Université d’Ottawa ¢ University of Ottawa



K\é}w Y

Université d’Ottawa - University of Ottawa

FACULTE DE ETUDES SUPERIEURES FACULTY OF GRADUATE AND
ET POSTDOCTORALES POSTDOCTORAL STUDIES

Bingcan LIU

AUTEUR DE LA THESE - AUTHOR OF THESIS

Ph.D. (Chemistry)

GRADE - DEGREE

Department of Chemistry
FACULTE, ECOLE, DEPARTEMENT - FACULTY, SCHOOL, DEPARTMENT

TITRE DE LA THESE - TITLE OF THE THESIS

Design and Transition Metal-Mediated Synthesis of Multivalent
Neoglycoconjugates Bearing Terminal Galactosides
with Various Valency and Structural Features

R. Rhéault

DIRECTEUR DE LA THESE - THESIS SUPERVISOR

CO~DIRECTEUR DE LA THESE - THESIS CO-SUPERVISOR

EXAMINATEURS DE LA THESE - THESIS EXAMINERS

P Berthiaume R. Grutman

D. Laporte ) Y. Lepage

IL-M.De Koninck, Ph.D

LE DOYEN DE LA FACULTE DES ETUDES SIGNATURE DEAN OF THE FACULTY OF GRADUATE
SUPERIEURES ET POSTDOCTORALES AND POSTDOCTORAL STUDIES




Design and Transition Metal-Mediated Synthesis of Multivalent
Neoglycoconjugates Bearing Terminal Galactosides with Various

Valency and Structural Features

Bingcan Liu

Thesis submitted to the School of Graduate Studies and Research in partial fulfillment

for the degree of Doctor of Philosophy in Chemistry

Ottawa-Carleton Chemistry Institute
Department of Chemistry
University of Ottawa

Ottawa, Ontario CANADA

Candidate Supervisor

‘BingeanLiu René Roy

© Bingean Liu, Ottawa, Ontario, Canada, 2003



3

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

Bibliotheque nationale
du Canada

Acquisisitons et
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence
ISBN: 0-612-90003-7
Our file  Notre référence
ISBN: 0-612-90003-7

L'auteur a accordé une licence non
exclusive permettant a la

Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette these sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou aturement reproduits sans son
autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this dissertation.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the
dissertation.

| Lol ]

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de ce manuscrit.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



ABSTRACT

In the past ten years, with the emergency of multivalent neoglycoconjugates such as
glycopolymers, glycodendrimers, and glycoclusters, carbohydrates have gained a lot of
attention in the hope of developing potent carbohydrate-based therapeutics, as well as the
opportunities to investigate glycobiology.

So far many strategies have been explored to effectively assemble multivalent
neoglycoconjugates. This work contains a discussion of the design and transition metal-
mediated synthesis of terminal galactoside-carrying glycoclusters and glycodendrimers in
detail.

Propargyl o-galactoside antigen monomer was synthesized using conventional
glycosidation methods. Then analogues of a-galactoside antigen clusters were prepared
utilizing the Sonogashira reaction as the key step. Various conditions for the Sonogashira
have been investigated and an interesting finding is that this reaction does occur with Cu (I).
These synthetic a-galactoside antigens have shown enhanced binding affinity toward human
anti-o-galactoside antigen antibodies in biochemical assays.

Likewise, galactoclusters were prepared as potential galectin inhibitors. However,
these fully deprotected compounds were barely soluble in aqueous conditions. To solve this
problem, analogues of lactoclusters, having an extra glucosyl residue, with various valencies
and structural features were synthesized. Kinetic precipitation tests demonstrated that most
lactoclusters cross-linked with galectin-3 formed formed insoluble complexes quickly and
this phenomenon was observed for the first time, thus suggesting the clustering of the

receptors upon contact.



A sequence of olefin cross-metathesis, Sonogashira reaction, and cyclotrimerization
was performed to assemble a hexameric C-linked glycopeptidomemetic.

Olefin cross-metathesis mediated by the second generation Grubbs catalyst was
successfully effected to prepare extended glycoallyl halides and unnatural amino acids.
These glycoallyl halides were proven to be useful in the synthesis of high order

glycoclusters.
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CHAPTER 1 INTRODUCTION

1.1. Introduction to glycobiology

Carbohydrate epitopes widely exist on the surface of all cells and within extracellular
domains in the form of glycolipids, glycoproteins, and pro‘ceoglycans1 (Fig. 1-1). The
interaction between carbohydrates and proteins contributes to many important biological
events such as cell adhesion, pathogenic infections, growth regulation, internal process,
tumour cell apoptosis, and xe:notransplantation.2 As ligands, glycoforms can bind with many
different types of receptors such as lectins, viruses, bacteria, antibodies, and toxins, and can

play essential roles in molecular and cellular recognition (Fig. 2-2).%¢3
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Fig. 1-1. Presentation of glycoforms on cell surface.
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Fig. 1-2. Typical receptors of cell-surface carbohydrates.3

It has been proven that different sugar moieties in terms of sugar type and glycosidic
linkage exert specific biological activities. For example, Galili antigen or a-Gal epitope (in
the form of Galal-3GalB1-4GlcB-R, Galol-3GalB1-4GINAcB-R’ and Galal-3Galpl-
4GlcNAcB1-3Galp1-4GleB-R’’) is present abundantly on the organ surfaces of many living
organisms except that of humans, apes, and old world monkeys (Fig. 1-3).4 It can be

recognised and targeted by human anti o-Gal antibodies, which are responsible for



hyperacute xenograft rejection. Additionally, galabiose (Galal-4Gal) in glycolipids
mediates the adhesion and infection of pathogenic E. coli and S. suis.> Moreover, B-

. . . 6
galactosides can bind with galectins to regulate tumour cell apoptosis and metastasis.
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Fig. 1-3. Typical structures of Galili antigen epitopes.

Based on the interaction between carbohydrate ligands and their receptors it is
logical to believe that one can use synthetic carbohydrate motifs to modulate or block a
certain biological function by mimicking natural biological processes. Therefore, it might be
possible to develop potential therapeutics such as enzyme inhibitors. On the other hand, the
interaction mechanism at the molecular level is still illusive. As biological probes, synthetic
compounds are useful in addressing this issue and deepening our insight into the basics of
glycobiology which is helpful for the development of potent enzymatic inhibitors or receptor

antagonists.’



Unfortunately, it is well known that the affinity between monovalent carbohydrate
ligands and receptors is intrinsically low with Kds in the range of milimolar to milimolar.®
To tackle this problem, nature has evolved a mechanism called “multivalent effect” or
“cluster effect” to compensate the low binding affinity (Fig. 1-4)”'°. For instance, some
receptors have multiple binding sites so they can interact with multivalent ligands. On the
other hand, those monovalent receptors can cluster together to bind with multivalent ligands
cooperatively to increase the binding affinity dramatically. Based on this principle, a
plethora of neoglycoconjugates have been synthesised and have shown remarkable
enhancement in binding efficiency."'

So far, two major families of neoglycoconjugates have been devised (Fig. 1—5).11
These two families are the glycodendrimers,''® which include glycoclusters, and the

i1d-11h

glycopolymers, which include random coil polymers, dendronized polymers, and

dendrigrafts.
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Fig. 1-4. Schematic diagram of specific carbohydrate-protein recognition processes via
multivalent effect. (a) and (b) di- and tetra-valent receptors; (c) clustered monovalent
receptors on the cell surface; (d) and (e) oligomeric receptors; (f) receptors that bind with

more than one carbohydrates simultaneously.

Glycopolymers offer some advantages™ such as high valency, structural flexibility
and simplicity for synthesis. These properties make them good candidates for vaccines and
diagnostic reagents. However the major drawback is of structural heterogeneity including
degree of polymerization, uneven distribution in copolymerization, and incomplete

2 with well-defined

derivatization in dendigrafts. Glycoclusters and glycodendrimers,’
structures, fall into the second category. Since they own tailorable length and rigidity of the

linkers, controllable geometry, predictable spatial arrangements of the sugar arrays, these



make them ideal biological probes for the investigation of glycobiology. They have helped

us to better refine our understanding of multiple carbohydrate-protein interactions.

o o7
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Fig. 1-5. Design of hyperbranched glycans.

Galactose or galactose-terminated epitopes such as a-Gal, lactose, lactosamine,
galabiose, melibiose, Gb3, efc, have significant biological activities, and are involved in a
numerous biological processes (see Table 1-1). So far neoglycoconjugates with nonreducing
galactoside ends have been studied extensively. Herein the synthesis, biological activities of

glycoclusters, glycodendrimers, and glycopolymers with terminal galactosides will be

summarized.



Table 1-1

receptors, and applications

Multivalent glycosides with terminal galactosides and their structures,

Carbohydrate Structure Receptor Application Ref.
epitope
B-Galactoside  Galf Asialoglycoprotein Anticancer, 13
receptor, galectins model study
a-GalNAc GalNAca Asialoglycoprotein 14
receptor, lectin (Vicia
villosa)
Galabiose Gal(a1-4)GalB S. suis, E. coli 15
Lactose Gal(b1-4)Glc Galectins anticancer 16
Lactosamine Gal(B1-4)GlcNAcB  Lectin (E. cristagalli) 17
Melibiose Gal(a1-6)Gle Anti a-Gal antibodies Xenotranspl- 18
antation
T-antigen Gal(p1- IgG3, IgM Cancer vaccine 19
3)GalNAco
B-disaccharide  Gal(a1-3)Galp Anti-B IgG 20
o-Gal Gal(a1-3)Gal(Bl-  Anti a-Gal antibodies Xenotranspl- 21
4)GalNAcP antation
Gbs Gal(a1-4)Gal(Bl-  Shiga toxins, cholera 22
trisaccharide 4HGlef toxin
isoGbs Gal(al-3)Gal(Bl-  Toxin A (Clostridium 22b
trisaccharide 4HGlcP difficle)
GMl1 Gal(B1- Cholera toxin B; E. coli 23
3)GalNAc(B1- toxin
4)[NeuSAc(a2-

3)]Lactose




1.2.  Structures of various multivalent glycosides with terminal galacoside residues
and their biclogical activities
1.2.1. o~Galactosides targeting anti o-galactoside antibodies

As mentioned before, xenotransplantation has been emerging as a promising strategy
to tackle the problem of the severe shortage of human organ donation. Unfortunately,
hyperacute xenograft rejection has dampened efforts thus far. It is believed that the

immunoreaction between o-Gal (abundantly expressed on the surface of many animals’

organs) and human anti o-Gal antibodies (IgG, IgM and IgA) is the major cause of
xenograft rejection. A possible means to fix this problem is to “neutralize” the activity of
those anti a-Gal antibodies by infusing a certain amount of synthetic o-Gal-containing
epitopes prior to the operation.* Other groups and this group have synthesised a variety of

2l and some of them

glycoclusters, glycodendrimers and polymers bearing o-Gal motifs,
have shown interesting activities.

In my work, 1 started with the propynyl o-Gal epitope.m‘g’21h After a palladium-
catalysed oxidative homocoupling reaction, or Sonogashira reactions with a series of aryl
iodo scaffolds, dimer, trimer, tetramer and hexamer (Scheme 1-1) have been synthesised.
Syntheses using PAMAM GO, G1 and G2 have also been performed by using the amide-
coupling strategy. Enzyme-Linked Immunosorbent Assays (ELISA) against the human
antibody IgG have shown certain cluster effect (at micromolar level) compared to
monovalent o-Gal (at milimolar level).

Hanessian ef al.>'>*'° have also reported the syntheses of trimeric clusters containing

a pseudo-disaccharide and a pseudo-trisaccharide epitope respectively (Scheme 1-2). Their

biological activites have not been disclosed so far.



Wang et al*'® have reported an analogue of a-Gal copolymers with acrylamide.
Bioassays against mouse laminin glycoproteins and mammalian PK15 cells showed that the
effectiveness of those polymers depended on the antibody isotypes and the density of the -
Gal epitopes conjugated to the polymers (Scheme 1-3). These results have demonstrated a
pronounced enhancement in binding affinity toward human antibodies, especially toward the
IgM and IgA with up to 4.4 X 10*-fold increase.

Rieben et al.*™ also disclosed the synthesis and biological assays of a series of a-Gal
oligomeric glycoconjugates and polymers. In their cases, those compounds demonstrated
ICso against human anti-o. Gal IgG at micromolar level, as compared to milimolar level for

the monomer.
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Scheme 1-1. Roy’s hexameric o-Gal cluster.?!?
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Scheme 1-3. Wang’s «-Gal polymer.*"
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1.2.2. Galactosides and lactosides interacting with galectins and other lectins

Lectins are carbohydrate-binding proteins of non-immune origins. Galectins are a
family of calcium-independent lectins comprising 14 members,’ based on the difference in
their structures and binding properties, among which, galectin-1 and galectin-3 have been
widely investigated. Galectins possess a variety of biological activities such as modulating
cell adhesion, regulating cell growth, and promoting cancer cell apoptosis and metastasis as
well.®® Galectins exist on cell surfaces, within extracellular matrices, in cytoplasm, and in
cell nuclei. It has been found that all galectins target B-galactose-containing glycoforms
specifically. So far, many galactose and lactose-derived (lactose is usually considered as a
source of terminal galactose) neoglycoconjugates have been reported.'>'®

Polyamidoamine (PAMAM) is a family of synthetic polyamines with primary amino
groups on the surface of the molecules. They are widely used as scaffolds in dendrimer
synthesis. André e al.'® have reported (Scheme 1-4) analogues of lactosylated PAMAM
dendrimers with remarkable cluster effect.’ They were synthesised using the conventional
thiourea strategy. The ICso values for binding with galectin-1 and galectin-3 under various
conditions range from 10 times to 100 times better than that of lactose on a per sugar moiety
base.

Since both geometry and rigidity of the molecules, together with the topography of
the sugar array play important roles in binding events, analogues of B-D-galactoside-clusters
(Scheme 1-5)" were designed using Sonogashira coupling reactions in order to investigate
the relationship between these factors and binding properties. However, after full

deprotection, these molecules were barely soluble in water due to their high hydrophobicity.
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To overcome the solubility problem, lactosides were used to synthesize analogues of

glycoclusters.
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Scheme 1-4. Structure of Roy’s lactose-bearing PAMAM G2 dendrimer.'%

André et al.'® have reported a set of wedge-like clusters with terminal lactosides
(Scheme 1-6). They demonstrated a remarkable cluster effect toward galectin-1 and

galectin-3 with a potency of thousands times better than that of lactose monomer at the

12



micromolar level. They have also synthesized another set of lactosylated clusters. From
ELISA tests, however, those compounds did not show cluster effect against galectins. It may
mean that the topographic features of the carbohydrate ligands and the topographic
distributions of the binding sites on the receptors all play an important role in binding

process.
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Scheme 1-5. Tetrameric cluster containing galactosides.'*

The binding specificity of galactosides and lactosides are not high and they can
interact with other types of lectins. For instance, Roy and Park'® have reported the synthesis
of gallic acid (Scheme 1-7) and polylysine-based dendrimers with terminal lactose. As
indicated by double-immunodiffusion assays against peanut lectin from Arachis Hypogaea,
the higher order dendrimers showed stronger binding toward the lectin used as a model.

Stoddart ef al."* have reported the synthesis of galacto- and lactodendrimers using
polypropylene imine (DAB-dendr-(NH,)y) as scaffolds. However, their biological activities

were not disclosed (Scheme 1-8). Li ef al.'® also demonstrated a heptameric lactosyl cluster

13



using lactose as the scaffold and terminated with lactose (Scheme 1-9). The related bioassay

results have not been reported.
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Scheme 1-6. Wedge-like dendrimer with terminal lactosides. '
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Scheme 1-8. Galacto- and lactodendrimers from Stoddart’s group.13d

Vargas-Berenguel et al.'®

reported the syntheses of galacto- and lactoclusters using
a f-cyclodexirin core to investigate the potential of those compounds as molecular carriers.

They concluded that a clustered lactoside might be used as a molecular carrier to transport a

guest molecule towards a specific lactoside receptor such as peanut lectin (PNA).
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Scheme 1-9. Lactodendrimer using lactose as a core.”

1.2.3. T-antigen/Anti T-antibody

T-antigen (Thomsen-Friedenrich antigen, Galf1-4GalNAca-OR) is a disaccharide
moiety expressed on the surface of erythrocytes and epithelial cells, and has been used for
the detection and immunotherapy of tumours, especially involved with breast cancer. Roy et
al.’®® have synthesized 4 PAMAM-scaffolded T-antigen dendrimers with valencies ranging
from 4 to 32 (Scheme 1-10). Results from ELISA tests targeting mouse antibody IgGs;
showed that all four dendrimers were 115-fold more potent than that of the monomer on a
per saccharide basis (at the nanomolar level). Interestingly, although those compounds

demonstrated a remarkable cluster effect, they did not show any trend in terms of binding

affinity.
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Scheme 1-10. Octomeric PAMAM-based T-antigen dendrimer (G2)."**

Roy et al 19

also reported another analogue of T-antigen clusters based on N,N’-
bis(acrylamido)acetic acid (Scheme 1-11). From ELISA tests, these compounds
demonstrated more than 10-fold increase in binding affinity toward mouse antibody IgGs
compared to the monomeric T-antigen, with ICsq values at the submicromolar level. Among
the four compounds, the two tetramers showed much higher potency than the dimer and

hexamer. Interestingly, biotinylated lysine-based T-antigen dendrimers did not bind to breast

cancer tissue, thus demonstrating that there is no receptor for this ligand on the surface.
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Scheme 1-11. Hexameric T-antigen dendrimer based on N, N'-bis(acrylamido)acetic core.'”®
1.2.4. Galabiose interacting with E. coli and 8. Suis

Galabiose (Gala1-4Gal) is one of the characteristic structural entities of glycolipids
expressed on the surface of human erythrocytes and serves as an inhibitor of pathogenic E.
coli and of S. suis hemagglutination. Magnusson ef al.'>® have reported the synthesis of
cluster analogues containing several galabioside residues (Scheme 1-12). Inhibition of
agglutination of human erythrocytes by S. suis demonstrated that all the dimers, trimers, and
tetramers showed much enhanced binding affinities. It also showed that longer spacers tend
to increase the binding affinity. While dimers and tetramers were better inhibitors than
trimers, thus the geometry of these inhibitors may play some role as well. These results
reminded us again that fine-tuning of the chosen structures might be helpful in deciphering a

biological event.
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1.2.5. Gbs and isoGb; binding to Shiga or Shiga-like texins

Gbs or globotrioside (Galal-4Galf1-4Glc) is actually the same as galabiose in
source, specifically targeted by Shiga toxin, Shiga-like toxins, heat-labile enterotoxin (LT),
and pertussis toxin, a family of ABs bacterial toxins. Based on a rational-design strategy,
Bundle et al*** reported the synthesis of a STARFISH molecule using glucose as the
pentavalent core (Scheme 1-13). With the well-tailored length of spacers and the
incorporation of rigid domains in the structure, the STARFISH molecule showed 1 million

times more potent than its monomer against Shiga-like toxin-I in ELISA assays.

o)
HO OH
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R = O Ho o
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O “on

Scheme 1-12. Magnusson's tetravalent galabiocluster.'™

Shiga or Shiga-like toxin consists of 2 ABs units. This well-distinguished structure

has prompted researchers to investigate the multivalency effect. For example, Toone et al.2%

20



have synthesised C-linked Gb3-based bivalent glycopeptides (Scheme 1-14) as a model to
study the binding efficiency toward SLT-1. These bivalent glycopeptides have shown

enhanced binding affinity compared to monovalent glycopeptides.
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Scheme 1-13. Starfish molecule from Bundle’s group.**

Kuzuhara er al. adopted carbosilanes as cores to prepare several GB3-containing

dendrimers (Scheme 1-15). The preliminary bioassays using cell culture showed some

activities against Verotoxins.
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Scheme 1-14. Toone’s divalent glycopeptide containing Gb3.2

Matsuoka et al.??®

recently reported the synthesis of glycopolymers bearing Gb3 and
isoGB3 with biological tests against Shiga toxins. It demonstrated that Gb3 and isoGb3 have
different behaviours towards Shiga toxins and different toxins possess distinguishable

activities to the biopolymers.
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Scheme 1-15. Carbosilyl dendrimer bearing Gb3. 22

1.2.6. GM;
GM1 (GalPp1-3GalNAcP1-4NeuSAca2-3Lac) is the carbohydrate epitope of some

gangliosides existing on the cell surface of gastrointestinal lumen and specifically binds with

1‘230

enterotoxin from E. coli. Fan et a using the so-called structure-based-design strategy,

synthesised a pentavalent ligand to enterotoxin. In the synthesis, they adopted a structurally

23



constrained core and semi-rigid spacer, along with terminal galactose as the binding entity
(Scheme 1-16). This molecule exhibited about 1-million fold enhancement in binding

efficiency over galactoside with ICso at the submicromolar level.
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Scheme 1-16. Fan's glycodendrimer carrying GM1 entity.”°

1.2.7. N-Acetyllactosamine
N-Acetyllactosamine (LacNAc, Galpf1-4GlcNAc) is the typical sugar moiety of
many glycoproteins and glycolipids involved in mouse colon cancer, thyroid disorders, etc.

Roy et al'™ have reported the chemoenzymatic synthesis of lysine-based dendritic N-

acetylactosamine (Scheme 1-17). Inhibitory binding assay against Wheat Germ Agglutinin

24



(WGA) demonstrated about S5-fold increase of binding affinity relative to monomeric

lactosamine on per sugar basis.
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Scheme 1-17. Roy's octameric lysine-based dendrimer bearing LacNAc.!7?
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1.2.8. Miscellaneous

Asialoglycoprotein receptor (ASGPr), a galactose-recognizing receptor, is
abundantly expressed on parenchymal liver cell surface. Van Boom ef al. " have
synthesized an analogue of bifunctional glycolipids, with a trivalent galactoside epitope on
one side of the molecule and a drug on the other side (Scheme 1-18). In this case, based on
the interaction between galactosides and ASPGPr, the galactoside serves as a site-specific
carrier to convey the drug to the desired liver cells. The results have demonstrated an

increase in the uptake efficiency of drugs.
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Scheme 1-18. van Boom's trimeric galactocluster.'*
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CHAPTER 2 SYNTHESIS OF GALILI ANTIGEN-CONTAINING

PRECURSORS

2.1. Introduction

Galili antigens are cell surface carbohydrate motifs containing Galal-3Galf non-
reducing ends responsible for hyperacute rejection following pig to human
xenotransplantation.” The shortage of organ donors has caused a search for alternatives.
Pig’s livers have been considered as viable alternatives because their size, availability, and
low risk of viral transmission are consistant with what is needed.” Unfortunately, most
human sera possess abundant anti o~-Gal antibodies (1-2% lgG, 3-8% IgM) as a result of
prior exposure to bacterial or viral infections.’ Thus, within minutes to hours of surgery and
in spite of immunosuppressive treatments, the transplanted organs are rapidly rejected by
most recipients. To overcome this problem, a possible strategy has been to develop
antagonizing anti o-Gal inhibitors by infusing a large concentration of synthetic o-Gal
oligosaccharides or by using affinity columns to deplete the patient’s serum of o-Gal
antibodies.* Polymeric a-Gal epitopes have also been designed to increase the antagonizing
activity of simple, low affinity oligosaccharides.>®

So far a-Gal epitopes have been synthesized using chemical or chemoenzymatic
procedures. For instance, Wang's group reported the synthesis of the Galili antigen
trisaccharide Gala1-3Galf1-4GIcNNH,; (2-1) using a chemoenzymatic method. The
synthesis was started with lactosamine and UDP-glucose (2-2) (UDP-Glc) substrates, using
an engineered enzyme (GalE-GalT) containing both uridine-5’-diphospho-galactose 4-

epimerase (GalE) and o(1-3) galactosyltransferase (GalT) to catalyze the reaction. First,
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UDP-Glc was epimerized to the glycosyl donor UDP-Gal, and then transformed into
lactosamine as the receptor (Scheme 2-1). The glycosidation reaction was effected with

excellent regio- and stereoselectivity and provided 2-3 in 64% yield.

OH
m :
HO
W NH5Cl oupp
2.2
l GalE-GalT
- HO  OH -
o
HO
3 lHO OUDP_
% & R
@OH
NH,
2.3

Scheme 2-1. Wang’s synthesis of a-Gal epitope 2-3.

Rieben et al.® also reported a chemoenzymatic synthesis of a-Gal epitope Galal-
3GalP1-3GlcNAc. In their work, they used disaccharide Galp1-3GlcNAc and UDP-Gal as

the substrates, a recombinant bovine ol-3-galactosyltransferase to effect the ol-3-
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galactosylation to prepare the target compound in 60-90% yield. Galili et al. ? also disclosed
the synthesis of a-Gal epitope using o.1-3-galactosyltransferases from various sources.
Alternatively, Hanessian et al. 10 applied chemical methods for the synthesis of a-
Gal precursors (Scheme 2-2). In their synthesis, the o1-3-galactosylation was achieved by a
protocol developed in their lab using Cu(OTf); as a promoter to synthesize the disaccharide
2-6 in 75% yield. All the other transformations followed standard procedures. The following

section describes our synthesis of an a—~Gal precursor.

2.2. Results and Discussion

Recent investigations have shown that palladium-catalyzed cross-coupling of
propynyl and aryl halides bearing saccharides provide an efficient entry into glycoclusters
having high affinity.'' The rationale for rigid-linkers is based on the findings that
conformationally restricted ligands are exposed to a lesser entropic loss during binding to
their homologous receptors.'? To reach this goal for the Galili antigen, the plan was to
synthesize 2-propynyl disaccharide 2-16 as the starting precursor (Scheme 2-5).

To achieve an a1-3 glycosidation, the key was to put a non-participating group at the
C-2 position in the glycosyl donor A (Scheme 2-3). Originally, it was planed to use 2-
propynyl galactoside B as the acceptor. To avoid hydrogenolysis process after glycosidation,
trimethylsilyl (TMS) and triethylsilyl (TES) protecting groups were chosen to prepare
persilylated thio galactosides as glycosyl donors A. Unfortunately, those silyl sugars were
not stable enough to resist workup and/or purification on silica gel column. 7-
butyldimethylsilyl was too bulky a protecting group to fully derivatize the unsubstituted thio

galactoside even on heating up to 90 °C in pyridine for 2 days. The use of para-methoxy
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benzyl (PMB) as R; was also unsuccessful, since subsequent deprotection did not give a

clean transformation.

BnO OBn
0 AcO _OBz
BnO O /N + Q a
BnO | HO SEt _°
MeO™ X BzO
9.4 2-5
BnO OBn OBn
Q oAc OBz HO Q
BnO o BnO O _~_-NHCbz
BnO [ SEt NHAc 2.7 .
OB -
2.6 z b,c,d
HO OH l
Q oM oH o
HO o
L o 0
o) NHCbz
OH HO A ~ N
28 ¢

Scheme 2-2, Hanessian’s synthesis of a-Gal epitope 2-8. (a) Cu (OTf),, 75%; (b)

NIS/TfOH, 45%; (c) NaOMe/MeOH, 95%; (d) Ha, 10 % Pd (OHY/C, 85%.
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Scheme 2-3. Schematic diagram of a1-3 glycosidation.

Initial attempts to introduce the suitably protected 2-propynyl B-D-galactopyranoside
as a glycosyl acceptor were also met with some difficulties due to the incompatibility of the
alkyne moieties toward glycosylating reagents such as N-iodosuccinimide-triflic acid (NIS-
TfOH). Therefore a feasible strategy was designed in which the required 2-propynyl
aglycone was introduced at the very end of the disaccharide synthesis. Thus, benzyl 2,6-di-
O-benzoyl-a-D-galactopyranoside acceptor 2-11 was synthesized using an established
protocol (Scheme 2-4). Starting from the known'® benzyl a-D-galactopyranoside 2-9, 3,4-
unprotected free galactosyl acceptor 2-11 was obtained in three steps starting with by
regioselective acetalation of 2-9 with 2,2-dimethoxypropane in the presence of p-
toluenesulfonic acid (PTSA) to provide the corresponding acetals 2-10a and 2-10b. Upon

treatment with a catalytic amount of pyridinum p-toluenesulfonate (PPTS), 2-10b was
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hydrolyzed to 2-10a and provided 2-10a in 85% overall yield. Treatment of the resulting
diol 2-10a with benzoy! chloride (pyridine, 4-N, N-dimethylaminopyridine (DMAP)) gave 2-
10c (90%). Acetal hydrolysis in 60% aqueous acetic acid (80°C, 5 h) afforded galactosyl

acceptor 2-11 (for NMR, see Fig. 2-1) in 95% yield.

OR \)Z\OMe
0

HO  _OH 0
X 1
=XKL
HO&) 7 0 ¥
HO RO O
OBn OBn RO

OBn
2-9 _ ©
2-10aR=H <«——— 2.10b
b [; 2-10¢ R= Bz
HO OBz
d O
e e

HO

BzO

OBn
2-11

Scheme 2-4. Synthesis of compound 2-11. (a) 2,2-dimethoxypropane, PTSA, rt, 5 h, 85%;

(b) BzCl, pyridine, DMAP, rt, 2 h, 90%; (c) CH,Cl/MeOH, PPTS, tt, 2 h; (d) 60% AcOH,
80°C, 5 h, 95%.
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Perbenzylated phenyl P-D-thiogalactosyl donor 2-13b was prepared from

tetraacetylated B-D-galactopyranoside
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Fig. 2-1. "H NMR spectrum (500 MHz, CDCls) of compound 2-11.

2-12%
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obtained under phase transfer catalyzed conditions (PTC) previously developed in our group
(Scheme 2-5).15 Glycosidation of diol 2-11 with galactosyl donor 2-13b using NIS/triflic
acid as promoter gave disaccharide 2-14 as an o/p mixture (6:1, 76%) from which the pure
o-anomer (8 H-1" 4.84 ppm, J;-» 3.8 Hz) was isolated in 65% yield after careful separation
using column chromatography. The size of the coupling constant Ji-» 3.8 Hz proved the o
anomeric linkage.

The desired 2-propynyl disaccharide 2-16 was then readily synthesized through a
sequence of straightforward manipulations. Benzyl glycoside 2-14 (for NMR, see Fig. 2-2)
was hydrogenolyzed (H,, Pd-C, MeOH, 95%) and peracetylated using acetyl chloride to
give 2-15a (pyridine, DMAP, 90%). The anomeric mixture was then regioselectively de-O-
acetylated using hydrazinium acetate to provide the reducing disaccharide 2-15b that was
transformed into trichloroacetimidate 2-15¢ (CI3CCN, DBU, CH,Cl;, 90%). Finally,
treatment of 2-15¢ with propargyl alcohol and triflic acid afforded B-galactoside 2-16 (for
NMR, see Fig. 2-3) in 86% yield (H-1 4.90 ppm, Ji» 7.9 Hz). The size of the coupling
constant J;» of 7.9 Hz is typical for trans-1, -2 hydrogens which proved that the glycosidic

linkage had the §§ anomeric configuration.
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Scheme 2-5. Synthesis of a—Gal precursor 2-16. (2) NaOMe, MeOH, quant.; (b) BnBr,
NaH, DMF, 1t, 2 h, 85%; (c) NIS, TfOH, CH,Cl,, 4A MS, -40°C, 1 h, o/B (6:1), 76%; (d)
H,, Pd-C, MeOH, AcOH, rt, 2 d, 95%; (e) AcCl, pyridine, DMARP, rt, 4h, 90%; (f) H;NNH,-
HOAc¢, CHCly, rt, 2 h, 75%,; (g) CI3CCN, DBU, CH,Cl, 1t, 5 h, 90%; (h) propargyl alcohol,

CH,Cl,, TfOH, 4A MS.
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2.3. Experimental Section

Dichloromethane was stored over 4 A° MS after drying over P,Os and distillation.
Propargyl alcohol was obtained from Fluka and p-iodobenzyl bromide was obtained from
Karl Industries Inc. All the other reagents were purchased from Aldrich. Thin layer
Chromatography was performed on Silica Gel Fys4 (Merck) precoated aluminium sheets and
visualized with molybdenum solution and UV lamp. Column chromatography was run on
Ultra Pure Silica Gel (SILICYCLE). Elemental analysis was measured on a CE-2500
instrument. Melting points were determined on a Gallenkamp melting point apparatus
without temperature correction. Optical rotations were measured on a PERKIN-ELMER 241
polarimeter. All the NMR spectra (500 MHz for 'H and 125.7 MHz for C) were recorded
on a Bruker AMX-500 spectrometer. The resonances were assigned based on 'H, °C, 'H-'H
COSY, DEPT, and HMQC experiments. Chemical shifts were referenced to CDCHs (8y
7.29 and &¢ 77.0 ppm). J values are given in Hz. ESI-MS analyses were carried out on a
MICROMASS Quattro LC. FAB-MS spectra were recorded on KRATOS Concepts 1TH
with Cs* beam. MALDI-TOF MS was acquired on a PerSeptive Biosystems Elite-STR
(Framingham, MA, USA). In all cases, NaH is of 60% purity in mineral and was weighed on

a balance and then washed twice with pentane before use.

OH

O
X o
O
HO 2-10a

OBn
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Benzyl 3,4-O-isopropylidene-o-D-galactopyranoside (2-10a). Benzyl o-D-
galactopyranoside 2-9'% (246 mg, 1 mmol) was dissolved in acetone (5 mL) to which was
added 2,2-dimethoxypropane (250 uL, 2 mmol) and a catalytic amount of para-
toluenesulfonic acid. The mixture was stirred at room temperature for 5 h. After removal of
the solvent under reduced pressure, the residue was purified by silica gel column
chromatography using ethyl acetate : hexane (1.5:1) to give 2-10a as a thick liquid in 85%
yield (263 mg, 0.85 mmol); [a]p +110° (¢ 3.2, CHCl3); 'H (500 MHz; CDCl3) 8y 7.28-7.36
(5 H, m, aromatic), 4.99 (1 H, d, J = 3.8, H-1),4.77 (1 H, d, J = 11.8, PhiCH,), 4.57 (1 H, d,
J =118, PhCH;), 426 (1 H, t,J = 6.2, H-4),4.21 (1 H, dd, J = 3.3, 7.2, H-3), 4.07-4.09 (1
H, m, H-5),3.89 (1 H,dd, J=46.3,11.8, H-6a), 3.82 (1 H,dd, J = 3.8, 7.2, H-2), 3.77 (1 H,
dd, J = 6.3, 11.8, H-6b), 1.48 (3 H, s, CH3), 1.32 (3 H, s, CH3); °C (125 MHz; CDCl5) 8¢
137.0, 128.5, 128.1, 128.0 and 109.8 (aromatic), 96.9 (C-1), 76.1 (C-4), 73.9 (C-3), 69.4
(PhCHy), 69.3 (C-2), 68.4 (C-5), 62.7 (C-6), 27.5 and 25.8 (CHas); m/z (FAB-MS) 349.2

(Found: [M + Kf’]; Ci6H2206 requires [M + K+] 349.1).

0O OBz
XS o
@)
BzO 2-10¢

OBn

Benzyl 2,6-di-O-benzoyl-3,4-O-isopropylidene-a-D-galactopyranoside (2-10¢).
Compound 2-10a (518 mg, 1 mmol) was dissolved in pyridine (5 mL) and a catalytic
amount of DMAP (10 mg) was added followed by benzoyl chloride (280 pL, 2.2 mmol).

The mixture was stirred at room temperature for 2 h. After removal of pyridine under
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reduced pressure, the residue was dissolved into 50 mL of ether which was washed with
water (3 x 30 mL). The organic layer was dried over anhydrous sodium sulfate and the
solvent was removed under reduced pressure. The residue was purified by silica gel column
chromatography using ethyl acetate: hexane (1: 4) to provide 2-10b as a liquid in 90% yield
(528 mg, 0.9 mmol); [a]p +90.2° (¢ 1, CHCly); 'H (500 MHz; CDCl3) & 8.03-8.09 (4H, m,
aromatic), 7.55-7.59 (6H, m, aromatic), 7.15-7.20 (5 H, m, aromatic), 5.20 (1H, dd, J = 3.7,
7.9, H-2), 5.17 (1 H,d, J = 3.7, H-1),4.77 (1 H, d, J = 12.3, PhCH,), 4.67 (1H, dd, J = 4.8,
11.8, H-6a), 4.63 (1H, dd, J = 7.5, 11.8, H-6b), 4.50 (1H, dd, J = 5.5, 7.9, H-3), 4.50 (1 H,
d, J = 11.8, PhiCH>), 4.47-4.51 (1 H, m, H-5), 4.38 (1 H, dd, J = 2.6, 5.5, H-4), 1.56 3 H, s,
CHs), 1.36 (3 H, s, CHa); *C (125 MHz; CDCl) 8¢ 166.3, 165.9 (PhCO), 136.8, 133.1,
133.0, 130.0, 129.8, 129.7, 129.6, 128.4, 128.3, 128.2, 127.8, 127.5 and 110.1 (aromatic),
95.3 (C-1), 73.6 (C-2), 72.1 (C-4), 69.6 (PhCHy), 66.1 (C-3 and C-5), 64.0 (C-6), 27.9 and

26.3 (CHs); m/z (FAB-MS) 557.0 (Found: [M + K']. C3oH300s requires [M + K*] 557.0).

HO OBz
o)
HO
BzO -
OBn 2-11

Benzyl 2,6-di-O-benzoyl-a-D-galactopyranoeside (2-11). Benzyl 2,6-di-O-benzoyl-
3,4-0O-isopropylidene-o-D-galactopyranoside 2-10b (518 mg, 1 mmol) was placed into a
round-bottom flask with 30 mL of 60% aqueous acetic acid. The mixture was heated and
stirred at 80 °C for 5 h. After removing the solvent under reduced pressure, the residue was

purified by silica gel column chromatography using ethyl acetate: hexane (1.5:1) to yield 2-
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11 as a white solid in 95% yield (454 mg, 0.95 mmol); [a]p +111.6° (¢ 1, CHCl3); H (500
MHz; CDCls) & 8.02-8.11 (4 H, m, aromatic), 7.53-7.58 (2 H, m, aromatic), 7.39-7.46 (4 H,
m, aromatic), 7.16-7.29 (5 H, m, aromatic), 5.33 (1 H, dd, J=3.8,102,H-2),521 (1 H,d,J
= 3.8, H-1),4.72 (1 H, d,J = 12.2, PhCH,), 4.66 (1 H, dd, J = 6.0, 11.4, H-6a), 4.52 (1 H, d,
J =122, PhCH,), 4.50 (1 H, dd, J = 7.0, 11.4, H-6b), 4.27 (1 H, d, J = 1.4, H-5), 4.26 (1 H,
dd, J =3.6,10.2, H-3), 4.10 (1 H, dd, J = 1.0, 3.6, H-4), 2.97 (2 H, bs, -OH); °C (125 MHz;
CDCl) 8¢ 166.9 and 166.6 (PhCOy), 137.0, 133.3, 133.2, 129.9, 129.6, 128.4, 128.3, 127.8
and 127.6 (aromatic), 95.7 (C-1), 72.1 (C-2), 69.6 (PhCH,), 69.5 (C-4), 68.4 and 68.2 (C-3
and C-5), 63.5 (C-6); m/z (ESI-MS) 496.0 Found: [M + NH;']. Ca7H3oNOg requires [M +
NH;'] 496.2.

Phenyl 2,3,4,6-tetra-0-benzyl-1-thio-f-D-galactopyranoside (2-13b). Phenyl
2,3,4,6-tetra-O-acetyl-1-thio-B-D-galactopyranoside (242)14 (1 g, 2.27 mmol) was dissolved
into methanol (25 mL) to which was added a catalytic amount of sodium methoxide. The
solution was stirred overnight at room temperature. After neutralization of the reaction
mixture with Amberlite (IR-120, H"), the solution was filtered through a cotton plug.
Methanol was evaporated under reduced pressure to provide 2-13a in a quantitative yield
and the product was used directly in the next step without further purification.

Compound 2-13a was dissolved into DMF (30 ml) to which was added sodium
hydride (440 mg, 11 mmol). After stirring at room temperature for 20 min, benzyl bromide
(1.3 mL, 10.9 mmol) was added to the suspension during a period of 10 min. The mixture
was further stirred at room temperature for 2 h. Excess sodium hydride was destroyed with
several drops of methanol. The solution was diluted with ether (100 mL) and washed with

water (3 x 100 mL). The organic phase was dried over anhydrous sodium sulfate and the
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solvent was removed under reduced pressure. The residue was purified by silica gel column
chromatography using ethyl acetate: hexane (1:10) to provide 2-13b as a white solid: mp

88.9-90.1 °C and a [a]p 1° (¢ 1.0, CHCl3), lit." mp 88-89 °C; [o]p 1° (¢ 1.0, CHCLy).

BnO ,OBn
O oH OBz

BnO o)
BnO 2.14

BzO
OBn

Benzyl (2,3,4,6-tetra-O-benzyl-a-D-galactopyranesyl)-(1->3)-2,6-di-O-benzoyl-
o-D-galactopyranoside (2-14). Glycosyl donor 2-13b (200 mg, 0.32 mmol) and glycosyl
acceptor 2-11 (230 mg, 0.48 mmol) and 4 A MS were put into a dry flask. After flushing the
flask with dry nitrogen, 20 mL of dry CH,Cl, was injected into it. The suspension was
stirred for 30 min at —40 °C, then NIS (106.6 mg, 0.48 mmol) and a catalytic amount of
triflic acid was added to the solution. One hour later, the mixture was neutralized with
DIPEA and filtered over Celite. The filtrate was washed with dilute sodium thiosulfate
solution and the organic phase was dried over anhydrous sodium sulfate. The solvent was
evaporated on rotavapor. The residue was subjected to silica gel column chromatography
using ethyl acetate: hexane (2:3) to afford 2-14 as a white foam in 65% yield (208 mg, 0.21
mmol); [ap +84.4 (¢ 1.8, CHCL); 'H (500 MHz; CDCl3) & 8.08-8.11 (4 H, m, aromatic),
7.08-7.60 (31 H, m, aromatic), 5.45 (1 H, J = 3.8, 10.0, dd, H-2), 5.24 (1 H, d, J = 3.8, H-1),
488 (1H,d,J=115,PhCH,), 4.84 (1 H,d,J=3.8, H-1"),4.82 (1H, d, J = 11.5, PhCH,),

470 (L H, d, J = 12.5, PhCHY), 4.69 (2 H, s, PhCHL), 4.65 (1 H, d, J = 11.5, PhCH,), 4.63
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(1 H, dd, J = 6.3, 11.6, H-6a), 4.56 (1 H, dd, J = 7.6, 11.6, H-6b), 4.48 (1 H, d, J = 12.5,
PhCH,), 4.45 (1 H, d, J = 11.5, PhCHy), 427 (1 H, t, J = 6.6, H-5), 4.25 (1 H, dd, J = 3.4,
10.0, H-3), 4.16 (1 H, d, J = 11.5, PhCH), 4.08 (1 H, d, J = 11.5, PhCH2), 4.02 (1 H, dd, J
= 3.8, 10.0, H-2"), 4.01 (1 H, m, H-4), 3.91-3.94 2 H, m , H-3", H-5°), 3.86 (1 H, bd, J =
1.5, H-4"), 3.47 (1H, t, J = 8.6, H-62’), 3.22 (1 H, dd, J = 5.5, 8.8, H-6b); C (125 MHz,
CDCl3) 8¢ 166.3 and 165.8 (PhCOy), 138.6, 138.3, 137.9, 137.5, 137.0, 136.5, 135.5, 133.0,
131.3, 130.1, 129.8, 129.6, 129.4, 128.7, 128.5, 128,4, 128.3, 128.2, 128.1, 128.0, 127.7,
127.6, 127.5, 127.4, and 127.3 (aromatic), 96.1 (C-1), 95.4 (C-1°), 79.5 (C-3’ or C-5°), 75.6
(C-2%), 74.9 and 74.8 (PhCHy), 74.5 (C-3), 74.4 (C-47), 73.2 and 72.6 (PhCHy), 69.8 (C-5 or
C-3%), 69.6 (C-2), 69.3 (PhCHy), 68.3 (C-6°), 67.8 (C-5), 66.2 (C-4), 64.5 (C-6); m/z (ESI-
MS) 1018.1 Found: [M + NH;4*]. Cs;HsoNO¢ requires [M + NH;'] 1018.4.

2-Propynyl (2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-(1->3)-4-O-acetyl-2,6-
di-O-benzoyl-f-D-galactopyraneside (2-16). To compound 2-14 (1 g, 1 mmol) dissolved
in methanol (30 mL) was added a catalytic amount of 10% Pd/C and 2 drops of acetic acid.
The suspension was stirred to hydrogenolysis using H, gas at rt for 2 d. After the reaction
was completed, the solution was filtered through a pad of celite. After removal of methanol
under reduced pressure, the dry residue was dissolved into pyridine (10 mL) to which was
added acetyl chloride (0.52 mL, 6 mmol) and a catalytic amount of DMAP (10 mg) at 0 °C.
The mixture was stirred at room temperature for 4 h. Pyridine was then removed under
reduced pressure. The residue was taken up in ether (60 mL) and the ether solution was
washed with water (3 x 40 mL). The organic layer was dried over anhydrous sodium sulfate.

After removal of ether under reduced pressure, the residue was purified by silica gel column
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chromatography using ethyl acetate: hexane (1:1) to provide 2-15a (o/B) as a white foam in
90% yield which was used in the next step without further purification.

Compound 2-15a (800 mg, 1 mmol) was dissolved in dichloromethane (20 mL) to
which was added hydrazinium acetate (135 mg, 1.5 mmol). The solution was stirred at room
temperature for 2 h. After removal of the solvent under reduced pressure, the residue was
subjected to silica gel column chromatography using ethyl acetate: hexane (1.5:1) to give 2-
15b as a white foam in 75% yield. Compound 2-15b was obtained as an anomeric o/f
mixture, which was used directly in the next step without further purification.

Compound 2-18b (760 mg, I mmol), trichloroacetonitrile (0.15 mL, 1.5 mmol), and
DBU (30 pL, 0.2 mmol) were added to 20 mL of dry dichloromethane. The solution was
stirred at room temperature for 5 h. After removal of the solvent under reduced pressure, the
residue was subject to silica gel column chromatography using ethyl acetate: hexane (1:1) to
give 2-15¢ as a white foam in 90% yield. Compound 2-15¢ exists as an o/f} mixture (~10/1

ratio), which was used directly in the next step without further purification.

AcO OAc

AcO 0

AcO 0 O\/

BzO
2-16

Crude trichloroacetimidate 2-15¢ (200 mg, 0.22 mmol), propargyl alcohol (25.8 pL,

0.44 mmol) and 4 A° MS were added into 20 mL of dry dichloromethane. The mixture was
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stirred at room temperature for 30 min to which was added a catalytic amount of triflic acid.
Four hours later the suspension was neutralized with DIPEA and filtered through Celite.
After evaporation of the solvent, the residue was purified by silica gel column
chromatography using ethyl acetate: hexane (1:1) to provide 2-16 as a white foam in 86 %
yield (210 mg, 0.19 mmol); [o]p +117.0° (¢ 1, CHCL); 'H (500 MHz; CDCls) & 7.98-8.06
(4H, m, aromatic), 7.53-7.57 (2H, m, aromatic), 7.40-7.45 (4H, m, aromatic), 5.52 (1H, dd, J
=17.9,10.1, H-2), 5.50 (1H, bd, J = 2.4, H-4), 5.21 (1H, bd, J ~3.5 Hz, H-1"), 5.19 (1H, dd,
J=3.5,105,H-2"), 5.03 (1H, dd, J = 7.3, 10.5, H-3"), 4.91 (1H, m, H-4’), 4.90 (1H, d, J =
7.9, H-1), 4.53 (1H, dd, J = 6.6, 11.3, H-6a), 4.41 (1H, dd, J = 2.4, 16.1, CH,-CCH), 4.34
(IH, dd, J = 2.4, 16.1, CH,-CCH), 4.32 (1H, dd, J = 6.7, 11.3, H-6b), 4.10 (1H, dd, J = 3.2,
10.1, H-3), 4.03 (1H, m, H-5), 4.00 (1H, m, H-5"), 3.80 (1H, dd, J = 6.8, 12.1, H-6a"), 3.72
(1H, dd, J = 6.6, 12.1, H-6b"), 3.45 (1H, t, J = 3.4, acetylenic), 2.20, 2.04, 2.00, 1.89 and
1.86 (each 3H, 5s, 5 CH3;COy); °C (125 MHz; CDCl3) 8¢ 170.2, 189.9, 169.8 and 169.3
(CH3C0y), 165.7 and 165.0 (PhCOy), 133.4 (2), 129.7, 129.6, 129.3, 129.2, 128.5 and 128.4
(aromatic), 98.7 (C-1), 95.7 (C-17), 78.2 and 75.3 (acetylenic), 73.7 (C-3), 71.1 (C-5), 69.8
(C-2), 67.6 (C-4"), 66.9 (C-3’ and C-5%), 66.5 (C-2"), 65.2 (C-4), 61.8 (C-6), 61.1 (C-6"),
55.9 (C-17), 20.7, 20.5, 20.3 (3) (CH3COy); m/z (FAB-HRMS) 1149.40 (Found: M + K.

Ce3HeeO15 requires [M + K'] 1149.38).
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CHAPTER 3 SYNTHESIS OF o-GAL-CONTAINING CLUSTERS

3.1. Imtroduction

As mentioned before, the interaction between monomeric carbohydrates and proteins
is usually weak with Kds at milimolar levels and rarely reaching micromolar levels. To
enhance the binding affinity, the “glycocluster effect”’” has been extensively explored in the
design and development of efficient multivalent carbohydrate ligands.4 Indeed, there are
numerous successful examples reported in the literature. So far it has been widely
recognised that flexible linkers of sugar moieties may contribute to "entropic penalty" during
binding, due to the loss of hydrating water and conformational changes.3 Thus, it might be
helpful for the compensation of entropic loss if one could incorporate a structurally
restrained and hydrophobic residue into the design of glycoforms.

The use of Palladium-mediated organic reactions has evolved into a very fast
growing field during the last two decades.’ Among those reactions the Sonogashira
reaction,’® based on cross-coupling between vinyl or aryl halides and terminal alkynes using
palladium(0) species offers a very efficient method for the construction of molecular rods
and dendrimers with rigid structures.”® From Scheme 3-1, it can be seen that the coupling
reaction between an aryl iodide and a terminal alkynyl sugar provides a less flexible spacer
for the terminal sugars.

Applications of the Sonogashira reaction toward the synthesis of rigid bivalent
glycoclusters have been reported;”’* however its usage for the synthesis of high-order
glycoclusters was limited. In order to obtain Galili antigens as rigid clusters that may have

the potential to form stable cross-linked complexes with naturally occurred anti o-Gal
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antibodies, a series of palladium-catalyzed transformations were then effected. The goal was
to obtain multivalent a-Gal analogous to those previously prepared for galabiosides that
have shown nanomolar inhibitory properties against various pathogens with carbohydrate
binding lectins on their surfaces,”” and to investigate the effect of molecular geometry and
flexibility on the multivalent effect as well as the molecular mechanism of carbohydrate-

protein recognition.

Pd’ RiC=CR
R¢-X + HCECRQ B T = 2
Et3N, Cul or not
Rqy= spzor sp carbon
X = Halogen or triflate

R.C=CR 0
1 2 Pd R-X
Reductive elimination Oxidative addition
R1 -~ R1
LoPdl LoPd
2 W C=CR, ~X
Cul/EtzN

EtNHX ~ OTEGN  HC=CR,
Transmetallation

Scheme 3-1. Schematic diagram of catalytic cycle for the Sonogashira coupling.
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3.2. Results and Discussion

Dimer 3-1 was successfully prepared from 2-propynyl glycoside 2-16 by oxidative
homocoupling using palladium-catalyzed conditions ((Ph3P),PdCl,, Cul, DMF-TEA (1:1),
1t, 95%) (Scheme 3-2).!' Interestingly, these conditions were found to be milder than the
classical Glaser reaction'* previously used in analogous circumstances.'’ Acetylenic dimer
3-1 (For NMR, see Fig. 3-1) was then subjected to Zemplén transesterification (NaOMe,

MeOH) to provide fully deprotected dimer 3-2 (for the NMR spectrum, see Fig. 3-2) in

95% yield.
AcO OAc
O
A o&ﬂ e o8z
C 0 a
AcO O&/ o) \/ —
BzO
OR
2-16 RO
RO
© on Z@OR
0] O OR
RO OR  OR, > RO
RO ° 0/ ° ©
o = OR;
RO

3-1 R=0Ac, Ry=0Bz
b I——:>3-2 R=R;=H

Scheme 3-2. Synthesis of dimer 3-2. (a) 2-16, rt, 4 h, 86%: (b) (Ph3P),PdCl,, Cul,

DMF:TEA (1:1), 1t, 3 h, 95%.
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Trimer 3-5 was then obtained using a Sonogashira reaction'> similar to the one
recently described for the synthesis of mannoside clusters.'"'? Thus, palladium catalysts
such as (PPh3),PdCly, (PPh3)sPd and Pdy(dba); were all successfully applied toward the
cross-coupling of 2-propynyl glycoside 2-16 and 1,3,5-triiodobenzene (3-3)'° which
provided trimer 3-4 in similiar yields (85% with (PPh3);PdCl,) (Scheme 3-3). As previously
observed,'! it is noteworthy to mention that Cul is not essential for this cross-coupling
reaction. In fact, without Cul, the coupling reaction proceeds at elevated temperature (60°C)
The reaction does occur at room temperature in the presence of Cul, albeit in lower yields.
However in the absence of Cul, the oxidative homodimerization of the alkynyl moiety is
abolished. These observations are particularly important when the desired cross-coupling
products and the homodimers are difficult to separate. Finally, trimer 3-4 was fully

deprotected to its corresponding analog 3-5 using NaOMe in methanol (95%).
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AcO  OAc

|
% OAc OBz g
AcO O Y7 e | e
AcO 0%0/
BzO '
3-3
2-16
RO or
o
RO OR OR,
OR
© o ROZ%
0
oR OR
0
0
OR,
ro ©
RO OR ORy 3-4 R=0Ac,Ri=0Bz
0 o[, 35 r= Ry =H
Or TOR

Scheme 3-3. Synthesis of compound 3-5. (a) (Ph3P),PdCl,, DMF:TEA (1:1), 60°C, 5 h,

85%; (b) NaOMe, MeOH, 24 h, rt, 95%.
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Fig. 3-1. '"H NMR spectrum (500 MHz, CDCls) of compound 3-1.
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Fig. 3-2. "H NMR spectrum (500 MHz, CDCls) of compound 3-2.
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To provide sufficient inter-sugar distances required for efficient protein cross-
linking, a tetrameric core was constructed using pentaerythritol (3-6) as a seed molecule.
Tetra-p-iodobenzylated precursor 3-8 was prepared by a classical etherification procedure
using p-iodobenzyl bromide 3-7, tetrabutylammonium iodide, NaH, and DMF in moderate
yield (47%) (Scheme 3-4). In spite of several efforts, the yield could not be improved
further. However, for reasons not yet fully understood, 3-6 is known to be reluctant to
undergo full derivatization under the conditions of Williamson etherification.'” Moreover, p-
iodobenzyl bromide is light sensitive and unstable in various solvents which may contribute

to the low yield.

HO— OH

s

C
ot
O -

3-8

HO  OH

Scheme 3-4. Synthesis of compound 3-8. (a) NaH, TBAL DMF, tt, 5 h, 47%.
Using the cross-coupling conditions described above for the synthesis of trimer 3-4
without Cul, treatment of propynyl glycoside 3-16 with tetrakis p-iodobenzyl ether 3-8

((PPh3),PdCly), DMF-TEA (1:1), 60°C, 5 h) afforded fully protected tetramer 3-9 (See Fig.
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3.3 for the NMR spectrum) (Scheme 3-5). Deprotetection (NaOMe, MeOH) of all ester

protecting groups using the normal conditions in 3-9 gave tetramer 3-10 (95%).

O OAc_0Bz

+ ACO% 0
% /_@\ AcO O&/ o \/
0 0 ]
1-—@——/ N—0 BzO
3-8

o —0 OAc

2-16

" |
RC OR OR

RO R4
ROO&O\_—%—— o <:> /O\Eﬁ OOR o

3-89 R=Ac,Ry=Bz
b S3-1() R=H,Ry =H

Scheme 3-5. Synthesis of compound 3-10. (a) (Ph3P),PdCl,, DMF:TEA (1:1), 60°C, 5 h,

85%,; (b) NaOMe, MeOH, 24 h, 1t, 95%.
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Fig. 3-3. 'H NMR spectrum (500 MHz, CDCl3) of compound 3-9.
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Hexameric Cluster

To prepare a hexameric cluster, a pentaerythritol (3-6) platform functionalised with a
unique allyl ether group was adopted, and from which, olefin self-metathesis provided, as
expected,'”® a hexameric cluster according to Scheme 3-6. Thus, substoichiometric
benzylation of the tetraol 3-6 (3 eq. BnBr, NaH, DMF) provided tribenzyl ether 3-11 as a
thick syrup in 65% yield after silica gel column chromatography. Allylation of the
remaining hydroxyl group (allyl bromide, NaH, DMF, rt) gave the fully protected ether 3-12
in 90% yield. Treatment of olefin 3-12 with a catalytic amount of ruthenium carbenoid
(CLRu(Pcys),;=CHPh (Grubbs’ catalyst), CH,Cly, 1t, 12 h) afforded homodimer 3-13 as an

inseparable mixture of trans/cis stereoisomers (10:1) in 85% yield.

HO  OH _~_-0 OBn
3-6R=R1=H 3-12
a@3-7R=Bn, Ry = H
BnO OBn

PCY3 -------

Ol cren [ I
Ruy=—=

o | BrO O\,ﬂ“\/\o OBn

PCY3

v

BnO OBn

3-13
Scheme 3-6. Synthesis of compound 3-13. (a) 3 eq. benzyl bromide, NaH, DMF, 1t, 6 h,
65%; (b) allyl bromide, NaH, DMF, 6 h, 90%; (c) Grubbs’ catalyst, CH,Cly, 1t, 12 h, 85%,

E/Z =10:1.
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Interconversion of the perbenzylated ether 3-13 into p-iodobenzylated ether 3-14
with concomitant reduction of the alkene functionality was accomplished by complete
hydrogenolysis (Ha, Pd/C, 90%) followed by p-iodobenzylation in 45% yield (p-IPhCHBr,
TBAI, NaH, DMF, rt, 6 h) according to Scheme 3-7.

The final preparation of the hexameric perglycosylated cluster 3-16 is illustrated in
Scheme 3-8. Sonogashira cross-coupling of the parg-aryliodide 3-14 with known 2-16 under
palladium-catalyzed conditions in the absence of copper co-catalyst provided fully protected
hexamer 3-15 (see Fig. 3-4 for NMR) in 75% yield. Finally, complete deprotection of both
acetyl and benzyl ester protecting groups of 3-15 was accomplished under catalytic
transesterification condition to afford 3-16. Interestingly, compound 3-16 was readily

soluble in water.

9 O
'O_/ ~T~—"S0 o

o

314

Scheme 3-7. Synthesis of compound 3-14. (a) Hy, Pd/C, methanol, 24 h, 90%; (b)

PIPHCH,Br, TBAI, NaH, DMF, t, 6 h, 45%.
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Scheme 3-8. Synthesis of compound 3-16. (a) (PhsP),PdCl,, TEA, DMF, 60 °C, 6 h, 75%;

(b) NaOMe, MeOH, 1t, 2 d, 95%.

PAMAM-based glycodendrimers

Startburst®’ PAMAM" is a family of synthetic polyamidoamines with primary
amino groups on the spherical surface of the molecules. For example, the third generation of
commercially available PAMAM has 32 amino groups (see Fig. 3-5). So far PAMAM has
gained considerable attention as a new type of material for scaffolding, mostly in the

development of glycodendrimers'® and dendronized functional materials, such as
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multivalent catalysts® and dendritic polymers.22 Other interesting applications involve
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Fig. 3-4. "H NMR spectrum (500 MHz, CDCl3) of compound 3-15.
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drug delivery” and imaging.** Since PAMAMs are not immunogenic and are commercially

available, we decided to synthesize PAMAM-based Galili antigens for the first time.
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Fig. 3-5. Structure of PAMAM G3.

In the course of synthesis of PAMAM-based Galili antigens, it was planed to use the
palladium-mediated Sonogashira reaction as the key step because of its proven simplicity
and high efficiency. At the beginning it was attempted to couple PAMAM and para-
iodobenzoic acid by amide coupling mediated by HATU in DMF. Unfortunately, after the
reaction, the products precipitated out and were not soluble in any solvents including

DMSO, presumably due to intramolecular hydrogen bonding or aromatic n-stacking effect.
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To tackle this problem, the cross-coupling reaction between para-iodobenzoate and Galili-
antigen precursor 2-16 was conducted first, and then the amide coupling with PAMAM was
achieved.

Two procedures were adopted herein to prepare #-butyl p-iodobenzoate (Scheme 3-
9). First, p-iodobenzoic acid 3-17 was suspended in dichloromethane and reacted with
thionyl chloride (catalyzed by a drop of DMF), to prepare iodobenzoyl chloride 3-18. Then
iodobenzoyl chloride was reacted with lithium ¢-butoxide in anhydrous 1,4-dioxane to afford
the desired product 3-19 in 75% yield. The second protocol,” in which iodobenzoic acid
reacted with Boc anhydride (Boc,0) to generate the r-butyl ester 3-19 was more efficient.

(90% yield, reaction catalyzed by 20 mol% DMAP).

SOCl,, DMF, ==
l COzH > | N/ cocl
CHoCly, 1t, 1 h

3-17 3-18
~BuOLi, rt, 5h -
- > | COx-t-Bu
dioxane, 75% N\ /

3-19

COH + (Boc),O DMAP, CH,Cl,
it, 8 h, 90%

3-17

Scheme 3-9. Synthesis of compound 3-19.

The attachment between the Galili antigen precursor 2-16 and the ester 3-19 was

performed using the normal coupling procedure with Cul as a co-catalyst at rt to provide 3-
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20a in 86% yield. After Boc deprotection, the substituted benzoic acid 3-20b was ready for
amide coupling with PAMAM. To avoid the solubility problem from the resulting products,
DMSO was chosen as the solvent. The reaction was continued until ninhydrin tests (Kaiser
reaction)’® on aliquots negative which meant that all the primary amino groups had been
derivatized. This reaction provided the fully protected products 3-21, 3-23 and 3-25 in 85%
to 90% yields. Finally, after Zemplén deacetylation, the fully deprotected Galili antigen-

containing glycodendrimers 3-22, 3-24 and 3-26 were obtained in excellent yields (Scheme

3-10).

AcO OAc

QOAc OBz

AcO 1. 319, DMF.TEA = 111,
AcO o Pd(PPh3)2Cl2,Cul,
o o — 5h, rt, 86% .

BzO
2. TFA : CHLCly (1:1),
2-16 12 h, 95%
AcO OAc
° QA
ACO ¢ OBz
AcO

(0]
N
Ao e Y con

3-20a, R = t-butyl
3-20b, R=H

GO PAMAM
3-21, Ry = OAc, Ry = Bz
3-22, Ry =R, = H

1. HATU, DIPEA,PAMAM,

DMSO, it, 1 d, 85-90% C1 PAMAM
. 85 9(.‘):/0 3'23, R1 = OAC, R2 =Bz

2. MeONa, MeOH/DMSO,  3-24, R; = OAc, R, = Bz
2 d, rt, 90-95%
G2 PAMAM

3-25, Ry = OAc, R, = Bz
3-26, R; =Ry = H

Scheme 3-10. Synthesis of PAMAM-based Galili antigens.
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3.3. Biochemical Assays

Table 3-1 Inhibition of binding of purified human IgG to Gala(1,3)-LacNAc-BSA by

Galili clusters.

Inhibitor = Dimer Trimer Tetra  Hexa GO Gl G2
(mg/mlL) 3-2 3-5 3-10 3-16 3-22 3-24 3-26
25 89 88 81 87 77 87 88
1.25 86 84 86 85 84 88 87
0.625 84 86 85 83 83 86 87
0.3125 81 82 80 78 75 84 82
0.15625 75 79 79 72 70 80 77
0.078125 65 71 71 60 59 71 67
0.03906 46 60 61 56 52 65 65
0.01953 39 46 46 40 39 53 51
I1Cso pM 122 60 48 60 60 24 32
(per hapten)
ICso uM 61 20 12 10 15 3 2
{per sugar
residue)

Table 1 summarizes the ELISA results of our synthetic Galili clusters binding with
Human IgG against a neoglycoprotein model Galo(1,3)-LacNAc-BSA. Based on the
binding curves, ICsq values have been calculated as follows: ICs, (uM): dimer 3-2 61; trimer
3-5 20; tetramer 3-10 12; hexamer 3-16 11; PAMAM GO 3-22 15; G1 3-24 3; G2 3-26 2.
From the results, it is clear that all the ICsos are at micromolar levels. On a per molecule
basis, G2 is the best antigen, while G1 is the best antigen on a per sugar residue basis.?’
Compared to the monomeric a-Gal (normally at milimolar levels), these Gilili antigens

clearly demonstrate much enhanced binding affinity toward human IgG.
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Table 3-2 Determination of the minimal inhibitory concentration (MIC) and the relative

inhibitory capacity in haemagglutination.’

Probe: VAA (0.5 pg mL™) o-Gal-IgG (20 pg mL™)
Inhibitor MIC [uM] relative MIC [uM] relative
potency potency

galactose 25000 1 50000 1
lactose 6250 4 no inhibition up to

100 mM
melibiose 12500 2 3000 16.7
asialofetuin 1.25 20000 no inhibition up to -

83.4 uM
thyroglobulin 0.09 2.8x10° no inhibition up to -

6.0 uM
MONO-1 (1)* no inhibition up ND" ND

to 2930 uM
MONO-2 (1) no inhibition up ND ND
to 380 uM

3-2(2) 33.0 758 (379) 132 387 (195)
3-5(3) 20.6 1214 (405] 41.3 1211 (404)
3-10 (4) 6.2 4032 (1008) 49.8 1004 (251)
3-16 (6) 4.0 6250 (1042) 31.9 1567 (261)
3-24 (8) 1.2 20833 (2604) 19.0 2632 (329)
3-26 (16) 1.3 19231 (1202) 18.2 2747 (172)

*The number in brackets denotes the number of a-Gal moieties per synthetic substance;
®not determined; “see ref. 29 for the details for biochemical assays.

Viscum album agglutinin (VAA)® is a tetrameric plant lectin binding to

galactosides. It does not discriminate between anomers. MICs showed that all the Galili
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antigens were several hundred times to thousand times better than monomeric galactose on a
per sugar residue. As for the dimeric IgG, the synthetic clusters were several hundred times
better than galactose. Compared to the monomeric a-Gal-containing epitope melibiose, they

still show more than 10-fold enhancement of binding affinity.

3.4. Conclusions

Analogues of multivalent Galili antigens from different cores have been prepared
using Sonogashira coupling as key reactions. All clusters have demonstrated improved
binding affinity toward human IgG compared melibios and may be potent ligands for human

antibodies.
3.5. Experimental Section

OR

RO
RO
RO or w
&A\ C OR1 / \Zy\

31 R=0Ac, Ry=0Bz

a-Gal homodimer (3-1). To a solution of compound 2-16 (79.8 mg, 0.1 mmol) in 5
mL of DMF: TEA (1:1) was added Pd(PPh3),Cl, (3.6 mg, 5 mol%) and Cul (3.8 mg, 20

mol%). The solution was stirred under nitrogen at room temperature for 3 h. The solvent and
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TEA were evaporated under reduced pressure. The resulting mixture was purified by silica
gel column chromatography using ethyl acetate : hexane (1.5:1) to provide compound 3-1 as
a white foam in 95% yield (151 mg, 0.95 mmol); [a]p +1 15.6° (¢ 1, CHCl3); 'H (500 MHz;
CDCls) §7.98-8.00 (8H, m, aromatic), 7.32-7.47 (12H, m, aromatic), 5.49-5.53 (4H, m, H-2,
H-4), 5.19 2H, d,J <1, H-1), 5.18 (2H, dd, J = 3.5, 10.5, H-2"), 5.02 (2H, dd, J = 3.3,
10.5, H-3"), 4.90 (2H, m, H-4"), 4.83 (2H, d, J = 7.9, H-1), 4.54 (2H, dd, J = 6.6, 11.3, H-
6a), 4.46 (2H, d, J = 16.1, H-12"), 441 (2H, d, J = 16.1, H-1b"’"), 4.30 (ZH, dd, J = 6.6,
11.3, H-6b), 4.11 (2H, dd, J = 3.1, 10.1, H-3), 4.04 (2H, t, J/ = 6.7, H-5), 3.96 (2H, t, J =
7.1, H-5%), 3.77 (2H, dd, J = 7.1, 11.1, H-62"), 3.68 (2H, dd, J = 6.6, 11.1, H-6b"), 2.19,
2.03, 2.00, 1.86 and 1.83 (each 6H, 5s, 10 CH5COy); °C (125 MHz; CDCl3) 8¢ 170.2, 169.9,
169.8, 169.7, 169.3 (CH3CO,), 166.0, 165.1 (PhCO»), 133.5, 133.4, 129.7, 129.3, 129.1,
128.5, 128.4 and 128.1 (aromatic), 99.2 (C-1), 93.4 (C-1"), 74.3 (acetylenic), 73.7 (C-3),
71.2 (C-5), 70.3 (acetylenic), 69.8 (C-2), 67.6 (C-4"), 66.9 (C-3’ and C-5’), 66.5 (C-2), 65.2
(C-4), 61.7 (C-6), 61.0 (C-6"), 56.5 (C-17"), 20.7, 20.5 and 20.4 (CH3COy); m/z (FAB-
HRMS) 1633.45. Found: [M + K], C7sHg 036 requires [M +K'] 1633.42.

Fully deprotected a-Gal homodimer (3-2). a-Gal homodimer 3-1 (80 mg, 0.050
mmol) was dissolved into 30 mL of methanol. A catalytic amount of sodium methoxide was
then added to the solution. The mixture was stirred at room temperature for 24 h. Sodium
methoxide was neutralized with AMBERLITE IR-120 (H+). After careful filtration of the
resin through a loose cotton plug, methanol was evaporated under reduced pressure. The
dried residue was extracted with ether 3 x 10 mL to remove methyl benzoate to afford the
deprotected glycocluster 3-2 as a white powder in 95% yield (36 mg, 0.047 mmol); {a]p 0.0°

(¢ 2.1, H,0); 'H (500 MHz; H,0) 8 5.22 (2H, d, J = 3.9, H-1"), 4.69 (2H, d, J = 7.9, H-1),
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4.65 (4H, bs, H-1"), 4.25 (4H, m, H-5 and H-5"), 4.08 (2H, m, H-4"), 4.02 (2H, dd, J = 3.4,
10.4, H-3%), 3.92 (2H, dd, J = 3.9, 10.4, H-2"), 3.84-3.94 (6H, m, H-3 and H-6 or H-3 and
H-6%), 3.76-3.81 (6H, m, H-4 and H-6 or H-4 and H-6"), 3.72 (2H, dd, J = 7.9, 10.0, H-2);
B¢ (125 MHz; D,0) 8¢ 100.6 (C-1), 94.8 (C-17), 76.8 (C-3), 74.6 (C-2), 74.5 (acetylenic),
70.42 (C-5 or C-5"), 70.0 (acetylenic), 68.8 (C-3"), 68.7 (C-4"), 68.6 (C-4), 67.7 (C-2"), 64.3
(C-5 or C-5), 60.5 and 60.4 (C-6 and C-6"), 56.5 (C-1""); m/z (FAB-MS) 797.1 Found: [M
+ K™, C3oHasO2 requires [M + K'] 797.2.

o~Gal trimer (3-4). To a solution of compound 2-16 (100 mg, 0.12 mmol) in 5 mL
of DMF: TEA (1:1) was added Pd(PPh3);Cl, (4.3 mg, 0.006 mmol (5 mol%)) and 1,3,5-
triiodobenzene (3-3)"° (15.8 mg, 0.035 mmol). The solution was stirred under nitrogen at 60
°C for 5 h. The solvent and TEA were evaporated under reduced pressure and the resulting
mixture was purified by silica gel column chromatography using ethyl acetate: hexane
(2:1)as eluent to provide compound 3-4 as a white foam in 8§5% yield (248 mg, 0.1 mmol);
[o]p +93.4° (¢ 1.8, CHCls); 'H (500 MHz; CDCl3) 6 7.98-8.00 (12H, m, aromatic), 7.32-7.47
(18H, m, aromatic), 5.53 (3H, dd, J = 8.0, 10.0, H-2), 5.46 (3H, d, J = 3.0, H-4), 5.19 (3H,
d, J<1, H-1"), 5.18 (3H, dd, J = 3.5, 10.5, H-2*), 5.04 (3H, dd, J = 3.3, 10.5, H-3"), 4.91
(3H, d,J = 8.0, H-1), 4.90 (3H, m, H-4"), 4.60 (6H, s, H-1"), 4.55 3H, dd, J = 6.4, 11.3, H-
6a), 4.32 (3H, dd, J = 6.6, 11.3, H-6b), 4.12 (3H, dd, J = 3.1, 10.0, H-3), 4.04 3H, t, J =
6.7, H-5), 3.97 3H, t, J = 6.9, H-5), 3.74 (3H, dd, J = 7.1, 11.1, H-62"), 3.68 (3H, dd, J =
6.6, 11.1, H-6b"), 2.19, 2.03, 2.00, 1.86 and 1.72 (each 9H, 5s, 15 CH;CO»); C (125 MHz;
CDCl3) 6¢170.2, 169.9, 169.8, 169.7 and 169.3 (CH3CO,), 166.0 and165.1 (PhCOy), 134.7,
133.4,133.3, 129.7, 129.6, 129.3, 129.1, 128.5, 128.4 and 122.1 (aromatic), 99.2 (C-1), 94.0

(C-1°), 85.4 and 84.5 (acetylenic), 73.9 (C-3), 71.1 (C-5), 70.1 (C-2), 67.6 (C-4"), 66.9 (C-
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3%), 66.5 (C-2” and C-5°), 65.3 (C-4), 61.8 (C-6), 61.0 (C-6), 56.5 (C-1""), 20.7, 20.6, 20.4
and 20.3 (CH3CO,); m/z (ESI-MS) 2485.1 [Found: [M + NH,'], C123H130NOs4 requires [M +
NH, ] 2484.7.

Fully deprotected o-Gal trimer (3-5). a-Gal trimer 3-4 (90 mg, 0.036 mmol) was
dissolved into 30 mL of methanol. A catalytic amount of sodium methoxide was added to
the solution. The mixture was stirred at room temperature for 24 h. Sodium methoxide was
neutralized with AMBERLITE IR-120 (H+) resin. After careful filtration of the resin
through a loose cotton plug, methanol was removed under reduced pressure. The dried
residue was extracted with ether 3 x 10 mL to remove methyl benzoate to provide the fully
deprotected glycocluster 3-S as a off-white foam in 95% yield (41 mg, 0.034 mmol); [a]p
0.0° (¢ 1.5, H,0); 'H (500 MHz; D,0) & 7.67 (3H, s, aromatic), 5.23 3H, d, J = 3.8, H-1"),
4.79 (6H, bs, H-1""), 4.75 3H, d, J = 7.9, H-1), 4.27 (6H, m, H-5 and H-5"), 4.09 (3H, m,
H-4’),4.04 3H, dd, J = 3.3, 10.4, H-3"), 3.94 (3H, dd, J = 3.9, 10.4, H-2"), 3.76-3.89 (21H,
m, H-2, H-3, H-4, H-6 and H-6"); ">C (125 MHz; D;,0) 8¢ 134.4 and 122.2 (aromatic),100.8
(C-1), 94.9 (C-17), 85.2 and 84.6 (acetylenic), 76.9 (C-3), 74.6 (C-2 or C-4), 72.3 (C-5 or C-
57), 70.4 (C-3°), 68.9 and 68.7(C-3", C-4’ and C-4 or C-3°, C-4’ and C-2), 67.8 (C-2"), 64.4
(C-5 or C-5), 60.5 (C-6 and C-6"), 56.7 (C-1"); m/z (ESI-MS) 1230.0 Found: [M + NH,],

C30HsoNO;; requires [M + NH4'] 1230.3.

55
O

3-8
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Pentaerythritol tetrakis (p-iodobenzyl) ether (3-8). Pentaerythritol 3-6 (27.2 mg,
0.2 mmol) was dissolved into 10 mL of dry DMF, then a catalytic amount of
tetrabutylammonium iodide and 46 mg of NaH (0.96 mmol, 1.2 eq./OH) were added to the
solution. After one hour, p-iodobenzyl bromide 3-7 (286 mg, 0.96 mmol) was added. The
mixture was stirred at room temperature for 5 h. Excess NaH was slowly quenched with
cold water. The solution was washed with 3 x 20 mL of ether and the organic layerss were
combined together and washed with 3 x 20 mL of water. After drying over anhydrous
sodium sulfate the solvent was evaporated and the residue was carefully separated by silica
gel column chromatography using hexane: ether (7:1) to give 3-8 as a white solid in 46%
yield (92 mg, 0.09 mmol); mp 136-138 °C; 'H (500 MHz; CDCl) 67.58 8 H, d, J = 8.1,
aromatic), 6.95 (8 H, d, J = 8.1, aromatic), 4.36 (8 H, s, PhCH,), 3.45 (8 H, s, C(CH-)4);
PC (125 MHz; CDCly) 8¢ 138.2, 137.3, 129.2 and 92,8 (aromatic), 72.5 (PhCH,), 69.1
(C(CHy-)4), 45.5 (C(CHa-)g); m/z (FAB-MS) 1001.2 Found: [M + H'], C33H3304 requires [M
+H'] 1001.0. Anal. Calcd for C33H3,044: C, 39.63; H, 3.22. Found: C, 39.83; H, 3.19.

a-Gal tetramer (3-9). To a solution of compound 2-16 (150 mg, 0.188 mmol) in 10
mL of DMF: TEA (1:1) were added Pd(PPh3);Cl; (6.7 mg, 0.009 mmol (5 mol%)) and 3-8
(39.1 mg, 0.039 mmol). The solution was stirred under nitrogen at 60 °C for 5 h. The solvent
and TEA were evaporated under reduced pressure. The resulting mixture was purified by
silica gel column chromatography using ethyl acetate: hexane (2:1) to provide compound 3-
9 as a white foam in 81% yield (560 mg, 0.15 mmol); [ap +97.5° (¢ 1, CHCl); 'H (500
MHz; CDCl3) § 7.98-8.02 (16H, m, aromatic), 7.40-7.55 (16H, m, aromatic), 7.14-7.29
(20H, m, aromatic), 5.54 (4H, dd, J = 8.0, 10.1, H-2), 5.51 (4H, d, J = 2.8, H-4), 5.20 (4H,

d,J<1, H-1"), 5.18 (4H, dd, J = 3.5, 10.4, H-2"), 5.03 (4H, dd, J = 3.3, 10.4, H-3"), 4.90
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(4H, d, J = 8.0, H-1), 4.88 (4H, m, H-4"), 4.58 (8H, s, H-1""), 4.55 (4H, dd,J=64,11.3,H-
6a), 4.45 (8H, s, PACH,), 4.32 (4H, dd, J = 6.6, 11.3, H-6b), 4.10 (4H, dd, J = 3.1, 10.1, H-
3), 4.04 (4H, t, J = 6.7, H-5), 3.96 (4H, t, J = 6.5, H-5"), 3.73 (4H, dd, J = 6.6, 11.2, H-62’),
3.66 (4H, dd, J = 6.6, 11.2, H-6b"), 3.56 (8H, s, C(CH,0R)y), 2.20, 2.03, 1.99, 1.86 and
1.72 (each 12H, Ss, 20 CH3CO,); 13C (125 MHz; CDCl3) 8¢ 170.2, 169.9, 169.8, 169.7, and
169.3 (CH3CO»), 166.0, 165.0 (PhCOy), 139.5, 133.4, 133.3, 132.1, 132.0, 131.7, 129.7,
129.4, 129.3, 128.5, 128.4, 127.1, 127.0 and 121.1 (aromatic), 98.9 (C-1), 93.7 (C-17), 86.7
and 83.5 (acetylenic), 73.7 (C-3), 72.8 (PhCH,), 71.0 (C-5), 70.0 (C-2), 69.5 (C(CH20R)y),
67.6 (C-4"), 66.9 (C-3"), 66.5 (C-2’), 66.4 (C-5"), 65.1 (C-4), 61.7 (C-6), 61.2 (C-6°), 56.8
(C-1°"), 45.7 (C(CH,0R)4), 20.7, 20.4 and 20.3 (CH3COy); m/z (MALDI-TOF MS) 3706.55
Found: [M + Na'], C130H 196073 requires [M + Na'] 3706.68.

Fully deprotected o-Gal tetramer (3-10). a-Gal tetramer 3-9 (95 mg, 0.026 mmol)
was dissolved into 40 mL of methanol to which a catalytic amount of sodium methoxide was
added. The mixture was stirred at room temperature for 24 h. Sodium methoxide was
neutralized with AMBERLITE IR-120 (H+) resin. After careful filtration of the resin
through a loose cotton plug, methanol was removed under reduced pressure, the dried
residue was extracted with ether 3 x 10 mL to remove methyl benzoate to afford the
deprotected glycocluster 3-10 as a off-white foam in 95% yield (48 mg, 0.024 mmol); [a]lp
0.0° (¢ 1.8, H,0); 'H (500 MHz; D,0) 7.30 (8H, bs, aryl), 6.98 (8H, bs, aryl), 5.21 (4H, bs,
H-1%), 4.82 (8H, s, PhCH, or H-1""), 4.63 (8H, s, PhACH, or H-1""), 4.60 (4H, bs, H-1), 4.23
(8H, bs, H-5 and H-5"), 4.06 (4H, bs, H-4"), 4.01 (4H, bd, J = 10.8, H-3), 3.93 (4H, dd, J =
2.9, 10.1, H-2%), 3.77-3.83 (28H, m, H-2, H-3, H-4, H-6 and H-6’); 3.42 (8H, s,

C(CH,OR)4); 1C (125 MHz; D,0) 8¢138.5, 131.3, 126.8 and 120.6 (aromatic),101.1 (C-1),
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95.0 (C-1°), 85.2 and 84.5 (acetylenic), 77.2, 70.3, 68.9, 68.7, 67.8, 64.2, 60.5, 60.2, 56.6
(C-4, C-5, C-6, C-2’, C-3’, C-4’, C-5°, C-6’, PhCH,, C-1""); m/z (ESI-MS) 1958.4 Found:
[M + NH¢"; CagHi20NOyg requires [M + NH;4'], 1958.6.

Pentaerythritol allyl tribenzyl ether (3-12). Pentaerythritol 3-6 (27.2 mg, 0.2
mmol) was dissolved into dry DMF (10 mL), to which were added a catalytic amount of
tetrabutylammonium iodide (10 mg) and NaH (36 mg, 0.9 mmol). The mixture was stirred at
room temperature for 30 minutes and then benzyl bromide (87 pL, 0.72 mmol) was added to
it. The reaction was monitored by TLC and was completed in 6 hours. Excess NaH was
quenched with methanol. The mixture was diluted with 50 mL of water and then washed
with 3 x 30 mL of ether. The combined organic layers were washed with 3 x 30 mL of water
and dried over anhydrous sodium sulfate. After evaporating the solvent under reduced
pressure, the residue was separated by silica gel column chromatography using hexane :
ether (4:1). After removal of the solvent, pentaerythritol tribenzyl ether 3-11 was obtained as
a thick liquid in 65% yield.

To a solution of 3-11 (81.2 mg, 0.2 mmol) in dry DMF (10 mL) were added a
catalytic amount of tetrabutylammonium iodide (10 mg) and NaH (12 mg, 0.3 mmol). The
mixture was stirred at room temperature for 30 minutes and then allyl bromide (21 pL, 0.24
mmol) was added to it. After 6 hours, the reaction was stopped and excess NaH was
destroyed with several drops of methanol. The mixture was diluted with 50 mL of water and
then washed with 3 x 30 mL of ether. The combined organic layers were washed with 3 x 30
mL of water and dried over anhydrous sodium sulfate. After removal of ether under reduced
pressure, the residue was separated by silica gel chromatography using hexane : ether (10: 1).

After evaporating the solvent, compound 3-12 was obtained as a thick liquid in 90% yield.
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'H NMR (500 MHz, CDCl3) § 7.25 to 7.32 (m, 15H, aromatic), 5.83 to 5.90 (m, 1H, vinyl),
5.11 to 5.25 (m, 2H, vinyl), 4.48 (s, 6H, benzylic), 3.93 to 3.95 (m, 2H. allylic), 3.56 (s, 6H,
C(CHO0R)a), 3.53 (s, 2H, C(CH,OR)4); BC NMR (125 MHz, CDCl3) 8¢ 138.9 (aromatic),
135.2 (vinyl), 128.2, 127.3 and 127.2 (aromatic),116.1 (vinyl), 73.3 (benzylic), 72.3
(allylic), 69.3 (C(CH,0R)s), 45.6 (C(CH0R)4); FAB-MS caled for CaoH304 (M + HH
447.25; Found 447.32.

Compound 3-13. To a 0.06 M solution of 3-12 in dry dichloromethane was added
Grubbs’ catalyst (15 mol %). The mixture was stirred under nitrogen at room temperature
for 12 h. The solvent was evaporated under reduced pressure and the residue was purified by
silica gel column chromatography using ether and hexane (4:1) to provide 3-13 as an
inseparable mixture (£ : Z=10:1) in 85 % yield; 'H NMR (500 MHz, CDCl3) § 7.23 to 7.32
(m, 30H, aromatic), 5.68 (m, 2H, vinyl), 4.48 (s, 12H, benzylic), 3.91 (m, 4H. allylic), 3.56
(s, 12H, C(CH,0R)4), 3.53 (s, 4H, C(CH,0R),); >C NMR (125 MHz, CDCl3) 8¢ 138.9
(aromatic), 129.0 (vinyl), 128.2, 127.3 and 127.2 (aromatic), 73.3 (benzylic), 71.4 (allylic),
694 and 654 (C(CHOR)y), 45.6 (C(CH,OR)4); ESI-MS (in formic acid) calcd for
CseHesOs(M + H") 865.4; Found 865.2.

Compound 3-14. To a solution of 3-13 (86.5 mg, 0.1 mmol) in ethanol (50 mL) was
added a catalytic amount of 10 % Pd/C. This compound was hydrogenolyzed at room
temperature for 12 h and then it was filtered through a pad of celite. After evaporation of the
solvent, a solid was obtained in 90 % yield. This fully deprotected compound (16.3 mg,
0.05 mmol) was dissolved into 10 mL of DMF and then to the solution were added a
catalytic amount of tetrabutylammonium iodide (10 mg) and NaH (24 mg, 0.6 mmol). The

mixture was stirred at room temperature for 30 minutes and then p-iodobenzyl bromide (134
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mg, 0.45 mmol) was added to it. After 6 hours, excess NaH was quenched with several
drops of methanol. The mixture was diluted with 40 mL of water and then washed with 3 x
30 mL of ether. The combined organic layers were washed with 3 x 30 mL of water and
dried over anhydrous sodium sulfate. After evaporating the solvent under reduced pressure,
the residue was separated by silica gel column chromatography using hexane : ethyl acetate
(5:1). After removal of the solvent, a white solid was obtained 3-14 in 45% yield (36 mg,
0.022 mmol); 'H NMR (500 MHz, CDCl3) & 7.58 (d, 12H, J = 8 Hz, aromatic), 6.96 (d,
12H, J = § Hz, aromatic), 4.39 (s, 12H, benzylic), 3.44 (s, 12H, C(CH,0R),), 3.40 (s, 4H,
C(CH20R)s), 3.33 (bs, 4H, -CH,0-),1.50 (bs, 4H, -CH2-); *C NMR (125 MHz, CDCl) 8¢
138.9 (aromatic), 137.7, 129.6 and 127.3 (aromatic), 72.9 (benzylic), 71.6 (-CH,0-), 69.7
(C(CH20R)4), 45.8 (C(CH20R)4), 26.7 (-CHy-); ESI-MS caled for CsHgoOsls (M + NH4")
1639.4; Found 1639.2.

Compound 3-15. To a solution of 3-14 (16.2 mg, 0.01 mmol) in § mL of DMF/TEA
(1:1) was added Pd(PPh3),Cl, (2.2 mg, 0.003 mmol (5 mol %)) and compound 2-16 (30.1
mg, 0.078 mmol). The solution was stirred under nitrogen at 60 °C for 5 h. The solvent and
TEA were evaporated under reduced pressure and the resulting mixture was purified by
silica gel column chromatography using ethyl acetate-hexane (4:1) to provide compound 3-
15 as a white solid in a yield of 75% (42.3 mg, 0.007 mmol); [a]p 0.0° (c 1.8, CHCL); 'H
NMR (500 MHz, CDCl3) & 7.98 to 8.02 (m, 24 H, aromatic), 7.49 to 7.55 (m, 12 H,
aromatic), 7.39 to 7.47 (m, 12 H, aromatic), 7.13 to 7.28 (m, 36 H, aromatic), 5.56 (dd, J =
8.0, 10.0, 6 H, H-2), 5.45 (bd, J=2.1, 4 H, H-4), 5.20 (d, J< 1, 6 H, H-1"), 5.19 (dd, J = 3.5,
10.4, 6 H, H-2"), 5.03 (dd, J=3.3, 10.4, 6 H, H-3"), 4.95 (d, /= 8.0, 6 H, H-1), 4.89 (bd, J =

2.1, 6 H, H-4"), 4.58 (s, 12H, H-1"), 4.56 (dd, J = 6.2, 11.0, 6H, H-6a), 4.42 (s, 12H,

83



benzylic), 4.39 (dd, J = 7.0, 11.0, 6 H, H-6b), 4.10 (dd, J = 3.1, 10.0, 6H, H-3), 4.05 (1, J =
6.9, 6H, H-5), 3.97 (t, I = 6.6, 6H, H-5"), 3.73 (dd, J = 6.5, 11.2, 6H, H-6a"), 3.66 (s, 12H,
3.66 (dd, J = 6.5, 11.2, 6H, H-6b"), 3.52 (s, 12H, C(CH,0R)a4), 3.46 (s, 4H, C(CH,0R)4),
3.36 (s, 4H, -CH,0-), 2.20, 2.03, 1.99, 1.86 and 1.73 (5s, 90H, CH3CO), 1.54 (bs, 4H, -CHo-
), ); °C NMR (125 MHz, CDCl3) 8¢ 170.2, 169.8, 169,7 and 169.3 (CH3CO), 166.0 and
165.0 (PhCO), 139.6, 133.4, 133.3, 132.1, 132.0, 131.7, 129.7, 129.4, 129.3, 128.5, 128.4,
127.1, 126.9 and 121.0 (aromatic), 98.9 (C-1), 93.7 (C-1'), 86.7 and 83.5 (acetylenic), 73.7
(C-3), 72.8 (benzylic), 71.3 (-CH,0-~), 70.9 (C-5), 70.0 (C-2), 69.7 and 69.6 (C(CH20R)4),
67.6 (C-4"), 66.9 (C-3", 66.5 (C-2"), 66.4 (C-5"), 65.1 (C-4), 61.7 (C-6), 61.2 (C-6'), 56.8 (C-
1M, 45.6 (C(CH0)4), 26.4 (-CHy-), 20.7, 20.5, 20.4 and 20.3 (CH3CO); MALDI-TOF-MS
caled for CagoH3030116 (M + Na™) 5668.8; Found 5668.5.

Fully deprotected a-Gal hexamer (3-16). o-Gal hexamer 3-15 (95 mg, 0.017
mmol) was dissolved into 40 mL of ethanol to which a catalytic amount of sodium
methoxide was added. The mixture was stirred at room temperature for 48 h. Sodium
methoxide was neutralized with AMBERLITE IR-120 (H+) resin. After careful filtration of
the resin through a loose glass wool plug, methanol was remove under reduced pressure, the
desired residue was extracted with ether 3 x 10 mL to removed methyl benzoate to afford
the fully deprotected glycocluster 3-16 as an off-white foam in 95% vyield (51 mg, 0.016
mmol); [a]p 0.0° (¢ 1.5, H,0); 'H (500 MHz, D,0) & 7.34 (bs, 12H, aromatc), 7.06(bs, 12H,
aromatic), 5.21 (bs, 6H, H-1"), 4.82 (bs, 12H, PhCH; or H-1""), 4.63 (bs, 12H, PhCH; or H-
1°7), 4.58 (bs, 6H, H-1), 4.23 (bs, 12H, H-5 and H-5"), 4.06 (bs, 6H, H-4"), 4.02 (bd, J =
10.8, 6H, H-3"), 3.94 (dd, J = 2.9, 10.1, 4H, H-2"), 3.63-3.91 (m, 42H, H-2, H-3, H-4, H-6

and H-6); 3.42 (m, 20H, C(CH,0R), , -CH,0-), 1.52 (bs, 4H, -CH-); *C (125 MHz; D;0)
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5c 138.6, 131.3, 126.7 and 120.6 (aromatic), 101.1 (C-1), 95.0 (C-1"), 85.1 and 84.4
(acetylenic), 77.2, 74.1, 71.9, 70.3, 68.7, 67.8 and 64.1 (C-4, C-5, C-2°, C-3’, C-4’, C-5,
PhCH,, -CH,0-, C(CH,0R)4), 60.5 (C-6), 60.1 (C-6"), 56.6 (C-1"), 45.5 (C(CH20)4), 25.1 (-
CHa-); MALDI-TOF MS calcd for C146H195074 (M + Na") 3158.2; Found 3158.3.

Compound 3-20. Compound 3-19 was prepared in two different approaches.
Approach a: To a suspension of compound 3-17 (250 mg, 1 mmol) in thionyl chloride and
dichloromethane (2 ml : 2 ml), was added one drop of DMF. The mixture was stirred at 1t
for 2 h till a homogeneous solution was formed. After removal of the solvent under reduced
pressure, the residue was dissolved in dry dioxane (3 ml). Then to the solution was added #-
BuOLi (1.1 mL of 1 M solution in dioxane) at rt. The mixture was stired at rt for 5 h. After
neutralized to neutral using 1 M HCI, the solution was diluted with water (20 mL) and
extracted with ether (3 x 10 mL). The ether layers were combined together, dried over
sodium sulphate, evaporated under reduced pressure, and purified on silica gel column using
haxane and ethyl acetate (4 : 1) to afford 3-19 in 75% yield (197 mg, 0.75 mmol). Approach
b: To a suspension of compound 3-17 (250 mg, 1 mmol) in dichloromethane (10 ml) were
added DMAP (20 mol%) and Boc anhydrade (2 mmol). The mixture was stirred at rt for 8 h.
Workup following the above mentioned procedure provided 3-19 in 90% yield (237 mg, 0.9
mmol).

-Butyl p-iodobenzoate 3-19 (30.5 mg, 0.1 mmol) was dissolved into a solution of 10
mL of DMF and TEA (1:1) to which were added Pd(PPhs3),Cl; (3.6 mg, 5 mol%), 2-
propynyl (2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)-(1->3)-4-O-acetyl-2,6-di-O-
benzoyl-B-D-galactopyranoside (2-16) (94.5 mg, 0.12 mmol) and Cul (3.8 mg, 0.02 mmol).

The solution was stirred at rt for 5 h under a N, atmosphere. The solvent and triethylamine
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were removed under reduced pressure. The residue was purified by silica gel column
chromatography using hexane : ethyl acetate (3:2) to afford 2-20a as a white foam in 86%
yield. Then 3-20a (91.8 mg, 0.1 mmol) was dissolved into TFA : CH;CL (2.5 mL : 2.5 mL)
and the mixture was stirred at rt for 12 h. After evaporation of the solvent under reduced
pressure, a white solid 3-20b was obtained in 95% yield.

For 3-20a: [a]p 100.5° (¢ 1.5, CHCL); 'H NMR (500 MHz, CDCls) & 7.98-8.04 (m,
6H, aromatic), 7.50-7.58 (m, 2H, aromatic), 7.41 (m, 2H, aromatic), 7.31-7.38 (m, 4H,
aromatic), 5.56 (1H, dd, J = 8.0, 10.1, H-2), 5.53 (1H, bd, J = 3.0, H-4), 5.22 (1H, d, J < 1,
H-1%), 5.20 (1H, dd, J = 3.5, 10.5, H-2"), 5.05 (1H, dd, J = 3.