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Abstract

Glycosphingolipids were first found in nerve tissue and later found to be
widespread in the membranes of various cells in animals and plants. They are
important for maintaining the structure and function of cell membranes,
participating in intercellular information transfer and adhesion, controlling cell
growth and in the ©process of differentiation. Ganglioside GM3
(NeuAca3GalB4GlcB1Cer) is the first and simplest member of the sialic acid-
containing glycosphingolipid family to contain a single sialic acid. GM3 is a
physiological substance secreted by tumor cells and is a tumor-associated
carbohydrate antigen on several types of cancer, with a high tolerance and low
toxicity profile unmatched by other exogenous drugs. GM3 has a wide range of
biological functions, and previous studies have shown that GM3 and its analogues
can inhibit tumor growth through a variety of pathways and play an important
role in many physiological and pathological processes. Based on the theory of
multivalent effect, we screened mannose-containing GM3 analogues from
previously synthesized GM3 analogues with relatively better anticancer activity
and modified it multivalently.

In this thesis, we report on concise protocols that can provide for the
preparation of a range of oligomers of mannose-containing GM3 analogues,
including the dimer, trimer and tetramer with a small molecule skeleton, and the
hexamer and heptamer with a macromolecular skeleton, which cover a variety of
synthetic approaches such as regioselective enzymatic hydrolysis for the
preparation of mannose blocks with free 6-OH, highly regioselective and
stereoselective a- sialylation of mannose residue acceptors with sialyl xanthate
and multivalent modifications on monomer to multivalent backbones based on
click chemistry. All the new compounds were purified by chromatography and
their structures were characterized by nuclear magnetic resonance and high-
resolution mass spectrometry.

We further evaluated the biological activity of synthesized compounds M1,
M2, M3 and M4 by a number of in vitro experiments. In the MTT cytotoxicity assay,
cell colony assay and morphology assay, the oligomers showed stronger
cytotoxicity than the monomer, indicating that they could have more potent anti-
proliferative activity, and the anti-proliferative effect on B16F10 and HCT116 cells
was stronger than that of K562 and BXPC-3 cells. In the wound healing test and
transwell migration/invasion assay, both M2 and M4 showed significant anti-
migration and anti-invasion activities on B16F10 and BXPC-3 cells. From the
results of the western blot assay, M1, M2, M3 and M4 may inhibit the movement
of tumor cells by inhibiting the EGFR/VEGFR-f3-catenin signaling pathway and
thus the EMT process. And in the B16F10 and BXPC-3 cells, the expression levels
of EMT-related proteins were more strongly inhibited by M2 and M4, further
suggesting that M2 and M4 could have more potent anti-migration and anti-
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invasion activities. This study provides valid information for the development of
GM3 analogues-related oligomeric anticancer drugs.

Keywords: glycosphingolipid, ganglioside GM3, sialic acid, multivalent effect,
synthesis, tumor, biological evaluation.
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Résumé

Les glycosphingolipides ont été découverts pour la premiére fois dans les
tissus nerveux, puis se sont révélés tres répandus dans les membranes de diverses
cellules animales et végétales. Ils sont importants pour le maintien de la structure
et de la fonction des membranes cellulaires, participent au transfert
d'informations intercellulaires et a I'adhésion, contrdlent la croissance cellulaire
et le processus de différenciation. Le ganglioside GM3 (NeuAca3Gal34Glcf1Cer)
est le premier et le plus simple membre de la famille des glycosphingolipides
contenant des acides sialiques a contenir un seul acide sialique. Le GM3 est une
substance physiologique sécrétée par les cellules tumorales et constitue un
antigeéne glucidique associé aux tumeurs sur plusieurs types de cancer, avec un
profil de haute tolérance et de faible toxicité inégalé par d'autres médicaments
exogénes. GM3 a un large éventail de fonctions biologiques, et des études
antérieures ont montré que GM3 et ses analogues peuvent inhiber la croissance
tumorale par diverses voies et jouer un réle important dans de nombreux
processus physiologiques et pathologiques. En basant sur la théorie de l'effet
multivalent, nous avons criblé des analogues de GM3 contenant du mannose parmi
les analogues de GM3 précédemment synthétisés au laboratoire avec une activité
anticancéreuse relativement meilleure et nous les avons modifiés de maniére
multivalente.

Dans cette these, nous présentons des protocoles concis qui permettent la
préparation d'une gamme d'oligoméres d'analogues de GM3 contenant du
mannose, y compris le dimere, le trimere et le tétramere avec un squelette de
petite molécule, et 'hexamere et 'heptamere avec un squelette macromoléculaire,
qui couvrent une variété d'approches synthétiques telles que I'hydrolyse
enzymatique régiosélective pour la préparation de blocs de mannose avec 6-OH
libre, I'a- sialylation hautement régiosélective et stéréosélective des accepteurs de
résidus de mannose avec le xanthate de sialyle et les modifications multivalentes
sur le monomere en squelettes multivalents basés sur la chimie click. Tous les
nouveaux composés ont été purifiés par chromatographie et leurs structures ont
été caractérisées par résonance magnétique nucléaire et spectrométrie de masse
a haute résolution.

Nous avons ensuite évalué I'activité biologique des composés synthétisés M1,
M2, M3 et M4 par un certain nombre d'expériences in vitro. Dans le test de
cytotoxicité MTT, le test de colonie cellulaire et le test de morphologie, les
oligomeéres ont montré une cytotoxicité plus forte que le monomere, indiquant
qu'ils pourraient avoir une activité anti-proliférative plus puissante, et I'effet anti-
prolifératif sur les cellules BI6F10 et HCT116 était plus fort que celui des cellules
K562 et BXPC-3. Dans le test de cicatrisation et le test de migration/invasion
transwell, M2 et M4 ont montré des activités anti-migration et anti-invasion
significatives sur les cellules B16F10 et BXPC-3. D'apres les résultats du test
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western blot, M1, M2, M3 et M4 peuvent inhiber le mouvement des cellules
tumorales en inhibant la voie de signalisation EGFR/VEGFR-[3-caténine et donc le
processus EMT. Et dans les cellules B16F10 et BXPC-3, les niveaux d'expression
des protéines liées a 'EMT ont été plus fortement inhibés par M2 et M4, ce qui
suggere que M2 et M4 pourraient avoir des activités anti-migration et anti-
invasion plus puissantes. Cette étude fournit des informations valables pour le

développement de médicaments anticancéreux oligomeres liés aux analogues de
GM3.

Mots-clés : glycosphingolipide, ganglioside GM3, acide sialique, effet multivalent,
synthése, tumeur, évaluation biologique.
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Chapter I

Introduction
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Cells are the basic units of life, whether prokaryotes or eukaryotes, for a living
individual, all living organisms are composed of one or more cells. No matter
where the cells are located, they all share common properties and processes.
Almost all cells are composed of four basic biomolecules: carbohydrates, proteins,
nucleic acids, and lipids, and their main functions are shown in Table I-1. In
addition, the above biomolecules can be combined together to form biomolecular
complexes that perform certain functions of the cell and constitute certain
structures of the cell (Figure I-1). For example, as we can observe from the
following diagram of the cell membrane, in addition to the phospholipid bilayer
structure, the cell membrane also contains a large number of proteins and sugar
chains. On the outer surface of the cell membrane, the sugar chains can bind to
proteins and RNA to form glycoproteins and glycoRNAs, respectively, which have
important functions in cellular life activities. Besides glycoproteins and glycoRNAs,
there are glycolipids on the surface of cell membranes that are combined with
carbohydrates and lipid molecules, which can maintain the stability of the
membrane and promote cell recognition [1].

Table I-1. Four types of biomolecular functions.

Carbohydrates Proteins Nucleic acids Lipids
Major energy Structure of the cell Formation of
sources membrane biomembrane
DNA is the main
material basis for the
Provide structure Cellular transport storage, replication
and transmission of Fats can be stored
) genetic information as energy source
— Biocatalysts or
Communication
enzymes
Cellular Maintaining cell
attachment contact

Steroid hormones
regulate cellular
activity by altering

RNA plays an

Control cellular important role in

Defends against

activity i i
rotein synthesis :
and removes p y gene expression
foreign
substances Transmitting signals
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GlycoRNA: RNA with carbohydrate

\ attached

Glycoprotein: protein with Glycolipid: lipid with
r % e carbohydrate attached o / carbohydrate

ool ) & attached

Peripheral membrane Phospholipid
protein bilayer
Integral membrane Cholesterol )
protein Protein channel

Cytoskeletal filaments

Figure I-1. The cell membrane of the cell is a phospholipid bilayer containing many different molecular
components, including proteins, RNA and lipid, some with carbohydrate groups attached [1].

Glycolipids are widely distributed and diverse in living organisms, and their
main components are alcohols, fatty acids and sugars, which are amphiphilic (i.e.
hydrophilic and hydrophobic). The roles of glycolipids include (1) cells obtain
energy from glycolipids; (2) glycolipids are components of cell membranes; (3)
human blood type can be determined by glycolipids; (4) glycolipids also help the
immune system by destroying and eliminating pathogens in the body, etc. It can
be mainly divided into two categories: glycosphingolipids and glycoglycerolipids
according to the types of alcohol groups in glycolipids components. The alcohol of
glycoglycerolipids is propanetriol (glycerol), which forms ester bonds with fatty
acids. The alcohol of glycosphingolipids is sphingosine (neurosphingosine), which
forms amide bonds with fatty acids with its C-2 amino group, resulting in N-lipoyl
sphingosine, also known as ceramide. Each of them has two long non-polar
hydrophobic "tails", the former provided by two fatty acyls and the latter by one
each of sphingosine and fatty acyl, and the special structure of these two long
hydrophobic "tails" allows them to be more stably embedded in the lipid bilayer
of the cell membrane structure. The hydrophilic portion of the glycosyl moiety is
generally composed of straight or branched sugar chains, with the polar 'head'
portion of the glycosyl moiety extending outside the cytoplasmic membrane to act
as a cell surface marker or recognition part of an antigenic determinant cluster or
receptor that carries out a range of life activities. The sugar chains are mostly
linked to the hydroxyl groups of the alcohols by glycosidic bonds, forming
glycoglycerolipids or glycosphingolipids, respectively. Glycosphingolipids are
widely found in higher plants and microorganisms, and to a lesser extent in nerve
tissue. Glycosphingolipids were first found in nerve tissue and later found to be
widespread in various cell membranes of animals and plants. Since the biological
functions of glycosphingolipids are much more complex than glycerolipids, the
former has been more intensively studied. The structure of glycolipids as shown
in Figure I-2.
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Hydrophili
Glycosyl/ "heads" C\ C‘Slycosyl

OH OH (‘3 (0]
OH ‘CHQ OH (‘.\'Hz OH (‘3H2 ‘CHZ
HeC—CH H—e——CH H—G———CH P S—
CH N, SH o m SH o H & b
“C‘H (‘%H C:::O (‘?‘,H C:I:O fC‘):O (‘):O
(‘CH2)12 (‘%Hz)m (?H2)16 (?Hz)m (?Hz)m Hydrophobic ((‘3H2)14 (?H2)7
CHs CHs CHs CHs CH,3 "tails" CHs H‘C‘
Sphingosine Ceramide Glycosphingolipid A (‘3H
(?Hz)s
g CH3

Glycoglycerolipid
Figure I-2. The structure of glycolipids.

1.1. Glycosphingolipids
1.1.1. The family of glycosphingolipids

The discovery of glycolipids is generally attributed to Johan L. W. Thudichum,
who published his article on the chemical composition of the brain in 1884 [2],[3].
Glycosphingolipids are glycosides formed by glycosylation of the 1-hydroxyl
group of ceramides in the molecule. The general formula of its structure is as
follows: the monosaccharides in the glycosphingolipid molecule are mainly D-
glucose, D-galactose, N-acetylglucosamine, N-acetylgalactosamine, fucose and
sialic acid; the fatty acid components are mainly saturated and low-saturated fatty
acids with 16-24 carbon, in addition, there is a considerable amount of a-hydroxyl
lipoic acid (Figure I-3) [4].

~

Oligosaccharide chain
7 ‘ = Interaction with extracellular
. 4‘ ‘ . molecules
PM e ol —
>
» T Ceramide tail
- ) * Insertion of GLS in cell membranes
* rr' — * Generation of GSL bioactive
| 4 molecules
. a
r.

Figure I-3. Plasma membrane glycosphingolipid structure:
the oligosaccharide head and the ceramide tail [4].

Glycosphingolipids can be divided into two categories: neutral
glycosphingolipids and acidic glycosphingolipids, depending on whether the
molecule contains sialic acid or sulfate group components. In recent years, due to
the increasing number of glycosphingolipids with elucidated structures,
glycosphingolipids have been further divided into the following series based on
the composition and structure of several core glycosyl groups close to ceramide:
Globo-series, Lacto-series, Neolacto-series, Ganglio-series, etc. (Table I-2).
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Table I-2. Root Names, Symbols, and Root Structures for Glycosphingolipid Chains.

Root Name Symbol m%m

Ganglio- Gg Galb3GalNAch4Galb4Glc-
Lacto- Lc Galb3GIcNAcb3Galb4Glc-
Neolacto (Lactonea) nlLc (Lcn) Galb4GlcNAcb3Galb4Glc-
Globo- Gh GalNAch3GaladGalb4Glc-
Isoglobo- iGb GalNAch3Gala3Galb4Glc-
Mollu- Mu GlcNAcb2Mana3Manb4Gle-
Arthro- At GalNAch4GIcNAch3Manb4Glc-

1.1.2. Biological functions of glycosphingolipids

The diversity of oligosaccharide chains, sphingosine bases and fatty acids
makes the glycosphingolipid molecules exhibit a wide variety and complex
structure. Studies have shown that glycosphingolipids are widely involved in
intracellular and intercellular signalling, interacting with functionally important
proteins and glycans in cells, and that there are interactions between
glycosphingolipids, and have been found to exert biological effects through a
variety of molecular mechanisms including organization of microdomains, direct
regulation of receptors, signal transduction, and intercellular contacts, as shown
in Figure I-4 [5].

EProtem % Cholesterol {%} IgM

3 GsL Phospholipid é Palmitoylated protein
g Ry § A CRARCALE R
1
1% 14 L t b SRl ) i) by
Cytosol
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Figure I-4. Schematic model of the different GSL functions. Essential glycan-glycan, protein-glycan, and lipid
interactions are highlighted (red dot). (A) GSLs are an essential component of membrane microdomains. (B)
Several receptors can be directly regulated by GSLs present in the cell membrane. (C) Crosslinking of several
GSLs can induce signaling across the membrane. (D) GSLs can interact with glycans (CC], left) or with proteins
(PCI, right) on other cells, contributing to cell-cell recognition and adhesion [5].
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A number of scientific studies have shown that a group of glycosphingolipids
have been found to interact with a number of signaling receptors located at the
plasma membrane and regulate their activation: the gangliosides GM1, GM3, GD1A
and GT1B inhibit EGFR phosphorylation. Gb4 promotes EGFR-induced activation
of the ERK signaling pathway. GM3 directly or indirectly regulates FGFR function.
GM1 and GM3 may regulate PDGFR function by affecting the extent of tyrosine
phosphorylation. GM1 binds to Trk proteins and regulates NGFR function. GT1
mediates the interaction between NgR1 and LINGO-1. GM3 inhibits VEGF /VEGFR-
2-mediated angiogenesis through a direct interaction with VEGFR-2. TGF-1-
induced ganglioside GM3 regulates EMT through a potential interaction with
TGFPRs, etc. See Table I-3 for more details [6].

Table I-3. Glycosphingolipids interact with a number of signalling receptors located in the plasma

membrane.

Protein Lipids Reference
EGFR GM1, GM3, GD1, GT1, Gb4 [71,[81,191,[10],[11],[12],[13]
FGFR GM3 [14],[15]

PDGFR GM1, GM3, GD1, GT1 [16],[17]

NGFR/Trk GM1 [18],[19]
NgR1 GT1 [20]
VEGFR GM3 [21]
TGFB1R Gb4, GM3 [10],[22]
IR GM3 [23],[24]
Lyn/Cbp GD3,GD1 [25]
Tetraspanins GM3, GM2 [26],[27],[28]
CD11b/CD18 LacCer [29]
o5B1 integrin GT1 [30]
Caveolin-1 GM3 [30],[31]
PMCA GM3, GM2, GM1, GD1 [32]
Galectin-1 GM1 [33]
Galectin-3 GM1 [34]

Glycosphingolipids as functional regulators on the cell membrane surface are
closely associated with the development of human diseases, and abnormal
expression of specific glycosphingolipids and related enzymes can often influence
tumorigenesis and malignant transformation, as shown in Table I-4 regarding the
expression of GSLs in tumor cells [35].
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Table I-4. GSL molecules with altered expression in different types of cancer.
Series, name and structure are listed for each GSL, along with the tumor type they are found to be altered.

Series GSL name and structure Tumor type
Disialyl-Lc4 . ! O Colon [36]
Le?-Le? ?_._f_._o_._:p- Gastric, Colon, breast, Hodgkin's lymphoma, bladder cancer [37]
Lacto i
Sialyl Le? "f‘.‘o‘."'"' Colon, pancreatic and gastric cancer [38]
Disialyl-Le? *%"‘O'.'“' Colon [39]
Lex f"‘o'.‘"'“' Gastric, Colorectal [38] and breast cancer [40]
Le*-Le* f‘"ﬁ"‘o'.""“' Lung [41], Colon and liver [42] cancer
Sialyl Le* "f"‘o_.'“' Colon [43] and bladder [44] cancer, T cell leukemia [45]
NeoLacto
Sialyl Le*-Lex i i  Colon [42] and gastrointestinal, colorectal, breast and lung [46]
LeY ’ E B-O-8-—cxr Gastric, colon [47], lung [48]
LeY-Lex i | . Colon [39], liver [43] and pancreatic [49] cancer
Gb3 O—O—@—cer Burkitt lymphoma [50], ovarian cancer [51]
Globo H ?‘D‘O‘O"‘c" Ovarian [52] and breast cancer [53], teratocarcinoma [54]
Globo
Gb5 O OO cer Teratocarcinoma [54]
Monosialosyl-Gb5 - O—T-O—O—@—cer Renal cell carcinoma [55]
Disialosyl-Gb5 ._:)\,D—o—o—o—c Renal cell carcinoma [56]
De-N-acetyl GM3 g Melanoma [57]
Neu5Gc-GM3 i O-cu Melanoma [58], colon [59], breast [60], retinoblastoma [61]
GD3 .f** Melanoma [62], glioma [63]
Ganglio 9-0-acetyl GD3 P i ocn Melanoma [64], glioblastoma [65]
GM2 = i ®<" Melanoma [62], neuroblastoma [66], medulloblastoma [67]
GD2 E i O Melanoma [68], neuroblastoma [66], retinoblastoma [69]
Fucosyl-GM1 ] E * Small cell lung carcinoma [70]

OGal @GIc [JGalNAc [l GIcNAc € Neu5Ac € Neu5Gc <O NeuS5NH, A Fuc

The glycosyl portion of glycosphingolipids stretched on the surface of the
cytosolic membrane has an immunogenic antigenic determinant cluster and is
capable of inducing IgM antibody responses. Because it is overexpressed in a
variety of tumor tissues, it is a target molecule for tumor vaccines and has become
a hot topic in tumor vaccine research.
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1.2. Gangliosides
1.2.1. Structure and function of sialic acid

Gangliosides belong to the Ganglio-series of glycosphingolipids, which were
first discovered by E. Klenk in 1935 to accumulate in the brains of children with
Tay-Sachs-type infantile amaurotic idiocy and are abundant in the grey and white
matter of the brain, hence this kind of glycolipid is named ganglioside.
Gangliosides are glycosphingolipids containing exclusively one or more sialic acid
residues, which are widely present in the body's tissue cells as essential
substances in most mammalian cell membranes.

Sialic acid is an acidic monosaccharide commonly found in higher animals
and some microorganisms, and is a generic term for a group of derivatives of
monosaccharides containing nine carbon atoms. It is an important component of
glycoproteins and glycolipids in cell membranes and is widely distributed at the
extremities of glycoprotein or glycolipid oligosaccharide chains on the surface of
eukaryotic cells [71]. [t was first isolated and named by Blix from the mucin of the
submandibular gland in 1957 and established the nomenclature of sialic acid [72].

There are more than 50 different types of sialic acid, the core structures of
which are keto-deoxynonanulonic acid (Kdn), neuraminic acid (Neu), N-
acetylneuraminic acid (Neu5Ac or NANA) and N-glycolylneuraminic acid (Neu5Gc
or NANG) as shown in Figure I-5 [73]. The difference between the first two is the
group attached to C5, while the latter two, Neu5Gc and Neu5Ac, differ structurally
by the addition of an oxygen atom to the N-acyl group [58]. Neu5Ac can be
converted to Neu5Gc in the cytoplasm by cytidine monophosphate N-
acetylneuraminic acid hydroxylase (CMAH), but this enzyme activity was lost
during human evolution, so that in human tissues it is mainly Neu5Ac, whereas
Neu5Gc is widely synthesized in fish and most mammals, but not in normal human
tissues [74], [75].

In general, sialic acid can be linked to C3, C6 or C8 of other sugars (galactose,
N-acetylgalactosamine, etc.) via a glycosidic bond with its second carbon atom C2
in the presence of sialyltransferase, resulting in a2,3, a2,6 or a2,8 linked sialoside,
respectively [76]. The variety of linkage substrates, the different linkage modes
and their spatial combinations constitute the diversity of sialylation modifications,
which play a crucial role in many biological processes, for example, the content of
sialic acid is closely related to tumor cell proliferation, metastasis, infiltration and
evasion of immune surveillance by host cells [77].
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N-Acetylneuraminic acid (Neu5Ac) N-Glycolylneuraminic acid (Neu5Gc)
Figure I-5. The core structure of sialic acid [73].

1.2.2. Structure and classification of gangliosides

The structure of gangliosides consists mainly of hydrophobic ceramide lipids
linked to hydrophilic sialic acid-containing glycan chains of different lengths and
structures, which are both water-soluble and lipid-soluble. The ceramide is
partially embedded in the lipid bilayer of the cell membrane, enhancing the
stability of the cell membrane structure. Gangliosides are synthesized at the
endoplasmic reticulum and the Golgi apparatus, where ceramide is first
synthesized at the endoplasmic reticulum membrane, then transported to the
Golgi apparatus to complete glycosylation modification, and final transported to
the cytoplasmic membrane to play a role [78]. The biosynthesis of gangliosides is
carried out in a glycosylation sequence and is divided into four series according to
the number of sialic acid residues attached to the lactosylceramide (LacCer), with
M, D and T denoting gangliosides containing 1, 2 and 3 sialic acids respectively,
and their biosynthetic pathways are shown in Figure I-6 [79],[80],[81],[82],[83].
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Figure I-6. Biosynthesis pathway for gangliosides. Gangliosides are synthesized by stepwise addition of
monosaccharides to GlcCer. Extension of GlcCer occurs through the action of the UDP-Gal: GlcCer (31,4-
galactosyltransferase to make LacCer. The action of the GM3 synthase, GD3 synthase, and GT3 synthase leads
to the biosynthesis of the precursors of a-, b-, and c-series gangliosides, respectively. The 0-series gangliosides
are directly synthesized from LacCer. Elongation is performed by the sequential action of 34GalNAc T1, f3Gal
T4, and the sialyltransferases ST3Gal II and ST8Sia V. Genes encoding the different glycosyltransferases
involved are indicated in italics between brackets [79].

1.2.3. Biological functions of gangliosides

Gangliosides play an important role in all stages of cell growth, differentiation,
migration and death, and specific species of ganglioside molecules have also
shown potential medicinal value against major diseases such as
neurodegenerative diseases, diabetes, tumors and autoimmune diseases.

Long-standing research into cancer has shown that almost all human cancers
are accompanied by aberrant glycosylation. In clinicopathological studies,
abnormal expression of certain glycosylated epitopes of gangliosides affects the
aggressiveness and distal metastatic ability of tumors, which often correlates
closely with the survival rate of cancer patients. Abnormal accumulation of certain
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gangliosides has been reported in a variety of cancers, such as neural and brain
cancer, lung cancer, breast cancer, and hepatocellular carcinoma, among other
types of cancer cells, as detailed in Figure I-7 [84]. Gangliosides are mainly located
in glycolipid-enriched domains, also called lipid rafts, on the outer leaflet of the
plasma membrane bilayer. Raft domains are composed of cholesterol,
phospholipids, and glycosphingolipids and enriched in specific proteins. Most
cancers exhibit abnormalities in intracellular signal transduction systems, and
gangliosides interact with signaling receptors in cells involved in related
molecular mechanisms that are closely linked to the progression of cancer. As
shown in Figure I-8, gangliosides typically form complexes with several types of
tyrosine kinase receptors in the lipid rafts of cancer cells. These interactions
contribute to the activation or inhibition of receptor tyrosine kinase signalling,
leading to the inhibition or promotion of the malignant properties of cancer cells.

Gangliosides have been widely studied due to their diverse expression
characteristics and important regulatory functions in tumor diseases. Reportedly,
ganglioside GM1 promotes neuroblastoma cell differentiation by forming TrkA-
GM1 oligosaccharide complexes on the cell surface to activate TrkA receptors [85].
GT1b down-regulates the expression of a5f1 integrin, caveolin-1, fibronectin, FAK
and ERK and up-regulates the expression of p53 and uPAR, leading to down-
regulation of fibronectin-a531-integrin-ERK signalling in A549 lung
adenocarcinoma cell lines [86]. In MDA-MB-231 breast cancer cells,
predominantly expressed GD2 contributes to the activation of c-Met signalling,
leading to a proliferative phenotype [87]. In human hepatocellular carcinoma
HepG?2 cells, HGF-induced phosphorylation of c-Met was inhibited after treatment
with GD1a [88]. Inhibition of GM2 expression through MAPK inhibition also
reduced TGF-B1 signalling and inhibited the invasion of pancreatic cancer cells
[89]. NEU3-silenced renal cell carcinoma with high GD1la expression showing
reduced FAK/AKT signalling and reduced drug resistance, invasiveness and
adhesion [90]. GD3 gangliosides mediate the propagation of apoptotic signals
generated by CD95 in hematopoietic cells [91]. In human melanoma cells
expressing GD3, Src family kinase yes protein is activated upon interaction with
GD3, leading to a malignant phenotype of melanoma cells [92]. GD3/GD2-positive
human osteosarcoma cells showed stronger tyrosine phosphorylation of p130Cas,
FAK and paxillin following serum stimulation than GD3/GD2-negative cells,
resulting in malignant properties [93].
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Figure I-7. Each species of cancer in the human body and related gangliosides [84].
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Figure I-8. The effects of gangliosides on cancer cell signaling [84].
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1.3. Ganglioside GM3
1.3.1. Structure of ganglioside GM3

GM3 is a ganglioside containing a single sialic acid and is the first and simplest
member of the metabolic family of glycosphingolipids. It was first isolated from
equine erythrocytes by Yamakawa et al. in 1952. Its chemical structure consists of
one molecule of sialic acid, one molecule of lactose and ceramide (Figure I-9),
which is synthesized in the cellular Golgi apparatus by GM3 synthase and is widely
found in the cell membranes of mammalian tissues (Figure 1-10) [94].
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Figure I-9. Structure of ganglioside GM3.
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Figure I-10. Biosynthesis of ganglioside GM3 in the Golgi apparatus. 1- 3: glucose, galactose, and sialic acid,
respectively [94].

1.3.2. Biological functions of ganglioside GM3

The ganglioside GM3 acts in an autocrine or paracrine manner on tumor or
tumor-associated host cells, such as macrophages and endothelial cells, and is one
of the most important gangliosides involved in intercellular recognition and
adhesion, regulation of cell proliferation, growth, differentiation and signalling, as
well as being involved in cell carcinogenesis and invasiveness. In cancer
development, most gangliosides promote the formation and progression of cancer,
but in some cancers, GM3 has an opposite inhibitory effect to most gangliosides.
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1.3.2.1. Expression of ganglioside GM3 in tumor cells of different
phenotypes

Exploration of the cellular and pathological phenotypes of GM3 was early and
the expression of GM3 on cell membranes varies according to cell type, organ and
species. As early as the 1960s, researchers found significantly reduced expression
of ganglioside GM3 and enhanced expression of its precursor, LacCer in baby
hamster kidney (BHK) cells transformed with the oncogenic virus polyomavirus
[95]. In addition, reduced expression of disialo-ceramidetetrahexoside and
monosialo-ceramidetetrahexoside was observed in mouse 3 T3 cell lines
transformed by oncogenic SV40 virus (RNA virus) [96]. This was the beginning of
the understanding of glycosphingolipid changes in the pathological phenotype of
cancer cells, and further research continues along this line. Subsequently, GM3
expression was found to be reduced in chicken embryonic fibroblasts transformed
by Rous sarcoma virus, and this reduction correlated closely with the transformed
phenotype using a temperature-sensitive mutant of the virus. At the 'non-
permissive temperature' (41 °C), GM3 expression was not reduced and the cells
did not show a transformed phenotype, and at the 'permissive temperature'
(35 °C), GM3 expression was reduced [97]. The ratio of ganglioside GM3:GD3 on
the surface of normal melanocytes was 19:1 (based on LBSA%). When
melanocytes were malignantly transformed into melanoma cells, the ratio of
ganglioside components on the surface of the cells changed significantly: the ratio
of GM3:GD3 ranged from 15:1 to 1:5, and patients with higher ratios had
significantly longer survival than those with lower ratios [98]. In studies of human
glioma cells [99] and human bladder tumor cells [100], GM3 expression was found
to be inversely correlated with invasive potential, GM3 accumulated in large
amounts in non-invasive tumors compared to infiltrating tumors, and the invasive
capacity of tumor cell lines could be inhibited by exogenous supplementation of
GM3. Similarly, in A2780 human ovarian cancer cells also exhibited low GM3
synthase activity and low ganglioside GM3 content, but high motility
characteristics [101]. In the transformed phenotypes of mouse fibroblast line 10
T1/2 and chicken fibroblast line DF1 induced by v-Jun transfection,
downregulation of GM3 and mRNA encoding GM3 synthase was detected, whereas
artificially increasing the expression of GM3 synthase in these cells resulted in
increased GM3 expression and reversal of the cancerous cells to the normal cell
phenotype [26]. These results were consistent in the same colon cancer cell lines
with low levels of GM3 expression [102]. The low level of ganglioside GM3
expression in chronic myeloid leukemia K562 cells is produced by the high
expression of the sialidase Neu3, which removes sialic acid from gangliosides.
Following silencing of Neu3 by small interfering RNA technology, ganglioside GM3
was significantly increased and K562 cells showed reduced proliferation,
eliminating the barrier to differentiation of K562 cells and giving rise to a
megakaryocytic phenotype [103]. In human multiple myeloma U266 cells, the
inhibitory effect on U266 cells proliferation was also shown to increase with
enhanced GM3 expression, among other features [104]. The evidence above shows
that the expression level of ganglioside GM3 is negatively correlated with the
malignancy of certain types of tumors.
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1.3.2.2. Ganglioside GM3 and EGFR

There are many mechanisms by which GM3 inhibits tumor cell growth,
including interaction with various growth factor receptors that affect cell
proliferation. Growth factor receptors (GFRs) are transmembrane proteins that
bind to specific growth factors and transmit information to the cell interior, where
they are involved in many cellular functions. The binding of a growth factor to its
receptor activates the receptor tyrosine kinase, which subsequently
autophosphorylates certain tyrosine residues of the receptor itself and/or certain
signal transducers involved in downstream cell signalling pathways. Over-
activation of several GFRs, including the epidermal growth factor receptor (EGFR)
and the vascular endothelial growth factor receptor (VEGFR), is known to be
associated with tumor growth and development.

As early as 1986, Bremer EG et al. found that exogenous addition of GM3
inhibited epidermal growth factor (EGF)-induced tyrosine autophosphorylation of
EGFR, thereby inhibiting the growth of human epidermal carcinoma A431 cells
[105]. Subsequently, the gene encoding a soluble Mr 42,000 sialidase was
transfected into the human epidermoid carcinoma cell line (A431), by which the
level of endogenous GM3 was down-regulated by altering the level of terminal
lipid-bound sialic acid on the cell surface. Transfected cells showed faster growth
and enhanced tyrosine autophosphorylation of EGFR compared to controls [106].
Similarly, depletion of ganglioside GM3 induced by using the ceramide analogue
[D]-PDMP results on EGFR-mediated autophosphorylation and A431 cell growth
were consistent with previous studies. Furthermore, exogenous addition of GM3
to [D]-PDMP-treated cells restored EGF-induced proliferation and enhanced EGFR
autophosphorylation back to normal levels, indicating that GM3 levels in cells can
regulate EGFR activity in a reversible manner [107]. Some evidence suggests that
GM3 inhibits EGFR activity by inhibiting EGFR autophosphorylation, but not by
competing with EGF for receptor binding, and therefore the mechanism of
inhibition cannot be explained by ligand-competitive binding [105],[108],[109].
Further studies showed that a site of direct interaction with ganglioside binding
was identified on the extracellular structural domain (ECD) of EGFR and that the
ECD interacted preferentially with GM3 over all other gangliosides tested, with the
relative binding order of ECD to gangliosides being as follows: GM3 > GM2, GD3,
GM4 > GM1, GD1a, GD1b, GT1b, GD2, GQ1b > lactosylceramide. as shown in Table
I-5. These data suggest a further step in the study of the mechanism of EGFR
inhibition by GM3 as a direct modulator of EGFR activity [110]. Mirkin BL et al.
investigated the relationship between the inhibitory effects of several gangliosides
on human neuroblastoma cell proliferation and EGFR phosphorylation and found
that the inhibitory effect of GM3 on cell proliferation and on EGFR
phosphorylation were almost equal compared to other gangliosides [111].
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Table I-5. N.D.?, not determined. Previous studies had indicated no inhibition of EGFR autophosphorylation
by lactosyl ceramide. * Significantly different (p = 0.004) from EGF stimulated (100%) [105].

Ganglioside Structure Relative EGFR
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The results of the analysis of the effect of GM3 with other gangliosides on
EGFR activity suggest that a highly specific interaction is involved. This molecular
mechanism of interaction between GM3 and EGFR was further elucidated by Yoon
SJ's team, which found that GM3 interacts with N-linked glycans with multiple
GIcNAc-terminal residues on the EGFR receptor, where N-glycans with 5 or 6
GIcNAc termini (OS B1, B2) bind GM3 to the highest extent among the N-glycans
tested, with this interaction was lower in structures with 2 GIcNAc termini (OS I).
Furthermore, OS B1, B2 have so far shown no significant binding to other GSLs.
These findings indicated the existence of a novel mechanism of specific
carbohydrate-to-carbohydrate interaction (CCI), which occurs between the
GIcNAc terminus of the N-linked glycan of EGFR and GM3 within the same cell
membrane plane, termed 'cis-CCI'. These results demonstrated that activation,
autophosphorylation and dimerization of EGFR were inhibited through specific
lateral interactions between the GIcNAc terminus of the N-linked glycan of the
EGFR receptor and the oligosaccharide chain of GM3 [112],[113],[114]. As
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illustrated in Figure I-11 [115]. In addition, under conditions of lateral action of
GM3, EGFR shifts to GSL and caveolin-1 rich membrane domains and GM3 affects
EGFR signalling through a second distinct molecular mechanism regulating
EGFR/caveolin-1 binding, further regulating EGFR activity [30].
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Figure I-11. GM3 and EGFR [115].
1.3.2.3. Ganglioside GM3 and VEGFR

Angiogenesis is one of the key aspects of malignant tumor growth. The role of
angiogenesis in the process of tumor growth is shown in Figure I-12. When the
tumor volume is less than 2 mm?, nutrition is provided to the tumor cells mainly
through diffusion of oxygen into the tumor, and there are no blood vessels inside
or on the surface of the tumor to provide nutrition for it, and there is actually no
blood supply at this time; as the tumor volume becomes larger and larger, when it
exceeds 2 mm?3, the tumor cells will secrete vascular endothelial growth factor
(VEGF), which specifically binds to the vascular endothelial growth factor receptor
(VEGFR) on the surface of vascular endothelial cells to promote angiogenesis,
thereby generating more blood supply to provide nutrients for tumor cell growth,
which in turn supports the rapid growth of tumor cells and allows the tumor to
develop and metastasise continuously. Regardless of the tumor type, angiogenesis
is a key driver of tumor development [116],[117].
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Figure I-12. Tumor expansion induced by the sprouting of blood vessels. (a) Small tumor.
(b) Sprouting capillary. (¢) Growing tumor [117].

In addition to tumor cells, the ganglioside GM3 also interacts with cell surface
receptor molecules on vascular endothelial cells and there is growing evidence
that GM3 can also regulate the angiogenic response of microvessels stimulated by
angiogenic factors and is essential for the progression of the tumor-induced
microenvironment. In the 1980s and 1990s, Gullino et al. induced new capillary
formation in the rabbit cornea by optimal doses of angiogenic factors (e.g.
prostaglandin E1, PGE1). The rabbit cornea was stimulated by angiogenesis with
approximately twice the total ganglioside content of the unstimulated cornea,
while the total concentration of GM3 produced a relative decrease compared to
other gangliosides, suggesting that the optimal angiogenesis occurs in an
environment with a low proportion of GM3 content [118]. Subsequent increases
in GM3 content then revealed that angiogenesis was inhibited in vivo in a GM3-
rich environment and also had an inhibitory effect on microvascular endothelial
growth in vitro. This indicated that GM3 concentrations in the endothelial cell
microenvironment had a decisive effect on the progression of tumor-induced
angiogenesis [119]. Further experiments revealed that GM3 inhibited the
proliferation of endothelial cells induced by human tumor cells from four (U 87,
Filice, 166HT, SKNBE) different sources, indicating that in addition to animal
experiments, the growth inhibitory effect of GM3 on vascular endothelial cells is
also applicable to human vascular endothelial cells with tumors [120].

Furthermore, other studies have shown that after malignant mouse
astrocytoma (CT-2A) was transfected with an antisense GalNAc-T plasmid,
pcDNA3.1/TNG, into CT-2A/TNG cells, GM3 expression was upregulated and CT-
2A/TNG tumor growth and angiogenesis and VEGF expression were significantly
lower than in control CT-2A tumors, showing that GM3 may regulate the possible
mechanism of tumor angiogenesis [121]. Further studies demonstrated that
exogenous addition of GM3 significantly inhibited VEGF-induced proliferation and
migration of human umbilical vein endothelial cells (HUVECs) and VEGF enhancer
ganglioside GD1a-induced angiogenesis in severe combined immune deficiency
(SCID) mice as shown in Figure I-13. Furthermore, the enrichment and depletion
of GM3 was accompanied by a corresponding decrease and increase in
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phosphorylation of VEGFR-2 and downstream Akt in HUVECs. These results are a
further step forward in the analysis of the mechanism of action of GM3 in
inhibiting angiogenesis [122],[123].

G a (40 ph) GMI+GD1a (40 uM each)

Control

Figure I-13. GM3 inhibits the proangiogenic effects of GD1a in vivo Matrigel plug assay. Matrigel alone
(control) or containing GD1a or GD1la with GM3 was injected subcutaneously in SCID mice. Plugs were
photographed (12.5x) on day 7 after Matrigel injection [122], [123].

1.3.2.4. Ganglioside GM3 and tumor cell motility

Tumor cell migration and invasion are major factors affecting tumor
metastasis and GM3 plays an important role in tumor cell motility. Low GM3
synthase activity, low GM3 content and high cell motility have been previously
reported in A2780 human ovarian cancer cells, whereas cells overexpressing GM3
synthase and cells treated with exogenous GM3 showed strongly reduced cell
motility [101]. In addition, histopathological examination showed that superficial
bladder tumors showed a large accumulation of GM3 and infiltrating tumors
showed a small amount of GM3, i.e. the expression of GM3 was inversely
correlated with the invasive potential. In addition, exogenous supplementation of
GM3 inhibited the invasive potential of human bladder tumor cell lines (T-24, KK-
47) [100]. Similarly, when exogenous GM3 was incubated with glioma cells in vitro
in an invasion assay, cell invasion was inhibited [99]. Further studies found that
GM3 inhibition of tumor cell motility was associated with CD9, a member of the
Tetraspanins (TSPs) family, and that haptotactic motility in the colorectal
carcinoma cell lines SW480, SW620, and HRT18, which express CD9 at high levels,
was inhibited by exogenous GM3, while motility in the gastric cancer cell line
MKN74, which expresses CD9 at low levels, was not affected by exogenous GM3.
When MKN74 cells expressed CD9 at high levels by transfection with CD9, its
motility was inhibited by exogenous GM3. When mutant Chinese hamster ovary
cell line 1dID cells were transfected with the CD9 gene (1dID/CD9) and grown in
galactose-containing medium, endogenous GM3 synthesis was observed and the
motility of these 1dID/CD9 cells was greatly inhibited. In the mutant Chinese
hamster ovary cell line 1dID cells transfected with the CD9 gene (1d1D/CD9) and
grown in galactose-containing medium, endogenous GM3 synthesis was observed
and the motility of these 1dID/CD9 cells was greatly inhibited. The above results
revealed that the co-expression of CD9 and GM3 synergistically inhibited the
motility of tumor cells. To test the association of GM3 with CD9 on the cell surface,
the addition of photoactivatable (3)H-labelled GM3 to HRT18 cells followed by UV
irradiation and (3)H labelling of CD9 was observed, indicating that exogenously
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added GM3 interacted and cross-linked with CD9, cooperatively reducing the
motility of tumor cells [102].

In-depth studies revealed that GM3 promoted the interaction of CD9 with a3
integrins in microdomains, thereby inhibiting laminin-5 (Ln5)-mediated cell
motility [124]. Ln5 induces cell motility by interacting with integrin a331 on the
basal plasma membrane to activate relevant signalling pathways [125]. Results
from Kawakami, Y.'s group showed that CD9 and integrin o3 co-
immunoprecipitated in 1dID/CD9 cells under synthetic GM3 conditions (+Gal
medium) but not under non-synthetic GM3 conditions (-Gal medium), and that by
exogenous addition of GM3 to -Gal medium The co-immunoprecipitation of CD9
and a3 was enhanced. The surface expression of a3 was higher in cells grown
under -Gal conditions than under +Gal conditions, suggesting that GM3
synthesized under +Gal conditions facilitated the interaction of a3 with CD9,
thereby limiting the binding of a3 to antibodies. Furthermore Ln5/a3-dependent
motility of 1dID/CD9 cells was greatly enhanced under -Gal conditions, but
strongly inhibited under +Gal conditions. These results demonstrate the
interaction of GM3 with CD9 and a3 [124]. The same results of action were
obtained in human bladder cancer cell lines, where high or low GM3 levels
promoted or inhibited the interaction of a3 with CD9 to stabilize or destabilize the
a3-CD9-GM3 complex within the microdomain. It was also found that in the highly
aggressive and metastatic human bladder cancer cell line YTS1, where GM3 levels
are low, c-Src (cellular Src kinase) was activated. Activation of c-Src was inhibited
by exogenous addition of GM3 to translocate the C-terminal Src kinase (Csk) into
the same microdomain [126]. It has been reported that a3(31 interacts with Ln5 to
activate Src kinase signaling to enhance cell motility, and that Csk phosphorylates
and downregulates Src family tyrosine kinases to inhibit their activity [127],[128].
This effects of GM3 on the interaction of c-Src with Csk has also been reported by
Toledo MS et al [129]. The above indicates that GM3 can inhibit tumor cell motility
through two mechanisms of action: 1) The GM3/CD9 complex interacts with
integrin a31 to inhibit Ln5-a3fB1-mediated activation of related signalling
pathways or proteins (e.g. Src family kinases), thereby inhibiting tumor cell
motility. 2) GM3 can also inhibit tumor cell motility by mediating the interaction
of c-Src with Csk.

An additional study has shown that GM3 can form a complex with ganglioside
GM2 and TSPs CD82 to exert an important inhibitory effect on hepatocyte growth
factor (HGF)-induced activation of the receptor tyrosine kinase c-Met leading to
cell motility [130]. HGF binding to c-Met activates c-Met, which then activates
numerous downstream signalling pathways such as PI3K-Akt and Ras-MAPK,
thereby exerting its effects on cell proliferation and motility [131],[132]. The
Todeschini, AR team showed that GM2-GM3 forms a heterodimer in the presence
of Ca?*, and that c-Met activation and motility were strongly inhibited when
bladder cancer cells high in CD82 expression, YTS-1 / CD82, were cultured with
nanospheres coated with GM2/GM3 dimer. And activation of downstream
effectors of the c-Met pathway, including c-Src and mitogen-activated protein
kinase (MAPK), was also inhibited in the presence of GM2/GM3 dimers interacting
with CD82. It was evidenced that the GM2 / GM3 / CD82 complex effectively
inhibits cell motility by blocking the HGF-induced c-Met pathway in cells.
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Furthermore, in the absence of HGF, YTS-1/CD82 cell adhesion to Ln5-coated
plates resulted in c-Met activation and the GM2/GM3 dimer inhibited c-Met
activation caused by Ln5-mediated o331 activation and suppressed cell motility.
Based on the above it is demonstrated that the GM2/GM3/CD82 complex inhibits
HGF-induced c-Met kinase and Ln 5-mediated activation of a331 and interaction
of a3pf1 with c-Met tyrosine kinase ('crosstalk'), leading to inhibition of cell
motility and growth [130]. Both a331 and c-Met are important transmembrane
receptors on the surface of tumor cells, and both can mediate signalling related to
tumor invasion and metastasis, either independently or by interacting with each
other. The possible mechanisms by which GM3 inhibits tumor cell motility
through the inhibition of these two pathways are shown in Figure I-14
[133],[134].
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Figure I-14. Schematic representation of possible mechanisms by which GM3 inhibits tumor cell motility. (i)
GM3 enhances the interaction of CD9 with integrin a3 and inhibits c-Src activation following Ln5-induced
integrin activation; it also inhibits c-Src activation via Csk. (ii) The GM2/GM3/CD82 complex inhibits HGF-
induced activation of c-Met and cross-talk between c-Met and integrin o3B1. (iii) Signalling (i) and (ii)
involves various signal transduction molecules such as cellular Src kinase (Src), focal adhesion kinase (FAK)
and mitogen-activated protein kinase (MAPK); and subsequently controls cell adhesion, motility or growth
[133],[134].

1.4. Synthesis of ganglioside GM3 analogues

In recent years, with the development of biochemistry and molecular biology,
great progress has been made in the study of the structure, function and
application of the ganglioside GM3. The ganglioside GM3 is closely related to some
tumors and its anti-tumor effects to a certain extent are encouraging. Meanwhile
the synthetic studies of GM3 derivatives have also received extensive attention,
and many studies have shown that GM3 derivatives display significant anti-tumor
activity [109],[135]. In general, the usual procedure for the synthesis of GM3 is to
construct a sialic acid block, a lactose block and a sphingosine block, each of which
is linked by a glycosidic bond, and finally the fatty acid is introduced to the
sphingosine to complete the synthesis of GM3 (Figure I-15) [136]. For GM3
derivatives, we will present some typical examples in the order of modification of
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the blocks in the structure from left to right (sialic acid, lactose, ceramide).

HO OH OH
Q o QO
o X2 B2
OH HO
N\ J
Y
Lactose

Figure I-15. Structures of the GM3.
1.4.1. Modification of sialic acid block

Ye et al. [137] reported the synthesis of three GM3 analogues with
modifications on sialic acid, which provided two different N-modified GM3
analogues on the acetylamino group in the sialic acid residue (Figure I-16a, 16b,
16c¢). In addition, another research group has synthesized compounds (Figure I-
16c¢) based on the synthesis of GM3 once again in higher yields, as well as the new
GM3 analogue (Figure I-16d) [135]. In the analysis of EGFR autophosphorylation
and cell proliferation in human epidermoid carcinoma A431 cells, the inhibitory
effect of two chloro-derivatives on EGFR activity was stronger than that of GM3.
In particular the monochloro-GM3 (not GM3 or dichloro-GM3) has a significant
inhibitory effect on AEGFR, which is a mutant form of EGFR, and is usually found
in human glioblastomas.

COOH
OH C17H35
\/Y\/C13H27

= a: CH3CH,CO", b: CH30CO", c: CICH,CO", d: ClL,CHCO".
Figure I-16. GM3 analogues modified on acetylamino position of sialic acid.

Meng and her colleagues describe a chemoenzymatic approach to synthesize
Lyso-GM3 (Compound 1) and GM3 (Compound 4) and their derivatives (Figure I-
17) [138]. This strategy catalyzes the sialylation of the LacfSph receptor by using
bacterial salivary base-transferases. These compounds were further investigated
for their activity on cancer cell proliferation and migration. Anti-proliferative
activity studies showed that compounds 1-3 with sphingomyelin exhibited greater
potency than the compounds 4-6 with ceramide. Anti-migration activity studies
showed that all gangliosides GM3 and lysozyme GM3 were effective in inhibiting
the migration of melanoma B16-F10 cells.
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Figure I-17. GM3 analogues modified on acetylamino position of sialic acid.

1.4.2. Modification of lactose block

For the modification of the lactose block, Kiso et al. [139] described the
synthesis of a positional isomer of GM3, which is a a-2,6 sialoside instead of a-2,6
sialoside (Figure I-18).

H
HO < OH COOH
S O N O
AcHN 2N
HO  (HO | ] OH HN™ “Ci7Hss
HOSRZED ?—6&/0\/\(\/01#27
OH HO OH
N\ J
'
Lactose

Figure I-18. The positional isomer of GM3.

Sodeoka et al. [140] reported four analogues of ganglioside GM3 that contain
a C-sialoside linkage rather than the native O-sialoside linkage. These included
two CHF-linked stereoisomers (Figure I-19a, 19b) as well as CF; and CH,-linked
GM3 analogues (Figure I-19¢, 19d). Their biological functions are similar to those
of the native GM3, the C-linked GM3 analogues inhibited EGF-induced
autophosphorylation of the epidermal growth factor receptor (EGFR) in vitro. In
addition, proliferative activity assays in Had-1 cells as well as NMR-based
conformational analysis showed that the (S)-CHF-linked GM3 analogue with an
exo-isomeric conformation was the most potent of the synthesized compounds.
This may provide some inspiration for the design and synthesis of new GM3
analogues.
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a, X=F,Y=H b,X=H,Y=F
CFy-linked GM3 CHy-linked GM3
¢, X=F,Y=F d,X=H,Y=H

Figure I-19. C-sialoside linkage GM3 analogues.

1.4.3. Modification of ceramide block

The previous examples focused on the structures of the sialic acid and the
lactose blocks. Next, we will show some structural modifications of the ceramide
block. The GM3 analogues using sphingosine instead of the ceramide block was
first synthesized which named Lyso-GM3. Furthermore, the amino group on
sphingosine was further modified to synthesize a series of GM3 analogues, such as
the introduction of a (C;7H35C0O-), b (CH3CO-), c (CH30COCH,CH;-), d (CF3CO-), e
(CICH,CO-) groups onto the amino group (Figure I-20) [137].

COOH
HO OH
AcHN &/ /&/ \/\(\/CHHN

= a: C47H35CO-; b: CH3CO-; ¢: CHz0COCH,CH,-; d: CF3CO-; e: CICH,CO-.
Figure I-20. Ceramide partially modified GM3 analogues.

Hakomori's [141],[142] group reported synthesis of lipid mimetics of GM3
(LM-GM3) and lyso-GM3, as well as LM-GM3 dimer and Lyso-GM3 dimer (Figure
I-21). These compounds were used to study the effects on EGFR tyrosine kinase
activity and the consequent changes in the phenotype of A431 cells. First, the LM-
GM3 dimer showed comparable strong inhibition of EGF-induced EGFR tyrosine
kinase activity and displayed similar low cytotoxicity to the Lyso-GM3 dimers. In
addition, the LM-GM3 dimer inhibited tyrosine phosphorylation of EGFR or its
dimer similarly to the lyso-GM3 dimer, but more potent than the LM-GM3 or GM3.
Further studies revealed that the inhibitory effect of LM-dimers on EGF-induced
EGFR kinase activity. Only Akt kinase activity was significantly inhibited, but
kinases associated with other signal transducers were not affected.
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Figure I-21. Lyso-GM3, LM-GM3 and their dimers.

1.5. Multivalent ligand effect

The "multivalent ligand effect" can also be referred to as the "glycosyl cluster
effect” [143],[144]. This theory suggests that glycosyl receptors are present in
clusters on the cell surface and that the binding sites for glycans are multi-local.
Numerous modelling studies have shown that the presence of a multivalent ligand
effect can significantly increase the binding of ligand-receptor. Attempts have
been made to explain the mechanism of the multivalency effect in five ways
(Figure I-22) [145]. Including (A) Chelating effect: Multivalent ligands can bind
oligomeric receptors by occupying multiple binding sites (1:1). (B) Clustering
effect: multivalent ligands can cause receptors to aggregate on the cell surface.
enhancing the multivalent interactions. (C) Statistical effect: The physical size and
distribution of the multivalent ligand can prevent other competing ligands from
binding to the receptor. (D) Subsite binding effect: Multivalent ligands can occupy
primary and secondary binding sites on the receptor. (E) Statistical effect:
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multivalent ligands show higher concentrations of local binding sites, which may
lead to higher apparent affinity.
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Figure I-22. potential mechanisms of multivalent ligand effects

In these circumstances, a multivalent ligand can bind to one or more
receptors simultaneously to enhance ligand-receptor interactions for enhanced
functional affinity compared to monovalent ligands. The multivalent effect has
been widely developed and applied in the field of glycobiology, for example, the
development of anti-cancer drugs containing glycoconjugate moieties, which are
based on naturally occurring glycoproteins and glycolipids to design reasonable
glycoconjugate mimics with similar or even better functions than natural
glycoproteins and glycolipids in terms of bioactivity, thus obtaining glycodrugs
with better binding power and selectivity [141],[142]. With the continuous
research on glycoprotein and glycoglycan interactions and the in-depth
understanding of receptor structure and function, new binding sites are
constantly discovered, which will lead to the more rational design of multivalent
ligand molecules and enable them to better satisfy the needs of drug design. Based
on this concept, we believe that for improving the activity of glycolipid molecules,
in addition to modifying their structures, using multivalent ligand effects to mimic
the binding process of natural glycolipids to receptors is also an effective way to
improve the activity of glycolipids [146].
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1.6. Background of this project

The current study shows that GM3 acts in an autocrine or paracrine manner
on tumors or tumor-associated host cells (e.g. endothelial cells), and that some
tumors show their malignant nature by expressing GM3, but tumors with high
GM3 expression are often non-invasive, while tumors with low GM3 expression
are often more malignant. GM3 can influence the growth, invasion and metastasis
of different tumor types through the regulation of various cytokines and cell
signalling pathways, and is closely related to cellular carcinogenesis. GM3 is a
physiological substance secreted by cells, which is highly tolerable and less toxic,
and studies on GM3 derivatives have shown that they have similar safety profile
as GM3, but also have the same or even stronger anti-tumor effects.
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Figure I-23. GM3 and its analogues.

Previous work in our laboratory has synthesized a number of GM3 analogues.
These analogues mainly focus on the replacement of the lactose residue block in
the GM3 structure with other glycosyl groups (Figure I-23). These GM3 analogues
show interesting anti-tumor activity and this activity is highly selective towards
tumor cells [147],[148]. In particular, the mannose-containing GM3 analogue A6
showed a better ability to inhibit the proliferation and migration of tumor cells. In
order to find anticancer agents with better biological activity than previously
synthesized GM3 analogues, we expected to use the concept of multivalent effects
to design synthetic oligomers based on GM3 analogue monomers to further
improve their antitumor capacity. In this project, we designed and synthesized a
series of oligomers containing the GM3 analogue A6, including dimer, trimer and
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tetramer with a micromolecular skeleton. and hexamers and heptamers with a
macromolecular skeleton, and evaluated the antitumor activity of these oligomers.

We believe that this work will provide a reference for the synthesis and
purification of oligomers for the preparation of GM3-related anticancer agents on
the one hand, and for the exploration of new and more potent anti-tumor agents.
On the other hand, it provides a meaningful theoretical basis for the exploration
of new GM3-related carbohydrate anticancer agents with stronger potency.
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Chapter Il

Synthesis of mannose-containing GM3 analogue monomer
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2.1. Introduction

This chapter describes the synthesis of the mannose-containing GM3
analogue monomer. The target monomer structure contains three units, the
structure is shown in Figure II-1.

O-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic acid)-
(2—6)-0-(a-D-mannopyranosyl)-(1—1)-(2S,3R,4E)-2-amino-4-octadecene-1,3-di
ol.

Mannose

Figure II -1. Mannose-containing GM3 analogues.
2.2. Retrosynthetic analysis

The retrosynthetic analysis of the mannose-containing GM3 analogue
monomer is shown in Figure II-2. Our synthetic strategy is divided into three
parts: firstly, the three key building blocks are prepared; secondly, the sialylation
of mannoside is completed with a sialic acid donor to construct the sialo-
oligosaccharide; finally, the lipid precursor is incorporated into the sialo-
oligosaccharide.
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Figure II -2. Retrosynthetic plan for synthesis of the mannose-containing GM3 analogue.
2.3. Preparation of sialic acid donor block

The formation of chemical O-sialylation involves the coupling of a glycosyl
acceptor with a free hydroxyl group to a sialosyl donor with an appropriate
leaving group at the anomeric center (C-2). Therefore, we need to activate the
sialic acid donor in the form of sialyl xanthate, and the synthesis of sialic acid
donor 3 can be achieved as shown in Scheme I1-1 [149],[150].
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Scheme II-1. Reagents and conditions: (a) Amblyst-H*, MeOH, 45 °C, 12 h, 95%; (b) AcC], 0 °C, MeOH, r.t., 72
h, 88%; (c) EtOH, 0 °C, KS,COEt, 12 h, r.t.,, 12 h, 74% (for 3), 15% (for 3°).

The reaction of sialic acid with methanol under acidic conditions provided by
an Amblyst-H* resin was heated to 45 °C overnight to give a colorless clarified
solution, and removal of the solvent gave methyl ester 1 in good yield, and
compound 1 was pure enough to be used in the next reaction step without further
purification. In this step of the reaction, we used the Amblyst-H* resin, which can
be removed by filtration, as an acidic catalyst to avoid liquid acid. Next, the crude
methyl ester 1 was treated with acetyl chloride for three days and a small amount
of methanol was added to further promote the formation of the fully acetylated
chloroneuraminic acid methyl ester 2. Although the reaction time for this step was
relatively long, however, the yield of sialyl chloride 2 was excellent. Ultimately,
sialyl chloride 2 was reacted with O-ethyl S-potassium dithiocarbonate in dry
ethanol to give a- and 3-sialyl xanthate 3 and glycal 3’ in a molar ratio of 16:1:3.
Chromatographic separation yielded our target sialic acid donor 3. Since a- or 3-
linked sialosides have very similar glycosyl donor properties, so the a/3-3 mixture
was used directly in the ensuing sialylation reaction without subjecting the
anomers to further separation.

2.4. Preparation of mannose glycosyl receptor block

We have employed a simple and efficient chemoenzymatic approach for the
preparation of monohydroxytetraacetylated monosaccharides as building blocks
for oligosaccharide synthesis. The strategy is based on regioselective hydrolysis
catalyzed by immobilized lipase. The most commonly used immobilized lipase for
regioselective deacetylation is Candida rugosa lipase (CRL), which could
specifically remove the C-6 acetyl group from the per-acetylated sugars and is
particularly effective in the hydrolysis of the a anomer of the acetylated
monosaccharide, while the hydrolysis of the 3 anomer is largely unresponsive
[151],[152],[153].
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Scheme II-2. Reagents and conditions: (a) Ac;0, pyridine, r.t., 12 h, 72%; (b) enzyme CRL, phosphate buffer,
CH5CN, r.t,, 4 h, 78%.

Starting from commercially available D-(+)-mannose, mannose residues with
a free 6-OH can be synthesized in high yield, as shown in Scheme II-2. Firstly, the
exposed hydroxyl group in the D-(+)-mannose molecule reacted with anhydrous
acetic anhydride in the presence of pyridine to form a per-acetylated mannose 4,
thus completing the protection of the hydroxyl groups. Compound 4 was then
added into phosphate buffer containing 20% acetonitrile at pH 5, and biocatalyst
CRL was added to initiate the reaction. After 4 h of the reaction, the enzyme was
recovered by filtration and the mannose residue 5 with a free 6-OH was obtained
in good yield as a glycosyl acceptor.

2.5. Preparation of azidosphingosine block

Sphingosine is a long-chain amino alcohol containing 18-20 carbon atoms,
and the most common sphingosine in glycosphingolipids is C;g-sphingosine, of
which 3-0-benzoyl azidosphingosine is the preferred glycosyl acceptor for the
preparation of glycosphingolipids [154],[155],[156]. To date, many synthetic
routes have been published for the synthesis of 3-0O-benzoyl azidosphingosine
[157],[158],[159],[160],[161],[162],[163] and in this section we have avoided the
use of expensive and dangerous chemicals in favor of a simple and practical
method for the synthesis of 3-0O-benzoyl azidosphingosine [164].
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Scheme II-3. Reagents and conditions: (a) a,a-dimethoxytoluene, PTSA, DMF, 40 °C, 3 h, 79%; (b)
NalO4, phosphate buffer (pH = 7.6, 0.1 M), r.t, 2 h, 68%; (c) tetradecyltriphenylphosphonium brom
ide 8, n-butyllithium, THF, -30 °C, 12 h, 46% (trans-9) and 16% (cis-9); (d) diphenyldisulfide, cycl
ohexane, dioxane, high-pressure mercury lamp, 5 h, 48%; (e) Tf,0, DCM, Pyr., -15 °C, 15 min; NaNj,
DMF, r.t, 3 h, 78%; (f) PTSA, MeOH, DCM, r.t, 24 h, 92%; (g) TBDMSCI, DCM, Pyr, r.t, 3 h, 94%;
(h) BzCl, Pyr., r.t, 1 h, quant; (i) BF3¢Et,0, DCM, r.t, 4 h, 82%.

4,6-0-benzylidene was first introduced into the commercially available D-
(+)-galactose by «, a-dimethoxytoluene in dry DMF in the presence of p-
toluenesulfonic acid (PTSA). The methanol formed during the reaction was
gradually evaporated at 40 °C to facilitate the reaction thus yielding compound 6
in good yield. Next, aldehyde 7 was obtained by treatment with sodium periodate
in phosphate buffer (pH = 7.6, 0.1 M). Then, 1-bromotetradecane and PPh3 were
reacted at 140 °C for 7 h to prepare tetradecyltriphenylphosphonium bromide 8
[165] which reacted with aldehyde 7 and n-butyllithium in THF at -30 °C to afford
a mixture of isomers with a radio trans/cis = 3/1. After careful purification, the
desired trans-9 was obtained in 46% yield. The cis-9 could be converted to the
desired trans-9 through an illumination reaction in the presence of
diphenyldisulfide in 48% yield. According to the reported method, the azide group
was carefully introduced into trans-9 via the corresponding triflate intermediate
[166] Notably, extraction and concentration of reaction mixtures containing
sodium azide have been reported to be potentially explosive, so this procedure
should be performed with caution [167]. Deprotection of azide 10 was carried out
by acid-catalyzed transacetalation, which was quenched using Et3N at the end of
the reaction to give azidosphingosine 11 in a very high yield. Ultimately, the diol
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11 underwent selective protection of the primary and secondary hydroxyl groups
by TBDMSCI and benzoyl chloride, respectively, as well as deprotection of the
TBDMS group to provide the desired azidosphingosine derivative 3-0-benzoyl
azidosphingosine 14 (Scheme II-3), which will be used in the glycosidic coupling
reactions.

2.6. Synthesis of mannose-containing GM3 analogues

The sialylation reaction is a key step in the synthesis of sialic acid conjugates.
Because of the steric hindrance of the glycerol structure at the C6 position, the C3
position lacks a hydroxyl group, so it lacks neighbor participation effect to control
the a/p configuration selectivity, and the presence of an electron-withdrawing
carboxyl group in sialyl donors, the conditions of the sialylation reaction are
harsher than the general glycosylation reaction [168],[169],[170] so the efficiency
of obtaining a-glycosidic linkages in the sialylation reaction is one of the most
important indicators for evaluating the merits of the reaction. According to our
previous study, we optimized the a-sialylation reaction between the acceptor and
the sialic acid donor by the following Scheme II-4.
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CH,Cly, molecular sieves, -15 °C, 2.5 h, 54%; (e) NaOMe, MeOH, r.t,, 14 h; H;0, 0 °C - r.t,, 2 h; (f) HS(CH;)3SH,
Et3N, pyridine-water (1:1 v/v), 50 °C, 12 h, 82%.

We used the Martichonok and Whitesides method for the a-sialylation
reaction between the sialyl xanthate and the free 6-OH of per-acetylated mannose
residue. PhSOTf formed by adding PhSCl and AgOTf as a promoter reacted in a
mixture solvent of CH,Cl;:CH3CN (1:2) for 3 h at a low temperature of (-68 °C)
[147],[148].

In the reaction mechanism as shown in Scheme II-5 [171], in the first step,
sialyl xanthate reacts with PhSOT( to obtain the oxonium cation M-2 by forming
the intermediate M-1. In the second step, the oxonium cation M-2 is stabilized by
reacting with acetonitrile to form the nitrilium cations M-3 and M-4. Due to kinetic
and thermodynamic control, the nitrilium cation M-3 may be formed first, and
when acetonitrile is attacked from M-2, the formation of M-4 is hindered by
unfavorable steric interactions with protons at C-4 and C-6 of the sialic acid, and
the nitrilium cations M-3 and M-4 are in equilibrium in this step. In the third step,
the receptor ROH reacts with the nitrilium cation M-4 to give the a-product M-5.
The attack on the nitrilium cation M-3 is very hindered due to the protons at C-4
and C-6 and the CO,Me group. A small amount of B-product is formed by the
reaction of the receptor ROH with the oxonium cation M-2.
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Scheme II-5. Proposed mechanism for a-sialylation reaction.

Because of the lack of anomeric hydrogen at the C-2 position of sialic acid, the
anomeric configuration can be confirmed based on empirical rules, including 6 H-
3eq, 6§ H-4, AS {H-9a-H-9b}, Ji.71.8 Jc.21-30x aNd Jc-1 .30 It was demonstrated that
the chemical shift of H-3eq of the a isomer is shifted downfield (6 2.67-2.72 ppm)
compared to that of the 3 isomer (8§ 2.25-2.40 ppm). And the chemical shift of H-4
of the a isomer is shifted upfield (6 4.89-4.93 ppm) compared to that of the 8
isomer (6 5.68-5.81 ppm). In addition, the anomeric configuration of sialic acid
glycosides can be determined from the difference in chemical shifts between two
vicinal protons at C-9 (Ad {H-9a-H-9b} values), which is 0.5 ppm for a-glycosides
and about 1.0 ppm for (-glycosides. Besides that, depending on the coupling
constants, including the coupling constants J;.; 5.5 between H7,H8 on the side
chains of the sialic acid residues, the J.7 5. values of a-glycosides (6.2-8.5 Hz) are
larger than those of (B-isomers (1.5-2.6 Hz); furthermore, it was shown that the
sialic acid residues within a-isomers (5.8-7.5 Hz) show larger J.; .34« values than
those of B-isomers (1.0- 1.7 Hz); and J.; y-34¢ values, which were found to be about
8.0 Hz for the a-isomer and about 4.0 Hz for the B-isomer [172],[173],[174],[175],
[176],[177],[178].
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Where PhSCI 15 was freshly prepared each time and the addition of DTBP to
remove the proton could improve the yield. Finally, the a-sialoside 16 was
obtained in satisfactory yield. The a-sialoside was then reacted overnight at room
temperature in THF in the presence of benzylamine to selectively remove the
acetyl group at the anomeric center to give the hemiacetal 17 as an o and f3
mixture. The reaction of trichloroacetonitrile with the hemiacetal in the presence
of DBU gave trichloroacetimidate 18. Next, the glycosylation of
trichloroacetimidate and 3-O-benzoyl azidostigmine was carried out using
BF;-Et,0 as a promoter. In this step, the a-configuration target monomer 19 of the
newly introduced glycosidic linkage was obtained due to the acetyl group at C-2
position of mannose (neighboring participation effect). Subsequently, under
Zemplén transesterification (NaOMe/MeOH) conditions, all protecting groups
were removed and the resulting product was directly reduced for its azide group
with propanedithiol/triethylamine without further purification to give the
mannose-containing GM3 analogue monomer 21 (Scheme 11-4).

To summarize: this section describes the synthesis of the mannose-
containing GM3 analogue monomer M1.
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Chapter III
Synthesis of mannose-containing GM3 analogue oligomers

with small molecule skeletons based on "click chemistry”
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3.1. Introduction

This chapter describes the synthesis of the dimer, trimer and tetramer of the
mannose-containing GM3 analogues. The structures of these oligomers are shown
in Figure III-1.

Dimer of mannose-containing GM3 analogues:

1,2-Di-{1-[O-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate) -(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-4-
octadecene-1,3-diol]-1H-1,2,3-triazole-4-ylmethyloxy} ethane.

Trimer of mannose-containing GM3 analogues:

1,3,5-Tri-{1-[0-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate) -(2—6)-0-(a-D-mannosyl)-(1—-1)-(2S,3R,4E)-4-
octadecene-1,3-diol]-1H-1,2,3-triazole-4-ylmethyloxy} benzene.

Tetramer of mannose-containing GM3 analogues:

Tetrakis- {1-[O-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate) -(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-4-
octadecene-1,3-diol]-1H-1,2,3-triazole-4-ylmethyloxy}pentaerythritol.
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Figure III-1. Structures of the dimer, trimer and tetramer of mannose-containing GM3 analogues.
3.2. Retrosynthetic analysis

Retrosynthetic analysis of dimer, trimer, and tetramer of mannose-
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containing GM3 analogues is shown in Figure III-2. The synthetic strategy of these
oligomers is as follows: firstly, three small molecular skeletons containing alkyne
groups were prepared and then tightly linked with the target monomers of
mannose-containing GM3 analogues with azide groups by the "click reaction".
Finally, the protecting groups were removed to obtain the desired oligomers.
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Figure III-2. Retrosynthetic plan for the synthesis of the dimer, trimer and tetramer of

mannose-containing GM3 analogues.

3.3. Preparation of small molecular skeletons

The alkyne group is one of the least reactive functional groups in organic
chemistry and is chemically inert with many common functional groups, making
it highly compatible with many systems [179]. For the desired small molecule
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skeletons, we obtained the corresponding divalent, trivalent and tetravalent
skeletons by reacting bromopropyne with ethylene glycol, phloroglucinol and
pentaerythritol under basic conditions provided by different bases, respectively,
as shown in Scheme I11-1 [180],[181], [182].
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Scheme III-1. Reagents and conditions: (a) KOH, DMF, 0 °C-r.t,, 14 h, 48%; (b) K,CO3, DMF, 0 °C-r.t,, 14 h,
75%; (c) NaH, DMF, 0 °C-r.t.,, 14 h, 65%.
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3.4. Synthesis of dimer, trimer and tetramer of mannose-containing GM3
analogues

The term "click chemistry" was first coined by K. B. Sharpless in 2001, with
the main idea being the fast and reliable construction of complex molecular
structures through the stitching together of small units [183]. It particularly
emphasizes the development of new approaches in combinatorial chemistry
based on carbon-heteroatom linked units (C-X-C) to obtain a wider range of
molecular diversity through simple, reliable and highly selective chemical
transformations [185]. Because of its characteristics: easy availability of reaction
raw materials; simple reaction conditions, the reaction process is insensitive to
water and oxygen; high yield, no by-products or harmless by-products; and high
stereoselectivity and stability of the product, etc. It is widely used in many fields
such as drug development and biomedical material synthesis [179],[186],[187]. It
has become one of the most attractive development directions in the
pharmaceutical field and is also considered to be one of the most effective
technologies to accelerate the research and development of new drugs in the
future [188].

Click chemistry reactions can be divided into the following four main types:
cycloaddition reactions; carbon-carbon multiple bond addition reactions;
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nucleophilic ring opening reactions and mild condensation reactions of carbonyl
compounds (Figure III-3) [189]. Among the cycloaddition reactions, the copper-
catalyzed azide-alkyne 1,3-dipole cycloaddition (CuAAC) is the most classical
system for click chemistry reactions. The click reaction originated from the
Huisgen 1,3-dipole cycloaddition reaction, which requires high temperatures and
yields a mixture of two isomers when using an asymmetric alkyne reaction [190].
In 2002, two research groups of Meldal and Sharpless independently reported that
the 1,3-dipole cycloaddition reaction of azides with alkynes could be further
enhanced under copper catalysis with the advantages of efficient reaction, mild
conditions, high product yields and simple post-treatment, and the application of
the terminal alkyne group could provide high regioselectivity [191],[192].

Cycloadditions
1,3-dipolar cycloadditions (Huisgen cycloaddition)
Diels-Alder transformations

Additions to carbon-carbon multiple bonds

Epoxidation
T / Aziridination
/ Click Dihydroxilation/Aminohydroxylation
\_ reactions / Michael addition

Nucleophilic substitution chemistry
Nucleophilic opening of “'spring-loaded” rings

Carbonyl chemistry of the “non-aldol” type
Formation of hydrazones, oxime ethers
Formation of ureas, thioureas and amides
Formation of aromatic heterocycles

Figure III-3. Classification of click reactions [189].

Fokin and his co-workers described the mechanism of copper-catalyzed
azide-alkyne cycloaddition (CuAAC) (Figure III-4) [193],[194],[195]. Click
chemistry refers to the rapid reaction between an alkyne and an azide, with
copper (I) ions as the catalyst in the process. The linkage of alkynes and azides
results in the formation of a stable five-membered heterocyclic compound called
the triazolide. Before the formal reaction, the alkyne functional group is first
activated gradually by two copper (I) ions. The first copper(I) ion combines with
an alkyne to form a monocopper acetylide. The monocopper alkynylide will form
an activated bicopper alkynylide when it interacts with another copper(I) ion.
During the click reaction, the copper(I) ion in the bicopper alkynylide first
interacts with the third nitrogen atom in the azide functional group. Then the
second carbon atom in the bicopper alkynylide forms a covalent bond with the
first nitrogen atom in the azide to form a six-membered heterocyclic intermediate.
Next, the third nitrogen atom in the azide forms another covalent bond with the
first carbon atom in the alkyne, and the copper(I) ion that originally interacted
with the nitrogen atom is removed in the process. In the last step, a proton
replaces the remaining copper(I) ion to obtain the triazolide.
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Figure III-4. Proposed mechanism of the CuAAC reaction (13).

Our synthetic strategy employed the copper-catalyzed cycloaddition reaction
as shown in Scheme III-2, where the monomer 19 containing the azide moiety is
linked to three small molecule alkyne skeletons by the click reaction, respectively.
The azide monomer 19 and the alkyne skeleton were dissolved in a mixture of
tetrahydrofuran and deionized water, and then copper sulfate pentahydrate and
sodium ascorbate were added. Activated copper(I) catalysts can be catalyzed
directly with monovalent copper salts, or by reducing divalent copper salts to
monovalent copper salts using sodium ascorbate as the reducing agent. A slight
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excess of sodium ascorbate is added to the reaction to prevent the formation of
oxidative coupling products. The latter reduction scheme of Cu(Il) salt is used in
this step of the reaction. The reaction system was reacted at 56 °C for 24 h. The
protected di-, tri- and tetramers (25, 26, 27) were then purified by extraction and
column chromatography. Eventually, all protecting groups were removed under
Zemplén transesterification (NaOMe/MeOH) conditions to achieve the target
oligomers (28, 29, 30) in good yields.
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Scheme III-2. Reagents and conditions: (a) 19, CuSO04-5H;0, sodium ascorbate, THF, H,0, 56 °C, 24 h, 25-
62%; 26-55%; 27-48%; (b) NaOMe/MeOH, H,0, r.t., 12 h, 28-83%; 29-85%; 30-84%.

To summarize: this section describes the synthesis of the dimer M2, trimer
M3 and tetramer M4 of the mannose-containing GM3 analogue.
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Chapter IV
Biological evaluation of oligomers of mannose-containing

GM3 analogues based on small molecular skeletons
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4.1. Introduction

Some studies have shown that GM3, in addition to being involved in a number
of processes such as intercellular recognition, connectivity and information
transmission, also has anti-tumor effects and has a significant impact on the
proliferation and motility of tumor cells [196]. GM3 is easily penetrates various
tissue barriers, and has high tolerability and low toxicity characteristics
unmatched by other drugs, and can inhibit tumor growth through multiple
pathways. GM3 affects the proliferation of tumor cells by interacting with various
membrane receptors. For example, exogenous GM3 inhibits epidermal growth
factor receptor phosphorylation, thereby inhibiting the growth of human
epidermoid carcinoma A431 cells [107]. Furthermore, cell motility in tumor
growth is crucial and represents one of the relevant factors in assessing the
malignancy of cancer. Some studies have found that GM3 may regulate the
expression of MMP-9 through the PI3K/Akt signal transduction pathway to
regulate cell metastasis [197]. EMT is currently seen as the pathological process
that leads to tumor progression. During the malignant evolution of tumors, EMT
allows tumor cells to invade and metastasize, and inhibition of EMT may be an
effective way to inhibit tumor cell migration or metastasis. Some studies have
demonstrated that Src kinase inhibitors such as dasatinib can effectively inhibit
the occurrence of EMT [198], thereby suppressing tumor growth. Therefore,
investigating the effects of exogenous drugs on EMT-related proteins and
signalling pathways provides a direction for the treatment of tumors and has
become a strategy for the development of new clinical drugs.

To date, we have successfully synthesized a certain amount of small molecule
backbone based on oligomers of mannose-containing GM3 analogues, including
dimer M2, trimer M3 and tetramer M4. In this section, the anticancer activity of
monomer and oligomers of mannose-containing GM3 analogues will be evaluated.
The effect of the monomer and oligomers on the growth and motility of tumor cells
was investigated through a series of bioactivity evaluation assays: MTT
cytotoxicity assay, cell colony formation assay, cell morphology assay, wound
healing assay, Transwell migration and invasion assay and Western blot assay.
This work was done in collaboration with Pr. Jianhua XU and Dr. Yan LIU (School
of Pharmacy, Fujian Medical University, Fuzhou, Fujian 350122, China).

4.2. Experimental methods

Statistical Analysis
Data are expressed as the mean * SD from at least three independent experiments.

4.2.1. Cell culture

Human colon cancer HCT116 cells, human leukemia K562 cells, highly
69



metastatic murine melanoma B16F10 cells, and highly metastatic human
pancreatic adenocarcinoma BXPC-3 cells were originally obtained from Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences (China), and
maintained in RPMI-1640 supplemented with 10% fetal bovine serum (FBS, PVN)
at 37 °C and 5% CO,, as well as penicillin and streptomycin (100 mg/ml each).

4.2.2. MTT cytotoxicity assay

Cell viability was determined using MTT method (Figure IV-1). Briefly, cells
were seeded at a density of 5 X 103 cells/well in a 96-well plate and allowed to
adhere overnight. Cells were treated with GM3 analogues (M1, M2, M3, M4) with
different concentrations or vehicle DMSO for 72 h, then added 20 uL. MTT solution
(5 mg/mL) into each well of the 96-well plate and incubated at 37 °C for 4 h. After
incubation, the supernatant was discarded, replaced with 150 pL. DMSO and then
measured at a wavelength of 570 nm (Thermo Fischer). All experiments were
tested in triplicate.

MTT Cytotoxicity Assay
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Figure IV-1. MTT cytotoxic assay procedure.
4.2.3. Cell colony formation assay

Cells were seeded in 12-well plates (700/well) and treated with different
concentrations of GM3 analogues (M1, M2, M3, M4). After cultured for 24 h, cells
were removed GM3 analogues, change fresh medium and cultured in a humidified
5% CO, atmosphere at 37 °C. After 7-14 days, removed the medium, colonies were
fixed with methanol for 20 min, stained with crystal violet for 30 min and counted
by light microscopy (Figure IV-2).
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Figure IV-2. Cell colony formation assay procedure.

4.2.4. Wound healing test

B16F10 cells (5x10* cells/mL) were cultured into 24-well plates and grown
in RPMI-1640 medium containing 10% FBS to nearly confluent cell monolayer,
then used a 10 pL plastic pipette tip to draw a “wound” in the cell monolayer of
each well. The monolayer was then washed twice with PBS buffer to remove
debris or detached cells, and GM3 analogues (M1, M2, M3, M4) were added at
different concentrations in fresh RPMI-1640 medium without FBS, and
subsequently cultured for 24 h or 36 h. The wound healing of the scratched cells
was photographed under a microscope (Leica, Zeiss, Germany). The effect of GM3
analogues on tumor cell motility was expressed as migration % of control. The
migration rate was calculated by formula [((wound width at 0 h - wound width at
exposure time point) / wound width at 0 h) x 100 %], then the migration rate of
control group was normalized to 100 %, and values were calculated as migration
(%) of control group [ (migration in treatment / migration in control) x 100 %].

1. Culture preparation and cell seeding

Pipette tip

Culture plate

Multiwell plate

2. Scrateh-making

4. Dataanalysis

3. Dataacquisition (image capturing and gap measurement) in time points

Figure IV-3. Wound healing test procedure.

4.2.5. Transwell migration and invasion assay

Cell migration or invasion was evaluated using Transwell pore polycarbonate
membrane insert (8 mm) with or without Matrigel-coated invasion chambers,
respectively (Figure IV-4) [199]. In brief, 1 x 10° cells which were untreated, or
pretreated with GM3 analogues (M1, M2, M3, M4) at different concentrations were
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seeded into the upper chamber for adhesion in a 100 pL of serum-free medium.
The lower chamber was then supplemented with a 600 pL of RPMI-1640 culture
medium containing 20% FBS. After 12 h or 24 h incubation, invasive cells that
adhered to the lower chamber were fixed with methanol for 20 min, stained with
500 pL of 0.5% crystal violet solution for 30 min at room temperature, washed
with PBS and observed under an optical microscope. Finally, the invasive cells
were subjected to 33% acetic acid, and absorbance was measured at 570 nm using
a microplate reader (Thermo Fischer).

The migration rate was calculated by formula [(Mean number of migrated
cells in the experimental group (OD value) / Mean number of migrated cells in the
control group (OD value)) x 100 %], then the migration rate of control group was
normalized to 100 %, and values were calculated as migration (%) of control
group [(migration in treatment / migration in control) x 100 %]. The experiment
was repeated three times.

The invasion rate was calculated by formula [(Mean number of invasive cells
in the experimental group (OD value) / Mean number of invasive cells in the
control group (OD value)) x 100 %], then the invasion rate of control group was
normalized to 100 %, and values were calculated as invasion (%) of control group
[(invasion in treatment / invasion in control) x 100 %]. The experiment was
repeated three times.

iTranswell migration assay

Fixing solution Staining solution

3. Methanol fixed

]

. —> The next operation is the same as above.

nutrient-rich lower compartment oxalate-crystal violet

staining

Cells must first secrete matrix
metalloproteinases (MMPs) to degrade the
matrigel before passing through the
polycarbonate membrane.

Figure IV-4. Transwell migration and invasion assay procedure.
4.2.6. Western blot assay

The cells (5x10° / well) were cultured into 10 cm culture dishes, the control
group and different concentrations of GM3 analogues (M1, M2, M3, M4) were
treated for 48h (Figure IV-5). Cells were then harvested and lysed in RIPA buffer
containing protease inhibitors and phosphatase inhibitors, and protein was
quantified using a BCA protein assay kit (Beyotime, China). Proteins were
separated using 8% or 10% SDS-PAGE and electrotransferred onto the PVDF
membranes (Roche, Switzerland). Blots were blocked with 5% skim milk and then
subjected to incubation with the primary antibody overnight at 4 °C. The
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membrane was then washed with TBST buffer and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies: goat anti-mouse IgG (H + L)
(Cat. #A16072, Thermo Fisher Scientific), and goat anti-rabbit IgG (H + L) (Cat.
#A16110, Thermo Fisher Scientific). After washed with TBST for three times, the
membranes were incubated with an enhanced chemiluminescence detection kit
(Thermo Fisher Scientific) and visualized using a ChemiDocTM imaging system
(GE Healthcare, Uppsala, Sweden). Anti-GAPDH antibody was used as a loading
control. The primary antibodies included GAPDH (#5174, CST), 3-catenin (#8480,
CST), N-cadherin (#13116, CST), Vimentin (#5741, CST), E-cadherin (#3195, CST),
EGF Receptor (#4267, CST), VEGF Receptor 2 (#2479, CST), Gsk3p (A2081,
ABclonal) and C-myc (#18583, CST). All Western blots analyses were repeated at
least three times.
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Figure IV-5. Transwell migration and invasion assay procedure.
4.3. Results and discussion

4.3.1. M1, M2, M3, and M4 inhibited tumor cell growth

4.3.1.1. Results and discussion of MTT cytotoxicity assay

MTT assay was used to measure the cytotoxicity of M1, M2, M3, and M4 on
tumor cells. It was found that M1, M2, M3, and M4 could inhibit tumor cell lines
HCT116,K562, B16F10, and BXPC viability in different degrees (Figure IV-6), and
they had a stronger effect on HCT116 and B16F10 cell lines than that on K562 and
BXPC-3. However, GM3 analogues showed weak antiproliferative activity on
BXPC-3 cells, with ICs( values greater than 200 uM.
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Figure IV-6. GM3 analogues inhibited cancer cell viability. HCT116, K562, B16F10 and BXP-3 cells were
treated with GM3 derivatives (M1~M4) for 72 h. Cell viability was measured with MTT and expressed relative

to vehicle-treated control. Results are presented as means + SD of three independent experiments.
4.3.1.2. Results and discussion of cell colony formation assay

The colony formation assay was used to evaluate the effect of M1, M2, M3,
and M4 on the proliferation of tumor cells. As illustrated in Figure IV-7, M1, M2,
M3 and M4 all suppressed the cell colony formation of B16F10 cells in a
concentration-dependent manner. Among them, M2 and M4 were more cytotoxic
than M1 and M3, which indicated that M2 and M4 could have more potent anti-
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proliferative activity.
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Figure IV-7. GM3 analogues inhibited cancer cell proliferation. Effect of M1, M2, M3 and M4 on colony

formation of B16F10 cells. B16F10 cells were treated with GM3 derivatives (M1~M4) for 24 h, then cultured

for 7-14 Days. Results are presented as means * SD of three independent experiments.
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4.3.1.3. Results and discussion of cell morphology assay

By observing the morphological changes of B16F10 cells after 24 h of M1, M2,
M3 and M4 effects, it was found that the cell antennae retracted and gradually
became round at the concentration of 1.565 uM for M2 and M4. The above changes
were observed for M1 and M3 at concentrations of 3.15 uM and 12.5 uM,
respectively (Figure IV-8). That is, the toxicity of M2 and M4 on B16F10 cells was
significantly stronger than that of M1 and M3, which was consistent with the
results of the cell colony formation assay.

1.565

Figure IV-8. Effects of M1, M2, M3 and M4 treatments on morphological changes of B16F10 cells after 24 h.
4.3.2. M1, M2, M3, and M4 inhibited tumor cell migration and invasion.
4.3.2.1. Results and discussion of wound healing test

Given the low cytotoxicity of M1, M2, M3 and M4, wound healing tests were
performed to assess their effect on the migration ability of highly metastatic
B16F10 cells. As shown in Figure IV-9 and Figure IV-10, the migration rates of
B16F10 cells treated with 25 uM GM3 analogues M1, M2, M3, M4 for 24 h or 36 h
were 45.7%, 7.6%, 32.2%, 2.1% and 53.8%, 20.2%, 63.7%, 17.7%, respectively.
The results demonstrated that M1, M2, M3 and M4 had a significant inhibitory
effect on migration for highly metastatic cell, M2 and M4 had a stronger anti-
migration effect than M1 and M3.
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Figure IV-9. M1, M2, M3 and M4 inhibited tumor cell migration. Effect of M1, M2, M3 and M4 on B16F10 cell
migration after 24 h of exposure was measured by Wound healing assay. The migration was calculated by
formula [((wound width at 0 h - wound width at exposure time point) / wound width at 0 h) x 100 %], and
values were calculated as migration % of control [(migration in treatment / migration in control) x 100 %)].

Results are presented as means * SD of three independent experiments.
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Figure IV-10. M1, M2, M3 and M4 inhibited tumor cell migration. Effect of M1, M2, M3 and M4 on B16F10 cell
migration after 36 h of exposure was measured by Wound healing assay. The migration was calculated by
formula [((wound width at 0 h - wound width at exposure time point) / wound width at 0 h) x 100 %], and
values were calculated as migration % of control [(migration in treatment / migration in control) x 100 %)].

Results are presented as means * SD of three independent experiments.

4.3.2.2. Results and discussion of transwell migration and invasion
assay

Our previously synthesized GM3 analogues have been reported to inhibit
tumor cell migration, but their effect on tumor cell invasion has not been
investigated [147],[200]. Transwell assay can be used to analyze cell migration
and invasion, based on the wound healing test to verify the ability of M1, M2, M3
and M4 to inhibit tumor cell migration, we further verified their ability to inhibit
the migration and invasion of tumor cells by transwell migration and invasion
assay.

When B16F10 cells were treated with M1, M2, M3 and M4, they inhibited the
migration and invasion of tumor cells at concentrations lower than their cytotoxic
doses (Figure IV-11 and Figure IV-12). The migration and invasion rates in M2
and M4 dose groups were dose-dependent and relatively low at 25 pM compared
with M1 and M3, suggesting that M2 and M4 had the most significant inhibitory
effects on tumor cell migration and invasion.
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Figure IV-11. GM3 analogues inhibited tumor cell migration. Effect of M1, M2, M3 and M4 on B16F10 cell
migration after exposure for 12 h by transwell migration assay. The migration rate was calculated by formula
[(Mean number of migrated cells in the experimental group (OD value) / Mean number of migrated cells in
the control group (OD value)) x 100 %], then the migration rate of control group was normalized to 100 %,
and values were calculated as migration (%) of control group [(migration in treatment / migration in control)

x 100 %]. Results are presented as means * SD of three independent experiments.
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Figure IV-12, GM3 analogues inhibited tumor cell invasion. Effect of M1, M2, M3 and M4 on B16-F10 cell
invasion after exposure for 24 h measured by transwell invasion assay. The invasion rate was calculated by
formula [(Mean number of invasive cells in the experimental group (OD value) / Mean number of invasive
cells in the control group (OD value)) x 100 %], then the invasion rate of control group was normalized to
100 %, and values were calculated as invasion (%) of control group [(invasion in treatment / invasion in

control) x 100 %]. Results are presented as means * SD of three independent experiments.

M1, M2, M3 and M4 had similar results on BXPC-3 tumor cells (Figure IV-13
and Figure 1V-14). Similarly, M1, M2, M3 and M4 inhibited the migration and
invasion ability of tumor cells at concentrations below their cytotoxic levels, and
M2 and M4 inhibited the migration and invasion of tumor cells most significantly.
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Figure IV-13. GM3 analogues inhibited tumor cell migration. Effect of M1, M2, M3 and M4 on BXPC-3 cell
migration after exposure for 12 h by transwell migration assay. The migration rate was calculated by formula
[(Mean number of migrated cells in the experimental group (OD value) / Mean number of migrated cells in
the control group (OD value)) x 100 %], then the migration rate of control group was normalized to 100 %,
and values were calculated as migration (%) of control group [(migration in treatment / migration in control)

x 100 %]. Results are presented as means * SD of three independent experiments.
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Figure IV-14. GM3 analogues inhibited tumor cell invasion. Effect of M1, M2, M3 and M4 on BXPC-3 cell
invasion after exposure for 24 h measured by transwell invasion assay. The invasion rate was calculated by
formula [(Mean number of invasive cells in the experimental group (OD value) / Mean number of invasive
cells in the control group (OD value)) x 100 %], then the invasion rate of control group was normalized to
100 %, and values were calculated as invasion (%) of control group [(invasion in treatment / invasion in

control) x 100 %]. Results are presented as means * SD of three independent experiments.
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4.3.3. M1, M2, M3, and M4 inhibited EMT via EGFR/VEGFR-B-catenin
signaling pathway.

4.3.3.1 Results and discussion of western blot assay

Our statistics indicated that oligomers have a significant inhibitory effect on
the migration and invasion of tumor cells, suggesting that they may have an effect
on the EMT (Epithelial-mesenchymal transition) process of tumor cells. EMT is an
important link in tumor development, allowing tumor cells to acquire migratory
and aggressive characteristics [201],[202]. EMT is a process in which epithelial
cells lose their morphology and function and gradually transform into
mesenchymal-like cells. It is manifested as loss of cell polarity, reduced adhesion,
migration and invasion ability, and abnormal expression of molecular markers,
such as decreased expression of E-cadherin and increased expression of N-
cadherin (Figure IV-15) [203]. Therefore, we investigated the effect of M1, M2,
M3, and M4 on the expression of EMT-related proteins by western blot assay.
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Figure IV-15. General characteristics of EMT [201].

The results showed that the protein levels of [-catenin, N-cadherin and
Vimentin in tumor cells reduced and that of E-cadherin increased after treating
B16F10 cells with M1, M2, M3 and M4 for 48 h (Figure IV-16), indicating M1, M2,
M3 and M4 could inhibit tumor cell EMT process. In addition, M2 and M4
significantly inhibited the expression effect of EMT-related proteins and in a dose-
dependent manner, which was consistent with the results of wound healing test
and Transwell assay.

83



Bl6F10

M1 M2 M3 M4
CTL 625125 25 50 uM CTL 6.2512.5 25 50 M CTL 6.2512.5 25 50 puM CTL 6.25 125 25 50 pM
P-eatenin | e s— — - f-catenin B-catenin R-catenin
N-cadherin El N-cadherin N-cadherin El N-cadherin

VINENLN | o o s v Vimentin | e s— e o Vimentin El Vimentin E
e I e R e =
——

Figure IV-16. Protein levels of EMT-related molecules were detected by Western blotting in B16F10 tumor
cell lines treated with M1, M2, M3 and M4. Whole cell lysates were resolved by SDS-PAGE and analyzed

through immunoblotting antibodies against EMT-related molecular and GAPDH as a loading control.

Previous studies have proven that GM3 could inhibit tumor cell motility and
proliferation by down-regulating EGFR and PI3K/AKT signaling pathways
[12],[135]. EGFR and other growth factor receptors are mutated or overexpressed
in various cancers. The EGFR/VEGFR-mediated PI3K/Akt signaling pathway
phosphorylates and inactivates GSK3[ via Akt and then up-regulates (3-catenin to
activate the EMT process. As a negative regulator of EMT, GSK3[3 promotes [3-
catenin phosphorylation, resulting in [-catenin degradation. In addition,
activation of the (-catenin signaling pathway promotes the expression of other
key proteins of EMT, such as C-myc [205],[206],[207],[208].

In order to explore the mechanism of M1, M2, M3 and M4 reducing EMT
process, we observed the effects of M1, M2, M3 and M4 on the expression of EGFR,
VEGFR, GSK-3(3, B-catenin, C-myc, N-cadherin and E-cadherin. After treating
BXPC-3 cells with M1, M2, M3 and M4 for 48 h, the protein levels of EGFR and
VEGFR reduced and that of GSK-3f increased, resulting in decreased Wnt/(3-
catenin pathway proteins 3-catenin and C-myec, that in turn reduced N-cadherin
and increased E-cadherin expression, resulting in the inhibition of EMT (Figure
IV-17). The outcomes indicated that M1, M2, M3 and M4 could restrain the EMT
process of tumor cells through inhibiting the EGFR/VEGFR-§3-catenin signaling
pathway, thus inhibit tumor cell migration and invasion.
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Figure IV-17. Protein levels of EGFR/VEGFR-B-catenin signal pathway and EMT-related molecules were
detected by Western blotting in BXPC-3 tumor cell lines treated with M1, M2, M3 and M4. Whole cell lysates
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were resolved by SDS-PAGE and analyzed through immunoblotting antibodies against EGFR/VEGFR-§-

catenin signal pathway and EMT-related molecules and GAPDH as a loading control.

To summarize: this section describes the anti-tumor activity of M1, M2, M3 and
M4. As M2 and M4 show good biological activity, it is logical to continue with the
synthesis of higher valence oligomers.
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ChapterV
Synthesis of mannose-containing GM3 analogue oligomers

with macromolecular skeletons based on "click chemistry"
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5.1. Introduction

This chapter describes the synthesis of the hexamer and heptamer of the
mannose-containing GM3 analogue. The structures of these two oligomers are
shown in Figure V-1.

Hexamer of mannose-containing GM3 analogues (M6).

Hexakis {2,3-di-O-methyl-6-[0-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-
2-nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-4-
octadecene-1,3-diol.]-1H-1,2,3-triazole-4-ylmethyloxy} cyclomaltohexaose

Heptamer of mannose-containing GM3 analogues (M7).

Heptakis {2,3-di-O-methyl-6-[O-(5-acetamido-3,5-dideoxy-D-glycero-a-D-
galacto-2-nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1—1)-(2S,3R,4E)-
4-octadecene-1,3-diol.]-1H-1,2,3-triazole-4-ylmethyloxy} cyclomaltoheptaose
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Ho. OH COOH
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OH

Figure V-1. Structures of the hexamer and heptamer of mannose-containing GM3 analogues.

5.2. Retrosynthetic analysis

Retrosynthetic analysis of hexamer and heptamer of mannose-containing
GM3 analogues is shown in Figure V-2 and Figure V-3. The synthetic strategy of
these target oligomers is as follows: the hexavalent and heptavalent molecular
skeletons containing alkyne groups were first prepared from o and f
cyclodextrins as the raw material, respectively. Then the target monomers were
introduced into these two skeletons by click reaction. Finally, the protecting
groups were removed to obtain the desired target oligomers.
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Figure V-2. Retrosynthetic plan for the synthesis of the hexamer of mannose-containing GM3 analogues.
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Figure V-3. Retrosynthetic plan for the synthesis of the heptamer of mannose-containing GM3 analogues.
5.3. Preparation of macromolecular skeletons

Cyclodextrins are cyclic oligosaccharides formed from D-glucose units linked
by alpha-1,4 glycosidic bonds, of which the most studied and practically important
are molecules containing 6, 7 and 8 glucose units, called alpha-, beta- and gamma-
cyclodextrins, respectively [209],[210]. Since the glycosidic bonds connecting the
glucose units are not free to rotate, cyclodextrins are distinctive slightly tapered
rings that produce a hydrophilic outer surface and a nonpolar inner cavity. The
multiple hydroxyl groups on the primary (C-6) and secondary (C-2, C-3) faces of
cyclodextrins can be used as functional modification sites, so cyclodextrins can be
used as molecular scaffolding to modify multiple functional groups onto the
building blocks of cyclodextrins to generate cyclodextrin derivatives [211]. Due to
their excellent structural characteristics and physicochemical properties,
cyclodextrins and their derivatives have become excellent structural units for the
construction of various functional compounds and have important applications in
pharmaceuticals and other fields [212],[213]. It has been reported in the literature
that cyclodextrin derivatives can bind to appropriately sized drug molecules to
produce multivalent structural complexes [214],[215],[216],[217],[218],[219]. In
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view of this, we used commercially available a and  cyclodextrins as starting
materials for the synthesis of hexa- and heptavalent skeletons of cyclodextrin
derivatives by alkyne group modification.

(b)

Hydrophobic
cavity

(a)

Secondary Primary
face face

Figure V-4. (a) Schematic representations of the general chemical structure and (b) the tridimensional
structure of cyclodextrins, and (c) chemical structure and dimensions for a-, f- and y-cyclodextrin (n=6, 7 and

8, respectively). [63]

At first, all the hydroxyl groups at the C-6 position of the main a-cyclodextrin
rim were selectively protected by TBDMSCI in dry pyridine to give compound 31,
followed by methylation of the remaining hydroxyl groups at the C-2 and C-3
positions of the second rim in dry DMF with iodomethane and sodium hydride to
get compound 32, then refluxed in THF for 2 h in the presence of TBAF to remove
the TBDMS group to obtain compound 33, and finally, introduction of the alkyne
groups to compound 33 was carried out with bromopropyne and sodium hydride
in dry THF to yield a-cyclodextrin derivative 34, which was used as a hexavalent
skeleton for the subsequent click reaction[221],[222],[214]. as shown in Scheme
V-1.
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Scheme V-1. Reagents and conditions: (a) TBDMSC], pyridine, 0 °C-r.t., 18 h, 71%; (b) lodomethane, NaH,
DMF, 0 °C-r.t,, 14 h, 73%; (c) TBAF, THF, 80 °C, 2 h, 76%; (d) Bromopropyne, NaH, THF, 0 °C-r.t., 48 h, 72%.

The synthetic strategy for the heptavalent skeleton 3-cyclodextrin derivative
38 used for the subsequent click reaction took the same approach as described
above for the synthesis of the a-cyclodextrin skeleton. As shown in Scheme V-2.

0
g DH OH ¢

N
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Scheme V-2. Reagents and conditions: (a) TBDMSC], pyridine, 0 °C-r.t,, 18 h, 70%; (b) Iodomethane, NaH,
DMF, 0 °C-r.t,, 14 h, 72%; (c) TBAF, THF, 80 °C, 2 h, 75%; (d) Bromopropyne, NaH, THF, 0 °C-r.t., 48 h, 69%.
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5.4. Synthesis of hexamer and heptamer of mannose-containing GM3
analogues

For the synthesis of the hexamer, we still adopted the synthetic strategy of
the copper-catalyzed cycloaddition reaction as shown in Scheme V-3, in which the
monomer 19 containing the azide group was linked to the hexavalent skeleton a-
cyclodextrin derivative with an alkyne group by click reaction. In the beginning,
the monomer 19 and the hexavalent skeleton 34 or heptavalent skeleton 38 were
dissolved in a mixture of tetrahydrofuran and deionized water, and then copper
sulfate pentahydrate, which can be reduced to monovalent copper salts to play a
catalytic role, and sodium ascorbate as the reducing agent were added, and the
reaction system was reacted at 56 °C for 24 h to obtain the protected hexamer 39
or heptamer 40. Finally, all protecting groups were removed under Zemplén
transesterification (NaOMe/MeOH) conditions to achieve the target hexamer or
heptamer of mannose-containing GM3 analogues 41 or 42 in good yields.
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Scheme V-3. Reagents and conditions: (a) CuSO4-5H,0, Sodium ascorbate, THF, H,0, 56 °C, 24 h, 56% of 39,
55% of 40; (b) NaOMe/MeOH, H,0, r.t.,, 12 h, 66% of 41 (M6), 62% of 42 (M7).

To summarize: this section describes the synthesis of hexamer M6 and
heptamer M7 of the mannose-containing GM3 analogue. Although the amounts
synthesized so far are not sufficient to test for biological activity, by now we have
prepared enough of the three blocks required to construct the monomer so that
sufficient amounts of M6 and M7 will be prepared in the near future.
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Chapter VI
Synthesis of GM3
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6.1. Introduction

Numerous literatures we have mentioned before have reported that some
GM3 derivatives have stronger antitumor activity than GM3 itself. Up to now, we
have synthesized several oligomers of GM3 analogues, and for a more rigorous
and complete assessment of their anticancer activity results, it is necessary to
synthesize GM3 as a reference, therefore, this chapter describes the synthesis of
GM3 by both chemoenzymatic and chemical synthesis routes. The structure of
GM3 is shown in Figure VI-1.

Ganglioside GM3:

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic acid)-
(2—-3)-0- (B-D-galactopyranosyl)-(1—4)-(B-D-glucopyranosyl)-(1—1)-(2S,3R,4E)-
2-octadecanamido-4-octadecene-1,3-diol.

GM3
HO OH OH
Q o 0}
O&W H&
OH HO
\ J
'
Lactose

Figure VI-1. Structures of the GM3.
6.1.1. Retrosynthetic analysis of chemoenzymatic synthesis of GM3

The retrosynthetic analysis of the chemoenzymatic synthesis of GM3 is
shown in Figure VI-2. Our synthetic strategy can be divided into three steps: first,
we prepare the per-acetylated lactosyl trichloroacetimidate block, then we obtain
lactosyl sphingosine by glycosylation of lactosyl residues and 3-O-benzoyl
azidosphingosine 14, and finally we complete the synthesis of GM3 using highly
efficient one-pot multienzyme (OPME) sialylation systems.
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Figure VI-2. Retrosynthetic plan for the chemoenzymatic synthesis of GM3.

6.1.2. Preparation of the per-acetylated lactosyl trichloroacetimidate block

In the first step all hydroxyl groups on lactose were protected with acetic

anhydride in pyridine to per-acetylated lactose 43. In the second step, compound
43 was reacted in the presence of benzylamine in THF at room temperature
overnight to selectively remove the acetyl group at the anomeric center, yielding
compound 44 as a mixture of a and (. In the last step the reaction of
trichloroacetonitrile with the compound 44 in the presence of DBU gave the fully
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acetylated lactosyl trichloroacetimidate block
Scheme VI-1.

HO OH
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45 NH

45 [223],[224]. as shown in

AcO OAc OAc
O o Q
AcO AcO OAc
OAc Ac
43
b
AcO OAc OAc
Q o Q
AcO AcO OH
OAc Ac
44

Scheme VI-1. Reagents and conditions: (a) Acetic anhydride, pyridine, r.t., 12 h, 79%;
(b) PhCH;NH,, THF, r.t,, 20 h, 88%); (c) CCI5CN, DBU, CH,Cl,, -5 °C-0 °C, 12 h, 77%.

6.1.3. Preparation of the lactosyl sphingosine

The glycosylation of the fully acetylated lactosyl trichloroacetimidate 45 to 3-
O-benzoyl azidostigmine 14 was carried out using BF3-Et,0 as a promoter at-18 °C
for 3 h to give compound 46. Subsequently, under Zemplén transesterification
(NaOMe/MeOH) conditions, all protecting groups were removed and the resulting
product was directly reduced for its azide group with 1,3-propanedithiol and
triethylamine in a mixture of pyridine-water at 50 °C for 12 h without further
purification to give the lactosyl sphingosine 48 [225] as shown in Scheme VI-2.
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Scheme VI-2. Reagents and conditions: (a) BF;-Et,0, CH,Cl,, molecular sieves, -18 °C, 3 h, 78%; (b) NaOMe,
MeOH, r.t,, 14 h; H,0, 0 °C - r.t,, 2 h; (c) 1,3-propanedithiol, Et;N, pyridine-water, 50 °C, 12 h, 80%.

6.1.4. Chemoenzymatic synthesis of GM3

To date, various methods have been explored for the synthesis of ganglioside
GM3[226],[227],[228],[229],[230],[231],[232]. In general, the routes for the total
synthesis of GM3 by single chemical methods are tedious, involve repeated
chemical synthesis steps of addition and removal of protection, are time-
consuming, and, as previously described, the specificity of the complex structure
of sialic acid makes chemical sialylation reactions usually more challenging than
other glycosylation reactions. With the continuous development of advanced
synthetic strategies, an efficient and simplified chemoenzymatic synthesis
strategy has attracted our attention. Numerous studies have shown that
chemoenzymatic synthesis simplifies the steps required for chemical synthesis, is
more efficient, has better stereoselectivity and regioselectivity, and is a powerful
method for the production of oligosaccharides, polysaccharides, glycoconjugates
and their derivatives [233],[234],[235],[236],[237] so we decided to use the
efficient one-pot multienzyme (OPME) sialylation system for the synthesis of GM3
[138].

102



HO sOH OH
AcHN 9/ “cooH
HO
a
HO
HO OH HO OH OH NH,
S QO o Q H ~_-C13H27
- + HO HO 0
AcHN 9/ “cooH o
HO OH OH
49 48

\b
HQ

COOH
HO. S HO OH OH NH,
OH OH OH

HO

50

Scheme VI-3. Reagents and conditions:

(a) CTP, MgCl,, Tris-HCl buffer (100 mM, pH 8.5), NmCSS, 37 °C, 0.5h. (b) PmST1, 24 h.

The starting material 48, sialic acid, was activated by Neisseria meningitidis
CMP-sialic acid synthetase (NmCSS) to CMP-Neu5Ac intermediate 49 in Tris-HCI
buffer (100 mM, pH 8.0) containing 20 mM MgCl, and CTP at 37 °C. Among the
three CMP-sialic acid synthases cloned from E. coli, Streptococcus agalactiae, and
N. meningitidis, the Neisseria meningitidis CMP-sialic acid synthetase (NmCSS) is
the best in terms of expression level, activity and tolerance to substrate
modification, and it has become an essential catalyst for the synthesis of sialosides
[239]. Intermediates were then transferred to LacfSph by the multifunctional
Pasteurella multocida sialyltransferase (PmST1) to yield lyso-GM3 50 (Scheme
VI-3). Of all bacterial SiaTs reported to date, PmST1 has the most flexible donor
substrate specificity [138]. We monitored the progress of the enzymatic reaction
by thin layer chromatography (TLC) and ESI mass spectrometry (ESI-MS) and
found the molecular mass peak of lyso-GM3 on the mass spectrometry, but on the
TLC we only saw the product point of the intermediate CMP but not the new point
of lyso-GM3, analyzing that the yield was not satisfactory due to the low activity
of PmST1 in this batch of fermentation we used, and we could not synthesize
sufficient amount of GM3 based on the low activity of the enzyme in this batch,
Even though we tried to adjust the enzyme equivalents, the reaction temperature,
and the reaction time, there was no significant change. so we switched to the
chemical method to complete the total synthesis of GM3.
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6.1.5. Retrosynthetic analysis of chemical synthesis of GM3

The inverse synthesis analysis of GM3 chemical synthesis is shown in Figure
VI-3. The work was broadly divided into three parts, firstly the lactoside block was
prepared, then the lyso-GM3 was obtained by the sialylation reaction of sialic acid
and lactoside followed by the glycosylation reaction with sphingosine and the
subsequent azide reduction reaction, and finally the ganglioside GM3 was
completed by the modification of stearic acid onto the lyso-GM3 through the
condensation reaction.

oH  cooH
S HO OH OH HN C17H35
AcHN \/\(\/C13H27

AN

COOCH3
AcO OAc OAc NH, (0]
: Cq3H
AcHN \/Y\/ 13727 HOJ\CwHas
ﬂ Stearic acid
COOCHj3; NH
AcO OAc OAc H

O ~_-C13H27
AcHN \/\(\/

O\"/CCI3 ﬂ
NH
HO _oH
/\ Q
e N HO OH
OH

ﬂ S
HO. HQ OH OH HO OH OH
AcHN 0 COOH HO o~ oH
H

O

D-(+)-Lactose
Figure VI-3. Retrosynthetic plan for the chemical synthesis of GM3.
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6.1.6. Preparation of the lactoside block

All hydroxyl groups on lactose were protected with acetic anhydride in
pyridine to give per-acetylated lactose 43, which was then made into
bromosaccharide 51 using HBr/AcOH in DCM and further converted to 2-
(trimethylsilyl)ethyl glycoside 52 by using TMSEtOH, HgO and HgBr;, followed by
deacetylation to give compound 53, and then the introduction of 3’,4’-O-
isopropylidene under catalytic amount of 10-d,1-camphorsulfonic acid to protect
the 3' and 4' positions to get compound 54, subsequent benzylation of compound
54 with benzyl bromide and sodium hydride in DMF to obtain fully protected
compound 55, and finally removal of the 3’,4’-0-isopropylidene protection to yield
the desired lactoside 56.

HO OH AcO  OAc OAc
&v % —a . &v ﬁ?w
b
AcO  OAc OAc AcO OAc OAc
O o Q c
St PN R
OAc OAc ~
52
d
HO _OH ATO OH
&w ﬁw ¢ o
\/\SI
f
HO  OBn OBn ATO OBn OBn
Q o e} Q
%ﬁw sl o
56 55

Scheme VI-4. Reagents and conditions: (a) Acetic anhydride, pyridine, r.t., 12 h, 79%; (b)HBr/AcOH, CH,Cl,,
0 °C - r.t. 1.5 h; (c) TMSEtOH, HgO, HgBr,, r.t. 18 h, 76%; (d) NaOMe, MeOH, r.t,, 14 h, quant,; (e) 2,2-
dimethoxypropane, CSA, r.t,, 14 h, 79%; (f) NaH, BnBr, DMF, 0 °C - r.t., overnight; (g) 80% AcOH, 80 °C, 1.5 h,
80%.

6.2. Construction of the GM3 by glycosylation of these three sugar units

The three main units involved in the synthesis of GM3 have been constructed.
Next, we are constructing GM3 by glycosylation reactions according to the
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following synthetic route (Scheme VI-5 and Scheme VI-6) [240],[241],[229].

NH

Scheme VI-5. Reagents and conditions: (a) MeCN, CH,Cl,, 4 A powdered molecular sieves, 1 h, AgOTf, DTBP,
-68 °C, PhSC], 3 h; (b) Pd/C, MeOH, H,, 40 °C, 5 h; (c) Pyr., Ac;0, r.t,, 18 h; (d) CF3COOH, CH,Cl;, 0°C, 1 h, r.t, 1
h; (e) CNCCl3, DBU, CH,Cl, -5 °C, 3 h.
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Scheme VI-6. Reagents and conditions: (a) BFs¢Et,0, CH,Cl,, 4 A powdered molecular sieves, -15 °C, 2.5 h; (b)
PPhg, toluene, H,0, 45 °C, 12 h; (c) Stearic acid, EDC, CH,Cl,, r.t,, 20 h; (d) NaOMe, MeOH, r.t,, 14 h; H,0, 0 °C,
1h.

To summarize: this section describes the synthesis of GM3. The loss of
sialyltransferase activity led to a very low yield of Lyso-GM3 synthesis by
chemoenzymatic methods, with only its molecular weight detected on mass
spectrometry and no product spots visible on TLC plates, so we switched to a
chemical synthesis route for GM3. The three blocks to construct GM3 have been
prepared and the synthesis of GM3 will be completed at a later stage.
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Summary and Perspective

Glycosphingolipids play an important role in various physiological and
pathological processes such as cell growth, differentiation and apoptosis. In recent
years, the biological role of GSLs structure and its structural changes related to
biological functions in cancer and other diseases has been a hot topic of research.
and the development of corresponding glycosphingolipid drugs is important for
the early diagnosis and treatment of diseases. Ganglioside GM3 can significantly
affect the growth of tumors or tumor-associated host cells by modulating cancer-
related receptors or signalling pathways. Along with the in-depth research on its
inhibition of tumor progression, it is of great medical-biological significance to
modify its structure to develop anti-tumor agents with better biological activity.

In this work we report a concise protocol that can provide for the preparation
of oligomers of a range of ganglioside GM3 analogues. The synthetic strategy for
each GM3 analogue oligomer can be broadly divided into three parts: (i) synthesis
of the GM3 analogue monomer; (ii) synthesis of the multivalent skeleton; and (iii)
modification of the GM3 analogue monomer onto the multivalent skeleton to
complete the preparation of the target oligomer. The key step in the synthesis of
part (i) is the highly regioselective and stereoselective a-sialylation of mannose
residue acceptors. In addition, enzymatic hydrolysis was applied in this part of the
work to prepare the building block module (mannose residue block) of the GM3
analogue monomer. The multivalent skeletons in part (ii) include the small
molecule skeletons obtained by one-step alkyne modification and the
macromolecular skeletons based on cyclodextrin after selective protection and
then alkyne modification. The key step in part (iii) is the multivalent modification
between monomer and skeleton based on the click reaction. Finally, the monomer
(M1) and oligomers (M2, M3, M4, M6, M7) of mannose-containing GM3 analogues
were successfully synthesized as shown in Figure VI-4.

The effects of exogenous M1, M2, M3 and M4 on tumor cells were observed
by in vitro assays and their anti-tumor activity was assessed. In MTT assays, cell
colony assays and cell morphology assays, the oligomers exhibited stronger
cytotoxicity than the monomers, indicating that they could have more potent anti-
proliferative activity. In addition, the overall anti-proliferative effect was stronger
on B16F10 and HCT116 cells than on K562 and BXPC-3 cells. In wound healing
assays, Transwell migration and invasion assays, both M2 and M4 showed
significant anti-migratory and anti-invasive activity against B16F10 and BXPC-3
cells compared to M1 and M3. From the results of the Western blot assay, M1, M2,
M3 and M4 could inhibit the movement of tumor cells by suppressing the EMT
process through inhibition of the EGFR/VEGFR-B-catenin signalling pathway.
Moreover, in B16F10 and BXPC-3 cells, the expression levels of EMT-related
proteins were more strongly inhibited by M2 and M4, further indicated that M2
and M4 could have more potent anti-migration and anti- invasion activities.
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This research work will contribute to the construction of various novel
oligomers of GM3 analogues, and it is encouraging to observe that some oligomers
show stronger anti-tumor effects than the monomer to a certain extent in tumor
cells, indicating that there is a good research prospect in the direction of
synthesizing oligomers of glycosphingolipid-like agents, and these information
can provide new ideas and valuable references for exploring the development of
new glycosphingolipid-like anticancer agents.
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Figure VI-4. Synthesis of five novel oligomers and one known monomer.
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Experimental section
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7.1. General methods

All chemical reactions were carried out under Argon atmosphere and in the
anhydrous conditions with fresh solvents, unless otherwise noted. The solvents
were evaporated under reduced pressure and below 45 °C (water bath), followed
by removal of residual solvent at high vacuum (< 0.2 mbar).

Reagents were purchased from Sigma-Aldrich, Fluorochem or Alfa Aesar.
Dry solvents used in the reaction as following conditions: CH,Cl,, pyridine and
acetonitrile were freshly distilled each time over CaH;. Tetrahydrofuran (THF)
was refluxed with sodium and benzophenone each time. DMF, MeOH and Et3;N
were stored for several days over a bed of molecular sieves (4 A, beads, 8-12 mesh)
before use. All the mixture of solvents is presented in v/v.

Thin Layer Chromatographie (TLC) was performed on Merck silica gel 60 F
254 and revealed with a UV lamp (A = 254 nm) and charring with 5% H,S0,/EtOH
or Hanessian's Stain. Column Chromatographies were conducted on silica
Geduran® Si 60A (40-63 pm) or silica Geduran® Si 60A (63-200 pm), typically
using a 30:1 to 100:1 weight ratio of silica gel to crude product.

ESI-High-resolution mass spectra (ESI-HRMS) were recorded on a Bruker
Micro-TOF spectrometer in electrospray ionization (ESI) mode, using Tuning-Mix
as a reference.

TH NMR and 3C NMR spectra were recorded at Bruker Avance 400 or Bruker
Avance 600 MHz spectrometer. 2D COSY, TOCSY, NOESY, HSQC and HMBC
experiments were used to assist NMR assignments. The chemical shifts were
referenced to the solvent peaks, § = 7.26 ppm (*H) and 8 = 77.16 ppm (*3C) for
CDCl3; 6 =3.31 ppm (*H) and 6 = 49.00 ppm (13C) for CD30D; 6 = 4.78 ppm (*H) for
D,0; & = 3.33 ppm (*H) and & = 39.52 ppm (*3C) for DMSO-d6; at 300 K, and the
coupling constants were given in Hz.

Optical rotations were measured at 589 nm (Na line) at 20 °C with a Perkin-
Elmer Model 343 digital polarimeter using a 10 cm, 1 mL cell.
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7.2. Molecule numbering

Preview of main monomer modules and intermediates and target product
structure numbers are shown in Figure VII-1.
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OA OBz
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N
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Figure VII-1. Molecule numbering
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7.3. Preparation of sialic acid block

Methyl 5-acetamido-3,5-dideoxy-D-glycero-3-D-galacto-2-
nonulopyranosonate (1)

HO
HO. QH OH

AcHN 0
HO

The N-acetyl neuraminic acid (5.0 g, 16.17 mmol) was added to a solution of
Amberlyst-H* resin (3.75 g) in methanol (160 mL) and stirred at 45 °C overnight.
The progress of the reaction was monitored by thin-layer chromatography, and
the color of the solution changed from milky white to clear and colorless. Finally,
the solution was filtered and the resin was washed several times with methanol.
The filtrate was then evaporated. The methyl ester 1 was obtained as a white solid
(4.96 g,95%) [242].

Rf = 0.33 (CH,Cl,-MeOH 3:1).

1H NMR (400 MHz, CD;0D): § (ppm) = 4.11-3.99 (m, 2H, H-6, H-4), 3.86-3.81 (m,
2H, H-5, Ha-9), 3.80 (s, 3H, COOCH3), 3.72 (dd, ] = 9.0, 2.9 Hz, H-8), 3.64 (dd, ] =
11.2, 5.7 Hz, 1H, Hb-9), 3.50 (dd, = 9.1, 1.3 Hz, 1H, H-7), 2.24 (dd, ] = 12.9, 4.9 Hz,
1H, H-3eq), 2.03 (d, ] = 5.7 Hz, 3H, NHAC), 1.91 (dd, ] = 12.8, 11.4 Hz, 1H, H-3ax).

Methyl 5-acetamido-2-chloro-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-glycero-
-D- galacto-2-nonulopyranosonate (2)

S

AcHN Q COOCH;3

To a suspension of sialic acid methyl ester 1 (4.95 g, 15.31 mmol) in acetyl
chloride (306 mL) cooled to 0 °C was slowly added absolute MeOH (3.7 mL). The
mixture was allowed to warm to room temperature, and stirring was continued
for about 3 days, during which time a clear solution was obtained. The reaction
mixture was concentrated and purified by silica gel column, eluting with EtOAc.
Concentration in vacuo afforded sialyl chloride 2 as a white foam (6.87 g, 88%)
[243].

Rf = 0.38 (CHCl;-EtOAc 1:5).

1H NMR (400 MHz, CDCls): § (ppm) = 5.47 (d, ] = 5.9 Hz, 1H, H-7), 5.38 (dd, J = 10.5,
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4.4 Hz, 1H, H-4), 5.17 (t, ] = 4.9 Hz, 1H, H-8), 4.42 (dd, ] = 12.5, 2.3 Hz, 1H, Ha-9),
4.35 (d,J = 10.3 Hz, 1H, H-6), 4.20 (dd, ] = 10.5, 10.3 Hz, 1H, H-5), 4.06 (dd, ] = 12.5,
5.9 Hz, 1H, Hb-9), 3.87 (s, 3H, COOCHs), 2.78 (dd, ] = 13.9, 4.5 Hz, 1H, H-3eq), 2.27
(dd, J = 13.7, 11.3 Hz, 1H, H-3ax). 2.11 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.05 (s, 3H,
0Ac), 2.04 (s, 3H, 0Ac), 1.90 (s, 3H, NHAC).

0-ethyl S-[methyl (5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-
glycero-a/ -D-galacto-2-nonulopyranosyl)onate] dithiarbonate (a/3-3)

AcQ

AcO \\\OAC COOCH3
AcHN Q

AcO

A solution of O-ethyl S-potassium dithiocarbonate (3.23 g, 20.15 mmol) in dry
EtOH (103 mL) was added slowly for 15 min at 0 °C to a stirred solution of
compound 2 (6.85 g, 13.43 mmol) in dry EtOH (172 mL), The mixture was stirred
under N; in the dark at 0 °C for 12 h and then at room temperature for additional
12 h. The reaction mixture was diluted with pentane (206 mL), filtered, and
concentrated under reduced pressure. The residue was dissolved in
dichloromethane and washed with H,0, saturated NaHCO; solution and brine.
After drying over MgS0O, and concentration, the residue was purified by silica gel
column, eluting with CH,Cl,-EtOAc 1:4. The eluent was concentrated to afford a
mixture of a-3 and (-3 in molar ratio 16:1 contaminated with known sialyl glycal
3’ (592 g, 74% of o/B-3, 15% of 3’). This mixture was used for the sialylations
[244].

a-3
Rf=0.22 (CH,Cl,-EtOAc 1:4).

1H NMR (400 MHz, CDCl,): § (ppm) = 5.33-5.29 (m, 2H, H-7, H-8), 5.24 (d, ] = 9.5
Hz, 1H, NH), 4.89 (td, ] = 11.4, 4.6 Hz, 1H, H-4), 4.84-4.76 (m, 1H, OCH,CH3), 4.60-
4.51 (m, 2H, OCH,CHs, H-6), 4.33 (dd, ] = 12.4, 2.3 Hz, 1H, Ha-9), 4.19 (dd, ] = 12.4,
5.1 Hz, 1H, Hb-9), 4.02 (dd, ] = 20.7, 10.4 Hz, 1H, H-5), 3.80 (s, 3H, COOCHj), 2.63
(dd, ] = 13.0, 4.7 Hz, 1H, H-3eq), 2.14 (s, 3H, OAc), 2.12 (s, 3H, OAc), 2.08-2.05 (m,
1H, H-3ax), 2.03 (t,J = 3.1 Hz, 6H, 2 x OAc), 1.88 (d, ] = 5.6 Hz, 3H, NAc), 1.37 (t,] =
7.1 Hz, 3H, CHs).

13C NMR (100 MHz, CDCl3): § (ppm) = 207.12 (C=S), 170.74 (C=0), 170.45 (C=0),
170.19 (C=0), 170.16 (C=0), 169.99 (C=0), 168.60 (C=0), 86.44 (C-2), 75.08, 70.15,
68.77,67.67 (C-4,6,7,8), 70.37 (OCH,CHs), 61.98 (C-9), 53.21 (COOCH3), 49.02 (C-
5), 37.03 (C-3), 23.03 (CHs, NAC), 20.98 (CHs, OAc), 20.72 (CHs, OAc), 20.69 (CHs,
0Ac), 20.66 (CHs, OAc), 13.23 (OCH,CHs).
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B-3
R = 0.29 (CH,Cl,-EtOAc 1:4).

1H NMR (400 MHz, CDCl3): § (ppm) = 5.58 (bd, J = 10.1 Hz, 1H, NH), 5.33 (dd, J =
4.1,2.1 Hz, 1H, H-7), 5.21 (ddd, ] = 8.0, 4.1, 2.8 Hz, 1H, H-8), 4.83 (dt, ] = 12.7, 4.6
Hz, 1H, H-4), 4.77 (m, 1H, OCH,CHs), 4.63 (dd, ] = 10.7, 2.1 Hz, 1H, H-6), 4.53 (m,
1H, OCH,CH;), 4.01 (q,J = 10.4 Hz, 1H, H-5), 4.01 (dd, ] = 12.1, 2.8 Hz, 1H, Ha-9),
3.79 (s, 3H, COOCH3), 3.51 (dd, J = 12.2, 8.0 Hz, 1H, Hb-9), 2.57 (dd, ] = 12.9, 4.6 Hz,
1H, H-3eq), 2.13 (s, 3H, OAc), 2.11 (s, 6H, 2 x 0AC), 2.00 (s, 3H, OAc), 1.94 (t, ] =
12.6 Hz, 1H, H-3ax), 1.85 (s, 3H, NAc), 1.36 (t,J = 7.1 Hz, 3H, CHs).

13C NMR (100 MHz, CDCl3): § (ppm) = 206.92 (C=S), 170.77 (C=0), 170.21 (C=0),
170.03 (C=0), 168.72 (C=0), 86.41 (C-2), 73.41, 70.89 (OCH,CHs), 68.61, 53.37
(COOCH3;), 49.05 (C-5), 36.89 (C-3),23.08 (CHs, NAC), 20.89 (CH3, OAc), 20.83 (CHs,
0Ac), 20.75 (CHs, OAc), 20.68 (CHs, OAc), 13.26 (OCH,CHs).
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7.4. Preparation of mannose block with a free 6-OH
1,2,3,4,6-penta-0-acetyl-a-D-mannopyranose (4)

AcO

(@)
AcO '6(:
AcO

OAc

D-(+)-Mannose (3.0 g, 16.65 mmol) was dissolved in pyridine (60 mL) and
acetic anhydride (60 mL) was added slowly. The mixture was stirred at room
temperature overnight. To the resulting reaction mixture was added
dichloromethane and extracted from cooled HCI solution (1.0 M). The combined
organic phases were then washed with saturated NaHCO3 solution and brine,
dried over MgSO, and concentrated under reduced pressure. The residue was
purified by column eluting with Cy-EtOAc 1:1 to give per-acetylated mannose 4
(4.68 g, 72%) as a thick colorless oil [245].

R = 0.55 (Cy-EtOAc 1:1).

TH NMR (400 MHz, CDCl3): 6 (ppm) = 6.38 (d, / = 2.8 Hz, 1H, H-1), 5.50 (t,/ = 8.7
Hz, 1H, H-4), 5.34 (m, 2H, H-2, H-3), 4.43-4.01 (m, 3H, H-5, H;-6), 2.27-1.92 (5s,
15H, 5 x OAc).

1,2,3,4-tetra-0-acetyl-a-D-mannopyranose (5)

HO

(0)
AcO ’60
AcO

OAc

At room temperature, per-acetylated mannose 4 (1.2 g, 3.07 mmol) was
added into 166 mL 50 mM phosphate buffer containing 20% acetonitrile at pH 5,
and 5 g of biocatalyst CRL was added to initiate the reaction. The hydrolysis
reaction was carried out under mechanical stirring, and the pH value was
controlled by manual titration. After 4 h, the reaction was stopped by filtering the
enzyme. The mixture was extracted with ethyl acetate, washed with water, dried
over MgS0O,, and concentrated under reduced pressure. Column separation,
eluting with Cy-EtOAc 1:1, gave compound 5 (835 mg, 78%) as a white foam [153].

R = 0.30 (Cy-EtOAc 1:1).

1H NMR (400 Hz, CDCl3): 8 (ppm) = 6.37 (d, ] = 2.8 Hz, 1H, H-1). 5.49 (t, ] = 8.7 Hz,
1H, H-4), 5.32 (m, 2H, H-2, H-3), 4.33 (t, ] = 6.5 Hz, 1H, H-5), 4.04-4.16 (m, 2H, H,-
6), 2.15-1.98 (4s, 12H, 4 x OAc).
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7.5. Preparation of azidosphingosine block

4,6-0-benzylidene-a/B-D-galactose (a/3-6)

0
HO OH

OH

D-(+)-galactose (6.0 g, 33.30 mmol) was dissolved in dry DMF (90 mL). Then
a, a-dimethoxytoluene (6 mL, 39.82 mmol) and PTSA (210 mg, 1.10 mmol) were
added. The resulting methanol was evaporated from the reaction mixture at 40°C.
After 3 h, it was neutralized with Et3N and concentrated under reduced pressure.
The residue was purified by silica gel column (EtOAc-MeOH 95:5). Compound 6
(7.05 g, 79%) was obtained as a white amorphous solid [162].

Rf = 0.39 (CH;,CI,-MeOH 9:1).
a-6

1H NMR (400 MHz, DMSO-dg): 8 (ppm) = 7.50-7.30 (m, 5H, Ar-H), 6.26 (d, ] = 4.2
Hz, 1H, 1-OH), 5.53 (s, 1H, CHPh), 5.05 (dd, 1H, ] = 4.2, 3.4 Hz, H-1), 4.59 (d, ] = 6.2
Hz, 1H, 3-OH), 4.41 (d, ] = 6.7 Hz, 1H, 2-OH), 4.11 (d, ] = 2.6 Hz, 1H, H-4), 4.05 (d, ]
= 12.1 Hz, 1H, Hb-6), 3.96 (d, ] = 12.1 Hz, 1H, Ha-6), 3.77 (s, 1H, H-5), 3.76-3.74 (m,
1H, H-3), 3.62 (ddd, ] = 9.4, 6.7, 3.4 Hz, 1H, H-2).

B-6

1H NMR (400 MHz, DMSO-dg): § (ppm) = 7.50-7.30 (m, 5H, Ar-H), 6.56 (d, ] = 6.9
Hz, 1H, 1-OH), 5.55 (s, 1H, CHPh), 4.77 (d,] = 5.2 Hz, 1H, 2-OH), 4.76 (d, ] = 6.4 Hz,
1H, 3-OH), 4.34 (dd, ] = 7.5, 6.9 Hz, 1H, H-1), 4.10-4.00 (m, 3H, H-4, H,-6), 3.46-
3.40 (m, 1H, H-3), 3.45 (br's, 1H, H-5).3.34-3.28 (m, 1H, H-2).

4,6-0-benzylidene-D-threose (7)

o)
OH

A solution of 6 (5.0 g, 18.64 mmol) in phosphate buffer (pH = 7.6, 214 mL, 0.1
M) was stirred vigorously and NalO, (9.97 g, 46.60 mmol) was added at room
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temperature. The pH was maintained above 7.6 by adding saturated sodium
bicarbonate solution. After 2 hours, the mixture was concentrated under reduced
pressure. The off-white solid residue was dissolved in cooled THF, filtered through
filter paper, the solvent was removed, and the residue was dried in vacuo for 4 h
to afford crude intermediate 7 (2.64 g, 68%) as a yellow foam. This crude
intermediate, which was not separated and further characterized at this stage, was
directly engaged in the following step [162].

R¢=0.51 (CH,Cl,-MeOH 9:1).

Tetradecyltriphenylphosphonium bromide (8)

Br :@
.
121110987654321P;

A mixture of tetradecylbromide (3.60 mL, 13.20 mmol) and
triphenylphosphine (3.12 g, 11.88 mmol) were heated at 140 °C for 7 h, then
dissolved in 7.5 mL of warm Me,CO and the product crystallized by the addition
of 500 mL of anhydrous Et,0. A second crystallization from Me,CO/Et,0 gave 8
(5.39 g, 84%) as a white crystalline solid, which was free of alkyl halide and
triphenylphosphine [165].

13

13

R = 0.35 (Me,CO).

1H NMR (400 MHz, CDCly): 8 (ppm) = 7.90-7.70 (m, 15H, Ar-H), 3.74 (m, 2H, H,-
1), 1.68-1.55 (m, 4H, Hp-2, H,-3), 1.42-1.25 (m, 20H, 10 x CH,), 0.87 (t,] = 6.5 Hz,
3H, CH,).

(2R,3R,4Z)-1,3-0-benzylidene-4-octadecene-1,2,3-triol (cis/trans-9)

o} o)
iy .
OH
cis-9 trans-9

The tetradecyltriphenylphosphonium bromide 8 (5.25 g, 9.73 mmol) in 24
mL of anhydrous THF was cooled to -30 °C with mechanical stirring, then the n-
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butyllithium solution (10.23 mL, 2.5 M in hexanes) was added dropwise over 15
min. The reaction mixture was stirred for an additional 30 min, and then a solution
of 7 (1.5 g, 7.20 mmol) in 7.5 mL of anhydrous THF was added over 8 min. The
reaction mixture was stirred at -30 °C overnight. The reaction was then quenched
with 20 mL of MeOH and 30 mL of H,0 and stirred at room temperature for 1 h.
After that, it was extracted with dichloromethane and dried over MgSO0,, filtered
and concentrated under reduced pressure. Separation of trans and cis isomers by
silica gel column (gradient elution: Cy-DCM 1:3 to 1:6) gave trans-9 (1.28 g, 46%)
and cis-9 (448 mg, 16%) both as white powder [246].

cis-9

R¢=0.58 (CH,Cl,-EtOAc 25:1).

TH NMR (300 MHz, CDCl3): 6§ (ppm) = 7.52 (dd, J = 6.7, 3.0 Hz, 2H, Ar-H), 7.37 (dd,
J=5.0,1.9 Hz, 3H, Ar-H), 5.69 (dd, / = 5.3, 3.3 Hz, 2H, H-5, H-4), 5.66 (s, 1H, CHPh),
4.73 (d, /= 5.0 Hz, 1H, H-3), 4.25 (dd, J = 11.9, 1.8 Hz, 1H, Ha-1), 4.11 (d, /= 11.8
Hz, 1H, Hb-1),3.49 (d, /= 11.2 Hz, 1H, H-2), 2.75 (d,/ = 11.2 Hz, 1H, OH), 2.25-2.01
(m, 2H, H,-6), 1.27 (m, 22H, 11 x CH), 0.89 (t, ] = 6.3 Hz, 3H, CH3).

trans-9

R¢=0.60 (CH,Cl,-EtOAc 25:1).

TH NMR (400 MHz, CDCl3): 6 (ppm) = 7.57-7.50 (m, 2H, Ar-H), 7.42-7.33 (m, 3H,
Ar-H), 5.88 (dtd, J = 15.4, 6.7, 1.0 Hz, 1H, H-5), 5.72-5.64 (m, 1H, H-4), 5.62 (s, 1H,
CHPh), 4.41 (d,J = 6.1 Hz, 1H, H-3), 4.25 (dd, /= 11.8, 1.9 Hz, 1H, Ha-1), 4.08 (dd, J
=11.8, 1.3 Hz, 1H, Hb-1), 3.53 (dd, / = 10.4, 1.3 Hz, 1H, H-2), 2.66 (d, ] = 10.4 Hz,

1H, OH), 2.09 (q, ] = 7.1 Hz, 2H, H,-6), 1.44-1.36 (m, 2H, H,-7), 1.27 (s, 20H, 10 x
CH,), 0.89 (t, ] = 6.9 Hz, 3H, CHs).

(2R,3R,4Z)-1,3-0-benzylidene-4-octadecene-1,2,3-triol (trans-9)

Ph

Mo — La

cis-9 trans-9

The cis-9 (0.85 g, 2.21 mmol) and diphenyldisulfide (0.43 g, 1.03 mmol) were

dissolved in a mixture of cyclohexane (12 mL) and dioxane (3 mL) was irradiated with

123



a 100 W high-pressure mercury lamp for 5 h. The solvent is removed by evaporation
under reduced pressure ,  the residue was purified by chromatography (gradient

elution: Cy-EtOAc 1:3 to 1:6) to yield trans-9 (399.2 mg, 48%) as a pale yellow solid
[246].

(2S,3R,4E)-2-azido-1,3-benzylidene-4-octadecene-1,3-diol (10)

Ph

/7

CqzHar

Trifluoromethanesulfonic anhydride (0.8 mL, 4.48 mmol) was added to a
solution of trans-9 (1.2 g, 3.09 mmol) in dry dichloromethane (15 mL) and
pyridine (0.7 mL) at -15 °C. After 15 min, the DMF (20 mL) and sodium azide (1.2
g, 18.53 mmol) were added, stirring at -15 °C for 3 h. Further, gradually warmed
to room temperature and stirred overnight. Finally, water was added and then
extracted with dichloromethane, washed with brine, dried over MgSO0,, filtered
and concentrated under reduced pressure. The residue was purified by silica gel
column (Cy-CH,Cl; 3:1) to yield 10 (1.02 g, 78%) as a white solid [246].

R¢ = 0.34 (Cy-CH,Cl, 3:2).

1H NMR (400 MHz, CDCl3): § (ppm) = 7.49 (dd, ] = 5.5, 2.5 Hz, 2H, Ar-H), 7.40-7.34
(m, 3H, Ar-H), 6.05-5.96 (m, 1H, H-5), 5.60 (dd, ] = 15.5, 7.4 Hz, 1H, H-4), 5.50 (s,
1H, CHPh), 4.34 (dd, ] = 11.0, 5.1 Hz, 1H, Ha-1), 4.10-4.03 (m, 1H, H-3), 3.62 (t,] =
10.9 Hz, 1H, Hb-1), 3.47 (td,/ = 10.1, 5.1 Hz, 1H, H-2), 2.12 (dd, ] = 14.4, 7.1 Hz, 2H,
H,-6), 1.43 (dt, ] = 14.4, 7.2 Hz, 2H, H,-7), 1.27 (s, 20H, 10 x CH,), 0.89 (t,] = 6.7 Hz,
3H, CH;).

(2S,3R,4E)-2-azido-4-octadecene-1,3-diol (11)

N3

W\/C13Hz7

A solution of benzylidene azidosphingosine 10 (1.02 g, 2.47 mmol) in 45 mL
of 1:2 CH,Cl;/MeOH was stirred vigorously at room temperature and a solution of
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PTSA (281 mg, 1.48 mmol) in 52 mL of MeOH was added dropwise. The solution
was stirred at room temperature overnight, then quenched with Et;N. The mixture
was concentrated and purified by column chromatography (Cy-EtOAc 2:1) to give
azidosphingosine 11 (738 mg, 92%) as a pale-yellow solid [246].

R = 0.35 (Cy-EtOAc 2:1).

1H NMR (400 MHz, CDCl3): 8 (ppm) = 5.85-5.75 (m, 1H, H-5), 5.51 (ddd, ] = 15.4,
7.3,1.2 Hz, 1H, H-4), 4.23 (t, ] = 6.3 Hz, 1H, H-3), 3.83-3.71 (m, 2H, H,-1), 3.48 (q, ]
= 5.2 Hz, 1H, H-2), 2.16-2.01 (m, 4H, H,-6, 2 x OH), 1.41-1.32 (m, 2H, H,-7), 1.24 (s,
20H, 10 x CH,), 0.86 (t, ] = 6.6 Hz, 3H, CH,).

(2S,3R,4E)-2-azido-1-0-tertbutyldimethylsilyl-4-octadecene-1,3-diol (12)

N3

\/\/\/CHHN

OH

TBDMSCI (683 mg, 4.53 mmol) was added at 0 °C to a solution of compound
11 (738 mg, 2.27 mmol) in dry pyridine (8.6 mL). The mixture was stirred at room
temperature for 3 h, quenched with methanol and then concentrated under
reduced pressure. The residue was purified by silica gel chromatography (Cy-DCM
2:3) to yield 12 (937 mg, 94%) as a colorless oil [158].

R;=0.58 (Cy-EtOAc 4:1).

1H NMR (400 MHz, CDCls): 8 (ppm) = 5.82-5.72 (m, 1H, H-5), 5.54-5.44 (m, 1H, H-
4),4.21 (dd, J = 11.7, 5.3 Hz, 1H, H-3), 3.82-3.77 (m, 2H, H,-1), 3.41 (dd, J = 10.7,
5.3 Hz, 1H, H-2), 2.36 (d, ] = 5.0 Hz, 1H, OH), 2.06 (q, ] = 6.9 Hz, 2H, H,-6), 1.42-1.34
(m, 2H, H,-7), 1.26 (s, 20H, 10 x CH,), 0.92-0.85 (m, 12H, (CH;)sC, CHs), 0.11-0.07
(m, 6H, (CH3),Si).

(2S,3R,4E)-2-azido-3-0-benzoyl-1-0-tertbutyldimethylsilyl-4-
octadecene-1,3-diol (13)

N3

TBDMSO\/\/\/CBHN

The compound 12 (930 mg, 2.11 mmol) in the dry pyridine (13 mL) was
cooled to 0 °C, and benzoyl chloride (0.49 mL, 4.22 mmol) was added. After stirring
at room temperature overnight, the mixture was diluted with dichloromethane
and washed successively with saturated aqueous NaHCO3 solution, and H,0, then
dried over MgSO,, filtered and concentrated under reduced pressure. The residue
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was chromatographed (Cy-EtOAc 40:1) to give 13 (1.15 g, quantitative) as a
colorless oil [158].
R¢=0.35 (Cy-EtOAc 40:1).

1H NMR (400 MHz, CDCls): & (ppm) = 8.09-8.05 (m, 2H, Ar-H), 7.60-7.54 (m, 1H,
Ar-H), 7.49-7.43 (m, 2H, Ar-H), 5.92 (dt, ] = 14.7, 6.8 Hz, 1H, H-5), 5.59 (ddd, ] =
23.0,11.5, 6.2 Hz, 2H, H-4, H-3), 3.80 (dt, ] = 7.0, 4.9 Hz, 1H, H-2), 3.71 (qd, ] = 10.3,
6.1 Hz, 2H, H,-1), 2.07 (dd, ] = 14.4, 7.0 Hz, 2H, H,-6), 1.41-1.20 (m, 22H, 11 x CH,),
0.94-0.85 (m, 12H, (CH3)3C, CHs), 0.07 (d, ] = 0.6 Hz, 6H, (CH3),Si).

(2S,3R,4E)-2-azido-3-0-benzoyl-4-octadecene-1,3-diol (14)

N3

W\/C13HZ7

OBz

To a stirred solution of 13(1.15 g, 2.11 mmol) in dichloromethane (18 mL)
was added BF3¢Et,0 (0.63 mL, 5.07 mmol) dropwise over 5 min at 0 °C. After 4 h
at room temperature, the reaction was quenched and neutralized by the addition
of saturated aqueous NaHCOj; followed by adding dichloromethane. The organic
phase was washed with H;0, dried over MgS0y,, filtered and concentrated under
reduced pressure. The residue was chromatographed (Cy-EtOAc 5:1) to give 3-0-
benzoyl azidosphingosine 14 (745 mg, 82%) as a colorless oil [154],[157].

R = 0.28 (Cy-EtOAc 5:1).

1H NMR (400 MHz, CDCly): & (ppm) = 8.14-8.04 (m, 2H, Ar-H), 7.64-7.56 (m, 1H,
Ar-H), 7.49-7.43 (m, 2H, Ar-H), 6.03-5.90 (m, 1H, H-5), 5.68-5.55 (m, 2H, H-4, H-
3), 3.86-3.73 (m, 2H, H-2, Ha-1), 3.64 (dd, = 11.6, 7.1 Hz, 1H, Hb-1), 2.15-2.01 (m,
2H, H,-6), 1.41-1.21 (m, 22H, 11 x CH,), 0.88 (t, ] = 6.9 Hz, 3H, CHs).

13C NMR (100 MHz, CDCl,): § (ppm) = 165.52 (C=0), 133.37 (Ar-C), 129.84 (3Ar-

C), 128.53 (2Ar-C), 138.83 (C-5), 123.38 (C-4), 74.62 (C-3), 66.26 (C-2), 62.05 (C-
1), 32.39 (C-6), 31.95-28.72 (10 x CH,), 22.71 (C-17), 14.13 (CHs).
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7.6. Synthesis of mannose-containing analogues
Benzenesulfenyl chloride (15)

SO,Cl,
PhSAC >  PhSCI
80%

To a solution of phenyl thioacetate (10g, 65.6 mmol) in CCl, (5 mL) cooled to
0 °Cwas added SO,Cl; (5.3 mL, 65.5 mmol) within 10 min. The mixture was stirred
at room temperature for 30 min, concentrated, and distilled. The crude
benzenesulfenyl chloride 15 (7.63 g, 80%) as a red liquid without further
purification [247].

O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-glycero-a-D-
galacto-2- nonulopyranosylonate)-(2-6)-1,2,3,4-tetra-0-acetyl-a-D-

mannopyranose (16)

AcO

AcO OAc COOCH;
70
AcHN o
AcO OAC
AcO 6
AcO
OAc

A solution of the mannose derivative 5 (0.83 g, 2.38 mmol) and the sialyl
xanthate 3 (2.13 mg, 3.57 mmol) in dry dichloromethane (25 mL) was added to a
mixture of 4A powdered molecular sieves (4.7 g) in the dry CH;CN (50 mL), the
mixture was stirred at room temperature for 1 h. AgOTf (1.41 g, 5.48 mmol) and
DTBP (1.09 g, 5.72 mmol) were then added, and the reaction system was protected
from light and cooled to -68 °C. Then PhSCI (1.12 g, 7.74 mmol) in the dry
dichloromethane (0.8 mL) was added by running the solution down the cold wall
of the reaction flask and the mixture was stirred for 3 h at -68 °C. After the reaction
was over, the mixture was diluted with a suspension of silica gel (12.5 g) in EtOAc
(75 mL), filtered through celite, washed with saturated aqueous NaHCO3; and
water, dried with MgS0O,, and concentrated under reduced pressure. The residue
was chromatographed (Cy-EtOAc 1:3) to give the compound 16 (1.02 g, 52%) as a
white foam [147].

R¢=0.31 (Cy-EtOAc 1:3, twice).

[a]p2° = -10.8 (c 1.0 in CHCIS).
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1H NMR (400 MHz, CDCls): § (ppm) = 6.05 (d, J = 1.8 Hz, 1H, H-1"), 5.46 (t, ] = 9.5
Hz, 1H, H-3"), 5.34-5.29 (m, 4H, H7, H8, H-5’, NH), 5.23-5.21 (m, 1H, H-2’), 4.91-
4.85 (m, 1H, H-4), 4.36 (dd, J = 11.3, 2.7 Hz, 1H, Ha-9), 4.07-3.97 (m, 5H, H-6, Hb-
9,H-4', H-5, Ha-6’), 3.79 (s, 3H, COOCH3), 3.43 (dd, ] = 11.2, 2.6 Hz, 1H, Hb-6"), 2.64
(dd,] = 11.4, 3.7 Hz, 1H, H-3eq), 2.18 (s, 3H, OAc), 2.15 (s, 6H, 2 x OAc), 2.14 (s, 3H,
0Ac), 2.08 (s, 3H, OAc), 2.04 (s, 3H, 0ACc), 2.03 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.89
(t,] = 9.8 Hz, 1H, H-3ax), 1.87 (s, 3H, NAc).

13C NMR (100 MHz, CDCl;): § (ppm) = 170.97 (C=0), 170.57 (C=0), 170.17 (C=0),
170.09 (C=0), 170.04 (C=0), 170.02 (C=0), 169.88 (C=0), 168.94 (C=0), 168.16
(C=0), 167.53 (C=0), 98.42 (C-2), 90.74 (C-1’), 72.31, 71.13, 69.22, 69.09, 68.56,
67.99, 67.21, 65.39 (C-4, C-6, C-7, C-8, C-2, C-3’, C-4', C-5’), 62.62 (C-9), 62.37 (C-
6), 52.84 (COOCH3), 49.41 (C-5), 37.66 (C-3), 23.21 (CHs, NAc), 21.13 (CHs, OAc),
20.91 (CHs, OAc), 20.83 (CHs, OAc), 20.82 (CHs, OAc), 20.78 (CHs, OAc), 20.71 (CHs,
0Ac), 20.69 (CHs, OAc), 20.67 (CHs, OAc).

ESI-HRMS (m/z) calcd for C34H,7NO,,Na [M+Na]*: 844.2487, found: 844.2495.

O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-glycero-a-D-
galacto-2- nonulopyranosylonate)-(2—6)-2,3,4-tri-O-acetyl-a/3-D-
mannopyranose (17)

AcQ

ACO OAc  GOOCH;
—7~0
AcHN o

AcO OAC
AcO 6
AcO OH

PhCH;NH; (180 mg, 1.68 mmol) was added to a solution of compound 16
(862 mg, 1.05 mmol) in THF (8.6 mL). The mixture was stirred at room
temperature overnight. The solvent was evaporated under reduced pressure and
the residue was taken into dichloromethane and washed progressively with 1.0 M
HCI, saturated aqueous NaHCO3 and water. The organic layer was dried over
MgS0,4 and concentrated. The residue was chromatographed (EtOAc) to give the
compound 17 (587 mg, 72%) as a white foam [147].

R¢=0.29 (EtOAc).
O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-glycero-a-D-

galacto-2- nonulopyranosylonate)-(2—-6)-2,3,4-tri-0-acetyl-a-D-
mannopyranosyl trichloro- acetimidate (18)
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AcQ

AcO \\\OAC COOCH3
~ 70
AcHN 0

AcO OAC
AcO 6
AcO

The solution of intermediate 17 (669 mg, 0.86 mmol) in 25 mL of dry
dichloromethane was added trichloroacetonitrile (2.5 mL) and cooled to -5 °C.
After that, 250 pL of DBU was added dropwise and the mixture was stirred at 0 °C
overnight. After concentration, the residue was applied to a column
chromatography eluted with Cy-EtOAc (with 0.5 % Et3N) 1:4 to give the product
18 (554 mg, 70%) as a pale-yellow foam [147].

R = 0.33 (EtOAc).
[a]p2° = +2.8 (¢ 1.0 in CHCly).

TH NMR (400 MHz, CDCl3): § (ppm) = 8.74 (s, 1H, NH), 6.25 (d, J = 1.9 Hz, 1H, H-
1), 5.47 (t,/ = 11.8 Hz, 1H, H-3"), 5.42 (m, 1H, H-5’), 5.36 (dd, / = 10.2, 3.6 Hz, 1H,
H-2"), 5.32-5.29 (m, 3H, H-7, H-8, NH), 4.91-4.85 (m, 1H, H-4), 4.26 (dd, J = 11.3,
3.2 Hz, 1H, Ha-9), 4.05-3.93 (m, 5H, H-5, H-6, Hb-9, H-4’, Ha-6’), 3.78 (s, 3H,
COOCH3),3.47 (dd,/=11.4,1.9 Hz, 1H, Hb-6’), 2.60 (dd, /= 11.4, 4.7 Hz, 1H, H-3eq),
2.19 (s, 3H, OAc), 2.14 (s, 3H, OAc), 2.12 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.03 (s, 3H,
0Ac), 2.02 (s, 3H, OAc), 1.99 (s, 3H, OAc), 1.94 (t, ] = 9.8 Hz, 1H, H-3ax), 1.86 (s, 3H,
NAc).

13C NMR (100 MHz, CDCl3): § (ppm) = 170.79 (C=0), 170.39 (C=0), 170.02 (C=0),
169.88 (C=0), 169.77 (C=0), 169.74 (C=0), 169.62 (C=0), 168.82 (C=0), 167.48
(C=0), 159.63 (C=NH), 98.23 (C-2), 94.65 (C-1), 90.38 (CCl3), 72.20, 71.69, 69.04,
68.88, 68.03, 67.78, 67.06, 65.05 (C-4, C-6, C-7, C-8, C-2’, C-3’, C-4, C-5"), 62.46 (C-
9), 62.13 (C-6’), 52.64 (COOCH3), 49.24 (C-5), 37.47 (C-3), 23.02 (CH;, NAC), 20.92
(CHs, 0Ac), 20.86 (CH3, OAc), 20.67 (CHs, OAc), 20.65 (CHs, OAC), 20.62 (CHs, OAC),
20.54 (CH;, OAc), 20.46 (CH;, OAC).

ESI-HRMS (m/z)calcd for C34H45N,Cl30,:Na [M+Na]*: 945.1478, found: 945.1460.
O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-glycero-a-D-
galacto- 2-nonulopyranosylonate)-(2-6)-0-(2,3,4-tri-0O-acetyl-a-D-

mannosyl)-(1-1)-(2S,3R,4E)-2-azido-3-0-benzoyl-4-octadecene-1,3-
diol(19)
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AcQO

ACO OAc  GOOCH;
70
AcHN o

AcO 1)
AcO '60

AcO N3

\/\/\/C13H27

OBz

4A powdered molecular sieves (0.31 g) was added to a solution of compound
18 (578 mg, 0.62 mmol) and 3-0-benzoyl azidosphingosine 14 (376 mg, 0.87
mmol) in dry DCM (30 mL) and stirred at room temperature for 1 h. The mixture
was then cooled to -15 °C, and BF3+Et;0 (394 uL, 3.19 mmol) was added dropwise,
stirred at -15 °C for 2.5 h and filtered through Celite. The filtrate was washed with
saturated aqueous NaHCO3 and water, dried over MgSO,, and concentrated under
reduced pressure. The residue was purified by column chromatography (Cy-
EtOAc 1:5) to yield compound 19 (402 mg, 54%) as an amorphous solid [147].

R = 0.47 (EtOAc).
[a]p2® = -24.5 (c 1.0 in CHCI).

1H NMR (400 MHz, CDCls): & (ppm) = 8.06-8.03 (m, 5H, Ar-H), 5.82-5.75 (m, 1H,
H-5"), 5.53-5.48 (m, 2H, H-3”, H-4"), 5.38-5.31 (m, 6H, H-4, H-7, H-8, NH, H-2’, H-
3), 4.91-4.87 (m, 1H, H-4"), 4.86 (d, ] = 2.0 Hz, 1H, H-1"), 4.36 (m, 1H, Ha-9), 4.28
(dd,J = 12.4, 2.7 Hz, 1H, Hb-9), 3.98-3.92 (m, 5H, H-5, H-5’, H-6’, H-2""), 3.86 (dd,
=10.4, 3.6 Hz, 1H, Ha-1"), 3.76 (s, 3H, COOCH3), 3.52-3.44 (m, 2H, H-6, Hb-1"), 2.59
(dd, J = 12.7, 4.6 Hz, 1H, H-3eq), 2.17-2.15 (m, 2H, H,-6"), 2.14 (s, 3H, OAc), 2.13
(s, 3H, 0Ac), 2.11 (s, 3H, 0Ac), 2.05 (s, 3H, OAc), 2.02 (s, 3H, 0Ac), 1.99 (s, 3H, OAc),
1.98 (s, 3H, OAc), 1.90 (t, ] = 11.2 Hz, 1H, H-3ax), 1.85 (s, 3H, NHAc), 1.39-1.36 (m,
2H, H,-7"), 1.24 (s, 20H, 10 x CH,), 0.87 (t, ] = 6.8 Hz, 3H, CHs).

13C NMR (100 MHz, CDCl3): 6 (ppm) = 170.86 (C=0), 170.57 (C=0), 170.22 (C=0),
170.07 (C=0), 169.99 (C=0), 169.86 (C=0), 169.79 (C=0), 169.14 (C=0), 167.83
(C=0), 165.13 (PhC=0), 138.67 (C-5"), 133.29 (C, CH aromatic), 133.25 (C
aromatic), 129.81 (C, CH aromatic), 129.78 (C, CH aromatic), 129.76 (C, CH
aromatic), 123.29 (C-4"), 98.45 (C-1"),98.36 (C-2), 74.55 (C-3"), 72.45 (C-6), 69.64
(C-4"), 69.49 (C-3’), 69.19 (C-2"), 69.06 (C-4), 68.22 (C-8), 67.88 (C-1"), 67.29 (C-
5’), 66.76 (C-7), 63.81 (C-2"), 62.36 (C-6), 61.93 (C-9), 52.73 (COOCH3), 49.37 (C-
5),37.89 (C-3), 32.36 (C-6"), 29.63, 29.58, 29.41, 29.34 (CH;), 22.68 (CH3, NHAC),
21.09 (CH3, OAc), 20.89 (CH3, OAc), 20.85 (CH3, OAc), 20.79 (CHs, 2 x OAc), 20.71
(CH3, 2 x OAc), 20.67 (CH3, OAc), 14.11 (CH3).

ESI-HRMS (m/z) calcd for Cs;Hg,N,0,3Na [M+Na]*: 1213.5268, found: 1213.52509.
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O-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2
nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-2-
azido-4-octadecene-1,3-diol (20)

HQ

HO. OH COOH
S o
AcHN e}
HO fe)
HoN~—L0
HO Ns
O\/\/\/CHHW

The compound 19 (66 mg, 0.055 mmol) was dissolved in 4.5 mL of
NaOMe/MeOH (0.1 M) and stirred at room temperature overnight. Then added a
few drops of water under 0 °C and stirred for 2 h at room temperature, Further,
the mixture was neutralized by Amberlite IR 120/H* ion exchange resin. After
filtration and concentration, the crude residue 20 was used in the next step
without further purification [147].

R¢= 0.43 (EtOAc-iPrOH-H,0 3:2:1).
O0-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-

nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-2-
amino-4-octadecene-1,3-diol (21)

HQ
HO OH COOH

S o
AcHN 0

HO 0

HO 8
HO NH,
O\/’\K\/CHHN
OH

To the crude intermediate 20 (43 mg, 0.055 mmol) in pyridine-water (1:1
v/v, 0.42 mL), 1,3-propanedithiol (0.052 mL, 0.52 mmol) and EtzN (0.055 mL)
were added and the mixture was stirred at 50 °C for 12 h. The reaction mixture
was concentrated and purified by silica gel chromatography using CHCl3-MeOH-
H,0 5:4:0.2 as an eluent to afford 21 (34 mg, 82%) as a white amorphous solid
[147].

R¢=0.28 (EtOAc-iPrOH-H,0 3:2:1).

[a]p2° = -3.1 (c 1.0 in CHCl3-MeOH 1:1).
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1H NMR (400 MHz, CD;0D): § (ppm) = 5.90-5.85 (m, 1H, H-5"), 5.53-5.48 (m, 1H,
H-4"), 4.76 (d,] = 1.8 Hz, 1H, H-1"), 4.01-3.78 (m, 8H, H-4, H-5, H-3’, H-4’, Ha-6’, H-
17, H-3"), 3.72-3.6 (m, 7H, H-6, H-8, H,-9, H-2’, Hb-6", H-2"), 3.52 (dd, ] = 9.1, 1.5
Hz, 1H, H-7), 3.44-3.40 (m, 1H, H-5"), 2.83 (dd, ] = 12.1, 4.9 Hz, 1H, H-3eq), 2.15-
2.08 (m, 2H, H-6"), 2.00 (s, 3H, NHAC), 1.79 (t,] = 12.1 Hz, 1H, H-3ax), 1.43-1.41
(m, 2H, H,-7"), 1.30 (s, 20H, 10 x CH,), 0.90 (t, ] = 7.4 Hz, 3H, CHs).

13C NMR (100 MHz, CD;0D): § (ppm) = 175.56 (C=0), 175.53 (C=0), 136.32 (C-
5, 128.71 (C-4"), 102.59 (C-1"), 101.46 (C-2), 74.42, 73.48, 72.96, 72.42, 71.66,
71.35,71.20, 70.30, 69.45, 68.33 (C-4, C-6, C-7, C-8, C-2’, C-3’, C-4’, C-5’, C-1”, C-3"),
64.74 (C-6), 64.51 (C-9), 58.46 (C-2”), 54.20 (C-5), 42.45 (C-3), 33.06, 30.81,
30.78,30.73, 30.45 (CHy), 23.72 (CHs, NHAC), 14.42 (CHs).

ESI-HRMS (m/z) calcd for C3sHesN;015 [M-H]: 751.4234, found: 751.4209.
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7.7. Synthesis of small molecule multivalent skeletons

1,2-bis(prop-2-yn-1-yloxy)ethane (22)

O/—\O
e N\

Ethylene glycol (500 mg, 8.06 mmol) was dissolved in DMF (10 mL) and KOH
(2.26 g, 40.28 mmol) was added under an ice bath, followed by slow addition of
bromopropyne (3.83 g, 32.22 mmol) and restored to room temperature overnight.
The reaction was detected by TLC. After completion of the reaction, the solvent
was removed under reduced pressure and the residue was taken up in
dichloromethane. The organic layer was washed with water and brine and dried
over MgS0O,, and concentrated under reduced pressure. The residue was
separated by silica gel chromatography and eluted with Cy-EtOAc 5:1 to give
compound 22 (532 mg, 48%) as a yellow oily compound [181].

R¢=0.31 (Cy-EtOAc 4:1).

1H NMR (400 MHz, CDCl,): § (ppm) = 4.21 (d, ] = 2.4 Hz, 2H), 3.72 (s, 4H), 2.48 (d,
J = 2.4 Hz, 4H).

13C NMR (100 MHz, CDCl3): § (ppm) = 79.5, 74.7, 68.7, 58.2.

1,3,5-tris(prop-2-yn-1-yloxy) benzene (23)

\

O

Qo\/

Phloroglucinol (500 mg, 3.96 mmol) was dissolved in DMF (10 mL) and
K,CO;3 (2.74 g, 19.82 mmol) was added under an ice bath, followed by slow
addition of bromopropyne (2.83 g 23.79 mmol) and restored to room
temperature overnight. The reaction was detected by TLC. After completion of the
reaction, the solvent was removed under reduced pressure and the residue was
taken up in dichloromethane. The organic layer was washed with water and brine
and dried over MgS0,, and concentrated under reduced pressure. The residue was
separated by silica gel chromatography and eluted with Cy-EtOAc 4:1 to give
compound 23 (723 mg, 75%) as a yellow solid [181].

\/O

R;= 0.34 (Cy-EtOAc 4:1).

1H NMR (400 MHz, CDCl3): § (ppm) = 6.19 (s, 3H), 4.57 (d, ] = 2.4 Hz, 3H), 2.46 (s,
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6H).
13C NMR (100MHz, CDCl3): § (ppm) = 159.3, 95.4, 78.2, 75.7, 55.9.

3-(3-(prop-2-yn-1-yloxy)-2,2-bis((prop-2-yn-1-yloxy) methyl) propoxy)
prop-1-yne (24)

|

L
O Q

Pentaerythritol (500 mg, 3.67 mmol) was dissolved in DMF (10 mL) and
sodium hydride (881 mg, 36.73 mmol) was added under an ice bath, followed by
slow addition of bromopropyne (3.5 g, 29.38 mmol) and restored to room
temperature overnight. The reaction was detected by TLC. After completion of
the reaction, the solvent was removed under reduced pressure and the residue
was taken up in dichloromethane. The organic layer was washed with water and
brine and dried over MgS0O,, and concentrated under reduced pressure. The
residue was separated by silica gel chromatography and eluted with Cy-EtOAc 4:1
to give compound 24 (689 mg, 65%) as a yellow solid [181].

R;= 0.38 (Cy-EtOAc 4:1).

1H NMR (400 MHz, CDCl3): § (ppm) = 4.12 (d, ] = 2.4 Hz, 4H), 3.53 (s, 8H), 2.41 (t,
J = 2.4 Hz, 8H).

13C NMR (100MHz, CDCl3): § (ppm) = 80.0, 74.1, 69.0, 58.7, 44.7.
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7.8. Synthesis of mannose-containing GM3 analogue oligomers with small
molecule multivalent skeletons based on "click chemistry”

1,2-Di-{1-][0-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-
glycero-a-D-galacto- 2-nonulopyranosylonate)-(2—6)-0-(2,3,4-tri-O-acetyl-
«o-D-mannosyl)-(1-1)-(2S,3R,4E)-2-azido-3-0-benzoyl-4-octadecene-1,3-
diol]-1H-1,2,3-triazole-4-ylmethyloxy} ethane (25).

A mixture of compound 22 (8 mg, 0.057 mmol) and compound 19 (173 mg,
0.144 mmol) was dissolved in 2.9 mL of tetrahydrofuran and 2.9 mL of deionized
water under argon gas. Then, CuSO4*5H,0 (29 mg, 0.115 mmol) and sodium
ascorbate (115 mg, 0.579 mmol) were added sequentially to the reaction system
and the mixture was stirred at 56 °C for 24 h. Afterwards, the reaction was
detected by TLC and mass spectrometry, extracted with EtOAc and brine, dried
with MgS0,, and concentrated under reduced pressure. The residue was applied
to a chromatography eluted with MeOH-EtOAc 1:50 to give the crude product,
which was then further purified with Sephadex LH-20 (MeOH-DCM 1:1) to give
the compound 25 (90 mg, 62%) as a white foam.

R¢ = 0.25 (EtOAc-MeOH 50:1).
[a]p2® = 25.40 (c 0.5 in CHCL,).

TH NMR (600 MHz, CDCl3): 6 (ppm) = 7.98 (d, J = 7.7 Hz, 4H, Ar-H), 7.69 (s, 2H,
triazole), 7.60 (t, /] = 7.3 Hz, 4H, Ar-H), 7.47 (t,] = 7.5 Hz, 4H, Ar-H), 5.91-5.84 (m,
4H, H-5”, H-3"), 5.45-5.39 (m, 2H, H-4"), 5.35-5.26 (m, 6H, H-8, H-7, H-4"), 5.21-
5.16 (m, 4H, NH, H-3’), 5.09-5.05 (m, 4H, H-2’, H-2"), 4.94-4.87 (m, 2H, H-4), 4.72
(s, 2H, H-1"), 4.71 (m, 4H, Skeleton CH;), 4.28-4.22 (m, 6H, H-1"”, Ha-9), 4.09-4.03
(m, 6H, Hb-9, H-6, H-5), 3.94 (dd, J = 11.3, 5.1 Hz, 2H, H-6’), 3.85-3.81 (m, 2H, H-
5%), 3.79 (s, 6H, COOCH3), 3.66 (m, 4H, Skeleton CH;), 3.44 (d, /= 10.7 Hz, 2H, H-6"),
2.60 (dd, J = 12.8, 4.4 Hz, 2H, H-3eq), 2.16 (s, 6H, OAc), 2.14 (s, 6H, 0Ac), 2.12 (s,
6H, OAc), 2.07 (s, 6H, OAc), 2.05 (s, 6H, OAc), 2.03 (s,6H, OAc), 1.99-1.96(m, 12H,
H-3eq, H-6", 0Ac), 1.89 (s, 6H, NAc), 1.27-1.22 (m, 44H, CH;), 0.89 (t,/ = 6.9 Hz, 6H,
CHjs).

13C NMR (150 MHz, CDCl3): § (ppm) = 171.04 (C=0), 170.68 (C=0), 170.30 (C=0),
170.21 (C=0), 169.97 (C=0), 169.94 (C=0), 169.86 (C=0), 169.24 (C=0), 167.93
(COOCH3), 165.01 (C=0, 0Bz),145.13 (C, triazole), 139.48 (C-5"), 133.56 (C, OBz),
129.81 (C, 0Bz), 129.65 (C, 0Bz), 128.71 (C, 0Bz), 123.72 (CH, triazole), 122.53 (C-
47),98.65 (C-1"), 98.57 (C-2), 73.95 (C-3"), 72.61 (C-5), 69.91 (C-5’), 69.62 (CH,,

135



Skeleton), 69.34 (C-3"), 69.23 (C-2’), 69.12 (C-4), 68.41 (C-8), 67.41 (C-7), 66.67
(C-1"), 65.92 (C-4’), 64.62 (CH,, Skeleton), 63.29 (C-2"), 63.16 (C-6), 62.47 (C-9),
,52.93 (COOCH3), 49.55 (C-6), 37.77 (C-3), 32.34, 32.02, 29.78, 29.77, 29.76, 29.75,
29.74, 29.68, 29.51, 29.45, 29.24, 28.75 (CH,), 23.30 (CHs;, NHAC), 22.78, 21.20,
20.94,20.90, 20.82, 20.81, 20.75 (CHs, OAC), 14.22 (CHs).

ESI-HRMS (m/z) calcd for C12;H174Ng04g [M+Na]*: 2543.1345, found: 2543.1379.
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Figure VII-2. 'H NMR spectrum (600 MHz, CDCl3, 300 K) of compound 25.
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Figure VII-3. 13C NMR spectrum (150 MHz, CDCl3, 300 K) of compound 25.

136



Display Report

Analysis Info

Analysis Name

Acquisition Date

D:\Data\GOBS\FANG\2+1-SMS-OAc-20211012.d

10/13/2021 7:01:16 PM

Method tune_high.m Operator BDAL@DE
Sample Name  2+1-SMS-OAc-20211012 Instrument / Ser# micrOTOF 235
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 5.8 psi
Focus Active Set Dry Heater 180 °C
Scan Begin 50 m/z Set Capillary 4500 V Set Dry Gas 4.0 l/min
Scan End 3500 m/z Set End Plate Offset ~ -500 V Set Divert Valve Waste
Meas. m/z  #  Formula m/z  err[ppm] mSigma err[mDa]
1282.5643 1 CI122HI174N8Na2048 1282.5602 -3. 15.1 -4.1
25421343 1 CI22HI74N8Na 048 2542.1313 -12 60.5 -3.0
Meas.m/z  # Formula m/z  err[ppm] mSigma  err[mDa]
2543.1345 1 CI122H174N8Na 048 2542.1313 0.0 1.0 0.0
2 CI22HI74N8NaO48 2542.1313 0.0 1.0 0.0
3 CI22HI74N8Na 048 2542.1313 0.0 1.0 0.0
4 CI22HI74N8NaO48 2542.1313 0.0 1.0 0.0
5 CI22HI74N8NaO48 2542.1313 0.0 1.0 0.0
6 CI22HI74N8NaO48 2542.1313 0.0 1.0 0.0
7 CI22HI74N8NaO48 2542.1313 0.0 1.0 0.0
8 CI22HI74N8NaO48 2542.1313 0.0 1.0 0.0
9 CI22HI74N8NaO48 2542.1313 0.0 1.0 0.0
10 CI22HI174N8NaO48 2542.1313 0.0 1.0 0.0
11 CI122H 174N 8Na O48 2542.1313 0.0 1.0 0.0
Meas. m/z  # Formula m/z  er[ppm] mSigma err [mDa]
1283.0619 1 CI22HI174N8Na2048 1282.5602 0.0 1.0 0.0
2 CI22H174N8Na2048 1282.5602 0.0 1.0 0.0
3 CI22HI74N8Na2048 1282.5602 0.0 1.0 0.0
4 CI22H174N8Na2048 1282.5602 0.0 1.0 0.0
5 CI22HI7T4N8Na2048 1282.5602 0.0 1.0 0.0
6 CI22HITAN8Na2048 1282.5602 0.0 1.0 0.0
7 CI22HI74N8Na2048 1282.5602 0.0 1.0 0.0
Intens, +MS, 2.0min #118
%106 1283.0648 :
087 2543.1379
0.64
0.4+
0.2+
00 i 1781,8938 20699804 :
: 2543 1 345(31 22H174N8048, M+nNa ,2542.13
20007
1500+
10004
5004
0
1283.0619 C122H174N8048, M+nNa ,2565.12
2000+
1500
10004
5001
0 T T T T T T
500 1000 1500 2000 2500 miz
Bruker Compass DataAnalysis 4.0 printed: 10/21/2021 4:03:24 PM Page 1 of 1

Figure VII-4. HRMS spectrum of compound 25.
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1,3,5-Tri-{1-[0-(methyl5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosylonate)-(2-6)-0-(2,3,4-tri-O-acetyl-
«a-D-mannosyl)-(1-1)-(2S,3R,4E)-3-0-benzoyl-4-octadecene-1,3-diol]-1H-
1,2,3-triazole-4-ylmethyloxy} benzene (26).

ESO
*/NB\,OQO\/@N\*

A mixture of compound 23 (7.3 mg, 0.03 mmol) and compound 19 (135 mg,
0.113 mmol) was dissolved in 2.3 mL of tetrahydrofuran and 2.3 mL of deionized
water under argon gas. Then, CuSO4*5H,0 (15.2 mg, 0.06 mmol) and sodium
ascorbate (60.19 mg, 0.303 mmol) were added sequentially to the reaction system
and the mixture was stirred at 56 °C for 24 h. Afterwards, the reaction was
detected by TLC and mass spectrometry, extracted with EtOAc and brine, dried
with MgS0,, and concentrated under reduced pressure. The residue was applied
to a silica gel column chromatography eluted with MeOH-EtOAc 1:50 to give the
crude product, which was then further purified with Sephadex LH-20 (MeOH-
CH,Cl; 1:1) to give the compound 26 (63 mg, 55%) as a white foam.

R¢=0.21 (EtOAc-MeOH 50:1).
[a]p2° = 18.35 (c 0.5 in CHCLy).

TH NMR (600 MHz, CDCl3): 6§ (ppm) = 7.97 (d, J = 7.7 Hz, 6H, Ar-H), 7.78 (s, 3H,
triazole), 7.58 (t, ] = 7.3 Hz, 3H, Ar-H), 7.44 (t, ] = 7.5 Hz, 6H, Ar-H), 6.31 (s, 3H,
Skeleton Ar-H), 5.91-5.85 (m, 6H, H-5", H-3"), 5.44-5.40 (m, 3H, H-4"), 5.33 (m, 3H,
H-8), 5.30 (d, / = 8.2 Hz, 3H, H-7), 5.27 (d, ] = 9.9 Hz, 3H, H-4"), 5.22-5.18 (m, 6H,
NH, H-3’), 5.16-5.11 (m, 6H, Skeleton CH;), 5.10-5.09 (m, 3H, H-2"), 5.07-5.05 (m,
3H, H-2"), 4.92-4.87 (m, 3H, H-4), 4.72 (s, 3H, H-1"), 4.29-4.22 (m, 9H, Ha-9, H-1"),
4.08-4.00 (m, 9H, Hb-9, H-6, H-5), 3.92 (dd,J = 11.3, 5.1 Hz, 3H, H-6’), 3.84-3.81 (m,
3H, H-5"),3.76 (s, 9H, COOCH3), 3.44 (d,/ = 10.7 Hz, 3H, H-6’), 2.59 (dd, /= 12.8,4.4
Hz, 3H, H-3eq), 2.13 (s, 9H, 0OAc), 2.11 (s, 9H, OAc), 2.10 (s, 9H, OAc), 2.03 (s, 9H,
0Ac), 2.02 (s, 9H, OAc), 2.01 (s, 9H, OAc), 2.00-1.96(m, 6H, H-3eq, H-6"), 1.95 (s,
9H, OAc), 1.87 (s, 9H, NAc), 1.29-1.20 (m, 66H, CH;), 0.87 (t,] = 6.9 Hz, 9H, CH;).

13C NMR (150 MHz, CDCl3): 8 (ppm) = 171.07 (C=0), 170.72 (C=0), 170.34 (C=0),
170.25 (C=0), 170.05 (C=0), 169.97 (C=0), 169.91 (C=0), 169.24 (C=0), 167.98
(COOCH3), 165.13 (C=0, OBz), 160.46 (C, Skeleton aromatic),144.06 (C, triazole),
139.52 (C-5"), 133.65 (C, OBz), 129.86 (C, OBz), 129.65 (C, OBz), 128.77 (C, OBz),
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124.54 (CH, triazole), 122.46 (C-4"), 98.69 (C-1"), 98.61 (C-2), 94.97 (CH, Skeleton
aromatic), 73.77 (C-3"), 72.57 (C-5), 70.01 (C-5’), 69.32 (C-3"), 69.27 (C-2"), 69.13
(C-4), 68.35 (C-8), 67.42 (C-7), 66.63 (C-1"), 65.95 (C-4"), 63.42 (C-2"), 63.20 (C-
6), 62.51 (C-9), 62.25 (CH,, Skeleton),52.97 (COOCH;), 49.59 (C-6), 37.81 (C-3),
32.38, 32.06, 29.84, 29.83, 29.82, 29.81, 29.79, 29.72, 29.54, 29.48, 29.27, 28.78
(CH,), 23.34 (CHs, NHAc), 22.82, 21.24, 20.99, 20.96, 20.86, 20.84, 20.80 (CHs,
OAc), 14.27 (CHs).

ESI-HRMS (m/z)calcd for CiggHp58N1,07, [M+H+Na]3*: 1294.2250, found:
1294.2212.
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Figure VII-5. 'H NMR spectrum (600 MHz, CDCl3, 300 K) of compound 26.
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Figure VII-6. 13C NMR spectrum (150 MHz, CDCl3, 300 K) of compound 26.
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Figure VII-7. HRMS spectrum of compound 26.
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Tetrakis- {1-[O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-dideoxy-D-
glycero-a-D-galacto- 2-nonulopyranosylonate)-(2—6)-0-(2,3,4-tri-O-acetyl-
«-D-mannosyl)-(1-1)-(2S,3R,4E)-2-azido-3-0-benzoyl-4-octadecene-1,3-
diol]-1H-1,2,3-triazole-4-ylmethyloxy}pentaerythritol (27).
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A mixture of compound 24 (6.9 mg, 0.23 mmol) and compound 19 (142 mg,
0.119 mmol) was dissolved in 2.4 mL of tetrahydrofuran and 2.4 mL of deionized
water under argon gas. Then, CuS04°5H;0 (12.12 mg, 0.048 mmol) and sodium
ascorbate (47.41 mg, 0.239 mmol) were added sequentially to the reaction system
and the mixture was stirred at 56 °C for 24 h. Afterwards, the reaction was
detected by TLC and mass spectrometry, extracted with EtOAc and brine, dried
with MgS0,, and concentrated under reduced pressure. The residue was applied
to a silica gel column chromatography eluted with MeOH-EtOAc 1:30 to give the
crude product, which was then further purified with Sephadex LH-20 (MeOH-
CH,Cl; 1:1) to give the compound 27 (58 mg, 48%) as a white foam.

R¢= 0.22 (EtOAc-MeOH 20:1).
[a]n2° = 23.65 (c 0.5 in CHCly).

TH NMR (600 MHz, CDCl3): 6§ (ppm) = 7.95 (d, J = 7.7 Hz, 8H, Ar-H), 7.72 (s, 4H,
triazole), 7.58 (t, /] = 7.3 Hz, 4H, Ar-H), 7.41 (t, /] = 7.5 Hz, 8H, Ar-H), 5.88-5.85 (m,
8H, H-5”, H-3”), 5.47-5.41 (m, 4H, H-4"), 5.34—5.25 (m, 16H, H-8, H-7, H-4’, NH),
5.19-5.16 (m, 4H, H-3’), 5.12-5.07 (m, 8H, H-2"), 5.07-5.05 (m, 4H, H-2"), 4.92-4.86
(m, 4H, H-4), 4.75 (s, 4H, H-1"), 4.50 (m, 8H, Skeleton CH;), 4.29-4.18 (m, 12H, H-
1”, Ha-9), 4.08-4.01 (m, 12H, Hb-9, H-6, H-5), 3.94-3.87 (m, 8H, H-6’, H-5"), 3.76 (s,
12H, COOCHj3), 3.44 (m, 12H, H-6’, Skeleton CH;), 2.59 (dd, / = 12.8, 4.4 Hz, 4H, H-
3eq), 2.14 (s, 12H, OAc), 2.12 (s, 12H, OAc), 2.09 (s, 12H, OAc), 2.04 (s, 12H, OAc),
2.02 (s, 12H, 0Ac), 2.00 (s, 12H, OAc), 1.97-1.94(m, 12H, H-3eq, H-6"), 1.93 (s, 12H,
0Ac), 1.86 (s, 12H, NAc), 1.28-1.19 (m, 88H, CH;), 0.86 (t,/ = 6.9 Hz, 12H, CH3).

13C NMR (150 MHz, CDCl3): § (ppm) = 171.01 (C=0), 170.72 (C=0), 170.38 (C=0),
170.21 (C=0), 169.95 (C=0), 169.92 (C=0), 169.87 (C=0), 169.21 (C=0), 167.99
(COOCH;), 164.95 (C=0, 0Bz),144.88 (C, triazole), 139.26 (C-5"), 133.64 (C, OBz),
129.84 (C, 0Bz), 129.69 (C, 0Bz), 128.78 (C, 0Bz), 124.34 (CH, triazole), 122.59 (C-
47),98.73 (C-1"), 98.63 (C-2), 74.24 (C-3"), 72.59 (C-5), 69.94 (C-5), 69.47 (CH,,
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Skeleton), 69.41 (C-3"), 69.28 (C-2’), 69.21 (C-4), 68.37 (C-8), 67.44 (C-7), 66.52
(C-1"), 65.95 (C-4’), 64.79 (CH,, Skeleton), 63.52 (C-2"), 63.14 (C-6'), 62.48 (C-9),
,53.01 (COOCH3), 49.54 (C-6), 37.79 (C-3), 32.43,32.04, 29.84, 29.83, 29.82, 29.81,
29.79, 29.72, 29.54, 29.48, 29.34, 28.89 (CH,), 23.32 (CHs;, NHAC), 22.82, 21.24,
20.98, 20.94, 20.86, 20.83, 20.75 (CHs, OAC), 14.27 (CHs).

ESI-HRMS (m/z) calcd for Cj45H34N1609¢ [M+2H+Na]3*: 1707.4206, found:
1707.4197.
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Figure VII-8. 'H NMR spectrum (600 MHz, CDCl3, 300 K) of compound 27.
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Figure VII-9. 13C NMR spectrum (150 MHz, CDCls, 300 K) of compound 27.
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1,2-Di-{1-[0-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-2-
amino-4-octadecene-1,3-diol]-1H-1,2,3-triazole-4-ylmethyloxy} ethane
(28).

R

The compound 25 (90 mg, 0.035 mmol) was dissolved in 14.28 mL of
NaOMe/MeOH (0.04 M) and stirred overnight at room temperature. After addition
of a few drops of water at 0 °C and the mixture was neutralized with Amberlite IR
120/H* ion exchange resin stirring for 2 h at room temperature. After filtration
and concentration, the residue was purified by silica gel chromatography (CHCl;3-
MeOH-H;0 5:4:0.3) and Sephadex LH-20 (MeOH-H,0 1:1) to afford compound 28
(49 mg, 83%) as a white powder.

R¢ = 0.36 (CHCl3-MeOH-H,0 5:4:0.3).
[a]p2° = 13.06 (c 0.5 in CHCl;-MeOH-H,0 5:4:1).

1H NMR (600 MHz, CDCl3-CD30D-D,0 5:4:1): § (ppm) = 7.64 (s, 2H, triazole), 5.26-
5.18 (m, 2H, H-5"), 5.01-4.93 (m, 2H, H-4"), 4.38-4.33 (m, 8H, H-2”, H-1’,CH, x 2-
Skeleton), 4.13-4.08 (m, 2H, H-3"), 3.91-3.88 (m, 2H, H-1"), 3.78-3.74 (m, 2H, H-
1), 3.67-3.64 (m, 2H, H-6"), 3.54-3.51 (m, 4H, H-9, H-8), 3.41-3.26 (m, 20H, H-4,
H-5, H-6, H-9, H-2’, H-4’, H-5’, H-6", CH, x 2- Skeleton), 3.23 (m, 2H, H-7), 3.15 (m,
2H, H-3"), 2.47-2.43 (m, 2H, H-3eq), 1.71 (s, 6H, NHAc), 1.58-1.53 (m, 4H, H-6"),
1.42-1.36 (m, 2H, H-3ax), 1.01-0.88 (m, 44H, H-7"--17"), 0.56 (t, ] = 7.4 Hz, 6H,
CH,).

13C NMR (150 MHz, CDCl5-CD;0D-D,0 5:4:1): § (ppm) = 174.21 (C=0, NHAc),
174.20 (C=0, COOH), 143.01(C, triazole), 136.29 (C-5"), 128.13 (C-4"), 124.07 (CH,
triazole), 101.63 (C-1'), 101.62 (C-2), 70.01(CH,,Skeleton), 72.58, 71.43, 71.24,
71.14, 70.46, 69.77, 68.94, 68.44, 67.53, 66.43, 65.32, 65.52, 63.56, 62.81, 62.53,
52.17, (C-4, C-5, C-6, C-7, C-8, C-9, C-2’, C-3’, C-4’, C-5’, C-6’, C-1”, C-2”, C-3") 67.61
(C-1"), 64.62 (CHy,Skeleton), 41.17(C-3), 32.77(C-6"), 22.75(NHAC), 32.58, 31.77,
31.52, 29.3, 29.25, 29.11, 28.95, 28.8, 28.64, 22.25, 21.74(C-7"--17") , 13.48(C-
18").

ESI-HRMS (m/z) calcd for C;gH3;NgO3, [M+Na-2H]: 1715.8851, found:
1715.8781.
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Figure VII-11. TH NMR spectrum (600 MHz, CDCl3-CD30D-D,0 5:4:1, 300 K) of compound 28.
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Figure VII-12. 3C NMR spectrum (150 MHz, CDCl3-CD30D-D,0 5:4:1, 300 K) of compound 28.
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Figure VII-13. HRMS spectrum of compound 28.
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1,3,5-Tri-{1-[O-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-4-
octadecene-l,3-diol]-1H-1,2,3-triazole-4-ylmethyloxy} benzene (29).

A,

\_S

The compound 26 (63 mg, 0.016 mmol) was dissolved in 9.92 mL of
NaOMe/MeOH (0.04 M) and stirred overnight at room temperature. After addition
of a few drops of water under 0 °C and the mixture was neutralized with Amberlite
IR 120/H* ion exchange resin after stirring for 2 h at room temperature. After
filtration and concentration, the residue was purified by silica gel chromatography
(CHCl3-MeOH-H,0 5:4:0.4) and Sephadex LH-20 (MeOH-H,O 1:1) to afford
compound 29 (36 mg, 85%).

R¢ = 0.23 (CHCl3-MeOH-H,0 5:4:0.4).
[a]p2° = 10.72 (c 0.5 in CHCl3-MeOH-H,0 5:4:1).

1H NMR (600 MHz, CDCl5-CD3;0D-D,0 5:4:1): § (ppm) = 7.69 (s, 3H, triazole), 6.02
(s, 3H, Skeleton Ar-H), 5.25-5.20 (m, 3H, H-5"), 5.02-4.96 (m, 3H, H-4"), 4.86 (s,
6H, Skeleton 3 x CH,), 4.40 (m, 6H, H-2”, H-1"), 4.17 (m, 3H, H-3"), 3.94-3.91 (m,
3H, H-1"), 3.80-3.75 (m, 3H, H-1"), 3.68-3.65 (m, 3H, H-6"), 3.57-3.53 (m, 6H, H-9,
H-8), 3.43-3.31 (m, 24H, H-4, H-5, H-6, H-9, H-2’, H-4’, H-5’, H-6"), 3.23 (m, 3H, H-
7), 3.15 (m, 3H, H-3"), 2.48 (m, 3H, H-3eq), 1.74 (s, 9H, NHAc), 1.57 (m, 6H, H-6"),
1.39 (m, 3H, H-3ax), 1.01-0.88 (m, 66H, H-7"--17"), 0.59 (t,] = 7.4 Hz, 9H, CH).

13C NMR (150 MHz, CDCl3-CD30D-D,0 5:4:1): 6 (ppm) = 175.31 (C=0, NHAc),
175.30 (C=0, COOH), 160.56 (C, Skeleton aromatic), 143.01(C, triazole), 135.41 (C-
5”), 127.08 (C-4"), 124.41(CH, triazole), 100.51 (C-1"), 100.51 (C-2), 95.17(CH,
Skeleton aromatic), 72.57, 71.37, 71.24, 71.23, 70.46, 69.77, 68.41, 67.60, 67.60,
66.45, 65.52,62.72,63.72, 62.55,52.17, (C-4, C-5, C-6, C-7, C-8, C-9, C-2’, C-3’, C-4’,
Cc-5, C-6’, C-1”, C-2”, C-3") 67.49 (C-1"), 62.19(CH,, Skeleton aromatic), 41.17(C-
3), 32.77(C-6"), 22.75(NHAc), 32.58, 31.77, 31.52, 29.3, 29.25, 29.11, 28.95, 28.8,
28.64,22.25,21.74(C-7"--17") , 13.48(C-18").

ESI-HRMS (m/z) calcd for C120H196N1204g [M+K-2H]: 2613.2940, found:
2613.2871.
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Figure VII-15. 3C NMR spectrum (150 MHz, CDCl3-CD30D-D,0 5:4:1, 300 K) of compound 29.

148




Display Report

Analysis Info

Analysis Name  D:\Data\GOBS\FANG\3-SMS3-OH-20211115.d
Method tune_high_neg.m

Samp

le Name 3-SMS-0H-20211115

Comment

Acquisition Date  11/15/2021 7:07:24 PM

Operator BDAL@DE
Instrument / Ser# micrOTOF 235

Acquisition Parameter
Source Type ESI lon Polarity Negative

Focus

Active

Scan Begin 50 m/z Set Capillary 4000 V
Scan End 3000 m/z Set End Plate Offset -500 v

Set Nebulizer 5.8 psi
Set Dry Heater 180 °C
Set Dry Gas 4.0 I/min
Set Divert Valve Waste

Mcas. mz  # Formula m/z err[ppm] mSigma  crr[mDa)

2612.2815 I CI20HI9KNI12048 2612.2908 35 130.9 9.2

Meas.m/z  # Formula miz or[ppm] mSigma  err [mDa]

Intens.
x10°
1.504

1.25+

1.00+

0.754

0.50+

0.25+

2613.2871

2614.2873

2615.2919

-MS, 0.0min #1

2616.2847

0.00

20004

15004

1000

5004

2613,2940

2614.2972
2612.2908

2615.3005

C120H196N12048, M+nK ,2612.29

2616.3040

2617.3050

2612 2613 2614 261

5

2616 2617 miz

Bruker Compass DataAnalysis 4.0 printed: 11/15/2021 7:55:19 PM

Page 1 of 1

Figure VII-16. HRMS spectrum of compound 29.
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Tetrakis- {1-[O-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-2-
amino-4-octadecene-1,3-diol]-1H-1,2,3-triazole-4-ylmethyloxy}
pentaerythritol (30).

Q 9
e
;S
.} Q

The compound 27 (58 mg, 0.011 mmol) was dissolved in 9.18 mL of
NaOMe/MeOH (0.04 M) and stirred overnight at room temperature. After addition
of a few drops of water under 0 °C and the mixture was neutralized with Amberlite
IR 120/H* ion exchange resin after stirring for 2 h at room temperature. After
filtration and concentration, the residue was purified by silica gel chromatography
(CHCl3-MeOH-H,0 5:4:0.5) and Sephadex LH-20 (MeOH-H,O 1:1) to afford
compound 30 (33 mg, 84%).

R = 0.27 (CHCl3-MeOH-H,0 5:4:0.7).
[a]p2° = 9.26 (c 0.5 in CHCl;-MeOH-H,0 5:4:1).

1H NMR (600 MHz, CDCl3-CD30D-D,0 5:4:1): § (ppm) = 7.67 (s, 4H, triazole), 5.26-
5.18 (m, 4H, H-5”), 5.02-4.95 (m, 4H, H-4"), 4.43-4.39 (m, 8H, H-2", H-1"), 4.27-
4.23 (m, 8H, CH, x 2- Skeleton), 4.18-4.13 (m, 4H, H-3"), 3.96-3.91 (m, 4H, H-1"),
3.79-3.74 (m, 4H, H-1"), 3.69-3.64 (m, 4H, H-6"), 3.54-3.52 (m, 8H, H-9, H-8), 3.40-
3.18 (m, 48H, H-4, H-5, H-6, H-7, H-9, H-2’, H-3’, H-4’, H-5’, H-6', CH, x 2- Skeleton),
2.48-2.44 (m, 4H, H-3eq), 1.71 (s, 12H, NHAC), 1.57-1.53 (m, 8H, H-6"), 1.42-1.36
(m, 4H, H-3ax), 1.01-0.88 (m, 88H, H-7"--17"), 0.56 (t, ] = 7.4 Hz, 12H, CH,).

13C NMR (150 MHz, CDCl5-CD;0D-D,0 5:4:1): § (ppm) = 174.38 (C=0, NHAc),
174.20 (C=0, COOH), 144.08 (C, triazole), 135.11 (C-5"), 127.11 (C-4"), 123.68 (CH,
triazole), 100.49 (C-1'), 100.48 (C-2), 69.60 (CH,,Skeleton), 72.58, 71.43, 71.24,
71.14, 70.46, 69.77, 68.94, 68.44, 67.53, 66.43, 65.32, 65.52, 63.56, 62.81, 62.53,
52.17 (C-4, C-5, C-6, C-7, C-8, C-9, C-2’, C-3, C-4, C-5’, C-6', C-1”, C-2”, C-3”) 67.61
(C-1"), 65.24 (CH,,Skeleton), 41.34 (C-3), 32.96 (C-6"), 22.75 (NHAC), 32.58,31.77,
31.52, 29.3, 29.25, 29.11, 28.95, 28.8, 28.64, 22.25, 21.74 (C-7"--17") , 14.59 (C-
18").

ESI-HRMS (m/z) caled for CisyHzesN1gOss  [M+NH,-H]2:1719.4469,
found:1719.4094.
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Figure VII-17. TH NMR spectrum (600 MHz, CDCl3-CD30D-D,0 5:4:1, 300 K) of compound 30.
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Figure VII-19. HRMS spectrum of compound 30.
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7.9. Synthesis of macromolecular multivalent skeletons

Hexakis(6-0-tert-butyldimethylsilyl)cyclomaltohexaose (31)

) 0443

a-Cyclodextrin (3 g, 3.08 mmol) was dissolved in dry pyridine (30 mL) and
cooled to 0 °C in an ice bath, and then a solution of TBDMSCI (4.65 g, 30.8 mmol)
in dry pyridine (50 mL) was added dropwise. After 3 h in the ice bath, the mixture
was stirred at room temperature for 18 h. Afterwards, the solvent was removed
under reduced pressure and the residue was extracted with dichloromethane,
washed with 3% hydrochloric acid and brine, dried over MgS0O,, and concentrated
under reduced pressure. The residue was separated on a silica gel column and
eluted with chloroform-methanol 8:1 to obtain compound 31 (3.6 g, 71%) as a
white powder [222].

R¢=0.31 (CHCl;-MeOH 6:1).

1H NMR (400 MHz, CDCl5): § (ppm) = 4.86 (s, 6H, H-1), 4.00 (t,] = 9.0 Hz, 6H, H-4),
3.86 (dd, ] = 28.6, 10.3 Hz, 12H, H-6), 3.76 - 3.56 (m, 18H, H-5, H-3, H-2), 0.87 (s,
54H, SiC(CHs)3), 0.03 (s, 36H, Si(CHs)).
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Figure VII-20. 'H NMR spectrum (400 MHz, CDCl3, 300 K) of compound 31.
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Hexakis(6-0-tert-butyldimethylsilyl-2,3-di-O-methyl)cyclomaltohexaose
(32)

78,
DMS
TBDMSO

Sodium hydride (2.6 g, 60% mineral oil) was added to a solution of 31 (3 g,
1.81 mmol) in DMF (86 mL) at 0 °C and the mixture was stirred for 1 h at 0 °C.
Iodomethane (4.73 mL) was added dropwise and the mixture was stirred at 0 °C
for 1 h, then warmed to room temperature and stirred overnight. After that, the
mixture was cooled to 0 °C again and MeOH was added dropwise to quench the
remaining sodium hydride and methyl iodide. The solvent was removed under
reduced pressure and the residue was taken up in dichloromethane. The organic
layer was washed with brine, dried with MgS0,, and concentrated. The residue
was chromatographed (Cy-EtOAc 4:1) to give compound 32 (2.41 g, 73%) as a
white powder [222].

R = 0.26 (Cy-EtOAc 2:1).

1H NMR (400 MHz, CDCl5): § (ppm) = 5.02 (d, ] = 3.3 Hz, 6H, H-1), 4.06 (dd, /= 11.3,
2.7 Hz, 6H, H-6a), 3.68 (d, ] = 9.0 Hz, 6H, H-4), 3.64 - 3.54 (m, 36H, OCHs, H-6b, H-
5, H-3), 3.48 (s, 18H, OCHs), 3.03 (dd, J = 9.8, 3.2 Hz, 6H, H-2), 0.85 (s, 54H,
SiCC(CHs)3), 0.01 (d, J = 3.7 Hz, 36H, SiC(CHs)).
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Figure VII-21. TH NMR (400 MHz, CDCl3, 300 K) of compound 32.
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Hexakis(2,3-di-O-methyl)cyclomaltohexaose (33)

\
< \
o
B Olte DMme OMe O O

TBAF (1.1 M solution in THF, 7 mL, 7.63 mmol) was added dropwise to a
solution of 32 (2 g, 1.09 mmol) in THF (22 mL). The mixture was heated to reflux
for 2 h and then concentrated under reduced pressure. The residue was extracted
by dichloromethane, washed with brine, dried over MgS0O,, and concentrated
under reduced pressure. The residue was separated by silica gel column, eluted
with chloroform-methanol 4:1 to obtain compound 33 (950 mg, 76%) as a white
foam [222].

R¢=0.27 (CHCl;-MeOH 4:1).

1H NMR (400 MHz, CDCl3): § (ppm) = 4.99 (d, ] = 3.6 Hz, 6H, H-1), 4.77 (s, 6H, OH),
3.97 (d, ] = 10.0 Hz, 6H, H-6a), 3.72 (d, ] = 8.4 Hz, 12H, H-5, H-6b), 3.58 (s, 18H,
OCHs), 3.48 (d, ] = 9.1 Hz, 6H, H-3), 3.44 (s, 18H, OCH3), 3.37 (t, ] = 8.9 Hz, 6H, H-
4),3.09 (dd, ] = 9.9, 3.3 Hz, 6H, H-2).

13C NMR (100 MHz, CDCl3): § (ppm) = 99.12 (C-1), 82.08 (C-4), 81.90 (C-2), 81.78
(C-3), 72.86 (C-5), 61.9 (C-6), 61.70 (OCHs), 58.07 (OCH5).

75 70 6.5 6.0 55 5.0 45 40 3.5 3.0 25 2.0 15 10 0.5 0.0
S (ppm)
Figure VII-22. TH NMR spectrum (400 MHz, CDCl3, 300 K) of compound 33.
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Figure VII-23. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of compound 33.

Hexakis(2,3-di-O-methyl-6-0-propargyl)cyclomaltohexaose (34)

A suspension of NaH (60% dispersion in mineral oil, 4 equiv. per OH group)
(0.47 g, 11.79 mmol) in anhydrous THF (11 mL) was added dropwise to a cooled
(0 °C) solution of compound 33 (547 mg, 0.49 mmol) in anhydrous THF (16 mL).
The suspension was then stirred at 0 °C for 1 hour. After that, a solution of propyne
bromide (80% in toluene, 5 equiv. per OH group) (1.75 g, 14.74 mmol) in THF
(1.67 mL) was added dropwise at 0 °C. The resulting mixture was first stirred at 0
°C for 2 h and then atr.t. for 48 h. The reaction was quenched by adding methanol
(16 mL). The solvent was removed by evaporation under reduced pressure. The
residue was extracted with ethyl acetate. The organic layer was washed with brine,
dried over MgSO, and evaporated. The residue was purified by silica gel
chromatography (DCM-MeOH 50:1) to give compound 34 (479 mg, 72%) as a
white foam.

R¢=0.23 (DCM-MeOH 50:1).

1H NMR (400 MHz, CDCls): & (ppm) = 5.03 (d, / = 3.0 Hz, 7H, H-1)), 4.35 - 4.28 (m,
7H, CH,), 4.24 - 4.17 (m, 7H, CHy), 4.03 (d, ] = 9.7 Hz, 7H, H-6a), 3.83 (t, ] = 9.1 Hz,
14H, H-5), 3.62 (s, 21H, OCH3), 3.57 (t, ] = 8.9 Hz, 7H,H-4), 3.53 - 3.49 (m, 7H, H-
3),3.47 (d,] = 1.8 Hz, 21H, OCHs), 3.16 (dd, ] = 9.8, 3.2 Hz, 7H, H-2), 2.47 (t, ] = 2.3
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Hz, 7H, C=CH).

13C NMR (100 MHz, CDCl3): § (ppm) = 100.38 (C-1), 82.75 (C-4), 82.20 (C-2), 81.31
(C-3), 79.98 (C=CH), 75.05 (C=CH), 71.06 (C-5), 68.88 (C-6), 61.96 (OCH;), 58.67
(CH,), 57.92 (OCHs).
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Figure VII-24. TH NMR spectrum (400 MHz, CDCl3, 300 K) of compound 34.
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Figure VII-25. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of compound 34.
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Heptakis(6-0-tert-butyldimethylsilyl)cyclomaltoheptaose (35)

B-Cyclodextrin (3 g, 2.64 mmol) was dissolved in dry pyridine (30 mL) and
cooled to 0 °C in an ice bath, and then a solution of TBDMSCI (4.65 g, 30.82 mmol)
in dry pyridine (50 mL) was added dropwise. After 3 h in the ice bath, the mixture
was stirred at room temperature for 18 h. Afterwards, the solvent was removed
under reduced pressure and the residue was extracted with dichloromethane,
washed with 3% hydrochloric acid and brine, dried over MgS0O,, and concentrated
under reduced pressure. The residue was separated on a silica gel column and
eluted with chloroform-methanol 8:1 to obtain compound 35 (3.94 g, 70%) as a
white powder [248].

R = 0.28 (CHCl;-MeOH 6:1).

1H NMR (400 MHz, CDCl5): § (ppm) = 4.89 (s, 7H, H-1), 4.04 (t,] = 9.1 Hz, 7H, H-4),
3.90 (dd, ] = 11.4, 3.1 Hz, 7H, Ha-6), 3.71 (d, ] = 10.7 Hz, 7H, Hb-6), 3.67 - 3.60 (m,
14H, H-5, H-3), 3.56 (t, ] = 9.2 Hz, 7H, H-2), 0.87 (s, 63H, SiC(CHs)3), 0.04 (s, 21H,
Si(CH3)), 0.03 (s, 21H, Si(CHs)).

13C NMR (100 MHz, CDCly): § (ppm) = 102.16 (C-1), 81.91 (C-2), 73.76 (C-3), 73.55
(C-4), 72.70 (C-5), 61.78 (C-6), 26.05 (SiC(CH3)s), 18.42 (SiC(CH3)s -4.92
(Si(CHs)), -5.04 (Si(CH3)).
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Figure VII-26. TH NMR spectrum (400 MHz, CDCl3, 300 K) of compound 35.
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Figure VII-27. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of compound 35.

Heptakis(6-0-tert-butyldimethylsilyl-2,3-di-O-methyl)cyclomaltoheptaose
(36)

Z0We_olve Dume Ve O

Sodium hydride (2.6 g, 60% mineral oil) was added to a solution of 35 (3 g,
1.55 mmol) in DMF (50 mL) at 0 °C and the mixture was stirred for 1 h at 0 °C.
Iodomethane (4.73 mL) was added dropwise and the mixture was stirred at 0 °C
for 1 h, then warmed to room temperature and stirred overnight. After that, the
mixture was cooled to 0 °C again and MeOH was added dropwise to quench the
remaining sodium hydride and methyl iodide. The solvent was removed under
reduced pressure and the residue was taken up in dichloromethane. The organic
layer was washed with brine, dried with MgS0,, and concentrated. The residue
was chromatographed (Cy-EtOAc 4:1) to give compound 36 (2.37 g, 72%) as a
white powder [248].

R = 0.25 (Cy-EtOAc 2:1).

1H NMR (400 MHz, CDCls): § (ppm) = 5.15 (d,J = 3.5 Hz, 7H, H-1), 4.08 (dd, /= 11.7,
2.7 Hz, 7H, H-6), 3.69 (t, ] = 9.2 Hz, 7H, H-4), 3.63 (s, 21H, OCH3), 3.61 - 3.48 (m,
21H, H-6, H-5, H-3), 3.47 (s, 21H, OCH3), 3.02 (dd, J = 9.8, 3.5 Hz, 7H, H-2), 0.84 (s,
63H, SiCC(CHs)s), -0.02 (s, 42H, SiC(CHs)).

13C NMR (100 MHz, CDCl3): 8 (ppm) = 98.26 (C-1), 82.36 (C-2), 82.13 (C-3), 78.83
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(C-4), 72.28 (C-5), 62.42 (C-6), 61.55 (OCH3), 58.68 (OCH3), 25.99 (SiC(CH3)s),
18.37 (SiC(CH3)s3, -4.78 (Si(CH3)), -5.13 (Si(CH3)).
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Figure VII-28. TH NMR spectrum (400 MHz, CDCl3, 300 K) of compound 36.
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Figure VII-29. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of compound 36.

Heptakis(2,3-di-O-methyl)cyclomaltoheptaose (37)

N N
' )
4101, Q-
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TBAF (1.1 M solution in THF, 7 mL, 7.7 mmol) was added dropwise to a
160



solution of 36 (2 g, 0.938 mmol) in THF (20 mL). The mixture was heated to reflux
for 2 h and then concentrated under reduced pressure. The residue was extracted
by dichloromethane, washed with brine, dried over MgSO,, and concentrated
under reduced pressure. The residue was separated by silica gel column, eluted
with chloroform-methanol 4:1, to obtain compound 37 (938 mg, 75%) as a white
foam [248].

R¢=0.21 (CHCl;-MeOH 4:1).

Heptakis(2,3-di-O-methyl-6-0-propargyl)cyclomaltoheptaose (38)

£ OMe Oe Lf)Me OM?._.'QW‘"

A suspension of NaH (60% dispersion in mineral oil, 4 equiv. per OH group)
(0.44 g, 11.02 mmol) in anhydrous THF (10 mL) was added dropwise to a cooled
(0 °C) solution of compound 37 (524 mg, 0.393 mmol) in anhydrous THF (15 mL).
The suspension was then stirred at 0 °C for 1 hour. After that, a solution of propyne
bromide (80% in toluene, 5 equiv. per OH group) (1.64 g, 13.78 mmol) in THF
(1.56 mL) was added dropwise at 0 °C. The resulting mixture was first stirred at 0
°C for 2 h and then atr.t. for 48 h. The reaction was quenched by adding methanol
(15 mL). The solvent was removed by evaporation under reduced pressure. The
residue was extracted with ethyl acetate. The organic layer was washed with brine,
dried over MgSO, and evaporated. The residue was purified by silica gel
chromatography (DCM-MeOH 50:1) to give compound 38 (433 mg, 69%) as a
white foam [248].

R¢=0.19 (DCM-MeOH 50:1).

1H NMR (400 MHz, CDCl;): & (ppm) = 5.10 (d, J = 3.6 Hz, 7H, H-1), 4.27 (dd, ] =
15.9, 2.4 Hz, 7H, CH,), 4.19 (dd, ] = 15.8, 2.4 Hz, 7H, CH,), 3.90 - 3.82 (m, 21H, H-6,
H-5), 3.62 (s, 21H, OCH3), 3.56 (t, J = 9.0 Hz, 7H, H-4), 3.51 - 3.45 (m, 28H, H-3,
OCHs), 3.17 (dd, ] = 9.6, 3.6 Hz, 7H, H-2), 2.48 (t, ] = 2.3 Hz, 7H, C=CH).

13C NMR (100 MHz, CDCl3): § (ppm) = 99.22 (C-1), 82.15 (C-2), 81.82 (C-3), 80.78

(C-4), 79.90 (C=CH), 74.99 (C=CH), 70.84 (C-5), 68.96 (C-6), 61.59 (OCH;), 58.62
(OCHs), 58.57 (CH,).
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Figure VII-31. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of compound 38.
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Figure VII-30. 'H NMR spectrum (400 MHz, CDCl3, 300 K) of compound 38.
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7.10. Synthesis of mannose-containing GM3 analogue oligomers with
macromolecular multivalent skeletons based on "click chemistry”

Hexakis {2,3-di-O-methyl-6-[O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-
3,5-dideoxy-D-glycero-a-D-galacto- 2-nonulopyranosylonate)-(2—6)-0-
(2,3,4-tri-0-acetyl-a-D-mannosyl)-(1-1)-(2S,3R,4E)-3-0-benzoyl-4-
octadecene-l,3-diol) ]-1H-1,2,3-triazole-4-ylmethyloxy} cyclomaltohexaose
(39)

A mixture of compound 34 (24 mg, 0.017 mmol) and compound 19 (158 mg,
0.132 mmol) was dissolved in 2.6 mL of tetrahydrofuran and 2.6 mL of deionized
water under argon. Then, CuSO4*5H,0 (9 mg, 0.035 mmol) and sodium ascorbate
(35.08 mg, 0.177 mmol) were added sequentially to the reaction system and the
mixture was stirred at 56 °C for 24 h. Afterwards, the reaction was detected by
TLC, extracted with EtOAc and brine, dried with MgSO,, and concentrated under
reduced pressure. The residue was applied to a silica gel column chromatography
eluted with MeOH-EtOAc 1:10 to give the crude product, which was then further
purified with Sephadex LH-20 (MeOH-DCM 1:1) to give compound 39 (84 mg,
56%) as colorless foam.

R = 0.32 (MeOH-EtOAc 1:10).
[a]p2° = 39.24 (¢ 0.5 in CHCl3).

1H NMR (400 MHz, CDCl3): § (ppm) = 7.90 (d, ] = 7.4 Hz, 12H, Ar-H), 7.76 (s, 6H,
triazole), 7.44 (dd, ] = 26.7, 7.4 Hz, 18H, Ar-H), 5.87 (dd, J = 15.1, 7.8 Hz, 12H, H-5",
H-3"),5.39 (d,] = 9.6 Hz, 6H, H-4"), 5.31 (d, ] = 7.4 Hz, 18H, H-7, H-8, H-4"), 5.20 -
4.98 (m, 24H, H-3’, H-CD1, H-2’, H-2"), 4.92 - 4.85 (m, 6H, H-4), 4.74 (s, 18H, H-1’,
H-CDCH,), 4.25 (d, ] = 12.4 Hz, 12H, Ha-1”, Ha-9), 4.16 - 3.97 (m, 30H, Hb-1”, Ha-
CD6, H-5, H-6, Hb-9), 3.97 - 3.83 (m, 18H, H-5’, Ha-6", H-CD4,), 3.83 - 3.72 (m, 24H,
H-CD5, COOCH3), 3.59 (s, 30H, Hb-CD6, H-CDOMe, H3), 3.41 (d, ] = 29.5 Hz, 24H,
Hb-6’, H-CDOMe), 3.01 (d, ] = 9.7 Hz, 6H, H-CD2), 2.59 (dd, ] = 13.1, 4.6 Hz, 6H, H-
3eq), 2.13 (s, 18H, 0Ac),2.11 (s, 18H, OAc), 2.06 (s, 18H, OAc), 2.04 (s, 18H, OAc),
2.00 (m, 36H, 0Acx 2), 1.97 (s, 18H, H-3eq, H-6"), 1.91 (s, 18H, OAc), 1.85 (s, 18H,
0Ac), 1.23 (m, 132H, CH,), 0.85 (t, ] = 6.7 Hz, 18H, CHy).
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13C NMR (100 MHz, CDCl3): § (ppm) = 170.94 (C=0), 170.57 (C=0), 170.22 (C=0),
170.10 (C=0), 169.76 (C=0 x 3), 169.04 (C=0), 167.82 (PhC=0), 164.81 (C=0),
144.78 (Click ring C), 139.33 (C-5"), 133.36 (C-Ar), 129.65 (C-Ar x 2), 128.65 (C-
Ar x 2), 123.90 (Click ring CH), 122.38 (C-4"), 100.25 (C-CD1), 98.44 (C-1), 98.32
(C-1"), 82.04 (C-CD2), 81.22 (C-CD3), 77.24 (C-CD4), 74.30 (C-3”), 72.42 (C-6),
71.71 (C-CD5), 70.01 (C-5"), 69.71 (C-CD6), 69.49 (C-3"), 69.32 (C-2"), 69.11 (C-4),
68.15 (C-8), 67.25 (C-7), 66.21 (C-1"), 65.68 (C-4’), 64.98 (C-CDCH,), 62.82 (C-6"),
62.72 (C-2"), 62.33 (C-9), 61.66 (C-CDOMe), 57.81 (C-CDOMe), 52.87 (COOCH;),
49.40 (C-5), 37.65 (C-3), 32.34 (C-6”), 31.91, 29.70, 29.66, 29.51, 29.35, 29.26,
28.85, 23.19, 22.67 (11 x CH,), 21.10, 20.85, 20.82, 20.72, 20.62 (CH3, 8 x OAc),
14.11 (CHs).

ESI-HRMS: calcd for C40gHsggN24016g [M+H]**: 2130.2164, found: 2130.2108.
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Figure VII-32. TH NMR spectrum (600 MHz, CDCl3, 300 K) of compound 39.

LA h I Ll

T T T T T T T T " T T T T T T
170 160 15T 140 30 120 11 100 90 80 70 60 50 40 30 20 10 0
5 (ppm)

Figure VII-33. 13C NMR spectrum (150 MHz, CDCl3, 300 K) of compound 39.
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Heptakis {2,3-di-O-methyl-6-[0-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5-
dideoxy-D-glycero-a-D-galacto- 2-nonulopyranosylonate)-(2—-6)-0-(2,3,4-tri-O-acetyl-
a-D-mannosyl)-(1-1)-(2S,3R,4E)-3-0-benzoyl-4-octadecene-l,3-diol) ]-1H-1,2,3-
triazole-4-ylmethyloxy} cyclomaltoheptaose (40)

20Me clve Ome e O

A mixture of compound 38 (17 mg, 0.01 mmol) and compound 19 (112 mg,
0.093 mmol) was dissolved in 1.9 mL of tetrahydrofuran and 1.9 mL of deionized
water under argon. Then, CuSO4°5H;0 (5.37 mg, 0.021 mmol) and sodium
ascorbate (21.08 mg, 0.106 mmol) were added sequentially to the reaction system
and the mixture was stirred at 56 °C for 24 h. Afterwards, the reaction was
detected by TLC and mass spectrometry, extracted with EtOAc and brine, dried
with MgS0,, and concentrated under reduced pressure. The residue was applied
to a silica gel column chromatography eluted with MeOH-EtOAc 1:10 to give the
crude product, which was then further purified with Sephadex LH-20 (MeOH-DCM
1:1) to give compound 40 as colorless foam (58 mg, 55%).

R¢=0.31 (MeOH-EtOAc 1:10).

[a]p2° = 38.07 (c 0.5 in CHCl3).

1H NMR (400 MHz, CDCl3): § (ppm) = 7.91 (d, ] = 7.6 Hz, 14H, Ar-H), 7.76 (s, 7H,
triazole), 7.50 (t, ] = 7.4 Hz, 7H, Ar-H), 7.41 (t, ] = 7.6 Hz, 14H, Ar-H), 5.89-5.84 (m,
14H, H-5”, H-3"), 5.42-5.38 (m, 7H, H-4"), 5.33-5.29 (m, 21H, H-7, H-8, H-4"), 5.19
- 5.14 (m, 14H, H-3’, H-CD1), 5.09 (s, 7H, H-2’), 5.01 (d, ] = 8.0 Hz, 7H, H-2"), 4.92
- 4.87 (m, 7H, H-4), 4.76 (s, 7H, H-1"), 4.72 - 4.64 (m, 14H, H-CDCH,), 4.29-4.25 (m,
14H, Ha-1”, Ha-9), 4.13 (s, 7H, Hb-1"), 4.08-4.00 (m, 28H, Ha-CD6, H-5, H-6, Hb-9),
3.94 - 3.89 (m, 14H, H-5', Ha-6"), 3.81 (s, 14H, H-CD4, H-CD5), 3.76 (s, 21H,
COOCH3), 3.73 (s, 7H, Hb-CD6), 3.60 (s, 21H, H-CDOMe), 3.55 (d, ] = 9.3 Hz, 7H, H-
CD3), 3.44 (d, ] = 10.5 Hz, 7H, Hb-6"), 3.38 (s, 21H, H-CDOMe), 3.05 (d, ] = 9.9 Hz,
7H, H-CD2), 2.60 (d, ] = 8.8 Hz, 7H, H-3eq), 2.14 (s, 21H, OAc), 2.12 (s, 21H, OAc),
2.07 (s, 21H, OAc), 2.05 (s, 21H, OAc), 2.02 - 2.00 (m, 42H, OAc x 2), 1.99 - 1.94
(m, 21H, H-3eq, H-6"), 1.93 (s, 21H, 0Ac), 1.86 (s, 21H, 0Ac), 1.26 - 1.19 (m, 154H,
CH,), 0.86 (t, = 7.0 Hz, 21H, CH).

13C NMR (100 MHz, CDCl,): § (ppm) = 171.08 (C=0), 170.71 (C=0), 170.39(C=0),
170.25(C=0), 169.88(C=0 x 3), 169.19(C=0), 167.99 (PhC=0), 164.96 (C=0),
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144.95 (Click ring C), 139.41(C-5"), 133.51 (C, C aromatic), 129.80 (C, 2 x C
aromatic), 128.81(C, 2 x C aromatic), 124.11 (Click ring CH), 122.55 (C-4"),, 98.83
(C-CD1), 98.60 (C-1), 98.52 (C-1"), 82.33 (C-CD2), 81.76 (C-CD3), 79.55 (C-CD4),
74.48 (C-3"), 72.58 (C-6), 71.77 (C-CD5), 69.84 (C-5"), 69.70 (C-CD6), 69.47 (C-3"),
69.33 (C-2"), 69.25 (C-4), 68.32 (C-8), 67.40 (C-7), 66.45 (C-1"), 65.83 (C-4"), 65.18
(C-CDCHyp),, 62.98(C-6"), 62.92 (C-2"), 62.48 (C-9), 61.30 (C-CDOMe), 58.62 (C-
CDOMe), 53.02 (COOCHj3), 49.54 (C-5), 37.81 (C-3),32.49 (C-6"), 32.05, 31.65,
31.58, 30.45, 30.34, 30.28, 29.85, 29.81, 29.67, 29.49, 29.41, 29.00, 23.32, 22.82
(11 x CHy), 21.24, 20.99, 20.96, 20.87, 20.76(CH3, 8 x OAc), 14.25(CH3).
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Figure VII-34. TH NMR spectrum (600 MHz, CDCl3, 300 K) of compound 40.
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Figure VII-35. 13C NMR spectrum (150 MHz, CDCl3, 300 K) of compound 40.
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Hexakis {2,3-di-O-methyl-6-[0-(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-(2S,3R,4E)-4-octadecene-1,3-
diol.]-1H-1,2,3-triazole-4-ylmethyloxy} cyclomaltohexaose (41)

The compound 39 (12 mg, 0.001 mmol) was dissolved in 1.69 mL of
NaOMe/MeOH (0.04 M) and stirred overnight at room temperature. Then was
added a few drops of water under 0 °C and the mixture was neutralized with
Amberlite IR 120/H* ion exchange resin after stirring for 2 hours at room
temperature. After filtration and concentration, the residue was purified by silica
gel chromatography (CHCl3-MeOH-H,0 5:4:1) and Sephadex LH-20 (MeOH-H,0
1:1) to afford compound 41 as white solid (5.6 mg, 66%).

R¢=0.38 (CHCl3-MeOH-H,0 5:4:1).

ESI-HRMS: calcd for C276H468N240120 [M-OH-4H]4_ . 15095025, found:
1509.5097.

1H NMR (400 MHz, CDCl3-CD30D-D,0 5:4:1): § (ppm) = 7.68 (s,6H, triazole), 5.26-
5.18 (m, 6H, H-5"), 5.02-4.95 (m, 6H, H-4"), 4.73-4.68 (m, 6H, H-CD1), 4.43-3.17
(m, 186H, H-4, H-5, H-6, H-7, H-8, H-9, H-1’, H-2, H-3’, H-4', H-5', H-6’, H-1”, H-2”,
H-3”, H-CD3, H-CD4, H-CD5, H-CD6, H-CDOMe H-CDCH,), 2.78-2.75 (m, 6H, H-
CD2), 2.46-2.41 (m, 6H, H-3eq), 1.67 (s, 18H, NHACc), 1.57-1.52 (m, 12H, H-6"),
1.35-1.31 (m, 6H, H-3ax), 0.94-0.87 (m, 132H, H-7”--17"), 0.51 (t, ] = 7.4 Hz, 18H,
CH,).
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Figure VII-36. TH NMR spectrum (400 MHz, CDCl3-CD30D-D,0 5:4:1, 300 K) of compound 41.
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ESI-Orbitrap negative mode
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Figure VII-37. HRMS spectrum of compound 41.
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Heptakis {2,3-di-O-methyl-6-[0-(5-acetamido-3,5-dideoxy-D-glycero-a-D-
galacto-2-nonulopyranosylonate)-(2—6)-0-(a-D-mannosyl)-(1-1)-
(2S,3R,4E)-4-octadecene-1,3-diol.]-1H-1,2,3-triazole-4-ylmethyloxy}

cyclomaltoheptaose (42)

20t ole Dme Ve O

The compound 40 (12 mg, 0.001 mmol) was dissolved in 1.69 mL of
NaOMe/MeOH (0.04 M) and stirred overnight at room temperature. Then was
added a few drops of water under 0 °C and the mixture was neutralized with
Amberlite IR 120/H* ion exchange resin after stirring for 2 hours at room
temperature. After filtration and concentration, the residue was purified by silica
gel chromatography (CHCl3-MeOH-H,0 5:4:1) and Sephadex LH-20 (MeOH-H,0
1:1) to afford compound 42 as white solid (5.3 mg, 62%).

R¢=0.33 (CHCl3-MeOH-H,0 5:4:1).
ESI-HRMS: calcd for C33;Hs46N250149 [M-6H]® : 1173.7662, found: 1173.7687.

1H NMR (400 MHz, CDCl3-CD30D-D,0 5:4:1): § (ppm) = 7.68 (s, 7H, triazole), 5.26-
5.18 (m, 7H, H-5"), 5.02-4.95 (m, 7H, H-4"), 4.73-4.68 (m, 7H, H-CD1), 4.43-3.17
(m, 217H, H-4, H-5, H-6, H-7, H-8, H-9, H-1’, H-2, H-3’, H-4', H-5’, H-6’, H-1”, H-2”,
H-3”, H-CD3, H-CD4, H-CD5, H-CD6, H-CDCH,, H-CDOMe), 2.78-2.75 (m, 7H, H-
CD2), 2.46-2.41 (m, 7H, H-3eq), 1.67 (s, 21H, NHAC), 1.57-1.52 (m, 14H, H-6"),
1.35-1.31 (m, 7H, H-3ax), 0.94-0.87 (m, 154H, H-7”--17"), 0.51 (t, ] = 7.4 Hz, 21H,
CH,).
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Figure VII-38. 'H NMR spectrum (400 MHz, CDCl3-CD30D-D,0 5:4:1, 300 K) of compound 42.
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Figure VII-39. HRMS spectrum of compound 42.
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7.11. Synthesis of GM3

1,2,3,6-Tetra-0-acetyl-4-0-(2,3,4,6-tetra-0-acetyl--D-galactoyranosyl)-D-
glucopyranose (43)

AcO  OAc OAc

O o Q
ACO&/ACO OAc

OAc Ac

Lactose (5.00 g, 1.0 equiv.) was dissolved in pyridine (100 mL), and acetic
anhydride (100 mL) was added slowly. The mixture was stirred at room
temperature overnight. To the resulting reaction mixture, CH,Cl, was added, and
extracted from a chilled solution of HCl (1.0 M). The combined organic phases
were then washed with saturated NaHCOj3 solution and brine, dried over MgSQO,,
and concentrated under reduced pressure. The residue was purified by column
chromatography, eluted with Cy-EtOAc 1:1 to give compound 43 (8.31 g, 79%) as
a white solid [249].

Rf = 0.55 (Cy-EtOAc 1:1)
The product was confirmed by comparison with the literature [249].

2,3,6-Tri-0-acetyl-4-0-(2,3,4,6-tetra-0-acetyl-f3-D-galactoyranosyl)-D-
glucopyranose (44)

AcO  OAc OAc
Q o Q
AC()$$/Aco OH
OAc Ac

Benzyl amine (1.5 g, 2.0 equiv) was added to a solution of compound 43
(5.00 g, 1.0 equiv.) in 50 mL THF. The solution was stirred at room temperature
for 20 h before removing the solvent. DCM was added to dissolve the residue and
the solution was washed three times with 1.0 M HCI, followed by saturated
NaHCOs3, then brine, and finally dried over anhydrous sodium sulfate. After
concentration, the crude product was purified by flash column chromatography
(Cy-EtOAc 1:1 to 1:2), giving the desired product 44 (4.1 g, 88%) as a white solid
[249].

Rf = 0.38 (Cy-EtOAc 1:1)
The product was confirmed by comparison with the literature [249].

a-D-glucopyranose-4-0-(2,3,4,6-tetra-Oacetyl-B-D-glucopyranosyl)-2,3,6-
triacetyl-1-Otrichloroacetimidate (45)
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Product 44 (4.5 g, 1.0 equiv.) was placed in a flame-dried round bottom flask.
After evacuating and refilling with nitrogen for three times, 30 mL of anhydrous
DCM was injected, followed by trichloroacetonitrile (5.12 g, 5.0 equiv.). The
solution was cooled in an ice bath for 5 min before adding a catalytic amount of
DBU (0.11 g, 0.1 equiv.). The solution was allowed to warm to room temperature
over 12 h, and the solvent removed and the crude product purified by flash column
chromatography (Cy-EtOAc 3:2), giving product 45 (4.3g, 77%) as a light yellow
foam [249].

Rf =0.23 (Cy-EtOAc 3:2)
The product was confirmed by comparison with the literature [249].
0-(2,3,4,6-Tetra-0O-acetyl-f3-D-galactopyranosyl)-(1-4)-(2,3,6-tri-O-acetyl-

B-D-glucopyranosyl)-(1—-1)-(2S, 3R, 4E)-2-azido-3-0-benzoyloxy-
octadec-4-ene (46)

AcO  OAc OAc N3
Q H
ACO&/P\&/ \/\(\/C13H27
OAc OAc OBz

To a solution of per-acetylated lactosyl trichloroacetimidate 45 (0.5 g, 0.65
mmol) and acceptor 14 (209 mg, 0.5 mmol) in 18 mL of dry CH,Cl,, powdered
molecular sieves (4 A, 0.5 g) were added. The mixture was stirred under argon at
r.t. for 1 h. The reaction mixture was cooled down to -18 °C and BF3¢0Et; (85 uL,
0.65 mmol) was added. The reaction mixture was then stirred at -18°C until TLC
analysis (Cy-EtOAc 4:1) showed fully conversion of the acceptor. The reaction was
quenched with Et3N, and the solid was filtered off. The filtrate was concentrated
under vacuum, and the residue was purified by silica gel chromatography using
Cy-EtOAc 2:1 as an eluent to produce compound 46 (0.51 g, 78%) as a colorless
oil [138].

Rf=0.41 (Cy-EtOAc 2:1).
The product was confirmed by comparison with the literature [138].

O-(B-D-galactopyranosyl)-(1-4)-(B-D-glucopyranosyl)-(1-1)-(2S, 3R, 4E)-
2-2-azido -4-ene-1,3-diol (47)
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HO OH OH N;

OH

To a solution 0f 46 (0.51 g, 0.52 mmol) in dry MeOH (10 mL), NaOMe (48 mg)
was added. After being stirred at r.t. for overnight, Using ESI-MS to track the
reaction until all the starting materials were converted into product. the reaction
mixture was neutralized with Dowex50W (H*), filtered and concentrated under
reduced pressure. The intermediate 47 was used in the next step without further
purification [138].

R¢=0.38 (EtOAc MeOH 3:1).
The product was confirmed by comparison with the literature [138].

O-(B-D-galactopyranosyl)-(1-4)-(B-D-glucopyranosyl)-(1-1)-(2S, 3R, 4E)-
2-aminooctadec-4-ene-1,3-diol (48)

HO OH OH NH,
OH o OH

To the dry intermediate 47 (310 mg, 0.5 mmol) in pyridine-water (1:1v/v, 3
mL), 1,3-propanedithiol (0.47 mL, 4.7 mmol) and Et3N (0.5 mL) were added and
the mixture was stirred at 50 °C for 12 h. Using ESI-MS and TLC to track the
reaction until all the starting materials were converted into product. The reaction
mixture was concentrated and purified by silica gel chromatography using EtOAc-
MeOH 1:1 as an eluent to afford 48 (237 mg, 80%) as a white amorphous powder
[138].

R¢=0.32 (CHCI3-MeOH-H;0 5:4:0.6).
The product was confirmed by comparison with the literature [138].
0-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2- nonulopyranosylonic acid)-(2

- 3)-(B-D-galactopyranosyl) -(1 - 4)-(B-Dglucopyranosyl)-(1 - 1)-(2S, 3R, 4E)-2-
aminooctadec-4-ene-1,3-diol (50)

HQ
oH  COOH
HO HO OH OH NH,
AcHN Q o&&/qﬂgﬁ&/o\/\ﬁ\/ﬁsw
HO OH OH OH
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The acceptor 48 (34 mg, 0.054 mmol), sialic acid (33 mg, 0.12 mmol) and CTP
(57 mg, 2 equiv.) were dissolved in water in a 15 mL centrifuge tube containing
Tris-HCI buffer (100 mM, pH 8.5) and MgCl; (20 mM). NmCSS (1 mg) and PmST1
(1 mg) were added, and water was added to bring the total volume of the reaction
mixture to 10 mL. The reaction mixture was incubated at 37 °C for 12 h with
agitation at 200 rpm in an isotherm incubator. The product formation was
monitored by TLC (EtOAc:MeOH:H,0:AcOH 4:2:1:0.5, v/v/v/v) and stained with
p-anisaldehyde sugar stain. The reaction was stopped by adding 10 mL of ice-cold
EtOH followed by incubation at 4 °C for 30 min. The precipitates were removed by
centrifugation and the supernatant was concentrated. The target product 50 was
too few in amount and was only detected by ESI-MS and 'H NMR [138].

R¢=0.33 (Cy-EtOAc 1:1).

TH NMR (400 MHz, CDCl3-CD30D-D,0 5:4:1): § (ppm) = 5.39-5.44 (m, 1H), 5.06-
5.02 (m, 1H), 4.51-2.83 (m, 21H), 2.38 (dd, ] = 13.5, 6.4 Hz, 1H), 1.66-1.58 (m, 3H),
1.43 (m, 1H), 1.31 (m, 2H), 1.17 (m, 2H), 0.97-0.73 (m, 24H), 0.45 (t, /] = 6.2 Hz,
3H).

ESI-MS m/z calcd for C4;H74N7050, [M-H]: 913.4762; found: 913.6486.

The product was confirmed by comparison with the literature [138].
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Figure VII-40. 'H NMR spectrum (400 MHz, CDCl3-CD30D-D,0 5:4:1, 300 K) of compound 50.
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2,3,4,6-Tetra-0O-acetyl-$3-D-galactopyranosyl-(1-4)-2,3,6-tri-O-acetyl-a-D-
glucopyranosyl bromide (51)

AcO  OAc OAc
Q
ACO&/P\CO
Ac
OAc Br

To a stirred, ice-cold solution of 43 (3.00 g, 4.42 mmol) in CH,Cl; (30 mL)
was added dropwise HBr in acetic acid (33 wt%, 10 mL, 57.92 mmol). The mixture
was allowed to gradually warm to room temperature and was stirred for 1.5 h.
The reaction mixture was neutralized by careful addition of NaHCO3; and iced-
water, and the aqueous solution was extracted three times with CH,Cl,. The
combined organic extracts were dried over MgSO, and concentrated to give crude
intermediate 51 as a yellow amorphous foam. This crude intermediate, which was
not separated and further characterized at this stage, was directly engaged in the
following step [250].

Rf=0.31 (Cy-EtOAc 1:1).

The product was confirmed by comparison with the literature [250].

2-(Trimethylsilyl)ethyl (2,3,4,6-tetra-0-acetyl-3-D-galactopyranosyl)-(1-4)-2,3,6-tri-
O- acetyl-B-D-glucopyranoside (52)

AcO  OAc

OAc
&/A&/O\/\SI

The crude intermediate 51 was dissolved in dry CH,Cl, (30 mL), and 2-
(trimethylsilyl)ethanol (1.9 mL, 13.26 mmol), mercury (II) oxide (1.05 g, 4.86
mmol) and mercury (II) bromide (264.4 mg, 0.734 mmol) were added. The
resulting suspension was stirred for 18 h at room temperature. The reaction
mixture was then diluted with CH,Cl,, stirred with KI and NaHCOs; solution for 2 h
atroom temperature, and filtered through a pad of Celite. The aqueous eluate was
extracted three times with CH,Cl,, and the combined organic extracts were
washed with brine, dried over MgSO, and concentrated under reduced pressure.
The resulting residue was purified by flash column chromatography (Cy-EtOAc
4:3). Compound 52 was obtained (2.47 g, 76% for two steps from 43) as a white
amorphous solid [250].

R¢=0.33 (Cy-EtOAc 1:1).

1H NMR (400 MHz, CDCls): § (ppm) = 5.35 (dd, / = 3.4, 1.0 Hz, 1H, H-4"), 5.19 (t, ] =

9.3 Hz, 1H, H-3), 5.11 (dd, ] = 10.5, 7.8 Hz, 1H, H-2"), 4.95 (dd, ] = 10.5, 3.4 Hz, 1H,

H-3"),4.88 (dd, /= 9.5, 7.8 Hz, 1H, H-2), 4.48 (d,] = 7.8 Hz, 1H, H-1), 4.47 (d,] = 7.8

Hz, 1H, H-1), 4.10 (m, 4H, H,-6, H-6"), 3.94 (m, 1H, OCH,CH,Si), 3.87 (dt, ] = 7.6,

1.0 Hz, 1H, H-5'), 3.79 (t,] = 9.8 Hz, 1H, H-4), 3.60 (ddd, ] = 9.8, 5.1, 2.0 Hz, 1H, H-
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5), 3.55 (m, 1H, OCH,CH,Si), 2.15 - 1.97 (7xs, 21H, OAc), 0.91 (m, 2H, OCH,CH,Si),
0.00 (s, 9H, Si(CHs)3).

The product was confirmed by comparison with the literature [250].

2-(Trimethylsilyl)ethyl 4-0-B-D-galactopyranosyl-B-D-glucopyranoside (53)

A solution of product 52 (2.00 g, 2.71 mmol) in 25 mL of NaOMe/MeOH (0.04
M) was stirred overnight at room temperature. Then the reaction mixture was
neutralized by Amberlite IR 120/H* ion exchange resin. After filtration and
concentration, the residue obtained was purified by short silica gel column
chromatography (CH,Cl,-MeOH 3:1) to give 53 (1.20 g, quantitative) as a white
foam [250].

R¢=0.34 (CH,Cl,-MeOH 3:1).

1H NMR (400 MHz, CD;0D): & (ppm) = 4.41 (d, ] = 7.5 Hz, 1H, H-1), 4.35 (d, ] = 7.8
Hz, 1H, H-1’), 4.04 (ddd, ] = 11.5, 9.6, 5.8 Hz, 1H), 3.95 (dd, ] = 12.1, 2.5 Hz, 1H),
3.92 - 3.79 (m, 5H), 3.79 - 3.48 (m, 11H), 3.48 - 3.43 (m, 1H), 3.36 (dd,/ = 3.2, 1.6
Hz, 1H), 3.30 - 3.25 (m, 1H), 1.16 - 0.97 (m, 2H, OCH,CH,Si), 0.08 (s, 9H, Si(CHs)3).

ESI-HRMS (m/z) calcd for C;7H340,SiNa [M+Na]*: 465.1768, found: 465.1791.
The product was confirmed by comparison with the literature [250].

2-(Trimethylsilyl)ethyl (3,4-0-isopropylidene-3-D-galactopyranosyl)-(1-4)-B-D-
glucopyranoside (54)

%@; =

Product 53 (1.20 g, 2.71 mmol) was put in 2,2-dimethoxypropane (40 mL)
containing 10-d,1-camphorsulfonic acid (25.2 mg, 0.108 mmol). The mixture was
stirred at room temperature for 14 h then neutralized with Et3N, concentrated and
co-evaporated with toluene. The mixture obtained, diluted in a mixture of solvents
methanol/water (40 mL, 10/1) with two drops of acetic acid was fluxed until TLC
indicated one major product. The mixture was then concentrated, and then
purified by silica gel column chromatography (CH,Cl,-MeOH 10:1) to give product
54 (1.03 g, 79%) as a white amorphous solid [250].

R¢=0.33 (CH,Cl,-MeOH 10:1).
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1H NMR (400 MHz, D,0): & (ppm) = 4.36 (d, ] = 8.2 Hz, 1H, H-1"), 4.30 (d, / = 8.1 Hz,
1H, H-1), 1.45 (s, 3H, CH3), 1.33 (s, 3H, CHs), 0.04 (s, 9H, Si(CH3)s).

ESI-HRMS (m/z) calcd for C;gH3g04,SiNa [M+Na]*: 505.2081, found: 505.2074.
The product was confirmed by comparison with the literature [250].

2-(Trimethylsilyl)ethyl (2,6-di-0O-benzyl-3,4-0-isopropylidene-f-D-galactopyranosyl)-
(1-4)-2,3,6-tri-O-benzyl-B-D-glucopyranoside (55)

ATO OBn OBn
Q o Q
OBn OBn />

Product 54 (1.11 g, 2.30 mmol) was dissolved in dry DMF (30 ml), the benzyl
bromide (1.5 mL, 12.54 mmol) was added, and the mixture was cooled to 0 °C. NaH
(60% in oil, 852.8 mg, approximately 21.32 mmol) was then added to the mixture
by small successive additions. The reaction mixture is allowed to warm to room
temperature and stirred for 1 h, quenched by careful addition of MeOH, and
diluted with diethyl ether and water. The aqueous layer was extracted four times
with diethyl ether. The combined organic extracts were washed with brine, dried
over MgSO, and concentrated under reduced pressure. This resulting
intermediate 55, which was not separated and further characterized at this stage,
was directly engaged in the following step [244].

Rs=0.43 (Cy-EtOAc 4:1).

ESI-HRMS (m/z) calcd for CssHggO1,SiNa [M+Na]*: 955.4429, found: 955.4443.
The product was confirmed by comparison with the literature [244].

2-(Trimethylsilyl)ethyl (2,6-di-0-benzyl-3-D-galactopyranosyl)-(1-4)-2,3,6-tri-0-
benzyl-B-D-glucopyranoside (56)

HO _OBn OBn

QO o Q
HO&/&]&/O\/\S(
OBn OBn />

The crude intermediate 55 was dissolved in 80% AcOH (30 mL) and heated
to 80 °C. The reaction was complete after stirring for 1.5 h, and then the solution
was allowed to cool to room temperature. The solution was then concentrated,
and the residue was chromatographed (Cy-EtOAc 2:1) to give 56 as white powder

(1.64 g, 80%) [244].
R¢=0.32 (Cy-EtOAc 2:1).
1H NMR (400 MHz, CDCls): & (ppm) = 7.42 - 7.18 (m, 25H, Ar-H), 4.98 (d, / = 11.0
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Hz, 1H, CH,Ph), 492 (d, /] = 11.0 Hz, 1H, CH,Ph), 4.83 (d, J = 11.6 Hz, 1H, CH,Ph),
4.79 (d, /= 11.0 Hz, 1H, CH,Ph), 4.73 (d, ] = 11.0 Hz, 1H, CH,Ph), 4.68 (d,J = 11.6
Hz, 1H, CH,Ph), 4.60 (d, /= 12.1 Hz, 1H, CH,Ph), 4.47 (d, ] = 7.7 Hz, 1H, H-1’), 4.45
(d,] = 12.1 Hz, 1H, CH,Ph), 4.44 (d, ] = 7.8 Hz, 1H, H-1), 4.42 - 4.36 (m, 2H, CH,Ph),
4.07 - 3.93 (m, 3H, OCH,CH,Si, H-3, H-4"), 3.85 - 3.75 (m, 2H, H,-6), 3.66 - 3.56 (m,
3H, Ha-6’, OCH,CH,Si, H-4), 3.50 (dd, /= 9.9, 5.0 Hz, 1H, Hb-6"), 3.47 - 3.38 (m, 4H,
H-2", H-3', H-2, H-5), 3.36 (t, ] = 5.8 Hz, 1H, H-5"), 2.47 (diarger ] = 3.6 Hz, 1H, OH),
240 (diager J = 4.4 Hz, 1H, OH), 1.10 - 0.99 (m, 2H, OCH,CH,Si), 0.04 (s, 9H,
Si(CHs)s3).

The product was confirmed by comparison with the literature [244].
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