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constants and assignment values are reported, whilst two-dimensional COSY, HSQC and 

HMBC spectra were used to aid assignment. 1H coupling constants are reported in their 

entirety for each peak seen within a spectrum. Mass spectral analysis was performed using a 

Bruker esquire 3000 electrospray ionisation mass spectrometer. IR spectral analysis was 

performed using a Bruker Alpha Fourier Transform Infra-Red spectrometer. X-Ray 

crystallography was performed using Oxford-Diffraction GEMINI S Ultra CCD 

diffractometer (Mo-K radiation, graphite monochromation) utilizing CrysAlis software. 
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Clarification on nomenclature 

With regards to the majority of chemicals discussed in this thesis, standard IUPAC 

nomenclature, as well as common names are used. For the nonulosonic acids, both pre-

existing and those synthesized within this project, the standard name used will follow the 

template: 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-nonulosonic acid (for Neu5Ac), 

however simple modifications upon a nonulosonic acid with a common name may be referred 

to as such within the text (e.g. 7-epi-legionaminic acid or 7-epi-leg instead of 5,7-

diacetamido-3,5,7-trideoxy-D-glycero-L-altro-nonulosonic acid), however full names are 

given in the experimental sections for all synthesized chemicals. 

With regards to numbering of these chemicals, the standard approach is to number 

nonulosonic acids C1-C9 starting at the carboxylic acid, proceeding around the carbons of 

the heterocyclic ring, and down the glycerol side chain to the terminal CH2OH as shown 

below in Figure 0.1 on the left-hand side. Another group of chemicals discussed within this 

thesis are the dihydro-1,3-oxazines. With these compounds, the standard approach is to 

number positions 1-6 starting at the oxygen, proceeding towards the nitrogen for position 

three, and around the remainder of the ring as shown in the centre of Figure 0.1. The difficulty 

with this is with the numbering and nomenclature of the nonulosonic acid oxazine derivatives 

synthesised within this project. For the purposes of this thesis, these chemicals will be 

referred to, for example as dihydro-1,3-(5-acetamido-3,5-dideoxy-D-glycero-D-galacto-

nonulosonic) oxazine (for the oxazine derivative of Neu5Ac). The oxazine was selected as 

the parent compound for the nomenclature, as the oxazine ring is unsaturated, and possesses 

two points of heterogeneity, giving it a higher priority than sialic acid. For the numbering of 

the molecule, both sets of numbering (C1-C9 of the sialic acid and positions 1-6 of the 

oxazine) will be used in discussion, with C5-C7 and positions 4-6 being equivalent as shown 

in Figure 0.1 on the right-hand side. 

 
Figure 0.1. Numbering systems for nonulosonic acids (red) and oxazines (blue). 
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Abstract 

This thesis describes the results of a PhD project aimed at researching a new synthetic 

pathway towards legionaminic acid analogues. Legionaminic acid is a bacterial family of 

nonulosonic acids expressed in a terminal position on the flagellar glycans and are considered 

to be a virulence factor in the pathogenic bacteria that possess them. At the outset of this 

project several examples of Leg synthesis had been published. Whilst three syntheses of Leg 

derivatives have been published while the research described in this thesis was being carried 

out, the potential of all the published syntheses of Leg to efficiently generate C-7 analogues 

is very limited. There are a number of C-7 analogues of legionaminic acid that occur in 

nature, and additionally it is the functionality at C-7 which primarily separates the bacterial 

nonulosonic acids from the those found in animals (in addition to being 9-deoxy). It was 

therefore the goal of this project to develop a synthetic chemical pathway that is adaptable 

towards a number of C-7 analogues of legionaminic acid, and potentially other analogues 

that may be considered of value. It was also key to our approach that we were able to produce 

these analogues of legionaminic acid from a common precursor. 

Chapter one of this thesis introduces in detail the literature background of the nonulosonic 

acids, in particular the bacterial nonulosonic acids pseudaminic acid, legionaminic acid, and 

the recently discovered acinetaminic acid. It discusses the natural occurrence of these 

molecules and gives a complete overview of all existing synthetic pathways: chemical, 

enzymatic, and chemoenzymatic. 

Chapter two describes our initial approach towards the synthesis of legionaminic acid and   

7-epi-legionaminic acid. N-Acetylneuraminic acid was selected as the starting material due 

to its commercial availability and structural similarities to legionaminic acid. The 

transformations required to convert Neu5Ac to legionaminic acid were the deoxygenation of 

carbons seven and nine, and the introduction of an acetamide to carbon seven. We based our 

initial approach on the synthesis of 8-epi-pseudaminic acid previously completed in our 

group. To this end, Neu5Ac was selectively protected to leave the only free hydroxyl group 

at carbon seven, which was activated and displaced with a nitrogen nucleophile. The 

remainder of the approach consisted of the removal of the protecting groups, acylation of the 

C-7 nitrogen, and deoxygenation of carbon nine, however the deoxygenation step provided 

us with insurmountable difficulties. 
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In chapter three, the investigation into the synthesis of Leg2en analogues is discussed. 

Analogues of nonulosonic acids with a double bond between carbons two and three have 

proven to be of value in the past, and with the discovery of a putative glycohydrolase enzyme 

for pseudaminic acid, Leg2en and Pse2en analogues could well prove to be just as valuable. 

An analogous approach to that discussed in chapter 2 is taken, with the difference being that 

Neu5Ac is converted to Neu5Ac2en prior to selective protection and the introduction of the 

C-7 nitrogen. Once again, the acetamido functionality was successfully introduced to carbon 

seven, but the deoxygenation of carbon nine could not be accomplished. 

In chapter four, a revised approach towards legionaminic acid and 7-epi-legionaminic acid is 

described. This approach avoided the previously encountered problems with C-9 

deoxygenation by performing it early in the synthesis and introducing the nitrogen 

functionality to C-7 of 9-deoxy-Neu5Ac. With this new approach, 7-epi-legionaminic acid 

and legionaminic acid were both successfully synthesised, with the functionalisation of the 

C-7 nitrogen step being performed at the very end of the synthesis, prior only to the removal 

of protecting groups. This therefore allows for the investigation into a number of different 

functionalisation steps that could be performed on the protected 7-amino-legionaminic acid 

substrate. 

The final chapter, chapter five, details our investigations into an interesting and important 

by-product that we isolated during the activation of the C-7 hydroxyl on multiple substrates. 

This by-product was identified as a dihydro-1,3-oxazine derivative, which had formed 

between carbon seven and the acetamide of carbon five. We explored the different conditions 

under which this by-product formed and found that we could control relatively well whether 

the C-7 activated Neu5Ac would convert to the oxazine by changing the base used, and in 

what proportions. We also investigated opening this oxazine by-product, with the hope that 

we could use its inverted stereochemistry as an avenue towards legionaminic acid 

stereochemistry, which we were eventually able to do. 
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Chapter 1 

Introduction 

1.1 Nonulosonic acids in nature – sialic acids 

The nonulosonic acid class of sugars consists of 9-carbon α-keto acid carbohydrate 

monomers.  The most abundant family of nonulosonic acids in nature is the sialic acids1,2. 

More than fifty naturally occurring derivatives of sialic acid have been found across all 

domains of cellular organisms1,3, the most abundant of which is N-acetylneuraminic acid 

(Neu5Ac, 101) (Figure 1.1).  In addition, the sialic acids have been discovered in nearly all 

mammalian tissues and are believed to be heavily involved in numerous diseases.  Synthetic 

neuraminic acid analogues have been investigated by many groups as potential 

pharmaceuticals, with the most notable example being Zanamivir (103), a Neu5Ac2en (102) 

derivative that is used to treat influenza virus by inhibiting the neuraminidase enzyme4.  

However, sialic acids are not limited to the cells of mammals, and have been discovered 

naturally occurring within the cells of species as diverse as fish, insects, and both non-

pathogenic and pathogenic prokaryotes2,5,6.   

 
Figure 1.1. Structures of Neu5Ac, Neu5Ac2en, and Zanamivir, with highlighted carboxylic acid 

functionality (red), hemiketal functionality (green), six-membered heterocyclic ring (blue), and 

glycerol side chain (pink). 

The term ‘sialic acid’ has been used since 1957 to refer to acetylated neuraminic acids, such 

as Neu5Ac (101). This was to differentiate between various other names being used to 

describe similar compounds7. It was decided that neuraminic acid would describe the 

unsubstituted amino sugar, and that for the enzyme that splits the glycosidic linkage, 

neuraminidase and sialidase could be used synonymously7. The terms themselves stem from 

the parts of the body that F.G. Blix and E. Klenk first discovered the sugars3: sialic acid was 
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discovered in the submaxillary mucin and was named after the Greek for saliva (sialos), while 

neuraminic acid was discovered in brain glycolipids3. 

One of the distinguishing features of the sialic acids is their 3-deoxy-D-glycero-D-galacto-

2-nonulosonic acid skeleton, which is generally structured as a six-membered heterocyclic 

ring in a 2C5 conformation with a glycerol side chain extending from carbon six to carbon 

nine3. Carbon one of sialic acids is a carboxylic acid, which at physiological pH is in the 

deprotonated state (Neu5Ac, 101 pKa = 2.6), giving it a negative charge3. The final 

distinguishing feature of the sialic acids is the hemiketal functionality of carbon two, which 

is where glycosidic linkages primarily form3. These distinguishing features are highlighted 

in the structures of Figure 1.1. 

There appear to be three parent compounds of the sialic acid family from which all other 

members are derivatives thereof: 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-

nonulosonic acid (N-acetylneuraminic acid, Neu5Ac, 101), 5-glycolyl-3,5-dideoxy-D-

glycero-D-galacto-2-nonulosonic acid (N-glycolylneuraminic acid, Neu5Gc, 104), and 3-

deoxy-D-glycero-D-galacto-2-nonulosonic acid (2-keto-3-deoxynonic acid, KDN, 105). The 

only difference between these three parent molecules is the substituent of carbon five: 

Neu5Ac has an N-acetamido group, Neu5Gc has a hydroxyl group attached to the acetamide, 

and KDN has just a hydroxyl group (Figure 1.2).  

 
Figure 1.2. Structures of the three parent compounds of sialic acids. 
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1.1.1 Role of sialic acids in disease 

Neu5Ac is the most common of the sialic acids, and has been identified in a wide range of 

mammal tissue, notably occurring as a component of cell-surface glycans within human 

tissues, secretions, and bodily fluids1,3. Neu5Ac (101) has also been discovered in colon, 

gastric, and liver cancer cells, and it has been found that the overexpression of terminal 

sialylation mechanisms is connected to cancer malignancies1,8. Neu5Gc (104) is not found 

naturally in humans, instead it occurs in sheep9, rat10, bovine10, goat9, and swine tissue9, and 

consequently is acquired by humans through diet1,11. Neu5Gc has also been identified in 

certain salmonid fish species like the rainbow trout, as well as being considered the most 

prominent sialic acid in invertebrates12. Neu5Gc is not produced by humans as the gene that 

encodes the enzyme that hydroxylates Neu5Ac, CMP-Neu5Ac hydrolase, was mutated 2-3 

million years ago, and consequently became unable to continue to encode this enzyme. Like 

Neu5Ac, Neu5Gc has been tied to mammalian tumours. One way in which it is believed that 

Neu5Gc uptake can lead to tumorigenesis is through anti-Neu5Gc antibodies binding to 

Neu5Gc containing glycans13. This induces an inflammation termed xenosialitis, which could 

be related to inflammatory diseases such as atherosclerosis, as well as tumorigenesis and 

cancer progression13. 

KDN (105) was discovered in 1986 as the first non-5-acetamido sialic acid, found in the 

polysialoglycoprotiens (PSGPs) of rainbow trout eggs14. PSGPs are a class of glycoproteins 

with a high sialic acid content (>60% w/w) and oligo- or polysialylglycan chains (8-18 

residues) made up of oligosialyl groups with an average of six residues14. KDN residues have 

been found to cap the non-reducing termini of these oligo- or polysialylglycan chains (Figure 

1.3), and is present in all PSGPs of salmonid fish eggs15. Since 1989, KDN has been isolated 

from numerous bacterial species, including Klebsiella ozaenae K4, Streptomyces 

macrosporus, Streptomyces setoniigriseus, Streptomyces scabei, Streptomyces sp. VKM Ac-

2090, Streptomyces sp. VKM Ac-2274, Sinorhizobium fredii, Brevibacterium casei, and 

Arthrobacter spp. VKM Ac-254916–18. There appear to be two predominant locations within 

different bacteria: within certain Gram-negative bacteria it is found in the capsular 

polysaccharide layer16, and within the Gram-positive bacteria it is found in the teichulosonic 

acids of the cell walls (Figure 1.3)18. These polysaccharides aid in the phytopathogenesis of 

these bacteria by cell adhesion to the host plant in the initial stages of infection18. 
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Figure 1.3. Structures of polysaccharides containing KDN residues14,18. 

1.2 Nonulosonic acids in nature – bacterial nonulosonic acids 

Unique to bacterial species are the recently identified 5,7-diamino-3,5,7,9-tetradeoxy-

nonulosonate derivatives, which are an important sub-class of nonulosonic acids19.  There 

appear to be two predominant parent compounds: pseudaminic acid (Pse, 106) and 

legionaminic acid (Leg, 107)19 which are shown in Figure 1.4 along with Neu5Ac (101) for 

structural comparison.  Both pseudaminic acid and legionaminic acid occur naturally as 

several derivatives, notably with changes in the nature of the amide groups attached to 

carbon-5 and carbon-7, or in the case of legionaminic acid, also as epimers at C-4 and C-8. 

 
Figure 1.4. Structures of the three main families of nonulosonic acids. 

The main structural differences between Neu5Ac and its bacterial counterparts are the lack 

of hydroxyl groups at carbons 7 and 9, and the acetamide group at C-7. Neu5Ac and 

legionaminic acid have identical stereochemistry, however pseudaminic acid has inverted 

stereochemistry relative to both at carbons 5, 7, and 8. 
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1.2.1 Pseudaminic acid 

The first report of a pseudaminic acid (Pse, 106) was in 1984, when Knirel et al. extracted 

and purified a new type of sugar from the O-chain polysaccharide of the LPS of Shigella 

boydii type 7 and Pseudomonas aeruginosa O7 and O920.  At the time, this compound was 

identified as 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-ulosonic acid, 

and generically named pseudaminic acid20.  Since that publication a number of naturally 

occurring derivatives of pseudaminic acid have been discovered, all of which possess an        

L-glycero-L-manno configuration but with variances in the types of C-5 and C-7 N-acyl 

substitution16,19. 

There are a number of features of the pseudaminic acid sugars which differentiate them from 

the sialic acids. The first of these is that they can naturally exist as either α or β anomers, 

while sialic acids only exist as α16,21. Pseudaminic acid also differs from the sialic acids in 

terms of functionality and stereochemistry. Carbon nine of pseudaminic acid is a methyl 

group and has a second acetamido group at carbon seven. Additionally, the stereochemistry 

of pseudaminic acid is inverted relative to neuraminic acid at carbons five, seven, and eight. 

The naturally occurring derivatives of pseudaminic acid occur in a wide range of bacterial 

species (Table 1.1), as components of cell surface glycans essential for virulence, including: 

pili22, flagellin23,24, capsular polysaccharides25, and O-antigens21. 
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Table 1.1. Pseudaminic acid derivatives and their bacterial diversity19 

Pse derivative Bacterial source 

 

Escherichia coli O13626; Proteus vulgaris O3927; 
Campylobacter jejuni 81-17624,28; 
Campylobacter jejuni 1116829; 
Campylobacter coli VC16730; 
Pseudoateromonas atlantica T921; 
Helicobacter pylori 106123,28; 
Pseudoalteromonas atlantica IAM 1416531; 
Aeromonas caviae UU5128; 
Rhizobium sp. NGR23432; 
Sinorhizobium meliloti Rm102133,34; 
Cellulophaga fucicola35; 
Vibrio vulnificus 2756236; 
Piscirickettsia salmonis36. 

 

Pseudomonas aeruginosa O10a20; 
Shigella boydii type 720,37,38; 
Pseudomonas aeruginosa O9a, 9b37,39; 
Sinorhizobium fredii HH10340; 
Kribbella spp. VKM18,41; 
Actinoplanes utahensis VKM Ac-67441,42. 

 

Pseudomonas aeruginosa O7a, 7b, 7d and O7a, 7d 
(immunotype 6)39,43; 
Pseudoalteromonas distincta KMM 63844. 

 

Vibrio cholera O:245; 
Campylobacter jejuni 81-17624,28; 
Campylobacter coli VC16730. 

 

R = Ac, R' = glycerate: Vibrio vulnificus 2756246; 
R = C(=O)CH2CH(OH)CH3, R’ = C(=O)H: 
Pseudomonas aeruginosa O7a, 7b, 7c39; 
R = R' = C(=O)CH(OH)CH2OH:  
Campylobacter jejuni 81-17624; 
R = Ac, R' = C(=NH)CH3:  
Campylobacter jejuni 1116829; 
R = C(=O)CH(OCH3)CH2OCH3,  
R' = C(=NH)CH3: Campylobacter jejuni 1116829; 
R = C(=O)CH(OCH3)CH2OCH3; R' = Ac: 
Campylobacter jejuni 1116829. 
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1.2.2 Legionaminic acid 

Legionaminic acid (Leg, 107) (5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-D-galacto-

non-2-ulosonic acid) was first reported in 1994, where it was discovered as an α-(2,4)-linked 

homopolymer component of the Legionella pneumophila serotype 1, O-chain LPS43.               

L. pneumophila is the causative agent of Legionnaires' disease, replicating within the alveolar 

macrophages in human lung tissues, usually leading to a chronic and frequently fatal 

pneumonia47.  As it is understood that the LPS of serotype 1 is the key determinant for the 

development of the disease, studies have shown that legionaminic acid is important to the 

virulence capabilities of L. pneumophila47.  Other pathogenic species from which 

legionaminic acid and its derivatives have been isolated include Acinetobacter48,49, 

Pseudomonas39,48,50, Salmonella51, Campylobacter30,52, Escherichia53–55, and Vibrio48,56–59 

(Table 1.2).  Interestingly, certain mammalian gastrointestinal pathogenic Campylobacter 

strains greatly adorn their flagella via O-linked threonine and serine residues with 

legionaminic acid and also utilise pseudaminic acid pathways in the same manner24,28–30.   

Table 1.2. Legionaminic acid derivatives and their bacterial diversity19. 

Leg Derivative Bacterial Source 

 

Vibrio alginolyticus 945-8048,56; 
Acinetobacter baumannii O2448,49; 
Vibrio parahaemolyticus O258,59; 
Campylobacter jejuni 1116829; 
Escherichia coli O16153. 

 

Legionella pneumophila serogroup 143,48; 
Pseudomonas fluorescens ATCC 4927148,50; 
Vibrio salmonicida NCMB 226248,57; 
Campylobacter coli VC16752; 
Campylobacter jejuni 1116829. 

 

R = C(=O)CH2CH(OH)CH3, R' = Ac:   
Acinetobacter baumannii O2448,49; 
R= Ac; R' = C(=O)CH(NHAc)CH3:  
Vibrio parahaemolyticus KX-V21258,  
Escherichia coli O16153; 
R = CH(NHCH3)CH3, R' = Ac: Campylobacter coli 
VC16752, Campylobacter jejuni 1116829; 
R = C(=O)CH2CH2CH(CO2H)NHCH3, R' = Ac: Clostridium 
botulinum60. 

 

Legionaminic acid has the same stereochemical configuration as the sialic acids (D-glycero-

D-galacto) and can therefore be considered a sialic acid derivative. However, two naturally 
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occurring isomers of legionaminic acid have been discovered: 4-epi-legionaminic acid and 

8-epi-legionaminic acid (Table 1.3). The configurations of these two isomers are D-glycero-

D-talo, and L-glycero-D-galacto, respectively16,48. The differences between legionaminic 

acid and Neu5Ac are the same functional differences that occur in pseudaminic acid: The N-

acetamido group in place of the hydroxyl at carbon seven, and the carbon nine deoxy 

functionality.  

Table 1.3. Isomeric derivatives of legionaminic acid and their bacterial diversity19. 

Leg Derivative Bacterial Source 

 

R = Ac: Legionella pneumophila serogroups 1, 3, 4, 5, 6, 8, 9, 
10, 11, 12, 14, Lansing 3, 16453-9248,61,62, Shewanella japonica 
KMM 360163; 
R = C(=NH)CH3: Legionella pneumophila serogroup 262. 

 

Pseudomonas aeruginosa O1239; 
Providencia stuartii O2064; 
Escherichia coli O10854. 

 

R = C(=NH)CH3, R' = Ac:  
Morganella morganii KF 1676 (RK 4222)65; 
R = Ac, R' = C(=NH)CH3: Shewanella putrefaciens A666; 
R = Ac; R' = C(=O)CH(NHAc)CH3:  
Escherichia coli O10855; 
R = C(=O)CH2CH(OH)CH3, R' = Ac:  
Salmonella arizonae O6151; 
R = C(=O)CH2CH2CH2OH, R' = Ac:  
Yersinia ruckeri O167. 
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1.2.3 Acinetaminic acid 

In 2015, Kenyon et al. reported the discovery of a new nonulosonic acid: 5,7-di-N-

acetylacinetaminic acid (108)68.  It was found in Acinetobacter baumannii global clone 1 

clinical isolate D36, elucidated from the repeat unit of the K12 capsular polysaccharide.  Its 

full name is 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-altro-non-2-ulosonic acid, 

meaning that it is a stereoisomer of legionaminic acid at carbons seven and eight and of 

pseudaminic acid at carbons five and eight. Two years later, the same group reported another 

new nonulosonic acid, also discovered within Acinetobacter baumanii, which was identified 

as 8-epi-acinetaminic acid (109)69. Recovered from the capsular polysaccharide of a multiply 

antibiotic resistant isolate of the species, this sugar could also be considered as 7-epi-

legionaminic acid69. 

 
Figure 1.5. Structures of recently discovered acinetaminic acid branch of nonulosonic acids 

1.3 The role of Legionaminic and Pseudaminic acids in nature 

Whilst the role of sialic acids in diseases has been extensively studied and is now well 

understood, the same cannot be said for the tetradeoxy nonulosonic acids Pse, Leg and Aci. 

Pathogenic bacterial species generally achieve their virulence from proteins or molecules 

associated with key structural components of the bacterium24,70.  Whilst for pathogenic Gram-

negative bacteria the major component contributing to virulence is the outer membrane, other 

components can contribute to the virulence of individual bacterial species71.  An example of 

such a structure is the flagellin and the pili, which aid the bacteria in colonisation, invasion 

and evasion by providing motility24,72.  It has been found that the glycosylated ends of the 

flagellin within pathogenic bacteria enable the host interactions and confer immune 

responses23,24.  The 4-epi-legionaminic acid isomer has so far been isolated from strains of 

L. pneumophila48,61,62, as well as the marine anaerobic Proteobacteria Shewanella japonica63.  

In 2012, Kandiba et al. identified the terminal residue within the N-glycosylated VP4-derived 

pentasaccharide glycan of the haloarchaeal pleomorphic virus (HRPV-1) as a 5-N-formyl 
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derivative of legionaminic acid73.  Not only was this the first time this typically O-linked 

sugar was isolated from an N-linked glycoprotein, but also the first time a legionaminic acid 

derivative was identified in an archaeal-derived glycan structure19.  This work goes to show 

that there is an increasing amount of evidence that the legionaminic acids are widespread 

within nature and have important metabolic and virulence capabilities19. 

It has been shown that pseudaminic acid is an essential glycosylation molecule to flagellin 

assembly and function within Campylobacter and Helicobacter by structural investigations 

of flagellin from isogenic mutants of these bacteria, demonstrating the important role that 

these carbohydrates have in the pathogenicity of these organisms.  This point was further 

demonstrated by the lack of motility and therefore non-viability of knock out mutants of key 

pseudaminic acid biosynthetic genes in several strains of Campylobacter30,74.  The lack of 

glycosylation was proven by mass spectroscopy of the flagellin30,74.  Pseudaminic acid has 

also been shown to be involved in flagellin glycosylation in Aeromonas hydrophila AH-3, as 

well has being a potential substrate and signalling molecule for proteins involved in flagellin 

assembly in C. jejuni and H. pylori, with the amount of nonulosonates making up flagellin 

glycoprotein75.  It is therefore known that pseudaminic acid and legionaminic acid are 

essential for assembly of functional flagellin, even though the exact biological function of 

these molecules and their naturally occurring derivatives is not fully understood30,72,76.  

It has been suggested that the structural similarity of bacterial nonulosonic acids to their 

eukaryotic counterparts (the neuraminic acid family) may diminish the immune response to 

invading bacteria that utilise these carbohydrates, contributing to bacterial virulence16,21.  

This same structural similarity is also a potential factor in adhesion and infection for these 

nonulosonic acids, possibly enabling an interaction with host sialic acid-specific lectins77.  

Due to the requirement for motility for colonisation, and their potential immune dampening 

effect, the presence of these nonulosonates can clearly be considered a virulence factor in 

these bacteria16,24,30,74,78,79. 
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1.4 Biosynthesis of nonulosonic acids 

There are some unique evolutionary aspects associated with the biosynthesis of nonulosonic 

acids3,5,6.  One of these is that nucleotide activated hexose sugars serve as precursors to 

nonulosonic acids80.  The biosynthesis of all nonulosonic acids involves a common key step, 

which is an enzyme catalysed aldol condensation reaction that condenses a six-carbon unit 

with a three-carbon unit (often a pyruvate derivative) to form the desired nine carbon sugar80.  

The different stereochemical characteristics of the different nonulosonic acids, and their 

different substitutions, means that different hexose sugars are required for each of the main 

families of nonulosonic acids.  This is shown in Figure 1.6, where it can be seen that                 

N-acetylneuraminic acid (Neu5Ac, 101) derives from mannosamine derivative 110, whilst 

legionaminic acid (Leg, 107) comes from rhamnose derivative 111 and pseudaminic acid 

(Pse, 106) from L-altrose derivative 112.   

The final interesting aspect of the biosynthesis of the nonulosonic acids is that they are all 

nucleotide activated as their CMP-nucleotides in order to be incorporated into the structural 

glycans where they are found79.  

 
Figure 1.6. Hexose units used for biosynthesis of nonulosonic acids 
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1.4.1 Biosynthesis of legionaminic acid 

Although legionaminic acids have been found in a number of bacteria, detailed analysis of 

the biosynthesis of legionaminic acid has only been undertaken in Campylobacter and 

Legionella species. The biosynthetic pathway for legionaminic acid is summarised in Scheme 

1.1 for the process in Campylobacter jejuni.  As can be seen in Scheme 1.1, the pathway 

begins with fructose derivative 113, and through a series of transformations arrives at the key 

di-N-acetamide rhamnose derivative 112, which is the requisite 6-carbon building block.  

Whilst many of the steps in this pathway have commonality with the pseudaminic acid 

biosynthetic pathway, most notably the use of a 6-carbon plus 3-carbon aldol condensation 

to generate the 9-carbon sugar backbone, there are aspects of the legionaminic acid 

biosynthesis in C. jejuni which are different from the legionaminic acid biosynthesis in           

L. pneumophila81.  

 
Scheme 1.1. The biosynthetic pathway for Legionaminic acid in C. jejuni81 

In 2008, Glaze et al. identified the enzymes responsible for the biosynthesis and activation 

of N,N'-diacetyllegionaminic acid for the first time82.  Cloning and overexpression of a cluster 
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of three L. pneumophila genes bearing homology to known sialic acid biosynthetic genes in 

Escherichia coli showed the NeuC homologue to be a hydrolysing UDP-N,N′-diacetyl-

bacillosamine 2-epimerase converting UDP-N,N′-diacetylbacillosamine (119) into                

2,4-diacetamido-2,4,6-trideoxymannose (112) and UDP82 (Scheme 1.2).  It was determined 

that the enzyme’s mechanism involved an anti-elimination of UDP to form a glycal 

intermediate, which it followed with a syn-addition of water by stereochemical and isotopic 

labelling studies82.  There are similarities between this and the hydrolysing UDP-N-

acetylglucosamine 2-epimerase of sialic acid biosynthesis; however, the L. pneumophila 

enzyme would not accept UDP-GlcNAc as an alternate substrate82.  It was discovered that an 

N,N′-diacetyl-legionaminic acid synthase was the NeuB homologue, which condensed       

2,4-diacetamido-2,4,6- trideoxymannose with phosphoenolpyruvate, although with a very 

low in vitro activity of the recombinant enzyme82.  In a similar way to the synthase catalysed 

syntheses of sialic acid and pseudaminic acid, this reaction proceeded via a C-O bond 

cleavage process, with the synthase activity being dependent on the presence of a divalent 

metal ion82.  These three enzymes cumulatively establish a pathway that converts a UDP-

linked bacillosamine derivative into a CMP-linked legionaminic acid derivative82. 

 
Scheme 1.2. Enzymatic conversion of UDP-N,N′-diacetylbacillosamine into  

2,4-diacetamido-2,4,6-trideoxymannose and UDP 

1.4.2 Biosynthesis of pseudaminic acid 

There are only minor differences in the biosynthetic pathway of pseudaminic acid compared 

to legionaminic acid, with those differences stemming from the stereochemical differences 

between the molecules. These stereochemical differences are introduced to the UDP 

activated N-acetylglucosamine 12080 (compared to the GDP activated GlcNAc 114 in the 

Leg pathway). Scheme 1.3 shows the H. pylori pseudaminic acid biosynthesis in detail, 

beginning with the PseB catalysed oxidation of carbon four and deoxygenation of carbon six, 

and in the first stereochemical transformation, the inversion of carbon five to give 12180. The 

next step, catalysed by PseC, reconfigures the ring from a 4C1 to a 1C4 with introduction of 



[16] 
 

an amine group at carbon four to give the necessary stereochemistry for pseudaminic acid in 

11980. This is followed by the acylation of the amine to give 123 and the removal of the UDP 

group to give N,N'-diacetyl-L-altrose 111 before the aldol condensation with 

phosphoenolpyruvate (PEP) to give pseudaminic acid80. These final steps from 122 to 124 

are almost identical to the final steps of the legionaminic acid biosynthesis, with the only 

difference being the inversion of C-2 stereochemistry in the hexose unit in the Leg pathway. 

 
Scheme 1.3. Biosynthetic pathway in H. pylori of CMP-pseudaminic acid 12480. 

A neuraminidase-like enzyme (PA2794) has been found in P. aeruginosa, which has three 

bacterial neuraminidase repeats identical to those in non-viral sialidases83.  It is believed that 

this enzyme is responsible for glycosidic hydrolysation of pseudaminic acid and could 

potentially be targeted in the same way that viral neuraminidase is targeted.  However, whilst 

this enzyme has been proven to be capable of acting as a glycohydrolase, via the use of a 

structural mutant that recognised a fluorescent Neu5Ac substrate83, the lack of availability of 

synthetic pseudaminic acid analogues has precluded studies into the substrate specificity of 

the native enzyme.   
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1.4.3 Biosynthesis of acinetaminic acid 

In contrast with the biosynthetic pathways for Neu5Ac, Leg and Pse, the acinetaminic acid 

pathway does not involve the appropriate stereochemical transformation of a hexose before 

an aldol condensation with a three-carbon unit, but instead is postulated to introduce these 

transformations to CMP-legionaminic acid itself (Scheme 1.4)68. This is accomplished in a 

four-step process of dehydrogenation-reduction-dehydrogenation-reduction to invert the 

stereochemistry of carbons seven and eight68. First, AciB catalyses the formation of Leg7en 

125, which is reduced to 7-epi-Leg 126 by AciC68. AciD then catalyses the oxidation of 

carbon eight to give the ketone 127, and then finally AciE catalyses the reduction to CMP-

acinetaminic acid 12868.  

 
Scheme 1.4. Biosynthetic pathway in A. baumannii of CMP-acinetaminic acid 12868. 
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1.5 Previous Syntheses of Legionaminic and Pseudaminic acids 

In spite of the fact that pseudaminic acid (106) was first identified in 1984, it would be sixteen 

years before a complete synthesis of a bacterial nonulosonic acid was reported. However, 

since then a number of syntheses, both chemical and chemoenzymatic, have been published, 

for both pseudaminic acid and legionaminic acid, and a number of derivatives thereof. 

1.5.1 Chemical syntheses of Pse and Leg 

The most important synthesis of bacterial nonulosonic acids was a pivotal piece of work by 

Tsvetkov and colleagues in 2001 where nine tetradeoxy nonulosonic acids were synthesised 

from hexose units via aldol condensation reactions with oxalacetic acid84. These hexoses first 

had to be given the correct stereochemistry and functionality, a process shown in Scheme 1.5 

for the modifications required for pseudaminic acid. This begins with the benzyl glycoside 

of L-mannose 129 wherein the hydroxyl group of C-4 is oxidised to the ketone 130, reduced 

back to the hydroxyl with inverted stereochemistry 131, before being activated and displaced 

with an azide group to give 13284. The hydroxyl group at C-2 is then also activated and 

displaced with azide to give 133, and the azide groups reduced and acylated to give the        

2,4-diacetamido-2,4,6-trideoxy-L-allose 13484. After the removal of the glycoside, the aldol 

condensation is performed, however C-2 epimerisation of the hexose prior to condensation 

resulted in three stereoisomers being isolated84. The configuration of 135 gives acinetaminic 

acid 108, and with the C-2 epimerisation Pse itself is produced84. Due to the anomeric 

position of the hexose having undefined stereochemistry, 4-epi-Pse 136 is also produced84.  

 
Scheme 1.5. Synthesis of 3 stereoisomers of Pse via modification of L-mannose and aldol 

condensation with oxalacetic acid as reported by Tsvetkov et al.84  
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In addition to 2,4-diacetamido-2,4,6-trideoxy-L-allose 135, three other hexose units were 

synthesised for aldol condensation with oxalacetic acid (Scheme 1.6). 2,4-diacetamido-2,4,6-

trideoxy-L-gulose 138 was synthesised from 3,4-dibenzoate-L-ramnose 137, and after aldol 

condensation gave 8-epi-Leg 139 and 4,8-bis-epi-Leg 14084. Modification of benzyl-2-azido-

3-benzyl-4,6-benzylidene-D-mannopyranoside 141 gave 2,4-diacetamido-2,4,6-trideoxy-D-

talose 142 which gave 7-epi-Leg or 8-epi-Aci 109 and 8-epi-Pse 14384. Lastly, benzyl-6-

deoxy-D-galactopyranoside 144 was modified to give 2,4-diacetamido-2,4,6-trideoxy-D-

mannose 112, aldol condensation of which giving Leg and 4-epi-Leg84. Unfortunately, the 

key step in all of these syntheses, the aldol condensation with oxalacetic acid, had a poor 

chemical yield, varying between 1% for Pse and 28% for 7-epi-Leg84. This work did result 

in the absolute stereochemistry of pseudaminic acid and legionaminic acid being confirmed, 

as well as the confirmation of the natural stereoisomers 4-epi-Leg and 8-epi-Leg. This work 

was an expansion on the previously published synthesis of 8-epi- and 4,8-bis-epi-

legionaminic acid85. 

 
Scheme 1.6. Remaining six stereoisomers of Pse produced through aldol condensation with 

oxalacetic acid84. 
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A complete synthesis of the β-methyl glycoside methyl ester of 8-epi-pseudaminic acid has 

been completed in the past, as reported by Zunk et al. in 2014.  The synthetic sequence is 

summarised in Figure 1.13, wherein commercially available KDN (105) was selectively 

protected to give the 5,7-diol (146)86.  Introduction of the appropriate nitrogen functionality 

with inverted stereochemistry at C-5 and C-7, to give 147, was achieved via activation–

displacement reactions.  The resulting azide groups were reduced and acetylated to give the 

desired acetamides, and the 9-hydroxyl group removed via iodination and reduction, to give 

the 8-epi-Pse derivative 148 (Scheme 1.7)86.  Although KDN was originally commercially 

available, this is no longer the case.  Therefore, subsequent studies within the Kiefel group 

have synthesised KDN using a modification of a method described by Glatzhofer et al. in 

2002, which looked at the conversion of acetamide groups to acetate groups in aliphatic and 

aromatic compounds87.  The reported synthesis of 8-epi-Pse derivative 148 took a total of 

eight steps between KDN and the final product, with an overall yield of 35%86.   

 
Scheme 1.7. Summary of the Kiefel group synthesis of 8-epi-Pse 14886. 
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This synthesis of 8-epi-Pse was supplemented by Williams et al. in 2016, by modifying the 

synthetic route to give pseudaminic acid itself (Scheme 1.8)88. This was accomplished by 

taking the bis-azido derivative 147, and removing the isopropylidene group, replacing it with 

a silyl group at carbon nine88. The stereochemistry of carbon eight was then inverted by first 

oxidising to a ketone using Dess-Martin periodinane89, followed by reduction using a BH3 

THF complex to give 14988. This strategy of C-8 stereochemical inversion mimics the same 

inversion in the biosynthesis of acinetaminic acid from legionaminic acid with the oxidation-

reduction approach. After acetylating carbon eight, the two azide groups could be reduced 

through hydrogenation and acetylated, followed by the removal of the two silyl groups and 

the C-8 acetate to give 15088. The deoxygenation of carbon nine was accomplished in much 

the same way as in the 8-epi-Pse synthesis, through iodination and hydrogenation88. The 

methyl ester was removed through saponification; however, difficulties were encountered 

when removing the methyl glycoside group88. This was eventually accomplished using 

Dowex resin at 80 °C to give the globally deprotected native pseudaminic acid (106) in 

seventeen steps with a 1.4% overall yield88. 

 
Scheme 1.8.  Modified version of the Kiefel group synthesis for Pse (106)88. 

A chemical synthesis of pseudaminic acid starting from N-acetylglucosamine was published 

in 201190, wherein the 9-carbon sugar was constructed using an indium-mediated allylation 

reaction. The appropriate hexose unit used in '6+3' Pse syntheses of a 6-deoxy-L-AltdiNAc 

153 is generated from D-GlcNAc over a nine-step synthesis with an overall yield of 36%90 

(Scheme 1.9). The first transformation made to the hexose unit was the deoxygenation of     

C-6, which is performed through iodination and subsequent hydrogenation to give the              

9-deoxy 15290. This was followed by inversion of C-4 stereochemistry with introduction of 
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the acetamido group. As displacement of sulphonate leaving groups with an azide 

nucleophile were not successful, C-4 was instead oxidised to the ketone, and reductive 

amination applied to produce the amine, and after acylation, the acetamide of 15090. It was 

at this stage that the '6+3' approach was taken, however instead of using an aldol 

condensation, an indium-mediated allylation was used, which, after ozonolysis, gave the 

ethyl ester of pseudaminic acid 15590. In addition to the erythro product of allylation, the 

threo product was also formed in a 5:4 ratio, which after ozonolysis gives the C-4 epimer of 

pseudaminic acid 15490. Following acylation of 155 and introduction of a dibenzyl phosphite 

group to C-2 to give 156, glycosylation with the methyl glycoside of 2,3,4-tribenzylated-D-

glucose gave the α-disaccharide 157 in a 35% yield, but with a by-product of the 2,3-dehydro 

derivative 158 in a 62% yield90 (Scheme 1.9). 

 
Scheme 1.9. Synthesis of Pse, 4-epi-Pse, Pseα-(2→6)-D-Glc, and Pse2en reported by Lee et al.90 
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The most recently published synthesis of pseudaminic acid (106) was a 25-step synthesis 

from       L-threonine 159 in an overall 4% yield, also utilising an indium-mediated allylation91 

(Scheme 1.10). The initial steps of the synthesis involve the inversion of the C-3 

stereochemistry, the protection of the hydroxyl and amino groups, and the reduction of the 

carboxylic acid to an aldehyde to give 16091. An aldol condensation-like reaction between 

160 and 4,5-trans-oxazoline gives the protected hexose 161, which after indium-mediated 

allylation with isopropyl bromomethacrylate gives the nine-carbon derivative 16291. As the 

allylation gave both C-4 enantiomers in a 3:1-5:1 (syn:anti) ratio, an oxidation reduction 

approach was taken to give predominantly S- stereochemistry at the C-4 position91. 

Deprotection of the reduction product and introduction of a trichloroethyl chloroformamide 

group to C-5 afforded 163, with ozonolysis introducing the ketone functionality to C-291. 

Acylation and introduction of a toluene thioglycoside gave the desired pseudaminic acid 

analogue 164, from which three other Pse analogues were synthesised, including Pse itself91. 

 
Scheme 1.10. Synthesis of Pse analogues from L-threonine 159 as reported by Liu et al.91 

In 2015, Matthies et al. published a synthesis of five legionaminic acid analogues, including 

compound 171 via a seven step synthetic processes with a yield of 14% (Scheme 1.11)92.  

Much like the Pse synthesis of Liu et al., this approach does not start with a hexose sugar 

that is modified to the appropriate stereochemistry and functionality, but instead with the      

4-carbon amino acid D-threonine 165 and incorporates an indium-mediated allylation with 
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methyl bromomethacrylate (Scheme 1.11).  The remaining two carbons are added over 

multiple steps, ensuring that the legionaminic acid functionality and stereochemistry is 

introduced with them. First, toluenesulphonyl and acetonide protecting groups are introduced 

to the amine and hydroxyl, and the carboxylic acid reduced to an aldehyde to give 166. This 

is followed by the first chain lengthening step, which adds a CHO group to the terminal 

aldehyde, reducing it to a hydroxyl for 167. The next steps also lengthen the chain by one 

carbon, which, using a Petasis borono-Mannich reaction with (E)-styrylboronic acid and an 

amine, results in the introduction of the second nitrogen, and sixth carbon, though in the form 

of an N-cinnamylacetamide 168. This is oxidatively cleaved to give the aldehyde, and 

consequently form the hexose unit diamino-rhamnose 169. In a similar approach to the Pse 

synthesis of Lee and colleagues, an indium mediated allylation is used instead of an aldol 

condensation, using methyl 2-(bromomethyl)-acrylate to give 170. This is followed by 

ozonolysis to give the legionaminic acid derivative 171, which only differs from natural 

legionaminic acid (107) by a methyl ester at carbon-one and a toluenesulphonyl group and 

an acetonide group protecting carbons seven and eight. Like with the Pse synthesis, the 

allylation step does give both enantiomers at carbon four, and so 4-epi-leg could also be 

formed after ozonolysis. Matthies et al. were interested in synthesising this particular 

compound in order to test whether it would be recognised by human antibodies, which in 

subsequent studies they determined that indeed it was92. 

 
Scheme 1.11. Key steps of the synthesis of Leg derivatives by Matthies et al92. 
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In 2017, a complete synthesis of various disaccharides of legionaminic acid was published 

by Popik et al. from the Crich group starting from Neu5Ac (101) via a fifteen-step synthetic 

route with an overall yield of 17% (Scheme 1.12)93. The first seven steps of the synthesis are 

dedicated to the conversion of the Neu5Ac to the derivative 172. This is accomplished by 

replacing the C-5 acetamide group with a tert-butyloxycarbonyl group, introducing an 

adamantanyl thioglycoside to C-2, a methyl ester at C-1, and the 

triisopropylbenzenesulphonate ester at C-993. The C-9 sulphonate is then replaced with an 

iodine, and carbons four and eight protected with benzoate groups for 173. C-9 deiodination 

was achieved using tris(trimethylsilyl)silane and azoisobutyronitrile to give the necessary 9-

deoxy functionality. This was then followed immediately with cleavage of the Boc group 

using hydrochloric acid, and the conversion of the resulting amine to an azide group using 

Stick’s reagent94, triethylamine, and copper sulphate93. Carbon seven was then oxidised to a 

ketone using Dess-Martin periodinane to give 174, and the ketone subsequently reduced back 

to a hydroxyl group using Luche’s reagent95 to give the 7-epi derivative 175 in an 85:15 

ratio93 (Scheme 1.12). A trifuoromethanesulphonate group was then introduced to C-7 of 

176, which was immediately displaced with an azide group to afford the 5,7-diazido 

derivative 17793. At this stage, various glycosides were prepared to give 178, with the 

benzoate groups of the resulting disaccharides removed, and the azide groups reduced via 

hydrogenation and acetylated, to give the target legionaminic acid disaccharides93. 

 
Scheme 1.12. Key steps of Legionaminic acid synthesis by Popik et al.93. 



[26] 
 

1.5.2 Chemoenzymatic syntheses of Pse and Leg 

There have been some chemoenzymatic syntheses of pseudaminic acid reported using the 

NeuB synthase from C. jejuni as the enzyme to carry out the aldol condensation on the hexose 

sugar96.  In 2016, Hassan et al. performed a de novo biosynthesis of legionaminic acid (107) 

from N-acetyl glucosamine 151 using three metabolic modules from three different microbial 

organisms, achieving a titre of 120 mg/L of Escherichia coli broth97. The first module in the 

synthetic process was taken from Saccharomyces cerevisiae, and over three steps activated 

the anomeric position with either a GDP or UDP group to give either 114 or 120, 

respectively97. The second module, taken from Campylobacter jejuni, first deoxygenates 

carbon six, then converts the hydroxyl group at carbon 4 into an acetamide group to afford 

17997 (Scheme 1.13). The third and final module, originating in Legionella pneumophila, 

begins by removing the GDP or UDP group, then inverts the stereochemistry at the carbon 

two position, then finally performs an aldol condensation reaction with PEP to give 

legionaminic acid97. Legionaminic acid is obtained in 0.0001% (w/v) of broth from 0.3% 

(w/v) of the D-GlcNAc 148 starting material, equating to a 2.4% overall yield. 

 
Scheme 1.13. De novo biosynthesis of legionaminic acid 107 from D-GlcNAc97. 
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A chemoenzymatic approach to legionaminic acid synthesis has also been taken, by Santra 

et al. in 2018. They were able to selectively protect carbons one and three of D-fucose 181 

in order to activate carbons two and four with triflate groups, and displace with azide to afford 

2,4-diazido-2,4,6-trideoxy-mannose 182 in a 60% yield over eight steps (Scheme 1.14)98. 

This was followed by the reduction and acylation of the two azide groups in a 73% yield by 

treating with thioacetic acid in pyridine to give the ManNAc derivative 11298. With the 

correct stereochemistry and functionality in place, an aldol condensation reaction with 

pyruvate catalysed by Pasteurella multocida sialic acid aldolase (PmAldolase) gave 

legionaminic acid in a 71% yield98. The equivalent enzyme from Escherichia coli was also 

able to perform this reaction, though not as efficiently98. The next step was to introduce a 

CMP group to carbon two, however the legionaminic acid substrate was not a suitable 

substrate for Neisseria meningitidis CMP-sialic acid synthetase (NmCSS), and so the          

5,7-bis-azido-legionaminic acid 183 was synthesised from 182 using the same PmAldolase 

aldol condensation98. It turned out that the bis-azido derivative 183 was a suitable substrate 

for NmCSS, and so numerous glycosides of legionaminic acid could be formed, with the 

acylation of the nitrogens taking place after the introduction of the glycosides98. 

 
Scheme 1.14. Chemoenzymatic synthesis of glycosides of legionaminic acid from D-fucose98. 
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1.6 Scope of thesis 

Legionaminic acid is an important bacterial carbohydrate that has been shown to contribute 

to the virulence of pathogenic bacteria, however to date a synthetic pathway towards C-7 

analogues of legionaminic acid is not accessible. The C-7 functionality of legionaminic acid 

is vital to its role in the bacteria, which can be seen from the fact that there are multiple 

naturally occurring C-7 analogues of legionaminic acid, as well as the fact that there are 

multiple steps in the biosynthetic pathway dedicated to introducing the acetamido 

functionality. 

 
Figure 1.7. Generic C-7 analogue of Legionaminic acid with modification at C-7 amide. 

It was therefore the goal of this research project to be able to develop a synthetic method 

which could: 

 Synthesise a range of C-7 analogues of legionaminic acid, including the C-7 epimer 

and a variety of nitrogenous C-7 functionalities; 

 Generate all of these analogues from a common precursor; 

 Keep the C-7 functionalisation step as late in the synthesis as possible to avoid 

different functionalities interfering in later reactions; and 

 Explore the synthesis of other analogues of legionaminic acid which could also be 

of interest, such as the introduction of a double bond between carbons two and 

three. 
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Chapter 2 

Towards the synthesis of Legionaminic acid analogues (Pt. 1) 

2.1 Retrosynthetic approach towards Legionaminic Acids 

The synthetic chemistry component of this project is aimed to develop a versatile and 

efficient synthesis of a range of legionaminic acid analogues from a common precursor.  

Considering the handful of accounts in the literature relating to the synthesis of nonulosonic 

acids like pseudaminic acid and legionaminic acid, we felt the natural starting point for our 

approach was to focus on the synthesis of legionaminic acid itself (107).  It was intended that 

the method found to most efficiently synthesise legionaminic acid could then be easily 

modified to produce various analogues, especially considering the widespread variability 

with respect to the nature of the amide groups at C-5 and C-7 (see section 1.2.2).  Taking into 

account the Kiefel group synthesis of pseudaminic acid86,88 (see section 1.5.1), we felt the 

most obvious starting point for the synthesis of legionaminic acid was Neu5Ac (101) itself, 

due to its ready availability and structural similarity to legionaminic acid.  Our proposed 

synthetic pathway is summarised in retrosynthetic terms in Scheme 2.1.  

 
Scheme 2.1. Retrosynthesis of Legionaminic acid (107) and 7-epi-legionaminic acid (201) from 

Neu5Ac (101). 
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A key feature of this proposed approach is that the 7-hydroxy derivative 203 can provide a 

key pivot point, wherein activation of the C-7 hydroxyl group and displacement with a 

nitrogen nucleophile (e.g. azide) would give access to 7-epi-legionaminic acids (e.g. 202), 

whilst taking 203 and doing a double inversion – displacement at carbon seven would give 

204 which has legionaminic stereochemistry at C-7 (Scheme 2.1). In each proposed pathway, 

subsequent elaboration would involve reduction of the azide and amide formation, as well as 

removal of the C-9 hydroxyl group, to give the desired legionaminic or 7-epi-legionaminic 

acids after deprotection.  

 

  



[31] 
 

2.2 Towards the synthesis of 5,7-diacetamido-3,5,7,9-tetradeoxy-D-

glycero-L-altro-non-2-ulosonic acid (7-epi-legionaminic acid) 

Since an essential requirement in the synthesis of legionaminic acids from Neu5Ac (101) is 

to replace the hydroxyl group at C-7 with an acetamide group, the first steps in our synthesis 

were dedicated towards protecting free hydroxyl groups in Neu5Ac with the exception of the 

hydroxyl group at carbon seven.  Our approach therefore initially involved introducing a 

methyl ester group at carbon one and a methyl glycoside group at carbon two of Neu5Ac to 

give compound 205.  This was achieved in a single reaction by exposure of Neu5Ac to 

methanol and acidic resin whilst under reflux overnight99, and consistently gave the product 

205 in yields around 65% (Scheme 2.2).  The product isolated in this way was confirmed as 

being 205 by the presence of two singlet peaks in the 1H NMR spectrum of 205 integrating 

to three hydrogens each in the region of δ3.3 and 3.8 ppm for the methyl glycoside and methyl 

ester, respectively.  The acidic resin (Dowex 50WX8(H+)) required washing with methanol 

and water and extensive drying before it could be used in the reaction. 

 
Reagents and conditions: (a) Dowex-50WX8(H+), MeOH, 18 h, reflux, 66%;  

(b) DMP, p-TsOH·H2O, Acetone, 5 h, 25 °C, 87%; (c) TBSCl, imidazole, DMF, 18 h, 25 °C, 89%. 

Scheme 2.2.  Selective protection of Neu5Ac (101) to leave C-7 hydroxyl available. 

Having protected the carboxylic acid and the anomeric hydroxyl, the next step involved 

introduction of an isopropylidene group across the carbon eight and carbon nine hydroxyls.  

The advantage in choosing an isopropylidene group was that it would only protect adjacent 

hydroxyl groups, such as at carbons eight and nine, while the two remaining hydroxyl groups, 

at carbons four and seven would be left untouched. The isopropylidene group does not readily 
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form across carbons seven and eight due to the primary hydroxyl at carbon nine being far 

more reactive than the sterically hindered secondary hydroxyl at carbon seven100. 

Additionally, ketone acetonides preferentially form five membered ketal rings, whereas 

aldehyde acetonides form six membered dioxane rings100. Accordingly, exposure of 205 to 

dry acetone and 2,2-dimethoxypropane in the presence of p-toluenesulphonic acid afforded 

206 in 87% yield after chromatography. In order for the reported yield of 87% to be 

accomplished for this reaction, the overnight drying of the solvent (acetone) with potassium 

carbonate, as well as the overnight drying of 205 in vacuo were essential.  The isolated 

product 206 was confirmed as having the isopropylidene group by two singlet peaks 

integrating to three hydrogens each in the region of δ1.3 and 1.4 ppm in the 1H NMR 

spectrum, as well as a quaternary carbon resonance at δ110 ppm in the 13C NMR spectrum 

corresponding to the quaternary carbon, and two methyl peaks near δ25 ppm corresponding 

to the two primary carbons in the isopropylidene group.   

The next step in our approach towards the 7-hydroxy derivative 203 involved introduction of 

a tert-butyldimethylsilyl group on the C-4 hydroxyl of 206.  This was accomplished by 

stirring 206 in N,N-dimethylformamide with tert-butyldimethylsilyl chloride and imidazole 

overnight to provide 203 in 89% yield. Initially we encountered a few problems with this 

reaction, mostly due to decomposition of the product during the work up.  At first the solvent 

(DMF) was simply evaporated in vacuo, but it was found that during the solvent evaporation 

process the increased concentration of the solution caused some problems.  The next form of 

work up attempted was pouring the reaction into cold 1 M hydrochloric acid, and extracting 

the product into ethyl acetate, then washing with water.  Unfortunately, this led to extensive 

decomposition of the product.  The final attempted work up was to pour the crude reaction 

mixture into cold water, then extract with ethyl acetate, cutting out the hydrochloric acid, but 

still removing most salts.  Over several attempts and scale-up, this latter method has proven 

to be the most reliable and gives optimum yields.   

The isolated product from the silylation reaction was confirmed as being 203 by the 

appearance of three additional singlet peaks in the 1H NMR spectrum, with one integrating 

to nine hydrogens (the tert-butyl group) in the region of δ0.8 ppm and the remaining two 

integrating to three hydrogens each in the region of δ0.1 ppm (Figure 2.1). This was further 

confirmed by the presence of four additional peaks by 13C NMR, one peak at δ25 ppm 
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corresponding to the three primary carbons of the tert-butyl, one peak at δ17 ppm 

corresponding to the quaternary carbon of the tert-butyl, and two peaks at δ-5 ppm 

corresponding to the two methyl carbons. A parent ion at 514.3 [M+Na] in the mass spectrum 

of 203 was also observed, which is consistent with 203. No formation of the 4,7-bis-silyl 

derivative was seen, presumably due to the sterically hindered nature of carbon seven and 

the large size of the silyl group. 

 
Figure 2.1. 1H NMR spectrum of selectively protected Neu5Ac 203. 

With the desired 7-hydroxy compound 203 in hand, the next task in order to access 

legionaminic acid analogues was to introduce nitrogen functionality at C-7.  To achieve this, 

the common approach in carbohydrate chemistry is to activate the hydroxyl group such that 

it becomes a good leaving group, followed by displacement with a nitrogen nucleophile such 

as an azide86,101,102.  Accordingly, treatment of 203 with trifluoromethanesulphonic anhydride 

gave the 7-O-triflate 207 in 60% yield (Scheme 2.3).  Due to the highly reactive nature of 

triflate groups, many difficulties were encountered during attempts to isolate and purify 207, 

most notably due to decomposition.  The inherent instability of the triflate group in 207 led 

us to attempt numerous ways to potentially overcome these difficulties.  In the end it was 

found that recrystallization and extensive drying of the C-7 hydroxy derivative 203, 

anhydrous distillation of the reaction solvent (dichloromethane), and running the reaction at 

or below 0 °C, all worked together to allow for the reliable and consistent formation and 

isolation of the triflate 207.  Modification of the work-up procedure was also beneficial, with 
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the reaction mixture being washed with ice-cold HCl and H2O during the work up, 

concentrated to dryness in vacuo with the water bath kept cold (below 20 °C), and minimising 

the amount of time the compound spent on silica during purification.  In this way the                

7-O-triflate 207 could be routinely isolated in yields above 50%. The isolated product was 

confirmed as being 207 by, among other things, the presence of a quartet peak in the region 

of δ120 ppm in the 13C NMR spectrum, which is due to the splitting caused by the fluorine 

atoms in the CF3 group of the triflate103. Other changes in the 1H NMR spectrum, most 

notably the change in H-7 chemical shift (from δ3.4 ppm in 203 to δ5.3 ppm in 207), are also 

consistent with the presence of a triflate group at C-7. 

 
Reagents and conditions: (a) Tf2O, Py, DCM, 3 h, -78 °C→0 °C, 60%;  

(b) NaN3, DMF, 66 h, 4 °C, 66%. 

Scheme 2.3. Activation of C-7 hydroxyl and displacement with azide. 

An interesting by-product is also formed during the synthesis of the triflate 207 from the 

alcohol 203.  Whilst the yield of this by-product was a little inconsistent, we regularly isolated 

an additional product which was identified as the dihydro-1,3-oxazine derivative 208.  

Further investigations into this interesting by-product are elaborated on in chapter 5, however 

it should be noted that the base used in the triflate formation reaction had a significant 

influence on the yields of the triflate 207 and the oxazine 208, as well as the proportion of 

the starting material consumed. Through attempting the reaction under various conditions of 

temperature and time and a range of bases, including pyridine, piperidine,                                

N,N-dimethylaminopyridine, triethylamine, and diphenylamine, it was found that the 

efficient synthesis of 207 occurred through the use of pyridine, with DMAP also proving 
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effective. The effect of changing the base during the triflate formation reaction is discussed 

in more detail in section 5.1.3. 

Having determined a protocol to efficiently prepare the triflate derivative 207, the next step 

towards legionaminic acid was to displace the triflate group with a nitrogen nucleophile. 

Accordingly, exposure of the triflate 207 to sodium azide in N,N-dimethylformamide 

produced the desired azide 202 in 66% yield (Scheme 2.3).  Once again due to the unstable 

nature of 207, this displacement reaction had to be run at 4 °C, however this lower 

temperature caused the reaction to be quite slow, and therefore had to be left upwards of three 

days in order to consume all the starting material.  The isolated product was confirmed as 

202 by inspection of the spectroscopic data, most notably a peak near 2100 cm-1 in the infra-

red spectrum which is consistent with the presence of an azide functionality.  The 7-azido 

compound 202 was found to be highly crystalline, and we obtained crystals suitable for           

x-ray crystallographic analysis, the result of which is shown in Figure 2.2.  X-ray 

crystallography was performed courtesy of Peter Healy of Griffith University, and the 

facilities at Queensland University of Technology. The unique dataset from this 

crystallographic analysis has been deposited in the Cambridge Structural Database, file 

number CCDC 1839971 NEYZUP: CSD Communications 2018 DOI: 

10.5517/.ccdc.csd.cclzrmx8 
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Figure 2.2. ORTEP diagram of 202, with the molecule redrawn to the left for comparison. 

Having successfully introduced the required C-7 nitrogen functionality for our legionaminic 

acid analogues, the next consideration was the order in which to carry out the remaining 

steps.  With the azide 202 in hand, the remaining transformations towards legionaminic acid 

analogues were reduction of the azide and subsequent acylation to form the required amide, 

as well as removal of the C-9 hydroxyl group.  

There are various methods described in the literature for the deoxygenation of hydroxyl 

groups that we considered for application to the C-9 position. One of the most commonly 

used and well-known of these methods is the Barton-McCombie deoxygenation. This method 

involves the formation of a thionoester, followed by reduction to a radical intermediate, and 

finally hydrogenation to give the deoxy compound (Scheme 2.4)104. Unfortunately, we 

considered generating a radical intermediate inappropriate in the presence of ester 

functionality, which also rules out a number of other deoxygenation methods105–107. 

Additionally, the Barton-McCombie reaction preferentially deoxygenates secondary 

hydroxyl groups108, making it inapplicable to Neu5Ac C-9 deoxygenation. It is not the only 

method of deoxygenation that deoxygenates secondary hydroxyls over primary hydroxyls, 
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such as the method reported by Qin et al. involving the Pt/WO3/ZrO2 catalysed hydrogenation 

in a fixed-bed continuous-flow reactor108, and so all of these methods had to be disregarded. 

 
Scheme 2.4. Barton-McCombie deoxygenation as reported by Gimisis et al.104  

One interesting approach to deoxygenation was reported by Perosa & Tundo, wherein the 

primary and secondary hydroxyl groups of glycerol could be selectively sequentially 

deoxygenated using Raney nickel catalysed hydrogenation to either give 1,2-propanediol 

followed by 2-propanol, and finally propane, or 1,3-propanediol followed by 1-propanol, and 

finally propane (Scheme 2.5)109. Unfortunately, this approach required temperatures in the 

region of 200 °C, which we felt would not be suitable for our substrates. 

 
Scheme 2.5. Selective sequential deoxygenation of glycerol as reported by Perosa & Tundo109. 

The remaining approaches to deoxygenation of hydroxyls mostly utilise a halogenation 

reaction (generally utilising either bromine101,110 or iodine110–113), followed by a 

hydrogenation (Scheme 2.6). Since this approach was successful in the deoxygenation step 

of the synthesis of 8-epi-pseudaminic acid developed within the Kiefel group86, we believed 

that it would give us our best chance at deoxygenating C-9 of our sialic acid analogues. 

 
Scheme 2.6. Deoxygenation of primary hydroxyls through halogenation. 
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Another important consideration here was to the sequence of events – do we remove the       

C-9 hydroxyl prior to reducing the azide, or do we form the C-7 amide functionality first, 

and then manipulate C-9.  Based on some of our aforementioned experience with the 

synthesis of 8-epi-pseudaminic acid, it was felt that either approach would be possible.  

Indeed, since the method developed within the Kiefel group utilised the sequence of 9-

iodination and then reduction to give the 8-epi-pseudaminic acid analogues, we even 

considered a scenario where we could simultaneously deoxygenate the C-9 position and 

reduce the azide, followed by an acylation of the resulting amine.  As it transpired, vide infra, 

we explored all of these options. 

The approach that most appealed to us was to the double reduction approach, using a 

hydrogenation reaction to deiodinate carbon nine and reduce the azide to an amine, followed 

by an acetylation to give the acetamide, and subsequent deactetylation of the hydroxyl groups 

to give 201 (Scheme 2.7). In order to attempt this approach, we first needed to remove the 

isopropylidene group from the 7-azido derivative 202. As we no longer needed the silyl group 

at carbon four either, we opted for an acid-catalysed deprotection86,88,101. Accordingly, 

exposure of 202 to an aqueous acid catalysed removal of these protecting groups gave the 

triol 209 in a quantitative yield of the desired compound, though the reaction was rather slow 

(up to four days). Through TLC monitoring over the course of the reaction, it was observed 

that the isopropylidene group was removed first, but the silyl ether required significantly 

more time. The isolated product was confirmed as 209 by spectroscopic analysis, most 

notably the disappearance of the signals associated with the silyl ether and isopropylidene 

(the resulting hydroxyl groups not being distinguishable in 1H NMR), as well as an 

appropriate change in the mass spectrum, with a parent ion observed at m/z 384.4 [M+Na] 

consistent with 209.   
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Reagents and conditions: (a) TFA, 20% aq. THF, 66 h, 30 °C, 97%; (b) I2, PPh3, imidazole, THF, 2 h,   

reflux, 86%; (c) Pd(OH)2/C, MeOH, H2, 18 h, 25 °C, then DMAP, Py/Ac2O (2:1), 18 h, 25 °C, 0%.  

Scheme 2.7. Carbon nine iodination and attempted simultaneous reduction of C-7 azide and C-9 

iodo towards legionaminic acid 

The next step towards the simultaneous reduction approach was the introduction of an iodine 

atom to carbon nine, and the consequential removal of the hydroxyl group. Accordingly, 

Garegg-Samuelsson conditions were employed112, and exposure of the triol 209 to iodine, 

imidazole, and triphenylphosphine, in refluxing THF gave a single product by TLC analysis.  

The mechanism for this reaction is outlined in Scheme 2.8 and involves the 

triphenylphosphine first reacting with the iodine to form triphenylphosphonium iodide, with 

a positive charge on the phosphorus atom. The lone pair of electrons on the C-9 oxygen then 

displaces the iodine to give a triphenylphosphine ether intermediate, with the hydroxyl 

hydrogen being removed by the basic imidazole. The negatively charged iodine atom then 

returns to displace triphenylphosphine oxide and give the 9-iodo derivative 210. 

Unfortunately, while the 9-iodo derivative 210 was obtained in an 86% yield, we did have 

difficulty separating 210 from the triphenylphosphine by-products from the reaction mixture 

(Scheme 2.7).  An article published earlier this year in J. Org. Chem. discusses using zinc 

chloride to remove triphenylphosphine oxide by precipitation in polar solvents114. In our 

situation unfortunately, the method adapted from this publication failed to assist in removing 

the triphenylphosphine by-products from 210. An optimal yield of the 9-iodo derivative 210 

was obtained when the imidazole and triphenylphosphine were both recrystallised and 

extensively dried, and the THF was freshly distilled from benzophenone ketyl115. The product 

was confirmed as 210 by the significant but expected change in chemical shift of the C-9 



[40] 
 

peak, from δ63 ppm in 209 to δ7 ppm in the 13C NMR spectrum of 210.  This type of change 

in the carbon-13 chemical shift is due to the deshielding nature of the iodine116. 

 
Scheme 2.8. Mechanism for carbon nine iodination 

With the 7-azido-9-iodo derivative 210 available, we felt we could attempt a hydrogenation 

reaction that should reduce both the iodo-group and the azide concomitantly. This involved 

dissolving 210 in methanol, adding the palladium catalyst, degassing the reaction flask, and 

placing it under a hydrogen atmosphere (Scheme 2.9). This was then stirred overnight before 

the hydrogen was vented, and the palladium catalyst filtered off of the reaction mixture to 

theoretically give the 7-amino derivative 211. This was followed immediately with an 

acetylation reaction to produce the acetamide, as it was believed that the amine formed at 

carbon seven would not be stable enough for chromatography.  

 
Reagents and Conditions: (a) H2, Pd(OH)2/C, MeOH; (b) Ac2O, Py, DMAP. 

Scheme 2.9. Intermediary 7-epi-amino-legionaminic acid derivative intended to be produced from 

hydrogenation prior to acetylation. 
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Unfortunately, several attempts at this double reduction reaction proved futile, furnishing 

multiple reaction products that we could not identify.  Upon examination of these multiple 

products, it was clear that none of the desired product 212 had been formed. We believed the 

hydrogenation reaction was the more likely reaction to fail, as acetylation reactions are quite 

standard, and so we attempted this reaction several times, with various conditions, also 

utilising acid          (p-toluenesulphonic acid) and base (N,N-diisopropylethylamine) in various 

proportions (Table 2.1). The key spectroscopic identifiers for the desired product 212 by 1H 

NMR would be a second acetamide methyl singlet peak at around δ2 ppm in addition to the 

acetate peaks at carbons four and eight, a second N-H doublet peak, and the three protons at 

carbon nine forming a doublet peak at around δ1 ppm. None of the diagnostic peaks for the 

second acetamide could be seen in any of the products isolated from these reactions, however 

in two of the reactions it could be seen that the 7-epi-azido-9-deoxy derivative 214 had 

formed, though in very poor yields (12% and 9%). Other than this, the only product that 

could be identified was the acetylated starting material 213. 

 
Table 2.1. Reaction conditions for attempted hydrogenation and acetylation of 212. 

Conditionsa Result 
Hydrogenation: Pd(OH)2/C (20% wt.), DIPEA (1/3 eq.), MeOH (30 mM), 18 h. 
Acetylation: DMAP (1/8 eq.), Py/Ac2O (2:1, 50 mM). 

Decomposition 

Hydrogenation: Pd(OH)2/C (20% wt.), MeOH (50 mM), 18 h. 
Acetylation: DMAP (1/6 eq.), Py/Ac2O (2:1, 75 mM). 

Decomposition 

Hydrogenation: Pd(OH)2/C (20% wt.), p-TsOH (1/20 eq.), MeOH (30 mM), 4 h. 
Acetylation: DMAP (1/6 eq.), Py/Ac2O (2:1, 50 mM). 

213: 29% 

Hydrogenation: Pd(OH)2/C (20% wt.), p-TsOH (1/20 eq.), MeOH (50 mM), 4 h. 
Acetylation: DMAP (1/3 eq.), Py/Ac2O (2:1, 40 mM). 

Complex 
mixture 

Hydrogenation: Pd(OH)2/C (20% wt.), DIPEA (1/6 eq.), MeOH (45 mM), 18 h. 
Acetylation: DMAP (1/3 eq.), Py/Ac2O (2:1, 40 mM). 

213: 18%; 
214: 12% 

Hydrogenation: Pd(OH)2/C (20% wt.), DIPEA (1/6 eq.), MeOH (60 mM), 18 h. 
Acetylation: DMAP (1/4 eq.), Py/Ac2O (2:1, 50 mM). 

213: 10%; 
214: 9% 

Hydrogenation: Pd(OH)2/C (20% wt.), DIPEA (1/6 eq.), MeOH (90 mM), 18 h. 
Acetylation: DMAP (1/5 eq.), Py/Ac2O (2:1, 75 mM). 

Complex 
mixture 

Hydrogenation: Pd(OH)2/C (20% wt.), DIPEA (1 eq.), MeOH (60 mM), 18 h. 
Acetylation: DMAP (1/4 eq.), Py/Ac2O (2:1, 50 mM). 

Decomposition 

a: All hydrogenation reactions were performed using Pd(OH)2/C (20% wt.) catalyst and H2 atmosphere at room 
temperature, with acetylation reactions performed overnight at room temperature under a nitrogen atmosphere 
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Given we had failed to successfully achieve a double reduction on 210, the obvious 

alternative approach was to reduce and functionalise the azide at C-7 independently of the 

C-9 deoxygenation. To this end, reduction of the azide in 202 by vigorous stirring with zinc 

and NH4Cl in aqueous methanol for 30 minutes117, followed by direct acetylation gave the 

desired C-7 acetamide 215 in poor yield (17%) (Scheme 2.10).   

 
Reagents and conditions: (a) NH4Cl, Zn, MeOH/H2O (5:1), 0.5 h, 25 °C,  

then DMAP, Py/Ac2O (2:1), 18 h, 25 °C, 17%. 

Scheme 2.10. Reduction and acylation of azide in protected derivative 202 

We felt at this stage that such a low yield just to functionalise the C-7 nitrogen was not 

acceptable, considering we still needed to deoxygenate C-9, which itself had proved 

problematic in previous reactions (given the 12% yield of 214 after hydrogenation of 210).  

The reaction conditions for the reduction of the azide are quite mild but require a mixture of 

methanol and water as solvent, and we wondered if the modest yield was due to a lack of 

solubility of 202 in this solvent mixture. Other than recovered starting material, further 

products isolated from the attempted azide reduction seemed to have lost their protecting 

groups, as well as the methyl glycoside, although the exact identity of these compounds could 

not be determined due to difficulties with purification. Using hydrogenation methods 

analogous to those performed on 210 (Pd(OH)2/C, H2 (g)) instead gave a worse result, with 

no formation of the acetamide after acetylation. The same result occurred when using 

triphenylphosphine in THF to reduce the azide118, followed by the addition of either acetic 

anhydride, acetic acid, or acetyl chloride to the reaction mixture. These conditions attempted 

to reduce the azide in 202 are summarised in Table 2.2. 
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Table 2.2. Reaction conditions for attempted reduction and acylation of C-7 azido group in 202. 

Conditions Result 
Reduction: NH4Cl (100% wt.), Zn (100% wt.),  
MeOH/H2O (5:1, 45 mM), atm., 25 °C, 0.5 h. 
Acetylation: DMAP (1/3 eq.), Py/Ac2O (2:1, 45 mM), N2, 25 °C, 18 h) 

215: 17% 

Hydrogenation: Pd(OH)2/C (20% wt.), MeOH (25 mM), H2, 25 °C, 18 h. 
Acetylation: Py/Ac2O (2:1, 30 mM), N2, 25 °C, 18 h. 

202: 88% 

Hydrogenation: Pd(OH)2/C (20% wt.), MeOH (20 mM), H2, 25 °C, 18 h. 
Acetylation: DMAP (2/5 eq.), Py/Ac2O (2:1, 20 mM), N2, 25 °C, 18 h. 

202: 11% 

Reduction/Acetylation: PPh3 (2 eq.), THF (20 mM),  
4 Å molecular sieves, N2, 0 °C, 0.5 h, then Ac2O (5 eq.), N2, 25 °C, 18 h. 

Decomposed 

Reduction/Acetylation: PPh3 (3 eq.), THF (20 mM), N2, 25 °C, 5 h,  
then Ac2O (5 eq.), N2, 25 °C, 18 h. 

202: 38% 

Reduction/Acetylation: PPh3 (1.25 eq.), Ac2O (1.25 eq.),  
THF (40 mM), reflux, 18 h. 

202: 36% 

Reduction/Acetylation: PPh3 (1.25 eq.), Ac2O (1.25 eq.),  
THF (40 mM), 70 °C, 66 h. 

202: 42% 

Reduction/Acetylation: PPh3 (1.25 eq.), AcCl (1.25 eq.),  
THF (40 mM), 40 °C, 18 h. 

Decomposed 

Reduction/Acetylation: PPh3 (1.25 eq.), AcCl (1.25 eq.),  
THF (30 mM), 0 °C, 4 h, then 25 °C, 18 h. 

202: 29% 

Reduction/Acetylation: PPh3 (1.25 eq.), AcOH (1.25 eq.),  
THF (45 mM), 0 °C, 4 h, then 25 °C, 18 h. 

202: 5% 

Attempts were also made to reduce and acylate the azide on the triol 209, and also on the     

9-iodo derivative 210 using the zinc and ammonium chloride approach (Scheme 2.11), but 

both of these approaches proved futile. In each case a complex mixture of products was 

formed, with all products isolated in low yields. Many of the products seemed to have 

decomposed under the reaction conditions, and the remainder did not feature the expected 

diagnostic peaks by 1H NMR associated with the second acetamide group. The only 

identifiable products isolated from either reaction were the corresponding acylated starting 

materials (in a 24% yield from 209 and 16% from 210). 
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Reagents and conditions: (a) NH4Cl, Zn, MeOH/H2O (5:1), 0.5 h, 25 °C,  

then DMAP, Py/Ac2O (2:1), 18 h, 25 °C, 0%.  

Scheme 2.11. Final attempts to reduce the azide group in derivatives 209 and 210. 
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2.3 Towards the synthesis of 5,7-diacetamido-3,5,7,9-tetradeoxy-D-

glycero-D-galacto-non-2-ulosonic acid (legionaminic acid) 

Despite the lack of success in the latter stages of our initial approach towards the synthesis 

of 7-epi-legionaminic acid, we had simultaneously been pursuing a route towards 

legionaminic acid itself (107), which is described herein. Our overall approach towards 

legionaminic acid itself kept much the same as our approach to 7-epi-leg but required an 

additional inversion of stereochemistry at carbon seven (Scheme 2.12).  

 
Scheme 2.12. Retrosynthetic approach to 7-epi-Leg (top, 201) and Leg (bottom, 107) from 

selectively protected pivot point 203. 

To this end, our approaches to the double inversion of carbon seven stereochemistry involved 

the displacement of the triflate group of 207 with an oxygen-based nucleophile, which could 

then once again be activated with a leaving group and displaced with nitrogen. The first of 

these approaches was based on the work of Dong et al., who used potassium nitrite to displace 

a triflate group that had been introduced to various hexoses (Scheme 2.13)119. In each hexose 

substrate that they tried this reaction on, the intermediary nitrous ester derivative was not 

isolated, and only the stereochemically inverted hydroxyl compound was obtained.  

 
Scheme 2.13. Nitrite displacement of a triflate group on a hexose substrate119. 
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We made multiple attempts to displace the triflate group at carbon seven of 207 with 

potassium nitrite (Scheme 2.14), however ultimately found that no product was formed on 

any of these occasions. The first attempt followed the conditions described by Dong et al. 

and involved using 10 equivalents of KNO2 in DMF at 65 °C for 1.5 h. Unfortunately, this 

produced a complex mixture of products, presumably due to the unstable nature of the triflate 

derivative (as discussed in section 2.2). Following this, the reaction was attempted at 4 °C 

overnight, similar to the conditions successfully used for the azide displacement of the C-7 

triflate, but this also resulted in a complex mixture being isolated. It was considered that the 

potassium cation might in part be responsible for the poor results, and so a stoichiometric 

amount of 18-crown-6 was used, in addition to using only 5 equivalents of KNO2, in the next 

attempts to perform the displacement. Under these conditions the deterioration of the 

substrate occurred much slower, and so the reaction could be left for three nights at room 

temperature before the substrate started to decompose. Unfortunately, the decomposition still 

occurred before any displacement with the nitrite ion. 

 

 
Scheme 2.14. Attempted displacement of triflate group in 207 with nitrite to give 7-epi-OH 218. 

Another option for displacement of a leaving group with an oxygen nucleophile was first 

published by Battistini et al. in 1990, wherein they reported the displacement of a triflate 

group using sodium acetate to give the epi-acetoxy derivative, in their case, of adenosine 

(Scheme 2.15)120.  

 
Scheme 2.15. Acetate displacement of a triflate group at carbon three of adenosine120. 
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We explored the use of this displacement reaction on 207, beginning with similar conditions 

to those used in the displacement with azide: 2.5 equivalents of sodium acetate stirred with 

207 overnight at 4 °C. Unfortunately, even under such mild conditions, after purification it 

was found that there were multiple reaction products, none of which could be identified as 

the 7-epi-O-acetyl derivative 219 (Scheme 2.16). Identification of 219 could have been made 

using 1H NMR by a second acetyl peak, slightly downfield of the acetamide methyl group 

near δ2 ppm. 

 
Scheme 2.16. Attempted acetate displacement of triflate group of 208. 

We believed that a potential cause for these displacement reactions not giving the desired 

outcome was the instability of the 7-O-triflate group in 207, and so we explored the use of a 

more stable leaving group – a methanesulphonyl group. Accordingly, we stirred 203 in DCM 

with 1.5 equivalents of mesyl chloride and 3 equivalents of pyridine at room temperature 

overnight but found that not all of the starting material was being consumed, and giving a 

yield of just 57%, significantly lower than the triflation. Leaving the reaction for longer had 

very little affect, and increasing the temperature gave a slight decrease in yield (49%). After 

careful experimentation, we discovered that changing the base used in the reaction to 

triethylamine gave a significant improvement in the yield of 220, bringing it up to 83% when 

left overnight at room temperature (Scheme 2.17). The 7-O-mesylate derivative 220 was 

identified using 1H NMR by the singlet peak integrating to three protons at δ3.2 ppm, due to 

the newly introduced methanesulphonyl group. The remainder of the 1H NMR spectrum of 

220 was consistent with the structure as drawn.  
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Reagents and Conditions: (a) MsCl, Et3N, DMF, 24 h, 25 °C, 83%; (b) KNO2, DMF, 0%;  

(c) NaOAc, DMF, 0%. 

Scheme 2.17. Synthesis of the mesylate derivative 220 and subsequent attempts at carbon seven 

stereochemical inversion. 

Despite the fact that the 7-O-mesylate 220 could be formed in high yield, we found the 

mesylate group was too stable, so stable in fact that we could not find any conditions that 

produced the desired 7-epi compounds 218 or 219 (Scheme 2.17).  We first explored the use 

of the nitrite displacement and exposed a DMF solution of 220 to ten equivalents of 

potassium nitrite and stirring at 65 °C overnight. When this returned 100% of unreacted 

starting material, we raised the temperature to 100 °C for the second attempt. After one night 

under these conditions, 83% of the starting material was reclaimed, with the remainder 

decomposing. We then attempted the displacement reaction using sodium acetate, first at 

room temperature overnight, which gave 80% recovered starting material, and then at          

100 °C overnight, which gave 67% reclaimed starting material. Again, the discrepancy in 

mass of reclaimed 220 was due to decomposition, with the only other products in the reaction 

mixture remaining on the baseline of the TLC plates, and not being eluted from the flash 

columns used for purification. Due to the stability of the mesylate group in 220 towards 

displacement, this alternative approach was abandoned. 
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2.4 Conclusions and Future Work 

Our initial strategy towards the synthesis of legionaminic acid analogues was successful in 

introducing nitrogen functionality to carbon seven on Neu5Ac, in the form of an azide group. 

However, this strategy did not allow us to efficiently functionalise the C-7 nitrogen or 

deoxygenate carbon nine. In addition to this, we also encountered problems with the double 

inversion of stereochemistry at carbon seven. A pictorial summary of the outcomes from our 

initial strategy towards 7-epi-Leg and Leg is shown in Scheme 2.18. 

 
Scheme 2.18. Summary of progress made towards 7-epi-Leg and Leg using initial approach. 

As a result of the studies presented in this chapter, we have however established that the 

functionalisation of the C-7 nitrogen must be performed independently to the C-9 

deoxygenation. Due to the value of performing the nitrogen functionalisation late in the 

synthetic approach (to allow for the generation of a range of C-7 analogues), we felt that an 

important outcome from the work described in this chapter would be to explore an alternative 

strategy wherein the C-9 deoxygenation was carried out prior to the introduction of the azide 

group. This would mean that we could then focus our efforts on the functionalisation of the 

C-7 nitrogen without added complications. Our work on this revised strategy is presented in 

chapter 4. The oxazine by-product formed from the triflation reaction had the potential to 

provide us with an avenue towards double inversion, as the oxazine possesses the inverted 

stereochemistry at carbon seven. We conceived that a second inversion of stereochemistry, 

either in addition to or through the introduction of nitrogen functionality could be an efficient 

route towards legionaminic acid, and our work towards this will be discussed in chapter 5. 
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2.5 Experimental 

Methyl (methyl 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-

ulopyranosid)onate (205) 

To a solution of Neu5Ac (101) (11.1 g, 35.9 mmol) in 

anhydrous MeOH (300 mL), Dowex-50WX8(H+) resin 

(27.75 g) was added. After stirring for 20 h at 70 °C 

under a nitrogen atmosphere, the reaction was allowed to cool, filtered, and the filtrate 

evaporated in vacuo. The desired product (7.95 g, 23.6 mmol, 66%) was obtained using 

column chromatography on silica gel in EtOAc/MeOH (4:1) and obtained as a white solid 

with Rf 0.15 in EtOAc/MeOH (4:1). The spectroscopic data for 205 was consistent with 

published data121. 

1H NMR (400 MHz, CD3OD) δ 3.90-3.95 (1H, m, H4), 3.70-3.78 (3x1H, m, H5, H6, H9), 

3.73 (3H, s, CO2CH3), 3.53-3.63 (2x1H, m, H8, H9'), 3.41 (1H, dd, J7,6 = 7.82, J7,8 =             

8.86 Hz, H7), 3.20 (3H, s, COCH3), 2.27 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 5.2 Hz, H3e), 1.93 

(3H, s, AcN) 1.57 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 7.6 Hz, H3a). 

13C NMR (100 MHz CD3OD) δ 175.0 (C1), 171.0 (NCOCH3), 100.5 (C2), 72.4 (C6), 71.5 

(C8), 70.3 (C7), 67.9 (C4), 65.4 (C9), 53.9 (C5), 53.3 (CO2CH3), 51.8 (COCH3), 41.7 (C3), 

22.9 (NCOCH3). 

IR = 1739 cm-1 (CO2Me)  

m/z 360.2 [M+Na]+ 

Methyl (methyl 5-acetamido-3,5-dideoxy-8,9-O-isopropylidene-D-glycero-D-galacto-

non-2-ulopyranosid)onate (206) 

To a solution of 205 (3.89 g, 12.7 mmol) in anhydrous 

acetone (70 mL), 2,2-dimethoxypropane (2.2 mL,         

17.8 mmol) and p-toluenesulphonic acid monohydrate 

(483 mg, 2.54 mmol) were added. After stirring for 18 h 

at room temperature under a nitrogen atmosphere, the reaction was neutralised with 

triethylamine and evaporated in vacuo. The desired product (3.81 g, 11.03 mmol, 87%) was 

obtained using column chromatography on silica gel in EtOAc/MeOH (10:1) and obtained 
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as a white solid with Rf 0.12 in EtOAc/MeOH (10:1). The spectroscopic data for 205 was 

consistent with published data122. 

1H NMR (400 MHz, CD3OD) δ 4.50 (1H, d, NH), 4.19 (1H, ddd, J8,7 = 8.5 Hz, J8,9 = 6.2 Hz, 

J8,9’ = 5.4 Hz, H8), 4.03 (1H, dd, J9,8 = 6.2 Hz, J9,9’ = 8.5 Hz, H9), 3.87-3.95 (1H, m, H4), 

3.87 (1H, dd, J9’,8 = 5.4 Hz, J9’,9 = 8.5 Hz, H9’), 3.70-3.77 (1H, m, H5), 3.73 (3H, s, CO2CH3), 

3.63 (1H, dd, J6,5 = 10.5 Hz, J6,7 = 1.27 Hz, H6), 3.39 (1H, dd, J7,6 = 1.3 Hz, J7,8 = 8.5 Hz, 

H7), 3.17 (3H, s, COCH3), 2.27 (1H, dd, J3e,3a = 12.9 Hz, J3e,4 = 5.00 Hz, H3e), 1.93 (3H, s, 

AcN), 1.56 (1H, dd, J3a,3e = 12.9 Hz, J3a,4 = 11.2 Hz, H3a), 1.28 (3H, s, CH3C(OR)2), 1.21 

(3H, s, CH3C(OR)2). 

13C NMR (100 MHz CD3OD) δ 174.9 (C1), 170.8 (NCOCH3), 110.4 ((RO)2C(CH3)2), 100.6 

(C2), 76.0 (C8), 72.8 (C6), 71.7 (C7), 68.8 (C9), 67.7 (C4), 53.8 (C5), 53.3 (CO2CH3), 51.7 

(COCH3), 41.7 (C3), 27.4 (CH3C(OR)2CH3), 25.8 (CH3C(OR)2CH3), 22.8 (NCOCH3). 

IR = 1739 cm-1 (CO2Me) 

m/z 400.3 [M+Na]+ 

Methyl (methyl 5-acetamido-4-O-tert-butyldimethylsilyl-3,5-dideoxy-8,9-O-

isopropylidene-D-glycero-D-galacto-non-2-ulopyranosid)onate (203) 

To a solution of 206 (553 mg, 1.47 mmol) in anhydrous 

dimethylformamide (10 mL), tert-butyldimethylsilyl 

chloride (306 mg, 2.03 mmol) and imidazole (276 mg, 

4.06 mmol) were added. After stirring for 3 days at room 

temperature under a nitrogen atmosphere, the reaction was evaporated in vacuo. The desired 

product (602 mg, 1.31 mmol, 89%) was obtained using column chromatography on silica gel 

in EtOAc/Hex (1:1) and obtained as a white solid with Rf 0.17 in EtOAc/Hex (1:1). 

1H NMR (400 MHz, CDCl3) δ 5.33 (1H, d, JNH,5 = 7.6 Hz, NH), 4.29 (1H, ddd, J8,7 = 8.4 Hz, 

J8,9 = 6.4 Hz H8), 4.11 (1H, dd, J9,8 = 6.4 Hz, J9,9’ = 8.4 Hz, H9), 3.96-4.06 (2H, m, H4), 

3.78-3.85 (1H, m, H5), 3.77 (3H, s, CO2CH3), 3.55 (1H, d, J6,5 = 6.4 Hz, H6), 3.44 (1H, d, 

J7,8 = 8.4 Hz, H7), 3.24 (3H, s, COCH3), 2.28 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 5.2 Hz, H3e), 

1.99 (3H, s, AcN), 1.74 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 11.2 Hz, H3a), 1.26 (3H, s, 

CH3C(OR)2), 1.34 (3H, s, CH3C(OR)2), 0.83 (3x3H, s, (CH3)3CSi), 0.06 (3H, s, CH3Si), 0.05 

(3H, s, CH3Si). 
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13C NMR (100 MHz CDCl3) δ 172.2 (C1), 168.4 (NCOCH3), 108.6 ((RO)2C(CH3)2), 98.9 

(C2), 73.9 (C8), 71.4 (C6), 70.2 (C7), 67.7 (C9), 67.6 (C4), 53.1 (C5), 52.5 (CO2CH3), 50.7 

(COCH3), 41.1 (C3), 26.8 (CH3C(OR)2CH3), 25.3 ((CH3)CSi), 25.1 (CH3C(OR)2CH3), 23.0 

(NCOCH3), 17.6 ((CH3)CSi), -4.3 (CH3Si), -4.9 (CH3Si). 

IR 1737 cm-1 (CO2Me), 1043 cm-1 (s, Si-OC)  

m/z 514.3 [M+Na]+ 

Methyl (methyl 5-acetamido-4-O-tert-butyldimethylsilyl-3,5-dideoxy-8,9-O-

isopropylidene-7-trifluoromethanesulphonyl-D-glycero-D-galacto-non-2-

ulopyranosid)onate (207) 

To a solution of 203 (264 mg, 0.54 mmol) in anhydrous 

dichloromethane (5 mL) at -78 °C, trifluoromethane-

sulphonic anhydride (383 µL, 2.69 mmol) and pyridine 

(649 µL, 8.06 mmol) were added. After stirring for 3 h at 

0 °C under a nitrogen atmosphere, the reaction was washed with cold 1 M HCl, followed by 

cold H2O, dried (Na2SO4), and evaporated in vacuo. The desired product (200 mg,                

0.32 mmol, 60%) was obtained using column chromatography on silica gel in EtOAc/Hex 

(3:2) and obtained as a pale yellow solid with Rf 0.63 in EtOAc/Hex (3:2). 

1H NMR (400 MHz, CDCl3) δ 5.67 (1H, d, JNH,5 = 6.4 Hz, NH), 5.29 (1H, dd, J7,6 = 1.6 Hz, 

J7,8 = 4.4 Hz, H7), 5.02 (1H, dd, J6,5 = 10.8 Hz, J6,7 = 1.6 Hz, H6), 4.67 (1H, ddd, J4,3a =    

10.4 Hz, J4,3e = 4.8 Hz, J4,5 = 10.0 Hz, H4), 4.39 (1H, ddd, J8,7 = 4.4 Hz, J8,9 = 6.4 Hz, J8,9’ = 

6.4 Hz, H8), 4.13 (1H, dd, J9,8 = 6.4 Hz, J9,9’ = 9.2 Hz, H9), 4.03 (1H, dd, J9’,8 = 6.4 Hz, J9’,9 

= 9.2 Hz, H9’), 3.78 (3H, s, CO2CH3), 3.24 (3H, s, COCH3), 2.86 (1H, ddd, J5,4 = 10.0 Hz, 

J5,NH = 6.4 Hz, J5,6 = 10.8 Hz, H5), 2.32 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 4.8 Hz, H3e), 1.97 

(3H, s, AcN), 1.59 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.4 Hz, H3a), 1.42 (3H, s, CH3C(OR)2), 

1.31 (3H, s, CH3C(OR)2), 0.84 (3x3H, s, (CH3)3CSi), 0.05 (3H, s, CH3Si), 0.02 (3H, s, 

CH3Si). 

13C NMR (100 MHz CDCl3) δ 170.8 (C1), 167.8 (NCOCH3), 118.3 (F3CSO3), 109.2 

((RO)2C(CH3)2), 99.3 (C2), 84.2 (C7), 74.1 (C8), 67.9 (C6), 65.2 (C9), 64.7 (C4), 57.3 (C5), 

52.6 (CO2CH3), 51.3 (COCH3), 41.8 (C3), 26.1 (CH3C(OR)2CH3), 25.9 ((CH3)CSi), 25.6 

((CH3)CSi), 24.9 (CH3C(OR)2CH3), 23.8 (NCOCH3), -4.6 (CH3Si), -4.9 (CH3Si). 
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IR = 1742 cm-1 (CO2Me), 1376 cm-1 (S=O), 1248 cm-1 (s, C-F), 1167 cm-1 (s, S=O),            

1031 cm-1 (m, Si-OC) 

Methyl (methyl 5-acetamido-4-O-tert-butyldimethylsilyl-3,5,7-trideoxy-8,9-O-

isopropylidene-7-azido-D-glycero-L-altro-non-2-ulopyranosid)onate (202) 

To a solution of 207 (1.55 g, 2.49 mmol) in anhydrous 

dimethylformamide (45 mL) at 0 °C, sodium azide        

(805 mg, 12.4 mmol) was added. After stirring for 3 days 

at 4 °C under an argon atmosphere, the reaction was 

evaporated in vacuo. The desired product (861 mg, 1.67 mmol, 67%) was obtained using 

column chromatography on silica gel in EtOAc/Hex (1:2) and obtained as a white solid with 

Rf 0.58 in DCM/MeOH (10:1). 

1H NMR (400 MHz, CDCl3) δ 5.51 (1H, d, JNH,5 = 7.6 Hz, NH), 4.31 (1H, q, J8,7 = 13.6 Hz, 

J8,9 = 6.8 Hz, J8,9’ = 6.4 Hz, H8), 4.15 (1H, dd, J9,8 = 6.8 Hz, J9,9’ = 9.2 Hz, H9), 3.76-3.96 

(3x1H, m, H4, H5, H9’), 3.75 (3H, s, CO2CH3), 3.53 (1H, dd, J7,6 = 6.8 Hz, J7,8 = 13.6 Hz, 

H7), 3.48 (1H, dd, J6,5 = 10.4 Hz, J6,7 = 6.8 Hz, H6), 3.17 (3H, s, COCH3), 2.22 (1H, dd, J3e,3a 

= 13.2 Hz, J3e,4 = 4.8 Hz, H3e), 1.99 (3H, s, AcN), 1.66 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 =     

10.4 Hz, H3a), 1.40 (3H, s, CH3C(OR)2), 1.32 (3H, s, CH3C(OR)2), 0.80 (3x3H, s, 

(CH3)3CSi), 0.01 (2x3H, s, (CH3)2Si). 

13C NMR (100 MHz CDCl3) δ 170.5 (C1), 168.0 (NCOCH3), 109.0 ((RO)2C(CH3)2), 99.1 

(C2), 76.5 (C8), 71.7 (C6), 67.5 (C4), 67.3 (C9), 65.6 (C7), 55.9 (C5), 52.7 (CO2CH3), 51.1 

(COCH3), 41.2 (C3), 26.2 (CH3C(OR)2CH3), 25.5 ((CH3)CSi), 25.4 (CH3C(OR)2CH3), 23.5 

(NCOCH3), 17.7 ((CH3)CSi), -4.5 (CH3Si), -4.8 (CH3Si). 

IR = 2109 cm-1 (N3), 1753 cm-1 (CO2Me), 1135 cm-1 (s, C-OSi) 

m/z 539.1 [M+Na]+ 

This compound was recrystallised from Hex/EtOAc to give crystals suitable for X-ray 

analysis. A unique data set for compound 202 was measured at 200 K on an Oxford-

Diffraction GEMINI S Ultra CCD diffractometer (Mo-K radiation, graphite 

monochromation) utilizing CrysAlis software. Full depositions reside as CCDC No. 1839971 

in the Cambridge Crystallographic Data Centre as CSD Communications: 

 Milton J. Kiefel, James Carter, Peter C. Healy:  
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 CCDC 1839971 NEYZUP:  CSD Communications 2018 doi 10.5517/.ccdc.csd.cclzrmx8 

C22H40N4O8Si, Mr = 516.7. Monoclinic, space group P21, a = 11.608(5), b = 9.477(5), c = 

14.047(5) Å, b = 112.023(5), V = 1432.5(11) Å3. Dc (Z = 2) = 1.20 g cm–3. µMo = 0.13 

mm; specimen: 0.32 × 0.31 × 0.07 mm; 'T'min/max = 0.948/1.000. convermax = 30.75; Nt = 

8166, N = 5633 (Rint = 0.033), No 4323; R1 = 0.1128, wR2 (I >2s(I)) = 0.087 S = 1.213.  xabs 

= 0.06(13). 

Methyl (methyl 5-acetamido-3,5,7-trideoxy-7-azido-D-glycero-L-altro-non-2-

ulopyranosid)onate (209) 

To a solution of 202 (851 mg, 1.65 mmol) in tetrahydro-

furan/water (4:1, 20 mL), trifluoroacetic acid (379 µL, 

4.94 mmol) was added. After stirring for 4 days at 30 °C, 

the reaction was neutralised with ammonia, and evaporated in vacuo. The desired product 

(581 mg, 1.60 mmol, 97%) was obtained using column chromatography on silica gel in 

EtOAc/MeOH (10:1) and obtained as a white solid with Rf 0.11 in EtOAc/MeOH (10:1). 

1H NMR (400 MHz, CD3CN) δ 6.83 (1H, d, JNH,5 = 7.6 Hz, NH), 4.37 (1H, q, J8,7 = 2.4 Hz, 

J8,9 = 6.0 Hz, J8,9’ = 6.4 Hz, H8), 3.94 (1H, dd, J6,5 = 10.8 Hz, J6,7 = 2.0 Hz, H6), 3.90 (1H, 

ddd, J4,3e = 4.8 Hz, J4,3a = 11.2 Hz, J4,5 = 10.4 Hz, H4), 3.78 (3H, s, CO2CH3), 3.73 (1H, ddd, 

J5, 4 = 10.4 Hz, J5,6 = 10.8 Hz, J5,NH = 7.6 Hz, H5), 3.64 (1H, dd, J9,8 = 6.0 Hz, J9,9’ =               

10.8 Hz, H9), 3.48 (1H, dd, J9’,8 = 6.4 Hz, J9’,9 = 10.8 Hz, H9’), 3.29 (1H, dd, J7,6 = 2.0 Hz, 

J7,8 = 2.4 Hz, H7), 3.25 (3H, s, COCH3), 2.28 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 4.8 Hz, H3e), 

1.90 (3H, s, AcN), 1.71 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.4 Hz, H3a). 

13C NMR (100 MHz D2O) δ 174.5 (C1), 169.8 (NCOCH3), 99.1 (C2), 72.8 (C6), 70.7 (C8), 

66.1 (C4), 62.7 (C9), 62.0 (C7), 53.6 (CO2CH3), 53.3 (C5), 51.3 (COCH3), 39.0 (C3), 22.1 

(NCOCH3). 

IR = 2107 cm-1 (N3), 1743 cm-1 (CO2Me) 

m/z 384.4 [M+Na]+ 

 

 

 



[55] 
 

Methyl (methyl 5-acetamido-3,5,7,9-tetradeoxy-7-azido-9-iodo-D-glycero-L-altro-non-

2-ulopyranosid)onate (210) 

To a solution of 209 (100 mg, 0.28 mmol) in anhydrous 

tetrahydrofuran (10 mL), triphenylphosphine (112 mg, 

0.43 mmol), iodine chips (108 mg, 0.43 mmol), and 

imidazole (39 mg, 0.57 mmol) were added. After stirring for 2 h at reflux under a nitrogen 

atmosphere, Na2S2O5 (53 mg, 0.28 mmol) in MeOH (10 mL) was added, the mixture 

absorbed onto non-flash silica, and evaporated in vacuo. The desired product (113 mg,        

0.24 mmol, 86%) was obtained using column chromatography on silica gel in EtOAc/MeOH 

(10:1) and obtained as a white solid with Rf 0.41 in EtOAc/MeOH (10:1). 

1H NMR (400 MHz, CDCl3) δ 6.50 (1H, d, JNH,5 = 8.4 Hz, NH), 4.31 (1H, t, J8,9 = 7.6 Hz, 

J8,9’ = 6.4 Hz, H8), 4.15 (1H, dd, J6,5 = 10.4 Hz, J6,7 = 2.0 Hz, H6), 3.96-4.28 (1H, m, H4), 

3.91 (1H, t, J5,NH = 8.4 Hz, J5,6 = 10.4 Hz, H5), 3.83 (3H, s, CO2CH3), 3.48 (1H, brs, H7), 

3.40 (1H, dd, J9,8 = 7.6 Hz, J9,9’ = 10.4 Hz, H9), 3.33 (1H, dd, J9’,8 = 6.4 Hz, J9’,9 = 10.4 Hz, 

H9’), 3.30 (3H, s, COCH3), 2.46 (1H, dd, J3e,3a = 12.8 Hz, J3e,4 = 4.4 Hz, H3e), 2.02 (3H, s, 

AcN), 1.77 (1H, dd, J3a,3e = 12.8 Hz, J3a,4 = 11.6 Hz, H3a). 

13C NMR (100 MHz CDCl3) δ 172.4 (C1), 168.1 (NCOCH3), 99.2 (C2), 76.6 (C6), 71.8 (C8), 

66.6 (C4), 60.9 (C7), 53.5 (C5), 53.2 (CO2CH3), 51.7 (COCH3), 40.3 (C3), 23.3 (NCOCH3), 

7.3 (C9). 

IR = 2108 cm-1 (N3), 1747 cm-1 (CO2Me), 1171 cm-1 (C-I) 

m/z 495.1 [M+Na]+ 

Methyl (methyl 5,7-diacetamido-4-O-tert-butyldimethylsilyl-3,5,7-trideoxy-8,9-O-

isopropylidene-D-glycero-L-altro-non-2-ulopyranosid)onate (213) 

To a solution of 202 (217 mg, 0.42 mmol) in 

methanol/water (5:1, 9 mL), ammonium chloride           

(200 mg, 3.7 mmol) and zinc (200 mg, 3.1 mmol) were 

added. After stirring vigorously for 0.5 h at 25 °C, the 

reaction was filtered through a Celite pad, evaporated in vacuo, and redissolved in 

pyridine/acetic anhydride (2:1, 9 mL). N,N-Dimethylaminopyridine (30 mg, 0.25 mmol) was 

added, and the reaction stirred for 18 h at 25 °C under a nitrogen atmosphere. The reaction 

was then evaporated in vacuo, dissolved in ethyl acetate, washed with 1 M HCl followed by 
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H2O, dried (Na2SO4), and evaporated in vacuo. The desired product (38.5 mg, 0.07 mmol, 

17%) was obtained using column chromatography on silica gel in EtOAc/Hex (1:1). 

1H NMR (400 MHz, CDCl3) δ 5.26 (1H, dd, J7,6 = 2.0 Hz, J7,8 = 6.4 Hz, H7), 5.17 (1H, d, 

JNH,5 = 9.4 Hz, NH), 4.33 (1H, q, J8,7 = 6.4 Hz, J8,9 = 6.48, J8,9’ = 6.9 Hz, H8), 4.10-4.18 (1H, 

m, H4), 4.00-4.06 (2x1H, m, H6, H9), 3.93 (1H, dd, J9’,8 = 6.9 Hz, J9’,9 = 8.8 Hz, H9’), 3.79 

(3H, s, CO2CH3), 3.67 (1H, q, J5,4 = 9.9 Hz, J5,NH = 9.4 Hz, J5,6 = 10.04 Hz, H5), 3.23 (3H, 

s, COCH3), 2.28 (1H, dd, J3e,3a = 13.1 Hz, J3e,4 = 5.0 Hz, H3e), 2.13 (3H, s, AcN), 1.92 (3H, 

s, AcN), 1.72 (1H, dd, J3a,3e = 13.1 Hz, J3a,4 = 10.8 Hz, H3a), 1.34 (3H, s, CH3C(OR)2), 1.29 

(3H, s, CH3C(OR)2), 0.03 (3x3H, s, (CH3)3CSi), 0.02 (2x3H, s, (CH3)2Si). 

13C NMR (100 MHz CDCl3) δ 170.9 (C1), 169.9 (NCOCH3), 168.2 (NCOCH3), 108.7 

((RO)2C(CH3)2), 99.2 (C2), 74.4 (C8), 70.4 (C6), 69.9 (C7), 67.7 (C4), 66.4 (C9), 52.6 (C5), 

52.6 (CO2CH3), 51.0 (COCH3), 41.4 (C3), 26.6 (CH3C(OR)2CH3), 25.7 ((CH3)CSi), 25.5 

(CH3C(OR)2CH3), 23.6 (NCOCH3), 21.1 (NCOCH3), 17.8 ((CH3)CSi), -4.4 (CH3Si), -4.9 

(CH3Si). 

IR = 1747 cm-1 (CO2Me), 1045 cm-1 (Si-OC) 

m/z 556.4 [M+Na]+ 

Methyl (methyl 5-acetamido-4-O-tert-butyldimethylsilyl-3,5-dideoxy-8,9-O-

isopropylidene-7-methanesulphonyl-D-glycero-D-galacto-non-2-ulopyranosid)onate 

(220) 

To a solution of 203 (249 mg, 0.51 mmol) in anhydrous 

dichloromethane (5 mL), methane-sulphonyl chloride 

(59 µL, 0.76 mmol) and triethylamine (217 µL,             

1.56 mmol) were added. After stirring for 18 h at 25 °C 

under a nitrogen atmosphere, further methane-sulphonyl chloride (30 µL, 0.38 mmol) and 

triethylamine (70 µL, 0.5 mmol) were added. After a further 4 h at 25 °C, the reaction was 

washed with cold 1 M HCl, followed by cold H2O, dried (Na2SO4), and evaporated in vacuo. 

The desired product (238 mg, 0.42 mmol, 83%) was obtained using column chromatography 

on silica gel in EtOAc/Hex (1:1) and obtained as a white solid with Rf 0.30 in EtOAc/Hex 

(1:1). 
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1H NMR (400 MHz, CDCl3) δ 5.78 (1H, d, JNH,5 = 11.3 Hz, NH), 5.07 (1H, dd, J7,6 = 1.5 Hz, 

J7,8 = 4.3 Hz, H7), 4.61-4.68 (2x1H, m), 4.06-4.17 (2x1H, m), 3.79 (3H, s, CO2CH3), 3.35 

(1H, ddd, J = 4.4 Hz, J = 6.6 Hz, J = 8.8 Hz), 3.23 (3H, s, CO3SCH3), 3.22 (3H, s, COCH3), 

3.15 (1H, ddd, J = 7.64 Hz, J = 10.1 Hz, J = 2.42 Hz), 2.31 (1H, dd, J3e,3a = 13.1 Hz, J3e,4 = 

5.0 Hz, H3e), 1.97 (3H, s, AcN), 1.63 (1H, dd, J3a,3e = 13.1 Hz, J3a,4 = 10.8 Hz, H3a), 1.43 

(3H, s, CH3C(OR)2), 1.32 (3H, s, CH3C(OR)2), 0.85 (3x3H, s, (CH3)3CSi), 0.05 (3H, s, 

CH3Si), 0.04 (3H, s, CH3Si). 

IR = 1742 cm-1 (CO2Me), 1372 cm-1 (S=O), 1158 cm-1 (S=O), 1048 cm-1 (Si-OC) 

m/z 438.0 [M+Na]+ 
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Chapter 3 

Towards the synthesis of 2,3-double bonded analogues of 
Legionaminic acid 

3.1 Glycohydrolase enzymes 

Glycohydrolase enzymes play a fundamental role during the processing of carbohydrates 

which is important to many intercellular recognition events and a range of metabolic 

pathways123. There is significant interest in developing inhibitors of these enzymes124–127 due 

to the crucial role that these enzymes play in a variety of diseases, including cancer128, 

diabetes129, and viral and parasitic infections123.  

In designing inhibitors of glycohydrolase enzymes, it is necessary to take into account the 

type of substrate the enzyme naturally processes. For simple glycohydrolases, this usually 

involves mimicking the transition state structure125, and hence requires knowledge of the 

enzyme mechanism.  The mechanisms associated with the function of glycohydrolase 

enzymes have been studied in detail125, and it has been established that α-glycosides are 

hydrolysed via a transition state that places a partial positive charge on the ring oxygen 

(Figure 3.1, top).  An example of an α-glycosidase inhibitor is the iminosugar Miglitol 

(301)130. This compound mimics the transition state of α-glycosidation by replacing the ring 

oxygen with a nitrogen, allowing for the formation of a positive charge. β-Glycohydrolases, 

on the other hand, develop a partial positive charge at the anomeric carbon during the 

transition state (Figure 3.1, bottom).  4-O-β-D-glucopyranosylisofagomine (302) has been 

shown to be an effective inhibitor of β-glycosidases131 by replacing the anomeric carbon with 

a nitrogen, allowing for the positive charge to form at the appropriate position. 
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Figure 3.1. Transition states formed during the glycohydrolysis of either α- or β-glycosides123, and 

examples of inhibitors of each kind of enzyme. 

The enzyme neuraminidase or sialidase is responsible for the hydrolysis of sialic acid from 

the terminal position in glycans. As sialic acid exists as an α-glycoside, the transition state 

for this process places the partial positive charge on the ring oxygen, forming a double bond 

with carbon two (the anomeric carbon). The process of sialic acid cleavage by influenza A 

sialidase is shown in Figure 3.2. This gives the transition state a planar structure in the 

oxygen-C-2-C-3 region of the sialic acid ring. This planar structure can be mimicked with a 

double bond between carbons two and three, in the form of Neu5Ac2en (102) based 

molecules (Figure 3.3). Compounds like Neu5Ac2en (102) are considered as benchmark 

inhibitors of sialidases, and this was exploited in developing the potent influenza virus 

neuraminidase inhibitor Relenza (103), a derivative of Neu5Ac2en with modified 

functionality at the carbon four position. 

Due to the abundance and importance of glycohydrolase enzymes, the reported presence of 

an enzyme that can hydrolyse pseudaminic acid from glycans, a putative “pseudaminidase” 

enzyme83 is therefore not that surprising, and it is perhaps only a matter of time before the 

comparable legionaminic acid hydrolase enzymes are found in pathogenic organisms that 

contain legionaminic acid. 
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Figure 3.2. Transition state formed during the sialidase cleavage of sialic acid in influenza A132 

The structural similarity of the catalytic region of the reported pseudaminidase enzyme to 

sialidases83, suggests that mechanistically enzymes that cleave pseudaminic acid, and by 

corollary legionaminic acid, would also generate a transition-state similar to that shown in 

Figure 3.2 for sialidases. It seems reasonable therefore that Pse2en (303) and Leg2en (304) 

species could be of value as compounds that could inhibit enzymes that hydrolyse 

pseudaminic acid or legionaminic acid, respectively, from bacterial glycans, or at least could 

be used to help probe the function and specificity of such enzymes.  

 
Figure 3.3. Chemical structures of Neu5Ac2en, Relenza, Pse2en, and Leg2en. 

Therefore, as we are interested in developing a synthetic method that can be applied to 

making analogues of legionaminic acid, it was considered that some important analogues to 

work towards would be compounds with a 2,3-double bond. Consequently, simultaneous 

with our approaches towards 7-epi-legionaminic acid and legionaminic acid from Neu5Ac 

we investigated the potential to perform these transformations on Neu5Ac2en to give 

analogues of Leg2en and Pse2en. 
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3.2 Towards the synthesis of 5,7-bis-acetamido-2,6-anhydro-3,5,7,9-

tetradeoxy-D-glycero-L-altro-non-2-enoic acid (7-epi-Leg2en) 

Our initial approach towards synthesising Leg2en is shown in retrosynthetic terms in     

Scheme 3.1. To begin, we would first introduce the double bond to Neu5Ac (101), then 

perform the same series of steps as described in chapter 2: the selective protection of carbons 

four, eight, and nine; the activation of the oxygen at carbon seven and subsequent 

displacement with a nitrogen nucleophile; the reduction and functionalisation of this 

nitrogen; and the deoxygenation of carbon nine. Once again legionaminic acid 

stereochemistry would require an initial inversion of stereochemistry at C-7 prior to the 

displacement with nitrogen functionality. 

 
Scheme 3.1. Retrosynthetic approach to 7-epi-Leg2en analogues. 

However, before any of this could be accomplished, Neu5Ac2en would first have to be 

prepared from Neu5Ac through the introduction of the double bond between carbons two and 

three. The initial steps in our route towards Leg2en analogues is shown in Scheme 3.3. The 

first step is the introduction of a methyl ester group, and this is achieved by stirring Neu5Ac 

in methanol with acidic resin. The resin used in this case is Amberlite IR-120(H+), which just 

like the resin used in the introduction of the methyl ester and methyl glycoside in chapter 2, 

must be thoroughly washed with methanol and water and extensively dried before use. The 

process by which the double bond is introduced involves chlorinating the anomeric carbon, 

then eliminating HCl to produce the 2,3-double bond that is present in 308133,134.  The 

mechanism for this is summarised in Scheme 3.2.  Exposure of the methyl ester of Neu5Ac 

to neat acetyl chloride in a sealed system results in a build-up of hydrochloric acid gas as the 

hydroxyl groups are acetylated, which drives the chlorination. Once the chlorination step is 
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complete, the final aspect of this process is to reflux the chlorinated Neu5Ac 311 in 

acetonitrile with disodium phosphate. Typically, the 2-chloro-Neu5Ac intermediate 311 is 

not purified, but rather exposed to disodium phosphate. As disodium phosphate is a weak 

base, it is able to catalyse the elimination of HCl across carbons two and three to give the 

double bond. In this way the product 308 was isolated in 84% yield from Neu5Ac.  A notable 

change in the 1H NMR spectrum associated with the introduction of a double bond between 

carbons two and three is that the two H-3 protons which appear as doublet of doublet peaks 

at δ1.7 ppm and 2.3 ppm in Neu5Ac become a one proton doublet at δ6.0 ppm. Even more 

diagnostic is the change in the C-3 peak in the 13C NMR spectrum. Before the introduction 

of the double bond carbon three is a CH2 group, and hence points downwards in a DEPT 

experiment and resonates near δ40 ppm. However, after the elimination of H-Cl, carbon three 

is now sp2 hybridised, and hence resonates at δ110 ppm and points up in the DEPT 

experiment. This, in addition to the shift of C-2 from δ100 ppm to δ140 ppm makes 

identification of Neu5Ac2en compounds relatively straightforward using 1H and 13C NMR 

spectroscopy. 

 
Scheme 3.2.  Mechanism for the formation of Neu5Ac2en derivative 308 from Neu5Ac methyl 

ester using acetyl chloride.  

An alternate approach to the introduction of the double bond to the methyl ester of Neu5Ac 

was undertaken that converted it directly into the Neu5Ac2en derivative 308 in one 

reaction133. This approach involved the slow addition of a solution of concentrated sulphuric 

acid in acetic anhydride to a solution of Neu5Ac1Me in acetic anhydride and was stirred 
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overnight at room temperature. The advantage to this method, other than requiring one less 

reaction, is that it does not require the use of the extremely volatile acetyl chloride, or the 

build-up of pressurised hydrochloric acid gasses required for the chlorination. Unfortunately, 

the yield for this reaction was significantly lower, giving only 35% of 308 from the methyl 

ester, compared to the 84% total yield from Neu5Ac using the chlorination approach.  Hence, 

all our subsequent chemistry was carried out on 308 that had been prepared via the acetyl 

chloride method. 

 
Reagents and conditions: (a) IR-120(H+), MeOH, 18 h, 25 °C; (b) AcCl, 18 h, 25 °C; Na2HPO4, MeCN, 2 h, 

reflux, 84%; (c) NaOMe, MeOH, 1 h, 0 °C→RT, 68%; (d) DMP, TsOH, Ace, 18 h, 25 °C, 42%;  

(e) TBSCl, imidazole, DMF, 18 h, 25 °C, 90%. 

Scheme 3.3. Introduction of double bond to carbon two of Neu5Ac, and selective protection to 

leave C-7 hydroxyl accessible 

An unavoidable result of introducing the double bond to give 308 using either method is that 

the hydroxyl groups of Neu5Ac are acetylated.  However, subsequent reactions require the 

free hydroxyl group at carbon seven, so a deacetylation reaction is required.  This involves 

treatment of 308 with sodium methoxide to remove the acetates; however, this process results 

in the production of large quantities of sodium acetate salt, from which the desired                   

de-O-acetylated Neu5Ac2en (312) was difficult to separate on a large scale.  After some 

experimentation, it was eventually found that dividing the partially purified product 312 up 

into smaller quantities and running a reversed phase silica column was able to provide 

sufficient purification of 312.  The absence of all acetyl peaks (with the exception of the       

C-5 acetamide) in both 1H and 13C NMR spectra indicated that the acetates had been 
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removed, and the change in 1H NMR shift of H-4, H-7, H-8, and H-9 was consistent with 

these positions being free hydroxyls. The structure of 312 was also confirmed by mass 

spectrometry, with a m/z peak of 327.7 [M + Na]+. 

With the hydroxyl groups now free in the Neu5Ac2en derivative 312 we needed to protect 

all the hydroxyl groups except for the one at C-7.  Following our work towards legionaminic 

acid (chapter 2), treatment of 312 with 2,2-dimethoxy propane and p-TsOH under conditions 

analogous to that discussed in section 2.2 gave the 8,9-O-isopropylidene derivative 313 

(Scheme 3.3).  We felt the modest yield of 42% was due to the presence of the salts from the 

deprotection reaction to give 312.  This was overcome to the greatest extent possible by 

allowing the reaction to continue overnight, as opposed to the five hours that we would leave 

it for with other substrates (section 2.2). Once again, the presence of the isopropylidene group 

could be determined by the diagnostic NMR peaks: in the 1H NMR spectrum of 313 two 

three hydrogen singlets in the region of δ1.4 ppm; and in 13C NMR one quaternary carbon at 

δ110 ppm due to its presence between the two oxygen atoms of the isopropylidene, and two 

peaks associated with the two methyl carbons near δ25 ppm. 

Exposure of 313 to tert-butyldimethylsilyl chloride in the presence of imidazole gave the 

desired 7-hydroxy Neu5Ac2en derivative 307 in high yield. Interestingly, we found that 

direct evaporation of the solvent DMF did not cause decomposition of the product on this 

substrate like it did in the equivalent reaction in section 2.2. As before, the introduction of 

the silyl ether was confirmed using NMR, first using 1H NMR by the two singlet peaks at 

δ0.15 and 0.16 ppm integrating to three protons each and the singlet peak integrating to nine 

hydrogen atoms at δ0.9 ppm; and secondly using 13C NMR, with the presence of peaks at 

δ25 ppm (SiCMe3), δ18 ppm (SiCMe3), and the two peaks near δ-5 ppm (2xSiMe). 

With the target 7-hydroxy compound 307 available, albeit in modest overall yield from 

Neu5Ac, we next explored the introduction of the nitrogen functionality at carbon 7.  

Following from our work described in chapter 2, it seemed reasonable to activate the C-7 

hydroxyl with a good leaving group, and then displace with sodium azide.  Accordingly, 

exposure of 307 to triflic anhydride under conditions comparable to those described earlier, 

gave the C-7 triflate 314 in 62% yield (Scheme 3.4).  This involved dissolving 307 in 

dichloromethane at -78 °C, adding base (in the form of pyridine) and triflic anhydride, before 

stirring at -20 °C for 5 h. The presence of the triflate group in 314 was confirmed by 
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spectroscopic evidence, most notably the presence of a quartet-type resonance in the 13C 

spectrum centred near δ120ppm due to the CF3 group as well as the significant deshielding 

of the H-7 proton (from δ3.58 in 307 to δ5.59 in 314) due to the electron withdrawing 

characteristics of the triflate group at C-7. The reason that carbon peaks in a DEPT 

experiment do not couple with protons is due to the peaks being decoupled during acquisition, 

and that they do not couple with other carbons being due to the low occurrence of the 13C 

isotopes. 19F is, however, the most common isotope of fluorine, and without performing a 

fluorine decoupled experiment, the carbon signals will couple with their associated fluorine 

atoms135. Interestingly, we also isolated a 1,3-oxazine by-product 315 from the triflate 

formation reaction on 307, similar to that described in section 2.2. The structure of oxazine 

315 was determined by the characteristic doublet peak associated with the protons of the 

oxazine C-2 methyl group, as well as the shift of the H-5 signal from δ4.1 to δ3.1ppm. The 

oxazine 315 formed in similar yields (24%) to those reported on the previous substrate, 

suggesting that the partially planar Neu5Ac2en ring structure is just as capable of forming a 

secondary ring structure as the natural Neu5Ac ring structure. This is not particularly 

surprising, as 4,5-oxazoline has been reported as being introduced previously to 

Neu5Ac2en136. Section 5.1 of this thesis contains a more detailed analysis of oxazine 

formation. 

 
Scheme 3.4. Activation of C-7 hydroxyl of 309 with triflate leaving group. 

Returning to the C-7 triflate activated compound 314, the desired nitrogen functionality was 

then introduced at C-7 by azide displacement on 314 to give 306 in 61% yield (Scheme 3.5).  

As with our experience in the legionaminic acid series of compounds (Chapter 2), once again 

this displacement reaction needed to be kept cold (4 ˚C) and required upwards of three days 

to complete.  The isolated product was confirmed as 306 by a strong infra-red absorption 

peak in the region of 2100 cm-1 due to the presence of the azide group, with other 

spectroscopic evidence consistent with the structure as drawn.   
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Scheme 3.5. Azide displacement of triflate group in 314. 

At this stage of the synthesis, we again faced the dilemma as to which group to modify next.  

Should we reduce the azide and then remove the C-9 hydroxyl, should we try to deoxygenate 

at C-9 first, or should we once again attempt to do both simultaneously (Scheme 3.6).  Each 

approach has merit.  A simultaneous approach would be the fastest route but has a greater 

potential for problems to arise than a step-by-step approach. Performing the deoxygenation 

step after functionalisation of the nitrogen could restrict our possible range of functionalities 

introduced to carbon-seven as some of these functionalities may not be stable under 

deoxygenation conditions. Performing the deoxygenation step first could circumvent this, 

however, deoxygenation in the presence of both an α,β-unsaturated ester and an azide could 

still introduce problems.  

We first attempted the azide reduction and acylation on the protected sugar 306, as that was 

the only scenario which gave us success previously (Section 2.2). Once again using 

ammonium chloride and zinc in a methanol/water solvent to reduce the azide, and acetic 

anhydride, pyridine, and DMAP to acetylate the resulting amine, we were able to obtain the 

7-epi-acetamido derivative 316 in 44% yield (Scheme 3.6). The presence of a second N-

acetyl peak at δ2.0 ppm and a second NH peak at δ6.5 ppm in 1H NMR spectrum of 316 

suggested the acetamide had been introduced. This was further confirmed using 13C NMR 

by the presence of a third carbonyl carbon (counting the methyl ester) at δ170 ppm and a 

second acetyl methyl peak at δ23 ppm. The change in chemical shift of C-7 from δ59 ppm in 

306 to δ49 ppm in 316 confirmed that the acetamide had been introduced at the carbon 7 

position. An m/z value in the mass spectrum of 523.4 [M+Na]+ is also consistent with the 

structure of 316. 

The yield of 44% obtained in the reduction of the azide group in 306 to the acetamide in 316 

was a significant improvement compared to the 17% yield obtained when the analogous 

reaction was carried out on the saturated substrate 202 to give 215 (Table 2.2, pg. 42). As it 

appeared that azide reduction in the unsaturated compounds was more efficient, we set to 
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deprotect the azido derivative 306 in order to determine if the reaction would work on the 

triol 317. Accordingly, the protected 306 was exposed to a trifluoroacetic acid/water solution, 

and gave us a quantitative yield of 317 after three days. Once again, the absence of the 

characteristic isopropylidene and silyl peaks in both the 1H and 13C NMR spectra indicated 

that deprotection had occurred, with the spectroscopic data obtained consistent with the 

desired product 317. 

The reduction/acetylation reaction was attempted on the azide group in 317 using the same 

conditions as on 306, stirring 317 in aqueous methanol with ammonium chloride and zinc, 

and then acetylating the crude product with acetic anhydride in pyridine with DMAP. 

However, in conducting this experiment in this way we found that we obtained multiple 

reaction products in low yields, none of which resembled the desired product 317. 

 
Reagents and conditions: (a) NH4Cl, Zn, MeOH/H2O (5:1), 0.5 h, 25°C,  

then DMAP, Py/Ac2O (2:1), 18 h, 25 °C, 44%; (b) TFA, 20% aq. THF, 66 h, 30 °C, 100%. 

Scheme 3.6. Attempts to reduce and acylate C-7 azide groups of derivatives 306 and 317. 

The major issue we faced at this stage was that of the deoxygenation of carbon nine. While 

we were able to introduce the acetamido functionality to carbon seven of the 4-silyl,              

8,9-isopropylidene Neu5Ac2en species 316, as well as successfully remove these functional 

groups, we required a deoxygenation method that would not be affected by the presence of 

an α,β-unsaturated ester. The method of iodinating carbon nine of 316 and hydrogenating to 

give the 9-deoxy derivative gave a complex mixture of products, as it did with our previous 

substrates (Section 2.2). Our concerns of successfully deoxygenating at C-9 of 317 were 

further exacerbated by our inability to deoxygenate carbon nine without the α,β-unsaturated 
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ester (Chapter 2), and so further work towards the synthesis of 305 was put on hold until a 

new method could be established that was compatible with this functionality. As discussed 

in section 2.2, the majority of common deoxygenation methods are incompatible with our 

synthesis, either because they preferentially deoxygenate secondary hydroxyls104,108, or 

because they use radical chemistry105–107 which cannot be applied to our substrates. As it 

transpired, we would not establish such a method. We knew that deoxygenating carbon nine 

in the presence of an α,β-unsaturated ester would present difficulties, and we considered if it 

would be possible to deoxygenate carbon nine before the introduction of the 2,3-double bond. 

Based on our subsequent successful synthesis of legionaminic acid (see Chapter 4) this 

alternative approach has merit. We had successfully introduced acetamido functionality to 

the C-7 position of an unsaturated sialic acid, and so if the issues of C-9 deoxygenation could 

be overcome, it is reasonable to believe that Leg2en derivatives could be successfully 

synthesised using this revised approach. 
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3.3 Towards the synthesis of 5,7-bis-acetamido-2,6-anhydro-3,5,7,9-

tetradeoxy-D-glycero-D-galacto-non-2-enoic acid (Leg2en) 

Our intended approach towards Leg2en synthesis was analogous to our approach towards 

Leg synthesis and is summarised in Scheme 3.7. The 7-hydroxy derivative 307 is the key a 

pivot point where inversion of stereochemistry prior to the activation and azide displacement 

would give the azido derivative 318 with the correct stereochemistry for legionaminic acid 

(Scheme 3.7).  

 
Scheme 3.7. Retrosynthesis for Leg2en from 7-hydroxy Neu5Ac2en derivative 309. 

Following the triflation of the C-7 hydroxyl group of 307 as described previously, our chosen 

method of initial stereochemical inversion was the Lattrell-Dax method119, using sodium 

nitrite to give the 7-epi-Neu5Ac2en derivative 319. This reaction was attempted previously 

on the 7-O-triflate-Neu5Ac substrate (Section 2.3, pg. 46). Unfortunately, exposure of the  

C-7 triflate 314 to sodium nitrite gave the same result as previously encountered with the 

saturated Neu5Ac substrate, wherein none of the desired product was formed. Instead we 

observed a complex mixture of products, none of which could be identified as our desired 

product 319. It has been established that the protecting group pattern used on the substrate 

has a significant effect on the efficiency of the Lattrell-Dax method of stereochemical 

inversion119. Dong et al. established that an equatorial ester protecting group on the 

neighbouring position of the ring provided a significant improvement in yield to an axial 

ester119. An even greater difference can be seen between an ester and an ether, with ether 

protecting groups resulting in particularly poor yields of stereochemical inversion119. Due to 

the reaction being performed on the glycerol side chain of Neu5Ac, equatorial and axial 
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stereochemical factors cannot be applied, however the protecting groups used in our synthetic 

approach are all ether linked. It is possible therefore, that ester linked protecting groups could 

be the most likely solution to the difficulties encountered with applying the Lattrell-Dax 

method to our substrates. However, the protecting groups used in our approach were chosen 

deliberately to leave the C-7 hydroxyl unprotected, and ester linked protecting groups are 

unlikely to be as effective at selective protection. 

 
Scheme 3.8. Attempted inversion of C-7 stereochemistry. 
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3.4 Future directions towards Leg2en 

Given the difficulties we had encountered with attempted removal of the C-9 hydroxyl and 

considering our modified approach towards legionaminic acid synthesis (Chapter 4), wherein 

deoxygenation of carbon nine took place prior to carbon seven modification, it would perhaps 

be better to introduce the double bond between carbon two and three after deoxygenation at 

C-9. Such an alternative strategy is shown in Scheme 3.9. This approach involves performing 

the iodination and hydrogenation deoxygenation method on the methyl ester of Neu5Ac to 

give 323, followed by the introduction of the double bond to 323 in the same method as 

described in Section 3.2 to give the 9-deoxy Neu5Ac2en 322. We could then continue our 

approach in an analogous way to that described in sections 4.2 and 4.3 to generate 7-epi-

Leg2en and Leg2en, respectively. We could potentially explore an oxidation-reduction 

approach to the stereochemical inversion of C-7, as is also described in section 4.3. The scope 

of this project did not allow for the exploration of this new approach, however due to the 

successful synthesis of legionaminic acid from a 9-deoxy-Neu5Ac starting point (Chapter 4), 

we believe that the successful synthesis of Leg2en analogues is a very viable prospect. 

 
Scheme 3.9. Retrosynthesis towards Leg2en and 7-epi-Leg2en analogues using 9-deoxy-Neu5Ac 

prepared as described in Section 4.2. 
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3.5 Future directions towards Pse2en 

For the synthesis of 8-epi-Pse2en and Pse2en, an approach analogous to the work done by 

the Kiefel group on the synthesis of 8-epi-Pse86 and Pse88 would be employed. The 

difference, similar to the use of Neu5Ac2en in place of Neu5Ac for Leg2en synthesis, is that 

Kdn2en would be required instead of Kdn. In the aforementioned pseudaminic acid 

syntheses, Kdn was obtained by converting the C-5 acetamide group of Neu5Ac to an acetate 

group, followed by a deacetylation reaction86. Therefore, we believe that the same approach 

could be taken with 9-deoxy-Neu5Ac2en 322 to afford 9-deoxy-Kdn2en 326 (Scheme 3.10). 

It would then be theoretically possible to use an adapted version of the remainder of the 

synthetic method from the pseudaminic acid syntheses developed in the Kiefel group to 

introduce the acetamide functionality to carbons five and seven with the inverted 

stereochemistry. 

 
Scheme 3.10. Retrosynthesis towards Pse2en analogues from a Kdn2en intermediate. 
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3.6 Experimental 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-D-glycero-D-

galacto-non-2-enoate (308) 

To a solution of Neu5Ac (101) (5.0 g, 16.2 mmol) in 

anhydrous MeOH (200 mL) IR-120(H+) resin (1.5 g) 

was added. After stirring for 20 h at room temperature 

under a nitrogen atmosphere, the reaction was filtered, the filtrate evaporated in vacuo, and 

the crude product dissolved in anhydrous AcCl (200 mL). The reaction was then stirred in a 

sealed vessel at room temperature for 3 days. The solvent was then evaporated in vacuo and 

azeotroped with toluene, the crude product dissolved in anhydrous MeCN (200 mL), and 

Na2HPO4 (2.30 g, 16.2 mmol) added. The reaction was refluxed for 2 h under nitrogen 

atmosphere, and after cooling, filtered through a Celite pad, and the filtrate evaporated in 

vacuo. The desired product (6.46 g, 13.6 mmol, 84%) was obtained using column 

chromatography on silica gel in EtOAc/Hex (3:1) and obtained as a white solid with Rf 0.22 

in EtOAc/Hex (3:1). 

1H NMR (400 MHz, CDCl3) δ 6.01 (1H, d, J3,4 = 3.3 Hz, H3), 5.61-5.58 (1H, m, H6), 5.52-

5.47 (1H, m, H8), 5.38-5.33 (1H, m, H7), 4.60 (1H, dd, J4,3 = 3.3 Hz, J4,5 = 12.6 Hz, H4), 

4.41-4.37 (2 x 1H, m, H5, H9), 4.19 (1H, dd, J9’,8 = 6.9 Hz, J9’,9 = 12.3 Hz, H9’), 3.80 (3H, 

s, CO2CH3), 2.12, 2.08, 2.06, 2.05, (4 x 3H, 4 x s, 4 x AcO), 1.93 (3H, s, AcN). 

IR = 1720 cm-1 (CO2Me), 1509 cm-1 (C=C). 

m/z 495.4 [M+Na]+ 

The 1H NMR data is consistent with that reported by Xu et al in 2011137. 

Methyl 5-acetamido-2,6-anhydro-3,5-dideoxy-D-glycero-D-galacto-non-2-enoate (312) 

To a solution of 308 (2.0 g, 4.22 mmol) in anhydrous 

MeOH (20 mL) at 0 °C, Na(s) (600 mg, 26.4 mmol) was 

added. After stirring for 1 h at room temperature under 

a nitrogen atmosphere, the reaction was neutralised with AcOH and evaporated in vacuo. The 

desired product (877 mg, 2.87 mmol, 68%) was obtained using column chromatography on 

silica gel in EtOAc/MeOH (6:1) and obtained as a white solid with Rf 0.07 in EtOAc/MeOH 

(6:1). 
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1H NMR (400 MHz, D2O) δ 6.04 (1H, d, J3,4 = 2.4 Hz, H3), 4.51 (1H, dd, J4,3 = 2.4 Hz,         

J4,5 = 8.8 Hz H4), 4.28 (1H, dd, J6,5 = 10.8 Hz, J6,7 = 0.8 Hz, H6), 4.08 (1H, dd, J5,4 = 8.8 Hz, 

J5,6 = 10.8 Hz, H5), 3.85-3.94 (2 x 1H, m, H7, H8), 3.82 (3H, s, CO2CH3), 3.63-3.67 (2 x 1H, 

m, H9, H9’), 2.06 (3H, s, AcN). 

IR = 1738 cm-1 (CO2Me), 1375 cm-1 (C=C) 

m/z 327.7 [M+Na]+  

Methyl 5-acetamido-2,6-anhydro-3,5-dideoxy-8,9-O-isopropylidene-D-glycero-D-

galacto-non-2-enoate (313) 

To a solution of 312 (1.04 g, 3.41 mmol) in anhydrous 

acetone (20 mL), 2,2-dimethoxypropane (595µL, 4.81 

mmol) and p-toluenesulphonic acid monohydrate (130 

mg, 0.68 mmol) were added. After stirring for 18 h at 

room temperature under a nitrogen atmosphere, the reaction was neutralised with 

triethylamine and evaporated in vacuo. The desired product (500 mg, 1.43 mmol, 42%) was 

obtained using column chromatography on silica gel in EtOAc and obtained as a white solid 

with Rf 0.09 in EtOAc. The NMR data was consistent with the literature133. 

1H NMR (400 MHz, CD3OD) δ 5.89 (1H, d, J3,4 = 2.5 Hz, H3), 4.38 (1H, dd, J4,3 = 2.5 Hz, 

J4,5 = 8.6 Hz H4), 4.26 (1H, ddd, J8,7 = 7.74 Hz, J8,9 = 6.2 Hz, J8,9’ = 5.4 Hz, H8), 4.08 (1H, 

dd, J9,8 = 6.2 Hz, J9,9’ = 8.68 Hz, H9), 4.01 (1H, dd, J6,5 = 10.7 Hz, J6,7 = 0.9 Hz, H6), 3.95 

(1H, dd, J9’,8 = 5.4 Hz, J9’,9 = 8.7 Hz, H9’), 3.90 (1H, dd, J5,4 = 8.6 Hz, J5,6 = 10.7 Hz, H5), 

3.73 (3H, s, CO2CH3), 3.52 (1H, dd, J7,6 = 0.88 Hz, J7,8 = 7.7 Hz, H7), 1.99 (3H, s, AcN), 

1.31 (3H, s, CH3C(OR)2), 1.27 (3H, s, CH3C(OR)2). 

13C NMR (100 MHz CD3OD) δ 175.1 (C1), 164.2 (NCOCH3), 145.3 (C2), 113.7 (C3), 110.4 

((RO)2C(CH3)2), 78.7 (C6), 76.2 (C8), 71.2 (C7), 67.8 (C4), 68.1 (C9), 52.9 (CO2CH3), 52.1 

(C5), 27.3 (CH3C(OR)2CH3), 25.7 (CH3C(OR)2CH3), 22.8 (NCOCH3). 

IR = 1743 cm-1 (CO2Me), 1439 cm-1 (C=C) 
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Methyl 5-acetamido-2,6-anhydro-3,5-dideoxy-4-O-tert-butyldimethylsilyl-8,9-O-

isopropylidene-D-glycero-D-galacto-non-2-enoate (307) 

To a solution of 313 (500 mg, 1.45 mmol) in anhydrous 

dimethylformamide (10 mL), tert-butyldimethylsilyl 

chloride (306 mg, 2.03 mmol) and imidazole (276 mg, 

4.06 mmol) were added. After stirring for 3 days at room 

temperature under a nitrogen atmosphere, the reaction was evaporated in vacuo. The desired 

product (600 mg, 1.3 mmol, 90%) was obtained using column chromatography on silica gel 

in EtOAc and obtained as a white solid with Rf 0.61 in EtOAc. 

1H NMR (400 MHz, CDCl3) δ 5.86 (1H, d, J3,4 = 3.6 Hz, H3), 4.49 (1H, d, J9,9’ = 3.2 Hz, 

H9), 4.35 (1H, dd, J4,3 = 3.6 Hz, J4,5 = 5.6 Hz, H4), 4.30 (1H, ddd, J8,7 = 8.4 Hz, J8,9 = 6.0 

Hz, J8,9’ = 4.8 Hz, H8), 4.14 (1H, dd, J6,5 = 6.0 Hz, J6,7 = 3.2 Hz, H6), 4.02-4.10 (2x1H, m, 

H5, H9’), 3.78 (3H, s, CO2CH3), 3.58 (1H, dd, J7,6 = 3.2 Hz, J7,8 = 8.4 Hz, H7), 1.96 (3H, s, 

AcN), 1.28 (3H, s, CH3C(OR)2), 1.24 (3H, s, CH3C(OR)2), 0.88 (3x3H, s, (CH3)3CSi), 0.15 

(3H, s, CH3Si), 0.16 (3H, s, CH3Si). 

IR = 1758 cm-1 (CO2Me), 1542 cm-1 (C=C), 1056 cm-1 (Si-OC) 

m/z 482.3 [M+Na]+ 

Methyl 5-acetamido-2,6-anhydro-3,5-dideoxy-4-O-tert-butyldimethylsilyl-7-trifluoro 

methanesulphonyl-8,9-O-isopropylidene-D-glycero-D-galacto-non-2-enoate (314) 

To a solution of 307 (600 mg, 1.31 mmol) in anhydrous 

dichloromethane (20 mL) at -78 °C, triflic anhydride (330 

µL, 1.97 mmol) and pyridine (317 µL, 3.93 mmol) were 

added. After stirring for 10 min at -78 °C, 0.5 h at 0 °C, 

then 4 h at 25 °C under a nitrogen atmosphere, the reaction was washed with cold 1 M HCl, 

followed by cold H2O, dried (Na2SO4), and evaporated in vacuo. The desired product 314 

(444 mg, 0.75 mmol, 57%) as well as oxazine by-product 315 were obtained using column 

chromatography on silica gel in gradient EtOAc/Hex (1:1) Æ EtOAc and obtained as a pale-

yellow solid with Rf 0.09 in EtOAc/Hex (1:1). 

1H NMR (400 MHz, CDCl3) δ 6.05 (1H, d, J3,4 = 4.4 Hz, H3), 5.76 (1H, d, JNH,5 = 7.6 Hz, 

NH), 5.59 (1H, dd, J7,6 = 2.4 Hz, J7,8 = 6.8 Hz, H7), 4.61 (1H, brs, H6), 4.47 (1H, ddd, J8,7 = 

6.8 Hz, J8,9 = 6.4 Hz, J8,9’ = 16.4 Hz, H8), 4.39 (1H, brs, H4), 4.19 (1H, dd, J9,8 = 6.4 Hz, J9,9’ 
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= 8.0 Hz, H9), 3.88 (1H, dd, J9’,8 = 16.4 Hz, J9’,9 = 8.0 Hz, H9’), 3.83 (3H, s, CO2CH3), 3.79-

3.82 (1H, m, H5), 1.98 (3H, s, AcN), 1.41 (3H, s, CH3C(OR)2), 1.33 (3H, s, CH3C(OR)2), 

0.90 (3x3H, s, (CH3)3CSi), 0.13 (3H, s, CH3Si), 0.12 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 169.7 (C1), 162.5 (NCOCH3), 141.8 (C2), 119.9 (F3CSO3), 

109.6 (C3), 108.9 ((RO)2C(CH3)2), 81.9 (C7), 75.1 (C6), 73.2 (C8), 63.6 (C9), 63.5 (C4), 

52.6 (CO2CH3), 52.6 (C5), 25.7 (CH3C(OR)2CH3), 25.6 ((CH3)CSi), 25.3 (CH3C(OR)2CH3), 

23.2 (NCOCH3), 17.9 ((CH3)CSi), -4.6 (CH3Si), -4.9 (CH3Si). 

IR = 1746 cm-1 (CO2Me), 1553 cm-1 (C=C), 1374 cm-1 (S=O), 1248 cm-1 (C-F), 1167 cm-1 

(S=O), 1047 cm-1 (Si-OC) 

Methyl 5-acetamido-2,6-anhydro-3,5,7-trideoxy-4-O-tert-butyldimethylsilyl-7-azido-

8,9-O-isopropylidene-D-glycero-L-altro-non-2-enoate (306) 

To a solution of 314 (200 mg, 0.34 mmol) in anhydrous 

dimethylformamide (5 mL) at 0 °C, sodium azide         

(110 mg, 1.69 mmol) was added. After stirring for 18 h at 

4 °C under an argon atmosphere, the reaction was 

evaporated in vacuo. The desired product (100 mg, 0.21 mmol, 61%) was obtained using 

column chromatography on silica gel in EtOAc/Hex (2:3) and obtained as a white solid with 

Rf 0.10 in DCM/MeOH (10:1). 

1H NMR (400 MHz, CDCl3) δ 6.11 (1H, d, J3,4 = 5.2 Hz, H3), 5.65 (1H, d, JNH,5 = 7.6 Hz, 

NH), 4.53 (1H, ddd, J5,4 = 2.0 Hz, J5,NH = 7.6 Hz, J5,6 = 3.6 Hz, H5), 4.28 (1H, ddd, J8,7 = 6.0 

Hz, J8,9 = 13.0 Hz, J9,9’ = 6.8 Hz, H8), 4.12-4.19 (3H, m, H4, H6, H9), 4.06 (1H, dd, J7,6 = 

10.4 Hz, J7,8 = 6.0 Hz, H7), 3.84 (3H, s, CO2CH3), 3.68 (1H, dd, J9’,8 = 6.8 Hz, J9’,9 = 8.4 Hz, 

H9’), 1.96 (3H, s, AcN), 1.43 (3H, s, CH3C(OR)2), 1.39 (3H, s, CH3C(OR)2), 0.91 (3x3H, s, 

(CH3)3CSi), 0.21 (3H, s, CH3Si), 0.15 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 169.4 (C1), 162.3 (NCOCH3), 141.3 (C2), 111.6 (C3), 109.4 

((RO)2C(CH3)2), 77.3 (C8), 75.3 (C4), 66.9 (C9), 63.3 (C6), 59.5 (C7), 52.7 (CO2CH3), 48.8 

(C5), 26.0 (CH3C(OR)2CH3), 25.9 ((CH3)CSi), 25.3 (CH3C(OR)2CH3), 23.2 (NCOCH3), 18.1 

((CH3)CSi), -4.6 (CH3Si), -4.95 (CH3Si). 

m/z 507.2 [M+Na]+ 

IR = 2113 cm-1 (N3), 1738 cm-1 (CO2Me), 1542 cm-1 (C=C) 
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Methyl 5,7-diacetamido-2,6-anhydro-3,5,7-trideoxy-4-O-tert-butyldimethylsilyl-8,9-O-

isopropylidene-D-glycero-L-altro-non-2-enoate (316) 

To a solution of 306 (160 mg, 0.33 mmol) in 

methanol/water (5:1, 9 mL), ammonium chloride           

(160 mg, 2.99 mmol) and zinc (160 mg, 2.45 mmol) were 

added. After vigorously stirring for 0.5 h at 25 °C, the 

reaction was filtered through a Celite pad, evaporated in vacuo, and redissolved in 

pyridine/acetic anhydride (2:1, 9 mL). N,N-Dimethylaminopyridine (30 mg, 0.25 mmol) was 

added, and the reaction stirred under a nitrogen atmosphere for 18 h. The reaction was then 

evaporated in vacuo, dissolved in EtOAc, washed with 1 M HCl followed by H2O, dried 

(Na2SO4), and evaporated in vacuo. The desired product (73 mg, 0.15 mmol, 44%) was 

obtained using column chromatography on silica gel in EtOAc/MeOH (2:3) and obtained as 

a white solid with Rf 0.44 in Hex/EtOAc (2:1). 

1H NMR (400 MHz, CDCl3) δ 6.50 (1H, d, JNH,7 = 9.2 Hz, C7NH), 6.04 (1H, d, JNH,5 = 8.1 

Hz, C5NH), 5.92 (1H, d, J3,4 = 3.6 Hz, H3), 4.47 (1H, ddd, J8,7 = 2.2 Hz, J8,9 = 6.6 Hz, J8,9’ 

= 8.0 Hz, H8), 4.40 (1H, ddd, J7,6 = 5.3 Hz, J7,NH = 9.2 Hz, J7,8 = 2.2 Hz, H7), 4.27 (1H, dd, 

J4,3 = 3.6 Hz, J4,5 = 4.60 Hz, H4), 4.16-4.24 (2H, m, H5, H6), 4.01 (1H, dd, J9,8 = 6.6 Hz, J9,9’ 

= 8.36 Hz, H9), 3.79 (3H, s, CO2CH3), 3.56 (1H, dd, J9’,8 = 8.0 Hz, J9’,9 = 8.4 Hz, H9’), 1.99 

(3H, s, AcN), 1.97 (3H, s, AcN), 1.38 (3H, s, CH3C(OR)2), 1.33 (3H, s, CH3C(OR)2), 0.89 

(3x3H, s, (CH3)3CSi), 0.13 (3H, s, CH3Si), 0.11 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 170.3, 170.0 (2 x CNCOCH3), 162.5 (C1), 142.8 (C2), 111.8 

(C3), 109.2 ((RO)2C(CH3)2), 78.1 (C6), 73.7 (C8), 66.8 (C9), 66.2 (C4), 52.5 (CO2CH3), 50.5 

(C5), 49.1 (C7), 26.3 (CH3C(OR)2CH3), 25.8 ((CH3)CSi), 25.2 (CH3C(OR)2CH3), 23.3 

(NCOCH3), 23.3 (NCOCH3), 18.1 ((CH3)CSi), -4.7, -4.7 (2 x CH3Si). 

HRMS: (C23H40N2O8SiNa): Calculated: 528.2452; found: 523.2443 

IR = 1725 cm-1 (CO2Me), 1553 cm-1 (C=C) 
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Methyl 5-acetamido-2,6-anhydro-3,5,7-trideoxy-7-azido-D-glycero-L-altro-non-2-

enoate (317) 

To a solution of 306 (541 mg, 1.12 mmol) in 

tetrahydrofuran/water (4:1, 10 mL), trifluoroacetic acid 

(260 µL, 3.35 mmol) was added. After stirring for 3 

days at 30 °C, the reaction was neutralised with ammonia, and evaporated in vacuo. The 

desired product (370 mg, 1.1 mmol, 100%) was obtained using column chromatography on 

silica gel in EtOAc/MeOH (10:1) and obtained as a white solid with Rf 0.10 in EtOAc/MeOH 

(10:1). 

1H NMR (400 MHz, CD3CN) δ 6.90 (1H, d, JNH,5 = 7.6 Hz, NH), 6.13 (1H, d, J3,4 = 4.4 Hz, 

H3), 4.35-4.41 (2x1H, m, H5, H7), 4.20 (1H, dd, J4,3 = 4.4 Hz, J4,5 = 8.0 Hz, J4,OH = 1.2 Hz, 

H4), 3.98-4.02 (2H, m, H6, H8), 3.83 (3H, s, CO2CH3), 3.66 (1H, s, J9,8 = 6.0 Hz, J9,9’ = 10.8 

Hz, H9), 3.68 (1H, dd, J9’,8 = 6.4 Hz, J9’,9 = 10.8 Hz, H9’), 1.94 (3H, s, AcN). 

13C NMR (100 MHz CD3CN) δ 171.7 (C1), 164.0 (NCOCH3), 143.5 (C2), 112.6 (C3), 76.9 

(C7), 71.8 (C8), 64.7 (C4), 64.2 (C9), 60.9 (C6), 53.4 (CO2CH3), 5.3 (C5), 23.4 (NCOCH3). 

IR = 2107 cm-1 (N3), 1742 cm-1 (CO2Me), 1539 cm-1 (C=C) 
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Chapter 4 

Towards the synthesis of Legionaminic acid analogues (Pt. 2) 

4.1 Revised approach towards Legionaminic Acids 

Following on from our work towards the synthesis of legionaminic acid analogues, which is 

presented in chapter 2, we felt it was necessary to investigate a potential new pathway from 

Neu5Ac (101) towards our target compounds. Our difficulties with respect to synthesising 

legionaminic acid analogues from the Neu5Ac template came in our attempts to 

simultaneously deoxygenate carbon nine and functionalise the nitrogen attached to carbon 

seven, as well as trying to functionalise the said nitrogen in both the 9-iodo and 9-hydroxy 

substrates. Based on all the difficulties we had encountered it was considered that performing 

the C-9 deoxygenation step early in the synthetic route would give us the opportunity to 

functionalise the C-7 nitrogen completely independently of the deoxygenation step. An 

overview of our revised approach is shown in retrosynthetic terms in Scheme 4.1. 

 
Scheme 4.1. Retrosynthesis of Legionaminic acid (107) and 7-epi-legionaminic acid (401) from 

Neu5Ac (101). 

The key difference between the new approach presented in Scheme 4.1 and that discussed in 

Section 2.1 is that the deoxygenation of carbon nine takes place prior to the selective 

protection of carbons four and eight, meaning that an isopropylidene group is no longer a 
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viable choice of protecting group, and so carbon eight would have to be protected another 

way. We believed it would be possible to use the same method of protection that we 

previously used just for carbon four, the tert-butyldimethlsilyl ether group. The new proposed 

approach still provides the pivot point of the 7-hydroxy derivative 403, allowing for the 

introduction of the nitrogenous functionality at C-7 with either stereochemistry depending 

on whether a single or double inversion is performed. Although we did have considerable 

difficulty performing this double inversion chemistry on our previous substrate (Section 2.3), 

we were optimistic that having a different substrate, with different functionality at the 

neighbouring carbons, could give us different results. The final stage of our new approach, 

as shown in Scheme 4.1, would consist of the functionalisation of the C-7 nitrogen, followed 

by a complete deprotection. As a major aim of this project was to be able to produce a 

synthetic method that allowed for the production of a range of C-7 analogues of legionaminic 

acid from a common precursor, having the functionalisation of the C-7 nitrogen be the last 

major step in the synthesis was important, as it makes it so that the common precursor to 

these analogues only requires the reduction of the azide group before it undergoes 

functionalisation, and then only requires deprotection to afford the desired legionaminic acid 

analogue. 
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4.2 Synthesis of 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-L-altro-non-

2-ulosonic acid (7-epi-legionaminic acid) 

Our new synthetic route begins as it had previously, with introduction of the methyl ester and 

methyl glycoside groups on the substrate Neu5Ac (as described in Section 2.2). The next step 

in our new approach is the iodination of carbon nine, and consequential deoxygenation 

(Scheme 4.2). The mechanism for this reaction is described in section 2.2, and involves the 

formation of a triphenylphosphine ether intermediate, which is displaced by the iodine anion 

to give 405. The reaction was performed using the same conditions as previously employed, 

namely refluxing 205 in THF with triphenylphosphine, imidazole, and iodine chips to furnish 

405. The presence of the iodine at carbon nine was once again determined using 13C NMR, 

by the change in chemical shift of the C-9 peak from δ60 ppm in 205 to δ 17 ppm in 405. 

Once again, however, triphenylphosphine oxide salts were particularly difficult to separate 

from the product 405 and required multiple purifications by flash chromatography using 

different solvent systems to get reasonable separation. Attempted removal of the 

triphenylphosphine oxide using the zinc chloride precipitation method described by Batesky 

et al.114 was unsuccessful in this instance. It was eventually determined that a first column in 

chloroform and methanol (10:1) effectively separated out minor by-products of the reaction, 

and a subsequent column in ethyl acetate and methanol (15:1) separated out most of the salts. 

Even after a total of four columns, complete purification of 405 was difficult, although we 

did find that minor contamination with triphenylphosphine oxide salts had little impact on 

the yield of the next step. After this extensive purification by chromatography, we were able 

to isolate 405 in 77% yield. 

 
Reagents and conditions: (a) I2, PPh3, Imidazole, THF, 2 h, reflux, 77%;  

(b) Pd(OH)2/C, DIPEA, MeOH, H2, 66 h, 25 °C, 70%; (c) TBSCl, imidazole, DMF, 18 h, 25 °C, 75%. 

Scheme 4.2. Deoxygenation of carbon nine of 205 and subsequent silylation of C-4 and C-8. 
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The hydrogenation reaction on the 9-iodo derivative 405 was first attempted using the same 

conditions as we had developed for the 7-epi-azido derivatives (Section 2.2), namely 

Pd(OH)2/C catalyst, N,N-diisopropylethylamine, and methanol, stirred overnight under a 

hydrogen atmosphere. Unfortunately, while the reaction gave us good yields of the 9-deoxy 

derivative 406, it proceeded very slowly, even after three days still returning 74% of the 

unreacted starting material. It was considered that a higher pressure of hydrogen would allow 

the reaction to occur more rapidly, and so instead of using a balloon filled with hydrogen 

attached to a round bottom flask, a Parr hydrogenator was used. Changing from a hydrogen 

atmosphere at atmospheric pressure to 3 atm on the Parr hydrogenator meant the reaction was 

able to proceed much faster, and now was only returning ~25% of the unreacted starting 

material 405 after 3 days. The addition of extra base and catalyst after the first and second 

days also seemed to have a slight positive effect on consumption of starting material and 

yield. The 9-deoxy product 406 was identified first by examination of the 1H NMR spectrum 

which showed a characteristic doublet at δ1.3 ppm integrating to 3H indicating the C-9 

methyl group, as well as the change in multiplicity of H-8 from a doublet of doublets of 

doublets to a quadruplet of doublets consistent with it being next to a CH3 group. The 13C 

NMR spectrum of 406 now had a CH3 carbon at δ20 ppm (from 60 ppm in 205 and 17 ppm 

in 405) and pointing in the opposite direction in the DEFT experiment due to the change in 

the number of hydrogens associated with it. Additionally, a mass spectrum peak of m/z 344.2 

[M+Na]+ was consistent with the molecular weight of 406. 

The final step before we could begin work on modification of the carbon seven was the 

selective protection of the hydroxyl groups attached to carbons four and eight. As the silyl 

ether protecting group had served us well at carbon four in our previous approaches, we 

elected to attempt to use this protecting group again, this time at two positions. Taking 406 

and treating it with 2.4 molar equivalents of TBSCl and 5 molar equivalents of imidazole 

overnight at room temperature gave the 4,8-bis-silyl derivative 403 in reasonable yield 

(75%). We once again found that the most efficient work up method was to simply evaporate 

the solvent in vacuo and then purify with flash chromatography. It was at this stage that all 

of the residual impurities from the preceding reactions could be separated, and 403 could be 

recrystallised for additional purity. The silyl ethers were concluded to have been introduced 

by examination of the 1H NMR, showing two tert-butyl peaks at δ0.87 and 0.85 ppm, as well 

as two sets of dimethyl silyl peaks between δ0.05 and 0.07 ppm (Figure 4.1). The appropriate 
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peaks were also seen in the 13C NMR spectrum of 403: two peaks at δ26 ppm and two 

quaternary carbon peaks at δ18 ppm for the tert-butyls, and four peaks between δ-3 and -5 

ppm for the dimethyl groups. This proved that we had made a bis-silyl derivative, and while 

the two positions most likely to be protected by such a large protecting group were C-4 and 

C-8, NMR analysis could not confirm this. The fact that we only isolated one bis-silyl 

derivative when three possible variations existed (4,7; 4,8; and 7,8) suggested that one of 

these positions was incapable of being silylated, but still did not confirm which. However, 

triflation of the isolated product caused a significant change in the 13C NMR peak of C-7   

(pg. 84), proving that it was indeed C-7 that had remained unsilylated. 

 
Figure 4.1. 1H NMR spectrum of 403 with expansion showing peaks associated with TBS and       

9-deoxy functionality 

In order to determine if the order in which we carried out the first stage of our new strategy 

made any difference to the overall yield of 403, a silylation reaction was carried out on the 

9-iodo derivative 405 and gave the 4,8-bis-silyl-9-iodo derivative 407 in 40% yield (Scheme 

4.3). The formation of 407 was confirmed by the same methods as 403, namely the 

characteristic dimethyl and tert-butyl peaks by 1H and 13C NMR, but with the distinctive 

carbon-9 peak in the 13C NMR spectrum associated with the iodo- functionality (δ14 ppm). 

A hydrogenation reaction was then attempted on this substrate, however all that was isolated 

from the reaction mixture was unreacted starting material. It was therefore concluded that 



[84] 
 

hydrogenation of the C-9 iodo-derivative is considerably more efficient on the unprotected 

sugar. 

 
Scheme 4.3. Alternate route to 403 involving silylation prior to hydrogenation. 

Due to our prior success in the introduction of nitrogen functionality through the azide 

displacement of a triflate group (sections 2.2, 3.2), we believed that the most viable approach 

towards our target compounds would be to once again explore this avenue. To that end, 403 

was treated with trifluoromethanesulphonic anhydride and pyridine in dichloromethane at      

-20 °C for 5 h. Interestingly, after work up and purification the oxazine by-product 409 was 

obtained as the major product (58%), whilst the desired 7-O-triflate derivative 408 was 

obtained in only 26% yield. Identification of these structures was performed using the 

characteristic NMR peaks described previously for the products of our previous triflation 

reactions. After several trials (see section 5.1 for further elaboration), it was found that the 

conditions that gave the greatest yield of the triflate derivative 408 was using N,N-

dimethylaminopyridine as base, and leaving the reaction overnight at 4 °C. In this way the 

triflate 408 could be obtained in 66% yield, with about 10% of unreacted 403 being 

recovered. Under these conditions the oxazine 409 was formed in less than 5% yield. The 

presence of the triflate group in 408 could be determined by the same means as before 

(sections 2.2, 3.2), namely a quartet peak centred at δ120 ppm by 13C NMR, caused by the 

fluorine atoms of the triflate group splitting the methyl carbon. Additionally, a shift of H-7 

from δ3.3 in 403 to 5.1 in 408 by 1H NMR is indicative of the electron-withdrawing 

characteristics of a triflate group. For the oxazine 409, the 1H NMR peaks at δ3.3 ppm for  

H-5, and the doublet at δ1.9 ppm for the hydrogens of the C-2 methyl group of the oxazine 

were characteristic. 
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Reagents and conditions: (a) Tf2O, DMAP, DCM, 18 h, -78 °C→4 °C, 66%;  

(b) MsCl, DMAP, DCM, 18 h, 40 °C, 84%; (c) NaN3, DMF, 18h, 4 °C, 47%. 

Scheme 4.4. Activation of C-7 hydroxyl in 403 and subsequent azide displacement. 

Due to the difficulty we had in developing efficient conditions for the introduction of the 

trifluoromethanesulphonate group, we once again explored the potential of using a 

methanesulphonate group at C-7. Though our first set of conditions (treatment of 403 with 

methanesulphonyl chloride and pyridine overnight at room temperature) were a little mild 

and returned 75% of the unreacted starting material 403 and only giving a 12% yield of 410, 

after raising the temperature to 40 °C and swapping the base for DMAP, the yield of 410 was 

raised to 84%, with all of the starting material being consumed. Introduction of the mesylate 

group at C-7 was confirmed in 410 by a methyl peak in the 1H NMR spectrum next to the 

methyl glycoside peak at δ3.2 ppm. The mesylate group could also be seen in the 13C NMR 

spectrum, with a peak at δ39 ppm for the CH3 group. 

With the C-7 hydroxyl group activated, the next step was to introduce the nitrogen group 

through an azide displacement reaction. As we had been able to introduce the mesylate 

leaving group more efficiently than the triflate, we began by attempting the azide 

displacement on 410. Our initial attempts involved exposure of 410 to five equivalents of 

sodium azide in DMF at room temperature for three days. However, when that returned 

quantitative unreacted 410, we began to raise the reaction temperature, first to 40 °C, then  

70 °C, and then 100 °C overnight. The latter set of conditions (100 °C overnight) did indeed 

consume all of the starting material, however less than a fifth of the mass was recovered after 

purification, with the remainder having decomposed too extensively to elute from a flash 

column. The material that was recovered consisted of five compounds, none of which were 
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identified as the desired C-7 azide derivative 402. Attempts using trimethylsilyl azide instead 

of sodium azide, as well as using 15-crown-5 with the sodium azide were conceived to make 

the azide group more reactive138, however once again the majority of the starting material 

was reclaimed, with the remainder of the material giving similar by-products to previous 

reactions, but unfortunately no formation of 402. 

By this stage, we had refined our triflation conditions, and so began exploring the azide 

displacement reaction on the 7-O-triflate 408. As the equivalent substrates in our previous 

approaches (sections 2.2, 3.2) were capable of efficiently being converted to the 

corresponding azide derivatives, we believed that 408 would be more effective a substrate 

than 410. Our initial attempt involved exposure of the triflate 408 to five molar equivalents 

of sodium azide in DMF for three days at 4 °C. These conditions gave none of the expected 

7-azido derivative 402, but rather brought about the formation of oxazine 409 in a 38% yield, 

as well as a 61% yield of the hydrolysed oxazine derivative 411 (see section 5.2 for further 

elaboration on the hydrolysis of oxazine compounds). The failure of this initial reaction to 

give any of the azide 402 prompted us to investigate azide displacement of the 7-O-triflate 

408 more thoroughly, the results of which are summarised in Table 4.1. Ultimately, the best 

conditions for the formation of the azide 402 involved running the reaction overnight in DMF 

and using ten molar equivalents of sodium azide. Trimethylsilyl azide was also used under 

various reaction conditions, however none of the desired product was formed from this 

reagent. The presence of the azide group in 402 was confirmed by IR spectroscopy, with a 

sharp peak at 2100 cm-1. Other spectroscopic data for 402 was consistent with what would 

be expected. 
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Table 4.1. Reaction conditions attempted for azide displacement of 411 triflate group. 

Reaction Conditionsa Reclaimed 408 402 Yield 409 Yield 411 Yield 
5 eq. NaN3, 4 °C, 66 h 0% 0% 38% 61% 
5 eq. NaN3, 4 °C, 42 h 22% 35% 0% 0% 
4 eq. NaN3, 4 °C, 66 h 0% 0% 0% 11% 
1.4 eq. NaN3, 25 °C, 6 h 18% 35% 0% 0% 
10 eq. NaN3, 4 °C, 18 h 0% 47% 0% 0% 
20 eq. NaN3, 4 °C, 18 h 0% 0% 0% 0% 
1.4 eq. TMSN3, 4 °C, 18 h, 
then 25 °C, 5 h 

10% 0% 0% 0% 

1.4 eq. TMSN3, 25 °C, 6 h 44% 0% 0% 0% 
1.4 eq. TMSN3, 25 °C, 18 h 6% 0% 0% 0% 
2.5 eq. TMSN3, 4 °C, 18 h 40% 0% 0% 0% 

a, all reactions had DMF as solvent, with reagents dissolved at 0 °C before gradually being warmed to 

specified temperature 

With the nitrogen functionality in place at carbon seven, it was decided that the reduction 

and N-acylation should take place before the deprotection, as the acylation in the presence of 

free hydroxyl groups would acetylate them and consequently require a second deprotection. 

The first attempt at reduction of the azide in 402 involved treating 402 with zinc and 

ammonium chloride in aqueous methanol for half an hour117, followed by filtration, 

evaporation of the solvent in vacuo, and acylation (Ac2O/Py) of the crude reaction mixture. 

This method was successful in giving 412, however only in a 38% yield. Relative to the 

equivalent reaction on other substrates (Section 2.2), this yield is comparable. Alternative 

conditions for the reduction of the azide are the hydrogenation conditions, so 402 was 

exposed to a hydrogen atmosphere in the presence of palladium hydroxide on carbon, both 

with and without N,N-diisopropylethylamine as base. In both instances the crude product was 

acylated (Ac2O/Py) to give a yield of 54% and 57%, respectively, of 412. As it seemed that 

the use of base had little to no effect on the yield (if anything a negative one), we proceeded 

without it in subsequent reduction reactions. The second acetamide group in 412 was 
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identified using both 1H and 13C NMR. By 1H NMR, a second NH peak could be seen at 

δ5.75 ppm, and a second acetyl peak at δ1.98 ppm (with the first at δ6.53 ppm and δ1.99 ppm 

respectively). By 13C NMR, two acetyl peaks could now be seen at δ170 ppm and δ23 ppm 

(carbonyl and methyl carbons, respectively), and the change in chemical shift of the C-7 peak 

from δ70 ppm in 402 to δ54 ppm in 412. 

 
Reagents and conditions: (a) Pd(OH)2/C, MeOH, H2, 18 h, 25 °C, then DMAP, Py/Ac2O (2:1), 57%;  

(b) 20% aq. TFA, 2 h, 25 °C, 100%; (c) 1 M NaOH, 18 h, 25 °C, 100%.  

Scheme 4.5. Final steps in the synthesis of 7-epi-legionaminic acid 414. 

With the key modifications of the 7-acetamido and 9-deoxy functionality in place, the only 

remaining steps were the removal of the protecting groups: the two silyl ethers, the methyl 

ester, and the methyl glycoside. We began with the silyl ethers and exposed 412 to 20% 

aqueous trifluoroacetic acid for 2 hours at room temperature. Using this method, we were 

able to quantitatively generate the diol 413, as determined by the absence of the silyl peaks 

in the 1H and 13C NMR spectra of 413 and confirmed by a mass spectrum peak of m/z 385.3 

[M+Na]+. 

The only remaining step now was to remove the methyl ester and methyl glycoside, however 

this was a step that proved very challenging in the synthesis of pseudaminic acid88, a very 

similar substrate. The method eventually used in that synthesis88 involved the removal of the 

ester with 1 M NaOH, followed by the removal of the glycoside using acidic resin. Using 

this published strategy, 413 was stirred in 1 M NaOH overnight at 50 °C, then acidified to 

pH 1 with Dowex-WX50(H+) resin and stirred overnight at 80 °C. Unfortunately, the major 

product of this reaction could no longer be identified as a nonulosonic acid, and so another 

attempt was made to remove just the methyl ester and leave the glycoside intact. To this end, 
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413 was stirred overnight at room temperature in 1 M NaOH, and after purification, the 

carboxylic acid 414 was isolated in quantitative yield. This was confirmed by a mass 

spectrum m/z peak of 371.2 [M+Na], with the 1H and 13C NMR spectra of 414 being 

consistent with the structure shown. This marks the first reported chemical synthesis of           

7-epi-legionaminic acid (also known as 8-epi-acinetaminic acid, a compound that has been 

reported as being found in Acinetobacter baumanii69) since the Tsvetkov synthesis of 9 

stereoisomers of Pse in 200184. 

 
Reagents and conditions: (a) Dowex-50WX8(H+), H2O, 42 h, 80 °C, 39%;  

(b) 20% aq. TFA, 3 h, 25 °C, 100%. 

Scheme 4.6. Investigations into the removal of methyl glycosides from 9-deoxy Neu5Ac  

analogues 406 and 402. 

To determine if it was just the substrate 413 that was providing the difficulties with methyl 

glycoside removal, two other substrates were investigated. The first was the 9-deoxy-

Neu5Ac derivative 406, which, after two days at 80 °C being stirred with Dowex-

50WX8(H+) resin in water gave a 39% yield of the carboxylic acid/reducing sugar 415 as 

determined by a mass spectrum peak of m/z 316.1. Following from this, the 7-epi-azido 

derivative 402 was first desilylated using the same aqueous TFA method used on 411 to give 

416 in a quantitative yield. Treatment of 416 with Dowex-50WX8(H+) in water at 80 °C for 

two nights gave a product that was identified as still having the methyl glycoside group intact 

(1H NMR peak at δ3.22 integrating to three protons) but having lost the C-5 acetamide. It 

was therefore concluded that removal of the methyl glycoside was not a viable concept at 

this stage of the synthesis. 
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4.3 Synthesis of 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-D-galacto-

non-2-ulosonic acid (legionaminic acid) 

In order to synthesise legionaminic acid with the natural stereochemistry at carbon seven, an 

inversion of stereochemistry prior to the azide displacement is required. We previously 

explored two approaches towards this (sections 2.3, 3.3): the displacement of the leaving 

group with a nitrite nucleophile based on the work of Dong et al.119, and the displacement 

with an acetate nucleophile based on the work of Battistini et al.120. In our prior approaches 

we were unsuccessful in generating the desired 7-epi-hydroxy or 7-epi-acetoxy derivatives, 

however we considered these reactions worth exploring again using the 9-deoxy substrates, 

particularly as we had already observed that these new substrates behaved very differently 

under similar conditions to prior substrates. 

We first explored using the nitrite displacement reaction on the C-7 triflate derivative 408, 

and after treating 408 with five molar equivalents of potassium nitrite in DMF overnight at 

room temperature, the 7-epi derivative 418 was isolated in 16% yield. Running the reaction 

at a higher temperature for a shorter period of time (6 hours at 65 °C) had very little impact 

on the yield (15%), however running it at a lower temperature (4 °C) overnight brought the 

yield up (22%), and the extensive drying of the potassium nitrite brought it up even further 

(28%). The yield is still poor, but it was nevertheless a successful inversion of 

stereochemistry at C-7 which is what we required. 418 was identified by its similarities by 

NMR spectroscopy to its C-7 epimer 403, however possessing variation in the exact location 

of signals to distinguish it from 403, as well as having a mass spectroscopy reading of m/z 

572.5 [M+Na]+. Unfortunately, the coupling constants of H-7 in the 1H NMR of 418 could 

not be compared to those of 403, as the peaks for H6, H7, and H8 in the 1H spectrum of 403 

overlap to too great an extent for calculation of coupling constants to be possible. However, 

some of the compounds synthesised from 421 did have clearer H-7 peaks, allowing for some 

comparisons to be made, vide infra. 

 
Scheme 4.7. Displacement of triflate group in 408 with nitrite nucleophile to give 7-epi-OH 418. 
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The alternative strategy for stereochemical inversion, the acetate displacement, was also 

attempted on 408, with the hope that it would be able to improve on the poor yields seen in 

the nitrite displacement reactions. Unfortunately, after multiple attempts with varying 

temperatures, none of the desired 7-epi-acetoxy 419 was isolated from the reaction mixture.  

 
Scheme 4.8. Attempted acetate displacement of the triflate group in 408. 

One option for the inversion of stereochemistry that we had not explored to this point was 

the oxidation and reduction of carbon seven (Scheme 4.9). This is the approach used by the 

Crich group for the inversion of C-7 stereochemistry in their legionaminic acid synthesis93, 

as well as the approach used by Williams et al. for the inversion of C-8 stereochemistry in 

their pseudaminic acid synthesis88. It also mimics the C-7 stereochemical inversion proposed 

in the acinetaminic acid biosynthesis68. The approach uses Dess-Martin periodinane89 to 

oxidise the C-7 hydroxyl to a ketone, followed by reduction to regenerate the hydroxyl 

functionality, reportedly, favouring inverted stereochemistry93. In our hands, using the 

conditions outlined by Popik et al. of 1.5 molar equivalents of Dess-Martin periodinane in 

dichloromethane, we found that the starting material 403 had been completely converted to 

the 7-keto derivative 420 in an 83% yield after two hours at 0 °C. Extensive purification 

through column chromatography was required to remove the iodinane by-product produced 

from the reaction. The presence of the ketone was determined by the shift of the C-7 signal 

in the 13C NMR spectrum from δ74 ppm in 403 to δ207 ppm in 420, as well as the absence 

of the H-7 peak in the 1H NMR spectrum confirmed by H6 appearing as a doublet and H8 as 

a quartet (with couplings only to H5 and H9, respectively). A peak in the infra-red spectrum 

of 1733 cm-1 appearing next to the ester peak at 1756 cm-1 further confirmed the presence of 

the ketone functionality. 
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Reagents and Conditions: (a) Dess-Martin Periodinane, DCM, 2 h, 0 °C, 83%; (b) CeCl3, MeOH/DCM (2:1), 

1 h, -78 °C, then NaBH4, 1 h, -78 °C, 88%. 

Scheme 4.9. Most efficient approach to inversion of stereochemistry using oxidation/reduction 

Following the successful C-7 oxidation, the next step was to reduce the ketone to the 

hydroxyl, preferably with a high ratio of 418 to 403 in the products. The reductions used by 

Popik et al93 and Williams et al88 both had the potential to work on our substrates, but we 

elected to attempt the former first, as it has shown to be effective at C-7 reduction. The 

conditions reported by Popik et al. called for a solution of cerium(III) chloride in methanol 

to be added to a solution of the 7-keto 420 in dichloromethane at -78 °C. After one hour, 

sodium borohydride was added to form Luche's reagent95, and after another hour 

visualisation on TLC showed that the starting material had been completely consumed. After 

purification of the single product, we found that the 7-epi-hydroxy derivative 418 had formed 

in an 88% yield, with no formation of 403 detectable. This was a very positive result, as the 

reaction reported by Popik gave an 85:15 ratio of 7-epi-OH to 7-OH in a comparable yield. 

This oxidation-reduction approach to inversion of C-7 stereochemistry gave a marked 

improvement on yields compared to the triflation-nitrite displacement approach, with an 

overall yield from the two reactions of 73% as opposed to 18%.  

Following our successful inversion of the stereochemistry at carbon seven, we could perform 

the same transformations on compound 418 that we had previously applied to compound 403 

to work towards legionaminic acid. The first of these transformations was the introduction 

of the trifuoromethanesulphonate leaving group to carbon seven. To this end, 418 was treated 

using the same conditions that were most efficient in the synthesis of 408, specifically the 

overnight reaction at 4 °C with trifluoromethanesulphonic anhydride and                                   

N,N-dimethylaminopyridine in dichloromethane (Scheme 4.10), and gave the 7-O-epi-triflate 

421 in a 55% yield, comparable to the yield of 408. We confirmed the presence of the triflate 

group using the same methods as with our confirmation of 408: the peaks in the 13C NMR 

spectrum for the trifluoromethane carbon and C-7 at δ120 and δ90 ppm, respectively. Once 
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again, the corresponding oxazine derivative was formed from the triflation reaction in yields 

varying with reaction conditions. Oxazine formation is discussed further in section 5.1.3. 

 
Reagents and conditions: (a) Tf2O, DMAP, DCM, 18 h, 4 °C, 55%; (b) NaN3, DMF, 66 h, 4 °C, 40%;  

(c) Pd(OH)2/C, MeOH, H2, 18 h, 25 °C, then DMAP, Py/Ac2O, 18 h, 25 °C, 57%;  

(d) aq. TFA, 3 h, 25 °C, 84%, (e) 1 M NaOH, 18 h, 25 °C, 100%. 

Scheme 4.10. Synthesis of legionaminic acid 424 from 7-epi-9-deoxy Neu5Ac 418 

The next step was to displace the triflate group with an azide nucleophile to return to sialic 

acid/legionaminic acid stereochemistry, and so the 7-O-epi-triflate 421 was reacted with 

sodium azide using conditions analogous to the synthesis of 402. After 3 days at 4 °C, 404 

was isolated in 40% yield. Introduction of an azide group was confirmed by a sharp peak at 

2100 cm-1 in the IR spectrum of 404. Another attempt was made with this reaction, using the 

conditions that gave the best yield of 402, leaving the reaction for only one night, however 

this caused the yield of 404 to drop to 22%. 

The next step was to acylate the nitrogen at carbon seven, and as the reaction conditions used 

to make 7-epi-Leg had so far proved to work with similar efficiency, the conditions used in 

the synthesis of 412 were applied to 404 to make 422. This entailed using a hydrogenation 

reaction, followed directly by an acetylation, with the hydrogenation conditions being the use 

of a palladium catalyst in methanol under a hydrogen atmosphere, and the acetylation 

conditions being the use of N,N-dimethylaminopyridine in pyridine and acetic anhydride. In 

this way, 422 was isolated from the hydrogenation of 404 followed by acetylation in a 57% 

yield. The acetamido group was identified as being present by the doubling up of existing 

acetamide peaks in the 1H NMR spectrum (NH – δ6.53 & 5.94 ppm, CH3 – δ1.97 & 1.95 

ppm), and the 13C NMR spectrum (C=O – δ170 & 168 ppm, CH3 – δ23.5 & 23.5 ppm), as 

well as the change in chemical shift of the C-7 peak from δ70 ppm in 404 to δ54 ppm in 422. 
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With the acetamido group in place at carbon seven with legionaminic acid stereochemistry, 

all that remained was the removal of the protecting groups. As the use of aqueous 

trifluoroacetic acid removed the silyl groups from 412 in a quantitative yield, this seemed a 

logical choice to apply to 422. Therefore, 422 was stirred in aqueous TFA for 3 hours at room 

temperature, and the diol 423 was isolated in 84% yield. An m/z peak in the mass spectrum 

of 385.3 [M+Na]+ confirmed the product as the diol 423. 

The final step towards the synthesis of natural legionaminic acid was the removal of the 

methyl ester and methyl glycoside groups. Given the difficulties we had encountered in trying 

to remove the methyl glycoside in the 7-epi series, we opted to only remove the methyl ester 

in 423. Thus, stirring 423 in 1 M sodium hydroxide overnight gave the legionaminic acid 

424. Compound 424 was identified by a mass spectrum m/z peak at 371.2 [M+Na], and by 

comparison of the 1H NMR data with that of Li et al., who reported the 1H and 13C NMR 

data for both α- and β-glycosides of legionaminic acid53. 

Having successfully synthesised the β-methyl glycosides of both Leg (424) and 7-epi-Leg 

(414), we felt it appropriate to compare our spectroscopic data with that of naturally occurring 

legionaminic acid, and this comparison is shown in Table 4.2. 

Table 4.2. 1H NMR data for β-glycoside of Leg53 compared to 414 and 424 (δ, ppm; J, Hz) 

 

 
  

H3e (J3e,3a) 2.23 (12.9 Hz) 2.37 (13.2 Hz) 2.32 (13.0 Hz) 
H3a (J3a,4) 1.78 (12.0 Hz) 1.70 (12.0 Hz) 1.69 (10.9 Hz) 
H4 (J3e,4) 3.91 (4.7 Hz) ~3.8 (4.7 Hz) 3.90 (4.5 Hz) 
H5 (J4,5) 3.62 (10.3 Hz) 3.19 (N.D.) 3.81 (N.D.) 
H6 (J5,6) 4.29 (10.7 Hz) ~3.7 (10.4 Hz) 3.63 (N.D.) 
H7 (J6,7) 3.92 (<2 Hz) ~3.8 (1.6 Hz) 3.93 (N.D.) 
H8 (J7,8) 3.98 (6.2 Hz) 4.53 (6.4 Hz) 4.51 (6.4 Hz) 
H9 (J8,9) 1.06 (6.0 Hz) 1.10 (6.3 Hz) 1.08 (6.4 Hz) 
NAc 2.02 2.08, 2.07 2.32, 2.03 
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4.4 Conclusion and Future Directions 

Through our revised approach to legionaminic acid synthesis, we were able to synthesise the 

methyl glycosides of both 7-epi-legionaminic acid 414 and legionaminic acid 424 from a 

common precursor. 7-epi-legionaminic acid 414 was obtained in 5 steps and 18% overall 

yield from 403, whilst legionaminic acid 424 was synthesised in 7 steps and 8% overall yield 

from 403 (Scheme 4.11). This is to date only the second chemical synthesis of 7-epi-

legionaminic acid, which can also be referred to as 8-epi-acinetaminic acid, a compound 

which has been isolated from Acinetobacter baumanii69.  

 
Scheme 4.11. Synthesis of legionaminic acid and 7-epi-legionaminic acid (8-epi-acinetaminic acid) 

from selectively protected 9-deoxy-Neu5Ac precursor. 

An area of further experimentation that could be undertaken on these compounds, but 

unfortunately outside of the scope of this PhD project, is to vary the functionalisation of the 

C-7 amide. Our synthetic approaches were intentionally designed to ensure the independent 

functionalisation of the two amide groups in our compounds. While other syntheses93 have 

obtained legionaminic acid in higher overall yields by keeping the two nitrogen 

functionalities the same for the majority of the synthesis, it was important to us to preserve 

the independence of the C-7 nitrogen functionality. To that end, the final step in our synthesis 

before deprotection is the acylation of the C-7 amine, a step which could potentially be 

replaced with any number of other functionalisations to create a catalogue of C-7 analogues 

of legionaminic acid and 7-epi-legionaminic acid. Figure 4.2 shows a naturally occurring 

analogue of legionaminic acid found in Vibrio parahaemolyticus KX-V212 and Escherichia 

coli O16119 that could serve as a potential target. 

 
Figure 4.2. An example of a naturally occurring Leg with different amides at C-5 and C-7 that 

could be accessed using our strategy. 
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4.5 Experimental 

Methyl (methyl 5-acetamido-3,5,9-trideoxy-9-iodo-D-glycero-D-galacto-non-2-

ulopyranosid)onate (405) 

To a solution of 205 (4.71 g, 14.0 mmol) in anhydrous 

tetrahydrofuran (140 mL), triphenylphosphine (5.49 g, 

20.9 mmol), iodine chips (5.32 g, 20.9 mmol), and 

imidazole (1.90 g, 27.9 mmol) were added. After stirring 

for 2 h at reflux under a nitrogen atmosphere, Na2S2O5 (2.65 g, 14.0 mmol) in MeOH (140 

mL) was added, the mixture absorbed onto non-flash silica, and evaporated in vacuo. The 

desired product (4.73 g, 10.8 mmol, 77%) was obtained using column chromatography on 

silica gel in CHCl3/MeOH (10:1), then EtOAc/MeOH (15:1), and obtained as a yellow solid. 

1H NMR (400 MHz, CD3CN) δ 7.19 (1H, d, NH), 4.09 (1H, ddd, J4,3e = 5.0 Hz, J4,3a = 12 

Hz, J4,5 = 8.5 Hz, H4), 3.76 (3H, s, CO2CH3), 3.70-3.75 (2H, m, H5, Undetermined*), 3.55-

3.63 (2H, m, H9, Undetermined*), 3.43-3.48 (2H, m, H9’, Undetermined*), 3.20 (3H, s, 

COCH3), 2.28 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 5.0 Hz, H3e), 1.98 (3H, s, AcN), 1.65 (1H, 

dd, J3a,3e = 13.2 Hz, J3a,4 = 12 Hz, H3a). 

*The signals for H6, H7, and H8 must reside within the three multiplets at ~3.5, ~3.6, and ~3.7, however we 

were unable to determine specific assignments 

13C NMR (100 MHz CD3CN) δ 175.0 (C1), 169.1 (NCOCH3), 100.6 (C2), 72.7, 72.2, 70.4 

(C6, C7, C8), 66.7 (C4), 53.9 (C5), 54.5 (CO2CH3), 52.2 (COCH3), 41.4 (C3), 23.7 

(NCOCH3), 16.6 (C9). 

m/z 470.1 [M+Na]+. 

IR = 1737 cm-1 (CO2Me), 620 cm-1 (C-I) 

Methyl (methyl 5-acetamido-3,5,9-trideoxy-D-glycero-D-galacto-non-2-

ulopyranosid)onate (406) 

To a solution of 405 (1.6 g, 3.7 mmol) in methanol (35 mL), 

Pd(OH)2/C (330 mg) and N,N-diisopropylethylamine            

(64 µL, 0.37 mmol) were added, and the reaction mixture 

fixed to a Parr hydrogenator under 300 kPa H2. After shaking 

for 18 h at room temperature additional DIPEA (64 µL, 0.37 mmol) was added, and the 
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reaction allowed to continue. After a further 18 h, the reaction was filtered through a Celite 

pad and the solvent evaporated in vacuo. The desired product (492 mg, 1.53 mmol, 70%), as 

well as unreacted starting material (923 mg, 2.11 mmol) were obtained using column 

chromatography on silica gel in CHCl3/MeOH (7:1) and obtained as a white solid. 

1H NMR (400 MHz, CD3CN) δ 4.01 (1H, ddd, J4,3e = 5.0 Hz, J4,3a = 18.0 Hz, J4,5 = 13.3 Hz, 

H4), 3.87 (1H, dq, H8), 3.78 (3H, s, CO2CH3), 3.71 (1H, dd, J5,4 = 13.3 Hz, J5,6 = 6.6 Hz, 

H5), 3.28 (1H, dd, J6,5 = 6.6 Hz, J6,7 = 7.2 Hz, H6), 3.21 (3H, s, COCH3), 3.17 (1H, dd, H7), 

2.28 (1H, dd, J3e,3a = 13.8 Hz, J3e,4 = 5.0 Hz, H3e), 1.95 (3H, s, AcN), 1.64 (1H, dd, J3a,3e = 

13.8 Hz, J3a,4 = 18.0 Hz, H3a), 1.22 (3H, d, J9,8 = 6.28 Hz, H9). 

13C NMR (100 MHz CD3OD) δ 174.8 (C1), 171.6 (NCOCH3), 100.6 (C2), 74.5 (C7), 72.1 

(C8), 67.8 (C4), 53.7 (C5), 53.8 (CO2CH3), 51.9 (COCH3), 50.0 (C6), 41.6 (C3), 23.0 

(NCOCH3), 21.5 (C9). 

m/z 344.2 [M+Na]+ 

IR = 1736 cm-1 (CO2Me) 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-D-

glycero-D-galacto-non-2-ulopyranosid)onate (403) 

To a solution of 406 (662 mg, 2.06 mmol) in anhydrous 

dimethylformamide (10 mL), tert-butyldimethylsilyl 

chloride (869 mg, 5.77 mmol) and imidazole (825 mg, 12.1 

mmol) were added. After stirring for 18 h at room 

temperature under a nitrogen atmosphere, the reaction was evaporated in vacuo. The desired 

product (847 mg, 1.54 mmol, 75%) was obtained using column chromatography on silica gel 

in EtOAc/Hex (2:3) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.18 (1H, d, NH), 4.02-4.09 (2H, m, H4, H8), 3.78-3.82 (2H, 

m, H6, H7), 3.78 (3H, s, CO2CH3), 3.28 (1H, d, J5,6 = 14.9 Hz, J5,4 = 7.4 Hz, H5), 3.24 (3H, 

s, COCH3), 2.29 (1H, dd, J3e,3a = 13.1 Hz, J3e,4 = 5.0 Hz, H3e), 2.00 (3H, s, AcN), 1.73 (1H, 

dd, J3a,3e = 13.1 Hz, J3a,4 = 10.8 Hz, H3a), 1.30 (3H, s, H9), 0.87 (3x3H, s, (CH3)3CSi), 0.85 

(3x3H, s, (CH3)3CSi), 0.07 (2x3H, s, CH3Si), 0.06 (3H, s, CH3Si), 0.05 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 171.2 (C1), 168.6 (NCOCH3), 99.1 (C2), 73.6 (C7), 70.9 (C6), 

69.1 (C8), 67.4 (C4), 53.8 (C5), 52.6 (CO2CH3), 51.3 (COCH3), 41.0 (C3), 26.0 ((CH3)CSi), 
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25.5 ((CH3)CSi), 23.4 (NCOCH3), 18.2 ((CH3)CSi), 17.8 ((CH3)CSi), -3.0 (CH3Si), -4.0 

(CH3Si), -4.2 (CH3Si), -4.7 (CH3Si). 

IR = 1749 cm-1 (CO2Me), 1047 cm-1 (Si-OC) 

m/z 572.4 [M+Na]+ 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-9-iodo-D-

glycero-D-galacto-non-2-ulopyranosid)onate (407) 

To a solution of 405 (527 mg, 1.21 mmol) in anhydrous 

dimethylformamide (5 mL), tert-butyldimethylsilyl 

chloride (509 mg, 3.38 mmol) and imidazole (483 mg, 

7.09 mmol) were added. After stirring for 18 h at room 

temperature under a nitrogen atmosphere, the reaction was poured into distilled water, 

extracted with EtOAc, dried (Na2SO4), and evaporated in vacuo. The desired product          

(327 mg, 0.48 mmol, 40%) was obtained using column chromatography on silica gel in 

EtOAc/Hex (1:3) and obtained as a yellow solid. 

1H NMR (400 MHz, CDCl3) δ 5.23 (1H, d, JNH,5 = 8.2 Hz, NH), 4.07 (1H, ddd, J4,3e = 4.9 

Hz, J4,3a = 10.8, J4,5 = 9.6 Hz, H4), 3.99 (1H, dd, H7), 3.75-3.83 (1H, m, H5), 3.79 (3H, s, 

CO2CH3), 3.57-3.67 (4H, m, H6, H8, H9, H9’), 3.24 (3H, s, COCH3), 2.35 (1H, dd, J3e,3a = 

13.2 Hz, J3e,4 = 4.88 Hz, H3e), 2.02 (3H, s, AcN), 1.75 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.8 

Hz, H3a), 0.92 (3x3H, s, (CH3)3CSi), 0.86 (3x3H, s, (CH3)3CSi), 0.17 (3H, s, CH3Si), 0.09 

(3H, s, CH3Si), 0.08 (3H, s, CH3Si), 0.08 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 171.7 (C1), 168.2 (NCOCH3), 99.2 (C2), 72.3 (C7), 72.2 (C6), 

71.8 (C8), 67.1 (C4), 53.8 (C5), 52.6 (CO2CH3), 51.4 (COCH3), 40.3 (C3), 26.0 ((CH3)CSi), 

25.5 ((CH3)CSi), 23.3 (NCOCH3), 18.2 ((CH3)CSi), 17.8 ((CH3)CSi), 13.8 (C9), -3.7 

(CH3Si), -4.1 (CH3Si), -4.5 (CH3Si), -4.7 (CH3Si). 
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Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-7-

trifluoromethanesulphonyl-D-glycero-D-galacto-non-2-ulopyranosid)onate (408) 

To a solution of 403 (971 mg, 1.77 mmol) in anhydrous 

dichloromethane (20 mL) at -78 °C, trifluoromethane-

sulphonic anhydride (415 µL, 2.47 mmol) and                      

N,N-dimethylaminopyridine (634 mg, 5.19 mmol) were 

added. After stirring for 18 h at 4 °C under an argon atmosphere, the reaction was washed 

with cold 1 M HCl, followed by cold H2O, dried (Na2SO4), and evaporated in vacuo. The 

desired product (581 mg, 0.85 mmol, 66%), along with unreacted starting material (269 mg, 

0.49 mmol) was obtained using column chromatography on silica gel in EtOAc/Hex (1:4) 

and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.60 (1H, d, JNH,5 = 7.0 Hz, NH), 5.09 (1H, dd, J7,6 = 2.6 Hz, 

J7,8 = 2.2, H7), 4.75 (1H, dd, J6,5 = 10.3 Hz, J6,7 = 2.6 Hz, H6), 4.56 (1H, ddd, J4,3e = 5.0 Hz, 

J4,3a = 10.7 Hz, J4,5 = 5.9 Hz, H4), 4.11 (1H, dq, J8,7 = 2.2 Hz, J8,9 = 6.3 Hz, H8), 3.78 (3H, 

s, CO2CH3), 3.23 (3H, s, COCH3), 3.02 (1H, ddd, J5,4 = 5.9 Hz, J5,NH = 7.0 Hz, J5,6 = 2.6 Hz, 

H5), 2.30 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 5.0 Hz, H3e), 1.96 (3H, s, AcN), 1.64 (1H, dd, 

J3a,3e = 13.2 Hz, J3a,4 = 10.7 Hz, H3a), 1.35 (3H, d, J9,8 = 6.3 Hz, H9), 0.87 (3x3H, s, 

(CH3)3CSi), 0.85 (3x3H, s, (CH3)3CSi), 0.06 (3H, s, CH3Si), 0.06 (3H, s, CH3Si), 0.05 (3H, 

s, CH3Si), 0.03 (3H, s, CH3Si). 

13C NMR (100 MHz CDl3) δ 170.6 (C1), 167.9 (NCOCH3), 120.1 (CF3SO2) 99.2 (C2), 90.9 

(C7), 69.1 (C8), 68.8 (C6), 65.3 (C4), 57.0 (C5), 52.6 (CO2CH3), 51.2 (COCH3), 41.5 (C3), 

25.6 ((CH3)CSi), 25.6 ((CH3)CSi), 23.7 (NCOCH3), 18.5 (C9), 18.0 ((CH3)CSi), 17.8 

((CH3)CSi), -4.6 (CH3Si), -4.9 (CH3Si), -4.9 (CH3Si), -5.2 (CH3Si). 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-7-

methanesulphonyl-D-glycero-D-galacto-non-2-ulopyranosid)onate (410) 

To a solution of 403 (393 mg, 0.72 mmol) in anhydrous 

dichloromethane (5 mL), methane-sulphonyl chloride          

(78 µL, 1.0 mmol) and N,N-dimethylaminopyridine            

(171 mg, 1.40 mmol) were added. After stirring for 18 h at 

40 °C under a nitrogen atmosphere, the reaction was washed with cold 1 M HCl, followed 

by cold H2O, dried (Na2SO4), and evaporated in vacuo. The desired product (375 mg,           
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0.60 mmol, 84%) was obtained using column chromatography on silica gel in EtOAc/Hex 

(1:4) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.83 (1H, d, JNH,5 = 7.0 Hz, NH), 4.89 (1H, dd, J7,6 = 1.6 Hz, 

J7,8 = 1.4, H7), 4.75 (1H, dd, J6,5 = 10.1 Hz, J6,7 = 1.6 Hz, H6), 4.71 (1H, ddd, J4,3e = 5.0 Hz, 

J4,3a = 10.7 Hz, J4,5 = 9.88 Hz, H4), 4.07 (1H, dq, J8,7 = 1.36 Hz, J8,9 = 6.32 Hz, H8), 3.79 

(3H, s, CO2CH3), 3.20 (3H, s, COCH3), 2.96 (1H, ddd, J5,4 = 9.9 Hz, J5,NH = 7.0 Hz, J5,6 = 

10.1 Hz, H5), 2.30 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 5.0 Hz, H3e), 1.94 (3H, s, AcN), 1.60 

(1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.7 Hz, H3a), 1.41 (3H, d, J9,8 = 6.3 Hz, H9), 0.89 (3x3H, 

s, (CH3)3CSi), 0.85 (3x3H, s, (CH3)3CSi), 0.08 (3H, s, CH3Si), 0.07 (3H, s, CH3Si), 0.04 (3H, 

s, CH3Si), 0.02 (3H, s, CH3Si). 

13C NMR (100 MHz CDl3) δ 170.5 (C1), 168.5 (NCOCH3), 99.2 (C2), 85.3 (C7), 70.7 (C8), 

69.2 (C6), 64.8 (C4), 57.1 (C5), 52.5 (CO2CH3), 51.0 (COCH3), 41.6 (C3), 39.0 (CH3SO2), 

25.8 ((CH3)CSi), 25.6 ((CH3)CSi), 23.7 (NCOCH3), 18.8 (C9), 18.2 ((CH3)CSi), 17.8 

((CH3)CSi), -4.7 (CH3Si), -4.9 (CH3Si), -4.9 (CH3Si), -5.1 (CH3Si). 

IR = 1756 cm-1 (CO2Me), 1360 cm-1 (S=O), 1174 cm-1 (S=O), 1042 cm-1 (Si-OC) 

m/z 650.5 [M+Na]+ 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,7,9-tetradeoxy-7-

azido-D-glycero-L-altro-non-2-ulopyranosid)onate (402) 

To a solution of 408 (100 mg, 0.15 mmol) in anhydrous 

dimethylformamide (1 mL) at 0 °C, sodium azide (95 mg, 

1.47 mmol) was added. After stirring for 18 h at 4 °C under 

an argon atmosphere, the reaction was evaporated in vacuo. 

The desired product (40 mg, 0.07 mmol, 47%) was obtained using column chromatography 

on silica gel in EtOAc/Hex (1:4) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.33 (1H, d, JNH,5 = 8.6 Hz, NH), 4.22 (1H, ddd, J4,3e = 5.0 

Hz, J4,3a = 10.4, J4,5 = 9.6 Hz, H4), 4.03 (1H, dq, J8,7 = 7.3 Hz, J8,9 = 6.2 Hz, H8), 3.97 (1H, 

dd, J6,5 = 10.4 Hz, J6,7 = 2.7 Hz, H6), 3.78 (3H, s, CO2CH3), 3.67 (1H, q, J5,4 = 9.6 Hz, J5,NH 

= 8.6 Hz, J5,6 = 10.4 Hz, H5), 3.31 (1H, dd, J7,6 = 2.7 Hz, J7,8 = 7.3 Hz, H7), 3.23 (3H, s, 

COCH3), 2.25 (1H, dd, J3e,3a = 13.1 Hz, J3e,4 = 5.0 Hz, H3e), 1.97 (3H, s, AcN), 1.69 (1H, 

dd, J3a,3e = 13.1 Hz, J3a,4 = 10.4 Hz, H3a), 1.29 (3H, d, J9,8 = 6.16 Hz, H9), 0.90 (3x3H, s, 
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(CH3)3CSi), 0.84 (3x3H, s, (CH3)3CSi), 0.12 (3H, s, CH3Si), 0.09 (3H, s, CH3Si), 0.05 (3H, 

s, CH3Si), 0.04 (3H, s, CH3Si). 

IR = 2106 cm-1 (N3), 1752 cm-1 (CO2Me), 1100 cm-1 (Si-OC). 

m/z 597.5 [M+Na]+ 

Methyl (methyl 5,7-diacetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,7,9-tetradeoxy-

D-glycero-L-altro-non-2-ulopyranosid)onate (412) 

To a solution of 402 (91 mg, 0.16 mmol) in methanol           

(1.5 mL), Pd(OH)2/C (18 mg) was added. After stirring under 

a hydrogen atmosphere for 18 h at 25 °C, the reaction was 

filtered through a Celite pad, evaporated in vacuo, and 

redissolved in pyridine/acetic anhydride (2:1, 3 mL). N,N-Dimethylaminopyridine (10 mg, 

0.08 mmol) was added, and the reaction stirred for 18 h at 25 °C under a nitrogen atmosphere. 

The reaction was then evaporated in vacuo, dissolved in ethyl acetate, washed with 1 M HCl 

followed by H2O, dried (Na2SO4), and evaporated in vacuo. The desired product (53 mg,   

0.09 mmol, 57%) was obtained using column chromatography on silica gel in EtOAc/Hex 

(10:1). 

1H NMR (400 MHz, CDCl3) δ 6.53 (1H, d, JNH,5 = 8.4 Hz, C5NH), 5.75 (1H, d, JNH,5 = 7.9 

Hz, C7NH), 4.38 (1H, dq, J8,7 = 2.2 Hz, J8,9 = 6.2, H8), 3.84-3.98 (3H, m, H4, H5, H7), 3.74 

(3H, s, CO2CH3), 3.71-3.78 (1H, m, H6), 3.17 (3H, s, COCH3), 2.21 (1H, dd, J3e,3a = 13.2 

Hz, J3e,4 = 4.4 Hz, H3e), 1.99 (3H, s, AcN), 1.98 (3H, s, AcN), 1.77 (1H, dd, J3a,3e = 13.2 Hz, 

J3a,4 = 10.4 Hz, H3a), 1.13 (3H, d, J9,8 = 6.2 Hz, H9), 0.88 (3x3H, s, (CH3)3CSi), 0.84 (3x3H, 

s, (CH3)3CSi), 0.10 (3H, s, CH3Si), 0.09 (3H, s, CH3Si), 0.03 (3H, s, CH3Si), 0.03 (3H, s, 

CH3Si). 

13C NMR (100 MHz CDCl3) δ 169.9 (NCOCH3), 169.9 (NCOCH3), 168.0 (C1), 98.8 (C2), 

73.2 (C6), 68.8 (C4), 64.7 (C8), 53.9 (C7), 53.3 (C5), 52.3 (CO2CH3), 50.3 (COCH3), 41.1 

(C3), 25.9 ((CH3)CSi), 25.5 ((CH3)CSi), 23.6 (NCOCH3), 23.5 (C9), 23.3 (NCOCH3), 17.9 

((CH3)CSi), 17.8 ((CH3)CSi), -4.1 (CH3Si), -4.4 (CH3Si), -4.8 (CH3Si), -4.9 (CH3Si). 

IR = 1756 cm-1 (CO2Me), 1042 cm-1 (Si-OC) 

m/z 613.5 [M+Na]+ 
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Methyl (methyl 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-L-altro-non-2-

ulopyranosid)onate (413) 

A solution of 412 (65 mg, 0.11 mmol) in trifluoroacetic 

acid/water (4:1, 1 mL) was stirred for 2 h at 25 °C, then 

evaporated in vacuo. The desired product (39 mg,                

0.11 mmol, 100%) was obtained using column 

chromatography on silica gel in EtOAc/MeOH (4:1) and obtained as a white solid. 

1H NMR (400 MHz, CD3OD) δ 8.09 (1H, d, JNH,7 = 9.1 Hz, C7NH), 4.53 (1H, dq, J8,7 = 6.4 

Hz, J8,9 = 6.4 Hz, H8), 3.83 (3H, s, CO2CH3), 3.82-3.97 (3H, m, H4, H5, H7), 3.62 (1H, dd, 

J6, 5 = 10.4 Hz, J6,7 = 1.6 Hz, H6), 3.21 (3H, s, COCH3), 2.35 (1H, dd, J3e,3a = 13.0 Hz, J3e,4 

= 4.5 Hz, H3e), 2.35 (3H, s, AcN), 2.03 (3H, s, AcN), 1.69 (1H, dd, J3a,3e = 13.0 Hz, J3a,4 = 

10.8 Hz, H3a), 1.11 (3H, d, J9,8 = 6.4 Hz, H9). 

13C NMR (100 MHz CD3OD) δ 174.3 (NCOCH3), 173.5 (C1), 170.4 (NCOCH3), 100.3 (C2), 

78.2 (C6), 67.3 (C4), 66.4 (C8), 54.4 (C5), 53.6 (CO2CH3), 53.3 (C7), 51.6 (COCH3), 41.4 

(C3), 22.9 (NCOCH3), 22.6 (NCOCH3), 20.5 (C9). 

IR = 1739 cm-1 (CO2Me) 

HRMS: (C15H26N2O8Na): Calculated: 385.1587; found: 385.1579  

Methyl 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-L-altro-non-2-ulopyranosidonic 

acid (414) (7-epi-legionaminic acid methyl glycoside) 

A solution of 413 (39 mg, 0.11 mmol) in 1 M sodium 

hydroxide (1 mL) was stirred for 18 h at 25 °C and evaporated 

in vacuo. The desired product (13 mg, 0.11 mmol, 100%) was 

obtained using column chromatography on reversed phase 

silica gel in H2O and obtained as a white solid. 

1H NMR (400 MHz, D2O) δ 4.53 (1H, m, H8), 3.61-4.00 (3H, m, H4, H6, H7), 3.16-3.22 

(1H, m, H5), 3.16 (3H, s, COCH3), 2.37 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 4.7 Hz, H3e), 2.08 

(3H, s, AcN), 2.07 (3H, s, AcN), 1.70 (1H, t, J3a,3e = 13.2 Hz, J3a,4 = 12.0 Hz, H3a), 1.10 (3H, 

d, J9,8 = 6.3 Hz, H9). 

m/z 371.2 [M+Na]+ 
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5-Acetamido-3,5,9-trideoxy-D-glycero-D-galacto-non-2-ulopyranosidonic acid (415) 

To a solution of 406 (200 mg, 0.62 mmol) in water (10 mL), 

Dowex-WX50(H+) (500 mg) was added. After stirring for      

42 h at 80 °C, the reaction was filtered and evaporated in 

vacuo. The desired product (70.9 mg, 0.24 mmol, 39%) was 

obtained using column chromatography on reversed phase silica gel in H2O and obtained as 

a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.45 (1H, d, JNH,5 = 8.7 Hz, NH), 4.74 (1H, q, J8,9 = 6.8 Hz, 

H8), 4.37 (1H, d, J6,5 = 10.7 Hz, H6), 4.10 (1H, ddd, J4,3e = 5.0 Hz, J4,3a = 10.7 Hz, J4,5 = 9.4 

Hz, H4), 3.87 (1H, q, J5,4 = 9.4 Hz, J5,6 = 10.7 Hz, J5,NH = 8.7 Hz, H5), 3.81 (3H, s, CO2CH3), 

3.22 (3H, s, COCH3), 2.30 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 =5.0 Hz, H3e), 1.92 (3H, s, AcN), 

1.80 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.7 Hz, H3a), 1.42 (3H, d, J9,8 = 6.8 Hz, H9), 0.90 

(3x3H, s, (CH3)3CSi), 0.84 (3x3H, s, (CH3)3CSi), 0.09 (3H, s, CH3Si), 0.06 (3H, s, CH3Si), 

0.05 (3H, s, CH3Si),  0.03 (3H, s, CH3Si). 

m/z 316.1 [M+Na]+ 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-7-keto-D-

glycero-L-altro-non-2-ulopyranosid)onate (420) 

To a solution of 403 (254 mg, 0.46 mmol) in anhydrous 

dichloromethane (5 mL), Dess-Martin periodinane (294 mg, 

0.69 mmol) was added. After stirring for 2 h at 0 °C under a 

nitrogen atmosphere, the reaction was diluted with diethyl 

ether, washed with 20% aq. Na2S2O3 and sat. aq. NaCl, dried (Na2SO4), and evaporated in 

vacuo. The desired product (209 mg, 0.38 mmol, 83%) was obtained using column 

chromatography on silica gel in Hex/EtOAc (3:1) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.45 (1H, d, JNH,5 = 8.7 Hz, NH), 4.74 (1H, q, J8,9 = 6.8 Hz, 

H8), 4.37 (1H, d, J6,5 = 10.7 Hz, H6), 4.10 (1H, ddd, J4,3e = 5.0 Hz, J4,3a = 10.7 Hz, J4,5 = 9.4 

Hz, H4), 3.87 (1H, q, J5,4 = 9.4 Hz, J5,6 = 10.7 Hz, J5,NH = 8.7 Hz, H5), 3.81 (3H, s, CO2CH3), 

3.22 (3H, s, COCH3), 2.30 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 =5.0 Hz, H3e), 1.92 (3H, s, AcN), 

1.80 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.7 Hz, H3a), 1.42 (3H, d, J9,8 = 6.8 Hz, H9), 0.90 

(3x3H, s, (CH3)3CSi), 0.84 (3x3H, s, (CH3)3CSi), 0.09 (3H, s, CH3Si), 0.06 (3H, s, CH3Si), 

0.05 (3H, s, CH3Si),  0.03 (3H, s, CH3Si). 
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13C NMR (100 MHz CDCl3) δ 206.7 (C7), 169.7 (C1), 167.9 (NCOCH3), 99.5 (C2), 73.6 

(C6), 72.3 (C8), 67.7 (C4), 54.3 (C5), 52.7 (CO2CH3), 51.1 (COCH3), 41.4 (C3), 25.8 

((CH3)CSi), 25.5 ((CH3)CSi), 23.5 (NCOCH3), 20.3 (C9), 18.3 ((CH3)CSi), 17.8 ((CH3)CSi), 

-4.5 (CH3Si), -4.9 (CH3Si), -4.9 (CH3Si), -4.9 (CH3Si). 

IR = 1756 cm-1 (CO2Me), 1733 cm-1 (C=O), 1047 cm-1 (Si-OC) 

m/z 570.5 [M+Na]+ 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-D-

glycero-L-altro-non-2-ulopyranosid)onate (418) 

To a solution of 420 (170 mg, 0.31 mmol) in anhydrous 

dichloromethane (3 mL) at -78 °C, a solution of cerium(III) 

chloride (347 mg, 0.93 mmol) in methanol (6 mL) was 

added. After stirring for 1 h under a nitrogen atmosphere, 

sodium borohydride (18 mg, 0.47 mmol) was added, and the reaction stirred for a further 

hour. After completion, the reaction was quenched with sat. aq. NH4Cl, evaporated in vacuo, 

dissolved in EtOAc, washed with H2O and sat. aq. NaCl, dried (Na2SO4), and evaporated in 

vacuo. The desired product (150 mg, 0.27 mmol, 88%) was obtained using column 

chromatography on silica gel in EtOAc/Hex (2:3) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.45 (1H, d, JNH,5 = 9.0 Hz, NH), 4.07 (1H, q, J8,7 = 5.8 Hz, 

J8,9 = 6.2 Hz, H8), 3.99-4.06 (1H, m, H4), 3.74-3.82 (1H, m, H5), 3.77 (3H, s, CO2CH3), 3.67 

(1H, dd, J6,7 = 3.3 Hz, J6,5 = 10.6 Hz, H6), 3.49 (1H, dd, J7,6 = 3.3 Hz, J7,8 = 5.8 Hz, H7), 3.24 

(3H, s, COCH3), 2.23 (1H, dd, J3e,3a = 13.1 Hz, J3e,4 = 5.0 Hz, H3e), 1.96 (3H, s, AcN), 1.74 

(1H, dd, J3a,3e = 13.1 Hz, J3a,4 = 10.6 Hz, H3a), 1.25 (3H, d, J9,8 = 6.2 Hz, H9), 0.88 (3x3H, 

s, (CH3)3CSi), 0.84 (3x3H, s, (CH3)3CSi), 0.10 (3H, s, CH3Si), 0.08 (3H, s, CH3Si), 0.04 (3H, 

s, CH3Si),  0.03 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 170.1 (C1), 168.6 (NCOCH3), 98.9 (C2), 75.8 (C7), 73.6 (C6), 

68.1 (C4), 68.0 (C8), 54.4 (C5), 52.5 (CO2CH3), 50.8 (COCH3), 41.1 (C3), 25.9 ((CH3)CSi), 

25.6 ((CH3)CSi), 23.6 (NCOCH3), 18.1 ((CH3)CSi), 17.8 ((CH3)CSi), -4.0 (CH3Si), -4.4 

(CH3Si), -4.8 (CH3Si), -4.8 (CH3Si). 

IR = 1755 cm-1 (CO2Me), 1050 cm-1 (Si-OC) 

m/z 572.5 [M+Na]+ 
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Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-7-

trifluoromethanesulphonyl-D-glycero-L-altro-non-2-ulopyranosid)onate (421) 

To a solution of 418 (238 mg, 0.43 mmol) in anhydrous 

dichloromethane (5 mL) at -78 °C, trifluoromethane-

sulphonic anhydride (102 µL, 0.61 mmol) and                       

N,N-dimethylaminopyridine (265 mg, 2.17 mmol) were 

added. After stirring for 18 h at 4 °C under an argon atmosphere, the reaction was washed 

with cold 1 M HCl, followed by cold H2O, dried (Na2SO4), and evaporated in vacuo. The 

desired product (163 mg, 0.24 mmol, 55%), was obtained using column chromatography on 

silica gel in EtOAc/Hex (1:4) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.60 (1H, d, JNH,5 = 7.5 Hz, NH), 5.10 (1H, dd, J7,6 = 1.1 Hz, 

J7,8 = 4.7, H7), 4.76 (1H, dd, J6,5 = 10.4 Hz, J6,7 = 1.1 Hz, H6), 4.56 (1H, ddd, J4,3e = 4.9 Hz, 

J4,3a = 11.0 Hz, J4,5 = 5.9 Hz, H4), 4.17 (1H, dq, J8,7 = 2.2 Hz, J8,9 = 6.3 Hz, H8), 3.78 (3H, 

s, CO2CH3), 3.23 (3H, s, COCH3), 2.99-3.07 (1H, m, H5), 2.31 (1H, dd, J3e,3a = 12.9 Hz, J3e,4 

= 4.9 Hz, H3e), 2.19 (3H, s, AcN), 1.64 (1H, dd, J3a,3e = 12.9 Hz, J3a,4 = 11.0 Hz, H3a), 1.31 

(3H, d, J9,8 = 6.3 Hz, H9), 0.88 (3x3H, s, (CH3)3CSi), 0.87 (3x3H, s, (CH3)3CSi), 0.14 (3H, 

s, CH3Si), 0.10 (3H, s, CH3Si), 0.09 (3H, s, CH3Si), 0.07 (3H, s, CH3Si). 

13C NMR (100 MHz CDl3) δ 171.4 (C1), 168.2 (NCOCH3), 121.3 (CF3SO2) 99.1 (C2), 90.9 

(C7), 69.2 (C8), 68.8 (C6), 65.0 (C4), 54.9 (C5), 52.5 (CO2CH3), 51.2 (COCH3), 40.2 (C3), 

25.8 ((CH3)CSi), 25.7 ((CH3)CSi), 21.1 (NCOCH3), 19.7 (C9), 18.1 ((CH3)CSi), 17.9 

((CH3)CSi), -4.1 (2xCH3Si), -4.3 (CH3Si), -4.7 (CH3Si). 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,7,9-tetradeoxy-7-

azido-D-glycero-D-galacto-non-2-ulopyranosid)onate (404) 

To a solution of 421 (163 mg, 0.24 mmol) in anhydrous 

dimethylformamide (2 mL) at 0 °C, sodium azide (155 mg, 

2.39 mmol) was added. After stirring for 18 h at 4 °C under 

an argon atmosphere, the reaction was evaporated in vacuo. 

The desired product (54 mg, 0.09 mmol, 40%) was obtained using column chromatography 

on silica gel in EtOAc/Hex (1:4) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.30 (1H, d, JNH,5 = 8.4 Hz, NH), 4.28 (1H, ddd, J4,3e = 4.8 

Hz, J4,3a = 10.2, J4,5 = 9.8 Hz, H4), 3.91-4.05 (2H, m, H6, H8), 3.79 (3H, s, CO2CH3), 3.71 
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(1H, q, J5,4 = 9.8 Hz, J5,NH = 8.4 Hz, J5,6 = 10.0 Hz, H5), 3.25-3.30 (1H, m, H7), 3.25 (3H, s, 

COCH3), 2.20 (1H, dd, J3e,3a = 12.8 Hz, J3e,4 = 4.8 Hz, H3e), 2.00 (3H, s, AcN), 1.73 (1H, 

dd, J3a,3e = 12.8 Hz, J3a,4 = 10.2 Hz, H3a), 1.27 (3H, d, J9,8 = 6.16 Hz, H9), 0.89 (3x3H, s, 

(CH3)3CSi), 0.85 (3x3H, s, (CH3)3CSi), 0.10 (3H, s, CH3Si), 0.08 (3H, s, CH3Si), 0.06 (3H, 

s, CH3Si), 0.04 (3H, s, CH3Si). 

IR = 2103 cm-1 (N3), 1753 cm-1 (CO2Me), 1098 cm-1 (Si-OC). 

m/z 597.5 [M+Na]+. 

Methyl (methyl 5,7-diacetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,7,9-tetradeoxy-

D-glycero-D-galacto-non-2-ulopyranosid)onate (422) 

To a solution of 404 (76 mg, 0.13 mmol) in methanol (1 mL), 

Pd(OH)2/C (15 mg) was added. After stirring under a 

hydrogen atmosphere for 18 h at 25 °C, the reaction was 

filtered through a Celite pad, evaporated in vacuo, and 

redissolved in pyridine/acetic anhydride (2:1, 1.5 mL). N,N-Dimethylaminopyridine (5 mg, 

0.04 mmol) was added, and the reaction stirred for 18 h at 25 °C under a nitrogen atmosphere. 

The reaction was then evaporated in vacuo, dissolved in ethyl acetate, washed with 1 M HCl 

followed by H2O, dried (Na2SO4), and evaporated in vacuo. The desired product (45 mg, 0.08 

mmol, 57%) was obtained using column chromatography on silica gel in EtOAc/Hex (7:1). 

1H NMR (400 MHz, CDCl3) δ 6.53 (1H, d, JNH,7 = 6.8 Hz, C7NH), 5.94 (1H, d, C5NH), 4.36 

(1H, ddd, J8,7 = 5.4 Hz, J8,9 = 6.0, H8), 3.85-3.89 (3H, m, H4, H5, H7), 3.72-3.78 (1H, m, 

H6), 3.72 (3H, s, CO2CH3), 3.14 (3H, s, COCH3), 2.19 (1H, dd, J3e,3a = 12.6 Hz, J3e,4 = 3.3 

Hz, H3e), 1.97 (3H, s, AcN), 1.95 (3H, s, AcN), 1.75 (1H, dd, J3a,3e = 12.6 Hz, J3a,4 = 10.3 

Hz, H3a), 1.10 (3H, d, J9,8 = 6.0 Hz, H9), 0.86 (3x3H, s, (CH3)3CSi), 0.81 (3x3H, s, 

(CH3)3CSi), 0.08 (3H, s, CH3Si), 0.06 (3H, s, CH3Si), 0.01 (3H, s, CH3Si), 0.01 (3H, s, 

CH3Si). 

13C NMR (100 MHz CDCl3) δ 169.9 (NCOCH3), 169.9 (C1), 168.0 (NCOCH3), 98.7 (C2), 

73.1 (C6), 68.8 (C4), 64.6 (C8), 53.9 (C7), 53.2 (C5), 52.3 (CO2CH3), 50.3 (COCH3), 41.1 

(C3), 25.9 ((CH3)CSi), 25.5 ((CH3)CSi), 23.6 (NCOCH3), 23.5 (NCOCH3), 23.3 (C9), 17.9 

((CH3)CSi), 17.7 ((CH3)CSi), -4.2 (CH3Si), -4.4 (CH3Si), -4.8 (CH3Si), -4.9 (CH3Si). 

IR = 1754 cm-1 (CO2Me), 1043 cm-1 (Si-OC) 

m/z 613.5 [M+Na]+ 
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Methyl (methyl 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-D-galacto-non-2-

ulopyranosid)onate (423) 

A solution of 422 (43 mg, 0.07 mmol) in trifluoroacetic 

acid/water (4:1, 1 mL) was stirred for 3 h at 25 °C, then 

evaporated in vacuo. The desired product (22 mg,                 

0.06 mmol, 84%) was obtained using column 

chromatography on silica gel in EtOAc/MeOH (4:1) and obtained as a white solid. 

1H NMR (400 MHz, CD3OD) δ 4.52 (1H, ddd, J8,7 = 6.4 Hz, J8,9 = 6.4 Hz, H8), 3.90-3.96 

(1H, m, H7), 3.85-3.93 (1H, m, H4), 3.82 (3H, s, CO2CH3), 3.80-3.86 (1H, m, H5), 3.57-3.62 

(1H, m, H6), 3.19 (3H, s, COCH3), 2.34 (1H, dd, J3e,3a = 13.0 Hz, J3e,4 = 4.5 Hz, H3e), 2.34 

(3H, s, AcN), 2.02 (3H, s, AcN), 1.68 (1H, dd, J3a,3e = 13.0 Hz, J3a,4 = 10.9 Hz, H3a), 1.10 

(3H, d, J9,8 = 6.4 Hz, H9). 

13C NMR (100 MHz CD3OD) δ 174.29 (NCOCH3), 173.47 (C1), 170.42 (NCOCH3), 100.27 

(C2), 78.19 (C6), 67.28 (C4), 66.40 (C8), 54.37 (C5), 53.60 (CO2CH3), 53.31 (C7), 51.60 

(COCH3), 41.40 (C3), 22.94 (NCOCH3), 22.56 (NCOCH3), 20.49 (C9). 

IR = 1737 cm-1 (CO2Me) 

m/z 385.3 [M+Na]+ 

Methyl 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-D-galacto-non-2-

ulopyranosidonic acid (424) (Legionaminic acid methyl glycoside) 

A solution of 423 (26 mg, 0.07 mmol) in 1 M sodium 

hydroxide (1 mL) was stirred for 18 h at 25 °C and evaporated 

in vacuo. The desired product (25 mg, 0.07 mmol, 100%) was 

obtained using column chromatography on reversed phase 

silica gel in H2O and obtained as a white solid. The NMR data was consistent with the 

literature53. 

1H NMR (400 MHz, D2O) δ 4.51 (1H, m, H8), 3.58-4.04 (4H, m, H4, H5, H6, H7), 3.17 (3H, 

s, COCH3), 2.32 (1H, dd, J3e,3a = 13.0 Hz, J3e,4 = 4.5 Hz, H3e), 2.25 (3H, s, AcN), 2.03 (3H, 

s, AcN), 1.69 (1H, t, J3a,3e = 13.0 Hz, J3a,4 = 10.9 Hz, H3a), 1.08 (3H, d, J9,8 = 6.4 Hz, H9). 

m/z 371.2 [M+Na]+ 
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Chapter 5 

Investigations into oxazine by-products 

5.1 Synthesis of Dihydro-1,3-(methyl [3,5-dideoxy-nonulosonate]) oxazine 

5.1.1 Introduction 

As discussed in previous chapters, the introduction of a trifluoromethanesulphonate group to 

the carbon seven position of Neu5Ac often resulted in the formation of a by-product that we 

have identified as a dihydro-1,3-oxazine ring, which forms between the acetamide group of 

carbon five, and the carbon seven position (Figure 5.1). The first instance of the formation 

of this by-product was during the triflation of the 4-O-tert-butyldimethylsilyl-8,9-O-

isopropylidene-Neu5Ac derivative 203, and gave the corresponding oxazine derivative 208. 

Subsequently, we observed the same result with the 4-O-tert-butyldimethylsilyl-8,9-O-

isopropylidene-Neu5Ac2en (307) triflation reaction to give 315, and the 4,8-bis-O-tert-

butyldimethylsilyl-9-deoxy-Neu5Ac (403) triflation reaction to give 409. 

 
Figure 5.1. Chemical structures of the oxazine compounds formed during triflation reactions. 

Since the formation of oxazine derivatives like those shown in Figure 5.1 could not be 

sufficiently prevented, we wondered if we could actually utilise these oxazines as synthetic 

intermediates in our efforts towards making legionaminic acid. To determine the usefulness 

of oxazines as synthetic intermediates we first needed to explore the efficient synthesis of the 

oxazines. 
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5.1.2 Structural elucidation of the oxazine 208 

When the oxazine 208 was initially obtained as a by-product from a triflation reaction of the 

7-hydroxy derivative 203, it required some careful analysis of the spectroscopic data in order 

to elucidate the structure. In the 1H NMR spectrum of 208, key spectroscopic characteristics 

which suggested the formation of the dihydro-1,3-oxazine ring included the unusual shift of 

H-5 in 208, which was observed at δ2.69ppm in the 1H NMR spectrum of 208 compared with 

~δ3.8 ppm in the 1H NMR spectrum of the related sialic acids (Figure 5.2).  

 
Figure 5.2.  1H NMR spectrum of the dihydro-1,3-oxazine by-product 208.   

In looking closely at the 1H NMR data for the oxazine 208, it was interesting to note that the 

CH3 group of the oxazine ring appeared as a doublet (J = 1.9 Hz).  As this CH3 group is the 

acetamide CH3 in the parent compound (where it always appears as a 3-proton singlet), the 

fact it was now a doublet was interesting.  Examination of the 1H–1H COSY spectrum shows 

a clear correlation between the oxazine CH3 group and the proton attached to C-5 (Figure 

5.3).   

H-5 2-CH3 
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Figure 5.3. COSY NMR spectrum of the oxazine 208 showing coupling between the methyl group 

of the oxazine and H-5. 

Looking closely at the x-ray crystallographic data obtained for the oxazine 208 (vide infra), 

it is apparent that the oxazine ring is significantly flattened in comparison to what you may 

expect for a six-membered ring with a double bond.  As can be seen in Figure 5.4 the oxazine 

CH3 through the double bond to the nitrogen is almost flat, and this may well account for the 

coupling observed to H-5.   

 
Figure 5.4.  Diagram from the X-ray crystallographic analysis of the oxazine 208 highlighting (with 

ball-and-stick representation) the planarity of the oxazine ring. 
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Coupling between the CH3 of the oxazine ring and the proton appended to C-5 equates to a 

5-bond coupling, or more commonly referred to as a homoallylic coupling.  Homoallylic 

couplings are unusual, but under favourable conditions can be observed.  An article published 

by Reich in 2017 discusses the various couplings possible in 1H–1H spin systems, and 

mentions that 5JH,H couplings are optimal when both C—H bonds are aligned with the π-

orbital of an intervening double bond103.  Homoallylic coupling (5JH,H) has been well studied 

in peptide systems (H—Cα—C(O)—N—C—H), and it has been established that the degree 

of π-character between the carbonyl carbon and the nitrogen directly influences the 

magnitude of the coupling constant139,140. Clearly the oxazine 208 has considerable π-

character between the carbonyl and the nitrogen, so perhaps this characteristic is responsible 

for both the observed homoallylic coupling as well as the significant chemical shift shielding 

of H-5. 

It was interesting to note the significant change in chemical shift of H-5, which is shielded 

by almost 1 ppm in the oxazine 208 compared to normal sialic acids. However, our 

observation was consistent with the attempted synthesis of a 3-amino-3-deoxyglucose 

derivative by Ikemoto and Schreiber102, which also resulted in the formation of an unexpected 

cyclised by-product (Scheme 5.1) that displayed similar significant changes in chemical shift 

of the proton attached to the carbon bearing the original acetamide102.  

 
Scheme 5.1.  Formation of an unusual by-product reported by Ikemoto and Schreiber102, showing 

the change in chemical shift of the proton on the acetamide bearing carbon. 

Further confirmation of the structure of the oxazine 208 was obtained by mass spectrometry, 

which showed a m/z peak at 496 [M+Na]+ consistent with the structure of 208 as drawn.  The 

final confirmation of the structure of 208 was made using X-ray crystallography (Figure 5.5), 

once again performed courtesy of Peter Healy of Griffith University, and the facilities at 

Queensland University of Technology. The oxazine 208 is not as crystalline as some of the 
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other sialic acid compounds from this project, however the use of toluene as solvent, and 

allowing the gradual evaporation over a number of days provided crystals of high enough 

quality to obtain the structure shown in Figure 5.5. The crystallographic coordinates and data 

for the structure shown in Figure 5.5 are included in Appendix 2, and the structure has been 

deposited in the Cambridge Structural Database (CSD) as a CSD Communication file number 

CCDC 1839977 NEZBEC: CSD Communications 2018 DOI: 10.5517/.ccdc.csd.cclzrn3h. 

 
Figure 5.5. ORTEP diagram of oxazine derivative 208 (left), and structure drawn in comparative 

style (right) for clarity. 

We initially believed that the dihydro-1,3-oxazine ring formed during the triflation reaction 

by the process shown in Scheme 5.2.  It is not unreasonable to postulate that during the 

reaction conditions the base used to neutralise the triflic acid could deprotonate the nitrogen, 

with the N-H electrons forming a double bond to the carbonyl carbon, allowing the C-5 

acetamide group to nucleophilically attack carbon seven after triflate formation, displacing 

the triflate group to give 208. However, upon closer inspection of the X-ray crystallographic 

structure of the oxazine derivative 208, it can be seen that the oxazine ring forms with 
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retention of sialic acid stereochemistry. This could not happen if the amide group were 

displacing the C-7 triflate, however it would be possible it the reverse were true.  

 
Scheme 5.2.  Suggested mechanism for the formation of the dihydro-1,3-oxazine by-product 208.  

There are a number of examples in the literature of the triflation of an amide group141–146, 

including a piece of work by Charette and Grenon from 2000, wherein they activated various 

amide groups with a triflate group using standard triflation conditions in order to displace 

with an amine to form an amidine147. This process is shown in general terms in Scheme 5.3. 

 
Scheme 5.3. Synthesis of amidines by nucleophilic displacement of triflate activated amides as 

reported by Charette and Grenon147. 

Considering the possibility for a triflate to form an iminium salt with an amide, as well as the 

identified stereochemistry of the oxazine product, it now seems likely that it is in fact the    

C-7 hydroxyl group displacing the triflate group from the C-5 amide, rather than the other 

way around. This process is shown mechanistically in Scheme 5.4. 
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Scheme 5.4. Revised mechanism for oxazine formation involving the C-7 hydroxyl group 

displacing triflate group from iminium intermediate. 

5.1.3 Optimisation of oxazine synthesis 

Our first isolation of the oxazine derivative 208 as a by-product in the triflation reaction was 

in a 20% yield from 203, with the corresponding triflate derivative only being isolated at a 

23% yield. Towards our overall goal of developing a new synthesis of legionaminic acid, we 

believed it would be advantageous to determine which set of reaction conditions would 

preferentially form the triflate derivative, and which would preferentially form the oxazine 

derivative. To this end, a number of different reaction conditions were utilised, with varying 

results in terms of yields of the two products, as well as the amount of starting material 203 

consumed. Table 5.1 summarises the results of all these experiments. In all examples, the 

reagents and substrate were dissolved in dichloromethane under an inert atmosphere at              

-78 °C before being slowly warmed to the temperature shown in the table.  

We began our investigations by the variation in temperature and duration of the reaction 

(entries 1-3) and found that the lower temperature (-40 °C, entry 1) gave the highest yield of 

triflate derivative, though only by bringing the temperature up to 4 °C for an overnight 

reaction would the starting material be consumed (entry 3). Our next adjustment to the 

conditions was the number of molar equivalents of triflic anhydride and pyridine. As can be 

seen by comparing entries 2 and 4, an increase in just the pyridine equivalency results in a 

much greater consumption of starting material and triflate 207 yield, however no set of 
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equivalencies gave oxazine 208 yield in a greater yield that 20%. The highest molar 

equivalency of both triflic anhydride and pyridine (5 and 15 eq. respectively) gave a complete 

consumption of starting material after 3 h at 0 °C, with a 60% yield of triflate 207, and no 

oxazine 208 formation (entry 10). This was our highest yield of triflate 207 and demonstrates 

the very significant effect that the number of equivalents of reagent has. It is likely that it is 

the equivalency of base that has the greatest effect, as changing the base to triethylamine 

resulted in no reaction taking place, even after 5 h at room temperature (entries 11-13). 

Additionally, the use of piperidine as base gave a poor yield of both triflate 207 and oxazine 

208, only consuming half of the starting material 203 (entry 14). Using                                        

N,N-dimethylaminopyridine as base routinely consumed the majority of the starting material 

203 (>70%), only once did not give the oxazine 208 in poor yield (entry 16, 45%), and on 

multiple occasions gave the triflate 207 in good yield (44% and 52%, entries 15 and 17). 

These results also demonstrate the importance of the temperature and duration of the reaction, 

as it is the reactions run overnight at room temperature that gave poor yields of both triflate 

207 and oxazine 208 (entries 18-19), the reaction run at room temperature for 4 h that gave 

the highest yield of oxazine 208 (entry 16), and the reactions run at the lower temperatures 

that gave the highest yields of triflate 207 (entries 15 and 17). Finally, the use of 

diphenylamine as base had the greatest effect on oxazine 208 yield, with 208 being isolated 

in a 67% yield, with no triflate 207 or unreacted starting material 203 isolated (entry 20). 
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Table 5.1. Triflation reaction conditions and yields of 207 and 208 products 

Entry Conditionsa Unreacted 
203 (%) 

Yield 
207 (%) 

Yield 
208 (%) 

1 Tf2O (1.4eq.), Py (2.9eq.), -40 °C (4.5 h) 53 42 5 
2 Tf2O (1.4eq.), Py (2.9eq.), -20 °C (4 h) 76 10 13 
3 Tf2O (1.4eq.), Py (2.9eq.), 4 °C (18 h) 0 11 2 
4 Tf2O (1.4eq.), Py (4.2eq.), -20 °C (5 h) 24 48 17 
5 Tf2O (2eq.), Py (5eq.), -20 °C (2 h) 24 37 0 
6 Tf2O (2eq.), Py (5eq.), 0 °C (1 h), then 25 °C (0.5 h) 30 37 0 
7 Tf2O (2eq.), Py (5eq.), 0 °C (4.5 h), then  

25 °C (18 h) 
22 23 20 

8 Tf2O (2.5eq.), Py (5.25eq.), -40 °C (5 h) 72 12 14 
9 Tf2O (4eq.), Py (5eq.), 3 Å mol. sieves, 0 °C  

(5 h), then 25 °C (18 h) 
0 8 14 

10 Tf2O (5eq.), Py (15eq.), 0 °C (3 h) 0 60 0 
11 Tf2O (1.5eq.), Et3N (5eq.), 0 °C (3 h) 87 0 0 
12 Tf2O (2.5eq.), Et3N (5eq.), 4 Å mol. sieves,  

4 °C (18 h) 
81 0 0 

13 Tf2O (5eq.), Et3N (15eq.), 4 Å mol. sieves,  
25 °C (5 h) 

26 0 0 

14 Tf2O (1.4eq.), PIP (2.9eq.), -20 °C (5 h) 48 19 9 
15 Tf2O (1.4eq.), DMAP (2.9eq.), -20 °C (5 h) 19 44 27 
16 Tf2O (1.4eq.), DMAP (2.9eq.), 25 °C (4 h) 27 25 45 
17 Tf2O (1.4eq.), DMAP (2.9eq.), 4 °C (18 h) 5 52 19 
18 Tf2O (1.4eq.), DMAP (2.9eq.), 25 °C (18 h) 10 8 13 
19 Tf2O (1.4eq.), DMAP (2.9eq.), 25 °C (18 h) 4 11 6 
20 Tf2O (1.4eq.), DPA (2.9eq.), 4 °C (18 h) 0 0 67 

a, all reactions had DCM as solvent, with reagents added at -78 °C before gradually being warmed to 
specified temperature 

We noticed that the oxazine by-product also formed during the triflation reaction of the 

Neu5Ac2en derivative 307 (Section 3.2), however not in as large a quantity. We did not 

experiment to the same extent as 203 with different conditions on the 2en substrate 307, 

however we did vary the temperature and duration of the reaction, which did have a notable 

effect on oxazine formation (Table 5.2). Once again, all reactions are first dissolved in 

dichloromethane at -78 °C under an inert atmosphere. 
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Table 5.2. Triflation reaction conditions and yields of 314 and 315. 

Entry Conditionsa Yield 
314 (%) 

Yield 
315 (%) 

1 Tf2O (1.4eq.), Py (2.9eq.), -20 °C (5 h) 62 8 
2 Tf2O (5eq.), Py (15eq.), 0 °C (4 h) 61 0 
3 Tf2O (1.4eq.), Py (2.9eq.), 25 °C (4 h) 57 24 

a, all reactions had DCM as solvent, with reagents dissolved at -78 °C before gradually being warmed to 
specified temperature 

It can be seen in table 5.2 that only the triflation reaction run at room temperature (entry 3) 

gave any significant yield of the oxazine derivative 315, and in this case, increasing the molar 

equivalents of triflic anhydride and pyridine had no significant impact on yields (compare 

entries 1 and 2). 

The final synthetic route that led to oxazine formation was on the 9-deoxy Neu5Ac 

derivatives, forming the 9-deoxy oxazine 409 during the triflation of 403. An interesting 

aspect of the 1H NMR spectrum of 409 is that the H-5 peak is at δ3.3 ppm, compared to the 

δ2.7 ppm of 208. This is not even a significant change from the H-5 position in 403, however 

it is still identifiable as an oxazine by the splitting of the "acetamide" methyl peak into a 

doublet coupling to H-5. Perhaps the lack of shielding of H-5 in 409 is due to less                        

π-characteristics between the carbonyl carbon and the nitrogen. Due to the modest yields 

obtained on the subsequent azide displacement reaction (Section 4.2), we had extra incentive 

to explore the scope of this reaction, both for improving the yields of 408, as well as trying 

to produce the oxazine 409 to determine if it could be used as an intermediate towards 

legionaminic acid synthesis. The results of this investigation are summarised in Table 5.3. 

As before, all reaction conditions start with the dissolving of all reagents in dichloromethane 

at -78 °C. 
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Table 5.3. Triflation reaction conditions and yields of 408 and 409. 

Entry Conditionsa Unreacted 
403 (%) 

Yield 
408 (%) 

Yield 
409 (%) 

1 Tf2O (1.4eq.), Py (2.9eq.), -20 °C (2 h) 0 24 52 
2 Tf2O (1.4eq.), Py (2.9eq.), -20 °C (5 h) 0 26 58 
3 Tf2O (1.4eq.), Py (2.9eq.), 4 °C (18 h) 23 15 27 
4 Tf2O (1.4eq.), DIPEA (2.9eq.), 4 °C (18 h) 14 18 7 
5 Tf2O (1.4eq.), Et3N (2.9eq.), 4 °C (18 h) 64 11 6 
6 Tf2O (1.4eq.), DPA (2.9eq.), 4 °C (18 h) 0 0 100 
7 Tf2O (1.4eq.), DMAP (2eq.), 4 °C (18 h) 31 14 21 
8 Tf2O (1.4eq.), DMAP (2.9eq.), 4 °C (18 h) 47 53 0 
9 Tf2O (1.4eq.), DMAP (2.9eq.), 25 °C (18 h) 23 15 18 
10 Tf2O (1.4eq.), DMAP (4eq.), 4 °C (18 h) 57 2 4 
11 Tf2O (1.4eq.), DMAP (5eq.), 4 °C (18 h) 0 52 0 
12 Tf2O (1.4eq.), DMAP (5eq.), 4 °C (18 h) 10 66 0 
13 Tf2O (2.1eq.), DMAP (2.9eq.), 4 °C (18 h) 27 6 49 

a, all reactions had DCM as solvent, with reagents dissolved at -78 °C before gradually being warmed to 
specified temperature 

There are a number of interesting observations to be made about the different triflation 

conditions used on compound 403. It can be seen that pyridine as base slightly favours 

oxazine synthesis (entries 1-3), N,N-diisopropylethylamine gives poor yields all round     

(entry 4), and triethylamine doesn’t fare too much better, returning nearly two thirds of the 

unreacted starting material (entry 5). Diphenylamine, however, very efficiently produces the 

oxazine 409 in quantitative yields, with all of the starting material being consumed (entry 6). 

N,N-Dimethylaminopyridine gave the highest yield of triflate 408, at 66% (entry 12), 

however with a lot of variability with changes to reaction conditions. Raising the molar 

equivalency of the DMAP from 2.9 to 5 gave an increase in yield of 408 (53-66%, entries   

8-12) with no change in yield of 409, whilst raising the molar equivalency of 

trifluoromethanesulphonic anhydride caused a significant increase in yield of oxazine 409 

(49%, entry 13). It was therefore possible for us to deliberately synthesise either the 7-O-

triflate derivative 408 or the oxazine derivative 409 in relatively high yields (using 5 molar 

equivalents of DMAP or 2.9 molar equivalents of DPA respectively). 
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The trend with regards to the effect of base on oxazine formation seems to be that a weaker 

base favours oxazine formation, with diphenylamine being the weakest base used, and giving 

the highest yields of oxazine for both 208 and 409. DMAP is one of the strongest bases used 

and does not seem to promote oxazine formation. Additionally, it can be seen that a lower 

number of molar equivalents of base relative to triflic anhydride also promotes the formation 

of oxazine (such as in entry 13 with a 1.4:1 ratio), and when there is a substantial excess of 

base relative to Tf2O, the oxazine is less likely to form (such as in entries 11-12 with a 3.6:1 

ratio). It seems likely that the reason for the weaker base promoting oxazine formation is that 

the triflation of the C-7 hydroxyl group requires a strong base due to the steric hinderance 

surrounding that position. On the other hand, the C-5 acetamide is more accessible, and can 

undergo triflation under milder conditions. 

Interestingly, we also observed the formation of the oxazine ring during the triflation of           

7-epi-Neu5Ac. The various conditions employed to determine the most efficient synthesis of 

the 7-epi-O-triflate derivative 421 are shown in Table 5.4, and it can be seen that varying 

equivalents of DMAP give significantly different results. As before, 5 molar equivalents of 

DMAP gives the best yield of the triflate, with little oxazine (entry 6), however the use of 2 

molar equivalents of DMAP gives as much as 76% yield of oxazine 501 (entry 3) 

significantly higher than the identical conditions on the C-7 epimer (21%). Additionally, the 

use of pyridine as base gave a yield of 46% of the oxazine 501 (entry 1), compared to the 

27% yield of 409 using identical conditions.  

 
Table 5.4. Triflation reaction conditions and yields of 421 and 501. 

Entry Conditionsa Unreacted 
418 (%) 

Yield 
421 (%) 

Yield 
501 (%) 

1 Tf2O (1.4eq.), Py (2.9eq.), 4 °C (18 h) 0 18 46 
2 Tf2O (1.1eq.), DMAP (1.2eq.), 4 °C (18 h) 0 0 25 
3 Tf2O (1.4eq.), DMAP (2eq.), 4 °C (42 h) 0 13 76 
4 Tf2O (1.4eq.), DMAP (2.9eq.), -20 °C (6 h) 49 0 31 
5 Tf2O (1.4eq.), DMAP (2.9eq.), 4 °C (18 h) 22 33 34 
6 Tf2O (1.4eq.), DMAP (5eq.), 4 °C (18 h) 0 55 4 

a, all reactions had DCM as solvent, with reagents dissolved at -78 °C before gradually being warmed to 
specified temperature 
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Based on these observations it can be concluded that the D-glycero-L-altro configuration of 

neuraminic oxazine forms as efficiently, if not more so, as the D-glycero-D-galacto 

configuration. This prompted us to generate 3D models of the two C-7 stereoisomers of the 

triflated iminium ion to see if the C-7 hydroxyl of one stereoisomer appeared more able to 

nucleophilically attack the reactive site of the iminium group. As can be seen in Figure 5.6, 

the C-7 position of the iminium formed from 418 (bottom) is positioned so that the hydroxyl 

group is closer to the iminium group, making it potentially easier for the hydroxyl oxygen to 

access the reactive site. The alternative C-7 isomer, formed from 403, has the hydroxyl group 

facing away from the iminium group (Figure 5.6, top), which may explain why different 

conditions are needed to generate the different oxazines. The 3D images were generated 

using Molview software, which gave the exact values of the distances between the C-7 

oxygen and the carbon bearing the triflate group to be 0.364 nm for the bottom structure and 

0.488 nm for the top structure. 

 
 

 
 

Figure 5.6. Simplified 3D structures of triflate-iminium intermediates formed from 403 (top) and 

418 (bottom) that act undergo internal displacement (green line) to give stereoisomers of oxazine. 
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We had noted throughout all of the studies into both triflate formation and subsequent 

oxazine isolation that the yields of isolated triflate tended to be quite variable. We wondered 

if part of this variability was due to the inherent reactivity of triflate groups, and consequently 

the product decomposing during isolation and workup. Therefore, we opted to introduce a 

methanesulphonate group to both 203 and 403 in order to try and improve the efficiency of 

displacement reactions (sections 2.3 and 4.2, respectively). Various mesylation conditions 

were initially attempted prior to the determination of the optimum conditions, and a number 

of these conditions gave poor yields of the 7-O-mesylate derivatives, with some even 

producing the oxazine by-products 208 and 409 (Scheme 5.5). Specifically, with 203 as 

substrate, the use of pyridine as base, and leaving the reaction overnight at 50 °C gave the 

oxazine 208 in a 17% yield whilst still giving the mesylate 220 in a 51% yield. Additionally, 

using 403 as substrate, and again using pyridine as base and leaving the reaction overnight at 

room temperature gave the oxazine 409 in 17-21% yield, and the mesylate 410 in 30-46% 

yield. None of these reactions gave a particularly high yield of either oxazine or mesylate, so 

alternate conditions were eventually employed. The mesylate group was eventually 

introduced with great efficiency to both 203 and 403 (86% and 95%, respectively), using 

three molar equivalents of Et3N overnight at room temperature (Section 2.4) and two molar 

equivalents of DMAP overnight at 40 °C (Section 4.4), respectively. 

 
Reagents and conditions: (a) MsCl, Py, DCM, 18 h, 50 °C, 220 51%/208 17%;  

(b) MsCl, Py, DCM, 18 h, 25 °C, 410 30-46%/409 17-21%. 

Scheme 5.5. Oxazine formation during mesylation reactions of 203 and 403. 
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5.2 Dihydro-1,3-(3,5-dideoxy-D-glycero-L-altro-non-2-ulosonic) oxazine as 
a pathway to legionaminic acid 

While the formation of the oxazine by-product was not our intent with the triflation reaction, 

it still has potential in our efforts towards the introduction of nitrogen functionality to carbon-

seven. Our yields from the azide displacement of the C-7 triflate were modest, owing to the 

instability of the triflate group, so we considered the possibility of displacing the oxygen of 

the oxazine ring from carbon-seven with a nitrogen nucleophile. This could result in the 

formation of C-7 nitrogen modified nonulosonic acids in the same number of steps as our 

previous methods, but with the potential for greater yields when considering that we had 

established that we could form oxazine derivatives in greater yields than we could form the 

corresponding triflate derivatives. 

 
Scheme 5.6 Alternative route to 7-epi-azido-legionaminic acid via the oxazine 409. 
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5.2.1 Literature reactions on oxazines 

Previous approaches to oxazine ring opening in the literature mostly focus on      

hydrolysis148–155 or reduction156–158. These transformations are highlighted in Scheme 5.7 and 

5.8 which show the hydrolysis and reduction, respectively, of the generic methyl oxazine 

502. In each case the product retains the oxygen and nitrogen at each end, which in our case 

would simply return us to our prior functionality 

 
Scheme 5.7. Product of hydrolysis of oxazine 502. 

 
Scheme 5.8. Product of reduction of oxazine 502. 

From our perspective, the work of Saito et al. better resembled our intentions towards oxazine 

opening. Saito et al.159 were able to open the oxazine ring of their compounds with the 

introduction of an azide group at their equivalent of carbon seven in our system             

(Scheme 5.9). In the substrates used in the work described by Saito, the R group consisted of 

varied functionalities for different substrates, but when R was a methyl group (such as in our 

compounds), the yield of product with azide functionality at position-6 was 99%. This was 

accomplished using azidotrimethylsilane in methanol159, and if it could be applied to our 

oxazine derivatives, it would give us the desired 7-epi-azido derivative 402.  

 
Scheme 5.9. Oxazine opening with azide functionality introduction reported by Saito et al.159 
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The difference between the compounds used by Saito et al. and ours is the nonulosonic acid 

ring structure fused to position-4 and -5 of the oxazine ring, and, more importantly, a 

CH(OTBS)CH3 group at position-6, the same position the azide group is introduced to 

(Figure 5.7). While Saito et al. experimented with varying functionality at position-2 in their 

compounds, they did not experiment with variation at position-4, -5, or -6. 

 
Figure 5.7. Structural comparison of sialic acid oxazine derivative 501 to closest equivalent used by 

Saito et al. 502159. 

5.2.2. Attempted oxazine opening with azide nucleophiles 

Following the conditions described by Saito et al., we dissolved the oxazine 208 in methanol, 

and stirred it with 1.2 molar equivalents of azidotrimethylsilane at 90 °C for 5 h (Table 5.5, 

entry 1). Unfortunately, the only product we were able to isolate from this reaction (in 

addition to 5% of our unreacted oxazine) was the 7-O-methoxy derivative 503, which must 

have formed from nucleophilic opening of the oxazine ring. This reaction is discussed in 

detail in section 5.2.4.  Having not been successful with following the method of Saito et al., 

we explored alternative approaches towards azide opening of the oxazine ring using the       

8,9-O-isopropylidene oxazine derivative 208. We tried changing the solvent to tert-butanol, 

as we considered that a bulkier alcohol would not be able to access the C-7 position (entry 

2), however this resulted in hydrolysis of the oxazine ring to give the 5-amino-7-O-acetoxy 

derivative 504. We also attempted the reaction using DMF (entry 3) which Saito also reported 

moderate success with, as well as THF (entry 4), and leaving the reaction overnight, yet we 

consistently obtained the same result of unreacted starting material and hydrolysed product 

504. Switching the source of the azide to sodium azide (entry 5) gave similar results, only 

with the deacylation of the C-7 acetate after hydrolysis to give 505. The addition of catalytic 

quantities of acid (entry 6) under otherwise less harsh conditions gave nothing but starting 

material, whilst increasing the proportion of acid and duration of the reaction at temperature 

caused complete decomposition of our compounds (Table 5.5, entry 7). As can be seen in 
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table 5.5, we were unsuccessful in introducing the azide group at C-7 in 208. Indeed, as can 

be clearly seen, the oxazine 208 is actually a relatively unreactive substrate. 

 
Table 5.5. Attempts at azide opening of oxazine at carbon seven 

Entry Conditions Result 
1 TMSN3 (1.2 eq.), MeOH, 90 °C (5 h) Reclaimed 208: 5% 

Methoxy 503: 72% 
2 TMSN3 (5 eq.), t-BuOH, 80 °C (4 h) Reclaimed 208: 31%; 

Hydrolysed 504: 35% 
3 TMSN3 (4 eq.), DMF, 80 °C (18 h) Reclaimed 208: 28%; 

Hydrolysed 504: 27% 
4 TMSN3 (4 eq.), THF, 80 °C (24 h) Reclaimed 208: 41%; 

Hydrolysed 504: 20% 
5 NaN3 (5 eq.), DMF, 60 °C (18 h) Reclaimed 208: 38%; 

Deacylated hydrolysed 505: 62% 
6 NaN3 (4 eq.), TMSOTf (0.4 eq.), 

DMF, 25 °C (18 h), then 50 °C (4 h) 
Reclaimed 208: 78% 

7 NaN3 (5eq.), TMSOTf (1.2 eq.), 
DMF, 50 °C (18 h) 

Decomposed 

Unfortunately, in four out of the six reactions summarised in table 5.5 the main reaction that 

was occurring was the hydrolysis of the oxazine ring (entries 1-4). This occurs when water 

reacts with the oxazine, resulting in a 5-amino-7-acetoxy derivative 504 as shown 

mechanistically in Scheme 5.10.  

 
Scheme 5.10. Mechanism of hydrolysis of oxazine 208 giving 5-amino-7-acetoxy derivative 504. 
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The structure of 504 was determined by the shift of the acetyl peak in the 1H NMR spectrum 

(Figure 5.8) from δ1.99 ppm in 203 to δ2.16 ppm in 504. This is indicative of an acetate 

instead of an acetamide. Additionally, the H-5 signal appeared at δ2.5 ppm, which is even 

lower than that observed in the oxazine (δ2.7 ppm for 208) and certainly different from      

δ3.8 ppm for H-5 in the acetamide 203.  

 
Figure 5.8. 1H NMR spectrum of hydrolysed oxazine derivative 504. 

With the 9-deoxy oxazine derivative 409, we once again attempted to open the oxazine ring 

with an azide nucleophile. Attempting this using azidotrimethylsilane in DMF with catalytic 

quantities of p-toluenesulphonic acid overnight at 40 °C gave similar results as seen with 

208: 38% of the starting material being reclaimed, and the only major product isolated being 

the 5-amino-7-O-acetoxy product 411 in a 9% yield. This was once again determined by the 

change in chemical shift of the acetyl peak from δ2.00 ppm for the acetamide of 403 to δ2.16 

ppm for the acetate 411, and H-5 from δ3.3 ppm in 403 to δ2.5 ppm. Another attempt was 

made at the opening of the oxazine 409, this time using sodium azide and 15-crown-5. The 

use of the crown ether was intended to increase the availability of the azide ion by binding 

to and forming a complex with the sodium cation138. Additionally, 4 Å molecular sieves were 

used to ensure that no moisture was present in the reaction mixture and prevent the 

occurrence of hydrolysis. Unfortunately, even with ten equivalents of tosic acid, and after 

four days at 50 °C, all that was isolated from the reaction mixture was 48% of unreacted 

starting material. The use of molecular sieves did prevent hydrolysis from occurring, however 
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still no 7-epi-azido derivative was formed, leading us to conclude that the oxazine derivative 

409 was just as unreactive as 208.  

 
Scheme 5.11. Hydrolysis of oxazine 409 to give ester-amine derivative 411. 

5.2.3. Hydrolysis of oxazine 

The interesting point to note about the formation of the 5-amino-7-acetoxy derivatives 504 

and 411 is that oxazine hydrolysis in the literature usually results in the isolation of the amide 

alcohol, not the ester amine151,152. It has been postulated that the ester amine does in fact 

initially form in most oxazine hydrolysis reactions, but then undergoes an acetate migration 

to give the amide alcohol148–150 (Scheme 5.12).  It is possible that in the case of 504 and 411, 

the C-5 and -7 positions are too far removed due to the conformation of the molecule for this 

acetate migration to take place after opening of the oxazine ring by water 

 
Scheme 5.12. Hydrolysis of phenyl oxazine derivative 506 to give ester-amine 507, followed by 

conversion to the more stable amide-alcohol 508148. 

At this stage of our investigation into the oxazine by-products we still believed that the 

oxazine was forming from the internal displacement of the C-7 leaving group, and therefore 

with inverted C-7 stereochemistry. With this in mind, we believed that a hydrolysed oxazine 

derivative would have merit in possessing inverted stereochemistry at the C-7 position that 

could be activated with a leaving group and displaced with azide. Whilst the C-7 hydroxyl 

was protected with the acetyl group, the products 504 and 411 had been formed in higher 

yields than those achieved with the nitrite displacement of the triflate reaction, though not as 

high as through the oxidation-reduction sequence described in section 4.3. We reasoned that 
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if we could refine the hydrolysis conditions it could still provide us with an alternative avenue 

towards legionaminic acid stereochemistry, even if it did end up introducing more steps.  

Whilst we had limited success with deliberately trying to hydrolyse the oxazine in 208, our 

attempts with hydrolysing the oxazine in the 9-deoxy derivative 409 proved much more 

promising. A number of different temperatures and reaction times were explored with a view 

to find the most efficient hydrolysis conditions (Table 5.6), with all reactions involving 

dimethylformamide as solvent, 0.1 molar equivalents of p-toluenesulphonic acid, and 1.5 

molar equivalents of water. Our first deliberate attempt to hydrolyse this substrate involved 

treating 409 at 50 °C for 4 days, which gave 411 in a 29% yield (Table 5.6, entry 2). This is 

already an improvement on the majority of yields from attempted azide opening reactions, 

and the majority of the remainder of material being isolated from this hydrolysis reaction was 

unreacted starting material (67%). Further refinement of the conditions of this reaction 

brought the yield of 411 up to 83% (Table 5.6, entry 4), however it required 7 days at 50 °C 

to consume enough starting material to achieve a yield above 50%. These reagents were 

doubled on one occasion, with the remainder being added after four days, and the reaction 

being allowed to run for three days further (entry 5), however this still failed to raise the yield 

over 50%. The majority of by-product from this reaction involved the removal of one of the 

silyl protecting groups from the hydrolysed product 411, and this mostly occurred when the 

temperature was raised above 50 °C. As can be seen in table 5.6, the yield of 411 of reacted 

material never dropped below 50% when the temperature was at 50 °C (entries 1-5), while 

only once did the yield of reacted material rise above 55% with the temperature above 50 °C 

(entry 9). Interestingly, this one occasion was when the reaction was performed at the highest 

temperature, being left for 90 °C for one night, and 110 °C for the next. Although this yield 

of 67% is not the highest yield achieved, it is easily the highest yield achieved in under a 

week. We therefore concluded that the hydrolysis conditions that gave the highest yield was 

to stir 409 in DMF with 0.1 molar equivalents of p-TsOH and 1.5 molar equivalents of H2O 

at 50 °C for one week, however a reasonable yield can be achieved in just two days at a 

temperature of 90-110°C. 
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Table 5.6. Conditions for the hydrolysis of oxazine 409 

Entry Conditionsa Unreacted 409 (%) Yield 411 (%) 
1 50 °C (2 days) 0 50 
2 50 °C (4 days) 67 29 
3 50 °C (5 days) 50 38 
4 50 °C (7 days) 0 83 
5 50 °C (4 days), then additional TsOH (0.1eq,) 

and H2O (1.5eq.) added, 50 °C (3 days) 
14 42 

6 60 °C (8 days) 0 29 
7 65 °C (3 days) 11 49 
8 70 °C (3 days) 0 37 
9 90 °C (1 day), then 110 °C (1 day) 0 67 

a, all reactions had DMF as solvent, p-TsOH (0.1 eq.), and H2O (1.5 eq.) 

The next steps towards making the hydrolysed product 411 usable in the synthesis of 

legionaminic acid was the reacylation of the C-5 amine, and the deacylation of the C-7 acetate 

(Scheme 5.13). To this end, 411 was dissolved in pyridine and acetic anhydride, with a 

catalytic quantity of DMAP added, and the 5-acetamido-7-acetoxy derivative 509 was 

isolated in a 91% yield. It was identified by the presence of two acetyl peaks: one at            

δ2.15 ppm indicating an acetate, and one at δ1.93 ppm indicating an acetamide. Two acetyl 

peaks could also be seen in the 13C NMR spectrum; however, it is not as easy to distinguish 

between an acetamide and an acetate using this technique, and mass spectrum gave m/z at 

614.3 [M+Na] consistent with 509. 

 
Reagents and conditions: (a) DMAP, Py/Ac2O (2:1), 18 h, 25 °C, 91%; (b) Na, MeOH, 5 h, 25 °C, 79%. 

Scheme 5.13. Conversion of the ester-amine 411 to the amide-alcohol 418 used in the synthesis of 

legionaminic acid 424. 
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The method used for the removal of the acetate from carbon seven used sodium methoxide. 

The 7-O-acetate derivative 509 was dissolved in methanol at 0 °C, and sodium metal slowly 

added until it dissolved. Once all of the sodium had dissolved, the reaction was allowed to 

warm to room temperature, and run for five hours. After neutralising the sodium methoxide 

with acetic acid, the 7-OH-Neu5Ac derivative 403 was isolated in a 79% yield. The product 

was confirmed by a single acetyl peak by 1H and 13C NMR, with the 1H signal of δ1.99 ppm 

indicating it was the acetamide. Additionally, a mass spectrum peak of m/z 572.5 [M+Na]+ 

established that 403 had indeed been synthesised in an overall yield of 62.5%. 

In an effort to improve this overall outcome, we looked more closely at some of the oxazine 

hydrolysis reactions in the literature. Avenoza et al. performed a hydrolysis reaction on their 

oxazine compound 510 and were able to control whether the oxygen or nitrogen atom retains 

the functionality by the temperature the reaction is performed at150 (Scheme 5.14). They 

found that at elevated temperatures the ester-amine derivative 511 would form, and at room 

temperature they would isolate the amide-alcohol 512. The substrates used in this experiment 

better resemble our sialic acid substrates, with substitution at carbons 4 and 6 of the oxazine 

ring, although they do possess a phenyl group at the C-2 position, rather than a methyl group. 

If we could intentionally form the amide alcohol, that would remove the need to reacylate 

the nitrogen and deacylate the oxygen, and this would provide us with 418 in just one 

reaction.  

 
Scheme 5.14. Reaction reported by Avenoza et al. controlling over position of hydrolysis150. 

As it was the lower temperature that provided the amide-alcohol, we attempted a hydrolysis 

reaction at room temperature on 409 using the conditions described by Avenoza et al. 

Unfortunately, only the ester-amine 411 was isolated. We then attempted the reaction at a 

lower temperature still (4 °C), but this still afforded the ester-amine derivative 411, with the 

lower temperature only serving to slow the rate of reaction. 
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5.2.4. Oxazine opening with alcohol nucleophiles 

Given the lack of success we had had with attempted nucleophilic opening of the oxazine in 

208, or indeed the efficient hydrolysis to give the amide alcohol, we wondered if the rigidity 

of the 8,9-isopropylidene group was in some way impacting on the reactivity at C-7. Most 

conditions for removing an isopropylidene group utilise aqueous acid conditions, which in 

our case would hydrolyse the oxazine, so instead we elected to use pyridinium                             

p-toluenesulphonate in anhydrous methanol, as these conditions have been shown to be 

effective at removing acetonides under anhydrous conditions160. To our surprise, while these 

conditions did not remove the isopropylidene group, the single product we isolated from this 

reaction in 69% yield was not hydrolysed oxazine, but instead a methyl ether group had been 

introduced to the carbon seven position to give 503 (Scheme 5.15). The structure 503 was 

determined through 1H NMR: first the presence of two three-hydrogen singlets at δ1.34 and 

δ1.42 ppm indicating the isopropylidene still being present. Secondly, the acetyl peak at 

δ1.99 ppm indicated an acetamide was present, and thirdly a new three-hydrogen singlet at 

δ3.62 ppm indicative of a methyl ether (similar to the methyl glycoside group at δ3.2 ppm). 

A mass spectrum peak of m/z 528.3 [M+Na]+ further confirmed this result. This is the same 

result that we observed with the attempted opening of the oxazine ring of 208 with azide 

using methanol as solvent. 

 
Scheme 5.15. Introduction of C-7 ethers through alcohol displacement of oxazine ring. 

We believe that the acid protonates the oxazine ring oxygen, making it an effective leaving 

group, and allowing the alcohol to nucleophilically attack carbon seven. Attempting the 

reaction using ethanol instead of methanol similarly afforded the ethyl ether 513 in 74% 

yield. The structure 513 was confirmed by analysis of the spectroscopic data, most notably 

the CH3CH2 sequence of the ethyl ether group, with a 3-proton triplet at δ 1.18 ppm and a     

2-proton quartet at δ4.06 ppm in the 1H NMR spectrum. The reaction of 208 with methanol 

to give 503 was also accomplished without the acid catalyst, however it required significantly 
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more time to go to completion, or, in the case of the attempted azide opening, an elevated 

temperature. Further exploration of this outcome with alternative alcohols may provide some 

useful C-7 modified sialic acids, but such experimentation was outside the scope of this PhD 

project. 

At this point we wondered if this alcohol mediated oxazine opening could be applied to an 

amine, or even an amide, as this could present us with an efficient way to introduce nitrogen 

functionality to carbon seven from the oxazine 208 (Scheme 5.16). The main difficulty in 

finding a suitable amine nucleophile was that the reaction required the nucleophile be used 

as solvent. While this is not a problem for alcohols, there is not an abundance of amines 

which are a liquid at room temperature. Diphenylamine, formamide, and acetamide were all 

attempted as nucleophiles, with formamide being a liquid at room temperature, and 

diphenylamine and acetamide having melting points of 53 °C and 80 °C, respectively. This 

meant that we were able to run these reactions at temperature to potentially introduce the 

desired nitrogen functionality. Unfortunately, heating 208 with PPTS and diphenylamine at 

55 °C only afforded the hydrolysed product 504. Similarly, exposing 208 to either acetamide 

(at 90 °C) or formamide (at 70 °C) only furnished hydrolysed oxazine. The reactions with 

formamide and acetamide were attempted again using molecular sieves, as well as with 

BF3•OEt2 as acid catalyst, but all of these reactions just returned varying proportions of 

oxazine 208, and hydrolysed product 504. We therefore concluded that nitrogen must not be 

a good enough nucleophile to be useful in this ring opening reaction. 

 
Scheme 5.16. Attempted introduction of C-7 nitrogen functionality through opening of oxazine 

ring. 
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5.3 Towards the prevention of dihydro-1,3-(3,5-dideoxy-non-2-ulosonic) 
oxazine formation 

While we initially believed we could use the oxazine by-products in our pathway towards 

legionaminic acid, we were only successful using these oxazines to introduce C-7 ether 

groups, and hydrolysing the oxazine back to the starting point of 403. Neither of these 

approaches got us any closer to legionaminic acid (Scheme 5.17). It was considered, then, 

that if preventative measures could be taken to avoid oxazine formation, that the overall yield 

of triflate products could be raised, as well as making the triflate a more stable group.  

 
Figure 5.17. Representation of the lack of value in hydrolysing oxazine 501 in our efforts towards 

legionaminic acid. 

A number of approaches were considered for this task, but they all centred around the 

fundamental factor that allows the oxazine to form in the first place: the reactivity of the 

carbon-5 acetamido group. It is only because the nitrogen can form a double bond with the 

carbonyl carbon of the acetamide that the carbonyl oxygen can become triflated. If there is a 

second substituent on the nitrogen in place of a hydrogen, then it is not able to form this 

double bond. 

Our initial attempts towards masking the C-5 acetamide began with the 7-hydroxy derivative 

203, and our intention was to introduce a tert-butyloxycarbonyl group to the C-5 nitrogen. 

This was first attempted based on the work of Yamagami et al., who introduced BOC groups 

to the acetamides of their GlcNAcβ(1→4)GlcNAc derivatives161. Following their work, 

exposure of 203 in THF to 1.45 molar equivalents of tert-butoxycarbonic anhydride and 2.5 

molar equivalents of DMAP unfortunately gave none of the desired product 518. Five 
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products were isolated from the reaction mixture, however none of them possessed a second 

tert-butyl peak (in addition to the TBS) by 1H NMR analysis. This second tert-butyl peak 

would be distinctly different from the one associated with the TBS group, as would have an 

ester linkage rather than a silyl ether. It was considered that perhaps the free hydroxyl group 

at carbon seven could have prevented the NAcBOC group from forming, and so a second 

attempt was made to first protect C-7 with an easily removed functional group, a 

trimethylsilyl, and then introduce the BOC group to give 519 (Scheme 5.18). The 

trimethylsilyl ether could then be selectively removed prior to triflation. To accomplish this, 

203 was dissolved in THF with trimethylsilyl chloride and triethylamine, and after a night at 

room temperature, the crude reaction mixture was once again treated with BOC2O under the 

same conditions as before. Unfortunately, none of the three isolated compounds were 

identified as possessing either a BOC or TMS group. Identification of these compounds 

showed one to be unreacted 203 reclaimed (28%), and another to have lost one of its silyl 

protecting groups (53%). The TMS could easily have been identified, as it would have 

brought the total number of methylsilyl groups to five (with two in the TBS group), which 

could easily be seen by either 1H or 13C NMR. 

 
Scheme 5.18. Attempts to introduce a tert-butyloxycarbonyl (BOC) group to the C-5 nitrogen. 

Our next approach towards blocking the nucleophilicity of the C-5 amide was to introduce a 

second acetyl group to the nitrogen of the hydrolysed 411, as we knew that one acetyl group 

could be introduced, it seemed realistic that two acetyl groups could be added. To accomplish 

this, 411 was treated with isopropenyl acetate overnight at 65 °C, since these conditions are 

known to give an NAc2
162. A number of products were isolated from this reaction         

(Scheme 5.19), with one being the desired diacetamido 520 in a 19% yield. The mono-
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acetamide was also isolated, both with (506) and without (418) the C-7 acetate (in 51% and 

11% yields, respectively). These two compounds, in addition to the 21% reclaimed starting 

material 411 were redissolved in IPA, with the reaction this time being run at 75 °C and 

resulted in 520 being isolated in a 38% yield, with 50% of the unreacted 509 also being 

isolated (possibly including C-7 deacetylated 403). Unfortunately, though we were able to 

generate a reasonable amount of the diacetamido derivative 520, we realised that this second 

acetyl group would be less stable than the C-7 acetate, and any attempt to remove the acetate 

for triflation would also remove one of the acetamides. We therefore needed a new approach 

that would give us protection of the nitrogen completely independent to the hydroxyl group. 

 
Scheme 5.19. Products of C-5 amino diacylation reaction. 

The functional group we chose to pursue next was a phthalimide group. We reasoned that 

this functional group would protect both bonds to the nitrogen, could not be introduced to a 

hydroxyl group, and could be added to the amine of the hydrolysed oxazine derivative 411. 

After the introduction of the triflate group and subsequent azide displacement, the 

phthalimide group could be removed, and the nitrogen reacylated to give the 7-epi-azido 

legionaminic acid derivative 402 (Scheme 5.20). We elected to remove the C-7 acetate prior 

to phthalimide introduction, as we were unsure how this new functional group would behave 

under deacylation conditions. The deacetylation of 411 was accomplished in the same way 

as on 506, using sodium methoxide to give the 5-amino-7-epi-hydroxy derivative 521 in an 

84% yield. This was confirmed by a mass spectrum peak of m/z 508.2 [M+Na]+. 
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Reagents and conditions: (a) Na, MeOH, 4 h, 0 °C, then 2 h, 25 °C, 84%;  

(b) Phthalic anhydride, ZnBr2, HMDS, DCE, 4.5 h, reflux, 51%. 

Scheme 5.20. Introduction of phthalimido group to prevent oxazine formation. 

Introduction of the phthalimido group at C-5 was accomplished by refluxing 521 in 

dichloroethane with phthalic anhydride, zinc bromide, and hexamethyldisilazane (conditions 

modified from Reddy et al.163), with the 5-phthalimido derivative 522 being isolated in a 51% 

yield. Aromatic peaks in both 1H and 13C NMR spectra, along with a M+Na peak in the mass 

spectrum at m/z 660.3 confirmed the phthalimide group’s introduction. Unfortunately, 

attempts towards introducing the triflate group at C-7 in 522 proved futile, with none of the 

desired product 523 being isolated. We believe that the bulky phthalimide group adds to the 

existing steric hinderance at the C-7 position, making it difficult for the triflate group to 

access it’s intended hydroxyl site. As the purpose of introducing the phthalimide group was 

to improve yields of the triflation reaction, we abandoned this approach at this stage. 
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5.4 Conclusion and Future Directions 

What began as an unexpected by-product during the activation of the C-7 hydroxyl group in 

our endeavour to make Leg has ultimately provided us with an avenue into numerous 

nonulosonic acid analogues. After determining the effect that the base has on the formation 

of the oxazine derivatives, we have been able to selectively synthesise the oxazine using 

diphenylamine as base, or minimise its formation using N,N-dimethylaminopyridine. The 

8,9-isopropylidene oxazine derivative 208 has served as a useful precursor to the C-7 ether 

derivatives (Scheme 5.21), a position which, historically, has provided difficulties with 

functionalisation due the steric factors in that area of sialic acids. 

 
Scheme 5.21. Using oxazine 208 as an avenue to C-7 ether-linked analogues of Neu5Ac 

As it has transpired, these oxazine derivatives have proven to be valuable substrates in our 

investigations into the synthesis of nonulosonic acid analogues, with the potential to provide 

even more new pathways given the time and attention required to experiment further with 

them. Such future studies may include further exploration into opening the oxazine at C-7 

with alcohols, and perhaps also exploring other nitrogen nucleophiles. 
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5.5 Experimental 

2-Methyl-(methyl 3,5-dideoxy-4-tert-butyldimethylsilyl-8,9-isopropylidene-D-glycero-

D-galacto-nonulosonate)-[7,6,5-de]-didehydro-1,3-oxazine (208) 

To a solution of 203 (4.20 g, 8.5 mmol) in anhydrous 

dichloromethane (60 mL) at -10 °C, diphenylamine 

(4.23 g, 25.0 mmol) and triflic anhydride (2.0mL, 

11.9mmol) were added.  After stirring overnight at      

25 °C under a nitrogen atmosphere, the reaction was 

washed with cold 1 M HCl, followed by cold H2O, 

dried (Na2SO4), and evaporated in vacuo. The desired product (2.71 g, 5.7 mmol, 67%) was 

obtained using column chromatography on silica gel in EtOAc/Hex (1:6) and 

recrystallization (from EtOAc/Hex) as colourless needles, m.p. 96.5-98.0 °C. 

1H NMR (400 MHz, CDCl3) δ 4.55 (1H, dd, J7,6 = 2.8 Hz, J7,8 = 6.4 Hz, H7), 4.45 (1H, ddd, 

J8,7 = 6.4 Hz, J8,9 = 2.4 Hz, J8,9’ = 7.2 Hz, H8), 4.03 (1H, dd, J9,8 = 2.4 Hz, J9,9’ = 8.4 Hz, H9), 

3.67-3.81 (3x1H, m, H9’, H4, H6), 3.78 (3H, s, CO2CH3), 3.20 (3H, s, COCH3), 2.69 (1H, 

td, J5,4 = 18.8 Hz, J5,6 = 20.0 Hz, H5), 2.25 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 4.8 Hz, H3e), 

1.92 (3H, d, 2-CH3-oxazine), 1.71 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.4 Hz, H3a), 1.42 (3H, 

s, CH3C(OR)2), 1.36 (3H, s, CH3C(OR)2), 0.87 (3x3H, s, (CH3)3CSi), 0.11 (3H, s, CH3Si), 

0.07 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 168.4 (C1), 156.0 (C2 (oxazine)), 108.5 ((RO)2C(CH3)2), 

100.3 (C2), 75.1 (C8), 73.8 (C7), 69.3 (C4), 65.5 (C6), 64.9 (C9), 57.0 (C5), 52.6 (CO2CH3), 

50.9 (COCH3), 41.6 (C3), 30.9 (2-CH3-oxazine), 26.2 (CH3C(OR)2CH3), 26.0 ((CH3)CSi), 

25.8 (CH3C(OR)2CH3), 20.8 ((CH3)CSi), -4.1 (CH3Si), -4.7 (CH3Si). 

IR = 1751 cm-1 (CO2Me), 1153 cm-1 (C-OSi) 

HRMS: (C22H39NO8SiNa): Calculated: 496.2343; found: 496.2336  

The unique data set for compound 208 was measured at 203 K on an Oxford-Diffraction 

GEMINI S Ultra CCD diffractometer (Mo-K radiation, graphite monochromation) utilizing 

CrysAlis software. Full depositions reside as CCDC No. 1839977 in the Cambridge 

Crystallographic Data Centre as CSD Communications: Milton J. Kiefel, James Carter, Peter 

C. Healy:  
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CCDC 1839977 NEZBEC:  CSD Communications 2018 doi 10.5517/.ccdc.csd.cclzrn3h 

C22H39NO8Si, Mr = 473.6. Monoclinic, space group P212121, a = 7.2486(3), b = 12.4112(5), 

c = 28.8800(13) Å, V 2598.2(2) Å3. Dc (Z = 4) = 1.21 g cm–3. µMo = 0.13 mm; specimen: 

0.31 × 0.29 × 0.17 mm; 'T'min/max = 0.956/1.000. max = 30.83; Nt = 11541, N = 7046 (Rint = 

0.027), No 5410; R1 = 0.0835, wR2 (I >2s(I)) = 0.0595; S = 0.976.  xabs = 0.03(13). 

Methyl 2,6-anhydro-3,5-dideoxy-4-O-tert-butyldimethylsilyl-8,9-O-isopropylidene-D-

glycero-D-galacto-non-2-enoate)-[7,6,5-de]-didehydro-1,3-oxazine (315) 

To a solution of 307 (600 mg, 1.31 mmol) in 

anhydrous dichloromethane (20 mL) at -78 °C, 

trifluoromethane-sulphonic anhydride (330 µL,     

1.97 mmol) and pyridine (317 µL, 3.93 mmol) were 

added. After stirring for 4 h at 25 °C under a nitrogen 

atmosphere, the reaction was washed with cold 1 M 

HCl, followed by cold H2O, dried (Na2SO4), and evaporated in vacuo. The desired product 

315 (138 mg, 0.31 mmol, 24%) and triflate 314 (444 mg, 0.75 mmol, 57%) were obtained 

using column chromatography on silica gel in EtOAc/Hex (1:5) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.90 (1H, d, J3,4 = 2.1 Hz, H3), 4.66 (1H, dd, J7,6 = 6.0 Hz, 

J7,8 = 4.0 Hz, H7), 4.41 (1H, ddd, J8,7 = 4.0 Hz, J8,9 = 6.5 Hz, J8,9’ = 7.1 Hz, H8), 4.17 (1H, 

dd, J4,3 = 2.1 Hz, J4,5 = 8.5 Hz, H4), 3.99-4.04 (2x1H, m, H6, H9), 3.83 (1H, dd, J9’,8 = 7.1 

Hz, J9’,9 = 8.1 Hz, H9’), 3.79 (3H, s, CO2CH3), 3.10 (1H, td, J5,4 = 8.5 Hz, J5,6 = 10.5 Hz, 

J5,Ox = 1.56 Hz, H5), 1.94 (3H, d, JOx,5 = 1.6 Hz, 2-CH3-oxazine), 1.43 (3H, s, CH3C(OR)2), 

1.35 (3H, s, CH3C(OR)2), 0.92 (3x3H, s, (CH3)3CSi), 0.16 (3H, s, CH3Si), 0.14 (3H, s, 

CH3Si). 

13C NMR (100 MHz CDCl3) δ 162.4 (C1), 156.2 (C2 (oxazine)), 143.3 ((RO)2C(CH3)2), 

115.5 (C3), 109.1 (C2), 74.6 (C8), 73.0 (C7), 70.8 (C6), 69.9 (C4), 65.3 (C9), 53.6 (C5), 52.4 

(CO2CH3), 26.3 (CH3C(OR)2CH3), 25.9 ((CH3)CSi), 25.6 (CH3C(OR)2CH3), 20.3 (2-CH3-

oxazine), 18.4 ((CH3)CSi), -4.1 (CH3Si), -4.2 (CH3Si). 

IR = 1740 (CO2Me), 1152 cm-1 (C-OSi), 838 cm-1 (C=C) 

m/z 463.4 [M+Na]+. 
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2-Methyl-(methyl 3,5,9-trideoxy-4,8-bis-tert-butyldimethylsilyl-D-glycero-D-galacto-

nonulosonate)-[7,6,5-de]-didehydro-1,3-oxazine (409) 

To a solution of 403 (1.63 g, 2.97 mmol) in anhydrous 

dichloromethane (15 mL) at -78 °C, trifluoromethane-

sulphonic anhydride (698 µL, 4.16 mmol) and 

diphenylamine (1.48 g, 8.73 mmol) were added. After 

stirring for 18 h at 4 °C under an argon atmosphere, the 

reaction was washed with cold 1 M HCl, followed by cold H2O, dried (Na2SO4), and 

evaporated in vacuo. The desired product (1.58 g, 2.97 mmol, 100%) was obtained using 

column chromatography on silica gel in EtOAc/Hex (1:10) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 4.25 (1H, ddd, J8,7 = 2.1 Hz, J8,9 = 6.6 Hz, H8), 4.18 (1H, dd, 

J7,6 = 6.0 Hz, J7,8 = 2.1 Hz, H7), 3.78 (3H, s, CO2CH3), 3.68 (1H, ddd, J4,3e = 5.0 Hz, J4,3a = 

10.6 Hz, J4,5 = 9.7 Hz, H4), 3.64 (1H, dd, J6,5 = 10.7 Hz, J6,7 = 6.0 Hz, H6), 3.25 (1H, ddd, 

J5,4 = 9.7 Hz, J5,2-CH3-oxazine = 1.7 Hz, J5,6 = 10.7 Hz, H5), 3.20 ( 3H, s, COCH3), 2.24 (1H, dd, 

J3e,3a = 13.3 Hz, J3e,4 = 5.0 Hz, H3e), 1.91 (3H, d, J2-CH3-oxazine,5 = 1.7 Hz, 2-CH3-oxazine), 

1.74 (1H, dd, J3a,3e = 13.3 Hz, J3a,4 = 10.6 Hz, H3a), 1.25 (3H, d, J9,8 = 6.6 Hz, H9), 0.87 

(6x3H, s, 2x(CH3)3CSi), 0.12 (3H, s, CH3Si), 0.07 (2x3H, s, 2xCH3Si), 0.05 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 168.6 (C1), 155.1 (C2 (oxazine)), 100.2 (C2), 78.1 (C7), 69.4 

(C8), 69.3 (C4), 66.9 (C6), 56.6 (C5), 52.4 (CO2CH3), 50.7 (COCH3), 41.5 (C3), 25.9 

(3x(CH3)CSi), 25.8 (3x(CH3)CSi), 20.9 (Oxazine methyl), 19.8 (C9), 18.3 ((CH3)CSi), 17.9 

((CH3)CSi), -4.1 (CH3Si), -4.7 (CH3Si), -5.0 (CH3Si), -5.07 (CH3Si). 

IR = 1757 cm-1 (CO2Me), 1147 cm-1 (Si-OC) 

2-Methyl-(methyl 3,5,9-trideoxy-4,8-bis-tert-butyldimethylsilyl-D-glycero-L-altro-

nonulosonate)-[7,6,5-de]-didehydro-1,3-oxazine (501) 

To a solution of 418 (127 mg, 0.231 mmol) in anhydrous 

dichloromethane (1 mL) at -78 °C, trifluoromethane-

sulphonic anhydride (54 µL, 0.32 mmol) and                   

N,N-dimethylaminopyridine (55 mg, 0.45 mmol) were 

added. After stirring for 42 h at 4 °C under an argon 

atmosphere, the reaction was washed with cold 1 M HCl, followed by cold H2O, dried 

(Na2SO4), and evaporated in vacuo. The desired product (94 mg, 0.18 mmol, 76%) was 
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obtained using column chromatography on silica gel in EtOAc/Hex (1:10) and obtained as a 

white solid. 

1H NMR (400 MHz, CDCl3) δ 4.26 (1H, ddd, J8,7 = 2.1 Hz, J8,9 = 6.5 Hz, H8), 4.18 (1H, dd, 

J7,6 = 6.0 Hz, J7,8 = 2.1 Hz, H7), 3.78 (3H, s, CO2CH3), 3.68 (1H, ddd, J4,3e = 5.0 Hz, J4,3a = 

10.2 Hz, J4,5 = 9.2 Hz, H4), 3.64 (1H, dd, J6,5 = 10.7 Hz, J6,7 = 6.0 Hz, H6), 3.24 (1H, ddd, 

J5,4 = 9.2 Hz, J5,Ox = 1.68 Hz, J5,6 = 10.7 Hz, H5), 3.21 ( 3H, s, COCH3), 2.24 (1H, dd, J3e,3a 

= 13.3 Hz, J3e,4 = 5.00 Hz, H3e), 1.91 (3H, d, JOx,5 = 1.7 Hz, 2-CH3-oxazine), 1.74 (1H, dd, 

J3a,3e = 13.3 Hz, J3a,4 = 10.2 Hz, H3a), 1.25 (3H, d, J9,8 = 6.5 Hz, H9), 0.88 (3x3H, s, 

(CH3)3CSi), 0.87 (3x3H, s, (CH3)3CSi), 0.12 (3H, s, CH3Si), 0.08 (2x3H, s, 2xCH3Si), 0.05 

(3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 168.7 (C1), 100.2 (C2), 78.1 (C7), 69.4 (C8), 69.3 (C4), 66.9 

(C6), 55.6 (C5), 52.4 (CO2CH3), 50.7 (COCH3), 41.6 (C3), 25.9 (3x(CH3)CSi), 25.8 

(3x(CH3)CSi), 20.9 (Oxazine methyl), 19.8 (C9), 18.3 ((CH3)CSi), 17.9 ((CH3)CSi), -4.1 

(CH3Si), -4.7 (CH3Si), -5.0 (CH3Si), -5.1 (CH3Si). 

Methyl (methyl 5-amino-4-O-tert-butyldimethylsilyl-3,5-dideoxy-8,9-O-

isopropylidene-7-O-acetyl-D-glycero-D-galacto-non-2-ulopyranosid)onate (504) 

To a solution of 208 (65 mg, 0.15 mmol) in 

tetrahydrofuran      (2 mL), azidotrimethylsilane (44 µL, 

0.44 mmol) and water    (30 µL, 1.7 mmol) were added. 

After stirring for 4 h at 25 °C and 4 h at 60 °C, the 

reaction was diluted with EtOAc, washed with water, 

then 1 M HCl, then again with water, dried (Na2SO4), and evaporated in vacuo. The desired 

product (11 mg, 0.02 mmol, 26%), as well as unreacted 208 (24 mg, 0.05 mmol) were 

obtained using column chromatography on silica gel in EtOAc/Hex (3:7) and obtained as a 

white solid. 

1H NMR (400 MHz, CDCl3) δ 5.35 (1H, dd, J7,6 = 1.5 Hz, J7,8 = 6.0 Hz, H7), 4.37 (1H, q, 

J8,7 = 6.0 Hz, J8,9 = 6.3 Hz, J8,9’ = 6.7 Hz, H8), 4.08 (1H, dd, J9,8 = 6.3 Hz, J9,9’ = 8.8 Hz, H9), 

3.92 (1H, dd, J9’,8 = 6.7 Hz, J9’,9 = 8.8 Hz, H9’), 3.88 (1H, ddd, J4,3e = 4.8 Hz, J4,3a = 11.0 Hz, 

J4,5 = 9.4 Hz, H4), 3.79 (3H, s, CO2CH3), 3.66 (1H, dd, J6,5 = 9.9 Hz, J6,7 = 1.5 Hz, H9), 3.22 

(3H, s, COCH3), 2.48 (1H, t, J5,4 = 9.4 Hz, J5,6 = 9.9 Hz, H5), 2.20 (1H, dd, J3e,3a = 12.9 Hz, 

J3e,4 = 4.8 Hz, H3e), 2.20 (3H, s, CH3CO2R), 1.62 (1H, dd, J3a,3e = 12.9 Hz, J3a,4 = 11.4 Hz, 
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H3a), 1.37 (3H, s, CH3C(OR)2), 1.31 (3H, s, CH3C(OR)2), 0.87 (3x3H, s, (CH3)3CSi), 0.10 

(3H, s, CH3Si), 0.08 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 171.2 (C1), 168.5 (CH3CO2R), 108.9 ((RO)2C(CH3)2), 99.2 

(C2), 74.4 (C8), 73.2 (C6), 71.1 (C7), 70.1 (C4), 66.4 (C9), 53.7 (C5), 52.5 (CO2CH3), 50.8 

(COCH3), 40.3 (C3), 26.6 (CH3C(OR)2CH3), 25.7 ((CH3)CSi), 25.4 (CH3C(OR)2CH3), 20.9 

(CH3CO2R), 17.9 ((CH3)CSi), -4.2 (CH3Si), -4.7 (CH3Si). 

IR = 1745 (CO2Me), 1145 (Si-OC) 

Methyl (methyl 5-amino-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-7-O-acetyl-D-

glycero-D-galacto-non-2-ulopyranosid)onate (411) 

To a solution of 409 (197 mg, 0.37 mmol) in 

dimethylformamide, p-toluenesulphonic acid (7.1 mg,    

0.04 mmol) and water (10 µL, 0.56 mmol) were added. 

After stirring for 90 h at 50 °C, the reaction was evaporated in vacuo. The desired product 

411 (58 mg, 0.11 mmol, 87%), as well as unreacted 409 (133 mg, 0.25 mmol) were obtained 

using column chromatography on silica gel in EtOAc/Hex (1:5) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.11 (1H, dd, J7,8 = 4.9 Hz, H7), 4.16 (1H, dq, J8,7 = 4.9 Hz, 

J8,9 = 6.3 Hz, H8), 3.84 (1H, ddd, J4,3e = 4.8 Hz, J4,3a = 9.1 Hz, J4,5 = 9.4 Hz, H4), 3.77 (3H, 

s, CO2CH3), 3.66 (1H, dd, J6,5 = 9.8 Hz, H6), 3.22 (3H, s, COCH3), 2.51 (1H, dd, J5,4 = 9.4 

Hz, J5,6 = 9.8 Hz, H5), 2.19 (1H, dd, J3e,3a = 12.8 Hz, J3e,4 = 4.8 Hz, H3e), 2.16 (3H, s, AcO), 

1.63 (1H, dd, J3a,3e = 12.8 Hz, J3a,4 = 9.1 Hz, H3a), 1.28 (3H, d, J8,9 = 6.3 Hz, H9), 0.87 

(3x3H, s, (CH3)3CSi), 0.86 (3x3H, s, (CH3)3CSi), 0.11 (3H, s, CH3Si), 0.08 (3H, s, CH3Si), 

0.07 (3H, s, CH3Si), 0.05 (3H, s, CH3Si). 

IR = 1737 cm-1 (CO2Me), 1041 cm-1 (Si-OC) 

HRMS: (C25H51NO8Si2Na): Calculated: 572.3051; found: 572.3041 
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Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-7-O-

acetyl-D-glycero-D-galacto-non-2-ulopyranosid)onate (506) 

To a solution of 411 (416 mg, 0.76 mmol) in pyridine/acetic 

anhydride (2:1, 7.5 mL), N,N-dimethylaminopyridine      

(9.3 mg, 0.08 mmol) was added. After stirring for 18 h at   

25 °C, the reaction was evaporated in vacuo, dissolved in ethyl acetate, washed with 1 M 

HCl followed by H2O, dried (Na2SO4), and evaporated in vacuo. The desired product          

(407 mg, 0.69 mmol, 91%) was obtained using column chromatography on silica gel in 

EtOAc/Hex (1:2). 

1H NMR (400 MHz, CDCl3) δ 5.29 (1H, d, JNH,5 = 8.6, NH), 4.97 (1H, dd, J7,6 = 1.4 Hz, J7,8 

= 6.0 Hz, H7), 4.37 (1H, ddd, J4,3e = 5.0 Hz, J4,3a = 10.8 Hz, J4,5 = 9.6 Hz, H4), 4.26 (1H, dd, 

J6,5 = 10.7 Hz, J6,7 = 1.4 Hz, H6), 4.19 (1H, dq, J8,7 = 6.0 Hz, J8,9 = 6.3 Hz, H8), 3.79 (3H, s, 

CO2CH3), 3.30 (1H, dd, J5,4 = 9.6 Hz, J5,6 = 10.7 Hz, J5,NH = 8.6 Hz, H5), 3.25 (3H, s, 

COCH3), 2.29 (1H, dd, J3e,3a = 13.1 Hz, J3e,4 = 5.0 Hz, H3e), 2.15 (3H, s, AcO), 1.93 (3H, s, 

AcN), 1.68 (1H, dd, J3a,3e = 13.1 Hz, J3a,4 = 10.8 Hz, H3a), 1.22 (3H, d, J8,9 = 6.3 Hz, H9), 

0.87 (3x3H, s, (CH3)3CSi), 0.84 (3x3H, s, (CH3)3CSi), 0.07 (3H, s, CH3Si), 0.06 (3H, s, 

CH3Si), 0.05 (3H, s, CH3Si), 0.04 (3H, s, CH3Si). 

m/z 614.3 [M+Na]+ 

Methyl (methyl 5-acetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-D-glycero-

D-galacto-non-2-ulopyranosid)onate (403) 

To a solution of 506 (1.85 g, 2.00 mmol) in anhydrous 

methanol (20 mL) at 0 °C, sodium (69 mg, 3.00 mmol) was 

gradually added. After stirring for 4.5 h at 25 °C under a 

nitrogen atmosphere, the reaction was neutralised with 

acetic acid and evaporated in vacuo. The desired product 418 (673 mg, 1.22 mmol, 79%) as 

well as unreacted 506 (264 mg, 0.45 mmol) were obtained using column chromatography on 

silica gel in EtOAc/Hex (1:1) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 5.21 (1H, d, JNH,5 = 7.2 Hz, NH), 4.02-4.10 (2H, m, H4, H8), 

3.77-3.82 (2H, m, H6, H7), 3.77 (3H, s, CO2CH3), 3.28 (1H, dd, H5), 3.23 (3H, s, COCH3), 

2.29 (1H, dd, J3e,3a = 13.0 Hz, J3e,4 = 4.9 Hz, H3e), 2.00 (3H, s, AcN), 1.73 (1H, dd, J3a,3e = 

13.0 Hz, J3a,4 = 10.7 Hz, H3a), 1.30 (3H, s, J9,8 = 6.2 Hz, H9), 0.86 (3x3H, s, (CH3)3CSi), 
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0.85 (3x3H, s, (CH3)3CSi), 0.07 (1H, s, CH3Si), 0.07 (1H, s, CH3Si), 0.06 (3H, s, CH3Si), 

0.04 (3H, s, CH3Si). 

IR = 1750 cm-1 (CO2Me), 1047 (Si-OC) 

m/z 572.5 [M+Na]+ 

Methyl (methyl 5-acetamido-4-O-tert-butyldimethylsilyl-3,5-dideoxy-8,9-O-

isopropylidene-7-O-methyl-D-glycero-L-altro-non-2-ulopyranosid)onate (503) 

To a solution of 208 (104.8 mg, 0.21 mmol) in 

anhydrous methanol (10 mL), p-tolulenesulphonate      

(56 mg, 0.21 mmol) was added. After stirring for 3 h at 

50 °C under an Argon atmosphere, the reaction was 

neutralised with triethylamine and evaporated in vacuo. The desired product (66.2 mg,        

0.12 mmol, 59%), along with recovered starting material, was obtained using column 

chromatography on silica gel in Hex/EtOAc (3:1, Rf = 0.14). 

1H NMR (400 MHz, CDCl3): ẟ 4.06-4.18 (4H, m, H4, H8, H9, H9'), 3.93 (1H, dd, J6,5 = 9.6 

Hz, J6,7 = 1.2 Hz, H6), 3.84 (3H, s, CO2CH3), 3.62 (3H, s, 7-OCH3), 3.48 (1H, dd, J7,6 = 1.2 

Hz, J7,8 = 8.8 Hz, H7), 3.39 (1H, dd, J5,4 = 9.6 Hz, J5,6 = 9.6 Hz, H5), 3.29 (3H, s, COCH3), 

2.27 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 4.8 Hz, H3e), 1.99 (3H, s, AcN), 1.72 (1H, dd, J3a,3e = 

13.2 Hz, J3a,4 = 10.8 Hz, H3a), 1.42 (3H, s, CH3C(OR)2), 1.36 (3H, s, CH3C(OR)2), 0.86 

(3x3H, s, (CH3)3CSi), 0.08 (3H, s, CH3Si), 0.01 (3H, s, CH3Si). 

13C (100 MHz, CDCl3): ẟ 169.2 (CH3CON), 163.8 (C1), 108.9 ((RO)2C(CH3)2), 99.5 (C2), 

75.6 (C8), 72.3 (C6), 70.3 (C4), 69.5 (C7), 67.9 (C9), 61.0 (C5), 52.7 (7-CH3), 52.2 

(CO2CH3), 50.9 (COCH3), 40.6 (C3), 26.9 (CH3C(OR)2CH3), 25.7 ((CH3)CSi), 25.5 

(CH3C(OR)2CH3), 22.6 (CH3CON), 17.8 ((CH3)CSi), -4.6 (CH3Si), -4.8 (CH3Si). 

HRMS: (C23H43NO9SiNa): Calculated: 528.2605; found: 528.2599  
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Methyl (methyl 5-acetamido-4-O-tert-butyldimethylsilyl-3,5-dideoxy-8,9-O-

isopropylidene-7-O-ethyl-D-glycero-L-altro-non-2-ulopyranosid)onate (513) 

To a solution of 208 (100.3 mg, 0.21 mmol) in 

anhydrous methanol (10 mL), p-tolulenesulphonate 

(53.2 mg, 0.21 mmol) was added. After stirring for 3 h 

at 50 °C under an Argon atmosphere, the reaction was 

neutralised with triethylamine and evaporated in vacuo. The desired product (81.2 mg,         

0.12 mmol, 59%), along with recovered starting material, was obtained using column 

chromatography on silica gel in Hex/EtOAc (3:1, Rf = 0.2). 

1H NMR (400 MHz, CDCl3): ẟ 3.96-4.12 (4H, m, H4, H8, H9, H9'), 4.06 (2H, q, JCH2,CH3 = 

7.2 Hz, 7-OCH2CH3), 3.83 (1H, dd, J6,5 = 9.6 Hz, J6,7 = 0.8 Hz, H6), 3.76 (3H, s, CO2CH3), 

3.42 (1H, dd, J7,6 = 0.8 Hz, J7,8 = 8.8 Hz, H7), 3.31 (1H, dd, J5,4 = 9.6 Hz, J5,6 = 9.6 Hz, H5), 

3.21 (3H, s, COCH3), 2.20 (1H, dd, J3e,3a = 13.2 Hz, J3e,4 = 4.8 Hz, H3e), 1.91 (3H, s, AcN), 

1.65 (1H, dd, J3a,3e = 13.2 Hz, J3a,4 = 10.8 Hz, H3a), 1.33 (3H, s, CH3C(OR)2), 1.27 (3H, s, 

CH3C(OR)2), 1.18 (3H, t, JCH3,CH2 = 7.2 Hz, 7-OCH2CH3), 0.79 (3x3H, s, (CH3)3CSi), 0.06 

(3H, s, CH3Si), 0.01 (3H, s, CH3Si). 

13C (100 MHz, CDCl3): ẟ 169.1 (CH3CON), 163.5 (C1), 108.9 ((RO)2C(CH3)2), 99.6 (C2), 

75.6 (C8), 72.3 (C6), 70.4 (C4), 69.6 (C7), 67.2 (C9), 61.1 (C5), 60.3 (7-CH2CH3), 52.6 

(CO2CH3), 50.9 (COCH3), 40.6 (C3), 26.6 (CH3C(OR)2CH3), 25.7 ((CH3)CSi), 25.4 

(CH3C(OR)2CH3), 23.1 (CH3CON), 17.8 ((CH3)CSi), 14.4 (7-CH2CH3), -4.7 (CH3Si), -4.8 

(CH3Si). 

HRMS: (C24H45NO9SiNa): Calculated: 528.2761; found: 528.2754 

Methyl (methyl 5-diacetamido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-7-O-

acetyl-D-glycero-D-galacto-non-2-ulopyranosid)onate (517) 

To a solution of 411 (831 mg, 1.51 mmol) in anhydrous 

isopropenyl acetate (7.5 mL), p-toluenesulphonic acid          

(14 mg, 0.08 mmol) was added. After stirring for 18 h at       

65 °C under a nitrogen atmosphere, the reaction was neutralised with triethylamine and 

evaporated in vacuo. The desired product (183 mg, 0.29 mmol, 24%), as well as unreacted 

411 (175 mg, 0.32 mmol) was obtained using column chromatography on silica gel in 

EtOAc/Hex (1:10) and obtained as a white solid. 
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1H NMR (400 MHz, CDCl3) δ 4.88 (1H, dd, J7,6 = 3.8 Hz, J7,8 = 1.5 Hz, H7), 4.02-4.11 (3H, 

m, H4, H6, H8), 3.80 (3H, s, CO2CH3), 3.22-3.32 (1H, m, H5), 3.26 ( 3H, s, COCH3), 2.23 

(1H, dd, J3e,3a = 12.9 Hz, J3e,4 = 5.0 Hz, H3e), 2.11 (3H, s, NAc), 2.00 (3H, s, OAc), 1.78 

(3H, s, NAc), 1.71 (1H, dd, J3a,3e = 12.9 Hz, J3a,4 = 11.1 Hz, H3a), 1.25 (3H, d, J9,8 = 6.3 Hz, 

H9), 0.85 (3x3H, s, (CH3)3CSi), ), 0.82 (3x3H, s, (CH3)3CSi), 0.04 (3H, s, CH3Si), 0.03 

(2x3H, s, 2xCH3Si), -0.05 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 170.5 (C1), 170.3 (CH3CON), 168.8 (CH3CO2R), 99.3 (C2), 

74.6 (C7), 73.3 (C8), 69.5 (C6), 68.9 (C4), 63.2 (C5), 52.4 (CO2CH3), 51.0 (COCH3), 40.0 

(C3), 29.4 (CH3CO2R), 25.8 (3x(CH3)CSi), 25.7 (3x(CH3)CSi), 21.1 (CH3CON), 19.9 

(CH3CON), 19.4 (C9), 18.1 ((CH3)CSi), 17.7 ((CH3)CSi), -4.3 (CH3Si), -4.5 (CH3Si), -4.6 

(CH3Si), -5.0 (CH3Si). 

IR = 1739 cm-1 (CO2Me), 1046 cm-1 (Si-OC) 

m/z 656.4 [M+Na]+ 

Methyl (methyl 5-amino-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-D-glycero-D-

galacto-non-2-ulopyranosid)onate (521) 

To a solution of 411 (287 mg, 0.52 mmol) in anhydrous 

methanol (5 mL) at 0 °C, sodium (15 mg, 0.65 mmol) was 

gradually added. After stirring for 4 h at 0 °C and 2 h at          

25 °C under a nitrogen atmosphere, the reaction was neutralised with acetic acid and 

evaporated in vacuo. The desired product (221 mg, 0.44 mmol, 84%) was obtained using 

column chromatography on silica gel in EtOAc/Hex (1:2) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 3.98 (1H, dd, J8,7 = 6.2 Hz, J8,9 = 6.3 Hz, H7), 3.73-3.80 (1H, 

m, H4), 3.77 (3H, s, CO2CH3), 3.61-3.66 (2H, m, H6, H7), 3.24 ( 3H, s, COCH3), 2.82 (1H, 

dd, J = 9.4 Hz, J = 9.4 Hz, H5), 2.18 (1H, dd, J3e,3a = 12.9 Hz, J3e,4 = 4.8 Hz, H3e), 1.64 (1H, 

dd, J3a,3e = 12.9 Hz, J3a,4 = 11.0 Hz, H3a), 1.28 (3H, d, J9,8 = 6.3 Hz, H9), 0.89 (3x3H, s, 

(CH3)3CSi), ), 0.88 (3x3H, s, (CH3)3CSi), 0.11 (3H, s, CH3Si), 0.08 (3H, s, CH3Si), 0.08 (3H, 

s, CH3Si), 0.05 (3H, s, CH3Si). 

m/z 508.2 [M+Na]+ 
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Methyl (methyl 5-phthalimido-4,8-O-bis-tert-butyldimethylsilyl-3,5,9-trideoxy-D-

glycero-D-galacto-non-2-ulopyranosid)onate (519) 

To a solution of 521 (110 mg, 0.22 mmol) in 

anhydrous dichloroethane (4 mL), phthalic 

anhydride (55 mg, 0.24 mmol), zinc bromide      

(146 mg, 0.65 mmol), and hexamethyldisilazane 

(136 µL, 0.65 mmol) were added. After stirring for 

4.5 h at reflux under a nitrogen atmosphere, the 

reaction was diluted with 1 M HCl, extracted into DCM, washed with sat. aq. NaHCO3 and 

sat. aq. NaCl, dried (Na2SO4), and evaporated in vacuo. The desired product (70 mg,           

0.11 mmol, 51%) was obtained using column chromatography on silica gel in EtOAc/Hex 

(1:1) and obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 7.86 (2H, dd, Ph), 7.76 (2H, dd, Ph), 3.99 (1H, dd, J8,7 = 6.0 

Hz, J8,9 = 6.3 Hz, H8), 3.74-3.81 (1H, m, H4), 3.77 (3H, s, CO2CH3), 3.64-3.67 (2H, m, H6, 

H7), 3.26 ( 3H, s, COCH3), 2.84 (1H, dd, J = 9.6 Hz, J = 9.8 Hz, H5), 2.19 (1H, dd, J3e,3a = 

12.8 Hz, J3e,4 = 4.8 Hz, H3e), 1.64 (1H, dd, J3a,3e = 12.8 Hz, J3a,4 = 11.0 Hz, H3a), 1.28 (3H, 

d, J9,8 = 6.3 Hz, H9), 0.88 (3x3H, s, (CH3)3CSi), ), 0.87 (3x3H, s, (CH3)3CSi), 0.12 (3H, s, 

CH3Si), 0.08 (3H, s, CH3Si), 0.08 (3H, s, CH3Si), 0.06 (3H, s, CH3Si). 

13C NMR (100 MHz CDCl3) δ 167.8 (C1), 134.3 (Ph), 132.3 (Ph), 123.6 (Ph), 73.6 (C7), 

72.8 (C6), 71.1 (C4), 70.2 (C8), 54.4 (C5), 52.5 (CO2CH3), 51.1 (COCH3), 40.6 (C3), 25.9 

(3x(CH3)CSi), 25.7 (3x(CH3)CSi), 20.3 (C9), -3.7 (CH3Si), -4.1 (CH3Si), -4.5 (CH3Si), -4.7 

(CH3Si). 

m/z 660.3 [M+Na]+ 
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Appendices 

Appendix 1. Selected NMR spectra of synthesized compounds 
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Appendix 2. X-Ray crystallographic data 

 

 

 



checkCIF/PLATON report 

You have not supplied any structure factors. As a result the full set of tests cannot be run.

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found.        CIF dictionary        Interpreting this report

Datablock: I 

Bond precision: C-C = 0.0106 A Wavelength=0.71073

Cell: a=11.608(5) b=9.477(5) c=14.047(5)
alpha=90 beta=112.023(5) gamma=90

Temperature: 200 K

Calculated Reported
Volume 1432.5(11) 1432.5(11)
Space group P 21 P 21 
Hall group P 2yb P 2yb 
Moiety formula C22 H40 N4 O8 Si C22 H40 N4 O8 Si
Sum formula C22 H40 N4 O8 Si C22 H40 N4 O8 Si
Mr 516.67 516.67
Dx,g cm-3 1.198 1.198
Z 2 2
Mu (mm-1) 0.129 0.129
F000 556.0 556.0
F000’ 556.43
h,k,lmax 16,13,20 16,13,20
Nref 8926[ 4709] 5633 
Tmin,Tmax 0.960,0.991 0.948,1.000
Tmin’ 0.960

Correction method= # Reported T Limits: Tmin=0.948 Tmax=1.000
AbsCorr = MULTI-SCAN

Data completeness= 1.20/0.63 Theta(max)= 30.750

R(reflections)= 0.0871( 4323) wR2(reflections)= 0.2452( 5633)

S = 1.213 Npar= 326

The following ALERTS were generated. Each ALERT has the format
       test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkreport.html


 Alert level B
DIFMX01_ALERT_2_B  The maximum difference density is > 0.1*ZMAX*1.00
            _refine_diff_density_max given =      1.920
            Test value =      1.400
PLAT097_ALERT_2_B Large Reported Max.  (Positive) Residual Density       1.92 eA-3  
PLAT222_ALERT_3_B Large Non-Solvent  H     Uiso(max)/Uiso(min) ...        7.2 Ratio 
PLAT340_ALERT_3_B Low Bond Precision on  C-C Bonds ...............     0.0106 Ang.  

 Alert level C
DIFMX02_ALERT_1_C  The maximum difference density is > 0.1*ZMAX*0.75
            The relevant atom site should be identified.
PLAT094_ALERT_2_C Ratio of Maximum / Minimum Residual Density ....       3.65 Report
PLAT220_ALERT_2_C Large Non-Solvent  C     Ueq(max)/Ueq(min) Range        5.6 Ratio 
PLAT220_ALERT_2_C Large Non-Solvent  N     Ueq(max)/Ueq(min) Range        3.2 Ratio 
PLAT241_ALERT_2_C High      Ueq as Compared to Neighbors for .....         O6 Check 
PLAT242_ALERT_2_C Low       Ueq as Compared to Neighbors for .....        C10 Check 
PLAT242_ALERT_2_C Low       Ueq as Compared to Neighbors for .....        C19 Check 

 Alert level G
PLAT007_ALERT_5_G Number of Unrefined Donor-H Atoms ..............          1 Report
PLAT072_ALERT_2_G SHELXL First  Parameter in WGHT Unusually Large.       0.15 Report
PLAT791_ALERT_4_G The Model has Chirality at C2      (Chiral SPGR)          S Verify
PLAT791_ALERT_4_G The Model has Chirality at C4      (Chiral SPGR)          S Verify
PLAT791_ALERT_4_G The Model has Chirality at C5      (Chiral SPGR)          S Verify
PLAT791_ALERT_4_G The Model has Chirality at C6      (Chiral SPGR)          R Verify
PLAT791_ALERT_4_G The Model has Chirality at C7      (Chiral SPGR)          R Verify
PLAT791_ALERT_4_G The Model has Chirality at C8      (Chiral SPGR)          S Verify

   0 ALERT level A = Most likely a serious problem - resolve or explain
   4 ALERT level B = A potentially serious problem, consider carefully
   7 ALERT level C = Check. Ensure it is not caused by an omission or oversight
   8 ALERT level G = General information/check it is not something unexpected

   1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
   9 ALERT type 2 Indicator that the structure model may be wrong or deficient
   2 ALERT type 3 Indicator that the structure quality may be low
   6 ALERT type 4 Improvement, methodology, query or suggestion
   1 ALERT type 5 Informative message, check

checkCIF publication errors

 Alert level A
PUBL012_ALERT_1_A  _publ_section_abstract is missing.
            Abstract of paper in English.

   1 ALERT level A = Data missing that is essential or data in wrong format
   0 ALERT level G = General alerts. Data that may be required is missing

http://journals.iucr.org/services/cif/checking/DIFMX_01.html
http://journals.iucr.org/services/cif/checking/PLAT097.html
http://journals.iucr.org/services/cif/checking/PLAT222.html
http://journals.iucr.org/services/cif/checking/PLAT340.html
http://journals.iucr.org/services/cif/checking/DIFMX_02.html
http://journals.iucr.org/services/cif/checking/PLAT094.html
http://journals.iucr.org/services/cif/checking/PLAT220.html
http://journals.iucr.org/services/cif/checking/PLAT220.html
http://journals.iucr.org/services/cif/checking/PLAT241.html
http://journals.iucr.org/services/cif/checking/PLAT242.html
http://journals.iucr.org/services/cif/checking/PLAT242.html
http://journals.iucr.org/services/cif/checking/PLAT007.html
http://journals.iucr.org/services/cif/checking/PLAT072.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/prefilter.html#PUBL_012


Datablock I - ellipsoid plot



checkCIF/PLATON report 

Structure factors have been supplied for datablock(s) I

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found.        CIF dictionary        Interpreting this report

Datablock: I 

Bond precision: C-C = 0.0048 A Wavelength=0.71073

Cell: a=7.2486(3) b=12.4112(5) c=28.8800(13)
alpha=90 beta=90 gamma=90

Temperature: 203 K

Calculated Reported
Volume 2598.16(19) 2598.16(19)
Space group P 21 21 21 P 21 21 21 
Hall group P 2ac 2ab P 2ac 2ab 
Moiety formula C22 H39 N O8 Si C22 H39 N O8 Si
Sum formula C22 H39 N O8 Si C22 H39 N O8 Si
Mr 473.63 473.63
Dx,g cm-3 1.211 1.211
Z 4 4
Mu (mm-1) 0.133 0.133
F000 1024.0 1024.0
F000’ 1024.85
h,k,lmax 10,17,41 9,16,41
Nref 8170[ 4604] 7046 
Tmin,Tmax 0.960,0.978 0.956,1.000
Tmin’ 0.960

Correction method= # Reported T Limits: Tmin=0.956 Tmax=1.000
AbsCorr = MULTI-SCAN

Data completeness= 1.53/0.86 Theta(max)= 30.834

R(reflections)= 0.0595( 5410) wR2(reflections)= 0.1341( 7046)

S = 0.976 Npar= 299

The following ALERTS were generated. Each ALERT has the format
       test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkreport.html


 Alert level C
PLAT220_ALERT_2_C Non-Solvent  Resd 1  C   Ueq(max)/Ueq(min) Range        3.6 Ratio 
PLAT222_ALERT_3_C Non-Solv.  Resd 1  H   Uiso(max)/Uiso(min) Range        4.5 Ratio 
PLAT242_ALERT_2_C Low    ’MainMol’ Ueq as Compared to Neighbors of        C19 Check 
PLAT340_ALERT_3_C Low Bond Precision on  C-C Bonds ...............    0.00479 Ang.  
PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ......      3.267 Check 
PLAT910_ALERT_3_C Missing # of FCF Reflection(s) Below Theta(Min).          6 Note  
PLAT915_ALERT_3_C No Flack x Check Done: Low Friedel Pair Coverage         83 %     

 Alert level G
PLAT395_ALERT_2_G Deviating  X-O-Y    Angle From 120 for O7             131.1 Degree
PLAT398_ALERT_2_G Deviating  C-O-C    Angle From 120 for O6             106.8 Degree
PLAT791_ALERT_4_G Model has Chirality at C2          (Chiral SPGR)          S Verify
PLAT791_ALERT_4_G Model has Chirality at C4          (Chiral SPGR)          S Verify
PLAT791_ALERT_4_G Model has Chirality at C5          (Chiral SPGR)          S Verify
PLAT791_ALERT_4_G Model has Chirality at C6          (Chiral SPGR)          R Verify
PLAT791_ALERT_4_G Model has Chirality at C7          (Chiral SPGR)          S Verify
PLAT791_ALERT_4_G Model has Chirality at C8          (Chiral SPGR)          R Verify
PLAT912_ALERT_4_G Missing # of FCF Reflections Above STh/L=  0.600        394 Note  
PLAT978_ALERT_2_G Number C-C Bonds with Positive Residual Density.          9 Info  

   0 ALERT level A = Most likely a serious problem - resolve or explain
   0 ALERT level B = A potentially serious problem, consider carefully
   7 ALERT level C = Check. Ensure it is not caused by an omission or oversight
  10 ALERT level G = General information/check it is not something unexpected

   0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
   5 ALERT type 2 Indicator that the structure model may be wrong or deficient
   5 ALERT type 3 Indicator that the structure quality may be low
   7 ALERT type 4 Improvement, methodology, query or suggestion
   0 ALERT type 5 Informative message, check

checkCIF publication errors

 Alert level A
PUBL012_ALERT_1_A  _publ_section_abstract is missing.
            Abstract of paper in English.

   1 ALERT level A = Data missing that is essential or data in wrong format
   0 ALERT level G = General alerts. Data that may be required is missing

http://journals.iucr.org/services/cif/checking/PLAT220.html
http://journals.iucr.org/services/cif/checking/PLAT222.html
http://journals.iucr.org/services/cif/checking/PLAT242.html
http://journals.iucr.org/services/cif/checking/PLAT340.html
http://journals.iucr.org/services/cif/checking/PLAT906.html
http://journals.iucr.org/services/cif/checking/PLAT910.html
http://journals.iucr.org/services/cif/checking/PLAT915.html
http://journals.iucr.org/services/cif/checking/PLAT395.html
http://journals.iucr.org/services/cif/checking/PLAT398.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT791.html
http://journals.iucr.org/services/cif/checking/PLAT912.html
http://journals.iucr.org/services/cif/checking/PLAT978.html
http://journals.iucr.org/services/cif/checking/prefilter.html#PUBL_012



