosyl phosphonate 46. In the first instance, phosphonylation of acetylated 

GlcNAc 44 was attempted using the reaction conditions reported in literature for 

phosphonylation of 1-O-acetyl glycoses104 and 2-deoxy-D-glycosyl 
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trichloroacetimidates.118  GlcNAc pentaacetate 44 was reacted in anhydrous 

dichloromethane (DCM) with trimethyl phosphite and TMSOTf at 0 ˚C to room 

temperature.  After 2 hours, all the starting material was consumed, however multiple 

components were observed by TLC analysis.  Two compounds were isolated from the 

mixture after chromatography, but had complex 1H NMR spectra that could not be 

analysed; however mass spectra of these products showed m/z peaks (M+H)+ and (M+Na) + 

for a tetra-O-acetate, potentially 47, and the corresponding phosphoramidate 48, indicating 

their formation instead of the desired product 46.  The lack of reaction of the C-1 acetate in 

44 was in accord with the results obtained by Briner and Vasella on 2-azido 1-O-acetyl 

donors.118  As previously stated, it was reasoned in their work that the anomeric acetate 

was not a good leaving group under these reaction conditions.  Instead trichloroacetimidate 

served as a better leaving group, leading to successful phosphonylation on acetylated α-D-

gluco- and galacto-configured trichloroacetimidate donors (Scheme 3). 
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Scheme 5.  Reagents and conditions:  a) Ac2O, DMAP, pyridine, rt, 24 h, N2 (96%); 
b) P(OMe)3, TMSOTf, 4Å mol. sieves, DCM, 0 ˚C-rt, 2 h, Ar. 

 

In light of these findings, it was decided to prepare the more reactive trichloroacetimidate 

donor 50,126 to attempt the phosphonylation reaction (Scheme 6).  Following a procedure 

reported in literature,126-128 the anomeric acetate of acetylated GlcNAc 44 was selectively 

removed by treatment with hydrazine acetate in anhydrous DMF for 1 hour to furnish 

intermediate 49.  In the next step, intermediate 49 was co-evaporated with toluene to 

remove any traces of moisture and suspended in anhydrous DCM, cooled to 0 ˚C and 

reacted with trichloroacetonitrile in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) for 4 hours to afford trichloroacetimidate donor 50 in 75% yield after purification.  

The formation of the trichloroacetimidate donor 50 was confirmed by the 1H NMR 
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spectrum, which showed the anomeric proton resonating as a doublet at δ 6.35 (distinct 

from the 1-OH derivative 49, δ 5.27) with J1,2 3.9 Hz, confirming the α-anomer. 

 

With trichloroacetimidate donor 50 prepared, we could attempt the phosphonylation 

reaction using the conditions reported by Briner and Vasella for the 2-azido 

trichloroacetimidate donor 42 (R = Ac, Scheme 3).118  Compound 50 was treated at 0 ˚C 

with TMSOTf and trimethyl phosphite in DCM (Scheme 6).  After reaction at room 

temperature for 45 minutes, TLC analysis showed that all the starting material was 

consumed and a new product was formed.  However, the compound isolated after column 

chromatography was identified to be β-methyl glycoside 51 rather than the desired 

phosphonate 46. 
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Scheme 6.  Reagents and conditions: a) H2NNH2·CH3CO2H, DMF, rt, 1 h, N2 
(75%); b) Cl3CCN, DBU, DCM, 0 ˚C-rt, 4 h, Ar (75%); c) P(OMe)3, TMSOTf, 
DCM, 0 ˚C-rt, 45 min, Ar. 

 

Several attempts to form the phosphonate 46 with trichloroacetimidate donor 50 were 

carried-out by varying the reaction conditions for phosphonylation,106,129 which, however, 

resulted only in formation of either β-methyl glycoside 51 or an oxazoline 52 (Scheme 7, 

Table 1).  NMR analysis identified distinctive 1H chemical shifts for the anomeric protons 

of 51 and 52 compared to starting material 50 (δ 4.58 for 51 with J1,2 8.4 Hz and δ 5.98 for 

52 as compared to δ 6.35 in 50), and also for C-1 in the 13C NMR spectra of the products 

(δ 101.5 for 51 and δ 99.3 for 52 and as compared to δ 94.7 in 50).  Identification of 

compound 51 was also confirmed by the presence of the methoxy protons at δ 3.50 in the 
1H NMR spectrum.  The MS data was also in agreement with the formation of the 

compounds 51 and 52. 
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Scheme 7 

Table 1.  Conditions used for attempted phosphonylation of 50. 

Reagent Lewis acid Temp. (˚C) Time Product 

P(OMe)3 TMSOTf -80 45 min. 51, 52 

P(OMe)3 TMSOTf 0-rt 45 min. 51 

P(OMe)3 TMSOTf 80 12 h 51 

HP(O)(OMe)2 BF3·OEt2 -55 1 h 52 

HP(O)(OMe)2 BF3·OEt2 0-rt 12 h 52 

HP(O)(OMe)2 BF3·OEt2 80 12 h 51 

 

The oxazolinium ion 45 (Scheme 7), formed by departure of the trichloroacetimidate 

leaving group and participation of the C-2 acetamido group, can result in the formation of 

oxazoline 52 under basic conditions.  Phosphonylation was also attempted using both 

phosphonate reagents [either P(OMe)3 or HP(O)(OMe)2] in the presence of Lewis acids 

(either TMSOTf or BF3·OEt2) on oxazoline 52 as glycosyl donor; however no 

phosphonylated product was obtained even after reaction at 40 ˚C for several days.  In 

some cases, reaction with oxazoline 52 resulted in formation of the methyl glycoside 51, 

potentially due to hydrolysis of trimethyl phosphite or dimethyl phosphonate to produce 

methanol which then acted as the reactive glycosyl acceptor.  These observations indicate 

that the oxazolinium ion can be formed under the reaction conditions chosen, but suggest 

that it is not suitably reactive under the phosphonylating conditions. 

 

At this stage it was reasoned that the acetamido group at C-2 was not providing a suitably 

reactive glycosyl donor and therefore, as an alternative, acetylated C-2 phthalimido-

protected D-glucosamine 53 was chosen to carry out further exploration of the 

phosphonylation reaction.  The electrophilic activation of 2-phthalimido glycosyl donor 54 

(Scheme 8) is known to yield an oxocarbenium ion 55, which then undergoes charge 

delocalisation at the anomeric centre to form an oxazolinium intermediate 56.  The reactive 
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intermediate 56 can only be attacked from the β-face by a nucleophile, and more 

importantly, cannot form a stable oxazoline.130 
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Scheme 8 

 

Preparation of 2-deoxy-2-phthalimido glucopyranosyl acetate 53 was carried-out using 

reported methods,131,132  as shown in Scheme 9.  D-Glucosamine hydrochloride 26 was 

treated with sodium methoxide to generate the free amine followed by reaction with 

phthalic anhydride in the presence of triethylamine.  To the reaction mixture was then 

added acetic anhydride, and finally pyridine to form peracetylated derivative 53 in 72% 

yield.  Formation of exclusively the β-anomer 53 was confirmed by 1H NMR (J1,2 9.0 Hz) 

and was in agreement with the reported literature.132 
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Scheme 9.  Reagents and conditions: a) i. NaOMe, MeOH, rt, 30 min, N2; ii. 
phthalic anhydride, Et3N, 50 ˚C, 1.5 h, N2; iii. Ac2O, 100 ˚C, 1h, N2; iv. pyridine, 
100 ˚C , 1h, rt, 14 h, N2 (72%); b) P(OMe)3, TMSOTf, 4 Å mol. sieves, DCM, 0 ˚C-
rt, 2 h, Ar. 

 

The phosphonylation reaction was attempted on acetylated donor 53 (Scheme 9), in the 

first instance following exactly the same conditions as used previously on acetylated 

GlcNAc donor 44 (Scheme 5).  However, acetylated donor 53 did not react under the 

reaction conditions used and only the starting material was recovered as confirmed by 1H 

NMR.  Variations in the reaction conditions involving change in Lewis acid from TMSOTf 

to BF3·OEt2, increasing the reaction time (2 hours to 48 hours) or temperature (up to 80 ˚C) 

did not result in the formation of desired phosphonate product 57.  In some cases, starting 
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material 53 remained unreacted, while in others there was decomposition of the starting 

material. 

 

At this stage, it was felt necessary to transform the anomeric group to a better leaving 

group for the coupling reaction and the trichloroacetimidate group was chosen to replace 

the acetate at the anomeric position.  Following the literature procedure,133 C-2 

phthalimido-protected trichloroacetimidate donor 59 was prepared from compound 53 in 

two steps via an intermediate 58 (Scheme 10).  The 1H NMR spectrum of compound 59 

showed the characteristic H-1 signal resonating at δ 6.60 as a doublet (J1,2 8.7 Hz).  The 

formation of the β-anomer was in line with literature data.133,134  The structure was further 

confirmed by MS data exhibiting the isotopic pattern for Cl3 with m/z at 605 (31%), 604 

(25%), 603 (98%), 602 (24%), 601 [(35Cl3 M+Na)+ 100%]. 
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Scheme 10.  Reagents and conditions: a) H2NNH2·CH3CO2H, DMF, rt, 2 h, N2 
(88%); b) Cl3CCN, DBU, DCM, 0 ˚C-rt, 4 h, Ar (70%). 

 

The tricholroacetimidate donor 59 being synthesised, the next step was the 

phosphonylation reaction (Scheme 11). The reaction of 59 with trimethyl phosphite and 

TMSOTf at room temperature for extended reaction time (48 hours) resulted in only 

recovery of starting material 59 rather than the desired phosphonate 57, as confirmed by 

the 1H NMR spectrum. 
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Scheme 11 

 

With the anomeric acetate and trichloroacetimidate not proving suitable donors for the 

Lewis acid-catalysed phosphonylation reactions, it was envisaged that 3,4,6-tri-O-acetyl-2-

deoxy-2-phthalimido-D-glucopyranosyl halide donors might prove useful.  As previously 

mentioned, it is well known that the alkyl halides can react with trialkyl phosphite via an 

Arbuzov reaction, leading to the formation of a carbon-phosphorus bond, one of the most 

versatile method for the formation of phosphonate derivatives.110-114 
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The synthesis of 2-phthalimido glucopyranosyl bromide 60 was undertaken (Scheme 12) to 

explore the Arbuzov reaction for the formation of the desired phosphonate 57.  The 

glycosyl bromide donor 60 was prepared from peracetylated 2-phthalimido derivative 53 

by reacting it with hydrogen bromide in acetic acid following the literature method.132,135  

The β-anomer 60 was obtained as indicated by 1H NMR (J1,2 9.6 Hz), in agreement with 

the reported literature.132 
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Scheme 12.  Reagents and conditions: a) 33% w/v HBr in glacial AcOH, rt, 2 h, Ar 
(88%); b) P(OMe)3 (excess), reflux, 3 h, Ar (61: 28%). 

 

In the next step, the attempted Arbuzov reaction of 60 was carried-out by refluxing donor 

60 in neat trimethyl phosphite (Scheme 12).  However, phosphonate 57 was not formed, 

instead only glycal 61 was isolated in 28% yield.  The 1H NMR spectrum of compound 61 

revealed the characteristic singlet peak of the olefinic C-1 proton at δ 6.77, more downfield 

than the starting material, where H-1 resonated at δ 6.40 as a doublet.  The mass spectrum 

agreed with the assigned glucal structure 61.  The lack of desired product 57 may be due to 

the use of a secondary bromide which presumably underwent an E2C reaction to form 

eliminated product 61 and therefore the Arbuzov rearrangement, which usually occurs 

smoothly with primary halides110,119 was not observed. 

 

In an another attempt to synthesise phosphonate 57 from bromide donor 60, it was decided 

to attempt phosphonylation using a Lewis-acid and trimethyl phosphite as described by 

Thiem et al. for synthesis of dimethyl phosphonates from tetrahydropyran chloride.115  In 

our work, BF3·OEt2 was used as Lewis-acid and initially reaction was conducted at -40 to 0 

ºC to avoid elimination.  However the reaction didn’t proceed at such low temperatures, so 

the mixture was warmed to room temperature.  After stirring for 12 hours at room 

temperature, the starting material was consumed and new spot formation was observed 

upon TLC analysis.  The material isolated was not the desired phosphonate 57, however, 

instead the 1H NMR spectrum depicted a mixture of compounds with no distinctive methyl 
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phosphonate peaks.  The same outcome was observed when the phosphonylating reagent 

was changed to dimethyl phosphonate under the similar reaction conditions. 

 

With no successful phosphonylation reaction with bromide donor 60, it was decided to 

explore this reaction on glycosyl fluoride donor 62 as it is more stable than the 

corresponding bromide or chloride donors.136  Compound 62 was prepared (Scheme 13) by 

treating compound 58 in THF with DAST133 under nucleophilic displacement conditions to 

give the desired glycosyl fluoride 62 in 64% yield.  The formation of the product was 

confirmed by the 1H NMR spectrum in which the anomeric proton was resonating as a 

doublet of doublets at δ 6.10 with J1,F 52.2 Hz and J1,2 7.8 Hz, confirming the presence of 

fluorine at the anomeric position in β-configuration. 
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Scheme 13.  Reagents and conditions: a) b) DAST, THF, -30 ˚C-rt, 12 h, N2, (64%); 
b) HP(O)(OMe)2 (used in excess), BF3·OEt2, 80 ˚C 12 h, Ar. 

 

In an attempt to perform phosphonylation reactions on glycosyl fluoride donor 62, it was 

treated with dimethyl phosphonate and BF3·OEt2 at 0 ºC (Scheme 13).  The reaction did 

not proceed at room temperature and only starting material could be observed on TLC after 

24 hours.  The presence of starting material was confirmed on analysis by mass 

spectrometry.  Therefore, the temperature of the reaction mixture was raised to 80 ºC and 

after 12 hours starting material was consumed.  The reaction mixture was purified by flash 

chromatography and five components were isolated in very low quantities.  However, from 

the 1H NMR and mass spectral analysis, none of these was the desired phosphonate 

product 57. The 1H NMR spectra of the isolated components were not clear and the 

identity of the compounds isolated could not be established. 

 

All the attempts to synthesise the key 2-N-β-glycosyl phosphonate intermediate of type 28 

(Figure 11) from acetylated 2-acetamido and 2-phthalimido glycosyl donors [O-acetate 

(Schemes 5 and 9) and trichloroacetimidate (Schemes 7 and 11)] and also from 2-

phthalimido glycosyl halide donors (Schemes 12 and 13) were unsuccessful.  It is 

postulated that these derivatives with either acetamide or imide at C-2 could behave as 

disarmed donors making the formation of oxocarbenium ion 38 (Figure 12) a slower 

process.124,137  Moreover, the poorer nucleophilicity of phosphorus123 (in comparison to 
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oxygen and sulphur) could be responsible for lack of phosphonylation.  Therefore, this 

synthetic route (Approach 1 from D-glucosamine, as shown in retrosynthetic analysis in 

Figure 11) was abandoned. 

 

In a different approach, glycals (carbohydrates with a double bond between C-1 and C-2) 

were considered as the starting material as is illustrated in Approach 2 in the retrosynthetic 

analysis in Figure 11 (Section 2.1.1.1). 

 

2.3 Approach 2 to β-glucuronyl phosphonates - from D-glucal* 
 
Glycals have proven versatile building blocks in synthetic carbohydrate chemistry as they 

can be readily converted into a range of glycosylating agents.139,140  Glycals have also been 

modified for the synthesis of 2-amino-2-deoxysuars by way of N-functionalisation at C-2 

accompanied by introduction of an anomeric substituent.130  The regioselective addition to 

glycals is possible because of the difference in electron density at C-1 and C-2 by virtue of 

the vinylic ring oxygen atom.  Schmidt and co-workers have widely explored the utility of 

glycals by preparing 2-nitroglycals141 and undertaking 2-nitroglycal reactions to synthesise 

various O-glycosides,142,143 thioglycosides,144 C-glycosides145 and nucleosides.146 

 

Important for the current work, Schmidt and his group have also published the synthesis of 

β-glucosyl phosphonates120 (Scheme 14) via Michael addition of dimethyl phosphonate to 

tri-O-benzyl 2-nitro-D-glucal 63.  Furthermore, it was illustrated that the nitro group in 2-

nitroglycosyl phosphonates can be readily reduced to give the corresponding 2-amino 

derivatives using platinized Raney nickel.147  These facts suggested that 2-nitro glycals 

could be explored to synthesise the target β-glucuronyl phosphonates 23 (Figure 13). 
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Scheme 14.  Synthesis of 2-nitro β-glucosyl phosphonate.120 

 

 

                                                 
* D-Glucal is the trivial name used for D-glucose with a double bond between C-1 and C-2: 1,5-anhydro-2-
deoxy-D-arabino-hex-1-enitol.138 
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Figure 13.  Retrosynthetic pathways for the synthesis of β-glucuronyl phosphonates 23. 

 

2.3.1 Investigation of 2-nitro-D-arabino uronate glycals for phosphonylation 
 
Schmidt and co-workers120 have reported work that would be applicable to Path A' in 

Figure 13, to prepare the target phosphonate 23.  The use of derivatives of type 34 with the 

C-6 carboxylate group already in place (Path B', Figure 13), have not previously been 

explored to synthesise phosphonate derivatives.  2-Nitro-uronate glycals of type 34 are in 

fact not known in the literature to the best of our knowledge.  As part of our investigation 

into the use of glycals to prepare β-glucuronyl phosphonates 23, it was decided therefore, 

in this work, to explore the synthesis and reactions of the 2-nitro-uronate derivative 34.  In 

the first instance, the known acetylated D-arabino uronate glycal, methyl 3,4-di-O-acetyl-

1,5-anhydro-2-deoxy-D-arabino-hex-1-enuronate 66 (Scheme 15) was chosen as starting 

material, as it could be synthesised in good yield from readily available D-glucurono-6,3-

lactone 65 using procedures described in the literature,148 and was available in our 

laboratory.  The nitration of 66 (Scheme 15) was carried-out using acetyl nitrate, generated 

in situ by addition of nitric acid to acetic anhydride under strict temperature 

control.142,149,150  The crude product obtained from the reaction was recrystallised from 

MeOH to obtain the pure product in 65% yield.  The NMR analysis of the product revealed 

the formation of novel 2-nitro-uronate glycal derivative 67.  It appears that the reaction 

proceeds in a concerted mechanism as reported for 3,4,6-tri-O-acetyl glycals,150,151 and 

therefore no base was required to form the double bond in 67.  The 1H NMR of 67 showed 
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distinctive chemical shifts for the C-1 olefinic proton at δ 8.39 as compared to δ 6.70 in 

66,152 and C-1 and C-2 in the 13C NMR spectrum at δ 155.7 (C-1) and δ 128.3 (C-2) 

compared to δ 146.6 (C-1) and δ 97.4 (C-2) in 66.152  These chemical shifts are consistent 

with introduction of the electron withdrawing nitro group at C-2.149 
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Scheme 15.  Reagents and conditions:  a) HNO3, Ac2O, -33 to 0 ˚C, 14 h, Ar (65%). 
 

An attempted phosphonylation of 67 (Scheme 16) using the same conditions 

[HP(O)(OMe)2 tBuOK, anhydrous toluene, 0 ˚C, 2 hours] as reported by Schmidt and co-

workers for phosphonylation of tri-O-benzyl-2-nitro-D-glucal 63120 (see also Section 

2.3.2), was unsuccessful, with only starting material recovered after work-up.  Increased 

reaction time (up to 12 hours) at ambient temperature had no effect, whereas increasing the 

reaction temperature to 40 to 60 ˚C caused decomposition of starting material after just 5 

minutes of reaction, suggesting that compound 67 is temperature-sensitive under the 

reaction conditions.  Variations in the base (DBU or Et3N for tBuOK) and solvent (THF or 

DCM for toluene) used were investigated (Scheme 16, Table 2) in an attempt to achieve 

the conditions for synthesising the desired compound 68, but with no successful result. 
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Scheme 16 

Table 2.  Reaction conditions for attempted phosphonylation of 2-nitro-uronate glycal 67. 

Reagent Base Solvent Temp. (˚C) Time Outcome 

HP(O)(OMe)2 tBuOK Toluene 0 12 h SM recovered 

HP(O)(OMe)2 tBuOK Toluene rt 12 h SM recovered 

HP(O)(OMe)2 tBuOK Toluene 40-60 5 min. Decomposition 

HP(O)(OMe)2 tBuOK THF rt 12 h SM recovered 

HP(O)(OMe)2 tBuOK THF 40 6 h Decomposition 

HP(O)(OMe)2 tBuOK DCM rt 24 h SM recovered 

HP(O)(OMe)2 DBU DCM 0 30 min Decomposition 

HP(O)(OMe)2 Et3N DCM 0-rt 2 h Decomposition 

P(OMe)3 - - 60 5 min Decomposition 



 

39

In this reaction it was presumed that the phosphorus nucleophile generated under the 

reaction conditions would attack the electron deficient centre at C-1.  However, the 

presence of the ester protecting groups at C-3, C-4 and C-6 might be destabilizing the 

already electron poor glycosyl cation 70 (illustrated in Figure 14), contributing towards the 

lack of reactivity of compound 67.  If this is the case, replacing the acetate esters with ether 

protecting groups at C-3 and C-4 might alleviate the problem.  Ether protecting groups are 

known to give more reactive glycosyl donors125,153 and could improve stabilization of the 

glycosyl cation 70 by the formation of oxocarbenium ion 71 (Figure 14). 
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Figure 14.  Analysis of the possible effect of protecting groups on the stabilization 
of glycosyl cation 70. 

 

With the lack of reactivity of the acetate protected 2-nitro-uronate glycal 67, and in light of 

the use of benzylated 2-nitro D-glucal 63 by Schmidt and co-workers,120 the synthesis of 

benzyl protected uronate derivative 73 was pursued, as it might serve as a better starting 

material for the phosphonylation reaction than its acetylated counterpart 66.  Several routes 

were envisaged to synthesise 73; unfortunately, the most straightforward approach relying 

on de-O-acetylation and subsequent 3,4-di-O-benzylation of readily available glycal 66 

proved unsuccessful (Scheme 17). 
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Scheme 17.  Reagents and conditions:  a) NaOMe, MeOH, -20 ˚C, 3 h, N2 (75%); b) 
i. BnBr, NaH, DMF, rt, 48 h, Ar; or ii. BnOC(NH)CCl3, TMSOTf, DCM, 0 ˚C-rt, 24 
h, Ar; or iii. BnOC(NH)CCl3,TfOH, cyclohexane, DCM, 0 ˚C-rt, 12 h, Ar. 
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After de-O-acetylation of 66 at low temperature (Scheme 17), attempted benzylation of the 

product 72 under basic conditions using sodium hydride154 and benzyl bromide resulted in 

multiple products, by TLC analysis, from which it was hard to isolate any component.  

This is similar to the result reported by Schell et al.155 who observed mono-alkylated and 

transesterified products under the same reaction conditions.  For this reason, benzylation in 

an acidic environment with benzyl trichloroacetimidate156-158 was attempted, as this 

condition was thought to be more compatible with the ester functional group in compound 

72.  With triflic acid (TfOH)156 in cyclohexane and DCM, only starting material 72 was 

recovered, while using TMSOTf158 in DCM resulted in decomposition of the starting 

material.  A similar outcome was also observed by Bazin et al. during the attempted 

benzylation of Δ4-uronate monosaccharides under acidic conditions.159 

 

An alternative route to the synthesis of 73 was based on transformations starting from D-

glucal 31 using regioselective masking of the primary C-6 hydroxyl group prior to 

alkylation of the C-3 and C-4 hydroxyls and later unmasking and oxidation at C-6.  A 

similar protocol has been reported by Schell et al. in the synthesis of differentially 

protected D-arabino uronate glycals.155  Accordingly, commercially available acetylated D-

glucal 74 was deacetylated to obtain D-glucal 31 in virtually quantitative yield (Scheme 

18).  Subsequent selective protection of the primary hydroxyl group of 31 as a silyl ether 

was effected by treatment with tert-butyldimethylsilyl chloride (TBDMSCl) and imidazole 

in DMF at room temperature to afford the product 75160 in 69% yield.  Benzylation of 75 

under basic conditions (NaH, BnBr, THF) in the presence of phase transfer catalyst 

nBu4NI afforded fully protected glucal 76160,161 in 92% yield.  This was followed by the 

removal of the 6-O-TBDMS group using nBu4NF to furnish 6-hydroxy derivative 77162,163 

in 93% yield.  The formation of the product 77 was established by 1H NMR analysis and 

was in agreement with that reported in the literature.162 
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Scheme 18.  Reagents and conditions:  a) NaOMe, MeOH, rt, 3 h, N2 (99%); b) 
TBDMSCl, imidazole, DMF, rt, 12 h, N2 (69%); c) BnBr, NaH, nBu4NI, THF, rt, 12 
h, N2 (92%); d) nBu4NF, THF, 0 ˚C-rt, 2 h, N2 (93%). 
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Next, oxidation of the primary hydroxyl group in 77 was undertaken.  Direct oxidation to 

the acid using either 2,2,6,6-tetramethyl-1-piperidin-1-oxyl (TEMPO) [with sodium 

hypochlorite as the stoichiometric oxidant in the presence of bromide ions]164 or Jones 

[chromium(VI) oxide and sulfuric acid]165-167 oxidation methods resulted in decomposition 

of the starting material, while methods based on the chromium(VI) oxidants like PDC168 

and PCC169 led to the recovery of starting material.  It is possible that the presence of 

unsaturation in the ring could be leading to the unsuccessful reaction.164  An indirect 

method of formation of the C-6 acid, beginning with Swern oxidation (oxalyl chloride 

activation)170 using Et3N as base (Scheme 19) was next attempted.  It resulted in the 

formation of the C-6 aldehyde, which was directly oxidised to the corresponding 

carboxylic acid using chlorite oxidation.171  Esterification of the resulting acid under basic 

conditions led to the formation of two components (approximately 1:2 ratio).  These 

components were very close in Rf on TLC but could be separated by performing very 

careful column chromatography and were subsequently identified as the D-arabino 73 

(desired product) and L-xylo 78 methyl uronate.  The assignment of the two epimers 73 and 

78 was based on comparison of the 1H NMR chemical shifts with those observed by Thiem 

et al. for acetylated derivatives of the hexuronic acid methyl ester glycals with D-arabino 

(“D-gluco”) and L-xylo (“L-ido”) configuration.172  It was not possible to determine the 

configuration of the epimers directly by 1H NMR analysis due to the appearance of broad 

and overlapping signals for H-4 and H-5, making it difficult to measure coupling constant 

between H-4 and H-5.  Changing the base to the more hindered Hünig's base (N,N-

diisopropylethylamine, DIPEA) also furnished a mixture of C-5 epimers (73 and 78).  

Swern oxidation therefore led to the formation of the desired methyl ester product 73, 

albeit in very low yield (20%), which was not acceptable at the early stages of the synthetic 

approach. 
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Scheme 19.  Reagents and conditions:  a) i. (COCl)2, DMSO, Et3N, DCM, -45 ˚C, 
2.5 h, N2; or (COCl)2, DMSO, DIPEA, DCM, -45 ˚C, 2.5 h, N2; ii. NaClO2, 2-
methyl-2-butene, NaH2PO4, tBuOH, rt, 2 h; iii. MeI, KHCO3, DMF, 3 h, N2 (73, 
20%; 78, 37% over 3 steps); b) i. DMP, DCM, rt, 2 h, N2; ii. NaClO2, 2-methyl-2-
butene, NaH2PO4, tBuOH, rt, 2 h; iii. MeI, KHCO3, DMF, 3 h, N2 (77% over 3 
steps). 

 

In the literature, it is reported that the Dess-Martin periodinane (DMP) oxidation173 is 

highly efficient for epimerisation sensitive substrates.174,175  Schell et al.155 have previously 



 

42

synthesised methyl 1,5-anhydro-3-O-benzyl-4-O-(p-methoxybenzyl)-2-deoxy-D-arabino-

hex-1-enuronate in 79% yield using a three step procedure.  It involved DMP oxidation,173 

followed by subsequent oxidation of the aldehyde to the carboxylic acid, and then 

esterification.  Along similar lines, oxidation using the milder and bulkier DMP reagent 

was attempted on 6-hydroxy derivative 77 (Scheme 19).  This resulted in the formation of 

the corresponding aldehyde in 2 hours (as indicated by TLC analysis), which was 

subsequently oxidised to the acid using chlorite based oxidation.171  The acid obtained was 

esterified under basic conditions to afford the methyl uronate as a single isomer, the 

desired D-arabino derivative 73 in 77% yield.  The 1H NMR spectrum of 73 showed a 

singlet peak for the methyl ester at δ 3.47, slightly upfield compared to the methyl ester 

peak in the C-5 isomer 78 which resonates at δ 3.66.  The H-4 and H-5 peaks in compound 

73 were resonated at δ 4.13 and δ 4.70, slightly downfield in comparison to the H-4 and H-

5, resonating at δ 4.02 and δ 4.46 respectively, in L-xylo isomer 78. 

 

With D-arabino uronate glycal 73 in hand, the next step was the introduction of the nitro 

group at C-2 via an addition-elimination reaction (Scheme 20).  This was achieved using a 

two step procedure reported by Schmidt and Das for nitration of tri-O-benzyl-D-galactal.142  

In the first step, 73 was treated with a preformed mixture of nitric acid and acetic 

anhydride, in a similar manner to that described previously for the acetylated 2-nitro-

uronate derivative 66 (Scheme 15), the starting material in this case however was 

consumed in 1.5 hours.  This was followed by elimination of AcOH using Et3N to afford 

the novel 2-nitro-uronate glycal 80 in 77% yield.  The formation of 80 was confirmed by 
1H NMR analysis, which showed the distinctive142 chemical shift for the C-1 olefinic 

proton at δ 8.36.  It was further supported by the 13C NMR spectrum, which showed C-1 

and C-2 shifts at δ 154.5 and δ 130.9 respectively, appropriate for 2-nitro glycals.142 
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Scheme 20.  Reagents and conditions:  a) HNO3, Ac2O, -33 ˚C, 1.5 h, Ar; b) Et3N, 
DCM, 0 ˚C-rt, 2 h, Ar (77% over 2 steps); c) HP(O)(OMe)2, tBuOK, toluene, 0 ˚C, 2 
h, Ar. 

 

Initially, we wanted to carry out the phosphonylation reaction on 80 via Michael addition, 

under identical reaction conditions to those used by Schmidt and co-workers120 for the 

reaction of tri-O-benzylated 2-nitro-glucal 63 (Scheme 14).  This reaction had been 
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optimised to give the β-gluco phosphonate.  It was observed by Schmidt and co-workers120 

that a short reaction time (5 minutes) in the case of the D-lyxo (“D-galacto”) configured 

starting material produced a mixture of the α and β anomers of the D-galacto phosphonate, 

while the D-arabino (“D-gluco”) configured starting material gave initially the α-D-manno 

and β-D-gluco products.  However, longer reaction times (2 hours), for both the D-lyxo- 

and D-arabino-configured starting materials, led to an exclusive formation of the β-

phosphonates.  Therefore, a solution of 2-nitro D-arabino uronate glycal 80 in toluene was 

treated with dimethyl phosphonate at 0 ˚C in the presence of potassium tert-butoxide 

(Scheme 20), and the reaction was continued for 2 hours despite the starting material being 

consumed in 30 minutes as indicated by TLC analysis.  Under these reaction conditions, 

however, reaction with 80 produced a mixture of isomers (represented by 81), as evident in 

the 1H NMR spectrum of the crude product.  Unfortunately, it was not possible to separate 

the isomers by chromatography as they had the same Rf on TLC.  The 1H NMR spectrum 

also proved too complex to allow identification of the isomers (even the ratio of the 

isomers could not be determined). 

 

In attempting to determine the potential products from phosphonylation of 80, a number of 

factors should be taken into account; 1) the direction of the attack of the phosphorus 

nucleophile on 2-nitro D-arabino uronate glycal 80 (as shown in Figure 15); 2) the 

direction of subsequent addition of a proton at the C-2 position of intermediate 82; 3) the 

fact that the presence of the electron withdrawing group at C-5 influences the direction of 

attack of nucleophile124 (phosphorus, in this case); and 4) the fact that D-arabino uronate 

glycals can undergo base-catalysed epimerisation at the C-5 position.  As already 

mentioned above, Schmidt and his co-workers,120 have observed the formation of both the 

α-manno and β-gluco phosphonates during the phosphonylation reaction of the tri-O-

benzylated 2-nitro-glucal 63.  Also, it is reported that the electron withdrawing effect of the 

methyl ester at the C-5 position influences the outcome of glycosidation at the anomeric 

position, favoring nucleophilic attack (of phosphorus) from the axial face.124  Furthermore, 

it is well documented in the literature that the D-arabino uronate glycals can undergo base-

catalysed epimerisation at the C-5 position.155,172  There is, as well, evidence of the 

epimerisation of H-2 during the glycosidation of 2-nitro-sugars under the basic 

conditions.176  Therefore, it is presumed that during the phosphonylation reaction of 80 

(Figure 15), the C-5 position can undergo epimerisation under the basic reaction conditions 

due to the acidic nature of the C-5 proton.  In addition, the phosphorus anion could attack 

either on the α or β face of the glycal leading to the formation of a mixture of anomers of 
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2-nitro-phosphonate 82.  Also there is a possibility of attack of the proton at C-2 from both 

faces (top and bottom) leading either to the gluco- or manno-configured 2-nitro-

phosphonate 81 (Figure 15). 
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Figure 15.  Postulated mechanism for formation of the α or β anomers, gluco or 
manno configuration (at C-2), and epimerisation (at C-5) during the phosphonylation 
of 80. 

 

Due to the many isomeric possibilities, it was decided to investigate the effects, if any, of 

changing the temperature and time of reaction on the formation of the desired β-D-gluco 

phosphonate.  However, variations in reaction conditions (Scheme 21, Table 3) either 

resulted in mixtures of isomers as obtained originally, or starting material was recovered if 

the temperature was kept too low. 
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Table 3.  Effect of temperature and time on the phosphonylation reaction. 

Temp. (˚C) Time Producta 

-40 7 h SM recovered 

-20 24 h Mixture of isomers + SM recovered 

0 15 min. Mixture of isomers + SM recovered 

0-4 2 d Mixture of isomers 

rt 24 h Mixture of isomers 

a The 1H NMR spectra of the mixtures of isomers obtained were too complex to identify the 
isomers (even the ratios of the isomers could not be determined) 

 

In further trials, several bases of varying strength (with the temperature range of -40 ˚C to 

room temperature and the time range of 15 minutes to 24 hours) were used for the 
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phosphonylation of compound 80 with dimethyl phosphonate.  Using DBU as a base in 

THF145 resulted in the decomposition of the starting material, while the use of potassium 

bis(trimethylsilyl)amide (KHMDS) in THF provided the single phosphonate isomer 83.  

The phosphonylation reaction with KHMDS was not reproducible, however, even varying 

the temperature and time did not give reliable results.  Finally, the use of Et3N in THF led 

to the single phosphonate isomer 83 (see Scheme 22) and the reaction was found to be 

reproducible.  This result was promising, but the reaction was slow and generally took 2 to 

3 days to go to completion and also the yield obtained was lower than expected at only 

43% based on recovered starting material.  In the 1H NMR spectrum of 83 formed in the 

presence of Et3N, the phosphonate methyl esters appeared as two doublets at  δ 3.80 and δ 

3.83 along with a sharp singlet for the carboxylate methyl ester at δ 3.46.  Only the 

coupling constants for J4,5 and J1,2 could be determined clearly from the spectrum of 83.  

H-5 appeared as a doublet with (J4,5 1.5 Hz) and H-1 resonated as a doublet of doublets 

with JH-1,P 10.8 Hz and J1,2 7.8 Hz. 

 

Assignment of the structure of 83 needed to take into account, as discussed above, possible 

variations in configuration at C-1, C-2 and C-5; only C-3 and C-4 were assumed to retain 

the configuration seen in 80.  While some of the different uronic acids exist preferentially 

in a certain ring conformation (Figure 16),177 this may be altered by the bulky anomeric 

phosphonate.  Taking into account both 4C1 and 1C4 ring conformations, and varying 

configuration at C-1, C-2 and C-5 leads to 16 possible forms of the product 83.  It proved 

therefore to be quite difficult to assign the configuration of 83.  This comment was also 

made by Seeberger and his co-workers,178 when assigning the structures of similar types of 

compounds. 
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Figure 16.  Structures of uronic acids varied at C-5 and C-2.  D-GlcA and D-ManA 
are shown to exist preferentially in a 4C1 conformation while L-IdoA and L-GulA 
adopt preferentially a 1C4 conformation.177,179 
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In general, the pyranose ring conformation can be determined by coupling constant 

measurements.  Large coupling values between the H-4 and H-5 protons indicate a diaxial 

relationship as observed in the D-gluco and D-manno sugars in a 4C1 conformation (for 4C1: 

J4,5 > 8 Hz).178,180  While medium and smaller coupling values signify respectively, 

diequatorial and axial-equatorial relationships.178,180  In 83, a smaller coupling constant 

value (J4,5 1.5 Hz), suggests an axial-equatorial relationship between C-4 and C-5 as seen 

in the L-ido and L-gulo sugars (possible in both conformations; 1C4 and 4C1).  It indicated 

the possible epimerisation of H-5, however this was not a problem in this synthetic 

approach, as in the subsequent step, unsaturation will be introduced between C-4 and C-5.  

The large J1,2 of 7.8 Hz indicated the axial orientation of H-1 and H-2.  In the L-sugars, this 

would be possible in both the α-L-ido phosphonate in a 4C1 conformation and the β-L-gulo 

phosphonate in a 1C4 conformation, more likely the later conformation (based on known 
1C4 preference for the L-sugars181).  These two sugars differ in configuration at C-2 and so 

it should be possible to distinguish between 4C1 α-L-ido and 1C4 β-L-gulo phosphonates on 

the basis of the J2,3 and J3,4 coupling values.  Because of the multiple splitting pattern of H-

2 and substantial overlap of signals of the remaining protons, it was not possible to 

determine these coupling constants.  Therefore, in order to confirm the configuration of 

isomer 83, it was decided to synthesise the acetate protected 2-acetamido derivative 85 

(Scheme 22), which could be further reacted to prepare the 4,5-eliminated target 

compounds of type 23 (Figure 13). 
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Scheme 22.  Reagents and conditions:  a) HP(O)(OMe)2, Et3N, THF, rt, 2 d, Ar 
(35%; 43% based on recovered starting material); b) i. freshly prepared platinized 
Raney Ni, H2 (45 psi), EtOH, 24 h; ii. Ac2O, rt, 12 h, N2 (68% over 2 steps); c) i. 
Pd/C, AcOH:MeOH (1:1), H2, rt, 3 h; ii. Ac2O, pyridine, rt, 12 h, N2 (79% over 2 
steps). 

 

Reduction of the nitro group of benzyl-protected phosphonate 83 was successfully 

accomplished using platinized Raney nickel (Scheme 22).147  It is worth mentioning that 
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platinization of Raney Ni is a very long and cumbersome process and it needs to be freshly 

carried-out for good results.  Therefore various alternatives were trialed, such as Raney Ni 

with hydrazinium monoformate,182 Zn-HCl/AcOH,144 and one-pot debenzylation and nitro 

group reduction using palladium on carbon in the presence of ammonium formate,183 

however all of these methods resulted in the decomposition of the starting material.  The 

amino compound obtained after reduction of compound 83 with platinized Raney Ni was 

acetylated using acetic anhydride to afford 2-acetamido derivative 84 (68% yield over 2 

steps).  The 1H NMR confirmed the presence of the acetamide methyl signal at δ 1.84, 

however, still it was not possible to assign the configuration of H-1 and H-2 due to the 

overlapping of signals.  H-5 appeared as a broad doublet with J4,5 coupling of 1.5 Hz and 

H-4 could be defined as a doublet of triplets with J4,5 (1.8 Hz), J4,3 (3.9 Hz) and an extra 

coupling of 1.8 Hz.  As no extra cross peaks were present to H-2 or H-1 in the two 

dimensional 1H, 1H homonuclear correlated spectrum (2D HH COSY), this coupling was 

presumed to arise from long-range 5JH-4,P coupling.  In the next set of reactions, compound 

84 was debenzylated using Pd/C under an H2 atmosphere in a MeOH:AcOH solvent 

mixture.  The presence of AcOH accelerates the reaction,184 which was carried-out at room 

temperature overnight.  The crude diol obtained was then acetylated under standard 

conditions (Ac2O, pyridine), to afford compound 85 in 79% yield over two steps.  In the 1H 

NMR spectrum of 85, the two acetates were found to resonate at δ 2.16 and δ 2.03 and all 

the ring protons were well resolved with H-4 and H-3 resonating in the downfield region at 

δ 5.37 and δ 5.24 respectively, confirming the presence of the acetate protecting groups.  

H-1 appeared as an apparent triplet at δ 4.61 with J1,2 and JH-1,P couplings of 10.5 Hz and 

10.8 Hz respectively, while H-5 resonated at δ 4.56 as a doublet with J5,4 1.5 Hz.  Although 

multiple splitting of the signals of H-2, H-3 and H-4 did not allow the accurate 

determination of the coupling constants, J3,2 and J3,4 were estimated to be around 3.0 Hz 

and 3.9 Hz, respectively.  Also apparent in the 1H NMR spectrum of 85 were 5JH-4,P (1.8 

Hz), 4JH-3,P (3.3 Hz) and 3JH-2,P (~8 Hz) couplings. 

 

The NMR data for the compounds 83, 84 and 85 was compared to the similar compounds 

in the literature.120,172,178,180,185-187  The smaller value for coupling between H-4 and H-5 

(J4,5 1.5 Hz) in compounds 83, 84 and 85, was consistent with an L-sugar confirming the 

epimerisation of H-5.  In particular, examples of L-ido uronates existing preferentially in a 
1C4 conformation were reported to have J4,5 values of 1.5 Hz.180,181  The large coupling 

between H-1 and H-2 in 83 (J1,2 7.8 Hz) and 85 (J1,2 10.5 Hz) indicated a diaxial 

relationship between the two protons.120,172,185,186  In the L-sugar existing in a 1C4 
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conformation, this is suggestive of the β-L- gulo (C-1:C-2 “α-D-manno”) configured sugar.  

The magnitude of the J3,2 (~3.0 Hz) and J3,4 (~3.9 Hz) coupling constants also suggested 

the proposed 1C4 conformation of the phosphonates (83 to 85) with essentially axial 

substituents at C-3 and C-4 and equatorial substituents at C-1, C-2 and C-5, the β-L-gulo 

(“α-D-manno”) configured sugar.  In addition, the 3JH-2,P coupling of ~8 Hz is in the region 

anticipated for this configuration.104  The formation of the α-D-manno phosphonate (in 4C1 

conformation) from tri-O-benzyl-2-nitro-D-glucal has been reported by Schmidt and his 

co-workers.120  It appears that in the case of the phosphonylation of 2-nitro D-arabino 

uronate glycal 80, similar “α-manno” addition occurred, but with epimerisation at C-5, the 

product exists preferentially in a 1C4 conformation.  Thiem and Ossowski have reported the 

formation of the acetate protected β-cyclohexyl glucuronide 86 with similar conformation 

(to 83, 84 and 85) from acetylated L-xylo uronate glycal (L-guluronal).172  All this data 

supported an assignment that the compounds 83 to 85 are the L-guluronic acid derivatives, 

existing preferentially in a 1C4 conformation. 
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The next step in this synthetic approach was the β-elimination of the 4-acetoxy group from 

the acetylated methyl ester 85 to form 4,5-unsaturated derivative 87 (Scheme 23).  It is 

well reported in the literature that methyl hexopyranosiduronates undergo β-elimination via 

an E1cB mechanism under basic conditions.188,189  According to this mechanism, the 

electron withdrawing nature of the carbonyl group of the methyl ester makes the α-proton 

(which is H-5) acidic and therefore easily abstracted by base.  Various bases such as 

sodium methoxide,190,191 anhydrous alkali acetates,192 calcium hydroxide,193 

DBU96,97,99,194,195 and silver oxide196 have been used in literature to introduce unsaturation 

between the C-4 and C-5 of uronates.  Treatment of methyl glucuronates with DBU in 

anhydrous dichloromethane has been reported to give the corresponding eliminated 

derivatives in high yields.99,194  Therefore, compound 85 was treated with DBU in 

anhydrous dichloromethane to undergo β-elimination giving 4,5-unsaturated uronate 87 in 

74% yield after purification (Scheme 23).  The reaction was monitored by TLC analysis 

and was complete within 2 hours, which was somewhat surprising to us, as usually it takes 

18 to 20 hours for β-O-glycosides of D-gluco-configured uronates to undergo β-elimination 

under the same reaction conditions99,194 (see Chapter 3, Section 3.3).  It is known that the 
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β-elimination is facile when the acidic proton (H-5) and the leaving group (C-4 acetate) are 

anti-periplanar (trans-diaxial).188  The facile β-elimination of AcOH in 85 further 

confirmed the epimerisation of H-5 during the phosphonylation reaction to give the L-

gulurono sugar with the trans-diaxial orientation of H-5 and the C-4 acetate in a 1C4 

conformation.  The formation of the double bond in 87 was accompanied by a 

conformational change of the ring from a chair to a half-chair, as was evident from the 1H 

NMR spectrum.  The vinylic H-4 signal appeared in the downfield region at δ 6.16 as a 

doublet with J4,3 4.5 Hz while H-3 resonated an apparent quartet at δ 5.49 with J3,2 3.9 Hz 

and 4JH-3,P 3.6 Hz.  H-2 appeared as a complex doublet of doublet of doublet of doublets 

(dddd) at δ 4.64 and H-1 as an apparent triplet at δ 4.46 with J1,2 and JH-1,P couplings of 9.0 

Hz and 9.3 Hz respectively (Table 4, Section 2.4).  These coupling constants indicated the 

axial orientation of both H-1 and H-2 with quasi-equatorial orientation of H-3 in 87, 

suggesting a 1H2 conformation of the ring (see Figure 17).  This was further 

substantiated194 by the absence of long range (J1,3 and J2,4) couplings in the 2D HH COSY 

spectrum.  Comparison of this data with known α- and β-glycosides of hex-4-

enopyranuronates in the literature,194,197,198 supported the assignment of compound 87 as 

the β-L-erythro sugar, primarily existing in a 1H2 conformation. 
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Scheme 23.  Reagents and conditions:  a) DBU, DCM, rt, 2 h, Ar (74%); b) NaOH 
(0.5 M), MeOH, pH 13, 0-4 ˚C, 12 h, (41%). 

 

Although 87 did not appear to have the configuration of the desired target ∆4-uronyl 

phosphonate 23 (Figure 13), it was still of interest to submit the β-L-erythro phosphonate 

for sialidase inhibition evaluation.  So, finally, the 3-O-acetate and the C-6 carboxylate 

methyl ester of compound 87 were selectively removed using 0.5 N NaOH (pH 13) at 0-4 

˚C to afford the free acid 88 in moderate 43% yield (Scheme 23).  The selective removal of 

the acetate and carboxylate methyl ester was confirmed by the 1H NMR and 13C NMR 

spectra in which the methyl ester and acetate signals had disappeared.  The characteristic 

phosphonate methyl ester peaks were still present, resonating at δ 3.77 and δ 3.74 as 

doublets in the 1H NMR spectrum.  The coupling between H-1 and H-2 could not be 

measured due to the overlapping signals, however J3,4 (4.5 Hz) and J3,2 (4.2 Hz), couplings 

were similar to those observed in the acetate protected precursor 87, which suggested a 1H2 

ring conformation of 88. 
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It was of interest to determine the orientation of substituents on the dihydropyran ring in 

88.  In the β-O-glycosides of hex-4-enopyranuronates, a preferred 1H2 conformation in 

solution placed the substituents in an axial or pseudo-axial orientation,194,197,198 different to 

the all-equatorial conformation of Neu5Ac2en.102,103  It has been reported that the 

Neu5Ac2en-like ring conformation is required for binding to the influenza virus sialidase 

active site.52  The 1H2 ring conformation of 88 places the phosphonate and NHAc groups in 

a pseudo-equatorial orientation, while the C-3 hydroxyl group is quasi-axial.  Although the 

half chair conformations of 88 and Neu5Ac2en are different (Figure 17), equatorial 

positioning of the major substituents (anomeric phosphonate and NHAc) of 88 may allow 

interactions in the influenza virus sialidase active site. 
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Figure 17.  Comparison of the conformations of phosphonate 88 and Neu5Ac2en 3. 

 

After thorough evaluation of conformation of the products, it was concluded that the 

approach via addition of dimethyl phosphonate to 2-nitro D-arabino uronate glycal 34 

(path B' using D-glucal, Figure 13) does not lead to the desired β-D-gluco-configured 

phosphonate derivatives (which might have led to the desired Neu5Ac2en-like mimetic) 

but rather to the β-L-gulo (“α-D-manno”) configured phosphonates. 

 

2.3.2 Approach via phosphonylation of 2-nitro-D-arabino glucal 
 
With the successful phosphonylation of the uronate glycal, it was decided to follow the 

alternative route to the target phosphonates 23 via path A' (reterosynthetic analysis in 

Figure 18), again using D-glucal as starting material.  In this pathway, phosphonylation to 

prepare β-glucosyl phosphonate 28 was attempted prior to oxidation at C-6.  Schmidt and 

co-workers120 have reported the synthesis of the phosphonates of type 28 starting from tri-

O-benzyl-2-nitro-D-glucal, as explained previously. 
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Figure 18.  Retrosynthetic pathway for the synthesis of β-glucuronyl phosphonates 
23 from D-glucal. 

 

The starting point for the new pathway (summarised in Scheme 24) was from readily 

available D-glucal 31, which can be functionalised to the known tri-O-benzyl 2-nitro-β-

glucosyl phosphonate derivative 64.120  It was anticipated that nitro group reduction of 

compound 64 followed by acetylation of the amino group and then finally debenzylation 

could afford the 3,4,6-trihydroxy β-D-gluco phosphonate 89.  The primary hydroxyl group 

of compound 89 could then be selectively oxidised and esterified, followed by acetylation 

of the secondary hydroxyl groups (giving 90), all in a one-pot reaction.  This would be 

followed by β-elimination (to give 91) and finally deprotection to furnish target molecule 

92. 
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Scheme 24 

 

The first step in the reaction sequence was to prepare the known 3,4,6-tri-O-benzyl-D-

glucal 93,199 which was effected in a one-pot reaction by direct conversion of 

commercially available 3,4,6-tri-O-acetyl-D-glucal 74 (Scheme 25). Following the 

literature procedure,199 acetylated D-glucal in THF was reacted with benzyl bromide in the 

presence of powdered NaOH and nBu4NI to afford 93 in 76% yield after purification by 

flash chromatography.  Next, 93 was treated with a preformed mixture of HNO3 and Ac2O 

at -33 ˚C followed by reaction with Et3N to afford 2-nitro glycal derivative 63120,142,149 in 

83% yield over two steps.  With 2-nitro D-glucal 63 in hand, phosphonylation was carried-

out by using identical reaction conditions to those reported by Schmidt and his co-

workers120: compound 63 in anhydrous toluene was reacted with dimethyl phosphonate in 

the presence of tBuOK for 2 hours at room temperature to afford compound 64120 in 76% 

yield after purification.  In the 1H NMR spectrum of 64, all the ring protons appeared as 

broad and overlapping signals, making it difficult to measure the coupling constants 

between the protons.  The assignment of 64 was based on the analysis of the 1H and 13C 

NMR chemical shifts, and was identical to that reported in the literature,120 confirming the 

formation of the β-D-glucosyl phosphonate 64. 
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Scheme 25.  Reagents and conditions:  a) BnBr, nBu4NI, NaOH (powd.), THF, rt, 
12 h, N2 (76%); b) i. HNO3, Ac2O, -33 ˚C, 30 min, Ar; ii Et3N, DCM, 0 ˚C-rt, 30 
min, Ar (83% over 2 steps); c) HP(O)(OMe)2, tBuOK, toluene, 0 ˚C, 2 h, Ar (76%); 
d) i. freshly prepared platinized Raney Ni, H2 (45 psi), EtOH, 24 h; ii. Ac2O, rt, 12 h, 
N2 (59% over 2 steps, based on recovered 64); e) Pd/C, MeOH, AcOH, H2, rt, 12 h; 
f) i. TEMPO, KBr, aq NaHCO3, NaOCl, 0-4 ˚C, 12 h; ii. MeI, DMF, rt, 24 h, N2; iii. 
Ac2O, DMAP, rt, 12 h, N2. 

 

In the next step, phosphonate 64 was treated with freshly prepared platinized Raney Ni147 

under an H2 atmosphere to effect nitro group reduction.  Subsequent reaction with Ac2O 

afforded benzyl protected 2-acetamido-β-D-glucosyl phosphonate 94.  This was followed 

by debenzylation using Pd/C under an H2 atmosphere in a MeOH:AcOH solvent mixture to 

furnish trihydroxy intermediate 89 which was used without purification for the next step.  

The 1H NMR spectrum of compound 89 revealed the disappearance of the benzyl protons. 

 

It was predicted that one-pot selective oxidation of the primary hydroxyl group of 89, 

esterification and subsequent acetylation of the C-3 and C-4 hydroxyl groups, as used for 

the synthesis of the methyl glucuronate β-O-glycoside 123 (described in Chapter 3, Section 

3.3) could be implemented to transform 89 to the fully protected methyl glucuronate 90 

(Scheme 25).  By employing the previously optimised procedure, the primary hydroxyl 

group of compound 89 was oxidised using a TEMPO-based oxidation in aqueous sodium 

bicarbonate solution to furnish the corresponding acid.  The reaction solution of the crude 

acid, containing a large quantity of inseparable inorganic salts, was evaporated and 

lyophilised to form a dry solid.  This solid was suspended in DMF and esterified using MeI 

under the still basic conditions.  After 24 hours, Ac2O and catalytic DMAP were added to 

the reaction mixture to effect acetylation of secondary hydroxyl groups.  The TLC analysis 

of the crude product proved to be problematic; while various visualisation agents were 

used in an attempt to observe the product spot on TLC, only 5% H2SO4 in EtOH proved to 

be effective when a large concentration of the sample was applied on the TLC plate.  It was 

therefore difficult to observe any spot on the TLC during elution of the compound from 

column chromatography, making product isolation more difficult.  The 1H NMR of the 
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product isolated showed the presence of the methyl ester signal of 90, however, purity was 

a concern, because of the presence of many small unidentifiable signals in the 1H NMR 

spectrum.  A β-elimination reaction using DBU was attempted on impure compound 90, 

however only 10% of the corresponding 4,5-unsaturated product was isolated after column 

purification, potentially due to impurities present in crude 90. 

 

An alternative approach was therefore envisaged to synthesise the target glucuronic ester 

90 and the 4,5-unsaturated derivative 91 from 3,4,6-tri-O-benzylated phosphonate 

derivative 94, as illustrated in Scheme 26.  This methodology was based on the one-pot 

TMSOTf/Ac2O mediated selective debenzylation/acetylation of the primary 6-O-benzyl 

group of perbenzylated glycosides which was developed by Kobertz et al. during their 

work on the synthesis of C-glycosyl aldehydes.200  Application of this procedure to 94 

should allow more selective functionalisation at C-6 to prepare glucuronate 97 and 

subsequently 90. 
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Scheme 26.  Reagents and conditions:  a) Ac2O, TMSOTf, -40-0 ˚C, 18 h, Ar; b) 
NaOMe, MeOH, rt, 1.5 h, N2 (88% over 2 steps from 94) c) i. TEMPO, KBr, 
nBu4NBr, DCM, aq NaHCO3, NaOCl, NaCl, 0 ˚C, 45 min; ii. CH(OMe)3, SOCl2, 
MeOH, rt, 30 min, Ar (76% over 2 steps); d) i. Pd/C, MeOH:EtOAc, AcOH, H2, rt, 
12 h; ii. Ac2O, pyridine, rt, 14 h, N2; e) DBU, DCM, 40 ˚C, 24 h, Ar (41% over 3 
steps from 97; 74% based on the recovered starting material). 

 

In the first step of the synthetic strategy depicted in Scheme 26, 3,4,6-tri-O-benzylated 

phosphonate derivative 94 in DCM was treated with Ac2O in the presence of TMSOTf at -

60 ˚C (conditions reported in the literature200) to effect acetolysis of the 6-O-benzyl group.  

After 6 hours reaction (at -60 ˚C to -40 ˚C), TLC analysis indicated very little conversion 

to the product so the temperature of the reaction mixture was raised to 0 ˚C and reaction 

continued for a further 12 hours, at which time the TLC analysis indicated clean 

conversion of 94 to a single component.  A crude sample of the product 95 was analysed 

by 1H NMR which confirmed the presence of the 6-O-acetate of 95, which appeared as a 



 

55

singlet at δ 1.95, downfield from the acetamide peak at δ 1.77.  The crude product was 

sufficiently pure by 1H NMR analysis to be used without purification for the next step.  

The 6-O-acetate group of 95 was removed under Zemplén conditions to give 6-hydroxy 

derivative 96 in 88% yield over 2 steps. 

 

In the next step, TEMPO-based oxidation164 was carried-out to oxidise the primary 

hydroxyl group of 96.  This was followed by esterification of the crude product using 

trimethyl orthoformate and thionyl chloride,99 in dry methanol, to furnish the benzyl-

protected methyl ester 97 in 76% yield over two steps.  The formation of 97 was confirmed 

by 1H NMR analysis, which showed the expected methyl ester signal resonating at δ 3.63 

as a singlet.  The larger coupling values J1,2 (9.9 Hz) and J4,5 (9.6 Hz), indicated the desired 

β-gluco configuration of 97, preferentially existing in a 4C1 conformation. 

 

In the subsequent steps towards the synthesis of the target phosphonate 92 (Scheme 24), 

insertion of the double bond between C-4 and C-5, followed by C-3 and C-6 deprotection 

was required.  As an acetate is a better leaving group than a benzyl ether,201 and also as the 

O-acetate group can be more easily removed in the presence of a double bond than a 

benzyl ether,201 it was decided to replace the C-3, C-4 benzyl groups with acetate 

protecting groups.  The benzyl groups of 97 were removed by hydrogenolysis using 10% 

Pd/C under an H2 atmosphere, followed by acetylation under standard conditions (Ac2O, 

pyridine) to furnish the acetate protected methyl ester 90 (Scheme 26).  The 1H NMR 

spectrum of crude 90 was clean and showed the acetate signals resonating as two singlets 

at δ 2.01 and δ 1.98, in addition to the acetamide peak at δ 1.89, confirming the formation 

of 90.  All the vicinal coupling constants, J1,2, J2,3, J3,4 and J4,5 were greater than 9.0 Hz 

(Table 4, Section 2.4).  Also seen in 90 was 3JH-2,P (~9-10 Hz) consistent with the β-D-

gluco-configuration.104  As mentioned previously, acetylated methyl ester 90 could be 

observed on TLC only when spotted in large concentration, therefore it was used without 

purification for the next step.  To effect the β-elimination of acetic acid across the C-4:C-5 

bond, a solution of 90 in anhydrous DCM was treated with DBU at room temperature.  

Reaction was however very slow at room temperature and only 20% of the starting 

material was converted to the product 91 in 24 hours as identified by the 1H NMR analysis 

of the crude reaction mixture.  The product 91 had same Rf as the starting material 90, 

making the monitoring of the reaction not possible by TLC.  Many variations in the 

reaction conditions (for example, using DBU in excess, addition of DBU in aliquots or 

increasing the time of the reaction) were attempted and the best results were obtained when 
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the reaction was refluxed for 24 hours in DCM using DBU as the base.  After 

chromatographic purification, the eliminated compound 91 was obtained in 41% yield over 

three steps from pure compound 97.  Unreacted material recovered from the reaction 

mixture was acetylated (Ac2O, pyridine) to return the starting material 90 (33%).  The 

corrected yield of 91 (from 97) was re-calculated to be 74%, based on the recovered 

starting material.  The formation of compound 91 was confirmed by NMR analysis (1H and 
13C values are listed in Tables 4 and 5, Section 2.4), which revealed the change in the ring 

conformation from chair to a half-chair on the introduction of unsaturation in 91.  In the 1H 

NMR spectrum, the vinylic H-4 appeared at δ 5.99 as a doublet with J3,4 3.0 Hz, H-3 as a 

doublet of doublets with J2,3 7.5Hz and H-1 as an apparent triplet with J1,2 9.6 Hz.  H-2 

resonated as an apparent pentet with an additional coupling of 3JH-2,P (~9.0 Hz), consistent 

with a dihedral angle of ~60 degrees104 seen in 2H1 conformation of 91.  These coupling 

constant values indicated axial orientation of H-1 and H-2, with quasi-axial orientation of 

H-3, which suggests that 91 adopts preferentially a 2H1 conformation194,197 (Figure 19).  

The absence of long range coupling between H-4 and H-2 or H-1 and H-3 in 91, is also 

consistent with a 2H1 conformation.194,197 As mentioned previously, Neu5Ac2en 3 (Figure 

17, Section 2.3.1 ), a natural inhibitor of influenza virus sialidase, adopts a similar (2H1 ≡ 
5H6) conformation.103 
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Figure 19.  Proposed conformation of the phosphonate 91. 

 

In the final step in this synthetic approach, selective deprotection of the carboxylate methyl 

ester and the 3-O-acetate was attempted on compound 91 (Scheme 27).  However 

hydrolysis of the methyl ester 91 did not proceed as expected.  Such hydrolyses are 

commonly carried-out using sodium hydroxide in MeOH/H2O mixtures without much 

complication.  This deprotection was even previously optimised for the synthesis of the 

alternatively configured acid 88 in Scheme 23.  Along similar lines, when compound 91 

was treated with sodium hydroxide in MeOH/H2O mixture at 0-4 ˚C, two different 

products were obtained and also unreacted starting material was recovered.  The two 

products formed were assigned as the phosphonate mono-methyl ester with either the free 

carboxylic acid 98 or the C-6 methyl ester 99.  Their identity was established using NMR 
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analysis.  Compound 98 lacked both the acetate and methyl ester peak in the 1H NMR 

spectrum and the signal for the protons of one of the phosphonate methyl esters was also 

absent, suggesting hydrolysis of one of the methyl esters of the phosphonate group.  The 

formation of 99, which showed loss of the acetate and only one of the phosphonate methyl 

esters, was confirmed by NMR spectral analysis along with NOE analysis which showed 

coupling between the carboxylate methyl ester and H-4.  This unexpected outcome of the 

hydrolysis reaction suggested that one of the phosphonate methyl esters is more prone to 

hydrolysis than the carboxylate methyl ester under the reaction conditions, using NaOH as 

the base.  In an alternative approach to access the free carboxylic acid, keeping the 

phosphonate methyl esters in place, the C-3 acetate was initially removed using NaOMe in 

MeOH and this was followed by treatment with Et3N, a milder base, for selective methyl 

ester hydrolysis.202  However, this also resulted in the formation of the phosphonate mono-

methyl ester 98. 
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Scheme 27.  Reagents and conditions:  a) NaOH (0.5 M), MeOH, pH 13, 0-4 ˚C, 12 h. 

 

The target compounds in this series were designed to be dialkyl phosphonate derivatives of 

type 23.  However, in view of the deprotection results of 91, it appears difficult to 

selectively de-esterify the carboxylate methyl ester without the de-esterification of one of 

the phosphonate methyl esters.  In looking at ways to get around this problem, it was 

envisaged that the use of bulkier phosphonate esters might lead to the target compounds of 

type 23.  In that approach, phosphonate methyl esters of 91 for example could be 

hydrolysed using bromotrimethylsilane which does not hydrolyse the carboxylate methyl 

ester,203,204 and then the phosphonic acid functionalised with bulkier esters.  Selective 

carboxylate methyl ester hydrolysis could be then possible in the presence of the bulkier 

phosphonate esters to synthesise the target phosphonates of type 23.  However, it was not 

possible to explore this alternative pathway during the course of this research, due to the 

time limitations. 
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2.4 Comparison of the phosphonylation of 2-nitro D-arabino uronate glycal versus 
2-nitro D-arabino glucal 
 
As discussed in the sections above, the 2-acetamido-hex-2-enuronyl phosphonate 

derivatives were successfully synthesised via two approaches.  Following post-oxidation 

phosphonylation (Path B', Figure 13), 84, 85 and 87 were prepared from 2-nitro D-arabino 

uronate glycal (Scheme 22 and 23).  Following pre-oxidation phosphonylation (Path A', 

Figure 13), 97, 90 and 91 were prepared from 2-nitro D-arabino glucal (Scheme 25 and 

26).  The NMR data (Tables 4 and 5) clearly shows the difference between the 

phosphonates obtained from these two pathways.  The difference was more apparent in the 
1H NMR spectra of acetylated saturated derivatives 85 and 90.  The ∆4-uronate 87 and 91 

were mainly differentiated based on their J2,3 coupling constant values.  The 1H NMR 

analysis of the phosphonate derivatives obtained from the phosphonylation of 2-nitro D-

arabino uronate glycal 80 (Scheme 22 and 23) confirmed the β-L-gulo (“α-manno”at C-1 

and C-2) configuration of compounds, 84 and 85 (discussed in Section 2.3.1).  The 

alternative Path A', in which phosphonylation was done prior to C-6 oxidation led to the 

phosphonate derivatives 97 and 90 with the desired β-gluco-configuration (discussed in 

Section 2.3.2).  The 13C NMR confirmed that different compounds were synthesised by 

following the two approaches.  It was evident from the 13C NMR values presented in Table 

5 that the β-L-gulo (“α-manno” at C-1 and C-2) configured phosphonate derivatives (84 

and 85) have 1JC,P coupling constant values smaller than the β-gluco-phosphonates (97 and 

90).  The upfield chemical shifts of the β-L-gulo (“α-manno” at C-1 and C-2) configured 

phosphonate derivatives (84 and 85) compared to the β-gluco-phosphonates (97 and 90) 

was in accordance with the values observed in similar compounds reported in the 

literature.109,120  In the 31P NMR spectrum, the upfield resonance of phosphonate 90 (δ 

18.42) in comparison to 85 (δ 20.96) further substantiated120 the assigned configuration of 

the two compounds obtained via different pathways. 
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Table 4.  Comparison of 1H NMR data* for compounds 84 and 97, 85 and 90, and 87 and 91. 

Chemical shifts (ppm) Coupling constants (Hz) Cmpd 

H-1 H-2 H-3 H-4 H-5 J1,2 J2,3 J3,4 J4,5 

84 ~4.60 
(m) 

~4.74          
(m) 

~3.86 
(m) 

4.16 
(dt) 

4.48   
(br d) 

n.o. n.o. ~3.9 1.5 

97 4.33 
(dd) 

~3.69          
(m) 

4.18 
(app t) 

~3.72 
(m) 

3.90   
(d) 

9.9 9.0 9.6 9.6 

85 4.61 
(app t) 

4.74           
(app dtd) 

5.24 
(app q) 

5.37 
(dt) 

4.56   
(br d) 

10.5 ~3 ~3.9 1.5 

90 4.33 
(app t) 

4.08           
(br app pent) 

5.48 
(dd) 

5.08 
(app t) 

4.01   
(d) 

10.2 9.3 9.6 10.2 

87 4.46 
(app t) 

4.64        
(dddd) 

5.49 
(app q) 

6.16   
(d) 

- 9.0 3.9 4.5 - 

91 4.78 
(app t) 

4.20           
(app pent) 

5.69 
(dd) 

5.99   
(d) 

 9.6 7.5 3.0  

* For NMR analysis, compounds were dissolved in CDCl3 
n.o.: not observed 
~: approximate 
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Table 5.  Comparison of 13C NMR data* for compounds 84 and 97, 85 and 90, and 87 and 91. 

Chemical shifts (ppm) Coupling constants (Hz) Cmpd 

C-1 C-2 C-3 C-4 C-5 JC-1,P JC-2,P JC-3,P JC-5,P 

84 65.5 44.5 73.7 73.1 73.0 168.3 - 11.3 - 

97 72.4 52.4 80.8 80.0 79.4 169.8 - 16.8 18.2 

85 65.6 44.2 67.8 67.7 73.0 167.6 - - 12.0 

90 72.6 51.0 72.0 69.5 77.2 171.0 - 18.4 17.7 

87 70.9 45.1 63.3 107.3 145.3 169.1 - 8.3 8.3 

91 72.3 47.9 66.6 108.7 144.9 169.9 - 13.8 11.1 

* For NMR analysis, compounds were dissolved in CDCl3 
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The most striking observation from the results obtained is that the stereoselectivity of the 

phosphonylation reaction is highly dependent on nature of the substituents on the 2-nitro-

glycal (Figure 20).  Schmidt and co-workers120 had reported that the reaction of tri-O-

benzyl-2-nitro-D-glucal (D-arabino-glycal) 63 with dimethyl phosphonate using strong 

base tBuOK resulted in formation of the β-D-gluco product 64 if the reaction was 

continued for a longer time.  It was observed that the initially formed α-D-manno product 

transformed under basic conditions into the thermodynamically more stable β-D-gluco 

product.120  We could reproduce these results efficiently (Scheme 25).  However, 

unexpected outcomes were obtained when the same reaction was repeated with differently 

substituted D-arabino glycals 67 (Scheme 16) and 80 (Scheme 20), respectively. 

 

Compound 67 which bears electron withdrawing groups at C-2, C-3 and C-5 (B, Figure 

20), might have influenced stereoelectronically the outcome of the reactions (discussed 

previously in detail, Figure 14, Section 2.3.1), that either resulted in the decomposition of 

the starting material or in some cases only starting material was recovered.  When the 

acetyl groups of 67 were replaced by benzyl groups in 80 (C, Figure 20), the latter do not 

seem to influence the reaction.  However, the carboxylate methyl ester at C-5 of 80 might 

facilitate epimerisation at C-5, and also influence the addition of the phosphorus 

nucleophile and proton across the double bond (explained previously in detail, Figure 15, 

Section 2.3.1).  It was observed that the phosphonylation of 80 using strong base such as 
tBuOK led to the formation of a mixture of isomers of 2-nitro-phosphonate 81 (Scheme 21, 

Table 3, Section 2.3.1).  The same reaction using the milder base Et3N resulted in the 

formation of a single isomer 83 (Scheme 22, Section 2.3.1).  The reaction was, however, 

very slow at room temperature and usually took 2 days to form the thermodynamically 

stable β-L-gulo product 83. 
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Figure 20.  Comparison of the outcome of phosphonylation reaction on the 
differently substituted 2-nitro-D-glycals. 

 

Glycals are well-known to be conformationally flexible,152,172,205 and the NMR studies 

reported independently by Thiem172 and Liberek152 indicate that a 5H4 conformation 

becomes increasingly important for glycal derivatives when the C-5 substituent becomes 

more electronegative.  It has also been shown in literature that the presence of electron 

withdrawing groups such as nitro and cyano at the C-2 position could shift the equilibrium 

in favour of a 5H4 conformation from a 4H5 conformation.205  With these facts in mind, we 

believe that the 2-nitro-D-arabino glycals 67 and 80 predominantly exist in a 5H4 

conformation.  This assumption was supported by 1H NMR data of 80 (J3,4 1.8 Hz); in the 

case of 67, H-3 and H-4 appeared as a broad singlet suggestive of small couplings, 

however the value of the coupling constant could not be determined.  It is important to 

mention that glycal 63 (C-6 CH2OBn) also exists in a 5H4 conformation as evidenced by a 

H3-H4 coupling of 2.1 Hz.205  The fact that all the three compounds (63, 67 and 80), 

appear to adopt the same ring conformation, suggests that it is indeed the nature of the 
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substituents rather than the conformation of the compounds which is responsible for the 

outcome of the phosphonylation in this case, as illustrated in Figure 20. 

 

2.5 Biological evaluation of 4,5-unsaturated phosphonate derivatives 
 
The two parent deprotected compounds 88 and 98, obtained during this work were 

assessed for inhibition of influenza virus sialidases.  The alternatively configured 

dimethylated phosphonate 88 was evaluated in an in vitro fluorometric assay206 against 

both group-1 (N1) and group-2 (N2) viral sialidases, in the laboratory of Dr Nadia Naffakh 

at the Institut Pasteur, Paris.  Compound 88 showed selective (although only mM) 

inhibition of A/N1 (Ki = 3 mM) compared to A/N2 (Ki > 100 mM) sialidase.  

Subsequently, both the dimethylated phosphonate 88 and the mono-methylated 

phosphonate derivative 98 were evaluated against native influenza virus sialidase (A/N2) 

in an in vitro fluorometric assay,207 (described in Chapter 3, Section 3.5), in the Institute 

for Glycomics.  Neither of these compounds showed any inhibition activity up to 5 mM 

concentration. 

98

O

NHAc

HO2C

HO P
O

OMe
OH

88

O
HO2C P

O
OMe
OMe

NHAc

OH

 
 

These results could be compared to the carboxamide analogues of 4-amino-Neu5Ac2en 6 

and zanamivir 7,51 which showed good inhibitory activity against influenza A sialidase 

(Chapter 1, Section 1.5.1.1).  It was thought that placing the larger hydrophobic groups 

attached to the phosphonate moiety might improve the inhibition activity.  Preliminary 

molecular modelling101 studies has shown that the phosphonate moiety with a range of 

substituents (such as esters, amides, alkyl hydroxyl groups) could form a potential 

interaction in the glycerol side-chain binding pocket (subsites 4/5), which inturn might 

improve the inhibition activity. 

 

2.6 Conclusion and Future work 
 
In summary, the present study provided us with substantial progress in the quest for a 

satisfactory synthetic route towards the preparation of the β-glucuronyl phosphonates of 

type 29 from D-glucal via Path A' (pre-oxidation phosphonylation of D-glucal, 

Reterosynthetic analysis in Figure 11).  It is clear from the above discussion that the nature 

of the substituents on the 2-nitro-D-arabino glycals plays an important role in the outcome 
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of the Michael addition reaction of dimethyl phosphonate to these substrates.  Using the 

benzylated 2-nitro D-arabino uronate glycal 80 as the substrate for phopshonylation (in the 

presence of Et3N, Scheme 22), the β-L-gulo (“α-manno”at C-1 and C-2) configured sugar 

was formed.  This configuration was confirmed by the subsequent conversion of 83 to the 

acetylated 2-acetamido Δ4-uronate 87.  When tri-O-benzyl-2-nitro-D-glucal 63 with the 

benzyl group at the C-6 position, was used as the substrate for phosphonylation (in the 

presence of tBuOK, Scheme 25), the desired β-D-gluco product 64 was formed.  This was 

followed by the functionalisation of C-6 CH2OBn to the carboxylate methyl ester group in 

97 (Scheme 26).  Conversion of 97 to the desired Δ4-uronate 91 proceeded in 74% yield, 

based on recovered starting material. The overall yield of 91 from commercially available 

tri-O-acetyl D-glucal 74 was 14% yield over 13 steps. 
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The parent deprotected phosphonate derivatives 88 and 98 obtained via two different 

approaches were assessed as inhibitors against influenza virus sialidases.  Neither of these 

compounds showed significant inhibition. 

 

For future work, the key anomeric dimethyl phosphonates, benzyl protected 97 or 4,5-

unsaturated 3-O-acetyl protected 91 could be functionalised by the selective 

hydrolysis203,204 of the phosphonate methyl esters.  This would be followed by 

functionalisation of the phosphonic acid with selected alcohols and amines, chosen based 

on molecular modelling, to prepare a range of differently substituted phosphonates and 

phosphonamides. 
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CHAPTER 3 
 

SYNTHESIS OF 3-O-SUBSTITUTED 2-ACETAMIDO-Δ4-β-D-GLUCURONIDES 
AS INFLUENZA VIRUS SIALIDASE INHIBITORS 

 

3.1 Introduction 
 
The synthesis of C-4 substituted derivatives of the general sialidase inhibitor Neu5Ac2en 

has been of particular interest in the development of influenza virus sialidase inhibitors 

which maximise binding interactions in subsite 2 of the sialidase active site.  As discussed 

in Chapter 1, zanamivir (Relenza®) 5, the first potent and selective influenza virus sialidase 

inhibitor, is a C-4 modified Neu5Ac2en derivative in which the C-4 hydroxyl group has 

been replaced by a guanidino group.  The enhanced binding of 5 is due to the guanidino 

group forming charge-charge interactions with acidic residues in subsite 2 of the enzyme 

active site.60  Both during and since the development of zanamivir 5, much attention has 

been paid to synthesising Neu5Ac2en derivatives in which the C-4 hydroxyl group is 

replaced by other groups.43,48,202,208  The von Itzstein group48 for example, reported various 

Neu5Ac2en derivatives in which the C-4 hydroxyl group was replaced by substituted 

amino groups, such as the C-4 dimethylamino derivative 100 which exhibited activity 

comparable to Neu5Ac2en itself.  Recently, Li and co-workers208 reported C-4 triazole 

substituted Neu5Ac2en derivatives.  Among these, compound 101 approached the 

protective rate (at 50 μM) seen with zanamivir 5, in a cell based influenza infection assay.  

C-4 Modified Neu5Ac2en derivatives have also been synthesised using the free C-4 

hydroxyl group as a reaction centre, for example, the introduction of 4-cyanomethyl ether 

(102), and its elaboration to 4-carbamoylmethyl (103), and 4-amidinomethyl (104) ether 

substituents as potential mimics of the guanidino group of 5, however, activity was not 

improved over 5.209,210 
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The majority of C-4 substituted Neu5Ac2en derivatives synthesised to date as potential 

influenza virus sialidase inhibitors have been designed to explore hydrophilic/charged 

interactions around subsite 2 in the sialidase active site.  However, as mentioned in Chapter 
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1, the development of compound ABT-675 16 by Abbott Laboratories gave a new 

dimension to probing this area of the sialidase active site by showing that the amino acids 

of subsite 2 can also engage in hydrophobic interactions with an appropriately positioned 

non-polar group.50,80,81  Based on this finding reported by Abbott scientists, Hanessian211 

synthesised oseltamivir carboxylate analogue 105 in which the basic primary amine was 

replaced by a vinyl group to explore the hydrophobic paradigm around subsite 2.  

Compound 105 was found to inhibit influenza B sialidase with a Ki of 45 nM, a 

“significant finding” but short of the low nanomolar activity of oseltamivir carboxylate 10 

(Ki = 2.1 nM) and Abbott compound 16 (Ki = 0.3 nM),80 possibly because of the smaller O-

alkyl side chain binding subsites 4/5.  These interesting results prompted us to investigate 

hydrophobic interactions around subsite 2 using a carbohydrate-based scaffold.  While 

work to date with the Neu5Ac2en scaffold had not shown significant inhibition with 

hydrophobic derivatives at C-4,48,208-210 these substituents were often much larger than the 

aliphatic groups of 16 and 105.  We chose in this work therefore to synthesise 

carbohydrate-based inhibitors with a range of small alkyl or acyl substituents at the 

position to bind to subsite 2 of influenza virus sialidase. 
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For this work, we again chose the unsaturated 2-acetamido-D-glucuronic acid scaffold as a 

Neu5Ac2en mimetic as described in Chapter 2.  This scaffold has previously been used to 

explore binding to sialidases, including influenza virus sialidase, with various 

functionalised side-chains (aglycone units) replacing the glycerol side-chain of 

Neu5Ac2en.96-99  As previously mentioned in Chapter 2, it has been reported that the 

glycerol side-chain of Neu5Ac2en could be replaced with simple alkyl and thioethers 

giving compounds with activity comparable to that of Neu5Ac2en 3 against influenza 

virus96,97 and Vibrio cholerae sialidases.99  For the present work on the glucuronide-based 

scaffold, we chose to replace the glycerol side-chain of Neu5Ac2en with a 3-pentyl ether 

to mimic the side-chain of oseltamivir carboxylate 10 that has been shown to bind in 

subsites 4/5 utilising hydrophobic interaction.70  While various alkyl side-chain versions of 

the glucuronide-based scaffold have been evaluated as inhibitors of influenza virus 
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sialidase,97 the 3-pentyl side-chain derivative has not yet been evaluated (except as the C-4 

amino derivative98).  On this scaffold, the C-3 substituent of the 3-pentyl 2-acetamido-Δ4-

β-D-glucuronide 106 corresponds to the substituent at C-4 of Neu5Ac2en (Figure 21).  It 

was therefore of interest to us to synthesise C-3 substituted 2-acetamido-β-D-glucuronides 

of type 106. 

 R = NHAc; R' = alkyl, acetyl
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Figure 21.  The relationship between the C-3 substituent of 3-pentyl 2-acetamido-
Δ4-β-D-glucuronide 106 and the C-4 substituent of Neu5Ac2en 3. 

 

3.2 Approaches towards the synthesis of C-3 substituted 2-acetamido-Δ4-β-D-
glucuronides 
 
Different strategies were envisaged to selectively access the C-3 position of the 

glucuronide scaffold to prepare the target 3-pentyl 2-acetamido-Δ4-β-D-glucuronides of 

type 106, as shown retrosynthetically in Figure 22.  Starting with GlcNAc 107, either 

glycosidation followed by selective oxidation at C-6 could be performed (107→108→109, 

Path A) or O-glycosidation can be done after oxidation of the C-6 hydroxyl group 

(107→110→109, Path B).  Following Path A and Path B, elimination across the C-4:C-5 

bond of the glucuronide 109 would be done prior to the alkylations of the C-3 hydroxyl 

group.  The unsaturated C-3 hydroxyl intermediate 111 would be functionalised to prepare 

the protected glucuronide target 114.  An alternative approach would be to perform O-

glycosidation and then using appropriate protecting groups at C-4 and C-6 to perform 

alkylation of the only free hydroxyl group at C-3 (107→112→113, Path C), and then 

proceed with oxidation and elimination reactions to give the protected compound 114.  

Finally, the de-esterification of 114 would lead to the target compound 106.  The pathway 

used needs to have selectivity of oxidation and alkylation and should provide the most 

efficient and stereoselective way of glycosidation. 
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Figure 22.  Retrosynthetic pathways for the synthesis of C-3 substituted 3-pentyl 2-
acetamido-Δ4-β-D-glucuronide 106. 

 

With regard to Path C of the retrosynthetic pathways (Figure 22), introduction of alkyl, 

aryl, ester or silyl groups at C-3 of benzylidene-protected O-glycosides of 2-N-sugars is 

well exploited in the literature for the synthesis of oligosaccharides.  For example, C-3 

alkyl or acetyl protected 2-azido intermediate 115 was used by Rele and Chaikof during 

preparation of dimeric heparinoid mimetics.212  This strategy was also used by Vega-Pérez 

and Iglesias-Guerra213 in synthesis of the epoxy-alkyl glycoside of amino sugars of general 

structure 116. 
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Both these approaches were based on O-glycosidation of the 2-N-sugar followed by the 

benzylidene protection of the C-4 and C-6 hydroxyl groups and then finally alkylation of 

the C-3 hydroxyl group.  However, utilising this strategy to synthesise C-3 substituted 
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derivatives of the 3-pentyl 2-acetamido-Δ4-β-D-glucuronide 106 was not appropriate for 

this work.  After the alkylation of the C-3 hydroxyl group, oxidation and elimination 

reactions would be required on each separate compound making this synthetic strategy 

inefficient for preparation of the target C-3 alkylated derivatives of type 106. 

 

Following approaches A and B of the retrosynthetic pathways shown in Figure 22, a 

common advanced intermediate 111 could be accessed to allow synthesis of a range of C-3 

ether and ester substituted 4,5-unsaturated derivatives of type 114.  However, to reach the 

precursor 3-pentyl glucuronide 109 the choice of post-glycosidation oxidation (Path A) or 

pre-glycosidation oxidation (Path B) had to be made.  It is known that uronic acid 

glycosides are more difficult to prepare than the corresponding glycopyranosides.  Schmidt 

and co-workers214  have reported an increasing ease of glycosidation with different sugars 

possessing the same protecting group: glycuronates < aldoses < deoxy sugars < ketoses < 

3-deoxy-2-glyculosonates.  That is, of all common sugars, glycuronates require the highest 

activation for a given aglycone.  Accordingly, the most frequently used method for the 

synthesis of uronic acid containing oligosaccharides is initial glycosidation to prepare the 

oligosaccharide (e.g. 117, Scheme 28) followed by oxidation of specific primary hydroxyl 

groups to give the desired carboxylic acid or ester functionality 118.  Following this route, 

several examples can be found in the literature where O-glucuronides of general structure 

118, some of which employed alternative acyl protecting groups for the C-2 amine, have 

been prepared as intermediates in the synthesis of sugar amino acids,215 derivatives of 

oligosaccharides,216 and oligonucleotide analogs.217 
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Scheme 28 

 

Based on the post-glycosidation oxidation approach (Path A), Smith et al. synthesised the 

glucuronide-based mimetic 119 of the potent influenza virus sialidase inhibitor, oseltamivir 

carboxylate 10.  The synthesis of 119 was achieved in 13 steps from GlcNAc 107 via O-

glycosidation followed by C-6 oxidation, β-elimination, and finally the incorporation of the 

amine functionality at C-3.98  In a similar manner, the von Itzstein group96 synthesised 

isopropyl 2-acetamido-Δ4-β-D-glucuronide 120 as a mimetic of Neu5Ac2en 3.  Again, O-
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glycosidation was done prior to the oxidation of the C-6 hydroxyl group, followed by β-

elimination, and deprotection to arrive at 120. 
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Within the von Itzstein research group,99 an alternative approach based on pre-

glycosidation oxidation (Path B, Figure 22) was also explored to prepare glucuronide 

derivatives as Neu5Ac2en mimetics with the glycerol side chain replaced by hydrophobic 

alkyl ether groups.  By preceding O-glycosidation with C-6 oxidation, a range of aglycones 

could be introduced to a common intermediate 110 to prepare β-D-glucuronides.  For 

example, compound 109 with pivaloates as the hydroxyl protecting groups at C-3 and C-4 

has previously been prepared (in six steps from GlcNAc) by glycosidation of 2-acetamido-

2-deoxy-1,3,4-tri-O-pivaloyl-β-D-glucuronide.99  However, to introduce a single aglycon, 

Path A based on prior O-glycosidation and then the oxidation was preferred due to the ease 

of glycosidation of the aldoses over glucuronates.214  Therefore, with a target of using 

solely the 3-pentyl glycoside, a reaction sequence based on post-glycosidation oxidation 

(Path A, Figure 22) was chosen.  The key steps in the sequence were envisaged to be the 

O-glycosidation (to prepare 108) and subsequent oxidation to form 109, which could be 

then subjected to β-elimination and selective C-3 deprotection to synthesise intermediate 

111.  It was expected that the synthesis of a range of 3-O-substituted glucuronides of type 

106 could be achieved by alkylation of 4,5-unsaturated intermediate 111 (to give 114), 

followed by de-esterification.  To the best of our knowledge, C-3 substituted 2-acetamido-

Δ4-β-D-glucuronides of type 106 have not been previously reported. 

 

3.3 Synthesis of 4,5-unsaturated 2-acetamido glucuronide intermediate from 
GlcNAc 
 
The first target in the synthesis of C-3 substituted glucuronides 106 from GlcNAc 107 was 

the acetate-protected 3-pentyl 2-acetamido-β-D-glucuronide 123 (Scheme 29).  As acetate 

esters are simple to both form and cleave and the acetate group at the anomeric position 
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can also serve as a good leaving group in the presence of a Lewis acid to promote O-

glycosidation,125 acetate esters were chosen as the hydroxyl protecting groups on GlcNAc 

107. 

107 GlcNAc 44 121
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Scheme 29.  Reagents and conditions:  a) Ac2O, pyridine, DMAP, rt, 24 h, N2 
(96%); b) i. TMSOTf, DCE, 50 ˚C-rt, 12 h, Ar; ii. 4Å mol. sieves, 3-pentanol, rt, 48 
h, Ar (95%); c) NaOMe, MeOH, rt, 2 h, Ar (99%); d) i. TEMPO, KBr, aq NaHCO3, 
NaOCl, 0-4 ˚C, 12 h; ii. MeI, DMF, rt, 24 h, N2; iii. Ac2O, DMAP, rt, 12 h, N2 (61% 
over 3 steps). 

 

In the first step towards the synthesis of acetylated glucuronate 123 (Scheme 29), GlcNAc 

107 was peracetylated to provide the α-anomer of GlcNAc penta-O-acetate 44 in 96% 

yield (as described in Chapter 2).  The next step was the glycosidation between acetylated 

GlcNAc 44 as glycosyl donor and 3-pentanol.  Smith et al. had synthesised acetate-

protected 3-pentyl β-glycoside 121 from GlcNAc 107 in three steps via glycosidation of 

the corresponding acetylated GlcNAc oxazoline.98  Glycosidation of 2-acetamido sugars 

via oxazoline formation was first reported by Zurabyan and Khorlin218,219 in 1970’s and 

from then on has been employed with moderate success in oligosaccharide synthesis.  

Ogawa and co-workers reported the use of TMSOTf as an activator of a preformed 

oxazoline for glycosidation reactions,220 and subsequently Yu and co-workers221 published 

one-pot β-glycosidations of peracetylated chitobiose [GlcNAc-β-(1,4)-GlcNAc] in good 

yield by employing TMSOTf as a promoter.  This method was later successfully 

reproduced in the von Itzstein group to synthesise the β-iso-propyl glycoside of 2-

acetamido-D-glucopyranose.96  Lewis acid catalysed glycosidation of 2-acetamido sugars is 

reported125,130 to proceed with neighbouring group participation to give the oxazolinium 

intermediate 45 (Scheme 30), which can be reacted in situ with an acceptor alcohol to 

afford the β-glycoside 124. 
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Scheme 30.  Formation of β-glycoside via an oxazolinium ion in Lewis acid 
catalysed glycosidation of a 2-acetamido sugar. 

 

Along similar lines, we utilised the TMSOTf mediated one-pot glycosidation reported by 

Yu and co-workers,221 to synthesise the 3-pentyl β-glycoside 121.  In this reaction, 

precursor 44 was reacted with TMSOTf in anhydrous 1,2-dichloroethane at 50 ˚C for 12 

hours, followed by reaction with 3-pentanol in the presence of 4 Å molecular sieves for 48 

hours at room temperature to furnish the β-glycoside 121 in 95% yield.  The trans-diaxial 

relationship between H-1 and H-2, indicative of the formation of the β-anomer, was 

confirmed by the large coupling constant of J1,2 8.4 Hz.  The 3-pentyl β-glycoside 121 was 

subsequently deacetylated under basic conditions to yield trihydroxy compound 122 in 

virtually quantitative yield.  The overall yield of trihydroxy compound 122 from GlcNAc 

107 was an excellent 90% (compared to 37% reported by Smith et al.98 via GlcNAc 

oxazoline). 

 

A crucial step in the synthetic pathway was the selective oxidation of the C-6 primary 

hydroxyl group of 122.  Previous syntheses towards 2-acetamido-β-D-glucuronides98,99 had 

used derivatives in which only the C-6 hydroxyl group was free, however this requires 

additional protection/deprotection steps.  Our choice of oxidation method was directed by 

the presence of the two unprotected secondary C-3 and C-4 hydroxyl groups, which could 

undergo oxidation, for example, using chromium (VI)-based oxidants.222,223  It has been 

well established that TEMPO can mediate the selective oxidation of primary hydroxyl 

functions in the presence of secondary hydroxyl groups224-227 and this fact has led to 

various applications of this oxidant in oligosaccharide synthesis.228-230  In the TEMPO-

based oxidation method, sodium hypochlorite acts as co-oxidant which reacts in situ with 

potassium bromide to generate the more reactive sodium hypobromite acting as primary 

co-oxidant.164  The oxidising agent in this reaction is proposed to be the N-oxoammonium 

intermediate 125 (Scheme 31) generated in situ from reaction between the nitroxyl radical 

(TEMPO) and the primary co-oxidant.164,231  van Bekkum and co-workers postulated the 

formation of mechanistically different reaction intermediates (Scheme 31) depending on 
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the reaction conditions.232  Under basic conditions, where reaction proceeds via a cyclic 

transition state, intermediate 126 is formed, while intermediate 127, proceeding via an 

acyclic transition state, prevails under acidic conditions.232,233  It was reported that the best 

selectivity for oxidation of a primary hydroxyl group was achieved when the reaction was 

performed under basic conditions, and depending on the pH, TEMPO can be regenerated 

from hydroxylamine 128 giving rise to a cyclic process.164,233 
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Scheme 31.  Proposed232,233 mechanism for oxidation of alcohols using TEMPO. 

 

By employing the TEMPO-mediated oxidation procedure in aqueous sodium bicarbonate, 

Györgydeák and Thiem synthesised methyl D-glucopyranosyl azide uronates in good yield 

as precursors for polyamide formation.234  Along these lines, we used 

hypochlorite/catalytic bromide as the primary oxidant with TEMPO in a homogeneous 

aqueous sodium bicarbonate solution to selectively oxidise the primary hydroxyl group of 

trihydroxy derivative 122 (Scheme 29).  Interestingly, we observed that oxidation was 

more efficient when the reaction was stirred for 12 hours with the temperature maintained 

between 0-4 ˚C which is in variation to the procedure reported by Györgydeák and Thiem 

(KBr, TEMPO, NaOCl, aq NaHCO3, 15-18 ˚C).234  The resulting C-6 carboxylic acid was 

not isolated as the reaction mixture contained large quantities of inorganic salts.  Instead 

the crude reaction mixture was evaporated and lyophilised to form a dry solid to which was 

added methyl iodide and DMF for esterification.  This was followed by subsequent 

addition of acetic anhydride and catalytic DMAP to effect acetylation of the free secondary 

hydroxyl groups affording after purification acetate protected methyl glucuronate 123 in 
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61% yield over three steps in a one-pot reaction.  In the 1H NMR spectrum of compound 

123, the methyl groups of the acetates were evident at δ 2.01 and δ 1.99 as two singlets, 

and the presence of the methyl ester was indicated by a singlet peak at δ 3.71, confirming 

the formation of acetylated methyl ester 123.  In the preparation of methyl ester 123, a by-

product that was determined to be 6,3-lactone 129 was also isolated in 19% yield.  In the 
1H NMR spectrum, the identity of 129 was indicated by the absence of the signals for the 

methyl ester and 3-O-acetyl group.  H-2 in 129 appeared downfield (δ 4.66 in 129; δ ~3.65 

in 123) and H-3 resonated upfield (δ 4.71 in 129; δ 5.46 in 123) compared to the 

corresponding protons of 123.  The relatively small 3J values235 (J1,2 < 1.0 Hz, J2,3 3.9 Hz, 

J3,4 5.1 Hz, J4,5 3.3 Hz) indicated that all the substituents in 129 were quasi-axial, 

confirming the 1C4 conformation. 
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The next stage in the preparation of the key intermediate C-3-hydroxy 3-pentyl 2-

acetamido-Δ4-β-D-glucuronide 111 (Figure 22), involved β-elimination of acetic acid from 

the acetylated methyl ester 123 to give the corresponding 4,5-unsaturated derivative 130 

(Scheme 32).  As previously mentioned in Chapter 2 (Section 2.3.1), treatment of methyl 

glucuronates with DBU in anhydrous dichloromethane has been reported to give the 

corresponding eliminated derivatives in high yields.99,194  It was anticipated that treatment 

of acetylated methyl ester 123 with DBU would give the corresponding 4,5-unsaturated 

derivative, in an analogous manner to the β-elimination of other 2-acetamido glucuronides 

reported in the literature.99  Therefore, the methyl ester derivative 123 was treated with 

DBU in anhydrous dichloromethane solution to afford 4,5-unsaturated compound 130 

(Scheme 32).  However, the yield of compound 130 was not satisfactory; despite several 

attempts only 52% of the product could be isolated after purification.  The rest of the 

material obtained from column chromatography was reacetylated and starting material was 

recovered.  Therefore, the yield of the product 130 was re-calculated to be 75% based on 

recovered starting material.  Attempted optimisation of the reaction conditions such as 

using a larger excess of the base or refluxing the reaction failed to improve the conversion 

to the desired product.  This could be attributable to the fact that the β-elimination step is 

less efficient when the acidic proton (H-5) and the leaving group (C-4 acetate) are syn-
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periplanar (axial-equatorial, as in this case) than when they are anti-periplanar (axial-axial, 

as in the galacto derivative).188  Alternatively, the de-O-acetylation of 123 at C-4 under the 

reaction conditions, leading to the C-4 hydroxyl derivative, would give a substrate 

unreactive towards β-elimination.  This might explain the moderate conversion achieved 

with 4-O-acetylated 123 (52%) compared to β-elimination on similar substrates with the 

more robust pivaloate at C-4 (e.g. 80-99%).99  Product formation was confirmed by 1H 

NMR analysis, with compound 130 showing a downfield shift for H-4 to δ 6.24 and the 

loss of H-5 from the spectrum.  13C NMR further supported the formation of product 130 

with a downfield shift for C-4 (δ 107.6) and C-5(δ 142.4) indicating the presence of a 

double bond between C-4 and C-5 in compound 130. 
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Scheme 32.  Reagents and conditions:  a) DBU, DCM, rt, 24 h, Ar (52%; 75% based 
on recovered starting material); b) NaOMe, MeOH, rt, 12 h, Ar (97%). 

 

The final step in this synthetic pathway (Scheme 32) was the chemoselective cleavage of 

the acetyl protecting group at C-3 in the presence of the methyl ester which was achieved 

using sodium methoxide in methanol giving compound 131, as confirmed by the 1H NMR 

and mass spectra.  The overall yield of the synthetic strategy (Scheme 29 and Scheme 32) 

to afford key intermediate 131 in 8 steps from GlcNAc 107 was 40%.  The presented 

reaction sequence (Scheme 29 and Scheme 32) was successfully scaled up from 1 gram to 

5 grams of starting material without loss in overall yield. 

 

3.4 Functionalisation of the C-3 hydroxyl group of 4,5-unsaturated glucuronide 
intermediate 
 
The key intermediate 131, with the free C-3 hydroxyl group was set up to be reacted with 

suitable alkylating or acylating reagents to explore hydrophobic interactions in subsite 2 of 

the influenza virus sialidase active site.  The choice of groups to be incorporated at C-3 

was directed by molecular modelling236 which suggested that substituents with 2 or 3 

atoms would be sterically favourable at the C-3 position of 106 to occupy subsite 2 of the 

active site.  This is in line with work on the development of the pyrrolidine-based 

inhibitors by Abbott laboratories.81  Of the C-4 ester derivatives, the C-4 methyl ester 

pyrrolidine derivative 15 was most active.  As described in Chapter 1 (Section 1.5.5), in 

further SAR studies, substituents with similar length to the methyl ester of 15 proved to be 
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the more active.  Only one X-ray structure of the pyrrolidine-based inhibitors is available 

for examination in the PDB: 15 in complex with A/N9 sialidase (PDB ID: 1XOE).82  

Figure 23 represents the docking of a model compound, 3-O-ethyl substituted 2-acetamido-

β-D-glucuronide 132, into the active site of influenza A (N1) sialidase (PDB ID: 2HU4), 

superimposed with Abbott compound 15.82  The overlay of the structures of Abbott 

compound 15 and compound 132 shows similar binding modes for the methyl ester group 

of 15 and the 3-O-ethyl group of 132 in subsite 2.  To validate the hypothesis that suitably 

C-3 substituted compounds will bind into the active site, it was decided to make a small 

series of compounds with methyl, ethyl, allyl and vinyl ethers and an acetate ester at the C-

3 position of compound 131. 

 

O O

NHAc
OEt

HO2C

Site 2

H
NHO2C

MeO

NHAc

O

132 15 (Ki ~ 0.26 x 10-6 M)

Site 2

 
Figure 23.  3-O-Ethyl 2-acetamido-Δ4-β-D-glucuronide derivative 132 docked into 
the active site of influenza A (N1) sialidase (PDB ID: 2HU4), superimposed with 
Abbott compound 15 taken from complex with A/N9 (PDB ID:1XOE).82  The 
surface is coloured by electrostatic potential (blue, positive; red, negative). 

 

Towards the synthesis of the target C-3 alkylated derivatives, deprotonation of the C-3 

hydroxyl group of 131 was effected using NaH in anhydrous DMF to generate the 

alkoxide, which then reacted with the alkyl halide present in the reaction mixture (Scheme 

33).  In the first instance, methyl iodide was used as alkylating reagent to form the 

corresponding methyl ether 133.  Initially, the reaction was sluggish, as indicated by TLC, 

so tetrabutylammonium iodide (TBAI) was added to accelerate the reaction.154  The 

reaction was complete in 24 hours at ambient temperature and the product 133 was 

isolated by column chromatography, albeit in modest yield (66%).  When the alkylation 

reaction was performed using ethyl iodide under the same reaction conditions as above, 

transesterified 3-O-ethyl ether 134 was obtained in 56% yield after purification, while 

reaction using allyl bromide did not proceed to complete transesterification even after 48 

hours and the two products methyl ester 135 (34%) and allyl ester 136 (42%) were 

isolated.  In this synthetic approach, transesterification was not a problem, as in the final 
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step, global deprotection will be effected to afford the corresponding acids as the final 

target compounds. 
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Scheme 33.  Reagents and conditions:  a) MeI, NaH, TBAI, anhyd DMF, rt, 24 h, 
Ar (66%); b) EtI, NaH, TBAI, anhyd DMF, rt, 24 h, Ar (56%); c) AllylBr, NaH, 
TBAI, anhyd DMF, rt, 48 h, Ar (135, 34%; 136, 42%). 

 

In each case, product formation was confirmed by NMR spectroscopy.  The 1H NMR 

spectrum of 133 exhibited the presence of the expected new methoxy singlet peak at δ 3.44 

and 13C NMR indicated the carbon peak of the methoxy group at δ 56.8.  In compound 

134, the methyl ester peak (δ 3.82) of 131 was replaced by the methylene of the ethyl 

ester, appearing at δ ~ 4.31 in the 1H NMR spectrum.  The methylene of the ethyl ether 

appeared as a multiplet at δ ~ 3.79, with the corresponding methyl groups of the ester and 

ether appearing as triplets at δ 1.29 and δ 1.18 respectively.  Compound 135 showed the 

presence of the methyl ester peak at δ 3.77 in the 1H NMR spectrum along with peaks at δ 

~ 4.29, ~ 5.31 and ~ 5.92 corresponding to methylene, olefinic methylene and methine 

protons, respectively, of the allyl substituent at C-3.  Compound 136 had a more complex 
1H NMR spectrum, however disappearance of the methyl ester peak of 135 was quite 

evident.  The low resolution mass spectra further supported formation of products 133-

136. 

 

The next target was to synthesise the vinyl ether at C-3 of compound 131.  Sugar-based 

vinyl ethers have found numerous applications in carbohydrate chemistry,237-240 owing to 

the reactivity of the enol ether function.  The synthesis of vinyl ethers of sugars is usually 

carried-out using mercury reagents,237,241,242 for example, transvinylation with vinyl 

ethers237,242,243 or esters.239  Other procedures reported in the literature use complex and 

expensive reagents such as transition metal complexes,243 Tebbe reagent,244 and addition of 
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acetylene with a superbase catalytic system.245  Herein, we followed the protocol reported 

by Giuliano and coworkers,240 based on synthesis of a vinyl ether from a mixed acetal 

using TMS-triflate and an amine base.  The method is a two-step procedure; the first step is 

the formation of a mixed acetal under acidic conditions, which is followed by an 

elimination reaction to get the desired vinyl ether derivative.  In this work, compound 131 

was treated with ethyl vinyl ether in the presence of a catalytic amount of pyridinium p-

toluenesulfonate (PPTS) at room temperature for 12 hours to afford 3-O-(1-ethoxyethyl) 

mixed acetal 137 with quantitative conversion by TLC (Scheme 34).  The crude product 

was used without purification due to its acid-sensitivity which precludes the use of silica 

gel;240 however the crude product was clean by 1H NMR and therefore ready for the next 

step.  The elimination step on mixed acetal 137 (Scheme 34) was carried-out using TMS-

triflate and triethylamine at 0 ˚C.240  The reaction progress was monitored by TLC analysis, 

which indicated complete consumption of starting material in 2 hours with the appearance 

of multiple spots.  The desired vinyl ether derivative 138 was isolated in low yield (17%) 

by flash chromatography on silica gel.  The other two spots present on TLC were also 

isolated but could not be characterised due to their complex 1H NMR spectra.  Giuliano 

and coworkers,240 have also mentioned that undesired side products are formed in the case 

of compounds substituted with ester protecting groups.  Compound 138 showed 

characteristic olefinic methylene protons resonating as two doublet of doublets at δ 4.13 

and δ 4. 45 and a methine proton appearing as a doublet of doublets at δ 6.46 in the 1H 

NMR spectrum.  In addition, H-3 of 138 showed a significant downfield shift compared to 

131 (δ ~ 4.30 in 138; δ ~ 3.82 in 131), and also to the other 3-O-alkylated derivatives, 

confirming the formation of the vinyl ether at C-3.  13C NMR further supported the 

formation of the product through the appearance of signals in the downfield region at δ 

89.7 and δ 149.7 corresponding to CH2 and CH respectively, of the vinyl ether substituent 

at C-3. 
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Scheme 34.  Reagents and conditions:  a) Ethyl vinyl ether, PPTS, anhyd DCM, rt, 
16 h Ar; b) TMSOTf, Et3N, anhyd DCM, 0 ˚C, 40 min, Ar (17% over 2 steps). 

 

The ring conformation of each C-3 substituted 4,5-unsaturated product was determined by 

comparing the coupling constants with known Δ4-β-D-glucuronides.99,194  The coupling 
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between H-2 and H-3 of the unsaturated derivatives 130, 131, 133-136, and 138, is small 

(J2,3 < 4 Hz), and within the range expected for 4,5-unsaturated β-D-glucuronides in the 1H2 

conformation (Figure 24).194  Long range W-coupling is also observed between H-2 and H-

4, as well as between H-1 and H-3 of each of the compounds, which is also consistent with 

the 1H2 conformation,194 suggesting that the nature of the C-3 substituent (among the small 

substituents used here) does not alter the ring shape. 
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R = H, Ac, Me, Et, allyl, vinyl  
Figure 24.  Half-chair conformation of C-3 substituted 2-acetamido-Δ4-β-D-
glucuronide derivatives (130, 131, 133-136, and 138). 

 

The final goal in the synthesis of the C-3 substituted 2-acetamido-Δ4-β-D-glucuronides of 

type 106 (Figure 22) was to introduce an ester group, in this case an acetate, at C-3.  It was 

anticipated that introducing an O-acetyl group on 131 might cause a problem at the later 

stage of deprotection of the methyl ester.  Therefore, compound 131 was first de-esterified 

to yield uronic acid 139 with the free hydroxyl group at C-3 (Scheme 35) which was then 

acetylated using acetic anhydride and pyridine.246 
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Scheme 35.  Reagents and conditions:  a) NaOH (0.5 N), MeOH:H2O(1:1), pH 13, 0 
˚C-rt, 16 h, (95%); b) Ac2O, anhyd pyridine, rt, 16 h, N2 (38%). 

 

Hydrolysis of the methyl ester of 131 was effected using 0.5 N NaOH solution in 

MeOH/H2O (pH 13) to yield the free acid 139.  The formation of the product was 

confirmed by the 1H NMR and 13C NMR spectra in which the methyl ester signal had 

disappeared.  The resulting compound 139 was then acetylated using acetic anhydride and 

pyridine at room temperature to afford, after purification, 3-O-acetyl substituted free acid 

140 in 38% yield (unoptimised).  In the 1H NMR spectrum, appearance of a singlet peak at 

δ 1.98 corresponding to the methyl of the acetate group and a downfield shift of H-3 (δ 

5.09 in 140; δ 3.98 in 139) confirmed the formation of 140. 
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The final step in this synthetic pathway was deprotection of the C-3 substituted compounds 

(133, 134, 135/136, and 138) to afford the corresponding C-3 substituted free acids.  

Deprotection (Scheme 36) was carried-out utilising the same procedure (pH 13 in 

MeOH/H2O) as used previously for de-esterification of ester 131 to afford 139 (Scheme 

35).  Except for C-3 vinyl ether derivative 138, the de-esterification reaction proceeded 

smoothly for all compounds and the products were obtained in virtually quantitative yields 

after column chromatography.  All the final compounds were re-purified by reverse phase 

HPLC.  In each case product formation was confirmed by 1H NMR and 13C NMR 

spectroscopy along with MS data.  In all the deprotected compounds (132, 141 and 142), 

the J2,3 couplings were estimated to be less than 4 Hz, confirming the 1H2 conformation of 

the ring as observed in the corresponding methyl glucuronates (Figure 24). 
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Scheme 36.  Reagents and conditions:  a) NaOH (0.5 N), MeOH:H2O (1:1), pH 13, 
0 ˚C-rt, 16 h. 

 

With vinyl ether derivative 138, the attempted de-esterification reaction resulted in the 

cleavage of the vinyl ether group at C-3 (Scheme 37), which was quite unexpected.  The 
1H NMR spectrum of the crude product obtained from the de-esterification reaction of 138 

initially showed the presence of two compounds; one was identified as C-3 hydroxy 

compound 139 but the structure of the second compound could not be ascertained.  

However, after 12 hours in CDCl3, the 1H NMR spectrum contained only one compound 

which matched exactly the spectrum of 139.  It was hypothesised that the reactive nature of 

the vinyl ether may have led to an intramolecular rearrangement under the basic de-

esterification conditions leading to an unstable cyclic intermediate, which hydrolysed 

gradually to form compound 139.  In the literature many precedents can be found where 

vinyl ether containing sugars act as a synthon for various cycloaddition reactions.247-249 
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Scheme 37.  Reagents and conditions:  a) NaOH (0.5 N), MeOH:H2O (1:1), pH 13, 
0 ˚C-rt, 16 h. 

 

3.5 Biological evaluation of C-3 substituted 2-acetamido-Δ4-β-D-glucuronide 
derivatives† 
 
The ability of the series of 3-O-substituted derivatives, 132, 140 to 142, and the parent 

compound 139, to inhibit influenza A virus sialidase was quantitatively assessed using a 

modification207 of the well-known fluorometric sialidase assay of Potier et al..250  The 

fluorometric assay measures the hydrolysis of a fluorogenic substrate: the sodium salt of 2-

(4'-methylumbelliferyl)-α-D-N-acetylneuraminide (MUN, 144).  The cleavage of MUN 

144 by sialidase produces the fluorescent aglycone 4-methylumbelliferone (MU, 145) and 

Neu5Ac 1a (Scheme 38).  Inhibition was measured by the ability of each C-3 substituted 2-

acetamido-Δ4-β-D-glucuronide derivative to prevent the sialidase-catalysed release of 

fluorescent MU 145. 
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Scheme 38 

                                                 
† Biological evaluation was carried out at the Institute for Glycomics in the laboratory of Prof. Mark von 
Itzstein by Mr. Raphael Böhm. 
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The assay was carried-out in a 96-well plate format using native influenza A virus sialidase 

(N2).  All inhibition assays were done in triplicate, over eight inhibitor concentrations 

covering five orders of magnitude, with a MUN concentration of 0.1 mM.  Plots of relative 

fluorescence versus concentration for each inhibitor are shown in Figure 25.  Resulting 

activities were normalised to 1 as the maximum activity for each inhibitor.  Calculated IC50 

values are shown in Table 6. 

 
Figure 25.  Plot of relative fluorescence versus inhibitor concentration [M] for 
hydrolysis of MUN 144 by A/N2 sialidase in the presence of synthesised inhibitors 
(132, 139 to 142), 4-O-ethyl-Neu5Ac2en251 146, and benchmark inhibitors 3, 4 and 
5.  (Maximum activities were normalised to 1). 

 

The fluorometric assay represented a preliminary screen of our series of C-3 modified 2-

acetamido-Δ4-β-D-glucuronides and provided an estimation of inhibitory activity against 

influenza virus A (N2) sialidase compared with Neu5Ac2en 3, 4-amino-Neu5Ac2en 4 and 

4-guanidino-Neu5Ac2en 5.  In addition, 4-O-ethyl-Neu5Ac2en251 146 was evaluated as a 

comparable C-4 substituted Neu5Ac2en derivative. 
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Table 6.  In vitro evaluation of C-3 substituted 2-acetamido-Δ4-β-D-glucuronide derivatives 132, 
140-142 against influenza virus sialidase (A/N2). 

Compound Structure Enzyme inhibition IC50 (M) 

132 
O

O
O CO2H

R

R = NHAc  

2.5 × 10-5 

140 
O

O
O CO2H

R

R = NHAc O
 

5.8 × 10-6 

141 
O

O
O CO2H

R

R = NHAc  

1.4 × 10-6 

142 O

O
O CO2H

R

R = NHAc  

2.8 × 10-4 

139 
OH

O
O CO2H

R

R = NHAc  

2.9 × 10-7 

4-O-Ethyl-Neu5Ac2en251 146 
O CO2H

HO

HO

OH

H O
R

H

R = NHAc  

4.5 × 10-4 

Neu5Ac2en 3 
O CO2H

HO

HO

OH

H OH
R

H

R = NHAc  
1.1 × 10-5 

4-amino-Neu5Ac2en 4 
O CO2H

HO

HO

OH

H NH2

R

H

R = NHAc  
6.2 × 10-7 

4-guanidino-Neu5Ac2en 5 

O CO2H
HO

HO

OH
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R

H

R = NHAc NH2

NH

 

1.0 × 10-8 
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Examining first the “parent” templates, it was observed that the 3-pentyl β-D-glucuronide 

139 was 100 fold more potent than Neu5Ac2en 3, with inhibitory activity comparable to 4-

amino-Neu5Ac2en 4.  This makes 3-pentyl 2-acetamido-Δ4-β-D-glucuronide 139 the most 

potent inhibitor developed on the glucuronic acid scaffold, with O-substitution at C-3, to 

date.97   It was also an interesting finding that the parent C-3 hydroxy compound 139 

appears to have a similar or slightly improved inhibitory activity compared to the 

corresponding 4-amino analogue prepared by Smith et al. [IC50 8 × 10-7 M (NA A); versus 

5 × 10-9 M for zanamivir 5],98 although comparison across assays can be inaccurate.  This 

is in contrast to the Neu5Ac2en derivatives where change in C-4 substituent from hydroxyl 

(3) to amino (4) gives significant improvement in activity. 

 

With regard to the effect of substitution at C-3 of the glucuronide-based inhibitors, the 3-

O-alkylated or acylated glucuronide derivatives showed weaker inhibition compared to the 

parent C-3 hydroxy glucuronide 139.  Introduction of hydrophobic substituents at C-3 

reduced the activity by 10-1000 fold.  Activity was approximately 10 fold weaker for the 

3-O-Ac (140) and 3-O-Me (141) derivatives, down to 1000 fold weaker for the 3-O-allyl 

derivative 142 compared to the C-3 hydroxy derivative 139.  The weaker activity observed 

in 142 might be due to the increase in chain length in the allyl derivative.  In the 

Neu5Ac2en series, it was observed that the 4-O-Et derivative 146 was approximately 45 

fold weaker than Neu5Ac2en 3.  It appears that on these carbohydrate-based scaffolds, 

addition of hydrophobic substituents at C-3 (or C-4 of Neu5Ac2en) does not provide 

access to, or benefit from, potential hydrophobic interactions in subsite 2, as seen with the 

pyrrolidine derivatives synthesised by Abbott laboratories82 and cyclohexene derivative 

105 prepared by Hanessian et al..211  These results highlight that a balance in the 

interactions at subsite 2 (e.g. from the C-3 position of the glucuronides) and subsite 4/5 

(from the C-1 position of the glucuronides) has a major influence on the binding affinity of 

the ligand in the sialidase enzyme active site.  This balance of substituents on the 

glucuronic acid-based template needs further optimisation if hydrophobic interactions in 

subsite 2 are to be accessed to improve binding affinity. 

 

3.6 Conclusion 
 
In this work, a synthetic scheme starting from GlcNAc 107 was optimised to synthesise an 

advanced stage key intermediate, C-3 hydroxy 3-pentyl 2-acetamido-Δ4-β-D-glucuronide 

131, for the generation of a small library of 3-O-alkylated/acylated derivatives (132, 140 to 

142) to explore hydrophobic interactions in subsite 2 of influenza A virus sialidase.  The 
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yield of derivatives (132, 140 to 142) from intermediate 131 was in the range of 35 to 51% 

and the overall yield from GlcNAc in 10 steps was in the range of 14 to 21%. 

 

Evaluation of the inhibitory activity of the parent C-3 hydroxy glucuronide 139 and the C-

3 substituted derivatives (132, 140 to 142) against influenza A virus sialidase (N2) in an in 

vitro fluorometric assay showed that the parent compound 139 has the maximum inhibitory 

activity.  The results suggested that the 3-O-substituted glucuronide derivatives prepared 

do not access, or benefit from, potential hydrophobic interactions in subsite 2 and further 

optimisation would be required on this scaffold to improve the inhibitory activity through 

this type of interaction. 
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CHAPTER 4 
 

TOWARDS C-4 SUBSTITUTED 2-ACETAMIDO-Δ4-β-D-GLUCURONIDES AS 
INFLUENZA VIRUS SIALIDASE INHIBITORS 

 

4.1 Background 
 
Structure-based drug design targeting influenza virus sialidase has to date been carried-out 

using the available crystal structures of influenza A virus sialidase subtypes N2 (human) 

and N9 (tern) and the sialidase from type B influenza virus.60,70  Up until recently, all X-

ray crystallographic structural information that describes the influenza virus sialidase 

active-site had been derived from these structures.  As previously described in Chapter 1 

(Section 1.7), influenza A virus sialidase subtypes N2 and N9 belong to group-2 

sialidases.94  In 2006, Russell et al. published a report94 in which the crystal structures of 

group-1 sialidase subtypes (N1, N4 and N8) had been solved.  It was revealed that the 

active sites of these group-1 enzymes have a different three-dimensional structure in the 

apo form to that of group-2 sialidases.  The differences lie in a loop of amino acids (147-

152) known as the 150-loop, which in apo group-1 enzymes is 'open' creating a large 

cavity adjacent to subsite 2 of the active site.  As a result, there is a more open architecture 

in apo structures of the group-1 influenza A virus sialidases.  On the basis of this 

discovery, it is envisaged that new inhibitors could be developed to target the 'open 150-

loop' form of influenza A virus sialidases, potentially by adding appropriately positioned 

extra substituents to the scaffolds of existing inhibitors.  Such inhibitors should be specific 

for the 'open 150-loop' form of the enzyme, which is currently only seen in group-1 

sialidases.  This may provide specific inhibitors of influenza A viruses carrying a group-1 

sialidase, including the currently circulating human seasonal and pandemic H1N1, and 

avian H5N1 viruses. 

 

Continuing our interest in the development of inhibitors based on the 2-acetamido-Δ4-β-D-

glucuronide scaffold, we decided to pursue the synthesis of compounds that could 

potentially access interactions in the large 150-cavity, near subsite 2 of the active site, that 

is observed during the open conformation of the 150-loop.  Figure 26 shows a 

superimposition of representative glucuronide-based inhibitor 139 over the position of 

oseltamivir carboxylate 10 in the active site of influenza A/N1 sialidase in the 'open 150-

loop' form (PDB ID: 2HU0).94  The overlay of the structures of glucuronide scaffold 139 

and oseltamivir carboxylate 10 shows similar binding modes in the active site.  It can be 
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seen that the C-4 position of glucuronide 139 is pointing towards the 150-cavity, 

suggesting that substituents introduced at this position could access the '150-cavity'. 

C-4

10 oseltamivir carboxylate

O

NHAc
NH2

HO2CO O

NHAc
OH

HO2C

C-4

139 glucuronide scaffold

 
Figure 26.  Superimposition of representative glucuronide-based inhibitor 139 over 
the position of oseltamivir carboxylate 10 in the active site of influenza A/N1 
sialidase in the 'open 150-loop' form (PDB ID: 2HU0).94  The surface is coloured by 
electrostatic potential (blue, positive; red, negative). 

 

In the case of glucuronide-based structure 139, it was apparent that substitution at C-4 

(Figure 26) would allow further interactions in the expanded 'open 150-loop' active site.  In 

particular, the '150-cavity' has significant hydrophobic character suggesting that the 

introduction of lipophilic groups at C-4 on the glucuronide scaffold could engage 

interactions in this area.  On the basis of preliminary molecular modelling studies carried-

out in the von Itzstein group,252 the initial modifications on the glucuronide scaffold were 

decided to be introduction of various aliphatic and aromatic side chains at the C-4 position 

to occupy the '150-cavity' of the open conformation of group-1 sialidases.  To the best of 

our knowledge, this is the first time that C-4 substituted glucuronide-based inhibitors 

would be synthesised and investigated for binding interactions with sialidases. 

 

4.2 Approaches towards the synthesis of C-4 substituted 2-acetamido-Δ4-β-D-
glucuronides 
 
We initiated our study by investigating the synthesis of C-4 functionalised 2-acetamido-Δ4-

β-D-glucuronide derivatives, maintaining unsaturation between C-4 and C-5, as this planar 

sp2 hybridisation is necessary to mimic the proposed transition state of the sialidase 

mechanism.  The target compound 147 (Figure 27) contained the 3-pentyl β-glycoside, an 

acetamide group at C-2, a carboxylate at the C-6 position, and incorporation of various 

substituents (to be guided by molecular modelling) at the C-4 position with unsaturation 

between C-4 and C-5 of the pyranose ring.  The 3-pentyl β-glycoside was chosen as the 3-

pentyl 2-acetamido-Δ4-β-D-glucuronide showed good inhibitory activity against influenza 

A virus sialidase (as described in Chapter 3). 
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Figure 27.  Structure of target compound 147. 

 

The key feature of target 147 is the C-4 substituted α,β-unsaturated acid functionality.  

There are relatively few examples in the literature of the synthesis of β-substituted α,β-

unsaturated acids on a carbohydrate scaffold.159,253-260  The majority of the synthetic 

examples, on uronic or ulosonic acids, involve activation alpha to the carboxylate of the β-

substituted ester with halogen253-255 or phosphite,257 and subsequent α,β-elimination under 

basic253,254 or Lewis acid257 catalysed conditions, respectively.  The most direct approach, 

therefore, to form the C-4 substituted α,β-unsaturated acid functionality of target 147, 

would be introduction of the desired substituent at C-4 (148) followed by activation at C-5 

(149) before generation of C-4:C-5 unsaturation giving the protected target 150 (Scheme 

39). 

148 150
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PG = protecting group; R = alkyl, aryl; X = halogen, phosphite  
Scheme 39 

 

In this synthetic approach the activation of C-5 and introduction of 4,5-unsaturation were 

presumed to be critical steps: the substituent inserted at C-5 should be amenable to C-4:C-5 

elimination to arrive at protected unsaturated glucuronide target 150.  There are only two 

reports253,254 in the literature regarding the synthesis of glucuronic acid derivatives 

containing the C-4 substituted α,β-unsaturated ester functionality of 150, each of which 

involve bromination at C-5.  The first report involved bromination of the C-5 position of 

methyl (1,2,3,4-tetra-O-acetyl-β-D-glucopyranosid)uronate, which then underwent 

elimination of HBr in the presence of DBU to form the corresponding 4-O-acetyl-4,5-

unsaturated derivative.253  This approach was later successfully reproduced by Rye and 

Withers to synthesise methyl 4-O-(2'-acetamido-2'-deoxy-β-D-galactopyranosyl)-α-L-

threo-hex-4-enopyranoside in good yield (described in more detail in the following 

section).254 
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Several less direct approaches could also be envisaged for the synthesis of target 

compounds of type 150.  One approach was based on hydro-halogenation of the double 

bond of carbohydrate α,β-unsaturated esters, typified by halohydrin formation from 

protected Neu5Ac2en,102,261 which has been used in the preparation of C-3 substituted 

neuraminic acid derivatives.  An addition across the initially formed C-4:C-5 double bond 

of a precursor of type 151 would form a halohydrin 152 (Scheme 40).  This halohydrin 

could potentially be manipulated to introduce substitution at C-4 followed by activation of 

the C-5 hydroxyl group, for example as a phosphite,257 which could then be reacted to give 

the 4,5-unsaturated target 150.  An alternative approach involving a halohydrin is 

formation of an epoxide102,159 (of type 153), which could be further manipulated to re-

introduce the hydroxyl group at C-4, but with a halogen102,159 (e.g. 154).  Subsequent C-4 

substitution and elimination could lead to the target 150.  The formation of glucuronide-

based bromohydrin and epoxide has been explored by Bazin et al. during their 

investigation into the synthesis of β-D-gluco-, α-L-ido-, and α-L-altropyranosiduronic acids 

from different Δ4-uronate monosaccharides.159,196 
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Scheme 40 

 

A third approach to synthesise C-4 substituted glucuronide 150 was based on the formation 

of β-keto esters of type 155, and utilising the enol character of the β-keto ester to 

functionalise the C-4 hydroxyl group of 156 (Scheme 41).  This concept has been 

successfully utilised in the formation of enol tosylates of β-keto esters which were 

subsequently used in Negishi262 and Sonogashira263 cross-coupling reactions to prepare C-

linked aliphatic derivatives.264  However, this is the first time that this approach would be 

investigated on a glucuronide scaffold. 
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This chapter describes the work towards investigation of various approaches to arrive at 

the protected C-4 substituted 2-acetamido-Δ4-β-D-glucuronides of type 150 which would 

ultimately lead to the target compounds of type 147. 

 

4.3 Approach 1 to C-4 substituted 2-acetamido-Δ4-β-D-glucuronides – via C-5 
bromination of 4-substituted methyl uronates 
 
It was envisaged that the 3-pentyl β-glycoside derivative 122 with three free hydroxyl 

groups could be a good precursor to selectively access the C-4 position of the glucuronide 

scaffold to prepare the target C-4 substituted 2-acetamido-Δ4-β-D-glucuronides of type 

147.  The synthesis of trihydroxy derivative 122 was already optimised for the synthesis of 

C-3 substituted glucuronides (Chapter 3, Section 3.3).  We found compound 122 to be both 

synthetically accessible and chemically stable to do further chemistry.  From 3-pentyl β-

glycoside 122 (Scheme 42), our objective was to prepare the key intermediate 148, in 

which an activating group would be introduced at C-5 followed by an elimination reaction 

to arrive at protected unsaturated glucuronide target 150.  Finally, deprotection of 150 

would lead to the final target of type 147, which would provide a new series of compounds 

for investigating binding interactions around the 150-loop region in group-1 sialidases. 
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Scheme 42.  Proposed synthetic scheme for the preparation of C-4 substituted 
derivatives of type 147. 
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As depicted in Scheme 42, synthesis of the target compound 147 involved three main 

steps; first was the preparation of 4-O-substituted intermediate 148, which would be 

followed by the key steps of activation at C-5 and elimination across the substituted C-4:C-

5 bond to form protected target 150.  Two main possible routes were identified for the 

synthesis of C-4 substituted key intermediate 148 from β-glycoside 122, shown 

retrosynthetically in Figure 28.  Using Path A, selective protection of the C-3 hydroxyl 

group followed by oxidation of the C-6 primary hydroxyl group could be carried out prior 

to substitution at C-4 in compound 158.  An alternative approach is selective protection of 

the C-3 and C-6 hydroxyl groups before substitution of the C-4 hydroxyl group, followed 

by oxidation at the primary hydroxyl group to give key intermediate 148 (Path B).  Path A 

offers an advantage that a range of substituents could be introduced to the advanced 

intermediate 158 for C-4 functionalisation, while Path B has relatively facile protecting 

group manipulation to prepare a single derivative. 
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Figure 28.  Retrosynthetic analysis of synthesis of key 4-O-substtuted intermediate 148. 

 

In order to develop a robust synthetic strategy to synthesise the target 147 (Scheme 42), a 

suitable method for introduction of unsaturation between C-4 and C-5 in key intermediate 

148 was required.  As previously mentioned, only two reports were found in the literature 

describing the introduction of a double bond between C-4 and C-5 in glucuronide 
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derivatives while maintaining C-4 functionalities in place.253,254  Of these, it was the work 

reported by Rye and Withers  (Scheme 43) which was of particular interest to us because 

the C-4 substituted uronic acid derivative 161 has a C-4 oxygen that is substituted with an 

acetamido sugar moiety through a glycosidic linkage.254 
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Scheme 43 

 

To access the eliminated derivative 162, Rye and Withers followed a two-step protocol; in 

the first step, disaccharide 161 was exposed to N-bromosuccinimide (NBS) and light to 

insert bromine alpha to the carboxylate group to form the corresponding C-5 bromo 

derivative.  This was followed by β-elimination of HBr from the C-5 bromo intermediate 

to prepare 4,5-unsaturated disaccharide 162.  It is important to note that amide NH group is 

incompatible with radical bromination due to bromine transfer from NBS to the amide.  

Thus, to utilise a bromination reaction on disaccharide 161, the introduction of an 

additional acetate group on the acetamide nitrogen was mandatory. 

 

4.3.1 Towards a 4-O-benzyl substituted 2-acetamido-Δ4-β-D-glucuronides 
 
Towards synthesis of target compound 147, it was decided to synthesise, in the first 

instance, one representative compound with a C-4 benzyl ether.  The choice of the benzyl 

ether at C-4 was directed by the molecular modelling studies,252 which had suggested that a 

bulkier hydrophobic group at C-4, separated from the carbohydrate scaffold by two or 

more atoms, could access the 150-cavity of the group-1 sialidases.  The approach chosen 

was to form the 4-O-benzylated precursor with an imide protecting group, N,N-diacetyl, at 

the C-2 position following Path B (Figure 28).  This approach seemed to offer easy access 

to prepare a single compound 163 on which the elimination reaction could be optimised. 
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The synthesis of fully protected 4-O-benzyl glucuronic acid derivative 163 was 

accomplished in nine steps from GlcNAc 107 via 3-pentyl β-glycoside 122 (Scheme 44).  
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The 3-pentyl β-glycoside intermediate 122 was synthesised from GlcNAc as previously 

described in Chapter 3.  Following literature methods,154,265 compound 122 was treated 

with benzoyl chloride at low temperature to afford selectively protected 3,6-di-O-

benzoylated derivative 164 which could be crystallised in 88% yield.  The formation of 

164 gave access to the free C-4 hydroxyl group which was transformed to a benzyl ether 

under standard conditions,154 employing sodium hydride and excess benzyl bromide, to 

afford compound 165 in 71% yield.  The 1H NMR spectrum of 165 exhibited clear signals 

for the benzyl ether in a two proton multiplet resonating at δ 4.44-4.64 characteristic of the 

benzyl methylene protons, along with five additional proton signals in the aromatic region.  

The upfield chemical shift of H-4 (δ ~3.76-3.94) in comparison to H-3 (δ 5.65) confirmed 

benzylation at the C-4 position of the product 165. 
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Scheme 44.  Reagents and conditions:  a) BzCl, pyridine, -45 ˚C, 2 h, N2 (88%); b) 
BnBr, nBu4NI, NaH, DMF, 0 ˚C-rt, 20 min, N2 (71%); c) NaOMe, MeOH, 0 ˚C-rt, 
12 h, Ar (98%); d) i. TEMPO, KBr, nBu4NBr, DCM, aq NaHCO3, NaOCl, NaCl, 0 
˚C, 45 min; ii. CH(OMe)3, SOCl2, MeOH, rt, 30 min, Ar; iii. p-TsOH·H2O, 
CH3CO2C(CH3)=CH2, 65 ˚C, 3.5 h, Ar (34% over 3 steps). 

 

In the next step, the benzoyl protecting groups were removed under basic conditions to 

afford compound 166 in virtually quantitative yield.  Hydrolysis of the benzoyl groups at 

C-3 and C-6 was confirmed by 1H NMR spectroscopy.  The last steps in the synthesis of 

intermediate 163 involved oxidation, esterification, and finally acetylation reactions.  

Selective oxidation of the primary hydroxyl group in 166 was accomplished using 

TEMPO-mediated oxidation,234 as this method had already been optimised for oxidation of 

the primary hydroxyl group of trihydroxy compound 122 (Chapter 3).  Due to limited 

aqueous solubility of the benzylated 3,6-diol 166, a slight variation in that oxidation 

procedure, based on reported methods,99,164 involved using a biphasic system with an 

organic solvent (DCM) and phase transfer catalyst (nBu4NBr) to enable smooth and rapid 
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(45 minutes) oxidation of the primary hydroxyl group.  The crude partially protected (3-

hydroxy) acid was subjected to esterification under acidic conditions, utilising trimethyl 

orthoformate and thionyl chloride99 in anhydrous methanol to give the methyl ester 

intermediate.  This intermediate was then reacted with isopropenyl acetate and p-

toluenesulfonic acid monohydrate254,266 at 65 ˚C for 3.5 hours to introduce an acetate both 

at the C-3 position as well as on the acetamide nitrogen.  Fully-protected N,N-diacetylated 

derivative 163 was isolated in 34% yield after the three steps (at this stage, the reaction 

yield from compound 166 to intermediate 163 was not optimised).  The formation of the 

product 163 was established by 1H NMR, which indicated a singlet peak resonating at δ 

3.74 corresponding to the methyl ester and three singlet peaks appearing  at δ 1.87, 2.29 

and 2.32 corresponding to methyl groups of the C-3 O-acetate and of the N,N-diacetate 

group at the C-2 position of 163.  With the fully protected C-4 benzyl substituted 

intermediate 163 in hand, the next key steps were introduction of bromine at C-5 (giving 

167) and elimination of HBr across the C-4:C-5 bond to prepare 168 (Scheme 45). 
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Scheme 45 

 

Following the method used by Rye and Withers,254 radical photo-halogenation using NBS 

to incorporate bromine alpha to the carboxylate group in intermediate 163 was attempted.  

In this free radical reaction, NBS has a double function, first it acts as a source of Br2, in a 

low steady state concentration, and secondly it consumes the liberated HBr thereby helping 

to avoid the termination of the bromination reaction.267  Compound 163 was treated with 

NBS in anhydrous CCl4 under the beam of a 500 W light (Scheme 46), and the progress of 

reaction was monitored by TLC analysis.  After refluxing the reaction for 12 hours under 

light, starting material was consumed entirely, however several new uv-active spots were 

observed on TLC.  The crude product obtained was treated with DBU in anhydrous 

DMF254  and after 2.5 hours a single uv-active spot was detected on TLC.  The observed 

product of the DBU reaction was isolated after column chromatography, however in only a 

very low yield (8% over 2 steps).  From the 1H NMR spectrum, it was identified as the 

'simple' 4-H derivative 169 instead of the desired C-4 substituted product 168.  The rest of 

the material from the reaction could not be accounted for, suggesting possible 

decomposition of the starting material. 
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Scheme 46.  Reagents and conditions: a) i. NBS, 500 W light, CCl4, reflux, 12 h, 
N2; ii. DBU, DMF, 0 ˚C-rt, 2.5 h, Ar (8% over 2 steps). 

 

The 1H NMR spectrum of the product 169 clearly showed that the characteristic peaks of 

the benzyl aromatic and methylene protons had disappeared with the concomitant 

appearance of H-4 as a doublet of doublets resonating significantly further downfield at δ 

6.11 than in the starting material (δ 3.87), confirming debenzylation which had occurred 

during the course of the reaction.  The outcome of this reaction can be explained based on 

previous reports268,269 that indicate alkyl benzyl ethers rapidly react with bromine to form 

benzaldehyde and an alkyl bromide.  A possible reaction mechanism is illustrated in 

Scheme 47.  The reaction of compound 163 with NBS could form the 4-bromo derivative 

171 which upon treatment with DBU results in the formation of product 169 by elimination 

of HBr leading to double bond formation between C-4 and C-5. 
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Scheme 47.  Possible reaction mechanism showing formation of compound 169. 

 

In the attempt to carry out the C-5 bromination and subsequent elimination reaction on 4-

O-benzylated derivative 163, it was evident that the radical halogenation was the more 
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critical step as the benzyl ether could apparently be photo-brominated under these 

conditions.  This led us to search for alternative, appropriate, substituents at C-4 to enable 

synthesis of target derivative 147 via the C-5 bromination route.  One option was to revisit 

the 4-O-alkylation of 3,6-di-O-benzoylated derivative 164 (Scheme 44) for the 

introduction of alternative ether groups.  However the introduction of simple alkyl ether 

groups at C-4 was not our preferred strategy at this stage due to the requirement for bulkier 

groups at C-4 (as directed by molecular modelling).  As an alternative, an ester protecting 

group was chosen for introduction at C-4.  The successful alpha-bromination of ester 

protected glucuronic acid derivatives, as well as subsequent HBr elimination on a 4-

acetoxy derivative,253 is reported in the literature.253,270-272  It was envisaged that a C-4 ester 

could be readily hydrolysed (compared to a C-4 ether) to allow functionalisation of the C-4 

position of the eliminated species.  Therefore, we altered our strategy slightly and decided 

to prepare C-4 acetate protected compound 173, in which the C-3 hydroxyl group was 

protected with a pivaloate ester (being more stable than an acetate) to optimise the 

halogenation and elimination reactions.  After introduction of the double bond between C-

4 and C-5, the 4-O-acetate could be selectively hydrolysed and the C-4 hydroxyl group 

functionalised with a range of substituents. 
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4.3.2 Towards a 4-O-acetylated 2-acetamido-Δ4-β-D-glucuronides 
 
For synthesis of the C-4 acetate substituted glucuronide intermediate 173, Path A of the 

retrosynthetic analysis (shown in Figure 28) was chosen for two reasons; firstly it gave 

more freedom to insert a range of substitutions at the C-4 position, and secondly, Path B 

was not a feasible route for the synthesis of compound 173 due to the use of esters to 

protect the C-3 and C-6 positions in the first step.  Starting from β-glycoside 122, the first 

step was to protect the C-4 and C-6 hydroxyl groups with a benzylidene acetal.  There are 

several methods reported in the literature which involve using benzaldehyde with zinc 

chloride,213 trifluoroacetic acid,273 or formic acid274 for the preparation of a benzylidene 

acetal.  The reaction conditions optimised for the synthesis of 112 involved treatment of 

the glycoside 122 with benzaldehyde dimethyl acetal275 in DMF in the presence of p-

toluenesulfonic acid monohydrate 276 as catalyst (Scheme 48).  As this reaction is 

reversible in nature, the equilibrium can be shifted to product formation if the liberated 
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methanol is removed during the course of the reaction, therefore, the reaction was carried-

out under reduced pressure (20 mbar, on a rotary evaporator).  The product 112 was 

crystallised from a hexane and ethyl acetate mixture in 99% yield.  The 1H NMR spectrum 

of compound 112 exhibited a sharp singlet peak resonating at δ 5.50 corresponding to the 

benzylidene methine proton, confirming product formation. 
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Scheme 48.  Reagents and conditions:  a) C6H5CH(OCH3)2, p-TsOH.H2O, DMF, 45-
50 ˚C, 20 mbar, 5 h (99%). 

 

In the next step, compound 112 was treated with pivaloyl chloride and DMAP in DCM at 

room temperature for 24 hours to afford pivaloyl protection of the C-3 hydroxyl group 

(Scheme 49).  In this reaction, along with the C-3 hydroxyl group being protected as a 

pivaloate ester, the acetamido hydrogen was also replaced by a pivaloyl group, giving 

compound 174 in 68% yield.  Under these reaction conditions, another compound, 175, 

with only the acetamide hydrogen being replaced by a pivaloyl group was isolated as a 

minor product (13% yield).  Even after a prolonged reaction time (up to 72 hours) and use 

of excess reagents, compound 175 was still isolated, with its formation being attributed to 

steric hindrance around C-3. 
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Scheme 49.  Reagents and conditions:  a) PivCl, DMAP, DCM-pyridine, 0˚C-rt, Ar, 
24 h, (174, 68%; 175, 13%). 

 

The formation of compounds 174 and 175 was confirmed by 1H NMR and mass 

spectroscopy.  In the 1H NMR spectrum of compound 174, two singlet peaks, resonating at 

δ 1.17 and δ 1.21, corresponding to the two tBu moieties of the pivaloyl groups attached to 

O and N respectively were observed, while in the 1H NMR spectrum of compound 175, 

only one singlet peak appearing at δ 1.23, representing the tBu group of the pivaloyl group 

attached to N, was observed.  The presence of the pivaloyl group on the acetamide, rather 

than on the C-3 hydroxyl group, was established by the upfield chemical shift of H-3, 

resonating at δ 3.88, similar to 112 and distinctly different to 174 (δ 5.50).  Also, in 175 the 
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acetate on nitrogen appeared at δ 2.25 compared to δ 1.98 in 112.  The presence of the 

pivaloyl group on the C-2 acetamide in 174 was not considered to be a problem as in the 

later stage of this synthetic route, di-N-acyl protection was a requirement for the photo-

bromination reaction. 

 

Towards the synthesis of the target intermediate 173, the next reaction was removal of the 

benzylidene acetal.  This was achieved by heating N,O-dipivaloylated derivative 174 in 

70% AcOH for 2 hours at 60 ˚C (Scheme 50).  Under these reaction conditions, the 

pivaloyl group attached to nitrogen was hydrolysed and the acetamide at the C-2 position 

was regenerated in compound 176.  The NMR spectra were consistent with the assigned 

structure.  In the 1H NMR spectrum, the disappearance of both the benzylidene PhCH 

signals and the NPiv signal was apparent and the acetamide methyl signal 'returned' to δ 

1.90 confirming the formation of 2-acetamido 4,6-diol 176.  Next, the C-6 primary 

hydroxyl group in diol 176 needed to be selectively oxidised and the carboxylic acid 

esterified, followed by acetylation of both the C-3 hydroxyl group and the C-2 acetamide 

NH.  This process was effected by treatment of compound 176 with TEMPO in the 

presence of NaOCl followed by acidic esterification, and subsequent acetylation (Scheme 

50), in the same reaction sequence as used in the formation of the corresponding 4-O-

benzylated derivative 163 from diol 166 (Scheme 44).  4-O-Acetylated glucuronate 173 

was prepared from diol 176 over three steps in 51% yield; its formation being confirmed 

by NMR and mass spectroscopy.  The characteristic signals for the methyl ester were 

observed at δ 3.78 in the 1H NMR and at δ 52.7 in the 13C NMR spectra.  The acetate at C-

4 and the N,N-diacetate group were also evident in the 1H NMR and 13C NMR spectra. 
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Scheme 50.  Reagents and conditions:  a) AcOH (70%), 60 ˚C, 2 h, (97%); b) i. 
TEMPO, KBr, nBu4NBr, DCM, aq NaHCO3, NaOCl (12.5% w/v), NaCl, 0 ˚C, 45 
min; ii. CH(OMe)3, SOCl2, MeOH, rt, 30 min, Ar; iii. p-TsOH·H2O, 
CH3CO2C(CH3)=CH2, 65 ˚C, 3.5 h, Ar (51% over 3 steps). 

 

Following the synthesis of intermediate 173, the key steps of bromination at C-5 and then 

HBr elimination were to be attempted.  To introduce bromine alpha to the methyl ester in 

173 (Scheme 51), radical photo-bromination using NBS in CCl4 was performed.254,272  The 

progress of the reaction was monitored by TLC analysis and mass spectrometry.  The 
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starting material did not react for the first 2 hours and then decomposed in the next hour.  

Numerous spots were observed on TLC and the mass spectrum did not exhibit the expected 

characteristic isotopic peak for a brominated derivative.  The reaction was repeated again, 

however this time benzoyl peroxide was used as free-radical initiator instead of light.270  

This attempt to replace the free-radical initiator light with benzoyl peroxide was 

unsuccessful and decomposition of the starting material occurred. 
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Scheme 51.  Reagents and conditions: a) NBS, 500 W light bulb, CCl4, N2; b) NBS, 
Bz2O2, CCl4, N2. 

 

At this stage, it was decided to perform the photo-bromination reaction on the model 

compound methyl (1,2,3,4-tetra-O-acetyl-β-D-glucopyranosid)uronate277 178 (available in 

our laboratory), using the same conditions254 attempted with 4-O-benzyl and 4-O-acetyl 3-

pentyl β-glucuronides 163 and 173.  In this case, as anticipated,253,272 bromination was 

successful and C-5 brominated derivative 179272 was obtained in 56% yield after 

purification (Scheme 52).  Subsequent elimination of HBr using DBU was facile and the 

C-4 acetyl substituted 4,5-unsaturated derivative 180253 was obtained in 50% yield. 
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Scheme 52.  Reagents and conditions: a) NBS, 500 W light bulb, CCl4, 45 min, N2 
(56%); b) DBU, DMF, rt, 3 h, N2 (50%). 

 

Successful C-5 bromination and HBr elimination reactions on the model compound 178 

indicated that these reactions, in our hands, performed as expected from the literature.  

This therefore suggested that it was something in the nature of the starting materials 163 

and 173 that was contributing to the poor outcome of the photo-bromination reactions.  As 

the N-N-diacetate,254 methyl ester,253,254,271,272 and O-acyl protecting groups253,254,271,272 

were also present in compounds successfully brominated in the literature it was presumed 

that the 3-pentyloxy group at the anomeric position of glucuronides 163 and 173 might not 

be compatible with these reaction conditions.  In the literature, apart from C-1 ester 
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protecting groups, successful C-5 bromination is reported only for methyl 

glycosides254,270,271 which could be due to the stable nature of methyl glycosides. 

 

In the literature, some reports state that an electron withdrawing group at the anomeric 

position favours the formation of C-5 halogen derivatives.278-280  In a final attempt, for our 

curiosity, we used acetylated glycosyl fluoride 62, already synthesised in Chapter 2 

(Section 2.2) as a substrate in the photo-bromination reaction.  However, with compound 

62, the anomeric fluoride was hydrolysed under the free-radical bromination conditions 

(Scheme 53) and 58 was obtained as the major product as indicated by TLC and confirmed 

by 1H NMR and the mass spectrum. 
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Scheme 53.  Reagents and conditions: a) NBS, 500 W light bulb, CCl4, 8.5 h, N2. 

 

After several failed attempts to introduce bromine at the C-5 position by radical photo-

bromination, we could agree with the comment made by Coward and co-workers,278 that 

only a limited number of substrates are compatible with this reaction, mainly compounds 

with ester protecting groups (including mainly an ester functionality at the anomeric 

position). 

 

4.3.3 C-5 Bromination via generation of a C-5 carbanion 
 
An alternative strategy to incorporate halogen alpha to a methyl ester group involves 

generation of a carbanion by treatment of the ester with a base and then reaction with a 

halogen.  Based on this concept α-haloesters281 have been synthesised; the application of 

this method has been also explored in carbohydrate chemistry.282,283  Fleet and co-

workers282 have demonstrated that the methyl 2,5-anhydro-heptonate 181 on treatment 

with base, lithium bis(trimethylsilyl)amide (LHMDS), can readily generate an anion which 

can be trapped with carbon tetrabromide to give the corresponding α-bromo derivative 182 

(Scheme 54). 
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Scheme 54 

 

Later, the Fleet group also reported incorporation of bromine alpha to the methyl ester 

group of the benzyl protected compound 183, giving 184, during synthesis of 

spirohydantoin derivatives of glucopyranoses (Scheme 55).283 
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Scheme 55 

 

This approach, involving generation of a carbanion alpha to the methyl carboxylate seemed 

to be a good alternative to introduce bromine at C-5 of the glucuronide substrates.  3-

Pentyl glucuronide 123, already prepared in good quantity (and its synthesis being well 

optimised as described in Chapter 3), was chosen as a model substrate for this reaction, 

where the methyl carboxylate imparts acidity to H-5 and the other electron withdrawing 

acetate groups should be an advantage.  Following the literature procedure,283 compound 

123 was treated with LHMDS in THF at -70 ˚C for 15 minutes, followed by addition of 

carbon tetrabromide.  After stirring at -70 ˚C for 2 hours, the starting compound was still 

the only material detected on TLC.  Variation of the reaction conditions including use of 

excess base, longer reaction time, as well as changing to stronger bases [such as lithium 

diisopropylamide (LDA), or KHMDS] failed to produce the desired product 185 (Scheme 

56).  The various conditions tried are shown in Table 7.  Unexpectedly, the starting 

material did not react and was fully recovered from most of the reactions, suggesting that 

deprotonation at C-5 did not occur under these conditions.  The gluco configuration of 

starting material recovered from these reactions was confirmed by the 1H NMR spectrum. 
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Scheme 56 

Table 7.  Reaction conditions tried for C-5 bromination on compound 123. 

Entry Base Temp. (˚C) Time (h) Outcome 

1 LHMDS -70 2 SM recovered 
2 LHMDS rt 12 SM recovered 
3 KHMDS -70-rt 2 Decomposition 
4 LDA -5-0 1.5 SM recovered 
5 LDA rt 12 SM recovered 

 

It was reasoned that the failure of this reaction might be attributable to both electronic as 

well as steric factors.  In particular, both successfully brominated substrates reported in the 

literature282,283 involved the C-2 position of an anhydro heptonate (that could be considered 

as a C-glucuronide) which would be expected to have a different electronic nature alpha to 

the ester than in the O-glucuronide 123. 

 

4.4 Approach 2 to C-4 substituted 2-acetamido-Δ4-β-D-glucuronides – via C-4:C-5 
halohydrin and epoxide 
 
As discussed above, the attempts involving direct methods of C-5 bromination, to provide 

an appropriate precursor to synthesise the protected C-4 substituted Δ4-glucuronide target 

150, did not prove successful.  In an alternative approach, it was decided to explore a less 

direct method of introducing bromine at C-5, namely through opening of a C-4:C-5 

epoxide with bromine.  Such an approach has been previously utilised in nonulosonic102,261 

and glucuronic159 acid systems to introduce bromine alpha to the methyl carboxylate, via 

titanium tetrabromide (TiBr4) induced epoxide opening. 

 

The pursuit of this alternative approach requires formation of the C-4:C-5 epoxide.  In the 

literature, it has been demonstrated that direct epoxidation [using for example m-CPBA284 

or Camp’s reagent (m-CPBA-KF)285] of the double bond of α,β-unsaturated esters on the 

glucuronic acid159,196 and nonulosonic acid102,261 scaffolds is not effective.  It was reasoned 

that the conjugation of the double bond with an electron withdrawing group decreases the 

epoxidation rate.285  Instead introduction of an α,β-epoxide on both these carbohydrate 
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systems has employed a 2-step procedure, going via initial trans-diaxial halohydrin 

formation across the double bond, followed by epoxide formation.102,159,196 

 

Formation of a halohydrin (2-halo:3-hydroxy) on a carbohydrate α,β-unsaturated ester 

scaffold was first demonstrated by Goto and co-workers102 during their work towards the 

synthesis of sialic acid glycosides.261  That work involved an addition reaction across the 

2,3-double bond of acetyl protected 2-deoxy-2,3-dehydro-N-acetylneuraminic acid methyl 

ester 186, to generate a mixture of 3-halo:2-hydroxy halohydrins 187 and 188.  The trans-

diaxial halohydrin 187 was then transformed into the desired 2-halo:3-hydroxy halohydrin 

190 via the epoxide 189, as shown in Scheme 57. 
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Scheme 57 

 

As mentioned above, Bazin et al.159,196 have successfully applied this methodology for the 

incorporation of bromine at the C-5 position in differently protected methyl β-D-

glucopyranosiduronates 191 via the initial intermediate bromohydrin 192.196  Bromohydrin 

192 was then converted into an epoxide 194, followed by its opening using TiBr4 to 

introduce bromine at C-5 to give 195 in good to excellent yield depending on the 

substitutions on the sugar.  During their work it was also established that an epoxide 194 

could undergo Lewis acid catalysed rearrangement to give β-keto esters 196,159 as shown 

in Scheme 58. 
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Scheme 58 

 

Following on from these reported methods which introduce bromine alpha to the 

carboxylate through epoxide opening,102,159 it was decided to utilise this indirect 

epoxidation method via halohydrin formation to subsequently induce bromination at C-5 

position in our glucuronide system. 

 

Following the procedure from the literature,159 Δ4-β-D-glucuronide 130 (prepared as 

described in Chapter 3) was treated with NBS in aqueous THF at room temperature 

(Scheme 59). After 6 hours, as indicated by TLC analysis, all starting material was 

consumed and converted to a single, more polar spot.  The identity of the product isolated 

after chromatography was established by analysis of the 1H NMR spectrum, which 

indicated the presence of a mixture of trans-diaxial and trans-diequatorial bromohydrins, 

197 and 198, in approximately 2:1 ratio.  The predominance of the trans-diaxial isomer 

was in accordance with the findings of Bazin et al..159  The MS data confirmed the 

presence of one bromine atom in each compound, as the (M+H)+ peak exhibited the 

characteristic 79Br/81Br isotope pattern. 
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Scheme 59.  Reagents and conditions: a) NBS, THF-H2O, rt, 6 h (197/198 mixture, 78%). 
 

The configuration at C-4 in each product was deduced from the vicinal coupling constants 

in the 1H NMR spectrum.  In bromohydrin 197, the large J1,2 (8.4 Hz) and J2,3 (10.8 Hz) 



 

104

values indicated the axial dispositions of H-1, H-2 and H-3 while the smaller J3,4 (3.9 Hz) 

value suggested that H-4 was oriented towards the equatorial position.  In compound 198, 

the coupling constants, J1,2 (8.4 Hz), J2,3 (10.5 Hz) and J3,4 (10.8 Hz) were all large, 

indicating axial disposition of all ring protons.  Since bromohydrins 197 and 198 had the 

same Rf, they could not be separated by column chromatography and moreover due to their 

limited solubility in many organic solvents, the column needed to be eluted using MeOH 

resulting in the bromohydrins always contaminated with some minor impurity, that could 

not be identified by 1H NMR spectroscopy.  The reaction was reproducible with a mixture 

of bromohydrins 197 and 198 obtained in 78% yield after purification. 

 

Epoxidation is known to occur with trans-diaxial bromohydrins only; in this case, through 

nucleophilic displacement of the bromine at C-4 by the axial C-5 hydroxyl group of 197.  

However, as the mixture of bromohydrins 197 and 198 could not be separated, epoxidation 

was attempted on the bromohydrin mixture (Scheme 60).  Using DBU as a base102,196 

reaction at room temperature was monitored by TLC analysis, which indicated, after 20 

minutes, the absence of starting material, but the appearance of several new components.  

After careful purification by column chromatography, only two components of the mixture 

could be clearly isolated and to our surprise, the major 'component' eluted, as determined 

from the 1H NMR spectrum, was a mixture of compounds including one with a 

characteristic doublet peak resonating at δ 6.20, suggesting the presence of an olefinic 

compound.  However due to the mixture of compounds present, the rest of the 1H NMR 

spectrum was very complex and the identity of the compounds present could not be 

determined.  The minor component isolated by chromatography was found to be the 

desired epoxide 199; however its yield was very low (~5%; or 8% based on the proportion 

of diaxial bromohydrin 197 in the starting material). 
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Scheme 60.  Reagents and conditions: a) DBU, CH3CN, rt, 20 min, Ar (5%). 

 

Various conditions were tried in an attempt to improve the yield of epoxide 199, as shown 

in Table 8.  However under the conditions where DBU or N,N-diisopropylethylamine 

(DIPEA)  were used as base, multiple components were observed on TLC, suggesting the 
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possible decomposition of starting material; even the epoxidation reaction using DBU as 

base and MeCN as solvent, as tried initially, could not be reproduced.  However, when 

Ag2O was used to generate the epoxide,159,196 product formation could be observed, but 

conversion was low (~7%) even after 15 hours reaction, and mainly starting material was 

recovered as indicated by the 1H NMR spectrum of the reaction mixture.  Prolonged 

reaction time (up to 36 hours) and use of excess Ag2O also resulted in the same outcome. 

Table 8.  Reaction conditions tried for synthesis of epoxide 199 from bromohydrin 197. 

Entry Base Solvent Temp. (˚C) Time Outcome 

1 DBU MeCN rt 20 min Decompositiona,b 
2 DBU MeCN -5-0 20 min Decompositiona 
3 DIPEA MeCN rt 12 h Decompositiona 
4 Ag2O DMF:THF rt 15 h SM + minor 199 (7%) 

a Multiple components observed on TLC 
b In the first attempt, epoxide 199 was isolated in 5% yield, however this result could 
not be reproduced 

 

The outcomes of the attempted epoxidation reactions were disappointing.  It was somewhat 

difficult to understand the failure of the reaction, despite having the trans-diaxial 

bromohydrin 197, in the same ring conformation as compound 192 (Scheme 58 above) 

prepared by Bazin et al.,159 as indicated by comparison of coupling constants of vicinal 

protons of compound 197 with those of compound 192.  However Bazin et al. had 

reported196 in their initial paper that compound 192 protected with acyl groups (R = Ac or 

Piv) when treated with DBU in MeCN afforded the corresponding epoxides (which 

displayed instability during work-up and purification) only in 15-20% yield.  In contrast, 

when compound 192 was protected with an ether group (e.g. R = Bn) the yields of epoxide 

were good to excellent.  It is possible that the C-3 acetate and C-2 acetamide of our 

substrate 197 may be interfering with the formation of epoxide 199, or contributing to its 

instability, under the basic reaction conditions.  Further work exploring this epoxidation 

route, would possibly require a change of the C-3 acetate to a more base-stable group.  

Also the use of Ag2O to promote epoxidation could be more thoroughly explored. 

 

4.4.1 Attempted C-4 functionalisation via C-4 bromine substituted bromohydrins 
 
As we had prepared bromohydrins 197 and 198 in good quantity, and epoxidation not 

being a feasible approach, we thought to explore the use of the C-4 bromide for a C-C 

bond formation reaction.  The idea here was to replace bromine at C-4 by carbon linked 

substituents, followed by conversion of the hydroxyl group at C-5 to a good leaving group 
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(such as OAc, OTf, halogen) and finally elimination across the C4:C-5 bond to afford 

compound 204, as summarised in Scheme 61. 
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Scheme 61 

 

Towards the preparation of carbohydrates with C-linked substituents, 1-C-linked glycosyl 

derivatives or C-glycosides have received much attention and many precedents286-289 can 

be found in the literature regarding their syntheses.  One of the mildest and most efficient 

routes that has been reported for preparation of C-glycosides involves reaction of an 

anomeric halide, via generation of a radical, with activated alkenes290-292 or 

allylstannanes.293-295  It was, in particular, the Keck allylation in which we became 

interested, to explore its utility on bromohydrins 197 and 198.  This reaction involves the 

replacement of halogen by an allyl moiety using allyltributylstannane.  The allyl group 

could be subsequently manipulated to provide a range of functionality at C-4.  It has been 

reported that Keck allylation, though radical in nature, tolerates the presence of acetals, 

ketals, ethers, epoxides, lactones, free hydroxyl groups, and esters, and has, therefore, 

found enormous utility.260,293,296-298  It has been also found to be compatible with the 2-

acetamido group and has been explored for synthesis of C-glycosides of 2-acetamido-2-

deoxy sugars.167,294,295 
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Importantly for this work, Paulsen and Matschulat260 have applied the Keck reaction in 

sialic acid chemistry, specifically utilising it with N-acetylneuraminic acid bromohydrins 

(Scheme 62).  In their work regarding modifications possible at C-3 of N-acetylneuraminic 

acid, bromine at C-3 of bromohydrin 205 was replaced by an allyl group using 

allyltributylstannane under uv-light, giving 3-C-allyl derivative 206 in moderate yield. 
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In view of the usefulness of the Keck reaction, and its successful use in the related sialic 

acid system,260 we envisaged allylation of the previously-formed mixture of bromohydrins 

197/198  at the C-4 position by treatment with allyltributylstannane.  Following the 

procedure in the literature for thermal rather than photo-induced reaction,295 which has also 

proved successful for reaction of 205,299 bromohydrins 197/198 were reacted with 

allyltributylstannane in dry toluene in the presence of α,α'-azoisobutyronitrile (AIBN) at 85 

˚C for 8 hours (Scheme 63). TLC analysis of the reaction mixture indicated the formation 

of a single new component along with unreacted starting material.  1H NMR analysis of the 

product obtained after chromatography, however, indicated the presence of a complex 

mixture of compounds which could not be resolved. 
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Scheme 63.  Reagents and conditions: a) allyltributylstannane, AIBN, toluene, 85 ˚C, 8 h, Ar. 
 

In attempts to induce allylation of the bromohydrins 197/198, the reaction was repeated 

several times, varying the quantity of reagents, increasing the reaction time as well as 

increasing the temperature, however, a very complex 1H NMR spectrum was always 
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obtained as in the first attempt.  Initially, it was suspected that the C-5 hydroxyl group 

might be causing some interference, so it was protected as an acetate.  Under standard 

acetylation conditions, when the mixture of bromohydrins 197/198 was stirred with Ac2O 

and pyridine, two acetoxy bromohydrins were expected, however only diaxial 

bromoacetoxy compound 209 was isolated (Scheme 64).  The identity of the product 209 

was confirmed by the small J3,4 (3.9 Hz) value, indicating the diaxial configuration of the 

C-4 bromine and C-5 acetate of 209.  4-Bromo-5-acetoxy derivative 209 was treated with 

allyltributylstannane and AIBN in dry toluene at reflux for 24 hours.  The TLC analysis 

indicated the presence of starting material along with two new minor components.  Upon 

purification by column chromatography, however, only the component with Rf similar to 

starting material could be isolated.  The material obtained was analysed by 1H NMR 

spectroscopy, which showed the presence of unreacted starting material along with a 

complex mixture of compounds, whose identity remains elusive. 
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Scheme 64.  Reagents and conditions: a) Ac2O, pyridine, rt, 16 h, N2 (44%); b) 
allyltributylstannane, AIBN, toluene, 110 ˚C, 24 h, Ar.  

 

The failure of the allylation reaction on bromohydrins 197/198 or on bromoacetoxy 

compound 209 was a little difficult to rationalise, given their similarity to the successfully 

reacted260,299 N-acetylneuraminic acid bromohydrin 205.  It is possible that steric (or 

electronic) factors limit the reactivity of the diaxial bromohydrin 197 and its acetyl 

derivative 209; only the diequatorial bromohydrin 205 has been reacted of the 

corresponding N-acetylneuraminic acid derivatives.260  Another factor contributing towards 

failure of the reaction could be the excellent leaving-group character of bromine which 

might have generated polymerized side products, which is often a common side reaction 

observed during Keck allylation reactions.300 
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Unfortunately both the approaches explored towards C-4 substituted 2-acetamido-Δ4-β-D-

glucuronides using 4,5-bromohydrins (197/198 and 209), described above, proved to be 

unsuccessful.  In addition, the work towards introduction of bromine directly at C-5 on the 

4-O-alkylated or -acylated glucuronides (Section 4.3) failed to give the desired 

compounds.  Attention was therefore turned towards a third potential approach to the C-4 

substituted 2-acetamido-Δ4-β-D-glucuronides, which exploited the keto-enol 

tautomerisation of a 4-keto glucuronide. 

 

4.5 Approach 3 to C-4 substituted 2-acetamido-Δ4-β-D-glucuronides – via a β-keto 
ester 
 
This approach to the target C-4 substituted Δ4-β-D-glucuronides was based on the 

formation of a β-keto ester intermediate 155.  It was envisaged that as β-keto esters usually 

exhibit keto-enol tautomerism301 it may be possible to exploit enolate chemistry, and trap 

the enol form 156 through O-alkylation, to synthesise the target derivatives 147 as 

illustrated in Scheme 65. 
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Scheme 65.  Potential approach to C-4 substituted derivatives of type 147 via a β-
keto ester. 
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It is known that enolates generated from β-keto esters are ambident nucleophiles, and may 

attack an alkylating reagent via either the oxygen or α-carbon atom.301,302  To achieve an 

exclusive O-alkylation, use of a polar aprotic solvent, a large counterion, low concentration 

of the anion, a hard leaving group and an alkylating agent of low SN2 reactivity has been 

suggested in the literature.301-303  It has been observed that β-keto esters which generate 

stable enolates favour O-alkylation,301 an area which has been well explored in the field of 

natural product synthesis.304-307 

 

Recently, Tanabe and co-workers264 developed a mild method for the synthesis of enol 

tosylates 212 of β-keto esters (e.g. 211) and further explored their utilisation in Negishi262 

and Sonogashira263 cross-coupling reactions to form C-linked derivatives 213 as shown in 

Scheme 66. 

R = alkyl, aryl; R' = Me, Et; R'' = aryl

211 212

R

O
CO2R'

N NMeTsCl - - Et3N

R

OTs

CO2R'

Negishi or
Sonogashira
couplings

R

R''

CO2R'
213

 
Scheme 66 

 

Enol tosylation of γ-amino β-keto esters (such as 214)308 utilising different bases has also 

been explored, highlighting the compatibility of this reaction with an amide NH group, as 

depicted in Scheme 67. 
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Scheme 67 

 

With many examples in the literature exhibiting utilisation of enolate chemistry, we 

decided to explore the synthesis of a β-keto ester on the glucuronide scaffold, and 

subsequent O-alkylation involving the enolate nucleophile.  To the best of our knowledge 

reactions involving enolates have not been explored on the glucuronic acid scaffold and 

therefore it was interesting to investigate applications of enolate chemistry in this system, 

adding one more dimension to the research on glucuronate sugars. 
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Two different approaches were considered for the synthesis of β-keto ester 155, beginning 

with the GlcNAc 3-pentyl glycoside 122 as illustrated in the retrosynthetic analysis in 

Figure 29.  In the first approach, the ketone functionality would be installed prior to the 

ester group at C-5, while in the second approach, oxidation of the secondary hydroxyl 

group at C-4 would be carried-out in the presence of the methyl ester.  In order to find an 

optimum condition for preparation of β-keto ester 155, both approaches were undertaken. 
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Figure 29.  Retrosynthetic analysis of the synthesis of β-keto ester 155. 

 

4.5.1 Approach I – via C-6 oxidation of 4-keto derivative 216 
 
Approach I (Figure 29) relied on the preparation of a suitably protected 3,6-disubstituted 

derivative to give free access to the C-4 hydroxyl group which could be then oxidised to 

afford 216.  We had already optimised synthesis of 3,6-dibenzoylated derivative 164 from 

3-pentyl glycoside 122 with good yield (88%) (Scheme 44, Section 4.3.1) so it therefore 

seemed reasonable to start initially with this approach. 
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Scheme 68.  Reagents and conditions: a) BzCl, pyridine, -45 ˚C, 2 h, N2 (88%); b) 
PDC, Ac2O, DCM, rt, 16 h, N2 (68%). 

 

Oxidation of the C-4 hydroxyl group of 3,6-dibenzoylated derivative 164 was performed 

using pyridinium dichromate (PDC) based oxidation.168,309  Following the procedure 

reported for the synthesis of acetate protected 4-keto-2-deoxy-2,3-dehydro-N-
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acetylneuraminic acid methyl ester,310 compound 164 was reacted with PDC and Ac2O in 

DCM (Scheme 68).  Addition of Ac2O has been reported to accelerate the rate of oxidation 

of hydroxyl groups present on sugars.311,312  Reaction at room temperature for 16 hours 

afforded 4-keto derivative 217 in 68% yield.  The formation of the product 217 was 

confirmed from the 1H NMR spectrum which showed a downfield shift of H-5 to δ 4.84 

and the absence of a peak corresponding to H-4 which was present in starting material 164 

as a multiplet around δ 3.72-3.89.  The characterisation was further supported by its 13C 

NMR spectrum which indicated a downfield shift of δ 196.0 for C-4 of the product 217 in 

comparison to C-4 of compound 164 resonating at δ 69.9.  In the next step, hydrolysis of 

both benzoyl groups in compound 217 was undertaken using NaOMe in MeOH to afford 

compound 218 (Scheme 69). 
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Scheme 69.  Reagents and conditions: a) NaOMe, MeOH, rt, 12 h, Ar (38%). 

 

The debenzoylation reaction was difficult to monitor by TLC analysis as the debenzoylated 

product was not visible on TLC using a number of different visualising reagents.  

Completion of reaction could be concluded only by monitoring for the absence of starting 

material.  The 3,6-dihydroxy product 218 was obtained in only 38% yield after 

purification.  The low yield could be due to degradation of deprotected ketone 218 during 

column chromatography.  Product formation was confirmed from the 1H NMR spectrum 

which showed an absence of peaks corresponding to the benzoyl groups in the aromatic 

region, as well as the upfield shift of H-3 and H-6 which resonated in a multiplet around δ 

3.35-3.80 (compared to δ 6.28 and ~ δ 4.60, respectively, in 217).  Due to the small 

quantity of compound 218 obtained in the debenzoylation reaction, it was not possible to 

undertake selective protection/deprotection of the C-3 and C-6 hydroxyl groups prior to C-

6 oxidation and esterification to get β-keto ester 155.  Therefore, a single step reaction 

based on the PDC-tBuOH-Ac2O method313 for the oxidation of primary alcohols to their 

corresponding tert-butyl carboxylic ester was attempted (Scheme 70). 
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Scheme 70.  Reagents and conditions: a) PDC, Ac2O, tBuOH, DCM, rt, 16 h, N2. 

 

Once again it was not possible to monitor the reaction by TLC analysis; neither the starting 

material 218, nor any new compound which might have formed after consumption of 

starting material were visible on TLC.  Work-up and attempted purification of the reaction, 

however, did not yield the product 219.  It is possible that the presence of another free 

oxidisable hydroxyl group, and/or the sensitive ketone functionality might have lead to a 

complex mixture of compounds. 

 

The low yield obtained in the formation of 4-keto derivative 218 was not acceptable in this 

early stage of the synthesis and moreover it was thought that the presence of the keto group 

might cause trouble during subsequent protecting group manipulations followed by 

oxidation and esterification steps of the C-6 hydroxyl group to make β-keto ester 155.  

Therefore, in order to have a greater degree of control in the synthesis, it was necessary to 

protect the C-3 hydroxyl group prior to any oxidation reaction and therefore, the second 

approach (Approach II, Figure 29) being more versatile, was adopted for the synthesis of 

the target β-keto ester 155. 

 

4.5.2 Approach II – via C-4 oxidation of glucuronide 158 
 
Approach II requires the preparation of a suitably C-3 protected methyl ester derivative 

158 (Figure 29) with the C-4 hydroxyl group free.  In the first instance, the derivative with 

a pivaloate at C-3 was chosen as it could be prepared from the previously synthesised C-3 

pivaloate protected 4,6-diol 176 (Scheme 50, Section 4.3.2).  Selective oxidation of the 

primary hydroxyl group of 176 was once again effected using TEMPO-based oxidation, 

with the acid obtained directly subjected to esterification using trimethyl orthoformate in 

the presence of thionyl chloride and anhydrous methanol to afford 4-hydroxy ester 220 in 

70% yield over two steps (Scheme 71). 

 

Interestingly, the oxidation of 176 could not be reproduced with the same outcome.  In 

repeated reactions to synthesise D-gluco configured 4-hydroxy ester 220, the product was 

always contaminated with a second compound which was assigned as its C-5 epimer, L-ido 
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ester 221.  This epimer had not been formed previously (in the first attempt), as confirmed 

by careful examination of the 1H NMR spectrum.  The C-5 epimers 220 and 221 were very 

close in Rf on TLC but could be separated by performing very careful column 

chromatography.  In a subsequent reaction, the desired D-gluco configured 4-hydroxy ester 

220 was isolated in 40% yield, while the epimeric L-ido configured 4-hydroxy ester 221 

was isolated in 19% yield (with 11% of the mixture of epimers also obtained).  This 

unexpected formation of a C-5 epimeric mixture during the TEMPO 

oxidation/esterification sequence was not observed in previous TEMPO oxidations carried-

out in this work, including the oxidation/esterification/acetylation sequence carried-out on 

176 itself (Scheme 50, Section 4.3.2). 
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Scheme 71.  Reagents and conditions:  a) i. TEMPO, KBr, nBu4NBr, DCM, aq 
NaHCO3, NaOCl, NaCl, 0 ˚C, 45 min; ii. CH(OMe)3, SOCl2, MeOH, rt, 30 min, Ar 
[outcome variable, ranging from 220 (70%), to 220 / 221 / 220+221 (40:19:11%)]  

 

The assignment of the two epimers 220 and 221 was based on comparison of the vicinal 

coupling constants in the 1H NMR spectra.  The two isomers showed differences in the J4,5 

coupling constants (220: > 7 Hz; 221 4.2 Hz).  The C-5 D-gluco configuration of 220, in 

the 4C1 conformation, was established from the large vicinal coupling constant values J1,2 

(8.4 Hz), J2,3 (10.5 Hz), J3,4 (9.0 Hz), and J4,5 (estimated as > 7 Hz).  The 1H NMR 

spectrum also showed the characteristic methyl ester peak resonating as a singlet at δ 3.77, 

confirming the formation of D-glucuronate 220.  Characterisation of the second product 

221 by 1H NMR spectroscopy showed the H-1 signal downfield (δ 5.13) compared to H-1 

of the corresponding D-gluco ester 220 (δ 4.61).  The methyl ester signal of L-iduronate 

221 appeared slightly upfield (δ 3.73) compared to the methyl ester of D-glucuronate 220 

(δ 3.77).   

 

The well resolved doublets and doublet of doublets (apparent triplets) for H-2, H-3, H-4 

and H-5 in the spectrum of 221 allowed estimation of vicinal coupling constants that 

proved helpful during determination of the conformation of the L-ido ester.  The 

conformation of L-iduronic acid is reported to be dependent on the nature of substituents 

present on the sugar.314  It usually exists as an equilibrium between two or three 

conformations: 4C1, 1C4, 2S0, most commonly as the latter two, in heparin or dermatin 
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sulfated or non-sulfated residues.179,315,316  In acetylated heparin it is reported to exist as the 
4C1 conformer.314,316,317  L-Iduronic acid monosaccharides existing in the 1C4 conformation 

have relatively small vicinal coupling constants (J1,2 and J4,5 ~ 1 to 3 Hz; J2,3 and J3,4 < 4.5 

Hz).180,314,318  In the L-ido ester 221, the coupling constant values of J1,2 (5.1 Hz), J2,3 (4.8 

Hz), J3,4 (7.5 Hz) and J4,5 (4.5 Hz) are relatively large in comparison, which suggested that 

221 predominantly exists in a 4C1 conformation. 

 

With the required selectively protected ester 220 in hand, the next, key, reaction was 

oxidation of the secondary C-4 hydroxyl group to a ketone.  PDC-Ac2O-based oxidation 

was chosen initially as this method had proven effective for the preparation of 3,6-

dibenzoylated C-4 keto derivative 217.  Following the same procedure, 3-O-pivaloylated 

ester 220 was reacted with PDC and Ac2O in DCM for 16 hours at room temperature 

(Scheme 72).  Analysis of the single product obtained from the reaction by NMR 

spectroscopy showed that unsaturated 4,6-lactone 223 was formed instead of the desired β-

keto ester 222.  In the 1H NMR spectrum, the disappearance of the characteristic singlet 

CO2Me signal of 220 at δ 3.77 along with disappearance of peaks corresponding to H-4 

and H-5 suggested formation of the unsaturated lactone.  In the 13C NMR spectrum, 

characteristic peaks in the downfield region at δ 122, δ 162.3 and δ 169.6 corresponding to 

C-5, the carbonyl of the lactone, and C-4 respectively, were observed, further confirming 

the formation of lactone 223 in the reaction.  When the oxidation reaction on diol 220 was 

repeated using only PDC, without added Ac2O, the reaction did not proceed, and even after 

24 hours starting material was recovered. 
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Scheme 72.  Reagents and conditions: a) PDC, Ac2O, DCM, rt, 16 h, N2 (223, 40%). 

 

There are some reports in the literature which mention use of PDC-mediated oxidations for 

the synthesis of cyclised products from diols319 or β-amino alcohols.320  However, it was 
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quite surprising for us to obtain lactone 223 from ester 220 under the conditions used.  A 

possible explanation for the exclusive formation of lactone 223 via an intramolecular path 

is shown in Scheme 73.  As it is known that β-keto esters can exist in keto-enol 

equilibrium, it could be hypothesised that PDC-Ac2O mediated oxidation conditions311 

might have resulted in the protonated ketone 224, that could form 225-enol.  The reactive 

enol 225 could undergo transesterification via 226 and 227, leading to lactone 223.  A 

similar α,β-lactone formation was also observed by Paulsen and Matschulat260 during their 

work investigating possible pyridinium chlorochromate (PCC)-mediated oxidation of the 

C-3 hydroxyl group of acetate-protected 3-hydroxy-N-acetylneuraminic acid.  It was 

reasoned in that work that the transesterification of the C-3 enol of acetate-protected N-

acetylneuraminic acid led to the formation of corresponding lactone. 
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Scheme 73.  Possible reaction mechanism leading to formation of lactone 223. 

 

The formation of lactone 223 from 3-O-pivaloylated methyl ester 220 (Scheme 72) 

suggested that possibly a bulkier ester was required to suppress transesterification and 

consequently lactone formation.  It was therefore decided to prepare 3-O-pivaloylated tert-

butyl ester 228 (Scheme 74).  This was accomplished from 3-O-pivaloylated 4,6-diol 176 

in a single step using PDC-tBuOH-Ac2O mediated oxidation.313,321-323  It was anticipated 
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that the free hydroxyl group at C-4 in diol 176 might interfere with the reaction; however it 

was also a possibility that it could oxidise to the ketone and might lead to the β-keto ester 

in one-step.  So, following exactly the procedure reported in literature for oxidation and 

tert-butyl ester formation of a C-6 hydroxyl group,323 3-O-pivaloylated 4,6-diol 176 was 

reacted with PDC, Ac2O and tert-butanol (Scheme 74).  Reaction for 6 hours at room 

temperature gave the desired tert-butyl ester 228, however in low yield (25%).  Unreacted 

starting material was also recovered from the reaction.  The formation of compound 228 

was confirmed by 1H NMR, with a singlet peak corresponding to the nine protons of the 
tBu of the ester present in the spectrum.  The reaction was repeated, on the next occasion 

until the starting material was consumed completely (12 hours); only one spot 

(corresponding to the product 228) was indicated by TLC analysis.  The 1H NMR spectrum 

of the product indicated the presence of the desired ester 228, however it was present in a 

1:1 ratio with another compound which could not be readily identified.  Repeating the 

reaction for 24 hours resulted in isolation of only the unsaturated 4,6-lactone 223, as 

indicated by 1H NMR.  It is important to mention that during 1H NMR analysis of 

compound 223, it was observed that this compound initially existed in an intermediate 

form in CDCl3, which converted to the unsaturated 4,6-lactone when the sample remained 

in CDCl3 overnight.  It was this intermediate compound that was observed in the product 

of the 12 hours reaction.  The isolated tert-butyl ester 228 was also reacted directly with 

PDC-Ac2O to observe the outcome and, not to our surprise, again lactone 223 was isolated.  

These reaction sequences are illustrated in Scheme 74. 
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Scheme 74.  Reagents and conditions: a) PDC, Ac2O, tBuOH, DCM, rt, N2; b) PDC, 
Ac2O, DCM, rt, N2. 

 

With tert-butyl ester derivative 228 also leading to the formation of lactone 223, it was 

proposed that this lactone formation is the major driving force for the transesterification 
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reaction.  On the positive side, it was clearly evident that enolisation of the 4-keto-

glucuronate is facile, at least under the conditions of PDC-Ac2O mediated oxidation.  This 

should be a favourable property for the approach to the target C-4 substituted Δ4-

glucuronides that involves trapping of the enolate through alkylation.  However the D-

glucurono 4,5-enol also appears to be set-up for thermodynamically favourable lactone 

formation which would need to be circumvented for useful functionalisation of the enolate. 

 

In the literature,324,325 it is reported that the side reaction of lactone formation is very 

uncommon during Swern oxidations, due to the sequential nature of alcohol activation 

followed by base-induced transformation of the activated alcohol into a carbonyl 

compound.  Therefore, in another attempt to prepare a β-keto ester from 3-O-pivaloylated 

tert-butyl ester 228, Swern oxidation170,326,327 conditions were utilised.  Accordingly, 

DMSO was added dropwise to a solution of oxalyl chloride in DCM at -78 ˚C to generate a 

solution of chloromethyl methyl sulfide, to which was added tert-butyl ester 228 in DCM.  

Subsequent treatment with triethylamine, was followed by warming the reaction to room 

temperature, and quenching by the addition of water.  Application of these reaction 

conditions to tert-butyl ester 228 (with reaction time up to 12 hours) resulted, however, 

only in recovery of unreacted starting material.  It was reasoned that the failure of this 

reaction might be attributed to steric hindrance from the bulky tert-butyl ester at C-5 as 

well as from the pivaloyl group at C-3 thus making it difficult to access the C-4 position in 

compound 228.  In view of this, Swern oxidation was attempted on the less bulky methyl 

ester 220. 

 

The Swern oxidation was repeated on 3-O-pivaloylated D-gluco methyl ester 220 under the 

same conditions as applied to 228, with reaction of 220 with the solution of chloromethyl 

methyl sulfide at -78 ˚C for 30 minutes, subsequent reaction with triethylamine at -78 ˚C 

for 15 minutes, and quenching with water at room temperature (Scheme 75).  While TLC 

analysis of the crude product indicated the presence of two major components, only one of 

these was isolated after column chromatography; it appeared that degradation of the second 

component might have occurred on silica.  The single component isolated was analysed by 

NMR spectroscopy and to our surprise, in the 1H NMR spectrum, apart from the 

characteristic methyl ester, acetamide methyl, pivaloyl and 3-pentyl signals, only one 

proton of the sugar core, resonating as a singlet at δ 4.82, was observed.  This proton 

correlated with the anomeric carbon in the 2D HSQC spectrum.  Also, the 1H NMR 

spectrum of product does not have an apparent resonance for the acetamide NH, even 
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though there seems to be an exchangeable proton for enol OH (δ 9.93).  In the 13C NMR 

spectrum, apart from the anomeric carbon, all other ring carbons of the product resonated 

significantly downfield compared to the starting material 220.  The C-4 of the product 

appeared in the carbonyl region (C-4 enol), and C-3 and C-5 in the olefinic region.  

Interestingly, C-1 of the product resonated significantly upfield (δ 76.0) from C-1 (δ 100.8) 

of starting material 220.  On the basis of this NMR data, in conjunction with the molecular 

formula indicated by the mass spectrum, the diene structure 229 was proposed.  Based on 

the proposed diene structure, the isolated yield of product was 23%.  To further 

substantiate the structure of diene 229, it was subjected to benzylation under standard 

alkylation conditions. (Scheme 75).  The 1H NMR spectrum of the product, proposed to be 

4-O-benzylated derivative 230, showed the presence of phenyl ring protons resonating in 

the aromatic region around δ 7.33-7.42 and the benzyl methylene protons together with the 

anomeric proton appeared in a multiplet around δ 5.26-5.36. 
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Scheme 75.  Reagents and conditions: a) (COCl)2, DMSO, DCM, -78 ˚C (30 min), 
then Et3N (15 min) Ar; b) BnBr, nBu4NI, NaH DMF, 0 ˚C, 50 min, Ar (30%). 

 

A possible sequence of steps to account for the formation of the proposed diene product 

229 during Swern oxidation of 3-O-pivaloylated methyl ester 220 is illustrated in Scheme 

76.  It is reported that ketones, particularly those with a high proportion of enol form, can 

be chlorinated at the α-position.328,329  It was speculated that during Swern oxidation of 

methyl ester 220, sulphonium ylide 231, a key intermediate in the oxidation pathway, 

could function as a sufficiently powerful base to abstract H-3 to give carbanion 232, which 

could then act as a nucleophilic centre for attack on chloromethyl methyl sulphide, which 

could have acted as a source of electrophilic chlorine.330,331  All these reaction steps might 

have led to α-chlorination (giving 233), followed by elimination of HCl and formation of a 

double bond in conjugation with the enol.332 



 

120

220

229

Cl

S
H3C CH3

Base

231 232

233

O

NHAc

CO2Me

PivO O
HO

O

NHAc

HO
PivO O

CO2Me
O

NHAc

O
PivO O

CO2Me

H

S O

NHAc

O
PivO O

CO2Me
S

O

NHAc

O
PivO O

CO2Me

Cl

S

H3C
H2C

H3C
CH3

H3C
CH3

 

Scheme 76.  Possible reaction mechanism showing formation of compound 229. 

 

In yet another attempt to form β-keto ester 222, methyl ester compound 220 was subjected 

to milder Dess-Martin Periodinane oxidation conditions (DMP, DCM),173,333,334 but to our 

disappointment, this oxidation method also did not prove effective and unreacted starting 

material was recovered, even after stirring the reaction mixture for 4 days at room 

temperature.  The outcome was confirmed by the 1H NMR spectrum.  The failure of the 

reaction could be attributed to the bulkier nature of the DMP oxidising reagent. 

 

At this stage, it was decided to examine the influence of the substituent at C-3 (ester versus 

ether protecting group) during the Swern oxidation step to mitigate an elimination side-

reaction.  Replacement of the C-3 ester by an ether seemed to be logical, as in 220 the 

presence of the ester (pivaloate) protecting group at C-3 might be influencing the acidity of 

H-3 and making its abstraction facile.  Therefore, in the first instance, the C-3 ester 

protecting group was replaced by a p-methoxy benzyl ether (PMB).  The PMB ether was 

chosen on the basis that it could be selectively removed in the presence of a benzyl ether, a 

potential target C-4 substituent.  C-3 PMB ether substituted methyl ester 236 was 

synthesised from key 4,6-benzylidenated intermediate 112, as summarised in Scheme 77. 
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Scheme 77.  Reagents and conditions:  a) PMBCl, nBu4NI, NaH, DMF, 0 ˚C to rt, 
12 h, N2 (61%); b) p-TsOH·H2O, DCM-MeOH, rt, 24 h (81%); c) i. TEMPO, KBr, 
aq NaHCO3, NaOCl, 0-4 ˚C, 12 h; ii. MeI, DMF, rt, 12 h, N2 (42% over 2 steps). 

 

The C-3 hydroxyl group of 112 was alkylated using a standard procedure335 (NaH, TBAI, 

PMBCl) to give C-3 PMB ether derivative 234 in 61% yield.  The 1H NMR spectrum 

exhibited the presence of the expected new signals, four aromatic protons at δ 6.80-6.84 

and δ 7.19-7.22, and the methoxy protons of the PMB ring at δ 3.77 resonating as a singlet.  

Subsequent benzylidene cleavage, was effected using p-toluenesulfonic acid in 

DCM/MeOH,335 with the C-3 substituted diol 235 obtained in 81% yield.  The final step in 

the reaction sequence was oxidation of the primary hydroxyl group in diol 235 using the 

well-optimised TEMPO-mediated oxidation method, followed by esterification under basic 

conditions.  It is important to mention that acidic esterification [CH(OMe)3, SOCl2, MeOH, 

rt, 30 minutes] proved detrimental for the C-3 PMB-substituted acid, as decomposition 

occurred under such conditions.  However, basic conditions to effect esterification proved 

better and compound 236 was obtained in 42% yield over two steps.  The formation of 

product 236 was confirmed from the 1H NMR spectrum, which showed the presence of the 

characteristic methyl ester peak at δ 3.88.  The H-4 and H-5 peaks resonated around δ 

3.75-3.88 as overlapping multiplets, making it difficult to accurately calculate the vicinal 

coupling constant between the two protons, however only one C-5 isomer appeared to be 

present in the product. 

 

With C-3 PMB substituted methyl ester compound 236 in hand, Swern oxidation was 

attempted (Scheme 78).  Following exactly the same procedure as for compound 220, 

Swern oxidation of 236 did not proceed and only unreacted starting material was recovered 

from the reaction. 
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Scheme 78.  Reagents and conditions: a) (COCl)2, DMSO, DCM, -78 ˚C (30 min), 
then Et3N (15 min), Ar. 

 

Variation of the reaction conditions (shown in Scheme 79), such as increasing the reaction 

time of 236 with the solution of chloromethyl methyl sulfide, increasing the reaction time 

with base (Et3N), raising the reaction temperature to -60 ˚C, and even quenching the 

reaction at lower temperature336 failed to produce the desired product 237.  In most of the 

attempts, a multiple component reaction mixture (observed by TLC analysis) suggested 

decomposition of the starting material and/or reaction intermediate(s).  The 1H NMR 

spectra of the crude materials obtained from the different reactions showed complex 

mixtures. 
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Scheme 79.  Reagents: a) (COCl)2, DMSO, DCM, then Et3N, Ar.  (Reaction with 
Et3N at indicated temp. for 15 min and quenched with H2O at room temperature 
unless indicated differently). 

 

The C-3 PMB-protected ester 236 had not proved a useful variation of the substrate for 

oxidation.  To further examine the effect of a C-3 ether protecting group during the Swern 

oxidation, the PMB ether of 236 was replaced with a benzyl ether.  The corresponding C-3 

benzyl ether substituted methyl ester 240 was once again synthesised from the key 

intermediate 112 (Scheme 80).  4,6-O-Benzylidenated derivative 112 was benzylated by 

using phase-transfer conditions,213 with BnBr in DCM and 50 % aq NaOH solution with 

TBAB as phase-transfer catalyst.  These conditions were used to avoid N-benzylation,337 

which is a common side reaction when using NaH as a base in sterically hindered sugars 

like 112.  The 1H NMR spectrum of 238 exhibited five aromatic protons resonating around 

δ 7.19-7.26 as multiplets, in addition to the benzylidene ring protons, confirming 

monobenzylation.  The location of the benzyl group as the C-3 ether was confirmed by the 
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presence of the acetamide NH (δ 5.57) in the 1H NMR spectrum (in CDCl3).  With 

compound 238 prepared, the next set of reactions were undertaken by exactly following the 

same reaction sequence as for the preparation of C-3 PMB substituted methyl ester 236.  

The facile cleavage of the benzylidene ring, followed by TEMPO-based selective oxidation 

of the C-6 hydroxyl group and subsequent basic esterification afforded 3-O-benylated 

methyl ester 240 in 66% over three steps from 238.  The 1H NMR spectrum confirmed the 

presence of the methyl ester singlet at δ 3.80.  Although overlapping of the signals of H-4 

and H-5 did not allow accurate determination of the J4,5 value, this coupling constant was 

estimated to be > 9.0 Hz, confirming the D-gluco configuration of compound 240.  It is 

important to mention that a sample of 3-O-benzylated ester 240 appeared to become a 

mixture of two compounds while standing overnight in CDCl3 solution (during acquisition 

of 13C NMR data), as deduced from the (re-acquisition) of the 1H NMR spectrum.  This 

could be due to possible C-5 epimerisation (in line with isolation of the C-5 epimer in 

some syntheses of the corresponding 3-O-pivaloylated ester), however this could not be 

clearly ascertained from the 1H NMR spectrum as most of the protons appeared as 

overlapping signals making the spectrum hard to assign.  This also made the analysis of the 
13C NMR spectrum difficult. 
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Scheme 80.  Reagents and conditions:  a) BnBr, nBu4NBr, NaOH (50% solution in 
H2O), DCM, 0 ˚C to rt, 24 h (84%); b) p-TsOH·H2O, DCM-MeOH, rt, 24 h (92%); 
c) i. TEMPO, KBr, aq NaHCO3, NaOCl, 0-4 ˚C, 12 h; ii. MeI, DMF, rt, 12 h; N2 
(72% over 2 steps). 

 

Compound 240 being prepared, Swern oxidation was attempted following exactly the same 

procedure as used previously for the oxidation of C-3 PMB substituted methyl ester 236 

(Scheme 78).  Unfortunately, under these conditions (Scheme 81), product 241 was not 

observed but rather decomposition occurred, in comparison to retrieval of unreacted 

starting material for the PMB-protected analogue.  In a final attempt, the oxidation method 
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was changed and both compounds C-3 PMB protected methyl ester 236 and C-3 benzyl 

protected methyl ester 240 were subjected to PDC-Ac2O mediated oxidation, however 

again the decomposition occurred under the oxidation conditions used.  Under the latter 

conditions, as described above, the corresponding 3-O-pivaloylated ester 220 gave the 

unsaturated 4,6-lactone 223 (Scheme 72).  At this stage, it was concluded that an ether 

protecting group at the C-3 position was not favouring oxidation to the desired β-keto ester 

(237 or 241) using any of the methods attempted, but was instead leading to 

decomposition. 
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Scheme 81.  Reagents and conditions: a) (COCl)2, DMSO, DCM, -78 ˚C (30 min), 
then Et3N (15 min), Ar; b) PDC, Ac2O, DCM, rt, 16 h, N2.  

 

It was decided therefore to refocus on the optimisation of the Swern oxidation using C-3 

pivaloyl (ester) protected methyl ester 220.  As previously discussed, a diene product was 

obtained during Swern oxidation of compound 220 on 30 minutes alcohol activation, and 

subsequent reaction with Et3N at -78 ˚C (Scheme 75).  We now examined the effect of 

altering the different stages of the reaction on this outcome.  Initially, the time of alcohol 

activation to form the alkoxysulfonium salt was reduced to only 10 minutes.  On this 

occasion, however, reaction was carried-out on the mixture of C-5 epimers 220/221 (2:1 

ratio) (Scheme 82) available at the time.  The TLC analysis of the crude reaction mixture 

showed the presence of multiple components.  After careful column purification, to our 

delight, a β-keto ester derivative 242 was obtained, however in only a very low yield 

(19%).  The four ring proton signals in the 1H NMR spectrum of β-keto ester 242 were 

well resolved and by using a 2D HH COSY experiment, all the carbohydrate protons could 

be assigned (Table 9).  A four bond coupling between H-3 and H-5, with a large 4J3,5 (7.5 

Hz) coupling constant value was also observed in 242.  Bazin et al.159 have reported 

similar 4J3,5 coupling constants between H-3 and H-5 of β-keto esters of type 196 (Scheme 

58) (reported to be L-ido 4-keto sugars in the 1C4 conformation).  The 13C NMR spectrum 

exhibited four carbonyl signals corresponding to the methyl ester at δ 159.7, acetamide at δ 

169.7, pivaloyl ester at δ 177.1 and ketone at C-4 at δ 187.2, further confirming the 

formation of desired β-keto ester 242.  The relatively large 4J3,5 (7.5 Hz) and the moderate 

values of vicinal coupling constants J1,2 (5.1 Hz) and J2,3 (4.8 Hz) suggested that the 
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conformation of the ring in β-keto ester 242 might be in an equilibrium involving 1C4 and 
4C1 conformations, more favoured towards the 4C1 conformation.  The ring conformation 

of 242 is in variation to the reported 1C4 conformation of β-keto esters of type 196 (where 

J1,2 and J2,3 were < 1 Hz).159 
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Scheme 82.  Reagents and conditions: a) (COCl)2, DMSO, DCM, -78 ˚C (10 min), 
then Et3N (15 min), Ar (19%). 

 

In an attempt to optimise the yield of the Swern oxidation, reaction was carried-out with a 

slightly longer (20 minutes) alcohol activation time, however a multiple component 

reaction mixture was obtained (by TLC analysis).  The 1H NMR spectrum of the crude 

material was complex with none of the peaks correlating to either starting material 

(mixture of 220/221) or the expected product (242).  It was therefore concluded that a 10 

minutes alcohol activation time was optimum.  In an attempt to increase the yield, 

optimisation of the reaction time with Et3N was also attempted.  After 10 minutes of 

alcohol activation, Et3N was added at -78 ˚C and then stirred for 2 hours (in comparison to 

15 minutes previously),336 however this method also resulted in decomposition of the 

reaction mixture.  The same outcome was observed when the reaction time with Et3N was 

reduced to 5 minutes. 

 

At this stage, careful separation of the L-ido ester 221 from D-gluco ester 220 was 

undertaken to examine the exact effect of the Swern oxidation on each of the isomers 

separately.  Both the D-gluco and L-ido isomers, 220 and 221, were reacted separately 

(Scheme 83), following the same procedure with 10 minutes alcohol activation time as 

used previously on the mixture of 220/221.  To our surprise, L-ido ester 221 afforded β-

keto ester 242 with essentially quantitative conversion, while reaction of the D-gluco ester 

220 resulted in complete decomposition.  The results obtained were confirmed by NMR 

experiments of the crude reaction mixtures.  The reaction was repeated several times on L-

ido ester 221 and was found to be reproducible.  However, it is important to mention that 

β-keto ester 242 was not very stable on silica gel, and therefore the NMR spectrum was 

taken of the crude material only, which depicted all desired peaks with an impurity of 

dimethyl sulphide.  Comparison of the 1H NMR chemical shifts and coupling constants of 
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the two epimers 220 and 221 along with the L-ido β-keto ester 242 are presented in Table 

9. 
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Scheme 83.  Reagents and conditions: a) (COCl)2, DMSO, DCM, -78 ˚C (10 min), 
then Et3N (15 min), Ar. 

 

Table 9.  1H NMR comparison of compounds 220, 221 and L-ido-242. 

Chemical shifts (ppm) Coupling constants (Hz) 
Cmpd 

H-1 H-2 H-3 H-4 H-5 J1,2 J2,3 J3,4 J4,5 
220 ester   
(D-gluco) 

4.61 
(d) 

~3.84-
4.00 (m) 

5.24 
(dd) 

~3.84-
4.00 (m) 

~3.84-
4.00 (m) 8.4 10.5 9.0 ~7.0-9.6 

221 ester 
(L-ido) 

5.13 
(d) 

4.70  
(ddd) 

5.44 
(app t) 

4.49    
(dd) 

4.34    
(app br t) 5.1 4.8 7.5 4.2/4.5 

242 keto  
(L-ido) 

5.33 
(d) 

4.54  
(ddd) 

5.73 
(dd)  5.43      

(d) 5.1 5.7 J3,5  
7.5  

 

The formation of L-ido β-keto ester 242 from L-ido ester 221 and not from D-gluco ester 

220 during Swern oxidation is probably due to a combination of steric and electronic 

differences between the two substrates (Figure 30).  Examining projections along the C-

4:C-5 and C-4:C-3 bonds, the positioning of the bulky pivaloate on C-3 is different with 

respect to both the alkoxysulfonium ion group (represented by OS in Figure 30) and H-4.  

It is apparent that H-4 is comparatively less hindered in L-ido ester 221 than in D-gluco 

ester 220.  Therefore, H-4 could potentially be more easily abstracted in L-ido ester 221 

leading to the formation of L-ido β-keto ester 242.  In terms of electronic factors, the 

difference in reactivity of the two epimers could possibly be influenced by the different 

orientation of the methyl ester group in the two epimers (220 and 221). 
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Figure 30.  Predicted conformations of the ylide intermediates of (a) D-gluco ester 
220, and (b) L-ido ester 221, in the 4C1 ring conformation.  (Haworth projections are 
shown along the C-4:C-5 axis and the C-4:C-3 axis). 

 

All the attempts to synthesise the key intermediate β-keto ester were successful to varying 

degrees with a pivaloate ester at C-3, but not with an ether at C-3 protected uronates.  

Using a C-3 ester (pivaloyl) protected glucuronate ester, oxidation of the C-4 hydroxyl 

group with PDC/Ac2O appeared to lead to the 4-keto derivative which, however, 

underwent facile lactone formation with the adjacent ester.  Using Swern oxidation 

conditions on the D-gluco configured substrate, on one occasion, led to generation of an 

unsaturated enol derivative, while Swern oxidation conditions with the L-ido configured 

substrate appeared to lead to a 4-keto derivative 242, which was however, unstable on 

chromatography. 

 

4.6 Conclusion and Future Work in the Series 
 
The attempted synthesis of C-4 substituted 2-acetamido-Δ4-β-D-glucuronides of type 147 

proved to be more difficult and challenging than envisaged.  Many issues in the synthesis 
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of precursors to the target compounds were identified that require further investigation.  

However, due to time limitations, these could unfortunately not be resolved during the 

course of this research.   

 

Several approaches were explored towards generation of the key feature of target 147, the 

C-4 substituted α,β-unsaturated acid functionality.  The most direct approach was to 

introduce halogen at C-5 into a preformed C-4 substituted glucuronide to be followed by 

elimination of HX to generate the C-4:C-5 double bond.  However, methods of direct 

bromination proved to be unsuccessful, with the nature of the aglycon may be affecting the 

reaction.  A less direct approach was envisaged to be opening of a 4,5-epoxide to generate 

an alpha-halogenated C-4 hydroxy species for further functionalisation.  Despite successful 

formation of a β-bromo-α-hydrin, attempted epoxidation reactions of these bromohydrins 

(197/198), under various reaction conditions led to decomposition.  It was presumed that 

the C-3 acetate and C-2 acetamide of the substrates may be interfering with the formation, 

and/or the stability of the epoxide.  Further work exploring this epoxidation route, would 

possibly require a change of the C-3 acetate to a more base-stable group.  Also the use of 

Ag2O to promote epoxidation could be more thoroughly explored. 

 

A third approach to synthesise C-4 substituted 2-acetamido-Δ4-β-D-glucuronides based on 

exploitation of the enol character of a β-keto ester functionality, proved to be the most 

promising.  Using a C-3 ester (pivaloyl) protected glucuronate ester, oxidation of the C-4 

hydroxyl group with PDC/Ac2O appeared to lead to the 4-keto derivative which, however, 

underwent facile lactone formation with the adjacent ester.  Using Swern oxidation 

conditions on the D-gluco configured substrate, on one occasion, led to generation of an 

unsaturated enol derivative, while Swern oxidation conditions with the L-ido configured 

substrate led to a desired 4-keto derivative.  Similarly attempted Swern oxidations on C-3 

ether substituted methyl esters, however, led to decomposition.  In this work, therefore, a 

pathway has been identified to synthesise the key intermediate β-keto ester (242), however 

it appears to require the L-ido configured ester (221) as starting material.  A robust method 

still needs to be found that allows for the synthesis of β-keto ester (242) and subsequent 

enolisation to prepare target compounds without these complications.  Ultimately, further 

research is required to provide a high yielding and stereoselective synthesis of C-4 

substituted 2-acetamido-Δ4-β-D-glucuronide derivatives. 
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CHAPTER 5 
 

TOWARDS 1'-HOMO-N-NUCLEOSIDE MIMETICS AS INHIBITORS 
TARGETING VIRAL POLYMERASES 

 

5.1  Introduction 
 
A viral polymerase is an enzyme that synthesises nucleic acids by transcription and 

replication of a complimentary viral template.  It is also commonly referred to as a 

transcriptase, reverse transcriptase, or replicase depending on its functional role.  There has 

been extensive research carried-out towards understanding the mechanism of polymerases 

in replication and transcription, both with respect to mammalian biology and microbial 

pathogenesis.338-342  There are four different classes of polymerases, namely, DNA-

dependent DNA and RNA polymerases, and RNA-dependent DNA and RNA 

polymerases.342  In general, it is assumed that all polymerases catalyse the synthesis of 

phosphodiester bonds between nucleotide residues and therefore share a common overall 

architectural feature.338  This architecture can be compared with a right hand, consisting of 

thumb, palm and finger (Figure 31).338,343  The palm portion helps in the phosphoryl 

transfer reaction, the fingers interact with an incoming nucleotide triphosphate (NTP) and 

the template base to which it is paired, and the thumb helps in positioning and translocation 

of the DNA or RNA.339,340 

 
Figure 31.  The structure of the RNA-dependent RNA polymerase from HCV.343  
Figure reproduced from Reference 343, with permission. 

 

As previously described in Chapter 1, influenza virus is an RNA virus and its polymerase 

is a heterotrimer, composed of three subunits, PB1, PB2 and PA.  It is responsible for 

replication and transcription of the eight separate segments of the viral RNA genome in the 

nuclei of infected cells.344-346  The mechanism by which the polymerase-complex carries 
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out these processes is not well-understood, however extensive biochemical and structural 

studies have revealed the specific roles played by the polymerase subunits.346  The 

polymerase activity is located in the PB1 subunit,345 which binds the 5' and 3' ends of the 

virus RNA genes.347  The PB2 subunit functions as a cap-binding protein and binds the 5' 

capped ends of a host cellular mRNA.345,346  The cellular mRNAs bound to PB2 are 

subsequently cleaved (by endonuclease) to generate the primers, which are then used by 

the RNA-dependent RNA polymerase domain of the PB1 subunit for viral mRNA 

synthesis.346,347  Recently, the crystal structure of the PA subunit was determined and it 

was revealed that the endonuclease activity is associated with the PA subunit and not the 

PB1 or PB2 subunit as previously thought.344  The structure allowed the identification of 

the endonuclease active site, formed by the binding between manganese ions and a cluster 

of amino acid residues conserved in all influenza viruses.344,346  It was also established that 

mutation of these amino acids abolished the endonuclease activity of the influenza viral 

polymerase complex.344  The polymerase-complex genes are known to have an important 

role in virulence348 and interspecies transmission.349  Based on this observation, the 

polymerase-complex is considered to be the ideal target for the development of novel anti-

influenza drugs.21,347,350 

 

Inhibitors targeting either the influenza virus RNA polymerase or endonuclease have been 

reported.21  The endonuclease activity of influenza virus has been shown to be inhibited by 

4-substituted 2,4-dioxobutanoic acid derivatives351 and N-hydroxamic/N-hydroxy-imide 

derivatives.352  Flutimide 244, a 2,6-diketopiperazine, is also a specific endonuclease 

inhibitor.353  Influenza virus RNA polymerase inhibitors have been classified into two 

types: nucleosides and non-nucleosides.  An example of the nucleoside-based inhibitors is 

2'-deoxy-2'-fluoro guanosine354,355 (FdG, 245).  An example of a non-nucleoside inhibitor 

is the pyrazine favipiravir [6-fluoro-3-hydroxy-2-pyrazinecarboxamide (T-705, 246)].356,357  

T-705 has potent anti-influenza virus activity both in vitro and in vivo.356  Recently, it was 

demonstrated that T-705 was effective against infections with oseltamivir-sensitive or -

resistant highly pathogenic H5N1 viruses.358  It was also shown that low doses of T-705 

combined with oseltamivir had a synergistic response in mice in treating influenza 

infection.359 
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It is suggested that T-705 selectively inhibits the virus RNA polymerase and not host 

cellular RNA or DNA synthesis.357  It is postulated that on entering the cell, T-705 is 

initially transformed to a ribofuranosyl monophosphate form by phosphoribosyl 

transferase, then to the triphosphate by cellular kinase, in which form it appears to inhibit 

the RNA-dependent RNA polymerase.350,357 

 

A major concern, however, in the development of influenza virus inhibitors is the 

continuous mutating nature of influenza virus, which might make the virus resistant 

towards these inhibitors.  The emergence of resistance,360,361 and toxicity,362 has been 

observed for the currently marketed nucleoside inhibitors for other viral diseases (such as 

HIV).  As previously mentioned in Chapter 1 (Section 1.6), some strains of the influenza 

virus have already developed resistance towards currently marketed drugs (M2-ion channel 

and sialidase inhibitors),83-85 therefore making a compelling case for the search of new 

inhibitors.  In line with our interest to develop novel inhibitors against influenza virus, it 

was decided to explore the possibility of synthesising inhibitors targeting the polymerase-

complex of influenza virus.  However one of the major concerns in the rational design of 

influenza virus RNA polymerase inhibitors is the lack of detailed structures of the 

polymerase’s enzymatic domains required for RNA transcription.347  Therefore it was 

envisaged to construct a library of compounds, based on a relatively simple carbohydrate 

template, which could be screened for inhibition of influenza virus infection, as well as 

potentially against a range of other viral infections, to establish Structure-Activity 

Relationships (SAR) of the class of compounds. 
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5.1.1 Aims of the project 
 
The second aim of the research undertaken in this thesis was to develop new carbohydrate-

based inhibitors as potentially broad-spectrum anti-viral agents through targeting viral 

polymerases.  This work was specifically focussed on: 

I. Building a library of nucleoside/nucleotide mimetics based on a 2,5-

anhydroglucitol scaffold. 

II. Biological evaluation of these compounds in viral replication studies. 

 

5.2 Towards triazole-containing 1'-homo-N-nucleoside mimetics 
 
For the design and synthesis of novel nucleoside analogues as antiviral agents, much 

attention363,364 has been focussed on modifications of the sugar ring in the nucleosides 247.  

There is one particular class of nucleoside analogues known as 1'-homo-N-nucleosides (of 

type 248) in which the nucleobase and the sugar residues are separated by a carbon 

bridge.365  The additional methylene group between the base and the anomeric centre of the 

sugar makes these nucleosides more resistant to hydrolytic or enzymatic cleavage and also 

provides higher conformational flexibility.365-367  Moreover, 1'-homo-N-nucleosides have 

also been shown to possess antiviral activity.368,369 

247 248

O

OHHO

B = Cyt, Ura, Ade, Gua, Thy

1'

249

1'-homo-N-nucleoside

HO

1'-homo-N-nucleoside mimetic

O

OHHO

B
HO

O

OHHO

HO N
N N

RB

1'

R = alkyl, aryl

 
 

In the present work, our specific goal was to prepare 1'-homo-N-nucleoside mimetics 249, 

where the carbohydrate part was based on the 2,5-anhydroglucitol scaffold which provides 

the 1' methylene of the 1'-homo-nucleoside, and the nucleobase was replaced by a triazole 

moiety.  Our preference for the five-membered ring nitrogen heterocycles, 1,2,3-triazoles, 

was based on a number of factors.  They have higher stability towards acidic and basic 

hydrolysis as well as harsh reductive/oxidative conditions.370  It is also known that the 

triazoles are capable of active participation in hydrogen bonding as well as dipole-dipole 

and π-stacking interactions.371  Another reason for the synthesis and biological evaluation 

of these compounds is based on the anticipated interaction of the triazole portion of the 

nucleoside mimetic with DNA as base-pair complements.366  Moreover, the antiviral 
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activity of ribavirin 250, which is a nucleobase-modified nucleoside,350 provides a further 

incentive for preparing 1'-homo-N-nucleoside mimetics with a triazole moiety. 

O

OHHO

N
HO

N
N

CONH2

250 ribavirin  
 

An important factor in the choice of a 1,2,3-triazole to replace the natural nucleobase, was 

the ease of synthesis of 1,4-disubstituted 1,2,3-triazoles.  The synthesis of 1,2,3-triazoles 

involves a step-wise Cu(I)-catalysed dipolar cycloaddition of a terminal acetylene to an 

organic azide to form, exclusively, the 1,4-disubstituted-1,2,3-triazole (Scheme 84).372  

This type of cycloaddition reaction is well known373 and falls into the category of 'click' 

reactions.370,374  The reaction has also been explored in the area of carbohydrate 

chemistry.375 

R1
N

N
N

R2

R1 N3

R2

+
Cu(I)

1,4-disubstituted-1,2,3-triazole  
Scheme 84.  Cu(I)-catalysed 1,3-dipolar cycloaddition reaction of azides and terminal alkynes. 

 

In the present work, therefore, triazole containing 1'-homo-N-nucleoside mimetics based 

on the 2,5-anhydroglucitol scaffold (of type 249) was undertaken, with the facile azide-

alkyne 'click' reaction utilised to generate a library of compounds for biological evaluation.  

While this work was in progress, a number of reports involving preparation of 1'-homo-N-

nucleosides with a triazole replacing the natural base unit, utilising azide-alkyne 'click' 

reaction were published.376,377  In particular, Goeminne et al.376 reported a related synthesis 

of ribitol based 1'-homo-N-nucleoside derivatives of type 251 in their work towards 

inhibition of nucleoside hydrolases. 
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N N
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5.3 Synthesis of 2,5-anhydro-glucitol-based 1'-homo-N-nucleoside mimetics using 
azide-alkyne 'click' chemistry 
 
For our initial exploratory work in generating 1'-homo-N-nucleosides of general structure 

249, we chose a 2,5-anhydroglucitol template, where stereochemistry at C-3 (equivalent to 

C-2 of the ribose unit of the RNA nucleosides (of type 247) is reversed from the natural 

configuration.  With the glucitol stereochemistry at C-3/C-4, introduction of modifications 

at these position should be facile, for example through epoxide formation,378 including 

inverting the C-3 configuration to give the ribose-based mimetic.  There are reports in the 

literature,379,380 where the C-2 position of the ribose unit of general nucleoside structure 

247 has been modified in order to synthesise potent antiviral compounds (such as 252).  

Hanessian et al. have also reported synthesis of L-gulitol-based 1'-homo-N-nucleoside 

mimetics (of type 253) with reversed stereochemistry at C-4 (which corresponds to C-3 of 

the ribose sugar) to explore antiviral activity of these type of nucleoside mimetics.366 
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In general, 1'-homo-N-nucleosides are usually prepared by two main methods.365  In the 

first method, heterocyclic bases can be introduced by nucleophilic displacement of a 

leaving group at the C-1' exocyclic methyl group on the furanose moiety.381  In the second 

method, the nucleobases are constructed from a C-1' furanosyl methylamino derivative.382  

These methods have been utilised with varying degrees of success due to side-reactions.  

 

For the synthesis of the target triazole containing 1'-homo-N-nucleoside mimetics 249, a 

2,5-anhydroglucitol derivative with an azide group at C-1 (such as 254) was required, with 

protecting groups at C-3/C-4/C-6 for further functionalisation.  It was envisaged that a C-1 

azide of type 254 could be accessed from protected C-1 hydroxyl derivative 255.  By 

performing functional group manipulations at C-1 of compound 255, the required azido 

group could be introduced at C-1.  The C-1 azide could then be used to undergo 1,3-dipolar 

cycloaddition with substituted alkynes (the 'click' reaction) to synthesise a library of 1'-

homo-N-nucleoside mimetics of general structure 249.  In contrast, Goeminne et al.376 

working with the ribose scaffold, accessed the precursor azide from 3,4,6-tri-O-benzoyl-β-
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D-ribofuranosyl cyanide,383 through reduction of the nitrile to the corresponding amine,384 

which was then transformed to the azide. 

O

PGO OPG

PGO N3

O

PGO OPG

PGO OH

254 255

PG = protecting group  
 

In a first approach towards synthesis of the key intermediate 254, preparation of 3,4-di-O-

benzylated-6-bromoglucitol derivative 258 was undertaken (Scheme 85).  Compound 258 

had the potential advantage of allowing insertion of a functional group at C-6 before 

manipulation at C-1 to introduce the azide functionality.  Initially 1,2:5,6-dianhydro-3,4-di-

O-benzyl-D-mannitol 257 was prepared according to the literature procedures385,386 from 

commercially available 1,2:5,6-di-O-isopropylidene-D-mannitol 256 in 65% yield over 3 

steps (Scheme 85).  This was followed by synthesis of 6-bromoglucitol 258 by adopting 

the procedure reported by Kuszmann and co-workers for the synthesis of 3,4-di-O-

alkylated (or allylated) 6-bromoglucitol derivatives.387,388  With view to introducing a 

potentially useful378 functional group at C-6, in the first instance, the C-6 bromide was 

reacted with potassium thiolacetate387 to prepare the 6-S-acetyl derivative 259 (84% yield).  

This was followed by conversion of the C-1 hydroxyl group of 259 to a good leaving group 

by reaction with tosyl chloride giving the C-1 tosylate derivative 260 in 76% yield.  

Subsequent nucleophilic displacement of the tosylate with sodium azide attempted on 

compound 260 resulted, however, in formation of the 1,6-thioanhydro derivative 261 (63% 

yield) instead of the desired C-1 substituted azide derivative.  Formation of such a 1,6-

thioanhydro sugar has been reported by displacement of a C-1 mesylate with a C-6 thiolate 

anion (formed by reaction of the 6-thiolacetate derivative with methanolic NaOMe).387  

The formation of 261 was confirmed by the NMR analysis.  In the 1H NMR spectrum, the 

characteristic methyl signal of SAc (resonating at δ 2.30 in starting material 260) was 

absent in 261.  The protons at C-1 appeared in an upfield region compared to the starting 

material 260 [261 (δ 2.30/3.09); 260 (δ 4.15/4.29)].  In the 13C NMR spectrum of 261, C-1 

resonated significantly upfield (δ 24.7) as compared to the C-1 of starting material 260 (δ 

67.6).  The chemical shifts observed for C-1 and C-6 and the protons at C-1 and C-6 in 261 

were in accordance to that reported for similar compounds in the literature.387  In this 

reaction, it was presumed that the intramolecular cyclisation involving sulfur as a 
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nucleophile was apparently the more favourable path than intermolecular attack by azide 

anion. 
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Scheme 85.  Reagents and conditions:  a) i. NaOH (50% aq soln), BnBr, nBu4NI, 
THF, 50-60 ˚C, 12 h (90%); ii. 70% AcOH, 55 ˚C, 1.5 h (88%); iii. Ph3P, DIAD, 
toluene, 130 ˚C (in vacuo) 2.5 h (82%; 65% over 3 steps); b) 33% w/v HBr in 
glacial AcOH, acetone, 0 ˚C, 30 min, N2 (77%); c) KSAc, DMF, 80 ˚C, 1 h, N2 
(84%); d) p-TsCl, DMAP, pyridine, 0 ˚C-rt, 12 h, N2 (76%); e) NaN3, DMF, 80 ˚C, 1 
h, N2, (63%). 

 

In a second approach towards the synthesis of a 2,5-anhydroglucitol derivative with a C-1 

azide (for example 254), it was envisaged that the corresponding C-1 bromo derivative 

should be able to serve as a good precursor.  From the literature,388,389 it was found that the 

C-1 bromo derivative 265 could be easily accessed from the inverse configured (at C-2 and 

C-5) bisepoxide 264 (Scheme 86).  Bisepoxide 264385 was once again synthesised from 

commercially available 1,2:5,6-di-O-isopropylidene-D-mannitol 256 in 5 steps.  

Benzylation of compound 256,386 followed by removal of the isopropylidene groups under 

acidic conditions yielded tetra-hydroxy derivative 262 in 79% yield (over two steps).  

Selective silylation of the primary 1,6-hydroxyl groups, followed by mesylation of the 

secondary 2,5-hydroxyl groups gave compound 263.  For the formation of the epoxide 

rings, acidic removal of the silyl groups was followed by a base-promoted intramolecular 

SN2 displacement of the secondary mesylates, to give 264. 
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Scheme 86.  Reagents and conditions:  a) i. NaOH (50% aq soln), BnBr, nBu4NI, 
THF, 50-60 ˚C, 12 h (90%); ii. 70% AcOH, 55 ˚C, 1.5 h (88%; 79% over 2 steps); b) 
i. TBDMSCl, DMAP, imidazole, pyridine, 0 ˚C-rt, 2 h, N2; ii. MsCl, Et3N, DCM, 0 
˚C, 15 min, N2; c) i. HCl, MeOH, 0-20 ˚C, 2h; ii. KOH (20% aq soln) 0-20 ˚C, 3 h; 
d) 33% w/v HBr in glacial AcOH, acetone, 0 ˚C, 30 min, N2 (57% over 5 steps from 
262). 

 

For generating a library of 1'-homo-N-nucleoside mimetics, each step in Scheme 86 was 

optimised to obtain intermediate 264 from compound 256, in a reaction sequence amenable 

to scale-up.  Based on the work of Kuszmann concerning generation of brominated 

hexitols from protected 1,2:5,6-bisepoxides,389 compound 264 was then treated with HBr 

in acetic acid to afford 1-bromo-2,5-anhydro-glucitol intermediate 265 (Scheme 86) 

through 2,5-O-heterocyclisation.  The high regioselectivity of the O-heterocyclisation in 

favour of the 5-exo-tet process390,391 leads to the ring closure at the more substituted atom 

of the second epoxide resulting in formation of 2,5-anhydro-D-glucitol 265 in a facile way.  

In summary, the key intermediate 1-bromo-glucitol derivative 265 could be synthesised 

from commercially available starting material 256 in 45% yield over 7 steps. 

 

From 1-bromo intermediate 265, two routes can be envisaged for synthesis of 1'-homo-N-

nucleoside mimetics as depicted in Scheme 87.  The two routes differ as to whether the 

azidation and subsequent 'click' reaction is carried-out on the 3,4-di-O-benzylated sugar 

265 (Route I), or on the deprotected analogue 267 (Route II). 

Click Reaction Deprotection
LibraryLibrary

II

I

O

OBnBnO

HO Br

265

O

OBnBnO

HO N3

O

OHHO

HO Br
O

OHHO

HO N3

268

266

267

Library
Click Reaction

 
Scheme 87.  Possible routes for synthesis of triazole linked 1'-homo-N-nucleoside 
mimetics from 6-bromo derivative 265. 
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Initially route I was approached, with the synthesis of 3,4-di-O-benzyl protected C-1 azide 

266, from the reaction of C-1 bromo derivative 265 with sodium azide at 90-100 ˚C in a 

DMF:H2O solvent mixture for 16 hours (Scheme 88).  The formation of 266 was 

confirmed by NMR analysis.  In the 1H NMR spectrum of 266, the two protons at C-1 

were resolved as two doublet of doublets at δ 3.50 and δ 3.58, as compared to the two 

protons at C-1 of starting material 265, which resonated together as multiplet at δ 3.49-

3.61.  In the 13C NMR spectrum of 266, the C-1 appeared downfield (δ 50.1) compared to 

the C-1 of starting material 265 (δ 28.03).  The direct synthesis of 3,4-di-O-benzyl 

protected C-1 azide 266 from bisepoxide 264 using tetramethylguanidinium azide (TMGA) 

has also been reported in the literature.390  The next step was the facile 'click' reaction 

between the C-1-azide derivative 266 and a commercially available alkyne (in this case, 3-

ethynylpyridine).  Following the literature procedure for the synthesis of glycosyl 

triazoles,375 the reaction was carried-out in aqueous isopropanol in the presence of copper 

sulfate and sodium ascorbate.  After heating the reaction at 40-50 ˚C for 2 hours, the novel 

triazole compound 269 was isolated in 75% yield after purification.  The presence of 

triazole moiety in 269 was confirmed by 1H NMR, which showed the H-5 of the triazole 

ring at δ 8.00 as a sharp singlet.  The protons at C-1 resonated downfield (δ ~4.45/4.56) 

compared to the starting material 266 (δ3.50/3.58). 

O

OBnBnO

HO N3

266

O

OBnBnO

HO N

269

N N
N

O

OBnHO

HO N
N N

N

a

c

270

O

OBnBnO

HO Br

265

b

 

Scheme 88.  Reagents and conditions: a) NaN3, DMF:H2O, 90-100 ˚C, 16 h (75%); 
b) 3-ethynylpyridine, CuSO4·H2O, sodium ascorbate, isopropanol:H2O, 40-50 ˚C, 2 
h (75%); c) Pd/C (10%) (excess), H2, MeOH, AcOH, 2 d (84%). 

 

The final step in this route was the removal of the C-3/C-4 benzyl groups.  The 

debenzylation reaction of 269 was attempted using Pd/C (10%) under an H2 atmosphere in 

a MeOH:AcOH solvent mixture.  However, to our surprise, monobenzylated derivative 

270 was isolated, even after reaction for 2 days.  Using excess Pd/C (10%), or Pd(OH)2 on 

carbon (20%) for longer reaction time (up to 72 hours) did not alter the outcome of the 

reaction. 
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Because of the difficulties in removing the benzyl groups on 269, route II (Scheme 87) was 

followed, in which the debenzylation reaction was done prior to the 'click' reaction.  This 

seemed to be more reasonable as the nucleoside mimetics could then be synthesised 

directly from deprotected 1-azido compound 268 and only one library needed to be set up 

to synthesise a range of 1'-homo-N-nucleoside mimetics. 

 

Debenzylation of 1-bromo derivative 265 was a bit of a concern due to the probability of 

hydrogenolysis of bromine.  However, the desired deprotected 1-bromo derivative 267 

could be synthesised by catalytic transfer hydrogenation using formic acid as hydrogen 

donor392 with Pd/C in methanol [step (b-i) Scheme 89].  The yield was low (approximately 

33%), so other debenzylation methods were tried. 

O

OBnBnO

HO Br

265

O

OHHO

HO Br

267

Decomposition

O

OHHO

HO

a

b
c

d
Hydrogenolysis

271  
Scheme 89.  Reagents and conditions:  a) FeCl3, DCM, 0 ˚C-rt, 1 h, N2; b) i. Pd/C, 
HCOOH, MeOH, rt, 12 h (~33%); or ii. Pd/C, AcOH, MeOH, H2, rt, 12 h (~24%); c) 
Pd/C, HCOOH, MeOH, H2, rt, 2 h, (87%); d) Pd/C, HCOONH4, MeOH, reflux, 30 
min, N2. 

 

The use of ferric chloride393 for debenzylation of 265 [step (a) Scheme 89] caused 

decomposition of the reaction mixture as evident by TLC analysis, while the use of Pd/C in 

the presence of ammonium formate [step (d) Scheme 89] resulted in hydrogenolysis of 

bromine (giving 271) as suggested by mass spectrometry.  Debenzylation under hydrogen 

gas using Pd/C with a catalytic amount of acetic acid also resulted in only low yields of 1-

bromo derivative 267 [step (b-ii) Scheme 89].  Finally, debenzylation with formic acid and 

Pd/C using hydrogen gas [step (c) Scheme 89] resulted in the isolation of the desired 

deprotected 1-bromo derivative 267 in 87% yield. 

 

Following debenzylation of compound 265 to give 267, nucleophilic displacement of the 

C-1 bromide by azide ion to get 1-azido intermediate 268 was successfully carried-out 

(Scheme 90), as previously described for the synthesis of 3,4-di-O-benzyl protected C-1 

azide 266.  This was followed by a copper-catalysed 'click' reaction between azide 268 and 
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an alkyne, 2-ethynylpyridine, in aqueous isopropanol.  The reaction went smoothly, 

however purification of triazole derivative 272 proved problematic and the triazole product 

could be isolated in only 34% yield, with some impurities still present. 

O

OHHO

HO N3

268

O

OHHO

HO N

272

N N
b

O

OHHO

HO Br

267

a N

 
Scheme 90.  Reagents and conditions:  a) NaN3, DMF:H2O, 90-100 ˚C, 12 h, (73%); 
b) 2-ethynylpyridine, CuSO4·H2O, sodium ascorbate, isopropanol:H2O, 40-50 ˚C, 1 
h (34%). 

 

With compound 272, aqueous workup was not possible and even column purification was 

problematic.  Therefore, acetylation of 1-azido derivative 268 was carried-out using 

standard acetylation conditions (Ac2O, pyridine) to give pure acetylated derivative 273 in 

90% yield (Scheme 91).  The tri-O-acetylated C-1 azide 273 was then utilised as the 

starting material for a 'click' reaction with 4-ethynyl-N,N-dimethylaniline to obtain the 

corresponding triazole derivative 274a in 95% yield.  This triazole derivative 274a was 

easily purified by flash chromatography, after aqueous work-up of the reaction to remove 

copper salts. 

O

OHHO

HO N3

268

O

OAcAcO

AcO N

274a

N N

a b
O

OAcAcO

AcO N3

273

N

 
Scheme 91.  Reagents and conditions:  a) Ac2O, pyridine, rt, 3 h, N2 (90%); b) 4-
ethynyl-N,N-dimethylaniline, CuSO4·H2O, sodium ascorbate, isopropanol:H2O, 40-
50 ˚C, 2 h (95%). 

 

The acetylated azide derivative 273 was then used to prepare a range of differently 

substituted triazole derivatives.  Using the method adopted for the synthesis of triazole 

compound 274a, acetylated azide 273 was treated with different alkynes to give the 

corresponding triazoles 274 (b-r) (Table 10) in generally excellent yields after purification.  

The only exception was the synthesis of compound 274l, where the free amino group on 

the alkyne resulted in formation of a complex mixture. 
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Table 10.  'Click' reaction of acetylated azide 272 with different alkynes. 

O

OAcAcO

AcO N3

273

O

OAcAcO

AcO N
N N

R
CuSO4

.H2O

R

274 (a-r)lPA:H2O, 40-50 °C, 2 h
sodium ascorbate

 

Compound R Yield (%)a 

274a N

 
95 

274b N

O

O  

91 

274c 
OCH3

 
92 

274d 
 

93 

274e N

 
91 

274f 

OH

 
93 

274g 
OH

 
92 

274h 
OH

 
90 

274i 
OH

 
94 

274j OAc  92 
274k OCH3  90 

274l 
NH2

 
66b 

274m 
OEt

O

 
91 

274n 
CO2Me

CO2Me  
91 

274o 
OtBu

O

 
91 

274p OH

 
91 

274q 
OH

 
91 

274r OH  92 
a Yield after purification by flash chromatography 
b Several components by TLC, other products not analysed 
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5.3.1 Deacetylation of the triazole-containing 1'-homo-N-nucleoside mimetics 
 
Subsequently, the 3,4,6-tri-O-acetylated triazole derivatives 274 (a-l) were deacetylated 

using 1M sodium methoxide solution at room temperature.  As indicated by TLC analysis, 

reaction in each case was complete within 15 minutes and the final products 275 (a-l) were 

obtained in yields ranging from 71 to 89% (Table 11).  Deacetylation was confirmed by the 

absence of acetate signals in both the 1H and 13C NMR spectra of the deprotected 

derivatives.  In addition, an upfield shift of ~ 1 ppm of the H-3 and H-4 signals 

accompanied deacetylation.  It was observed that choice of NMR solvent greatly affected 

the splitting pattern of H-3 and H-4.  In deuterated methanol the H-3 and H-4 signals 

appeared together as multiplets whereas, in D2O, they appeared as two separate doublet of 

doublets. 
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Table 11.  Deacetylation of protected 2,5-anhydro-glucitol triazoles. 

O

OAcAcO

AcO N

274 (a-l)

N N

R NaOMe (1M)

MeOH, rt, 15 min.

O

OHHO

HO N

275 (a-l)

N N

R

 

Compound R Yield (%)a 

275a N

 
72b 

275b N

O

O  

89 

275c 
OCH3

 
74b 

275d 
 

86 

275e N

 
82 

275f 

OH

 
88 

275g 
OH

 
84 

275h 
OH

 
86 

275i 
OH

 
85 

275j OH  71b 

275k OCH3  72b 

275l 
NH2

 
79 

a Yield after purification by flash chromatography 

b Yield after purification by HPLC 
 

5.3.2 Sulfation of the triazole-containing 1'-homo-N-nucleoside mimetics 
 
It was found that the triazole derivatives with large hydrophobic substituents on the 

triazole ring (for example 275a, 275b) had limited aqueous solubility.  It was anticipated 

that the introduction of a charged moiety at the primary C-6 hydroxyl group on the 

carbohydrate residue would improve this solubility.  Furthermore, it was thought that 

sulfation at C-6 would introduce appropriate negative charge that in part mimics the 

corresponding 6-O-phosphate group.  Therefore, it was decided to perform the selective 

sulfation of the C-6 hydroxyl group of the carbohydrate. 
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Sulfation of carbohydrates has been reported using a variety of sulfating reagents such as 

chlorosulfonic acid,394,395 piperidine-N-sulfonic acid,396 sulfur trioxide-trimethylamine 

complex,397,398 and sulphur trioxide-pyridine complex.399-402  The degree of sulfation in 

deprotected carbohydrates is controlled based on the difference in the reactivity of the 

hydroxyl groups and the conditions used for sulfation.399,403  In the literature, sulfation of 

fully protected nucleosides has been carried-out using sulphur trioxide-pyridine 

complex.402  In our work, selective sulfation of the primary hydroxyl group of the triazole 

derivatives was required.  To achieve mono-sulfation of the triazole derivatives, the 

literature procedure402 using sulphur trioxide-pyridine complex was followed.  In the first 

instance, triazole derivative 275a was treated with 2 molar equivalents of sulphur trioxide-

pyridine complex in anhydrous pyridine solution (Scheme 92).  TLC analysis of the 

reaction after 4 hours at 0-4 ˚C showed a mixture of starting material and newly formed 

product that was less mobile than the starting material.  After reaction for a further 12 

hours, TLC analysis showed a major polar spot with a minor amount of starting material 

remaining unreacted.  At this point, reaction was quenched as the sulfation reaction was 

attempted on unprotected starting material unlike in the literature where sulfation was 

attempted on fully protected nucleosides.402  The 6-O-monosulfated derivative 276a was 

obtained in 33% yield (or 57% yield based on recovered starting material 275a) after 

purification by HPLC.  The low yield of the reaction could be attributable to over sulfation 

of the triazole derivative 275a.  The di-or trisulfated compounds would be very polar and 

might have formed in very low quantities and therefore could not be accounted for.  The 

formation of the 6-O-sulfated 1'-homo-N-nucleoside derivative 276a was confirmed by 1H 

NMR spectroscopy.  A multiplet at δ 4.11-4.17 was assigned to H-6 and H-6' of 276a and 

was ~0.5 ppm downfield compared with H-6 and H-6' of the starting material 275a.  The 

mass spectrum further supported the formation of 276a. 

aO

OHHO

HO N

275a

N N

N O

OHHO

O N

276a

N N

N

S
O

O
HO

 
Scheme 92.  Reagents and conditions:  a) SO3·pyridine complex, pyridine, 0-4 ˚C, 16 h (33%). 

 

The sulfation reaction performed for the synthesis of compound 276a was subsequently 

used to generate a series of 6-O-sulfated 1'-homo-N-nucleoside derivatives containing a 

hydrophobic side chain on the triazole unit.  Conversion was determined based on 

recovered starting material in each case.  The corrected yields (unoptimised), based on 
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recovered starting material ranged between 27 to 72% (Table 12).  As previously 

mentioned, the sulfation reaction was done on compounds with three free hydroxyl groups 

and the over sulfation of the starting material could have contributed to low yields of the 

monosulfated derivatives. 

Table 12.  Sulfation of C-6 hydroxyl group of deacetylated 2,5-anhydro-glucitol triazoles. 

O

OHHO

HO N
N N

R

0-4 °C, 16 h

O

OHHO

O N
N N

RS
O

O
HO

275 (a-i) 276 (a-i)

SO3·pyridine complex
Pyridine

 

Compound R Reaction yield (%)a Corrected yield (%)b 

276a N

 
33 57 

276b N

O

O  

30 33 

276c 
OCH3

 
26 72 

276d 
 

23 27 

276e N

 
39 46 

276f 

OH

 
31 37 

276g 
OH

 
33 44 

276h 
OH

 
43 52 

276i 
OH

 
32 42 

a Yield after purification by HPLC 
b Based on recovered starting material 

 

5.4 Biological evaluation of 1'-homo-N-nucleoside mimetics 
 
The 1'-homo-N-nucleoside mimetics prepared could potentially inhibit a range of 

nucleoside-recognising proteins, including viral polymerases.  In the first instance, 

however, partly due to the complexity of assaying polymerase activity,357 selected 1'-

homo-N-nucleoside mimetics were evaluated for their ability to inhibit viral growth in vitro 

in two separate assays.  Initially, a selection of the synthesised 1'-homo-N-nucleoside 

mimetics [272, 275 (a, b, c, j, k, l)] were assessed for inhibition of influenza virus 



 

146

replication in vitro in a viral growth assay.  Subsequently, due to the availability of human 

parainfluenza virus type-3 (hPIV-3) in our Institute, some selected sulfated compounds 

[276 (b, c, f, g, i)] were assessed against this virus. 

 

5.4.1 Evaluation of inhibition of influenza virus replication by 1'-homo-N-nucleoside 
mimetics∗ 
 
A selection of the synthesised 1'-homo-N-nucleoside mimetics [272, 275 (a, b, c, j, k, l)] 

were assessed for inhibition of influenza A virus growth through measuring the cytopathic 

effect (CPE) of replicating virus, in the presence of 'inhibitor', on Madin-Darby Canine 

Kidney (MDCK) cells.  In this assay, MDCK cells were pretreated with a solution of 

inhibitor, followed by addition of influenza A virus [A/Paris/908/97 (H3N2)].  After incubation 

for 48 hours at 37°C, the cytopathic effect of virus growth on the cells was observed under 

the microscope.  For each of the selected 1'-homo-N-nucleoside mimetics [272, 275 (a, b, c, j, 

k, l)], three concentrations (100 μM, 10 μM and 1 μM) were tested (in triplicate).  None of 

the selected compounds were effective at 100 μM.  Under the same conditions, the EC50 

determined for ribavirin 250 was about 50 μM, in the same range as the values found in the 

literature.404  The results are shown in Table 13. 

Table 13.  Cytopathic effect (CPE)a of influenza virus on MDCK cells in the presence of 1'-homo-
N-nucleoside mimetics [272, 275 (a, b, c, j, k, l)] or ribavirin 250. 

 100 μM 1'-h-N-nb, c 
0.1% DMSO 

125 μM Ribd, e 
0.12% DMSO 

25 μM Ribe 
0.25% DMSO 

5 μM Rib 
0.05% DMSO 

 - virus + virus - virus + virus - virus + virus - virus + virus 
- + - + - + - + 
- + - + - + - + DMSO 
- + - + - + - + 
- + + + - - - + 
- + + + - - - + + Compound 
- + + + - - - + 

a Results (+: presence of CPE; -: absence of CPE) 
b 1'-h-N-n = 1'-homo-N-nucleoside mimetic 
c No toxicity and no anti-viral effect at the highest concentration tested (100 μM) 
d Rib = ribavirin 250 
e Toxicity of ribavirin observed at 125 μM but not at 25 μM; anti-viral effect of ribavirin observed at 25 μM 

                                                 
∗ Biological evaluation was carried-out in the laboratory of Dr Nadia Naffakh at the Institut Pasteur, Paris. 
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5.4.2 Evaluation of inhibition of human parainfluenza virus replication by sulfated 

1'-homo-N-nucleoside mimetics† 

 
A selection of the synthesised 6-O-sulfated 1'-homo-N-nucleoside mimetics [276 (b, c, f, g, 

i)] were assessed for their ability to inhibit the replication of human parainfluenza virus 

type-3 (hPIV-3) in Rhesus monkey kidney epithelial cells (LLC-MK2) using a fluorescent 

focus assay.405  This assay is based on the use of antibody staining methods to detect virus 

antigens within infected cells in the monolayer.  The infected cells are visualised using a 

fluorescent label on a secondary antibody targeted to a primary virus-specific antibody. 

 

In this work, LLC-MK2 cells were incubated for 2 hours with a solution of inhibitor, 

which was subsequently removed, and the cells incubated for 2 hours with hPIV-3 at a 

concentration calculated to obtain 40 to 50 fluorescent foci per well (in the absence of 

inhibitor).  After replacement of the virus-containing supernatant, the cells were incubated 

once more in a solution containing the inhibitors, for 36-48 h at 37ºC.  The cells were 

permeabilised and viral infection was assessed by probing for the viral protein 

haemagglutinin-neuraminidase (HN) using a mouse anti-'HN of hPIV-3' primary antibody, 

followed by probing for that antibody using a rabbit anti-mouse IgG (H+L) secondary 

antibody labeled with a fluorescent dye.  Cells were observed under a uv microscope and 

the fluorescent foci arising from viral infection of a cell were counted.  The results from 

these biological evaluations are represented in a bar graph (Figure 32), indicating that none 

of the selected compounds were effective at 1 mM.  In contrast, ribavirin 250 shows 

inhibition of virus replication at 50 μM. 

                                                 
† Biological evaluation was carried-out at the Institute for Glycomics in the laboratory of Prof. Mark von 
Itzstein by Dr. Patrice Guillon. 
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Figure 32.  Results from fluorescent focus assay showing effect of selected 6-O-
sulfated 1'-homo-N-nucleoside mimetics [1 mM] on replication of hPIV-3 in LLC-
MK2 cells, in comparison to ribavirin [50 μM].  Data are presented as means ±SD of 
results from triplicate experiments. 

 

Unfortunately, none of the selected 1'-homo-N-nucleoside mimetics [272, 275 (a, b, c, j, k, 

l)] and 276 (b, c, f, g, i)] showed any significant inhibition of viral replication of either 

influenza A virus or hPIV-3. 

 

5.5 Conclusion 
 
In this project, a synthetic scheme starting from 1,2:5,6-di-O-isopropylidene-D-mannitol 

256 was optimised to synthesise a key intermediate 1-azido-3,4,6-tri-O-acetyl-1-deoxy-

2,5-anhydroglucitol 273, necessary to generate a library of 1'-homo-N-nucleoside mimetics 

274 (a-r) through azide-alkyne 'click' chemistry.  The overall yield of the acetylated azide 

273 from the starting material 256 was 26% over ten steps.  The yields of the acetate-

protected triazole derivatives 274 (a-r) from intermediate 273 were always above 90%, 

except for the synthesis of compound 274l.  A selection of the acetate-protected triazole 

derivatives were deprotected, with the yields of the deprotected triazole derivatives 275 (a-

l) from their acetyl protected counterparts 274 (a-l) ranging from 71 to 89%. 

 

Sulfation of the compounds 275 (a-i) with hydrophobic substituents on the triazole ring 

was done to circumvent solubility issues.  The conversion of the sulfated triazole 
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derivatives 276 (a-i) from the free hydroxy counterparts 275 (a-i) ranged between 23 to 

43% (27 to 72% based on recovered starting material) 

 

A series of selected 1'-homo-N-nucleoside mimetics [272, 275 (a, b, c, j, k, l)] and 276 (b, 

c, f, g, i)] were assessed for their ability to inhibit viral replication of influenza and hPIV-3 

respectively.  However, none of them showed significant inhibition, perhaps due to the 

limited cell wall permeability of these compounds.  In the future the synthesised 1'-homo-

N-nucleoside mimetics [275 (a-l)], including sulfated derivatives [276 (a-i)], will be 

assessed as inhibitors of polymerase activity directly by a polymerase enzymatic activity 

assay. 
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CHAPTER 6 
 

EXPERIMENTAL 
 

6.1 Synthesis 
 
6.1.1 General 
 
Reactions were monitored by thin layer chromatography (TLC) using aluminium plates 

coated with Silica Gel 60 F254 (E. Merck)   Detection was typically effected under 

ultraviolet (uv) light where applicable, followed by treatment with H2SO4 in EtOH (5% 

v/v) and charring at ~200°C.  Other TLC stains used included vanillin and PMA 

(phosphomolybdic acid).  Purification by flash chromatography was achieved by elution 

through columns of Merck silica gel 60 (0.040-0.063mm).  High-performance liquid 

chromatography (HPLC) was performed using an Agilent HP1100 instrument.  Analytical 

HPLC was carried-out using a Phenomenex-Synergi 4 μ Hydro-RP 80 Å column (250 × 

4.6 mm).  Semi-preparative chromatography was performed using a Phenomenex Aqua 5 μ 

C18 124 Å column (250 × 10 mm). 

 
1H, 13C, and 31P spectra were recorded using a Bruker Avance 300 MHz (or in some cases 

600 MHz) spectrometer.  Data acquisition and processing were performed with TOPSPIN 

software.  For 1H and 13C spectra, chemical shifts are expressed as parts per million (ppm, 

δ) and are relative to the solvent used [CDCl3: 7.26 (s) for 1H; 77.0 (t) for 13C; CD3OD: 

3.30 (pent) for 1H; 49.0 (sept) for 13C; CD3CN: 1.94 (pent) for 1H; 1.32 (sept), 118.26 (br 

s) for 13C; D2O: 4.67 (s) for 1H].  31P NMR chemical shifts are quoted in ppm downfield 

relative to 85% phosphoric acid (H3PO4) as external reference (0.00 ppm).  Multiplicities 

are denoted as s (singlet), d (doublet), t (triplet), q (quartet), pent (pentet), dd (doublet of 

doublets), ddd (doublet of doublet of doublets), dddd (doublet of doublet of doublet of 

doublets), dt (doublet of triplets), dtd (doublet of triplet of doublets), br (broad) and app 

(apparent).  The use of (') and ('') in the labelling of chemical structures is purely to aid the 

assignment of signals in the 1H and 13C NMR spectra and does not correspond with the 

chemical names. 2D NMR experiments were performed using 1H-1H correlation 

spectroscopy (COSY) and 1H-13C Heteronuclear Single Quantum Coherence (HSQC) to 

confirm 1H and 13C assignments. 

Low-resolution mass spectra (LRMS) were recorded, in electrospray ionisation mode 

unless otherwise specified, on a Bruker Daltonics esquire 3000 spectrometer, using the 

positive or negative mode (as indicated).  High-resolution mass spectrometry (HRMS) was 
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carried out by the Griffith University FTMS Facility at the Eskitis Institute, Griffith 

University.  Spectra were recorded on a Bruker Daltonics Apex III 4.7e Fourier Transform 

MS, fitted with an Apollo API source.  

 

All commercial solvents (acetone, DCM, MeOH, EtOAc, hexane, toluene) were bulk 

distilled prior to use.  Dried solvents were either purchased from Sigma-Aldrich or distilled 

under N2 according to Perrin and Armarego.406 

 

6.1.2 Synthesis of compounds utilised during attempted phosphonylation reactions 
via Approach 1 from D-glucosamine 

 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranose (49) 

O

AcHN

AcO
AcO

OAc

OH  
According to the procedure in literature,126,127 compound 44 (5 g, 12.8 mmol) was 

dissolved in anhydrous DMF (20 mL) and hydrazine acetate (1.38 g, 15.4 mmol) was 

added under N2.  The reaction mixture was stirred at room temperature for 1 h and then the 

solvent was evaporated and the crude sample was purified by column chromatography 

(Acetone/hexane 1:4→1:1) to furnish compound 49 (3.3 g, 75%) as a colourless oil.  Rf 

0.28 (Acetone/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ  6.00 (d, 1H, JNH,H-2  9.3 Hz, 

NH), 5.29 (app t, 1H, J3,2 = J3,4  10.2 Hz, H-3), 5.27 (app d, 1H, J1,2  3.6 Hz, H-1), 5.13 (t, 

1H, J4,5  9.6 Hz, H-4), 4.33-4.11 (m, 4H, H-2, H-5, H-6, H-6'), 2.09 (s, 3H, OCOCH3), 2.03 

(s, 6H, 2 × OCOCH3), 1.98 (s, 3H, NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 171.4, 

170.9, 170.6 (OCOCH3), 169.4 (NHCOCH3), 91.5 (C-1), 70.8 (C-3), 68.1 (C-5), 67.6 (C-

4), 62.0 (C-6), 52.3 (C-2), 23.1 (NHCOCH3), 20.8, 20.7, 20.6 (OCOCH3);  LRMS (ESI): 

m/z 370 [(M+Na)+ 100%].  The NMR data was in agreement with that reported in the 

literature.128 

 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-O-trichloroacetimidoyl-α-D-glucopyranose 

(50) 

O

AcHN

AcO
AcO

OAc

OC(NH)CCl3  
Prepared according to the method of Grundler et al.,126 compound 49 (1.69 g, 4.87 mmol) 

was placed in an oven dried RBF and evaporated with toluene to remove any traces of 
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water.  To the compound was then added anhydrous DCM (10 mL) under Ar followed by 

trichloroacetonitrile (4.9 mL, 48.7 mmol).  The reaction mixture was cooled to 0 ˚C, DBU 

(0.873 mL, 5.84 mmol) was added, and the reaction was stirred at 0 ˚C for 1 h and then at 

room temperature for 3 h.  The reaction mixture was evaporated to 1/3rd of the initial 

volume and then loaded directly onto column of silica gel and purified by gradient elution 

(Acetone/hexane 1:4→2:3) to furnish the pure compound 50 (1.8 g, 75%) as yellow fluffy 

solid.  Rf 0.37 (Acetone/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ  8.80 [s, 1H, 

OC(NH)CCl3], 6.35 (d, 1H, J1,2  3.9 Hz, H-1), 5.66 (d, 1H, JNH,H-2  9.0 Hz, NH), 5.34-5.21 

(m, 2H, H-3, H-4), 4.54 (ddd, 1H, J2,1  3.6 Hz, J2,NH  9.3 Hz, J2,3  10.2 Hz, H-2), 4.24 (dd, 

1H, J6,5  4.5 Hz, J6,6'  12.9 Hz, H-6), 4.17-4.08 (m, 2H, H-6', H-5), 2.07 (s, 3H, OCOCH3), 

2.05 (s, 3H, OCOCH3), 2.04 (s, 3H, OCOCH3), 1.92 (s, 3H, NHCOCH3);  13C NMR (75.5 

MHz, CDCl3): δ 171.7, 170.3, 170.0 (OCOCH3), 169.3 (NHCOCH3), 160.2 (OCNHCCl3), 

94.7 (C-1), 70.6 (C-3), 70.2 (C-5), 67.2 (C-4), 61.4 (C-6), 51.7 (C-2), 23.1 (NHCOCH3), 

20.8, 20.7, 20.6 (OCOCH3);  LRMS (ESI): m/z 514 (18%), 516 (18%), 517 (34%), 515 

(96%), 513 [(35Cl3 M+Na)+ 100%].  The NMR data was in agreement with that reported in 

the literature.128 

 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranose (53) 

O

NPhth

AcO
AcO

OAc

OAc
 

According to procedure in literature,131,132 to a solution of D-glucosamine hydrochloride 26 

(3 g, 13.9 mmol) in anhydrous MeOH (20 mL) under N2 was added NaOMe (13.9 mL, 1M 

solution in MeOH, 13.9 mmol) at room temperature over a period of 20 minutes.  The 

mixture was stirred for 30 minutes, and phthalic anhydride (1.13 g, 7.6 mmol) was added; 

after a further 30 minutes, dry triethylamine (2.52 mL, 18 mmol) and more phthalic 

anhydride (1.13 g, 7.6 mmol) were added.  The reaction mixture was stirred at 50 ˚C for 

1.5 h, then the solvents were removed by repeated co-evaporation with toluene and the 

residue was dried in vacuo.  To the resulting foam was added acetic anhydride (20 mL) and 

heated at 100 ˚C for 1h.  Pyridine (30 mL) was then added and the solution was stirred for 

1 h at 100 ˚C and then overnight at room temperature.  The solvents were evaporated and 

the resulting brown oil was taken-up in DCM (70 mL) and washed with water.  The 

organic layer was separated, dried over anhydrous Na2SO4, filtered and the solvent was 

evaporated under reduced pressure.  The crude product was purified by flash 

chromatography (EtOAc/hexane 1:4) followed by recrystallisation from diethyl ether to 
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give the product 53 (4.8 g, 72% over two steps) as a white solid.  Rf 0.47 (EtOAc/hexane 

1:1);  1H NMR (300 MHz, CDCl3): δ  7.90-7.84 (m, 2H, aromatic H), 7.80-7.72 (m, 2H, 

aromatic H), 6.51 (d, 1H, J1,2  9.0 Hz, H-1), 5.88 (dd, 1H, J3,4  9.3 Hz, J3,2  10.5 Hz, H-3), 

5.21 (app t, 1H, J4,3 = J4,5  9.3 Hz, H-4), 4.47 (dd, 1H, J2,1  9.0 Hz, J2,3  10.6 Hz, H-2), 4.37 

(dd, 1H, J6,5  4.2 Hz, J6,6'  12.4 Hz, H-6), 4.14 (dd, 1H, J6',5  2.1 Hz, J6',6  12.3 Hz, H-6'), 

4.05-3.99 (m, 1H, H-5), 2.14 (s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3), 2.02 (s, 3H, 

OCOCH3), 1.88 (s, 3H, OCOCH3);  LRMS (ESI): m/z 500 [(M+Na)+ 100%].  The NMR 

data was in agreement with that reported in the literature.132 

 

3,4,6-Tri-O-acetyl-2-deoxy-phthalimido-β-D-glucopyranose (58) 

O

NPhth

AcO
AcO

OAc

OH
 

According to the procedure followed from literature,127 compound 53 (1 g, 2.09 mmol) was 

dissolved in anhydrous DMF (4 mL) and hydrazine acetate (0.29 g, 3.14 mmol) was added 

at room temperature under N2.  The reaction mixture was stirred at room temperature for 2 

h and then the DMF was evaporated and the crude sample was purified by column 

chromatography (EtOAc/hexane 2:3→1:1) to furnish compound 58 (0.8 g, 88%) as an oil.  

Rf 0.26 (EtOAc/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ  7.86-7.82 (m, 2H, aromatic 

H), 7.75-7.71 (m, 2H, aromatic H), 5.84 (dd, 1H, J3,4  9.0 Hz, J3,2  10.8 Hz, H-3), 5.62 (d, 

1H, J1,2  8.4 Hz, H-1), 5.17 (dd, 1H, J4,3  9.0 Hz, J4,5  10.2 Hz, H-4), 4.32-4.23 (m, 2H, H-2, 

H-6), 4.19 (dd, 1H, J6',5  2.4 Hz, J6',6  12.3 Hz, H-6'), 3.95-3.90 (m, 1H, H-5), 2.11 (s, 3H, 

OCOCH3), 2.03 (s, 3H, OCOCH3), 1.86 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): 

δ 170.8, 170.1, 169.5 (OCOCH3), 134.4, 131.4, 124.0, 123.7 (aromatic), 92.6 (C-1), 72.1 

(C-3), 70.4 (C-5), 68.9 (C-4), 62.0 (C-6), 56.0 (C-2), 20.8, 20.6, 20.4 (OCOCH3);  LRMS 

(ESI): m/z 458 [(M+Na)+ 100%].  The NMR data was in agreement with that reported in 

the literature.407 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-1-O-trichloroacetimidoyl-β-D-

glucopyranose (59) 

O

NPhth

AcO
AcO

OAc

OC(NH)CCl3
 

According to the procedure in literature,133 compound 58 (0.2 g, 0.459 mmol) was placed 

in an oven dried RBF and evaporated with toluene to remove any traces of water.  To the 

compound was added dry DCM (5 mL) under Ar followed by trichloroacetonitrile (0.46 
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mL, 4.59 mmol).  The reaction mixture was cooled to 0 ˚C and DBU (0.082 mL, 0.551 

mmol) was added and the reaction was stirred at 0 ˚C for 1 h and then at room temperature 

for 3 h.  The reaction mixture was evaporated to 1/3rd of the initial volume and then loaded 

directly onto column of silica gel and purified by flash chromatography (EtOAc/hexane 

3:7) to furnish the pure compound 59 (0.186 g, 70%) as light yellow fluffy solid.  Rf 0.50 

(EtOAc/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ  8.63 [s, 1H, OC(NH)CCl3], 7.83-

7.80 (m, 2H, aromatic H), 7.72-7.68 (m, 2H, aromatic H), 6.60 (d, 1H, J1,2  8.7 Hz, H-1), 

5.89 (dd, 1H, J3,4  9.0 Hz, J3,2  10.8 Hz, H-3), 5.18 (dd, 1H, J4,3  9.0 Hz, J4,5  9.6 Hz, H-4), 

4.61 (dd, 1H, J2,1  8.7 Hz, J2,3  10.8 Hz, H-2), 4.42-4.31 (m, 2H, H-6, H-6'), 4.14-4.10 (m, 

1H, H-5), 2.10 (s, 3H, OCOCH3), 2.04 (s, 3H, OCOCH3), 1.87 (s, 3H, OCOCH3);  LRMS 

(ESI): m/z 605 (31%), 604 (25%), 603 (98%), 602 (24%), 601 [(35Cl3 M+Na)+ 100%].  The 

NMR data was in agreement with that reported in the literature.133 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl bromide (60) 

O

NPhth

AcO
AcO

OAc

Br
 

According to the procedure in literature,132,135 1,3,4,6-tetra-O-acetyl-2-deoxy-2-

phthalimido-β-D-glucopyranoe 53 (217 mg, 0.45 mmol) was placed in RBF and to it was 

added 33 % w/v solution of HBr in glacial AcOH (1.27 mL, 7.05 mmol) under Ar at room 

temperature.  This solution was stirred at room temperature and the progress of reaction 

was monitored by TLC analysis (EtOAc/hexane, 1:1).  After 2 h, the reaction was 

complete and the solution was diluted with DCM (10 mL) and poured into saturated ice-

cold NaHCO3 solution.  The organic layer was separated and washed several times with 

ice-cold H2O, dried over anhydrous Na2SO4, filtered, and the solvent was evaporated under 

reduced pressure to give compound 60 (0.20 g, 88% crude yield) as yellow amorphous 

mass.  The crude product was used without any further purification for next step.  Rf 0.51 

(EtOAc/hexane, 1:1);  1H NMR (300 MHz, CDCl3): δ  7.90-7.84 (m, 2H, aromatic H), 

7.79-7.73 (m, 2H, aromatic H), 6.40 (d, 1H, J1,2  9.6 Hz, H-1), 5.76 (app t, 1H, J3,2 = J3,4  

9.0 Hz, H-3), 5.26 (app t, 1H, J4,3 = J4,5  9.3 Hz, H-4), 4.62-4.42 (m, 2H, H-2, H-6), 4.22-

4.17 (m, 1H, H-6'), 3.99-3.93 (m, 1H, H-5), 2.13 (s, 3H, OCOCH3), 2.05 (s, 3H, 

OCOCH3), 1.89 (s, 3H, OCOCH3).  The NMR data was in agreement with that reported in 

the literature.132 
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3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl fluoride (62) 

O

NPhth

AcO
AcO

OAc

F
 

According to the procedure in literature,133 to a stirred solution of compound 58 (0.2 g, 

0.459 mmol) in THF (2 mL) at -30 ˚C, under N2, DAST (0.072 mL, 0.551 mmol) was 

added rapidly.  The cooling bath was removed immediately and the solution was left for 30 

min at room temperature and the progress of reaction was monitored by TLC analysis 

(EtOAc/hexane 1:1).  After 12 h, the reaction was complete, and to it was added methanol 

(0.5 mL) and the mixture was concentrated under reduced pressure.  The residue was 

diluted with DCM (10 mL) and H2O (5 mL).  The organic layer was separated and washed 

several times with H2O, dried over anhydrous Na2SO4, filtered, and the solvent was 

concentrated under reduced pressure.  The crude product was purified by column 

chromatography (EtOAc/hexane 1:4→2:3) to afford title compound 62 (0.128 g, 64%) as a 

white solid.  Rf 0.47 (EtOAc/hexane 2:3);  1H NMR (300 MHz, CDCl3): δ  7.89-7.85 (m, 

2H, aromatic H), 7.77-7.74 (m, 2H, aromatic H), 6.10 (dd, 1H, J1,2  7.8 Hz, J1,F  52.2 Hz, 

H-1), 5.82 (dd, 1H, J3,4  9.6 Hz, J3,2  10.5 Hz, H-3), 5.23 (dd, 1H, J4,3  9.0 Hz, J4,5  10.2 Hz, 

H-4), 4.45 (ddd, 1H, J2,F  2.4 Hz, J2,1  7.8 Hz, J2,3  10.5 Hz, H-2), 4.34 (dd, 1H, J6,5  4.5 Hz, 

J6,6'  12.3 Hz, H-6), 4.23 (dd, 1H, J6',5  2.1 Hz, J6',6  12.3 Hz, H-6'), 4.03-3.98 (m, 1H, H-5), 

2.13 (s, 3H, OCOCH3), 2.04 (s, 3H, OCOCH3), 1.87 (s, 3H, OCOCH3);  LRMS (ESI): m/z 

460 [(M+Na)+ 100%].  The NMR data was in agreement with that reported in the 

literature.133 

 

General procedures for the attempted phosphonylation of glycosyl donors (44, 50, 53, 
59, 60 and 62) 
 
Procedure A: A solution of glycosyl donor (1 mmol) and trimethyl phosphite (1.5 mmol) 

in anhydrous DCM under Ar was cooled to 0 ˚C and TMSOTf (1.2 mmol) was added 

dropwise.  The reaction was brought to rt and stirred until the starting material had 

disappeared as judged by TLC analysis.  The reaction mixture was quenched with H2O, 

and extracted with EtOAc. The organic layer was separated, dried over anhydrous Na2SO4, 

filtered and the solvent was evaporated under reduced pressure.  The residue was subjected 

to column chromatography for purification. 

 

Procedure B: A solution of glycosyl donor (1 mmol) and dimethyl phosphonate (5 mmol) 

in anhydrous DCM under Ar was cooled to 0 ˚C and BF3·OEt2 (1.5 mmol) was added 
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dropwise.  The reaction was brought to rt and stirred until the starting material had 

disappeared as judged by TLC analysis.  The reaction mixture was quenched with H2O, 

and extracted with EtOAc. The organic layer was separated, dried over anhydrous Na2SO4, 

filtered and the solvent was evaporated under reduced pressure.  The residue was subjected 

to column chromatography for purification. 

 

Procedure C: A solution of glycosyl donor (1 mmol) in trimethyl phosphite (in excess, 

used as solvent) under Ar was refluxed at 100-110 ˚C.  Progress of the reaction was 

monitored by TLC.  The reaction mixture was diluted with DCM and then co-evaporated 

with toluene under reduced pressure and the residue was purified by column 

chromatography. 

 

Methyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-O-acetyl-β-D-glucopyranose (51) 

O

AcHN

AcO
AcO

OAc

OMe
 

Compound 51 was prepared from the glycosyl trichloroacetimidate donor 50 (0.1 g, 0.2 

mmol) using Procedure A.  Purification of the crude product by flash chromatography 

(Acetone/hexane 1:1) afforded 51 (36 mg, 49%) as an oil.  Rf 0.33 (Acetone/hexane 1:1);  
1H NMR (300 MHz, CDCl3): δ  5.60 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.27 (dd, 1H, J3,2  9.3 

Hz, J3,4  9.3 Hz, H-3), 5.07 (app t, 1H, J4,3  9.3 Hz, J4,5  9.9 Hz, H-4), 4.58 (d, 1H, J1,2  8.4 

Hz, H-1), 4.27 (dd, 1H, J6,5  4.8 Hz, J6,6'  12.3 Hz, H-6), 4.14 (dd, 1H, J6',5  2.4 Hz, J6',6  

12.3 Hz, H-6'), 3.86 (app dd, 1H, J2,1 = J2,NH  8.4 Hz, J2,3  9.3 Hz, H-2), 3.70-3.67 (m, 1H, 

H-5), 3.49 (s, 3H, OCH3), 2.07 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3), 2.02 (s, 3H, 

OCOCH3), 1.92 (s, 3H, NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 170.9, 170.7, 170.5 

(OCOCH3), 169.4 (NHCOCH3), 101.5 (C-1), 72.4 (C-5), 71.7 (C-3), 68.6 (C-4), 62.1 (C-

6), 56.8 (OCH3), 54.5 (C-2), 23.2 (NHCOCH3), 20.8, 20.7, 20.6 (OCOCH3);  LRMS (ESI): 

m/z 384 [(M+Na)+ 100%].  The NMR data was in agreement with that reported in the 

literature.408 
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2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-O-trichloroacetimidoyl-α-D-glucopyranose 

(52) 

O
AcO

AcO

ON

OAc

 
Compound 52 was prepared from the glycosyl trichloroacetimidate donor 50 (0.1 g, 0.2 

mmol) using Procedure B.  Purification of the crude product by flash chromatography 

(Acetone/hexane 3:7) afforded 52 (44 mg, 66%) as an oil.  Rf 0.31 (Acetone/hexane 1:1);  
1H NMR (300 MHz, CDCl3): δ  5.98 (d, 1H, J1,2  6.9 Hz, H-1), 5.26 (app d, 1H, J3,2 = J3,4  

2.4 Hz, H-3), 4.93 (app q, 1H, J4,2  1.8 Hz, J4,5  9.3 Hz, H-4), 4.19-4.14 (m, 3H, H-2, H-6, 

H-6'), 3.63-3.57 (m, 1H, H-5), 3.49 (s, 3H, OCH3), 2.12 (s, 3H, OCOCH3), 2.11 (s, 3H, 

CH3), 2.09 (s, 3H, OCOCH3), 2.08 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 

171.0, 170.6, 169.5 (OCOCH3), 166.7 (NCOCH3), 99.3 (C-1), 70.3 (C-4), 68.3 (C-3), 67.5 

(C-5), 64.8 (C-2), 63.3 (C-6), 20.9, 20.8, 20.7 (OCOCH3), 13.9 (NCOCH3);  LRMS (ESI): 

m/z 352 [(M+Na)+ 100%].  The NMR data was in agreement with that reported in the 

literature.409 

 

3,4,6-Tri-O-acetyl-1,5-anhydro-2-deoxy-2-phthalimido-D-arabino-hex-1-enuronate 

(61) 

O
AcO

AcO

OAc

NPhth  
Compound 61 was prepared from the treatment of a glycosyl bromide 60 (65 mg, 0.13 

mmol) with trimethyl phosphite (5 mL) according to the Procedure C.  Reaction was 

complete in 3 h.  Purification of the crude product by column chromatography 

(EtOAc/hexane gradient elution) afforded 61 (15 mg, 28%) as an oil.  Rf 0.48 

(EtOAc/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ  7.89-7.82 (m, 2H, aromatic H), 

7.78-7.70 (m, 2H, aromatic H), 6.77 (s, 1H, H-1), 5.60 (d, 1H, J3,4  3.6 Hz, H-3), 5.32 (app 

t, 1H, J4,5  4.5 Hz, H-4), 4.58-4.34 (m, 3H, H-5, H-6, H-6'), 2.11 (s, 6H, 2 × OCOCH3), 

1.98 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 170.5, 170.1, 169.6 (OCOCH3), 

148.2 (C-1), 134.3, 131.6, 123.7 (aromatic), 105.6 (C-2), 74.6 (C-5), 67.0 (C-4), 65.7 (C-

3), 61.1 (C-6), 20.8, 20.7, 20.6 (OCOCH3);  LRMS (ESI): m/z 440 [(M+Na)+ 100%].  The 

NMR data was in agreement with that reported in the literature.410 
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Methyl 3,4-di-O-acetyl-1,5-anhydro-2-nitro-2-deoxy-D-arabino-hex-1-enuronate (67) 

O
AcO

AcO
CO2Me

NO2  
Prepared using a procedure adapted from Das and Schmidt,142 Ac2O (2.9 mL) was placed 

in RBF, cooled to 10 ˚C and to it was added 70% w/w HNO3 (0.42 mL, 6.54 mmol) 

dropwise with stirring under Ar.  The external temperature was further lowered to -10 ˚C to 

keep the internal temperature in the range of 20-25 ˚C during the addition.  Once the 

addition was complete, the solution was further cooled to -33 ˚C using acetone-dry ice 

cooling bath.  Then, a solution of methyl 3,4-di-O-acetyl-1,5-anhydro-2-deoxy-D-arabino-

hex-1-enuronate 66148 (0.5 g, 1.93 mmol) in Ac2O (2 mL) was added slowly and the 

reaction mixture was stirred at -33 ˚C for 2 h and then at 0 ˚C for 12 h.  The reaction 

mixture was poured into 15 mL ice-cold H2O, brine (10 mL) was added and the aqueous 

layer was extracted with diethyl ether (3 × 20 mL).  The combined organic extracts were 

dried over anhydrous Na2SO4, filtered and the solvent was evaporated under reduced 

pressure.  The pasty residue obtained was crystallised from MeOH to yield 67 (0.383 g, 

65%) as a white crystals.  Rf 0.30 (EtOAc/hexane 1:4);  1H NMR (300 MHz, CDCl3): δ  

8.39 (s, 1H, H-1), 5.89 (br s, 1H, H-3), 5.48 (br s, 1H, H-4), 5.06 (s, 1H, H-5), 3.80 (s, 3H, 

CO2CH3), 2.10 (s, 3H, OCOCH3), 2.04 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): 

δ  168.8, 168.5 (OCOCH3), 164.9 (CO2CH3), 155.7 (C-1), 128.3 (C-2), 73.9 (C-5), 65.8 

(C-4), 60.6 (C-3), 53.1 (CO2CH3), 20.7, 20.5 (OCOCH3);  LRMS (ESI): m/z 326 [(M+Na)+ 

100%]. 

 

General procedure for attempted phosphonylation of 67 
 
To a stirred solution of 67 (1 mmol) and dimethyl phosphonate (1.1 mmol) in anhydrous 

toluene at 0 ˚C under Ar was added tBuOK (1 mmol), and the resulting solution was stirred 

at 0 ˚C for 2 h.  The reaction mixture was then diluted with EtOAc and subsequently 

washed with dil HCl, H2O and brine, dried over anhydrous Na2SO4, filtered, and the filtrate 

was evaporated under reduced pressure.  The residue was purified by flash 

chromatography.  [Variations of this procedure (with regards to the base used, temperature 

range and time of reaction) are presented in Table 2, Section 2.3.1] 
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Methyl 1,5-anhydro-2-deoxy-D-arabino-hex-1-enuronate (72) 

O
HO

HO
CO2Me

 
According to the procedure adapted from literature,411 to a stirred solution of compound 66 

(0.1 g, 0.387 mmol) in anhydrous methanol (5 mL) was added a methanolic solution of 

NaOMe (0.77 mL of a 0.1M solution, 0.077 mmol) at -20 ˚C under N2.  The reaction 

mixture was stirred at the same temperature for 3 h and then neutralised with Amberlite® 

IR-120 (H+) resin.  The resin was removed by filtration, washed several times with MeOH, 

and the combined filtrate was evaporated under reduced pressure to give a yellow oil 

which was purified by column chromatography (DCM→MeOH/DCM 0.1:9.9) to provide 

the product 72 (0.05 g, 75%) as clear oil.  Rf 0.30 (MeOH/DCM, 0.4:9.6);  1H NMR (300 

MHz, CDCl3): δ  6.53 (d, 1H, J1,2  6.3 Hz, H-1), 4.97-4.93 (m, 1H, H-2), 4.56 (d, 1H, J5,4  

5.4 Hz, H-5), 4.16-4.12 (m, 2H, H-3, H-4), 3.76 (s, 3H, CO2CH3), 2.55 (br s, 1H, OH), 

1.60 (br s, 1H, OH);  13C NMR (75.5 MHz, CDCl3): δ  144.4 (C-1), 101.3 (C-2), 75.0 (C-

5), 69.6 (C-4), 65.3 (C-3), 52.6 (CO2CH3), [methyl ester CO (C-6) was not observed].  The 

NMR data was in agreement with that reported in the literature.411 

 

1,5-Anhydro-6-O-tert-butyldimethylsilyl-2-deoxy-D-arabino-hex-1-enuronate (75) 

O
HO

HO

OTBDMS

 
According to the procedure followed from literature,160 3,4,6-tri-O-acetyl-D-glucal 74 (20 

g, 73.5 mmol) was taken in anhydrous MeOH (100 mL) and to it was added a methanolic 

solution of NaOMe (1 mL of a 2M solution) at 0 ˚C under N2.  The reaction mixture was 

then brought to room temperature, stirred for 3 h, and then concentrated under reduced 

pressure.  Rapid elution (Acetone/EtOAc 2:3) through a short column of silica gel gave D-

glucal 31 (10.7 g, 99%) as a flaky white solid.  Rf 0.30 (Acetone/EtOAc 3:7). 

D-Glucal 31 (9.8 g, 67 mmol) was taken up in dry DMF (90 mL) and treated successively 

with imidazole (10.0 g, 147 mmol) and tert-butyldimethylsilyl chloride (11 g, 73.8 mmol) 

under N2.  The reaction mixture was stirred at room temperature for 12 h, after which it 

was diluted with diethyl ether (300 mL), washed with H2O (3 × 150 mL) and brine (50 

mL).  The aqueous layers were re-extracted with diethyl ether, and the combined organic 

solution was dried over anhydrous Na2SO4, filtered and concentrated under reduced 

pressure.  The resulting oil was purified by chromatography (EtOAc/DCM 1:9→2:3) to 

furnish compound 75 (12.08 g, 69%) as a colourless oil.  Rf 0.40 (EtOAc/DCM 3:7);  1H 
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NMR (300 MHz, CDCl3): δ  6.32 (d, 1H, J1,2  6.1 Hz, H-1), 4.70 (dd, 1H, J2,3  2.3 Hz, J2,1  

6.1 Hz, H-2), 4.20 (br s, 1H, OH), 3.98-3.75 (m, 5H, H-3, H-4, H-5, H-6, H-6'), 2.99 (br s, 

1H, OH), 0.92 [s, 9H, (CH3)3CSi], 0.08 [s, 6H, (CH3)2Si];  13C NMR (75.5 MHz, CDCl3): δ  

144.1 (C-1), 102.4 (C-2), 76.6 (C-5), 72.1 (C-3), 69.2 (C-4), 63.7 (C-6), 25.8 [(CH3)3CSi], 

18.3 [(CH3)3CSi], [(CH3)2Si not observed];  LRMS (ESI): m/z 283 [(M+Na)+ 100%].  The 

NMR data was in agreement with that reported in the literature.160 

 

1,5-Anhydro-3,4-di-O-benzyl-6-O-tert-butyldimethylsilyl-2-deoxy-D-arabino-hex-1-

enuronate (76) 

O
BnO

BnO

OTBDMS

 
According to the procedure followed from literature,160,161 a solution of 75 (11.5 g, 44.2 

mmol) in dry THF (100 mL) was cooled to 0 ˚C and NaH (6.6 g, 165 mmol, 60% in 

mineral oil) was added portion wise under N2 atmosphere.  After complete addition, the 

reaction mixture was stirred at 0 ˚C for 15 min. and then at room temperature for 0.5 h.  

The mixture was then again cooled to 0 ˚C and benzyl bromide (11.6 mL, 97.3 mmol) and 

tetrabutylammonium iodide (1.6 g, 4.4 mmol) was added, and the reaction stirred at room 

temperature.  After 12 h, the reaction mixture was quenched at 0 ˚C with NH4Cl (100 mL) 

and the aqueous layer was extracted with diethyl ether (3 × 100 mL).  The combined 

organic phase was washed with brine, dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure.  The residue after evaporation was purified by 

column chromatography (Hexane→EtOAc/hexane 0.3:9.7) to afford compound 76 (17.9 g, 

92%) as an oil.  Rf 0.37 (EtOAc/hexane 0.5:9.5);  1H NMR (300 MHz, CDCl3): δ 7.31-7.18 

(m, 10H, aromatic H), 6.35 (d, 1H, J1,2  6.1 Hz, H-1), 4.85-4.52 (m, 5H, H-2, CH2Ph), 

4.19-4.10 (m, 1H, H-3), 3.92-3.78 (m, 4H, H-4, H-5, H-6, H-6'), 0.90 [s, 9H, (CH3)3CSi], 

0.07 [s, 6H, (CH3)2Si];  13C NMR (75.5 MHz, CDCl3): δ 144.7 (C-1), 138.4, 128.4, 127.9, 

127.7, 127.6 (aromatic), 99.7 (C-2), 78.1 (C-5), 75.8 (C-3), 74.2 (C-4), 73.9, 70.7 (2 × 

CH2Ph), 61.7 (C-6), 25.9 [(CH3)3CSi], 18.4 [(CH3)3CSi], [(CH3)2Si not observed]; LRMS 

(ESI): m/z 463 [(M+Na)+ 100%].  The NMR data was in agreement with that reported in 

the literature.160 
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1,5-Anhydro-3,4-di-O-benzyl-2-deoxy-D-arabino-hex-1-enuronate (77) 

O
BnO

BnO

OH

 
According to the procedure in literature,162,163 a solution of compound 76 (16.8 g, 38.2 

mmol) in dry THF (120 mL) was stirred at 0 ˚C and tetrabutylammonium fluoride (1M in 

THF, 76.4 mL, 76.4 mmol) was added under N2.  The reaction was stirred at 0 ˚C for 15 

min. and then allowed to reach room temperature where it was stirred for a further 2 h and 

then quenched with NH4Cl (80 mL).  The aqueous layer was extracted with EtOAc (3 × 60 

mL), and the combined organic phase was washed with brine (30 mL), dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure  The residue after 

evaporation was purified by column chromatography (EtOAc/hexane 1:9→3:7) to furnish 

compound 77 (11.5 g, 93%) as a white solid.  Rf 0.34 (EtOAc/hexane 3:7);  1H NMR (300 

MHz, CDCl3): δ  7.30-7.21 (m, 10H, aromatic H), 6.33 (d, 1H, J1,2  6.0 Hz, H-1), 4.83-4.77 

(m, 2H, H-2, CHPh), 4.67-4.47 (3 × d, 3H, Jgem 11.7 Hz, CHPh, CH2Ph), 4.16 (app d, 1H, 

J3,4  5.7 Hz, H-3), 3.90-3.84 (m, 1H, H-5), 3.80-3.71 (m, 3H, H-6, H-6', H-4);  13C NMR 

(75.5 MHz, CDCl3): δ 144.4 (C-1), 138.0, 137.9, 128.4, 128.3, 128.1, 127.9, 127.8, 127.6, 

127.4 (aromatic), 100.0 (C-2), 77.2 (C-5), 75.4 (C-3), 74.4 (C-4), 73.6, 70.5 (2 × CH2Ph), 

61.6 (C-6);  LRMS (ESI): m/z 349 [(M+Na)+ 100%].  The NMR data was in agreement 

with that reported in the literature.162 

 

Methyl 1,5-anhydro-3,4-di-O-benzyl-2-deoxy-D-arabino-hex-1-enuronate (73) 

O
BnO

BnO
CO2Me

 
A solution of alcohol 77 (1 g, 3.06 mmol) in anhydrous DCM (2 mL) was added dropwise 

to a solution of Dess-Martin Periodinane (DMP) reagent173 (1.56 g, 3.68 mmol) in 

anhydrous DCM (8 mL).  The solution was stirred vigorously at room temperature and 

monitored by TLC analysis (EtOAc/hexane 3:7).  After 2 h, the reaction was complete and 

the solution was diluted with diethyl ether (10 mL) and poured into saturated ice-cold 

NaHCO3 solution.  The organic phase was separated and washed successively with H2O (2 

× 10mL) and brine (10 mL), dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure.  The crude residue was taken-up in tBuOH (13.2 mL) and treated 

with 2-methyl-2-butene (0.54 mL, 5.09 mmol) at room temperature.  To this mixture was 

added a solution of NaOCl2 (0.6 g, 6.79 mmol) and NaH2PO4 (0.6 g, 5.09 mmol) in H2O 

(3.3 mL) and the reaction was stirred for 2 h after which time TLC analysis indicated 

completion of reaction.  The reaction mixture was concentrated under reduced pressure, the 
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residue was taken-up in H2O (10 mL) and extracted with hexane (10 mL) to remove 

organic impurities.  The aq solution was acidified to pH 3 with dil HCl and then extracted 

with diethyl ether (3 × 30 mL).  The combined Et2O phase was dried over anhydrous 

Na2SO4, filtered and concentrated.  The crude acid was dissolved in anhydrous DMF (5 

mL), and to it was added KHCO3 (0.42g 4.25 mmol) followed by MeI (0.26 mL, 4.18 

mmol).  The reaction mixture was stirred at room temperature for 3 h at which time TLC 

analysis (EtOAc/hexane 1:4) indicated complete conversion of an acid to the product.  The 

reaction mixture was then diluted with H2O and extracted with diethyl ether (3 × 30 mL).  

The combined organic phase was successively washed with H2O (50 mL) and brine (50 

mL), dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure.  The 

crude reaction material was purified by column chromatography (EtOAc/hexane 

0.3:9.7→0.8:9.2) to give title compound 73 (0.836 g, 77% over three steps) as a white 

solid.  Rf 0.28 (EtOAc/hexane 1.5:8.5);  1H NMR (300 MHz, CDCl3): δ  7.27-7.15 (m, 

10H, aromatic H), 6.54 (d, 1H, J1,2  6.3 Hz, H-1), 4.92 (app t, 1H, J2,1 = J2,3  6.0 Hz, H-2), 

4.70-4.69 (m, 1H, H-5), 4.60 (dd, 2H, Jgem  12.0 Hz, Jgem  12.3 Hz, CH2Ph), 4.33 (dd, 2H, 

Jgem  11.4 Hz, Jgem  11.4 Hz, CH2Ph), 4.13-4.10 (m, 1H, H-4), 3.77-3.75 (m, 1H, H-3), 3.47 

(s, 3H, CO2CH3);  13C NMR (75.5 MHz, CDCl3): δ 168.5 (CO2CH3), 144.9 (C-1), 137.7, 

137.3, 128.5, 128.4, 128.3, 128.1, 127.8, 127.7, 127.6, 127.5 (aromatic), 98.4 (C-2), 73.0 

(C-4), 72.6 (C-5), 71.8, 69.4 (2 × CH2Ph), 67.7 (C-3), 52.0 (CO2CH3);  LRMS (ESI): m/z 

377 [(M+Na)+ 100%]. 

 

Methyl 1,5-anhydro-3,4-di-O-benzyl-2-deoxy-L-xylo-hex-1-enuronate (78) 
O

BnO
BnO

CO2Me  
A solution of oxalyl chloride (0.16 mL, 1.84 mmol) in DCM (10 mL) was cooled to -45 ˚C 

and to this solution was added DMSO (0.26 mL, 3.68 mmol) dropwise over the period of 

15 min and the reaction stirred at -45 ˚C for 30 min.  To the cold suspension was added a 

solution of alcohol 77 (0.5 g, 1.53 mmol) in DCM (5 mL) dropwise over 15 min.  After 

stirring at -45 ˚C for 2 h, triethylamine (1 mL, 7.66 mmol) was added, and the resulting 

mixture was stirred for 5 min at -45 ˚C, warmed to room temperature over 15 min, and 

then quenched by addition of H2O (15 mL).  The phases were separated, and the organic 

phase was successively washed with H2O (50 mL) and brine (30 mL), dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure.  The crude residue 

was taken-up in tBuOH (6.5 mL) and treated with 2-methyl-2-butene (0.27 mL, 2.52 

mmol) at room temperature.  To this mixture was added a solution of NaOCl2 (0.3 g, 3.28 



 

163

mmol) and NaH2PO4 (0.3 g, 2.47 mmol) in H2O (1.6 mL) and the reaction was stirred for 2 

h at which time TLC analysis (EtOAc/hexane 3:7) indicated completion of reaction.  The 

reaction mixture was concentrated under reduced pressure and to the residue was taken-up 

in H2O (10 mL) and extracted with hexane (10 mL) to remove organic impurities.  The aq 

solution was acidified to pH 3 with dil HCl and then extracted with diethyl ether (3 × 20 

mL).  The combined organic phase was dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure.  The crude acid was dissolved in anhydrous DMF (2 

mL) and to it was added KHCO3 (0.16g 1.66 mmol) followed by MeI (0.10 mL, 1.63 

mmol).  The reaction mixture was stirred at room temperature for 3 h at which time TLC 

analysis (EtOAc/hexane 1:4) indicated complete consumption of the acid.  The reaction 

mixture was then diluted with H2O and extracted with diethyl ether (3 × 20 mL).  The 

combined organic phase was successively washed with H2O (20 mL) and brine (20 mL), 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure.  TLC 

analysis (EtOAc/hexane, 1.5:8.5) indicated the presence of two products which were 

separated by flash chromatography (EtOAc/hexane 0.3:9.7→0.8:9.2→1:9) to give the fast 

moving compound 73 (0.11 g, 20%) and title compound 78 (0.20 g, 37% yield over three 

steps) as white solids. 

78:  Rf 0.27 (EtOAc/hexane, 1.5:8.5);  1H NMR (300 MHz, CDCl3): δ  7.32-7.18 (m, 10H, 

aromatic H), 6.60 (d, 1H, J1,2  6.3 Hz, H-1), 4.95 (app t, 1H, J2,1 = J2,3  6.3 Hz, H-2), 4.53-

4.39 (m, 5H, H-5, 2 × CH2Ph), 4.02 (app d, 1H, J4,3  1.5 Hz, H-4), 3.69 (app dd, 1H, J3,4  

1.5 Hz, J3,2  5.1 Hz, H-3), 3.66 (s, 3H, CO2CH3);  13C NMR (75.5 MHz, CDCl3): δ 169.1 

(CO2CH3), 145.8 (C-1), 138.0, 137.3, 128.5, 128.4, 128.3, 128.1, 128.0, 127.8, 127.7, 

126.9 (aromatic), 99.1 (C-2), 73.5 (C-4), 72.8 (C-5), 72.3, 70.0 (2 × CH2Ph), 66.7 (C-3), 

52.3 (CO2CH3);  LRMS (ESI): m/z 377 [(M+Na)+ 100%]. 

 

Methyl 1,5-anhydro-3,4-di-O-benzyl-2-nitro-2-deoxy-D-arabino-hex-1-enuronate (80) 

O
BnO

BnO
CO2Me

NO2  
Prepared using a procedure adapted from Das and Schmidt,142 Ac2O (5.6 mL) was placed 

in RBF, cooled to 10 ˚C and to it was added 70% w/w HNO3 (0.56 mL, 6.32 mmol) 

dropwise with stirring under Ar.  The external temperature was further lowered to -10 ˚C to 

keep the internal temperature in the range of 20-25 ˚C during the addition.  Once the 

addition was complete, the solution was further cooled to -33 ˚C using acetone-dry ice 

cooling bath.  Then, a solution of compound 73 (0.59 g, 1.66 mmol) in Ac2O (2 mL) was 
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added slowly and the reaction mixture was stirred at -33 ˚C for 1.5 h at which time TLC 

analysis (EtOAc/hexane 1.5:8.5) indicated complete consumption of the starting material.  

The reaction mixture was poured into 20 mL ice-cold H2O, brine (10 mL) was added and 

the aqueous layer was extracted with diethyl ether (3 × 20 mL).  The combined organic 

extracts were dried over anhydrous Na2SO4, filtered and the solvent was co-evaporated 

with toluene until dryness.  The residue was dissolved in DCM (5 mL), the solution was 

cooled to 0 ˚C and Et3N (0.27 mL, 1.99 mmol) was added under Ar.  After complete 

addition of Et3N, the cooling bath was removed and stirring continued for 2 h at room 

temperature after which time DCM (10 mL) was added to the reaction.  The reaction 

solution was washed successively with 1M HCl (10 mL) solution, H2O (2 × 20 mL) and 

brine (10 mL), dried over anhydrous Na2SO4, filtered and the filtrate concentrated under 

reduced pressure.  The crude product was loaded onto the column of silica-gel saturated 

with 1% Et3N and then purified by column chromatography (EtOAc/hexane/Et3N 

0.2:8.8:1→1:8:1) to furnish 2-nitro compound 80 (0.51 g, 77% yield over two steps)] as 

white solid.  Rf 0.31 (EtOAc/hexane 1.5:8.5);  1H NMR (300 MHz, CDCl3): δ  8.36 (s, 1H, 

H-1), 7.41-7.26 (m, 10H, aromatic H), 5.00 (br s, 1H, H-5), 4.73 (br s, 1H, H-3), 4.62 (br s, 

2H, CH2Ph), 4.55 (br s, 2H, CH2Ph), 4.33 (app d, 1H, J4,3  1.8 Hz, H-4), 3.48 (s, 3H, 

CO2CH3);  13C NMR (75.5 MHz, CDCl3): δ 166.0 (CO2CH3), 154.5 (C-1), 136.8, 136.3 

(aromatic), 130.9 (C-2), 128.7, 128.5, 128.4, 128.3, 128.1, 128.0, 127.7 (aromatic), 74.3 

(C-5), 72.3, 72.0 (2 × CH2Ph), 71.6 (C-4), 66.7 (C-3), 52.6 (CO2CH3);  LRMS (ESI): m/z 

441 [(M+42)+ 100%]. 

 

6.1.3 Synthesis of β-L-gulo phosphonate derivatives 

 

Methyl [(dimethyl phosphonyl) 3,4-di-O-benzyl-2-nitro-1,2-dideoxy-β-L-

gulopyranosid]uronate (83) 

PO

O OMe
OMe

OBn

OBn

NO2
MeO2C

 
A solution of compound 80 (0.8 g, 2 mmol) in THF (5 mL) was added to a solution of 

dimethyl phosphonate (2.2 mL, 24 mmol) and Et3N (4.2 mL, 30 mmol) in THF (5 mL) at 

room temperature under Ar.  The reaction mixture was stirred for 48 h, after which it was 

concentrated under reduced pressure and the residue was loaded onto column of silica-gel 

and purified by chromatography (EtOAc/hexane 2.5:7.5→3:2) to furnish the title 

compound 83 [0.36 g, 35%; 43% based on recovered starting material (0.14 g)] as a clear 
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oil.  Rf 0.31 (EtOAc/hexane 3:2);  1H NMR (300 MHz, CDCl3): δ 7.40-7.27 (m, 8H, 

aromatic H), 7.13-7.08 (m, 2H, aromatic H), 5.24 (dd, 1H, J1,2  7.8 Hz, JH-1,P  10.8 Hz, H-

1), 5.13-5.05 (m, 1H, H-2), 4.62 (dd, 2H, Jgem  12.0 Hz, Jgem  12.0 Hz, CH2Ph), 4.51 (br d, 

1H, J5,4  1.5 Hz, H-5), 4.32 (dd, 2H, Jgem  11.1 Hz, Jgem  11.4 Hz, CH2Ph), 4.27-4.21 (m, 

2H, H-3, H-4), 3.83 (d, 3H, JH,P  4.8 Hz, POCH3), 3.80 (d, 3H, JH,P  4.5 Hz, POCH3), 3.46 

(s, 3H, CO2CH3);  13C NMR (75.5 MHz, CDCl3): δ 168.7 (CO2CH3), 136.6, 135.8, 128.7, 

128.6, 128.4, 128.3, 128.1, 127.9, 127.8, 127.6 (aromatic), 78.9 (d, JC,P  2.2 Hz, C-2), 74.0 

(d, JC,P  8.3 Hz, C-3), 73.2 (CH2Ph), 73.1 (C-4), 72.2 (CH2Ph), 72.0 (d, JC,P  12.8 Hz, C-5), 

64.9 (d, JC,P  173.6 Hz, C-1), 54.0 (d, JC,P  6.7 Hz, POCH3), 53.7 (d, JC,P  6.7 Hz, POCH3), 

52.3 (CO2CH3);  31P NMR (121.5 MHz, CDCl3): δ  +20.30;  LRMS (ESI): m/z 532 

[(M+Na)+ 100%]; HRMS calcd for C23H28NO10P [M+H]+ 510.152359, found 510.154906. 

 

Methyl [(dimethyl phosphonyl) 2-acetamido-3,4-di-O-benzyl-1,2-dideoxy-β-L-

gulopyranosid]uronate (84) 

PO

O OMe
OMe

OBn

OBn

NHAc
MeO2C

 
2-Nitro compound 83 (0.2 g, 0.39 mmol) was dissolved in EtOH (5 mL) and transferred to 

a hydrogenation vessel. Platinized Raney nickel catalyst was freshly prepared according to 

the method of Nishimura.147  The material obtained from 1.5 g of Raney nickel/aluminium 

alloy was suspended in EtOH (10 mL) and added to the reaction vessel and the mixture 

was shaken in a Parr hydrogenation apparatus at a hydrogen pressure of 45 psi.  After 24 h, 

the catalyst was carefully filtered through celite and the filtrate was evaporated under 

reduced pressure to yield the crude amine which was dissolved in Ac2O (2 mL) and stirred 

overnight at room temperature under N2.  Co-evaporation of the Ac2O with toluene, 

followed by column chromatography (EtOAc→MeOH/EtOAc 0.4:9.6) afforded the 2-

acetamido compound 84 (0.14 g, 68% over two steps)] as an oil.  Rf 0.42 (MeOH/EtOAc 

0.4:9.6);  1H NMR (300 MHz, CDCl3): δ 7.35-7.26 (m, 8H, aromatic H), 7.15-7.11 (m, 2H, 

aromatic H), 5.87 (d, 1H, JNH,H-2  7.8 Hz, NH), 4.74-4.56 (m, 4H, H-2, H-1, CH2Ph), 4.48 

(br d, 1H, J5,4  1.5 Hz, H-5), 4.43 (d, 1H, Jgem  11.7 Hz, CHPh), 4.21 (d, 1H, Jgem  11.7 Hz, 

CHPh), 4.16 (dt, 1H, J4,5  1.8 Hz, J4,3  3.9 Hz, JH-4,P  1.8 Hz, H-4), 3.85 (d, 3H, JH,P  10.8 

Hz, POCH3), 3.87-3.83 (m, 1H, H-3), 3.80 (d, 3H, JH,P  10.5 Hz, POCH3), 3.52 (s, 3H, 

CO2CH3), 1.84 (s, 3H, NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 169.6 (NHCOCH3), 

169.4 (CO2CH3), 137.2, 136.9, 128.6, 128.5, 128.2, 128.0, 127.9 (aromatic), 73.7 (d, JC,P  

11.3 Hz, C-3), 73.1 (C-4), 73.0 (C-5), 72.6, 71.8 (2 × CH2Ph), 65.5 (d, JC,P  168.3 Hz, C-1), 
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53.8 (d, JC,P  7.5 Hz, POCH3), 53.4 (d, JC,P  6.0 Hz, POCH3), 52.1 (CO2CH3), 44.5 (C-2), 

23.3 (NHCOCH3); LRMS (ESI): m/z 544 [(M+Na)+ 100%]. 

 

Methyl [(dimethyl phosphonyl) 2-acetamido-3,4-di-O-acetyl-1,2-dideoxy-β-L-

gulopyranosid]uronate (85) 

PO

O OMe
OMe

OAc

OAc

NHAc
MeO2C

 
Compound 84 (0.14 g, 0.268 mmol) was dissolved in methanol (2 mL) under N2, then 

Pd/C (60 mg, 10% Pd/C) was added cautiously followed by AcOH (2 mL) and the reaction 

was stirred under an H2 atmosphere for 3 h.  The reaction mixture was then carefully 

filtered through celite and the solvent was evaporated, and the crude diol was subsequently 

treated with Ac2O (0.5 mL) in pyridine (1 mL) under N2.  The reaction mixture was stirred 

overnight at room temperature and then co-evaporated with toluene.  The crude residue 

was purified by column chromatography (EtOAc→MeOH/EtOAc 0.6:9.4) to yield title 

compound 85 (90 mg, 79% over two steps) as a colourless viscous syrup.  Rf 0.25 

(MeOH/EtOAc 0.4:9.6);  1H NMR (300 MHz, CDCl3): δ 5.79 (d, 1H, JNH,H-2  7.5 Hz, NH), 

5.37 (dt, 1H, J4,5  1.8 Hz, J4,3  3.9 Hz, JH-4,P  1.8 Hz, H-4), 5.24 (app q, 1H, J3,4  3.6 Hz, J3,2  

3.6 Hz, JH-3,P  3.3 Hz, H-3), 4.79-4.69 (app dtd, 1H, J2,3  ~2.7 Hz, J2,NH  7.8 Hz, J2,1  10.5 

Hz, JH-2,P  ~8.0 Hz, H-2), 4.61 (app t, 1H, J1,2  10.5 Hz, JH-1,P  10.8 Hz, H-1), 4.56 (br d, 

1H, J5,4  1.5 Hz, H-5), 3.92 (d, 3H, JH,P  11.1 Hz, POCH3), 3.83 (d, 3H, JH,P  10.8 Hz, 

POCH3), 3.77 (s, 3H, CO2CH3), 2.16 (s, 3H, OCOCH3), 2.03 (s, 3H, OCOCH3), 1.96 (s, 

3H, NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 170.0, 169.6 (OCOCH3), 168.6 

(NHCOCH3), 168.2 (CO2CH3), 73.0 (d, JC,P  12.0 Hz, C-5), 67.8, 67.7 (C-3, C-4), 65.6 (d, 

JC,P  167.6 Hz, C-1), 53.7, 53.6 (2 × POCH3), 52.4 (CO2CH3), 44.2 (C-2), 23.1 

(NHCOCH3), 21.0, 20.5 (OCOCH3);  31P NMR (121.5 MHz, CDCl3): δ  +20.96;  LRMS 

(ESI): m/z 448 [(M+Na)+ 100%]; HRMS calcd for C15H24NO11P [M+H]+ 426.115974, 

found 426.118069. 

 

Methyl [(dimethyl phosphonyl) 2-acetamido-1,2,4-trideoxy-3-O-acetyl-β-L-erythro-

hex-4-enopyranosid]uronate (87) 

O
MeO2C P

O OMe
OMe

NHAc

OAc

 
A solution of compound 85 (57 mg, 0.134 mmol) in anhydrous DCM (2 mL) under Ar was 

treated by dropwise addition of DBU (30 μL, 0.20 mmol).  The light yellow solution was 



 

167

stirred at room temperature and monitored by TLC analysis (MeOH/EtOAc 0.4:9.6).  After 

2 h, TLC analysis indicated complete conversion to the product and the resulting dark 

brown solution was evaporated under reduced pressure and the residue directly loaded onto 

column of silica-gel.  Chromatography (MeOH/EtOAc 0.4:9.6) furnished the unsaturated 

compound 87 (36 mg, 74%) as a clear oil.  Rf 0.28 (MeOH/EtOAc 0.4:9.6);  1H NMR (300 

MHz, CDCl3): δ 6.16 (d, 1H, J4,3  4.5 Hz, H-4), 5.90 (d, 1H, JNH,H-2  7.8 Hz, NH), 5.49 (app 

q, 1H, J3,2  3.9 Hz, J3,4  4.5 Hz, JH-3,P  3.6 Hz, H-3), 4.64 (dddd, 1H, J2,3  3.9 Hz, J2,NH  8.4 

Hz, J2,1  8.7 Hz , JH-2,P  4.5 Hz, H-2), 4.46 (app t, 1H, J1,2  9.0 Hz, JH-1,P  9.3 Hz, H-1), 3.90 

(d, 3H, JH,P  10.5 Hz, POCH3), 3.84 (d, 3H, JH,P  10.5 Hz, POCH3), 3.78 (s, 3H, CO2CH3), 

2.06 (s, 3H, OCOCH3), 2.00 (s, 3H, NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 169.9 

(OCOCH3), 169.5 (NHCOCH3), 161.5 (CO2CH3), 145.3 (d, JC,P  8.3 Hz, C-5), 107.3 (C-4), 

70.9 (d, JC,P  169.1 Hz, C-1), 63.3 (d, JC,P  8.3 Hz, C-3), 54.6 (d, JC,P  6.7 Hz, POCH3), 54.2 

(d, JC,P  7.5 Hz, POCH3), 52.6 (CO2CH3), 45.1 (C-2), 23.2 (NHCOCH3), 20.8 (OCOCH3); 

LRMS (ESI): m/z 388 [(M+Na)+ 100%]. 

 

Dimethyl phosphonyl (2-acetamido-1,2,4-trideoxy-β-L-erythro-hex-4-

enopyranosid)uronic acid (88) 

O
HO2C P

O OMe
OMe

NHAc

OH

 
A solution of compound 87 (0.11 g, 0.30 mmol) in MeOH (0.5 mL) at 0 ˚C was adjusted to 

pH 13 by addition of aq NaOH (0.5M).  The reaction was stirred at 0-4 ˚C and monitored 

by TLC analysis (EtOAc/MeOH/H2O 3:1:1). After 16 h the reaction mixture was 

neutralised with Amberlite® IR-120 (H+) resin.  The resin was filtered-off, and the filtrate 

was evaporated under reduced pressure to give a light yellow syrup.  This was purified by 

reverse phase HPLC (isocratic elution with 0.3% MeCN in water at a flow rate of 3mL/min 

and column temperature of 40 ˚C: retention time 3.45-4.30 min) and then lyophilised to 

give pure product 88 (38 mg, 41%) as a white solid.  Rf 0.22 (EtOAc/MeOH/H2O 3:1:1);  
1H NMR (300 MHz, D2O): δ 5.78 (d, 1H, J4,5  5.1 Hz, H-4), 4.38-4.26 (m, 2H, H-1, H-2), 

4.21 (app q, 1H, J3,2  4.2 Hz, J3,4  4.5 Hz, JH-3,P  4.2 Hz, H-3), 3.77 (d, 3H, JH,P  3.3 Hz, 

POCH3), 3.74 (d, 3H, JH,P  3.3 Hz, POCH3), 1.93 (s, 3H, NHCOCH3);  13C NMR (75.5 

MHz, D2O): δ 173.8 (NHCOCH3), 168.5 (CO2H), 148.3 (C-5), 106.2 (C-4), 68.6 (d, JC,P  

172.8 Hz, C-1), 60.3 (d, JC,P  9.0 Hz, C-3), 54.5 (d, JC,P  7.5 Hz, POCH3), 54.2 (d, JC,P  7.5 

Hz, POCH3), 47.1 (C-2), 21.9 (NHCOCH3); LRMS (ESI): m/z 348 [(M+K)+ 100%]. 

HRMS calcd for C10H16NO8P [M+Na]+ 332.050574, found 332.051057. 
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6.1.4 Synthesis of compounds utilised during attempted phosphonylation reactions 

via Approach 2 from D-glucal 

 

1,5-Anhydro-3,4,6-tri-O-benzyl-2-deoxy-D-arabino-hex-1-enuronate (93) 

O
BnO

BnO

OBn

 
According to the procedure followed from literature,199 to a stirred solution of 3,4,6-tri-O-

acetyl-D-glucal 74 (10 g, 36.7 mmol) in THF (50 mL) under N2 was added powdered 

NaOH (8.8 g, 220 mmol) followed by BnBr (19.6 mL, 165 mmol) and phase transfer 

catalyst nBu4NI (1.35 g, 3.67 mmol).  The reaction mixture was stirred briskly at room 

temperature for 12 h, after which TLC analysis (EtOAc/hexane 1:9) indicated complete 

conversion to the product.  The crude reaction mixture was diluted with EtOAc (50 mL) 

and H2O (100 mL) was added.  The organic phase was separated and the aq phase was 

extracted with EtOAc (3 × 70 mL), the combined organic phase was washed with H2O 

(100 mL), brine (50 mL), dried over anhydrous Na2SO4, filtered and evaporated under 

reduced pressure.  The residue was purified by column chromatography (EtOAc/hexane 

0.2:9.8→1:9) to afford tri-O-benzyl D-glucal 93 (11.6 g, 76%) as white flaky solid.  Rf 0.33 

(EtOAc/hexane 1:9);  1H NMR (300 MHz, CDCl3): δ  7.25-7.14 (m, 15H, aromatic H), 

6.34 (dd, 1H, J1,3  1.2 Hz, J1,2  6.3 Hz, H-1), 4.79 (dd, 1H, J2,3  2.7 Hz, J2,1  6.3 Hz, H-2), 

4.75 (d, 1H, Jgem  11.4 Hz, CHPh), 4.57-4.44 (m, 5H, CHPh, 2 × CH2Ph), 4.14-4.11 (m, 

1H, H-3), 4.01-3.95 (m, 1H, H-5), 3.80-3.65 (m, 3H, H-4, H-6, H-6');  LRMS (ESI): m/z 

439  [(M+Na)+ 100%].  The NMR data was in agreement with that reported in the 

literature.199  

 

1,5-Anhydro-3,4,6-tri-O-benzyl-2-deoxy-2-nitro-D-arabino-hex-1-enuronate (63) 

O
BnO

BnO

OBn

NO2  
Prepared using a procedure adapted from Das and Schmidt,142 Ac2O (8.2 mL) was placed 

in RBF, cooled to 10 ˚C and to it was added 70% w/w HNO3 (0.82 mL, 9.16 mmol) 

dropwise with stirring under Ar.  The external temperature was further lowered to -10 ˚C to 

keep the internal temperature in the range of 20-25 ˚C during the addition.  Once the 

addition was complete, the solution was further cooled to -33 ˚C using acetone-dry ice 

cooling bath.  Then, a solution of compound 93 (1 g, 2.40 mmol) in Ac2O (4 mL) was 

added slowly and the reaction mixture was stirred at -33 ˚C for 30 min at which time TLC 
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analysis (EtOAc/hexane 1:9) indicated complete consumption of the starting material.  The 

reaction mixture was poured into 40 mL ice-cold H2O, brine (20 mL) was added and the 

aqueous layer was extracted with diethyl ether (3 × 30 mL).  The combined organic 

extracts were dried over anhydrous Na2SO4, filtered and the solvent was co-evaporated 

with toluene until dryness.  The residue was dissolved in DCM (10 mL), the solution was 

cooled to 0 ˚C and Et3N (0.40 mL, 2.9 mmol) was added under Ar.  After complete 

addition of Et3N, the cooling bath was removed and stirring continued for 30 min at room 

temperature after which time DCM (10 mL) was added to the reaction.  The reaction 

solution was washed successively with 1M HCl (10 mL) solution, H2O (2 × 30 mL) and 

brine (20 mL), dried over anhydrous Na2SO4, filtered and the filtrate concentrated under 

reduced pressure.  The crude product was purified by flash chromatography 

(EtOAc/hexane 1:9) to furnish 2-nitro compound 63 (0.91 g, 83% over two steps) as light 

yellow oil.  Rf 0.40 (EtOAc/hexane 1:9);  1H NMR (300 MHz, CDCl3): δ  8.25 (s, 1H, H-

1), 7.49-7.20 (m, 15H, aromatic H), 4.75-4.40 (m, 8H, H-5, H-4, 3 × CH2Ph), 3.89 (t, 1H, 

J3,4  2.1 Hz, H-3), 3.77 (dd, 1H, J6',5  3.0 Hz, J6',6  10.8 Hz, H-6'), 3.63 (dd, 1H, J6,5  5.4 Hz, 

J6,6'  10.6 Hz, H-6);  13C NMR (75.5 MHz, CDCl3): δ  153.4 (C-1), 138.9 (C-2), 136.3, 

135.7, 127.6, 127.5, 127.4, 127.2 127.1, 127.0, 126.8, 126.7 (aromatic), 77.3 (C-5), 72.4, 

71.9, 70.7  (3 × CH2Ph), 70.0 (C-3), 66.6 (C-4), 66.4 (C-6);  LRMS (ESI): m/z 484  

[(M+Na)+ 100%].  The NMR data was in agreement with that reported in the literature.149  

 

6.1.5 Synthesis of β-D-gluco phosphonate derivatives 

 

Dimethyl (3,4,6-tri-O-benzyl-1,2-dideoxy-2-nitro-β-D-glucopyranosyl)phosphonate 

(64) 

O

NO2

BnO
BnO P

OMe
OMe

O
OBn

 
Following the general method for phosphonylation reported by Pachamuthu et al.,120 to a 

stirred solution of compound 63 (3.2 g, 6.94 mmol) and dimethyl phosphonate (0.7 mL, 

7.63 mmol) in anhydrous toluene (30 mL) at 0 ˚C under Ar was added tBuOK (0.78 g, 6.94 

mmol), and the resulting solution was stirred at 0 ˚C for 2 h.  The reaction mixture was 

then diluted with EtOAc (60 mL) and subsequently washed with dil HCl (20 mL), H2O (2 

× 100 mL) and brine (50 mL), dried over anhydrous Na2SO4, filtered, and the filtrate was 

evaporated under reduced pressure.  The residue was purified by flash chromatography 

(EtOAc/hexane 1:4→1:1) to afford the title compound 64 (3.0 g, 76%) as a clear oil.  Rf 
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0.39 (EtOAc/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ 7.36-7.18 (m, 15H, aromatic H), 

4.84-4.66 (m, 3H, H-2, CH2Ph), 4.60-4.45 (m, 4H, 2 × CH2Ph), 4.23-4.14 (m, 2H, H-3, H-

1), 3.82-3.53 (m, 10H, 2 × POCH3, H-6, H-6', H-4, H-5);  13C NMR (75.5 MHz, CDCl3): δ 

137.7, 137.4, 136.8, 128.5, 128.4, 128.3, 128.2, 128.1, 127.9, 127.8, 127.7, 127.6 

(aromatic), 85.8 (C-2), 83.0 (d, JC,P  14.7 Hz, C-3), 81.1 (d, JC,P  16.3 Hz, C-5), 77.08 (C-

4), 75.8, 75.2 (2 × CH2Ph), 73.2 (d, JC,P  175.9 Hz, C-1), 73.4 (CH2Ph), 68.1 (C-6), 54.2 (d, 

JC,P  6.5 Hz, POCH3), 53.9 (d, JC,P  6.6 Hz, POCH3); LRMS (ESI): m/z 594 [(M+Na)+ 

100%]; HRMS calcd for C29H34NO9P [M+Na]+ 594.186339, found 594.188075.  The 

NMR data was in agreement with that reported in the literature.120 

 

Dimethyl (2-acetamido-3,4,6-tri-O-benzyl-1,2-dideoxy-β-D-

glucopyranosyl)phosphonate (94) 

O

NHAc

BnO
BnO P

OMe
OMe

O
OBn

 
2-Nitro compound 64 (2 g, 3.50 mmol) was dissolved in EtOH (50 mL) and transferred to 

a hydrogenation vessel. Platinized Raney nickel catalyst was freshly prepared according to 

the method of Nishimura.147  The material obtained from 10 g of Raney nickel/aluminium 

alloy was suspended in EtOH (50 mL) and added to the reaction vessel and the mixture 

was shaken in a Parr hydrogenation apparatus at a hydrogen pressure of 45 psi.  After 24 h, 

the catalyst was carefully filtered through celite and the filtrate was evaporated under 

reduced pressure to yield the crude amine which was dissolved in Ac2O (20 mL) and 

stirred overnight at room temperature under N2.  Co-evaporation of the Ac2O with toluene, 

followed by column chromatography (EtOAc/hexane 1:1→MeOH/EtOAc 0.4:9.6) 

afforded the 2-acetamido compound 94 [0.99 g, 48% over two steps; 59% based on 

recovered starting material (0.35 g)] as an oil.  Rf 0.43 (MeOH/EtOAc 0.4:9.6);  1H NMR 

(300 MHz, CDCl3): δ 7.28-7.17 (m, 15H, aromatic H), 5.70 (br s, 1H, NH), 4.81 (app t, 

2H, Jgem  12.3 Hz, CH2Ph), 4.65 (d, 1H, Jgem  10.8 Hz, CHPh), 4.56 (d, 1H, Jgem  10.8 Hz, 

CHPh), 4.51 (br s, 2H, CH2Ph), 4.33-4.12 (m, 2H, H-1, H-3), 3.81-3.53 (m, 11H, 2 × 

POCH3, H-6, H-6', H-4, H-2, H-5), 1.82 (s, 3H, NHCOCH3);  LRMS (ESI): m/z 606 

[(M+Na)+ 100%]; HRMS calcd for C31H38NO8P [M+H]+ 584.24078, found 584.241636. 
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Dimethyl (2-acetamido-1,2-dideoxy-β-D-glucopyranosyl)phosphonate (89) 

O

NHAc

HO
HO P

OMe
OMe

O
OH

 
Compound 94 (0.35 g, 0.60 mmol) was dissolved in methanol (10 mL) under N2, then 

Pd/C (150 mg, 10% Pd/C) was added cautiously followed by AcOH (2 mL) and the 

reaction was stirred under an H2 atmosphere for 12 h.  The reaction mixture was cautiously 

filtered through celite and the filtrate was evaporated to yield compound 89 (0.2 g).  1H 

NMR (300 MHz, CDCl3): δ 3.87-3.76 (m, 2H, H-1, H-3), 3.71 (d, 3H, JH,P  7.2 Hz, 

POCH3), 3.67 (d, 3H, JH,P  7.2 Hz, POCH3), 3.46 (br s, 6H, H-6, H-6', H-4, 3 × OH), 3.32-

3.23 (m, 2H, H-2, H-5), 1.87 (s, 3H, NHCOCH3);  LRMS (ESI): m/z 336 [(M+Na)+ 100%]. 

 

Dimethyl (2-acetamido-6-O-acetyl-3,4-di-O-benzyl-1,2-dideoxy-β-D-

glucopyranosyl)phosphonate (95) 

O

NHAc

BnO
BnO P

OMe
OMe

O
OAc

 
Compound 94 (0.8 g, 1.37 mmol) was taken-up in anhydrous DCM (16 mL) and to this 

solution was added Ac2O (7.8 mL) followed by addition of a solution of TMSOTf (1 mL, 

5.5 mmol) in DCM (10 mL) at -40 ˚C under Ar. The reaction mixture was stirred at -40 ˚C 

and monitored by TLC analysis (MeOH/EtOAc 0.4:9.6).  After 6 h, TLC analysis indicated 

slow conversion of the starting material, so the reaction mixture was brought to 0-4 ˚C and 

then stirred at this temperature for 12 h, at which time TLC analysis indicated complete 

consumption of the starting material.  The reaction mixture was quenched by addition of 

satd aq NaHCO3 (20 mL).  The aq. layer was extracted with DCM (3 × 30 mL) and the 

combined organic phase was washed successively with H2O (50 mL), brine (30 mL), dried 

over anhydrous Na2SO4, filtered and concentrated to afford compound 95 (0.74 g) as a 

white solid.  The product was pure by 1H NMR analysis and therefore was used as such for 

the next step.  Rf 0.36 (MeOH/DCM 0.4:9.6);  1H NMR (300 MHz, CDCl3): δ  7.28-7.18 

(m, 10H, aromatic H), 5.70 (d, 1H, JNH,H-2  7.8 Hz, NH), 4.79 (d, 1H, Jgem  11.7 Hz, CHPh), 

4.77 (d, 1H, Jgem  11.1 Hz, CHPh), 4.61 (d, 1H, Jgem  11.4 Hz, CHPh), 4.50 (d, 1H, Jgem  

10.8 Hz, CHPh), 4.34-4.22 (m, 2H, H-6', H-1), 4.17 (app t, 1H, J3,4 = J3,2  9.3 Hz, H-3), 

4.05 (dd, 1H, J6,5  5.1 Hz, J6,6'  12.0 Hz, H-6), 3.73 (d, 3H, JH,P  10.5 Hz, POCH3), 3.67 (d, 

3H, JH,P  10.8 Hz, POCH3), 3.60-3.49 (m, 2H, H-2, H-5), 3.40 (t, 1H, J4,3  9.3 Hz, H-4), 

1.95 (s, 3H, OCOCH3), 1.77 (s, 3H, NHCOCH3). 
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Dimethyl (2-acetamido-3,4-di-O-benzyl-1,2-dideoxy-β-D-glucopyranosyl)phosphonate 

(96) 

O

NHAc

BnO
BnO P

OMe
OMe

O
OH

 
To a stirred solution of crude 95 (0.74 g, 1.38 mmol) in anhydrous methanol (20 mL) was 

added a methanolic solution of NaOMe (1.5 mL of a 1M solution) at 0 ˚C under N2.  The 

reaction mixture was allowed to reach room temperature and was stirred for 1.5 h at which 

time TLC analysis (MeOH/DCM 0.4:9.6) indicated complete conversion to the product. 

The resulting solution was neutralised with Amberlite® IR-120 (H+) resin and then the 

resin was removed by filtration, washed several times with MeOH, and the combined 

filtrate was evaporated under reduced pressure to give yellow oil which was purified by 

column chromatography (DCM→MeOH/DCM 0.8:9.2) to provide the product 96 (0.60 g, 

88% over two steps from pure compound 94).  Rf 0.23 (MeOH/DCM 0.4:9.6);  1H NMR 

(300 MHz, CDCl3): δ  7.28-7.19 (m, 10H, aromatic H), 6.08 (d, 1H, JNH,H-2  7.8 Hz, NH), 

4.79 (d, 1H, Jgem  11.4 Hz, CHPh), 4.77 (d, 1H, Jgem  11.1 Hz, CHPh), 4.61 (d, 1H, Jgem  

11.4 Hz, CHPh), 4.58 (d, 1H, Jgem  10.8 Hz, CHPh), 4.28 (app dd, 1H, J1,2  9.6 Hz, JH-1,P  

10.8 Hz, H-1), 4.12 (app t, 1H, J3,4 = J3,2  9.3 Hz, H-3), 3.81-3.77 (m, 1H, H-6'), 3.73 (d, 

3H, JH,P  10.8 Hz, POCH3), 3.68 (d, 3H, JH,P  10.5 Hz, POCH3), 3.67-3.57 (m, 2H, H-2, H-

6), 3.50 (app t, 1H, J4,5 = J4,3  9.9 Hz, H-4), 3.41-3.35 (m, 1H, H-5), 1.78 (s, 3H, 

NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 171.0 (NHCOCH3), 138.4, 137.9, 128.7, 

128.5, 128.4, 128.2, 128.0, 127.9, 127.7 (aromatic), 81.7 (d, JC,P  8.4 Hz, C-3), 81.5 (d, JC,P  

7.0 Hz, C-5), 78.3 (C-4), 75.2, 74.9 (2 × CH2Ph), 72.0 (d, JC,P  170.4 Hz, C-1), 61.9 (C-6), 

54.2 (d, JC,P  6.5 Hz, POCH3), 53.5 (C-2), 53.2 (d, JC,P  7.0 Hz, POCH3), 23.4 

(NHCOCH3). 

 

Methyl [(dimethyl phosphonyl) 2-acetamido-3,4-di-O-benzyl-1,2-dideoxy-β-D-

glucopyranosid]uronate (97) 

O

NHAc

BnO
BnO P

CO2Me

OMe
OMe

O

 
To a solution of 6-hydroxy derivative 96 (0.1 g, 0.20 mmol) and TEMPO (0.40 mg, 0.0025 

mmol) in DCM (1 mL) was added a solution of satd aq NaHCO3 (0.4 mL) containing KBr 

(2.16 mg, 0.018 mmol) and nBu4NBr (0.32 mg, 0.001 mmol).  The biphasic solution was 

stirred vigorously at 0 ˚C, while a solution of aq NaOCl (12.5% w/v, 0.5 mL), containing 

satd aq NaHCO3 (0.25 mL) and satd aq NaCl (0.4 mL), was added dropwise over 10 min.  
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After 30 min, a further portion of aq NaOCl (12.5% w/v, 0.5 mL) was added and the 

reaction mixture was stirred for another 15 min.  The resulting mixture was acidified to pH 

2 using dilute HCl (4M) and diluted with CHCl3 (10 mL).  The layers were separated and 

the organic layer was washed with H2O (2 × 10mL) followed by brine (10 mL) and then 

dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure.  To the 

residue in anhydrous MeOH (3 mL) under Ar was added trimethyl orthoformate (0.043 

mL, 0.39 mmol), followed by cautious addition of SOCl2 (0.015 mL, 0.20 mmol) and the 

reaction was stirred under Ar at rt for 30 min and then co-evaporated with toluene until 

dryness.  The crude reaction material was purified by column chromatography 

(DCM→MeOH/DCM 0.6:9.4) to furnish the title compound 97 (0.08 g, 76% over two 

steps) as a colourless oil.  Rf 0.46 (MeOH/ EtOAc 0.4:9.6);  1H NMR (300 MHz, CDCl3): δ 

7.29-7.11 (m, 10H, aromatic H), 6.11 (d, 1H, JNH,H-2  7.8 Hz, NH), 4.77 (d, 1H, Jgem  11.4 

Hz, CHPh), 4.69 (d, 1H, Jgem  10.8 Hz, CHPh), 4.61 (d, 1H, Jgem  11.4 Hz, CHPh), 4.52 (d, 

1H, Jgem  10.8 Hz, CHPh), 4.33 (dd, 1H, J1,2  9.9 Hz, JH-1,P  10.8 Hz, H-1), 4.18 (app t, 1H, 

J3,2  9.0 Hz, J3,4  9.6 Hz, H-3), 3.90 (d, 1H, J5,4  9.6 Hz, H-5), 3.75 (d, 3H, JH,P  10.5 Hz, 

POCH3), 3.72-3.69 (m, 2H, H-4, H-2), 3.68 (d, 3H, JH,P  10.8 Hz, POCH3), 3.63 (s, 3H, 

CO2CH3), 1.77 (s, 3H, NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 171.1 (NHCOCH3), 

168.6 (CO2CH3), 138.2, 137.6, 129.1, 128.9, 128.4, 127.9, 127.8 (aromatic), 80.8 (d, JC,P  

16.8 Hz, C-3), 80.0 (C-4), 79.4 (d, JC,P  18.2 Hz, C-5), 75.2, 74.9 (2 × CH2Ph), 72.4 (d, JC,P  

169.8 Hz, C-1), 54.6 (d, JC,P  6.7 Hz, POCH3), 53.5 (POCH3), 53.4 (CO2CH3), 52.4 (C-2), 

23.4 (NHCOCH3); LRMS (ESI): m/z 544 [(M+Na)+ 100%]; HRMS calcd for C25H32NO9P 

[M+H]+ 522.188745, found 522.188419. 

 

Methyl [(dimethyl phosphonyl) 2-acetamido-3,4-di-O-acetyl-1,2-dideoxy-β-D-

glucopyranosid]uronate (90) 

O

NHAc

AcO
AcO P

CO2Me

OMe
OMe

O

 
Compound 97 (0.89 g, 1.70 mmol) was dissolved in methanol (45 mL) and EtOAc (5 mL) 

under N2, then Pd/C (300 mg, 10% Pd/C) was added cautiously followed by AcOH (1 mL) 

and the reaction was stirred under an H2 atmosphere for 12 h.  The reaction mixture was 

carefully filtered through celite and the solvent was evaporated under reduced pressure to 

yield the 3,4-diol which was subsequently treated with Ac2O (5 mL) in pyridine (10 mL) 

under N2.  The reaction mixture was stirred overnight at room temperature and then co-

evaporated with toluene under reduced pressure to yield the title compound 90 (0.79 g, 

crude yield over two steps) as a light yellow sticky foam.  Due to difficulty in TLC 
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visualisation, the compound was not purified by column chromatography, however was 

pure by NMR analysis and was used as such for the next step.  1H NMR (300 MHz, 

CDCl3): δ 6.61 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.48 (dd, 1H, J3,2  9.3 Hz, J3,4  10.2 Hz, H-3), 

5.08 (app t, 1H, J4,3  9.6 Hz, J4,5  9.9 Hz, H-4), 4.33 (app t, 1H, J1,2  10.2 Hz, JH-1,P  10.8 

Hz, H-1), 4.08 (br app pent, 1H, J2,1, J2,3, J2,NH, JH-2,P >  ~9-10 Hz, H-2), 4.01 (d, 1H, J5,4  

10.2 Hz, H-5), 3.82 (d, 3H, JH,P  10.8 Hz, POCH3), 3.76 (d, 3H, JH,P  10.5 Hz, POCH3), 

3.67 (s, 3H, CO2CH3), 2.01 (s, 3H, OCOCH3), 1.98 (s, 3H, OCOCH3), 1.89 (s, 3H, 

NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 170.8, 170.4 (OCOCH3), 169.4 

(NHCOCH3), 167.1 (CO2CH3), 77.2 (d, JC,P  17.7 Hz, C-5), 72.6 (d, JC,P  171.0 Hz, C-1), 

72.0 (d, JC,P  18.4 Hz, C-3), 69.5 (C-4), 54.6 (d, JC,P  6.8 Hz, POCH3), 54.0 (d, JC,P  7.1 Hz, 

POCH3),  52.7 (CO2CH3), 51.0 (C-2), 23.1 (NHCOCH3), 20.6, 20.4 (OCOCH3);  31P NMR 

(121.5 MHz, CDCl3): δ  +18.42;  LRMS (ESI): m/z 448 [(M+Na)+ 100%]; HRMS calcd for 

C15H24NO11P [M+H]+ 426.115974, found 426.116790. 

 

Methyl [(dimethyl phosphonyl) 2-acetamido-1,2,4-trideoxy-3-O-acetyl-α-L-threo-hex-

4-enopyranosid]uronate (91) 

O

NHAc

MeO2C

AcO P
O

OMe
OMe

 
A solution of crude compound 90 (0.79 g, 1.85 mmol) in anhydrous DCM (50 mL) under 

Ar was treated by dropwise addition of DBU (0.7 mL, 4.65 mmol).  The reaction mixture 

was refluxed for 24 h after which the resulting dark brown solution was concentrated under 

reduced pressure and the residue chromatographed (Acetone/toluene, 7:3) to furnish the 

unsaturated compound 91 [0.21 g, 41% over three steps from pure compound 97; starting 

material 90 (0.17 g) was also recovered] as a colorless oil.  Rf 0.48 (Acetone/toluene, 7:3);  
1H NMR (300 MHz, CDCl3): δ 6.67 (d, 1H, JNH,H-2  8.1 Hz, NH), 5.99 (d, 1H, J4,3  3.0 Hz, 

H-4), 5.69 (dd, 1H, J3,4  3.0 Hz, J3,2  7.5 Hz, H-3), 4.78 (app t, 1H, J1,2  9.6 Hz, JH-1,P  9.9 

Hz, H-1), 4.20 (app pent, 1H, J2,1  9.6 Hz, J2,3  7.5 Hz, J2,NH  8.4 Hz, JH-2,P  9.3 Hz, H-2), 

3.86 (d, 3H, JH,P  10.5 Hz, POCH3), 3.79 (d, 3H, JH,P  10.8 Hz, POCH3), 3.75 (s, 3H, 

CO2CH3), 2.04 (s, 3H, OCOCH3), 1.92 (s, 3H, NHCOCH3);  13C NMR (75.5 MHz, 

CDCl3): δ 170.6 (OCOCH3), 170.4 (NHCOCH3), 161.5 (CO2CH3), 144.9 (d, JC,P  11.1 Hz, 

C-5), 108.7 (C-4), 72.3 (d, JC,P  169.9 Hz, C-1), 66.6 (d, JC,P  13.8 Hz, C-3), 54.6 (d, JC,P  

6.7 Hz, POCH3), 54.0 (d, JC,P  7.4 Hz, POCH3), 52.5 (CO2CH3), 47.9 (C-2), 23.1 

(NHCOCH3), 20.9 (OCOCH3);  31P NMR (121.5 MHz, CDCl3): δ  +17.64; LRMS (ESI): 
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m/z 388 [(M+Na)+ 100%]; HRMS calcd for C13H20NO9P [M+Na]+ 388.076789, found 

388.076772. 

 

(Methyl phosphonyl) 2-acetamido-1,2,4-trideoxy-α-L-threo-hex-4-enopyranosiduronic 

acid (98) and Methyl [(methyl phosphonyl) 2-acetamido-1,2,4-trideoxy-α-L-threo-hex-

4-enopyranosid]uronate (99) 

98 99

O

NHAc

HO2C

HO P
O

OMe
OH O

NHAc

MeO2C

HO P
O

OMe
OH

 
A solution of compound 91 (0.05 g, 0.30 mmol) in MeOH (0.5 mL) at 0 ˚C was adjusted to 

pH 13 by addition of aq NaOH (0.5M).  The reaction mixture was stirred at 0-4 ˚C and 

monitored by TLC analysis (EtOAc/MeOH/H2O 3:1:1).  After 14 h, the reaction mixture 

was neutralised with Amberlite® IR-120 (H+) resin.  The resin was filtered-off and the 

filtrate was evaporated under reduced pressure to give a light yellow syrup which was 

subjected to reverse phase HPLC [gradient elution (with 0.5% MeCN in water→6% 

MeCN in water→15% MeCN in water) at a flow rate of 3mL/min and column temperature 

of 35 ˚C].  Three different compounds were isolated: the slowest eluted compound 

(retention time: 23.50-24.80 min) was identified as the starting material 91, as confirmed 

by 1H NMR  and the other two were identified as compounds 98 [(20 mg); retention time: 

3.80-4.59 min] and 99 [(11 mg); retention time: 15.10-16.23 min] as confirmed by NMR 

analysis. 

98: 1H NMR (300 MHz, D2O): δ 5.66-5.65 (m, 1H, H-4), 4.24-4.16 (m, 1H, H-1), 4.07-

4.04 (m, 2H, H-2, H-3), 3.51 (d, 3H, JH,P  10.2 Hz, POCH3), 1.87 (s, 3H, NHCOCH3);  13C 

NMR (75.5 MHz, D2O): δ 173.5 (NHCOCH3), 169.2 (CO2H), 147.8 (d, JC,P  6.3 Hz, C-5), 

106.3 (C-4), 72.3 (d, JC,P  157.1 Hz, C-1), 65.3 (d, JC,P  8.1 Hz, C-3), 52.6 (d, JC,P  6.2 Hz, 

POCH3), 49.9 (d, JC,P  3.3 Hz, C-2), 22.1 (NHCOCH3);  31P NMR (121.5 MHz, CDCl3): 

δ  +15.24;  LRMS (ESI): m/z 294 [(M-H)-] 100%]; HRMS calcd for C9H14NO8P [M+Na]+ 

318.034924, found 318.036113. 

99: 1H NMR (600 MHz, D2O): δ 6.00 (d, 1H, J4,3  2.1 Hz, H-4), 4.29 (dd, 1H, J1,2  3.0 Hz, 

JH-1,P  5.4 Hz, H-1), 4.11 (app q, 1H, J2,1  2.7 Hz, J2,3  2.4 Hz, JH-2,P  2.7 Hz, H-2), 4.07 (app 

t, 1H, J3,4  2.1 Hz, J3,2  2.4 Hz, H-3), 3.69 (s, 3H, CO2CH3), 3.51 (d, 3H, JH,P  5.4 Hz, 

POCH3), 1.85 (s, 3H, NHCOCH3);  13C NMR (150 MHz, D2O): δ 164.9 (CO2CH3), 143.9 

(C-5), 111.8 (C-4), 73.5 (d, JC,P  77.5 Hz, C-1), 65.0 (d, JC,P  3.5 Hz, C-3), 53.7 (POCH3), 
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53.5 (CO2CH3), 50.5 (d, JC,P  2.0 Hz, C-2), 22.8 (NHCOCH3), [acetamido CO not 

observed]; LRMS (ESI): m/z 354 [(M+45)+ 100%]. 

 

6.1.6 Synthesis of compounds utilised during the preparation of 3-O-substituted 2-

acetamido-Δ4-β-D-glucuronides 

 

2-Acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-α-D-glucopyranoside412 (44) 

O

AcHN

AcO
AcO

OAc

OAc  
To a stirred solution of N-acetyl-D-glucosamine 107 (12.1 g, 54.6 mmol) in DCM (50 mL) 

under N2, was added pyridine (22 mL) followed by DMAP (cat.) and acetic anhydride (26 

mL, 273 mmol) at 0 ˚C.  The reaction was stirred at 0 ˚C for 15 min. and then at rt for 24 h.  

The reaction mixture was then cooled to 0 ˚C, water was added and the organic layer was 

separated.  The aqueous layer was then extracted with ethyl acetate (3 × 10 mL).  The 

combined organic layer was washed with brine, dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure.  The crude reaction product was purified by 

crystallisation from ethyl acetate/hexane to give the peracetylated compound 44 (20.5 g, 

96%) as a white solid.  Rf 0.39 (MeOH/DCM 0.6:9.4);  1H NMR (300 MHz, CDCl3): δ 

6.14 (d, 1H, J1,2  3.6 Hz, H-1), 5.56 (d, 1H, JNH,H-2  9.0 Hz, NH), 5.24-5.14 (m, 2H, H-3, H-

4), 4.49-4.41 (m, 1H, H-2), 4.22 (dd, 1H, J6,5  4.2 Hz, J6,6'  12.6 Hz, H-6), 4.03 (dd, 1H, J6',5  

2.4 Hz, J6',6  12.3 Hz, H-6'), 3.98-3.93 (m, 1H, H-5), 2.16 (s, 3H, OCOCH3), 2.05 (s, 3H, 

OCOCH3), 2.02 (s, 3H, OCOCH3), 2.01 (s, 3H, OCOCH3), 1.90 (s, 3H, NHCOCH3);  13C 

NMR (75.5 MHz, CDCl3): δ 171.7, 170.6, 169.9, 169.0 (OCOCH3), 168.6 (NHCOCH3), 

90.6 (C-1), 70.6 (C-3), 69.6 (C-5), 67.4 (C-4), 61.4 (C-6), 51.0 (C-2), 23.0 (NHCOCH3), 

20.9, 20.7, 20.6, 20.5 (OCOCH3); LRMS (ESI): m/z 412 [(M+Na)+ 100%].  The NMR data 

was in agreement with that reported in the literature.412 

 

3-Pentyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside (121) 

O

NHAc

AcO
AcO O

OAc

b'
c'

a b

c

 
To an oven dried flask containing 44 (6.0 g, 15.4 mmol) dissolved in anhydrous 1,2-

dichloroethane (50 mL) under Ar, was added TMSOTf (3 mL, 16.9 mmol) dropwise at rt.  

The reaction mixture was then warmed to 50 ˚C and stirred at this temperature for 12 h.  
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The resulting dark brown coloured solution was then cooled to rt, and 4 Å molecular sieves 

(flame dried) were added.  After 2 h, 3-pentanol (16 mL, 154 mmol) was added dropwise 

and the reaction mixture was stirred at rt for 48 h.  Upon completion of reaction as 

indicated by TLC analysis, the reaction mixture was quenched with Et3N, filtered and 

concentrated under reduced pressure to give a brown crude gum.  Flash chromatography 

(DCM→MeOH/DCM, 0.2:9.8) of the crude product afforded the title product 121 (6.1 g, 

95%) as a white solid compound.  Rf 0.44 (MeOH/DCM 0.6:9.4);  1H NMR (300 MHz, 

CDCl3): δ 5.86 (d, 1H, JNH,H-2  8.7 Hz, NH), 5.31 (dd, 1H, J3,4  9.3 Hz, J3,2  10.5 Hz, H-3), 

4.97 (app t, 1H, J4,3 = J4,5  9.3 Hz, H-4), 4.71 (d, 1H, J1,2  8.4 Hz, H-1), 4.18 (dd, 1H, J6,5  

5.1 Hz, J6,6'  12.3 Hz, H-6), 4.07 (dd, 1H, J6',5  2.7 Hz, J6',6  12.0 Hz, H-6'), 3.75-3.63 (m, 

2H, H-2, H-5), 3.45-3.35 (m, 1H, H-a), 2.01 (s, 3H, OCOCH3), 1.97 (s, 3H, OCOCH3), 

1.96 (s, 3H, OCOCH3), 1.87 (s, 3H, NHCOCH3), 1.56-1.38 (m, 4H, H-b, H-b'), 0.84-0.78 

(m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 170.7, 170.6, 170.1 (OCOCH3), 

169.4 (NHCOCH3), 100.1 (C-1), 83.3 (C-a), 72.3 (C-3), 71.3 (C-5), 69.0 (C-4), 62.3 (C-6), 

55.3 (C-2), 26.8, 25.9 (C-b, C-b'), 23.1 (NHCOCH3), 20.6, 20.5 (OCOCH3), 9.5, 9.1 (C-c, 

C-c'); LRMS (ESI): m/z 440 [(M+Na)+ 100%]. HRMS calcd for C19H31NO9 [M+Na]+ 

440.189103, found 440.188111. 

 

3-Pentyl 2-acetamido-2-deoxy-β-D-glucopyranoside (122) 

O

NHAc

HO
HO O

OH

b'
c'

a b

c

 
To a solution of 121 (6 g, 14.3 mmol) in anhydrous MeOH (60 mL) at 0 ˚C under Ar, was 

added a solution of NaOMe (1M in MeOH, 12 mL).  The reaction was initially stirred for 

10 min at 0 ˚C and then warmed to rt and monitored by TLC analysis.  After 2 h, the 

reaction was neutralised with Amberlite® IR-120 (H+) resin.  The resin was filtered-off, 

washed with MeOH (2 × 10 mL), and the filtrate was evaporated to give a yellow syrup, 

which was purified by flash chromatography (MeOH/DCM 1:9) to furnish the title 

compound 122 (4.1 g, 99%) as a light-yellow oil.  Rf 0.20 (MeOH/DCM 0.8:9.2);  1H 

NMR (300 MHz, CD3OD): δ 4.45 (d, 1H, J1,2  8.1 Hz, H-1), 3.85 (dd, 1H, J6',5  2.4 Hz, J6',6  

11.7 Hz, H-6'), 3.66 (dd, 1H, J6,5  5.4 Hz, J6,6'  11.7 Hz, H-6), 3.61-3.43 (m, 3H, H-2, H-a, 

H-3), 3.33-3.19 (m, 2H, H-4, H-5), 1.95 (s, 3H, NHCOCH3), 1.62-1.40 (m, 4H, H-b, H-b'), 

0.90-0.84 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CD3OD): δ 173.5 (NHCOCH3), 102.1 
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(C-1), 83.5 (C-a), 77.7 (C-5), 75.9 (C-3), 72.1 (C-4), 62.8 (C-6), 57.8 (C-2), 27.8, 26.5 (C-

b, C-b'), 23.0 (NHCOCH3), 9.9, 9.3 (C-c, C-c'); LRMS (ESI): m/z 314 [(M+Na)+ 100%]. 

 

Methyl (3-pentyl 2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosid)uronate 

(123) and (3-pentyl 2-acetamido-4-O-acetyl-2-deoxy-β-D-glucopyranosid)urono-6,3-

lactone (129) 

O

NHAc

AcO
AcO O

CO2Me

129

O

O

NHAcOAc

C
O

O

123

a b
c

a

b'
c'

b'
c'

b
c

 
To a solution of trihydroxy compound 122 (2.6 g, 8.9 mmol) in satd aq NaHCO3 (26 mL), 

cooled to 0 ˚C, was added KBr (0.11 g, 0.98 mmol), followed by TEMPO (0.12 g, 0.80 

mmol).  To this suspension was then added aq NaOCl solution (12.5% w/v, 21 mL) 

solution in small aliquots over 2 h.  After complete addition, the reaction mixture was 

stirred at 0-4 ˚C for 12 h.  The reaction mixture was then concentrated and lyophilised, and 

the dry salt mixture was suspended in DMF (40 mL) under N2, MeI (0.83 mL, 13.38 

mmol) added and the reaction stirred at rt for 24 h.  Thereafter, Ac2O (4.2 mL, 44.6 mmol) 

and DMAP (0.11 g, 0.98 mmol) were added and stirring was continued for a further 12 h at 

rt under N2.  After this time, water was added and the mixture was extracted with EtOAc (3 

× 50 mL).  The combined extracts were washed with H2O (2 × 30 mL), brine, dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure.  The crude residue 

was purified by flash chromatography (Acetone/hexane 1:9→3:7) to give an acetylated 

methyl uronate 123 (2.2 g over 3 steps, 61%) as a white fluffy solid.  Also recovered after 

chromatography was 6,3-lactone 129 (0.56 g, 19%). 

Compound 123:  Rf 0.38 (Acetone/hexane 2:3);  1H NMR (300 MHz, CDCl3): δ 5.60 (d, 

1H, JNH,H-2  8.4 Hz, NH), 5.46 (dd, 1H, J3,2  9.3 Hz, J3,4  9.6 Hz, H-3), 5.14 (app t, 1H, J4,3  

9.6 Hz, J4,5  9.9 Hz, H-4), 4.86 (d, 1H, J1,2  8.1 Hz, H-1), 4.01 (d, 1H, J5,4  9.9 Hz, H-5), 

3.71 (s, 3H, CO2CH3), 3.68-3.61 (m, 1H, H-2), 3.50-3.42 (m, 1H, H-a), 2.01 (s, 3H, 

OCOCH3), 1.99 (s, 3H, OCOCH3), 1.90 (s, 3H, NHCOCH3), 1.58-1.41 (m, 4H, H-b, H-b'), 

0.87-0.79 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 170.6, 170.1 (OCOCH3), 

169.5 (NHCOCH3), 167.6 (CO2CH3), 99.7 (C-1), 83.0 (C-a), 72.4 (C-5), 71.3 (C-3), 69.8 

(C-4), 55.5 (C-2), 52.7 (CO2CH3), 26.7, 25.6 (C-b, C-b'), 23.2 (NHCOCH3), 20.7, 20.5 

(OCOCH3), 9.4, 8.9 (C-c, C-c'); LRMS (ESI): m/z 426 [(M+Na)+ 100%]; HRMS calcd for 

C18H29NO9 [M+Na]+ 426.173453, found 426.172732. 
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Compound 129:  Rf 0.36 (Acetone/hexane 2:3);  1H NMR (300 MHz, CDCl3): δ 6.32 (d, 

1H, JNH,H-2  9.3 Hz, NH), 4.94 (dd, 1H, J4,5  3.3 Hz, J4,3  5.4 Hz, H-4), 4.82 (br s, 1H, H-1), 

4.71 (app dd, 1H, J3,2  3.9 Hz, J3,4  5.1 Hz, H-3), 4.66 (dd, 1H, J2,3  3.9 Hz, J2,NH  9.6 Hz, 

H-2), 4.23 (d, 1H, J5,4  3.3 Hz, H-5), 3.56-3.48 (m, 1H, H-a), 2.22 (s, 3H, OCOCH3), 2.01 

(s, 3H, NHCOCH3), 1.62-1.39 (m, 4H, H-b, H-b'), 0.86-0.79 (m, 6H, H-c, H-c');  13C NMR 

(75.5 MHz, CDCl3): δ 169.8 (OCOCH3), 168.9 (NHCOCH3), 168.2 (C-6), 100.9 (C-1), 

81.6 (C-a), 72.4 (C-3), 68.8 (C-4), 67.2 (C-5), 49.9 (C-2), 25.6, 23.8 (C-b, C-b'), 23.3 

(NHCOCH3), 20.7 (OCOCH3), 9.1, 8.6 (C-c, C-c'). 

 

6.1.7 Synthesis of 3-O-substituted 2-acetamido-Δ4-β-D-glucuronide derivatives 

 

Methyl (3-pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-

enopyranosid)uronate (130) 

a b
c

b'
c'

O

NHAc

CO2Me

AcO O

 
DBU (0.4 mL, 2.7 mmol) was added dropwise to a solution of 123 (0.5 g, 1.2 mmol) in 

anhyd DCM (15 mL) under Ar.  The light yellow solution was stirred at rt for 24 h, after 

which time, the reaction was stopped. The resulting dark brown solution was evaporated 

under reduced pressure and then directly loaded onto a column (Acetone/hexane 3:7) to 

furnish unsaturated compound 130 (0.22 g, 52%, 75% based on recovered starting 

material) as a light yellow oil.  Also recovered after chromatography was starting material 

123 (0.15 g, 23%).  Compound 130: Rf 0.46 (Acetone/hexane 2:3);  1H NMR (300 MHz, 

CDCl3): δ 6.23 (dd, 1H, J4,2  1.2 Hz, J4,3  4.8 Hz, H-4), 5.57 (d, 1H, JNH,H-2  9.0 Hz, NH), 

5.24 (d, 1H, J1,2  2.1 Hz, H-1), 5.01 (dddd, 1H, J3,1  0.9 Hz, J3,2  1.8 Hz, J3,4  4.5 Hz, H-3), 

4.37 (dq, 1H, J2,1  2.1 Hz, J2,3  1.8 Hz, J2,4  1.2 Hz, J2,NH  9.0 Hz, H-2), 3.80 (s, 3H, 

CO2CH3), 3.61-3.53 (m, 1H, H-a), 2.02 (s, 3H, OCOCH3), 1.94 (s, 3H, NHCOCH3), 1.56-

1.38 (m, 4H, H-b, H-b'), 0.86 (t, 3H, Jc,b  7.5 Hz, H-c), 0.78 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C 

NMR (75.5 MHz, CDCl3): δ 170.1 (OCOCH3), 169.4 (NHCOCH3), 162.5 (CO2CH3), 

142.4 (C-5), 107.6 (C-4), 96.8 (C-1), 81.4 (C-a), 64.6 (C-3), 52.5 (CO2CH3), 48.9 (C-2), 

26.4, 25.5 (C-b, C-b'), 23.1 (NHCOCH3), 20.8 (OCOCH3), 9.3, 9.1 (C-c, C-c'); LRMS 

(ESI): m/z 366 [(M+Na)+ 100%]. 
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Methyl (3-pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate 

(131) 

a b

c

b'
c'

O

NHAc

CO2Me

HO O

 
A solution of a compound 130 (0.88 g, 2.5 mmol) in anhyd MeOH was cooled to 0 ˚C and 

a solution of NaOMe (1M in MeOH, 1.2 mL) was added dropwise under Ar.  The reaction 

mixture was initially stirred for 10 min at 0 ˚C and then warmed to rt and the progress of 

the reaction was monitored by TLC analysis (Acetone/hexane 2:3).  After 12 h, the 

reaction mixture was neutralised with Amberlite® IR-120 (H+) resin.  The resin was 

filtered-off and, the filtrate evaporated under reduced pressure to give a yellow syrup, 

which was purified by flash chromatography (Acetone/hexane 3:7→2:3) to furnish 131 

(0.75 g, 97%) as a white fluffy solid.  Rf 0.35 (Acetone/hexane 2:3);  1H NMR (300 MHz, 

CDCl3): δ 6.33 (dd, 1H, J4,2  1.5 Hz, J4,3  5.1 Hz, H-4), 5.41 (d, 1H, JNH,H-2  8.4 Hz, NH), 

5.31 (app dd, 1H, J1,3  0.9 Hz, J1,2  1.8 Hz, H-1), 4.47 (dq, 1H, J2,1  1.8 Hz, J2,3  3.6 Hz, J2,4  

1.8 Hz, J2,NH  8.7 Hz, H-2), 3.82 (br s, 4H, H-3, CO2CH3), 3.67-3.57 (m, 1H, H-a), 3.33 (br 

s, 1H, OH), 1.94 (s, 3H, NHCOCH3), 1.58-1.37 (m, 4H, H-b, H-b'), 0.87 (t, 3H, Jc,b  7.5 

Hz, H-c), 0.78 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 169.6 

(NHCOCH3), 162.6 (CO2CH3), 140.1 (C-5), 112.1 (C-4), 97.4 (C-1), 82.8 (C-a), 63.3 (C-

3), 52.6 (CO2CH3), 49.7 (C-2), 26.5, 25.8 (C-b, C-b'), 23.2 (NHCOCH3), 9.6, 9.1 (C-c, C-

c'); LRMS (ESI): m/z 324 [(M+Na)+ 100%]; HRMS calcd for C14H23NO6 [M+Na]+ 

324.141759, found 324.141085. 

 

Methyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-

enopyranosid)uronate (133) 

a b
c

b'
c'

O

NHAc

CO2Me

O O

 
To a solution of 131 (0.376 g, 1.25 mmol.) in anhyd DMF (10 mL) was added methyl 

iodide (0.54 mL, 8.74 mmol) and phase transfer catalyst nBu4NI (0.092 g, 0.25 mmol) 

under Ar.  The reaction mixture was cooled to 0 ˚C and sodium hydride (0.067 g, 1.68 

mmol, 60% in mineral oil) was added.  The reaction mixture was initially stirred for 30 

min at 0 ˚C and then warmed to rt and the progress of the reaction was monitored by TLC 

analysis (EtOAc/DCM, 1:1).  After 24 h, the reaction mixture was cooled to 0 ˚C, at which 
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time a drop of acetic acid was added followed by addition of water.  The crude residue was 

extracted with EtOAc (3 × 50 mL).  The combined extracts were washed with satd 

NaHCO3 solution (20 mL), brine, and dried over anhydrous Na2SO4, filtered, and the 

filtrate evaporated under reduced pressure.  The crude yellow reaction product was purified 

by flash chromatography (EtOAc/DCM 0.5:9.5→2:3) to give the desired C-3 methyl ether 

substituted uronate derivative 133 (0.26 g, 66%) as a light yellowish sticky solid.  Rf 0.39 

(EtOAc/DCM 1:1);  1H NMR (300 MHz, CDCl3): δ 6.25 (dd, 1H, J4,2  1.2 Hz, J4,3  4.5 Hz, 

H-4), 5.61 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.23 (d, 1H, J1,2  2.7 Hz, H-1), 4.30 (app d, 1H, JH-

2,NH  8.7 Hz H-2), 3.79 (s, 3H, CO2CH3), 3.66 (dd, 1H, J3,2  2.1 Hz, J3,4  4.5 Hz, H-3), 3.56-

3.48 (m, 1H, H-a), 3.44 (s, 3H, OCH3), 1.94 (s, 3H, NHCOCH3), 1.55-1.41 (m, 4H, H-b, 

H-b'), 0.85 (t, 3H, Jc,b  7.5 Hz, H-c), 0.77 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, 

CDCl3): δ 169.5 (NHCOCH3), 162.8 (CO2CH3), 141.0 (C-5), 110.0 (C-4), 97.3 (C-1), 82.1 

(C-a), 72.6 (C-3), 56.8 (OCH3), 52.4 (CO2CH3), 49.0 (C-2), 26.5, 25.8 (C-b, C-b'), 23.2 

(NHCOCH3), 9.6, 9.3 (C-c, C-c'); LRMS (ESI): m/z 338 [(M+Na)+ 100%]. 

 

Ethyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-

enopyranosid)uronate (134) 

1'

1''

2'

2''

a b
c

b'
c'

O

NHAc
O O

O
O

 
Compound 134 was prepared from 3-O-alkylation of 131 (0.186 g, 0.618 mmol) with ethyl 

iodide (0.35 mL, 4.32 mmol) in a similar manner to that described for the synthesis of 133 

from 131.  The crude product was purified by flash chromatography (EtOAc/DCM 

0.5:9.5→3:7) to afford 134 (0.118 g, 56%) as colourless oil.  Rf 0.51 (EtOAc/DCM 

3.5:6.5);  1H NMR (300 MHz, CDCl3): δ 6.23 (dd, 1H, J4,2  1.2 Hz, J4,3  4.5 Hz, H-4), 5.53 

(d, 1H, JNH,H-2  8.7 Hz, NH), 5.24 (d, 1H, J1,2  2.7 Hz, H-1), 4.31-4.20 (m, 3H, H-2, H-1''), 

3.79-3.69 (m, 2H, H-3, H-1'), 3.64-3.49 (m, 2H, H-1', H-a), 1.94 (s, 3H, NHCOCH3), 1.55-

1.44 (m, 4H, H-b, H-b'), 1.29 (t, 3H, J2'',1''  7.3 Hz, H-2''), 1.18 (t, 3H, J2',1'  6.9 Hz, H-2'), 

0.86 (t, 3H, Jc,b  7.5 Hz, H-c), 0.80 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, 

CDCl3): δ 169.6 (NHCOCH3), 162.3 (CO2CH2CH3), 141.1 (C-5), 110.2 (C-4), 97.4 (C-1), 

82.2 (C-a), 70.8 (C-3), 64.2 (C-1'), 61.3 (C-1''), 49.3 (C-2), 26.5, 25.6 (C-b, C-b'), 23.0 

(NHCOCH3), 15.2 (C-2'), 14.0 (C-2''), 9.4, 9.2 (C-c, C-c'); LRMS (ESI): m/z 366 

[(M+Na)+ 100%]. 
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Alkylation of 131 with allyl bromide 
 
To a solution of 131 (0.205 g, 0.68 mmol.) in anhyd DMF (6 mL) was added allyl bromide 

(0.40 mL, 4.77 mmol) and phase transfer catalyst nBu4NI (0.050 g, 0.13 mmol) under Ar.  

The reaction mixture was cooled to 0 ˚C and sodium hydride (0.037 g, 0.92 mmol, 60% in 

mineral oil) was added.  The reaction mixture was initially stirred for 30 min at 0 ˚C and 

then warmed to rt and the progress of the reaction was monitored.  After 48 h, TLC 

analysis (EtOAc/DCM, 3.5:6.5) indicated complete consumption of the starting material, 

with the presence of two new spots.  The reaction mixture was cooled to 0 ˚C, at which 

time a drop of acetic acid was added followed by addition of water.  The crude residue was 

extracted with EtOAc (3 × 50 mL).  The combined extracts were washed with satd 

NaHCO3 solution (15 mL), brine, and dried over anhydrous Na2SO4, filtered, and the 

filtrate evaporated under reduced pressure.  Purification of the crude product by 

preparative TLC (EtOAc/DCM 3.5:6.5) led to the separation of two components, identified 

as 3-O-allylated methyl ester 135 (0.075 g, 34%) and 3-O-allylated allyl ester 136 (0.1 g, 

42%). 

 

Methyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-

enopyranosid)uronate (135) 

1'
2'

3'
a b

c

b'
c'

O

NHAc

CO2Me

O O

 
Rf 0.48 (EtOAc/DCM 3.5:6.5);  1H NMR (300 MHz, CDCl3): δ 6.21 (d, 1H, J4,3  4.2 Hz, 

H-4), 5.92-5.79 (m, 1H, H-2'), 5.66 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.31-5.11 (m, 3H, H-1, H-

3'), 4.29-4.06 (m, 3H, H-2, H-1'), 3.77 (br s, 4H, H-3, CO2CH3), 3.56-3.48 (m, 1H, H-a), 

1.92 (s, 3H, NHCOCH3), 1.50-1.40 (m, 4H, H-b, H-b'), 0.83 (t, 3H, Jc,b  7.5 Hz, H-c), 0.77 

(t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 169.5 (NHCOCH3), 162.8 

(CO2CH3), 140.9 (C-5), 134.4 (C-2'), 117.1 (C-3'), 110.5 (C-4), 97.2 (C-1), 82.0 (C-a), 

70.2 (C-3), 69.6 (C-1'), 52.4 (CO2CH3), 49.5 (C-2), 26.5, 25.7 (C-b, C-b'), 23.1 

(NHCOCH3), 9.5, 9.2 (C-c, C-c'); LRMS (ESI): m/z 364 [(M+Na)+ 100%].  
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Allyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-

enopyranosid)uronate (136) 

1''

2''
3''

1'
2'

3'

a b

c

b'
c'

O

NHAc
O O

O
O

 
Rf 0.57 (EtOAc/DCM 3.5:6.5);  1H NMR (300 MHz, CDCl3): δ 6.25 (dd, 1H, J4,2  1.2 Hz, 

J4,3  4.5 Hz, H-4), 5.97-5.80 (m, 2H, H-2', H-2''), 5.63 (d, 1H, JNH,H-2  8.7 Hz, NH), 5.36-

5.11 (m, 5H, H-1, H-3', H-3''), 4.73-4.61 (m, 2H, H-1''), 4.31-4.06 (m, 3H, H-2, H-1'), 3.79 

(dd, 1H, J3,2  2.1 Hz, J3,4  4.8 Hz, H-3), 3.56-3.48 (m, 1H, H-a), 1.93 (s, 3H, NHCOCH3), 

1.54-1.41 (m, 4H, H-b, H-b'), 0.84 (t, 3H, Jc,b  7.5 Hz, H-c), 0.78 (t, 3H, Jc',b'  7.5 Hz, H-c');  
13C NMR (75.5 MHz, CDCl3): δ 169.5 (NHCOCH3), 162.0 (CO2CH2CH=CH2), 141.0 (C-

5), 134.4 (C-2'), 131.3 (C-2''), 118.9 (C-3''), 117.1 (C-3'), 110.7 (C-4), 97.3 (C-1), 82.1 (C-

a), 70.2 (C-3), 69.6 (C-1'), 65.9 (C-1''), 49.5 (C-2), 26.5, 25.7 (C-b, C-b'), 23.2 

(NHCOCH3), 9.6, 9.3 (C-c, C-c'); LRMS (ESI): m/z 390 [(M+Na)+ 100%]. 

 

Methyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-vinyl-α-L-threo-hex-4-

enopyranosid)uronate (138) 

1'2''
a b

c

b'
c'

O

NHAc

CO2Me

O O

137

O

NHAc

CO2Me

O O
Me

OEt
H

H
2'

138

c
ba

b'
c'  

To a solution of compound 131 (0.165 g, 0.54 mmol) in anhyd DCM (10 mL) was added 

ethyl vinyl ether (0.26 mL, 2.74 mmol) and pyridinium p-toluenesulfonate (cat.) under Ar 

and the mixture was stirred at rt.  The progress of the reaction was monitored by TLC and 

after 16 h, solid NaHCO3 (60 mg) was added and the reaction was stirred for a further 10-

15 min.  The reaction mixture was then filtered and the filtrate evaporated to dryness under 

reduced pressure to afford crude mixed acetal 137.  Rf 0.35 (EtOAc/DCM 2:3);  1H NMR 

of the crude product confirmed its formation and it was used without purification for the 

next step.  1H NMR (300 MHz, CDCl3): δ 6.27-6.20 (m, 1H, H-4), 5.55-5.48 (m, 1H, NH), 

5.27-5.23 (m, 1H, H-1), 4.99-4.78 (m, 1H, H-1'), 4.29-4.23 (m, 1H, H-2), 4.06-3.99 (m, 

1H, H-3), 3.81 (s, 3H, CO2CH3), 3.78-3.36 (m, 3H, OCH2CH3, H-a), 1.94 (s, 3H, 

NHCOCH3), 1.54-1.47 (m, 4H, H-b, H-b'), 1.34-1.29 (m, 6H, CHCH3, OCH2CH3), 0.88-

0.77 (m, 6H, H-c, H-c');  LRMS (ESI): m/z 396 [(M+Na)+ 100%]. 
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To an above solution of the mixed acetal 137 in anhyd DCM (10 mL) was added Et3N 

(0.078 mL, 0.56 mmol) followed by a slow addition of TMSOTf (0.099 mL, 0.55 mmol) at 

0 ˚C under Ar.  The progress of the reaction was monitored by TLC analysis with complete 

consumption of acetal 137 in 40 min.  Water and aq NaOH (1 M, 0.3 mL) was added 

followed by DCM.  The organic phase was separated, washed with brine, dried over 

anhydrous Na2SO4, filtered, and evaporated under reduced pressure.  The crude product 

was purified by preparative TLC (EtOAc/DCM 3:7) to afford vinyl substituted product 138 

(0.03 g over 2 steps, 17%) as a colourless oil.  Rf 0.45 (EtOAc/DCM 3.5:6.5);  1H NMR 

(300 MHz, CDCl3): δ 6.46 (dd, 1H, J1',2''  6.6 Hz, J1',2'  14.1 Hz, H-1'), 6.24 (dd, 1H, J4,2  1.2 

Hz, J4,3  4.5 Hz, H-4), 5.67 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.28 (d, 1H, J1,2  2.7 Hz, H-1), 

4.45 (dd, 1H, J2',2''  2.1 Hz, J2',1'  14.1 Hz, H-2'), 4.34-4.26 (m, 2H, H-2, H-3), 4.13 (dd, 1H, 

J2'',2'  2.1 Hz, J2'',1'  6.6 Hz, H-2''), 3.81 (s, 3H, CO2CH3), 3.59-3.50 (m, 1H, H-a), 1.96 (s, 

3H, NHCOCH3), 1.55-1.43 (m, 4H, H-b, H-b'), 0.87-0.77 (m, 6H, H-c, H-c');  13C NMR 

(75.5 MHz, CDCl3): δ 169.7 (NHCOCH3), 162.6 (CO2CH3), 149.7 (C-1'), 141.8 (C-5), 

108.6 (C-4), 97.2 (C-1), 89.7 (C-2'), 82.1 (C-a), 69.5 (C-3), 52.5 (CO2CH3), 49.5 (C-2), 

26.5, 25.6 (C-b, C-b'), 23.2 (NHCOCH3), 9.5, 9.2 (C-c, C-c'); LRMS (ESI): m/z 350 

[(M+Na)+ 100%]; HRMS calcd for C16H25NO6 [M+Na]+ 350.157409, found 350.156417. 

 

3-Pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (139) 

a b

c

b'
c'

O

NHAc

CO2H

HO O

 
To a solution of compound 131 (0.1 g, 0.33 mmol) in MeOH:H2O (1:1) at 0 ˚C, was added 

aq NaOH (0.5 N) to make pH 13.  The reaction mixture was stirred at rt and monitored by 

TLC analysis (Acetone/hexane 2:3).  After 16 h, the reaction mixture was neutralised with 

Amberlite® IR-120 (H+) resin.  The resin was filtered-off and, the filtrate was evaporated 

under reduced pressure to give a light yellow syrup.  This was purified by column 

chromatography (EtOAc/MeOH/H2O 8:1.5:0.5), to give a colourless oil which was 

lyophilised to afford an amorphous solid.  The product was further purified by RP-HPLC 

(isocratic elution with 0.05% TFA in 19% MeCN in water at a flow rate of 3mL/min and 

column temperature of 40 ˚C: retention time 20.10-21.22 min) and then lyophilised to give 

pure 139 (0.09 g, 95%) as a white solid.  Rf 0.15 (EtOAc/MeOH/H2O 8:1.5:0.5);  1H NMR 

(300 MHz, D2O/CH3OD): δ 6.03 (dd, 1H, J4,2  0.9 Hz, J4,3  4.2 Hz, H-4), 5.07 (d, 1H, J1,2  

4.8 Hz, H-1), 3.98 (t, 1H, J3,4  4.2 Hz, H-3), 3.90 (t, 1H, J2,1  4.5 Hz, H-2), 3.48-3.40 (m, 
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1H, H-a), 1.80 (s, 3H, NHCOCH3), 1.40-1.28 (m, 4H, H-b, H-b'), 0.71-0.61 (m, 6H, H-c, 

H-c');  13C NMR (75.5 MHz, D2O/CH3OD): δ 174.7 (NHCOCH3), 166.1 (CO2H), 141.8 

(C-5), 113.1 (C-4), 99.2 (C-1), 84.7 (C-a), 65.1 (C-3), 53.3 (C-2), 27.2, 26.6 (C-b, C-b'), 

22.7 (NHCOCH3), 10.0, 9.5 (C-c, C-c'); LRMS (ESI, -ve ion mode): m/z 286 [(M-H)- 

100%]; LRMS (ESI, +ve ion mode): m/z 310 [(M+Na)+ 100%]; HRMS calcd for 

C13H21NO6 [M+H]+ 288.144164, found 288.143451. 

 

3-Pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic 

acid (140) 

a b

c

b'
c'

O

NHAc

CO2H

O O

O
 

Compound 139 (0.03 g, 0.10 mmol) was dissolved in anhyd pyridine (1 mL) and acetic 

anhydride (0.5 mL) was added and the reaction was stirred at rt for 16 h under N2.  The 

reaction mixture was concentrated under reduced pressure to give brown oil which was 

purified by flash chromatography (EtOAc/MeOH/H2O 8:1.5:0.5) to give compound 140 

(0.013 g, 38%) as a colourless oil.  This oil was dissolved in water and then lyophilised to 

afford 140 as a white amorphous solid.  Rf 0.24 (EtOAc/MeOH/H2O 8:1.5:0.5);  1H NMR 

(300 MHz, D2O): δ 5.99 (dd, 1H, J4,2  0.9 Hz, J4,3  4.2 Hz, H-4), 5.18 (d, 1H, J1,2  3.9 Hz, 

H-1), 5.09 (t, 1H, J3,4  3.9 Hz, H-3), 4.10 (t, 1H, J2,1  3.6 Hz, H-2), 3.59-3.51 (m, 1H, H-a), 

1.96 (s, 3H, OCOCH3), 1.85 (s, 3H, NHCOCH3), 1.47-1.27 (m, 4H, H-b, H-b'), 0.74 (t, 3H, 

Jc,b  7.5 Hz, H-c), 0.68 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, D2O): δ 173.9 

(NHCOCH3), 173.0 (OCOCH3), 166.2 (CO2H), 144.0 (C-5), 106.0 (C-4), 96.8 (C-1), 83.1 

(C-a), 66.1 (C-3), 49.5 (C-2), 26.0, 25.3 (C-b, C-b'), 21.6 (NHCOCH3), 20.2 (OCOCH3), 

8.9, 8.5 (C-c, C-c'); LRMS (ESI, -ve ion mode): m/z 328 [(M-H)- 100%]; LRMS (ESI, +ve 

ion mode): m/z 352 [(M+Na)+ 100%]; HRMS calcd for C15H23NO7 [M+Na]+ 352.136673, 

found 352.135974. 

 

General procedure for base catalysed de-esterification of compounds 133-136 
 
To a solution of compound 133-136 in MeOH:H2O (1:1) at 0 ˚C, was added aq NaOH (0.5 

N) to make pH 13.  The reaction mixture was stirred at rt and monitored by TLC analysis 

(EtOAc/DCM 3.5:6.5).  After 16 h, the reaction mixture was neutralised with Amberlite® 

IR-120 (H+) resin.  The resin was filtered-off and the filtrate was evaporated under reduced 

pressure to give a light yellow syrup.  The crude product was purified by column 
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chromatography (EtOAc/MeOH/H2O 8:1.5:0.5) to give a colourless oil which was 

lyophilised to afford an amorphous solid.  The material obtained was further purified by 

RP-HPLC and then lyophilised to give pure product 141, 132 and 142. 

 

3-Pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-enopyranosiduronic 

acid (141) 

a b

c

b'
c'

O

NHAc

CO2H

O O

 
Prepared from 133 (0.2 g, 0.63 mmol), according to the general procedure for de-

esterification.   

Yield: (0.15 g, 78%);  Rf 0.18 (EtOAc/MeOH/H2O 8:1.5:0.5);  HPLC purification 

conditions: isocratic elution with 0.05% TFA in 20% MeCN in water at a flow rate of 

3mL/min and column temperature of 40 ˚C: retention time 25.50-26.92 min;  1H NMR 

(300 MHz, D2O):  1H NMR (300 MHz, D2O): δ 5.99 (d, 1H, J4,3  3.6 Hz, H-4), 5.08 (d, 1H, 

J1,2  3.9 Hz, H-1), 4.07 (t, 1H, J2,1  3.6 Hz, H-2), 3.71 (t, 1H, J3,2  3.6 Hz, H-3), 3.53-3.48 

(m, 1H, H-a), 3.28 (s, 3H, OCH3), 1.85 (s, 3H, NHCOCH3), 1.44-1.25 (m, 4H, H-b, H-b'), 

0.73 (t, 3H, Jc,b  7.5 Hz, H-c), 0.65 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, D2O): 

δ 173.8 (NHCOCH3), 106.3 (C-4), 97.2 (C-1), 83.0 (C-a), 73.2 (C-3), 56.0 (OCH3), 49.1 

(C-2), 26.1, 25.6 (C-b, C-b'), 21.7 (NHCOCH3), 9.1, 8.6 (C-c, C-c'), [CO2H and C-5 peak 

was not observed in 13C NMR]; LRMS (ESI, -ve ion mode): m/z 300 [(M-H)- 100%]; 

HRMS calcd for C14H23NO6 [M+Na]+ 324.141759, found 324.140765. 

 

3-Pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-enopyranosiduronic acid 

(132) 

1'2'
a b

c

b'
c'

O

NHAc

CO2H

O O

 
Prepared from 134 (0.075 g, 0.21 mmol), according to the general procedure for de-

esterification. 

Yield: (0.056 g, 82%);  Rf 0.27 (EtOAc/MeOH/H2O 8:1.5:0.5);  HPLC purification 

conditions: isocratic elution with 0.05% TFA in 27% MeCN in water at a flow rate of 

3mL/min and column temperature of 40 ˚C: retention time 20.45-22.12 min;  1H NMR 

(300 MHz, D2O): δ 6.13 (d, 1H, J4,3  3.9 Hz, H-4), 5.10 (d, 1H, J1,2  4.5 Hz, H-1), 4.05 (t, 
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1H, J2,1  4.5 Hz, H-2), 3.91 (t, 1H, J3,2  3.9 Hz, H-3), 3.65-3.46 (m, 3H, H-1', H-a), 1.87 (s, 

3H, NHCOCH3), 1.46-1.31 (m, 4H, H-b, H-b'), 1.05 (t, 3H, J2',1'  7.2 Hz, H-2'), 0.75-0.66 

(m, 6H, H-c, H-c');  13C NMR (75.5 MHz, D2O): δ 173.9 (NHCOCH3), 165.5 (CO2H), 

141.5 (C-5), 110.1 (C-4), 98.1 (C-1), 83.7 (C-a), 71.6 (C-3), 64.9 (C-1'), 50.0 (C-2), 26.0, 

25.4 (C-b, C-b'), 21.7 (NHCOCH3), 14.2 (C-2'), 8.9, 8.4 (C-c, C-c'); LRMS (ESI, -ve ion 

mode): m/z 315 [(M)- 100%]; LRMS (ESI, +ve ion mode): m/z 339 [(M+24)+ 100%]; 

HRMS calcd for C15H25NO6 [M+Na]+ 338.157409, found 338.157299. 

 

3-Pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid 

(142) 

1'
2'

3'
a b

c

b'
c'

O

NHAc

CO2H

O O

 
Prepared from 135 (0.072 g, 0.21 mmol) and 136 (0.098 g, 0.26 mmol) mixture, according 

to the general procedure for de-esterification. 

Yield: (0.099 g, 60% based on 135; 65% based on 136);  Rf 0.30 [EtOAc/MeOH/H2O 

8:1.5:0.5);  HPLC purification conditions: isocratic elution with 0.05% TFA in 35% MeCN 

in water at a flow rate of 3mL/min and column temperature of 40 ˚C: retention time 14.34-

15.92 min;  1H NMR (300 MHz, D2O/CH3OD): δ 6.26 (d, 1H, J4,3  3.3 Hz, H-4), 5.99-5.85 

(m, 1H, H-2'), 5.36-5.22 (m, 3H, H-1, H-3'), 4.19-4.15 (m, 3H, H-2, H-1'), 4.01 (t, 1H, J3,2  

3.9 Hz, H-3), 3.64-3.56 (m, 1H, H-a), 1.98 (s, 3H, NHCOCH3), 1.58-1.44 (m, 4H, H-b, H-

b'), 0.87 (t, 3H, Jc,b  7.5 Hz, H-c), 0.81 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, 

D2O/CH3OD): δ 174.5 (NHCOCH3), 166.2 (CO2H), 142.9 (C-5), 134.8 (C-2'), 119.3 (C-

3'), 111.1 (C-4), 98.8 (C-1), 84.3 (C-a), 71.9 (C-3), 70.9 (C-1'), 51.2 (C-2), 27.3, 26.6 (C-b, 

C-b'), 22.7 (NHCOCH3), 10.1, 9.6 (C-c, C-c'); LRMS (ESI, -ve ion mode): m/z 326 [(M-

H)- 100%]; LRMS (ESI, +ve ion mode): m/z 351 [(M+24)+ 100%]; HRMS calcd for 

C16H25NO6 [M+H]+ 328.175464, found 328.175083. 
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6.1.8 Synthesis of compounds utilised towards attempted preparation of 4-O-

substituted 2-acetamido-Δ4-β-D-glucuronides 

 

3-Pentyl 2-acetamido-3,6-di-O-benzoyl-2-deoxy-β-D-glucopyranoside (164) 

O

NHAc

HO
BzO O

OBz

a b
c

b'
c'  

A stirred solution of 3-pentyl 2-acetamido-2-deoxy-β-D-glucopyranoside 122 (0.93 g, 3.2 

mmol) in pyridine (20 mL) under N2 was cooled to -45 ˚C, and benzoyl chloride (0.81 mL, 

7.0 mmol) was added and the reaction mixture was stirred at -45 ˚C for 2 h.  The mixture 

was diluted with CHCl3 (50 mL) and washed successively with H2O (50 mL), 5% aqueous 

HCl (2 × 50 mL) and saturated aqueous NaHCO3 (50 mL) solutions.  The combined 

organic layer was washed with brine, dried over anhydrous Na2SO4, filtered, and 

evaporated under reduced pressure.  The crude reaction product was purified by 

crystallisation from EtOAc/hexane mixture to give 2,6-dibenzoylated derivative 164 (1.4 g, 

88%) as a white crystalline solid.  Rf 0.40 (EtOAc/hexane 1:1);  1H NMR (300 MHz, 

CDCl3): δ 8.02-7.93 (m, 4H, aromatic H), 7.56-7.48 (m, 2H, aromatic H), 7.42-7.32 (m, 

4H, aromatic H), 6.34 (d, 1H, JNH,H-2  9.0 Hz, NH), 5.61 (dd, 1H, J3,4  8.7 Hz, J3,2  10.5 Hz, 

H-3), 4.85 (d, 1H, J1,2  8.1 Hz, H-1), 4.71 (dd, 1H, J6',5  2.4 Hz, J6',6  12 Hz, H-6'), 4.60 (dd, 

1H, J6,5  5.7 Hz, J6,6'  12.0 Hz, H-6), 4.02 (dd, 1H, J2,NH  8.7 Hz, J2,3  10.5 Hz, H-2), 3.89-

3.72 (m, 2H, H-4, H-5), 3.49-3.39 (m, 1H, H-a), 1.82 (s, 3H, NHCOCH3), 1.65-1.41 (m, 

4H, H-b, H-b'), 0.86-0.78 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 170.4 

(NHCOCH3), 167.4, 166.8 (2 × OCOPh), 133.4, 133.1, 129.8, 129.7, 129.1, 128.4, 128.3 

(aromatic), 100.4 (C-1), 83.4 (C-a), 76.2 (C-3), 73.6 (C-5), 69.9 (C-4), 64.0 (C-6), 55.0 (C-

2), 27.0, 26.0 (C-b, C-b'), 23.2 (NHCOCH3), 9.6, 9.3 (C-c, C-c'); LRMS (ESI): m/z 522 

[(M+Na)+ 100%]. 

 

3-Pentyl 2-acetamido-3,6-di-O-benzoyl-4-O-benzyl-2-deoxy-β-D-glucopyranoside 

(165) 

O

NHAc

BnO
BzO O

OBz

a b

c

b'
c'  

To an ice-cooled solution of 164 (0.176 g, 0.35 mmol), nBu4NI (0.026 g, 0.07 mmol), and 

BnBr (0.29 mL, 2.46 mmol) in DMF (2 mL) was added NaH (0.019 g of a 60% oil 



 

189

dispersion, 0.47 mmol) under N2.  The ice bath was removed, and the mixture was stirred 

at room temperature for 20 min.  The reaction was quenched by the addition of 3-4 drops 

of AcOH, and the mixture was diluted with DCM (20 mL), and washed with H2O (2 × 20 

mL) and brine (10 mL).  The organic solution was dried over anhydrous Na2SO4, filtered, 

concentrated under reduced pressure and the residue purified by column chromatography 

(EtOAc/hexane 0.5:9.5→3:7) to afford 165 (0.148 g, 71%) as a light-yellow oil.  Rf 0.54 

(EtOAc/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ 8.10-8.05 (m, 4H, aromatic H), 7.63-

7.59 (m, 2H, aromatic H), 7.50-7.40 (m, 4H, aromatic H), 7.34-7.10 (m, 5H, aromatic H), 

6.37 (d, 1H, JNH,H-2  9.3 Hz, NH), 5.65 (dd, 1H, J3,4  8.7 Hz, J3,2  10.8 Hz, H-3), 4.64-4.44 

(m, 5H, CH2Ph, H-1, H-6, H-6'), 4.34 (dd, 1H, J2,NH  9.6 Hz, J2,3  10.2 Hz, H-2), 3.94-3.76 

(m, 2H, H-4, H-5), 3.38-3.29 (m, 1H, H-a), 1.88 (s, 3H, NHCOCH3), 1.55-1.40 (m, 4H, H-

b, H-b'), 0.86-0.78 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 170.1 

(NHCOCH3), 167.0, 166.2 (2 × OCOPh), 136.9, 133.6, 133.1, 129.9, 129.8, 129.7, 128.6, 

128.5, 128.4, 128.3, 128.2, 128.1 (aromatic), 101.0 (C-1), 83.0 (C-a), 76.3, 76.2 (C-3/C-4), 

74.9 (CH2Ph), 72.7 (C-5), 63.3 (C-6), 54.5 (C-2), 27.0, 26.0 (C-b, C-b'), 23.2 (NHCOCH3), 

9.6, 9.2 (C-c, C-c'); LRMS (ESI): m/z 612 [(M+Na)+ 100%]. 

 

3-Pentyl 2-acetamido-4-O-benzyl-2-deoxy-β-D-glucopyranoside (166) 

O

NHAc

BnO
HO O

OH

a b

c

b'
c'  

A solution of 165 (0.14 g, 0.23 mmol) in anhydrous MeOH (4 mL) was treated with 

NaOMe (0.5 mL of a 1M solution in MeOH) at 0 ˚C under Ar.  The reaction mixture was 

initially stirred for 10 min at 0 ˚C and then warmed to room temperature and stirred for 12 

h.  The reaction mixture was neutralised with Amberlite® IR-120 (H+) resin, filtered and 

the resin was rinsed with a further amount of MeOH (20 mL).  The combined organic 

solution was concentrated under reduced pressure to give a yellow syrup, which on flash 

chromatography (DCM→MeOH/DCM 0.8:9.2) furnished the title compound 166 (0.088 g, 

98%) as a clear oil.  Rf 0.24 (MeOH/DCM 0.6:9.4);  1H NMR (300 MHz, CD3OD): δ 7.46-

7.25 (m, 5H, aromatic H), 4.96 (d, 1H, Jgem  11.1 Hz, CHPh), 4.68 (d, 1H, Jgem  10.8 Hz, 

CHPh), 4.47 (d, 1H, J1,2  8.1 Hz, H-1), 3.84 (dd, 1H, J6',5  2.1 Hz, J6',6  12.0 Hz, H-6'), 3.71-

3.63 (m, 3H, H-2, H-5, H-6), 3.54-3.25 (m, 3H, H-a, H-3, H-4), 1.97 (s, 3H, NHCOCH3), 

1.65-1.41 (m, 4H, H-b, H-b'), 0.91-0.84 (m, 6H, H-c, H-c'); LRMS (ESI): m/z 404 

[(M+Na)+ 100%]. 
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Methyl [3-pentyl 3-O-acetyl-2-(N,N-diacetylamino)-4-O-benzyl-2-deoxy-β-D-

glucopyranosid]uronate (163) 

O

NAc2

BnO
AcO O

CO2Me

a b
c

b'
c'  

To a solution of 3-O-benzylated diol 166 (0.08 g, 0.20 mmol) and TEMPO (0.41 mg, 

0.0026 mmol) in DCM (1 mL) was added a solution of satd aq NaHCO3 (0.4 mL) 

containing KBr (2.24 mg, 0.018 mmol) and nBu4NBr (0.32 mg, 0.0010 mmol).  The 

biphasic solution was stirred vigorously at 0 ˚C, while a solution of aq NaOCl (12.5% w/v, 

0.5 mL), containing satd aq NaHCO3 (0.26 mL) and satd aq NaCl (0.4 mL), was added 

dropwise over 10 min.  After 30 min, a further portion of aq NaOCl (12.5% w/v, 0.5 mL) 

was added and the reaction mixture was stirred for another 15 min.  The resulting mixture 

was acidified to pH 2 using dilute HCl (4M) and diluted with CHCl3 (10 mL).  The layers 

were separated and the organic layer was washed with H2O (2 × 10mL) followed by brine 

(10 mL) and then dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure.  To a solution of the residue in anhydrous MeOH (3 mL) was added CH(OMe)3 

(0.045 mL, 0.42 mmol), followed by cautious addition of SOCl2 (0.015 mL, 0.20 mmol) 

and the reaction was stirred under Ar at rt for 30 min. and then co-evaporated in vacuo 

with toluene to dryness.  To the completely dried residue was added isopropenyl acetate (2 

mL) and p-toluenesulfonic acid monohydrate (0.020 g, 0.10 mmol) and the reaction 

mixture was heated at 65 ˚C under Ar for 3.5 h.  The reaction mixture was then cooled to 

room temperature, quenched with Et3N (0.2 mL) and concentrated under reduced pressure.  

The crude reaction material was purified by flash chromatography (EtOAc/hexane 

0.5:9.5→3:7) to give the N,N,O-triacetylated methyl uronate 163 (0.034 g, 34% over 3 

steps) as a white foam.  Rf 0.39 (EtOAc/hexane 3:7);  1H NMR (300 MHz, CDCl3): δ 7.33-

7.16 (m, 5H, aromatic H), 5.83 (dd, 1H, J3,4  8.7 Hz, J3,2  10.5 Hz, H-3), 5.42 (d, 1H, J1,2  

7.8 Hz, H-1), 4.58 (d, 1H, Jgem  11.4 Hz, CHPh), 4.49 (d, 1H, Jgem  11.4 Hz, CHPh), 4.06 

(d, 1H, J5,4  9.9 Hz, H-5), 3.87 (dd, 1H, J4,3  8.7 Hz, J4,5  9.9 Hz, H-4), 3.74 (s, 3H, 

CO2CH3), 3.63 (dd, 1H, J2,1  7.8 Hz, J2,3  10.5 Hz, H-2), 3.49-3.42 (m, 1H, H-a), 2.32 (s, 

3H, NCOCH3), 2.29 (s, 3H, NCOCH3), 1.87 (s, 3H, OCOCH3), 1.55-1.32 (m, 4H, H-b, H-

b'), 0.81 (t, 3H, Jc,b  7.5 Hz, H-c), 0.71 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, 

CDCl3): δ 174.7 (OCOCH3), 174.0, 169.5 (2 × NCOCH3), 168.9 (CO2CH3), 137.5, 128.5, 

128.4, 128.0, 127.8, 127.6 (aromatic), 98.9 (C-1), 82.7 (C-a), 78.8 (C-5), 74.3 (CH2Ph), 

73.7 (C-4), 71.8 (C-3), 62.6 (C-2), 52.6 (CO2CH3), 27.8 (NCOCH3), 26.4, 25.2 (C-b, C-b'), 
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25.1 (NCOCH3), 20.5 (OCOCH3), 9.3, 8.7 (C-c, C-c'); LRMS (ESI): m/z 516 [(M+Na)+ 

100%]. 

 

3-Pentyl 2-acetamido-4,6-O-benzylidene-2-deoxy-β-D-glucopyranoside (112) 

O

NHAc

O
HO O

OPh
a b

c

b'
c'  

A solution of 3-pentyl 2-acetamido-2-deoxy-β-D-glucopyranoside 122 (1.47 g, 5.05 

mmol), benzaldehyde dimethyl acetal (1.51 mL, 10.1 mmol), and p-toluenesulfonic acid 

monohydrate (0.019 g, 0.10 mmol) in DMF (15 mL) was rotated on a rotary evaporator for 

5h at 45-50 ˚C under 20 mbar pressure.  During the progress of the reaction, most of the 

DMF was evaporated, and to the semi-solid mixture was added DCM (200 mL) and the 

solution was extracted with satd aq NaHCO3 (2 × 50 mL), H2O (4 × 50 mL), and brine (30 

mL).  The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated in 

vacuo until a solid precipitated.  The precipitate was crystallised from EtOAc/hexane to 

furnish benzylidene protected compound 112 (1.9 g, 99%) as a white powder.  Rf 0.50 

(MeOH/DCM 1:9);  1H NMR (300 MHz, CDCl3 with few drops of CD3OD): δ 7.47-7.43 

(m, 2H, aromatic H), 7.34-7.29 (m, 3H, aromatic H), 5.50 (s, 1H, CHPh), 4.76 (d, 1H, J1,2  

8.1 Hz, H-1), 4.29 (dd, 1H, J6,5  4.8 Hz, J6,6'  10.5 Hz, H-6), 4.08 (dd, 1H, J3,4  8.7 Hz, J3,2  

9.9 Hz, H-3), 3.77 (app t, 1H, J6',6  10.2 Hz, H-6'), 3.51-3.32 (m, 4H, H-2, H-4, H-5, H-a), 

1.96 (s, 3H, NHCOCH3), 1.53-1.42 (m, 4H, H-b, H-b'), 0.86 (t, 6H, Jc,b  7.5 Hz, H-c, H-c');  
13C NMR (75.5 MHz, CDCl3 with few drops of CD3OD): δ 171.9 (NHCOCH3), 136.9, 

129.1, 128.2, 126.2 (aromatic), 101.7 (CHPh), 100.0 (C-1), 82.7 (C-a), 81.7 (C-4), 70.4 (C-

3), 68.6 (C-6), 65.9 (C-5), 58.6 (C-2), 26.7, 25.5 (C-b, C-b'), 23.1 (NHCOCH3), 9.4, 8.8 

(C-c, C-c'); LRMS (ESI): m/z 402 [(M+Na)+ 100%]; HRMS calcd for C20H29NO6 [M+Na]+ 

402.188709, found 402.188959. 
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3-Pentyl 2-(N-acetyl-N-pivaloylamino)-4,6-O-benzylidene-2-deoxy-3-O-pivaloyl-β-D-

glucopyranoside (174) and 3-Pentyl 2-(N-acetyl-N-pivaloylamino)-4,6-O-benzylidene-

2-deoxy-β-D-glucopyranoside (175) 

175174

O

N

O
PivO O

OPh

AcPiv

O

N

O
HO O

OPh

AcPiv

a b
c

b'
c'

a b
c

b'
c'

 
To a solution of 112 (1.55 g, 4.09 mmol) in anhydrous DCM (10 mL) at 0 ˚C under Ar was 

added anhydrous pyridine (5 mL), followed by dropwise addition of pivaloyl chloride (2.5 

mL, 20.45 mmol), and a catalytic amount of DMAP.  The reaction mixture was allowed to 

attain ambient temperature and was stirred for 24 h.  The reaction mixture was again 

cooled to 0 ˚C and quenched by slow addition of H2O (10 mL, then diluted with DCM (100 

mL).  The organic phase was separated and washed successively with H2O (50 mL), satd 

aq NaHCO3 (50 mL) and brine (30 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure.  TLC analysis indicated two spots which were 

separated using column chromatography (EtOAc/hexane 0.8:9.2→3:7), the fast moving 

spot was the desired product 174 (1.5 g, 68%) obtained as a white solid.  Rf 0.43 

(EtOAc/hexane 1:9);  1H NMR of 174 (300 MHz, CDCl3): δ 7.39-7.28 (m, 5H, aromatic 

H), 5.56 (d, 1H, J1,2  7.8 Hz, H-1), 5.50 (app d, 1H, J3,2 = J3,4  10.5 Hz, H-3), 5.46 (s, 1H, 

CHPh), 4.34 (dd, 1H, J6,5  4.8 Hz, J6,6'  10.2 Hz, H-6), 3.77-3.48 (m, 5H, H-2, H-4, H-5, H-

6', H-a), 2.28 (s, 3H, NCOCH3), 1.53-1.37 (m, 4H, H-b, H-b'), 1.21 [s, 9H, NCOC(CH3)3], 

1.17 [s, 9H, OCOC(CH3)3], 0.83 (t, 3H, Jc,b  7.5 Hz, H-c), 0.74 (t, 3H, Jc',b'  7.5 Hz, H-c');  
13C NMR (75.5 MHz, CDCl3): δ 188.2 [NCOC(CH3)3], 176.8 [OCOC(CH3)3], 175.1 

(NCOCH3), 136.9, 128.8, 128.1, 125.8 (aromatic), 100.9 (CHPh), 100.0 (C-1), 82.2 (C-a), 

80.7 (C-4), 69.3 (C-3), 68.7 (C-6), 65.0 (C-5), 63.1 (C-2), 43.8 [NCOC(CH3)3], 38.7 

[OCOC(CH3)3], 27.9 [NCOC(CH3)3], 27.0 (OCOC(CH3)3), 26.2, 24.8 (C-b, C-b'), 24.1 

(NCOCH3), 8.9, 8.7 (C-c, C-c'); LRMS (ESI): m/z 548 [(M+H)+ 100%]. 

The minor slow moving spot was N-pivaloylated product 175 (0.25 g, 13%) obtained as a 

clear oil.  Rf 0.16 (EtOAc/hexane 1:9);  1H NMR of 175 (300 MHz, CDCl3): δ 7.48-7.43 

(m, 2H, aromatic H), 7.37-7.34 (m, 3H, aromatic H), 5.50 (s, 1H, CHPh), 5.24 (d, 1H, J1,2  

7.8 Hz, H-1), 4.30 (dd, 1H, J6,5  4.8 Hz, J6,6'  10.5 Hz, H-6), 3.88 (app t, 1H, J3,2  10.2 Hz, 

H-3), 3.74 (t, 1H, J6',6  10.2 Hz, H-6'), 3.54-3.37 (m, 4H, H-2, H-4, H-5, H-a), 2.25 (s, 3H, 

NCOCH3), 1.54-1.39 (m, 4H, H-b, H-b'), 1.23 [s, 9H, NCOC(CH3)3], 0.84 (t, 3H, Jc,b  7.5 

Hz, H-c), 0.76 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 191.0 

[NCOC(CH3)3], 175.4 (NCOCH3), 136.8, 129.4, 128.3, 126.2 (aromatic), 101.9 (CHPh), 
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100.7 (C-1), 82.5 (C-a), 82.3 (C-4), 68.7 (C-6), 68.1 (C-3), 65.4 (C-5), 64.1 (C-2), 44.2 

[NCOC(CH3)3], 27.9 [NCOC(CH3)3], 26.1, 24.8 (C-b, C-b'), 23.2 (NCOCH3), 9.1, 8.7 (C-

c, C-c'); LRMS (ESI): m/z 486 [(M+Na)+ 100%]. 

 

3-Pentyl 2-acetamido-2-deoxy-3-O-pivaloyl-β-D-glucopyranoside (176) 

O

NHAc

HO
PivO O

OH

a b
c

b'
c'  

Compound 174 (0.57 g, 1.04 mmol) was dissolved in 70% acetic acid (50 mL) and the 

solution was heated at 60 ˚C for 2 h.  The reaction mixture was then co-evaporated with 

toluene to give the crude compound which was purified using column chromatography 

(DCM→MeOH/DCM 0.5:9.5→1:4) to give 3-O-pivaloylated diol 176 (0.38 g, 97%) as a 

white amorphous solid.  Rf 0.21 (MeOH/DCM 0.5:9.5);  1H NMR (300 MHz, CDCl3): δ 

5.71 (d, 1H, JNH,H-2  9.3 Hz, NH), 5.14 (dd, 1H, J3,4  9.0 Hz, J3,2  10.5 Hz, H-3), 4.63 (d, 

1H, J1,2  8.4 Hz, H-1), 3.92-3.67 (m, 4H, H-2, H-4, H-6, H-6'), 3.46-3.38 (m, 2H, H-5, H-

a), 1.90 (s, 3H, NHCOCH3), 1.56-1.41 (m, 4H, H-b, H-b'), 1.19 [s, 9H, OCOC(CH3)3], 

0.89 (t, 6H, Jc,b  7.5 Hz, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 179.8 

[OCOC(CH3)3], 170.2 (NHCOCH3), 100.6 (C-1), 83.1 (C-a), 75.4 (C-3), 75.0 (C-5), 69.5 

(C-4), 62.3 (C-6), 54.5 (C-2), 39.0 [OCOC(CH3)3], 27.0 [OCOC(CH3)3], 26.7, 25.8 (C-b, 

C-b'), 23.1 (NHCOCH3), 9.7, 9.0 (C-c, C-c'); LRMS (ESI): m/z 398 [(M+Na)+ 100%]. 

 

Methyl [3-pentyl 4-O-acetyl-2-(N,N-diacetylamino)-2-deoxy-3-O-pivaloyl-β-D-

glucopyranosid]uronate (173) 

O

NAc2

AcO
PivO O

CO2Me

a b

c

b'
c'  

To a solution of 3-O-pivaloylated diol 176 (0.188 g, 0.50 mmol) and TEMPO (0.97 mg, 

0.0062 mmol) in DCM (2 mL) was added a solution of satd aq NaHCO3 (0.92 mL) 

containing KBr (5.36 mg, 0.045 mmol) and nBu4NBr (0.80 mg, 0.0025 mmol).  The 

biphasic solution was stirred vigorously at 0 ˚C, while a solution of aq NaOCl (12.5% w/v, 

1.2 mL), containing satd aq NaHCO3 (0.62 mL) and satd aq NaCl (0.92 mL), was added 

dropwise over 10 min.  After 30 min, a further portion of aq NaOCl (12.5% w/v, 1.2 mL) 

was added and the reaction mixture was stirred for another 15 min.  The resulting mixture 

was acidified to pH 2 using dilute HCl (4M) and diluted with CHCl3 (30 mL).  The layers 
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were separated and the organic layer was washed with H2O (2 × 20mL) followed by brine 

(10 mL) and then dried over anhydrous Na2SO4, filtered, and concentrated in vacuo.  To 

the residue in anhydrous MeOH (5 mL) under Ar was added CH(OMe)3 (0.10 mL, 1.0 

mmol), followed by cautious addition of  SOCl2 (0.036 mL, 0.50 mmol).  The reaction was 

stirred at rt for 30 min and then co-evaporated with toluene to dryness.  To the completely 

dried residue under Ar was added isopropenyl acetate (4 mL) and p-toluenesulfonic acid 

monohydrate (0.042 g, 0.25 mmol) and the reaction mixture was heated at 65 ˚C for 3.5 h. 

Thereafter, Et3N (0.5 mL) was added to quench the reaction, and the reaction was 

concentrated under reduced pressure. The crude reaction product was purified by flash 

chromatography (EtOAc/hexane 1:4) to give the title compound 173 (0.124 g, 51% over 3 

steps) as a white solid.  Rf 0.36 (EtOAc/hexane 1:4);  1H NMR (300 MHz, CDCl3): δ 5.84 

(dd, 1H, J3,4  9.0 Hz, J3,2  10.2 Hz, H-3), 5.44 (d, 1H, J1,2  7.8 Hz, H-1), 5.23 (dd, 1H, J4,3  

9.0 Hz, J4,5  10.2 Hz, H-4), 4.09 (d, 1H, J5,4  10.2 Hz, H-5), 3.78-3.72 (m, 4H, CO2CH3, H-

2), 3.51-3.44 (m, 1H, H-a), 2.34 (s, 3H, NCOCH3), 2.31 (s, 3H, NCOCH3), 1.97 (s, 3H, 

OCOCH3), 1.54-1.47 (m, 2H, H-b), 1.43-1.33 (m, 2H, H-b'), 1.09 [s, 9H, OCOC(CH3)3], 

0.83 (t, 3H, Jc,b  7.5 Hz, H-c), 0.72 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, 

CDCl3): δ  177.1 [OCOC(CH3)3], 174.8, 173.8 (2 × NCOCH3), 169.4 (OCOCH3), 167.5 

(CO2CH3), 98.5 (C-1), 82.8 (C-a), 72.0 (C-5), 70.2 (C-4), 69.3 (C-3), 62.3 (C-2), 52.7 

(CO2CH3), 38.7 [OCOC(CH3)3], 27.9 (NCOCH3), 26.9 [OCOC(CH3)3], 26.8, 26.4 (C-b, C-

b'), 25.2 (NCOCH3), 20.4 (OCOCH3), 9.3, 8.7 (C-c, C-c'); LRMS (ESI): m/z 510 [(M+Na)+ 

100%]. 

 

General procedure for attempted synthesis of C-4 substituted 2-acetamido-Δ4-β-D-
glucuronides – via C-5 bromination of 4-substituted methyl uronates (62, 123, 163, 
173) 
 
Procedure A: NBS (2 mmol) was added to a solution of 4-substituted methyl uronates (1 

mmol) in dry CCl4 under N2 and the stirred solution in a sealed RBF was irradiated with a 

500 W light bulb.  After 45 min, a further NBS (1.2 mmol) was added and the reaction 

mixture was refluxed under light until the starting material had disappeared as judged by 

TLC analysis.  The reaction mixture was cooled, filtered, and concentrated under reduced 

pressure, and the residue was dissolved in DCM.  The DCM solution was washed with satd 

aq NaHCO3, and H2O, dried over anhydrous Na2SO4, filtered, and concentrated to dryness 

in vacuo.  To a solution of the residue in anhydrous DMF was added DBU (1.5 mmol) at 0 

˚C under Ar, and the reaction was then allowed to attain ambient temperature and was 

stirred until the starting material had disappeared as judged by TLC analysis.  The reaction 
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mixture was diluted with DCM, washed with H2O, 1M HCl, and H2O, dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure.  The residue was 

subjected to column chromatography. 

 

Procedure B: Same as Procedure A with a slight modification that benzoyl peroxide (0.1 

mmol) was used as free-radical initiator instead of 500 W light bulb. 

 

Procedure C: (Attempted on 123); 3,4-di-O-acetylated glucuronide 123 (1 mmol) was 

treated with LHMDS (1.5 mmol) in THF at -70 ˚C for 15 minutes, followed by addition of 

carbon tetrabromide (1.5 mmol).  After stirring at -70 ˚C for 2 hours, the reaction mixture 

was diluted with EtOAc and subsequently washed with dil. HCl, H2O, and brine, dried 

over anhydrous Na2SO4, filtered, and concentrated under reduced pressure.  The residue 

was subjected to column chromatography.  [Variations of this procedure (with regards to 

the base used, temperature range and time of reaction) are presented in Table 7, Section 

4.3.3]. 

 

Methyl (3-pentyl 3-O-acetyl-2-(N,N-diacetylamino)-2,4-dideoxy-α-L-threo-hex-4-

enopyranosid)uronate (169) 

O

NAc2

CO2Me

AcO O a b
c

b'
c'  

Compound 169 was prepared from the 4-O-benzyl substituted glucuronide 163 (24 mg, 

0.048 mmol) using Procedure A.  Purification of the crude product by column 

chromatography (EtOAc/hexane 0.5:9.5→3:7) afforded 4,5-eliminated compound 169 (1.4 

mg, 8% over 2 steps) as a clear oil.  Rf 0.50 (EtOAc/hexane 3:7);  1H NMR (300 MHz, 

CDCl3): δ 6.11 (dd, 1H, J4,3  3.0 Hz, J4,2  9.0 Hz, H-4), 5.94 (d, 1H, J3,4  3.0 Hz, H-3), 5.75 

(d, 1H, J1,2  8.1 Hz, H-1), 4.04 (app t, 1H, J2,1  8.7 Hz, J2,4  9.0 Hz, H-2), 3.78 (s, 3H, 

CO2CH3), 3.64-3.56 (m, 1H, H-a), 2.36 (br s, 6H, 2 × NCOCH3), 2.02 (s, 3H, OCOCH3), 

1.48-1.37 (m, 4H, H-b, H-b'), 0.92-0.83 (m, 6H, H-c, H-c'). 
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Methyl (1,2,3,4-tetra-O-acetyl-5-bromo-2-deoxy-β-D-glucopyranosid)uronate (179) 

O

OAc

AcO
AcO OAc

CO2Me

Br  
According to the procedure adapted from literature,254 to a solution of 178277(0.5 g, 1.33 

mmol) in dry CCl4 (20 mL) under N2 was added NBS (0. 38 g, 2.12 mmol) and the 

solution in a sealed RBF irradiated with a 500W light bulb (reflux).  As analysed by TLC, 

reaction was complete in 45 min.  The reaction mixture was cooled, filtered, and 

concentrated under reduced pressure and the residue was dissolved in DCM (50 mL), 

washed with saturated NaHCO3 (20 mL), and H2O (2 × 20 mL), dried over anhydrous 

Na2SO4, and concentrated in vacuo.  The residue was purified by column chromatography 

(EtOAc/hexane 1:1), giving 179 (0.34 g, 56%) as a colorless oil.  Rf 0.42 (EtOAc/hexane 

1:1);  1H NMR (300 MHz, CDCl3): δ 6.24 (d, 1H, J1,2  8.7 Hz, H-1), 5.50 (app t, 1H, J3,4  

9.6 Hz, H-3), 5.28 (d, 1H, J4,3  9.6 Hz, H-4), 5.21 (dd, 1H, J2,1  8.7 Hz, J2,3  9.3 Hz, H-2), 

3.80 (s, 3H, CO2CH3), 2.11 (s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3), 2.02 (s, 3H, 

OCOCH3), 1.99 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ  169.6, 169.1, 169.0, 

168.2 [4 × OCOC(CH3)3], 164.2 (CO2CH3), 90.7 (C-1), 88.9 (C-5), 70.6 (C-3), 69.7 (C-4), 

69.1 (C-2), 54.2 (CO2CH3), 20.7, 20.6, 20.5, 20.4 (4 × OCOCH3).  The NMR data was in 

agreement with that reported in the literature.272 

 

Methyl (1,2,3,4-tetra-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate 

(180) 

O

OAc

CO2Me

AcO OAc
AcO

 
According to the procedure adapted from literature,254 to a solution of 179 (0.134 g, 0.294 

mmol) in anhydrous DMF (3.5 mL) at 0 ˚C under N2 was added DBU (0.048 mL, 0.323 

mmol).  The reaction was then allowed to attain ambient temperature and was stirred for 3 

h.  The reaction mixture was diluted with DCM (20 mL), washed with H2O (10 mL), 1M 

HCl (10 mL), and H2O (2 × 10 mL), dried over anhydrous Na2SO4, and concentrated in 

vacuo.  The residue was purified by column chromatography (EtOAc/hexane 2:3), giving 

180 (0.055 g, 50%) as a colorless sticky foam.  Rf 0.54 (EtOAc/hexane 2:3);  1H NMR 

(300 MHz, CDCl3): δ 6.31 (d, 1H, J1,2  2.4 Hz, H-1), 5.47 (br s, 1H, H-3), 5.13 (br s, 1H, 

H-2), 3.79 (s, 3H, CO2CH3), 2.17 (s, 3H, OCOCH3), 2.11 (s, 6H, 2 × OCOCH3), 2.09 (s, 

3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ  169.6, 169.1, 168.4, 168.3 [4 × 

OCOC(CH3)3], 160.2 (CO2CH3), 135.2 (C-5), 134.3 (C-4), 87.5 (C-1), 67.9 (C-2), 64.4 (C-
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3), 52.7 (CO2CH3), 20.7, 20.6, 20.5 (4 × OCOCH3).  The NMR data was in agreement with 

that reported in the literature.253 

 

Methyl (3-pentyl 2-acetamido-3-O-acetyl-4-bromo-5-dehydro-2-deoxy-5-hydroxy-β-D-

galactopyranosid)uronate (197) and Methyl (3-pentyl 2-acetamido-3-O-acetyl-4-

bromo-5-dehydro-2-deoxy-5-hydroxy-α-L-idopyranosid)uronate (198) 

197 198

O

NHAc
AcO O

CO2Me

HO

Br

O

NHAc

Br
AcO O

OH

MeO2C
a b

c

b'
c'

a b

c

b'
c'  

According to the procedure adapted from literature,159 a solution of Δ4 glucuronide 130 

(0.103 g, 0.30 mmol) in a THF-H2O mixture (3 mL, 2:1) was reacted with NBS (0.064 g, 

0.36 mmol) at rt for 6 h.  The reaction mixture was diluted with DCM (20 mL) and the 

organic phase was separated and washed with H2O (10 mL), brine (10 mL), dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo.  TLC analysis (EtOAc/hexane 

3.5:6.5) indicated a single major spot (Rf 0.43) which was purified by column 

chromatography (DCM→MeOH/DCM 0.4:9.6) to afford a white powder (0.102 g, 78%).  

However, the 1H NMR spectrum showed two isomers in a 2:1 ratio, the major was 

characterised by 1H NMR as the trans-diaxial product 197 and the minor was identified as 

trans-diequatorial compound 198. 
1H NMR of trans-diaxial 197 (300 MHz, CDCl3): δ 5.55 (dd, 1H, J3,4  3.9 Hz, J3,2  10.8 

Hz, H-3), 5.20 (d, 1H, J1,2  8.4 Hz, H-1), 4.61 (d, 1H, J4,3  3.9 Hz, H-4), 4.13-3.96 (m, 1H, 

H-2), 3.77 (s, 3H, CO2CH3), 3.48-3.41 (m, 1H, H-a), 2.07 (s, 3H, OCOCH3), 1.90 (s, 3H, 

NHCOCH3), 1.52-1.47 (m, 4H, H-b, H-b'), 0.90-0.75 (m, 6H, H-c, H-c'); LRMS (ESI): m/z 

440 (18%), 442 (18%), 441 (97.3%), 439 [(79Br M+H)+ 100%] 
1H NMR of trans-diequatorial 198 (300 MHz, CDCl3): δ 5.36 (app t, 1H, J3,2  10.5 Hz, H-

3), 4.77 (d, 1H, J1,2  8.4 Hz, H-1), 4.34 (d, 1H, J4,3  10.8 Hz, H-4), 4.13-3.96 (m, 1H, H-2), 

3.84 (s, 3H, CO2CH3), 3.48-3.41 (m, 1H, H-a), 2.07 (s, 3H, OCOCH3), 1.88 (s, 3H, 

NHCOCH3), 1.52-1.47 (m, 4H, H-b, H-b'), 0.90-0.75 (m, 6H, H-c, H-c'); LRMS (ESI): m/z 

440 (18%), 442 (18%), 441 (97.3%), 439 [(79Br M+H)+ 100%] 
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Methyl (3-pentyl 2-acetamido-3-O-acetyl-4,5-anhydro-2-deoxy-β-D-

glucopyranosid)uronate (199) 

O
AcO

O

CO2Me O

NHAc

a
b
c

b' c'

 
To the mixture of bromohydrins 197/198 (0.102 g, 0.23 mmol) in anhydrous MeCN (5 

mL) under Ar was added DBU (0.042 mL, 0.28 mmol) and the reaction mixture was stirred 

at rt for 20 min.  TLC analysis indicated that all the starting material was reacted with 

many other uv-active spots observed. The reaction mixture was evaporated carefully (not 

taken to dryness) and then subjected to column chromatography (DCM→EtOAc/DCM 

3:7) giving epoxide 199 (4.5 mg, 5%) as a colourless oil.  Rf 0.56 (EtOAc/DCM 3.5:7.5);  
1H NMR (300 MHz, CDCl3): δ 5.86 (d, 1H, JNH,H-2  9.9 Hz, NH), 5.12 (s, 1H, H-3), 4.87 

(d, 1H, J1,2  1.5 Hz, H-1), 4.32-4.27 (m, 1H, H-2), 3.81 (s, 4H, CO2CH3, H-4), 3.77-3.70 

(m, 1H, H-a), 2.08 (s, 3H, OCOCH3), 1.96 (s, 3H, NHCOCH3), 1.56-1.41 (m, 4H, H-b, H-

b'), 0.89-0.80 (q, 6H, Jc,b  7.5 Hz, Jc',b'  7.5 Hz, H-c, H-c'); LRMS (ESI): m/z 382 [(M+Na)+ 

100%]. 

 

Methyl (3-pentyl 2-acetamido-3,5-di-O-acetyl-4-bromo-5-dehydro-2-deoxy-β-D-

galactopyranosid)uronate (209) 

O

NHAc
AcO O

CO2Me

AcO

Br

a b
c

b'
c'  

A mixture of bromohydrins 197/198 (0.101 g, 0.23 mmol) was dissolved in anhydrous 

pyridine (4 mL) and acetic anhydride (2 mL) under N2 and stirred at room temperature for 

16 h.  The reaction mixture was concentrated under reduced pressure to give a brown oil 

which was purified by flash chromatography (EtOAc/hexane 1:4→7:3) to furnish trans-

diaxial compound 209 (48.7 mg, 44%) as a white powder.  Rf 0.40 (EtOAc/hexane, 7:3);  
1H NMR (300 MHz, CDCl3): δ 5.86 (dd, 1H, J3,4  3.9 Hz, J3,2  11.1 Hz, H-3), 5.58 (d, 1H, 

JNH,H-2  8.1 Hz, NH), 5.30 (d, 1H, J1,2  8.4 Hz, H-1), 4.71 (d, 1H, J4,3  3.9 Hz, H-4), 3.81 (s, 

3H, CO2CH3), 3.77-3.70 (m, 1H, H-2), 3.43-3.34 (m, 1H, H-a), 2.18 (s, 3H, OCOCH3), 

2.11 (s, 3H, OCOCH3), 1.95 (s, 3H, NHCOCH3), 1.64-1.50 (m, 4H, H-b, H-b'), 0.93 (t, 3H, 

Jc,b  7.5 Hz, H-c), 0.86 (t, 3H, Jc',b'  7.5 Hz, H-c'); LRMS (ESI): m/z 485 (3.7%), 483 

(3.8%), 484 (20.1%), 482 (20.1%), 483 (97.3%), 481 [(79Br M+H)+ 100%] 
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3-Pentyl 2-acetamido-3,6-di-O-benzoyl-2-deoxy-β-D-glucopyranosid-4-ulose (217) 

O

NHAc
BzO O

OBz
O

a b
c

b'
c'  

A solution of 3,6-di-O-benzoyl derivative 164 (0.40 g, 0.80 mmol) in DCM (10 mL) under 

N2 was added dropwise over 15 min to a stirred suspension of PDC (0.45 g, 1.20 mmol) 

and Ac2O (0.38 mL, 4.0 mmol) in DCM (20 mL).  The reaction was terminated after 16 h 

by the addition of diethtyl ether (2 mL) and the resulting suspension was applied on the top 

of a silica gel column (packed in hexane), with a 5-cm layer of EtOAc on top of the silica.  

The chromium compounds precipitated in the presence of EtOAc, the product was eluted 

from the column (EtOAc/hexane 1:1), and the solvent was evaporated and co-evaporated 

with toluene to dryness to furnish ketone 217 (0.270 g, 68%) as a colorless oil.  Rf 0.31 

(EtOAc/hexane 1:1);  1H NMR (300 MHz, CDCl3): δ 8.07-7.98 (m, 4H, aromatic H), 7.61-

7.56 (m, 2H, aromatic H), 7.47-7.38 (m, 4H, aromatic H), 6.28 (d, 1H, J3,2  10.8 Hz, H-3), 

6.03 (d, 1H, JNH,H-2  7.5 Hz, NH), 5.56 (d, 1H, J1,2  7.8 Hz, H-1), 4.84 (app q, 1H, J5,6'  7.2 

Hz, J5,6  7.5 Hz, H-5), 4.60-4.52 (m, 2H, H-6, H-6'), 3.99-3.89 (m, 1H, H-2), 3.57-3.48 (m, 

1H, H-a), 1.94 (s, 3H, NHCOCH3), 1.60-1.43 (m, 4H, H-b, H-b'), 0.88 (t, 3H, Jc,b  7.5 Hz, 

H-c), 0.82 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 196.0 (C-4 ketone), 

170.9 (NHCOCH3), 166.1 (OCOPh), 165.6 (OCOPh), 133.6, 133.2, 130.2, 130.0, 129.7, 

129.6, 128.8, 128.4 (aromatic), 99.2 (C-1), 83.6 (C-a), 75.1 (C-3), 74.4 (C-5), 62.1 (C-6), 

58.6 (C-2), 27.0, 25.8 (C-b, C-b'), 23.3 (NHCOCH3), 9.5, 9.2 (C-c, C-c'); LRMS (ESI): 

compound did not exhibit m/z peak, it was assumed that 217 might be unstable under mass 

acquisition conditions. 

 

3-Pentyl 2-acetamido-2-deoxy-β-D-glucopyranosid-4-ulose (218) 

O

NHAc
HO O

OH
O

a b
c

b'
c'  

A solution of 217 (0.12 g, 0.24 mmol) in anhydrous MeOH (5 mL) at 0 ˚C under Ar was 

treated with NaOMe (0.5 mL of a 1M solution in MeOH).  The reaction mixture was 

initially stirred for 10 min at 0 ˚C and then warmed to room temperature and stirred for 12 

h.  The reaction mixture was neutralised with Amberlite® IR-120 (H+) resin, filtered and 

the resin rinsed with a further amount of MeOH (20 mL).  The combined organic solution 

was concentrated in vacuo to give a light-yellow syrup, which on flash chromatography 
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(MeOH/DCM 1:9→1:1) furnished the title compound 218 (26 mg, 38%) as a clear oil.  Rf 

0.14 (MeOH/DCM 1:9);  1H NMR (300 MHz, CD3OD): δ 3.80-3.35 (m, 6H, H-1, H-2, H-

3, H-5, H-6, H-6'), 3.26-3.20 (m, 1H, H-a), 2.17 (s, 3H, NHCOCH3), 1.71-1.42 (m, 4H, H-

b, H-b'), 0.98-0.84 (m, 6H, H-c, H-c'); LRMS (ESI): compound did not exhibit m/z peak, it 

was assumed that 218 might be unstable under mass acquisition conditions. 

 

Methyl (3-pentyl 2-acetamido-2-deoxy-3-O-pivaloyl-β-D-glucopyranosid)uronate 

(220) and Methyl (3-pentyl 2-acetamido-2-deoxy-3-O-pivaloyl-α-L-

idopyranosid)uronate (221) 

220 221

O

NHAc

HO
PivO O

CO2Me
O

NHAc

HO
PivO O

MeO2C
a b

c

b'
c'

a b

c

b'
c'  

To a solution of 3-pivaloylated diol 176 (0.20 g, 0.53 mmol) and TEMPO (1.0 mg, 0.0066 

mmol) in DCM (2 mL) was added a solution of satd aq NaHCO3 (1.0 mL) containing KBr 

(5.7 mg, 0.048 mmol) and nBu4NBr (0.838 mg, 0.0026 mmol).  The biphasic solution was 

stirred vigorously at 0 ˚C, while a solution of aq NaOCl (12.5% w/v, 1.3 mL), containing 

satd aq NaHCO3 (0.65 mL) and satd aq NaCl (1.0 mL), was added dropwise over 10 min.  

After 30 min, a further portion of aq NaOCl (12.5% w/v, 1.3 mL) was added and the 

reaction mixture was stirred for another 15 min.  The resulting mixture was acidified to pH 

2 using dilute HCl (4M) and diluted with CHCl3 (30 mL).  The layers were separated and 

the organic layer was washed with H2O (2 × 20mL) followed by brine (10 mL) and then 

dried over anhydrous Na2SO4, filtered, and concentrated in vacuo.  To the residue in 

anhydrous MeOH (5 mL) under Ar was added CH(OMe)3 (0.11 mL, 1.0 mmol), followed 

by cautious addition of  SOCl2 (0.038 mL, 0.52 mmol.  The reaction was stirred at rt for 30 

min and then co-evaporated with toluene.  The residue was purified by flash 

chromatography (EtOAc/hexane 1:9→3:2).  A fast moving component [Rf 0.41 

(EtOAc/hexane 3:2)] was identified as L-ido ester 221 (0.04 g, 19%), obtained as a clear 

oil.  The more polar component [Rf 0.30 (EtOAc/hexane 3:2)] isolated was the major 

compound, D-gluco ester 220 (0.085 g, 40%), obtained as a white solid.  A mixture of the 

two epimers was also obtained in 11% yield (0.024 g).  The overall combined yield of the 

methyl ester was 70% over two steps. 
1H NMR of D-gluco 220 (300 MHz, CDCl3): δ 6.25 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.24 (dd, 

1H, J3,2/4  9.0 Hz, 10.5 Hz, H-3), 4.61 (d, 1H, J1,2  8.4 Hz, H-1), 4.00-3.84 (m, 3H, H-2, H-

4, H-5), 3.77 (s, 3H, CO2CH3), 3.47-3.39 (m, 1H, H-a), 1.88 (s, 3H, NHCOCH3), 1.59-1.38 

(m, 4H, H-b, H-b'), 1.17 [s, 9H, OCOC(CH3)3], 0.88-0.78 (m, 6H, H-c, H-c');  13C NMR 
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(75.5 MHz, CDCl3): δ 179.6 [OCOC(CH3)3], 169.9 (NHCOCH3), 162.3 (CO2CH3), 100.8 

(C-1), 83.0 (C-a), 74.1 (C-3/C-5), 70.5 (C-4), 54.0 (C-2), 52.7 (CO2CH3), 38.9 

[OCOC(CH3)3], 27.0 [OCOC(CH3)3], 26.7, 25.7 (C-b, C-b'), 23.1 (NHCOCH3), 9.5, 9.0 

(C-c, C-c'); LRMS (ESI): m/z 426 [(M+Na)+ 100%]; HRMS calcd for C19H33NO8 [M+Na]+ 

426.209838, found 426.211587. 
1H NMR of L-ido ester 221 (300 MHz, CDCl3): δ 5.94 (d, 1H, JNH,H-2  8.7 Hz, NH), 5.44 

(app t, 1H, J3,4  7.5 Hz, H-3), 5.13 (d, 1H, J1,2  5.1 Hz, H-1), 4.70 (ddd, 1H, J2,1  5.1 Hz, J2,3  

4.8 Hz, J2,NH  8.7 Hz, H-2), 4.49 (dd, 1H, J4,5  4.2 Hz, J4,3  7.5 Hz, H-4), 4.34 (br app t, 1H, 

J5,4  4.5 Hz, H-5), 3.73 (s, 3H, CO2CH3), 3.50-3.41 (m, 1H, H-a), 3.00 (s, 1H, JOH,5  6.6 Hz, 

OH), 1.91 (s, 3H, NHCOCH3), 1.52-1.41 (m, 4H, H-b, H-b'), 1.16 [s, 9H, OCOC(CH3)3], 

0.84-0.78 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 178.4 [OCOC(CH3)3], 

170.0 (NHCOCH3), 169.7 (CO2CH3), 98.6 (C-1), 80.7 (C-a), 76.5 (C-4), 76.0 (C-3), 70.7 

(C-5), 56.8 (C-2), 52.6 (CO2CH3), 38.8 [OCOC(CH3)3], 26.9 [OCOC(CH3)3], 26.8, 25.8 

(C-b, C-b'), 23.1 (NHCOCH3), 9.5, 9.2 (C-c, C-c'); LRMS (ESI): m/z 426 [(M+Na)+ 

100%]; HRMS calcd for C19H33NO8 [M+Na]+ 426.209838, found 426.210705. 

 

3-Pentyl 2-acetamido-2-deoxy-3-O-pivaloyl-α-L-threo-hex-4-enopyranosidurono-4,6-

lactone (223) 

O

NHAc
PivO O

O

O

a b
c

b'
c'  

A solution of compound 220 (0.05 g, 0.124 mmol) in DCM (2 mL) under N2 was added 

dropwise over 15 min to a stirred suspension of PDC (0.07 g, 1.86 mmol) and Ac2O (0.058 

mL, 0.62 mmol) in DCM (4 mL).  The reaction was terminated after 16 h by the addition 

of diethtyl ether (2 mL) and the resulting suspension was applied on the top of a silica gel 

column (packed in hexane), with a 5-cm layer of EtOAc on top of the silica.  The 

chromium compounds precipitated in the presence of EtOAc, the product was eluted from 

the column (EtOAc/hexane 3:7), and the solvent was evaporated and co-evaporated with 

toluene to dryness to furnish lactone 223 (18 mg, 40%)] as a colourless oil.  Rf 0.66 

(EtOAc/hexane, 1:1);  1H NMR (300 MHz, CDCl3): δ 6.15 (d, 1H, JNH,H-2  7.8 Hz, NH), 

5.56 (d, 1H, J1,2  5.1 Hz, H-1), 5.51 (d, 1H, J3,2  10.2 Hz, H-3), 4.82-4.74 (dddd, 1H, J  1.8 

Hz, J2,1  5.4 Hz, J2,NH  8.1 Hz, J2,3  10.2 Hz, H-2), 3.61-3.50 (m, 1H, H-a), 1.98 (s, 3H, 

NHCOCH3), 1.58-1.48 (m, 4H, H-b, H-b'), 1.21 [s, 9H, OCOC(CH3)3], 0.91-0.81 (m, 6H, 

H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 178.0 [OCOC(CH3)3], 170.2 (NHCOCH3), 
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169.6 (C-4), 162.3 (carbonyl of lactone ring), 122.0 (C-5), 98.3 (C-1), 83.5 (C-a), 69.6 (C-

3), 53.1 (C-2), 38.8 [OCOC(CH3)3], 26.8 [OCOC(CH3)3], 26.6, 25.7 (C-b, C-b'), 22.9 

(NHCOCH3), 9.4, 9.1 (C-c, C-c'); LRMS (ESI): compound did not exhibit m/z peak, it was 

assumed that 223 might be unstable under mass acquisition conditions. 

 

tert-Butyl (3-pentyl 2-acetamido-2-deoxy-3-O-pivaloyl-β-D-glucopyranosid)uronate 

(228) 

O

NHAc

HO
PivO O

CO2
tBu

a b

c

b'
c'  

To a solution of 3-O-pivaloylated diol 176 (0.10 g, 0.26 mmol) in DCM (5 mL) under N2 

was added PDC (0.195 g, 0.52 mmol), Ac2O (0.25 mL, 2.61 mmol), and tert-butanol (5 

mL).  The reaction was monitored by TLC and stopped after 6 h by the addition of diethyl 

ether (2 mL).  The resulting suspension was applied to the top of a silica gel column 

(packed in EtOAc), with a 5-cm layer of EtOAc on top of the silica.  The chromium 

compounds precipitated in the presence of EtOAc and the compound was eluted with 

EtOAc.  After evaporating the solvent, the compound was purified by column 

chromatography (EtOAc/hexane 3:7→1:1) to furnish ester 228 (30 mg, 25%) as a 

colourless oil and a starting material 176 (28 mg) was also recovered.  228:  Rf 0.37 

(EtOAc/hexane 3.5:6.5);  1H NMR (300 MHz, CDCl3): δ 6.20 (d, 1H, JNH,H-2  9.3 Hz, NH), 

5.18 (dd, 1H, J3,4  8.7 Hz, J3,2  10.5 Hz, H-3), 4.52 (d, 1H, J1,2  8.4 Hz, H-1), 4.04 (dd, 1H, 

J2,NH  9.3 Hz, J2,1  9.6 Hz, H-2), 3.89-3.76 (m, 2H, H-4, H-5), 3.43-3.36 (m, 1H, H-a), 1.89 

(s, 3H, NHCOCH3), 1.60-1.48 (m, 4H, H-b, H-b'), 1.46 [s, 9H, CO2C(CH3)3], 1.18 [s, 9H, 

OCOC(CH3)3], 0.89-0.79 (m, 6H, H-c, H-c'); LRMS (ESI): m/z 468 [(M+Na)+ 100%]. 

 

Methyl (3-pentyl 2-acetamido-2-deoxy-4-hydroxy-3-O-pivaloyl-1-S-hex-2,4-

dienopyranosid)uronate (229) 

O

NHAc

CO2Me

PivO O
HO

a b
c

b'
c'  

To a solution of oxalyl chloride (0.034 mL, 0.39 mmol) in DCM (1 mL) cooled to -78 ˚C 

under Ar was added DMSO (0.056 mL, 0.79 mmol) dropwise over the period of 15 min, 

and the reaction was stirred at -78 ˚C for 10 mins. To this cold suspension was added a 

solution of compound 220 (0.107 g, 0.26 mmol) in DCM (4 mL) dropwise over 15 min and 
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the reaction was stirred for 30 min.  This was followed by the dropwise addition of dry 

triethylamine (0.18 mL, 1.3 mmol) and the resulting mixture was stirred for 15 min at -78 

˚C, warmed to ambient temperature, and quenched by the addition of H2O (5 mL).  The 

phases were separated, and the organic phase was extracted with DCM (3 × 10 mL), 

washed with brine (10 mL), dried, filtered and concentrated under reduced pressure.  The 

residue was purified by flash chromatography (EtOAc/hexane 1:9→1:1) to give compound 

229 (24 mg, 23%) as a clear oil.  Rf 0.51 (EtOAc/hexane 1:1);  1H NMR (300 MHz, 

CDCl3): δ 9.93 (s, 1H, OH, confirmed by CD3OD exchange), 4.82 (s, 1H, H-1), 3.72 (s, 

3H, CO2CH3), 3.50-3.42 (m, 1H, H-a), 2.21 (s, 3H, NHCOCH3), 1.60-1.46 (m, 4H, H-b, H-

b'), 1.25 [s, 9H, OCOC(CH3)3], 0.91 (t, 3H, Jc,b  7.5 Hz, H-c), 0.82 (t, 3H, Jc',b'  7.5 Hz, H-

c');  13C NMR (75.5 MHz, CDCl3): δ 186.1 [C-4 (enol)], 177.1 [OCOC(CH3)3], 171.3 

(NHCOCH3), 164.3 (CO2CH3), 139.0 (C-3), 130.5 (C-5), 86.7 (C-2), 83.2 (C-a), 76.0 (C-

1), 53.0 (CO2CH3), 38.9 [OCOC(CH3)3], 26.8 [OCOC(CH3)3], 26.0, 24.0 (C-b, C-b'), 23.5 

(NHCOCH3), 9.2, 9.1 (C-c, C-c'), (acetamide NH was not observed), (assignments were 

confirmed by 1H-13C HSQC); LRMS (ESI): m/z 422 [(M+Na)+ 100%]; HRMS calcd for 

C19H29NO8 [M+Na]+ 422.178538, found 422.178183. 

 

Methyl (3-pentyl 2-acetamido-4-O-benzyl-2-deoxy-3-O-pivaloyl-1-S-hex-2,4-

dienopyranosid)uronate (230) 

O

NHAc

CO2Me

PivO O
BnO

a b
c

b'
c'  

To an ice-cooled solution of 229 (18.8 mg, 0.047 mmol), nBu4NI (3.47 mg, 0.0094 mmol), 

and BnBr (0.039 mL, 0.33 mmol) in DMF (2 mL) under Ar was added NaH (2.54 mg of a 

60% oil dispersion, 0.063 mmol) and the reaction mixture was stirred at 0 ˚C.  After 50 

min, TLC analysis indicated complete consumption of the starting material.  The reaction 

was quenched by the addition of 2 drops of AcOH, and the mixture was diluted with DCM 

(10 mL), and washed with H2O (2 × 10 mL), and brine (5 mL).  The organic phase was 

dried over anhydrous Na2SO4, filtered, concentrated in vacuo and purified by column 

chromatography (EtOAc/hexane 1:9→1:4) to afford 230 (7 mg, 30%) as a colourless oil.  

Rf 0.46 (EtOAc/hexane 3:7);  1H NMR (300 MHz, CDCl3): δ 7.42-7.33 (m, 5H, aromatic 

H), 7.16 (br s, 1H, NH), 5.36-5.26 (m, 3H, CH2Ph, H-1), 3.64 (s, 4H, CO2CH3, H-a), 2.02 

(s, 3H, NHCOCH3), 1.56-1.35 (m, 4H, H-b, H-b'), 1.27 [s, 9H, OCOC(CH3)3], 0.78-0.73 

(m, 6H, H-c, H-c'). 
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3-Pentyl 2-acetamido-4,6-O-benzylidene-2-deoxy-3-O-(p-methoxybenzyl)-β-D-

glucopyranoside (234) 

O

NHAc

O
PMBO O

OPh

a b

c

b'
c'  

To an ice-cooled solution of 112 (0.25 g, 0.65 mmol) in DMF (5 mL) under N2 was added 

NaH (0.06 g of a 60% oil dispersion, 1.50 mmol).  After 5 min at 0 ˚C, the reaction mixture 

was stirred for 20 min at room temperature, recooled to 0 ˚C , and treated with nBu4NI 

(0.024 g, 0.065 mmol), followed by PMBCl (0.21 mL, 1.58 mmol).  After 12 h reaction at 

rt, when TLC showed complete consumption of the starting material, the mixture was 

cooled to 0 ˚C and quenched by the addition of H2O (2 mL).  The mixture was diluted with 

DCM (20 mL), and the organic phase washed with H2O (3 × 20 mL) and brine (10 mL).  

The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure.  The crude reaction product was purified by crystallisation from 

EtOAc/hexane to afford compound 234 (0.20 g, 61%) as a white solid.  Rf 0.43 

(acetone/toluene 1:4);  1H NMR (300 MHz, CDCl3): δ 7.49-7.46 (m, 2H, aromatic H), 

7.41-7.33 (m, 3H, aromatic H), 7.22-7.19 (m, 2H, aromatic H), 6.84-6.80 (m, 2H, aromatic 

H), 5.54 (s, 2H, CHPh, NH), 5.05 (d, 1H, J1,2  8.4 Hz, H-1), 4.79 [d, 1H, Jgem  11.4 Hz, 

CH(PMB)], 4.56 [d, 1H, Jgem  11.4 Hz, CH(PMB)], 4.38-4.27 (m, 2H, H-3, H-6), 3.77 [s, 

4H, OCH3(PMB], H-6'), 3.61 (app t, 1H, J4,3 = J4,5  9.0 Hz, H-4), 3.52-3.40 (m, 2H, H-5, 

H-a), 3.14-3.06 (m, 1H, H-2), 1.86 (s, 3H, NHCOCH3), 1.53-1.39 (m, 4H, H-b, H-b'), 0.83 

(q, 6H, Jc,b  7.2 Hz, Jc',b'  7.5 Hz, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 170.2 

(NHCOCH3), 159.2, 137.4, 130.5, 129.9, 128.9, 128.2, 126.0, 113.7 (aromatic), 101.1 

(CHPh), 99.4 (C-1), 82.8 (C-a), 82.7 (C-4), 75.8 (C-3), 74.1 [CH2(PMB)], 68.8 (C-6), 65.7 

(C-5), 58.7 (C-2), 55.2 [OCH3(PMB)], 26.7, 25.5 (C-b, C-b'), 23.5 (NHCOCH3), 9.6, 8.9 

(C-c, C-c'); LRMS (ESI): m/z 522 [(M+Na)+ 100%]. 

 

3-Pentyl 2-acetamido-2-deoxy-3-O-(p-methoxybenzyl)-β-D-glucopyranoside (235) 

O

NHAc

HO
PMBO O

OH

a b

c

b'
c'  

To a solution of compound 234 (0.20 g, 0.40 mmol) in DCM (10 mL) and MeOH (7 mL) 

was added p-toluenesulfonic acid monohydrate (0.023 g, 0.12 mmol) and the reaction 

mixture was stirred at rt for 24 h.  The reaction mixture was quenched with Et3N (0.2 mL) 

and then concentrated under reduced pressure.  The crude reaction product was purified by 
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flash chromatography (DCM→MeOH/DCM 0.8:9.2) to afford the product 235 (0.13 g, 

81%) as a white sticky solid.  Rf 0.22 (MeOH/DCM 0.5:9.5);  1H NMR (300 MHz, CDCl3 

with few drops of CD3OD): δ 7.20 (d, 2H, Jvic  8.7 Hz, aromatic H), 6.81 (d, 2H, Jvic  8.7 

Hz, aromatic H), 4.69-4.50 (m, 3H, H-1, [CH2(PMB)], 3.80-3.64 [m, 6H, OCH3(PMB)], 

H-3, H-6, H-6'), 3.54 (app t, 1H, J4,3 = J4,5  9.0 Hz, H-4), 3.39-3.21 (m, 3H, H-a, H-2, H-5), 

1.83 (s, 3H, NHCOCH3), 1.52-1.32 (m, 4H, H-b, H-b'), 0.82-0.73 (m, 6H, H-c, H-c');  13C 

NMR (75.5 MHz, CDCl3 with few drops of CD3OD): δ 171.0 (NHCOCH3), 159.0, 130.4, 

129.6, 113.7 (aromatic), 99.6 (C-1), 82.7 (C-a), 80.3 (C-3), 75.0 (C-5), 73.6 [CH2(PMB)], 

70.8 (C-4), 61.9 (C-6), 56.5 (C-2), 55.1 [OCH3(PMB)], 26.4, 25.2 (C-b, C-b'), 22.9 

(NHCOCH3), 9.4, 8.6 (C-c, C-c'); LRMS (ESI): m/z 434 [(M+Na)+ 100%]. 

 

Methyl (3-pentyl 2-acetamido-2-deoxy-3-O-(p-methoxybenzyl)-β-D-

glucopyranosid)uronate (236) 

O

NHAc

HO
PMBO O

CO2Me

a b
c

b'
c'  

To a solution of the diol 235 (0.112 g, 0.272 mmol) dissolved in satd aq NaHCO3 (1.1 

mL), cooled to 0 ˚C, was added KBr (3.5 mg, 0.029 mmol) and TEMPO (3.8 mg, 0.024 

mmol).  To this suspension was then added NaOCl (12.5% w/v, 0.65 mL) solution in small 

aliquots over 20 min.  After complete addition, the reaction mixture was stirred at 0-4 ˚C 

for 12 h.  The resulting mixture was then evaporated and lyophilised.  The dry salt mixture 

was suspended in DMF (3 mL), treated with MeI (0.025 mL, 0.408 mmol) under N2, and 

the reaction stirred at rt for 12 h.  H2O (20 mL) was added and the product extracted with 

EtOAc (3 × 20 mL).  The organic combined extracts were washed with H2O (2 × 20 mL), 

brine (10 mL) and then dried over anhydrous Na2SO4, filtered, and evaporated under 

reduced pressure.  The crude reaction product was purified by flash chromatography 

(EtOAc/hexane 1:4→2.5:7.5) to afford the product 236 (49.5 mg, 42% over 2 steps) as a 

clear oil.  Rf 0.30 (EtOAc/DCM 1:4);  1H NMR (300 MHz, CDCl3): δ 7.35-7.14 (m, 3H, 

aromatic H), 6.87 (d, 1H, Jvic  8.4 Hz, aromatic H), 5.73 (d, 1H, JNH,H-2  7.2 Hz, NH), 5.10 

(d, 1H, J1,2  8.1 Hz, H-1), 4.80 [d, 1H, Jgem  11.7 Hz, CH(PMB)], 4.62 [d, 1H, Jgem  11.7 

Hz, CH(PMB)], 4.27 (dd, 1H, J3,4  8.4 Hz, J3,2  10.2 Hz, H-3), 3.88-3.75 [m, 8H, 

OCH3(PMB), CO2CH3, H-4, H-5], 3.52-3.44 (m, 1H, H-a), 3.21 (d, 1H, JOH,H-4  2.4 Hz, 

OH), 3.04-2.93 (m, 1H, H-2), 1.89 (s, 3H, NHCOCH3), 1.59-1.39 (m, 4H, H-b, H-b'), 0.89 

(t, 3H, Jc,b  7.5 Hz, H-c), 0.84 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 

170.5 (NHCOCH3), 154.5 (CO2CH3), 131.7, 130.2, 127.7, 122.3, 111.7 (aromatic), 98.9 
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(C-1), 82.8 (C-a), 78.3 (C-3), 73.6, 73.3 (C-4/C-5), 58.1 (C-2), 56.1 [OCH3(PMB)], 52.7 

(CO2CH3), 26.7, 25.6 (C-b, C-b'), 23.5 (NHCOCH3), 9.5, 9.0 (C-c, C-c'); LRMS (ESI): m/z 

462 [(M+Na)+ 100%]. [Note: CH2(PMB) could not be assigned in 13C NMR] 

 

3-Pentyl 2-acetamido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-β-D-glucopyranoside 

(238) 

O

NHAc

O
BnO O

OPh

a b

c

b'
c'  

An ice-cold solution of compound 112 (1.46 g, 3.84 mmol) in DCM (70 mL) was stirred 

vigorously and to it was added NaOH (70 mL, 50% solution in water), BnBr (0.96 mL, 

8.08 mmol) and nBu4NBr (0.012 g, 0.04 mmol).  The reaction mixture was stirred 

vigorously at rt for 24 h and then H2O (50 mL) and DCM (50 mL) were added.  The 

organic layer was separated and washed with H2O (2 × 50 mL), brine (20 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo.  The crude reaction product was 

purified by crystallisation from EtOAc/EtOH to furnish the C-3 benzylated compound 238 

(1.52 g, 84%) as a white crystalline solid.  Rf 0.51 (MeOH/DCM 0.6:9.4);  1H NMR (300 

MHz, CDCl3 with few drops of CD3OD): δ 7.46-7.41 (m, 2H, aromatic H), 7.35-7.30 (m, 

3H, aromatic H), 7.26-7.19 (m, 5H, aromatic H), 5.53 (s, 1H, CHPh), 4.84-4.78 [m, 2H, 

CH(Bn), H-1], 4.61 [d, 1H, Jgem  11.7 Hz, CH(Bn)], 4.29 (dd, 1H, J6,5  4.8 Hz, J6,6'  10.5 

Hz, H-6), 4.12 (app t, 1H, J3,4 = J3,2  9.3 Hz, H-3), 3.77 (app t, 1H, J6',6 = J6',5  10.2 Hz, H-

6'), 3.66 (app t, 1H, J4,3 = J4,5  9.3 Hz, H-4), 3.46-3.33 (m, 3H, H-2, H-5, H-a), 1.83 (s, 3H, 

NHCOCH3), 1.54-1.36 (m, 4H, H-b, H-b'), 0.84-0.76 (m, 6H, H-c, H-c');  13C NMR (75.5 

MHz, CDCl3 with few drops of CD3OD): δ 171.5 (NHCOCH3), 138.4, 137.3, 129.0, 128.6, 

128.4, 128.3, 128.2, 128.0, 127.9, 127.7, 126.0, (aromatic), 101.2 (CHPh), 100.2 (C-1), 

83.0 (C-a), 82.5 (C-4), 77.1 (C-3), 74.3 [CH2(Bn)], 68.9 (C-6), 65.8 (C-5), 57.4 (C-2), 

26.8, 25.6 (C-b, C-b'), 22.8 (NHCOCH3), 9.5, 8.7 (C-c, C-c'); LRMS (ESI): m/z 492 

[(M+Na)+ 100%]. 

 

3-Pentyl 2-acetamido-3-O-benzyl-2-deoxy-β-D-glucopyranoside (239) 

O

NHAc

HO
BnO O

OH

a b

c

b'
c'  

To a solution of compound 238 (0.40 g, 0.85 mmol) dissolved in DCM (21 mL) and 

MeOH (14 mL) was added p-toluenesulfonic acid monohydrate (0.048 g, 0.25 mmol) and 
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the reaction mixture was stirred at rt for 24 h.  The mixture was quenched with Et3N (0.4 

mL) and the resulting solution was evaporated under reduced pressure.  The crude reaction 

product was purified by flash chromatography (DCM→MeOH/DCM 0.5:9.5) to afford the 

title compound 239 (0.29 g, 92%) as a white solid.  Rf 0.30 (MeOH/DCM 0.5:9.5);  1H 

NMR (300 MHz, CD3OD): δ 7.35-7.20 (m, 5H, aromatic H), 4.89 [d, 1H, Jgem  11.4 Hz, 

CH(Bn)], 4.67 [d, 1H, Jgem  11.4 Hz, CH(Bn)], 4.53 (d, 1H, J1,2  8.4 Hz, H-1), 3.90 (dd, 1H, 

J6',5  2.4 Hz, J6',6  12.0 Hz, H-6'), 3.72-3.65 (m, 2H, H-2, H-6), 3.58-3.46 (m, 3H, H-3, H-4, 

H-a), 3.28-3.23 (m, 1H, H-5), 1.87 (s, 3H, NHCOCH3), 1.64-1.40 (m, 4H, H-b, H-b'), 0.91-

0.83 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CD3OD): δ 173.1 (NHCOCH3), 140.3, 

129.2, 128.8, 128.4 (aromatic), 101.9 (C-1), 84.1 (C-a), 83.5 (C-3), 77.7 (C-5), 75.6 

[CH2(Bn)], 72.1 (C-4), 62.8 (C-6), 56.9 (C-2), 27.8, 26.0 (C-b, C-b'), 23.0 (NHCOCH3), 

9.4, 9.3 (C-c, C-c'); LRMS (ESI): m/z 404 [(M+Na)+ 100%]. 

 

Methyl (3-pentyl 2-acetamido-3-O-benzyl-2-deoxy-β-D-glucopyranosid)uronate (240) 

O

NHAc

HO
BnO O

CO2Me

a b
c

b'
c'  

To a solution of the diol 239 (0.285 g, 0.747 mmol) dissolved in satd aq NaHCO3 (2.9 

mL), cooled to 0 ˚C, was added KBr (9.78 mg, 0.082 mmol) and TEMPO (10.5 mg, 0.067 

mmol).  To this suspension was then added NaOCl (12.5% w/v, 1.8 mL) solution in small 

aliquots over 30 min.  After complete addition, the reaction mixture was stirred at 0-4 ˚C 

for 12 h.  The resulting mixture was then evaporated and lyophilised.  The dry salt mixture 

was suspended in DMF (5 mL), treated with MeI (0.07 mL, 1.12 mmol) under N2, and the 

reaction stirred at rt for 12 h.  H2O (20 mL) was added and the product extracted with 

EtOAc (3 × 50 mL).  The combined extracts were washed with H2O (2 × 30 mL), brine (10 

mL) and then dried over anhydrous Na2SO4, filtered, and evaporated under reduced 

pressure.  The crude reaction product was purified by flash chromatography 

(acetone/toluene 2:3) to afford the product 240 (0.22 g, 72% over 2 steps) as a white solid.  

Rf 0.30 (Acetone/toluene 2:3);  1H NMR (300 MHz, CDCl3): δ 7.34-7.26 (m, 5H, aromatic 

H), 5.63 (d, 1H, JNH,H-2  7.2 Hz, NH), 5.12 (d, 1H, J1,2  8.1 Hz, H-1), 4.89 [d, 1H, Jgem  11.7 

Hz, CH(Bn)], 4.71 [d, 1H, Jgem  11.7 Hz, CH(Bn)], 4.28 (dd, 1H, J3,4  8.1 Hz, J3,2  10.5 Hz, 

H-3), 3.92-3.81 (m, 2H, H-4, H-5), 3.80 (s, 3H, CO2CH3), 3.52-3.43 (m, 1H, H-a), 3.08-

2.98 (m, 1H, H-2), 1.85 (s, 3H, NHCOCH3), 1.60-1.40 (m, 4H, H-b, H-b'), 0.89 (t, 3H, Jc,b  

7.2 Hz, H-c), 0.84 (t, 3H, Jc',b'  7.5 Hz, H-c');  LRMS (ESI): m/z 432 [(M+Na)+ 100%]; 

HRMS calcd for C21H31NO7 [M+Na]+ 432.199273, found 432.199150. 
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Methyl (3-pentyl 2-acetamido-2-deoxy-3-O-pivaloyl-α-L-threo-hexopyranosid-4-

ulose)uronate (242) 

O

NHAc
PivO O

O

MeO2C
a b

c

b'
c'  

To a solution of oxalyl chloride (0.028 mL, 0.32 mmol) in DCM (1 mL), cooled to -78 ˚C 

under Ar was added DMSO (0.046 mL, 0.65 mmol) dropwise over the period of 15 min 

and the reaction stirred at -78 ˚C for 10 mins. To this cold suspension was added 

compound 221 (0.088 g, 0.218 mmol) in DCM (4 mL) dropwise over 15 min and the 

reaction was stirred for 10 min.  This was followed by the dropwise addition of 

triethylamine (0.15 mL, 1.09 mmol) and the resulting mixture was stirred for 10 min, 

warmed to 0 ˚C, and quenched with the addition of H2O (5 mL).  The phases were 

separated, and the organic phase was extracted with DCM (3 × 10 mL), washed with brine 

(10 mL), dried, filtered and concentrated in vacuo to give crude 242 as a light-yellow oil.  

Compound 242 decomposed on silica during an attempt for its purification by column 

chromatography, therefore subsequent batches were not purified.  The 1H NMR spectrum 

was quite clean for the crude product, with the only major impurity being dimethyl 

sulphide.  The yield for the crude product 242 was 100 mg.  Rf 0.43 (EtOAc/hexane 1:1);  
1H NMR (300 MHz, CDCl3): δ 6.00 (d, 1H, JNH,H-2  8.1 Hz, NH), 5.73 (dd, 1H, J3,2  5.7 Hz, 

J3,5  7.2 Hz, H-3), 5.43 (d, 1H, J5,3  7.5 Hz, H-5), 5.33 (d, 1H, J1,2  5.1 Hz, H-1), 4.54 (ddd, 

1H, J2,1  5.4 Hz, J2,3  5.7 Hz, J2,NH  8.1 Hz, H-2), 3.84 (s, 3H, CO2CH3), 3.58-3.50 (m, 1H, 

H-a), 1.95 (s, 3H, NHCOCH3), 1.56-1.46 (m, 4H, H-b, H-b'), 1.07 [s, 9H, OCOC(CH3)3], 

0.88-0.81 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 187.2 [C-4 (ketone)], 177.1 

[OCOC(CH3)3], 169.7 (NHCOCH3), 159.7 (CO2CH3), 99.7 (C-1), 81.2 (C-a), 78.7 (C-5), 

77.1 (C-3), 57.6 (C-2), 53.1 (CO2CH3), 38.6 [OCOC(CH3)3], 26.8 [OCOC(CH3)3], 26.6, 

25.6 (C-b, C-b'), 23.0 (NHCOCH3), 9.8, 9.2 (C-c, C-c');  LRMS (ESI): compound did not 

exhibit m/z peak, it was assumed that 242 might be unstable under mass acquisition 

conditions. 
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6.1.9 Synthesis of compounds utilised during the preparation of 1'-homo-N-

nucleoside mimetics 

 

2,5-Anhydro-3,4-di-O-benzyl-6-bromo-6-deoxy-D-glucitol (258) 
O

OBnBnO

Br OH

 
A solution of 1,2:5,6-dianhydro-3,4-di-O-benzyl-D-mannitol 257385, prepared according to 

the method reported in literature,385,386 (0.328 g, 1 mmol) in acetone (2 mL) was added to a 

cold, stirred solution of hydrogen bromide in glacial acetic acid (33 % w/v solution; 0.25 

mL) under N2.  The reaction was stirred at 0 ˚C for 0.5 h and then quenched with NaHCO3 

(2 mL) followed by addition of DCM (5 mL).  The organic layer was separated and 

washed with H2O (10 mL), brine (10 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo.  The crude product was purified by column chromatography (EtOAc/hexane 3:7) to 

give 258 (0.314 g, 77%) as a yellow oil.  Rf 0.18 (EtOAc/hexane 1:4);  1H NMR (300 

MHz, CDCl3): δ  7.36-7.23 (m, 10H, aromatic H), 4.66-4.38 (m, 4H, 2 × CH2Ph), 4.24-

4.18 (m, 2H, H-2, H-5), 4.11-4.05 (m, 2H, H-3, H-4), 3.92-3.80 (m, 2H, H-1, H-1'), 3.52-

3.40 (m, 2H, H-6, H-6'). 

 

6-S-Acetyl-2,5-anhydro-3,4-di-O-benzyl-6-thio-D-glucitol (259) 
O

OBnBnO

AcS OH

 
Prepared using a procedure adapted from literature,387 a solution of 6-bromo-D-glucitol 258 

(200 mg, 0.50 mmol), and KSAc (66 mg, 0.60 mmol) in DMF (1 mL) was stirred for 1 h at 

80 ˚C under N2.  The reaction mixture was concentrated under reduced pressure and the 

residue was dissolved in DCM (30 mL), washed with H2O (2 × 20 mL), brine (10 mL), 

dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure.  

Purification of the crude product by flash chromatography (EtOAc/hexane 2.5:7.5) gave 

compound 259 (165 mg, 84%) as a syrup.  Rf 0.36 (EtOAc/hexane 3:7);  1H NMR (300 

MHz, CDCl3): δ  7.35-7.21 (m, 10H, aromatic H), 4.64-4.40 (m, 4H, 2 × CH2Ph), 4.15-

4.00 (m, 3H, H-1, H-2, H-5), 3.92-3.79 (m, 3H, H-1', H-3, H-4), 3.26 (dd, 1H, J6,5  6.3 Hz, 

J6,6'  13.8 Hz, H-6), 3.12 (dd, 1H, J6',5  6.6 Hz, J6',6  13.8 Hz, H-6'), 2.31 (s, 3H, SCOCH3);  
13C NMR (75.5 MHz, CDCl3): δ 128.7, 128.5, 128.2, 128.0, 127.8, 127.7 (aromatic), 84.8 

(C-2), 83.9 (C-3), 82.2 (C-4), 80.7 (C-5), 71.9, 71.8 (2 × CH2Ph), 61.6 (C-1), 32.1 (C-6), 

31.0 (SCOCH3), [SCOCH3 was not observed]; LRMS (ESI): m/z 425 [(M+Na)+ 100%]. 
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6-S-Acetyl-2,5-anhydro-3,4-di-O-benzyl-6-thio-1-O-p-toluenesulfonyl-D-glucitol (260) 
O

OBnBnO

AcS OTs

 
To a stirred solution of 259 (160 mg, 0.40 mmol) in pyridine (2 mL) at 0 ˚C under N2 was 

added DMAP (cat.) followed by p-toluenesulfonyl chloride (151 mg, 0.80 mmol).  The 

reaction was stirred stirred at 0 ˚C for 15 min. and then at room temperature for 12 h.  The 

reaction mixture was then co-evaporated with toluene in vacuo, and the residue dissolved 

in H2O (10 mL) and extracted with EtOAc (3 × 10 mL).  The combined organic extract 

was washed with brine (10 mL), dried over Na2SO4, filtered, and evaporated under reduced 

pressure.  Purification of the crude product by flash chromatography (EtOAc/hexane 1:9) 

gave 260 (168 mg, 76%) as an oil.  Rf 0.51 (EtOAc/hexane 1:4);  1H NMR (300 MHz, 

CDCl3): δ  7.79 (d, 2H, J 8.1 Hz, aromatic H) 7.39-7.20 (m, 12H, aromatic H), 4.53-4.35 

(m, 4H, 2 × CH2Ph,), 4.29 (dd, 1H, J1,2  5.4 Hz, J1,1'  8.7 Hz, H-1), 4.25-4.20 (m, 1H, H-2), 

4.15 (dd, 1H, J1',2  5.4 Hz, J1',1  8.7 Hz, H-1'), 4.00-3.93 (m, 2H, H-3, H-5), 3.77 (br d, 1H, 

J4,5  3.6 Hz, H-4), 3.13 (dd, 1H, J6,5  6.6 Hz, J6,6'  13.8 Hz, H-6), 2.96 (dd, 1H, J6',5  6.7 Hz, 

J6',6  13.7 Hz, H-6'), 2.43 (s, 3H, TosCH3), 2.30 (s, 3H, SCOCH3);  13C NMR (75.5 MHz, 

CDCl3) : δ 144.9, 137.2, 128.6, 128.1, 128.0, 127.8, 127.7 (aromatic), 84.1 (C-2), 83.2 (C-

3), 81.9 (C-4), 78.7 (C-5), 71.9, 71.5 (2 × CH2Ph), 67.6 (C-1), 31.9 (C-6), 30.5 (SCOCH3), 

21.7 (TosCH3), [SCOCH3 was not observed]; LRMS (ESI) 579 [(M+Na)+ 100%].   

 

1,6:2,5-Dianhydro-3,4-di-O-benzyl-6-thio-D-glucitol (261) 

O

OBnBnO

S

 
Compound 260 (160 mg, 0.30 mmol) was dissolved in anhydrous DMF (2 mL) under N2 

and then NaN3 (33 mg, 0.50 mmol) was added and the reaction mixture was heated at 80˚C 

for 1 h.  The reaction mixture was then cooled to room temperature and diluted with H2O 

(10 mL) and EtOAc (20 mL).  The organic layer was separated and washed with H2O (2 × 

10 mL), brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo.  

The residue was purified using column chromatography (EtOAc/hexane 1:9) to give 261 

(62 mg, 63%) as a clear oil.  Rf 0.43 (EtOAc/hexane 1:4);  1H NMR (300 MHz, CDCl3): δ  

7.36-7.21 (m, 10H, aromatic H), 4.69-4.59 (m, 3H, CH2Ph, H-4), 4.51 (br s, 2H, CH2Ph), 

4.49 (br s, 1H, H-2), 4.31-4.29 (m, 2H, H-3, H-5), 3.18 (d, 1H, J6,6'  12.9 Hz, H-6), 3.09 (d, 

IH, J1,1'  13.0 Hz, H-1), 2.30 (d, 1H, J1',1  13.2 Hz, H-1'), 2.15 (d, 1H, J6',6  12.9 Hz, H-6');  
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13C NMR (75.5 MHz, CDCl3) : δ 128.5, 128.0, 127.9 (aromatic), 86.7 (C-4), 86.4 (C-3), 

78.7 (C-5), 76.0 (C-2), 72.9, 71.8 (2 × CH2Ph), 29.1 (C-6), 24.7 (C-1). 

 

3,4-Di-O-benzyl-D-mannitol (262)386 

HHO
HBnO
OBnH
OHH

HO

OH  
According to the method of Jurczak et al.,386 commercial 1,2:5,6-di-O-isopropylidene-D-

mannitol 256 (10 g, 38 mmol) was taken-up in THF (75 mL) and added to a vigorously 

stirred mixture of NaOH (160 mL, 50% solution in water), THF (25 mL), BnBr (11.33 mL, 

95 mmol) and tetrabutylammonium bromide (cat. 2g).  The reaction mixture was stirred at 

50-60 ˚C for 12 h and then H2O (200 mL) and ethyl acetate (200 mL) were added.  The 

organic layer was separated and washed with H2O (2 × 100 mL), brine (50 mL), dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure.  The crude material 

was purified using column chromatography (EtOAc/hexane 1:9) to give 3,4-di-O-benzyl-

1,2:5,6-di-O-isopropylidene-D-mannitol (15.2 g, 90%) as a colorless oil.  Rf 0.50 

(EtOAc/hexane 1:9);  1H NMR (300 MHz, CDCl3): δ  7.33-7.27 (m, 10H, aromatic H), 

4.70 (s, 4H, 2 × CH2Ph), 4.27-4.21 (m, 2H, H-2, H-5), 4.03-3.98 (m, 2H, H-3, H-4), 3.87-

3.77 (m, 4H, H-1, H-1', H-6, H-6'), 1.41 [s, 6H, C(CH3)2], 1.33 [s, 6H, C(CH3)2];  13C 

NMR (75.5 MHz, CDCl3): δ  138.2, 128.9, 128.4, 128.2, 128.0, 127.8, 127.7, 127.2 

(aromatic), 108.6 [C(CH3)2], 80.0 (C-3, C-4), 75.7 (C-2, C-5), 74.3 (2 × CH2Ph), 66.8 (C-

1, C-6), 26.7, 24.6 [C(CH3)2]; LRMS (ESI) 465 [(M+Na)+ 100%].  The NMR data was in 

agreement with that reported in the literature.413 

To the above sample was added 70% acetic acid (180 mL) and the solution was heated at 

55 ˚C for 1.5 h.  The reaction mixture was then co-evaporated with toluene in vacuo and 

the crude product was purified using column chromatography (DCM→MeOH/DCM 

0.5:9.5) to give 262386 (11 g, 88%) as a white solid.  Rf 0.28 (MeOH/DCM 1:9);  1H NMR 

(300 MHz, CDCl3): δ  7.39-7.29 (m, 10H, aromatic H), 4.61 (s, 4H, 2 × CH2Ph), 3.96 (br s, 

2H, H-3, H-4), 3.82-3.67 (m, 6H, H-2, H-5, H-1, H-1', H-6, H-6'), 2.15 (br s, 2H, OH);  13C 

NMR (75.5 MHz, CDCl3) : δ 137.7, 128.5, 128.2, 128.0 (aromatic), 78.2 (C-3, C-4), 73.0 

(2 × CH2Ph), 71.6 (C-2, C-5), 63.5 (C-1, C-6); LRMS (ESI) 385 [(M+Na)+ 100%].  The 

NMR data was in agreement with that reported in the literature.413 
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3,4-Di-O-benzyl-l,6-di-O-(tert-butyldimethylsilyl)-2,5-di-O-methanesulfonyl-D-

mannitol (263) 

HMsO
HBnO
OBnH
OMsH

TBDMSO

OTBDMS  
Following a method of Le Merrer et al.385 with a slight modification, to a stirred solution of 

262 (9.45 g, 26 mmol) in pyridine (30 mL) were successively added at 0 ˚C under N2, 

DMAP (cat.), imidazole (7.1 g, 104 mmol), and tert-butyldimethylsilyl chloride (8.2 g, 55 

mmol).  After 15 min. stirring at 0 ˚C, the reaction was allowed to reach to room 

temperature, was stirred at that temperature for 2 h and then a saturated solution of NH4C1 

(60 mL) was added, and the mixture was extracted with ethyl acetate (3 × 40 mL).  The 

combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

and concentrated in vacuo to give 3,4-di-O-benzyl-l,6-di-O-(tert-butyldimethylsilyl)-D-

mannitol as a crude product (15.1 g) which was used for the next step without purification.  

For analytical purposes, a sample was purified by chromatography [Rf 0.40 (EtOAc/hexane 

1:9)];  1H NMR (300 MHz, CDCl3): δ  7.36-7.23 (m, 10H, aromatic H), 4.73 (d, 2H, Jgem  

11.4 Hz, CH2Ph), 4.61 (d, 2H, Jgem  11.4 Hz, CH2Ph), 3.89-3.81 (m, 4H, H-2, H-3, H-4, H-

5), 3.77 (dd, 2H, J1,2  3.3 Hz, J1,1'  10.2 Hz, H-1/H-6), 3.63 (dd, 2H, J1',2  5.1 Hz, J1',1  10.0 

Hz, H-1'/H-6'), 0.91 [s, 18H, 2 × (CH3)3CSi], 0.09 [s, 12H, 2 × (CH3)2Si];  13C NMR (75.5 

MHz, CDCl3): δ 138.3, 128.3, 128.2, 127.7 (aromatic), 78.0 (C-3, C-4), 74.0 (2 × CH2Ph), 

70.6 (C-2, C-5), 64.2 (C-1, C-6), 25.9 [(CH3)3CSi], 18.3 [(CH3)3CSi], [(CH3)2Si not 

observed]; LRMS (ESI) 591 [(M+H)+ 100%].  The NMR data was in agreement with that 

reported in the literature.385 

To a solution of the product above (15.1 g, 25 mmol) in DCM (30 mL) at 0˚C under N2 

were successively added Et3N (14.26 mL, 102 mmol), and methane sulfonyl chloride (5.94 

mL, 77 mmol).  After 15 min. stirring at 0 ˚C, the reaction was quenched by addition of 

H2O (30 mL) and diluted with DCM (40 mL).  The aqueous fraction was extracted with 

DCM (3 × 60 mL), the combined organic extracts were washed with brine (30 mL), dried 

over anhydrous Na2SO4, and concentrated in vacuo to give 263385 (20 g) as a crude product 

which was used for the next step without purification.  For analytical purposes, a sample 

was purified by column chromatography [Rf 0.30 (EtOAc/hexane 1:9)];  1H NMR (300 

MHz, CDCl3): δ  7.37-7.23 (m, 10H, aromatic H), 4.86-4.81 (m, 2H, H-2, H-5), 4.76 (d, 

2H, Jgem  10.8 Hz, CH2Ph), 4.67 (d, 2H, Jgem  10.5 Hz, CH2Ph), 4.05-3.91 (m, 6H, H-1, H-

1', H-3, H-4, H-6, H-6'), 2.98 (s, 6H, 2 × SCH3), 0.91 [s, 18H, 2 × (CH3)3CSi], 0.09 [s, 
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12H, 2 × (CH3)2Si];  13C NMR (75.5 MHz, CDCl3): δ  137.4, 128.4, 128.3, 128.0, 127.7 

(aromatic), 83.1 (C-2, C-5), 78.2 (C-3, C-4), 74.4 (2 × CH2Ph) 61.8 (C-1, C-6), 38.5 

(SCH3), 25.9 [(CH3)3CSi], 18.3 [(CH3)3CSi], [(CH3)2Si not observed]; LRMS (ESI) 769 

[(M+Na)+ 100%].  The NMR data was in agreement with that reported in the literature.385 

 

1,2:5,6-Dianhydro-3,4-di-O-benzyl-L-iditol (264) 

HBnO
OBnH

O

O  
According to the method of Le Merrer et al.,385 to a cooled solution of 263 (20 g, 26.8 

mmol) in methanol (40 mL) at 0 ˚C was slowly added concentrated aqueous hydrochloric 

acid (5.7 mL, 65 mmol).  After 2 h stirring at 20 ˚C, the mixture was re-cooled to 0 ˚C and 

an aqueous solution of KOH (20%, 46 mL, 162 mmol) was added.  The resulting mixture 

was stirred for 3 h at 20 ˚C, and then concentrated in vacuo.  After addition of H2O (50 

mL) and DCM (100 mL), the aqueous layer was extracted with DCM (3 × 60 mL).  The 

combined organic extracts were washed with a saturated aqueous solution of NH4CI (50 

mL), dried over anhydrous Na2SO4, and concentrated in vacuo to give 264 (8.4 g) as a 

crude product which was used for the next step without purification.  For analytical 

purposes, a sample was purified by column chromatography [Rf 0.45 (EtOAc/hexane 3:7)];  
1H NMR (300 MHz, CDCl3): δ  7.39-7.27 (m, 10H, aromatic H), 4.83 (d, 2H, Jgem  12.0 

Hz, CH2Ph), 4.61 (d, 2H, Jgem  12.0 Hz, CH2Ph), 3.30-3.26 (m, 2H, H-3, H-4), 3.23-3.20 

(m, 2H, H-2, H-5), 2.73 (app t, 2H, J1,1'  4.5 Hz, H-1, H-6, 2.52 (dd, 2H, J1',2  2.4 Hz, J1',1  

4.8 Hz, H-1', H-6');  13C NMR (75.5 MHz, CDCl3) : δ  137.9, 128.3, 127.9, 127.7 

(aromatic), 80.6 (C-3, C-4), 72.2 (2 × CH2Ph), 52.4 (C-2, C-5), 43.0 (C-1, C-6); LRMS 

(ESI) 349 [(M+Na)+ 100%].  The NMR data was in agreement with that reported in the 

literature.385 

 

2,5-Anhydro-3,4-di-O-benzyl-1-bromo-1-deoxy-D-glucitol (265) 
O

OBnBnO

HO Br

 
According to the method of Kuszmann et al.,389 a solution of bisepoxide 264 (8.4 g, 26 

mmol) in acetone (40 mL) was added to a cold, stirred solution of hydrogen bromide in 

glacial acetic acid (33 % w/v solution; 6.51 mL) under N2.  The reaction was stirred at 0 ˚C 
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for 0.5 h and then quenched with NaHCO3 (15 mL) followed by addition of DCM (60 mL).  

The organic layer was separated and washed with H2O (40 mL), brine (20 mL), dried over 

Na2SO4, filtered, and concentrated in vacuo.  The crude product was purified by column 

chromatography (EtOAc/hexane 1:4) to give 265 (6.0 g, 57% over 5 steps from 262) as a 

yellow/brown oil.  Rf 0.38 (EtOAc/hexane 3:7);  1H NMR (300 MHz, CDCl3): δ  7.40-7.28 

(m, 10H, aromatic H), 4.64-4.47 (m, 4H, 2 × CH2Ph), 4.35-4.28 (m, 1H, H-2), 4.15-4.07 

(m, 1H, H-5) 4.03 (br s, 2H, H-3, H-4), 3.76 (dd, 1H, J6,5  3.3 Hz, J6,6'  11.8 Hz, H-6), 3.64 

(dd, 1H, J6',5  4.5 Hz, J6',6 10.6  Hz, H-6'), 3.61-3.49 (m, 2H, H-1, H-1');  13C NMR (75.5 

MHz, CDCl3): δ  137.4, 137.2, 128.7, 128.2, 127.7 (aromatic), 85.6 (C-5), 82.6 (C-2), 81.7 

(C-4), 80.9 (C-3), 72.1, 71.9 (2 × CH2Ph), 63.0 (C-6), 28.03 (C-1); LRMS (ESI) 429, 431 

[(M+Na)+ 100%]. 

 

2,5-Anhydro-3,4-di-O-benzyl-1-azido-1-deoxy-D-glucitol (266) 
O

OBnBnO

HO N3

 
To a stirred solution of 265 (270 mg, 0.66 mmol) in DMF (1.50 mL) and H2O (0.15 mL) 

was added NaN3 (64 mg, 0.99 mmol) and the reaction was heated at 90-100 ˚C for 16 h.  

The reaction was allowed to reach room temperature and then H2O (5 mL) was added to 

the reaction mixture and the aqueous layer was extracted with EtOAc (3 × 10 mL).  The 

combined organic phase was washed with H2O (20 mL), brine (5 mL), dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure.  The crude material 

was purified using column chromatography (EtOAc/hexane 1:4) to give 266 (180 mg, 

75%) as a yellow oil.  Rf 0.39 (EtOAc/hexane 3:7);  1H NMR (300 MHz, CDCl3): δ  7.41-

7.29 (m, 10H, aromatic H), 4.61-4.40 (m, 4H, 2 × CH2Ph), 4.19-4.14 (m, 1H, H-2), 4.10-

4.07 (m, 2H, H-4, H-5) 3.96 (d, 1H, J3,2  3.9 Hz, H-3), 3.79 (dd, 1H, J6,5  3.0 Hz, J6,6'  11.7 

Hz, H-6), 3.65 (dd, 1H, J6',5  4.2 Hz, J6',6  11.7 Hz, H-6'), 3.58 (dd, 1H, J1,2  6.9 Hz, J1,1'  

12.6 Hz, H-1), 3.50 (dd, 1H, J1',2  5.7 Hz, J1',1  12.6 Hz, H-1');  13C NMR (75.5 MHz, 

CDCl3): δ  137.7, 137.3, 128.9, 128.5, 128.3, 127.9 (aromatic), 85.2 (C-5), 82.7 (C-2), 82.5 

(C-4), 79.9 (C-3), 72.3, 71.9 (2 × CH2Ph), 63.3 (C-6), 50.1 (C-1); LRMS (ESI) 392 

[(M+Na)+ 100%]. 
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2,5-Anhydro-1-bromo-1-deoxy-D-glucitol (267) 
O

OHHO

HO Br

 
Compound 265 (4.5 g, 11 mmol) was dissolved in a solution of HCOOH in MeOH (4.4%, 

450 mL) under a nitrogen atmosphere, then Pd/C (4.5 g, 10% Pd/C) was added cautiously 

and the reaction was transferred to a H2 atmosphere and stirred at room temperature for 2 

h.  The reaction mixture was then filtered through a celite pad, the filtrate evaporated under 

reduced pressure, and the residue was purified by flash chromatography 

(DCM→MeOH/DCM 1:9) to yield 267 (2.2 g, 87%) as a colourless oil.  Rf 0.21 

(MeOH/DCM 1:9);  1H NMR (300 MHz, CD3OD): δ  4.24-4.18 (m, 1H, H-2), 4.01-3.96 

(m, 2H, H-3, H-4), 3.86-3.83 (m, 1H, H-5), 3.65 (d, 1H, J6,5  2.4 Hz, H-6), 3.63 (d, 1H, J6',5,  

3.3 Hz,, H-6'), 3.57 (dd, 1H, J1,2  7.2 Hz, J1,1'  9.9 Hz, H-1), 3.44 (dd, 1H, J1',2  6.6 Hz, J1',1  

9.9 Hz, H-1');  13C NMR (75.5 MHz, CD3OD) : δ  89.0 (C-5), 83.5 (C-2), 80.5 (C-4), 78.4 

(C-3), 63.0 (C-6), 30.0 (C-1); LRMS (ESI) 249, 251 [(M+Na)+ 100%].  

 

2,5-Anhydro-1-azido-1-deoxy-D-glucitol (268) 
O

OHHO

HO N3

 
To a stirred solution of 267 (994 mg, 4.4 mmol) in DMF (10 mL) and H2O (1 mL) was 

added NaN3 (1.42 g, 22 mmol) and the reaction was heated at 90-100 ˚C for 12 h.  Solvents 

were then removed in vacuo and the residue was purified by flash chromatography 

(MeOH/DCM 1:9) to yield 268 (605 mg, 73%) as a colourless oil.  Rf 0.23 

(DCM→MeOH/DCM 1:9);  1H NMR (300 MHz, CD3OD): δ  4.12-4.07 (m, 1H, H-2), 

3.99-3.92 (m, 2H, H-3, H-4), 3.82-3.75 (m, 1H, H-5), 3.71-3.61 (m, 2H, H-6, H-6'), 3.52-

3.40 (m, 2H, H-1, H-1');  13C NMR (75.5 MHz, CD3OD): δ  88.0 (C-5), 81.7 (C-2), 80.4 

(C-4), 78.6 (C-3), 63.0 (C-6), 52.0 (C-1); LRMS (ESI) 212 [(M+Na)+ 100%].   

 

1-(2,5-Anhydro-3,4-di-O-benzyl-1-deoxy-D-glucitolyl)-4-(pyridin-3-yl)-[1,2,3]-triazole 

(269) 

O

OBnBnO

HO N
N N

N

 
To a suspension of azide derivative 266 (197 mg, 0.53 mmol) in isopropanol and H2O (1:1) 

was added 3-ethynlpyridine (110 mg, 1.06 mmol) followed by CuSO4·H2O (0.2 mole eq.) 
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and sodium ascorbate (0.4 mole eq.).  The reaction mixture was stirred at 40-50 ˚C for 2 h 

and then evaporated under reduced pressure.  To the residue was added H2O (15 mL) and 

the aqueous mixture was extracted with DCM (3 × 15 mL).  The combined organic phase 

was washed with H2O (20 mL) and brine (5 mL), dried over anhydrous Na2SO4, filtered 

and concentrated under reduced pressure.  The crude reaction product was then purified by 

flash chromatography (DCM→MeOH/DCM 0.5:9.5) to give the desired C-1 triazole 

derivative 269 (190 mg, 75%) as a yellow oil.  Rf 0.44 (MeOH/DCM 1:9);  1H NMR (300 

MHz, CDCl3): δ  8.48 (s, 1H, aromatic H), 8.00 (s, 1H, triazole H), 7.49-7.20 (m, 13H, 

aromatic H), 4.78-4.58 (m, 4H, 2 × CH2Ph), 4.56 (br s, 1H, H-1), 4.45-4.40 (m, 2H, H-1', 

H-2), 4.17-4.05 (m, 3H, H-3, H-4, H-5), 3.84 (dd, 1H, J6,5  3.3 Hz, J6,6'  12 Hz, H-6), 3.71 

(dd, 1H, J6',5  4.5 Hz, J6',6  11.7 Hz, H-6');  13C NMR (75.5 MHz, CDCl3): δ  137.7 (triazole 

C-4), 137.6, 128.9, 128.5, 128.3, 127.9 (aromatic), 121.4 (triazole C-5), 85.4 (C-5), 82.5 

(C-2), 82.3 (C-4), 79.5 (C-3), 72.2, 72.0 (2 × CH2Ph), 62.9 (C-6), 50.2 (C-1); LRMS (ESI) 

473 [(M+H)+ 100%]. 

 

1-(2,5-Anhydro-3-O-benzyl-1-deoxy-D-glucitolyl)-4-(pyridin-3-yl)-[1,2,3]-triazole 

(270) 

O

OBnHO

HO N
N N

N

 
Compound 269 (130 mg, 0.27 mmol) was dissolved in methanol (2 mL) and Pd/C (200 

mg, 10% Pd/C) was added cautiously followed by 0.1 mL of acetic acid and the reaction 

was stirred under an H2 atmosphere for 2 d.  The reaction mixture was then filtered, the 

filtrate evaporated under reduced pressure, and the residue was purified by flash 

chromatography (DCM→MeOH/DCM 1:9) to yield 270 (84 mg, 84%) as a yellowish 

sticky gum.  Rf 0.27 (MeOH/DCM 1:9);  1H NMR (300 MHz, CD3OD): δ  7.91 (s, 1H, 

triazole H), 7.36-7.28 (m, 9H, aromatic H), 4.65-4.46 (m, 5H, CH2Ph, H-1, H-1', H-2), 

4.11-4.05 (m, 2H, H-3, H-4), 3.97-3.92 (m, 1H, H-5), 3.65-3.53 (m, 2H, H-6, H-6');  13C 

NMR (75.5 MHz, CD3OD): δ  130, 129.9, 129.5, 129.4, 129.3 (aromatic), 124.5 (triazole 

C-5), 87.1 (C-5), 84.5 (C-2), 84.2 (C-4), 81.2 (C-3), 73.3 (CH2Ph), 63.2 (C-6), 50.0 (C-1), 

[triazole C-4 was not observed]. 
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1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(pyridin-2-yl)-[1,2,3]-triazole (272) 

O

OHHO

HO N
N N

N

 
To a suspension of azide derivative 268 (189 mg 0.52 mmol) in isopropanol and water 

(1:1) was added 2-ethynylpyridine (0.10 mL 1.05 mmol) followed by CuSO4·H2O (0.2 

mole eq.) and sodium ascorbate (0.4 mole eq.).  The reaction mixture was stirred at 40-50 

˚C for 1 h and then evaporated under reduced pressure.  The crude reaction mixture was 

purified by flash chromatography (DCM→MeOH/DCM 1:9) to obtain the desired C-1 

triazole derivative 272 (53 mg, 34%) as a clear sticky oil.  Rf 0.39 (MeOH/EtOAc 1:9);  1H 

NMR (300 MHz, CD3OD): δ  8.52 (d, 1H, J  4.5 Hz, aromatic H), 8.47 (s, 1H, triazole H), 

8.02 (d, 1H, J 7.8 Hz, aromatic H), 7.86 (app t, 1H, J  7.8 Hz, aromatic H), 7.32 (app t, 1H, 

J  6.0 Hz, aromatic H), 4.76 (dd, 1H, J1,2  3.6 Hz, J1,1'  14.1 Hz, H-1), 4.59 (dd, 1H, J1',2  8.7 

Hz, J1',1  14.1 Hz, H-1'), 4.40-4.34 (m, 1H, H-2), 4.02 (br s, 2H, H-3, H-4), 3.82-3.79 (m, 

1H, H-5), 3.74-3.63 (m, 2H, H-6, H-6');  13C NMR (75.5 MHz, CD3OD): δ  150.4, 138.9, 

125.1, 124.5 (aromatic), 120.8 (triazole C-5), 87.9 (C-5), 81.0 (C-2), 79.8 (C-4), 78.5 (C-

3), 63.3 (C-6), 50.6 (C-1), [triazole C-4 was not observed]; LRMS (ESI) 315 [(M+Na)+ 

100%]; HRMS calcd for C13H16N4O4 [M+H]+ 293.124427, found 293.125677. 

 

3,4,6-Tri-O-acetyl-2,5-anhydro-1-azido-1-deoxy-D-glucitol (273) 
O

OAcAcO

AcO N3

 
A solution of compound 268 (400 mg, 2.0 mmol) in pyridine (6 mL) under N2was treated 

with acetic anhydride (3.2 mL, 32 mmol) and the reaction stirred for 3 h at room 

temperature.  The reaction mixture was co-evaporated with toluene and the residue purified 

by column chromatography (hexane→EtOAc/hexane 1:4) to yield 273 (600 mg, 90%) as a 

white amorphous powder.  Rf 0.31 (EtOAc/hexane 1:4);  1H NMR (300 MHz, CDCl3): δ  

5.25 (dd, 1H, J3,4  1.5 Hz, J3,2  4.05 Hz, H-3), 4.99 (dd, 1H, J4,3  1.5 Hz, J4,5  3.6 Hz, H-4), 

4.31 (dd, 1H, J6,5  5.1 Hz, J6,6'  11.5 Hz, H-6), 4.25-4.21 (m, 1H, H-2), 4.17 (dd, 1H, J6',5  

6.3 Hz, J6',6  11.5 Hz, H-6'), 4.06-4.01 (m, 1H, H-5), 3.49-3.37 (m, 2H, H-1, H-1'), 2.12 (s, 

3H, OCOCH3), 2.07 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, 

CDCl3): δ  81.9 (C-5), 79.3 (C-2), 78.6 (C-4), 76.9 (C-3) 63.9 (C-6), 50.0 (C-1), 21.3 

(OCOCH3), [acetate CO was not observed]; LRMS (ESI) 338 [(M+Na)+ 100%]. HRMS 

calcd for C12H17N3O7 [M+Na]+ 338.095871, found 338.095219. 
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6.1.10 Synthesis of acetate protected 1'-homo-N-nucleoside derivatives 

 

General experimental procedure for azide-alkyne 'click' reaction 

To a suspension of azide derivative 273 (1 mole eq.) in isopropanol and water (1:1) was 

added alkyne (2 mole eq.) followed by CuSO4·H2O (0.2 mole eq.) and sodium ascorbate 

(0.4 mole eq.).  The reaction mixture was stirred at 40-50 ˚C for 2 h and then evaporated 

under reduced pressure. To the residue was added H2O and the aqueous mixture was 

extracted with DCM.  The organic phase was washed with H2O, brine, dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure.  The crude product 

was then purified by column chromatography on silica to obtain the desired C-1 triazole 

derivative. 

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(4-N,N-

dimethylaminophenyl)-[1,2,3]-triazole (274a) 

O

OAcAcO

AcO N
N N

N

 
Prepared according to the general procedure through reaction of 273 with 4-ethynyl-N,N-

dimethylaniline in 95% yield.  Rf 0.49 (EtOAc/hexane 3:2);  1H NMR (300 MHz, CDCl3): 

δ 7.74 (s, 1H, triazole H), 7.67 (d, 2H, J  9.0 Hz, aromatic H), 6.75 (d, 2H, J  9.0 Hz, 

aromatic H), 5.33 (dd, 1H, J3,4  0.9 Hz, J3,2  3.3 Hz, H-3), 5.00 (dd, 1H, J4,3  0.9 Hz, J4,5  

3.2 Hz, H-4), 4.71 (dd, 1H, J1,2  6.9 Hz, J1,1'  10.5 Hz, H-1), 4.51-4.43 (m, 2H, H-1', H-2), 

4.37 (dd, 1H, J6,5  4.8 Hz, J6,6'  11.7 Hz, H-6), 4.23 (dd, 1H, J6',5  6.0 Hz, J6',6  11.7 Hz, H-

6'), 4.06-4.00 (m, 1H, H-5), 2.97 [s, 6H, N(CH3)2], 2.13 (s, 3H, OCOCH3), 2.07 (s, 6H, 

OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 126.6 (aromatic), 119.3 (triazole C-5), 112.4 

(aromatic), 82.0 (C-5), 78.7 (C-2), 77.3 (C-4), 76.6 (C-3), 63.9 (C-6), 49.9 (C-1), 40.5 

[N(CH3)2], 21.0, 20.8, 20.7 (OCOCH3), [acetate CO and triazole C-4 were not observed]; 

LRMS (ESI) 483 [(M+H) 100%]. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(4-phthalimidobutyl)-

[1,2,3]-triazole (274b) 

O

OAcAcO

AcO N
N N

N
a

b
c

d

O

O
 

Prepared according to the general procedure through reaction of 273 with N-(5-

hexynyl)phthalimide in 91% yield.  Rf 0.42 (EtOAc/hexane 4:1);  1H NMR (300 MHz, 

CDCl3): δ 7.81-7.78 (m, 2H, aromatic H), 7.71-7.66 (m, 2H, aromatic H), 7.40 (s, 1H, 

triazole H), 5.28 (dd, 1H, J3,4  1.2 Hz, J3,2  3.6 Hz, H-3), 4.98 (dd, 1H, J4,3  0.9 Hz, J4,5  3.0 

Hz, H-4), 4.64 (dd, 1H, J1,2  2.1 Hz, J1,1'  10.5 Hz, H-1), 4.46-4.37 (m, 2H, H-1', H-2), 4.32 

(dd, 1H, J6,5  5.1 Hz, J6,6'  11.4 Hz, H-6), 4.19 (dd, 1H, J6',5  6.0 Hz, J6',6  11.7 Hz, H-6'), 

4.03-3.98 (m, 1H, H-5), 3.68-3.66 (m, 2H, H-a), 2.73 (br s, 2H, H-d), 2.12 (s, 3H, 

OCOCH3), 2.07 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3), 1.72-1.69 (m, 4H, H-b, H-c);  
13C NMR (75.5 MHz, CDCl3): δ  170.6, 169.5, 168.4 (OCOCH3), 147.7 (triazole C-4), 

133.9, 123.2 (aromatic), 121.9 (triazole C-5), 81.9 (C-5), 78.7 (C-2), 78.3 (C-4), 76.5 (C-

3), 63.2 (C-6), 49.0 (C-1), 37.6 (C-a), 28.0, 26.6, 25.1 (C-b, C-c, C-d), 20.8, 20.7 

(OCOCH3); LRMS (ESI) 591 [(M+49)+ 100%]. 

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(4-methoxyphenyl)-[1,2,3]-

triazole (274c) 

O

OAcAcO

AcO N
N N

OCH3

 
Prepared according to the general procedure through reaction of 273 with 4-ethynylanisole 

in 92% yield.  Rf 0.43 (EtOAc/hexane 3:2);  1H NMR (300 MHz, CDCl3): δ  7.80 (s, 1H, 

triazole H), 7.74 (d, 2H, J  9.0 Hz, aromatic H), 6.94 (d, 2H, J  9.0 Hz, aromatic H), 5.34 

(dd, 1H, J3,4  1.2 Hz, J3,2  3.3 Hz, H-3), 5.01 (dd, 1H, J4,3  1.2 Hz, J4,5  3.3 Hz, H-4), 4.73 

(dd, 1H, J1,2  6.6 Hz, J1,1'  10.5 Hz, H-1), 4.52-4.43 (m, 2H, H-1', H-2), 4.37 (dd, 1H, J6,5  

4.8 Hz, J6,6'  11.7 Hz, H-6), 4.24 (dd, 1H, J6',5  6.0 Hz, J6',6 11.7 Hz, H-6'), 4.05-4.00 (m, 

1H, H-5), 3.82 (s, 3H, OCH3), 2.13 (s, 3H, OCOCH3), 2.07 (s, 6H, OCOCH3);  13C NMR 

(75.5 MHz, CDCl3): δ 127.0 (aromatic), 120.0 (triazole C-5), 114.2 (aromatic), 82.0 (C-5), 

78.6 (C-2), 78.3 (C-4), 76.6 (C-3), 63.9 (C-6), 55.3 (OCH3), 50.0 (C-1), 20.8, 20.7 

(OCOCH3), [acetate CO and triazole C-4 was not observed]; LRMS (ESI) 470 [(M+Na)+ 

100%]. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(2-methylpropyl)-[1,2,3]-

triazole (274d) 

b c

c'

O

OAcAcO

AcO N
N N

a

 
Prepared according to the general procedure through reaction of 273 with 4-methyl-1-

pentyne in 93% yield.  Rf 0.48 (EtOAc/hexane 7:3); 1H NMR (300 MHz, CDCl3): δ 7.36 

(s, 1H, triazole H), 5.30 (d, 1H, J3,2  3.6 Hz, H-3), 4.99 (d, 1H, J4,5  3.3 Hz, H-4), 4.66 (dd, 

1H, J1,2  2.1 Hz, J1,1'  12.6 Hz, H-1), 4.49-4.39 (m, 2H, H-1', H-2), 4.33 (dd, 1H, J6,5  5.1 

Hz, J6,6'  11.7 Hz, H-6), 4.22 (dd, 1H, J6',5  6.0 Hz, J6',6  11.7 Hz, H-6'), 4.04-3.99 (m, 1H, 

H-5), 2.56 (d, 2H, Ja,b  6.9 Hz, H-a), 2.13 (s, 3H, OCOCH3), 2.08 (s, 3H, OCOCH3), 2.07 

(s, 3H, OCOCH3), 1.99-1.90 (m, 1H, H-b), 0.92 (d, 6H, Jc,b/c',b'  6.6 Hz, H-c, H-c');  13C 

NMR (75.5 MHz, CDCl3): δ 170.2, 169.2, 168.9 (OCOCH3), 146.8 (triazole C-4), 122.0 

(triazole C-5), 81.5 (C-5), 78.3 (C-2), 77.9 (C-4), 76.2 (C-3), 62.8 (C-6), 48.6 (C-1), 34.3 

(C-a), 28.3 (C-b), 21.9 (C-c/C-c'), 20.4, 20.3, 20.2 (OCOCH3); LRMS (ESI) 420 [(M+Na)+ 

100%]. 

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(N,N-diethylaminomethyl)-

[1,2,3]-triazole (274e) 
b

c

c'
b'

O

OAcAcO

AcO N
N N

Na

 
Prepared according to the general procedure through reaction of 273 with N,N-

diethylpropargylamine in 91% yield.  Rf 0.28 (EtOAc/hexane 7:3);  1H NMR (300 MHz, 

CDCl3): δ 7.72 (s, 1H, triazole H), 5.30 (d, 1H, J3,2  2.7 Hz, H-3), 5.00 (d, 1H, J4,5  2.4 Hz, 

H-4), 4.68 (d, 1H, J1,1'  11.1 Hz, H-1), 4.52-4.41 (m, 2H, H-1', H-2), 4.34 (dd, 1H, J6,5  5.1 

Hz, J6,6'  11.7 Hz, H-6), 4.22 (dd, 1H, J6',5  6.0 Hz, J6',6  11.4 Hz, H-6'), 4.05-4.01 (m, 1H, 

H-5), 3.85 (br s, 2H, H-a), 2.62 (br s, 4H, H-b, H-b'), 2.15 (s, 3H, OCOCH3), 2.10 (s, 3H, 

OCOCH3), 2.08 (s, 3H, OCOCH3), 1.13 (t, 6H, Jc,b/c',b'  6.6 Hz, H-c, H-c');  13C NMR (75.5 

MHz, CDCl3): δ 170.5, 169.4, 169.3 (OCOCH3), 124.2 (triazole C-5), 81.8 (C-5), 78.5 (C-

2), 78.2 (C-4), 76.7 (C-3), 63.1 (C-6), 61.4 (C-a), 49.1 (C-1), 47.3 (C-b), 46.5 (C-b'), 20.8, 

20.7, 20.6 (OCOCH3), 11.3 (C-c/C-c'), [triazole C-4 was not observed]; LRMS (ESI) 427 

[(M+H)+ 100%]. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxy-1-

phenylmethyl)-[1,2,3]-triazole (274f) 

O

OAcAcO

AcO N
N N

a

OH

 
Prepared according to the general procedure through reaction of 273 with 1-phenyl-2-

propyn-1-ol in 93% yield.  Rf 0.27 (EtOAc/hexane 7:3);  1H NMR (300 MHz, CDCl3): δ 

7.44-7.24 (m, 6H, aromatic H, triazole H), 5.99 (br s, 1H, H-a), 5.27-5.25 (m, 1H, H-3), 

4.96-4.93 (m, 1H, H-4), 4.61 (dd, 1H, J1,2  3.6 Hz, J1,1'  10.8 Hz, H-1), 4.45-4.33 (m, 2H, 

H-1', H-2), 4.26 (ddd, 1H, J6,4  3.0 Hz, J6,5  4.8 Hz, J6,6'  11.7 Hz, H-6), 4.16 (dd, 1H, J6',5  

6.3 Hz, J6',6  11.7 Hz, H-6'), 4.00-3.95 (m, 1H, H-5), 3.83 (br s, 1H, OH), 2.07 (s, 3H, 

OCOCH3), 2.05 (s, 3H, OCOCH3), 2.02 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): 

δ  170.7, 169.6, 169.4 (OCOCH3), 143.0 (triazole C-4), 128.5, 127.9, 127.8 (aromatic), 

126.3 (triazole C-5), 81.9 (C-5), 78.4 (C-2), 78.3 (C-4), 76.5 (C-3), 69.0 (C-a), 63.1 (C-6), 

49.2 (C-1), 20.8, 20.7, 20.6 (OCOCH3); LRMS (ESI) 470 [(M+Na)+ 100%].  

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxycyclohexyl)-

[1,2,3]-triazole (274g) 

O

OAcAcO

AcO N
N N

OH
a

b c

d

c'b'  
Prepared according to the general procedure through reaction of 273 with 1-ethynyl-1-

cyclohexanol in 92% yield.  Rf 0.42 (EtOAc/hexane 4:1);  1H NMR (300 MHz, CDCl3): δ 

7.54 (s, 1H, triazole H), 5.30 (dd, 1H, J3,4  1.2 Hz, J3,2  3.3 Hz, H-3), 4.97 (dd, 1H, J4,3  1.2 

Hz, J4,5  3.0 Hz, H-4), 4.66 (d, 1H, J1,1'  10.5 Hz, H-1), 4.47-4.37 (m, 2H, H-1', H-2), 4.30 

(dd, 1H, J6,5  5.1 Hz, J6,6'  11.4 Hz, H-6), 4.21 (dd, 1H, J6',5  6.3 Hz, J6',6  11.7 Hz, H-6'), 

4.04-3.99 (m, 1H, H-5), 2.10 (s, 3H, OCOCH3), 2.07 (s, 3H, OCOCH3), 2.06 (s, 3H, 

OCOCH3), 1.97-1.30 (m, 10H, cyclohexyl H);  13C NMR (75.5 MHz, CDCl3): δ   169.7, 

169.5, 169.4 (OCOCH3), 154.7 (triazole C-4), 119.8 (triazole C-5), 80.9 (C-5), 77.5 (C-2), 

77.2 (C-4), 75.5 (C-3), 68.4 (C-a), 62.2 (C-6), 48.1 (C-1), 37.0 (C-b/C-b'), 24.3 (C-d), 20.9 

(C-c/C-c'), 20.0, 19.8, 19.7 (OCOCH3); LRMS (ESI) 462 [(M+Na)+ 100%]. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxyhexyl)-[1,2,3]-

triazole (274h) 

O

OAcAcO

AcO N
N N

OH

a
b

c
d

e
f

 
Prepared according to the general procedure through reaction of 273 with 1-octyn-3-ol in 

90% yield.  Rf 0.29 (EtOAc/hexane 7:3);  1H NMR (300 MHz, CDCl3): δ 7.55 (s, 1H, 

triazole H), 5.32 (br s, 1H, H-3), 5.00 (d, 1H, J4,5  3.0 Hz, H-4), 4.88 (br s, 1H, H-a), 4.73-

4.65 (m, 1H, H-1), 4.49-4.40 (m, 2H, H-1', H-2), 4.34 (dd, 1H, J6,5  4.8 Hz, J6,6'  11.4 Hz, 

H-6), 4.23 (ddd, 1H, J6',4  1.8 Hz, J6',5  6.0 Hz, J6',6  11.4 Hz, H-6'), 4.06-4.01 (q, 1H, J5,4  

3.0 Hz, J5,6  5.4 Hz, J5,6'  5.7 Hz, H-5), 2.35 (dd, 1H, JOH,Hb  4.5 Hz, JOH,Ha  22.8 Hz, OH), 

2.14 (s, 3H, OCOCH3), 2.09 (s, 3H, OCOCH3), 2.08 (s, 3H, OCOCH3), 1.85 (br s, 2H, H-

b), 1.49-1.25 (m, 6H, H-c, H-d, H-e), 0.88 (t, 3H, Jf,e  6.3 Hz, H-f);  13C NMR (75.5 MHz, 

CDCl3): δ 170.6, 169.5, 169.4 (OCOCH3), 121.6 (triazole C-5), 81.9 (C-5), 78.5 (C-2), 

78.4 (C-4), 76.5 (C-3), 76.0 (C-a), 66.9 (C-6), 49.1 (C-1), 37.2 (C-b), 31.5, 25.0, 22.5 (C-c, 

C-d, C-e), 20.7, 20.6, 20.5 (OCOCH3), 13.9 (C-f), [triazole C-4 was not observed]; LRMS 

(ESI) 464 [(M+Na)+ 100%]. 

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxyethyl)-[1,2,3]-

triazole (274i) 

O

OAcAcO

AcO N
N N

a b

OH

 
Prepared according to the general procedure through reaction of 273 with 3-butyn-2-ol in 

94% yield.  Rf 0.32 (EtOAc/hexane 9:1);  1H NMR (300 MHz, CDCl3): δ 7.56 (s, 1H, 

triazole H), 5.27 (br s, 1H, H-3), 5.00 (d, 1H, Ja,b  5.7 Hz, H-a), 4.95 (d, 1H, J4,5  3.0 Hz, H-

4), 4.63 (dd, 1H, J1,2  7.5 Hz,  J1,1'  10.5 Hz, H-1), 4.44-4.35 (m, 2H, H-1', H-2), 4.28 (ddd, 

1H, J6,4  2.1 Hz, J6,5  4.8 Hz, J6,6'  11.7 Hz, H-6), 4.17 (dd, 1H, J6',5  6.0 Hz, J6',6  11.7 Hz, 

H-6'), 4.00-3.96 (m, 1H, H-5), 3.43 (br s, 1H, OH), 2.08 (s, 3H, OCOCH3), 2.04 (s, 3H, 

OCOCH3), 2.03 (s, 3H, OCOCH3), 1.52 (d, 3H, Jgem  9.0 Hz, H-b);  13C NMR (75.5 MHz, 

CDCl3): δ 170.6, 169.5, 169.4 (OCOCH3), 121.3 (triazole C-5), 81.9 (C-5), 78.5 (C-2), 

78.4 (C-4), 76.5 (C-3), 63.1 (C-6), 63.0 (C-a), 49.1 (C-1), 23.1 (C-b), 20.7, 20.6 20.5 

(OCOCH3), [triazole C-4 was not observed]; LRMS (ESI) 408 [(M+Na)+ 100%]. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(acetoxymethyl)-[1,2,3]-

triazole (274j) 
O

OAcAcO

AcO N
N N

OAca

 
Prepared according to the general procedure through reaction of 273 with propargyl acetate 

in 92% yield.  Rf 0.40 (EtOAc/hexane 3:2);  1H NMR (300 MHz, CDCl3): δ 7.70 (s, 1H, 

triazole H), 5.29 (dd, 1H, J3,4  1.2 Hz, J3,2  3.6 Hz, H-3), 5.16 (dd, 2H, Jgem  12.9 Hz, Jgem  

12.9 Hz, H-a), 4.98 (dd, 1H, J4,3  1.2 Hz, J4,5  3.0 Hz, H-4), 4.73-4.62 (m, 1H, H-1), 4.48-

4.38 (m, 2H, H-1', H-2), 4.31 (dd, 1H, J6,5  5.1 Hz, J6,6'  11.7 Hz, H-6), 4.19 (dd, 1H, J6',5  

6.3 Hz, J6',6  11.5 Hz, H-6'), 4.03-3.98 (m, 1H, H-5), 2.11 (s, 3H, OCOCH3), 2.07 (s, 3H, 

OCOCH3), 2.05 (s, 3H, OCOCH3), 2.04 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): 

δ  124.8 (triazole C-5), 81.9 (C-5), 78.4 (C-2), 78.2 (C-4), 76.5 (C-3), 63.1 (C-6), 57.5 (C-

a), 49.3 (C-1), 20.8, 20.7 (OCOCH3), [acetate CO and triazole C-4 was not observed]; 

LRMS (ESI) 436 [(M+Na)+ 100%]. 

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(methoxymethyl)-[1,2,3]-

triazole (274k) 
O

OAcAcO

AcO N
N N

OCH3a

 
Prepared according to the general procedure through reaction of 273 with methyl propargyl 

ether in 90% yield.  Rf 0.17 (EtOAc/hexane 3:2);  1H NMR (300 MHz, CDCl3): δ 7.64 (s, 

1H, triazole H), 5.28 (d, 1H, J3,2  2.4 Hz, H-3), 4.97 (dd, 1H, J4,3  1.2 Hz, J4,5  3.0 Hz, H-4), 

4.68 (dd, 1H, J1,2  7.2 Hz, J1,1'  10.5 Hz, H-1), 4.53 (s, 2H, H-a), 4.45-4.37 (m, 2H, H-1', H-

2), 4.31 (dd, 1H, J6,5  5.1 Hz, J6,6'  11.7 Hz, H-6), 4.18 (dd, 1H, J6',5  6.3 Hz, J6',6  11.7 Hz, 

H-6'), 4.01-3.98 (m, 1H, H-5), 3.37 (s, 3H, OCH3), 2.11 (s, 3H, OCOCH3), 2.06 (s, 3H, 

OCOCH3), 2.04 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ  170.6, 169.5, 169.4 

(OCOCH3), 123.5 (triazole C-5), 81.9 (C-5), 78.6 (C-2), 78.2 (C-4), 76.5 (C-3), 66.8 (C-a), 

63.9 (C-6), 58.3 (OCH3), 49.9 (C-1), 21.0, 20.8, 20.7 (OCOCH3), [triazole C-4 was not 

observed]; LRMS (ESI) 408 [(M+Na)+ 100%]. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(4-aminophenyl)-[1,2,3]-

triazole (274l) 

O

OAcAcO

AcO N
N N

NH2

 
Prepared according to the general procedure through reaction of 273 with 4-ethynylaniline 

in 66% yield.  Rf 0.19 (EtOAc/hexane 3:2);  1H NMR (300 MHz, CDCl3): δ 7.74 (s, 1H, 

triazole H), 7.61 (d, 2H, J  8.7 Hz, aromatic H), 6.72 (d, 2H, J  8.7 Hz, aromatic H), 5.34 

(dd, 1H, J3,4  1.2 Hz, J3,2  3.0 Hz, H-3), 5.02 (dd, 1H, J4,3  1.2 Hz, J4,5  3.0 Hz, H-4), 4.73 

(dd, 1H, J1,2  6.6 Hz, J1,1'  10.5 Hz, H-1), 4.51-4.34 (m, 2H, H-1', H-2), 4.37 (dd, 1H, J6,5  

4.8 Hz, J6,6'  11.7 Hz, H-6), 4.24 (dd, 1H, J6',5  6.0 Hz, J6',6  11.7 Hz, H-6'), 4.05-4.01 (m, 

1H, H-5), 2.08 (s, 3H, OCOCH3), 2.03 (s, 6H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): 

δ 169.6, 169.5 (OCOCH3), 126.9 (aromatic), 119.5 (triazole C-5), 115.2 (aromatic), 82.0 

(C-5), 78.7 (C-2), 78.3 (C-4), 76.6 (C-3), 63.9 (C-6), 50.0 (C-1), 21.0, 20.8, 20.7 

(OCOCH3), [triazole C-4 was not observed]; LRMS (ESI) 433 [(M+H)+ 100%].  

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(ethoxycarbonyl)-[1,2,3]-

triazole (274m) 

a b

O

OAcAcO

AcO N
N N

O

O

 
Prepared according to the general procedure through reaction of 273 with ethyl propiolate 

in 91% yield.  Rf 0.50 (EtOAc/hexane 7:3);  1H NMR (300 MHz, CDCl3): δ 8.22 (s, 1H, 

triazole H), 5.35 (d, 1H, J3,2  3.3 Hz, H-3), 5.02 (d, 1H, J4,5  3.0 Hz, H-4), 4.78 (dd, 1H, 1H, 

J1,2  6.6 Hz, J1,1'  11.1 Hz, H-1), 4.53-4.46 (m, 2H, H-1', H-2), 4.43 (q, 2H, 1H, Ja,b  7.2 Hz, 

Jgem  14.1 Hz, H-a), 4.33 (dd, 1H, J6,5  5.1 Hz, J6,6'  11.7 Hz, H-6), 4.25 (dd, 1H, J6',5  6.0 

Hz, J6',6  11.4 Hz, H-6'), 4.07-4.02 (m, 1H, H-5), 2.14 (s, 3H, OCOCH3), 2.11 (s, 3H, 

OCOCH3), 2.09 (s, 3H, OCOCH3), 1.41 (t, 3H, 1H, Jb,a  7.2 Hz, H-b);  13C NMR (75.5 

MHz, CDCl3): δ 170.5, 169.9, 169.4 (OCOCH3), 160.6 (CO2CH2CH3), 140.3 (triazole C-

4), 128.4 (triazole C-5), 81.9 (C-5), 78.2 (C-2), 78.1 (C-4), 76.5 (C-3), 63.0 (C-6), 61.3 (C-

a), 49.6 (C-1), 20.6 (OCOCH3), 14.2 (C-b); LRMS (ESI) 436 [(M+Na)+ 100%].  HRMS 

calcd for C17H23N3O9  [M+H]+ 414.150706, found 414.150042. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(2,2-

dimethoxycarbonylethyl)-[1,2,3]-triazole (274n) 

b
O

OAcAcO

AcO N
N N

CO2Me
a

CO2Me  
Prepared according to the general procedure through reaction of 273 with dimethyl 

propargylmalonate in 91% yield.  Rf 0.32 (EtOAc/hexane 3:7);  1H NMR (300 MHz, 

CDCl3): δ 7.46 (s, 1H, triazole H), 5.27 (dd, 1H, J3,4  1.2 Hz, J3,2  3.6 Hz, H-3), 4.98 (dd, 

1H, J4,3  1.2 Hz, J4,5  3.0 Hz, H-4), 4.64 (dd, 1H, J1,2  2.7 Hz, J1,1'  12.9 Hz, H-1), 4.47-4.37 

(m, 2H, H-1', H-2), 4.32 (dd, 1H, J6,5  4.8 Hz, J6,6'  11.7 Hz, H-6), 4.20 (dd, 1H, J6',5  6.3 

Hz, J6',6  11.7 Hz, H-6'), 4.03-3.98 (m, 1H, H-5), 3.88 (t, 1H, Jb,a  7.5 Hz, H-b), 3.71 (2 × s, 

6H, 2 × CO2CH3), 3.29 (d, 2H, Ja,b  7.8 Hz, H-a), 2.12 (s, 3H, OCOCH3), 2.09 (s, 3H, 

OCOCH3), 2.06 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 170.6, 169.5, 169.4 

(OCOCH3), 169.1, 169.0 (CO2CH3), 144.0 (triazole C-4), 123.1 (triazole C-5), 81.9 (C-5), 

78.6 (C-2), 78.3 (C-4), 76.5 (C-3), 63.2 (C-6), 52.7 (CO2CH3), 51.2 (C-b), 49.1 (C-1), 24.9 

(C-a), 20.8, 20.7 (OCOCH3); LRMS (ESI) 508 [(M+Na)+ 100%].  HRMS calcd for 

C20H27N3O11 [M+H]+ 486.171835, found 486.172501. 

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(tert-butoxycarbonyl)-

[1,2,3]-triazole (274o) 

O

OAcAcO

AcO N
N N

OtBu

O

 
Prepared according to the general procedure through reaction of 273 with tert-butyl 

propiolate in 91% yield.  Rf 0.52 (EtOAc/hexane 7:3); 1H NMR (300 MHz, CDCl3): δ 8.12 

(s, 1H, triazole H), 5.34 (d, 1H, J3,2  3.0 Hz, H-3), 5.01 (d, 1H, J4,5  3.0 Hz, H-4), 4.76 (dd, 

1H, J1,2  6.9 Hz, J1,1'  10.8 Hz, H-1), 4.50-4.41 (m, 2H, H-1', H-2), 4.33 (dd, 1H, J6,5  5.1 

Hz, J6,6'  11.7 Hz, H-6), 4.25 (dd, 1H, J6',5  6.0 Hz, J6',6  11.4 Hz, H-6'), 4.06-4.01 (m, 1H, 

H-5), 2.15 (s, 3H, OCOCH3), 2.10 (s, 3H, OCOCH3), 2.09 (s, 3H, OCOCH3), 1.61 [s, 9H, 

C(CH3)3];  13C NMR (75.5 MHz, CDCl3): δ 170.5, 169.9, 169.4, (OCOCH3), 159.8 

[CO2C(CH3)3], 141.5 (triazole C-4), 128.2 (triazole C-5), 82.3 [C(CH3)3], 82.2 (C-5), 78.3 

(C-2), 78.2 (C-4), 76.1 (C-3), 63.0 (C-6), 49.8 (C-1), 27.8 [C(CH3)3], 20.7 (OCOCH3); 

LRMS (ESI) 464 [(M+Na)+ 100%].  HRMS calcd for C19H27N3O9  [M+Na]+ 464.163951, 

found 464.163952. 
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1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(4-hydroxymethylphenyl)-

[1,2,3]-triazole (274p) 

O

OAcAcO

AcO N
N N

OHa

 
Prepared according to the general procedure through reaction of 273 with 4-ethynylbenzyl 

alcohol in 91% yield.  Rf 0.25 (EtOAc/hexane 7:3);  1H NMR (300 MHz, CDCl3): δ 7.89 

(s, 1H, triazole H), 7.82 (d, 2H, J  8.4 Hz, aromatic H), 7.42 (d, 2H, J  8.4 Hz, aromatic H), 

5.36 (dd, 1H, J3,4  1.2 Hz, J3,2  3.6 Hz, H-3), 5.03 (dd, 1H, J4,3  1.2 Hz, J4,5  3.3 Hz, H-4), 

4.79-4.71 (m, 3H, H-1, H-a), 4.54-4.45 (m, 2H, H-1', H-2), 4.38 (dd, 1H, J6,5  5.1 Hz, J6,6'  

11.7 Hz, H-6), 4.26 (dd, 1H, J6',5  6.0 Hz, J6',6  11.7 Hz, H-6'), 4.07-4.02 (m, 1H, H-5), 2.15 

(s, 3H, OCOCH3), 2.05 (s, 6H, OCOCH3), 1.91 (br s, 1H, OH);  13C NMR (75.5 MHz, 

CDCl3): δ  170.7, 169.6, 169.5 (OCOCH3), 147.6 (triazole C-4), 141.3, 129.5, 127.3, 125.7 

(aromatic), 120.9 (triazole C-5), 82.0 (C-5), 78.5 (C-2), 78.3 (C-4), 76.6 (C-3), 64.5 (C-a), 

63.1 (C-6), 49.3 (C-1), 20.8, 20.7, 20.5 (OCOCH3); LRMS (ESI) 470 [(M+Na)+ 100%].  

HRMS calcd for C21H25N3O8 [M+H]+ 448.171441, found 448.169901. 

 

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxycyclopentyl)-

[1,2,3]-triazole (274q) 

O

OAcAcO

AcO N
N N

OH
a

b
c

b' c'
 

Prepared according to the general procedure through reaction of 273 with 1-

ethynylcyclopentanol in 91% yield.  Rf 0.30 (EtOAc/hexane 4:1);  1H NMR (300 MHz, 

CDCl3): δ 7.56 (s, 1H, triazole H), 5.29 (dd, 1H, J3,4  1.2 Hz, J3,2  3.6 Hz, H-3), 4.96 (dd, 

1H, J4,3  0.9 Hz, J4,5  3.0 Hz, H-4), 4.70-4.60 (m, 1H, H-1), 4.46-4.37 (m, 2H, H-1', H-2), 

4.29 (dd, 1H, J6,5  6.1 Hz, J6,6'  11.7 Hz, H-6), 4.21 (dd, 1H, J6',5  6.0 Hz, J6',6  11.7 Hz, H-

6'), 4.03-3.98 (m, 1H, H-5), 2.75 (br s, 1H, OH), 2.10 (s, 3H, OCOCH3), 2.06 (s, 3H, 

OCOCH3), 2.05 (s, 3H, OCOCH3), 2.01-1.75 (m, 8H, cyclopentyl H);  13C NMR (75.5 

MHz, CDCl3): δ 170.7, 169.5, 169.4 (OCOCH3), 154.4 (triazole C-4), 120.9 (triazole C-5), 

81.9 (C-5), 78.8 (C-a), 78.5 (C-2), 78.2 (C-4), 76.5 (C-3), 63.2 (C-6), 49.1 (C-1), 41.2, 41.1 

(C-b, C-b'), 23.6 (C-c/C-c'), 20.8, 20.7, 20.6 (OCOCH3); LRMS (ESI) 448 [(M+Na)+ 

100%]. 

 



 

227

1-(3,4,6-Tri-O-acetyl-2,5-anhydro-1-deoxy-D-glucitolyl)-4-(2-hydroxyethyl)-[1,2,3]-

triazole (274r) 
O

OAcAcO

AcO N
N N

OH
a

b
 

Prepared according to the general procedure through reaction of 273 with 3-butyn-1-ol in 

92% yield.  Rf 0.23 (EtOAc/hexane 9:1);  1H NMR (300 MHz, CDCl3): δ 7.48 (s, 1H, 

triazole H), 5.30 (d, 1H, J3,2  2.4 Hz, H-3), 4.99 (d, 1H, J4,5  3.3 Hz, H-4), 4.66 (d, 1H, J1,1'  

11.4 Hz, H-1), 4.49-4.38 (m, 2H, H-1', H-2), 4.33 (dd, 1H, J6,5  5.4 Hz, J6,6'  12.0 Hz, H-6), 

4.21 (dd, 1H, J6',5  6.0 Hz, J6',6  11.4 Hz, H-6'), 4.04-3.99 (m, 1H, H-5), 3.93 (d, 2H, Jb,a  4.8 

Hz, H-b), 2.93 (t, 2H, Ja,b  5.4 Hz, H-a), 2.50 (br s, 1H, OH), 2.12 (s, 3H, OCOCH3), 2.08 

(s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3);  13C NMR (75.5 MHz, CDCl3): δ  170.6, 169.5, 

169.4 (OCOCH3), 122.7 (triazole C-5), 81.9 (C-5), 78.5 (C-2), 78.2 (C-4), 76.7 (C-3), 63.3 

(C-6), 61.4 (C-b), 49.0 (C-1), 28.7 (C-a), 20.6 (OCOCH3), [triazole C-4 was not observed]; 

LRMS (ESI) 408 [(M+Na)+ 100%].  HRMS calcd for C16H23N3O8 [M+Na]+ 408.137736, 

found 408.136565. 

 

6.1.11 Synthesis of deacetylated 1'-homo-N-nucleoside derivatives 

 

General experimental procedure for de-O-acetylation of triazole derivatives 

The acetylated triazole derivative was dissolved in anhydrous MeOH under N2 and 

NaOMe (1M solution in MeOH, 0.1 eq.) was added.  The reaction was stirred at room 

temperature for 15 min, when reaction was complete as judged by TLC analysis.  The 

reaction mixture was then neutralised with Amberlite® IR-120 (H+) resin.  The resin was 

removed by filtration, washed with MeOH, and the combined filtrate was evaporated under 

reduced pressure to give the crude product which was purified by reverse phase HPLC.  

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(4-N,N-dimethylaminophenyl)-[1,2,3]-triazole 

(275a) 

O

OHHO

HO N
N N

N

 
Compound 274a was de-O-acetylated according to the general procedure to give 275a in 

72% yield.  Rf 0.24 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 0.08% TFA in 6% MeCN in water at a flow rate of 1mL/min and column temperature 
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of 40 ˚C: retention time 13.34-15.82 min;  1H NMR (300 MHz, D2O): δ 8.30 (s, 1H, 

triazole H), 7.82- 7.80 (m, 2H, aromatic H), 7.54 (d, 2H, J  7.5 Hz, aromatic H), 4.68-4.60 

(m, 1H, H-1), 4.51 (br t, 1H, J1',1  14.1 Hz, H-1'), 4.39-4.34 (m, 1H, H-2), 4.14 (dd, 1H, J3,4  

2.4 Hz, J3,2  4.2 Hz, H-3), 3.94 (dd, 1H, J4,3  2.4 Hz, J4,5  3.9 Hz, H-4), 3.75-3.70 (m, 1H, 

H-5), 3.65 (dd, 1H, J6,5  3.9 Hz, J6,6'  12.3 Hz, H-6), 3.58 (dd, 1H, J6',5  6.0 Hz, J6',6  12.3 

Hz, H-6'), 3.18 [s, 6H, N(CH3)2];  13C NMR (150 MHz, D2O): δ  146.8 (triazole C-4), 

142.7, 132.5, 128.4 (aromatic), 124.4 (triazole C-5), 121.9 (aromatic), 86.1 (C-5), 80.0 (C-

2), 78.6 (C-4), 77.6 (C-3), 62.4 (C-6), 51.2 (C-1), 47.1 [N(CH3)2]; LRMS (ESI) 357 

[(M+Na) 100%]; HRMS calcd for C16H22N4O4 [M+H]+ 335.171384, found 335.171213. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(4-phthalimidobutyl)-[1,2,3]-triazole (275b) 

O

OHHO

HO N
N N

N
a

b
c

d

O

O
 

Compound 274b was de-O-acetylated according to the general procedure to give 275b in 

89% yield.  Rf 0.28 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 22% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 13.44-15.92 min;  1H NMR (300 MHz, D2O): δ 7.85-7.77 (m, 5H, aromatic 

H, triazole H), 4.63 (dd, 1H, J1,2  3.9 Hz, J1,1'  14.1 Hz, H-1), 4.48 (dd, 1H, J1',2  8.4 Hz, J1',1  

14.1 Hz, H-1'), 4.40-4.34 (m, 1H, H-2), 4.18 (dd, 1H, J3,4  2.7 Hz, J3,2  3.6 Hz, H-3), 4.02 

(t, 1H, J4,5  3.6 Hz, H-4), 3.81-3.77 (m, 1H, H-5), 3.75-3.67 (m, 2H, H-6, H-6'), 3.61 (br s, 

2H, H-d), 2.70 (br s, 2H, H-a), 1.64 (br s, 4H, H-b, H-c);  13C NMR (150 MHz, D2O): δ  

148.9 (triazole C-4), 135.5, 132.2 (aromatic), 124.7 (triazole C-5), 124.1 (aromatic), 86.0 

(C-5), 80.0 (C-2), 78.6 (C-4), 77.5 (C-3), 62.4 (C-6), 50.7 (C-1), 38.4 (C-d), 27.5, 26.6, 

24.8 (C-a, C-b, C-c); LRMS (ESI) 415 [(M-H)- 100%]; HRMS calcd for C20H24N4O6 

[M+H]+ 417.176859, found 417.177697. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(4-methoxyphenyl)-[1,2,3]-triazole (275c) 

O

OHHO

HO N
N N

OCH3

 
Compound 274c was de-O-acetylated according to the general procedure to give 275c in 

74% yield.  Rf 0.34 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 19% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 10.48-12.12 min;  1H NMR (300 MHz, CD3OD): δ  8.27 (s, 1H, triazole H), 
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7.72 (d, 2H, J  8.7 Hz, aromatic H), 6.98 (d, 2H, J  8.7 Hz, aromatic H), 4.74 (dd, 1H, J1,2  

3.9 Hz, J1,1'  14.1 Hz, H-1), 4.57 (dd, 1H, J1',2  8.7 Hz, J1',1  14.1 Hz, H-1'), 4.41-4.36 (m, 

1H, H-2), 4.05-4.01 (m, 2H, H-3, H-4), 3.82 (br s, 4H, H-5, OCH3), 3.76-3.66 (m, 2H, H-6, 

H-6'); 13C NMR (75.5 MHz, CD3OD):  δ  161.2 (aromatic), 148.7 (triazole C-4), 128.0, 

124.2 (aromatic), 122.3 (triazole C-5), 115.3 (aromatic), 87.9 (C-5), 81.1 (C-2), 79.8 (C-4), 

78.5 (C-3), 63.4 (C-6), 55.7 (OCH3), 51.6 (C-1); LRMS (ESI) 344 [(M+Na)+ 100%]; 

HRMS calcd for C15H19N3O5 [M+H]+ 322.139749, found 322.139382. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(2-methylpropyl)-[1,2,3]-triazole (275d) 

b c

c'

O

OHHO

HO N
N N

a

 
Compound 274d was de-O-acetylated according to the general procedure to give 275d in 

86% yield.  Rf 0.18 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 19% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 11.10-13.12 min;  1H NMR (300 MHz, D2O): δ 7.83 (s, 1H, triazole H), 4.69 

(dd, 1H, J1,2  3.9 Hz, J1,1'  14.1 Hz, H-1), 4.55 (dd, 1H, J1',2  8.4 Hz, J1',1  14.1 Hz, H-1'), 

4.46-4.40 (m, 1H, H-2), 4.21 (dd, 1H, J3,4  2.7 Hz, J3,2  3.9 Hz, H-3), 4.03 (dd, 1H, J4,3  2.7 

Hz, J4,5  8.4 Hz, H-4), 3.85-3.81 (m, 1H, H-5), 3.75 (dd, 1H, J6,5  3.9 Hz, J6,6'  12.3 Hz, H-

6), 3.68 (dd, 1H, J6',5  6.0 Hz, J6',6  12.3 Hz, H-6'), 2.57 (d, 2H, Ja,b  7.2 Hz, H-a), 1.96-1.82 

(m, 2H, H-b), 0.87 (d, 6H, Jc,b/c',b'  6.6 Hz, H-c, H-c');  13C NMR (150 MHz, D2O): δ  124.7 

(triazole C-5), 86.1 (C-5), 79.4 (C-2), 78.5 (C-4), 77.5 (C-3), 62.4 (C-6), 50.7 (C-1), 32.9 

(C-a), 28.7 (C-b), 21.9 (C-c/C-c'), [triazole C-4 was not observed]; LRMS (ESI) 294 

[(M+Na)+ 100%]; HRMS calcd for C12H21N3O4 [M+H]+ 272.160483, found 272.159142. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(N,N-diethylaminomethyl)-[1,2,3]-triazole 

(275e) 
b

c

c'
b'

O

OHHO

HO N
N N

Na

 
Compound 274e was de-O-acetylated according to the general procedure to give 275e in 

82% yield.  Rf 0.17 (MeOH/EtOAc 3:7);  HPLC purification conditions: isocratic elution 

with 0.08% TFA in 0.8% MeCN in water at a flow rate of 1mL/min and column 

temperature of 40 ˚C: retention time 8.54-10.12 min;  1H NMR (300 MHz, D2O): δ 8.19 (s, 

1H, triazole H), 4.70 (dd, 1H, J1,2  3.6 Hz, J1,1'  14.4 Hz, H-1), 4.52 (dd, 1H, J1',2  8.7 Hz, 

J1',1  14.4 Hz, H-1'), 4.38-4.33 (m, 3H, H-2, H-a), 4.13 (dd, 1H, J3,4  2.4 Hz, J3,2  4.5 Hz, H-
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3), 3.94 (dd, 1H, J4,3  2.4 Hz, J4,5  4.2 Hz, H-4), 3.74-3.69 (m, 1H, H-5), 3.64 (dd, 1H, J6,5  

3.9 Hz, J6,6'  12.3 Hz, H-6), 3.57 (dd, 1H, J6',5  6.0 Hz, J6',6  12.3 Hz, H-6'), 3.08 (q, 4H, 

Jb,c/b',c'  7.2 Hz, Jgem  14.4 Hz, H-b, H-b'), 1.22 (t, 6H, Jc,b/c',b'  7.2 Hz, H-c, H-c');  13C NMR 

(150 MHz, D2O): δ  137.0 (triazole C-4), 128.9 (triazole C-5), 86.1 (C-5), 79.9 (C-2), 78.6 

(C-4), 77.5 (C-3), 62.4 (C-6), 51.3 (C-1), 48.2 (C-b/C-b'), 46.1 (C-a), 9.3 (C-c/C-c'); 

LRMS (ESI) 301 [(M+H)+ 100%]; HRMS calcd for C13H24N4O4 [M+H]+ 301.187032, 

found 301.185714. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxy-1-phenylmethyl)-[1,2,3]-triazole 

(275f) 

O

OHHO

HO N
N N

a

OH

 
Compound 274f was de-O-acetylated according to the general procedure to give 275f in 

88% yield.  Rf 0.32 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 13% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 7.38-9.10 min;  1H NMR (300 MHz, D2O): δ 7.93 (s, 1H, triazole H), 7.46-

7.35 (m, 5H, aromatic H), 6.03 (s, 1H, H-a), 4.74-4.68 (m, 1H, H-1), 4.57 (dd, 1H, J1',2  8.4 

Hz, J1',1  14.4 Hz, H-1'), 4.46-4.40 (m, 1H, H-2), 4.21 (dd, 1H, J3,4  2.7 Hz, J3,2  3.9 Hz, H-

3), 4.02-4.00 (m, 1H, H-4), 3.87-3.79 (m, 1H, H-5), 3.73 (dd, 1H, J6,5  3.6 Hz, J6,6'  12.0 

Hz, H-6), 3.65 (dd, 1H, J6',5  6.0 Hz, J6',6  12.3 Hz, H-6');  13C NMR (150 MHz, D2O): δ  

142.1 (triazole C-4), 129.7, 129.2, 127.4 (aromatic), 125.1 (triazole C-5), 85.9 (C-5), 79.9 

(C-2), 78.5 (C-4), 77.5 (C-3), 69.1 (C-a), 62.4 (C-6), 51.1 (C-1); LRMS (ESI) 344 

[(M+Na)+ 100%]; HRMS calcd for C15H19N3O5 [M+H]+ 322.139747, found 322.140329. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxycyclohexyl)-[1,2,3]-triazole (275g) 

O

OHHO

HO N
N N

OH
a

b c

d

c'b'  
Compound 274g was de-O-acetylated according to the general procedure to give 275g in 

84% yield.  Rf 0.08 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 13% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 7.38-9.15 min;  1H NMR (300 MHz, D2O): δ 8.04 (s, 1H, triazole H), 4.65 

(dd, 1H, J1,2  3.6 Hz, J1,1'  14.4 Hz, H-1), 4.49 (dd, 1H, J1',2  8.4 Hz, J1',1  14.4 Hz, H-1'), 

4.36-4.31 (m, 1H, H-2), 4.10 (dd, 1H, J3,4  2.7 Hz, J3,2  4.5 Hz, H-3), 3.89 (dd, 1H, J4,3  2.7 
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Hz, J4,5  3.9 Hz, H-4), 3.72-3.67 (m, 1H, H-5), 3.61 (dd, 1H, J6,5  3.6 Hz, J6,6'  12.3 Hz, H-

6), 3.54 (dd, 1H, J6',5  6.0 Hz, J6',6  12.3 Hz, H-6'), 1.92-1.17 (m, 10H, cyclohexyl H);  13C 

NMR (150 MHz, D2O): δ  153.9 (triazole C-4), 125.0 (triazole C-5), 86.0 (C-5), 79.7 (C-

2), 78.5 (C-4), 77.5 (C-3), 70.3 (C-a), 62.3 (C-6), 51.9 (C-1), 37.7 (C-b/C-b'), 25.4 (C-d), 

22.4 (C-c/C-c'); LRMS (ESI) 336 [(M+Na)+ 100%]; HRMS calcd for C14H23N3O5 [M+H]+ 

314.171047, found 314.17064. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxyhexyl))-[1,2,3]-triazole (275h) 

O

OHHO

HO N
N N

OH

a
b

c
d

e
f

 
Compound 274h was de-O-acetylated according to the general procedure to give 275h in 

86% yield.  Rf 0.38 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 16% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 17.28-19.22 min;  1H NMR (300 MHz, D2O): δ 7.89 (s, 1H, triazole H), 4.75 

(t, 1H, Ja,b  6.9 Hz, H-a), 4.60 (dd, 1H, J1,2  3.6 Hz, J1,1'  14.4 Hz, H-1), 4.45 (dd, 1H, J1',2  

8.4 Hz, J1',1  14.4 Hz, H-1'), 4.33-4.28 (m, 1H, H-2), 4.08 (dd, 1H, J3,4  2.4 Hz, J3,2  4.2 Hz, 

H-3), 3.89 (dd, 1H, J4,3  2.4 Hz, J4,5  3.9 Hz, H-4), 3.71-3.67 (m, 1H, H-5), 3.61 (dd, 1H, 

J6,5  3.9 Hz, J6,6'  12.3 Hz, H-6), 3.54 (dd, 1H, J6',5  6.0 Hz, J6',6  12.3 Hz, H-6'), 1.71 (q, Jb,c  

6.6 Hz, Jb,a  6.9 Hz, 2H, H-b), 1.22-1.10 (m, 6H, H-c, H-d, H-e), 0.67 (t, 3H, Jf,e  6.6 Hz, 

H-f);  13C NMR (150 MHz, D2O): δ  151.3 (triazole C-4), 124.7 (triazole C-5), 86.0 (C-5), 

79.9 (C-2), 78.6 (C-4), 77.5 (C-3), 66.8 (C-a), 62.4 (C-6), 51.1 (C-1), 36.7, 31.5, 25.0, 22.7 

(C-b, C-c, C-d, C-e), 14.0 (C-f); LRMS (ESI) 338 [(M+Na)+ 100%]; HRMS calcd for 

C14H25N3O5 [M+H]+ 316.186697, found 316.185977. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(1-hydroxyethyl)-[1,2,3]-triazole (275i) 

O

OHHO

HO N
N N

a
b

OH

 
Compound 274i was de-O-acetylated according to the general procedure to give 275i in 

85% yield.  Rf 0.22 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 0.9% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 9.58-11.72 min;  1H NMR (300 MHz, D2O): δ 7.95 (s, 1H, triazole H), 4.93 

(q, 1H, Ja,b  6.6 Hz, H-a), 4.62 (dd, 1H, J1,2  3.9 Hz, J1,1'  14.4 Hz, H-1), 4.47 (dd, 1H, J1',2  

8.7 Hz, J1',1  14.4 Hz, H-1'), 4.35-4.29 (m, 1H, H-2), 4.09 (dd, 1H, J3,4  2.4 Hz, J3,2  4.5 Hz, 
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H-3), 3.91 (dd, 1H, J4,3  2.4 Hz, J4,5  3.9 Hz, H-4), 3.71-3.67 (m, 1H, H-5), 3.61 (dd, 1H, 

J6,5  3.9 Hz, J6,6'  12.3 Hz, H-6), 3.55 (dd, 1H, J6',5  5.7 Hz, J6',6  12.0 Hz, H-6'), 1.40 (d, 3H, 

Jb,a  6.6 Hz, H-b);  13C NMR (150 MHz, D2O): δ  151.7 (triazole C-4), 124.6 (triazole C-5), 

86.0 (C-5), 79.9 (C-2), 78.6 (C-4), 77.5 (C-3), 62.6 (C-a), 62.4 (C-6), 51.5 (C-1), 22.6 (C-

b); LRMS (ESI) 282 [(M+Na)+ 100%]; HRMS calcd for C10H17N3O5 [M+H]+ 260.124097, 

found 260.123913. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(acetoxymethyl)-[1,2,3]-triazole (275j) 
O

OHHO

HO N
N N

OHa

 
Compound 274j was de-O-acetylated according to the general procedure to give 275j in 

71% yield.  Rf 0.10 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 1% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 4.41-6.82 min;  1H NMR (300 MHz, CD3OD): δ 7.97 (s, 1H, triazole H), 

4.70 (dd, 1H, J1,2  3.9 Hz, J1,1'  14.1 Hz, H-1),4.66 (s, 2H, H-a), 4.53 (dd, 1H, J1',2  8.2 Hz, 

J1',1  14.1 Hz, H-1'), 4.34-4.29 (m, 1H, H-2), 4.00 (br s, 2H, H-3, H-4), 3.80-3.77 (m, 1H, 

H-5), 3.73-3.63 (m, 2H, H-6, H-6');  13C NMR (150 MHz, CD3OD): δ  148.9 (triazole C-

4), 125.0 (triazole C-5), 87.9 (C-5), 81.1 (C-2), 79.9 (C-4), 78.5 (C-3), 63.4 (C-6), 56.5 (C-

a), 51.5 (C-1); LRMS (ESI) 268 [(M+Na)+ 100%]; HRMS calcd for C9H15N3O5 [M+Na]+ 

268.090391, found 268.090876. 

 

1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(methoxymethyl)-[1,2,3]-triazole (275k) 
O

OHHO

HO N
N N

OCH3a

 
Compound 274k was de-O-acetylated according to the general procedure to give 275k in 

72% yield.  Rf 0.23 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 2% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 10.58-12.52 min;  1H NMR (300 MHz, CD3OD): δ 8.03 (s, 1H, triazole H), 

4.71 (dd, 1H, J1,2  3.9 Hz, J1,1'  14.1 Hz, H-1), 4.57-4.50 (m, 3H, H-1', H-a), 4.35-4.30 (m, 

1H, H-2), 4.01-3.99 (m, 2H, H-3, H-4), 3.81-3.77 (m, 1H, H-5), 3.74-3.63 (m, 2H, H-6, H-

6'), 3.36 (s, 3H, OCH3);  13C NMR (150 MHz, CD3OD): δ  145.6 (triazole C-4), 125.9 

(triazole C-5), 87.9 (C-5), 81.1 (C-2), 79.8 (C-4), 78.5 (C-3), 66.2 (C-a), 63.4 (C-6), 58.3 

(OCH3), 51.5 (C-1); LRMS (ESI) 282 [(M+Na)+ 100%]; HRMS calcd for C10H17N3O5 

[M+Na]+ 282.106045, found 282.105787. 
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1-(2,5-Anhydro-1-deoxy-D-glucitolyl)-4-(4-aminophenyl)-[1,2,3]-triazole (275l) 

O

OHHO

HO N
N N

NH2

 
Compound 274l was de-O-acetylated according to the general procedure to give 275l in 

79% yield.  Rf 0.20 (MeOH/EtOAc 1:9);  HPLC purification conditions: isocratic elution 

with 7% MeCN in water at a flow rate of 1mL/min and column temperature of 40 ˚C: 

retention time 11.98-13.86 min;  1H NMR (300 MHz, CD3CN): δ  7.95 (s, 1H, triazole H), 

7.48 (d, 2H, J  8.7 Hz, aromatic H), 6.66 (d, 2H, J  8.7 Hz, aromatic H), 4.62 (dd, 1H, J1,2  

4.2 Hz, J1,1'  14.1 Hz, H-1), 4.47 (dd, 1H, J1',2  8.4 Hz, J1',1  14.1 Hz, H-1'), 4.33-4.28 (m, 

1H, H-2), 3.99 (br s, 1H, H-3), 3.91-3.89 (m, 1H, H-4), 3.79-3.77 (m, 1H, H-5), 3.67 (dd, 

1H, J6,5  3.0 Hz, J6,6'  11.7 Hz, H-6) 3.60 (dd, 1H, J6',5  3.6 Hz, J6',6  11.7 Hz, H-6');  13C 

NMR (75.5 MHz, CD3CN): δ 127.4 (aromatic), 120.9 (triazole C-5), 117.8 (aromatic), 

115.8 (aromatic), 87.3 (C-5), 80.7 (C-2), 79.2 (C-4), 78.6 (C-3), 62.7 (C-6), 50.9 (C-1), 

[triazole C-4 was not observed]; LRMS (ESI) 329[(M+Na)+ 100%]; HRMS calcd for 

C14H18N4O4 [M+H]+ 307.140085, found 307.14123. 

 

6.1.12 Synthesis of sulfated 1'-homo-N-nucleoside derivatives 

 

General experimental procedure for sulfation of triazole derivatives 

The triazole derivative was dissolved in anhydrous pyridine and the solution cooled to 0 

˚C, followed by addition of SO3-pyridine complex (2 eq.).  The reaction was stirred at 0-4 

˚C for 16 h.  To the reaction mixture was then added NaHCO3 (2 eq.) dissolved in H2O 

(0.5 mL) and the reaction was stirred for 10 mins.  The reaction mixture was evaporated 

under reduced pressure to give the crude product which was purified by RP-HPLC.  In 

most cases, starting material was also recovered. 

 

1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(4-N,N-dimethylaminophenyl)-[1,2,3]-

triazole (276a) 

O

OHHO

O N
N N

N

S
O

O
HO

 
Compound 275a was sulfated according to the general procedure to give 276a in 33% 

yield (57% based on recovered starting material).  Rf 0.39 (EtOAc/MeOH/H2O 3:1:1);  

HPLC purification conditions: isocratic elution with 0.08% TFA in 3% MeCN-5% MeOH 
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in water at a flow rate of 1mL/min and column temperature of 40 ˚C: retention time 9.00-

10.82 min;  1H NMR (600 MHz, D2O): δ 8.35 (s, 1H, triazole H), 7.84 (d, 2H, J  4.2 Hz, 

aromatic H), 7.55 (d, 2H, J  3.9 Hz, aromatic H), 4.71-4.65 (m, 1H, H-1), 4.52-4.44 (m, 

2H, H-1', H-2), 4.32 (t, 1H, J3,4  2.1 Hz, J3,2  2.4 Hz, H-3), 4.17-4.11 (m, 3H, H-4, H-6, H-

6'), 3.98 (q, 1H, J5,4  2.4 Hz, J5,6  4.5 Hz, H-5), 3.22 [s, 6H, N(CH3)2];  13C NMR (150 

MHz, D2O): δ  128.3 (aromatic), 124.8 (triazole C-5), 121.6 (aromatic), 82.6 (C-5), 79.5 

(C-2), 77.3 (C-4), 77.2 (C-3), 68.4 (C-6), 51.6 (C-1), 46.9 [N(CH3)2], [triazole C-4 was not 

observed]; LRMS (ESI) 413 [(M-H)- 100%]; HRMS calcd for C16H22N4O7S [M+H]+ 

415.128196, found 415.130026. 

 

1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(4-phthalimidobutyl)-[1,2,3]-triazole 

(276b) 

O

OHHO

O N
N N

N
a b c d

O

O
SHO
O

O  
Compound 275b was sulfated according to the general procedure to give 276b in 30% 

yield (33% based on recovered starting material).  Rf 0.40 (EtOAc/MeOH/H2O 3:1:1);  

HPLC purification conditions: isocratic elution with 0.08% TFA in 14% MeCN-5% MeOH 

in water at a flow rate of 1mL/min and column temperature of 40 ˚C: retention time 18.90-

20.52 min;  1H NMR (600 MHz, D2O): δ 7.90 (s, 1H, triazole H), 7.72-7.68 (m, 4H, 

aromatic H), 4.63 (dd, 1H, J1,2  1.8 Hz, J1,1'  7.2 Hz, H-1), 4.46 (dd, 1H, J1',2  4.5 Hz, J1',1  

7.2 Hz, H-1'), 4.38-4.35 (m, 1H, H-2), 4.24 (t, 1H, J3,4  2.4 Hz, J3,2  2.7 Hz, H-3), 4.08-4.02 

(m, 3H, H-4, H-6, H-6'), 3.89 (q, 1H, J5,4  2.4 Hz, J5,6  4.5 Hz, H-5), 3.56 (t, 2H, Jd,c  3.3 

Hz, H-d), 2.70 (t, 2H, Ja,b  3.3 Hz, H-a), 1.61-1.57 (m, 4H, H-b, H-c);  13C NMR (150 

MHz, D2O): δ  135.5, 132.1, 124.1 (aromatic), 82.8 (C-5), 79.5 (C-2), 77.4 (C-4), 77.2 (C-

3), 68.2 (C-6), 51.9 (C-1), 38.3 (C-d), 27.6, 26.2, 24.3 (C-a, C-b, C-c), [triazole C-4 and C-

5 was not observed]; LRMS (ESI) 495 [(M-H)- 100%]; HRMS calcd for C20H24N4O9S [M-

H]- 495.119132, found 495.119826. 
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1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(4-methoxyphenyl)-[1,2,3]-triazole 

(276c) 

O

OHHO

O N
N N

OCH3

SHO
O

O  
Compound 275c was sulfated according to the general procedure to give 276c in 26% yield 

(72% based on recovered starting material).  Rf 0.48 (EtOAc/MeOH/H2O 3:1:1);  HPLC 

purification conditions: isocratic elution with 0.08% TFA in 19% MeCN in water at a flow 

rate of 1mL/min and column temperature of 40 ˚C: retention time 4.45-6.12 min;  1H NMR 

(600 MHz, D2O): δ 8.23 (s, 1H, triazole H), 7.64 (d, 2H, J  4.2 Hz, aromatic H), 6.99 (d, 

2H, J  4.5 Hz, aromatic H), 4.71-4.68 (m, 1H, H-1), 4.50 (dd, 1H, J1',2  4.5 Hz, J1',1  7.2 Hz, 

H-1'), 4.45-4.42 (m, 1H, H-2), 4.29 (dd, 1H, J3,4  1.8 Hz, J3,2  2.4 Hz, H-3), 4.17-4.11 (m, 

3H, H-4, H-6, H-6'), 3.96 (q, 1H, J5,4  2.4 Hz, J5,6  4.8 Hz, H-5), 3.78 (s, 3H, OCH3);  13C 

NMR (150 MHz, D2O): δ  160.3 (aromatic), 147.5 (triazole C-4), 128.2 (aromatic), 123.7 

(triazole C-5), 122.6, 115.5 (aromatic), 86.1 (C-5), 79.6 (C-2), 77.5 (C-4), 77.2 (C-3), 68.3 

(C-6), 56.3 (OCH3) 51.7 (C-1); LRMS (ESI) 400 [(M-H)- 100%]; HRMS calcd for 

C15H20N3O8S [M+H]+ 402.096561, found 402.098108. 

 

1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(2-methylpropyl)-[1,2,3]-triazole 

(276d) 

b c

c'

O

OHHO

O N
N N

aSHO
O

O  
Compound 275d was sulfated according to the general procedure to give 276d in 23% 

yield (27% based on recovered starting material).  Rf 0.50 (EtOAc/MeOH/H2O 3:1:1);  

HPLC purification conditions: isocratic elution with 0.08% TFA in 4% MeCN-5% MeOH 

in water at a flow rate of 1mL/min and column temperature of 40 ˚C: retention time 19.80-

24.12 min;  1H NMR (600 MHz, D2O): δ 8.25 (s, 1H, triazole H), 4.80 (dd, 1H, J1,2  1.8 

Hz, J1,1'  7.2 Hz, H-1), 4.64 (dd, 1H, J1',2  4.5 Hz, J1',1  7.2 Hz, H-1'), 4.50-4.47 (m, 1H, H-

2), 4.30 (dd, 1H, J3,4  2.1 Hz, J3,2  2.4 Hz, H-3), 4.12-4.05 (m, 3H, H-4, H-6, H-6'), 3.94 (q, 

1H, J5,4  2.7 Hz, J5,6  4.5 Hz, H-5), 2.66 (d, 2H, Ja,b  3.3 Hz, H-a), 1.93-1.88 (m, 1H, H-b), 

0.83 (d, 6H, Jc,b/c',b'  3.3 Hz, H-c, H-c');  13C NMR (150 MHz, D2O): δ  144.2 (triazole C-4), 

128.8 (triazole C-5), 82.7 (C-5), 78.7 (C-2), 77.1 (C-4, C-3), 68.1 (C-6), 53.7 (C-1), 32.2 

(C-a), 28.6 (C-b), 21.9 (C-c/C-c'); LRMS (ESI) 350 [(M-H)- 100%]; HRMS calcd for 

C12H21N3O7S [M+H]+ 352.117297, found 352.117638. 
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1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(N,N-diethylaminomethyl)-[1,2,3]-

triazole (276e) 
b

c

c'
b'

O

OHHO

O N
N N

NaSHO
O

O
 

Compound 275e was sulfated according to the general procedure to give 276e in 39% yield 

(46% based on recovered starting material).  Rf 0.42 (EtOAc/MeOH/H2O 3:1:1);  HPLC 

purification conditions: isocratic elution with 0.08% TFA in 0.4% MeCN in water at a flow 

rate of 1mL/min and column temperature of 40 ˚C: retention time 15.11-16.69 min;  1H 

NMR (600 MHz, D2O): δ 8.25 (s, 1H, triazole H), 4.74-4.70 (m, 1H, H-1), 4.53 (dd, 1H, 

J1',2  4.5 Hz, J1',1  7.2 Hz, H-1'), 4.47-4.43 (m, 3H, H-2, H-a), 4.31 (dd, 1H, J3,4  2.1 Hz, J3,2  

2.7 Hz, H-3), 4.14-4.07 (m, 3H, H-4, H-6, H-6'), 3.94 (q, 1H, J5,4  2.7 Hz, J5,6  4.5 Hz, H-

5), 3.14 (q, 4H, Jb,c/b',c'  3.6 Hz, Jgem  6.9 Hz, H-b, H-b'), 1.27 (t, 6H, Jc,b/c',b'  3.6 Hz, H-c, H-

c');  13C NMR (150 MHz, D2O): δ  136.8 (triazole C-4), 129.5 (triazole C-5), 82.5 (C-5), 

79.2 (C-2), 77.1 (C-4, C-3), 68.3 (C-6), 51.6 (C-1), 48.2 (C-b/C-b'), 46.2 (C-a), 9.30 (C-

c/C-c'); LRMS (ESI) 379 [(M-H)- 100%]; HRMS calcd for C13H24N4O7S [M+Na]+ 

403.125791, found 403.126912. 

 

1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(1-hydroxy-1-phenylmethyl)-[1,2,3]-

triazole (276f) 

O

OHHO

O N
N N

a

OH

SHO
O

O  
Compound 275f was sulfated according to the general procedure to give 276f in 31% yield 

(37% based on recovered starting material).  Rf 0.49 (EtOAc/MeOH/H2O 3:1:1);  HPLC 

purification conditions: isocratic elution with 0.08% TFA in 12% MeCN in water at a flow 

rate of 1mL/min and column temperature of 40 ˚C: retention time 7.70-10.10 min;  1H 

NMR (600 MHz, D2O): δ 7.97 (s, 1H, triazole H), 7.35-7.28 (m, 5H, aromatic H), 5.96 (s, 

1H, H-a), 4.65 (dd, 1H, J1,2  1.2 Hz, J1,1'  7.2 Hz, H-1), 4.49 (dd, 1H, J1',2  4.5 Hz, J1',1  7.2 

Hz, H-1'), 4.40-4.37 (m, 1H, H-2), 4.22 (dd, 1H, J3,4  1.8 Hz, J3,2  2.4 Hz, H-3), 4.10-4.02 

(m, 3H, H-4 H-6, H-6'), 3.90 (q, 1H, J5,4  2.1 Hz, J5,6  4.5 Hz, H-5);  13C NMR (150 MHz, 

D2O): δ  141.5, 129.8, 127.4 (aromatic), 82.9 (C-5), 79.5 (C-2), 77.6 (C-4), 77.2 (C-3), 

68.7 (C-a), 68.3 (C-6), 52.0 (C-1), [triazole C-4 and C-5 was not observed]; LRMS (ESI) 

401 [(M) 100%]; HRMS calcd for C15H19N3O8S [M-H]- 400.082009, found 400.080366. 
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1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(1-hydroxycyclohexyl)-[1,2,3]-triazole 

(276g) 

O

OHHO

O N
N N

OH
a

b c

d

c'b'
SHO
O

O  
Compound 275g was sulfated according to the general procedure to give 276g in 33% 

yield (44% based on recovered starting material).  Rf 0.38 (EtOAc/MeOH/H2O 3:1:1);  

HPLC purification conditions: isocratic elution with 0.08% TFA in 12% MeCN in water at 

a flow rate of 1mL/min and column temperature of 40 ˚C: retention time 10.11-12.96 min;  
1H NMR (600 MHz, D2O): δ 8.20 (s, 1H, triazole H), 4.74 (dd, 1H, J1,2  1.5 Hz, J1,1'  7.2 

Hz, H-1), 4.57 (dd, 1H, J1',2  4.5 Hz, J1',1  7.2 Hz, H-1'), 4.46-4.44 (m, 1H, H-2), 4.28 (dd, 

1H, J3,4  1.8 Hz, J3,2  2.4 Hz, H-3), 4.12-4.06 (m, 3H, H-4 H-6, H-6'), 3.94 (q, 1H, J5,4  2.4 

Hz, J5,6  4.5 Hz, H-5), 1.91-1.28 (m, 10H, cyclohexyl H);  13C NMR (150 MHz, D2O): δ  

153.0 (triazole C-4), 126.1 (triazole C-5), 82.8 (C-5), 79.1 (C-2), 77.2 (C-4, C-3), 70.2 (C-

a), 68.2 (C-6), 52.9 (C-1), 37.7 (C-b/C-b'), 25.3 (C-d), 22.2 (C-c/C-c'); LRMS (ESI) 392 

[(M-H)- 100%]; HRMS calcd for C14H23N3O8S [M+H]+ 394.127862, found 394.129016. 

 

1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(1-hydroxyhexyl)-[1,2,3]-triazole 

(276h) 

O

OHHO

O N
N N

OH

a b c d e
fSHO

O

O  
Compound 275h was sulfated according to the general procedure to give 276h in 43% 

yield (52% based on recovered starting material).  Rf 0.45 (EtOAc/MeOH/H2O 3:1:1);  

HPLC purification conditions: isocratic elution with 0.08% TFA in 22% MeCN in water at 

a flow rate of 1mL/min and column temperature of 40 ˚C: retention time 12.13-15.54 min;  
1H NMR (600 MHz, D2O): δ 8.17 (s, 1H, triazole H), 4.87 (br s, 1H, H-a), 4.75-4.71 (m, 

1H, H-1), 4.59-4.55 (m, 1H, H-1'), 4.45-4.42 (m, 1H, H-2), 4.26 (dd, 1H, J3,4  2.1 Hz, J3,2  

2.4 Hz, H-3), 4.10-4.04 (m, 3H, H-4 H-6, H-6'), 3.92 (q, 1H, J5,4  2.4 Hz, J5,6  4.5 Hz, H-5), 

1.76 (br d, 2H, Jb,a  3.0 Hz, H-b), 1.27-1.17 (m, 7H, H-c, H-d, H-e, OH), 0.72 (t, 3H, Jf,e  

3.3 Hz, H-f);  13C NMR (150 MHz, D2O): δ 149.3 (triazole C-4), 126.5 (triazole C-5), 82.9 

(C-5), 77.4 (C-2), 77.0 (C-4), 76.9 (C-3), 68.2 (C-6), 66.3 (C-a), 52.9 (C-1), 36.5, 31.4, 

24.8, 22.6 (C-b, C-c, C-d, C-e), 14.2 (C-f); LRMS (ESI) 394 [(M-H)- 100%]; HRMS calcd 

for C14H25N3O8S [M-H]- 394.128959, found 394.12824. 
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1-(2,5-Anhydro-1-deoxy-6-sulfo-D-glucitolyl)-4-(1-hydroxyethyl)-[1,2,3]-triazole (276i) 

O

OHHO

O N
N N

a b

OH

SHO
O

O  
Compound 275i was sulfated according to the general procedure to give 276i in 32% yield 

(42% based on recovered starting material).  Rf 0.43 (EtOAc/MeOH/H2O 3:1:1);  HPLC 

purification conditions: isocratic elution with 0.08% TFA in 1% MeCN in water at a flow 

rate of 1mL/min and column temperature of 40 ˚C: retention time 5.13-6.82 min;  1H NMR 

(600 MHz, D2O): δ 8.12 (s, 1H, triazole H), 5.03 (q, 1H, Ja,b  3.3 Hz, H-a), 4.72 (dd, 1H, 

J1,2  1.8 Hz, J1,1'  7.2 Hz, H-1), 4.55 (dd, 1H, J1',2  4.5 Hz, J1',1  7.2 Hz, H-1'), 4.46-4.43 (m, 

1H, H-2), 4.27 (dd, 1H, J3,4  2.1 Hz, J3,2  2.4 Hz, H-3), 4.14-4.06 (m, 3H, H-4 H-6, H-6'), 

3.93 (q, 1H, J5,4  2.4 Hz, J5,6  4.5 Hz, H-5), 1.48 (d, 3H, Jb,a  3.3 Hz, H-b); 13C  NMR (150 

MHz, D2O): δ  150.8 (triazole C-4), 125.7 (triazole C-5), 82.8 (C-5), 79.4 (C-2), 77.4 (C-

4), 77.1 (C-3), 68.2 (C-6), 62.2 (C-a), 52.4 (C-1), 22.5 (C-b); LRMS (ESI) 338 [(M-H)- 

100%]; HRMS calcd for C10H17N3O8S [M-H]- 338.066359, found 338.065062. 

 

6.2 Biological evaluation of synthesised compounds 

 

A range of glucuronide-based and 2,5-anhydro-glucitol-based compounds were 

biologically evaluated . 

 

6.2.1 Assay of 2-acetamido-Δ4-glucuronides as inhibitors of influenza A virus 
sialidases 
 
The two glucuronyl phosphonates 88 and 98, and the series of 3-hydroxy and 3-O-

substituted 2-acetamido-Δ4-glucuronides, 132 and 139 to 142, were evaluated for their 

ability to inhibit influenza A virus sialidases. 

 

The glucuronyl phosphonate 88 was evaluated against both influenza A/N1 

[A/HongKong/156/97 (H5N1)] and A/N2 [A/Paris/908/97 (H3N2)] sialidases using an in 

vitro fluorometric assay.  These assays were carried-out in the laboratory of Dr Nadia 

Naffakh at the Institut Pasteur, Paris, according to their published procedure206 using MES-

β-dodecyl-D-maltoside cell extracts prepared from 293T cells transiently expressing the 

viral enzyme.  Results of this assay are described in Section 2.5, Chapter 2. 
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The two glucuronyl phosphonates 88 and 98 (Chapter 2), and the series of 3-hydroxy and 

3-O-substituted 2-acetamido-Δ4-glucuronides, 132 and 139 to 142 (Chapter 3), were 

evaluated as inhibitors of native influenza virus sialidase (A/N2) using an in vitro 

fluorometric assay,207 in a 96-well plate format.  These assays were carried-out at the 

Institute for Glycomics in the laboratory of Prof. Mark von Itzstein by Mr. Raphael Böhm. 

The protocol used is described below. 

 

Stock solutions of the substrate (MUN, 44), inhibitor and sialidase native influenza virus 

sialidase (A/N2) were prepared in the reaction buffer (50 mM sodium acetate, 6 mM 

CaCl2, pH 5.5).  The reaction mixture with a final volume of 10 µL was prepared in a 96-

well solid black plate on ice.  All inhibition assays were done in triplicate over eight 

inhibitor concentrations covering five orders of magnitude and a MUN concentration of 

0.1 mM.  Sample measurements were corrected for background fluorescence that was not 

produced by the enzyme-catalysed hydrolysis of the substrate, by subtracting a blank 

sample that contained MUN in the reaction buffer.  The reaction was started by brief 

centrifugation of up to 1000 rpm for approximately 10 seconds to combine all the 

components.  Immediately after centrifugation the reaction was incubated at 37 ˚C with 

900 rpm shaking for 20 min.  To stop the reaction, glycine [250 µL, 0.25 M (pH 10)] was 

added to each well and the fluorescence was read (1 second per well) at an excitation of 

355 nm and emission of 460 nm.  Resulting activities were normalised to 1 as the 

maximum activity for each inhibitor.  The data points were fitted using the SigmaPlot 

programme (Systat Software Incorporation) by a logistic curve with four parameters {y = 

y0 + [a / (1+ (x/x0)^b]}.  IC50 values were calculated with setting y = 0.5 and the data 

analysis to determine IC50 values was carried-out using SigmaPlot.  Results of these assays 

are presented in Table 6 and Figure 25, Chapter 3. 

 

6.2.2 Assay of 1'-homo-N-nucleoside mimetics against replication of influenza 
A/Paris/908/97 (H3N2) virus in MDCK cells 
 
A selection of the synthesised 1'-homo-N-nucleoside mimetics [272, 275 (a, b, c, j, k, l)] 

were assessed for inhibition of influenza A virus growth through measuring the cytopathic 

effect (CPE) of replicating virus, in the presence of 'inhibitor', on Madin-Darby Canine 

Kidney (MDCK) cells..  This assay was performed by Drs Andru Tomoiu and Nadia 

Naffakh at the Institut Pasteur, Paris.  The protocol used is described below. 
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Compounds [272, 275 (a, b, c, j, k, l)] and ribavirin 250 were prepared as stock solutions, 

50 mM in 50% DMSO.  For each of the 1'-homo-N-nucleoside mimetics [272, 275 (a, b, c, 

j, k, l)], three concentrations (100 μM, 10 μM and 1 μM) were tested against the 

replication of influenza A/Paris/908/97 (H3N2) virus in MDCK cells.  Experiments were 

carried-out in triplicate. 

 

MDCK cells were seeded in 96-well plates (20,000 cells per well) and then next day, the 

cells were washed twice with minimum essential medium (MEM) without serum.  To the 

plates was added 100 µL of the inhibitor (diluted in MEM, two times as compared to the 

final concentration) or 100 µL of DMSO (diluted in MEM, two times as compared to the 

final concentration).  This was followed by addition of 100 µL of influenza A/Paris/908/97 

(H3N2) virus [diluted in MEM supplemented with 2 µg/mL L-1-tosylamido-2-phenylethyl 

chloromethyl ketone (TPCK) trypsin (equivalent to 50 particle forming units per well)].  

The infected cell cultures were incubated for 48 hours at 37 ˚C.  The presence of a 

cyptopathic effect (CPE) was monitored under the microscope (blind reading).   Results of 

the assay are presented in Table 13, Chapter 5. 

 

6.2.3 Assay of 1'-homo-N-nucleoside mimetics against replication of human 
parainfluenza type-3 virus (hPIV-3) in LLC-MK2 cells 
 
A selection of the synthesised 6-O-sulfated 1'-homo-N-nucleoside mimetics [276 (b, c, f, g, 

i)] were assessed for inhibition of the replication of human parainfluenza virus type-3 

(hPIV-3) in Rhesus monkey kidney epithelial cells (LLC-MK2) using a fluorescent focus 

assay.  This assay was performed by Dr Patrice Guillon in the laboratory of Prof. Mark von 

Itzstein at the Institute for Glycomics.  The protocol used is described below. 

 

Compound dilutions were prepared in Eagle’s minimal essential medium (EMEM) 

[GlutaMAX 1%, without fetal bovine serum (FBS) and Penicillin/Streptomycin].  

Compounds [276 (b, c, f, g, i)] were tested at 1mM concentration for screening and 

ribavirin 250 was used at 50 μM as a positive control for inhibition effect.  Experiments 

were carried-out in triplicate. 

 

LLC-MK2 cells/wells (30,000) in 70 μL of EMEM (FBS 2%, GlutaMAX 1%, 

Penicillin/Streptomycin 1%) were seeded in a Lab-Tek chamber slide (without gasket, 0.4 

cm2/well).  The chamber was incubated for 24 h at 37 ˚C in a 5% CO2 atmosphere.  The 

cell culture medium was removed and phosphate-buffered saline (PBS) (70 μL) was added 
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gently into each well.  The medium was removed carefully and the cell monolayer was 

overlaid with 50 μl of compound solution.  The cells were incubated with compound for 2 

h at 37 ˚C in a 5% CO2 atmosphere, after which the compound solution was removed and 

replaced with hPIV-3 virus suspension.  Virus suspensions in EMEM (GlutaMAX 1%, 

without FBS and Penicillin/Streptomycin) were prepared such that 40 to 50 fluorescent 

foci per well could be obtained (using 50 μL of virus dilution).  The overlay of virus 

suspension on untreated cell monolayer was used as a positive control of infection.  The 

cells were incubated for 2 h at 37 ˚C in a 5% CO2 atmosphere, with gentle agitation every 

30 min to optimise cell/virus contact.  The virus suspension was then carefully removed 

and the cells washed gently twice with PBS (70 μL).  The PBS was then removed and 

replaced with 70 μl of 0.8% MethylCellulose/EMEM (GlutaMAX 1%, NO FBS and NO 

P/S) containing the compound at the same concentration as used before infection (1 mM 

for nucleoside mimetics, 50 μM for ribavirin).  The cells were then incubated for 36-48 h 

at 37 ˚C in a 5% CO2 atmosphere.  This was followed by removal of the 0.8% 

MethylCellulose/EMEM and washing of cells by slide immersion in PBS.  The cells were 

then fixed by slide immersion using PBS/formaldehyde (3.7-4%) for at least 30 min at 

room temperature.  The cells were washed by slide immersion in PBS and were then 

permeabilised by slide immersion in PBS/IGEPAL (1%) for 20 min at room temperature.  

The cells were again washed by slide immersion in PBS.  The presence of hPIV-3 HN was 

then probed by the addition of 70 μl/well of mouse anti-'HN of hPIV-3' primary antibody 

(Fitzgerald, clone M02122321; 2.0 mg/ml, 1:200 dilution in PBS/Milk 5%).  The cell-

antibody mixture was incubated for 1 h at 37ºC under a humidified atmosphere.  The 

antibody solution was then removed by flicking and washing the cells by slide immersion 

in PBS/Tween (20:0.02%).  The presence of the mouse anti-'HN of hPIV-3' primary 

antibody was then probed using a 70 μl of rabbit anti-mouse IgG (H+L) secondary 

antibody labeled with Alexa fluor 488 (Invitrogen, 1:200 dilution in PBS/Milk 5%).  The 

cell-antibody mixture was incubated for 1 h at 37ºC under a humidified atmosphere.  

Again, the antibody solution was removed by flicking and washing the cells by slide 

immersion in PBS/Tween (20:0.02%).  The slide was rinsed by brief immersion (a few 

seconds) in water (milliQ) and air-dried.  The cells were then observed under a uv 

microscope and the number of fluorescent foci formed by viral infection in each well was 

counted.  Results of the assay are presented in Figure 32, Chapter 5. 
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1H NMR spectrum of compound 85 (300 MHz, CDCl3). 
 
 

 
 

Expansion of 1H NMR spectrum of compound 85 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 87 (300 MHz, CDCl3). 
 
 
 
 
 

 
 

 
 
 

1H NMR spectrum of compound 91 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 133 (300 MHz, CDCl3). 

 
 
 

Expansion of 1H NMR spectrum of compound 133 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 134 (300 MHz, CDCl3). 

 
 
 

Expansion of 1H NMR spectrum of compound 134 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 138 (300 MHz, CDCl3). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 138 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 139 (300 MHz, D2O/CD3OD). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 139 (300 MHz, D2O/CD3OD). 
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1H NMR spectrum of compound 140 (300 MHz, D2O). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 140 (300 MHz, D2O). 
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1H NMR spectrum of compound 142 (300 MHz, D2O/CD3OD). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 142 (300 MHz, D2O/CD3OD). 
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1H NMR spectrum of compound 174 (300 MHz, CDCl3). 

 

 
Expansion of 1H-1H COSY of compound 174 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 173 (300 MHz, CDCl3). 

 
Expansion of 1H-1H COSY of compound 173 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 221 (300 MHz, CDCl3). 

 
Expansion of 1H-1H COSY of compound 221 (300 MHz, CDCl3). 



275 

 
 

1H NMR spectrum of compound 234 (300 MHz, CDCl3). 
 
 

 
 

Expansion of 1H NMR spectrum of compound 234 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 273 (300 MHz, CDCl3). 

 
Expansion of 1H NMR spectrum of compound 273 (300 MHz, CDCl3). 
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1H NMR spectrum of compound 274b (300 MHz, CDCl3). 

 

 
1H NMR spectrum of compound 274r (300 MHz, CDCl3). 
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1H NMR spectrum of compound 274j (300 MHz, CDCl3). 

 

 
Expansion of 1H-1H COSY of compound 274j (300 MHz, CDCl3). 
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1H NMR spectrum of compound 275a (300 MHz, D2O). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 275a (300 MHz, D2O). 
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1H NMR spectrum of compound 275d (300 MHz, D2O). 

 
Expansion of 1H-1H COSY of compound 275d (300 MHz, D2O). 
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1H NMR spectrum of compound 275g (300 MHz, D2O). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 275g (300 MHz, D2O). 
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1H NMR spectrum of compound 275i (300 MHz, D2O). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 275i (300 MHz, D2O). 
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1H NMR spectrum of compound 276a (600 MHz, D2O). 
 

 
 

Expansion of 1H NMR spectrum of compound 276a (600 MHz, D2O). 
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1H NMR spectrum of compound 276c (600 MHz, D2O). 
 

 
 
 

Expansion of 1H NMR spectrum of compound 276c (600 MHz, D2O). 
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1H NMR spectrum of compound 276d (600 MHz, D2O). 
 
 

 
 
 

Expansion of 1H-1H COSY of compound 276d (600 MHz, D2O). 


