
The Synthesis and Evaluation of Carbohydrate-Based 
Probes of Proteins Involved in Viral Pathogenesis 

Catherine Ann Tindal 
BSc (Pharm. Chem.), BSc (Hons) 

Institute for Glycomics 
Griffith University, Gold Coast Campus 

Submitted in fulfillment of the requirements of the degree of 
Doctor of Philosophy 

February 2017 



ii 



 iii 

Abstract 
Dengue is the most common arboviral infection globally, and causes significant 

morbidity, mortality and economic burden.  There is currently no vaccine or 

chemotherapeutic treatment available, and a greater understanding of viral pathogenesis 

is required so that effective treatments can be developed.  The research in this PhD 

thesis is focused on using carbohydrate-based probes to explore two essential aspects of 

the dengue virus (DENV) lifecycle; the virus-host cell interaction involved in the viral 

cell entry process, and the replication of viral RNA. 

 

The first major project of this thesis (described in Chapters 2 to 4) involved the 

investigation of the interaction between the DENV envelope glycoprotein (EGP) and 

host-cell carbohydrates at the molecular level.  The first aspect of this project (presented 

in Chapter 2) was the synthesis of neolactotetraose (nLc4) and related trisaccharides that 

had been shown previously, through cell-based and glycan array studies, to interact with 

the DENV EGP.  Synthesis of the oligosaccharides involved the generation of a suite of 

glycosyl acceptors and donors that were used for the construction of nLc4, lactotriaose 

(Lc3) and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc.  The lactosamine required for the 

building blocks was synthesised efficiently from lactulose via the Heyns rearrangement.  

The fully protected β-OTMSE nLc4 and β-OTMSE Lc3 oligosaccharides were 

synthesised from N-phthaloyl-protected thioethyl glycosyl donors in high yields.  The 

fully protected GlcNPhth-β(1,3)-Gal-β(1,4)-GlcNPhth thioethyl glycoside was 

synthesised from an N-phthaloyl-glucosamine-based trichloroacetimidate glycosyl 

donor.  The fully protected tetrasaccharide and two trisaccharides were O- and 

N-deprotected in a multi-step sequence to afford β-OTMSE nLc4, β-OTMSE Lc3 and 

β-SEt GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc. 

 

Using the oligosaccharides synthesised in Chapter 2, the next facet of the project 

(described in Chapter 3) was the synthesis of multivalent displays of nLc4 and related 

carbohydrates.  A key step towards achieving this was the anomeric functionalisation of 

carbohydrates to produce N-propargyl glycosyl acetamides.  These were readily 

prepared from unprotected carbohydrates in a one-pot, two step procedure.  A 

synthesized azide-terminated methyl gallate-triethylene glycol (MGTG) scaffold was 

then conjugated with the alkyne-functionalized carbohydrates through CuAAC 

chemistry, to afford six trivalent displays of carbohydrates. 
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In Chapter 4 is described the biological evaluation of monovalent and trivalent displays 

of nLc4 and related carbohydrates with DENV-2 EGP domain III (DIII) using saturation 

transfer difference (STD) NMR.  Displaying the biologically relevant carbohydrates in a 

trivalent manner was found to appreciably enhance the strength of binding to DENV-2 

EGP DIII compared to the corresponding monovalent carbohydrates.  The strongest 

binding interaction was observed for trivalent nLc4, with the binding strength decreasing 

with the removal of successive non-reducing end sugars.  The minimum binding epitope 

for DENV-2 EGP DIII, using the suite of carbohydrates studied, was found to be either 

a lactose or N-acetyllactosamine disaccharide.  Finally, a qualitative binding epitope 

was mapped for trivalent nLc4, with all four carbohydrate residues observed to be 

involved in binding.  The methyl ester and aromatic core region of the trivalent scaffold 

were also found to be involved in a binding interaction with DIII, even in the absence of 

carbohydrates.  Together these results may provide a new strategy in the design of 

DENV-host cell entry inhibitors. 

 

The second major project of this thesis, presented in Chapter 5, involved the synthesis 

and biological evaluation of a library of methyl α-D-fructofuranoside-based 1'-homo-

N-nucleoside analogues as potential inhibitors of viral replication, possibly by 

interfering with the RNA-dependant RNA polymerase.  A key 6-O-TBDPS-

3,4-epoxide-1-O-triflate intermediate was synthesised from sucrose in 5 steps.  From 

here, the synthetic pathway diverged to create two series of nucleoside analogues based 

on different substituents at C-1 of the fructofuranoside template; cytosine, or a 

4-substituted 1,2,3-triazole.  Additional modifications with variable chemical 

characteristics were introduced at C-4' through nucleophilic opening of the 

3',4'-epoxide.  Successful epoxide opening in general required high temperatures, with 

some reactions facilitated by reaction under microwave irradiation.  The nucleoside 

analogues were evaluated for their inhibitory effect on DENV-2, influenza A virus 

(H3N2), human parainfluenza virus type 3 and enterovirus 71 viral replication, as well 

as for their cytotoxicity in two mammalian cell lines.  Two C-1' 4-substituted 

1,2,3-triazole derivatives were found to inhibit the replication of DENV-2, while two 

different 4-substituted 1,2,3-triazole derivatives demonstrated a reduction in influenza 

A virus (H3N2) replication.  These results are an encouraging “proof of concept” of 

methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues acting as potential 

antiviral agents. 
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Nomenclature 
Synthesis of neolactotetraose and related oligosaccharides 

For the purpose of this thesis, atoms of the glucose (or glucosamine) portion of lactose 

(or lactosamine)-based derivatives are numbered 1 through to 6, as illustrated below for 

lactose.  Atoms of the galactose moiety are assigned 1' through to 6'.  

In the experimental section, NMR assignments of lactose (or lactosamine)-based 

derivatives are prefixed with Glc, GlcN or Gal.  For trisaccharides and tetrasaccharides, 

the Glc, GlcN or Gal moieties are denoted by superscript numbering, starting from I at 

the reducing end sugar, as depicted for the example of neolactotetraose, below. 

Synthesis of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues 

The numbering convention for the discussion of literature 1'-homonucleosides A 

follows the IUPAC guidelines,i based on being C-1' homologues of natural 

ribonucleosides B.   

Base = nucleobase 

i The numbering convention for 1'-homonucleosides follows the IUPAC guidelines, described in Favre, 
H. A.; Powell, W. H. In Nomenclature of Organic Chemistry (IUPAC Recommendations and Preferred
IUPAC Names 2013); Favre, H. A., Powell, W. H., Eds.; Royal Society of Chemistry: 2014.
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The numbering convention of synthesised methyl α-D-fructofuranoside-based 1'-homo-

N-nucleosides is based on the numbering system for α-D-fructofuranose C.  For

nucleobase-containing methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 

analogues D, the cytosine is numbered from 1 through to 6, while the fructofuranoside 

moiety is numbered from 1' through to 6'.  For the 4-subsitututed 1,2,3-triazole series of 

methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues E, the triazole 

moiety is number from 1 to 5, while the methyl fructofuranoside residue is numbered 

from 1' through to 6'. 
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1 
Introduction 
 

Over the past century, dengue virus (DENV) has emerged as the most common 

arboviral infection of humans in the tropical and subtropical regions of the world.1  

There are currently 3.9 billion people (over half of the world’s population) in over 128 

countries where DENV is endemic,2 particularly in the Americas, South-East Asia, and 

the western Pacific (Figure 1).3  

 

 
Figure 1.  Global areas at risk of DENV transmission (contour lines) and countries or areas of 
reported cases of dengue.  Reproduced with permission from the World Health Organisation 
(WHO),4 copyright (2014). 

 

Annually, there are an estimated 390 million cases of dengue,5 a figure that has 

increased considerably over the past several decades.3  Of these cases, approximately 96 

million manifest clinically, with 500,000 progressing to severe dengue.  The mortality 

rate of severe dengue is estimated to be 2.5%, which can exceed 20% when adequate 

care is not available.  Severe dengue has become a leading cause of illness and death 

among children in the Asian and Latin American regions.3  A report in 2012 recognised 

dengue as the greatest burden of the vector-borne viral diseases in humans, and perhaps 

even more important than malaria in terms of morbidity and economic cost.6  There are 
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currently no vaccines or treatments available for dengue,3 therefore the development of 

therapeutics to treat or prevent DENV infection is of significant and urgent global 

importance. 

 

This chapter reviews general aspects of DENV virology, with particular emphasis on 

two key viral proteins that may be exploited for carbohydrate-based antiviral drug 

discovery.  The current progress of anti-DENV therapies is also discussed. 

 

1.1 Flaviviridae and Flaviviruses 
Arboviruses (Arthropod-borne viruses) are enveloped ribonucleic acid (RNA) viruses 

that are transmitted by an arthropod vector, such as mosquitoes or ticks, to a 

mammalian host.7  To date, greater than 600 arboviruses have been identified, with 

more than 80 of these being human pathogens.7  A number of virus families contain 

arboviruses, including the family Flaviviridae, of which DENV is a member.  The 

Flaviviridae family is comprised of four genera: Hepacivirus, Pestivirus, Flavivirus,8,9 

and the recently classified Pegivirus.10-12  Despite the classification of the Flaviviridae 

family into separate genera, and the fact that they possess different biological 

properties, there is a significant amount of similarity with regards to virion morphology, 

genome organisation, and potentially even replication strategies.8,9  This is exemplified 

in Figure 2, which comparatively displays three genera of Flaviviridae viral gene 

products and their proposed transmembrane topologies.9 
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Figure 2.  Proposed topologies of three genera of Flaviviridae viral proteins, with respect to 
the endoplasmic reticulum.  Structural proteins are shown in yellow and non-structural proteins 
are shown in green (required for infectious virus production) or blue (have not been implicated 
in infectious virus production).  Reproduced with permission from Macmillan Publishers Ltd: 
Nature Reviews Microbiology,9 copyright (2008). 

Hepatitis C virus (HCV) is the prototype member of the genus Hepacivirus,9 and was 

identified in 1989 as the cause of non-A, non-B hepatitis.13  Globally, it is estimated to 

currently infect 130 to 150 million people,14 who are at risk of developing liver 

cirrhosis, hepatocellular carcinoma and extrahepatic disease.9  As recently as 2011, GB 

virus B was the only other identified member of this genus, however, since that time, 

novel animal homologues of HCV have also been discovered.15  

The Pestivirus genus contains three important animal viruses; bovine viral diarrhoea 

virus (BVDV), classical swine fever virus and border disease virus, all three of which 

cause morbidity and mortality in livestock and are a significant financial burden on the 

industry.8,9  Pegiviruses were classified as a genus in 2013,10 and contain the species 

pegivirus A, which includes human pegivirus (formerly hepatitis G virus), and pegivirus 

B.11
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The Flavivirus genus consists of approximately 73 virus species, with about half of 

these being pathogenic to humans, while the remainder affect birds, non-human 

primates, rodents, pigs and other mammals.16,17  Examples of important human viruses 

in this genus include DENV, West Nile virus, Japanese encephalitis virus and yellow 

fever virus.  Combined, Flaviviruses are responsible for millions of human deaths 

annually, with virus infections manifesting in a wide range of symptoms and 

complications, including undifferentiated fever, jaundice, flaccid paralysis, hemorrhagic 

disease and encephalitis.16,18  

The viruses within the Flavivirus genus are believed to have evolved from a common 

ancestor ten to twenty thousand years ago and evolve swiftly to fill new ecological 

niches.17  The recent spread of these viruses to previously non-endemic areas has been 

attributed to a range of factors, including population movement, rapid urbanisation, 

deforestation and climate change, as well as increased travel to endemic areas.16  

Importantly, there are currently no antiviral therapies available against Flavivirus 

infection and few vaccines.16  

Analysis of the amino acid sequence homology of Flavivirus viral proteins has allowed 

the classification of Flaviviruses into different antigenic complexes, for example, 

DENV serotypes 1 to 4.  Homology between viruses in different serocomplexes ranges 

from 40 to 53%.19  Within serocomplexes, homologies are significantly higher, ranging 

from around 62 to 80%, up to as high as 96 to 98%.19  Based on this amino acid 

conservation, it is predicted that Flaviviruses maintain similar overall folding and 

arrangement of protein domains.20  Information on the conservation of flaviviral protein 

structural and functional characteristics could be beneficial for designing potential 

therapeutics that would elicit antiviral activity against different serotypes, and 

potentially across viral species within the same genus. 
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1.1.1 Dengue Virus and Dengue 

DENV is the causative agent of dengue, which is considered to be quite an “old” 

disease, with illnesses clinically comparable to modern day dengue reported as far back 

as two millennia ago in early Chinese records.21  It is generally accepted that by the late 

18th century, a disease of great similarity to dengue was responsible for epidemics in 

Asia and the Americas, and within 100 years it was considered to be widespread in 

tropical and subtropical areas.22  In modern times, dengue epidemics are reported 

annually in the Americas, Asia, Africa and Australia.  The epidemics not only have an 

impact on the health of those living and travelling in those areas, but they also create a 

considerable economic burden in those regions.23 

1.1.1.1 Dengue Viral Epidemiology 

In recent decades, dengue has escalated considerably in geographic range, incidence and 

severity.1,24  The prevalence of more serious presentations of the disease is associated 

with subsequent infection by a second DENV serotype.24  The increased range and 

incidence of dengue is believed to be caused by rapid population growth, global travel 

and commerce, unplanned or uncontrolled urbanisation in tropical and subtropical 

countries, proliferation of vector breeding sites, and difficulties in vector control 

strategies.23,24  Climate change and global warming have also been identified as 

influential factors on the incidence of dengue, with temperature, rainfall and relative 

humidity all affecting the viral vector, and thus transmission.25  A recent cartographic 

depiction of the global, annual burden of dengue, as at 2010, is shown in Figure 3.  It is 

estimated that Asia bears 70% of the annual disease burden, of which India alone 

contributes 30%.  The Americas represent 14%, and Africa contributes 16%, while the 

Oceania region represents less than 0.2% of the 96 million clinically reported infections 

each year.5 
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Figure 3. Global burden of dengue in 2010.  Cartogram of the annual number of reported 
infections for all ages as a proportion of a national or subnational (China) geographical area. 
Reproduced and modified with permission from Nature Publishing Group: Nature,5 copyright 
(2013). 

There is also an increasing incidence of DENV infections in Australia.26  South-East 

Queensland, New South Wales, northern Western Australia and Darwin in the Northern 

Territory have all suffered outbreaks in the past.27  North Queensland has a history of 

outbreaks that date back to 1879, and between then and 2010 there have been thirteen 

notable epidemics, eight of those between 1990 and 2000.26  Over a 31 week period 

during 2008-2009, there were an extraordinary 915 cases of DENV-3 infections 

reported in Cairns (northern Queensland), which resulted in one fatality.26  Figure 4 

depicts a recent spatial distribution study of DENV incidence in northern Queensland, 

from 1993 to 2012.28  During the study period a total of 2,398 cases of locally-acquired 

dengue were reported to Queensland Health, with 2,273 of these in northern 

Queensland.  Of these cases, spatial and temporal analyses were conducted, which 

found that in recent years (2008 to 2012), the spatial distribution was shown to be 

clearly increasing, spreading from Cairns to a wider area.28  Not surprisingly, North 

Queensland is considered to be highly vulnerable to future dengue epidemics.27 
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Figure 4. Map showing the spatial distribution study area of dengue cases in northern 
Queensland, Australia, 1993 to 2012.  Inset A shows a closer view of Cairns and the 
surrounding area.  Reproduced under the Creative Commons Attribution License: Naish et al.,28 
copyright (2014). 

 

1.1.1.2 Dengue Virus Transmission  

The principal vector of DENV is the mosquito Aedes aegypti, a tropical mosquito that is 

highly susceptible to DENV infection and is also the vector for yellow fever and 

chikungunya viruses.29,30  Only the female mosquitoes seek blood meals, preferentially 

feeding on humans during the daytime.17  These mosquitoes are extremely efficient 

epidemic vectors as they breed in peri-domestic collections of clean water, allowing a 

single mosquito to transmit DENV to multiple persons in a short time.17,21,31 

 

The mosquito vector acquires DENV upon taking a blood meal from an infected human 

during the five day viraemic phase.32  The virus is transferred from the mosquito 

intestinal tract to the salivary glands after an extrinsic incubation period of 

approximately ten days.  After this time, the infected mosquito is capable of 

transmitting the virus for the rest of its life.21  Human infection occurs from a bite from 

an infected mosquito, upon which DENV infects immature dendritic cells in the skin 

through the non-specific receptor, dendritic-cell-specific ICAM3-grabbing non-integrin 

(DC-SIGN, discussed in greater detail in Section 1.1.1.7.3.2).  These cells mature and 

migrate to local or regional lymph nodes, initiating immune responses.  Replication of 

DENV is believed to occur in liver parenchymal cells, macrophages in lymph nodes, 

liver and spleen, as well as in peripheral blood monocytes.32 
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1.1.1.3 Dengue Symptoms 

Characteristic symptoms of a DENV infection are similar to those of influenza, with an 

abrupt onset illness of fever, headache, severe muscle and joint pain and rash, lasting 

between 1 to 2 weeks.23  Although up to 75% of infections are inapparent, the remainder 

manifest as a spectrum of clinical illnesses.  Symptoms can range from classical dengue, 

with a mild, self-limiting, febrile illness, through to a rare (0.5 to 1% of infections) but 

severe and potentially fatal hemorrhagic disease known as severe dengue (formerly 

termed dengue hemorrhagic fever and dengue shock syndrome).23,32  There are four 

serotypes of DENV: DENV-1, DENV-2, DENV-3 and DENV-4.  Although infection 

with DENV stimulates immunogenic response to that particular serotype, there is no 

lasting cross-immunity conferred.  Secondary infection with a heterologous serotype 

can increase the risk of developing severe dengue due to a phenomenon known as 

antibody-dependent enhancement (ADE).23,32 

 

1.1.1.4 Dengue Virology 

The DENV particle (Figure 5) is 500 Å in diameter, with icosahedral symmetry.33  By 

cryo-electron microscopy (Figure 5a), it is characterised by a relatively smooth surface 

and an electron-dense core surrounded by an envelope (lipid bilayer) acquired from the 

host cell membrane when budding.33  

 

  

Figure 5. The DENV particle.  a) A cryo-electron micrograph of a DENV particle: central 
cross section looking down an icosahedral three-fold axis, showing the polygonal shape of the 
membrane; b) the lattice of 90 DENV envelope glycoprotein dimers is illustrated as a cryo-
electron microscopy reconstruction of the mature DENV particle (PDB 3J27).  Reproduced with 
permission from Nature Publishing Group from a) Nature Structural and Molecular Biology,33 
copyright (2003); and b) Nature Immunology,34 copyright (2015). 

 

 a                    b 
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The single-stranded, positive-sense, 11 kb RNA genome of DENV has a single, long 

open reading frame that is translated into a polyprotein.33,35  The DENV genome 

contains 5' and 3' non-coding regions, which are essential for efficient RNA replication 

and translation as well as having an important role in the viral life cycle.36  The DENV 

open reading frame, depicted in Figure 6, is approximately 11,000 nucleotides in length, 

encoding a polyprotein precursor of around 3,400 amino acids.37,38  This polyprotein 

precursor is then co- and post-translationally processed by cellular and virally encoded 

proteases to yield ten proteins, consisting of three structural and seven non-structural 

proteins.32,36,37 

 

 

Figure 6. The structural and genomic features of DENV.  The DENV virion contains a positive 
single-stranded genomic RNA, which is encapsulated within the nucleocapsid and enveloped in 
a glycoprotein-embedded lipid bilayer.  The genomic RNA comprises of a single open reading 
frame encoding 10 viral proteins: three structural proteins [C, prM and EGP (E)] and seven non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5).  Immature dengue 
virions have a spiky glycoprotein shell with 60 prM-EGP arranged in icosahedral protrusions.  
Matured dengue virions have a smooth glycoprotein shell with 90 EGP protein dimers arranged 
in a herringbone pattern.  C, capsid; E, envelope; prM, pre membrane; NS, non-structural; ss-
RNA, single stranded ribonucleic acid.  Reproduced with permission from Elsevier: 
Pharmacology & Therapeutics,39 copyright (2013). 

 
The capsid (C) and membrane (M) proteins, as well as the envelope glycoprotein (EGP) 

are the structural proteins that organise to form the virion (Figure 6).  This is achieved 

by formation of the nucleocapsid by C protein encapsulation of the viral genomic RNA, 

which is in turn enveloped by the lipid bilayer, which contains embedded pre-M (prM) 
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protein and EGPs (Figure 6).38  The major antigenic determinant on the virus particle, 

the EGP, also mediates the critical virus entry roles of receptor binding and fusion,36 as 

shown in Figure 7 and discussed in further detail in Section 1.1.1.7.  

Figure 7. The DENV structural and non-structural proteins, and their roles as potential 
therapeutic targets.  Reproduced with permission from Elsevier: Pharmacology & 
Therapeutics,39 copyright (2013). 

The seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) 

are essential for the viral replication process,40 as well as virion assembly and evasion of 

the host immune response (Figure 7).36  These non-structural proteins are closely 

associated with cellular membranes within the viral replication complex during the 

synthesis of viral RNA40 (see Figure 2, Section 1.1).  NS3 and NS5 are the most well-

characterised non-structural proteins; both have multiple functional domains and 

enzymatic activities.38  NS3 is a serine protease that utilises NS2B as a co-factor, and 

also possesses RNA triphosphatase and helicase activities.38  NS5, the largest and most 

highly conserved viral protein, has methyltransferase (MTase) and RNA-dependent 

RNA polymerase (RdRp) functionalities.  The MTase is involved in viral RNA capping 

and is essential for virus replication.  The RdRp domain shares great similarities to 

those present in other positive-strand RNA viruses,36 as discussed in greater detail in 

Section 1.1.1.8). 

1.1.1.5 Dengue Virus Replication 

Replication of DENV, depicted in Figure 8, is initiated by attachment of the virus to the 

host cell surface via the EGP.23  Attachment is mediated by a number of protein-

carbohydrate and protein-protein interactions, as reviewed by De La Guardia and 
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Lleonart,41 and will be discussed in more detail in Section 1.1.1.7.3.  Following 

attachment, the virus is internalised by clathrin-mediated endocytosis and fuses with the 

membrane of the late endosome in a pH-dependant manner.23 

 

 

Figure 8. Life cycle of DENV and its impact on the infected cell biology.  DENV interacts 
with target cells via one or more host factors that enhance attachment.  DENV subsequently is 
internalised by endocytosis and fuses with membranes of the late endosome in a pH-dependent 
manner.  Virus binding and membrane fusion are orchestrated by the EGP, which is composed 
of three domains (top centre, DI, shown in red; DII, shown in yellow; and DIII, shown in blue).  
Viral RNA translation and replication occur in association with membranes of the endoplasmic 
reticulum (ER).  Newly synthesised viral RNA is packaged into immature virions, which bud 
into the ER lumen.  During egress, the virion undergoes a maturation step defined by cleavage 
of the prM protein by furin proteases (orange spheres).  DENV infection is detected by host 
pattern recognition receptors that selectively bind viral RNA molecules, including toll-like 
(TLR) and RIG-I-like receptors (RLRs).  Additionally, DENV infection activates the DNA 
sensor cGAS and STING pathway via unknown mechanisms.  These cell-intrinsic host defence 
systems stimulate the production of IFNs to promote expression of antiviral ISGs.  DENV has 
evolved mechanisms, including the NS2B/3-mediated cleavage of STING and NS5-mediated 
degradation of STAT2, to antagonise antiviral pathways.  Inset: An increasingly detailed 
understanding of the structural basis of antibody recognition has emerged.  Antibodies have 
been characterised that bind epitopes (in green) on the virion comprised of a single or multiple 
EGPs.  For example, the DIII lateral ridge epitope is contained within a single EGP (top), 
whereas the EGP-dimer-dependent quaternary epitope is composed of residues of both EGPs in 
the anti-parallel dimer (bottom).  In contrast, other mAbs bind epitopes not predicted to be 
accessible using existing models of virion structure (middle).  Reproduced with permission 
from Elsevier: Cell,23 copyright (2015). 
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The single-stranded positive-sense RNA genome is released into the cytoplasm, 

followed by translation of the single open reading frame into a precursor polyprotein 

and replication of the viral genome.23  Both translation and replication occur in 

association with endoplasmic reticulum (ER) membranes,23 as depicted in Figure 2.  

Negative-strand viral RNA is synthesised and directs positive-strand RNA synthesis, 

the products of which are packaged into enveloped immature virions, formed by 

budding into the ER lumen.  The virion undergoes a maturation step through cleavage 

of the prM by furin proteases during cell egress.  Finally, mature viruses are released 

into the extracellular space by budding.  Cell-intrinsic host defence mechanisms are 

activated, however DENV has evolved mechanisms to block these antiviral 

activities.23,36 

 

1.1.1.6 Anti-Dengue Viral Strategies 

There are three major strategies directed towards improving the prevention and control 

of DENV transmission: vector control, vaccine development and antiviral drug 

discovery.   

 

1.1.1.6.1 Vector Control 

The World Health Organisation (WHO) recognises that vector control is currently the 

only way to control or prevent virus transmission.3  Vector control encompasses 

environmental management, biological control and chemical approaches.42  Some recent 

advancements in vector control include the use of Wolbachia infected mosquitoes,43,44 

and genetically modified mosquitoes.45  A city-wide trial to establish Wolbachia 

infected mosquitoes in Townsville, northern Queensland began in October 2014 by 

‘Eliminate Dengue’, a not-for-profit international collaboration, and results so far have 

been encouraging.46  However, to date, efforts towards vector control have so far failed 

to limit the incidence of epidemics, or the geographical expansion of endemic 

transmission,5,47 with programmes implemented insufficient, ineffective, or both.32 

 

1.1.1.6.2 Vaccine Development 

In the absence of complete and effective vector control, and with the continued spread 

and intensity of transmission, DENV vaccine research has garnered renewed interest 

and financial support.32  Despite research into developing vaccine candidates spanning 

several decades, there is currently no licensed candidate vaccine against DENV.  The 
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major challenge in vaccine development is the phenomenon of ADE and increased risk 

of severe dengue, therefore candidate vaccines must provide long-term and complete 

protection against all four DENV serotypes.48 

It is encouraging, however, that there are currently six vaccine candidates undergoing 

clinical evaluation, with one having completed phase III trials, two in phase II and three 

in phase I trials, and more in pre-clinical testing.49  The most advanced of these, the 

Sanofi Pasteur live attenuated tetravalent chimeric yellow fever dengue (CYD) vaccine, 

is comprised of the prM and EGP proteins from each of the DENV serotypes, which are 

substituted into the yellow fever 17D vaccine backbone.50  Phase III clinical trials of this 

vaccine candidate in children found that it was safe, however different levels of efficacy 

against the different serotypes was observed.  However, it did demonstrate a very 

significant reduction in severe dengue and hospitalisations.51  While the active phase of 

these trials have now been completed, the vaccine candidate is now being evaluated for 

safety in a four-year long-term follow up study, in line with WHO guidelines.52 

1.1.1.6.3 Antiviral Drug Discovery 

There are currently no drugs available specifically for the treatment of DENV 

infections, however there is a significant effort being made to develop antivirals 

targeting essential steps in the viral life cycle, with pre-clinical development ongoing.23  

From 2007 to 2013 there were ten candidate drugs that were evaluated in clinical trials 

for treatment of DENV, however none of these have progressed to the market.  

Chloroquine (antiviral and immune modulation), prednisolone (immune modulation), 

balapiravir (nucleoside analogue prodrug; antiviral), celgosivir (host α-glucosidase 

inhibitor; antiviral) were all evaluated and found to be safe, but efficacy was poor.53  

Lovastatin (HMG-CoA reductase inhibitor; immune modulation) has recently 

completed early clinical evaluation, although the results have not yet been published,53,54 

while clinical studies for celgosivir or modipafant,55 ivermectin,56 and UV-4B,57 are 

currently underway or awaiting commencement.  

Over the years there has been research into a wide array of different classes of potential 

chemotherapeutics for DENV infection.38  There has been considerable interest in 

targeting the EGP,58 through a number of strategies, including the use of antiviral 

peptides,59,60 antibiotics that inhibit the viral entry process,61,62 disruption of the EGP 
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dimer interface,63 fusion inhibitors,64 entry inhibitors (reviewed in Section 1.1.1.7.4), 

and inhibitors targeting a binding pocket on the EGP.63,65-69   

 

Another direction that has seen considerable effort is the development of nucleoside 

analogues as inhibitors of viral replication, which will be discussed further in Section 

1.1.1.8.2.  Other strategies involve inhibition of important structural or non-structural 

viral proteins, including the capsid,70 NS4B,71-73 protease,74-81 helicase,82-84 and 

methyltransferase.85,86  Additionally, host factors have also been utilised as targets for 

inhibition, including α-glucosidase (essential for viral maturation),87-91 viral translation 

(utilises host cell machinery),92 pyrimidine biosynthesis,93 and the cholesterol synthesis 

pathway.94,95 

  

It has been proposed that any new drug candidate against DENV must have a good 

safety profile, be able to be administered to children, provide a rapid resolution of 

symptoms, reduce risks of increased disease severity, have equivalent potency across all 

serotypes, be able to be administered orally and have a long shelf-life.38 

 

The focus of the research described in this thesis is the targeting of DENV proteins that 

are essential to viral infectivity involving carbohydrate-protein binding interactions.  

Two such targets are the EGP and RdRp proteins, which were investigated as to the 

manner in which these carbohydrate-protein interactions may be interfered with, to 

afford inhibition of viral replication.  The function, structures and carbohydrate-based 

inhibitors of DENV EGP and RdRp are discussed in greater detail in Sections 1.1.1.7 

and 1.1.1.8, respectively. 

 

1.1.1.7 Dengue Virus E-Glycoprotein 

The approximately 53 kDa DENV EGP is the major protein constituent on the surface 

of the virus.36,37  EGP is a type I membrane protein, containing 12 conserved cysteine 

residues which form disulfide bonds.  The co-expression of EGP with prM is essential 

for correct folding, stabilisation at low pH, and secretion.36  The EGP has two crucial 

functions, the mediation host-cell receptor binding and membrane fusion, and is 

therefore essential for viral pathogenesis.36 
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The smooth outer service of the virus particle is composed of 90 tightly-packed copies 

of EGP dimer, which lie flat along the surface of the lipid bilayer with an unusual 

herringbone pattern of icosahedral symmetry (see Figure 5b).35,36  It is interesting to note 

that EGP is an extremely flexible protein, with the maturation and fusogenic stages of 

the viral life cycle requiring extensive conformational changes.41  The native DENV 

EGP monomer folds into an elongated structure, mostly composed of β-strands, and is 

organised into three domains, DI, DII and DIII, as well as a membrane proximal stem 

and a short transmembrane domain that is embedded in the viral membrane (Figure 

9).36,41,96  

 

 

Figure 9.  The dengue virus ectodomain and transmembrane domains of EGP and M proteins.  
The volume occupied by the ectodomain of an EGP monomer is pink (domain I), yellow 
(domain II) and lilac (domain III).  The stem and anchor helices of EGP and M are blue and 
orange, respectively.  CS represents the conserved sequence between E-H1 and E-H2.  a) Side 
view showing EGP and M monomers; b) Top view of helices E-H1, E-H2 and M-H with the 
superimposed EGP ectodomain homodimer.  Reproduced with permission from Nature 
Publishing Group: Nature Structural and Molecular Biology,33 copyright (2003). 

 

All four DENV serotypes contain two N-glycosylation sites on EGP, at Asn153 (DI) 

and Asn67 (DII).97  The N-glycosylation at Asn153 is conserved among Flaviviruses, 

and with the carbohydrate moiety interacting with the dimeric form of the protein it is 

thought to assist with viral infectivity.  On the other hand, the glycosylation at Asn67 is 

unique to DENV, with roles in the production of infectious virion progeny being 

postulated.97  The exact composition of these N-glycans has long been elusive, however, 

recent analysis of the N-glycan profile of mature DENV-2 particles derived from insect 

cells was found to have a high level of  heterogeneity, and consisted of mannose, 

GalNAc, GlcNAc, fucose and sialic acid.98 
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1.1.1.7.1 Structures of Dengue Virus E-Glycoprotein 

Cryo-electron microscopy (cryo-EM) structural studies of mature DENV particles were 

reported by the Kuhn group in 2002 and 2003, which allowed secondary structural 

features of the EGP to be determined.33,35,99  Shortly after, an X-ray crystal structure of 

the first DENV-2 EGP was solved by Harrison and co-workers, which provided a 

significantly more detailed, higher resolution structure than the cryo-EM structures.96  

This X-ray structure, depicted in Figure 10, was of a soluble fragment (residues 1 to 

394) of DENV-2 EGP, denoted “sE” for soluble EGP.  Structures of sE were solved

both with and without the detergent n-octyl β-D-glucopyranoside (β-OG) bound into a 

putative fusion pocket, (shown in Figure 10C; the protein structure with β-OG is 

coloured yellow, and in the absence of β-OG is coloured grey).96  DENV-2 sE was 

shown to be dimeric in structure with a set of six disulfide bonds, and protein folding 

closely resembling the sE of another Flavivirus species, the tick borne encephalitis 

virus.96   

Subsequently, the Harrison research group also published the X-ray crystal structure of 

DENV-3 EGP, which shared a great deal of similarity with the DENV-2 structure.100  

More recently, X-ray crystallographic and cryo-EM structures of DENV EGP have been 

reported for the immature virus particle,101,102 in complex with the carbohydrate 

recognition domain of DC-SIGN,103 in complex with neutralising antibodies,104-111 and at 

a physiologically relevant temperature.112 
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Figure 10.  Soluble DENV-2 EGP dimer, with DI shown in red, DII in yellow, and DIII in 
blue.  β-Octyl glucoside (β-OG) is shown in green or space-filling representation (B and C, 
respectively), N-glycosylation is shown as ball-and-stick representations, in red and yellow for 
DI and DII, respectively and disulfide bridges are shown in orange.  A) Domain definition of 
DENV-2 EGP; B) The DENV-2 EGP dimer, in complex with β-OG bound in a hydrophobic 
pocket under the kl hairpin.  A putative receptor binding loop in DIII (residues 382-385) is 
marked with a block triangle; C) DENV-2 EGP with an enlargement of the kl hairpin region, 
with the structure in the absence of β-OG superimposed in grey.  The strands of the kl hairpin 
are labelled with “o” or “c” subscripts for the open (β-OG bound) and closed forms, 
respectively; D) Superimposition of the structures of DENV-2 and tick-borne encephalitis EGP 
(in grey), both in the absence of β-OG.  Atomic coordinates and structure factors are available 
from the Protein Data Bank under ID codes 1OAM and 1OAN.  Reproduced from Proceedings 
of the National Academy of Sciences of the United States of America,96 copyright (2003). 

 

DI and DII of DENV EGP are assembled in a linearly discontinuous manner, as shown 

in Figure 10A, separated by four peptide strands that act as a molecular hinge.113  DI is 

formed by an eight-stranded central β-barrel containing two insertion loops, while DII, 

the dimerisation domain, contains hydrophobic sequences that are conserved among all 

Flaviviruses.41,96  These hydrophobic elements are fusion peptides which mediate the 

insertion of the rearranged fusion EGP trimer into the host cell membrane during fusion 

(vide infra).41   

 

DIII is an immunoglobulin-like structure consisting of a β-barrel configuration, 

connected to DI by a single linker peptide.  It contains a loop formed by residues 382 to 

385 (denoted in Figure 10B by a black triangle), which has been implicated as a 
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putative receptor binding site by monoclonal antibody (mAb) studies.114  The X-ray 

crystal structure showed that this loop forms a compact, solvent-exposed bulge with a 

degree of flexibility.  This loop of EGP DIII is found in mosquito- but not tick-borne 

Flaviviruses.96  Supporting the theory that DIII contains receptor-ligand epitopes, 

antibodies with high neutralising activity have been mapped to DIII epitopes.  

Neutralising antibodies and soluble DIII have both been used to competitively block 

infection of cells with whole virus.114-116   

 

One of the key discoveries to come from the X-ray crystallographic studies of DENV-2 

EGP is the difference between the structures with and without the detergent β-OG 

bound, as depicted in Figure 10C.  A local rearrangement of the “kl” β-hairpin (residues 

268 to 280 in DII) is observed with the simultaneous accessibility of a hydrophobic 

pocket, in which β-OG is bound.  This pocket is proposed to be a hinge point that leads 

to the fusion-activating conformational change between DI and DII.  It is thought that 

the β-OG-bound conformation is a stabilised, early intermediate state of the fusion-

activated conformational change, and marks the pocket as a potential site of small 

molecule fusion inhibitors.20,96 

 

Harrison and co-workers have also published a post-fusion X-ray crystal structure of sE 

with 2.0 Å resolution, which gives a greater insight into changes in the arrangement and 

secondary structure of the domains and formation of trimers during fusion, depicted in 

Figure 11.117  This process is initiated after receptor-mediated endocytosis of the virus, 

as the acidic environment of the endosome triggers a conformational change in DENV 

EGP (from Figure 11a to Figure 11b), which has been identified as a class II fusion 

protein.117  
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Figure 11.  Proposed mechanism for fusion mediated by class II viral fusion proteins. Host 
cell is coloured green and virus is depicted in brown, while full-length EGP is represented with 
DI in red, DII in yellow, DIII in blue and the stem and viral transmembrane anchor in cyan.  a) 
EGP binds to a receptor on the cell surface and the virion is internalised to an endosome; b) 
reduced pH in the endosome causes DII to hinge outward from the virion surface, exposing the 
fusion loop, and allowing EGP monomers to rearrange laterally in the plane of the viral 
membrane; c) the fusion loop inserts into the phospholipid bilayer of the host endosome 
membrane, promoting trimer formation; d) formation of trimer contacts spreads from the fusion 
loop at the tip of the trimer, to the base of the trimer. DIII shifts and rotates to create trimer 
contacts, causing the C-terminal portion of EGP to fold back towards the fusion loop.  Energy 
release by this refolding bends the apposed membranes; e) creation of additional trimer contacts 
between the stem-anchor and DII leads to hemifusion; f) formation of a lipidic fusion pore.  
Reproduced with permission from Nature Publishing Group: Nature,117 copyright (2004).  

 

Following this conformational change, the flat EGP dimers disassociate (Figure 11b) 

and DII hinges outwards from the virion surface.  The fusion loop is exposed and the 

proteins laterally rearrange into trimers, which are then inserted into the endosome 

membrane (Figure 11c).  The trimers then form contacts from the fusion loop at the tip 

of the trimer to the base of the trimer (Figure 11d).  DIII shifts and rotates (Figure 11e), 

causing the membranes to bend toward each other to form a lipidic fusion pore (Figure 

11f).20,117  Harrison and co-workers also propose novel strategies for inhibiting viral 

fusion, providing an opportunity for rational drug design of antivirals against DENV, 

and potentially other Flaviviruses.117 

 

1.1.1.7.2 Dengue Virus-Host Cell Interactions 

Receptor binding is the first step in initiating DENV infection and EGP is the viral 

determinant that mediates the binding of the virus to specific receptors found on the 

surface of DENV-permissive host cells.  These cells of the immune system, organs, 

particularly the liver, and endothelial cells.118  As discussed briefly above, the human 

host cell tropism of DENV is believed to begin with dendritic cells (DCs) of the 
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epidermis (immature Langerhans cells) and keratinocytes after a bite from an infected 

mosquito.  Infected DCs then migrate to the lymph nodes, where monocytes and 

macrophages, which are susceptible to infection, are recruited.  The virus particles are 

replicated, and circulate throughout the lymphatic system.118  DENV has also been 

shown to be located in a range of other cells or organs, including liver, lung, spleen, 

lymph node, thymus, kidney, skin, mononuclear phagocytes, brain and endothelium.36  

 

1.1.1.7.3 Mediators of Dengue Virus Host-Cell Entry 

The critical determinant of cell and tissue tropism, and thus pathogenesis, is the initial 

binding of a virus to a target cell.119  This interaction, known as adsorption, is the first of 

two crucial steps of viral entry, and is followed by viral penetration.120  The adsorption 

process between DENV and host cells is believed to be a sequential, multistep process 

mediated by numerous attachment factors and receptors, as shown in Figure 12.  

Dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-

SIGN), or the homologue liver/lymph-SIGN (L-SIGN),121,122 and glycosaminoglycans 

(GAGs)123 appear to act as the first-line of attachment factors.  These are followed by 

subsequent, higher affinity receptors, which are thought to give rise to the cell tropism 

diversity observed.41,124 

 

Figure 12.  Schematic representation of the DENV cell entry process, mediated by cellular 
membrane receptors and attachment factors.  Possible antiviral targets and inhibitors are also 
identified.  Reproduced under the Creative Commons Attribution License: De La Guardia and 
Lleonart,41 copyright (2014). 
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Other mammalian cell surface molecules have been discovered as putative receptors for 

DENV, including CD14,125 mannose receptor,126 HSP90/HSP70,127 glucose regulated 

protein 78 (GRP78),128 laminin receptor,129 and TIM and TAM proteins.130  In the event 

of a second infection with a different DENV serotype, FcγRIIa receptors are utilised in 

entry into DCs, facilitating ADE and escalation to severe dengue.131  Experimental 

results have also identified other cell surface molecules that may be involved in 

permitting DENV entry, such as β3 integrin,132 scavenger receptor class B type I,133 

claudin-1,134,135 natural killer cell activating receptor (NKp44),136 ribonuclease kappa 

(RNASEK)137 and glycosphingolipids.138,139  The identification of putative DENV cell 

entry receptors may be exploited for the development of DENV antivirals.41 

 

A number of the important interactions for DENV host-cell entry are mediated by 

protein-carbohydrate interactions, including those involving glycosaminoglycans 

(GAGs), C-type lectins, CD-14, the mannose receptor, and glycosphingolipids.140 

 

1.1.1.7.3.1 Glycosaminoglycans 

One of the initial interactions of DENV with host cells is mediated by a highly sulfated 

form of the GAG heparan sulfate.8,119  Heparan sulfate is a proteoglycan composed of 

chains of disaccharides of D-glucuronic acid or L-iduronic acid and an O-sulfated 

glucosamine derivative, with varying levels of N- and O-sulfation, and is abundant on 

the cell surface.141  A 1997 study119 using a soluble, recombinant and hybrid DENV-2 

EGP showed that five distinct cell types, from five different organs and five different 

species all utilised heparan sulfate in DENV infection.  It is thought that GAGs 

represent a conserved, physiologically relevant receptor for DENV, with specificity 

conferred by a highly sulfated form of heparan sulfate.119  The interactions of GAGs has 

been mapped to DIII of EGP,119 with two conserved lysine residues, Lys291 and 

Lys295, shown to be critical.142  It is thought that these basic residues mediate a direct 

electrostatic interaction with the acidic sulfate groups of the GAG.142 

 

1.1.1.7.3.2 DC-SIGN 

DC-SIGN is a type II transmembrane C-type lectin that is highly expressed on 

immature DCs.41  The extracellular domain is known to be specific and have high 

affinity for the high-mannose-type N-glycan that is present on EGP of virions produced 
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in insect cells.121,122  Interaction with DC-SIGN is essential for efficient infection of 

immature DCs by mosquito-grown DENV.20,121,122  From a modelling study, this 

interaction was proposed to be mediated by hydrogen bonds between mannose residues 

of the DENV EGP Asn67 N-glycan and Asn272 of DC-SIGN, as well as salt bridges 

and hydrogen bonding interactions between amino acids of both proteins.143  

Interrupting this interaction is expected to be a potential antiviral target that would be 

effective across all DENV serotypes.143 

 

1.1.1.7.3.3 Glycosphingolipids 

The glycosphingolipid (GSL) neolactotetraosyl ceramide (nLc4Cer) 1, also known as 

lacto-N-neotetraosyl ceramide (LNnT-Cer) or paragloboside, is found on mammalian 

cell surfaces.138  nLc4Cer is also present on DENV permissible cell lines such as human 

erythroleukemia K562 and baby hamster kidney BHK-21 cells.138  This GSL was found 

to interact strongly with all serotypes of DENV, with the critical determinant of the 

interaction with DENV-2 being the terminal disaccharide, the Gal-β1,4-GlcNAcβ- 

moiety, as determined by TLC-based and ELISA-based virus binding assays.138 

 

 
 
Further studies showed that among a number of viruses examined, binding with 

nLc4Cer appears to be specific to DENV-2, with neither Japanese encephalitis virus, nor 

Influenza virus A/Memphis/1/71 (H3N2), found to bind to this GSL by solid-phase 

virus binding assay and TLC-based virus binding assay, respectively.139  Furthermore, a 

neutral GSL isolated from rhesus monkey kidney LLC-MK2 cells and found to bind to 

DENV-2 was identified as nLc4Cer, further suggesting that nLc4Cer acts as a putative 

cell surface receptor for DENV-2.139 

 

1.1.1.7.3.4 Carbohydrates Identified by Glycan Microarray 

Glycan microarray is an important technology in the field of glycomics research, and 

allows the rapid, high-throughput screening of a large number of different 

carbohydrates with carbohydrate-binding proteins or microorganisms.144  This can be 



 23 

achieved by immobilising carbohydrates, either covalently or non-covalently, onto a 

solid surface through a range of different chemistries.  Following this, the binding assay 

with a carbohydrate-binding protein or microorganism is conducted, using either direct 

or indirect fluorescent tagging.  The final step is the detection of fluorescence using a 

microarray fluorescence scanner, which is then correlated back to the carbohydrate 

bound to the solid surface, with binding strength reported in relative fluorescence units 

(RFUs).  Binding specificities for carbohydrate-binding proteins or microorganisms can 

be acquired by comparing the binding strength of structurally related carbohydrates.144 

 

Glycan microarrays have revolutionised the study of carbohydrate-protein interactions, 

allowing the identification of binding, and binding specificity, including of 

carbohydrates that play an important role in virus attachment or entry.145  Reports 

published in recent years have detailed the employment of this technology to probe the 

interactions between putative ligands and receptors of DENV infectivity.  The C-type 

lectin, CLEC5A, a putative host cell receptor thought to bind the N-glycans on DENV 

EGP, has been studied utilising glycan microarrays in an attempt to identify the viral 

carbohydrate ligands, however no binding was observed.146  More recently, lectin 

microarray was incorporated into a multi-platform approach to try to elucidate the 

profile of N-glycans found on DENV-2 EGP derived from mosquito cells.98   

 

Glycan microarray has also been performed within the von Itzstein group to study the 

binding specificity of carbohydrates with whole DENV or with DENV EGP DIII.147  

For this study, a small library of carbohydrates obtained from the Consortium for 

Functional Glycomics148 were biotinylated and immobilised on a streptavidin-coated 

384-well plate.  Binding of recombinant DENV EGP DIII or whole DENV-2 ThNH-

7/93 virus was detected with mouse anti-His (DIII) or mouse anti-4G2 (whole virus) 

antibodies, followed by rabbit anti-mouse Alexa Fluor 488, then goat anti-rabbit Alexa 

Fluor 488 fluorescent tags.147  For DIII and whole virus, a weak binding fluorescence 

was elicited for the putative ligand nLc4 2 (Figure 13).  Additionally, two structurally 

related trisaccharides, lactotriaose (Lc3) 3 and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 4 

(Figure 13) displayed binding fluorescence, although it was weaker than that observed 

for nLc4.147,149  The binding interaction between nLc4 and DENV EGP DIII or whole 

virus correlates with the finding of Aoki et al.138 

 



24 

Figure 13.  Carbohydrates found to bind to DENV-2 DIII and whole virus using glycan 
microarray.  R = amide-linked biotin immobilised on a 384-well streptavidin-coated plate. 

1.1.1.7.4 Carbohydrate-Based Inhibitors of Dengue Virus Adsorption 

As described above, DENV binds to a diverse range of host-cell surface molecules, and 

some of these appear to be essential for DENV infectivity.  This has led to inhibitors of 

DENV entry being considered as important targets for antiviral development.  The host 

cell receptors for DENV cell entry have been thoroughly reviewed recently, with a 

broad overview published by De La Guardia and Lleonart,41 as well as a more specific 

report by Hidari et al.,140 focussing on carbohydrate-based DENV entry inhibitors.  

Several molecules that act as host-cell receptors, particularly for EGP DIII, have 

demonstrated antiviral activity in vitro, and in some cases have been evaluated in 

animal models.41,140 

Highly sulfated GAGs, such as heparin (Figure 14a), a highly sulfated structural 

homologue of heparan sulfate, has been shown in several studies to reproduce, and even 

improve on, the inhibitory activity seen with cellular highly sulfated heparan 

sulfate.119,150  Furthermore, the sulfated GAG chondroitin sulfate E (CSE, Figure 14b) 

results in significantly decreased infectivity across all DENV serotypes, and it is 

suggested that common structural determinants in both CSE and heparin, but not other 

GAGs, are essential binding epitopes and responsible for the inhibitory activities 

observed.151  Marine algae-derived sulfated polysaccharides have also demonstrated 

inhibitory activity against DENV, by interfering with the ability of virions to bind to 
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cellular heparan sulfate.  Fucoidan (Figure 14c) was found to inhibit exclusively 

DENV-2 and binding was mapped specifically to EGP DIII.152  Carrageenan derivatives 

(eg. Figure 13d) have also demonstrated anti-DENV activity, effected by both blocking 

the ability of DENV to bind to cellular heparan sulfate, as well as preventing 

nucleocapsid release into the cytoplasm.153  Curdlan sulfate (Figure 14e), a sulfated 

β1,3-D-glucan, was found to be an inhibitor of DENV infection, and was particularly 

potent and selective against DENV-2, demonstrating blocking of viral attachment as 

well as fusion.  It is predicted to bind at the interface between DII and DIII, preventing 

the conformational change required for transition from dimer to trimer formations.154 

 

a 

 

b 

 

c 

 

d 

 

e 

  

Figure 14.  Sulfated polysaccharides known to inhibit DENV infection.  Typical repeating 
units are shown for a) heparin;155 b) chondroitin sulfate E;151 c) fucoidan;152 d) iota-
carrageenan;153 e) curdlan sulfate.154 
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Mimetics of the natural receptor, heparan sulfate, have also been investigated as 

inhibitors of DENV infection (see Figure 15).  Three heparan sulfate mimetics that are 

currently clinically approved drugs or undergoing clinical trials against other diseases 

have been evaluated against DENV and other Flaviviral infections: PI-88 is a highly 

sulfated mannan di- to hexasaccharide (Figure 15a) currently undergoing a clinical trial 

for hepatocellular carcinoma; pentosan polysulfate is a polysulfated xylan (Figure 15b) 

clinically approved for conditions including prevention of post-operative 

thromboembolism and treatment of interstitial cystitis in humans, as well as for 

osteoarthritis in animals; and suramin is a polysulfonylated naphthylamine derivative 

(Figure 15c) clinically approved as an antiparasitic agent and for human 

trypanosomiasis.140  All three heparan sulfate mimetics were all found to inhibit DENV 

infection in vitro.  However, only PI-88 was found to be an effective antiviral agent in 

vivo in a mouse model.156  Like other heparan sulfate mimetics and sulfated 

polysaccharides, these inhibitors interfere with viral adsorption and are expected to  

bind to the heparan sulfate receptor binding site on DENV EGP.156 

a 

 

b 

 

c 
 
 
 
 

 
 

d 
 
 

 

 

Figure 15.  Heparan sulfate mimetics identified as inhibitors of DENV infection in vitro.140,157  
a) PI-88; b) pentosan polysulfate; c) suramin; d) 3-O-sulfated α-methyl GlcAp. 



 27 

 

Inhibitors described so far have been of significant molecular weight.  Moving forwards 

towards lower molecular weight compounds, a series of sulfated monosaccharides were 

synthesised and evaluated.157  Of these, 3-O-sulfated α-methyl glucuronide (Figure 15d) 

was found to exhibit significant activity against DENV infection.  SAR studies showed 

that the two negatively charged sulfate and carboxylate groups were essential for 

inhibition.  Docking studies suggested that the spatial distance and conformation of 

these two negatively charged groups may allow association with three important amino 

acids in DENV EGP responsible for viral adsorption.157 

 

Another strategy for developing DENV antivirals is the disruption of the interaction 

between the human host-cell DC-SIGN receptor and DENV EGP.  This interaction 

differs from the heparan sulfate receptor binding in that the carbohydrate moiety 

involved is attached to the virus rather than the host cell surface.  Carbohydrate binding 

agents, such as plant lectins, bind to the virally-displayed carbohydrates and prevent 

interaction with DC-SIGN, which has been shown to inhibit DENV infectivity.158   

 

In an alternative approach, multivalent displays of carbohydrates have been utilised to 

disrupt this important viral-host cell interaction.159  DC-SIGN is a tetrameric protein 

organised into clustered patches on the cell membrane of host cells.  It recognises the 

carbohydrate moieties on a number of important viruses, including HIV, ebola, 

cytomegalovirus and SARS, as well as DENV.160,161  Due to DC-SIGN being a 

tetrameric protein, the development of multivalent inhibitors to block the interaction 

between DC-SIGN and virus has been a strategy of interest for researchers.  Indeed, this 

approach has been employed to develop inhibitors against ebola virus.162,163  DC-SIGN 

has a high affinity for mannose-based glycans, and in a recent study by Varga et al.,159 a 

range of mannose-based glycomimetics were investigated for ebola virus inhibition.  

The bis-benzylamide pseudo-disaccharide 5 (Figure 16) was chosen as the most 

promising glycomimetic moiety for development into a range of multivalent displays. 
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5 

Figure 16.  The bis-benzylamide pseudo-disaccharide glycomimetic DC-SIGN inhibitor 5 
was found to block ebola virus infectivity.  Reproduced with permission from Elsevier: 
Biomaterials,159 copyright (2014). 

 

The DC-SIGN antagonist 5 was displayed on tri, tetra and hexavalent scaffolds and 

evaluated in a viral infection assay and by surface plasmon resonance (SPR) against 

DENV and HIV.159  Multivalent displays were found to be potent and selective 

inhibitors of infection, with IC50’s in the low µM range.159  These results show a 

promising new strategy towards the development of carbohydrate-based DENV 

adsorption inhibitors. 

 

Following on from the identification that the host-cell tetrasaccharide nLc4Cer 

interacted strongly with DENV EGP (refer to Section 1.1.1.7.3.3), nLc4 was chemically 

synthesised and displayed multivalently on three different scaffolds,138 shown in Figure 

17.  All of the multivalent nLc4-bearing constructs were found to inhibit DENV-2 

infection of BHK-21 cells with similar efficiency, while neither the Fan(0)3-R scaffold 

bearing the disaccharide lactose, or monovalent nLc4 showed any inhibition of infection 

of BHK cells at up to 0.5 mM.138 
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Figure 17.  The nLc4- and lactose-based multivalent constructs of fan, ball and dumbbell 
architecture that were evaluated as inhibitors against DENV-2.  Reproduced with permission 
from Oxford University Press: The Journal of Biochemistry,138 copyright (2006). 

 
These reports of utilising multivalent displays of carbohydrates to elicit inhibition of 

DENV infectivity, targeting two different viral-host cell binding events, show the 

promise of this strategy in developing carbohydrate-based anti-DENV agents. 

 

1.1.1.8 Dengue Virus NS5 protein  

The DENV NS5 protein is the largest of the DENV proteins, with a molecular mass of 

104 kDa.164  Across the four DENV serotypes there is a 67 to 82% amino acid sequence 

identity for the NS5 protein, making it one of the most highly conserved DENV 

proteins.164,165  As described in Section 1.1.1.4, DENV NS5 is a multifunctional protein.  

A methyltransferase (MTase) domain, encoded at the N-terminus, is crucial for proper 

formation of the viral RNA cap structure and is recognised by host cell translational 

machinery.164  A short, poorly conserved, amino acid sequence links the MTase domain 

to the RNA-dependent RNA polymerase (RdRp) domain, which occupies the C-

terminal two-thirds of the NS5 protein.164,165  The RdRp plays an essential role in the 

viral life cycle as the enzyme responsible for the synthesis of viral RNA.165  

 

The DENV RdRp performs RNA synthesis from a positive-stranded RNA template to 

produce the complimentary negative polarity RNA.165  This duplex, in turn, acts as a 

template for reproducing positive polarity RNA which is utilised for protein translation 

or is packaged into virion progeny.165  It has been established in vitro that the DENV 

RdRp has the ability to initiate RNA synthesis from the 3'-end of the template without 

the presence of a primer, a phenomenon known as de novo initiation.166  This 
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mechanism for RNA synthesis has now been assumed for all Flaviviridae in vivo.167  

The components proposed to be essential for the Flaviviral de novo initiation complex, 

in addition to the RdRp, include: template RNA in which the 3'-end consists of 

nucleotides CU for both positive and negative strands; ATP and GTP (the 

complementary NTPs for incorporation); and Mg2+ or Mn2+ ions.168   

 

1.1.1.8.1 Structures of the Dengue Virus RdRp Domain and Full NS5 Protein  

In 2007 Lescar and co-workers164 published the first structure of the DENV RdRp 

catalytic domain from DENV-3 at 1.85 Å resolution, allowing a significant 

advancement in the understanding of the molecular mechanism of DENV replication.  

Two structures of the DENV RdRp were solved; the apo enzyme (PDB 2J7U)169, as 

well as the enzyme in complex with the enzyme inhibitor 3'-deoxyguanosine 

triphosphate (3'dGTP, IC50 0.22 µM) (PDB 2J7W).170 

 

The overall protein structure reflects the characteristic RdRp “right-handed” 

architecture.171 The general shape is likened to a right hand, with palm, fingers and 

thumb subdomains (Figure 18) and there is a common catalytic mechanism for 

nucleotide incorporation.164 

 

 

 

 

Figure 18.  Schematic representation of the general Flaviviral RdRp structure, with the fingers 
in green, palm in blue, and thumb in lilac, and the active site represented by a dotted pentagon.  
Reproduced under the Creative Commons Attribution License: Zhao et al.,172 copyright (2015). 

 

DENV RdRp was found to be approximately 65 x 60 x 40 Å in size.164    The protein has 

a total of 27 α-helices and 7 β-strands (Figure 19a).164  For all Flaviviridae RdRps, and 

indeed many other viral RdRps, even if there is a very weak overall sequence 

homology, the overall architecture of these enzymes is conserved (Figure 19c).164   
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Figure 19.  X-ray crystal structure of DENV-3 RdRp. a) Ribbon representation of the overall 
structure of DENV-3 RdRp. Subdomains are coloured: fingers, blue; nuclear localisation 
signals, yellow; palm, green; and thumb, red.  Flexible loops L1, L2 and L3 are located at the 
top of the structure shown; b) The DENV-3 template tunnel, priming loop and catalytic domain.  
The six conserved motifs (motifs A-F) present in various RdRps structures are mapped onto the 
ribbon representation of the DENV-3 catalytic domain, coloured as follows: motif A, dark 
green; motif B, green; motif C, red; motif D, dark blue; motif E, magenta; motif F, light blue; 
and priming loop, pink.  Asp663 and Asp664 from motif C of the catalytic site are shown in 
stick representation and labelled.  The divalent metal ions Zn2+ and Mg2+ are represented by 
gold and purple spheres, respectively; c) side-by-side views of the HCV, DENV and bovine 
diarrhoea virus (BVDV) RdRps. Reproduced with permission from American Society for 
Microbiology: Journal of Virology,164 copyright (2007). 

 

The fingertip region of the fingers subdomain, located between the finger and thumb 

subdomains, is highly flexible, while the presence of two flexible loops (L1 and L2) 

linking the fingers and thumb subdomains suggests that there could be a conformation 

change in this region eliciting a change from a “closed” to an “open” form as replication 

progresses.164  Regulation of access of single-stranded RNA to the entrance of the 

template tunnel is believed to be mediated by the highly mobile loop L3, shown at the 

top of Figure 19a.  The thumb domain is the most structurally variable among RdRps, 

however it does contain two conserved sequence motifs.  The thumb domain 

contributes, along with the fingertip subdomain, the overall shape of the RNA template 

c 

a       b 
 



 32 

tunnel (Figure 19b), and together with loop L3, is likely to regulate access to the active 

site.164 

 

The DENV RdRp catalytic domain (a “GDD motif” consisting of Gly662, Asp663 and 

Asp664, shown in Figure 20), is located in the palm domain.164  Superimposition of the 

catalytic domain of DENV RdRp on the corresponding domain of the HCV RdRp, 

shows a high level of 3D similarity.  These two structures have a RMS deviation of only 

~1.7 Å, which is not too surprising considering that viral RdRps all catalyse the same 

process.  The active site residues superimpose closely with the equivalent residues from 

other RdRps.  A comparative analysis of RNA polymerases from positive-strand viruses 

identified four of six conserved sequence motifs (motifs A to F, Figure 19b) that are 

responsible for nucleoside triphosphate binding and catalysis.164  The active site was 

found to be situated at the intersection of two tunnels.  Single-stranded RNA accesses 

the active site through the first tunnel, while the perpendicular second tunnel provides 

ribonucleoside triphosphates (rNTPs) from the back of the tunnel, with the nascent 

double-stranded RNA egressing from the front of the tunnel (Figure 20).168  

 

There are currently no structures available of the DENV, or even Flaviviridae, RdRp de 

novo initiation complexes.  However, together the DENV-3 RdRp structure and the 

structural information acquired for the homologous double-stranded RNA viruses that 

also initiate de novo RNA synthesis, such as reovirus or ϕ6, provide a better 

understanding of the molecular basis of this phenomenon.167  The structures of double-

stranded RNA viruses have shown that the de novo initiation complex utilises a flexible 

region known as the priming loop, or initiation loop, which provides the initiation 

platform to stabilise the de novo initiation complex.168  The priming loop, consisting of 

residues 792-804 in DENV-3 RdRp, is a characteristic feature of de novo RdRps and is 

positioned away from the thumb domain towards the active site.167,168  Recently, a study 

has found that the initiation platform involves His798, which provides a stabilising 

stacking interaction with the base of the initiating nucleotide, ATP.173  After the first 

dinucleotide synthesised during de novo initiation, a sequence of large conformational 

changes is required, withdrawing the initiation platform of the priming loop to avoid 

any steric clashes and allowing egress of the newly synthesised double-stranded 

RNA.168  
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Figure 20.  “Front view” of the overall structure of the DENV-3 RdRp (PDB code 4HHJ), 
showing tunnels for single-stranded RNA template entry, ribonucleoside triphosphate (rNTP) 
entry (dashed arrow at the back of the RdRp), and exit of the double-stranded RNA (dsRNA) 
product (arrow at the front of the RdRp).  The palm domain (green) contains the active-site 
residues (Asp663 and Asp664 from the GDD motif, represented as sticks), and the fingers and 
thumb domains are coloured blue and red, respectively.  The priming loop is coloured red and is 
labelled, while the nuclear localisation signal (NLS) region is coloured yellow.  The inset shows 
a magnified view of residues 311 to 317 and 451 to 457 that are now visible in the refined 
DENV-3 RdRp structure (discussed below).  Reproduced with permission from American 
Society for Microbiology: Journal of Virology,174 copyright (2013). 

The X-ray crystal structure of DENV-3 RdRp in complex with of the inhibitor 3'dGTP 

(IC50 0.22 µM for DENV-3 RdRp and 5 nM for full length NS5), showed no major 

conformational change compared to the apo form.164  The position of 3'dGTP was found 

to be near the priming loop (Figure 19b), about 7 Å away from the catalytic site.164  The 

location of an rNTP near the priming loop is consistent with observations of BVDV and 

HCV RdRp crystal structures in complex with rNTPs.  In the DENV-3 RdRp structure, 

the triphosphate (TP) moiety of 3'dGTP is clearly defined, while the base and sugar 

moieties only show weak electron density, indicating that, in the absence of a template, 

these moieties are considerably more mobile than the TP.  The TP moiety is co-

ordinated to Ser710, Arg729 and Arg737 (Figure 21), with these three residues being 

strictly conserved amongst positive-strand RNA viruses known to employ de novo 

initiation of RNA replication.  Site-directed mutagenesis of equivalent residues in 

BVDV and HCV RdRps found that de novo replication was significantly decreased, 

thus suggesting that this binding site is considered to play an essential role in de novo 

initiation of RNA synthesis.  This structural data could provide an interesting avenue for 

antiviral drug design.164 
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Figure 21.  Interactions with DENV-3 RdRp established by the TP moiety of the 3'dGTP 
inhibitor.  Residues Ser710, Arg729, Arg737, Thr794, Trp795, and Ser796, which are making 
contacts, are represented as sticks, and the distances to the α-, β-, and γ-phosphates are 
displayed.  Reproduced with permission from the American Society for Microbiology: Journal 
of Virology,164 copyright (2007). 

 

A more ordered structure of the apo form of DENV-3 RdRp was published in 2013 by 

Noble et al.,174 providing greater resolution to a number of previously disordered 

segments.  However, 41 residues, including loop 3, remained disordered.  In an effort to 

introduce order into these flexible regions, DENV-3 RdRp was co-crystallised with the 

weak but selective non-nucleoside inhibitor, NITD107 (Figure 22a).  While the overall 

RdRp structure remained in the closed conformation, two molecules of this inhibitor 

were located in the RNA template tunnel (Figure 22b and c), providing stability to the 

previously disordered helix α7 and loop 3 (Figure 20).  It is thought that flexibility of 

the thumb, priming loop and loop 3 is required to accommodate the nascent double-

stranded RNA, and the use of a small molecule inhibitor to block this tunnel or lock the 

RdRp into a closed conformation is a promising strategy for antiviral drug discovery.174 
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Figure 22.  Interactions between DENV-3 RdRp and the inhibitor NITD107.  a) Molecular 
structure of NITD107; b) overall view of the DENV-3 RdRp, with the binding site of NITD107 
boxed; c) schematic view of the atomic interactions between DENV-3 RdRp and the NITD107 
dimer.  Reproduced with permission from American Society for Microbiology: Journal of 
Virology,174 copyright (2013). 

 

More recently, an X-ray crystal structure of full-length DENV-3 NS5 was reported at a 

resolution of 2.3 Å, with S-adenosyl-L-homocysteine (SAH) and GTP bound in the 

MTase domain.172  This structure, shown in Figure 23, is the first structure of the entire 

DENV NS5 protein, and has provided information on how the MTase and RdRp 

domains physically interact with each other, as well as how they are linked together.  

 

 

 

 

a       c 
 
 
 
 
b 
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Figure 23.  Crystal structure of full length DENV-3 NS5.  Overall structure of full-length NS5 
protein in ribbon representation shown in two different orientations from a structure reported by 
Zhao et al.,172 (PDB 4V0R).  MTase domain is coloured in cyan, RdRp finger, palm and thumb 
domains are coloured in green, orange and light pink, respectively.  NS5 inter-domain linker 
helix (residues 263 to 267; HVNA) is coloured in red.  Conserved polymerase motifs A to E are 
labelled and coloured in purple, pale blue, pink, dark blue and lemon yellow, respectively.  GTP 
and the by-product of MTase activity, SAH, bound in the MTase domain, are shown as sticks 
and labelled.  Zn2+ and Mg2+ ions are depicted as grey and yellow spheres, respectively.  
Reproduced with permission from Elsevier: Antiviral Research,165 copyright (2015). 

 

The full length NS5 structure adopts a compact shape with overall dimensions of 87 x 

72 x 55 Å.165  The DENV MTase and RdRp domains retain the conformations presented 

in their individual domain crystal structures.  The MTase domain (coloured in cyan in 

Figure 23) is situated above the fingers subdomain of the RdRp (coloured green in 

Figure 23), with the interface exhibiting a network of mostly electrostatic interactions.  

A well-ordered four amino acid inter-domain linker (residues 263 to 266) was observed 

in the structure, while a partially resolved linker region (residues 266 to 275) between 

the two domains was found to provide flexibility, which may have a significant role in 

regulating viral replication and infectivity.172  It is thought that this linker region acts 

like a swivel, providing different interfaces and allowing the two domains to adopt 

alternative relative orientations during different enzymatic activities.  It is also 

postulated that the flexible nature of the NS5 linker may assist in recruiting other viral 

or host proteins involved in the replication complex.172 
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1.1.1.8.2 Inhibitors of RNA-dependant RNA polymerases 

An important aspect of antiviral drug design is that the drug must not interfere with 

essential human processes.175  Thus, viral RdRps are considered to be an extremely 

useful target for antiviral drug discovery as they are essential for viral replication but 

have no human equivalent.175,176  However, great care must be taken to ensure that 

inhibitors of viral RdRps do not also possess activity against human polymerases, 

inhibition of which can cause serious adverse effects.177 

 

Inhibitors of viral polymerases are generally classified into two groups: nucleoside or 

nucleotide analogue inhibitors (NIs), and non-nucleoside analogue inhibitors (NNIs).  

NNIs typically bind to allosteric sites of the polymerase, which serves to “lock” the 

enzyme into an inactive conformation, or to prevent access to an active conformation.38  

Conversely, NIs function, after phosphorylation, to mimic the features of the natural 

nucleotide substrate and produce inhibition of replication, in most cases by truncating 

RNA chain extension or inhibiting chain initiation.178  NIs represent the largest class of 

antiviral agents,179 with 25 nucleoside or nucleotide analogues currently approved as 

antiviral agents by the FDA.180 

 

1.1.1.8.2.1 Nucleoside Analogue Inhibitors (NIs) 

NIs are synthetic, chemically modified mimetics of endogenous nucleosides and 

nucleotides.180  NIs act to simulate their physiological counterparts by incorporating into 

DNA and RNA, or blocking enzymes such as polymerases.  This inhibits cellular 

division or viral replication and thus leads to the clinical importance of NIs in the 

treatment of cancer, viral infections, and a number of other indications.  A range of 

chemical modifications can be introduced at the nucleobase, nucleosugar, or the 

phosphate groups of nucleotides, as shown in Figure 24.180  
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Figure 24.  General structural and chemical modifications of nucleoside and nucleotide 
analogue inhibitors (NIs).  Nucleoside and nucleotide analogues consist of a nucleobase (a 
purine or pyrimidine derivative) linked to a sugar moiety, and nucleotide analogues have a 
phosphate group (P) linked to the sugar moiety.  The chemical diversity of these compounds is 
based on modifications such as halogenation, azotation, protection by polar groups and other 
modifications shown in this figure.  N, nitrogen; O, oxygen.  Reproduced with permission from 
Nature Publishing Group: Nature,180 copyright (2013). 

 

While there are numerous clinical examples of NIs successfully treating some of the 

most serious viral diseases,180 the medicinal chemistry for developing NIs faces several 

challenges.  In fact many potent NIs are discovered serendipitously.38  The challenges 

include the development of structure-activity relationships (SAR) and predicting the 

suitability of NIs as substrates for intracellular host-cell kinases, an essential process of 

conversion to the active nucleoside analogue triphosphate (Figure 25).38,181  This 

problem may be circumvented by synthesising phosphoramidate or phosphate ester 

prodrugs, where the monophosphate group is already incorporated, albeit in a protected 

form to provide suitable polarity to enable the compound to cross plasma membranes 

(Figure 24).38,182 
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Figure 25.  Mechanism of action of NIs, involving cellular uptake, phosphorylation and 
incorporation into synthesised DNA or RNA.  Deactivation (nucleotidases and deaminases) of 
NIs, blocking of ribonuclease reductase M1 (RRM1) and inhibition of nucleic acid synthesis 
may also result from administration of NIs.  P = phosphate group.  Reproduced with permission 
from Nature Publishing Group: Nature,180 copyright (2013). 

 

In addition to the complexity of developing NI potency, toxicity is also unpredictable, 

and often not fully observed in vitro.38  Toxicity elicited from NI therapy is commonly 

due to mitochondrial toxicity, arising from inhibition of the human DNA-dependant 

RNA polymerases, mitochondrial RNA polymerase (POLRMT) and eukaryotic RNA 

polymerase II,177 although other toxicities are also associated with NIs.183  This leads to 

a reliance on animal toxicological studies to detect undesirable side effects, which is 

costly in terms of animals and compound.38,181  

 

There are several types of NI modifications that have been employed to inhibit viral 

polymerases.  They include the incorporation of a modified nucleobase, a modified or 

removed sugar moiety, both modified nucleobase and sugar, an inversion of 

configuration in the sugar moiety, or a manipulation of the way the sugar and base are 

connected.178,184,185  
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NIs with modifications to the sugar moiety can be classified as either obligate or non-

obligate chain terminators.186  Obligate chain terminators, such as 3'-azidothymidine 

(AZT; see Figure 26), lack the 3'-hydroxyl group on the sugar moiety so that the inter-

nucleotide phosphodiester bond cannot form.  On the other hand, non-obligate chain 

terminators do possess a 3'-hydroxyl group, but have other chemical modifications that 

result in conformational changes or steric hindrance that inhibits chain elongation.186  

Non-obligate chain terminators can be further classified into three groups, based on 

their mechanism of action: delayed chain terminators, pseudo-obligate chain terminators 

and mutagenic nucleosides (Figure 26).184   

 

 
Obligate chain terminator 

3'-azidothymidine, AZT (HIV) 

 
Delayed chain terminator 

entecavir (HBV, HIV) 

 
Pseudo-obligate chain terminator 

sofosbuvir (HCV) 

 
Mutagenic Nucleoside 

ribavirin (broad spectrum) 

Figure 26.  Examples of different classes of NIs used clinically, including obligate and non-
obligate chain terminators.  The latter class includes a delayed chain terminators, pseudo-
obligate chain terminators and mutagenic nucleosides. 

 

Delayed chain terminators, such as the anti-hepatitis B (HBV) agent entecavir, shown in 

Figure 26, contain a 3'-hydroxyl group and allow the incorporation of an incoming 

nucleotide, however subsequent incorporation events are considerably less efficient.184  

Alternatively, pseudo-obligate chain terminators such as sofosbuvir, while possessing a 

3'-hydroxyl group, do not incorporate the next nucleotide due to conformational or 

steric factors, thus behaving similarly to the classical obligate chain terminators.  

Finally, there are mutagenic nucleosides, such as ribavirin, with one of the mechanisms 



 41 

of action being incorporation into the viral genome leading to an accumulation of lethal 

mutations, known as “error catastrophe”.184 

 

1.1.1.8.2.2 Nucleoside Analogue Inhibitors (NIs) of Flaviviridae RdRps 

A significant amount of research towards the development of NIs acting upon 

Flaviviridae RdRps has been undertaken, particularly the development of inhibitors 

against HCV, with a number of these progressing to clinical trials.187  One HCV therapy 

candidate, sofosbuvir (Figure 26), successfully gained approval to enter the market in 

late 2013.188  The drug candidates that act upon the Flaviviridae polymerase active sites, 

are almost exclusively NIs.168,178  Importantly, some NIs have been shown to exhibit 

equivalent potency against different serotypes or genotypes of a particular virus, even 

against related viruses.  Some NIs developed for anti-Flaviviridae activity have shown 

broad-spectrum inhibition, including cross-reactivity against DENV, HCV and other 

Flaviviridae, or even against other positive-strand RNA viruses.38,189  

 

1.1.1.8.2.3 Nucleoside Analogue Inhibitors of Dengue Virus 

Since being founded in 2002, the public-private jointly funded Novartis Institute for 

Tropical Diseases (NITD) has focussed on research into neglected diseases, with a 

particular focus on the development of antivirals to treat DENV.38  The NITD has 

employed four strategies targeting a range of viral and host proteins: i) high throughput 

screening (HTS) using virus replication (infection, replicon and virus-like particle 

infection) assays; ii) HTS using viral enzyme (protease, helicase, MTase and 

polymerase) assays; iii) structure based in silico docking and rational design (EGP and 

NS5 MTase domain); and iv) repurposing HCV inhibitors for DENV.  Of the vast 

numbers of compounds screened, many hits did not advance further than the hit-to-lead 

optimisation, with only a few displaying efficacy in the AG129 DENV mouse model.  

Two NIs entered preclinical animal safety studies and clinical trials, however both were 

terminated due to toxicity or lack of potency.38  Recently, the NITD reported a 

fragment-based approach employing X-ray crystallography and computer-aided 

structure-based drug design to optimise hits, creating an NNI with low micromolar 

inhibition that bound to a pocket involving the RdRp priming loop.190 
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A number of NIs displaying inhibitory activity against DENV were originally 

developed to treat HCV and were repurposed due to similarities between these two 

Flaviviridae RdRps.179  It is interesting to note that all inhibitors active against DENV 

display potent activity against HCV, while the reverse is not true.  Not all inhibitors of 

HCV possess anti-DENV activity, leading Chen et al. to propose that the chemical 

space for inhibitors of DENV may be smaller than for HCV inhibitors, although the 

reason for this is not yet understood.179   

 

The majority of NIs displaying activity against DENV to date are pseudo-obligate chain 

terminators.  One of the most commonly employed strategies is the introduction of a 

2'-C-modification on ribose, providing steric bulk or a conformational change in the 

sugar moiety, which are essential features of pseudo-obligate chain terminators.184  

Molecular modelling studies show that a misalignment is elicited through a change in 

conformation of the ribose ring, which prevents the correct orientation of the 

3'-hydroxyl group and steric hindrance, preventing efficient nucleophilic attack on the 

incoming nucleoside triphosphate by the 3'-hydroxyl of the incorporated nucleoside 

analogue.186,191,192  However, pseudo-obligate chain terminators may also suffer from 

limited selectivity for viral over host enzymes, eliciting the toxicities observed during 

human clinical trials.184,191 

 

The first NI reported to possess good antiviral activity against DENV was 2'-C-methyl 

adenosine, while the analogous guanosine derivative exhibited weaker anti-DENV 

activity (Figure 27).193  However, 2'-C-methyl adenosine was found to be rapidly 

metabolised to the 2'-C-methyl inosine derivative by a host deaminase,194 which was 

addressed by the development of the 7-deaza-adenosine derivative MK-0608.195  

Unfortunately, this modification also reduced antiviral activity.  The installation of a 

2'-C-ethynyl group on the 7-deaza-adenosine scaffold afforded NITD008,196 with 

recovered potency.  After further modifications at adenosine C-7 (leading to 

NIDT449),197 and 3',4'-diesterification, a potent inhibitor with good pharmacokinetics, 

NITD203,198 was developed.  Both NIDT449 and NITD203 displayed antiviral activity 

in a mouse model, however pre-clinical in vivo studies showed toxicity and further 

studies were not continued.198 
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2'-C-Me adenosine (X = N) 

EC50 4 µM, CC50 18 µM 

MK-0608 (X = CH) 
EC50 15 µM, CC50 >320 µM 

 
 

2'-C-Me guanosine 
EC50 13.6 µM, CC50 >60 µM 

 
 

NITD008 
EC50 0.7 µM, CC50 >100 µM 

 
NITD449 (X = H) 

EC50 1.62-6.99 µM, CC50 >50 µM 

NITD203 [X = C(O)CH(CH3)2] 
EC50 0.1-0.71 µM, CC50 >50 µM 

Figure 27.  2'-C-Modified adenosine- and guanosine-based NIs that show activity against 
DENV, with their corresponding EC50 and CC50 values.  Biological data is from Chen et al.179 

 

Recently, in an effort to overcome the weak anti-DENV activity exhibited by 

2'-C-methyl guanosine, O-6 of guanosine was converted to a methoxy group, while the 

5'-position was activated as a phosphoramidate prodrug to afford INX-08189, shown in 

Figure 28.199  These modifications were found to dramatically improve potency.  A 

combination therapy with ribavirin (Figure 28) was evaluated, and was found to provide 

a strong synergistic antiviral activity in a DENV-2 luciferase replicon assay.199 
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INX-08189 
EC50 0.014 µM, CC50 >1 µM Ribavirin 

Balapiravir 
EC50 1.9-11 µM, CC50 >2000 µM 

3',5'-bistrityl 2'-deoxy-5-fluorouridine 
EC50 1.2 µM, CC50 >50 µM 

Figure 28.  NIs found to be inhibitors of DENV RdRp, with corresponding EC50 and CC50 
values.  Biological data is from Chen et al.179 

The 4'-azido class of NIs, such as balapiravir, are also pseudo-obligate chain 

terminators, with the mechanism of chain termination thought to arise from the reduced 

nucleophilicity of the 3'-hydroxyl group or due to a conformational change of the ribose 

moiety.  4'-Substituted 2'-deoxy nucleosides have been well studied and it has been 

observed that a 4'-azido group prefers to exist in a pseudo-axial orientation, inducing the 

3'-hydroxyl group into the pseudo-equatorial position, which is in close proximity to the 

adjacent 4'-azido group, thus hampering the nucleophilicity of the 3'-hydroxyl 

group.200,201  

Balapiravir, an ester prodrug of 4'-azido cytidine (see Figure 28), was developed as an 

antiviral against HCV RdRp.202  However, the clinical safety profile was deemed to be 

unacceptable during extended treatment regimes of two to three months.  Balapiravir 

also showed potency against DENV in vitro, and was therefore repurposed for DENV 

treatment due to the shorter treatment regime required (five days).  Balapiravir was 

evaluated in a Phase II clinical trial, but disappointingly failed to show sufficient 

potency in patients with detected DENV infection, and the trial was terminated.202  
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Significant medicinal chemistry efforts were employed to optimise a novel anti-DENV 

NI, the obligate chain terminator 3',5'-bistrityl 2'-deoxy-5-fluorouridine, shown in 

Figure 28.203  High throughput screening identified 3',5'-bistritylated uridine as a hit,204 

which was further explored by medicinal chemistry to try to develop a structure-activity 

relationship.  Fluorination at the uridine C-5 significantly increased cytotoxicity, 

however this was addressed by synthesising the analogous 2'-deoxy derivative, which 

possessed lower cellular toxicity, while displaying antiviral activity against DENV and 

another Flavivirus, yellow fever virus.203 

 

While there have been several promising NIs against DENV, with balapiravir 

progressing to a phase II clinical trial, there are currently no antiviral treatments for 

DENV infection on the market.  The development of DENV RdRp inhibitors suffers 

from issues of potency and toxicity in vivo, however, the recent success of the HCV 

RdRp inhibitor, sofosbuvir, is encouraging for the continued development of NIs as 

DENV antivirals. 

 

1.2 Scope of the Thesis 
DENV is endemic to over half of the world’s population,2 and is now the most common 

arboviral infection globally.1  Therefore the current lack of an effective vaccine or 

chemotherapeutic treatment is of significant concern.  Fortunately, with increased 

research into viruses in the Flaviviridae family, including DENV, there have been 

significant developments in the understanding of the virology and pathogenicity of 

these viruses, which has advanced efforts towards antiviral drug discovery.   

 

In recent years, research into DENV-host cell interactions has proven fruitful, with a 

number of putative receptors identified.  Several of these involve protein-carbohydrate 

interactions, which have been explored for the development of chemotherapeutic agents 

interfering with the viral adsorption process, a crucial step in DENV infectivity.  The 

glycosphingolipid nLc4Cer is believed to play an important role in DENV infectivity,138 

while glycan microarray has identified two trisaccharides structurally related to nLc4 

that bind to recombinant DENV EGP DIII and whole virus.147,149  Investigating the 

molecular interaction between DENV EGP DIII and these tri- and tetrasaccharides to 

gain a better understanding of the mechanism of DENV-host cell binding was the first 

area of focus for the research of this thesis.  
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The objectives of the first research project of this thesis were as follows: 

1. The synthesis of the putative tetrasaccharide receptor for DENV EGP, nLc4, and 

related trisaccharides, from commercially available mono- and disaccharides; 

2. Development of a trivalent display of the synthesised tri- and tetrasaccharides, 

as well as related mono- or disaccharides; 

3. The structural biological evaluation of both monovalent ligands and trivalent 

displays of carbohydrates using STD NMR with DENV EGP DIII to investigate 

the importance of valency on ligand binding, elucidate the minimum binding 

determinants, and to map the binding epitope of trivalent nLc4; 

4. The biological evaluation of trivalent nLc4 in a DENV viral infectivity assay. 

 

DENV RdRp is a promising candidate for anti-DENV drug discovery, as it is essential 

for viral replication and has no human equivalent.175,176  Targeting the RdRp is further 

encouraged by the clinical success of the NI antiviral, sofosbuvir, against HCV, a fellow 

member of the family Flaviviridae.  The synthesis of carbohydrate-based NIs and their 

biological evaluation against viral replication formed the second part of the research of 

this thesis. 

 

The objectives of the second research project of this thesis were as follows: 

1. The synthesis of a library of methyl α-D-fructofuranoside-based 1'-homo-N-

nucleoside analogues, including structural modifications of the carbohydrate 

moiety, nucleobase, or both; 

2. Biological evaluation of methyl fructofuranoside-based 1'-homo-N-nucleoside 

analogues as inhibitors of viral infectivity. 
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2 
Synthesis of Neolactotetraose and Related Trisaccharides as 
Probes for Dengue Virus E-Glycoprotein Domain III 
 

A glycosphingolipid (GSL) present on DENV-permissible human K562 cells has been 

implicated in the dengue virus-human host cell interaction (discussed in Section 

1.1.1.7.3.3).138  This putative ligand, neolactotetraosyl ceramide (nLc4Cer), was found to 

selectively and competitively bind to DENV EGP DIII,138 and is thought to play a role 

in enabling infection of host cells by DENV.  In addition to this finding, a glycan 

microarray study carried out by the von Itzstein group identified two structurally-related 

trisaccharides that also displayed binding to DENV-2 whole virus and EGP DIII, 

although with a weaker affinity than nLc4.147,149  Having a more comprehensive 

understanding of these carbohydrate-EGP interactions at the molecular level could 

potentially allow the development of novel inhibitors of DENV entry into host cells. 

 

This chapter provides a brief overview of the biological roles of carbohydrates, 

particularly of those displayed on cell surfaces.  This is followed by a discussion of the 

synthesis of a suite of mono- and disaccharide glycosyl donor and acceptor building 

blocks for glycosidation to produce nLc4 and two related trisaccharides.  The three 

oligosaccharides, of interest as ligands for DENV-host cell interactions, were evaluated 

with DENV-2 EGP DIII by STD NMR (detailed in Chapter 4). 

 

2.1 Carbohydrates: Overview of Structure and Function 
Carbohydrates were traditionally understood to be a source of energy, as well as being 

employed in structural frameworks, but for many years were not considered to have any 

further biological relevance.205  However, more nuanced and complex roles for 

carbohydrates have since been discovered, with secreted macromolecule or cell surface 

carbohydrates found to modulate a vast array of cell-cell, cell-matrix, and cell-molecule 

interactions.  These interactions are important for the normal, healthy function of 

complex multi-cellular organisms, including immunity, chemotaxis, cell-cell 

communication and hormone signalling.  Additionally, carbohydrate interactions have 

also been implicated in disease progression, including in cancer metastasis, in mediating 
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the effects of toxins, and in the pathogenicity of bacteria, viruses and parasites, as 

shown in Figure 29.205,206 

 

 

Figure 29.  Carbohydrates displayed on the cell surface, and examples of the biological 
interactions that they can mediate.  Copyright: Institute for Glycomics. 
 

Many carbohydrates are found as glycoconjugates, which are covalently bound to a 

non-carbohydrate moiety such as a lipid, protein or peptide, and are displayed on the 

cell surface of all types of cells in Nature.205,207  The eukaryotic carbohydrate-rich cell 

surface contains a wide range of carbohydrate-containing biomolecules including 

glycoproteins, proteoglycans and GSLs.208  

 

The characteristic features of GSLs, shown in Figure 30, consist of a hydrophilic 

carbohydrate moiety, which is positioned towards the external environment.205  

Covalently bound to the carbohydrate portion is a hydrophobic ceramide unit, 

consisting of a sphingosine moiety linked via an amide bond to a fatty acid, which is 

buried in the plasma membrane.205  
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Figure 30.  The general features of glycosphingolipids. 

 

At the cellular level, the functions of GSLs include mediating cell–cell interactions, 

with binding either to receptors on other plasma membranes (trans recognition), or 

within the same plasma membrane (cis regulation).205  At the whole-animal level, GSLs 

have been shown to be essential for development by mediating and modulating cell-cell 

communication.  GSLs also mediate inflammation processes, suppress auto-immunity 

and cancer metastasis, and also play a role in tumour-associated antigens and in 

immunotherapy of individual cancer forms.205 

 

A growing number of viruses have been found to employ host-cell surface GSLs as 

receptors for cell entry, as recently reviewed by Russo et al.209  These interactions, 

mediated through the carbohydrate portion of the GSL, are generally of low affinity and 

are strengthened by multivalency of repeating units.210  The specificity of GSL-virus 

interactions are conferred by the precise composition of the carbohydrate moiety of the 

GSL.209  As discussed in Section 1.1.1.7.3.3, the glycosphingolipid, nLc4Cer 1, has been 

implicated as a putative ligand for the virus-host cell interaction of DENV EGP with 

human K562 cells.138   

 

 
 

Studies within the von Itzstein group using glycan microarray (detailed in Section 

1.1.1.7.3.4) identified nLc4 6 (Figure 31), as well as two structurally related 

trisaccharides, as binding to both DENV-2 whole virus and EGP DIII.147,149  These 
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trisaccharides, lactotriaose (Lc3) 7 and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 8, are 

structurally related to nLc4 6 (shown in Figure 31). 

Figure 31. The carbohydrate portion of glycoconjugates found to bind to DENV-2 EGP DIII 
and whole virus using glycan microarray. 

One of the earliest reports of nLc4Cer 1 in the literature was the isolation of this neutral 

GSL from human erythrocyte membranes in 1973.211  Following this, it has been 

reported in surface components of polyoma-transformed hamster embryo fibroblast 

(NILpy) cells and found to be a tumour-associated antigen of NILpy tumours,212,213 as 

well as being identified as a receptor on endothelial cells for adhesion in pneumococcal 

infection.214  Additionally, the free nLc4 tetrasaccharide 6 has been reported as a 

component of human milk oligosaccharides.215 

An early literature report of Lc3 7, also known as lacto-N-triose II, detailed the isolation 

of Lc3Cer as a minor component of lipids from human erythrocyte membranes.216  It is 

also a precursor in the biosynthesis of nLc4Cer 1, as well as the lacto-and neolacto- 

series of glycolipids.209,217  It also plays a role as a backbone precursor for the 

biosynthesis of more complex human milk oligosaccharides.218 

The trisaccharide GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 8 is a component of the 

polylactosamine backbone found in glycoconjugates on the cell surface and in the 
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extracelluar matrix.219-221  Polylactosamine is overexpressed in certain types of cancer,220 

and can mediate a number of important biological interactions.221,222 

 

2.2 Project Aims 
To date there has been relatively little research undertaken on studying the specific 

virus-host cell interactions between DENV EGP and the putative host-cell 

glycosphingolipid receptor nLc4Cer 1138 at the molecular level. As the carbohydrate 

moiety of GSLs are generally oriented towards the external milieu, it is the 

oligosaccharide portion that confers specific biological functionalities.205  Therefore, our 

aim was to synthesise the carbohydrate moiety of this GSL, nLc4 6, as well as two 

structurally related trisaccharides, Lc3 7 and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 8, 

identified as binding to DENV-2 whole virus and DIII in a glycan microarray 

study.147,149  These carbohydrates would then be utilised for evaluation of binding with 

DENV-2 EGP DIII by STD NMR (reported in Chapter 4).  Therefore, the first area of 

research of this thesis included: 

1. The synthesis of a suite of mono- and disaccharide glycosyl donor and acceptor 

building blocks  

2. Synthesis of fully protected glycosides of nLc4, Lc3, and GlcNAc-β(1,3)-Gal-

β(1,4)-GlcNAc 

3. Stepwise removal of protective groups to yield deprotected glycosides of nLc4, 

Lc3, and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 

 

2.3 Synthetic Approaches Towards Neolactotetraose and 
Related Trisaccharides 

Towards developing a synthetic methodology for nLc4, Lc3 and GlcNAc-β(1,3)-Gal-

β(1,4)-GlcNAc, the previous literature syntheses were reviewed, along with the ever-

evolving literature reports of improved glycosyl acceptors, donors and glycosidation 

methods.  Following this, a retrosynthetic approach was devised to identify the mono- 

and disaccharide building blocks required for the synthesis of these three carbohydrates. 

 

For the construction of nLc4, Lc3 and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc, a key aspect 

is the synthesis of appropriately-functionalised and protected glycosyl donors and 
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acceptors that will facilitate a high yielding, anomerically- and regiospecifically-

controlled glycosidation reaction. 

 

2.3.1 A Short Review of Glycosidations  

 “Each oligosaccharide synthesis remains an independent problem, whose resolution 
 requires considerable systematic research and a good deal of know-how.  
There are no universal reaction conditions for oligosaccharide synthesis.” 

Hans Paulsen, 1982223 

 
It is well understood that there is not one single set of reaction conditions for all 

glycosidations, as outlined in Paulsen’s much quoted saying, above.223  Demchenko 

more recently reflected on the dramatic advancements made in glycosidation 

methodologies in the past twenty to thirty years, however, he too notes that there is still 

no universal method for glycosidation, particularly with regards to difficult to 

synthesise glycosidic linkages.224  Despite this, some key features of glycosidation 

reactions remain generally applicable, and perhaps one of the most important aspects of 

oligosaccharide synthesis is the stereocontrol of glycosidic bond formation.   

 

While the specific mechanism for glycosidation reactions has not been fully elucidated, 

proposed mechanisms for glycosyl donors with and without participating groups have 

become widely accepted.224  These participating groups, located at C-2 of the glycosyl 

donor, are mostly acyl moieties – such as O-acetyl, O-benzoyl, N-phthalimido – and 

give rise to neighbouring group participation (NGP) glycosidations through anchimeric 

assistance.  Generally, the mechanism for C-2 NGP glycosyl donors, shown in Scheme 

1, proceeds with assistance from an activator (promoter or catalyst), to allow the 

favourable departure of the anomeric leaving group.  This results in a glycosyl cation 

that can either rearrange to an oxocarbenium ion or undergo intramolecular stabilisation 

of the glycosyl cation by attack at C-1 of the acyl oxygen of the participating group at 

C-2 to give an acyloxonium ion intermediate.  Proceeding via the acyloxonium ion 

intermediate, a hydroxyl group on the glycosyl acceptor nucleophilically attacks the 

anomeric carbon of the donor, predominantly through the stereoselective unimolecular 

SN1 ‘route c’ mechanism (Scheme 1) to furnish exclusively the 1,2-trans glycoside 

product.224  Alternatively, the oxocarbenium ion is more likely to form in the presence 

of unreactive alcohols or glycosyl acceptors as substrates, or if the neighbouring group 
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at C-2 of the donor is poorly nucleophilic.  For glycosidations via an oxocarbenium ion, 

the nucleophilic attack will proceed through either ‘route a’ or ‘route b’, to give a 

mixture of 1,2-trans and -cis products, with the α-glycoside favoured due to the 

anomeric effect.224 

 

 

Scheme 1.  Proposed general mechanism for the glycosidation with a C-2 participating group 
on the glycosyl donor (X = O, NH, NR').  Adapted from Demchenko.224 
 

With three possible mechanistic pathways giving rise to two different glycosidation 

products, specific conditions are required to obtain a high level of, or exclusive, 

stereocontrol, while also aiming to minimise competing side reactions, such as 

elimination, substitution, cyclisation or migration.224  Glycosidation stereoselectivity is 

affected by the glycosyl donor protective groups and leaving group, by the glycosyl 

acceptor protective groups, hydroxyl group reactivity, and steric hindrance, as well as 

by reaction conditions such as solvent, activator, temperature and pressure.224 

 

The choice of protective groups on the glycosyl donor and acceptor is known to 

influence the rate of glycosidation.  Electron-withdrawing groups on the glycosyl donor, 

particularly at C-2, are termed “disarming” as they disfavour build up of positive charge 

on C-1, while electron-donating “arming” protective groups do not have this affect.225  

The “armed/disarmed” approach can also be extended, to a lesser extent, to glycosyl 

acceptors.  Electron-withdrawing protective groups will slightly decrease the 

nucleophilicity of the free hydroxyl group of the glycosyl acceptor, which will be 

slightly increased when using electron-donating protective groups.225   
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2.3.2 Previous Syntheses and Retrosynthetic Analyses of 
Neolactotetraose and Related Trisaccharides 

2.3.2.1 Previous Syntheses and Retrosynthesis of Neolactotetraose  

For the synthesis of an nLc4 tetrasaccharide with a β-O-glycoside at the reducing 

terminal glucose residue (2), a range of approaches have been employed, however they 

can be generally classified by the manner in which the tetrasaccharide was constructed.  

The assembly of nLc4 has been performed by utilising either a 2+2 or a 1+1+2 strategy.   

 

 
 

The 2+2 convergent synthetic approach, shown in Scheme 2, has the advantage of a 

single glycosidation step between the lactosamine-based glycosyl donor and a lactose-

based acceptor.  This method has the advantage that lactose 9 is a relatively inexpensive 

starting material and the 3'-OH glycosyl acceptor 10 is widely reported in the literature.  

However, the lactosamine-based glycosyl donor 11 is less readily available, with 

N-acetyllactosamine and lactosamine hydrochloride 12 prohibitively expensive to use 

synthetically.  Therefore, the lactosamine-based derivatives must be synthesised from 

more accessible starting materials.  There are a number of examples of lactosamine-

based derivatives being accessed through lactose or lactulose, as discussed further in 

Section 2.4.2.  This can also be achieved through a 1+1+2 approach, as shown in 

Scheme 2, which employs a galactose-based glycosyl donor 13 and glucosamine-based 

glycosyl acceptor 14 to construct the requisite lactosamine derivative 12 or 11, starting 

from galactose 15 and glucosamine hydrochloride 16.   
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Scheme 2.  Retrosynthetic approach to the synthesis of an nLc4 glycoside 2, highlighting the 
different synthetic strategies. 
 

Generally, the key glycosidation reaction to form nLc4 employs a 3'-hydroxyl-bearing 

lactose-based glycosyl acceptor 10, with a range of lactosamine-based glycosyl donors 

reported in the literature for the synthesis of nLc4 derivatives.  For a 2+2 glycosidation 

strategy, an N-phthaloyl-lactosamine derivative is commonly utilised, with anomeric 

leaving groups such as a glycosyl bromide,226 chloride,227,228 trichloroacetimidate,229 and 

alkyl thioglycoside230 employed.  In addition to the 2-phthalimido and 2-acetamido 

groups, alternative 2-amino-2-deoxy protective groups or masking functionalities have 

also been reported, including 2-azido,231-233 2-trichloroacetamido,232,234 

2-dimethylmaleoyl (DMM),235 and the 1,2-oxazoline.236  A recent patent describes a 

large multigram-scale synthesis of tetrasaccharide, with a number of different 

2-trichloroaceamido thioglycoside donors employed, as well as investigating 

modifications to the glycosyl acceptor.234  There have also been reports of alternative 
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strategies to solution phase chemical synthesis of nLc4, including solid-phase 

synthesis229 and an array of chemoenzymatic approaches.229,237-243 

 

2.3.2.2 Previous Syntheses and Retrosynthesis of Lactotriaose  

The structure of an Lc3 glycoside 3, is very similar to that of an nLc4 glycoside 2, with 

the absence of the terminal Gal residue.  Therefore, the approach to the synthesis of Lc3 

is comparable.  In this case, the approach is generally a 1+2 glycosidation, as shown in 

Scheme 3, between a glucosamine-based donor 17 and 3'-hydroxyl lactosyl acceptor 10.  

The starting materials of glucosamine hydrochloride 16 and lactose 9 are relatively 

inexpensive and readily accessible.   
 

 

Scheme 3. Retrosynthetic analysis of the synthesis of an Lc3 glycoside 3 using a 1+2 approach. 
 
A range of glycosyl donors, and therefore glycosidation conditions, have been utilised 

for the 1+2 approach to form an Lc3 glycoside 3, including thioglycoside,232,244 glycosyl 

bromide,232 trichloroacetimidate232,239 and oxazoline227 donors.  Additionally, 

chemoenzymatic approaches have also been employed.237,238,245,246 
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2.3.2.3 Previous Syntheses and Retrosynthesis of GlcNAc-β(1,3)-Gal-
β(1,4)-GlcNAc  

The predominant method reported for the synthesis of the GlcNAc-β(1,3)-Gal-β(1,4)-

GlcNAc trisaccharide 4 has been chemoenzymatic,221,240,246,247 although purely chemical 

syntheses have also been reported.  These synthetic strategies draw some parallels to the 

approach taken to synthesise Lc3, with the utilisation of a 3'-hydroxyl bearing 

lactosamine-based glycosyl acceptor 18, compared to lactose in Lc3, and a glucosamine-

based glycosyl donor 17, as shown in Scheme 4, with glycosyl halide248 and 

trichloroacetimidate249 glycosyl donors utilised.  While the glucosamine hydrochloride 

16 starting material is relatively inexpensive, lactosamine hydrochloride 12, required for 

synthesising the glycosyl acceptor 18, suffers from the limitations discussed above 

regarding the synthesis of a lactosamine-based glycosyl donor for the construction of 

the tetrasaccharide 2. 

 

 

Scheme 4.  Retrosynthetic analysis of the synthesis of a GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 
glycoside 4 using a 1+2 approach. 

 

After consulting the previous literature syntheses, along with performing retrosynthetic 

analyses, the syntheses of a suite of requisite mono- and disaccharide glycosyl donors 

and acceptors were embarked upon.  This was followed by the employment of 

glycosidation and deprotection methodologies to afford the tetrasaccharide and two 

trisaccharides of interest.   
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2.4 Synthesis of Neolactotetraose and Related Trisaccharides 

2.4.1 Synthesis of a Lactose-Based Glycosyl Acceptor 

The design of an appropriate lactose-based glycosyl acceptor for nLc4 and Lc3 must 

meet some key requirements.  Firstly, the carbohydrate must possess a free C-3 

hydroxyl group on galactose (3'-OH), with the remaining hydroxyls of lactose protected 

with groups that facilitate glycosidation, such as electron-donating groups, and that are 

stable to this chemical transformation.  Additionally, the anomeric group on the 

reducing end glucose residue should possess the ability to be stable to all reaction 

conditions after its installation, yet be able to be selectively removed to afford further 

glycosidation or functionalisation at this position if required.  A 2-(trimethylsilyl)ethyl 

(TMSE) glycoside is a common anomeric blocking group used in oligosaccharide 

synthesis due to its robustness under a wide variety of glycosidation and deprotection 

conditions, and being easily removed under acidic conditions.250 

 

The key intermediate towards the synthesis of a 3'-hydroxy lactose-based glycosyl 

acceptor is β-OTMSE lactoside 19, which can be synthesised as shown in Scheme 5.  

α-D-Lactose is per acetylated (20), followed by treatment with HBr/AcOH to afford 

acetobromolactose 21.  This then allows the installation of the β-O-TMSE anomeric 

blocking group of 22.  De-O-acetylation of 22 furnishes the key intermediate 19. 
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Scheme 5.  Synthesis of β-OTMSE lactoside 19 from α-D-lactose 9, a key intermediate in the 
synthesis of a 3'-hydroxy lactose-based glycosyl acceptor.  Reagents and conditions: a) Ac2O, 
py., rt, 40 h; b) HBr/AcOH, 1,2-DCE, 4 °C, 24 h, 86% over 2 steps; c) TMSE-OH, Ag2CO3, 
Et3N, CH2Cl2, rt, 3 h, 51%*; d) NaOH, MeOH, rt, 24 h, 97%.  * Isolated as a mixture with the 
1,2-orthester derivative; yield estimated by 1H NMR integration. 

 

Commercially available α-D-lactose monohydrate 9 was per-O-acetylated under 

standard conditions of acetic anhydride in pyridine (Ac2O/py.) at rt for 40 hours,251,252 

and used without further purification.  The 1H NMR spectrum of the crude product was 

in agreement with values reported in the literature for 20.253  Subsequent bromination of 

this crude material in 1,2-dichloroethane using hydrogen bromide in acetic acid254 

afforded acetobromolactose 21 in 86% yield over two steps from 9 after 

recrystallisation.  The 1H NMR spectrum of 21 was identical to that reported in the 

literature.255  

 

For the installation of the TMSE glycoside, standard Koenigs-Knorr conditions were 

employed.256  This glycosidation methodology, reported by Koenigs and Knorr in 1901, 

utilises a peracetylated α-bromo sugar with a promoter (soluble or insoluble) to produce 

a 1,2-trans glycoside.  Silver (I) carbonate was the promoter initially utilised by 

Koenigs and Knorr, with the insoluble surface of the promoter coordinating the 

α-bromo sugar to enable an SN2-like nucleophilic attack of the incoming alcohol at the 

anomeric centre, as shown in Figure 32.  This mechanism is also shared with insoluble 

mercury (II) salt promoters, while soluble silver (I) and mercury (II) promoters are 

understood to proceed by a different, unimolecular process.225   
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Figure 32.  Coordination of an α-bromo sugar with the surface of an insoluble silver promoter 
in the presence of an alcohol, to form a β-O-glycoside.  Adapted from Stick et al.225 
 

The first literature report of the employment of the TMSE group as an anomeric 

blocking group was by Lipshutz et al.257 in 1981, with a number of starting materials 

and reaction conditions studied, including oxymercuration, Koenigs-Knorr 

glycosidation, Fisher glycosidation and glycal rearrangement.257  One example reaction 

was the treatment of acetobromoglucose 23 with 2-(trimethylsilyl)ethanol (TMSE-OH) 

in the presence of HgO and HgBr2 to afford exclusively the β-OTMSE glycoside 24 in 

88% yield (Table 1, entry 1).257  Following this, Jansson et al.250 extensively explored 

the synthesis and utility of the TMSE glycoside.  Their work included the synthesis of 

per-O-acetylated β-OTMSE lactoside 22 from acetobromolactose 21 under Koenigs-

Knorr conditions (HgO, HgBr2 and CaSO4) in 59% yield (Table 1, entry 2).  However, 

the synthesis of β-OTMSE lactoside 22 reported by Kartha et al.258 utilised silver salt 

(Ag2CO3 and AgClO4) promoters rather than mercury promoters due to the toxicity of 

these reagents.  The desired β-OTMSE lactoside 22 was synthesised in 63% yield under 

these conditions (Table 1, entry 3).258  In an alternative to employing heavy metal salts, 

Kartha et al.259 reported the synthesis of β-OTMSE lactoside 22 from 

acetobromolactose 21 using I2 and DDQ in 60% yield (Table 1, entry 4).259 
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Table 1.  Reported reaction conditions and yields for forming β-OTMSE glucosides 24 and 
lactosides 22 from α-bromo sugars 23 and 21. 

 

Entry Substrate 
Promoters   

(eq. to glycosyl 
bromide) 

TMSE-OH  
(eq. to glycosyl 

bromide) 

Solvent & 
Conditions 

Product        
(Yield %) 

1 23 HgO (1), HgBr2 
(cat.), CaSO4 (2) 5 CHCl3, rt 24 (88)257 

2 21 HgO (1), HgBr2 
(cat.), CaSO4 (2) 2  CHCl3, rt, 

20 h 22 (59)250 

3 21 Ag2CO3 (1), 
AgClO4 (1) 2.5 CH2Cl2, 4 Å 

MS, rt, 9 h 22 (63)258 

4 21 I2 (1.5),          
DDQ (1.5) 2.5 

CH3CN, 4 Å 
MS, 0 °C → 

rt, 3.5 h 
22 (60)259 

 

For our synthesis of β-OTMSE lactoside 22, we employed the silver salt-promoted 

glycosidation conditions described by Kartha et al.258 which was not without difficulties 

(Table 2).  The treatment of acetobromolactose 21 with Ag2CO3 (1.1 eq.) and AgClO4 

(1.1 eq.) at room temperature for 3 hours (Table 2, entry 1) furnished the desired 

β-OTMSE lactoside 22 in 44% yield, as well as the 2-hydroxy α-OTMSE glycoside 25, 

which was synthesised in 10% yield, and the hydrolysis product 26, which was isolated 

in 21% yield.  The formation of the 1-hydroxy derivative 26 is not entirely unexpected, 

as this is the product of glycosidation with water.  However, the 2-hydroxy α-OTMSE 

glycoside 25 product has not been reported in literature TMSE glycosidations using 

identical conditions (Kartha et al.258), or using the mercury salt-mediated conditions of 

Lipshutz et al.257 or Jansson et al.250   
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Table 2.  Selected examples of the yield and product ratio from the attempted formation of the 
β-OTMSE lactoside 22, with varying promoter ratios and temperature. 

 
 

Yield 
(%) Entry 

Ag2CO3 
(eq. to 

21) 

AgClO4 
(eq. to 

21) 

Et3N 
(eq. to 
21)a 

Temp Time 
22 27  25 26 

1 1.1 1.1 - rt 3 h 44  0 10 21 

2 1.5 - - 4 °C 3 d 44 0 0 5 

3 1.5 - 1.0 -10 °C 
to 4 °C 6 d 51b 20b 0 0 

a quenching reagent 
b isolated as a mixture, yields estimated from 1H NMR integration 
 

The 1H NMR spectra of 22250,258 and 26260 were consistent with those reported in the 

literature.  Characterisation of the third product 25 was performed by comparison of 1H 

NMR chemical shift values with those of acetobromolactose 22 and per-O-acetylated α-

D-lactose 20, as well as performing a small-scale acetylation on this material to aid in 

characterisation.  The 1H NMR spectrum of 25 showed a J1,2 coupling constant for Glc 

H-1 of 3.6 Hz, which is consistent with the α-anomer.  Additionally, Glc H-2 was 

significantly upfield compared to 22 (δ 3.56 ppm for 25, compared to δ 4.87 ppm for 

22), indicating the loss of the electron withdrawing acetate group at this position.  Upon 

acetylation of 25, the 1H NMR chemical shift of Glc H-2 at δ 3.56 ppm shifted 

significantly downfield to δ 5.47 ppm.  The α-anomeric configuration remained intact, 

with a J1,2 coupling constant of 3.6 Hz.  This confirmed the identity of the third product 

as the 2-hydroxy α-OTMSE lactoside 25. 

 

In an attempt to improve the yield of 22, a method for installing the β-OTMSE group 

used previously within the von Itzstein group (unpublished method) was employed.  

The glycosidation was performed with only Ag2CO3 as the glycosylation promoter 
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(Table 2, entry 2).  Although the yield of 22 obtained under this condition was the same 

as the Ag2CO3 and AgClO4 reaction (Table 2, entry 1), the lack of side product 25 was 

consistent with outcomes reported in the literature.258  Additionally, the amount of 

1-hydroxy hepta-O-acetyl lactose 26 hydrolysis product was appreciably reduced. 

 

In further endeavours to increase the yield of the β-OTMSE lactoside 22, multiple 

reactions were trialled with variation in temperature and reagents, including the 

introduction of a quenching reagent.  One interesting outcome was when the reaction 

was initially cooled to –10 °C, reacted at 4 °C for 6 days, then quenched with Et3N (1.0 

eq.) (Table 2, entry 3).  The yield of 22 was modestly improved to 52%, and no 

hydrolysis product 26 was isolated under these conditions.  However, a new side 

product was formed in a minor but significant amount (20%).  Examination of the 

literature258,261 suggested that the likely product under these reaction conditions would 

be the 1,2-orthoacetate 27, which was confirmed by 1H NMR analysis with comparison 

to similar literature products.261,262  

 

The products formed in the silver salt-promoted reactions depend upon which the molar 

equivalents of Ag2CO3 and AgClO4 promoters used, which determines the pathway the 

reaction progresses through (see Scheme 6).  The initial step of the reaction involves the 

treatment of the anomeric bromide 28 with the silver salt promoters to form either a 

cyclic oxocarbenium ion intermediate 29 or an acyloxonium ion 30.258,261  When both 

Ag2CO3 and AgClO4 promoters are utilised in equimolar quantities (1 eq. each), this 

gives rise to the cyclic oxocarbenium ion intermediate 29, which forms a contact ion 

pair on the α-face263 in the presence of the ClO4
– ion.258  This ion pair stabilises 

intermediate 29, enhancing the possibility of the acceptor reacting at the anomeric 

centre to afford the requisite β-OTMSE glycoside 31.258  In the presence of 1 eq. of 

Ag2CO3 and a catalytic amount of AgClO4, an acyloxonium ion 30 may be formed, 

which in the presence of TMSE-OH can form the β-glycoside 31 or a 1,2-orthoester 

product 32.258,261 
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Scheme 6.  The different reaction outcomes of a Koenigs-Knorr glycosidation with TMSE-OH 
upon varying the amounts of silver salt promoters, as discussed by Kartha et al.258 
 

The mechanism of the reaction products formed under Koenigs-Knorr type 

glycosidation conditions, particularly the involvement of an acyloxonium ion 

intermediate 30, which has been extensively studied by Banoub and Bundle.261  

Although different glycosidation promoters were used in their model reaction, 

β-glycoside, α-glycoside, and 2-hydroxy α- and β-glycoside products were all 

observed.  The formation of all of these products arose via a 1,2-orthoester derivative 

33.261  A mechanism for the formation of these products was postulated261 (Scheme 7), 

including the proposed formation of 2-hydroxy glycosides 34.  
 

  

Scheme 7.  Adapted from the mechanism proposed by Banoub and Bundle for the formation of 
2-hydroxy glycosides 34 via a 1,2-orthoester intermediate 33.  Adapted from Banoub and 
Bundle.261  Reagents and conditions: a) ROH, AgSO3CF3, (CH3)2NCON(CH3)2, CH2Cl2, –40 °C 
to 20 °C, 4 h. 



 65 

In cases where the glycosidation reaction proceeds via an acyloxonium ion intermediate 

30, a 1,2-orthoester derivative 33 may be formed (Scheme 7).261  In the presence of H+, 

the 1,2-orthoester 33 can react via three different pathways to produce four potential 

reaction products.  Pathway a shows the protonation of the oxygen at C-2 to form 35, 

which gives rise to the 2-hydroxy oxocarbenium ion derivative 36, which then affords 

2-hydroxy α- or β-glycosides 34.  Alternatively, pathway b allows the protonation of 

the C-1 oxygen to open up the 1,2-orthoester ring and provide the C-2 substituted 

oxocarbenium ion intermediate 38.  This oxocarbenium ion 38 can undergo either 

intramolecular rearrangement to form an α-glycoside product 39, or react with another 

molecule of alcohol to give the C-2-substituted α- or β-glycoside product 37, which 

upon the loss of acetylated alcohol, affords 2-hydroxy α-or β-glycosides 34.  Finally, 

pathway c leads to reformation of the acyloxonium ion intermediate 30, which can then 

undergo attack by the alcohol at the anomeric centre to form exclusively the desired 

β-glycoside 40.261 

 

These mechanisms (Scheme 6 and Scheme 7) allow us to better understand the products 

isolated from our TMSE glycosidation reactions (Table 2).  When both Ag2CO3 and 

AgClO4 (1.1 eq. each) promoters were utilised (Table 2, entry 1), the desired β-OTMSE 

glycoside 22 formed as the major product, while minor amounts of the 1-hydroxy 

derivative 26 and the 2-hydroxy α-OTMSE glycoside 25 were also isolated.  The 

formation of the 2-hydroxy α-OTMSE glycoside 25 indicates that the reaction is likely 

to proceed through an acyloxonium intermediate 30, although Kartha et al.258 proposed 

that this intermediate is usually formed only in the presence of a catalytic amount of 

AgClO4 (Scheme 6).  However, it must be noted that in the general review of 

glycosidation reactions (Section 2.3.1), it was proposed in Scheme 1 that the 

acyloxonium ion intermediate 30 can also be formed from the oxocarbenium ion 

intermediate 29.224  In the presence of H+, likely produced from the resultant perchloric 

acid, 2-hydroxy α-OTMSE lactoside 25 is formed under conditions of Ag2CO3 and 

AgClO4.  Under conditions of Ag2CO3 alone (Table 2, entry 2) this product not 

observed, which may be due to carbonic acid being a much weaker proton donor than 

perchloric acid, although the yield of β-OTMSE glycoside 22 isolated remained 

moderate.  For the third trial (Table 2, entry 3), the reaction was performed at a lower 

temperature (–10 °C to 4 °C) and Et3N was added as a quenching reagent.  The desired 

β-OTMSE glycoside 22 was formed in greater yield than for the previous two attempts 



 66 

(Table 2, entries 1 and 2), while the removal of H+ ensured that the 2-hydroxy 

α-OTMSE lactoside 25 did not form.  It is likely that a combination of reduced reaction 

temperature261 and the addition of base led to the isolation of the 1,2-orthoacetate 

derivative 27, which was not observed under conditions of higher temperature or where 

base was not added (Table 2, entries 1 and 2).  It should be noted that while 

1,2-orthoesters are known by-products from Koenigs-Knorr glycosidation reactions, 

they can be synthesised intentionally as glycosyl donors in their own right.264  Glycosyl 

halides can be treated with alcohol, in the presence of a base, to form 1,2-orthoesters.264 

 

The pure per-O-acetylated β-OTMSE lactoside 22 was de-O-acetylated under standard 

Zemplén conditions (1 M NaOH in MeOH) to afford the β-OTMSE lactoside 19 in 97% 

yield (Scheme 5).  Overall, β-OTMSE lactoside 22 was synthesised from α-D-lactose in 

43% yield over four steps.  With this key intermediate in hand, the desired 3'-hydroxy 

lactoside glycosyl acceptor was synthesised.   

 

2.4.1.1 Towards a 3'-Hydroxy-lactose-based Glycosyl Acceptor via a 
3'-O-PMB Derivative 

Our initial approach to the 3'-hydroxy-lactose-based glycosyl acceptor 41 was directly 

based upon the work of Kartha et al.258 and Kameyama et al.265  This approach 

selectively introduces an orthogonal protective group (para-methoxybenzyl, PMB) at 

the 3'-hydroxyl group of lactose using a Bu2SnO-mediated alkylation, while the 

remainder of the hydroxyl groups are protected with electron-donating benzyl ether 

groups.  Employing electron donating protective groups promotes the free hydroxyl 

group on the glycosyl acceptor to nucleophilically attack the electrophilic carbon of the 

glycosyl donor,225 as discussed in Section 2.3.1.  The 3'-hydroxyl group can then be 

selectively unmasked in the presence of benzyl ether protective groups to afford the 

desired glycosyl acceptor 41.  The outcome of our attempts to form 41 using this 

methodology is shown in Scheme 8. 
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Scheme 8. Synthesis of the 3'-hydroxy-lactoside 41 via a 3',4'-stannylidene acetal intermediate.  
Reagents and conditions: a) i) Bu2SnO, MeOH, 45 °C, 3 h; ii) 4-MeOBnCl, Bu4NBr, toluene, 
reflux, 7 h, 26%; b) NaH, BnBr, DMF, rt, 2 d, 17%; c) DDQ, CH2Cl2, H2O, rt, 2 h, 31%. 
 

The 3'-hydroxyl group of 19 was selectively protected with a PMB ether, via a 

3',4'-stannylidene acetal, using a method reported by Kameyama et al.265  The 

stannylidene acetal is known to preferentially complex to a cis vicinal diol of a 

polyhydroxylated six-membered ring, with subsequent alkylation occurring at the 

equatorial position.266  β-OTMSE lactoside 19 was treated with Bu2SnO in MeOH to 

form the 3',4'-stannylidene acetal intermediate, which was directly reacted with 

4-methoxybenzyl chloride (4-MeOBnCl) and Bu4NBr in toluene to afford the desired 

3'-O-PMB ether derivative 42 in 26% yield after chromatography.  This unoptimised 

yield was quite low and significantly poorer than the reported 74% yield.265  This 

outcome, however, was consistent with the TLC of the crude reaction mixture, which 

showed the presence of many side products, many of a higher Rf value than 42.  The 

poor conversion, and ultimately the low yield, may be due to incomplete formation of 

the 3',4'-stannylidene acetal, which was difficult to monitor by TLC.  

 

The remaining hydroxyl groups were protected as benzyl ethers using NaH and benzyl 

bromide in DMF following a method described by Kameyama et al.265  The fully 

protected lactoside 43 was afforded in only 17% yield, which was also much lower than 

the reported literature value.265 

 

The PMB group could be selectively removed by oxidative cleavage using DDQ,267 

under conditions reported by Kameyama et al.265  Cleavage occurs at the position para 

to the methoxy electron-donating group to remove p-methoxybenzaldehyde.  This 

furnished the desired glycosyl acceptor, 3'-hydroxy hexa-O-benzylated lactoside 41 in 
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only 31% yield, which was a disappointing result compared to reported literature value 

of 70%.265  

 

The overall yield of the 2,3,6,2',4',6'-hexa-O-benzylated lactose-based glycosyl acceptor 

41 from β-OTMSE lactoside 19 was a low 1.3% yield over three steps.  While these 

trial reactions were unoptimised, the extremely poor yields led us to try an alternative 

route to the target 3'-hydroxylated glycosyl acceptor.   

 

2.4.1.2 Towards a 3'-Hydroxy-lactose-based Acceptor via Orthoester 
Chemistry 

An alternative strategy for the synthesis of 3'-hydroxy-lactosides is the employment of 

orthoester chemistry.  An orthoester provides a convenient intermediate which can 

undergo rearrangement to install an acetate or benzoate group at an axial hydroxyl 

group of a cis-diol on a pyranoside.268-270  Generally, orthoacetates are synthesised by 

reaction of a cis-diol with trimethyl- or triethylorthoacetate, catalysed by p-TsOH, in a 

solvent of DMF, CH3CN268 or benzene.269  Orthoacetates can then be rearranged with 

aqueous AcOH to afford the desired axial acetate group with excellent 

regioselectivity.268 

 

Our approach towards synthesising a 3'-hydroxy-lactose-based glycosyl acceptor is 

based on a strategy that was developed within the von Itzstein group to synthesise a 

protected 3'-hydroxy β-methyl lactoside derivative via orthoacetate chemistry.271,272  

This strategy utilised a 3',4'-isopropylidene protective group installed on β-methyl 

lactoside, followed by benzoyl ester protection of the remaining hydroxyl groups.  

Acid-mediated hydrolysis of the 3',4'-isopropylidene group provided the 3',4'-diol.  

Subsequent employment of orthoacetate chemistry (trimethyl orthoacetate, 

p-TsOH•H2O, DMF, rt, 2 h, then quenched with Et3N) selectively installed a 

4'-O-acetate group, directly affording the desired 3'-hydroxy-lactoside derivative, 

without the need for an additional acid-mediated rearrangement step.271,272  The 

application of this strategy to our β-OTMSE lactoside 19, with some minor 

modifications, allowed for the synthesis of a benzylated 4'-O-acetyl-3'-hydroxy-

lactoside glycosyl acceptor 44 (Scheme 9). 
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Scheme 9.  Synthesis of the 3'-hydroxy-lactoside 44 via an orthoacetate strategy.  Reagents 
and conditions: a) i) 2,2-dimethoxypropane, p-TsOH•H2O, DMF, 80 °C, 1 h; ii) BnBr, NaH, 
DMF, 0 °C to rt, 36 h, 84% over 2 steps; b) TFA (90% aq.), CH2Cl2, 0 °C, 2 h, 82%; 
c) trimethyl orthoacetate, p-TsOH•H2O, DMF, rt, 3 h, 94%. 
 

Isopropylidenation at the C-3' and C-4' hydroxyl groups of β-OTMSE lactoside 19 and 

subsequent per-O-benzylation271,272 was performed sequentially without an intermediate 

purification step to furnish 45 in 84% yield over the two steps.  The removal of the 

isopropylidene group was efficiently performed under acidic conditions (90% aq. 

TFA)271,272 to afford the 3',4'-diol 46 in 82% yield.  The removal of the acetal was 

confirmed in the 1H NMR spectrum of the product by the upfield shifts of H-3' and H-4' 

compared to 45, with Gal H-3 shifting from δ 4.01 to 3.37 – 3.42 ppm, and Gal H-4 

from δ 4.09 to 3.92 ppm.271,272 

 

The cis-3',4'-diol of lactose is perfectly arranged to utilise orthoester chemistry to 

selectively introduce the 4'-O-acetyl group.  By reaction with trimethyl orthoacetate and 

catalytic p-TsOH•H2O in DMF,270 the 3',4'-cyclic orthoacetate intermediate 47 is formed 

(Scheme 10).  In a modification of this method, Liakatos272 directly rearranged the 

orthoacetate in ‘one-pot’ by quenching with Et3N, then concentrated the crude reaction 

mixture,271,272 rather than subsequent treatment of the crude material with aqueous 

acid.270  Verification that the single product isolated from the reaction was indeed the 

4'-O-acetate derivative was seen in the 1H NMR spectrum, where the H-4' signal had 

shifted downfield from δ 3.92 in 46 to 5.37 ppm, while H-3' remained more upfield at 

δ 3.67 ppm, which was consistent with literature values.273  Therefore, it has been 

demonstrated that this efficient ‘one-pot’ orthoacetate installation and rearrangement 

reaction271,272 affords exclusively the same 4'-O-acetate-3'-hydroxy product as the 
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two-step procedure,270 in extremely high yield, to afford the desired 3'-hydroxy-

lactoside glycosyl acceptor 44. 

 

 

Scheme 10.  Rearrangement of the orthoacetate intermediate 47 to form the axial 4'-O-acetate 
derivative 44.  Reagents and conditions: a) trimethyl orthoacetate, p-TsOH•H2O, DMF, rt, 2.5 h, 
94%. 
 

The requisite 3'-hydroxy-lactose-based glycosyl acceptor 44 was furnished in 65% over 

four steps from β-OTMSE lactoside 19.  In our hands, the orthoacetate strategy 

(Scheme 9) was significantly higher yielding compared to the trial reactions utilising the 

stannylidine acetal for 3-O-alkylation, presented in Scheme 8. 

 

2.4.2 Synthesis of a Lactosamine-based Glycosyl Donor 

It is well recognised that N-acetyl-D-lactosamine, while commercially available, is 

prohibitively expensive to be used directly in a synthetic scheme.  Derivatives of 

lactosamine have traditionally only been synthetically available with overall yields 

ranging from 10 to 30%.274  As mentioned briefly in Section 2.3.2.1, lactosamine 

derivatives can be prepared using a 1+1 synthetic strategy, or via modification of a 

disaccharide.  Glycosidations using a galactose-based donor and a glucosamine-based 

glycosyl acceptor have been reported.275-277  This approach however, requires a complex 

synthetic scheme, with care required to ensure anomeric stereoselectivity of the 

glycosidic linkage, regioselective coupling to the acceptor, and protective groups 

installed in an orthogonal manner, particularly if further elaboration is required.278  

Additionally, enzymatic279,280 or chemoenzymatic281 syntheses have also been employed.  

An alternative approach is to start with a disaccharide building block, most commonly 

lactose, or in some cases via the lactose 1,2-glycal.278,282-287  Another approach utilises 
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β-D-galactosyl-D-arabinoside derivatives as starting material.288,289  One of the most 

significant advances in the synthesis of lactosamine derivatives been addressed by the 

Stütz group, who have developed a synthesis of lactosamine hydrochloride in two steps 

from the relatively cheap, commercially available, D-lactulose (β-D-galactosyl-(1,4)-

D-fructose).290  This straightforward approach affords a fully protected lactosamine 

derivative by taking advantage of the Heyns rearrangement, in greater yields than 

traditionally seen in glycosidations with galactose and glucosamine.290  

 

2.4.2.1 The Heyns Rearrangement: Synthesis of 2-Amino-2-deoxy Sugars 

The reaction of a ketose with an amine to form a ketosyl amine was first reported by 

Fischer in 1886.291  In the 1950’s, Heyns and co-workers292,293 explored this further, 

synthesising D-glucosamine from D-fructose and ammonia.  Following this, both the 

Heyns group294 and Carson295 explored the reaction of D-fructose with benzylamine to 

afford the corresponding N-benzylglucosamine.  The condensation of ketose sugars 

with an amine and subsequent rearrangement to an N-substituted 2-amino-2-deoxy 

sugar is now commonly known as the Heyns rearrangement. 

 

The initial condensation step in the Heyns rearrangement between D-fructose 48 and 

neat benzylamine (BnNH2) is shown in Scheme 11.  Following the formation of the 

intermediate N-benzylfructosylimine 49, the excess BnNH2 is removed, then acid is 

utilised to irreversibly rearrange the ketosylimine 49 to N-benzylglucosamine 50.  The 

products of the Heyns rearrangement of fructose were studied by Mossine et al.,296 who 

found that both N-benzylglucosamine 50 and N-benzylmannosamine, as well as 

Amadori rearrangement side products, 1-amino-1-deoxyfructose derivatives, are formed 

under these conditions.   
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Scheme 11.  Mechanism of the Heyns rearrangement of fructose 48 in the presence of 
benzylamine to give N-benzylglucosamine 50.  Adapted from Mossine et al.296 and Stütz et al.290 
 

The utility of the Heyns rearrangement was further explored by other research groups, 

however the reaction consistently suffered from poor yields, generally 20% or lower.290  

This is primarily due to competition between hydrolysis and rearrangement of the initial 

condensation product 49, as well as the formation of the C-2 epimer of the 

rearrangement product, Amadori rearrangement side products, and di-substituted 

products, as well as poor separation and chemical instability of the products.290  The 

Stütz group, however, reported the synthesis of N-acetyllactosamine 51 in three steps 

from D-lactulose 52 (Scheme 12) with an overall yield between 38 and 45%, depending 

on the N-protective group employed.274  Stütz and co-workers274,290 only isolated the 

gluco-configured hexosamine product, although they do make reference to the 

formation of, but do not isolate, the side products of this reaction, including the manno-

configured hexosamine product.  The improvement in yield is thought to be due to the 

use of D-lactulose 52 as the starting material, with the unfavourable interactions of the 

large glycosyl residue at O-4 with the other polar functional groups of the ketopyranose 

ring (particularly 5-OH), significantly driving the reaction towards rearrangement.274  

 

 

Scheme 12.  The synthesis of N-acetyllactosamine 51 from D-lactulose 52 via the Heyns 
rearrangement, as reported by Wrodnigg et al.274  Reagents and conditions: a) i) BnNH2, 40 °C, 
3 d; ii) AcOH/MeOH, rt, 12 h; b) H2, Pd/C, MeOH, rt, 12 h; c) MeOH, Ac2O, NaHCO3, rt, 1 h, 
38 – 45%. 
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The reaction was optimised further by the Stütz group, with the incorporation of an 

amino protective group allowing an N-protected lactosamine derivative to be furnished 

in an increased yield of 65% over three steps from D-lactulose 52, in a large, 50 g scale 

reaction.290  The simple preparative ‘one-pot’ method, minimal chromatography and 

easy handling make this procedure well suited to scale-up.290  More recently, and since 

the completion of our work in this area, Shan et al.297 reported the optimisation of 

reaction conditions and workup procedures, which resulted in an improved 48% overall 

yield of N-acetyllactosamine 51 from D-lactulose 52. 

 

For our construction of the nLc4 tetrasaccharide, a lactosamine-based glycosyl donor, a 

fully protected lactosamine derivative, was required.  Our approach was to employ the 

simple and efficient ‘one-pot’ access to lactosamine hydrochloride 12 via Heyns 

rearrangement of D-lactulose 52 with benzylamine, as reported by Stütz et al.290  The 

requisite fully protected N-phthalimido lactosamine derivative 53 was furnished by 

installation of the phthalimide (Phth) amine protective group, followed by per-

O-acetylation, as shown in Scheme 13. 

 

 
Scheme 13.  Synthesis of the per-O-acetylated N-phthaloyl-lactosamine derivative 53 in three 
steps from D-lactulose 52.  Reagents and conditions: a) i) BnNH2, 40 °C, 5 d; ii) AcOH, MeOH, 
rt, 3 h; b) Pd(OH)2/C, H2, aq. HCl (pH 1), 40 psi, rt, 1 d; c) i) NaOMe, MeOH, 0 °C to rt, 
30 min; ii) phthalic anhydride, rt, 20 min; iii) phthalic anhydride, Et3N, rt to 50 °C, 3 d; iv) 
Ac2O, py., DMAP, rt, 3 d, 30% over 3 steps from D-lactulose 52.  
 

Due to the reversible nature of the initial condensation step in the Heyns rearrangement 

in the presence of water, both D-lactulose and benzylamine were dried.  The D-lactulose 

was prepared by refluxing with toluene in a Dean-Stark apparatus, while benzylamine 

was dried over KOH.298  Following the method of Stütz and co-workers,274,290 the Heyns 

rearrangement was performed on the freshly dried D-lactulose with benzylamine.  After 
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a reaction time of five days at 40 °C, TLC indicated substantial conversion of starting 

material to a higher Rf product (estimated conversion > 95% by TLC).  Separation of 

this product from benzylamine was performed by precipitation from cold diethyl ether.  

The crude material was treated with acetic acid in methanol for 2.5 h, then precipitated 

from cold diethyl ether to afford crude N-benzyllactosamine 54.  Mass spectrometry 

confirmed the presence of N-benzyllactosamine 54 (m/z 432 [M+H]+) and some 

remaining lactulose 52 (m/z 365 [M+Na]+), and the crude material was used directly in 

the next reaction.  According to the ‘one-pot’ nature of the Stütz methodology, no 

purification was attempted at this step.  

 

Hydrogenolysis of the crude N-benzyllactosamine 54 using palladium hydroxide on 

carbon (Pearlman’s catalyst) under acidic conditions (pH 1 aqueous HCl) was employed 

for the removal of the N-benzyl group.  Initially, this reaction was conducted at 

atmospheric pressure, but was found to be very slow, with apparent reaction completion 

as detected by TLC achieved only after 11 days.  However, utilising a Parr 

hydrogenator at 40 psi, the reaction time was considerably reduced down to 1 day.  The 

presence of the lactosamine hydrochloride 12 product was confirmed by [M+H]+ peak 

for the free amine (m/z 342 [M+H]+) in the mass spectrum of the reaction mixture.  

  

With crude lactosamine hydrochloride 12 now in hand, the next phase of the synthetic 

pathway was the installation of protective groups in preparation for furnishing an 

appropriate glycosyl donor.  The first step was to protect the glucose C-2 amine.  The 

synthesis of N-substituted 2-amino-2-deoxy sugars have been thoroughly reviewed by 

Bongat and Demchenko.299  The strategies for N-protection can be classified into the use 

of monosubstituted amine protective groups such as acetyl, haloacetyl, 

alkoxycarbamoyl, and [1,3-dimethyl-2,4,6-(1H,3H,5H)-trioxopyrimidine-

5-ylidene]methyl (DTPM) groups,299 and disubstituted protective groups such as 

phthaloyl (Phth), tetrachlorophthaloyl (TCP), and diacetyl.300  Disubstituted amino 

protective groups provide a great advantage in that the amino group can no longer react 

and form by-products, as is the case with 2-acetamido sugars forming stable oxazoline 

derivatives.  Additionally, groups such as the phthalimido group are still able to form a 

reactive oxazolinium ion intermediate, which permits only the 1,2-trans glycosidation 

product to be formed.299  Support for utilising this group in oligosaccharide synthesis is 

evident in the literature, with Banoub stating in 1992 that it was “the method of choice 

for the synthesis of 1,2-trans-glycosides of 2-amino-2-deoxy sugars”.301  Its popularity 
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appears unwavering, with as recently as 2007 it being recognised as the most commonly 

employed  protective group of 2-amino-2-deoxy sugars.299  Additionally, the 

phthalimido moiety was the protective group of choice for glycosyl donors utilised in 

the synthesis of nLc4 derivatives, where they were employed in the glycosidation of 

3'-hydroxy-lactosides.265  

 

Phthalimido protective groups can be introduced to 2-amino-2-deoxy sugars utilising 

the method of Lemieux (NaOMe to de-salt the hydrochloride salt, then phthalic 

anhydride and Et3N in MeOH, followed by acetylation with Ac2O and py.),228,302 or 

through alternative reagents (phthalic anhydride and NaHCO3 in aq. acetone).303,304   

 

Initial attempts to form the N-phthaloyl-lactosamine derivative 53 were carried out 

following the method that Lemieux described,302 for reaction of glucosamine 

hydrochloride.  The crude amine was treated with sodium methoxide in methanol 

solution to de-salt the amine hydrochloride, followed by the addition of phthalic 

anhydride and triethylamine.  Our initial attempts using this procedure resulted only in 

the isolation of fully acetylated N-acetyl-α-D-lactosamine 55.  Understanding the source 

of the poor reaction outcome was complicated due to the crude nature of the starting 

lactosamine hydrochloride and a number of products being present in the reaction 

mixture.  A possible explanation for the isolation of only per-O-acetylated 

N-acetyllactosamine 55 is that, with the indefinite amount of lactosamine hydrochloride 

12, there was too much base, which would result in attack of the methoxide ion on the 

anhydride to form the open-chain methyl ester 56.305 

 

   
 

The synthesis of the N-phthaloyl-lactosamine derivative 53 was re-attempted using the 

conditions shown in Scheme 14.  The crude lactosamine hydrochloride 12 was dried 

well overnight before being de-salted with NaOMe in MeOH for 30 minutes.  The 

precipitated NaCl was filtered off, after which finely ground phthalic anhydride was 

added directly to the combined filtrates, and the mixture stirred for 20 minutes.  Et3N 
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and a further quantity of phthalic anhydride were added, and the reaction was warmed at 

50 °C.  The reaction was continued for 3 days, with further quantities of reagents added 

at intervals, as indicated by reaction progress monitored by TLC.  The reaction mixture 

was subsequently concentrated, then treated with Ac2O and py. under standard 

acetylation conditions.  Purification of the crude product required multiple 

chromatography steps.  Per-O-acetylated N-phthaloyl-lactosamine derivative 53 was 

ultimately afforded in 30% yield from D-lactulose 52 over three steps. 

Scheme 14.  Synthesis of the N-phthaloyl-lactosamine derivative 53 from crude lactosamine 
hydrochloride 12.  Reagents and conditions: a) i) NaOMe, MeOH, 0 °C to rt, 30 min; ii) 
phthalic anhydride, rt, 20 min; iii) phthalic anhydride, Et3N, rt to 50 °C, 3 d; iii) Ac2O, py., 
DMAP, rt, 3 d, 30% yield over 3 steps from 52. 

The 30% overall yield from D-lactulose 52 is lower than the 65% quoted by Stütz et 

al.290 for the analogous DTPM-protected lactosamine derivative.  The 1H NMR 

spectrum of 53 showed that the material had been purified to a high degree.  The 

introduction of the protective groups was confirmed by the presence of the four 

aromatic protons of the phthaloyl ring (multiplet, δ 7.71 to 7.88 ppm) and the seven 

O-acetate peaks from δ 1.91 to 2.15 ppm.  The presence of the N-phthaloyl group was

also confirmed through the chemical shift of H-2 in the 1H NMR spectrum at δ 4.36 

ppm, and of C-2 in the 13C NMR spectrum at δ 53.8 ppm, which are consistent with 

literature values.304,306,307 

2.4.2.2 Synthesis of a N-Phthaloyl-lactosamine-based Thioglycoside 
Donor 

The final step in synthesising the required lactosamine-based glycosyl donor was the 

installation of an appropriate anomeric group to facilitate successful glycosidation.  Our 

initial attempt followed the work of the Hasegawa/Kiso group,265 for the 2+1+2 

synthesis of IV3Neu5AcnLc4Cer 57.  In their hands, the GlcNAc-β1,3-Glc linkage 

(depicted in blue in Figure 33) was successfully formed by the glycosidation of the 
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selectively protected 3'-hydroxy-lactoside glycosyl acceptor 41 with the per-

O-acetylated N-phthaloyl-α-glucosaminyl bromide glycosyl donor 58.

Figure 33.  The structure of IV3Neu5AcnLc4Cer 57, with the GlcNAc-β1,3-Lac fragment in 
red.  The N-phthaloyl-glucosamine-based glycosyl donor 58 and 3'-hydroxy-lactose-based 
glycosyl acceptor 41 were utilised to construct the β1,3-glycosidic linkage (shown in blue). 

In our 2+2 construction of the tetrasaccharide nLc4, we initially sought to apply this 

literature strategy265 to the synthesis of an appropriate lactosamine-based glycosyl 

donor.  However, in an effort to synthesise the per-O-acetylated N-phthaloyl-

lactosaminyl bromide glycosyl donor 59, the reaction of the N-phthaloyl-lactosamine 

derivative 53 with HBr/AcOH302 led to the cleavage of the interglycosidic bond.  While 

further trials at lower temperature were considered, the known instability of the glycosyl 

bromide led us to try an alternative anomeric group.  

Scheme 15.  Attempted synthesis of the N-phthaloyl-lactosaminyl bromide derivative 59.  
Reagents and conditions: a) HBr/AcOH, Ac2O, rt, 1 d. 

The mechanism of glycosidation reactions proceeding via neighbouring group 

participation is discussed in Section 2.3.1.  There are a range of anomeric groups for 

N-phthaloyl sugars that have been utilised to create glycosyl donors, including halides,

thioglycosides, imidates, and arylselenides.299  Thioglycosides are considered to be very 

attractive anomeric leaving groups in glycosyl donors due to their excellent chemical 

stability under a range of conditions.  However, in the presence of a soft electrophile, 
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such as a sulfonium ion, selenyl or halonium ion-based promoter, the thioglycoside is 

readily activated to a reactive sulfonium ion intermediate for employment in 

glycosidation.  This has made thioglycosides a very important tool in chemoselective, 

orthogonal and iterative glycosidations.308   

 
The synthesis of the thioglycoside can be approached using a number of strategies,309 as 

shown in Scheme 16.  Firstly, a glycosyl halide can be employed, which in the presence 

of thiol and base gives the thioglycoside, via an SN2 mechanism.  Alternatively, 

thioglycosides can be afforded through reaction of an O-glycosyl trichloroacetimidate 

and thiol under Lewis acidic conditions; a reaction which proceeds though an SN1 

mechanism.  The third example starts from a 1-thio sugar, where the variable ‘R’ group 

is introduced by reaction with an alkyl/aryl halide or triflate in the presence of base.309 

 

 

Scheme 16.  General synthetic strategies towards thioglycosides.  Adapted from Pachamuthu 
and Schmidt.309 
 
The thioglycoside chosen in the current work was the ethyl thioglycoside, which can be 

easily synthesised from per-O-acetylated N-phthaloyl-lactosamine derivative 53.  

Initially, a method described by Lönn310 utilising EtSH with TiCl4 as the promoter was 

attempted, however no desired product was isolated.  Therefore, an alternative method 

was used,311 shown in Scheme 17, employing BF3•Et2O in the presence of EtSH, 

furnishing thioglycoside donor 60 in moderate yield (55% yield).  

 

 
Scheme 17.  Synthesis of a N-phthaloyl-lactosamine-based thioglycoside glycosyl donor 60.  
Reagents and conditions: a) EtSH, BF3•Et2O, CH2Cl2, 0 °C to rt, 16 h, 55%. 
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An upfield shift of GlcN H-1 compared to the anomeric O-acetate of 53 was observed 

for the thioglycoside 60, shifting from δ 6.50 to 5.48 ppm, while the J1,2 coupling of 

10.8 Hz is typical of β-thioglycosides310,311  The desired N-phthaloyl-lactosamine-based 

thioglycoside glycosyl donor 60 was afforded from D-lactulose 52, via the Heyns 

rearrangement, in 17% yield over four steps.  This methodology is significantly more 

straightforward than a 1+1 approach to lactosamine-based glycosyl donor synthesis. 

 

2.4.3 Synthesis of Glucosamine-Based Glycosyl Donors 

With the lactosamine-based glycosyl donor and lactose-based glycosyl acceptor now 

available for the synthesis of nLc4, attention was turned to the building blocks required 

for the synthesis of the related trisaccharides Lc3 (GlcNAc-β(1,3)-Gal-β(1,4)-Glc) 7 and 

GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 8.  Glucosamine-based glycosyl donors were 

required for the synthesis of both 7 and 8.  The choice of the glycosyl donor for Lc3 was 

quite straightforward, in that it was to be coupled with the same 3'-hydroxy lactoside 

glycosyl acceptor as used in the synthesis of nLc4 6.  Therefore, the analogous 

glucosamine-based ethyl thioglycoside glycosyl donor to 60 was chosen to be 

synthesised.  This glycosyl donor, 61,310 was synthesised in two steps from 

commercially available glucosamine hydrochloride 16, as outlined in Scheme 18. 

 

 
Scheme 18.  Synthesis of N-phthaloyl-glucosamine-based thioglycoside glycosyl donor 61. 
Reagents and conditions: a) i) phthalic anhydride, Et3N, MeOH, rt to 50 °C, 20 min; ii) 0 °C, 
1 h; iii) Ac2O, py., rt, 16 h, 48%; b) EtSH, BF3•Et2O, CH2Cl2, 0 °C to rt, 2 d, 93%. 
 

Protection of the C-2 amine of 16 with phthalic anhydride, followed by acetylation,302 

afforded per-O-acetylated N-phthaloyl-glucosamine 62302 in a moderate 48% yield.  The 

thioglycoside was then installed in a similar manner311 to that used for the synthesis of 

the analogous lactosamine-based thioglycoside 60, afforded the N-phthaloyl-

glucosamine-based ethyl thioglycoside glycosyl donor 61 in an excellent 93% yield. 
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For the synthesis of GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 8, it was envisaged that the 

lactosamine-based glycosyl acceptor would be derived from the already prepared per-

O-acetylated N-phthaloyl-lactosamine thioglycoside 60.  The possibility of using 

N-phthaloyl-glucosamine ethyl thioglycoside 61 as a glycosyl donor was carefully 

considered, as both glycosyl donor and acceptor would possess a thioglycoside aglycon.   

 

Thioglycosides on both the donor and acceptor have been utilised in chemoselective 

glycosidations, which rely on the differences in the relative reactivities of the 

thioglycosides as glycosyl donors, achieved by selecting electron-withdrawing 

(disarmed; deactivates the anomeric centre) and –donating (armed; activates the 

anomeric centre) protective groups for the desired glycosyl acceptor and donor, 

respectively (see discussion of armed and disarmed protective groups in Section 

2.3.1).308  This has been explored with S-tolyl (STol) glycosides, which have been 

utilised in the “programmable one-pot oligosaccharide synthesis” approach,312,313 while 

S-ethyl glycosides have also been employed chemoselectively.314  However, a 

chemoselective approach would seem unsuitable for application to our scheme, as both 

the donor an acceptor bear electron-withdrawing, disarming O-acetyl and N-phthaloyl 

protective groups.  The thioglycosides would not be expected to differ sufficiently in 

relative reactivities for a chemoselective glycosidation to be performed, therefore, an 

alternative anomeric leaving group for the N-phthaloyl-glucosamine-based glycosyl 

donor was required.  One of the most widely-used glycosyl donors is the 

trichloroacetimidate group, developed by Schmidt in the 1980’s.315  These donors are 

favoured for their ease of synthesis, stability, reactivity, high yields and product 

stereoselectivity.315 

 

Trichloroacetimidates are generally synthesised from a hemiacetal via selective 

anomeric deprotection of a fully protected carbohydrate.315  For glycosyl acetate 

derivatives, the hemiacetal is synthesised by reaction with hydrazine acetate.  The 

trichloroacetimidate can then be installed in a straightforward fashion by reacting the 

hemiacetal with trichloroacetonitrile (Cl3CCN) in the presence of a base, most 

commonly DBU, as depicted in Scheme 19.  The anomeric outcome of the reaction can 

be modulated by choice of base and solvent.315 
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Scheme 19.  General approach to the synthesis of α- or β-trichloroacetimidates.  Adapted from 
Zhu and Schmidt.315 
 

The per-O-acetylated N-phthaloyl-glucosamine derivative 62302 underwent selective 

anomeric de-O-acetylation with hydrazine acetate in DMF,316 giving the 1-hydroxy 

derivative 63317 in 70% yield after purification (Scheme 20).  The selective deprotection 

at C-1 was evident from the substantial change in chemical shift of the anomeric proton, 

with an upfield shift from δ 6.28 to 5.42 ppm for the α-anomer and from δ 6.51 to 5.63 

ppm for the β-anomer.  The β-trichloroacetimidate 64317 was furnished in 79% yield by 

reaction of 63 with Cl3CCN and DBU in DMF,316 with a small amount (10%) of starting 

material recovered, and no α-anomer isolated.  The chemical shift of the anomeric 

proton was observed to undergo a significant move downfield compared to the 

1-hydroxy derivative 63, from δ 5.63 to 6.62 ppm, due to the significantly electron 

withdrawing nature of the aglycon installed, and was consistent with literature values.318 

 

 

Scheme 20.  Synthesis of N-phthaloyl-glucosamine-based trichloroacetimidate glycosyl donor 
64.  Reagents and conditions: a) H2NNH2•AcOH, DMF, rt, 30 min, 70%; b) Cl3CCN, DBU, 
CH2Cl2, rt, 4 h, 79%. 
 

Overall, the N-phthaloyl-glucosamine-based thioglycoside donor 61 was afforded from 

glucosamine hydrochloride 16 in 45% yield over three steps, while the N-phthaloyl-

glucosamine-based trichloroacetimidate glycosyl donor 64 was furnished in 27% yield 

over four steps from glucosamine hydrochloride 16. 
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2.4.4 Synthesis of a Lactosamine-Based Glycosyl Acceptor 

With the lactosamine-based glycosyl donor 60 already in hand (Section 2.4.2.2), this 

compound was utilised as a starting point towards the synthesis of a lactosamine-based 

glycosyl acceptor.  The first step in this synthesis was the deprotection lactosamine-

based glycosyl donor 60 under modified Zemplén conditions reported by Alais and 

Veyrières304 for an analogous N-phthaloyl-lactosamine benzyl glycoside.  The 

de-O-acetylated ethyl thioglycoside 65 was afforded in 41% yield after recrystallisation, 

with the slightly impure mother liquor contributing a further ~ 58% yield, making the 

overall yield almost quantitative. 

 

 

Scheme 21.  Zemplén deprotection of lactosamine-based donor 60 to form the de-O-acetylated 
N-phthaloyl-lactosamine thioglycoside derivative 65.  Reagents and conditions: a) 1 M NaOMe, 
MeOH, 1,4-dioxane, 0 °C to rt, 5 h, 41% yield after recrystallisation. 
 

With the thioglycoside 65 in hand, an efficient method for yielding a 3'-hydroxy-

lactosamine-based glycosyl acceptor was sought.  Based on our previous successful 

employment of orthoester chemistry to afford the 3'-hydroxy-lactose-based glycosyl 

acceptor 44 (Section 2.4.1.2), this chemistry was revisited.  Furthermore, in work 

towards the synthesis of a 3'-hydroxy-lactosamine-based glycosyl acceptor, Wang and 

Auzanneau319 have reported an interesting modification of traditional orthoacetate 

chemistry, shown in Scheme 22.  Taking 2-azido-2-deoxy-lactoside 66, and protecting 

the primary hydroxyl groups with silyl TBDPS groups to form 67, the orthoacetate 68 

was directly formed, then rearranged to the 4'-O-acetyl derivative 69 without the need to 

proceed via a 3',4'-isopropylidene derivative. 
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Scheme 22. Synthesis of the 2-azido-3'-hydroxyl-6,6'-di-O-TBDPS-lactosamine-based 
glycosyl acceptor 69 reported by Wang and Auzanneau.319  Reagents and conditions: 
a) TBDPSCl, AgNO3, DMF, rt, 30 min, 82%, b) i) trimethyl orthoacetate, CSA, CH3CN, rt, 
10 min; ii) Ac2O, py., 50 °C, 3 h; c) 80% aq. AcOH, rt, 5 min, 81% over 3 steps from 67. 
 

The regiospecific protection of 3',4'-diols with isopropylidene or orthoacetate protective 

groups is an established strategy in lactoside chemistry, and was utilised in the 

construction of our 3'-hydroxy-lactose-based glycosyl acceptor 44 (Section 2.4.1.2).  

However, Wang and Auzanneau319 developed the novel approach, shown in Scheme 22, 

due to the reported preference for 2-azido-lactosides to form a minor amount of the 

kinetically controlled 4',6'-O-isopropylidene product, in addition to the major, 

thermodynamically stable, 3',4'-protected derivative.320,321  Similarly poor 

regiospecificity was anticipated by Wang and Auzanneau319 for the installation of a 

3',4'-orthoacetate, therefore, protective groups at the primary hydroxyl groups were 

installed to overcome this.  Furthermore, in their synthesis of a N-phthaloyl-lactosamine 

methyl glycoside, Alais and Veyrières304 also found that the 4',6'-O-isopropylidene side 

product was formed in 10% yield, in addition to an isolated 65% yield of the desired 

3',4'-O-isopropylidene derivative.  Based on the literature reports, it would be 

anticipated that our N-phthaloyl-lactosamine-based thioglycoside 65 would require prior 

protection of the primary hydroxyl groups. 

 

The protective group strategy developed by Wang and Auzanneau,319 incorporating silyl 

protective groups on the primary hydroxyl groups was applied to our N-phthaloyl-

lactosamine-based thioglycoside derivative 65 (Scheme 23).  
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Scheme 23.  Utilisation of orthoacetate chemistry on 6,6'-disilylated N-phthaloyl-lactosamine-
based thioglycoside 70 to afford a 3'-hydroxy-lactosamine-based glycosyl acceptor 71. Reagents 
and conditions: a) TBDPS-Cl, imidazole, DMF, rt, 1 d, 46%; b) i)  trimethyl orthoacetate, CSA, 
CH3CN, rt, 30 min; ii) Ac2O, py., rt, 16 h; iii) 80% aq. AcOH, rt, 10 min, 70% over 3 steps from 
70. 
 

Silylation of the primary hydroxyl groups was undertaken on thioglycoside 65 using 

TBDPS-Cl and imidazole.  The yield of product from this reaction was only moderate 

(46% yield), which was suspected to be due to loss of material during the aqueous 

work-up, carried out according to the method described by Wang and Auzanneau.319   

 

The orthoacetate chemistry was then carried out on the 6,6'-di-O-silylated derivative 70 
(Scheme 23), which afforded the desired 3'-hydroxy-lactosamine derivative 71 in 70% 

yield over three steps.  This yield is reasonable, compared to the 81% yield reported for 

the methyl 2-azido-lactoside derivative 69 (Scheme 22) by Wang and Auzanneau.319  

During the final hydrolysis step of the 3-step ‘one-pot’ reaction, poor compound 

solubility in the aqueous AcOH affected the ability to monitor the reaction by TLC, 

therefore LRMS was employed to monitor the reaction by observing the consumption of 

starting material and confirming the presence of desired product 71 by detection of a 

peak at m/z 1141 ([M+Na]+).   

 

The 3'-hydroxy-lactosamine-based glycosyl acceptor 71 was synthesised from the 

de-O-acetylated thioglycoside 65 over four steps in 32% yield.  In this sequence, the 

silylation step requires further method optimisation.  A sufficient amount of 

lactosamine-based glycosyl acceptor 71 was synthesised for trial glycosidation attempts 

with the N-phthaloyl-glucosamine-based trichloroacetimidate glycosyl donor 64 
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(described in Section 2.4.5.3).  This glycosidation, however, was found to be 

unsuccessful and an alternative lactosamine-based glycosyl acceptor was required. 

 

Kashem et al.249 have reported the use of a 3',4'-diol derivative as a lactosamine-based 

glycosyl acceptor.  This 3',4'-diol derivative was coupled with a glucosamine-based 

trichloroacetimidate donor to synthesise a GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 

trisaccharide derivative in a high yielding (80% yield) and regioselective manner.  The 

advantage of this method is that an additional orthoester step is not required.  Therefore, 

utilising the N-phthaloyl-lactosamine ethyl thioglycoside 65, the 3',4'-diol lactosamine-

based glycosyl acceptor 72 was synthesised (Scheme 24).  

 

 

Scheme 24.  Synthesis of a 3',4'-diol lactosamine-based glycosyl acceptor 72.  Reagents and 
conditions: a) 2,2-dimethoxypropane, p-TsOH•H2O, DMF, 80 °C, 2 h; b) Ac2O, py., DMAP, rt, 
2 d, 77% over 2 steps from 65; c) 90% aq. TFA, CH2Cl2, rt, 2 h, 69%. 
 

The thioglycoside 65 was isopropylidenated at C-3',4' followed by per-O-acetylation to 

afford the fully protected 73 in 77% yield over two steps.  The acetal was then 

hydrolysed under acidic conditions to give the 3',4'-diol derivative 72 in 69% yield.  

The presence of the 3',4'-diol was confirmed in the 1H NMR spectrum by appearance of 

the C-3' OH and C-4' OH  protons at δ 3.35 and 2.94 ppm, respectively, as well as the 

upfield shift of H-3' and H-4' compared to the O-acetylated derivative 60, consistent 

with the literature.311  The overall yield for the synthesis of the 3',4'-diol lactosamine-

based glycosyl acceptor 72 was 53% over three steps from the fully de-O-acetylated 

N-phthaloyl-lactosamine-based thioglycoside 65. 
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2.4.5 Synthesis of Tri- and Tetrasaccharides  

With a suite of appropriate glycosyl acceptors and donors in hand, the next phase was 

the construction of our suite of tetra- and trisaccharides.  The first two oligosaccharides 

to be synthesised were the fully protected nLc4 and Lc3 TMSE glycosides, 74 and 75 

respectively.  Fully protected nLc4 74 was synthesised through glycosidation of the 

3'-hydroxy lactose-based glycosyl acceptor 44 with the N-phthaloyl-lactosamine-based 

thioglycoside glycosyl donor 60.  The synthesis of Lc3 75 was performed in an 

analogous manner, with the same 3'-hydroxy lactose-based glycosyl acceptor 44 

glycosidated using the N-phthaloyl-glucosamine-based thioglycoside glycosyl donor 61. 

 

 
 

The N-phthaloyl-hexosamine-based glycosyl donors employed in each of these 

glycosidations are ethyl thioglycosides.  Glycosidations with these donors proceed 

through a direct activation mechanism (Scheme 25), where the sulfur atom of the 

aglycon reacts with the promoter to form a glycosyl sulfonium salt intermediate.322  This 

activated aglycon is an excellent leaving group, which led to the formation of an 

oxocarbenium ion, or an intermediate with neighbouring group participation, which is 

then attacked by the free hydroxyl group of the glycosyl acceptor to form the 

O-glycosidic linkage.  The promoters (E-Nu, electrophile-nucleophile) utilised in 

glycosidations of ethyl thioglycosides can be categorised into metals salts [eg. mercury 

(II), copper (II) or silver (I) salts], halonium ion reagents (eg. NBS, NIS/TfOH, 

NIS/AgOTf), organosulfur reagents [eg. dimethyl(methylthio)sulfonium 

trifluoromethanesulfonate (DMTST)], single electron transfer (SET) reagents and other 

unclassified reagents such as MeOTf or NOBF4.322,323  
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Scheme 25.  Direct activation of thioglycosides by promoter E-Nu in glycosidation reactions.  
Adapted from Ranade et al.322 
 

Upon the synthesis of glycosidation products, the fully protected oligosaccharides 

require replacement of the N-phthaloyl group with an N-acetyl group, followed by 

deprotection of the O-benzyl and O-acetyl groups.  These steps were achieved under 

standard conditions utilised commonly in oligosaccharide synthesis.  The synthesis of 

tetrasaccharide β-OTMSE nLc4 76 and trisaccharide β-OTMSE Lc3 77, are described in 

Sections 2.4.5.1 and 2.4.5.2, respectively.  

 

2.4.5.1 Synthesis of β-OTMSE Neolactotetraose 

Activation of thioethyl glycosyl donors in the presence of NIS/TMSOTf is afforded by 

the NIS (E-Nu in Scheme 25) acting as a source of iodonium ion (I+), which behaves as 

an electrophile for the nucleophilic sulfur atom of the thioglycoside aglycon.322  This 

forms a reactive sulfonium ion intermediate, which is an excellent leaving group.  The 

resultant oxazolinium ion intermediate (discussed in Section 2.3.1) allows for the free 

hydroxyl group of the glycosyl acceptor to nucleophilically attack the anomeric centre 

to form the glycosidic linkage.308,322  

 

The glycosidation between the 3'-hydroxy-lactose-based glycosyl acceptor 44 and the 

lactosamine-based thioglycoside donor 60 in the presence of NIS/TMSOTf afforded the 

fully protected nLc4 tetrasaccharide 74 in high yield (87%, based on 44 as the limiting 

reagent), as outlined in Scheme 26.  The formation of 74 was confirmed by LRMS and 
1H NMR, where the four anomeric proton signals were detected at δ 4.25 (GlcI), 4.33 

(GalII), 4.55 (GalIV) and 5.53 (GlcNIII) ppm.  The stereochemistry of the GlcNPhth-

1,3-Gal linkage was confirmed as β, with a coupling constant for GlcNIII H-1 of 7.8 Hz.  

In addition, the regioselectivity of the coupling was confirmed by the GalII C-3 13C 

NMR chemical shift, which moved to δ 78.3 ppm, from δ 72.4 ppm for the 3'-hydroxy-

bearing glycosyl acceptor 44, which is consistent with a similar glycosidation reported 

by Chevalier et al.324
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Scheme 26.  Glycosidation and deprotection of a fully protected nLc4 derivative 74 to yield 
β-OTMSE nLc4 76.  Reagents and conditions: a) NIS, TMSOTf, CH2Cl2, –40 °C, 2 h, 87%; 
b) i) H2NNH2•H2O, EtOH, 85 °C, 2 h; ii) Ac2O, py., DMAP, rt, 4 d, 63% over 2 steps; c) H2, 
Pd(OH)2/C, EtOAc/MeOH, rt, 3 d; d) 0.06 M NaOMe, MeOH, rt, 16 h, 44% over 2 steps. 

 

Following the construction of the fully protected tetrasaccharide 74, the N-phthaloyl 

group was removed by reaction with hydrazine monohydrate in EtOH at 85 °C, which 

also removed the O-acetate groups.325  After careful removal of all traces of hydrazine to 

prevent the risk of explosion, the crude material was acetylated to afford the septa-O-

acetyl N-acetyl nLc4 derivative 78 in 63% yield over two steps.  The loss of aromatic 

proton signals (from δ 7.12 to 7.33 ppm) and appearance of a three-proton singlet at 

δ 1.54 ppm corresponding to the NHAc methyl group confirmed the removal of the 

N-phthaloyl group and formation of the acetamido product 78.  Although the NHAc 

methyl group chemical shift seems unusually upfield, it is consistent with that seen in 

the analogous protected 6-azidohexyl glycoside of nLc4 reported by Joosten et al.239  
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The seven O-acetate peaks from δ 1.97 to 2.14 ppm demonstrated that the re-O-

acetylation step was successful. 

 

The removal of the O-benzyl and O-acetate groups of 78 was conducted using a method 

that involved minimal purification.  The O-benzyl groups were first hydrogenolysed 

using Pd(OH)2/C as a catalyst.326  Monitoring the reaction by TLC was made more 

complex due to the appearance of a number of components.  To ensure that the multiple 

components were not due to incomplete removal of benzyl groups, additional catalyst 

was added until the TLC showed no change in product profile, over a total reaction time 

of 3 days.  The persistence of multiple products indicated that they were likely due to 

acetyl group migration.  Upon filtration and concentration of the hydrogenolysis 

product, the crude product was subject to standard Zemplén conditions for O-acetate 

removal to furnish β-OTMSE nLc4 76 in 44% yield over two steps. 

 

The tetrasaccharide β-OTMSE nLc4 76 was obtained in an overall yield of 24% over 

five steps from the 3'-hydroxy-lactose-based glycosyl acceptor 44 and N-phthaloyl-

lactosamine-based thioglycoside donor 60. 

 

2.4.5.2 Synthesis of β-OTMSE Lactotriaose 

Following the procedures employed for the successful synthesis of β-OTMSE nLc4 76, 

the related trisaccharide Lc3 was synthesised, as presented in Scheme 27.  The 

glycosidation between the glucosamine-based thioglycoside glycosyl donor 61 and the 

3'-hydroxy-lactose-based glycosyl acceptor 44 furnished 75 in very good (84%) yield.  

The synthesis of the desired trisaccharide 75 was confirmed by LRMS and 1H NMR, 

with three anomeric proton signals observed at δ 4.22-4.31 (GlcI), 4.33 (GalII) and 5.54 

ppm (GlcNIII).  The GlcNPhth-1,3-Gal linkage was confirmed as β, with a coupling 

constant for GlcNIII H-1 of 8.4 Hz.  In addition, the regioselectivity of the glycosidation 

was confirmed with the GalII C-3 13C NMR chemical shift changed to δ 79.3 ppm, from 

δ 72.4 ppm for the glycosyl acceptor 44, as in the synthesis of the fully protected nLc4 

derivative 74. 
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Scheme 27.  Glycosidation and deprotection of a fully protected Lc3 derivative 75 to yield 
β-OTMSE Lc3 77.  Reagents and conditions: a) NIS, TMSOTf, CH2Cl2, –40 °C, 2 h, 84%; 
b) i) H2NNH2•H2O, EtOH, 85 °C, 2 h; ii) Ac2O, py., DMAP, rt, 4 d, 57% over 2 steps; c) H2, 
Pd(OH)2/C, EtOAc/MeOH, rt, 3 d; d) 0.06 M NaOMe, MeOH, rt, 16 h, 60% over 2 steps. 
 

The deprotection strategy for the fully protected Lc3 derivative 75 reflected the 

deprotection of the fully protected nLc4 derivative 74.  Removal of the N-phthaloyl 

protective group and subsequent installation of the N-acetyl and O-acetyl groups was 

achieved in 57% yield over two steps.  The loss of aromatic proton signals at δ 7.12 to 

7.33 ppm and the addition of a three-proton singlet at δ 1.50 ppm corresponding to the 

NHAc methyl group confirmed the formation of 79.  The O-benzyl and O-acetate 

deprotections were also conducted in the same manner as for the synthesis of 76 to 

provide β-OTMSE Lc3 77 in 60% yield over two steps from 79.   
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The trisaccharide β-OTMSE Lc3 77 was synthesised in an overall 29% yield over five 

steps from 3'-hydroxy lactose-based glycosyl acceptor 44 and N-phthaloyl-glucosamine-

based thioglycoside donor 61. 

 

2.4.5.3 Synthesis of β-SEt GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc  

Of the three oligosaccharides of interest, GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 8 was 

found to be the most difficult to synthesise.  Poor outcomes of glycosidation reactions 

required the trial of a number of lactosamine-based glycosyl acceptors in an attempt to 

find the optimum combination of glycosyl donor, glycosyl acceptor and glycosidation 

reaction conditions.  

 

The first attempt at glycosidation to construct the fully protected GlcNAc-β(1,3)-Gal-

β(1,4)-GlcNAc trisaccharide derivative followed the approach reported by Wang and 

Auzanneau.319  The glucosamine-based trichloroacetimidate glycosyl donor 64 was 

utilised with the 2-azido-2-deoxy-3'-hydroxy-lactoside acceptor 69 under standard 

trichloroacetimidate glycosidation conditions using TMSOTf as a promoter (Scheme 

28).  A small number of variations in reagent quantities and conditions were trialled, 

with the best outcome (a ratio of TMSOTf 0.6 eq. and donor 64 3.0 eq. relative to the 

acceptor 60) affording the desired trisaccharide 80 in 53% yield.  A Ferrier-rearranged 

product 81 was also isolated as a minor but significant component (26% yield).319  

 

 

Scheme 28.  Glycosidation reported by Wang and Auzanneau319 to form the GlcNPhth-β(1,3)-
Gal-β(1,4)-GlcN3 trisaccharide 80.  Reagents and conditions: a) TMSOTf, CH2Cl2, –30 to 
24 °C, 2 h, 80 53%, 81 26%. 
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The reported conditions of Wang and Auzanneau319 were applied to the synthesis of our 

trisaccharide 82 (Table 3, entry 1).  For our synthesis, the same glycosyl donor 64 was 

employed, while the 3'-hydroxy-N-phthaloyl-lactosamine-based glycosyl acceptor 71 

was used, which differed from 69 in the C-2 functionality and the aglycon.  However, 

these modifications are removed from the site of the free hydroxyl group of the glycosyl 

acceptor, and would not be expected to significantly effect the glycosidation reaction.  

 

Table 3.  Attempted glycosidations of 3'-hydroxy-lactosamine-based glycosyl acceptor 
71 and trichloroacetimidate glycosyl donor 64.  Reagents and conditions: a) TMSOTf, 
CH2Cl2, –40 °C to rt, 4 to 5 h. 

 

Donor Promoter Product 
Entry 

64 (eq.)a TMSOTf 
(eq.)a 

4 Å MS Time (h) 82          
Yield 

Method 

1 3.0 0.6 50 mg/mL 5  n.d. A 

2 1.2 1.5 167 mg/mL 4  0%b B 

Method A: from Wang and Auzanneau319 
Method B: from Alais and Veyrières304 
a Mole equivalents relative to acceptor 71 
b 71% of recovered acceptor 71  
n.d. not determined 
 

The glycosidation method utilised for the coupling of 3'-hydroxy-N-phthaloyl-

lactosamine-based glycosyl acceptor 71 with N-phthaloyl-lactosamine 

trichloroacetimidate glycosyl donor 64 for the attempted synthesis of trisaccharide 82 

replicated that described by Wang and Auzanneau319 (Table 3, entry 1).  The reaction 

was monitored by TLC and a small number of lower Rf products were observed.  After 

5 hours at room temperature, the success of the reaction was inconclusive, as the 

glycosyl acceptor 71 still appeared to be the major component of the reaction mixture.  

After neutralisation, at least eight carbohydrate-like components (observed by charring 
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with H2SO4/EtOH) were observed on TLC, including unreacted glycosyl acceptor.  Due 

to the small scale of the reaction (37 mg of glycosyl acceptor), it was difficult to isolate 

and characterise the products, however, none of them appeared to resemble 

trisaccharide by 1H NMR.  It was evident from the TLC after neutralisation that a 

complex mixture of products were formed and so this glycosidation appeared unsuitable 

for the synthesis of our fully protected GlcNPhth-β(1,3)-Gal-β(1,4)-GlcNPhth-βSEt 

derivative 82.  Accordingly, alternative glycosidation conditions were pursued. 

 

The second attempt at synthesising trisaccharide 82 used a method described by Alais 

and Veyrières304 (Table 3, entry 2), which glycosidated a 3',4'-diol N-phthaloyl-

lactosamine-based benzyl glycoside acceptor with a N-phthaloyl-lactosamine-based 

trichloroacetimidate donor, to afford the resultant tetrasaccharide in 78% yield.  This 

method utilised a greater than stoichiometric amount of TMSOTf promoter, relative to 

the acceptor 71, along with a large amount of 4 Å MS (167 mg/mL).  In our hands, 

product formation was not observed by TLC after 4 hours at room temperature, while a 

large amount of acceptor 71 was still visible.  The reaction was neutralised and the 

crude material was chromatographed, from which 71% of glycosyl acceptor 71 was 

recovered, along with 35% of recovered donor 64 and hydrolysed donor 63, indicating 

that these conditions were not conducive to glycosidation.  As two literature 

glycosidation methods were trialled on the 3'-hydroxyl-N-phthaloyl-6,6'-di-O-TBDPS-

lactosamine-based glycosyl acceptor 71 without trisaccharide formation, this would 

suggest that it is not a suitably reactive glycosyl acceptor under these conditions, 

therefore, glycosidation with an alternative lactosamine-based glycosyl acceptor was 

pursued. 

 

A glycosyl acceptor more similar to that reported by Kashem et al.249 was synthesised.  

A 3',4'-diol-N-phthaloyl-lactosamine-based glycosyl acceptor 72 was synthesised, 

which only differed from the literature acceptor at the aglycon, with a thioethyl group 

employed in our acceptor rather than the literature 8-(methoxycarbonyl)octyl aglycon of 

83.   
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A solution of 3',4'-diol N-phthaloyl-lactosamine-based glycosyl acceptor 72 and 

N-phthaloyl-lactosamine-based trichloroacetimidate donor 64 in CH2Cl2 were treated 

with TMSOTf, at –40 °C, in the presence of 4 Å MS (Scheme 29).  Monitoring of the 

reaction by TLC showed the consumption of acceptor and donor and the appearance of 

one major component, with minor components also observed.  Isolation of the desired 

major product proved difficult by flash column chromatography, and after several 

unsuccessful attempts to isolate pure material the impure product was acetylated under 

standard conditions.  Subsequent purification afforded the desired fully protected 

trisaccharide 84 in 51% yield.  The recovery of 84 may be lower than the actual yield 

synthesised due to the multiple iterations of chromatography performed.  It is possible 

that the interfering impurity could have been the similarly non-polar 4'-O-glycosidation 

product, however it was not isolated.  In the 1H NMR spectrum of the trisaccharide 84, 

the GalII H-3 chemical shift was observed to have moved downfield to δ 3.70 — 3.83 

ppm (from δ 3.56 — 3.64 ppm in acceptor 72), while GlcNIII H-1 was observed at 

δ 5.41 ppm for 84 (significantly upfield from δ 6.62 for H-1 in the trichloroacetimidate 

donor 64).  The GlcNIII J1,2 coupling constant was 10.8 Hz, confirming the β-anomeric 

configuration.  Further indicating the 3'-O-glycosidation, acetylation of C-4' hydroxyl 

group was confirmed by a significant downfield shift in GalII H-4 from δ 3.58 to 5.33 

ppm.   
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Scheme 29.  Formation of a protected GlcNPhth-β(1,3)-Gal-β(1,4)-GlcNPhth thioglycoside 84 
and subsequent deprotection to give 86.  Reagents and conditions: a) TMSOTf, CH2Cl2, –40 °C, 
1 h; b) Ac2O, py., rt, 3 d, 51% over 2 steps; c) i) H2NNH2•H2O, EtOH, 85 °C, 1 d; ii) Ac2O, py., 
DMAP, rt, 1 d, ≤ 63% over 2 steps (slightly impure); d) 0.06 M NaOMe, MeOH, rt, 16 h, 47%. 
 

The subsequent deprotection of the fully protected GlcNPhth-β(1,3)-Gal-β(1,4)-

GlcNPhth thioglycoside derivative 84 was carried out in a similar manner to the 

deprotections of fully protected β-OTMSE nLc4 74 and β-OTMSE Lc3 75 (Section 

2.4.5).  The initial deprotection step was the removal of the N-phthaloyl groups with 

hydrazine monohydrate and re-acetylation, to afford the bis-acetamido trisaccharide 

derivative 85, although slightly impure, in a maximum of 63% yield.  Treatment under 

Zemplén conditions to de-O-acetylate yielded the desired GlcNAc-β(1,3)-Gal-β(1,4)-

GlcNAc-β-SEt 86 in 47% yield.  The formation of 86 was confirmed by LRMS (m/z 

653 [M+Na]+, 100%) and 1H NMR, with the anomeric protons at chemical shifts of 

δ 4.21 (GalII), 4.40 (GlcNI) and 4.42 ppm (GlcNIII).  
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Overall, the trisaccharide 86 was afforded in 15% over four steps from the glucosamine-

based glycosyl donor 64 and lactosamine-based glycosyl acceptor 72. 

 

2.5 Conclusion 
Towards the synthesis of a tetrasaccharide, nLc4, and two trisaccharides, Lc3 and 

GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc, a suite of glycosyl acceptors and donors was 

assembled.  The overall yield for the 3'-hydroxy-lactose-based glycosyl acceptor 44 was 

27% over seven steps from lactose 9, while the 3',4'-diol lactosamine-based glycosyl 

acceptor 72 was afforded in 53% over three steps from the fully de-O-acetylated 

N-phthaloyl-lactosamine-based thioglycoside 65.  Meanwhile, the N-phthaloyl-

lactosamine-based thioglycoside donor 60 was synthesised from D-lactulose 52 over 

four steps in an overall yield of 17%.  Of the N-phthaloyl-glucosamine-based glycosyl 

donors, the thioglycoside donor 61 was afforded in 45% over two steps from 

glucosamine hydrochloride 16, while the trichloroacetimidate glycosyl donor 64 was 

furnished in 27% over three steps from glucosamine hydrochloride 16. 

 

 
 

The nLc4 and Lc3 glycosidations to yield 74 and 75, respectively, utilised a thioethyl 

glycoside donor in each case, proved to be high yielding with yields of 87% and 84%, 

respectively.  Additionally, the fully protected GlcNPhth-β(1,3)-Gal-β(1,4)-GlcNPhth 

thioethyl glycoside 84 was ultimately formed in 51% yield using the 

trichloroacetimidate glycosyl donor 64 and 3',4'-diol lactosamine-based glycosyl 

acceptor 72.  Fully protected nLc4 74 and Lc3 75 were O- and N-deprotected to afford 

β-OTMSE nLc4 76 and β-OTMSE Lc3 77, in 24% and 29% yields, respectively, over 

five steps each from the lactose-based glycosyl acceptor 44.  The deprotection sequence 
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for 84 to afford GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc ethyl thioglycoside 86 yielded the 

desired product in 15% yield over four steps from the lactosamine-based glycosyl 

acceptor 72. 

 

 

2.6 Future Work 
While the major objectives in this project were certainly achieved, there are several 

areas where improvements could be made.  The glycosidation reaction between the 

N-phthaloyl-glucosamine-based trichloroacetimidate glycosyl donor and 3',4'-diol 

lactosamine-based glycosyl acceptor, at 51% yield, was lower than the literature value 

of 80% yield249 due to multiple rounds of chromatographic purification, which was 

ultimately addressed by O-acetylating the 4'-hydroxyl group.  To improve the yield of 

this reaction, acetylation should be performed on the crude glycosidation product, a 

strategy that was recently utilised in a reported glycosidation reaction involving a 

3',4'-diol-N-phthaloyl-lactosamine-based thioglycoside acceptor.278  Alternatively, an 

orthoacetate approach could be employed, in a similar manner to that utilised for the 

synthesis of the lactose-based glycosyl acceptor, to synthesise a 4'-O-acetyl-3'-hydroxy-

N-phthaloyl-lactosamine-based glycosyl acceptor. 
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3 
Synthesis of Multivalent Displays of Neolactotetraose and 
Related Mono-, Di- and Trisaccharides as Probes for Dengue 
Virus E-Glycoprotein Domain III 
 

The first step in the infectivity process for many pathogens such as viruses, bacteria and 

fungi, generally involves an interaction between carbohydrates displayed on a host cell 

and one or more proteins expressed by the pathogen.327  It has been generally accepted 

that monovalent carbohydrate-lectin interactions in most cases are quite weak (with KD 

values in the micromolar range), although some monovalent interactions can be as 

strong as having nanomolar KD values.205  Specificity and function are attained in 

biological systems by the high avidity gained from multivalent interactions,205 which 

involves multiple copies of the carbohydrate and the lectin carbohydrate recognising 

domain (CRD) engaging in sequential and/or simultaneous binding, resulting in an 

enhanced, biologically relevant binding affinity.328,329  This phenomenon was termed the 

“glycoside cluster effect” by Lee and Lee in 1995,330 however, it has become apparent 

that the specific mechanisms involved in multiple carbohydrate-CRD interactions are 

significantly more complex than first anticipated.331  Since research into multivalent 

interactions first began in the mid-1970’s, the synthesis and biological evaluation of 

multivalent displays of carbohydrates have been studied in an effort to gain a greater 

understanding of multivalent carbohydrate-CRD interactions, and to enhance the 

naturally weak binding affinities of monovalent interactions.328   

 

The introduction to this chapter reviews the importance of, and synthetic approaches 

towards, multivalent displays of carbohydrates, and their role in probing important 

biological interactions.  The functionalisation of synthesised and commercially 

available carbohydrates with a suitable aglycon and their subsequent tethering to a 

trivalent scaffold is described.  In an effort to better understand the DENV-host cell 

entry process and the importance of nLc4, the tetrasaccharide portion of a putative 

ligand involved in this interaction, trivalent displays of nLc4 and related carbohydrates 

were biologically evaluated with DENV-2 EGP DIII by STD-NMR (Chapter 4), and the 

effect of displaying these carbohydrates in a trivalent manner was investigated. 
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3.1 Multivalent Displays of Carbohydrates 
Multivalent displays of carbohydrates have been found to interfere with important 

biological functions, including critical infectivity processes, and has led to the 

exploration of novel scaffolds.328  The use of synthetic scaffolds has the advantage of 

allowing specific control of geometry, topology and valency.331  Furthermore, each 

scaffold has its own advantages with respect to simulating the endogenous display of 

multivalent carbohydrates.   

 

The most important challenges in designing multivalent displays of carbohydrates are 

the specific architectural requirements of both the ligand and receptor.331  The avidity 

and selectivity of the interaction between the multivalent carbohydrates and the lectin 

CRDs is significantly affected by surface sugar density, as well as the length and nature 

of the linker conjugated to the core scaffold.327  It is interesting to note that increased 

valency doesn’t necessarily correlate to increased biological activity, with some mid-

generation multivalent displays having optimal activity.332  This may be due to the steric 

crowding of higher valency scaffolds, or the limitation of only a discrete number of 

ligands being able to interact with their receptor at any one time.  Therefore, the 

underlying structure of the scaffold is thought to be of greater importance than simply 

increasing valency.333 

 

Some examples of low-valency multivalent displays of carbohydrates which exhibit 

biological affects are shown in Figure 34.  They include branched oligosaccharides334 

(Figure 34a), cyclodextrins335 (Figure 34b), calix[n]arenes336 (Figure 34c), 

cyclotriveratrylene (CTV) scaffolds337 (Figure 34d), poly-L-lysine dendrons338 (Figure 

34e), and carbosilane dendrimers339 such as those utilised in displaying multivalent nLc4 

for biological evaluation against DENV-2 reported by Aoki et al. (Figure 34f).138  

Larger multivalent scaffolds (shown in Figure 35) have also been employed, such as 

carbohydrates conjugated to bovine serum albumin (BSA)340 (Figure 35a), 

poly(amidoamine) (PAMAM) dendrimers341 (Figure 35b), glycofullerenes342 (Figure 

35c) and gold glyconanoparticles343 (Figure 35d). 
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Figure 34.  Examples of low-valency multivalent displays of carbohydrates that have exhibited 
biological activity. a) “UNDECA” branched tetraantennary oligosaccharide display of 
N-acetyllactosamine residues;334 b) cyclodextrin scaffolds;344 c) calix[4]arene;336 d) CTV 
scaffold;337 e) poly-L-lysine tetrameric dendron;345 h) fan, ball and dumbbell-shaped carbosilane 
dendrimers.138  Adapted and reproduced with permission from The Royal Society of Chemistry: 
Biomaterials Science;346 copyright (2014), Polymer Chemistry;344 copyright (2010), Chemical 
Society Reviews;336 copyright (2008), and Organic & Biomolecular Chemistry;337 copyright 
(2003).  Reproduced with permission from The American Society for Biochemistry and 
Molecular Biology: Journal of Biological Chemistry;334 copyright (1983).  Reproduced under 
the Creative Commons Attribution License: Roy et al.,345 copyright (2013). 
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Figure 35.  Examples of high-valency displays of carbohydrates that have exhibited biological 
activity. a) cationised glycan functionalised BSA;346 b) fourth generation PAMAM dendrimer;347 
c) glycofullerenes;336 and d) gold glycoclusters.336 Adapted with by permission from The Royal 
Society of Chemistry: Biomaterials Science;346 copyright (2014), and Chemical Society 
Reviews;336 copyright (2008).  Reproduced with permission from Chemistry and Engineering 
News;347 copyright (2005) American Chemical Society. 
 
Amongst the wealth of research into multivalent displays of glycoconjugates, those 

based upon aromatic scaffolds have been of significant importance, particularly due to 

the well-defined nature and rigid cores of such scaffolds.  This area has recently been 

thoroughly reviewed by Chabre and Roy.348  Examples of aromatic scaffolds include 

smaller di-, tri-, tetra- and hexasubstituted benzene-based and heteroaromatic cores, as 

well as larger scaffolds such as polyaromatic cores, fused-polycyclic cores, 

glycofullerenes and self-assembled aromatic systems.348   In the field of aromatic-based 

multivalent displays, ongoing developments have allowed these intrinsically 

hydrophobic moieties to be able to be soluble in aqueous media, which is important for 

their use in biological environments.  These displays have been utilised in applications 

such as drug delivery, imaging agents, biosensors, vaccines and nanomedicine.348  
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3.1.1 Gallic Acid-Triethylene Glycol-based Multivalent Scaffolds 

Many of the multivalent aromatic scaffolds present carbohydrates evenly spaced around 

the central aromatic core, however one exception is the tetrasubstituted aromatic 

scaffold based on gallic acid (3,4,5-trihydroxybenzoic acid), which displays a ‘wedge-

shaped’ architecture.348  The gallic acid-based AB3-type building block is an example of 

a scaffold with dendrimeric potential.  Higher order scaffolds based on gallic acid are 

synthesised with a tree-like structure built from a central aromatic core to give a more 

circular overall architecture.  This gives structures with a precise molecular weight, 

well-defined properties and the ability to conjugate a specific number of ligands to the 

surface.349  A well-studied example of a gallic acid-based multivalent display is the 

gallic acid-triethylene glycol (GATG) scaffold.  Rapid dendritic scaffolding of the 

GATG core can be achieved, for example, through an amide linkage from the benzoic 

acid functionality to an amine-terminating triethylene glycol linker, to afford 3n surface 

groups with n generations of scaffolds incorporated, as shown in Figure 36.348   

Figure 36.  The ‘wedge-shaped’ core GATG repeating unit and representations of higher 
generations (G2 to G4) displaying a more circular overall architecture.  Adapted and reproduced 
by permission from Springer: The AAPS Journal,349 copyright (2014). 

The synthesis of GATG-based displays was first described in the mid-1990’s by the 

Roy group350-352 with carbohydrate residues linked to the scaffold through amide bond 

formation.  On these scaffolds, the amine-terminated linker was derived through 

reduction of an azide functionality.  The azide-bearing GATG scaffold has found a new 

utility in the past decade with the employment of copper (I)-catalysed azide-alkyne 

cycloaddition (CuAAC) chemistry to tether carbohydrates to the multivalent scaffold.  

This revised conjugation approach was first reported by Joosten and co-workers,353 and 

was further explored by the Riguera and Fernandez-Megia groups.354,355  One particular 

advantage to this revised conjugation method was that unprotected carbohydrates were 

directly coupled to the GATG scaffold through CuAAC chemistry,354,355 in contrast the 

amide-coupling approach, which utilised fully protected carbohydrates to couple to the 

scaffold and required subsequent deprotection.350-352  The importance of the GATG 
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multivalent scaffold has been clearly established with its employment in a range of 

biological applications, summarised in Figure 37.  Of these applications, it is of interest 

that the GATG multivalent scaffold has been employed for investigating anti-viral 

activity.356   

 

Figure 37.  Summary of the array of biological applications of GATG multivalent scaffolds 
reported in the literature. Adapted and reproduced by permission from Springer: The AAPS 
Journal,349 copyright (2014). 
 

3.1.2 Methods of Linking Carbohydrates to Multivalent Displays 

In addition to taking care to choose a suitable scaffold and linker, the method of linkage 

of the carbohydrate moiety to the multivalent scaffold is of great importance to the 

design and construction of the multivalent display.  There are a number of strategies that 

can be employed in glycoconjugation, including the O- or S-glycosidation of 

carbohydrates with a linker that bears a terminal reactive functional group, which is 

then used to conjugate either the fully protected or unprotected carbohydrate onto a 

multivalent scaffold.333,357,358  Alternatively, the intrinsic reactivity of the reducing end 

aldehyde of carbohydrates has been utilised to introduce functionalities that allow 

conjugation to a range of coupling partners.357,358 

 

Fully protected O-glycosylated carbohydrates have been incorporated into multivalent 

scaffolds, with the carbohydrate residue subsequently deprotected.333  This strategy has 

also been applied to fully protected thioglycosides350,359 as the thioglycoside linkage has 

advantage of being more resistant to glycosidases than O-glycosides.333  Two examples 

of protected (acetylated) carbohydrates that have been coupled to multivalent scaffolds 
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are p-isothiocyanatophenyl-O-glycosides332 and 2-(carboxy)ethyl-S-thiogycosides 

(where the terminal carboxylic acid group is activated as its N-hydroxysuccinimide 

ester).360  These glycosides were coupled to dendrimers bearing terminal amino groups, 

the PAMAM,332 and Astramol [poly(propylene imine)]360 dendrimers, respectively. 

 

Alternatively, unprotected carbohydrates can be directly conjugated, via a 

functionalised O-glycoside, to a suitable coupling partner, which avoids an additional 

carbohydrate deprotection step and purification.333  The chemoselective ligation 

reactions used, selected examples of which are shown in Figure 38, can be undertaken 

in the presence of hydroxyl, acetamide, carboxylate and other common carbohydrate 

functional groups.358  One of the most frequently used linker functionalities is the 

aminopropyl group (Figure 38, R' = NH2).358  The amino functionality is able to react 

with coupling partners such as N-hydroxysuccinimidyl esters,361 and functionalised 

methyl squarate.362  Another popular strategy is use of azide-bearing linkers (Figure 38, 

R' = N3), which can undergo CuAAC chemistry with an alkyne,363,364 or be employed in 

“traceless” Staudinger ligations with phosphinoesters365 or phosphinothioesters366 

without the interference of a triarylphosphine oxide by-product.  Additionally, Diels-

Alder cycloaddition367 and olefin metathesis368 can also be used for the glycoconjugation 

reactions. 
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Figure 38.  Examples of strategies used for the conjugation of unprotected carbohydrates 
through functionalised O-glycoside linkers. 

 

An alternative approach to the use of functionalised O-glycoside linkers is to take 

advantage of the intrinsic reactivity of carbohydrates bearing a reducing sugar aldehyde, 

which is well suited to chemoselective nucleophilic addition reactions (Figure 39).358  

The resulting introduced functionalities have varying stabilities to hydrolysis, and 

conjugates with both ring-opened and ring-closed carbohydrates have been 

synthesised.358  One example is the reductive amination reaction, which has been 

employed widely in glycoconjugate synthesis since the mid 1970’s,369 as this can 

conjugate large and unprotected carbohydrates directly with an amino-functionalised 

coupling partner.369,370  The reducing sugar aldehyde is condensed with an amine group 

to form an iminium ion, which is then reduced to an amine, resulting in a ring-opened 

reducing end residue.369  Another method resulting in a ring-opened reducing end sugar 

is the treatment of aldonolactones with an amine to create the ring-opened form of the 

reducing end carbohydrate and an amide linkage to the coupling partner.371  
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Figure 39.  Examples of strategies used for the conjugation of unprotected 
carbohydrates through chemoselective nucleophilic addition to the aldehyde of the 
reducing sugar. 
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The treatment of a carbohydrate with a saturated solution of ammonium carbonate 

forms a glycosylamine which retains the closed ring form of the reducing end sugar 

(Figure 39).372  The introduced glycosylamine allows for subsequent reactions to 

conjugate the carbohydrate through N-acylation.  An extended linker can be introduced 

through reaction with a di-carboxylic acid derivative, with differential activation of the 

two acidic groups, allowing subsequent coupling to an amine-functionalised multivalent 

support.373  Alternatively, transformation of the amine into a glycosyl isothiocyanate 

allows subsequent reaction with amine-functionalised coupling partners, producing a 

thiourea linkage.  This coupling can be to an extended linker,374 or directly to a 

multivalent scaffold,375 or a protein.374  Following on from the synthesis of 

glycosylamines, reaction of carbohydrates with allyl- or propargylamine, and 

subsequent N-acylation, led to N-alkyl glycosyl acetamides bearing N-allyl376 and 

N-propargyl377,378 aglycons.  The N-acylation addresses the inherent hydrolytic 

instability of glycosylamines.376  The allyl functionality has been utilised to provide a 

linker with a terminal amine group, via reaction with 2-aminoethane thiol.379  In 

contrast, the alkyne-bearing aglycon has been directly employed in CuAAC chemistry 

to conjugate to a range of azide-bearing coupling partners.  The N-propargyl glycosyl 

amides are discussed in further detail in Section 3.4.2.  Glycosyl azides have also been 

afforded from unprotected carbohydrates,380 with the azide functionality further reacted 

via CuAAC chemistry to introduce a linker for subsequent conjugation.  Additionally, 

the hydrazide ligation method has also been employed in the synthesis of 

glycoconjugates.381 

 

With regards to the synthesis of multivalent glycoconjugates, a large number of linkage 

functionalities have been utilised, however amides, thioureas and 1,2,3-triazoles (via 

CuAAC chemistry) are the most commonly employed.382  Discussing the recent 

introduction of CuAAC chemistry, this reaction was hailed by Chabre and Roy as the 

“most powerful and efficient ligation methodology towards glycoconjugation”.348  This 

reaction allows the straightforward construction of multivalent displays with reliability, 

efficiency, robustness and chemoselectivity.348 

 

3.1.2.1 The Copper(I)-catalysed Azide-Alkyne Cycloaddition Reaction 
The Huisgen 1,3-dipolar cycloaddition between an alkyl/aryl azide and an alkyne 

produces a 1,2,3-triazole, with substitution at C-4 or C-5.  Reaction with an unactivated 
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alkyne generally requires high temperature, such as refluxing in toluene or acetonitrile, 

and can afford a mixture of 1,4- and 1,5-disubstituted 1,2,3-triazoles.383,384  In 2002, 

Sharpless385 and Meldal384 both independently reported a significant improvement in rate 

(up to 107 times faster) and regioselectivity (exclusively the 1,4-regioisomer) over 

Huisgen’s original method through the reaction in the presence of a Cu(I) catalyst, as 

shown in Scheme 30.  The Cu(I)-catalysed azide-alkyne cycloaddition has found 

incredibly wide utility in organic chemistry,386 and has become an important tool in 

chemical biology, in materials science and for pharmaceutical applications.387   

 

 

Scheme 30.  General CuAAC reaction of an azide with a terminal alkyne in the presence of 
copper (I) to form a 1,4-disubstituted 1,2,3-triazole. 
 

The Huisgen reaction offers a number of advantages.  Both the azide and alkyne 

functional groups are generally quite easy to install into a molecule, and are inert to 

many biological and organic reaction conditions.386  The improved Cu(I)-catalysed 

version of the reaction was found to be exceptionally high yielding, robust, mild, 

selective, compatible with most functional groups, and has the advantage of simple 

work up and purification procedures.386,388  The resultant 1,2,3-triazole is considered to 

be mostly chemically inert to many reaction conditions, such as oxidation, reduction 

and hydrolysis, and has an intermediate level of polarity,389 with the enhancement of 

solubility in physiological media also observed.348  Additionally, 1,2,3-triazole rings can 

participate in hydrogen bonding,389 and have found value as bioisosteres, linkers, and 

have been shown to exhibit biological activity,387 as well as providing beneficial 

additional contacts with lectin CRDs by additional “subsite-assisted carbohydrate 

binding” interactions.348 

 

3.2 Project Aims 
With the synthesis of the tetrasaccharide portion of a putative ligand involved in the 

DENV-host cell entry process, nLc4, and two related trisaccharides (detailed in Chapter 

2), our aim was to synthesise trivalent displays of these saccharides and commercially 

available mono- and disaccharides.  These trivalent carbohydrate displays would be 
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used to evaluate binding interactions with DENV-2 EGP DIII (Chapter 4).  Therefore, 

the second area of research of this thesis involved:   

1. Anomeric deblocking of the glycosides of β-OTMSE nLc4 76, β-OTMSE Lc3 

77, and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc-β-SEt 86 

2. Simple and effective functionalisation of the tetra- and trisaccharides, as well as 

related mono- and disaccharides to enable tethering to a trivalent display 

3. Preparation of a trivalent scaffold for display of carbohydrate moieties 

4. Synthesis of a trivalent display of each of the mono-, di-, tri- and 

tetrasaccharides 

 

 
 

3.3 Synthetic Approach Towards Trivalent Carbohydrate 
Displays 

The synthesis of a trivalent carbohydrate display was based on the general approach 

described by Meunier et al.350 for the synthesis of a GATG scaffold, adapted for 

conjugation of anomerically-functionalised unprotected carbohydrates.  

 

3.3.1 Previous Syntheses of Methyl Gallate-Triethylene Glycol 
Trivalent Displays 

The Roy group, in their development of the GATG dendrimeric multivalent 

scaffold,350,351 used the methyl ester derivative during functionalisation.  The ‘methyl 

gallate-triethylene glycol’, or MGTG, scaffold can be ultimately deprotected at the final 

step to unmask the carboxylic acid.350  The MGTG scaffold was originally synthesised 

with terminal azido groups, 87, which are subsequently reduced to afford to the 

analogous amine derivative 88.  The amino groups were used to tether appropriately 
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functionalised thiosialosides350 by amide linkage, followed by de-esterification to afford 

the trivalent display 89.  

 

 
 

Subsequent synthetic reports utilise the terminal azide groups of scaffolds such as 87 

and CuAAC chemistry to covalently link carbohydrates via a 1,4-disubsitituted 

1,2,3-triazole.354,355  With the utility of the GATG scaffold, recently an optimised, large-

scale synthesis of this scaffold has been reported.390  Alternatively, terminal amino 

groups on the linkers have been amidated to introduce a terminal alkyne for CuAAC-

based conjugation of carbohydrates bearing an anomeric azide.353 

 

3.3.2 Retrosynthetic Analysis for Preparation of Trivalent 
Carbohydrate Displays 

The strategy for the synthesis of a trivalent carbohydrate display in this work was based 

on the GATG scaffold of the Roy group,350 with some modifications from our own 

group.391  The terminal functional group on the triethylene glycol linkers was chosen to 

be an azide for use in CuAAC conjugation of carbohydrate residues.  This reduces the 

number of steps for scaffold synthesis, and introduces the stability and functionality of 

the linking 1,2,3-triazole group.  A retrosynthetic analysis of the carbohydrate-bearing 

trivalent MGTG scaffold is presented in Scheme 31. 
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Scheme 31.  Retrosynthetic analysis of an MGTG trivalent scaffold bearing carbohydrate 
residues 90.  The filled circle represents a generalised functionality to link the carbohydrate and 
alkyne moieties. 
 

The evident feature of the retrosynthetic analysis of the trivalent carbohydrate-bearing 

MGTG scaffold 90 is that its construction requires two key intermediates; the alkyne-

functionalised carbohydrate 91 and the azide-bearing aromatic core scaffold with a 

flexible linker of appropriate length 87.  The carbohydrate portion 92 would ideally be 

linked to the alkyne-bearing group 93 through a small, easily installed and stable 

functionality.  The MGTG scaffold is constructed from the cheap commercially 

available starting materials, triethylene glycol 94 and gallic acid 95.  The triethylene 

glycol linker has been used in multivalent displays that have demonstrated biological 

activity, such as the GATG scaffolds discussed in Section 3.1.1.  Additionally the 

triethylene glycol linker is nine atoms in length from the aromatic ring to the 

terminating functionality, and is of a similar length to the ‘dumbbell’ and ‘fan’ scaffold 

previously used for the multivalent presentation of nLc4, which showed binding with 

DENV.138 
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3.4 Preparation of Carbohydrates for Trivalent Display 

3.4.1 Anomeric Deprotection of Neolactotetraose and Related 
Trisaccharides 

Deblocking of the TMSE glycoside with trifluoroacetic acid is a highly efficient method 

of anomeric unmasking of carbohydrates for further elaboration, a method described by 

Jansson et al. in 1988.250  The anomeric oxygen associates with the acid, with a positive 

charge developing on the oxygen, and by induction, on the carbon atom β to the silicon.  

The trifluoroacetate ion hard base then reacts with the hard silicon, leading to 

fragmentation of the TMSE group, forming trimethylsilyl trifluoroacetate, ethylene and 

the requisite hemiacetal,250 via the mechanism depicted in Scheme 32. 

 

 

Scheme 32.  Mechanism of anomeric TMSE glycoside de-blocking with TFA to afford the 
desired hemiacetal.  Adapted from Jansson et al.250 
 

The yields for the anomeric deblocking of the nLc4 76 and Lc3 77 TMSE glycosides 

were quantitative upon treatment with a 2:1 mixture of TFA:CH2Cl2 (see Scheme 33) to 

yield fully unprotected nLc4 6 and Lc3 7.  The 1H NMR chemical shifts of the GlcI 

anomeric protons were observed to move downfield, from δ 4.31 ppm for TMSE 

glycoside 76 to δ 4.62 (β) and 5.17 (α) ppm for nLc4 6, and from δ 4.26 ppm for TMSE 

glycoside 77 to δ 4.62 (β) and 5.16 (α) ppm for Lc3 7. 

 

 

Scheme 33.  Anomeric deblocking of TMSE glycosides to give nLc4 and Lc3.  Reagents and 
Conditions: a) TFA, CH2Cl2, rt, 2 h, quantitative. 
 

By contrast, the anomeric deblocking of the GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc ethyl 

thioglycoside 86 was more difficult.  Employing the method described by Hansson et 

al.392 for deblocking a fully-O-protected N-acetyllactosamine ethyl thioglycoside, 85 

was reacted with NIS (1.5 eq.) in acetone:H2O (10:1), at room temperature, as shown in 
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Scheme 34.  Monitoring the reaction of 85 by TLC showed that the hydrolysis of the 

ethyl thioglycoside was slow to progress under these conditions.  The reaction failed to 

go to completion, with 18% of the starting material recovered.  Only 17% yield of the 

desired anomerically deblocked compound 96 was isolated (21% yield based on 

recovered starting material), which is significantly lower than the literature reported 

81% yield.392  The reason for the overall poor recovery of material is uncertain.  The 

loss of the ethyl thioglycoside was confirmed by 1H NMR, which showed a shift in 

GlcNI H-1 from δ 4.46 ppm for the ethyl thioglycoside 85 to δ 5.20 ppm for 96.  A J1,2 

coupling constant of 3.6 Hz for GlcNI H-1 was consistent with the α-configuration of 

the anomeric hydroxyl group.  The chemical shifts of the GlcNI and GalII residues of 96 

in the 1H NMR spectrum show considerable consistency with those reported for the 

analogous 1-α-hydroxy N-acetyllactosamine reported in the literature.393 

 

 

Scheme 34.  Deprotection of per-O-acetylated GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc-βSEt 85 to 
afford the fully deprotected trisaccharide 8.  Reagents and Conditions: a) i) NIS, acetone:H2O, 
rt, 2 h, 17%; b) 0.06 M NaOMe, 0 °C to rt, 16 h, 93%. 

 

It was observed by 1H NMR that the 1-hydroxy product existed solely the α-anomer in 

CDCl3, which is supported by literature precedence for hemiacetals with an NHAc at 

C-2.392-396  Fiandor et al.395 reported that the hemiacetal product of anomeric 

de-O-acetylation of a protected N-acetylglucosamine derivative existed exclusively as 

the α-anomer in DMSO-d6 (by 1H NMR).  In contrast, anomeric deblocking of protected 

α- or α/β-glucose derivatives yielded an α/β-mixture of hemiacetal (4:1) by 1H NMR in 

CDCl3.395  Therefore, it seems reasonable to envisage that for a partially protected 

N-acetylglucosamine-based hemiacetal in a non-polar deuterated solvent such as CDCl3, 

the amide NH at C-2 could act as a hydrogen bond donor to the anomeric hydroxyl 

group oxygen, as depicted in Figure 40.  This intramolecular interaction would confer 

significant stability to the α-anomeric conformation.  The interaction is not possible in 
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the analogous 2-O-acetyl derivatives, which are hence observed395 as a mixture of α- 

and β-anomers in CDCl3 by 1H NMR. 

 

 

Figure 40.  Proposed intramolecular hydrogen bonding giving rise to the significantly 
enhanced stability of the GlcNI α-anomer of per acetylated trisaccharide 96 in CDCl3.  
a) Reducing end GlcNAc residue of the trisaccharide 96 in a standard chair conformation, with 
the C-1 and C-2 region highlighted in a dashed box; b) looking directly at the C-1 to C-2 bond, 
intramolecular hydrogen bonding (red dashed line) is proposed between the C-2 amide NH and 
the OH-1 oxygen (ring oxygen and C-3 are shown with dashed bonds).  R = GlcNAc-β(1,3)-
Gal-β(1,4)-. 

 

The fully deprotected GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc trisaccharide 8220,397 was 

afforded in excellent 93% yield by reaction of 96 under Zemplén conditions325 (Scheme 

34), in an analogous method to that used for nLc4 and Lc3.  The resultant trisaccharide 

displayed a mixture of α- and β-anomers (approximately a 1.5:1, α:β), with 1H and 13C 

NMR spectra in agreement with literature values.220,397 

 

3.4.2 Preparation of N-Propargyl Glycosyl Acetamides 

As outlined in the previous retrosynthetic scheme (Scheme 31), the introduction of an 

aglycon group bearing a terminal alkyne functionality on unprotected sugars was 

pursued, to enable carbohydrates to be readily tethered to an azide-bearing multivalent 

scaffold.  Towards this, the work of Vetter et al.372 on the synthesis of glycosylamines 

(general structure shown in Figure 41) on free sugars, as well as the formation of N-allyl 

glycosyl acetamides (Figure 41) on unprotected carbohydrates, reported by Spevak et 

al.376 were of great interest.  In a natural extension of the N-allyl glycosyl amide work, 

we sought to introduce an N-propargyl glycosyl acetamide onto unprotected sugars (see 

Figure 41).  Using a simple and efficient one-pot, two step method, the glycosyl 

propargyl amine is first formed followed by selective N-acetylation to provide the 

N-propargyl glycosyl acetamide.  The great advantage of such a strategy is the ability to 

install an aglycon directly onto an unprotected carbohydrate, thus eliminating the need 

a    b 
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for the standard protection/activation/glycosidation/deprotection sequence normally 

required for introducing a functionalised aglycon through O-glycosylation.   

 

 

Figure 41.  General structures of glycosylamines, N-allyl glycosyl acetamides and N-propargyl 
glycosyl acetamides, which can be synthesised from unprotected carbohydrates. 

 

While we were investigating this chemistry, the synthesis of a limited range of 

N-propargyl glycosyl amides (PGAs) was reported.378,398  Since then, further 

investigations into the utilisation of PGA functionalised carbohydrates have been 

reported in the literature, with a prolific interest over the past five years in the use of 

maltoheptaose PGA glycosides for the synthesis of amphiphilic block co-polymers,399-409 

as they are known to self-assemble into a vast range of morphologies in solution and 

thin films.410  Block co-polymers have been utilised in applications such as drug 

delivery systems, nanoreactors and nanotemplates.410   

 

Furthermore, PGA functionalisation of other neutral di- and oligosaccharides (lactose,377 

cellobiose,378,398 xylogluco-oligosaccharides,378,398,400,411 and maltopentaose412) has been 

reported.  These PGA-functionalised carbohydrates were subsequently tethered to a 

range of azide-bearing materials, including a pseudo-rotaxane multivalent display,377 a 

polyorgano siloxane scaffold,378,398 star polymers,402,412 a silver-glyconanoparticle,411 and 

in a self-assembled monolayer on a gold surface.413  The applications of these tethered 

carbohydrates are wide and varied, including providing surfactant properties for 

cosmetic and detergent applications,378,398 inhibition of a peanut lectin,377 and use as a 

reaction catalyst,411 in lithographic applications,400 as a biosensor,413 and in electronic 

device applications.408 
 

For our work, based on the previous work of Spevak et al.376 synthesising the analogous 

N-allyl glycosyl amides, we developed a one-pot, two step methodology for the 

synthesis of N-propargyl glycosyl acetamides from unprotected carbohydrates (Scheme 

35).  Optimisation of reaction conditions was carried out on lactose, which is the 

commercially available reducing end disaccharide of our key tetrasaccharide, nLc4.  
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Furthermore, to examine the versatility of this methodology, a range of carbohydrates 

were utilised, including mono-, di-, tri- and tetrasaccharides, which included 2-amino 

sugars, neutral sugars and acidic sugars (Table 4). 

 

 

Scheme 35.  Synthesis of PGAs of general structure 97. Reagents and Conditions: 
a) propargylamine, 50 °C, 16 h; b) Ac2O, MeOH, rt, 16 h. 

 

The PGAs of general structure 97 were readily prepared by warming the unprotected 

carbohydrate of general structure 92 in neat propargylamine in a sealed vial at 50˚C for 

16 hours.  Upon removal of excess propargylamine under reduced pressure, the 

unstable376 glycosyl amine intermediate was then converted to the more stable 

N-propargyl glycosyl acetamide by selective N-acetylation, following a method reported 

by Halila et al.378 whereby hydroxyl groups remain unprotected.  Reversed phase 

chromatography, followed by flash column or size-exclusion chromatography afforded 

β-N-propargyl glycosyl acetamides (101-106) in 30 to 88% yield, (Table 4).   

 

Table 4.  Synthesis of PGAs of general structure 97 from unprotected carbohydrates of general 
structure 92. 

 
Carbohydrate Product Yield (%) 

GlcNAc 98 101 69 

Lac 9 102 88 

LacNAc 99 103 39a 

Lc3  7 104 35a 

nLc4  6 105 30a 

2,3-sialyllactose  100 106 43a 
a unoptimised yield 

 

For optimised reactions on the commercially available mono- and disaccharides 98 and 

9, yields of the corresponding PGAs 101 and 102 were 69 and 88% respectively, with 
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the yield of lactosyl PGA 102 consistent with the 91% yield reported by Chwalek et 

al.377  However, for unoptimised, single attempt, reactions on the synthesised di-, tri- 

and tetrasaccharides the yields were considerably lower.  It is known that the synthesis 

of glycosylamines suffers from the formation of side products,372,376 however the 

monitoring of reaction progress by TLC of the formation of the glycosylamine (step ‘a’ 

in Scheme 35) is more complex due to the unstable nature of this intermediate.  

Therefore, it is possible that for the unoptimised conditions for the synthesis of PGAs 

103-106, perhaps halting ‘step a’ of the reaction after 16 hours was insufficient for 

complete conversion to the glycosylamine.  Indeed, reaction times for xylogluco-

oligosaccharides reported by Halila et al.378 were 48 to 76 hours when conducted at 

room temperature.  Furthermore, a robust, multi-step purification process was 

employed, which may have led to greater loss of product compared to the 

precipitation378 or flash column chromatography377 purification methods utilised in the 

literature.  However, enough material was synthesised for subsequent ligation to the 

trivalent scaffold.  

 

The formation of PGAs by microwave-assisted synthesis was also explored.  In the 

initial step, a mixture of lactose in propargylamine was reacted under MW irradiation at 

100 °C for 28 minutes, followed by concentration.  The crude product was then taken 

up in a mixture of Ac2O and MeOH and again reacted under MW irradiation at 110 °C 

for 3 minutes.  Lactosyl PGA 102 was afforded in an unoptimised 80% yield, which is 

only slightly lower than the yield obtained via conventional heating (88% yield), 

however in significantly less time. 

 

In addition to the carbohydrates listed in Table 4, the trisaccharide GlcNAc-β(1,3)-Gal-

β(1,4)-GlcNAc 8 was also functionalised as a PGA, however, due to the small scale of 

the reaction (4.4 mg of 8), pure PGA 107 was not able to be isolated.  However, 1H 

NMR characterisation was able to be performed on impure material and key peaks were 

consistent with the incorporation of a PGA glycoside (see below).  Unfortunately, the 

small amount of 107 was not sufficient to be utilised further for the synthesis of the 

trivalent display. 
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The incorporation of the N-propargyl glycosyl acetamide aglycon on unprotected sugars 

was confirmed by diagnostic peaks and features observed in the 1H NMR spectrum.  

The PGAs formed (101-106) were consistently the β-anomerically configured product, 

due to the weak anomeric effect of the nitrogen atom.376,414  Additionally, in PGAs 

101-106 the aglycon had a preference for existing in two discrete rotational 

conformations (rotamers), as reported previously for N-allyl glycosyl amides.376  For all 

PGAs, the ratio of rotamers measured by 1H NMR integration was approximately 2:3 at 

298 K in D2O, although these ratios are known to be heavily solvent dependent.415  

There were a number of peaks in the 1H NMR spectra of PGAs that were diagnostic, 

when compared to the spectra of the unprotected carbohydrates.  As an example, for 

lactosyl PGA 102, GlcI H-1 was shifted downfield to δ 5.05 and 5.51 ppm (rotamers), 

compared to being at δ 4.66 ppm for the β-anomer of lactose 9.  Additionally, the J1,2 

coupling constants for the rotamers of 102, 8.4 and 8.7 Hz, were slightly larger than for 

the β-anomer of lactose 9, which is 7.8 Hz.  Furthermore, peaks correlating with the 

aglycon were also observed, particularly the terminal alkyne proton (C≡CH) at δ 2.52 

and 2.69 ppm (rotamers) and the NAc methyl group at δ 2.19 and 2.27 ppm (rotamers). 

3.4.2.1 Characterisation of N-Propargyl Glycosyl Acetamide Rotamers 

Glycosyl amides,376,415-417 including N-propargyl glycosyl acetamides,377,378 reported in 

the literature are known exist as rotamers, as observed by 1H NMR.  The rotameric 

configurations of glycosyl amides were described by Retailleau et al.,415 as depending 

on the conformation of the substitutents along the amide C-N bond, shown in red in 

Figure 42.  The endo rotamer is where the carbohydrate ring is cis to the carbonyl 

oxygen atom, while the exo rotamer places the carbohydrate ring trans to the carbonyl 

oxygen.415 
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Figure 42.  The endo and exo rotamers of a general glucosyl amide, with the cis (endo) and 
trans (exo) configurations across the amide C-N bond indicated in red. 

In the literature, endo and exo rotamers of glycosyl amides have been observed by 1H 

and 13C NMR spectroscopy.  At ambient temperature, the rotamers can be observed as 

two distinct sets of peaks for protons in the vicinity of the anomeric centre, particularly 

the aglycon R and R1 groups as well as the carbohydrate reducing end H-1.  At elevated 

temperatures (358 K in DMSO-d6), the pairs of rotamer signals are seen to coalesce.376  

A high temperature 1H NMR experiment was performed on 102, with heating up to 

353 K in D2O (shown in the Appendix).  As the temperature increased, the peaks due to 

the rotamers were seen to broaden, and in the case of the acetamide methyl group(s), to 

coalesce.  In contrast, Gal H-1 at δ 4.42 ppm, for example, remained a relatively sharp 

simple doublet.  

In an effort to elucidate the peaks that correspond to the endo and exo rotamers, a 1H-1H 

NOESY NMR experiment, shown in Figure 43, was performed on the lactosyl PGA 

102, as an example, to determine which protons may be in close proximity through 

space.  From this information, the correlation between 1H NMR peaks and rotamer 

conformations can be identified.  Looking at the structure of the endo conformation 

102-endo, the acetamide oxygen is in close proximity to the carbohydrate ring, while 

the acetamide methyl and propargyl groups of the aglycon are positioned away.  

Conversely, the exo conformation 102-exo has the acetamide oxygen and propargyl 

group facing away from the sugar ring, placing the acetamide methyl group close in 

space to the carbohydrate ring, particularly Glc H-1 (red arrow on the 102-exo structure 

in Figure 43).  
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Figure 43.  1H-1H NOESY NMR spectrum of the 102 rotamers, showing a clear correlation 
(red circle) between Glc H-1 and the acetamide methyl protons of the aglycon, indicating that 
the exo rotamer is the predominant conformation.  Red line indicates the Glc H-1 that correlates 
with the NAc protons, and the dashed blue line indicates the Glc H-1 correlations with Glc H-2. 

 

The 1H-1H NOESY NMR spectrum, shown in Figure 43, clearly showed that the Glc 

H-1 (resonating at δ 4.99 ppm) was in close proximity (2.5 – 3.5 Å)418 to the acetamide 

methyl group of the aglycon resonating at δ 2.11 ppm (red line/red arrow), and Glc H-2 

resonating at δ 3.5 – 3.7 ppm (dashed blue line/blue arrow), which indicated that these 

peaks correspond to the exo rotamer 102-exo (Figure 44).  As predicted, a correlation 

was observed for endo rotamer 102-endo (Figure 43) between the Glc H-1 resonating at 

δ 5.43 ppm and Glc H-2 resonating at δ 3.5 – 3.7 ppm (dashed blue line/blue arrow), but 

not with the acetamide CH3 group resonating at δ 2.20 ppm, due to the acetamide 

methyl and propargyl groups being positioned away from the carbohydrate ring (Figure 

44). 
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Figure 44.  Conformations of Lac-PGA 102 rotamers and their corresponding peaks in the 1H 
NMR spectrum (300 MHz, D2O, 298 K).  Three-dimensional structures of the endo and exo 
rotamers of 102 (only the glucose portion of the carbohydrate moiety is shown for simplicity) 
were generated in Avogadro, version 1.1.1.419 
 

From the 1H-1H NOESY NMR spectrum, it was elucidated that the exo rotamer is the 

favoured conformation in D2O, at 298 K.  Studying glucosyl N-alkyl acrylamides, 

Retailleau et al.415 found that the endo rotamer was preferred in polar aprotic and poorly 

protic solvents, while the exo and endo rotamers were equipopulous in D2O, and the exo 

rotamer was favoured in an acidic environment.  The exo rotamer is the sterically 

favoured conformer, with the carbohydrate ring positioned anti to the carbonyl oxygen 

of the aglycon.  However, in polar aprotic or poorly protic solvents, the endo rotamer is 

significantly stabilised by an intramolecular hydrogen bond between the acetamide 

oxygen of the aglycon and the hydroxy group of Glc C-2.   Protic or acidic solutions 

disrupt this interaction, leading the conformational equilibrium to shift to the more 

sterically favourable exo rotamer.415  These findings for N-alkyl acrylamides can be 
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extended to our lactosyl PGA example, with the sterically favoured exo rotamer being 

the predominant conformer in D2O (Figure 45b), and the hydrogen bond-stabilised endo 

rotamer (Figure 45a) the minor conformer due to the protic environment. 

 

 

Figure 45.  Three-dimensional structures of the aglycon region of the endo and exo rotamers 
of 102 (C-1, C-2, OH-2 and ring oxygen of the glucose moiety are shown for simplicity).  
a) endo rotamer, with the hydrogen bond between OH-2 and the amide carbonyl indicated by 
the red dashed line; b) exo rotamer.  Structures generated in Avogadro, version 1.1.1.419 
 

For the purposes of characterisation, a small amount of lactosyl PGA 102 was 

per-O-acetylated.  Unlike the starting material, the product of this reaction did not 

display a duplication of peaks in the 1H NMR spectrum (in CDCl3).  The esterification 

of the ring hydroxyl groups to form 108 prevents the hydrogen-bonding interaction 

between the OH-2 and the acetamide oxygen of the endo rotamer, therefore solely the 

exo conformer is observed by 1H NMR.  Interestingly, this is not always the case, as 

rotamers have been observed by 1H NMR for a per-O-acetylated N-allyl glycosyl 

acetamide,376 as well as per-O-acetylated N-alkyl acrylamides, although the prevalence 

of the endo rotamer was significantly decreased, despite the aprotic environment.415 
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3.5 Synthesis of Trivalent Displays of Neolactotetraose and 
Related Carbohydrates 

3.5.1 Synthesis of a Methyl Gallate–Triethylene Glycol (MGTG) 
Trivalent Scaffold 

The MGTG scaffold was synthesised from commercially available gallic acid and 

triethylene glycol in an approach modified from the literature.350  This approach, shown 

in Scheme 36, was developed within our group,391 to afford a scaffold in which the 

linker arms are terminated with hydroxyl groups (109) to allow a range of 

functionalities to be incorporated (e.g. terminal functionalisation with N3, SAc, halide).  

Thus our approach contrasts with those which focus directly on azide terminated 

linkers,337,350,390 where an already azide-functionalised triethylene glycol linker is 

conjugated to the trivalent core 110. 

 

 

Scheme 36.  Synthesis of an azide-functionalised trivalent MGTG scaffold 87 from gallic acid 
95 and triethylene glycol 94.  Reagents and Conditions: a) p-TsCl, Et3N, CH2Cl2, 0 °C to rt, 
16 h, 52%; b) H2SO4, MeOH, reflux, 16 h, 70%; c) K2CO3, DMF, rt, 5 d; d) p-TsCl, Et3N, 
CH2Cl2, rt, 16 h, 52%; e) NaN3, DMF, 80 °C, 16 h, 87%. 

 
The gallic acid core was esterified under standard conditions (MeOH and H2SO4)391 to 

yield the methyl ester 110 in 70% yield.  To form the linker, triethylene glycol was 
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functionalised with a good leaving group (tosylate) at one hydroxyl group337,391 (111).  

Reaction of 94 with 0.25 equivalents of tosyl chloride at 0 °C to room temperature, 

resulted in a 52% yield of the monotosylated product 111.  Coupling of monotosylated 

linker 111 to the aromatic scaffold was carried out in the presence of K2CO3 at rt,337 

over 5 days,391 to afford the hydroxy-terminated trivalent MGTG scaffold 109.  

Unfortunately, this material was contaminated with p-toluenesulfonic acid.  1H NMR 

integration allowed the estimation of yields, with the yield of 109 calculated to be 40%.  

Incomplete coupling was also observed, with the 3,5-disubstituted product 113 isolated 

in 42% yield. 

 
 

Looking at literature published since we initially performed this reaction, a similar 

coupling was performed using the same reactants on a multi-gram scale in the presence 

of both KI and K2CO3 in DMF, at 80 °C for 24 h, giving trisubstituted product 109 in 

83% yield after chromatography.420  Similarly, the coupling of an azide and tosyl 

bi-functionalised triethylene glycol with methyl gallate in the presence of only K2CO3, 

or both K2CO3 and 18-crown-6, in DMF at 80 °C for 18-32 hours afforded the azide-

terminated MGTG scaffold in a high 87% yield.390  This indicates that harsher 

conditions were required to ensure complete coupling to give the tri-substituted product 

109, which explains our lower than expected yield. 

 

The final steps in the synthesis of the trivalent scaffold involved installation of the azide 

functionality, to allow CuAAC coupling to the PGA-functionalised carbohydrates.  This 

was achieved from the hydroxy-functionalised scaffold 109 via introduction of a 

p-toluenesulfonyl activating group,391 with the tri-tosylated scaffold 112 afforded in 

52% yield.  From the tosylate, the azide functionality was introduced to yield the known 

MGTG trivalent azide 87,350 in 87% yield. 
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3.5.2 Synthesis of Trivalent Displays of Carbohydrates 

The synthesised PGAs 101-106 (Section 3.4.2) were tethered to the azide-bearing 

trivalent MGTG scaffold 87,350 using CuAAC chemistry conditions,378,398 as shown in 

Table 5. 

Table 5.  The synthesis of trivalent displays of carbohydrates 114-119 on a MGTG-based 
scaffold.  Reagents and Conditions: a) CuSO4 (aq., 0.1 M), Na ascorbate, H2O:i-PrOH (3:5), 
50 °C, 2.5-16 h, 16-85%. 

 

PGA Time (h) Product Yield (%)a 

GlcNAc  101 2  114 85 

Lac  102 3 115 72 

LacNAc  103 3 116 16b 

Lc3 104 4 117 42 

nLc4 105 16 118 67 

2,3-SL c 106 2 119 67 
a yield calculations based on 1 eq. of azide-functionalised MGTG scaffold 87 
b single attempt; low yield due to technical difficulties with the dialysis step 
c 2,3-sialyllactose 
 

Treatment of the azide-functionalised MGTG scaffold 87 with four equivalents of PGA 

(101-106) in the presence of CuSO4 and sodium ascorbate in aq. i-PrOH was carried out 

at 50 °C,378,398 until reaction completion was indicated by TLC (2-16 hours).  Reaction 

monitoring by TLC was somewhat complicated by the presence of 1 eq. excess of PGA 

with respect to the MGTG scaffold in the reaction mixture.  In addition, the products 

equating to mono- and di-conjugation of the PGA to the three linker arms were 

observed.  For the reaction work-up, copper ions were removed by passing the reaction 

mixture through a small plug of Amberlite IR748 chelating resin.  Due to the large 

molecular weight differences between the starting materials and products, as well as the 

aqueous solubility and relatively small quantity of the products, the crude products were 

purified by dialysis, then Sephadex LH20 size exclusion chromatography to separate 
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out the unreacted PGA and any incompletely conjugated scaffold.  The desired trivalent 

displays of carbohydrates 114-119 were furnished in 42-85% yield, as detailed in Table 
5.  An exception was the LacNAc-coupled derivative 116, which suffered a low yield 

due to technical issues encountered with the dialysis step. 

 

The 1H and 13C NMR data of the trivalent displays of the various carbohydrates showed 

many similarities with the data for the corresponding PGAs, including the presence of 

rotamers.  Table 6, below, shows exemplars for comparison of the diagnostic 1H NMR 

peaks for both glucose- and GlcNAc reducing end residues.  This allows the comparison 

of important peaks for the reducing end residues of unprotected carbohydrates 98 and 9, 

PGA-functionalised carbohydrates 101 and 102, and MGTG trivalent displays 114 and 

115.   

 
Table 6.  Comparative diagnostic 1H NMR chemical shifts and coupling constants of Glc and 
GlcNAc reducing end sugars in the synthesis of trivalent lactose and GlcNAc trivalent displays 
115 and 114, respectively.  Spectra in D2O, at 300 MHz and 298 K. 

Reducing 
End 

Sugar 
Compound H-1 

(ppm) J1,2
 (Hz) C≡CH 

(ppm) 
NAc 

(ppm) 

Triazole 
C5-H 
(ppm) 

β-Lac  9 4.66 7.8    

Lac-β-PGA 102 5.05, 
5.51* 8.4, 8.7* 2.52, 

2.69* 
2.19, 
2.27* 

 
Glc 

(Lac-β)3-MGTG 115 5.09, 
5.59* 8.1, 8.7*  2.07, 

2.21* 
7.90, 
8.02* 

β-GlcNAca 98 4.70 8.7    

GlcNAc-β-PGA  101 5.21, 
5.68* 8.1, 8.7* 2.57, 

2.73* 
2.23, 
2.28*  GlcNAc 

(GlcNAc-β)3-
MGTG 114 5.00, 

5.50* 9.0, 9.6*  1.88, 
2.02* 

7.66, 
7.80* 

* denotes chemical shifts associated with the two rotamers 
a 1H NMR data reported by Perkins et al.421 in D2O, at 298 K, 270 MHz 
 

The most distinctive changes in the 1H NMR spectra upon installation of a PGA aglycon 

on a fully unprotected carbohydrate for both Glc and GlcNAc reducing sugars is the 

downfield movement of the H-1 chemical shift compared to the free sugars.  Upon 

formation of the 1,4-disubstituted 1,2,3-triazole moiety from the alkyne-bearing 

carbohydrate and azide-bearing trivalent scaffold, there is a less diagnostic change in 

H-1 chemical shifts.  While the change in Glc H-1 chemical shifts are negligible, the 

chemical shift difference for GlcNAc H-1 is more pronounced.  A more helpful 

diagnostic chemical shift change for the trivalent conjugates is seen for the acetamido 
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methyl peak (rotamers) of the aglycon, in addition to the presence of the characteristic 

1,2,3-triazole CH peak (rotamers) in the aromatic region of the 1H NMR spectrum.  The 

NAc methyl protons of the aglycon were a useful diagnostic peak to confirm the 

synthesis of the trivalent display.  The NAc methyl group shifted upfield from δ 2.19 

and 2.27 ppm (rotamers) for lactosyl PGA 102, to δ 2.07 and 2.21 ppm (rotamers) for 

the lactose-bearing trivalent display 115.  Naturally, the presence of triazole proton at 

δ 7.90 and 8.02 ppm (rotamers), confirmed the creation of a 1,2,3-triazole ring.  These 

chemical shifts were generally mirrored in the GlcNAc series, with the greatest 

differences observed being for the NAc and triazole peaks. 

 

3.6 Conclusion 
In conclusion, following on from the initial work on N-allyl glycosyl amides by Spevak 

et al.,376 and subsequent reports of the synthesis of N-propargyl glycosyl acetamides 

from cellobiose, lactose and xylogluco-oligosaccharides,377,378 the work in this thesis 

provided the broader exploration of the application and utility of PGAs on mono-, di-, 

tri- and tetrasaccharides with either a reducing Glc or GlcNAc residues, which were 

then displayed in a trivalent manner.   

 

Anomeric deprotections of TMSE glycosides were quantitative to provide both nLc4 6 

and Lc3 7, while the anomeric deblocking of the GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 

ethyl thioglycoside to give 8 proved to be much lower yielding, with a yield of only 

16% over two steps.   

 

A representative range of carbohydrates were functionalised with the alkyne-bearing 

N-propargyl glycosyl acetamide aglycon in a one-pot, two step procedure from the 

unprotected carbohydrates in 30-88% yields, without the need for cumbersome 

protection/deprotection strategies.  Yields for optimised PGA reactions were quite 

favourable (67 and 88% yields for GlcNAc 101 and lactose 102 PGAs, respectively), 

but were slightly less for single attempt reactions on the larger carbohydrates (30 to 

43% yield).  The synthesised N-propargyl glycosyl acetamides were found to be 

consistently the β-anomer and exist in both the endo and exo rotameric configurations in 

D2O at 298 K.  PGA synthesis on lactose utilising microwave irradiation conditions was 
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also developed and found to be high yielding (80% yield), similar to conventional 

reaction conditions, however with a significantly reduced reaction time.  

 

A methyl gallate-triethylene glycol-based trivalent scaffold was synthesised in which 

the linker arms were terminated by azide groups.  The ligation of PGAs to this scaffold 

under CuAAC conditions allowed for the preparation of six trivalent MGTG-based 

trivalent displays in one step from PGA-functionalised carbohydrates in 42-85% yields.  

The straightforward and efficient preparation of trivalent carbohydrate displays from 

synthesised or commercially available unprotected sugars was afforded in overall yields 

of 6 to 63%, in just three steps. 

 

This is the first general evaluation of the PGA synthesis and conjugation techniques, 

albeit on a modest range of carbohydrates, with complete characterisation.  This study 

proved that the synthesis of PGAs is a simple and versatile approach to preparing 

unprotected, full length, carbohydrates for conjugation to multivalent scaffolds.  The 

trivalent displays of oligosaccharides synthesised here were used to evaluate (by STD 

NMR) the interaction between these carbohydrates and DENV-2 EGP DIII; the results 

of those studies are reported in Chapter 4.   

 

3.7 Future Work 
While the major objectives in this project were certainly achieved, there are several 

areas where improvements could be made.  The yield of the anomeric deprotection of 

the fully protected GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc ethyl thioglycoside 85 was poor, 

despite following a literature procedure, and this methodology requires improvement.  

This had a significant impact on the progression of the fully deprotected GlcNAc-

β(1,3)-Gal-β(1,4)-GlcNAc trisaccharide 8 to PGA functionalisation, with the PGA 

derivative unable to be isolated in pure form, or in sufficient quantity to tether to the 

trivalent scaffold.  Future work would re-visit this synthesis of this particular 

deprotected carbohydrate, with method and yield optimisation, to afford the trivalent 

MGTG scaffold of GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc in sufficient quantity for 

biological evaluation. 

 

While the syntheses of PGA derivatives were quite high yielding for mono- and 

disaccharides, there is certainly scope for this methodology to be optimised for larger 
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carbohydrates.  Reactions that require longer reaction times may be facilitated by 

reacting under microwave irradiation.  The purification strategy employed could also be 

reviewed to ensure that the most efficient process is utilised, with alternative work-up or 

purification methods detailed in the literature.377,378  

Building upon the success of the reaction of coupling the azide-terminated MGTG 

trivalent scaffold with alkyne-bearing unprotected carbohydrates, this methodology 

could be significantly expanded to include a wider variety of reducing end 

carbohydrates, and explore higher generation scaffolds to probe a range of other 

carbohydrate biological interactions.  The simple and efficient approach of displaying 

carbohydrates in a multivalent manner in three steps from unprotected carbohydrates 

can be employed to access the multivalent display of a range of carbohydrates without 

tedious protection/deprotection chemistries for introduction of the carbohydrate 

aglycon.  
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4 
Biological Evaluation of Monovalent and Multivalent Displays 
of Carbohydrates as Probes of Dengue Virus-2 Whole Virus 
and E-Glycoprotein Domain III 
 

Definitive characterisation of the specific nature of DENV-host cell interactions 

remains to be fully elucidated.  It is complicated due to different putative receptors 

identified for different host cell types.115  To date, multiple receptors for viral entry have 

been postulated; there has been a large focus on GAGs such as heparan sulfate and 

chondroitin sulfate E, but also investigations into the role of C-type lectins such as 

DC-SIGN and CLEC5A, proteins and GSLs (reviewed in Section 1.1.1.7.3).  The role 

of GSLs in DENV host cell entry has been examined by Aoki et al.,138 who found that 

nLc4Cer is a putative ligand for DENV infection, and multivalent displays of nLc4 are 

essential to elicit inhibition of infection138 (see Section 1.1.1.7.3.3).  Further to this, the 

von Itzstein group has employed glycan microarray to study carbohydrate interactions 

with DENV which, in addition to nLc4, also identified two structurally similar 

trisaccharides, Lc3 and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc that exhibited binding to 

DENV-2 whole virus and EGP DIII147,149 (see Section 1.1.1.7.3.4). 

 

The work presented in this chapter briefly reviews the technique of Saturation Transfer 

Difference (STD) NMR as a technique to study protein-ligand interactions and details 

our investigation into the molecular nature of the interaction between DENV-2 EGP 

DIII and carbohydrates of interest by employing STD NMR.  Monovalent and trivalent 

displays of nLc4 and related carbohydrates synthesised in Chapters 2 and 3 were utilised 

for these experiments.  The information gained from these studies allowed the 

identification of the minimum binding determinants (smallest carbohydrate fragment to 

elicit binding), the influence of valency on the binding strength of the carbohydrates, as 

well as allowing us to qualitatively map the binding epitope of nLc4.  

 

4.1 Saturation Transfer Difference NMR 
Saturation transfer difference (STD) NMR spectroscopy has become one of the most 

powerful techniques employed to study transient receptor-ligand interactions in 

solution.422,423  This technique provides invaluable insights into biological functions by 
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determining the interaction between small molecular weight ligands and receptors at the 

atomic level.424,425  Since the development of STD NMR, reported by Mayer and Meyer 

in 1999,426 it has matured into a robust technique, and has been used with a wide variety 

of receptor types.  Generally large macromolecules such as proteins with a molecular 

weight >15 kDa are used.  Additionally, the STD NMR approach has also been 

successfully employed with larger targets such as cells, whole viruses, virus-like 

particles and micelles.422,424  STD NMR is particularly well-suited for elucidating 

carbohydrate-lectin interactions.427  Some of the advantages of this technique include 

the detection of binding molecules from a mixture, as well as there being no upper 

limitations on the size of the ligand or protein.  Indeed, larger proteins afford greater 

sensitivity due to more efficient saturation transfer.  However, this method does not 

directly provide information about the receptor binding site and is not suitable to detect 

tightly bound (KD less than 10–8) or very weak ligands (KD greater than 10–3).425,426  

 

The STD NMR experiment is performed on a sample of ligand and receptor (commonly 

a protein), generally with a ligand molar excess of 100:1.424  The sample is used to 

acquire a 1H NMR spectrum with saturation of the protein signals, typically at –1 ppm 

for suitable ligands, which is termed the “on-resonance” spectrum.  This saturation of 

the protein results in a transfer of saturation also to ligands that have binding affinity 

(KD between 10–3 and 10–8)426 and are in fast exchange with the protein binding site.  On 

the other hand, non-binding ligands do not receive any saturation (see Figure 46).  The 

second experiment, the “off-resonance” spectrum, is recorded using a saturation 

frequency that does not saturate the protein.  Subtraction of the on-resonance from the 

off-resonance spectrum affords the saturation transfer difference spectrum, which 

contains only signals from the ligand in direct contact with the protein.  The intensity of 

STD NMR signals can be utilised to determine how close ligand protons are to the 

protein, with the protons in closest proximity to the protein displaying the greatest STD 

effect, while STD NMR signals are not detected or are weak for ligand protons that are 

solvent exposed.422,425  The STD NMR spectrum may be used as a tool to discriminate 

between binding and non-binding ligands, as well as to map the binding epitope of a 

ligand at the atomic level.422,424 
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Figure 46.  Illustration of the 1D STD NMR experiment (top) applied to a sample containing a 
protein receptor in the presence of a pool of small test compounds in molar excess (bottom).  
The set-up involves recording two 1D NMR spectra: i) a standard 1D 1H NMR (off-resonance 
or reference) spectrum; and ii) a 1D 1H NMR spectrum with selective saturation (for a chosen 
saturation time) of receptor proton signals.  Perturbation (saturation) of protein proton 
polarisation can be transferred to a small molecule by intermolecular NOE if protein–ligand 
1H-1H distances are short enough (<6 Å).  Thus, transfer of saturation will only take place to 
molecules that transiently bind to the receptor.  The difference spectrum (I 0 − I sat, top right) 
will show only signals corresponding to the ligand(s) as signals of non-binders cancel.  
Reproduced with permission from Springer: European Biophysics Journal,422 copyright (2011). 
 

Despite STD NMR being quite an established method in the drug discovery 

toolbox,423,424 it is an entirely under-utilised technique for the study of Flaviviruses, 

including DENV.  To date, there has only been one reported STD NMR study involving 

a DENV protein.  In 2008, Zhou et al.63 undertook an STD NMR study of DENV EGP 

in the presence of a non-carbohydrate small molecule inhibitor, which was 

demonstrated to be competitive in the presence of β-octyl glucoside, which is known to 

bind to the fusion loop.  This inhibitor is thought to elicit anti-viral activity through 

preventing maturation or cell entry.63  The research of Zhou et al.63 showed that DENV 

EGP is suitable to be studied by STD NMR.  There is significant scope for studying 

novel interactions between putative host-cell ligands and DENV EGP DIII by STD 

NMR. 
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4.2 Project Aims 
We sought to evaluate the binding intensity of DENV-2 EGP DIII for different 

carbohydrate ligands using STD NMR.  For this study, we used a suite of three 

oligosaccharides, nLc4 and two related trisaccharides (whose preparation was described 

in Chapter 2), and trivalent displays of carbohydrates (whose preparation was described 

in Chapter 3).  In addition to the synthesised trivalent displays of carbohydrates, we 

were provided with a small quantity of the trivalent carbosilane dendrimer display of 

nLc4 (Fan nLc4) utilised in the Aoki et al.138 study.  Therefore, the third area of research 

in this thesis involved:   

1. The STD NMR study of monovalent carbohydrates, trivalent Fan nLc4 and five 

trivalent MGTG-based displays of carbohydrates with DENV-2 EGP DIII 

2. Elucidation of the minimum binding determinant for binding of carbohydrates to 

DENV-2 EGP DIII 

3. Qualitative epitope mapping of Fan nLc4 and the MGTG-based trivalent display 

of nLc4 binding with DENV-2 EGP DIII 

 

4.3 Saturation Transfer Difference NMR Studies of Monovalent 
and Trivalent Displays of Carbohydrates with DENV-2 EGP 
DIII 

4.3.1 Monovalent nLc4 and Lc3 and Trivalent Fan nLc4 

The first STD NMR studyii we carried out with DENV-2 EGP DIII was used to evaluate 

the binding interactions of three carbohydrate ligands previously identified to bind to 

DENV.138  This included (see Table 7) two of the monovalent carbohydrates synthesised 

in Chapter 2 (β-OTMSE nLc4 76 and β-OTMSE Lc3 77), in addition to a carbosilane-

based trivalent display of nLc4 120, reported by Aoki et al.,138 to be an inhibitor of 

DENV infectivity.  For ligands that were found to bind to DENV-2 EGP DIII, the 

binding epitope for this interaction could also be qualitatively mapped at the atomic 

level.  Additionally, as both a monovalent and trivalent display of nLc4 were being 

evaluated, this gave an opportunity to further investigate the findings of Aoki et al.,138 

that multivalent displays of nLc4 were required for inhibition of DENV-2 infectivity. 

                                                
ii The STD NMR studies reported in section 4.3.1 were a joint research project with Dr Sarah 
McAtamney and have been reported in her PhD thesis.147  Contributions to this work were: CT, synthesis 
of ligands, assignment of spectra and preparation of figures; SMA, preparation of DENV-2 EGP DIII and 
NMR samples; CT and SMA, NMR experiments and analysis of results. 



 135 

Table 7.  Carbohydrates evaluated by STD NMR with 50 µg DENV-2 EGP DIII. 

Carbohydrate Abbreviation Structure Number 

Lactotriaose-β-OTMSE β-OTMSE Lc3 77 

Neolactotetraose-β-OTMSE β-OTMSE nLc4 76 

Fan(0)3-neolactotetraosea Fan nLc4 120 
a kindly provided by Prof. Kazuya Hidari, Department of Biochemistry, University of Shizuoka, Japan 

 

The experiments were conducted using 50 µg of DENV-2 EGP DIII in deuterated PBS 

buffer and D2O, with carbohydrates added in a mole ratio of protein:ligand of 1:100 

(except for Fan nLc4, with a protein:ligand ratio of 1:25) at 278 K on a Bruker Avance 

600 MHz Ultrashield NMR spectrometer with a 5 mm cryoprobe fitted.  The off-

resonance saturation frequency for all experiments was 20 ppm.  Due to the 

trimethylsilyl group in the β-OTMSE aglycons of β-OTMSE nLc4 76 and β-OTMSE 

Lc3 77, having a chemical shift resonance of δ 0 ppm, the –1 ppm on-resonance 

saturation was unable to be utilised, so that direct ligand saturation425 was avoided.  

Care must be taken to ensure that the saturation frequency is at least 700 Hz (ie. 1.2 

ppm on a 600 MHz spectrometer) away from ligand signals to prevent direct saturation 

of the ligand.425  Therefore an on-resonance saturation frequency of –2 ppm was 

employed instead.  For this reason, the monovalent Lc3 77 and nLc4 76 STD NMR 

experiments were conducted with a –2 ppm on-resonance saturation only, while the Fan 

nLc4 120 experiments were acquired under both conditions. The benefit of acquiring 

Fan nLc4 120 at both on-resonance saturation frequencies is that it allows the direct 

comparison to STD NMR spectra of monovalent nLc4 76 at –2 ppm, while a more 

detailed qualitative epitope map is elucidated from the higher resolution –1 ppm 

spectra.  

 

No significant STD NMR effect was observed for either of the monovalent ligands 

β-OTMSE nLc4 76 or β-OTMSE Lc3 77 in the presence DENV-2 EGP DIII.  The STD 

NMR spectrum of monovalent nLc4 76 is shown in Figure 47E.  Due to the very limited 

quantity of Fan nLc4 120 available for this experiment, a 1:25 protein:ligand ratio was 

utilised, a significantly decreased molar ratio compared to monovalent nLc4 76 (1:100 

protein:ligand ratio).  Despite this, it is apparent from the STD NMR spectrum of the 

trivalent display of Fan nLc4 120 (Figure 47C) that this ligand clearly binds to DENV-2 

EGP DIII. 
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Figure 47.  1H and STD NMR spectra of Fan nLc4 120 and monovalent β-OTMSE nLc4 76 in 
the presence of DENV-2 EGP DIII.  Conditions: 50 µg DENV-2 EGP DIII; protein:ligand ratio 
of 1:25 for 120 and 1:100 for 76.  A) 1H NMR of Fan nLc4 120; B) STD NMR of Fan nLc4 120 
with an on-resonance saturation of –1 ppm; C) STD NMR of Fan nLc4 120 with an 
on-resonance saturation of –2 ppm; D) 1H NMR of β-OTMSE nLc4 76; E) STD NMR of 
β-OTMSE nLc4 76 with an on-resonance saturation of –2 ppm. 

The evident binding interaction observed for 120, despite the lower molar ratio, 

demonstrates that the presentation of carbohydrates in a multivalent manner enables the 

seemingly weak lectin–carbohydrate interaction to be significantly enhanced, leading to 

a stronger STD NMR effect able to be observed in the difference spectrum.  Possible 

monovalent and multivalent binding modes are shown in Figure 48.  A monovalent 

ligand may interact with a single binding site protein, shown in Figure 48a, which for 

carbohydrate-protein binding interactions is generally quite weak.205  In the event of a 

receptor bearing multiple binding sites, there can be an interaction between a 

multivalent ligand by the chelation mechanism (Figure 48b), involving simultaneous 

binding events within the same molecule, which elicits a stronger binding interaction 

than the corresponding monovalent binding interaction.208  Alternatively, when the 
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receptor contains only a single binding site, or if the tether between the carbohydrate 

ligands is too short for chelation, the statistical rebinding428,429 mechanism (Figure 48c) 

can elicit an enhancement in binding despite there only being one binding event on the 

receptor at any one time.430  This enhancement is due to the slower off-rate of the 

multivalent carbohydrate compared with the analogous monovalent ligand, which arises 

from the close proximity of additional carbohydrate ligands that can take the place of 

the first after it releases.430 

 

 

Figure 48.  Examples of different types of monovalent and multivalent binding modes; 
a) monovalent binding; b) a divalent ligand binding via a chelation mechanism; c) a divalent 
ligand binding via a statistical rebinding mechanism.  Reproduced with permission from Royal 
Society of Chemistry: Organic & Biomolecular Chemistry,430 copyright (2009). 
 
The qualitative binding epitope of Fan nLc4 was also identified (Figure 49), with all 

four sugar residues of the tetrasaccharide observed to interact with DENV-2 EGP DIII.  

Given the complexity of the molecule and the overlap of the peaks in the both the 1H 

and STD NMR spectra, quantitative epitope mapping was unable to be performed.  The 

most intense STD NMR effect observed is with the acetamido group of the GlcNIII 

residue, which indicates that this moiety is in close proximity to the protein, and is 

likely to be essential for binding.  It is also interesting to note that in addition to protons 

from the carbohydrate residues exhibiting an STD NMR effect, the linker atoms from 

the Fan scaffold appear also to be in close proximity to the protein.  However, direct 

saturation of the ligand can be ruled out as the cause of the STD NMR effect observed 

for the linker signals, as their chemical shifts are δ 0.5 ppm and above, are therefore 1.5 

ppm away from the saturation frequency of –1 ppm, which is greater than the 1.2 ppm 
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difference required.425  In contrast to the binding observed for the linker protons, it can 

be seen that the aromatic protons visible in the 1H NMR spectrum of Figure 47A (δ 7.0 

– 8.2 ppm) do not show any appreciable STD NMR effect in Figure 47B and C.  

Therefore, the 1H and STD NMR spectra for Fan nLc4 120 (Figure 47A to C) is an 

excellent example of STD NMR discerning clearly between the atoms of the ligand that 

are involved in binding (carbohydrate and linker protons) and those that are not 

(aromatic protons).   

 

 

 
Figure 49.  STD NMR qualitative epitope map of Fan nLc4 120 in the presence of DENV-2 
EGP DIII.  Conditions: 50 µg DENV-2 EGP DIII; protein:ligand ratio of 1:25; on-resonance 
saturation of –1 ppm.  A) 1H NMR spectrum of Fan nLc4 120; B) STD NMR spectrum of Fan 
nLc4 120.  The carbohydrate protons involved in the binding interactions with DENV-2 EGP 
DIII are detailed on spectrum B (inset). 
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As these initial studies on trivalent Fan nLc4 120 showed that an increased STD NMR 

effect could be observed compared to the analogous monovalent display 76, we 

prepared a range of trivalent displays of nLc4 and related carbohydrates (described in 

Chapter 3) to further evaluate the minimum binding determinants with DENV-2 EGP 

DIII and to qualitatively map the binding epitope of these carbohydrates. 

 

4.3.2 Trivalent Displays of Carbohydrates 

A suite of five trivalent displays of nLc4 and related carbohydrates synthesised in 

Chapter 3 (Table 8) were evaluated for binding with DENV-2 EGP DIII by STD NMR. 

These displays are based on a methyl gallate-triethylene glycol (MGTG) scaffold, in 

comparison to the trivalent carbosilane dendrimer of Fan nLc4 120 utilised in our 

previous study.   

 

Table 8.  MGTG-based trivalent displays of carbohydrates for the evaluation of binding to 
DENV-2 EGP DIII by STD NMR. 

 

Carbohydrate Sequence Abbreviation Structure 
Number 

N-acetylglucosamine GlcNAc GlcNAc MGTG 114 

Lactose Gal-β(1,4)-Glc Lac MGTG 115 

N-acetyllactosamine Gal-β(1,4)-GlcNAc LacNAc MGTG 116 

Lactotriaose GlcNAc-β(1,3)-Gal-β(1,4)-Glc Lc3 MGTG 117 

Neolactotetraose Gal-β(1,4)-GlcNAc-β(1,3)-Gal-β(1,4)-Glc nLc4 MGTG 118 
 

In an effort to improve the quality of the STD NMR experiments, the amount of protein 

was increased.  The optimised conditions were 100 µg of DENV-2 EGP DIII, while 

maintaining a protein:ligand ratio of 1:100.  In a similar manner to the previous study, 

experiments were performed at both –1 and –2 ppm on-resonance saturations, with an 
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off-resonance saturation of 20 ppm.  The 1H and STD NMR spectra for 114, 115, 117 

and 118 are shown in Figure 50, while the spectra for 116 are provided in Appendix B. 

 

 

 

Figure 50.  1H and STD NMR spectra of trivalent MGTG displays of carbohydrates, nLc4 118, 
Lc3 117, Lac 115 and GlcNAc 114, in the presence of DENV-2 EGP DIII.  Conditions: 100 µg 
DENV-2 EGP DIII; protein:ligand ratio of 1:100; on-resonance saturation of –1 ppm.  a) 1H 
NMR spectrum of 118; b) STD NMR spectrum of 118; c) 1H NMR spectrum of 117; d) STD 
NMR spectrum of 117; e) 1H NMR spectrum of 115; f) STD NMR spectrum of 115; g) 1H 
NMR spectrum of 114; h) STD NMR spectrum of 114. 

 
The strongest STD NMR signals were detected for nLc4 MGTG 118 (Figure 50b) and 

Lc3 MGTG 117 (Figure 50d).  Lac MGTG 115 (Figure 50f) and LacNAc MGTG 116 
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(not shown in Figure 50, see Appendix B) both displayed moderate signal intensity, 

while the intensity of GlcNAc MGTG 114 (Figure 50h) signals appear to be lower 

again.  The STD NMR spectrum of LacNAc MGTG 116 (see Appendix B) is highly 

consistent with that of Lac MGTG 115 (Figure 50f), with the addition of a strong STD 

NMR effect observed for the LacNAc NHAc acetate methyl group.  From the spectra 

shown in Figure 50 it can be seen that the carbohydrate residues of nLc4 MGTG 118 

(Figure 50b, δ 3 – 5 ppm) are clearly involved in binding to DENV-2 EGP DIII.  

Furthermore, the STD NMR signal intensities of the carbohydrate region (δ 3 – 5 ppm) 

were appreciably reduced compared to the relative peak heights in the 1H NMR 

spectrum as consecutive residues were removed from the ligands.  From these results, a 

minimum determinant for binding to DENV-2 EGP DIII is proposed to be a 

disaccharide moiety, consisting of either lactose or LacNAc, while smaller 

carbohydrates, such as GlcNAc MGTG 114, demonstrate only weak binding with this 

protein.  These observations support the findings of Aoki et al.138 that the minimum 

binding determinant is the terminal end disaccharide of nLc4, LacNAc.   

 

From the STD NMR spectra in Figure 50, it can be seen that the NHAc group of nLc4, 

Lc3 and GlcNAc MGTG, and the NAc moiety of the aglycon play an important role in 

binding, while most of the ring protons of the carbohydrate residues reveal weaker STD 

NMR signal intensity and therefore may play a less significant role in binding.  It is also 

interesting to note that there is also an observable STD NMR effect with the triazole 

proton of the aglycon (at δ 7.5 – 7.8 ppm), and the aromatic core (at δ ~ 7.1 ppm) 

protons at the distal portion of the ligand (see Figure 51, below).  This suggests that it is 

not only the carbohydrate moiety that is involved in this binding interaction, the linker 

and core of the multivalent scaffold are also likely to be in close proximity to the 

protein.   

 

A more detailed analysis of the binding interaction of nLc4 MGTG 118 and DENV-2 

EGP DIII is shown in Figure 51.  Understanding the precise atomic architecture of the 

ligand binding interaction to this protein domain helps to provide a greater 

understanding of the DENV-host cell entry binding interaction and may provide 

insights into new strategies for the rational drug design of DENV-host cell entry 

inhibitors. 
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Figure 51.  Qualitative epitope map of nLc4 MGTG 118 binding to DENV-2 EGP DIII using 
STD NMR.  Conditions: 100 µg DENV-2 EGP DIII; protein:ligand ratio of 1:100; on-resonance 
saturation of –1 ppm.  a) 1H NMR spectrum 118; b) STD NMR spectrum of 118.  The 
carbohydrate protons involved in the binding interactions with DENV-2 EGP DIII are detailed 
on spectrum b (inset).  * Denotes peaks associated with the two rotamers. 
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The qualitative epitope map of trivalent nLc4, shown in Figure 51 confirms that most of 

the ring protons of all four carbohydrate residues are in close proximity to the protein, 

and so all of the carbohydrate residues appear to play a role in binding of nLc4 with 

DENV-2 EGP DIII.  The NHAc methyl group of the GlcNIII moiety displays the 

strongest STD NMR effect of the ligand, while the NAc methyl signal of the aglycon 

portion is significantly enhanced in the STD NMR spectrum, indicating that the aglycon 

is also in close proximity to the protein.  Furthermore, the triazole proton of the 

aglycon, linker triethylene glycol OCH2 groups, the aromatic CH protons and methyl 

ester of the aromatic core all exhibit an STD NMR effect.  This is an interesting 

observation considering that these groups, particularly those associated with the 

aromatic core, are in the portion of the molecule distal to the carbohydrates, which are 

thought to confer binding with DENV EGP DIII.  It would be anticipated that the 

carbohydrate residues should play the most significant role in mediating the binding to 

DENV-2 EGP DIII, however it appears that there is some level of co-operativity with 

the aromatic scaffold.  It is also interesting to note that the methyl ester signal of the 

aromatic scaffold showed a significant and consistent level of intensity in the STD 

NMR spectra for all five trivalent carbohydrate displays 114-118 (Figure 50 and 

Appendix B), even when the carbohydrate signal intensities are reduced with systematic 

carbohydrate residue truncation. 

 

4.3.3 MGTG and GATG Trivalent Cores 

It was important to determine whether the binding of the trivalent carbohydrate displays 

was indeed mediated by the carbohydrate portion of the molecule, and not secondary to 

a primary binding event with the ester functionality of the methyl gallate of the trivalent 

scaffold.  Accordingly, Lac MGTG 115 was de-esterified to afford the analogous 

carboxylic acid-bearing Lac GATG display (121), and then re-examined by STD NMR, 

as shown in Figure 52.  Additionally, the MGTG scaffold bearing only terminal 

hydroxy groups at the end of the triethylene glycol linkers, in place of the functionalised 

carbohydrate moieties (109), was also evaluated to further investigate whether the 

binding interaction with DENV-2 EGP DIII was dependent on the presence of 

carbohydrates (Figure 52). 
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Figure 52.  Investigation into the dependence on the methyl ester of the MGTG aromatic core 
in ligand binding to DENV-2 EGP DIII using STD NMR.  Conditions: 100 µg DENV-2 EGP 
DIII; protein:ligand ratio of 1:100; on-resonance saturation of –1 ppm.  a) 1H NMR spectrum of 
115; b) STD NMR spectrum of 115; c) 1H NMR spectrum of 121; d) STD NMR spectrum of 
121; e) 1H NMR spectrum of 109; f) STD NMR spectrum of 109. 
 

The STD NMR spectrum of Lac MGTG 115 (Figure 52b) showed a moderate 

interaction with DENV-2 EGP DIII, with the carbohydrate protons, NAc, triazole peaks 

of the aglycon and the aromatic and methyl ester protons (red arrow) of the aromatic 

core involved in binding.  The lack of methyl ester peak in the 1H NMR spectrum 

(Figure 52c) was apparent for the de-esterifed trivalent lactose display, Lac GATG 121, 
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compared to Lac MGTG 115 (Figure 52a).  The STD NMR experiment for Lac GATG 

121 (Figure 52d) clearly showed a considerably decreased signal intensity for the 

carbohydrate residues (δ 3 – 5 ppm) compared to those seen for Lac MGTG 115 (Figure 

52b).  This suggests that without the methyl ester present on the aromatic core, the 

binding of the lactose residue to the protein is significantly reduced.  This is a 

significant observation suggesting that the interaction of the weakly interacting 

carbohydrate moiety is enhanced by the interaction of the methyl ester of the scaffold 

core with the protein.  The MGTG trivalent scaffold 109 displaying free hydroxyl 

groups at the terminal positions of the linkers, rather than aglycon-functionalised 

carbohydrate residues, was also evaluated by STD NMR spectroscopy, which showed a 

clear interaction with DENV-2 EGP DIII.  The methyl ester (red arrow) and aromatic 

protons (δ ~ 7.1 ppm) displayed the strongest STD NMR effect observed for 109 

(Figure 52f), while the triethylene glycol linker OCH2 protons (δ 3.0 – 4.2 ppm) appear 

to have a decreased interaction with the protein in the absence of the carbohydrate 

residues.  From these experiments, it is clear that the methyl ester and aromatic core 

bind to DENV-2 EGP DIII, likely through a secondary binding site.  However, the 

carbohydrate residues are also clearly important for binding, therefore, there appears to 

be some level of binding co-operativity, which may be exploited in the future for 

designing DENV entry inhibitors. 

 

4.3.4 Monovalent Carbohydrates at Increased Protein Concentration 

Some key initial STD NMR experiments on monovalent carbohydrates (described in 

Section 4.3.1) were repeated with a higher protein concentration (100 µg of DENV-2 

EGP DIII, compared with the 50 µg of protein used previously, with a consistent ligand 

to protein ratio of 100:1).  The range of monovalent carbohydrates investigated by STD 

NMR is shown in Table 9.  In addition to monovalent nLc4 76, Lc3 77 and GlcNAc 98, 

the binding of monovalent GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc-β-SEt 86 was 

investigated for the first time.  Under the conditions of 100 µg of DENV-2 EGP DIII, 

moderate to weak binding was observed for monovalent nLc4 76, Lc3 77 (Figure 53 and 

Figure 54) and GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc-β-SEt 98 (Figure 55).  The STD 

NMR effects on the monovalent carbohydrates were compared to those for the 

carbohydrates as trivalent displays (previously described in Section 4.3.2, Figure 50). 
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Table 9.  Monovalent ligands evaluated against DENV-2 EGP DIII by STD NMR. 

Carbohydrate Abbreviation Structure Number 

N-acetylglucosamine GlcNAc 98 

GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc-β-SEt  86 

Lactotriaose-β-OTMSE β-OTMSE Lc3 77 

Neolactotetraose-β-OTMSE β-OTMSE nLc4 76 
 

The spectra of monovalent and trivalent displays of Lc3 (77 and 117, respectively) are 

shown in Figure 53.  These experiments were acquired with an on-resonance saturation 

of both –1 and –2 ppm so that the STD NMR spectra of the trivalent and monovalent 

ligands could be compared fairly due to the β-OTMSE glycoside of 77.  When 

comparing the –2 ppm on-resonance saturation STD NMR spectra for trivalent and 

monovalent Lc3 (117 and 77, Figure 54c and f, respectively) it can be clearly seen that 

stronger signal intensity is observed for the trivalent species, with the NAc, 

carbohydrate ring protons and methyl ester of the aromatic core exhibiting the greatest 

STD NMR effects.  
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Figure 53.  1H and STD NMR spectra of Lc3 MGTG 117 and β-OTMSE Lc3 77 with DENV-2 
EGP DIII.  Conditions: 100 µg DENV-2 EGP DIII; protein:ligand ratio of 1:1.  a) 1H NMR 
spectrum of 117; b) STD NMR spectrum of 117 with an on-resonance saturation of –1 ppm; 
c) STD NMR spectrum of 117 with an on-resonance saturation of –2 ppm; d) 1H NMR spectrum 
of 77; e) STD NMR spectrum of 77 an on-resonance saturation of –1 ppm; f) STD NMR 
spectrum of 77 with an on-resonance saturation of –2 ppm. 
 

Of the trivalent displays of carbohydrates studied by STD NMR in the presence of 

DENV-2 EGP DIII (see Figure 50, Section 4.3.2), it was observed that GlcNAc MGTG 

114 (Figure 50h) exhibited the weakest signal intensity.  However, as demonstrated in 

Figure 54, even though GlcNAc MGTG 114 gives relatively weak STD NMR signals, 

they are clearly stronger than monovalent GlcNAc 98 alone, which is very weak.  For 

GlcNAc MGTG 114, the peaks of the NHAc methyl, NAc methyl of the aglycon, 

carbohydrate ring protons and the methyl ester of the aromatic core are all clearly 

visible in the STD NMR spectrum (Figure 54b), while it is apparent that monovalent 

GlcNAc 98 shows very little or no binding to the protein (Figure 54d).  This is another 

clear example of a ligand that demonstrates poor binding to a protein, which has been 

visibly enhanced by displaying the same ligand in a multivalent manner.  These spectra, 

along with the results shown for monovalent and trivalent displays of nLc4 (Figure 47) 
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and Lc3 (Figure 53), have clearly shown that the valency of carbohydrate display is an 

extremely important factor influencing the binding strength of these carbohydrate 

ligands with DENV-2 EGP DIII. 

 

 
Figure 54.  1H and STD NMR spectra of a GlcNAc MGTG 114 and monovalent GlcNAc 98 
with DENV-2 EGP DIII.  Conditions: 100 µg DENV-2 EGP DIII; protein:ligand ratio of 1:100; 
on-resonance saturation of –1 ppm.  a) 1H NMR spectrum of 114; b) STD NMR spectrum of 
114; c) 1H NMR spectrum of 98; d) STD NMR spectrum of 98. 

 
Finally, monovalent trisaccharide GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc-β-SEt 86 and the 

related monovalent trisaccharide β-OTMSE Lc3 77 were evaluated by STD NMR 

(Figure 55).  The carbohydrates moieties of these two ligands differ only in the presence 

of the NHAc group at GlcI C-2 for 86.  However, these two monovalent trisaccharides 

do also possess different aglycons, although both are relatively small alkyl groups.  It 

can be seen from the STD NMR spectrum for 86 (Figure 55f) that the binding to 

DENV-2 EGP DIII is extremely weak, while a small STD NMR effect is observed for 

β-OTMSE Lc3 77 (Figure 55c).  It is not known whether this difference in binding is 

modulated by the binding specificity of the protein.  It is possible that the protein can 

not tolerate the additional NHAc group at the carbohydrate residue closest to the 

aglycon of 86, or alternatively, that the β-OTMSE aglycon may provide additional 

favourable binding interactions for β-OTMSE Lc3 77.  The nature of this binding 

specificity could be elucidated through the synthesis of monovalent GlcNAc-β(1,3)-

Gal-β(1,4)-GlcNAc with a β-OTMSE aglycon, while it would also be of great interest 

to study a trivalent display of this trisaccharide. 
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Figure 55.  1H and STD NMR spectra of β-OTMSE Lc3 77 and GlcNAc-β(1,3)-Gal-β(1,4)-
GlcNAc-β-SEt 86 with DENV-2 EGP DIII.  Conditions: 100 µg DENV-2 EGP DIII; 
protein:ligand ratio of 1:100.  a) 1H NMR spectrum of 77; b) STD NMR spectrum of 77 with an 
on-resonance saturation of –1 ppm; c) STD NMR spectrum of 77 with an on-resonance 
saturation of –2 ppm; d) 1H NMR spectrum of 86; e) STD NMR spectrum of 86 with an 
on-resonance saturation of –1 ppm; f) STD NMR spectrum of 86 with an on-resonance 
saturation of –2 ppm. 
 

Although moderate to weak binding was observed for monovalent oligosaccharides in 

the presence of a higher concentration of protein, it remains significantly lower in 

intensity based on the observed STD NMR effects, compared to the respective trivalent 

counterparts.  This again reinforces the importance of multivalency in aiding the 

observation of binding interactions between carbohydrates of interest and DENV EGP 

DIII, replicating a more realistic biological representation of the cell surface. 
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4.4 Conclusion 
From the STD NMR evaluation of monovalent and trivalent displays of nLc4 and 

related carbohydrates, it is clearly apparent that a trivalent display of a biologically 

relevant carbohydrate influences the strength of the binding interaction with DENV-2 

EGP DIII, which supports the results reported by Aoki et al.138  Further supporting the 

findings of Aoki et al.138 is the observation that binding to DENV-2 EGP DIII was 

strongest for trivalent nLc4 118 and appeared to progressively decrease as each terminal 

end sugar residue was consecutively removed, with a minimum binding determinant 

found to be either a lactose or LacNAc disaccharide.   

 

The trivalent displays of nLc4, Fan nLc4 120 and nLc4 MGTG 118, were both found to 

display binding to DENV-2 EGP DIII.  From the STD NMR spectra, a qualitative 

binding epitope for nLc4 has been mapped, in which all four carbohydrate residues 

appear to be involved.  For all MGTG-based trivalent displays of carbohydrates, in 

addition to the binding interactions observed for the carbohydrate residues, an STD 

NMR binding effect was also observed for the methyl ester and aromatic core region of 

the trivalent scaffold.  Further experiments revealed that the methyl ester of the MGTG 

scaffold was able to bind to DENV-2 EGP DIII in the absence of carbohydrates.  

Hydrolysing the ester to the carboxylic acid in a trivalent display of lactose 

demonstrated that while the carbohydrates showed binding to the protein, the binding 

strength was significantly reduced.  These results showed that while the carbohydrate 

residues are clearly important for binding, there also appears to be some level of binding 

co-operativity with the methyl ester and aromatic core, likely through a secondary 

binding site.  These observations could be employed in the design of inhibitors of the 

DENV-host cell entry process.  

 

4.5 Future Work 
To finalise the investigation undertaken on the binding of DENV-2 EGP DIII to 

GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc, a ligand of interest identified by glycan array 

within the von Itzstein group, it would be desirable to synthesise, and perform an STD 

NMR experiment on, this carbohydrate with an OTMSE aglycon.  This would allow a 

more accurate comparison to β-OTMSE Lc3 77 to be made, thus providing further 

information regarding the affect on binding specificity of the additional NHAc moiety 
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at GlcI C-2.  Furthermore, the synthesis and STD NMR investigation of a MGTG 

trivalent display of this ligand would be highly desirable. 

 

Utilising the ligand qualitative binding epitope map of nLc4 MGTG 118, a new 

generation of carbohydrate-based probes of DENV-2 EGP DIII may be designed.  In 

such a design, there would be particular interest in exploiting the additional binding 

interactions afforded by the aromatic core and methyl ester of methyl gallate, as well as 

utilising the important interactions provided by carbohydrate residues, particularly the 

NHAc group.  Further investigations would ideally assist in developing host cell entry 

inhibitors against DENV.   
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5 
Methyl α-D-Fructofuranoside-based 1'-Homo-N-nucleoside 
Analogues as Potential Inhibitors of Dengue Virus RNA-
Dependent RNA Polymerase 
 
Viral polymerases are considered to be one of the most promising targets for antiviral 

drug discovery.431  This is due to the fact that they are essential for viral RNA 

synthesis,176 most viruses encode their own enzymes, and they have no equivalent in 

host cell replication.432  Furthermore, polymerases are generally well characterised, 

which assists with antiviral drug design.432  As the RNA-dependent RNA polymerase 

(RdRp) is the most conserved of the Flaviviral proteins, it is an attractive target for the 

development of antivirals against Flaviviruses, including DENV.38 

 

This chapter describes the synthesis and biological evaluation of a library of novel 

methyl α-D-fructofuranoside-based 1'-homo-N-nucleosides.  These 1'-homo-

N-nucleosides are classified into two series based on the moiety at the ‘nucleobase’ 

position; cytosine or a 4-substituted 1,2,3-triazole.  

 

5.1 Nucleoside Analogues as Antiviral Agents 
Nucleoside analogue inhibitors (NIs) represent the most widely used class of antivirals 

currently on the market,38,433 as discussed in Chapter 1.  They demonstrate a higher level 

of potency, provide inhibition over multiple genotypes, and possess a greater barrier 

against the development of drug resistance in RdRps compared to non-nucleoside 

analogue inhibitors (NNIs).167  NIs against the Flaviviridae family of viruses (reviewed 

in Section 1.1.1.8.2.2), including DENV (Section 1.1.1.8.2.3), represent a promising 

area of antiviral research.  Particularly encouraging is the success of the anti-HCV NI 

sofosbuvir, the phosphoramidate prodrug of 2'-fluoro-2'-C-methyluridine, which entered 

the market in late 2013.188 
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5.1.1 1'-Homo-N-nucleosides 

One approach to developing novel NIs is the synthesis of homologues of natural 

ribonucleosides 122 by incorporating a carbon bridge between C-1' of the furanose ring 

and the base moiety, creating 1'-homonucleosides 123,434,435 as shown in Figure 56.  This 

modification influences both the structural features and biological activity of these 

NIs.435   

 

  

Figure 56. Comparison of the structures and numberingiii of natural ribonucleosides 122 and 
1'-homonucleosides 123. 
 

Due to 1'-homonucleosides no longer possessing a reactive N-glycosidic linkage, they 

are more resistant to chemical or enzymatic hydrolysis.434,436  The loss of the anomeric 

effect conferred by this modification also alters the structural conformations of these 

NIs compared to natural nucleosides,435 which is known to affect biological 

activity.194,437,438  Furthermore, the additional methylene at C-1' reduces the steric and 

electronic interactions between the sugar moiety and nucleobase, which provides these 

molecules with greater conformational and rotational freedom, as well as slightly 

increasing their lipophilicity.435   

 

1'-Homonucleosides have been proven to be biologically active, they are able to be 

phosphorylated by cellular kinases and they form Watson-Crick nucleotide pairs.434,435  

When incorporated into oligonucleotide chains, 1'-homonucleosides are positioned with 

slight spatial alterations arising from improved conformational flexibility, providing 

more efficient base pairing.  Additionally, the extra methylene group places a greater 

distance between the base moiety and ribonucleoside recognition sites, such as the 

furanose ring oxygen and hydroxyl groups, which may affect biological activity.434,435 

 

                                                
iii The numbering convention for 1'-homonucleosides follows the IUPAC guidelines, described in Favre, 
H. A.; Powell, W. H. In Nomenclature of Organic Chemistry (IUPAC Recommendations and Preferred 
IUPAC Names 2013); Favre, H. A., Powell, W. H., Eds.; Royal Society of Chemistry: 2014.  Please refer 
to the Nomenclature section of this thesis for further information. 
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1'-Homonucleosides are classified by the atom directly attached to the methylene group, 

nitrogen or carbon, furnishing 1'-homo-N-nucleosides and 1'-homo-C-nucleosides, 

respectively.434,439  The 1'-homo-N-nucleosides have significant potential as antiviral and 

anticancer agents.  Their syntheses and available biological results have been 

extensively reviewed recently by Wróblewski et al.,435 with selected literature examples 

discussed in Section 5.1.1.2.  

 

5.1.1.1 Synthesis of 1'-Homo-N-nucleosides 

The synthesis of 1'-homo-N-nucleosides were first reported in the late 1960’s,440 and 

research into their synthesis and biological evaluation as potential NIs has continued 

steadily ever since.  1'-Homo-N-nucleosides can be synthesised from either five- or six-

carbon sugar templates.  Starting with a five-carbon sugar requires the introduction of a 

methylene group at C-1 of the furanose ring.  Once a six-carbon sugar is suitably 

prepared, then the nucleobase moiety can be installed, which can be achieved by a 

number of methods.  The general approaches to the synthesis of 1'-homo-N-nucleosides 

are outlined in Scheme 37.  

 

 

Scheme 37.  Literature strategies for the synthesis of 1'-homo-N-nucleosides 123, involving 
two major steps: preparation of a suitable six-carbon furanose sugar, and incorporation of a 
nucleobase.  Intermediate compounds are shown with general protective groups for the 
hydroxyl groups.  PG = protective group; Hal = halogen; X = suitable leaving group; Base = 
nucleobase. 
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Towards the synthesis of 1'-homo-N-nucleosides, there are numerous reports in the 

literature of a carbon-carbon bond being created at C-1 on a five-carbon sugar template.  

Starting from ribose 124,440-443 or 2-deoxy ribose,444,445 this can be accomplished through 

the reaction of an anomeric halide 125 to introduce a nitrile at C-1 to form 126.  
Alternatively, ribose 124 has been converted directly to 2,5-anhydroallitol 128 through 

a number of specific methods.  The Wittig olefination has been utilised to introduce a 

new carbon-carbon bond at C-1 of ribose 124,446 and also on 2-deoxy ribose.436,439,447  In 

addition, a ribose derivative bearing an anomeric acetate has undergone dicobalt 

octacarbonyl-catalysed siloxymethylation448 to furnish a 2,5-anhydroallitol 128 

derivative.  

 

Although starting materials such as ribose 124 are inexpensive and readily available, the 

chemical transformations necessary to form the new carbon-carbon bond at C-1 are a 

drawback.  A different approach to this is to employ starting templates of six-carbon 

sugars.  D-Mannitol has been utilised to create 1,2:5,6-dianhydro-D-mannitol 

derivatives, which could then be condensed with a nucleobase to directly afford 

1'-homo-N-nucleosides.449-452  Another method started with 2-amino-2-deoxy-D-glucose 

which was reacted to afford a 2,5-anhydromannitol derivative, which provided a 

suitable scaffold for introduction of a nucleobase.453 

 

The incorporation of a nucleobase moiety into a 2,5-anhydroalditol-type template 

generally takes one of three approaches. 1-Amino-2,5-anhydroalditols such as 129 

(Scheme 37) can be used for de novo nucleobase construction to create 1'-homo-

N-nucleosides 123 bearing natural or modified nucleobases.440-445  Alternatively, 

2,5-anhydroalditols such as 128 can be reacted under Mitsunobu conditions to directly 

incorporate a nucleobase at C-1.185,448,454,455  Additionally, the primary C-1 hydroxyl 

group of 2,5-anhydroalditols 128 can be activated with a good leaving group, such as a 

mesylate or tosylate, to create derivatives of the structure 127.  This activated sugar can 

then undergo SN2 nucleophilic substitution with a nucleobase to afford 123.436,439,446,447  

Some selected examples of synthesised 1'-homo-N-nucleosides that have demonstrated 

biological activity are presented below. 
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5.1.1.2 Biologically Active 1'-Homo-N-nucleosides 

Hossain et al.439 synthesised 2'-deoxy-1'-homo-N-nucleoside analogues of adenine, 

guanine, cytosine and thymine, which were evaluated for inhibitory activity against a 

range of viruses.  While the cytosine and thymine derivatives were found to be inactive 

against all viral strains screened, the adenine 130 and guanine 131 derivatives (Figure 

57) displayed antiviral activity against herpes simplex viruses-1 and -2, with no 

cytotoxicity observed.447 

 

  

 HSV-1 IC50 = 20 µg/mL 
HSV-2 IC50 = 6 µg/mL 
CC50 > 400 µg/mL 

 HSV-1 IC50 = 5 µg/mL 
HSV-2 IC50 = 5 µg/mL 
CC50 > 400 µg/mL 

Figure 57.  2'-Deoxy-1'-homo-N-nucleoside analogues 130 and 131, with HSV-1 and -2 
inhibitory values and cellular cytoxicity data.447 
 

The synthesis of a library of 2'-deoxy-1'-homo-N-nucleosides, including with oxidised 

and thiol-containing nucleobases, was reported by Saladino et al.436  These analogues 

were evaluated as inhibitors of influenza A/PR8/H1N1 virus replication, with the most 

promising of these, the adenine-based analogue 130 previously reported by Hossain et 

al.,439 as well as the novel analogue 132 (Figure 58), active at IC50 concentrations of 25 

to 50 µg/mL.436 

 
IC50 = 49.3 µg/mL 

 
IC50 = 25.2 µg/mL 

Figure 58.  Selected 2'-deoxy-1'-homo-N-nucleoside analogues 130 and 132 that exhibited 
antiviral activity against influenza A virus.436 
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An extensive SAR study was performed by Lee and co-workers455 in developing 

inhibitors of E. coli methionyl-tRNA synthetase (MetRS).  Among the compounds 

evaluated, a 1'-homo-N-nucleoside based on a 2,5-anhydroallitol template with a C-6 

methionine functionality, 133, produced an E. coli MetRS IC50 value of 3.6 µM (Figure 

59).455  Additionally, a range of 1'-homo-N-nucleoside-based inhibitors of the bacterial 

transferase MraY was investigated by Lecerclé et al.451  The most active inhibitor was 

found to be the 2,5-anhydroglucitol-based 1'-homo-N-nucleoside 134, with an IC50 of 

580 µM (Figure 59).451 

 

 
IC50 = 3.6 µM 

 
IC50 = 580 µM 

Figure 59.  1'-Homo-N-nucleoside inhibitors of the E. coli MetRS 133455 and bacterial 
transferase MraY 134.451 

 

Exploring a greater structural diversity of 1'-homo-N-nucleosides, NIs with alternative 

scaffolds in place of the sugar moiety have also been evaluated, as reviewed by 

Wróblewski et al.,435 with some notable examples shown in Figure 60.  A cyclopentane 

scaffold has been utilised to form 1'-homocarbanucleosides 135,456 found to inhibit 

cytomegalovirus (CMV), and 136 which displayed anticancer activity.457  A 

cyclopenta(c)pyrazole scaffold has been utilised to synthesise inhibitors of CMV and 

varicella-zoster virus (VZV), 137 and 138, which are almost as potent as the clinical 

treatment for CMV, ganciclovir (IC50 = 0.25 µM).458 
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CMV IC50 = > 5 µg/mL 
L1210/0, Molt4/C8 and        
CEM/0 cell lines                   
IC50 = 65.9 -158 µg/mL 

HCV EC50 = 16.1 µM                  
CCRF-CEM IC50 = 5.73 µM 
CC50 = 72.4 µM 

  

CMV IC50 = 0.50 µM 
VZV IC50 = 0.50 µM 

CMV IC50 = 0.44 µM                                                           
VZV IC50 = 0.39 µM 

Figure 60.  1'-Homo-N-nucleoside analogues based on scaffolds other than 2,5-anhydro-sugars 
displaying biological activity against cytomegalovirus (CMV), varicella zoster virus (VZV), 
HCV and cancer cell lines (L1210/0, Molt4/C8, CEM/0 and CCRF-CEM). 
 

Conformationally constrained 1'-homonucleosides based on carbocyclic nucleosides 

annulated with aromatic rings have been reported by Dejmek et al.459  One example is 

the conformationally ‘locked’ homonucleoside analogue, 139, which bears a 1',4'-bridge 

consisting of an annulated naphthalene ring, and exhibits anti-HCV and anticancer 

activity (CCRF-CEM cell line), although it did display cytotoxicity as well (Figure 60). 

 

5.1.1.3 Fructofuranoside and Ketofuranoside-based Nucleoside 
Analogues and 1'-Homo-N-nucleosides  

As can be seen from the discussion in Section 5.1.1.1, there is a significant advantage in 

approaching the synthesis of 1'-homo-N-nucleosides from a six-carbon sugar scaffold, 

avoiding the need for creating a new carbon-carbon bond.  Within the von Itzstein group 

there has also been an interest in the synthesis of 1'-homo-N-nucleosides from 

commercially inexpensive materials, such as D-fructose 48.  The previously reported 



 160 

series of methyl 3',4'-anhydro-α-D-tagatofuranoside-based 1'-homo-N-nucleosides 

(Figure 61) were functionalised at C-6' to furnish a library of sialylmimetics 140, as 

probes of CMP-sialic acid synthetase.460   

 

  

Figure 61.  Structure of α-D-fructofuranose 48 and general structure of methyl 3',4'-anhydro-
α-D-tagatofuranoside sialylmimetic 1'-homo-N-nucleosides 140 synthesised from D-fructose.460  
R1 = natural or modified nucleobase (cytosine, uracil, 5-fluorouracil); R2 = Me, Et or Ph group. 
 

There are a number of examples of the use of fructose and other ketose sugars as 

templates for the synthesis of nucleoside analogues, although the majority of them are 

not homonucleosides.  A brief overview of both the nucleoside and 1'-homo-

N-nucleosides analogues derived from ketose sugars is given in the following section. 

 

5.1.1.3.1 Fructofuranoside and Ketofuranoside-based Nucleoside Analogues 

There are reports of ketose-based nucleoside analogues with the nucleobase tethered to 

the anomeric (C-2) position, forming the natural nucleoside N-glycosidic linkage.  Reist 

and co-workers461 presented the first known condensation of fructose 48 with a 

nucleobase when reporting the synthesis of 9-(α-D-fructofuranosyl)adenine 141 and 

9-(β-D-fructopyranosyl)adenine 142, as depicted in Figure 62. 

 

  

Figure 62.  Fructoside-based nucleoside analogues 141 and 142, synthesised by Reist et al.461 

 

Psicose, a ketosugar with a ribo-configured carbohydrate ring (the C-3 epimer of 

fructose), has been found in a naturally occurring nucleoside analogue, psicofuranine, 
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9-(β-D-psicofuranosyl)adenine 143.462  Psicofuranine 143 is a nucleoside analogue 

produced in the fermentation process of Streptomyces hygroscopicus var. decoyicus, 

and has been found to have antibacterial and antitumor activity.463  The synthesis of the 

related psicouridine, 1-(β-D-psicofuranosyl)uracil 144, and its C-1 chain elongated 

derivative have also been reported.464 

 

  

  

Figure 63.  A selection of psicofuranoside-based nucleoside analogues reported in the 
literature.463-466 
 

Psicose has also been employed for the synthesis of conformationally restricted 

nucleoside analogues, with guanine-based 1',3'-anhydro-β-D-psicofuranoside derivative 

145465 and uracil-based 1',3'-anhydro-3'-C-methyl-β-D-psicofuranoside derivative 146466 

synthesised and evaluated for anti-HCV activity (Figure 63).466  Neither 145 nor 146 

were found to inhibit HCV in a whole-cell replicon assay, however the 6'-triphosphate 

of 145 displayed modest inhibition of the HCV NS5B 1b wild type polymerase (IC50 = 

10 µM).466 

 

5.1.1.3.2 Fructofuranoside and Ketofuranoside-based 1'-Homo-N-nucleosides 

Beyond the research undertaken within the von Itzstein group, there are a small number 

of studies that report ketose-based homo-N-nucleoside analogues.  For example, while 

not a 1'-homonucleoside, the related 5'-homonucleoside 6-adenyl-6-deoxy-D-fructose 

147 does feature a methylene bridge between C-5 of the fructose moiety and the 
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adenine nucleobase, making it a ‘reversed homonucleoside’.  The chemoenzymatic 

synthesis of 147 was reported by Wong and Liu.467,468 

 

 
 

There are also two examples of 1'-homo-N-nucleosides derived from a ketose template.  

The psicose-based 1'-homo-N-nucleoside, methyl 1'-deoxy-1'-(N1-thyminyl)-β-D-

psicofuranoside 148 (Figure 64), was unintentionally produced during synthetic efforts 

towards 1',3'-anhydro-β-D-psicofuranoside nucleosides,469 with the structure confirmed 

by an X-ray crystal structure.470  More recently, a phenyl 2'-methoxy-β-D-

psicofuranoside-based 1'-homo-N-nucleoside 149 (Figure 64) was synthesised by 

Tanaguchi et al.471 and incorporated into a triplex forming oligonucleotide.  This 

oligonucleotide was found to stabilise the formation of triplex DNA, which may play a 

role in gene targeting and regulation.471  The enhanced stability and selectivity of triplex 

DNA formation is thought to arise from the increased flexibility provided by the 

1'-homo-N-nucleoside incorporated in the oligonucleotide.471 

 

  

Figure 64.  Psicofuranoside-based 1'-homo-N-nucleoside analogues 148 and 149 reported in 
the literature.470,471 

 

Given the encouraging results obtained from the biological evaluation of synthesised 

1'-homo-N-nucleosides reported in the literature to date (Section 5.1.1.2), we decided to 

utilise the von Itzstein group methodology to access methyl α-D-fructofuranoside-based 

1'-homo-N-nucleoside analogues,460 and apply it to the challenge of developing 

inhibitors against the RdRp of DENV, and potentially other viruses.  Building upon our 
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reported chemistry,460 and in particular the key 3,4-epoxide intermediate, we envisaged 

the development of a library of methyl α-D-fructofuranoside-based 1'-homo-

N-nucleosides with modifications at C-4' and a variety of nucleobases or 4-substituted-

1,2,3-triazole analogues at C-1', as shown in Figure 65.   

 

 

Figure 65.  General structure of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 
analogues 150.  R1 = nucleobase or a 4-substituted 1,2,3-triazole; R2 = variable functionalities. 
 

5.1.2 1,2,3-Triazoles in Nucleoside Analogues 

The 1,2,3-triazole moiety has attracted growing interest in the field of medicinal 

chemistry and drug discovery in recent times.472  This is due to the ease and reliability of 

the synthesis of the 1,2,3-triazole unit (which was reviewed in Section 3.1.2.1), as well 

as its use as a linker and isostere of aromatic and heteroaromatic rings and double 

bonds.  Additionally, compounds containing 1,2,3-triazole groups have displayed 

promising biological activities, and have been reported to act as antibacterial, antiviral, 

antifungal and anticancer agents.472   In recent years there has been significant interest in 

incorporating 1,2,3-triazoles into NIs, as reviewed recently by Raić-Malić and 

Meščić.473   

  

Nucleoside analogues containing a 1,2,3-triazole moiety have been found to possess 

favourable physicochemical properties, including forming π-π stacking interactions, and 

possessing a large dipole moment, which gives rise to atoms that are able to act as a 

hydrogen bond donor (H-5) or acceptor (N-2 and N-3), as well as coordinating to metal 

ions.473  Such characteristics assist with binding to biological targets and improving 

solubility.  Additionally, 1,2,3-triazoles are extremely stable, being both metabolically 

and chemically inert, and show resistance to hydrolysis, oxidation and reduction, even 

at high temperatures.473 
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Following on from the success of the antiviral 1,2,4-triazole-containing nucleoside 

analogue ribavirin (for structure, see Figure 66) there has been a vast array of 

1,2,3-triazole-containing nucleoside analogues synthesised.473  These 1,2,3-triazole-

containing nucleoside analogues can be generally classified by two criteria: the overall 

arrangement of the triazole, sugar/sugar mimetic and nucleobase elements; and whether 

the sugar/sugar mimetic or nucleobase is connected to the triazole through N-1 (or 

through C-4/C-5).473  Seven representative classes of 1,2,3-triazole-containing 

nucleoside analogues reported in the literature are depicted in Table 10.  Class 1 

includes 1,2,3-triazole nucleosides, carbonucleosides and acyclonucleosides.  These are 

nucleoside analogues in which the nucleobase is replaced with a 1,2,3-triazole 

(nucleobase surrogate).  Class 2 nucleoside analogues are 1,2,3-triazole nucleoside 

conjugates which consist of a linked sugar/sugar mimetic and nucleobase, with the 

1,2,3-triazole attached to either the nucleobase or the sugar/sugar mimetic ring.473  Class 

3 nucleoside analogues are 1,2,3-triazole tethered nucleosides, which place the 

1,2,3-triazole as a linker between the sugar/sugar mimetic and the nucleobase.473 

 

Table 10.  Types of 1,2,3-triazole-containing nucleoside analogues. ‘Sugar’ represents the 
sugar or sugar mimetic, and ‘Base’ represents the nucleobase.  Adapted from Raić-Malić et 
al.473 

 
Class 1 

1,2,3-triazole 
nucleosides 

Class 2 
1,2,3-triaole nucleoside conjugates 

Class 3 
1,2,3-triazole 

tethered 
nucleosides 

 Direct Sugar-triazole 
connection 

Triazole attached      
to Base 

Triazole attached 
to Sugar ring 

Triazole linker 
between Base and 

Sugar 

Connected 
at N-1 of 
triazole 

 
  

Connected 
at C-4 or    

C-5 of 
triazole  
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There is solid evidence in the literature that 1,2,3-triazole nucleosides, where the 

1,2,3-triazole moiety is utilised as a nucleobase surrogate (Class 1), can display 

antiviral, antibacterial and anticancer activity.473  Furthermore, 1,2,3-triazole nucleoside 

conjugates are also an interesting area of nucleoside analogue research, as this group 

attached at the 3' or 5' positions of the sugar moiety can mimic the phosphodiester 

linkage between nucleoside moieties.474 

 

5.1.2.1 1,2,3-Triazoles as Nucleobase Surrogates 

Azole nucleoside analogues have proven to be clinically successful, particularly 

carboxamide-substituted derivatives such as ribavirin 151 (antiviral),475 acadesine 152 

(anticancer),476 mizoribine 153 (immunosuppressive and antiviral),477 and a natural 

product isolated from the fermentation of Streptomyces candidus, pyrazofurin 154 

(antibiotic),478 shown in Figure 66.  Ribavirin 151 was first reported as a broad-spectrum 

antiviral in 1972,475 and is currently used in the therapeutic regime for the treatment of 

HCV infection.479  

 

   

Figure 66.  Azole carboxamide nucleoside analogues ribavirin 151, acadesine 152, mizoribine 
153 and pyrazofurin 154. 

 

The effective and broad spectrum antiviral activity of ribavirin 151 is considered to be 

the inspiration for the development of 1,2,3-triazole-based nucleosides analogues,473 and 

not surprisingly, 1,2,3-triazole analogues of ribavirin have been explored.  The ribo- 

and arabino-configured 1,2,3-triazole-4-carboxamide nucleoside analogues, 155480 and 

156,481 respectively (Figure 67), were synthesised as bioisosteres of pyrazomycin 154 

and ribavirin 151.  Early reports stated that both 155 and 156 displayed antiviral 

activity, with 156 also being cytotoxic,481 while a more recent study found that 155 was 

inactive (IC50 >1000 µM) against K562, HeLa and HUVEC cell lines.482 
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Figure 67.  Ribose- and arabinose-based 1,2,3-triazole-4-carboxamide nucleoside analogues 
155 and 156, respectively, and the 1,2,4-triazole-3-carboxamide-based 1'-homo-N-nucleoside 
analogue 157. 
 

In the exploration of ribavirin analogues, a 1,2,4-triazole-3-carboxamide-containing 

1'-homo-N-nucleoside 157 (Figure 67) was synthesised by Chun et al.,483 although the 

biological activity of this nucleoside analogue was not reported.  There have also been a 

small number of reports of the synthesis and biological evaluation of 1,2,3-triazole-

containing 1'-homo-N-nucleosides.  Goeminne et al.484 synthesised a library of allitol-

based 4-substituted, 5-sustituted and 4,5-disubstituted 1,2,3-triazole-containing 

1'-homo-N-nucleosides, with both methylene and ethylene bridges between the sugar 

and triazole moieties (Figure 68).  These were evaluated against protozoal nucleoside 

hydrolase,484 where the series of ethylene-bridged inhibitors was found to be most 

potent.  For example, one particular 4,5-disubstituted derivative of 158 (n = 2, R1 = Ph, 

R2 = Me) displayed a Ki of 2.3 µM, while the analogous methylene-bridged derivative 

(n = 1) was 40 times less active.484  Furthermore, a range of glucitol-based 

1,2,3-triazole-containing 1'-homo-N-nucleosides 159 (Figure 68) were synthesised485 

and evaluated against influenza A virus and human parainfluenza virus type-3, although 

no inhibitory activity was observed.485,486  

 

  

Figure 68.  1,2,3-Triazole-containing 1'-homo-N-nucleosides 158 and 159.  R1 and R2 = H, 
Me, Ph, 2-pyridinyl; n = 1, 2;484 R3 = various groups; R4 = H, SO3H.485,486 
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5.1.2.2 1,2,3-Triazoles as Phosphodiester Linkage Mimetics 

The incorporation of a 1,2,3-triazole at C-3' of ribonucleoside analogues has been 

utilised to provide a linker to introduce functionality at this position.  In addition, a 

triazole at C-3' has been used as a mimic or replacement of a phosphodiester linkage,487 

as in the example 160 (Figure 69).  The advantage of the 1,2,3-triazole ring is that it is 

considered to be a three- or four-atom spacer, which is analogous to the internucleoside 

linkage in a natural phosphodiester-linked dinucleotide 161.474  When removing the 

polyanionic nature of the phosphate backbone there will be an impact on the polarity 

and basicity of the resultant modified oligonucleotide, and it is envisaged that there may 

also be increased resistance to hydrolysis, and potentially improved cell penetration and 

target binding.474 

Figure 69.  A general representation of a dinucleotide with a natural phosphodiester linkage 
161, and the 2'-deoxyribonucleoside analogues incorporating a 1,2,3-triazole group at C-3', 160 
and 162.474,488  PG = protective group; R1 = OH, H; R2 = variable groups. 

One of the first examples of a library of C-3' 1,2,3-triazole nucleoside conjugates being 

synthesised was the thymidine-based 2'-deoxyribonucleoside analogues 162 (Figure 

69), which were evaluated against a broad range of viruses.488  However, no activity was 

observed in viral replication assays, and it was postulated that this could be due to 

difficulty in the essential 5'-OH phosphorylation step carried out by cellular or viral 

kinases.488 

There have also been reports of the synthesis of C-3' 1,2,3-triazole ribonucleoside 

conjugates.  The modified adenine-based nucleoside analogue 163 was found to be a A3 

adenine receptor antagonist.489  A series of ‘double-headed’ nucleoside analogues of 
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structure 164 (Figure 70) were synthesised and evaluated against RNase A, with the 

1,2,3-triazole-linked pyrimidines displaying potent inhibition, with Ki values in the µM 

range.490 

 

 

 
 

 

Figure 70.  Ribonucleoside-based C-3' 1,2,3-triazole nucleoside conjugates 163 and 164.  Base 
= nucleobase or modified nucleobase. 

 

Based on the encouraging results in the growing area of 1,2,3-triazole-containing 

nucleoside analogues,473 the 1,2,3-triazole moiety was utilised in our development of 

fructose-based nucleoside analogues.  4-Substituted 1,2,3-triazole groups were 

incorporated in the place of the nucleobase (Class 1 type analogues; see Table 10), with 

a particular emphasis on 1,2,3-triazole-4-carboxamide nucleoside analogues.  

Furthermore, a number of 1'-homo-N-nucleoside conjugates with a 1,2,3-triazole 

substitution at C-4' (Class 2 type) were also explored. 

 

5.1.3 Project Aims 

There is currently a lack of specific chemotherapeutic treatment for DENV.  In terms of 

drug development, the viral RdRp is a promising strategy for anti-DENV drug 

discovery due to its essential role in viral RNA synthesis and being the most highly 

conserved of the Flaviviral proteins.  As a template for the development of new 

1'-homo-N-nucleoside analogues against the DENV RdRp, we took advantage of the 

methyl α-D-fructofuranoside template as being a six-carbon furanose template with the 

methylene bridge carbon already in place, and being readily accessible from the starting 

material sucrose.  Combining the anti-microbial and anticancer activity observed for 

1'-homo-N-nucleosides, with the ease of synthesis and bioactivity observed for 1,2,3-
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triazoles as nucleobase surrogates, a suite of nucleoside analogues was designed.  

Therefore, the fourth project undertaken in this thesis was the synthesis of methyl α-D-

fructofuranoside-based 1'-homo-N-nucleoside analogues, and their biological evaluation 

against viruses.  This work involved: 

1. The synthesis of a library of methyl α-D-fructofuranoside-based 1'-homo-

N-nucleosides starting from sucrose, including:

a. the functionalisation of this library of nucleoside analogues at C-1' with

cytosine or 4-substituted 1,2,3-triazole moieties

b. the utilisation of a 3',4'-epoxide and subsequent epoxide opening to

introduce variable functionalities at C-4'

2. The biological evaluation of the synthesised nucleoside analogues for antiviral

activity as well as mammalian cell cytotoxicity

5.2 Design and Synthetic Approach Towards Methyl α-D-
Fructofuranoside-based 1'-Homo-N-nucleoside Analogues 

The potential value of methyl α-D-fructofuranoside as a template for 1'-homo-

N-nucleoside analogues was evaluated through a review of the literature of nucleoside

analogues with similar structural features.  From this, a library of nucleoside analogues 

was designed, with variable functionality proposed at the ‘nucleobase’ position, as well 

as on C-4' of the methyl α-D-fructofuranoside moiety. 

5.2.1 Methyl α-D-Fructofuranoside as a Template for 1'-Homo-
N-nucleoside Analogues

α-D-Fructofuranose 48 is an advantageous template for the synthesis of 1'-homo-

N-nucleoside analogues, as the requisite C-1 exocyclic hydroxymethyl group is already

present.  To maintain the conformation and the furanose ring form, however the 

anomeric hydroxyl group must be converted to a glycoside.  It is important to 

acknowledge the two major differences between the methyl α-D-fructofuranoside 

template 150 and 1'-homo-N-nucleoside analogues of a ribonucleoside 123: the inverse 

stereochemistry at the fructofuranoside C-3' (coloured blue in Figure 71) and the 

presence of the methyl glycoside at C-2' (coloured red in Figure 71).  
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Figure 71.  The methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside analogue template 
150, compared to α-D-fructofuranose 48 and the 1'-homo-N-nucleoside analogue of a 
ribonucleoside, 123.  R1 = nucleobase or 4-substituted 1,2,3-triazole for 150; R2 = variable 
functionality; Base = nucleobase. 

There is evidence to support that these variations could be accommodated by 

Flaviviridae RdRp catalytic sites.  With regard to the configuration at C-3', nucleoside 

analogues with an arabino-configured furanose ring have exhibited good antiviral 

activity (discussed in the following Section, 5.2.1.1).  With regard to the steric 

requirement of the methyl glycoside of 150, and in silico visualisation of a HCV RdRp, 

used as a homologue for DENV RdRp, with a nucleotide complexed in the catalytic 

site, indicated that a methyl glycoside could potentially be accommodated at this site of 

the enzyme (see Section 5.2.1.2). 

5.2.1.1 Arabino-configured Nucleoside Analogues 

Perhaps the most well known arabino-configured NI is cytarabine 165 (Figure 72), 

which is utilised for the treatment of acute myeloblastic leukaemia.491,492  Furthermore, 

following the discovery of 4'-azidocytidine 166 as a potent inhibitor of HCV, 

derivatives were synthesised and evaluated for anti-HCV activity and SAR.200  The 

arabino-configured analogue 167 was found to be equipotent with the ribo-configured 

166 (Figure 72).200   

Figure 72.  Examples of arabino- and ribo-configured NIs: cytarabine 165,491,492 and the anti-
HCV 4'-azido-substituted NIs, 4'-azidocytidine 166 and 4'-azidoarabinocytidine 167.200 
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Recently, Fung et al.493 conducted a thorough mechanistic investigation into the effect 

of substitution at the 2'-position of UTP-based nucleotide analogues on HCV RdRp 

activity.  This work studied the effect of 2'-substitution on the efficiency of 

incorporation of the modified nucleotide analogues into a 10-mer RNA chain by the 

HCV RdRp elongation complex, as well as investigating the effect on chain termination 

or the efficiency of incorporating the next correct nucleotide.  It was found that the 

2'-arabino-UTP substrate 168 (Figure 73) was less efficiently incorporated into a 

growing RNA chain by the elongation complex than other 2'-modified UTP derivatives.  

However, it was clearly proven to be a successful NI as it was able to completely 

prevent RNA chain extension of an 11-mer RNA strand.  

 

   

Figure 73.  Nucleotide analogue arabino-uridine triphosphate 168, HCV substrate uridine 
triphosphate 169, and the NI, sofosbuvir 170.  TP = triphosphate moiety; P = phosphoramidate 
moiety. 
 

The mechanism of chain termination by 168 was found to be due to a substantial 

reduction in efficiency of incorporating the next incoming nucleotide (13,000 fold less) 

compared to UTP 169 (Figure 73).  With an IC50 value determined to be 2.8 µM, 168 

was only ten-fold less potent than 2'-fluoro-2'-C-methyl UTP, the active triphosphate 

form of the clinical anti-HCV NI prodrug, sofosbuvir 170 (IC50 value of 0.21 µM).493  

From the studies described, it is apparent that arabino-configured NIs make important 

and worthwhile contributions to the search for biologically active nucleoside analogues. 

 

5.2.1.2 Accommodation of Methyl Glycoside or Other Substituents at C-2' 

Investigating whether the anomeric methoxy group of the methyl fructofuranoside-

based template would be able to be accommodated in the Flaviviridae RdRp active site, 

was of great interest.  Therefore, we sought to understand the 3-dimensional 
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environment around a complexed natural nucleotide or nucleoside analogue in the RdRp 

active site.   

 

5.2.1.2.1 Visualisation of UTP in the HCV NS5B Catalytic Site 

When our study of nucleoside analogues began, there was no published crystal structure 

of DENV RdRp.  A crystal structure of DENV RdRp in complex with NI 3'dGTP was 

subsequently reported, however only the triphosphate moiety of the nucleotide was well 

defined.164  Additionally, the inhibitor was located in the priming loop, approximately 

7 Å away from the catalytic site.164  However, the HCV NS5B is considered to be 

homologous to DENV RdRp (discussed in Section 1.1.1.8.1), with the two catalytic 

sites displaying a high level of 3D similarity when superimposed, and the full RdRp 

domains having an RMS deviation of ~1.7 Å.164  Accordingly, the crystal structure of 

HCV NS5B in complex with UTP 169 (Figure 74a) located in the catalytic site (PDB 

1GX6)494 was used as a basis for analysing whether a 1'-homo-N-nucleoside with a 

methyl glycoside group could be accommodated in the RdRp catalytic site.  Astex 

Viewer software495 was employed for visualisation of this complex (Figure 74b). 

 

      

Figure 74.  Visualisation of UTP 169 in complex with HCV RdRp to investigate whether the 
methyl α-D-fructofuranoside template could be accommodated.  a) Structure of UTP 169; b) 
complex of 169 in the HCV RdRp active site (PDB 1GX6) showing the space around UTP C-1' 
(equivalent to C-2' in methyl fructofuranoside-based NIs) that could potentially accommodate 
an additional methoxy group.  Image prepared using Astex Viewer software,495 courtesy of 
Jeffrey Dyason, Institute for Glycomics, 2015. 
 

The visualisation exercise with the UTP:HCV RdRp crystal structure (Figure 74b), 

produced a number of observations about the space available for the potential 1'-homo-

N-nucleoside analogue binding.  It was found that there is likely to be adequate space 

for the anomeric methoxy group in the vicinity of C-1' of bound UTP 169, but nothing 

larger.  Importantly, it was apparent that an extra methylene between the UTP 169 C-1' 

a              b 
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and the nucleobase could be accommodated.  Around C-3' there was observed to be the 

space to fit larger groups, which is not unexpected, as this is where the incoming 

nucleotides would be approaching.  However, at C-2' only a hydroxyl group or a small 

alkyl group would be suitable.  Hydrogen bonding of the C2'-OH group with the side 

chain of Asp225 is an important interaction thought to confer specificity to 

ribonucleosides,494 therefore care must be taken with modifications at this location.  

However, as discussed in Section 5.2.1.1, there are numerous literature examples of 

nucleoside analogues with inversion at this location that display good biological 

activity.  Although these preliminary visualisation observations are quite basic, they are 

in agreement with the published SAR for ribonucleoside analogues against HCV 

RdRp.194  It should be noted that care must be taken when using HCV RdRp as a DENV 

RdRp homologue, as it has been postulated that the chemical space for inhibitors of 

DENV RdRp is smaller than that of HCV RdRp,179 as discussed in Section 1.1.1.8.2.3. 

 

5.2.1.2.2 Substituents at C-1' of Nucleoside Analogues 

In support of the strategy of employing a methyl α-D-fructofuranoside-based nucleoside 

analogue template are the published ketofuranoside-based nucleoside and 1'-homo-

N-nucleoside analogues, reviewed in Section 5.1.1.3.  In addition, there are literature 

reports of C-1'-substituted ribonucleoside analogues, particularly C-1' cyano 

derivatives, with this electron-withdrawing group found to strengthen the N-glycosidic 

bond.496  The arabino-configured cytidine derivative 171 (Figure 75) displayed 

anticancer, but not antiviral (HSV-1) activity, while the 2'-deoxy derivative was potent 

as both an anticancer and antiviral agent.497  Kirschberg et al.498 investigated the 

biological activity of a range of nucleoside analogues with a cyano group at C-1'.  The 

cytidine derivative 172 (Figure 75) showed the most promise.  Although the nucleoside 

analogue (R1 = H) did not show any activity in a subgenomic replicon system, the 

triphosphate was active (IC50 = 57 µM with HCV genotype 1b NS5B recombinant 

protein), and the phosphoramidate prodrug demonstrated good anti-HCV activity (EC50 

= 2.9, 17.6 and 2.3 µM in replicon cells harbouring subgenomic HCV genotype 1a, 1b 

and 2b, respectively) with no cellular cytotoxicity (CC50 > 89 µM).498  The related 

2'-hydroxy derivative 173499 was also evaluated as the triphosphate form, which 

displayed an improved anti-HCV activity compared to 172 (IC50 = 17.7 µM).498  This 

study demonstrated that a small C-1' substituent was well tolerated by HCV RdRp.  

However, these densely functionalised nucleoside analogues show greater difficulty in 
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being phosphorylated to the 5'-monophosphate by cellular kinases.  A phosphoramidate 

prodrug approach proved beneficial in overcoming this problem.498   

 

    

Figure 75.  C-1'-Substituted nucleoside analogues 171, 172 and 173.  R1 = H, triphosphate or 
phosphoramidate prodrug group. 

 

Sommadossi et al.500 synthesised C-1' methyl functionalised nucleoside analogues of 

structure 174 (Figure 76) as antiviral agents against Flaviviruses and Pestiviruses.  

Biological evaluation showed that the adenine derivative 175 was active against BVDV 

(EC50 = 10 µM), and yellow fever virus (EC50 = 7.0 µM).  It was also found to be more 

potent than ribavirin 151 (EC50 = 30 µM) against yellow fever virus, however less 

potent than the 2'-C-methyl analogue 176 (EC50 = 0.2 µM).500 

 

    

Figure 76.  C-1' Methyl substituted nucleoside analogues 174, 175 and 176.  Base = 
nucleobase. 

 

The overview of the space available around UTP complexed in the HCV RdRp catalytic 

site, in conjunction with reported activity for C-1'-substituted nucleoside analogues 

against Flaviviridae family members, supports the investigation of methyl α-D-

fructofuranoside-based 1'-homo-N-nucleosides as potential inhibitors against DENV 

RdRp.  A library of target compounds was designed incorporating modifications at two 

key positions: the ‘nucleobase’ at C-1', and the substituent at C-4' (or both C-3' and -4' 

in the case of 3',4'-epoxides).  The modification of these positions capitalised on our 
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previous experience in the synthesis of methyl 3',4'-anhydro-α-D-fructofuranoside-

based 1'-homo-N-nucleoside sialylmimetics.460  The synthetic strategies focussed on the 

diversification to a range of functionalities from key synthetic intermediates.   

 

5.2.2 Cytosine and 4-Substituted 1,2,3-Triazole Groups at C-1' 

In planning a library of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 

analogues, it was envisaged that there would be two distinct series based on the moiety 

at C-1': cytosine 177 (Figure 77) as a representative nucleobase, and 4-substituted 

1,2,3-triazoles linked through N-1 to the sugar moiety acting as nucleobase surrogates 

(discussed in Section 5.1.2.1).  For this first investigation of the utility of a 

1,2,3-triazole substituent on the novel α-D-fructofuranose-based 1'-homo-N-nucleoside 

150, the groups chosen at C-4 of the triazole were predominantly small, polar groups.  

Of particular interest was the ‘ribavirin-like’ 1,2,3-triazole-4-carboxamide 178.  Also 

chosen was the corresponding 4-(ethoxycarbonyl) derivative 179, and for contrast, the 

more hydrophobic 4-(N,N-diethylmethylamine) derivative 180 (Figure 77). 

 

    

Figure 77.  C-1'-substituents used in the series of methyl α-D-fructofuranoside-based 1'-homo-
N-nucleoside analogues: cytosine 177, and 4-substituted 1,2,3-triazoles 178, 179 and 180. 
 

In this investigation, cytosine was selected as the exemplar nucleobase based on the 

encouraging results observed for successful cytidine-based nucleoside analogues against 

HCV and DENV, with a number of these having progressed to clinical trials.  

Balapiravir 181, an ester prodrug of 4'-azidocytidine (Figure 78), is active in vitro 

against both DENV (EC50 = 1.9 – 11 µM)202 and HCV (IC50 = 1.28 µM).201  

2'-C-Methylcytidine 182 (Figure 78) was initially investigated for anti-HCV activity 

(triphosphate inhibition of HCV NS5B polymerase, IC50 = 3.8 µM).501  The 3'-O-valinyl 

ester prodrug of 182, valopicitabine,502 progressed to phase IIb clinical trials, however 

these were suspended by the FDA due to the safety and tolerance concerns arising from 

dose-related GI side-effects.186  More recently, 182 was found to inhibit DENV NS5 
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polymerase with an IC50 value of 19.3 µM, while 2'-fluorinated analogue 2'-deoxy-

2'-fluoro-2'-C-methylcytidine (also known as PSI-6130) 183 and the related uridine 

analogue sofosbuvir 170 did not (Figure 78).503  Interestingly, 182 also displays 

inhibitory activity against other viruses including fellow Flavivirus, yellow fever 

virus,504 in addition to norovirus505 and foot-and-mouth disease virus.506 

 

 

 

  

Figure 78.  Cytidine-based NIs 181, 182 and 183 and related derivatives 184 and 170 as 
inhibitors of DENV and HCV RdRps. 

 

The cytidine-based NI 183 (Figure 78) is a potent and specific anti-HCV inhibitor, with 

an EC90 value of 4.6 µM in a subgenomic HCV replicon assay.507  183 was found to be 

readily phosphorylated in vitro, and no mitochondrial or cytotoxicity was observed.507,508  

However, in hepatocytes 183 is deaminated to the uridine analogue 184, which did not 

possess inhibitory activity in an HCV subgenomic replicon assay.509  This lack of 

activity is thought to be due to inefficient phosphorylation, as the triphosphate of the 

uridine analogue 184 displays potent anti-HCV activity (IC50 0.52 µM).509  This led to 

the development of the only anti-HCV NI currently on the market, sofosbuvir 170, a 

phosphoramidate prodrug of 184 developed to circumvent the difficult conversion to the 

monophosphate intermediate, which has an EC90 value of 0.42 µM in a HCV replicon 

assay.510 
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5.2.3 Variable Substituents at C-4' 

Within the cytosine and 4-substituted 1,2,3-triazole series of nucleoside analogues, a 

number of substitutions were made at C-4'.  In this initial study the range included, in 

addition to the natural hydroxyl group, 3',4'-epoxide and 4'-substituted derivatives with 

differences in steric bulk and charge.  When removing the hydroxyl group at C-4', the 

nucleoside analogues become obligate chain terminators, as the hydroxyl group is no 

longer present to allow chain elongation. 

 

Synthetically, the 3',4'-epoxide functionality can be readily installed, while nucleophilic 

epoxide opening of epoxides at C-4' by a nitrogen nucleophile (amine or azide) provides 

a starting point for further functionalisation.  Derivative installed include amine, azide, 

4-substituted 1,2,3-triazole derivatives, acetamide and sulfonamide groups.  The 

4-substituted 1,2,3-triazole derivatives, as discussed in Section 5.1.2.2, may act as 

phosphodiester linkage mimetics.   

 

5.2.4 Retrosynthetic Analysis of Methyl α-D-Fructofuranoside-
based 1'-Homo-N-nucleosides 

Towards the synthesis of a library of methyl α-D-fructofuranoside-based 1'-homo-

N-nucleoside analogues of general structure 150, a retrosynthetic analysis was 

performed to evaluate the most appropriate synthetic approaches (Scheme 38).  

Utilising methyl α-D-fructofuranoside as a template, as described above, two series of 

nucleoside analogues were envisaged, with a cytosine nucleobase or a 4-substituted 

1,2,3-triazole group at C-1'.  Within these series, a range of derivatives consisting of 

unmodified, 3',4'-epoxide or 4'-substituted derivatives was desired.  
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Scheme 38.  Retrosynthetic analysis of potential approaches towards modified methyl α-D-
fructofuranoside-based 1'-homo-N-nucleosides 150.  R1 = cytosine or 4-substituted 
1,2,3-triazole; R2 = variable functionality; PG = protective group. 
 
The retrosynthetic analysis provided a number of pathways from which the target 

compounds of general structure 150 could be synthesised.  Fructose 48 or sucrose 188 

can be utilised to access the common intermediate 187, a 3',4'-epoxide derivative of a 

C-6'-protected methyl α-D-fructofuranoside.  Route a shows the installation of C-4' 

modifications in 185 from 187, before installation at C-1' of a nucleobase or a 

4-substituted 1,2,3-triazole moiety to form 150.  This approach would be advantageous 

if a range of different groups at C-1' were desired, and few C-4' modifications.  In route 

b, from the 187 intermediate, a nucleobase or 4-substituted 1,2,3-triazole is first 

incorporated to give the 186 analogue, followed by nucleophilic attack at C-4' of the 

3',4'-epoxide to generate target compounds of structure 150.  Route b is the preferred 

synthetic approach if a small number of groups at C-1' and a wider variety of C-4' 

modifications is desired.  Additionally, the presence of the 3',4'-epoxide is advantageous 

in route b as it functions as a diol protective group during the coupling reactions at C-1' 

utilised to install a nucleobase.  The 3',4'-epoxide can then be opened to introduce 
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functionality at C-4'.  Deprotected 3',4'-epoxides can also be utilised as target 

compounds, which may provide information on the dependence of antiviral activity on 

C-3' and C-4' hydroxyl groups.  As we envisaged a small number of nucleobase groups

(cytosine and 4-substituted 1,2,3-triazoles) to be incorporated, with a moderate number 

of C-4' modifications, the route b synthetic approach would be the most efficient option.  

5.3 Synthesis of Methyl α-D-Fructofuranoside-based 1'-Homo-
N-nucleoside Analogues

The general scheme proposed for the synthesis of unmodified, 3',4'-epoxide or 

4'-modified derivatives of the C-1' cytosine or 4-substituted 1,2,3-triazole series of 

general structures 189 and 190, respectively, is shown in Scheme 39.  This approach 

utilised a methyl α-D-fructofuranoside template 191 to allow the installation of a 

3,4-epoxide group.  The pathway diverges at this point to allow coupling via C-1 triflate 

192, either with a protected nucleobase to form 193, or installation of an azide (194) for 

1,2,3-triazole formation (195).  
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Scheme 39.  General approach towards the synthesis of methyl α-D-fructofuranoside-based 
1'-homo-N-nucleosides of the cytosine 189 and 4-substituted 1,2,3-triazole 190 series, starting 
from sucrose 188.  R1 = H, TBDPS; R2 = C(O)NH2, CO2Et, CO2H, CH2NEt2; R3 = OH, N3, NH2, 
4-substituted 1,2,3-triazole, NHAc, NTs; R4 = H, 3',4'-epoxide. 

 

In brief, the synthesis started with the chemistry described in the von Itzstein group’s 

earlier sialylmimetic synthesis work,460 with the preparation of a 3,4-epoxide derivative 

of methyl α-D-fructofuranoside.  In this work an alternative method for accessing the 

methyl α-D-fructofuranoside derivative 196 was employed.  Starting with sucrose 188, 

the method described by Hanaya et al.511 involved fission of the interglycosidic bond to 
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produce the methyl glycoside of α-D-fructofuranoside, as well as cyclic acetal 

protection of the C-1 and C-3 hydroxyl groups.   

 

To methyl 1,3-O-isopropylidene-α-D-fructofuranoside 196, a C-6 silyl protective group 

was installed, followed by hydrolysis of the 1,3-O-isopropylidene group to yield 191, 

which was then reacted to install the 3,4-epoxide, and then the C-1 O-triflate to furnish 

the key intermediate 192.  From this point, the cytosine series was accessed by 

installation of the nucleobase at C-1 to afford 193.  Alternatively, the 1-O-triflate 

intermediate 192 also allowed convenient access to the C-1 4-substituted 1,2,3-triazoles 

of the general structure 195 via C-1 azido derivative 194.  A number of 4-substituted 

1,2,3-triazoles were then installed.  The C-6 silyl protecting group was removed either 

before or after the 3',4'-epoxide opening, depending on the need for C-6' hydroxyl group 

protection during the subsequent chemistry to be undertaken.  From either the cytosine 

series intermediate 193 or 4-substituted 1,2,3-triazole series intermediate 195, the 

3',4'-epoxides were opened using a range of nucleophiles installing substituents at C-4', 

affording target compounds of structure 189 and 190. 

 

5.3.1 Synthesis of Methyl 1,3-O-Isopropylidene-α-D-
Fructofuranoside 

The first step towards synthesising methyl α-D-fructofuranoside-based 1'-homo-

N-nucleoside analogues is the formation of the methyl D-fructofuranoside template with 

a fixed α-anomeric configuration.  This can be achieved from the readily available 

starting materials D-fructose512 or sucrose.511  D-Fructose exists in solution as five 

tautomeric forms; α- and β-pyranoid, α- and β-furanoid, as well as the acyclic keto-

form (Scheme 40).513  The composition of tautomers is highly dependant on solvent and 

temperature, with the β-pyranose form predominant in water and pyridine,513,514 while 

the solvent DMSO favours the β-furanose tautomer.513  In all cases the keto-form is 

almost negligible, at approximately 0.5 to 1%.513 
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Scheme 40.  Tautomeric forms of D-fructose in solution.  Adapted from Lichtenthaler.513 
 

Reactions of D-fructose, including glycosidations, acylations and alkylations, result in a 

mixture of tautomeric products, in some cases, the presence of all five possible forms.513  

As a result of the often complex mixtures arising from five potential products, difficult 

purification procedures can have a detrimental effect on the yield of the major 

product.513  Regarding the tautomeric mixture of methyl glycosides of D-fructose 

produced under Fischer glycosidation conditions515 of mildly acidic methanol, Bethell 

and Ferrier516 found that the methyl glycosides were produced in a ratio of 3:46:25:26 

for the α-pyranoside, β-pyranoside, α-furanoside and β-furanoside, respectively.516  

This method favours formation of the methyl β-fructopyranoside product, while the α- 

and β-fructofuranoside products are present in equal amounts.516  Another glycosidation 

of D-fructose, utilising a silica-alumina catalyst, favours formation of methyl 

α-D-fructofuranoside (49% of the product mixture), while the β-D-furanoside and 

β-D-pyranoside products were formed in smaller amounts (14% and 34%, 

respectively).517 

 

In the synthesis of methyl α-D-fructofuranoside-based sialylmimetics previously 

reported by the von Itzstein group, the starting methyl α-D-fructofuranoside was 

accessed by glycosidation of D-fructose in methanol with acetyl chloride at room 

temperature.460  This afforded methyl α-D-fructofuranoside in 38% isolated yield, while 

also producing the corresponding β-anomer in 34% yield, as well as methyl 

β-D-fructopyranoside in 20% yield.460  Separation the desired α-D-furanoside in 

sufficient quantities for subsequent chemistry required large-scale Dowex 1 x 8-200 

(hydroxide form) resin ion exchange chromatography460 and was particularly time 

consuming.  We therefore sought an alternative synthetic method. 
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An alternative approach to synthesising a methyl α-D-fructofuranoside derivative, 

starting from sucrose 188, was first reported by Cortes-Garcia et al.518 and subsequently 

optimised by Hanaya and co-workers.511  This reaction exploits the fission of the 

sucrose interglycosidic bond under mildly acidic conditions.  When carried out in the 

presence of 2,2-dimethoxypropane, followed by per-O-acetylation, the reaction 

produces a variety of acetals of D-glucose, while only one major fructofuranoside 

product is isolated, being methyl 4,6-di-O-acetyl-1,3-O-isopropylidene-α-D-

fructofuranoside 197, in 36% yield (see Scheme 41).518  Revisiting this reaction, Hanaya 

et al.511 optimised variables such as solvent, temperature and time.  It was found that 

performing the reaction with an increased amount of acid catalyst, in 1,4-dioxane, at 

higher temperature, over a reduced reaction time, improved the yield of 197 to 68% 

(Scheme 41).511  Hanaya et al.511 also reacted D-fructose under the same reaction 

conditions and found that eight different products were formed, with the methyl 

1,3-O-isopropylidene-α-D-fructofuranoside derivative 197 only present as a minor 

component (7%).511 

 

 

Scheme 41.  Literature reports of the fission of sucrose 188 under acidic conditions to produce 
the methyl 1,3-O-isopropylidene-α-D-fructofuranoside derivative 197.  Reagents and 
Conditions: a) i) 2,2-dimethoxypropane, p-TsOH•H2O (0.3% w/v), DMF, rt, 36 h; ii) Ac2O, py., 
36%;518 b) i) 2,2-dimethoxypropane, p-TsOH•H2O (0.6% w/v), 1,4-dioxane, 80 °C, 2 h; 
ii) Ac2O, py., 68%.511 
 

The method for the acid-catalysed fission of sucrose has subsequently been employed 

for the synthesis of 6-modified α-D-fructofuranoside derivatives,511,519,520 

iminosugars,521,522 and thiosugars.519  For our synthetic approach, the advantage of this 

methodology is that the formation of the methyl 1,3-O-isopropylidene-α-D-

fructofuranoside derivative 197 is significantly higher yielding than the Fischer 

glycosidation of D-fructose utilised in our previous work,460 with greater ease of 

purification and protective groups already installed on the hydroxyl groups at C-1 and 

C-3.  This allowed for the subsequent installation of a protective group selectively at 

C-6. 
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In looking at syntheses of methyl 1,3-O-isopropylidene-α-D-fructofuranoside 196, it is 

interesting to note the recent work by Yu et al.523 in which 196 could be formed from 

both α- and β-methyl fructofuranosides 198 and 199.  Acetonation of either 

α-fructofuranoside 198, or the corresponding β-methyl glycoside 199, produced methyl 

1,3-O-isopropylidene-α-D-fructofuranoside 196 in 70 to 75% yield.  The formation of 

only the α-fructofuranoside from the β-configured starting material 199 is thought to be 

due to the inability of the trans-configured 1,3-diol of 199 to close to form the cyclic 

acetal, and the ability of the methyl glycoside of 199 to anomerise under the mildly 

acidic reaction conditions.  Given the production of the same product from both 199 and 

198, a two-step, ‘one-pot’ procedure was subsequently developed, which produced the 

α-methyl 1,3-O-isopropylidene derivative 196 directly from D-fructose 48 in 70% yield 

(Scheme 42).523 

 

 

Scheme 42.  Method for accessing methyl 1,3-O-isopropylidene-α-D-fructofuranoside 196 
directly from D-fructose 48, or via the methyl α- and β-glycosides 198 and 199.  Reagents and 
Conditions: a) p-TsOH (cat.), MeOH, rt, O/N, 80% yield (1:1, 198:199); 
b) 2,2-dimethoxypropane, p-TsOH (cat.), MeOH, 75%; c) i) p-TsOH (cat.), MeOH, rt, O/N; 
ii) then add 2,2-dimethoxypropane, rt, 40 min, 70%.  Adapted from Yu et al.523 

 

In this work, the synthesis of methyl 1,3-O-isopropylidene-α-D-fructofuranoside 196 

was performed under similar conditions to those described by Hanaya et al.511  By 

thoroughly drying the sucrose beforehand, the yield of 196 was increased to 77% 

(Scheme 43) compared to the literature reported 68% yield for the per-O-acetylated 

derivative 197 (Scheme 41).511   
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Scheme 43.  Synthesis of methyl 1,3-O-isopropylidene-α-D-fructofuranoside 196 from sucrose 
188. Reagents and Conditions: a) 2,2-dimethoxypropane, p-TsOH•H2O (0.6% w/v),
1,4-dioxane, 80 °C, 2 h, 77% yield.

The 1H NMR spectrum for 196 was in agreement with those reported for the 

corresponding per-O-acetylated derivative 197.511,518  The fused ring system of 196 

characteristically displays no observed coupling between H-3 and H-4 due to the 

dihedral angle of these protons being of approximately 90°, thus the lack of coupling 

constant for J3,4 confirmed this structure.518   

Cortes-Garcia et al.518 proposed a mechanism for the formation of 196 from the fission 

of sucrose (Scheme 44), which was supported by Hanaya et al.511  In this mechanism 

sucrose 188 is acetalated to form 200, followed by cleavage of the glycosidic bond in 

the presence of acid to afford acetals of D-glucose 201 and a D-fructofuranosyl 

oxocarbenium ion 202.  The oxocarbenium ion 202 could rearrange by one of two 

possible mechanisms.  In one pathway, the mixed acetal methoxy group of 202 could 

migrate to C-2 giving 203, followed by acetal ring closure to form the 

1,3-O-isopropylidene derivative 196.  Alternatively, the mechanism could proceed in 

the opposite order, whereby the 1,3-acetal is formed first giving 204, losing methanol 

from the mixed acetal in the process.  Methanol would then attack the anomeric carbon 

to form the methyl glycoside product 196.518  Exclusively the α-anomer is formed, 

which as Yu et al.523 found (vide supra), is due to the 1,3-O-isopropylidene acetal only 

able to form on the cis-diol, resulting in the installation of the methyl glycoside on the 

α-face of the ring. 
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Scheme 44.  Mechanism proposed by Cortes-Garcia et al.518 for formation of the methyl 
1,3-O-isopropylidene-α-D-fructofuranoside derivative 196 from sucrose via acid-catalysed 
fission of the interglycosidic bond.  Reagents and Conditions: a) 2,2-dimethoxypropane, 
p-TsOH•H2O, DMF, rt, 36 h.  Adapted from Cortes-Garcia et al.518 

 

5.3.2 6-O-Silylation of Methyl 1,3-O-Isopropylidene-α-D-
Fructofuranoside 

With the fixed α-anomeric configuration of the methyl fructofuranoside template now 

in place, the subsequent chemistry towards the key 3,4-anhydro-1-O-triflate 

intermediate 192 (Scheme 39) focussed on orthogonal protective group manipulation.  

The first step involved the selective installation of a protective group on the primary 

C-6 hydroxyl group, before the primary hydroxyl group at C-1 was unmasked when the 

1,3-O-isopropylidene was removed.  Without a C-6 protective group, the molecule 
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would possess two reactive primary hydroxyl groups, which would be likely to reduce 

regioselectivity during installation of the required C-1 triflate group. 

 

Silyl ethers have become widely employed in synthetic organic chemistry,524 and are 

among the most frequently used hydroxyl protective groups.252  Bulky silyl protective 

groups such as tert-butyldimethylsilyl (TBDMS), triisopropylsilyl (TIPS) and 

tert-butyldiphenylsilyl (TBDPS) ethers are highly selective for primary hydroxyl groups 

and can be easily installed from the corresponding chlorosilane.525  These groups are 

resistant to a range of reaction conditions, with the bulkier TBDPS ether approximately 

100 times more stable in acidic environments than a TBDMS group.252  These groups 

are cleaved to different extents under acidic and strongly basic conditions, however 

fluorine-based reagents such as tetra-n-butylammonium fluoride (TBAF) and 

pyridinium fluoride are highly efficient due to the stronger Si-F bond, which is 

30 cal/mol more stable than the Si-O bond.252,525 

 

The TBDMS group was our initial choice for the 6-O-silyl protective group, as it is 

reported to be stable to de-isopropylidenation conditions.252  The 6-O-TBDMS 

derivative 205 was reported in a patent describing the synthesis (but not subsequent 

de-O-isopropylidenation) of a range of 6-O-protected derivatives of 196.526  We 

followed the synthetic methodology of Chaudhary and Hernandez,527 which is reported 

to be selective for installing a TBDMS group on a primary hydroxyl in the presence of a 

secondary hydroxyl group.  Accordingly, the 6-O-TBDMS group was installed by 

reaction of 196 with TBDMS-Cl, Et3N and DMAP in DMF, affording the crude product 

205526 in 98% yield (Scheme 45).   

 

 

Scheme 45.  Selective 6-O-silylation reaction to afford 205.  Reagents and Conditions: 
a) TBDMS-Cl, Et3N, DMAP, DMF, 0 °C to rt, 16 h, 98% (crude yield). 

 

In the subsequent trial reaction to remove the isopropylidene group of 205, however the 

TBDMS protecting group was found to be also cleaved.  This was despite utilising 

conditions that have been reported to selectively remove an isopropylidene group in the 
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presence of an TBDMS group, such as 50% aq. AcOH,252 TFA,528 and FeCl3-SiO2.529  

Based on these results, the more acid-stable TBDPS group252 was introduced for C-6 

hydroxyl group protection. 

 

In an analogous manner to that employed for the installation of the 6-O-TBDMS group, 

the TBDPS group was installed selectively on the C-6 hydroxyl group using TBDPS-Cl, 

Et3N and DMAP in DMF at 0 °C to rt.  However, even after reacting for one day, 

starting material remained, so the reaction mixture was warmed to 60 °C for a further 

one day.  The isolated yield of mono-silylated product 206 was only 53% (Scheme 46).  

 

 

Scheme 46.  Attempted selective protection of the C-6 hydroxyl of 196 with a TBDPS group 
to yield 206.  Reagents and Conditions: a) TBDPS-Cl, Et3N, DMAP, DMF, 0 °C to 60 °C, 2 d, 
53% 206; b) TBDPS-Cl, imidazole, CH2Cl2, 0 °C to rt, 3 h, 72% 206 and 13% 207. 
 

Due to the low yield in the TBDPS silylation reaction using Et3N and DMAP as the 

base, an alternative methodology reported by Gopishetty et al.,530 which used imidazole 

as the base, was employed.  The reaction of 196 with TBDPS-Cl and imidazole in 

CH2Cl2 at 0 °C to rt for only 3 h afforded 206 in an improved 72% yield (Scheme 46).  

Additionally, the di-silylated product 207, readily separated during chromatography 

from 206, was also formed under these conditions in 13% yield.  This result supports 

the previously reported observation527 that the use of Et3N and DMAP as the bases in 

the silylation reaction, as in the method of Chaudhary and Hernandez,527 provides 

greater selectivity for primary hydroxyl groups over secondary groups compared to 

imidazole-based methods.  However, in our hands, the use of imidazole530 afforded a 

higher yield of the desired mono-silylated material 206, which could be easily separated 

from the minor amount of di-substituted product 207 formed. 

 

5.3.3 Acid-catalysed Hydrolysis of the 1,3-O-Isopropylidene Group 
With the C-6 hydroxyl group suitably protected, the next step in this synthetic scheme 

was to selectively hydrolyse the 1,3-O-isopropylidene group in the presence of the 
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methyl glycoside and 6-O-TBDPS group.  It is interesting to note that despite multiple 

reports in the literature of the synthesis of methyl 1,3-O-isopropylidene-α-D-

fructofuranoside 196, and derivatives thereof, many researchers do not hydrolyse the 

isopropylidene group at all, or they perform other structural modifications before 

hydrolysing the isopropylidene group.511,521-523  Not attempting selective removal, Yu 

and co-workers report the treatment of 196 with 5% aq. trifluoroacetic acid (TFA) at 

room temperature to hydrolyse both the acetal and glycoside in the same reaction,523 

while Hanaya et al. describe a similar transformation with aq. HCl at 50 °C on a 

functionalised derivative.519  However, Cortes-Garcia et al.518 have removed the 

1,3-O-isopropylidene group while retaining the α-methyl glycoside as the major 

product.  When methyl 4,6-di-O-benzoyl-1,3-O-isopropylidene-α-D-fructofuranoside 

208 was treated with 1% HCl in MeOH in CH2Cl2 at –5 °C, the α-glycoside product 

209 was afforded in 70% yield (Table 11).  The β-anomer 210 was also isolated as the 

minor product (18%), which equates to an α:β ratio of approximately 4:1.  When 208 

was treated with the same reagents under reflux for only 1.5 minutes the product profile 

was reversed, with the α-anomer isolated in 32% yield, and the β-anomer in 59% yield, 

giving an α:β ratio of approximately 1:2.518 

 

Table 11.  Reported acid-catalysed 1,3-O-isopropylidene hydrolysis on a 4,6-di-O-benzoylated 
fructofuranoside derivative 208 at different temperatures.518 

 

Conditions 209 (%) 210 (%) 

–5 °C, 24 h 70 18 

reflux, 1.5 min 32 59 
 

The hydrolysis of the 1,3-O-isopropylidene group of the 6-O-silylated derivative 206 

was performed in a similar manner to that reported for the analogous di-O-benzoyl 

derivative 208518 at low temperature.  However, as we weren’t able to maintain a 

constant reaction temperature of –5 °C for 24 h,518 the reaction temperature was reduced 

to –18 °C and the reaction was carried out for an increased time, with reaction 

progression monitored by TLC.  A trial reaction on 1.06 mmol of 206 was undertaken 

using 1% HCl in MeOH in CH2Cl2 at –18 °C for 2 days (Table 12).  While starting 
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material 206 was recovered in 28% yield, the desired α-anomer was afforded in 61% 

yield (based on recovered starting material), with the β-anomer produced in only 5% 

yield (based on recovered starting material).  As with the Cortes-Garcia et al.518 model 

reaction at –5 °C (Table 11), the profile of products isolated was favourably inclined 

towards the α-anomer.  With the decrease of reaction temperature, the α:β product ratio 

was more pronounced, at approximately 12:1.   

 

Table 12.  The acid-catalysed hydrolysis of 1,3-O-isopropylidene derivative 206.  Reagents 
and Conditions: a) 1% HCl in MeOH, CH2Cl2, –18 °C, 2-4 d.   

 

206 HCl  Time Recovered 
206  191  211  

1.06 mmol 1.0 eq. 2 d 28% 61%a 5%a 

28 mmol 1.0 eq. 4 d 13% 45%a 25%a 
a yield based on recovered starting material 

 

The reaction was scaled up to 28 mmol of 206 again carried out at –18 °C.  The reaction 

progress was monitored by TLC to optimise the consumption of starting material, while 

not wanting to increase the production of the undesirable β-anomer.  The reaction 

concentration and amount of HCl was consistent with the small-scale reaction.  After 

4 days, the TLC displayed a high degree of consumption of starting material, while also 

indicating the presence of both α- and β-anomers.  After chromatography, a decreased 

amount of unreacted starting material 206 (13%) was isolated, while the α-anomer 191 

remained the major product, in 45% yield (based on recovered starting material), 

however an increased proportion of β-anomer 211 (25% yield based on recovered 

starting material) was observed.  The α:β ratio is almost 2:1 (compared to 12:1 for a 

1 mmol scale), indicating that for this larger scale reaction, the longer reaction time and 

increased amount of HCl allowed a higher degree of anomerisation of the methyl 

glycoside under the acidic conditions.  The increase in the amount of the β-anomer over 

an extended period of time, is similar to that seen during methyl fructofuranoside 

formation under acidic conditions, as reported by Bethell and Ferrier.516  The reaction 

conditions could potentially be optimised to increase the amount of desired α-anomer 
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product 191, while minimising the quantities of recovered starting material 206 and 

β-anomer 211, by utilising a smaller scale of reaction and less equivalents of HCl.  

However, a sufficient quantity of desired material was produced in order to proceed 

with the synthetic scheme. 

 

Determining the anomeric configuration of the de-isopropylidenated fructofuranosides 

191 and 211 by 1H NMR is more complex than for aldose sugars.  The α- and 

β-anomers of fructofuranosides do not possess a hydrogen at the anomeric centre, thus 

the normally diagnostic anomeric coupling constant of aldose sugars (J1,2) is not 

available.  Therefore differentiation between anomers by 1H NMR due to the Karplus 

equation531,532 is significantly more complex.533  However, this spectroscopic technique 

can still be employed to discriminate between anomers as they will exist in different 

ring conformations.533  The natural preference of the methyl glycoside of 

fructofuranosides is to exist in a pseudo-axial position due to the anomeric effect.533  It 

is also important to keep in mind that the furanoid ring will populate a range of 

conformations (pseudorotation) at room temperature, rather than representing one 

discrete conformation, therefore the 1H NMR values will represent an average 

conformer.533  The most diagnostic information for α- and β-anomers of 

fructofuranosides is the J3,4 value, which is larger (~ 7 Hz) for the β-anomer than for the 

α-anomers (~ 2 Hz), based on a range of synthesised C-1 and/or C-6 substituted per-O-

acetylated methyl fructofuranosides.533  Furthermore, for both anomers the chemical 

shift of ring protons adhere to the general trend of the H-3 signal generally being 

downfield to that of H-4, which in turn is more downfield than H-5.533  

 

For the synthesised 6-O-silyl methyl fructofuranosides, the coupling constant of J3,4 

0.6 Hz observed for 191 is closer to that reported for the literature α-anomer example 

209 which was 1.7 Hz, compared to J3,4 7.5 Hz for the β-anomer 210.518  Therefore 191 

was confirmed to be the α-anomer, while 211 is the β-anomer. 

 

5.3.4 Formation of a Methyl 3,4-Anhydro-α-D-Tagatofuranoside 
Derivative 

With the C-6 hydroxyl group selectively protected and the 1,3-O-isopropylidene 

hydrolysed, this allowed the installation of the 3,4-epoxide.  The 3,4-epoxide not only 

acts as a protective group534,535 that is stable to the subsequent reaction conditions, 
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particularly the coupling of the fructofuranose ring with a nucleobase,460 but also 

provides the option of convenient access to a range of sugar ring modifications by 

selective nucleophilic attack at C-4.536  The synthesis of 3,4-epoxides of methyl 

fructofuranosides was originally reported by Guthrie et al.,537 via the Mitsunobu538 

reaction.539  

 

The triol 191 was treated with triphenylphosphine (PPh3) and diisopropyl 

azodicarboxylate (DIAD) in DMF under anhydrous conditions at 0 °C (Scheme 47).460  

After being concentrated, triphenylphosphine oxide (Ph3PO) was removed by 

precipitation from a solution of the crude product in EtOAc/hexanes.  After 

chromatography, the desired 3,4-epoxide 212 was afforded as an inseparable mixture 

with reduced DIAD (213).  Integration of the 1H NMR spectrum of the mixture allowed 

the estimation of the yield of 212 to be 88%.  1H NMR confirmed the formation of the 

3,4-epoxide, with a J3,4 coupling constant of 2.7 Hz and lack of coupling observed 

between H-4 and H-5, which is consistent with that reported for analogous methyl 

3,4-anhydro-α-D-tagatofuranoside derivatives reported previously.460,533,537 

 

 

Scheme 47.  Epoxidation of the 3,4-diol of 6'-O-TBDPS derivative 191 under Mitsunobu 
reaction conditions to afford the 3,4-epoxide derivative 212 as a mixture with 213.  Reagents 
and Conditions: a) PPh3, DIAD, DMF, 0 °C to rt, 2 d, 88% 212 (estimated by 1H NMR). 
 

Despite the 3,4-epoxide derivative 212 existing as an inseparable mixture with 213, the 

mixture was taken on to synthesise the subsequent C-1 triflate derivative 192 without 

further purification.  The triflation was performed by treating the starting material 

mixture with pyridine and Tf2O in anhydrous CH2Cl2 at –78 °C for 10 mins, and then 

allowing the reaction to warm to 0 °C for 1 h.540  The desired 1-O-triflate derivative 192 

was isolated in an excellent 95% yield after purification (Scheme 48).   
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Scheme 48.  1-O-Triflation of the 3,4-epoxide derivative 212 to afford 192.  Reagents and 
conditions: a) Tf2O, py., CH2Cl2, –78 °C to 0 °C, 1 h, 95%. 

 

The C-1 triflate of 192 was found to be remarkably stable, allowing an aqueous workup 

and flash column chromatography to be undertaken with no apparent loss of yield.  In 

the triflate derivative 192, significant deshielding of the protons at C-1 due to the 

installation of the highly electronegative sulfonyl group was evidenced in the 1H NMR 

spectrum by a downfield shift in H-1 and H-1' (δ 4.25 and 4.50 ppm, respectively; 

compared to δ 3.58 and 3.73 ppm for the 1'-hydroxy derivative 212).  This effect was 

mirrored in the 13C NMR spectrum, with C-1 also moving downfield (from δ 60.3 to 

69.9 ppm in 192).  Triflate 192 is the key intermediate required for the synthesis of both 

the cytosine and 4-substituted 1,2,3-triazole series of methyl α-D-fructofuranoside-

based 1'-homo-N-nucleosides. 

 

5.3.5 Modifications at C-1: Cytosine Series 
The key reaction in the synthesis of 1'-homo-N-nucleoside analogues is the coupling of 

a ‘nucleosugar’ with the ‘nucleobase’ moiety.  Examples of the various methods for 

coupling these two moieties were reviewed in Section 5.1.1.1.  In the case of modified 

ribo- and 2-deoxy-ribonucleosides, such as anti-HIV nucleoside analogues,541-543 a 

standard N-glycosidation reaction can be performed.535,544  The most commonly utilised 

method is the silyl-Hilbert-Johnson reaction,545 which employs a per-silylated 

heterocyclic base546 with a 1-O-acetyl sugar, in the presence of a Lewis acid.  This 

reaction has gained increased popularity with Vorbrüggen’s improved methodology of 

utilising Friedel-Crafts catalysts, such as SnCl4 or TMSOTf, as glycosidation 

promoters.547-549 

 

With the methyl α-D-fructofuranoside as the nucleosugar scaffold for 1'-homo-

N-nucleoside analogue synthesis, the major point of difference is that the anomeric 

centre is not the desired point of attachment with the nucleobase, but instead the less 

reactive C-1 primary carbon.  Hossain et al.439 described the employment of a good 

leaving group at C-1 in the synthesis of 3'-deoxy-1'-homo-N-nucleosides.  The C-1 
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hydroxyl group was activated with a mesylate group, which was then reacted with 

adenine (not silylated) using NaH in DMF at 90 °C for 3 hours to afford the coupled 

product in a modest 54% yield.  In working on the methyl fructofuranoside template, 

the von Itzstein group460 has previously used a fusion of these two strategies, 

incorporating the significantly improved electrophilicity at C-1 afforded by the triflate 

moiety of 214 (Scheme 49), and reacting with a silylated pyrimidine base 215 for an 

SN2 attack at C-1 by N-1 of cytosine.  This furnished the desired methyl 

α-D-fructofuranoside-based 1'-homo-N-nucleoside 216 in 79% yield (Scheme 49).460 

 

 

Scheme 49.  Mechanism of the nucleobase coupling reaction between silylated cytosine 215 
and 1-O-triflate nucleosugar derivative 214 to afford the methyl α-D-fructofuranoside-based 
1'-homo-N-nucleoside analogue 216 reported by Grice et al.460   

 

To apply this nucleobase coupling method460 to the project at hand, cytosine 217 was 

silylated with hexamethyldisilazane (HMDS) in the presence of a catalytic amount of 

trimethylsilyl chloride (TMS-Cl) under reflux for 16 h.  Subsequently, the silylated 

cytosine 215 was reacted with the 1-O-triflate derivative 192 in 1,2-dichloroethane 

(1,2-DCE) at 60 °C for 2 days (Scheme 50).  The desired 1'-homo-N-nucleoside 

analogue 218 was afforded in a high 90% yield, with a minor amount (2%) of starting 

material 192 also recovered.   
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Scheme 50.  Synthesis of the cytosine-containing methyl α-D-fructofuranoside-based 1'-homo-
N-nucleoside 218 by coupling between the 1-O-triflated sugar 192 and silylated cytosine 215. 
Reagents and Conditions: a) HMDS, TMS-Cl, rt to reflux, 16 h; b) 1,2-DCE, 0 °C to 60 °C, 2 d, 
90% from 192. 

 

Analysis of the 1H NMR spectrum of the product confirmed the integrity of the 

3',4'-epoxide, with the J3',4' coupling constant remaining at 2.7 Hz, while the coupling 

constant between H-4' and H-5' was now able to be observed at J4',5' 0.9 Hz.  The 

greatest change in the spectrum was seen for the C-1' protons, where the chemical shifts 

in the 1H NMR spectrum returned upfield compared to those seen for the 1-O-triflate 

derivative 192 (δ 3.76 and 4.35 ppm for 218 compared to δ 4.25 and 4.50 ppm 192).  In 

the 13C NMR spectrum the resonance for C-1' was at δ 50.3 ppm, far more upfield than 

in the triflate (δ 69.9 ppm), or even in the C-1' hydroxyl derivative 212 (δ 60.3 ppm), 

which is characteristic460 of the more shielded nature of this carbon due to the direct 

attachment to the heteroaromatic nitrogen (N-1) of cytosine.  In addition, the two 

aromatic protons of the cytosine moiety were clearly visible in the proton spectrum, 

significantly downfield from the carbohydrate protons, as two 1H doublets at δ 5.62 and 

7.22 ppm for H-5 and H-6, respectively. 

 

Protection of the C-6' hydroxyl group was considered unnecessary during the 

subsequent nucleophilic openings of the 3',4'-epoxide to introduce a C-4' azide or amine 

functionality, therefore it was removed before the library was diversified, which served 

to reduce the overall number of deprotection reactions required in this library synthesis.  

The removal of the TBDPS group was performed under standard conditions,530 using a 

1 M solution of tetrabutylammonium fluoride (TBAF) in THF, which afforded the 

de-silylated product 219 in 72% yield Scheme 51).   
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Scheme 51.  Deprotection of the 6'-O-TBDPS group of 218 to afford 219.  Reagents and 
conditions: a) 1 M TBAF in THF, THF, 0 °C to rt, 4 h, 72%. 

 

5.3.5.1 Cytosine Series: Modifications at C-4' 

With the C-1' cytosine moiety installed, a library of C-4' modified derivatives was 

synthesised from the fully protected 218, or the C-6' deprotected derivative 219, by 

introducing C-4' azido or amino functionalities, or re-instating the hydroxy group 

(Scheme 52).  Additionally, the azide group was further reacted to afford a range of 

4-substituted 1,2,3-triazole derivatives, as well as being manipulated to give an 

acetamide (Scheme 52). 
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Scheme 52.  Overview of the synthetic approach towards the cytosine series of target methyl 
α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues from the 3',4'-epoxides 218 and 
219.  Reagents and Conditions: a) 5% aq. KOH, THF, MW, 70 °C to 120 °C, 0 bar to 10 bar, 
13 h; b) NH4OH (30%), MW, 120 °C, 11 bar, 3 h; c) NaN3, NH4Cl, EtOH/H2O, reflux, 2 d; 
d) alkyne, CuSO4, sodium ascorbate, THF/i-PrOH/H2O, 50 °C, 3-6 h.  
 

5.3.5.1.1 Opening of 3',4'-Epoxides: General Considerations 

The opening of the 3',4'-epoxide allowed for the diversification to a library of 1'-homo-

N-nucleoside analogues, as shown in Scheme 52.  Generally, sugar epoxides are opened 

by a nucleophilic reagent to afford a trans-configured product where one substituent is 

derived from the reagent.550  This reaction has become a versatile method for the 

introduction of alkoxy, acyloxy, amino, azido, halogen and deoxy functionalities into 

sugars.550,551  Sugar epoxides are quite stable to mild reaction conditions at room 

temperature, with elevated temperatures for several hours required for the epoxide 
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opening reaction to occur.551  The opening of epoxides can be facilitated through acid or 

base catalysis, as shown in Scheme 53.  Regardless of acidic or basic conditions, the 

epoxide undergoes attack by a nucleophilic reagent, X— (Scheme 53A) or Y— (Scheme 

53B), with the acid-catalysed reaction (Scheme 53A) proceeding significantly faster due 

to the protonation of the epoxide oxygen facilitating movement of electrons.550 

 

 

Scheme 53.  Mechanisms of acid- and base-catalysed epoxide opening reactions.  A) acid-
catalysed reaction with nucleophile X—; B) base-catalysed reaction with nucleophile Y—.  X— 

may be Cl—, Br—, (RO)2PO— etc.; Y— may be HO—, RO—, NH3, RS—, H— etc..  Adapted from 
Newth550 and Parker and Isaacs.552 

 

As the nucleophile can usually attack at either carbon participating in the epoxide 

functionality, two products may be formed.550  Regioselectivity in this reaction may be 

inherent due to steric effects or the electronic environment.552  Alternatively, it can be 

influenced by the use of chiral catalysts.553,554  Epoxide opening by nucleophilic attack 

generally proceeds via an SN2 mechanism at the less substituted carbon, particularly in 

basic or neutral environments.555  This general rule can be influenced by steric bulk in 

the path of the incoming nucleophile, or if a polar group or conjugation is adjacent to 

the epoxide.  Epoxide opening in an acidic environment can proceed through a slightly 

different ‘borderline SN2’ mechanism.  The transition state δ+ charge is best 

accommodated on tertiary, benzylic or allylic carbons, therefore under acidic 

conditions, nucleophilic attack will occur preferentially on the most substituted 

carbon.555   

 

There are a number of epoxide-opening reactions of methyl 3,4-anydro-D-

tagatofuranoside or similar templates reported in the literature.  The nucleophilic 

opening of methyl 3,4-anydro-β-D-tagatofuranoside has been reported by Guthrie et 

al.536  The regioselectivity of this opening was anticipated to be selectively, if not 
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exclusively, through attack at C-4, to re-instate the original fructofuranoside ring 

conformation.536  This was based on the C-2 hydroxymethyl group of the 3,4-anhydro-

β-D-tagatofuranoside providing steric bulk on the α-face of the ring around C-3.  

Furthermore, for 3,4-anhydro-tagatofuranosides C-3 is neopentyl in nature, which is 

well known to be extremely unreactive towards nucleophilic attack in epoxide 

openings,556 while attack at C-4 is electronically favoured.551  All of these factors result 

in nucleophilic attack at C-4, furnishing products of a fructofuranoside ring 

configuration.536 

 

For determining the stereo- and regioselectivity of the products formed from 

nucleophilic attack on the 3,4-anhydro-α-D-tagatofuranoside, 1H NMR can be a key tool 

(Table 13).  There is a clear difference in the carbohydrate ring conformation, for 

example, between a methyl 3,4-anhydro-α-D-tagatofuranoside 228 and the 

3,4-dihydroxy structure of α- and β-D-fructofuranosides, 198 and 199.  This is evident 

particularly from the J4,5 coupling constants.  1H NMR also allows the difference 

between α- and β-fructofuranosides to be discerned, with J3,4 and J4,5 values being larger 

for the β-anomer 199 than for the α-fructofuranoside 198, although there is some small 

variability in J3,4 values of 198 depending on solvent used.  Unfortunately, to the best of 

our knowledge, there are no literature reports on the alternative xylo-configured 

α-D-sorbofuranoside regioisomer 229 for the purpose of comparison of 1H NMR data.  

There is 1H NMR data available for aldopentofuranosides, in the arabino- and xylo-

configured methyl glycosides, 230 and 231, respectively.  However, as the 

aldopentofuranosides lack the large hydroxymethyl group at the anomeric position of 

the ketohexofuranosides, they exist in different conformations to the 

ketohexofuranosides, and so their 1H NMR data can not be used as a direct comparison.  
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Table 13.  Key chemical shifts and coupling constants of methyl keto- and aldofuranosides to 
assist in determining the stereo- and regioselectivity of nucleophilic attack on methyl 
3,4-epoxide α-D-fructofuranosides. 

 

Ketofuranosides Solvent H-3 
(ppm) 

J3,4 
(Hz) 

H-4 
(ppm) 

J4,5 
(Hz) 

Me 3,4-anhydro α-D-
tagatofuranoside per-O-Aca 228 CDCl3 3.78 2.9 3.71 0.2 

1-(Me 3',4'-anhydro α-D-
tagatofuranoside)-cytosine 219 D2O 3.87 3.0 3.97 0.9 

Me α-D-fructofuranosidea 198 DMSO-d6 3.85 5.1 3.71 5.7 

Me β-D-fructofuranosidea 199 DMSO-d6 3.97 8.2 3.76 8.0 

Me α-D-fructofuranosideb 198 D2O 4.18 3.2 4.04 6.0 

Me β-D-fructofuranosideb 199 D2O 4.25 8.2 4.13 ~7.5 

Aldofuranosides Solvent H-2 
(ppm) 

J2,3 
(Hz) 

H-3 
(ppm) 

J3,4 
(Hz) 

Me α-D-arabinofuranosidec 230 D2O 4.04 3.3 4.14 5.8 

Me α-D-xylofuranosided 231 D2O 4.14 5.5 4.29 5.8 
a 1H NMR data from Guthrie et al.533 
b 1H NMR data from Duker and Serianni557 
c 1H NMR data from Serianni and Barker558 
d 1H NMR data from Angyal559 
 

5.3.5.1.2 Opening of 3',4'-Epoxides: Synthetic Methods 

In terms of synthetic methods for epoxide opening, Guthrie et al.536 reported a number 

of methods for the nucleophilic opening of the 3,4-anhydro-β-D-tagatofuranoside 

derivatives 232 and 234, as shown in Scheme 54.  Reaction of 232 with benzoate anion 

at high temperature gave the 1,3,4,6-tetra-O-benzoyl fructofuranoside derivative 233 

directly.  This could also be accessed from 234 via opening with hydroxide ion to give 

methyl β-D-fructofuranoside 199.  Additionally, the 3,4-epoxide 234 could be reacted 

with 30% aq. hydrogen iodide, followed by acetylation to afford the 3-O-acetyl-4-iodo 

fructofuranoside derivative 235 (Scheme 54).  Each of these products showed the 
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expected nucleophilic attack at C-4 had occurred, although elevated temperature was 

required.536   

 

 

Scheme 54.  Nucleophilic epoxide openings of methyl 3,4-anhydro-β-D-tagatofuranoside 
derivatives 232 and 234 reported by Guthrie et al.536  Reagents and conditions: a) NaOBz, 
hexamethylphosphoramide, 110 °C, O/N, 73%; b) BzCl, py., 0 °C to rt, O/N, 70-78%; c) 1 M 
NaOH, reflux, 25 h, 49%; d) i) HI (30%, aq.), py., 90 °C, 18 h, ii) Ac2O, py., 66%. 

 

On a simpler, but structurally related, system, Giudicelli et al.560 described direct 

nucleophilic attack on a methyl 2,3-anhydro-α-D-ribofuranoside to introduce an amine 

functionality at C-3 by reaction with aq. NH3 at 100 °C in an autoclave for 90 hours.  

Their research also investigated the effect on regioselectivity of this reaction with α- 

and β-anomers of α- and β-face epoxides in the furanose system.  The attack on a 

β-face epoxide of the α-methyl glycoside derivative 236 by dimethyl amine proceeded 

with complete regioselectively to give the C-3 amine 237, rather than the product of C-2 

nucleophilic attack, 238, as shown in Scheme 55.  Their results indicated the influence 

of the aglycon on regioselectivity of nucleophilic attack on epoxides in furanoses. 

 

 

Scheme 55.  Regioselective direct installation of an alkyl amine through attack on a β-face 
epoxide of methyl 2,3-anhydro-α-D-ribofuranoside 236, as reported by Giudicelli et al.560  
Reagents and Conditions: a) 40% NH(CH3)2, H2O, 50 °C, 72 h. 
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Based on the results reported by Guthrie et al.,536 and Giudicelli et al.,560 it was 

anticipated that nucleophilic attack on our methyl α-D-fructofuranoside β-face 

epoxides, such as 219, would proceed with complete regioselectivity at C-4'.  The 

3',4'-epoxide derivative 219 possesses a methyl glycoside and hydroxymethyl group at 

C-2', which impart the unreactive neopentyl nature to C-3'.  Additionally, the C-5' 

hydroxymethyl group being on the β-face allows unobstructed access to the α-face at 

C-4'.  Therefore, regiospecific nucleophilic epoxide opening should be afforded at this 

position to furnish C-4' substituted methyl α-D-fructofuranoside derivatives.  For these 

reasons, the nucleophilic attack on the 3',4'-epoxide 219, as depicted in Scheme 56, 

below should proceed exclusively via pathway a, with no product formed through 

pathway b.  

 

 

Scheme 56.  Mechanism of nucleophilic attack at C-4' on the β-face epoxide of 219 by a 
nucleophile (Nu), which would be expected to occur exclusively through pathway a, rather than 
the sterically hindered and electronically unfavourable pathway b. 
 

It can be seen from the epoxide opening reactions reported by Guthrie et al.536 and 

Giudicelli et al.560 that the conditions required for successful nucleophilic attack on the 

sugar epoxide are quite harsh, requiring temperatures of 90 °C to 110 °C, sometimes 

with extended reaction times.  The analogous 2,3-anhydro-lyxofuranosides were also 

found to be quite robust to attack by a range of nucleophiles, requiring high 

temperatures to synthesise arabino-configured aldohexofuranosides.534  Applying these 

observations to opening the 3,4-anhydro-α-D-tagatofuranoside derivative in hand, care 

must be taken to minimise side-reactions from occurring, including with the cytosine 

nucleobase. 

 

5.3.5.1.3 Opening of a 3',4'-epoxide to a 3',4'-diol 

The direct formation of a 3',4'-diol can be afforded though the hydrolysis of a 

3',4'-epoxide under either aqueous acidic or basic conditions.551  An alternative approach 
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is to employ an oxygen nucleophile551 such as acetate,561 benzoate,536 or benzyloxide534 

for nucleophilic attack on the epoxide, which can subsequently be deprotected to furnish 

the requisite hydroxyl group.  In the first instance, we investigated a method described 

by García-Granados et al.561 for epoxide ring opening of a triterpenoid A ring epoxide 

by an acetate ion for opening of the 3',4'-epoxide of 219.  Epoxide 219 was reacted with 

0.5 M AcOK in AcOH at reflux, with the intention of forming the 4'-O-acetyl-

3'-hydroxyl derivative, which could easily be de-O-acetylated to afford the 3',4'-diol.  

However, the 3',4'-epoxide remained intact and the cytosine amino group was 

N-acetylated under these reaction conditions giving 239 (Scheme 57).  Therefore, this 

method was not pursued further. 

 

 

Scheme 57.  Attempted 3',4'-epoxide opening of 219 with AcOK/AcOH,561 resulting in 
N-acetylation of the cytosine amine, giving 239.  Reagents and Conditions: a) 0.5 M AcOK in 
AcOH, reflux, 7 h. 
 

With the earlier chemistry towards removal of the isopropylidene group demonstrating 

the sensitivity of the methyl glycoside towards anomerisation under acidic conditions, 

even at low temperature (see Section 5.3.3), harsher acidic conditions were clearly not 

an option for ring opening of the 3',4'-epoxide.  Indeed, alkaline conditions are generally 

preferred in order to avoid hydrolysis of acetal groups or glycosidic linkages.551  In 

terms of base-mediated epoxide ring opening, Guthrie et al.536 reported the direct 

formation of the 3,4-diol 199 from methyl 3,4-anhydro-β-D-tagatofuranoside 234 

(Scheme 54, Section 5.3.5.1.2), by heating with 1 M NaOH at reflux for 25 hours.  The 

desired 3,4-diol 199 was obtained in moderate yield (49%).536 

 

Two methods for nucleophilic epoxide opening under basic conditions were reported by 

Gómez et al.562 for opening of allylic epoxides on a furanose template (Scheme 58).  It 

must be noted that the allylic carbon (the position adjacent to the double bond) is highly 

reactive, therefore, such epoxides (as in 240) are likely to be more susceptible to 
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nucleophilic attack than our methyl 3,4-anhydro-α-D-tagatofuranoside system.  Despite 

this, reflux was required when 240 was reacted with Bu4NOH as the base, although a 

lower temperature (40 °C) was suitable for conditions of 5% aq. KOH.  The 3,4-diol 

241 was formed in these conditions in moderate yields, however the reaction times were 

not reported.  Therefore, it can be seen that the nucleophilic opening of epoxides of 

furanosides, even allylic epoxides, can be quite difficult. 

 

 

Scheme 58.  Nucleophilic opening of an allylic epoxide 240 to the diol derivative 241 under 
basic conditions reported by Gómez et al.562  Reagents and conditions: a) Bu4NOH, THF/H2O, 
reflux, 57%; b) 5% aq. KOH, 40 °C, 49%. 

 

Considering the advantage of utilising microwave chemistry, particularly for 

conventional reactions requiring high temperature and long reaction times,563,564 it 

seemed appropriate to apply this methodology to the base-mediated opening of 

epoxides.  The benefits of microwave chemistry include significant rate enhancement, 

access to transformations that are difficult to achieve under conventional reaction 

conditions, as well as improved yields, purity of product and reproducibility.564  

Additionally, modern microwave reactors have excellent precision control of reaction 

parameters, such as temperature and pressure.  In sealed reaction vessels, temperatures 

above the boiling point (superheating) can be achieved at atmospheric pressure, while 

temperatures that are more elevated can allow reactions to proceed under pressure (up to 

20 bar, depending on solvent), which can produce a significant improvement in reaction 

time (a reduction to minutes or seconds, rather than hours or days) and yield.564 

 

We chose to investigate the opening of the 3',4'-epoxide using 5% aq. KOH, as reported 

by Gómez et al.562 which is similar to the 1 M NaOH conditions of Guthrie et al.536  The 

fully protected methyl 3',4'-anhydro-6'-O-TBDPS-α-D-tagatofuranoside 218 was 

employed in this reaction in order to avoid any undesired side reactions that may occur 

if the C-6' hydroxyl group is deprotonated by the base.  The 6'-O-TBDPS-3',4'-epoxide 

derivative 218 was initially heated in 5% KOH and THF, in a microwave reactor at 

70 °C, for 4 h, at atmospheric pressure, however monitoring of the reaction by TLC 
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showed that mostly starting material remained.  The reaction mixture was irradiated at 

increasingly higher temperatures and pressures (up to 120 °C, 10 bar, over a total of 

13 h), until multiple products were visible by TLC.  The proposed reaction is shown in 

Scheme 59. 

Scheme 59.  Proposed base-mediated nucleophilic epoxide opening of the 3',4'-epoxide-
6'-O-TBDPS derivative 218 to the 3',4'-diol derivative 242.  Reagents and Conditions: a) 5% aq. 
KOH, THF, MW, heat, pressure. 

From this reaction, flash column chromatography afforded two major carbohydrate-

containing products ‘fraction A’ (21 mg) and ‘fraction C’ (22 mg) (a minor product 

‘fraction B’, 3.6 mg, was found to not contain carbohydrate-based material). 1H NMR 

analysis of fractions A and C indicated that each fraction contained two compounds, 

which were separated by HPLC.  The resulting products, which were denoted ‘product 

A1’ and ‘product A2’ from ‘fraction A’, and ‘product C1’ and ‘product C2’ from 

‘fraction C’, were fully characterised to elucidate their structures. 

The 1H NMR spectra of the four reaction products were evaluated comparatively, 

shown in Figure 79 (an expansion of the ring proton region from δ 4.5 to 3.2 ppm is 

shown in Appendix C).  The comparison of diagnostic chemical shifts and coupling 

constants of the products (see Table 14) suggests that there are important differences in 

the composition of both the carbohydrate and nucleobase portions of these molecules. 
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Figure 79.  Comparison of 1H NMR spectra of the products of treatment of the 6'-O-TBDPS-
3',4'-epoxide derivative 218 with 5% aq. KOH in THF under MW, heat and pressure.  
A1) ‘product A1’; A2) ‘product A2’; C1) ‘product C1’; C2) ‘product C2’.  All spectra were 
acquired at 300 MHz in D2O at 298 K.  
 

Table 14.  Diagnostic chemical shifts and coupling constants in the 1H NMR and 13C NMR 
spectra for the characterisation of the products of the attempted base-mediated epoxide opening 
of 6'-O-TBDPS-3',4'-epoxide derivative 218.  All spectra were acquired at 300 MHz (1H) or 
75.5 MHz (13C) in D2O at 298 K. 

 1H NMR 13C NMR 

Product H-3' 
(ppm) 

J3',4' 
(Hz) 

H-4' 
(ppm) 

J4',5' 
(Hz) 

H-5 
(ppm) 

H-6 
(ppm) 

C-3' 
(ppm) 

C-4' 
(ppm) 

A1 4.23 4.5 4.01 6.6 5.83 7.72 77.6 75.4 

A2 3.92 2.7 4.04 0.9 5.81 7.59 57.6 55.5 

C1 4.17 4.2 4.06 6.6 6.02 7.65 77.9 75.4 

C2 3.87 3.0 3.97 0.9 5.96 7.53 57.7 55.2 
 

The 1H NMR spectrum of ‘product C2’ showed some similarity to starting material 218, 

however loss of the C-6' O-TBDPS group was indicated.  This result was somewhat 

unexpected as Wuts and Greene252 generally report the cleavage of TBDPS groups as 

occurring using fluorine-containing reagents or under acidic conditions, although base-
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mediated methods of cleavage are known,252 including 10% KOH in MeOH.565  ‘Product 

C2’ was identified as the de-silylated 3',4'-epoxide derivative 219 by comparing the 1H 

NMR spectrum and mass spectrum to an authentic sample.   

 

 
 
‘Product A2’ was found to be very similar to ‘product C2’ 219, with the J3',4' coupling 

constant of 2.7 Hz for ‘product A2’ compared to 3.0 Hz for 219, confirming the 

presence of the 3',4'-epoxide rather than the 3',4'-diol.  Chemical shifts in both the 1H 

and 13C NMR spectra of ‘product A2’ showed a high level of similarity to 219.  The 

major difference was seen in the nucleobase moiety, where C-4 and C-5 were shifted 

downfield from those observed for 219.  The chemical shifts of C-4 and C-5 were 

instead characteristic for a uracil nucleobase, consistent with the chemical shifts 

reported for a similar uracil-containing nucleoside analogue.460  Combining this NMR 

information with the mass spectral data (m/z 293 [M+Na]+ , it was found that ‘product 

A2’ was the analogous uracil derivative 243 of the cytosine-based 3',4'-epoxide 219.   

 

 
 

Inspection of the 1H NMR spectrum of ‘product C1’ showed that this compound 

possessed a high level of similarity with methyl α-D-fructofuranoside 198, as reported 

by Duker and Serianni,557 shown in Table 13, Section 5.3.5.1.1.  ‘Product C1’ had a J3',4' 

coupling constant of 4.2 Hz and J4',5' of 6.6 Hz, compared to J3,4 3.2 Hz and J4,5 6.0 Hz 
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for methyl α-D-fructofuranoside 198.557  This contrasts with J3',4' 3.0 Hz and J4',5' of 0 Hz 

for ‘product C2’, the 3',4'-epoxide 219, suggesting that ‘product C1’ was indeed the 

desired methyl 3',4'-diol-α-D-fructofuranoside 220.  Additionally, a move downfield for 

the 13C chemical shifts of C-2', C-3', C-4' and C-5' was observed compared to ‘product 

C2’, the 3',4'-epoxide derivative 219, which is consistent with the literature.557  Most 

diagnostic for the presence of the 3',4'-diol was the significant move downfield for the 

C-3' and C-4' chemical shifts of ‘product C1’ compared to the 3',4'-epoxide derivative 

‘product C2’ 219.  The chemical shift for C-3' was δ 77.9 ppm for ‘product C1’, 

compared to δ 57.7 ppm for 219, while the C-4' chemical shift was δ 75.4 ppm for 

‘product C1’, compared δ 55.2 ppm for 219.  From the 1H and 13C NMR data, in 

conjunction with the mass spectrum (m/z 310), it was proposed that ‘product C1’ was 

the desired 3',4'-diol derivative 220 in which the 6'-O-TBDPS group was absent.  The 

loss of the 6'-O-TBDPS group was considered advantageous due to the final 

deprotection step no longer being necessary, with the reaction affording the cytosine-

containing 3',4'-diol target compound 220 directly from the 6'-O-TBDPS-3',4'-epoxide 

218. 

 
 

Finally, the ‘product A1’ was characterised as being the 3',4'-diol uracil-containing 

methyl α-D-fructofuranoside 244.  The 3',4'-diol was indicated based on the similarities 

to the cytosine-containing 3',4'-diol derivative 220 (‘product C1’) of the C-3' and C-4' 

carbons (δ 77.9 and 75.4 ppm for C-3' and C-4', respectively).  In the 1H NMR spectrum 

a J3',4' coupling constant of 4.5 Hz and J4,5 of 6.6 Hz were consistent with the 3',4'-diol.  

Finally, the C-4 and C-5 chemical shifts in the 13C NMR spectrum were consistent with 

the uracil nucleobase observed for 243. 
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In summary, the opening of the 3',4'-epoxide derivative 218 with 5% aq. KOH 

furnished four products in an overall yield of 69% (Figure 80).  The desired cytosine-

containing 3',4'-diol derivative 220 was isolated in a poor 8% yield, while the C-6' 

de-O-silylated starting material 219 was found in 21% yield.  The uracil-containing 

3',4'-diol derivative 244 was isolated in 11% yield and the analogous 3',4'-epoxide 

derivative 243 was the major product, afforded in 29% yield.  The serendipitous 

formation of uracil-containing 1'-homo-N-nucleosides, 244 and 243 was taken 

advantage of to provide two new compounds for evaluation alongside their cytosine 

analogous. 

 

 

Figure 80.  Products and yields isolated from the treatment of 3',4'-epoxide-6'-O-TBDPS 
derivative 218 with 5% aq. KOH in THF under microwave irradiation up to 120 °C, under 10 
bar of pressure. 

 

The deamination of cytosine-containing nucleosides to yield their uracil analogues 

under physiological conditions has been widely reported, with a comprehensive review 

published by Lindahl.566  The deamination of the cytosine nucleobase of cytidine in 

DNA is rare under normal physiological conditions, with the half-life for single 

stranded DNA found to be 200 years, while double-stranded DNA affords greater 

stability, increasing to a half-life of 30,000 years.567  The deamination of free cytosine is 
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able to be mediated by either acidic or basic conditions, with the concentration of either 

protonated cytosine or hydroxide ions determining the rate of this reaction.567  

Furthermore, the deamination of cytidine can be mediated enzymatically by cytidine 

deaminase, which is used physiologically for pyrimidine salvage.568  Cytosine 

deamination can also be replicated chemically under non-physiological conditions, 

however the reaction environments described generally involve acidic or neutral 

conditions, such as NaNO3/AcOH,569 NaHSO3/H2O,570 buffers at pH 3 – 5 at 90 °C,571 

and NO/O2.572  There are also reports of eliciting this modification under high 

temperature and/or pressure, such as the treatment of per-N,O-acetylated cytidine 

derivatives with superheated water (H2O, DME, 125 °C, 12 h) to afford a mixture of 

N-deacetylated product and the hydrolytic deamidation product, a uracil derivative.573  A 

recent study found that conditions of high pressure increase the rate of deamination of 

the cytosine moiety to uracil at 100 °C, with increased rates observed under both mildly 

acidic (pH 6) and basic (pH 8) conditions compared to neutral pH.574  

 

Interestingly, a study by Notari and co-workers575 of cytarabine (arabinocytidine) 165 in 

a solution of sodium hydroxide at pH 9 – 13, heated to 70 – 80 °C, found that 

deamination of the nucleobase afforded arabinouridine 245 as well as two additional 

products.  It was postulated that these products were due to the hydrolysis of the 

pyrimidine ring to produce open-chain ureide products 246 and 247, as shown in 

Scheme 61.  A report by Fox et al.576 described analogous products observed for the 

treatment of 1-β-D-arabinofuranosyl-5-fluorocytosine under similar conditions.576 

 

Scheme 60.  Postulated base-mediated hydrolysis and deamination of cytarabine 165 to 
arabinouridine 245 and open-chain ureide derivatives 246 and 247, as described by Notari et 
al.575  A hydroxide ion can attack at point a, or the 2'-OH can attack at point b, or a combination 
of both may occur. 
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Cytarabine 165 presents the 2'-hydroxy group on the β-face of the furanose ring, 

facilitating the hydrolysis of the pyrimidine ring at position b (Scheme 61) to form 

ureide products 246 and 247 under basic conditions.575  With fructofuranosides also 

displaying this cis-relationship between the nucleoside base and the analogous hydroxyl 

group at C-3', coupled with the elevated temperature and pressure required for 

3',4'-epoxide opening, perhaps formation of compounds similar to the significantly 

more polar ureide products, which were not isolated, could represent some of the 31% 

yield of product not accounted for from the reaction of 218 with 5% aq. KOH under 

microwave conditions.  

 

In an effort to improve the ratio of the cytosine-based 3',4'-diol derivative 220 and 

decrease the amount of uracil-containing side-products formed, milder conditions using 

conventional heat, such as those reported by Gómez et al.,562 for epoxide ring opening 

were investigated.  A reaction mixture containing 6'-O-TBDPS-3',4'-epoxide derivative 

218 and 5% aq. KOH (2 eq.) in THF was heated from 45 °C to 70 °C over 4 days.  The 

uracil-containing 3',4'-epoxide derivative 243 was isolated in 21% yield, while the 

analogous uracil-containing 3',4'-diol derivative 244 was not observed.  The cytosine-

containing 3',4'-diol derivative 220 was furnished in only 4.5% yield, while the de-O-

silylated 3',4'-epoxide derivative 219 was formed in 19% yield (see Table 15).  The 

yields afforded under these conditions of conventional heating did not address the 

problem of side-product formation, in particular modification of the cytosine base to a 

uracil moiety, and indeed the yield of the desired 3',4'-diol and overall yield were both 

reduced.  The overall yield under these more mild conditions (45% yield) was 

significantly lower than that obtained under harsher, microwave irradiation conditions, 

although it was consistent with that reported for the opening of epoxide 240 under 

conventional heating conditions (49% yield, Scheme 58). 
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Table 15.  Comparison of product yields of base-catalysed epoxide opening of 3',4'-epoxide-
6'-O-TBDPS derivative 218 using microwave irradiation (method a) and conventional heat 
(method b). 

Method Yield 

 

 
220 

 
219 

 
244 

 
243 

a 8% 21% 11%  29%  
b 4.5% 19% 0%  21%  

Method a: 5% aq. KOH, THF, MW, 70 °C to 120 °C, atmospheric pressure to 10 bar, 13 h 
Method b: 5% aq. KOH, THF, 40 °C to 70 °C, 4 d 
 

With both conventional heat and microwave irradiation reaction conditions, the yield of 

the desired cytosine-containing 3',4'-diol derivative 220 was extremely low and not 

suitable for scale-up.  It appears that the first step in the reaction was the removal of the 

6'-O-TBDPS group as all products were present as 6'-hydroxy derivatives.  Following 

this, it seems that under MW reaction conditions of higher temperature and pressure, the 

cytosine nucleobase is converted to uracil in a higher proportion (40% combined yield) 

than epoxide opening (19% combined yield).  Under conventional heating with lower 

reaction temperature and pressure, the conversion of cytosine to uracil was significantly 

greater (21% combined yield) than the opening of the epoxide (4.5% combined yield), 

as shown in Table 15.  Under both sets of conditions, the 3',4'-diol derivatives were the 

minor products formed, suggesting that the 3',4'-epoxide is remarkably stable, even 

under quite harsh conditions, and that nucleophilic attack at C-4' by a hydroxide ion has 

a higher activation energy compared to removal of the silyl protecting group or 

deamination of the cytosine nucleobase. 

 

In an attempt to overcome deamination of the cytosine nucleobase moiety, we were 

interested in developing a strategy to reduce the nucleophilic attack on C-4 of cytosine.  

In order to make this carbon less attractive to attack by a nucleophile, understanding the 

mechanism of this reaction was of great interest.  While the precise mechanism of the 

deamination of cytosine is not fully understood, a number of theoretical studies have 

been reported.577-581  Although these studies postulate different numbers of water 

molecules involved, the general consensus is that under neutral or basic conditions the 
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reaction pathway first proceeds through tautomerisation of cytosine 217 to the imine 

248.  Following this, a molecule of water is introduced by nucleophilic attack at C-4 to 

create a tetrahedral carbon in 249, followed by the loss of ammonia to yield the 

resultant uridine 250 (Scheme 61).577,578,580,581 

 

 

Scheme 61.  Reaction pathway postulated for the deamination of cytosine by water, proposed 
by Almatarneh et al.578 

  

In an effort to make the formation of the intermediate imine of cytosine in our 

nucleoside analogues less attractive, the use of a bis-protective group on the free amine 

of the cytosine moiety of the 3',4'-epoxide 218 was investigated.  An N,N-bis-BOC 

protective group was employed, which replaces the amine hydrogens, potentially 

preventing imine formation.  Additionally, the carbamate protective groups add steric 

bulk and serve to delocalise the lone pair of electrons on the exocyclic nitrogen, which 

is appreciably less nucleophilic than the primary aromatic amine of our canonical 

cytosine derivative.  Therefore, the formation of the imine intermediate (such as 248 in 

Scheme 61) required for deamination is significantly less favourable. 

 

The N,N-bis-BOC protective groups were installed on the 6-O-silylated epoxide 

derivative 218 using BOC2O and DMAP in 1,4-dioxane582 to afford 251 in 66% yield 

(Scheme 62).  The extended reaction time of five days was due to the difficulty in 

complete conversion to the N,N-bis-BOC derivative 251 from the readily formed 

secondary amine of the singly-protected NHBOC derivative as observed by TLC.  1H 

NMR data for the bis-protected amine derivative 251 was in agreement with a similar 

reported N,N-bis-BOC cytidine derivative.582  Downfield shifts were observed for the 

cytosine ring protons in the 1H NMR spectrum (CDCl3) compared to the unprotected 

amine starting material 218 (in CD3OD).  A significant downfield shift was seen for 

H-5, from δ 5.62 ppm for 218 to δ 6.81 ppm for 251, while a smaller shift was observed 

for H-6, from δ 7.22 ppm for 218 to δ 7.34 ppm for 251, which confirmed the location 

of the protective groups to be on the exocyclic aromatic amine of cytosine due to the 

electron withdrawing nature of the two carbamide protective groups.  
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Scheme 62.  Attempted nucleophilic opening of the 3',4'-epoxide of the N,N-bis-BOC 
protected derivative 251.  Reagents of conditions: a) BOC2O, DMAP, 1,4-dioxane, rt, 5 d, 66%; 
b) 5% aq. KOH, THF, MW, 120 °C, 6 bar, 2 h, 67% 218, 23% 219. 
 

The N,N-bis-BOC protected derivative 251 was treated with 5% aq. KOH (3.1 eq.) in 

THF and reacted under microwave conditions (120 °C, 6 bar) (Scheme 62).  These 

conditions only served to remove the two N-BOC protective groups giving 218 (67% 

yield), or additionally remove the 6'-O-TBDPS group to form 219 (23% yield).  This 

would suggest that an N,N-bis-BOC protected cytosine nucleoside analogue, such as 

251, is not suitable for the protection of cytosine against deamination under these 

conditions.   

 

Wuts and Greene252 detail that the vast majority of N-BOC deprotection conditions 

reported utilise acidic conditions.  Aside from a highly activated amine such as 

pyrrole,583 the first reported method for cleavage of an N-BOC protective group to a 

primary amine under basic conditions was published as recently as 2004.584  This work 

describes a method involving the use of t-BuOK (2-4 eq.) in H2O and 2-MeTHF, at 

reflux.584  It was noted in this report that a strong base such as t-BuOK is necessary (see 

Scheme 63 for the mechanism), as neither NaOH, KOH or NaOMe were successfully 

able to produce this cleavage under the reaction conditions.   

 



 215 

 

Scheme 63.  Mechanism of N-BOC deprotection to a primary amine by a strong base, t-BuOK.  
Adapted from Tom et al.584 

 

To the best of our knowledge, there have been no literature reports of KOH-mediated 

hydrolysis of an N-BOC group to afford a free amine.  Interestingly, it has been 

reported that mildly basic conditions (K3PO4•H2O, Cs2CO3, K2CO3, Na2CO3, and others, 

as well as simply neat MeOH) will deprotect N-BOC groups from secondary 

heterocyclic amines, but not primary or secondary aliphatic amines, through to the free 

amine under conditions of microwave irradiation.585  To the best of our knowledge, this 

is thought to be the first example of an N-BOC deprotection to a free amine using KOH 

as the base, particularly on a primary amine, although these are quite harsh conditions 

of MW irradiation, at 120 °C, under pressure. 

 

5.3.5.1.4 Installation of a C-4' Azide 

A per-O-acetylated 4'-azido derivative of methyl β-D-fructofuranoside has been 

reported in the literature,533 although only the 1H NMR data was reported, and not the 

synthetic methodology.  However, the nucleophilic opening of a methyl 2,3-anhydro-

α-D-lyxofuranoside with NaN3 has been described by Cociorva et al.,586 utilising a 

method originally reported by Unger et al.587  Applying their method to our work, the 

3',4'-epoxide derivative 219, was reacted with NaN3 and NH4Cl in EtOH/H2O under 

reflux for two days to afford the C-4' azide derivative 223 in 95% yield (Scheme 64). 

 

 

Scheme 64.  Synthesis of the C-4' azido derivative 223 from the 3',4'-epoxide derivative 219.  
Reagents and conditions: a) NaN3, NH4Cl, EtOH/H2O, reflux, 2 d, 95%. 
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The presence of the newly installed azide was confirmed by IR spectroscopy with a 

characteristic absorption observed at ν 2084 cm-1, while 1H and 13C NMR spectroscopy 

was utilised to investigate the regiochemistry of the nucleophilic attack on the 

3',4'-epoxide.  The coupling constants for 223 of J3',4' 4.8 Hz and J4',5' 6.9 Hz, were 

consistent with those observed for the 3',4'-diol 220 (J3',4' 4.2 Hz and J4',5' 6.6 Hz), which 

supported the α-D-fructofuranoside ring stereochemistry.  The regioselectivity of the 

nucleophilic epoxide opening by azide at C-4' was indicated by 1H and 13C NMR, with 

modest changes in the 1H NMR spectrum for both H-4' (δ 3.97 ppm, compared to δ 4.06 

ppm for the 3',4'-diol 220) and H-3' (δ 4.34 ppm, compared to 220 chemical shift of 

δ 4.17 ppm).  A greater change was observed in the 13C NMR spectrum for C-4', with 

the chemical shift of δ 65.4 ppm more upfield compared to the 3',4'-diol 220 (δ 75.4 

ppm), which is characteristic for the nucleophilic attack on an epoxide by an azide at 

this position.588-590 

 

5.3.5.1.5 Installation of a C-4' Amine 

Towards the nucleophilic opening of the 3',4'-epoxide of 219 to introduce an amine at 

C-4', there are several strategies that can be used.  One successful method uses the 

opening of an epoxide to introduce an azide then subsequent reduction to the amine.586  

Alternatively, Giudicelli et al.560 describe the direct opening of an epoxide to an amine 

with aq. NH3 at 100 °C for 90 hours in an autoclave.  The Giudicelli et al.560 method of 

directly introducing an amino functionality at C-4' was chosen as our first approach 

towards amine derivatisation at this position.  However, the method reported involved a 

particularly long reaction time at elevated temperature and pressure (90 h at 100 °C in 

an autoclave).  This presented another opportunity to exploit the benefits of microwave 

chemistry.  

 

The 3',4'-epoxide 219 was reacted under MW conditions with 30% NH4OH at 120 °C, 

under 11 bar of pressure (Scheme 65), as an adaptation of the Giudicelli et al.560 

method.  The reaction mixture was monitored by TLC, which at three hours showed 

complete consumption of starting material.  After reversed phase chromatography, the 

desired 4'-amino derivative 222 was isolated in 85% yield.  Analysis of the 1H NMR 

spectrum indicted that the isolated product was solely the 4'-amino fructofuranoside 

derivative 222.  This is an excellent example of the use of microwave chemistry to 

undertake reactions at elevated temperatures and pressures with significantly reduced 
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reaction times, in this case 30 times faster, while affording products in high yields, 

similar to those obtained by conventional reaction conditions.   

 

 

Scheme 65.  Synthesis of the C-4' amine derivative 222 from the 3',4'-epoxide 219 under MW 
conditions.  Reagents and conditions: a) NH4OH (30%), MW, 120 °C, 11 bar, 3 h, 85%. 

 

The opening of the epoxide to reinstate the fructofuranoside ring stereochemistry was 

again confirmed by 1H NMR, particularly through the coupling constants J3',4' of 5.1 Hz 

and J4',5' 6.6 Hz.  These coupling constants are very similar to the synthesised 3',4'-diol 

220 (J3',4' 4.2 and J4',5' 6.6 Hz), as well as the literature reported values for methyl 

α-D-fructofuranoside,533,557 which strongly supports the α-D-fructofuranoside ring 

conformation.  The regioselectivity of the reaction was confirmed in the 1H and 13C 

NMR spectra by observation of a significant upfield shift, due to introduction of the 

amino group of H-4'.  In the 1H NMR spectrum the chemical shift of H-4' of 222 was 

δ 3.19 ppm, compared to δ 4.06 ppm for the 3',4'-diol 220, while the chemical shift for 

H-3' was very similar for both the starting material and the product (δ 4.07 ppm for 222 

and δ 4.17 ppm for 220).  The 13C NMR C-4' chemical shift of δ 57.3 ppm for 222 was 

considerably more upfield than for 220 (δ 75.4 ppm), while a C-3' chemical shift of 

δ 78.7 ppm for 222 is consistent with C-3' of 220 at δ 77.9 ppm, which is characteristic 

for the regioselectivity of the nucleophilic attack on an amine at C-4'.560 

 
5.3.5.1.6 C-4' 1,2,3-Triazole Modifications 

The introduction of an azide functionality at C-4' of 223 allowed the further 

derivatisation at this position to incorporate a range of 4-substituted 1,2,3-triazoles via 

CuAAC chemistry.  The CuAAC reaction (Section 3.1.2.1) is playing an increasingly 

significant role in introducing chemical diversity into molecules, and is particularly 

useful in the field of drug discovery.386,389  This chemical transformation was utilised to 

incorporate a small number of 4-substituted triazoles that combine a variety of 

characteristics, such as acidic, basic, small, bulky, aliphatic and aromatic (Table 16).   
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The conditions for the CuAAc reaction are highly robust and can be applied to a range 

of different alkynes.  The methodology described by Bhatt et al.485 for the synthesis of 

glucitol-based C-1 triazole derivative was employed with only minor modifications.  In 

particular, adjustments were made to solvent mixture ratios to ensure solubility of both 

the C-4' azido unprotected nucleoside analogue derivative 223 and alkynes.  In this 

work, C-4' azido derivative 223 was reacted in a mixture of THF/i-PrOH/H2O, with 1 M 

CuSO4 solution (0.2 eq.), sodium ascorbate (0.4 eq.), and alkyne (2 eq.) at 50 °C for 2 to 

6 hours and the reaction progression monitored by TLC.  After removal of Cu2+ ions 

(using Amberlite IR748 metal-chelating resin) and chromatography (flash or reversed 

phase, and HPLC purification, as required), the 4-substituted 1,2,3-triazole derivatives 

224, 225, 226 and 227 were obtained in 49 to 67% yield (see Table 16 for further 

details).  In general, the successful formation of the 4-substituted 1,2,3-triazole was 

confirmed by 1H NMR spectroscopy, with the distinctive presence of the triazole proton 

at δ 7.92 to 8.31 ppm. 

Table 16.  Reaction of the C-4' azide derivative 223 under CuAAC conditions with a number 
of alkynes to synthesise C-4' 4-substituted 1,2,3-triazoles. 

 

Product R Yield (%) 

224 
 

67 

225 
 

49a 

226 
 

49b 

227 
 

62 b 

a after HPLC purification 
b after a mixture of flash column chromatography and HPLC purification 
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5.3.5.1.7 C-4' Acylamino Group Modification 

The synthesis of 4-substituted 1,2,3-triazoles by the CuAAC reaction is an extremely 

clean and chemoselective procedure388 that does not require protection of otherwise 

reactive functional groups.389  However, the conversion of an amine group to an amide 

may require the protection of reactive functional groups.  In the case of our 3',4-epoxide 

derivative 218, the primary C-6' hydroxyl group is already protected by an O-TBDPS 

group.  Due to the difficulty in selectively functionalising a primary aliphatic amine in 

the presence of the cytosine aromatic amine, this would necessitate the protection of the 

aromatic amine before installation of the aliphatic amine.  Therefore, the N,N-bis-BOC 

protected 3',4'-epoxide derivative 251 synthesised in Section 5.3.5.1.3 was considered 

suitably protected for the introduction of an acylamino functionality at C-4'. 

 

There are a number of approaches towards the synthesis of a C-4' acylamino derivative 

252 from the fully protected 3',4'-epoxide derivative 251 (Scheme 66).  The 

3',4'-epoxide could be nucleophilically attacked by an amine to make 253, which could 

subsequently be acylated to introduce the desired amide functionality of 254.  

Alternatively, the 3',4'-epoxide 251 could be nucleophilically opened to the C-4' azide 

255, which could be reacted to give the C-4' amide 254 either directly via an 

N-acylation extension of the Staudinger reaction, or via reduction to the amine 253 
followed by N-acylation.  Upon introduction of the C-4' amide functionality in 254, then 

N,O-protective groups could be removed to synthesise the fully deprotected amide 252.  
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Scheme 66.  Potential strategies for the incorporation of a C-4' acylamino functionality to 
synthesise 252 from the fully protected 3',4'-epoxide derivative 251. 

 

5.3.5.1.7.1 Synthesis of a C-4' Acylamino group via a C-4' Amine 

Considering the success and relative ease of installing the C-4' amino group under 

microwave chemistry conditions (Section 5.3.5.1.5), it was envisaged that this 

methodology could also be applied to an analogous amine-protected cytosine derivative, 

which would allow selective N-functionalisation of the C-4' amine, followed by 

deprotection of the cytosine amine.  Although the nucleophilic attack on the 

3',4'-epoxide to afford the 4'-amino group also furnishes a 3'-hydroxyl group, this group 

was not deemed to require protection as the primary amine is a significantly better 
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nucleophile than a secondary hydroxyl group, and thus would be expected to 

preferentially react with an acyl chloride. 

 

The opening of the fully protected 3',4'-epoxide 251 to give the C-4'-amino derivative 

was performed in a similar manner to the synthesis of the unprotected 4'-amino 

derivative 222, by treatment with 30% NH4OH in CH3CN, under MW irradiation at 

130 °C, for 3 h, with 13 to 18 bar of pressure (Scheme 67).  Unfortunately, in addition 

to nucleophilic epoxide opening, both N,N-bis-BOC protective groups were also 

removed, giving the di-amino derivative 256 in a moderate 46%yield.   

 

 

Scheme 67.  Synthesis of a di-amino product 256 from the 3',4'-epoxide derivative 218.  
Reagents and conditions: a) BOC2O, DMAP, 1,4-dioxane, rt, 5 d, 66%; b) 30% NH4OH, 
CH3CN, MW, 130 °C, 13 to 18 bar, 3 h, 46%. 

 

In the 1H NMR spectrum of di-amino product 256, an upfield shift of H-4' from δ 3.78 

to 3.21 ppm supported incorporation of the desired C-4' amino moiety, however the 

disappearance of the 18 protons of the two OC(CH3)3 groups at δ 1.56 ppm indicated the 

loss of the N,N-bis-BOC protective group.   

 

As with the hydrolysis of the N,N-bis-BOC protective groups of 251 in the presence of 

5% aq. KOH under MW irradiation (described in Section 5.3.5.1.3), the N,N-bis-BOC 

amine protective groups were removed during the reaction.  There is no literature 

precedence for N-BOC group hydrolysis under these conditions, particularly with a 

weaker base and a primary aromatic amine, and it is thought that this is the first report 

of N-BOC protective group removal by treatment with the weaker base, NH4OH under 

microwave conditions.  It would be interesting to explore the full utility of base-

mediated N-BOC protective group removal under microwave irradiation.  It may be 

beneficial in circumstances where an acidic environment,252 or t-BuOK,584 are 

incompatible with the substrate, or to remove N-BOC protective groups under basic 
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conditions from other types of amines other than secondary heterocyclic amines.584  

However, such a study was outside the scope of this project.  With a view to 

incorporating a C-4' acylamino group into our cytosine series of NIs, any subsequent 

functionalisation of the C-4' amine of 256 would not be anticipated to be regioselective, 

therefore a different strategy towards these derivatives was required. 

 

5.3.5.1.7.2 Synthesis of a C-4' Acylamino group via a C-4' Azide  

Following on from the hydrolysis of the N,N-bis-BOC protective groups of 251 during 

the introduction of the C-4' amino group with NH4OH, a more gentle approach was 

explored next.  The Staudinger reaction was first reported by Staudinger and Meyer in 

1919,591 and is a two step process that takes place between an azide and a 

phosphorus(III) compound.  The azide (R-N3) and trisubstituted phosphorus(III) 

compound (PL3) undergo electrophilic addition to afford a triazaphosphadiene 

intermediate 257, followed by elimination of N2 from the intermediate 257, which forms 

the iminophosphorane 258 (Scheme 68).592 

 

 

Scheme 68.  The classical Staudinger reaction between an azide and a phosphorus(III) 
compound to afford an iminophosphorane 258.  Adapted from Gololobov and Kasukhin.592 

 

A common extension of this reaction is the in situ formation of an acylamino group, 

which involves the addition of a carboxylic acid, the corresponding acid halide, 

anhydride or ester, to the Staudinger iminophosphorane 258.592,593  This allows direct 

access of acylamino functionalities without transient reduction to an amine as shown in 

the strategy in Scheme 66 (255 to 254).  The mechanism for acylamino 259 formation is 

shown in Scheme 69.593   
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Scheme 69.  Mechanism for in situ N-acylation to form 259 directly from an azide (R-N3), 
which may progress via the Staudinger iminophosphorane 258 (pathway ‘b’) or through the 
non-Staudinger pathway ‘a’.  Adapted from Boullanger et al.593 
 

The mechanism for the in situ N-acylation extension of the Staudinger reaction was 

proposed by Shalev et al.,594 with a more simplified mechanism reported by Boullanger 

and co-workers,593 as depicted in Scheme 69.  This mechanism demonstrates how an 

azide (R-N3), in the presence of a trialkyl- or triarylphosphine (PL3), will form a 

triazaphosphadiene 257, which may proceed to an iminophosphorane 258 (the 

Staudinger product).  A carboxylic acid or an acid halide may react with the 

iminophosphorane 258 (Staudinger pathway ‘b’) or react directly with the 

triazaphosphadiene 257 (a non-Staudinger route, pathway ‘a’).  Irrespective of the order 

of these reaction intermediates, the synthesis of the desired amide 259 is ultimately 

afforded, without the transient formation of an amine. 

 

Considering the application of the N-acylation extension of the Staudinger reaction to 

our cytosine-based 3',4'-epoxide derivative 251, while an intermediate C-4' amine 

would not be formed, the use of an acid chloride in this reaction would still necessitate a 

fully protected C-4' azide derivative to prevent any undesired O- and N-acylation.  The 

already prepared (Section 5.3.5.1.3) N,N-bis-BOC 6-O-silylated 3',4'-epoxide 251 was 

treated under our standard nucleophilic epoxide opening conditions with NaN3 and  

NH4Cl in EtOH/H2O at reflux, which was expected to furnish the fully protected 

4'-azido derivative 255 (Scheme 70).  
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Scheme 70.  Proposed synthesis of the fully protected C-4' azide derivative 255 from the fully 
protected 3',4'-epoxide derivative 251.  Reagents and conditions: a) NaN3, NH4Cl, EtOH/H2O, 
reflux. 

 
The nucleophilic attack on the N,N-bis-BOC 3',4'-epoxide 251 by NaN3 did not proceed 

as cleanly as in previous reactions, with the fully protected starting material not as 

soluble in the solvent as the unprotected cytosine derivative 219 (Section 5.3.5.1.4).  

The reaction was monitored by TLC and mass spectrometry, however the formation of 

desired C-4' azido product was not indicated, only the loss of protective groups.  

Additional amounts of NaN3 and NH4Cl were added to the reaction mixture, as well as 

CH3CN to aid in the solubility of 251.  The reaction was continued, while being 

monitored periodically, before being concentrated after a total of 5 days.  Flash column 

chromatography led to the isolation of a number of products from this reaction, as 

shown in Scheme 71.  

 

Scheme 71.  Nucleophilic epoxide opening of fully protected 3',4'-epoxide derivative 251 with 
NaN3 to give a mixture of products.  Reagents and Conditions: a) NaN3, NH4Cl, EtOH/H2O, 
CH3CN, reflux, 5 d. 
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All four isolated products were found to have lost the N,N-bis-BOC protective groups. 

The major product isolated was a partially protected 4'-azido substituted product 260, 

with the 3',4'-epoxide-6'-O-TBDPS derivative 218, fully deprotected 4'-azido derivative 

223 and the fully deprotected 3',4'-epoxide product 219 also isolated.  The total yield for 

the isolated products was 75%, with 43% yield accounting for 4'-azido products, while 

32% yield corresponded to 3',4'-epoxide products, indicating that the nucleophilic attack 

was not able to go to completion.  With the loss of the N,N-bis-BOC and O-TBDPS 

protective groups, it is possible that NH4Cl reagent was consumed, therefore, having a 

negative impact on the yield of the 3',4'-epoxide opening reaction, particularly 

compared to the excellent yield seen previously for the synthesis of 223 (Scheme 64, 

Section 5.3.5.1.4). 

 

As the three products 218, 219 and 223 had all been synthesised previously throughout 

our synthetic approaches, their structures were confirmed by comparison to authentic 1H 

NMR and mass spectra.  Towards elucidating the structure of 260, the 1H NMR 

spectrum showed the loss of the N,N-bis-BOC group (18H singlet at δ ~1.5 ppm), while 

confirming the presence of the 6'-O-TBDPS group (9H singlet at δ 1.07 ppm).  

Additionally, although the chemical shift of H-4' did not change significantly from that 

seen in the 3',4'-epoxide 251 (δ 3.78 ppm) compared to 260 (δ 3.76 ppm), the change in 

ring conformation to the epoxide-opened form was evident from the increase in J4',5' 

coupling constant (from 0 Hz for 251 to 5.6 Hz for 260), which is consistent with the 

previously synthesised C-4' azide derivative 223 (J4',5' 6.9 Hz).  Characteristic shifts 

were observed for the 13C NMR chemical shifts of C-3' and C-4', compared the 

3',4'-epoxide starting material 251.  C-3' shifted from δ 57.6 ppm for 251 to δ 80.2 ppm 

for 260, while C-4' also moved downfield, from δ 55.1 ppm for 251 to δ 69.1 ppm for 

260).   

 

Of the two C-4' azides furnished by this reaction, the 6'-O-TBDPS protected 260 was 

afforded in the highest yield, although the protective group of the aromatic amine of 

cytosine was lost.  Given the apparent instability of the BOC and TBDPS protective 

groups to the 3',4'-epoxide opening conditions by the azide ion, an alternative strategy 

for synthesising the fully protected C-4'-azide derivative 255 would be better 
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approached via the previously synthesised unprotected C-4' azido derivative 223, as 

proposed in Scheme 72. 

 

 

Scheme 72.  Alternative approach towards an N,O-protected C-4' azido derivative 255 from 
3',4'-epoxide 219.  Reagents and conditions: a) NaN3, NH4Cl, EtOH/H2O, reflux, 2 d, 95%; 
b) TBDPS-Cl, imidazole, CH2Cl2, 0 °C to rt; c) BOC2O, DMAP, 1,4-dioxane, rt. 
 

To progress forward to obtain the desired C-4' acylamino derivative, N,N-bis-BOC 

protective groups were introduced onto the 4'-azido-6'-O-TBDPS derivative 260 

(Scheme 73).  This amine was easily re-protected using BOC2O and DMAP in 

1,4-dioxane at rt for one day to furnish the fully protected C-4' azido derivative 255 in 

69% yield.   

 

Scheme 73. Synthesis of a C-4' acylamino derivative 221 from the fully protected 3',4'-epoxide 
251.  Reagents and Conditions: a) NaN3, NH4Cl, EtOH/H2O, reflux, 5 d, 31%; b) BOC2O, 
DMAP, 1,4-dioxane, rt, 1 d, 69%; c) AcCl, PPh3, 1,2-DCE, rt, 2 h; d) 1 M TBAF in THF, THF, 
rt, 3 h, 68% over 2 steps from 255; e) TFA/CH2Cl2 (1:1), CH2Cl2, 0 °C to rt, 3 h, 74%.  
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The fully protected 4'-azido derivative 255 was treated to the N-acylation extension of 

the Staudinger reaction, through reaction with triphenylphosphine in the presence of 

acetyl chloride in 1,2-DCE at rt, for two hours, to successfully furnish the fully 

protected 4'-acetamido derivative 261.  The product isolated was contaminated with the 

triphenylphosphine oxide by-product, as indicated by LRMS with ions for both PPh3O 

(m/z 301 [M+Na]+, 100%) and the desired 4'-acetamido derivative 261 (m/z 789 

[M+Na]+, 20%).  The mixture was then subject to conditions to remove the 

6'-O-TBDPS group (1 M TBAF in THF, at rt, for 3 h).  After chromatography, the pure 

4'-acetamido-6'-hydroxy product 262 was furnished in good yield (68%) over two steps.  

The acetamido methyl group was observed in the 1H NMR spectrum as a 3H singlet at 

δ 1.95 ppm.  Acylation was confirmed to be on the amine at C-4' through the significant 

downfield shift of H-4' to δ 4.50 ppm compared with δ 4.03 ppm for the C-4' azido 

derivative 255, or δ 3.21 ppm for the 4'-amino analogue 256, as would be expected of 

an amide. 

 

The final deprotection step in this scheme to give the fully deprotected C-4' acetamido 

target compound 221 was the removal of the N,N-bis-BOC groups from the exocyclic 

cytosine amine.  This was performed under acidic conditions (1:1, TFA in CH2Cl2) 

described by Hospital et al.,595 to afford the 4'-acetamido derivative 221 in good yield 

(74%, Scheme 73).  1H NMR confirmed the loss of the distinctive two 9H singlets 

representing the two C(O)C(CH3)3 moieties of 262 at δ ~1.5 ppm, and significant 

upfield shifts of the cytosine H-5 and H-6, from the N,N-bis-BOC protected 262 to the 

fully deprotected 4'-acetamido 221 (from δ 7.21 to 6.03 ppm for H-5, and δ 7.97 to 7.68 

ppm for H-6, for 262 and 221, respectively). 

 

As an exemplar 4'-acylamino derivative, methyl 4'-acetamido-α-D-fructofuranoside-

based nucleoside analogue 221 was synthesised in an overall yield of 35% yield over 

four steps from 260.  This was one of the more challenging synthetic approaches 

undertaken in this project due to the required chemoselective installation of an 

acylamino functionality at C-4' in the presence of the selectively protected exocyclic 

cytosine amine.  The poor stability of the BOC protective groups on the cytosine amine 

during the nucleophilic opening of the 3',4'-epoxide was somewhat unexpected and led 

to the need for subsequent reprotection.  For the future, an alternative approach towards 

accessing a fully protected C-4' azide derivative has been proposed (Scheme 72).   
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Another functional group that it would be interesting to incorporate at C-4' is a 

sulfonamide, where the –NHSO2R moiety may provide an interesting surrogate for the 

phosphodiester linkage.596,597  The combined Staudinger-acylation reaction (for example 

on 255) has the potential to afford a range of C-4' acylamino derivatives without 

formation of a transient amine intermediate, however there are no analogous conditions 

towards the synthesis of 4'-sulfonylamino analogues.  Indeed, the synthetic approaches 

towards sulfonamides are rarely achieved without employing a primary or secondary 

amine, as reviewed recently by Ashfaq et al.,598 with the exception of the reaction of 

isonitriles with sulfonic acids.599  Further explorations towards 4'-sulfonylamino 

compounds would need to be planned carefully to allow introduction of the C-4' amino 

group while ensuring protection of the exocyclic cytosine amine was maintained before 

further functionalisation to a range of 4'-sulfonylamino derivatives.  Ideally, the fully 

protected 4'-azido derivative 255 would be reduced to a 4'-amino derivative, which 

could then be reacted to furnish the desired 4'-sulfonamido products.  However, in this 

instance, the limited quantity of fully protected 4'-azido derivative 255 synthesised 

meant that the exploration of this chemistry was not pursued. 

 

5.3.6 Modifications at C-1: 1,2,3-Triazole Series 

To complement the suite of cytosine-based of nucleoside analogues synthesised, a 

library of 4-substituted 1,2,3-triazole-containing 1'-homo-N-nucleoside analogues was 

also pursued.  The major focus of the library was on derivatives containing the 

1,2,3-triazole-4-carboxamide group, as in the general structure 263 (Figure 81), an 

isostere of the 1,2,4-triazole-3-carboxamide of ribavirin 151.  Clinically successful 

azole carboxamide NIs were reviewed in Section 5.1.2.1. 

 

  

Figure 81.  Comparison of the proposed methyl α-D-fructofuranoside-based 1,2,3-triazole-
4-carboxamide 1'-homo-N-nucleoside analogues 263 with ribavirin 151.  R1 = variable 
functional groups. 
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Interest in incorporating a ribavirin-like 1,2,4-triazole-3-carboxamide into nucleoside 

analogues has been extended to 1'-homo-N-nucleosides.  As mentioned earlier (Section 

5.1.2.1), Chun and co-workers483 reported the synthesis of a 1,2,4-triazole-

3-carboxamide-containing ribose-configured 1'-homo-N-nucleoside 157 (Figure 82),

although biological data has so far not been reported.  The isosteric 1,2,3-triazole-

4-carboxamide moiety has been employed as a mimetic of the ribavirin ‘nucleobase’ in

a number of nucleoside analogues,480,600,601 including those possessing the natural 264 (R 

= H)480,600 or modified 264 (R = Me)601 ribose sugar moiety.  It has also been 

incorporated into a reversed nucleoside class of analogues 265.602,603  However, a 

literature sub-structure search at the time of writing suggests that there are currently no 

examples of this specific triazole being incorporated into 1'-homo-N-nucleosides.   

Figure 82.  Literature reported azole carboxamide nucleoside analogues.  1,2,4-triazole-
3-carboxamide-1'-homo-N-nucleoside 157, 1,2,3-triazole-4-carboxamide ribose analogues 264,
and 1,2,3-triazole-4-carboxamide reverse nucleosides 265.  R1

 = H or Me, R2 = OH or
thymidine, and R3 = OH or H.

Our C-1' 1,2,3-triazole-4-carboxamide series incorporated modification at C-4', in a 

similar manner to the cytosine series of nucleoside analogues, including C-4' azido, 

amino, 4-substituted 1,2,3-triazole, acylamino and sulfonylamino functionalities, as 

well as the 3',4'-epoxide derivative.  In addition to the range of 1,2,3-triazole-

4-carboxamide 1'-homo-N-nucleoside analogues 263, two additional 4-substituted

1,2,3-triazoles were synthesised to investigate their antiviral activity; the 

4-ethoxycarbonyl and 4-N,N-diethylaminomethyl 1,2,3-triazole analogues.  All three

4-modified 1,2,3-triazoles were chosen for their structural similarity and isosteric

relationship473 to natural nucleobases.  An overview of the synthetic approach towards 

the 4-substituted 1,2,3-triazole series of methyl α-D-fructofuranoside-based 1'-homo-

N-nucleosides is shown in Scheme 74.
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Scheme 74.  Overview of the synthetic approach towards the 4-substituted 1,2,3-triazole series 
of target methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues.  R1 = OH, 
OTBDPS; R2 = CO2Et, CO2H, C(O)NH2, CH2NEt2; R3 = N3, 4-substituted 1,2,3-triazole, NH2, 
NHAc, NHTs.  Reagents and Conditions: a) NaN3, DMF; b) 1 M TBAF in THF, THF; c) 5% 
aq. KOH, THF, MW; d) alkyne, CuSO4, sodium ascorbate, THF/i-PrOH/H2O; e) NH3/MeOH; f) 
NaN3, NH4Cl, EtOH/H2O; g) Zn powder, NH4Cl, MeOH/H2O; h) AcCl, 1 M aq. K2CO3, 
CH3CN; i) p-TsCl, Et3N, CH3CN.  

 

5.3.6.1 1,2,3-Triazole Series: Introduction of a C-1 Azide 

Entry to the 4-substituted 1,2,3-triazole series of 1'-homo-N-nucleoside analogues began 

in analogous manner to the synthesis of the cytosine series, through the key C-1 triflate 

intermediate 192 (synthesised in Section 5.3.4).  Introduction of the azide at C-1 then 

allowed the divergence of the scheme to synthesise 3',4'-diol, 3',4'-epoxide, or 

4'-modified derivatives of the C-1' 4-substituted 1,2,3-triazole nucleoside analogues 

Scheme 74).  

 

The nucleophilic displacement of the C-1 triflate of 192 with NaN3 was performed 

using a modified version of the method described by Kiviniemi et al.604 for the 

conversion of a furanoside primary triflate to an azide.  In the absence of a reagent to 

protonate of the epoxide oxygen (eg. NH4Cl, as used for the epoxide opening in Section 
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5.3.5.1.4), it was anticipated that this reaction would be regioselective for the 

displacement of the primary triflate at C-1, with the 3,4-epoxide resistant to 

nucleophilic attack by the azide ion.  The triflate derivative 192 was reacted with NaN3 

in DMF at 80 °C, for 16 h, to afford the 1-azido derivative 194 in 87% yield (Scheme 

75).   

 

 

Scheme 75.  Synthesis of 1-azido-3,4-epoxide derivative 194 from the C-1 O-triflate 192. 
Reagents and Conditions: a) NaN3, DMF, 80 °C, 16 h, 87%. 

 

Although no change in Rf was indicated on TLC, the mass spectrum of the crude 

product revealed that all of the C-1 triflate starting material 192 had been consumed 

(m/z 569 [M+Na]+) and 194 was produced (m/z 462 [M+Na]+).  The presence of the 

azide functionality was confirmed by IR spectroscopy, with a characteristic absorption 

at ν 2102 cm-1.  The regiospecificity of the nucleophilic substitution by the azide anion 

was confirmed by a significant upfield shift for H-1 and H-1' in the 1H NMR spectrum, 

compared to the C-1 triflate 192.  The chemical shift for H-1 moved from δ 4.25 ppm 

for 192 to δ 3.19 ppm for 194, while H-1' shifted from δ 4.50 to 3.52 ppm for 192 and 

194, respectively.  Additionally, a substantial upfield movement in the C-1 13C NMR 

chemical shift was observed, from δ 69.9 ppm to 49.3 ppm, for 192 and 194, 

respectively.  

 

5.3.6.2 1,2,3-Triazole Series: 3',4'-Epoxide Derivatives 

With the C-1 azido derivative 194 in hand, the CuAAC reactions with alkynes ethyl 

propiolate or N,N-diethylpropargylamine could be undertaken to synthesise the desired 

4-substituted 1,2,3-triazole derivatives.  The azide derivative 194 was treated with 

alkyne, 1 M CuSO4 and sodium ascorbate in THF/i-PrOH/H2O at 50 °C for 2 hours to 

afford 1,2,3-triazole-4-(ethoxycarbonyl) 266 and -4-(N,N-diethylaminomethyl) 267 

derivatives in high yields (94 and 82%, respectively, see Table 17).  The formation of 

the 4-substituted 1,2,3-triazole derivatives were confirmed by 1H NMR, where the 

characteristic C-5 triazole proton was observed at δ 8.11 and 8.33 ppm for 266 and 267, 

respectively. 
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Table 17.  CuAAC reaction of the 1-azido-3,4-epoxide derivative 194 to afford 4-substituted 
1,2,3-triazoles 266 and 267. 

 
Product R Yield (%) 

266 
 

94 

267 
 

82 

 

Towards the synthesis of ‘ribavirin-like’ analogues, the 1,2,3-triazole 4-carboxamide 

derivative 268 was synthesised through treatment of the ethyl ester of 266 with 

methanolic ammonia utilising a method described by Kim.601  This reaction was initially 

performed at atmospheric pressure under Ar, which afforded the desired 4-carboxamide 

derivative 268 in 50% yield, with the transesterification product, methyl ester derivative 

269, isolated in 37% yield, signifying the need for a sealed system in order to maintain 

the concentration of NH3.  When this reaction was repeated in a sealed vessel, 

4-carboxamide derivative 268 was isolated in an improved 76% yield, with only a small 

amount (5% yield) of the methyl ester derivative 269 (Scheme 76).  
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Scheme 76.  Formation of 4-carboxamide derivative 268 and methyl ester derivative 269 from 
the reaction of the ethyl ester derivative 266 in methanolic ammonia.  Reagents and Conditions: 
a) NH3/MeOH, rt, 1 d, 76% 268 and 5% 269. 
 

The products and starting material could be discriminated based on the presence (or lack 

thereof) of alkyl peaks in the 1H NMR spectrum.  The remainder of the peaks of the 1H 

and 13C NMR spectra for 268 and 269 were quite similar and not particularly diagnostic.  

Mass spectrometry supported the assignments of structure, with an m/z of 531 

([M+Na]+) observed for 268 and m/z of 546 ([M+Na]+) for 269. 

 

To afford the fully deprotected 3',4'-epoxide target compounds, the three 4-substituted 

1,2,3-triazole derivatives were treated with 1 M TBAF in THF to remove the 

6'-O-TBDPS group in the same manner that was performed for the cytosine series of 

nucleoside analogues, and were produced in similarly excellent yields (Table 18). 
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Table 18.  Deprotection of the 6'-O-TBDPS group of 4-substituted 1,2,3-triazole derivatives. 

 

Starting Material R Product Yield (%) 

266 
 

270 93 

267 
 

271 86 

268 
 

272 92 

 

5.3.6.3 1,2,3-Triazole Series: 3',4'-Diol Derivatives  

The next aspect of our synthesis of the 4-substituted 1,2,3-triazole series of nucleoside 

analogues was the nucleophilic opening of the 1-azido-3,4-epoxide derivative 194 to 

afford a small range of 3',4'-diol derivatives.  From our experience with nucleophilic 

opening of the 3',4'-epoxide on the cytosine-containing template (Section 5.3.5.1.3), use 

of strongly basic conditions under high temperature, pressure and microwave irradiation 

was required to furnish the desired 3',4'-diol.  One particular consideration for the 

synthesis of the 4-substituted 1,2,3-triazole series of nucleoside analogues was the 

anticipated susceptibility of the electrophilic carbonyl carbon of the 1,2,3-triazole-

4-ester derivative  (eg. 266) to these conditions.  Therefore, the relatively inert 1-azido-

3,4-epoxide derivative 194 was chosen for nucleophilic epoxide opening to synthesise 

methyl 1-azido-α-D-fructofuranoside 273.605  The 1-azido derivative 273 has been 

reported in the literature previously,605 although it was accessed through a different 

approach (Scheme 77), a multi-step sequence from 3,6-di-O-tosylated 

β-D-fructofuranose derivative 274606 (16% yield over four steps from 274).   
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Scheme 77.  Literature synthesis of methyl 1-azido-α-D-fructofuranoside 273 from 274 
reported by Guthrie et al.605  

 

The previous literature approach605 to 1-azido derivative 273, being a multi-step 

synthesis with a low overall yield from starting material 274, which was not on hand, 

was not explored in our work.  Alternatively, employing the base-mediated nucleophilic 

attack on the 1-azido-3,4-epoxide derivative 194 would provide an opportunity to 

explore the conditions of this reaction without the complication of side-product 

formation observed for the cytosine 3',4'-epoxide opening reactions and could 

potentially improve conversion to the 3,4-diol. 

 

5.3.6.3.1 Opening of a 3,4-Epoxide to a 3,4-Diol 

The 6-O-silylated C-1 azide derivative 194 was reacted with 5% aq. KOH under similar 

conditions to those used for the 3',4'-diol formation on the cytosine-based nucleoside 

analogues (Section 5.3.5.1.3), at 150 °C, 10 bar, under MW for 2 hours.  As the 1-azido 

derivative 194 did not contain the base-sensitive cytosine moiety, an increase in 

temperature (150 °C, compared to 120 °C for reaction of the cytosine 3',4'-epoxide 

derivative 218) was employed in an effort to decrease the reaction time.  However, after 

MW irradiation at 150 °C for 2 hours, TLC indicated the incomplete formation of the 

desired 3,4-diol 273, with the majority of product the 3,4-epoxide-6-hydroxy derivative 

275.  The mixture was reacted for a further 2 hours at 150 °C, with TLC indicating the 

formation of desired 3,4-diol 273 progressing very slowly.  The reaction temperature 

was increased to 170 °C and the reaction was continued for a further 2 hours, with 

improved, although incomplete, conversion to 273 observed by TLC.  After a total 

reaction time of 6 hours, the 1-azido-3,4-diol derivative 273 was isolated in 66% yield, 

a significant improvement compared to the synthesis of the cytosine derivative 220 (8% 

yield).  Additionally, 7% of the 1-azido-3,4-epoxide-6-hydroxy derivative 275 was 

recovered.  
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Scheme 78.  Synthesis of the 1-azido-3,4-diol derivative 273 from the 6-O-silylated 
3,4-epoxide derivative 194.  Reagents and Conditions: a) 5% aq. KOH, THF, MW, 150 to 
170 °C, up to 17 bar, 6 h, 66% 273 and 7% 275. 

 

The 13C NMR data for 273 was in general agreement with that previously reported by 

Guthrie and co-workers, which was reported for the compound in DMSO-d6.605  In an 

attempt to further improve the yield of this difficult 3,4-diol derivative 273, the 

temperature and pressure for the reaction of 194 with 5% aq. KOH in THF was 

increased to 180 °C for 2 hours under microwave conditions, however this only led to 

decomposition of material.   

 

It was of interest to investigate the effect of an alternative C-1' substituent on the 

outcome of this reaction.  Making use of the inadvertent synthesis of the 3',4'-epoxide 

1,2,3-triazole-4-methoxycarbonyl 269 (Section 5.3.6.2), this methyl ester derivative was 

treated under microwave irradiation with 5% aq. KOH in THF at 150 °C for 3 hours 

(Scheme 79).  The molar equivalent of aq. KOH was increased to 5 eq. to achieve 

reactions at the three different locations in this molecule, being the removal of the 

6'-O-TBDPS silyl ether, ester hydrolysis at the electrophilic methyl ester carbonyl, and 

opening of the 3',4'-epoxide to the 3',4'-diol (Scheme 79).   

 

 

Scheme 79.  Treatment under microwave conditions of the 3',4'-epoxide-6'-O-TBDPS methyl 
ester derivative 269 with base to afford the fully deprotected carboxylic acid derivative 276.  
Reagents and Conditions: a) 5% aq. KOH (5 eq.), THF, MW, 150 °C, 11 bar, 3 h, 76%. 
 

Characterisation of the single product isolated showed that, as anticipated, all three 

potential reactions had occurred in the one pot, affording the 3',4',6'-trihydroxy 
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carboxylic acid derivative 276 in 76% yield.  This reaction was the most successful 

opening of the 3',4'-epoxide to the 3',4'-diol synthesis to date, with the 3',4'-epoxide 

completely consumed.  Loss of signals for the methyl ester in both the 1H and 13C NMR 

spectra (δ 3.83 and 52.5 ppm, respectively) indicated the conversion of the ester to the 

carboxylic acid.  Opening of the epoxide was confirmed by 1H NMR, with coupling 

constants of J3',4' 3.0 and J4',5' 5.4 Hz, and 13C NMR chemical shifts for C-3' and C-4', 

respectively, moving from δ 58.3 and 57.2 ppm for the 3',4'-epoxide 269 to δ 77.0 and 

79.0 ppm for 276, typical of a 3',4'-epoxide to diol conversion.   

 

It is apparent that the nucleophilic opening of a 3,4-epoxide of methyl 

α-D-fructofuranosides with hydroxide ion requires conditions of elevated temperature, 

pressure and a long reaction time, and appears to be a particularly difficult conversion.  

Finding the delicate balance between encouraging the maximum amount of starting 

material to undergo reaction, while taking care not to cause decomposition, or formation 

of side-products, under these conditions has proven challenging.  

 

5.3.6.3.2 C-1' 4-Substituted 1,2,3-Triazoles 

With the 1-azido-3,4-diol derivative 273 in hand, the formation of the 4-substituted 

1,2,3-triazoles at C-1' was achieved by reaction with alkyne, 1 M CuSO4 and sodium 

ascorbate in THF/i-PrOH/H2O.  The 1,2,3-triazole-4-(ethoxycarbonyl) 277 and 

1,2,3-triazole-4-(N,N-diethylaminomethyl) 278 derivatives were synthesised in good 

yields (Table 19). 
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Table 19.  CuAAC reaction of the 1-azido-3,4-diol derivative 273 with different alkynes. 

 
Product R Yield (%) 

277 
 

72 

278 
 

67 

 

To complete the desired suite of 4-substituted 1,2,3-triazole derivatives, the 

1,2,3-triazole-4-carboxamide derivative 279 was prepared from the ethyl ester 

derivative 277 by treatment with methanolic ammonia.  The carboxamide product was 

obtained in 89% yield, with no transesterification methyl ester product isolated (Scheme 

80). 

 

 

Scheme 80.  Synthesis of 1,2,3-triazole-4-carboxamide derivative 279 by reaction of the ethyl 
ester derivative 277 in methanolic ammonia.  Reagents and Conditions: a) NH3/MeOH, rt, 8 d, 
89%. 
 

The formation of the 4-substituted 1,2,3-triazole in each of the compounds synthesised 

on the 3',4'-diol was confirmed in the 1H NMR spectra, where the characteristic 

4-substituted 1,2,3-triazole C-5 proton was observed at δ 8.54, 8.04 and 8.52 ppm for 

277, 278 and 279, respectively. 
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5.3.6.4 1,2,3-Triazole Series: Modifications at C-4' 

To finalise the library of C-1' 1,2,3-triazole methyl α-D-fructofuranoside analogues, a 

range of C-4' modified derivatives were synthesised from the 3',4'-epoxide 

1,2,3-triazole-4-carboxamide derivative 272 (described in Section 5.3.6.2).  The 

synthetic approach to the C-4' modified derivatives was similar to that used for the 

cytosine series of 1'-homo-N-nucleoside analogues (described in Section 5.3.5.1).   

 

5.3.6.4.1 Installation of a C-4' Azide 

In a similar manner to the analogous cytosine series derivative 223, a C-4' azido group 

was installed from the 3',4'-epoxide derivative 272 using NaN3 and NH4Cl in EtOH/H2O 

at reflux for 2 days, affording 280 in 78% yield.  

 

 

Scheme 81.  Synthesis of the C-4' azido derivative 280 from the 3',4'-epoxide derivative 272.  
Reagents and conditions: a) NaN3, NH4Cl, EtOH/H2O, reflux, 2 d, 78%. 

 

The incorporation of the azide functionality at C-4' in 280 was confirmed in the 13C 

NMR spectrum, with the chemical shifts moving downfield compared to the 

3',4'-epoxide 272.  C-3' was observed to move from δ 56.9 ppm for 272 to δ 79.3 ppm 

for 280, while a shift from δ 56.0 ppm for 272 to δ 67.8 ppm for 280 was observed for 

C-4'.  Furthermore, in the 1H NMR spectrum the J4,5 coupling constant increased from 

0.9 to 6.0 Hz, for 272 and 280, respectively, which is characteristic of opening the 

3',4'-epoxide to a C-4' azide derivative.   

 

5.3.6.4.2 Installation of a C-4' Amine 

In an alternative approach towards the synthesis of the C-4' amino derivative 281, the 

C-4' azide of compound 280 was reduced with zinc powder and NH4Cl, rather than 

directly incorporating the amino group at C-4 from the 3,4-epoxide 272.  Although the 

reaction of the cytosine series 3',4'-epoxide with NH4OH was high yielding (85%), it 
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necessitated microwave conditions of high temperature and pressure (Section 5.3.5.1.5, 

while the reduction of the azide could be performed under milder conditions, at room 

temperature in shorter reaction time.  The 4'-azido derivative 280 was treated with Zn 

powder and NH4Cl in MeOH/H2O607 at room temperature for 1 hour to afford the C-4' 

amino product 281 (Scheme 82).  Although the crude product was chromatographed, 

the amount of material recovered was greater than quantitative, presumed to be due to 

the zinc salts complexed with and/or co-eluting with the polar product.  A portion of 

this material, to be utilised in biological evaluation studies, was purified by HPLC.  

Based on the mass of the pure material recovered, the yield of the zinc-based reduction 

was calculated to be 87%.  The remainder of the material was used for subsequent 

reactions without further purification. 

 

 

Scheme 82.  Synthesis of the C-4' amine derivative 281 from the 4'-azido derivative 280.  
Reagents and conditions: a) Zn powder, NH4Cl, MeOH/H2O, rt, 1 h, 87%. 
 

The conversion to the amino group at C-4' was observed in the 1H NMR spectrum 

through the H-4' chemical shift, with an upfield change from δ 3.82 ppm for 4'-azide 

derivative 280 to δ 3.60 ppm for 281.  Additionally, a difference in chemical shift was 

observed in the 13C NMR spectrum for C-4', from δ 67.8 ppm for 280 to 59.2 ppm for 

281. 

 
5.3.6.4.3 C-4' 1,2,3-Triazole Modifications 

Further modification of the C-4' azide 280 (Section 5.3.6.4.1) to incorporate 

4-substituted 1,2,3-triazoles was performed in a similar manner to that for the cytosine 

series (Section 5.3.5.1.6).  The 4'-azido derivative 280 was treated with alkyne, 1 M 

CuSO4 and sodium ascorbate in THF/i-PrOH/H2O to yield 1',4'-bis-(4-substituted 

1,2,3-triazole) methyl α-D-fructofuranoside derivatives in moderate to good yield 

(Table 20).  The 4-substituted 1,2,3-triazoles were chosen to mimic some characteristics 
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of the natural phosphodiester linkage (as discussed in Section 5.1.2.2), such as an acidic 

functional group (282), or the shape of a carbohydrate (cyclopentyl ring of 283). 

 

Table 20.  CuAAC reaction of the C-4' azide 280 to form 4-substituted 1,2,3-triazoles. 

 
Product R Yield (%) 

282 
 

56a 

283 
 

79 

a after HPLC purification 
 

The formation of the C-4' triazoles was confirmed by 1H NMR, where the characteristic 

C-5 proton for the 4-substituted 1,2,3-triazole at C-4' was observed at δ 7.92 ppm for 

282 and δ 7.83 ppm for 283. 

 

5.3.6.4.4 C-4' Acylamino Modification 

Towards the introduction of an acylamino functionality at C-4', the acetamide (NHAc) 

group was chosen as an easily accessible exemplar of this functional group.  A method 

was required that would selectively acylate the C-4' amine in the presence of free 

hydroxyl groups.  Additionally, the reaction conditions would need to be suitable for a 

fully deprotected, and quite polar, starting material.  The method chosen was one that 

was developed within our group,608 aspects of which are similar to literature reported 

methods.609-611 

 

The 4'-acetamido derivative 284 was synthesised from the C-4' amino derivative 281 by 

treatment with AcCl and 1 M aq. K2CO3 in CH3CN at room temperature, for 16 hours.608  

The reaction was low-yielding (25% yield), but there was recovery of a substantial 
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amount of unreacted starting material (68% yield), which leads to a 76% yield based on 

recovered starting material (Scheme 83).  The incorporation of the N-acyl group in the 

4'-acetamido derivative 284 was observed by 1H NMR, with a downfield shift of H-4' to 

δ 4.12 ppm, from δ 3.66 ppm for 281.  

 

 

Scheme 83.  Synthesis of the 4'-acetamido derivative 284 from the C-4' amino derivative 281.  
Reagents and conditions: a) AcCl, 1 M aq. K2CO3, CH3CN, rt, 16 h, 25% (76% yield based on 
68% recovered starting material). 

 

This reaction was carried out on only a small scale, and requires further optimisation, 

however enough material was synthesised for the purpose of biological evaluation.  If 

this chemistry was to be re-visited, the utilisation of the N-acylation extension of the 

Staudinger reaction could be advantageous for the direct conversion to C-4' acylamino 

groups from the 4'-azido derivative 280 without having to go through the 4'-amino 

derivative 281, as was employed with the analogous cytosine series (Section 

5.3.5.1.7.2). 

  

5.3.6.4.5 C-4' Sulfonylamino Group Modification 

To round out the array of C-4' modified derivatives of the 4-substituted 1,2,3-triazole 

series of nucleoside analogues, 4'-p-toluenesulfonamide (NHTs) was chosen as an 

exemplar sulfonylamino derivative.  In an analogous manner to the formation of the 

4'-acetamido derivative, the sulfonylamino group requires selective installation in the 

presence of hydroxyl groups.  The 4'-p-toluenesulfonamide derivative 285 was 

synthesised from the C-4' amino derivative 281 utilising the same method (p-TsCl, 1 M 

aq. K2CO3 and CH3CN at rt, 16 h) as for the 4'-acetamido formation (vide supra).  

Under these conditions, the desired 4'-p-toluenesulfonamide derivative 285 was 

afforded in very low yield (10% yield), while a trace amount of 4',6'-N,O-ditosylate 

derivative 286 was also isolated (2% yield), as well as recovery of a substantial amount 
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of starting material (< 95% yield, impure) (Scheme 84).  The 4'-p-toluenesulfonamide 

derivative 285 was observed by 1H NMR, with a slight upfield shift of H-4' to δ 3.55 

ppm from δ 3.66 ppm for 281.  

 

 

Scheme 84.  Synthesis of the 4'-p-toluenesulfonamide derivative 285 from the C-4' amino 
derivative 281.  Reagents and conditions: a) p-TsCl, 1 M aq. K2CO3, CH3CN, rt, 16 h, 10% 285 
and 2% 286; b) p-TsCl, Et3N, CH3CN, 0 °C to rt, 3 h, 21% 285, 4% 286 and < 82% recovered 
starting material. 

 

There was insufficient quantity of 4'-p-toluenesulfonamide derivative 285 synthesised, 

therefore an alternative method was sought.  To improve on the first reaction attempt, 

we required anhydrous reaction conditions, therefore employed a method described by 

Hodgson et al.612 for the selective N-tosylation of an alkylamine in the presence of a 

hydroxyl group.  The C-4' amine derivative 281 was treated with p-TsCl (1.1 eq.) and 

Et3N in CH3CN at 0 °C to room temperature for 3 hours (Scheme 84).  The desired 

mono-tosylate 285 was isolated in 21% yield, with 4% yield of 4',6'-N,O-ditosylate 

derivative 286 and recovered starting material (< 82% yield of impure material).  

Although this result was an improvement on the first attempt at the synthesis of 285, the 

yields were quite disappointing.  These reactions were performed on a small scale and 

require further optimisation, however sufficient material was obtained for biological 

evaluation. 

 

5.4 Biological Evaluation of Methyl Fructofuranoside-based 
1'-Homo-N-nucleoside Analogues 

From the synthetic approaches described in this Chapter, two main libraries of methyl 

α-D-fructofuranoside 1'-homo-N-nucleoside analogues were furnished, which were 

differentiated by the substituent at C-1' of the fructofuranoside template: the cytosine 
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(or uridine) series shown in Figure 83, and the 4-substituted 1,2,3-triazole series shown 

in Figure 84.  These methyl α-D-fructofuranoside 1'-homo-N-nucleoside analogues 

were assessed for their antiviral activity by measuring inhibition of viral replication of 

DENV-2, and evaluation of cytotoxicity, in Vero cells.  Additionally, due to the 

availability of influenza A virus strain H3N2, human parainfluenza virus type 3 

(hPIV-3) and enterovirus 71 (EV71) within the von Itzstein research group, the antiviral 

activity of our nucleoside analogues was also evaluated against these viruses.  The 

antiviral assays employed ribavirin as a positive control, as it is known to be a weak 

inhibitor of DENV (EC50 49 ± 13 µg/mL in Vero cells)8 and a good inhibitor of 

influenza A virus (H3N2) (EC50 5.3 µg/mL in MDCK cells).613 

 

 

Figure 83.  Cytosine series of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 
analogues, and two uridine analogues, that were evaluated for antiviral activity and cytotoxicity. 



 245 

 

Figure 84.  Triazole series of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 
analogues, with two 1-azido derivatives, that were evaluated for antiviral activity and 
cytotoxicity. 
 

There was a variation in the solubility of the compounds in water and so a number were 

dissolved in 25% DMSO in water to prepare the 20 mM stock solutions.  In the cytosine 

and uracil series (Figure 83), all compounds were water soluble with the exception of 

Compound 5 (227) which had the 4-(1-hydroxybenzyl)-1,2,3-triazole substituent at 

C-4'.  In contrast, approximately half of the C-1' 4-substituted 1,2,3-triazole series 

(Figure 84) were not fully soluble in water.  The compounds showing water solubility 

were predominantly those with a hydrophilic substituent at C-4' (4'-hydroxy: 

Compounds 17, 18, 19; 4'-amino: Compound 22) with in addition the 3',4'-epoxide and 
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4'-NHAc derivatives on the 1,2,3-triazole-4-carboxamide template (Compounds 13 and 

25, respectively).  The 4'-(1,2,3-triazole-4-carboxyethyl) and 4'-sulfonamido derivatives 

in the triazole series (Compounds 24 and 26, respectively), were found to have limited 

initial solubility in 25% DMSO at 20 mM concentration, and were therefore not 

evaluated against DENV-2 and cytotoxicity in Vero cells. 

 

5.4.1 Dengue Virus Antiviral Assay 

The evaluationiv of the anti-DENV activity of our library of methyl α-D-

fructofuranoside 1'-homo-N-nucleoside analogues was performed by Focus Forming 

Assay (FFA).614  Briefly,  in a 48-well plate, Vero cells were infected with DENV-2 [at 

a multiplicity of infection (MOI) of 0.1 in 100 µL] and then incubated with the test 

compounds at 100 µM, ribavirin at 250 µM (positive control; used at a higher 

concentration than test compounds as it is known to only be a weak inhibitor)8 or no 

compound for 48 hours.  After 48 hours the supernatants were collected and stored.  The 

supernatants were diluted down to 10–3 and added to fresh cells for 90 minutes.  After 

this, a 0.8% methylcellulose overlay was added to the wells and the cells were 

incubated for 72 hours, then the overlay was removed and cells/virus were fixed and 

probed with antibodies against DENV-2.  Foci formed where DENV-2 infected cells 

were present, which were counted and the virus concentration was calculated as 

foci/mL.  The results were then statistically compared (unpaired t-test with two-tailed p 

value calculation) to the virus only cells to determine antiviral efficacy of the test 

compounds (Figure 85). 

                                                
iv Assays, analysis and graphing of results was performed by Mr Joseph Freitas within the laboratory of 
Prof. Suresh Mahalingam, Emerging Viruses and Inflammation Group, Institute for Glycomics, Griffith 
University. 
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Figure 85.  Antiviral effect of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 
analogues (Compounds 1 to 25, see Figure 83 and Figure 84) at 100 µM, and ribavirin at 
250 µM, on DENV-2 replication in Vero cells as assessed by focus forming assay.  Bars 
represent the average of duplicate values ± SD. 
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In this initial screen for antiviral activity against DENV-2 replication, Compounds 10, 

11, 12, 14, 15 and 16 showed statistically significant antiviral effects compared to the 

virus only control.  Compounds 14 (271) and 16 (277) displayed the most significant 

inhibition.  Of the compounds showing antiviral activity, Compounds 12 and 16 showed 

slightly higher cell cytotoxicity (discussed below, Section 5.4.3) so some of their 

apparent antiviral activity could be due to this.  Of the compounds exhibiting antiviral 

activity, four (12, 14, 15 and 16) were dissolved in 25% DMSO to form the 20 mM 

stock solution.  However, since the compounds were diluted down to 100 µM (1:200 

dilution) for testing it is considered unlikely that the DMSO is causing the antiviral 

effect and it is due to the compounds themselves.  The final concentration of DMSO is 

0.125%, therefore this concentration, being less than 1% DMSO, is considered to have a 

very limited effect on cell fitness.615   

 

 
 

5.4.2 Influenza Virus Antiviral Assay 

The evaluationv of the anti-influenza virus activity of our library of methyl 

α-D-fructofuranoside 1'-homo-N-nucleoside analogues was performed using an in situ 

ELISA assay616,617  The inhibition of influenza A virus (H3N2) infection of MDCK cells 

by Compounds 1 to 26 at 100 µM concentration is shown in Figure 86.  Compounds 

were applied post-virus adsorption to cells, and incubated with infected cells for 24 

hours.  Virus growth was determined by in situ ELISA, by immunostaining of 

intracellular influenza virus nucleoprotein.  Absorbance values at 450 nm were 

normalised as percentage of the infection seen with the untreated control (‘Mock’ in 

Figure 86).  P-values were calculated using two-tailed t-tests. 

 

                                                
v Assays, analysis and graphing of results was performed by Dr Benjamin Bailly within the laboratory of 
Prof. Mark von Itzstein, Institute for Glycomics, Griffith University. 
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Figure 86.  Inhibition of influenza A virus (H3N2) infection of MDCK cells by methyl 
α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues (Compounds 1 to 26, see Figure 
83 and Figure 84) or ribavirin at 100 µM as determined by in situ ELISA assay. Bars represent 
the average of triplicate values, and the error-bar is the standard error of the mean (SEM). 
 

It can be seen that most compounds evaluated had very little effect on influenza A virus 

(H3N2) infectivity, with the exception of Compounds 19 (276) and 25 (284).  These 

compounds inhibited viral replication by about 40% in a statistically significant manner. 

 

 
 

5.4.3 Assessment of Compound Cytotoxicity in Vero Cells 

The cytotoxicity of Compounds 1 to 25 in Vero cells was evaluatedvi using an MTT 

assay.618  Briefly, Vero cells were incubated with compounds at three different 

concentrations (500, 250 and 100 µM) in 96 well plates for 48 hours.  After 48 hours, 

                                                
vi Assays, analysis and graphing of results was performed by Mr Joseph Freitas within the laboratory of 
Prof. Suresh Mahalingam, Emerging Viruses and Inflammation Group, Institute for Glycomics, Griffith 
University. 
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the media was removed, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] added and the cells were incubated for 3-4 hours.  MTT was then removed 

and the formazan produced from the reduction of MTT was dissolved in DMSO.  

Absorbance was measured at 595 nm.  The absorbance was compared to untreated cells 

and the percentage (%) growth inhibition (GI) calculated (Figure 87). 

 

 

 

 

Figure 87.  MTT assay for cytotoxic effect of methyl α-D-fructofuranoside-based 1'-homo-
N-nucleoside analogues on growth of Vero cells.  Bars represent the average of triplicate values 
of the percentage growth inhibition of Vero cells produced by the test compound at 
concentrations of 500, 250 and 100 µM, compared to cells grown in the absence of a test 
compound. 
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Most compounds showed low cytotoxicity, considered to be ≤ 25% GI in Vero cells at 

100 µM (the concentration used for the antiviral assays).  The following compounds 

showed higher levels of GI at 100 µM: 2 (34%), 12 (26%), 16 (30%), 18 (60%), 

19 (28%), 21 (37%) and 25 (44%). 

 

Most of the compounds tested were dissolved in water but some were dissolved in 25% 

v/v DMSO (Compounds 5, 12, 14, 15, 16, 20, 21 and 23) at a stock concentration of 20 

mM.  Of the compounds with higher GI, 12, 16 and 21 were in 25% DMSO.  The GI 

seen with these compounds is probably not due to the presence of DMSO affecting cell 

growth, since some of the compounds dissolved in water also exhibited high GI, such as 

Compound 18 with 60% GI.  Also, as discussed above, any DMSO present will have 

been diluted between 1:40 (500 µM solution) and 1:200 (100 µM solution) to reach the 

final tested concentrations of 0.625% for compounds tested at 500 µM, to 0.125% for 

compounds tested at 100 µM.  Therefore any GI can most likely be attributed to the 

compounds themselves. 

 

5.4.4 Discussion of the Antiviral Activity and Cytotoxicity of Methyl 
Fructoside-based 1'-homo-N-nucleoside Analogues 

As described in the previous section, the libraries of methyl α-D-fructofuranoside-based 

1'-homo-N-nucleoside analogues were evaluated for their antiviral activity and 

mammalian cell cytotoxicity.  The compounds were screened for inhibitory activity 

against DENV-2, influenza A virus (H3N2), hPIV-3 and EV71 viruses, as well as 

assessing their effect on cell viability using Vero cells and A549 (adenocarinomic 

human alveolar basal epithelial) cells.  The DENV-2 assay identified Compounds 14 

271 and 16 277 water as having the most significant inhibitory activity (Figure 88), 

while Compounds 19 276 and 25 284 (although Compound 25 has high cytotoxicity in 

Vero cells) were most active against influenza A virus (H3N2) (Figure 88).  As 

discussed above (Section 5.4), it is considered unlikely that the antiviral activity is due 

to cytotoxicity effects on the cells or the presence of DMSO.  The compounds were also 

screened for their capacity to inhibit hPIV-3 replication in A549 cells at 300 µM, as 

well as EV71 in RD (human rhabdomyosarcoma) cells at 100 µM.  Against both of 
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these viruses, however, no inhibitory activity was observed.  The compounds also 

showed no cytotoxicity in A549 cells at 300 µM.vii  

 

 

Figure 88.  The four compounds that exhibited the most significant inhibition in the antiviral 
assays.  The compounds that displayed the greatest activity against DENV-2 were Compounds 
14 271 and 16 277, while the best influenza A virus (H3N2) inhibitors were Compounds 19 276 
and 25 284. 

 

The nucleoside analogues with the most potent antiviral activity against DENV-2 and 

influenza A virus (H3N2) did not show any cross-reactivity between the two viruses.  

This could be due to a number of factors, including the nature of the virus and the 

protein target(s), as well as the mechanism(s) of action of the compounds.  With regards 

to the nature of the virus, it is pertinent to note that DENV-2 is a single stranded, 

positive sense RNA virus, while influenza is a single stranded, negative sense RNA 

virus.  While broad-spectrum antiviral activity against positive-stranded RNA viruses 

with related RdRps has been demonstrated for some nucleoside analogues, the activity 

does not necessarily extend to negative stranded RNA viruses.189,195  It would be 

interesting to elucidate the mechanism of action of these inhibitors, as they may not 

necessarily be acting as inhibitors of the viral RdRp.   

 

It is interesting to note that the cytosine series of nucleoside analogues did not 

demonstrate any appreciable antiviral activity against DENV-2 or influenza A virus 

(H3N2).  Indeed, of the four most potent inhibitors identified were all of the 

4-substituted 1,2,3-triazole series.  It is difficult to speculate as to why the cytosine 

series was not active, however there are a number of factors that may impact on 

nucleoside analogue activity in whole cell assays.  These include entry of the compound 

                                                
vii hPIV-3 antiviral and A549 cell cytotoxicity assays were performed by Dr Patrice Guillon, and the 
EV71 antiviral assay was performed by Dr Benjamin Bailly, within the laboratory of Prof. Mark von 
Itzstein, Institute for Glycomics, Griffith University. 
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into cells, which may require a nucleoside transporter due to poor passive diffusion of 

polar analogues,619 lack of phosphorylation by cellular kinases, and deamination of 

cytosine nucleoside analogues in some cell lines.508   

 

The antiviral activity shown by a number of the 4-substituted 1,2,3-triazoles is quite 

encouraging, and it would be interesting to elucidate where in the viral replication 

process these inhibitors are eliciting their activity.  Furthermore, it would be beneficial 

to expand the 4-substituted 1,2,3-triazole series of nucleoside analogues and develop an 

SAR for this activity.  For both DENV-2 and influenza A virus (H3N2), it can be seen 

that the analogues with the most significant activity have no or only minor 

modifications at C-4.  Therefore, large, bulky functionalities such as the 4-substituted 

1,2,3-triazoles appear not to have a positive effect on activity.  For DENV-2, the most 

active 4-substituted 1,2,3-triazoles have more non-polar characteristics at C-4 of the 

triazole, while influenza A virus (H3N2) seems to be susceptible to more polar 

functionalities at C-4 of the triazole.  

 

With regard to the screen for mammalian cell cytotoxicity, Compound 2 (220) displayed 

the highest level of cytotoxicity in Vero cells (34% at 100 µM) of the cytosine series of 

nucleoside analogues.  This result is not entirely surprising, considering the structural 

similarity of Compound 2 (220) to the anticancer drug, cytarabine 165.491,492  With 

regard to the 4-substituted 1,2,3-triazole series of nucleoside analogues, Compound 18 

(278) demonstrated significant cytotoxicity (60% at 100 µM) in Vero cells.  This level 

of cytotoxicity was substantially greater than the other nucleoside analogues, and 

therefore it may be an interesting candidate for evaluating against cancer cell lines and 

exploring the potential anticancer properties of this compound, or related analogues. 
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The synthesis and biological evaluation of the methyl α-D-fructofuranoside 1'-homo-

N-nucleoside analogues described here is the first report of the use of this template in

the development of antiviral agents.  The results obtained from the biological evaluation 

of the two libraries of compounds are encouraging and validate the use of the methyl 

α-D-fructofuranoside template, despite the fructofuranoside ring structure possessing 

some important differences compared to the natural ribonucleoside scaffold.  It is 

interesting to compare the results observed for our 4-substituted 1,2,3-triazoles to a 

similar glucitol-based 4-substituted 1,2,3-triazole library of 1'-homo-N-nucleoside 

analogues,485 which did not demonstrate any antiviral activity against influenza A virus 

(H3N2) at 100 µM.486  Differences in antiviral activities between the compounds on the 

methyl α-D-fructofuranoside- and the glucitol-based scaffolds could potentially be due 

to a difference in the conformation of the furanoside ring, which is driven by the 

presence of the methyl glycoside in fructofuranoside derivatives.533  Furanoside ring 

conformation of nucleoside analogues is known to have a crucial impact on biological 

activity of nucleoside analogues.194,437,438  The use of the methyl α-D-fructofuranoside 

scaffold appears to be an interesting new direction for the development of novel 

nucleoside analogues. 

5.5 Conclusion 
Described in this chapter is the synthesis of 26 novel C-1' cytosine-, uridine-, azide and 

4-substituted 1,2,3-triazole-based methyl α-D-fructofuranoside 1'-homo-N-nucleoside

analogues from the inexpensive and readily available starting material sucrose.  The key 

to these syntheses was the 3,4-epoxide 1-O-triflate intermediate 192, synthesised from 

sucrose in 21% yield over five steps (Scheme 85).  From 192, the scheme synthetic 

pathways diverged to give the cytosine and 4-substituted 1,2,3-triazole series of 

nucleoside analogues, 189 and 190, respectively.   

For synthesis of the cytosine series, the cytosine moiety was installed from the C-1 

triflate 192, giving the fully protected 3',4'-epoxide 218 in excellent 89% yield.  

Compound 218 was de-silylated to afford the 3',4'-epoxide target compound 219 in 72% 

yield.  The introduction of C-4' substitutents in the cytosine series was carried out from 

either the fully protected or the unprotected 3',4'-epoxide derivatives. From fully 

protected 3',4'-epoxide derivative 218, the 3',4',-diol derivative 220 was synthesised, 
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albeit in a poor 8% yield, by reaction of 218 with 5% aq. KOH under microwave 

conditions.  This reaction was complicated by the concomitant formation of the 

corresponding uridine 3',4'-epoxide and 3',4'-diol analogues.  In distinct contrast, from 

the fully unprotected 3',4'-epoxide derivative 219, the 4'-azido 223 and 4'-amino 222 

derivatives were synthesised in 95% and 85% yield, respectively, using reaction with 

either NaN3 at reflux, or NH4OH under microwave conditions.  From the 4'-azido 

derivative 223, four C-4' 4-substituted 1,2,3-triazole derivatives were synthesised in 

good (49 to 67%) yields in one step.  Work towards introduction of C-4' acylamino 

substituents, however, was complicated by the presence of the cytosine amine.  In the 

synthesis of the example C-4' acetamido derivative 284, difficulties with maintaining 

protection of the cytosine aromatic amine led to production of 284 in only a low 7% 

yield over seven steps from 6'-O-TBDPS derivative 218.  

 

 

Scheme 85.  General approach to the synthesis of the cytosine (189) and 4-substituted 
1,2,3-triazole (190) series of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 
analogues from sucrose 188.  R1 = OH, N3, NH2, 4-substituted 1,2,3-triazole, NHAc, NHTs 
(NHTs for triazole series only); R2 = OH, 3',4'-epoxide; R3 = C(O)NH2, CO2Et, CO2H, CH2NEt2. 

 

The 4-substituted 1,2,3-triazole series of methyl α-D-fructofuranoside 1'-homo-

N-nucleoside analogues began with the synthesis of the fructofuranoside 1-azido 

derivative from the C-1 triflate 3,4-epoxide intermediate 192 in high (87%) yield.  Two 

C-1 4-substituted 1,2,3-triazoles were then introduced using high yielding CuAAC 

reactions.  With a focus on ribavirin-like analogues, the 1,2,3-triazole-4-carboxamide 
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was synthesised from the corresponding ethyl ester derivative by reaction with 

methanolic ammonia.  This gave three C-1' 4-substituted 1,2,3-triazole 3',4'-epoxide 

derivatives after deprotection.  The corresponding 3',4'-diol derivatives were accessed 

through epoxide opening of either the C-1 azido derivative, or a C-1' triazole derivative, 

using 5% aq. KOH under microwave conditions.  Both of these reactions proceeded in 

good yield, in stark contrast to the reaction of the corresponding cytosine analogue 

(described above).  The 1,2,3-triazole-4-carboxamide 3',4'-epoxide derivative 272 was 

utilised to afford the 4'-azido derivative 280 in 78% yield.  From 280, a 4'-amino 281 

derivative was furnished through zinc-mediated reduction in 87% yield, as well as two 

C-4' 4-substituted 1,2,3-triazole derivatives, synthesised through CuAAC reactions in 

56 and 79% yield.  The 4'-amino derivative 281 was further reacted to afford the 

4'-acetamido derivative 284 and 4'-p-toluenesulfonamide derivative 285, in unoptimised 

26% and 21% yields, respectively. 

 

The two libraries of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside 

analogues were evaluated for antiviral activity against DENV-2, influenza A virus 

(H3N2), hPIV-3 and EV71, as well for their cytotoxicity in Vero cells.  No antiviral 

activity was observed against hPIV-3 or EV71.  Compounds 14 (271) and 16 (277) 

were found to possess the most significant activity against DENV-2, while compounds 

19 (276) and 25 (284) displayed statistically significant antiviral activity against 

influenza A virus (H3N2).  Compounds 14, 16 and 19 did not produce cytotoxicity in 

Vero cells above 25% GI at 100 µM, therefore their antiviral activity was considered 

not to be due to cytotoxicity.  However, Compound 25 did display a 44% GI at 100 µM, 

therefore, this may have contributed to the antiviral activity observed in the influenza 

virus replication assay.  The most significant nucleoside analogue for cytotoxicity in 

Vero cells was the 3',4'-diol 1,2,3-triazole-4-(N,N-diethylaminomethyl) derivative, 

Compound 18 (278), which inhibited cell growth by 60% at 100 µM.  The cytosine 

3',4'-diol derivative Compound 2 also displayed modest cytotoxicity (34% GI), which 

seems rational, as it is a 1'-homo-N-nucleoside analogue of the anticancer drug 

cytarabine. 
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The work presented is the first reported synthesis and evaluation of methyl 

α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues.  Although a number of 

compounds showed statistically significant reduction in DENV-2 and influenza A virus 

(H3N2) replication at 100 µM, the inhibition of these compounds was significantly 

lower than the benchmark inhibitor ribavirin that was used as a positive control [at 

250 µM for the DENV-2 assay and at 100 µM for the influenza A virus (H3N2) assay].  

Greater efforts need to be invested in the development of more potent inhibitors, 

however these results are an encouraging ‘proof of concept’ and suggest that further 

investigation into the use of this template for the development of novel antiviral 

nucleoside analogues would be warranted. 

 

5.6 Future Work 
The yields obtained in the syntheses of the libraries of methyl α-D-fructofuranoside-

based 1'-homo-N-nucleoside analogues were mostly quite good, with all target 

compounds obtained in sufficient quantity for biological evaluation.  However, there 

were a couple of synthetic approaches that would benefit from optimisation if revisited 

in the future. 

 

The most significant of these is the nucleophilic opening of 3',4'-epoxides with 5% aq. 

KOH to their respective 3',4'-diols, particularly for the cytosine series of nucleoside 

analogues.  For cytosine-containing 3',4'-epoxide-6'-OTBDPS derivative 218, this 

transformation did not proceed to completion, with a reasonable amount of unprotected 

3',4'-epoxide derivative 219 remaining (21% recovery), and only 8% yield of the 

desired 3',4'-diol derivative 220 isolated.  Furthermore, at that time, undesired uracil-

based 3',4'-epoxide derivative 243 and 3',4'-diol derivative 244 were also formed in 

significant quantity (29% and 11% yields, respectively) under these conditions of high 
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temperature and pressure under MW irradiation.  Higher yields for 3,4-epoxide opening 

to the 3,4-diol were observed in the synthesis of the 4-substituted 1,2,3-triazole series of 

nucleoside analogues due to the removal the complicating factor of the cytosine moiety.  

However the C-1 azido 3,4-epoxide material required harsher conditions (MW 

irradiation, 150 to 170 °C, up to 17 bar, for 6 hours) to give the 3,4-diol in 66% yield, 

while reacting the same material under MW conditions at an increased temperature of 

180 °C for 2 hours led to decomposition.  This made striking the right balance between 

conditions to effect nucleophilic epoxide opening while avoiding decomposition of 

material rather challenging.  The cleanest and highest yielding nucleophilic 3,4-epoxide 

opening reaction was observed for the C-1' 1,2,3-triazole-4-methoxycarbonyl 

6'-O-TBDPS derivative 269, which upon treatment with 5% aq. KOH (5 eq.) at 150 °C, 

under 11 bar of pressure for 3 hours afforded the fully deprotected C-1' 1,2,3-triazole-

4-carboxy derivative 276 in 76% yield.  Although the temperature of reaction for each 

substrate was slightly different, it appears that the C-1' substituent has an influence on 

the outcome of the reaction.  Whether this is due to alternative reaction pathways 

available in the cytosine/uracil case (e.g. see Scheme 60, Section 5.3.5.1.3), to different 

solubilities of the three templates, or to electronic effects, this would need further 

investigation.  It is however, a factor to consider when planning similar chemistry in the 

future. 

 

If the cytosine series of nucleoside analogues is revisited in the future, a new approach 

to the nucleophilic attack on the 3',4'-epoxide to form a 3',4'-diol should be investigated, 

as the cytosine nucleobase moiety is highly susceptible to the harshly basic conditions 

used currently for 3',4'-epoxide opening.  Unfortunately, an acid-mediated epoxide 

opening approach is also not suitable due to the risk of anomerisation of the methyl 

glycoside under these conditions.  An alternative approach, discussed in Section 

5.3.5.1.3, is the nucleophilic attack on the 3',4'-epoxide of an appropriately N,N-bis-

protected cytosine, with an oxygen-containing nucleophile such as acetate,561 

benzoate,536 or benzyloxide534, with the introduced acyloxy or benzyloxy group at C-4' 

subsequently deprotected to furnish the requisite 3',4'-diol.  Should the cytosine 

nucleobase still be sensitive to the reaction conditions, an alternative approach, which 

introduces the nucleobase at C-1 of a fructofuranoside with a suitably protected 3,4-

diol, may be required. 
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The surprising results of the N,N-bis-BOC protective group removal from the cytosine 

amino group under basic conditions of 5% aq. KOH or NH4OH, under higher pressure 

and temperature with MW irradiation, appears to be unreported in the literature.  It 

would be interesting to investigate the utility of this reaction further. 

 

Towards the synthesis of 4'-acylamino or 4'-sulfonylamino derivatives in the cytosine 

series of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues, 

protection of the cytosine amine is required to enable selective reaction at C-4' with 

acylation or sulfonylation reagents.  The loss of the N,N-bis-BOC protective group 

during nucleophilic 3',4'-epoxide opening with NaN3 gave a mixture of products, and 

decreased the overall amount obtained of the fully protected 4'-azido derivative 255.  

With this in mind, a new approach towards 4'-acylamino derivatives from the 

unprotected 3',4'-epoxide derivative 219 was discussed in Section 5.3.5.1.7, and is 

shown in Scheme 86, below.  Starting from the fully unprotected 3',4'-epoxide 219, the 

C-4' azide is first introduced, followed by installation of appropriate protective groups 

on the cytosine amine and the C-6' primary hydroxyl group.  

 

 

Scheme 86.  Alternative approach towards an N,O-protected C-4' azido derivative 255 from 
3',4'-epoxide 219.  Reagents and conditions: a) NaN3, NH4Cl, EtOH/H2O, reflux, 2 d, 95%; 
b) TBDPS-Cl, imidazole, CH2Cl2, 0 °C to rt; c) BOC2O, DMAP, 1,4-dioxane, rt. 
 

The C-4' sulfonylamino functionalised cytosine-based nucleoside analogues were 

unable to be synthesised due to an insufficient amount of starting material, as well as 

the complexity of the selective installation of this functionality at C-4' while ensuring 

the cytosine amine group was appropriately protected.  If C-4' sulfonylamino 

derivatives are desired in the future, planning a suitable protective group strategy for the 

cytosine aromatic amine group would be required.  For the choice of sulfonamide 

synthesis methodology, the recent review by Ashfaq et al.598 should prove useful. 

 



 260 

In the 4-substituted 1,2,3-triazole series of nucleoside analogues, the yields and 

methodologies employed were generally quite successful.  However, the introduction of 

C-4' acylamino and sulfonylamino groups through reaction of the C-4' amine was 

particularly low yielding (26 and 21%, respectively), with a significant amount of the 

C-4' amino starting material recovered after chromatography.  As these conditions were 

not optimised, it is possible that they were not suitable for these applications and 

alternative methodologies should be pursued.  The Staudinger reaction was successfully 

utilised in the cytosine series of nucleoside analogues, and the C-4' azide could be easily 

employed to furnish a range of acylamino derivatives in high yield.  Alternative 

methods598 for installation of the C-4' sulfonylamine should be investigated further. 

 

The biological evaluation of the library of methyl α-D-fructofuranoside 1'-homo-

N-nucleoside analogues provided some encouraging results, with a number of 

compounds causing inhibition of DENV-2 and influenza A virus (H3N2) replication at 

100 µM concentration.  It would be beneficial to further investigate these results by 

determining what part of the viral replication process these nucleoside analogues are 

acting upon, and whether they are indeed inhibitors of viral RdRps. 

 

One reason for the lack of antiviral activity observed for the cytosine analogues, may be 

a difficulty in phosphorylation of the compounds by host cell kinases.  Therefore, to 

evaluate whether these analogues have antiviral potential, their respective triphosphate 

derivatives could be evaluated directly in a DENV RdRp assay.620,621  If the difficulty 

lies in host cell-phosphorylation, then a phosphoramidate prodrug approach, such as 

that employed for the clinically available anti-HCV drug sofosbuvir,510 could be 

investigated. 

 

Towards the development of methyl α-D-fructofuranoside 1'-homo-N-nucleoside 

analogues as antiviral agents, the expansion of the library of 4-substituted 1,2,3-triazole 

series of nucleoside analogues would allow SAR for antiviral activity of these 

compounds to be investigated.  Furthermore, based on the cytotoxicity in Vero cells 

observed for the 1,2,3-triazole-4-(N,N-diethylaminomethyl) derivative Compound 18 

(278; 60% at 100 µM), this may be an interesting starting point for exploring potential 

anticancer properties of this and similar methyl α-D-fructofuranoside 1'-homo-

N-nucleoside analogues.   
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The X-ray crystal structures of both the DENV NS5 RdRp domain, as well as the full-

length NS5 protein have now been published (Section 1.1.1.8.1).  A structure-based 

drug discovery (SBDD) program may be able to assist in an improved and more 

targeted design of methyl α-D-fructofuranoside-based 1'-homo-N-nucleoside analogues.   

 

Subsequent to the synthesis and biological evaluation of our library of methyl α-D-

fructofuranoside 1'-homo-N-nucleoside analogues, a report was published of the anti-

DENV and anti-WNV activity of C-3' 1,2,3-triazole 5'-O-silyl ether thymidine 

derivatives 287 (R = TBDPS, TBDMS), with the un-silylated derivative 287 (R = H) 

being active against HIV-1.622  It was found that the 5'-O-silyated  NIs displayed 

inhibitory activity by binding to the S-adenosyl-L-methionine (SAM) binding site of 

DENV and WNV methyltransferases (MTase).622  It would certainly be an interesting 

exercise to evaluate our C-4' 4-substituted 1,2,3-triazole derivatives against HIV-1, as 

well as 6'-O-silylating our C-4' 4-substituted 1,2,3-triazole derivatives to investigate 

anti-DENV activity of the further functionalised methyl α-D-fructofuranoside-based 

homo-N-nucleoside analogues. 
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6 
Experimental 
 
General Information: Synthesis 
All solvents were bulk distilled prior to use or were of analytical grade.  Solvents for 

reactions were either dried prepared according to Armarego and Perrin298 (denoted 

“dry”) or purchased anhydrous (denoted “anh.”).  Dried or distilled reagents were 

prepared according to Armarego and Perrin.298  Dry reactions were carried out in oven-

dried glassware under an inert atmosphere.  Microwave reactions were performed in a 

CEM Discover SP Microwave Synthesiser, using 10 mL or 35 mL capped pressure 

vessels, with reaction conditions of temperature and hold time controlled by the 

Synergy software program.  Reactions were monitored by thin layer chromatography 

(TLC) using aluminium-backed plates of silica gel (Merck silica gel F254, cat. no. 

1.05554).  TLCs were visualised under ultraviolet light, followed by dipping plates into 

a solution of 5% H2SO4 in EtOH and heating the plates at ~ 200˚C, unless indicated 

otherwise.  Purification by flash column chromatography was carried out using silica 

gel 60 (0.040-0.063 mm).  Reversed phase chromatography was performed on Merck 

Silica gel 60 silanized (0.063-0.200 mm, cat. no. 1.07719) and size-exclusion 

chromatography carried out on Sephadex™ LH-20 (GE Healthcare, cat. no. 17-0090-

02).  Dialysis was performed using Spectrum Laboratories Spectra/Por® Dialysis 

Membrane [molecular weight cut-off (MWCO) 1000, 24 mm diameter, cat. no. 

132104].  High performance liquid chromatography (HPLC) was performed using an 

Agilent HP1100 instrument, and ChemStation software.   

 
1H and 13C NMR spectra were acquired using a Bruker Avance 300 MHz Ultrashield, 

Bruker Avance III 400 MHz Ascend, or Bruker Avance 600 MHz Ultrashield 

spectrometer, as indicated.  Chemical shifts are given in ppm relative to the solvent used 

(CDCl3: 1H 7.26, 13C 77.0; D2O: 1H 4.79; CD3OD: 1H 3.31, 13C 49.0; CD3CN: 1H 1.94, 
13C 1.39 or 118.7; DMSO-d6: 1H 2.50, 13C 39.5), while for D2O, the 13C spectrum is 

referenced using the Bruker Topspin software automatic calibration.  Multiplicities are 

denoted as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), ddd 

(doublet of doublet of doublets), dt (doublet of triplets), td (triplet of doublets), or br 

(broad).  Two-dimensional 1H-1H COSY and 1H-13C HSQC experiments were acquired 
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to assist with spectral assignment.  Low resolution mass spectra (LRMS) were obtained 

using a Bruker Daltonics Esquire 3000 electrospray ionisation (ESI) ion trap mass 

spectrometer, using the positive mode, unless indicated otherwise.  High resolution 

mass spectra (HRMS) were performed by Griffith University FTMS Facility at the 

Eskitis Institute, Griffith University (Bruker Daltonics Apex III 4.7e Fourier transform 

mass spectrometer, fitted with an Apollo API source, by Hoan The Vu), Smart Water 

Research Centre, Griffith University (Agilent 1290 HPLC coupled to an Agilent 6530 

quadrupole time-of-flight mass spectrometer, fitted with a Jet Stream ESI source, by 

Ben Matthews or Larissa Buedenbender), or School of Chemistry and Molecular 

Biosciences, University of Queensland (Bruker MicrOTOF-Q, fitted with and ESI 

source, by Graham Macfarlane).  IR spectroscopy was performed on a Bruker Alpha 

Fourier Transform Infra Red (FTIR) spectrometer fitted with a platinum attenuated total 

reflectance (ATR) single reflection diamond module and OPUS 6.5 SP1 software. 

 

6.1 Synthesis of Neolactotetraose and Related Trisaccharides  

6.1.1 Synthesis of a Lactose-based Glycosyl Acceptor 
2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-2,3,6-tri-O-acetyl-α-D-
glucopyranosyl bromide (21)   

  
To a suspension of α-D-lactose monohydrate 9 (10.0 g, 27.8 mmol) in dry py. (100 mL), 

at rt, under N2, was added Ac2O (50 mL), and the reaction was stirred for 40 h.  The 

mixture was concentrated, then azeotroped with toluene (x 3) to afford the 2,3,4,6-tetra-

O-acetyl-β-D-galactopyranosyl-(1,4)-1,2,3,6-tetra-O-acetyl-α-D-glucopyranose 20 as a 

white foam (20.9 g).  Rf 0.15 (1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): 

δ 1.96, 2.01, 2.05, 2.06, 2.07, 2.13, 2.16, 2.18 (24H, 8 x s, 8 x OAc), 3.81 (1H, dd, J4,3 

9.3, J4,5 10.2 Hz, Glc H-4), 3.88 (1H, ddd, J5,4 0.9, J5,6 = J5,6' 7.2 Hz, Gal H-5), 4.00 (1H, 

ddd, J5,4 10.2, J5,6 3.9, J5,6' 1.8 Hz, Glc H-5), 4.05 – 4.18 (3H, m, Glc H-6, Gal H-6/6'), 

4.45 (1H, dd, J6',5 1.8, J6',6 13.5 Hz, Glc H-6'), 4.48 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.96 

(1H, dd, J3,2 10.5, J3,4 3.3 Hz, Gal H-3), 5.00 (1H, dd, J2,1 3.6, J2,3 10.5 Hz, Glc H-2), 

5.12 (1H, dd, J2,1 7.8, J2,3 10.5 Hz, Gal H-2), 5.35 (1H, dd, J4,3 3.3, J4,5 0.9 Hz, Gal H-4), 

5.46 (1H, dd, J3,2 10.5, J3,4 9.3 Hz, Glc H-3), 6.25 (1H, d, J1,2 3.6 Hz, Glc H-1).   
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To a solution of 20 (20.9 g, crude) in 1,2-dichloroethane (1,2-DCE; 75 mL) at 0 °C, 

under N2, was added 45% HBr in AcOH (37.6 mL, 209 mmol, 7.5 eq.) drop-wise, with 

stirring, over 30 min.  Stirring was continued at 4 °C for 24 h, after which the reaction 

was poured onto ice-water.  The organic layer was successively washed with sat. aq. 

NaHCO3 (2 x 100 mL), H2O (2 x 100 mL), then dried (Na2SO4) and concentrated (20.9 

g).  The crude material was recrystallised from EtOAc/hexanes to afford 

acetobromolactose 21 as white crystals (16.7 g, 86% yield, over 2 steps from 

α-D-lactose monohydrate 9).  1H NMR (300 MHz, CDCl3): δ 1.97, 2.06, 2.07, 2.08, 

2.10, 2.14, 2.16 (21H, 7 x s, 7 x OAc), 3.85 (1H, dd, J4,3 = J4,5 9.9 Hz, Glc H-4), 3.90 

(1H, ddd, J5,4 0.9, J5,6 = J5,6' 6.9 Hz, Gal H-5), 4.08 (1H, dd, J6,5 6.9, J6,6' 11.1 Hz, Gal 

H-6), 4.16 (1H, dd, J6',5 6.9, J6.6' 11.1 Hz, Gal H-6'), 4.17 – 4.22 (2H, m, Glc H-5, H-6), 

4.48 – 4.52 (1H, m, Glc H-6'), 4.51 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.76 (1H, dd, J2,1 3.9, 

J2,3 9.9 Hz, Glc H-2), 4.96 (1H, dd, J3,2 10.2, J3,4 3.3 Hz, Gal H-3), 5.13 (1H, dd, J2,1 7.8, 

J2,3 10.2 Hz, Gal H-2), 5.36 (1H, dd, J4,3 3.3, J4,5 0.9 Hz, Gal H-4), 5.56 (1H, dd, J3,2 = 

J3,4 9.9 Hz, Glc H-3), 6.53 (1H, d, J1,2 3.9 Hz, Glc H-1).  1H NMR data is consistent with 

that reported by Zhang and Magnusson.255 

 

2-(Trimethylsilyl)ethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-2,3,6-tri-
O-acetyl-β-D-glucopyranoside (22), 2-(trimethylsilyl)ethyl 2,3,4,6-tetra-O-acetyl-β-
D-galactopyranosyl-(1,4)-3,6-di-O-acetyl-α-D-glucopyranoside (25), 2,3,4,6-tetra-O-
acetyl-β-D-galactopyranosyl-(1,4)-3,6-di-O-acetyl-1,2-O-[2-(trimethylsilyl)ethyl 
orthoacetyl]-α-D-glucopyranoside (27), and 2,3,4,6-tetra-O-acetyl-β-D-
galactopyranosyl-(1,4)-2,3,6-tri-O-acetyl-D-glucose (26) 

 
Method A: Ag2CO3 and AgClO4 promoters 

A solution of acetobromolactose 21 (recrystallised; 1.46 g, 2.08 mmol) in dry CH2Cl2 

(30 mL) with 4 Å molecular sieves (4 Å MS) was stirred at rt, under N2, for 16 h.  This 

solution was added to a suspension of TMSE-OH (745 µL, 5.20 mmol, 2.5 eq.), Ag2CO3 

(630 mg, 2.28 mmol, 1.1 eq.), and AgClO4 (474 mg, 2.29 mmol, 1.1 eq.) in dry CH2Cl2 
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(30 mL), with 4 Å MS, which had also been stirring in a dark environment, at rt, under 

N2, for 16 h.  An additional aliquot of dry CH2Cl2 (15 mL) was added to the flask of 21 
to rinse out any residual material, which was then added to the reaction mixture.  The 

combined suspension was stirred at rt, under N2, for 3 h, in a dark environment.  TLC 

analysis of the crude mixture showed the presence of multiple products.  The reaction 

mixture was filtered through Celite, and the Celite was washed with CH2Cl2, and the 

filtrate and washings were combined and concentrated.  The crude material was purified 

by flash column chromatography (1:1, EtOAc:hexane) to give the β-TMSE lactoside 

derivative 22258 as a white foam (677 mg, 44% yield), the 2-hydroxy α-TMSE lactoside 

derivative 25 (148 mg, 10% yield) and 1-hydroxy lactose derivative 26 (274 mg, 21% 

yield).   

22: Rf 0.37 (1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 0.00 (9H, s, 

Si(CH3)3), 0.82 – 1.00 (2H, m, OCH2CH2Si), 1.96, 2.02, 2.03, 2.04, 2.05, 2.11, 2.14 

(21H, 7 x s, 7 x OAc), 3.54 (1H, dt, Jvic 6.9, Jgem 9.9 Hz, OCHaHbCH2Si), 3.59 (1H, 

ddd, J5,4 9.9, J5,6 4.5, J5,6' 2.1 Hz, Glc H-5), 3.79 (1H, dd, J4,3 9.3, J4,5 9.9 Hz, Glc H-4), 

3.86 (1H, ddd, J5,4 0.9, J5,6 = J5,6' 7.5 Hz, Gal H-5), 3.93 (1H, dt, Jvic 6.9, Jgem 9.9 Hz, 

OCHaHbCH2Si), 4.04 – 4.16 (3H, m, Glc H-6, Gal H-6/6'), 4.45 – 4.49 (1H, m, Glc 

H-6'), 4.46 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.47 (1H, d, J1,2 7.8 Hz, Glc H-1), 4.87 (1H, dd, 

J2,1 7.8, J2,3 9.3 Hz, Glc H-2), 4.94 (1H, dd, J3,2 10.2, J3,4 3.3 Hz, Gal H-3), 5.10 (1H, dd, 

J2,1 7.8, J2,3 10.2 Hz, Gal H-2), 5.18 (1H, dd, J3,2 = J3,4 9.3 Hz, Glc H-3), 5.34 (1H, dd, 

J4,3 3.3, J4,5 0.9 Hz, Gal H-4); 13C NMR (75.5 MHz, CDCl3): δ -1.47 (Si(CH3)3), 17.8 

(OCH2CH2Si), 20.5, 20.6, 20.7, 20.8, 20.9 (7 x OC(O)CH3), 60.8 (Gal C-6), 62.1 (Glc 

C-6), 66.6 (Gal C-4), 67.5 (OCH2CH2Si), 69.1 (Gal C-2), 70.6 (Gal C-5), 71.0 (Gal 

C-3), 71.7 (Glc C-2), 72.5 (Glc C-5), 73.0 (Glc C-3), 76.4 (Glc C-4), 99.9 (Glc C-1), 

101.1 (Gal C-1), 169.1, 169.6, 169.8, 170.0, 170.1, 170.3, 170.4 (7 x OC(O)CH3).  1H 

NMR data is identical to that reported by Kartha et al.258 and Jansson et al.250  

25: Rf 0.17 (1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 0.03 (9H, s, 

Si(CH3)3), 0.91 – 1.08 (2H, m, OCH2CH2Si), 1.97, 2.05, 2.11, 2.12, 2.15 (18H, 5 x s, 6 x 

OAc), 3.48 – 3.58 (2H, m, Glc H-2, OCHaHbCH2Si), 3.65 (1H, dd, J4,3 = J4,5 9.6 Hz, 

Glc H-4), 3.75 – 3.92 (3H, m, Glc H-5, Gal H-5, OCHaHbCH2Si), 4.07 (1H, dd, J6,5 7.8, 

J6,6' 11.1 Hz, Gal H-6), 4.12 (1H, dd, J6,5 5.1, J6,6' 11.7 Hz, Glc H-6), 4.17 (1H, dd, J6',5 

6.0, J6',6 11.1 Hz, Gal H-6'), 4.40 (1H, dd, J6',5 1.8, J6',6 11.7 Hz, Glc H-6'), 4.49 (1H, d, 

J1,2 7.8 Hz, Gal H-1), 4.86 (1H, d, J1,2 3.9 Hz, Glc H-1), 4.95 (1H, dd, J3,2 = 10.5, J3,4 3.3 

Hz, Gal H-3), 5.12 (1H, dd, J2,1 7.8, J2,3 10.5 Hz, Gal H-2), 5.22 (1H, dd, J3,2 = J3,4 = 9.6 
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Hz, Glc H-3), 5.35 (1H, d, J4,3 3.3 Hz, Gal H-4); 13C NMR (75.5 MHz, CDCl3): δ -1.48 

(Si(CH3)3), 18.1 (OCH2CH2Si), 20.5, 20.6, 20.8, 21.1 (6 x OC(O)CH3), 60.8 (Gal C-6), 

62.3 (Glc C-6), 66.1 (OCH2CH2Si), 66.6 (Gal C-4), 68.4 (Glc C-5), 69.2 (Gal C-2), 70.5 

(Gal C-5), 71.1 (Glc C-2), 71.2 (Gal C-3), 73.5 (Glc C-3), 76.4 (Glc C-4), 97.5 (Glc 

C-1), 101.1 (Gal C-1), 169.1, 170.1, 170.2, 170.3, 170.4, 170.8 (6 x OC(O)CH3).  

26: Rf 0.06 (1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3) partial assignment: 

δ 1.97, 2.04, 2.05, 2.06, 2.08, 2.13, 2.16, 2.17 [21H, 8 x s, 7 x OAc α/β)], 2.99 (1H, d, 

JOH,1 3.6 Hz, Glc C-1 OHα), 3.46 (1H, d, JOH,1 8.1 Hz, Glc C-1 OHβ), 3.62 – 3.69 (0.5H, 

m, Glc H-5β), 3.71 – 3.82 (1.5H, m, Glc H-4α, H-4β, H-5α), 3.84 – 3.92 (1H, m, Gal 

H-5), 4.03 – 4.22 (4H, m, Glc H-6/6'α, H-6/6'β, Gal H-6/6'), 4.50 (1H, d, J1,2 7.8 Hz, 

Gal H-1), 4.72 (0.5H, dd, J1,2 = J1,OH 8.1 Hz, Glc H-1β), 4.80 (0.5H, dd, J2,1 8.1, J2,3 9.3 

Hz, Glc H-2β), 4.84 (0.5H, dd, J2,1 3.0, J2,3 10.2 Hz, Glc H-2α), 4.96 (1H, dd, J3,2 10.5, 

J3,4 3.3 Hz, Gal H-3), 5.12 (1H, dd, J2,1 7.8, J2,3 10.5 Hz, Gal H-2), 5.25 (0.5H, dd, J3,2 = 

J3,4 9.3 Hz, Glc H-3β), 5.35 (1H, d, J4,3 3.3 Hz, Gal H-4), 5.37 (0.5H, dd, J1,2 3.0, J1,OH 

3.6 Hz, Glc H-1α), 5.52 (0.5H, dd, J3,2 10.2, J3,4 9.6 Hz, Glc H-3α).  1H NMR data is 

consistent with literature values.260 

 

2-(Trimethylsilyl)ethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-2,3,6-tri-
O-acetyl-α-D-glucopyranoside 
A small amount of 25 was per-O-acetylated in a similar manner to that described above 

for the synthesis of 20 (Ac2O/py.) to allow unequivocal assignment of the position of 

the hydroxyl moiety.  1H NMR (300 MHz, CDCl3): δ 0.01 (9H, s, Si(CH3)3), 0.92 – 1.06 

(2H, m, OCH2CH2Si), 1.96, 2.03, 2.03, 2.05, 2.11, 2.15 (21H, 6 x s, 7 x OAc), 3.46 (1H, 

dt, Jgem 6.9, Jvic 9.9 Hz, OCHaHbCH2Si), 3.71 (1H, dd, J4,3 = J4,5 9.6 Hz, Glc H-4), 3.73 

– 3.95 (3H, m, Glc H-5, Gal H-5, OCHaHbCH2Si), 4.07 (1H, dd, J6,5 7.5, J6,6' 11.1 Hz, 

Glc H-6), 4.07 – 4.17 (2H, m, Gal H-6/6'), 4.42 (1H, dd, J6',5 1.8, J6',6 11.1 Hz, Glc H-6'), 

4.47 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.78 (1H, dd, J2,1 3.6, J2,3 9.6 Hz, Glc H-2), 4.95 (1H, 

dd, J3,2 10.5, J3,4 3.3 Hz, Gal H-3), 4.97 (1H, d, J1,2 3.6 Hz, Glc H-1), 5.11 (1H, dd, J2,1 

7.8, J2,3 10.5 Hz, Gal H-2), 5.34 (1H, d, J4,3 3.3 Hz, Gal H-4), 5.47 (1H, dd, J3,2 = J3,4 9.6 

Hz, Glc H-3). 

 

Method B: Ag2CO3 promoter 

Acetobromolactose 21 (recrystallised; 200 mg, 0.286 mmol) was taken up in CH2Cl2 

and concentrated (x 3).  This material was dried under high vacuum O/N, before being 

opened to an atmosphere of Ar.  Dry CH2Cl2 (2 mL) and freshly prepared 4 Å MS and 



 268 

the mixture was added, and stirred at rt, under Ar, for 2 h.  Meanwhile, a suspension of 

Ag2CO3 (dried O/N under high vacuum over P2O5 in a dark environment; 118 mg, 0.428 

mmol, 1.5 eq.) in dry CH2Cl2 (2 mL), with 4 Å MS, was also stirred at rt, under Ar, for 

2 h.  To the suspension of Ag2CO3, TMSE-OH (freshly distilled; 410 µL, 2.86 mmol, 10 

eq.) was added, and the suspension was cooled to 0 °C.  The solution of 21 was added 

and the reaction was stirred at 4 °C for 3 d.  The reaction mixture was filtered through 

Celite, the Celite was washed with CH2Cl2 and MeOH, then the filtrate and washings 

were combined and concentrated.  The crude material was purified by flash column 

chromatography (1:1, EtOAc:hexanes) to give the β-TMSE lactoside derivative 22 as a 

white foam (93 mg, 44% yield) and 1-hydroxy lactose derivative 26 (8.2 mg, 5% yield). 

 

Method C: Ag2CO3 promoter with quenching 

Acetobromolactose 21 (recrystallised; 1.06 g, 1.52 mmol) was taken up in CH2Cl2 and 

concentrated (x 3).  This material was dried under high vacuum O/N, before being 

opened to an atmosphere of Ar.  Dry CH2Cl2 (10 mL) and freshly prepared 4 Å MS 

were added, and the mixture was stirred at rt, under Ar, for 2 h.  This solution was 

placed in a dark environment and cooled to -10 °C, then Ag2CO3 (dried O/N under high 

vacuum over P2O5 in a dark environment; 629 mg, 2.28 mmol, 1.5 eq.) and TMSE-OH 

(freshly distilled; 1.09 mL, 7.60 mmol, 5 eq.) were added, and the mixture was stirred 

for 30 min.  Stirring was continued at 4 °C for 6 d, before quenching with Et3N (212 µL, 

1.52 mmol, 1 eq.).  The reaction mixture was filtered through Celite, the Celite was 

washed with CH2Cl2, then filtrate and washings were combined and concentrated.  The 

crude material was purified by flash column chromatography (3:2, EtOAc:hexanes) to 

give an inseparable mixture of the β-TMSE lactoside derivative 22 and 1,2-orthoacetate 

derivative 27 as a white foam (790 mg, 71% yield, of which 51% is 22 and 20% is 27, 

as estimated by 1H NMR integration).  27: Rf 0.36 (1:1, EtOAc:hexanes); 1H NMR (300 

MHz, CDCl3): δ 0.02 (9H, s, Si(CH3)3), 0.85 – 1.01 (2H, m, OCH2CH2Si), 1.72 (3H, s, 

CH3), 1.97, 2.03, 2.06, 2.11, 2.17 (18H, 5 x s, 6 x OAc), 3.50 – 3.66 (3H, m, Glc H-4, 

OCH2CH2Si), 3.81 – 3.98 (2H, m, Glc H-5, Gal H-5), 4.04 – 4.19 (3H, m, Glc H-6, Gal 

H-6/6'), 4.25 (1H, dd, J6',5 2.4, J6',6 12.0 Hz, Glc H-6'), 4.26 – 4.34 (1H, m, Glc H-2), 

4.61 (1H, d, J1,2 7.8 Hz, Gal H-1), 5.00 (1H, dd, J3,2 10.2, J3,4 3.3 Hz, Gal H-3), 5.19 

(1H, dd, J2,1 7.8, J2,3 10.2 Hz, Gal H-2), 5.37 (1H, dd, J4,3 3.3, J4,5 0.9 Hz, Gal H-4), 5.46 

– 5.58 (1H, m, Glc H-3), 5.64 (1H, d, J1,2 5.1 Hz, Glc H-1); 13C NMR (75.5 MHz, 

CDCl3): δ -1.4 (SiC(CH3)3), 18.2 (OCH2CH2Si), 20.4 (CH3), 20.5, 20.6, 20.7, 20.8, 20.9 
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(6 x OC(O)CH3), 61.0 (OCH2CH2Si), 61.2 (Gal C-6), 63.5 (Glc C-6), 66.8, 66.9 (Glc 

C-5, Gal C-4), 68.8 (Gal C-2), 70.0 (Glc C-3), 70.8 (Gal C-5), 70.9 (Gal C-3), 72.6 (Glc 

C-2), 77.7 (Glc C-4), 96.8 (Glc C-1), 102.3 (Gal C-1), 121.4 (CCH3), 169.1, 169.5, 

170.1, 170.4, 170.7 (6 x OC(O)CH3).  NMR data is consistent with similar literature 

lactosyl 1,2-orthoesters.261,262 

 

2-(Trimethylsilyl)ethyl β-D-galactopyranosyl-(1,4)-β-D-glucopyranoside (19)   

 
To a solution of per-O-acetylated β-TMSE lactoside 22 (656 mg, 0.890 mmol) in anh. 

MeOH (30 mL), was added 1 M NaOH (6.0 mL, 6.00 mmol, 7 eq.), and the reaction 

was stirred at rt, for 24 h.  The reaction mixture was neutralised with Amberlite IR-120 

(H+) resin to pH 5 and filtered.  The resin was washed with MeOH and the filtrate and 

washings were combined and concentrated.  The crude material was purified by flash 

column chromatography (3:1:0.1, EtOAc:MeOH:H2O) to give β-TMSE lactoside 19 

(377 mg, 99% yield) as a white powder.  Rf 0.24 (3:1:0.1, EtOAc:MeOH:H2O); 1H 

NMR (300 MHz, D2O): δ 0.02 (9H, s, Si(CH3)3), 0.92 – 1.23 (2H, m, OCH2CH2Si), 3.29 

(1H, dd, J2,1 7.8, J2,3 9.0 Hz, Glc H-2), 3.54 (1H, dd, J1,2 7.8, J2,3 9.9 Hz, Gal H-2), 3.57 – 

3.83 (9H, m, Glc H-3, H-4, H-5, H-6, Gal H-3, H-5, H-6/6', OCHaHbCH2Si), 3.92 (1H, 

d, J4,3 3.3 Hz, Gal H-4), 3.95 – 4.08 (2H, m, Glc H-6', OCHaHbCH2Si), 4.45 (1H, d, J1,2 

7.8 Hz, Gal H-1), 4.47 (1H, d, J1,2 7.8 Hz, Glc H-1); 13C NMR (75.5 MHz, D2O): δ -2.56 

(Si(CH3)3), 17.5 (OCH2CH2Si), 60.0 (Glc C-6), 61.0 (Gal C-6), 68.4 (OCH2CH2Si), 68.5 

(Gal C-4), 70.9 (Gal C-2), 72.8 (Glc C-2), 72.5, 74.5, 74.7, 75.3, 78.3 (Glc C-3, C-4, 

C-5, Gal C-3, C-5), 101.3 (Glc C-1), 102.9 (Gal C-1).  1H NMR data is in agreement 

with the partial assignment reported in CD3OD by Kartha et al.258 
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6.1.1.1 3'-Hydroxy-lactose-based Acceptor via a 3'-O-PMB Group 

2-(Trimethylsilyl)ethyl 3-O-(para-methoxybenzyl)-β-D-galactopyranosyl-(1,4)-β-D-
glucopyranoside (42)   

To a solution of 19 (dried O/N under high vacuum; 394 mg, 0.890 mmol) in dry MeOH 

(4 mL) at rt, under N2, was added Bu2SnO (dried O/N under high vacuum; 344 mg, 1.38 

mmol, 1.5 eq.), then the mixture was warmed to 45 °C and stirred for 3 h.  The reaction 

mixture was concentrated, backfilled with Ar, taken up in dry toluene (4 mL) at rt, 

under Ar, then Bu4NBr (dried for 3 h under high vacuum; 148 mg, 0.459 mmol, 0.5 eq.) 

and 4-MeOBnCl (374 µL, 2.76 mmol, 3 eq.) were added and the mixture was refluxed 

for 7 h.  The crude reaction mixture was concentrated, before being purified by flash 

column chromatography (30:1 → 10:1, CH2Cl2:MeOH) to afford the selectively 

3'-O-PMB protected derivative 42 as a clear amorphous mass (132 mg, 26% yield).  Rf 

0.19 (10:1, CH2Cl2:MeOH); 1H NMR (300 MHz, CD3OD): δ 0.03 (9H, s, Si(CH3)3), 

0.91 – 1.11 (2H, m, OCH2CH2Si), 3.35 – 3.39 and 3.48 – 3.77 (10H, m, Glc H-2, H-3, 

H-4, H-5, Gal H-2, H-3, H-5, H-6/6', OCHaHbCH2Si), 3.78 (3H, s, OCH3), 3.84 (1H,

dd, J6,5 4.2, J6,6' 12.0 Hz, Glc H-6), 3.86 (1H, dd, J6',5 2.7, J6',6 12.0 Hz, Glc H-6'), 3.99 

(1H, td, Jvic 6.0, Jgem 9.6 Hz, OCHaHbCH2Si), 4.00 (1H, d, J4,3 2.7 Hz, Gal H-4), 4.30 

(1H, d, J1,2 7.8 Hz, Glc H-1), 4.37 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.59, 4.69 (2H, 2 x d, 

Jgem 11.4 Hz, OCHaHbPh-OCH3), 6.89, 7.36 (2 x 2H, 2 x d, Jvic 8.7 Hz, 4 x Ar CH); 13C 

NMR (75.5 MHz, CD3OD): δ -1.41 (Si(CH3)3), 19.1 (OCH2CH2Si), 55.7 (OCH3), 61.8, 

62.5 (Glc C-6, Gal C-6), 67.1 (Gal C-4), 68.1 (OCH2CH2Si), 72.3 (OCH2Ph-OCH3), 

71.8, 74.1, 76.4, 76.5, 76.9, 80.8, 81.8 (Glc C-2, C-3, C-4, C-5, Gal C-2, C-3, C-5), 

103.7 (Glc C-1), 105.1 (Gal C-1), 114.7, 130.8, 131.7, 160.8 (Ph-OCH3).  NMR data is 

in agreement with literature values.265 

2-(Trimethylsilyl)ethyl 2,4,6-tri-O-benzyl-3-O-(para-methoxybenzyl)-β-D-
galactopyranosyl-(1,4)-2,3,6-tri-O-benzyl-β-D-glucopyranoside (43)   

To a solution of 3'-O-PMB lactoside derivative 42 (102 mg, 0.181 mmol) in dry DMF 

(2 mL) at rt, under N2, was added NaH (60%, as a dispersion in mineral oil; 69 mg, 
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equivalent to 41 mg NaH, 1.73 mmol, 9.5 eq.), and the mixture was stirred for 30 min.  

The suspension was cooled to 0 °C and BnBr (204 µL, 1.72 mmol, 9.5 eq.) was added 

dropwise.  The mixture was allowed to warm to rt, and was stirred for 2 d, then 

quenched by addition of MeOH (~ 1mL).  The crude reaction mixture was concentrated, 

then taken up in CH2Cl2 and the solution was washed with H2O, then dried (Na2SO4) 

and concentrated.  The crude material was purified by flash column chromatography 

(6:1, hexanes:EtOAc) to give the per-O-benzylated 3'-O-PMB lactoside derivative 43 as 

a clear amorphous mass (34 mg, 17% yield).  Rf 0.18 (6:1, hexanes:EtOAc); 1H NMR 

(300 MHz, CDCl3): δ 0.02 (Si(CH3)3), 1.00 – 1.06 (2H, m, OCH2CH2Si), 3.31 – 3.41, 

3.49 – 3.63, 3.70 – 3.78, 3.87 – 4.05 (14H, 4 x m, Glc H-2, H-3, H-4, H-5, H-6/6', Gal 

H-2, H-3, H-4, H-5, H-6/6', OCHaHbCH2Si), 3.80 (3H, s, OCH3), 4.38, 4.44 (2H, 2 x d, 

2 x J1,2 7.8 Hz, Glc H-1, Gal H-1), 4.20 – 5.03 (14H, 14 x d, Jgem 10.5 – 12.0 Hz, 6 x 

OCHaHbPh, 1 x OCHaHbPh-OCH3), 6.84 (2H, d, Jvic 8.7 Hz, Ph-OCH3), 7.09 – 7.36 

(34H, m, 6 x Ph, Ph-OCH3); 13C NMR (75.5 MHz, CDCl3): δ -1.41 (Si(CH3)3), 18.5 

(OCH2CH2Si), 55.3 (OCH3), 67.3 (OCH2CH2Si), 68.1, 68.5 (Glc C-6, Gal C-6), 72.3 

(CH2Ph-OCH3), 73.0, 73.4, 74.7, 74.9, 75.3 (6 x CH2Ph), 73.0, 73.6, 75.2, 79.3, 81.9, 

82.3, 83.0 (Glc C-2, C-3, C-4, C-5, Gal C-2, C-3, C-4, C-5), 102.9, 103.1 (Glc C-1, Gal 

C-1), 113.7, 127.0, 127.3, 127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 

128.3, 127.4, 129.1, 130.6, 138.1, 138.5, 138.8, 139.2, 160.8 (6 x Ph, Ph-OCH3).  NMR 

data is generally in agreement with literature values.265 

 

2-(Trimethylsilyl)ethyl 2,4,6-tri-O-benzyl-β-D-galactopyranosyl-(1,4)-2,3,6-tri-O-
benzyl-β-D-glucopyranoside (41)   

 
To a solution of per-O-benzylated 3'-O-PMB derivative 43 (28 mg, 25.2 µmol) in 

CH2Cl2 (0.5 mL) at rt, was added DDQ (9 mg, 39.6 µmol, 1.6 eq.) and H2O (30 µL), 

and the reaction was stirred for 2 h.  The crude mixture was diluted with CH2Cl2, and 

the solution was washed with H2O (x 2), then dried (Na2SO4) and concentrated.  The 

crude material was purified by flash column chromatography (5:1, hexanes:EtOAc) to 

afford the 3'-hydroxy lactoside derivative 41 as a clear amorphous mass (7.7 mg, 31% 

yield).  Rf 0.11 (5:1, hexanes:EtOAc); 1H NMR (300 MHz, CDCl3): δ 0.00 (9H, s, 

Si(CH3)3), 0.98 – 1.04 (2H, m, OCH2CH2Si), 1.69 (1H, D2O exchangeable, bs, Gal C-3 

OH), 3.35 – 3.42, 3.46 – 3.59, 3.75 – 4.03 (14H, 3 x m, Glc H-2, H-3, H-4, H-5, H-6/6', 
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Gal H-2, H-3, H-4, H-5, H-6/6', OCHaHbCH2Si), 4.36, 4.42, (2H, 2 x d, 2 x J1,2 7.5, 7.8 

Hz, Glc H-1, Gal H-1), 4.22 – 5.00 (12H, 12 x d, Jgem 10.8 – 12.3 Hz, 6 x CH2Ph), 7.13 

– 7.34 (30H, m, 6 x Ph); 13C NMR (75.5 MHz, CDCl3): δ -1.41 (Si(CH3)3), 18.5 

(OCH2CH2Si), 67.4 (OCH2CH2Si), 67.9, 68.4 (Glc C-6, Gal C-6), 73.1, 73.3, 74.9, 75.1, 

75.3 (6 x CH2Ph), 73.2, 74.1, 75.2, 75.9, 76.9, 80.6, 81.9, 82.9 (Glc C-2, C-3, C-4, C-5, 

Gal C-2, C-3, C-4, C-5), 102.7, 103.1 (Glc C-1, Gal C-1), 127.1, 127.4, 127.5, 127.6, 

127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 138.0, 138.3, 138.4, 138.7, 

138.8, 139.1 (6 x Ph).  NMR data is in agreement with literature values.265 

 

6.1.1.2 3'-Hydroxy-lactose-based Acceptor via Orthoester Chemistry 

2-(Trimethylsilyl)ethyl 2,6-di-O-benzyl-3,4-O-isopropylidene-β-D-
galactopyranosyl-(1,4)-2,3,6-tri-O-benzyl-β-D-glucopyranoside (45)   

 
To a solution of β-TMSE lactoside 19 (lyophilised, then dried under high vacuum O/N; 

208 mg, 0.470 mmol) in dry DMF (2 mL) at rt, under N2, was added 

2,2-dimethoxypropane (135 µL, 1.09 mmol, 2.3 eq.) and p-TsOH•H2O (cat.), and the 

reaction was heated to 80 °C with stirring for 1 h.  The reaction was allowed to cool to 

rt, then quenched by addition of Et3N (68 µL, 0.488 mmol, 1 eq.) and concentrated, 

drying thoroughly under high vacuum for 3 h.  The crude material was opened to an 

atmosphere of Ar and taken up in dry DMF (4 mL), at rt, under N2.  This solution was 

cooled to 0 °C and NaH (60%, as a dispersion in mineral oil; 272 mg, equivalent to 163 

mg NaH, 6.79 mmol, 14 eq.) was added and the mixture was stirred for 30 min.  The 

reaction mixture was allowed to warm to rt and BnBr (1.6 mL, 13.5 mmol, 28 eq.) was 

added and the reaction was stirred for 36 h.  The reaction was quenched by addition of 

MeOH, then diluted with EtOAc, the EtOAc layer was washed with H2O (x 2), dried 

(Na2SO4) and concentrated.  The crude material was purified by flash column 

chromatography (6:1, hexanes:EtOAc) to afford the per-O-benzylated 3',4'-O-

isopropylidene lactoside derivative 45 as a clear, pale yellow syrup (370 mg, 84% 

yield).  Rf 0.22 (6:1, hexanes:EtOAc); 1H NMR (300 MHz, CDCl3): δ 0.01 (9H, s, 

Si(CH3)3), 0.99 – 1.05 (2H, m, OCH2CH2Si), 1.33, 1.38 (2 x 3H, 2 x s, C(CH3)2), 3.33 

(1H, dd, J2,1 8.1, J2,3 6.6 Hz, Gal H-2), 3.35 (1H, dd, J2,1 8.1, J2,3 9.0 Hz, Glc H-2), 3.35 – 

3.42 (1H, m, Glc H-5), 3.50 (1H, dd, J3,2 9.0, J3,4 9.6 Hz, Glc H-3), 3.51 – 3.56 (1H, m, 
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OCHaHbCH2Si), 3.58 (1H, dd, J6,5 3.3, J6,6' 7.5 Hz, Gal H-6), 3.61 – 3.69 (2H, m, Gal 

H-5, H-6'), 3.73 (1H, dd, J6,5 2.1, J6,6' 11.1 Hz, Glc H-6), 3.78 (1H, d, J6',5 4.2, J6',6 11.1 

Hz, Glc H-6'), 3.91 (1H, dd, J4,3 9.6, J4,5 9.3 Hz, Glc H-4), 3.94 – 4.01 (1H, m, 

OCHaHbCH2Si), 4.01 (1H, dd, J3,2 6.6, J3,4 5.7 Hz, Gal H-3), 4.09 (1H, dd, J4,3 5.7, J4,5 

1.5 Hz, Gal H-4), 4.29, 4.41, 4.48, 4.55, 4.65, 4.69, 4.73, 4.77, 4.88, 4.91 (10H, 10 x d, 

Jgem 10.5 – 12.3 Hz, 5 x OCHaHbPh), 3.98 (1H, d, J1,2 8.1 Hz, Gal H-1), 4.40 (1H, d, J1,2 

8.1 Hz, Glc H-1), 7.18 – 7.38 (25H, m, 5 x Ph); LRMS m/z 956 ([M+Na]+, 100%).  1H 

NMR data is in agreement with the partial assignment in the literature623 and with the 

analogous methyl glycoside derivative.272 

 

2-(Trimethylsilyl)ethyl 2,6-di-O-benzyl-β-D-galactopyranosyl-(1,4)-2,3,6-tri-O-
benzyl-β-D-glucopyranoside (46)   

 
To a solution of 3',4'-O-isopropylidene derivative 45 (219 mg, 0.235 mmol) in CH2Cl2 

(6 mL) at 0 °C, under N2, was added 90% aq. TFA (0.6 mL) and the reaction was stirred 

for 2 h.  The mixture was diluted with CH2Cl2, the solution was washed with H2O, dried 

(Na2SO4) and concentrated.  The crude material was purified by flash column 

chromatography (2:1, hexanes:EtOAc) to furnish the 3',4'-dihydroxy-lactoside 

derivative 46 (172 mg, 82% yield).  Rf 0.14 (2:1, hexanes:EtOAc); 1H NMR (300 MHz, 

CDCl3): δ 0.01 (9H, s, Si(CH3)3), 1.02 (2H, dd, Jgem 7.8, Jvic 2.4 Hz, OCH2CH2Si), 2.05 

(2H, bs, Gal C-3 OH, C-4 OH), 3.34 (1H, dd, J6,5 6.0, J6,6' 11.7 Hz, Gal H-6), 3.37 – 3.42 

(3H, m, Glc H-2, H-5, Gal H-3), 3.39 (1H, dd, J2,1 7.8, J2,3 9.0 Hz, Gal H-2), 3.47 (1H, 

dd, J6',5 4.8, J6',6 11.7 Hz, Gal H-6'), 3.56 (1H, dd, J3,2 = J3,4 9.0 Hz, Glc H-3), 3.56 – 3.62 

(2H, m, Gal H-5, OCHaHbCH2Si), 3.74 – 3.82 (2H, m, Glc H-6/6'), 3.92 (1H, d, J4,3 2.4 

Hz, Gal H-4), 3.92 – 4.04 (2H, m, Glc H-4, OCHaHbCH2Si), 4.36, 4.42, 4.43, 4.57, 

4.65, 4.70, 4.76, 4.80, 4.89, 4.96 (10H, 10 x d, Jgem 10.8 – 12.3 Hz, 5 x OCHaHbPh), 

4.37 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.42 (1H, d, J1,2 7.2 Hz, Glc H-1), 7.19 – 7.37 (25H, 

m, 5 x Ph).  1H NMR data is in agreement with literature values.623 
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2-(Trimethylsilyl)ethyl 4-O-acetyl-2,6-di-O-benzyl-β-D-galactopyranosyl-(1,4)-
2,3,6-tri-O-benzyl-β-D-glucopyranoside (44)  

 
To a solution of 3',4'-diol derivative 46 (dried O/N on a high vacuum pump; 151 mg, 

0.169 mmol) in dry DMF (1.5 mL), at rt, under N2, was added trimethyl orthoacetate 

(distilled, 215 µL, 1.69 mmol, 10 eq.) and p-TsOH•H2O (cat.), and the solution was 

stirred for 3 h.  The reaction was quenched by addition of Et3N (24 µL, 0.172 mmol, 1 

eq.) and concentrated.  The crude material was purified by flash column 

chromatography (2:1, hexanes:EtOAc) to give the 3'-hydroxy lactose-based glycosyl 

acceptor 44 as a clear amorphous mass (149 mg, 94% yield).  Rf 0.15 (3:1, 

hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): δ 0.06 (9H, s, Si(CH3)3), 1.01 – 1.07 

(2H, m, OCH2CH2Si), 2.06 (3H, s, OAc), 2.49 (< 1H, D2O exchangeable, s, Gal C-3 

OH), 3.36 (2H, d, J6/6',5 6.6 Hz, Gal H-6/6'), 3.42 – 3.45 (2H, m, Glc H-2, Gal H-2), 3.48 

(1H, ddd, J5,4 9.6, J5,6 = J5,6' 4.2 Hz, Glc H-5), 3.54 (1H, t, J5,6/6' 6.6 Hz, Gal H-5), 3.60 

(1H, dd, J3,2 = J3,4 9.0 Hz, Glc H-3), 3.61 – 3.70 (2H, m, Glc H-6, OCHaHbCH2Si), 3.67 

(1H, dd, J3,2 9.6, J3,4 3.0 Hz, Gal H-3), 3.81 (1H, dd, J6',5 4.2, J6',6 12.6 Hz, Glc H-6'), 

4.01 (1H, dd, J4,3 9.0, J4,5 9.6 Hz, Glc H-4), 4.05 – 4.09 (1H, m, OCHaHbCH2Si), 4.26, 

4.47, 4.49, 4.63, 4.70, 4.76, 4.79, 4.85, 4.94, 5.00 (10H, 10 x d, Jgem 10.2 – 12.0 Hz, 5 x 

OCHaHbPh), 4.42 (1H, d, J1,2 8.4 Hz, Glc H-1), 4.51 (1H, d, J1,2 7.8 Hz, Gal H-1), 5.37 

(1H, d, J4,3 3.0 Hz, Gal H-4), 7.19 – 7.43 (25H, m, 5 x Ph); 13C NMR (75.5 MHz, 

CDCl3): δ -1.4 (Si(CH3)3), 18.4 (OCH2CH2Si), 20.8 (OC(O)CH3), 67.2 (Gal C-6), 67.3 

(OCH2CH2Si), 68.2 (Glc C-6), 69.6 (Gal C-4), 71.9 (Glc C-3), 72.4 (Gal C-3), 73.1, 

73.3, 74.9, 75.0, 75.2 (5 x CH2Ph), 75.0 (Gal C-2), 76.5 (Glc C-4), 80.0 (Glc C-2), 81.8 

(Glc C-5), 82.7 (Gal C-5), 102.3 (Gal C-1), 103.1 (Glc C-1), 127.3, 127.5, 127.6, 127.8, 

127.9, 127.9, 128.0, 128.2, 128.3, 128.4, 128.5, 137.9, 138.1, 138.2, 138.7, 139.0 (5 x 

Ph), 170.9 (OC(O)CH3).  NMR data is consistent with literature values.273  
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6.1.2 Synthesis of a Lactosamine-Based Glycosyl Donor 

6.1.2.1 The Heyns Rearrangement: Synthesis of 2-Deoxy-2-amino Sugars 

2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-1,3,6-tri-O-acetyl-2-deoxy-2-
phthalimido-β-D-glucopyranose (53)  

Lactosamine hydrochloride 12 was synthesised according to the method of Stütz et al.290 

with modification.  D-Lactulose 52 (20.0 g, 58.4 mmol) was dried by azeotropically 

removing water by refluxing in a suspension of toluene in a Dean-Stark apparatus O/N.  

Toluene was removed under reduced pressure and the lactulose was opened to an 

atmosphere of Ar, at rt, and to which benzylamine (dried over KOH; 50 mL, 458 mmol, 

7.8 eq.) was added.  The mixture was warmed to 40 °C and stirred until substantial 

consumption of starting material was indicated by TLC and mass spectrometry.  

Analytical samples were prepared by taking ~ 100 µL of reaction mixture, adding ~ 2 

mL of Et2O and storing at -18 °C O/N.  The Et2O was decanted off, and the precipitate 

dried under high vacuum.  This material was then analysed by mass spectrometry and 

TLC, however, it must be noted that this intermediate was somewhat unstable on TLC.  

After 5 d, the reaction was allowed to cool to rt, then diluted with dry MeOH (50 mL).  

The diluted reaction mixture was added to Et2O (~ 800 mL) at 0 °C, then kept at -18 °C 

O/N to precipitate the crude material from the residual benzylamine.  The mother liquor 

was decanted from the sticky, brown precipitate, which was then washed with a 

minimal amount of cold Et2O and decanted.  The precipitate was dried under high 

vacuum for 2 h to yield a bright yellow foam.  The crude material was opened to an 

atmosphere of Ar, at rt, and taken up in anh. MeOH (100 mL), to which AcOH (12 mL) 

was added, then stirred for 3 h.  This solution was slowly added to Et2O (~ 800 mL) at 0 

°C, and stored at -18 °C O/N.  The mother liquor was then decanted, leaving a brown 

sticky gum that was dried under high vacuum to furnish crude N-benzyllactosamine 54 

as a yellow-brown foam (23.8 g, 94% crude yield from 52).  Rf 0.80 (54), 0.26 (52) 

(2:1:1, MeOH:CHCl3:NH4OH); LRMS m/z 432 ([54+H]+, 100%), 365 ([52+Na]+, 4%).   

To a solution of crude N-benzyllactosamine 54 (23.8 g) in H2O (115 mL), acidified to 

pH 1 with conc. HCl, was added Pd(OH)2/C (Pearlman’s catalyst, 20%; 1.15 g).  The 

mixture was degassed thoroughly (x 3), opening to an atmosphere of H2, then shaken 
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vigorously in a Parr hydrogenator, at rt, under 40 psi of pressure, for 1 d.  Monitoring 

by TLC indicated the presence of minor amounts of N-benzyllactosamine 54 and 

lactulose 52, and a major component of lactosamine hydrochloride 12 [Rf 0.33 (2:1:1, 

MeOH:CHCl3:NH4OH)].  The catalyst was removed by gravity filtration through a long, 

thin plug of Celite, washing with water, and the filtrate and washings were combined 

and concentrated.  The crude material was taken up in EtOH and gently warmed, then 

cooled to 4 °C O/N to precipitate the crude material as a sticky brown gum.  The EtOH 

was decanted, then the precipitate was dried under high vacuum to afford crude 

lactosamine hydrochloride 12 (21.3 g, 97% crude yield over 2 steps from 52).  LRMS 

m/z 342 [M+H]+ (for the free amine).   

 

To a solution of crude 12 [azeotroped with toluene (x 4), then dried over P2O5, under 

high vacuum, O/N; 5.07 g, 13.4 mmol] in anh. MeOH (25 mL), at 0 °C, under Ar, were 

added small chunks of Na(s) (308 mg, 13.4 mmol, 1 eq.).  The reaction was allowed to 

warm to rt, then stirred for 30 min before being filtered through a plug of Celite, 

washing quickly with dry MeOH.  The filtrate and washings were combined and 

phthalic anhydride (1.49 g, 10.1 mmol, 0.75 eq.) was added at rt, under Ar, and the 

reaction was stirred for 20 min.  Et3N (2.4 mL, 17.2 mmol, 1.3 eq.) and an additional 

amount of phthalic anhydride (1.49 g, 10.1 mmol, 0.75 eq.) were added to the mixture, 

which was then warmed to 50 °C and stirred for 16 h.  TLC of the crude reaction 

mixture indicated incomplete conversion to the desired product, therefore a further 

amount of Et3N (500 µL, 3.59 mmol, 0.27 eq.) was added and reaction monitoring was 

continued.  After 1 d, additional amounts of Et3N (1.4 mL, 10 mmol, 0.75 eq.) and 

phthalic anhydride (1.0 g, 6.70 mmol, 0.5 eq.) were added and stirring was continued 

for a total of 3 d.  The reaction mixture was concentrated and dried under high vacuum 

for several hours before dry py. (50 mL) and Ac2O (25 mL) were added at rt, under Ar.  

After 1 d, the reaction appeared incomplete by TLC and further amounts of dry py. (30 

mL), Ac2O (15 mL) and DMAP (cat.) were added.  The reaction mixture was stirred for 

a total of 3 d, and was then concentrated, azeotroping with toluene (x 4).  The residue 

was taken up in cold EtOAc, the EtOAc solution was washed with ice-cold 1 M HCl, 

sat. aq. NaHCO3 and H2O, then dried (Na2SO4) and concentrated.  The crude material 

was purified by flash column chromatography (4:1, CH2Cl2:EtOAc) multiple times, then 

recrystallised to give the desired per-O-acetylated 2-phthalimido derivative 53 (3.11 g, 

30% yield over 3 steps from D-lactulose 52) and the corresponding α-anomer (67 mg, 
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0.65% yield over 3 steps from D-lactulose 52).  53: Rf 0.40 (3:1, CH2Cl2:EtOAc); 1H 

NMR (300 MHz, CDCl3): δ 1.91, 1.96, 1.98, 2.05, 2.06, 2.14, 2.15 (21H, 7 x s, 7 x 

OAc), 3.83 – 3.97 (3H, m, GlcN H-4, H-5, Gal H-5), 4.00 – 4.14 (2H, m, Gal H-6/6'), 

4.18 (1H, dd, J6,5 4.2, J6,6' 12.0 Hz, GlcN H-6), 4.36 (1H, dd, J2,1 9.0, J2,3 10.5 Hz, GlcN 

H-2), 4.50 (1H, dd, J6',5 4.5, J6',6 12.0 Hz, GlcN H-6'), 4.52 (1H, d, J1,2 7.8 Hz, Gal H-1), 

4.95 (1H, dd, J3,2 10.5, J3,4 3.3 Hz, Gal H-3), 5.13 (1H, dd, J2,1 7.8, J2,3 10.5 Hz, Gal 

H-2), 5.34 (1H, d, J4,3 3.3 Hz, Gal H-4), 5.83 (1H, dd, J3,2 10.2, J3,4 8.1 Hz, GlcN H-3), 

6.50 (1H, d, J1,2 9.0 Hz, GlcN H-1), 7.71 – 7.88 (4H, m, Phth); 13C NMR (75.5 MHz, 

CDCl3): 20.5, 20.6, 20.8, 20.9 (7 x OC(O)CH3), 53.8 (GlcN C-2), 60.7 (Gal C-6), 61.9 

(GlcN C-6), 66.5 (Gal C-4), 69.0 (Gal C-2), 70.6 (Gal C-5), 70.8 (GlcN C-3), 71.0 (Gal 

C-3), 73.3 (GlcN C-5), 76.4 (GlcN C-4), 89.6 (GlcN C-1), 100.9 (Gal C-1), 123.7, 

131.2, 134.4, 167.5 (Phth), 168.5, 169.0, 170.1, 170.2, 170.3 (7 x OC(O)CH3); LRMS 

m/z 788 ([M+Na]+, 100%). α-anomer: Rf 0.37 (3:2, hexanes:EtOAc); 1H NMR (300 

MHz, CDCl3): δ 1.89, 1.96, 2.04, 2.07, 2.10, 2.15, 2.17 (21H, 7 x s, 7 x OAc), 3.83 – 

4.50 (7H, m, GlcN H-4, H-5, H-6/6', Gal H-5, H-6/6'), 4.51 (1H, d, J1,2 7.8 Hz, Gal 

H-1), 4.67 (1H, dd, J2,1 3.6, J2,3 10.2 Hz, GlcN H-2), 4.97 (1H, dd, J3,2 10.5, J3,4 3.6 Hz, 

Gal H-3), 5.14 (1H, dd, J2,1 7.8, J2,3 10.5 Hz, Gal H-2), 5.35 (1H, d, J4,3 3.6 Hz, Gal 

H-4), 6.22 (1H, d, J1,2 3.6 Hz, GlcN H-1), 6.40 (1H, dd, J3,2 10.2, J3,4 8.1 Hz, GlcN H-3), 

7.71 – 7.88 (4H, m, Phth).  53 and α-anomer 1H NMR data are in agreement with 

literature values.304,306,307 

 

6.1.2.2 Synthesis of a Lactosamine-based Thioglycoside Donor 

Ethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-3,6-di-O-acetyl-2-deoxy-2-
phthalimido-1-thio-β-D-glucopyranoside (60)   

 
To a solution of per-O-acetylated 2-phthalimido derivative 53 (2.61 g, 3.40 mmol) in 

anh. CH2Cl2 (30 mL) at rt, under Ar, was added EtSH (1.26 mL, 17.0 mmol, 5 eq.).  The 

reaction mixture was cooled to 0 °C and BF3•Et2O (555 µL, 4.50 mmol, 1.3 eq.) was 

added, then the reaction was allowed to warm to rt and stirred for 16 h.  TLC of the 

reaction mixture showed incomplete conversion to product, therefore an additional 

amount of EtSH (250 µL, 3.38 mmol, 1 eq.) was added and the reaction stirred for a 

further 3 h.  The reaction was cooled to 0 °C, quenched by addition of Et3N (620 µL, 
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4.45 mmol, 1.3 eq.) and concentrated.  The crude material was purified by flash column 

chromatography (4:1, CH2Cl2:EtOAc) to afford recovered starting material (213 mg, 8% 

yield) and the per-O-acetylated 2-phthalimido β-thioethyl glycoside 60 (1.44 g, 55% 

yield).  Rf 0.38 (4:1, CH2Cl2:EtOAc); 1H NMR (300 MHz, CDCl3): δ 1.21 (3H, t, Jvic 7.5 

Hz, SCH2CH3), 1.90, 1.96, 2.04, 2.07, 2.13 (18H, 5 x s, 6 x OAc), 2.57 – 2.71 (2H, m, 

SCH2CH3), 3.84 – 3.90 (3H, m, GlcN H-4, H-5, Gal H-5), 4.04 (1H, dd, J6,5 7.2, J6,6' 

11.1 Hz, GlcN H-6), 4.10 (1H, dd, J6',5 6.3, J6',6 11.1 Hz, GlcN H-6'), 4.15 (1H, dd, J6,5 

4.8, J6,6' 12.6 Hz, Gal H-6), 4.27 (1H, dd, J2,1 10.8, J2,3 10.2 Hz, GlcN H-2), 4.51 (1H, 

dd, J6',5 1.5, J6',6 12.6 Hz, Gal H-6'), 4.53 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.95 (1H, dd, J3,2 

10.5, J3,4 3.3 Hz, Gal H-3), 5.12 (1H, dd, J2,1 7.8, J2,3 10.5 Hz, Gal H-2), 5.33 (1H, d, J4,3 

3.3 Hz, Gal H-4), 5.48 (1H, d, J1,2 10.8 Hz, GlcN H-1), 5.78 (1H, dd, J3,2 10.2, J3,4 8.1 

Hz, GlcN H-3), 7.72 – 7.88 (4H, m, Phth); 13C NMR (75.5 MHz, CDCl3): δ 15.0 

(SCH2CH3), 20.5, 20.55, 20.6, 20.9 (6 x OC(O)CH3), 24.6 (SCH2CH3), 54.0 (GlcN C-2), 

60.7 (GlcN C-6), 62.5 (Gal C-6), 66.5 (Gal C-4), 69.0 (Gal C-2), 70.6 (Gal C-5), 71.0 

(Gal C-3), 71.9 (GlcN C-3), 77.0 (GlcN C-4, C-5), 81.1 (GlcN C-1), 101.1 (Gal C-1), 

123.6, 123.7, 131.2, 131.6, 134.2, 134.4, 169.1 (Phth), 169.7, 170.1, 170.2, 170.3, 170.4 

(6 x OC(O)CH3); LRMS m/z 791 ([M+Na]+, 100%).  NMR data is in agreement with 

values reported by Depré et al.311 

 

6.1.3 Synthesis of Glucosamine-based Glycosyl Donors 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-D-glucopyranose (62)   

 
To a solution of glucosamine hydrochloride 16 (200 mg, 0.928 mmol) in dry MeOH 

(5 mL) at rt, under N2, were added Et3N (130 µL, 0.933 mmol, 1.0 eq.) and phthalic 

anhydride (137 mg, 0.925 mmol, 1.0 eq.), and the reaction was stirred until a precipitate 

was formed.  The solution was heated to 50 °C for 20 min, and then cooled to 0 °C for 

1 h.  The precipitate was allowed to settle and the supernatant decanted and 

concentrated to give a solid residue, which was washed with Et2O.  This material was 

then per-O-acetylated by reaction with Ac2O (1 mL) and py. (2 mL), at rt, stirring for 

1 d, followed by concentration, azeotroping with toluene (x 3).  The residue was taken 

up in cold EtOAc, the EtOAc solution was washed with ice-cold 1 M HCl, sat. aq. 

NaHCO3 and H2O, then dried (Na2SO4) and concentrated.  The crude material was 
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purified by flash column chromatography (1:1, EtOAc:hexanes) to give an 

α/β-anomeric mixture of the per-O-acetylated 2-deoxy-2-phthalimido 62 as a pale 

yellow powder (187 mg, 42% yield).  Rf 0.34 (1:1, EtOAc:hexanes); 1H NMR (300 

MHz, CDCl3): δ 1.86, 1.87, 1.99, 2.03, 2.05, 2.08, 2.10, 2.11 (12H, 8 x s, 4 x OAc-α, 

OAc-β), 4.01 (0.5H, ddd, J5,4 10.2, J5,6 2.1, J5,6' 4.2 Hz, H-5β), 4.10 – 4.16 (1H, m, 

H-6/6'α), 4.28 – 4.39 (1.5H, m, H-5α, H-6/6'β), 4.46 (0.5H, dd, J2,1 9.0, J2,3 10.8 Hz, 

H-2β), 4.71 (0.5H, dd, J2,1 3.3, J2,3 11.4 Hz, H-2α), 5.16 (0.5H, dd, J4,3 9.0, J4,5 10.2 Hz, 

H-4α), 5.21 (0.5H, dd, J4,3 9.0, J4,5 10.2 Hz, H-4β), 5.88 (0.5H, dd, J3,2 10.8, J3,4 9.0 Hz, 

H-3β), 6.28 (0.5H, d, J1,2 3.3 Hz, H-1α), 6.51 (0.5H, d, J1,2 9.0 Hz, H-1β), 6.55 (0.5H, 

dd, J3,2 11.4, J3,4 9.0 Hz, H-3α), 7.72 – 7.87 (4H, m, Phth).  NMR data for the β-anomer 

ata is consistent with literature values reported by Kiso and Anderson,624 while that for 

the α-anomer is in general agreement with the values reported by Hirano.625 

 

Ethyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (61) 

 
To a solution of 62 (dried under high vacuum O/N; 4.25 g, 8.90 mmol) in anh. CH2Cl2 

(40 mL), at rt, under Ar, was added EtSH (860 µL, 11.6 mmol, 1.3 eq.).  The reaction 

was cooled to 0 °C and BF3•Et2O (1.5 mL, 12.1 mmol, 1.4 eq.) was added, before the 

reaction mixture was allowed to warm slowly to rt, then stirred for 2 d.  The reaction 

was neutralised with Et3N (1.9 mL, 13.6 mmol, 1.5 eq.) and concentrated.  The crude 

material was purified by flash column chromatography (3:2 → 1:1, EtOAc:hexanes) to 

furnish the β-thioglycoside derivative 61 as a pale yellow foam (3.98 g, 93% yield).  Rf 

0.37 (1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 1.21 (3H, t, Jvic 7.5 Hz, 

SCH2CH3), 1.86, 2.03, 2.10 (9H, 3 x s, 3 x OAc), 2.60 – 2.74 (2H, m, SCH2CH3), 3.89 

(1H, ddd, J5,4 10.2, J5,6 2.4, J5,6' 4.8 Hz, H-5), 4.17 (1H, dd, J6,5 2.4, J6,6' 12.3 Hz, H-6), 

4.31 (1H, dd, J6',5 4.8, J6',6 12.3 Hz, H-6'), 4.39 (1H, dd, J2,1 10.8, J2,3 10.2 Hz, H-2), 5.17 

(1H, dd, J4,3 9.3, J4,5 10.2 Hz, H-4), 5.48 (1H, d, J1,2 10.8 Hz, H-1), 5.82 (1H, dd, J3,2 

10.2, J3,4 9.3 Hz, H-3), 7.73 – 7.86 (4H, m, Phth); 13C NMR (75.5 MHz, CDCl3): δ 14.9 

(SCH2CH3), 20.5, 20.6, 20.8 (3 x OC(O)CH3), 24.4 (SCH2CH3), 53.6 (C-2), 62.3 (C-6), 

68.8 (C-4), 71.5 (C-3), 75.9 (C-5), 81.2 (C-1), 123.7, 131.5, 134.3, 134.4, 167.3 (Phth), 

169.5, 170.1, 170.8 (3 x OC(O)CH3).  NMR data is consistent with literature values 

reported by Lönn.310 
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3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-D-glucose (63)   

 
To a solution of 62 (4.69 g, 9.82 mmol) in anh. DMF (45 mL) at rt, under Ar, was 

added H2NNH2•AcOH (1.33 g, 14.4 mmol, 1.5 eq.), and the reaction was stirred for 

30 min.  This mixture was diluted with CHCl3 (100 mL) and the solution was washed 

with H2O (200 mL), sat. aq. NaHCO3 (100 mL) and H2O (100 mL), before being dried 

(Na2SO4) and concentrated.  The crude material was purified by flash column 

chromatography (3:2, EtOAc:hexanes) to furnish the 1-hydroxy-2-phthalimido 

derivative 63 as a white powder (2.99 g, 70% yield; 1.0:3.4, α/β ratio, as estimated by 
1H NMR integration).  Rf 0.35 (3:2, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): 

δ 1.82, 1.87, 2.04, 2.05, 2.12, 2.13 (9H, 6 x s, 3 x OAc-α, OAc-β), 3.94 (0.5H, ddd, J5,4 

10.2, J5,6 2.1, J5,6' 4.5 Hz, H-5β), 4.12 – 4.16 (0.5H, m, H-6α), 4.20 (0.5H, dd, J6,5 2.1, 

J6,6' 12.6 Hz, H-6β), 4.27 (0.5H, dd, J2,1 8.7, J2,3 10.5 Hz, H-2β), 4.30 (0.5H, dd, J6',5 4.5, 

J6',6 12.6 Hz, H-6'β), 5.37 (0.5H, dd, J6',5 4.2, J6',6 12.3 Hz, H-6'α), 4.45 – 4.49 (0.5H, m, 

H-5α), 4.66 (0.5H, dd, J2,1 3.0, J2,3 11.4 Hz, H-2α), 5.18 (1H, dd, J4,3 9.3, J4,5 10.2 Hz, 

H-4α, H-4β), 5.42 (0.5H, d, J1,2 3.0 Hz, H-1α), 5.63 (0.5H, d, J1,2 8.7 Hz, H-1β), 5.86 

(0.5H, dd, J3,2 10.5, J3,4 9.3 Hz, H-3β), 6.15 (0.5H, dd, J3,2 11.4, J3,4 9.3 Hz, H-3α), 7.71 

– 7.91 (4H, m, Phth-α, Phth-β).  1H NMR data is in general agreement with literature 

values.626 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl trichloroacetimidate 
(64)   

 
To a solution of 1-hydroxy derivative 63 [azeotroped with toluene (x 3) and dried under 

high vacuum O/N; 250 mg, 0.574 mmol] in anh. CH2Cl2 (3 mL) at rt, under Ar, was 

added Cl3CCN (576 µL, 5.65 mmol, 10 eq.) and DBU (21 µL, 0.140 mol, 0.25 eq.), and 

the reaction was stirred for 3 h.  The reaction mixture was concentrated to ~ 1/3 volume 

and loaded directly onto a flash chromatography column (1:1, EtOAc:hexanes) to afford 

recovered starting material 63 (25.7 mg, 10% yield) and the β-trichloroacetimidate 

derivative 64 as an off-white foam (265 mg, 80% yield).  Rf 0.35 (1:1, EtOAc:hexanes); 
1H NMR (300 MHz, CDCl3): δ 1.88, 2.04, 2.11 (9H, 3 x s, 3 x OAc), 4.07 (1H, ddd, J5,4 
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10.2, J5,6 2.1, J5,6' 4.2 Hz, H-5), 4.19 (1H, dd, J6,5 2.1, J6,6' 12.3 Hz, H-6), 4.39 (1H, dd, 

J6',5 4.2, J6',6 12.3 Hz, H-6'), 4.62 (1H, dd, J2,1 9.0, J2,3 10.8 Hz, H-2), 5.27 (1H, dd, J4,3 

9.0, J4,5 10.2 Hz, H-4), 5.91 (1H, dd, J3,2 10.8, J3,4 9.0 Hz, H-3), 6.62 (1H, d, J1,2 9.0 Hz, 

H-1), 7.70 – 7.84 (4H, m, Phth), 8.66 (1H, s, OC(NH)CCl3); 13C NMR (75.5 MHz, 

CDCl3): δ 20.4, 20.6, 20.7 (3 x OC(O)CH3), 53.5 (C-2), 61.5 (C-6), 68.4 (C-4), 70.4 

(C-3), 72.8 (C-5), 93.6 (C-1), 123.7, 131.2, 134.4, 167.4 (Phth), 169.4, 170.0, 170.7 (3 x 

OC(O)CH3).  NMR data is consistent with that reported by El-Sokkary et al.318 

 

6.1.4 Synthesis of a Lactosamine-based Glycosyl Acceptor 
Ethyl β-D-galactopyranosyl-(1,4)-2-deoxy-2-phthalimido-1-thio-β-D-
glucopyranoside (65)   

 
To a solution of the fully protected ethyl thioglycoside derivative 60 (676 mg, 0.880 

mmol) in anh. MeOH (120 mL) and anh. 1,4-dioxane (24 mL) at 0 °C, under Ar, was 

added 1 M NaOMe (2.5 mL, 2.50 mmol, 2.8 eq.).  The reaction was allowed to warm to 

rt, stirred for 5 h, then neutralised with Amberlite IR-120 (H+) resin to ~ pH 6.  The 

resin was filtered off, washing with MeOH, then the filtrate and washings were 

combined and concentrated.  The crude material was taken up in warm MeOH and 

recrystallisation afforded the 2-deoxy-2-phthalimido thioglycoside derivative 65 as 

white crystals (186 mg, 41% yield), and the slightly impure mother liquor as a clear 

amorphous mass (265 mg, < 58% yield).  Rf 0.46 (3:1:0.1, EtOAc:MeOH:H2O); 1H 

NMR (300 MHz, DMSO-d6): δ 1.10 (3H, t, Jvic 7.2 Hz, SCH2CH3), 2.53 – 2.73 (2H, m, 

SCH2CH3), 3.30 – 3.34 (under HOD peak, m, Gal H-2, H-3), 3.44 – 3.50 (5H, m, GlcN 

H-4, H-5, Gal H-5, H-6/6'), 3.58 (1H, bs, Gal H-4), 3.58 – 3.70 (1H, m, GlcN H-6), 3.82 

(1H, dd, J6',6 11.4, J6',OH 6.0 Hz, GlcN H-6'), 3.92 (1H, dd, J2,1 10.5, J2,3 10.2 Hz, GlcN 

H-2), 4.20 – 4.27 (2H, m, GlcN H-3, Gal H-1), 4.47 (1H, d, JOH,4 4.5 Hz, Gal C-4 OH), 

4.58 (1H, dd, JOH,6 = JOH,6' 5.1 Hz, Gal C-6 OH), 4.67 (1H, dd, JOH,6 5.1, JOH,6' 6.0 Hz, 

GlcN C-6 OH), 4.77 (1H, d, JOH,3 4.5 Hz, Gal C-3 OH), 5.09 (2H, bs, GlcN C-3 OH, Gal 

C-2 OH), 5.20 (1H, d, J1,2 10.5 Hz, GlcN H-1), 7.86 – 7.96 (4H, m, Phth); 13C NMR 

(75.5 MHz, DMSO-d6): δ 14.9 (SCH2CH3), 23.3 (SCH2CH3), 55.6 (GlcN C-2), 60.5 

(GlcN C-6, Gal C-6), 68.2 (Gal C-4), 70.2 (GlcN C-3), 70.6 (Gal C-2), 73.2 (Gal C-3), 

75.6 (GlcN C-5), 79.6 (GlcN C-4), 80.3 (GlcN C-1), 80.8 (Gal C-5), 103.9 (Gal C-1), 
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123.3, 123.6, 130.7, 130.6, 134.9, 135.0, 167.6, 167.3 (Phth).  NMR data is consistent 

with literature values.627 

 

Ethyl 6-O-(tert-butyldiphenylsilyl)-β-D-galactopyranosyl-(1,4)-6-O-(tert-
butyldiphenylsilyl)-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (70)   

 
To a solution of β-thioethyl lactoside derivative 65 [azeotroped with toluene (x 3) and 

dried under high vacuum O/N; 189 mg, 0.367 mmol] in dry DMF (8 mL), at rt, under 

Ar, was added imidazole (75 mg, 1.10 mmol, 3 eq.) and TBDPS-Cl (282 µL, 1.09 

mmol, 3 eq.), and the reaction was stirred for 1 d.  The crude reaction mixture was taken 

up in EtOAc (~ 40 mL) and washed with H2O (40 mL, then 20 mL).  The two phases 

had difficulty separating sufficiently, so more EtOAc was added and the mixture was 

gently shaken.  The combined aqueous phases were washed with EtOAc and the organic 

phases were combined, dried (Na2SO4) and concentrated.  The crude material was 

purified by flash column chromatography (2:1, EtOAc:hexanes) to give the 

6,6'-disilylated derivative 70 as a white powder (169 mg, 46% yield).  Rf 0.33 (2:1, 

EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 0.87, 1.08 (18H, 2 x s, 2 x SiC(CH3)3), 

1.19 (3H, t, Jvic 7.8 Hz, SCH2CH3), 2.38 (1H, bs, Gal C-2 OH), 2.46 (1H, d, JOH,4 2.7 Hz, 

Gal C-4 OH), 2.57 (1H, d, JOH,3 5.4 Hz, Gal C-3 OH), 2.66 (2H, dq, Jvic 7.8, Jgem 12.6 

Hz, SCHaHbCH3), 3.50 (1H, ddd, J3,2 9.3, J3,4 3.6, J3,OH 5.4 Hz, Gal H-3), 3.56 – 3.62 

(3H, m, GlcN H-5, Gal H-2, H-5), 3.72 (1H, dd, J6,5 5.7, J6,6' 10.8 Hz, GlcN H-6), 3.74 

(1H, dd, J4,3 9.6, J4,5 8.7 Hz, GlcN H-4), 3.88 (1H, dd, J6',5 6.3, J6',6 10.8 Hz, GlcN H-6'), 

3.94 (1H, dd, J4,3 3.6, J4,OH 2.7 Hz, Gal H-4), 3.98 (1H, dd, J6,5 2.7, J6,6' 11.7 Hz, Gal 

H-6), 4.03 (1H, dd, J6',5 3.6, J6',6 11.7 Hz, Gal H-6'), 4.24 (1H, dd, J2,1 10.5, J2,3 10.2 Hz, 

GlcN H-2), 4.37 (1H, d, JOH,3 1.2 Hz, GlcN C-3 OH), 4.41 (1H, d, J1,2 7.5 Hz, Gal H-1), 

4.47 (1H, ddd, J3,2 10.2, J3,4 9.6, J3,OH 1.2 Hz, GlcN H-3), 5.30 (1H, d, J1,2 10.5 Hz, GlcN 

H-1), 7.30 – 7.86 (24H, m, 4 x Ph, Phth); 13C NMR (75.5 MHz, CDCl3): δ 14.9 

(SCH2CH3), 18.8, 19.2 (2 x SiC(CH3)3), 23.7 (SCH2CH3), 26.5, 26.8 (2 x SiC(CH3)3), 

55.1 (GlcN C-2), 62.9 (GlcN C-6), 63.5 (Gal C-6), 68.4 (Gal C-4), 70.8 (GlcN C-3), 

71.8 (Gal C-2), 73.4 (Gal C-3), 74.9 (GlcN C-5), 78.8 (GlcN C-4), 80.8 (Gal C-5), 82.7 

(GlcN C-1), 103.9 (Gal C-1), 123.1, 123.6, 127.6, 127.8, 129.8, 131.8, 132.4, 132.8, 

133.3, 133.9, 135.4, 135.5, 135.6, 135.8, 167.6 (4 x Ph, Phth); LRMS m/z 1015 

([M+Na]+, 100%); HRMS (API): calcd for [M+Na]+ (C54H65NO11SSi2Na+) requires m/z 
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1014.3709, found 1014.3722.  NMR data were consistent with the analogous 2-azido 

methyl lactoside reported by Wang and Auzanneau.319 

 

Ethyl 2,4-di-O-acetyl-6-O-(tert-butyldiphenylsilyl)-β-D-galactopyranosyl-(1,4)-3-O-
acetyl-6-O-(tert-butyldiphenylsilyl)-2-deoxy-2-phthalimido-1-thio-β-D-
glucopyranoside (71)  

 
To a solution of 6,6'-disilylated derivative 70 (143 mg, 144 µmol) in anh. CH3CN 

(3 mL), at rt, under Ar, was added trimethyl orthoacetate (freshly distilled; 73 µL, 574 

µmol, 4 eq.) and CSA solution (50 mg/mL in CH3CN; 53 µL, 11.2 µmol, 0.08 eq.), then 

the mixture was stirred for 30 min.  To this mixture, at rt, under Ar, py. (5 mL) and 

Ac2O (2.5 mL) were added and the mixture was stirred for 16 h.  The reaction mixture 

was co-evaporated with toluene (x 3) and dried under high vacuum.  The crude material 

was treated with 80% aq. AcOH (1.5 mL) and stirred for 10 mins, then the reaction 

mixture was co-evaporated with toluene (x 3) and concentrated.  The crude material was 

purified by flash column chromatography (1:1, EtOAc:hexanes) to afford the 

3'-hydroxy-6,6'-disilylated derivative 71 as a white foam (113 mg, 70% yield).  Rf 0.34 

(1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 1.06, 1.10 (18H, 2 x s, 2 x 

SiC(CH3)3), 1.20 (3H, t, Jvic 7.5 Hz, SCH2CH3), 1.64, 1.90, 2.04 (9H, 3 x s, 3 x OAc), 

2.60 – 2.75 (2H, m, SCH2CH3), 3.51 – 3.64 (3H, m, GlcN H-5, Gal H-5, H-6), 3.70 – 

3.76 (2H, m, Gal H-3, H-6'), 4.00 (1H, dd, J6,5 1.5, J6,6' 12.0 Hz, GlcN H-6), 4.02 (1H, 

dd, J6',5 2.7, J6',6 12.0 Hz, GlcN H-6'), 4.14 (1H, dd, J4,3 9.3, J4,5 9.6 Hz, GlcN H-4), 4.32 

(1H, dd, J2,1 = J2,3 10.5 Hz, GlcN H-2), 4.78 – 4.82 (2H, m, Gal H-1, H-2), 5.42 (1H, d, 

J1,2 10.5 Hz, GlcN H-1), 5.48 (1H, d, J4,3 3.0 Hz, Gal H-4), 5.73 (1H, dd, J3,2 10.5, J3,4 

9.3 Hz, GlcN  H-3), 7.33 – 7.87 (24H, m, 4 x Ph, Phth); 13C NMR (75.5 MHz, CDCl3): 

δ 14.8 (SCH2CH3), 19.1, 19.3 (2 x SiC(CH3)3), 20.3, 20.7 (3 x OC(O)CH3), 23.3 

(SCH2CH3), 26.7, 26.8 (2 x SiC(CH3)3), 53.9 (GlcN C-2), 61.0 (GlcN C-6), 61.4 (Gal 

C 6), 69.4 (Gal C-4), 71.5 (Gal C-3), 72.4 (GlcN C-3), 73.0 (Gal C-2), 73.3 (Gal C-5), 

74.8 (GlcN C-4), 79.3 (GlcN C-5), 80.2 (GlcN C-1), 100.0 (Gal C-1), 123.6, 127.8, 

129.9, 131.2, 131.7, 132.2, 132.7, 132.8, 133.5, 134.0, 135.5, 135.0, 136.0, 167.5, 167.7 

(4 x Ph, Phth), 170.1, 170.7, 171.0 (3 x OC(O)CH3); LRMS m/z 1141 ([M+Na]+, 

100%); HRMS (API): calcd for [M+NH4]+ (C60H71NO14SSi2NH4
+) requires m/z 
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1135.4472, found 1135.4475.  NMR data were in agreement with the analogous 2-azido 

methyl lactoside reported by Wang and Auzanneau.319 

Ethyl 2,6-di-O-acetyl-3,4-O-isopropylidene-β-D-galactopyranosyl-(1,4)-3,6-di-O-
acetyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (73)    

To a solution of β-thioethyl glycoside derivative 65 (recrystallised, dried by azeotroping 

with toluene and drying under high vacuum O/N; 384 mg, 0.745 mmol) in dry 

N,N DMF (4 mL), at rt, under Ar, was added 2,2-dimethoxypropane (210 µL, 1.71 

mmol, 2.3 eq.) and p-TsOH•H2O (cat.).  The reaction was heated to 80 °C and stirred 

for 2 h before being cooled to rt, then neutralised with Et3N (104 µL, 0.746 mmol, 1 

eq.) and concentrated.  Py. (4 mL) and Ac2O (2 mL) were added at rt, under Ar, and the 

reaction was stirred for 16 h.  DMAP (cat.) was added and the reaction mixture was 

stirred for a total of 2 d, then concentrated.  The crude material was purified by flash 

column chromatography (1:1, EtOAc:hexanes) to afford the 3',4'-O-isopropylidene 

derivative 73 as a white foam (416 mg, 77% yield).  Rf 0.18 (1:1, EtOAc:hexanes); 1H 

NMR (300 MHz, CDCl3): δ 1.21 (3H, t, Jvic 7.5 Hz, SCH2CH3), 1.31, 1.52 (6H, 2 x s, 

C(CH3)2), 1.90, 2.10, 2.12, 2.13 (12H, 4 x s, 4 x OAc), 2.56 – 2.71 (2H, m, SCH2CH3), 

3.77 – 3.83 (2H, m, GlcN H-4, Gal H-5), 3.93 (1H, ddd, J5,4 6.9, J5,6 2.1, J5,6' 5.1 Hz, 

GlcN H-5), 4.11 – 4.15 (2H, m, Gal H-3, H-4), 4.18 (1H, dd, J6,5 5.7, J6,6' 11.1 Hz, Gal 

H-6), 4.24 (1H, dd, J6,5 2.1, J6,6' 11.7 Hz, GlcN H-6), 4.28 (1H, dd, J2,1 10.5, J2,3 10.2 Hz,

GlcN H-2), 4.32 (1H, dd, J6',5 5.1, J6',6 11.7 Hz, GlcN H-6'), 4.39 (1H, d, J1,2 7.5 Hz, Gal 

H-1), 4.49 (1H, dd, J6',5 1.5, J6',6 11.1 Hz, Gal H-6'), 4.87 (1H, dd, J2,1 7.5, J2,3 6.3 Hz,

Gal H-2), 5.48 (1H, d, J1,2 10.5 Hz, GlcN H-1), 5.77 (1H, dd, J3,2 10.2, J3,4 8.4 Hz, GlcN 

H-3), 7.72 – 7.88 (4H, m, Phth); 13C NMR (75.5 MHz, CDCl3): δ 15.0 (SCH2CH3), 20.5,

20.8 (C(CH3)2), 24.7 (SCH2CH3), 26.1, 27.3 (4 x OC(O)CH3), 54.1 (GlcN C-2), 62.7 

(Gal C-6), 63.1 (GlcN C-6), 70.8 (GlcN C-5), 71.3 (GlcN C-3), 72.6 (Gal C-2), 73.0 

(Gal C-3), 76.7, 76.8 (GlcN C-4, Gal C-4, C-5), 81.2 (GlcN C-1), 100.4 (Gal C-1), 

110.8 (C(CH3)2), 123.5, 123.7, 131.2, 131.6, 134.1, 134.4, 167.4, 167.6 (Phth), 169.2, 

169.9, 170.5, 170.7 (4 x OC(O)CH3). 1H NMR data was in agreement with the 

analogous Glc 6-O-pivaloyl derivative reported by Reddy et al.628 
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Ethyl 2,6-di-O-acetyl-β-D-galactopyranosyl-(1,4)-3,6-di-O-acetyl-2-deoxy-2-
phthalimido-1-thio-β-D-glucopyranoside (72)   

 
To a solution of 3',4'-O-isopropylidene derivative 73 (416 mg, 0.575 mmol) in CH2Cl2 

(15 mL) at rt, was added 90% aq. TFA (1.5 mL) and the reaction was stirred for 2 h.  

The mixture was diluted with CH2Cl2, washed with H2O, sat. aq. NaHCO3, H2O, then 

dried (Na2SO4) and concentrated.  The crude material was purified by flash column 

chromatography (15:1, CH2Cl2:MeOH) to furnish the 3',4'-diol derivative 72 as a white 

powder (271 mg, 69% yield).  Rf 0.14 (5:1, EtOAc:hexanes); 1H NMR (300 MHz, 

CDCl3): δ 1.21 (3H, t, Jvic 7.5 Hz, SCH2CH3), 1.89, 2.10, 2.13, 2.15 (12H, 4 x s, 4 x 

OAc), 2.60 – 2.72 (2H, m, SCH2CH3), 2.94 (1H, d, JOH,4 4.8 Hz, Gal C-4 OH), 3.35 (1H, 

d, JOH,3 7.5 Hz, Gal C-3 OH), 3.56 – 3.64 (2H, m, GlcN H-5, Gal H-3), 3.78 – 3.90 (3H, 

m, GlcN H-4, Gal H-4, H-5), 4.17 – 4.25 (2H, m, GlcN H-6, Gal H-6), 4.29 (1H, dd, J2,1 

10.5, J2,3 10.2 Hz, GlcN H-2), 4.32 (1H, dd, J6',5 6.9, J6',6 11.1 Hz, GlcN H-6'), 4.39 (1H, 

d, J1,2 7.8 Hz, Gal H-1), 4.54 (1H, dd, J6',5 1.5, J6',6 11.7 Hz, Gal H-6'), 4.85 (1H, dd, J2,1 

7.8, J2,3 9.6 Hz, Gal H-2), 5.50 (1H, d, J1,2 10.5 Hz, GlcN H-1), 5.78 (1H, dd, J3,2 10.2, 

J3,4 8.4 Hz, GlcN H-3), 7.72 – 7.87 (4H, m, Phth); 13C NMR (75.5 MHz, CDCl3): δ 15.0 

(SCH2CH3), 20.6, 20.8, 20.9 (4 x OC(O)CH3), 24.7 (SCH2CH3), 53.9 (GlcN C-2), 62.1 

(GlcN C-6), 62.7 (Gal C-6), 68.3 (Gal C-4), 71.5 (GlcN C-3), 72.0 (GlcN C-5), 72.8 

(Gal C-3), 73.6 (Gal C-2), 76.7, 76.9 (GlcN C-4, Gal C-5), 81.2 (GlcN C-1), 100.8 (Gal 

C-1), 123.6, 123.7, 131.8, 132.0, 134.2, 134.4, 167.9, 168.1 (Phth), 170.2, 170.5, 171.0, 

171.5 (4 x OC(O)CH3).  
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6.1.5 Synthesis of Tri- and Tetrasaccharides 

6.1.5.1 Synthesis of β-OTMSE Neolactotetraose 

2-(Trimethylsilyl)ethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-3,6-di-O-
acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1,3)-4-O-acetyl-2,6-di-O-benzyl-
β-D-galactopyranosyl-(1,4)-2,3,6-tri-O-benzyl-β-D-glucopyranoside (74)   

 
The 3'-hydroxyl-bearing lactose-based glycosyl acceptor 44 (241 mg, 0.258 mmol) and 

lactosamine-based thioglycoside donor 60 (recrystallised; 237 mg, 0.309 mmol, 1.2 eq.) 

were dried over P2O5 under high vacuum O/N.  The donor and acceptor were opened to 

an atmosphere of Ar, at rt, taken up in anh. CH2Cl2 (8 mL), then powdered 4 Å MS and 

NIS (231 mg, 1.03 mmol, 4 eq.) were added, and the reaction was stirred for 30 min.  

The reaction mixture was cooled to -40 °C and TMSOTf (18.6 µL, 0.103 mmol, 0.4 eq.) 

was added, then the reaction was stirred at -40 °C for 2 h before quenching with Et3N to 

neutralise.  The reaction mixture was filtered through a small pad of Celite, washing 

thoroughly with CH2Cl2.  The filtrate and washings were combined and concentrated, 

then taken up in EtOAc, washed with 5% aq. sodium thiosulfate (Na2S2O3), H2O, dried 

(Na2SO4) and concentrated.  The crude material was purified by flash column 

chromatography (1:1, EtOAc:hexanes) to afford the fully protected nLc4 tetrasaccharide 

74 as an off-white foam (368 mg, 87% yield).  Rf 0.24 (1:1, EtOAc:hexanes); 1H NMR 

(600 MHz, CDCl3): δ 0.02 (9H, s, Si(CH3)3), 0.97 – 1.06 (2H, m, OCH2CH2Si), 1.87, 

2.00, 2.02, 2.04, 2.07, 2.08, 2.13 (21H, 7 x s, 7 x OAc), 3.07 – 3.10 (1H, m, GlcI H-5), 

3.28 (1H, dd, J6,5 3.6, J6,6' 10.2 Hz, GalII H-6), 3.29 (1H, dd, J2,1 7.8, J2,3 9.6 Hz, GalII 

H-2), 3.30 (1H, dd, J2,1 7.8, J2,3 9.6 Hz, GlcI H-2), 3.33 (1H, dd, J6',5 6.6, J6',6 10.2 Hz, 

GalII H-6'), 3.39 (1H, dd, J3,2 9.6, J3,4 9.0 Hz, GlcI H-3), 3.42 (1H, bd, J6,6' 9.6 Hz, GlcI 

H-6), 3.48 (1H, dd, J5,6 3.6, J5,6' 6.6 Hz, GalII H-5), 3.51 – 3.54 (2H, m, GlcI H-6', 

OCHaHbCH2Si), 3.60 (1H, dd, J3,2 9.6, J3,4 3.0 Hz, GalII H-3), 3.72 – 3.74 (1H, m, 

GlcNIII H-5), 3.86 (1H, dd, J4,3 9.0, J4,5 9.6 Hz, GlcI H-4), 3.89 (1H, dd, J4,3 9.0, J4,5 9.6 

Hz, GlcNIII H-4), 3.85 – 3.96 (3H, m, GlcNIII H-6, GalIV H-5, OCHaHbCH2Si), 4.04 – 

4.09 (2H, m, GlcNIII H-6', GalIV H-6), 4.08, 4.23, 4.26, 4.30, 4.45, 4.48, 4.64, 4.67, 4.85, 

4.89 (10H, 10 x d, Jgem 10.2 – 12.0 Hz, 5 x OCHaHbPh), 4.13 (1H, dd, J2,1 7.8, J2,3 10.8 

Hz, GlcNIII H-2), 4.25 (1H, d, J1,2 7.8 Hz, GlcI H-1), 4.33 (1H, d, J1,2 7.8 Hz, GalII H-1), 

4.55 (1H, d, J1,2 7.8 Hz, GalIV H-1), 4.71 (1H, bd, J6',6 9.6 Hz, GalIV H-6'), 4.97 (1H, dd, 
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J3,2 10.2, J3,4 3.6 Hz, GalIV H-3), 5.13 (1H, dd, J2,1 7.8, J2,3 10.2 Hz, GalIV H-2), 5.33 (1H, 

d, J4,3 3.6 Hz, GalIV H-4), 5.37 (1H, d, J4,3 3.0 Hz, GalII H-4), 5.53 (1H, d, J1,2 7.8 Hz, 

GlcNIII H-1), 5.78 (1H, dd, J3,2 10.8, J3,4 9.0 Hz, GlcNIII H-3), 7.12 – 7.33 (29H, m, 5 x 

Ph, Phth); 13C NMR (151 MHz, CDCl3): δ -1.7 (Si(CH3)3), 18.1 (OCH2CH2Si), 20.2, 

20.3, 20.4, 20.5 (7 x OC(O)CH3), 55.0 (GlcNIII C-2), 60.5 (GlcNIII C-6), 61.0 (GalIV 

C-6), 66.4 (GalIV C-4), 67.0 (OCH2CH2Si), 67.5 (GlcI C-6), 67.9 (GalII C-6), 68.3 (GalIV 

C-2), 69.8 (GalII C-4), 70.3 (GalIV C-5), 70.6 (GlcNIII C-3), 70.7 (GalIV C-3), 72.1 (GalII 

C-5, GlcNIII C-5), 72.8, 73.1, 74.1, 74.6, 74.8 (5 x CH2Ph), 74.5 (GlcI C-5), 75.6 (GlcI 

C-4), 76.4 (GlcNIII C-4), 78.3 (GalII C-3), 78.4 (GalII C-2), 81.5 (GlcI C-2), 82.4 (GlcI 

C-3), 97.7 (GlcNIII C-1), 100.9 (GalIV C-1), 101.6 (GalII C-1), 102.8 (GlcI C-1), 123.0, 

126.3, 126.8, 127.0, 127.2, 127.3, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 

133.7, 173.6, 174.0, 174.4 (5 x Ph, Phth, 7 x OC(O)CH3); LRMS m/z 1678 ([M+K]+, 

100%), 1663 ([M+Na]+, 42%); HRMS (API): calcd for [M+Na]+ (C86H101NO29SiNa+) 

requires m/z 1662.6121, found 1662.6125.  Although the synthesis of the corresponding 

GalII C-3 hydroxy derivative has been reported by Jansson et al.,250 no NMR data was 

reported.  However, data was similar to the analogous GalII C-3 hydroxy benzyl 

glycoside (in C6D6) described by Paulsen and Steiger.629 

 

2-(Trimethylsilyl)ethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-2-
acetamido-3,6-di-O-acetyl-2-deoxy-β-D-glucopyranosyl-(1,3)-4-O-acetyl-2,6-di-O-
benzyl-β-D-galactopyranosyl-(1,4)-2,3,6-tri-O-benzyl-β-D-glucopyranoside (78)  

 
To a solution of the fully protected nLc4 tetrasaccharide 74 (250 mg, 153 µmol) in AR 

EtOH (12.5 mL), at rt, under Ar, was added H2NNH2•H2O (250 µL) and the reaction 

was heated to 85 °C for 2 h.  The reaction mixture was cooled to rt and co-evaporated 

with EtOH (x 3), then toluene (x 2).  To a solution of this crude material in anh. py. (5 

mL), at rt, under Ar, was added Ac2O (2.5 mL) and DMAP (cat.), then the reaction was 

stirred for 4 d.  The reaction mixture was concentrated, azeotroping with toluene (x 3).  

The crude material was purified by flash column chromatography (1:1 → 3:2, 

EtOAc:hexanes) to furnish the fully protected GlcNIII C-2 acetamido nLc4 derivative 78 

(150 mg, 63% yield).  Rf 0.20 (3:2, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): 

δ 0.01 (9H, s, Si(CH3)3), 0.94 – 1.09 (2H, m, OCH2CH2Si), 1.54 (3H, s, NHAc), 1.97, 

2.02, 2.04, 2.05, 2.06, 2.14 (21H, 6 x s, 7 x OAc), 3.26 – 3.41 (4H, m, GlcI H-2, H-5, 
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GalII H-6/6'), 3.44 – 3.64 (7H, m, GlcI H-3, H-6, GalII H-2, H-3, H-5, GlcNIII H-5, 

OCHaHbCH2Si), 3.64 – 3.91 (3H, m, GlcI H-6', GlcNIII H-4, GalIV H-5), 3.91 – 4.12 

(6H, m, GlcI H-4, GlcNIII H-2, H-6/6', GalIV H-6, OCHaHbCH2Si), 4.23, 4.37, 4.43, 

4.45, 4.56, 4.58, 4.71, 4.81, 4.89, 4.96 (10H, 10 x d, Jgem 10.8 – 12.0 Hz, 5 x 

OCHaHbPh), 4.34 (1H, d, J1,2 7.5 Hz, GlcI H-1), 4.46 (1H, d, J1,2 7.5 Hz, GalII H-1), 

4.50 (1H, d, J1,2 7.8 Hz, GalIV H-1), 4.51 (1H, d, J1,2 8.1 Hz, GlcNIII H-1), 4.72 (1H, dd, 

J6',5 5.7, J6',6 11.1 Hz, GalIV H-6'), 4.83 – 4.87 (1H, m, GlcNIII H-3), 4.97 (1H, dd, J3,2 

10.5, J3,4 3.0 Hz, GalIV H-3), 5.10 (1H, d, JNH,2 8.4 Hz, NHAc), 5.11 (1H, dd, J2,1 7.8, J2,3 

10.5 Hz, GalIV H-2), 5.35 (1H, d, J4,3 3.0 Hz, GalIV H-4), 5.40 (1H, d, J4,3 3.0 Hz, GalII 

H-4), 7.16 – 7.37 (25H, m, 5 x Ph); 13C NMR (75.5 MHz, CDCl3): δ -1.4 (Si(CH3)3), 

18.4 (OCH2CH2Si), 20.5, 20.6, 20.7, 20.8, 20.9 (7 x OC(O)CH3), 22.8 (NHC(O)CH3), 

53.5 (GlcNIII C-2), 60.7 (GlcNIII C-6), 61.6 (GalIV C-6), 66.6 (GalIV C-4), 67.3 

(OCH2CH2Si), 68.0 (GlcI C-6, GalII C-6), 69.0 (GalIV C-2), 69.9 (GalII C-4), 70.7 (GalIV 

C-5), 70.8 (GalIV C-3), 72.4, 72.5 (GlcNIII C-5, GalII C-5), 72.9 (GlcNIII C-3), 73.3, 73.5, 

74.5, 74.9, 75.2 (5 x CH2Ph), 75.0 (GlcI C-5), 75.7 (GlcNIII C-4), 76.3 (GlcI C-4), 78.1 

(GalII C-3), 79.8 (GalII C-2), 81.8 (GlcI C-2), 82.6 (GlcI C-3), 101.1 (GalIV C-1), 101.5 

(GlcNIII C-1), 102.1 (GalII C-1), 103.1 (GlcI C-1), 126.3, 127.3, 127.5, 127.5, 127.7, 

127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 138.1, 138.3, 138.6, 138.7, 139.1 

(5 x Ph), 169.4, 169.7, 170.0, 170.1, 170.5, 170.7, 170.8 (7 x OC(O)CH3, NHC(O)CH3); 
LRMS m/z 1578 ([M+Na]+, 100%); HRMS (API): calcd for [M+NH4]+ 

(C80H101NO28SiNH4
+) requires m/z 1569.6618, found 1569.6619. 

 

2-(Trimethylsilyl)ethyl β-D-galactopyranosyl-(1,4)-2-acetamido-2-deoxy-β-D-
glucopyranosyl-(1,3)-β-D-galactopyranosyl-(1,4)-β-D-glucopyranoside (76)  

 
To a solution of the fully protected acetamido derivative 78 (148 mg, 95.3 µmol) in 

EtOAc (1 mL) and MeOH (1 mL) was added Pd(OH)2/C (Pearlman’s catalyst, 20%; 

150 mg).  The solution was degassed repeatedly, opening to an atmosphere of H2, and 

stirred for 16 h.  The reaction was monitored by TLC, showing a mixture of 

compounds, and additional amounts of Pd(OH)2/C were added until the reaction 

progression ceased, despite a mixture of spots by TLC (likely due to acetyl migration).  

After a total of 3 d, the reaction was filtered though a long, narrow plug of Celite 

without vacuum, washing with MeOH, and concentrated.  To this crude material (103 
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mg), at 0 °C, under Ar, was added 0.06 M methanolic NaOMe (1 mL), then the reaction 

was allowed to warm to rt, and was stirred for 16 h.  The reaction was neutralised with 

Amberlite IR-120 (H+) resin, which was filtered, washing with dry MeOH, then the 

filtrate and washings were combined and concentrated.  The crude material was purified 

by reversed phase chromatography (H2O), and then de-salted by size-exclusion 

chromatography (H2O), to afford β-OTMSE nLc4 76 as a white powder after 

lyophilisation (65 mg, 84% yield over 2 steps from 78).  Rf 0.19 (7:3:1; 

EtOAc:MeOH:H2O); 1H NMR (600 MHz, D2O): δ -0.16 (9H, s, Si(CH3)3), 0.79 (1H, td, 

Jvic 5.4, Jgem 15.0 Hz, OCH2CHaHbSi), 0.89 (1H, td, Jvic 5.4, Jgem 15.0 Hz, 

OCH2CHaHbSi), 1.84 (3H, s, NHAc), 3.09 (1H, dd, J2,1 8.4, J2.3 9.0 Hz, GlcI H-2), 3.35 

(1H, dd, J2,1 7.8, J2,3 10.2 Hz, GalIV H-2), 3.37 – 3.46 (5H, m, GlcI H-3, H-4, H-5, GalII 

H-2, GlcNIII H-5), 3.48 (1H, dd, J3,2 10.2, J3,4 3.0 Hz, GalIV H-3), 3.51 – 3.63 (12H, m,

GlcI H-6, GalII H-3, H-5, H-6/6', GlcNIII H-2, H-3, H-4, GalIV H-5, H-6/6',

OCHaHbCH2Si), 3.66 (1H, dd, J6,5 4.8, J6,6' 12.6 Hz, GlcNIII H-6), 3.73 (1H, d, J4,3 3.0

Hz, GalIV H-4), 3.74 – 3.80 (2H, m, GlcI H-6', GlcNIII H-6'), 3.84 – 3.86 (1H, m,

OCHaHbCH2Si), 3.97 (1H, d, J4,3 3.6 Hz, GalII H-4), 4.25 (1H, d, J1,2 7.8 Hz, GalII H-1),

4.29 (1H, d, J1,2 7.8 Hz, GalIV H-1), 4.31 (1H, d, J1,2 8.4 Hz, GlcI H-1), 4.51 (1H, d, J1,2

8.4 Hz, GlcNIII H-1); 13C NMR (75.5 MHz, D2O): δ -2.63 (Si(CH3)3), 17.5

(OCH2CH2Si), 22.1 (NHC(O)CH3), 55.1 (GlcNIII C-2), 59.7 (GlcNIII C-6), 60.0 (GlcI

C-6), 60.9 (GalII C-6), 61.0 (GalIV C-6), 68.3 (GalII C-4), 68.4 (OCH2CH2Si), 68.5 (GalIV

C-4), 69.9 (GalII C-2), 70.9 (GalIV C-2), 72.1 (GlcNIII C-3), 72.4 (GalIV C-3), 72.7 (GlcI

C-2), 74.5 (GlcI C-3, C-5), 74.7 (GlcNIII C-5), 74.8 (GalII C-5), 75.3 (GalIV C-5), 78.0

(GlcNIII C-4), 78.2 (GlcI C-4), 82.0 (GalII C-3), 101.3 (GlcI C-1), 102.7 (GlcNIII C-1), 

102.8 (GalIV C-1), 102.9 (GalII C-1), 174.9 (NHC(O)CH3). 1H and 13C NMR data for 

anomeric signals were in general agreement with those reported by El-Sokkary et al.630  

Full 1H and 13C NMR assignments were aided by similar, well characterised nLc4 

O-glycosides.232,239,240,631
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6.1.5.2 Synthesis of β-OTMSE Lactotriaose 

2-(Trimethylsilyl)ethyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-
glucopyranosyl-(1,3)-4-O-acetyl-2,6-di-O-benzyl-β-D-galactopyranosyl-(1,4)-2,3,6-
tri-O-benzyl-β-D-glucopyranoside (75)   

 
The 3'-hydroxyl-bearing lactose-based glycosyl acceptor 44 (181 mg, 0.193 mmol) and 

glucosamine-based thioglycoside donor 61 (111 mg, 0.231 mmol, 1.2 eq.) were dried 

over P2O5 under high vacuum O/N.  The donor and acceptor were opened to an 

atmosphere of Ar, at rt, taken up in anh. CH2Cl2 (5 mL), then powdered 4 Å MS and 

NIS (174 mg, 0.773 mmol, 4 eq.) were added, and the reaction was stirred for 30 min.  

The reaction mixture was cooled to -40 °C and TMSOTf (14 µL, 77.4 µmol, 0.4 eq.) 

was added, then the reaction was stirred at -40 °C for 2 h before quenching with Et3N to 

neutralise.  The reaction mixture was filtered though a small pad of Celite, washing 

thoroughly with CH2Cl2.  The filtrate and washings were combined and concentrated, 

then taken up in EtOAc, washed with 5% aq. Na2S2O3, H2O, dried (Na2SO4) and 

concentrated.  The crude material was purified by flash column chromatography (2:1, 

hexanes:EtOAc) to afford fully protected Lc3 trisaccharide 75 as an off-white foam (220 

mg, 84% yield).  Rf 0.15 (2:1, hexanes:EtOAc);  1H NMR (600 MHz, CDCl3): δ -0.01 

(9H, s, Si(CH3)3), 0.96 – 1.02 (2H, m, OCH2CH2Si), 1.82, 2.01, 2.03, 2.07 (12H, 4 x s, 4 

x OAc), 3.06 (1H, dd, J5,4 9.6, J5,6 2.4 Hz, GlcI H-5), 3.29 (1H, dd, J2,1 7.8, J2,3 9.6 Hz, 

GlcI H-2), 3.28 – 3.36 (3H, m, GalII H-2, H-6/6'), 3.38 – 3.42 (2H, m, GlcI H-3, GalII 

H-5), 3.44 – 3.54 (3H, m, GlcI H-6/6', OCHaHbCH2Si), 3.60 (1H, dd, J3,2 9.6, J3,4 3.6 

Hz, GalII H-3), 3.78 – 3.82 (1H, m, GlcNIII H-5), 3.86 (1H, dd, J4,3 9.0, J4,5 9.6 Hz, GlcI 

H-4), 3.89 – 3.96 (1H, m, OCHaHbCH2Si), 4.15, 4.23, 4.25, 4.35, 4.41, 4.46, 4.66, 4.67, 

4.85, 4.88 (10H, 10 x d, Jgem 10.8 – 12.0 Hz, 5 x OCHaHbPh), 4.22 – 4.31 (4H, m, GlcI 

H-1, GlcNIII H-2, H-6/6'), 4.33 (1H, d, J1,2 7.8 Hz, GalII H-1), 5.18 (1H, dd, J4,3 9.0, J4,5 

9.6 Hz, GlcNIII H-4), 5.40 (1H, d, J4,3 3.6 Hz, GalII H-4), 5.54 (1H, d, J1,2 8.4 Hz, GlcNIII 

H-1), 5.78 (1H, dd, J3,2 10.8, J3,4 9.0 Hz, GlcNIII H-3), 7.12 – 7.33 (29H, m, 5 x Ph, 

Phth); 13C NMR (75.5 MHz, CDCl3): δ -1.7 (Si(CH3)3), 18.6 (OCH2CH2Si), 20.4, 20.6, 

20.7 (4 x OC(O)CH3), 54.8 (GlcNIII C-2), 61.2 (GlcNIII C-6), 67.3 (OCH2CH2Si), 67.8 

(GlcI C-6), 68.2 (GalII C-6), 68.7 (GlcNIII C-4), 68.8 (GalII C-4), 69.6 (GlcNIII C-3), 71.5 

(GlcNIII C-5), 71.6 (GalII C-5), 72.5, 73.0, 73.5, 74.9, 75.0 (5 x CH2Ph), 74.6 (GlcI C-5), 

75.8 (GlcI C-4), 78.7 (GalII C-2), 79.3 (GalII C-3), 81.7 (GlcI C-2), 82.6 (GlcI C-3), 98.2 
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(GlcNIII C-1), 101.8 (GalII C-1), 103.0 (GlcI C-1), 123.4, 126.3, 126.9, 127.2, 127.5, 

127.6, 127.8, 127.9, 128.2, 128.3, 130.9, 134.0, 134.4, 138.1, 138.2, 138.7, 139.0, 

169.5, 169.7, 170.1, 170.2 (5 x Ph, Phth, 4 x OC(O)CH3); LRMS m/z 1374 ([M+Na]+, 

100%); HRMS (API): calcd for [M+Na]+ (C74H85NO21SiNa+) requires m/z 1374.5278, 

found 1374.5274.  NMR data were consistent with the analogous 6-azidohexyl 

glycoside reported by Joosten et al.239 

  

2-(Trimethylsilyl)ethyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl-
(1,3)-4-O-acetyl-2,6-di-O-benzyl-β-D-galactopyranosyl-(1,4)-2,3,6-tri-O-benzyl-β-D-
glucopyranoside (79)  

 
To a solution of the fully protected Lc3 derivative 75 (220 mg, 163 µmol) in AR EtOH 

(10 mL) at rt, under N2, was added H2NNH2•H2O (200 µL) and the reaction was heated 

to 85 °C with stirring for 2 h.  The reaction mixture was allowed to cool to rt and was 

co-evaporated with EtOH (x 3), then toluene (x 2).  To a solution of this crude material 

in anh. py. (5 mL), at rt, under Ar, was added Ac2O (2.5 mL) and DMAP (cat.), then the 

reaction was stirred for 4 d.  The reaction mixture was concentrated, azeotroping with 

toluene (x 3).  The crude material was purified by flash column chromatography (1:1 → 

3:2, EtOAc:hexanes) to give the GlcNIII C-2 acetamido Lc3 derivative 79 (117 mg, 57% 

yield).  Rf 0.13 (1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 0.02 (9H, s, 

Si(CH3)3), 0.99 – 1.05 (2H, m, OCH2CH2Si), 1.50 (3H, s, NHAc), 1.97, 2.02, 2.04, 2.07 

(12H, 4 x s, 4 x OAc), 3.29 – 3.35 (3H, m, GlcI H-5, GalII H-6/6'), 3.38 (1H, dd, J2,1 7.8, 

J2,3 9.0 Hz, GlcI H-2), 3.48 – 3.72 (7H, m, GlcI H-3, H-6, GalII H-2, H-3, H-5, GlcNIII 

H-5, OCHaHbCH2Si), 3.73 (1H, dd, J6',5 3.9, J6',6 10.8 Hz, GlcI H-6'), 3.87 (1H, ddd, J2,1 

8.4, J2,3 = J2,NH 9.3 Hz, GlcNIII H-2), 3.97 (1H, dd, J4,3 9.0, J4,5 9.9 Hz, GlcI H-4), 3.96 – 

4.03 (1H, m, OCHaHbCH2Si), 4.18 – 4.22 (2H, m, GlcNIII H-6/6'), 4.25, 4.39, 4.41, 

4.58, 4.60, 4.71, 4.75, 4.84, 4.89, 4.96 (10H, 10 x d, Jgem 10.8 – 12.3 Hz, 5 x 

OCHaHbPh), 4.35 (1H, d, J1,2 7.8 Hz, GlcI H-1), 4.49 (1H, d, J1,2 7.5 Hz, GalII H-1), 

4.72 (1H, d, J1,2 8.4 Hz, GlcNIII H-1), 4.90 – 5.04 (2H, m, GlcNIII H-3, NHAc), 5.05 (1H, 

dd, J4,3 9.0, J4,5 9.6 Hz, GlcNIII H-4), 5.41 (1H, d, J4,3 3.3 Hz, GalII H-4), 7.19 – 7.38 

(25H, m, 5 x Ph); 13C NMR (75.5 MHz, CDCl3): δ -1.5 (Si(CH3)3), 18.4 (OCH2CH2Si), 

20.5, 20.6, 20.7 (4 x OC(O)CH3), 22.8 (NHC(O)CH3), 54.4 (GlcNIII C-2), 61.8 (GlcNIII 

C-6), 67.3 (OCH2CH2Si), 68.1 (GlcI C-6, GalII C-6), 68.3 (GlcNIII C-4), 69.5 (GalII C-4), 
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71.6 (GlcNIII C-5), 72.5 (GlcNIII C-3), 72.6 (GalII C-5), 73.2, 73.5, 74.6, 74.9, 75.1 (5 x 

CH2Ph), 74.9 (GlcI C-5), 76.2 (GlcI C-4), 78.9 (GalII C-3), 79.7 (GalII C-2), 81.7 (GlcI 

C-2), 82.5 (GlcI C-3), 101.2 (GlcNIII C-1), 102.0 (GalII C-1), 103.0 (GlcI C-1), 126.4, 

126.7, 127.0, 127.2, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.2, 128.3, 128.5, 

138.0, 138.2, 138.6, 138.7, 139.0 (5 x Ph), 169.2, 169.7, 169.8, 170.7, 170.9 (4 x 

OC(O)CH3, NHC(O)CH3); LRMS m/z 1287 ([M+Na]+, 100%); HRMS (API): calcd for 

[M+NH4]+ (C68H85NO20SiNH4
+) requires m/z 1281.5772, found 1281.5762.  NMR data 

were consistent with the analogous 6-azidohexyl glycoside reported by Joosten et al.239 

  

2-(Trimethylsilyl)ethyl 2-acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-
galactopyranosyl-(1,4)-β-D-glucopyranoside (77)  

 
To a solution of acetamido derivative 79 (95 mg, 74.7 µmol) in EtOAc (1 mL) and 

MeOH (1 mL) was added Pd(OH)2/C (Pearlman’s catalyst, 20%; 100 mg).  The solution 

was degassed repeatedly, opening to an atmosphere of H2, and stirred for 16 h.  The 

reaction was monitored and additional amounts of Pd(OH)2/C were added until the 

reaction progression ceased.  After a total of 3 d, the reaction mixture was filtered 

though a long, narrow plug of Celite without vacuum, washing with MeOH, then the 

filtrate and washings were combined and concentrated.  This crude material (56 mg) at 

0 °C, under Ar, was taken up in 0.06 M methanolic NaOMe (1 mL) and stirred for 16 h.  

The reaction was neutralised with Amberlite IR-120 (H+) resin, and the resin was 

filtered, washed with dry MeOH and filtrate and washings combined and concentrated.  

The crude material was purified by reversed phase chromatography (H2O), and then de-

salted by size-exclusion chromatography (H2O) to afford β-OTMSE Lc3 77 as a white 

powder after lyophilisation (29 mg, 60% yield over 2 steps from 79).  Rf 0.27 (7:3:1; 

EtOAc:MeOH:H2O); 1H NMR (600 MHz, D2O): δ -0.22 (9H, s, Si(CH3)3), 0.72 (1H, td, 

Jvic 4.8, Jgem 12.6 Hz, OCH2CHaHbSi), 0.83 (1H, td, Jvic 5.4, Jgem 12.6 Hz, 

OCH2CHaHbSi), 1.79 (3H, s, NHAc), 3.03 (1H, dd, J2,1 = J2,3 7.8 Hz, GlcI H-2), 3.17 – 

3.23 (2H, m, GlcNIII H-4, H-5), 3.28 – 3.35 (3H, m, GlcI H-4, GalII H-2, GlcNIII H-3), 

3.37 – 3.44 (2H, m, GlcI H-3, H-5), 3.44 – 3.57 (8H, m, GlcI H-6, GalII H-3, H-5, H-6/6', 

GlcNIII H-2, H-6, OCHaHbCH2Si), 3.65 (1H, d, J6,6' 12.0 Hz, GlcNIII H-6'), 3.72 (1H, d, 

J6',6 12.0 Hz, GlcI H-6'), 3.80 (1H, ddd, Jvic 4.8, Jvic 5.4, Jgem 10.2 Hz, OCHaHbCH2Si), 

3.91 (1H, d, J4,3 2.4 Hz, GalII H-4), 4.19 (1H, d, J1,2 7.8 Hz, GalII H-1), 4.26 (1H, d, J1,2 
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7.8 Hz, GlcI H-1), 4.42 (1H, d, J1,2 8.4 Hz, GlcNIII H-1); 13C NMR (75.5 MHz, D2O): 

δ -2.6 (Si(CH3)3), 17.5 (OCH2CH2Si), 22.1 (NHC(O)CH3), 55.6 (GlcNIII C-2), 60.1 (GlcI 

C-6), 60.4 (GlcNIII C-6), 60.9 (GalII C-6), 68.3 (GalII C-4), 68.4 (OCH2CH2Si), 69.6 

(GlcNIII C-4), 70.0 (GalII C-2), 72.8 (GlcI C-2), 73.5 (GlcNIII C-3), 74.5 (GlcI C-3), 74.7 

(GlcI C-5), 74.8 (GalII C-5), 75.6 (GlcNIII C-5), 78.3 (GlcI C-4), 81.9 (GalII C-3), 101.3 

(GlcI C-1), 102.8 (GlcNIII C-1), 102.9 (GalII C-1), 174.9 (NHC(O)CH3); LRMS m/z 668 

([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ (C25H48N2O16
+) requires m/z 

646.2737, found 646.2747.  NMR data were consistent with the analogous 6-azidohexyl 

glycoside reported by Joosten et al.239  

 

6.1.5.3 Synthesis of β-SEt GlcNAc-β(1,3)-Gal-β(1,4)-GlcNAc 

Ethyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1,3)-2,4,6-tri-
O-acetyl-β-D-galactopyranosyl-(1,4)-3,6-di-O-acetyl-2-deoxy-2-phthalimido-1-thio-
β-D-glucopyranoside (84)   

 
The 3',4'-diol lactosamine-based glycosyl acceptor 72 (266 mg, 0.389 mmol) and 

glucosamine-based trichloracetimidate glycosyl donor 64 (271 mg, 0.467 mmol, 

1.2 eq.) were dried together on a high vacuum pump over P2O5 O/N, before being 

opened to an atmosphere of Ar.  To the glycosyl acceptor and donor at rt, under Ar, 

were added anh. CH2Cl2 (15 mL) and 4 Å powdered MS (~ 700 mg), then the reaction 

mixture was stirred for 1 h.  The reaction mixture was cooled to -40 °C and TMSOTf 

(106 µL, 0.586 mmol, 1.5 eq.) was added, then the reaction was stirred at -40 °C for 1 h.  

The reaction was neutralised with Et3N, filtered through a plug of Celite, washing with 

CH2Cl2, and concentrated.  The crude material was purified by flash column 

chromatography (3:2 → 2:1, EtOAc:hexanes → EtOAc), and despite several 

purification attempts, only impure desired material (260 mg) was afforded.  The impure 

material was acetylated using Ac2O/py. in a similar manner to the synthesis of 21 

(Section 6.1.1), to aid in purification.  The crude material was purified by flash column 

chromatography (3:2, EtOAc:hexanes) to furnish the fully protected trisaccharide 

derivative 84 as a white powder (218 mg, 49% yield).  Rf 0.22 (3:2; EtOAc:hexanes); 1H 

NMR (300 MHz, CDCl3): δ 1.18 (3H, t, Jvic 7.5 Hz, SCH2CH3), 1.81, 1.82, 1.83, 2.03, 

2.08, 2.09, 2.10, 2.14 (24H, 8 x s, 8 x OAc), 2.54 – 2.65 (2H, m, SCH2CH3), 3.70 – 3.83 
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(5H, m, GlcNI H-4, H-5, GalII H-3, H-5, GlcNIII H-5), 4.01 (2H, d, J6/6',5 6.6 Hz, GalII 

H-6/6'), 4.17 – 4.07 (3H, m, GlcNI H-6, GlcNIII H-2, H-6), 4.18 (1H, dd, J2,1 = J2,3 10.2 

Hz, GlcNI H-2), 4.31 (1H, d, J1,2 8.1 Hz, GalII H-1), 4.38 (1H, dd, J6',5 1.2, J6',6 11.4 Hz, 

GlcNI H-6'), 4.48 (1H, dd, J6',5 2.4, J6',6 12.3 Hz, GlcNIII H-6'), 4.81 (1H, dd, J2,1 8.1, J2,3 

9.9 Hz, GalII H-2), 5.19 (1H, dd, J4,3 9.0, J4,5 9.9 Hz, GlcNIII H-4), 5.33 (1H, d, J4,3 3.6 

Hz, GalII H-4), 5.35 (1H, d, J1,2 8.4 Hz, GlcNIII H-1), 5.41 (1H, d, J1,2 10.2 Hz, GlcNI 

H-1), 5.64 (1H, dd, J3,2 10.2, J3,4 8.4 Hz, GlcNI H-3), 5.75 (1H, dd, J3,2 10.8, J3,4 9.0 Hz, 

GlcNIII H-3), 7.70 – 7.83 (8H, m, 2 x Phth); 13C NMR (75.5 MHz, CDCl3): δ 14.9 

(SCH2CH3), 20.3, 20.4, 20.45, 20.5, 20.6, 20.7, 20.8, 20.9 (8 x OC(O)CH3), 24.6 

(SCH2CH3), 53.9 (GlcNI C-2), 54.5 (GlcNIII C-2), 60.8 (GlcNIII C-6), 61.5 (GalII C-6), 

62.5 (GlcNI C-6), 68.6 (GalII C-4), 68.8 (GlcNIII C-4), 70.0 (GlcNIII C-3), 70.7 (GalII 

C-2), 71.0 (GlcNI C-4), 71.4 (GalII C-3), 71.8 (GlcNI C-3), 75.5 (GlcNIII C-5), 76.2 

(GlcNI C-5), 76.6 (GalII C-5), 81.1 (GlcNI C-1), 97.6 (GlcNIII C-1), 100.5 (GalII C-1), 

123.6, 123.7, 131.1, 131.6, 134.1, 134.2, 134.4, 167.3, 167.6 (Phth), 168.5, 169.4, 

169.7, 169.8, 170.1, 170.5, 170.6, 170.8 (8 x OC(O)CH3); LRMS m/z 1165 ([M+Na]+, 

100%); HRMS (API): calcd for [M+Na]+ (C52H58N2O25SNa+) requires m/z 1165.2942, 

found 1165.2948.  NMR data were in agreement with the analogous 

8-(methoxycarbonyl)octyl glycoside reported by Kashem et al.249 

 

Ethyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl-(1,3)-2,4,6-tri-O-
acetyl-β-D-galactopyranosyl-(1,4)-2-acetamido-3,6-di-O-acetyl-2-deoxy-1-thio-β-D-
glucopyranoside (85)   

 
To a solution of the fully protected trisaccharide derivative 84 (199 mg, 0.174 mmol) in 

AR EtOH (5 mL), at rt, under Ar, was added H2NNH2•H2O (200 µL), and the reaction 

was heated to 85 °C for 1 d.  The reaction mixture was concentrated, co-evaporating 

with EtOH.  This crude material was taken up in anh. py. (10 mL) and Ac2O (5 mL), 

then the reaction was stirred for 1 d.  Additional amounts of Ac2O, (1.5 mL), py. (3 mL) 

and DMAP (cat.) were added, with the reaction continued for a total of 2 d.  The 

reaction mixture was concentrated, azeotroping with toluene.  The crude material was 

purified by flash column chromatography (50:1, EtOAc:MeOH) to afford the 

di-acetamido derivative 85 as a white powder (105 mg, 62% yield).  Rf 0.17 (50:1, 

EtOAc:MeOH); 1H NMR (300 MHz, CDCl3): δ 1.24 (3H, t, Jvic 7.5 Hz, SCH2CH3), 
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1.90, 1.94, 2.00, 2.01, 2.04, 2.08, 2.09, 2.10 (30H, 8 x s, 8 x OAc, 2 x NHAc), 2.63 – 

2.72 (2H, m, SCH2CH3), 3.32 (1H, ddd, J2,1 8.1, J2,3 10.5, J2,NH 7.8 Hz, GlcNIII H-2), 3.60 

(1H, ddd, J5,4 9.6, J5,6 and J5,6' 3.6 and 5.7 Hz, GlcNI H-5), 3.66 (1H, ddd, J5,4 10.5, J5,6 = 

J5,6' 3.0 Hz, GlcNIII H-5), 3.68 – 3.80 (2H, m, GlcNI H-4, GalII H-5), 3.79 (1H, dd, J3,2 

9.9, J3,4 3.3 Hz, GalII H-3), 4.00 (1H, dd, J6,5 6.6, J6,6' 11.4 Hz, GalII H-6), 4.01 – 4.17 

(4H, m, GlcNI H-2, H-6, GalII H-6', GlcNIII H-6), 4.34 – 4.47 (2H, m, GlcNI H-6', 

GlcNIII H-6'), 4.36 (1H, d, J1,2 8.1 Hz, GalII H-1), 4.46 (1H, d, J1,2 8.1 Hz, GlcNI H-1), 

4.97 – 5.07 (3H, m, GlcNI H-3, GalII H-2, GlcNIII H-4), 5.00 (1H, d, J1,2 8.1 Hz, GlcNIII 

H-1), 5.33 (1H, d, J4,3 3.3 Hz, GalII H-4), 5.45 (1H, dd, J3,2 10.5, J3,4 9.3 Hz, GlcNIII 

H-3), 5.68 (1H, d, JNH,2 7.8 Hz, GlcNIII NHAc), 5.75 (1H, d, JNH,2 9.3 Hz, GlcNI NHAc); 
13C NMR (75.5 MHz, CDCl3): δ 14.7 (SCH2CH3), 19.8, 20.6, 20.7, 20.8, 20.9, 23.2 (8 x 

OC(O)CH3, 2 x NHC(O)CH3), 24.3 (SCH2CH3), 52.7 (GlcNI C-2), 55.9 (GlcNIII C-2), 

61.0 (GlcNIII C-6), 61.6 (GalII C-6), 62.4 (GlcNI C-6), 68.5 (GlcNIII C-4), 68.8 (GalII 

C-4), 70.9 (GalII C-2), 71.1 (GalII C-5, GlcNIII C-3), 71.6 (GlcNIII C-5), 74.1 (GlcNI 

C-3), 75.7 (GlcNI C-4), 75.9 (GalII C-3), 76.6 (GlcNI C-5), 84.5 (GlcNI C-1), 99.6 

(GlcNIII C-1), 100.8 (GalII C-1), 169.4, 169.5, 169.6, 170.1, 170.4, 170.5, 170.6, 170.7, 

171.1 (8 x OC(O)CH3, 2 x NHC(O)CH3); LRMS m/z 989 ([M+Na]+, 100%).   NMR 

data were in agreement with the analogous 8-(methoxycarbonyl)octyl glycoside 

reported by Kashem et al.249 

 

Ethyl 2-acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-galactopyranosyl-(1,4)-2-
acetamido-2-deoxy-1-thio-β-D-glucopyranoside (86)  

 
To a solution of the per-O-acetylated di-acetamido derivative 85 (dried over P2O5 under 

high-vacuum; 20 mg, 20.7 µmol) in anh. MeOH (500 µL), cooled to 0 °C, under Ar, 

was added 0.08 M NaOMe (300 µL, 23.4 µmol, 1.1 eq) and the reaction was stirred for 

10 min.  The reaction mixture was allowed to warm to rt and stirred for 16 h, before 

being neutralised with Amberlite IR-120 (H+) resin, then the resin was filtered, washed 

with MeOH and the filtrate and washings were combined and concentrated.  The crude 

material was purified by reversed phase chromatography (H2O) to give the β-thioethyl 

trisaccharide 86 as a white foam (7.9 mg, 47% yield).  This material was further 

purified by HPLC (Phenomenex Aqua 5µ C18 Column 250 x 10 mm; 95:5 to 35:65, 

H2O:CH3CN gradient as the mobile phase) to give 5.0 mg of pure trisaccharide 86.  Rf 
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0.17 (7:3:1; EtOAc:MeOH:H2O); 1H NMR (600 MHz, D2O): δ 1.00 (3H, t, Jvic 7.2 Hz, 

SCH2CH3), 1.78, 1.79 (6H, 2 x s, 2 x NHAc), 2.44 (1H, dq, Jvic 7.2, Jgem 15.0 Hz, 

SCHaHbCH3), 2.50 (1H, dq, Jvic 7.2, Jgem 15.0 Hz, SCHaHbCH), 3.19 (1H, ddd, J5,4 9.6, 

J5,6 4.8, J5,6' 1.8 Hz, GlcNIII H-5), 3.23 (1H, dd, J4,3 8.4, J4,5 9.6 Hz, GlcNIII H-4), 3.31 

(1H, dd, J3,2 9.6, J3,4 8.4 Hz, GlcNIII H-3), 3.33 (1H, dd, J2,1 7.8, J2,3 9.0 Hz, GalII H-2), 

3.36 (1H, ddd, J5,4 9.6, J5,6 5.4, J5,6' 1.8 Hz, GlcNI H-5), 3.43 - 3.57 (10H, m, GlcNI H-2, 

H-3, H-4, H-6, GalII H-3, H-5, H-6/6', GlcNIII H-2, H-6), 3.65 (1H, dd, J6',5 1.8, J6',6 12.0 

Hz, GlcNIII H-6'), 3.73 (1H, dd, J6',5 1.8, J6',6 11.4 Hz, GlcNI H-6'), 3.91 (1H, d, J4,3 3.0 

Hz, GalII H-4), 4.21 (1H, d, J1,2 7.8 Hz, GalII H-1), 4.40 (1H, d, J1,2 10.2 Hz, GlcNI H-1), 

4.42 (1H, d, J1,2 9.0 Hz, GlcNIII H-1); 13C NMR (151 MHz, D2O): δ 14.2 (SCH2CH3), 

22.1 (2 x NHC(O)CH3), 24.4 (SCH2CH3), 54.2 (GlcNI C-2), 55.6 (GlcNIII C-2), 60.3 

(GlcNI C-6), 60.4 (GlcNIII C-6), 60.9 (GalII C-6), 68.3 (GalII C-4), 69.6 (GlcNIII C-4), 

70.0 (GalII C-2), 73.5 (GlcNIII C-3), 73.7 (GlcNI C-3), 74.9 (GalII C-5), 75.6 (GlcNIII 

C-5), 78.2 (GlcNI C-4), 78.7 (GlcNI C-5), 81.9 (GalII C-3), 83.9 (GlcNI C-1), 102.8 

(GalII C-1, GlcNIII C-1), 174.4, 174.9 (2 x NHC(O)CH3); LRMS m/z 653 ([M+Na]+, 

100%); HRMS (ESI): calcd for [M+H]+ (C24H43N2O15S+) requires m/z 631.2378, found 

631.2378.  NMR data were consistent with literature values of the analogous 

6-azidohexyl glycoside.221  

 

6.2 Preparation of Carbohydrates for Trivalent Display 

6.2.1 Anomeric Deprotection of Neolactotetraose and Related 
Trisaccharides 

β-D-Galactopyranosyl-(1,4)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-
galactopyranosyl-(1,4)-D-glucose (6) 

 
Anomeric deblocking was performed as described by Jansson et al.250  To a solution of 

β-OTMSE nLc4 76 (64.6 mg, 80.0 µmol) in anh. CH2Cl2 (500 µL), cooled to 0 °C, 

under Ar, was added TFA (1 mL), then the reaction was allowed to warm to rt and 

stirred for 2 h.  The reaction mixture was diluted with EtOAc (3 mL) and toluene 

(6 mL), then concentrated, azeotroping with toluene (x 3).  The crude material was 

purified by reversed phase chromatography (H2O) to afford the fully deprotected nLc4 

tetrasaccharide 6 as a clear, glassy solid (74 mg, quantitative yield).  Rf 0.05 (7:3:1; 
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EtOAc:MeOH:H2O); 1H NMR (300 MHz, D2O): δ 1.99 (3H, s, NHAc), 3.23 – 3.29 

(1H, m, GlcI H-2), 3.46 – 3.63 (7H, m, GlcI H-3, H-4, H-5, GalII H-2, GlcNIII H-2, H-5, 

GalIV H-2), 3.63 – 3.84 (12H, m, GlcI H-6, GalII H-3, H-5, H-6/6', GlcNIII H-3, H-4, H-6, 

GalIV H-3, H-5, H-6/6'), 3.84 – 3.93 (3H, m, GlcI H-6', GlcNIII H-6', GalIV H-4), 4.11 

(1H, d, J4,3 3.3 Hz, GalII H-4), 4.39 (1H, d, J1,2 7.8 Hz, GalII H-1), 4.43 (1H, d, J1,2 7.8 

Hz, GalIV H-1), 4.62 (0.7H, d, J1,2 8.1 Hz, GlcI H-1β), 4.65 (1H, d, J1,2 8.1 Hz, GlcNIII 

H-1), 5.17 (0.3H, d, J1,2 3.6 Hz, GlcI H-1α); LRMS m/z 730 ([M+Na]+, 100%), 746 

([M+K]+, 84%).  1H NMR data was in general agreement with literature values (partial 

assignment).632  

 

2-Acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-galactopyranosyl-(1,4)-D-
glucose (7) 

 
To a solution of 77 (28 mg, 43.5 µmol) in anh. CH2Cl2 (800 µL), cooled to 0 °C, under 

Ar, was added TFA (1 mL), then the reaction was allowed to warm to rt and stirred for 

2 h.  The reaction mixture was diluted with EtOAc (3 mL) and toluene (6 mL), then 

concentrated, azeotroping with toluene (x 3).  The crude material was purified by 

reversed phase chromatography (H2O) to afford the fully deprotected Lc3 trisaccharide 7 

(28 mg, quantitative yield).  Rf 0.12 (7:3:1; EtOAc:MeOH:H2O); 1H NMR (600 MHz, 

D2O): δ 1.98 (3H, s, NHAc), 3.19 – 3.25 (0.5H, m, GlcI H-2β), 3.36 – 3.45 (2H, m, 

GlcNIII H-4, H-5), 3.46 – 3.57 (3H, m, GlcI H-2α, H-5β, GalII H-2, GlcNIII H-3), 3.57 – 

3.62 (2H, m, GlcI H-3, H-4), 3.64 – 3.76 (6.5H, m, GlcI H-6β, GalII H-3, H-5, H-6/6', 

GlcNIII H-2, H-6), 3.76 – 3.81 (0.5H, m, GlcI H-6α), 3.81 – 3.90 (2.5H, m, GlcI H-5α, 

H-6'α, H-6'β, GlcNIII H-6'), 4.09 (1H, d, J4,3 3.0 Hz, GalII H-4), 4.38 (1H, d, J1,2 7.8 Hz, 

GalII H-1), 4.61 (1H, d, J1,2 8.7 Hz, GlcNIII H-1), 4.62 (0.5H, d, J1,2 8.1 Hz, GlcI H-1β), 

5.16 (0.5H, d, J1,2 3.6 Hz, GlcI H-1α); 13C NMR (151 MHz, D2O): δ 21.4 

(NHC(O)CH3), 54.9 (GlcNIII C-2), 59.7 (GlcI C-6α), 59.8 (GlcI C-6β), 59.9 (GlcNIII 

C-6), 60.3 (GalII C-6), 67.6 (GalII C-4), 68.9 (GlcNIII C-4), 69.2 (GalII C-2), 69.3 (GlcI 

C-5α), 70.3 (GlcI C-2α), 70.6 (GlcI C-3α), 72.8 (GlcNIII C-3), 73.0 (GlcI C-2β), 73.6 

(GlcI C-3β), 74.0 (GlcI C-5β), 74.1 (GalII C-5), 74.9 (GlcNIII C-5), 77.4 (GlcI C-4β), 

77.5 (GlcI C-4α), 81.1 (GalII C-3), 91.0 (GlcI C-1α), 95.0 (GlcI C-1β), 102.1 (GalII C-1, 

GlcNIII C-1), 175.0 (NHC(O)CH3).  NMR data were in general agreement with literature 

values.633 
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2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl-(1,3)-2,4,6-tri-O-
acetyl-β-D-galactopyranosyl-(1,4)-2-acetamido-3,6-di-O-acetyl-2-deoxy-α-D-
glucopyranose (96) 

 
To a solution of β-thioethyl trisaccharide 85 (72 mg, 74.5 µmol) in acetone (1.5 mL) at 

rt, under Ar, was added H2O (150 µL) and NIS (25 mg, 111 µmol, 1.5 eq.), and the 

reaction was stirred for 1 h.  The reaction progress was monitored by TLC, however it 

did not go to completion.  An additional amount of NIS (25µL, 111 µmol, 1.5 eq.) was 

added and the reaction was monitored by TLC, however no further change was 

observed.  Although the reaction had not gone to completion after 16 h, it was diluted 

with CH2Cl2, washed with 1 M Na2S2O3 (x 2), H2O, then dried (Na2SO4).  The organic 

washings were combined and concentrated, then purified by flash column 

chromatography (50:1 → 20:1, EtOAc:MeOH).  A number of products were isolated, 

including recovered starting material (13.3 mg, 18% yield), the desired anomerically 

deprotected trisaccharide derivative 96, which was furnished as a white powder (12 mg, 

17% yield, or 21% yield based on recovered starting material), and a small amount of 

material that was unable to be characterised [4.9 mg; Rf 0.42 (20:1, EtOAc:MeOH)].  

96: Rf 0.31 (20:1, EtOAc:MeOH); 1H NMR (300 MHz, CDCl3): δ 1.87, 2.00, 2.01, 2.02, 

2.03, 2.10, 2.11, 2.12 (30H, 8 x s, 8 x OAc, 2 x NHAc), 3.31 (1H, ddd, J2,1 7.8, J2,3 10.2, 

J2,NH 7.8 Hz, GlcNIII H-2), 3.67 (1H, ddd, J5,4 9.6, J5,6 and J5,6' 3.0 and 3.6 Hz, GlcNIII 

H-5), 3.72 (1H, dd, J4,3 9.6, J4,5 9.0 Hz, GlcNI H-4), 3.77 (1H, dd, J5,6 and J5,6' 6.0 and 6.6 

Hz, GalII H-5), 3.82 (1H, dd, J3,2 10.2, J3,4 3.6 Hz, GalII H-3), 4.02 – 4.10 (5H, m, GlcNI 

H-5, H-6, GalII H-6/6', GlcNIII H-6), 4.24 (1H, ddd, J2,1 3.6, J2,3 10.2, J2,NH 9.6 Hz, GlcNI 

H-2), 4.31 (1H, d, J1,2 7.8 Hz, GalII H-1), 4.35 – 4.41 (2H, m, GlcNI H-6', GlcNIII H-6'), 

5.01 (1H, dd, J2,1 7.8, J2,3 10.2 Hz, GalII H-2), 5.02 (1H, d, J1,2 7.8 Hz, GlcNIII H-1), 5.05 

(1H, dd, J4,3 = J4,5 9.6 Hz, GlcNIII H-4), 5.20 (1H, d, J1,2 3.6 Hz, GlcNI H-1), 5.35 (1H, d, 

J4,3 3.6 Hz, GalII H-4), 5.44 (1H, dd, J3,2 10.2, J3,4 9.6 Hz, GlcNIII H-3), 5.45 (1H, dd, J3,2 

10.2, J3,4 9.6 Hz, GlcNI H-3), 5.51 (1H, D2O exchangeable, d, JNH,2 7.8 Hz, GlcNIII 

NHAc), 6.61 (< 1H, D2O exchangeable, d, JNH,2 9.6 Hz, GlcNI NHAc); 13C NMR (75.5 

MHz, CDCl3): δ 20.7, 20.8, 20.9, 21.0 (8 x OC(O)CH3), 23.0, 23.3 (2 x NHC(O)CH3), 

51.9 (GlcNI C-2), 56.1 (GlcNIII C-2), 61.0 (GlcNIII C-6), 61.4 (GalII C-6), 62.3 (GlcNI 

C-6), 68.4 (GlcNI C-5), 68.6 (GlcNIII C-4), 68.7 (GalII C-4), 70.8 (GlcNI C-3), 71.1 

(GalII C-5, GlcNIII C-3), 71.6 (GalII C-2), 71.7 (GlcNIII C-5), 75.5 (GlcNI C-4, GalII C-3), 
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91.6 (GlcNI C-1), 99.7 (GlcNIII C-1), 100.7 (GalII C-1), 169.5, 169.6 (2 x NHC(O)CH3), 

170.5, 170.6, 170.7, 170.8, 171.0, 171.1 (8 x OC(O)CH3); LRMS m/z 945 ([M+Na]+, 

100%).  D2O exchange experiments were utilised to assist with assignments.  GlcNI and 

GalII residues were consistent with the analogous per-O-acetylated α-hydroxy 

N-acetyllactosamine derivative reported in the literature.393 

 

2-Acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-galactopyranosyl-(1,4)-2-
acetamido-2-deoxy-D-glucose (8) 

 
To the per-O-acetylated α-hydroxy trisaccharide derivative 96 (11 mg, 11.9 µmol), at 

0 °C, under Ar, was added 0.06 M methanolic NaOMe (500 µL).  The reaction mixture 

was allowed to warm to rt and the reaction was stirred for 16 h.  The reaction mixture 

was neutralised with Amberlite IR-120 (H+) resin, then the resin was filtered, washed 

with MeOH, then the filtrate and washings were combined and concentrated.  The crude 

material was purified by reversed phase chromatography (H2O) to afford the fully 

deprotected trisaccharide 8 as a white powder (6.5 mg, 93% yield).  Rf 0.30 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 2.04 (6H, s, 2 x NHAc), 3.42 – 3.46 

(1H, m, GlcNIII H-5), 3.47 (1H, dd, J4,3 9.0, J4,5 9.6 Hz, GlcNIII H-4), 3.56 (1H, dd, J3,2 = 

J3,4 9.0 Hz, GlcNIII H-3), 3.59 (1H, dd, J2,1 7.8, J2,3 9.6 Hz, GalII H-2), 3.69 – 3.79 (~ 9H, 

m, GlcNI H-2β, H-3β, H-4, H-6, GalII H-3, H-5, H-6/6', GlcNIII H-2α, H-2β, H-6), 3.81 

– 3.86 (0.4H, m, GlcNI H-6'β), 3.86 – 3.92 (~ 3H, m, GlcNI H-2α, H-3α, H-6'α, GlcNIII 

H-6'), 3.94 – 3.99 (1H, m, GlcNI H-5), 4.16 (1H, d, J4,3 2.4 Hz, GalII H-4), 4.46 (1H, d, 

J1,2 7.8 Hz, GalII H-1), 4.68 (1H, 2 x d, J1,2 8.4 Hz, GlcNIII H-1α, H-1β), 4.72 (0.4H, d, 

J1,2 7.8 Hz, GlcNI H-1β), 5.20 (0.6H, d, J1,2 2.4 Hz, GlcNI H-1α); 13C NMR (155 MHz, 

D2O): δ 22.5, 22.7 (2 x NHC(O)CH3), 54.3 (GlcNI C-2α), 56.2 (GlcNIII C-2), 56.7 

(GlcNI C-2β), 60.5 (GlcNI C-6α), 60.8 (GlcNI C-6β), 61.2 (GlcNIII C-6), 61.6 (GalII 

C-6), 68.9 (GalII C-4), 69.8 (GlcNI C-3α), 70.3 (GlcNIII C-4), 70.7 (GalII C-2), 70.9 

(GlcNI C-5), 73.1 (GlcNI C-3β), 74.1 (GlcNIII C-3), 75.5 (GalII C-5), 76.2 (GlcNIII C-5), 

78.8 (GlcNI C-4β), 79.3 (GlcNI C-4α), 82.6 (GalII C-3), 91.1 (GlcNI C-1α), 95.5 (GlcNI 

C-1β), 103.5 (GalII C-1, GlcNIII C-1); LRMS m/z 610 ([M+Na]+, 100%).  NMR data 

were consistent with literature values.220,397 
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2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1,4)-2-acetamido-1,3,6-tri-O-acetyl-2-
deoxy-α-D-glucopyranose (55) 

 
To a solution of crude lactosamine hydrochloride 12 (precipitate; 503 mg, equivalent to 

1.30 mmol, calculated from 52) in py. (5 mL), at rt, under N2, was added Ac2O (2.5 mL) 

and DMAP (cat.), then the reaction was stirred for 1 d.  The reaction mixture was 

concentrated, azeotroping with toluene (x 3).  The crude product was initially purified 

by flash column chromatography (3:1, EtOAc:hexanes → EtOAc), then purified further 

by flash column chromatography (3:2 → 2:1, EtOAc:CH2Cl2), to afford per-O-

acetylated N-acetyllactosamine 55 (480 mg, 55% yield over 2 steps from 52).  Rf 0.17 

(2:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 1.94, 1.97, 2.06, 2.07, 2.10, 2.12, 

2.15, 2.19 (24H, 8 x s, 7 x OAc, 1 x NHAc), 3.81 – 3.91 (3H, m, GlcN H-4, H-5, Gal 

H-5), 4.06 – 4.15 (3H, m, GlcN H-6, Gal H-6/6'), 4.33 – 4.42 (2H, m, GlcN H-2, H-6'), 

4.52 (1H, d, J1,2 7.8 Hz, Gal H-1), 5.13 (1H, dd, J3,2 10.5, J3,4 3.3 Hz, Gal H-3), 5.13 

(1H, dd, J2,1 7.8, J2,3 10.5 Hz, Gal H-2), 5.23 (1H, dd, J3,2 10.8, J3,4 9.0 Hz, GlcN H-3), 

5.36 (1H, d, J4,3 3.3 Hz, Gal H-4), 5.58 (1H, d, JNH,2 9.0 Hz, NHAc), 6.10 (1H, d, J1,2 3.6 

Hz, GlcN H-1); LRMS m/z 701 ([M+Na]+, 100%).  1H NMR data was consistent with 

literature values.634 

 

β-D-Galactopyranosyl-(1,4)-2-acetamido-2-deoxy-D-glucose (99) 

 
The fully protected N-acetyllactosamine derivative 55 (708 mg, 1.04 mmol) was 

azeotroped with toluene (x 3) and dried under high vacuum O/N.  This material was 

taken up in anh. MeOH (20 mL), cooled to 0 °C, under Ar, and 1 M NaOMe (8 mL, 

8 mmol, 8 eq.) was added.  The reaction mixture was stirred for 30 min, then allowed to 

warm to rt and stirred for 16 h.  The reaction mixture was neutralised with Amberlite 

IR-120 (H+) resin, then the resin was filtered, washed with MeOH, then the filtrate and 

washings were combined and concentrated.  The crude material was purified by 

reversed phase chromatography (H2O) to afford N-acetyllactosamine 99 as a white 

powder (280 mg, 70% yield).  Rf 0.21 (7:3:1, EtOAc:MeOH:H2O); 1H NMR (300 MHz, 

D2O): δ 1.99 (3H, s, NHAc), 3.45 – 3.52 (1.5H, m, GlcN H-5β, Gal H-2), 3.59 – 3.77 
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(6H, m, GlcN H-2β, H-3β, H-4α, H-4β, Gal H-3, H-5, H-6/6'), 3.77 – 3.94 (4.5H, m, 

GlcN H-2α, H-3α, H-5α, H-6/6', Gal H-4), 4.42 (1H, d, J1,2 7.8 Hz, Gal H-1), 4.67 

(0.5H, d, J1,2 7.2 Hz, GlcN H-1β), 5.15 (0.5H, d, J1,2 2.4 Hz, GlcN H-1α); 13C NMR 

(75.5 MHz, CDCl3): δ 21.8, 22.1 (NHC(O)CH3-α,β), 53.6 (GlcN C-2α), 56.1 (GlcN 

C-2β), 59.9 (GlcN C-6α), 60.0 (GlcN C-6β), 61.0 (Gal C-6), 68.5 (Gal C-4), 69.2 

(GlcN C-3α), 70.2 (GlcN C-5α), 70.9 (Gal C-2), 72.4 (GlcN C-3β, Gal C-3), 74.7 

(GlcN C-5β), 75.3 (Gal C-5), 78.2 (GlcN C-4β), 78.7 (GlcN C-4α), 90.4 (GlcN C-1α), 

94.8 (GlcN C-1β), 102.8 (Gal C-1), 174.3, 173.6 (NHC(O)CH3-α,β); LRMS m/z 384 

([M+H]+, 100%), 406 ([M+Na]+, 54%).  NMR data were consistent with literature 

values.635 

 

6.2.1.1 Preparation of N-Propargyl Glycosyl Amides 
General method for the synthesis of N-propargyl glycosyl amides 

Neat propargylamine (400 µL, 6.25 mmol) was added to 200 mg of unprotected 

carbohydrate and the mixture was sealed in a small vial.  The suspension was warmed 

to 50 °C and stirred for 16 h.  The carbohydrate generally dissolved within several 

hours.  The reaction was monitored by TLC, and upon completion, excess 

propargylamine was removed under reduced pressure, then the residue was dried under 

high vacuum for several hours.  To the crude material, anh. MeOH (2 mL) and Ac2O (1 

mL) was added at rt, then the reaction was stirred for 16 h.  The reaction was 

concentrated by blowing a gentle stream of air over the vial, then was dried further 

under high vacuum to afford the crude product as a brown sticky gum.  For larger 

reactions, an extractive work-up was undertaken by diluting the crude material in H2O 

and extracting any organic soluble material into EtOAc several times and concentrating 

the aqueous phase.  The crude material (with or without prior organic wash) was 

purified by reversed phase chromatography (H2O), then normal phase flash column 

chromatography (generally 3:1:0.1, EtOAc:MeOH:H2O) for mono- or disaccharides, or 

Sephadex LH20 size exclusion chromatography (H2O) for larger carbohydrates, to 

afford the desired material as a white powder after lyophilisation. 
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N-(2-Acetamido-2-deoxy-β-D-glucopyranosyl)-3-acetamido-1-propyne (101)   

 
Prepared by the general method for the synthesis of N-propargyl glycosyl amides from 

N-acetyl-D-glucosamine 98 (200 mg, 0.904 mmol), to afford 101 (187 mg, 69% yield).  

Rf 0.29 (3:1:0.1, EtOAc:MeOH:H2O); IR (neat): ν 3700 – 3000 (O-H, C-H, N-H, 

C≡C-H), 2933 (C-H), 2120 (C≡C) and 1634 cm-1 (amide C=O); 1H NMR (300 MHz, 

D2O): δ 1.96 and 1.99 (3H, 2 x s, NHAc, rotamers), 2.23 and 2.28 (3H, 2 x s, NAc, 

rotamers), 2.57 and 2.73 (< 1H, D2O exchangeable, 2 x bs, C≡CH, rotamers), 3.52 (1H, 

dd, J4,3 8.7, J4,5 9.6 Hz, H-4), 3.60 (1H, ddd, J5,4 9.6, J5,6 4.8, J5,6' 2.1 Hz, H-5), 3.70 (1H, 

dd, J3,2 9.6, J3,4 8.7 Hz, H-3), 3.77 (1H, dd, J6,5 4.8, J6,6' 12.3 Hz, H-6), 3.86 – 3.98 (1H, 

m, H-2, rotamers), 3.90 (1H, dd, J6',5 2.1, J6',6 12.3 Hz, H-6') 4.07 and 4.18 (2H, m, 

NCH2, rotamers), 5.21 and 5.68 (1H, 2 x d, J1,2 8.1 and 8.7 Hz, H-1, rotamers); 13C 

NMR (75.5 MHz, D2O): δ 20.9 and 21.5 (NC(O)CH3, rotamers), 21.6 and 22.0 

(NHC(O)CH3, rotamers), 31.1 and 33.0 (NCH2, rotamers), 52.5 and 53.1 (C-2, 

rotamers), 60.5 and 60.6 (C-6, rotamers), 69.2 and 69.3 (C-4, rotamers), 71.4 and 73.1 

(C≡CH, rotamers), 74.1 and 74.5 (C-3, rotamers), 78.1 and 78.2 (C-5, rotamers), 78.7 

and 79.8 (C≡CH, rotamers), 80.3 and 85.2 (C-1, rotamers), 174.3 (NHC(O)CH3), 174.4 

and 175.5 (NC(O)CH3, rotamers); LRMS m/z 323 ([M+Na]+, 100%); HRMS (API): 

calcd for [M+Na]+ (C13H20N2O6Na+) requires m/z 323.1214, found 323.1209.   

 

N-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl)-3-acetamido-1-
propyne 
A small amount of 101 was acetylated using Ac2O/py. as described for the synthesis of 

20 (Section 6.1.1) to assist with characterisation.  1H NMR (300 MHz, CDCl3): δ 1.81, 

1.99, 2.00, 2.05, 2.21 (15H, 5 x s, 3 x OAc, NHAc, NAc), 2.24 (1H, t, JC≡CH,NCH2 2.4 Hz, 

C≡CH), 3.76 (1H, ddd, J5,4 9.6, J5,6 4.2, J5,6' 3.0 Hz, H-5), 4.02 (2H, d, JNCH2,C≡CH 2.4 Hz, 

NCH2), 4.10 – 4.12 (2H, m, H-6/6'), 4.19 (1H, ddd, J2,1 9.9, J2,3 = J2,NH 9.6 Hz, H-2), 

5.08 (1H, dd, J4,3 = J4,5 9.6 Hz, H-4), 5.15 (1H, dd, J3,2 = J3,4 9.6 Hz, H-3), 5.74 (1H, d, 

J1,2 9.9 Hz, H-1), 6.32 (1H, d, JNH,2 9.6 Hz, NHAc); 13C NMR (75.5 MHz, CDCl3): 

δ 20.5, 20.6, 20.7 (3 x OC(O)CH3), 22.0, 22.9 (NHC(O)CH3, NC(O)CH3), 32.9 (NCH2), 

51.2 (C-2), 63.1 (C-6), 68.0 (C-4), 71.9 (C≡CH), 73.2 (C-3), 74.2 (C-5), 79.0 (C≡CH), 

80.5 (C-1), 169.3, 170.3, 170.6, 170.8, 172.4 (3 x OC(O)CH3, NHC(O)CH3, 

NC(O)CH3); LRMS m/z 449 ([M+Na]+, 100%), 465 ([M+K]+, 47%). 
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N-[β-D-Galactopyranosyl-(1,4)-β-D-glucopyranosyl]-3-acetamido-1-propyne (102)  

 
Method A: 

Prepared by the general method for the synthesis of N-propargyl glycosyl amides from 

α-D-lactose monohydrate 9 (200 mg, 0.555 mmol) to afford 102 (201 mg, 86% yield).  

Rf 0.26 (7:3:1, EtOAc:MeOH:H2O); 1H NMR (300 MHz, D2O): δ 2.19 and 2.27 (3H, 2 

x s, NAc, rotamers), 2.52 and 2.69 (< 1H, D2O exchangeable, 2 x bs, C≡CH, rotamers), 

3.49 (1H, dd, J2,1 7.8, J2,3 9.9 Hz, Gal H-2), 3.62 (1H, dd, J3,2 9.9, J3,4 3.3 Hz, Gal H-3), 

3.66 – 3.72 (6H, m, Glc H-2, H-3, H-4, H-5, Gal H-5, H-6), 3.75 – 3.91 (4H, m, Glc 

H-6/6', Gal H-4, H-6'), 4.01 – 4.25 (2H, m, NCH2, rotamers), 4.42 (1H, d, J1,2 7.8 Hz, 

Gal H-1), 5.05 and 5.51 (1H, 2 x d, J1,2 8.4 and 8.7 Hz, Glc H-1, rotamers); 13C NMR 

(75.5 MHz, D2O): δ 21.1 and 21.6 (NC(O)CH3, rotamers), 30.0 and 32.7 (NCH2, 

rotamers), 59.7 (Glc C-6), 61.0 (Gal C-6), 68.5 (Gal C-4), 69.4 and 70.0 (Glc C-2, 

rotamers), 70.9 (Gal C-2), 71.6 and 73.3 (C≡CH, rotamers), 72.4 (Gal C-3), 74.8 and 

75.1 (Glc C-3, rotamers), 75.3 (Gal C-5), 76.7 and 76.8 (Glc C-5, rotamers), 77.2 (Glc 

C-4), 79.1 and 79.7 (C≡CH, rotamers), 81.6 and 86.3 (Glc C-1, rotamers), 102.8 (Gal 

C-1), 174.6 (NC(O)CH3); LRMS m/z 422 ([M+H]+, 100%).  Additional experiments 

(high temperature 1H NMR and 1H-1H NOESY) of 102 were acquired to confirm the 

presence of rotamers.  1H NMR spectrum acquired at 353 K was in agreement with 

literature values reported at 353 K,377 while at 298 K, the spectrum shared significant 

similarities to the analogous cellobiose [Glcβ(1,4)Glc] N-propargyl glycosyl amide 

reported by Halila et al.378 

 

Method B: Microwave-assisted synthesis 

A suspension of α-D-lactose monohydrate 9 (155 mg, 0.430 mmol) in propargylamine 

(500 µL) was heated under MW conditions at 100 °C for 28 min with stirring.  The 

reaction mixture was concentrated, and a solution of Ac2O in anh. MeOH (1:2 ratio; 1.8 

mL) was added, then the reaction mixture was reacted under MW conditions at 110 °C 

for 3 min and concentrated.  The crude material was purified by flash column 

chromatography (7:3:1, EtOAc:MeOH:H2O) to afford 102 (144 mg, 80% yield). 

 



 304 

N-[2,3,4,6-tetra-O-acetyl-β-D-Galactopyranosyl-(1,4)-2,3,6-tri-O-acetyl-β-D-
glucopyranosyl]-3-acetamido-1-propyne  
A small amount of 102 was acetylated using Ac2O/py. in the same manner as 20 

(Section 6.1.1) to assist with characterisation.  1H NMR (300 MHz, CDCl3): 1.97, 2.04, 

2.05, 2.07, 2.12, 2.16, 2.24 (25H, 7 x s, 7 x OAc, NAc, C≡CH), 3.74 – 3.80 (1H, m, Glc 

H-5), 3.79 – 3.92 (2H, m, Glc H-4, Gal H-5), 3.96 (2H, d, JCH2,C≡CH 2.1 Hz, NCH2), 4.01

– 4.22 (3H, m, Glc H-6, Gal H-6/6'), 4.45 – 4.65 (1H, m, Glc H-6'), 4.49 (1H, d, J1,2 7.8

Hz, Gal H-1), 4.95 (1H, dd, J3,2 10.2, J3,4 3.0 Hz, Gal H-3), 4.98 (1H, dd, J2,1 9.3, J2,3 9.0 

Hz, Glc H-2), 5.12 (1H, dd, J2,1 7.8, J2,3 10.2 Hz, Gal H-2), 5.27 (1H, dd, J3,2 = J3,4 9.0 

Hz, Glc H-3), 5.35 (1H, d, J4,3 3.0 Hz, Gal H-4), 5.86 (1H, d, J1,2 9.3 Hz, Glc H-1); 13C 

NMR (75.5 MHz, CDCl3): δ 20.5, 20.6, 20.7, 20.8 (7 x OC(O)CH3), 22.1 (NC(O)CH3), 

32.6 (NCH2), 60.7 (Glc C-6), 61.6 (Gal C-6), 66.5 (Gal C-4), 69.0 (Glc C-2, Gal C-2), 

70.6 (Gal C-3, C-5), 72.2 (C≡CH), 73.4 (Glc C-3), 74.9 (Glc C-5), 75.8 (Glc C-4), 78.8 

(C≡CH), 79.3 (Glc C-1), 100.9 (Gal C-1), 168.9, 169.9, 170.1, 170.3, 171.6, 172.9, (7 x 

OC(O)CH3, NC(O)CH3); LRMS m/z 738 ([M+Na]+, 100%).   

N-[β-D-Galactopyranosyl-(1,4)-2-acetamido-2-deoxy-β-D-glucopyranosyl]-3-
acetamido-1-propyne (103)  

Prepared by the general method for the synthesis of N-propargyl glycosyl amides from 

N-acetyllactosamine 99 (202 mg, 0.527 mmol) to afford 103 (96 mg, 39% yield).  Rf

0.28 (7:3:1, EtOAc:MeOH:H2O); 1H NMR (300 MHz, D2O): δ 1.95 and 1.98 (3H, s,

NHAc, rotamers), 2.23 and 2.28 (3H, 2 x s, NAc, rotamers), 2.39 and 2.55 (< 1H, D2O

exchangeable, bs, C≡CH, rotamers), 3.54 (1H, dd, J2,1 7.8, J2,3 9.9 Hz, Gal H-2), 3.67

(1H, dd, J3,2 9.9, J3,4 3.3 Hz, Gal H-3), 3.72 – 3.85 (6H, m, GlcN H-3, H-4, H-5, Gal

H-5, H-6/6'), 3.85 (1H, dd, J6,5 4.2, J6,6' 12.3 Hz, GlcN H-6), 3.92 (1H, d, J4,3 3.3 Hz, Gal

H-4), 3.95 (1H, dd, J6',5 5.1, J6',6 12.3 Hz, GlcN H-6'), 3.94 – 4.01 (1H, m, GlcN H-2,

rotamers), 4.07 and 4.18 (2H, m, NCH2, rotamers), 4.49 (1H, d, J1,2 7.8 Hz, Gal H-1), 

5.22 and 5.70 (1H, d and bs, J1,2 9.3 Hz, GlcN H-1, rotamers); 13C NMR (75.5 MHz, 

D2O): 20.6 and 21.0 (NC(O)CH3, rotamers), 22.0 (NHC(O)CH3), 30.4 and 33.0 (NCH2, 

rotamers), 52.0 and 52.7 (GlcN C-2, rotamers), 59.8 (GlcN C-6), 61.0 (Gal C-6), 68.5 

(Gal C-4), 70.9 (Gal C-2), 71.3 and 73.0 (C≡CH, rotamers), 72.4 (Gal C-3), 72.7 and 

73.0 (GlcN C-3, rotamers), 75.4 (Gal C-5), 77.1 and 77.2 (GlcN C-5, rotamers), 77.6 
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and 77.7 (GlcN C-4, rotamers), 79.1 and 79.8 (C≡CH, rotamers) 81.0 and 85.1 (GlcN 

C-1, rotamers), 102.8 (Gal C-1), 174.3 (NHC(O)CH3), 174.4 and 175.6 (NC(O)CH3, 

rotamers); LRMS m/z 485 ([M+Na]+, 100%); HRMS (API): calcd for [M+Na]+ 

(C19H30N2O11Na+) requires m/z 485.1742, found 485.1742. 

 

N-[2-Acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-galactopyranosyl-(1,4)-β-D-
glucopyranosyl]-3-acetamido-1-propyne (104)  

 
Prepared by the general method for the synthesis of N-propargyl glycosyl amides from 

Lc3 7 (19.3 mg, 35.4 µmol) to afford 104 (7.8 mg, 35% yield).  Rf 0.41 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 1.86 (3H, s, NHAc), 2.07 and 2.15 

(3H, 2 x s, NAc, rotamers), 3.25 – 3.28 (1H, m, GlcNIII H-5), 3.29 (1H, dd, J4,3 8.4, J4,5 

9.6 Hz, GlcNIII H-4), 3.37 (1H, dd, J3,2 10.2, J3,4 8.4 Hz, GlcNIII H-3), 3.42 (1H, dd, J2,1 

7.8, J2,3 10.2 Hz, GalII H-2), 3.42 – 3.51 (1H, m, GlcI H-5), 3.52 – 3.67 (10H, m, GlcI 

H-2, H-3, H-4, H-6, GalII H-3, H-5, H-6/6', GlcNIII H-2, H-6), 3.71 – 3.77 (2H, m, GlcI 

H-6', GlcNIII H-6'), 3.92 – 4.14 (2H, m, NCH2, rotamers), 3.98 (1H, d, J4,3 3.6 Hz, GalII 

H-4), 4.28 (1H, d, J1,2 7.8 Hz, GalII H-1), 4.50 (1H, 2 x d, J1,2 8.4 Hz, GlcNIII H-1), 4.93 

and 5.38 (1H, d, J1,2 8.4 and 9.6 Hz, GlcI H-1, rotamers); 13C NMR (151 MHz, D2O): 

20.4 and 20.9 (NC(O)CH3, rotamers), 21.4 (NHC(O)CH3), 29.3 and 32.0 (NCH2, 

rotamers), 54.9 (GlcNIII C-2), 59.1 (GlcNIII C-6), 59.7 (GlcI C-6), 60.3 (GalII C-6), 67.6 

(GalII C-4), 68.7 and 69.2 (GlcI C-2, rotamers), 68.9 (GlcNIII C-4), 69.2 (GalII C-2), 71.3 

(C≡CH), 72.8 (GlcNIII C-3), 74.2 and 74.4 (GlcI C-3, rotamers), 74.9 (GalII C-5, GlcNIII 

C-5), 76.0 and 76.1 (GlcI C-5, rotamers), 76.4 and 76.5 (GlcI C-4, rotamers), 78.0 and 

78.6 (C≡CH, rotamers), 81.1 and 85.6 (GlcI C-1, rotamers), 81.2 (GalII C-3), 102.1 

(GalII C-1, GlcNIII C-1), 174.0 (NHC(O)CH3), 174.3 and 175.2 (NC(O)CH3, rotamers); 

LRMS m/z 625 ([M+H]+, 100%), 647 ([M+Na]+, 73%); HRMS (API): calcd for [M+H]+ 

(C25H40N2O16Na+) requires m/z 647.2270, found 647.2256.  In the 1H NMR spectrum, 

peaks for C≡CH were not observed due to D2O exchange. 
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N-[2-Acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-galactopyranosyl-(1,4)-2-
acetamido-2-deoxy-β-D-glucopyranosyl]-3-acetamido-1-propyne (107)  

 
Prepared by the general method for the synthesis of N-propargyl glycosyl amides from 

trisaccharide 8 (4.4 mg, 7.50 µmol) to afford impure 107, contaminated with N-acetyl 

propargylamine (11 mg, > 100% impure yield).  Rf 0.77 (15:4:1, i-PrOH:H2O:AcOH); 
1H NMR (300 MHz, D2O): δ 1.85 (3H, s, GlcNIII NHAc), 1.94 and 1.98 (3H, 2 x s, 

GlcNI NHAc, rotamers), 2.18 and 2.23 (3H, 2 x s, NAc, rotamers), 2.40 and 2.49 (1H, 2 

x t, JC≡CH,CH2 6.3 and 8.1 Hz, C≡CH, rotamers), 3.36 – 3.44 (2H, m, GlcNIII H-4, H-5), 

3.44 – 3.58 (2H, m, GlcNIII H-3, GalII H-2), 3.58 – 4.17 (16H, m, GlcI H-2, H-3, H-4, 

H-5, H-6/6', GalII H-3, H-4, H-5, H-6/6', GlcNIII H-2, H-6/6', NCH2, rotamers), 4.43 

(1H, d, J1,2 7.8 Hz, GalII H-1), 4.63 (1H, d, J1,2 11.1* Hz, GlcNIII H-1), 5.19 and 5.66 

(1H, d and bs, J1,2 9.6 Hz, GlcI H-1, rotamers).  * May be an altered value due to 

proximity of HOD peak. 

 

N-[β-D-Galactopyranosyl-(1,4)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-
galactopyranosyl-(1,4)-β-D-glucopyranosyl]-3-acetamido-1-propyne (105)  

 
Prepared by the general method for the synthesis of N-propargyl glycosyl amides from 

nLc4 6 (57 mg, 81 µmol) to afford 105 (18.7 mg, 30% yield).  Rf 0.56 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 1.71 (3H, s, NHAc), 1.92 and 2.00 

(3H, 2 x s, NAc, rotamers), 2.23 and 2.40 (< 1H, D2O exchangeable, bs, C≡CH, 

rotamers), 2.95 (1H, dd, J2,1 = J2,3 8.4 Hz, GlcI H-2), 3.21 (1H, dd, J2,1 7.8, J2,3 10.2 Hz, 

GalIV H-2), 3.25 – 3.28 (2H, m, GalII H-2, GlcNIII H-5), 3.35 (1H, dd, J3,2 10.2, J3,4 2.4 

Hz, GalIV H-3), 3.38 – 3.55 (15H, m, GlcI H-3, H-4, H-5, H-6, GalII H-3, H-5, H-6/6', 

GlcNIII H-2, H-3, H-4, H-6, GalIV H-5, H-6/6'), 3.58 – 3.65 (2H, m, GlcI H-6', GlcNIII 

H-6'), 3.59 (1H, d, J4,3 3.0 Hz, GalIV H-4), 3.79 – 3.99 (3H, m, GalII H-4, NCH2, 

rotamers), 4.13 (1H, d, J1,2 7.8 Hz, GalII H-1), 4.16 (1H, d, J1,2 7.8 Hz, GalIV H-1), 4.37 

(1H, d, J1,2 8.4 Hz, GlcNIII H-1), 4.80 and 5.23 (1H, 2 x d, J1,2 8.4 and 9.0 Hz, GlcI H-1, 

rotamers); 13C NMR (151 MHz, D2O): δ 20.2 and 20.7 (NC(O)CH3, rotamers), 21.1 

(NHC(O)CH3), 29.1 and 31.7 (NCH2, rotamers), 54.2 (GlcNIII C-2), 59.0 (GlcI C-6, 
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GlcNIII C-6), 60.1 (GalII C-6, GalIV C-6), 67.5 (GalII C-4), 67.6 (GalIV C-4), 68.6 and 

69.1 (GlcI C-2, rotamers), 69.0 (GalII C-2), 70.0 (GalIV C-2), 70.7 and 72.3 (C≡CH, 

rotamers), 71.2 (GlcNIII C-3), 71.5 (GalIV C-3), 73.6 (GlcNIII C-5), 73.9 (GalII C-5), 74.0 

and 74.3 (GlcI C-3, rotamers), 74.4 (GalIV C-5), 75.8 and 75.9 (GlcI C-5, rotamers), 76.0 

and 76.1 (GlcI C-4, rotamers), 76.9 (GlcNIII C-4), 78.2 and 78.7 (C≡CH, rotamers), 81.0 

and 85.4 (GlcI C-1, rotamers), 81.1 (GalII C-3), 101.9 (GalII C-1, GlcNIII C-1, GalIV C-1), 

173.7 (NHC(O)CH3), 174.4 and 175.3 (NC(O)CH3, rotamers); LRMS m/z 809 

([M+Na]+, 100%); LRMS (-ve ion mode) m/z 785 ([M-H]–, 100%); HRMS (API): calcd 

for [M+Na]+ (C31H50N2O21Na+) requires m/z 809.2798, found 809.2763.  

 

N-{[Ammonium (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-non-2-
ulopyranosyl)onate]-(2,3)-β-D-galactopyranosyl-(1,4)-β-D-glucopyranosyl}-3-
acetamido-1-propyne (106)  

 
Prepared by the general method for the synthesis of N-propargyl glycosyl amides from 

2,3-sialyllactose 100 (51 mg, 80.3 µmol) to afford a mixture of title compound 106 

(24.5 mg, 42% yield).  Rf 0.20 (7:3:1, EtOAc:MeOH:H2O); 1H NMR (300 MHz, D2O): 

δ 1.75 (1H, dd, J3ax,3eq = J3ax,4 12.0 Hz, NeuIII H-3ax), 1.97 (3H, s, NHAc), 2.19 and 2.27 

(3H, 2 x s, NAc, rotamers), 2.52 and 2.68 (< 1H, D2O exchangeable, bs, C≡CH, 

rotamers), 2.70 (1H, dd, J3eq,3ax 12.0, J3eq,4 4.5 Hz, NeuIII H-3eq), 3.47 – 3.75 (12H, m, 

GlcI H-2, H-3, H-4, H-5, GalII H-2, H-5, H-6/6', NeuIII H-4, H-6, H-7, H-9), 3.75 – 3.93 

(5H, m, GlcI H-6/6', NeuIII H-5, H-8, H-9'), 3.90 (1H, d, J4,3 3.0 Hz, GalII H-4), 4.07 (1H, 

dd, J3,2 9.9, J3,4 3.0 Hz, GalII H-3), 4.08 – 4.29 (2H, m, NCH2, rotamers), 4.49 (1H, d, J1,2 

7.8 Hz, GalII H-1), 5.05 and 5.51 (1H, 2 x d, J1,2 8.4 and 8.7 Hz, GlcI H-1, rotamers); 13C 

NMR (75.5 MHz, D2O): δ 21.0 and 21.6 (NC(O)CH3, rotamers), 21.9 (NHC(O)CH3), 

29.9 and 30.1 (NCH2, rotamers), 39.5 (NeuIII C-3), 51.6 (NeuIII C-5), 59.7 (GlcI C-6), 

61.0 (GalII C-6), 62.5 (NeuIII C-9), 67.4 (GalII C-4), 68.0 (NeuIII C-7), 68.3 (NeuIII C-4), 

69.3 (GalII C-2), 69.4 and 69.9 (GlcI C-2, rotamers), 71.6 and 73.7 (C≡CH, rotamers), 

71.7 (NeuIII C-8), 72.8 (NeuIII C-6), 74.8 and 75.1 (GlcI C-3, rotamers), 75.1 (GalII C-5), 

75.3 (GalII C-3), 76.7 and 76.8 (GlcI C-5, rotamers), 77.1 and 77.3 (GlcI C-4, rotamers), 

79.9 and 80.7 (C≡CH, rotamers), 81.5 and 86.3 (GlcI C-1, rotamers), 99.7 (NeuIII C-2), 

102.4 (GalII C-1), 173.8 (NC(O)CH3), 174.6 (NHC(O)CH3), 174.9 (NeuIII C-1); LRMS 
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(-ve ion mode) m/z 711 ([M-H]–, 100%); HRMS (API): calcd for [M+Na]+ 

(C28H44N2O19Na+) requires m/z 735.2430, found 735.2439.   

 

6.3 Synthesis of Multivalent Displays of Neolactotetraose and 
Related Carbohydrates 

6.3.1 Synthesis of a Methyl Gallate-Triethylene Glycol-based 
Trivalent Scaffold 

Methyl 3,4,5-trihydroxybenzoate (110) 

 
To a suspension of gallic acid 95 monohydrate (3,4,5-trihydroxybenzoic acid 

monohydrate; 2.82 g, 15.0 mmol) in anh. MeOH (8 mL), at rt, under N2, was added 

H2SO4 (140 µL), then the reaction was heated to reflux and stirred for 16 h.  The 

reaction mixture was allowed to cool to rt and was then neutralised with NaHCO3.  The 

neutralised reaction mixture was filtered, the residue was washed with MeOH, then the 

filtrate and washings were combined and concentrated.  The crude material was purified 

by flash column chromatography (2:1, EtOAc:hexanes) to furnish methyl gallate 110 as 

an off-white powder (1.94 g, 70% yield).  Rf 0.20 (1:1, EtOAc:hexanes), vanillin stain; 
1H NMR (300 MHz, CD3OD): δ 3.81 (3H, s, CO2CH3), 4.94 (3H, bs, 3 x phenolic OH), 

7.04 (2H, s, Ar); 13C NMR (75.5 MHz, CD3OD): δ 52.3 (CO2CH3), 110.0 (2 x Ar CH), 

121.4 (Ar C-CO2CH3), 139.8, 146.5 (3 x Ar C-OH), 169.0 (CO2CH3); LRMS m/z 390 

([2M+Na]+, 100%), 207 ([M+Na]+, 34%).  NMR data were consistent with literature 

values.350 

 

2-{2-[2-(p-Toluenesulfonyl)ethoxy]ethoxy}ethanol (111) 

 
To a solution of triethylene glycol 94 (22.0 g, 147 mmol, 4 eq.) in anh. CH2Cl2 (200 

mL), at rt, under N2, was added Et3N (10.2 mL, 73.2 mmol, 2 eq.).  The reaction 

mixture was cooled to 0 °C and p-TsCl (6.89 g, 36.1 mmol, 1 eq.) was added, then the 

reaction was allowed to warm to rt and was stirred for 16 h.  The crude mixture was 

washed with H2O and the organic phase was concentrated.  The crude material was 

purified by flash column chromatography (20:1, CH2Cl2:MeOH) to afford the mono-
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tosylate derivative 111 (5.78 g, 52% yield).  Rf 0.17 (20:1, CH2Cl2:MeOH), vanillin 

stain; 1H NMR (300 MHz, CDCl3): δ 2.44 (3H, s, Ph-CH3), 3.55 – 3.60 (6H, m, 3 x 

OCH2), 3.68 – 3.74 (4H, m, 2 x OCH2), 4.14 – 4.18 (2H, m, OCH2), 7.34, 7.80 (2 x 2H, 

2 x d, Jvic 8.4 Hz, Ar); LRMS m/z 327 ([M+Na]+, 100%).  1H NMR data was consistent 

with literature values.337 

 

Methyl 3,4,5-tri-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}benzoate (109) and methyl 
4-hydroxy-3,5-di-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}benzoate (113)  

 
To a mixture of 110 (550 mg, 2.99 mmol, 1 eq.) and 111 (3.0 g, 9.86 mmol, 3.3 eq.) in 

anh. DMF (30 mL) at rt, under N2, was added K2CO3 (3 g), then the reaction was stirred 

for 5 d.  The reaction mixture was filtered through a small plug of Celite, washing with 

MeOH, then the filtrate and washings were combined and concentrated.  The crude 

material was purified by flash column chromatography (gradient of 2% → 20% MeOH 

in EtOAc) to afford the trisubstituted methyl gallate derivative 109 contaminated with 

residual p-TsOH (1.25 g).  From 1H NMR integration it was estimated of this, 700 mg 

was 109 (40% yield) and 550 mg was p-TsOH.  3,5-Disubstituted methyl gallate 

derivative 113 was also isolated (618 mg, 46% yield).  109: Rf 0.07 (4:1, 

EtOAc:MeOH); 1H NMR (300 MHz, CDCl3): δ 3.55 – 3.59, 3.60 – 3.78, 3.87 – 3.89 

(30H, m, 15 x OCH2), 3.89 (3H, s, CO2CH3), 4.24 – 4.33 (6H, m, 3 x OCH2), 7.38 (2H, 

s, Ar); LRMS m/z 603 ([M+Na]+, 100%).  113: Rf 0.04 (4:1, EtOAc:MeOH); 1H NMR 

(300 MHz, CD3OD): δ 3.54 – 3.60 (8H, m, 4 x OCH2), 3.64 – 3.75 (8H, m, 4 x OCH2), 

3.77 – 3.80 (2H, m, OCH2), 3.86 (3H, s, CO2CH3), 3.86 – 3.90 (2H, m, OCH2), 4.18 – 

4.26 (4H, m, 2 x OCH2), 7.18 (2H, s, Ar); LRMS m/z 471 ([M+Na]+, 100%).  109 NMR 

data were in general agreement with literature values.420 
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Methyl 3,4,5-tri-(2-{2-[2-(p-toluenesulfonyl)ethoxy]ethoxy}ethoxy)benzoate (112) 

 
To a solution of the tri-hydroxyl group-bearing MGTG trivalent scaffold 109 

(contaminated with p-TsOH; 1.25 g, equivalent to 700 mg, 1.21 mmol of 109) in anh. 

CH2Cl2 (25 mL), at rt, under Ar, was added p-TsCl (4.1 g, 21.5 mmol, 18 eq.) and Et3N 

(3.0 mL, 21.5 mmol, 18 eq.), then stirred for 16 h.  The reaction mixture was diluted 

with CH2Cl2 then washed with 1 M HCl, sat. aq. NaHCO3, H2O, dried (Na2SO4), and 

concentrated.  The crude material was purified by flash column chromatography (3:1, 

EtOAc:hexanes) to afford the tri-tosylated trivalent display 112 (649 mg, 52% yield).  

Rf 0.22 (3:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 2.42 (9H, s, 3 x Ph-CH3), 

3.55 – 3.60 (6H, m, 3 x OCH2), 3.62 – 3.69 (12H, m, 6 x OCH2), 3.75 (2H, t, Jvic 4.8 Hz, 

OCH2), 3.82 (2H, t, Jvic 4.8 Hz, OCH2), 3.87 (3H, s, CO2CH3), 4.11 – 4.20 (12H, m, 6 x 

OCH2), 7.28 (2H, s, Ar), 7.32, 7.77 (2 x 6H, 2 x d, Jvic 8.1 Hz, 3 x Ar); 13C NMR (75.5 

MHz, CDCl3): δ 21.6 (3 x Ph-CH3), 52.1 (CO2CH3), 68.6, 68.7, 68.8, 69.2, 69.3, 69.6, 

70.4, 70.6, 70.7, 72.3 (18 x OCH2), 108.9, 124.9, 127.9, 129.8, 132.9, 142.4, 152.2, 

144.8 (4 x Ar), 166.5 (CO2CH3); LRMS m/z 1066 ([M+Na]+, 100%).  NMR data were 

in good agreement with literature values.420 

 

Methyl 3,4,5-tri-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}benzoate (87) 

 
To a solution of tri-tosylate derivative 112 (634 mg, 0.608 mmol) in DMF (5 mL), at rt, 

under Ar, was added NaN3 (198 mg, 3.05 mmol, 5 eq.), then the reaction was heated to 

80 °C and stirred for 16 h.  The reaction mixture was cooled to rt and filtered, washing 

with MeOH, then the filtrate and washings were combined and concentrated.  The crude 

material was purified by flash column chromatography (2:1, EtOAc:hexanes) to afford 

the azido functionalised MGTG scaffold 87 as a colourless oil (346 mg, 87% yield).  Rf 

0.18 (2:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 3.36 – 3.40 (6H, m, 3 x 

CH2N3), 3.64 – 3.69 (12H, m, 6 x OCH2), 3.71 – 3.75 (6H, m, 3 x OCH2), 3.81 (2H, t, 

Jvic 4.8 Hz, OCH2), 3.86 – 3.89 (4H, m, 2 x OCH2), 3.88 (3H, s, CO2CH3), 4.18 – 4.25 
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(6H, m, 3 x OCH2), 7.30 (2H, s, Ar); 13C NMR (75.5 MHz, CDCl3): δ 50.7 (3 x CH2N3), 

52.2 (CO2CH3), 68.8, 69.7, 70.0, 70.1, 70.6, 70.7, 70.8, 70.9, 72.4 (15 x OCH2), 109.0, 

125.0, 142.5, 152.3 (3 x Ar), 166.6 (CO2CH3); LRMS m/z 679 ([M+Na]+, 100%).  NMR 

data were consistent with literature values.350 

 

6.3.2 Synthesis of Trivalent Displays of Carbohydrates 
General Method for the CuAAC Reaction for the Synthesis of Trivalent Displays of 
Carbohydrates  

To a small vial containing azide-bearing trivalent MGTG scaffold 87 (19.8 mg, 30.2 

µmol) and N-propargyl glycosyl amide (eg. 51 mg of Lac-PGA, 121 µmol, 4 eq.), H2O 

(300 µL) and i-PrOH (500 µL) were added.  To this solution, sodium ascorbate (6 mg, 

30.3 µmol, 1 eq.) and 0.1 M CuSO4 (30 µL, 3.00 µmol, 0.1 eq.) were added and the 

mixture was warmed to 50 °C, then stirred for 2 – 16 h.  The reaction mixture was 

passed through a small plug (~ 2 cm3) of Amberlite IR748 metal chelating resin in a 

Pasteur pipette (prepared by rinsing through pH 3 aq. HCl) to chelate copper ions, 

washing with 1 mL aliquots of pH 3 HCl (x 2) and H2O (x 1).  The filtrate and washings 

were combined and concentrated.  The crude material was taken up in H2O and dialysed 

for 24 h (MWCO 1000) and concentrated.  This material was purified by LH20 

Sephadex size exclusion chromatography (~ 90 cm3) with H2O as the mobile phase, to 

give a white powder after lyophilisation. 

 

Methyl 3,4,5-tri-{2-[2-(2-{4-[N-acetyl-N-(2-acetamido-2-deoxy-β-D-
glucopyranosyl)-aminomethyl]-1H-1,2,3-triazol-1-
yl}ethoxy)ethoxy]ethoxy}benzoate (114) 

 
Synthesised by the general method for the CuAAC reaction for the synthesis of trivalent 

displays of carbohydrates by reaction of 87 (27.2 mg, 41.5 µmol) and 101 (50.0 mg, 166 

µmol, 4 eq.) for 2 h, to afford 114 (51 mg, 79% yield).  Rf 0.17 (15:4:1, 
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i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 1.74 (9H, s, 3 x NHAc), 1.88 and 

2.02 (9H, 2 x s, 3 x NAc, rotamers), 3.19 – 3.57 (24H, m, 3 x (H-3, H-4, H-5, H-6), 6 x 

OCH2), 3.62 – 3.81 (18H, m, 3 x (H-2, H-6'), 6 x OCH2), 3.72 (3H, s, CO2CH3), 3.93 – 

4.06 (6H, m, 3 x OCH2), 4.15 – 4.45 (12H, m, 3 x (NCH2CH2O, NCH2, rotamers)), 5.00 

and 5.50 (3H, 2 x d, J1,2 9.0 and 9.6 Hz, 3 x H-1, rotamers), 7.18 (2H, s, Ar), 7.66 and 

7.80 (< 3H, D2O exchangeable, 2 x s, 3 x triazole CH, rotamers); 13C NMR (151 MHz, 

D2O): δ 21.0 and 21.5 (3 x NC(O)CH3, rotamers), 21.8 (3 x NHC(O)CH3), 37.0 and 

39.2 (3 x NCH2, rotamers), 49.9 and 50.0 (3 x NCH2CH2O, rotamers), 52.7 and 52.8 (3 

x C-2, rotamers), 53.0 (CO2CH3), 60.7 and 60.8 (3 x C-6, rotamers), 68.4, 68.7, 69.1, 

69.4, 69.7, 70.1, 72.0 (15 x OCH2), 69.3 and 69.4 (3 x C-4, rotamers), 74.0 and 74.1 (3 

x C-3, rotamers), 78.0 and 78.1 (3 x C-5, rotamers), 80.9 and 85.6 (3 x C-1, rotamers), 

108.6, 125.5, 140.1, 151.7 (Ar), 124.0 (3 x triazole C=CH), 147.1 (3 x triazole C=CH), 

162.3 (CO2CH3), 173.8 (3 x NHC(O)CH3), 174.1, 175.3 (3 x NC(O)CH3, rotamers); 

LRMS m/z 779 ([M+2H]2+, 100%); HRMS (API): calcd for [M+H]+ (C65H102N15O29
+) 

requires m/z 1556.6962, found 1556.6965.  

 

Methyl 3,4,5-tri-{2-[2-(2-{4-[N-acetyl-N-(β-D-galactopyranosyl-(1,4)-β-D-
glucopyranosyl)-aminomethyl]-1H-1,2,3-triazol-1-
yl}ethoxy)ethoxy]ethoxy}benzoate (115) 

 
Synthesised by the general method for the CuAAC reaction for the synthesis of trivalent 

displays of carbohydrates by reaction of 87 (19.8 mg, 30.2 µmol) and 102 (51 mg, 121 

µmol, 4 eq.) for 3 h, to afford 115 (42 mg, 72% yield).  Rf 0.09 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 1.94 and 2.08 (9H, 2 x s, 3 x NAc, 

rotamers), 3.40 – 3.69 (42H, m, 3 x (Glc H-2, H-3, H-4, H-5, H-6, Gal H-2, H-3, H-5, 

H-6/6'), 6 x OCH2), 3.69 – 3.83 (18H, m, 3 x (Glc H-6', Gal H-4), 6 x OCH2), 3.78 (3H, 

s, CO2CH3), 4.02 – 4.12 (6H, m, 3 x OCH2), 4.26 – 4.56 (12H, m, 3 x (NCH2CH2O, 

NCH2, rotamers)), 4.31 (3H, d, J1,2 7.8 Hz, 3 x Gal H-1), 4.96 and 5.46 (3H, 2 x d, J1,2 
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8.4 and 9.0 Hz, 3 x Glc H-1, rotamers), 7.22 (2H, s, Ar), 7.78 and 7.90 (< 3H, D2O 

exchangeable, 2 x s, triazole CH, rotamers); 13C NMR (151 MHz, D2O): δ 20.4 and 21.1 

(3 x NC(O)CH3, rotamers), 35.4 and 38.2 (3 x NCH2, rotamers), 49.3 and 49.4 (3 x 

NCH2CH2O, rotamers), 52.2 (CO2CH3), 59.4 (3 x Glc C-6), 60.3 (3 x Gal C-6), 67.2, 

68.0, 68.4, 68.8, 69.1, 69.5, 71.4 (15 x OCH2), 67.9 (3 x Gal C-4), 68.8 and 69.3 (3 x 

Glc C-2, rotamers), 70.2 (3 x Gal C-2), 71.8 (3 x Gal C-3), 73.9 and 74.1 (3 x Glc C-3, 

rotamers), 74.7 (3 x Gal C-5), 76.1 and 76.3 (3 x Glc C-5, rotamers), 77.2 and 77.3 (3 x 

Glc C-4, rotamers), 81.5 and 86.1 (3 x Glc C-1, rotamers), 102.3 (3 x Gal C-1), 107.9, 

124.4, 140.6, 151.1 (Ar), 127.0 (3 x triazole C=CH), 145.7 (3 x triazole C=CH), 167.5 

(CO2CH3), 174.1 and 175.3 (3 x NC(O)CH3, rotamers); LRMS m/z 961 ([M+2H]2+, 

100%); HRMS (API): calcd for [M+H]+ (C77H123N12O44
+) requires m/z 1919.7751, found 

1919.7827.  

 

Methyl 3,4,5-tri-{2-[2-(2-{4-[N-acetyl-N-(β-D-galactopyranosyl-(1,4)-2-acetamido-2-
deoxy-β-D-glucopyranosyl)-aminomethyl}-1H-1,2,3-triazol-1-
yl}ethoxy)ethoxy]ethoxy}benzoate (116) 

 
Synthesised by the general method for the CuAAC reaction for the synthesis of trivalent 

displays of carbohydrates by reaction of 87 (11.5 mg, 17.5 µmol) and 103 (32.5 mg, 

79.3 µmol, 4 eq.) for 3 h, to afford 116 (5.8 mg, 16% yield), with the low yield due to a 

loss of material during a faulty dialysis.  Rf 0.07 (15:4:1, i-PrOH:H2O:AcOH); 1H NMR 

(600 MHz, D2O): δ 1.80 (9H, s, 3 x NHAc), 1.93 and 2.07 (9H, 2 x s, NAc, rotamers), 

3.38 – 3.49 (5H, m, 3 x (Gal H-2), OCH2), 3.49 – 3.69 (26H, m, 3 x (GlcN H-3, H-4, 

H-5, H-6, Gal H-3, H-5, H-6/6'), OCH2), 3.69 – 3.76 (9H, m, 3 x (GlcN H-3, rotamers, 

OCH2)), 3.76 – 3.97 (15H, m, 3 x (GlcN H-2, H-6', OCH2), CO2CH3), 4.01 – 4.17 (9H, 

m, 3 x (Gal H-4, NCH2CH2O)), 4.25 – 4.37 and 4.46 – 4.53 (6H, m, 3 x NCH2, 

rotamers), 4.37 – 4.46 (3H, m, 3 x Gal H-1), 5.08 and 5.58 (3H, 2 x d, J1,2 9.0 and 7.8 

Hz, 3 x GlcN H-1, rotamers), 7.26 (2H, s, 2 x Ar CH), 7.75 and 7.85 (< 3H, D2O 
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exchangeable, 2 x s, 3 x triazole CH, rotamers); 13C NMR (151 MHz, D2O): δ 20.3 and 

21.1 (3 x NC(O)OCH3, rotamers), 21.2 (3 x NHC(O)CH3), 36.3 and 38.1 (3 x NCH2, 

rotamers), 49.3 and 49.4 (3 x NCH2CH2O, rotamers), 51.6 and 51.9 (3 x GlcN C-2, 

rotamers), 52.2 (CO2CH3), 59.1 and 59.2 (3 x GlcN C-6, rotamers), 60.3 (3 x Gal C-6), 

67.7, 68.0, 68.4, 68.7, 69.0, 69.2, 69.5, 69.6, 71.5 (15 x OCH2), 67.8 (3 x Gal C-4), 70.2 

(3 x Gal C-2), 71.8 (3 x Gal C-3), 71.9 and 72.0 (3 x GlcN C-3, rotamers), 74.7 (3 x Gal 

C-5), 76.2 and 76.4 (3 x GlcN C-5, rotamers), 77.3 and 77.4 (3 x GlcN C-4, rotamers),

80.0 and 84.7 (3 x GlcN C-1, rotamers), 102.2 (3 x Gal C-1), 108.0 (2 x Ar CH), 124.5 

(Ar C), 127.5 (3 x triazole C=CH), 140.6 (Ar C), 145.7 (3 x triazole C=CH), 151.1 (2 x 

Ar C), 167.5 (CO2CH3), 174.1 and 175.3 (3 x NHC(O)CH3, NC(O)CH3, rotamers); 

LRMS m/z 2065 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+2H]2+ 

([C83H133N15O44
2+]/2) requires m/z 1021.9310, found 1021.9292. 

Methyl 3,4,5-tri-{2-[2-(2-{4-[N-acetyl-N-(2-acetamido-2-deoxy-β-D-glucopyranosyl-
(1,3)-β-D-galactopyranosyl-(1,4)-β-D-glucopyranosyl)-aminomethyl]-1H-1,2,3-
triazol-1-yl}ethoxy)ethoxy]ethoxy}benzoate (117) 

Synthesised by the general method for the CuAAC reaction for the synthesis of trivalent 

displays of carbohydrates by reaction of 87 (2.0 mg, 3.05 µmol) and 104 (7.8 mg, 12.5 

µmol, 4 eq.) for 4 h, to afford 117 (3.3 mg, 43% yield).  Rf 0.06 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 1.92 (9H, s, 3 x NHAc), 1.94 and

2.08 (9H, 2 x s, 3 x NAc, rotamers), 3.30 – 3.37 (6H, m, 3 x (GlcNIII H-4, H-5)), 3.42 –

3.49 (10H, m, 3 x (GalII H-2, GlcNIII H-3), 2 x OCH2), 3.50 – 3.54 (8H, m, 4 x OCH2),

3.54 – 3.69 (35H, m, 3 x (GlcI H-2, H-3, H-4, H-5, H-6, GalII H-3, H-5, H-6/6', GlcNIII

H-2, H-6), OCH2), 3.70 – 3.73 (6H, m, 3 x OCH2), 3.73 – 3.82 (13H, m, 3 x (GlcI H-6',

GlcNIII H-6'), 2 x OCH2, CO2CH3), 4.00 – 4.04 (3H, m, 3 x GalII H-4), 4.04 – 4.14 (6H,

m, 3 x OCH2), 4.26 – 4.32 (3H, m, 3 x GlcNIII H-1), 4.37 – 4.65 (12H, m, 3 x

(NCH2CH2O, NCH2, rotamers), 4.56 (3H, d, J1,2 8.4 Hz, 3 x GalII H-1), 4.96 and 5.46
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(3H, 2 x d, J1,2 7.8 and 9.6 Hz, 3 x GlcI H-1, rotamers), 7.26 (2H, s, Ar), 7.77 and 7.90 

(< 3H, D2O exchangeable, 2 x s, 3 x triazole CH, rotamers); 13C NMR (151 MHz, D2O): 

δ 20.2 and 21.4 (3 x NC(O)CH3, rotamers), 21.4 (3 x NHC(O)CH3), 34.4 and 37.8 (3 x 

NCH2, rotamers), 49.2 and 49.3 (3 x NCH2CH2O, rotamers), 52.2 (CO2CH3), 55.0 (3 x 

GlcNIII C-2), 59.3 (3 x GlcNIII C-6), 59.8 (3 x GlcI C-6), 60.3 (3 x GalII C-6), 67.7 (3 x 

GalII C-4), 67.7, 68.0, 68.4, 68.9, 69.0, 69.5, 71.3 (15 x OCH2, rotamers), 68.9 (3 x 

(GalII C-2, GlcNIII C-4)), 69.3 and 69.7 (3 x GlcI C-2, rotamers), 72.9 (3 x GlcNIII C-3), 

72.9 and 73.9 (3 x GlcI C-3, rotamers), 74.2 (3 x GalII C-5), 75.0 (3 x GlcNIII C-5), 76.1 

and 76.3 (3 x GlcI C-5, rotamers), 77.0 and 77.1 (3 x GlcI C-4, rotamers), 81.3 and 86.1 

(3 x GlcI C-1, rotamers), 81.3 (3 x GalII C-3), 102.2 (3 x GalII C-1), 102.3 (3 x GlcNIII 

C-1), 108.0, 124.5, 142.1, 151.1 (Ar), 127.0 (3 x triazole C=CH), 144.0 (3 x triazole 

C=CH), 167.8 (CO2CH3), 174.1, 174.3 (3 x (NC(O)CH3, NHC(O)CH3)).  

 

Methyl 3,4,5-tri-{2-[2-(2-{4-{N-acetyl-N-(β-D-galactopyranosyl-(1,4)-2-acetamido-
2-deoxy-β-D-glucopyranosyl-(1,3)-β-D-galactopyranosyl-(1,4)-β-D-glucopyranosyl)-
aminomethyl]-1H-1,2,3-triazol-1-yl}ethoxy)ethoxy]ethoxy}benzoate (118) 

 
Synthesised by the general method for the CuAAC reaction for the synthesis of trivalent 

displays of carbohydrates by reaction of 87 (3.1 mg, 4.73 µmol) and 105 (15 mg, 19.1 

µmol, 4 eq.) for 16 h, to afford 118 (9.6 mg, 67% yield).  Rf 0.04 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 1.91 (9H, s, 3 x NHAc), 1.95 and 

2.08 (9H, 2 x s, 3 x NAc, rotamers), 3.39 – 3.50 (15H, m, 3 x (GalII H-2, GlcNIII H-5, 

GalIV H-2, OCH2)), 3.50 – 3.70 (54H, m, 3 x (GlcI H-2, H-3, H-4, H-5, H-6, GalII H-3, 

H-5, H-6/6', GlcNIII H-2, H-3, H-4, GalIV H-3, H-5, H-6/6', OCH2)), 3.70 – 3.76 (9H, m, 

3 x (GlcNIII H-6, OCH2)), 3.76 – 3.86 (18H, m, 3 x (GlcI H-6', GlcNIII H-6', GalII H-4, 

OCH2), CO2CH3), 4.00 – 4.04 (3H, m, 3 x GalIV H-4), 4.04 – 4.14 (6H, m, 3 x OCH2), 

4.31 (3H, d, J1,2 7.2 Hz, 3 x GalII H-1), 4.36 (3H, d, J1,2 7.2 Hz, 3 x GalIV H-1), 4.37 – 

4.56 (12H, m, 3 x (NCH2, NCH2CH2O)), 4.59 (3H, d, J1,2 8.4 Hz, 3 x GlcNIII H-1), 4.97 

and 5.46 (3H, 2 x d, J1,2 7.8 and 8.4 Hz, 3 x GlcI H-1, rotamers), 7.25 (2H, s, Ar), 7.77 
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and 7.90 (< 3H, D2O exchangeable, 2 x s, 3 x triazole CH, rotamers); 13C NMR (151 

MHz, D2O): δ 20.4 and 21.0 (3 x NC(O)CH3, rotamers), 21.5 (3 x NHC(O)CH3), 35.4 

and 38.2 (3 x NCH2, rotamers), 49.3 and 49.4 (3 x NCH2CH2O, rotamers), 52.2 

(CO2CH3), 54.5 and 55.0 (3 x GlcNIII C-2, rotamers), 59.2 (3 x GlcNIII C-6), 59.3 and 

59.8 (3 x GlcI C-6, rotamers), 60.2 (3 x GalII C-6), 60.3 (3 x GalIV C-6), 67.6 (3 x GalII 

C-4), 67.7, 68.0, 68.4, 68.8, 69.0, 69.1, 69.5, 71.4 (15 x OCH2, rotamers), 67.8 (3 x 

GalIV C-4), 69.2 (3 x GalII C-2), 69.3 and 70.8 (3 x GlcI C-2, rotamers), 70.3 (3 x GalIV 

C-2), 71.5 (3 x GlcNIII C-3), 71.8 (3 x GalIV C-3), 72.9 and 73.9 (3 x GlcI C-3, 

rotamers), 73.8 (3 x GlcNIII C-5), 74.2 (3 x GalII C-5), 74.7 (3 x GalIV C-5), 76.1 and 

76.3 (3 x GlcI C-5, rotamers), 77.0 and 77.1 (3 x GlcI C-4, rotamers), 77.5 (3 x GlcNIII 

C-4), 81.2 and 86.1 (3 x GlcI C-1, rotamers), 81.3 (3 x GalII C-3), 102.1 (3 x GlcNIII 

C-1), 102.2 (3 x GalIV C-1), 102.5 (3 x GalII C-1), 108.0, 124.5, 140.6, 151.1 (Ar), 127.0 

(3 x triazole C=CH), 144.0 (3 x triazole C=CH), 167.6 (CO2CH3), 174.1 and 174.3 (3 x 

NC(O)CH3, rotamers), 174.2 (3 x NHC(O)CH3); HRMS (API): calcd for [M+Na]+ 

(C119H191N15O74Na+) requires m/z 3037.1536, found 3037.1641. 

 
Methyl 3,4,5-tri-(2-{2-[2-(4-{N-acetyl-N-[(ammonium 5-acetamido-3,5-dideoxy-D-
glycero-α-D-galacto-non-2-ulopyranosylonate)-(2,3)-β-D-galactopyranosyl-(1,4)-β-
D-glucopyranosyl]-aminomethyl}-1H-1,2,3-triazol-1-
yl)ethoxy]ethoxy}ethoxy)benzoate (119) 

 
Synthesised by the general method for the CuAAC reaction for the synthesis of trivalent 

displays of carbohydrates by reaction of 87 (11.5 mg, 17.5 µmol) and 106 (51 mg, 69.9 

µmol, 4 eq.) for 2 h, to afford 119 (33.5 mg, 68% yield).  Rf 0.00 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 1.73 (3H, dd, J3ax,3eq = J3ax,4 12.0 Hz, 

3 x NeuIII H-3ax), 1.96 (9H, s, 3 x NHAc), 2.00 and 2.14 (9H, 2 x s, 3 x NAc, rotamers), 

2.69 (3H, dd, J3eq,3ax 12.0, J3eq,4 4.2 Hz, 3 x NeuIII H-3eq), 3.49 – 3.69 (24H, m, 3 x (GalII 

H-2, NeuIII H-6, H-7, H-9), 6 x OCH2), 3.69 – 3.72 (30H, m, 3 x (GlcI H-2, H-3, H-4, 

H-5, GalII H-5, H-6/6', NeuIII H-4, OCH2)), 3.72 – 3.87 (27H, m, 3 x (GlcI H-6/6', NeuIII 
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H-5, H-8, H-9'), 6 x OCH2), 3.84 (3H, s, CO2CH3), 3.89 (3H, d, J4,3 3.0 Hz, 3 x GalII 

H-4) 4.04 (3H, dd, J3,2 9.6, J3,4 3.0 Hz, 3 x GalII H-3), 4.10 – 4.19 (6H, m, 3 x 

NCH2CH2O), 4.46 (3H, d, J1,2 7.8 Hz, 3 x GalII H-1), 4.47 – 4.72 (6H, m, 3 x NCH2, 

rotamers), 5.01 and 5.51 (3H, 2 x d, J1,2 7.8 and 9.0 Hz, 3 x GlcI H-1, rotamers), 7.30 

(2H, s, Ar), 7.87 and 7.95 (< 3H, D2O exchangeable, bs and s, 3 x triazole CH, 

rotamers, NH4
+); 13C NMR (151 MHz, D2O): δ 20.5 and 21.1 (3 x NC(O)CH3, 

rotamers), 21.3 (3 x NHC(O)CH3), 35.6 and 38.3 (3 x NCH2, rotamers), 38.9 (3 x NeuIII 

C-3), 49.3 (3 x NCH2CH2O), 51.0 (3 x NeuIII C-5), 52.2 (CO2CH3), 59.8 (3 x GlcI C-6), 

60.9 (3 x GalII C-6), 62.4 (3 x NeuIII C-9), 66.8 (3 x GalII C-4), 67.4 (3 x NeuIII C-7), 

67.6 (3 x NeuIII C-4), 67.7, 68.0, 68.4, 69.1, 69.5, 71.4 (15 x OCH2), 68.7 (3 x GalII 

C-2), 69.3 (3 x GlcI C-2), 71.1 (3 x NeuIII C-8), 72.2 (3 x NeuIII C-6), 73.9 and 74.1 (3 x 

GlcI C-3, rotamers), 74.5 (3 x GalII C-5), 74.8 (3 x GalII C-3), 76.1 and 76.3 (3 x GlcI 

C-5, rotamers), 76.9 and  77.1 (3 x GlcI C-4, rotamers), 81.6 and 86.2 (3 x GlcI C-1, 

rotamers), 99.1 (3 x NeuIII C-2), 101.9 (3 x GalII C-1), 108.0, 124.5, 140.6, 151.1 (Ar) 

126.3 (3 x triazole C=CH), 147.1 (3 x triazole C=CH), 167.6 (CO2CH3), 174.9 (3 x 

(NC(O)CH3, NHC(O)CH3, NeuIII C-1)); LRMS (-ve ion mode) m/z 933 ([M-3H]3-, 

100%); HRMS (API, -ve ion mode): calcd for [M-3H]3- [(C110H170N15O68
3-)/3] requires 

m/z 929.6774, found 929.6791. 

 

6.4 Generating 3D Structures of Rotamers 
The 3D structures of the endo and exo rotameric conformers of the lactosyl N-propargyl 

glycosyl acetamide 102 (Section 3.4.2.1) were generated in Avogadro 1.1.1419 by 

importing a 2D structure for the two rotamers from ChemDraw.  For the exo rotamer a 

Molecular Mechanics Conformer Search was performed, followed by 3D structure 

optimisation using the AutoOptimisation Tool, using force field option UFF, 4 steps per 

update and an algorithm of steepest descent.  The endo romater was optimised using the 

AutoOptimisation Tool, using force field option UFF, 4 steps per update and an 

algorithm of steepest descent. 

 

6.5 STD NMR 
STD NMR experiments described in Chapter 4 were performed with recombinant 

DENV-2 EGP DIII protein, which was expressed and purified as described by 

McAtamney.147  STD NMR samples were prepared using 50 µg or 100 µg of DIII (3.33 
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× 10-9 or 6.67 × 10-9 mol) and a protein:ligand ratio 1:100 or 1:25, as specified.  STD 

NMR spectra were acquired on a Bruker 600 MHz Advance spectrometer using a 

conventional 1H/13C/15N gradient cryoprobe system in a total volume of 300 µL 

deuterated PBS puffer (pH 7.4) in a 5 mm Shigemi tube.  Saturation of the protein 

resonances was achieved by applying a cascade of 40 selective Guassian-shaped pulses 

of 50 ms duration each and a 100 µs delay between each pulse resulting in a total 

saturation time of ~ 2 seconds.  A total of 1024 scans per STD NMR experiment were 

acquired, and a WATERGATE sequence was used to suppress the residual HOD signal.  

A spin lock filter with a strength of 5 kHz and duration of 10 ms was applied to 

suppress protein background.  A protein saturation frequency of -2.00 ppm was chosen 

for the mono- and multivalent nLc4.  An additional STD NMR experiment using an on-

resonance frequency of -1.00 ppm was acquired for the DIII:ligand complexes where 

the ligand does not contain a OTMSE aglycon, and not for the DIII:ligand complexes 

that do contain a OTMSE aglycon due to the close proximity of the saturation to the 

aglycon signal (~ 0 ppm).  Control STD NMR experiments using the same experimental 

set-up but in the absence of the protein were acquired to demonstrate the specificity of 

the observed STD NMR effects.  

 

6.6 Methyl α-D-Fructofuranoside-based 1'-Homo-N-nucleoside 
Analogues as Potential Inhibitors of Dengue Virus RNA-
Dependent RNA Polymerase 

6.6.1 Synthesis of Methyl 1,3-O-Isopropylidene-α-D-
Fructofuranoside 

Methyl 1,3-O-isopropylidene-α-D-fructofuranoside (196)   

 
Prepared in a similar manner to that reported by Hanaya et al.511  To a suspension of 

sucrose 188 (dried over P2O5 under high vacuum O/N; 20.0 g, 58.4 mmol) in anh. 

1,4-dioxane (250 mL), at rt, under Ar, was added 2,2-dimethoxypropane (100 mL, 

813 mmol, 14 eq.) and p-TsOH•H2O (1.56 g, 8.20 mmol, 0.14 eq.).  The mixture was 

heated to 80 °C for 4 h, then cooled to rt, quenched by addition of Et3N (8.5 mL, 

61.0 mmol, 1 eq.) and concentrated.  The crude material was purified by flash column 

chromatography (5:1, EtOAc:hexanes → EtOAc) to afford methyl 
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1,3-O-isopropylidene-α-D-fructofuranoside 196 as a pale yellow gum (10.5 g, 77% 

yield).  Rf 0.31 (EtOAc); 1H NMR (300 MHz, CDCl3): δ 1.40, 1.49 (2 x 3H, 2 x s, 

C(CH3)2), 2.33 (< 1H, D2O exchangeable, t, JOH,6/6' 5.7 Hz, C-6 OH), 2.56 (< 1H, D2O 

exchangeable, d, JOH,4 11.1 Hz, C-4 OH), 3.33 (3H, s, OCH3), 3.82 (1H, ddd, J6,5 4.8, J6,6' 

12.0, J6,OH 5.7 Hz, H-6), 3.87 (1H, ddd J6',5 3.3, J6',6 12.0, J6',OH 5.7 Hz, H-6'), 3.95 (1H, d, 

J1,1' 12.3 Hz, H-1), 4.00 (1H, dd, J4,3 2.1, J4,OH 11.1 Hz, H-4), 4.03 (1H, d, J1',1 12.3 Hz, 

H-1'), 4.06 (1H, d, J3,4 2.1 Hz, H-3), 4.18 (1H, dd, J5,6 4.8, J5,6' 3.3 Hz, H-5); 13C NMR 

(75.5 MHz, CDCl3): δ 19.1, 28.0 (C(CH3)2), 48.8 (OCH3), 61.8 (C-1), 62.8 (C-6), 77.7 

(C-4), 79.3 (C-3), 88.1 (C-5), 98.7 (C(CH3)3), 101.2 (C-2); LRMS m/z 257 ([M+Na]+, 

100%).  NMR data were consistent with literature values.511  

 

6.6.2 6-O-Silylation of Methyl 1,3-O-Isopropylidene-α-D-
Fructofuranoside 

Methyl 6-O-(tert-butyldimethylsilyl)-1,3-O-isopropylidene-α-D-fructofuranoside 
(205) 

 
To a solution of 1,3-O-isopropylidene derivative 196 (500 mg, 2.13 mmol) in anh. DMF 

(2 mL) at 0 °C, under N2, was added TBDMS-Cl (353 mg, 2.34 mmol, 1.1 eq.), Et3N 

(356 µL, 2.55 mmol, 1.2 eq.) and DMAP (10 mg, 82 µmol, 0.04 eq.), then the reaction 

was stirred for 10 min.  The reaction was allowed to warm to rt and stirred for 16 h.  

The reaction mixture was diluted with CH2Cl2 (30 mL) and washed with a 1:1 mixture 

of 1 M HCl and sat. aq. NaCl (30 mL).  The aqueous phase was washed with CH2Cl2 

(20 mL), the organic phases were combined, washed with sat. aq. NaCl (20 mL), dried 

(Na2SO4) and concentrated to afford the crude 6-O-silylated product 205 (725 mg, 98% 

crude yield).  Rf 0.65 (1:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 0.08 (6H, s, 

Si(CH3)2), 0.90 (9H, s, SiC(CH3)3), 1.36, 1.45 (2 x 3H, 2 x s, C(CH3)2), 2.52 (1H, d, JOH,4 

10.2 Hz, C-4 OH), 3.30 (3H, s, OCH3), 3.71 (1H, dd, J6,5 7.5, J6,6' 10.2 Hz, H-6), 3.84 

(1H, dd, J6',5 5.7, J6',6 10.2 Hz, H-6'), 3.90 (2H, s, H-1/1'), 3.97 (1H, dd, J4,5 2.4, J4,OH 10.2 

Hz, H-4), 4.02 (1H, bs, H-3), 4.05 (1H, ddd, J5,4 2.4, J5,6 7.5, J5,6' 5.7 Hz, H-5); 13C NMR 

(75.5 MHz, CDCl3): δ -5.33, -5.22 (Si(CH3)2), 18.5 (SiC(CH3)3), 19.7, 27.7 (C(CH3)2), 

25.9 (SiC(CH3)3), 48.7 (OCH3), 61.8 (C-1), 63.9 (C-6), 78.2 (C-4), 79.8 (C-3), 87.5 
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(C-5), 98.6 (C(CH3)2), 101.9 (C-2).  The 1H NMR values were in general agreement 

with those reported in the literature.526   

 

Methyl 6-O-(tert-butyldiphenylsilyl)-1,3-O-isopropylidene-α-D-fructofuranoside 
(206) and methyl 4,6-di-O-(tert-butyldiphenylsilyl)-1,3-O-isopropylidene-α-D-
fructofuranoside (207)   

 
Method A: 

To a solution of 1,3-O-isopropylidene derivative 196 (2.24 g, 9.56 mmol) in anh. DMF 

(12 mL) at 0 °C, under Ar, was added TBDPS-Cl (2.45 mL, 9.57 mmol, 1 eq.), Et3N 

(1.60 mL, 11.5 mmol, 1.2 eq.) and DMAP (46.7 mg, 0.382 mmol, 0.04 eq.), then the 

reaction was stirred for 5 min.  The reaction mixture was allowed to warm to rt and 

stirred for 1 d, however TLC showed that the reaction progression was incomplete.  The 

reaction mixture was heated to 60 °C and stirred for a total reaction time of 2 d.  Once 

cooled to rt, the mixture was diluted with Et2O, washed with H2O (x 3), dried (Na2SO4) 

and concentrated.  The crude material was purified by flash column chromatography 

(4:1, hexanes:EtOAc) to afford the 6-O-TBDPS derivative 206 (2.41 g, 53% yield).  Rf 

0.17 (4:1, hexanes:EtOAc); 1H NMR (300 MHz, CDCl3): δ 1.07 (9H, s, SiC(CH3)3), 

1.25, 1.43 (2 x 3H, 2 x s, C(CH3)2), 2.50 (1H, d, JOH,4 10.2 Hz, C4-OH), 3.29 (3H, s, 

OCH3), 3.78 (1H, dd, J6,5 7.5, J6,6' 10.2 Hz, H-6), 3.85 (1H, d, J1,1' 12.3 Hz, H-1), 3.87 

(1H, dd, J6',5 5.7, J6',6 10.2 Hz, H-6'), 3.90 (1H, d, J1',1 12.3 Hz, H-1'), 4.02 (1H, d, J3,4 0.6 

Hz, H-3), 4.10 (1H, bdd, J4,5 2.7, J4,OH 10.2 Hz, H-4), 4.14 (1H, ddd, J5,4 2.7, J5,6 7.5, J5,6' 

5.7 Hz, H-5), 7.32 – 7.75 (10H, m, SiPh2); 13C NMR (75.5 MHz, CDCl3): δ 19.3 

(SiC(CH3)3), 19.7, 27.5 (C(CH3)2), 26.8 (SiC(CH3)3), 48.6 (OCH3), 61.8 (C-1), 64.3 

(C-6), 78.0 (C-4), 79.8 (C-3), 87.3 (C-5), 98.6 (C(CH3)2), 101.8 (C-2), 127.6, 129.5, 

133.4, 135.6 (SiPh2); LRMS m/z 495 ([M+Na]+, 100%); HRMS (API): calcd for 

[M+Na]+ (C26H36O6SiNa+) requires m/z 495.2173, found 495.2180. 

 

Method B: 

To a solution of 1,3-O-isopropylidene derivative 196 [azeotroped with toluene (x 3) and 

dried under high vacuum O/N; 9.98 g, 42.6 mmol] in anh. CH2Cl2 (200 mL), at 0 °C, 

under Ar, were added imidazole (dried over P2O5 under high vacuum O/N; 7.25 g, 106 
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mmol, 2.5 eq.) and TBDPS-Cl (12.0 mL, 46.9 mmol, 1.1 eq.).  The reaction was 

allowed to warm to rt and stirred for 3 h.  The reaction mixture was diluted with CH2Cl2 

(500 mL) and washed with H2O (500 mL).  The aqueous phase was washed with 

CH2Cl2 (2 x 400 mL), then the organic phases were combined, washed with H2O (500 

mL), brine (500 mL), dried (Na2SO4) and concentrated.  The crude material was purified 

by flash column chromatography (4:1, hexanes: EtOAc) to give the desired 6-O-TBDPS 

derivative 206 as a clear, pale yellow gum (14.6 g, 72% yield), as well as the 4,6-di-O-

silylated derivative 207 (3.99 g, 13% yield).  207: Rf 0.57 (4:1, hexanes:EtOAc); 1H 

NMR (300 MHz, CDCl3): δ 0.98, 1.06 (2 x 9H, 2 x s, 2 x SiC(CH3)3), 1.13, 1.55 (2 x 

3H, 2 x s, C(CH3)2), 3.32 (3H, s, OCH3), 3.55 (1H, d, J1,1' 12.0 Hz, H-1), 3.58 (1H, dd, 

J6,5 4.5, J6,6' 11.1 Hz, H-6), 3.62 (1H, dd, J6',5 3.6, J6',6 11.1 Hz, H-6'), 3.81 (1H, d, J1',1 

12.0 Hz, H-1'), 3.94 (1H, d, J3,4 1.5 Hz, H-3), 4.09 – 4.14 (1H, m, H-5),  4.17 (1H, dd, 

J4,3 1.5, J4,5 5.4 Hz, H-4), 7.25 – 7.73 (20H, m, 2 x SiPh2); 13C NMR (75.5 MHz, 

CDCl3): δ 19.1, 19.2 (2 x SiC(CH3)3), 21.6, 25.8 (C(CH3)2), 26.7, 26.9 (2 x SiC(CH3)3), 

48.3 (OCH3), 61.9 (C-1), 63.6 (C-6), 78.6 (C-4), 82.3 (C-3), 85.4 (C-5), 99.4 (C(CH3)2), 

104.2 (C-2), 127.4, 127.5, 127.6, 127.7, 129.4, 129.5, 129.6, 129.7, 133.3, 133.4, 133.5, 

133.6, 135.6, 135.7, 135.8, 135.9 (2 x SiPh2); LRMS m/z 733 ([M+Na]+, 100%); HRMS 

(API): calcd for [M+Na]+ (C42H54O6Si2Na+) requires m/z 733.3351, found 733.3323. 

 

6.6.3 Acid-catalysed Hydrolysis of the 1,3-O-Isopropylidene Group 
Methyl 6-O-(tert-butyldiphenylsilyl)-α-D-fructofuranoside (191) and methyl 6-O-
(tert-butyldiphenylsilyl)-β-D-fructofuranoside (211)  

 
Method A: 

To a solution of 6-O-TBDPS-1,3-O-isopropylidene derivative 206 [azeotroped with 

toluene (x 3) and dried under high vacuum under P2O5 O/N; 500 mg, 1.06 mmol] in anh. 

CH2Cl2 (10 mL) at -18 °C, under Ar, was added 1% HCl in anh. MeOH (3.3 mL, 1.09 

mmol, 1 eq. HCl).  The reaction flask was sealed and stored at -18 °C for 2 d.  The 

reaction was neutralised with Et3N (105 µL, 0.753 mmol, 0.7 eq.) and kept at -18 °C for 

5 mins, then concentrated.  The crude material was adsorbed onto non-flash silica and 

purified by flash column chromatography (2:1, EtOAc:hexanes → EtOAc) to afford 
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recovered starting material 206 (140 mg, 28% yield), the desired methyl 

α-D-fructofuranoside derivative 191 as a clear sticky gum (202 mg, 61% yield, based on 

recovered starting material), and the corresponding methyl β-D-fructofuranoside 

derivative 211, (16.5 mg, 5% yield based on recovered starting material).  191: Rf 0.25 

(2:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 1.06 (9H, s, SiC(CH3)3), 2.32 

(1H, bs, C-1 OH), 3.16 (1H, d, JOH,4 10.8 Hz, C-4 OH), 3.37 (3H, s, OCH3), 3.74 (1H, 

dd, J6,5 2.1, J6,6' 11.4 Hz, H-6), 3.83 (1H, dd, J6',5 2.7, J6',6 11.4 Hz, H-6'), 3.90 (2H, m, 

H-1/1'), 4.06 (1H, dd, J3,4 0.6, J3,OH 10.5 Hz, H-3), 4.09 (1H, dd, J5,6 2.1, J5,6' 2.7 Hz, H-

5), 4.17 (1H, dd, J4,3 0.6, J4,OH 10.8 Hz, H-4), 4.24 (1H, d, JOH,3 10.5 Hz, C-3 OH), 7.38 – 

7.69 (10H, m, SiPh2); 13C NMR (75.5 MHz, CDCl3): δ 19.0 (SiC(CH3)3), 26.7 

(SiC(CH3)3), 48.7 (OCH3), 58.2 (C-1), 64.0 (C-6), 78.4 (C-4), 79.1 (C-3), 86.7 (C-5), 

109.9 (C-2), 127.8, 127.9, 130.0, 130.1, 131.9, 132.0, 135.5 (SiPh2); LRMS m/z 455 

([M+Na]+, 100%), 471 ([M+K]+, 5%); HRMS (API): calcd for [M+Na]+ 

(C23H32O6SiNa+) requires m/z 455.1860, found 455.1852.  211: Rf 0.15 (2:1, 

EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 1.06 (9H, s, SiC(CH3)3), 2.55 (1H, bs, 

C-1 OH), 3.10 (1H, bs, C-4 OH), 3.25 (4H, s, C-3 OH, OCH3), 3.67 (2H, bs, H-1/1'), 

3.74 (1H, dd, J6,5 5.4, J6,6' 10.8 Hz, H-6), 3.82 (1H, dd, J6',5 4.2, J6',6 10.8 Hz, H-6'), 3.86 

– 3.94 (1H, m, H-5), 4.12 – 4.20 (2H, m, H-3, H-4), 7.34 – 7.70 (10H, m, SiPh2); 13C 

NMR (75.5 MHz, CDCl3): δ 19.2 (SiC(CH3)3), 26.8 (SiC(CH3)3), 49.2 (OCH3), 61.2 

(C-1), 64.6 (C-6), 76.6 (C-4), 78.9 (C-3), 81.8 (C-5), 103.1 (C-2), 127.7, 127.9, 129.7, 

129.8, 133.1, 133.2, 135.5, 135.6 (SiPh2);  LRMS m/z 455 ([M+Na]+, 100%), 471 

([M+K]+, 5%); HRMS (API): calcd for [M+Na]+ (C23H32O6SiNa+) requires m/z 

455.1860, found 455.1857.  

 

Method B: 

To a solution of 6-O-TBDPS-1,3-O-isopropylidene derivative 206 [azeotroped with 

toluene (x 3) and dried under high vacuum under P2O5 O/N; 13.2 g, 28.0 mmol] in anh. 

CH2Cl2 (265 mL) at -18 °C, under Ar, was added 1% HCl in anh. MeOH (88 mL, 29.0 

mmol, 1 eq. HCl), then sealed and stored at -18 °C for 4 d.  The reaction was neutralised 

with Et3N (4.05 mL, 29.0 mmol, 1 eq.) and kept at -18 °C for 5 mins, then concentrated.  

The crude material was adsorbed onto non-flash silica and purified by flash column 

chromatography (2:1, EtOAc:hexanes → EtOAc) to afford recovered starting material 

206 (1.71 g, 13% yield), the methyl α-D-fructofuranoside derivative 191 (4.71 g, 45% 
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yield based on recovered starting material), and the methyl β-D-fructofuranoside 

derivative 211 (2.63 g, 25% yield based on recovered starting material). 

 

6.6.4 Formation of a Methyl 3,4-Anhydro-α-D-tagatofuranoside 
Derivative 

Methyl 3,4-anhydro-6-O-(tert-butyldiphenylsilyl)-α-D-tagatofuranoside (212)  

 
To a solution of 6-O-TBDPS derivative 191 [azeotroped with toluene (x 3) and dried 

over P2O5 O/N; 4.71 g, 10.9 mmol] in anh. DMF (60 mL), at rt, under Ar, was added 

Ph3P (7.15 g, 27.3 mmol, 2.5 eq.).  The solution was cooled to 0 °C and DIAD (5.6 mL, 

28.4 mmol, 2.6 eq.) was added dropwise with stirring.  The reaction mixture was 

allowed to warm to rt and was stirred for 2 d before being concentrated.  The resultant 

Ph3PO was removed from the crude material by precipitation from EtOAc/hexane.  The 

mother liquor was concentrated, then purified by flash column chromatography (3:2, 

hexanes:EtOAc) to furnish the 3,4-epoxide derivative 212 contaminated with reduced 

DIAD 213 (6.70 g).  By integration of the 1H NMR spectrum, 212 was estimated to be 

3.95 g, 88% yield, and reduced DIAD 213 2.75 g.  This inseparable mixture was used 

without further purification.  212: Rf 0.36 (3:2, hexanes:EtOAc); 1H NMR (300 MHz, 

CDCl3): δ 1.06 (9H, s, SiC(CH3)3), 1.88 (1H, dd, JOH,1 7.8, JOH,1' 3.9 Hz, C-1 OH), 3.32 

(3H, s, OCH3), 3.58 (1H, dd, J1,1' 11.7, J1,OH 7.8 Hz, H-1), 3.73 (1H, dd, J1',1 11.7, J1',OH 

3.9 Hz, H-1'), 3.72 – 3.82 (2H, m, H-6/6'), 3.75 (1H, d, J4,3 2.7 Hz, H-3), 3.89 (1H, d, 

J3,4 2.7 Hz, H-4), 4.20 (1H, dd, J5,6 6.0, J5,6' 7.2 Hz, H-5), 7.35 – 7.68 (10H, m, SiPh2); 
13C NMR (75.5 MHz, CDCl3): δ 19.2 (SiC(CH3)3), 26.8 (SiC(CH3)3), 49.5 (OCH3), 55.6 

(C-4), 57.5 (C-3), 60.3 (C-1), 62.2 (C-6), 77.9 (C-5), 105.0 (C-2), 127.6, 127.7, 129.8, 

133.1. 133.2, 135.5, 135.6 (SiPh2); LRMS m/z 437 ([M+Na]+, 100%), 227 ([213+Na]+, 

21%); HRMS (API): calcd for [M+Na]+ (C23H30O5SiNa+) requires m/z 437.1755, found 

437.1747.  
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Methyl 3,4-anhydro-6-(O-tert-butyldiphenylsilyl)-1-O-trifluoromethanesulfonyl-α-
D-tagatofuranoside (192)  

 
To a solution of the 3,4-epoxide derivative 212 (contaminated with reduced DIAD; 4.99 

g, equivalent to 2.94 g, 7.10 mmol of 212) in anh. CH2Cl2 (100 mL) at -78 °C, under Ar, 

was added py. (1.3 mL, 16.1 mmol, 2.3 eq.), then Tf2O (1.3 mL, 7.73 mmol, 1.1 eq.), 

dropwise.  The reaction mixture was stirred for 10 min at -78 °C before being stirred at 

0 °C for 1 h, then concentrated.  The crude material was taken up in CH2Cl2 (100 mL), 

washed with 1 M HCl (100 mL), H2O (2 x 100 mL), then dried (Na2SO4) and 

concentrated.  This material was purified by flash column chromatography on a short 

plug of silica (5:1, hexanes:EtOAc) to afford the desired 1-O-triflate derivative 192 as a 

clear viscous liquid (3.69 g, 95% yield).  Rf 0.65 (5:1, hexanes:EtOAc); 1H NMR (300 

MHz, CDCl3): δ 1.06 (9H, s, SiC(CH3)3), 3.32 (3H, s, OCH3), 3.75 (2H, d, J6/6',5 6.9 Hz, 

H-6/6'), 3.76 (1H, d, J3,4 2.7 Hz, H-3), 3.93 (1H, d, J4,3 2.7 Hz, H-4), 4.23 (1H, d, J5,6/6' 

6.9 Hz, H-5), 4.25 (1H, d, J1,1' 10.8 Hz, H-1), 4.50 (1H, d, J1',1 10.8 Hz, H-1'), 7.36 – 

7.66 (10H, m, SiPh2); 13C NMR (75.5 MHz, CDCl3): δ 19.2 (SiC(CH3)3), 26.7 

(SiC(CH3)3), 49.5 (OCH3), 56.3 (C-4), 57.2 (C-3), 62.0 (C-6), 69.9 (C-1), 78.5 (C-5), 

102.6 (C-2), 118.5 (q, JC,F 320 Hz, SO2CF3), 127.7, 127.8, 129.8, 133.0, 133.1, 135.4, 

135.5 (SiPh2); LRMS m/z 527 ([M-F]+, 100%), 569 ([M+Na]+, 78%); HRMS (API): 

calcd for [M+Na]+ (C24H29O7F3SSiNa+) requires m/z 569.1248, found 569.1245. 

 

6.6.5 Modifications at C-1: Cytosine Series 
1-[Methyl 3',4'-anhydro-6'-O-(tert-butyldiphenyilsilyl)-1'-deoxy-α-D-
tagatofuranoside]-cytosine (218)  

 
To a suspension of cytosine [azeotroped with toluene (x 3) and dried under P2O5 O/N; 

5.63 g, 50.7 mmol, 8 eq.], in HMDS (56 mL), at rt, under Ar, was added TMS-Cl 

(64 µL, 0.504 mmol, 0.08 eq.).  This mixture was heated to reflux and stirred for 16 h 

before being concentrated under reduced pressure, opening to an atmosphere of Ar.  The 
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1-O-triflated sugar 192 (3.56 g, 6.51 mmol) was dissolved in anh. 1,2-DCE (60 mL) and

added to the crude silylated cytosine powder at 0 °C, under Ar.  The reaction was stirred 

at 0 °C for 10 min before being heated to 60 °C for 2 d, then was allowed to cool to rt.  

The reaction mixture was filtered through a plug of Celite, the Celite was washed with 

CH2Cl2 and MeOH, the filtrate and washings were combined and concentrated.  The 

crude material was adsorbed onto non-flash silica and purified by flash column 

chromatography (20:1 → 10:1, EtOAc:MeOH) to afford recovered starting material 192 

[81 mg, 2% yield, Rf 0.81 (10:1, EtOAc: MeOH)] and the 1'-homo-N-nucleoside 

derivative 218 as an off-white foam (2.96 g, 90% yield).  Rf 0.48 (10:1, EtOAc: 

MeOH); 1H NMR (300 MHz, CD3OD): δ 1.04 (9H, s, SiC(CH3)3), 3.35 (3H, s, OCH3), 

3.69 (1H, d, J3',4' 2.7 Hz, H-3'), 3.71 (2H, d, J6'a/6'b,5' 6.6 Hz, H-6'a/6'b), 3.76 (1H, d, J1'a,1'b 

14.1 Hz, H-1'a), 3.83 (1H, dd, J4',3' 2.7, J4',5' 0.9 Hz, H-4'), 4.22 (1H, dt, J5',4' 0.9, J5',6'a/6'b 

6.6 Hz, H-5'), 4.35 (1H, d, J1'b,1'a 14.1 Hz, H-1'b), 5.62 (1H, d, J5,6 7.2 Hz, H-5), 7.22 

(1H, d, J6,5 7.2 Hz, H-6), 7.37 – 7.70 (10H, m, SiPh2); 13C NMR (75.5 MHz, CD3OD): 

δ 19.9 (SiC(CH3)3), 27.2 (SiC(CH3)3), 50.3 (C-1'), 50.4 (OCH3), 56.1 (C-4'), 59.2 (C-3'),

63.5 (C-6'), 79.6 (C-5'), 95.1 (C-5), 104.9 (C-2'), 128.8, 128.9, 131.0, 134.1, 134.3, 

136.5, 136.6 (SiPh2), 148.1 (C-6), 159.1 (C-2), 167.7 (C-4); LRMS m/z 508 ([M+H]+, 

100%), 530 ([M+Na]+, 10%); HRMS (ESI): calcd for [M+H]+ (C27H34O5N3Si+) requires 

m/z 508.2262, found 508.2277. 

General Method for 6'-O-TBDPS Removal 

To a solution of 6'-O-TBDPS derivative (eg. 1.60 mmol, dried under high vacuum O/N) 

in dry THF (25 mL), at 0 °C, under Ar, was added 1 M TBAF in THF (1.2 eq.).  The 

reaction mixture was allowed to warm to rt and stirred for 2 – 4 h, before being 

quenched by addition of MeOH, then concentrated. The crude material was purified by 

flash column chromatography. 
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1-(Methyl 3',4'-anhydro-1'-deoxy-α-D-tagatofuranoside)-cytosine (219) 

 
Prepared by the general method for 6'-O-TBDPS removal, with the cytosine-based 

3',4'-epoxide derivative 218 (802 mg, 1.58 mmol).  The crude material was purified by 

flash column chromatography (3:1:0.1, EtOAc:MeOH:H2O) to afford the 3',4'-epoxide-

6'-hydroxy derivative 219 as a white powder (306 mg, 72% yield).  Rf 0.19 (3:1:0.1, 

EtOAc:MeOH:H2O); 1H NMR (300 MHz, D2O): δ 3.44 (3H, s, OCH3), 3.60 (1H, dd, 

J6'a,5' 7.2, J6'a,6'b 11.7 Hz, H-6'a), 3.74 (1H, dd, J6'b,5' 4.8, J6'b,6'a 11.7 Hz, H-6'b), 3.87 (1H, 

d, J3',4' 3.0 Hz, H-3'), 3.97 (1H, d, J1'a,1'b 14.4 Hz, H-1'a), 3.97 (1H, dd, J4',3' 3.0, J4',5' 0.9 

Hz, H-4'), 4.35 (1H, ddd, J5',4' 0.9, J5',6'a 7.2, J5',6'b 4.8 Hz, H-5'), 4.41 (1H, d, J1'b,1'a 14.4 

Hz, H-1'b), 5.96 (1H, d, J5,6 7.2 Hz, H-5), 7.53 (1H, d, J6,5 7.2 Hz, H-6); 13C NMR (75.5 

MHz, D2O): δ 49.4 (C-1'), 50.2 (OCH3), 55.2 (C-4'), 57.7 (C-3'), 60.3 (C-6'), 78.6 

(C-5'), 95.0 (C-5), 103.8 (C-2'), 147.6 (C-6), 158.5 (C-2), 166.6 (C-4); LRMS m/z 270 

([M+H]+, 100%), 292 ([M+Na]+, 9%); HRMS (API): calcd for [M+H]+ (C11H16O5N3
+) 

requires m/z 270.1084, found 270.1090. 

 

6.6.5.1 Cytosine Series: Modifications at C-4' 

6.6.5.1.1 Opening of a 3',4'-epoxide to a 3',4'-diol 

4-N-Acetyl-1-(methyl 3',4'-anhydro-1'-deoxy-α-D-tagatofuranoside)-cytosine (239) 

 

A solution of 3',4'-epoxide derivative 219 (dried under high vacuum O/N; 20 mg, 74.2 

µmol) in 0.5 M AcOK/AcOH (1.5 mL) was heated to reflux, then stirred for 7 h.  The 

mixture was allowed to cool to rt, and was neutralised with Et3N, then concentrated, 

azeotroping with toluene (x 3).  The crude material was purified by flash column 
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chromatography (3:1:0.1, EtOAc:MeOH:H2O) to afford the N-acetylated cytosine 

derivative 239 (7.2 mg, 31% yield).  Rf 0.36 (3:1:0.1, EtOAc:MeOH:H2O); 1H NMR 

(300 MHz, D2O): δ 2.05 (3H, s, NHAc), 3.38 (3H, s, OCH3), 3.69 (1H, d, J3',4' 3.0 Hz, 

H-3'), 3.78 (1H, d, J4',3' 3.0 Hz, H-4'), 3.86 (1H, d, J1'a,1'b 14.1 Hz, H-1'a), 4.09 (1H, dd, 

J6'a,5' 7.5, J6'a,6'b 13.2 Hz, H-6'a), 4.25 (1H, dd, J6'b,5' 5.7, J6'b,6'a 13.2 Hz, H-6'b), 4.26 (1H, 

dd, J5',6'a 7.5, J5',6'b 5.7 Hz, H-5'), 4.43 (1H, d, J1'b,1'a 14.1 Hz, H-1'b), 4.56 (1H, bs, NH), 

5.80 (1H, d, J5,6 7.2 Hz, H-5), 7.44 (1H, d, J6,5 7.2 Hz, H-6); 13C NMR (75.5 MHz, D2O): 

δ 49.4 (C-1'), 50.1 (OCH3), 55.1 (C-4'), 57.5 (C-3'), 60.3 (C-6'), 78.5 (C-5'), 95.0 (C-5), 

103.8 (C-2'), 147.6 (C-6), 158.9 (C-2), 162.8 (C-4); LRMS m/z 334 ([M+Na]+, 100%), 

312 ([M+H]+, 87%). 

 
1-(Methyl 1'-deoxy-α-D-fructofuranoside)-cytosine (220), 1-(methyl 3',4'-anhydro-
1'-deoxy-α-D-tagatofuranoside)-cytosine (219), 1-(methyl 1'-deoxy-α-D-
fructofuranoside)-uracil (244) and 1-(methyl 3',4'-anhydro-1'-deoxy-α-D-
tagatofuranoside)-uracil (243)  

 
Method A: 

To a solution of 6'-O-TBDPS-3',4'-epoxide derivative 218 (105 mg, 0.206 mmol) in AR 

THF (2 mL), at rt, was added 5% aq. KOH solution (462 µL, 0.412 mmol, 2 eq.) and 

the solution was reacted under microwave (MW) conditions, at 70 °C, at atmospheric 

pressure, for 2 h then 90 °C, 6 bar, for 2 h, however TLC showed that the formation of 

products appeared to be slow.  The reaction was irradiated at 90 °C, 3 bar, for 6 h, 

however progress remained incomplete, and the reaction was irradiated at 120 °C, 10 

bar, for 3 h.  The reaction mixture was neutralised with Amberlite IR-120 (H+) resin, 

filtered, washing with MeOH, then the filtrate and washings were combined and 

concentrated.  The crude material was adsorbed onto non-flash silica and purified by 

flash column chromatography (10:1, EtOAc:MeOH → 3:1:0.1, EtOAc:MeOH:H2O) to 

afford two fractions: the higher Rf ‘fraction A’ [21 mg, Rf 0.53 (3:1:0.1, 

EtOAc:MeOH:H2O)]; and the lower Rf ‘fraction C’ [22 mg, Rf 0.24 (3:1:0.1, 

EtOAc:MeOH:H2O)].  These fractions were analysed by 1H NMR spectroscopy and 
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mass spectrometry and were found to both contain two compounds each.  HPLC 

purification of ‘fraction A’ (Phenomenex Aqua 5µ C18 column 250 x 10 mm; 94:6, 

H2O:CH3CN as the mobile phase) and ‘fraction C’ (Phenomenex Aqua 5µ C18 column 

250 x 10 mm; 97.2:2.8, H2O:CH3CN as the mobile phase) afforded the isolation of four 

pure compounds for the purposes of characterisation.  All compounds isolated were 

white powders after lyophilisation: compound C1 220, 4.5 mg, 8% yield; compound C2 

219, 11.7 mg, 21% yield; compound A1 244, 6.4 mg, 11% yield; compound A2 243, 
16.2 mg, 29% yield; giving an overall yield of 66% yield.   

220: 1H NMR (300 MHz, D2O): δ 3.36 (3H, s, OCH3), 3.68 (1H, dd, J6'a,5' 5.1, J6'a,6'b 12.6 

Hz, H-6'a), 3.82 (1H, dd, J6'b,5' 2.7, J6'b,6'a 12.6 Hz, H-6'b), 4.01 (1H, ddd, J5',4' 6.6, J5',6'a 

5.1, J5',6'b 2.7 Hz, H-5'), 4.06 (1H, dd, J4',3' 4.2, J4',5' 6.6 Hz, H-4'), 4.06 (1H, d, J1'a,1'b 15.0 

Hz, H-1'a), 4.17 (1H, d, J3',4' 4.2 Hz, H-3'), 4.19 (1H, d, J1'b,1'a 15.0 Hz, H-1'b), 6.02 (1H, 

d, J5,6 7.2 Hz, H-5), 7.65 (1H, d, J6,5 7.2 Hz, H-6); 13C NMR (75.5 MHz, D2O): δ 48.5 

(C-1'), 48.9 (OCH3), 60.8 (C-6'), 75.4 (C-4'), 77.9 (C-3'), 83.6 (C-5'), 95.8 (C-5), 107.1 

(C-2'), 147.9 (C-6), 159.0 (C-2), 166.4 (C-4); LRMS m/z 310 ([M+Na]+, 100%); HRMS 

(ESI): calcd for [M+H]+ (C11H18O6N3
+) requires m/z 288.1190, found 288.1192.   

219: 1H NMR and LRMS data were consistent with the previously synthesised authentic 

sample (Section 6.6.5).   

244: 1H NMR (300 MHz, D2O): δ 3.37 (3H, s, OCH3), 3.70 (1H, dd, J6'a,5' 5.1, J6'a,6'b 12.3 

Hz, H-6'a), 3.83 (1H, dd, J6'b,5' 2.7, J6'b,6'a 12.3 Hz, H-6'b), 4.01 (1H, ddd, J5',4' 6.6, J5',6'a 

5.1, J5',6'b 2.7 Hz, H-5'), 4.06 (1H, dd, J4',3' 4.5, J4',5' 6.6 Hz, H-4'), 4.06 (1H, d, J1'a,1'b 15.0 

Hz, H-1'a), 4.16 (1H, d, J1'b,1'a 15.0 Hz, H-1'b), 4.23 (1H, d, J3',4' 4.5 Hz, H-3'), 5.83 (1H, 

d, J5,6 7.8 Hz, H-5), 7.72 (1H, d, J6,5 7.8 Hz, H-6); 13C NMR (75.5 MHz, D2O): 47.8 

(C-1'), 48.9 (OCH3), 60.8 (C-6'), 75.4 (C-4'), 77.6 (C-3'), 83.4 (C-5'), 101.4 (C-5), 106.9 

(C-2'), 147.9 (C-6), 153.8 (C-2), 168.0 (C-4); LRMS m/z 311 ([M+Na]+, 100%); HRMS 

(ESI): calcd for [M+H]+ (C11H17O7N2
+) requires m/z 289.1030, found 289.1036.   

243: 1H NMR (300 MHz, D2O): δ 3.45 (3H, s, OCH3), 3.63 (1H, dd, J6'a,5' 7.2, J6'a,6'b 11.7 

Hz, H-6'a), 3.77 (1H, dd, J6'b,5' 4.8, J6'b,6'a 11.7 Hz, H-6'b), 3.92 (1H, d, J3',4' 2.7 Hz, H-3'), 

4.00 (1H, d, J1'a,1'b 14.7 Hz, H-1'a), 4.04 (1H, dd, J4',3' 2.7, J4',5' 0.9 Hz, H-4'), 4.37 (1H, 

ddd, J5',4' 0.9, J5',6'a 7.2, J5',6'b 4.8 Hz, H-5'), 4.38 (1H, d, J1'b,1'a 14.7 Hz, H-1'b), 5.81 (1H, 

d, J5,6 7.8 Hz, H-5), 7.59 (1H, d, J6,5 7.8 Hz, H-6); 13C NMR (75.5 MHz, D2O): δ 48.4 

(C-1'), 50.2 (OCH3), 55.5 (C-4'), 57.6 (C-3'), 60.2 (C-6'), 78.7 (C-5'), 100.9 (C-5), 103.6 

(C-2'), 147.8 (C-6), 152.8 (C-2), 167.3 (C-4); LRMS m/z 293 ([M+Na]+, 100%); HRMS 

(ESI): calcd for [M+H]+ (C11H15O6N2
+) requires m/z 271.0925, found 271.0932. 
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Method B: 

To a solution of 6'-O-TBDPS-3',4'-epoxide derivative 218 (100 mg, 0.197 mmol) in AR 

THF (2 mL), at rt, was added 5% aq. KOH solution (440 µL, 0.392 mmol, 2 eq.) and 

the reaction was heated at 45 °C for 2 d.  Monitoring the reaction progression by TLC 

showed that product formation appeared to be quite slow.  The reaction mixture was 

heated at 55 °C for 16 h, and reaction progress by TLC was improved, but remained 

incomplete.  Therefore the reaction mixture was heated to 70 °C for an additional 1.5 

days to give a total reaction time of 4 d.  Despite the reaction not appearing to go to 

completion, the presence of multiple products was observed by TLC.  The reaction 

mixture was neutralised with Amberlite IR-120 (H+) resin, filtered, washing with 

MeOH, then the filtrate and washings were combined and concentrated.  The crude 

material was adsorbed onto non-flash silica, and purified by flash column 

chromatography (10:1, EtOAc:MeOH → 3:1:0.1, EtOAc:MeOH:H2O) to afford two 

fractions: ‘fraction A’ which contained pure 243 (11.4 mg, 21% yield), and ‘fraction C’ 

(29.5 mg), which was a mixture of two compounds.  ‘Fraction C’ was purified by HPLC 

under the same conditions described in Method A (above) to isolate 220 (2.6 mg, 4.5% 

yield) and 219 (10.0 mg, 19% yield). 

 

1-[Methyl 3',4'-anhydro-6'-O-(tert-butyldiphenyilsilyl)-1'-deoxy-α-D-
tagatofuranoside]-N,N-bis-(tert-butyloxycarbonyl)-cytosine (251)  

 
To a solution of 218 (dried under high vacuum O/N; 1.23 g, 2.42 mmol) in anh. 

1,4-dioxane (45 mL), at rt, under Ar, was added BOC2O (3.88 mL, 16.9 mmol, 7 eq.) 

and DMAP (cat.), then the reaction was stirred for 5 d and concentrated.  The crude 

material was purified by flash column chromatography (5:1, EtOAc:hexanes) to afford 

the N,N-bis-BOC protected 3',4'-epoxide derivative 251 as a white foam (1.12 g, 66% 

yield).  Rf 0.21 (5:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 1.06 (9H, s, 

SiC(CH3)3), 1.56 (18H, s, 2 x OC(CH3)3), 3.35 (3H, s, OCH3), 3.69 (1H, d, J1'a,1'b 13.8 

Hz, H-1'a), 3.71 (1H, d, J3',4' 3.0 Hz, H-3'), 3.72 – 3.76 (2H, m, H-6'a/6'b), 3.78 (1H, d, 
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J4',3' 3.0 Hz, H-4'), 4.18 (1H, dd, J5',6'a 6.9, J5',6'b 7.5 Hz, H-5'), 4.52 (1H, d, J1'b,1'a 13.8 Hz, 

H-1'b), 6.81 (1H, d, J5,6 7.5 Hz, H-5), 7.34 (1H, d, J6,5 7.5 Hz, H-6), 7.36 – 7.69 (10H, 

m, SiPh2); 13C NMR (75.5 MHz, CDCl3): δ 19.1 (SiC(CH3)3), 26.7 (SiC(CH3)3), 27.6 (2 

x OC(CH3)3), 49.5 (C-1'), 50.0 (OCH3), 55.1 (C-4'), 57.6 (C-3'), 62.0 (C-6'), 78.2 (C-5') 

84.6 (2 x OC(CH3)3), 95.7 (C-5), 103.6 (C-2'), 127.6, 127.7, 129.7, 132.8, 133.2, 135.4 

(SiPh2), 148.4 (C-6), 149.4 (2 x NC(O)OC(CH3)3), 155.2 (C-2), 162.3 (C-4); LRMS m/z 

730 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ (C37H50O9N3Si+) requires m/z 

708.3311, found 708.3351. 

 

1-[Methyl 3',4'-anhydro-6'-O-(tert-butyldiphenyilsilyl)-1'-deoxy-α-D-
tagatofuranoside]-cytosine (218) and 1-(methyl 3',4'-anhydro-1'-deoxy-α-D-
tagatofuranoside)-cytosine (219) 

 
To a solution of N,N-bis-BOC protected cytosine derivative 251 (102 mg, 0.144 mmol) 

in AR THF (2 mL), at rt, was added 5% aq. KOH solution (500 µL, 0.446 mmol, 3.1 

eq.) and the reaction was carried out under MW conditions, at 120 °C, 6 bar, for 2 h.  At 

this time, by TLC, the starting material appeared to be mostly consumed.  The reaction 

mixture was neutralised with Amberlite IR-120 (H+) resin, filtered, washing with 

MeOH, then the filtrate and washings were combined and concentrated.  The crude 

material was purified by flash column chromatography (10:1, EtOAc:MeOH → 3:1:0.1, 

EtOAc:MeOH:H2O) to afford the N,N-bis-BOC deprotected material 218 as a clear 

amorphous mass (49 mg, 67% yield), and the fully deprotected starting material, 219 as 

a clear amorphous mass (9.0 mg, 23% yield).  1H NMR data for 218 and 219 were 

consistent with the previously synthesised authentic samples (Section 6.6.5). 
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6.6.5.1.2 Installation of a C-4' Azide 

1-(Methyl 4'-azido-1',4'-dideoxy-α-D-fructofuranoside)-cytosine (223) 

 
To a solution of the deprotected 3',4'-epoxide derivative 219 (175 mg, 0.650 mmol) in 

EtOH (2 mL) and H2O (0.8 mL), at rt, was added NaN3 (85 mg, 1.31 mmol, 2 eq.) and 

NH4Cl (75 mg, 1.40 mmol, 2.2 eq.).  The reaction mixture was refluxed for 2 d, before 

being allowed to cool to rt and concentrated.  The crude material was adsorbed onto 

non-flash silica and purified by flash column chromatography (3:1:0.1, 

EtOAc:MeOH:H2O) to afford the 4'-azido derivative 223 as a white powder (193 mg, 

95% yield).  Rf 0.58 (3:1:0.1, EtOAc:MeOH:H2O); IR (neat): ν 2084 (N3) cm-1; 1H 

NMR (300 MHz, D2O): δ 3.38 (3H, s, OCH3), 3.74 (1H, dd, J6'a,5' 4.8, J6'a,6'b 12.3 Hz, 

H-6'a), 3.85 (1H, dd, J6'b',5' 3.3, J6'b,6'a 12.3 Hz, H-6'b), 3.97 (1H, dd, J4',3' 4.8, J4',5' 6.9 Hz, 

H-4'), 4.07 (1H, ddd, J5',4' 6.9, J5',6'a 4.8, J5',6'b 3.3 Hz, H-5'), 4.14 (1H, d, J1'a,1'b 15.0 Hz, 

H-1'a), 4.25 (1H, d, J1'b,1'a 15.0 Hz, H-1'b), 4.34 (1H, d, J3',4' 4.8 Hz, H-3'), 6.07 (1H, d, 

J5,6 7.2 Hz, H-5), 7.71 (1H, d, J6,5 7.2 Hz, H-6); 13C NMR (75.5 MHz, D2O): δ 48.2 

(C-1'), 49.1 (OCH3), 60.9 (C-6'), 65.4 (C-4'), 77.1 (C-3'), 81.5 (C-5'), 95.2 (C-5), 103.9 

(C-2'), 144.8 (C-6), 159.8 (C-2), 163.5 (C-4); LRMS m/z 335 ([M+Na]+, 100%); HRMS 

(API): calcd for [M+H]+ (C11H17O5N6
+) requires m/z 313.1255, found 313.1257. 

 

6.6.5.1.3 Installation of a C-4' Amine 

1-(Methyl 4'-amino-1',4'-dideoxy-α-D-fructofuranoside)-cytosine (222) 

 
A solution of 3',4'-epoxide derivative 219 (50.2 mg, 0.186 mmol) in 30% NH4OH (1 

mL) was reacted under MW conditions, at 120 °C, up to 11 bar (decreasing to 8 bar 

over the course of the reaction), for 3 h.  The reaction mixture was concentrated, then 
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purified by reversed phase chromatography (H2O) to afford the 4'-amino derivative 222 

as a white powder after lyophilisation (45 mg, 85% yield).  Rf 0.26 (3:1:0.1, 

EtOAc:MeOH:H2O); 1H NMR (300 MHz, D2O): δ 3.19 (1H, dd, J4',3' 5.1, J4',5' 6.6 Hz, 

H-4'), 3.39 (3H, s, OCH3), 3.70 (1H, dd, J6'a,5' 5.7, J6'a,6'b 12.3 Hz, H-6'a), 3.84 (1H, dd, 

J6'b,5' 2.7, J6'b,6'a 12.3 Hz, H-6'b), 3.95 (1H, ddd, J5',4' 6.6, J5',6'a 5.7, J5',6'b 2.7 Hz, H-5'), 4.07 

(1H, d, J3',4' 5.1 Hz, H-3'), 4.08 (1H, d, J1'a,1'b 15.0 Hz, H-1'a), 4.23 (1H, d, J1'b,1'a 15.0 Hz, 

H-1'b), 6.05 (1H, d, J5,6 7.2 Hz, H-5), 7.65 (1H, d, J6,5 7.2 Hz, H-6); 13C NMR (75.5 

MHz, D2O): δ 48.4 (C-1'), 48.9 (OCH3), 57.3 (C-4'), 61.2 (C-6'), 78.7 (C-3'), 84.7 

(C-5'), 95.8 (C-5), 107.6 (C-2'), 147.9 (C-6), 158.9 (C-2), 166.4 (C-4); LRMS m/z 309 

([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ (C11H19O5N4
+) requires m/z 

287.1350, found 287.1345. 

 

6.6.5.1.4 C-4' 1,2,3-Triazole Modifications 

General Method for the CuAAC Reaction to Install a 4-Substituted 1,2,3-Triazole  

To a solution of azide derivative (eg. 0.160 mmol) in THF/i-PrOH/H2O (3:1:1 for non-

polar alkynes or 1:1:1 for polar alkynes; 1 mL) at rt, was added alkyne (0.320 mmol, 2 

eq.), 1 M CuSO4 (32 µL, 32 µmol, 0.2 eq.) and sodium ascorbate (13 mg, 66 µmol, 0.4 

eq.).  The reaction mixture was warmed to 50 °C and stirred for 2 – 6 h (monitored by 

TLC).  The reaction mixture was passed through a small plug (~ 2 cm3) of Amberlite 

IR748 metal chelating resin in a Pasteur pipette (prepared by rinsing through pH 3 aq. 

HCl) to chelate copper ions, washing with 1 mL aliquots of pH 3 aq. HCl (x 2), H2O 

(x 1), and organic solvents (depending on the alkyne).  The filtrate and washings were 

combined and concentrated.  The crude material was purified by flash column 

chromatography or reversed phase chromatography to afford the 4-substituted 

1,2,3-triazole product. 
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1-{Methyl 4'-[4"-(2-carboxyethyl)-1"H-1",2",3"-triazol-1"-yl]-1',4'-dideoxy-α-D-
fructofuranoside}-cytosine (224) 

Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 4'-azido derivative 223 (50 mg, 0.160 mmol) with 4-pentynoic acid (31 

mg, 0.316 mmol, 2 eq.).  The crude material was purified by reversed phase 

chromatography (H2O → 1:1, H2O:MeOH) to afford the carboxylic acid derivative 224 

as a white powder after lyophilisation (44 mg, 67% yield).  Rf 0.61 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (300 MHz, D2O): δ 2.57, 2.98 (2 x 2H, 2 x t, Jvic 7.5 Hz,

2 x CH2), 3.43 (3H, s, OCH3), 3.68 (1H, dd, J6'a,5' 4.5, J6'a,6'b 12.9 Hz, H-6'a), 3.87 (1H, 

dd, J6'b,5 3.0, J6'b,6'a 12.9 Hz, H-6'b), 4.20 (1H, d, J1'a,1'b 14.7 Hz, H-1'a), 4.32 (1H, d, J1'b,1'a 

14.7 Hz, H-1'b), 4.58 (1H, ddd, J5',4' 8.1, J5',6'a 4.5, J5',6'b 3.0 Hz, H-5'), 4.76 (1H, d, J3',4' 

5.7 Hz, H-3'), 5.07 (1H, dd, J4',3' 5.7, J4',5' 8.1 Hz, H-4'), 6.05 (1H, d, J5,6 7.5 Hz, H-5), 

7.74 (1H, d, J6,5 7.5 Hz, H-6), 7.92 (1H, s, H-5''); 13C NMR (75.5 MHz, D2O): δ 21.6, 

36.4 (2 x CH2), 48.5 (C-1'), 49.1 (OCH3), 60.1 (C-6'), 65.8 (C-4'), 77.3 (C-3'), 80.7 

(C-5'), 95.7 (C-5), 107.2 (C-2'), 122.3 (C-5''), 141.9 (C-4''), 148.1 (C-6), 158.1 (C-2), 

165.7 (C-4), 165.9 (CO2H); LRMS m/z 433 ([M+Na]+, 100%); HRMS (ESI): calcd for 

[M+H]+ (C16H23O7N6
+) requires m/z 411.1623, found 411.1624. 
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1-{Methyl 1',4'-dideoxy-4'-[4"-(methylamino)methyl-1"H-1",2",3"-triazol-1"-yl]-
α-D-fructofuranoside}-cytosine (225) 

 
Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 4'-azido derivative 223 (50 mg, 0.160 mmol) with 

N-methylpropargylamine (27 µL, 0.320 mmol, 2 eq.).  The crude material was purified 

by reversed phase chromatography (H2O) to afford 57 mg of impure material, which 

was subsequently purified by HPLC (Phenomenex Synergi Hydro-RP column 250 x 10 

mm; 8:92 to 15:85, H2O:CH3CN as the mobile phase).  The amino derivative 225 was 
afforded as a white powder after lyophilisation (30 mg, 49% yield after HPLC 

purification).  Rf 0.19 (15:4:1, i-PrOH:H2O:AcOH); 1H NMR (300 MHz, D2O): δ 2.77 

(3H, s, NCH3), 3.43 (3H, s, OCH3), 3.72 (1H, dd, J6'a,5' 4.2, J6'a,6'b 12.9 Hz, H-6'a), 3.90 

(1H, dd, J6'b,5' 2.7, J6'b,6'a 12.9 Hz, H-6'b), 4.22 (1H, d, J1'a,1'b 15.0 Hz, H-1'a), 4.33 (1H, d, 

J1'b,1'a 15.0 Hz, H-1'b), 4.41 (2H, s, NCH2), 4.59 – 4.67 (1H, m, H-5'), 4.73* (1H, d, J3',4' 

5.1 Hz, H-3'), 5.15 (1H, dd, J4',3' 5.1, J4',5' 7.8 Hz, H-4'), 6.07 (1H, d, J5,6 7.2 Hz, H-5), 

7.74 (1H, d, J6,5 7.2 Hz, H-6), 8.31 (< 1H, D2O exchangeable, s, H-5''); 13C NMR (75.5 

MHz, D2O): δ 32.1 (NCH3), 42.6 (NCH2), 48.3 (C-1'), 49.1 (OCH3), 60.1 (C-6'), 66.2 

(C-4'), 77.6 (C-3'), 80.8 (C-5'), 107.2 (C-2'), 115.7 (C-5), 125.8 (C-5''), 138.5 (C-4''), 

148.3 (C-6), 157.6 (C-2), 165.3 (C-4); LRMS m/z 382 ([M+H]+, 100%); HRMS (ESI): 

calcd for [M+H]+ (C15H24O5N7
+) requires m/z 382.1833, found 382.1839.  * Peak was 

partially obscured by HOD peak; chemical shift, integration and coupling constants 

were confirmed by acquiring an additional 1H spectrum at 313 K.  The 1H NMR 

spectrum acquired at 313 K was calibrated to 4.607 ppm for HOD.636 
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1-{Methyl 1',4-dideoxy-4'-[4"-(1-hydroxycyclopentyl)-1"H-1",2",3"-triazol-1"-yl]-
α-D-fructofuranoside}-cytosine (226) 

 
Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 4'-azido derivative 223 (50 mg, 0.160 mmol) with 

1-ethynylcyclopentanol (37 µL, 0.323 mmol, 2 eq.).  The crude material was purified by 

flash column chromatography (5:1:0.1, EtOAc:MeOH:H2O) to afford 23 mg of pure 

cyclopentanol derivative 226 and 33 mg of impure material.  The impure material was 

further purified by HPLC (Phenomenex Synergi Hydro-RP column 250 x 10 mm; 14:86 

to 20:80, H2O:CH3CN as the mobile phase) to give 10 mg of purified product, for a total 

of 33 mg, 49% yield of cyclopentanol derivative 226 as a white powder after 

lyophilisation.  Rf 0.21 (5:1:0.1, EtOAc:MeOH:H2O); 1H NMR (300 MHz, D2O): δ 1.73 

– 2.17 (8H, m, cyclopentyl 4 x CH2), 3.43 (3H, s, OCH3), 3.68 (1H, dd, J6'a,5' 4.5, J 6'a,6'b 

12.9 Hz, H-6'a), 3.88 (1H, dd, J6'b,5' 3.0, J6'b,6'a 12.9 Hz, H-6'b), 4.19 (1H, d, J1'a,1'b 15.0 

Hz, H-1'a), 4.32 (1H, d, J1'b,1'a 15.0 Hz, H-1'b), 4.61 (1H, ddd, J5',4' 7.8, J5',6'a 4.5, J5',6'b 3.0 

Hz, H-5'), 4.76 (1H, d, J3',4' 5.7 Hz, H-3'), 5.09 (1H, dd, J4',3' 5.7, J4'5' 7.8 Hz, H-4'), 6.03 

(1H, bd, J5,6 7.5 Hz, H-5), 7.70 (1H, d, J6,5 7.5 Hz, H-6), 8.05 (1H, s, H-5''); 13C NMR 

(75.5 MHz, D2O): δ 22.9, 40.0 (cyclopentyl 4 x CH2), 48.5 (C-1'), 49.1 (OCH3), 60.1 

(C-6'), 65.8 (C-4'), 77.5 (C-3'), 78.6 (cyclopentyl C), 80.7 (C-5'), 107.2 (C-2'), 118.5 

(C-5), 121.9 (C-5''), 148.0 (C-6), 158.6 (C-2), 162.6 (C-4); LRMS m/z 423 ([M+H]+, 

100%), 445 ([M+Na]+, 32%); HRMS (ESI): calcd for [M+H]+ (C18H27O6N6
+) requires 

m/z 423.1987, found 423.1987.  13C signal for C-4'' not observed. 
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1-{Methyl 1',4'-dideoxy-4'-[4"-(1-hydroxy-1-phenylmethyl)-1"H-1",2",3"-triazol-
1"-yl]-α-D-fructofuranoside}-cytosine (227) 

 
Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 4'-azido derivative 223 (50 mg, 0.160 mmol) with 1-phenyl-2-propyn-1-

ol (39 µL, 0.321 mmol, 2 eq.).  The crude material was purified by flash column 

chromatography (5:1:0.1, EtOAc:MeOH:H2O) to afford 24 mg of the pure desired 

product 227  and 46 mg of impure product.  The impure material was subject to 

purification by HPLC (Phenomenex Synergi Hydro-RP column 250 x 10 mm; 5:75:20 

to 28:52:20, MeOH:H2O:CH3CN as the mobile phase) to give 20 mg of purified phenyl 

derivative 227 as a white powder after lyophilisation, for a total of 44 mg, 62% yield.  

Rf 0.30 (5:1:0.1, EtOAc:MeOH:H2O); 1H NMR (600 MHz, CD3OD): δ 3.36 (3H, s, 

OCH3), 3.54 (1H, dd, J6'a,5' 3.6, J 6'a,6'b 12.6 Hz, H-6'a), 3.79 (1H, dd, J6'b,5' 2.4, J6'b,6'a 12.6 

Hz, H-6'b), 4.03 (1H, d, J1'a,1'b  15.0 Hz, H-1'a), 4.34 (1H, d, J1'b,1'a 15.0 Hz, H-1'b), 4.44 

(1H, ddd, J5',4' 7.5, J5',6'a 3.6, J5',6'b 2.4 Hz, H-5'), 4.63 – 4.64 (1H, m, H-3'), 4.99 (1H, dd, 

J4',3' 5.7, J4',5' 7.5 Hz, H-4'), 5.95 (1H, d, J5,6 7.5 Hz, H-5), 5.97 (1H, s, PhCH), 7.25 – 7.40 

(5H, m, Ph), 7.61 (1H, d, J6,5 7.5 Hz, H-6), 7.92 (1H, s, H-5''); 13C NMR (151 MHz, 

CD3OD): δ 49.5 (OCH3), 50.1 (C-1'), 59.4 (C-6'), 67.2 (C-4'), 70.0 (PhCH), 78.6 (C-3'), 

82.7 (C-5'), 96.0 (C-5), 108.5 (C-2'), 123.3 (C-5''), 127.7, 128.8, 129.5, 153.1 (Ph), 

143.9 (C-4''), 149.0 (C-6), 159.8 (C-2), 167.7 (C-4); LRMS m/z 467 ([M+Na]+, 100%); 

HRMS (ESI): calcd for [M+H]+ (C20H25O6N6
+) requires m/z 445.1830, found 445.1831. 
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6.6.5.1.5 C-4' Acylamino Group Modification 

6.6.5.1.5.1 Synthesis of a C-4' Acylamino Group via a C-4' Amine 

1-[Methyl 4'-amino-6'-O-(tert-butyldiphenyilsilyl)-1',4'-dideoxy-α-D-
fructofuranoside]-cytosine (256) 

 
To a solution of N,N-bis-BOC protected cytosine derivative 251 (256 mg, 0.362 mmol) 

in CH3CN (10 mL), was added 30% NH4OH (10 mL) and the solution was reacted 

under MW conditions, at 130 °C, up to 18 bar (average of 13-14 bar over the hold time), 

for 3 h.  The reaction mixture was concentrated and the crude material was purified by 

flash column chromatography (3:1:0.1, EtOAc:MeOH:H2O) to afford the di-amino 

derivative 256 (87 mg, 46% yield).  Rf 0.34 (3:1:0.1, EtOAc:MeOH:H2O); 1H NMR 

(600 MHz, CD3OD): δ 1.07 (9H, s, SiC(CH3)3), 3.21 (1H, bd, J4',3' 1.8 Hz, H-4'), 3.37 

(3H, s, OCH3), 3.80 (1H, d, J3',4' 1.8 Hz, H-3'), 3.83 (1H, dd, J6'a,5' 6.0, J6'a,6'b 10.8 Hz, 

H-6'a), 3.89 (1H, dd, J6'b,5' 4.2, J6'b,6'a 10.8 Hz, H-6'b), 4.00 (1H, bdd, J5',6'a 6.0, J5',6'b 4.2 

Hz, H-5'), 4.09 (1H, d, J1'a,1'b 14.4 Hz, H-1'a), 4.15 (1H, d, J1'b,1'a 14.4 Hz, H-1'b), 5.85 

(1H, d, J5,6 7.2 Hz, H-5), 7.39 – 7.47 and 7.69 – 7.73 (10H, m, SiPh2), 7.59 (1H, d, J6,5 

7.2 Hz, H-6); 13C NMR (151 MHz, CD3OD): δ 20.1 (SiC(CH3)3), 27.3 (SiC(CH3)3), 47.3 

(C-1'), 49.8 (OCH3), 60.5 (C-4'), 66.1 (C-6'), 80.3 (C-3'), 86.6 (C-5'), 96.2 (C-5), 110.2 

(C-2'), 128.8, 128.9, 131.0, 134.3, 134.4, 136.7, 136.8 (SiPh2), 148.4 (C-6), 159.8 (C-2), 

167.8 (C-4); LRMS m/z 493 ([M-OCH3+H]+, 100%), 547 ([M+Na]+, 88%); HRMS 

(ESI): calcd for [M+H]+ (C27H37O5N4Si+) requires m/z 525.2528, found 525.2516. 
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6.6.5.1.5.2 Synthesis of a C-4' Acylamino Group via a C-4' Azide 

1-[Methyl 4'-azido-6'-O-(tert-butyldiphenyilsilyl)-1',4'-dideoxy-α-D-
fructofuranoside]-cytosine (260), 1-[methyl 3',4'-anhydro-6'-O-(tert-
butyldiphenyilsilyl)-1'-deoxy-α-D-tagatofuranoside]-cytosine (218), 1-(methyl 
4'-azido-1',4'-dideoxy-α-D-fructofuranoside)-cytosine (223), and 1-(methyl 3',4'-
anhydro-1'-deoxy-α-D-tagatofuranoside)-cytosine (219) 

 
To a solution of the N,N-bis-BOC cytosine protected derivative 251 (200 mg, 0.283 

mmol) in EtOH (1.4 mL) and H2O (0.2 mL), at rt, was added NaN3 (37 mg, 0.569 mmol, 

2 eq.) and NH4Cl (33 mg, 0.617 mmol, 2.2 eq.).  The reaction mixture was heated to 

reflux and stirred for 2 d.  The reaction progress was monitored by TLC and mass 

spectrometry, with no desired material appearing to be forming, however loss of 

protecting groups was indicated.  Further amounts of NaN3 (37 mg, 0.569 mmol, 2 eq.) 

and NH4Cl (33 mg, 0.617 mmol, 2.2 eq.) and 1 mL of CH3CN were added to aid in 

solubilisation, and the reaction was monitored further.  Multiple products were observed 

by TLC and mass spectrometry, and after a total reaction time of 5 d, the reaction 

mixture was cooled to rt, then concentrated.  The crude material was adsorbed onto 

silica and purified by flash column chromatography (EtOAc → 20:1, EtOAc:MeOH → 

3:1:0.1, EtOAc:MeOH:H2O) to afford the 4'-azido-6'-O-TBDPS derivative 260 as a 

clear amorphous mass (48 mg, 31% yield), a mixture of 218 and 223 (47mg; 

approximately 36 mg, 25% yield of 218 and 11 mg, 12% yield of 223, as estimated by 
1H NMR integration) and 219 (5.2 mg, 7% yield), giving an overall yield of products of 

75%.  260: Rf 0.49 (20:1, EtOAc:MeOH); 1H NMR (400 MHz, CD3OD): δ 1.07 (9H, s, 

SiC(CH3)3), 3.28 (3H, s, OCH3), 3.76 (1H, dd, J4',3' 2.8, J4',5' 5.2 Hz, H-4'), 3.81 (2H, d, 

J6'a/b,5' 5.2 Hz, H-6'a/b), 3.91 (1H, dt, J5',4' = J5',6'a/b 5.2 Hz, H-5'), 3.97 (1H, d, J3',4' 2.8 Hz, 

H-3'), 3.99 (1H, d, J1'a,1'b 14.8 Hz, H-1'a), 4.19 (1H, d, J1'b,1'a 14.8 Hz, H-1'b), 5.82 (1H, d, 

J5,6 7.6 Hz, H-5), 7.39 – 7.49, 7.67 – 7.71 (10H, m, SiPh2), 7.60 (1H, d, J6,5 7.6 Hz, H-6); 
13C NMR (100 MHz, CD3OD): δ 20.1 (SiC(CH3)3), 27.3 (SiC(CH3)3), 47.9 (C-1'), 49.5 

(OCH3), 65.3 (C-6'), 69.1 (C-4'), 80.2 (C-3'), 83.3 (C-5'), 96.0 (C-5), 109.2 (C-2'), 

128.9, 131.0, 131.1, 134.2, 134.3, 136.6, 136.7 (SiPh2), 148.4 (C-6), 159.6 (C-2), 167.7 

(C-4); LRMS m/z 573 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ 
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(C27H35O5N6Si+) requires m/z 551.2433, found 551.2433.  1H NMR data for 218, 223 

and 219 were consistent with previously synthesised authentic samples. 

 

1-[Methyl 4'-azido-6'-O-(tert-butyldiphenyilsilyl)-1',4'-dideoxy-α-D-
fructofuranoside]-N,N-bis-(tert-butyloxycarbonyl)-cytosine (255) 

 
To a solution of 4'-azido-6'-O-TBDPS derivative 260 (dried under high vacuum O/N; 

47 mg, 85.2 µmol) in anh. 1,4-dioxane (1.5 mL), at rt, under Ar, was added BOC2O (60 

µL, 261 µmol, 3 eq.) and DMAP (cat.), then the reaction was stirred for 1 d, and 

concentrated.  The crude material was adsorbed onto non-flash silica, and purified by 

flash column chromatography (3:2, hexanes:EtOAc → EtOAc → 20:1, EtOAc:MeOH) 

to afford the fully protected 4'-azido derivative 255 as a clear amorphous mass (44 mg, 

69% yield).  Rf 0.13 (3:2, hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 1.06 (9H, s, 

SiC(CH3)3), 1.50, 1.51 (2 x 9H, 2 x s, 2 x OC(CH3)3), 3.32 (3H, s, OCH3), 3.79 (1H, dd, 

J6'a,5' 4.0, J6'a,6'b 10.8 Hz, H-6'a), 3.83 (1H, ddd, J5',4' 6.4, J5',6'a 4.0, J5',6'b 3.2 Hz, H-5'), 3.88 

(1H, dd, J6'b,5' 3.2, J6'b,6'a 10.8 Hz, H-6'b), 4.03 (1H, dd, J4',3' 2.4, J4',5' 6.4 Hz, H-4'), 4.21 

(1H, d, J1'a,1'b 14.4 Hz, H-1'a), 4.41 (1H, d, J1'b,1'a 14.4 Hz, H-1'b), 4.99 (1H, d, J3',4' 2.4 

Hz, H-3'), 7.06 (1H, bs, H-5), 7.37 – 7.48, 7.62 – 7.68 (11H, m, SiPh2, H-6); 13C NMR 

(100 MHz, CDCl3): δ 19.2 (SiC(CH3)3), 26.8 (SiC(CH3)3), 27.6, 28.0 (2 x OC(CH3)3), 

47.2 (C-1'), 49.8 (OCH3), 62.2 (C-6'), 65.9 (C-4'), 81.9 (C-5'), 82.7, 84.0 (2 x 

OC(CH3)3), 83.1 (C-3'), 94.5 (C-5), 106.1 (C-2'), 127.8, 127.9, 129.9, 130.0, 132.7, 

132.8, 135.5, 135.6 (SiPh2), 148.9 (C-6), 151.1 (C-2), 151.9 (2 x NC(O)OC(CH3)3), 

167.2 (C-4); LRMS m/z 773 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ 

(C37H51O9N6Si+) requires m/z 751.3481, found 751.3491. 
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1-(Methyl 4'-acetamido-1',4'-dideoxy-α-D-fructofuranoside)-N,N-bis-(tert-
butyloxycarbonyl)-cytosine (262) 

 
To a solution of the fully protected 4'-azido derivative 255 (dried under high vacuum 

O/N; 39 mg, 51.5 µmol) in anh. 1,2-DCE (1.5 mL), at rt, under Ar, was added AcCl (15 

µL, 211 µmol, 4 eq.).  To this mixture was added PPh3 (27 mg, 103 µmol, 2 eq.) in anh. 

1,2-DCE (0.5 mL) slowly over 5 mins.  The reaction mixture was stirred for 2 h, then 

diluted with CH2Cl2 (10 mL), washed with sat. aq. NaHCO3 (3 x 10 mL), dried 

(Na2SO4) and concentrated.  The crude material was purified by flash column 

chromatography (10:1, EtOAc:hexanes) to afford the impure 6'-O-TBDPS-

4'-acetamido-4-amino-cytidine derivative 261 [contaminated with PPh3O; 61 mg, 

> 100% yield; confirmed by LRMS, m/z 301 ([PPh3O+Na]+, 100%) and 789 ([M+Na]+, 

20%)].  This impure material was carried on to the next step without further 

purification.  The N,N-bis-BOC protected 4'-acetamido derivative 262 was prepared by 

the general method for 6'-O-TBDPS removal (Section 6.6.5), by reaction of the impure 

261 (61 mg, equivalent to ~ 51.5 µmol).  The crude material was purified by flash 

column chromatography (20:1, EtOAc:MeOH) to afford the 4'-acetamido-6'-hydroxy 

derivative 262 as a clear amorphous mass (18.4 mg, 68% yield over 2 steps from 255).  

Rf 0.14 (20:1, EtOAc:MeOH); 1H NMR (400 MHz, CD3OD): δ 1.48, 1.53 (2 x 9H, 2 x 

s, 2 x OC(CH3)3), 1.95 (3H, s, NHAc), 3.36 (3H, s, OCH3), 3.54 (1H, dd, J6'a,5' 4.0, J6'a,6'b 

12.8 Hz, H-6'a), 3.74 (1H, dd, J6'b,5' 2.8, J6'b,6'a 12.8 Hz, H-6'b), 4.02 (1H, ddd, J5',4' 8.0, 

J5',6'a 4.0, J5',6'b 2.8 Hz, H-5'), 4.09 (1H, d, J1'a,1'b 14.4 Hz, H-1'a), 4.39 (1H, d, J1'b,1'a 14.4 

Hz, H-1'b), 4.50 (1H, dd, J4',3' 6.4, J4',5' 8.0 Hz, H-4'), 5.36 (1H, d, J3',4' 6.4 Hz, H-3'), 7.21 

(1H, d, J5,6 7.2 Hz, H-5), 7.97 (1H, d, J6,5 7.2 Hz, H-6); 13C NMR (100 MHz, CD3OD): 

δ 22.6 (NHC(O)CH3), 28.1, 28.3 (2 x OC(CH3)3), 49.5 (OCH3), 51.2 (C-1'), 55.3 (C-4'), 

61.8 (C-6'), 80.9 (C-3'), 83.2, 84.5 (2 x OC(CH3)3), 83.3 (C-5'), 96.4 (C-5), 106.7 (C-2'), 

151.9 (C-6), 153.5, 153.7 (2 x NC(O)OC(CH3)3), 159.3 (C-2), 165.0 (C-4), 173.6 

(NHC(O)CH3); LRMS m/z 351 ([M-(2xBOC)+Na]+, 100%), 551 ([M+Na]+, 4%). 
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1-(Methyl 4'-acetamido-1',4'-dideoxy-α-D-fructofuranoside)-cytosine (221) 

To a solution of the 4'-acetamido derivative 262 (18.4 mg, 34.8 µmol) in CH2Cl2 (360 

µL), cooled to 0 °C, was added TFA/CH2Cl2 (1:1, 360 µL) and the reaction was stirred 

for 30 min.  The reaction mixture was allowed to warm to rt, and was stirred for 3 h, 

then diluted with absolute EtOH and concentrated, co-evaporating with EtOH (x 3).  

The crude material was purified by flash column chromatography (3:1:0.1, 

EtOAc:MeOH:H2O) to furnish the fully deprotected 4'-acetamido derivative 221 as a 

clear amorphous mass (8.4 mg, 74% yield).  Rf 0.19 (3:1:0.1, EtOAc:MeOH:H2O); 1H 

NMR (400 MHz, D2O): δ 2.01 (3H, s, NHAc), 3.36 (3H, s, OCH3), 3.67 (1H, dd, J6'a,5' 

6.0, J6'a,6'b 12.4 Hz, H-6'a), 3.79 (1H, dd, J6'b,5' 3.2, J6'b,6'a 12.4 Hz, H-6'b), 4.04 (1H, ddd, 

J5',4' 6.4, J5',6'a 6.0, J5',6'b 3.2 Hz, H-5'), 4.09 (1H, d, J3',4' 4.0 Hz, H-3'), 4.12 (1H, d, J1'a,1'b 

14.8 Hz, H-1'a), 4.17 (1H, dd, J4',3' 4.0, J4',5' 6.4 Hz, H-4') 4.24 (1H, d, J1'b,1'a 14.8 Hz, 

H-1'b), 6.03 (1H, d, J5,6 7.2 Hz, H-5), 7.68 (1H, d, J6,5 7.2 Hz, H-6); 13C NMR (100

MHz, D2O): δ 21.8 (NHC(O)CH3), 47.4 (C-1'), 49.0 (OCH3), 56.6 (C-4'), 61.4 (C-6'),

77.2 (C-3'), 82.2 (C-5'), 95.7 (C-5), 107.8 (C-2'), 147.9 (C-6), 158.3 (C-2), 165.9 (C-4),

174.1 (NHC(O)CH3); LRMS m/z 351 ([M+Na]+, 100%); HRMS (ESI): calcd for

[M+H]+ (C13H21O6N4
+) requires m/z 329.1456, found 329.1464.

6.6.6 Modifications at C-1: 1,2,3-Triazole Series 

6.6.6.1 1,2,3-Triazole Series: Introduction of a C-1 Azide 

Methyl 3,4-anhydro-1-azido-6-O-(tert-butyldiphenylsilyl)-1-deoxy-α-D-
tagatofuranoside (194) 

To a solution of the 1-O-triflate derivative 192 (2.26 g, 4.13 mmol), in anh. DMF (30 

mL), at rt, under Ar, was added NaN3 (670 mg, 10.3 mmol, 2.5 eq.), then the reaction 

was heated to 80 °C for 16 h.  Although the TLC did not show a change in Rf, mass 
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spectrometry confirmed the presence of product (m/z 462 [M+Na]+) and absence of 

starting material.  The reaction mixture was concentrated, and the crude product was 

purified by flash column chromatography (10:1, hexanes:EtOAc) to afford the 1-azido 

derivative 194 as a pale yellow oil (1.59 g, 87% yield).  Rf 0.33 (10:1, hexanes:EtOAc);  

IR (neat): ν 2102 (N3); 1H NMR (300 MHz, CDCl3): δ 1.06 (9H, s, SiC(CH3)3), 3.19 

(1H, d, J1,1' 13.2 Hz, H-1), 3.32 (3H, s, OCH3), 3.52 (1H, d, J1',1 13.2 Hz, H-1'), 3.71 – 

3.81 (3H, m, H-3, H-6, H-6'), 3.91 (1H, d, J4,3 2.7 Hz, H-4), 4.20 (1H, dd, J5,6 6.0, J5,6' 

7.5 Hz, H-5), 7.36 – 7.68 (10H, m, SiPh2); 13C NMR (75.5 MHz, CDCl3): δ 19.1 

(SiC(CH3)3), 26.7 (SiC(CH3)3), 49.3 (C-1), 49.4 (OCH3), 55.8 (C-4), 57.5 (C-3), 62.0 

(C-6), 78.0 (C-5), 104.7 (C-2), 127.3, 127.4, 127.5, 127.6, 129.7, 133.0, 133.1, 134.6, 

135.2, 135.3 (SiPh2); LRMS m/z 462 ([M+Na]+, 100%), 478 ([M+K]+, 33%); HRMS 

(API): calcd for [M+Na]+ (C23H29O4N3SiNa+) requires m/z 462.1820, found 462.1790. 

 

6.6.6.2 1,2,3-Triazole Series: 3',4'-Epoxide Derivatives 

Ethyl 1-[methyl 3',4'-anhydro-6'-O-(tert-butyldiphenylsilyl)-1'-deoxy-α-D-
tagatofuranoside]-1H-1,2,3-triazole-4-carboxylate (266) 

 
Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 194 (353 mg, 0.803 mmol) with ethyl propiolate (163 µL, 1.60 mmol, 2 

eq.).  The crude material was purified by flash column chromatography (3:1, 

hexanes:EtOAc) to afforded the ethyl ester derivative 266, as a clear amorphous mass 

(408 mg, 94% yield).  Rf 0.14 (3:1, hexanes:EtOAc); 1H NMR (300 MHz, CDCl3): 

δ 1.07 (9H, s, SiC(CH3)3), 1.39 (3H, t, Jvic7.2 Hz, CO2CH2CH3), 3.34 (3H, s, OCH3), 

3.55 (1H, d, J3',4' 2.7 Hz, H-3'), 3.77 (1H, dd, J6'a,5' 7.8, J6'a,6'b 9.9 Hz, H-6'a), 3.82 (1H, dd, 

J6'b,5 5.7, J6'b,6'a 9.9 Hz, H-6'b), 3.94 (1H, d, J4',3' 2.7 Hz, H-4'), 4.27 (1H, dd, J5',6'a 7.8, J5',6'b 

5.7 Hz, H-5'), 4.41 (2H, q, Jvic 7.2 Hz, CO2CH2CH3), 4.52 (1H, d, J1'a,1'b 14.1 Hz, H-1'a), 

4.63 (1H, d, J1'b,1'a 14.1 Hz, H-1'b), 7.37 – 7.68 (10H, m, SiPh2), 8.11 (1H, s, H-5); 
13C NMR (75.5 MHz, CDCl3): δ 14.1 (CO2CH2CH3), 19.0 (SiC(CH3)3), 26.6 

(SiC(CH3)3), 49.8 (OCH3), 50.4 (C-1'), 56.2 (C-4'), 56.7 (C-3'), 61.0 (CO2CH2CH3), 61.9 

(C-6'), 78.8 (C-5'), 103.5 (C-2'), 127.6, 129.7, 132.7, 132.8, 135.3 (SiPh2), 128.6 (C-5), 
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140.0 (C-4), 162.1 (CO2CH2CH3); LRMS m/z 560 ([M+Na]+, 100%); HRMS (API): 

calcd for [M+H]+ (C28H36O6N3Si+) requires m/z 538.2368, found 538.2365.  

1-[Methyl 3',4'-anhydro-6'-O-(tert-butyldiphenylsilyl)-1'-deoxy-α-D-
tagatofuranoside]-4-(N,N-diethylaminomethyl)-1H-1,2,3-triazole (267) 

Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 1-azido derivative 194 (118 mg, 0.268 mmol) with 3-diethylamino-

1-propyne (80 µL, 0.537 mmol, 2 eq.).  The crude material was purified by flash

column chromatography (initially with mobile phase of 3:1:0.1, EtOAc:MeOH:H2O, 

however, better results were found with 20:1, CH2Cl2:MeOH), to afford the 

4-(diethylamino)methyl triazole derivative 267 as a pale yellow amorphous mass (121 

mg, 82% yield).  Rf 0.13 (20:1, CH2Cl2:MeOH); 1H NMR (300 MHz, CDCl3): δ 1.07 

(9H, s, SiC(CH3)3), 1.40, 1.45 (2 x 3H, 2 x t, Jvic 7.2 Hz, N(CH2CH3)2), 3.01 – 3.09 (4H, 

m, N(CH2CH3)2), 3.36 (3H, s, OCH3), 3.65 (1H, d, J3',4' 2.7 Hz, H-3'), 3.74 (1H, dd, J6'a,5' 

7.8, J6'a,6'b 9.9 Hz, H-6'a), 3.82 (1H, dd, J6'b,5' 5.7, J6'b,6'a 9.9 Hz, H-6'b), 3.89 (1H, d, J4',3' 

2.7 Hz, H-4'), 4.21 – 4.28 (3H, m, H-5', triazole-CH2N), 4.51 (1H, d, J1'a,1'b 14.4 Hz, 

H-1'a), 4.63 (1H, d, J1'b,1'a 14.4 Hz, H-1'b), 7.37 – 7.45, 7.64 – 7.69 (10H, m, SiPh2), 8.33

(< 1H, D2O exchangeable, s, H-5); 13C NMR (75.5 MHz, CDCl3): δ 11.6 (N(CH2CH3)2),

19.1 (SiC(CH3)3), 26.7 (SiC(CH3)3), 46.6 (triazole-CH2N), 47.3 (N(CH2CH3)2), 49.6

(C-1'), 49.7 (OCH3), 56.1 (C-4'), 57.5 (C-3'), 62.0 (C-6'), 78.5 (C-5'), 103.8 (C-2'),

123.8 (C-5), 127.6, 127.7, 129.8, 133.0, 133.1 135.4, 135.5 (SiPh2), 144.3 (C-4); LRMS

m/z 573 ([M+Na]+, 100%), 551 ([M+H]+, 66%); HRMS (ESI): calcd for [M+H]+

(C30H43O4N4Si+) requires m/z 551.3048, found 551.3044.



 344 

1-[Methyl 3',4'-anhydro-6'-O-(tert-butyldiphenylsilyl)-1'-deoxy-α-D-
tagatofuranoside]-1H-1,2,3-triazole-4-carboxamide (268) and methyl 1-[methyl 
3',4'-anhydro-6'-O-(tert-butyldiphenylsilyl)-1'-deoxy-α-D-tagatofuranoside]-1H-
1,2,3-triazole-4-carboxylate (269) 

Method A: 

The ester derivative 266 (dried under high vacuum O/N; 287 mg, 0.959 mmol), at rt, 

under Ar, was reacted with 2 M NH3/MeOH (20 mL) in a sealed vessel for 4 d before 

being concentrated.  The crude material was purified by flash column chromatography 

(EtOAc) to afford the carboxamide derivative 268 (198 mg, 76% yield), as well as the 

transesterification product 269 (15 mg, 5% yield).   

268: Rf 0.13 (EtOAc); 1H NMR (300 MHz, CD3CN): δ 1.05 (9H, s, SiC(CH3)3), 3.32 

(3H, s, OCH3), 3.60 (1H, d, J3',4' 3.0 Hz, H-3'), 3.76 (2H, d, J6'a/6'b,5' 6.3 Hz, H-6'a/6'b), 

3.94 (1H, bd, J4',3' 3.0 Hz, H-4'), 4.32 (1H, dt, J5',4' 0.9, J5',6'a/6'b 6.3 Hz, H-5'), 4.49 (1H, d, 

J1'a,1'b 14.4 Hz, H-1'a), 4.62 (1H, d, J1'b,1'a 14.4 Hz, H-1'b), 6.05, 7.03 (2 x < 1H, D2O 

exchangeable, 2 x bs, C(O)NH2), 7.40 – 7.71 (10H, m, SiPh2), 8.10 (< 1H, D2O 

exchangeable, s, H-5); 13C NMR (75.5 MHz, CD3CN): δ 19.8 (SiC(CH3)3), 27.2 

(SiC(CH3)3), 50.6 (OCH3), 51.6 (C-1'), 57.3 (C-4'), 58.3 (C-3'), 63.6 (C-6'), 80.0 (C-5'), 

105.0 (C-2'), 128.3 (C-5), 128.9, 131.0, 134.3, 136.5 (SiPh2), 143.7 (C-4), 162.8 

(C(O)NH2); LRMS m/z 531 ([M+Na]+, 100%); HRMS (API): calcd for [M+H]+ 

(C26H33O5N4Si+) requires m/z 509.2215, found 509.2198.   

269: Rf 0.30 (EtOAc); 1H NMR (300 MHz, CD3CN): δ 1.04 (9H, s, SiC(CH3)3), 3.32 

(3H, s, OCH3), 3.61 (1H, d, J3',4' 3.0 Hz, H-3'), 3.75 (2H, d, J6'a/6'b,5' 6.3 Hz, H-6'a/6'b), 

3.83 (3H, s, CO2CH3), 3.93 (1H, bd, J4',3' 3.0 Hz, H-4'), 4.33 (1H, dt, J5',4' 0.9, J5',6'a/6'b 6.3 

Hz, H-5'), 4.52 (1H, d, J1'a,1'b 14.7 Hz, H-1'a), 4.64 (1H, d, J1'b,1'a 14.7 Hz, H-1'b), 7.39 – 

7.71 (10H, m, SiPh2), 8.18 (< 1H, D2O exchangeable, s, H-5); 13C NMR (75.5 MHz, 

CD3CN): δ 19.8 (SiC(CH3)3), 27.2 (SiC(CH3)3), 50.7 (OCH3), 51.7 (C-1'), 52.5 

(CO2CH3), 57.2 (C-4'), 58.3 (C-3'), 63.6 (C-6'), 80.1 (C-5'), 104.9 (C-2'), 128.9, 129.0, 

131.0, 134.2, 134.3, 136.4, 136.5 (SiPh2), 130.5 (C-5), 140.3 (C-4), 162.1 (CO2CH3); 
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LRMS m/z 546 ([M+Na]+, 100%); HRMS (API): calcd for [M+H]+ (C27H34O6N3Si+) 

requires m/z 524.2211, found 524.2190. 

 

Method B: 

The ester derivative 266 (dried under high vacuum O/N; 176 mg, 0.328 mmol), at rt, 

under a balloon of Ar, was reacted with 2 M NH3/MeOH (20 mL) for 2 d before being 

concentrated.  The crude material was purified by flash column chromatography (2:1 → 

1:1 → 1:2, hexanes:EtOAc) to afford the carboxamide derivative 268 (83 mg, 50% 

yield) as well as the transesterification product 269 (64 mg, 37% yield). 

 

Ethyl 1-(methyl 3',4'-anhydro-1'-deoxy-α-D-tagatofuranoside)-1H-1,2,3-triazole-4-
carboxylate (270) 

 
Prepared by the general method for 6'-O-TBDPS removal (Section 6.6.5), by reaction of 

the ethyl ester derivative 266 (103 mg, 0.191 mmol).  The crude material was purified 

by flash column chromatography (5:1, EtOAc:hexanes) to afford the 6'-hydroxy ethyl 

ester derivative 270 as a white crystalline solid (53 mg, 93% yield).  Rf 0.24 (5:1, 

EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 1.41 (3H, t, Jvic 7.2 Hz, CO2CH2CH3), 

1.86 (1H, bs, C-6' OH), 3.40 (3H, s, OCH3), 3.70 (1H, d, J3',4' 3.0 Hz, H-3'), 3.85 (2H, d, 

J6'a/6'b,5' 5.7 Hz, H-6'a/6'b), 3.86 (1H, d, J4',3' 3.0 Hz, H-4'), 4.29 (1H, dt, J5',4' 0.9, J5',6'a/6'b 

5.7 Hz, H-5'), 4.43 (2H, q, Jvic 7.2 Hz, CO2CH2CH3), 4.63 (1H, d, J1'a,1'b 14.4 Hz, H-1'a), 

4.76 (1H, d, J1'b,1'a 14.4 Hz, H-1'b), 8.19 (< 1H, D2O exchangeable, s, H-5); 13C NMR 

(75.5 MHz, CDCl3): δ 14.2 (CO2CH2CH3), 50.0 (OCH3), 50.6 (C-1'), 56.0 (C-4'), 56.9 

(C-3'), 61.2 (CO2CH2CH3), 61.3 (C-6'), 79.1 (C-5'), 103.6 (C-2'), 128.8 (C-5), 140.1 

(C-4), 160.7 (CO2CH2CH3); LRMS m/z 322 ([M+Na]+, 100%); HRMS (ESI): calcd for 

[M+Na]+ (C12H17O6N3Na+) requires m/z 322.1010, found 322.1008. 
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1-(Methyl 3',4'-anhydro-1'-deoxy-α-D-tagatofuranoside)-4-(N,N-
diethylaminomethyl)-1H-1,2,3-triazole (271) 

 
Prepared by the general method for 6'-O-TBDPS removal (Section 6.6.5), by reaction of 

the N,N-diethylamine derivative 267 (105 mg, 0.191 mmol).  The crude material was 

purified by flash column chromatography (8:1 → 5:1, CH2Cl2:MeOH) to afford the 

6'-hydroxy derivative 271 as a clear amorphous mass (52 mg, 86% yield).  Rf 0.15 (8:1, 

CH2Cl2:MeOH); 1H NMR (300 MHz, CDCl3): δ 1.14 (6H, t, Jvic 7.2 Hz, N(CH2CH3)2), 

2.59 (4H, q, Jvic 7.2 Hz, N(CH2CH3)2), 3.39 (3H, s, OCH3), 3.60 (1H, d, J3',4' 3.0 Hz, 

H-3'), 3.66 (2H, d, J6'a/6'b,5' 6.3 Hz, H-6'a/6'b), 3.86 (2H, bs, triazole-CH2N), 3.89 (1H, bd, 

J4',3' 3.0 Hz, H-4'), 4.18 (1H, dt, J5',4' 0.6, J5',6'a/6'b 6.3 Hz, H-5'), 4.61 (1H, d, J1'a,1'b 14.4 Hz, 

H-1'a), 4.77 (1H, d, J1'b,1'a 14.4 Hz, H-1'b), 7.92 (1H, s, H-5); 13C NMR (75.5 MHz, 

CDCl3): δ 11.6 (N(CH2CH3)2), 47.5 (triazole-CH2N), 47.7 ((N(CH2CH3)2), 50.3 (OCH3), 

51.3 (C-1'), 56.9 (C-4'), 58.5 (C-3'), 61.7 (C-6'), 80.5 (C-5'), 105.3 (C-2'), 126.9 (C-5), 

143.8 (C-4); LRMS m/z 335 ([M+Na]+, 100%), 313 ([M+H]+, 16%); HRMS (ESI): 

calcd for [M+H]+ (C14H25O4N4
+) requires m/z 313.1870, found 313.1870. 

 

1-(Methyl 3',4'-anhydro-1'-deoxy-α-D-tagatofuranoside)-1H-1,2,3-triazole-4-
carboxamide (272) 

 
Prepared by the general method for 6'-O-TBDPS removal (Section 6.6.5), by reaction of 

the carboxamide derivative 268 (81 mg, 0.160 mmol).  The crude material was purified 

by flash column chromatography (EtOAc) to afford the 6'-hydroxy carboxamide 

derivative 272 (40 mg, 92% yield).  Rf 0.11 (EtOAc); 1H NMR (300 MHz, D2O): δ 3.46 

(3H, s, OCH3), 3.68 (1H, dd, J6'a,5' 6.9, J6'a,6'b 12.0 Hz, H-6'a), 3.79 (1H, dd, J6'b,5' 4.8, J6'b,6'a 

12.0 Hz, H-6'b), 3.86 (1H, d, J3',4' 3.0 Hz, H-3'), 4.08 (1H, dd, J4',5' 0.9, J4',3' 3.0 Hz, H-4'), 

4.41 (1H, ddd, J5',4' 0.9, J5',6'a 6.9, J5',6'b 4.8 Hz, H-5'), 4.82* (1H, d, J1'a,1'b 14.7 Hz, H-1'a), 
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4.94 (1H, d, J1'b,1'a 14.7 Hz, H-1'b), 8.51 (< 1H, D2O exchangeable, s, H-5); 13C NMR 

(75.5 MHz, D2O): δ 50.1 (OCH3), 50.8 (C-1'), 56.0 (C-4'), 56.9 (C-3'), 60.2 (C-6'), 79.2 

(C-5'), 103.8 (C-2'), 128.7 (C-5), 141.5 (C-4), 164.1 (C(O)NH2); LRMS m/z 293 

([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ (C10H15O5N4
+) requires m/z 

271.1037, found 271.1043.  * Peak was partially obscured by a HOD peak; the chemical 

shift, integration and coupling constants were confirmed by acquiring an additional 1H 

spectrum at 303 K.  The 1H NMR spectrum acquired at 303 K was calibrated to 4.718 

ppm for HOD.636 

 

6.6.6.3 1,2,3-Triazole Series: 3',4'-Diol Derivatives 

6.6.6.3.1 Opening of a 3,4-Epoxide to a 3,4-Diol 

Methyl 1-azido-1-deoxy-α-D-fructofuranoside (273) and methyl 3,4-anhydro-1-
azido-1-deoxy-α-D-tagatofuranoside (275)  

 
Method A: 

To a solution of 1-azido-3,4-epoxide-6-O-TBDPS derivative 194 (121 mg, 0.275 mmol) 

in AR THF (3 mL), at rt, was added 5% aq. KOH (926 µL, 0.825 mmol, 3 eq.), and the 

solution was irradiated under MW conditions, at 150 °C, for 2 h (x 2), then at 170 °C, 

up to 17 bar, for 2 h, with the reaction progress monitored by TLC.  The reaction 

mixture was neutralised with Amberlite IR-120 (H+) resin, filtered, and the resin was 

washed with MeOH, then the filtrate and washings were combined and concentrated.  

The crude material was purified by flash column chromatography (2:1 → 5:1, 

EtOAc:hexanes) to afford the 1-azido-3,4-diol derivative 273 as a clear amorphous 

mass (40 mg, 66% yield) and 1-azido-3,4-epoxide derivative 275 as a clear amorphous 

mass (3.7 mg, 7% yield).   

273: Rf 0.11 (2:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 2.75 – 3.25 (3H, bs, 

C-3 OH, C-4 OH, C-6 OH), 3.36 (3H, s, OCH3), 3.50 (1H, d, J1,1' 13.5 Hz, H-1), 3.60 

(1H, d, J1',1 13.5 Hz, H-1'), 3.80 (1H, dd, J6,5 2.4, J6,6' 12.0 Hz, H-6), 3.87 (1H, dd, J6',5 

2.4, J6',6 12.0 Hz, H-6'), 4.02 (1H, d, J3,4 0.9 Hz, H-3), 4.07 (1H, bd, J4,5 2.4 Hz, H-4), 

4.13 (1H, ddd, J5,4 = J5,6 = J5,6' 2.4 Hz, H-5); 13C NMR (75.5 MHz, CDCl3): δ 47.1 (C-1), 

48.8 (OCH3), 61.9 (C-6), 78.6 (C-4), 78.9 (C-3), 87.6 (C-5), 110.0 (C-2); LRMS m/z 
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242 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+Na]+ (C7H13O5N3Na+) requires m/z 

242.0747, found 242.0743.   

275: Rf 0.40 (2:1, EtOAc:hexanes); 1H NMR (300 MHz, CDCl3): δ 2.12 (1H, bs, C-6 

OH), 3.29 (1H, d, J1,1' 13.2 Hz, H-1), 3.35 (3H, s, OCH3), 3.60 (1H, d, J1',1 13.2 Hz, 

H-1'), 3.73 (1H, d, J3,4 3.0 Hz, H-3), 3.80 (1H, bd, J4,3 3.0 Hz, H-4), 3.82 (2H, d, J6/6',5 

5.7 Hz, H-6/6'), 4.19 (1H, td, J5,4 0.6, J5,6/6' 5.7 Hz, H-5); 13C NMR (75.5 MHz, CDCl3): 

δ 49.4 (C-1), 49.6 (OCH3), 55.4 (C-4), 57.1 (C-3), 61.7 (C-6), 77.9 (C-5), 104.8 (C-2); 

LRMS m/z 224 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+Na]+ (C7H11O4N3Na+) 

requires m/z 224.0642, found 224.0643.   

 
Method B:   

Prepared by the general method for 6-O-TBDPS removal (Section 6.6.5), by reaction of 

the 1-azido-3,4-epoxide-6-O-TBDPS derivative 194 (240 mg, 0.546 mmol).  The crude 

material was purified by flash column chromatography (3:2 → 1:1, hexanes:EtOAc) to 

afford the 6-hydroxy-3,4-epoxide derivative 275 as a clear pale yellow amorphous mass 

(102 mg, 93% yield).  1H NMR data of 275 was consistent with the previously 

synthesised authentic material.  To a solution of 275 (102 mg, 0.507 mmol) in THF (1.5 

mL), was added 5% aq. KOH (1.15 mL, 1.02 mmol, 2 eq.), and the solution was reacted 

under MW conditions, at 150 °C, up to 9 bar, for 5 h.  The crude product was purified 

by flash column chromatography (2:1 → 5:1, EtOAc:hexanes) to afford 273 (59 mg, 

53% yield) and 275 (21 mg, impure, < 21% yield). 

 

1-(Methyl 1'-deoxy-α-D-fructofuranoside)-1H-1,2,3-triazole-4-carboxylic acid (276) 

 
To a solution of methyl ester derivative 269 (59 mg, 0.112 mmol) in AR THF (1.5 mL), 

was added 5% aq. KOH (628 µL, 0.560 mmol, 5 eq.).  The mixture was irradiated under 

MW conditions, at 150 °C, 11 bar, for 3 h.  The reaction mixture was neutralised with 

Amberlite IR-120 (H+) resin, the resin was filtered, washed with H2O, then the filtrate 

and washings were combined and concentrated.  The crude material was purified by 

reversed phase chromatography (H2O), followed by flash column chromatography 
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(7:3:1, EtOAc:MeOH:H2O), to afford the fully deprotected 3,4-diol carboxylic acid 

derivative 276 as a white foam (25 mg, 76% yield).  Rf 0.53 (15:4:1, 

i-PrOH:H2O:AcOH); 1H NMR (600 MHz, D2O): δ 3.23 (3H, s, OCH3), 3.55 (1H, dd, 

J6'a,5' 6.0, J6'a,6'b 12.6 Hz, H-6'a), 3.68 (1H, dd, J6'b,5' 3.0, J6'b,6'a 12.6 Hz, H-6'b), 3.80 (1H, 

dd, J4',3' 3.0, J4',5' 5.4 Hz, H-4'), 3.87 (1H, ddd, J5',4' 5.4, J5',6'a 6.0, J5',6'b 3.0 Hz, H-5'), 3.89 

(1H, d, J3',4' 3.0 Hz, H-3'), 4.63* (1H, d, J1'a,1'b 14.4 Hz, H-1'a), 4.69* (1H, d, J1'b,1'a 14.4 

Hz, H-1'b), 8.34 (< 1H, D2O exchangeable, bs, H-5); 13C NMR (100 MHz, D2O): δ 48.7 

(OCH3), 49.1 (C-1'), 61.2 (C-6'), 77.0 (C-3'), 79.0 (C-4'), 84.3 (C-5'), 106.9 (C-2'), 

128.5 (C-5), 144.6 (C-4), 163.3 (CO2H); LRMS m/z 312 ([M+Na]+, 100%); HRMS 

(ESI): calcd for [M+H]+ (C10H16O7N3
+) requires m/z 290.0983, found 290.0988.  

* Additional 1H spectrum acquired in CD3OD to assign H-1'a/1'b peaks. 

 

6.6.6.3.2 C-1' 4-Substituted 1,2,3-Triazoles 

Ethyl 1-(methyl 1'-deoxy-α-D-fructofuranoside)-1H-1,2,3-triazole-4-carboxylate 
(277) 

 
Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 1-azido derivative 273 (90 mg, 0.410 mmol) with ethyl propiolate (84 

µL, 0.826 mmol, 2 eq.).  The crude material was purified by flash column 

chromatography (EtOAc) to afford the ethyl ester derivative 277 as a clear sticky gum 

(93 mg, 72% yield).  Rf 0.16 (EtOAc); 1H NMR (300 MHz, CD3OD): δ 1.38 (3H, t, Jvic 

7.2 Hz, CO2CH2CH3), 3.34 (3H, s, OCH3), 3.65 (1H, dd, J6'a,5' 4.2, J6'a,6'b 11.7 Hz, H-6'a), 

3.77 (1H, dd, J6'b,5' 2.7, J6'b,6'a 11.7 Hz, H-6'b), 3.91 – 3.97 (3H, m, H-3', 4', 5'), 4.39 (2H, 

q, Jvic 7.2 Hz, CO2CH2CH3), 4.72 (1H, d, J1'a,1'b 14.7 Hz, H-1'a), 4.79 (1H, d, J1'b,1'a 14.7 

Hz, H-1'b), 8.54 (< 1H, D2O exchangeable, s, H-5); 13C NMR (75.5 MHz, CD3OD): 

δ 14.5 (CO2CH2CH3), 49.1 (OCH3), 51.1 (C-1'), 62.3 (CO2CH2CH3), 62.7 (C-6'), 78.8 

(C-4'), 81.0 (C-3'), 86.1 (C-5'), 108.1 (C-2'), 130.8 (C-5), 140.4 (C-4), 162.0 

(CO2CH2CH3); LRMS m/z 340 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+Na]+ 

(C12H19O7N3Na+) requires m/z 340.1115, found 340.1113. 
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1-(Methyl 1'-deoxy-α-D-fructofuranoside)-(N,N-diethylaminomethyl)-1H-1,2,3-
triazole (278) 

 
Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 1-azido derivative 273 (26 mg, 0.117 mmol) with 3-diethylamino-

1-propyne (35 µL, 0.252 mmol, 2 eq.).  The crude material was purified by reversed 

phase chromatography (H2O) to afford the N,N-diethylamino derivative 278 as a pale 

yellow gum (26 mg, 67% yield).  Rf 0.09 (7:3:1, EtOAc:MeOH:H2O); 1H NMR (300 

MHz, D2O, 313 K*): δ 1.11 (6H, t, Jvic 7.2 Hz, N(CH2CH3)2), 2.57 (4H, q, Jvic 7.2 Hz, 

N(CH2CH3)2), 3.37 (3H, s, OCH3), 3.71 (1H, dd, J6'a,5' 5.7, J6'a,6'b 12.3 Hz, H-6'a), 3.84 

(1H, dd, J6'b,5' 3.3, J6'b,6'a 12.3 Hz, H-6'b), 3.88 (2H, bs, triazole-CH2N), 3.95 (1H, dd, J4',3' 

3.6, J4',5' 5.7 Hz, H-4'), 4.03 (1H, ddd, J5',4' = J5',6'a 5.7, J5',6'b 3.3 Hz, H-5'), 4.07 (1H, d, J3',4' 

3.6 Hz, H-3'), 4.73** (1H, d, J1'a,1'b 14.7 Hz, H-1'a), 4.81** (1H, d, J1'b,1'a 14.7 Hz, H-1'b), 

8.04 (< 1H, D2O exchangeable, s, H-5); 13C NMR (75.5 MHz, D2O): δ 10.3 

(N(CH2CH3)2), 45.1 (triazole-CH2N), 46.1 (N(CH2CH3)2), 48.6 (OCH3), 49.1 (C-1'), 

61.2 (C-6'), 77.0 (C-4'), 79.2 (C-3'), 84.2 (C-5'), 106.9 (C-2'), 126.7 (C-5), 142.0 (C-4); 

LRMS m/z 331 ([M+H]+, 100%), 353 ([M+Na]+, 31%); HRMS (ESI): calcd for [M+H]+ 

(C14H27O5N4
+) requires m/z 331.1976, found 331.1981.  * 1H NMR spectrum was 

acquired at 313 K and calibrated to 4.607 ppm for HOD.636  ** Partially obscured by the 

HOD peak at 298 K. 

 

1-(Methyl 1'-deoxy-α-D-fructofuranoside)-1H-1,2,3-triazole-4-carboxamide (279) 

 
A solution of ethyl ester derivative 277 (69 mg, 0.218 mmol) in 2 M NH3/MeOH (5 

mL) at rt, under Ar, in a sealed vessel, was stirred for 8 d, then concentrated.  The crude 

material was purified by flash column chromatography (20:1, EtOAc:MeOH) to afford 

the 3',4'-diol carboxamide derivative 279 as a clear amorphous mass (56 mg, 89% 
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yield).  Rf 0.11 (20:1, EtOAc:MeOH); 1H NMR (300 MHz, D2O): δ 3.40 (3H, s, OCH3), 

3.72 (1H, dd, J6'a,5' 5.7, J6'a,6'b 12.3 Hz, H-6'a), 3.86 (1H, dd, J6'b,5' 3.0, J6'b,6'a 12.3 Hz, 

H-6'b), 3.99 (1H, dd, J4',3' 3.6, J4',5' 5.7 Hz, H-4'), 4.05 (1H, ddd, J5',4' = J5',6'a 5.7, J5',6'b 3.0 

Hz, H-5'), 4.08 (1H, d, J3',4' 3.6 Hz, H-3'), 4.81* (1H, d, J1'a,1'b 15.0 Hz, H-1'a), 4.88 (1H, 

d, J1'b,1'a 15.0 Hz, H-1'b), 8.52 (< 1H, D2O exchangeable, s, H-5); 13C NMR (75.5 MHz, 

D2O): δ 48.7 (OCH3), 49.4 (C-1'), 61.1 (C-6'), 76.9 (C-4'), 78.9 (C-3'), 84.2 (C-5'), 106.7 

(C-2'), 128.6 (C-5), 141.4 (C-4), 164.1 (C(O)NH2); LRMS m/z 311 ([M+Na]+, 100%); 

HRMS (ESI): calcd for [M+H]+ (C10H17O6N4
+) requires m/z 289.1143, found 289.1146.  

* Peak was partially obscured by the HOD peak; the chemical shift, integration and 

coupling constants were confirmed by acquiring an additional 1H spectrum at 313 K.  

The 1H NMR spectrum acquired at 313 K was calibrated to 4.607 ppm for HOD.636 

 

6.6.6.4 1,2,3-Triazole Series: Modifications at C-4' 

6.6.6.4.1 Installation of a C-4' Azide 

1-(Methyl 4'-azido-1',4'-dideoxy-α-D-fructofuranoside)-1H-1,2,3-triazole-4-
carboxamide (280) 

 

To a solution of the 3',4'-epoxide derivative 272 (204 mg, 0.755 mmol) in a mixture of 

AR EtOH (3 mL) and H2O (1 mL), at rt, was added NaN3 (98 mg, 1.51 mmol, 2 eq.) and 

NH4Cl (89 mg, 1.66 mmol, 2.2 eq.), then the reaction was heated to reflux and stirred 

for 2 d.  The reaction mixture was allowed to cool to rt, and concentrated.  The crude 

material was adsorbed onto non-flash silica and purified by flash column 

chromatography (10:1, EtOAc:hexanes → EtOAc) to afford the 4'-azido carboxamide 

derivative 280 as a clear amorphous mass (185 mg, 78% yield).  Rf 0.33 (EtOAc); 1H 

NMR (400 MHz, CD3CN): δ 3.28 (3H, s, OCH3), 3.58 – 3.74 (3H, m, H-6'a/6'b, C-6' 

OH; resolved upon D2O exchange to: 3.60 [1H, dd, J6'a,5' 4.0, J6'a,6'b 12.0 Hz, H-6'a], 3.70 

[1H, dd, J6'b,5' 3.6, J6'b,6'a 12.0 Hz, H-6'a]), 3.82 (1H, dd, J4',3' 3.6, J4',5' 6.0 Hz, H-4'), 3.95 

(1H, ddd, J5',4' 6.0, J5',6'a 4.0, J5',6'b 3.6 Hz, H-5'), 4.06 (1H, dd, J3',4' 3.6, J3',OH 5.6 Hz, H-3'), 

4.64 (< 1H, D2O exchangeable, bd, JOH,3' 5.6 Hz, C3' OH), 4.65 (1H, d, J1'a,1'b 14.8 Hz, 
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H-1'a), 4.75 (1H, d, J1'b,1'a 14.8 Hz, H-1'b), 6.18, 7.43 (< 2H, D2O exchangeable, 2 x bs, 

NH2), 8.28 (1H, s, H-5); 13C NMR (100 MHz, CD3CN): δ 49.4 (OCH3), 50.2 (C-1'), 

62.1 (C-6'), 67.8 (C-4'), 79.3 (C-3'), 83.2 (C-5'), 108.0 (C-2'), 128.6 (C-5), 143.6 (C-4), 

163.1 (C(O)NH2); LRMS m/z 336 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ 

(C10H16O5N7
+) requires m/z 314.1207, found 314.1210. 

 
6.6.6.4.2 Installation of a C-4' Amine 

1-(Methyl 4'-amino-1',4'-dideoxy-α-D-fructofuranoside)-1H-1,2,3-triazole-4-
carboxamide (281) 

 
To a solution of 4'-azido derivative 280 (97 mg, 0.309 mmol) in MeOH/H2O (1:1, 6 

mL) at rt, was added Zn powder (93 mg, 1.42 mmol, 4.6 eq.) and NH4Cl (69 mg, 1.29 

mmol, 4.2 eq.), and the reaction mixture was stirred for 1 h.  The reaction mixture was 

filtered through Celite, washing with MeOH, then the filtrate and washings were 

combined and concentrated.  The crude material was purified by flash column 

chromatography (7:3:1, EtOAc:MeOH:H2O) to afford the 4'-amino derivative 281 as a 

clear amorphous mass in quantitative yield (119 mg, > 100% yield).  A portion of this 

was further purified by HPLC (Phenomenex Synergi Hydro-RP column 250 x 10 mm; 

0.1% CH3CN in H2O as the mobile phase) to afford 29 mg, equivalent to 87% yield, of 

281.  The HPLC purified material was utilised for the purposes of biological evaluation, 

while the impure material was reacted on without further purification.  Rf 0.24 (7:3:1, 

EtOAc:MeOH:H2O); 1H NMR (400 MHz, D2O): δ 3.46 (3H, s, OCH3), 3.66 (1H, dd, 

J4',3' 0.8, J4',5' 3.6 Hz, H-4'), 3.82 (1H, dd, J6'a,5' 5.6, J6'a,6'b 12.4 Hz, H-6'a), 3.91 (1H, dd, 

J6'b,5' 3.6, J6'b,6'a 12.4 Hz, H-6'b), 4.13 (1H, d, J3',4' 0.8 Hz, H-3'), 4.31 (1H, ddd, J5',4' = J5',6'a 

5.6, J5',6'b 3.6 Hz, H-5'), 4.90 (1H, d, J1'a,1'b 14.8 Hz, H-1'a), 5.06 (1H, d, J1'b,1'a 14.8 Hz, 

H-1'b), 8.53 (1H, s, H-5); 13C NMR (100 MHz, D2O): δ 47.0 (C-1'), 48.9 (OCH3), 57.6 

(C-4'), 61.1 (C-6'), 76.2 (C-3'), 82.1 (C-5'), 108.1 (C-2'), 128.6 (C-5), 141.6 (C-4), 164.1 

(C(O)NH2); LRMS m/z 310 ([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ 

(C10H18O5N5
+) requires m/z 288.1302, found 288.1307. 
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6.6.6.4.3 C-4' 1,2,3-Triazole Modifications 

1-{Methyl 4'-[4"-(2-carboxyethyl)-1"H-1",2",3"-triazol-1"-yl]-1',4'-dideoxy-α-D-
fructofuranoside}-1H-1,2,3-triazole-4-carboxamide (282) 

 
Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of the 4'-azido derivative 280 (50 mg, 0.160 mmol) with 4-pentyonoic acid 

(31 mg, 0.316 mmol, 2 eq.).  The crude material was purified by flash column 

chromatography (3:1:0.1, EtOAc:MeOH:H2O), then HPLC (Phenomenex Synergi 

Hydro-RP column 250 x 10 mm; 88:12 to 80:20, 0.05% TFA:CH3CN as the mobile 

phase) to afford the carboxylic acid-bearing 1',4'-bis-triazole derivative 282 (37 mg, 

56% yield) as a white powder after lyophilisation.  Rf 0.16 (3:1:0.1, 

EtOAc:MeOH:H2O); 1H NMR (400 MHz, D2O): δ 2.77, 3.02 (2 x 2H, 2 x t, Jvic 7.2 Hz, 

2 x CH2), 3.47 (3H, s, OCH3), 3.75 (1H, dd, J6'a,5' 4.8, J6'a,6'b 12.8 Hz, H-6'a), 3.91 (1H, 

dd, J6'b,5' 3.2, J6'b,6'a 12.8 Hz, H-6'b), 4.54 – 4.58 (1H, m, H-5'), 4.56 (1H, d, J3',4' 4.4 Hz, 

H-3'), 4.94 (1H, d, J1'a,1'b 15.2 Hz, H-1'a), 5.02 (1H, d, J1'b,1'a 15.2 Hz, H-1'b), 5.03 (1H, 

dd, J4',3' 4.4, J4',5' 7.6 Hz, H-4'), 7.92, 8.56 (2 x 1H, 2 x s, H-5, H-5''); 13C NMR (100 

MHz, D2O): δ 19.8, 32.7 (2 x CH2), 48.7 (C-1'), 48.8 (OCH3), 60.2 (C-6'), 67.7 (C-4'), 

78.9 (C-3'), 81.2 (C-5'), 106.9 (C-2'), 123.1, 128.7 (C-5, C-5''), 141.5, 143.5 (C-4, C-4''), 

164.0 (C(O)NH2), 176.8 (CO2H); LRMS m/z 412 ([M+H]+, 100%), 434 ([M+Na]+, 

23%); HRMS (ESI): calcd for [M+H]+ (C15H22O7N7
+) requires m/z 412.1575, found 

412.1575. 
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1-{Methyl 1',4'-dideoxy-4'-[4"-(1-hydroxycyclopentyl)-1"H-1",2",3"-triazol-1"-yl]-
α-D-fructofuranoside}-1H-1,2,3-triazole-4-carboxamide (283) 

Prepared according to the general method for the CuAAC reaction (Section 6.6.5.1.4) 

by reaction of 4'-azido derivative 280 (48 mg, 0.154 mmol) with 

1-ethynylcyclopentanol (34 mg, 0.309 mmol, 2 eq.).  The crude material was purified

by flash column chromatography (20:1, EtOAc:MeOH) to afford the cyclopentanol-

bearing 1',4'-bis-triazole derivative 283 as a white powder after lyophilisation (52 mg, 

79% yield).  Rf 0.25 (20:1, EtOAc:MeOH); 1H NMR (400 MHz, CD3OD): δ 1.67 – 2.06 

(8H, m, cyclopentyl 4 x CH2), 3.35 (3H, s, OCH3), 3.61 (1H, dd, J6'a,5' 4.4, J6'a,6'b 12.4 Hz, 

H-6'a), 3.77 (1H, dd, J6'b,5' 3.2, J6'b,5' 12.4 Hz, H-6'b), 4.35 (1H, ddd, J5',4' 7.2, J5',6'a 4.4,

J5',6'b 3.2 Hz, H-5'), 4.40 (1H, d, J3',4' 4.4 Hz, H-3'), 4.79 (1H, d, J1'a,1'b 14.8 Hz, H-1'a), 

4.86 (1H, d, J1'b,1'a 14.8 Hz, H-1'b), 4.97 (1H, dd, J4',3' 4.4, J4',5' 7.2 Hz, H-4'), 7.83 (1H, s, 

H-5''), 8.41 (< 1H, D2O exchangeable, s, H-5); 13C NMR (100 MHz, CD3OD): δ 24.5,

41.9 (cyclopentyl 4 x CH2), 49.0 (OCH3), 50.2 (C-1'), 61.9 (C-6'), 62.8 (cyclopentyl C), 

69.2 (C-4'), 80.8 (C-3'), 83.4 (C-5'), 108.4 (C-2'), 121.9 128.9 (C-5, C-5''), 143.5, 156.3 

(C-4, C-4''), 179.6 (C(O)NH2); LRMS m/z 446 ([M+Na]+, 100%); HRMS (ESI): calcd 

for [M+H]+ (C17H26O6N7
+) requires m/z 424.1939, found 424.1946. 
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6.6.6.4.4 C-4' Acylamino Modification 

1-(Methyl 4'-acetamido-1',4'-dideoxy-α-D-fructofuranoside)-1H-1,2,3-triazole-4-
carboxamide (284) 

 
To a suspension of 4'-amino derivative 281 (34 mg, impure, equivalent to ~ 82.3 µmol) 

in CH3CN (1.5 mL) and 1 M aq. K2CO3 (0.82 mL, 0.820 mmol, 10 eq.), was added 

AcCl (88 µL, 1.24 mmol, 15 eq.) at rt, and the reaction was stirred for 16 h.  The 

reaction mixture was adsorbed onto non-flash silica and purified by flash column 

chromatography (3:1:0.1 → 7:3:1, EtOAc:MeOH:H2O) to afford recovered starting 

material (16 mg, 68% yield), and the 4'-acetamido derivative 284 as a white powder 

after lyophilisation (6.9 mg, 25% yield, or 76% yield based on recovered starting 

material).  Rf 0.64 (7:3:1, EtOAc:MeOH:H2O); 1H NMR (400 MHz, D2O): δ 1.99 (3H, 

s, NHAc), 3.42 (3H, s, OCH3), 3.73 (1H, dd, J6'a,5' 6.0, J6'a,6'b 12.4 Hz, H-6'a), 3.83 (1H, 

dd, J6'b,5' 3.2, J6'b,6'a 12.4 Hz, H-6'b), 3.98 (1H, d, J3',4' 3.2 Hz, H-3'), 4.08 (1H, ddd, J5',4' = 

J5',6'a 6.0, J5',6'b 3.2 Hz, H-5'), 4.12 (1H, dd, J4',3' 3.2, J4',5' 6.0 Hz, H-4'), 4.84 (1H, d, J1'a,1'b 

14.8 Hz, H-1'a), 4.95 (1H, d, J1'b,1'a 14.8 Hz, H-1'b), 8.52 (< 1H, D2O exchangeable, s, 

H-5). 13C NMR (100 MHz, D2O): δ 21.7 (NC(O)CH3), 48.5 (C-1'), 48.7 (OCH3), 57.6 

(C-4'), 61.6 (C-6'), 78.1 (C-3'), 82.8 (C-5'), 107.3 (C-2'), 128.6 (C-5), 141.5 (C-4), 164.2 

(C(O)NH2), 174.0 (NC(O)CH3); LRMS m/z 352 ([M+Na]+, 100%); HRMS (ESI): calcd 

for [M+H]+ (C12H20O6N5
+) requires m/z 330.1408, found 330.1414. 
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6.6.6.4.5 C-4' Sulfonylamino Modification 

1-[Methyl 1',4'-dideoxy-4'-(4-methylphenyl)sulfonylamino-α-D-fructofuranoside]-
1H-1,2,3-triazole-4-carboxamide (285) and 1-[methyl 1',4'-dideoxy-4'-(4-
methylphenyl)sulfonylamino-6'-(4-methylphenyl)sulfonyl-α-D-fructofuranoside]-
1H-1,2,3-triazole-4-carboxamide (286) 

 
Method A:   

To a suspension of 4'-amino derivative 281 (46 mg impure, equivalent to ~ 0.112 mmol) 

in CH3CN (1.5 mL), at 0 °C, was added p-TsCl (24 mg, 0.126 mmol, 1.1 eq.) and 1 M 

aq. K2CO3 (1.12 mL, 1.12 mmol, 10 eq.), then the reaction was warmed to rt and stirred 

for 6 d.  The reaction mixture was adsorbed onto non-flash silica and purified by flash 

column chromatography (7:3:1, EtOAc:MeOH:H2O; then 100:1 → 50:1, 

EtOAc:MeOH) to afford the impure recovered starting material 281 [30.5 mg, < 95% 

yield (even after re-purification in 7:3:1, EtOAc:MeOH:H2O)], 4'-N-tosyl derivative 

(5.1 mg, 10% yield), and 4',6'-N,O-di-tosyl derivative 286 (1.0 mg, 2% yield).  281 was 

re-reacted (via method B) without further purification.   

285: Rf 0.30 (50:1, EtOAc:MeOH); 1H NMR (400 MHz, CD3OD): δ 2.42 (3H, s, 

Ar-CH3), 3.33 (3H, s, OCH3), 3.44 (1H, dd, J6'a,5' 4.8, J6'a,6'b 12.0 Hz, H-6'a), 3.55 (1H, 

dd, J4',3' 2.4, J4',5' 5.2 Hz, H-4'), 3.58 (1H, dd, J6'b,5' 2.8, J6'b,6'a 12.0 Hz, H-6'b), 3.65 (1H, d, 

J3',4' 2.4 Hz, H-3'), 3.87 (1H, ddd, J5',4' 5.2, J5',6'a 4.8, J5',6'b 2.8 Hz, H-5'), 4.67 (1H, d, J1'a,1'b 

14.4 Hz, H-1'a), 4.81 (1H, d, J1'b,1'a 14.4 Hz, H-1'b), 7.35, 7.75 (2 x 2H, 2 x d, Jvic 8.0 Hz, 

Ar), 8.33 (1H, s, H-5); 13C NMR (100 MHz, CD3OD): δ 21.5 (Ar-CH3), 48.9 (C-1'), 

49.0 (OCH3), 62.6 (C-6'), 62.7 (C-4'), 79.8 (C-3'), 85.9 (C-5'), 108.9 (C-2'), 128.1, 

130.7, 139.6, 144.9 (Ar), 128.6 (C-5), 143.5 (C-4), 164.8 (C(O)NH2); LRMS m/z 464 

([M+Na]+, 100%); HRMS (ESI): calcd for [M+H]+ (C17H24O7N5S+) requires m/z 

442.1391, found 442.1394.   
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286: Rf 0.59 (50:1, EtOAc:MeOH); 1H NMR (400 MHz, CD3OD): δ 2.43, 2.47 (2 x 3H, 

2 x s, 2 x Ar-CH3), 3.27 (3H, s, OCH3), 3.39 (1H, dd, J4',3' 2.4, J4',5' 5.2 Hz, H-4'), 3.70 

(1H, d, J3',4' 2.4 Hz, H-3'), 3.91 (1H, ddd, J5',4' 5.2, J5',6' 6.4, J5',6'b 2.8 Hz, H-5'), 3.96 (1H, 

dd, J6'a,5' 6.4, J6'a,6'b 10.8 Hz, H-6'a), 4.03 (1H, dd, J6'b,5' 2.8, J6'b,6'a 10.8 Hz, H-6'b), 4.57 

(1H, d, J1'a,1'b 14.8 Hz, H-1'a), 4.70 (1H, d, J1'b,1'a 14.8 Hz, H-1'b), 7.35, 7.47, 7.71, 7.78 

(4 x 2H, 4 x d, Jvic 8.4 and 8.0 Hz, 2 x Ar), 8.27 (1H, s, H-5). 13C NMR (100 MHz, 

CD3OD): δ 21.5, 21.6 (2 x Ar-CH3), 49.0 (C-1'), 49.1 (OCH3), 62.9 (C-4'), 70.4 (C-6'), 

80.1 (C-3'), 82.3 (C-5'), 109.1 (C-2'), 128.1, 129.1, 130.7, 131.1, 134.2, 139.2, 145.1, 

146.7 (2 x Ar), 128.5 (C-5), 143.6 (C-4), 164.8 (C(O)NH2); LRMS m/z 618 ([M+Na]+, 

100%); HRMS (ESI): calcd for [M+H]+ (C24H30O9N5S2
+) requires m/z 596.1479, found 

596.1468. 

 

Method B:  

To a mixture of the 4'-amino derivative 281 (31 mg, ~ 0.106 mmol) in anh. CH3CN (2 

mL), at 0 °C, under Ar, was added p-TsCl (22 mg, 0.116 mmol, 1.1 eq.) and Et3N (30 

µL, 0.215 mmol, 2 eq.), then the reaction was stirred for 10 min.  The reaction mixture 

was allowed to warm to rt, and was stirred for a total of 3 h, then concentrated.  The 

crude material was adsorbed onto non-flash silica and purified by flash column 

chromatography (100:1 → 50:1, EtOAc:MeOH → 7:3:1, EtOAc:MeOH:H2O) to afford 

impure recovered starting material 281 (25 mg, impure, < 82% yield), the 4'-N-tosyl 

derivative 285 (10.0 mg, 21% yield), and 4',6'-N,O-di-tosyl derivative 286 (2.7 mg, 4% 

yield).  

 

6.7 DENV Inhibition Assay of Nucleoside Analogues 
Fluorescent focus forming infection assays (FFAs) were carried out by Mr Joseph 

Freitas in a similar manner to that reported in the literature by Mohan et al.637.  

Specifically, 48-well plates were seeded with Vero cells at 5 x 104 cells per well in 200 

µL of Opti-MEM I culture medium O/N at 37 °C with 5% CO2.  Cells were washed 

with PBS (x 1), then infected with DENV at an MOI 0.1 in 100 µL and incubated at 37 

°C with 5% CO2 for 90 min.  Innoculum was removed and wells were washed with PBS 

(x 1).  Compounds were diluted to 100 µM in culture media with 5% formaldehyde-

PBS (FBS) and tested in duplicate.  Ribavirin at 250 µM was used as positive control.  

Negative controls were uninfected cells and also infected non-treated cells.  200 µL of 

diluted compounds or ribavirin were added per well and incubated at 37 °C with 5% 
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CO2 for 48 h, then the supernatant (S/N) was collected and stored.  48-Well plates were 

seeded with Vero cells at 5 x 104 cells per well in a volume of 200 µL were incubated 

37 °C with 5% CO2 O/N.  S/N samples were thawed and diluted to 1 x 10-2 and 1 x 10-3 

in serum-free culture media.  Samples were tested for each dilution in duplicate.  Cells 

were washed with PBS (x 1) and 100 µL of diluted S/N added and incubated at 37 °C 

with 5% CO2 for 90 min.  Innoculum was removed and 200 µL of 0.8% methylcellulose 

in culture media with 2% fetal calf serum (FCS) added per well and incubated for 3 

days.  After 3 days, 200 µL of 4% paraformaldehyde (PFA) in PBS was added per well 

and the overlay was removed.  Cells were fixed with another 200 µL of 4% PFA added 

per well for 20 min.  Wells were washed with PBS (x 3) for 3 min each.  Cells were 

permeabilised with 200 µL 1% IGEPAL® for 20 min.  Wells were again washed with 

PBS (x 3) for 3 min each.  DENV was detected with 100 µL anti-DENV 3H5 primary 

antibody, diluted 1:300 in 4% skim milk powder in PBS added per well and incubated 

for 1 h in humid chamber at 28 °C.  Wells were washed with 0.02% TWEEN® 20 in 

PBS (x 3) for 3 min each.  100 µL of goat anti-mouse IgG-HRP secondary antibody 

diluted 1:2000 in 4% skim milk powder in PBS added per well and incubated for 1 h in 

a humid chamber at 28 °C.  Wells were washed with 0.02% TWEEN® 20 in PBS (x 3) 

for 3 min each.  100 µL of TrueBlue peroxidase substrate was added per well and 

incubated for 45 – 60 min.  Wells were washed with water and dried.  Plates were 

scanned and the foci counted.  Foci/mL were calculated using the 1x10-3 results. 

 

6.8 Influenza Virus H3N2 Assay of Nucleoside Analogues 
The influenza A virus (H3N2) assay was carried out by Dr Benjamin Bailly in a similar 

manner that described by Guillon et al.617  Madin-Darby canine kidney (MDCK) cells 

were maintained in Eagle’s minimum essential medium (EMEM) supplemented with 

penicillin/streptomycin and 5% FBS at 37 °C with 5% CO2. Influenza H3N2 virus 

(A/Perth/16/2009) was amplified in EMEM supplemented with penicillin/streptomycin 

and 1 µg/mL N-tosyl-L-phenylalanine (TPCK)-treated trypsin (infection medium), at 35 

°C with 5% CO2.  All conditions were tested in triplicate wells.  Confluent MDCK cells 

in 96-well plates were overlaid with 200 plaque forming units (pfu) per well of 

influenza H3N2 virus in infection medium without trypsin, and incubated for 1 h at 35 

°C with 5% CO2.  The innocula were discarded and replaced with drug dilutions (100 

µM final) in infection medium supplemented with trypsin.  Positive controls of 

infection received medium in place of drug dilution, while negative controls of infection 
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received medium in place of both virus and drug dilutions.  The cells were further 

incubated for 24 h at 35 °C with 5% CO2.  Cells from cell-based assays were fixed with 

a 4% paraformaldehyde solution in PBS for 20 min at room temperature.  They were 

washed with PBS (x 3) for 4 min and incubated with 1% IGEPAL® (cell 

permeabilisation) and 0.3% H2O2 (inactivation of endogenous peroxidases) in PBS for 

20 min at 37 °C.  The monolayers were washed as previously described and incubated 

with a 1:1000 dilution of anti-influenza virus nucleoprotein protein antibody (mouse, 

Bio-Rad ref: MCA400) in PBS/5% skim milk for 30 min at 37 °C.  The cells were 

washed with PBS/0.02% TWEEN® 20 (x 3) for 4 min and incubated with a 1:2000 

dilution of goat anti-Mouse IgG(H+L)-HRP-conjugated antibody (Bio-Rad, ref: 170–

6516) in PBS/5% skim milk for 30 min at 37 °C.  The monolayers were washed with 

PBS/0.02% TWEEN® 20 (x 3) for 4 min, and influenza virus-infected cells were 

detected by addition of 100 µL per well of BD OptEIA TMB substrate (BD 

Biosciences, San Jose, CA).  Enzymatic reactions were stopped with 50 µL per well of 

0.6 M H2SO4 in PBS.   The absorbance at 450 nm in each well was measured using a 

BioRad X-Mark Microplate Absorbance Spectrophotometer.  The average absorbance 

value from the negative control of infection was subtracted from all wells, and the 

resulting absorbance values were normalised to the average value of the positive control 

of infection.  Results were therefore expressed as percentage of control.  

 

6.9  Cytotoxicity Assay of Nucleoside Analogues 
The MTT assay was carried out by Dr Joseph Freitas in a similar manner to literature 

protocols.638,639  Briefly, 96-well plates were seeded with Vero cells at 1 x 104 cells per 

well in 100 µL and incubated O/N.  The next day, the compounds to be tested were 

thawed and dilutions were prepared in a separate 96-well plate.  Compounds were 

diluted in culture media with 2% FBS.  Each compound was tested in triplicate at 3 

different concentrations: 500, 250 & 100 µM.  Media was aspirated from wells and 100 

µL of diluted compound was added per well and incubated for 48 h.  48 h later, MTT 

stock was prepared at 5 mg/mL in PBS and filter sterilised.  Stock MTT was diluted to 1 

mg/mL with serum free culture media.  Media was aspirated from cells and 120 µL of 

MTT 1 mg/ml solution added per well and incubated for 3 – 4 h.  MTT 1 mg/ml 

solution was aspirated from cells and 100 µL DMSO was added per well.  The plate 

was covered with foil and placed on shaker at 400 rpm for 15 min.  The absorbance of 

the plate was read at 595 nm. 
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Appendix 
A: Selected NMR Spectra for the Synthesis of Neolactotetraose 
and Related Trisaccharides 

 

 

 

 

 

1H (600 MHz) NMR spectrum, with expansion, of 74 in CDCl3 (contains succinimde). 
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COSY (600 MHz) and 13C (DEPT, 151 MHz) NMR spectra of 74 in CDCl3 (contains 
succinimde). 
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1H (600 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 76 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 75 in CDCl3. 
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1H (600 MHz) and 13C (DEPTQ, 151 MHz) NMR spectra of 77 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 84 in CDCl3. 
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 1H (600 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 86 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 101 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 102 in D2O. 
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High temperature 1H NMR study of 102 from 300 K to 353 K in D2O.  Peak duplication due to 

rotamers are seen to coalesce at high temperatures.  1H NMR high temperature spectra use the 

calibration of the 300 K spectrum. 
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1H and expansion of COSY NMR spectra of 108 in CDCl3 at 300 MHz. 
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1H (600 MHz) and 13C (APT, 151 MHz) NMR spectra of 105 in D2O. 
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1H (600 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 106 in D2O. 
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1H NMR spectrum of 109 in MeOD at 300 MHz. 

 

1H NMR spectrum of 87 in CDCl3 at 300 MHz. 
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1H (600 MHz) and 13C (APT, 151 MHz) NMR spectra of 115 in D2O. 
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1H (600 MHz) and 13C (151 MHz) NMR spectra of 118 in D2O. 



409 

B: Selected STD NMR Spectra of Monovalent and Trivalent 
Displays of Carbohydrates 
 

 

 

 

 

 
1H and STD NMR spectra of 116.  STD NMR spectrum was obtained of MGTG3e in the 
presence of 100 g DENV-2 EGP DIII at a protein:ligand ratio of 1:100 with an on-resonance 
saturation of -1 ppm. 
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C: Selected NMR Spectra for the Synthesis of Methyl 
Fructoside-based Nucleoside Analogues 

 
1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 207 in CDCl3. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 212 in CDCl3. 



412 

 

 
1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 192 in CDCl3. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 218 in MeOD. 
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1H (300 MHz) and 13C (JMDO, 75.5 MHz) NMR spectra of 219 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 222 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 223 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 244 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 243 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 220 in D2O. 
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Comparison of NMR spectra of ring proton regions (4.5 to 3.2 ppm) of 244 (A1), 243 (A2), 220 
(C1), and 219 (C2) in D2O at 300 MHz. 
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1H (600 MHz) and 13C (JMOD, 151 MHz) NMR spectra of 227 in MeOD. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 251 in CDCl3.  13C spectrum 
contains residual EtOAc solvent. 
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1H (400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 260 in MeOD. 
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1H (400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 255 in CDCl3. 
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1H (400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 221 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 194 in CDCl3. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 270 in CDCl3. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 272 in D2O. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 271 in MeOD. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 275 in CDCl3. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 273 in CDCl3. 
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1H (300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 277 in MeOD. 
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1H (298 K, 300 MHz), 1H (313 K, 300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 279 
in D2O. 
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1H (298 K, 300 MHz), 1H (313 K, 300 MHz) and 13C (JMOD, 75.5 MHz) NMR spectra of 278 
in D2O. 
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1H (400 MHz) and 13C (100 MHz) NMR spectra of 276 in D2O. 
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1H (400 MHz), 1H (D2O exchanged, 400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 
280 in CD3CN. 
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1H (400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 281 in D2O. 
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1H (400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 283 in MeOD. 
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1H (400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 284 in D2O. 
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1H (400 MHz) and 13C (DEPTQ, 100 MHz) NMR spectra of 285 in MeOD. 
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D: Selected HPLC Traces 
86     

Purified on HPLC #1 
 Column:  Synergi Hydro-RP Phenomenex column 250 x10 mm 
     (A polar endcapped C18 column) 
 Column ID no.: P-SYN-HYD-028 
 Column Temp: 35ºC 

Flow rate:  3.0 mL/min 
Injection Volume: 100 µL (7 mg/0.8 mL) 
Wavelength:  210 nm 
Mobile Phase: A=Water; B=Acetonitrile 
Gradient: 
TIME  %A %B 
00.0  95.5 4.5 
15.2  95.5 4.5 
16.2  80 20  
21.0  80 20 
22.0  95.5 4.5 
27.0  95.5 4.5 
Runtime:  28 min 
Peak:   17.0 min  
 

Chromatogram (HPLC #1) 
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101 
 HPLC Purification Conditions 
 Column:  Synergi Hydro-RP column 250 x10 mm 
     (A polar endcapped C18 column)  
 Column ID no.: P-SYN-HYD-019 
 Column Temp: 40ºC 

Flow rate:  3 mL/min 
Injection Volume: 90 µL (~30 mg/750 µL water) 
Wavelength:  210 nm 
Mobile Phase: 99.5% Water: 0.5% Acetonitrile 
Peak 1:  13.92 mins 
Chromatogram (HPLC #1) 

 

102 
HPLC Conditions  

 Column:  Unison UK-Amino 250x10 mm 
 Column Temp: 46ºC 

Flow rate:  4.0 mL/min 
Sample conc.: 27 mg/1.5 mL (50 mM NH4 Formate, AcCN) 
Injection volume:  50 µL (for purifying on HPLC #2) 
Wavelength:  210 nm 
Mobile Phase: 88% Acetonitrile: 12% 100 mM ammonium formate  
Peak:   17.57 mins 
Chromatogram (HPLC #1) 

 min0 5 10 15 20

Norm.

0

100

200

300

400

500

600

 DAD1 A, Sig=210,10 Ref=360,30 (FAITH\CT543-13000015.D)
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4

Peak of Interest  (17.57 min)
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103       
Purified on HPLC #1 

 Column:  Aqua 5µ C18 Phenomenex Column 250 x 10 mm 
 Column ID no.: Rotavirus column 
 Column Temp: 35ºC 

Flow rate:  4 mL/min 
Injection Volume: 100 µL (20 mg/0.9 mL water) 
Wavelength:  210 nm 
Mobile Phase: A=Water; B=Acetonitrile 
Gradient: 
TIME   %A %B 
0.00   98.5 1.5 
16.5   98.5 1.5 
17.5   90.0 10 
22.5   90.0 10 
23.5   98.5 1.5 
 
Peak of Interest: 17.08 mins  
Collected peak at: 23.67 mins also 
Chromatogram (HPLC #1) 
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106 
Purified on HPLC #1 

 Column Temp: 46ºC 
Flow rate:  4 mL/min 
Injection Volume: 100 µL (~90 mg/1.5 mL water) 
Wavelength:  210 nm 
Mobile Phase: 73% Acetonitrile: 27% 50 mM ammonium formate  
 

Peak of Interest:  21 mins  
Also collected: 13 mins 
 

Chromatogram (HPLC #1) 
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244 and 243   

Purified on HPLC #1 
 Column:  Aqua 5µ C18 Phenomenex Column 250 x 10 mm 
 Column ID.:  P-SYN-HYD-031 
 Column Temp: 36 ºC 

Flow rate: 3 mL/min 
Injection Volume: 100 µL (<21 mg/0.7 mL) 
Wavelength:  200 nm 
Mobile Phase: 94%Water: 6%Acetonitrile 
Runtime:  16 mins 
 

Fractions Collected 
Fraction 1:  8.05 – 8.59 mins  
Fraction 2:  13.37 – 14.11 mins 
Chromatogram (HPLC #1) 

 
Peak 1 Spectrum at 8.29 mins 

 
Peak 2 Spectrum at 13.64 mins 
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220 and 219       
Purified on HPLC #1 

 Column:  Aqua 5µ C18 Phenomenex Column 250 x 10 mm 
 Column ID.:  P-SYN-HYD-031 
 Column Temp: 38 ºC 

Flow rate: 3 mL/min 
Injection Volume: 100 µL (<22 mg/0.5 mL) 
Wavelength:  196 nm 
Mobile Phase: 97.2%Water: 2.8%Acetonitrile 
Runtime:  21 mins 
 
Fractions Collected 
Fraction 1:  Peak at 11.4 mins  
Fraction 2:  Peak at 17.81 mins  
 

Chromatogram (HPLC #1) 

 
Fraction 1 Spectrum at 11.4 mins 

 

Fraction 2 Spectrum at 17.8 mins 
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227         

Purified on HPLC #1 
 Column:  Synergi Hydro-RP Phenomenex column 250 x10 mm 5µm 
     (A polar endcapped C18 column 5µm) 
 Column ID.:  P-SYN-HYD-032 
 Column Temp: 37ºC 

Flow rate: 3.1 mL/min  
Injection Volume: 50 µL (<46 mg/1.3 mL) 
Wavelength:  196 nm  
Mobile Phase: B=Methanol; C= Water; D= Acetonitrile 
Gradient: 
TIME   %B %C %D 
0.0   5 75 20 
5.0   5 75 20 
6.0 28 52 20 
12 28 52 20 
13 5 75 20 
Runtime: 18 mins 
227 Peak: 7.79 mins 
Impurity Peak: 14.15 mins 
Chromatogram (HPLC #1) 

 

227 Peak Spectrum at 7.79 mins 

 
Impurity Peak Spectrum at 14.15 mins 
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226    
Purified on HPLC #1 

 Column:  Synergi Hydro-RP Phenomenex column 250 x10 mm 
 Column ID.:  P-SYN-HYD-034 
 Column Temp: 37ºC 

Flow rate: 3.2 mL/min  
Injection Volume: 80 µL (~33 mg/1.65 mL) 
Wavelength:  194 nm 
Mobile Phase: A= Water; B= Acetonitrile 
Gradient: 
TIME   %A %B  
0.0   14 86  
12   14 86 
12.5   20 80 
17.5   20 80 
18   14 86 
Runtime: 24 mins 
Impurity Peak: 9.4 mins 
 
CT849.35 Peak: 13.2 mins 
Chromatogram (HPLC #1) 

 
 
CT849.35 Peak Spectrum at 13.2 mins (imp. peak at 9.4 mins looks similar) 
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*DAD1, 13.213 (302 mAU, - ) Ref=13.013 & 16.039 of 80 L000004.D

13.2 mins
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225             
Purified on HPLC #1 

 Column:  Synergi Hydro-RP Phenomenex column 250 x10 mm 
 Column ID.:  P-SYN-HYD-032 
 Column Temp: 36ºC 

Flow rate: 3 mL/min  
Injection Volume: 80 µL (~56 mg/1.6 mL) 
Wavelength:  194 nm 
Mobile Phase: A= Water; B= Acetonitrile 
Gradient: 
TIME   %A %B  
0.0   8 92  
3.5   8 92 
4.0   15 85 
9.0   15 85 
10   8 92 
 

Runtime:  16.5 mins 
225 Peak: 4.35 mins 
 

Chromatogram (HPLC #1) 

 
 

225 Peak Spectrum at 4.35 mins 
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*DAD1, 4.354 (737 mAU,Apx) Ref=0.007 & 16.447 of 80 L000015.D

4.35 mins
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281             
Purified on HPLC #1 

 Column:  Synergi Hydro-RP Phenomenex column 250 x10 mm 
 Column ID.:  P-SYN-HYD-034 
 Column Temp: 35ºC 

Flow rate: 3 mL/min  
Injection Volume: 70 µL (~46 mg/0.7 mL) 
Wavelength:  194 nm 
Mobile Phase: 99.9% Water: 0.1% Acetonitrile 
Runtime:  15 mins 
Salt/Impurity:  4.08 mins 
 
281 Peaks: 8.9 mins and 9.9 mins 
 

Chromatogram (HPLC #1) 

 
 

281 Peak Spectrum at 9.9 mins   Impurity Peak Spectrum at 4.09 mins 
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282 
Purified on HPLC #1 
Column: Synergi Hydro-RP Phenomenex column 250 x10 mm 
Column ID.: P-SYN-HYD-034 
Column Temp: 36ºC 
Flow rate: 3 mL/min 
Injection Volume: 100 µL (~28.1 mg/1 mL) and 130 µL (~36.8 mg/1.6 mL) 
Wavelength:  212 nm 
Mobile Phase: A= 0.05%TFA; B= Acetonitrile 
Gradient: 
TIME %A %B 
0.0 88 12 
6.0 88 12 
6.5 80 20 
10 80 20 
10.5 88 12 
Runtime: 17 mins 
Salt/Impurity: 4.08 mins 

282 Peaks: 8.9 mins and 9.9 mins 
Chromatogram (HPLC #1) 

282 Peak Spectrum at 9.97 mins 
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