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Abstract 

 

Campylobacter jejuni is a Gram-negative bacterium and is the main cause of illnesses 

related to gastroenteritis in humans. As the outermost structure of Campylobacter jejuni, CPS were 

made into glycoconjugate vaccines to fight Campylobacter jejuni infection and and have shown 

promising results. 

Structural analysis of CPS related to C. jejuni serotype HS:4 revealed a repeating unit 

consisting of 4-substituted N-acetyl-β-D-glucopyranosamine and 3-substituted 6-deoxy-β-D-ido-

heptopyranose. To this end, the focus of the thesis are synthetic studies on 6-deoxy-β-D-ido-

heptopyranosides which could be attached to a carrier protein such as CRM197 for immunological 

studies. Two 6-deoxy-β-D-ido-heptopyranosides (115 and 116) have been successfully prepared 

for the first time.  

An efficient protocol to regioselectively convert one O-isopropylidene into di-O-acetates 

via acetolysis has been established for di-O-isopropylidene-protected D-galacto- and D-fructo-

pyranosyl systems (Chapter 3). Trifluoroacetic acid (TFA) was found to achieve the regioselective 

acetolysis of a series of di-O-isopropylidene-protected hexopyranosides in acetic anhydride.  
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Chapter One: Introduction to Campylobacter jejuni surface carbohydrate antigens and 

chemical synthesis of related monosaccharides 

 

1.1 Carbohydrate-based vaccines against bacterial pathogens 

Carbohydrates constitute one of the major classes of biomolecules, together with proteins, 

nucleic acids and lipids. However, carbohydrates are the among least exploited as therapeutic 

agents despite the important roles they play in numerous biological recognition processes.1,2 All 

cells are coated with thick layers of complex carbohydrates known as glycocalyx,3,4 in which the 

glycan components are present in many different conjugate forms, such as glycoproteins, 

proteoglycans and glycolipids (Figure 1). The cellular glycocalyx is therefore involved in cell 

differentiation, recognition, adhesion and many other important biological events. 

 

 

 



 

2 

 

Figure 1. Schematic view of a cell membrane with glycoproteins, glycolipids and 

glycosylphosphatidylinositol (GPI)-anchored proteins.  

(Permission was obtained from Nature Publishing Group and Copyright Clearance Center) 

 

The exposure of carbohydrates on cells’ surfaces allows them to interact with the immune 

system, acting as cell antigenic determinants.5,6 Besides, the dense distributions of specific glycan 

structures on pathogens and tumor cells make carbohydrates attractive to be used as vaccine 

targets. However, in general, carbohydrates are considered as poor immunogens because they are 

unable to elicit a T-cell mediated immune response. A general strategy is to chemically link 

carbohydrates to an immunogenic carrier protein to obtain glycoproteins that can be used as 

vaccines. Such conjugates have been known to trigger a specific immune response by producing 

high-affinity antibodies against the linked carbohydrate antigens. If the structures of the linked 

carbohydrates in the conjugates resemble the surface carbohydrates of a pathogen, the generated 

antibodies could be directed to attack the foreign pathogen, thus protecting the host from infection 

by it.7 Figure 2 shows how the glycans on the bacterial cell surface interact with B cells and the 

process of generating T-cell mediated immune response. In the first step, the neoglycoprotein 

(antigen, could also be glycopeptide) is recognized by a type of B cell through its B cell receptor 

(BCR) to recognize the carbohydrate; this results in the internalization of the antigen. The antigen 

is then processed inside the cell and the carrier protein is degraded by enzymes into small peptide 

fragments that are then transported to the cell surface in the complex form with the major 

histocompatibility II (MHC II) protein. Such complexes could then be further recognized by T-

cells via their T-cell receptors (TCRs), resulting in maturation and differentiation of the T-cells. 
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Cytokines such as interleukins 2 and 4 (IL-2 and IL-4) are subsequently released to induce 

maturation and proliferation of B-cells. These B-cells further differentiate into antibody secreting 

plasma cells and long-lived memory B-cells, which can quickly transform themselves into 

antibody secreting plasma cells upon future exposure to the same foreign antigens.  

 

  

Figure 2. Mechanism for T cell mediated adaptive immune response by a glycoconjugate 

vaccine. 

(Permission was obtained from Elsevier and Copyright Clearance Center) 
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1.2 Introduction of Campylobacter jejuni 

Campylobacter jejuni (C. jejuni) is a Gram-negative, spiral-shaped microaerophilic 

bacterium that is a leading cause of human gastroenteritis worldwide. The common symptoms of 

C. jejuni infection are diarrhea, fever, abdominal pain, nausea, headache and muscle pain.8 C. 

jejuni is a zoonotic pathogen and humans are often infected by consumption of contaminated 

poultry, water, or raw milk.9 The incidence of this disease varies widely, ranging from 

hyperendemic levels (40000/100000 children less than 5 years old) in developing countries of the 

world, to endemic levels (20–100/100000 population) occurring as sporadic disease in children 

and infants in developed countries.10 Although infection is not usually associated with mortality 

in developed countries, C. jejuni infections result in a high level of morbidity. Moreover, repeated 

C. jejuni infections have been reported to be associated with malnutrition in the developing 

world.11 In addition to acute diarrheal symptoms, C. jejuni is associated with a number of post 

infectious sequela which can be very serious;12 these include Guillain-Barré syndrome (GBS), 

reactive arthritis and irritable bowel syndrome (IBS). 

C. jejuni has been shown to produce lipooligosaccharides (LOS) and capsule 

polysaccharides (CPS) as cell surface carbohydrate components. Both of LOS and CPS have vital 

roles in C. jejuni biology, particularly host–bacterium interactions.13 Figure 3 shows the presence 

of LOS and CPS on the surface of C. jejuni. The structures of LOS of C. jejuni are highly variable 

but many of them resemble partially the structures of a class of human gangliosides, which are 

sialylated glycosphingolipids abundantly present in human peripheral nervous tissues.14,15 This 

molecular mimicry has been found to be the cause of autoimmune disorders, such as Guillain-

Barré syndrome (GBS) and Miller-Fisher syndrome (MFS). Many studies have been conducted to 



 

5 

 

understand of the mechanisms of GBS and MFS and the roles of LOS in these processes. It has 

been elucidated that upon recovery from an infection by C. jejuni, some patients can develop 

antibodies against the carbohydrate portions of LOS, and coincidently, such antibodies cross-react 

with human gangliosides present on peripheral nerves, leading to autoimmune reactions.16,17 

 All strains of C. jejuni were reported to produce LOS and about one-third of strains also 

produced a special class of LOS which was high molecular weight lipopolysaccharide (HMW 

LPS). In a recent study conducted by Karlyshev and others, the HMW LPS was determined to be 

a highly variable CPS rather than LPS by studying the genome sequence of C. jejuni.18,19  

 

Figure 3. Surface structures of Campylobacter jejuni. 

(Permission was obtained from Nature Publishing Group and Copyright Clearance Center) 
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1.3 Structures of serotypes of Capsular polysaccharide (CPS) of Campylobacter jejuni 

 Since CPS constitute the surface structures on the bacterial cell, they are involved in the 

interaction between the pathogens and host. They are also generally thought to play key roles in 

the bacterial survival and distribution in the environment.20 Through mimicking host cell antigens, 

CPSs also convey evasion from host immune responses and are therefore considered important 

virulence factors.21.22  

A large number of studies of C. jejuni infections have been carried out and the 

epidemiology is now well understood, because the large extent of application of one system for 

serotyping clinical isolates.23  

The passive haemagglutination (PHA) technique was developed by Penner and coworkers 

in 1980 for serotyping C. jejuni.24 The system differentiated strains on the basis of soluble heat-

stable (HS) antigens and has been used widely since then. The standard Penner serotyping 

procedure allowed detection of as many as 42 different serotypes of C. jejuni and 18 for C. coli.25 

The number of different CPS structures should even be higher because over 20% of strains are 

unclear due to the limited number of antisera available. The structures of the repeating units of 

CPS extracted from C. jejuni strains have been determined and found to be extremely diverse.26 

For each serostrain, there are often phase-variable structural modifications such as the 

incorporation of methyl, ethanolamine and aminoglycerol groups.  

One of these modifications was the the incorporation of O-methyl phosphoramidate 

CH3OP(O)(NH2)(OR), which was rare in the CPS structures of serotypes of C. jejuni. This 

phosphorylated structure was first reported when studying the CPS structure of strain 1168.27 
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Evidence has shown that it is possible to study CPS directly on the surface of intact C. 

jejuni cells using high-resolution magic angle spinning NMR spectroscopy.28 Combined with other 

methods, the structures of the CPS of several C. jejuni strains have been determined in recent 

years29-40 and some of the typical structures of serotypes are shown as below (Figures 4-10).  

For example, based on 1H, 13C and 31P NMR spectroscopic studies including 2D COSY, 

TCOSY, ROESY and heteronuclear 1H-31P HMQC experiments, the CPS structure of the C. jejuni 

serotype O:2 was determined and found to contain 3-deoxy-D-manno-octulosonic acid (Kdo), L-

glycero-D-manno-heptose (LD-Hep), D-galactose, D-glucose, and phosphorylethanolamine (PEtn).  

 

 

Figure 4. The repeating unit of CPS structure of C. jejuni serotype HS:2; the configuration 

of the heptopyranosides were undetermined. 
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Figure 5. The repeating unit of CPS structure of C. jejuni serotype HS:3. 

 

 

 

Figure 6. The repeating unit of CPS structure of C. jejuni serotype HS:4. 
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Figure 7. The repeating unit of CPS structure of C. jejuni serotype HS:19. 
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Figure 8. The repeating units of CPS structure of C. jejuni serotype HS:23 and HS:36. 
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Figure 9. The repeating unit of CPS structure of C. jejuni serotype HS:30-P1. 

 

 

 

 

Figure 10. The repeating unit of CPS structure of C. jejuni serotype HS: 41. 

 



 

12 

 

1.4 The CPS structure of Campylobacter jejuni strain CG8486 

In 2008, Monterio and others determined the chemical structure of C. jejuni strain CG8486 

(HS:4 serotype complex) which was responsible for a main cause of C. jejuni infections.37 

The polysaccharides of CG8486 were extracted from bacterial cells following standard 

procedures, and the molecular weights of the extracted polysaccharides were then confirmed by 

matrix-assisted laser desorption–time of flight mass spectrometry (MALDI-TOF MS).  

The structural analysis showed that the C. jejuni strain CG8486 was composed of N-acetyl-

D-glucosamine and 6-deoxy-heptose as well as 1,7-anhydro-6-deoxy-heptose. NMR experiments 

also showed that the 6-deoxy-hep of C. jejuni strain CG8486 possessed the unusual ido-

configuration (6-deoxy-ido-hep, 12, Figure 11) in β-(1,2)-configuration which was extremely 

challenging to synthesize chemically. Sugar linkage analysis showed that the above two 

monosaccharides can form the repeating disaccharide unit via the β-(1→3)-glycosidic linkage 

from the GlcNAc (in purple) to the 6-deoxy-ido-hep unit. At the same time, the 6-deoxy-ido-hep 

unit can be attached to another GlcNAc (in blue) via β-(1→4)-glycosidic linkage (11, Figure 11). 

O-Methyl phosphoramidate modifications could occur at both the O2 and O7 positions of the 6-

deoxy-ido-Hep unit (12, Figure 11). 

The 1H NMR spectrum they performed also indicated valuable structural information of 6-

deoxy-ido-heptopyranose 12. The peaks showed at δ 1.79 ppm and δ 2.01 ppm which corresponded 

to the H-6a and H-6b of the of 6-dexoy-ido-heptopyranose. While the peak of the 6-deoxy carbon 

was observed to be at δ 32.6 ppm in the 13C NMR spectrum. In particular, small coupling constants 

J1,2 = 1.3 Hz and J2,3 = 1.0 Hz were observed which suggested small angles between the two vicinal 

protons.  
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Figure 11. The structures of the β-D-GlcNAc(1→3)6-deoxy-β-D-ido-Hep disaccharide 

repeating unit 11 in the CPS of C. jejuni strain CG8486 and the 6-deoxy-β-D-ido-

heptopyranoside unit 12. 

 

1.5 Recent development of vaccines against Campylobacter jejuni 

 There were no licensed vaccines against C. jejuni on the market yet, despite several vaccine 

candidates are currently under preclinical and clinical development.10, 41-43 There are two major 

difficulties associated with development of vaccines against C. jejuni using natural CPS. These 

include: (1) the heterogeneity of the isolated natural polysaccharides, and (2) lack of efficient 

methods for the conjugation of polysaccharides to a carrier protein.  

            Encouraged by the fact that CPS conjugate vaccines have been proved to be effective in 

fighting against some mucosal pathogens,44-46 Monteiro and others assumed that CPS conjugate 

vaccine was also effect to protect against C. jejuni. 
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They isolated two strains of C. jejuni, CPS81-176 (HS:23 and HS:36 serotype complex) 

and CG8486 (HS:4 serotype complex) and conjugated the CPS polysaccharides with a carrier 

protein CRM197. The effectiveness of these prepared glycoconjugate vaccines was tested (Figure 

12).47   

To prepare the corresponding vaccine, the CG8486 polysaccharides were first treated with 

sodium periodate (NaIO4) in sodium acetate buffer. The non-reducing end terminal N-acetyl-D-

glucosamine was selectively cleaved at the vicinal diol center between C3-C4 to form the required 

vicinal dialdehyde functionalities which were subsequently conjugated to a carrier protein, 

CRM197 via reductive amination. The conjugation was carried out by dissolving the activated 

polysaccharides dialdehydes in a borate buffer, and the CRM197 protein was added to allow the 

condensation between the aldehydes and primary amine functionality of lysine residues of the 

protein to occur. Subsequently, sodium cyanoborohydride (NaBH3CN) was added to facilitate the 

reduction of the imine to form the more stable secondary amine. The conjugation efficiency of the 

polysaccharides to the carrier protein was again determined by MALDI-TOF MS. With the 

conjugation successfully carried out, the polysaccharides-CRM197 glycoconjugate was then 

isolated and tested immunologically on mice. Different doses of the CPS8486-CRM197 

glycoconjugate were injected into the mice in a defined time frame, and the amounts of antibodies 

IgG raised from the sera were monitored to find the optimal vaccination strategy. The results from 

the immunization experiments showed that the CPS8486 polysaccharides-CRM197 vaccine was 

100% efficious against diarrhea in A. nancymaae. However, the vaccine failed to prevent C. jejuni 

intestinal colonization in the immunized mice.  
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Figure 12. Development of CPS8468 polysaccharides-CRM197 conjugate 14 as vaccine 

against C. jejuni. 

 

There are several limitations in this study. First of all, the isolated CPS have a range of 

molecular weights, thus the efficiency of the conjugation reaction was seriously affected because 

of their differences in reactivity. Although MALDI-TOF MS spectra could confirm the formation 

of the single-ended-form glycoconjugates, cross-linked glycoconjugates could also be present in 



 

16 

 

which a single CPS is attached to two CRM197 proteins as a result of two aldehyde groups reacting 

with different protein molecules.  

As can be seen from the above example, glycoconjugation with polysaccharides is rather a 

complex process because of the heterogeneity of the materials and large molecular weights, which 

often lead to various problems in conjugations such as low reactivity, poor incorporation efficiency 

and significant difficulty in structural characterizations. As a result, it is highly desirable to 

synthesize structurally well-defined oligosaccharides that correspond to the repeating units of 

polysaccharides; subsequently, they can be attached to a carrier protein in a more efficient manner. 

Hence, the structures of obtained glycoconjugates are well defined and could be prepared with 

high reproducibility, thus the reliability of the results from the immunization studies could be 

improved. 

 

1.6  Structural features of heptopyranosides found in CPS of C. jejuni  

The presence of heptopyranosides in the serotypes of C. jejuni constitutes a very common 

feature in the structures of C. jejuni CPS. As shown from Figures 4-10, the two most common 

heptoses have the D-ido- and D-altro-configurations and a 6-deoxy functionality. For some 

serotype such as the HS:3, their D-altro-heptoses have a 6-hydroxy functionality with the L-

glycero-configuration. Figure 13 shows a comparison of their configurations and a correlation to 

their respective D-ido(hexo)se and D-altro(hexo)se counterparts, both are rare sugars found in 

nature.  

Both heptoses are found to exist in the pyranosyl forms. In the more stable chair 

conformation of the pyranoside (4C1) form of idoses, the hydroxylmethyl group prefers to occupy 
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an equatorial position, while all the secondary hydroxyl groups occupy axial positions. This makes 

idopyranosides unique, as after a ring flip to the 1C4 conformation, the hydroxylmethyl group 

would occupy an unfavourable axial position while all the secondary hydroxyl groups would 

occupy equatorial positions. Compared to other hexoses such as D-glucopyranose, the energy 

difference between the two chair forms of idopyranosides is relatively small, making 

idopyranosides significantly more flexible than the others. 

 

 

Figure 13. The stereochemistries of D-idose and D-altrose and their heptose derivatives 

both in open chain and β-D-pyranosyl forms. Their β-(1→2)-cis-glycosidic linkages are 

analogous to the β-(1→2)-cis-glycosidic linkage of D-mannopyranosides. 
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As shown in Figure 13, both heptopyranosides form β-(1,2)-cis-glycosidic linkages with 

other sugars in the CPS of C. jejuni, and this type of linkage is analogous to the β-(1,2)-cis-

glycosidic linkage formed by β-D-mannopyranoside, a linkage commonly found in N-linked 

glycoproteins. In carbohydrate chemistry, the synthesis of β-(1,2)-cis-glycosides represents one of 

the biggest challenges.  

 

1.7 Literature reviews on the chemical synthesis of heptoses, idose and β-mannipyranosides 

To help understand the chemistry of the 6-deoxy-β-D-ido-heptopyranosides, detailed 

literature reviews on the chemical synthesis of heptoses, β-mannopyranosides and idoses are 

provided below.  

 

1.7.1 Chemical synthesis of heptoses 

 D-Hexoses are most commonly found in nature along with a few L-hexoses such as L-

fucose and L-rhamnose. However, D-heptoses are regarded to be rare, thus they are not 

commercially available. D-heptoses are usually chemically synthesized from hexose by carrying 

out a homologation, usually at the C-6 position of a pyranoside of either manno-, galacto- or gluco-

configuration. There have been several reported methods dedicated to synthesis of β-D-manno-

heptopyranosides due to its important biological significance.48-50 

In 2006, David Crich and coworkers developed an efficient synthesis to prepare the β-D-

manno-heptopyranosides (Scheme 1)51 starting from the known 4,6-O-p-methoxybenzylidene-

protected thiomannoside 15. They first used DIBAL-H to regioselectively open the 4,6-O-

benzylidene to afford the primary alcohol 16 in 90% yield. Swern oxidation of this primary alcohol 
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16 provided the corresponding aldehyde, which was subjected to a Wittig olefination to produce 

the corresponding alkene 17 which had the desired 7-carbon backbone. To install the hydroxyl 

group at the C-6, they carried out an oxidation of the alkene 17 using OsO4 (osmium tetroxide) in 

conjunction with NMO (N-methylmorpholine N-oxide) to give two D-manno-heptopyranosides 

18a and 18b with the L- and D-glycereo. The L-glycero epimer is found in the core region of 

bacterial lipopolysaccharides.  

 

 

Scheme 1. Formation of D/L-glycero-D-manno-heptopyranosides 18a and 18b from D-

mannopyranoside 15. 

 

More recently, Seeberger and coworkers employed a de novo strategy to construct the 

heptose backbone using aldol condensations (Scheme 2).52 Both the O-isopropylidene-protected 

1,3-dihydroxyacetone 19 and α,α–dimethoxyacetaldehyde 20 were used as starting materials. 

Using L-proline as a chiral catalyst, the desired aldol product 21 which had the pentose backbone 

was isolated in the O-silyl protected form. The keto group was reduced stereoselectively and after 
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several steps of protecting group manipulations, compound 25 which had its aldehyde functional 

group protected as the dimethyl acetal was obtained. The dimethyl acetal was further hydrolyzed 

to reveal its reactive aldehyde (→26), which underwent a Mukaiyama-type aldol condensation 

with a silyl enol ether 27 to provide the desired heptose backbone using MgBr2·OEt2 as chelating 

activator. Acid aided ring closure led to the formation of lactones which were transformed to L-

glycero-β-D-manno-heptopyranoses 29a and 29b by reduction using a hydride reagent. Although 

Seeberger’s synthesis is convenient, and orthogonal protecting groups have been introduced in 

their route, the synthesis involved extensive protecting group manipulations which made this 

protocol troublesome. 
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Scheme 2. De novo synthesis of L-glycero-β-D-manno-heptopyranoses 29a and 29b. 

 

Recently, Gauthier and coworkers reported another successful synthesis of 6-deoxy-α-D-

manno-heptopyranosides from an elaborately protected D-mannopyranoside thioglycoside 

precursor 30 that had an unprotected 6-hydroxyl group (Scheme 3).53 After activating the primary 
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alcohol with tosyl chloride in pyridine, compound 31 was obtained which was directly reacted 

with potassium cyanide (KCN) using 18-crown-6 as phase transfer catalyst in anhydrous CH3CN,  

to gave the nitrile derivative 32 in 88% yield. Compound 32 had the desired D-manno-heptose 

backbone. The nitrile functional group was subsequently reduced with DIBAL-H at very low 

temperature (-78 °C) followed by acidic hydrolysis. The corresponding crude aldehyde obtained 

was then reduced further with sodium borohydride (NaBH4) to afford the desired product 34. 

Although they developed an elegant method to obtain 6-deoxy-β-D-manno-heptopyranosides, 

toxic KCN was used in this process which was a major drawback in this synthetic protocol.  

 

Scheme 3. Synthesis of 6-deoxy-α-D-manno-heptopyranosides using an one-carbon 

homologation via the nitrile intermediate. 
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The most recent synthesis of heptose was from Mong and coworkers, who developed a 

general and stereospecific homologation strategy, starting from with the readily accessible methyl 

2,3,4-tri-O-benzyl-α-D-mannopyranoside 35 (Scheme 4).54  

The primary hydroxyl group at C-6 was first oxidized by 2-iodoxybenzoic acid (IBX) to 

afford the corresponding aldehyde 36. The obtained aldehyde was then treated with a ylide derived 

from methoxymethyl triphenylphosphonium chloride in THF to provide the D-manno-hepto-6-

enopyranoside 37 in 72% yield for two steps. A mild acid hydrolysis of the enol ether 37 in acetone 

afforded the aldehyde 38. Proline catalyzed aminoxylation was then carried out followed by a 

reduction to generate the two diastereomers 39a and 39b. Both had a (phenylamino)oxy group 

whose N-O bond was cleaved with CuSO4 to provide both the L-glycero-β-D-manno-

heptopyranoside 40a and its D-glycero epimer 40b. It is worth to mention that when the methyl 6-

deoxy-2,3,4-tri-O-benzyl--D-manno-hepto-1,7-dialdopyranoside 38 is directly reduced with 

sodium borohydride, a protected 6-deoxy--D-manno-heptopyranoside could be obtained.  
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Scheme 4. Formation of 2,3,4-tri-O-benzyl-L-glycero-D-manno-heptopyranoside 40a and 

2,3,4-tri-O-benzyl-D-glycero-D-manno-heptopyranoside 40b. 
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1.7.2 Recent development on the synthesis of β-D-mannopyranosides 

Although many efficient methods for the stereoselective construction of glycosidic 

linkages are available, the stereospecific formation of the β-(1,2)-cis-glycosidic linkages such as 

the one found in β-D-mannopyranosides still poses a great challenge, because it cannot be assisted 

by conventional neighboring group participating strategy. Figure 14 illustrates reasons why the 

formation of α-D-mannopyranosides is favored over the β-D-mannopyranosides during the 

glycosylation step. As can be seen, after the reactive oxocarbenium intermediate is formed, the 

acceptor could attack the anomeric carbon both from the top or bottom faces to form a glycoside. 

Because of the steric hindrance of 2-OR group, the attack from the top face is usually disfavoured 

comparing to the attack from the bottom face. Additionally, anomeric effect also favors the 

acceptor to attack from the bottom face as the formed glycoside is an α-D-mannopyranoside that 

has an axial OR’ substituent. Hence, α (1,2)-trans-glycosides such as the α-D-mannopyranosides 

are usually the major products when the substituent at C-2 occupies an axial position.  

 

Figure 14. Mechanism of formation of favored α-mannopyranoside. 
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During recent years, several innovative strategies have been developed for the synthesis of 

β-mannopyranosides. Crich and coworkers introduced an efficient strategy to synthesize β-D-

mannopyranosides using 4,6-O-benzylidene protected mannopyranosyl sulfoxides or 

thioglycosides as glycosyl donors (Scheme 5).55-60 S-(4-methoxyphenyl) benzenethiosulfinate 

(MPBT) 41 was used as a potential thiophilic agent in this synthesis process. After treating 41 with 

trifluoromethanesulfonic anhydride (Tf2O) in situ, a powerful, metal-free, thiophile 42 was formed 

which could activate thioglycosides. They stated that the reaction of the thiosulfinate 41 with Tf2O 

reached an equilibrium at low temperature (-78 °C). However, this equilibrium could move in the 

forward direction by adding more thioglycoside which consumed the thiophile 42. Crich and co-

workers also provided evidence that an α-mannopyranosyl triflate was formed when they used 4,6-

O-benzylidene protected thiomannoside 43 as glycosyl donor. The α-mannopyranosyl triflate 

subsequently underwent an SN2-like attack by the glycosyl acceptor from the top face, leading to 

the stereoselective formation of β-D-mannopyranoside. The use of the 4,6-O-benzylidene 

protecting group was crucial, as it reduced flexibility of the pyranosyl ring by slowing down the 

rate of ring flipping, which enhanced the subsequent SN2-attack by the alcohol from the equatorial 

direction at the top face. A series of coupling reactions were carried out using this strategy by the 

authors. The stereoselectivity for the mannosylation reactions was generally good to excellent with 

β : α ratio > 10 : 1, using α-thiomannopyranosyl donors 43 as a starting material. However, the β 

selectivity with certain glycosyl acceptors was still unsatisfactory. 
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Scheme 5. Crich’s synthesis of β-D-mannopyranosides using 4,6-O-benzylidene protected 

thiomannopyranosides and MPBT/Tf2O as a thiophilic promoter. 

  

 In a follow-up study, the author also investigated the effect of protecting groups at 2-O and 

3-O positions of the mannopyranosyl donor on the stereoselectivity.61 It was observed that the 2-

O-propargyl group could enhance the stereoselectivity for β anomer, while the 3-O-propargyl 

group had little effect on the stereoselectivity. 
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 In a related study, Kim and coworkers used 4,6-O-benzylidene mannopyranosyl pentenoate 

45 as glycosyl donor for the synthesis of β-mannopyranosides.62 The benzeneselenyl triflate 

(PhSeOTf) was used as promoter in their synthesis (Scheme 6). Iodonium dicollidine perchlorate 

(IDCP)63 and NIS/TfOH have been used to activate the glycosyl pentenoate donors in the past, but 

in this work, the authors used a selenium reagent, PhSeOTf, as promoter in the presence of 2,4,4-

tri-tert-butylpyrimidine (TTBP) which was used a base. After reaction with the terminal alkene of 

45 by the selenium reagent, a lactonization occurred which led to the formation of γ-

phenylselenylmethyl-γ-butyrolactone and generation of oxacarbenium ion 48, which was 

supposed to be attacked by the triflate ion to form the α-mannopyranosyl triflate 49. Subsequent 

reaction of 49 with a glycosyl acceptor provided the β-mannopyranosides 50. 

 

 

Scheme 6. Stereoselective β-mannosylation using α-mannopyranosyl 4-pentenoate 45 as a 

donor and PhSeOTf as a promoter. 



 

29 

 

 

 The above method has been used to synthesize disaccharides such as the β-(1→6)-linked 

mannopyranosyl glucopyranoside 52 in 90% yield (Scheme 7).62 In general, the authors found that 

glycosylations of primary alcohol acceptors gave exclusively β-disaccharides in high yields 

(>85%). Good yields and exclusively β anomers were also achieved when bulky acceptors were 

used. However, the authors also found that mannosylation of some more reactive primary alcohol 

acceptors gave poor β stereoselectivity.  

 

 

Scheme 7. Application of the α-mannopyranosyl 4-pentenoate/PhSeOTf to synthesize 

disaccharide 52. 

 

 Recently, Demchenko and coworkers reported a method of stereoselective synthesis of β-

mannopyranosides by employing O-picoloyl group to direct the attack of glycosyl acceptors 

through hydrogen bond formation (Scheme 8).64,65 For example, when the O-picoloyl group was 

placed at O-6 position, it could guide the attack of the glycosyl acceptor to the intermediate 

oxacarbenium ion from the equatorial position by forming a hydrogen bond with the acceptor. As 

a result, the formation of β-mannopyranoside 55 was favored.  
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Scheme 8. 6-O-Picoloyl-assisted β-D-mannopyranosylation. 

 

The authors tested this theory by carrying out the following glycosylation reaction 

(Scheme 9) between donor 56 and acceptor 35, using dimethyl(methylthio)sulfonium triflate 

(DMTST) as promoter in 1,2-dichloromethane. The disaccharide 57 was obtained in good yield 

(86%) but with relatively poor stereoselectivity. The authors went on to investigate the effect of 

protecting groups of the glycosyl donors on the glycosylation reaction, however, the β 

stereoselectivity was not improved significantly. 

 

Scheme 9. Formation of β-D-mannosylation using 6-O-picoloyl protected donor 56. 
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1.7.3 Recent progress on the synthesis of idose 

In 1967, Paulsen66 found that when penta-O-acetyl-β-D-glucopyranose 58 was treated with 

antimony pentachloride (SbCl5) in anhydrous dichloromethane, an insoluble salt was formed 

which was identified as 4,6-O-acetoxonium-1,2,3-tri-O-acetyl-α-D-idopyranosyl 

acetoxopentachloroantimonate 59. The salt which could be obtained by filtration was then 

acetylated to form the α-D-idopyranoside 60. In 2013, Thiem and coworkers optimized the 

condition of Paulsen acetoxonium rearrangement to prepare the per-O-acetylated D-idose 60 

(Scheme 10).67 

 

Scheme 10. Synthesis of per-O-acetylated α-D-idopyranoside from per-O-acetylated 

glucopyranose employing SbCl5. 

 

 

It was proposed that the Lewis acid SbCl5 coordinated with the anomeric O-acetate, and 

this triggered a series of acetate migration events to form the observed ido-configuration. In the 

end of the rearrangement, all the equatorial hydroxyl groups of the glucopyranoside were changed 

to axial positions (Scheme 11). The authors discussed the possible mechanism of the formation of 

α-D-idose and α-D-talose products: the first step involved the coordination of strong Lewis acid, 

SbCl5, to the carbonyl oxygen of the β-anomeric O-acetate, and then followed by a nucleophilic 
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attack by the carbonyl of the neighboring 2-O-acetate from the axial position, resulting in the 

formation of acetoxonium acetylpentachlorideantimony salt 62. The salt underwent another 

stereospecific attack by the carbonyl of the 3-O-acetate, also fromed the axial position on the top 

face, causing the inversion of absolute configuration at C-2 (→65). The formed mannose-2,3-

acetoxonium intermediate ion 65 continued the rearrangement by carrying out another two 

stereospecific acetate migrations from C-4→C-3 and C-6→C-4, completing the sequential 

rearrangement process with configurations at all C-2,3,4 positions inverted. After hydrolysis, the 

desired per-O-acetylated D-idopyranose 60 was obtained in 80% yield. On the other hand, if penta-

O-acetyl-β-D-galactopyranose was used as starting material instead, after treatment with SbCl5, 

the corresponding penta-O-acetyl-α-D-talopyranose was obtained in 21% yield (not shown). 

Apparently, in the case of D-galactose, the O-acetate at C-4 occupied an axial position which had 

a cis-relationship to the O-acetate at C-3, thus the configuration at C-4 could not be inverted. 
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Scheme 11. Proposed mechanism of the Paulsen acetoxonium ion rearrangement of 58 to 

form α-D-idopyranose acetoxonium salt 59. 

 

In general, it is convenient to use Paulsen’s acetoxonium rearrangement to synthesize 

idopyranosides, but there are significant limitations of this method because the use of very strong 

Lewis acid SbCl5 which is not compatible with many acid sensitive protecting groups and acid-

sensitive glycosidic linkages. 
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 By comparing the Fisher projections of D-Glucose and L-Idose (Figure 15), it is easy to 

observe that the only difference between D-glucose and L-idose is the stereochemistry at the C-5 

position. Since derivatives of L-idose have been found in natural glycosaminoglycans such as 

heparins and heparans,68 several research groups have reported to the synthesis of L-idose from D-

glucose by developing an approach to invert the C-5 configuration. 

 

Figure 15. Pyranose forms and Fisher projections of D-Glucose and L-Idose. 

Early in 2004, Wong and coauthors reported the synthesis of L-iduronic acid and D-

glucuronic acid which were designed to be used as acceptors in the synthesis of heparin (Scheme 

12).69 They started their synthesis from the readily available D-glycuronolactone 70, which was 

converted respectively to the methyl tetra-O-acetyl-α or β-D-glucopyranuronate 71a and 71b in 

two steps using different acetylation conditions. Each anomer was regioselectively brominated at 

the α-position (C-5) of the carboxyl functional group using NBS as radical brominating reagent 

and UV light as the activation conditions, and compound 72a and 72b were obtained respectively, 

in very good yield. Each of the 5-brominated anomers was subjected to a reductive debromination 
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respectively, using tributyltin hydride as reagent to provide the desired L-ido isomer (73a or 73b). 

In each synthesis, the original D-gluco isomer (with the configuration at C-5 retained, 71a or 71b) 

was also isolated in lower yields (73a/71a: 53%/27%; 73b/71b: 70%/21%). 

 

 

Scheme 12. Synthesis of L-iduronic acid derivatives 73a and 73b from D-glucuronic acid 

derivatives. 

 

 In the same article, the authors also reported another route to synthesize L-iduronic acid 

derivatives from per-O-acetylated D-glucopyranosyl bromide (Scheme 13). The 1,2-ethylidene 

group was first constructed via a borohydride-mediated cyclization and reduction to form two 

diastereomers. After removing all the O-acetate protecting groups, compounds 75a and 75b were 
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isolated. The primary hydroxyl groups of both compounds 75a and 75b were regioselectively 

oxidized by using 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) in conjunction with sodium 

hypochlorite (NaOCl) under phase-transfer conditions to provide 1,2-O-ethylidene-protected L-

iduronic acids. Both of them were converted to their methyl esters 76a and 76b, respectively, in 

62% and 60% yields, using methanol, as the solvent and reagent under the catalysis of acidic resin. 

 

 

Scheme 13. Formation of 1,2-O-ethylidene-protected L-iduronic acid derivatives 76a and 

76b from 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide 74. 

 

There were more efforts to convert D-glucose to L-idose.70,71 For example, Bonnaffé and 

coworkers succeeded in conversion of D-glucose to L-iduronic acid starting from 1,2:5,6-di-O-

isopropylidene-α-D-glucofuranose 77 (Scheme 14).70 After protecting the O-3 with a benzyl 

group, they hydrolyzed the 5,6-O-isopropylidene regioselectively to afford 5,6-diol 78, which was 

cleaved using NaIO4 to afford the corresponding 5-aldehyde 79. To obtain the L-iduronic acid, 

they reacted the aldehyde with a bulky carbanion, which was generated from the deprotonation of 

tri(phenylthio)methane. The following nucleophilic addition provided exclusively the thioortho 

ester 80, which was cleaved by treatment with CuCl2/CuO to obtain the methyl L-idofuranuronate 
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ester 81. The subsequent acid-catalyzed removal of the 1,2-O-isopropylidene group from 

compound 81 afforded the crystalline 3-O-benzyl protected methyl L-idopyranuronate ester 82. A 

1,2-O-isopropylidene was further introduced to compound 82 to lock the pyranose form (→83) 

using highly reactive reagent 2-methoxypropene.  

 

Scheme 14. Formation of methyl 3-O-benzyl-1,2-O-isopropylidene-α-L-ido-

pyranosiduronate 83. 
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 Recently, Kulkarni and coworkers reported another synthesis of the 6-deoxy-L-

idopyranoside 89 from the easily accessible phenyl β-L-rhamnopyranoside 84 (Scheme 15).72 

Using organotin chemistry, regioselective 3-O-acetylation was carried out on triol 84, using 

Me2SnCl2/AcCl as reagent to afford compound 85 in 98% yield. The axial C-2 hydroxyl group 

was then regioselectively benzoylated to afford compound 86 with a free OH-4 group. Triflation 

of the alcohol of 86 followed by an SN2 displacement of the intermediate triflate provided the 6-

deoxy-L-taloside 87 in 75% yield. The mechanism of the triflate displacement was believed to be 

via the intramolecular mechanism from C-3 acetate from the bottom face of the ring. The OH-4 of 

87 was then protected with a 2,2,2-trichloroethoxycarbonyl (Troc) group, and followed by 

regioselective removal of the acetyl group to expose the equatorial OH-3 (88). Another triflation 

on the OH-3 followed by a nitrite anion mediated inversion afforded the 6-deoxy-L-idoside 89 in 

54% yield over two steps. 
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Scheme 15. Synthesis of 6-deoxy-L-idopyranoside 89 from phenyl β-L-rhamnopyranoside 

84. 

 

1.7.4 Previous attempt to synthesize of 6-deoxy--D-ido-heptopyranosides  

 Previously, a PhD graduate student from our group, Rachel Hevey had spent a considerable 

effort to construct the 6-deoxy-β-D-ido-heptopyranoside.73 She developed a unique approach to 

synthesize β-D-idopyanosides. However, she was unsuccessful in the 6-homologation to obtain the 

targeted 6-deoxy-β-D-ido-heptopyranoside. Below are summaries of results previously obtained 

from her thesis work. 

The key characteristic of Dr. Hevey’s approach was to convert β-D-galactopyranosides to 

β-D-idopyanosides by carrying out a double inversion at both the C-2 and C-3 centers. The method 

elegantly took advantage of the anomeric β-configuration that can be easily built into 
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galactopyranoside, and transferred to the desired β-anomeric configuration at the targeted β-D-

idopyanosides. For example, she started from the methyl 4,6-O-benzylidene-β-D-

galactopyranoside 90 (Scheme 16) which can be efficiently prepared from commercially available 

D-galactose in several steps. A dimesylation was carried out on both OH-2 and OH-3 which 

afforded the corresponding 2,3-dimesylate 91 in 67% yield. Subsequently, the dimesylate was 

treated with benzyloxide (generated in situ by reacting benzyl alcohol and potassium tert-butoxide) 

in benzyl alcohol to afford the corresponding 3-O-benzyl-4,6-O-benzylidene-β-D-idopyranoside 

93 directly in 47% yield. The low yield was attributed to the difficulty associated with the removal 

of benzyl alcohol. The 2,3-anhydro derivative (92) with a talo-cconfiguration was the intermediate 

and the methodology gave compound 93 as single product thus both the regio- and 

stereoselectivities were excellent.  

 

Scheme 16. Formation of methyl 3-O-benzyl-4,6-O-benzylidene-β-D-idopyranoside 93 from 

methyl 4,6-O-benzylidene-β-D-galactopyranoside 90. 
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The mechanism of the formation of 2,3-anhydro functionality from the 2,3-dimesylates 

were investigated in details (Scheme 17).74 It was reported that the 3-mesylate was regioselectively 

attacked by the benzyloxide at the electrophilic S centre to undergo a nucleophilic addition 

/elimination process, which was similar with a transesterification process of carboxylic esters. A 

3-desulfonylation happened to form a highly nucleophilic alkoxide intermediate, which 

intramolecularly attacked the electrophilic C-2 carbon center. After the departure of the C-2-

mesylate, the chirality at the C-3 center was inverted. The different behaviour of the two mesylates 

in 91 was further investigated and it was suggested that one of the oxygen atoms of C-3-mesylate 

could potentially bind to an alkali metal cation with the assistance of the neighboring oxygen at C-

4, which had a cis-relationship with the C-3-mesylate, thus favouring a chelated effect by 

coordinating to the alkali metal. The coordination resulted in an increase of the S=O bond, thus 

facilitating the regioselective attack on the S center, rather than a conventional attack on the 

electrophilic C-3 center. The subsequent base attack on the 2,3-anhydro functionality by the 

benzyloxide was also very regioselective, which exclusively occurred at C-3 center by following 

Fürst-Plattner rule,75 to form the β-D-idopyranoside product 93. 
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Scheme 17. Proposed mechanism for the β-D-idopyranoside formation from the methyl 4,6-

O-benzylidene-2,3-di-O-tosyl-β-D-galactopyranoside. 

 

The introduction of 4,6-O-benzylidene protecting group to 94 was considered to be 

important, as the addition of another 1,3-dioxane ring to the existing pyranosyl ring could reduce 

flexibility of the pyranosyl ring. To further investigate the roles the 4,6-O-benzylidene group 

played in the formation of β-D-idopyranosides, other substituted 4,6-O-benzylidene-protected β-

D-galactopyranosides bearing 2,3-disulfonates (p-tosyl or mesyl) (compounds 97a-c, 98) were also 

synthesized along with analogous substrates 99 and 100 that did not bear a 4,6-O-acetal protecting 

group (Scheme 18).76 It was found that all substrates with a 4,6-O-acetal protecting group reacted 

with potassium methoxide smoothly to provide the corresponding 4,6-O-acetal-3-O-methyl-β-D-

idopyranoside in high yield (73-84%) and excellent regioselectivity. However, for substrates that 
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did not possess a 4,6-O-acetal-protecting groups such as 99 and100, much lower yields of the 

corresponding β-D-idopyranosides were obtained (6-29%), along with some 2,3-anhydro 

intermediates and unchanged 2,3-dimesylates.  

 

 

Scheme 18. Synthesized 2,3-di-O-sulfonyl-β-D-galactopyranosides containing either a 4,6-O-

cyclic acetal or a 4,6-noncyclic protecting group for the investigation of synthesis of β-D-

idopyranosides. 

 

Having established an efficient methodology for the synthesis of β-D-idopyranosides, the 

methodology was further applied to the synthesis of more complex disaccharide 106 that had the 
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desired β-(1→4)-glycosidic linkage between β-D-idopyranoside and N-acetyl-D-glucosamine 

subunits (Scheme 19).73  

 

 

Scheme 19. Synthesis of disaccharide 106. 

 

To obtain the target, β-(1→4)-linked disaccharide 103 between a 4,6-O-benzylidene-

protected β-D-galactopyranoside and N-phthalimido protected D-glucosamine thioglycoside was 

first synthesized using the imidate chemistry and the desired thiodisaccharide 103 was obtained in 

80% yield. The thioglycoside 103 was then de-O-acetylated to afford the intermediate 2’3’-diol 
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104 which was then directly mesylated to afford the key 2’3’-dimesylate 105. Treatment of 2’,3’-

dimesylate 105 with benzyloxide as before followed by acetylation afforded the disaccharide 106 

with the expected 3′-O-benzyl-substituted β-D-idopyranosyl unit. 

A significant effort has been dedicated to the C-6 elongation from the prepared methyl 

2,3,4-tri-O-benzyl-β-D-idopyranoside 107 (Scheme 20).77 For example, Swern oxidation was first 

carried out on compound 107 to form the desired aldehyde 108 and Wittig olefination was then 

followed to extend the backbone by one carbon to obtain the alkene 109. However, when the 

compound 109 was subjected to conventional hydroboration, the desired product 110 was not 

formed. Instead, decomposition of starting material was observed.  

 

Scheme 20. C-6 homologation using hydroboration strategy. 

 

Alternatively, when the aldehyde 108 was subjected to Wittig olefination with a 

benzyloxymethylidene ylide (Ph3P=CHOBn), the desired product 112 was not formed (Scheme 

21). The reason of the failure of this reaction was due to base catalyzed β-elimination, as the 

undesired enal 111 was isolated. The structure of by-product 111 was confirmed by 1H, 13C and 

2D 1H-1H COSY and 1H-13C HSQC NMR experiments.  

 



 

46 

 

 

Scheme 21. Formation of enol ether 112 through Wittig reaction. 

 

 Ultimately, another route was attempted to extend the backbone of β-D-idopyranoside 107 

to obtain the corresponding 6-deoxy-β-D-ido-heptopyranoside 110, using the cyanide functionality 

(Scheme 22).  Starting from alcohol 107, the corresponding 6-p-tosylate 113 was prepared, and 

the 6-tosylate was then displaced with sodium cyanide to afford compound 114 in only 13% yield. 

Using tetra-n-butylammonium iodide or 18-crown-6 ether as catalyst did not help to improve the 

yield. Despite the poor yield in preparing the cyanide 114, attempt to reduce the cyanide to obtain 

the target compound 110 was carried out using DIBAL-H as the reducing agent. Unfortunately, 

the desired transformation did not happen.  

 

 

Scheme 22. Formation of 110 through intermediate cyanide 114. 
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1.8 Goal of my thesis work 

Based on the work of Dr. Hevey, the goal of my thesis project is to develop an improved 

synthesis to obtain the 6-deoxy-β-D-ido-heptopyranoside 115 and possibly the disaccharide 116. 

A 6-aminohexyl group is designed to incorporate at the anomeric centre to facilitate the future 

conjugation with a carrier protein for immunological studies.  

 

 

Figure 16. Synthetic targets of my thesis project. 

 

 In chapter 2 of this thesis, I will focus on the synthesis and characterization of compounds 

115 and 116. During my thesis research, I also developed an efficient method to regioselectively 

convert one of the two ketal groups fused to a galacto- and fructo- pyranosyl ring by acetolysis. In 

chapter 3, I will describe the details of this work and application of the methodology to the 

heptopyranosyl system. Chapter 4 includes some future work based on the obtained results. 

Chapter 5 will be dedicated to report experimental procedures of all new compounds synthesized 

from my MSc research.  



 

48 

 

Chapter Two: Synthesis of 6-deoxy--D-ido-heptopyranosides 

 

2.1 General strategy to synthesize 6-deoxy--D-ido-heptopyranosides related to C. jejuni     

HS:4 

Scheme 20-22 (in chapter 1) show a schematic representation of strategy used in our 

previous attempts to synthesize the challenging 6-deoxy-β-D-ido-heptopyranosides 115 from β-D-

galactopyranosides. We first established the β-anomeric configuration from an easily accessible 

hexose, the D-galactopyranoside, by taking advantage of the O-2 participating group. We then 

transformed the β-D-galactopyranoside to another key hexose, the β-D-idopyranoside, and finally 

attempted to carry out a 6-homologation to obtain the desired final target. Since the final step 

involved the formation of C-C bond, special functional groups such as the reactive aldehyde were 

needed to facilitate the subsequent Wittig olefination. However, the introduction of the C-6 

aldehyde complicated the chemistry, leading to undesired side reactions such as the β-elimination. 

Alternatively, by adjusting the strategy to SN2 nucleophilic substitution using cyanide as a 

nucleophile, the situation did not improve significantly, as the yield of cyanide substitution was 

very poor. The low yield could be the result of increased flexibility of the β-D-idopyranoside ring, 

which led to augmented steric hindrance around the C-6 position. Therefore, we planed to 

investigate in a new strategy, by extending the backbone of D-galactose first to obtain a 6-deoxy-

D-galacto-heptopyranose framework, and subsequently converting the D-galacto-configuration to 

the desired D-ido-configuration (Scheme 23). The new strategy should allow us to carry out 6-

homologation at the D-galactose stage, which is advantageous as the pyranose ring of D-galactose 

has lower flexibility than that of D-idose. In addition, we can lock the D-galactopyranose ring by 

fusing additional acetals ring to it. 
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Scheme 23. Improved strategy to synthesize 6-deoxy--D-ido-heptopyranosides. 

 

2.2 One-carbon 6-homologation at C-6 of α-D-galactopyranose 

 

 To test the feasibility of the new strategy, and most importantly, the viability of extending 

the backbone of D-galactose to obtain the desired D-galacto-heptopyranose, we first used the easily 

accessible 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose 118 (Scheme 24) to prepare the D-

galacto-heptopyranose 121 via Wittig olefination. Compound 118 can be easily prepared from the 

D-galactose 117 which has all the secondary hydroxyl groups protected by two acetonide groups. 

Moreover, both acetonide groups are fused to the pyranosyl ring, making compound 118 rather 

rigid. The primary hydroxyl group of compound 118 was oxidized with pyridium dichromate 
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(PDC)78 along with sodium acetate in dichloromethane to form the corresponding 6-aldehyde 119 

which was isolated and used directly for the subsequent Wittig olefination. Treatment of 

compound 119 with Ph3P=CH2
79 provided the desired alkene 120 in 74% yield. In the 1H NMR 

spectrum, three alkene protons were observed at 5.94, 5.37 and 5.28 ppm, which were assigned to 

be H-6, H-7a and H-7b. However, when the alkene 120 was subjected to hydroboration under 

standard reaction conditions,80-82 no desired product 121 was obtained. After work up, several 

spots were indeed isolated, but none of them had the characteristic 1H NMR signals that 

corresponding to the typical diastereotopic protons (H-6a and H-6b) at the C-6 position of expected 

heptose 121. The unsuccessful hydroboration was consistent to what was reported by Dr. Hevey.77 

Thus we did not investigate further.  
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Scheme 24. An attempted synthesis of heptose 121 via Wittig olefination and 

hydroboration. 

 

To avoid the use of hydroboration, we reattempted another Wittig olefination83 of aldehyde 

119 with Ph3P=CHOBn 123 which was obtained by deprotonating phosphonium salt 122 with 2.5 

M n-butyl lithium in THF. Fortunately, the desired benzylic enol ether 124a and 124b were formed 

and isolated as a mixture of ~50:50 E/Z mixtures in ~60% yield (Scheme 25).  The two isomers 

had very similar polarity, but by carefully increasing the polarity of the eluent (5→15% ethyl 

acetate−hexanes, containing 0.5% Et3N), a small amount of the 124a (E-isomer) and 124b (Z-

isomer) was isolated in pure form.  
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Scheme 25. Successful synthesis of heptose 121 using 123 as ylide. 

 

Figure 18 and 19 show the 1H-1H COSY spectra of 124a and 124b respectively. Important 

structural characteristics were revealed from their spectra. For example, the H-7 protons of both 

compounds were observed to be highly deshielded, (6.74 ppm for 124a, 6.22 ppm for 124b). The 

difference in J6,7 coupling constants allowed us to assign the stereochemistry of the alkene, with 

J6,7 of 124a measured to be 12.8 Hz, while J6,7 of 124b to be 6.2 Hz. The significant larger J6,7 

coupling constant of compound 124a confirmed its E-conformation, while the much smaller J6,7 

coupling constant of compound 124b indicated its Z-conformation.  
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Figure 17. 1H-1H COSY spectrum of benzylic enol ether 124a (CDCl3, 400 MHz, 298 K). 

 

 

 

Figure 18. 1H-1H COSY spectrum of benzylic enol ether 124b (CDCl3, 400 MHz, 298 K). 
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The benzylic enol ethers 124a/124b were then subjected to catalytic hydrogenation and 

hydrogenolysis using Pd(OH)2 as catalyst to reduce both the double bond and O-benzyl group 

simultaneously, affording the desired 6-deoxy-1,2;3,4-di-O-isopropylidene-D-galacto-

heptopyranosyl alcohol 121, which was isolated in 75% yield. The 1H NMR spectrum of 

compound 121 showed unique characteristics for the H-6a and H-6b, as the two protons were 

observed as multiplet at 2.00 and 1.80 ppm, respectively, and the two diastereotopic protons H-7a 

and H-7b were both found in a narrow region (3.74-3.88 ppm) (Figure 19).  

 

Figure 19. 1H NMR spectrum of heptose 121 (CDCl3, 400 MHz, 298 K). 

 

The 1H-13C HSQC correlation spectrum of compound 121 (Figure 20) revealed that both 

H-6a and H-6b correlated to a carbon signal (C-6) at 32.8 ppm while both H-7a and H-7b correlated 

to a carbon (C-7) at 59.9 ppm. Like in the case of the 1H NMR spectrum, the more deshielded 
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chemical shift of C-7 compared to that of C-6 confirmed the presence of a hydroxyl group on C-7 

but not on C-6. 

 

Figure 20. 1H-13C HSQC spectrum of 6-deoxy-D-galacto-heptopyranose 121 (CDCl3, 400 

MHz, 298 K). 

 

2.3 Synthesis of 6-deoxy-β-D-ido-heptopyranoside 115 

2.3.1 Retrosynthetic analysis of target 115 

With the methodology on 6-homologation of D-galactose established, we continued to 

design a strategy to synthesize the desired 6-deoxy-β-D-ido-heptopyranoside 115. Scheme 26 

shows the proposed retrosynthesis of target 115. We thought if we could use compounds 

124a/124b as the starting materials, we should obtain a partially deprotected intermediate 125 by 

removing all the acetonide protecting groups. It would be desirable to keep the O-benzyl protecting 
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group at C-7; therefore, we need to find a condition to selectively hydrogenate the alkene 

functionality of the Wittig products 124a/124b. After obtaining compound 125, we can follow a 

conventional sequence to activate the anomeric OH with an imidate (→126). A glycosylation 

reaction should introduce the anomeric 6-azidohexyl linker in the correct β-configuration to afford 

compound 127. Further multistep transformations should provide the key 2,3-epoxide 128 which 

could be attacked by a nucleophile to regioselectively and stereoselectively open the epoxide to 

obtain the desired 6-deoxy-β-D-ido-heptopyranoside 129 in protected form. The final step will 

involve the removal of all the protecting groups as well as the reduction of the azido functionality 

on the linker. 

 

Scheme 26. Retrosynthesis of targeted 6-deoxy-β-D-ido-heptopyranoside 115. 
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2.3.2 Synthesis of 6-deoxy-β-D-galacto-heptopyranoside 127 

Based on the retrosynthetic analysis, we started to find conditions that could allow a 

selective hydrogenation of the double bond of compounds 124a/124b, without affecting the O-

benzyl group. Previously, when the mixture of compounds 124a/124b was subjected to a 

hydrogenolysis with 20% Pd(OH)2-C as catalyst in methanol, after 24 hours, both isomers were 

cleanly converted to compound 121 which had both the alkene and O-benzyl group removed. We 

thus decided to monitor the progress of the reaction. Indeed, after subjecting the mixture to the 

same reaction conditions for one hour, we observed a major product with Rf of 0.64 (EtOAc : 

hexane: 1 : 4) was formed, and the new compound was slightly less polar than the starting materials 

(Rf = 0.62, EtOAc : hexane: 1 : 4). The reaction was then stopped and the newly formed product 

was isolated in 96% yield by simple filtration. To our delight, the 1H NMR spectrum of the new 

product proved that it was a pure compound with a loss of the alkene functionality thus it 

corresponded to the structure of the expected compound 130. The characteristic protons of the 

benzylic protons were observed at 4.55 ppm (d, J = 11.8 Hz) and 4.49 ppm (d, J = 11.8 Hz) 

respectively. In addition, two sets of protons signals were observed at highly shielded region at 

1.97 ppm (dddd, 1H, J = 13.9, 9.5, 5.3, 4.9 Hz, H-6a) and 1.90 ppm (dddd, 1H, J = 14.2, 9.8, 5.3, 

4.9 Hz, H-6b), which corresponded to the diastereotopic H-6a/H-6b protons of compound 130.  
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Scheme 27. Synthesis of the imidate donor 126 and subsequent conversion to 6-deoxy-β-D-

galacto-heptopyranosides 127a and 127b. 

 

Apparently, the double bond of the benzylic enol ether 124a and 124b was preferentially 

reacted before the cleavage of O-benzyl group. However, when this reaction was performed on a 

large scale (> 2 g), about 20% product 121 was observed which was subjected to O-benzylation 

again to obtain the desire product 130.  

The two isopropylidene groups of compound 130 were then removed under acidic 

conditions by heating a solution of the compound in 50% acetic acid - water to 80 °C for 8 hours 
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(Scheme 27). The solution was then evaporated and the obtained intermediate, presumably the 

tetraol 125 was not purified, but subjected to a full acetylation using acetic anhydride-pyridine as 

the reagent. The per-acetylated compound 131 was formed as α/β-mixture in 93% yield over two 

steps.  

To convert compound 131 to the more reactive glycosyl donor such as the 

trichloroactimidate 126, the anomeric O-acetate of compound 131 was regioselectively removed 

in 85% yield using hydrazinium acetate84 in DMF. The obtained hemiacetal 132 was converted to 

the desired trichloroactimidate 126 by reacting it with trichloroacetonitrile in dichloromethane in 

the presence of anhydrous potassium carbonate.85 Since the imidate was sensitive to acidity of the 

silica gel, the crude compound 126 was used directly for the subsequent glycosylation without 

column chromatography, after quick work up of the reaction mixture by extraction between ethyl 

acetate and brine.  

The glycosylation of imidate 126 was carried out with the previously known 6-

azidohexanol 133 (5 equiv.) in anhydrous dichloromethane at -40 → 0°C, using TMSOTf as a 

promoter in the presence of 4 Ǻ molecular sieves.86,87 Surprisingly, the expected 6-azidohexyl 

2,3,4-tri-O-acetyl-7-O-benzyl-6-deoxy-β-D-galacto-heptopyranoside 127a was not the compound 

isolated. Instead an analog (127b) with a loss of 2-O-acetyl group was obtained in pure form. This 

unexpected result was indeed very beneficial to our synthesis of final 6-deoxy-β-D-ido-

heptopyranoside, as the free alcohol at C-2 could be selectively activated with a mesylate to 

facilitate the formation of 2,3-anhydro-β-D-talo-heptopyranoside 128 (see later).  

It is worth noting that the outcome of the glycosylation reaction could vary when different 

amounts of alcohol (133) were used. For example, when 1.5 equivalents of alcohol (133) were 
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used during the glycosylation reaction of imidate 126, compounds 127a and 127b were obtained 

in a 1.7:1 ratio.  

 Both 1H NMR (Figure 21) and 1H-1H COSY (Figure 22) spectra confirmed the structure 

of compound 127b. For example, the anomeric proton of compound 127b was observed as a 

doublet at 4.29 ppm with a large coupling constant (J1,2 = 7.7 Hz), which confirmed the β-anomeric 

configuration. On the other hand, the proton H-2 was observed at 3.78 ppm as a doublet of doublets 

and its chemical shift was too shielded to be attached to an acetyl group. Normally, the chemical 

shifts of H’s attached to the carbon of a secondary alcohol are observed at greater than ~4.7 ppm 

if the secondary alcohol is O-acetylated. For example, in compound 127b, its H-3 and H-4 were 

observed at 4.96 and 5.30 ppm, respectively, because the associated secondary alcohols were both 

acetylated. Furthermore, a broad peak at 2.31 ppm was observed which was assigned to be the 

OH-2 of compound 127b. 
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Figure 21. 1H NMR spectrum of compound 127b (CDCl3, 400 MHz, 298 K). 
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Figure 22. 1H-1H COSY NMR spectrum of compound 127b (CDCl3, 400 MHz, 298 K). 

 

 The reason for the regioselective loss of 2-O-acetyl group is not clear. But one possible 

pathway is proposed as shown in Scheme 28.88 As illustrated, after activation by TMSOTf, the 

imidate 125 was converted to the reactive oxacarbenium ion, which could be stabilized by 

participation of the O-2-acetyl group, forming an intermediate bicyclic oxonium ion. After this 

step, the alcohol 133 could: (a) attack the anomeric carbon from the top face (path A) which should 

lead to the formation of expected compound 127a; (b) attack the electrophilic centre of the O-2-

acetate (path B), which led to the formation of an orthoester. After a proton transfer to the 

anomeric oxygen, a second molecule of alcohol 133 could attack from the top face, resulting in 
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the formation of the β-glycoside and an orthoacetic acid functionality which could ultimately be 

hydrolyzed to release the free OH-2 group, forming the observed compound 127b.   

 

 

Scheme 28. A proposed pathway to form 6-deoxy-β-D-galacto-heptopyranoside 127b. 

 

2.3.3 Synthesis of 6-deoxy-β-D-ido-heptopyranoside 129a and 129b  

With the availability of unexpected glycoside 127b, we next proceeded to activate the free 

OH-2 with mesylation using mesyl chloride in anhydrous pyridine, and the desired 2-mesylate 134 

was isolated in 91% yield. Compound 134 was subsequently dissolved in benzyl alcohol, and 

treated with potassium tert-butoxide. A proton exchange between benzyl alcohol and potassium 
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tert-butoxide took place, producing the reactive potassium benzyloxide which simultaneously 

catalyzed the transesterification to remove the acetyl groups at both O-3 and O-4 and subsequently 

induced the 2,3-epoxidation. Finally, nucleophilically attack of the 2,3-epoxide by the benzyloxide 

in a regioselective manner formed the desired 6-azidohexyl 3,7-di-O-benzyl-6-deoxy-β-D-ido-

heptopyranoside 129a. Indeed, when we carried out an experiment using 5 equivalents of 

potassium tert-butoxide, after stirring at 60° C for 10 hours, the desired compound 129a was 

isolated in ~60% yield. If the reaction was carried out at a lower temperature and stopped at a 

shorter time, the intermediates could be isolated. For example, when the reaction was carried out 

at room temperature for 1 hour, the diol 135 was isolated in 75% yield. If the reaction was 

quenched after 12 hours at room temperature, the epoxide 128 was isolated in 86% yield. 

Apparently, the opening of the epoxide 128 by benzyloxide proceeded very slowly at room 

temperature and required a higher temperature (60°C). 

In a similar manner, we also carried out the conversion of 2-mesylate 134 to another 6-

deoxy-β-D-ido-heptopyranoside in allyl alcohol using potassium tert-butoxide as a base (Scheme 

29). This afforded the 6-azidohexyl 3-O-allyl-7-O-benzyl-6-deoxy-β-D-ido-heptopyranoside 129b 

in similar yield as 129a.  
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Scheme 29. Formation of 6-deoxy-β-D-ido-heptopyranosides 129a and 129b. 

The NMR spectra of the epoxide intermediate 128 (Figure 23-25) shows some valuable 

structural features. For example, the H-1 appeared as a singlet at 4.72 ppm, thus the J1,2 was very 

small (≈ 0 Hz), confirming the anomeric O and the O of the expoxide functionality had a cis-

relationship, which defined a dihedral angle between H-1 and H-2 to be ~60°. According to the 

Karplus equation,89,90 this dihedral angle indeed correlated to a very small coupling constant (~ 0 

Hz). The H-4 appeared as a doublet of doublets of doublets, which could be explained by the 

coupling to H-3, H-5 and the proton of the free hydroxyl group.  In the 1H-1H COSY spectrum 

(Figure 24), a correlation was observed between H-4 and a doublet at 2.45 ppm which was 

assigned to be the free hydroxyl group (OH-4). While a quite large coupling constant JH-4,OH-4 = 

11.6 Hz was observed, which revealed a large dihedral angle (~180°) between H-4 and H of the 

OH-4, suggesting the OH-4 group was projecting toward the direction of the epoxide oxygen 

probably by forming a hydrogen bond. A doublet was observed at 3.30 ppm which was assigned 
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to be H-2. With the help of 1H-13C HSQC, we were able to identify H-3 to be at 3.57 ppm and H-

5 to be at 3.53 ppm. Both H-3 and H-5 were overlapped with H-7a and H-7b. The C-13 NMR 

resonanced of the two epoxide C’s (C-2 and C-3) were observed to be less deshielded than other 

secondary C’s of the pyranosyl ring at 54.2 ppm and 52.9 ppm while C-5 was observed at 74.2 

ppm. All these results agreed with previous studies conducted by Dr. Hevey on a related 2,3-

anhydro-β-D-talopyranoside.77 

 

Figure 23. 1H NMR spectrum of the epoxide 128 (CDCl3, 400 MHz, 298 K). 
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Figure 24. 1H-1H COSY spectrum of the epoxide 128 (CDCl3, 400 MHz, 298 K). 
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Figure 25. 1H-13C HSQC spectrum of the epoxide 128 (CDCl3, 400 MHz, 298 K). 

 

2.3.4 NMR studies of 6-deoxy-β-D-ido-heptopyranoside 129a 

The success in constructing the 6-deoxy-β-D-ido-heptopyranosyl configuration was 

confirmed by NMR experiments based on its unique 3JH, H coupling constants which provided 

evidence of the stereochemistry of the molecule of 129a.  

As shown in Figure 26, in the 4C1 chair form of the pyranoside of compound 129a, the 

substituents at both the anomeric and C-5 centres are among the largest and they are both 

occupying an equatorial position, suggesting that the 4C1 chair form could be the predominant form 

in solution. The protons on the pyranosyl ring are observed to occupy either an axial (H-1 and H-
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5) or equatorial position (H-2, H-3 and H-4), thus their dihedral angles are all observed to be ~60°. 

According to the Karplus curve,89,90 this should correspond to a small coupling constant in each 

case.  

 

Figure 26. All dihedral angles between adjacent protons (H-1, H-2, H-3, H-4, H-5) of 

compound 129a are observed to be close to ~60° in the 4C1 pyranosyl form, which 

correspond to small coupling constants. 

 

Figures 27-29 show the 1H, 1H-1H COSY and 1H-13C HSQC spectra of compound 129a. 

The anomeric proton was observed at 4.68 ppm as a doublet with a very small coupling constant 

(J1,2 = 0.7 Hz). H-3 was observed at 3.91 ppm as a doublet of doublets (J2,3 ≈ J3,4 ≈ 2.6 Hz), and H-

5 was observed at 4.03 ppm as a doublet of doublets of doublets (J4,5 < 1 Hz, J5,6a = 5.1 Hz, J5,6b = 

8.2 Hz). On the other hand, the other two protons that had unprotected hydroxyl group neighbor, 

H-2 and H-4 were respectively observed at 3.81 ppm and 3.53 ppm. Analysis of their coupling 

patterns showed that they both coupled with the neighboring protons in small coupling constants 

(< 4.2 Hz). As a matter of fact, small coupling constants are usually too small to be accurately 

measured. Both H-2 and H-4 coupled with the protons of their attached hydroxyl groups. For 

example, from the 1H-1H COSY spectrum, the OH-2 was observed as a doublet at 2.75 ppm (J2, 

OH-2 = 2.0 Hz), while OH-4 was observed to be very near H-4 at 3.48 ppm. Unfortunately, the 
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coupling constant of J4, OH-4 could not be accurately measured due to overlapping with one of the 

diastereotopic protons of the aglycone chain (OCHa). 

The observation of small coupling constants among all adjacent protons on the pyranose 

ring was consistent with the small dihedral angles among adjacent protons in ido-configuration. 

The above analysis confirmed the success of the benzyloxide-mediated conversion of compound 

134 to 129a. 

 

 

Figure 27. 1H NMR spectrum of 129a recorded in CDCl3 (400 MHz, 298 K). 

 

From the 1H-13C HSQC spectrum of the 6-deoxy--D-ido-heptopyranoside 129a, the 

correlation of H-1 and C-1 could be found at (4.58 ppm, 98.6 ppm). While the peak of H-2, H-3, 

H-4, H-5, H-6 and H-7 could be identified by analyzing the 1H-1H COSY spectrum.   
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The NMR spectra of allyl analog 129b showed similar coupling characteristics as 129a. 

 

Table 1. Summary of observed 1H and 13C NMR data of some key nuclei in 6-deoxy--D-

ido-heptopyranosides 129a and 129b. 

 H-1 H-2 H-3 H-4 H-5 H-6a H-6b H-7a, H-

7b 

129a 4.68 

(d) 

J = 

0.7 

Hz, 

3.78 

(broad) 

3.91 

(dd) 

J = 2.6, 

2.6 Hz 

3.53-3.48 

(m) 

over-

lapped 

4.03 

(dd) 

J = 8.5, 

5.2 Hz 

2.12 

(dddd) 

J = 18.0, 

13.9, 

9.5, 5.5 

Hz 

1.98 

(dddd) 

J = 18.5, 

12.9, 

9.3, 5.45 

Hz 

3.69-

3.63 

(m), 

over-

lapped 

 OH-2 

2.75 

(2Hz) 

 OH-4 

3.48 

    

129b 4.64 

(d) 

J = 

1.1 

Hz, 

3.77 

(broad) 

3.82 

(dd) 

J = 2.6, 

1.7 Hz 

3.50-3.47 

(m) 

overlappe

d 

3.98 

(dd) 

J = 8.5, 

5.1, <1 

Hz 

2.09 

(dddd) 

J = 18.0, 

13.9, 

9.5, 5.5 

Hz 

1.94 

(dddd) 

J = 18.5, 

12.9, 

9.3, 5.5 

Hz 

3.67-

3.60 

(m), 

overlapp

ed 

 OH-2 

2.77 

2.75 

(d) 

J = 

2.0 Hz 

 OH-4 

3.47 

(m) 

over-

lapped 

    

 

 C-1 C-2 C-3 C-4 C-5 C-6 C-7 

129a 98.4 68.9 76.4 68.0 71.2 31.0 66.3 

129b 98.4 68.9 76.1 68.0 71.1 31.0 66.3 
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Figure 28. 1H-1H COSY NMR spectrum of 6-deoxy--D-ido-heptopyranoside 129a (CDCl3, 

400 MHz, 298 K). 
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Figure 29. 1H-13C HSQC NMR spectrum of 6-deoxy--D-ido-heptopyranoside 129a (CDCl3, 

400 MHz, 298 K). 

 

2.3.5 An alternative route to synthesize 6-deoxy-β-D-ido-heptopyranosides 129a and 129b via 

the key 2-mesylate of 6-deoxy-β-D-galacto-heptopyranoside 135  

The glycosylation reaction of D-galacto-heptopyransyl imidate 125 with a large excess (5 

equiv.) amount of the inexpensive alcohol 133 provided the unexpected 2-hydroxy-D-galacto-

heptopyranoside 127b, which was valuable as we were able to directly activate the O2 position by 

converting it to a mesylate. However, this result was only limited to the use of imidate donor and 

was not consistent when the amount of alcohol 133 was reduced to 1.5 equiv., where the 2-O-

acetyl-protected glycoside 127a was also formed. In order to obtain consistent results of the 

glycosylation reaction, a modified route was needed to convert the 2-O-acetyl group to the 2-O-
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mesyl group of the 6-deoxy-D-galacto-heptopyranside. We thus studied the conversion of 

compound 131, the 2,3,4-tri-O-acetyl-7-O-benzyl-α/β-D-galacto-heptopyanose to the key 2-

mesylate 135.  

As shown in Scheme 30, the α/β-anomeric O-acetates of compound 131 (α/β = 38:62) was 

first converted to the corresponding p-chlorophenyl thioglycoside 136 in 76% yield, also as α/β-

anomeric mixture (α/β = 12:88).91 The reaction was carried out by reacting compound 131 with p-

chlorothiophenol in anhydrous dichloromethane using boron trifluoride diethyl etherate 

(BF3·OEt2) as catalyst. The thioglycoside 136 was then glycosidated with the linker 133 (5 equiv) 

using N-iodosuccinimide (NIS) / trifluromethanesulfonic acid (TfOH) as a promoter in the 

presence of 4 Å molecular sieves.92-94 The reaction was initiated at -40°C and gradually warmed 

to room temperature. Despite the use of 5-fold excess of alcohol 133, the glycosylation reaction 

afforded the 6-azidohexyl-6-deoxy-2,3,4-tri-O-acetyl-7-O-benzyl-β-D-galacto-heptopyranoside 

127a exclusively in 75% yield. This result was in sharp contrast to the glycosylation reaction of 

trichloroacetimidate donor 126, as no 2-O-deacetylated product 127b was isolated. Nevertheless, 

compound 127a was subjected to a Zemplén transesterification to remove all the O-acetates, and 

the triol 137 was isolated. The 3,4-cis-diol functionality of compound 137 was then protected as 

isopropylidene derivative by treatment with 2,2-dimethoxypropane in acetone using 

camphorsulfonic acid (CSA) 95 as catalyst to afford the desired mono-ol 138 in 90% yield. A 

mesylation was carried out on the unprotected 2-alcohol 138 using standard conditions to provide 

the corresponding 2-mesylate 139, which was isolated in 90% yield for two steps by 

chromatography on silica gel using a gradient of 15-25% of ethyl acetate-hexane as eluent. The 

3,4-O-isopropylidene acetal was finally hydrolyzed by heating compound 139 in a mixture of 50% 
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acetic acid – water to 80°C for 12 hours, and the desired compound 135 was obtained in 85% yield 

by column chromatography on silica gel using 30% ethyl acetate−hexanes as eluent. 

 

Scheme 30. An alternative route to synthesize 7-O-benzyl-6-deoxy-2-O-methanesulfonyl-β-

D-galacto-heptopyranosides 135. 

 

With the regioselectively activated 2-mesylate 135 in hand, the corresponding 6-deoxy-β-

D-ido-heptopyranosides 129a and 129b could be prepared as above.  

he6-deoxy--D-ido-heptopyranoside 129a was finally subjected to hydrogenolysis to 

remove the benzyl protecting group along with the azide functionality on the aglycone to afford 

the final product 115.96 The reaction was initially conducted in methanol using palladium 
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hydroxide Pd(OH)2 as catalyst. However, partially N-methylated side products 140a (8.1%) and 

140b (3.0%) were also formed along with the desired compound 115 (88.9%) based on integration 

of the crude 1H NMR spectrum. The partial N-methylations appeared to be a general problem 

observed in our group during catalytic hydrogenation of azides (either using Pd(OH)2/C or Pd/C 

as a catalyst), and has been reported recently.97 One explanation for this phenonmeon was due to 

the presence of trace amount of formaldehyde in commercial methanol. However, it was also 

observed that N-methylations still occurred even when using redistilled methanol.   

 

 

Scheme 31. Formation of the target compound 115. 

 

Unfortunately, it was difficult to separate the formed side products 140a/140b from desired 

compound 115 by silica gel column chromatography, and the obtained amount was too small, so 

no extensive effort has been dedicated to the separation. 
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Both 1H NMR spectroscopy and ESI-QTOF HRMS provided proof for the formation of 

compound 140a/140b. For example, in the 1H NMR spectrum of the obtained crude mixture, a 

singlet at 2.7 ppm and another singlet at 2.88 ppm were observed, which were assigned to be the 

N-methyl group(s) of compound 140a and 140b respectively. In the ESI-QTOF HRMS, the m/z of 

expected compound 115 was observed at 294.1908 (calc. m/z for C13H27NO6 (M + H)+ : 294.1911). 

However, the peaks corresponding to the m/z’s of partially N-methylated compounds 140a and 

140b were also observed at 308.2065 (calc. m/z for C14H29NO6 (M + H)+ : 308.1995) and 322.2218 

(calc. m/z for C15H31NO6 (M + H)+ : 322.2155) respectively. 
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Figure 30. 1H NMR spectrum of crude mixture obtained from the catalytic hydrogenation 

of compound 129a confirmed the expected compound 115 (major) as well as partially N-

methylated products 140a/140b (D2O, 400 MHz, 298 K). 

 

As an alternative, Birch reduction98-101 was adopted to remove the benzyl groups as well 

as reduce the azide to amine (Scheme 31). Sodium was first added to liquid ammonia which was 

cooled to -78°C. After dissolution of the sodium metal, a solution of6-deoxy--D-ido-

heptopyranoside 129a in THF was then added to the liquid ammonia solution. The reaction was 

worked up after one hour to afford the desired compound 115 which was isolated by gel filtration. 

As can be seen from the NMR spectra, the product 115 obtained from Birch reduction was much 

cleaner. No partially N-methylated products were observed. From the 1H NMR and 1H-13C HSQC 

spectra (Figure 31 and 32), the anomeric proton (H-1) was found at 4.72 ppm which correlated 

with the anomeric carbon (C-1) at 99.0 ppm. The small 3J1,2 =1.4 Hz confirmed the 1,2-cis-β-

anomeric configuration, while the H-2 proton was observed at 3.43 ppm as a broad singlet, due to 

the small coupling between H-2 with H-3. 
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Figure 31. 1H NMR spectrum of 6-deoxy--D-ido-heptopyranoside 115 (D2O, 400 MHz, 298 

K). 



 

80 

 

 

 

Figure 32. 1H-13C HSQC spectrum of 6-deoxy--D-ido-heptopyranoside 115 (D2O, 400 

MHz, 298 K). 

 

 

2.4 Synthesis of disaccharide 116 

2.4.1 Retrosynthesis of the disaccharide 116 

 After the successful synthesis of 6-deoxy-β-D-ido-heptopyranoside 115, we continued our 

efforts on the synthesis of disaccharide 116 which has the 6-deoxy-β-D-ido-heptopyranosyl unit 
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linked to the O4-position of an N-acetyl-β-D-glucosamine unit. Retrosynthetic analysis (Scheme 

32) shows how the target disaccharide could be obtained from the fully protected thioglycoside 

donor 145 which has the 6-deoxy-D-galacto-heptopyranosyl configuration and the N-phthalimido 

protected D-glucosamine acceptor 144. Similarly, the desired β-linkage could be formed by 

introducing an O2-acetyl neighbouring participating group to form the key disaccharide 143. After 

swapping the 2-O-acetyl group to the 2-O-mesyl group on the disaccharide ( 142), the ido-

configuration in the fully protected disaccharide 141 could be readily constructed using the same 

base-catalyzed cyclization and regioselective opening of the intermediate 2,3-epoxide. To avoid 

complexation, we choose to use benzyl as protecting group to block the O3, O6 position of the D-

glucosamine unit. 
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Scheme 32. Retrosynthetic analysis of target disaccharide 116. 

 

2.4.2 Synthesis of the D-glucosamine acceptor 144 

Synthesis of the D-glucosamine acceptor 144 started with commercially available D-

glucosamine hydrochloride 146 (Scheme 33). By following a literature procedure,91 we first 

prepared the thioglycoside donor 148 via an efficient 3-step reaction sequence. Glycosylation 

reaction of the thioglycoside 148 with the alcohol 133 was carried out in anhydrous 

dichloromethane using NIS / TfOH as promoter, to provide the desired β-glycoside 149 in very 

high yield (86%). The O-acetyl protecting groups were then removed using guanidine/guanidinium 
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buffer91 in methanol because the reaction condition was mild enough to keep the N-phthalimido 

group intact (150). The obtained crude triol 150 was directly converted to the 4,6-O-benzylidene 

derivative 151 by reacting it with benzaldehyde dimethyl acetal under standard transacetalation 

conditions. The combined yield for the two steps was 82%. After protecting the OH-3 with benzyl 

bromide in DMF using sodium hydride as base (151, 96% yield), the 4,6-O-benzylidene group 

was regioselectively opened with triethylsilane / boron trifluoride diethyl etherate to provide the 

target acceptor 144 in 76% yield. 102,103    

 

Scheme 33. Synthetic route of acceptor 144 from commercially available D-glucosamine 

hydrochloride 146. 
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The structure of the acceptor 144 was confirmed by 1D and 2D NMR experiments. For 

example, Figure 33 shows the 1H-1H COSY spectrum of the acceptor. The anomeric H-1 was 

observed at 5.13 ppm with a large coupling constant J1,2 = 8.3 Hz, which confirmed the trans-

diaxial relationship between H-1 and H-2, suggesting a β-anomeric configuration. The OH-4 was 

observed at 2.94 ppm, which was found to correlate with H-4 at 3.60 ppm.  

 

 

Figure 33. 1H-1H COSY spectrum of acceptor 146 (CDCl3, 400 MHz, 298 K). 

 

2.4.3 Synthesis of 6-deoxy-D-galacto-heptopyranosyl donor 145 

Synthesis of the 6-deoxy-D-galacto-heptopyranosyl donor 145 was started from the 

previously prepared thioglycoside 136 (Scheme 33). A transesterification was carried out in 
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quantitative yield with sodium methoxide in methanol to afford triol 153. The O3,O4-cis-diol of 

compound 153 was then regioselectively protected with 2,2-dimethoxypropane in acetone in the 

presence of a catalytic amount of CSA, to provide the 3,4-O-isopropylidene protected heptose 154 

in excellent yield. The remaining OH-2 was acetylated, leading to the formation of target glycosyl 

donor 145. 

 

Scheme 34. Synthesis of 6-deoxy-D-galacto-heptopyranosyl donor 145. 

 

2.4.4 Synthesis of targeted disaccharide 116 

 With both 6-deoxy-D-galacto-heptopyranosyl thioglycoside 145 and D-glucosamine 

acceptor 144 in hand, we proceeded to study their coupling using an excess amount of acceptor 

(145/144 = 1/1.5) and NIS / TfOH as the promoting conditions.104,105 The reaction was carried out 

in anhydrous dichloromethane in the presence of 4Ǻ molecular sieves at -50° C. After two hours, 

the reaction was quenched with triethylamine, and the desired disaccharide 155 was isolated by 

column chromatography in moderate yield (53%), along with some unconsumed acceptor 

(Scheme 35). It was observed that the thioglycoside donor 145 was very reactive, probably due to 
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the high ring strain originating from the fused isopropylidene protecting group. On the other hand, 

the glycosyl acceptor 144 was much less reactive, probably due to an increased steric hindrance at 

the OH-4 center resulting from the presence of a large phthalimido group at C-2 which forced the 

O3-benzyl to adopt the conformation that sterically shielded OH-4. 

 

Scheme 35. Synthesis of target disaccharide 141. 

 

The structure of the disaccharide 143 was studied in detail using 1D and 2D NMR 

experiments. Figures 34 and 35 show the 1H-1H COSY and 1H-13C HSQC spectra of the 

compound 143. As can be seen, there were two protons at 4.34 and 5.07 ppm, which were 
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respectively assigned to be the anomeric proton (H-1’) of the 6-deoxy-D-galacto-heptopyranosyl 

unit and the anomeric proton (H-1) of the D-glucosamine unit. The β-anomeric configuration of 

the newly formed glycoside was confirmed by the large J1’,2’ coupling constant (8.4 Hz). This 

assignment was supported by the observation of a correlation peak at (4.34 ppm, 4.94 ppm) in the 

1H-1H COSY spectrum, which was assigned to be the correlation between H-1’ and H-2’. The 

presence of the electron-withdrawing acetyl group on O2’ characteristically deshielded the H-2’ 

proton, which was usually observed near the ~5 ppm region. Additionally, the H-2 proton of the 

glucosamine unit was observed at 4.20 ppm and it correlated to a carbon resonating at 55.8 ppm, 

which was typical for a secondary carbon attached to a nitrogen atom.   

 

 

Figure 34. 1H-1H COSY spectrum of the disaccharide 143 (CDCl3, 400 MHz, 298 K). 
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Figure 35. 1H-13C HSQC spectrum of the disaccharide 143 (CDCl3, 400 MHz, 298 K). 

 

After the structure of the disaccharide 143 was confirmed, we proceeded to the removal of 

the O2’-acetyl protecting group using the conventional Zemplén transesterification (155, 86% 

yield). This was followed by a mesylation step under standard condition to afford the O2’-activated 

disaccharide 156 which was isolated in 75% yield. The 3’,4’-O-isopropylidene was subsequently 

hydrolyzed using 50% acetic acid in water at 80 °C to provide the diol 142, which was the key 

intermediate for the formation of ido configuration. Partial degradation was observed if the 

reaction mixture was subjected to heating at higher temperature, probably due to the instability of 

the mesylate group.  
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The diol 142 was then treated with potassium tert-butoxide in benzyl alcohol at 60 °C for 

6 hours, to afford the desired 6-deoxy-β-D-ido-heptopyranosyl disaccharide 141. However, partial 

opening of the phthalimido-protecting group was detected during the reaction, as evidenced by the 

observation of an intermediate with high polarity on TLC (DCM : MeOH = 9 : 1, Rf = 0.45). This 

phenomenon was also previously observed by Dr. Hevey.77 The partially opened phthalimido-

protecting group could be closed by treating the intermediate mixture with acetic anhydride in 

pyridine at 70 °C for 12 hours to afford the desired disaccharide 141 in 51% yield,106 isolated by 

column chromatography on silica gel using a gradient of 20 30% ethyl acetate- dichloromethane 

as the eluent. 

As above, the structure of the 6-deoxy-β-D-ido-heptopyranosyl disaccharide 141 was 

confirmed by 1D and 2D NMR experiments (Figure 36 and 37).  As can be seen from the 1H-13C 

HSQC (Figure 37), both anomeric protons were observed at 5.09 ppm and they were mostly 

overlapped. However, based on their coupling patterns from the 1D spectrum (Figure 36), we 

could still distinguish the two anomeric protons as each of them appeared as a doublet with a 

distinct coupling constant. One of them had a very small coupling ((J1’,2’ = 1.1 Hz), which was 

assigned to be the anomeric proton (H-1’) of newly formed 6-deoxy-β-D-ido-heptopyranosyl unit. 

The small coupling constant with H-2’ was consistent with the β-anomeric configuration. The 

second anomeric proton had a large coupling constant (J1,2 = 8.4 Hz); this was assigned to be the 

one of the reducing end β-D-glucosamine unit. Additionally, based on 1H-1H COSY NMR 

spectrum (not shown), the H-2’, H-3’ and H-4’ of the 6-deoxy-β-D-ido-heptopyranosyl unit were 

observed at 5.00, 3.84, 4.73 ppm respectively, and all observed coupling constants were small (< 

3 Hz), which correlated well with the axial configurations of the substituents at each stereocenter. 
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Finally, the ESI-QTOF HRMS also confirmed the structure of the compound 141, as the sodium 

adduct of the expected molecular ion was observed at m/z 989.4517 (calcd m/z for C53H66N4O13 

(M + Na)+: 989.4519). 

 

 

Figure 36. 1H NMR spectrum of compound 141 (CDCl3, 400 MHz, 298 K). 
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Figure 37. 1H-13C HSQC NMR spectrum of compound 141 (CDCl3, 400 MHz, 298 K). 

  

With the structure of fully protected disaccharide 141 confirmed, we proceeded to the 

global deprotection of the compound to prepare the final disaccharide 116. Compound 141 was 

first reacted with an excess of hydrazine monohydrate in refluxing 95% ethanol for 24 hours to 

achieve removal of the N-phthalimido group as well as the O-acetates.107 The reaction mixture was 

evaporated and fully acetylated to afford the 2-acetamido-substituted disaccharide 157, which was 

then subjected to a Zemplén transesterification to remove all the acetate esters. After removing all 

the salts with cationic exchange resin (Amberlite IR-120H), the desired compound 158 was 

obtained in 76% yield. 

The successful exchange of the N-phthalimido group with N-acetamido group was 

confirmed by its 1H NMR spectrum which showed a singlet at 1.86 ppm (Ac). Furthermore, the 
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ESI-QTOF HRMS confirmed the structure of compound 158 (calcd m/z for C49H63N4O11 (M + 

Na)+: 905.4307; found: 905.4312). 

 

Scheme 36. Global deprotection of disaccharide 141 to obtain final disaccharide 116. 

 

 

Lastly, the disaccharide 158 was subjected to a Birch reduction as in the case of the 

monosaccharide 115. The reaction was carried out at -40° C and after 1 hour, the reaction was 

quenched with the addition of methanol. After evaporating the mixture to dryness, the obtained 

mixture was purified by gel filtration chromatography on Sephdex LH-20 using MeOH as the 

eluent. The desired disaccharide 116 was obtained without N-methylated side products. The 

structure of the fully deprotected disaccharide 116 was confirmed by NMR spectroscopy and by 

mass spectrometry. From the 1H NMR spectrum (Figure 38), the peak of H-1’ was observed at 

4.96 ppm as a singlet. The peak of H-1 was observed at 4.47 ppm as a doublet. Since most of the 
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peaks overlapped with others, it was impossible to figure out the coupling constant of each peak. 

With the help of 1H-1H COSY NMR and 1H-13C HSQC NMR, the peaks were fully assigned. In 

the ESI-QTOF of the compound 116, we also observed the expected proton adduct with m/z of 

497.2632, which corresponded to the molecular formula of C21H40N2O11 (M + H)+ (calcd m/z for 

497.2708).  

However, both from 13C NMR and 1H-13C HSQC NMR spectra (Figure 39), we could find 

peaks of extra carbons which meant that there was another compound present. It was difficult to 

find the structure of this compound from the NMR spectra, but in the ESI-QTOF HRMS we found 

a peak of 321.2022 which corresponded to the glycosamine derivative proton adduct with m/z of 

321.1947. The reason for the fragmentation was not clear, but the fragmentation of a β-mannoside-

containing oligosaccharide was observed under Birch reduction.100 
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Figure 38. 1H NMR spectrum of compound 116 (D2O, 400 MHz, 298 K). 
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Figure 39. 1H-13C HSQC NMR spectrum of compound 116 (D2O, 400 MHz, 298 K). 

 

2.5 Conclusion 

In this chapter, the first synthesis of 6-aminohexyl 6-deoxy-β-D-ido-heptopyranoside 115 

and the disaccharide 116 were reported. The synthesis of 115 involved constructing the ido-

configuration of heptose 130 which was obtained by extending one carbon at C-6 of D-galactose 

via Wittig olefination and hydrogenation. The kep step during the transformations was the creation 

of epoxide 128 which was regioselective opened the alkoxide to form the ido-configuration. In the 

synthesis of disaccharide 116, great efforts were put on the glycosylation reaction between the 

glycosyl donor 145 and glycosyl acceptor 144 because of the different reactivities of them. To 
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construct the ido-configuration of disaccharide 141, the diol 142 was treated with benzyloxide to 

from the epoxide intermediate which was further regioselectivley opened by benzyloxide. 

Successful synthesis of 6-deoxy-β-D-ido-heptopyranosides 115 and 116 will enable us to have 

sufficient amounts of pure coumponds to conduct immunological studies in the future. Besides, a 

robust and straightforward strategy of preparing heptose was reported which is an useful tool in 

the synthesis of various carbohydrate building blocks. 
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Chapter Three: Regioselective Acetolysis of Isopropylidene Groups in Pyranose Systems 

 

3.1 Protecting groups in carbohydrate chemistry 

Carbohydrate chemistry is essentially found on protecting group chemistry. Over the last 

few decades, carbohydrate chemistry has experienced tremendous progress due to the development 

and availability of many elegant protecting strategies for functional groups such as hydroxyl, 

carboxylic acid and amine. This provided carbohydrate chemists the abilities to prepare complex 

oligosaccharides with diverse glycosidic linkages.     

Proper choice of a combination of protecting groups has been proved to be extremely 

important.109 Generally, there are four types of protecting groups in carbohydrate chemistry: alkyl, 

silyl, acyl and acetal/ketals. Electron-donating groups such as alkyl ether and silyl ethers are 

generally found to activate the reactivity of carbohydrate building blocks, because they enrich 

electron density on the carbohydrate skeleton thus making the hydroxyl group more nucleophilic 

and they can also help stabilize the oxacarbenium formed during glycosylation. On the other hand, 

acyl groups are generally considered as deactivating, as they can remove electron density on the 

carbohydrate ring thus making the hydroxyl group less nucleophilic and they destabilize the 

oxacarbenium formed during glycosylation. As an example, compound 159 is considered as an 

‘armed sugar’ because of the presence of O-benzyl protecting group on the pyranosyl ring while 

compound 160 is considered as a ‘disarmed sugar’,110 because of the presence of several electron-

withdrawing acetate groups (Figure 40).  
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Figure 40. Representatives of armed sugar 159 and disarmed sugar 160. 

 

Figure 41 lists structures of some commonly used protecting groups in carbohydrate 

chemistry.111  

 

Figure 41. Common types of protecting groups used in carbohydrate chemistry. 
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 Along with alkyl/silyl and acyl protecting groups, isopropylidene (acetonide), benzylidene 

and p-methoxybenzylidene groups are widely used in carbohydrate chemistry. Their main roles 

are to protect cis-vicinal diols as well as 4,6-diols in the furanose and pyranose systems. The 

protection of cis-vicinal diols usually leads to the formation of a 1,3-dioxolane ring (118, 161, 

Figure 42) while the protection of 4,6-diols affords a 1,3-dioxane ring (162, 163, Figure 42). 

Usually the isopropylidene group is not the preferred choice to protect 4,6-diols as this leads to the 

formation of a 1,3-dioxane ring, which would always have an axial methyl group that incurs 

considerable 1,3-diaxial interactions in the chair form. On the other hand, the use of benzylidene 

to protect 4,6-diols can alleviate this problem, as the acetal functional group can be equilibrated to 

place the phenyl substituent to an equatorial position. 

 

Figure 42. Examples of using isopropylidene and benzylidene groups in the furanose and 

pyranose systems to protect cis-vicinal diols (118, 161) and 4,6-diols (162, 163), leading to the 

formation of 1,3-dioxolane (118, 161) and 1,3-dioxane rings (162, 163), respectively. 

 

The isopropylidene group has been extensively used to protect monosaccharides as it is the 

least expensive to prepare. There are three main methods for the installation of the O-

isopropylidene protecting group including the use of acetone, 2,2-dimethoxypropane and 2-
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methoxypropene. All these methods require a strong acid such as p-toluenesulfonic acid as the 

catalyst.112-114     

 

3.2 Methods of deprotecting isopropylidene in the furanose system 

The removal of isopropylidene can usually be completed by heating a solution of the 

acetonides with water in the presence of a weak acid such as acetic acid and the by-product is 

acetone which can be easily removed by evaporation. A strategy has been developed by Vankar 

and coauthors to selectively cleave terminal isopropylidene to form the corresponding 1,2-diols by 

using ‘HClO4·SiO2’ reagent system.115 The authors reasoned that by dispersing HClO4 on the 

surface of SiO2 support, the activity and selectivity of the acid could be improved as the effective 

surface area of the acid reagent was improved.  

Longanathan and coauthors also developed a protocol using H-beta zeolite as catalyst.116 

Zeolites are acidic heterogeneous catalysts and the authors used it to treat 1,2:5,6-di-O-

isopropylidene-α-D-glucofuranose (161) in CCl4–CHCl3 to selectively remove 5,6-isopropylidene. 

However, no selectivity was achieved when 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose 118 

was refluxed in MeOH-H2O (1:1) in the presence of H-beta zeolite.  

Zhang and coauthors reported a mild, efficient procedure for converting isopropylidene 

group to acetates using the acetolysis condition with HClO4-SiO2 (Scheme 37).117,118 The reaction 

condition was reported to be very mild, and could differentiate two types isopropylidene groups 

based on their steric hindrance, such as the ones that involve a primary hydroxyl group from those 

that involve exclusively secondary hydroxyl groups. For example, two compounds 164 (D-gluco) 

which had an isopropylidene fused to a 5-membered furanosyl ring (more sterically hindered) and 
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166 (D-manno) which had another exocyclic 5,6-O-isopropylidene (less sterically hindered) were 

subjected to acetolysis. They were treated with acetic anhydride in dichloromethane in the 

presence of HClO4-SiO2, the less sterically hindered 5,6-O-isopropylidenes were regioselectively 

acetolysed to afford the corresponding 5,6-di-O-acetates in high yields. This was in sharp contrast 

to another two substrates based on 6-membered pyranosyl systems, compound 170 (L-arabino) 

and 172 (D-galacto). 170 and 172 contained two isopropylidene groups, the 1,2-O- and 3,4-O-

isopropylidenes, but the dioxolane rings of both isopropylidene groups were fused to the 6-

membered pyranosyl ring, forming a tricyclic system. Compared to the two pyranosyl-based 

systems, the acetolysis of the isopropylidenes experienced different regioselectivity. For example, 

in both cases, the one involving anomeric oxygen (1,2-O-isopropylidene) selectively reacted with 

acetic anhydride, leaving the 3,4-O-isopropylidene unaffected. On the other hand, between 

compound 170 (L-arabino) and 172 (D-galacto), there were some slight differences when the 1,2-

O-isopropylidene rings were transformed. In the case of compound 170, only the anomeric side 

(O1) of the isopropylidene was converted to the O-acetate, while the other side (O2) was not 

acetolysed, giving a mixed ketal (2-O-(2-acetoxyisopropyl) group) on the O2 position. This 

incomplete transformation pattern of 1,2-O-isopropylidene was also observed with another 

compound 168, a 1,2-O-isopropylidene-protected D-xylopyranosyl derivative. Furthermore, for 

the D-galacto compound 172, its 1,2-O-isopropylidene ring was cleanly transformed to 1,2-di-O-

acetates. 

It is worthy of noting that the difference in reactivity between the two isopropylidene 

groups of the furanosyl systems has been widely observed in carbohydrate chemistry, but the 

regioselective transformation between the 1,2-O- and 3,4-O-isopropylidenes of pyranosyl systems 
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was much less studied. In fact, Zhang’s work was the first to report a difference in reactivity 

between the two isopropylidene groups in the fused tricyclic pyranosyl systems.   

 

Scheme 37. Zhang and coauthors’s118 approach to transform isopropylidene group to di-O-

acetates via acetolysis conditions using Ac2O/HClO4-SiO2 as a reagent. 
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We were interested in the observed regioselectivity if it could be effectively applied to our 

heptopyranosides as when converting compound 130 to the 3,4-O-isopropylidene-protected analog 

(174) which can be easily converted to a thioglycoside analog of 139.  

 

Scheme 38. A regioselective converstion of 1,2-O-isopropylidene to 1,2-di-O-acetates in the 

presence of 3,4-O-isopropylidene could be advantageous to convert D-heptopyranoside 130 

to 174. 

 

Unfortunately, Zhang and coauthors only reported one successful example (compound 

172) of regioselectively transforming 1,2-O-isopropylidene to 1,2-O-acetates in the presence of 

3,4-O-isopropylidene. Therefore, we carried out a systematic study to investigate the scope of such 

regioselective transformations. In addition, we were also interested in finding out if other more 

convenient homogeneous acidic catalysts could be used in place of heterogeneous acidic catalysts.  

 

3.3 Trifluoroacetic acid-mediated regioselective conversion of 1,2-O-isopropylidene to 1,2-

di-O-acetates in pyranosyl systems  

3.3.1 Screening the best acid for the regioselective acetolysis of compound 172  

  Acetolysis of carbohydrate intermediates were commonly conducted in neat acetic 

anhydride (Ac2O) in the presence of a catalytic amount of strong acid, such as sulfuric acid 
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(H2SO4). Using the easily accessible compound 172 (prepared by acetylation of compound 118), 

we set to screen a suitable acid for the conversion of compound 172 to 173a. The two 

isopropylidene groups in compound 172 had similar steric hindrance, thus it was expected that 

finding a suitable condition that can differentiate the two ketal groups could be delicate. We also 

wondered if the other product 173b which had the regioselective acetolysis on the 3,4-O-

isopropylidene instead would ever be observed.  

 

 

Scheme 39. Using compound 172 as a model study to screen a suitable acidic condition to 

regioselectively convert 1,2-O-isopropylidene to 1,2-di-O-acetates in the presence of 3,4-O-

isopropylidene. 

 

H2SO4 was the first acid used in our studies. Initially, we used 1% H2SO4 in Ac2O to 

perform the acetolysis of compound 172. The rate of the reaction was not very fast. After 0.5 hour, 

only a trace amount of compound 173a (Rf = 0.33 ethyl acetate / hexane 4:6) was observed on 

TLC and after 1 hour, more product (~5%) was formed. The reaction was monitored at 3, 6, 12 

and 24 hours, and at the end of the reaction, an estimated 60% of compound 173a was formed. 

However, significant amounts of by-products (> 20%) were also observed near the base line, which 

were later confirmed by 1H NMR experiment to be mixtures that were difficult to analyze (possibly 



 

105 

 

containing products that had both isopropylidene groups converted to O-acetates). We also 

attempted to use more dilute concentrations of H2SO4 in Ac2O (0.1%, 0.2%, 0.5%); however, it 

was discovered that the yields of desired compound 173a did not significantly improve, and the 

undesired by-products near the base line were consistently formed. After 24 hours, using 0.2% 

H2SO4 in Ac2O appeared to give similar results as using 1% H2SO4 in Ac2O. Based on these results, 

we concluded that H2SO4 is not a suitable acid for this conversion. 

We thus performed further studies using other three acids: the para-toluenesulfonic acid 

(p-TsOH), methanesulfonic acid (MeSO3H) and trifluoroacetic acid (CF3CO2H, TFA) to catalyze 

the regioselective acetolysis. The experiments were carried out using 50 milligrams of compound 

172 in 1 mL of acetic anhydride, and for each acid, we used different concentrations of the acid 

(catalytic, 1 equiv. and 2 equiv.). Both strong acids (p-TsOH and MeSO3H) were found to be 

unsuitable for catalyzing the acetolysis, as the yields of desired compound 173a were never higher 

than 30% (based on TLC). The reactions consistently gave complex mixtures with unconsumed 

starting material. 

On the other hand, use of TFA as catalyst afforded positive results. When a catalytic 

amount of TFA was added, the reaction afforded compound 173a in ~10% yield. However, the 

yield of 173a steadily increased when more TFA was used. When 2 equivalents of TFA were used, 

compound 173a was isolated in 60% yield and the starting material disappeared almost 

completely. The reaction condition appeared to be very mild, as only a small amount of 

decomposed compounds was observed, even when the reaction was left stirring for a long time. 

The workup of the reaction mixture was simple, we just needed to dilute the reaction with ethyl 

acetate, and subjected the reaction mixture to standard workup. 
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The reaction could be easily scaled up to gram quantities (Table 2). For example, when 

the reaction was carried out on larger scale (> 500 mg), a side product with an Rf of 0.37 (ethyl 

acetate / hexane 4:6) could be isolated in 4% yield, along with the desired compound 171 (Rf = 

0.33), which was isolated in 77% yield. Use more acetic anhydride as solvent could improve the 

yield of the reactions, but much longer reaction time was required.  

 

Table 2. Scale-up of acetolysis of compound 172 use Ac2O/TFA as reagents.a 

 Compound 172 Ac2O TFA (equiv.) Time (h) Yields (%) 

1 50 mg 1.0 mL 2 22 74 

2 50 mg 2.0 mL 2 40 69 

3 50 mg 5.0 mL 2 40 83 

4 100 mg 2.0 mL 2 20 71 

5 500 mg 5.0 mL 2 40 77 

6 1000 mg 10.0 mL 2 40 73 

aThe yields are reported as isolated yields.   

By comparing the 1H-1H COSY NMR spectra (Figure 43) of the isolated product with 

compound 173a, it was concluded that the side product was the other regioselectively acetolysed 

isomer 173b. As can be seen, for compound 173a, it was obtained as a pure α-anomer. The 

anomeric proton (H-1) was observed at 6.22 ppm (J1, 2 = 3.6 Hz), while the H-2 was observed at a 

highly deshielded region at 5.08 ppm, which confirmed the acetylation occurred at O2-position. 

On the other hand, for compound 173b, its anomeric proton (H-1) was observed at 5.62 ppm (J1, 2 

= 4.5 Hz), while its H-2 was observed at 4.13 ppm, which is less deshielded that the H-2 of 
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compound 173a, confirming the absence of an electron-withdrawing acetyl group on O2 in 

compound 173b.  
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Figure 43. Comparison of 1H-1H COSY NMR spectra of compounds 173a and 173b. 

 

3.3.2 Substrate scope of the regioselective acetolysis reaction of 1,2;3,4-di-O-isopropylidene-α-

D-galactopyranoses  

With the best acetolysis condition optimized for compound 172, we decided to investigate 

the substrate scope for the acetolysis of analogs of 1,2;3,4-di-O-isopropylidene-α-D-

galactopyranose. We first synthesized a series of analogs with different substituents such as p-

tosylate (175), mesylate (177), azide (179), bromide (181), O-allyl (183) and deoxy (185) at C6 

positions (Table 3). When treating each of them with Ac2O in the presence of TFA (2.0 equiv), 

the 1,2-O-isopropylidene was selectively removed in all cases, and the 1,2-di-O-acetates (176, 178, 

180, 182, 184) were isolated as major products in each case in moderate to good yield (65-78%). 

The structures of the products were all confirmed by NMR experiments.  
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Table 3. A list of synthesized analogs of 1,2;3,4-di-O-isopropylidene-α-D-galactopyranose 

for testing substrate scope of the regioselective acetolysis of the isopropylidenes. 
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It seemed that the yields of the reactions were affected by the nature of substituent at C-6. 

For example, when an electron-withdrawing group such as tosylate (175) and mesylate (177) was 

installed, generally good yield could be obtained. But when an electron-donating group such as 6-

deoxy group was installed at C-6 (185), no pure desire product was isolated as it was contaminated 

with large amounts of unidentified side products. When compound 183 that has a 6-O-allyl group 

was treated under the standard conditions, the α anomer was obtained as the major along with some 

β-anomer.  

 

3.3.3 Extension of the regioselective acetolysis methodology to di-O-isopropylidene protected D-

fructopyranosyl system 

D-Fructose (186) can be conveniently protected with two isopropylidene groups, providing 

useful building blocks in carbohydrate synthesis.119 Two compounds can be prepared from D-

fructose (186) by reaction with acetone under the catalysis of a strong acid such as perchloric acid: 

the more stable 2,3:4,5-di-O-isopropylidene--D-frucopyranosides 187 and the less stable 1,2:4,5-

di-O-isopropylidene--D-frucopyranosides 188.119 Both isomers have at least one dioxolane ring 

(4,5-O-isopropylidene) fused to the pyranosyl ring. In the case of compound 187, both the 

isopropylidene groups are fused to the pyranosyl rings, forming a similar fused tricyclic system as 

in the above D-galactopyranosyl systems. While in the case of compound 188, an exocyclic 

dioxolane ring is formed between the O1,O2-positions. Both compounds 187 and 188 are good 

candidates to test our acetolysis conditions. 
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The free hydroxyl group of each -D-frucopyranoside 187 or 188 was converted to their 

respective O-acetate (189 or 192), O-mesylate (190 or 193) and O-tosylate (191) using standard 

conditions. For compound 188, when treating it with PPh3 and Br2 in DMF, the corresponding O-

formyl derivative 194 was obtained in 40% yield along with unreacted starting material.   

 

Scheme 40. Isopropylidenation of D-fructose (186) to form two β-D-fructopyranosides and 

subsequent O-acetylation, O-mesylation and O-tosylation. 

 

Thus, all synthesized frucopyranosides derivatives 189-191 and 192-194 were subjected to 

the same acetolysis conditions that we established above, using acetic anhydride as the reagent and 

solvent in the presence of 2 equivalents of TFA. The results were summarized in Schemes 41 and 

42.  
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In all cases, the 4,5-isopropylidene groups were regioselectively removed and converted to 

their corresponding 4,5-di-O-acetates 195-197 and 198-200. The isopropylidene groups involving 

the anomeric oxygen were observed to be more resistant to acetolysis. These results were in sharp 

contrast to the above D-galactopyranosyl and L-arabinopyranosyl systems where the 

isopropylidene groups involving the anomeric oxygen were found to be more labile. 

We speculate that the observed regioselectivity might be due to the presence of increased 

steric hindrance for the O-isopropylidene involving the anomeric oxygen in the -D-

frucopyranoside systems, because the anomeric oxygen is exposed to a more crowded environment 

(C1, C2 and O6). While the 4,5-O-isopropylidene experiences much less steric hindrance, thus is 

more susceptible to be attacked, once being protonated. 
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Scheme 41. Regioselective acetolysis of 2,3:4,5-di-O-isopropylidene-β-D-frucopyranosides 

189-191. 
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Scheme 42. Regioselective acetolysis of 1,2:4,5-di-O-isopropylidene-β-D-frucopyranosides 

192-194. 

 

The structures of all products formed from the acetolysis 195-200 were confirmed by 1H-

1H COSY NMR experiments. For example, for compound 195 (Figure 44), we observed two 
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highly deshielded protons at 5.59 ppm (dd, 1H, J = 4.3, 0.6 Hz) and 5.23 ppm (ddd, 1H, J = 7.2, 

5.1, 4.2 Hz), which were respectively assigned to be the H-4 and H-5 of the molecule. The 

unusually high chemical shifts signifed the attachment of an acetyl group on each neighboring 

oxygen. For compound 198, similar patterns were observed in the 1H NMR experiment (Figure 

45). All secondary oxygens (O3, O4 and O5) bearing an electron-withdrawing acetyl group, were 

all found to resonate at > 5 ppm region. However, all chemical shifts of all H-3, H-4 and H-5 were 

found to be very close to each other. By carefully analyzing the 1H-1H COSY, 1H-13C HSQC 

spectra, and coupling patterns, the signals at 5.38, 5.30 and 5.35 ppm were assigned to be H-3, H-

4 and H-5 respectively. 

 

Figure 44. 1H-1H COSY NMR spectrum of compound 195 (CDCl3, 400 MHz, 298K). 
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Figure 45. 1H-1H COSY NMR spectrum of compound 198 (CDCl3, 400 MHz, 298K). 

 

To further test the general applicability of our regioselective acetolysis protocols, we used 

the previously prepared -D-galacto-heptopyranoside 130 to obtain compound 174. The reaction 

was carried out at 87-mg scale of compound 130, using acetic anhydride (1 mL) as the reagent and 

solvent. After adding 2 equivalents of TFA, the reaction was stirred at room temperature for 20 

hours to afford the desired compound 174 which was isolated in 67% yield. The structure of 

compound 174 was confirmed by NMR experiments, which revealed the α-anomeric configuration 

(H-1: 6.20 ppm, J1,2 = 3.6 Hz). The peak of H-2 was observed at 5.08 ppm. The absence of benzyl 

protons as well as presence of three singlet peaks around ~2.1 ppm region, confirmed the 
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successful conversion of O7-benzyl to O7-acetate. In addition, we observed two sets of singlet at 

1.38 and 1.55 ppm, which correlated well with the presence of an 3,4-O-isopropylidene group. 

 

 

Scheme 43. A regioselective converstion of 1,2-O-isopropylidene to 1,2-di-O-acetates in the 

presence of 3,4-O-isopropylidene could be advantageous to convert D-heptopyranoside 130 

to 173. 

 

 

3.4 Conclusion 

We have developed a useful procedure for selectively transforming one isopropylidene into 

acetate groups in the di-O-isopropylidene protected hexopyranosyl systems using Ac2O and TFA 

systems as the acetolysis conditions. The hydroxyl groups of some hexopyranosyl rings can be 

differentiated using this procedure. Thus the application of this methodology could provide useful 

building blocks in a highly efficient manner. 
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Chapter Four: Future work 

 

During this thesis work, we have established a synthetic route to obtain two 6-deoxy-β-D-

ido-heptopranosides 115 and 116, respectively. Future efforts should be dedicated to their 

conjugation to an immunogenic carrier protein in order to generate conjugate vaccines for 

immunization on an animal model. A suitable immunogenic protein could be CRM197 which is a 

non-toxic mutant of diphtheria toxin.120 Other alternatives could be tetanus toxoid121 or keyhole 

limpet hemocyanin (KLH).122 Both have been used in the literature for presenting carbohydrate 

antigens to immune systems to generate carbohydrate-specific antibodies.  

 

4.1 Preparation of the glycoconjugae vaccine  

 The conjugation process shown in Scheme 44 uses a derivative of squarate, the 3,4-

dimothoxy-3-cyclobutene-1,2-dione as a cross-linking reagent. Squarate has been used extensively 

in the literature due to its high yield when coupling with a primary amine functional group.123,124 

The synthesized 6-deoxy-β-D-ido-heptopranosides 115 and 116 will be coupled to the above 

squarate reagent first in methanol, and the formed product will be purified by reverse phase 

chromatography. It is worthy of noting that we only subjected the two compounds to a purification 

by gel filtration chromatography which gave compounds that were contaminated with a small 

amount of unidentified impurities based on the recorded NMR spectra. We did not subject 

compounds 115 and 116 to extensive purification for two reasons. First, limited amounts of the 6-

deoxy-β-D-ido-heptopranosides 115 and 116 were obtained from this work. Besides, the basic 

nature of the free amine functionality makes them to be absorbed tightly on the surface of silica 
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gel-based matrices (both normal and reverse phases), resulting in a slow release of compounds 

from column chromatography. However, after their conjugation to a squarate, the basicity of the 

amine will be masked; this would provide an opportunity for purification by HPLC using a gradient 

of MeOH-water system. Subsequently, the obtained conjugates will be covalently linked to 

CRM197 in water at pH~9. The chosen ratio of carbohydrate vs protein will be around 20:1, so that 

the final conjugates will have on average > 10 units of carbohydrate per CRM197 (based on ~50% 

conjugation efficiency), which have been shown to be suitable for immunization.125 Successful 

attachments of both compounds 115 and 116 to the carrier protein CRM197 will be characterized 

by MALDI-TOF Mass Spectrometry.126,127   

 

Scheme 44. An example of conjugation of the 6-deoxy-β-D-ido-heptopranoside 115 with the 

carrier protein CRM197. The same process will be applied to the disaccharide 116. 
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Based on the literature work, young broiler chickens will be chosen as the animal model in 

the immunization to test the immunogenicity of synthesized glycoconjuage vaccine. After the 

immunization, the sera from immunized animal will be collected and analyzed using enzyme-

linked immunosobent assay (ELISA).126,128   

Other protein conjugates with either compound 115 or 116 will be prepared using bovine 

serum albumin (BSA). Each of them will be immobilized on an ELISA plate and the serum 

collected from immunized animals will be allowed to interact with the immobilized carbohydrates. 

The carbohydrate-specific antibodies will be retained and the rest of the antibodies will be washed. 

A secondary antibody that is conjugated with a peroxidase enzyme will be added and the secondary 

antibody is known to bind to the universal Fc domain of first antibody. After washing the excess 

of the secondary antibody, a substrate that can be hydrolyzed by the peroxidase will be added to 

release a fluorescent byproduct that can be quantified. The results from the ELISA will provide 

the titers of antibodies as well as their specificity.  

 

4.2 Synthesis of the disaccharide 201 

If the immunization experiment is successful, another disaccharide 201, the 6-aminohexyl 

2-acetamido-2-deoxy-β-D-glucopyranosyl-(1→3)-6-deoxy-β-D-ido-heptopyranoside, which has 

the reverse glycosidic linkage compared to 116 could be synthesized.  
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Figure 46. Structure of a possible future disaccharide target 201 to be synthesized. 

 

The retrosynthetic analysis of the disaccharide 201 shown as scheme 45 indicates the 

monosaccharide 204 could be used as the acceptor and the thioglycoside 148 could be used as the 

donor. To expose the O-3-position of the 6-deoxy-β-D-ido-heptopyranoside for glycosylation, we 

can use an O-allyl as the temporary protecting group for the O-3 position of the 6-deoxy-β-D-ido-

heptopyranoside. The O-allyl protecting group could be selectively removed using Wilkinson’s 

catalyst.129,130 The monosaccharide 148 was successfully synthesized in chapter 2. While the fully 

protected 205 was obtained by treating the 6-deoxy-β-D-ido-heptopyranoside 129b with sodium 

hydride and benzyl bromide in DMF in 88% yield. Treatment of compound 205 with Wilkinson’s 

catalyst should provide the glycoside 204. Glycosylation reaction between the donor 148 and 

acceptor 204 will afford the disaccharide 203 which has the β-(1→3) glycosidic linkage. Exchange 

of the N-phthalimido group with an N-acetamido group in the glucopyranosyl unit will be 

attempted by treating the disaccharide 203 with hydrazine monohydrate followed by N-acetylation. 

Finally, global deprotection of the disaccharide 202 will produce the target 201. 
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Scheme 45. Retrosynthesis analysis of disaccharide 201. 
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Chapter Five: Experimental methods 

 

 

5.1  General methods 

All the reagents were purchased from commercial sources and used directly. Thin layer 

chromatography (TLC) was performed on Silica Gel 60-F254 with detection by fluorescence, 

charging with 5% aqueous H2SO4 (v/v), or a ceric ammonium molybdate solution. Column 

chromatography was performed on Silica Gel 60 and the solvents were concentrated under reduced 

pressure at < 45 °C. Molecular sieves (4Å) were stored in an oven at 100 °C and flame-dried under 

vacuum before use. Amberlite IR-120 (H+) ion exchange resin was washed multiple times with 

MeOH and air-dried prior to use. All pH values were determined using universal pH paper. Optical 

rotations were determined in a cell of 5-cm length at 20 °C. NMR spectra were recorded on Bruker 

spectrometers at 400 MHz. The first-order chemical shifts of 1H and 13C were reported in δ (ppm) 

and referenced to either residual CHCl3 (δH 7.26, C 77.0, CDCl3), or residual CD2HOD (δH 3.30, 

C 49.5, CD3OD) or residual HDO (δH 4.79, external acetone C 29.9, D2O). 1H and 13C NMR 

spectra were assigned with the help of the 2D 1H-1H GCOSY and 1H-13C GHSQC. High resolution 

ESI-QTOF mass spectra were recorded on an Agilent 6520 Accurate Mass Quadrupole Time-of-

flight LC/MS spectrometer. All data were obtained by the analytical services of the Department of 

Chemistry, University of Calgary.   
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5.2  Chapter 2: Synthesis of 6-deoxy--D-ido-heptopyranosides 

5.2.1  1,2;3,4-Di-O-isopropylidene-α-D-galactohexodialdo-1,5-pyranose (119) 

 

 

  To a suspension of PDC (4.51 g, 0.012 mol) and NaOAc (1.97 g, 0.024 mol) in anhydrous 

CH2Cl2 (50 mL), was added molecular sieves (4 Å, crushed, 4.11 g) at room temperature. The 

suspension was stirred for 1 hour. A solution of the compound 118 (1.05 g, 0.04 mol) in anhydrous 

CH2Cl2 (2 mL) was added dropwise. The reaction was stirred for another 6 hrs at room 

temperature. Hexane (100 mL) was added, and the mixture filtered through a thin bed of silica gel 

using 30% EtOAc−hexanes as the eluent to obtain the desired product 119 as a colorless liquid 

(854 mg, 0.033 mol, 82% yield). Rf = 0.42 (EtOAc : hexane 2:3). [α]D
20: +56.3 (c 1.0, CHCl3). 

The 1H and 13C NMR data are consistent with the published data.131 1H NMR (CDCl3, 400 MHz): 

δH 9.63 (s, 1H, CHO), 5.68 (d, 1H, J = 4.9 Hz, H-1), 4.66 (dd, 1H, J =7.8, 2.5 Hz, H-3), 4.61 (dd, 

1H, J =7.9, 2.2 Hz, H-2), 4.40 (dd, 1H, J = 4.9, 2.5 Hz, H-4), 4.20 (d, 1H, J =2.2 Hz, H-5), 1.52 

(s, 3H, Me), 1.45 (s, 3H, Me), 1.36 (s, 3H, Me), 1.33 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): 

C 200.2 (CHO), 109.1 (C(Me)2), 108.4 (C(Me)2), 96.2 (C-1), 73.2 (C-5), 71.7 (C-4), 70.5 (C-2), 

70.4 (C-3), 26.0 (Me), 25.8 (Me), 24.8 (Me), 24.2 (Me). 
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5.2.2  6,7-Dideoxy-1,2:3,4-di-O-isopropylidene-α-D-galacto-hepto-6-enopyranose (120)  

 

 

  To a solution of Ph3PCH2Br (2.72 g, 7.63 mmol) in anhydrous tetrahydrofuran (15 mL), 

was added NaH (60% oil dispersion, 254 mg, 7.36 mmol) at room temperature. The solution was 

stirred at 50°C overnight. A solution of the aldehyde 118 (820 mg, 3.18 mmol) in anhydrous 

tetrahydrofuran (2 mL) was added dropwise to the reaction mixture, and the reaction was mixed 

for 2 hrs. Methanol (5 mL) was added to quench the reaction, and the reaction solution was 

concentrated under reduced pressure to afford the crude product which was redissolved in EtOAc 

(80 mL). The organic solution was washed with saturated brine (60 mL × 2), dried over anhydrous 

Na2SO4, filtered, and evaporated. The crude mixture was purified by column chromatography on 

silica gel using a gradient of 515% EtOAc−hexanes as the eluent to afford the desired alkene 

120 as a syrup (615 mg, 2.41 mmol, 74% yield).  [α]D
20: +1.3 (c 1.1, CHCl3). Rf = 0.62 (EtOAc : 

hexane 1:4). The 1H and 13C NMR data are consistent with the published data.131 1H NMR (CDCl3, 

400 MHz): δH 5.94 (ddd, 1H, J = 17.0, 10.6, 6.0 Hz, H-6), 5.58 (d, 1H, J = 5.0 Hz, H-1), 5.37 (d, 

1H, J = 17.1 Hz, H-7a), 5.28 (d, 1H, J = 10.9 Hz, H-7b), 4.62 (dd, 1H, J = 7.9, 2.4 Hz, H-3), 4.44-

4.33 (m, 2H, H-4 and H-5), 4.23 (dd, 1H, J = 8.0, 2.0 Hz, H-3), 1.54 (s, 3H, Me), 1.47 (s, 3H, Me), 

1.36 (s, 3H, Me), 1.35 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 133.9 (C-6), 117.3 (C-7), 
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109.1 (C(Me)2), 108.4 (C(Me)2), 96.4 (C-1), 73.4 (C-4), 70.8 (C-3), 70.4 (C-2), 69.0 (C-5), 26.1 

(Me), 25.9 (Me), 24.9 (Me), 24.3 (Me). 

 

5.2.3  Attempted synthesis of 6-deoxy-1,2:3,4-di-O-isopropylidene-α-D-galacto-heptopyranose 

(121) 

 

 

To a solution of the alkene 120 (51 mg, 0.21 mmol) in anhydrous tetrahydrofuran (2 mL) 

was added 1M borane tetrahydrofuran complex solution (1.0 mL, 1.0 mmol) dropwise.80-82 After 

the reaction mixture was stirred at room temperature for 5 hrs, a 3M solution of NaOH (1.2 mL, 

1.1 mmol) and 50% w/w H2O2 solution (0.30 mL, 4.2 mmol) were added. The reaction was 

continued for another 10 hrs. TLC (EtOAc : hexane 1:4) showed the disappearance of the starting 

material, but several spots were formed. Attempted purification of the mixture by column 

chromatography did not yield the desired product.  
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5.2.4  (Z)- and (E)-7-O-benzyl-6-deoxy-1,2:3,4-di-O-isopropylide-α-D-galactohepto-6-

enopyranose (124a, 124b) 

 

  A solution of phosphonium salt Ph3PCH2OBnCl 122 (4.68 g, 11.2 mmol) in anhydrous 

tetrahydrofuran (30 mL) was cooled to −78 °C, and a solution of 2.5M n-butyllithium (3.7 mL, 9.3 

mmol) was added.77,83 After stirring for 30 min. a solution of the aldehyde 119 (1.21 g, 4.69 mmol) 

in anhydrous tetrahydrofuran (5.0 mL) was added dropwise, and the reaction mixture was allowed 

to warm to room temperature overnight. Methanol (5.0 mL) was added to quench the reaction, and 

the reaction solution was concentrated under reduced pressure. The crude mixture was redissolved 

in EtOAc (250 mL), and the solution was washed with saturated brine (80 mL × 2), dried over 

anhydrous Na2SO4, filtered, and evaporated. The crude mixture was purified by column 

chromatography on silica gel using a gradient of 515% EtOAc−hexanes to afford the desired 

product 124a and 124b as syrup (1.01 g, 2.79 mmol, 60% yield, Z : E = 1 : 1).  Rf  = 0.62 (EtOAc 

: hexane 1 : 4). HRMS (ESI-QTOF): calcd m/z for C20H26O6 (M + H)+: 363.1729; found: 363.1806. 

Data for Z-isomer 124a: 1H NMR (CDCl3, 400 MHz): δH 7.39-7.29 (m, 5H, Ar), 6.72 (d, 1H, J = 

12.8 Hz, H-7), 5.56 (d, 1H, J = 5.0 Hz, H-1), 5.14 (dd, 1H, J = 12.8, 8.8 Hz, H-6), 4.81 (d, 1H, J 

= 11.6 Hz, PhCH2), 4.77 (d, 1H, J = 11.6 Hz, PhCH2), 4.62 (dd, 1H, J = 7.8, 2.4 Hz, H-3), 4.30 

(dd, 1H, J = 5.0, 2.4 Hz, H-2), 4.23 (dd, 1H, J = 8.7, 1.9 Hz, H-5), 4.14 (dd, 1H, J = 7.9, 1.9 Hz, 

H-4), 1.54 (s, 3H, Me), 1.50 (s, 3H, Me), 1.36 (s, 3H, Me), 1.35 (s, 3H, Me). 13C NMR (CDCl3, 
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100 MHz): C 150.6 (C-7), 128.5 (Ar), 128.0 (Ar), 127.8 (Ar), 109.1 (C(Me)2), 108.4 (C(Me)2), 

99.7 (C-6), 96.6 (C-1), 74.1 (C-4), 71.0 (C-3), 70.9 (PhCH2), 70.3 (C-2), 66.9 (C-5), 26.2 (Me), 

26.1 (Me), 24.9 (Me), 24.4 (Me). 

Data for E-isomer 124b: 1H NMR (CDCl3, 400 MHz): δH 7.39-7.28 (m, 5H, Ar), 6.22 (dd, 1H, J 

= 6.2, 1.0 Hz, H-7), 5.54 (d, 1H, J = 4.9 Hz, H-1), 4.94 (ddd, 1H, J = 8.5, 1.0, 0.9 Hz, H-5), 4.85 

(d, 1H, J = 12.6 Hz, PhCH2), 4.81 (d, 1H, J = 12.6 Hz, PhCH2), 4.72 (dd, 1H, J = 8.6, 6.2 Hz, H-

6), 4.60 (dd, 1H, J = 7.9, 2.4 Hz, H-3), 4.29 (dd, 1H, J = 5.0, 2.4 Hz, H-2), 4.19 (dd, 1H, J = 7.9, 

1.9 Hz, H-4), 1.52 (s, 3H, Me), 1.48 (s, 3H, Me), 1.34 (s, 3H, Me), 1.33 (s, 3H, Me). 13C NMR 

(CDCl3, 100 MHz): C 147.1 (C-7), 128.5 (Ar), 127.9 (Ar), 127.4 (Ar), 109.1 (C(Me)2), 108.6 

(C(Me)2), 102.8 (C-6), 96.6 (C-1), 74.2 (PhCH2), 73.4 (C-4), 70.9 (C-2), 70.5 (C-3), 62.2 (C-5), 

26.1 (Me), 26.0 (Me), 25.2 (Me), 24.4 (Me). 

 

5.2.5  6-Deoxy-1,2:3,4-di-O-isopropylidene-α-D-galacto-heptopyranose (121) 

 

To a solution of compound 124 (23.6 mg, 0.064 mmol) in methanol (2.0 mL) was added 

palladium hydroxide (10 mg, 20% Pd(OH)2 on charcoal). The solution was stirred under a positive 

atmosphere of hydrogen gas. After 1 day, the mixture was filtered to remove the catalyst and the 

solution was evaporated to afford the desired product 121 as a colorless syrup (13.1 mg, 0.048 
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mmol, 75% yield).  Rf  = 0.35 (EtOAc : hexane 2 : 3). [α]D
20: +65.7° (c 1.0, CHCl3). 

1H NMR 

(CDCl3, 400 MHz): δH 5.55 (d, 1H, J = 5.0 Hz, H-1), 4.63 (dd, 1H, J = 7.9, 2.4 Hz, H-3), 4.34 (dd, 

1H, J = 5.1, 2.4 Hz, H-2), 4.17 (dd, 1H, J = 7.9, 1.9 Hz, H-4), 4.03 (ddd, 1H, J = 9.0, 3.8, 3.8 Hz, 

H-5), 3.87-3.75 (m, 2H, H-7a, H-7b), 2.05 (d, 1H, J = 12.0 Hz, OH-7), 2.00 (dddd, 1H, J = 14.8, 

10.0, 6.1, 4.4 Hz, H-6a), 1.87 (dddd, 1H, J = 14.5, 9.3, 5.0, 3.8 Hz, H-6b), 1.56 (s, 3H, Me), 1.49 

(s, 3H, Me), 1.37 (s, 3H, Me), 1.36 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 109.2 (C(Me)2), 

108.6 (C(Me)2), 96.5 (C-1), 73.1 (C-4), 70.9 (C-2), 70.5 (C-3), 65.8 (C-5), 59.9 (C-7), 32.8 (C-6), 

26.1 (Me), 26.0 (Me), 24.9 (Me), 24.4 (Me). HRMS (ESI-QTOF): calcd m/z for C13H22O6 (M + 

H)+: 275.1489; found: 275.1492. 

 

5.2.6 7-O-Benzyl-6-deoxy-1,2:3,4-di-O-isopropylidene-α-D-galacto-heptopyranose (130) 

 

 

  To a solution of compound 124 (248 mg, 0.685 mmol) in methanol (3.0 mL), was added 

palladium hydroxide (22 mg, 20% Pd(OH)2 on charcoal). The solution was stirred under a positive 

atmosphere of hydrogen for 1 h. The catalyst was filtered off and the organic solution was 

evaporated to afford the desired product 130 as a syrup (238 mg, 0.657 mmol, 96% yield).  Rf = 

0.64 (EtOAc : hexane 1 : 4). [α]D
20: +45.8° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.37-

7.23 (m, 5H, Ar), 5.53 (d, 1H, J = 5.0 Hz, H-1), 4.58 (dd, 1H, J = 7.9, 2.4 Hz, H-3), 4.55 (d, 1H, J 
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= 11.8 Hz, PhCH2), 4.49 (d, 1H, J = 11.8 Hz, PhCH2), 4.29 (dd, 1H, J = 5.0, 2.4 Hz, H-2), 4.12 

(dd, 1H, J = 7.9, 1.8 Hz, H-4), 4.40 (ddd, 1H, J = 9.0, 3.3, 1.8 Hz, H-5), 3.65 (ddd, 1H, J = 9.3, 

9.3, 3.7 Hz, H-7a), 3.60 (ddd, 1H, J = 9.6, 9.4, 5.4 Hz, H-7b), 1.97 (dddd, 1H, J = 13.9, 9.5, 5.3, 

4.9 Hz, H-6a), 1.90 (dddd, 1H, J = 14.2, 9.8, 5.3, 4.9 Hz, H-6b), 1.52 (s, 3H, Me), 1.48 (s, 3H, 

Me), 1.36 (s, 3H, Me), 1.35 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 128.4 (Ar), 127.6 (Ar), 

127.4 (Ar), 109.0 (C(Me)2), 108.5 (C(Me)2), 96.6 (C-1), 73.1 (C-4), 73.0 (PhCH2), 70.9 (C-3), 

70.7 (C-2), 66.6 (C-7), 64.1 (C-5), 30.8 (C-6), 26.1 (Me), 26.0 (Me), 25.1 (Me), 24.4 (Me). HRMS 

(ESI-QTOF): calcd m/z for C20H28O6 (M + H)+ : 365.1959; found: 365.1966. 

 

 

5.2.7 7-O-Benzyl-6-deoxy-1,2,3,4-tetra-O-acetyl-α,β-D-galacto-heptopyranose (131) 

 

 

A solution of compound 130 (1.02 g, 2.82 mmol) in 50% acetic acid – H2O (8.0 mL) was 

heated to 80 °C for 8 hrs. The reaction mixture was evaporated under reduced pressure, and the 

obtained residue was acetylated using a mixture of Ac2O (4.0 mL) and pyridine (4.0 mL). After 

stirring for 10 hrs at room temperature, the reaction mixture was evaporated and co-evaporated 

with toluene three times. The crude mixture was purified by column chromatography on silica gel 
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using 30% EtOAc−hexanes as the eluent to afford the desired product 131 as a syrup (1.18 g, 2.62 

mmol, 93% yield). Rf = 0.39 (EtOAc : hexane 2 : 3).  

Data for α anomer: 1H NMR (CDCl3, 400 MHz): δH 7.42-7.33 (m, 5H, Ar), 6.35 (d, 1H, J = 3.3 

Hz, H-1), 5.42 (dd, 1H, J = 3.0, 1.3 Hz, H-4), 5.38-5.33 (m, 2H, H-2 and H-3), 4.37 (dd, 1H, J = 

8.9, 4.6 Hz, H-5), 4.55-4.48 (m, 2H, PhCH2), 3.59-3.48 (m, 2H, H-7a and H-7b), 2.17 (s, 3H, Ac), 

2.09 (s, 3H, Ac), 2.04 (s, 3H, Ac), 2.02 (s, 3H, Ac), 1.98-1.86 (m, 1H, H-6a), 1.85-1.69 (m, 1H, 

H-6b). 13C NMR (CDCl3, 100 MHz): C 128.4 (Ar), 127.7 (Ar), 127.6 (Ar), 89.8 (C-1), 73.1 

(PhCH2), 69.9 (C-3), 67.9 (C-4), 67.8 (C-5), 66.7 (C-2), 65.4 (C-7), 30.7 (C-6), 20.8 (Ac), 20.7 

(Ac), 20.6 (Ac), 20.5 (Ac). 

 Data for β anomer: 1H NMR (CDCl3, 400 MHz): δH 7.42-7.27 (m, 5H, Ar), 5.70 (d, 1H, J = 7.9 

Hz, H-1), 5.38-5.32 (m, 2H, H-2 and H-4), 5.11 (dd, 1H, J = 10.4, 3.4 Hz, H-3), 4.48-4.43 (m, 2H, 

PhCH2), 4.04 (ddd, 1H, J = 8.5, 4.8, 1.1 Hz, H-5), 3.59-3.48 (m, 2H, H-7a and H-7b), 2.18 (s, 3H, 

Ac), 2.13 (s, 3H, Ac), 2.06 (s, 3H, Ac), 2.01 (s, 3H, Ac), 1.98-1.86 (m, 1H, H-6a), 1.85-1.69 (m, 

1H, H-6b). 13C NMR (CDCl3, 100 MHz): C 128.4 (Ar), 127.7 (Ar), 127.5 (Ar), 92.4 (C-1), 73.2 

(PhCH2), 71.3 (C-5), 71.2 (C-3), 69.3 (C-2), 68.2 (C-4), 66.5 (C-7), 30.8 (C-6), 20.8 (Ac), 20.7 

(Ac), 20.7 (Ac), 20.5 (Ac).   

HRMS (ESI-QTOF): calcd m/z for C22H28O10 (M + NH4)
+ : 470.2021; found: 470.2016. 

 

 

5.2.8 7-O-Benzyl-6-deoxy-2,3,4-tri-O-acetyl-α,β-D-galacto-heptopyranose (132) 
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  To a solution of compound 131 (560 mg, 1.24 mmol) in anhydrous DMF (4.0 mL), was 

added hydrazinium acetate (126 mg, 1.36 mmol),84 and the mixture was stirred at room 

temperature for 4 hrs. The mixture was diluted with EtOAc (80 mL), extracted with brine (50 mL 

× 2), dried over anhydrous Na2SO4, and evaporated. The crude product was purified by column 

chromatography on silica gel using 40% EtOAc−hexanes as the eluent to afford the pure product 

132 as a syrup (434 mg, 1.06 mmol, 85% yield). Rf = 0.34 (EtOAc : hexane 2 : 3).   

Data for α anomer: 1H NMR (CDCl3, 400 MHz): δH 7.38-7.25 (m, 5H, Ar), 5.28 (dd, 1H, J = 2.7, 

1.2 Hz, H-4), 5.08-5.01 (m, 2H, H-2 and H-3), 4.60 (broad, 1H, H-1), 4.53-4.46 (m, 2H, PhCH2), 

3.91 (ddd, 1H, J = 8.7, 4.7, 1.1 Hz, H-5), 3.60-3.44 (m, 2H, H-7a, H-7b), 2.14 (s, 3H, Ac), 2.09 (s, 

3H, Ac), 1.99 (s, 3H, Ac), 1.93-1.81 (m, 1H, H-6a), 1.80-1.66 (m, 1H, H-6b). 13C NMR (CDCl3, 

100 MHz): C 127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 95.8 (C-1), 73.0 (PhCH2), 71.4 (C-3), 70.8 (C-

4), 70.2 (C-5), 69.6 (C-2), 65.4 (C-7), 30.8 (C-6), 20.7 (Ac), 20.6 (Ac), 20.5 (Ac).   

Data for β anomer: 1H NMR (CDCl3, 400 MHz): δH 7.38-7.27 (m, 5H, Ar), 5.43-5.38 (m, 2H, H-1 

and H-2), 5.34 (dd, 1H, J = 3.4, 1.3 Hz, H-4), 5.13 (dd, 1H, J = 10.8, 3.6 Hz, H-3), 4.45-4.36 (m, 

2H, PhCH2), 4.41 (ddd, 1H, J = 8.3, 5.0, 1.4 Hz, H-5), 3.58-3.47 (m, 2H, H-7a and H-7b), 2.13 (s, 

3H, Ac), 2.08 (s, 3H, Ac), 1.98 (s, 3H, Ac), 1.93-1.81 (m, 1H, H-6a), 1.80-1.66 (m, 1H, H-6b). 13C 

NMR (CDCl3, 100 MHz): C 128.4 (Ar), 127.8 (Ar), 127.6 (Ar), 90.5 (C-1), 72.8 (PhCH2), 70.5 

(C-4), 68.5 (C-3), 67.7 (C-2), 65.5 (C-7), 65.2 (C-5), 30.6 (C-6), 20.8 (Ac), 20.7 (Ac), 20.6 (Ac).  
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5.2.9 7-O-Benzyl-6-deoxy-2,3,4-tri-O-acetyl-α,β-D-galacto-heptopyranosyl trichloroacetimidate 

(126) 

 

 

To a solution of compound 132 (362 mg, 0.881 mmol) in anhydrous CH2Cl2 (5.0 mL) was 

added K2CO3 (244 mg, 1.76 mmol) and trichloroacetonitrile (0.5 mL, 4.5 mmol),85 and the reaction 

mixture was stirred at room temperature for 12 hrs. The solution was evaporated under reduced 

pressure. The crude product was dissolved in EtOAc (50 mL), extracted with brine (30 mL × 2) 

and the organic layer was evaporated and co-evaporated with toluene to afford the crude product 

126 as a colorless syrup. The crude product was directly used for next step without further 

purification. Rf = 0.42 (EtOAc : hexane  2: 3).  

 

5.2.10  6-Azidohexyl 3,4-di-O-acetyl-7-O-benzyl-6-deoxy-β-D-galacto-heptopyranoside (127b) 
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 A mixture of imidate 126 (136 mg, 0.247 mmol), alcohol 133 (177 mg, 1.24 mmol) and 

molecular sieves (4 Å, crushed, 500 mg) in anhydrous CH2Cl2 (5.0 mL) was stirred for 1 hour at 

room temperature under an atmosphere of argon.86,87 The reaction mixture was then cooled down 

to -40 °C and TMSOTf (50 µL) was added dropwise. After stirring for 4 hrs, the temperature was 

allowed to warm to room temperature gradually. A few drops of triethylamine was added to quench 

the reaction. The reaction mixture was filtered off through a thin bed of celite, and the crude 

solution was diluted in EtOAc (40 mL), washed with brine (20 mL), dried over Na2SO4, and 

evaporated. The crude mixture was purified by column chromatography on silica gel using 20% 

EtOAc−hexanes as the eluent to afford the pure product 127b as a syrup (90.2 mg, 0.182 mmol, 

77% yield). Rf = 0.37 (EtOAc : hexane 3 : 7). [α]D
20: +57.1° (c 1.04, CHCl3). 

1H NMR (CDCl3, 

400 MHz): δH 7.41-7.29 (m, 5H, Ar), 5.30 (dd, 1H, J = 3.5, 1.1 Hz, H-4), 4.96 (dd, 1H, J = 10.2, 

3.5 Hz, H-3), 4.56 (d, 1H, J = 11.9 Hz, PhCH2), 4.46 (d, 1H, J = 11.9 Hz, PhCH2), 4.29 (d, 1H, J 

= 7.7 Hz, H-1), 3.89 (dd, 1H, J = 8.7, 4.1 Hz, H-5), 3.85 (ddd, 1H, J = 13.3, 6.6, 6.6 Hz, OCHaHb), 

3.78 (dd, 1H, J = 10.2, 7.7 Hz, H-2), 3.64-3.56 (m, 1H, H-7a), 3.55-3.49 (m, 1H, H-7b), 3.49 (ddd, 

1H, J = 13.8, 6.8, 6.8 Hz, OCHaHb), 3.29 (t, 2H, J = 6.8 Hz, CH2N3), 2.31 (broad, 1H, 2-OH), 2.14 

(s, 3H, Ac), 2.07, (s, 3H, Ac), 1.91 (dddd, 1H, J = 13.9, 9.5, 5.3, 4.9 Hz, H-6a), 1.78 (dddd, 1H, J 

= 14.0, 9.8, 4.9, 4.9 Hz, H-6b), 1.70-1.56 (m, 4H, 2 × CH2), 1.48-1.35 (m, 4H, 2 × CH2). 
13C NMR 

(CDCl3, 100 MHz): C 170.4 (Ac), 170.3 (Ac), 128.4 (Ar), 127.8 (Ar), 127.7 (Ar), 103.1 (C-1), 

73.1 (PhCH2), 73.0 (C-3), 70.0 (CH2), 69.9 (C-5), 69.7 (C-4), 69.4 (C-2), 65.6 (C-7), 51.3 (CH2), 

30.9 (C-6), 29.4 (CH2), 28.7 (CH2), 26.4 (CH2), 25.4 (CH2), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-

QTOF): calcd m/z for C24H35N3O8 (M + NH4)
+ : 511.2762; found: 511.2762. 
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5.2.11 6-Azidohexyl 3,4-di-O-acetyl-7-O-benzyl-6-deoxy-2-O-mesyl-β-D-galacto-

heptopyranoside (134) 

 

 

Compound 127a (57.2 mg, 0.116 mmol) was dissolved in anhydrous pyridine (1 mL) and 

methanesulfonyl chloride (20 µL, 0.232 mmol) was added. The mixture was stirred at room 

temperature for 6 hrs. Methanol (0.5 mL) was added to quench the reaction, and the crude mixture 

was evaporated and coevaporation with toluene to anhydrous. The mixture was redissolved in 

EtOAc (~30 mL), and the organic solution was successively washed with aqueous HCl (1 M, 10 

mL), aqueous NaOH (1 M, 10 mL) and saturated brine (20 mL), dried over Na2SO4, and 

evaporated. The crude material was purified by column chromatography on silica gel using a 

gradient of 2530% EtOAc-hexane as the eluent to afford the pure product 134 as a syrup (60.4 

mg, 0.106 mmol, 91% yield). Rf = 0.44 (EtOAc : hexane 3 : 7). [α]D
20: +37.9° (c 1.0, CHCl3). 

1H 

NMR (CDCl3, 400 MHz): δH 7.39-7.26 (m, 5H, Ar), 5.31 (dd, 1H, J = 3.5, 0.8 Hz, H-4), 5.08 (dd, 

1H, J = 10.2, 3.5 Hz, H-3), 4.66 (dd, 1H, J = 10.2, 7.9 Hz, H-2), 4.53 (d, 1H, J = 11.9 Hz, PhCH2), 

4.44 (d, 1H, J = 7.9 Hz, H-1), 4.47 (d, 1H, J = 11.9 Hz, PhCH2), 3.88 (dd, 1H, J = 8.7, 4.2 Hz, H-

5), 3.80 (ddd, 1H, J =13.5, 6.8, 6.8 Hz, OCHaHb), 3.56 (ddd, 1H, J = 9.0, 8.7, 4.4 Hz, H-7a), 3.49 

(ddd, 1H, J = 9.9, 5.0, 5.0 Hz, H-7b), 3.46 (ddd, 1H, J = 13.4, 6.7, 6.7 Hz, OCHaHb), 3.26 (t, 2H, 

J = 6.8 Hz, CH2N3), 3.05 (s, 3H, Ms), 2.14 (s, 3H, Ac), 2.05 (s, 3H, Ac), 1.87 (dddd, 1H, J = 13.9, 

9.5, 5.3, 4.5 Hz, H-6a), 1.76 (dddd, 1H, J = 14.0, 9.8, 5.2, 5.2 Hz, H-6b), 1.66-1.55 (m, 4H, 2 × 
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CH2), 1.44-1.32 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 170.3 (Ac), 169.8 (Ac), 128.4 

(Ar), 127.8 (Ar), 127.7 (Ar), 100.4 (C-1), 77.5 (C-2), 73.1 (PhCH2), 70.7 (C-5), 70.0 (C-4), 69.9 

(CH2), 69.8 (C-3), 66.4 (C-7), 51.3 (CH2), 39.0 (Ms), 30.7 (C-6), 29.4 (CH2), 28.7 (CH2), 26.4 

(CH2), 25.4 (CH2), 20.6 (Ac), 20.5 (Ac). HRMS (ESI-QTOF): calcd m/z for C25H37N3O10S (M + 

NH4)
+ : 589.2538; found: 589.2532. 

 

5.2.12 6-Azidohexyl 7-O-benzyl-6-deoxy-2-O-mesyl-β-D-galacto-heptopyranoside (135) 

 

 

To a solution of compound 134 (33.5 mg, 0.058 mmol) in benzyl alcohol (1.0 mL) was 

added potassium tert-butoxide (20 mg) at room temperature, and the reaction mixture was stirred 

for 1 hour until TLC showed the disappearance of the starting material. The reaction mixture was 

diluted with EtOAc (30 mL) and washed with brine (20 mL). The organic layer was dried over 

anhydrous Na2SO4 and evaporated. The crude mixture was then purified by column 

chromatography on silica gel using 50% EtOAc-hexanes to afford the pure compound 135 as a 

syrup (21.1 mg, 0.044 mmol, 75% yield). Rf = 0.26 (EtOAc : hexanes 1 : 1). [α]D
20: +47.3° (c 0.98, 

CHCl3). 
1H NMR (CDCl3, 400 MHz): δH 7.39-7.26 (m, 5H, Ar), 4.54 (d, 1H, J = 11.9 Hz, PhCH2), 

4.47 (d, 1H, J = 11.9 Hz, PhCH2), 4.45 (dd, 1H, J = 9.4, 7.9 Hz, H-2), 4.34 (d, 1H, J = 7.9 Hz, H-

1), 3.83 (dd, 1H, J = 5.2, 3.4 Hz, H-4), 3.81-3.76 (m, 1H, OCHaHb), 3.73 (dd, 1H, J = 9.4, 3.5 Hz, 
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H-3), 3.66 (dd, 1H, J = 7.2, 5.9 Hz, H-5), 3.63-3.55 (m, 2H, H-7a, H-7b),  3.45 (ddd, 1H, J = 9.5, 

6.7, 6.7 Hz, OCHaHb), 3.25 (t, 2H, J = 6.8 Hz, -CH2N3), 3.12 (s, 3H, Ms), 2.06 (dddd, 1H, J = 

13.2, 7.7, 5.3, 3.9 Hz, H-6a), 1.96 (dddd, 1H, J = 14.7, 8.0, 5.2, 5.2 Hz, H-6b), 1.66-1.52 (m, 4H, 

2 × CH2), 1.43-1.32 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 128.4 (Ar), 127.8 (Ar), 

127.7 (Ar), 100.0 (C-1), 81.8 (C-2), 73.2 (PhCH2), 72.1 (C-3), 71.4 (C-5), 70.7 (C-4), 69.6 (CH2), 

65.8 (C-7), 51.3 (CH2), 38.5 (Ms), 30.7 (C-6), 29.4 (CH2), 28.7 (CH2), 26.4 (CH2), 25.4 (CH2). 

HRMS (ESI-QTOF): calcd m/z for C21H33N3O8S (M + NH4)
+ : 505.2327; found: 505.2326. 

 

5.2.13 6-Azidohexyl 2,3-anhydro-7-O-benzyl-6-deoxy-β-D-talo-heptopyranoside (128) 

 

 

To a solution of the compound 135 (72.3 mg, 0.143 mmol) in benzyl alcohol (1.0 mL) was 

added potassium tert-butoxide (52.7 mg, 0.377 mmol), and the reaction was continued at room 

temperature for 12 hrs. The reaction mixture was diluted with EtOAc (30 mL) and washed with 

brine (20 mL × 2). The organic layer was dried over anhydrous Na2SO4, and evaporated. The crude 

mixture was then purified by column chromatography on silica gel using a gradient of 715% 

EtOAc-CH2Cl2 as the eluent to afford the pure product 128 as a syrup (49.7 mg, 0.123 mmol, 86% 

yield). Rf = 0.42 (EtOAc : hexane 1 : 1). [α]D
20: +30.5° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 

MHz): δH 7.38-7.26 (m, 5H, Ar), 4.70 (d, 1H, J = 0.2 Hz, H-1), 4.54 (d, 1H, J = 12.1 Hz, PhCH2), 

4.45 (d, 1H, J = 12.1 Hz, PhCH2), 3.87 (ddd, 1H, J = 13.0, 6.5, 6.5 Hz, OCHaHb), 3.72 (broad, 1H, 
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H-4), 3.66-3.55 (m, 2H, H-7a and H-7b), 3.57 (dd, 1H, J = 0.9, 0.9 Hz, H-3), 3.53 (dd, 1H, J = 5.4, 

2.7 Hz, H-5), 3.47 (ddd, 1H, J = 13.6, 6.8, 6.8 Hz, OCHaHb), 3.30 (d, 1H, J = 3.8 Hz, H-2), 3.29 

(t, 2H, J = 6.8 Hz, CH2N3), 2.43 (d, 1H, J = 11.7 Hz, OH-4), 1.97 (dddd, 1H, J = 18.0, 13.9, 9.5, 

5.5 Hz, H-6a), 1.91 (dddd, 1H, J = 18.5, 12.9, 9.3, 5.5 Hz, H-6b), 1.73-1.55 (m, 4H, 2 × CH2), 

1.49-1.36 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 128.4 (Ar), 127.7 (Ar), 127.6 (Ar), 

97.4 (C-1), 74.2 (C-5), 73.0 (PhCH2), 69.6 (CH2), 66.0 (C-7), 62.9 (C-4), 71.2 (C-5), 54.2 (C-3), 

52.9 (C-2), 51.4 (CH2), 31.0 (C-6), 29.7 (CH2), 29.5 (CH2), 26.5 (CH2), 25.6 (CH2). HRMS (ESI-

QTOF): calcd m/z for C20H29N3O5 (M + NH4)
+ : 409.2445; found: 409.2433. 

 

5.2.14 6-Azidohexyl 3,7-di-O-benzyl-6-deoxy-β-D-ido-heptopyranoside (129a) 

 

 

To the solution of the compound 128 (35 mg, 0.09 mmol) in benzyl alcohol (1.0 mL) was 

added potassium tert-butoxide (30 mg, 0.22 mmol). The reaction mixture was stirred for 12 hrs at 

60 °C. The reaction mixture was diluted with EtOAc (30 mL) and washed with saturated brine (20 

mL). The organic layer was dried over anhydrous Na2SO4, filtered, and evaporated. The crude 

material was then purified by column chromatography on silica gel using a gradient of 710% 

EtOAc-CH2Cl2 as the eluent to afford the pure product 129a as a syrup (29.6 mg, 0.059 mmol, 

67% yield). Rf = 0.45 (EtOAc : hexane 1 : 1). [α]D
20: -52.5° (c 1.03, CHCl3). 

1H NMR (CDCl3, 
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400 MHz): δH 7.38-7.25 (m, 10H, Ar), 4.68 (d, 1H, J = 0.7 Hz, H-1), 4.63 (d, 1H, J = 11.8 Hz, 

PhCH2), 4.58 (d, 1H, J = 11.8 Hz, PhCH2), 4.55 (d, 1H, J = 11.9 Hz, PhCH2), 4.49 (d, 1H, J = 11.9 

Hz, PhCH2), 4.03 (dd, 1H, J = 8.5, 5.2 Hz, H-5), 3.91  (dd, 1H, J = 2.6, 2.6 Hz, H-3), 3.86 (ddd, 

1H, J = 9.6, 6.6, 6.6 Hz, OCHaHb), 3.78 (broad, 1H, H-2), 3.69-3.63 (m, 2H, H-7a and H-7b), 3.58-

3.46 (m, 3H, H-4, OCHaHb, OH-4), 3.26 (t, 2H, J = 6.8 Hz, CH2N3), 2.74 (broad, 1H, OH-2), 2.12 

(dddd, 1H, J = 18.0, 13.9, 9.5, 5.5 Hz, H-6a), 1.98 (dddd, 1H, J = 18.5, 12.9, 9.3, 5.5 Hz, H-6b), 

1.66-1.56 (m, 4H, 2 × CH2), 1.44-1.32 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 128.5 

(Ar), 128.4 (Ar), 127.9 (Ar), 127.7 (Ar), 127.6 (Ar), 127.5 (Ar), 98.4 (C-1), 76.4 (C-3), 73.0 

(PhCH2), 72.3 (PhCH2), 71.2 (C-5), 69.1 (CH2), 68.9 (C-2), 68.0 (C-4), 66.3 (C-7), 51.4 (CH2), 

31.0 (C-6), 29.7 (CH2), 29.4 (CH2), 26.5 (CH2), 25.6 (CH2). HRMS (ESI-QTOF): calcd m/z for 

C27H37N3O6 (M + Na)+ : 522.2575; found: 522.2567. 

 

5.2.15 6-Azidohexyl 3-O-allyl-7-O-benzyl-6-deoxy-β-D-ido-heptopyranoside (129b) 

 

 

To the solution of the compound 128 (156 mg, 0.397 mmol) in allyl alcohol (1.5 mL) was 

added potassium tert-butoxide (101 mg, 0.901 mmol). The reaction mixture was stirred for 12 hrs 

at 60 °C until TLC showed the disappearance of the starting material. The reaction mixture was 

diluted with EtOAc (30 mL) and washed with brine (20 mL × 2). The organic layer was dried over 
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anhydrous Na2SO4, filtered, and evaporated. The crude material was then purified by column 

chromatography on silica gel using a gradient of 510% EtOAc-CH2Cl2 as the eluent to afford 

the pure product 129b as a syrup (129.7 mg, 0.289 mmol, 73% yield). Rf = 0.46 (EtOAc : hexane 

1 : 1). [α]D
20: -62.1° (c 1.01, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.39-7.25 (m, 5H, Ar), 5.87 

(dddd, 1H, J = 21.7, 15.9, 10.5, 5.5 Hz, -CH2-CH=CH2), 5.28 (ddd, 1H, J = 17.1, 3.2, 1.6 Hz, -

CH2-CH=CH2), 5.20 (ddd, 1H, J = 10.3, 2.7, 1.5 Hz, -CH2-CH=CH2), 4.64 (d, 1H, J = 1.1 Hz, H-

1), 4.55 (d, 1H, J = 12.1 Hz, PhCH2), 4.49 (d, 1H, J = 12.1 Hz, PhCH2), 4.06 (dddd, 2H, J = 15.5, 

5.6, 1.5, 1.5 Hz -CH2-CH=CH2), 3.98 (dd, 1H, J = 8.5, 5.1 Hz, H-5), 3.85 (dd, 1H, J = 12.9, 6.6 

Hz, OCHaHb), 3.82  (dd, 1H, J = 2.1, 1.7 Hz, H-3), 3.77 (broad, 1H, H-2), 3.67-3.60 (m, 2H, H-7a 

and H-7b), 3.51-3.43 (m, 3H, H-4, OCHaHb, OH-4), 3.26 (t, 2H, J = 6.9 Hz, CH2N3), 2.77 (d, 1H, 

J = 2.0 Hz, OH-2), 2.09 (dddd, 1H, J = 18.0, 13.9, 9.5, 5.5 Hz, H-6a), 1.94 (dddd, 1H, J = 18.5, 

12.9, 9.3, 5.5 Hz, H-6b), 1.66-1.56 (m, 4H, 2 × CH2), 1.38-1.32 (m, 4H, 2 × CH2). 
13C NMR 

(CDCl3, 100 MHz): C 134.2 (-CH2-CH=CH2), 128.4 (Ar), 127.6 (Ar), 127.5 (Ar), 117.4 (-CH2-

CH=CH2), 98.4 (C-1), 76.1 (C-3), 73.0 (PhCH2), 71.2 (-CH2-CH=CH2), 71.1 (C-5), 69.1 (CH2), 

68.9 (C-2), 68.0 (C-4), 66.3 (C-7), 51.3 (CH2), 31.0 (C-6), 29.4 (CH2), 28.7 (CH2), 26.4 (CH2), 

25.6 (CH2). HRMS (ESI-QTOF): calcd m/z for C23H35N3O6 (M + H)+ : 451.2862; found: 451.2898. 

 

5.2.16 6-Aminohexyl 6-deoxy-β-D-ido-heptopyranoside (115) 
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To the solution of the compound 129a (11 mg, 22 µmol) in methanol/CH2Cl2 (2 mL/0.5 

mL) was added palladium hydroxide96 (20% Pd(OH)2 on charcoal; 15 mg), acetic acid (2 drops) 

and water (5 drops). The solution was allowed to mix under positive pressure hydrogen gas. After 

2 days, the mixture was filtered and evaporated to afford the product 115 as a colorless syrup (6.2 

mg, 21 µmmol, 96% yield).  Rf = 0.21 (methanol: CH2Cl2 3:7). But NMR experiments showed 

partially N-methylated side products 140a and 140b. So the starting material was treated with 

Birch reduction.98,99 

Procedure for Birch reduction: About 44 mg of sodium was dissolved in NH3(l) which was 

cooled to -78 °C by a dry-ice bath. When the reaction mixture turned dark blue, a solution of the 

compound 129a (16 mg, 32 µmol) in tetrahydrofuran (1.0 mL) was added dropwise. The solution 

was allowed to warm to room temperature after another 1 h and quenched with MeOH (0.5 mL). 

After the evaporation of ammonia, the mixture was redissovlved in MeOH (~5.0 mL) and 

neutralized with AcOH. The solution was evaporated to dryness and the residue was subjected to 

a gel filtration on Sephadex LH-20 using MeOH as the eluent to afford the pure product 115 as 

syrup (8.9 mg, 31 µmmol, 95% yield). 1H NMR (D2O, 400 MHz): δH 4.72 (s, 1H, H-1), 3.97 (t, 

1H, J = 3.6, 3.6 Hz, H-3), 3.94 (dd, 1H, J = 3.9, 1.8 Hz, H-4), 3.79 (ddd, 1H, J = 9.9, 6.8, 6.8 Hz, 

OCHaHb), 3.69-3.64 (m, 2H, H-7a and H-7b), 3.61 (d, J = 2.6 Hz, H-2), 3.60-3.54 (m, 1H, 

OCHaHb), 3.43 (dd, 1H, J = 1.7, 1.7 Hz, H-5), 2.88 (t, 2H, J = 7.4 Hz, CH2N3), 1.91 (dddd, 1H, J 
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= 14.9, 10.3, 5.3, 5.3 Hz, H-6a), 1.70 (dddd, 1H, J = 14.8, 7.5, 7.5, 3.9 Hz, H-6b), 1.60-1.47 (m, 

4H, 2 × CH2), 1.36-1.25 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 98.9 (C-1), 71.3 (C-

4), 69.9 (C-3), 69.8 (C-2), 69.7 (CH2), 69.5 (C-5), 58.3 (C-7), 39.5 CH2), 32.5 (C-6), 28.5 (CH2), 

26.6 (CH2), 26.3 (CH2), 24.7 (CH2). HRMS (ESI-QTOF): calcd m/z for C13H27NO6 (M + H)+ : 

294.1911; found: 294.1908. 

 

5.2.17 4-Chlorophenyl-2,3,4-tri-O-acetyl-7-O-benzyl-6-deoxy-1-thio-α,β-D-galacto-

heptopyranoside (136) 

 

The solution of the compound 131 (1.21 g, 2.68 mmol), para-chlorothiophenol (778 mg, 

5.38 mmol) and molecular sieves (4 Å, crushed, 1.5 g) in anhydrous CH2Cl2 (20 mL) was stirred 

for 1 hour at room temperature. The solution was then cooled down to 0°C and added boron 

trifluoride diethyl etherate (0.67 mL, 5.4 mmol).91 The reaction mixture was allowed to warm to 

room temperature and stirred for 5 hrs. The reaction was quenched by adding triethylamine. The 

reaction mixture was filtered to remove molecular sieves and the solution was evaporated to 

dryness, redissolved in EtOAc (50 mL), washed with saturated brine (30 mL) and dried over 

anhydrous Na2SO4, filtered, and evaporated. The crude material was then purified by column 

chromatography on silica gel using a gradient of 2030 % EtOAc−hexanes as the eluent to afford 

the product 136 as a syrup (109 mg, 2.03 mmol, 76% yield). Rf = 0.36 (EtOAc : hexanes 3 : 7). 1H 

NMR (CDCl3, 400 MHz): δH 7.46-7.23 (m, 9H, Ar), 5.31 (dd, 1H, J = 3.4, 1.0 Hz, H-4), 5.20 (dd, 
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1H, J = 9.9, 9.9 Hz, H-2), 5.05 (dd, 1H, J = 9.9, 3.7 Hz, H-3), 4.66 (d, 1H, J = 9.9 Hz, H-1), 4.45 

(d, 1H, J = 12.5 Hz, PhCH2), 4.41 (d, 1H, J = 12.5 Hz, PhCH2), 3.91 (ddd, 1H, J = 9.0, 4.3, 1.1 

Hz, H-5), 3.58-3.43 (m, 2H, H-7a and H-7b), 2.16 (s, 3H, Ac), 2.08 (s, 3H, Ac), 1.97 (s, 3H, Ac), 

1.89 (dddd, 1H, J = 13.8, 9.2, 4.6, 4.6 Hz, H-6a), 1.74 (dddd, 1H, J = 14.3, 8.6, 5.7, 4.3 Hz, H-6b). 

13C NMR (CDCl3, 100 MHz): C 170.3 (Ac), 169.9 (Ac), 169.5 (Ac), 133.6 (Ar), 128.9 (Ar), 128.4 

(Ar), 127.7 (Ar), 127.5 (Ar), 86.0 (C-1), 73.9 (C-5), 73.0 (PhCH2), 72.3 (C-3), 69.6 (C-2), 67.5 

(C-4), 65.6 (C-7), 31.0 (C-6), 20.8 (Ac), 20.6 (Ac), 20.5 (Ac). HRMS (ESI-QTOF): calcd m/z for 

C26H29ClO8S (M + NH4)
+: 554.1611; found: 554.1626. 

 

5.2.18 6-Azidohexyl 2,3,4-tri-O-acetyl-7-O-benzyl-6-deoxy-β-D-galacto-heptopyranoside (127a) 

 

  The solution of the compound 136 (278 mg, 0.517 mmol), the alcohol 133 (372 mg, 2.59 

mmol) and molecular sieves (4 Å, crushed, 1 g) in anhydrous CH2Cl2 (10 mL) was stirred for 1 

hour at room temperature. The reaction solution was then cool down to -40°C and added NIS 

(176mg, 0.768 mmol) and catalytic amount of TfOH (15 µL).92-94 The mixture was stirred for 1 

hour at -40°C and allowed to warm to room temperature gradually overnight. After TLC showed 

the disappearance of the starting material, the reaction was quenched by adding trimethylamine 

(0.1 mL). The reaction mixture was filtered to remove molecular sieves and was evaporated, 

redissolved in EtOAc (30 mL), washed with a mixture of 10% NaHCO3 (15 mL) and 10% Na2S2O3 
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(15 mL) and washed with saturated brine (20 mL), dried over anhydrous Na2SO4, filtered, and 

evaporated. The crude material was then purified by column chromatography on silica gel using a 

gradient of 1525% EtOAc−hexanes as the eluent to afford the pure product 127a as a syrup (209 

mg, 0.391 mmol, 75% yield). Rf = 0.55 (EtOAc : hexanes 3 : 7). [α]D
20: +32.3° (c 0.99, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.38-7.28 (m, 5H, Ar), 5.28 (dd, 1H, J = 3.5, 1.1 Hz, H-4), 5.16 

(dd, 1H, J = 10.4, 7.9 Hz, H-2), 5.02 (dd, 1H, J = 10.4, 3.4 Hz, H-3), 4.53 (d, 1H, J = 12.0 Hz, 

PhCH2), 4.44 (d, 1H, J = 12.0 Hz, PhCH2), 4.38 (d, 1H, J = 7.9 Hz, H-1), 3.87 (ddd, 1H, J = 8.7, 

4.6, 1.3 Hz, H-5), 3.79 (ddd, 1H, J = 9.6, 6.2, 6.2 Hz, OCHaHb), 3.61-3.55 (m, 1H, H-7a), 3.50 

(ddd, 1H, J = 9.4, 5.2, 5.2 Hz, H-7b), 3.38 (ddd, 1H, J = 9.6, 7.2, 6.3 Hz, OCHaHb), 3.25 (t, 2H, J 

= 6.9 Hz, CH2N3), 2.14 (s, 3H, Ac), 2.07, (s, 3H, Ac), 1.98, (s, 3H, Ac), 1.89-1.80 (m, 1H, H-6a), 

1.78-1.69 (m, 1H, H-6b), 1.63-1.51 (m, 4H, 2 × CH2), 1.42-1.32 (m, 4H, 2 × CH2). 
13C NMR 

(CDCl3, 100 MHz): C 170.5 (Ac), 170.1 (Ac), 169.4 (Ac), 129.5 (Ar), 128.4 (Ar), 127.7 (Ar), 

101.2 (C-1), 73.1 (PhCH2), 71.3 (C-3), 69.8 (C-4), 69.7 (CH2), 69.6 (C-2), 69.2 (C-5), 65.5 (C-7), 

51.3 (CH2), 30.8 (C-6), 29.3 (CH2), 28.7 (CH2), 26.4 (CH2), 25.4 (CH2), 20.8 (Ac), 20.7 (Ac), 20.6 

(Ac). HRMS (ESI-QTOF): calcd m/z for C26H37N3O9 (M + NH4)
+ : 553.2868; found: 553.2882. 

 

5.2.19 6-Azidohexyl 7-O-benzyl-6-deoxy-β-D-galacto-heptopyranoside (137) 
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  A solution of NaOMe in anhydrous MeOH (1.5 M, 1.4 mL, 2.1 mmol) was added to a 

solution of compound 127a (175 mg, 0.327 mmol) in methanol (4.0 mL). After stirring for 0.5 hr 

at room temperature, the reaction mixture was neutralized with Amberlite IR-120 (H+). The 

solution was then filtered and evaporated to afford the desired product 137 as a syrup. Rf = 0.15 

(methanol : CH2Cl2 1 : 9). 

 

5.2.20 6-Azidohexyl 7-O-benzyl-6-deoxy-3,4-O-isopropylidne-β-D-galacto-heptopyranoside 

(138) 

 

 

To a solution of compound 137 (648 mg, 1.58 mmol) in anhydrous acetone (5.0 mL) was 

added 2,2-dimethoxypropane (1.0 mL) and camphorsulfonic acid (20 mg). The reaction mixture 

was stirred for 6 hrs at room temperature. Triethylamine (~1.0 mL) was added, and the solution 

was evaporated. The residue was redissolved in EtOAc (40 mL), washed with brine (30 mL × 2), 

dried with anhydrous Na2SO4, and evaporated. The crude mixture was purified by column 

chromatography on silica gel using a gradient of 2030% EtOAc−hexanes as the eluent to afford 

the desired product 138 as a syrup (696 mg, 1.42 mmol, 90% yield for two steps). Rf = 0.37 (EtOAc 

: hexane 3 : 7). [α]D
20: +51.4° (c 1.0, CHCl3).

 1H NMR (CDCl3, 400 MHz): δH 7.42-7.29 (m, 5H, 

Ar), 4.56 (d, 1H, J = 11.8 Hz, PhCH2), 4.51 (d, 1H, J = 12.0 Hz, PhCH2), 4.12 (d, 1H, J = 8.3 Hz, 

H-1), 4.05 (dd, 1H, J = 7.6, 5.6 Hz, H-3), 4.03 (dd, 1H, J = 5.6, 2.1 Hz, H-4), 3.97 (ddd, 1H, J = 
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8.8, 4.9, 1.9 Hz, H-5), 3.81 (ddd, 1H, J = 9.5, 6.5, 6.5 Hz, OCHaHb), 3.70 (ddd, 1H, J = 9.4, 8.4, 

4.3 Hz, H-7a), 3.62 (ddd, 1H, J = 9.4, 5.2, 5.2 Hz, H-7b), 3.53 (dd, 1H, J = 8.3, 7.6 Hz, H-2),  3.44 

(ddd, 1H, J = 9.5, 6.6, 6.6 Hz, OCHaHb), 3.27 (t, 2H, J = 6.8 Hz, CH2N3), 2.46 (d, 1H, J = 2.1 Hz, 

OH-2),  2.15 (dddd, 1H, J = 14.4, 8.7, 5.5, 4.5Hz, H-6a), 2.03 (dddd, 1H, J = 14.5, 8.4, 4.9, 4.9 

Hz, H-6b), 1.67-1.58 (m, 4H, 2 × CH2), 1.53 (s, 3H, Me), 1.44-1.36 (m, 4H, 2 × CH2), 1.33 (s, 3H, 

Me). 13C NMR (CDCl3, 100 MHz): C 128.4 (Ar), 127.7 (Ar), 127.6 (Ar), 102.3 (C-1), 78.8 (C-3), 

75.4 (C-4), 73.9 (C-2), 73.0 (PhCH2), 69.6 (C-5), 69.5 (CH2), 66.1 (C-7), 51.3 (CH2), 31.3 (C-6), 

29.5 (CH2), 28.7 (CH2), 28.2 (Me), 26.4 (CH2), 26.2 (Me), 25.6 (CH2). HRMS (ESI-QTOF): calcd 

m/z for C23H35N3O6 (M + NH4)
+ : 467.2864; found: 467.2856. 

 

5.2.21 6-Azidohexyl 7-O-benzyl-6-deoxy-3,4-O-isopropylidne-2-O-mesyl-β-D-galacto-

heptopyranoside (139) 

 

A solution of compound 138 (357 mg, 0.795 mmol) in anhydrous pyridine (2.0 mL) was 

cooled to 0 °C, methanesulfonyl chloride (0.15 mL, 2 mmol) was added dropwise, and the reaction 

mixture was allowed to warm up to room temperature and stirred for 6 hrs. Methanol (~1.0 mL) 

was added to quench the reaction, and the mixture was concentrated and coevaporated with toluene 

under reduced pressure. The residue was redissolved in EtOAc (40 mL), and the organic solution 

was successively washed with aqueous HCl (1.0 M, 15 mL), aqueous NaOH (1.0 M, 15 mL) and 

saturated brine (30 mL), dried over anhydrous Na2SO4, and evaporated. The crude mixture was 
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then purified by column chromatography on silica gel using a gradient of 1525% EtOAc-

hexanes as the eluent to afford the pure product 139 as a syrup (382 mg, 0.723 mmol, 90% yield). 

Rf = 0.46 (EtOAc : hexane 3 : 7). [α]D
20: +32.8° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 

7.40-7.29 (m, 5H, Ar), 4.56 (d, 1H, J = 11.9 Hz, PhCH2), 4.51 (d, 1H, J = 12.0 Hz, PhCH2), 4.46 

(dd, 1H, J = 8.3, 7.4 Hz, H-2), 4.32 (d, 1H, J = 8.3 Hz, H-1), 4.20 (dd, 1H, J = 7.4, 5.3 Hz, H-3), 

4.08 (dd, 1H, J = 5.3, 2.1 Hz, H-4), 3.98 (ddd, 1H, J = 8.7, 4.9, 2.1 Hz, H-5), 3.81 (ddd, 1H, J = 

9.6, 6.6, 6.6 Hz, OCHaHb), 3.69 (ddd, 1H, J = 9.6, 8.5, 4.2 Hz, H-7a), 3.61 (ddd, 1H, J = 9.9, 5.1, 

5.1 Hz, H-7b), 3.45 (ddd, 1H, J = 9.6, 6.6, 6.6 Hz, OCHaHb), 3.28 (t, 2H, J = 6.9 Hz, CH2N3), 3.13, 

(s, 3H, Ms), 2.15 (dddd, 1H, J = 14.3, 8.6, 5.5, 4.2 Hz, H-6a), 2.03 (dddd, 1H, J = 14.5, 8.4, 4.8, 

4.8 Hz, H-6b), 1.66-1.58 (m, 4H, 2 × CH2), 1.57 (s, 3H, Me), 1.44-1.36 (m, 4H, 2 × CH2), 1.34 (s, 

3H, Me). 13C NMR (CDCl3, 100 MHz): C 129.5 (Ar), 128.4 (Ar), 127.7 (Ar), 99.5 (C-1), 82.2 (C-

2), 77.3 (C-3), 75.9 (C-4), 73.1 (PhCH2), 69.5 (CH2), 69.4 (C-5), 65.9 (C-7), 51.3 (CH2), 39.0 

(Ms), 31.0 (C-6), 29.3 (CH2), 28.7 (CH2), 27.7 (Me), 26.4 (CH2), 26.2 (Me), 25.4 (CH2). HRMS 

(ESI-QTOF): calcd m/z for C13H22O6 (M + NH4)
+ : 545.2641 ; found: 545.2633. 

 

5.2.22 6-Azidohexyl 7-O-benzyl-6-deoxy-2-O-mesyl-β-D-galacto-heptopyranoside (135) 
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A solution of compound 139 (263 mg, 0.493 mmol) in 50% acetic acid - water (2.0 mL) 

was heated to 80 °C for 12 hrs, and the mixture was concentrated and coevaporated with toluene 

three times. The crude mixture was purified by column chromatography on silica gel using 30% 

EtOAc−hexanes to afford the desired product 135 as a syrup (203 mg, 0.42 mmol, 85% yield).  Rf 

= 0.26 (EtOAc : hexane 1 : 1).  

 

5.2.23 4-Chlorophenyl 7-O-benzyl-6-deoxy-1-thio-α,β-D-galacto-heptopyranoside (153) 

 

 

To a solution of compound 136 (1.56 g, 2.91 mmol) in anhydrous MeOH (10 mL) was 

added a solution of NaOMe in anhydrous MeOH (1.5 M, 2.5 mL, 3.4 mmol). After stirring for 0.5 

hrs, the reaction mixture was neutralized with Amberlite IR-120 (H+) and evaporated to obtain the 

desired product 153 as a syrup. Compound 153 was used for next step without further purification 

(1.21 g, 2.88 mmol, 99% yield). Rf = 0.16 (methanol : CH2Cl2 1 : 9).  
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5.2.24 4-Chlorophenyl 7-O-benzyl-6-deoxy-3,4-O-isopropylidene-1-thio-α,β-D-galacto-

heptopyranoside (154) 

 

To a solution of compound 153 (1.15 g, 2.81 mmol) in anhydrous acetone (15 mL) was 

added 2,2-dimethoxypropane (2.0 mL) and camphorsulfonic acid (20 mg), and the reaction was 

stirred for 6 hrs at room temperature. Triethylamine (~1.0 mL) was added, and the solution was 

evaporated. The residue was redissolved in EtOAc (50 mL), washed with saturated brine (30 mL) 

and dried over anhydrous Na2SO4, filtered and evaporated. The crude mixture was purified by 

column chromatography on silica gel using a gradient of 2030% EtOAc−hexanes as the eluent 

to afford the desired product 154 as a syrup (1.142 g, 2.53 mmol, 90% yield). Rf = 0.33 (EtOAc: 

hexane, 4:6). 1H NMR (CDCl3, 400 MHz): δH 7.51-7.22 (m, 9H, Ar), 4.51 (d, 1H, J = 11.9 Hz, 

PhCH2), 4.47 (d, 1H, J = 11.9 Hz, PhCH2), 4.45 (d, 1H, J = 10.2 Hz, H-1), 4.08 (dd, 1H, J = 4.4, 

2.3 Hz, H-4), 4.07 (dd, 1H, J = 8.7, 5.6 Hz, H-3), 3.98 (ddd, 1H, J = 8.7, 4.5, 1.7 Hz, H-5), 3.70-

3.56 (m, 2H, H-7a and H-7b), 3.60 (dd, 1H, J = 10.2, 8.7 Hz, H-2), 2.53, (broad, 1H, OH-2), 2.15 

(dddd, 1H, J = 14.3, 9.4, 9.2, 4.3 Hz, H-6a), 2.01 (dddd, 1H, J = 14.4, 9.4, 9.4, 4.3 Hz, H-6b), 1.48 

(s, 3H, Me), 1.34 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 133.7 (Ar), 129.0 (Ar), 128.4 (Ar), 

127.7 (Ar), 127.5 (Ar), 87.8 (C-1), 79.2 (C-4), 75.4 (C-3), 73.2 (C-5), 73.0 (PhCH2), 71.9 (C-2), 

66.1 (C-7), 31.5 (C-6), 26.3 (Me), 21.1 (Me).  

 

 



 

150 

 

5.2.25 4-Chlorophenyl 7-O-benzyl-6-deoxy-2-O-acetyl-3,4-O-isopropylidene-1-thio-α,β-D-

galactoheptopyranoside (145) 

 

Compound 154 (1.11 g, 2.21 mmol) was acetylated in a mixture of Ac2O (0.5 mL) and 

anhydrous pyridine (5.0 mL) for 6 hrs at room temperature. The mixture was concentrated under 

reduced pressure and coevaporated with toluene. The crude mixture was purified by column 

chromatography on silica gel using a gradient of 1525% EtOAc−hexanes as the eluent to afford 

the desired product 145 as a syrup (1.035 g, 2.097 mmol, 95% yield). Rf = 0.35 (EtOAc : hexane 

3 : 7). 1H NMR (CDCl3, 400 MHz): δH 7.45-7.20 (m, 9H, Ar), 5.04 (dd, 1H, J = 10.2, 7.2 Hz, H-

2), 4.59 (d, 1H, J = 10.2 Hz, H-1), 4.49 (d, 1H, J = 12.0 Hz, PhCH2), 4.49 (d, 1H, J = 12.0 Hz, 

PhCH2), 4.18 (dd, 1H, J = 7.2, 5.3 Hz, H-3), 4.10 (dd, 1H, J = 5.3, 2.1 Hz, H-4), 3.99 (ddd, 1H, J 

= 9.1, 4.4, 2.1 Hz, H-5), 3.68-3.58 (m, 2H, H-7a, H-7b), 2.18 (dddd, 1H, J = 14. 6, 8.3, 5. 7, 4.5 

Hz, H-6a), 2.16 (s, 3H, Ac), 2.00 (dddd, 1H, J = 14.4, 8.3, 5.7, 4.5 Hz, H-6b), 1.55 (s, 3H, Me), 

1.34 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 133.3 (Ar), 128.9 (Ar), 128.4 (Ar), 127.7 (Ar), 

127.5 (Ar), 85.5 (C-1), 77.2 (C-3), 75.5 (C-4), 73.1 (PhCH2), 73.0 (C-5), 71.6 (C-2), 66.1 (C-7), 

31.5 (C-6), 27.7 (Ac), 26.3 (Me), 21.1 (Me).  
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5.2.26 1,3,4,6-Tetra-O-acetyl-O-2-deoxy-2-phthalimido-α,β-D-glucopyranose (147) 

 

To a solution of D-glucosamine hydrochloride 146 (10.12 g, 47.1 mmol) in distilled H2O 

(100 mL) was added NaHCO3 (3.95 g, 47.1 mmol) and phthalic anhydride (8.34 g, 56.5 mmol), 

and the mixture was stirred for 24 hrs at room temperature. The solution was concentrated under 

reduced pressure, and the mixture was aetylated at 60 °C for 12 hrs using a mixture of Ac2O (80 

mL) and pyridine (80 mL). The solution was concentrated and co-evaporated with toluene (50 

mL). The crude product was redissolved in EtOAc (300 mL), and washed with saturated brine 

(100 mL × 2), dried over anhydrous Na2SO4, filtered and evaporated. The crude mixture was 

purified by column chromatography on silica gel using a gradient of 2025% EtOAc−hexanes as 

the eluent to afford the crude product 147 as a syrup (9.44 g, 19.8 mmol, 42% yield). Rf = 0.61 

(EtOAc : hexane 4 : 6). The 1H and 13C NMR data of compound 147 are identical to what was 

reported in the literature.77,91 

 

 

5.2.27 4-Chlorophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside 

(148) 
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To a solution of compound 147 (1.51 g, 3.17 mmol) in anhydrous CH2Cl2 (15 mL) was 

added 4-chlorothiophenol (917 mg, 6.34 mmol) and BF3·OEt2 (0.78 mL, 6.34 mmol) at 0°C under 

argon, and the mixture was slowly warmed to room temperature. After stirring for 20 hrs, the 

mixture was neutralized with Et3N. Ac2O (1.0 mL) was then added to acetylate the unreacted thiol. 

The reaction mixture was concentrated under reduced pressure, and the crude product was 

dissolved in EtOAc (50 mL), washed with a 1M NaOH solution (20 mL) and H2O (30 mL × 2), 

dried over anhydrous Na2SO4, and evaporated. The crude mixture was purified by column 

chromatography on silica gel using a gradient of 1520% EtOAc−hexanes as the eluent to afford 

the desire product 148 as a syrup (1.388 g, 2.476 mmol, 78% yield). Rf = 0.29 (EtOAc : hexane, 4 

: 6). [α]D
20: +36.5° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.93-7.86 (m, 2H, Phth), 7.42-

7.35 (m, 2H, Phth), 7.31-7.24 (m, 2H, Ar), 7.82-7.75 (m, 2H, Ar), 5.80 (dd, 1H, J = 10.2, 9.2 Hz, 

H-3), 5.69 (d, 1H, J = 10.5 Hz, H-1), 5.14 (dd, 1H, J = 10.2, 9.5 Hz, H-4), 4.34 (dd, 1H, J = 10.2, 

10.2 Hz, H-2), 4.30(dd, 1H, J = 10.1, 4.9 Hz, H-6a), 4.23 (dd, 1H, J = 12.3, 2.4 Hz, H-6b), 3.91 

(ddd, 1H, J = 12.2, 5.0, 2.4 Hz, H-5), 2.12 (s, 3H, Ac), 2.04 (s, 3H, Ac), 1.86 (s, 3H, Ac). 13C NMR 

(CDCl3, 100 MHz): C 170.4 (Ac), 170.1 (Ac), 169.4 (Ac), 134.5 (Phth), 134.4 (Phth), 135.0 (Ar), 

129.1 (Ar), 123.7 (Ar), 82.7 (C-1), 76.0 (C-5), 71.5 (C-3), 68.6 (C-4), 62.1 (C-6), 53.6 (C-2), 20.8 

(Ac), 20.6 (Ac), 20. (Ac). The 1H and 13C NMR data of compound 148 are identical to what was 

reported in the literature.77,91 
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5.2.28 6-Azidohexyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (149) 

 

Compound 148 (734 mg, 1.31 mmol) and alcohol (133, 374 mg, 2.61 mmol) were dissolved 

in anhydrous CH2Cl2 (10 mL) under argon, 4Å molecule sieves (1 g) was added. After stirring for 

1 hour, the reaction mixture was cooled down to -78 °C and NIS (588 mg, 2.61 mmol) was added; 

after 10 min, TfOH (50 µL) was added dropwise. The reaction was continued at -78 °C for 4 hrs, 

and temperature was allowed to warm up to room temperature gradually overnight. Triethylamine 

(~0.5 mL) was added, and the mixture was filtered off and concentrated under reduced pressure. 

The crude mixture was redissolved in EtOAc (30 mL). The organic phase was washed with a 

mixture of aqueous NaHCO3 (10%, 15 mL), aqueous Na2S2O3 (10%, 15 mL), saturated brine (20 

mL), dried over anhydrous Na2SO4, filtered, and evaporated. The crude mixture was purified by 

column chromatography on silica gel using a gradient of 15→20% EtOAc−hexanes as the eluent 

to afford the desired product 149 as a syrup (629 mg, 1.12 mmol, 86% yield). Rf = 0.53 (EtOAc : 

hexane 4 : 6). [α]D
20: +75.1° (c 1.02, CHCl3). The 1H and 13C NMR data of compound 149 are 

identical to what was reported in the literature.91 1H NMR (CDCl3, 400 MHz): δH 7.89-7.82 (m, 

2H, Phth), 7.79-7.71 (m, 2H, Phth), 5.78 (dd, 1H, J = 10.8, 9.1 Hz, H-3), 5.35 (d, 1H, J = 8.5 Hz, 

H-1), 5.17 (dd, 1H, J = 10.1, 9.1 Hz, H-4), 4.33 (dd, 1H, J = 12.3, 6.7 Hz, H-6a), 4.31 (dd, 1H, J 

= 12.3, 6.7 Hz, H-2), 4.17 (dd, 1H, J = 12.3, 2.4 Hz, H-6b), 3.87 (ddd, 1H, J = 10.1, 4.7, 2.5 Hz, 

H-5), 3.83 (m, 1H, OCHaHb), 3.43 (ddd, 1H, J = 8.8, 7.2, 5.8 Hz, OCHaHb ), 3.04 (t, 2H, J = 7.0 

Hz, CH2N3), 2.11 (s, 3H, Ac), 2.02 (s, 3H, Ac), 1.86 (s, 3H, Ac), 1.44-1.35 (m, 2H, CH2), 1.32-
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1.22 (m, 2H, CH2), 1.18-1.05 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 134.3 (Phth), 

123.6 (Phth), 98.2 (C-1), 71.8 (C-5), 70.8 (C-3), 69.8 (CH2), 69.1 (C-4), 62.1 (C-6), 54.7 (C-2), 

51.1 (CH2), 29.1 (CH2), 28.6 (CH2), 26.2 (CH2), 25.4 (CH2), 20.8 (Ac), 20.6 (Ac), 20.5 (Ac).  

 

5.2.29 6-Azidohexyl 2-deoxy-2-phthalimido-β-D-glucopyranoside (150) 

 

Compound 149 (280 mg, 0.051 mmol) was transesterified in anhydrous MeOH (30 mL), 

using a solution of guanidine/guanidinium buffer in methanaol to pH ~10.91 After stirring for 6 

hrs, the reaction mixture was neutralized with Amberlite IR-120 (H+). The reaction mixture was 

then filtered and concentrated under reduced pressure to afford the desire product 150 as a white 

solid. Compound 150 was used for next step without further purification.  

 

5.2.30 6-Azidohexyl 4,6-O-benzylidene-2-deoxy-2-phthalimido-β-D-glucopyranoside (151) 

 

 To a solution of compound 150 (217 mg, 0.051 mmol) in anhydrous DMF (2.0 mL) was 

added benzaldehyde dimethyl acetal (0.15 mL, 1 mmol), and p-toluenesulfonic acid (22 mg) was 

added. The reaction was continued at room temperature for 10 hrs and neutralized with 

triethylamine. The mixture was concentrated under reduced pressure. The crude syrup was 
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redissolved in EtOAc (50 mL). The organic phase was washed with brine (30 mL), dried over 

anhydrous Na2SO4, and evaporated. The crude mixture was purified by column chromatography 

on silica gel using a gradient of 1520% EtOAc−hexanes as the eluent to afford the desired 

product 151 (225 mg, 0.041 mmol, 82% yield for two steps). Rf = 0.52 (EtOAc : hexane, 3 : 7). 

[α]D
20: +12.7° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.89-7.82 (m, 2H, Phth), 7.78-7.70 

(m, 2H, Phth), 7.54-7.46 (m, 2H, Ar), 7.43-7.32 (m, 3H, Ar), 5.57 (s, 1H, PhCH), 5.26 (d, 1H, J = 

8.5 Hz, H-1), 4.63 (dd, 1H, J = 12.9, 8.3 Hz, H-3), 4.39 (dd, 1H, J = 10.5, 4.2 Hz, H-6a), 4.24 (dd, 

1H, J = 10.1, 8.6 Hz, H-2), 3.89-3.79 (m, 2H, H-6b, OCHaHb), 3.68-3.56 (m, 2H, H-4, H-5), 3.47-

3.38 (m, 1H, OCHaHb), 3.05 (t, 2H, J = 7.0 Hz, CH2N3), 2.58-2.49 (m, 1H, OH-3), 1.52-1.35 (m, 

2H, CH2), 1.31-1.19 (m, 2H, CH2), 1.18-1.03 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 

134.2 (Phth), 129.3 (Ar), 128.4 (Ar), 126.3 (Ar), 123.5 (Phth), 123.1 (Phth), 101.9 (PhCH), 98.3 

(C-1), 82.3 (C-5), 69.8 (CH2), 68.7 (C-6), 68.6 (C-3), 66.2 (C-4), 56.6 (C-2), 29.1 (CH2), 28.6 

(CH2), 26.2 (CH2), 25.4 (CH2).  

 

5.2.31 6-Azidohexyl 3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-β-D-

glucopyranoside (152) 

 

A solution of compound 151 (201 mg, 0.345 mmol) in anhydrous DMF (5.0 mL) was 

cooled to 0 °C, and NaH (60% dispension in mineral oil, 21 mg, 0.52 mmol) was added. After 

stirring for 10 min, benzyl bromide (0.06 mL, 0.52 mmol) was added. After stirring for 1 hr, the 
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reaction mixture was then quenched with a few drop methanol, and concentrated under reduced 

pressure. The crude mixture was redissolved in EtOAc (40 mL), and the organic solution was 

washed with saturated brine (30 mL × 2), dried over anhydrous Na2SO4, and evaporated. The crude 

mixture was purified by column chromatography on silica gel using a gradient of 510% 

EtOAc−hexanes as the eluent to afford the desired product 152 as a syrup (202 mg, 0.336 mmol, 

96% yield). Rf = 0.65 (EtOAc : hexane, 2 : 8). [α]D
20: +57.2° (c 1.05, CHCl3). 

1H NMR (CDCl3, 

400 MHz): δH 7.93-7.66 (m, 4H, Phth), 7.57-7.49 (m, 2H, Ar), 7.44-7.35 (m, 3H, Ar), 7.04- 6.98 

(m, 2H, Ar), 6.96-6.85 (m, 3H, Ar), 5.63 (s, 1H, PhCH), 5.20 (d, 1H, J = 8.5 Hz, H-1), 4.81 (d, 

1H, J = 12.3 Hz, PhCH2), 4.51 (d, 1H, J = 12.3 Hz, PhCH2), 4.43 (dd, 1H, J = 10.7, 9.2 Hz, H-3), 

4.44-4.38 (m, 1H, H-6a), 4.22 (dd, 1H, J = 10.5, 8.5 Hz, H-2), 3.91-3.76 (m, 3H, H-5, H-6b, 

OCHaHb), 3.64 (td, J = 9.8, 9.8, 4.9 Hz, H-4), 3.39 (ddd, J =  9.8, 7.2, 5.7 Hz, OCHaHb ), 3.02 (t, 

2H, J = 7.0 Hz, CH2N3), 1.48-1.32 (m, 2H, CH2), 1.30-1.20 (m, 2H, CH2), 1.17-1.03 (m, 4H, 2 × 

CH2). 
13C NMR (CDCl3, 100 MHz): C 137.9 (Phth), 137.4 (Phth), 133.9 (Phth), 131.6 (Phth), 

128.3 (Ar), 128.0 (Ar), 127.3 (Ar), 126.0 (Ar), 123.3 (Phth), 101.3 (PhCH), 98.9 (C-1), 83.1 (C-

5), 74.6 (C-3), 74.1 (PhCH2), 69.8 (C-6), 69.6 (CH2), 66.1 (C-4), 55.9 (C-2), 51.1 (CH2), 29.1 

(CH2), 28.5 (CH2), 26.1 (CH2), 25.4 (CH2).  

 

5.2.32 6-Azidohexyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (144) 
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To a solution of compound 152 (124 mg, 0.210 mmol) in anhydrous CH2Cl2 (5 mL) was 

added triethylsilane (116 mg, 1.15 mmol) at 0 °C, followed by addition of BF3.Et2O (50 L, 0.4 

mmol).102,103   After stirring for 4 hrs, the reaction was quenched with triethylamine and 

concentrated to afford a syrup. The crude mixture was redissolved in EtOAc (30 mL), and the 

organic solution was washed with brine (30 mL), dried over anhydrous Na2SO4, and evaporated. 

The crude mixture was purified by column chromatography on silica gel using a gradient of 

1520% EtOAc−hexanes as the eluent to afford the desired product 144 as a syrup (94.2 mg, 

0.153 mmol, 76% yield). Rf = 0.69 (EtOAc : hexane, 3 : 7). [α]D
20: +35.3° (c 1.1, CHCl3). 

1H NMR 

(CDCl3, 400 MHz): δH 7.89-7.62 (m, 4H, Phth), 7.42-7.28 (m, 5H, Ar), 7.10-7.02 (m, 2H, Ar), 

7.00-6.91 (m, 3H, Ar), 5.13 (d, 1H, J = 8.3 Hz, H-1), 4.75 (d, 1H, J = 12.2 Hz, PhCH2), 4.65 (d, 

1H, J = 11.9 Hz, PhCH2), 4.59 (d, 1H, J = 11.9 Hz, PhCH2), 4.54 (d, 1H, J = 12.2 Hz, PhCH2), 

4.23 (dd, 1H, J = 10.8, 8.3 Hz, H-3), 4.15 (dd, 1H, J =10.8, 8.3 Hz, H-2), 3.87-3.74 (m, 4H, H-4, 

H-6a, H-6b, OCHaHb), 3.65 (ddd, 1H, J = 9. 8, 4.9, 4.9 Hz, H-5), 3.36 (ddd, 1H, J = 9 .8, 7.3, 5.7 

Hz, OCHaHb), 3.01 (t, 2H, J = 6.9 Hz, CH2N3), 2.94 (d, 1H, J = 2.6 Hz, OH-4), 1.47-1.31 (m, 2H, 

CH2), 1.30-1.18 (m, 2H, CH2), 1.16-1.01 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 133.8 

(Phth), 128.5 (Ar), 128.1 (Ar), 127.9 (Ar), 127.8 (Ar), 127.7 (Ar), 127.4 (Ar), 123.3 (Phth), 123.1 

(Phth), 98.3 (C-1), 78.7 (C-3), 74.5 (C-4), 74.3 (PhCH2), 73.8 (PhCH2), 73.5 (C-5), 70.8 (C-6), 

69.3 (CH2), 55.4 (C-2), 51.1 (CH2), 29.4 (CH2), 28.5(CH2), 26.2 (CH2), 25.4 (CH2). HRMS (ESI-

QTOF): calcd m/z for C34H38N4O7 (M + NH4)
+ : 632.3079; found: 632.3068. 
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5.2.33 6-Azidohexyl 2-O-acetyl-7-O-benzyl-6-deoxy-3,4-O-isopropylidene-β-D-galacto-

heptopyranosyl-(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (155) 

 

 To a solution of glycosyl donor 145 (32.4 mg, 0.065mmol), glycosyl acceptor 144 (61.5 

mg, 0.097 mmol) in anhydrous CH2Cl2 (2.0 mL), was added crushed molecular sieves (4 Å, 100 

mg). After stirring at room temperature for 1 hr, the reaction mixture was cooled down to -50 °C, 

and NIS (29.3 mg, 0.131mmol) was added; after another 10 min, TfOH (30 µL) was added. The 

reaction was stirred at -50°C for 2 hrs. Triethylamine (~0.5 mL) was added to quench the reaction. 

The reaction mixture was filtered off, and evaporated. The crude mixture was redissolved in EtOAc 

(30 mL), with a mixture of aqueous Na2S2O3 (10%, 15 mL) and aqueous NaHCO3 (10%, 15 mL), 

saturated brine (20 mL), dried over anhydrous Na2SO4, and evaporated. The crude mixture was 

purified by column chromatography on silica gel using a gradient of 1520% EtOAc−hexanes as 

the eluent to afford recovered acceptor (23.3 mg, 0.037mmol) and the desired product 156 as a 

syrup (35.1 mg, 0.034 mmol, 53% yield based on recovered starting material). Rf = 0.33 (EtOAc : 

hexane, 3 : 7). [α]D
20: +24.1° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.87-7.54 (m, 4H, 

Phth), 7.42-7.26 (m, 10H, Ar), 7.02-6.95 (m, 2H, Ar), 6.89-6.81 (m, 3H, Ar), 5.07 (d, 1H, J = 8.3 

Hz GlcN_H-1), 4.94 (dd, 1H, J = 8.4, 7.3 Hz, Hepto_H-2), 4.80 (d, 1H, J = 12.2 Hz, PhCH2), 4.76 

(d, 1H, J = 12.2 Hz, PhCH2), 4.51 (d, 1H, J = 12.2 Hz, PhCH2), 4.50 (d, 1H, J = 12.2 Hz, PhCH2), 

4.48 (d, 1H, J = 12.2 Hz, PhCH2), 4.43 (d, 1H, J = 12.2 Hz, PhCH2), 4.34 (d, 1H, J = 8.4 Hz, 
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Hepto_H-1), 4.20 (dd, 1H, J = 10.7, 8.2 Hz, GlcN_H-3), 4.12 (dd, 1H, J = 10.9, 8.2 Hz, GlcN_H-

2), 3.93 (dd, 1H, J = 7.2, 2.3 Hz, Hepto_H-3), 3.91 (dd, 1H, J = 5.4, 2.3 Hz, Hepto_H-4), 3.87 (dd, 

1H, J = 8.3, 7.3 Hz, GlcN_H-4), 3.82-3.73 (m, 4H, Hepto_H-5, GlcN_H-6a, GlcN_H-6b, 

OCHaHb), 3.57 (ddd, 1H, J = 9.1, 9.0, 4.5 Hz, Hepto_H-7a), 3.51 (ddd, 1H, J = 9.9, 3.5, 1.9 Hz, 

GlcN_H-5), 3.41 (ddd, 1H, J = 9.1, 5.1, 5.1 Hz, Hepto_H-7b), 3.36 (ddd, 1H,  J = 13.2, 7.3, 5.1 

Hz, OCHaHb), 3.01 (t, 2H, J = 6.9 Hz, CH2N3), 2.07 (s, 3H, Ac), 1.94 (dddd, 1H, J = 13.7, 9.6, 8.9, 

4.7 Hz, Hepto_H-6a), 1.85 (dddd, 1H, J = 13.9, 9.5, 8.8, 5.4 Hz, Hepto_H-6b), 1.53 (s, 3H, Me), 

1.39 (dddd, 2H, J = 19.7, 11.5, 9.3, 5.2 Hz, CH2), 1.29 (s, 3H, Me), 1.28-1.19 (m, 2H, CH2), 1.15-

1.03 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 138.7 (Phth), 138.5 (Phth), 138.0 (Phth), 

133.7 (Phth), 128.4 (Ar), 128.1 (Ar), 128.0 (Ar), 127.9 (Ar), 127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 

126.9 (Phth), 100.04 (Hepto_C-1), 98.4(GlcN_C-1), 78.3 (GlcN_C-4), 77.4 (Hepto_C-4), 76.7 

(GlcN_C-3), 75.7 (Hepto_C-3), 74.9 (GlcN_C-5), 74.6 (PhCH2), 73.6 (Hepto_C-2), 73.5 (PhCH2), 

73.1 (PhCH2), 69.5 (Hepto_C-5), 69.2 (PhCH2), 67.8 (GlcN_C-6), 66.0 (Hepto_C-7), 55.8 

(GlcN_C-2), 51.2 (PhCH2), 31.2 (Hepto_C-6), 29.1 (CH2), 28.6 (CH2), 27.8 (Hepto_Me), 26.3 

(Hepto_Me), 26.2 (CH2), 25.4 (CH2), 21.0 (Hepto_Ac).  

 

5.2.34 6-Azidohexyl 7-O-benzyl-6-deoxy-3,4-O-isopropylidene-β-D-galacto-heptopyranosyl-

(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (156) 
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Compound 155 (35.3 mg, 0.036 mmol) was dissolved in anhydrous methanol (1.5 mL), 

and a solution of NaOMe in methanol (1.5 M, 0.2 mL) was added. After stirring at room 

temperature for 0.5 hr, the reaction mixture was neutralized Amberlite IR-120 (H+), and evaporated 

to obtain the desired product 156 as a syrup (28.5 mg, 0.031 mmol, 86% yield). Rf = 0.19 (CH2Cl2 

: EtOAc, 1 : 1). [α]D
20: +25.2° (c 1.03, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.89-7.58 (m, 4H, 

Phth), 7.42-7.21 (m, 10H, Ar), 7.02-6.95 (m, 2H, Ar), 6.89-6.76 (m, 3H, Ar), 5.07 (d, 1H, J = 8.5 

Hz GlcN_H-1), 4.82 (d, 1H, J = 12.2 Hz, PhCH2), 4.74 (d, 1H, J = 12.2 Hz, PhCH2), 4.58 (d, 1H, 

J = 12.2 Hz, PhCH2), 4.46-4.40 (m, 3H, 3 × PhCH2), 4.39 (d, 1H, J = 8.5 Hz, Hepto_H-1), 4.32 

(dd, 1H, J = 10.7, 8.6 Hz, GlcN_H-3), 4.14 (dd, 1H, J = 10.7, 8.5 Hz, GlcN_H-2), 4.00 (dd, 1H, J 

= 9.8, 8.5Hz, GlcN_H-4), 3.95 (dd, 1H, J = 11.1, 3.8 Hz, GlcN_H-6a), 3.92 (dd, 1H, J = 5.4, 1.7 

Hz, Hepto_H-3), 3.91 (dd, 1H, J = 5.4, 2.1 Hz, Hepto_H-4), 3.82-3.75 (m, 3H, Hepto_H-5, 

GlcN_H-6a, OCHaHb), 3.61 (ddd, 1H, J = 9. 9, 3.5, 2.2 Hz, GlcN_H-5), 3.57-3.47 (m, 2H, 

Hepto_H-2, Hepto_H-7a), 3.42 (ddd, 1H, J = 10.1, 5.4, 5.4 Hz, Hepto_H-7b), 3.36 (dddd, 1H, J = 

13.0, 7.1, 5.7, 4.0 Hz, OCHaHb), 3.03 (broad, 1H, Hepto_OH-2), 3.01 (t, 2H, J = 7.0 Hz, CH2N3), 

1.98 (dddd, 1H, J = 13.9, 8.9, 8.5, 4.7 Hz, Hepto_H-6a), 1.92 (dddd, 1H, J = 13.8, 9.5, 8.8, 5.4 Hz, 

Hepto_H-6b), 1.48 (s, 3H, Me), 1.46-1.32 (m, 2H, CH2), 1.28 (s, 3H, Me), 1.28-1.19 (m, 2H, CH2), 

1.15-1.02 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 138.5 (Phth), 138.4 (Phth), 137.7 

(Phth), 133.7 (Phth), 128.5 (Ar), 128.4 (Ar), 128.1 (Ar), 128.0 (Ar), 127.9 (Ar), 127.8 (Ar), 127.7 

(Ar), 127.6 (Ar), 127.0 (Ar), 123.1 (Phth), 102.3 (Hepto_C-1), 98.5(GlcN_C-1), 79.2 (Hepto_C-

4), 78.4 (GlcN_C-3), 78.1 (GlcN_C-4), 75.4 (Hepto_C-3), 75.7 (Hepto_C-2), 74.7 (GlcN _C-5), 

74.5 (PhCH2), 73.6 (PhCH2), 73.0 (PhCH2), 69.9 (Hepto_C-5), 69.2 (PhCH2), 68.2 (GlcN _C-6),  

66.0 (Hepto_C-7), 55.8 (GlcN_C-2), 51.2 (CH2), 31.3 (Hepto_C-6), 29.1 (CH2), 28.6 (CH2), 28.2 
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(Hepto_Me), 26.3 (Hepto_Me), 26.2 (CH2), 25.4 (CH2). HRMS (ESI-QTOF): calcd m/z for 

C51H60N4O12 (M + NH4)
+ : 938.4546; found: 938.4531. 

 

5.2.35 6-Azidohexyl 7-O-benzyl-6-deoxy-3,4-O-isopropylidene-2-O-mesyl-β-D-galacto-

heptopyranosyl-(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (143) 

 

To a solution of the compound 156 (25.4 mg, 0.027 mmol) in anhydrous pyridine (1 mL) 

was added methanesulfonyl chloride (10 µL, 0.054 mmol) at 0 °C, and the reaction was continued 

for 6 hrs at room temperature. Methanol (~0.5 mL) was added to quench the reaction, and the 

crude mixture concentrated via coevaporated with toluene. The residue was redissolved in EtOAc 

(40 mL), and the organic solution waswashed with aqueous HCl (1.0 M, 10 mL), aqueous NaOH 

(1.0 M, 10 mL), saturated brine (20 mL), dried over anhydrous Na2SO4 and evaporated. The crude 

material was then purified by column chromatography on silica gel using a gradient of 2030% 

EtOAc-hexanes as the eluent to afford the pure product 143 as a syrup (24.5 mg, 0.020 mmol, 75% 

yield). Rf = 0.43 (EtOAc : hexane, 2 : 3). [α]D
20: +68.5° (c 1.01, CHCl3). 

1H NMR (CDCl3, 400 

MHz): δH 7.89-7.60 (m, 4H, Phth), 7.45-7.25 (m, 10H, Ar), 7.06-6.97 (m, 2H, Ar), 6.93-6.83 (m, 

3H, Ar), 5.10 (d, 1H, J = 8.4 Hz GlcN_H-1), 4.81 (dd, 2H, J = 12.2, 3.9 Hz, PhCH2), 4.55 (d, 1H, 

J = 11.8 Hz, PhCH2), 4.50 (d, 1H, J = 11.9 Hz, PhCH2), 4.48 (d, 1H, J = 12.7 Hz, PhCH2), 4.45 

(d, 1H, J = 12.7 Hz, PhCH2), 4.42 (d, 1H, J = 1.2 Hz, Hepto_H-2), 4.41 (d, 1H, J = 1.2 Hz, 

Hepto_H-1), 4.27 (dd, 1H, J = 10.8, 8.5 Hz, GlcN_H-3), 4.17 (dd, 1H, J = 10.8, 8.4 Hz, GlcN_H-
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2), 4.04 (dd, 1H, J = 8.7, 2.4 Hz, GlcN_H-6a), 4.01 (dd, 1H, J = 9.8, 8.6 Hz, GlcN_H-4), 3.95 (dd, 

1H, J = 5.4, 2.1 Hz, Hepto_H-4), 3.89 (dd, 1H, J = 5.4, 1.7 Hz, Hepto_H-3), 3.85-3.77 (m, 2H, 

GlcN_H-6a, OCHaHb),  3.74 (ddd, 1H, J = 8.7, 4.9, 2.1 Hz, Hepto_H-5), 3.64 (ddd, 1H, J = 10.1, 

3.0, 1.6 Hz, GlcN_H-5), 3.56 (ddd, 1H, J = 9.1, 9.0, 4.4 Hz, Hepto_H-7a), 3.39-3.24 (m, 2H, 

Hepto_H-7b, OCHaHb), 3.16 (s, 3H, Ms), 3.03 (t, 2H, J = 6.9 Hz, CH2N3), 1.88 (dddd, 1H, J = 

13.8, 9.7, 8.9, 5.5 Hz, Hepto_H-6a), 1.84 (dddd, 1H, , J = 13.9, 9.5, 8.8, 5.4 Hz, Hepto_H-6b), 

1.54 (s, 3H, Me), 1.50-1.36 (m, 2H, CH2), 1.32 (s, 3H, Me), 1.31-1.22 (m, 2H, CH2), 1.18-1.15 

(m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 138.7 (Phth), 138.5 (Phth), 138.3 (Phth), 133.7 

(Phth), 128.5 (Ar), 128.4 (Ar), 128.2 (Ar), 128.0 (Ar), 127.9 (Ar), 127.8 (Ar), 127.7 (Ar), 127.6 

(Ar), 127.0 (Ar), 99.0 (Hepto_C-1), 98.4 (GlcN_C-1), 82.7 (Hepto_C-2), 78.7 (GlcN_C-4), 78.3 

(Hepto_C-3), 76.9 (Hepto_C-4), 76.2 (GlcN_C-2), 74.7 (GlcN _C-5), 74.6 (PhCH2), 73.3 

(PhCH2), 73.2 (PhCH2), 69.5 (Hepto_C-5), 69.3 (CH2), 67.9 (GlcN _C-6), 65.9 (Hepto_C-7), 55.9 

(GlcN_C-2), 51.2 (CH2), 39.3 (Hepto_Ms), 31.1 (Hepto_C-6), 29.1 (CH2), 28.6 (CH2), 27.1 

(Hepto_Me), 26.3 (Hepto_Me), 26.2 (CH2), 25.4 (CH2). HRMS (ESI-QTOF): calcd m/z for 

C52H62N4O14S (M + NH4)
+ : 1016.3983; found: 1016.4312. 

 

5.2.36 6-Azidohexyl 7-O-benzyl-6-deoxy-2-O-mesyl-β-D-galacto-heptopyranosyl-(1→4)-3,6-di-

O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (142) 
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Compound 143 (21.1 mg, 0.021 mmol) was dissolved in 50% acetic acid - water (1.0 mL), 

and the solution was heated to 80 °C for 12 hrs. The reaction mixture was cooled down, and 

concentrated and coevaporated with toluene three times. The crude mixture was purified by 

column chromatography on silica gel using 30% EtOAc−hexanes as the eluent to afford the desired 

product 142 as a syrup (17.2 mg, 0.017 mmol, 83% yield).  Rf = 0.21 (EtOAc : hexane, 1 : 1). 

[α]D
20: +71.0° (c 1.01, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.90-7.65 (m, 4H, Phth), 7.40-

7.21 (m, 10H, Ar), 7.07-6.98 (m, 2H, Ar), 6.95-6.81 (m, 3H, Ar), 5.11 (d, 1H, J = 8.4 Hz GlcN_H-

1), 4.79 (dd, 2H, J = 12.6, 5.9 Hz, PhCH2), 4.52-4.43 (m, 6H, Hepto_H1, Hepto_H2, 2×PhCH2), 

4.26 (dd, 1H, J = 10.8, 8.4 Hz, GlcN_H-3), 4.16 (dd, 1H, J = 10.8, 8.4 Hz, GlcN_H-2), 4.07 (dd, 

1H, J = 10.1, 8.7 Hz, GlcN_H-4), 4.04 (dd, 1H, J = 8.5, 2.5 Hz, GlcN_H-6a), 3.86-3.78 (m, 2H, 

GlcN_H-6b, OCHaHb), 3.76 (ddd, 1H, J = 3.7, 3.7, 1.8 Hz, Hepto_H-5), 3.63 (ddd, 1H, J = 9.9, 

3.2, 1.7 Hz, GlcN_H-5), 3.53-4.40 (m, 3H, Hepto_H-3, Hepto_H-7a, Hepto_H-7b), 3.40-3.34 (m, 

2H, Hepto_H-4, OCHaHb), 3.23 (d, J  = 4.0 Hz, GlcN_OH-3), 3.17 (s, 3H, Ms), 3.03 (t, 2H, J = 

6.8 Hz, CH2N3), 3.23 (d, J = 8.9 Hz, GlcN_OH-4), 1.85 (th, 2H, 14.32, 8.07, 4.33, 4.33, 4.26 Hz, 

Hepto_H-6a, Hepto_H-6b), 1.49-1.34 (m, 2H, CH2), 1.31-1.22 (m, 2H, CH2), 1.19-1.04 (m, 4H, 2 

× CH2). 
13C NMR (CDCl3, 100 MHz): C 138.7 (Phth), 138.2 (Phth), 137.5 (Phth), 133.7 (Ar), 

128.5 (Ar), 128.4 (Ar), 128.1 (Ar), 128.0 (Ar), 127.9 (Ar), 127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 

127.5 (Ar), 127.0 (Ar), 99.4 (Hepto_C-1), 98.3 (GlcN_C-1), 88.2 (Hepto_C-2), 78.2 (GlcN_C-4), 

77.2 (GlcN_C-2), 74.7 (GlcN_C-5), 74.4 (PhCH2), 73.3 (PhCH2), 73.2 (PhCH2), 72.1 (Hepto_C-

3), 71.7 (Hepto_C-4), 70.6 (Hepto_C-5), 69.3 (Hepto_C-7), 67.9 (CH2), 65.5(CH2), 55.7 

(GlcN_C-3), 51.2 (CH2), 38.9 (Hepto_Ms), 30.8 (Hepto_C-6), 29.1 (CH2), 28.6 (CH2), 26.2 (CH2), 
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25.4 (CH2). HRMS (ESI-QTOF): calcd m/z for C49H58N4O14S (M + NH4)
+: 976.3802; found: 

976.4002. 

 

5.2.37 6-Azidohexyl 2,4-di-O-acetyl-3,7-di-O-benzyl-6-deoxy-β-D-ido-heptopyranosyl-(1→4)-

3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (141) 

 

Compound 142 (23.1 mg, 0.024 mmol) was dissolved in benzyl alcohol (1.0 mL), and 

potassium tert-butoxide (20 mg) was added. The reaction mixture was stirred at 60 °C for 12 hrs. 

EtOAc (30 mL) was added, and the solution was washed with saturated brine (20 mL). The organic 

layer was dried over anhydrous Na2SO4 and evaporated. The crude material was then passed 

through a thin bed of silica gel using a gradient of 57% methanol-CH2Cl2 to afford the 

intermediate which was collected as a syrup after evaporation. The intermediate was then 

acetylated in a mixture of Ac2O (0.5 mL) and pyridine (0.5 mL). After stirring for 12 hrs at room 

temperature, the reaction mixture was coevaporated with toluene. The residue was redissolved in 

EtOAc (20 mL) and washed with saturated brine (10 mL), and the organic layer was dried over 

anhydrous Na2SO4, and evaporated. The crude material was purified by column chromatography 

on silica gel using a gradient of 1020% EtOAc-CH2Cl2 as the eluent to afford the pure product 

141 as a syrup (13.4 mg, 0.012 mmol, 51% yield, two steps). Rf = 0.51 (EtOAc : CH2Cl2, 1 : 4). 

[α]D
20: -26.8° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.91-7.65 (m, 4H, Phth), 7.47-7.25 
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(m, 15H, Ar), 7.08-7.02 (m, 2H, Ar), 6.95-6.86 (m, 3H, Ar), 5.09 (d, 1H, J = 8.4 Hz, GlcN_H-1), 

5.08 (d, 1H, J = 1.2 Hz, Hepto_H-1), 5.01 (dd, 1H, J = 1.4, 1.3 Hz, Hepto_H-2), 4.95 (d, 1H, J = 

11.8 Hz, PhCH2), 4.73 (d, 1H, J = 1.1, 1.1 Hz, Hepto_H-4), 4.69 (d, 1H, J = 11.8 Hz, PhCH2), 4.65 

(d, 1H, J = 12.0 Hz, PhCH2), 4.56 (d, 1H, J = 11.8 Hz, PhCH2), 4.52 (d, 1H, J = 12.0 Hz, PhCH2), 

4.51 (d, 1H, J = 11.8 Hz, PhCH2), 4.43 (d, 1H, J = 12.2 Hz, PhCH2), 4.39 (d, 1H, J = 11.8 Hz, 

PhCH2), 4.31 (dd, 1H, J = 10.7, 8.4 Hz, GlcN_H-2), 4.16 (dd, 1H, J = 10.7, 8.5 Hz, GlcN_H-3), 

4.09 (ddd, 1H, J = 9.2, 4.6, 1.8 Hz, Hepto_H-5), 4.04 (dd, 1H, J = 9.8, 8.6 Hz, GlcN_H-4), 3.84 

(dd, 1H, J = 2.7, 2.7 Hz, Hepto_H-3), 3.81 (ddd, 1H, J = 9.6, 6.5, 6.5 Hz, OCHaHb), 3.77 (dd, 1H, 

J = 11.3, 1.8 Hz, GlcN_H-6a), 3.70 (dd, 1H, J = 10.9, 3.7 Hz, GlcN_H-6b), 3.59 (ddd, 1H, J = 9.9, 

3.6, 1.9 Hz, GlcN_H-5),  3.49 (ddd, 1H, J = 8. 8, 8.7, 5.4 Hz, Hepto_H-7a), 3.43-3.34 (m, 2H, 

Hepto_H-7b, OCHaHb), 3.06 (t, 2H, J = 7.1 Hz, CH2N3), 2.09 (s, 3H, Ac), 2.03 (s, 3H, Ac), 1.81 

(dddd, 1H, J = 13.9, 9.7, 9.7, 5.5 Hz, Hepto_H-6a), 1.72 (dddd, 1H, J = 16.4, 8.5, 8.4, 3.4 Hz, 

Hepto_H-6b), 1.51-1.36 (m, 2H, CH2), 1.34-1.23 (m, 2H, CH2), 1.17-1.07 (m, 4H, 2 × CH2). 
13C 

NMR (CDCl3, 100 MHz): C 170.2 (Ac), 170.0 (Ac), 128.5 (Ar), 128.4 (Ar), 128.3 (Ar), 128.0 

(Ar), 127.9 (Ar), 127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 127.5 (Ar), 127.4 (Ar), 127.0 (Ar), 

98.4(GlcN_C-1), 97.5 (Hepto_C-1), 78.2 (GlcN_C-4), 77.0 (GlcN_C-2), 74.4 (Hepto_C-5), 74.2 

(PhCH2), 74.1 (Hepto_C-3), 73.2 (PhCH2), 73.1 (PhCH2), 72.6 (PhCH2), 70.2 (Hepto_C-5), 69.2 

(CH2), 68.6 (GlcN_C-6), 68.1 (Hepto_C-4), 67.6 (Hepto_C-2), 66.0 (Hepto_C-7), 55.7 (GlcN_C-

3), 51.2 (CH2), 30.8 (Hepto_C-6), 29.1 (CH2), 28.6 (CH2), 26.2 (CH2), 25.4 (CH2), 20.9 (Ac), 20.8 

(Ac). HRMS (ESI-QTOF): calcd m/z for C59H66N4O14 (M + NH4)
+: 1072.4914; found: 1072.4904. 
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5.2.38 6-Azidohexyl 2,4-di-O-acetyl-3,7-di-O-benzyl-6-deoxy-β-D-ido-heptopyranosyl-(1→4)-2-

acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside (157) 

 

 

To a solution of compound 141 (21.2 mg, 19.9 µmol) in 95% ethanol (2.0 mL), was added 

hydrazine monohydrate (0.1 mL), and the reaction mixture was heated to reflux for 24 hrs. The 

reaction mixture was evaporated and the residue was redissolved in a mixture of Ac2O (0.5 mL) 

and pyridine (0.5 mL). After stirring for 12 hrs at room temperature, the reaction mixture was 

coevaporated with toluene. The crude material was redissolved in EtOAc (30 mL), and the organic 

solution was washed with saturated brine (15 mL), dried over anhydrous Na2SO4, and evaporated. 

The crude material was then purified by column chromatography on silica gel using a gradient of 

2030% EtOAc-CH2Cl2 as the eluent to afford the pure product 157 as a syrup (12.1 mg, 12.3 

µmol, 65% yield). Rf = 0.22 (EtOAc : hexane, 1 : 1). [α]D
20: -31.6° (c 0.97, CHCl3). 

1H NMR 

(CDCl3, 400 MHz): δH 7.34-7.16 (m, 20H, Ar), 5.70 (d, 1H, J = 7.6 Hz NHAc), 5.03 (d, 1H, J = 

1.5 Hz, Hepto_H-1), 4.98 (d, 1H, J = 1.5 Hz, Hepto_H-2), 4.96 (d, 1H, J = 11.0 Hz, PhCH2), 4.85 

(d, 1H, J = 7.1 Hz, GlcN_H-1), 4.74 (d, 1H, J = 2.4 Hz, Hepto_H-3), 4.71 (d, 1H, J = 10.9 Hz, 

PhCH2), 4.66 (d, 1H, J = 10.9 Hz, PhCH2), 4.60 (d, 1H, J = 10.9 Hz, PhCH2), 4.48 (d, 1H, J = 12.0 

Hz, PhCH2), 4.44 (d, 1H, J = 11.7 Hz, PhCH2), 4.38 (d, 1H, J = 12.0 Hz, PhCH2), 4.34 (d, 1H, J = 

12.0 Hz, PhCH2), 4.13-4.06 (m, 2H, GlcN_H-3, Hepto_H-4), 4.00 (dd, 1H, J = 7.5, 7.4 Hz, 
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GlcN_H-2), 3.86-3.78 (m, 2H, GlcN_H-5, OCHaHb), 3.75 (dd, 1H, J = 10.4, 3.2 Hz, GlcN_H-6a), 

3.64 (dd, 1H, J = 10.0, 3.6 Hz, GlcN_H-6b), 3.63-3.60 (m, 1H, Hepto_H-5), 3.49-3.34 (m, 4H, 

GlcN_H-4, Hepto_H-7a, Hepto_H-7b, OCHaHb), 3.23 (t, 2H, J = 7.0 Hz, CH2N3), 2.04 (s, 3H, Ac), 

2.02 (s, 3H, Ac), 1.91 (s, 3H, Ac), 1.93-1.85 (m, 1H, Hepto_H-6a), 1.81-1.69 (m, 1H, Hepto_H-

6b), 1.67-1.56 (m, 4H, 2 × CH2), 1.43-1.32 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 MHz): C 

170.2 (Ac), 170.1 (Ac), 170.0 (Ac), 128.5 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 128.1 (Ar), 

128.0 (Ar), 127.9 (Ar), 127.7 (Ar), 127.7 (Ar), 127.5 (Ar), 127.6 (Ar), 99.9 (GlcN_C-1), 96.7 

(Hepto_C-1), 77.7 (GlcN_C-2), 76.1 (GlcN_C-3), 74.2 (GlcN_C-5), 74.1 (Hepto_C-5), 73.8 

(PhCH2), 73.2 (PhCH2), 73.0 (PhCH2), 72.7 (PhCH2), 70.3 (GlcN_C-4), 69.3 (Hepto_C-7), 69.1 

(GlcN_C-6), 68.1 (Hepto_C-3), 67.6 (Hepto_C-2), 66.2 (CH2), 55.8 (Hepto_C-4), 51.4 (CH2), 

32.1 (Hepto_C-6), 29.8 (CH2), 28.8 (CH2), 26.5 (CH2), 25.6 (CH2), 23.5 (Ac), 20.9 (Ac), 20.8 

(Ac). HRMS (ESI-QTOF): calcd m/z for C53H66N4O13 (M + Na)+: 989.4519; found: 989.4517. 

 

5.2.39 6-Azidohexyl 3,7-di-O-benzyl-6-deoxy-β-D-ido-heptopyranosyl-(1→4)-2-acetamido-3,6-

di-O-benzyl-2-deoxy-β-D-glucopyranoside (158) 

 

 

Compound 157 (15.1 mg, 15.5 µmol) was dissolved in methanol (5.0 mL), and a solution 

of NaOMe in MeOH (1.5 M, 0.1 mL) was added. After stirring for 0.5 hr, the reaction mixture was 
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neutralized with Amberlite IR-120 (H+), and evaporated to obtain the product 158 as a syrup (10.7 

mg, 12.1 µmol, 76% yield). Rf = 0.40 (CH2Cl2 : EtOAc, 1 : 1). [α]D
20: -53.7° (c 1.0, CHCl3).

 1H 

NMR (CDCl3, 400 MHz): δH 7.41−7.15 (m, 20H, Ar), 5.87 (d, 1H, J = 7.6 Hz NHAc),  4.94 (s, 

1H, Hepto_H1), 4.80 (d, 1H, J = 11.8 Hz, PhCH2), 4.76 (d, 1H, J = 6.9 Hz, GlcN_H-1), 4.63 (d, 

1H, J = 11.5 Hz, PhCH2), 4.58-4.47 (m, 4H, 2 × PhCH2), 4.06 (dd, 1H, J = 7.9, 7.9 Hz, GlcN_H-

2), 3.97 (dd, 1H, J = 7.5, 7.5 Hz, GlcN_H-3), 3.96-3.92 (m, 1H, GlcN_H-4), 3.88 (t, 1H, J = 3.0, 

3.0 Hz, Hepto_H-5), 3.84-3.80 (m, 1H, GlcN_H-6a), 3.79-3.74 (m, 2H, GlcN_H-6b, Hepto_H-2), 

3.70-3.60 (m, 2H, OCHaHb, Hepto_H-3), 3.60-3.48 (m, 3H, GlcN_H-5, Hepto_H-4, Hepto_H-7a), 

3.48-3.45 (m, 2H, OCHaHb, Hepto_H-7b), 3.23 (t, 2H, J = 6.9 Hz, 2H, CH2N3), 1.89-1.88 (m, 2H, 

Hepto_H-6a and Hepto_H-6b), 1.86 (s, 3H, Ac), 1.62-1.51 (m, 4H, 2 × CH2), 1.41-1.31 (m, 4H, 2 

× CH2). 
13C NMR (CDCl3, 100 MHz): C 128.5 (Ar), 128.4 (Ar), 128.3 (Ar), 128.0 (Ar), 127.8 

(Ar), 127.7 (Ar), 127.6 (Ar), 127.5 (Ar), 127.5 (Ar), 100.1 (GlcN_C-1), 98.8 (Hepto_C-1), 78.1 

(GlcN_C-2), 76.6 (Hepto_C-5), 76.1 (GlcN_C-3), 74.7 (Hepto_C-3), 73.3 (PhCH2), 73.2 (PhCH2), 

73.1 (PhCH2), 72.3 (PhCH2), 71.9 (GlcN_C-4), 69.5 (GlcN_C-6), 69.2 (CH2), 68.5 (Hepto_C-2), 

67.8 (Hepto_C-4), 66.0 (Hepto_C-7), 55.1 GlcN_C-5), 51.4 (CH2), 29.4 (CH2), 28.8 (CH2), 26.5 

(CH2), 25.6 (CH2), 23.5 (Ac). HRMS (ESI-QTOF): calcd m/z for C49H63N4O11 (M + Na)+: 

905.4307; found: 905.4312. 
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5.2.40 6-Aminohexyl 6-deoxy-β-D-ido-heptopyranosyl-(1→4)-2-acetamido-2-deoxy-β-D-

glucopyranoside (116) 

 

Ammonia gas was introduced to a round–bottom flask, equipped with a dry-ice condenser 

to collect liquid ammonia (~20 mL) which was cooled to -78 °C. To the solution, Na metal (~71 

mg) was added, and the reaction mixture turned dark blue immediately. A solution of 158 (12.2 

mg, 13.6 µmol) in anhydrous THF (0.7 mL) was added, and the reaction was continued for 1 hr 

and slowly warmed up to room temperature. A few drops of MeOH was added to quench the 

reaction. The reaction mixture was neutralized with AcOH. After evaporating the mixture under 

reduced pressure, the crude was subjected to a gel filtration on Sephadex LH-20 using MeOH as 

the eluent to afford the product 116 (6.1 mg). Rf = 0.45 (methanol : CH2Cl2 3 : 7). 1H NMR (D2O, 

400 MHz): δH 4.96 (s, 1H, Hepto_H1), 4.47 (d, J = 8.4 Hz, GlcN_H-1), 4.02-3.96 (m, 1H, GlcN_H-

2), 3.91-3.93 (m, 2H, GlcN_H-6a, OCHaHb ), 3.77 (d, 1H, J = 3.1 Hz, Hepto_H-2), 3.75-3.67 (m, 

5H, GlcN_H-2, GlcN_H-4, GlcN_H-6b, Hepto_H-7a and Hepto_H-7b), 3.63 (dd, J = 10.1, 8.8 

Hz, GlcN_H-3), 3.59-3.51 (m, 2H, GlcN_H-5, OCHaHb), 3.50 (broad, 1H, Hepto_H-4), 3.50-3.47 

(m, 1H, Hepto_H-5), 2.94 (t, 2H, J = 7.8 Hz, 2H, CH2N3), 2.00 (s, 3H, Ac), 2.00-1.85 (m, 1H, 

Hepto_H-6a), 1.76-1.64 (m, 1H, Hepto_H-6b), 1.61-1.40 (m, 4H, 2 × CH2), 1.32-1.26 (m, 4H, 2 

× CH2). 
13C NMR (D2O, 100 MHz): C 101.2 (GlcN_C-1), 99.4 (Hepto_C-1), 79.0 (GlcN_C-2), 

75.9 (Hepto_C-5), 74.7 (GlcN_C-5), 74.0 (Hepto_C-4), 72.3 (GlcN_C-4), 71.9 (Hepto_C-3), 70.5 
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(CH2), 60.3 (GlcN_C-6), 58.2 Hepto_C-7), 55.7 (GlcN_C-3), 55.3 (GlcN_C-4), 39.5 (CH2), 32.7 

(Hepto_C-6), 28.4 (CH2), 26.7 (CH2), 25.3 (CH2), 24.7 (CH2), 23.3 (Ac), 23.2 (CH3COOH). 

HRMS (ESI-QTOF): calcd m/z for C21H40N2O11 (M + H)+: 497.2632; found: 497.2708. 
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5.3  Chapter 3: Regioselective Acetolysis of Isopropylidene Groups in Pyranose Systems 

5.3.1 1,2,6-tri-O-acetyl-3,4-O-isopropylidene--D-galactopyranose (173a) and 3,4,6-tri-O-

acetyl-1,2-O-isopropylidene--D-galactopyranose (173b) 

 

To a solution of compound 172 (500 mg, 1.64 mmol) in Ac2O (5.0 mL), was added 

trifluoroacetic acid (0.26 mL, 3.3 mmol) at room temperature. After stirring for 40 hrs, EtOAc (50 

mL) was added, and the mixture was neutralized with aqueous NaOH (1.0 M, 50 mL). The organic 

phase was separated and washed with saturated brine (20 mL × 2), dried over anhydrous Na2SO4, 

and evaporated. The crude mixture was purified by column chromatography on silica gel using a 

gradient of 15%25% EtOAc−hexanes as the eluent to afford compound 173b (21 mg, 0.06 

mmol, 4% yield), and then compound 173a (437 mg, 1.26 mmol, 77% yield). Data for compound 

173a: Rf = 0.33 (EtOAc : hexane, 4 : 6). [D
: +53.0° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 

MHz): δH 6.22 (d, 1H, J = 3.6 Hz, H-1), 5.08 (dd, 1H, J = 7.4, 3.6 Hz H-2), 4.34-4.27 (m, 4H, H-

4, H-5, H-6a, H-6b), 4.29 (dd, 1H, J = 10.2, 5.3 Hz, H-3), 2.09 (s, 3H, Ac), 2.07 (s, 3H, Ac), 2.06 

(s, 3H, Ac), 1.50 (s, 3H, Me), 1.33 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 170.7 (Ac), 169.8 

(Ac), 168.8 (Ac), 110.4 (C(Me)2), 89.3 (C-1), 72.8 (C-4), 72.7 (C-5), 69.5 (C-3), 68.3 (C-2), 63.3 

(C-6), 27.5 (Me), 26.1 (Me), 20.8 (Ac), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd m/z for 

C15H22O9 (M + NH4)
+ 364.1602, found 364.1596. 
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Data for compound 173b: Rf = 0.37 (EtOAc : hexane, 4 : 6). [D
: +50.5° (c 0.97, CHCl3). 

1H 

NMR (CDCl3, 400 MHz): δH 5.62 (d, 1H, J = 4.5 Hz, H-1), 5.41 (dd, 1H, J = 3.3, 2.4 Hz, H-4), 

5.08 (dd, 1H, J = 6.9, 3.4 Hz, H-3), 4.36 (ddd, 1H, J = 6.6, 6.5, 2.2 Hz, H-5), 4.14 (dd, 1H, J = 5. 

8, 2.1 Hz, H-2), 4.19-4.07 (m, 2H, H-6a, H-6b), 2.09 (s, 3H, Ac), 2.05 (s, 3H, Ac), 2.04 (s, 3H, 

Ac), 1.54 (s, 3H, Me), 1.39 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 170.5 (Ac), 170.1 (Ac), 

169.8 (Ac), 109.0 (C(Me)2), 97.3 (C-1), 72.9 (C-2), 71.7 (C-3), 69.0 (C-5), 66.2 (C-4), 61.5 (C-6), 

27.9 (Me), 27.1 (Me), 20.8 (Ac), 20.7 (Ac), 20.5 (Ac). HRMS (ESI-QTOF): calcd m/z for C15H22O9 

(M + NH4)
+ 364.1602, found 364.1592. 

 

5.3.2 1,2,7-Tri-O-acetyl-6-deoxy-3,4-O-isopropylidene-α-D-galacto-heptopyranose (174) 

 

To the solution of compound 130 (87 mg, 0.24 mmol) in Ac2O (1.0 mL), was added 

trifluoroacetic acid (40 µL, 0.48 mmol) at room temperature, and the reaction mixture was stirred 

for 20 h at room temperature. The crude mixture was worked up as compound 173 and purified by 

column chromatography on silica gel using a gradient of 15%25% EtOAc−hexanes as the eluent 

to afford the desired product 178 as a solid (57.7 mg, 0. 161 mmol, 67% yield). Rf = 0.39 (EtOAc 

: hexane 2 : 8). [D
: +7.2° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 6.19 (d, 1H, J = 3.7 

Hz, H-1), 5.07 (dd, 1H, J = 7.7, 3.7 Hz, H-2), 4.32 (dd, 1H, J = 7.6, 5.5 Hz, H-3), 7.27-4.08 (m, 
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4H, H-4, H-5, H-7a, H-7b), 2.09-1.95 (m, 2H, H-6a, H-6b), 2.10 (s, 3H, Ac), 2.06 (s, 3H, Ac), 2.01 

(s, 3H, Ac), 1.52 (s, 3H, Me), 1.34 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 170.8 (Ac), 169.9 

(Ac), 168.9 (Ac), 109.9 (C(Me)2), 89.4 (C-1), 74.5 (C-4), 72.9 (C-3), 69.7 (C-2), 66.7(C-5), 60.9 

(C-7), 30.1 (C-6), 37.6 (Me), 27.7 (Me), 26.2 (Me), 20.9 (Ac), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-

QTOF): calcd m/z for C16H24O9 (M + NH4)
+ 378.1759, found 378.1759. 

 

5.3.3 1,2-Di-O-acetyl-3,4-O-isopropylidene-6-O-tosyl--D-galactopyranose (176) 

 

Compound 175 (105 mg, 0.254 mmol) was treated with Ac2O (1.0 mL) and trifluoroacetic 

acid (40 µL, 0.51 mmol) at room temperature. After stirring for 24 h at room temperature, the 

crude mixture was worked up as compound 173 and purified by column chromatography on silica 

gel using a gradient of 15%25% EtOAc−hexanes as the eluent to afford the desired product 176 

as white solid (81.2 mg, 0.178 mmol, 78% yield). Rf = 0.36 (EtOAc : hexane 4 : 6). [D
: +73.2° 

(c 1.0, CHCl3). 
1H NMR (CDCl3, 400 MHz): δH 7.81-7.76 (m, 2H, Ph), 7.38-7.32 (m, 2H, Ph), 

6.16 (d, 1H, J = 3.6 Hz, H-1), 5.04 (dd, 1H, J = 7.1, 3.7 Hz, H-2), 4.38 (ddd, 1H, J = 7.3, 4.9, 2.5 

Hz, H-5), 4.33 (dd, 1H, J = 7.2, 5.8 Hz, H-3), 4.28 (dd, 1H, J = 10.2, 5.3 Hz, H-6a), 4.26 (dd, 1H, 

J = 5.8, 2.8 Hz, H-4), 4.15 (dd, 1H, J = 10.5, 7.1 Hz, H-6b), 2.45 (s, 3H, Ts), 2.10 (s, 3H, Ac), 2.07 

(s, 3H, Ac), 1.44 (s, 3H, Me), 1.30 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 170.1 (Ac), 168.9 
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(Ac), 129.8 (Ph), 128.1 (Ph), 110.5 (C(Me)2), 88.9 (C-1), 72.6 (C-3), 72.2 (C-4), 69.1 (C-2), 68.4 

(C-6), 68.2 (C-5), 27.4 (Me), 26.0 (Me), 21.6 (Me), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): 

calcd m/z for C20H26O10S (M + NH4)
+ 476.1585, found 476.1579. 

 

5.3.4 1,2-Di-O-acetyl-3,4-O-isopropylidene-6-O-mesyl--D-galactopyranose (178) 

 

  Compound 177 (100 mg, 0.296 mmol) was treated with Ac2O (1.0 mL) and trifluoroacetic 

acid (45 µL, 0.59 mmol) at room temperature. After sirring for 18 h, the crude mixture was worked 

up as compound 173 and purified by column chromatography on silica gel using a gradient of 

15%25% EtOAc−hexanes as the eluent to afford the desired product 178 as solid (78.2 mg, 0. 

204 mmol, 69% yield). Rf = 0.31 (EtOAc : hexane 4 : 6). [D
: +55.6° (c 1.0, CHCl3). 

1H NMR 

(CDCl3, 400 MHz): δH 6.22 (d, 1H, J = 3.6 Hz, H-1), 5.12 (dd, 1H, J = 7.2, 3.7 Hz, H-2), 4.47-

4.36 (m, 4H, H-3, H-5, H-6a, H6b), 4.29 (dd, 1H, J = 5. 8, 2.1 Hz, H-4), 3.05 (s, 3H, Ms), 2.11 (s, 

3H, Ac), 2.09 (s, 3H, Ac), 1.52 (s, 3H, Me), 1.34 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 

169.8 (Ac), 168.8 (Ac), 110.6 (C(Me)2), 88.9 (C-1), 72.8 (C-4), 72.3 (C-5), 69.0 (C-2), 68.7 (C-

6), 68.4 (C-3), 37.6 (Me), 27.5 (Me), 26.1 (Me), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd 

m/z for C14H22O10S (M + NH4)
+ 400.1272, found 400.1270. 
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5.3.5 6-O-Azido-1,2-di-O-acetyl-3,4-O-isopropylidene--D-galactopyranose (180) 

 

Compound 179 (102 mg, 0.358 mmol) was treated with Ac2O (1.0 mL) and trifluoroacetic 

acid (55 µL, 0.72 mmol) at room temperature. After stirring for 24 h the crude mixture was worked 

up as compound 173 and purified by column chromatography on silica gel using a gradient of 

10%15% EtOAc−hexanes to afford the desired product 180 as syrup (76 mg, 0.23 mmol, 65% 

yield). Rf = 0.29 (EtOAc : hexane, 2 : 8). [D
: +44.6° (c 0.95, CHCl3). 

1H NMR (CDCl3, 400 

MHz): δH 6.24 (d, 1H, J = 3.6 Hz, H-1), 5.11 (dd, 1H, J = 7.3, 3.6 Hz, H-2), 4.36 (dd, 1H, J = 7.3, 

5.7 Hz, H-3), 4.27 (dd, 1H, J = 5.7, 2.5 Hz, H-4), 4.21 (ddd, 1H, J = 7.0, 6.0, 2.5 Hz, H-5), 3.57 

(dd, 1H, J = 13.7, 7.3 Hz, H-6a), 3.48 (dd, 1H, J = 12.7, 6.1 Hz, H-6b), 2,11 (s, 3H, Ac), 2.08 (s, 

3H, Ac), 1.53 (s, 3H, Me), 1.36 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 169.9 (Ac), 168.7 

(Ac), 110.4 (C(Me)2), 89.2 (C-1), 72.8 (C-4), 72.7 (C-5), 69.3 (C-2), 69.2 (C-3), 50.6 (C-6), 27.5 

(Me), 26.1 (Me), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd m/z for C13H19N3O7 (M + NH4)
+ 

347.1561, found 347.1562. 
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5.3.6 1,2-Di-O-acetyl-6-bromo-6-deoxy-3,4-O-isopropylidene--D-galactopyranose (182) 

 

Compound 181 (105 mg, 0.326 mmol) was treated with Ac2O (1.0 mL) and trifluoroacetic 

acid (50 µL, 0.66 mmol) at room temperature. After stirring for 26 hrs, the crude mixture was 

worked up as compound 173 and was purified by column chromatography on silica gel using a 

gradient of 15%25% EtOAc−hexanes as the eluent to afford the desired product 182 as syrup 

(85.7 mg, 0.234 mmol, 72% yield). Rf = 0.28 (EtOAc : hexane 2 : 8). [D
: +38.6° (c 0.98, 

CHCl3). 
1H NMR (CDCl3, 400 MHz): δH 6.21 (d, 1H, J = 3.7 Hz, H-1), 5.12 (dd, 1H, J = 7.2, 3.7 

Hz, H-2), 4.46 (dd, 1H, J = 5.7, 2.4 Hz, H-4), 4.35 (dd, 1H, J = 7.2, 5.7 Hz, H-3), 4.27 (ddd, 1H, 

J = 8.2, 6.2, 2.4 Hz, H-5), 3.58 (dd, 1H, J = 10.0, 7.9 Hz, H-6a), 3.47 (dd, 1H, J = 10.1, 6.2 Hz, H-

6b), 2,11 (s, 3H, Ac), 2.08 (s, 3H, Ac), 1.52 (s, 3H, Me), 1.36 (s, 3H, Me). 13C NMR (CDCl3, 100 

MHz): C 169.8 (Ac), 168.8 (Ac), 110.3 (C(Me)2), 89.3 (C-1), 72.8 (C-4), 72.3 (C-5), 70.4 (C-2), 

69.1 (C-3), 28.9 (C-6), 27.5 (Me), 25.9 (Me), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd m/z 

for C13H19BrO7 (M + NH4)
+ 374.0652, found 374.0650. 
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5.3.7 1,2-Di-O-acetyl-6-O-allyl-3,4-O-isopropylidene--D-galactopyranose (184) 

 

 

Compound 183 (102 mg, 0.340 mmol) was treated with Ac2O (1.0 mL) and trifluoroacetic 

acid (55 µL, 0.68 mmol) at room temperature. After stirring for 24 hrs, the crude mixture was 

worked up as compound 173 and purified by column chromatography on silica gel using a gradient 

of 10%15% EtOAc−hexanes as the eluent to afford the desired product 184 as syrup (85.3 mg, 

0.248 mmol, 73% yield). Rf = 0.29 (EtOAc : hexane 2 : 8). [D
: +44.6° (c 0.95, CHCl3). 

1H 

NMR (CDCl3, 400 M Hz): δH 6.25 (d, 1H, J = 3.6 Hz, H-1), 5.92 (ddt, 1H, J = 17.3, 10.4, 5.7, 5.7 

Hz, -CH2CH=CH2), 5.92 (dq, 1H, J = 17.2, 1.6, 1.6, 1.6 Hz, -CH2CH=CH2), 5.21 (dq, 1H, J = 

10.4, 1.4, 1.4, 1.4 Hz, -CH2CH=CH2), 5.11 (dd, 1H, J = 6.9, 3.6 Hz, H-2), 4.38-4.28 (m, 3H, H-3, 

H-4, H-5), 4.07 (dqt, 2H, J = 12.9, 12.9, 12.9, 5.7, 1.4, 1.4 Hz, -CH2CH=CH2), 3.78-3.71 (m, 1H, 

H-6a), 3.70-3.66 (m, 1H, H-6b), 2.11 (s, 3H, Ac), 2.09 (s, 3H, Ac), 1.54 (s, 3H, Me), 1.36 (s, 3H, 

Me). 13C NMR (CDCl3, 100 MHz): C 169.9 (Ac), 168.7 (Ac), 134.5 (-CH2CH=CH2), 117.3 (-

CH2CH=CH2), 110.4 (C(Me)2), 89.5 (C-1), 73.1 (C-3), 72.8 (C-4), 72.5 (-CH2CH=CH2), 69.8 (C-

2), 69.4 (C-5), 69.0 (C-6), 27.5 (Me), 26.1 (Me), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd 

m/z for C13H19N3O7 (M + NH4)
+ 362.1809; found 362.1799. 
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5.3.8 1,4,5-Tri-O-acetyl-2,3-O-isopropylidene--D-fructopyranose (195) 

 

To a solution of compound 189 (785 mg, 2.59 mmol) in Ac2O (8.0 mL), was added 

trifluoroacetic acid (0.40 mL, 5.21 mmol) at room temperature, and the reaction mixture was 

continued for 20 hrs at room temperature. EtOAc (50 mL) was added and the mixture was washed 

with aqueous NaOH (1 M, 30 mL), and then saturated brine (30 mL × 2), dried over anhydrous 

Na2SO4, and evaporated. The crude mixture was purified by column chromatography on silica gel 

using a gradient of 15%25% EtOAc−hexanes as the eluent to afford the desired product 195 as 

syrup (639 mg, 1.85 mmol, 71% yield). Rf = 0.41 (EtOAc : hexanes, 4 : 6). [D
: +57.8° (c 1.0, 

CHCl3). 
1H NMR (CDCl3, 400 MHz): δH 5.59 (dd, 1H, J =4.3, 0.6 Hz, H-4), 5.23 (ddd, 1H, J = 

7.2, 5.1, 4.2 Hz H-5), 4.35 (d, 1H, J = 11.8 Hz, H-1a), 4.28 (d, 1H, J = 11.8 Hz, H-1b), 4.11(d, 1H, 

J = 3.8 Hz, H-3), 3.97 (ddd, 1H, J = 12.3, 5.1, 0.8 Hz H-6a), 3.79 (dd, 1H, J = 12.3, 7.1 Hz, H-6b), 

2.12 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.57 (s, 3H, Me), 1.39 (s, 3H, Me). 13C 

NMR (CDCl3, 100 MHz): C 170.1 (Ac), 169.7 (Ac), 169.5 (Ac), 110.9 (C-2), 101.6 (C(Me)2), 

73.9 (C-3), 66.3 (C-4), 64.8 (C-5), 62.4 (C-1), 61.2 (C-6), 27.5 (Me), 26.1 (Me), 20.8 (Ac), 20.7 

(Ac). HRMS (ESI-QTOF): calcd m/z for C15H22O9 (M + NH4)
+ 364.1602, found 364.1603. 
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5.3.9 4,5-Di-O-acetyl-2,3-O-isopropylidene-6-O-mesyl--D-fructopyranose (196) 

 

Compound 190 (126 mg, 0.373 mmol) was reacted with Ac2O (1.5 mL) and trifluoroacetic 

acid (60 µL, 0.75 mmol) for 20 hrs at room temperature. The crude mixture was worked up as 

compound 195 and purified by column chromatography on silica gel using a gradient of 15% -

25% EtOAc−hexanes as the eluent to afford the desired product 196 as solid (105 mg, 0.272 mmol, 

73% yield). Rf = 0.38 (EtOAc : hexane 3 : 7). [D
: +25.0° (c 1.0, CHCl3). 

1H NMR (CDCl3, 400 

MHz): δH 5.61 (td, 1H, J = 3.9, 0.8 Hz, H-4), 5.25 (ddd, 1H, J = 7.2, 5.1, 4.1 Hz, H-5), 4.43 (d, 

1H, J = 11.1 Hz, H-1a), 4.29 (d, 1H, J = 11.1 Hz, H-1b), 4.22 (d, 1H, J = 3.8 Hz, H-3), 4.00 (ddd, 

1H, J = 12.2, 5.1, 0.8 Hz H-6a), 3.79 (dd, 1H, J = 12.2, 7.3 Hz H-6b), 3.07 (s, 3H, Ms), 2.15 (s, 

3H, Ac), 2.04 (s, 3H, Ac), 1.58 (s, 3H, Me), 1.40 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 

169.7 (Ac), 169.5 (Ac), 111.5 (C-2), 100.9 (C(Me)2), 73.7 (C-3), 66.7 (C-4), 66.1 (C-5), 64.5 (C-

1), 61.4 (C-6), 37.8 (Me), 27.5 (Me), 26.1 (Me), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd 

m/z for C13H22O8S (M + Na)+ 405.0826, found 405.0817. 
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5.3.10 4,5-Di-O-acetyl-2,3-O-isopropylidene-6-O-tosyl--D-fructopyranose (197) 

 

Compound 191 (158 mg, 0.382 mmol) was reacted with Ac2O (2.0 mL) and trifluoroacetic 

acid (70 µL, 0.76 mmol) for 18 hrs at room temperature. The crude mixture was worked up as 

compound 195 and purified by column chromatography on silica gel using a gradient of 

15%25% EtOAc−hexanes as the eluent to afford the desired product 197 as solid (125 mg, 0.278 

mmol, 76% yield). Rf = 0.32 (EtOAc : hexane, 3 : 7). [D
: +36.0° (c 1.0, CHCl3). 

1H NMR 

(CDCl3, 400 MHz): δH 7.81-7.74 (m, 2H, Ph), 7.38-7.31 (m, 2H, Ph), 5.58 (td, 1H, J = 4.2, 0.4 Hz, 

H-4), 5.20 (ddd, 1H, J = 6.8, 5.1, 4.2 Hz, H-5), 4.26 (d, 1H, J = 10.7 Hz, H-1a), 4.24 (d, 1H, J = 

4.5 Hz, H-3), 4.02 (d, 1H, J = 10.4 Hz, H-1b), 3.95 (ddd, 1H, J = 12.2, 5.2, 0.7 Hz, H-6a), 3.73 

(dd, 1H, J = 12.3, 6.9 Hz H-6b), 2.44 (s, 3H, Me), 2.13 (s, 3H, Ac), 2.02 (s, 3H, Ac), 1.53 (s, 3H, 

Me), 1.30 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 169.7 (Ac), 169.5 (Ac), 129.9 (Ph), 127.9 

(Ph), 111.2 (C-2), 100.9 (C(Me)2), 73.4 (C-3), 66.9 (C-1), 66.0 (C-4), 64.6 (C-5), 61.4 (C-6), 27.3 

(Me), 25.8 (Me), 21.6 (Me), 20.7 (Ac), 20.6 (Ac). HRMS (ESI-QTOF): calcd m/z for C20H26O10S 

(M + NH4)
+ 476.1585, found 476.1579. 

 



 

181 

 

5.3.11 3,4,5-Tri-O-acetyl-1,2-O-isopropylidene--D-fructopyranose (198) 

 

Compound 192 (1.05 g, 3.48 mmol) was reacted with Ac2O (10 mL) and trifluoroacetic 

acid (0.55 mL, 6.9 mmol) for 18 hrs at room temperature. The crude mixture was worked up as 

compound 195 and purified by column chromatography on silica gel using a gradient of 

15%25% EtOAc−hexanes as the eluent to afford the desired product 198 as syrup (903 mg, 2.61 

mmol, 75% yield). Rf = 0.36 (EtOAc / hexane 4 : 6). [D
: +51.4° (c 1.0, CHCl3). 

1H NMR 

(CDCl3, 400 MHz): δH 5.38 (d, 1H, J = 10.7 Hz, H-3), 5.34 (ddd, 1H, J = 3.2, 1.7, 1.6 Hz, H-5), 

5.29 (dd, 1H, J = 10.4, 3.3 Hz, H-4), 4.10 (dd, 1H, J = 13.1, 1.5 Hz, H-6a), 3.96 (dd, 2H, J = 23.3, 

9.4 Hz, H-1a and H-1b), 3.76 (dd, 1H, J = 13.2, 1.9 Hz, H-6b), 2.14 (s, 3H, Me), 2.09 (s, 3H, Ac), 

1.99 (s, 3H, Ac), 1.47 (s, 3H, Me), 1.41 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 170.4 (Ac), 

170.1 (Ac), 112.6 (C-2), 104.0 (C(Me)2), 73.8 (C-1), 69.1 (C-3), 69.0 (C-4), 66.9 (C-5), 62.5 (C-

6), 26.2 (Me), 26.0 (Me), 21.0 (Ac), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd m/z for 

C15H22O9 (M + NH4)
+ 364.1602, found 364.1607. 
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5.3.12 4,5-Di-O-acetyl-1,3-O-isopropylidene-3-O-mesyl--D-fructopyranose (199) 

 

Compound 193 (151 mg, 0.447 mmol) was reacted with Ac2O (1.5 mL) and trifluoroacetic 

acid (70 µL, 0.89 mmol) for 26 hrs at room temperature. The crude mixture was worked up as 

compound 195 and purified by column chromatography on silica gel using a gradient of 

7.5%10% EtOAc−hexanes as the eluent to afford the desired product 199 as syrup (123 mg, 

0.322 mmol, 72% yield). Rf = 0.29 (EtOAc : hexane, 4 : 6). [D
: +62.5° (c 0.97, CHCl3). 

1H 

NMR (CDCl3, 400 MHz): δH 5.38-5.33 (m, 2H, H-3, H-4), 4.96 (ddd, 1H, J = 10.4, 3.4, 1.9 Hz, 

H-5), 4.29 (d, 1H, J = 9.6 Hz, H-1a), 4.09 (dd, 1H, J = 13.3, 1.5 Hz H-6a), 4.04 (d, 1H, J = 9.6 Hz, 

H-1b), 3.77 (dd, 1H, J = 13.2, 1.8 Hz, H-6b), 3.07 (s, 3H, Ms), 2.15 (s, 3H, Ac), 2.05 (s, 3H, Ac), 

1.48 (s, 3H, Me), 1.44 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): C 170.2 (Ac), 169.7 (Ac), 112.3 

(C-2), 104.5 (C(Me)2), 73.8 (C-5), 72.0 (C-1), 69.4 (C-3), 68.5 (C-4), 62.4 (C-6), 38.9 (Ms), 26.0 

(Me), 25.9 (Me), 20.9 (Ac), 20.8 (Ac), 20.7 (Ac). HRMS (ESI-QTOF): calcd m/z for C13H22O8S 

(M + Na)+ 
405.0826, found 405.0823. 
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5.3.13 4,5-Di-O-acetyl-3-O-formyl-1,3-O-isopropylidene--D-fructopyraose (200) 

 

Compound 194 (163 mg, 0.506 mmol) was reacted with Ac2O (1.0 mL) and trifluoroacetic 

acid (80 µL, 1.0 mmol) for 18 hrs at room temperature. The crude mixture was worked up as 

compound 195 and purified by column chromatography on silica gel using a gradient of 

15%25% EtOAc−hexanes as the eluent to afford the desired product 200 as syrup (107 mg, 0. 

324 mmol, 64% yield). Rf = 0.26 (EtOAc : hexane, 4 : 6). [D
: +56.1° (c 0.91, CHCl3). 

1H NMR 

(CDCl3, 400 MHz): δH 8.12 (s, 1H, HCO), 5.48 (d, 1H, J = 10.4 Hz, H-3), 5.35 (m, 1H, H-5), 5.32 

(dd, 1H, J = 10.4, 3.5 Hz, H-4), 4.11 (dd, 1H, J = 13.2, 1.3 Hz, H-6a), 4.01 (d, 1H, J = 9.4 Hz, H-

1a), 3.94 (d, 1H, J = 9.4 Hz, H-1b), 3.77 (dd, 1H, J = 13.2, 1.7 Hz, H-6b), 2.14 (s, 3H, Ac), 1.98 

(s, 3H, Ac), 1.47 (s, 3H, Me), 1.42 (s, 3H, Me). 13C NMR (CDCl3, 100 MHz): δ 170.3 (Ac), 169.9 

(Ac), 112.4 (OCH), 104.2 (C(Me)2), 71.8 (C-1), 69.0 (C-4), 68.9 (C-5), 66.4 (C-3), 62.4 (C-6), 

26.2 (Me), 26.0 (Me), 20.9 (Ac), 20.6 (Ac). HRMS (ESI-QTOF): calcd m/z for C14H20O9 (M + 

NH4)
+ 350.1446, found 350.1442. 

 

 

 

 



 

184 

 

 5.4 Chapter 4: Future work 

5.4.1 6-Azidohexyl 6-deoxy-3-O-allyl-2,4,7-tri-O-benzyl-β-D-ido-heptopyranoside (205) 

 

 

 

To the solution of the starting material (129b, 23 mg, 51 µmol) in DMF (1.0 mL) were 

added sodium hydride (60 % mineral in oil, 11 mg, 0.15 mmol) and benzyl bromide (20 µL, 0.15 

mmol) at 0 °C. The reaction mixture was stirred for 4 hrs at room temperature and quenched with 

methanol (0.5 mL). The solution was concentrated under reduced pressure to afford the crude 

product which was dissolved in EtOAc (30 mL). The organic phase was washed with brine (15 

mL × 2), dried over anhydrous Na2SO4, and evaporated. The residue was purified by column 

chromatography on silica gel using a gradient of 15→20% EtOAc−hexanes as the eluent to afford 

the desired product 205 as a syrup (28.1 mg, 45 µmol, 88% yield). Rf = 0.56 (EtOAc : hexane 3 : 

7). [α]D
20: -107.9° (c 1.05, CHCl3). 

1H NMR (CDCl3, 400 MHz): δH 7.45-7.22 (m, 20H, Ar), 5.78 

(dddd, 1H, J = 17.2, 10.7, 5.6, 5.6 Hz, -CH2-CH=CH2), 5.16 (dddd, 1H, J = 11.8, 1.7, 1.7, 1.6 Hz, 

-CH2-CH=CH2), 5.13 (ddd, 1H, J = 4.7, 1.6, 1.6 Hz, -CH2-CH=CH2), 4.87 (d, 1H, J = 12.8 Hz, 

PhCH2), 4.70 (d, 2H, J = 12.3 Hz, PhCH2), 4.63 (d, 1H, J = 1.9 Hz, H-1), 4.54 (d, 1H, J = 12.4 Hz, 

PhCH2), 4.53 (d, 1H, J = 12.1 Hz, PhCH2), 4.49 (d, 1H, J = 12.1 Hz, PhCH2), 3.98 (ddd, 1H, J = 

4.2, 3.8, 3.8 Hz, H-5), 3.91 (dddd, 2H, J = 9.5, 5.6, 1.5, 1.5 Hz -CH2-CH=CH2), 3.86 (ddd, 1H, J 
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= 9.5, 6.5, 6.5 Hz, OCHaHb), 3.73 (dd, 1H, J = 4.0, 4.0 Hz, H-3), 3.65 (ddd, 1H, J = 8.9, 8.8, 5.1 

Hz, H-7a), 3.57 (ddd, 1H, J = 9.3, 5.4, 5.4 Hz, H-7b), 3.45 (dd, 1H, J = 4.2, 1.9 Hz, H-2), 3.38 

(ddd, 1H, J = 9.5, 6.6, 6.6 Hz, OCHaHb), 3.28 (t, 2H, J = 6.9 Hz, CH2N3), 3.24 (dd, 1H, J = 3.3, 

3.3 Hz, H-4),  2.28 (dddd, 1H, J = 14.5, 9.8, 4.9, 4.9 Hz, H-6a), 1.87 (dddd, 1H, J = 14.5, 8.8, 6.0, 

3.9 Hz, H-6b), 1.68-1.57 (m, 4H, 2 × CH2), 1.47-1.38 (m, 4H, 2 × CH2). 
13C NMR (CDCl3, 100 

MHz): C 139.1 (Ar), 138.7 (Ar), 138.4 (Ar), 134.5 (-CH2-CH=CH2),128.3 (Ar), 128.2 (Ar), 128.1 

(Ar), 128.1 (Ar), 127.7 (Ar), 127.6 (Ar), 127.5 (Ar), 127.4 (Ar), 117.2 (-CH2-CH=CH2), 100.2 (C-

1), 75.2 (C-4), 74.8 (C-2), 74.4 (C-3), 73.7 (PhCH2), 73.0 (PhCH2), 72.2 (PhCH2), 71.6 (-CH2-

CH=CH2), 71.4 (C-5), 68.9 (CH2), 67.0 (C-7), 51.4 (CH2), 30.8 (C-6), 29.6 (CH2), 28.7 (CH2), 

26.6 (CH2), 25.8 (CH2). HRMS (ESI-QTOF): calcd m/z for C37H47N3O6 (M + NH4)
+ : 647.3803; 

found: 647.3808. 
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Appendices: 

Permissions for using figures in the corresponding articles as Figure 1 and Figure 3 were 

obtained from Natrue Publishing Group and Copyright Clearance Center. Permission for using 

figure in the corresponding article as Figure 2 was obtained from Elsevier and Copyright 

Clearance Center. 
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