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ABSTRACT

The rapid assembly of the complex carbohydrates is the one of the major
challenges in the development of glycoscience. Herein, we established a set of strategies
which combined the selected orthogonal protecting groups, glycosyl donors modified by
a (S)-phenylthiomethylbenzyl ether at C-2 and fluorous tag-assisted solution phase
synthesis into one synthetic procedure. Through this strategy, the rapid preparation of the
complex branched carbohydrates with biological importance is possible. The C-2
auxiliaries controlling the 1,2-cis galactosylation were investigated and the technique
guaranteed the desired glycosylic linkages in the complex molecule. 2-Naphthylmethyl
ether (Nap) and levulinic ester (Lev) were installed as the orthogonal protecting groups to
generate glycosyl acceptors and served as the branch spots. Once the glycosylation is
completed, the C-2 auxiliary can be selectively removed under acidic condition, but the
conditions kept the Lev and Nap orthogonal protecting groups, which made the

immediate installation of the 1,2-cis linkage possible. The light fluorous tag simplified



the purification process into a simple filtration procedure by using fluorocarbons
modified silica gel. The synthesis of the hexasaccharide moiety of GPI anchor of
Trypanosoma brucei was accomplished, and it could be a potential target for the
development of carbohydrate conjugate vaccine against sleeping sickness in humans and
similar diseases in domestic animals.

Clostridium difficile can cause severe nosocomial infections which further cause
high mortality worldwide. The traditional antibiotics failed to stop such infection, and the
patients suffer from the reoccurrence of the C.difficile. Thus, there is an urgent need to
development a vaccine which could stop the infection. The C. difficile surface glycan PS-
Il now is one of the high potential targets for the vaccine development. Herein, we
investigated five possible synthetic routes for the assembly of the hexasaccharide from
PS-11. By using phenyldiselenide as the anomeric protection group, the aglycon transfer
was prevented. A new method to remove the trichloroacetyl amine protecting group by
using cesium carbonate was established in the synthesis. Moreover, a reliable route to

synthesize the hexasaccharide was confirmed.

INDEX WORDS: Auxiliary;Fluorous Tag;Stereoselective Glycosylations;Sulfonium lon;
Carbohydrate Assembly
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CHAPTER 1:

INTRODUCTION AND LITERATURE OVERVIEW

Though carbohydates had been previously thought of energy sources, it is now
well established that they play critical roles in most of the biological activities.* However,
due to the complexity and heterogeneity nature of carbohydrates, the understanding of the
molecular basis of glycan functions is still under development.? Unlike proteins and
nucleic acids that are made by template driven biosynthesis, carbohydrates act like an
exotic language between cells. Such a language has certain rules and regulations.
However, there are not any uniform ways to express a particular meaning. For example,
N-linked glycans all start with the pentasaccharide core containing mannoses and
GlcNacs (N-acetylglucosamine) moieties; however the extensions of the GlcNacs could
be varied from cell to cell.® Glycosylation site, monosaccharide composition, and glycan
length can all be different between cells and even within a single cell*. Such complexity
makes the understanding of such language particularly difficult. However, this difficulty
offers scientists opportunities to explore this tremendous and mysterious area that had
been previously underestimated. In this chapter, the current research progress of
carbohydrates will be present in the following order: 1) The importance of biological
functions of carbohydrates; 2) The methods used in the carbohydrate analysis; 3)
Carbohydrate conjugate vaccines; 4) The method utilized in the carbohydrate synthesis

and purification.



The biological functions of carbohydrates in mammals

The heterogeneous structure and complexity of glycans on cell surface enable
them to play a significant role in signaling, recognition, and adhesion®®. Based on those
functions, cell surface glycans take part in many bio-physiology functions including
normal embryonic development, cell signaling, host—pathogen interaction during
infection, disease development, metastasis and localization, the rate of degradation and
membrane rigidity’®. Because of their heterogeneity and complexity, little has been
explored in living systems, although the physical and chemical properties of simple
carbohydrates have been well studied. Studies focusing on glycobiology have been

increasing at high speed in the past years™**".
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Figure 1.1: Common classes of animal glycans*?

Several types of glycans exist in mammals. For example, N-glycans are attached
to the N-terminal of an asparagine residue of a protein carrier; similarly, O-glycans are
appended to the O terminal of a serine or a threonine residue®®; and glycosaminoglycans
(GAGs) are attached to serine residues of proteoglycan moieties. Also, carbohydrates
attached to sphingolipids are named as glycosphingolipids and carbohydrates that
connected to the protein and lipid containing an inositol moiety are named
glycophosphatidylinositol (GPI) anchors. Hyaluronans often act as free glycan chains.

Oligosaccharides can attach to proteins, thus forming a glycosylic bond by two

kinds of linkages. The first one is called N-glycan and is a glycan linked to asparagine
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residues in the sequence of Asn-X-Ser (Thr), where X can be any amino acid except
proline. The second type involves a glycan linked to the hydroxyl of serine or threonine,

which is called an O-linked glycan™®
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Figure 1.2: N-glycan biosynthesis™

N-glycans in eukaryotes start from the attachment of N-acetylglucosamine to a
dolichol lipid chain. After several glycosylic additions by glycosyltransferases, a 14

carbohydrate unit oligosaccharide precursor is formed. Moreover, the precursor is
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transferred to the asparagine of the target protein chain. During this step, the glycan plays
a critical role in quality control of protein folding; only the properly folded protein could
proceed to the next stage and the misfolded protein will enter the lysosome for recycling.
In the next step, glucosidases remove three glucose moieties from the N-glycan which
attaches to correctly folded protein and then the proteins are transferred from ER to the
Golgi apparatus. In Golgi, more mannose moieties will be deleted and other
monosaccharides units will be attached to extend the oligosaccharides chain. The
oligosaccharide will differentiate into three major classes of N-glycan: 1) High-mannose;
2) Complex; 3) And, hybrid. Such a synthetic pathway in the Golgi apparatus
complicates the structures of N-glycans. Moreover, all three major classes of N-glycans
are attached to different portions of protein further increasing the complexity of

glycoproteins.
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Yot o
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Figure 1.3: Different types of O-linked glycans



O-glycan modification of proteins is believed to have most likely happened in the
Golgi apparatus®®. In the case of O-glycans, the anomeric center of N-
acetylgalactosamine is covalently linked to the hydroxyl group of a serine or threonine of
the target protein'’. Once the attachment is completed, the extension of the O-glycans
then proceeds by glycosylation of other monosaccharide moieties such as galactose, N-
acetylglucosamine, fucose and sialic acid. Several different types of O-glycan have been
found, for example, O-mannose, O-fucose, O-glucose and O-N-Acetylglucosamine and
even more novel linkages are being identified'®. It has been shown that the dynamic
modification of proteins by the O-B-N-acetylglucosamine plays a paramount role in the
modulation of protein biological functions. In this case, the modulation is through
several types of mechanisms: 1) Modification of protein via phosphorylation; 2) Protein
and protein interactions regulation; 3) Protein degradation; 4) Protein localization; 5)
And, transcription regulation®. For example, it has been found that in many site-mapping
studies, O-phosphate and O-GIcNAc modify the same protein residue. The data
implicates that those two modifications modulate the protein functions by competing to
attach to the same residues on serine or threonine. Therefore, we can conclude that the O-

GIcNAC regulates protein function by changing the phosphorylation patterns®.
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Figure 1.4: Cancer-associated glycans

In cancer, changed glycosylation patterns are treated as the hallmark of the tumor.
Meezan et al. found this phenomenon in 1969, that healthy fibroblasts had smaller
glycoproteins than tumor cells®®.  This result further proves that the lectins had different
binding affinities to healthy tissue compared with tumor tissue?’. With the development
of monoclonal antibodies and mass spectrometry®®, cancer-associated cell surface glycans

could be directly identified, which further proved the previous finding®.
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Those changes include under or overexpression of natural glycans and also with a
neo expression of glycans that is usually restricted to embryonic tissues. The reason for
changes in the expression levels is the increasing expression of glycosyltransferases in
the Golgi apparatus of cancer cells. Such difference in glycosyltransferase expression
could cause the modification of the essential structure of N- or O- glycans. Among those
changes, one of most prominent changes is the bigger size and more branching of N-
glycans. The increased branching comes from the increased activity of the
glycosyltransferase of N-acetylglucosamine (GIcNAc-TV)?. The increased branching
generates more sites for the sialic acid modification at terminal branches. Together with
upregulated sialyltransferases, those changes eventually lead to an increase of sialylation
of the whole body®. Furthermore, the changes that happened to the terminal structures of
glycans could also relate to malignancy. For example, sialyltransferases and
fucosyltransferases will modify the terminal residues of glycans and there is evidence of
overexpression in the malignant tissue. The increasing activity of these
glycosyltransferases causes the overexpression of certain glycan moieties. There are
examples of terminal glycan modifications that are commonly discovered on the
tumorous cell surface, such as sialyl Lewis X (sLe x), sialyl Tn (sTn), Globo H, Lewis y
(Le y) and polysialic acid. Many of those biomarkers have appeared in cancer tissues
from brain, breast, colon, and prostate?®2%,

Besides the glycan modifications, certain glycoproteins and glycolipids could be
another common markers of cancer, which are also overexpressed”. As with the
epithelial tumors, the mucin proteins that are heavily decorated with O-linked glycans are

usually overexpressed. This type of protein has been recognized as a marker for cancer



diagnosis. The mucin proteins could also be the frame for other cancer-related epitopes.
Researchers also found that the overexpression of gangliosides is another marker for
cancer. For example, GD2, GD3, and fucosyl GM1 have been found with an increased
amount of expression in small-cell lung carcinomas, neuroblastomas, and melanomas®.
However, even though it is easy to assess the global glycosylation changes in cancer
patients, it is impossible to determine if the single change would lead to a malignant cell.
It could only be determined by a different combination of changes in glycan

expression®*?,

The research methods in glycan analysis
To investigate the functions of carbohydrates in biological activities, numerous
tools have been invented and utilized in the research field. In this section, several

different tools used in the carbohydrate analysis will be discussed.
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Figure 1.5 The bioorthogonal chemical reporter strategy for profiling and visualizing
glycans.

(A) Metabolic labeling of cell-surface glycans. (B) Azidosugars and alkynyl sugars.

The physiological changes related to glycosylation need a tool to visualize target
biopolymers in a physiologically similar background. By modification of target proteins
with fluorescent protein fusion, the target protein would be tagged and tracked, and the
information such as location and function will be obtained. The method of tagging and
tracking of proteins had been well established for decades. However, the method to track
and tag carbohydrates is still under development. With an aim to explore the abundance,

distribution and dynamics of carbohydrates in the cell, many methods have been
10



developed. The bioorthogonal chemical reporter is just one of such methods to address
the issue of glycan imaging. The very first method is copper-catalyzed azide and alkyne
reaction. Through this technique, researchers can tag certain sialic acid-containing
carbohydrate polymers with azide-modified mannosamine or galactosamine in cells since
azide modification is not present in nature so the selectivity is guaranteed. Before fixing

the cell with formaldehyde®**

, @ probe that contains both alkyne functionality and a
fluorescent moiety is cultured with the cell under copper (I) catalysis and a click reaction
will happen. By such means, the probe will selectively react with azide modified
carbohydrates and accumulate on the cell surfaces. Thus, the particular type of glycan can
be visualized and imaged.

Because of the toxicity of copper (I) catalyst, the tracking and tagging of living
cells is impossible to accomplish with this type of method. The next important step is the
development of an imaging tool that will avoid the usage of copper (1) catalyst.
Staudinger ligation is a clever invention to prevent the usage of the catalyst. A molecular
probe containing phosphine and ester-containing dyes is cultured with living cells. After
the phosphine reduces the azide into an amine, an intramolecular ester exchange will
occur and the azide-modified carbohydrates will be tagged with fluorescence. It has been

proven that this method has good selectivity with azides and also low background

staining during cell surface glycan labeling™.
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Figure 1.6: Cyclooctyne reagents for Copper-free click chemistry*®

However, the Staudinger ligation suffers from low Kinetic rates. In an aim to
address these issues, the Bertozzi group developed a difluorinated cyclooctyne reagent
named DIFO, which can react with azides rapidly without any toxicity in animals®"&.
The DIFO-azide reaction that has a high kinetic rate was employed to observe the
dynamic cellular glycosylation of zebrafish embryo development. In this research, the
zebrafish embryo was labeled with azide-modified galactosamine and reacted with
fluorescent DIFO reagents to identify the total O-glycan variation in the fish®*. This
method was also extended to monitor dynamic glycosylation through quenching of the

unreacted azides with TCEP. After feeding the embryos with another azido modified

galactosamine and labeling again, the blue-shifted DIFO product was probed. The areas
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that are involved in rapid O-glycan biosynthesis are the fins, jaw, and olfactory organs.
Moreover, these areas show more labeling intensity with the blue shifted conjugate. The
quench-label-tag method exhibits high reactivity of DIFO to monitor the concentration
changes of glycans, which are below the limit of Staudinger conjugation. Furthermore,
compared with lectin or antibody labeling, this method is easier for the reagents to
approach the tissue because of the nature of the small molecule. Most importantly, the
zebrafish continued its normal development, which further proved its low cytotoxicity
and in vivo compatibility. To further improve this technology, Boons group also
developed DIBO (dibenzo cyclooctyne) which is even faster and easier to synthesize and
the kinetics of the click reaction is much higher than conventional methods.

It is not hard to imagine in the near future that this technology can extend to the

human systems and will help the tumor identification and microbial infection imaging.

emryo

l TCEP

Recent O-linked glycosylation

Figure 1.7: The quench-label-tag sequence for visualizing dynamic glycosylation
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The bioorthogonal chemical reporter strategy also has been used in the dynamic
glycoconjugates purification and inventory. In this procedure, the azide-modified
monosaccharides will attach to the glycans by the cell’s metabolic machinery*’. With the
incubation time and concentration changes, the newest synthesized glycans will utilize
modified monosaccharides and present the azide containing sugar to the cell surface. In
such case, the carbohydrate will be labeled. Subsequently, reagents bearing a biotin tag
for purification will specifically react with azide functionalities on the cell surface. By
affinity chromatography, the targeted glycans can be captured and enriched.

Even though metabolic labeling is a powerful tool for visualizing and enriching
glycans and glycoproteins, the detailed carbohydrate and protein structure informations
are impossible to obtain by this method. In this case, mass spectrometry could extend
the search to another dimension.

MS, particularly tandem MS, have further improved the analysis of both
glycomics and glycoproteomics. Collision-induced dissociation (CID) has been
extensively employed in the detailed protein or glycoprotein analyses. Another technique
such as electron-transfer dissociation (ETD) has even better potential for characterization
of glycopeptides and glycoproteins. The process is initiated by a radical, which benefits
glycosylated peptides due to the glycans staying intact during the fragmentation process,
so the ETD can research the site of glycan modification and obtain the information on
glycans yields on each site**2. Another cutting edge tandem MS is the higher energy
collisional dissociation (HCD) which is utilized on the octopole of orbitrap instruments™®.
One of the most important features is the generation of Y1-fragment (peptide with

GIcNAC), which can be selectively isolated and subsequently dissociated generating the
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amino acid sequence®. Moreover, this method can selectively trigger ETD if oxonium
ion is detected.

Mass spectrometry with all kinds of ionization methods and mass analyzer modes
can provide an ideal and the most sensitive tools to analyze the expected detailed
structure of N- or O- linked glycans. However, due to the isomerism of complex
carbohydrates and its heterogeneous nature, MS cannot identify a specific isomer unless
it has been isolated or selectively derivatized. Capillary liquid chromatography and
electrophoresis, luckily, can separate such different isomer structures. By combining with
MS, it can be a powerful and efficient analytical method for glycan mapping.

Before the application of all those advanced MS techniques, one of the most
important steps is that the interested glycans must be released quantitatively from the
target glycoprotein. A guantitative and repeatable releasing method has great significance
for the current need for high sensitivity measurements. Conventionally, hydrazine was
used as the chemical way to release N-linked glycans, which usally results in side
reactions and imcomplete reactions. Now, this method has been replaced by a more
advanced enzymatic approach using N-glycanases (N-glycosidase F and A), which are
easy to handle and result in reliable reaction products. However, for the O-glycans that
attach to threonine or serine, B-elimination is still the most efficient procedure due to the
shortage of the O-glycanases. In general, N-glycans are easier to research than O-
glycans. One of the most important goals for derivatization is reducing reaction time
without compromising its digestion efficiency. To achieve such goal, ultra-high pressure
cycling® or microwave assisted heating*® with immobilized reactors were involved*’. In

the research of O-linked glycans, the alternative chemical cleavage approaches other than
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B-elimination were actively under development to recover O-glycans, such as
dimethylamine combined with microwave radiation®; the use of pronase to achieve a
complete digestion®®; as well as the combination of solid-phase permethylation and f-

elimination.
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Figure 1.8 A MALDI-TOF profile of permethylated glycans of a blood serum sample
originated from an ovarian cancer patient*

After release, the profiles of the glycans can be established through MALDI-MS
or ESI- MS quantitatively. ESI-MS is often combined with liquid chromatography (LC)
to achieve better profiling. Both methods have features to address specific issues across
different areas. The greatest advantage of MALDI based techniques is high sensitivity
and relatively being able to tolerate impurities. ESI has the disadvantage of generating a
set of ion peaks for a single molecule, which is due to multiple ions being attached to one

molecule. Since many glycosylic linkages and decorations (sialic acid and fucose; sulfate
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and phosphate decorations) are presented, the derivatization before MS analysis is
recommended. Permethylation is currently a most popular method for chemical
modification. The reasons for the chemical derivatization are because it will stabilize the
glycan analytes and both neutral and acidic glycans can be presented in one spectrum
profile. At last, this will largely enhance the sensitivity and generate more individual data
for MS fragmentation studies. Permethylation can also be a useful tool for the reverse
phase LC-MS system, which converts the glycan from hydrophilic to hydrophobic™.
Isotopic labeling combined with permethylation even further extends the scope of this

derivatization method for comparative profiling measurement®.
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Figure 1.9: Workflow for high-sensitivity glycoprotein analysis
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Glycan profiling can also be enhanced by the combination of separation
techniques such as HPLC, capillary LC, and capillary electrophoresis (CE). In these
cases, fluorescent derivatization is necessary for the profiling process because the UV
detector is usually used. There are numerous successful examples of the discovery of
disease biomarkers by applying HPLC and fluorescent derivatization®**%. Hydrophilic
interaction chromatography (HILIC) is another powerful tool featuring separation of
different glycan isomers with high resolution®’. For the same reason, a special
chromatographic material, porous graphitized carbon (PGC) is drawing increasing
attention®. PGC columns takes a part in analyzing the minuscule amount of biological
molecules by attaching with MS *°.

The utilization of microfabricated devices (microchips) is becoming increasingly
popular for its ability in various glycan separations. One of the reasons for its popularity
is due to the fact that separating channels can be tightly loaded with chromatographic
material and give it high efficiency. On the other hand, it can also integrate with different
parts such as various trapping column, microreactors, and switching valves. Such a
combination largely reduces the time of manual operation and sample transfer.
Furthermore, the microchip can be linked with a different “MS inlet” and further improve
this technology. The microchip, which contains the LC system and packing with different
chromatographic materials, has been used in separating permethylated blood serum
glycans and analyzed by ESI-MS system. By using graphitic carbon as padding material,
both serum and breast milk glycans were carefully identified by Lebrilla group®”®.
Another technique used in separation is CE, which has been employed to separate various

glycan mixtures labeled with a particular fluorophore moiety for detection.
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Unfortunately, CE has difficulties to connect to MS. The current shortage of
characterized glycan standards is the most serious hindrance to CE analysis.

In conclusion, mass spectrometries combined with different separating tools can
be a powerful strategy for providing glycan information such as carbohydrate
composition, linkage pattern, and glycosylation sites. However, detailed structure
information such as o or 3 configuration is still under development. In this case, NMR
currently is the only reliable analytical tool to address the glycan configuration issues.
However, it is nearly impossible to isolate enough amounts of certain glycans from
patients or animals in relatively high purity. So, the synthesis of bioactive complex

carbohydrates as the standard is the only solution.

Carbohydrate conjugate vaccines

Carbohydrates often are expressed on the surface of pathogenic bacteria. Most of
those carbohydrates are structurally unique and could be the potential target for
vaccination and diagnostic development. Vaccines that are based on capsular
polysaccharides (CPS) have existed for decades and have been widely utilized in the
pharmaceutical industries against different pathogenic bacteria®*®. Those carbohydrate
materials are extracted from target bacterial cultures®’. However, it is common that the
impurities, such as cell-wall polysaccharides, are co-isolated with the desired
polysaccharide. Moreover, such impurities may cause hyporesponsiveness and other side
effects®. Because the polysaccharides purified from bacteria culture are heterogeneous,
repeating purification and quality control steps are necessary for the carbohydrate

antigens to be utilized in the vaccine products. The synthetic oligosaccharides derived
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from the repeating unit of CPS is the other option to obtain a glycoconjugate vaccine
without contamination and with predictable clinical results®®. However, it is not
straightforward and it is scientifically challenging to designing a vaccine based on
synthetic oligosaccharides. Moreover, there is a major bottleneck about the identification

of an effective epitope.
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Figure 1.10: Major Steps Involved in Rational Design of Synthetic Carbohydrate
Vaccines*

The effective epitopes are the segments of antigenic polysaccharides which could
be recognized by membrane-bound immunoglobulin (Ig) molecules on B cell, and those

epitopes are called glycan B cell epitopes®®. A short-term and 1gM dependent immune
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response can be induced by the polysaccharides, which are T cell-independent antigens.
However, this type of antigen fails to generate an efficient immunological memory. It
could be converted to T cell dependent antigens by conjugating to a carrier protein that
will eventually induce a long-lasting memory response. Such a long-lasting memory
response will accompany the switch of antigen recognizing B cells to a plasma cell.
Moreover, either reinfection from a pathogen or a boosting from a vaccine will induce
plasma cells’ rapid proliferation and the secretion of a vast number of antibodies.

It has been shown that carbohydrate conjugate vaccines have succeeded to
prevent infectious diseases that are caused by Neisseria meningitides, Haemophilus
influenza, and Streptococcus pneumoniae®. However, the vaccine manufacturer faces
certain bottlenecks despite the success of CPS-based vaccines. Moreover, one of the
major disadvantages is the isolation and purification of pure capsular polysaccharides
coming from pathogenic bacteria. The large scale bacterial culture is not applicable to all
bacteria strains®®. Growth conditions need carefully optimization with an aim to produce
polysaccharides®’. Additionally, certain CPSs are not stable and will be decomposed
under isolation conditions or formulation processed®®. The further purification of
polysaccharides must be carefully checked on different levels that are specified by
guidelines coming from the regulatory authorities. For example, the contaminants such
as proteins, nucleic acid, and especially other cellular polysaccharides must be
eliminated. The structure of the desired polysaccharides must be evaluated by chemical
and instrumental analysis, for example, nuclear magnetic resonance (NMR)
spectroscopy®®.  After careful depolymerization and chemical activation, the

polysaccharides are then conjugated to the carrier protein and the quality control is
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necessary during glycoconjugate manufacture, which further raises the cost of the final
vaccine. Furthermore, after chemical derivatization of polysaccharides, artificial and non-
protective epitopes are common in the vaccine formulation that further compromises
vaccine efficiency. Identification of the correct antigenic epitope is one of the most
important steps toward an effective vaccine that can protect the host from the pathogen.
However, it is almost impossible to purify and obtain a homogeneous polysaccharide to

improve vaccine efficiency’.
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Figure 1.11: The Immunogenic Determinants of a Synthetic Carbohydrate Antigen
Size/span of the epitope.

(1), terminal glycan residues (2), the presence of branching points (3), side chain

functional groups (4), and some repeating units (5), preinstalled linker for conjugation”.

There is an alternative way to obtain the structurally uniform vaccine without any
impurities, which utilizes synthetic oligosaccharides replacing the repeating unit of
polysaccharides.  Because synthetic oligosaccharides could be structurally well-

characterized, the production of glycoconjugate vaccines is reproducible. On the other
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hand, a more efficient formulation could be achieved with a structurally defined antigen

and the cost of vaccine development will further decrease.
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Figure 1.12: Effective Sugar Nucleotide Regeneration for the Large-Scale Enzymatic

Synthesis of Globo H and SSEA4"

Recently, extensive research on the oligosaccharide syntheses have been done,

which led to highly antigenic compounds™. The potent synthetic oligosaccharides

vaccine that offers a protective effect on Haemophilus influenzae type b type b (Hib) has

been commercialized in Cuba’. Another example is tumor associated antigens Globo H

and SSEA-4 hexasaccharide. Both are attractive targets for the development of anti-tumor

vaccines’?. The Globo H development combined the basic biochemical and clinical result

and further improved an entirely synthetic antigen. Moreover, carbohydrate conjugate

vaccines based on the synthetic antigen have reached the early clinical trials’™.
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Carbohydrate Synthesis and Purification Methods

Although glycobiology and carbohydrate-related therapeutic methods have made
significant progress in recent decades, one of the major bottlenecks in the further
development of glycoscience is the shortage of well-defined carbohydrate structures and
their conjugates in high purity. The heterogeneity of carbohydrates in nature creates a
problem isolating pure compounds in appropriate quantities. It is almost impossible to
isolate one particularly desired glycan in the proper amount to obtain detailed structure
characterization. In most of the cases, the only source for obtaining structurally well-
defined oligosaccharides is through chemical or enzymatic synthesis.

The bio-organic synthesis of peptides and nucleotides has been streamlined and
utilized efficiently for decades, due to the limited available substrate reaction sites and
well developed automated solid phase synthetic methods. An advancement in biological
development resulted through the ease of obtaining peptides and nucleotides conveniently
through simple and efficient chemistry. However, due to the scientific challenges of
heterogeneity and complexity of carbohydrates, the field of automating carbohydrate
synthesis is still under development.

The development of an automated chemical carbohydrate synthesis is hindered by
the diversity and complexity of the carbohydrate itself. There are two aspects that cause
complexity of carbohydrate automated synthesis in comparison to other biological
polymers. Monosaccharides have a diverse range of linkages, and oligosaccharides can
be highly branched molecules containing a vast array of monosaccharides. Since protein
and nucleic acids can only be attached to each other through one-dimensional linkages

(amide bonds for proteins and [3'-5']-phosphodiester bonds for nucleic acids), it is much
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easier to control the outcome of each coupling reaction. However, in the case of
carbohydrates, the synthesis can be multi-dimensional which provides numerous
variations in their structures, making it scientifically challenging to develop specific
linkages without the use of laborious synthetic and enzymatic techniques. In addition to
variations in linkage placement, carbohydrates contain an anomeric center that can be
linked through an acetal functionality, or glycosidic bond. The coupling reaction can
result in two configuration isomers o and B which further complicates the whole
structure.

The anomeric stereochemistry is usually defined by the relative position of the C-
2 hydroxyl group as either 1, 2- cis or 1, 2-trans or the relationship to the last chiral
substituent on the six-member ring, either an o or a B linkage. Moreover, to attach a
monosaccharide unit to another carbohydrate substrate, protecting group manipulation is
necessary for preventing mis-coupling products and other side reactions. Normally an
oligosaccharide synthesis process will undergo three stages. First, the protecting groups
need to be installed on the monosaccharide building blocks, and orthogonal protection is
necessary since one particular hydroxyl group needs to be exposed as an acceptor/donor
before each glycosylation reaction. The next step is performing the glycosylation
reactions that assemble monosaccharide building blocks together. Once the target
oligosaccharide assembly is completed, a global deprotection reaction is performed to

yield the desired oligosaccharide product.
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Figure 1.13: An overview of a typical oligosaccharide synthesis

As mentioned before, the first challenge in carbohydrate chemistry is the intensive
labor costing carbohydrate assembly. Much work has been done to simplify the whole
process’®’”. For example, one-pot glycosylation has been developed to avoid time-
consuming intermediate purification and shorten the assembly time’®". Solid phase
oligosaccharide synthesis (SPOS) was also developed for the much easier reaction
product purification®®®, If the whole SPOS procedure can be executed in an automated
fashion, the technique further reduces the laboratory labor requirement®’. There is an
example that average skilled personnel can perform the oligosaccharide synthesis by
automated SPOS within 24 hours.

Recently, the discovery of one-pot introduction of multiple protecting groups can
speed-up the monosaccharide building block synthesis, which further reduces the time
and labor of the oligosaccharide synthesis®®%*.

However, all those advances do not address the issue of the stereo-control of a

glycosylation reaction. If different isomers are generated during a glycosylation, a time-

consuming and tedious separation is required. The control of stereoselectivity becomes
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another major challenge that hinders the development of carbohydrate chemistry. In the
next section, the development of stereoselective glycosylation reactions will be discussed.

Emil Fisher discovered the first chemical glycosylation method in 1893%. Under
the acid-catalyzed reaction conditions, an anomeric lactol can be coupled with one
hydroxyl group on the sugar ring yielding a glycoside product. The method was improved
by Koenigs and Knorr in 1902 by using glycosyl halides and a silver salt to catalyze the

coupling reaction®.
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Figure 1.14 Fisher glycosylation and Koenigs and Knorr glycosylation

In a glycosylation reaction, the glycosyl donor requires a leaving group attached
to the anomeric center, and the acceptor contains a nucleophilic functionality (OH or SH)
to couple with the donor. Under proper promoting conditions, the leaving group will
detach and form an oxocarbenium ion. Then, the acceptor will attack from either top face
or the bottom face resulting in either an a- or B-glycoside respectively. In the cases in
which neighboring group participation is not a factor, the glycosylation outcome is

determined by the so-called “anomeric effect.”
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Generally, in a six member ring system, all substituents prefer an equatorial
position that is energetically favored due to steric hindrance of the 1, 3-diaxial

interactions. Thus, the B-direction should be preferred in glycosylation.
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Figure 1.15: The anomeric effect

However, when an electron withdrawing functionality is linked to the anomeric
center, the axial outcome is preferred. Edward first observed this phenomenon, and
Lemieux further defined it as the “anomeric effect™®’.

Among several explanations of the anomeric effect, the most widely accepted is
the antiperiplanar lone pair hypothesis (ALPH) in which in an a -configuration, the
HOMO of the endocyclic oxygen donates electrons to the LUMO antibonding orbital of

C-1 and O1 bond. The distribution of electron density favors the stabilization of the a-

isomer and the bond length of endo-O-C1 is reduced. In the model study of 2, 3-dichloro-
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1, 4-dioxane, the equatorial chloride endo-O-C1 bond is much shorter than the bond
length of axil O-C3.

Another explanation for the anomeric effect suggests that the dipole direction of
the a- and - isomers plays a role in isomer formation. The first dipole aligns on the C-1-
O1 bond. The second is in a bisected position among the two pair electrons of sugar ring
oxygen. When the OMe group points the equatorial direction, the angle between two
dipoles is too small to result in favorable dipole-dipole interaction. However, when the
OMe points in the axial direction, the dipole-dipole interaction is favored because of its
anti-parallel position. The anti-parallel dipole overcomes the unfavored energy barrier
created by 1, 3-diaxial interactions.

Besides the anomeric effect, other factors also play important roles in the
anomeric stereoselectivity and the yield of glycosylation. Reaction conditions such as
solvents and temperature are crucial. However, neither anomeric effect, nor reaction
conditions are strong enough to control the glycosylation outcomes effectively. The
protecting groups and well-designed chiral auxiliaries have been invented to address such
an issue. The protecting groups, in general, can stabilize the intermediate oxocarbenium
ion through neighboring group participation (NGP), controlling the stereo-outcome of a
glycosylation reaction. In most of the cases, the donor will determine the stereochemical
result of glycosylation. In the next section, different C-2 functionalities which can

generate different glycosylic linkages will be discussed.
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The nature of the protecting group of C-2 of a glycosyl donor will determine the
anomeric selectivity. After the activation of the leaving group at the anomeric center, a 2-

O-actyl group will participate to yield 1-2 trans glycosylic linkage in the reaction below.
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Figure 1.16: Neighboring group participation of a 2-O-acyl functionality .

Once the intermediate oxocarbenium ion 2 is formed, the C-2 ester group will
attack the anomeric center to form a five-membered dioxaleniumion 3. The five-
membered ring only prefers a 1,2- cis fused ring system as confirmed by NMR
spectroscopy. Also, the intermediate 3 has been proven by the isolation of crystal
dioxalenium ions®. In the following step, a glycosyl acceptor or a substrate attacks the
anomeric center that can only be approached from the p-face to yield the formation of
1,2-trans glycoside 5. However, the dioxalenium ion can also be attacked by the acceptor
molecule that leads to the formation of orthoester 4 as the side product. Fortunately, the
orthoester 4 is unstable under acidic condition and can rearrange to the stable 1,2-trans

glycosylic linkage eventually if the proper amount of acid is added. In most of the cases,
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the use of 2-O-ester as the method to yield 1,2-trans glycosylic linkage has been a part of
routine work in carbohydrate synthesis, which is reliable and highly stereoselective. In
the case of glucose as the donor substrate, a -linkage will be formed, whereas mannose
will give o products. Several ester protecting groups have been developed, either to
prevent the formation of the orthoester or to utilize an orthogonal protecting group that
can be selectively removed in the presence of other ester functionalities, revealing the
hydroxyl group.

Remote neighboring group participation is another method to control
stereoselectivity. Instead of C-2 protecting group participation, the non-vicinal hydroxyl

%92 In this case, the intermediate

groups are used during glycosylation reactions
dioxalenium ion is formed by the involvement of a non-vicinal ester, and there is
evidence that this exists beyond the stereochemical argument®®*. For example, a recent

study to trap the intermediate dioxalenium ion through a tert-butoxycarbonyl (Boc)

group was reported.
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Figure 1.17: Nucleophilic traps to investigate remote neighboring group participation®*°

Recently, efforts to trap the intermediate dioxolenium ion using a tert-
butoxycarbonyl (Boc) group have been reported (Scheme 1.5)*. The mechanism of
trapping the intermediate is upon the participation of the Boc, the dioxolenium ion 7, will
form the stable ring carbonate 8 and lose isobutylene spontaneously. Based on such a
method, thioglycoside 6 was reacted with NIS/AgOTf, and the formation of carbonate 8
was observed. Subsequently, some donors with a Boc group at different positions were
tested. However, only allose donor 9 was observed in the corresponding carbonate 10,
which proves the occurrence of remote participation. In the other cases, thioglycosides 11
and 12 failed to form bicyclic carbonate and formed hydrolyzed donor or glycosylated

products. Similar results were observed with thioglycosides 13 and 14. Based on all the
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observations, it was concluded that the remote participation can only happen in particular
positions. However, later research showed that the remote participation on a C-3
equatorial position is possible®. In this research, trichloroacetimidate was employed as
the intermediate trap. When the thioglycoside 15 was activated by benzenesulfonyl
piperidine (BSP) and trifluoromethanesulfonic anhydride (Tf,O), the trichlorooxazine
product 16 was detected. However, the same results did not apply to the C-4 and C-6
trichloroacetimidoyl group. In summary, remote participation indeed plays a significant
role in glycosylation. However, such a phenomenon is highly depended on the nature of
the sugar, such as configuration and the electronic and steric properties of the

participating group.
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Figure 1.18: the picolinyl ether for the stereoselective synthesis®’

There are other neighboring participation groups in addition to ester type and
remote participation. It was reported by the Demchenko group that modified ethers can
be NPG, and control the stereoselectivity and obtain the glycosylation product in high

yield. In this report, the picolinyl ether was used as the participating functionality and
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generates the 1, 2-trans-glycosylic linkage. Theoretically, the 2-picolinyl mediated
glycosylation needs heat to drive the reaction to complete since it deactivates the
oxocarbenium ion”’. However, it was found that the reaction can occur at low
temperatures. The reaction of donor 17 which was activated by Cu(OTf),, can complete
in one hour. An NMR study confirmed that the two pyridinium ions 19 and 20 existed,
and the latter one was formed predominantly. The pyridinium ions are remarkably stable
and even tolerant to silica gel chromatography conditions. The purified pyridinium ion 20
then reacted with nucleophiles, resulting in 1,2-trans-glycoside 21. However, pyridinium

ion 19 was too inert to be activated.
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Figure 1.19: Using the 4,6-O-benzylidene acetal, to generate an a-triflate intermediate.

Anomeric stereochemistry can be controlled by electronic and steric effects
through a new development in stereoselectivity control. The Crich group found that by
using pre-activated 4,6-O-benzylidene protected mannosyl sulfoxide donors at -78 <C and
subsequent addition of acceptor, the formation of B-mannosides is favored. The pre-
activation and low temperature were proven to be the keys for a good B-selectivity. The

reason is that an intermediate formed under such conditions will react with an acceptor in
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a stereoselective way to form a B-mannoside. In addition, the 4,6-O-benzylidene acetal is
necessary for the high -selectivity due to its torsional disarming effect.

It has been proven that during the glycosylation, the oxocarbenium ion interacts
with a triflate anion and forms a stable a-triflate 23. An Sy-2 like a nucleophilic attack by
the acceptor displaces the a-triflate to yield the desired f-mannoside product 26. To
further confirm the mechanism, *H, **C and *°F NMR experiments of the mannosyl donor
were carried out at low temperature.”® These experiments confirmed the existence of a-
glycosyl triflates but failed to establish the reaction mechanism. To further investigate
this phenomenon, kinetic isotope effects (KIE) were employed®. A 50% deuterated
mannosyl donor was synthesized, H-1 for KIE and H-7 as an internal standard. The
resulting KIE value was around 1.12, which is consistent with the transition state of an
oxocarbenium ion. Moreover, it was further hypothesized that an a-triflate contact ion
pair (CIP) 24 was formed, in which the triflate anion blocked the a-face and induced the
formation of B-mannosides, or the nucleophile associated with the oxocarbenium ion
upon the departure of the triflate in an opened transition state. Additionally, the product

27 was explained as the solvent separated ion pair (SSIP) 1%

where the selectivity lost.
As mentioned before, the neighboring group participation has been widely used in
the control of stereo outcomes of glycosylation reactions. The C-2 acetyl group is so
powerful that it can mediate most of the reactions and generate 1,2 trans-glycosides.
However, there is still no effective way to control the formation of 1,2 cis-glycosides.
Inspired by the C-2 ester mediated glycosylation, the chiral auxiliary was invented and

developed by the Boons group to solve the scientific challenges in the formation of 1,2-

cis-glycosylation.
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Figure 1.20: Neighboring group participation in the synthesis of cis- and trans-
glycosides.

Using commercially available ethyl mandelates as the source of the chirality, the
optically pure ethyl mandelate was installed at a C-2 position to mimic an ester. Upon
the formation of the oxocarbenium ion, the nucleophilic moiety of the auxiliary would
participate with oxocarbenium ion to generate a putative trans- or cis-decalin system. The
trans- or cis- decalin is determined by the chiral source from the mandelate. The (S)-
mandelate preferred the formation of the trans-decalin, because the phenyl moiety, in this
case, would be in an axial position and unstabilize the whole structure. In the next step,
the O- nucleophile was expected to attack from o face of the trans-decalin acyl oxonium
ion and yield excellent stereoselectivity. Some acceptors were tested with the trans-
decalin system and excellent stereoselectivity was accomplished. The hypothesized
mechanism was further confirmed with the cis-decalin system, and the chirality of

products was reversed.
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Figure 1.21: a-Selective glycosylations by chiral auxiliaries from different precursors

With the success of the first generation of the chiral auxiliary, the effort was paid
to improve further the auxiliary system. Instead of using oxygen as the participation
moiety, sulfur was used in the second generation to improve the stereoselectivity.
Compared with oxygen, sulfur is more attractive since it has a higher nucleophilicity and
larger atomic radius. With an aim to introduce sulfur into auxiliary, acetic acid (1S)-
phenyl-2-(phenyl sulfonyl) ethyl ester was used as a chiral source, and it was installed
onto the C-2 hydroxyl group by BF3;-OEt,. The reaction was driven by the loss of the
acetate, and an active episulfonium ion was formed subsequently. Then the C-2 hydroxyl

group of sugar would nucleophilically attack the benzylic position of the episulfonium
37



ion and results in the reversion of the configuration. The donor 28 was activated without
the presence of acceptor by TMSOTT, and low-temperature NMR study showed the
presence of trans-decalin 34. The structure was further identified by HMBC indicating
the coupling between C1 and C18. Moreover, the NOE experiment confirmed the
formation of the trans-decalin'®. The various acceptors were reacted with the p-
sulfonium of trans-decalin, and different o-glycosides were obtained with high
selectivity. This method was further applied to the solid phase synthesis of an a-glucan
that was essential for host innate immune response®.

Since the chiral auxiliary is acid labile and the installation of the auxiliary is
synthetically challenging, the further development was focused on those two aspects. The
Turnbull group cleverly used the stereo- and regioselective acetal formation to install
oxathiane acetal 31'%. The oxathiane acetal has the conformation of trans-decalin. By
treating with Tf,0O, the sulfoxide 33 attacked trimethoxylbenzene. Due to the electron
donating nature of trimethoxylbenzene, the generated sulfonium ions 35 were more stable
than the sulfonium ion 34, and the higher temperature was needed for driving the reaction
to completion. However, with the presence of OMe moiety in the chiral auxiliary, the
auxiliary was even more acid liable, and this limited the application of the auxiliary
chemistry. To address this issue, the Boons group development a method that reduced
the oxathiane acetal to the ether 30, which is more acid-toleratant. Different types of
acceptors were tested to explore the oxathiane donors’ capability. A wide range of
acceptors, such as primary and secondary hydroxyl acceptors, thioglycosides, and

protected amino acid all showed high o selectivity.
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Based on the excellent result in the methodology study, other oxathiane donors
with orthogonal protecting groups were synthesized and utilized for the synthesis of
oligosaccharide from P. boydii*®*. However, we still didn’t know the mechanism of
sulfonium ion mediated glycosylation and the explanation for the high
stereoselectivity'>1%,

In previous research, we have synthesized different donors bearing two
stereoisomers of chiral auxiliary and also the auxiliary without any chirality, allowing the
nature of the mechanism of auxiliary to be revealed. Interestingly, when the (R)-isomer
was used during a glycosylation instead of the desired (S)-isomer, a significant increase
of B linkage was observed. It is easy to rationalize that the bulky phenyl substitution
destabilizes the trans-decalin system by the unfavorable spatial hindrance. In the case of
the non-chiral auxiliary, the trans- and cis- decalins will both form during the
glycosylation due to the absence of the configuration orienting functionality. The
glycosylation outcome (a/B=8/1) further proves the anticipation. In the following
research, Woerpel and White field attempt to isolate the effect of stereo-directing from
the neighboring group participation. In their experiments, a simplified facial-selective
glycosylation system was employed. They found out that the sulfonium ion derivated
from 4-sulfur substituted acetal was a resting state in the simplified tetrahydropyran
system. In the nucleophilic addition, the sugar preferred oxocarbenium ion state rather
than Sn-2 like mechanism®%’. However, only poor nucleophiles were tested, and the most
common O-nucleophiles were not included. In another set of experiments, the Whitefield

group discovered that the stereoselectivity of glycosylation can be controlled by a non-

participating protecting group that is chiral and attach to the C-2 of glucose'®. Their

39



computational studies showed the rotation barrier along the C2-O2 §-bond that orients the
C-2 protecting group in a syn-faction, blocking the p-face'®. However, they also
explained that there was not a single factor that dominated the glycosylation outcome; the

selectivity was the result of multiple factors.

Ph
+ O +
(@) A+ Q PhSEt Wé &
N3 X N,

ROH R
1,2-cis-glycoside

Figure 1.22: a-Selective glycosylation with C-2 deoxy donor by adding sulfur-containing
reagent

Stereoselective glycosylation with C-2 deoxy sugars is another challenge in the
carbohydrate synthesis field. However, it offers the sulfonium ion mediated glycosylation
an opportunity to address such issue. However, of course, the conventional chiral
auxiliary will not work in this case. The using of ethyl phenyl sulfide or thiophenol has
accomplished excellent selectivity in 2-deoxy-glycosides™®. Similar to the idea of chiral
auxiliary-mediated glycosylation,  the sulfur-containing reagents can attach to
oxocarbenium ion during the preactivation procedure to form chiral sulfonium ions. In
this case, a reversed anomeric effect causes the sulfonium ion to adopt the equatorial
orientation and an Sy-2 like nucleophilic attacks the anomeric center to result in the
desired o isomer.

The development of stereoselective glycosylation is not only a method by which

the glycosylation outcomes are under control, but the method offers the opportunity for a
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much easier purification due to fewer impurities and byproducts. Moreover, the method
also expands the application scope of solid phase oligosaccharides synthesis and fluorous
tag supported oligosaccharides synthesis. This is because both purification methods only
purify the compound at the very last step after detachment from either tag or resin, and
there is no intermediates purification during the whole process. In this case, if any
configuration isomers are generated in one reaction step, the purification of the final
compound will be extremely painful and time-consuming, and the yield will be largely
compromised. In many even worse cases, if more than one glycosylation loses stereo-
control, the number of different stereoisomers will increase exponentially, and such a
mixture is almost impossible to be purified. However, with the combination of C-2 ester
and chiral auxiliary technologies, a clean and high yield glycosylation will be guaranteed
in the most of the cases. The additional combination of stereoselective glycosylations
with solid phase synthesis or fluorous tag synthesis will largely improve the efficiency of
the total oligosaccharide synthesis.

By attaching any chemical substrate to a resin particle, solid-phase synthesis can
remove the excess reagent easily by washing the resin. As previously mentioned, the
purification of the desired compound at the very end of synthesis limits the
chromatographic steps. The solid phase synthesis of peptides and oligonucleotides has
been well established, and the automation has been commercially available for decades.
However, due to the extremely different chemical nature of carbohydrates and scientifical
difficulties of glycosylation, the solid phase synthesis of oligosaccharides is still under
development. Several issues are still trapping the development of polymer supported

oligosaccharides synthesis. Glycosylation yield is often compromised in the solid phase
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synthesis due to the significant reduction of the reaction site of the substrate activity after
coupling to the polymer resin. To boost the yield of glycosylation reactions, excess donor
will be consumed during coupling reaction. Moreover, the monitoring of the reaction is
painful in the solid phase synthesis of carbohydrates. Either measuring the weight
changes after reactions or detaching a small amount of reaction crude from resin, both
methods will end up with uncertain results or loss of desire products.

In an aim to overcome the drawbacks of solid phase synthesis of oligosaccharides,
fluorous tag supported glycosylation was invented. Compared with solid phase synthesis,
the fluorous tag synthesis just avoids all issues that happened in the solid phase synthesis.
First, the fluorous tagged reactions are performed in organic solvents and usually in one
phase reactions. In such cases, it is not necessary to utilize the a large excess amount of
donors. Moreover, since the fluorous tag is compatible with mass spectrometry, NMR,
and other analytical methods, there is no need to detach the compound from the fluorous
tag, that avoids the unnecessary loss of product. In addition, all detections are as accurate
and easy as normal organic reactions.

It was found that a fluorous solvent such as perfluorohexane can not dissolve in
most of the organic solvents and water. However, if a compound is highly fluorinated, it
could be easily extracted from organic solvents by simple fluorous-organic solvent
partition ™. Fluorous Solid Phase Extraction (F-SPE) was invented as an improved
fluorous tag technology. By using commercially available fluorous silica gel, the F-SPE
and HPLC could be performed. The reaction crude is loaded onto the F-SPE cartridge
with a minimal amount of solvent. Moreover, then the cartridge is firstly eluted with a

fluorophobic solvent, for example, 80:20 MeOH/H,0O to remove non-fluorous tagged
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elution of the fluorous tagged compounds.

compounds. Then, a more fluorophilic solvent (MeOH, acetonitrile or THF) was used for
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Figure 1.23 Fluorous Solid Phase Extraction (F-SPE)**?

Several key points have to be well designed before the development of fluorous
tag supported oligosaccharides synthesis. First, it has been determined whether the
synthesis starts from the reducing end of carbohydrates or begins with the nonreducing
end and which end attaches to the fluorous tag. The fluorous tag linker has to be inert to
all chemical conditions in the whole synthetic procedure, and it could be easily cleaved
from the substrate. The selection of orthogonal protecting groups has to be compatible
with the linker of the fluorous tag.
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CHAPTER?Z2:
ASSEMBLY OF A COMPLEX BRANCHED OLIGOSACCHARIDE BY
COMBINING FLUOROUS SUPPORTED SYNTHESIS AND
STEREOSELECTIVE GLYCOSYLATIONS USING ANOMERIC

SULFONIUM IONS
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Introduction

It is now well established that a dense layer of complex carbohydrates covers the
surface of all prokaryotic and eukaryotic cells. These carbohydrates have been implicated
in a wide range of biological processes such as protein folding, fertilization,
embryogenesis, host-guest interactions, and cell differentiation and mobility.****** In
addition, overwhelming data supports the relevance of glycosylation in pathogen
recognition, inflammation, innate immunity and the development of autoimmunity and
cancer.'*>™8 Although the importance of cell surface carbohydrates in health and disease
is widely appreciated, advances in glycoscience have been slow due to the staggering
complexity of the glycome.*™® This complexity makes it difficult to define glycan
structures expressed by a given cell type and complicates the identification of specific
glycan recognition determinants of glycan-binding proteins.***** Libraries of well-
defined glycans will make it possible to address these difficulties.

The need for diverse collections of complex glycans has stimulated the
development of fast and convenient methods for their synthesis.*?*** For example,
several synthetic strategies make it possible to assembly complex oligosaccharides from
carefully selected monosaccharide building blocks using a minimal number of chemical
steps.’***% Among these strategies, one-pot multi-step glycosylations, in which several

glycosyl donors are sequentially reacted in the same flask, are particularly attractive and

can furnish target oligosaccharides without the need for protecting group manipulations
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and isolation and purification of synthetic intermediates.'®

Within the past few years,
automated solid-phase oligosaccharide synthesis has also substantially advanced.'?’*%® A
host of glycosylating agents, new linker systems, different solid supports and a variety of
protecting groups have been carefully evaluated and these efforts have resulted in the first
commercially available glycan synthesizer.

Soluble light fluorous tags offer another attractive means to simplify the process
of oligosaccharide synthesis. In this case, tagged carbohydrates can easily be separated
from nonfluorous-tagged side products by solid phase extraction using silica gel modified
by fluorocarbons.*?® This generic procedure, which more closely resembles filtration than
chromatography, depends primarily on the presence or absence of a fluorous tag and not
on the polarity or other molecular features of the compound. Unlike solid phase
supported synthesis, light fluorous technology does not require large excesses of reagents
to drive the reactions to completion. Fluorous-tagged compounds can easily be analyzed
by standard spectroscopic methods, thereby providing control over the synthesis.
Furthermore, efforts are underway to develop a liquid handler to automate fluorous
supported oligosaccharide synthesis.’*® Several fluorous versions of protecting groups
have been developed for a variety of functional groups, and thus tags can easily be
installed.’**** Additionally, it is possible to array fluorous-tagged glycans, thereby
eliminating the necessity to install reactive functional groups for glycan
immobilization.*?

Despite the promise of fluorous supported oligosaccharide synthesis, it has mainly
been employed for the preparation of relatively simple linear compounds.®***** This

limited application is most likely due to the difficulties of controlling anomeric
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selectivities in glycosylations and challenges to install branching points in high
yield.##141%2 | this respect, many complex oligosaccharides are branched and due to
steric crowding, the corresponding glycosylations are often low yielding. Furthermore,
1,2-trans-glycosides, such as B-glucosides and [3-galactosides, can reliably be introduced
by neighboring group participation of an ester-protecting group at C-2 of a glycosyl
donor (Scheme 1A). On the other hand, the installation of 1,2-cis glycosidic linkages,
such as a-glucosides and a-galactosides, requires glycosyl donors that have a non-
assisting functionality at C-2, and often these coupling reactions result in mixtures of
anomers.’?>**? Low yielding glycosylations and the formation of anomers defeat the

purpose of fluorous support synthesis that relies on simple filtration protocols for

purification.
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Figure 2. 1. Control of anomeric selectivity in glycosylations.

A) Neighboring group by C-2 esters to give a five membered ring oxocarbenium ion
intermediate to form selectively 1,2-trans glycosides. B) Neighboring group participation
by chiral auxiliary to give a trans-decalin anomeric sulfonium ion intermediate to provide

1,2-cis glycosides.
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Recently, we introduced a stereoselective glycosylation approach based on
neighboring group participation by a (S)-phenylthiomethylbenzyl moiety at C-2 of a
glycosyl donor, which can readily provide 1,2-cis-glycosides (Scheme 1B).*****> Upon
activation of the donor and formation of an oxacarbenium ion, the thiophenyl moiety of
the C-2 auxiliary participates resulting in the formation of an intermediate sulfonium ion
having a trans-decalin configuration. This stereoisomer is strongly favored because of the
absence of unfavorable gauche interactions. Furthermore, the alternative cis-decalin
system places the phenyl-substituent in an axial position thereby inducing unfavorable
steric interactions. Displacement of the anomeric sulfonium ion by a sugar alcohol then
results in the formation of a 1,2-cis-glycoside.

We describe here that the use of glycosyl donors modified by a C-2 (S)-
phenylthiomethylbenzyl ether or ester-protecting group to stereoselectively introduce 1,2-
cis or 1,2-trans glycosides, respectively and glycosyl acceptors modified by a fluorous
tag can readily provide highly complex branched oligosaccharides of biological
importance. The strategy was applied to the preparation of the carbohydrate moiety of the
GPI anchor of Trypanosoma brucei (Figure 1), which is the parasite causing sleeping
sickness in humans and similar diseases in domestic animals.'*® The oligosaccharide is
composed of a branched tri-mannoside core, which is a structurally conserved motif of
GPI anchors of many different organisms. It is further elongated by o-galactosides that
are unique to T. brucei. It is expected that synthetic carbohydrates of different

compositions will aid in the development of therapeutics and diagnostic for infections
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caused by this pathogen.'®’ Previous attempts to prepare such oligosaccharides entailed

low yielding galactosylations and provided mixtures anomers, %12
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Figure 2.2. The structure of hexasaccharide 1 of the GPI anchor of T. Brucei and

monosaccharide building blocks for its assembly.

Results and discussion
The synthesis of building blocks: We envisaged that building blocks 2-7 and
fluorous tag modified benzyl alcohol 8 (Figure 2) would make it possible to assemble
target compound 1. Levulinic ester (Lev)™® and 2-Naphthylmethyl ether (Nap)™***®

were employed as a convenient set of orthogonal protecting groups for glycosyl acceptor
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formation and branching point installation. The donors 2 and 3, having participating
esters at C-2, were used to install the mannosyl moieties. Furthermore, it was anticipated
that galactosyl donors 4-6, having a chiral auxiliary at C-2, could be employed for the
stereoselective introduction of the challenging a-galactosides.

First, attention was focused on the preparation of galactosyl donors 4-6 (Scheme
2). It was expected that activation of a trifluoro-N-phenyl imidate of 6 would result in the
formation of an oxacarbenium ion which will undergo neighboring group participation by
the (S)-(phenylthiomethyl)benzyl ether leading to a 1,2-trans anomeric sulfonium ion.
Nucleophilic displacement of the anomeric sulfonium ion by a sugar alcohol will then

provide an a-galactoside.**?

Alternatively, arylation of the 1,2-oxathiane of compounds
such as 4 and 5 will also provide anomeric sulfonium ions and such a transformation can
easily be accomplished by activation the sulfoxide with triflic anhydride followed by
reaction with 1,3,5-trimethoxybenzene.'®®*>" An attractive feature of the 2-oxathianes is
that they can be converted into compounds such as 7 by treatment with benzyne which
leads to a derivative having a (S)-(phenylthiomethyl)benzyl ether at C-2 and an acetate at
the anomeric center.®® Standard procedures can then be employed to install an anomeric

imidate for glycosylations.*® Thus, it was anticipated that 2-oxathiane 11 would be an

appropriate precursor for the synthesis of glycosyl donors 4-6.
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Figure 2.3 Preparation of building blocks for the GPI anchor carbohydrate moiety of T.

brucei.

Reagents and conditions: a) MeONa, MeOH, rt, 1 h, then p-TSA, MeOH, rt, 18 h; then
acetic anhydride, pyridine, rt, 3 h, 73% (for 3 steps) then TiCly, Et3SiH, DCM, 0 <C, 8 h,
83%; b) m-CPBA, DCM, -15 <C, 30 min, 96%; c) NaOMe, MeOH, rt, 1 h, then
TBDPSCI, Imidazole, DMF, 0 <C, 2 h, 98%; d) BnBr, NaH, DMF, 0 <C, 1 h, 75%; e)
HF-pyridine in pyridine, rt, 18 h, 61%; f) NaH, NapBr, DMF, 0 <C, 5 h, 95%; g) m-
CPBA, DCM, -15 <C, 30 min, 72%; h) Pb(AcQ),, 1-aminobenzotriazole, DCM, -78 <C, 1
h, 95%; i)NH2NH,-AcOH, DMF, 50 <C, 4 h; then 2,2,2-trifluoro-N-phenyl-acetimidoyl

chloride, DBU, DCM, rt, 1 h, 71%.

Thus, thioglycoside 9 was prepared by sequential treatment of per-O-acetyl-
galactose with thiourea and 2-bromoacetophenone. The acetyl esters of 9 were cleavage

with sodium methoxide in methanol and the resulting tetraol was treated with methanol in
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the presence of camphorsulfonic acid (CSA) to form a 1,2-oxathiane ketal. Due to the
poor solubility of the latter compound, it was not purified and immediately treated with
trimethylsilyl trifluoromethanesulfonate (TMSOTT) or BF;OEt; in the presence Et;SiH to
reduce the ketal to a 1,2-oxathiane ether. Although the latter reaction proceeded smoothly

for glucose derivatives, %

in the case of galactose no reaction occurred. Fortunately,
the use of TiCl, as the Lewis acid in the presence of Et;SiH gave, after O-acetylation
with acetic anhydride in pyridine, the target compound 10 in a yield of 83%. Oxidation of
compound 10 using meta-chloroperoxybenzoic acid (m-CPBA) in dichloromethane
(DCM) at -15 °C gave the galactosyl donor 4. Compound 11 was readily prepared by
treatment of 10 with 1-aminobenzotriazole and Pb(OAc), to generate benzyne for
arylation of the 1,2-oxathiane. The latter compound was treated with hydrazine acetate to
remove the anomeric acetate and the resulting lactol was converted into an N-phenyl
trifluoroacetimidate (6) using 2,2,2,-trifluoro-N-phenylacetimidoyl chloride in the
presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).'®*

The selectively protected galactosyl donor 5 was synthesized by removal of the
acetyl esters of 10 followed by selective silylation of the primary hydroxyl using tert-
butyl(chloro)diphenylsilane (TBDPSCI) in the presence of imidazole in DMF to give 12.
The latter compound was benzylated under standard conditions (—13) followed by
removal of the TBDPS ether using HF-pyridine to give 14, which was converted into Nap
ether 15 by alkylation with NapBr in the presence of sodium hydride in

dimethylformamide (DMF). Prior to glycosylation, the 1,2-oxathiane 15 was oxidized to

the corresponding sulfoxide 5 using m-CPBA. The mannosyl donors 2 and 3 were

64



prepared by standard protecting group manipulations as detailed in the supporting

information.

Assembly of the carbohydrate moiety of the GPI anchor of T. brucei

First, target compound 1 was prepared by a conventional purification protocol
using silica gel or size exclusion column chromatography (Scheme 3). In this case, each
intermediate was carefully characterized by two-dimensional NMR spectroscopy and
mass spectrometry. After establishing an appropriate synthetic protocol, the target
compound was resynthesized in a rapid manner by employing fluorous solid phase
extraction and in this case only the fully assembled oligosaccharide was characterized.
The attraction of this approach is that a streamlined synthetic protocol for 1 can easily be

adapted for the preparation of many analogs.
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Figure 2.4. The assembly of the GPI anchor moiety of T. brucei.

Reagents and conditions: a) NIS, TfOH, DCM, -25 <C, 30 min, 89%; b) DDQ, DCM:

H,O =10: 1, rt, 2 h, 17: 82%; 20: 77%; c) Tf,O, TMB, DTBMP -40 <T to rt then 10%

TFA in DCM, rt, 1 h; (18: 87%, o only; 21: 67%, a-only); d) TfOH, DCM, -25 <Ttort, 3

h, 71%, a,f; e) TFOH, DTBMP, DCM, -60 <C to rt, 18 h, then 10% TFA in DCM, rt, 1 h,

76%,

a-only; f) Ac,0, pyridine, DMAP, rt, 4 h; g) NH,NH2-AcOH, pyridine, rt, 1 h; h)
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TMSOTf, DCM, -25 <T to rt, 1 h, 51% over three steps; i) H,, Pd/C, AcOH, MeOH, rt,

24 h, then MeONa, MeOH, rt, 1 h, 65%.

Thus, glycosyl donor 2 was coupled with 4-(1H,1H,2H,2H-perfluorodecyl)benzyl
alcohol (8) using N-lodosuccinimide (NIS) and triflic acid (TfOH) as the activator'® at -
25 <C to give, after a reaction time of 30 min, fluorous tagged mannoside 16 in high
yield. As expected, only the o-anomer was formed due to neighboring group
participation of the acetyl ester of 2. Next, the Nap ether of 16 was removed by oxidation
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in the mixture of DCM and
water to give glycosyl acceptor 17, which was coupled with glycosyl donor 5 to provide,
after acid mediated removal of the C-2 auxiliary, disaccharide 18. In this glycosylation, 5
was arylated by treatment with a stoichiometric amount of triflic anhydride (Tf,0) and
1,3,5-trimethoxybenzene (TMB) in the presence of 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) in DCM at -40 <T to form a sulfonium ion intermediate. Next, glycosyl
acceptor 17 was added and the reaction mixture was allowed to warm to room
temperature and after a reaction time of 11 h and purification by silica gel column
chromatography, a glycoside product was obtained having a
(trimethoxyphenylthiomethyl)benzyl ether moiety at C-2. The latter functionality was
cleaved by treatment with 10% trifluoroacetic acid (TFA) in DCM to give glycosyl
acceptor 18. Careful analysis by *H NMR spectroscopy confirmed that only the expected
o-anomer had formed.

The installation of the «(1,2)-linked galactoside of 1 proved challenging.
Preactivation of 4 followed by the addition of acceptor 18 did not lead to glycoside

formation. A TMSOTTf mediated coupling of 6 with 18 gave only a trace amount of
67



product as shown by MALDI-TOF mass spectrometry. The use of 5 equivalents of 6
provided the corresponding trisaccharide in a disappointing yield of 25%. We reasoned
that the failures of these glycosylations was due to the rather low reactivity of C-2
hydroxyl of 18 and the bulky nature of the C-2 auxiliary of glycosyl donors 4 and 6.1%
Therefore, a smaller and more reactive glycosyl donor was required for this
glycosylation. Indeed, a triflic acid mediated coupling of 7 with 18 led to the formation of
trisaccharide 19 in an isolated yield of 71% and fortunately only a trace amount of the
unwanted [B-anomer was detected. Removal of Nap ether of 19 to give glycosyl acceptor
20 was accomplished by oxidation with DDQ in a mixture of DCM and water. In this
reaction, care had to be taken to avoid oxidative removal of one of the benzyl ethers and
in particular the use of only a small excess of recrystallized DDQ was critical to avoid
overoxidation.™® o-Galactosylation of 20 was easily accomplished by preactivation of 4
using Tf,0 and TMB in the presence of DTBMP in DCM at -40 <C followed by the
addition of glycosyl acceptor 20. The remnant of the auxiliary of the resulting
tetrasaccharide was cleaved by treatment with 10% trifluoroacetic acid (TFA) in DCM to
give glycosyl acceptor 21 in an overall yield of 67% as only the a-anomer. Surprisingly,
a glycosylation of 21 with 4 gave a pentasaccharide a disappointing yield of 20%.
Fortunately, a TMSOTTf mediated glycosylation of 21 with 6 in DCM gave, after cleavage
of the auxiliary, pentasaccharide 22 in an overall yield of 76% as only the a-anomer.
The HSQC data of 22 showed that all H*-C* coupling constants were in the range of 171

to 176 confirming the a-configurations of the glycosidic linkages.
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The hydroxyl of 22 was acetylation and the Lev ester of the resulting compound
(23) was removed using hydrazine acetate to give glycosyl acceptor 24, which was
coupled with mannosyl donor 3 using TMSOTT as the catalyst to provide hexasaccharide
24 in an excellent overall yield of 51% (three steps). In this case, only the a-anomeric
product was formed due to neighboring group participation of the acetyl ester at C-2 of
the glycosyl donor. The overall yield of the assembly of the hexasaccharide, starting from
the monomeric building blocks, was 9%. Finally, hexasaccharide 24 was converted into
target compound 1 by hydrogenation over Pd/C followed by removal of the acetyl esters

using sodium methoxide in methanol.

Fluorous assisted target glycan assembly

Having established a robust synthetic approach for the preparation of 1, the
synthesis of this compound was performed using a purification protocol based fluorous
solid phase extraction (Scheme 4). In this case, each glycosylation was performed twice
to ensure completion of these critical reactions. Thus, the Nap ether of 16 was oxidatively
removed with DDQ and the resulting acceptor 17 was isolated by fluorous solid phase
extraction (F-SPE) using 20% water in methanol as the eluant to remove untagged
compounds and the desired compound was isolated by elution with acetone. Next,
acceptor 17 was coupled with 5 using the standard preactivation protocol and, as
expected, aqueous workup and solid phase extraction resulted in the removal of
hydrolyzed donor and other non-fluorous by-products. The glycosylation was repeated
and the remnant of the auxiliary was removed using 10% TFA in DCM to give, after

standard fluorous solid phase extraction, disaccharide 18. The latter compound was
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coupled twice with donor 4 using triflic acid as the promoter to provide trisaccharide 19,
which was subjected to DDQ oxidation to remove the NAP ether to provide acceptor 20.
Next, the a(1-6)-galactoside was installed by preactivation of 4 using Tf,O, TMB and
DTBMP followed by glycosylation with 20 and, after repeating the coupling protocol, the
remnant of the auxiliary was removed by treatment with 10% TFA in DCM to give
tetrasaccharide acceptor 21. This compound was coupled twice with donor 6 using a
standard preactivation protocol to give, after removal of the C-2 auxiliary and passing the
material through a F-SPE cartridge, pentasaccharide 22. The hydroxyl of 22 was
acetylated and the resulting compound was treated with hydrazine acetate to remove the
Lev ester to give an acceptor which was subjected to a double coupling with mannosyl
donor 2. After each step, the product was isolated by solid phase extraction and
immediately used in the next reaction step. Homogeneous hexasaccharide 25 was
obtained after purification by silica gel and LH-20 size exclusion column
chromatography. This compound was obtained in an overall yield of 16.7%, which
corresponds to an 85% yield per reaction step. The assembly of the hexasaccharide could
be completed within 6 days. Standard deprotection of 25 gave target compound 1, the
analytical data of which were identical to the compound prepared by the conventional

approach described above.
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Figure 2.5 The assembly of the GPI anchor moiety of T. brucei by fluorous solid phase
extraction.

Reagents and conditions: a) DDQ, DCM:H,0 = 10:1, 2 h, b) Tf20, TMB, DTBMP -40
<T to rt then 10% TFA in DCM, 1 h; ¢) TfOH, DCM, -25 <C to rt, 3 h; d) TfOH,
DTBMP, DCM, -60 <C to rt, 18 h, then 10% TFA in DCM, 1 h; e) Ac,0, pyridine,
DMAP, 4 h, then NH,NH»-AcOH, pyridine, 1 h; f) TMSOTf, DCM, -25 T tort, 1 h; g)

H,, Pd/C, AcOH, MeOH, 24 h, then NaOMe, MeOH, 1 h.

After establishing a protocol for the efficient fluorous supported synthesis of 1, it
could easily be adapted to the preparation of structurally related compounds and for
example, a pentasaccharide was assembled by appropriate protecting group
manipulations and sequential coupling of 2 with 8 to give a product that was further
extended with 5, 4, 4 and 3, respectively. The preparation of this compound was

completed within 5 days.
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Conclusion

We demonstrate here that a set of strategically selected orthogonal protecting
groups, glycosyl donors modified by a chiral auxiliary and glycosyl acceptors containing
a fluorous tag, make it possible to prepare rapidly complex branched oligosaccharides of
biological importance. After the glycosylations, the chiral auxiliary could be removed
using moderately strong acidic conditions, which were compatible with the presence of
the orthogonal protecting groups Lev and Nap, thereby allowing efficient installation of
1,2-cis-linked glycosides. Previously, the auxiliary-mediated methodology was employed

for the installation of o-glucosides,!#314>:16:157

and it is shown here that it can easily be
extended to other monosaccharides such as galactosides. An exploratory study was
required to identify potential synthetic problems. For example, due to the bulky nature of
the auxiliary, a glycosylation of a sterically hindered acceptor site was challenging and in
this case, a conventional donor had to be used. The attraction of the fluorous supported
methodology is that after establishing a successful synthetic approach, target compounds
can rapidly be resynthesized by routine procedures. Also, it allows for fast preparation of
structural analogs and for example the approach for fluorous supported synthesis of 1
could easily be adapted to the preparation of structurally related compounds. Efforts are
underway to develop a liquid handling system to automate fluorous supported

0

synthesis,*® which will make it possible to further speed up the process of

oligosaccharide assembly.
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Experimental Section

General procedure for the preparation of sulfoxide donors 4 and 5 from their
corresponding oxathianes 10 and 15: m-CPBA (< 77%, 1.05 eq) was dissolved in DCM
and the resulting solution was slowly added to a cooled (=78 °C) solution of oxathiane in
DCM. The reaction mixture was stirred at —78 °C for 30 min, diluted with DCM (20 mL)
and then poured into 10% Na,S,03 aqueous solution. The organic layer was washed with
ag. saturated NaHCOj3, dried (MgSQO,), filtered and the filtrate was concentrated in vacuo.
The residue was purified by silica gel column chromatography.

General glycosylation procedure for oxathiane donors with various acceptors:
Oxathiane donor (1.2 eq), 1,3,5 trimethoxybenzene (2.5 eq) and 2,6-di-tert-butyl-4-
methylpyridine (3.0 eq) were dissolved in DCM. Molecular sieves (4 A) were added and
the resulting suspension was cooled to —15 °C. Trifluoromethanesulfonic anhydride (1.2
eq) was added dropwise to the solution and stirring was continued for 10 min. The
reaction mixture was further cooled to —40 °C and a solution of acceptor (1.0 eq) in DCM,
which was dried over molecular sieves (4 A) was added dropwise. After a reaction time
of 30 min, the reaction was quenched with aq. saturated NaHCOj3 (30 mL). The organic
phase was washed with brine (30 mL), dried (MgSQ,), filtered and the filtrate was
concentrated in vacuo. The residue was purified by silica gel column chromatography or
Sephadex LH-20 size exclusion chromatography (DCM/MeOH = 1:1, 0.2 mL/min).

General procedure for the removal of a C-2 auxiliary: Trifluoroacetic acid was
added dropwise to a solution of the glycosylation product in DCM at 0 <C adjusting the
final concentration to 10% (v/v). The reaction mixture was stirred for 3 h until TLC

indicated complete consumption of starting material. The reaction mixture was diluted
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with DCM and poured into saturated NaHCO3. The organic layer was dried (MgSO,),
filtered and the filtrate was concentrated in vacuo. The residue was purified by silica gel
column chromatography or sephadex LH-20 size exclusion chromatography
(DCM/MeOH = 1:1, 0.2 mL/min).

General fluorous supported purification protocol: F-SPE cartridges (FluoroFlash®
SPE Cartridges, 10 grams, 20 cc tube) were purchased from Fluorous Technologies. Inc.
The fluorous tagged compound with (200 mg compound per 1 g resin) was loaded using
a minimum amount of mixture of water and DMF (9:1, v:v). The order of elution was
20% water and methanol (3>20 mL), hexane (3>%20 mL). The desired fluorous-tagged
compound was obtained by elution with acetone (3>20 mL). The formation of the desired
compound was determined by TCL and MALDI-TOF. The product containing fractions

were concentrated in vacuo.

AcO _OAc

Acogg _s
o>

Ph
10

2-(S)-Phenyl-(3,4,6-tri-0O-acetyl-1,2-dideoxy--D-galactopyranoso)[1,2-¢]-1,4-

oxathiane (10).

2-Methoxy-2-(S)-phenyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-B-D-
galactopyranoso)[1,2-e]-1,4-oxathiane' (2.80 g, 6.17 mmol) was dissolved in DCM (50
mL). After cooling the mixture to 0 °C, titanium tetrachloride (0.68 mL, 2.08 mmol) was
added and stirring was continued for 10 min. Triethylsilane (0.89 mL, 10.54 mmol) was
added dropwise and the resulting reaction was allowed to warm to room temperature and

the stirring was continued for 18 h. The reaction mixture was quenched with methanol
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(10 mL) and triethylamine (5 mL) after which MALDI-TOF indicated completion of the
reaction. The resulting mixture was concentrated in vacuo. The resulting white solid was
purified by flash chromatography over silica gel (EtOAc/ Hexane, 0% to 30%, v/v) to
give compound 10 (2.26 g, 83%). Re= 0.21 (EtOAc/Hexane, 20%, v/v). '"H NMR (300
MHz, CDCls) & 7.50 — 7.15 (m, 5H, HPh), 5.48 (d, J = 3.5 Hz, 1H, H-1), 5.12 (dd, J =
10.2, 3.4 Hz, 1H, H-2), 4.85 — 4.67 (m, 1H, PhCHCH, -Aux), 4.54 (d, J = 9.0 Hz, 1H, H-
4), 423 — 3.90 (m, 4H, H-6,3, H-3, H-5), 3.15 — 2.72 (m, 2H, PhCHCH,Aux), 2.23 —
1.84 (s, 9H, 3xAc). >C NMR (75 MHz, CDCls) & 125.10, 127.34, 125.93, 68.38, 71.04,
71.05, 80.17, 80.05, 77.09, 76.77, 61.91, 61.85, 76.54, 77.74, 78.15, 36.29, 36.23, 36.26,
36.29, 36.23, 21.00, 21.00, 21.04, 21.03; HR MALDI-TOF MS: m/z: calcd for

C20H2405S [M+Na]': 424.1192; found: 424.1211.

HO _OTBDPS

Ph
12
2-(S)-Phenyl-[6-O-(z-butyldiphenylsilyl)-1,2-dideoxy-B-D—galactopyranoso][1,2-¢]-,4-

oxathiane (12).

Compound 10 (2.10 g, 4.95 mmol) was dissolved in MeOH (100 mL) and fresh
prepared sodium methoxide (100 mg, 1.8 mmol) was added. The reaction mixture was
stirred for 1 h after which TLC analysis showed the absence of starting material. The
reaction mixture was concentrated in vacuo. The resulting white solid was re-dissolved in
DMF (30 mL) and the resulting solution was placed under an atmosphere of argon.
Imidazole (0.67 g 9.9 mmol) and TBDPSCI (1.93 mL, 6.64 mmol) were subsequently
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added and the reaction mixture was stirred for 3 h at room temperature. It was then
diluted with DCM (100 mL), washed with aq. saturated NaHCO3 (20 mL) and brine (20
mL). The organic phase was dried (MgSOy), filtered and the filtrate was concentrated in
vacuo. The resulting white solid was purified by flash chromatography over silica gel
(EtOAc/ Hexane, 0% to 20%, v/v) to give compound 12 (2.60 g, 98%). Ry = 0.64
(EtOAc/Hexane, 30%, v/v); '"H NMR (300 MHz, CDCl3) § 7.85 — 6.93 (m, 15H, 3x Ph),
4.70 (dd, J =10.7, 2.0 Hz, 1H, CH, Aux), 4.37 (d, J = 8.8 Hz, 1H, H-1), 4.22 (dt, J = 3.2,
1.3 Hz, 1H, H-4), 4.01 — 3.81 (m, 3H, H-2, H-6,3), 3.74 — 3.55 (m, 2H, H-3, H-5), 3.05
(dd, J = 14.1, 10.7 Hz, 1H, CHa,, Aux), 2.93 — 2.77 (m, 2H, OHx2), 2.73 (dd, J = 13.9,
2.0 Hz, 1H, CHay, Aux ), 1.17 (s, 9H, TBDPS); °C NMR (75 MHz, CDCls) § 135.03,
138.00, 134.98, 127.92, 127.66, 127.65, 126.27, 80.42, 80.44, 76.14, 69.66, 61.49, 63.79,
63.72, 63.77, 81.21, 81.24, 72.57, 79.04, 35.81, 35.76, 35.83, 35.82, 35.81, 27.19; HR

MALDI-TOF MS: m/z: calcd for C390H3605SS1 [M+Na]+: 536.2053; found: 536.2061.

BnO _OTBDPS

BnOgSO S
o

Ph
13

2-(S)-Phenyl-[3,4-0-benzyl-6-0-(t-butyldiphenylsilyl)-1,2-dideoxy-3-D—

galactopyranoso] [1, 2-¢]-1,4-oxathiane (13).

Compound 12 (2.60 g, 4.85 mmol) was dissolved in DMF (30 mL) after which
benzyl bromide (1.40 mL, 5.68 mmol) was added, followed by 60% sodium hydride
(0.58 g, 14.55 mmol). The reaction was stirred at 0 °C for 4 h. The reaction mixture was

diluted with DCM (50 mL) and quenched with water (10 mL) after which TLC analysis
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showed the completion of the reaction. The organic phase was washed with brine (20
mL), dried (MgSQ,), filtered and the filtrate was concentrated in vacuo. The resulting
white solid was purified by flash chromatography over silica gel (EtOAc/ Hexane, 0% to
5%, v/v) to give compound 13 (2.62 g, 75%). Ry = 0.73 (EtOAc/Hexane, 10%, v/v); 'H
NMR (300 MHz, CDCls ) & 7.75 — 7.07 (m, 25H, Ph), 5.11 — 4.61 (m, 5H, 2xCH,, CH,
Aux), 4.34 (d, ] = 8.6 Hz, 1H, H-1), 4.21 (t, ] = 9.0 Hz, 1H, H-2), 4.05 (s, 1H, H-4), 3.91
— 3.73 (m, 2H, H-6,p), 3.66 — 3.51 (m, 2H, H-3, H-5), 3.01 (dd, J = 13.7, 10.9 Hz, 1H,
CHa,, Aux), 2.76 (d, J = 13.9 Hz, 1H, CHap, Aux), 1.05 (s, J = 1.3 Hz, 9H); >C NMR (75
MHz, CDCl3) 6 120.04, 127.99, 128.42, 129.56, 128.39, 128.39, 128.36, 128.07, 128.08,
128.03, 127.82, 127.82, 127.98, 128.08, 128.15, 128.08, 128.09, 127.77, 128.22, 128.63,
124.38, 74.40, 73.16, 73.28, 73.28, 76.40, 74.14, 80.08, 73.36, 74.59, 74.34, 74.23, 73.57,
73.94, 82.13, 84.98, 68.96, 76.81, 81.79, 74.75, 75.91, 80.20, 80.55, 27.13, 27.17; HR

MALDI-TOF MS: m/z: calcd for C44H4305SS1 [M+Na]+: 716.2992; found: 716.2984.

2-(S)-Phenyl-(3,4-O-benzyl-1,2-dideoxy-p-D—galactopyranoso) [1, 2-e]-1,4-oxathiane

(14).

Compound 13 (2.60 g, 3.63 mmol) was dissolved in pyridine (20 mL), cooled to 0
°C and then HF/pyridine (10 mL) was added dropwise to the solution. The reaction
mixture was stirred for 1 h after which it was diluted with DCM (30 mL) and quenched
with aq. saturated NaHCO; (20 mL). The organic phase was washed with aq. saturated
NaHCO;3; (20 mL) and brine (20 mL), dried (MgSQ,), filtered and the filtrate was

concentrated in vacuo. The resulting white solid was purified by flash chromatography
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over silica gel (EtOAc/ Hexane, 0% to 20%, v/v) to give compound 14 (1.4 g, 61%). R¢=
0.24 (EtOAc/Hexane, 20%, v/v); 'H NMR (300 MHz, CDCl3 ) & 7.62 — 7.10 (m, 15H,
Ph), 5.16 — 4.60 (m, 5H, 2xCH,, CH, Aux), 4.41 (d, J=8.7 Hz, 1H, H-1), 4.35 —4.12 (m,
1H, H-2), 3.87 (dt, J = 12.9, 6.5 Hz, 1H, H-4), 3.80 (dd, J = 10.9, 6.5 Hz, 1H, H-6,), 3.68
— 3.40 (m, 3H, H-3, H-5, H-6y), 3.05 (dd, J = 13.9, 10.6 Hz, 1H, 1H, CH,,, Aux), 2.79
(dd, J=13.9, 2.1 Hz, 1H, 1H, CHp, Aux), 1.57 (s, 1H, OH); *C NMR (75 MHz, CDCl;)
o 123.03, 124.37, 128.49, 128.54, 128.56, 128.56, 128.49, 128.54, 128.05, 128.56,
128.54, 128.54, 128.54, 128.56, 124.08, 128.18, 128.18, 128.23, 74.73, 80.18, 73.63,
80.10, 73.56, 77.07, 77.12, 81.93, 74.33, 62.04, 80.49, 62.30, 36.17, 36.21; HR MALDI-

TOF MS: m/z: calcd for Co3H3005S [M+Na]+: 478.1814; found: 478.1826.

BnO _ONap

Bnogg/s
0

Ph
15

2-(S)-Phenyl-[3,4-0-di-benzyl-6-0-(2-methylnaphthyl)-1,2-dideoxy-B-D—

galactopyranoso) [1, 2-¢]-1,4-oxathiane (15).

Compound 14 (1.40 g, 2.29 mmol) was dissolved in DMF (40 mL) and the
resulting  solution was placed under an atmosphere of argon. 1-
(Bromomethyl)naphthalene (0.77g, 3.5 mmol) and 60% NaH (0.11g, 4.38 mmol) were
subsequently added and the reaction mixture was stirred for 5 h. The reaction mixture
was quenched with H,O (5 mL) and DCM (20 mL). The organic phase was washed with
aq. saturated NaHCO; (20 mL) and brine (20 mL), dried (MgSQ,), filtered and the filtrate

was concentrated in vacuo. The resulting yellow solid was purified by flash
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chromatography over silica gel (EtOAc/ Hexane, 0% to 10%, v/v) to give compound 15
(1.81 g, 95%). Ry=0.61 (EtOAc/Hexane, 20%, v/v); 'H NMR (500 MHz, CDCl; ) & 7.50
— 6.61 (m, 22H), 4.61 — 3.88 (m, 8H, Hy4, 3XCH,, CH, Aux), 3.87 — 3.72 (m, 1H, H-3),
3.58-3.46 (d, 1H, H-1), 3.36 — 3.07 (m, 4H, H-2, H-5, H-6,p), 2.64 — 2.50 (m, 1H, CHa,,
Aux), 2.32 (d, J = 14.1 Hz, 1H, CHy, Aux); °C NMR (126 MHz, CDCl3) & 124.89,
123.89, 123.02, 122.87, 122.93, 123.82, 125.02, 125.09, 124.99, 71.93, 71.92, 70.15,
76.99, 76.98, 70.00, 70.00, 70.11, 70.11, 70.97, 71.82, 70.78, 70.78, 70.62, 70.65, 74.00,
73.95, 78.66, 78.70, 78.75, 71.78, 71.84, 76.03, 65.72, 65.72, 77.01, 77.07, 33.26, 33.21,
33.18, 33.27, 33.17; HR MALDI-TOF MS: m/z: calcd for CszoH3305S [M+Na]+:

618.2240; found: 618.2219.

AcO _OAc
AcO
0]
Phr. «~0Ac
11 SPh

1,3,4,6-Tetra-0-acetyl-2-0-[1-(S)-phenyl-2-(phenylsulfanyl)-ethyl]-o-D-

galactopyranose (11).

Compound 10 (500 mg, 1.18 mmol) was dissolved in DCM (20 mL) and the
resulting solution was cooled to -78 °C. 1-aminobenzotriazole (577 mg, 1.30 mmol) and
lead (IV) acetate (174 mg, 1.30 mmol) were added. The reaction mixture was stirred for 1
h and then quenched with water (10 mL). The organic phase was washed with aq.
saturated NaHCO; (20 mL), brine (20 mL), dried (MgSQO,), filtered and the filtrate was
concentrated in vacuo. The resulting yellow solid was purified by flash chromatography

over silica gel (EtOAc/ Hexane, 0% to 30%, v/v) to give compound 11 (627 mg, 95%). R
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= 0.32 (EtOAc/Hexane, 30%, v/v); '"H NMR (300 MHz, CDCl3) & 7.46 — 7.05 (m, 10H),
6.51 (d, J=3.7 Hz, 1H, H-1), 5.45 — 5.33 (m, 1H, H-4), 5.31 — 5.18 (m, 1H, H-3), 4.52
(dd, J=8.4, 4.6 Hz, 1H, CH, Aux), 4.33 — 4.19 (m, 1H, H-5), 4.12 — 3.92 (m, 2H, H-6),
3.90 — 3.79 (m, 1H, H-2), 3.35 — 2.92 (m, 2H, CH,, Aux), 2.25 -1.69 (m, 12H, 4 xCHj,
Ac); °C NMR (75 MHz, CDCls) § 129.41, 125.98, 127.47, 126.86, 90.13, 88.49, 68.08,
67.94, 69.07, 69.13, 81.59, 68.62, 61.45, 61.46, 71.82, 71.82, 41.80, 41.79, 41.80, 21.01,
20.81, 20.53, 20.32, 20.38; HR MALDI-TOF MS: m/z: calcd for C,sH3,010S [M+Na]":
560.1716; found: 560.1711.

AcO _OAc
0

ACOQ&H
(0]

Ph/,,L OC(NPh)CF;4
6 ~sph

3,4,6-0-Acetyl-2-0-[(S)-2-(phenylthiomethyl)benzyl]-D-o/B—galactopyranosyl-2,2,2-

trifluoro-N-phenyl-acetimidate (6).

Compound 11 (627 mg, 1.17 mmol) was dissolved in DMF (10 mL) and
hydrazine acetate (215 mg, 2.34 mmol) was added to the resulting solution. The reaction
mixture was heated to 50 °C for 5 h. The reaction mixture was concentrated in vacuo.
The resulting yellow oil was re-dissolved in DCM (20 mL) and 2,2,2-trifluoro-N-phenyl-
acetimidoyl chloride (0.3 mL, 1.12 mmol) and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (0.5
mL, 3.23 mmol) were added. The reaction mixture was concentrated in vacuo after a
reaction time of 2 h. The resulting dark yellow solid was purified by flash
chromatography over silica gel (EtOAc/ Hexane, 0% to 30%, v/v) to give compound 6

(572 mg, 71%). Ry = 0.54 (EtOAc/Hexane, 30%, v/v); 'H NMR (500 MHz, CDCl3) &
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7.43 —7.09 (m, 15H, 3xPh), 6.70 (d, J = 3.5 Hz, 1H, H-1), 5.49 — 5.39 (m, 1H, H-4), 5.28
(dd, J=10.5, 3.3 Hz, 1H, H-3), 4.63 — 4.48 (m, 1H, CH, Aux), 4.39 (t, J = 6.6 Hz, 1H, H-
5), 4.16 — 3.99 (m, 2H, H-6,3), 3.98 — 3.85 (dd, 1H, H-2), 3.30 — 3.08 (m, 2H, CH,, Aux),
2.09 — 1.56 (m, 9H, 3xAc); *C NMR (126 MHz, CDCly) § 129.22, 126.70, 129.27,
129.50, 126.78, 127.13, 129.81, 129.10, 125.39, 125.25, 129.87, 127.05, 93.46, 67.87,
69.19, 69.20, 83.65, 81.19, 68.96, 68.94, 68.96, 61.63, 61.69, 61.64, 61.67, 61.66, 72.48,
72.49, 42.76, 42.76, 42.77, 42.76, 42.76, 42.76, 42.75, 21.96, 21.88, 21.86; HR MALDI-

TOF MS: m/z: calcd for Cz4H34F3NOoS [M+Na]+: 689.1906; found: 689.1917.

2-(S)-phenyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-3-D-galactopyranoso)[1,2-¢]-1,4-

oxathiane (R,S)-S-oxide (4).

Compound 10 (1.0 g, 2.36 mmol) was dissolved in DCM (20 mL) and cooled to -
20 °C. Meta-chloroperoxybenzoic acid (0.58 g, 77%, 2.60 mmol) was added. The
reaction was quenched with saturated NaHCO; (20 mL) after a reaction time of 30 min.
The organic phase was washed with brine (20 mL), dried (MgSOQ,), filtered and the
filtrate was concentrated in vacuo. The resulting white solid was purified by flash
chromatography over silica gel (EtOAc/ Hexane, 0% to 50%, v/v) to give compound 4
(1.0 g, 96%, the ratio of the two isomer = 1:0.7). R¢ = 0.24 (EtOAc/Hexane, 50%, v/v);
'H NMR (500 MHz, CDCls, the R/S configuration of two isomers was not determined ) &
7.51 — 7.18 (m, 5H, Ph), 5.56 — 5.46 (m, 1.6H, H-4"%), 541 (d, J = 9.5 Hz, 0.7H,
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CH',Aux), 5.35 — 5.21 (m, 1.5H, H-3%), 4.88 — 4.78 (m, 0.6H, H-2% ), 4.74 (d, J = 10.7
Hz, 1H, CH® Aux), 4.37 (d, J = 10.0 Hz, 1H, H'-1), 429 —4.03 (m, 5H, H5-1, HY5-5,
HY5.6), 3.87 (t, J=9.9 Hz, 1H, H'-1), 3.66 (dd, J = 12.7, 1.3 Hz, 1H, CH',, Aux), 3.22
(dd, J = 14.5, 1.5 Hz, 1H, CH%, Aux), 3.12 (dd, J = 12.6, 12.0 Hz, 1H, CH',, Aux), 2.89
— 271 (m, 1H, CH®, Aux), 2.23 — 1.93 (m, 12H, 4x CH3, Ac); °C NMR (126 MHz,
CDCls) & 128.74, 128.74, 129.14, 125.64, 123.62, 67.39, 67.34, 70.40, 68.73, 71.02,
65.37, 75.54, 95.56, 61.28, 86.53, 75.76, 57.83, 39.53, 52.96, 57.70, 52.88, 20.70, 20.74,
20.74; HR MALDI-TOF MS: m/z: calcd for CyoHp406S [M+Na]+: 440.1141; found:

440.1157.

2-(S5)-Phenyl-[3,4-0-benzyl-6-0O-(2-methylnaphthyl)-1,2-dideoxy-p-D—

galactopyranoso)[1, 2-¢]-1,4-oxathiane(R,S)-S-oxide (5).

Compound 15 (1.81 g, 2.92 mmol) was dissolved in DCM (20 mL) and cooled to
-20 °C. Meta-chloroperoxybenzoic acid (0.71 g, 77%, 3.21 mmol) was added. The
reaction mixture was quenched with aq. saturated NaHCO5 (20 mL) after a reaction time
of 30 min. The organic phase was washed with brine (20 mL), dried (MgSQO,), filtered
and the filtrate was concentrated in vacuo. The resulting white solid was purified by flash
chromatography over silica gel (EtOAc/ Hexane, 0% to 40%, v/v) to give compound 5
(1.3 g, 72%, ratio of two isomer =1:0.4); '"H NMR (500 MHz, CDCl3 )  7.93 — 7.17 (m,

22H), 4.99 — 4.40 (m, 7H, 3xCH,, CH, Aux), 4.22 (dt, J= 12.2, 4.8 Hz, 1H, H-1), 4.10 —
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4.00 (m, 2H, H-2, H-4), 3.79 — 3.68 (m, 4H, H-5, H-6,,), 3.61 (dt, J = 6.4, 3.4 Hz, 1H,
CHz,), 3.12 — 3.03 (m, 1H, CHy); *C NMR (126 MHz, CDCl;) & 127.85, 127.16,
127.55, 126.05, 128.60, 127.78, 127.97, 77.35, 74.94, 75.84, 73.09, 73.93, 73.71, 90.45,
95.76, 74.45, 74.04, 79.00, 67.71, 79.96, 57.64, 57.69, 57.72; HR MALDI-TOF MS: m/z:
calced for C39H3306S [M+Na]+: 634.2389; found: 634.2377.
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1,3,4,6-tetra-0-acetyl-2-0O-benzyl-a-D-galactopyrannose (31).

Compound 30 (1.30 g, 3.70 mmol) was dissolved in diethyl ether (20 mL) and the
resulting solution was cooled to 0 °C. Benzyl 2,2,2-trichloroacetimidate (1.4 mL, 4.06
mmol) and 4 A molecular sieve were subsequently added to the resulting solution.
Trifluoromethanesulfonic acid (1.65 mL, 6.47 mmol) was added dropwise. The reaction
was quenched with pyridine (2 mL) after a reaction time of 2 h and the resulting solution
was concentrated in vacuo. The resulting yellow oil was purified by flash
chromatography over silica gel (EtOAc/ Hexane, 0% to 30%, v/v) to give compound 31
(1.20 g, 73%). R¢= 0.54 (EtOAc/Hexane, 40%, v/v); "H NMR (500 MHz, CDCl;) & 7.48
—7.17 (m, 5H, Ph), 6.43 (dd, J = 8.3, 3.8 Hz, 1H, H-1), 5.62 — 5.39 (m, 1H, H-4), 5.29
(dt, J=12.2,8.2 Hz, 1H, H-3), 4.78 — 4.45 (m, 2H, CH,, Bn), 4.32 (t, /= 6.7 Hz, 1H, H-
5), 4.23 — 4.03 (m, 2H, H-6,), 4.01 — 3.87 (m, 1H, H-2), 2.22 — 1.89 (m, 12H, Ac); *C

NMR (126 MHz, CDCl;) 6 128.19, 127.93, 90.11, 67.86, 69.36, 69.26, 73.39, 73.32,
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73.30, 73.23, 68.57, 61.34, 61.45, 72.43, 21.12, 20.78, 20.81, 20.87; HR MALDI-TOF
MS: m/z: caled for Co1Ha6010 [M+Na]": 438.1526; found: 438.1575.
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3,4,6-tri-O-Acetyl-2-O-benzyl-D-o/pB—galactopyranosyl-2,2,2-trifluoro-/N-phenyl-

acetimidate (7).

Compound 30 (1.20 g, 2.71 mmol) was dissolved in the mixture of methanol and
THF (7:3, v/v). Ammonia gas was then bubbled through the resulting solution. The
reaction mixture was concentrated in vacuo after a reaction time of 3 h and the residue re-
dissolved in DCM (20 mL). 2,2,2-Trifluoro-N-phenyl-acetimidoyl chloride (0.44 mL)
and DBU (0.56 mL) were added to the resulting solution. The reaction mixture was
concentrated in vacuo after a reaction time of 2 h. The resulting dark yellow solid was
purified by flash chromatography over silica gel (EtOAc/ Hexane, 0% to 30%, v/v) to
give compound 7 (1.09 g, 71%). Ry = 0.82 (EtOAc/Hexane, 30%, v/v); 'H NMR (500
MHz, CDCl; ) & 7.58 — 6.61 (m, 10H, Ph), 5.55 (d, /= 1.7 Hz, 1H, H-1), 5.48 — 5.30 (m,
2H, H-3, H-4), 4.92 — 4.66 (m, 2H, CH», Bn), 4.39 (dd, J = 22.5, 15.5 Hz, 1H, H-5), 4.22
—4.09 (m, 2H, H-6,3), 4.07 — 3.88 (m, 1H, H-2), 2.33 — 1.99 (m, 9H, Ac); *C NMR (126
MHz, CDCls) 6 128.10, 128.63, 128.53, 124.46, 124.41, 119.16, 119.17, 119.36, 67.82,
67.24, 69.19, 69.27, 72.26, 75.19, 75.22, 73.54, 74.88, 68.98, 61.11, 61.42, 72.78, 72.77,
75.35, 20.73, 20.69, 20.76, 20.78, 20.72, 20.72; HR MALDI-TOF MS: m/z: caled for
Cy7H,5F3NOg [M+Na]™: 567.1716; found: 567.1701.
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Phenyl-4,6-O-benzylidene-3-0-(2-naphthyl)-2-0-acetyl-1-thio-a-D-

mannopyranoside (33).

Phenyl-4,6-O-benzylidene-1-thio-a-D-glucopyranoside (32) (5.0 g, 13.9 mmol)
was dissolved in toluene (100 mL). Tert-dibutyltin(IV) oxide (3.6 g, 15.3 mmol) was
added to the resulting solution. The solution was then heated to 85 °C and refluxed for 4
h and concentrated in vacuo. The resulting reaction mixture was re-dissolved in DMF
(200 mL). NapBr (4.6 g, 20.9 mmol) and caesium fluoride (4.2 g, 28.0 mmol) were then
added to the resulting solution. The reaction mixture was then diluted with DCM (100
mL) after a reaction time of 18 h. The organic phase was washed with aq. saturated
NaHCO; (50 mL) and brine (50 mL), dried (MgSQO,), filtered and the filtrate was
concentrated in vacuo. The resulting colorless oil was then re-dissolved in a mixture of
pyridine (20 mL) and acetic anhydride (10 mL). The reaction mixture was concentrated
in vacuo after a reaction time of 4 h. The resulting yellow solid was purified by flash
chromatography over silica gel (EtOAc/ Hexane, 0% to 20%, v/v) to give compound 33
(5.90 g, 78%). R¢= 0.31 (EtOAc/Hexane, 20%, v/v); '"H NMR (500 MHz, CDCl5) § 7.99
—7.24 (m, 17H), 5.73 (dt, J=15.9, 5.6 Hz, 2H, H-1, H-2), 5.53 (d, J = 0.9 Hz, 1H, CH),
5.02 — 4.85 (m, 2H, CH), 4.48 — 4.36 (m, 1H, H-5), 4.28 (dt, J=11.1, 5.6 Hz, 1H, H-6,),
4.23 (t, J=9.7 Hz, 1H, H-4), 4.17 (dd, J = 8.8, 5.4 Hz, 1H, H-3), 3.92 (t, J = 10.3 Hz,
1H, H-6), 2.27 (s, 3H, Ac); °C NMR (126 MHz, CDCl3) & 126.51, 127.94, 128.07,

128.01, 126.35, 125.82, 132.10, 132.12, 128.63, 128.70, 71.36, 101.79, 87.23, 72.26,
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72.27,72.27, 72.28, 65.28, 68.48, 78.55, 78.54, 78.58, 74.17, 74.17, 68.48, 68.50, 68.48,
21.10; HR MALDI-TOF MS: m/z: caled for C3H3006S [M+Na]™: 542.1763; found:

542.1761.
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Phenyl-2-0-acetyl-3-O-(2-naphthyl)-4-O-benzyl-1-thio-a-D-mannopyranoside (34).

Compound 33 (1.0 g, 1.85 mmol) was dissolved in DCM (30 mL) and
triethylsilane (1.5 mL, 1.77 mmol) was then added. The resulting solution was cooled to -
78 °C and dichlorophenylborane (0.24 mL, 1.23 mmol) was added dropwise. The
reaction was quenched by a mixture of MeOH (5 mL) and triethylamine (2 mL) after a
reaction time of 2 h. The mixture was concentrated in vacuo and the resulting yellow
solid was purified by flash chromatography over silica gel (EtOAc/ Hexane, 0% to 30%,
v/V) to give compound 22 (0.70 g, 68%). Ry = 0.21 (EtOAc/Hexane, 20%, v/v); 'H NMR
(500 MHz, CDCl3) 6 7.93 — 7.26 (m, 17H), 5.71 (dt, J=10.7, 5.3 Hz, 1H, H-2), 5.51 (d, J
= 1.1 Hz, 1H, H-1), 5.09 — 4.66 (m, 4H, CH), 4.24 (dt, J=9.7, 3.4 Hz, 1H, H-5), 4.10 —
4.05 (m, 1H, H-3), 3.97 (t, J=9.6 Hz, 1H, H-4), 3.91 — 3.82 (m, 2H, H-6,3 ), 2.19 (s, 4H,
Ac), 2.05 (s, 1H, OH); °C NMR (126 MHz, CDCl3) & 128.14, 127.32, 127.89, 126.15,
132.22, 128.16, 128.53, 70.34, 86.40, 75.39, 75.40, 72.03, 72.03, 72.03, 72.03, 75.39,
75.39, 73.15, 78.36, 78.35, 74.14, 74.30, 74.35, 62.02, 21.12; HR MALDI-TOF MS: m/z:

calcd for C3,H3,06S [M+Na]+: 544.1920; found: 544.1938.
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Phenyl-2-0-acetyl-3-0O-(2-naphthyl)-4-O-benzyl-6-levulinoyl-1-thio-a-D-

mannopyranoside (2).

Compound 34 (0.68 g, 1.23 mmol) and levulinic acid (0.28 g, 2.47 mmol ) were
dissolved in DCM (30 mL). The resulting solution was cooled to 0 °C. And 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (0.38 g, 2.47 mmol) and 4-dimethylaminopyridine
(14 mg, 0.12 mmol) were added. The reaction mixture was stirred under an atmosphere
of argon. The reaction was quenched with water (10 mL) after a reaction time of 2 h. The
organic phase was washed with aq. saturated NaHCO; (30 mL), brine (30 mL), dried
(MgSO0y), filtered and the filtrate was concentrated in vacuo. The resulting white solid
was purified by flash chromatography over silica gel (EtOAc/ Hexane, 0% to 20%, v/v)
to give compound 2 (0.61g, 77%). Re= 0.51(EtOAc/Hexane, 20%, v/v). 'H NMR (300
MHz, CDCl3) 6 7.89-7.18 (m, 17H, ArH), 5.66 (dd, J = 3.2, 1.6 Hz, 1H, H-2), 5.49 (d, J
=1.6 Hz, 1H, H-1), 4.93 (m, 4H, 2x CH,Ph), 4.47 — 4.26 (m, 3H, H-5, H-6,3), 4.02 (dd, J
=9.2,3.2 Hz, 1H, H-3), 3.82 (t,J = 9.4 Hz, 1H, H-4), 2.76 — 2.63 (m, 2H, CH,CH,, Lev),
2.55 (td, J = 6.5, 1.0 Hz, 2H, CH,CH,, Lev), 2.16 (s, 3H, CHj3, Lev), 2.15 (s, 3H, CHs,
Ac); BC NMR (75 MHz, CDCls) 6 128.04, 128.25, 127.84, 126.41, 132.20, 126.29,
132.13, 132.14, 128.42, 128.36, 128.53, 70.31, 70.37, 86.39, 86.39, 75.67, 75.60, 75.55,
72.31, 72.31, 72.23, 72.34, 72.25, 72.33, 72.25, 75.64, 75.64, 75.63, 71.14, 63.68, 71.00,

63.59, 63.76, 63.65, 78.61, 78.63, 78.65, 74.59, 38.19, 28.20, 38.04, 38.14, 28.24, 28.25,

87



28.13, 21.17, 21.33, 30.02, 30.21; HR MALDI-TOF MS: m/z: calcd for C;7H3305S

[M+Na]": 665.2185; found: 666.2181.
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4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-2-0-acetyl-3-0-(2-naphthyl)-4-O-benzyl-6-

levulinoyl-1-O-a-D-mannopyranoside (16).

Compound 2 (0.58 g, 0.90 mmol) and compound 8 (0.50 g, 0.90 mmol) were
dissolved in DCM (30 mL), and flame dried molecular sieve (4A) was added. The
reaction mixture was placed under an atmosphere of argon and cooled to -25 °C in dark.
After stirring for 10 min subsequently NIS (0.24 g, 1.08 mmol) and TfOH (16 pl) were
added. The reaction was allowed to reach room temperature over 40 min. The reaction
mixture was diluted with DCM (20 mL), and then quenched with aq. saturated NaS,0;
solution (20 mL). The organic phase was washed with aq. saturated NaHCO3 (30 mL),
brine (30 mL), dried (MgSO.,), filtered and the filtrate was concentrated in vacuo. The
resulting yellow solid was purified by flash chromatography over silica gel (EtOAc/
Hexane, 0% to 30%, v/v) to give compound 16 (0.89g, 89%). Ry= 0.45 (EtOAc/Hexane,
30%, v/v); 'H NMR (500 MHz, CDCl; ) § 7.92 — 7.08 (m, 16H, ArH), 5.49 (dd, J = 3.5,
1.8 Hz, 1H, H-2), 5.13 -4.47 (m, 7H, 3x CH,Ar, H-1), 4.46 — 4.40 (m, 1H, H-6,), 4.40 —
4.32 (m, 1H, H-6y), 4.12 (dd, J = 9.3, 3.4 Hz, 1H, H-3), 3.94 (ddd, J = 10.2, 5.0, 2.1 Hz,

1H,H-5), 3.82 (t, J = 9.6 Hz, 1H, H-4), 3.04 — 2.87 (m, 2H, CH,CH,CsF13, ), 2.86 — 2.73

88



(m, 2H, CH,CH,, Lev), 2.70 — 2.64 (m, 2H, CH,CH,, Lev), 2.47 — 2.32 (m, SH, CH,
Lev, CH,CH,CsF)7), 2.21 (s, 3H, Ac); °C NMR (126 MHz, CDCl;) & 127.87, 128.10,
127.12, 127.83, 127.01, 126.05, 125.97, 128.26, 128.47, 128.50, 128.31, 128.50, 68.66,
66.01, 75.36, 75.37, 97.00, 71.91, 71.93, 71.89, 71.59, 69.19, 69.12, 75.37, 75.36, 69.05,
69.05, 63.54, 63.53, 63.54, 26.22, 37.92, 27.89, 33.08, 21.51, 32.96, 21.04; HR MALDI-

TOF MS: m/z: calcd for C4gHa3F 1709 [M+Na]+: 1109.2533; found: 1109.2539.
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17

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-O-2-0-acetyl-4-O-benzyl-6-levulinoyl-1-o-

D-mannopyranoside (17).

Compound 16 (0.89 g, 0.82 mmol) was dissolved in a mixture of DCM (10 mL)
and water (0.5 mL). 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (0.28 g, 1.23 mmol)
was added and the reaction mixture was stirred at room temperature for 2 h. It was
diluted with DCM (20 mL) and the organic phase was washed with saturated NaHCO;
(30 mLx2), brine (30 mL), dried (MgSOy), filtered and the filtrate was concentrated in
vacuo. The resulting yellow solid was purified by flash chromatography over silica gel
(EtOAc/ Hexane, 0% to 50%, v/v) to give compound 17 (0.64 g, 82%). Ry = 0.24
(EtOAc/Hexane, 40%, v/v); "H NMR (500 MHz, CDCl; ) & 7.42 — 7.17 (m, 9H, ArH),
5.17 (dd, J=3.6, 1.7 Hz, 1H, H-2), 4.93 (d, /= 1.9 Hz, 1H, H-1), 4.90 — 4.47 (m, 4H, 2x
CH,Ph), 4.45 — 4.30 (m, 2H, H-6,3), 4.23 (dd, J = 9.4, 3.5 Hz, 1H, H-3), 3.93 — 3.86 (m,

1H, H-5), 3.69 (t, J = 9.6 Hz, 1H, H-4), 2.98 — 2.88 (m, 2H, CH,CH,CsF7), 2.86 — 2.75
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(m, 2H, CH>CHa, Lev), 2.70 — 2.64 (m, 2H, CH,CH,, Lev), 2.48 — 2.30 (m, 3H,
CH,CH,CsFy7, OH), 2.21 (s, 3H, CHs, Lev), 2.18 (s, 3H,Ac); °C NMR (126 MHz,
CDCly) § 125.99, 128.31, 128.54, 128.63, 125.41, 125.36, 128.55, 128.65, 72.44, 96.78,
75.08, 75.06, 69.14, 75.08, 69.13, 75.07, 69.10, 69.09, 63.38, 63.36, 63.35, 70.53, 70.51,
69.60, 75.72, 75.77, 75.74, 26.03, 37.63, 27.70, 32.87, 32.83, 29.83, 20.92; HR MALDI-

TOF MS: m/z: calcd for Cs7H35F 1709 [M+Na]+: 969.1907; found: 969.1918.
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R = CHzphC2H4C8F17

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-O-(3,4-di-benzyl-6-2-0-acetyl-4-O-benzyl-
6-(2-naphthyl)-a-D-galactopyranosyl)-(1—3)-2-acetyl-4-benzyl-6-levulinoyl-1-a-D-

mannopyranoside (18).

Compound 5 (0.2 g, 0.32 mmol) and compound 17 (0.2 g, 0.21 mmol) were
coupled using general glycosylation procedure. The purification was achieved through
sephadex LH20 size exclusion chromatography (DCM: MeOH = 1:1, 0.2 mL/min) to
afford compound 18 (0.14 g, 87%, only); R¢= 0.21 (EtOAc/Hexane, 30%, v/v); 'H
NMR (500 MHz, CDCl5 ) & 8.13 — 6.91 (m, 26H, ArH), 5.31 (d, J = 4.3 Hz, 2H, H-2, H"-
1), 5.05 — 4.81 (m, 3H, CH,Ar, H-1), 4.78 — 4.33 (m, 9H, 4xCH,Ar, H-6,), 4.33 — 4.26
(m, 2H, H-6,, H'-2), 4.24 — 420 (m, 1H, H-3), 4.16 (t, ] = 6.8 Hz, 1H, H'-5), 4.06 (s, 1H,
H'-4), 3.91 — 3.82 (m, 2H, H-5, H'-3), 3.74 — 3.67 (m, 1H, H-4), 3.64 (dd, ] = 9.5, 7.0 Hz,
1H, H'-6,), 3.57 (dd, T = 9.6, 5.7 Hz, 1H, H'-63), 2.90 — 2.81 (m, 2H ,CH,CH,CsF ), 2.80
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—2.70 (m, 2H, CH>CH,, Lev), 2.73 — 2.58 (m, 2H, CH,CH,, Lev), 2.40 — 2.24 (m, 3H,
CH,CH,CsFy5, OH), 2.21 (s, 3H, CHs, Lev), 2.14 (s, 3H, Ac). °C NMR (126 MHz,
CDCly) 5 127.80, 127.87, 126.66, 126.02, 125.86, 125.79, 128.28, 128.28, 128.08,
128.06, 128.23, 128.29, 128.19, 72.11, 100.54, 75.10, 75.13, 74.63, 96.76, 74.66, 72.06,
72.05, 73.35, 73.41, 72.09, 73.19, 73.44, 69.21, 74.38, 69.21, 74.44, 74.98, 74.96, 63.27,
69.18, 69.17, 63.23, 76.32, 63.29, 68.94, 70.52, 73.62, 74.70, 70.02, 74.72, 79.09, 79.09,
68.83, 68.88, 26.13, 37.91, 27.87, 32.97, 29.89, 21.14; HR MALDI-TOF MS: m/z: calcd

for C63H65F17014 [M+Na]+: 14514001, found: 1451.4009.
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BnOOo BnO O
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A0 Noac 0

R= CH2Ph02H4C8F17

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-0-(3,4,6-tri-O-acetyl-2-O-benzyl-a-D-
galactopyranosyl)-(1—3)-(3,4-di-benzyl-6-2-O-acetyl-4-O-benzyl-6-(2-naphthyl)-o.-
D-galactopyranosyl)-(1—3)-2-acetyl-4-benzyl-6-levulinoyl-1-a-D-mannopyranoside

(19).

Compound 7 (0.11g, 0.194 mmol) and 18 (0.19 g, 0.097 mmol) were dissolved in
DCM (15 mL) and then flame dried molecular sieve (4A) was added. The mixture was

placed under an atmosphere of argon at room temperature, followed by cooling to -25 °C.
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TMSOTf (4 L, 0.02 mmol) was added drop wise and the reaction mixture was allowed
to warm to room temperature over a period of 3 h. The reaction was quenched with aq.
saturated NaHCOj solution (10 mL). The organic phase was washed by brine (10 mL),
dried (MgS0,), filtered and the filtrate was concentrated in vacuo. The resulting white
solid was purified by LH-20 size exclusion chromatography (DCM: MeOH = 1:1, 0.2
mL/min) to afford compound 19 (0.12 g, 71%, = 15:1). Ry = = 0.21
(EtOAc/Hexane, 30%, v/v), "H NMR (600 MHz, CDCl5 ) 6 7.97 — 6.94 (m,31H, ArH),
5.38 (dd, T = 10.6, 3.5 Hz, 1H, H"-3), 5.29 — 5.25 (m, 1H, H-2), 5.22 (q, ] = 3.9 Hz, 1H,
H'-1), 5.17 (d, ] = 3.6 Hz, 1H, H"-4), 5.15 — 5.10 (d, 1H, CH,Ar), 4.95 — 4.90 (m, 2H, H-
1, H'1), 4.88 (d, T = 10.9, 3.8 Hz, 1H, CH,Ar), 4.73 — 4.41 (m, 11H, 5xCHAr, H"-5),
435 — 431 (m, 1H, H-3), 4.28 — 4.21 (m, 2H, H-2, H-6,), 4.18 — 4.10 (m, 2H, H-6,, H"-
5), 4.09 — 4.04 (m, 1H, H'-4), 4.04 —3.99 (m, 1H, H'-3), 3.89 — 3.83 (m, 1H, H-5), 3.82 —
3.70 (m, 4H, H"-6,, H-4, H"-2), 3.67 — 3.63 (m, 1H, H'-6,), 3.44 — 3.38 (m, 1H, H'-6}),
2.87 —2.77 (m, 2H ,CH,CH,CsF17), 2.74 — 2.63 (m, 2H, CH,CH,, Lev), 2.59 — 2.45 (m,
2H, CH,CH,, Lev), 2.35 (s, 3H, Lev), 2.33 — 2.20 (m, 2H, CH,CH,, Lev), 2.11 —2.06 (s,
3H, Ac), 2.05 — 2.00 (s, 3H, Ac), 1.90 (s, 3H, Ac), 1.73 (s, 3H, Ac). °C NMR (151 MHz,
CDCl;3) & 127.88, 126.71, 126.04, 127.65, 127.85, 128.06, 128.05, 127.94, 131.80,
128.28, 69.58, 69.55, 71.68, 97.66, 68.55, 74.36, 74.32, 96.20, 96.50, 74.88, 74.91, 72.70,
72.75, 72.83, 73.43, 69.20, 73.56, 69.16, 73.63, 74.19, 72.88, 69.35, 66.09, 69.30, 71.85,
77.49, 73.35, 73.30, 63.52, 63.50, 63.66, 70.48, 74.56, 77.05, 77.09, 69.71, 74.09, 74.04,
61.43, 73.95, 61.52, 73.15, 73.11, 68.33, 68.36, 26.11, 26.08, 37.83, 27.75, 27.77, 21.49,
32.87, 32.78, 29.88, 21.01, 20.67, 20.77, 20.51. HR MALDI-TOF MS: m/z: calcd for

Cg7Hg7F 1702 [M+Na]": 1829.5315; found: 1829.5324.
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20
R= CH2PhC2H4CgF17

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-0-(3,4,6-tri-O-acetyl-2-O-benzyl-a-D-
galactopyranosyl)-(1—3)-(3,4-di-benzyl-6-2-0-acetyl-4-O-benzyl-6-o-D-
galactopyranosyl)-(1—3)-2-acetyl-4-benzyl-6-levulinoyl-1-a-D-mannopyranoside

(20).

Compound 19 (57 mg, 0.031 mmol) was dissolved in a mixutre of DCM (0.5 mL)
and water (0.01 mL). DDQ (8 mg, 0.034 mmol) was added and the reaction mixture was
stirred at room temperature for 2 h. The reaction mixture was diluted with DCM (20 mL)
and the organic phase was washed with aq. saturated NaHCO3 (20 mL), brine (20mL),
dried (MgSQ,), filtered and the filtrate was concentrated in vacuo. The resulting yellow
solid was purified by flash chromatography over silica gel (EtOAc/ Hexane, 0% to 50%,
v/V) to give compound 20 (40 mg, 77%). R¢= 0.21 (EtOAc/Hexane, 50%, v/v); 'H NMR
(600 MHz, CDCls) & 7.47 — 7.08 (m, 24H, ArH), 5.45 — 5.36 (dd, 1H, H"-3), 5.32 — 5.27
(d, 1H, H'-1), 5.27 — 5.22 (t, 1H, H-2), 5.20 — 5.17 (t, 1H, H"-4), 5.10 (d, J = 11.7, 4.3
Hz, 1H, CH.ATr), 4.99 — 4.86 (m, 3H, H"-1, H-1, CH,Ar), 4.77 — 4.42 (m, 8H, 4xCH,Ar
), 441 — 4.31 (m, 2H, H'-4, H"-5), 4.29 — 4.19 (m, 2H, H'-2, H-6,), 4.18 — 4.07 (m, 2H,
H-3, H-6,), 4.02 — 3.92 (m,2H, H-4, H'-5), 3.89 (dt, J = 4.8, 3.8 Hz, 1H, H'-3), 3.88 —
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3.70 (m, 5H, H"-6,p, H-5, H-3, H"-2), 3.65 (ddd, J = 12.3, 6.7, 3.6 Hz, 1H, H"-6,), 3.58 —
3.46 (m, 1H, H'-6b), 2.97 — 2.24 (m, 8H, CH,CH; Lev, CH,CH; Linker), 2.24 — 1.54 (m,
15H, 5%CHs Ac, Lev). *C NMR (151 MHz, CDCl3) & 127.99, 127.89, 132.09, 128.34,
131.81, 127.90, 128.24, 127.90, 131.74, 128.16, 128.27, 69.57, 69.56, 97.78, 71.42,
68.59, 100.04, 74.33, 74.28, 97.01, 74.56, 74.51, 74.44, 96.26, 96.74, 73.25, 73.32, 73.14,
72.46, 69.26, 69.16, 74.43, 69.18, 74.45, 72.92, 74.28, 69.18, 74.24, 69.16, 66.41, 62.92,
76.80, 73.83, 63.11, 73.84, 63.09, 75.95, 63.49, 76.14, 68.68, 63.48, 68.64, 63.48, 60.86,
77.38, 73.64, 77.46, 74.50, 71.87, 77.45, 70.09, 74.55, 74.53, 74.29, 74.21, 61.62, 73.31,
73.25, 79.22, 62.16, 79.16, 62.16, 26.15, 26.12, 37.82, 37.83, 27.74, 32.88, 29.88, 29.87,
21.18, 20.76, 20.71, 20.74, 20.55; HR MALDI-TOF MS: m/z: calcd for CzgH7oF17022

[M+Na]": 1689.4689; found:1689.4695.

AcO OAc
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R= CH2PhC2H4CsF17

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-O-(3,4,6-tri-O-acetyl-2-O-benzyl- -D-

galactopyranosyl)-(1—2)(3,4,6-tri-O- -D-galactopyranosyl)-(1—6)-(3,4-di-benzyl-
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2-O-acetyl-4-O-benzyl-6- -D-galactopyranosyl)-(1—3)-2-acetyl-4-benzyl-6-

levulinoyl-1- -D-mannopyranoside (21).

Compound 4 (13 mg, 0.031 mmol) and 20 (40 mg, 0.024 mmol) were coupled by
the general glycosylation method. The purification was achieved through LH-20 size
exclusion chromatography (DCM: MeOH = 1:1, 0.2 mL/min) to afford compound 21 (31
mg, 67%, 2 steps,  only); Ry= 0.35 (EtOAc/Hexane, 50%, v/v); *H NMR (600 MHz,
CDCl3) & 7.47 — 7.11 (m, 24H, HAr), 5.41 — 5.34 (m, 2H, H"-3, H'-1), 5.29 (t, J = 3.9 Hz,
1H, H"-4), 5.24 — 5.19 (dd, 1H, H-2), 5.19 — 5.11 (m, 2H, H""-4, H"-4), 5.08 — 5.02 (m,
2H, H"-1, CH,Ar), 4.94 — 4.90 (m, 1H, H-1, CH,Ar), 4.81 (t,J = 5.1 Hz, 1H, H"-1), 4.78
— 4.46 (m, 8H, 4>CH,Ar ), 4.40 (t, J = 6.6 Hz, 1H, H""-5), 4.35 (dd, J = 9.4, 3.1 Hz, 1H,
H-3), 4.27 (dd, J = 10.3, 3.2 Hz, 1H, H'-2), 4.20 (dt, J = 5.6, 2.9 Hz, 1H, H"-6,), 4.16 (q, J
= 6.7 Hz, 1H, H-4), 4.10 (ddd, J = 17.3, 9.4, 4.8 Hz, 2H, H"-5, H"-6}), 4.04 — 3.99 (m,
2H, H'-3, H-5), 3.94-3.76 (m, 8H, H"'-2, H-4, H-6,;, H"'-6,,, H'-6,), 3.76 — 3.71 (m, 1H,
H"-2), 3.29 (dd, J = 10.1, 3.9 Hz, 1H, H"-6y), 2.90 — 2.84 (m, 2H ,CH,CH,CgF17), 2.70 —
2.64 (m, 2H, CH,CHy, Lev), 2.55 — 2.43 (m, 4H, CH,CHy, Lev ), 2.38 — 2.28 (m, 5H,
CH,CH,CgF17 CH3 Ac ), 2.16 — 1.74 (m, 21H, 7xCH3 Ac); *C NMR (151 MHz, CDCl3)
§ 128.08, 128.41, 128.02, 127.81, 128.40, 69.41, 69.41, 97.75, 68.34, 72.32, 68.53, 70.48,
70.52, 73.19, 73.16, 96.24, 74.64, 74.64, 95.32, 98.91, 68.36, 68.37, 74.61, 74.60, 68.27,
72.74, 68.20, 72.67, 73.00, 66.27, 75.12, 75.28, 72.93, 63.41, 63.49, 66.56, 63.27, 77.13,
61.89, 77.24, 69.96, 61.97, 67.17, 67.89, 62.07, 75.21, 74.22, 61.50, 74.26, 73.32, 73.22,
67.96, 26.18, 37.75, 27.62, 21.48, 32.87, 29.85, 20.68, 21.07, 20.68, 20.82, 20.70, 20.65,
20.53, 20.67, 20.51; HR MALDI-TOF MS: m/z: calcd for CggHosF17030 [M+Na]":

1954.5636; found:1954.5641.
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R= CHzphC2H4C8F17

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-O-(3,4,6-tri-O-acetyl-2-O-benzyl-a-D-
galactopyranosyl)-(1—2)(3,4,6-tri-O-a-D-galactopyranosyl)-(1—2)-(3,4,6-tri-O-a-D-
galactopyranosyl)-(1—6)-(3,4-di-benzyl-2-O-acetyl-4-O-benzyl-6-a-D-
galactopyranosyl)-(1—3)-2-acetyl-4-benzyl-6-levulinoyl-1-a-D-mannopyranoside

(22).

Compound 6 (15 mg, 0.023 mmol) was dissolved in DCM (2 mL) and activated
molecular sieve (4 A) was added. The reaction mixture was placed under an atmosphere
of argon and cooled to -78 <T for 30 min. TfOH (2 ul, 0.02mml) was added. The mixture
of compound 21 (15 mg, 0.0076 mmol) and DTBMP (7 mg, 0.03 mmol) with activated
molecular sieve (4A) were added to the reaction mixture dropwise at -35 <C. The reaction
mixture was allowed to rise to room temperature for 18 h. 15% TFA in DCM (10 mL)
was added to the reaction mixture after TLC analysis showed the absence of the starting

material and stirred for 1.5 h. The reaction was quenched with ag. saturated NaHCO3
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solution (10 mL) and the organic phase was washed by brine (10 mL), dried (MgSQ,),
filtered and the filtrate was concentrated in vacuo. The resulting yellow solid was purified
by LH-20 size exclusion chromatography (DCM: MeOH = 1:1, 0.2 mL/min) to afford
compound 22 (12mg, 76%, 2steps, only), R; = 0.28 (EtOAc/Hexane, 50%, v/v); *H
NMR (600 MHz, CDCl3 ) & 7.70 — 7.08 (m, 24H, HAr), 5.40 — 5.33 (m, 3H, H"-3, H""-4,
H'V-4), 5.27 (dt, J = 7.3, 4.4 Hz, 3H, H"-3, H'-1, H-2), 5.21 — 5.16 (t, 1H, H"-4), 5.11 —
5.06 (d, 1H, CH,Ar), 5.04 — 4.93 (m, 4H, CHHAr, H"-1, H-1, H"Y-3), 4.86 (dd, J = 7.0,
3.8 Hz, 2H, H"-1, H"-1), 4.80 — 4.40 (m, 9H, 4<CH,Ar, H'Y-5), 4.34 — 4.29 (m, 1H, H-
3), 4.26 (dt, J = 11.4, 5.6 Hz, 1H, H'-2), 4.22 — 4.15 (m, 3H, H"V-6,, H"'-5, H'-4), 4.12 —
4.02 (m, 5H, H-6,p, H'V-6, H"-5, H"-3), 4.01 — 3.95 (m, 3H, H"-6,, H'-5, H-5), 3.91 —
3.87 (m, 2H, H"-6,, H'V-2), 3.85 — 3.73 (m, 4H, H'-3, H-4, H"-6,}), 3.72 — 3.65 (m, 2H,
H"-2, H-6,), 3.61 (dd, J = 10.4, 6.3 Hz, 1H, H'-6y), 2.91 — 2.84 (m, 2H, CH,CH,CgF17),
2.61 (d, J = 11.4 Hz, 2H, CH,CHy, Lev), 2.56 — 2.42 (m, 3H, CH2CH;, Lev, OH), 2.31
(dg, J = 19.4, 10.6 Hz, 2H, CH,CH,CgF17), 2.20 — 1.70 (m, 33H, 11xCHs); *C NMR
(151 MHz, CDCl3) § 127.98, 128.15, 127.78, 128.17, 68.19, 71.74, 68.45, 98.50, 68.48,
74.01, 73.85, 70.62, 74.46, 74.46, 96.32, 96.07, 72.46, 72.64, 68.89, 68.88, 74.42, 74.45,
68.86, 68.76, 72.74, 66.21, 77.24, 72.93, 66.78, 63.26, 70.30, 74.54, 62.11, 76.73, 70.38,
61.81, 61.83, 66.51, 69.58, 74.06, 61.50, 73.26, 67.67, 67.89, 26.12, 37.82, 27.72, 32.81,
29.87, 20.68, 21.00, 20.68, 20.78, 20.66, 20.76, 20.54; HR MALDI-TOF MS: m/z: calcd

for C100H111F17038 [M+Na]+: 22436515, found: 2243.6507.

97



AcO
(@]
AcO
AcO
AcO
OBn
AcO OAc
BnO
BnO
BnO

OAc
%ﬁo BnO

R=0OCH,PhC,H,CgF47

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-O-(2,3,4,6-tetra-O-acetyl-2-O-benzyl- -D-
galactopyranosyl)-(1—2)(3,4,6-tri-O-a-D-galactopyranosyl)-(1—2)-(2-O-benzyl-

3,4,6-tri-O-a-D-galactopyranosyl)-(1—6)-(3,4-di-benzyl-2-O-acetyl-4-O-benzyl-6-a-
D-galactopyranosyl)-(1—3)(4,5,6-tri-benzyl-2,acetyl-a-D-mannopyranosyl)-(1—6)-

2-acetyl-4-benzyl-6-1-a-D-mannopyranoside (25).

Compound 22 (12 mg, 0.0056 mmol) was dissolved in pyridine (3 mL). Acetic
anhydride (0.05 mL) and 4-dimethylaminopyridine (1 mg) were added. The reaction was
then quenched with ag. saturated NaHCO3 solution (10 mL) after which MALDI-TOF
analysis showed completion of the reaction. The organic phase was washed with brine
(10 mL), dried (MgSO,), filtered and the filtrate was concentrated in vacuo. The residue
was re-dissolved in the mixture of pyridine (0.3 mL) and acetic acid (0.1 mL). Hydrazine
acetate (3 mg, 0.032 mmol) was added to the resulting solution and stirred for 2 h. The
reaction was quenched with ag. saturated NaHCO3 solution (10 mL) and the organic

phase was washed with washed by brine (10 mL), dried (MgSQ,), filtered and the filtrate
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was concentrated in vacuo. Compound 24 (9.5 mg, 0.016 mmol) and the residue were re-
dissolved in DCM (2 mL) and cooled to -25 <C. TMSOTf (2 L) was added and stirred
for 3 h. The reaction was quenched with ag. saturated NaHCO3 solution (10 mL) and the
organic phase was washed with washed by brine (10 mL), dried (MgSO,), filtered and the
filtrate was concentrated in vacuo. The resulting white solid was purified by LH-20 size
exclusion chromatography (DCM: MeOH = 1:1, 0.2 mL/min) to afford compound 25
(7.6mg, 51% 3 steps), Ry= 0.22 (EtOAc/Hexane, 50%, v/v); *H NMR (800 MHz, CDCls )
8 7.56 — 6.95 (m, 39H, HAr), 5.42 (tt, J = 10.4, 4.2 Hz, 3H, H-2, H"-4, H'V-4), 5.34 (dd,
J =105, 3.5 Hz, 1H, H"-3), 5.32 — 5.26 (m, 2H, H""-3, H'V-3), 5.25 — 5.20 (m, 4H, H"-1,
H'V-1,H"-2, CHHPh), 5.10 — 5.06 (m, 2H, H"-4, H'-2), 499 (d, J = 11.3 Hz, 1H,
CHHPh), 4.90 (dd, J = 5.0, 3.1 Hz, 3H, H-1, H"-1, H"-1), 4.82 (ddd, J = 16.4, 11.8, 7.0
Hz, 3H, CH,Ph), 4.79 (d, J = 1.9 Hz, 1H, HY-1), 4.75 (d, J = 11.3 Hz, 1H, CH,Ph), 4.69—
4.39 (m, 10H, 5%CH.,Ph), 4.32 — 4.27 (m, 2H, H"-5, HY-3), 4.25 — 4.20 (m, 2H, H'"-2,
H'V-5), 4.11 — 4.05 (m, 2H, H"-3, H"-6,), 4.05 — 3.95 (m, 4H, H'-4, H"-6,, H'V-6, H'V-
6), 3.94 (dd, J = 3.2, 2.0 Hz, 1H, H"-3), 3.93 — 3.89 (m, 2H, H-3, H"-5), 3.86 (ddd, J =
22.2,14.2, 7.0 Hz, 2H, H-5, H"-6,), 3.78 — 3.73 (m, 4H, H-6,,H'-5, HV-5,H"-4), 3.73 —
3.70 (m, 1H, H-4), 3.69 (dd, J = 10.6, 3.4 Hz, 1H, H"-2), 3.67 — 3.62 (m, 3H, H"-6, H'-
6s, H'-61), 3.62 — 3.59 (m, 1H, H"-6), 3.55 (dd, J = 10.2, 4.8 Hz, 1H, H-6y), 3.50 — 3.47
(m, 1H, HV-Gb), 2.84 — 2.80 (m, 2H, CHy, linker), 2.33 — 2.26 (m, 2H, CHy, linker), 2.15 —
1.87 (m, 36H, Ac). *C NMR (201 MHz, CDCI3) & 47.95, 47.83, 48.21, 47.57, 48.81,
46.78, 47.71, 48.26, 47.93, 48.34, 67.67, 68.42, 69.49, 68.74, 67.29, 71.76, 74.28, 95.93,
98.65, 97.63, 98.09, 73.04, 75.21, 95.39, 73.07, 73.33, 73.00, 75.22, 73.30, 66.94, 66.30,

78.21, 73.90, 66.66, 74.93, 61.46, 70.03, 73.04, 78.16, 74.18, 70.98, 71.22, 61.60, 116.51,
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111.45, 106.09, 101.11, 100.60, 100.64, 100.59, 100.68, 100.66, 100.45, 109.71. HR

MALDI-TOF MS: m/z: caled for CiseHis7F17043 [M+Na]™: 2683.8193; found:

2683.8199.
ho OH
o)
HO
HO
Ho P
g oH
"o OT HO O
HO

HO OH

a-D-galactopyranosyl-(1—2)-O-a-D-galactopyranosyl)-(1—2)-O-a-D-
galactopyranosyl)-(1—6)- -D-galactopyranosyl)-(1—3)-O-a-D-mannopyranosyl)-
(1—6)-a-D-mannopyranoside (1).

Compound 25 (4 mg, 1.9 mol) was dissolve in methanol (3 mL). Fresh prepared
NaOMe (0.1 mL, 1 M) was added to the resulting solution. After MALDI-TOF showed
the completion of the reaction, the reaction was neutralized by Dowex® 50W X8-200 H *
resin and the resin was removed by filtration and the filtrate was concentrated in vacuo.
The resulting white solid was re-dissolved in methanol (3 mL). A catalytic amount of
Pd/C and acetic acid (0.1 mL) was added to the reaction mixture subsequently under the
atmosphere of hydrogen gas. The reaction was purged by argon gas after MALDI-TOF
showed the completion of the reaction. The reaction was concentrated in vacuo. The
resulting compound was purified by P2 column to obtain 1 (1.3 mg, 64% over two steps);

'H NMR (800 MHz, D;0) & 5.31 (s, IH,H"-6), 5.07 (d, J = 4.0 Hz, 1H, H"-1), 5.05 (s,
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1H, HV-1), 5.01 (d, J = 1.2 Hz, 1H, H"-1), 4.98 (d, J = 3.9 Hz, 1H, H""-1), 475 (d, J =
13.6 Hz, 1H, H'-1), 4.22 — 3.49 (m, 30H); *C NMR (201 MHz, D,0) & 97.89, 94.49,
05.71, 94.28, 95.88, 99.25, 70.25, 69.83, 70.84, 69.53, 67.64, 64.60, 64.93, 70.68, 71.24,
67.86, 69.81, 69.11, 65.00, 72.36, 69.12, 69.03, 60.90, 60.91, 70.45, 60.92, 61.00, 60.99,
60.92, 60.95, 68.15, 72.17, 64.99, 66.65; HR MALDI-TOF MS: m/z: calcd for C3sHg2031
[M+Na]": 990.3275; found: 990.3284.

Fluorous supported synthesis of the GPI anchor moiety of T. brucei. F-SPE
cartridge (FluoroFlash® SPE Cartridges, 10 g, 20 cc tube) was purchased from Fluorous
Technologies, Inc. The compound with fluorous tag (200 mg-1 g) was loaded with
minimum amount of mixture of water and DMF (9:1). 20% water in methanol and
hexane were used as elution solvents. The general order of elution was 20% water in
methanol (20 mL) >3 and then hexane (20 mL) >3. To obtain desired fluorous-tagged
compound, acetone (20 mL) >3 was employed. The desired compound was analyzed by

TCL and MALDI-TOF, and then concentrated in vacuo.

For the F-SPE synthesis of 24, each glycosylation reaction was performed twice
and each protecting group removal reaction was performed once. No other purification
methods except F-SPE were utilized. All the reaction conditions follow the solution

phase synthesis. All the reactions were monitored by MALDI-TOF and TLC analysis.
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26

4-(1H,1H,2H,2H-Perfluorodecyl)-benzyl-0-(2,3,4,6-tetra-O-acetyl-2-O-benzyl-a-D-
galactopyranosyl)-(1—2)(3,4,6-tri-O-a-D-galactopyranosyl)-(1—2)(1—6)-(3,4-di-
benzyl-2-O-acetyl-4-O-benzyl-6-a-D-galactopyranosyl)-(1—3)(4,5,6-tri-benzyl-
2,acetyl-a-D-mannopyranosyl)-(1—6)-2-acetyl-4-benzyl-6-levulinoyl-1-a-D-

mannopyranoside (26).

Compound 26 was synthesized followed fluorous tag synthesis procedure of
compound 25. Each glycosylation reaction was performed twice and each protecting
group removal reaction was performed once. No other purification methods except F-SPE
were utilized. All the reaction conditions follow the solution phase synthesis. All the
reactions were monitored by MALDI-TOF and TLC analysis. The resulting reaction
crude was purified by LH-20 size exclusion chromatography (DCM: MeOH = 1:1, 0.2
mL/min) to afford compound 26 (6.7 mg, 17.1% for 12 step, 86.3% for each step), R¢=
0.24 (EtOAc/Hexane, 50%, v/v); *H NMR (500 MHz) & (7.58-7.07, 34H, HAr), 5.51 (dd,
J=10.9, 3.7 Hz, 1H, H"-2), 5.47 (dd, J = 4.0, 3.3 Hz, 4H, H'"Y-2,3, H""-2.4), 5.37 (dd, J =

6.3, 3.4 Hz, 2H, F-tag CH,), 5.35 (dd, J = 7.2, 3.8 Hz, 2H, H"™* HY-2), 5.32 (d, J = 4.8
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Hz, 4H, 2CH,), 5.24 — 5.17 (m, 3H, H"-1, H"-2, H"-1), 5.13 (dd, J = 11.0, 3.6 Hz, 2H,
H'-1, H'V-1), 5.07 — 4.93 (m, 5H, HV-3,4, H"V-4, H'-3,H"-4), 4.91 — 4.84 (m, 4H, 2CH)),
4.69 (ddd, J = 20.7, 12.1, 4.2 Hz, 5H, CH, H"-3, H'-4, HV-5), 4.61 (d, J = 11.5 Hz, 1H,
H"'-5), 4.53 (dd, J = 16.9, 11.6 Hz, 2H, H"-6,), 4.49 — 4.41 (m, 4H, H"-5, HY-6,), 4.25 (t,
J = 6.3 Hz, 1H, H"-5), 4.19 (dd, J = 9.6, 3.2 Hz, 1H, H"-5), 4.17 — 4.12 (m, 1H, H'-6,),
4.09 (d, J = 9.8 Hz, 1H, H'V-6,), 4.08 — 4.03 (m, 1H, H"-6,), 3.97 (ddd, J = 14.1, 9.5, 6.3
Hz, 1H, H'-6,), 3.94 — 3.87 (m, 1H, H"-6,,), 3.82 (dt, J = 11.7, 8.2 Hz,1H, H"-6},), 3.80 —
3.66 (m, 2H, HY-6, H"'-6y,), 2.84 — 2.80 (m, 2H, CHj, linker), 2.33 — 2.26 (m, 2H, CH,,
linker), 2.15 — 1.87 (m, 30H, 10Ac). **C NMR (126 MHz, CDCI3) & 129.73, 133.04,
128.34, 128.05, 128.11, 127.21, 127.90, 68.15, 68.52, 66.39, 99.91, 96.74, 72.46, 68.33,
74.68, 97.89, 96.23, 97.60, 74.80, 73.82, 72.10, 72.02, 68.73, 73.43, 74.72, 68.72, 71.61,
66.95, 66.84, 78.79, 61.31, 74.70, 70.22, 76.33, 61.46, 77.71, 74.17, 61.69, 68.26, 65.43,
71.55, 68.38, 65.42, 68.64, 21.05, 17.30, 20.75, 20.75, 20.79, 20.82, 20.69, 29.80. HR

MALDI-TOF MS: m/z: caled for CigoHi17F1703s [M+Na]™: 2347.6951; found:

2347.6948.
ho OH
o)
HO
HO

Ho R
e o
HO
0| HO O
HO
HO _O fe)
HO&&/;% o
o
HO
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OH
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a-D-galactopyranosyl-(1—2)-O-a-D-galactopyranosyl)-(1—6)-a-D-
galactopyranosyl)-(1—3)-O-a-D-mannopyranosyl)-(1—6)-  a-D-mannopyranoside

7).

Compound 26 (5 mg, 2.1  mol) was dissolve in methanol (3 mL). Freshly made
NaOMe (0.1 mL, 1 M) was added to the resulting solution. After MALDI-TOF showed
the completion of the reaction, the reaction was neutralized by Dowex® 50W X8-200 H*
resin and the resin was removed by filtration and the filtrate was concentrated in vacuo.
The resulting white solid was re-dissolved in methanol (3 mL). A catalytic amount of
Pd/C and acetic acid (0.1 mL) was added to the reaction mixture subsequently under the
atmosphere of hydrogen gas. The reaction was purged by argon gas after MALDI-TOF
showed the completion of the reaction. The reaction was concentrated in vacuo. The
resulting compound was purified by P2 column to obtain 27 (1.6 mg, 71% over two
steps); *H NMR (500 MHz, D,0), 5.07 (d, J = 4.0 Hz, 2H, H"-1, H"V-1), 5.01 (d, J = 1.2
Hz, 1H, HY-1), 4.98 (d, J = 3.9 Hz, 1H, H"-1), 4.75 (d, J = 13.6 Hz, 1H, H"-1), 4.22 —
3.49 (m, 25H); °C NMR (201 MHz, D,0) & 101.26, 95.86, 94.27, 94.35, 99.17, 70.19,
69.35, 69.85, 69.48, 69.60, 69.85, 69.20, 69.61, 60.64, 68.92, 63.51, 61.00, 61.01, 61.04,
61.03, 60.98, 61.03, 60.99, 72,51, 60.88; HR MALDI-TOF MS: m/z: calcd for

C3oH5,026 [M+Na]": 828.7128; found: 828.7147.
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CHAPTERS:
THE SYNTHESIS OF THE HEXASACCHARIDE UNIT OF

CLOSTRIDIUM DIFFICILE

Introduction

Clostridium difficile is a gram-positive bacterium that colonizes in the intestinal.
It is the leading cause for the nosocomial diarrhea world wide'®. The unbalance of
intestinal flora led to overuse of antibiotics leaves the space for the dramatical growth of
C. difficile that generates toxins and damages human tissues. The case of Clostridium
difficile infection (CDI) is estimated over 500,000 per year in the USA, and over 14,000
deaths can be attributed to CDI*®. The infectious agent of the CDI spread through
healthcare facilities is the endospore of C. difficile that is notorious for the resistance of

167 " Recently, a new strain named as ribotype 027 appeared

commonly used disinfectants
with even higher virulence and more toxin generation'®®. The pathogenic strains of the
C.diffcile produce two major toxins: toxin A and toxin B, which attack the G proteins on

the cell surface resulting in cell death and cause severe diarrhea and severe inflammatory

immune response resulting in tissue damage®®°.

C. difficile is spread through oral-fecal route which can only be prevented by
extremely strict antibiotic prescription policies. However, based on current hospital
condition, such practice is almost impossible to maintain. Moreover, most of the
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commonly used antibiotics are useless in the treatment for the CDIs since the drug
resistance of the bacteria. The only effective antibiotics are vancomycin and
metronidazole, and the failure rate is only 14.2% and 22.4% respectively'™®. The vaccine
as another therapeutic method avoids the weakness of antibiotics. It neutralizes toxins
and protects the human from severe C. difficile invasion'"*""3, However, vaccines aiming
for neutralizing toxins cannot stop the colonization of the bacteria. In fact, the recurrence
of CDIs is very common and affects about 30% people after recovery™'"> In certain
cases, radical treatments such as resection surgery are becoming routine for the severe

infection cases.

New treatment methods are still under research such as toxin antagonists, species-
specific antibiotics and defined fecal transplantation. However, none of these treatments
solve the problems of CDI colonization or transmission neither. So it is necessary to

develop a solid and long effective method to control CDIs.

Glycans that are presented on the cell surface are a perfect target for bacteria
treatment because of the significant role in bacteria-cell interactions’”®'’”. Coutless
carbohydrate based vaccines have been developed to against all kinds of pathogens. In
the case of C. difficile, three major polysaccharides are found on the surface of C.
difficile. However, polysaccharide Il (PS 1) is the only one present in all virulent strains,
which suggests it is a potential target for the vaccine development that can introduce
immunity to all strains. PS-I1I is a hexasaccharide repeating units that are linked through

phosphate linkage (Figure 1).
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Figure 3.6 Structure of PS-11 of C. difficile

In this project, we designed a synthetic vaccine that could not only neutralize the
toxin generated by C. difficile but stop the colonization of the target bacteria. The first
part of this project will be an exploration of a properly synthetic route for the
hexasaccharide. In the meantime, two long-term orthogonal protecting groups will be
installed. Because, in nature, the hexasaccharide forms repeating unit through phosphate
linkages. In the second stage, the hexasaccharide can be coupled to each other through
phosphate chemistry and the installed orthogonal protecting groups in a controllable
manner. By changing the number of the repeating unit, the antigenicity will be evaluated.
In the final step, the hexasaccharide and its repeating unit will conjugate to a carrier
protein. In this case, we will choose a piece of the toxin protein from C.difficile. Finally,
after conjugation with oligosaccharide antigens, a vaccine targeting on both bacteria and
toxin will be obtained. In this chapter, the synthesis of PS-IlI hexasaccharide will be

discussed.

110



The synthesis of oligosaccharide has been exploited for decades. However, such
synthesis has never been an easy task because of the control of the newly generated
stereocenter and the harsh reaction condition of glycosylation. For the structure of the
repeating unit of C.difficile PS-11, the reducing end is the mannose C which is linked to a
galactose amide B through B linkage. The galactose amide B then is linked with two
glucose A and F at C-3 and C-4 position respectively. Glucose F is attached by a
disaccharide chain made by galactose amide E and glucose D through f linkage. There
are two phosphate groups are presented in the hexasaccharide repeating unit where one

phosphate group locates at C-1 of the mannose A and the other at C-6 of the glucose D.

Among all the glycosylic linkage, the linkage between glucose F and galactose
amide B is expected to be the most challenging one. Firstly, the C-4 hydroxyl group of
the galactose amide B is an axial hydroxyl group which has limited reactivity and is hard
to couple to. Moreover, the glycosylic linkage between F and B is the o linkage which is
hard to control the outcome. In this case, the stereocontrol of the linkage largely depends
on the anomeric effect which is normally not strong enough to generate an o exclusive
product. Moreover, in most of the cases, the separation of the 3 isomer is very painful,
and the yield of glycosylation is compromised. Two groups have reported the synthesis of
C.difficile PS-11*"31"°. However, neither of them considered the installation of anomeric
phosphate at mannose C and one paper even didn’t consider the terminal phosphate at the
glucose D and missing such functionality had been approved largely reduceing its

antigenicity*®.
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Figure 3.7 the first attempt of synthesis of PS-II

Recently, several reported have been established on fluorous tag-assisted

glycosylation which accelerates the separation of glycosylation products**2. Fluorous tags
are functionalized perfluoroalkyl groups attached to substrates through covalent linkage.
It is inert to most of the reaction conditions and barely affects the reaction results
Since fluorine has a unique feature that it selectively and strongly interacts with the other

fluorine element such as fluorous silica gel or solvent. In such way, it could fish out the
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tagged molecule substrates from reaction mixture easily. For example, liquid-liquid
extraction, silica gel-based fluorous solid-phase extraction, and high-performance liquid
chromatography have been used for the separation of fluorous tagged molecules in recent
years'*?, Compared with the conventional silica gel chromatography, the separation
process is significantly simplified. On the other hand, compared with traditional solid
phase synthesis, the reaction efficiency is largely improved because the fluorous tag can
dissolve in the organic solvents and homogeneous phase reaction is more Kkinetically
favored. In this project, we were trying to use CgFi7 as middle sized fluorous tag and

fluorous silica cartridge as the mean of separation.

Result and discussion

In the very beginning, we designed a reasonable synthetic route based on the
structure features above and previous literature reports®®*”®. The most complex glycosylic
linkage will be established at the very first place. In such case, building block 8 and 9
will be coupled initially. Ether will be employed as a co-solvent with DCM to improve
the stereoselectivity in this glycosylation. In the reaction, ether will interreact with
oxocarbenium ion and occupy the 3 face of the anomeric center in such way the hydroxyl
group from the acceptor can only attack from the o face. Moreover, the N-phenyl
trifluoroacetamide will be employed as the leaving group based on our experience. With
the building block 5 in hand, the next step is the removal of Alloc group selectively by
palladium tetrakis and the building block 4 bearing a fluorous tag will be installed to

form a trisaccharide product.
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The fluorous tag was planned to install in the building block 4. Moreover, since it

is a benzyl type fluorous tag, it would donate electrons to increase the reactivity of the

donor. After coupling with building block 5, the trisaccharide will either couple with

building block 6 through thiophenyl mediated glycosylation or act as an imidate

glycosylation to obtain tetrasaccharide. After the selective removal of Lev group, the

disaccharide 3 would be linked the acceptor to form hexasaccharide 2. At last, the

TBDPS and Allyl groups are selected as the long-lasting protecting groups which could

be selectively removed at very final stage to install phosphate functionalities.
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Figure 3.8 the final target and globe deprotection
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With the hexasaccharide in hand, the Troc group will be transformed into acetyl
under the Cu and Zn condition in first place. Then the allyl group at the anomeric center
of the mannose C could be selectively removed by using palladium catalyst and acids.
Moreover, a linker bearing azide group will be installed, and the phosphate coupling
methods are planned to use either hydrogen phosphonate or phosphite trimester
method*®'®, At last, the TBDPS group of glucose D will be selectively removed by
fluorine anion. The obtained hydroxyl group will be coupled with either a phosphate

functionality or another hexasaccharide repeating unit through phosphate linkage.

A globe deprotection will perform to remove Bn and Ac. Moreover, the azide on
the linker will be converted to an amine which can be functionalized with a chemical
handle to couple with a carrier protein. The chemical handle has an azide or an alkyne
group which clicks with a modified carrier protein to form site specific glycosylated

protein.

The synthesis of C. difficile PS-I1 started with the block 5. However, the very first
glycosylation was hindered bt aglycon transfer. During the reaction, the thiophenyl group
moved from acceptor 9 to the donor 8 generating thiophenyl modified donor in 92%
yield. Such phenomenon happened due to two reasons. Firstly, the reactivity of the
hydroxyl group is too small, instead reacted with a hydroxyl group, the donor attack the
sulfur for high nucleophilicity. On the other hand, the electron donating group on the
acceptor is too strong (arm and disarm effect) which increased the reactivity of the
thiophenyl group. In our case, the aglycon transfer happened due to the C-4 hydroxyl

group of acceptor 9 was an axil. Moreover, Bn group was an electron-donating group,
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and the nitrogen atom of the galactose amine was less electron withdrawing than an

oxygen atom.
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Figure 3.9 The proposed mechanism of aglycon transfer

To circumvent the phenomenon, a bulky type of thiophenyl group was employed
to reduce the reactivity of sulfur atom by space hinderance. 2-6 dimethyl benzenethiol
(DMBT) was a thiophenyl group with two additional methyl groups on the benzene ring
which could generate stereo hindrance preventing the approaching of oxocarbenium
ion'®. Interestingly, after the installation of DMBT group, the molecule started to self-
assemble to gel, especially when the C6 and C4 hydroxyl groups were occupied with the
benzylidene protecting group. The gel barely dissolved in DCM and it was impossible to
purify by silica gel chromatography. The unpurified product gel was used directly in the
following protecting group manipulation reactions (2 steps). As we expected, the desired
building block 11 was obtained in a low yield. A series of glycosylations were performed

to identify the best reaction condition. During in the investigation, the traditional ether

cannot conduct the desired o stereoselectivity.
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Solvent Catalyst Time Yield Selectivity
1 Et20: DCM=1:2 TfOH 4min 10% o:p=3:1
2 Et20: DCM=1:2 TfOH 4h 67% o:p=3:1
3 Et20 TMSOTf 4h 61% o:p=3:1
4 Toluene TfOH 4h 41% ap=1:1

Thiophene:
5 TfOH 4h 52% a:p=15:1

Toluene=1:2

Thiophene:
6 TBSOTf 4h 63% o:f =25:1

Toluene=1:2

Table 3.1 reaction conditions for synthesis of building block 12

In an aim to address the issue of stereoselectivity control, thiophene was
employed as a co-solvent in the glycosylation''®. Compared with ether, the sulfur in

thiophene was much more nucleophilic than oxygen in TFH. Moreover, thiophene could
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stabilize the oxocarbenium ion at the 3 position of the glycosylic donor in a more stable
manner which further improved the o selectivity. Luckily, the disaccharide 12 was

obtained in 63% yield and the o isomer as the major product.
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Figure 3.10 The synthesis of building block 15

With the disaccharide 12 in hand, we moved to the next step which is synthesis
building block 4 bearing a fluorous tag. However, the synthesis of the compound 4 is
much more complicated than our expectation. The installation of the fluorous tag to the
commercially available compound 13 is a convenient way to tag a carbohydrate substrate
and the building block 14 can be obtained in 91% yield. However, when we were trying
to unprotect the substrate 14, surprisingly, only small portion of isopropylidene groups
can be deprotected. Different acids with various concentrations (TFA, sulfonic acid,
strong acidic resin, acetic acid; 1M to 10M) were tested and the NMR study was shown
that the isopropylidene protecting C-2 and C-1 is the one can not be removed. Further
increasing the amount of the acid resulted in the cleavage of the fluorous tag. Among the
various conditions, the best yield of the desired compound 15 was only 24% under 50%

TFA/MeOH. With compound 15 in hand, it was further transformed to donor 4.
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However, the glycosylation of donor 4 with acceptor 12 did not work well as we
expected. MALDI-TOF mass spectrometry only detected a small amount of the product,
most of the reaction crude were the hydrolyzed donor and the unreacted acceptor. The
low yield of making both building block 4 and disaccharide 12 made us think about a re-

design another synthetic route.
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Figure 3.11 the investigation of galactose amine protecting groups for PS-II
synthesis

In the new synthetic plan, we firstly decided to remove the feature of the fluorous
tag and set exploring a solid synthetic route as the priority. Instead of synthesizing
building block 12, we decided to synthesize building block 16 in the first place as the
literature reported'’®. In this synthetic route, the block 16 and 17 will share the same
galactose amine building block making the synthesis more efficient. Then, building block

17 would transform to the trifluoro imidate donor and couple to building block 18 to
119



obtain the desired trisaccharide. Moreover, the Lev group will selectively be removed
under hydrazine acetate condition. The building block 19 would attach to the
trisaccharide forming tetrasaccharide as reported'®'”. Lev group would be the
orthogonal protecting group again to reveal the hydroxyl group and then it would be

coupled with the donor derivated from building block 16 to form the desired

hexasaccharide.
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Figure 3.12 Synthesis of disaccharides from sulfur-based anomeric protecting
groups
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During the first attempt to synthesize building block 16 and 17, we choose R as
the SPh or STol and R’ as the Troc for the reaction condition screening. The reaction that
we chose SPh or STol as the anomeric protection group just because of the readily
available starting material. As we expected, the unpleasant aglycon transfer could be
suppressed initially when we installed the electron withdrawing protecting groups.
However, the desired results were not repeatable if minor changes were made, for
example, switch between SPh or STol, and trichloro imidate or trifluoro imidate. Based
on such phenomenon, we then move to use OMP instead of sulfur based anomeric
protecting groups. The disaccharide can be obtained very easily. However, the removal

of the OMP did not generate the desired compound.
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Figure 3.13 The assembly of the hexasaccharide from the PS-11 of C. difficile
Reagents and conditions: a) TMSOTTf, DCM, -10 T tort, 1 h, 22: 76%, 31: 91%; b) NIS,

TFA, rt, 1h, then, 2,2,2-trifluoro-N-phenyl-acetimidoyl chloride, Cs,CO3, DCM, rt, 1 h;;
c) TMSOTf, DCM, -10 <C to rt, 1.5 h, then, NH,NH,-AcOH, AllyOH, DCM, rt, 18 h,
74%; d) TMSOTTf, DCM, -10 <C to rt, 3 h, then, NH,NH,-AcOH, AllyOH, DCM, rt, 18

h, 91%; e) TMSOTf, DCM, -10 <T to rt, 3 h, 87%); f) Cs,CO3, DMF, 75 <C, 1.5 h, 67%.

Based on all trials and errors, we decided to use SePh as the anomeric protecting

group which has been used quite often in galactose amine involved chondroitin sulfate

185

synthesis™". Moreover, we also switched the traditional Troc protecting group to TCA

group which had better stability under all chemical conditions and easier NMR
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identification. The assembly of the hexasaccharide started with galactose amine
derivative 21. It coupled with either glucose 20 or glucose 30 which had a TBDPS group
at C-6 under TMSOTT condition. Then, the disaccharide with SePh was tested for NIS/
TfOH catalyzed glycosylation with 18. However, the MALDI-TOF showed this condition
compromised the allyl group. So the disaccharide with SePh was then hydrolyzed and
transformed to trifluorous imidate functionality. With the help of imidate mediated
glycosylation, the trisaccharide was obtained in 74% yield. Moreover, the Lev orthogonal
protecting group was selectively removed under hydrazine condition without further
purification. Interestingly, the ally group was reduced to propyl group based on MALDI-

TOF. As the literature reported*®

, the problem is due to space hindrance around the Lev
chemical environment, so instead of attacking Lev, hydrazine attacks allyl and performs
the reduction reaction. This problem could be easily circumvented by adding additional
ally alcohol as the scavenger reagent. With the trisaccharide 24 in hands, the donor 19
was coupled with the acceptor and followed by removal of Lev. In this glycosylation,
ether was used to ensure the o selectivity and no B isomer was observed in the NMR

study. The final hexasaccharide was accomplished by the glycosylation between donor 32

and acceptor 25 and it gave 87% vyield after purification.

The next step was the removal of the TCA group which was notorious for
resistance to all kind of chemical conditions. In this case, both reductive method
mediated by AIBN and tributyltin hydrate'’®, and base removal method mediated by
NaOH or KOH did not work. Luckily, Cs,CO3; mediated transformation of TCA
protected amine into an amine has been reported in the literature. The mechanism of this

reaction is the TCA firstly lost a proton and rearranged to isocyanate. The isocyanate
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reacted with water and then hydrolyzed to the desired amine product™’. However, in the
literature, the carbohydrate substrates always resulted in low yield due to the lost of ester
type of protecting groups. The initial attempt to remove TCA by Cs,CO3; in DMF was
carried out at 95 <C and overnight as literature reported. As we expected, the TCA was
removed but the decomposition occurred and compromised the yield. After cooling the
temperature to 75 <C and reducing the reaction time to 1 h, we found out that the TCA
could be removed without interfering the carbohydrate backbone and protecting groups.
The crude di-amine product was reacted with acetyl anhydride to obtain the desired

compound 34.

Conclusion

In this chapter, five possible synthetic routes to obtain hexasaccharide of PS-II
from C. difficile was evaluated. Moreover, a reliable synthetic route to synthesize the
hexasaccharide was established. The combination of Lev and Allyl orthogonal protecting
groups was proved to be possible, but careful adjusting of chemical condition was
necessary. A new method to remove TCA protecting group was established which could
be potential for not only the PS-11 synthesis but chondroitin sulfate and other amine
containing complex carbohydrate synthesis. With the Allyl and TBDPS as the orthogonal
protection groups, the hexasaccharide has a potential to be a repeating unit through
phosphate chemistry. After the conjugation to the carrier protein, its antigenicity would

be explored.
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Experiment data
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Figure 3.14, Synthesis of building block 21

Phenyl 4, 6-O-benzyliden-3-O-allyloxycarbonyl-2-deoxy-2-trichloroacetamido-1-

seleno-a/B-D-galactopyranoside (42)

Ph
o
(0]
AllocO
TCAHN ‘geph

42
Compound 41'® (5.00 g, 9.06 mmol) was dissolved in DCM (50 mL) and the
resulting solution was cooled to -0 °C. Tetramethylethylenediamine (1.58 g, 13.59 mmol)
and allyl chloroformate (1.20 g, 9.97 mmol) were added. The reaction mixture was stirred
for 1 h and then quenched with water (10 mL). The organic phase was washed with aq.
saturated NaHCOs5 (20 mL), brine (20 mL), dried (MgSQO,), filtered and the filtrate was
concentrated in vacuo. The resulting yellow solid was purified by flash chromatography

over silica gel (EtOAc/ Hexane, 0% to 40%, v/v) to give compound 42 (5.20 g, 95%). R¢
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= 0.41 (EtOAc/Hexane, 40%, v/v); 'H NMR (500 MHz, )  7.80-6.99 (m, 10H, Ar), 6.18-
6.17 (d, 1H, H-1), 5.93-5.87 (m, 1H, CH, Allyl), 5.63 (s, 1H, CH), 5.38-5.27 (m, 2H,
CHL, Allyl), 5.03-4.95 (m, 2H, H-2, H-3), 4.65-4.64 (m, 2H, CH,, Allyl), 4.49 (d, 1H, H-
4), 4.32-4.29 (dd, 1H, H-6a), 4.19-4.12 (m, 2H, H6b, H-5), 3.98-3.88 (d, 1H, NH,); "*C
NMR (126 MHz, CDCLy) § 136.50, 133.76, 126.26, 128.68, 128.66, 128.72, 88.11,
100.94, 100.62, 73.50, 51.43, 69.47, 73.26, 72.67, 68.88, 69.32, 65.77, 69.23, 68.20; HR

MALDI-TOF MS: m/z: caled for Co5Ho4C1NO-,Se [M+Na]+: 634.9783; found: 634.9787.

6-0-Benzyl-4-O-hydroxyl-3-O-allyloxycarbonyl-2-deoxy-2-trichloroacetamido-1-
seleno-a-D-galactopyranoside (43)

OH.OBn

@)
AllocO

TCAHNg.ph
43

Compound 42 (5.20 g, 8.18 mmol) was dissolved in DCM (50 mL) and the
resulting solution was cooled to -78 °C. Triethylsilane (2.58 g, 25.54 mmol) and TfOH
(1.84 g, 12.27 mmol) were added. The reaction mixture was stirred for 1 h and then
quenched with Et;N/MeOH (10 mL 1/1). The mixture was then washed with aq. saturated
NaHCOs; (20 mL), brine (20 mL), dried (MgSO,), filtered and the filtrate was
concentrated in vacuo. The resulting yellow solid was purified by flash chromatography
over silica gel (EtOAc/ Hexane, 0% to 40%, v/v) to give compound 42 (4.41 g, 95%). R¢

= 0.45 (EtOAc/Hexane, 40%, v/v); 'H NMR (500 MHz, CDCl;) 1H NMR (500 MHz, ) §
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7.57-7.22 (m, 10H, Ar), 6.07-6.06 (d, 1H, H-1), 5.39-5.28 (dd 2H, allyl), 4.91-4.85 (m,
2H, H-2, H-3), 4.66-4.54 (m, 4H, 2CH,, Bn, Allyl), 4.43-4.33 (m, 2H, H-4, H-5), 3.84-
3.76 (m, 2H, H-6ab), 3.00 (s, 1H, OH). >C NMR (126 MHz, CDCl;) & 134.24, 129.29,
127.85, 130.07, 129.17, 87.69, 130.56, 119.59, 119.62, 119.62, 119.63, 51.47, 75.24,
51.42, 75.24, 51.41, 69.36, 73.70, 73.70, 73.69, 73.69, 71.87, 67.81, 69.22, 69.22; HR

MALDI-TOF MS: m/z: caled for Co5H6CIsNO,Se [M+Na]+: 636.9940; found: 636.9943.

6-0O-Benzyl-4-O-levulinic-3-O-hydroxyl-2-deoxy-2-trichloroacetamido-1-seleno-o-D-
galactopyranoside (21)

LevO _OBn
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Compound 43 (4.40 g, 6.90 mmol) was dissolved in DCM (50 mL) and the
resulting solution was cooled to 0 °C. Levulinic acid (1.20 g, 10.35 mmol), DMAP (0.17
g, 1.38 mmol) and EDC (2.65 g, 13.80 mmol) were added. The mixture was stirred for 3
h and then washed with aq. saturated NaHCO3 (20 mL), brine (20 mL), dried (MgSO,),
filtered and the filtrate was concentrated in vacuo. The resulting reaction crude was re-
dissolved in THF (20 ml) and palladium tetrakis (10 mg) was added to the reaction
mixture and stirred for additional 1 h. Then, the reaction solution was washed with aq.

saturated NaHCOs5 (20 mL), brine (20 mL), dried (MgSQO,), filtered and the filtrate was
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concentrated in vacuo. The resulting yellow solid was purified by flash chromatography
over silica gel (EtOAc/ Hexane, 0% to 50%, v/v) to give compound 42 (3.6 g, 80%). R¢=
0.41 (EtOAc/Hexane, 50%, v/v); "H NMR (500 MHz, CDCl;) & 1H NMR (500 MHz, ) &
7.58-7.20 (m, 10H, Ar), 6.10-6.09 (d, 1H, H-1), 5.54-5.53 (dd, 1H, H-4), 4.61-4.33 (m,
4H, CH2, H-5, H-2), 3.91-3.79 (m, 1H, H-3) 3.61-3.59 (m, 2H, H-6ab), 3.15-3.14 (d, 1H,
OH), 2.84-2.52 (m, 4H, CH,CH,, Lev) 2.20 (s, 3H, CH3, Lev). °C NMR (126 MHz,
CDCls) 6 134.49, 134.47, 129.30, 127.99, 130.25, 127.82, 128.00, 128.88, 129.08,
129.24, 129.38, 87.93, 88.55, 70.43, 73.91, 71.45, 73.73, 73.48, 73.49, 72.21, 53.88,
67.47, 69.66, 69.57, 68.27, 38.48, 28.16, 28.20, 28.20, 29.78, 21.10; HR MALDI-TOF

MS: m/z: caled for CosHsCIsNO-,Se [M+Na]+: 651.0096; found: 651.0091.
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Figure 3.15, Synthesis of compound 18

Allyl-O-(4,6-0O-di-benzyl-2,3-hydroxyl)-1-a-D-mannopyranoside (18)
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OAc

BnO o]
HO

OAllyl
18
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Compound 44 [Zegelaar-Jaarsveld, 1996 #149] (2.0 g, 5.00 mmol) was dissolved
in DCM (20 mL) and the resulting solution was cooled to 0 °C. Trimethyl orthoformate
(3.00 ml, 27.45 mmol)was added. The reaction mixture was stirred for 1 h and then
concentrated in vacuo. The reaction crude was then re-dissolved in THF (10 ml) and 37%
HCI (0.2 ml) was added to the solution and the reaction mixture was stirred for additional
30 min. At the last, the reaction mixture was washed with aq. saturated NaHCO; (20
mL), brine (20 mL), dried (MgSQ,), filtered and the filtrate was concentrated in vacuo.
The resulting white solid was purified by flash chromatography over silica gel (EtOAc/
Hexane, 0% to 30%, v/v) to give compound 18 (2.0 g, 95%). Ry = 0.51 (EtOAc/Hexane,
30%, v/v); 'H NMR (500 MHz, CDCl3) § 7.38-7.22 (m, 10H, Ar), 5.90-5.83 (m, 1H,
Allyl,CH), 5.29-5.11 (m, 3H, Allyl-CH,, H-2), 4.90 (s, 1H, H-1), 4.78-4.52 (m, 4H,
2xCHy), 4.18-3.97 (m, 3H, Allyl-CH,, H-3 ), 3.84-3.71 (m, 4H, H-6ab,H-4, H-5) 2.46 (s,
1H, OH), 2.15-2.14 (s, 3H, Ac); °C NMR (126 MHz, CDCl3) & 127.99, 128.27, 128.09,
127.95, 127.29, 113.60, 110.18, 133.40, 117.66, 117.66, 117.65, 117.66, 72.65, 96.65,
96.78, 74.96, 74.95, 73.59, 73.57, 74.97, 74.29, 73.55, 67.60, 70.68, 67.89, 68.20, 68.83,
75.91, 68.54, 71.14, 75.97, 68.80, 68.81, 21.14; HR MALDI-TOF MS: m/z: calcd for

CssH3007 [M+Na]": 422.1991; found: 422.1987.
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Figure 3.16 Synthesis of compound 19

Thiophenyl-S-(2,3,6-O-tri-benzyl)-1-B-D-glucopyranoside (46)
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Compound 45 (1.00 g, 1.85 mmol) was dissolved in DCM (40 mL) and the
resulting solution was cooled to -78 °C. Triflic acid (170 pl, 0.92 mmol), Et;SiH (0.89
ml, 5.55 mmol) were added. The reaction mixture was stirred for 3 h and then quenched
with EtsN/MeOH (10 mL 1/1). The mixture was then washed with aq. saturated NaHCOs
(20 mL), brine (20 mL), dried (MgSQ.), filtered and the filtrate was concentrated in
vacuo. The resulting yellow solid was purified by flash chromatography over silica gel

(EtOAc/ Hexane, 0% to 40%, v/v) to give compound 46 (0.8 g, 80%). Ry = 0.37
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(EtOAc/Hexane, 50%, v/v); 'H NMR (500 MHz, CDCls) & 7.62-7.26 (m, 15H, Ar), 4.97-
4.58 (m, 7H, H-1, 3xCH,), 3.85-3.77 (m, 2H, H-6ab), 3.70-3.51 (m, 4H, H-2, H-3, H-4,
H-5), 2.67 (s, 1H, OH); *C NMR (126 MHz, CDCl3) § 131.84, 128.25, 128.10, 127.91,
128.28, -9.62, 75.46, 185.78, -9.62, 75.47, 75.49, 75.50, -9.62, 75.39, -9.62, 75.40, 87.70,
87.70, 73.46, 73.50, 71.54, 82.06, 81.96, 70.43, 70.69, 71.47, 71.87, 71.75, 71.96, 71.98,
86.17, 86.16, 86.14, 79.97, 21.08; HR MALDI-TOF MS: m/z: caled for C33Hs404S

[M+Na]": 542.2126; found: 542.2128.

2,3,6-0-Benzyl-4-O-levulinic-1-thiolphenyl-3-D-galactopyranoside (47)
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Compound 46 (1.00 g, 1.85 mmol) was dissolved in DCM (30 mL) and the
resulting solution was cooled to 0 °C. Levulinic acid (0.43 g, 3.70 mmol), DMAP (23.2
mg, 0.19 mmol) and EDC (0.57 g, 3.70 mmol) were added. The reaction mixture was
stirred for 3 h. The mixture was then washed with aq. saturated NaHCO3 (20 mL), brine
(20 mL), dried (MgSQO,), filtered and the filtrate was concentrated in vacuo. The resulting
yellow solid was purified by flash chromatography over silica gel (EtOAc/ Hexane, 0%
to 40%, v/v) to give compound 47 (0.8 g, 67 %). Ry = 0.41 (EtOAc/Hexane, 50%, v/v);
"H NMR (500 MHz, CDCl3) & 7.59-7.22 (m, 15H, Ar), 5.06-5.02 (m, 1H, H-4), 4.90-

4.51 (m, 7H, 3xCH,, H-1), 3.72-3.54 (m, 5H, H-2, H-3, H-5, H-6ab), 2.65-2.26 (m, 4H,
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Lev), 2.14 (s, 3H, Ac); °C NMR (126 MHz, CDCls) 128.31, 131.82, 128.29, 128.04,
127.98, 127.76, 128.29, 71.03, 75.50, 75.50, 75.39, 75.40, 75.44, 87.55, 75.33, 87.56,
75.32,75.38, 73.61, 73.46, 73.54, 83.97, 83.97, 83.97, 69.71, 77.56, 80.77, 80.71, 80.72,
69.31, 37.74, 37.75, 37.72, 37.79, 37.82, 27.89, 27.94, 29.81; HR MALDI-TOF MS: m/z:

calced for C3gH40O7S [M+Na]+: 640.2494; found: 640.2493.

3,4,6-tri-benzyl-2-O-acetyl-4-O-B-D-galactopyranosyl-(1—3)-6-O-Benzyl-4-O-

levulinic-2-deoxy-2-trichloroacetamido-1-seleno-a-D-galactopyranoside (22)

OTBDPS
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Compound 30 (1.99 g, 2.53 mmol) and 21 (1.50 g, 2.30 mmol) were dissolved in
DCM (30 mL) and then flame dried molecular sieve (4A) was added. The mixture was
placed under an atmosphere of argon at room temperature, followed by cooling to -15 °C.
TMSOTT (42 pL, 0.23 mmol) was added drop wise and the reaction mixture was allowed
to warm to room temperature over a period of 1 h. The reaction was quenched with aq.
saturated NaHCOs5 solution (10 mL). The organic phase was washed by brine (10 mL),
dried (MgS0,), filtered and the filtrate was concentrated in vacuo. The resulting white
solid was purified silica gel chromatography (EtOAc/ Hexane, 0% to 50%, v/v) to afford

compound 31 (2.25 g, 98%). R¢= 0.21 (EtOAc/Hexane, 30%, v/v); 'H NMR (500 MHz,
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CDCl; ) & 7.71-6.89 (m, 31H, Ar, NH), 5.86-5.85 (d, 1H, H'-1), 5.58-5.57 (d, 1H, H'-4),
5.19-5.18 (d, 1H, H"-1), 4.94-4.91 (dd, 1H, H"-2), 4.84-4.82 (d, 1H, CHCH), 4.73-4.50
(m, 6H, H'-2, CHCH, 2CH,), 4.42-4.40 (t, 1H, H-5), 3.97-3.84 (m, 3H, H"-3, H"-6,,),
3.76-3.68 (m, 3H, H'-3, H"-4, H"-5), 3.64-3.56 (m, 2H, H'-6,,), 2.85-2.00 (m, 4H, Lev,
CH,CH,), 1.61 (s, 3H, Lev or Ac), 1.09 (s, 3H, Lev or Ac), 1.08 (s, 9H, TBDPS); Bc
NMR (126 MHz, CDCl;) & 135.79, 135.60, 134.31, 129.57, 128.02, 128.01, 129.15,
127.46, 89.25, 65.28, 92.60, 72.05, 74.63, 75.01, 75.39, 75.48, 75.35, 51.43, 74.84, 75.28,
73.55, 71.86, 79.49, 62.60, 71.23, 71.33, 72.90, 77.59, 67.98, 29.86, 20.95, 27.08, 36.95,
17.35; HR MALDI-TOF MS: m/z: calcd for CgsH79Cl13NO4SeSi [M+Na]+: 1273.2847;

found: 1273.2849.

Allyl-O-(3,4,6-tri-benzyl-2-O-acetyl-O-B-D-glucopyranosyl)-(1—3)-(6-O-Benzyl-4-O-
hydroxyl-2-deoxy-2-trichloroacetamido-O-B-D-galactopyranosyl)-(1—3)-4,6-O-di-

benzyl-2acetyl-1-a-D-mannopyranoside (24)
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Compound 23 (385 mg, 0.33 mmol) and 18 (176 mg, 0.40 mmol) were dissolved
in DCM (10 mL) and then flame dried molecular sieve (4A) was added. The mixture was

placed under an atmosphere of argon at room temperature, followed by cooling to -15 <C.
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TMSOTT (18 L, 0.10 mmol) was added drop wise and the reaction mixture was allowed
to warm to room temperature over a period of 1 h. The reaction was quenched with ag.
saturated NaHCO3 solution (10 mL). The organic phase was washed by brine (10 mL),
dried (MgSO0,), filtered and the filtrate was concentrated in vacuo. The crude product was
re-dissolved in DCM (5 ml), AllylOH (0.1 ml, large excess) and NH;NH2-AcOH (45.9
mg, 0.49 mmol) were added to the reaction solution. The reaction was continued for 18h
and quenched with Aceton (1 ml) and washed with saturated NaHCO3 solution (10 mL).
The organic phase was washed by brine (10 mL), dried (MgSO,), filtered and the filtrate
was concentrated in vacuo. The resulting yellow solid was purified silica gel
chromatography (EtOAc/ Hexane, 0% to 40%, v/v) to afford compound 24 (321 mg,
74%). R;=0.25 (EtOAc/Hexane, 30%, v/v); 'H NMR (500 MHz, CDCl; ) § 7.39-7.15
(m, 30H, Ar), 5.83-5.75 (m, 1H, CH, Allyl), 5.23-5.12 (m, 3H, H"-1, Allyl-CH,), 5.02-
4.95 (m, 3H, CHCH, H"-1, H-2 ), 4.85 (d, 1H, H"-1), 4.80-4.32 (m, 13H, CHCH,
5*CH,, H'-1, H"-3), 4.19-4.08 (m, 2H, H"-4, Allyl-CHCH), 3.95-3.91 (dd, 1H, Allyl-
CHCH), 3.85-3.41 (m, 14H, H"-5, H"-2, H"-3, H-4, H"-5, H"-4, H'-3, H'-5, H"-6,,, H'-
6ap, H"-64), 2.92 (s, 1H, OH), 2.13 (s, 3H, Ac) 1.97 (s, 3H, Ac); °C NMR (126 MHz,
CDCl;) 6 128.11, 128.15, 127.95, 129.82, 129.27, 127.99, 133.32, 117.92, 69.87, 117.87,
117.91, 117.91, 97.96, 72.84, 74.76, 74.75, 96.63, 74.97, 74.79, 74.60, 100.76, 75.04,
73.70, 75.04, 73.56, 73.45, 73.50, 73.55, 73.71, 74.62, 73.59, 74.52, 76.70, 76.94, 73.52,
73.49, 67.54, 68.17, 68.19, 73.95, 71.52, 55.95, 68.92, 77.68, 77.64, 73.44, 68.78, 68.64,
82.69, 82.66, 82.66, 74.88, 68.71, 21.23, 21.61, 19.76, 21.27, 19.43; HR MALDI-TOF

MS: m/z: calcd for C¢oH76CL3NOq5 [M+Na]+: 1311.4128; found: 1311.4131.
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Allyl-O-(3,4,6-O-tri-benzyl-2-O-acetyl-O-B-D-glucopyranosyl)-(1—3)-[2,3,6-tri-O-
benzyl-4-hydroxyl--a-D-glucopyranosyl-(6-O-benzyl-4-O-hydroxyl-2-deoxy-2-
trichloroacetamido-O-B-D-galactopyranosyl)-(1—3)-4,6-O-di-benzyl-2acetyl-1-a-D-

mannopyranoside (25)

OBn
HO O
BnO
BnO
OBn
OBn O _0Bn OAc
AL S
BnO o) o)
OAc NH OAIlVI
y
C|3C/l%o
25

Compound 24 (302 mg, 0.23 mmol) and 19 (331 mg, 0.46 mmol) were dissolved
in DCM/Et,O (5 mL, v/v= 1:4) and then flame dried molecular sieve (4A) was added.
The mixture was placed under an atmosphere of argon at room temperature, followed by
cooling to -45 <C. TMSOTT (12 pL, 0.069 mmol) was added drop wise and the reaction
mixture was allowed to warm to room temperature over a period of 3 h. The reaction was
quenched with aq. saturated NaHCO3 solution (1 mL). The organic phase was washed by
brine (10 mL), dried (MgSQ,), filtered and the filtrate was concentrated in vacuo. The
crude product was re-dissolved in DCM (5 ml), AllylOH (0.1 ml, large excess) and
NH,NH,-AcOH (45.9 mg, 0.49 mmol) were added to the reaction solution. The reaction
was continued for 18h and quenched with Aceton (1 ml) and washed with saturated
NaHCO3; solution (10 mL). The organic phase was washed by brine (10 mL), dried

(MgSO0,), filtered and the filtrate was concentrated in vacuo. The resulting yellow solid
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was purified silica gel chromatography (EtOAc/ Hexane, 0% to 50%, v/v) to afford
compound 25 (361 mg, 74%). R¢= 0.34 (EtOAc/Hexane, 30%, v/v); *H NMR (600 MHz,
CDCl3 ) & 7.37-7.11 (m, 46H, Ar, NH), 5.81-5.75 (m, 1H, Allyl- CH), 5.22-5.11 (m, 3H,
Allyl-CH,, H"-2), 50.5-5.04 (d, 1H, H"-1, J=3.01) 4.98-4.96 (d, 1H, H"-1, J=8.2) 4.94-
4.85 (m, 3H, CH,, H"-1) 4.80-4.70 (m, 3H, H'-2, CH,) 4.61-4.09 (m, 20H, 7CH,, Allyl-
CHCH, H"-5, H"-4, H"-4, H"-4, H'-1), 3.95- 3.21 (m, 19H, Allyl-CHCH, H"-2, H'-4,
H'-5, H-3, H"Y-2, H"Y-3, H"-5, H"-3, H"-5, H"-3), 2.06 (s, 3H, Ac), 1.95 (s, 3H, Ac).”*C
NMR (126 MHz, CDCl;) & 127.89, 130.14, 128.00, 77.35, 125.90, 127.95, 129.96,
127.77, 129.72, 133.26, 117.89, 70.16, 117.85, 117.87, 96.93, 98.75, 74.57, 96.66, 75.04,
77.77,72.35, 94.83, 96.58, 72.99, 75.07, 74.97, 73.27, 73.50, 73.45, 73.37, 71.51, 100.99,
73.82, 70.82, 77.24, 72.20, 73.21, 73.15, 73.15, 68.44, 68.11, 68.36, 69.20, 74.08, 81.80,
71.52, 56.91, 69.15, 68.67, 73.93, 68.40, 82.15, 78.00, 79.45, 75.26, 67.77, 21.46, 21.17,
21.28, 29.84, 29.65; HR MALDI-TOF MS: m/z: calcd for CogH;g4CI3NO3 [M+Na]+:

1744.6098; found: 1744.6098.

Allyl-O 2-O-acetyl-3,4,6-tri-O-benzyl-B-D-glucopyranosyl-(1—3)-[6-O-
tertbutyldiphenylsilyl-2-O-acetyl-3,4-di-O-benzyl-B-D-glucopyranosyl-(1—3)-4-
levulinic-6-O-benzyl-2-deoxy-2-(2,2,2-trichloroacetamido)-pB-D-galactopyranosyl-
(1—4)-2,3,6-tri-O-benzyl-a-D-glucopyranosyl-(1—4)]-6-O-benzyl-2-deoxy-2-(2,2,2-
trichloroacetamido)-pB-D-galactopyranosyl-(1—3)-2,4,6-tri-O-benzyl- B-D-

mannopyranoside (33)
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Compound 25 (300 mg, 0.17 mmol) and 32 (350 mg, 0.27 mmol) were dissolved
in DCM (5 mL) and then flame dried molecular sieve (4A) was added. The mixture was
placed under an atmosphere of argon at room temperature, followed by cooling to -30 <C.
TMSOTT (12 pi, 0.052 mmol) was added drop wise and the reaction mixture was
allowed to warm to room temperature over a period of 5 h. The reaction was quenched
with aqg. saturated NaHCOj3 solution (1 mL). The organic phase was washed by brine (10
mL), dried (MgSOQ,), filtered and the filtrate was concentrated in vacuo. The resulting
yellow solid was purified silica gel chromatography (EtOAc/ Hexane, 0% to 50%, v/v) to
afford compound 33 (430 mg, 87%). R¢ = 0.37 (EtOAc/Hexane, 30%, v/v); *H NMR (600
MHz, CDCl; ) 8 7.67-6.98 (m, 65H, Ar), 5.82-5.77 (m, 1H, Allyl), 5.51-5.49 (m, 1H,
H"-4 ), 5.22-5.12 (m, 3H, Allyl-CH,, H"'-1), 5.04-5.01 (m, 1H, H'-2), 4.99-4.96 (m,
1H,Bn-CHCH ), 4.95-4.93 (m, 2H, H"'-2, H'V-1), 4.88-4.86 (m, 2H, H"-2, H"-1), 4.85-
4.80 (m, 2H, H'-1, Bn-CHCH), 4.75-4.28 (m, 39H, 17=CH,, Bn- CHCH, H"-1, H"-1, H"-
3, H'-3), 4.28-4.26 (m, 1H, H"'-3), 4.20 (s, 1H, H"V-4), 4.15-4.01 (m, 3H, Bn-CHCH, H"-
5,H"-3), 3.94-3.52 (m, 17H, H"Y-5, H""-5, H'-4, H"-4, "4, H""-5, H"-4, HY"-4, "2,
H'-6ab, H"-6ab, H"'-6ab, H''-6a, H'-6ab), 3.51-3.32 (m, 7H, , H"-6b, H"'-6ab, H"-1,

H"-5,, H"-3,, H'Y-3), 2.73-2.34 (m, 4H, Lev), 2.13-1.88 (m, 12H, CHj3), 1.65 (s, H;0),
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1.01 (s, 9H, TBDPS); '*C NMR (126 MHz, CDCl3) & 135.85, 135.58, 128.23, 127.84,
127.94, 127.33, 64.89, 92.42, 70.42, 74.74, 72.19, 99.31, 73.36, 96.13, 72.56, 74.77,
99.10, 75.09, 97.99, 75.06, 75.10, 148.69, 11.69, 73.46, 73.46, 75.31, 74.89, 74.89, 75.14,
75.08, 75.05, 75.14, 73.51, 72.64, 100.73, 73.07, 74.90, 74.73, 72.80, 73.47, 74.79, 71.91,
74.76, 73.46, 75.37, 77.13, 77.85, 70.14, 70.38, 71.16, 63.09, 79.66, 68.35, 73.76, 62.26,
79.93, 71.33, 55.58, 68.51, 77.41, 74.20, 71.86, 68.90, 82.89, 74.98, 67.40, 71.94, 68.49,
67.38,21.43,29.79, 20.91, 25.00, 21.39, 29.71, 20.84, 26.87; HR MALDI-TOF MS: m/z:

caled for Cqs54H63CIsN2O36S1 [M+Na]+: 2861.9281; found: 2861.9285.

Allyl-O 2-O-acetyl-3,4,6-tri-O-benzyl-B-D-glucopyranosyl-(1—3)-[6-O-
tertbutyldiphenylsilyl-2-O-acetyl-3,4-di-O-benzyl-B-D-glucopyranosyl-(1—3)-4-
levulinic-6-O-benzyl-2-deoxy-2-(2,2,2-acetamido)-p-D-galactopyranosyl-(1—4)-
2,3,6-tri-O-benzyl-a-D-glucopyranosyl-(1—4)]-6-O-benzyl-2-deoxy-2-(2,2,2-
acetamido)-pB-D-galactopyranosyl-(1—3)-2,4,6-tri-O-benzyl- B-D-mannopyranoside

(34)
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Compound 33 (150 mg, 0.052 mmol) was dissolved in toluene (5 mL). The
reaction solution was placed under an atmosphere of argon at room temperature, followed
by heating to 75 <C. Cs,CO3 (85 mg, 0.262 mmol) was added and the reaction mixture
was stirred over a period of 1.5 h. The reaction was monitored by MALDI and then Ac,O
(2 ml) was added and the reaction mixture was stirred over 18 h. The reaction was then
quenched with aq. saturated NaHCO3 solution (1 mL). The organic phase was washed by
brine (10 mL), dried (MgSQ,), filtered and the filtrate was concentrated in vacuo. The
resulting yellow solid was purified silica gel chromatography (EtOAc/ Hexane, 0% to
80%, v/v) to afford compound 34 (101 mg, 72%). R = 0.33 (EtOAc/Hexane, 60%, Vv/v),
HR MALDI-TOF MS: m/z: calcd for C;s4H;74N>036S1 [M+Na]+: 2656.1649; found:

2656.1649.
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CONCLUSION

We established a set of strategies that integrated the orthogonal protecting groups,
glycosyl donors modified by a (S)-phenylthiomethylbenzyl ether at C-2 and fluorous tag-
assisted solution phase synthesis into the synthesis of Trypanosoma brucei
hexasaccharide moiety. The rapid preparation of the complex branched carbohydrates
with biological importance is available. The reaction conditions for C-2 auxiliary
controlled the 1,2-cis galactosylation are investigated. Nap and Lev were installed as the
orthogonal protecting groups to generate glycosyl acceptors and served as the branch
spots. Once the glycosylation reaction is completed, the C-2 auxiliary can be selectively
removed under acidic condition but kept the Lev and Nap groups, which made the
immediate installation of 1,2-cis linkage possible. Also, we investigated the light fluorous
tag assisted purification process by using fluorocarbons modified silica gel. An
exploratory study was required to identify a potential problem during the synthesis. For
example, the efficiency of auxiliary-mediated glycosylation is effected by the available
space around hydroxyl group of the acceptor. In one case, we have to use a conventional
donor to install the glycosylic donor.  After the careful investigation of the
oligosaccharide, a rapid carbohydrate assembly was performed without conventional
silica gel chromatography.

In another part of this dissertation, the synthesis of hexasaccharide from
Clostridium difficile was investigated. Five possible synthetic routes for the assembly of

the oligosaccharide were tested. Ether was used in the control of the stereoselectivity. By
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using phenyldiselenide as the anomeric protection group, the unfavored aglycon transfer
was prevented. A new method to remove the trichloroacetyl amine protecting group by
using cesium carbonate was established in the synthesis. Moreover, a reliable route to

synthesize the hexasaccharide was confirmed.
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