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ABSTRACT 

 

THE SYNTHESIS OF THE NOVEL LEWIS B AND ONCOFETAL ‘H’ 

OLIGOSACCHARIEDS FOR IMMUNOLOGICAL STUDIES 

 

 

Matisse Pickles      Advisor:  

University of Guelph, 2021     Prof. France-Isabelle Auzanneau 

 

 Synthesis of two Lewis B analogues (L-Fuc-α-(1→2)-D-Gal-β-(1→3)[L-Fuc-α-

1→4]GlcNAc-β-(1→O)(CH2)6R), where R is representative of an amine or a hydrogen, is 

described. We initially explored various reaction conditions and donor leaving groups for the 

creation of the gal-β-(1→3)-GlcNAc glycoside. A D-Gal O-6 benzyl protecting group was vital 

to the synthesis, however we experienced difficulties retaining this group when creating our 

bromide donor using known acidic conditions. Thus, we explored novel conditions for the 

formation of 2,3,4-tri-o-acetyl-6-o-benzyl-1-bromo-α-D-galactoside and found more efficient 

methods than using HBr.  

Following synthesis of the Gal-β-(1→3)-GlcNAc glycoside, the desired analogue was 

generated via difucosylation in 63% yield. The difucosylation also gave a trisaccharide in 20% 

yield. The trisaccharide was thought to be L-Fuc-α-(1→2)-D-Gal-β-(1→3)[L-Fuc-α-1→4] 

GlcNAc-β-(1→O)(CH2)6Cl, an analogue of another carbohydrate antigen. NMR analysis, 

namely ROESY experiments, helped fully elucidate the L-Fuc-α-(1→2)-D-Gal-β-(1→3)[L-Fuc-

α-1→4]GlcNAc-β-(1→O)(CH2)6R structure.  

Aglycone functionalizations and deprotections generated two analogues of Lewis B and 

two analogues of the ’H’ antigen, respectively.
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Chapter 1 – Introduction 

1.1 Cancer Biology and Immunology 

Cancer is a broad term used to describe over 100 clinically distinct diseases where host 

cells mutate and multiply without biological regulation.1 Due to the broad classification and the 

wide variety of factors that can lead to cancer (e.g. age, smoking, diet), the incidence of cancer is 

widespread. As there is a large diversity of cancer types, each incidence is treated by a carefully 

chosen combination of the therapies available.  

Cancerous cells are classified as carcinomas, sarcomas, melanomas, lymphomas or 

leukemias.2 The distinction is made based upon the tissue type of the malignant cells, with 

carcinomas (cancer of the epithelial or endothelial cells) being the most common.3-6 Regardless of 

tissue type, cancer begins when numerous mutations alter the regulation of a cell’s growth and 

division, causing it to multiply uncontrollably.2,4,7-10 As the cancerous tissue multiplies, cells can 

mutate further, leading to the overexpression or deletion of various alleles regulating important 

physiological functions. For example, many carcinomas have increased expression of 

fucosyltranferases (FUTs), a class of enzymes that fucosylate carbohydrates in the cell.3 Increased 

expression of fucosylated oligosaccharides on the cell surface has been linked to increased cell 

motility, a trait that helps cancer cells navigate tissues and spread to other areas of the body.3,7,11-

18 In general, increased and atypical glycosylation is considered a key trait of cancerous cells, as it 

is closely linked to numerous pathological mechanisms associated with cancer, such as 

angiogenesis, metastasis, and immune evasion.3,19  

A more comprehensive understanding of the immune system is needed to better understand 

the role of glycoconjugates in these mechanisms. The immune system consists of two branches, 

innate and adaptive. The innate immune system is composed of various physical and chemical 
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barriers (e.g. the dermis, stomach acid) as well as nonspecific mechanisms (e.g. the complement 

pathway) that activate based upon properties of the antigen (an immunogenic molecule)  such as 

charge and mass.16,20-22 The adaptive immune system is used to fight off a pathogen that has 

successfully infected its host.22 Antigens shed by the pathogen are digested by Antigen Presenting 

Cells (APCs) and then fragments of the ingested antigen are presented to helper T-cells (Th) via 

the  Major Histocompatibility Complex II (MHCII) receptor.22,23 The Th cell then presents the 

fragment to a B-cell, causing it to rapidly proliferate and produce antibodies (Figure 1.1).22 This 

interaction leads to the creation of antibodies, most importantly high-affinity Immunoglobulin G 

(IgG) antibodies, and activates cytotoxic T-cells (Tc).6,10,16,19,21 These cells circulate freely in the 

body on the lookout for the antigen, which is usually presented on the membrane of the infected 

cell.22  

The adaptive immune response also enables “immune memory” via production of memory 

B-cells.22,24 These cells are activated if the antigen is detected by the immune system in the future. 

With immune memory an infection by a familiar pathogen can generate a swif t and effective 

immune response such that an individual may not even be aware that they were infected.  

Figure 1.1: The display of a hapten on the MHCII receptor initiates the production of high affinity Abs as 
well as memory B-cells 

Image taken and heavily modified from Faisal SM.; Liposome Adjuvants: Simultaneous Induction of Innate and Adaptive 

Immunity is Key to Success. J. Vaccines Immun. 2015 (1) 
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IgG antibodies are generated by plasma B-cells and make up 75% of circulating antibodies 

within the bloodstream.22 However not all these antibodies will respond to the same pathogen. 

Antibodies are engineered within B-cells to bind to an antigenic fragment (hapten) presented to 

the B-cell by a Th cell.22 Antibody binding pockets are highly specific to the presented hapten, 

ensuring that the binding of an IgG antibody is highly selective. The development of a highly 

antigen-specific specific epitope prevents unintentional activation of the cell-mediated immune 

response.8,16,22  

1.2 Cancer Immunotherapy 

The common forms of cancer therapy are surgery, chemotherapy, radiation therapy, and 

immunotherapy.2 Both chemotherapy and radiation target rapidly dividing cells with low 

selectivity, impacting healthy tissues alongside the cancer.2,25,26 Surgery as a cancer treatment is 

highly dependent upon cancer type, location, and other practical issues such as patient age and 

fitness. Frequently, a combination of therapies is necessary in cancer treatment. Development of 

new cancer therapies is ongoing to circumvent the shortcomings of traditional methods, however 

even with novel therapies, combinations of the therapies available are still the most effective 

treatment  strategy.27,28 A promising avenue for cancer treatment is immunotherapy, which has 

already found limited success in cancer treatments.17,21,27-31 Immunotherapy uses the immune 

system, or engineered components of the immune system, in order to have the host identify and 

eliminate cancerous cells. 

There are two types of immunotherapy, namely passive and active immunotherapy. Passive 

immunotherapy (e.g. monoclonal antibody therapy, dendritic cell therapy) provides the patient 

with immune system components that have been engineered to selectively target an individual’s 
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cancerous tissues.6,28 Monoclonal antibodies 

(mAbs), for example, are engineered to bind to a 

cancer specific epitope (Figure 1.2).16,17 Upon 

circulation within the patient, these antibodies 

locate and attach to the cancer cells, marking them 

for induced apoptosis by surveillant  

lymphocytes.31,32 Active immunotherapy provides 

the immune system with an immunogenic molecule 

that will not trigger an autoimmune 

response.19,26,30,32 Providing an antigen enables the 

host to produce selective antibodies, as well as 

possibly stimulating immune memory of the 

antigen.32-34 

Vaccines are an active immunotherapy which provide a patient with an antigen, or an 

antigenic fragment, that is used by lymphocytes to identify and terminate infected cells.  The basic 

components of a modern vaccine include preservatives (for multi-use vials), stabilizers, adjuvants 

and the antigen itself.6,7,16 Stabilizers are used to prolong the shelf life and prevent the vaccine 

from degradation. Adjuvants, such as alum or lipid-A adjuvants, promote a strong response from 

the immune system in order to increase the effectiveness of the antigen and promote the generation 

of immune memory.7,10,16 The vast array of possible vaccine antigens can be used to provide 

immunity to non-native pathogens, however cancers require more effort to produce a viable 

vaccine, as their ability to display self-antigens promotes immune tolerance.6,35,36 Novel cancer 

vaccines for immunotherapy include DNA vaccines, T-cell peptide vaccines, and synthetic 

Figure 1.2: Monoclonal IgG antibodies (mAbs) 
are engineered to bind a cancer-specific epitope, 

marking the cell for surveilling lymphcytes 

Image taken and heavily modified from cancer.org 
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vaccines, which are vaccines made entirely from synthetic antigens.35 Synthetic antigens broaden 

the scope of vaccination, as antigens can be engineered for diseases which may not raise an 

immune response.  Synthetic vaccines also create the opportunity to target self-like cells with high 

specificity. As cancerous cells originate from healthy tissues and contain many self-epitopes, a 

synthetic vaccine would require a carefully designed antigen in order to provide the specificity 

required for effective treatment.7,7,16,19   

1.3 Tumor Associated Carbohydrate Antigens 

The increased expression and alteration of glycosides on proteins, lipids, and- more 

recently uncovered- RNA, is repeatedly referred to as a ‘hallmark of cancer’.10,23,25,28 Tumor 

Associated Carbohydrate Antigens (TACAs) refer to the carbohydrates on cancer cells which are 

altered or found in elevated levels when compared to healthy cells. Elevated surface expression of 

truncated glycans, sialic-acid containing glycans, and branched N-glycans are all characteristic of 

cancerous cells due to the upregulation of numerous enzymes such as fucosyltranferases.3,18,25,35,37 

The truncation of O-linked glycans is especially prevalent.35 A good example is the biosynthesis 

of the Thomsen-Friedenreich (Tf) antigen, in which a GalNAc sugar residue attached to a 

glycoprotein (aka the Thomsen-nouvelle (Tn) TACA) is elongated by the T-synthase (core β1,3-

galactosyltransferase) enzyme, which attaches a galactose residue to the antigen (Scheme 1.1).25,35 

Scheme 1.1: The enzymatic conversion of the Thomsen-nouvelle (Tn) TACA to the Thomsen-
Friedenreich TACA via the creation of a β 1,3 linkage 
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Truncated O-linked glycans are closely associated with immunosuppression and cell motility, 

making them excellent markers for both diagnosis and prognosis.11,25  

There are many TACAs, they can be divided into four groups; the Globo class, 

gangliosides, mucins, and Lewis blood group determinants.23 These antigens are not always 

specific to a cancer type, instead they are found on multiple cancerous tissues.10,19,25,28 The near-

universal presence of TACAs in different tissues explains why similar pathological mechanisms 

can be seen in multiple cancer types. This is especially true with some Lewis blood group antigens, 

which can be found throughout the body on cell surfaces and in the extracellular matrix of healthy 

tissues in low concentrations.11,16,19,38,39 Overexpression and modification of Lewis antigens has 

been heavily documented in carcinoma cases.10,23,33 

 Some Lewis TACAs such as dimeric Lewis X (dimLex) and Lewis B-Lewis A (LebLea) 

are only expressed on cancerous cells (Figure 1.3).40 Such oligosaccharides may carry epitopes 

which could be used for immunotherapy; however, they also contain smaller self-epitopes seen on 

healthy cells, albeit in low concentrations.3,41,42  

Lewis A and Lewis B, for example, are common sugars found displayed in numerous tissue 

types.3 Should the LebLea antigen be used for immunotherapy, there would be generation of 

polyclonal antibodies raised against both self (Leb) and non-self (LebLea) epitopes, leading to an 

autoimmune reaction.32,42 Targeting an epitope specific to LebLea would require the synthesis of 

an antigenic fragment without self-epitopes. Furthermore, the carbohydrate fragment may not be 

sufficiently antigenic to prompt a suitable immune response. 3  
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1.3.1 Challenges in using TACAs for Immunotherapy 

Inoculation using a carbohydrate antigen is not uncommon, however the use of TACAs as 

vaccine antigens comes with a host of challenges. As stated above, even unique TACAs which are 

cancer-specific may still portray self-epitopes within their structure.10,19 To use TACAs as antigens 

for cancer therapy is desirable, however the immunological potential of the target molecule must 

be well understood.35,43 Therefore, it is crucial to examine and explore TACAs and their analogs 

Figure 1.3: Above: Dimeric Lewis X (dimLex), a TACA only seen on cancerous cells. Below: Lewis B 
Lewis A (LebLea), another cancer specific TACA. Both TACAs have internal self-antigens (Lex, Leb) which 

could generate an autoimmune response. 
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via immunological studies before using them as immunotherapy antigens. Immunological studies 

(using techniques such as sandwich ELISA) can give insight on how antigen-specific mAbs bind 

with the target TACA.23,25 This is referred to as epitope mapping, and helps researchers search for 

antigenic fragments that will provide a strong immune response.21,22  

Oligosaccharides (a molecule composed of 3-10 sugars) are molecules that are generally 

considered poorly immunogenic due to their relatively small sizes and neutral charges.19,43 

Thankfully, the use of antigen conjugates can elevate the immune response to the threshold 

required for targeted immunotherapy.7,8,44 Attaching the target antigen to an immunogenic 

molecule has been shown to stimulate the immune system and generate an elevated immune 

response to poorly immunogenic oligosaccharides, leading to long-term immunity.34,43,44,45 

Conjugation occurs through functionalizing the oligosaccharide with a non-immunogenic ‘linker’, 

which is then attached to an amino acid residue on the carrier protein (Scheme 1.2).21,25,27  

Common proteins used in TACA conjugation are proteins such as Tetanus Toxoid (TTox) 

or Keyhole Limpet Hemocyanin (KLH), as they are large proteins foreign to the human body that 

have been shown to generate immune memory.31,35,45 Due to relative excess of the antigen in 

relation to the protein, as well as the presence of multiple conjugation sites on the protein, 

conjugates are often multivalent to varying degrees.30,32,33,47 Control over the conjugate valency is 

difficult to accomplish, and usually researchers receive a heterogeneous mixture of conjugates that 

require further qualification and purification before use.31,43,46,48,49  

Scheme 1.2: The use of succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC), a 
common linker,  to conjugate an antigen to Tetanus Toxoid (TTox) 
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A larger issue with TACA-protein conjugates is carrier-induced epitope suppression.3,26,35 

Due to the highly immunogenic nature of bacterial proteins commonly used as carriers there is 

competition between peptide and carbohydrate hapten for display on the MHC-II receptor.35 

Antibody response to the protein increases while the response for the target antigen is 

suppressed.32,43,50 This phenomenon has been shown to worsen when the same carrier protein is 

used repeatedly with multiple antigens.35,45 For this reason, novel antigen carriers are being 

explored.  

Recent advances have seen development of a wide array of novel immune stimulating 

agents.31,45,50,51,52 Proteins are by far still the most common carriers, however other biomolecules 

such as lipids have also been explored.16,53-55 Most notably, a zwitterionic polysaccharide isolated 

from B. fragilis s.9343 named PS A1 has been shown to stimulate long term immunity or stimulate 

a strong immune response capable of generating IgG antibodies.49,51  

 The zwitterionic polysaccharide is composed of up to 110 repeating units of a 

tetrasaccharide that hosts a vicinal diol on a galactofuranose residue for conjugation.49,51 

Conjugation occurs through 2 steps (Scheme 1.3).49 First, a periodate oxidation of the vicinal diol 

forms an aldehyde which subsequently undergoes nucleophilic attack by the oxyamine aglycone, 

Scheme 1.3: The addition of an antigen to capsular polysaccharide PS A1. Sodium periodate oxidizes the 
diol on the L-Rhamnofuranose to a carbonyl, which is subsequently attacked by the nucleophilic oxy-

amine.2 
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forming an oxime linkage between the polysaccharide and target antigen. It is an efficient 

conjugation, as functionalization for conjugation occurs on PS A1 instead of on the valuable sugar 

antigen itself. However, PS A1’s practicality as an antigen carrier is limited for now due to the 

difficulties associated with its extraction and purification from B. fragilis.46,49 

This polysaccharide has already shown promise in studies where it was conjugated to the 

Thomson-nouveau (Tn) TACA, leading to the generation of anti-Tn IgG antibodies within mice.49 

Further TACA conjugation to PS A1 is of interest as it would create novel vaccine conjugates 

which are ‘purely carbohydrate’ as well as provide further avenues of study on the immune-

stimulating properties of PS A1. Issues with protein conjugates such as valency, antigen 

presentation, and carrier-induced epitope suppression make PS A1 a valuable alternative which 

needs to be further developed.45,56,57  

1.3.2 Making TACAs for Studies 

Carbohydrate vaccines and immunological studies require that the target oligosaccharide 

be enantiomerically pure, structurally well defined, and consistently obtainable in reasonable 

quantities. These criteria enforce the need for a method that is easily scalable and reproducible.56 

The isolation of TACAs from cancerous tissues has proven to be inefficient and troublesome.11 

The process is long, and it is often extremely difficult to isolate specific antigens from a matrix of 

similar carbohydrates.56 Due to the challenges associated with isolating carbohydrate antigens 

from cell cultures, alternative methods are being explored. The development of enzymology has 

shown great promise in TACA synthesis, as enzymes are efficient and act in a stereospecific 

manner.57 Complete enzymatic synthesis of complex TACA conjugates is well underway, and has 

been applied with relative success to both one-pot and batch reactor methods.56-58 However until 

fairly recently, use of such glycosyltransferases was limited due to the lack of access to 
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homogenous enzymes, and their specific substrates required for enzymatic synthesis.3,35 Chemical 

synthesis of TACAs has traditionally provided well defined structures and scalable, reproducible 

methods.34,36,37,48,54,59 Thus, direct synthesis using protecting group manipulation and carefully 

selected intermediate pathways has traditionally been and remains the most efficient way to 

acquire TACAs for biological studies to date. 

1.4 Synthetic Carbohydrate Chemistry 

Biochemical pathways have streamlined the production of complex carbohydrates in vivo 

using numerous complex enzymes, their cofactors, and their substrates, with over a millennium to 

optimize the process.35 Conversely, synthetic carbohydrate chemistry has had under a century to 

develop. Accordingly, chemists have already developed numerous methods of achieving the 

stereospecificity and orthogonality needed for oligosaccharide synthesis.60,61 The use of 

compatible functional groups and protection/deprotection strategies enables chemists to target 

specific alcohol residues, as well as control the stereochemistry and regiochemistry of a 

glycosylation.61 Upon completion of an oligosaccharide, considerations such as methods for 

removal of functional protecting groups and purification remain.43,47,48 With multistep chemical 

synthesis efficiency is always a concern, and so usually only reaction conditions with high yields 

are considered viable. Through careful planning, and rigorous stepwise methodology, desired 

saccharides can be obtained.1 

1.4.1 The Basics 

Before reviewing the synthetic methods, it is fitting to start with the carbohydrates 

themselves. While sugar monomers can vary in length, the most common sugars typically contain 

a 6-carbon backbone and are called hexoses. There are 3 common hexoses, namely glucose, 
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galactose (C-4 epimer of glucose), and mannose (C-2 epimer of glucose). Each sugar has two 

enantiomers, and they are represented by the labels D and L.61 The two enantiomers’ nomenclature 

represents the 2 possible configurations of the highest numbered chiral centre and are easily seen 

as mirror images in Fischer projections. Enantiomers can thus be identified by looking at the C-5 

in the Fischer projection of a hexose.1,61 If the C-5 substituent is on the right then the sugar is 

labelled a D sugar (where D represents the Latin term Dextrus, or right), whereas if it was on the 

left the sugar would be considered an L-sugar (where L represents the Latin term Laeveus, or 

left).62  

Hexoses strongly favour cyclization to a 6-membered ring, known as a pyranose.1 In order 

to cyclize, the O-5 alcohol attacks the C-1 aldehyde followed by a proton transfer, creating a 6-

membered ring where the aldehyde becomes a hemiacetal.1,61 The closure creates a new 

stereocenter at C-1, known as the anomeric centre. The two possible stereoisomers are referred to 

as anomers, and each is designated as alpha (α) or beta (β).1 If, in the Fischer form, the anomeric 

alcohol forms on the same side as alcohol of the highest numbered carbon (cis) then it is considered 

the alpha (α) anomer, while the beta (β) anomer has the anomeric alcohol on the opposite side as 

the alcohol (trans, Figure 1.4).61  As C-1 is linked to other sugar residues in oligosaccharides it is 

especially important to elucidate and maintain the desired configuration at this chiral centre during 

synthesis. The configuration can be easily determined through the J1,2 coupling constants, as the 

dihedral angles differ greatly.1,62  

Figure 1.4: Anomerization between alpha and beta configurations 
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The creation of a glycosidic linkage (linkage of the anomeric centre of one sugar residue 

to the hydroxyl group on another sugar) begins by activating an anomeric (C-1) leaving group on 

a monosaccharide. Lewis acids are commonly employed to ‘activate’ the leaving group, pulling 

electron density away from the anomeric centre.1 This electron deficiency prompts the endocyclic 

oxygen to loan a lone pair to the anomeric centre, kicking off the leaving group and creating a 

positive charge that is shared between C-1 and the endocyclic oxygen. At this point, the molecule 

is casually referred to as an oxocarbenium ion (Scheme 1.4).43,45 The oxocarbenium ion undergoes 

a nucleophilic attack at C-1 by an ‘acceptor’, which accepts the glycosyl functional group 

(glycoside).43,45 Nucleophilic attack upon the oxocarbenium ion can generally occur from 2 faces, 

giving alpha and beta anomers. The sugar forming the bond at its anomeric centre is called a 

glycosyl donor, as it donates a glycosyl functional group to an attacking nucleophile. Creation of 

a glycosidic bond is influenced by various factors (e.g. solvent, activator strength, donor protecting 

groups, etc.). Usually only one anomer is desirable, and it is through manipulation of these factors 

that chemists try to control the stereochemical outcome in glycosylation reactions. 

The anomeric effect is most easily observed when placing an electron-dense substituent at 

C-1 and is one method of exerting stereo control. The more electronegative the anomeric 

substituent, the more likely it is to have an axial configuration.1  The stereoelectronic effect has 

two explanations;  the first considers the dipole moment created by the endocyclic oxygen, where, 

Scheme 1.4: Activation of a glycosyl donor and the formation of a glycoside 
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in an axial configuration, 

electronegative substituents help negate 

the dipole moment, stabilising the 

polarity of the molecule.1 The second, 

and more widely accepted explanation 

uses Molecular Orbital (MO) theory, 

stating that when the anomeric 

configuration is axial the endocyclic 

oxygen can donate electron density from 

it’s HOMO to the LUMO of the C-1 

substituent linkage (Figure 1.5).1 

Whereas in the beta configuration, hyperconjugation cannot occur. The selective stabilization of 

the axial configuration via hyperconjugation explains why the anomeric effect is still seen when 

using substituents which are not considered highly electronegative.1 

Anchimeric assistance, often referred to as neighbouring group participation, uses 

‘participating groups’, such as esters, on O-2 to block nucleophilic attack on one face of the 

oxocarbenium ion.56, 61, 62 For example, an O-2 acetate can help stabilize the oxocarbenium ion via 

Figure 1.51: (A) Visualizing the selective stabilization of the 
C1-OR LUMO by the HOMO of the C1-Endocyclic oxygen 

bond. Only in the alpha anomer can hyperconjugation 
occur. (B) Viewing the MO of a C-1 ester in alpha 

configuration. (C) The MO energy diagram displaying the 
electronic stabilization seen when the C1 substituent is in 

the alpha configuration.  

Scheme 1.5: Stabilization of the oxocarbenium ion via Neighbouring group participation, 
and the two possible products from the glycosylation 
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bond formation between C-1 and the ester’s carbonyl group, creating an acetoxonium ion (Scheme 

1.5).61,62 This prevents nucleophilic attack from one face, leading to larger quantities of the desired 

configuration. The use of participating groups at C-2 facilitates the creation of a 1,2-trans 

glycosidic bond.62 Neighbouring group participation has also been shown to create unwanted 

orthoester products: The carbocation of the participating group competes with the anomeric centre 

for nucleophiles.61,63-65 However, orthoesters have been seen to rearrange using acidic 

glycosylation conditions, and orthoester formation can be discouraged through the use of electron 

rich participating groups.61 

1.4.2 Anomeric Functionalization of Donors 

Glycosyl donors require a good leaving group at the anomeric centre, meaning that these 

molecules are often reactive and prone to degradation.45 Under activating conditions degradation 

of the donor can compete with glycosylation, and thus donors are usually used in excess.1,61 A 

donor should have similar reactivity to the desired glycosyl acceptor; too reactive and it will 

degrade too quickly, not reactive enough and the reaction will not proceed.66,67 Careful 

Leaving Group Activator 

LG =  OAc BF3Et2O, SnCl4, TMSOTF, other strong Lewis acids 

LG = Br AgCO4, AgOTf, Hg(CN)2, HgBr2 

LG = Cl AgOTf, Hg(CN)2, HgBr2 

LG = F SnCl2-AgOTf, Si-based acids 

LG = SR  (R = Et, Ph, etc.) TfOH-NIS, DMTST, IDCP, Br2 

LG = OC(NH)CCl3 BF3Et2O, TMSOTF, Other Lewis acids 

Table 1.1: Common anomeric leaving groups and some of their popular activators1 
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consideration must be given to a glycosyl donor’s protecting groups, as the greater the electron 

donating ability of the donor’s protecting groups, the more sensitive the molecule is to activation.1  

There are countless examples of donor leaving groups in the literature, however there are 

three leaving groups which are widely used due to their ease of addition and activation (Figure 

1.6).1 When planning a glycosylation, one should always consider the leaving group chosen as 

well as the Lewis acid that is used to activate it (Table 1.1). 

Glycosyl halide donors have been used since the naissance of synthetic carbohydrate 

chemistry due to their high reactivity and mild activation methods.68, 69 The use of fluorine as a 

donor leaving groups is rare due to it’s high reactivity; however, chloride and bromide donors are 

common (Figure 1.6A).66,70,71 Halides are generally easy to attach to the anomeric centre.61 For 

example, the addition of an halide to an anomeric centre via an anomeric acetate is typically 

performed using the corresponding acid (such as HCl or HBr) where the strong acid facilitates 

activation of the anomeric acetate, enabling the halide anion to attack the oxocarbenium ion.61 

Through a thioglycoside donor, glycosyl bromides are easily made using elemental Br2.70 The lone 

pair on the sulfur of the thioethyl leaving group attacks the bromide, creating a sulfonium ion. 

Figure 1.6: (A) Chloride Glycosyl donor (B) Trichloroacetimidate glycosyl donor (C) Thioethyl 
glycosyl donor 
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The activated group leaves, enabling nucleophilic attack by the bromide anion, forming a glycosyl 

bromide. Due to the anomeric effect most halide donors are axial, removing or diminishing the 

need for separation of anomers.1,61 Activators typical for halide donors include stoichiometric 

amounts of heavy metal salts, for example silver (II) oxide and mercury (II) cyanide.61,69,72  

Trichloroacetimidate (TCA) donors are used mainly because they are very electron 

withdrawing leaving groups which activate easily, even under catalytic Lewis acid conditions 

(Figure 1.6B).61 Alpha TCA donors are usually formed via the use of trichloroacetonitrile and a 

sterically hindered base.1,61 The base is used to deprotonate the anomeric oxygen, forming an 

alkoxide which subsequently attacks the electrophilic carbon of trichloroacetonitrile.61 Proton 

transfer from the sterically hindered base to the nitrogen anion completes the formation of the TCA 

donor. The electron withdrawing nature of this group and the anomeric effect ensure that under 

thermodynamic conditions an α configuration is achieved.1,73 The extremely reactive β-TCA 

donors require highly kinetic conditions (strong base) to form, and upon activation degrade rapidly. 

Thus, these donors are used only in cases where the acceptor is highly nucleophilic.67,73 Activation 

of TCA donors can be accomplished using a variety of Lewis and Brönsted acids such as BF3Et2O 

or TfOH.1, 61 Trichloroacetimidates are rapidly activated in situ, making them readily available for 

both glycosylation and degradation.73 If the acceptor is poorly nucleophilic then the reaction 

favours donor degradation over glycosylation.1,66,70 

Thioglycoside donors are stable to most reaction conditions for carbohydrate protection 

and deprotection, enabling their addition at the start of the synthesis rather than the end.61 Thiols 

are added to the anomeric centre via the oxocarbenium ion. The anomeric effect is significantly 

weaker with thiols in comparison to other donor leaving groups, meaning that unless stereo control 

is applied the thiol can react from both faces, creating an enantiomeric mixture of the thioglycoside 
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(Figure 1.6C).61,66,73 The most common form of activation involves the use of N-iodosuccinimide 

(NIS) and iodine, creating I+ which reacts readily with the thioglycoside.61 Thioglycoside donors 

require comparatively mild glycosylation conditions, making them efficient donors.1,61 Numerous 

thioglycoside leaving groups have been used for  glycosyl donors, however groups such as 

thioethyl or thiophenyl are common.1,61  

1.4.3 Aglycone Functionalization 

Aglycones are added at the reducing end of the sugar in order to secure configuration 

around the C-1 bond as well as provide opportunities for conjugation.10 The aglycone preserves 

the anomeric configuration and is representative of the lipid or protein that would anchor the 

carbohydrate in vivo.52,74,75 TACA aglycones are typically hydrocarbon chains of varying length 

with a terminal group that can be functionalized further (Figure 1.7).23 Intermediate aglycone 

functionality must be carefully considered, as it is usually added at the beginning and remains 

unchanged throughout the construction of the oligosaccharide.74 

 

Figure 1.7: Possible functionalization and conjugation options for TACAs with an alkyl halide as an 
aglycone. 
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Following complete synthesis, functionalization of the aglycone usually occurs prior to or 

during deprotection.76,77 For this reason, there are few intermediate aglycone functional groups 

that are widely used. Alkenes, azides, and alkyl-halide aglycones are popular options.21,23 Certain 

immune stimulating molecules such as PS A1 require unique aglycones for conjugation, and so 

considerations of what the sugar is being conjugated to must be considered during the planning 

stages of a synthetic project.49,78 If conjugation to multiple antigens is desired, then an aglycone 

with a versatile functional group is ideal. A hydrocarbon chain with a terminal halide are 

susceptible to Sn2 attacks, offering aglycone functionalization via nucleophilic substitution as well 

as elimination.78 The lability of the halogen substituent enables a wide array of options for 

aglycone functionalization. Following synthesis of the oligosaccharide antigen, facilitating 

conjugation of one TACA to different conjugates via different end groups is easily 

accomplished.46,49,78 Conjugation to different molecules enables a broader understanding of the 

carbohydrate’s immunological properties and how these properties could be influenced by 

conjugation. Experimenting with multiple conjugates also facilitates research for the most 

effective conjugate.45,50,74 

1.5 Scope of Thesis 

The content of this thesis is meant to describe the complete synthesis of the Lewis B 

tetrasaccharide (Leb, Fucα1,2Galβ1,3[Fucα1,4]GlcNAc, Figure 1.8) from deprotected 

monosaccharides via stepwise protection/deprotection strategies. Lewis B is a TACA whose 

increased expression has been closely associated with lung, colon, ovarian, and endometrial 

cancers, however, it is also found on healthy tissues in low quantities.3,11,17,41 As well as being 

overexpressed on carcinomas, Leb is also a part of a larger, cancer specific TACA, a 
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heptasaccharide known as Lewis B-

Lewis A (LebLea).40,42 LebLea was  

isolated from human colon 

adenocarcinoma cells (line COLO205) 

and has been found since to be 

associated with colon, liver, pancreas 

and endometrium carcinomas.80 Lewis B 

is a self antigen, meaning that any 

derivation of LebLea which is being 

explored for immunotherapy should be 

compared to Leb first.23,26,32  

Lewis B was originally synthesized by Lemieux in 1988, and the synthesis presented herein 

bears some similarities.80,81 However, Lemieux only used an OMe aglycone, while this synthesis 

utilises a hexyl chloride aglycone that enables further functionalization and conjugation 

opportunities. The tetrasaccharide can also be used as-is for immunological binding studies and 

NMR studies.52,82 After the first glycosylation to create the β[Gal]1,3[GlcNAc] bond, all 

compounds are novel, except for the thioethyl tri-O-benzyl L-fucose donor, which is well 

described in literature.37,52-54,61,64,71,74,77,83-90  

Di-fucosylation is a reaction previously thought of as unfeasible for Lewis B due to the 

large difference in reactivity of the two hydroxyl groups.67,86,91 Studies of N-acetyl glucosamine 

have shown that O-4, and to a lesser extent O-3 , are involved in an intramolecular H-bond system 

that reduces their nucleophilicity and thus, their ability to accept a glycosyl functional group. The 

difference in reactivities of the two hydroxyls is shown to play a significant role in deterring 

Figure 1.8: Leb, α-L-Fuc-(1→2)-β-D-Gal-(1→3)-[α-L-
Fuc-(1→4)]-D-GlcNAc, with a novel alkyl chloride 

aglycone 
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difucosylation of Lewis B. Based off of an altered method from Oscarson et al, however, the 

synthesis of the desired tetrasaccharide from a disaccharide acceptor was accomplished.51, 91  

It was also shown that the intermediate precursor to tetra ([Fucα1,2[Galβ1,3]GlcNAc) can 

be isolated and recycled (if desired) using these fucosylation conditions. This trisaccharide, 

however, is a known oncofetal antigen, known as Lewis type 1 H antigen.79,92 Recently, 

recognition of the H antigen on ovarian cancer cells by mAbs has been presented as a promising 

immunotherapy.79 Thus, this trisaccharide will also be kept for immunological studies.  Due to the 

hexyl chain, this trisaccharide is also novel, and will be used further alongsid e Leb for 

immunochemical studies. 

 Lastly, all experimental procedures, spectra, and references will complete this thesis.  
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Chapter 2 – Monosaccharide Synthesis and Efforts to Make the Gal-

β-1,3-GlcNAc Bond 

To create a larger saccharide from individual hexoses, careful thought and consideration 

should be given to each building block and how it will be selectively 

functionalized/defunctionalized according to a set synthetic plan. The order of 

protection/deprotection/glycosylation should be chosen based upon efficiency, ease of 

purification, and reagent cost. Given that many synthetic pathways have already been attempted, 

it is up to the chemist’s discretion to choose an appropriate method. While the generation of ‘novel’ 

pathways and molecules is exciting, the stepwise nature of total carbohydrate synthesis calls for 

efficiency first and foremost.16 Glucosamine acceptor 2 is well known within our group, and donor 

7 has been used extensively in past literature. Galactose donors 3-6 containing various leaving 

groups and primary functionalization were thus synthesized to explore the Gal-GlcNAc coupling. 

Figure 2.1: The retrosynthesis of the target protected tetrasaccharide to 3 monosaccharides. The 
galactose donor was attempted with a couple of  primary and a variety of  anomeric groups. 
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2.1 Synthesis of Monosaccharide GlcNAc Acceptor 2 

The known 4,6-benzylidene GlcNAc acceptor 2 is easy to make, requiring only a few steps 

from commercially available glucosamine HCl. In the original Leb synthesis by Lemieux, an O-

methyl aglycone was used; however the sequence of aglycone addition and the use of a 

benzylidene acetal to protect O-4 and O-6 are identical.81 Thus, the 6-chlorohexyl glucosamine 

acceptor 2 was prepared using 2 steps starting from glycosyl chloride donor 8, which can be 

obtained from commercially available D-glucosamine hydrochloride in 3 steps.68,87 Glycosylation 

was performed under Helfrich conditions using 6-chlorohexanol (2.1 eq) in the presence of HgBr2, 

which afforded the 6-chlorohexyl glycoside 9 with a yield of 81% (Scheme 2.1).52,93 The 13C NMR 

spectrum confirmed the presence of an alkyl chloride with a peak at 45.0 ppm, indicative of a 13C 

methylene linked to a chlorine. Determination of β stereochemistry was provided via the anomeric 

proton coupling constant seen in the 1H NMR (J1,2= 8.2 Hz) spectrum. The subsequent deprotection 

under Zemplén conditions followed by addition of the benzylidene acetal using benzaldehyde and 

zinc (II) chloride gave glycosyl acceptor 2 with a yield of 88%.52 The presence of aromatic protons 

(~7.45 ppm) as well as the characteristic 3o H-C benzylidene singlet (5.51 ppm) indicated that the 

reaction was successful.  

Scheme 2.1: The synthesis of GlcNAc acceptor 2 from known Horton's chloride 8 
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2.2 Synthesis of D-Galactosyl Donors 3-7 

Halide donors are traditionally easy to make and easily activated, therefore their use was 

desirable for the synthesis of Leb.1 Herein, the synthesis of known halide and trichloroacetimidate 

galactosyl donors will be discussed.  

The donor precursor 11 was made over 4 steps starting from commercially available D-

galactose (Scheme 2.2).94 D-Galactose was converted to 11 beginning with the addition of 2 

isopropylidene ketals to O-1,2 and O-3,4, respectively (55%). The protection of the primary 

hydroxyl using an O-Bn, followed by removal of the acetals using H+ and heat, gave an 

intermediate tetrol which was readily acetylated to afford donor precursor 11 [60% over 3 steps].94 

Scheme 2.2: Synthesis of D-galactosyl donor precursor 11 over 4 steps from D-Gal 

Figure 2.2: Conversion of 11 to various donors. First, the anomeric acetate is removed using DMAPA to 
give hemiacetal intermediate 12. (A) to chloride 3 via TCT or DCMME. (B) to TCA donor 4 via 

trichoroacetonitrile. (C) to bromide donor 6 via PPh3 and Br2 
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Precursor 11 is a versatile intermediate which was easily converted to desirable hemiacetal 12 

using dimethylamino propylamine (DMAPA)(86%). Donors 3, 4, and 6 are readily made from 12 

over 1 step each (Figure 2.2).  

2.2.1 The D-Galactosyl Halide Donors 3, 5 and 6 

  From known donor precursor 12, two known glycosyl halide donors (3 and 6) were 

synthesized.95 Initially, the chloride was thought to be a desirable leaving group because it is less 

labile than the bromide, lowering the reactivity of the donor. The enhanced stability was meant to 

prevent donor degradation from competing with glycosylation.67 The synthesis of an anomeric 

chloride is usually done from an anomeric acetate or hemiacetal through exposure to AcCl, or 

anhydrous HCl in ether. The presence of the acid labile OBn prevented these methods form being 

applied to this synthesis as there was concern the acidic conditions would remove the selective 

protection of the primary hydroxyl. From the literature, two procedures were attempted with 

moderate success.96,97  

Following anomeric deprotection to generate hemiacetal 12, synthesis of 3 was first 

accomplished using 2,4,6-trichloro-1,3,5-triazine (TCT) with sub-stoichiometric amounts of DMF 

in dioxane at 40o C, a method adapted from Filbrich et al.96 Filbrich and coworkers wished to 

develop a general formamide-catalyzed protocol for the efficient transformation of alcohols to 

alkyl chlorides using sub-stoichiometric amounts of TCT. Their method, 40 mol% TCT with 20 

mol% N-formylpyrrolidine (F.Pyr) in a 1 M solution of dioxane at 40 oC, worked well on 2,3,4,6-

tetra-O-benzylated D-glucose (90%), as well as a variety of other alcohols.96 While the majority 

of their work was performed using F.Pyr, other formamides, such as DMF, were experimented 

with as well. We decided to use DMF instead of F.Pyr due to its affordability and availability in 
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lab. Our attempts using 2,3,4-tri-O-acetyl-6-O-benzyl-D-galactose were able to make 3 in modest 

yields after multiple modifications of the experimental procedure (Scheme 2.3, A, 61%). 

The conditions adapted from literature gave no conversion of the hemiacetal to glycosyl 

donor 3, possibly due to the substitution of DMF for F.Pyr. Given that our hemiacetal substrate 

was stable in these conditions, a comparison against the referenced substrate, 2,3,4,6-tetra-O-

benzylated D-glucose indicated that the reactivity of the hemiacetal has a significant impact on the 

reaction outcome. The electron donating effect of the O-benzyls increases the reactivity of the 

alcohol, however modifications to our substrate was not realistic for our synthesis of Leb.  Thus, 

attempts made with an increase in both reagents (TCT and DMF) gave some conversion, however 

increasing the reaction temperature and concentration proved to be most effective alterations for 

obtaining known glycosyl donor 3.96 The most efficient method with the highest yield was found 

to be using 0.5 eq of TCT accompanied by 0.5 eq. DMF at 60 oC for ~36 h (61%).   

Unsatisfied with the efficiency of TCT, the literature was searched for alternative 

chlorinating agents. One compound, dichloromethyl methyl ether (DCMME), had been shown to 

work well (92-95%) on the tetra-O-acetylated glucosyl hemiacetal as well as the tetra-O-

benzylated glucosyl hemiacetal.97 Thus, attempts were made to create the desirable chloride donor 

3 using this method. Reactions using literature conditions (3 eq DCMME, 0.8 eq ZnCl2 in 

anhydrous dichloromethane (DCM) for 18 h) removed the O-6 benzyl, as seen on TLC by the 

disappearance of starting material to form a sugar compound without UV activity, as well as the 

 Scheme 2.3: The synthesis of chloride donor 3 via A (TCT, DMF, 50 oC) or B (DCMME, ZnCl2) 
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formation of a non-mineralizing UV-active compound at the solvent front. The lack of 

mineralization definitively indicated this compound is not a sugar. As the conditions were 

apparently too reactive, multiple alterations were made to the procedure to decrease the likelihood 

of compound degradation. Eventually, modifications to the procedure (2.3 eq DCMME, 0.3 eq 

ZnCl2, approx. 5 h), afforded galactosyl chloride 3 with a yield of 63% over 2 steps (Scheme 2.3, 

B, 63%).  

NMR analysis of the chloride donor confirmed the predicted alpha configuration on the 

anomeric centre, with the 1H peak appearing as a doublet at 6.35 ppm with J1,2 = 3.9 Hz. The yields 

between the two methods were comparable in efficiency but as discussed below, did not generate 

satisfying glycosylation outcomes. Thus, alternative leaving groups were explored.  

Bromide donors are generally considered easier to synthesize than chloride donors, 

however they are more reactive than chloride donors due to their increased lability.1, 61 The use of 

33% HBr in AcOH has been applied in prior literature to make the desired donor 6 in 1 step starting 

from intermediate 11, with a yield of 49% after 5 min.94 Maintaining the benzyl ether protection 

on O-6 is challenging in such acidic conditions. We were unsuccessful in our attempts using this 

method and saw hydrolysis of the O-6 benzyl. In pursuit of more efficient methodology, we 

explored different synthetic pathways and developed novel reaction conditions for the creation of 

donor 6.  

The sensitivity of the O-6 benzyl to acidic conditions called for a method which used 

neutral conditions. Extensive literature research finally yielded an efficient method to create the 

anomeric bromide in neutral conditions.98 Using triphenylphosphine (PPh3), triethylamine (Et3N) 

and elemental bromine (Br2) in THF with heat, Du and coworkers were able to synthesize 2,3,4,6-

tetra-O-methyl-D-glycosyl bromide donor from the corresponding hemiacetal, with reported 
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yields of up to 86%.98  The selective functionalization of O-6 was important for additional synthetic 

manipulations required on the galactose residue, and so these neutral conditions, though not 

previously tried with a O-6 Bn ether, were attempted. Thus, following the removal of the anomeric 

acetate from 11, PPh3 (3.3 eq), Br2 (2 eq) and Et3N (1 eq) at 40 oC were used to successfully make 

donor 6 with a 78% yield. The presence of the anomeric bromide was confirmed using 1H NMR 

spectra, with the anomeric proton appearing as a narrow doublet (J1,2 = 4.0 Hz, α) at 6.68 ppm.  

A per-O-acetylated galactosyl donor was also prepared, as it is an efficient donor for the 

creation of the desired Gal[1,3]-β-GlcNAc bond. Removing the need for selective 

functionalization of O-6 Gal facilitated a rapid synthesis: only two steps from commercially 

available D-Gal. Thus, following acetylation using 1:1 Ac2O/Py., the per-acetylated saccharide 13 

Entry Starting 

Material 

Product Conditions Yield (%) 

193 11 6 33% HBr in AcOH, DCM, 0 oC 49 

2 13 5 33% HBr in AcOH, DCM, 0 oC 83 

3 11 6 1. DMAPA 

2. PPh3, Br2, Et3N, 40 oC 

78 

Scheme 2.4: Conversion of per-O-acetyl D-Gal 13 to bromide donor 5, and of the 6-OBn D-Gal 11 to 
bromide donor 6 

Table 2.1: A comparison between the syntheses of known galactosyl bromide donors 5 & 6. 
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was stirred with 33% HBr in AcOH (10 eq. Br-) in DCM at 0 oC. This gave per-O-acetylated 

galactosyl donor 5 (83% over 2 steps, Scheme 2.4). Though this donor was efficient and gave fair 

glycosylation yields, the lack of selectivity on O-6 led to issues further down the synthetic 

pathway.  

 Though different products are generated, the conditions of formation of 5 and 6 can be 

identical (Table 2.1, entries 1 and 2). The application of a novel methodology for our synthesis of 

known donor 6 is more efficient when compared to the known method using 33% HBr in AcOH, 

even over 2 steps (Table 2.1, entries 1 and 3).   

2.2.2 The D-Galactosyl Trichloroacetimidate Donor 4 

We experienced difficulties in both making and using the halide donors for glycosylation. 

Thus, an alternative donor containing a TCA leaving group (galactosyl donor 4) was synthesized 

in 2 steps starting from intermediate 11. Synthesis of known donor 4 began from compound 11. 

Removal of the anomeric acetate via DMAPA followed by subsequent use of trichloroacetonitrile 

(TCA, Cl3CCN, 3 eq.) in the presence of catalytic 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU, 0.25 

eq) afforded 2,3,4-tri-O-acetyl-6-O-benzyl-D-galactosyl trichloroacetimidate donor 4, in 80% 

yield over 2 steps (Scheme 2.5).99 The presence of the TCA was confirmed using 1H NMR spectra 

through the presence of the characteristic NH doublet at 8.60 ppm. The anomeric hydrogen was 

found at 6.56 ppm, J1,2 = 3.6 Hz, indicating an α configuration as expected due to the strong 

anomeric effect seen with highly electronegative anomeric groups.  

Scheme 2.5: The synthesis of known donor 4 from precursor 11 over 2 steps. 
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2.2.3 The L-Fucosyl Thioethyl Donor 7 

 The methodology to synthesize known 6-deoxy-2,3,4-tri-O-benzyl-L-fucosyl thioethyl 

glycoside donor 7 was developed over 30 years ago by Lönn et al. (Scheme 2.6).90 Donor 7 was 

previously synthesized by past group members and was thus readily available for immediate use, 

therefore only a brief description of a literature method to synthesize 7 is discussed below.  

Commercially available L-fucose was acetylated using Ac2O/pyridine.90 Subsequent 

reaction with ethane thiol and ZnCl2 gives intermediate saccharide 14. Addition of the thioethyl 

group is performed while the sugar is acetylated at O-2 to encourage the formation of a β-

thioglycoside via neighbouring group participation. Acetates can be removed readily in basic 

conditions, and thus Zemplén conditions were applied to deprotect the L-fucose residue. Following 

removal of the acetates, the saccharide is benzylated using excess benzyl bromide (4 eq.) and 

sodium hydride (5 eq.) to form L-fucosyl thioglycoside donor 7.  

Benzyl protecting groups are understood to be electron donating, and their use as donor 

substituents is strategic. Such donating groups promote lability of the thioethyl leaving group by 

providing electronic stabilization to the oxocarbenium ion.66,67,70 Furthermore, benzyl ethers are 

desirable as they are not neighbouring participating groups.  As seen above in the synthesis of 

intermediate 14, neighbouring group participation (from an OAc, as above) would enforce the 

synthesis of a β glycoside, which is highly undesirable for the synthesis of Leb. 

Scheme 2.6: A literature synthesis of the known90 thioethyl L-Fucosyl donor 7. 
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2.3 Assembly of the Novel Gal-β-1,3-GlcNAc Disaccharides 14 and 15 

 In the words of Hans Paulsen, “Each oligosaccharide synthesis remains an independent 

problem which resolution requires considerable systematic research and a great deal of know-how. 

There are no universal reaction conditions for oligosaccharide synthesis”.1  

Synthetic glycosylation of sugars is not only challenging due to the need for regio and 

stereo selectivity, but also due to the need for soluble, energetically compatible acceptors and 

donors. Computational chemists are currently working on methods to help predict the reactivity 

and compatibility of a donor for a given glycosylation, however until this method is perfected and 

widely available, application of selective phenomena (eg, NGP) and experimentation remains the 

best method to develop glycosylation methodology.100  

The GlcNAc acceptor 2 has been shown to require stronger conditions to form glycosidic 

bonds, and thus it could be presumed that O-3 is somewhat of a weak nucleophile. It is widely 

understood that O-4 of GlcNAc is involved in an intramolecular H-bonding network which impacts 

it’s nucleophilicity, we hypothesize that the effect extends to O-3 to a milder degree. Steric 

hindrance is likely also an issue, as the 4,6-O-benzylidene acetal introduces another heterocyclic 

ring to the monosaccharide, enhancing its rigidity and creating a bulky protecting group directly 

beside O-3.101,102 

As acceptor 2 has been observed to require strong glycosylation methods it could have 

been predicted that the more reactive TCA donor 4 would degrade in these acidic conditions. More 

interestingly, we observed that glycosylation of 2 with chloride donor 3 was extremely difficult to 

achieve even in a variety of highly activating conditions.  
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2.3.1 Failed Attempts Using Galactosyl Chloride Donor 3 

Attempts to create the disaccharide 15 began with the use of donor 3 (2.5 eq) and HgBr2 (2.5 eq) 

as an activator (Scheme 2.7). Through multiple attempts with increased activator, donor, and 

concentration, only partial reaction of the acceptor occurred, and the disaccharide was not isolated. 

Theorizing that the chloride donor cannot be activated with mercury (II) bromide, a strong Lewis 

acid, TMSOTf (3 eq 3, 1 eq activator, 0 oC) was used. It was seen that, although slow, these 

conditions at least provided the formation of a novel disaccharide, as seen by the formation of a 

charred spot on TLC not associated with previously observed donor degradation spots.  

Due to the highly acidic reaction conditions needed for activation, we hypothesize that 

donor degradation competed with the glycosylation. Furthermore, it was thought that the 

benzylidene acetal was potentially labile in these conditions, creating more und esirable 

compounds in situ. It is well understood that acetals are acid-labile, and the hydrolysis of O-

acetates was suspected as numerous degradation products were seen on TLC. Some degradation 

products, which failed to char, are indicative of a degradation compound with conjugation. The 

Scheme 2.7: Theoretical scheme for the glycosylation of 2 with chloride donor 3, using either HgBr2 or 
TMSOTf 
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compound’s failure to mineralize on TLC indicates it is not a saccharide. A possible origin of such 

a compound would be the benzylidene acetal, or the primary OBn group of glycosyl donor 3. 

Regardless, the stoichiometric increase in reagents, as well as the wide variety of products 

generated made purification of compounds of interest exceedingly challenging.  Multiple attempts 

using a wide variety of isocratic and gradient solvent systems applied to both flash chromatography 

and RP-HPLC (C-18, Waters) failed to isolate compound 15 from the reaction mixture.  

2.3.2 Glycosylation Using Galactosyl Trichloroacetimidate Donor 4 

 Glycosylation of acceptor 2 with donor 4 activated with BF3OEt2 gave disaccharide 15 in 

49% yield (Scheme 2.8). Given the acid-labile nature of the benzylidene acetal on acceptor 2, as 

Entry Scale (mg) Acceptor 

concentration 

(mg/mL) 

Eq. of 4 Eq.of 

BF3OEt2 

Time (h) Yield 

15 

(%) 

Recovered 

2 

(%) 

1 510 22.1 3 2.2 18 29 22 

2 100 6.6 5 1.35 1 24 40 

3 100 6.6 5 1.5 1 39 25 

4 100 5 5 3 1 49  

Scheme 2.8: Synthesis of disaccharide 15 using donor 4 and BF3OEt2 

Table 2.2: A sample of the reaction conditions attempted in chronological order. As seen below, 

increasingly activating conditions were needed to form 15, with the highest yield being 49% 
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well as the excess of reactive donor 4, there were numerous degradation products which had to be 

separated from the desired disaccharide. This proved extremely challenging, requiring multiple 

purifications via flash chromatography with an EtOAc/Hex gradient. Eventually, it was determined 

that flash chromatography with subsequent use of RP-HPLC (CH3CN/H2O) allowed purification 

of the novel disaccharide 15. 

 The glycosylation of 2 with 4 using BF3OEt2 to activate the TCA was attempted many 

times. Reactions representative of these numerous attempts are shown in Table 2.2. Initial attempts 

were conducted at a very low concentration, and thus it took much longer for the formation of 15 

to be observed (entry 1). Incrementally increasing the concentration and donor equivalents, we 

observed a steep decrease in reaction time without increase in yield of 15 (entry 2). When 

everything else was held constant, the % recovery (% yield + % SM) was maximized with 1.5 

equivalents of BF3OEt2 (entry 3). However, conversion of 2 to 15 was optimized with an activator 

equivalence of 3 (entry 4). Despite multiple attempts, the glycosylation proved inefficient overall, 

with the highest yield of disaccharide 15 being 49% while using 5 equivalents of 4 and 3 

equivalents of BF3OEt2 (entry 4). No starting material was recovered from this reaction. 

2.3.3  Glycosylation Using Galactosyl Bromide Donors 5 and 6 

 Given the issues with efficiently synthesizing the 6-OBn donor 4 and the poor yields 

obtained when glycosylating with 2 to make 15, we explored the option of using the tetra-O-

acetylated bromide donor 5. The lack of selective protection of the primary hydroxyl was a 

concern, and thus we planned further functionalization of the galactose residue following the 

synthesis of disaccharide 16. Selective functionalization of larger saccharides is challenging due 

to their decreased reactivity; however, the promise of efficient donor synthesis and glycosylation 

was of great interest and considered worth exploring.  
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The glycosylation conditions for donor 5 and acceptor 2 had already been established by a 

fellow group member, Jeffery Davidson. The two equivalents of donor 5 are activated readily by 

mercury (II) bromide (2.3 eq) at 50 oC. This chemistry was found to be an efficient method to 

synthesize disaccharide 16 (Scheme 2.9, 85%). Use of the aprotic polar solvent MeNO2 in 1:1 ratio 

with PhMe is of paramount importance, as the nitromethane helps stabilize the polar reaction 

intermediates needed to form the glycosidic bond.61  

 These conditions were adapted for donor 6. We theorized that the electron donating nature 

of the O-6 benzyl would increase reactivity of the donor and possibly lead to better yields. 

Subsequent glycosylations using donor 6 and HgBr2 in 1:1 MeNO2/PhMe gave disaccharide 15 in 

excellent, reproducible yields (93-98%, Scheme 2.9). 

2.3.4 Donor Efficiency Comparisons 

 The novel Gal-β-1,3-GlcNAc glycosides 15 and 16 were synthesized with varying success 

using donors 3-6. As multiple synthetic options were available, glycosylations from all donors 

were compared directly for product yield. As seen in Table 2.3 (entry 1), donor 3 was not reactive 

enough to glycosylate. Donor 4, as discussed in section 2.3.2, was easily activated and degraded, 

giving disaccharide 15 with a modest yield of 49% (entry 2).  Donors 5 and 6 had identical  

Scheme 2.9: The formation of disaccharide 15 and 16 from acceptor 3 using donor 6 and 5 respectively. 
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anomeric leaving groups (Br-), which appears to be the optimal leaving group for our synthetic 

plan (entries 3 and 4). These donors are easily activated with mercury bromide, a weaker Lewis 

acid than TMSOTf or BF3OEt2. The absence of these stronger activators helps preserve the acid -

labile benzylidene acetal on acceptor 2.3 These donors are thus also not as prone to degradation as 

the TCA donor 4, meaning that lower amounts of glycosyl donor were needed. 

For donors 5 and 6, both create the 1,3 glycosides 16 and 15 respectively with good yields. 

However, the lack of a selective primary protecting group on disaccharide 16 does create the need 

for further synthetic manipulation. Unlike donor 5, donor 6 had no need for further 

functionalization of O-6. Moreover, glycosylation yields with 6 were more efficient than 5.  

 

 

 

 

 

 

 

 

Entry Donor Activator Solvent Yield (%) 

1 3- Chloride HgBr2, TMSOTf DCM - 

2 4- TCA BF3OEt2 DCM 49 

3 5- Br (O-6 Ac) HgBr2 1:1 Tol/MeNO2 85 

4 6-Br HgBr2 1:1 Tol/MeNO2 98 

Table 2.3: A direct comparison of the 4 donors used to create the desired Gal-β-1,3-GlcNAc 

disaccharide 
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Chapter 3 – Assembly of the Novel LeB Tetrasaccharide 

 

3.1 Synthetic Options and Planning 

 From the creation of novel disaccharides 15 and 16, our 

synthetic pathway to Lewis B split in two. The first step for both 

sugars was to reductively ring open the benzylidene acetal to 

free O-4 for further fucosylation. Thus, the reductive ring 

opening of the benzylidene acetal creates disaccharide acceptors 

17 and 18, respectively. Following the fucosylation of O-4 and 

removal of O-acetates by Zemplén conditions, the synthesis 

diverges. The trisaccharide containing the selective protection 

of O-6 Gal calls for addition of a 3,4-isopropylidene ketal, 

leaving O-2 Gal free, for the second fucosylation using donor 7 

(Scheme 3.1). Without selective protection of the C-6 hydroxyl, 

selectivity for the 3,4 ketal decreases. Thus, selective protection 

was added prior to the initial fucosylation. 

Disaccharide 17, upon de-O-acetylation, required 

protection of the primary hydroxyl HO-6 Gal before the addition 

of an isopropylidene ketal. This strategy was designed to utilize 

the enhanced reactivity of the primary hydroxyl when compared 

to the secondary alcohols.103 Furthermore, it was chosen to 

prevent the formation of the 4,6 acetal when protecting O-3 and 

O-4.  

Scheme 3.1: The original planned 
stepwise synthesis of Lewis B. 
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Considering the future possibility of difucosylation, selective protection of O-6 Gal was 

attempted on the disaccharide 18 instead of the trisaccharide as planned. This strategy was also 

desirable as selection for the primary hydroxyl has been shown to decrease with molecule 

size.100,103 Upon removal of the O-acetates on disaccharide 16, manipulation of the relative 

reactivities of the alcohols can encourage selective protection of the O-6 Gal.103 Protecting the O-

6 hydroxyl would prevent formation of an undesirable 4,6 isopropylidene ketal, thus enforcing 

formation of the desirable 3,4 isopropylidene ketal and creating a novel disaccharide acceptor. 

Difucosylation of a disaccharide acceptor has been previously attempted by our group in 

the synthesis of another TACA, dimeric Lewis X (dimLex).84 As a type 2 Lewis antigen, 

multimeric Lewis X contains repeating lactosamine units (LacNAc) with L-fucose linked via an 

α-Fuc-1,3-GlcNAc glycosidic bond.104 Difucosylation to both GlcNAc C-3 hydroxyl groups of 

dimLacNAc was accomplished with moderate success. However, it was noted that the conditions 

required for the second fucosylation caused the first L-fucose glycoside to degrade, creating a 

mixture of tri and tetrasaccharide in situ.84  

Oscarson and coworkers have previously reported di-fucosylation conditions in their 

syntheses of Lewis oligosaccharides, including a Lewis B penta- and hexasaccharide (Scheme 

3.2).51,91 However, their use of OBn protecting groups and a propyl azido aglycone are different 

Scheme 3.2: Oscarson’s glycosylation of known L-fucosyl donor with a Gal(1,3)GlcNAc(1,3)Gal 
acceptor. (1) Et4NBr, CH2Cl2/DMF (10:1), 4Å MS, rt; (2) Br2, RT, 72 h, 67% .3 
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from our synthetic route. Their reported conditions have been proven to synthesize fucosylated 

type 1 Lewis oligosaccharides with yields as high as 79%.51 Thus, efforts were made to efficiently 

synthesize a disaccharide acceptor for the synthesis of Lewis B from the two disaccharides 15 and 

16. 

3.2 Attempted Selective Pivaloylation 

 To difucosylate we required the C-2 Gal hydroxyl to be deprotected. Following the 

reductive benzylidene ring-opening using NaCNBH3 and 2 M HCl OEt2 at 0 oC→RT, disaccharide 

16 was converted to 18 with a yield of 72%. Zemplén conditions were used to remove the acetates 

on galactose, after which conditions for O-6 Gal protection were explored.82,106  

Our group has reported selective pivaloylation of O-6 on monosaccharides including that 

of a methyl-D-galactopyranoside.82 The methyl groups of the pivaloyl facilitate steric hindrance 

which helps select for the primary alcohol.61 Furthermore, the pivaloyl ester is stable in acidic 

conditions, unlike some other common primary-selective protecting groups seen in literature (eg 

OTf, OTr), and it is more selective for the primary alcohol than other esters (eg OAc, OBz).60 

Thus, attempts to selectively add a pivaloyl to O-6 began using freshly distilled PivCl (1.5 eq.) and 

collidine (1.5 mL/mmol) in DCM at 0 oC for 24 h.  

Scheme 3.3: Conversion of 16 to 19, via reductive-ring opening (72%), deprotection, then selective 
addition of an OPiv to the primary hydroxyl of the D-galactose residue (21%). 
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A TLC sample of the reaction after 24 hours appeared to have only two spots by TLC, with 

starting material still present indicating the reaction was incomplete. The reaction was cooled again 

to 0 oC and more PivCl (0.2 eq) was added. The reaction was left another 6 h, after which it was 

quenched with MeOH. Though starting material was isolated (25%), the novel compound 19 was 

also collected (54%). NMR analysis indicates the compound is a disaccharide, as noted by the 

anomeric 13C signals at 104.5 and 100.8 ppm. The narrow singlet seen at 1.19 ppm on the 1H NMR 

spectra integrates for 9 hydrogens, confirms the presence of the C(CH3)3 from the OPiv. Multiple 

reactions and purifications gave minor compounds containing multiple OPiv groups, indicating 

that these reaction conditions are not fully selective for the primary alcohol.  

After repeated attempts, we theorize that the lack of selectivity for the primary alcohol 

using these conditions can be attributed to the decreased reactivity of the di- and oligosaccharides 

when compared to monosaccharides.60 Though the primary hydroxyl may still be reactive, the 

changes in its nucleophilicity brought on by glycosylation may have hindered selectivity for O-6, 

either via electronic or, more likely, steric effects. This reaction was not as selective as anticipated, 

and difficulties were experienced with purification. Thus, we decided to continue the synthesis of 

Leb using disaccharide 15, as it already had protection of the primary alcohol of D-Gal via an OBn 

ether. 

3.3 Creation of the Novel Disaccharide Acceptor 

Disaccharide 15 already had orthogonality at the primary alcohol for the synthesis of a 

disaccharide acceptor fit for difucosylation. The O-6 Bn donor 6 required more reactions on a 

monosaccharide level when compared to donor 5. Though the donor synthesis is longer it is more 
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efficient as it saves a step further along the synthetic path, where the saccharides used are far more 

valuable. 

Following a reductive ring-opening of the benzylidene acetal using NaCNBH3 and 2 M 

HCl OEt2 at 0 oC→RT, disaccharide 20 was isolated with a fair yield (Scheme 3.4, 72%). De-O-

acetylation using Zemplén conditions was performed. Subsequent reaction with dimethoxy 

propane (DMP, 12 eq, freshly distilled) in the presence of substoichiometric amounts of camphor 

sulfonic acid (CSA, 0.5 eq) gave novel disaccharide acceptor 21 (87% over 2 steps). Following 

isolation of the compound via flash chromatography, 1H NMR analysis confirmed the presence of 

the isopropylidene methyl peaks of the ketal, with both CH3 singlets appearing at 1.48 and 1.29 

ppm, respectively. Thus, the disaccharide acceptor 21 was made with a 63% yield over 3 steps 

starting from disaccharide 15.  

3.4 Difucosylations 

 The creation of multiple glycosidic linkages in one pot is far from novel.106,107 For 

glycosylations to occur concurrently, however, the nucleophiles must be of similar reactivity, such 

that the activating conditions used suit both glycosyl acceptors and the donor. These conditions 

Scheme 3.4: Synthesis of disaccharide acceptor 21 from 15 over 3 steps (63%). 
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include reaction time, concentration, donor, activator types, and temperature. Depending on the 

sites of glycosylation on the acceptor, one hydroxyl can be more nucleophilic than another, leading 

to a preferential formation of that glycosidic bond and creating an intermediate oligosaccharide in 

situ. Furthermore, as the number of glycosylations increases they can become more difficult to 

achieve, as the glycosyl donor can degrade in the presence of H+ generated from the prior 

glycosylations.  

 Difucosylation of acceptor 21 was first attempted following literature conditions used by 

Oscarson et al. (Table 3.1, entry 1) in their synthesis of a Lewis B hexasaccharide fragment.51 

Thus, acceptor 21 was stirred with L-fucosyl donor 7 (3 eq.), tetra-butylammonium bromide 

(TBAB, 1.5 eq), and 4 Å MS in an anhydrous solution of 10:1 DCM/DMF. After 24 hours, the 

donor was activated with the addition of elemental bromine (Br2, 0.5 eq) and left to stir for another 

72 hours. Following purification via flash chromatography, a major (71%) and minor (10%) 

product were isolated, labelled compounds 22 and 23, respectively. 

Scheme 3.5: The mono & difucosylation of diol acceptor 21 to create compounds 22 and 23 respectively. 
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NMR experiments on oligosaccharides containing four or more sugar residues often have 

overlapping peaks on 1H NMR, requiring experiments that show protons coupling past geminal 

and vicinal signals. These experiments can be vital to determine the glycosylation outcome, 

especially if peaks are obscured within the spectra.  13C NMR analysis of the major compound 22 

indicated it was a novel trisaccharide, as seen by the presence of three anomeric peaks (101.4, 

100.1, and 95.9 ppm). The characteristic L-fucose C6 doublet in the 1H NMR (1.11 ppm, J5,6 = 6.4 

Hz) was used to confirm the presence of an L-fucose residue in the trisaccharide. The L-fucosyl 

glycoside possessed α configuration, as the 1H NMR J1,2= 3.8 Hz is indicative of a 1,2 cis 

glycoside.61 Given that O-4 GlcNAc is a known poor nucleophile it could be predicted that the 

fucosylation of O-2 Gal occurs more readily than the fucosylation of O-4 GlcNAc.77 This 

hypothesis was confirmed using selective gradient ROESY (Rotating-Frame Nuclear Overhauser 

Figure 3.1: Overlap of various selective gradient NMR experiments for compound 22, confirming the L-
fucosyl glycoside is selectively present only on O-2 Gal. 
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Effect Spectroscopy) experiments, where correlation is observed through space instead of 

chemical bonds. Sel-gr ROESY of H-2 Gal displays coupling to H-1 Fuc through space, while the 

anomeric proton of the fucose residue couples readily through space to H-3 Gal and H-2 Gal 

(Figure 3.1). These experiments, alongside other NMR spectra, were used to elucidate the structure 

of the major compound 22 as a novel α-L-Fuc-(1→2)-β-D-Gal-(1→3)[α-L-Fuc-(1→4)]-β-D-

GlcNAc-(1→O(CH2)6Cl) trisaccharide. 

Total-Correlation Spectroscopy (TOCSY) NMR is employed when anomeric proton peaks 

are overlapping with other signals, as it only shows coupling within one spin system. Provided 

there is coupling between each successive proton, any given monosaccharide ring system can be 

‘selected’ from the oligosaccharide within the molecule, giving the ability to assign protons to 

their respective sugar residues as well as elucidate anomeric configurations. TOCSY NMR 

experiments were thus performed on the proton signals that coupled directly to the assignable 

anomeric carbons for novel tetrasaccharide 23 (as determined via HSQC-Heteronuclear Single 

Quantum Coherence coupling). It was found that the J1,2 for both L-fucose residues was 3.8 and 

3.7 Hz respectively, indicative of α configurations at both anomeric centres. 

The minor compound 23 contained 4 anomeric centres (identified by 13C NMR as 101.64, 

98.94, 96.89 and 94.23 ppm). On the 1H NMR, the presence of two CH3-6 doublets at 1.08 ppm 

and 1.05 ppm confirm the presence of two distinct L-fucose monomers. Both structures were fully 

elucidated using 1D and 2D NMR experiments, with additional selective gradient Total-

Correlation Spectroscopy (sel-gr-TOCSY) and selective gradient Rotation Ovenhauser 

Spectroscopy (ROESY) experiments needed to fully assign the structure of tetrasaccharide 23 
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(Figure 3.2 and 3.3). The ring assignments are in good agreement with other Lewis B spectra.117 

Figure 3.2: Compiled selective gradient TOCSY performed on anomeric signals of 23 to show coupling 
within their respective ring systems. Sel-Gr TOCSY is useful when numerous peaks overlap. 

Figure 3.3: Compiled selective gradient ROESY on the signals of both anomeric fucose protons 

coupled with the prior TOCSY spectra enables confirmation of the location of the respective fucoses on 

the tetrasaccharide 23. 
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We noted the high chemical shift of H-5C’, which was first observed by Lemieux & Spohr during 

their NMR studies of Lewis A-OMe.118 They theorized that the molecule must be in such a 

configuration where H-5C’ becomes strongly deshielded by O-4A and O-5B. This was further 

observed with the Lewis type 2 oligosaccharides LeX and LeY, indicating that the two Lewis types 

may hold a similar configuration of L-fucose, relative to the D-Galactose unit.117-118 

The isolation of tetrasaccharide 23 indicated that the difucosylation of compound 21 was 

possible in these conditions. As most reacted starting material was collected as trisaccharide 

intermediate 22, we theorized that an increase in donor or activator may be needed for the second 

fucosylation to go to completion. Multiple difucosylations were attempted with varying conditions, 

and it was seen that an increase in donor, activator, and time were all beneficial to the formation 

of tetrasaccharide 23 (Table 3.1). Slight modification of the original procedure where extra 

activator (0.1 eq.) and donor (1 eq.) added 48 h after initial activation increased in the generation 

of 23 (entry 2). The addition of activator (Br2) in increasing equivalence over the original 72 h had 

degradation of 21 compete with glycosylation, as only the tetrasaccharide 23 was isolated in 

modest yields (entry 3). Decreasing the total equivalence of bromine by 20% in the presence of  

 donor did not give any true improvement to the yield compared to prior attempts (entry 2 vs entry 

4). A comparison between literature conditions (entry 1) and the reaction with the highest yield of 

Entry Donor Eq Br2 Eq Reaction time (h) Yield 22 (%) Yield 23 (%) 

1 3 0.5 72 71 10 

2 3+1 0.5 + 0.1 86 30 48 

3 4 0.8 +2(0.1) 86 - 60 

4 4 +2(1) 0.6+0.1 ~100 26 47 

5 6 0.6 ~168 20 63 

Table 3.1: A comparison between samples of the difucosylation conditions used to synthesize 15 and 

16. 
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23 (entry 5) emphasizes how increasing the intensity and duration of the glycosylation is beneficial 

for the formation of tetrasaccharide 23, though with an increase in Br2, the recovery of intermediate 

22 decreases. The conditions used in entry five 

generated the highest yield, as glycosylation at O-4 

GlcNAc required a significant excess of L-fucosyl 

donor (6 eq, 3 per glycosylation) and 0.6 eq Br2 over 

approximately seven days. Trisaccharide 22 was also 

isolated in lower quantities (Scheme 3.6, 20%). 

We have attempted to convert 22 to 23, where trisaccharide 22 was used as a glycosyl 

acceptor for the fucosylation of O-4 GlcNAc with L-fucosyl donor 7. The optimized conditions 

for conversion of 22 to 23 yielded partial conversion (44%), showing that intermediate 22 can be 

recycled to make the desired tetrasaccharide 23. Surprisingly, the deprotected structure of 

intermediate 22 is a TACA of interest named H-type 1, which was first isolated from blood sera 

and described by Watkins et al. in 1964 (Figure 3.4).92 It is a known oncofetal antigen associated 

with the pathogenic mechanisms of chemotherapy resistance in ovarian cancer.79 The synthesis of 

the ‘H’ antigen expands the scope of this work past Lewis B, and so the possibility of using the H 

antigen as an additional synthetic target was explored.  

3.5 Pre-Birch Alterations and The Birch Reduction     

   Following the removal of the isopropylidene ketal, the applications planned 

for these compounds had to be considered. The hexyl-chloride was chosen for the aglycone as it 

can be reduced in the Birch reduction to an alkane or functionalized for conjugation to 

immunogenic proteins.67 Depending on the immunological studies needed, it is desirable to have 

the free alkane, and thus some of compounds 24 and 25 were set aside for future deprotection. 

Figure 3.4: The Lewis type 1 oncofetal H 
antigen 
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Conjugation to immunogenic molecules can occur in many ways, one method is done using a free 

amine.74 An amine aglycone is readily obtained via a substitution of the chloride to an azide using 

NaN3 in DMF at 80 oC for 24 h, creating novel compounds 26 and 27 (96% and 97% respectively, 

Scheme 3.7).52 The chemical shift of the methylene CH2Cl appears in 13C NMR spectra at 45.0 

ppm, and was notably absent in analysis of compounds 26 and 27, indicating the loss of the 

chloride. The signal at 51.4 ppm matches known literature spectra for the 13CH2N3 confirming the 

presence of the azido group on the alkyl chain.52 

 The Birch reduction, also known as dissolving metal conditions, removes both ether and 

ester protecting groups through differing radical mechanisms.61 We chose dissolving metal 

conditions over other methods such as hydrolysis as it not only deprotects the oligosaccharides, 

but also reduces the aglycones for conjugation or immediate use.85,86 The hexyl azido aglycone 

Scheme 3.6: Hydrolysis of the 3,4 O-isopropylidene ketal followed by aglycone conversion for 
conjugation 
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readily reduces to an amine suitable for conjugation, while the hexyl chloride aglycone reduces to 

a free alkane suitable for free binding studies.  

 The Birch reductions began with trisaccharide 26, which was added as a dilution in 

anhydrous THF to condensed NH3 containing Na(s) (2 mg/mL) at -78 oC. The solution was stirred 

for 60 minutes and then quenched with MeOH. The temperature was then slowly raised to RT, 

evaporating the ammonia. Following three hours of evaporation, AcOH (500 µL) was added to 

fully neutralize any remaining sodium. Purification was achieved via a biogel P-2 size exclusion 

chromatography with a mobile phase of aqueous 0.1 M ammonium acetate followed by repeated 

freeze-drying to remove salts. The aminohexyl trisaccharide 29 was thus obtained in 74% yield. 

Birch reductions were then subsequently performed on products 24, 25 and 27 to give deprotected 

‘H’ analog 29, as well as the desired deprotected Lewis B analogs 28 (18%), 30 (73%), and 31 

(65%) respectively (Scheme 3.7).  

Scheme 3.7: The deprotection and conversion of oligosaccharides 24-27 to generate Lewis B and the ‘H’ 
antigen with varying aglycones. 
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Chapter 4 – Future Work 

4.1 Conjugation 

 The total synthesis of the Lewis B and H-antigen oligosaccharides was accomplished 

through an initially challenging stepwise synthesis starting from commercially available 

carbohydrates. Difucosylation, though not as efficient as desired, enabled the concurrent synthesis 

of a second target antigen which is also desired for immunological studies. As TACAs for epitope-

mapping, Leb and the H-antigen will be used in ELISAs to help determine it there is an internal 

epitope of the LebLea TACA which does not bind to the nonreducing self-epitope LeB or the H-

antigen. Prior to these assays, the antigens will undergo conjugation to a protein such as BSA. 

 While the options for carbohydrate-protein conjugation are broad, our group uses DES 

(diethyl squarate) to conjugate TACAs, most notably to BSA (bovine serum albumin) carriers.7  

This is accomplished by first mixing the TACA with DES, giving the DES adduct. Following 

creation and isolation of the DES glycoside, it is stirred in a pH 10 buffered solution to which BSA 

is added. The basic conditions deprotonate the lysine residues on BSA, generating a nucleophile 

which reacts with the DES linker. Conjugation occurs slowly, however following purification it 

provides hexyl glycoside BSA conjugates. The glycoconjugates are multivalent, and the level of 

antigen present can vary, meaning that some proteins will display more Leb epitopes than others, 

also known as the ‘hapten loading’ of the protein.  As variation between and within batches of 
Scheme 4.1: Conjugation of an antigen (blue) to a lysine residue on BSA (green) using a DES linker. 
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glycoconjugates is unavoidable, the average hapten loading (n) of a glycoconjugate batch must be 

calculated using MALDI-TOF mass spectrometry and is of paramount importance for 

characterization of the glycoprotein prior to its use in immunological assays.24   

4.2 Immunological Use 

 The TACA conjugates, as well as the free versions of the oligosaccharides, will be used in 

epitope mapping studies of anti-TACA mAbs. There are numerous ways to determine binding 

affinity, and a large number are based on ELISA methodology. In a sandwich immunoassay, 

antigens are adsorbed onto the surface of a plate, after which exposure to an antibody leads to 

indirect binding of the antibody to the plate via the antigen, also know as immunosorbance. 

Following removal of any free antibodies remaining, a secondary antibody with a fluorescent tag, 

raised against the primary antibody, is added and then the plate subsequently rinsed. Binding 

enthalpies can be quantified via absorbance generated by the tagged antibody bound to the 

antibody of focus.  

 Mapping the epitope of a monoclonal antibody requires multiple assays with variations of 

the target antigen to detect how molecular variation of the antigen impacts immunosorbance.18 

Altering sections of the antigen that generate attractive mAb-antigen forces weakens binding and 

thus lower absorbance. Thus, through numerous assays with a variety of antigenic fragments, an 

impression of the binding sites for a given mAb can be deduced.  
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Chapter 5 – Experimental 

5.1 General Methods 

1H  NMR  (400 MHz)  and  13C  NMR  (100  MHz)  spectra  were  taken  in CDCl3 (calibrated at 

δH 7.24 ppm), CD3OD, or D2O. Chemical  shifts  are  reported  in  parts  per million  (ppm), and  

coupling  constants  (J)  are  reported  in  hertz  (Hz).  Assignments of proton and carbon peaks 

were made using assistance from 2D COSY and HSQC experiments, occasionally paired with 1D 

ROESY or 1D TOCSY experiments. Singular signals are abbreviated to (s) for singlet, split signals 

are abbreviated as doublet (d), doublet of a doublet (dd), triplet (t), doublet of a triplet (dt), quartet 

(q), quintet (quint), and multiplet (m).  Anhydrous solvents were freshly distilled. All products 

were dried over reduced pressure.  Molecular sieves were activated by heating at 300 °C under 

vacuum. Analytical thin layer chromatography (TLC) was performed on aluminum plates coated 

with silica gel 60 F240 (250µm) containing a fluorescent indicator observable under UV light and 

charred with 20% H2SO4 in EtOH. All reagents were purchased from commercial suppliers and 

were used as-is unless the reagent was old, in which case they were purified via distillation. 

Compounds were purified by column chromatography using silica gel unless otherwise stated. 

Optical rotations were measured at 22 °C on a Rudolph Research Autopol III polarimeter and 

reported as follows: [α]D (c in g per 100 mL, solvent).  High resolution electrospray ionization 

mass spectra (HRESIMS) were acquired for novel compounds by the analytical services of the 

Queen’s Mass Spectrometry and Proteomics Unit, Kingston, Ontario. 
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5.2 Synthetic procedures for saccharides described in Chapter 2 

5.2.1 Synthesis of the GlcNAc acceptor 

6-Chlorohexyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside (9)111 

 

To a solution of known68 2-acetamido-3,4,6-tri-o-acetyl-2-deoxy-a-D-glucopyranosyl chloride 

(5.61 g, 15.3 mmol), freshly activated 4Å molecular sieves (16 g) and 6-chlorohexanol (4.5 

mL,32.2 mmol, 2.1 eq.) in anhydrous CH2Cl2 (170 mL) HgBr2 (11.05 g, 30 mmol, 2 eq.) was 

added after an hour of continuous stirring under N2. After 18 h the solution was diluted in CH2Cl2 

(200 mL) and filtered over Celite and the solids were washed with CH2Cl2 (2x 50 mL). The filtrates 

were then combined and washed with saturated aqueous NaHCO3 (2 x 100 mL) then brine (2 x 

100 mL) and DI H2O (1 x 100 mL). The aqueous fractions were then washed sequentially with 

CH2Cl2 (3 x 50 mL). All organic washings and filtrates were then combined and dried over 

Na2SO4, filtered, and concentrated to a yellow syrup. Flash chromatography (EtOAc/Hex, 4:1) 

purified the known glycoside 2 (5.18 g, 81%) as a white amorphous glass.  

1H NMR (CDCl3, 400 MHz, 295 K) δ 5.48 (d, 1H, J = 8.7 Hz, NH), 5.27 (dd, 1H, J = 10.5, 9.4 

Hz, H-3), 5.03 (t, 1H, J = 9.6 Hz, H-4), 4.65 (d, 1H, J = 8.3 Hz, H-1), 4.23 (dd, 1H, J = 12.2, 4.8 

Hz, H-6), 4.11 (dd, 1H, J = 12.2, 2.5 Hz, H-6’), 3.86-3.76 (m, 2H, CH2O), 3.69-3.65 (m, 1H, H-

5), 3.50 (t, 2H, J = 6.6 Hz, CH2Cl), 3.46-3.42 (m, 1H, H-2), 2.05 (s, 3H, OCOCH3), 2.00 (s, 3H, 

OCOCH3), 1.99 (s, 3H, NCOCH3), 1.92 (s, 2H, CH2), 1.77-1.70 (m, 2H, CH2), 1.60-1.52 (m, 2H, 

CH2), 1.45-1.30 (m, 2H, CH2) 
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13C NMR (100 MHz, CDCl3, 295 K) δ 170.88, 170.71, 170.09, 169.41 (C=O), 100.73 (C-1), 72.34 

(C-5), 71.81 (C-2), 69.58 (CH2O), 68.69 (C-3), 62.18 (H-6), 54.90 (C-4), 44.99 (CH2Cl), 32.46 

(CH2CH2Cl), 29.24 (OCH2CH2), 26.48, 25.15 (OCH2CH2CH2CH2), 23.34, 20.75, 20.69, 20.63 

(CH3CO). 

6-Chlorohexyl 2-acetamido-4,6-O-benzylidene-2-deoxy-β-D-glucopyranoside (2)82 

 

To a solution of 0.05 M NaOMe in MeOH (105 mL) known82 glycoside 9 (3.85 g, 8.5 mmol) was 

added. The reaction mixture was stirred for 60 min and then deionized via DOWEX 50 (H+) resin. 

The solution was subsequently filtered and concentrated to give an intermediate triol as a white 

powder, which was left to dry in vacuo for 36 hours. PhCHO (20 mL, 190 mmol, 22 eq.), then 

ZnCl2 (1.86 g, 14 mmol, 1.6 eq.) were added to the triol and the solution was stirred under N2 for 

12 h. The mixture was then added to a solution of 1:1 cold H2O/hexanes (50 mL) and stirred at 0 

oC for 20 min. Filtration gave a white solid which was washed sequentially with H2O (10 mL), 

hexanes (10 mL) and Et2O (5 mL). Subsequent drying in vacuo for 48 h gave known benzylidene 

acetal 3 (2.92 g, 84%) as a white powder.  

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.47 (q, 2H, J = 3.9 Hz, Ar), 7.33 (q, 3H, J = 2.0 Hz, Ar), 

5.68 (d, 1H, J = 5.4 Hz, NH), 5.53 (s, 1H, CH), 4.71 (d, 1H, J = 8.3 Hz, H-1), 4.32 (q, 1H, J = 4.8 

Hz, H-6), 4.15 (t, 1H, J = 8.4 Hz, H-3), 4.03 (s,1H, OH), 3.86 (td, 1H, J = 9.6, 6.4 Hz, CHHO), 

3.76 (t, 1H, J = 10.1 Hz, H-4), 3.57-3.38 (m, 6H, CHHO, CH2Cl, H-6’, H-5, H-2), 2.03 (s, 3H, 

NCOCH3), 1.76 (quint, 2H, J = 7.0 Hz, CH2CH2Cl), 1.64-1.56 (m, 2H, OCH2CH2), 1.49-1.32 

(m,4H, OCH2CH2CH2CH2);  
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13C NMR (100 MHz, CDCl3, 295 K) δ 171.7 (C=O), 137.0 (quat Ar), 129.2, 128.3, 126.3 (Ar), 

102.0 (CHPh), 100.6 (C-1), 81.7 (C-4), 71.2 (C-3), 69.8 (CH2O), 68.6 (C6), 66.3 (C-5), 59.3 (C-

2), 45.0 (CH2Cl), 32.4 (CH2CH2Cl), 29.4 (OCH2CH2), 26.5, 25.3 (OCH2CH2CH2CH2), 23.7 

(NCOCH3).  

5.2.2 Galactosyl donors and precursors 

1,2,3,4-Tetra-O-acetyl-6-O-benzyl-β-galactopyranose (11)112, 113 

 

To a stirred solution of D-galactose (31.50 g, 175 mmol) in anhydrous acetone (340 mL) under 

N2, ZnCl2 (39.02 g, 297 mmol, 1.8 eq) was added. Conc. H2SO4 (1.9 mL, 17.5 mmol, 0.1 eq.) was 

added over 60 seconds, and the reaction was left to stir for 16 h. NaHCO3 (24.04 g, 286 mmol) 

was added slowly, followed by H2O (50 mL), then the solution was stirred for 45 min. Following 

filtration, acetone was removed by rotary evaporation, and then the product was extracted from 

the aqueous solution using CH2Cl2 (3 x 250 mL). Washing of the organic layers was performed 

with saturated aqueous NaHCO3 (2 x 200 mL) then brine (2 x 100 mL). Re-extraction of the 

aqueous layers with CH2Cl2 (3 x 150 mL) was performed. The organic phases were then combined, 

dried over Na2SO4, filtered, and concentrated then dried.  

Thus, 1,2-3,4-di-isopropylidene D-galactosyl pyranoside (18.45 g, 71 mmol) was dissolved in 

anhydrous THF (250 mL) under N2. BnBr (17 mL, 142 mmol, 2 eq. ), followed by TBAI (290 mg, 

0.79 mmol, 5% eq) were added to the reaction mixture, which was left stirring for 18 h. Slow 

addition of H2O (25 mL) followed by dilution in CH2Cl2 (500 mL) gave a heterogeneous mixture 

which was then washed with brine (2 x 100 mL). The aqueous washes were then re extracted with 
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CH2Cl2 (5 x 100 mL). The organic washes were then combined, dried over Na2SO4, filtered, and 

concentrated to a pale orange syrup, which was subsequently dissolved in aqueous HCl (320 mL, 

0.06 M) and heated to 80 oC for 24 h. The reaction was quenched with NaHCO3 (1.6 g, 19.0 ) and 

coconcentrated with PhMe (7 x 100 mL), then dried in vacuo to give a bright yellow oil. A solution 

of 1:1 Ac2O/Py. (350 mL) was added to the syrup and left to stir 24 h, after which coconcentration 

with PhMe (10 x 100 mL) gave a crude yellow solid. Flash chromatography (1:1 EtOAc/Hex) was 

used to isolate known113 1,2,3,4-tetra-O-acetyl-6-O-benzyl D galactopyranose 11 (22.01 g, 44%).  

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.34-7.29 (m, 5H, Ar), 5.44 (q, 1H, J = 1.3 Hz, H-4), 5.37 

(dd, 1H, J = 10.7, 3.4 Hz, H-3), 5.15 (d, 1H, J = 3.7 Hz, H-1), 5.11 (dd, 1H, J = 10.6, 3.7 Hz, H-

2), 4.71 (d, 1H, J = 12.1 Hz, CHHPh), 4.52 (d, 1H, J = 12.2 Hz, CHHPh), 4.26-4.23 (m, 1H, H-5), 

4.10-4.01 (m, 2H, H-6, H-6’), 2.11 (s, 3H, OCOCH3), 2.03 (s, 3H, OCOCH3), 2.01 (s, 3H, 

OCOCH3), 1.96 (s, 3H, OCOCH3); 

13C NMR (100 MHz, CDCl3, 295 K) δ 170.4, 170.3, 170.2, 170.0 (C=O), 136.8 (quat Ar), 128.5 

(Ar), 127.9 (Ar), 95.4 (C-1), 69.9 (CH2OPh), 68.1 (C-3), 68.0 (C-2), 67.6 (C-4), 66.5 (C-5), 61.7 

(C-6), 20.7, 20.7, 20.7 (OCOCH3); 

2,3,4-Tri-O-acetyl-6-O-benzyl-D-galactose (12) 

 

Known 11112,113 (5.76 g, 13.5 mmol) was stirred in THF (100 mL) at 30 oC. DMAPA (1.5 mL, 1.3 

eq) was added, and the mixture was left stirring for 18 h. Then DMAPA (200 µL, 0.2 eq.) was 

added, and the reaction was left to proceed for 3 h. The solution was diluted in CH2Cl2 (200 mL) 

and washed with aqueous HCl (2x100 mL, 1M). Re-extraction of the aqueous layers was 
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performed with CH2Cl2 (4 x 70 mL). The organic phases were then combined, dried over NaSO4, 

filtered, and concentrated then dried. Gave hemiacetal 12 (4.47 g, 86%) as a yellow syrup.  

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.32-7.25 (m, 5H, Ar), 5.46 (d, 1H, J = 2.5 Hz, H-1), 5.43 

(dd, 1H, J = 0.8 Hz, 3.4 Hz, H-4), 5.36 (dd, 1H, J = 7.2, 2.2 Hz, CHHPh), 5.12 (dd, 1H, J = 7.2, 

2.4 Hz, CHHPh), 4.52 (d, 1H, J = 8.0 Hz, H-6), 4.42-4.39 (m, 2H, H-6’, H-5), 3.63 (bs, 1H, OH), 

3.47 (dd, 1H, J = 6.5, 2.4 Hz, H-2), 3.39 (q, 1H, J = 3.4 Hz, H-3), 2.06 (s, 3H, OCOCH3), 2.04 (s, 

3H, OCOCH3), 1.96 (s, 3H, OCOCH3); 

13C NMR (100 MHz, CDCl3, 295 K) δ 170.4, 170.2, 170.0 (C=O), 137.4 (quat, Ar), 128.5, 128.0, 

127.9 (Ar), 96.0 (C-1), 73.5 (CH2Ph), 68.8 (C-3), 68.4 (C-2), 68.3 (C-6), 67.6 (C-4), 67.5 (C-5), 

20.8, 20.7, 20.7 (OCOCH3); 

2,3,4-Tri-O-acetyl-6-O-benzyl-1-deoxy-α-D-galactopyranosyl chloride (3)95 

 

Method 1: Hemiacetal 12 (497 mg, 1.3 mmol) was stirred in anhydrous 1,4 dioxane (12 mL) and 

anhydrous DMF (25 µL, 0.25 eq.) at 50 oC. TCT (128 mg, 0.7 mmol, 0.6 eq.) was added and the 

reaction mixture stirred 12 h. The reaction temperature was raised to 60 oC and DMF (75 µL, 0.75 

eq.) added, the reaction mixture stirred for 2 h. The reaction temperature was raised again to 75 oC 

and DMF (100 µL, 1 eq.) added, the reaction mixture stirred for 12 h. TCT (88 mg, 0.4 eq.) was 

added, and the reaction temperature raised to 80 oC.  After 16 h the solution was concentrated and 

purified via flash chromatography (10% EtOAc/Hex + 0.1% Et3N) to give chloride galactosyl 

donor 3 (332 mg, 61%) as a yellow oil. 
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Method 2: Hemiacetal 12 (220 mg, 0.57 mmol) was dissolved in anhydrous CH2Cl2 (1.5 mL) 

under N2, to which ZnCl2 (18 mg, 0.16 mmol, 0.3 eq.), then DCMME (140 µL, 1.31 mmol, 2.3 

eq) were added. After 1.5 h the reaction mixture was diluted in CH2Cl2 (25 mL) and washed with 

cold saturated aqueous NaHCO3 (2 x 25 mL) then brine (2 x 25 mL). Re-extraction of the aqueous 

layers with CH2Cl2 (3 x 50 mL) was performed. The organic phases were then combined, dried 

over Na2SO4, filtered, and concentrated. Flash chromatography (30% EtOAc/Hex + 0.1% Et3N) 

gave galactosyl donor 3 (145 mg, 63%) as a yellow oil.  

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.34-7.25 (m, 5H, Ar), 6.35 (d, 1H, J = 3.9 Hz, H-1), 5.55 

(q, 1H, J = 1.2 Hz, H-4), 5.39 (dd, 1H, J = 10.7, 3.3 Hz, H-3), 5.21 (dd, 1H, J = 10.7, 4.0 Hz, H-

2), 4.54 (d, 1H, J = 12.0 Hz, , CHHPh), 4.47 (t, 1H, J = 6.4 Hz, H-5), 4.40 (d, 1H, J = 12.0 Hz, , 

CHHPh), 3.53-3.50 (m, 1H, H-6), 3.47-3.43 (m, 1H, H-6’), 2.08 (s, 3H, OCOCH3), 2.02 (s, 3H, 

OCOCH3), 1.98 (s, 3H, OCOCH3); 

13C NMR (100 MHz, CDCl3, 295 K) δ 170.2, 169.9, 169.7, (C=O), 137.3 (quat Ar), 128.5, 127.9, 

127.8 (Ar), 91.5 (C-1), 73.5 (OCH2Ph), 70.4 (C-5), 68.1 (C-3), 67.7 (C-4), 67.3 (C-2), 67.0 (C-6), 

20.7, 20.6, 20.5 (OCOCH3); 

2,3,4-Tri-O-acetyl-6-O-benzyl-α-D-galactopyranosyl trichloroacetimidate (4)114 

 

Hemiacetal 12 (507 mg, 1.3 mmol) was dissolved in anhydrous CH2Cl2 (11.5 mL) under N2. DBU 

(50 µL, 0.25 eq.) then Cl3CCN (400 µL, 3 eq.) were added, and the reaction stirred 12 h. Another 

addition of DBU (50 µL, 0.25 eq.) and 1.5 h led to reaction completion. The solution was then 
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concentrated and purified by flash chromatography (20%→40% EtOAc/Hex + 0.1% Et3N) and 

product 4 (548 mg, 83%) was isolated as a yellow powder.  

1H NMR (CDCl3, 400 MHz, 295 K) δ 8.60 (s, 1H, NH), 7.33-7.22 (m, 5H, Ar), 6.56 (d, 1H, J = 

3.6 Hz, H-1), 5.62 (q, 1H, J = 1.2 Hz, H-4), 5.41 (dd, 1H, J = 10.8, 3.2 Hz, H-3), 5.32 (dd, 1H, J 

= 10.8, 3.6 Hz, H-2), 4.51 (d, 1H, J = 12.0 Hz, CHHPh), 4.40-4.36 (m, 2H, CHHPh, H-5), 3.52 

(dd, 1H, J = 9.7, 5.8 Hz, H-6), 3.44 (dd, 1H, J = 9.7, 7.2 Hz, H-6’), 2.04 (s, 3H, OCOCH3), 2.00 

(s, 3H, OCOCH3), 1.99 (s, 3H, OCOCH3);  

13C NMR (100 MHz, CDCl3, 295 K) δ 170.1, 170.0, 169.9 (C=O), 161.1 (C=N), 137.4 (quat Ar), 

128.4, 127.9, 127.8 (Ar), 93.8 (C-1), 73.4 (OCH2Ph), 70.1 (C-5), 67.9 (C-2), 67.7 (C-3), 67.2 (C-

4), 67.1 (C-6), 20.7, 20.6, 20.6 (OCOCH3) 

2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl bromide (5)115 

 

Per-O-acetyl D-galactopyranose (5.2 g, 14 mmol) was dissolved in anhydrous CH2Cl2 (60 mL) 

and cooled to 0 oC. Dropwise addition of 33% HBr in AcOH (25 mL, 143 mmol, 10 eq.) over 5 

min was followed by 1 h of mixing. The solution was poured over a 1:1 CH2Cl2/ice slurry (300 

mL), then the organic phase was separated and washed with ice cold saturated aqueous NaHCO3 

(3 x 50 mL). The aqueous washes were re extracted with CH2Cl2 (1 x 50 mL), and the organic 

phases combined, dried over Na2SO4, filtered, and concentrated. Flash chromatography (40% 

EtOAc/Hex + 0.1% Et3N) gave galactosyl donor 5 (4.03 g, 83%) as an off-white crystalline 

powder.   
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1H NMR (CDCl3, 400 MHz, 295 K) δ 6.68 (d, 1H, J = 4.0 Hz, H-1), 5.50 (q, 1H, J = 1.3 Hz, H-

4), 5.39 (dd, 1H, J = 10.6, 3.3 Hz, H-3), 5.03 (dd, 1H, J = 10.7, 4.0 Hz, H-2), 4.46-4.43 (m, 1H, 

H-5), 4.17 (dd, 1H, J = 11.4, 6.4 Hz, H-6), 4.09 (dd, 1H, J = 11.4, 6.8 Hz, H-6’), 2.13 (s, 3H, 

OCOCH3), 2.09 (s, 3H, OCOCH3), 2.04 (s, 3H, OCOCH3), 1.99 (s, 3H, OCOCH3);  

13C NMR (100 MHz, CDCl3, 295 K) δ 170.3, 170.1, 169.9, 169.7 (C=O), 88.1 (C-1), 71.1 (C-5), 

68.0 (C-2), 67.8 (C-3), 67.0 (C-4), 60.8 (C-6), 20.7, 20.6, 20.6, 20.6 (OCOCH3); 

2,3,4-Tri-O-acetyl-6-O-benzyl-α-D-galactopyranosyl bromide (6)116 

 

Hemiacetal 12 (580 mg, 1.46 mmol) in anhydrous THF (15 mL), PPh3 (1.27 g, 4.84 mmol, 3.3 eq.) 

and Et3N (200 µL, 1.46 mmol, 1 eq.) were added. Following the addition of Br2 (150 µL, 2.92 

mmol, 2 eq.), the solution was heated to 40 oC and stirred for 14 h. The reaction mixture was then 

added to a slurry of ice and saturated aqueous NaHCO3 (120 mL), which underwent subsequent 

product extraction using CH2Cl2 (3 x 80 mL). The organic phases were then combined, dried over 

Na2SO4, filtered, and concentrated. Flash chromatography (30% EtOAc/Hex + 0.1% Et3N) gave 

known galactosyl donor 6 (527 mg, 78%) as a yellow syrup.   

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.38-7.28 (m, 5H, Ar), 6.72 (d, 1H, J = 3.9 Hz, H-1), 5.60 

(dd, 1H, J = 3.2, 1.0 Hz, H-4), 5.42 (dd, 1H, J = 10.6, 3.3 Hz, H-3), 5.05 (dd, 1H, J = 10.6, 3.9 Hz, 

H-2), 4.58 (d, 1H, J = 12.0 Hz, OCHHPh), 4.49-4.43 (m, 2H, OCHHPh, H-5), 3.58-3.49 (m, 2H, 

H-6, H-6’), 2.12 (s, 3H, OCOCH3), 2.06 (s, 3H, OCOCH3), 2.02 (s, 3H, OCOCH3);  
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13C NMR (100 MHz, CDCl3, 295 K) δ 170.1, 169.8, 169.7 (C=O), 137.3 (quat Ar), 128.5, 127.9 

(Ar), 88.7 (C-1), 73.5 (CH2Ph), 72.1 (C-5), 68.2 (C-2), 68.0 (C-3), 67.4 (C-4), 66.8 (C-6), 20.8, 

20.6, 20.5 (OCOCH3); 

5.2.3 Creation of the 1,3 β glycosidic linkage 

6-Chlorohexyl 2-acetamido-3-O-(2,3,4,6-tetra-O-acetyl-α-D-Galactopyranosyl)-4,6-O-

benzylidene-2-deoxy-β-D-Glucopyranoside (16)64 

 

Glycosyl acceptor 2 (100 mg, 0.24mmol), HgBr2 (207 mg, 0.55 mmol, 2.3 eq.) and 4Å MS (1.1 g) 

were stirred in anhydrous 1:1 MeNO2/PhMe (10 mL) under N2. The mixture was heated to 50 oC, 

then glycosyl donor 5 (106 mg, 0.25mmol, 1.2 eq) was added. A second addition of 5 (90 mg, 0.21 

mmol, 0.8 eq.) occurred after 30 min. After a total of 1 h had passed since the first addition, the 

solution was diluted in EtOAc (100 mL), filtered over Celite, and the filtrate was washed with 

saturated aqueous NaHCO3 (1 x 50 mL). The crude product was dried over Na2SO4, filtered, and 

concentrated. Flash chromatography (50→80% EtOAc/Hex) isolated disaccharide 16 (145 mg, 

85%) as an off-white foam.   

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.40-7.38 (m, 2H, Ar), 7.31-7.28 (m, 3H, Ar), 6.00 (d, 1H, 

J = 5.4 Hz, NH), 5.42 (s, 1H, CHPh), 5.22 (d, 1H, J = 3.2 Hz, H-4B), 5.10-5.02 (m, 2H, H-1A, H-

2B), 4.87 (dd, 1H, J = 7.8, 2.6 Hz, H-3B), 4.68 (d, 1H, J = 6.0 Hz, H-1B), 4.54 (t, 1H, J = 7.1 Hz, 

H-3A), 4.23 (q, 1H, J = 3.6 Hz, H-6A), 3.99 (dd, 1H, J = 8.3, 5.7 Hz, H-6B), 3.84 (q, 1H, J = 4.5 

Hz, H-6’B), 3.78-3.67 (m, 2H, CHHO, H-6’A), 3.59 (t, 1H, J =8.8 Hz, H-4A), 3.53-3.40 (m, 5H, 
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CHHO, CH2Cl, H-5A, H-5B), 3.05 (dd, 1H, J = 13.1, 5.9 Hz, H-2A), 2.03 (s, 3H, NCOCH3), 1.92 

(s, 3H, OCOCH3), 1.91 (s, 3H, OCOCH3), 1.88 (s, 3H, OCOCH3), 1.87 (s, 3H, OCOCH3), 1.72-

1.65 (m, 2H, CH2CH2Cl), 1.53-1.46 (m, 2H, OCH2CH2), 1.41-1.33 (m, 2H, OCH2CH2CH2CH2), 

1.31-1.25 (m, 2H, OCH2CH2CH2CH2); 

13C NMR (100 MHz, CDCl3, 295 K) δ 170.1, 170.2, 170.1, 170.0 (C=O), 137.1 (quat Ar), 129.4, 

128.4, 126.1 (Ar), 101.6 (CHPh), 100.1 (C-1B), 99.3 (C-1A), 80.9 (C-4A), 76.6 (C-3A), 71.1 (C-

3B), 70.6 (C-5B), 70.1 (CHHO), 69.4 (C-2B), 68.9 (C-6A), 66.9 (C-4B), 65.8 (C-5A), 61.1 (C-

6B), 58.7 (C-2A), 45.0 (CH2Cl), 32.5, 29.3, 26.6, 25.2 (OCH2CH2CH2CH2CH2CH2Cl), 23.7 

(NCOCH3), 20.8, 20.7, 20.7, 20.6 (OCOCH3);  

6-Chlorohexyl 2-acetamido-3-O-(2,3,4-tri-O-acetyl-6-O-benzyl-α-D-Galactopyranosyl)-4,6-

O-benzylidene-2-deoxy-β-D-glucopyranoside (15) 

 

Glycosyl acceptor 2 (99 mg, 0.19 mmol), HgBr2 (171 mg, 0.47 mmol, 2.4 eq) and 4Å MS (1.2 g) 

were stirred in anhydrous 1:1 MeNO2/PhMe (9.5 mL) under N2. After 20 min the solution was 

heated to 80 oC, then known glycosyl donor 6 (176 mg, 0.39 mmol, 2 eq.) was added as 700 µL of 

a 250 mg/mL solution of 6 in anhydrous MeNO2. After 1 hour the solution was diluted in CH2Cl2 

(125 mL), filtered over Celite, and washed with cold saturated aqueous NaHCO3 (1 x 55 mL). Re-

extractions were preformed 3 times with CH2Cl2 (25 mL) and the organic solutions were combined, 

dried over Na2SO4, filtered, and concentrated. Flash chromatography (30% EtOAc/Hex + 1% 

MeOH) gave novel disaccharide 15 (154 mg, 98%) as a white foam.  [α]D 30.0 (c 0.12, EtOAc) 
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1H NMR (CDCl3, 400 MHz, 295 K) 7.18-7.41 (m, 10H, Ar), 5.70 (d, 1H, J = 7.7 Hz, NH), 5.42 

(s, 1H, CHPh), 5.32 (d, 1 H, J = 7.6 Hz, H-4B), 5.08-5.15 (m, 2H, H-1A, H-2B), 4.89 (dd, 1H, J 

= 3.4, 10.3 Hz, H-3B), 4.72 (d, 1H, J = 8.2 Hz, H-1B), 4.63 (t, 1H, J = 8.9 Hz, H-3A), 4.38 (d, 1H, 

J = 11 Hz, CHHPh), 4.21-4.26 (m, 2H, CHHPh, H-6A), 3.80 (m, 1H, CHHO), 3.65-3.70 (m, 2H, 

H-4A, H-6’A), 3.47-3.53 (m, 5H, CH2Cl, H-5A, H-5B,CHHO), 3.31-3.36 (m, 2H, H-6B, H-6’B), 

3.05 (m, 1H, H-2A), 2.01 (s, 3H, NCOCH3), 1.98 (s, 3H, OCOCH3), 1.95 (s, 3H, OCOCH3), 1.93 

(s, 3H, OCOCH3), 1.72-1.64 (m, 2H, CH2CH2Cl), 1.55 (m, 2H, OCH2CH2), 1.33-1.45 (m, 4H, 2x 

OCH2CH2CH2CH2); 

13C NMR (100 MHz, CDCl3, 295 K) δ 170.5, 170.2, 170.1, 169.6 (C=O), 137.5, 137.3 (quat Ar), 

129.3, 128.4, 128.3, 127.9, 127.9, 126.1 (Ar), 101.4 (CHPh), 100.1 (C-1B), 99.3 (C-1A), 81.1 (C-

4A), 76.4 (C-3A), 73.4 (CH2Ph), 71.6 (C-5B), 71.2 (C-3B), 70.1 (CHHO), 69.8 (C-2B), 68.8 (C-

6A), 67.4 (C-4B), 67.4 (C-6B), 65.9 (C-5A), 58.6 (C-2A), 45.0 (CH2Cl), 32.5, 29.3, 26.6, 25.2 

(CH2), 23.7 (NCOCH3), 20.8, 20.7, 20.6 (OCOCH3);  

5.3 Synthetic procedures for saccharides described in Chapter 3 

5.3.1 Synthesis of the disaccharide acceptor and attempted pivaloylation 

6-Chlorohexyl 2-acetamido-3-O-(2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl)-6-O-benzyl-

2-deoxy-β-D-glucopyranoside (18)63 

 

Disaccharide 16 (1.02 g, 1.42 mmol), NaCNBH3 (1.07 g, 17.04 mmol, 12 eq.), 3Å MS (10 mg/mL) 

and methyl orange (trace) were stirred in anhydrous THF (45 mL) under inert atmosphere. After 
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1 h, the solution was cooled to -1.5 oC and 2M HClOEt2 (9.5 mL) was added dropwise until 

solution remained acidic, then the mixture was removed from the ice bath. After 2.5 h the reaction 

mixture was diluted in CH2Cl2 (100 mL) and filtered over Celite. The filtrate was then washed 

with 2M HCl(aq) (1 x 50 mL), and brine (2 x 50 mL). Re-extractions were preformed with CH2Cl2 

(25 mL) and the organic solutions were combined, dried over Na2SO4, filtered, and concentrated. 

Flash chromatography (70% EtOAc/Hex) gave pure 17 (613 mg, 60%) as a white powder. [α]D 

2.0 (c 0.05, EtOAc). 

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.33-7.27 (m, 5H, Ar), 5.73 (d, 1H, J = 5.2 Hz, NH), 5.34 

(d, 1H, J = 2.5 Hz, H-4B), 5.19 (dd, 1H, J = 7.8, 6.0 Hz, H-2B), 4.98 (dd, 1H, J = 7.9, 2.6 Hz, H-

3B), 4.88 (d, 1H, J = 6.2 Hz, H-1B), 4.57 (d, 2H, J = 1.7 Hz, CH2Ph), 4.54 (d, 1H, J = 8.3 Hz, H-

1A), 4.37 (dd, 1H, J = 7.7, 5.8 Hz, H-3A), 4.09 (d, 2H, J = 4.9 Hz, H-6A, H-6’A), 3.98 (dd, 1H, J 

= 5.2, 4.7 Hz, H-4A), 3.86-3.81 (m, 3H, CHHO, CHHO, H-6B), 3.64 (m, 1H, H-6’B), 3.51-3.44 

(m, 4H, CH2Cl, H-5A, H-5B), 3.02-2.96 (m, 1H, H-2A), 2.13 (s, 3H, NCOCH3), 2.05 (s, 3H, 

OCOCH3), 1.99 (s, 3H, OCOCH3), 1.97 (s, 3H, OCOCH3), 1.95 (s, 3H, OCOCH3), 1.76-1.69 (m, 

2H, CH2CH2Cl), 1.58-1.52 (m, 2H, OCH2CH2), 1.45-1.29 (m, 4H, OCH2CH2CH2CH2);  

13C NMR (100 MHz, CDCl3, 295 K) δ 170.6, 170.5, 170.1, 170.0, 169.1 (C=O), 138.4 (quat Ar), 

128.3, 127.6, 127.5 (Ar), 101.3 (C-1B), 98.9 (C-1A), 83.4 (C-4A), 75.2 (C-3A), 73.5 (CH2Ph), 

71.1 (C-3B), 70.8 (C-5B), 69.7 (C-2B), 69.6 (CHHO), 69.6 (C-6A), 69.0 (C-4B), 66.9 (C-5A), 

61.5 (C-6B), 57.9 (C-2A), 45.1 (CH2Cl), 32.5, 29.3, 26.6, 25.3 (OCH2CH2CH2CH2CH2CH2Cl), 

23.8 (NCOCH3), 20.8, 20.6, 20.5, 20.5 (OCOCH3);  
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6-Chlorohexyl 2-acetamido-3-O-(3,4-O-isopropylidene-6-O-pivaloyl-α-D-galactopyranosy l)-

6-O-benzyl-2-deoxy-β-D-glucopyranoside (19) 

 

Disaccharide 18 (400 mg, 0.56 mmol) in anhydrous CH3OH (25 mL) at 30 oC had 1M NaOMe (5 

mL) added. Following reaction completion as observed by TLC, the solution was acidified, filtered 

over glass wool, and concentrated.  

The pentol intermediate was dissolved in anhydrous CH2Cl2 (25 mL), to which 2,4,6-collidine (800 

µL) was added. The mixture was cooled in an ice bath and then PivCl (105 µL, 1.5 eq) was added 

dropwise over 5 minutes. The reaction was left to stir overnight and warmed to room temperature. 

The solution temperature was lowered again and PivCl (14 µL, 0.2 eq) added. The reaction was 

left to stir overnight, after which CH3OH (5 mL) was added. Co-concentration with PhCH3 (30 

mL x 5) followed by flash chromatography (90% CH3OH/ CH2Cl2) gave 18 (216 mg, 58%) as an 

amorphous translucent syrup. [α]D 14.4 (c 0.03, EtOAc).  

1H NMR (400 MHz, MeOD, 295 K) δ 7.34-7.20 (m, 5H, Ar), 4.61 (dd, 1H, J = 3.5 Hz, J = 9.1 

Hz, H-3B), 4.55 (s, 1H, CH2Ph), 4.39 (d, 1H, J = 8.1 Hz, H-1A), 4.31 (d, 1H, J = 7.6Hz, H-1B), 

3.90 (d, 1H, J = 3.5 Hz, H-4B), 3.85-3.77 (m, 2H, H-6A, CHHO), 3.74-3.66 (m, 3H, H-2A, H-5B, 

H-6B), 3.66-3.59 (m, 3H, H-6B’, CHHO, H-4A), 3.58-3.54 (m, 1H, H-5A), 3.48 (t, 2H, J = 5.7 

Hz, CH2Cl), 3.45- 3.48 (m, 3H, H-2A, H-2B, H-6A’), 1.90 (s, 3H, NCOCH3), 1.73- 1.66 (m, 2H, 

CH2), 1.56- 1.49 (m, 2H, CH2), 1.42- 1.37 (m, 2H, CH2), 1.36-1.31 (m, 2H, CH2), 1.18 (s, 9H, 

C(CH3)3); note NH and OH’s not present in MeOD 
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13C NMR (100 MHz, CDCl3, 295 K) δ 160.0, 152.2 (C=O), 138.3 (quat Ar), 128.0, 128.0, 127.4, 

127.3, 125.2 (Ar), 104.2 (C-1B), 101.0 (C-1A), 83.4 (C-4A), 75.3 (C-4A), 75.3 (C-5A), 75.3 (C-

3B), 73.1 (CH2Ph), 69.4 (CHHO), 69.3 (C-6A), 69.3 (C-2B), 68.7 (C-5B), 66.2 (C-4B), 61.1 (C-

6B), 54.9 (C-2A), 44.5 (CH2Cl), 32.3 (CH2), 29.1 (CH2), 26.2 (CH2), 26.2, 26.2, 26.2 (C(CH3)3), 

25.0 (CH2), 21.8 (NCOCH3) 

6-Chlorohexyl 2-acetamido-3-O-(3,4-O-isopropylidene-6-O-benzyl-α-D-galactopyranosy l)-

6-O-benzyl-2-deoxy-β-D-glucopyranoside (21) 

 

Disaccharide 15 (50 mg, 0.06 mmol), NaCNBH3 (46 mg, 12 eq.), 3Å MS (155 mg/mL) and methyl 

orange (trace) were stirred in anhydrous THF (2.3 mL) under inert atmosphere. Following 1 h, the 

solution was cooled to -10 oC and 2M HClOEt2 (425 µL) was added dropwise until solution 

remained acidic, after which it was removed from the ice bath. After 3 h TLC noted 14 was still 

present. The solution was cooled and 2M HClOEt2 (50 µL) added. The ice bath was removed, and 

the mixture stirred (4 h). Following another cooling and addition of 2M HCl (25 µL) the reaction 

mixture was left to stir 30 h at RT. The reaction was then diluted in CH2Cl2 (50 mL) and filtered 

over Celite®. The filtrate was washed with saturated aqueous NaHCO3 (2 x 30 mL), brine (1 x 50 

mL) and H2O (1 x 30 mL). Re-extractions were performed with CH2Cl2 (4 x 25 mL) and the organic 

solutions were combined, dried over Na2SO4, filtered, and concentrated. Flash chromatography 

(1:1 EtOAc/Hex) gave intermediate 16. 16 (450 mg, 0.56 mmol) was dissolved in anhydrous 

MeOH (45 mL) and 1 M NaOMe (2.5 mL) added. After 45 mins the solution was acidified with 

DOWEX® H+ resin, filtered and concentrated.  
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The tetrol intermediate was then stirred in anhydrous acetone (reagent grade, 14 mL) under N2, to 

which 2,2-dimethoxy propane (830 µL, 6.72 mmol, 12 eq.) was added. Once fully dissolved, CSA 

(68 mg, 0.27mmol, 0.5 eq.) was added and the reaction left to stir for 18 h. Et3N (100 µL, 1.4 eq) 

was used to neutralize the solution, after which it was concentrated and purified via flash 

chromatography (80% EtOAc/Hex). Gave compound 20 (352 mg, 88%) as a white foam. [α]D 2.9 

(c 0.1, EtOAc) HIRESIMS: Calculated 722.2690 for C37H52ClNO15, found 722.2397. 

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.35-7.22 (m, 10H, Ar), 5.81 (d, 1H, J = 6.9 Hz, NH), 4.62 

(d, 1H, J = 8.4 Hz, H-1A), 4.58-4.56 (m, 3H, CH2Ph, CHHPh), 4.47 (d, 2H, J = 12.1 Hz, CH2Ph), 

4.14 (d, 1H, J = 8.3 Hz, H-1B), 4.06 (q, 1H, J = 2.8 Hz, H-4B), 4.03-4.00 (m, 2H, H-3B, H-3A), 

3.88-3.82 (m, 3H, H-4A, H-6A, CHHO), 3.74 (dd, 1H, J = 8.2, 11.9 Hz, H-6B), 3.70-3.65 (m, 2H, 

H-6’A, CHHO), 3.60-3.54 (m, 2H, H-2A, H-2B), 3.52-3.45 (m, 5H, H-6’B, H-5A, H-5B, CH2Cl), 

3.23-3.22 (m, 1H, OH), 1.96 (s, 3H, NCOCH3), 1.77-1.70 (m, 2H, CH2), 1.61-1.54 (m, 2H, CH2), 

1.48 (s, 3H, CH3), 1.44-1.38 (m, 2H, CH2), 1.37-1.31 (m, 2H, CH2), 1.29 (s, 3H, CH3); 

13C NMR (100 MHz, CDCl3, 295 K) δ 171.7 (C=O), 138.5, 137.6 (quat Ar), 128.4, 128.3, 128.0, 

127.5 (Ar), 110.4 (C(CH3)2), 103.7 (C-1B), 99.9 (C-1A), 86.8 (C-4A), 78.8 (C-3A), 75.4 (C-5B), 

73.7 (CH2Ph), 73.5 (CH2Ph), 73.5 (C-4B), 73.1 (C-2B), 72.6 (C-3B), 70.0 (C-6A), 69.8 (C-5A), 

69.3 (CHHO), 69.3 (C-6B), 56.0 (C-2A), 45.0 (CH2Cl), 32.5, 29.3 (CH2), 28.1 (NCOCH3), 26.5 

(CH2), 26.3 (CH3), 25.2 (CH2), 23.7 (CH3); 
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5.3.2 Difucosylation, Deprotection & Aglycone Modification 

Difucosylation Conditions 

20 (100 mg, 0.14 mmol), tetrabutylammonium bromide (68 mg, 0.21 mmol, 1.5 eq), 4A MS (360 

mg) and 7 (401 mg, 6 eq.) were stirred in anhydrous 1:10 DMF/CH2Cl2 (3 mL) under N2 for 18 h. 

Br2 (l) was added to the solution in a 10% dilution of anhydrous CH2Cl2 (355 µL, 0.5 eq) and the 

reaction left to stir 2 days. TLC analysis (40% EtOAc/Hex) showed SM remaining, thus Br2 (l) was 

added as a 10% dilution of anhydrous CH2Cl2 (70 µL, 0.1 eq) and the reaction left to stir. After 7 

days the solution was diluted in CH2Cl2 (15 mL), filtered over Celite, and concentrated to a syrup. 

Flash chromatography (40%→60% EtOAc/Hex) isolated 21 (32 mg, 20%) and 22 (135 mg, 63%) 

as white foams.  

6-Chlorohexyl 2-acetamido-3-O-(3,4-O-isopropylidene-6-O-benzyl-2-O-[2,3,4-O-benzyl-α-L-

fucospyranosyl]-α-D-galactopyranosyl)-6-O-benzyl-2-deoxy-β-D-glucopyranoside (22) 

 

[α]D -18.0 (c 0.1, EtOAc) HIRESIMS: Calculated 1138.7860 for C64H80ClNO15, found 1138.5331. 

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.43-7.26 (m, 25H, Ar), 5.57 (d, 1H, J = 5.7 Hz, NH), 5.46 

(d, 1H, J = 2.8 Hz, H-1C), 4.94 (d, 1H, J = 8.6 Hz, CHHPh), 4.83-4.69 (m, 5H, CH2Ph, CH2Ph, 

H-1A), 4.65-4.55 (m, 4H, CH2Ph, CH2Ph), 4.51 (d, 1H, J = 8.9 Hz, CHHPh), 4.32 (d, 1H, J = 5.9 

Hz, H-1B), 4.19 (t, 1H, J = 4.7 Hz, H-3B), 4.08-3.88 (m, 6H, H-2C, H-3A, H-4B, H-5C, H-5B ), 

3.90-3.83 (m, 2H, H-6A, CHHO), 3.82-3.70 (m, 5H, H-2B, H-3C, H-6B, H-6’B ,H-5A), 3.70-3.65 
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(m, 1H, CHHO) 3.53-3.43 (m, 5H, CH2Cl, H-4A, H-4C, H-6’A), 3.23 (dd, 1H, J = 13.5, 6.1 Hz, 

H-2A), 1.78-1.75 (s, 3H, NCOCH3), 1.75-1.68 (m, 2H, CH2), 1.57-1.51 (m, 2H,CH2), 1.47 (s, 3H, 

CH3), 1.42-1.37 (m, 2H, CH2), 1.34-1.30 (m, 5H, CH2, CH3) 1.13 (d, 3H, J = 5.0 Hz, C-6C, C-

6’C, C-6’’C); 

13C NMR (100 MHz, CDCl3, 295 K) δ 170.7 (C=O), 138.9, 138.7, 138.6, 138.5, 137.7 (quat Ar), 

128.5, 128.4, 128.3, 128.3, 128.2, 128.0, 128.0, 127.8, 127.6, 127.6, 127.5, 127.3 (Ar), 110.4 

(C(CH3)2), 101.4 (C-1B), 100.1 (C-1A), 95.9 (C-1C), 82.3 (C-5C), 79.4 (C-3B), 79.3 (C-3C), 77.5 

(C-2B), 76.2 (C-2C), 75.5 (C-4A), 75.4 (C-5A), 74.9 (CH2Ph), 73.7 (C-4B), 73.7 (CH2Ph), 73.5 

(CH2Ph), 73.0 (CH2Ph), 72.7 (CH2Ph), 72.3 (C-3A), 69.8 (CHHO), 69.5 (C-4C), 69.3 (C-6B), 68.0 

(C-6A), 66.6 (C-5C), 57.2 (C-2A), 45.0 (CH2Cl), 32.5 (CH2), 29.4 (CH2), 27.8 (NCOCH3), 26.6 

(CH2), 26.4 (CH3), 25.2 (CH2), 16.6 (CH3). 

6-Chlorohexyl 2-acetamido-3-O-(3,4-O-isopropylidene-6-O-benzyl-2-O-[2,3,4-O-benzyl-α-L-

fucospyranosyl]-α-D-galactopyranosyl)-6-O-benzyl-4-O-[2,3,4-O-benzyl-α-L-

fucospyranosyl ]-2-deoxy-β-D-glucopyranoside (23) 

 

[α]D -52.4 (c 0.1, EtOAc)  HIRESIMS: Calculated 1555.3030 for C91H108ClNO19, found 

1555.7405. 
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1H NMR (CDCl3, 400 MHz, 295 K) δ 7.32-7.22 (m, 45H, Ar), 6.50 (d, 1H, J = 7.0 Hz, NH), 

5.56 (d, 1H, J = 3.8 Hz, H-1C’), 5.11 (d, 1H, J = 7.5 Hz, H-1A), 5.07 (d, 1H, J = 3.7 Hz, H-1C), 

4.93 (dd, 2H, J = 11.5, 4.2 Hz, CHHPh, CHHPh), 4.85-4.68 (m, 6H, CH2Ph, CH2Ph, CHHPh, H-

5C’), 4.68-4.52 (m, 6H, CHHPh, CHHPh, CH2Ph, CH2Ph), 4.51-4.37 (m, 4H, CH2Ph, CHHPh, 

OH, H-1B), 4.33 (t, 1H, J = 8.6 Hz, H-3A), 4.16 (dd, 1H, J = 5.2, 2.0 Hz, H-4B), 4.14-3.96 (m, 

4H, H-2C’, H-3B, H-2C, H-5C), 3.93 (dd, 1H, J = 10.2, 2.6 Hz, H-4C), 3.88-3.70 (m, 6H, H-4A, 

CHHO, H-6A, H-5B, H-3C’, H-4C’), 3.70-3.60 (m, 5H, H-3C, H-2B, H-6B, H-6’B, H-6’A), 

3.59-3.53 (m, 1H, H-5A), 3.45-3.36 (m, 3H, CH2Cl, CHHO), 3.10-3.00 (q, 1H, J = 7.6 Hz, H-

2A), 1.59-1.58 (m, 2H, CH2), 1.55 (s, 3H, NCOCH3), 1.47-1.37 (m, 5H, CH3, CH2), 1.42 (s, 3H, 

CH3), 1.28-1.23 (m, 4H, CH2, CH2), 1.10 (d, 3H, J = 7 Hz, H-6C), 1.06 (d, 3H, J = 6.5 Hz, H-

6C’);  

13C NMR (100 MHz, CDCl3, 295 K) δ 170.7 (C=O), 138.9, 138.8, 138.7, 138.5, 138.2, 138.2, 

138.0 (quat Ar), 128.6, 128.4, 128.4, 128.4, 128.3, 128.3, 128.3, 128.3, 128.2, 128.2,128.2, 

127.7, 127.7,127.7, 127.6, 127.6, 127.5, 127.4, 127.4, 127.3 (Ar), 110.1 (C(CH3)2), 101.6 (C-

1B), 98.9 (C-1A), 96.9 (C-1C), 94.2 (C-1C’), 80.4 (C-4C), 80.3 (C-4C’), 79.7 (C-3B), 78.1 (C-

3A), 77.9 (C-3C), 77.3 (C-3C’), 76.1 (C-2C’, C-2C), 74.9 (CH2Ph), 74.8, (CH2Ph), 74.3 

(CH2Ph), 74.2 (C-5A), 73.9 (C-2B), 73.6 (CH2Ph), 73.6 (C-4B), 73.3 (CH2Ph), 73.1, 72.4, 72.4 

(CH2Ph), 72.4(C-5B), 71.5(C-4A), 69.4 (CHHO), 68.5 (C-6B), 67.9 (C-6A), 66.7 (C-5C), 66.0 

(C-5C’), 60.1 (C-2A), 45.0 (CH2Cl), 32.5 (CH2), 29.5 (CH2), 28.0 (NCOCH3), 26.6 (CH3), 26.6 

(CH2), 25.2 (CH2), 23.0 (CH3), 16.7 (C-6C), 16.6 (C-6C’).  
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6-Chlorohexyl 2-acetamido-3-O-(6-O-benzyl-2-O-[2,3,4-O-benzyl-α-L-fucospyranosyl]-α-D-

galactopyranosyl)-6-O-benzyl-2-deoxy-β-D-glucopyranoside (24) 

 

DI H2O (12 µL) was added to an ice-cold solution of 22 (24 mg, 20 µmol) and trifluoro acetic acid 

(102 µL, 17 mmol) in CH2Cl2 (6 mL). The reaction temperature was kept ~5 oC over 2 h, after 

which the solution was decanted into saturated aqueous NaHCO3 (50 mL) and extracted with 

EtOAc (6 x 20 mL). The organic washes were combined, dried over Na2SO4, filtered, and 

concentrated. Flash chromatography (60% EtOAc/Hex) gave pure 24 (19 mg, 98%) as a 

transparent glass. [α]D -65.7 (c 0.1, EtOAc) HIRESIMS: Calculated 1098.7210 for C61H76ClNO15, 

found 1098.4967. 

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.25-7.40 (m, broad, 25H, Ar), 6.52 (d, 1H, J = 3.5 Hz, 

NH), 5.17 (d, 1H, J = 3.5 Hz, H-1C), 5.01 (d, 2H, J = 12 Hz, H-1A, CHHOPh), 4.91 (d, 1H, J = 

10 Hz, CHHOPh), 4.79 (s, 2H, CH2Ph), 4.71-4.61 (m, 2H, CH2Ph), 4.60 (s, 2H, CH2Ph), 4.57-

4.48 (dt, 2H, J = 2.7 Hz, CH2Ph), 4.27 (d, 1H, J = 8.1 Hz, H-1B), 4.15 (dd, 1H, J = 3.2, 10 Hz, H-

2C), 4.11-4.00 (m, 2H, H-3A, H-5B), 3.97 (dd, 1H, J = 2.5, 10 Hz, H-3C), 3.89-3.79 (m, 2H, 

CHHO, H-6A), 3.78-3.58 (m, 7H, H-2B, H-4C, CHHO, C-6B, C-6’B, H-4B, H-5A), 3.57-3.43 

(m, 6H, CH2Cl, H-5C, H-4A, H-6’A, H-3B), 3.21-3.10 (m, 1H, H-2A), 2.16 (bs, 1H, OH), 1.87 (s, 

3H, NCOCH3), 1.78-1.69 (m, 2H, CH2), 1.60-1.52 (m, 2H, CH2), 1.45-1.36 (m, 2H, CH2), 1.35-

1.29 (m, 2H, CH2), 1.24 (d, 3H, C-6H3);  
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13C NMR (100 MHz, CDCl3, 295 K) δ 170.7 (C=O), 138.6, 138.2, 138.1, 137.6, 136.6, 129.0, 

128.7, 128.6, 128.4, 128.3, 128.3, 128.1, 127.9, 127.8, 127.8, 127.5, 127.4, 127.4, 101.9 (C-1B), 

99.9 (C-1A), 99.4 (C-1C), 82.1 (C-3A), 79.6 (C-2B), 79.3 (C-3C), 77.4 (C-2C), 76.9 (C-4B), 75.3 

(C-3B), 74.9 (CH2Ph), 73.6 (CH2Ph), 73.4 (CH2Ph), 73.0 (C-5A), 72.9 (CH2Ph), 72.8 (C-4A), 69.8 

(CHHO), 69.4 (C-6A), 69.4 (C-5C), 69.2 (C-6B), 69.1 (C-5B), 68.1 (C-4C), 57.2 (C-2A), 45.0 

(CH2Cl), 32.6, 29.4, 26.6, 25.2 (CH2), 23.3 (NCOCH3), 17.1 (C-6H3). 

6-Chlorohexyl 2-acetamido-3-O-(6-O-benzyl-2-O-[2,3,4-O-benzyl-α-L-fucospyranosyl]-α-D-

galactopyranosyl)-6-O-benzyl-4-O-[2,3,4-O-benzyl-α-L-fucospyranosyl]-2-deoxy-β-D-

glucopyranoside (25) 

 

To an ice-cold solution of 23 (90 mg, 60 µmol) in in CH2Cl2 (30 mL), 90% trifluoro acetic acid in 

H2O (550 µL) was added. The solution was kept at 0-10 oC for 6 h. The reaction mixture was then 

diluted in CH2Cl2 (50 mL) and washed with saturated aqueous NaHCO3 (1 x 20 mL) and extracted 

with EtOAc (3 x 10 mL). The organic washes were combined, dried over Na2SO4, filtered, and 

concentrated. Flash chromatography (60% EtOAc/Hex) gave pure 24 (78 mg, 90%) as a 

transparent glass. [α]D -120.3 (c 0.1, EtOAc) HIRESIMS: Calculated 1515.2380 for 

C88H10ClNO19, found 1514.6987. 
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1H NMR (CDCl3, 400 MHz, 295 K) δ 7.41-7.18 (m, 45H, Ar), 6.39 (d, 1H, J = 5.3 Hz, NH), 

5.31 (d, 1H, J = 2.6 Hz, H-1C’), 5.09 (d, 1H, J = 2.8 Hz, H-1C), 5.05 (d, 1H, J = 5.9 Hz, H-1A), 

5.02-4.91 (m, 3H, CH2Ph, CHHPh), 4.84-4.71 (m, 4H, CH2Ph, CHHPh, H-5C’), 4.70-4.58 (m, 

6H, CH2Ph, CH2Ph, CH2Ph), 4.50-4.39 (m, 4H, CHHPh, CHHPh, CH2Ph), 4.37-4.33 (m, 2H, H-

1B, OH), 4.30 (t, 1H, J = 6.8 Hz, H-3A), 4.19 (dd, 1H, J = 7.6, 2.6 Hz, H-2C’), 4.09 (q, 1H, J = 

4.4 Hz, H-5B), 4.02 (td, 2H, J = 7.9, 2.8 Hz, H-2C, H-3C’), 3.92 (dd, 1H, J = 7.7, 2.0 Hz, H-

4C’), 3.88-3.83 (m, 2H, H-3B, H-6A), 3.82-3.75 (m, 3H, H-3C, H-4A, CHHO), 3.75-3.59 (m, 

5H, H-2B, H-6B, H-6B’, H-6A’, H-4C), 3.55-3.43 (m, 5H, CH2Cl, H-5A, H-5C, H-4B), 3.43-

3.33 (m, 1H, CHHO), 3.16 (q, 1H, J = 5.7 Hz, H-2A), 2.09 (s, 1H, OH), 1.84 (s, 3H, NCOCH3), 

1.77-1.67 (m, 2H, CH2), 1.64 (s, 1H, OH), 1.53-1.46 (m, 2H, CH2), 1.41-1.24 (m, 4H, CH2, 

CH2), 1.21 (d, 3H, J = 4.9 Hz, H-6C), 1.10 (d, 3H, J = 4.9 Hz, H-6C’);  

13C NMR (100 MHz, CDCl3, 295 K) δ 169.9 (C=O), 139.1, 138.8, 138.5, 138.5, 138.3, 138.2, 

137.9, 136.9 (quat Ar), 128.8, 128.6, 128.5, 128.5, 128.4, 128.4, 128.3, 128.3, 128.3, 128.2, 

128.2, 128.1, 128.1, 127.8, 127.7, 127.7, 127.6, 127.5, 127.4, 127.4, 127.3, 127.2 (Ar), 102.6 (C-

1B), 99.5 (C-1C), 99.0 (C-1A), 97.1 (C-1C’), 80.2 (C-4C’), 79.8 (C-3C’), 79.5 (C-4C), 78.0 (C-

2B), 77.3 (C-2C’), 76.9 (C-3C), 76.6 (C-3A), 76.1 (C-2C), 75.3 (CH2Ph), 74.9 (CH2Ph), 74.9 

(CH2Ph), 74.9 (C-5A), 74.3 (CH2Ph), 73.4 (C-5C), 73.3 (CH2Ph), 73.1 (CH2Ph), 72.9 (C-4A), 

72.7 (CH2Ph), 72.4 (CH2Ph), 72.0 (C-4B), 69.1 (CH2O), 68.7 (C-5B), 68.1 (C-6A), 68.1 (C-6B), 

67.5 (C-3B), 66.1 (C-5C’), 59.0 (C-2A), 45.0 (CH2Cl), 32.6 (CH2), 29.5 (CH2), 26.6 (CH2), 25.3 

(CH2), 23.4 (NCOCH3), 17.0 (C-6C), 16.7 (C-6C’). 
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6-azidohexyl 2-acetamido-3-O-(6-O-benzyl-2-O-[2,3,4-O-benzyl-α-L-fucospyranosyl]-α-D-

galactopyranosyl)-6-O-benzyl-2-deoxy-β-D-glucopyranoside (26) 

 

24 (87 mg, 80 umol) and NaN3 (55 mg, 0.8mmol, 10 eq) were dissolved in anhydrous DMF (10.5 

mL) under N2 and heated to 80 oC. After 18 h the solution was concentrated, diluted in CH2Cl2 (30 

mL) and washed with H2O (15 mL). The aqueous wash was re-extracted with CH2Cl2 (4 x 10 mL), 

then the organic washes were combined, dried over Na2SO4, filtered, and concentrated. Gave 25 

(87 mg, 99%) as a white powder. [α]D -23.7 (c 0.1, EtOAc) HIRESIMS: Calculated 1105.2920 for 

C61H76N4O15, found 1105.5380. 

1H NMR (CDCl3, 400 MHz, 295 K) δ 7.40-7.26 (m, 25H, Ar), 6.50 (d, 1H, J = 6.7 Hz, NH), 5.17 

(d, 1H, J = 3.4 Hz, H1C), 5.03-4.99 (m, 2H, H1A, CHHPh), 4.91 (d, 1H, J = 10.4 Hz, CHHPh), 

4.79 (s, 2H, CH2Ph), 4.68 (d, 1H, J = 10.5 Hz, CHHPh), 4.64 (d, 1H, J = 11.4 Hz, CHHPh), 4.60 

(s, 2H, CH2Ph), 4.52 (dt, 2H, J = 2.8 Hz, CH2Ph), 4.43 (d, 1H, J = 1.8 Hz, OH), 4.27 (d, 1H, J = 

7.7 Hz, H1B), 4.14 (dd, 1H, J = 10.1, 3.5 Hz, H2C), 4.08-4.00 (m, 3H, H3A, H5B, OH), 3.97 (dd, 

1H, J = 10.1, 2.5 Hz, H3C), 3.90-3.79 (m, 2H, CHHO, H6A), 3.79-3.57 (m, 7H, H4C, H2B, H4B, 

CHHO, H6b, H6B’, H5C), 3.57-3.43 (m, 4H, H4A, H6A’, H3B, H5A), 3.20 (t, 2H, J = 7.0 Hz, 

CH2N3), 3.13 (dd, 1H, J = 17.5, 7.8 Hz, H2A), 2.15 (1H, OH), 1.87 (3H, CH3), 1.60-1.30 (m, 8H, 

CH2, CH2, CH2, CH2), 1.20 (d, 3H, J = 6.4 Hz, C6H3);  
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13C NMR (100 MHz, CDCl3, 295 K) δ 170.6 (C=O), 138.6 , 138.3 , 138.1 , 137.7 , 136.6  (quat 

Ar), 129.0 , 128.7 , 128.6 , 128.4 , 128.3 , 128.3 , 128.1 , 127.9 , 127.8 , 127.8 , 127.5 , 127.5 , 

127.4 (Ar), 101.9 (C1B), 99.9 (C1A), 99.4 (C1C), 82.1 (C3A), 79.5 (C2B), 79.3 (C3C), 77.4 

(C2C), 77.0 (C4B), 75.3 (C3B), 75.3 (CH2Ph), 74.9 (CH2Ph), 73.6 (CH2Ph), 73.4 (CH2Ph), 73.0 

(C5A), 72.9 (CH2Ph), 72.8 (C4A), 69.9 (CHHO), 69.4 (C6A), 69.3 (C5C), 69.2 (C6B), 69.1 (C5B), 

68.2 (C4C), 57.2 (C2A), 51.4 (CH2N3), 29.4 , 28.8 , 26.4 , 25.5 (CH2), 23.3 (CH3), 17.1  (C6H3). 

6-Azidohexyl 2-acetamido-3-O-(6-O-benzyl-2-O-[2,3,4-O-benzyl-α-L-fucospyranosyl]-α-D-

galactopyranosyl)-6-O-benzyl-4-O-[2,3,4-O-benzyl-α-L-fucospyranosyl]-2-deoxy-β-D-

glucopyranoside (27) 

 

24 (65 mg, 4 µmol) and NaN3 (28 mg, 43 mmol, 10 eq) were dissolved in anhydrous DMF (5 mL) 

under N2 and heated to 80 oC. After 18 h the solution was concentrated, diluted in CH2Cl2 (30 mL) 

and washed with H2O (10 mL). The aqueous wash was re-extracted with CH2Cl2 (3 x 10 mL), then 

the organic washes were combined, dried over Na2SO4, filtered, and concentrated. Gave 26 (56 

mg, 86%) as a transparent syrup. [α]D -31.7 (c 0.1, EtOAc) HIRESIMS: Calculated 1521.8090 for 

C88H104N4O19, found 1521.7387. 
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1H NMR (CDCl3, 400 MHz, 295 K) δ 7.41-7.18 (m, 45H, Ar), 6.40 (d, 1H, J = 7.1 Hz, NH), 5.31 

(d, 1H, J = 3.5 Hz, H-1C’), 5.09 (d, 1H, J = 3.7 Hz, H-1C), 5.04 (d, 1H, J = 7.8 Hz, H-1A), 4.99 

(d, 1H, J = 11.5 Hz, CHHPh), 4.94 (dd, 2H, J = 11.6, 4.5 Hz, CH2Ph), 4.85-4.74 (m, 4H, CH2Ph, 

H-5C’, CHHPh), 4.74-4.63 (m, 4H, CH2Ph, CH2Ph), 4.60 (dd, 2H, J = 11.6, 3.3 Hz, CHHPh, 

CHHPh), 4.50-4.39 (m, 4H, CH2Ph, CH2Ph), 4.39-4.33 (m, 2H, H-1B, OH), 4.30 (t, 1H, J = 9.1 

Hz, H-3A), 4.19 (dd, 1H, J = 10.2, 3.6 Hz, H-2C’), 4.09 (q, 1H, J = 6.6 Hz, H-5B), 4.02 (td, 2H, J 

= 10.4, 3.7 Hz, H-2C, H-3C’), 3.91 (dd, 1H, J = 10.2, 2.6 Hz, H-4C’), 3.85 (q, 2H, J = 4.6 Hz, H-

6A, H-3B), 3.83-3.75 (m, 3H, H-3C, H-4A, CHHO), 3.75-3.68 (m, 2H, H-6A’, H-4C), 3.68-3.60 

(m, 3H, H-6B, H-6B’, H-2B), 3.56-3.44 (m, 3H, H-5A, H-5C, H-4B), 3.44-3.37 (m, 1H, CHHO), 

3.24-3.19 (t, 2H, CH2N3), 3.19-3.12 (m, 1H, H-2A), 2.09 (s, 1H, OH), 1.84 (s, 3H, NCOCH3), 1.66 

(bs, 1H, OH) 1.60-1.49 (m, 4H, CH2, CH2), 1.35- 1.30 (m, 4H, CH2, CH2), 1.23 (d, 3H, J = 6.4 Hz, 

H-6C), 1.12 (d, 3H, J = 6.5 Hz, H-6C’);  

13C NMR (100 MHz, CDCl3, 295 K) δ 169.9 (C=O), 139.1, 138.8, 138.5, 138.4, 138.3, 138.2, 

137.9, 136.9 (quat Ar), 128.8, 128.6, 128.5, 128.5, 128.4, 128.4, 128.3, 128.3, 128.3, 128.2, 128.2, 

128.1, 128.1, 127.8, 127.7, 127.7, 127.6, 127.5, 127.4, 127.4, 127.3, 127.2 (Ar), 102.6 (C-1B), 

99.5 (C-1C), 99.0 (C-1A), 97.1 (C-1C’), 80.2 (C-4C’), 79.8 (C-3C’), 79.5 (C-2B), 78.1 (C-4C), 

77.2 (C-2C’), 77.0 (C-3C), 76.7 (C-3A), 76.1 (C-2C), 75.3 (CH2Ph), 74.9 (CH2Ph), 74.9 (CH2Ph), 

74.9 (C-5A), 74.3 (CH2Ph), 73.4 (C-5C), 73.4 (CH2Ph), 73.1 (CH2Ph), 72.9 (C-4A), 72.7 (CH2Ph), 

72.4 (CH2Ph), 72.0 (C-4B), 69.1 (CHHO), 68.7 (C-5B), 68.1 (C-6A), 68.0 (C-6B), 67.5 (C-3B), 

66.1 (C-5C’), 59.2 (C-2A), 51.6 (CH2N3), 29.5 (CH2), 28.8 (CH2), 26.4 (CH2), 25.5 (CH2), 23.4 

(NCOCH3), 17.0 (C-6C), 16.7 (C-6C’). 
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5.3.3 Birch Reductions 

General Birch Method:  Sodium metal (50 mg) was added to NH3 (25 mL) at -78 oC, to which a 

solution of 23/24/25/26 in anhydrous THF (2.5 mL) was added. The syringe and container were 

rinsed with anhydrous THF (2 mL) which was also added.  The reaction was left to stir under N2 

for 1 h, then CH3OH (1 mL) added. The solution was warmed to ambient room temperature using 

a water bath over the course of 4 h. AcOH (500 µL) was added, and the solution concentrated. The 

crude was diluted in ~1.5 mL of the given mobile phase, loaded onto a biogel P2 exclusion column 

and ran in either 0.01 M NH4OAc (for the amine products 27 and 28) or milliQ H2O (For the 

alkane products 29 and 30). Products were collected, combined, and freeze-dried. 

6-Aminohexyl 2-acetamido-3-O-(2-O[α-L-fucospyranosyl]-α-D-Galactopyranosyl)-2-deoxy-

β-D-Glucopyranoside 29  

 

70 mg scale, gave 30 mg, 74%, yield determined by NMR. HIRESIMS: Calculated 628.6690 for 

C26H48N2O15, found 629.3111 

1H NMR (D2O, 400 MHz, 295 K) δ 5.18 (d, 1H, J = 4.0 Hz, H-1C), 4.63 (d, 1H, J = 7.7 Hz, H-

1A), 4.39 (d, 1H, J = 8.4 Hz, H-1B), 4.30 (m, 1H, H-5C), 3.99- 3.85 (m, 4H, H-3C, H-3B, H-6B, 

CHHO), 3.85- 3.79 (m, 2H, H-3A, H-6A), 3.79- 3.71 (m, 5H, H-2C, H-2B, H-6’A, H-6’B, H-4A), 

3.71-3.64 (m, 2H, H-5A, H-5B), 3.58 (dt, 1H, J = 2.0 Hz, 7.5 Hz, H-2A), 3.55- 3.50 (m, 1H, 

CHHO), 3.49-3.44 (m, 2H, H-4B, H-4C), 2.89 (t, 2H, J = 7.5 Hz, CH2NH2), 2.04 (s, 3H, NCOCH3), 
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1.70- 1.61 (m, 2H, OCH2CH2), 1.59- 1.50 (m, 2H, CH2CH2NH2), 1.41- 1.27 (m, 4H, CH2, CH2), 

1.22 (d, 3H, J = 6.80 Hz, H-6C); 

13C NMR (75 MHz, D2O) δ 173.5 (C=O), 101.8 (C-1B), 100.3 (C-1A), 99.5 (C-1C), 77.3 (C-3C), 

76.6 (C-4A), 75.4 (C-4C), 75.0 (C-5A), 73.4 (C-3A), 71.8 (C-2C), 70.5 (CH2O), 69.4 (C-5B), 69.1 

(C-3B), 68.7 (C-2B), 68.0 (C-4B), 66.5 (C-5C), 61.1 (C-6B), 60.7 (C-6A), 54.8 (C-2A), 39.4 

(CH2NH2), 28.4 (CH2CH2NH2), 26.7 (CH2CH2O), 25.2 (CH2), 24.6 (CH2), 22.1 (NCOCH3), 15.2 

(C-6C); 

6-Aminohexyl 2-acetamido-3-O-(2-O-[α-L-fucospyranosyl]-α-D-Galactopyranosyl)-4-O-[α-

L-fucospyranosyl]-2-deoxy-β-D-Glucopyranoside 31 

 

50 mg scale gave 16 mg, 65%, yield determined by NMR. HIRESIMS: Calculated 774.8110 for 

C32H58N2O19, found 775.3697 

1H NMR (D2O, 400 MHz, 295 K) δ 5.15 (d, 1H, J = 4.1, H-1C’), 5.02 (d, 1H, J = 3.9 Hz, H-1C), 

4.86 (m, 1H, H-5C’), 4.65 (d, 1H, J = 7.7, H-1A), 4.39 (d, 1H, J = 8.6, H-1B), 4.37- 4.31 (m, 1H, 

H-5C), 4.11 (dt, 1H, J = 9.2 Hz, 1.4, H-3B), 3.97 (dd, 1H, J = 2.2 Hz, 10.3 Hz, H-6A), 3.94 (d, 

1H, J = 3.3 Hz, H-4A), 3.93- 3.90 (m, 1H, H-3C), 3.90- 3.85 (m, 2H, H-6’A,CHHO), 3.85- 3.81 

(m, 3H, H-4B, H-2B, H-2A), 3.80 (d, 1H, J = 3.3 Hz, H-4C), 3.79- 3.76 (m, 2H, H-3A, H-4C’), 
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3.76- 3.73 (m, 2H, H6B, H6’B), 3.73- 3.67 (m, 2H, H-2C’, H-5A), 3.62- 3.56 (m, 2H, H-2C, H-

3C’), 3.56- 3.49 (m, 2H,CHHO, H-5B), 2.99 (t, 2H, J = 7.5 Hz, CH2NH2), 2.06 (s, 3H, NCOCH3), 

1.70- 1.61 (m, 2H, OCH2CH2), 1.59- 1.51 (m, 2H, CH2CH2NH2), 1.42- 1.31 (m, 4H, CH2, CH2), 

1.27 (d, 3H, J = 6.5 Hz, H-6C’), 1.26 (d, 3H, J = 6.6 Hz, H-6C); 

13C NMR (75 MHz, D2O) δ 173.4 (C=O), 102.0 (C-1B), 100.6 (C-1A), 99.5 (C-1C’), 97.8 (C-

1C), 76.4 (C-2C’), 75.4 (C-5B), 74.7 (C-3B), 74.7(C-3C) 73.6 (C-4C), 72.1 (C-2C), 72.0 (C-2B), 

71.9 (C-4C’), 70.5 (CH2O), 69.4 (C-5A), 69.1 (C-4A), 68.7 (C-4B), 68.2 (C-3A), 67.8 (C-3C’), 

67.0 (C-5C’), 66.2 (C-5C), 61.6 (C-6B), 59.5 (C-6A), 55.6 (C-2A), 39.4 (CH2NH2), 28.4 

(CH2CH2O), 26.8 (CH2CH2NH2), 25.2 (CH2), 24.6 (CH2), 22.2 (NCOCH3), 15.3 (C-6C’), 15.2 (C-

6C); 774.8110 

n-Hexyl 2-acetamido-3-O-(2-O-[α-L-fucospyranosyl]-α-D-Galactopyranosyl)-2-deoxy-β-D-

Glucopyranoside 28  

 

14 mg scale gave 1.4 mg, 18%. Yield determined by NMR. HIRESIMS: Calculated 613.6540 for 

C26H47NO15, found 613.5501 

1H NMR (D2O, 400 MHz, 295 K) δ 5.19 (d, 1H, J = 3.6 Hz, H-1C), 4.65 (d, 1H, J = 7.6 Hz, H-

1A), 4.41 (d, 1H, J = 8.7 Hz, H-1B), 4.35-4.28 (m, 1H, H-5C), 3.96 (m, 1H, H-3C), 4.00- 3.93 (m, 

3H, H-6A, CHHO, H-3B), 3.86- 3.81 (m, 1H, H-3A), 3.80- 3.72 (m, 6H, H-2C, H-2B, H-6’A, H-

6B, H-6’B, H-4A), 3.72- 3.66 (m, 2H, H-5A, H-5B), 3.59 (dt, 1H, J = 2.3 Hz, 7.6 Hz, H-2A), 
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3.58- 3.51 (m, 1H, CHHO), 3.50- 3.46 (m, 2H, H-4B, H-4C), 2.05 (s, 3H, NCOCH3), 1.60- 1.45 

(m, 2H, OCH2CH2), 1.35- 1.25 (m, 6H, OCH2CH2, CH2, CH2CH3), 1.23 (d, 3H, J = 8.3 Hz, H-

6C), 0.88 (t, 3H, J = 7.00 Hz, CH2CH3);  

13C NMR (75 MHz, D2O) δ 173.6 (C=O), 101.8 (C-1B), 100.2 (C-1A), 99.5 (C-1C), 77.3 (C-3C), 

76.6 (C-4A), 75.4 (C-4C), 75.0 (C-5A), 73.4 (C-3A), 71.8 (C-2C), 70.6 (CH2O), 69.4 (C-5B), 69.1 

(C-3B), 68.7 (C-2B), 68.0 (C-4B), 66.5 (C-5C), 61.1 (C-6B), 60.7 (C-6A), 54.8 (C-2A), 30.7 

(CH2CH2O), 28.6 (CH2), 24.7 (CH2), 22.2 (NCOCH3), 22.0 (CH2), 15.2 (C-6C), 13.3 (CH3CH2);  

 

n-Hexyl 2-acetamido-3-O-(2-O-[α-L-fucospyranosyl]-α-D-Galactopyranosyl)-4-O-[α-L-

fucospyranosyl]-2-deoxy-β-D-Glucopyranoside 31  

 

36 mg scale gave 7.55 mg, 42%. Yield determined by NMR. HIRESIMS: Calculated 760.3605 

for C32H58NO19, found 760.3589 

1H NMR (D2O, 400 MHz, 295 K) δ 5.15 (d, 1H, J = 3.8 Hz, H-1C’), 5.02 (d, 1H, J = 3.9 Hz, H-

1C), 4.89-4.83 (m, 1H, H-5C’), 4.66 (d, 1H, J = 7.7 Hz, H-1A), 4.39 (d, 1H, J = 8.6 Hz, H-1B), 

4.39-4.32 (m, 1H, H-5C), 4.11 (dt, 1H, J = 1.2 Hz, 9.4 Hz, H-3B), 4.00-3.88 (m, 3H, CHHO, H-

6A, H-4A), 3.88-3.85 (m, 2H, H-3C, H-6’A), 3.85-3.77 (m, 6H, H-2C, H-2B, H-4C, H-4C’, H-
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4B, H-3A) 3.76-3.66 (m, 4H, H-2C’, H-5A, H-6B, H-6B’), 3.64-3.56 (m, 2H, H-3C’, H-2A), 

3.56-3.50 (m, 2H, H-5B, CHHO), 2.06 (s, 3H, NCOCH3), 1.57-1.46 (m, 2H, OCH2CH2), 1.34-

1.23 (m, 6H, CH2, CH2, CH2), 1.27 (d, 3H, J = 6.6 Hz, H-6C’), 1.26 (d, 3H, J = 6.8 Hz, H-6C), 

0.88 (t, 3H, J = 7.2 Hz, CH2CH3);  

13C NMR (75 MHz, D2O) δ 176.0 (C=O), 104.5 (C-1B), 103.2 (C-1A), 102.1 (C-1C’), 100.3 

(C-1C), 79.0 (C-5B), 77.9 (C-3C’), 77.3 (C-2C), 77.3 (C-3B), 76.1 (C-3A), 74.7 (C-4C), 74.5 

(C-4C’), 74.4 (C-4B), 73.2 (CH2O), 71.9 (C-2C’), 71.6 (C-4A), 71.3 (C-3C), 70.8 (C-5A), 70.3 

(C-2B), 69.5 (C-5C’), 68.8 (C-5C), 64.1 (C-6B), 62.1 (C-6A), 58.1 (C-2A), 33.2 (CH2), 31.1 

(CH2), 27.3 (CH2), 24.8 (NCOCH3), 24.6 (CH2), 17.9 (C-6C’), 17.8 (C-6C), 15.9 (CH2CH3);  
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