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ABSTRACT

The secondary cell wall polysaccharide (SCWP) of Bacillus anthracis plays a key role in the organization
of the cell envelope. Through non-covalent interactions, it anchors S-layer proteins (SLP) and S-layer
associated proteins (BSL) to the cell surface. Proper S-Layer assembly was shown to be important for
virulence and various cell maintenance functions. Specific functionalities on the non-reducing SCWP
trisaccharide unit including a 4,6-O-pyruvyl ketal, a free amine, and O-acetylation are thought to play a
role in SLP and BSL binding. Herein, the synthesis of a library of compounds based on the non-reducing
unit of B. anthracis SCWP is described. The compounds were utilized in microarray and ELISA
experiments to probe the importance of various structural features for binding against a panel of
mCherry fusion proteins constructed from the S-Layer homology binding domains of various SLP and BSL
proteins. A number of synthetic challenges were addressed including the development of synthetic
procedures and glycosylation conditions for the unique pyruvylated donors. The SCWP structural
features vital for SLP and BSL binding were successfully identified.

PatB1 is a putative O-acetyltransferase believed to play a role in the 3-O-acetylation of the
penultimate B-GlcNAc on the B anthracis SCWP. In order to characterize PatB1 specificity and specific
activity in the context of its natural environment, a panel of oligosaccharides based on the trisaccharide

repeating unit was synthesized with galactose substitutions at biologically relevant positions. A common



trisaccharide intermediate was synthesized with levulinoyl, fluorenylmethyloxycarbonate, and
2-naphthylmethyl protecting groups installed at key branching points. The orthogonal protecting groups
were regioselectively removed allowing for site specific installation of galactose. A trisaccharide based
on the non-reducing SCWP unit was also synthesized to determine if the 4,6-O-pyruvyl ketal and/or free
amine can affect PatB1 activity and specificity. It was found that the presence of galactosylation did not
alter specificity, but led to a decrease in specific activity. Furthermore, it was found that the
trisaccharide bearing the 4,6-O-pyruvyl ketal and free amine showed a significant increase in specific
activity demonstrating that these features are likely utilized in vivo as PatB1 binding epitopes and help

to facilitate 3-O-acetylation of the penultimate B-GIcNAc.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Carbohydrates in Gram-positive Bacilli cell walls; General Information: In nature, all cells harbor an
array of freestanding or covalently linked carbohydrates. These glycans play an important role in the
interactions between cells and the surrounding environment. Being a major component of cell surfaces
and secreted macromolecules, they are able to serve a variety of functions ranging from providing
structural support to mediating cell-cell and host-guest interactions. The outer portion of the bacterial
cell wall is known as the cell envelope (Figure 1.1). In Gram-positive bacteria, the envelope includes the
cytoplasmic membrane, a thick peptidoglycan (murein) layer with associated secondary cell wall

polymers and, in some species, an additional capsule and/or S-layers is present.
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Figure 1.1 The Cell Wall of B. anthracis.



The capsule is comprised of a layer of excreted polysaccharides or polypeptides that surrounds the
bacterial cell. The capsule can act as protective shield enabling the bacteria to evade the host immune
system via inhibition of macrophage mediated phagocytosis.”? The cytoplasmic membrane is a semi-
permeable membrane that separates the internal components of the cell from the external
environment. It serves to retain the cytoplasm of the cell and acts as a barrier against uncontrolled ion
exchange. The membrane is made up of a phospholipid bilayer with embedded proteins that can serve
as ion transporters, receptors, and enzymes.? A thick rigid layer of peptidoglycan (PG) surrounds the
cytoplasmic membrane providing structural integrity to the cell. The PG layer prevents lysis of cells
through osmotic pressure and confers form and strength to cells by withstanding tensile forces.*?
Peptidoglycan is comprised of multiple linear polysaccharide strands with alternating -1,4 linked N-
acetylmuramic acid (MurNAc) and N-acetylglucosamine (GIcNAc) residues cross-linked by peptide chains
of 3-5 amino acids. Secondary modifications to the PG such as deacetylation and variation of the amino
acid combination of the peptide or changes in the position of the interpeptide bridge are also possible.®
Gram-positive bacteria have carbohydrate based secondary cell wall polysaccharides (SCWP)
bound to either the cytoplasmic membrane or the PG.” The SCWP of Gram-positive bacteria can be
divided into three groups based on their structural characteristics. (i) Teichoic acids are short
copolymers of glycerol phosphate or ribitol phosphate and carbohydrates linked via phosphodiester
bonds. Teichoic acids that are anchored to the lipid membrane with a lipid anchor are referred to as
lipoteichoic acids (LTAs) and teichoic acids that are covalently bound to peptidoglycan are classified as
wall teichoic acids (WTA).®*! (ii) Teichuronic acids comprise the second group and consist of uronic acid-

12,1 . . ..
3 (i) The non-classical group includes neutral and acidic

containing heteropolysaccharides.
polysaccharides which do not fit the criteria of the other groups.”***> The SCWP of B anthracis falls into

the non-classical group since it is covalently attached to the PG through an acid labile phosphate group

at the reducing end of the polysaccharide.™



Like species from nearly every branch of Bacteria and Archaea, the cell envelope is coated with a
monomolecular Surface layer (S-Layer). The S-layer represents an important interface between these

cells and their environment.*”™*°

S-layers are composed of proteins or glycoproteins that self-assemble
into uniform, paracrystalline lattices of square, hexagonal or oblique appearance on the cell surface.
Despite the apparently conserved function of providing a 2D array around the cell surface, genetic and
functional studies show that there is a wide diversity in both the sequences and the roles of S-layer
proteins.*® They have been shown to function as protective coats, as molecular sieves, or as molecule
and ion traps.” They also have been shown to play a role in cell adhesion and surface recognition.”?
Based on their involvement in bacteria-host interactions, S-layers have been suggested to play roles in
virulence.'®**%

The carbohydrate-containing components typically found on the cell walls of gram-positive bacteria
include an extensive peptidoglycan layer, teichoic acids, lipoteichoic acids, capsular polysaccharides, and
a paracrystalline S-Layer made up of S-layer proteins that are usually glycosylated.?® The B. anthracis cell
wall differs in several key aspects from this generalized description. First, the B. anthracis cell is

surrounded by a poly-y-D-glutamate capsule instead of a polysaccharide capsule.”’ Second, the cell wall

lacks wall teichoic acid®, and finally, their S-layer proteins are not glycosylated.”®*

BACILLUS ANTHRACIS AND HUMAN HEALTH

The Bacillus cereus group of bacteria is a group of phylogenetically closely related species. The group is
comprised of seven bacterial species including B. anthracis, B. cereus, B. thuringiensis, B.

weihenstephanensis, B. mycoides, B. pseudomycoides, and B. cytotoxicus.*"*

The members of this group
are Gram-positive, rod-shaped, aerobic or facultative anaerobic bacteria with the ability to form
endospores. Bacilli can be observed as single cells or long chains of individual cells with individual cells

ranging in size from 1 um to 10 pm.* The B. cereus group is comprised of mostly non-pathogenic

bacteria, but does have several important pathogenic members.** Two bacilli are considered medically
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significant namely Bacillus anthracis,®® which causes anthrax in humans and other mammals®, and B.

37,38

cereus, which can cause food borne illnesses. A third species, B. thuringiensis, is an insect pathogen

commonly used as a biological form of pest control.***°

Anthrax Infection: Anthrax infection is initiated by the introduction of B. anthracis spores into the host
primarily through minor skin or gastrointestinal tract abrasions. Alternatively, infection may occur via

33641 Macrophages in the host phagocytize the spores and bring them to nearby

inhalation of spores.
lymph nodes where they germinate into vegetative cells. In this environment, the cells can multiply and
subsequently move into the bloodstream where they disseminate to distant organs such as the spleen
or lungs. If left untreated, the three clinical forms of anthrax; cutaneous, gastrointestinal and pulmonary
anthrax are potentially fatal. The cutaneous form accounts for approximately 95% of the incidents and is
characterized by a raised bump that develops into a black necrotic ulcer. Without treatment the
mortality rate for the cutaneous form is about 20%. Gastrointestinal anthrax produces a general set of
symptoms that include nausea, loss of appetite, and fever followed by abdominal cramps, vomiting of
blood and severe diarrhea which is fatal in 25-75% of cases. Pulmonary anthrax is the most severe form
with initial symptoms similar to a common cold that rapidly progress and can lead to death within a
matter of days. Without antibiotics, the mortality rate is around 80%. Delayed or incorrect diagnosis of
the disease is a major factor in the mortality rate.***?

The virulence of B. anthracis infection is mediated by the production of anthrax toxins. The
anthrax toxins are comprised of three distinct proteins: the protective antigen, the lethal factor, and the
edema factor. The genes encoding these proteins are located on the pXO1 plasmid, and their
transcription is regulated by another pXO1 gene known as the anthrax toxin activator. A second plasmid

¢ The plasmids are not essential for growth, and a number of

pX02, is required for capsule formation.
B. anthracis derivative strains do not carry both virulence plasmids. Besides B. anthracis Ames strains

that contain both pXO1 and pX02 plasmids, B. anthracis Sterne strains contain only pXO1, while B.
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anthracis Pasteur strains contain only plasmid pX02. With the exception of avirulent CDC 684, strains
with both plasmids are highly pathogenic, although strains with only one plasmid can retain some of
their pathogenicity in certain host organisms.”” B. anthracis is endemic in parts of Africa, Asia and South
America but can be found in most parts of the world. The spores are highly robust and have been shown
to be resistant to chemical agents, heat, ultraviolet and ionizing radiations, and pressure giving them the
ability to survive in the environment for decades. B. anthracis can be weaponized with relative ease and
recognition of inhalation mediated infection can prove difficult due to the non-specific nature of
symptoms. This was demonstrated by the death of four people who inhaled spores from contaminated
mail.*° Due to the potential risk to public health, there is considerable interest in the development of

early disease diagnostics and anthrax vaccines.>

CELL WALL ARCHITECTURE OF BACILLUS ANTHRACIS AND RELATED SPECIES

The bacterial cell wall is essential for survival and plays key roles in host-guest interactions. The
vegetative cell wall of B. anthracis is composed of a thick peptidoglycan layer that attaches a secondary
cell wall polysaccharide through an anomeric phosphodiester linkage.” B. anthracis also elaborates a

polyglutamic acid capsule that endows vegetative cells with an ability to escape phagocytic clearance.”’
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Figure 1.2: B. anthracis Secondary Cell Wall Polysaccharide



The secondary cell wall polysaccharide of B. anthracis has a [—>4)-B-D-ManNAc-(1—4)-B-D-GIcNAc-
(1—>6)-a-D-GIcNAc-(1—)],, repeating backbone that can be branched at C-3 and C-4 of the a-D-GIcNAc
moiety with o-D-Gal and [B-D-Gal respectively and at C-3 of the B-GIcNAc residue with a o-Gal
(Figure 1.2).®* These positions are only partially substituted resulting in considerable micro-
heterogeneity. Furthermore, it has been found that a single repeating unit located at the distal (non-
reducing) end of the polysaccharide is further modified with a 4,6-O-pyruvyl ketal on the penultimate -
D-ManNAc moiety. In addition, the B-D-GIcNAc residue is modified by a 3-O-acetyl ester and the a-D-
GlcNAc moiety is N-deacylated to afford a free amine.” It is possible that the o-GIcNH, moiety is further
modified by a a-Gal at C-3 and -Gal at C-4. However, NMR studies have not been able to confirm this
modification. CDC 684 is a non-galactosylated and avirulent variant of B anthracis that contains both
virulence plasmids (pXO1l and pX02) and a polymerized SWCP backbone identical to that of
galactosylated forms; It was found that CDC 684 retained the 4,6-O-pyruvyl ketal, O-acetate and amino
group modifications found on SCWPs of galactosylated B. anthracis strains as well as an intact S-layer.>
Previous genetic studies have indicated that pyruvylation of B. anthracis SCWP is essential for S-Layer
protein binding, and thus it is fitting that important binding ligands for these proteins would be

uniquely located at the non-reducing end of the polysaccharide.

Cell Wall architecture of related species: The structures of secondary cell wall polysaccharides from B.
anthracis Ames, Sterne and Pasteur and several phylogenetically related B. cereus strains have been

58 B cereus

elucidated and it was found they have unique and shared structural features (Figure 1.3).
G9241 and 03BB87 (human pathogens), B. cereus Cameroon and Ivory Coast (great ape pathogens) and
B. cereus ATCC 10987 (non-pathogenic) have the same backbone as B. anthracis, but differ in the

pattern of side chain carbohydrates. For example, the 3-ManNAc moiety of the internal repeating units

of B. cereus G9241 and 03BB87 can be modified by an a-Gal moiety, which is not present in B. anthracis



species. On the other hand, B. cereus Cameroon and Ivory Coast have a unique a-Gal(1—3)a-Gal
disaccharide at this position. The non-pathogenic B. cereus ATCC 10987 produce a polysaccharide that
has a modified backbone repeating unit consisting of a —6)-a-GalNAc-(1—4)-B-ManNAc-(1—4)-p-
GIcNAc-(1—). It is substituted with B-Gal at C-3 position of a-GalNAc and non-stoichiometrically 3-O-

acetylated on 3-ManNAc.
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Figure 1.3: SCWP Repeating Units from Various Bacilli.

B. anthracis S-Layer: The surface layer is a monomolecular layer of the bacterial cell envelope composed
of identical proteins or glycoproteins that spontaneously self-assemble into a bi-dimensional crystalline
array that encases the entire cell surface (Figure 1.1). S-layers have been identified in nearly every
taxonomic group of bacteria and represent an almost universal feature of Achaea.”*® The S-layer of B.

anthracis is comprised of two S-Layer proteins (SLPs) namely, Sap and EA1.5%%

These proteins are
anchored to the cell surface through non-covalent interactions with the secondary cell wall

polysaccharides (SCWP).**®” The S-layer also harbors twenty-two B. anthracis S-layer-associated

proteins (BSLs) that serve many functions including the uptake of nutrients (BslK), adhesion to host



6870 Genetic studies

tissues (BslA), and the separation of cells within chains of vegetative bacilli (BslO).
have also shown that B. anthracis requires S-layer proteins for the pathogenesis of infection.”

S-layer proteins (EA1 and Sap) are chimeric proteins possessing a self-assembly module
(crystallization domain) that confers paracrystalline properties and a cell wall targeting module that
anchors the proteins to the cell wall. The cell wall targeting module is usually made up of three so called

627273 |n addition to S-layer

S-layer homology (SLH) domains each having approximately 55 amino acids.
proteins, SLH domains are found in many other bacterial cell surface proteins including the S-layer-
associated proteins. Although it was initially proposed that SLH domains bind peptidoglycan, it is now
evident that the SCWP serves as the anchoring structure for these proteins.®® Furthermore, it has been
shown through genetic experimentation that pyruvylation of B. anthracis polysaccharide is essential for
the attachment of the S-layer proteins EA1 and Sap to the bacterial cell wall.®**®® Pyruvate alone is not
the ligand of SLH domain bearing proteins, and thus it appears that this functional group needs to be
presented as part of a specific carbohydrate to mediate binding. The molecular basis of SLH specificity
for pyruvylated polysaccharides is not yet known. This knowledge is of great importance because the
binding of SLH domains to pyruvylated secondary cell wall carbohydrates is thought to be an ancestral
mechanism for the anchoring of S-layer proteins to the envelope of bacteria.®

In Bacillus anthracis, the secretion of EA1 and Sap is mediated by the accessory Sec secretion
system. (Figure 1.4) The proteins contain an amino-terminal signal peptide (white box) that directs the
nascent polypeptide to the secretion apparatus and is cleaved upon membrane translocation (at
location of black arrow). Translocation requires the accessory ATPase, SecA2. Following recognition by
SecA2, the nascent polypeptide is translocated across the membrane through a pore that consists of
SecY2, SecE and SecG. After translocation to the cell surface, the proteins self-assemble and anchor to

SCWP in order to form a functional S-layer.>*¢”7*



Sap Ea1

W 0NN

i Polysaccharide

Peptidoglycan m

QOOOO00O0 (X Cytoplasmic Sa
(MK‘X‘@ A5G  membrane Bk | Sap
SecY2EG

SecA2

S-Layer Proteins

\O O Newly Synthesized
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MEDICAL SIGNIFICANCE OF CELL-WALL POLYSACCHARIDES IN MEDICINE

75-78

The cell walls of many bacterial genera are well established as diagnostic targets, carbohydrate-

78,79

based vaccine antigens, and virulence factors.®® The B. anthracis SCWP is known to play a role in the

*4%%7 |n addition, B. anthracis

assembly of the S-Layer which has been implicated as a virulence factor.
SCWP was found to provide specific binding sites for the cell wall binding domains of bacteriophage
endolysins.®! Endolysins are hydrolytic enzymes produced during the late stages of bacteriophage
infection that act to lyse the bacterial cell and release the viral progeny. Endolysins have the potential to
be developed into diagnostic or therapeutic agents. The polysaccharides themselves are also antigenic
providing opportunities for the development of vaccines, diagnostics, and therapeutics. Despite the
importance of SCWP in physiology and pathology, it has been difficult to identify and characterize
important structural features due to the heterogeneity and structural complexity of isolated secondary

cell wall polysaccharides. In order to effectively study the functions of these cell wall carbohydrates and

their associated proteins, collections of structurally well-defined oligosaccharides are required.



CARBOHYDRATE SYNTHESIS

Carbohydrates are the most complex and diverse class of biopolymers commonly found in nature.®
Nucleic acids and proteins are linear assemblies connected by a specific bond type. Proteins are
assembled from a combination of 20 basic building blocks and connected to one another by amide
linkages. Nucleic acids are assembled from a combination of four basic building blocks and are linked via
[3'-5']-phosphodiester bonds. In contrast, carbohydrates can be linear or highly branched and are
assembled from a large number of different monosaccharide building blocks that vary in ring size
(5-membered furanose, 6-membered pyranose), configuration (glucose, mannose, etc.), and anomeric
configuration. In addition, the building blocks can be further modified (e.g., acylation, sulfation,
phosphorylation, etc.) adding more complexity and structural diversity. Chemical synthesis of targeted
complex oligosaccharides, though challenging, presents several advantages including well-defined
structure, larger quantities of final product, and flexible target modifications.®®

The majority of oligosaccharide synthetic procedures are comprised of three distinct stages. The
first stage involves the protection of free hydroxyls and amines with protecting groups. Depending on
the complexity of the desired product, the protecting groups can be orthogonal in nature to allow for
selective deprotection and modification of those positions. The second step involves stereoselective
glycosylation reactions between a glycosyl donor and acceptor. The process of deprotecting specific
hydroxyls and subsequent glycosylations can be repeated in an iterative fashion until the desired
structure is obtained. The third step involves removal of the remaining protecting groups (deprotection)
to afford the final product. There are a number of synthetic steps, purifications and characterizations
involved in a typical oligosaccharide synthesis. For this reason, it is important to design a synthetic

85> One way to achieve this is through the use of common

strategy that minimizes the number of steps.
intermediates. This can be achieved in modular synthesis where a small number of building block

intermediates can be joined together in various ways in order to yield a large library of synthetic
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targets. In addition, one-pot multistep glycosylations have been developed in order to reduce the

89-94

number of glycosylation and purification steps. One-pot reactions have also been developed that

allow for the introduction of multiple protecting groups onto monosaccharide building blocks in a single

step. %8

Stereoselective synthesis of the glycosidic bond: The glycosylation reaction involves the coupling of a
glycosyl donor and acceptor and is one of the key steps in oligosaccharide synthesis (Figure 1.5). The
glycosyl donors are equipped with a leaving group at the anomeric center and typically have protecting

groups installed in order to prevent side reactions with exposed hydroxyls.”'®

The glycosyl acceptor is
usually protected with the exception of a single free hydroxyl group that can be utilized to form the
glycosidic linkage. During a typical glycosylation reaction, an activator/promoter, usually electrophilic in

nature, is utilized to activate the donor. After activation, the donor becomes a good leaving group and

departs leaving a positive charge at the anomeric center.

Glycosyl Acceptor B-anomer (equatorial)
attacks electrophilic PGO o
carbon from o or f face PGO o
PGO Activator P PGO o
\' / PGO + PGO PGO
PGO o . 5 o) P PGO
PGO - PGO A — PGO OPG
PGO LG PGO HO
PGO %/PGO & — ;g(()) o o~ anomer (axial)
PGO
Oxocarbenium ion PGO ~OPG PGO PGO
Formation (0] o
PG = Protecting Group PGO
LG = Leaving Group PGO PGO COPG

Figure 1.5. Glycosyl Donor Activation and Reaction with Acceptor

Depending on the molecularity and the type of activation, the anomeric carbocation can be stabilized by

the lone pair electrons on the endocyclic oxygen, resulting in the formation of an oxocarbenium ion as a

reactive species. Absent any intramolecular participation, the planar oxocarbenium ion can be readily
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attacked by a nucleophilic acceptor in an Sy1 type manner from either the top () or bottom face (o)

resulting in the formation of two possible diastereomers (anomers).

Anomeric Effect: The anomeric effect can significantly influence the resulting stereoselectivity at the

anomeric center during glycosylation reactions.’™

The effect can be seen when comparing cyclohexanes
to oxanes (Figure 1.6). A cyclohexane with an electronegative substituent prefers equatorial
configuration due to unfavorable 1,3-diaxial interactions that would result from the axial configuration.

Substitution of a heteroatom into the ring adjacent to the endocyclic oxygen shifts the thermodynamic

preference to axial configuration.

o S I = S

Favored Favored X

Y = Heteroatom
X = Electronegative Atom/Group

Figure 1.6. Demonstration of the Anomeric Effect

In carbohydrates the estimated magnitude of the anomeric effect is ~1.5kcal/mol.’®” In the axial
configuration, the endocyclic oxygen lone pair is oriented antiperiplanar to the anti-bonding C-X c*

orbial and is able to donate electron density lowering the overall energy of the system (Fig 1.7).
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Figure 1.7: Stabilization due to electron donation and hyperconjugation resonance stabilization
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This results in the shortening of C-O bond and lengthening of the C-X bond. The hyperconjugation

resonance form can further stabilize the axial configuration.'®

Other possible contributors to the
anomeric effect include minimization of unfavorable dipole interaction as well as minimization of
electrostatic repulsion (Figure 1.8). Opposing dipoles are energetically more favorable than aligned
dipoles. The beta anomer will produce two similarly oriented dipoles resulting in a less stabilized

configuration than the alpha form. It has also been proposed that electrostatic repulsion found in the

B-anomer is destabilizing, making alpha the preferred form.'®

A) B) Q o
/ / Q cy/ o)
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(0] / m/ X
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Figure 1.8: Anomeric Effect A) Dipole stabilization B) Stabilization via decreased electrostatic repulsion.

Neighboring group participation: During the synthesis of glycans, the sterochemical outcome of
glycosylation must be controlled in order to efficiently produce the desired product. Neighboring group
participation is one of the most common methods for influencing the stereochemistry at the anomeic

center during glycosylation reactions (Figure 1.9).

o Activation Né‘) NO ,ﬁ—\O H NO
/‘W%l P\ \é pe” ™ "ﬁo}) —— pg ‘/ﬁ/OR
/& © i ) +\>7 /QO
o -,

Oxocarbenium ion Dioxolenium Ion 1,2-trans glycoside

Figure 1.9: Neighboring group participation for the selection of 1,2-trans glycosides.

13



Neighboring group participation involves the use of specific functional groups at the C-2 position of the
donor that allow for the stabilization of the oxocarbenium ion intermediate. The most common
utilization of this method involves the use of esters at the C-2 position of the donor as a means to form
1,2-trans-glycosides. If an amine is present at the C-2 position, cyclic imides (e.g. phthalimides),
carbamates, and protected amides substituted with deactivating electron withdrawing groups can also
be utilized for 1,2-trans-selectivity. Following activation of the donor, the anomeric leaving group
departs resulting in the formation of an oxocarbenium ion which is quickly trapped by the 2-O-acetyl
ester forming a more stable five-membered intermediate. The resulting dioxolenium ion intermediate
acts to block the bottom face of the ring forcing the acceptor to attack from the top face resulting in the
formation of a 1,2 trans linkage.'®*® In addition to C-2 neighboring groups, remote protecting groups at
positions C-3, C-4 and/or C-6 may affect stereoselectivity in certain cases. It is believed that this
phenomena is mediated by varying means including participation, H-bond mediated aglycone delivery,

steric hindrance and/or electron withdrawal.'*****

Neighboring group participation using chiral auxiliaries to obtain 1,2-cis glycosides: The formation of
1,2-cis glycosides or C-2 deoxy glycosides usually requires the absence of a C-2 participating
functionality. In these cases, the resulting stereochemistry is a summation of many factors, including the

116

spatial orientation of donors and acceptors, protecting groups, promoters, and solvents.” As an

alternative, chiral auxillaries can be installed at the C-2 position of the glycosyl donor to gain

stereoselectivity in these reactions (Figure 1.10).**%
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Figure 1.10: C-2 Chiral auxillary mediated installation of 1,2-cis glycosides.
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Following activation, the nucleophilic group on the chiral auxillary attacks the oxocarbenium ion
intermediate and forms a 6-membered cyclic intermediate. The resulting trans-decalin intermediate is
favored over the cis-decalin intermediate due to unfavorable 1,4-diaxial steric clashing that occurs with
the latter. The trans-decalin structure acts to block the top face of the ring forcing acceptor attack from

the bottom face resulting in 1,2-cis glycosidic bond formation.

Solvent Effects on Glycosylation: The stereoselectivity of glycosylation reactions can be influenced by
the use of solvents (Figure 1.11). Diethyl ether is known to assist in the formation of a-glycosides via
formation of an equatorial diethyl oxonium ion intermediate that blocks the top face thereby forcing the
acceptor to attack from the bottom face. In contrast, acetonitrile is used to assist in the formation of
B-glycosides. It is suspected that acetonitrile forms an a-linked nitrilium ion at the anomeric center that

serves to block the bottom face forcing the acceptor to attack from the top face.

/\O/\ o~ 0

L Pe — 9\\ RoH Pemc‘m

+ \/
y—=C Activation N;\O K

PG~ ® ‘&LLG—’ PG/\) ]

kN’_ T PG%\‘@ PGR ;OE .OR
I

Figure 1.11: Solvent effect on the stereochemical outcome of glycosylation reactions.

Glycosyl Donors: The choice of leaving group can affect reactivity and stereoselective outcome of a
glycosylation reaction (Figure 1.12). Although a large number of donor types exist, the most utilized
donor groups include halides, imidates, thioglycosides, and sulfoxide. The activation conditions for each

donor are different. The Koenigs-Knorr method employs glycosyl bromides and chlorides, as donors for
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glycosylation reactions (Figure 1.12-A). Mercury and silver salts are typically used as promoters in these

121

reactions."”* Anomeric fluorides have also been used along with a SnCl,-AgClO, promotor system.'?

A. Glycosylations using anomeric halides

OPG OPG ” oPG
_— —_—
X ( OR
(X =Br, Cl, F) TAg?t
B. Glycosylations using anomeric imidates
OPG OPG oFe . oPG
o) o\, ’\/O ) R
L éR A OR
H—O0—R
(R = Alkyl, Aryl) E
E"=T", Br', Me", PhSe*
C. Glycosylations using anomeric thioglycosides o
OPG X3C)J\’T"H
o OPG oPG . OPG
> /k) —> \  —
S CXs ) OR
H—0—R

Trichloroacetimidate (R = H, X = Cl)
N-pheny] trifluoracetimidates (R = Ph, X =F)

Figure 1.12: Glycosylations using various glycosyl donors.

Alkyl or aryl thioglycosides are another commonly used donor type (1.12-B). Soft electrophiles
such as iodonium or bromonium are used to activate the thioglycoside converting it into a labile
sulfonium intermediate that subsequently departs leading to the formation of the oxocarbenium ion
intermediate. The acceptor can then attack the electrophilic intermediate at the anomeric center
forming the glycosidic bond. Several common promotor systems for thioglycosides include i) N-

iodosuccinimide and triflic acid, ii) N-iodosuccinimide and Trimethylsilyl trifluoromethanesulfonate
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(TMSOT(f), and iii) methyl triflate (MeOTf). In addition, thioglycosides can be pre-activated by first
oxidizing to sulfoxide and then activating at low temperature with triflic anhydride.'**

Another commonly utilized donor group is the imidate (Figure 1.12-C). Two types of imidates are
commonly employed; they are the trichloroacetimidate and the N-phenyl-trifluoroacetimidate donors.
The imidates are readily activated in the presence of catalytic amounts of Brgnsted acid (e.g. triflic acid)

or Lewis acid (e.g. TMSOTTf). The glycosidic bond is formd by way of the oxocarbenium intermediate.

Anomeric control by electronic and steric effects: It was discovered by Crich and co-workers that
stereoselective formation of B-mannosides could be achieved by pre-activation of 4,6-O-benzylidene
protected mannosyl sulfoxide donors at low temperature followed by addition of a glycosyl acceptor
(Figure 1.13)."* It was found that locking the pyranose ring with 4,6-O-benzylidene acetal was important
for high B-selectivity.’” It was proposed that under pre-activation conditions, the oxacarbenium ion is
trapped by a triflate anion which leads to the formation of the more stable a-triflate. This a-triflate
intermediate can then be displaced in Sy2 fashion after addition of the acceptor to afford the B-
mannoside product. It was hypothesized that the a-triflate can form a contact ion pair (CIP) where the

triflate anion remains on the bottom face acting to block attack from that direction.

oTf
S )
g Contact Ion Pair
OBn OTt OBn o\ ©Bn, - o\ OBn
TR iy LT PR AR A
BnO DCM, -78°C BnO BnO - BnO OR
SPh OTf OTf

M

Solvent Separated lon Pair

Figure 1.13: Mechanistic Detail of the Crich Beta Mannosylation Reaction
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It has also been proposed that the nulceophile can form a loose association with the oxacarbenium ion
as the o-triflate departs. The formation of a-product is thought to occur due to the formation of a
solvent separated ion pair (SSIP) where the counter-ion is solvated resulting in a loss of facial selectivity.
The 4,6-O-benzylidene acetal is thought to lock the pyranose ring in a stable chair conformation.'” This
is unfavorable for the formation of the intermediate oxacarbenium ion and subsequent Syl
glycosylation since it requires rehybridization and flattening of the ring. The combination of the torsional
disarming effect afforded by the 4,6-O-benzylidene acetal combined with the strong endo-anomeric
effect help to produce the a-triflate as the favored intermediate.

Additonal factors that can affect the efficiency and stereoselectivity of glycosylation reactions
include competing side reactions such as hydrolysis of the donor, orthoester formation, migration of
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functional groups, etc.”™ In addition, the temperature, concentration, type of acceptor, type of

promotor, and amount of promotor can have significant effect on glycosylation reactions.

Amine Protecting Groups in Carbohydrate Chemistry: An amino sugar is a sugar molecule in which a
hydroxyl group has been replaced with an amine group. There are a wide variety of amino sugars found

in nature with N-Acetyl-D-glucosamine being one of the most abundant (Figure 1.14).

HO OH
HO
o HO NHAC o
HO -0
HO oH HO HO
AcHN HO
OH AcHN  OH

N-Acetyl-D-Glucosamine  N-Acetyl-D-Mannosamine  N-Acetyl-D-Galactosamine  N-Acetylneuraminic acid (c)

Figure 1.14: Examples of Common Amino Sugars

Each amino sugar can adopt different forms adding to their complexity. For instance, N-Acetyl-D-
Glucosamine can be linked via an alpha or beta linkage. In addition, the sugar can be N-deacetylated to

yield N-Acetyl-D-Glucosamine. The trisaccharide backbone of B.Cereus group SCWP is composed of
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amino sugars and a thorough understanding of amine protection is necessary in order to design a
successful synthetic strategy for SCWP derived compounds. The structural complexity of naturally
occurring oligosaccharides makes the choice of protecting group an important part of the process. These
groups must be orthogonal to other protecting groups and stable under the various reactions conditions
utilized in the synthesis. In addition, a function providing neighboring group participation should be used
in certain instances and avoided in others. Unfortunately, there is no ideal protecting group and choices
must be made on a case by case basis. Monosaccharides bearing a 2-acetamido are abundant building
blocks in naturally occurring oligosaccharides, but their direct incorporation by chemical glycosylation is
typically low yielding. This is mainly due to formation of the stable 1,2-oxazoline intermediate (Figure
1.15).227'?8 Although, there are some chemical glycosylation methods that utilize oxazoline in reactions,
these reactions tend to work only in special cases."”>"*° In addition, N-acetyl deprotection requires harsh

basic conditions for removal and is not a practical choice for protection if a free amine is desired.

R = Protecting Group

RO RO LG = Leaving Group
e} O
RO RO
RO RO
AcHN OLG 0

Y

Figure 1.15: Oxazoline Formation

Fortunately, oxazoline formation can be bypassed by utilizing amino protecting groups in place
of NH-Acetyl during glycosylation reactions (Figure 1.16). The replacement of the NH-Acetyl group with
strongly electron-withdrawing groups has been shown to prevent the formation of oxazoline

intermediates which can adversely affect glycoside bond formation.”****

Amine protecting groups
commonly used in carbohydrate chemistry include 2,2,2-trichloroethoxycarbonyl (Troc), trichloroacetyl

(TCA), phthalimide (Phth), azide (Ns), and carboxybenzyl (Cbz / Z). Less common amino protecting
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groups in carbohydrate synthesis include 9-Fluorenylmethyl carbamate (Fmoc), trifluoroacetyl (TFA),

and t-Butoxycarbonyl (BOC).

0 c o Q
(o] O>\\N—R
cl clL,e o N ’O

0 Cl e}

Phthalimide 3,4,5,6-Tetrachlorophthalimide  2,2,2-Trichloroethyl Carbamate  9-Fluorenylmethyl carbamate

)OJ\ R i .R ©\/O\H/H‘R XOTH\R R—N3
(@]

g FsC~ N
C|3C H 3 H O

2,2,2-Trichloroacetamide  2,2,2-Fluoroacetamide = Carboxybenzyl  tert-butyloxycarbonyl  Azide

Figure 1.16: Common Amine Protecting Groups:

The phthalimide protecting group (Phth) is used for the bisprotection of primary amines (Figure 1.17). It
is often utilized at the C-2 position and allows for the assembly of 1,2-transglycosidic linkages.
Phthalimide is typically installed using phthalic anhydride and K,CO; and be removed using a variety of
conditions including treatment with hydrazine, sodium borohydride, butylamine, hydroxylamine, and
ethylenediamine. The phthalimide group is stable to a wide range of conditions including acidic (HBr,
HOACc), oxidative (H,0,, Os, Jones oxidation), and mild transesterification conditions used to remove O-
acetyl. It is typically not affected by hydrogenation, but it was reportedly converted to a lactam by
hydrogenation in acetic acid over Pd/C.***** The main drawback associated with the phthalimide group
is its potential for ring opening in the presence of nucleophilic reagents or in basic conditions. In
addition, it was shown to be susceptible to reduction in the presence of standard benzyl installation

conditions with NaH in DMF.*°

Many conditions in the building block synthesis are basic and this
presents a problem especially because the amine protecting group is usually installed at an early stage

of the synthesis and does not get removed until after the glycosylation reactions are completed.
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Figure 1.17: Installation and Deprotection of the Phthalamide Protecting Group.

Furthermore, the phthalamide group has been previously shown in literature to be difficult to remove
and oftentimes requires harsh conditions.'”” A more base labile alternative is the tetrachlorophthaloyl

(TCP). The TCP group can be installed using Tetrachlorophthaloyl anhydride and removed with

ethylenediamine and DMF (1:200) at 40 °C. TCP is stable to piperidine and can be used with Fmoc.**®**

In addition O-acetates can be removed in its presence with Mg(OMe), in methanol.” Like the Phth

group, TCP is not stable to standard benzyl installation conditions using NaH and BnBr in DMF.'*°

The trichloroethoxycarbonyl (Troc) group is also commonly utilized as a C-2 amine protecting

group in oligosaccharide syntheses (Figure 1.18). Its use has been shown to provide 1,2-trans selectivity

and high yields in both thioglycoside and trichloroacetimidate based glycosylations.”**>*

/—\ (@]
( )Q HNTR CI3C/\O)J\N/R
cL,e” o NG H

Protection _ .
AcO s CO,
@)
)k R il A/k -R ——T>‘/ H,N—R
Ccl,c” Yo H/ HOAc ?/‘ © ’
. ZnCl C|2C:CH2
Deprotection ZnCI(OAc)

Figure 1.18: Installation and Deprotection of 2,2,2-Trichloroethyl Carbamate Protecting Group.
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The Troc group can be readily installed using 2,2,2-Trichloroethyl chloroformate (Troc-Cl) in aqueous
solution with potassium carbonate. Troc is typically cleaved via Grob fragmentation with Zn dust in the
presence of acetic acid, resulting in elimination of 1,1 dichloroethylene and decarboxylation.™
Deprotection can be performed selectively in the presence of Cbz, Boc, Fmoc, and Alloc groups.>**
However, It is not compatible for use with catalytic hydrogenolysis conditions.

The utility of the trichloroacetyl (TCA) group as an amino protecting group has been previously
demonstrated along with its ability to produce a high degree of 1,2-trans stereoselectivity.’* TCA is
easily installed using trichloroacetyl chloride (TCA-Cl) or trichloroacetic anhydride (Figure 1.19). The
options for deprotection and differentiation make the TCA group one or the more versatile amine
protecting groups. It can either be cleaved under basic conditions with NaOH to afford a free amine or
reduced to acetamide under neutral conditions using hydrogenolysis or reductive dehalogenation™’*>®
In addition, it can be converted to a carbamate by first treating with Na,CO; in DMF to form an

isocyanate and then reacting with a suitable alcohol.™

0 < o\ -, O 9
)k )k HZI'\! R R H C)LOH
Cl;C (@) CCl Cl;C N
3 ‘/ 3 3 H 3

Protection

()OBA R H,N—R )(1 N

+ H3C 6 Na

ClsC N
UNa
Deprotection d

Figure 1.19: Installation and Deprotection of Trichloroacetyl Protecting Group.
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Trifluoroacetyl (NH-TFA) is a more base-labile alternative to TCA.”™ The NH-TFA group is more

commonly utilized in peptide chemistry due to its resistance to strong acids like trifluoroacetic acid
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making it attractive since it can survive standard BOC deprotection conditions. However, the
trifluoroacetyl protecting group does find occasion use in carbohydrate synthesis. NH-TFA is typically

installed using trifluoroacetic anhydride (Tf,0) and can be removed by treatment with base (0.2 N NaOH
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in 10 min), aqueous piperidine, or sodium borhydride.”™ The base sensitivity of the group does
preclude its use over a large number of synthetic steps.

The 9-fluorenylmethoxycarbonyl (Fmoc) goup is another amine protecting group that has found
widespread use in peptide and carbohydrate chemistry. The group is easily installed in high yield using
Fmoc-Cl, EtsN, and DCM. It can be easily removed by way of -elimination using mildy basic conditions
(Figure 1.20). The fluorene group has a labile proton at its tertiary center with a pKa of 23. Loss of the
proton is facilitated by the formation of dibenzocyclopentadienide anion which is aromatic in nature.
The slower step involves elimination and subsequent formation of dibenzofulvene and a carbamate that
readily loses CO, to afford the free amine. The dibenzofulvene is reactive and can readily attach to

available nucleophiles making it prone to form side products.™*

¢\O\ /\

R- NH2

“ sotll

Protection
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H NH(Et), = O H | NHE), )
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CO, NR,
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Figure 1.20: Installation and Deprotection of 9-Fluorenylmethyl carbamate Protecting Group.
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Secondary amines are typically used in the reaction since they are better at capturing the
dibenzofulvene generated during deprotection. Typical bases used for removal include morphiline,
piperidine, and piperazine in organic solvent. Fmoc is stable to acids, however, it is not completely
stable to the catalytic hydrogenation conditions typically used to remove benzyl ethers especially when
Pd/C or PtO, are used as catalysts. Fmoc can sometimes survive treatment with Pd/BaS04. 117

The azide function can be considered a masked amino group and is commonly used to protect
the amine in carbohydrate synthesis. While there are a number of known 1,2-trans-stereodirecting
amine protecting groups, few non-participating protecting groups are available. For this reason, the
azide group has almost exclusively been used for the installation of 1,2-cis linkages."”**”> A number of
conditions and methods can be used to install the azide group (Figure 1.21). Diazotransfer reactions
using either triflyl azide or imidazole-1-sulfonyl azide in the presence of copper(ll)sulfate are commonly
used to install the azide."®*"® ¥ The azide can also be introduced via nucleophilic displacement of a

halide or other leaving group.'*® Azides are relatively robust and can be reduced under a wide variety of

conditions making them a common sight in many synthetic methods.
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Figure 1.21: Installation and Reduction of the Azide Functional Group.
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They can be easily reduced using Pd/C hydrogenation conditions. In circumstances where C=C bonds or
benzyl groups are present in the same molecule, hydrogen sulfide in pyridine allows for the
chemoselective reduction of azide in their presence. Azide reduction can also be achieved using
Staudinger conditions, Zinc in acetic acid, Tin(Il)Chloride, propanedithiol in EtsN, and AIBN/tributyltin
hydride radical reduction conditions. This is not an exhaustive list of reduction conditions as many
additional methods are also available.'*"77#*18

Carboxybenzyl (Cbz, Z) is a carbamate originally used as an amine protecting group in peptide

133 It is typically not used to protect C-2

synthesis, but has since found use in carbohydrate synthesis.
amines due to its tendency for benzyl migration and oxazolidinone formation. Cbz can be installed with
benzyl chloroformate and sodium carbonate in aqueous solution and can be removed with catalytic
hydrogenation in the presence of Pd/C or by treatment with HBr (Figure 1.22)."*"'® Deprotection
proceeds via formation of a terminal carbamic acid that is readily decarboxylated to afford the free
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amine.”™" It is a robust and resistant to a wide variety of conditions and is commonly utilized as a

permanent protecting group.
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O~ CI H.N—R 0" N’
SRA NN :
Protection:
X
R C02
O N
S = o Q.
A .o R —
: AR Q H H2 HQN R
Pid H-Pd—H Pd—H H-Pd
|
Deprotection:

Figure 1.22: Installation and Palladium Catalyzed Hydrogenation of the Carboxybenzyl Protecting Group.
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The tert-butyloxycarbonyl (Boc) protecting group is an amine protecting group primarily used in

183 The Boc group can

peptide synthesis, but has found some occasional use in carbohydrate chemistry.
be added to the amine under aqueous conditions using di-tert-butyl dicarbonate (Boc,0) in the presence
of a base such as sodium bicarbonate. Another common installation condition is Boc,0 in THF. (Figure
1.23). The Boc group is resistant to catalytic hydrogenation and stable towards most nucleophiles and
bases. Therefore, an orthogonal protection strategy using a base-labile protection group such as Fmoc is
possible. Tert-butyl carbamates are cleaved under acidic conditions (e.g. 25-50% TFA/DCM) with the

production of tert-butyl cations. Scavengers such as thiophenol can prevent nucleophilic substrates from

being alkylated.
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Figure 1.23: Installation and Deprotection of the tert-Butoxycarbonyl Protecting Group

CONCLUSIONS

The secondary cell wall polysaccharide of B. anthracis plays a key role in the organization of the
envelope of vegetative cells and is intimately involved in host-guest interactions. The characterization of
SCWP from B. anthracis and other strains from the B. cereus group is important and could be used for
the identification of potential vaccine antigens, the generation of antibody based diagnostics, and for
the study of various cell wall binding proteins. Research in this area has proven difficult due to the lack

of well defined SCWP derived oligosaccharides. Naturally sourced cell wall polysaccharides occur in
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complex mixtures making it difficult to determine structural features that are important for
carbohydrate protein interactions. The aims of the work described in this dissertation are to optimize
synthetic strategies for accessing complex oligosaccharides derived from the SCWP of B. anthracis. The
library of compounds will be utilized to probe the molecular mechanisms of binding between SCWP
structural features and various cell wall binding proteins. Genetic evidence suggests that S-layer and BSL
proteins are essential for pathogenesis, cell maintenance, and nutrient uptake. A better understanding
of SLH binding interactions with SCWP will contribute vital knowledge towards the design of therapeutic
compounds acting to disrupt such interactions. In addition, the compounds will be used to probe the
binding and activity of proteins that are believed to play a role in SCWP assembly. Certain structural
modifications, such as O-acetylation, are thought to play a role in the site specific deposition of
particular S-Layer and BSL proteins. Better understanding of these carbohydrate protein interactions will
provide insight on how the cell modulates protein binding on the outer envelope and could lead to new

ideas about how we may regulate these processes by external means.
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ABSTRACT

The outer surface of Bacillus anthracis is coated with a proteinaceous two-dimensional surface layer (S-
layer), formed by the self-assembly of monomeric S-layer proteins (SLPs) and a smaller number of S-
layer associated proteins (BSLs). S-Layer and BSL proteins both bind secondary cell wall polysaccharide
(SCWP), but their deposition on the cell surface is not random. Phenotypic evidence from B. anthracis
genetic mutants suggests that specific functionalities on the terminal non-reducing SCWP unit including
a 4,6-0-linked ketal pyruvate, a free amine , and O-acetylation play a role in SLP and BSL protein binding
and could allow for selective binding of proteins that act to modulate downstream cellular processes. In
the present study, a library of compounds based on the terminal unit of B. anthracis SCWP was
synthesized in order to probe the relationship between the aforementioned functional groups and a
series of mCherry fusion proteins constructed from the SLH domains of S-Layer and BSL proteins. A
number of synthetic challenges had to be addressed, including the development of synthetic procedures
for the unique pyruvylated monosaccharides, the selection of appropriate orthogonal protecting groups,
the choice of stereoselective and robust activating conditions for the poorly reactive pyruvylated donor,
and the selection of appropriate conditions for the reduction of trichloroacetyl and azide functions.
Microarray and ELISA based binding experiments were developed to examine the binding interactions
between the synthetic oligosaccharides and the mCherry fusion proteins. It was found that the 3-O-
acetyl function on the B-GlcNAc and distal ManNAc did not significantly affect binding affinity relative to
non-0-acetylated compounds. The presence of a free amine on a-GlcNH, produced a small increase in
binding affinity for particular proteins. The 4,6-O-pyruvyl ketal was found to be essential for SLP and BSL
binding in all cases. Unexpectedly, the C-2 acetamido function of the non-reducing ManNAc was found
to be esential for the binding of SLPs and several BSL proteins. Interestingly, some BSL proteins could

bind in high affinity in the absence of the C-2 acetamido indicating differences in binding requirements
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between SLH domains and showing that in principle, modifications to the C-2 position could be used as a

means to modulate protein binding.

INTRODUCTION

Bacillus anthracis is a Gram positive, spore forming bacterium known to cause anthrax in humans and
animals.” Like species from nearly every branch of Bacteria and Archaea, the cell envelope is coated with
a monomolecular Surface layer comprised of S-Layer proteins (SLPs) and a smaller number of S-layer
associated proteins (BSLs).”® The SLPs are synthesized in the cytoplasm and translocated across the cell
membrane where they bind secondary cell wall polysaccharide (SCWP) through non-covalent
interactions and self-assemble into a two-dimensional para-crystalline lattice across the cell surface.>”
(Figure 2.1) The surface layer serves a number of important functions ranging from mediating the

infection of host cells to nutrient uptake.®”
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S-layer-associated
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Figure 2.1 The Cell Wall of B. anthracis

Despite the involvement of the S-layer in many important biological events, very little is known about

the molecular mechanisms that govern these processes. The structural heterogeneity of B. anthracis
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SCWP has made it difficult to perform detailed binding studies and identify structural features important
for S-layer protein and S-layer associated protein binding interactions.’® Until recently, the structural
features of B. anthracis SCWP were not well characterized leaving genetic experimentation and the use
of heterogeneous cell wall extracts as the only way to probe carbohydrate protein interactions.'*** NMR
studies on extracted B. anthracis SCWP have since provided valuable structural information about the
non-reducing trisaccharide unit that has been utilized to synthesize a library of well-defined
polysaccharides to study features important for SLP and BSL carbohydrate interactions.™

The S-Layer of B. anthracis is made up of surface array protein (Sap) and extractable antigen 1
(EA1)."® Sap predominates during the early and logarithmic growth phase and gives way to EA1 as the
cell enters the stationary phase. Sap and EA1 S-layers do not overlap and form distinct patches on the
surface.’”*® The S-Layer can be further modified with up to 22 additional S-layer associated proteins as
minor constituents that may impart additional functions to the cell.” For example, BsIK has been shown
to scavenge heme in order to utilize its iron; *° BslA mediates the adherence of vegetative forms to host

cells;** BslO has peptidoglycan hydrolase activity and may play a role in the separation of bacilli from

2 23,24

elongating chains;** and BSLs R, S, T, and U are predicted murein hydrolases. The function and
regulation of a number of BSLs has yet to be elucidated. Both SLPs and BSL proteins are tethered to the
cell envelope via non-covalent binding interactions between their S-Layer homology (SLH) domain and
the secondary cell wall polysaccharide. The SLH domain is made up of three consecutive ~55 amino acid
SLH motifs that fold into a pseudo-trimer which functions to bind SCWP. Although divergent in primary
sequence, it has been proposed through computational modeling that all SLH domains within the

25-27
d.

B. anthracis genome likely adopt a similar fol Unlike BSL proteins, SLPs have an additional domain

at the C-terminal known as a crystallization domain that allows the proteins to bind one another and

. 28,29,2
form a contiguous layer across the cell surface. 2**>*
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The B. anthracis SCWP is made up of a trisaccharide repeat [—>4)--D-ManNAc-(1—4)-B-D-
GlcNAc-(1—6)-a-D-GlcNAc-(1—)],, where a-GlcNAc is substituted with a-Gal and B-Gal at the C-3 and
C-4 positions respectively, and B-GIcNAc is substituted with o-Gal at the C-3 position (Figure 2.2).* The
SCWP is bound to peptidoglycan via phosphodiester linkage to the C-6 hydroxy of MurNAc.”**' The csaB
gene product was found to be necessary for the addition of pyruvyl onto the B. anthracis SCWP. Genetic
studies involving the knockout of csaB resulted in a phenotype lacking the S-layer.” In addition, a study
involving the knockout of csaB in a closely related B. cereus G9241 mutant produced a phenotype that
failed to retain an S-layer and showed a concomitant decrease in virulence thereby illustrating the
importance of proper S-layer assembly for pathogenesis.*

NMR studies on isolated SCWP from B. anthracis and several phylogenetically related strains
were used to identify several unique sturtural features on the non-reducing trisaccharide unit including
a 4,6-0-pyruvyl ketal on B-ManNAc, a 3-O-acetyl on B-GIcNAc, and a C-2 free amino function on the a-
GIcNH, (Figure 2.2). It is possible that the GIcNH, is further modified by an o-Gal at C-3 and B-Gal at C-4

positions. However, NMR studies have not been able to confirm this modification."
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Figure 2.2: The Bacillus anthracis Secondary Cell Wall Polysaccharide.

Despite this ambiguity, evidence indicates that galactose modifications do not play a significant role in

SLP binding. CDC-684 is a non-galactosylated avirulent variant of B anthracis with an identical SWCP
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backbone. The CDC-684 variant retained the pyruvate acetal, O-acetate, and amino group modifications
found on SCWPs from galactosylated B. anthracis strains as well as an intact S-layer. It has been
surmised that the modifications present on non-reducing SCWP unit could function as directive
elements for glycan-protein interactions.*

Although S-layer and BSL proteins both bind SCWP, their deposition on the cell surface is not
random. O-acetylation of SCWP has been proposed as a means to enable the deposition of certain SLP

1334 Two putative acetyltransferase systems

and BSL proteins at specific sites on the cell envelope.
identified in B. anthracis include the PatAl/PatB1 and PatA2/PatB2 systems. PatAl and PatA2 are
membrane bound O-acetyltransferases that are suspected to play roles in modifying SCWP and possibly
peptidoglycan.’>*> The patA1, patA2, and patAlpatA2 deletion mutants produced elongated chains of
vegetative cells with SCWP quantities comparable to those of WT cells, but with fewer O-acetyl
modifications. It was demonstrated that the patA2 mutant assembled significantly less EA1 into the
envelope relative to the wild type strain while the patAlpatA2 double mutant showed a complete loss
of EA1 from the S-layer. Interestingly, it was found that the ability to form a Sap based S-Layer was
retained in mutant strains. The findings indicated that O-acetylation of SCWP was necessary for EAl
binding, but not for Sap binding.

It is known that B. anthracis vegetative cells have the ability to form elongated chains within
host organisms to exceed the size of macrophages or granulocytes to avoid being engulfed. It was

13,34 .
3% 1n wild

suggested that O-acetylation of SCWP may be a way for the cell to modulate this process.
type cells, BsIO murein hydrolase has been shown to localize around the septal regions of the cell
envelope in order to facilitate the separation of daughter cells.”” The patAlpatA2 deletion mutants
failed to incorporate BslO or BslA into the S-layer. It was suggested that the absence of BslO at the cell

septa was the cause of the elongated phenotype seen in the patAl/patA2 mutants. A model was

proposed suggesting that patAl and patA2 mediated O-acetylation of SCWP is a prerequisite for EA1,
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BslO, and BslA binding and can be utilized by the cell to promote their deposition to localized regions of
the cell envelope.™

Despite the genetic evidence in support of SCWP functional groups playing a role in SLP and BSL
binding and their potential for regulating downstream cellular processes, no experiments have been
performed using well defined oligosaccharides. Herein, we report the synthesis of a library of novel
oligosaccharides based on the terminal trisaccharide unit of B. anthracis SCWP (Figure 2.3). The library
contains six trisaccharide members (1-6) with modifications including a 4,6-O-pyruvyl ketal as well as

varying patterns of O-acetylation and N-deacetylation.
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Figure 2.3: Synthetic Target Compounds
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In addition, a trisaccharide lacking the 4,6-O-pyruvyl ketal (7) was also included in order to determine
the importance of pyruvylation for SLH-binding and provide definitive proof to verify the findings in the
csa genetic experiments. The role of the 3-O-acetyl function on B-GlcNAc was assayed by comparing
compounds with and without the O-acetyl modification at this position. The idea was entertained that
additional acetyl modifications may occur at positions other than the internal -GIcNAc on a scale too
small to be detected by NMR. Furthermore, the closely related B. Cereus ATCC 10987 has a one residue
substitution on its SCWP polymer repeat, but is known to acetylate the O-3 position of ManNAc.* For
these reasons, compounds 1 and 2 were made bearing a 3-O-acetyl modification on the non-reducing
a-ManNAc to test the importance of this position for SLH mediated binding. The role of the free amine
was probed by replacing the a-GIcNH, with a-GIcNAc in select target compounds (2, 3, 5). A truncated
structure consisting of a 4,6 pyruvlated ManNAc was also synthesized (8) in order to determine the
minimum epitope for binding. In addition, a glucoside (9), mannoside (10), and mannosamine (11) target
compound bearing the 4,6-O-pyruvyl ketal were synthesized in order to assess the importance of the C-2
acetamido function on ManNAc for binding. In the event that 8 can bind an SLH protein, but neither 9
nor 10 can bind, the importance of the acetamido function can be established. If targets 8 and 10 can
bind the protein, but 9 cannot bind, the importance of stereochemistry at the position will be apparent.
Analysis of the B. anthracis genome indicates the existence of 10 N-deacetylases. Some are known to act
on peptidoglycan, but the substrates of others are still unknown.”” If additional N-deacetylation exists on
small quantities of SCWP or occurs during a particular part of the growth cycle, it may prove difficult to
detect. For these reasons, target 11 was synthesized to see if N-deacetylation at the C-2 position of
ManNAc has the potential to play a role in modulating the binding of SLP and BSL proteins.

Following the challenging synthesis of target compounds 1-11, carbohydrate microarray and
ELISA based experiments were designed and utilized to probe binding interactions between the

synthetic targets and a panel of mCherry fusion proteins constructed from the SLH binding domains of
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various SLP and BSL proteins (Table 2.1). The overarching questions that were addressed utilizing the
oligosaccharide library include: 1) What functionalities or combinations of functionalities are important
for SLP/BSL binding? 2) Do all S-layer and S-layer associated proteins have the same ligand requirements
for biding? 3) Can O-acetylation be used as a means to modulate the binding of EA1, BslA, and BslO as

demonstrated in the genetic studies?

Table 2.1: mCherry Fusion Proteins

Protein Description Reference

Sap SLH Domain+mCherry 12

EA1 SLH Domain+mCherry 12

BslA SLH Domain+mCherry

Bsll SLH Domain+mCherry e

BsIK SLH Domain+mCherry ()\?‘U'

BsIM SLH Domain+mCherry JM e SLH Domain of
BslO SLH Domain+mCherry 9 \ SLP/BSL Protein

#
=== M C

BsIP SLH Domain+mCherry <
BsIR SLH Domain+mCherry
BslIS SLH Domain+mCherry herry Reporter

BsIT SLH Domain+mCherry
BslU SLH Domain+mCherry
PlyG CBD Domain+mCherry 12

mCherry fluorophore + SLH/CBD domain

RESULTS AND DISCUSSION

Chemical Synthesis: A library of oligosaccharides derived from the non-reducing terminal unit of B.
anthracis SCWP was synthesized (Figure 2.3). The target compounds contain an orthogonal five carbon
linker that allows for conjugation to any desired carrier protein or surface. The chemical synthesis of the
library was challenging due to the presence of a 1,2-cis-glycosidic linkage with B-configuration, acetyl
ester(s), free amine(s), and a carboxylic acid. (Figure 2.4) In this respect, the base labile acetyl ester

demands that base cleavable protecting groups are avoided. In addition, the carboxylic acid and free
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amine complicates protein conjugation chemistry. Usually, this step involves a late stage modification of
an amino or carboxylic acid containing anomeric spacer with a thiol moiety for reaction with maleimide
or bromoacyl modified carrier proteins. Early stage installation of a thiol containing spacer would prove
problematic due to sulfur’s ability to poison the Pd-catalyst required for the removal of the commonly
utilized benzyl ethers. In addition, installation of the 4,6-O-pyruvyl ketal must also be done in a manner
that selectively yields the (S)-configuration. Further complicating the synthesis is the poor reactivity of

pyruvylated donors.”’

Carboxylic acid 1,2 Cis Glycosidic
Orthogonal Linker

\ Linkage
for Conjugation

Oy OH HO
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AN Lo |
()
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|90 ECO ©
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¢}
4,6-ketal Pyruvyl with H2N- O(CH,)sNH SH
(S) stereochemistry Base Sensitive /
Acetyl Esters

Differentially protect
3 types of amine

Figure 2.4: Synthetic challenges for B. anthracis SCWP derived compounds

The chemical synthesis was demanding and required many changes to the protecting groups
and the synthetic strategy. It was envisioned that target compounds 1-6 would be synthesized from two
common trisaccharide intermediates (Figure 2.5). One of the intermediates has a permanent protecting
group (e.g. Benzyl) at the O-3 position of ManNAc in order to provide access to compounds 5 and 6. The
second intermediate was acetylated at the O-3 position of ManNAc to afford compounds 1 and 2.
Completion of the disaccharide intermediate was considered a key step in the synthesis since the 4,6-O-

pyruvyl ketal with (S) stereochemistry was already installed as well as the 1,2-cis-glycosidic linkage.
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Figure 2.5: General Synthetic Strategy for Assembly of Common Trisaccharides for Targets 1-6

The 1,2-cis-glycosidic bond with beta configuration is one of the most difficult linkages to install
because its formation is thermodynamically unfavorable due to an absence of stabilization from the
anomeric effect and kinetically unfavorable due to steric clashing from the C-2 axial substituent. By
contrast, 1,2-trans-linkages can be easily formed using neighboring group participation (Figure 2.6). Two
overarching synthetic strategies were designed that utilized differing methods to introduce the
challenging 1,2-cis-glycosidic linkage with beta configuration. The first strategy (Method 1) involves
utilization of an O-2 participating group (alloxycarbonyl, levulinate, etc.) on the donor to first install the
beta linked glucoside. Following disaccharide formation, deprotection of the O-2 protecting group on
the non-reducing glucoside will take place, followed by installation of a leaving group, and subsequent
Sx2 inversion of the chiral center to yield a B-linked mannoside. The second strategy (Method 2)

involves a direct introduction of the 1,2-cis-linkage using Crich 3-Mannosylation conditions.*®
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Figure 2.6: Synthetic Challenges: Preparation of 1,2-cis-Beta-mannoside

Method 1: C-2 Inversion Strategy
It was envisaged that the target compounds would be assembled using four monosaccharide building
blocks (BBs). A key feature of this approach is the use of trichloroacetyl (TCA), trifluoroacetyl (TFA), and
the benzyloxycarbonyl (Cbz)/Benzyl (Bn) pair as amino protecting groups.” The differential reactivities
of these protecting groups make it possible to selectively modify the various amino groups of the target
compounds. In particular, the TCA at C-2 of a 2-amino glycosyl donor can perform neighboring group
participation during glycosylations to give selectively a 1,2-trans-glycoside. The TCA can be subsequently
reduced to an acetamido function by treatment with BusSnH and AIBN.*° The purpose of the TFA
protecting group is to enable the preparation of a compound bearing a single free amine on the linker.
The Bn/Cbz protecting groups can be removed using catalytic hydrogenation in the presence of TFA
allowing for selective installation of a thiol spacer for protein conjugation. Afterwards, cleavage of the N-

TFA group under very mild basic conditions with triethylamine and methanol reveals the free amine on
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the final target without affecting the base labile acetyl ester.*" A general description of the synthetic
strategy for the preparation of target compounds 1-4 is described below (Scheme 2.1) and serves to

demonstrate how the various chemical reactivities can be exploited.
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Scheme 2.1: Method 1: General Overview of Synthetic Strategy.

Method 1: Planned Synthetic Procedure: The first step involves a TMSOTf catalyzed glycosylation
between glucosyl donor (BB1) and acceptor 22. BB1 will have a participating protecting group (e.g.
Alloc) at C-2 to give selectively the 1,2-trans-glycoside.”” Next, the C-2 protecting group of 1a will be
removed and a triflate will be installed on the resulting C-2 hydroxy of compound 2b to provide
intermediate 3c. Next, the triflate will be displaced by sodium azide in Sy2 fashion to yield the 2-azido-f3-
D-mannoside (4d/5e).”® If the C-3-position is not yet O-acetylated (4d), the temporary protecting group
will be removed and the resulting 3-hydroxy will be acetylated. Next, the azido function of 5e will be

selectively reduced to amine 6f (e.g. propanedithiol, TEA) and protected with TCA using standard
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conditions to provide compound 7g. The TDS can then be removed using HF-pyridine complex yielding
8h.** The lactol will be converted into glycosyl donor 9i using with N-phenyltrifluoroacetimidoyl chloride
and Cs,C0O;.** A TMSOTf catalyzed glycosylation of imidate 9i with glycosyl acceptor 56 will provide the
common trisaccharide intermediate 10J as only the 1,2-trans-glycoside by way of neighboring group
participation of the TCA function.

The common trisaccharide can be further differentiated to afford target compounds 1-4
(Scheme 2.2). Tributyltin hydride and a catalytic amount of AIBN can be used to reduce the TCA and

azide functions of 10J to the corresponding acetamido and amine functions.*
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Scheme 2.2: General Synthetic Strategy for Compounds 1-4.
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The resulting amine can be protected with a TFA function to afford compound 11K as a precursor for
Targets 1 and 4. Alternatively, the amine can be acetylated using Ac,0 to provide 11K’ as a precursor for
Target compounds 2 and 3. The reduction of azide and TCA can also be accomplished Zn-Cu couple in
acetic acid.”® Afterwards, catalytic hydrogenation of 11K/11K’ can be utilized for the removal of the
benzyl ester, ethers, and Cbz groups. The thiol spacer can then be installed onto the linker amine using
DTSSP (3,3'-dithiobis(sulfosuccinimidyl propionate)) to afford compounds 12L and 2. Treatment of 12L
with triethylamine in methanol will remove the TFA*" and afford target compound 1. Treatment of 12L
with a stronger base will remove both the TFA and O-acetyl groups affording target compound 4. To
obtain target 3, compound 2 can be deacetylated with NaOH. Access to the additional target
compounds (5 and 6) can be provided via modification of the O-3 position on the Mannoside donor
(BB1) with a permanent protecting group such as benzyl.

A model study was conducted to determine if the N-TFA function would be stable under the

catalytic hydrogenation conditions used to remove benzyl and Cbz protecting groups (Scheme 2.3).

o]
o) o]
FrBo0 abc NapQ” ° . WO
N3 TFANH TFANH
O(CHz)sN(Bn)CBz O(CH,)sN(Bn)CBz O(CHy)sNH,

Scheme 2.3: TFA Stability study using benzyl deprotection conditions. (a) i) Zn-Cu Couple, HOAc; (b) TEA,
DCM; (c) Pyridine, Trifluoroacetic anhydride, 0°C; (d) Pd(OH),, H,, t-BuOH, H,0, HOAc.

In the model study, an N-TFA bearing monosaccharide was made from a readily available building block.
The TFA bearing compound was reacted under catalytic hydrogenation conditions with Pd(OH),. After
stirring for 18 hrs, MALDI-TOF MS detected several peaks representing partially deprotected

intermediates and residual starting material. The reaction mixture was filtered and concentrated. Fresh
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solvent and catalyst was added and the reaction was allowed to stir for an additional 6hrs. At this point,

the major peak was that of the product. No changes in the TFA protecting group could be detected.
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Scheme 2.4: Synthesis of Benzyl Pyruvate.(a) Benzyl Bromide, Cs,CO;, DMF; (b) Benzyl Alcohol, Pyridine,
THF, Mesyl chloride, 0°C (46%).

Synthesis of Benzyl Pyruvate: The first attempt to make benzyl pyruvate (13) involved dissolving pyruvic
acid (12) in DMF along with benzyl bromide and cesium carbonate (Scheme 2.4). Unfortunately a
complex mixture was obtained containing decarboxylation side products and other impurities. In order
to prevent side reactions, an alternate method was attempted in which a mesylate was generated in situ
in the presence of benzyl alcohol at 0°C.*” The alcohol serves as a readily available nuclephile that can
displace the mesylate before decarboxylation can occur. Utilizing this method, benzyl pyruvate could be
obtained in 46% vyield in high purity. The product showed no degradation by NMR after storage at

-20°C for 8 weeks.

Synthesis of Building Block 1 Version 1: Starting with intermediate 14, organotin-mediated
regioselective protection was utilized to selectively install acetyl at the C-3 position. The dibutyltin oxide
reacts with the diol to give the corresponding stannylene acetal. A complex interplay of structural and
electronic factors helps to increase the nucleophilicity of one of the oxygen atoms in the stannylene ring
thereby enhancing O-2 selectivity.”® Compound 15 was obtained in 69% yield along with a small quantity
of inseparable di-acetylated impurity (Scheme 2.5). Afterwards, Alloc was selectively installed at the C-2

position to provide compound 16. Next, compound 16 was heated in an 80% aqueous solution of acetic
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acid to afford diol 17 in 83% vyield over two steps. At this point, the diacetylated impurity could be

separated out via silica gel chromatography (40% Acetone/tolene).
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Scheme 2.5: Synthesis of Building Block 1 Version 1. (a) i) Dibutyltin oxide, MeOH, 65°C; (b) AcCl, DCM,
0°C, 69%; (c) Allyl chloroformate, DMAP, DCM; (d) 80% HOAc (aq), 50°C, 83%, 2-steps; (e) Benzyl
Pyruvate, BF;(OEt),, Acetonitrile, 66%.

In order to find appropriate conditions for the installation of pyruvyl, a test reaction was set up. The
solvents typically used in reported literature are dichloromethane and acetonitrile. The reactions were
found to proceed faster in acetonitrile than in DCM. In addition, reactions in acetonitrile produced only
the thermodynamic product. However, the thermodynamically less stable isomers in DCM reactions
would eventually rearrange to the thermodynamically favored forms under acidic conditions. For 4,6-O-
acetals the thermodynamic products were the isomers having an axial methoxycarbonyl group (i.e. (S)-
isomers for D-Glucopyranosyl and D-Mannopyranosyl forms and (R)-isomers for D-Galactopyranosyl
)49

derivatives.)” In this case, the S-stereoisomer is the desired thermodynamic product; therefore

conditions using a longer reaction time in acetonitrile at room temperature were attempted. Diol 17 was

dissolved in acetonitrile along with benzyl pyruvate.>*>*

BF;(OEt), was added via dropwise addition and
the reaction was allowed to proceed for 18hrs. Following column chromatography, compound 18 was
successfully obtained in 66% yield as a 1:4 (o) mixture. The anomerization of pyruvylated

thioglycosides has been documented in literature where a pyruvylated 1-thiophenyl-galactoside, usually
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anomerically stable under acidic condition, was prone to anomerization and gave an anomeric mixture
of the corresponding (S)-pyruvylated D-galactosides.”> NMR was used to confirm that the product was
indeed a mixture of anomers as opposed to a mixture of (R) and (S) stereoisomers. The anomers were
separated using preparatory TLC by triply eluting with 30% Et,0/Hexanes and S-stereochemistry was

confirmed by NMR (Figure 2.7).
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Figure 2.7: Characterization of Pyruvylated Building Block (B-anomer): HSQC NMR Spectra

An equatorially oriented methyl group (i.e. (S)-configuration of acetal carbon in D-glucose and D-
mannose) shows an up-field shift in "H-NMR spectrum compared to an axially oriented methyl (1.5 ppm
vs. 1.7 ppm). Also, the equatorial methyl group shows a down-field shift in *C-NMR compared to an

53,54

axial methyl (25 ppm vs. 17 ppm). In addition, the coupling constants for the anomeric protons were

Jyn=4.8 Hz and J.y= 171 Hz for alpha anomer and J;.; = 9.8 Hz and J..; = 162 Hz for the beta anomer.
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Scheme 2.6: Synthesis of Building Block 2 Version 1. (a) NaOMe, MeOH; (b) PhCH(OMe),, CHsCN, CSA,
66% 2-steps; (c) Ac,0, Pyridine, 95%; (d) Triethylsilane, TfOH, DCM, -78°C, 92%.

Synthesis of Building Block 2 Version 1: The next step of the synthesis involved the preparation of the
second building block (Scheme 2.6). Compound 19 was synthesized using a previously described
method.> Intermediate 19 was deacetylated under Zemplen conditions to yield a 3,4,6 triol. Without
further purification, the benzylidene was installed using benzaldehyde dimethyl acetal and CSA to afford
compound 20 in 66% yield over 2 steps. The C-3 hydroxyl was then acetylated with Ac,0 to provide 21 in
95% vyield. Afterwards, the benzylidene was selectively opened at the O-4 position using triethylsilane,

TfOH conditions to give 22 in 92% yield.

Building Block 3 Version 1: Compound (23) was synthesized using a previously published procedure.”®

Disaccharide Synthesis: For the synthesis of disaccharide 24, neighboring group participation from the
2-0O-Alloc was utilized to selectively form the beta product (Scheme 2.7).** Several conditions were
attempted (Table 2.2). The first attempt employed NIS (1.5eq) and TMSOTf (0.26eq) activation
conditions at -20°C. After stirring for 1hr, the reaction was warmed to 0°C. A small amount of product
was seen by TLC, but the major components of the reaction mixture were hydrolyzed donor and
unreacted starting material. The yield of 24 was low at 13%. It has been mentioned in literature that

pyruvylated donors are deactivated and can be difficult to activate during glycosylation reactions.*’
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Scheme 2.7: Disaccharide Synthesis with Building Block 1 Version 1. (a) Method 1: NIS, TMSOTf, DCM, -
20 to 0°C; Method 2: i. DPS, TTBP, Tf,0, DCM, -78°C to -55°C ii. Add Acceptor dropwise, Warm to RT.
Method 3: NIS, TfOF, DCM, 0°C, (b) (PPh3)4Pd, Morpholine, THF, H20.

Table 2.2: Glycosylation Conditions for Donor 18 and Acceptor 22.

Conditions Yield
13%
Method 1: NIS (1.5 eq), TMSOTT (0.26 eq),
DCM, -20°C to 0°C Mostly SM and hydrolyzed donor
DPS, TTBP, Cyclooctene, 21%
Method 2: T£,0, DCM, -60°C to 0°C

Mostly SM and hydrolyzed donor

NIS (1.5 eq), TfOH (0.26-1.0 eq), 16%

Method 3: DCM, -20°C to 0°C

Loss of Alloc from donor

The next attempt at disaccharide formation involved the use of preactivation conditions.’” Donor 18 was
combined with diphenylsulfoxide (DPS), 2,4,6-tri-t-butylpyrimidine (TTBP), and cyclooctene scavenger to
protect the Alloc double bond. The mixture was cooled to -60°C. Tf,O was added via dropwise addition
and the mixture was allowed to warm to -50°C. Acceptor 22 was added by dropwise addition and the
mixture was allowed to warm to 0°C. The reaction yield of 24 had improved, but the 21% yield was not
optimal. The next glycosylation procedure attempted utilized NIS and TfOH activation conditions. It was

apparent that donor 18 was not very reactive so an attempt was made to push the reaction to
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completion by adding additional triflic acid until the starting material was completely consumed. Donor
18 and acceptor 22 were dissolved in DCM and cooled to -20°C. Next, NIS (1.5eq) was added followed by
TfOH (0.26eq). The reaction was warmed to 0°C. Triflic acid was added in 0.2 eq increments. Following
each addition of triflic acid, TLC was taken in order to monitor the progress of the reaction. Once a total
of leq of triflic acid had been added, the reaction was stirred for an additional 30 minutes and
guenched. Even at this time, residual donor remained as well as donor without Alloc.

Due to the low reactivity of donor 18, a decision was made to convert the thioglycoside to
imidate to see if reactivity could be improved. An attempt was made to hydrolyze the thioglycoside

directly to lactol using NIS, TFA, H,0, and acetone®® (Scheme 2.8). However, this method resulted in the

loss of Alloc.
0. 0Bn 0.._0Bn OBn
%O jTO jT
O a
o SEt —x— o Q. LOH - 2 LO__CF,
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18  OAlloc OAlloc OAlloc NPh

Scheme 2.8: Hydrolysis of Thioglycoside 18 and Conversion to Imidate. (a) NIS, Trifluoroacetic acid,
Acetone, water; (b) 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride, K,CO3;, DCM.

Before proceeding with the design and synthesis of an alternative building block, the disaccharide (24)
from the separate reactions above was combined and used to test out the proceeding reactions
involving the removal of Alloc, installation of triflate, and Sy2 inversion to the 2-Azido Mannopyranoside

(Scheme 2.9).
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Scheme 2.9: Removal of Alloc from disaccharide 22. (a) (PPh;),Pd, Morpholine, THF, H,0.
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To remove Alloc, disaccharide 24 was reacted with (PPh;),Pd in THF and water with a morpholine
scavenger to prevent transallylation.”® Unfortunately, only trace amounts of 25 were detected. The
majority of 24 had been converted to a side-product with partially reduced TCA as verified by MALDI-
TOF MS and NMR. It was apparent that the deprotection conditions for Alloc would not be compatible
with the TCA protecting group.

Due to the combination of poor reactivity of the thioglycoside donor (18) and the
incompatibility of (PPhs3),Pd with TCA, a decision was made to try an imidate based glycosylation
strategy using an alternative protecting group in place of Alloc. The Seeberger group had reportedly
used a benzylated galactoside with Fmoc protection at the O-2 postion and an anomeric imidate.® The
Fmoc would allow for easy deprotection under mild basic conditions. It has also been shown that an

imidate could be formed in the presence of Fmoc.*

(@)
Ph a b Ph (o) c Ph/r (0]
fﬁ O oTps /T oTDS oTDS
O ACO
26

OH 27 OH 28 OFmoc
O OBn O. _OBn
HO Loss of TDS
o} e o
d HO oTDS HF-Pyr 0
AcO—>—"]Y—> o\ 7 N OH T~ > o) OH
29 OFmoc AcO
30 OFmoc OFmoc
O. _0OBn J f
(e}
Q CF
o 3
A(go
31 OFmoc NPh

Scheme 2.10: Synthesis of Building Block 1 Version 2. (a) i) Dibutyltin oxide, MeOH, 65°C; (b) AcCl, DCM,
0°C, 70%; (c) Fmoc-Cl, Pyridine, DCM, 100%; (d) 80% HOAc (aq), 50°C, 89% (e) Benzyl Pyruvate,
BF;(OEt),, Acetonitrile, 15%; (f) 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride, K,CO3;, DCM, 78%.

Building Block 1 Version 2: Compound 26 was synthesized using a previously published procedure.®

Dibutyltin oxide conditions were employed to first form the stannylene acetal with 26 (Scheme 2.10).
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This was followed by selective installation of acetyl at the O-3 position using acetyl chloride in DCM to
afford compound 27 in 70% yield. Next, Fmoc was installed at the O-2 position using Fmoc-Cl to provide
compound 28 in quantitative yield. Removal of the benzylidene acetal was accomplished by heating in
80% Acetic acid (aq) to give 29 in 89% yield. Installation of the 4,6-O-pyruvyl ketal was attempted under
BF;(OEt), conditions.’®>! Unexpectedly, a pyruvylated product with cleaved TDS (30) was obtained in
15% vyield. Although this synthetic scheme appears to be a dead end, the product obtained was
converted to an imidate (31) in 78% yield for use in a test reaction to determine if imidate based

glycosylation can produce better yields than the thioglycoside based method.

O. _0OBn OBn
)VTO jT
0 OTDS OTDS
o) O CFs % 0] cO
AcO OFmoc
31 OFmoc NPh 22 C|3C/§ CI3C/§

Scheme 2.11: Synthesis of Disacharide 32. (a) TMSOTf, DCM, -30°C, 20%.

During the TMSOTf catalyzed glycosylation of donor 31 with acceptor 22, it was noticed that 31 was
completely consumed within 20 minutes indicating a more reactive donor in comparison to the
thioglycoside (Scheme 2.11). There was, however, a significant quantity of hydrolyzed donor and the
yield of 32 was only 20%. In an effort to replace the labile TDS protecting group of 29 with a more robust
alternative, compound 28 was treated with HF-Pyridine. Unexpectedly, the reaction proceeded very
slowly. After stirring for 2 days, a mixture of starting material and product along with side products
lacking benzylidene were detected in the mixture. A decision was made to further modify the donor by

replacing the anomeric TDS with an Allyl ether and by using a levulinoyl ester in place of the 2-O-Fmoc.

Building Block 1 Version 3: Compound 33 was synthesized according to a previously published

procedure® A short cut in the synthesis was attempted via early installation of the 4,6-O-pyruvyl ketal
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on the non-protected glucoside (Scheme 2.12). Unfortunately, the yield of 34 was too low (~12%) to
proceed in this direction.

Dibutyltin oxide conditions were employed to selectively install the 3-O-acetyl providing
compound 35 in 27% yield along with a separable 2-O-acetyl impurity in 24% yield. Next, the levulinoyl

ester was installed at the O-2 position to afford 36 in quantitative yield.
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Scheme 2.12: Synthesis of Building Block 1 Version 3. (a) 80% HOAc (aq); (b) Benzyl Pyruvate, BF3;(OEt),,
Acetonitrile, 12%; (c) i) Dibutyltin oxide, MeOH, 65°C; ii) AcCl, DCM, 0°C, 27%; (d) Levulinic acid, DCC,
DMAP, DCM, 100%; (e) 80% HOAc (aq), 50°C, 91%; (f) Benzyl Pyruvate, BF;(OEt),, Acetonitrile, 33%; (g) i)
CasHagFslrPs, THF ii) HgO,HgCl, Acetone, H,0, 93%; (h) 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride,
K,CO3, DCM, 99%.

The benzylidene acetal was removed using 80% HOAc (aq) to give 37 in 91% yield. Next, the pyruvyl
ketal was installed using BFs;(OEt), conditions to provide compound 38 in 33% vyield.>>*' The yield for
pyruvylation was significantly lower for this building block than for the previous thioglycosides. This
could be due to the presence of Lev at O-2 in place of the previous Alloc or the anomeric O-Allyl in place

of the thioglycoside. Afterwards, 1,5 Cyclooctadienebis-(methyldiphenylphosphine)iridium(l)-
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hexafluorophosphate catalyst was used to isomerize the allyl. This was followed by cleavage of the
resulting enol-ether under HgO/HgCl, conditions to afford 39 in 93%.%* Lactol 39 was then converted to

imidate donor 40 in 99% yield.
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Scheme 2.13: Glycosylation reaction with imidate 40. (a) TfOH, DCM, -20 to 0°C.

Donor 40 and acceptor 22 were used in a triflic acid catalyzed glycosylation in an attempt to
make disaccharide 41 (Scheme 2.13). The reaction was initiated at -20°C and allowed to come to room
temperature over 1lhr. No product was detected in the reaction mixture by TLC or MALDI-TOF MS
analysis of the reaction mixture. Only hydrolyzed donor and residual acceptor were present. Due to a
lack of disaccharide formation using donor 40 and the low yield with imidate donor 31 in the previous

reaction, a decision was made to retain the C-2 Lev, but revert back to the thioglycoside based donor.
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Scheme 2.14: Synthesis of Building Block 1 Version 4. (a) Levulinic acid, DCC, DMAP, DCM, 97%; (b) 80%
HOACc (ag), 50°C, 82%; (c) Benzyl Pyruvate, BF;(OEt),, Acetonitrile, 38%.

Building Block 1 Version 4: Starting from intermediate 15, Lev was installed at the O-2 position to give
compound 42 in 97% yield (Scheme 2.14). Afterwards, benzylidene was removed using 80% HOAc (aq)
to provide diol 43 in 82% yield. The 4,6-O-pyruvyl ketal was installed using BF;(OEt), conditions to afford
an a:p mixture of compound 44 in 38%.°*>" The yield for pyruvylation was low in comparison to the

reaction involving thioglycoside 18 (~68%). It was initially thought that having an anomeric O-allyl in
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place of the thioglycoside in BB1-V3 may be the cause of the low vyields for pyruvylation, however the
results seen here seem to indicate that replacing the 2-0O-Alloc with 2-O-lev may contribute to the lower
yield as this is the only diference between building blocks 18 and 44. A triflic acid catalyzed glycosylation
of donor 44 with acceptor 22 yielded disaccharide 41 in 37% yield (Scheme 2.15). This was the highest
yield obtained thus far for disaccharide formation. The disaccharide product was moved forward in
order to test out the proceeding reactions. The 2-O-Lev group on 41 was removed using hydrazine
acetate to afford compound 46 in 82% vyield.® The next step involved inversion of the C-2 position by
first installing a leaving group and then displacing the leaving group in Sy2 fashion with an azide

nucleophile to produce the 2-Azido-B-Mannoside (47).” Unfortunately, triflate proved difficult to install.
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Scheme 2.15: Synthesis of Disaccharide 41 with thioglycoside donor 44. (a) NIS, TFOH, DCM, -20 to 0°C,
37%; (b) Hydrazine Acetate, MeOH, DCM, 82%; (c) i) Tf,O0, DCM, 0°C, ii) NaN;, DMF.

The triflate intermediate typically produces a significant shift on TLC to a higher Rf value in comparison
to the starting material. Initially, it was thought that the unusual nature of the pyruvylated donor may
have reduced the Rf shift that was normally observed and that the starting material and product were
overlapping. The reaction was pushed forward to the Sy2 inversion step with sodium azide, but no
product was detected. At this point, a failed installation of triflate was suspected. The reaction was

repeated with fresh reagents, but still no product was obtained. Installation of alternative leaving groups
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was attempted under a variety of conditions (Table 2.3). An effort was made to install Mesylate and
Tosylate using an excess of MsCl or TsCl at room temperature. After stirring overnight, additional

equivalents of MsCl or TsCl were added and the reactions were heated. Unfortunately, installation of the

leaving groups failed in all cases.

Table 2.3: O-2 Leaving Group Installation Conditions Attempted on Disaccharide 46.

O OBn BnO Oy ©Bn BnO
o Icr;stall Leaving o
0 o roup o o
0 0 OTDS o o 0 OTDS
AcO cO AcO AcO

Al
OH NH LG NH
46 _ .
C|3C,§O LG = Leaving Group CI?’C&O
Equivalents Tf,0: Base: Conditions: Yield:
7eq. Pyridine (42 eq.) Stir 1hr at 0°C and 1 hr at Room Temperature No Rxn
7 eq. Pyridine (42 eq.) Stir 1hr at 0°C and stir at Room Temperature (~16 hrs) | No Rxn
Additional 7 eq. Pyridine (42 eq.) Heat at reflux-Monitor reaction over 16 hr No Rxn
Equivalents MsCI: Base: Conditions: Yield:
2.5 eq. Et;N (2.5 eq.) Stir at Room Temperature (~16 hr) No Rxn
Additional 2.5 eq. | Et3N (Aditional 2.5 eq.) Heat at reflux-Monitor reaction over 16 hr No Rxn
Equivalents TsCl: Base: Conditions: Yield:
3eq. Pyridine (solvent) Stir at Room Temperature (~16 hr) No Rxn
Additional 3 eq. Pyridine (solvent) Heat at reflux-Monitor reaction over 16 hr No Rxn

In order to verify that the O-2 position was indeed available for installation of a leaving group, a small
quantity of disaccharide was reacted with Ac,0 and Pyridine (Scheme 2.16). Within 15 minutes,

acetylated product formation could be seen by MALDI-TOF MS indicating that the 2-O-hydroxy was

indeed available.
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Scheme 2.16: Actylation of the 02 Position on Disaccharide 46.

It was thought that the strong electron withdrawing nature of the leaving groups may be contributing to
unfavorable dipole interactions and subsequent failure of the reaction. It was also suspected that the
3-0-acetyl may be problematic so a decision was made to protect the O-3 position with a non-electron
withdrawing functionality to eliminate these possibilities. On the modified building block the 2-O-Lev

was retained and the 3-O-acetyl was converted to a 3-O-(2-Naphthylmethyl) ether (Nap).

O
Ph Ph
AXT 0 /Ki o o} d
SEt —’ o SEt
O NapO NapO
14

49 OlLev
OBn
HO
o) eorf
HO SEt ——
NapO NapO
50 OLev Olev

Scheme 2.17: Synthesis of Building Block 1 Version 5. (a) i) Dibutyltin oxide, MeOH, 65°C; (b) Nap-Br,
CsF, DMF, 43%; (c) Levulinic Acid, DCC, DMAP, DCM, 98%; (d) 80% HOAc (ag), 50°C, 82% (e) Benzyl
Pyruvate, BF;(OEt),, Acetonitrile, 8%; (f) i) TMS-CI, pyridine ii) Benzyl Pyruvate TMSOTf, DCM -20°C to RT.

Building Block 1 Version 5: Compound 14 was reacted with dibutyltin oxide to form the stannylene
acetal followed by reaction with CsF and NapBr to selectively install the 3-O-(2-methylnaphthyl) and
afford compound 48 in 43% vyield (Scheme 2.17). Next, the levulinoyl ester was installed at the 0-2
position to provide 49 in 98% yield. The benzylidene acetal was removed by heating in 80% HOAc (aq) to

50,51

give 50 in 82% yield. During the installation of pyruvyl using BF3;(OEt), conditions, the Nap protecting
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group was unexpectedly lost contributing to the low 8% yield of 51. An alternative method was
attempted for installation of the 4,6-O-pyruvyl ketal.®® In this method, the free hydroxyl positions were
first silylated with TMS-Cl in pyridine. Afterwards, TMSOTf catalyzed formation of the 4,6-O-pyruvyl
ketal was attempted in the presence of benzyl pyruvate. Unfortunately, this method yielded only 4%
product. At this point, a decision was made to retain the C-2 Lev but replace the labile 3-O-Nap group

with a more robust allyl ether.

Building Block 1 Version 6: Compound 14 was reacted under dibutyltin oxide conditions to install the
stannylene acetal. The tin intermediate then was stirred with with CsF and allyl bromide to selectively
install the 3-O-Allyl and afford compound 52 in 77% yield (Scheme 2.18). Next, the levulinoyl ester was
installed at the O-2 position providing compound 53 in 96% yield. Afterwards, the benzylidene acetal

was removed by heating 53 in 80% HOAc (aq) to give 54 in 94% yield.

ARSI VA WL v AW
Ho

SEt ——» SEt
14 OH 7 52 OH // 53  Olev
OBn
54 OLev
55 OLev

Scheme 2.18: Synthesis of Building Block 1 Version 6. (a) i) Dibutyltin oxide, MeOH, 65°C; (b) Allyl-Br,
CsF, DMF, 77%; (c) Levulinic Acid, DCC, DMAP, DCM, 96%; (d) 80% HOAc (aq), 50°C, 94% (e) Benzyl
Pyruvate, BF;(OEt),, Acetonitrile, 20%.

The pyruvyl ketal was subsequently installed using BF;(OEt), conditions affording compound 55 in 20%
yield. Previous reports have shown that installation of pyruvyl is typically higher yielding when an

50,51

electron withdrawing substituent is present at the O-3 position. Ideally, it would be better to first

install pyruvyl with an electron withdrawing substituent at O-3, and afterwards, replace that function
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with the desired protecting group. As indicated in previous reactions, the 2-O-Lev may also be playing a
role in the poor pyruvylation yield as well.

During the first attempt at disaccharide formation with donor 55 and acceptor 22, an orthoester
side product formed as the major product (Scheme 2.19). The reaction was repeated and an additional
0.1leq of TfOH was added after 15 mins in order to prevent orthoester formation. The yield of 56 was
still relatively low at 24% and a trehalose side product was also present. Next, the disaccharide was

stirred with hydrazine acetate to remove the Lev affording 57 in quantitative yield.

O OBn

BnO OBn
e % - &4 % —
AIIyIO 0 AINIO
55 OLev NH OLev
C|3C/‘\\O CI3C/§
OBn je?;n
AIIyO Alls('?
CI3C/\\ ClsC"\\

Scheme 2.19: Synthesis of Disaccharide 58 and conversion to 1,2-cis glycoside 58 via C-2 inversion. (a)
NIS, TfOH, DCM, -20 to 0°C, 24%; (b) Hydrazine Acetate, MeOH, DCM, 100%; (c) i)Tf,O, DCM, Pyr, 0°C, ii)
NaNs, DMF, 55°C, 68%.

The installation of triflate on 57 was successfully performed using Tf,0. Next, inversion of the C-2
position was performed by heating with sodium azide in DMF to give 58 in 68% yield.** The results
demonstrate that by replacing the 3-O-acetyl ester on the pyruvylated glucoside with a 3-O-allyl ether,
the triflate can be successfully installed at the O-2 position for subsequent Sy2 inversion. The success of
this strategy allowed for the key disaccharide intermediate in the synthesis to be obtained. However,
this synthetic route was not without drawbacks necessitating the exploration of alternative strategies. In

addition to the low yield of the glycosylation reaction, installation of pyruvyl onto the donor was also
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low vyielding (20%). In any future strategy, an ester substituent would need to be in place at the O-3
position of the glucoside prior to pyruvlation to increase the efficiency of the acetalization reaction.
Afterwards, this function would need to be selectively removed in the presence of other base labile
functions such as the benzyl and levulinoyl esters. Next, an ether based substituent would need to be
installed at the O-3 position using mild conditions. In addition, a change of protecting group at O-2 may
also be necessary due to the low pyruvylation yields experienced with 2-O-Lev donors. Due to the many

variables and potential problems, alternative strategies were explored.

Pyruvyl Installation on a Disaccharide: A synthetic procedure involving the pyruvylation of a
disaccharide was previously reported.®’” Installation of the 4,6-O-pyruvyl ketal at the disaccharide stage
would allow for use of more reactive non-pyruvylated donors during glycosylations. The strategy
involves first synthesizing a benzylidene protected disaccharide and then removing the benzylidene to

make available the O-4 and O-6 hydroxys for installation of the pyruvyl.

Building Block 1 Version 7: The anomeric Allyl was removed from intermediate compound 36 using
1,5 Cyclooctadienebis-(methyldiphenylphosphine)iridium(l)hexafluorophosphate catalyst to first
isomerize the allyl. The resulting enol-ether was cleaved under HgO/HgCl, conditions to provide 59 in

93% yield® (Scheme 2.20). Next, the lactol was converted to an N-phenyl trifluoracetimidate donor (60)

in 93% yield.
0]
Ph/ro o a Ph/r o 5 c ph/YO o o
~ H 3
225 O~ A0 A0 ©
36 LevO 59 LevO 60 LevO NPh

Scheme 2.20: Synthesis of Building Block 1 Version 7. (a) i) CssH3sFslrPs, THF ii) HgO, HgCl,, H,0, Acetone,
93%; (b) 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride, K,CO;, DCM, 93%.
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Due to the fact that installation of the pyruvyl occurs after disaccharide formation, the anomeric TDS on
the acceptor had to be replaced with a more robust allyl. It was previously shown in the synthesis of

Building Block 1 Version 2 that BF;(OEt), conditions can cleave the anomeric TDS.

AcO o b Ph/ro c Ph/To o}
AcO —>a' Q o O (0]
Aco O C?_| 0 g AcO ~ X

HN
61 Oa,HN 62 o NH 63 o<
CCly CCly CCly
.
d cO O~
— HN
64 1
CCly

Scheme 2.21: Synthesis of Building Block 2 Version 2. (a) i) NaOMe, MeOH ii) Dowex Acidic resin; (b)
Benzyl Pyruvate, BF;(OEt),, Acetonitrile; (c) Ac,0,Pyridine, 78% 3-steps; (d) Triethylsilane, Triflic acid,
DCM, 63%.

Building Block 2 Version 2: Compound 61 was synthesized according to a previously published
procedure.®® Intermediate 61 was treated with methanolic sodium methoxide to remove the acetyl
protecting groups (Scheme 2.21). Next, benzylidene was installed using benzaldehyde dimethyl acetal
and CSA to afford 62. The 3-O-hydroxy was acetylated using Ac,0 and pyridine to provide compound 63
in 78% vyield over three steps. Afterwards, reductive ring opening of benzylidene at the O-4 position was
performed with triflic acid and triethylsilane to give compound 64 in 63% yield.*® With donor 60 and
acceptor 64 in hand, disaccharide formation was attempted. The glycosylation was attempted using two
different conditions (Table 2.4). The lower temperature condition (-50°C to -35°C) gave a better yield,
but the product was a mixture of alpha and beta anomers. The higher temperature reaction (-40°C to -
10°C) provided better Beta selectivity, but at a lower yield. It was expected that the replacement of the
deactivating 4,6-O-pyruvyl ketal with 4,6-O-benzylidene would provide a more reactive donor and a

significant improvement in yield. However, only a modest improvement in yield was seen. The
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combination of acetyl and levulinate ester may have a deactivating effect on the donor. No further
optimization of the reaction was performed as this was proof of principle reaction for the purpose of

seeing if the pyruvyl could be installed in good yield with (S) stereochemistry at the disaccharide stage.

Table 2.4: Glycosylation Conditions for the Syntheis of Disaccharide 65.

Pw%ﬁ g@ &W
Glycosylation
ACO CO AcO

ClsC"'\\ 6s 0 CI3C'§
Conditions: Results:
TMSOTT (0.23eq), DCM, -40°C to -10°C 25% Yield (Beta Only)
TMSOTF (0.23eq), DCM, -50°C to -35°C 43% (0B, 2:3 )

The benzylidene on disaccharide 65 was removed using 80% acetic acid to give diol 66 in 78% vyield
(Scheme 2.22). Afterwards, 4,6-O-pyruvyl ketal was installed using BFs;(OEt), conditions®>”" to afford 67
as a mixture of (R) and (S) stereoisomers in 28% yield. NMR was used to verify that the impurity was

indeed the undesired (R) stereoisomer located at the chiral carbon of pyruvyl ketal (Figure 2.8).

BnO
HO
"N % ° 2 0=
AcO |71‘(030 cO
LevO 66 LevO NH
CI3C’§ CliC4,
Oy_OBn
BnO
b © (0] =
- O
o (0]
Ago%ﬁ/llco S
67 LevO Clc~

(0]

Scheme 2.22: Installation of 4,6-O-Pyruvyl Ketal on Disaccharide. (a) 80% HOAc (aq), 78%; (b) Benzyl
Pyruvate, BF;(OEt),, Acetonitrile, 28% (R/S mixture).
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It could be seen that the product had two B-linkages via C-H coupling constants as well as a mixture of
the axial and equatorial pyruvyl metyl. Due to the low yield and purity resulting from pyruvyl installation

at the disaccharide stage, the B-Mannosylation based strategy (Method 2) was attempted.

j-= 160.6Hz, R=(1.6,17.8ppm)

e———

R
J=165Hz,

-
S =(1.5, 25ppm)

Figure 2.8: HSQC Spectra Showing Beta Product with R and S mixture at Pyruvyl stereocenter.

Method 2: Beta Mannosylation Strategy
The Method 2 strategy utilizes Crich B-mannosylation to directly install the 1,2-cis-glycosidic linkage with
beta configuration (Scheme 2.23). Crich’s method involves preactivation of mannosyl sulfoxides or
thioglycosides with triflic anhydride or benzenesulfenyl triflate, respectively, which results in the
formation of an a-triflate. Afterwards, an acceptor can be added to displace the a-triflate in Sy2 fashion

to afford the desired B-mannoside.”

(I)Tf
S
SHe
S

OTf
Bn DPS, Tf,0, TTBP OBn
Ph/v o S P\ © ; OBn
DCM 78°C /: /_R\_ R-0%H_ Ph/T
BnO 25 OR

©©

Scheme 2.23: Preparation of 1,2-cis-Beta-mannosides using Crich B-Mannosylation:
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The a-triflate intermediate has been observed in glycosylations employing the mannuronic acid
donor.”* The adoption of a high-energy conformation for the a-triflate with mannuronic donors may
contribute to the increased reactivity and beta slectivity observed for this type donor compared to other
uronic acid donors.”> Mannuaronic acid has some similarities in structure to the 4,6-O-pyruvylated
donors with the exception of the locked ring conformation (Figure 2.9). It was hoped that the successful
activation and subsequent formation of beta product seen in mannuronic acid would translate to some

degree to the pyruvylated donors.

R = Ac O
R = PMB N
R = Bn Meo
AcO 9 sph
BnO
4.6 Ketal Pyruvyl donor Mannuronic Acid Donor

Figure 2.9: Comparison between Manuronic Acid and 4,6-O-Pyruvylated donors.

Method-2: Planned Synthetic Procedure: The use of TCA, TFA, and Cbz/Bn amino protecting
groups was retained from the previous strategy.* The formation of disaccharide 1a or 3c will be

BI0If 5 protecting group is used

accomplished using Crich beta mannosylation conditions (Scheme 2.24).
at the 0-3 position of the Mannoside donor (BB1), it will be selectively removed and the resulting
hydroxy will be acetylated. Next, the azide will be selectively reduced in the presence of TCA (e.g. 1,3-
Propanedithiol, TEA) to yield 4d. The resulting free amine will be protected with TCA to yield 5e.
Afterwards, the TDS can be removed with HF-Pyridine complex™ to afford 6f. The resulting lactol can
then be converted to N-phenyl trifluoracetimidate donor (7g). A TMSOTf catalyzed glycosylation of

donor 7g with glycosyl acceptor 23 should yield the common trisaccharide intermediate 8h as only

the B-glucoside due to neighboring group participation of the TCA function.
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Common Trisaccharide
Intermediate

Scheme 2.24: Method 2: General Synthestic Strategy For Common Trisaccharide Intermediate (1 of 2).

At this point the synthesis converges with synthetic route laid out in Method 1. The deprotection
strategy in Scheme 2.2 (Pg. 60) can be followed for access to target compounds 1-4. Intstallation of a

benzyl at the O-3 position of the Mannoside donor (BB1) will provide access to targets 5 and 6.

O. OBn

ACO
SPh

68 R = H
al_, 69. R = Ac

Scheme 2.25: Synthesis of B-Mannosyl Donor 1 Version 1 (a) Ac,0, Pyridine; (b) 80% HOAc (aq), 70°C,
91% 2-steps; (c) Benzyl Pyruvate, BF3;(OEt),, Acetonitrile, 74%.

B-Mannosyl Donor 1 Version 1: Compound 68 was synthesized according to a previously published
procedure.”” The C-3 hydroxy on compound 68 was acetylated using Ac,0 and pyridine to give
compound 69 (Scheme 2.25). Next, the benzylidene acetal was hydrolyzed by heating in 80% HOAc(aq)
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to provide compound 70 in 91% yield over two steps. Finally, the 4,6-O-pyruvyl ketal was installed using

50,51

BF;(OEt), conditions™" to afford compound 71 in good yield at 74%.

O+ 0OBn

OBn a %O N3
5 -0 BnO
OTDS 88% a—product ACO o
AcO OTDS
0, NHTCA Q
72 cO

NHTCA

Scheme 2.26: Glycosylation with Donor 71 using 3-Mannosylation Conditions. (a) i) DPS, TTBP, Tf,0,
DCM (-78°C to -55°C); ii) Cool to -78°C, Add 22, warm to RT, 88% (c).

Donor 71 was dissolved in DCM along with diphenyl sulfoxide (DPS) and 2,4,6-Tri-tert-
butylpyrimidine (TTBP) and cooled to -78°C (Scheme 2.26). Triflic anhydride (Tf,0) was added and the
reaction was allowed to warm to -55°C to allow for anomeric triflate formation. The reaction mixture
was re-cooled to -78°C and acceptor 22 in DCM was added via dropwise addition, Afterwards, the
reaction mixture was allowed to warm to 0°C. The reaction produced the highest yield of any reaction
attempted thus far at 88%. Unfortunately, the product was exclusively in alpha configuration. The
conditions proved effective for activating the donor, but the streoselectivity needed to be improved. It
has been reported in literature that an electron drawing substituent at the O-3 position of a benzylidene
bearing thioglycoside also yielded an alpha product under f-Mannosylation conditions.”* However, the

unique nature of the donor made the attempt worthwhile.

B-Mannosyl Donor 1 Version 2: In an attempt to gain Beta selectivity, a modified building block was
made with a benzyl type protecting group in place of the 3-O-acetyl. The donor was modified by first
removing the 3-O-acetyl using Guanidine buffered sodim methoxide to provide compound 73 in 88%
yield (Scheme 2.27).” Next, a para-methoxybenzyl ether was installed to provide compound 74. The
presence of the base sensitive benzyl ester complicated the installation of PMB. Several different

conditions were attempted (Table 2.5). Initially, freshly made Ag,O was used along with PMB-CI in
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DCM’®. Product formation was observed but a large amount of starting material remained. Additional

equivalents of Ag,0 and PMB-Cl were added but the reaction did not proceed much further.

Oy -OBn O. _OBn O. _OBn

Scheme 2.27: Synthesis of B-Mannosyl Donor 1 Version 2. (a) Guanidine-HCl, NaOMe, DCM, MeOH,
88%; (b) PMB Installation.

Table 2.5: PMB Ether Installation Conditions

Conditions Results
Ag,0, PMB-CI, DCM, 33%, large excess PMB-CI and Ag,0,
16hrs difficult purification

PMB-Imidate (4eq), TfOH 60-70%, on 100mg scale. Yield drops

2 DCM. -20-0° significantly on larger scale (1g) to 30-
(100h<=;q), CM, -20-0°C, 40%
NaH, PMB-CI, DMF, 78%,, Best overall, worked on
0°C, 3hr gram scale

The purification was difficult due to excess PMB-Cl and the yield was only 33%. Next, a para-methoxy-
benzyltrichloroacetimidate was made from p-methoxybenzyl alcohol, trichloroacetonitrile, and DBU.”’
The imidate was added to a solution of 73 in DCM and cooled to -20°C. Triflic acid was added and the
mixture was allowed to warm to 0°C. On a 100mg scale, the reaction yield was relatively high at ~70%.
However, in larger reactions approaching 1g, the yield dropped to 30-40%. Afterwards, standard benzyl
installation conditions were attempted. The starting material was dissolved in dry DMF and cooled to
0°C. Sodium hydride was added portion-wise to avoid significant exotherm and the mixture was stirred
for 5 mins. Next, PMB-Cl was added to the mixture via dropwise addition. A yield of 78% was obtained

and the yield remained relatively high on gram scale.
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Scheme 2.28: Glycosylation with Donor 74 using 3-Mannosylation Conditions. (a) i) DPS, TTBP, Tf,0,
DCM (-78°C - 55°C); ii) Cool -78°C, 12; iii) Warm to RT, 71% 1.2:1 (B:.).

Crich Beta mannosylation conditions were attempted using the new PMB modified donor 74
and acceptor 22 (Scheme 2.28). Fortunately, the modified donor afforded some [3-selectivity and yielded
a 1.2:1 (B:a) mixture of disaccharide 75 in 71% vyield. The yield of subsequent reactions reached as high
as 85%, however the a:p ratio remained the same. The B-Mannosylation strategy (Method 2) proved to
be the best overall method despite the loss of some material as alpha product. Redeeming aspects of
this strategy include the high yielding synthesis of the Mannoside donor and the reduced number of
steps afforded by pre-installation of the C2-azide. With some disaccharide product in hand, the material

was pushed forward in order to conduct frontier reactions on the proceeding steps.

OBn OBn

BnO
/TT N3
75 > Q oTDs o)
—_ OTDS
'&) /&)CO

NHTCA NHTCA

Scheme 2.29: Removal of PMB from disaccharide 76 and Acetylation of free hydroxy. (a) DDQ, H,0,
DCM, 84%; (b) Ac,0, Pyridine, 100%.

The PMB of 75 was removed using DDQ’® to afford 76 in 84% yield (Scheme 2.29). A portion of
compound 76 was set aside in order to test out various azide reducing conditions (Table 2.6). A second
portion of 76 was acetylated to provide 77 in quanitative yield. Early on in the synthesis, it was found

that the 3-O-acetyl on ManNAc was more base labile than the 3-O acetyl on GIcNAc. Unfortunately, the
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selectivity of deprotection was not good enough to utilize in a synthetic strategy that would

provided easy access to compounds 5 and 6.

Table 2.6: Azide Reduction Conditions Attempted on Disaccharides 76 and 77.

have

Starting Material Reaction Conditions: Result:
0O,0Bn N BnO 77
%O 3 1) PPh; (1.5eq), THF 50°C a) PPhs, iminophosphorane
gb Q o O oTps 2) H,0 50°C b) Loss of TCA
A NHTCA Ref: 79
O;0Bn BnO 77 | 1)PMe; (1. THF 50°
jTO N3 : ) e ( 5OGQ)’ 50°C a) PMes, iminophosphorane
Q O otps |23 H050°C b) Loss of TCA
AD Qo b) 0.1M NaOH (2eq)
NHTCA Ref: 80
P dithiol (6eq),
0,0Bn \, BnO " TII'E?A‘\)?QS )I I\I/loe(():CI) a) Loss of Ac from SM
S o O OTDS RT gO’h b) Loss of Ac from SM and
A Qo a) rs some partial reduction of TCA
NHTCA b) 500C 24hrs Ref: 81
0,0Bn 77 Within 30mins, azide reduced
%O Ng  BnO SnCl; (1.5eq), but TCA reduced to dichloro form.
ASD Qo TEA (5eq), ACN 0°C Confirmed with NMR study of BB2
NHTCA Ref:82|  Acceptor
0,0Bn N BnO 76
%O 3 o 1) PMej3 (1.5eq), THF 50°C Appears to have reduced TCA,
Kol Q Q0 OTDS | 2) 0.1M NaOH (2eq) also unknown major peak at 917(m/z)
NHTCA
Ref: 80
0,0Bn BnO 76 Propanedithiol (6eq),
jTO N3 TEA (6eq), MeOH Mixture of SM and Product with
% 0 %O O oTDs 50°C 12hrs partially reduced TCA
NHTCA Ref: 81
76 a) Azide Reducedin 20mins, TCA
O%OBH N3 BnO NiCl,-(H,0)s (5eq) in various staged of reduction.
ogé . g&oms NaB.1 (boch, MoH goC | D) After 16hrs, added more NiCl,,
o) Qo 4 (o€4), NaBH, to push for full reduction of
NHTCA Ref:83|  TCA. TCA slow to reduce.
0;0Bn BnO 76
%o Ng =" BH,-THF (deq),
o Q Q5 O oTDS THF, 50°C No Reaction (36hrs)
NHTCA Ref: 84
0,0Bn BnO 76 . . . No reaction after 24hrs. Additional 6eq
%O N3 n Thioacetic Acid (2.5eq), of Thioacetic acid, Lutidine added
Q O oTDs 2,6 Lutidine (2.6eq), and still no reaction after additional
5 o) NHTCA Chloroform 50°C ror 55 16hrs
er:
O;0Bn N, BnO 76 No Reaction after 16hrs. Additonal
jTO o o Lindlar's Catalyst, Hy, Catalyst added and began to see
ol Qo OTDS MeOH partial reduction of TCA and unknown
NHTCA Ref- 86 peak at 909 (m/z)
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Some of the reducing conditions are basic in nature so reactions were attempted on both 75 and 76 to
determine if azide reduction should be attempted before or after the installation of 3-O-Acetyl on
ManNAc. A number of reduction methods were attempted, but it proved difficult to selectively reduce
the azide in the presence of TCA (Table 2.6). The use of Staudinger conditions resulted in the loss of TCA
and produced an iminophosphorane intermediate that proved difficult to hydrolyze. Reduction with
propanedithiol and triethylamine was attempted, but the conditions resulted in the loss of acetyl and
partial reduction of TCA. Thioacetic acid and BH5-THF reduction conditions were also attempted, but no
reaction took place with either condition. In addition, SnCl,, NiCl,, and Lindlar catalyst based methods
resulted in partial reduction of TCA. At this point, a modified B-Mannosylation based strategy was
designed.

Due to the iniability to selectively reduce the azide in the presence of TCA, it was thought that
pre-reduction of the azide on compound 23 prior to glycosylation and protection of the resulting amine

with an orthogonal protecting group would provide a viable alternative to the current strategy.

OH OH
o} o}
BnO a,b BnO
BnO BnO
N3 BocHN
23 O(CH)sN(Bn)CBz 78 O(CH,)sN(Bn)CBz

Scheme 2.30: Synthesis of Building Block 3 Version 2. a) Zn-Cu couple, HOAc; (b) Boc,0, THF, 72% 2-
steps.

Building Block 3 Version 2: Compound 23 was first treated with Zinc-Copper couple to reduce the azide
and then treated with Boc,0 to afford compound 78 in 72% yield (Scheme 2.30). Before proceeding with
the new strategy, it was necessary to verify that the Boc group would be stable under AIBN and BusSnH
reduction conditions.” Compound 78 was subjected to the radical reduction conditions for Shrs after

which no loss of Boc could be detected (Scheme 2.31).
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HO o AIBN, BusSNH, HO o

BnO Toluene, 80°C,5h. BnO No Reaction
BnO BnO
BocNH BocNH
78 O(CH,)sNBn(Cbz) 78 B0 O(CH,)sNBN(Cbz)

Scheme 2.31. Stability of Boc under TCA and Azide Reducing Conditions.

To test the stability of 4,6-O-pyruvyl ketal under the Boc deprotection conditions used in the new
strategy, a thioglycoside building block (18) was subjected to the TFA deprotection conditions (Scheme
2.32). The reaction was allowed to proceed for 1.5 h at 0°C after which no loss of pyruvyl was detected
by MALDI MS. The mixture was allowed to warm to room temperature and stir for an additional 18 hr

but still no loss of pyruvyl was detected.

0O._0Bn 0._0Bn )
No Reaction
(0] (@]
o 1:4 (TFA/DCM) o
SEt

SEt
220 0°C to RT 25

OAlloc 18hrs OAlloc
18 18

Scheme 2.32: Stability of 4,6-O-Pyruvyl Ketal in the presence of TFA.

Method-2 Revised: Planned Synthetic Procedure: In the revised strategy, the target compounds were
assembled using monosaccharide building blocks 74, 74a, 22 and 78 (Scheme 2.33). As in the previous
strategy, the B-mannosamine moiety was introduced using Crich B-mannosylation conditions.*®*”® Two
versions of the thioglycoside donor were synthesized. One version has a 3-O-PMB ether (74) that allows
for selective deprotection and acetylation of the O-3 hydroxyl for access to target compounds 1-2. The
other version (74a) has a 3-O-benzyl ether that can be carried through the synthesis and deprotected at
a late stage to afford a free hydroxy for target compounds 5 and 6. As previously mentioned, the azide
function of building block 23 from the previous strategy was pre-reduced to amine and Boc protected at

the building block stage to provide compound 78.
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Scheme 2.33: General Synthetic Strategy: Method 2; Revised. (a) i. DPS, TTBP, Tf,0, DCM, -78°C to -55°C;
ii. Add Acceptor dropwise, Warm to RT; (b) DDQ, DCM, PBS, pH 7.4; (c) Ac,0, Pyridine; (d) HFPy, THF; (e)
CF3;C(NHPh)CI, Cs,CO5, DCM; (f) 78, TMSOTf, DCM, -20 to 0°C; (g) AIBN, BusSnH, Toluene; (h) Ac,O/Pyr.

The use of TCA and Cbz/Bn as amino protecting groups was retained from the previous strategy. The Boc
group is reportedly stable to catalytic hydrogenation allowing for selective removal of Benzyl/Cbz and
modification of the linker amine. Afterwards, Boc can be removed to provide access to the free amine
on select target compounds. Deprotection can be performed rapidly using 1:4 TFA/DCM at 0°C without

affecting the acetyl esters.

B-Mannosyl Donor 1 Version 3: A 2-azido mannoside donor with a 3-O-benzyl (74a) was synthesized in
order to provide a precursor to target compounds 5 and 6 (Scheme 2.34). Compound 73 was reacted
with NaH and BnBr in DMF at 0°C to provide 74a in 84% yield. Donor 74a and acceptor 22 were then

reacted under Crich B-Mannosylation conditions to afford a 1.1:1 (B:a) mixture of 77a in 74% yield.
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Scheme 2.34. Glycosylation with Donor 74a using B-Mannosylation Conditions. (a) NaH, BnBr, DMF, 0°C,
3hr, 84%; (b) i) DPS, TTBP, Tf,0, DCM (-78°C - 55°C); ii) Cool -78°C, 22; iii) Warm to RT, 74% 1.1:1 (B:0.).

The next hurdle in the synthesis was the formation of trisaccharides 81 and 81a (Scheme 2.35). The TDS
was cleaved from 77(a) with HF-Pyr complex** to afford lactol 79 in 90% yield and 79a in 88% yield. Next,

the lactol was converted to N-phenyl trifluoracetimidate donor 80 in 78% yield and 80a in 82% yield.

jT gwoms S ng&Lv gw oH —

77, R=Ac 'CAHN TCARN
77a,R =Bn 79 R=Ac
’ 79a, R = Bn

OBn OBn

%%-\A//Qco O\ et jr%;v&ogw .

TCAHN Fsc TCAHN BRO_

80, R=Ac
80a, R = Bn 81a R Bn BocNH

CH2)5NBn

Scheme 2.35: Synthesis of Trisaccharide 81/81a. (a) HF, Pyridine, THF, 79/79a 90%/88%; (b) Cs,COs,
Trifluoro-N-phenyl imidoyl Chloride, DCM, 80/80a 78%/82%; (c) 78, TMSOTf, DCM, -20 to 0°C, 81/81a
67%/56%.

The imidate donor 80(a) and acceptor 78 were utilized in a TMSOTf catalyzed glycosylation reaction to
give trisaccharide 81 in 67% vyield and 81a in 56% vyield. Fortunately, the Boc group remained intact
despite the acidic glycosylation conditions. This was likely enabled by the low temperature of the
reaction mixture and the catalytic amount of acid used in the glycosylation. The next major hurdle was

the reduction of TCA to acetyl and azide to amine in the presence of the Boc function (Scheme 2.36).
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The radical reduction of 81(a) using AIBN and BusSnH and subsequent acetylation with Ac,0 and
pyridine proceeded in good yield affording compound 82 in 96% over two steps and 82a in 75% vyield
over two steps. After the two common trisaccharide intermediates (82, 82a) for targets 1-6 were

successfully obtained, they were further diversified into the final target compounds.

0,0Bn BnO O OBn

E&&&&/O&% ab g&&%&&%

TCAHN BoCy bz AcHN

Cbz
81, R=Ac BocNH q i
81a, R = Bn 0cC O(CH,)sNBn 82, R=Ac BOCNHO(CHZ)SNBH

82a, R =Bn

Scheme 2.36: TCA and Azide Reduction on Trisaccharide 81/81a. (a) AIBN, BusSnH, Toluene, 80°C; (b)
Ac,0, Pyridine, 82/82a 96%/75%.

Synthesis and Deprotection of Target Compounds 1-6
Target Compound 1: For target compound 1, the next step involved removal of benzyl/Cbz groups using
catalytic hydrogenation (Scheme 2.37). Again, it was imperative that the Boc remain intact under these

conditions in order for this synthetic route to remain viable.

OBn BnO
% NHAC
% NHAC

AS 'Q?O 0 _a

0
o2 AcHN Bgo 225 o

BocNH 83 AcHN F‘90
O(CH,)sNBn BocNH
|

Cbz O(CH,)sNH,

Scheme 2.37: Synthesis of Target Compound 1. (a) Pd(OH),, tBuOH, H,0, H, (1 atm), 67%.

Aromatic deprotection of 82 was accomplished using Pd(OH), under hydrogen to obtain 83 in 67% vyield.
The use of acetic acid in the solvent mixture was avoided during hydrogenation due to the presence of
the acid sensitive Boc. It was found that using a larger 1:1 ratio of Pd(OH), to starting material ensured

the reaction would be complete after stirring for ~16 hrs. In one instance, the reaction was only partially

91



complete, so the mixture was filtered and fresh solvent and Pd(OH), was added. After ~14hrs, it was
found that loss of Boc began to occur. For this reason, it is best to use an excess of catalyst in order to

prevent this complication. The next step involved the installation of the disulfide linker (Scheme 2.38).
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on Linker
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83 Ko AcHN ,_‘9 0 .
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AQO ECO AcHN F‘; (@] c AE)O ECO AcHN I—‘SPO (0]

) MY £ SO + HeN S
Disubstituted form and 2 O(CHy)sNH S ‘/\5 ‘N:; O(CH,)sNH
Hydrolyzed COOH form % NHAc
on Linker /9

COATHN 0
Side Product o HN @)

AN
”SA( O(CH)sNA ~ SH

Scheme 2.38: Compound 1: Addition of Thiol spacer and deprotection. (a) DSP, DIPEA, DMF; (b) 30%
TFA/DCM, Triethylsilane, 0°C; (c) DTT, PBS buffer (pH 7.4).

The protected thiol linker was successfully installed onto the free amine of 83 using
(dithiobis(succinimidyl propionate) (DSP; Figure 2.10). The product was obtained as a mixture with
either one or two compounds substituted per linker. Afterwards, the Boc was cleaved revealing the free
amine. Unexpectedly, some succinimidyl ester was seen in MALDI. It was expected that the remaining
succinimidyl ester would have been hydrolyzed. During the reduction of disulfide with DTT in phosphate
buffered saline (PBS; pH 7.4), LC/MS indicated the presence of product with two bound linkers. It turns
out that the residual activated ester was reacting with the free secondary amine in the basic PBS buffer.
For this reason, a decision was made to switch to 3,3'-dithiobis(sulfosuccinimidyl propionate) (DTSSP).
DTSSP is water soluble and the reaction can be performed in aqueous solution which should lead to

hydrolysis of all of the residual activated ester during the course of the reaction. Following addition of
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the linker, the product was treated with DTT and purified by C18 silica gel chromatography to remove

any unreacted linker and prevent future side reactions.

0 O o)
N. .S O. NaO N. .S O p
o) 0y © o
0] (0]
Dithiobis(succinimidyl propionate 3,3 Dithiobis(sulfosuccinimidylpropionate)
(DSP) (DTSSP)

Figure 2.10: Comparison of DSP and DTSSP Linkers

The protected thiol linker was first installed onto compound 83 (Scheme 2.39) using DTSSP in
PBS buffer (pH 7.4). Next, DTT was added to the reaction mixture in order to remove residual activated

ester and reduce the disulfide bridge linking disubstituted product so purification could be simplified.

%%&o&@ %ﬁ
BocNH

AcNH -
C ‘o) o
O(CH,)sNH BocNH PPN
(CHZ)sNH; O(CHp)sNH ~ SH
g; NHAc &v
Ao Ao
AcNH HOZ 5

N O(CHy)sNH ~SH

Scheme 2.39: Compound 1: Revised Method; Addition of Thiol spacer and deprotection. (a) i) DTSSP,
H,0, pH ~8; ii) DTT, PBS (pH 7.4), 73%; (b) 1:3 TFA/DCM, Triethylsilane, 0°C; (c) DTT, PBS buffer (pH 7.4),
97% 2-steps.

The crude was purified by C18 silica gel column to give 84 in 73% yield. Afterwards, the Boc was cleaved
with 1:3 TFA/DCM revealing the free amine. The crude was stirred in PBS with DTT and then purified

using a P2 size exclusion column to afford target 1 in 97% vyield.
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Scheme 2.40: Synthesis of Target Compound 2. (a) 1:3 TFA/DCM, 0°C; (b) Ac,0, Pyridine, 91% 2-steps; (c)
Pd(OH),, tBUOH, H,0, H, (1 atm), 62%; (d) DTSSP, PBS (pH 7.4); (e) DTT, PBS, 40°C, 91%.

Synthesis of Target Compound 2: The Boc protecting group on compound 82 was removed by
treatment with a 1:3 TFA/DCM solution at 0°C. The resulting amine was acetylated with Ac,0 to provide
85 in 91% vyield (Scheme 2.40). Next the aromatic protecting groups were removed with Pd(OH), under
H, to afford 86 in 62% yield. The protected thiol linker was then installed using DTSSP in PBS (pH 7.4).

Following treatement with DTT, target 2 was obtained in 91% yield.
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Scheme 2.41: Synthesis of Target Compound 3. (a) LiOH, THF, H,0; (b) Pd(OH),, tBuOH, H,0, H, (1 atm),
53% 2-steps; (c) i) DTSSP, H,0, pH ~8; ii) DTT, PBS (pH 7.4), quant.

Synthesis of Target Compound 3: A key step in the deprotection of target compounds 3 and 4 involves
removal of the O-acetyl functions on the trisaccharide. Initially, Zemplen deacetylation and Guanidine

buffered sodium methoxide conditions were attempted; however, extensive transesterification of the
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pyruvyl ester was taking place. A decision was made to switch to LiOH(aq) conditions in order to
hydrolyze the benzyl and acetyl esters simultaneously.?” Compound 85 was deacetylated using LiOH(aq)
in THF at 35°C (Scheme 2.41). Next, the intermediate was reacted with Pd(OH), under H, to obtain 87 in
53% yield over two steps. Afterwards, the protected thiol spacer was installed using DTSSP in PBS buffer

(pH 7.4). Following treatment with DTT, target compound 3 was obtained in quantitative yield.

% HO.
NHAC
NHAC
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)
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HoN O(CHy)sNH 7 SH

Scheme 2.42: Synthesis of Target Compound 4: (a) LiOH, THF, H,0; (b) Pd(OH),, tBuOH, H,0, H, (1 atm),
61% 2-steps; (c) i) DTSSP, H,0, pH™~8; ii) DTT, PBS buffer (pH 7.4), 99%; (d) 1:3 TFA/DCM, Triethylsilane,
0°C; (e) DTT, PBS buffer (pH 7.4) (84%).

Synthesis of Target Compound 4: Compound 82 was deacetylated using LiOH in THF at 35°C. The benzyl
and Cbz functions were removed from the intermediate using catalytic hydrogenation to afford 88 in
61% yield over two steps (Scheme 2.42). Next, the protected thiol linker was installed onto 88 using
DTSSP in PBS (pH 7.4). Afterwards, the disulfide was converted to free thiol with DTT to provide 89 in

99% vyield. The Boc protecting group was then removed with 1:3 TFA/DCM to give target 4 in 84% yield.

Synthesis of Target Compound 5: The Boc protecting group was removed from compound 82a with 1:4
TFA/DCM solution at 0°C and the resulting amine was acetylated with Ac,0 to provide 90 in 97% yield
(Scheme 2.43). Next the benzyl and Cbz protecting groups were removed with Pd(OH), under H, to
afford 91 in 74% yield. The protected thiol linker was then installed onto 91 using DTSSP in PBS (pH 7.4).

Afterwards, the disulfide was converted to free thiol with DTT to give target 5 in 82% yield.
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Scheme 2.43: Synthesis of Target Compound 5. (a) 1:3 TFA/DCM; (b) Ac,0, Pyridine, 97%; (c) Pd(OH),,
tBuOH, H,0, H, (1 atm), 74%; (d) DTSSP, PBS (pH 7.4); (e) DTT, PBS, 40°C, 82%.\

Synthesis of Target Compound 6: Compound 82a was reacted with Pd(OH), under H, to remove benzyl
and Cbz functions and give 92 in 57% vyield (Scheme 2.44). The protected thiol linker was then installed
onto 92 using DTSSP in PBS (pH 7.4). Afterwards, the disulfide was converted to free thiol with DTT to
provide 93 in 91% vyield. Next, the Boc protecting group was removed with 1:3 TFA/DCM. The resulting

intermediate was stirred with DTT in PBS (pH 7.4) and purified to afford target 6 in 91% yield.
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Scheme 2.44: Synthesis of Target Compound 6: (a) Pd(OH),, tBuOH, H,0, H, (1 atm), 57%; (b) i) DTSSP,
H,O, pH ~8; ii) DTT, PBS (pH 7.4), 91&; (c) 33% TFA/DCM, Triethylsilane, 0°C; (d) DTT, PBS buffer (pH 7.4),
91%.

Synthesis of Target Compound 7: The non-pyruvylated trisaccharide (7) was synthesized as previously
described.*® The free amine was conjugated to the DTSSP linker and converted to free thiol by reduction

with DTT.
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Synthesis and Deprotection of Target Compounds 8-11
Following the completion of target compounds 1-6, an additional series of targets were synthesized
(8-11). The first compound synthesized was target compound 8 and it represents a truncated version of
the trisaccharide consisting of only the pyruvylated ManNAc. Targets 9-11 are derivatives of compound
8 with modifications at the C-2 position. These compounds were used to determine the minimum

epitope for binding and the importance of the C-2 acetamido for SLH-carbohydrate binding interactions.

Synthesis of Target Compound 8: Crich -Mannosylation conditions were used for glycosylation of
donor 74a and the linker acceptor (94). Compound 95 was formed in 87% as a (1.1:1, B:a) mixture
(Scheme 2.45). After separation of the beta product, the azide was reduced using Zn-Cu couple in acetic
acid and acetylated with Ac,0 to give 96 in 76% yield. The benzyl protecting groups were removed using
Pd(OH),/H, reduction conditions to afford 97 in 77% vyield. The DTSSP linker was installed onto the
resulting free amine and the thiol was liberated by reduction with DTT to give target compound 8 in 81%

yield.
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Scheme 2.45: Synthesis of Target Compound 8. (a) i. DPS, TTBP, Tf,0, DCM, -78°C to -55°C ii. Add
Acceptor 94 dropwise, Warm to RT, 87% 1.1:1 (B:a); (b) Zn-Cu Couple, HOAc (c) Ac,0, Pyridine, 76% 2-
steps; (d) Pd(OH),, tBuOH,H,0, H, (1 atm), 77%; (e) i), DTSSP, H,0, pH~8; ii) DTT, PBS (pH 7.4), 81%.

Synthesis of Target Compound 9: Compound 98 was synthesized according to a previously published
procedure.®® Thioglycoside 98 was treated with Ac,0 to give compound 99 in 99% yield. (Scheme 2.46).

97



HO O+-0Bn
PhTO o a PhTo o b ° . o
Q SPh o) SPh o SPh — o
HO AcO cO SPh
H 929 OAc 100 OAc

0
98 ©O ACO
101 OAc
Oy 0OBn Oy OBn
d %O e %O f
- O J——
o Q. sph o SPh  HO™ ™"""N(Bn)Cbz
HO BhO 04
102 OH 103 OBn

O4.0Bn

Oy OH
Oy OH
0 g _h 0
0 — ° o o) 2 0(CH)NH
o O(CH,)sN(Bn)Cbz 5 O(CH,)NH, 25 2)s SH
HO 9 OH o)

104 OBn 105 OH

Scheme 2.46: Synthesis of Target Compound 9. (a) Ac,0, Pyridine, 99%; (b) 80% HOAc (aq), THF, 55°C,
86%; (c) Benzyl Pyruvate, BF;(OEt),, Acetonitrile, 69%; (d) Guanidinim Chloride, NaOMe, MeOH, DCM,
85%; (e) NaH, DMF, 0°C, 60%; (f) i. DPS, TTBP, Tf,0, DCM, -78°C to -55°C ii. Add Acceptor 94 dropwise,
Warm to RT, 88% 1:1 (B:a); (g) Pd(OH),, tBuOH,H,0, H, (1 atm), 92%; (h) i), DTSSP, H,0, pH~8; ii) DTT,
PBS (pH 7.4). 95%.

Next, the benzylidene was removed by heating 99 in 80% HOAc (aq) to afford diol 100 in 86% yield. The
4,6-0-pyruvyl ketal was installed using benzyl pyruvate and BFs;(OEt), providing compound 101 in 69%
yield. A shortcut in the synthetic method was attempted that entailed early glycosylation of 101 with
linker 94 (Table 2.7). It was hoped that the pyruvylated glucoside donor would provide better reactivity
and beta selectivity than the 0-3 acetylated Mannoside donor. Several reaction conditions were
attempted including the preactivation conditions used for the successful activation of the 3-O-acetylated
mannoside donor. Unfortunately, only trace product was obtained due to the low reactivity of the
donor. A decision was made to replace the O-acetyl functions with benzyl ethers to produce a more
reactive donor. The O-2 and O-3 acetyl functions were removed with guanidinium and sodium
methoxide conditions to afford compound 102 in 85% yield. Next, The O-2 and O-3 positions were

benzylated using NaH and benzyl bromide at 0°C to provide compound 103 in 60% yield.
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Table 2.7: Glycosylation Conditions for Linker Installation.

O+.0Bn
jv%@ : OB;
O Glycosylation
O SPh + NN
o HO N(Bn)Cbz o O _O(CH,)sN(Bn)Cbz
OAc AcO
101 94 OAc
Conditions: Result:
NIS (1.5 eq), TMSOTf (0.26 eq), -20°C to 0°C Trace Pr
NIS (1.5 eq), TfOH (0.2-1 eq), -20°C to RT Trace Pr
i) DPS, TTBP, Tf,0, DCM, -78°C to -55°C T P
ii) Add acceptor 94 dropwise, Warm to RT race Fr

Donor 103 and acceptor 94 were used in a Crich f-Mannsoylation reaction to afford a 1:1 (B:o) mixture
of 104 in 88% yield. The benzyl protecting groups were removed using Pd(OH), conditions to give 105 in
92% vyield. The resulting free amine on the linker was then modified using DTSSP followed by disulfide

reduction with DTT to provide target 9 in 95% yield.

Synthesis of Target Compound 10: Compound 106 was synthesized according to a previously published
procedure.®® Thioglycoside 106 was acetylated with Ac,0 in Pyridine to give 107 in quantitative yield
(Scheme 2.47). Next, the benzylidene was removed by heating in 80% HOAc (aq) to afford diol 108 in
66% vyield over two steps. The 4,6-O-pyruvyl ketal was installed using benzyl pyruvate and BF;(OEt), to
provide compound 109 in 65% yield. The O-2 and O-3 acetyl functions were removed with guanidinium
buffered sodium methoxide to produce 110 in 70% yield. Next, The C-2 and C-3 hydroxy positions were
benzylated using NaH and benzyl bromide at 0°C to provide compound 111 in 65% yield. Donor 111 and
acceptor 94 were glycosylated under Crich 3-Mannsoylation conditions to give a 2:1 (B:a) mixture of 112

in 66% yield.
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Scheme 2.47: Synthesis of Target Compound 10. (a) Ac,0, Pyridine, quant; (b) 80% HOAc (aq), THF, 55°C,
66%; (c) Benzyl Pyruvate, BF;(OEt),, Acetonitrile, 65%; (d) Guanidinim Chloride, NaOMe, MeOH, DCM,
70%; (e) NaH, BnBr DMF, 0°C, 65%; (f) i. DPS, TTBP, Tf,0, DCM, -78°C to -55°C ii. Add Acceptor 94
dropwise, Warm to RT, 66% 2:1 (B:a).; (g) Pd(OH),, tBuOH,H,0, H, (1 atm), 77% 2.3:1 (B:a); (h) i), DTSSP,
H,0, pH~8; i) DTT, PBS (pH 7.4), 95%.

The benzyl protecting groups from compound 112 were removed using catalytic hydrogenation to afford
113 in 77% yield. Unexpectedly, the product formed as a 2.3:1 (:a) mixture. The reaction was repeated
but the results remained the same. Separation of the mixture proved difficult at this late stage.
Fortunately, a method was devised using a ZIC-HILIC semi-prep column in line with an LCMS. The
product was eluted with ammonium bicarbonate and acetonitrile solvents. The first peak to elute was
determined to the the alpha product as determined by NMR. The free amine on the linker of the 3

anomer was modified using DTSSP and treated with with DTT to provide target 10 in 95% vyield.

Synthesis of Target Compound 11: The azide on compound 95 was reduced to amine using Zn-Cu couple
in acetic acid (Scheme 2.48). The amine was then Boc protected with Boc anhydride to provide
compound 114 in 81% yield over 2 steps. Next, the aromatic protecting groups were removed using

catalytic hydrogenation to give compound 115 in 74% yield. The resulting free amine on the linker was
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then modified using DTSSP and treated with DTT. Afterwards, the Boc was removed using 1:3 TFA/DCM

to afford compound 11 in 67% yield.
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Scheme 2.48: Synthesis of Target Compound 11: (a) i) Zn-Cu Couple, HOAc; ii) Boc,0, Et;N, THF, 81%; (b)
Pd(OH),, tBUuOH,H,0, H, (1 atm), 74%; (c) i), DTSSP, H,0, pH~8; ii) 33% TFA/DCM, 0°C; iii) DTT, PBS (pH
7.4) 67%.

Binding Studies with S-Layer and S-Layer Associated Proteins
S-Layer Proteins: The mCherry fusion proteins were provided by the lab of Dr. Olaf Schneewind. The
proteins were fusions between the mCherry Fluorescent reporter and the SLH domains of various SLP
and BSL proteins. The concentration of each mCherry protein in mg/mL was determined using a
standard Bicinchoninic acid protein assay (BCA)™ and a fluorescence based assay (Appendix). In the
fluorescence based assay, a known concentration of mCherry protein was serially diluted and the
fluorescence intensity was determined at each concentration. A standard curve was made and a linear
regression equation was obtained. Next, the mcherry proteins were diluted with known volumes of
diluent and the fluorescence of each sample was measured and analyzed using the linear regression
equation of the standard. It was found that the protein analysis using the BCA method was generally
higher. This was likely due to non-mCherry protein contaminants that made it through the purification
process. Since the mCherry fluorescence based method only accounted for mCherry fusion proteins, it

was deemed more accurate and these values were used for the experiments.
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The working concentration range for the mCherry proteins was determined using an ELISA
based method. For these experiments, several target compounds were conjugated to BSA using thiol-
maleimide click conditions (Figure 2.11). The loading efficiency of each BSA-conjugate was determined

by MALDI-TOF MS.”
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Figure 2.11: Conjugation of Synthetic Oligosaccharides to BSA using Thiol-Maleimide Coupling.

Several concentrations of the BSA conjugates were adsorbed onto 96-well ELISA plates and screened
against serial dilutions of Sap mCherry fusion protein. It was hoped that the fluorescence generated by
the mCherry moiety would be sufficient for the experiments (Figure 2.12). Although mCherry
fluorescence could be detected, the working concentration of protein was very high and the
fluorescence intensity was not much higher than the background as indicated with data from the BSA
negative control. In an attempt to boost the fluorescence signal, an anti-mCherry Rabbit polyclonal
antibody was obtained for the purpose of binding the mCherry portion of the fusion protein. A Goat
anti-Rabbit Alexa Fluor 488 secondary antibody was then used to bind the anti-mCherry antibody and

visualize binding. Using the same concentrations, the AlexaFluor saturated the detector (Figure 2.12).
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Sap mCherry Fluorescence Gain 5% A-12

ug/mL 20 10 5 2.5 1.25 Blank

TGT-1 (2ug/mL) 8704 8548 8426 6068 4538 3332
TGT-2 (2ug/mL) 9589 9919 9276 6094 4778 3394
TGT-7 (2ug/mL) 3632 3247 3838 3859 3472 3425
BSA (2ug/mL) 3298 3678 3654 3343 3703 3216

Sap Alexa488 Fluorecsence Gain 5% A-12

ug/mL 20 10 5 2.5 1.25 Blank
TGT-1 (2ug/mL)| 56157 61141 63705 64764 65000 2871
TGT-2 (2ug/mL)| 61957 62744 62767 63128 62968 3191
TGT-7 (2ug/mL)| 25081 15540 11272 8514 6407 3857
BSA (2ug/mL) 8428 6685 5372 4654 4359 3628

Figure 2.12: mCherry Fluorescence versus Alexa Fluor 488 Fluorescence

An updated experiment was conducted to find the optimal working concentration of the mCherry fusion
proteins using the Alexa Fluor 488 antibody (Figure 2.13). With the modified experiment, the maximum
end of the working concentration range was ultimately lowered from 20ug/mL to 0.5ug/mL and serial
dilutions were made from that stock. This allowed for more efficient use of the valuable mCherry fusion
proteins. In the previous mCherry fluorescence based experiments, the signal was only ~2.5 to 3 times
higher than the background at the highest concentration of protein. With the AlexaFluor based

experiments, the signal was boosted to 25 to 30 times above background at peak concentrations.

Alexa488 Gain 50% A6

sap
ug/mL  0.625 0.3125 0.156 0.078 0.0391 0.0195 0.00977 0.00488 0.00244  Blank

TGT-2 (2ug/mL)| 45901 46258 42543 32762 21662 12962 8114 5884 3756 1290
TGT-2 (lug/mL)| 45145 46505 43499 34079 23054 14093 9330 6161 4266 1226
TGT-2 (0.5ug/mL)| 42863 45365 43527 34328 23879 15717 10283 6651 4701 1222
Neg (2ug/mL) 2274 1917 1823 1777 1412 1512 1493 1420 1305 1326
Neg (Lug/mL) 2295 1961 1775 1723 1647 1367 1518 1514 1454 1320
Neg (0.5ug/mL) 2235 1757 1630 1578 1457 1464 1331 1376 1409 1223
BSA (2ug/mL) 1747 1682 1605 1224 1611 1423 1304 1226 1306 9700
BSA (0.5ug/mL) 1950 1642 1467 1576 1523 1466 1628 1574 1417 1287

Figure 2.13: Determination of the Working Concentration for mCherry proteins with Alexa Fluor 488.

Microarray: A microarray screening was employed as a quick and efficient method to identify any

binding interactions between the proteins and target compounds. Aminosilane glass slides were
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functionalized with maleimide using a previously published method.?* The synthetic compounds were

converted to free thiol form using immobilized TCEP prior to printing (Figure 2.14).
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Maleimide Functionalized Glass Slide

Sap Microarray Results for Targets 1-10.

Figure 2.14: Microarray Experimental Procedure.

The compounds were printed at 2 concentrations (500uM, 100uM) and screened against two
concentrations of each mCherry fusion protein (0.5pug/mL and 2ug/mL). The 100uM target
concentration paired with the 0.5ug/mL protein concentration provided the best results. Due to the
large number of proteins, only the microarray data related to EA1, Sap, BslA, and BslO will be displayed.
The complete data is accessable in the Appendix. The microarray data is to be used as a qualitative
measure of binding. Surprisingly, trisaccharide targets 1-6 were found to bind all SLP and BSL proteins in
the panel. (Figures 2.15, Appendix) The data indicates that neither free amine presentation nor O-
acetylation is requisite for binding SLH bearing proteins. As expected, no binding occurred between the

PlyG endolysin and any of the synthetic oligosaccharides due to a lack of galactosylation on the target
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compounds. Also, the mCherry protein control did not show any binding (Appendix). It was found that
the lack of 4,6-O-pyruvyl ketal on the distal ManNAc (7) completely abolished binding thus providing
direct evidence for previous csa genetic experiments and demonstrating it’s vital role in S-Layer
assembly. Truncated target 8 showed some degree of positive binding for all proteins suggesting that
the terminal unit alone was capable of producing binding interactions with SLH bearing proteins. The
4,6-0-pyruvylated glucoside (9) and Mannoside (10) were synthesized for the purpose of probing the
importance of the C-2 acetamido and C-2 stereochemistry for carbohydrate-protein binding

interactions.
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Figure 2.15: Microarray Screening Results for Sap, EA1, BslA, BslO. (Error bar: mean s.d., n=10)

Binding with 9 was completely abolished in both SLPs and in several BSL proteins. The pyruvylated
Mannoside (10) produced similar results indicating that loss of binding is not due to steric clashes in the

binding pocket resulting from epimerization at the C-2 position. The results demonstrate that in addition
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to the 4,6-O-pyruvyl ketal, the C-2 acetamido function on the distal ManNAc may also play an important
role in the binding of SLP and BSL proteins. Interestingly, some BSL proteins (e.g. BslA, BsIM) were able
to bind targets 9 and 10 indicating that there may be differences in binding requirements between

proteins.

ELISA Binding Experiments: For the purpose of determining differences in binding affinity between each
particular protein and target, an ELISA based dose-response experiment was designed (Figure 2.16). The
ECso values for each target-protein combination were obtained and used to quantify differences in
binding affinity. For these experiments, the target compounds were conjugated to BSA using thiol-
maleimide conjugation (Figure 2.11). A BSA conjugate made with the non-binding target 7 was utilized
as a negative control. The loading efficiency of each BSA conjugate was determined by MALDI-TOF-MS.*?

A series of Micro-titer plate wells were coated with the BSA-target conjugates. As previously
mentioned, the inherent fluorescence of the mCherry reporter was to be used in order to determine
binding. Due to weak signal, a rabbit derived anti-mCherry antibody was used followed by a goat anti-
rabbit Alexafluor488 antibody to visualize binding. Surprisingly, it was found that the trisaccharides
bearing the 4,6-O-pyruvyl ketal (Targets 1-6) were able to bind the entire panel of S-Layer and BSL

proteins in high affinity with ECsy values in the ng/mL range (Figure 2.17, Appendix).

{} Serial Dilutions
'y g AR A ECso

BSA Conjugate mCherry Fusion Anti-mCherry A.B. Alexa Fluor 488
Protein Secondary A.B.
'& V ex490/em 525 nm
1) Wash 1) Wash — .)
2) Block with BSA 1hr 2) Read mcherry
3) Wash Fluoresence

» »
& *

Well Coated with Incubate with Fusion Incubate with Anti- Incubate with Alexa Read Fluorescence
BSA-Conjugate Protein (2 hr) mCherry A.B. (1 hr) Fluor 488 A.B. (1 hr) Intensity

Figure 2.16: ELISA Experiemental Procedure
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Figure 2.17: Dose Response Curves and ECs values for Sap, EA1, BslO, and BslA. Error displayed as 95%
Confidence Intervals, n=6 replicates for TGTs 1-6, n=3 replicates for TGT-8.
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The presence of the free amine on the a-GlcNH, produced a small increase in affinity between SCWP
and the SLH proteins (Figure 2.17, Tables 2.8, Appendix). On average, the free amine bearing
compounds 1, 4, and 6 showed a minor improvement in binding relative to their acetamido bearing
counterparts 2, 3, and 5 respectively. However, the magnitude of this effect is small and is likely not

significant enough to have a major impact on S-Layer assembly.

Table 2.8: Effects of Structural Features On Binding Affinity for Targets 1-6. Based on ELISA ECs, values.

Functional Group

Of Interest: Constant: Variable: General Effect:
C3-OAc ManNAc: | NHAc (a-GleNAc) HOfe vs -OAc fﬁtélfﬁfgs?gfﬁ?ﬁge
C3-OAc B-GlcNAc: | NH2 (GIcNAc) fOMc vs -OAc | Little/No Difference

in SLP/Bsl Binding

+OAC vs -OA i :
C3-OAc B-GIeNAc: | NHAc (GleNA) 1315 | i Sipns Bk

+NH2 vs NHAc Marginal Increase in

C3-OAc (GIeNAc/ManNAc) | Tl T2 binding with NH,
0.4 fold Avg increase

C2-NH2 a-GlcNAc:

INH2 vs NHAc Marginal Increase in
C2-NH2 a-GlcNAc: | No-OAc T4 T3 binding with NH,

0.45 fold Avg increase

ANH2 vs NHAc Marginal Increase in

C2-NH2 a-GleNAc: | C3-OAc (GleNAc) T6 Ts binding with NH,

0.6 fold Avg increase

The O-acetylated target compounds did not show any appreciable changes in binding relative to
their non O-acetylated counterparts. In contrast to previous genetic studies, EA1, BslO, and BslA were

able to bind to target compounds lacking the 3-O-acetyl modification on the B-GlcNAc in high affinity.
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The findings indicate that O-acetylation of SCWP is not a direct means for modulating protein binding
and an alternative mechanism could be responsible for the effects seen in the patAl/patA2 knockout
studies. Perhaps, O-acetylation acts in an indirect manner or in combination with other proteins.
Alternative models have been put forth to explain site specific S-layer deposition. It has been shown that
EA1 and Sap form non-overlapping patches on the cell surface and that EA1 is located predominately in
the septal region. It was proposed that the dynamic Sap/EA1 S-layer coverage of the cell surface restricts
the deposition of BslO to the SCWP at septal rings.” In a related study, three genes were identified that
were found to play a part in controlling the chain-length of vegetative cells. The genes included an
accessory secretion ATPase (secA2) and two S-layer assembly genes (slaP, slaQ). The three genes reside
within the S-layer gene cluster that includes genes for the installation of 4,6-O-pyruvyl ketal onto the
SCWP (csa) and the genes encoding EA1 and Sap S-layer proteins, (eag and sap). Both secA2 and slaP are
required for the efficient secretion of Sap and EA1 S-layer proteins, but not for the secretion of BSLs or
other secreted products. It is known that S-layer assembly via secA2 and slaP was shown to contribute
to the proper positioning of BslO murein hydrolase, which cleaves septal peptidoglycan in order to
separate chains of bacilli. Additional studies will have to be performed in order to determine if this same
mechanism of site specific protein deposition is applicable to other BSL proteins.**

Compounds bearing the 3-O-acetyl on the terminal ManNAc did not show any marked
differences in binding relative to their non 3-O-acetylated counterparts suggesting that the position is
likely not important for SLH-carbohydrate binding interactions (Figure 2.17, Tables, 2.8, Appendix). In a
broader context, it does not appear that O-acetylation serves as a direct means to modulate the binding
of the SLH domain bearing proteins used in this study.

The truncated target 8 consists of only the 4,6-O-pyruvylated ManNAc and was found to bind
the entire panel of SLP and BSL proteins in high affinity indicating that this terminal residue plays the

most significant role in binding interactions between SCWP and the SLH binding domain (Table 2.8,
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Figure 2.17, Appendix). The strong binding of this terminal unit suggests that any structural functions
used for modulation would most-likely reside on this portion of the SCWP. As seen in the microarray,
the 4,6-O-pyruvylated glucoside (9) mannoside (10), and mannosamine (11) had a complete loss of
binding to both EA1 and sap S-layer proteins and binding was either partially or completely abolished in
BSL proteins. However, target 11 was found to have better binding relative to both 9 and 10.
Interestingly, the importance of the C-2 acetamido on the ManNAc varied between different BSLs. For
instance, BslIP, BslA, Bsll, and BsIM retained some significant capacity to bind target compounds 9 -11
despite the absence of the acetamido function. The results suggest that the SLH domains of various
proteins may utilize different structural features for binding and show that structural modifications at

the C-2 position could in principle be used to modulate SLP and BSL binding (Figure 2.18).

4,6 Ketal Pyruvyl vital
for SLP/BSL binding

C-2 Acetamido vital for
@ SLP and some BSLs.

< @“

Acetylation has no
effect on binding
affinity by ECs

Free amine shows modest
enhancement in binding
(~0.5 fold) by ECj,

Figure 2.18: Summary of the Effects of Various SCWP Structural Features on SLP/BSL Binding Affinity.

110



CONCLUSIONS

In summary, an efficient synthetic strategy was developed for the purpose of producing a library of
complex oligosaccharides derived from the terminal unit of B. anthracis SCWP. A number of synthetic
challenges were addressed, including the development of synthetic procedures for unique pyruvylated
building blocks, the choice of appropriate orthogonal protecting groups, the selection of robust
activating conditions for the poorly reactive pyruvylated donor, the choice of glycosylation method for
the installation of the 1,2-cis-glycosidic linkage with Beta configuration, and the selection of appropriate
conditions for the reduction of trichloroacetyl and azide functions. The use of a mannosyl thioglycoside
donor in combination with Crich -Mannosylation conditions was found to be essential for effective
activation of the donor and good glycosylation yields. It was found necessary to use an ether based
protecting group at the O-3 position of the donor in order to obtain beta selectivity. This proved
challenging since ideal installation conditions for the 4,6-0O-pyruvyl ketal with benzyl pyruvate required
an acetyl ester at the O-3 position. Fortunately, a condition was found using guanidine buffered sodium

methoxide that allowed for selective removal of the 3-O-acetyl function in the presence of the pyruvyl
benzyl ester without transesterification side products. Furthermore, pre-installation of the 4,6-O-
pyruvyl ketal at the building block stage was found to be crucial for obtaining optimal yields of the acetal
and absolute (S)-stereochemistry. The choice of amino protecting groups was also a key part of the
strategy. A non-participation function had to be used on the mannoside donor at the C-2 position in
order to prevent formation of the a-product so the azide was chosen. The TCA function was used at the
C-2 amine position of the second building block in order to promote [3-selectivity during glycosylation via
neighboring group participation. The third building block was Boc protected at the C-2 amine position
and bisprotected at the aglycon amine with Benzyl and Cbz. Following completion of the glycosylation
reactions, the azide and TCA functions were reduced and converted to acetamido functions. The acid

labile nature of Boc necessitated that Zn-Cu couple in acetic acid was avoided so AIBN and BusSnH
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radical conditions were used. Following the reduction, the remaining Boc and Cbz/Benzyl amine
protecting groups could be manipulated independently of one another. For instance, the aromatic
protecting groups could be removed using catalytic hydrogenation conditions without affecting Boc or
acetyl esters. This allowed for the selective installation of the thiol spacer. In addition, the Boc could be
removed using acidic conditions without affecting the aromatic protecting groups or the acetyl esters.
Also, both Boc and the aromatic protecting groups are resistant to the basic LiOH conditions used to
remove the benzyl and acetyl esters.

Microarray and ELISA based binding assays were designed that utilized the synthetic target
compounds to dissect the highly complex carbohydrate binding interactions between SCWP and S-layer
proteins. The overarching questions that were answered include: 1) What functionalities or
combinations of functionalities are important for SLP/BSL binding? The 4,6-O-pyruvyl ketal was found
to be essential for the binding of all SLP and BSL proteins thereby providing definitive evidence in
support of previous csaB genetic experiments. Unexpctedly, the C-2 acetamido on ManNAc was found
to be an important feature for SLH binding interactions and its substitution with hydroxy or amine
resulted in a complete loss of binding to SLPs and a partial or complete loss of binding to most BSLs.
Interestingly, the presentation of the free amine on the a-GlcNH, led to a small increase in binding
affinity across the set of proteins. However, the magnitude of the effect was small and not likely enough
to affect S-Layer formation or BSL deposition in any appreciable way. 2) Do all S-layer and S-layer
associated proteins have the same ligand requirements for biding? It was found that several BSL
proteins could bind relatively well in the absence of the C-2 acetamido on ManNAc demonstrating that
SLH binding requirements can vary and showing that in principle, modifications to the C-2 position could
be used as a means to modulate protein binding. 3) Can O-acetylation be used as a means to modulate
the binding of EA1, BslA, and BslO as demonstrated in the genetic studies? It was found that the

presence of a 3-O-acetyl function on the B-GlcNAc of the trisacchsaride compounds did not directly
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modulate the binding of EA1, BslO, or BslA proteins as previously suggested in the patAl/patA2 genetic
studies. In addition, compounds with 3-O- acetylation on the terminal ManNAc did not show any
appreciable differences in binding relative to their non 3-O-acetylated counterparts indicating that the

position is likely not important for SLH-carbohydrate binding interactions.

EXPERIMENTAL

General Synthetic Methods: Reactions were performed using flame-dried glassware under an
atmosphere of argon using anhydrous solvents unless otherwise noted. Ambient temperature in the
laboratory was usually 20°C. CH,Cl, and CH;CN were distilled freshly from CaH,. Other commercially
available reagents were obtained from Aldrich, Fisher or TCl and used as received. Thin layer
chromatography (TLC) was performed using aluminium backed Silica Gel 60 TLC plates w/UV254 from
Merck KGaA. Visualization of TLC plates was performed by UV, 5% sulfuric acid/ethanol, or cerium
molybdate stain. Silica gel flash chromatography was performed using silica gel (60 A, 40-63 um) from
Silicycle, Canada. NMR spectra were recorded in the NMR facility of Complex Carbohydrate Research
Center, UGA, on a Varian Mercury 300 (300 MHz for 'H, 75 MHz for **C), Varian Inova 500 (500 MHz for
'H, 125 MHz for **C), Varian Inova 600 with cryoprobe (600 MHz for ‘H, 150 MHz for **C), Varian VNMRS
600 with cryoprobe (600 MHz for *H, 150 MHz for **C) or Varian Inova 800 with cryoprobe (800 MHz for
'H, 200 MHz for 3C). Chemical shifts are reported in parts per million (ppm) on the & scale. '"H NMR and
3C NMR taken in CDCl; was referenced the solvent peak at 7.260 ppm (*H) and 77.16 ppm (**C), HOD
(4.79). The assignments of *H NMR peaks were made from 2D *H-'H COSY, *H-*C HSQC, *H-"*C HMBC
and "H-"H TOCSY spectra. High resolution mass spectra were obtained using a Shimadzu LCMS-IT-TOF
system (ESI) or an AB SCIEX TOF/TOF™ 5800 System (MALDI) with Ultramark 1621 as the internal
standard. Protein mass spectrometry data were obtained using a Bruker Microflex MALDI-TOF

spectrometer.
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mCherry fusion proteins: The mCherry fusion proteins were obtained from the lab of Olaf Schneewind.
The proteins are mCherry translational fusions. The proteins contain a decahistidine tag and the SLH
domain of either an S-layer or BSL protein at the N terminus fused to an mCherry fluorophore at the
C-terminus. The PlyG fusion protein has an N-terminal carbohydrate binding domain (CBD) fused with an
mCherry fluorophore at the C-terminus. The "mCherry" protein was included as a negative control. It
consists of only the decahistidine tag used for purification and the mCherry protein. Each mcherry fusion
protein was quantified using a standard curve generated by plotting known concentrations of the
standard mCherry protein against the fluorescence generated at 584 ex/612 em. This method was
preferred over BCA analysis as it did not erroneously incorporate non-mCherry protein impurities into

the quantity of mCherry fusion protein.

Microarray Study: Materials: Aminosilane glass Slides, Scienion sciFLEXARRAYER Microarray Printer,
GenePix 4000B Microarray Scanner, GenePix Pro 7 Software, Anti-mChery (Rabbit) AB (Rockland inc.),
Goat anti-Rabbit I1gG (H+L) Secondary Antibody, Cy5® conjugate (Sigma). Procedure: Amine
functionalized slides were made to display maleimide by incubation for 3hr in a 20mM solution of
bifunctional linker in 1:10 (DMF: 50mM NaHCOs(aq), pH 8.5).” The Target compounds bearing the thiol
linker were dissolved in degassed and deionized water to make a 500uM solution. Immobilized TCEP
was added to an Eppindorf tube and the resin was vortexed with PBS buffer (pH 7.4), centrifuged, and
removed. An aliquot of the Target compound solution was added to the Epindorff tube and incubated.
LC/MS was used in order to confirm that the compound was in free thiol form. If the reaction is
proceeding slowly, the reaction mixtures can be gently warmed (~40°C). The sample tubes were
centrifuged in order to pull down the immobilized TCEP. An aliquot of each sample was then taken off
the top and added to the sample chamber on the plate printer. The plates were printed with 100uM and
500uM concentrations of each target compound. After printing, the slides were allowed to incubate in a

humidity chamber for 16hrs. Next, the slides were blocked using a 50 mM aqueous solution of
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Mercaptoethanol for 1hr. The slides were thoroughly rinsed and stored at -20°C prior to use. Each
subarray was incubated for 2hr two concentrations (0.5 and 2ug/mL) of each SLP or BSL protein in
dilution buffer. Afterwards the plates were washed in washing buffer and incubated for 1hr with using a
ratio of 1ulL (1mg/mL rabbit derived Anti-mCherry antibody) per 2mL of diluent. Afterwards, the plates
were washed in washing buffer and incubated for 1hr using a ratio of 1uL (2mg/mL Goat-Anti-Rabbit Cy5
antibody) per 1mL of diluent. After incubation, the plate was washed with washing buffer and analyzed

using a fluorescence plate reader (650 ex/ 670 em).

BSA Conjugation: Materials: Thermo Scientific™ Pierce™ Imject™ Maleimide-Activated BSA and Kit -
Maleimide Conjugation Kit. Procedure: Before conjugation, the mercaptan was stirred for ~1 h with DTT
(20 eq) in a warm water bath (~40 °C). The mixture was loaded directly onto a P2 size exlusion column
for purification. The fractions with product were combined and lyophized. Conjugation was carried out

according to the instructions in the BSA-Maleimide kit.

ELISA: Materials: ELISA plates: black 96F Maxisorp Microwell plates (Nunc 437111), Wash buffer: PBS
containing 0.1% Tween 20 and 0.5M NaCl; Blocking buffer: PBS containing 1% BSA; Diluent buffer: PBS
containing 1% BSA and 0.5% Tween 20; POLARstar Optima plate reader, Anti-mChery (Rabbit) AB
(Rockland inc.), Goat Anti-Rabbit IgG (H+L), Alexa Fluor® 488 conjugate AB. Procedure: 1) Coat ELISA
plate with the appropriate BSA conjugates (118 nM sugar final) in coating buffer (100 uL per well).
Incubate overnight at 4°C. 2) Wash with wash buffer. Wash with plate-washer settings 5.1.1.3. This
corresponds to 3 washes with 250 pL and 10 sec soak time. 3) Block with blocking buffer (200 uL/well).
Incubate for 1 h at RT. Afterwards, wash with plate-washer settings 5.1.1.3. This corresponds to 3
washes with 250 pL and 10 sec soak time. 3) Prepare serial dilutions in a 96 well plate starting with an
initial concentration of 0.5ug/mL. Add 250 uL into the first well of a 96-well assay plate, make two-fold

serial dilutions (125 pL + 125 pL) in dilution buffer. Repeat until 11 different concentrations are
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obtained. Transfer sample dilutions from the dilution plate to the coated/blocked plate (100 uL/well).
Incubate for 2 h at RT. Afterwards, wash with plate-washer settings 5.1.1.3. This corresponds to 3
washes with 250 pL and 10 sec soak time. 4) Incubate with anti-mCherry (1Img/mL) antibody for 1h.
(11uL Antibody stock/22mL Diluent) 100uL/well. Afterwards, wash with plate-washer settings 5.1.1.3.
This corresponds to 3 washes with 250 pL and 10 sec soak time. 5) Incubate with Anti-Rabbit
Alexafluor488 secondary antibody (2mg/mL) for 1h. (22uL Antibody stock/22uL Diluent) 100ul/well.
Afterwards, wash with plate-washer settings 5.1.1.3. This corresponds to 3 washes with 250 pL and 10

sec soak time. 6) Add 50 pL PBS and Read Alexafluor488 fluorescence.

O

/Zg//OBn

0]

Benzyl Pyruvate (13): Pyruvic Acid (12, 5 g, 56.8 mmol) was taken up in THF (57 mL), along with benzyl
alcohol (11.81 mL, 114 mmol) and pyridine (11.5 mL). The mixture was cooled to 0°C and
methanesulfonyl chloride (5.31 mL, 68.1 mmol) was added via dropwise addition. Afterwards, the
mixture was allowed to warm to room temperature and stir for an additional 16 hr. The reaction mixture
was quenched by the dropwise addition of water and concentrated under vacuum. The crude was
diluted with ethyl acetate (30 mL) and washed with water (50 mL, 3x) and brine (30 mL). The organic
layer was separated and dried over MgSQ,, filtered, and concentrated under vacuum. The residue was
purified by silica gel column chromatography (5% EtOAc/Hexanes) to give 13 (4.6 g, 26.0 mmol, 46%) as
a colorless oil. Ry = 0.6 (25% EtOAc/hexanes). H'NMR (300 MHz, CDCl;): & 7.45-7.31 (m, H, aromatic),
5.28 (s, 2H, CH,), 2.47 (s, 3H, CHs). *C NMR (75 MHz, CDCl;): 6 191.72, 160.69, 128.96, 128.85, 128.79,

68.16, 26.90. HR MALDI-TOF MS: m/z: calcd for C10H1003 [M+Na]+: 201.0522; found: 201.0555.
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Ethyl 3-O-acetyl-4,6-O-benzylidene-1-thio-B-D-glucopyranoside (15): Compound 14 (4.12 g, 13.19
mmol) was dissolved in methanol (142 mL) along with dibutyltin(lV) oxide (4.10g, 16.49 mmol). The
mixture was heated at reflux (65°C) for 16 hr. Afterwards, the reaction mixture was cooled,
concentrated, and dried under high vacuum for 4 h. The crude intermediate was taken up in DCM (535
mL) and cooled to 0°C. acetyl chloride (1.17 mL, 16.49 mmol) was added vig dropwise addition and the
mixture was allowed to stir at 0°C for 2 hr. The reaction mixture was transferred to a separatory funnel
and washed with 1M KF (aq) (150 mL), water (200 mL), and brine (100 mL). The organic phase was
separated and dried over MgSO,, filtered, and concentrated under vacuum. The residue was purified by
silica gel column chromatography (30% EtOAc/Hexanes) to give an inseparable 9:1 mixture of 15 (3.25 g,
9.16 mmol, 69%) and a 2-O-acetyl impurity as a colorless syrup. R = 0.5 (40% EtOAc/hexanes). H'NMR
(300 MHz, CDCls): (B - Major Product) 6 7.45-7.23 (m, 2H, aromatic), 7.38-7.33 (m, 3H, aromatic), 5.50 (s,
1H, CH), 5.24 (t, 1H, J = 9.27 Hz, H-3), 4.53 (d, 1H, J = 9.76 Hz, H-1), 4.36 (dd, 1H, J = 4.88, 10.74 Hz, H-
6a), 3.77 (t, 1H, J = 10.25 Hz, H-6e), 3.66 (t, 1H, J = 9.76 Hz, H-4), 3.60-3.54 (m, 2H, H-2, H-5), 2.81-2.73
(m, 2H, CH,), 2.67 (d, 1H, J = 2.93 Hz, OH), 2.14 (s, 3H, Ac), 1.33 (t, 3H, J = 7.32 Hz, CH;). *C NMR (75
MHz, CDCl5): 6 171.13, 137.02, 129.26, 128.39, 126.29, 101.66, 87.42, 78.49, 72.31, 70.98, 68.70, 25.15,

21.15, 15.44. HR MALDI-TOF MS: m/z: calcd for C17H220¢S [M+Na]+: 377.1029; found: 377.1047.
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Ethyl 2-O-allyloxycarbonyl-3-0-acetyl-4,6-0O-benzylidene-1-thio-B-D-glucopyranoside (17): Compound
15 (3.25 g, 9.16 mmol) with the 2-O-acetyl impurity was dissolved in DCM (53 mL) along with N,N,N’,N’-

tetramethyletylenediamine (2.06 mL, 13.74 mmol) and dimethylaminopyridine (336 mg, 2.75 mmol).
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allyl chloroformate (2.44 mL, 22.90 mmol) was added and the reaction mixture was stirred at room
temperature for 6 hr. Afterwards, the reaction mixture was diluted in DCM (300 mL) and washed with
NaHCO; (sat. ag, 100 mL) and brine (100 mL). The organic layer was separated, dried over MgS0O4,
filtered, and concentrated under vacuum. The crude was purified by silica gel chromatography (10%
EtOAc/hexanes) to give impure 16 (4.01 g, 9.14 mmol, 100%) as an amorphous white solid. Ry = 0.5
(25% EtOAc/hexanes). The residual 10% 2-O-acetyl impurity from the preceding reaction was still
present and could not be separated. Compound 16 (4.0 g, 9.12 mmol) was taken up in 80% HOAc (aq)
(228 mL). The reaction mixture was heated at 50°C for 16 h and then concentrated under vacuum. The
residue was taken up in toluene and concentrated under vacuum (3x) in order to facilitate the removal
of residual acetic acid. At this point it was discovered that the 3-O-acetyl product could be separated
from the 2-O-acetyl impurity. The resulting residue was purified by silica gel column chromatography
(40% Acetone/Toluene) to give 17 (2.67 g, 7.61 mmol, 83%) as a colorless oil. Rf = 0.5 (40% Acetone
/Toluene). H'NMR (300 MHz, CDCl5): & 5.96-5.88 (m,1H, =CH-), 5.36 (dd, 1H, J = 1.46, 17.57 Hz =CHH),
5.27 (dd, 1H, J = 1.00, 10.74 Hz, =CHH), 5.09 (t, 1H, J = 9.27 Hz, H-3), 4.73 (t, 1H, J = 9.76 Hz, H-2), 4.69-
4.62 (m, 2H, CH,), 4.56 (d, 1H, J = 10.25 Hz, H-1), 3.93 (d, 1H, J = 11.22 Hz, H-6a), 3.82 (d, 1H, J = 10.74
Hz, H-6e), 3.72 (t, 1H, J = 9.27 Hz, H-4), 3.47-3.43 (m, 1H, H-5), 3.20 (br.s, 1H, OH), 2.74-2.70 (m, 2H,
CH,), 2.29 (br.s, 1H, OH), 2.10 (s, 3H, CHs), 1.27 (t, 3H, J = 7.32 Hz, CH;). *C NMR (75 MHz, CDCl,): &
172.01, 154.20, 131.35, 129.17, 128.36, 125.43, 119.10, 83.60 (C-1), 79.98 (C-5), 77.28 (C-3), 73.92 (C-2),
69.86 (C-4), 69.07, 62.42 (C-6), 24.77, 21.04, 15.03. HR MALDI-TOF MS: m/z: calcd for CiaH2205S

[M+Na]+: 373.0928; found: 373.0944.
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Ethyl 2-O-allyloxycarbonyl-3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-B-D-
glucopyranoside (18): Compound 17 (2.21 g, 6.30 mmol) and Benzyl pyruvate (2.25 g, 12.61 mmol) were
dissolved in dry acetonitrile (7.37 mL) under argon atmosphere. BF3;(OEt), (1.55 mL, 12.61 mmol) was
added dropwise to the stirring mixture and the reaction was allowed to proceed at room temperature
for 16 h. The reaction mixture was quenched via dropwise addition of NaHCO; (sat. aq). The mixture was
diluted with DCM (150 mL) and washed with saturated NaHCO; (75 mL). The organic layer was dried
over MgS0,, filtered, and concentrated under vacuum. The residue was purified by silica gel column
chromatography (15% EtOAc/hexanes) to give a 1:4 (o:3) mixture of 18 (2.13 g, 4.17 mmol, 66%) as an
amorphous white solid. Ry = 0.7 (35% EtOAc/Hexanes). Separation of the anomers could be performed
using preparatory TLC (30% Ether/Hexanes; eluted 3x). H'NMR (500 MHz, CDCl): Beta & 7.39-7.33 (m,
5H, aromatic), 5.95-5.87 (m, 1H, -CH=), 5.37-5.17 (m, 3H, H3, =CH,), 4.69 (t, 1H, J = 9.76 Hz, H-2), 4.64 (d,
2H, J = 4.88 Hz, CH,), 4.54 (d, 1H, J = 9.76 Hz, H-1), 4.14-4.07 (m, 1H, H-6a), 3.66 (t, 1H, J = 9.76 Hz, H-
6e), 3.49-3.42 (m, 2H, H-4, H-5), 2.67 (g, 2H, J = 7.32 Hz, CH,), 1.98 (s, 3H, Ac), 1.51 (s, 3H, CHs), 1.24 (t,
3H, J = 7.32 Hz, CH5). *C NMR (75 MHz, CDCl,): § 170.10, 169.31, 154.19, 135.20, 131.34, 128.84,
128.79, 125.46, 118.98, 99.35, 84.07 (C-1), 74.64 (C-5), 74.53 (C-2), 72.51 (C-3), 70.32 (C-4), 69.04, 67.70,
64.90 (C-6), 25.22, 24.54, 20.81, 14.94. HR MALDI-TOF MS: m/z: calcd for C24H300,S [M+Na]+:

533.1452; found: 533.1477.
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Dimethylthexylsilyl 2-trichloroacetamido-4,6-0O-benzylidene-2-deoxy-B-D-glucopyranoside (20):
Compound 19 (8.1 g, 16.51 mmol) was dissolved in methanol (50 mL) and NaOMe (50 mL, 0.2 M solution
in MeOH) was added and the reaction was stirred for 4 h. Afterwards, the reaction was neutralized with
Dowex 50 W (H+) acidic resin, filtered, and concentrated under vacuum. The residue was coevaporated
with dichloromethane and toluene and dried under high vacuum for 3 h. The residue was dissolved in
acetonitrile (35 mL). Benzaldehyde dimethyl acetal (4.12 mL, 27.3 mmol) and CSA (635 mg, 2.73 mmol)
were added. After stirring at room temperature for 3 h, EtOAc was added and the mixture was extracted
with saturated NaHCOj; solution. The organic phase was dried over MgS04, filtered and concentrated
under vacuum. The residue was purified by silica gel column chromatography (5-25% EtOAc/Hexanes) to
give 20 (5 g, 9.01 mmol, 66 %) as an amorphous white solid. R¢ = 0.3 (40% EtOAc/hexanes). H' NMR
(300 MHz, CDCl;): 7.5-7.47 (m, 2H, aromatic), 7.40-7.36 (m, 3H, aromatic), 6.90 (d, 1H, J = 7.03 Hz, NH),
5.55 (s, 1H, CH), 5.12 (d, 1H, J = 7.62 Hz, H-1), 4.35-4.29 (m, 2H, H-3, H-6a), 3.80 (t, 1H, J =9.96 Hz, H-
6e), 3.61-3.44 (m, 3H, H-2, H-5, H-4), 2.86 (d, 1H, J = 2.93 Hz, OH), 1.68-1.56 (m, 1H, CH), 0.88-0.85 (m,
4H, 4xCHs), 0.17 (s, 3H, CHs), 0.15 (s, 3H, CH5). *C NMR (75 MHz, CDCl,): 162.28, 137.09, 129.49, 128.53,
126.44,102.11, 95.28 (C-1), 81.81 (C-4), 69.88 (C-3), 68.77 (C-6), 66.39 (C-5), 61.97 (C-2), 34.06, 24.90,
20.25, 20.07, 18.74, 18.65, -1.68, -3.12. HR MALDI-TOF MS: m/z: calcd for C23sHzaCI;NOgSi [M+Na]-+:

576.1113; found: 576.1130.
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Dimethylthexylsilyl 2-trichloroacetamido-3-0-acetyl-4,6-0-benzylidene-2-deoxy-f3-D-glucopyranoside
(21): Compound 20 (5 g, 9.01 mmol) was dissolved in a 1:1 mixture of pyridine and acetic anhydride
(50 mL). The reaction was allowed to stir at room temperature for 3 h. The reaction mixture was
concentrated under vacuum. The residue was taken up in DCM (100 mL) and transferred to separatory
funnel. The organic layer was washed with water (100 mL), dried over MgS04, filtered, and
concentrated under vacuum. The crude was purified by silica gel chromatography (35% EtOAc/hexanes)
to give 21 (5.1 g, 8.54 mmol, 95%) as an amorphous white solid. Ry = 0.5 (40% EtOAc/hexanes). H' NMR
(300 MHz, CDCl3): 7.47-7.44 (m, 2H, aromatic), 7.37-7.35 (m, 3H, aromatic), 7.15 (d, 1H, J = 9.96 Hz, NH),
5.51 (s, 1H, CH), 5.41 (t, 1H, J =9.96, H-3), 4.77 (d, 1H, J = 7.62 Hz, H-1), 4.13-4.02 (m, 2H, H-2, C-6a),
3.77-3.70 (m, 2H, H-4, H-6e), 3.49-3.40 (m, 1H, H-5), 2.06 (s, 3H, OAc), 1.64-1.55 (m, 1H, CH), 0.86-0.81
(m, 4H, 4xCHs), 0.11 (s, 3H, CHs), 0.08 (s, 3H, CHs). *C NMR (75 MHz, CDCl5): 171.69, 162.14, 137.17,
129.22, 128.36, 126.23, 101.46, 96.63 (C-1), 92.68, 78.82 (C-4), 71.53 (C-3), 68.61 (C-6), 66.72 (C-5),

58.34 (C-2), 33.98, 24.87,20.97, 20.13, 19.99, 18.69, 18.63, -1.73, -3.25. HR MALDI-TOF MS: m/z:

calcd for C2sHssCIsNO,Si [M+Na]+: 618.1219; found: 618.1230.
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Dimethylthexylsilyl 2-trichloroacetamido-3-0-acetyl-6-O-benzylidene-2-deoxy-f-D-glucopyranoside

(22): Compound 21 (0.5 g, 0.838 mmol) was taken up in DCM (11.5 mL) along with activated 4A
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molecular sieves and stirred for 30 minutes under argon. The mixture was cooled to -78°C and
triethylsilane (0.268 mL, 1.675 mmol) was added followed by the dropwise addition of triflic acid

(0.112 mL, 1.256 mmol). After 15 mins, the reaction mixture was quenched by the addition of 1:1
triethylamine/MeOH (2 mL), filtered, and concentrated under vacuum. The residue was taken up in DCM
(50 mL) and washed with water (50 mL). The organic layer was separated, dried over MgS04, filtered,
and concentrated under vacuum. The crude was purified by silica gel chromatography

(30% EtOAc/hexanes) to give 22 (459 mg, 0.766 mmol, 92%) as an amorphous white solid. Ry =0.35
(35% EtOAc/hexanes). H NMR (300 MHz, CDCls): 7.37-7.29 (m, 5H, aromatic), 6.84 (d, 1H, J = 8.80 Hz,
NH), 5.14 (t, 1H, J =9.39, H-3), 4.78 (d, 1H, J = 7.63 Hz, H-1), 4.58 (q, 2H, J = 8.22, 12.33 Hz, CH,), 3.96-
3.91 (m, 1H, H-2), 3.83-3.79 (m, H-4, H-6a), 3.75-3.73 (m, 1H, H-6e), 3.59-3.56 (m, 1H, H-5), 3.02 (d, 1H, J
=2.93 Hz, OH), 2.09 (s, 3H, OAc), 1.62-1.58 (m, 1H, CH), 0.85-0.82 (m, 4H, 4xCH), 0.16 (s, 3H, CHs), 0.12
(s, 3H, CHs). *C NMR (75 MHz, CDCl): 172.03, 161.95, 137.58, 128.69, 128.12, 127.83, 96.11 (C-1),
92.64,74.70 (C-3), 74.03, 73.94 (C-5), 71.17 (C-4), 70.79 (C-6), 57.70 (C-2), 34.01, 24.89, 21.02, 20.13,

20.00, 18.68, 18.64, -1.69, -3.21. HRMS(ESI): m/z: calcd for C2sHssCIsNO,Si [M+Na]+: 620.1375; found:

620.1391.
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Thexyldimethylsilyl 2-O-allyloxycarbonyl-3-0-acetyl-4,6-O-[(S)-1-Benzyloxycarbonylethylidene]-B-D-
Glucopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-0O-benzyl-2-deoxy-B-D-Glucopyranoside
(24): Method 1: Glucosyl donor 18 (159 mg, 0.311 mmol) and glucosyl acceptor 22 (242 mg, 0.404
mmol) were taken up in toluene (5 mL) and concentrated under vacuum (3x). The mixture was taken up

in DCM (4 mL) along with activated 4A molecular sieves (400 mg) and stirred under argon for 30 min.
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The mixture was cooled to -20°C and N-iodosuccinimide (108 mg, 0.482 mmol) was added followed by
dropwise addition of TMSOTf (15 uL, 0.081 mmol). After 1 h, a sizable quantity of donor remained so
additional NIS (54 mg, 0.241 mmol) and TMSOT(f (7.5 uL, 0.04 mmol) were added and the reaction
mixture was warmed to 0°C. After 1 h, much of the donor still remained so the reaction was quenched
with pyridine (0.1 mL), filtered, and concentrated under vacuum. The residue was dissolved in DCM (20
mL) and washed with NaS,0; (sat, aq, 15 mL) and water (15 mL). The organic layer was separated, dried
over MgS04, filtered, and concentrated under vacuum. The crude was purified by silica gel
chromatography (20% EtOAc/hexanes) to give 24 (42 mg, 0.04 mmol, 13%) as an amorphous white solid.

Rr =0.35(25% EtOAc/hexanes). Unreacted donor and acceptor were recovered.

Method 2: Glucosyl donor 18 (60 mg, 0.118 mmol) and glucosyl acceptor 22 (91 mg, 0.153 mmol) were
taken up in toluene (5 mL) and concentrated under vacuum (3x). The mixture was taken up in DCM

(2.7 mL) along with activated 4A molecular sieves (150 mg) and stirred under argon for 30 min. The
mixture was cooled to 0°C and N-iodosuccinimide (41 mg, 0.182 mmol) was added followed by dropwise
addition of triflic acid (2.1 uL, 0.024 mmol). After 1 h, a sizable quantity of donor remained so additional
NIS (20 mg, 0.09 mmol) and TfOH (1 uL, 0.012 mmol) were added. After stirring for 20 mins, the reaction
had not proceeded much so additional TfOH (1 pL, 0.012 mmol) was added. After 1 h, much of the
donor still remained so the reaction was quenched with pyridine (0.1 mL), filtered, and concentrated
under vacuum. The residue was dissolved in DCM (20 mL) and washed with NaS,0; (sat, ag, 15 mL) and
water (15 mL). The organic layer was separated, dried over MgSO04, filtered, and concentrated under
vacuum. The crude was purified by silica gel chromatography (20% EtOAc/hexanes) to give 24 (19.4 mg,
0.019 mmol, 16%) as an amorphous white solid. Ry = 0.35 (25% EtOAc/hexanes). In addition, donor
without Alloc was detected as well as disaccharide resulting from the reaction of donor 73 with the

donor missing 2-O-Alloc.
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Method 3: Donor 24 (80 mg, 0.157 mmol), 2,4,6 tri-tert-butylpyrimidine (97 mg, 0.392 mmol), and
diphenylsulfoxide (38 mg, 0.188 mmol) were dissolved in toluene and concentrated under vacuum (3x).
The dried mixture was taken up in DCM (4.8 mL), cyclooctene (271 mL, 1.567 mmol) and activated 4A
molecular sieves (250 mg) and stirred under argon atmosphere at room temperature for 30 mins. The
mixture was cooled to -78°C and trifluoromethanesulfonic anhydride (29 uL, 0.172 mmol) was added via
dropwise addition. The mixture was allowed to warm to -50°C in order to activate the donor. The
mixture was cooled back to -78°C and compound 18 (141 mg, 0.235 mmol) was dissolved in @ minimum
amount of DCM and added by dropwise addition. The mixture was allowed to warm to 0°C and stir for
an additional 2 h before being quenched with TEA, filtered, and concentrated under vacuum. The
residue was purified by silica gel column chromatography (15% EtOAc/Hexanes) to give 22 (35 mg, 0.033
mmol, 21%) as an amorphous white solid. Rr =0.35 (25% EtOAc/hexanes). Unreacted donor and
acceptor were recovered. H'NMR (600 MHz, CDCl,): Beta & 7.40-7.31 (m, 10H, aromatic), 6.58 (d, 1H, J =
9.76 Hz, NH), 5.92-5.84 (m, 1H, -CH=), 5.34-5.19 (m, 4H, CH,, =CH,), 5.11-5.05 (m, 2H, H-2, H-3"), 4.70 (d,
1H, ) = 7.81 Hz, H-1'), 4.66-4.49 (m, 6H, H-1, H-3, 2xCH,), 4.03 (dd, 1H, J = 5.37, 10.74 Hz, H-6a), 3.95-3.88
(m, 2H, H-2', H-4"), 3.78 (dd, 1H, J = 3.42, 11.22, H-6a'), 3.64 (d, 1H, J = 10.74 Hz, H-6¢'), 3.55 (t, 1H, J =
10.25 Hz, H-6e), 3.40-3.34 (m, 2H, H-4, H-5'), 3.21-3.16 (m, 1H, H-5), 1.94 (s, 3H, Ac), 1.89 (s, 3H, Ac),
1.63-1.57 (m, 1H, CH), 1.51 (s, 3H, CHs), 0.85-0.81 (m, 12H, 4xCHs), 0.17 (s, 3H, CH3), 0.11 (s, 3H, CHs).
C NMR (150 MHz, CDCl3): & 170.94, 170.15, 169.19, 161.89, 154.05, 135.16, 131.35, 128.81, 128.64,
128.39, 127.97, 127.92, 119.16, 101.01 (C-1), 99.27, 95.99 (C-1'), 92.62, 76.26 (C-3), 76.18 (C-4'), 74.92
(C-5'), 74.46 (C-4), 73.48, 72.25 (C-3'), 71.70 (C-2), 68.87, 67.67 (C-6), 67.59, 65.74 (C-5), 64.89 (C-6),
57.79 (C-2'), 34.03, 25.21, 24.89, 20.98, 20.75, 20.14, 20.02, 18.68, 18.63, -1.77, -3.18. HR MALDI-TOF

MS: m/z: calcd for Ca7He2CIzNO4,Si [M+Na]+: 1068.2745; found: 1068.2760.
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Thexyldimethylsilyl 3-O-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-B-D-Glucopyranosyl-(1->4)-
2-trichloroacetamido-3-0-acetyl-6-0-benzyl-2-deoxy-B-D-Glucopyranoside (25): Compound 24 (89 mg,
0.085 mmol) was dissolved in a mixture of THF (1.67 mL), water (0.167 mL), and morpholine (0.074 mL,
0.850 mmol) along with tetrakis(triphenylphosphine)palladium(0) (49 mg, 0.042 mmol) and stirred
under argon for 2 h. The reaction mixture was filtered through a short pad of silica gel and concentrated
under vacuum. The residue was purified by silica gel chromatography (15% EtOAc/Hexanes). The major
product detected consisted of the product with partially reduced tricloroacetyl functionality (19 mg,
23% CHCI;) as confirmed by MALDI and NMR. It was apparent that alloc deprotection conditions were
not compatible with TCA. No trace of the desired product was detected in the crude or purified

fractions.

0
Ph/r
0

AcO

OTDS
OH

Thexyldimethylsilyl 3-O-acetyl-4,6-0-benzylidene-f-D-Glucopyranoside (27): Compound 26 (400 mg,
0.974 mmol) was dissolved in methanol (10.5 mL) along with dibutyltin(IV) oxide (303 mg, 1.218 mmol).
The mixture was heated at reflux (65°C) for 16 hr. Afterwards, the reaction mixture was cooled,
concentrated, and dried under high vacuum for 4 h. The crude intermediate was taken up in DCM (40
mL) and cooled to 0°C. Acetyl chloride (0.087 mL, 1.218 mmol) was added via dropwise addition and the
mixture was allowed to stir at 0°C for 2 hr. The reaction mixture was transferred to a separatory funnel
and washed with 1M KF (aq) (20 mL), water (40 mL), and brine (20 mL). The organic phase was

separated and dried over MgSQ,, filtered, and concentrated under vacuum. The residue was purified by
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silica gel column chromatography (20% EtOAc/Hexanes) to give 27 (307 mg, 0.679 mmol, 70%) as a
white solid. Ry = 0.85 (50% EtOAc/hexanes). H'NMR (300 MHz, CDCl5): & 7.53-7.50 (m, 2H, aromatic),
7.41-7.32 (m, 3H, aromatic), 5.53 (s, 1H, CH), 5.37 (d, 1H, J = 3.52 Hz, H-1), 4.72 (dd, 1H, J = 3.52, 9.96 Hz,
H-2), 4.25-4.07 (m, 2H, H-3, H-6a), 3.98-3.90 (m, 1H, H-5), 3.71 (t, 1H, J = 9.96 Hz, H-6e), 3.52 (t, 1H, J=
9.96 Hz, H-4), 2.73 (br.s, 1H, OH), 2.10 (s, 3H, Ac), 1.70-1.61 (m, 1H, CH), 0.93-0.88 (m, 12H, 4xCHs), 0.15
(s, 3H, CHs), 0.12 (s, 3H, CHs). *C NMR (150 MHz, CDCl5): 6 170.73, 137.11, 129.28, 128.38, 126.33,
101.90, 91.40 (C-1), 81.54 (C-4), 74.87 (C-2), 68.93 (C-6), 68.58 (C-3), 62.37 (C-5), 34.17, 24.99, 20.97,
20.16, 20.10, 18.68, 18.62, -2.31, -3.70. HR MALDI-TOF MS: m/z: calcd for C23sH3s0,Si [M+Na]+:

475.2123; found: 475.2139.
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Thexyldimethylsilyl 2-O-Fluorenylmethyloxycarbonyl-3-O-acetyl-4,6-0-benzylidene-3-D-
Glucopyranoside (28): To a stirring solution of compound 27 (320 mg, 0.706 mmol) in DCM (6.7 mL) and
pyridine (3.3 mL) was slowly added a solution of fluorenylmethyloxycarbonyl chloride (548 mg, 2.118
mmol) in DCM (2.3 mL). The reaction was stirred for 16 h and quenched with methanol (1 mL) and
concentrated under vacuum. The crude was taken up in DCM (35 mL) and washed with water (35 mL).
The organic phase was separated and dried over MgSQ,, filtered, and concentrated under vacuum. The
residue was purified by silica gel column chromatography (10% EtOAc/Hexanes) to give 28 (481 mg,
0.713 mmol, 100%) as a white solid. Rf = 0.75 (25% EtOAc/hexanes). H'NMR (300 MHz, CDCls): & 7.80-
7.20 (m, 13H, aromatic), 5.56 (s, 1H, CH), 5.46-5.40 (m, 2H, H-1, H-3), 4.93 (dd, 1H, J = 3.52, 9.38 Hz, H-
2), 4.47-4.32 (m, 2H, CH,), 4.30-4.23 (m, 2H, H-6a, CH), 4.10-4.02 (m, 1H, H-5), 3.77 (t, 1H, J = 9.96 Hz, H-
6e), 2.02 (s, 3H, Ac), 1.70-1.61 (m, 1H, CH), 0.93-0.90 (m, 12H, 4xCHs), 0.17 (s, 3H, CH3),0.14 (s, 3H,

CH;).2*C NMR (75 MHz, CDCl3): & 170.23, 154.50, 143.36, 143.19, 141.22, 136.84,129.00, 128.17, 127.90,
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127.84,127.18, 127.13, 126.11, 125.14, 125.04, 120.01, 101.54, 91.50 (C-1), 79.23 (C-4), 73.49 (C-3),
72.68 (C-2), 70.16, 69.90, 68.83 (C-6), 62.56 (C-5), 46.77, 46.57, 34.08, 24.99, 20.76, 20.09, 20.01, 18.58,

18.52,-2.39, -3.69. HR MALDI-TOF MS: m/z: calcd for C3gH4s0,Si [M+Na]+: 697.2803; found:

697.2819.
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2-O-Fluorenylmethyloxycarbonyl-3-O-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-p-D-
Glucopyranose (30): Compound 28 (481 mg, 0.713 mmol) was taken up in 80% HOAc(aq) (18 mL). The
reaction mixture was heated at 50°C for 16 h and then concentrated under vacuum. The residue was
taken up in toluene and concentrated under vacuum (3x) in order to facilitate the removal of residual
acetic acid. The resulting residue was purified by silica gel column chromatography (10%
Acetone/Toluene) to give 29 (339 mg, 0.578 mmol, 81%) as a clear oil. Rf = 0.15 (10% Acetone
/Toluene). Intermediate compound 29 (332 mg, 0.565 mmol) and benzyl pyruvate (201 mg, 1.13 mmol)
were dissolved in dry acetonitrile (0.66 mL) under argon atmosphere. BF;(OEt), (0.139 mL, 1.13 mmol)
was added dropwise to the stirring mixture and the reaction was allowed to proceed at room
temperature for 16 h. The reaction mixture was quenched via dropwise addition of NaHCO; filtered,
and transferred to a separatory funnel. The mixture was extracted with DCM (30 mL, 2x) and washed
with saturated NaHCO; (30 mL). The organic layer was dried over MgSQ,, filtered, and concentrated
under vacuum. The residue was purified by silica gel column chromatography (20% EtOAc/hexanes) to
give 30 (53 mg, 0.087 mmol, 15%) as an amorphous white solid. R = 0.4 (35% EtOAc/Hexanes). It was
hoped that the TDS protecting group would remain intact or that compound 30 would be formed in

higher yield allowing for a step to be removed from the original synthetic strategy. HNMR (300 MHz,
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CDCl;): Mix of anomers, 6 7.81-7.74 (m, aromatic), 7.66-7.57 (m, aromatic), 7.45-7.22 (m, aromatic),
5.48 (d, ) = 2.34 Hz), 5.42-5.33 (m), 5.22-5.15 (m), 5.09 (t, J = 9.38 Hz), 4.87-4.81 (m), 4.74 (d, ) = 8.21
Hz), 4.62 (d, J = 7.03), 4.53-4.22 (m), 4.16-3.98 (M), 3.93-3.86 (m), 3.74-3.41 (m), 3.14 (br.s), 2.14 (s),
2.06-2.00 (m), 1.53 (s). *C NMR (75 MHz, CDCl,): § 171.16, 170.27, 170.07, 169.34, 169.10, 154.78,
154.75, 154.32, 143.56, 143.47, 143.37, 143.24, 143.20, 142.95,141.50, 141.43, 141.38, 135.28, 135.20,
128.81, 128.75, 128.70, 128.46, 128.20, 128.03, 127.39, 127.33, 125.45, 125.42, 125.27, 125.13, 120.29,
120.18, 102.02, 99.40, 99.22, 91.08, 79.98, 79.21, 78.79, 77.36, 75.36, 75.08, 74.52, 74.06, 73.09, 71.76,
70.70, 70.49, 70.34, 67.67, 67.59, 67.24, 66.25, 65.24, 64.90, 64.20, 62.16, 46.82, 46.79, 46.70, 46.64,

25.25, 25.18, 20.87. HR MALDI-TOF MS: m/z: calcd for CssH320,, [M+Na]+: 627.1837; found:

627.1849.
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Thexyldimethylsilyl 2-O-Fluorenylmethyloxycarbonyl-3-O-acetyl-4,6-O-[(S)-1-
Benzyloxycarbonylethylidene]--D-Glucopyranosyl-(1->4)-2-trichloroacetamido-3-O-acetyl-6-O-
benzyl-2-deoxy-B-D-Glucopyranoside: (32): Lactol 30 (0.05 g, 0.082 mmol)was stirred with K,COs
(0.023 g, 0.164 mmol) in DCM along with 2,2,2-Trifluoro-N-phenylacetimidoyl chloride (0.115 mlL,

0.822 mmol). After completion of the reaction, the mixture was filtered and concentrated. The crude
was purified by silica gel chromatography (25% EtOAc/ Hexanes + 0.1% pyridine) to afford product 31 in
78% vyield (0.05 g, 0.064 mmol). Donor compound 31 (0.05 g, 0.064 mmol) and acceptor 22 (0.050 g,
0.084 mmol) were co-evaporated with toluene and dried under vacuum for 30 min. The mixture was
taken up in DCM (1.5 mL) along with 4A molecular sieves (100 mg) and stirred at room temperature for

30 mins. Afterwards, the mixture was cooled to -30°C and TMSOTf (2.7 uL, 0.015 mmol) was added. The
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mixture was allowed to warm to -20°C and stir for 1 h. The reaction was quenched with pyridine (100 uL)
and diluted in DCM (20 mL). The organic layer was washed with agueous NaHCO; (sat, 20 mL) and water
(20 mL). The organic layer was separated, dried over MgSO4, filtered, and concentrated under vacuum.
The crude was purified by silica gel chromatography (25% EtOAc/hexanes) to give 32 along with an
inseparable impurity (15 mg, 0.013 mmol, 20%) as an amorphous white solid. Ry = 0.4 (25%
EtOAc/hexanes). HR MALDI-TOF MS: m/z: calcd for CssHesCIsNO,;Si [M+Na]+: 1206.3214; found:

1206.3239.
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1-0-Allyll-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-f-D-glucopyranoside: (34): Compound 33 (65 mg,
0.211 mmol) was taken up in 80% HOAc(aq) (7 mL). The reaction mixture was heated at 50°C for 16 h
and then concentrated under vacuum. The residue was taken up in toluene and concentrated under
vacuum (3x) in order to facilitate the removal of residual acetic acid. The resulting residue was purified
by silica gel column chromatography (10% Acetone/Toluene) to give the diol intermediate as an
amorphous white solid. Ry = 0.15 (10% MeOH/DCM). Without further purification, the intermediate
compound and benzyl pyruvate (74 mg, 0.415 mmol) were dissolved in dry acetonitrile (0.243 mL) under
argon atmosphere. BF;(OEt), (0.051 mL, 0.415 mmol) was added dropwise to the stirring mixture and
the reaction was allowed to proceed at room temperature for 16 h. The reaction mixture was quenched
via dropwise addition of NaHCO; and filtered. The mixture was diluted with DCM (10 mL) and washed
with saturated NaHCO; (10 mL). The organic layer was dried (MgS0,), filtered, and concentrated under
vacuum. The residue was purified by silica gel column chromatography (45% EtOAc/hexanes) to give 34

along with an inseparable impurity (9.3 mg, 0.024 mmol, 12%) as an amorphous white solid. Ry = 0.2
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(35% EtOAc/Hexanes). Protection of the C-2 and C-3 alcohol during pyruvylation appears to be essential
for good yield. HR MALDI-TOF MS: m/z: calcd for Ci9H220g [M+Na]+: 403.1363; found: 403.1389.
Phﬁo

o) @)

AcO 0O/~

OH

1-0-Allyll-3-O-acetyl-4,6-0-benzylidene-f3-D-glucopyranoside: (35 ): Compound 33 (400 mg, 1.297
mmol) was dissolved in methanol (14 mL) along with dibutyltin(IV) oxide (404 mg, 1.622 mmol). The
mixture was heated at reflux (65°C) for 16 hr. Afterwards, the reaction mixture was cooled,
concentrated, and dried under high vacuum for 4 h. The crude intermediate was taken up in DCM (53
mL) and cooled to 0°C. Acetyl chloride (0.115 mL, 1.622 mmol) was added via dropwise addition and the
mixture was allowed to stir at 0°C for 2 hr. The reaction mixture was transferred to a separatory funnel
and washed with a solution of 1M KF (aq) (20 mL). The organic layer was washed with water (40 mL) and
brine (20 mL). The organic phase was dried over MgSQ,, filtered, and concentrated under vacuum. The
residue was purified by silica gel column chromatography (25% EtOAc/Hexanes) to give 35 (0.1234 g,
0.352 mmol, 27%) as an amorphous white solid. Ry = 0.4 (30% EtOAc/hexanes). In addition, a 2-O-acetyl
impurity was isolated (0.1083 g, 0.309 mmol, 24%) as a white solid. Ry = 0.43 (30% EtOAc/hexanes).
H'NMR (300 MHz, CDCl3): 6 7.45-7.43 (m, 2H, aromatic), 7.38-7.35 (m, 3H, aromatic), 5.98-5.90 (m, 1H,
=CH-), 5.50 (s, 1H, CH), 5.34 (dd, 2H, J = 1.0, 17.08 Hz, =CHH), 5.26-5.21 (m, 2H, H-3, =CHH), 4.52 (d, 1H, J
= 7.81 Hz), 4.41-4.34 (m, 2H, H-6a, CHH), 4.17 (dd, 1H, J = 6.34, 12.69 Hz, CHH), 3.80 (t, 1H, J = 10.25 Hz,
H-6e), 3.65 (t, 1H, J=9.76 Hz, H-4), 3.63-3.59 (m, 1H, H-2), 3.54-3.50 (m, 1H, H-5), 2.53 (d, 1H, ] =2.93
Hz, OH), 2.13 (s, 3H, Ac), *C NMR (75 MHz, CDCl3): 6 171.11, 137.06, 133.48, 129.26, 128.41, 126.30,
118.58, 102.65, 101.69, 78.63, 73.68, 73.57, 70.92, 68.80, 66.72, 21.15. HR MALDI-TOF MS: m/z:

calcd for CisH220; [M+Na]+: 373.1258; found: 373.1279.
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1-0-Allyll-2-O-levulinyl-3-0-acetyl-4,6-O-benzylidene-B-D-glucopyranoside: (36 ): To a stirring solution
of compound 35 (596 mg, 1.702 mmol) and levulinic acid (1.73 mL, 17.02 mmol) in DCM (43 mL) and was
slowly added a solution of DCC (1.76 g, 8.51 mmol) and DMAP (31 mg, 0.255 mmol) in DCM (4.2 mL).
The reaction was stirred for 8 h and quenched with methanol (1 mL) and concentrated under vacuum.
The crude was taken up in DCM (35 mL) and washed with water (35 mL). The organic phase was dried
over MgS0,, filtered, and concentrated under vacuum. The residue was purified by silica gel column
chromatography 2:1 ((30% EtOAc/Hexanes):(DCM)) to give 36 (760 mg, 1.70 mmol, 100%) as a white
solid. R;=0.4 (35% EtOAc/hexanes). H'NMR (300 MHz, CDCl;): 6 7.45-7.42 (m, 2H, aromatic), 7.37-7.34
(m, 3H, aromatic), 5.93-5.80 (m, 1H, =CH-), 5.50 (s, 1H, CH), 5.37-5.30 (m, 2H, H-3, =CHH), 5.25-5.19 (m,
1H, =CHH), 5.07-5.02 (m, 1H, H-2), 4.62 (d, 1H, J = 7.81 Hz), 4.39-4.30 (m, 2H, H-6a, CHH), 4.16-4.08 (m,
1H, CHH), 3.81 (t, 1H, J = 10.55 Hz, H-6e), 3.70 (t, 1H, J= 9.38 Hz, H-4), 3.56-3.48 (m, 1H, H-5), 2.84-2.49
(m, 4H, 2xCH,), 2.18 (s, 3H, Ac), 2.09 (s, 3H, CHs). *C NMR (75 MHz, CDCl5): 6 206.08, 171.51, 170.47,
136.99, 133.29, 129.28, 128.39, 126.30, 117.89, 110.17, 101.67, 100.45, 78.58, 72.46, 71.62, 70.52,
68.74, 66.61, 37.89, 28.03, 20.98. HR MALDI-TOF MS: m/z: calcd for C2sH2s0g [M+Na]+: 471.1626;
found: 471.1639.
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1-0-Allyll-2-O-levulinyl-3-0-acetyl-B-D-glucopyranoside: (37): Compound 36 (463 mg, 1.033 mmol) was
taken up in 80% HOAc (aq, 26 mL) and heated at 50°C for 16 h. The mixture was concentrated and the
residue was taken up in toluene and concentrated under vacuum (3x) in order to facilitate the removal

of residual acetic acid. The resulting crude was purified by silica gel column chromatography (25%
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Acetone/Toluene) to give 37 (339 mg, 0.940 mmol, 91%) as a colorless solid. Rf = 0.4 (40%
Acetone/Toluene). H'NMR (300 MHz, CDCls): 6 5.92-5.79 (m, 1H, =CH), 5.40-5.17 (m, 2H, =CH,), 5.17-
4.92 (m, 2H, H-2, H-3), 4.55 (d, 1H, ) = 7.62, H-1), 4.34-4.28 (m, 1H, CHH), 4.13-4.07 (m, 1H, CHH), 3.95-
3.59 (m, 3H, H-4, H6ae), 3.45-3.39 (m, 1H, H-5), 2.85-2.44 (m, 6H, 3 x CH,), 2.17 (s, 3H, CH), 2.14 (s, 3H,
CHs). *C NMR (75 MHz, CDCl,): § 206.26, 171.54, 133.66, 117.71, 99.85, 75.94, 75.74, 71.44, 70.38,
69.91, 62.23, 37.86, 29.88, 28.00, 21.03. HR MALDI-TOF MS: m/z: calcd for CisH2404 [M+Na]-+:

383.1313; found: 383.1333.
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1-0-Allyll-2-O-levulinyl-3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-B-D-glucopyranoside:
(38): Compound 37 (145 mg, 0.402 mmol) and benzyl pyruvate (143 mg, 0.804 mmol) were dissolved in
dry acetonitrile (0.470 mL) under argon atmosphere. BF;(OEt), (0.099 mL, 0.804 mmol) was added
dropwise to the stirring mixture and the reaction was allowed to proceed at room temperature for 16 h.
The reaction was quenched via dropwise addition of NaHCO; and filtered. The mixture was diluted with
DCM (20 mL) and washed with saturated NaHCO; (20 mL). The organic layer was dried over MgSQO,,
filtered, and concentrated under vacuum. The residue was purified by silica gel column chromatography
(30% EtOAc/hexanes) to give an inseparable 1:3 (a.:3) mixture of 38 (70 mg, 0.134 mmol, 33%) as an
amorphous white solid. Ry = 0.4 (35% EtOAc/Hexanes. H'NMR (500 MHz, CDCl,): alpha/beta; § 7.37-7.31
(m, 5H, aromatic), 5.89-5.77 (m), 5.47-5.42 (m), 5.30-5.24 (m), 5.21-5.15 (m), 4.98-4.95 (m, H-1a), 4.91
(t,J=9.76 Hz), 4.78-4.74 (m), 4.53 (d, J = 7.81 Hz, H-1j3), 4.26 (dd, J = 4.88, 13.18 Hz), 4.16-4.13 (m),
4.13-4.10 (m), 4.00-3.94 (m), 3.86-3.80 (m), 3.70 (t, ) = 10.74 Hz), 3.66-3.60 (m), 3.48 (t, 1H, J=9.76 Hz),
3.43-3.36 (m), 2.79-2.64 (m), 2.60-2.46 (m), 2.12 (s), 2.10 (s), 2.00 (s), 1.98 (s), 1.50 (s). HR MALDI-

TOF MS: m/z: calcd for C26H320,; [M+Na]+: 543.1837; found: 543.1859.
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2-0-levulinyl-3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-B-D-glucopyranoside: (39):
Compound 38 (63 mg, 0.120 mmol) and 1,5-Cyclooctadiene-bis[methyldiphenylphosphine]-iridium
Hexafluorophosphate (1.02 mg, 1.203 umol) were dissolved in THF (2.4 mL) to give a pink solution. The
solution was placed under H, for 5-10 seconds until the mixture turned yellow. The H, was flushed out
with argon and the reaction was allowed to stir at room temperature until complete as indicated by
NMR. The reaction mixture was concentrated and the residue was taken up in 5:1 (Acetone:Water).
HgCl, (20 mg, 0.072 mmol) and HgO (16 mg, 0.072 mmol) were added to the mixture and the reaction
was stirred until completion as indicated by TLC. The reaction mixture was filtered through celite and
concentrated. The residue was taken up in DCM (15 mL) and washed with sat KI (ag, 15 mL). The organic
phase was dried over MgSQ,, filtered, and concentrated under vacuum to give an anomeric mixture of
39 (0.038g, 0.079 mmol, 65%) as an amorphous white solid. H'NMR (600 MHz, CDCl,): § 7.37-7.30 (m,
aromatic), 5.46 (t, ) = 9.96 Hz), 5.33-5.14 (m), 4.78-4.72 (m), 4.09-3.96 (m), 3.71-3.56 (m), 3.52-3.38 (m),
2.82-2.64 (m), 2.62-2.41 (m), 2.19-2.12 (m), 2.00 (s), 1.98 (s), 1.50 (s). *C NMR (150 MHz, CDCl,): &
207.34, 206.67,172.49, 171.92, 170.55, 170.47, 169.57, 169.31, 135.22, 135.16, 128.76, 128.73, 128.68,
128.38, 128.33, 99.35, 99.32, 96.04, 95.95, 91.09, 90.74, 75.33, 74.69, 74.20, 73.77,72.14, 71.53, 71.33,
71.07,68.92, 68.61, 67.65, 67.59, 66.31, 66.22, 65.35, 64.95, 64.55, 62.00, 38.15, 37.92, 37.86, 31.02,
29.83, 29.77, 28.05, 28.00, 25.28, 25.22, 20.87, 20.81. HR MALDI-TOF MS: m/z: calcd for C2sH280y;

[M+Na]+: 503.1524; found: 503.1549.
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Thexyldimethylsilyl 2-O-levulinyl-3-O-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-p-D-
Glucopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-0-benzyl-2-deoxy-B-D-Glucopyranoside
(41): Attempt 1: To a solution of 39 (38 mg, 0.079 mmol) in DCM (2.3 mL) was added Cs,CO; (52 mg,
0.158 mmol) and 2,2,2-Trifluoro-N-phenylacetimidoyl chloride (0.111mL, 0.791 mmol). The reaction was
stirred at RT until the reaction was complete as verified by TLC. Ry = 0.35 (30% EtOAc/hexanes + 0.1%
TEA). Triethylamine (100 puL) was added to the reaction mixture and the mixture was filtered through
celite and concentrated. The crude was passed through a short silica gel column (5% to 35% Ea/hex +
0.1% TEA) in order to remove residual 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride and afford 40 (52
mg, 0.08 mmol, 100%) as an amorphous white solid. Donor compound 40 and acceptor 22 (72 mg, 0.12
mmol) were co-evaporated with toluene and dried under vacuum for 30 min. The mixture was taken up
in DCM (3.5 mL) along with 4A molecular sieves (120 mg) and stirred at room temperature for 30 mins.
Afterwards, the mixture was cooled to -20°C and TfOH (0.5 puL, 5.99 umol) was added. The mixture was
allowed to warm to 0°C and stir for 1 h. The reaction was quenched by the addition of pyridine (100 puL)
and diluted in DCM (20 mL). The organic layer was washed with aqueous NaHCO; (sat, 20 mL) and water
(20 mL). The organic layer was separated, dried over MgS04, filtered, and concentrated under vacuum.
No product could be seen by TLC (40% EtOAc/Hexanes) or detected with MALDI. The donor was
consumed within 5 minutes indicating a very reactive donor. The donor and acceptor may have

mismatched reactivities.
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Attempt 2: Compound 44 (54 mg, 0.103 mmol) and glucosyl acceptor 22 (44 mg, 0.073 mmol) was taken
up in toluene (5 mL) and concentrated under vacuum (3x). The mixture was taken up in DCM (3.8 mL)
along with activated 4A molecular sieves (100 mg) and stirred under argon for 30 min. The mixture was
cooled to 0°C and N-iodosuccinimide (26 mg, 0.114 mmol) was added followed by dropwise addition of
triflic acid (1.3 uL, 0.015 mmol). After stirring for 1 h, the reaction mixture was quenched by the addition
of pyridine (0.1 mL), filtered, and concentrated under vacuum. The residue was taken up in DCM (20 mL)
and washed with NaS,0; (sat, ag, 15 mL) and water (15 mL). The organic phasre was separated, dried
over MgS04, filtered, and concentrated under vacuum. The crude was purified by silica gel
chromatography (15% Acetone/toluene) to give 45 (29 mg, 0.027 mmol, 37%) as an amorphous white
solid. Rf =0.45 (15% Acetone/Toluene). H'NMR (600 MHz, CDCl,): 6 7.43-7.31 (m, 10H, aromatic), 6.68
(d, 1H, J = 9.38 Hz, NH), 5.27-5.17 (m, 2H, CH,), 5.08-5.01 (m, 2H, H-3, H-3'), 4.77-4.68 (m, 3H, H-1', H-2,
CHH), 4.55-4.47 (m, 2H, H-1, CHH), 4.06-4.01 (m, 1H, J = 4.69, 10.55 Hz, C-6a), 3.97-3.88 (m, 2H, H-2', H-
4'),3.79 (dd, 1H, J = 2.93, 11.72 Hz, H-6'a), 3.67 (d, 1H, J = 11.14 Hz, H-6'e), 3.58-3.47 (m, 2H, H-5', H-6e),
3.35(t, 1H, J =9.96 Hz, H-4), 3.25-3.17 (m, 1H, H-5), 2.72-2.58 (m, 2H, CH,), 2.39 (t, 2H, J = 6.45 Hz, CH,),
2.14 (s, 3H, CHs), 1.96 (s, 3H, Ac), 1.89 (s, 3H, Ac), 1.64-1.55 (m, 1H, CH), 1.51 (s, 3H, CH3), 0.85-0.81 (m,
12H, 4xCHs), 0.17 (s, 3H, CHs), 0.11 (s, 3H, CH5). *C NMR (150 MHz, CDCl5): § 205.91, 171.13, 170.88,
170.52, 169.27, 161.85, 137.99, 135.12, 128.82, 128.75, 128.44, 128.17, 128.04, 100.86 (C-1), 99.29,
96.05 (C-1'), 92.56, 75.44 (C-4'), 74.98 (C-5'), 74.53 (C-4), 73.88, 72.34 (C-2, C-3'), 71.67 (C-3), 67.71 (C-6)),
65.79 (C-5), 64.94 (C-6), 57.81 (C-2'), 37.66, 34.00, 29.88, 27.74, 25.25, 24.87, 20.98, 20.83, 20.13, 19.99,
18.68, 18.63, -1.73, -3.16. HR MALDI-TOF MS: m/z: calcd for C4sHesCIsNO,;Si [M+Na]+: 1082.2901,;

found: 1082.2928.

135



Ethyl 2-O-levulinyl-3-O-acetyl-4,6-O-benzylidene-1-thio-B-D-glucopyranoside (42): To a stirring solution
of compound 15 (3.28 g, 9.24 mmol) and levulinic acid (9.37 mL, 92 mmol) in DCM (231 mL) and was
slowly added a solution of DCC (9.53 g, 46.2 mmol) and DMAP (169 mg, 1.386 mmol) in DCM (23 mL).
The reaction was stirred for 8 h and quenched with methanol (5 mL) and concentrated under vacuum.
The crude was taken up in DCM (35 mL) and washed with water (35 mL). The organic phase was dried
over MgSQ,, filtered, and concentrated under vacuum. The residue was purified by silica gel column
chromatography 2:1 ((30% EtOAc/Hexanes):(DCM)) to give 42 (4.06 g, 8.97 mmol, 97%) as a white solid.
Ry =0.5 (35% EtOAc/hexanes). H'NMR (300 MHz, CDCl,): & 7.44-7.42 (m, 2H, aromatic), 7.37-7.34 (m,
3H, aromatic), 5.50 (s, 1H, CH), 5.36 (t, 1H, J = 9.39 Hz, H-3), 5.06 (t, 1H, ] = 9.39 Hz, H-2), 4.58 (d, 1H, J =
9.98 Hz, H-1), 4.37 (dd, 1H, J = 4.70, 10.56 Hz, H-6a), 3.78 (t, 1H, J = 9.98 Hz, H-6e), 3.68 (t, 1H, J =9.39
Hz, H-4), 3.59-3.55 (m, H-1, H-5), 2.84-2.79 (m, 1H, CHH), 2.76-2.66 (m, 3H, CHH, CH,’), 2.64-2.59 (m, 1H,
CHH”), 2.56-2.51 (m, 1H, CHH"), 2.18 (s, 3H, CH3), 2.11 (s, 3H, CH3), 1.20 (t, 3H, J = 7.63 Hz, CH,). °C
NMR (75 MHz, CDCls): 6 206.04, 171.55, 170.43, 136.90, 129.27, 128.38, 126.27, 101.60, 84.30, 78.52,
72.55, 70.98, 70.81, 68.63, 37.84, 29.84, 28.08, 24.46, 20.97, 15.01. HR MALDI-TOF MS: m/z: calcd for

Ca2H2805S [M+Na]+: 475.1397; found: 475.1489.
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Ethyl 2-O-levulinyl-3-O-acetyl-1-thio-f-D-glucopyranoside (43): Compound 42 (1.45 g, 3.20 mmol) was
taken up in 80% HOAc(aq) (80 mL) and heated at 50°C for 16 h. The mixture was concentrated and the

residue was taken up in toluene and concentrated under vacuum (3x) in order to facilitate the removal
of residual acetic acid. The resulting residue was purified by silica gel column chromatography (25%
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Acetone/Toluene) to give 43 (963 mg, 2.64 mmol, 82%) as a colorless solid. Ry = 0.4 (40%
Acetone/Toluene). H'NMR (600 MHz, CDCl,): & 5.06 (t, 1H, J = 9.39 Hz, H-3), 4.94 (t, 1H, J = 9.39 Hz, H-
2),4.50 (d, 1H, J = 9.98 Hz, H-1), 3.93-3.91 (m, 1H, H-6a), 3.82-3.80 (m, 1H, H-6e), 3.73-3.70 (m, 1H, H-4),
3.45-3.42 (m, 1H, H-5), 3.26 (br.s, 1H, OH), 2.84-2.79 (m, 1H, CHH), 2.73-2.63 (m, 3H, CHH, CH,"), 2.62-
2.56 (m, 1H, CHH"), 2.52-2.47 (m, 1H, CHH"), 2.42 (br.s, 1H, OH), 2.16 (s, 3H, CHs), 2.14 (s, 3H, CHs), 1.25
(t, 3H,J =7.63 Hz, CHs). BC NMR (150 MHz, CDCl3): 6 206.27, 172.04, 171.55, 83.50, 79.93, 70.07, 69.45,
62.33,37.81, 24.41, 21.04, 15.01. HR MALDI-TOF MS: m/z: calcd for CisH2404S [M+Na]+: 387.1084;

found: 387.1098.
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Ethyl 2-O-levulinyl-3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-o,/B-D-
glucopyranoside (44): Compound 43 (286 mg, 0.785 mmol) and benzyl pyruvate (254 mg, 1.571 mmol)
were dissolved in dry acetonitrile (0.918 mL) under argon atmosphere. BF3;(OEt), (0.193 mL, 1.571
mmol) was added dropwise to the stirring mixture and the reaction was allowed to proceed at room
temperature for 16 h. The reaction mixture was quenched via dropwise addition of NaHCO; and filtered.
The mixture was diluted with DCM (20 mL) and washed with saturated NaHCO; (20 mL). The organic
phase was dried over MgSQ,, filtered, and concentrated under vacuum. The residue was purified by
silica gel column chromatography (30% EtOAc/hexanes) to give an inseparable 1:2 (a.:3) mixture of 44
(155 mg, 0.296 mmol, 38%) as an amorphous white solid. R = 0.4 (35% EtOAc/Hexanes). H'NMR (600
MHz, CDCls): alpha/beta mix: & 7.38-7.33 (m, 5H, aromatic), 5.51 (d, 1H, J = 5.87 Hz, H-1a), 5.31-5.27 (m,
1H, CHH), 5.21-5.16 (m, 2H, H-3, CHH), 4.92-4.89 (m, 1H, H-2), 4.47 (d, 1H, J = 10.56 Hz, H-1), 4.21-4.17
(m, 1H, H-5a), 4.07 (dd, 1H, J = 4.70, 11.74 Hz, H-6a (), 3.96 (dd, 1H, J = 5.28, 11.15 Hz, H-6a(a)), 3.69-
3.64 (m, 1H, H-6e (a..)), 3.46-3.39 (m, 2H, H-4, H-5), 2.81-2.76 (m, 1H, CHH), 2.73-2.47 (m, 5H, CHH,
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CHy', CH,”), 2.16 (s, 3H, CHs), 2.03 (s, 3H, CHs (B)), 1.98 (s, 3H, CH; (c)), 1.51 (s, 3H, CH; (1)), 1.50 (s, 3H,
CHs (B)), 1.24-1.20 (m, 3H, CH5).*C NMR (150 MHz, CDCl5): 6 206.19, 205.96, 171.52, 171.37, 170.53,
170.14, 169.48, 169.28, 135.19, 135.14, 128.78, 128.72, 128.37, 99.36, 99.27, 83.99, 82.67, 75.36, 74.55,
72.39, 71.31, 70.48, 70.41, 69.04, 67.62, 65.05, 64.87, 62.43, 37.80, 37.72, 29.79, 28.08, 28.01, 25.30,
25.19, 24.40, 24.13, 20.85, 14.91, 14.88. HR MALDI-TOF MS: m/z: calcd for CasH320:0S [M+Na]+:

547.1608; found: 547.1618.
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Thexyldimethylsilyl 3-O-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-B-D-Glucopyranosyl-(1-2>4)-
2-trichloroacetamido-3-0-acetyl-6-0-benzyl-2-deoxy-B-D-Glucopyranoside: (46): Compound 45 (22 mg,
0.020 mmol) was dissolved in DCM (1.4 mL) and MeOH (0.14 mL) along with hydrazine acetate (3.75 mg,
0.041 mmol). The reaction was allowed to stir at room temperature for 3 h. Completion of the reaction
was verified by MALDI since the starting material and product had similar R values. The reaction
mixture was concentrated under vacuum and the resulting crude was taken up in EtOAc (20 mL) and
washed with water (20 mL). The organic phase was dried over MgSQ,, filtered, and concentrated under
vacuum. The residue was purified by silica gel column chromatography (35% EtOAc/Hexanes) to give 46
(16 mg, 0.017 mmol, 82%) as a white solid. Ry = 0.5 (35% EtOAc/hexanes). H'NMR (600 MHz, CDCl3): 6
7.79 (d, 1H, J = 9.38 Hz, NH), 7.40-7.26 (m, 10H, aromatic), 5.42 (t, 1H, J = 10.55 Hz, H-3'), 5.18 (dd, 2H, J
=12.31, 31.65 Hz, CH,), 5.01 (t, 1H, J = 9.38 Hz, H-3), 4.91 (br.s, 1H, OH), 4.76-4.55 (m, 2H, H-1', CHH),
4.59,4.55 (d, 1H, J = 13.48 Hz, CHH'), 4.21-4.13 (m, 2H, H-1!, H-6'a), 4.09-4.00 (m, 2H, H-2', H-6a), 3.88 (t,
1H, J = 8.79 Hz, H-4'), 3.55-3.40 (m, 4H, H-4, H-5', H-6e, H-6'¢), 3.35-3.21 (m, 2H, H-2, H-5), 1.89 (s, 3H,

Ac), 1.83 (s, 3H, Ac), 1.66-1.57 (m, 1H, CH), 1.49 (s, 3H, CHs), 0.88-0.84 (m, 12H, 4xCHs), 0.20 (s, 3H, CHs),
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0.08 (s, 3H, CHs). *C NMR (150 MHz, CDCls): 6 171.92, 170.49, 169.13, 162.26, 136.88, 135.19, 128.78,
128.65, 128.29, 127.83, 105.06 (C-1), 99.15, 95.29 (C-1'), 92.93, 79.19 (C-5"), 75.01 (C-4'), 74.49 (C-4),
73.59 (C-3), 73.15 (C-3'), 72.52 (C-2), 68.43 (C-6'), 67.24, 66.14 (C-5), 65.10 (C-6), 56.94 (C-2"), 34.03,
29.85,29.41, 25.27, 24.81, 21.07, 20.81, 20.20, 19.97, 18.75, 18.62, -1.61, -3.12. HR MALDI-TOF MS:

m/z: calcd for CasHssCIzNO15Si [M+Na]+: 984.2534; found: 984.2528.
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C-2 Azide installation reactions:

Trial 1: Thexyldimethylsilyl 2-azido-3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy--
D-Mannoopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-O-benzyl-2-deoxy-B-D-
Glucopyranoside: (47): Compound 46 (4.9 mg, 5.09 umol) and DMAP (0.075 mg, 0.610 umol) were
dissolved in a mixture of DCM (200 pL) and pyridine (50 pL). The mixture was cooled to 0°C and
trifluoromethanesulfonic anhydride (6.02 ulL, 0.036 mmol) was added to the stirring mixture via
dropwise addition. After stirring for 3 h, no product formation could be seen by TLC (35%
EtOAc/Hexanes + 1 drop TEA). In the event that the product was of similar Ry to that of the starting
material, the reaction was pushed forward to see if any product formation would occur. The reaction
mixture was diluted in DCM (20 mL) and transferred to a separatory funnel where it was washed with
NaHCO; (sat, ag, 10mL) and brine (10 mL). The organic layer was dried (MgSQ,), filtered, and
concentrated under reduced pressure to afford a yellow solid. The solid was taken up in DMF (0.1 mL)
with Sodium azide (2mg, 0.031 mmol) and heated at 55°C for 18 h. No product formation could be seen

by TLC (35% EtOAc/Hexanes + 1 drop TEA) or detected by MALDI.
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Trial 2: Compound 46 (2 mg, 2.08 umol) and DMAP (0.03 mg, 0.249 umol) were dissolved in a mixture of
DCM (200 pL) and pyridine (50 pL). The mixture was cooled to 0°C and trifluoromethanesulfonic
anhydride (2.5 pL, 0.015 mmol) was added to the stirring mixture via dropwise addition. After stirring
for 1 h 0°C and 16 h at room temperature, no product formation could be seen by TLC (35%
EtOAc/Hexanes + 1 drop TEA). The mixture was cooled to 0°C and additional trifluoromethanesulfonic
anhydride (2.5 uL, 0.015 mmol) was added via dropwise addition. The reaction was allowed to come to
room temperature while stirring but no product formation could be seen. The mixture was then heated

(35°C) for 16 h. During the reaction time, no product formation was seen by TLC.

Trial 3: Compound 46 (3.3 mg, 3.43 umol) was dissolved in a mixture of DCM (300 pL) and cooled to 0°C.
methanesulfonyl chloride (0.7 puL, 8.56 umol) was added to the stirring mixture via dropwise addition
followed by triethylamine (1.3 pL, 9.25 umol). After stirring for 1 h 0°C and 16 h at room temperature,
no product formation could be seen by TLC (35% EtOAc/Hexanes + 1 drop TEA). The mixture was cooled
to 0°C and additional methanesulfonyl chloride (0.7 uL, 8.56 umol) and triethylamine (1.3 uL, 9.25 umol)
were added via dropwise addition. The reaction was allowed to come to room temperature while
stirring but no product formation could be seen. The mixture was then heated (35°C) for 16 h. During

the reaction time, no product formation was seen by TLC.

Trial 4: Compound 46 (3.3 mg, 3.43 umol) and DMAP (0.05 mg, 0.411 umol) were dissolved in pyridine
(300 uL) and cooled to 0°C. p-Toluenesulfonyl chloride (2 mg, 10.28 umol) was added to the stirring
mixture. After stirring for 1 h 0°C and 16 h at room temperature, no product formation could be seen by
TLC (35% EtOAc/Hexanes + 1 drop TEA). The mixture was cooled to 0°C and additional p-Toluenesulfonyl

chloride (4 mg, 20.5 umol) were added via dropwise addition. The reaction was allowed to come to
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room temperature while stirring but no product formation could be seen. The mixture was then heated

(55°C) for 16 h. During the reaction time, no product formation was seen by TLC.
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Ethyl 3-O-(2-methylnaphthyl)-4,6-O-benzylidene-1-thio-f-D-glucopyranoside: (48): Compound 14 (796
mg, 2.55 mmol) was dissolved in methanol (27 mL) along with dibutyltin(IV) oxide (793 mg, 3.19 mmol)
and heated at reflux (65°C) for 16 hr. Afterwards, the reaction mixture was cooled, concentrated, and
dried under high vacuum for 4 h. The crude intermediate was taken up in DMF (15 mL) with cesium
fluoride (523 mg, 3.44 mmol) and 2-(Bromomethyl) Naphthalene (704 mg, 3.19 mmol). The mixture was
allowed to stir at room temperature for 18 h. The reaction mixture was concentrated under vacuum and
the residue was taken up in DCM (100 mL) and transferred to a separatory funnel. The organic phase
was washed with 1M KF (aq) (50 mL) and water (200 mL). The organic layer was separated and dried
over MgSO,, filtered, and concentrated under vacuum. The residue was purified by silica gel column
chromatography (20% EtOAc/Hexanes) to give 48 (491 mg, 1.08 mmol, 43%) as a white solid. Ry = 0.9
(50% EtOAc/Hexanes). H'NMR (600 MHz, CDCl;): 6 7.86-7.77 (m, 3H, aromatic), 7.77-7.72 (m, 1H,
aromatic), 7.54-7.34 (m, 8H, aromatic), 5.60 (s, 1H, CH), 5.13 (d, 1H, J = 11.74 Hz, CHH), 5.00 (d, 1H, J =
12.33 Hz, CHH), 4.46 (d, 1H, J = 9.39 Hz, H-1), 4.36 (dd, 1H, J =4.70, 9.98 Hz, H-6a), 3.79 (t, 1H, ) = 9.98
Hz, H-6€), 3.77-3.72 (m, 2H, H-3, H-4), 3.63 (t, 1H, J = 8.80 Hz, H-2), 3.52-3.49 (m, 1H, H-5), 2.79-2.72 (m,
2H, CH,), 2.60 (s, 1H, OH), 1.32 (t, 3H, J = 7.63 Hz, CH;). *C NMR (150 MHz, CDCl;): § 137.34, 135.83,
133.38, 133.15, 129.17, 128.42, 128.36, 128.07, 127.79, 126.97, 126.19, 126.17, 126.11, 126.02, 101.47,
86.76, 81.50, 81.30, 74.80, 73.24, 70.88, 68.77, 24.72, 15.38. HR MALDI-TOF MS: m/z: calcd for

C26H2805S [M+Na]+: 475.1550; found: 475.1538.
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Ethyl 2-O-levulinyl-3-0-(2 -methylnaphthyl)-4,6-0-benzylidene-1-thio-B-D-glucopyranoside: (49): To a
stirring solution of compound 48 (491 mg, 1.084 mmol) and levulinic acid (1.1 mL, 10.84 mmol) in DCM
(27 mL) and was slowly added a solution of DCC (1.12 g, 5.42 mmol) and DMAP (20 mg, 0.163 mmol) in
DCM (2.7 mL). The reaction mixture was stirred for 8 h and quenched with methanol (0.5 mL). The
mixture diluted with DCM (35 mL) and washed with water (35 mL). The organic phase was dried over
MgSO,, filtered, and concentrated under vacuum. The residue was purified by silica gel column
chromatography 2:1 ((20% EtOAc/Hexanes):(DCM)) to give 49 (587 mg, 1.07 mmol, 98%) as an
amorphous white solid. R;=0.3 (25% EtOAc/hexanes). H'NMR (300 MHz, CDCl;): 6 7.86-7.75 (m, 4H,
aromatic), 7.52-7.38 (m, 8H, aromatic), 5.60 (s, 1H, CH), 5.11-5.00 (m, 2H, H-2, CHH), 4.88 (d, 1H, J =
12.31 Hz, CHH), 4.45 (d, 1H, J =9.96 Hz, H-1), 4.37 (dd, 1H, J = 4.69, 10.55 Hz, H-6a), 3.84-3.76 (m, 3H, H-
3, H-4, H-6€), 3.53-3.45 (m, 1H, H-5), 2.76-2.63 (m, 4H, 2xCH,), 2.54-2.49 (m, 2H, CH,), 2.11 (s, 3H, CHs),
1.55 (s, 3H, CHs), 1.24 (t, 3H, J = 7.62 Hz, CH5). *C NMR (75 MHz, CDCl,): § 206.28, 171.57, 137.31,
135.77,133.35, 133.14, 129.22, 128.46, 128.18, 128.07, 127.81, 126.96, 126.29, 126.20, 126.03, 101.49,
84.35, 81.66, 79.57, 74.50, 71.82, 70.83, 68.75, 37.92, 29.92, 28.14, 24.19, 14.98. HR MALDI-TOF MS:

m/z: calcd for Cs1H340;S [M+Na]+: 573.1917; found: 573.1923.
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Ethyl 2-O-levulinyl-3-0-(2-methylnaphthyl)-1-thio-B-D-glucopyranoside: (50): Compound 49 (587 mg,
1.07 mmol) was taken up in 80% HOAc (aq) (27 mL) and heated at 50°C for 16 h. The mixture was

concentrated and the resulting residue was taken up in toluene and concentrated under vacuum (3x) in
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order to facilitate the removal of residual acetic acid. The resulting residue was purified by silica gel
column chromatography (25% Acetone/Toluene) to give 50 (405 mg, 0.875 mmol, 82%) as a colorless
solid. Ry =0.2 (15% Acetone/Toluene). H'NMR (300 MHz, CDCl;): 6 7.85-7.78 (m, 4H, aromatic), 7.49-
7.43 (m, 3H, aromatic), 5.05-4.97 (m, 2H, H-2, CHH), 4.84 (d, 1H, J = 12.31 Hz, CHH), 4.43 (d, 1H, J = 9.96
Hz, H-1), 3.92-3.85 (m, 1H, H-6a), 3.80-3.57 (m, 3H, H-3, H-4, H-6e), 3.41-3.36 (m, 1H, H-5), 2.76-2.61 (m,
4H, 2xCH,), 2.59-2.51 (m, 2H, CH,), 2.12 (s, 3H, CHs), 1.65 (s, 3H, CHs), 1.24 (t, 3H, J = 7.62 Hz, CHs). *C
NMR (75 MHz, CDCls): 6 206.40, 171.77, 135.67, 133.38, 133.16, 128.65, 128.10, 127.88, 126.93, 126.43,
126.24, 125.86, 84.00, 83.84, 79.51, 74.96, 72.12, 70.61, 62.75, 37.86, 29.92, 28.20, 24.31, 15.03. HR

MALDI-TOF MS: m/z: calcd for C24H300;S [M+Na]+: 485.1604; found: 485.1624.
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Ethyl 2-O-levulinyl-3-0-(2-methylnaphthyl)-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-o,/B-D-
glucopyranoside: (51) Method 1: Compound 50 (154 mg, 0.333 mmol) and Benzyl pyruvate (119 mg,
0.666 mmol) were dissolved in dry acetonitrile (0.39 mL) under argon atmosphere. BF;(OEt), (0.082 mL,
0.666 mmol) was added dropwise to the stirring mixture and the reaction was allowed to proceed at
room temperature for 16 h. It was noticed that after addition of BF;(OEt),, the reaction mixture was
turning a yellow-brown color. The reaction mixture was quenched via dropwise addition of NaHCO; and
filtered. The mixture was diluted with DCM (30 mL) and washed with saturated NaHCO; (30 mL). The
organic layer was dried (MgSQ,), filtered, and concentrated under vacuum. The residue was purified by
silica gel column chromatography (30% EtOAc/hexanes) to give an impure mixture of 51 (17.5 mg, 0.028
mmol, 8%) as a pale yellow solid. Ry = 0.65 (35% EtOAc/Hexanes). The major products in the reaction

detected using MALDI were missing the 3-O-Nap.
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Method 2: Compound 50 (46 mg, 0.099 mmol) was dissolved in pyridine (250 pL) and cooled to 0°C.
Trimethylsilyl Chloride (0.063 mL, 0.495 mmol) was added to the stirring reaction mixture via dropwise
addition. The reaction was allowed to warm to room temperature and stir for 16 hrs. The reaction
mixture was diluted in DCM (20 mL) and washed with twice with water (20 mL). The organic layer was
dried over MgSQ,, filtered, and concentrated under vacuum to give the crude di-silylated intermediate
(53.4 mg, 0.088 mmol, 89%) as a white solid. R = 0.75 (35% EtOAc/Hexanes). Without further
purification, the intermediate and Benzyl pyruvate (31 mg, 0.176 mmol) were dissolved in dry DCM (0.28
mL) under argon atmosphere and cooled to 0°C. TMSOTf (6.36 uL, 0.035 mmol) was added dropwise to
the stirring mixture and the reaction was allowed to warm to room temperature and stir at room
temperature for 16 h. The reaction mixture was diluted in DCM (20 mL) and washed with twice with
water (20 mL). The organic layer was dried over MgSO,, filtered, and concentrated under vacuum. The
resulting residue was purified by silica gel column chromatography (20% EtOAc/Hexanse) to give an
impure mixture of 51 (2.1 mg, 3.37 umol, 4%) as a pale yellow solid. Rr = 0.65 (35% EtOAc/Hexanes). HR

MALDI-TOF MS: m/z: calcd for CsaHssOsS [M+Na]+: 645.2129; found: 645.2338.
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Ethyl 3-O-allyl-4,6-0-benzylidene-1-thio-f-D-glucopyranoside: (52): Compound 14 (935 mg, 2.99 mmol)
was dissolved in methanol (32 mL) along with dibutyltin(IV) oxide (932 mg, 3.74 mmol). The mixture was
heated at reflux (65°C) for 16 hr. Afterwards, the reaction mixture was cooled, concentrated, and dried
under high vacuum for 4 h. The crude intermediate was taken up in DMF (17 mL) with cesium fluoride
(614 mg, 4.04 mmol) and allyl bromide (0.324 mL, 3.74 mmol). The mixture was allowed to stir at room
temperature for 18 h. The reaction mixture was concentrated under vacuum and the residue was taken

up in DCM (50 mL) and transferred to a separatory funnel. The organic phase was washed with
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1M KF (aq) (50 mL) and water (200 mL). The organic phase was dried over MgSQ,, filtered, and
concentrated under vacuum. The residue was purified by silica gel column chromatography (20%
EtOAc/Hexanes) to 52 (813 mg, 2.31 mmol, 77%) as a white solid. R¢ = 0.65 (35% EtOAc/Hexanes).
H'NMR (300 MHz, CDCl,): & 7.50-7.44 (m, 2H, aromatic), 7.41-7.33 (m, 3H, aromatic), 6.03-5.90 (m, 1H,
=CH), 5.56 (s, 1H, CH), 5.31 (d, 1H, J = 17.00 Hz, =CHH), 5.20 (d, 1H, J = 9.96 Hz, CHH), 4.50-4.42 (m, 2H,
H-1, CHH), 4.38-4.26 (m, 2H, H-6a, CHH), 3.77 (t, 1H, J = 9.96 Hz, H-6e), 3.69-3.45 (m, 4H, H-2, H-3, H-4,
H-5), 2.76 (g, 2H, CH,), 2.59 (1, 1H, OH), 1.33 (t, 3H, J = 7.62 Hz, CH5). *C NMR (75 MHz, CDCl,): § 137.35,
134.97, 129.14, 128.39, 126.12, 117.59, 101.40, 86.74, 81.46, 73.82, 73.01, 70.92, 68.78, 24.74, 15.40.

HR MALDI-TOF MS: m/z: calcd for CisH2405S [M+Na]+: 375.1237; found: 375.1203.

Ethyl 2-O-levulinyl-3-0O-allyl-4,6-O-benzylidene-1-thio-B-D-glucopyranoside: (53): To a stirring solution
of compound 52 (805 mg, 2.28 mmol) and levulinic acid (2.32 mL, 22.83 mmol) in DCM (57 mL) was
slowly added a solution of DCC (2.36 g, 11.42 mmol) and DMAP (42 mg, 0.342 mmol) in DCM (5.7 mL).
The reaction was stirred for 8 h and quenched with methanol (0.5 mL). The mixture was concentrated
under vacuum and the resulting crude was taken up in DCM (75 mL) and washed with water (35 mL).
The organic phase was dried over MgSQ,, filtered, and concentrated under vacuum. The residue was
purified by silica gel column chromatography 2:1 ((20% EtOAc/Hexanes):(DCM)) to give 53 (984 mg, 2.18
mmol, 96%) as an amorphous white solid. R =0.75 (25% EtOAc/hexanes, eluted 3x). H'NMR (300 MHz,
CDCl;): 6 7.49-7.46 (m, 2H, aromatic), 7.39-7.33 (m, 3H, aromatic), 5.94-5.82 (m, 1H, =CH), 5.55 (s, 1H,
CH), 5.27-5.21 (m, 1H, =CHH), 5.17-5.13 (m, 1H, CHH), 5.04-4.98 (m, 1H, H-2), 4.49 (d, 1H, J = 9.96 Hz, H-
1), 4.38-4.31 (m, 2H, H-6a, CHH), 4.18-4.12 (m, 1H, CHH), 3.77 (t, 1H, J =9.96 Hz, H-6e), 3.69-3.64 (m, 2H,

H-3, H-4), 3.52-3.44 (m, 1H, H-5), 2.87-2.61 (m, 6H, 3 x CH,), 2.20 (s, 3H, CHs), 1.25 (t, 3H, J = 7.62 Hz,
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CHs). *C NMR (75 MHz, CDCly): & 206.31, 171.54, 137.28, 134.91, 129.14, 128.39, 126.10, 117.10,
101.33, 84.30, 81.43, 79.80, 73.63, 71.74, 70.87, 68.72, 38.06, 30.02, 28.17, 24.16, 15.00. HR MALDI-

TOF MS: m/z: calcd for C23H300;S [M+Na]+: 473.1610; found: 473.1587.
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Ethyl 2-O-levulinyl-3-0-allyl-1-thio-B-D-glucopyranoside: (54) Compound 53 (457 mg, 1.014 mmol) was
taken up in 80% HOAc(aq) (25 mL) and heated at 50°C for 16 h. The mixture was concentrated and the
resulting residue was taken up in toluene and concentrated under vacuum (3x) in order to facilitate the
removal of residual acetic acid. The resulting residue was purified by silica gel column chromatography
(25% Acetone/Toluene) to give 54 (345 mg, 0.951 mmol, 94%) as an amorphous white solid. Ry = 0.4
(40% Acetone/Toluene). H'NMR (300 MHz, CDCl;): 6 5.94-5.81 (m, 1H, =CH), 5.27-5.22 (m, 1H, =CHH),
5.16-5.13 (m, 1H, CHH), 4.86 (t, 1H, J = 9.38 Hz, H-2), 4.39 (d, 1H, J =9.96 Hz, H-1), 4.25-4.14 (m, 2H,
CH,), 3.89-3.84 (m, 1H, C-6a), 3.78-3.72 (m, 1H, H-6e), 3.61 (t, 1H, J = 9.38 Hz, H-3), 3.45-3.32 (m, 2H, H-
4, H-5), 2.87-2.50 (m, 6H, 3 x CH,), 2.16 (s, 3H, CH5), 1.21 (t, 3H, J = 7.62 Hz, CH;). *C NMR (75 MHz,
CDCl5): 6 206.46, 171.59, 134.83, 117.44, 83.65, 83.49, 79.63, 73.68, 71.96, 70.23, 62.42, 37.89, 29.91,
28.7,24.16, 14.94. HR MALDI-TOF MS: m/z: calcd for C16H260,S [M+Na]+: 385.1291; found:

385.1264.
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Ethyl 2-O-levulinyl-3-0-allyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-o/B-D-glucopyranoside:

(55) Compound 54 (144 mg, 0.397 mmol) and benzyl pyruvate (141 mg, 0.794 mmol) were dissolved in
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dry acetonitrile (0.464 mL) under argon atmosphere. BF;(OEt), (0.098 mL, 0.794 mmol) was added
dropwise to the stirring mixture and the reaction was allowed to proceed at room temperature for 16 h.
The reaction mixture was quenched via dropwise addition of NaHCO; and filtered. The mixture was
diluted with DCM (20 mL) and washed with saturated NaHCO; (20 mL). The organic layer was dried over
MgSQ,, filtered, and concentrated under vacuum. The residue was purified by silica gel column
chromatography (20% EtOAc/hexanes) to give an inseparable 1:1 (o:3) mixture of 55 (42 mg, 0.081
mmol, 20%) as an amorphous white solid. Rf = 0.5 (35% EtOAc/Hexanes). H'NMR (600 MHz, CDCls) (/B
mixture) : & 7.39-7.31 (m, 5H, aromatic), 5.89-5.82 (m, 1H, =CH), 5.49 (d, 1H, J = 5.87 Hz, H-1a), 5.29-
5.20 (m), 5.12-5.09 (m), 4.90-4.85 (m), 4.68-4.70 (m), 4.40 (d, 1H, J = 9.98 Hz, H-1p), 4.34-4.31 (m), 4.16-
4.10 (m), 4.05 (dd, J = 10.56, 4.70 Hz), 3.94 (dd, J = 5.28, 10.56 Hz), 3.72-3.66 (m), 3.55 (t, ] = 9.39 Hz),
3.44-3.39 (m), 3.37-3.33 (m), 2.83-2.72 (M), 2.67-2.59 (m), 2.56-2.45 (m), 2.18 (s), 1.54 (s), 1.53 (s), 1.25-
1.19 (m). *C NMR (150 MHz, CDCl5): § 206.27, 206.20, 171.82, 171.43, 169.59, 169.41, 135.24, 135.17,
135.06, 135.04, 128.77, 128.61, 128.57, 128.41, 128.33, 116.54, 116.51, 116.40, 116.37, 99.15, 99.05,
83.98, 82.86, 82.84, 79.47, 78.19, 75.76, 73.01, 72.56, 72.51, 71.20, 71.17, 70.28, 67.65, 67.62, 67.58,
67.54, 65.19, 64.98, 62.41, 38.06, 37.97, 29.96, 29.95, 28.15, 28.11, 25.47, 25.37, 24.42, 23.84, 14.94,

14.90. HR MALDI-TOF MS: m/z: calcd for C26Hz20,S [M+Na]+: 545.1816; found: 545. 1792.
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Thexyldimethylsilyl 2-O-levulinyl-3-0-allyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-3-D-
Glucopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-0O-benzyl-2-deoxy-B-D-Glucopyranoside
(56): Compound 55 (40 mg, 0.077 mmol) and glucosyl acceptor 22 (33 mg, 0.055 mmol) were taken up in

toluene (5 mL) and concentrated under vacuum (3x). The mixture was taken up in DCM (2.8 mL) along
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with activated 4A molecular sieves (100 mg) and stirred under argon for 30 min. The mixture was cooled
to -20°C and N-iodosuccinimide (19 mg, 0.085 mmol) was added followed by dropwise addition of triflic
acid (1.0 uL, 0.011 mmol). Afterwards, the reaction was allowed to warm to 0°C. After stirring for 15
min, donor was still present so additional triflic acid (2.0 uL, 0.022 mmol) was added and the reaction
was allowed to stir for an additional 45 mins at 0°C. The reaction mixture was quenched by the addition
of pyridine (0.1 mL), filtered, and concentrated. The residue was taken up in DCM (20 mL) and washed
with NaS,0; (sat, ag, 15 mL) and water (15 mL). The organic layer was separated, dried over MgS04,
filtered, and concentrated under vacuum. The crude was purified by silica gel chromatography (10%
Acetone/toluene) to give 56 (14 mg, 0.013 mmol, 24%) as an amorphous white solid. Ry = 0.5 (15%
Acetone/Toluene). H'NMR (600 MHz, CDCl,): 6 7.41-7.30 (m, 10H, aromatic), 6.63 (d, 1H, J = 9.38 Hz,
NHTCA), 5.86-5.73 (m, 1H, =CH-), 5.25-4.99 (m, 5H, H-3', 2xCH,), 4.76-4.67 (m, 3H, H-1', H-2, CHH), 4.53
(d, 1H, J = 11.72 Hz, CHH), 4.43 (d, 1H, J = 7.62 Hz, H-1), 4.31-4.25 (m, 1H, CHH'), 4.07-3.98 (m, 2H, H-6a,
CHH), 3.94-3.82 (m, 3H, H-2', H-4, H-6a"), 3.71 (m, 1H, H-6e'), 3.58 (t, 1H, J = 10.55 Hz, H-6e), 3.52-3.48
(m, 1H, H-5'), 3.42-3.31 (m, 2H, H-3, H-4), 3.19-3.07 (m, 1H, H-5), 2.84-2.41 (m, 4H, 2xCH,), 1.88 (s, 3H,
OAc), 1.62 (s, 1H, CH), 1.53 (s, 3H, CHs), 0.86-0.82 (m, 12H, 4xCHs), 0.17 (s, 3H, Si-CHs), 0.12 (s, 3H, Si-
CHs). *C NMR (150 MHz, CDCl,): § 206.21, 171.02, 170.87, 169.40, 161.85, 138.25, 135.14, 135.05,
128.81, 128.71, 128.65, 128.47, 128.06, 128.00, 116.31, 101.14, 99.06, 99.16, 92.59, 78.43, 77.31, 75.37,
75.08, 73.88,72.78,72.44,72.11, 67.91, 67.71, 65.71, 65.09, 57.85, 37.85, 34.01, 27.89, 25.42, 24.90,
20.95, 20.14, 20.00, 18.68, 18.63, -1.70, -3.13. HR MALDI-TOF MS: m/z: calcd for C49HesCl3NO;4Si

[M+Na]+: 1080.3039; found: 1080.2992.
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Thexyldimethylsilyl 3-0-allyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-B-D-Glucopyranosyl-(1->4)-2-
trichloroacetamido-3-0-acetyl-6-O-benzyl-2-deoxy-f3-D-Glucopyranoside: (57): Compound 56 (12 mg,
0.011 mmol) was dissolved in DCM (0.78 mL) and MeOH (0.078 mL) along with hydrazine acetate (2 mg,
0.023 mmol). The reaction was allowed to stir at room temperature for 3 h. Completion of the reaction
was verified by MALDI since the starting material and product had similar R values. The reaction
mixture was concentrated under vacuum and the resulting crude was taken up in EtOAc (20 mL) and
washed with water (20 mL). The organic phase was dried over MgSQ,, filtered, and concentrated under
vacuum. The residue was purified by silica gel column chromatography (35% EtOAc/Hexanes) to give 57
(11 mg, 0.011 mmol, 100%) as a white solid. Rf = 0.25 (25% EtOAc/hexanes). H'NMR (600 MHz, CDCl,):
87.77 (d, 1H, J = 8.80 Hz, NHTCA), 7.39-7.30 (m, 10H, aromatic), 5.83-5.77 (m, 1H, =CH-), 5.42 (t, 1H, J =
9.98 Hz, H-3'), 5.22-5.14 (m, 3H, CH,, CHH), 5.02 (d, 1H, J = 9.98 Hz, CHH), 4.75 (d, 1H, J = 7.63 Hz, H-1'),
4.72 (s, 2H, CH,), 4.36-4.33 (m, 1H, CHH'), 4.17-4.12 (m, 3H, H-1, H-6a', CHH'), 4.07-4.01 (m, 2H, H-6a, H-
2'),3.89 (t, 1H, J = 8.80 Hz, H-2), 3.60-3.56 (m, 2H, H-6e, H-6€'),3.50 (t, 1H, J = 9.98 Hz, H-4'), 3.38-3.32
(m, 1H, H-3, H-4), 3.26-3.19 (m, 2H, H-5, H-5'), 1.86 (s, 3H, OAc), 1.59-1.54 (m, 1H, CH), 1.51 (s, 3H, CHs),
0.84-0.80 (m, 12H, 4xCH;), 0.17 (s, 3H, Si-CHs), 0.07 (s, 3H, Si-CHs). *C NMR (150 MHz, CDCls): 6 171.87,
169.38, 162.28, 137.67, 135.45, 135.12, 128.78, 128.58, 128.51, 128.08, 127.96, 127.79, 116.33, 104.81,
98.95, 95.33, 92.92, 80.54, 78.79, 77.62, 75.36, 73.70, 73.57, 73.23, 68.15, 67.26, 65.95, 65.23, 57.04,
53.91, 33.99, 25.44, 24.78, 21.08, 20.16, 19.98, 18.71, 18.61, -1.54, -3.11. HR MALDI-TOF MS: m/z:

calcd for C44HeoCl3NO,,Si [M+Na]+: 982.2741; found: 982.2703.
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Thexyldimethylsilyl 2-azido-3-0-allyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-B-D-
Mannopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-O-benzyl-2-deoxy--D-Glucopyranoside
(58): Compound 57 (7 mg, 7.28 umol) and DMAP (0.11 mg, 0.874 umol) were dissolved in a mixture of
DCM (200 pL) and pyridine (50 uL). The mixture was cooled to 0°C and trifluoromethanesulfonic
anhydride (34 uL, 0.204 mmol) was added to the stirring mixture via dropwise addition. After stirring for
1 hat0°Cand 1 h at room temperature, TLC indicated product formation (25% EtOAc/Hexanes + 1 drop
TEA, Ry =0.25). The reaction mixture was diluted in DCM (20 mL) and transferred to a separatory
funnel where it was washed with NaHCO; (sat, ag, 10mL) and brine (10 mL). The organic phase was
dried over MgSQ,, filtered, and concentrated under reduced pressure to afford a yellow solid. Without
further purification, the residue was taken up in DMF (0.25 mL) along with sodium azide (5.6 mg, 0.088
mmol) and heated at 55°C for 18 h. The reaction mixture was concentrated under vacuum and the
resulting crude was taken up in DCM (20 mL) and washed with water (2 x 20 mL). The organic phase was
dried over MgSQ,, filtered, and concentrated under vacuum. The residue was purified by silica gel
column chromatography (20% EtOAc/Hexanes) to give 58 (5 mg, 4.97 umol, 68%) as a white solid. Ry =
0.5 (25% EtOAc/hexanes). H'NMR (600 MHz, CDCl3): 6 7.40-7.31 (m, 10H, aromatic), 6.79 (d, 1H, J =9.39
Hz), 5.90-5.83 (m, 1H, =CH-), 5.35-5.25 (m, 2H, CHH, CHH'), 5.18-5.11 (m, 3H, H-3', CHH, CHH'), 4.73-4.71
(m, 2H, H-1', CHH"), 4.53-4.51 (m, 2H, H-1, CHH"), 4.31-4.28 (m, 1H, CHH""), 4.09-4.06 (m, 1H, CHH""),
3.99-3.95 (m, 3H, H-2', H-4', H-6a), 3.78-3.76 (m, 1H, H-6a'), 3.71-3.67 (m, 3H, H-2, H-6e, H-6€), 3.60 (t,
1H, J = 9.39 Hz, H-4), 3.55-3.53 (m, 1H, H-5'), 3.38-3.36 (m, 1H, H-3), 3.08-3.04 (m, 1H, H-5), 1.93 (s, 3H,

OAc), 1.65-1.57 (m, 1H, CH), 1.52 (s, 3H, CH3), 0.86-0.82 (m, 12H, 4xCHs), 0.17 (s, 3H, Si-CH3), 0.12 (s, 3H,
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Si-CH5). *C NMR (150 MHz, CDCl): & 170.95, 169.41, 161.98, 137.85, 135.18, 134.71, 128.80, 128.75,
128.56, 128.33, 128.25, 128.05, 117.02, 100.58, 99.42, 96.26, 92.58, 76.57, 76.32, 75.08, 74.65, 73.97,
72.41,71.91, 68.67, 67.70, 66.99, 64.94, 63.62, 57.77, 34.02, 25.53, 24.90, 20.95, 20.14, 20.00, 18.69,

18.64, -1.74, -3.16. HR MALDI-TOF MS: m/z: calcd for CasHseCl3N4O15Si [M+Na]+: 1007.2811; found:

1007.2782.
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2-0-levulinyl-3-0-acetyl-4,6-0-benzylidene-f3-D-glucopyranoside: (59): Compound 36 (283 mg, 0.630
mmol) and 1,5-Cyclooctadiene-bis[methyldiphenylphosphine]-iridium Hexafluorophosphate (5.3 mg,
6.30 umol) were dissolved in THF (8 mL) to give a pink solution. The solution was placed under H, for 5-
10 seconds until the mixture turned yellow. The H, was flushed out with argon and the reaction was
allowed to stir at room temperature until complete as indicated by NMR. The reaction mixture was
concentrated and the residue was taken up in 5:1 (Acetone:Water). HgCl, (103 mg, 0.378 mmol) and
HgO (82 mg, 0.378 mmol) were added to the mixture and the reaction was stirred until completion as
indicated by TLC. The reaction mixture was filtered through celite and concentrated. The residue was
taken up in DCM (50 mL), washed with sat Kl (ag, 25 mL), dried with MgSQ,, filtered, and concentrated
under vacuum to give an anomeric mixture of 59 (244 mg, 0.598 mmol, 95%) as an amorphous white
solid. Ry =0.2, (50% EtOAc/Hexanes). H'NMR (300 MHz, CDCl,): § 7.45-7.42 (m, 2H, aromatic), 7.37-7.32
(m, 3H, aromatic), 5.63 (t, ] =9.76 Hz), 5.52-5.49 (m), 5.41 (d, J = 3.42 Hz, H-1a), 5.37 (t, ] = 9.27), 4.92-
4.89 (m), 4.82 (d, H-1p), 4.37 (dd, J = 4.88, 10.74 Hz), 4.29 (dd, J = 4.88, 10.25 Hz), 4.20-4.15 (m), 3.99
(bs.s), 3.80 (t, 1H, J = 10.25 Hz), 3.74 (t, 1H, J= 10.25 Hz), 3.71-3.63 (m), 3.58-3.53 (m), 2.85-2.67 (m),
2.63-2.53 (m),2.19 (s), 2.18 (s), 2.10 (s), 2.08 (s). HR MALDI-TOF MS: m/z: calcd for C20H2409

[M+Na]+: 431.1313; found: 431.1351.

151



CCls
1-O-allyl-2-trichloroacetamido-3-O-acetyl-4,6-0-benzylidene-2-deoxy-f-D-Glucopyranoside: (63): 61
(1.76 g, 3.6 mmol) was dissolved in methanolic NaOMe (100 mL, 0.1M) and the reaction was stirred for
4 h. Afterwards, the reaction was neutralized with Dowex 50 W (H+) acidic resin, filtered, and
concentrated under vacuum. The residue was coevaporated with dichloromethane and toluene and
dried under high vacuum for 3 h to remove residual methanol. The residue was dissolved in acetonitrile
(35 mL). Benzaldehyde dimethyl acetal (1.11 mL, 7.38 mmol) and CSA (171 mg, 0.738 mmol) were
added. After stirring at room temperature for 12 h, EtOAc was added and the mixture was washed with
saturated NaHCO; (aq). The organic phase was dried over MgS04, filtered and concentrated under
vacuum. The residue was passed through a small plug of silica gel using 5% EtOAc/Hexanes to remove
residual benzaldehyde dimethyl acetal and 40% EtOAc/Hexanes to elute 62. Without further
purification, compound 62 was dissolved in a 1:1 mixture of pyridine and acetic anhydride (30 mL). The
reaction was stirred at room temperature for 1 h and concentrated under vacuum. The residue was
taken up in DCM (50 mL) and transferred to separatory funnel. The organic phase was washed with
water (2 x 100 mL), dried over MgS04, filtered, and concentrated under vacuum. The crude was purified
by silica gel chromatography (35% EtOAc/hexanes) to give 63 (1.39 g, 2.81 mmol, 78% over 3 steps) as
an amorphous white solid. Ry = 0.7 (35% EtOAc/hexanes). H'NMR (300 MHz, CDCl3): & 7.46-7.34 (m, 5H,
aromatic), 5.86-5.73 (m, 1H, =CH-), 5.52-5.45 (m, 2H, H-3, CH), 5.24-5.13 (m, 2H, CH,), 4.51 (d, 1H, J =
8.79 Hz, H-1), 4.24-4.10 (m, 3H, H-2, C-6a, CHH), 3.93-3.86 (m, 1H, CHH), 3.78-3.69 (m, 2H, H-4, C-6e),
3.59-3.51 (m, 1H, H-5), 2.08 (s, 3H, CH;). °C NMR (75 MHz, CDCl): § 171.77, 162.44, 137.14, 133.34,
129.23, 128.38, 126.06, 117.88, 101.32, 100.71, 92.73, 78.82, 71.59, 70.55, 68.55, 66.40, 56.02, 20.94.

HR MALDI-TOF MS: m/z: calcd for C20H22CIsNO7 [M+Na]+: 516.0360; found: 516.0401.
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1-0O-allyl-2-trichloroacetamido-3-O-acetyl-6-O-benzyl-2-deoxy-f3-D-Glucopyranoside (64): Compound
63 (0.5g, 1.011 mmol) was taken up in DCM (13.8 mL) along with activated 4A molecular sieves and
stirred for 30 minutes under argon. The mixture was cooled to -78°C and triethylsilane (0.323 mL, 2.021
mmol) was added followed by the dropwise addition of triflic acid (0.135mL, 1.516 mmol). After 15 mins,
the reaction mixture was quenched by the addition of 1:1 triethylamine/MeOH (2 mL), filtered, and
concentrated under vacuum. The residue was dissolved in DCM (50 mL) and washed with water (50 mL).
The organic layer was separated, dried over MgS04, filtered, and concentrated under vacuum. The
crude was purified by silica gel chromatography (30% EtOAc/hexanes) to give 64 (318 mg, 0.64 mmol,
63%) as an amorphous white solid. Ry = 0.2 (35% EtOAc/hexanes). H'NMR (500 MHz, CDCls): 6 7.37-
7.28 (m, 5H, aromatic), 6.83 (d, 1H, J = 8.78 Hz, NH), 5.87-5.79n(m, 1H, =CH-), 5.26 (d, 1H, J = 17.57 Hz,
=CHH), 5.19-5.16 (m, 1H, H-3, =CHH), 4.63-4.56 (m, 3H, H-1, CH,), 4.34 (dd, 1H, J = 4.88, 13.18 Hz, CHH’),
4.06 (dd, 1H, J =5.86, 12.69 Hz, CHH' ), 3.98 (dd, 1H, J = 8.78, 19.52 Hz, H-2), 3.84-3.75 (m, 3H, H-4, H-6),
3.59-3.55 (m, 1H, H-5), 3.09 (br.s, 1H, OH), 2.09 (s, 3H, OAc), 1.63 (br.s, 1H, OH). *C NMR (75 MHz,
CDCls): 6 171.95, 162.15, 137.54, 133.46, 128.70, 128.17, 127.94, 117.97, 99.87, 74.50, 74.06, 74.00,
70.99, 70.46, 70.17, 55.82, 21.00. HR MALDI-TOF MS: m/z: calcd for C20H24CIsNO7 [M+Na]+:

518.0516; found: 518.0574.
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Allyl 2-O-levulinyl-3-O-acetyl-4,6-0-benzylidene-2-deoxy-B-D-glucopyranosyl-(1->4)-2-

trichloroacetamido-3-0-acetyl-6-O-benzyl-2-deoxy-f-D-Glucopyranoside: (65): To a solution of lactol
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59 (135 mg, 0.331 mmol) in DCM (3 mL) was added Cs,CO3 (215 mg, 0.661 mmol) and 2,2,2-Trifluoro-N-
phenylacetimidoyl chloride (0.464mL, 3.31 mmol). The reaction was stirred at RT until the completion
was verified by TLC. Rf = 0.75 (30% EtOAc/hexanes + 0.1% TEA). Triethylamine (100 ulL) was added to
the reaction mixture and the mixture was filtered through celite and concentrated. The crude was
passed through a short silica gel column (5% to 25% Ea/hex + 0.1% TEA) in order to remove residual
2,2,2-Trifluoro-N-phenylacetimidoyl Chloride and afford 60 (178 mg, 0.308 mmol, 93%) as an amorphous
white solid. Donor compound 60 and acceptor 64 (198 mg, 0.4 mmol) were co-evaporated with toluene
and dried under vacuum for 30 min. The mixture was taken up in DCM (3.5 mL) along with 4A molecular
sieves (400 mg) and stirred at room temperature for 30 mins. Afterwards, the mixture was cooled to
-20°C and TfOH (6.7 uL, 0.037 mmol) was added. The mixture was allowed to warm to 0°C and stir for

1 h. The reaction was quenched by the addition of pyridine (100 uL) and diluted in DCM (20 mL). The
organic layer was washed with aqueous NaHCO; (sat, 20 mL) and water (20 mL). The organic layer was
separated, dried over MgSO04, filtered, and concentrated under vacuum to give a 1:1.3 (a:3) mixture of
product. The residue was purified by preparatory TLC (15% Acetone/Toluene) to give the B-anomer 116
(66.7 mg, 0.075 mmol, 24%) as a white solid. R = 0.5 (), 0.47 (B), (15% Acetone/Toluene). H'NMR (300
MHz, CDCls): 6 7.45-7.30 (m, 10H, aromatic), 6.82 (d, J = 9.38 Hz, NH), 5.91-5.78 (m, 1H, =CH-), 5.44 (s,
1H, CH), 5.27 (dd, 1H, ) = 1.17, 17.00 Hz, =CHH), 5.19-5.11 (m, 3H, H-3, H-3', =CHH), 4.85 (d, 1H, J = 8.21
Hz, H-2), 4.78 (d, 1H, J = 12.31 Hz, CHH), 4.55-4.48 (m, 3H, H-1, H-1', CHH), 4.39-4.31 (m, 2H, C-6a, CHH'),
4.12-3.96 (m, 3H, H-2', H-4', OCHH'), 3.85-3.49 (m, 5H, H-4, H-5', H-6'ae, H-6e), 3.32-3.24 (m, H-5), 2.77-
2.57 (m, 2H, CH,), 2.42 (t, 2H, J = 6.45 Hz, CH,), 2.15 (s, 3H, CH;), 2.04 (s, 3H, CH3), 2.01 (2, 3H, CHs). °C
NMR (75 MHz, CDCl): § 205.95, 171.20, 170.76, 170.29, 162.06, 137.89, 136.83, 133.60, 129.31, 128.81,
128.39, 128.33, 128.29, 126.24,117.73, 101.61, 100.83, 99.76, 92.57, 78.37, 75.30, 74.95, 73.85, 72.60,
72.40,71.74, 69.93, 68.64, 67.45, 66.17, 55.75, 53.93, 37.66, 29.85, 27.77, 21.00, 20.89. HR MALDI-

TOF MS: m/z: calcd for CaoH46CIsNO1s [M+Na]+: 908.1825; found: 908.1869.
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Allyl 2-O-levulinyl-3-O-acetyl-2-deoxy-f3-D-glucopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-
O-benzyl-2-deoxy-3-D-Glucopyranoside: (66): Compound 65 (58 mg, 0.065 mmol) was taken up in 80%
HOAc(aq) (7 mL) and heated at 50°C for 16 h and then concentrated. The residue was taken up in
toluene and concentrated under vacuum (3x) in order to facilitate the removal of residual acetic acid.
The resulting residue was purified by silica gel column chromatography (20% Acetone/Toluene) to give
66 (41 mg, 0.051 mmol, 78%) as an amorphous white solid. Rr = 0.45 (40% Acetone/Toluene). H'NMR
(300 MHz, CDCl5): 6 7.43-7.31 (m, 5H aromatic), 6.88 (d, J = 8.21 Hz, NH), 5.90-5.77 (m, 1H, =CH-), 5.26
(dd, 1H, J =1.76, 17.58 Hz, =CHH), 5.19-5.13 (m, 2H, H-3', =CHH), 4.87 (t, 1H, ) = 9.38 Hz, H-3), 4.80-4.73
(m, 2H, H-2, CHH), 4.57-4.48 (m, 3H, H-1, H-1', CHH), 4.35 (dd, 1H, CHH'), 4.10-3.94 (m, 3H, H-2', H-4',
OCHH’), 3.91-3.66 (m, 4H, H-6ae, H-6'ae), 3.63-3.53 (m, H-4, H-5'), 3.30-3.24 (m, 1H, H-5), 3.01 (br.s, 1H,
OH), 2.69-2.63 (m, 2H, CH,), 2.42-2.38 (m, 2H, CH,), 2.15 (s, 3H, CHs), 2.09 (s, 3H, CHs), 2.04 (s, 3H, CHs).
C NMR (75 MHz, CDCl3): § 206.17, 172.00, 171.26, 162.11, 137.86, 133.52, 128.78, 128.29, 117.83,
101.16, 99.67, 92.51, 76.02, 75.60, 75.10, 74.98, 73.89, 72.40, 71.62, 70.03, 69.88, 67.68, 62.51, 55.79,

37.66, 29.86, 29.39, 27.77, 20.98, 20.89. HR MALDI-TOF MS: m/z: calcd for CssH42CIsNO1s [M+Na]+:

820.1518; found: 820.1563.

O\/OBn

AcO
LevO
CI3C&

Allyl 2-O-levulinyl-3-O-acetyl-4,6-0-[(R/S)-1-Benzyloxycarbonylethylidene]-B-D-Glucopyranosyl-
(1->4)-2-trichloroacetamido-3-0-acetyl-6-O-benzyl-2-deoxy-B-D-Glucopyranoside (67): Compound 66

(24 mg, 0.03 mmol) and benzyl pyruvate (10.5 mg, 0.059 mmol) were dissolved in dry acetonitrile (0.1
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mL) under argon atmosphere. BF;(OEt), (7.3 uL, 0.059 mmol) was added dropwise to the stirring
mixture and the reaction was allowed to proceed at room temperature for 16 h. The reaction mixture
was quenched via dropwise addition of NaHCO; and filtered. The mixture was diluted with DCM (20 mL)
and washed with saturated NaHCO; (20 mL). The organic layer was dried over MgSQO,, filtered, and
concentrated undr vacuum. The residue was purified by preparatory TLC (15% Acetone/Toluene) to give
an inseparable R/S mixture of 67 (8 mg, 8.44 umol, 28%). Ry =0.3 (15% Acetone/Toluene). H'NMR (300
MHz, CDCl;): Mix of R and S stereoisomers: § 7.47-7.24 (aromatic), 6.59 (d, J =9.27 Hz), 6.53-6.50 (m),
5.87-5.89 (m), 5.28-5.16 (m), 5.12-5.05 (m), 5.00 (t, J = 9.27 Hz), 4.80-4.76 (m), 4.72 (t, ) = 4.70 Hz), 4.52-
4.39 (m), 4.35 (dd, J = 4.39, 12.69 Hz), 4.08-4.02 (m), 3.99-3.92 (m), 3.86-3.81 (m), 3.78-3.67 (m), 3.56-
3.48 (m), 3.35-3.28 (m), 3.17-3.12 (m), 2.7-2.69 (m), 2.65-2.59 (m), 2.41-2.37 (m), 2.16 (s), 2.03 (s), 1.98
(s), 1.95(s), 1.89 (s), 1.88 (s), 1.62 (s), 1.51 (s). HR MALDI-TOF MS: m/z: calcd for CasHsoCIsNO17

[M+Na]+: 980.2037; found: 980.2078.

HO N3
-0
HO
AcO

SPh
Phenyl 2-azido-3-0-Acetyl-2-deoxy-1-thio-a-D-mannopyranoside (70): To a solution of Phenyl 2-azido-
2-deoxy-4,6-0-benzylidene-1-thio-a-D-mannopyranoside 68 (1g, 2.59 mmol) in pyridine (15 mL), was
added acetic anhydride (15 mL). After stirring for 2 h, the reaction mixture was concentrated. The
residue was taken up in toluene and concentrated under vacuum (3x) in order to remove any residual
pyridine. The crude was taken up in ethyl acetate (50mL) and washed with water (50mL) and brine
(50mL).The organic layer was dried (MgSQ,), filtered, and concentrated under vacuum to yield 69
Rf = 0.6 (25% EtOAc/Hexanes ): Without further purification, compound 69 was taken up in 80%
HOAc (aq, 80 mL) and THF (20 mL) and heated at 50°C for 16 h. The mixture was concentrated and the
resulting residue was taken up in toluene and concentrated under vacuum (3x) in order to facilitate the
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removal of residual acetic acid. The resulting crude was purified by silica gel column chromatography
(20% Acetone/Toluene) to give 70 (800 mg, 2.36 mmol, 91%) as an amorphous white solid. Ry = 0.1
(15% Acetone/Toluene). H'NMR (300 MHz, CDCl,): 6 7.50-7.48 (m, 2H, aromatic), 7.37-7.32 (m, 3H,
aromatic), 5.47 (s, 1H, h-1), 5.22 (dd, 1H, J= 4.1, 9.4 Hz, H-3), 4.31 (dd, 1H, J = 1.2, 4.1 Hz, H-2), 4.24-4.18
(m, 1H, H-4), 4.15-4.07 (m, 1H, H-5), 3.87 (dd, 1H, J = 4.1, 6.5, H-6), 2.20 (s, 3H, OAc). >C NMR (75 MHz,
CDCl5): § 171.05, 132.74, 132.47, 129.48, 128.44, 86.24 (C-1), 74.28 (C-3), 73.51 (C-4), 66.32 (C-5), 62.84
(C-2), 62.22 (C-6), 20.90. HR MALDI-TOF MS: m/z: calcd for C14H17N3OsS [M+Na]+: 362.0781; found:

362.0800.

SPh
Phenyl 2-azido-3-0-acetyl-4,6-0-[(S)-1-benzyloxycarbonylethylidene]-2-deoxy-1-thio-a-D-
mannopyranoside (71): Compound 70 (1.65g, 4.86 mmol) and benzyl pyruvate (1.73g, 9.72 mmol) were
dissolved in dry acetonitrile (5.7 mL) under argon atmosphere. BF3(OEt), (1.2 mL, 9.72 mmol) was added
dropwise to the stirring mixture and the reaction was allowed to proceed at room temperature for 16 h.
The reaction mixture was quenched via dropwise addition of NaHCO; and filtered. The mixture was
diluted with DCM (50 mL) and washed with saturated NaHCO; (50 mL). The organic phase was separated
and dried over MgS0,, filtered, and concentrated under vacuum. The residue was purified by silica gel
column chromatography (15% EtOAc/hexanes) to give 71 (1.79 g, 3.58 mmol, 74%) as an amorphous
white solid. Ry = 0.35 (15% Acetone/Toluene). H'NMR (300 MHz, CDCl3): 6 7.44-7.31 (m, 10H, aromatic),
(m, 3H, CHHPh, H-1, H-3), 5.13 (d, 1H, J = 12.9Hz CHHPh), 4.35-4.27 (m, 2H, H-2, H-5), 3.97-3.88 (m, 2H,
H-4, H-6a), 3.77 (t, 1H, J = 10.5, H-6€), 2.07 (s, 3H, OAc), 1.56 (s, 3H, CHs). *C NMR (75 MHz, CDCl5): &

170.21, 169.51, 135.28, 132.70, 132.21, 129.46, 128.81, 128.68, 128.44, 128.39, 99.78, 86.94 (C-1),
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78.21 (C-4), 70.14 (C-3), 67.71, 64.86 (C-6), 64.81 (C-5), 63.47 (C-2), 25.47, 20.71. HR MALDI-TOF MS:

m/z: calcd for C24H2sN30;S [M+Na]+: 522.1305; found: 522.1323.

OBn

NHTCA
Thexyldimethylsilyl 2-azido-3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-3-D-
Mannopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-O-benzyl-2-deoxy-p-D-Glucopyranoside:
(72) Compound 71 (28 mg, 0.055 mmol), 2,4,6 tri-tert-butylpyrimidine (34 mg, 0.14 mmol), and
diphenylsulfoxide (15 mg, 0.072 mmol) were dissolved in toluene and concentrated under vacuum (3x).
The dried mixture was taken up in DCM (1.1 mL) along with activated 4A molecular sieves (100 mg)
under argon atmosphere and stirred at room temperature for 30 mins. The mixture was cooled to -78°C
and trifluoromethanesulfonic anhydride (12 uL, 0.072 mmol) was added via dropwise addition. The
mixture was allowed to warm to -50°C in order to activate the donor. The mixture was cooled back to
-78°C and compound 22 (47 mg, 0.078 mmol) was dissolved in a minimum amount of DCM and added by
dropwise addition. The mixture was allowed to warm to 0°C before being quenched with TEA, filtered,
and concentrated under vacuum. The residue was purified by silica gel column chromatography (15%
EtOAc/Hexanes) to give 72 as an a. product (48 mg, 0.049 mmol, 88%) as a colorless syrup. Ry = 0.7 (35%
EtOAc/hexanes). H' NMR (300 MHz, CDCl3): 6 7.43-7.26 (m, 10H, aromatic), 6.66 (d, 2H, J =9.39 Hz,
NHTCA), 5.41 (d, 1H, J = 12.33 Hz, CHHPh), 5.22-5.18 (m, 2H, H-3, H-3'), 5.11 (d, 1H, J = 12.32 Hz), 4.96
(brs, 1H, H-1"), 4.75 (d, 1H, J = 7.63 Hz), 4.64-4.56 (m, 2H, CH,), 4.06 (t, 1H, J = 9.39 Hz), 3.97-3.92 (m, 1H,
H-2), 3.91-3.87 (m, 1H, H-2"), 3.87-3.85 (m, 1H), 3.83-3.76 (m, 3H), 3.70-3.66 (m, 2H), 3.54-3.51 (m, 1H),
2.08 (s, 1H, OAc), 2.03 (s, 1H, OAc), 1.61 (m, 1H, CH), 1.53 (s, 3H, CHs), 0.86-0.82 (m, 12H, 4 x CHs), 0.18

(s, 3H, CHs), 0.13 (s, 3H, CH3). >C NMR (150 MHz, CDCl;): 6 170.91, 169.91, 169.32, 161.70, 137.77,
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136.58, 135.10, 129.41, 128.65, 128.52, 128.42, 128.25, 127.68, 127.49, 99.57 (C-1'), 99.37 (C-1), 95.88,
92.34, 74.44, 74.36 (C-3), 73.67, 71.92, 69.52 (C-3'), 68.36, 67.54, 64.74, 64.38, 62.24 (C-2'), 57.92 (C-2),
33.87,25.31, 24.74, 20.76, 20.48, 19.98, 19.84, 18.53, 18.47, -1.84, -3.31. HRMS(ESI): calcd for

Ca3Hs7Cl3N401,Si [M+H]": 987.2779, found: 987.2822.

SPh
Phenyl 4,6-0-[(S)-1-methoxycarbonylethylidene]-2-azido-2-deoxy-1-thio-a-D-mannopyranoside (73): A
clear solution of deacetylation reagent was prepared by dissolving guanidinium chloride (330 mg, 3.46
mmol) in MeOH (25mL) and DCM (3mL) along with 0.2M NaOMe (3.46 mL, 0.69 mmol). Compounds 71
(1.73 g, 3.46 mmol) was dissolved into the mixture and stirred at room temperature for 10 min. The
mixture was neutralized by the addition of Dowex 50WX8-200 acidic resin, filtered, and concentrated
under vacuum. The resulting residue was purified by silica gel column chromatography (20% Ethyl
Acetate/Hexanes) to give 73 (1.39 g, 3.05 mmol, 88%) as an amorphous white solid. R = 0.5 (25%
EtOAc/Hexanes). H! NMR (300 MHz, CDCl3): 6 7.44-7.30 (m, 10H, aromatic), 5.42-5.38 (m, 2H, CHHPh,
H-1), 5.17 (d, 1H, J = 11.72 Hz, CHHPh), 4.23-4.14 (m, 3H, H-2, H-3, H-4), 3.94 (dd, 1H, J = 4.69 Hz, 10.55
Hz, H-6a), 3.76-3.64 (m, 2H, H-5, H-6e). >C NMR (75 MHz, CDCl,): 6 169.54, 135.17, 133.00, 132.03,
129.43,128.91, 128.84, 128.68, 128.30, 99.82, 86.99 (C-1), 75.37 (C-4), 69.33 (C-3), 67.85, 65.23 (C-6),
64.90 (C-5), 64.26 (C-2), 25.45. HR MALDI-TOF MS: m/z: calcd for C22H23N306S [M+Na]+: 480.1200;

found: 480.1218.
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Phenyl 2-azido-3-0-p-methoxybenzyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-1-thio-a-D-
mannopyranoside: (74) Compound 73 (0.5 g, 1.1 mmol) was dissolved in DMF (9 mL) and cooled to 0°C.
60% NaH (120 mg, 3.0 mmol) was added and the mixture was stirred for 5 min. P-methoxybenzyl
chloride (435 mg, 2.77 mmol) was added and the mixture was stirred at 0°C for 1.5 h. Afterwards, the
reaction mixture was quenched by the dropwise addition of saturated ammonium chloride (aq) at 0°C.
The reaction mixture was diluted with DCM (50 mL) and washed with water (50 mL, 3x) and brine

(50 mL). The organic layer was dried (MgSQ,), filtered, and concentrated under vacuum. The residue was
purified by silica gel column chromatography (10% EtOAc/Hexanes) to give 12 (490 mg, 0.848 mmol,
78%) as a colorless syrup. R¢ = 0.65 (25% EtOAc/hexanes). H' NMR (300 MHz, CDCl,): 6 7.42-7.26 (m,
12H, aromatic), 6.90-6.86 (m, 2H, aromatic), 5.42-5.29 (m, 2H, H-1, CHHPh), 5.18 (d, 1H, ] = 12.31,
CHHPh), 4.90 (d, 1H, J = 11.72 Hz, CHHPh’), 4.64 (d, 1H, J = 11.72 Hz, CHHPh’), 4.24-4.16 (m, 1H, H-5),
4.09-4.07 (m, 1H, H-2), 4.01-3.91 (m, 3H, H-3, H-4, H-6a), 3.85-3.76 (m, 2H, H-6e, OMe), 1.60 (s, 3H, CH3).
BC NMR (75 MHz, CDCl3): 6 169.66, 159.36, 135.22, 132.99, 131.95, 130.29, 129.45, 129.37, 128.75,
128.50, 128.26, 128.17, 114.48, 113.88, 99.56, 87.31 (H-1), 75.98 (H-4), 75.18 (H-3), 73.18, 67.65, 64.89
(C-6), 64.66 (H-5), 64.40 (H-2), 55.38, 25.65. HR MALDI-TOF MS: m/z: calcd for CsoH31N30;S

[M+Na]+: 600.1775; found: 600.1788.
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Phenyl 2-azido-3-0-benzyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-1-thio-a-D-
mannopyranoside (74a): Compound 73 (0.25 g, 0.55 mmol) was dissolved in DMF (4.5 mL) and cooled to
0°C. 60% NaH (28 mg, 0.71 mmol) was added and the resulting mixture was stirred for 5 min. benzyl
bromide (0.078 mL, 0.656 mmol) was added and the reaction mixture was stirred at 0°C for 1.5 h.
Afterwards, the reaction mixture was quenched by addition of saturated ammonium chloride (aq) at
0°C. The reaction mixture was diluted with DCM (50 mL) and washed with water (50 mL, 3x) and brine
(50 mL). The organic layer was dried (MgSQ,), filtered, and concentrated under vacuum. The residue was
purified by silica gel column chromatography (10% EtOAc/Hexanes) to give 74a (250 mg, 0.457 mmol,
84%) as a colorless syrup. Ry = 0.7 (25% EtOAc/hexanes). H' NMR (300 MHz, CDCl5): 6 7.44-7.31 (m, 15H,
aromatic), 5.44-5.38 (m, 2H, H-1, CHHPh), 5.18 (d, 1H, J = 12.31, CHHPh), 5.00 (d, 1H, J = 12.31 Hz,
CHHPW'), 4.74 (d, 1H, J = 12.31 Hz, CHHPh’), 4.28-4.20 (m, 1H, H-5), 4.17-4.14 (m, 1H, H-2), 4.05-3.93 (m,
3H, H-3, H-4, H-6a), 3.8 (t, 1H, J = 10.6 Hz, H-6e), 1.62 (s, 3H, CH3). >C NMR (75 MHz, CDCl3): 6 169.62,
138.18, 135.19, 133.92, 132.96, 131.95, 129.37, 128.73, 128.50, 128.46, 128.26, 128.17, 127.78, 127.69,
99.56, 87.29 (H-1), 76.05 (H-4), 75.56 (H-3), 73.51, 67.67, 64.89 (C-6), 64.63 (H-5), 64.40 (H-2), 25.64. HR

MALDI-TOF MS: m/z: calcd for C2sH2aN30S [M+Na]+: 570.1669; found: 570.1679.
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TCAHN
Thexyldimethylsilyl 2-azido-3-0-p-methoxybenzyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-
B-D-Mannopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-O-benzyl-2-deoxy-B-D-
Glucopyranoside: (75) Compound 74 (139 mg, 0.241 mmol), 2,4,6 tri-tert-butylpyrimidine (149 mg,
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0.602 mmol), and diphenylsulfoxide (63 mg, 0.313 mmol) were dissolved in toluene and concentrated
under vacuum (3x). The mixture was taken up in DCM (4.8 mL) along with activated 4A molecular sieves
(250 mg) under argon atmosphere and stirred at room temperature for 30 mins. The mixture was cooled
to -78°C and trifluoromethanesulfonic anhydride (53 ulL, 0.313 mmol) was added via dropwise addition.
The mixture was allowed to warm to -50°C in order to activate the donor. The mixture was cooled back
to -78°C and compound 22 (202mg, 0.337 mmol) was dissolved in a minimum amount of DCM and
added by dropwise addition. The mixture was warmed to 0°C and quenched with TEA, filtered, and
concentrated under vacuum. The residue was purified by silica gel column chromatography (15%
EtOAc/Hexanes) to give 75in 1.1/1 (B:a) ratio (183 mg, 0.172 mmol, 71%) as a colorless syrup. Ry =0.45
(25% EtOAc/hexanes). H NMR (300 MHz, CDCls): & 7.40-7.23 (m, 12H, aromatic), 6.85 (d, 2H, J = 8.21 Hz,
aromatic), 6.69 (d, 1H, J = 9.38 Hz, NHTCA), 5.32 (d, 1H, J = 12.31 Hz, CHHPh), 5.19 (d, 1H, J = 12.31 Hz,
CHHPh), 5.12 (t, 1H, J = 9.38 Hz, H-3"), 4.78 (d, 1H, J = 11.72 Hz, CHHPh’), 4.70 (d, 1H, J = 7.63 Hz, H-1'),
4.67 (d, 1H, ) = 12.33 Hz, CHHPh”’), 4.57 (d, 1H, J = 11.15 Hz, CHHPh’), 4.49-4.45 (m, 2H, H-1, CHHPh”),
4.00-3.91 (m, 3H, H-2', H-4', H-6a), 3.79 (s, 3H, OMe), 3.74-3.61 (m, 5H,H-2, H-4, H-6e, H-6'a,e), 3.51 (d,
1H, J = 8.8 Hz, H-5'), 3.41 (dd, 1H, J = 3.52, 8.79 Hz, H-3), 3.09-3.00 (m, 1H, H-5), 1.92 (s, 1H, OAc), 1.63-
1.56 (m, 4H, CH, CH;), 0.86-0.82 (m, 12H, 4 x CH3), 0.16 (s, 3H, CH3), 0.12 (s, 3H, CHs). >C NMR (150 MHz,
CDCl;): 6 170.86, 169.45, 161.93, 159.40, 137.82, 135.18, 130.27, 129.43, 128.78, 128.73, 128.56,
128.35, 128.22,128.00, 113.89, 100.51 (C-1), 99.44, 96.28 (C-1’), 92.55, 76.09 (C-4’), 75.94 (C-3), 75.20
(C-4), 74.65 (C-5'), 73.89, 72.57, 72.33 (C-3’), 68.57 (C-6’), 67.72, 67.00 (C-5), 64.97 (C-6), 63.83 (C-2),
57.78 (C-2’), 55.42, 34.01, 25.58, 24.90, 20.91, 20.13, 20.00, 18.68, 18.64, -1.73, -3.16. HRMS(ESI): calcd

for C49H63C|3N4014Si [M+H]+: 10653248, found: 1065.3266.

162



0. 0Bn

)} NE OBn
O%o@&
HO cO OTDS
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Thexyldimethylsilyl 2-azido-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-B-D-Mannopyranosyl-
(1->4)-2-trichloroacetamido-3-0-acetyl-6-0O-benzyl-2-deoxy-B-D-Glucopyranoside: (76): To a solution
of 75 (49 mg, 0.046 mmol) in DCM (0.7mL) and phosphate buffer (0.175 mL) was added DDQ (16mg,
0.069 mmol). The reaction was allowed to proceed at room temperature for 3 h. The reaction mixture
was diluted with DCM (20 mL) and transferred to a separatory funnel. The organic layer was washed
with sat NaHCO; (20 mL) followed by water (20 mL). The organic layer was separated, dried over
MgS04, filtered, and concentrated under vacuum. The crude was purified by silica gel chromatography
(35% EtOAc/hexanes) to give 76 (36 mg, 0.038 mmol, 84%) as an amorphous white solid. R = 0.3 (35%
EtOAc/hexanes). H NMR (500 MHz, CDCls): & 7.41-7.33 (m, 10H, aromatic), 6.63 (d, 1H, J = 9.27 Hz,
NHTCA), 5.36 (d, 1H, J = 12.20 Hz, CHHPh ), 5.15 (d, 1H, J = 11.71 Hz, CHHPh), 5.10 (d, 1H, ) = 10.74 Hz, H-
3’), 4.73-4.70 (m, 2H, H-1', CHHPh’), 4.54 (s, 1H, H-1), 4.49 (d, 1H, J = 11.71 Hz, CHHPh’), 4.01-3.93 (m,
3H, H-2', H-4', H-6a), 3.75-3.60 (m, 4H, H-2, H-6e, H-6'a,e,), 3.52-3.44 (m, 2H, H-5', H-3), 3.26 (t, 1H, J =
9.27 Hz, H-4), 3.05-3.00 (m, 1H, H-5), 2.07 (d, 1H, J = 7.32 Hz, OH), 1.92 (s, 3H, OAc), 1.63-1.58 (m, 1H,
CH), 1.54 (s, 3H, CH;) 0.86-0.82 (m, 12H, 4 x CH5), 0.18 (s, 3H, CH5), 0.12 (s, 3H, CHs). ). ®C NMR (75 MHz,
CDCl;): 6 170.81,169.27,161.92, 137.67, 135.25, 128.90, 128.82, 128.78, 128.39, 128.23, 100.74 (C-1),
99.66, 96.31 (C-1'), 92.56, 76.17 (C-4'), 74.63 (C-4, C-5'), 74.00, 72.29 (C-3'), 69.91 (C-3), 68.51 (C-6'),
67.70, 66.66 (C-5), 64.89 (C-6), 64.72 (C-2), 57.82 (C-2'), 34.05, 29.85, 25.33, 20.92, 20.14, 20.02, 18.69,

1885, ‘1.70, -3.13. HRMS(ES')' calcd for C41H55C|3N4013Si [M+H]+: 9452673, found: 95.2687.
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Thexyldimethylsilyl 2-azido-3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-B-D-
Mannopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-0O-benzyl-2-deoxy-f-D-Glucopyranoside:
(77): Compound 76 (36 mg, 0.038 mmol) was dissolved in a 1:1 mixture of pyridine and acetic anhydride
(1mL) and the mixture was allowed to stir at room temperature for 1 h. The reaction mixture was
concentrated and the residue was taken up in DCM (20 mL) and transferred to separatory funnel. The
organic layer was washed with water (20 mL), dried over MgS04, filtered, and concentrated under
vacuum. The crude was purified by silica gel chromatography (30% EtOAc/hexanes) to give 77 (38 mg,
0.038 mmol) as an amorphous white solid. R = 0.7 (35% EtOAc/hexanes). H' NMR (600 MHz, CDCl): &
7.41-7.32 (m, 10H, aromatic), 6.63 (d, 1H, J = 9.39 Hz, NHTCA),5.34 (d, 1H, J = 12.33 Hz, CHHPh ), 5.14 (d,
1H, J =11.74 Hz, CHHPh), 5.12-5.10 (m, 1H, H—3'), 4.79 (dd, 1H, ) = 3.52, 9.39 Hz, H-3), 4.72-4.70 (m, 2H,
H-1', CHHPh’), 4.62 (s, 1H, H-1), 4.53 (d, 1H, J = 12.33 Hz, CHHPh’), 4.03-3.93 (m, 3H, H-2', H-4', H-6a),
3.76-3.59 (m, 4H, H-4, H-6e, H-6'a,e,), 3.50 (d, 2H, J = 9.39 Hz H-5'), 3.13-3.09 (m, 1H, H-5), 2.06 (s, 3H,
OAc), 1.93 (s, 3H, OAc), 1.63-1.58 (m, 1H, CH), 1.51 (s, 3H, CHs), 0.86-0.82 (m, 12H, 4 x CHs), 0.17 (s, 3H,
CHs), 0.12 (s, 3H, CHs). >C NMR (75 MHz, CDCl,): § 170.83, 170.40, 169.25, 161.89, 137.70, 135.21,
128.79, 128.78, 128.67, 128.43, 128.26, 128.09, 99.97 (C-1), 99.61, 96.29 (C-1'), 92.54, 75.74 (C-4'), 74.70
(c-5'), 73.93, 72.22 (C-3), 71.71 (C-4), 70.82 (C-3), 68.39 (C-6'), 67.69, 66.96 (C-5), 64.89 (C-6), 62.49 (C-
2),57.81(C-2'), 34.02, 25.36, 24.91, 20.90, 20.88, 20.13, 20.00, 18.68, 18.63, -1.71, -3.15. HRMS(ESI):

calcd for C43H57C|3N4014Si [M+H]+: 9872779, found: 987.2798.
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TCAHN
Thexyldimethylsilyl 2-azido-3-0-benzyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-p-D-
Mannopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-6-0O-benzyl-2-deoxy-f-D-Glucopyranoside:
(77a): Compound 74a (180 mg, 0.329 mmol), 2,4,6 tri-tert-butylpyrimidine (204 mg, 0.822 mmol), and
diphenylsulfoxide (86 mg, 0.427 mmol) were dissolved in toluene and concentrated under vacuum (3x).
The mixture was taken up in DCM (6.5 mL) along with activated 4A molecular sieves (250 mg) under
argon atmosphere and stirred at room temperature for 30 mins. The mixture was cooled to -78°C and
trifluoromethanesulfonic anhydride (72 uL, 0.427 mmol) was added via dropwise addition. The mixture
was allowed to warm to -50°C in order to activate the donor. The mixture was cooled back to -78°C and
compound 22 (276mg, 0.460 mmol) was dissolved in a minimum amount of DCM and added by
dropwise addition. The mixture was warmed to 0°C and quenched with TEA, filtered, and concentrated.
The residue was taken up in DCM (20 mL) and washed with water (20 mL), dried over MgS04, filtered,
and concentrated under vacuum to give 77a as a separable 1.1/1 (B:a) mixture. The residue was purified
by silica gel column chromatography (15% -20% EtOAc/Hexanes) to give 77a (Beta, 133 mg, 0.127 mmol,
39%) as a colorless syrup and (alpha, 120 mg, 117 mmol, 35%). Rr = 0.45 (25% EtOAc/hexanes). H' NMR
(300 MHz, CDCls): 6 7.40-7.26 (m, 15H, aromatic), 6.67 (d, 1H, J =9.38 Hz, NHTCA), 5.32 (d, 1H, J = 12.31
Hz, CHHPh), 5.19 (d, 1H, J = 12.31 Hz, CHHPh),5.11 (t, 1H, J = 9.38 Hz, H-3'), 4.85 (d, 1H, J = 12.31 Hz,
CHHPh’), 4.72-4.61 (m, 2H, H-1', CHHPh’, CHHPh”’ ), 4.49-4.45 (m, 2H, H-1, CHHPh”’), 3.99-3.90 (m, 3H, H-
2', H-4', H-6a), 3.74-3.64 (m, 5H,H-2, H-4, H-6e, H-6'a,e), 3.51 (d, 1H, J = 9.38 Hz, H-5'), 3.41 (dd, 1H, J =
3.52, 8.79 Hz, H-3), 3.08-3.00 (m, 1H, H-5), 1.93 (s, 1H, OAc), 1.65-1.55 (m, 4H, CH, CHs), 0.86-0.82 (m,
12H, 4 x CHs), 0.17 (s, 3H, CHs), 0.12 (s, 3H, CHs). 3C NMR (75 MHz, CDCl;): & 170.87, 169.46, 161.94,

159.38, 138.27, 137.83, 135.19, 128.78, 128.59, 128.53, 128.39, 128.26, 128.04, 127.86, 127.75, 100.45
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(C-1), 99.47, 96.33 (C-1'), 92.57, 76.38 (C-3), 76.02 (C-4'), 75.18 (C-4), 74.67 (C-5'), 73.92, 72.90, 72.32 (C-
3'), 68.60 (C-6'), 67.76, 67.00 (C-5), 64.98 (C-6), 63.82 (C-2), 57.82 (C-2'), 34.05, 25.57, 24.93, 20.90,

20.14,20.02, 18.69, 18.65, -1.71, -3.13. HRMS(ESI): calcd for CygHg;ClsN4013Si [M+H]": 1035.3143, found:

1035.3159.
OH
@)
BnO
BnO
BocHN
O(CH,)sN(Bn)CBz

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-t-Butoxycaronylamino-3,4-0-benzyl-2-deoxy-a-D-
glucopyranoside (78): To a stirring solution of 23 (730 mg, 1.05 mmol) in acetic acid (25 mL) was added
a large excess of Zn-Cu couple (1.5 g). The mixture was allowed to stir for 1hr. Completion of the
reaction was verified by MALDI. The reaction mixture was filtered and concentrated under vacuum.
Afterwards, the crude was coevaporated with toluene (3x) and dried under high vacuum. The residue
was dissolved in THF (45 mL) with Boc,0 (0.459g, 2.101 mmol) and triethylamine (0.295 mL, 2.101
mmol). The mixture was stirred at room temperature overnight and concentrated under vacuum. The
residue was taken up in EtOAc (30 mL) and washed with water (30 mL). The organic phase was
separated and dried over MgS04, filtered, and concentrated under vacuum. The crude was
chromatographed with 40%EtOAc/Hexanes to afford 78 (580 mg, 0.754 mol, 72 %) as a colorless solid.
Rf =0.25 (50% EtOAc/hexanes). H* NMR (300 MHz, CDCl;): § 7.36-7.15 (m, 20H, aromatic), 5.22-5.11 (m,
2H, CH,Ph), 4.88-4.56 (m, 5H, H-1, 2 x CH,Ph), 3.97-3.87 (m, 1H,H-2), 3.84-3.48 (m, 6H, H-3, H-4, H-5, H-
6, OCHH), 3.39-3.10 (m, 3H, OCHH, NCH2), 1.63-1.38 (m, 13H, 2 x CH,, 3 x CHs), 1.38-1.10 (m, 2H, CH,);
C NMR (75 MHz, CDCl3): 6 156.86, 156.38, 138.54, 138.13, 138.01, 136.89, 128.68, 128.64, 128.59,

128.44,128.27,128.12, 128.03, 127.98, 127.84, 127.72, 127 .45, 127.34, 98.24 (C-1), 81.14 (C-3), 79.79
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78.37 (C-4), 75.42, 75.31, 75.22, 71.53 (C-5), 67.87, 67.35, 62.10 (C-6), 54.53 (C-2), 50.65, 50.44, 47.19,

46.21,29.18, 28.54, 27.99, 27.50, 23.51. HRMS(ESI): calcd for CasHseN,Oo [M+Na]*: 791.3878, found:

791.3890.
0._0Bn
%O NE OBn
-0 (@]
O% %
AcO %O OH

TCAHN
2-azido-3-0O-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy--D-Mannopyranosyl-(1-4)-2-
trichloroacetamido-3-0-acetyl-6-0-benzyl-2-deoxy-a/p-D-Glucopyranose: (79): Compound 77 (48 mg,
0.049 mmol) was dissolved in THF (2.2mL) in a screw-cap plastic vial and cooled to 0°C. HFePy (70:30, 0.4
mL) was added by dropwise addition and the reaction was allowed to warm to room temperature and
stir for 12 h. After completion of the reaction, the mixture was cooled to 0°C and quenched via dropwise
addition of aqueous NaHCO; (sat). The mixture was diluted in EtOAc (20 mL) and transferred to
separatory funnel. The organic phase was washed with aqueous NaHCO; (sat, 20 mL), water (20 mL),
dried over MgSO04, filtered, and concentrated under vacuum. The crude was purified by silica gel
chromatography (50% EtOAc/hexanes) to give an anomeric mixture (~9:1, ;) of 79 (37 mg, 0.043
mmol, 90%) as an amorphous white solid. Rf = 0.25 (a), 0.2 (B) (35% EtOAc/hexanes). alpha anomer, H!
NMR (600 MHz, CDCl;): 6 7.42-7.35 (m, 10H, aromatic), 7.00 (d, 1H, J = 8.80 Hz, NHTCA), 5.35-5.33 (m,
3H, CHHPh, H-1', H-3), 5.14 (d, J = 11.74 Hz, CHHPh), 4.73-4.71 (m, 2H, CHHPH’, H-3), 4.48-4.44 (m, 2H,
CHHPh’, H-1), 4.15 (t, 1H, J = 9.98 Hz, H-2'), 4.07 (d, 1H, J = 9.98 Hz, H-5'), 4.00-3.97 (m, 2H, H-4', H-6a),
3.74-3.58 (m, 5H, H-2, H-4', H-4, H-6e, H-6'ae), 3.06-3.03 (m, 1H, H-5), 2.06 (s, 3H, OAc), 1.93 (s, 3H,
OAc), 1.51 (s, 3H, CHs). *C NMR (150 MHz, CDCl5): § 211.07, 170.93, 170.37, 169.26, 162.16, 137.46,
135.18, 128.94, 128.91, 128.77, 128.67, 128.58, 128.51, 128.49, 128.43, 128.38, 99.70 (C-1), 99.60,

92.22,91.16 (C-1'), 75.46 (C-4'), 73.83, 71.73 (C-4), 70.79 (C-3), 70.68 (C-3'), 69.93 (C-5'), 67.97 (C-6)),
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67.71, 66.89 (C-5), 64.85 (C-6), 62.46 (C-2), 54.27 (C-2'), 25.36, 20.97, 20.86. HRMS(ESI): calcd for

CasH39CIsN4O14 [M+H]" : 845.1601, found: 845.1618.

0,.0Bn

)}O NE OBn
-0 (@]
BnO %O OH

TCAHN
2-azido-3-0-benzyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-
2-trichloroacetamido-3-0-acetyl-6-0-benzyl-2-deoxy-a/B-D-Glucopyranose: (79a): Compound 77a (93
mg, 0.090 mmol) was dissolved in THF (3.6 mL) in a screw-cap plastic vial and cooled to 0°C. HFePy
(70:30; 0.821 mL, 9.11 mmol) was added by dropwise addition and the reaction was allowed to warm to
room temperature and stir for 12 h. After completion of the reaction, the mixture was cooled to 0°C and
guenched via dropwise addition of agueous NaHCO; (sat). The mixture was diluted in ethyl acetate (20
mL) and transferred to separatory funnel and washed with aqueous NaHCOs (sat, 20 mL) and water (20
mL). The organic phase was separated, dried over MgSO4, filtered, and concentrated under vacuum. The
crude was purified by silica gel chromatography (50% EtOAc/hexanes) to give an anomeric mixture
(~9:1, a:p) of 77a (71 mg, 0.079 mmol, 88%) as an amorphous white solid. R¢ =0.25 (a), 0.2 (B) (35%
EtOAc/Hexanes). alpha anomer, H' NMR (600 MHz, CDCls): & 7.38-7.23 (m, 15H, aromatic), 7.00 (d, 1H, J
=9.39 Hz), 5.37-5.31 (m, 3H, H-1', H-3, CHHPh), 5.19 (d, 1H, J = 12.33Hz, CHHPh), 4.86 (d, 1H, J = 12.33
Hz, CHHPh’), 4.70 (d, 1H, J = 11.74 Hz, CHHPh”), 4.63 (d, 1H, J = 11.74 Hz, CHHPh’), 439 (d, 1H, ) = 11.74
Hz, , CHHPh”), 4.35 (s, 1H, H-1), 4.15 (t, 1H, J = 10.56, H-2"), 4.08 (d, 1H, J = 9.98 Hz, H-5'), 3.99-3.93 (m,
2H, H-4', H-6a), 3.72-3.61 (m, 4H, H-4, H-6e, H6'ae), 3.54-3.51 (m, 1H, H-2), 3.35 (dd, 1H, J = 3.52, 9.39
Hz, H-3), 3.10 (s, 1H, OH), 3.02-2.97 (m, 1H, H-5), 1.93 (s, 3H, OAc), 1.56 (s, 3H, CHs). *C NMR (150 MHz,
CDCls): 170.94, 169.45, 164.52, 162.20, 138.26, 137.55, 135.14, 128.84, 128.81, 128.78, 128.59, 128.54,
128.51, 128.49, 128.46, 128.39, 128.35, 127.90, 127.86, 127.69, 100.12 (C-1), 99.46, 91.24 (C-1'), 76.34

(H-3), 75.68 (C-4'), 75.21 (C-4), 73.83, 72.84, 70.62 (C-3'), 70.00 (C-5'), 68.08 (C-6), 67.78, 66.92 (C-5),
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64.97 (C-6), 63.72 (C-2), 54.33 (C-2'), 25.59, 20.98. HRMS(ESI): calcd for CaoH43ClsN4O15 [M+H]":

893.1965, found: 893.1979.

OBn

% o
AcO

BocNH & cH,).N(Bn)CBZ

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-O-acetyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-trichloroacetamido-3-0O-acetyl-
6-0-benzyl-2-deoxy-B-D-Glucopyranosyl-(1-> 6)-2-t-Butoxycaronylamino-3,4-di-O-Benzyl-2-deoxy-
Glucopyanoside: (81): To a solution of 79 (36 mg, 0.042 mmol) in DCM (2.4 mL) was added Cs,CO;
(14mg, 0.042 mmol) and 2,2,2-Trifluoro-N-phenylacetimidoyl chloride (0.069mL, 0.423 mmol). The
reaction was stirred at RT until complete as verified by TLC. Rf = 0.6 (35% EtOAc/hexanes + 0.1% TEA).
Triethylamine (100 pL) was added to the reaction mixture and the mixture was filtered through celite
and concentrated. The crude was passed through a short silica gel column (5% to 25% Ea/hex + 0.1%
TEA) in order to remove residual 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride and afford 80 (78%,
0.033g, 0.033 mmol) as an amorphous white solid. Donor compound 80 (0.033g, 0.033 mmol) and
acceptor 78 (0.050g, 0.066 mmol) were co-evaporated with toluene and dried under vacuum for 30 min.
The mixture was taken up in DCM (1.6 mL) along with 4A molecular sieves (100 mg) and stirred at room
temperature for 30 mins. Afterwards, the mixture was cooled to -20°C and TMSOTf (1.37 pL, 7.55 umol)
was added. The mixture was allowed to warm to 0°C and stir for 1 h. The reaction was quenched by the
addition of TEA (100 pL) and diluted in DCM (20 mL). The organic layer was washed with aqueous
NaHCO; (sat, 20 mL) and water (20 mL). The organic layer was separated, dried over MgS04, filtered,
and concentrated under vacuum. The crude was purified by silica gel chromatography (25%

EtOAc/hexanes) to give 81 (35 mg, 0.022 mmol, 67%) as an amorphous white solid. R = 0.5 (40%
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EtOAc/hexanes). H' NMR (600 MHz, CDCl,): 6 7.40-7.18 (m, 30H, aromatic), 6.67 (d,1H, 100.36 Hz,
NHTCA), 5.34 (d, 1H, J = 12.33 Hz, CHHPh), 5.20-5.12 (m, 4H, H-3', CHHPh, CH,Ph’), 4.8-4.35 (14H, H-1, H-
1', H-1", H-3, 5 x CH,Ph”’), 4.05 (d, 1H, J = 10.56, C6a'), 4.00-3.92 (m, 3H, H-2', H-4', C6a), 3.90-3.86 (m,
1H, H-2"), 3.84-3.79 (m, 1H, H-2), 3.79-3.49 (m, 8H, H-3", H-4, H-4",H-6e, H-6'e, H-6"ae, Linker-OCH,),
3.49-3.37 (m, 2H, H-5', H-5"), 3.33-3.10 (m, 2H, Linker-NCH,), 3.09-3.00 (m, 1H, H-5), 2.05 (s, 3H, OAc),
1.91 (s, 3H, OAc), 1.62-1.41 (m, 16H, 4xCHs, 2xCH,), 1.32-1.19 (m, 2H, CH,). >C NMR (150 MHz, CDCl5):
210.83, 170.43, 170.18, 169.10, 161.71, 156.71, 156.16, 155.21, 138.43, 138.17, 137.89, 137.45, 136.90,
136.71, 135.05, 128.66, 128.60, 128.52, 128.44, 128.26, 128.23, 128.17, 128.09, 128.01, 127.77, 127.48,
127.25,127.19, 100.98-100.79 (C-1'), 99.66-99.42 (C-1), 97.88-97.67 (C-1"), 92.33, 81.31 (C-4"), 79.52,
78.24 (C-5"), 75.62 (C-4'), 75.00, 74.75, 74.52 (C-5'), 73.70, 71.89 (C-3'), 71.53 (C-4), 70.62 (C-3), 70.07 (C-
3"), 68.48-68.36 (C-6"), 68.05 (C-6"), 67.89, 67.53, 67.15, 66.72 (C-5), 64.67 (C-6), 62.27 (C-2), 55.47 (C-
2'), 54.23 (C-2"), 50.50, 50.21, 47.12, 46.09, 29.68, 29.05, 28.38, 27.94, 27.39, 25.20, 23.52, 23.33, 20.71.

HRMS(ESI): calcd for CgoHo3Cl3NgO,, [M+H]": 1595.5481, found: 1595.5498.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-0O-benzy-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-trichloroacetamido-3-0-acetyl-
6-0-benzyl-2-deoxy-f3-D-Glucopyranosyl-(1->6)-2-t-Butoxycaronylamino-3,4-di-O-Benzyl-2-deoxy-
Glucopyanoside: (81a) To a solution of 79a (74 mg, 0.082 mmol) in DCM (4.8 mL) was added Cs,CO; (26
mg, 0.082 mmol) and 2,2,2-Trifluoro-N-phenylacetimidoyl chloride (0.134 mL, 0.824 mmol). The reaction
was stirred at RT until the reaction was complete as verified by TLC. Ry = 0.75 (35% EtOAc/hexanes +

0.1% TEA). The imidate was stabilized by addition of triethylamine (100 pL) and the mixture was filtered
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through celite and concentrated. The crude was passed through a short silica gel column (5% to 25%
Ea/hex + 0.1% TEA) in order to remove residual 2,2,2-Trifluoro-N-phenylacetimidoyl chloride and afford
80a (0.072 g, 0.067 mmol, 82%) as an amorphous white solid. Donor compound 80a (0.072g, 0.067
mmol) and acceptor 78 (0.103g, 0.134 mmol) were co-evaporated with toluene and dried under vacuum
for 30 min. The mixture was taken up in DCM (3.2 mL) along with 4A molecular sieves (210 mg) and
stirred at room temperature for 30 mins. Afterwards, the mixture was cooled to -20°C and TMSOTf (2.79
uL, 0.015 mmol) was added. The mixture was allowed to warm to 0°C and stir for 1 h. The reaction was
qguenched by the addition of TEA (100 uL) and diluted in DCM (20 mL). The organic phase was washed
with agueous NaHCO; (sat, 20 mL), water (20 mL), dried over MgS04, filtered, and concentrated under
vacuum. The crude was purified by silica gel chromatography (25% EtOAc/hexanes) to give 81a (61 mg,
0.037 mmol, 56%) as an amorphous white solid. R = 0.7 (35% EtOAc/hexanes). H' NMR (600 MHz,
CDCls): 6 7.38-7.17 (m, 35H, aromatic), 6.73 (d, 1H, J = 85.10 Hz, NHTCA), 5.32 (d, 1H, J = 12.33 Hz,
CHHPh), 5.19-5.16 (m, 4H, H-3', CHHPh, CH,Ph’ ), 4.84 (d, 1H, J = 11.74 z, CHHPh"’), 4.82-4.70 (m, 3H,
CHHPh’”’, CH,Ph"), 4.69-4.59 (m, 3H, H-1", CHHPh", CHHPh"), 4.59-4.47 (m, 3H, CHHPh’”’, CH,Ph""), 4.44-
4.35 (m, 3H, H-1, H-1', CHHPh"), 4.05 (d, 1H, J = 9.98 Hz, H-6'a), 4.03-3.84 (m, 4H, H-2', H-2", H-4', H-6a),
3.75-3.43 (m, 11H, H-2, H-3", H-4, H-4", H-5', H-5", H-6e, H-6'a, H-6"ae, NCH,), 3.36 (dd, 1H, J = 3.52, 8.80
Hz, H-3), 3.30-3.17 (m, 2H, OCH,), 3.02-2.98 (m, 1H, H-5), 1.91 (s, 3H, OAc), 1.64-1.49 (m, 7H, 2xCH,,
CHs), 1.41 (s, 9H, 3xCHs), 1.30-1.21 (m, 2H, CH,). *C NMR (150 MHz, CDCl;): 214.01, 170.64, 169.43,
161.89, 156.88, 156.33, 155.38, 138.58, 138.34, 138.23, 138.06, 137.72, 137.05, 136.88, 135.14, 128.75,
128.74, 128.68, 128.57, 128.49, 128.37, 128.28, 128.17, 128.08, 127.92, 127.83, 127.68, 127.40, 127.35,
101.16-100.98 (C-1), 100.24 (C-1'), 99.42, 98.05-97.81 (C-1"), 92.49, 81.44 (C-5"), 79.66, 78.39 (C-5)),
76.32, 75.96 (C-3), 75.90 (C-4'), 75.15, 74.92 (C-3"), 74.63 (C-4"), 73.83, 72.82, 72.10 (C-3'), 70.25 (C-3"),

68.68-68.51 (C-6'), 68.38 (C-6"), 68.08, 67.74, 67.60, 67.31, 66.90 (C-5), 64.93 (C-6), 63.69 (C-2), 55.62 (C-
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2'), 54.38 (C-2"), 50.65, 50.36, 47.28, 46.25, 29.20, 28.54, 28.09, 27.56, 25.57, 23.67, 23.48, 20.88.

HRMS(ESI): calcd for CgsHo7ClsNgO,; [M+H]": 1643.5845, found: 1643.5863.

OBn
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BOCNHO(CHz)SN(Bn)CBz

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-acetamido-3-0-acetyl-4,6-O-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-acetamido-3-O-acetyl-6-O-
benzyl-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-t-Butoxycaronylamino-3,4-di-O-Benzyl-2-deoxy-
Glucopyanoside: (82) To a solution of 81 (88 mg, 0.055 mmol) in toluene (3 mL) were added
tributylstannane (0.148 mL, 0.554 mmol) and 2,2'-azobisisobutyronitrile (12 mg, 0.073 mmol). After
stirring at RT for 45 min, the reaction mixture was heated to 80°C and stirred for an additional 3.5 h. The
reaction was then cooled to RT and concentrated. A 1:1 mixture of Ac,0 and Pyridine (2mL) was added
to the crude amine and the mixture was allowed to 12 hr. The reaction mixture was concentrated and
purified by preparatory-TLC (5% MeOH/DCM). Compound 82 (80 mg, 0.053 mmol, 96%) was obtained as
an amorphous white solid. Ry = 0.45 (5% MeOH/DCM). H' NMR (600 MHz, CDCl,): 7.40-7.16 (m, 30H,
aromatic), 5.66-5.46 (m, 2H, 2xNH), 5.39 (d, 1H, J = 12.33 Hz, CHHPh 5.19-5.12 (m, 3H, H-3', CHHPh,
CH,Ph’), 4.89-4.39 (m, 13H, H-1, H-1', H-1", H-2, H-3, 4x CH,Ph), 4.05 (d, 1H, J = 9.39 Hz, H-6"a), 3.97 ( dd,
1H, J = 4.70, 9.98 Hz, H-6a), 3.92-3.87 (m, 2H, H-2', H-4'), 3.76-3.47 (m, 10H, H-2", H-3", H-4", H-5", H-6e,
H-6"e, H-6'ae, OCH,), 3.46-3.15 (m, 4H, H-4, H-5', NCH,), 3.04-3.00 (m, 1H, H-5), 2.06 (s, 3H, OAc), 2.02 (s,
3H, OAc), 1.96 (s, 3H, NHAc), 1.88 (s, 3H, NHAc), 1.64-1.45 (m, 7H, 2xCH,, CH3), 1.42 (s, 9H, 3xCHs), 1.36-
1.19 (m, 2H, 1xCH,). *C NMR (150 MHz, CDCl5): 175.19, 171.77, 171.28, 170.72, 170.17, 169.36, 156.86,
156.36, 155.44, 138.50, 138.21, 137.98, 137.80, 137.00, 136.79, 135.37, 128.79, 128.78, 128.68, 128.62,

128.42, 128.29, 128.19, 128.09, 128.02, 127.96, 127.72, 127.43, 127.33, 101.51 (C-1), 99.40, 98.58 (C-1)),
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98.14-98.04 (C-1"), 81.38 (C-5"), 79.70, 78.41 (C-4"), 75.51 (C-4'), 75.36, 74.87, 74.35 (C-5'), 73.58, 73.26
(c-3), 72.28 (C-4), 70.88 (C-3), 70.36 (C-3"), 67.86 (C-6), 67.75 (C-6"), 67.40, 67.35, 66.80 (C-5), 64.80 (C-
6), 54.58 (C-2"), 54.37 (C-2'), 53.90, 51.39 (C-2),50.66, 50.40, 47.26, 46.25, 29.19, 28.55, 28.07, 27.97,
27.51, 27.19, 25.45, 23.64, 23.49, 23.33, 21.51, 21.18. HRMS(ESI): calcd for CgH100N4043 [M+H]*:

1509.6851, found: 1509.6869.

0, 0Bn
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-acetamido-3-0-benzyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-f-D-Mannopyranosyl-(1->4)-2-acetamido-3-O-acetyl-6-O-
benzyl-2-deoxy-f-D-Glucopyranosyl-(1->6)-2-t-Butoxycaronylamino-3,4-di-O-Benzyl-2-deoxy-
Glucopyanoside: (82a): To a solution of 81a (43 mg, 0.026 mmol) in toluene (1.4 mL) were added
tributylstannane (0.07 mL, 0.264 mmol) and 2,2'-azobisisobutyronitrile (6 mg, 0.037 mmol). After stirring
at RT for 45 min, the reaction mixture was heated to 80 °C and stirred for an additional 3.5 h. The
reaction was then cooled to RT and concentrated. A 1:1 mixture of Ac,0 and Pyridine (2mL) was added
to the crude amine and the mixture was allowed to 12 hr. The reaction mixture was concentrated and
purified by preparatory-TLC (5% MeOH/DCM). Compound 26 (31 mg, 0.02 mmol, 75%) was obtained as
an amorphous white solid. Ry = 0.45 (5% MeOH/DCM). H* NMR (500 MHz, CDCl5): 7.37-7.15 (m, 35H,
aromatic), 5.64-5.48 (m, 1H, NH), 5.34 (d, 1H, J = 12.69 Hz, CHHPh), 5.23-5.03 (m, 4H, H-3', CHHPh,
CH,Ph’), 4.84-4.30 (m, 14H, H-1, H-1', H-1", H-2, 5xCH,Ph), 4.04 (d, 1H, ) = 9.76 Hz, H-6"a), 4.00-3.00 (m,
19H, H-2', H-2" H-3, H-3", H-4, H-4', H-4", H-5, H-5', H-5", H-6ae, H-6'ae, H-6"e, OCH,, NCH,), 1.92 (s, 3H,
OAc), 1.87 (s, 3H, NHAc), 1.82 (NHAc), 1.72-1.45 (m, 7H, 2xCH,, CHs), 1.42 (s, 9H, 3xCHs), 1.38-1.17 (m,

2H, CH,). ®C NMR (75 MHz, CDCl5): 171.11, 170.92, 170.02, 169.53, 156.87, 156.35, 155.41, 155.38,
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138.54, 138.26, 138.54, 138.26, 138.01, 137.97, 136.83, 135.40, 128.72, 128.69, 128.65, 128.46, 128.42,
128.35, 128.12, 128.09, 128.02, 127.96, 127.70, 127.55, 127.43, 127.34, 100.98 (C-1), 100.09 (C-1),
99.23,98.12 (C-1"), 81.44 (C-5"), 79.67, 78.36-78.28 (C-5'), 76.06 (C-4, C-4"), 75.51, 75.34, 75.22, 74.84 (C-
3), 74.60 (C-4"), 73.66, 73.59 (C-3'), 71.55, 70.38 (C-3"), 68.05 (C-6'), 67.78 (C-6"), 67.34, 66.18 (C-3 ),
66.11 (C-5), 65.31 (C-6), 54.36 (C-2"), 53.92 (C-2'), 50.66, 50.40, 47.26, 46.26, 29.21, 28.55, 27.99, 27.57,

25.61, 23.67, 23.45, 23.36, 21.30. HRMS(ESI): calcd for Cg7H104N4O; [M+H]": 1557.7215, found:

1557.7234.
O+ OH HO
NHAG
%O -0 0 o
Q
AcO keo AcHN 0

“Boon O(CHa)sNH;
5-aminopentyl 2-acetamido-3-0-acetyl-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-§-D-
Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-t-
Butoxycaronylamino-2-deoxy-Glucopyanoside: (83): Compound 82 (9 mg, 5.96 umol) was dissolved in a
mixture of t-BuOH (1.8 mL) and H,0 (0.045 mL). Pd(OH),/C (18 mg, 20 wt.%, Degussa type) was added
and the resulting mixture was placed under a hydrogen atmosphere (1 psi). After stirring for 16 h, the
catalyst was filtered off and washed thoroughly with a gradient of gently warmed t-BuOH/H,0. (100%
tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0) The combined filtrates were concentrated under reduced
pressure. The product was purified with a C18 silica column using an eluent gradient starting with 100%
H,O followed by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions containing
product were concentrated to afford 83 (3.7 mg, 4 umol, 67%) as an amorphous white solid. H' NMR
(600 MHz, D,0): 5.08 (t, 1H, J = 8.80 Hz, H-3"), 5.02-4.98 (m, 2H, H-1, H-3), 4.82 (br.s, 1H, H-1"), 4.69-4.68
(m, 1H, H-2), 4.65 (d, 1H, J = 8.80 Hz, H-1'), 4.19 (d, 1H, J = 10.56 Hz, H-6"a), 4.03 (dd, 1H, J = 5.28, 11.15
Hz, H-6a), 3.94 (t, 1H, J = 9.39 Hz, H-4"), 3.89 (t, 1H, J = 9.98 Hz, H-2'), 3.86-3.81 (m, 2H, H-4, H-6€'), 3.80-
3.69 (m, 4H, H-5", H-6e, H-6€', H-6€"), 3.69-3.53 (m, 4H, H-2" H-3" H- 5', OCHH), 3.53-3.43 (m, 2H, H-5,
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OCHH), 3.40 (t, 1H, J = 9.39 Hz, H-4"), 3.00 (t, 2H, J = 7.63 Hz, NCH,), 2.10 (s, 3H, OAc), 2.07 (s, 3H, OAc),
2.05 (s, 3H, NHAc), 1.97 (s, 3H, NHAc), 1.71-1.58 (m, 4H, 2xCH,), 1.48-1.40 (m, 14H, 4xCHs, CH,). *C NMR
(150 MHz, D,0): 174.97, 174.05, 173.11, 173.10, 157.74, 101.81, 100.75 (C-1'), 99.15 (C-1), 97.04 (C-1"),
81.16, 76.07 (C-4'), 74.25 (C-5'), 73.66 (C-3'), 71.28 (C-3"), 71.14 (C-4), 70.84 (C-3), 70.46 (C-5"), 69.95 (C-
4"), 68.86 (C-6"), 67.53, 66.59 (C-5), 64.09 (C-6), 59.75 (C-6'), 54.69 (C-2"), 53.56 (C-2'), 50.74 (C-2), 39.30,
27.85, 27.50, 26.37, 24.34, 22.30, 21.86, 21.63, 20.41, 20.21. HRMS(ESI): calcd for C3gHgsN4O,1 [M+H]*:
925.4136, found: 925.4123.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-3-O-acetyl-4,6-0-[(S)-1-Carboxylethylidene]-2-
deoxy-f-D-Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-2-deoxy-p-D-Glucopyranosyl-(1->6)-2-t-
Butoxycaronylamino-2-deoxy-Glucopyanoside: (84): To a stirring mixture of 83 (1mg, 1.08 umol) in
water (0.2 mL) was added DTSSP (1mg, 1.62 umol). 0.1M NaOH was added to the mixture via dropwise
addition to adjust the pH to ~8. The reaction was complete within 1 h and product formation was
verified by LC/MS. Afterwards, DTT (4.2 mg, 0.027 mmol) was added and the reaction mixture was
stirred in a warm water bath (~40°C) for 30 mins. Completion of the reaction was verified by LC/MS. The
reaction mixture was loaded directly onto a C18 silica gel column and purified using a solvent gradient of
100% H,0, 5%, 10%, 20%, 40%, 60%, and 80% MeOH/H,0. The fractions containing the product were
concentrated under vacuum to yield 84 (800 g, 0.8 umol, 73%). H* NMR (600 MHz, D,0): 5.08 (t, 1H, J =
9.98 Hz, H-3'), 5.02-4.98 (m, 2H, H-1, H-3), 4.82 (br.s, 1H, H-1"), 4.69-4.68 (m, 1H, H-2), 4.65 (d, 1H, J =
8.80 Hz, H-1'), 4.17 (d, 1H, J = 10.56 Hz, H-6"a), 4.03 (dd, 1H, J = 5.70, 10.56 Hz, H-6a), 3.94 (t, 1H, ) = 9.39
Hz, H-4'), 3.90 (t, 1H, J = 8.80 Hz, H-2), 3.86-3.81 (m, 2H, H-4, H-6a), 3.79-3.68 (m, 4H, H-5", H-6e, H-6¢',
H-6e"), 3.68-3.59 (m, 2H, H-3", OCHH), 3.59-3.42 (m, 4H, H-2", H-5, H-5', OCHH), 3.39 (t, 1H, J = 8.80 Hz,
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H-4"), 3.27-3.17 (m, 2H, CH,), 2.78 (t, 2H, J = 6.46 Hz, NCH,), 2.55 (t, 2H, J = 6.46 Hz, CH,), 2.10 (s, 3H,
OAc), 2.07 (s, 3H, OAc), 2.05 (s, 3H, NHAc), 1.97 (s, 3H, NHAc), 1.67-1.52 (m, 4H, 2xCH,), 1.48-1.36 (m,
14H, 4xCH;, CH,). >C NMR (150 MHz, D,0): 174.97, 174.02, 173.97, 173.14, 173.11, 157.74, 101.80,
100.73 (C-1'), 99.16 (C-1), 96.99 (C-1"), 81.16, 76.16 (C-4'), 74.27 (C-5'), 73.69 (C-3)), 71.23 (C-3"), 71.15
(C-4), 70.85 (C-3), 70.44 (C-5"), 69.96 (C-4"), 68.71 (C-6"), 67.77, 66.59 (C-5), 64.10 (C-6), 59.80 (C-6'),
54.74 (C-2"), 53.57 (C-2'), 50.78 (C-2), 39.34, 39.21, 27.92, 27.81, 27.52, 24.34, 22.68, 21.87, 21.63,
20.43,20.21, 19.95. HRMS(ESI): calcd for C4,HegN405,S [M+H]": 1013.4119, found: 1013.4133.
04 OH HO
oA Lo
R Reo A= H; o .
RAY O(CHa)sNH ™~ SH
3-Mercapto-N-pentyl-propionamido 2-acetamido-3-0-acetyl-4,6-0-[(S)-1-Carboxylethylidene]-2-
deoxy-B-D-Mannopyranosyl-(1->4)-2-acetamido-3-0O-acetyl-2-deoxy-f-D-Glucopyranosyl-(1->6)-2-
amino-2-deoxy-Glucopyanoside: (1): To a stirring solution of 84 (800 pg, 0.8 pmol) in DCM (0.7 mL) at
0°C was added triethylsilane (0.07 mL, 0.442 mmol), followed by the dropwise addition of TFA (0.35 mL,
4.61 mmol). The mixture was allowed to stir for 15 min at 0°C. Completion of the reaction was verified
by LCMS. The mixture was concentrated under vacuum and taken up in PBS buffer (pH 7.4, 300uL). DTT
(4.6 mg, 0.03 mmol) was added and the mixture was allowed to stir in a warm water bath (~40°C) for 30
mins. Completion of the reaction was verified by LC/MS. The reaction mixture was loaded directly onto a
P2 size exclusion column and eluted with 5% n-Butanol/H,0. The fractions containing the product were
combined and lyophilized to afford 1 (700 pg, 0.767 pmol, 97%) as an amorphous white solid. H' NMR
(600 MHz, D,0): 5.07 (t, 1H, J = 9.98 Hz, H-3'), 5.02-4.96 (m, 3H, H-1, H-1", H-3), 4.68 (d, 1H, J = 3.52 Hz,
H-2), 4.64 (d, 1H, J = 8.80 Hz, H-1"), 4.17 (d, 1H, J = 9.98 Hz, H-6"a), 4.03 (dd, 1H, J = 5.28, 11.15 Hz, H-6a),
3.93(t, 1H, J = 9.39 Hz, H-4'), 3.89 (t, 1H, J = 8.80 Hz, H-2', H-2"), 3.86-3.81 (m, 2H, H-4, H-6a'), 3.79-3.68
(m, 6H, H-3", H-5", H-6e, H-6€', H-6€" OCHH,), 3.57-3.55 (m, 1H, H-5'), 3.52-3.47 (m, 2H, H-5, OCHH ),
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3.38(t, 1H, J = 9.39 Hz, H-4"), 3.22 (t, 1H, J = 7.04 Hz, CH,), 3.05 (d, J = 8.22 Hz, H-2"), 2.78 (t, 2H, ) = 6.46
Hz, NCH,), 2.55 (t, 2H, J = 6.46 Hz, CH,), 2.10 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.05 (s, 3H, NHAc), 1.96 (s,
3H, NHAc), 1.68-1.52 (m, 4H, 2xCH,),1.45-1.36 (m, 14H, 4xCHs, CH,). *C NMR (150 MHz, D,0): 174.99,
174.97,174.04, 173.13, 173.12, 101.81, 100.68 (C-1'), 99.16 (C-1), 96.29 (C-1"), 76.15 (C-4'), 74.28 (C-5'),
73.68 (C-3'), 71.58 (C-3"), 71.15 (C-4), 70.85 (C-3), 70.67 (C-5"), 69.56 (C-4"), 68.43 (C-6"), 67.96, 66.59 (C-
5), 64.09 (C-6), 59.80 (C-6'), 54.18 (C-2"), 53.55 (C-2'), 50.75 (C-2), 39.37, 39.14, 28.08, 27.92, 24.33,

22.75,21.85, 21.63, 20.42, 20.21, 19.94. HRMS(ESI): calcd for C37HgoN402S [M+H]": 913.3594, found:

913.3608.
0..0Bn BnO
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-acetamido-3-0-acetyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-f-D-Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-6-O-
benzyl-2-deoxy-f-D-Glucopyranosyl-(1->6)-2-acetamido-3,4-di-O-Benzyl-2-deoxy-Glucopyanoside:
(85): To a stirring solution of 82 (10 mg, 6.69 umol) in DCM (0.75 mL) at 0°C was added triethylsilane
(0.075 mL, 0.468 mmol), followed by the dropwise addition of TFA (0.376 mL, 4.88 mmol). The mixture
was allowed to stir for 15 min at 0°C. Completion of the reaction was verified by LCMS. The mixture was
concentrated and taken up in a 1:1 mixture of Ac,0/Pyridine (0.5mL) and stirred for 2h at room
temperature. The mixture was concentrated under vacuum and purified by preparatory TLC (5%
MeOH/DCM). The product spot was identified by MALDI, excised, and eluted to afford 85 (8.8 mg, 6.06
umol, 91%) as an amorphous white solid. H! NMR (600 MHz, CDCl,): 7.39-7.15 (m, 30H, aromatic), 5.67
(dd, 1H, J = 8.80, 66.91 Hz, NH), 5.54-5.43 (m, 1H, NH), 5.38 (d, 1H, J = 12.32 Hz, CHHPh), 5.19-5.07 (m,
3H, H-3', CHHPh, CH,Ph’), 4.80 (t, 2H, ) = 9.39 Hz, CHHPh"’), 4.71-4.57 (m, 7H, H-1, H-1" H-3, CHHPh”,

CH,Ph”’, CHHPh" ), 4.53-4.36 (m, 5H, H-1', H-2, CHHPh", CH,Ph", 4.26-4.17 (m, 1H, H-2'), 4.06 (d, 1H, J =
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9.98 Hz, H-6"a), 3.97 ( dd, 1H, J = 4.70, 10.56 Hz, H-6a), 3.88 (t, 1H, J = 8.80 Hz, H-4'), 3.77-3.48 (m, 9H,
H-2", H-3", H-4', H-5", H-6e, H-6a€', H-6e", OCHH), 3.45-3.35 (m, 2H, H-4, H-5'), 3.30-3.15 (m, 3H, OCHH,
NCH,), 3.04-3.00 (m, 1H, H-5), 2.02 (s, 3H, Ac), 1.96 (s, 3H, Ac), 1.88 (s, 3H, Ac), 1.86-1.81 (m, 3H, Ac),
1.62-1.43 (m, 7H, 2xCH,, CH3), 1.36-1.17 (m, 2H, 1xCH,). *C NMR (150 MHz, CDCl,): 171.67, 171.19,
170.70, 170.11, 169.82, 169.35, 156.86, 156.37, 138.56, 138.12, 137.90, 137.80, 136.98, 136.67, 135.38,
128.80, 128.78, 128.71, 128.66, 128.62, 128.60, 128.40, 128.33, 128.30, 128.18, 128.12, 128.06, 127.96,
127.92,127.88,127.82, 127.79, 127.49, 127.32, 100.47 (C-1), 99.40, 98.58 (C-1'), 97.63 (C-1"), 80.66 (C-
5"), 78.51 (C-4"), 75.50 (C-4'), 75.04, 74.98, 74.36 (C-5'), 73.58, 73.21 (C-3'), 72.29 (C-4), 70.91 (C-3),
70.33 (C-3"), 68.02, 67.88 (C-6'), 67.63 (C-6"), 67.51, 67.35, 67.31, 66.81 (C-5), 64.80 (C-6), 54.59 (C-2"),
52.76 (C-2'), 51.38 (C-2), 50.58, 50.41, 47.31, 46.09, 29.13, 28.73, 27.98, 27.35, 25.45, 24.05, 23.50,
23.34,21.51, 21.18. HRMS(ESI): calcd for CzoHosN4O,; [M+H]*: 1451.6432, found: 1451.6443.
O OH HO
%o NHAc o
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ACNH' O(CH,)sNH,
5-aminopentyl 2-acetamido-3-0-acetyl-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-p-D-
Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-2-deoxy-3-D-Glucopyranosyl-(1->6)-2-acetamido-2-
deoxy-Glucopyanoside: (86): Compound 85 (8.6 mg, 5.92 umol) was dissolved in a mixture of t-BuOH
(1.8 mL) and H,0 (0.045 mL). Pd(OH),/C (20 mg, 20 wt.%, Degussa type) was added and the resulting
mixture was placed under a hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered
off and washed thoroughly with a gradient of gently warmed t-BuOH/H20. (100% tBuOH, 50%
tBuOH/H,0, 30% tBuOH/H,0) The combined filtrates were concentrated under reduced pressure. The
product was purified with a C18 silica column using an eluent gradient starting with 100% H,0 followed
by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions containing product were

concentrated to afford 86 (3.2mg, 3.69 umol, 62%) as an amorphous white solid. H' NMR (600 MHz,

178



D,0): 5.08 (t, 1H, J = 9.39 Hz, H-3'), 5.02-4.98 (m, 2H, H-1, H-3), 4.83 (m, 1H, H-1"), 4.69-4.68 (m, 1H, H-
2),4.65 (d, 1H, J = 8.80 Hz, H-1'), 4.20 (d, 1H, J = 10.56 Hz, H-6"a), 4.03 (dd, 1H, J = 4.70, 10.56 Hz, H-6a),
3.94 (t, 1H, J = 9.39 Hz, H-4'), 3.91-3.82 (m, 4H, H-2', H-2", H-4, H-6a'), 3.80-3.68 (m, 5H, H-3",H-5", H-6e,
H-6e', H-6e"), 3.68-3.60 (m, 1H, OCHH), 3.60-3.55 (m, 1H, H-5'),3.54-3.43 (m, 2H, H-5, OCHH), 3.41 (t, 1H,
J=9.39 Hz, H-4"), 3.00 (t, 2H, J = 7.63 Hz, NCH,), 2.10 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.05 (s, 3H, NHAC),
2.03 (s, 3H, NHAc), 1.97 (s, 3H, NHAc), 1.71-1.58 (m, 4H, 2xCH,), 1.48-1.39 (m, 5H, CH;, CH,). *C NMR
(150 MHz, D,0): 174.97, 174.22, 174.05, 173.12, 173.10, 101.81, 100.72 (C-1'), 99.15 (C-1), 96.50 (C-1"),
76.08 (C-4"), 74.27 (C-5'), 73.68 (C-3'), 71.28 (C-5"), 71.14 (C-4), 70.95 (C-3), 70.84 (C-3"), 70.45 (C-5"),
70.00 (C-4"), 68.89 (C-6"), 67.41, 66.59 (C-5), 64.09 (C-6), 59.76 (C-6'), 54.56 (C-2"), 53.52 (C-2'), 50.75 (C-
2),39.29, 27.88, 26.38, 24.34, 22.30, 21.85, 21.72, 21.63, 20.40, 20.21. HRMS(ESI): calcd for C36HssN4O50
[M+H]": 867.3717, found: 867.3731.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-3-O-acetyl-4,6-0-[(S)-1-Carboxylethylidene]-2-
deoxy-f-D-Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-
acetamido-2-deoxy-Glucopyanoside (2): To a stirring mixture of 86 (1.1mg, 1.27 umol) in water (0.23
mL) was added DTSSP (1.5 mg, 2.54 umol). 0.1M NaOH was added to the mixture via dropwise addition
to adjust the pH to ~8. The reaction was complete within 1 h and product formation was verified by
LC/MS. Afterwards, DTT (4.9 mg, 0.032 mmol) was added and the reaction mixture was stirred in a warm
water bath (~40°C) for 30 mins. Completion of the reaction was verified by LC/MS. The reaction mixture
was loaded directly onto a P2 size exclusion column and eluted with 5% n-Butanol/H,0. The fractions
containing the product were combined and lyophilized to afford 2 (1.1 mg, 1.15 umol, 91%) as an
amorphour white solid. H' NMR (600 MHz, D,0): 5.07 (t, 1H, J = 10.56 Hz, H-3'), 5.02-4.98 (m, 2H, H-1, H-
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3), 3.84 (m, 1H, H-1"), 4.69-4.68 (m, 1H, H-2), 4.65 (d, 1H, J = 8.22 Hz, H-1'),4.18 (d, 1H, J = 11.15 Hz, H-
6"a), 4.03 (dd, 1H, ) = 5.28, 10.56 Hz, H-6a), 3.94 (t, 1H, ) = 9.39 Hz, H-4'), 3.91-3.68 (m, 10H, H-2', H-2" H-
3", H-4, H-5", H-6a", H-6e, H-6¢', H-6e", OCHH), 3.66-3.62 (m, 1H, OCHH), 3.58-3.56 (m, 1H, H-5'), 3.52-
3.48 (m, 2H, H-5, OCHH ), 3.46-3.38 (t, 1H, H-4", OCHH), 3.35-3.34 (m, 1H, OH), 3.25-3.16 (m, 1H, CH,),
2.78 (t, 2H, J = 7.04 Hz, NCH,), 2.55 (t, 2H, J = 7.04 Hz, CH,), 2.10 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.05 (s,
3H, NHACc), 2.03 (s, 3H, NHAc), 1.96 (s, 3H, NHAc), 1.67-1.52 (m, 4H, 2xCH,), 1.42-1.37 (m, 5H, CHs, CH,).
C NMR (150 MHz, D,0): 175.00, 174.97, 174.22, 174.00, 173.14, 173.10, 101.80, 100.70 (C-1'), 99.16
(C-1), 96.49 (C-1"), 76.17 (C-4"), 74.27 (C-5'), 73.71 (C-3'), 71.15 (C-4), 70.98 (C-3), 70.85 (C-3"), 70.44 (C-
5"), 70.00 (C-4"), 68.74 (C-6"), 67.68, 66.58 (C-5), 64.09 (C-6), 59.80 (C-6'), 53.56 (C-2', C-2"), 50.76 (C-2),
39.34,39.18, 27.98, 27.87, 24.34, 22.71, 21.85, 21.75, 21.63, 20.43, 20.21, 19.95. HRMS(ESI): calcd for
C3gHeaN4021S [M+H]": 955.3700, found: 955.3719.

O, OH HO
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5-aminopentyl 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-
acetamido-2-deoxy-B-D-Glucopyranosyl-(1-> 6)-2-acetamido-2-deoxy-Glucopyanoside: (87):
Compound 85 (9.8 mg, 6.76 umol) was taken up in a solution of THF (0.3 mL), water (0.015 mL), and 2M
LiOH (0.066 mL) and stirred in a warm water bath (40°C) for 2.5 h. Completion of the reaction was
verified by LC/MS. The reaction mixture was made neutral by the dropwise addition of a 20% aqueous
solution of HOAc. The reaction mixture was concentrated and the crude was purified with a C18 silica
column using an eluent gradient starting with 100% H,0 followed by 1%, 5%, 10%, 20%, 40%, 60% and
80% MeOH/H,0 washes. The fractions containing product were identified by LCMS and concentrated to
afford a mixture of deacetylated intermediate with and without benzyl ester. The intermediate was

dissolved in a mixture of t-BuOH (2 mL) and H,0 (0.05 mL). Pd(OH),/C (20 mg, 20 wt.%, Degussa type)
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was added and the resulting mixture was placed under a hydrogen atmosphere (1 psi). After stirring for
16 h, the catalyst was filtered off and washed thoroughly with a gradient of gently warmed t-BuOH/H,0
(100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0). The combined filtrates were concentrated under
reduced pressure. The product was purified with a C18 silica column using an eluent gradient starting
with 100% H,0 followed by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions
containing product were concentrated to afford 87 (2.8 mg, 3.58 umol, 53% over 2 steps) as an
amorphous white solid. H* NMR (600 MHz, D,0): 4.94 (s, 1H, H-1), 4.83 (d, 1H, J = 3.52 Hz, H-1"), 4.60 (d,
1H, J = 4.70 Hz, H-2), 4.49 (d, 1H, J = 8.80 Hz, H-1'), 4.18 (d, 1H, J = 11.15 Hz, H-6a"), 4.03 (dd, 1H, J =
5.28, 10.56 Hz, H-6a), 3.98 (dd, 1H, ) = 4.70, 9.98 Hz, H-3), 3.89-3.85 (m, 2H, H-2", H-6a'), 3.78-3.75 (m,
1H, H-3'), 3.74-3.60 (m, 9H, H-2', H-3", H-4, H-4', H-5", H-6e, H-6€', H-6€", OCHH), 3.50-3.47 (m, 1H, H-5)),
3.46-3.38 (m, 3H, H-4", H-5, OCHH), 3.00 (t, 2H, J = 8.22 Hz, NCH,), 2.07 (s, 3H, Ac), 2.03 (s, 3H, Ac), 2.02
(s, 3H, Ac), 1.71-1.59 (m, 4H, 2xCH,), 1.49-1.40 (m, 5H, CH,, CHs). *C NMR (150 MHz, D,0): 175.37,
174.22,101.73, 101.38 (C-1'), 99.73 (C-1), 96.46 (C-1"), 78.66 (C-4'), 74.33 (C-5'), 73.79 (C-4), 72.06 (C-5"),
70.92 (c-3"), 70.47 (C-3'), 70.04 (C-4"), 69.21 (C-3), 68.77 (C-6"), 67.34, 66.71 (C-5), 63.95 (C-6), 59.96 (C-
6'), 55.18 (C-2'), 53.52 (C-2"), 53.38 (C-2), 39.28, 27.84, 26.38, 24.55, 22.27,22.11, 21.91, 21.72.
HRMS(ESI): calcd for C3,HsaN,O15 [M+H]": 783.3506, found: 783.3522.

O, OH HO
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ACNH O(CH,)sNH™~"SH
3-Mercapto-N-pentyl-propionamido 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-§3-D-
Mannopyranosyl-(1->4)-2-acetamido-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-acetamido-2-deoxy-
Glucopyanoside: (3): To a stirring mixture of 87 (0.9 mg, 1.15 umol) in water (0.22 mL) was added DTSSP
(1.4 mg, 2.3 umol). 0.1M NaOH was added to the mixture via dropwise addition to adjust the pH to ~8.
The reaction was complete within 1 h and product formation was verified by LC/MS. Afterwards, DTT
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(4.4 mg, 0.029 mmol) was added and the reaction mixture was stirred in a warm water bath (~40°C) for
30 mins. Completion of the reaction was verified by LC/MS. The reaction mixture was loaded directly
onto a P2 size exclusion column and eluted with 5% n-Butanol/H,0. The fractions containing the product
were combined and lyophilized to afford 3 (1.1 mg, 1.15 umol, 100%). H! NMR (600 MHz, D,0): 4.94 (s,
1H, H-1), 4.83 (d, 1H, J = 3.52 Hz, H-1"),4.60 (d, 1H, J = 4.11 Hz, H-2), 4.49 (d, 1H, J = 8.80 Hz, H-1'), 4.15
(d, 1H, J = 10.56 Hz, H-6a"), 4.03 (dd, 1H, J = 4.70, 10.56 Hz, H-6a), 3.98 (dd, 1H, J = 4.70, 9.98 Hz, H-3),
3.87-3.85 (m, 2H, H-2", H-6a'), 3.78-3.75 (m, 1H, H-3'), 3.74-3.60 (m, 9H, H-2', H-3", H-4, H-4', H-5", H-6e,
H-6e', H-6e", OCHH), 3.50-3.47 (m, 1H, H-5'), 3.46-3.38 (m, 3H, H-4", H-5, OCHH), 3.24-3.19 (m, 2H, J =
8.22 Hz, NCH,), 2.78 (t, 2H, J = 7.04 Hz, CH,), 2.54 (t, 2H, ) = 7.04 Hz, CH,), 2.07 (s, 3H, Ac), 2.03 (s, 3H,
Ac), 2.02 (s, 3H, Ac), 1.66-1.52 (m, 4H, 2xCH,), 1.46 (s, 3H, CHs), 1.43-1.36 (m, 2H, CH,). *C NMR (150
MHz, D,0): 175.37, 174.22, 174.02, 101.73, 101.38 (C-1'), 99.74 (C-1), 96.48 (C-1"), 78.71 (C-4'), 74.34
(C-5'), 73.79 (C-4), 72.06 (C-5"), 70.95 (C-3"), 70.44 (C-3'), 70.00 (C-4"), 69.23 (C-3), 68.55 (C-6"), 67.67,
66.72 (C-5), 63.95 (C-6), 59.99 (C-6'), 55.19 (C-2'), 53.56 (C-2"), 53.40 (C-2), 39.32, 39.18, 27.96, 27.91,

24.55,22.71,22.12,21.91, 21.75, 19.94. HRMS(ESI): calcd for C3sHsgN;O16S [M+H]": 871.3489, found:

871.3501.
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5-aminopentyl 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-
acetamido-2-deoxy-f3-D-Glucopyranosyl-(1->6)-2-t-Butoxycaronylamino-2-deoxy-Glucopyanoside (88):
82 (10 mg, 6.62 umol) was taken up in a solution of THF (0.3 mL), water (0.015 mL), and 2M LiOH (0.066
mL) and stirred in a warm water bath (40°C) for 2.5 h. completion of the reaction was verified by LC/MS.
The reaction mixture was made neutral by the dropwise addition of a 20% aqueous solution of HOAc

and concentrated. The crude was purified with a C18 silica column using an eluent gradient starting with
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100% H,O0 followed by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions
containing product were identified by LCMS and concentrated to afford a mixture of deacetylated
intermediate with and without benzyl ester. The intermediate was dissolved in a mixture of t-BuOH
(2 mL) and H,0 (0.05 mL). Pd(OH),/C (20 mg, 20 wt.%, Degussa type) was added and the resulting
mixture was placed under a hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered
off and washed thoroughly with a gradient of gently warmed t-BuOH/H,0 (100% tBuOH, 50%
tBuOH/H,0, 30% tBuOH/H,0). The combined filtrates were concentrated under reduced pressure. The
product was purified with a C18 silica column using an eluent gradient starting with 100% H,0 followed
by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions containing product were
concentrated to afford 88 (3 mg, 3.57 umol, 61%) as an amorphous white solid. H' NMR (600 MHz,
D,0): 4.94 (s, 1H, H-1), 4.83 (br.s, 1H, H-1"), 4.60 (d, 1H, J = 4.70 Hz, H-2), 4.49 (d, 1H, J = 8.22 Hz, H-1"),
4.16 (d, 1H, J = 10.56 Hz, H-6a"), 4.03 (dd, 1H, J = 4.70, 10.56 Hz, H-6a), 3.98 (dd, 1H, J = 4.70, 9.98 Hz, H-
3), 3.87-3.85 (m, 1H, H-6a'), 3.75-3.60 (m, 10H, H-2", H-3', H-3", H-4, H-4', H-5", H-6e, H-6€', H-6€",
OCHH), 3.58-3.53 (m, 1H, H-2'), 3.50-3.38 (m, 4H, H-4", H-5, H-5', OCHH), 3.00 (t, 2H, J = 7.63 Hz, NCH,),
2.07 (s, 3H, Ac), 2.03 (s, 3H, Ac), 1.72-1.58 (m, 4H, 2xCH,), 1.48-1.43 (m, 14H, CH,, 4xCHs). **C NMR (150
MHz, D,0): 175.37, 174.21, 157.74, 101.73, 101.41 (C-1'), 99.73 (C-1), 97.00 (C-1"), 81.16, 78.67 (C-4),
74.33 (C-5'), 73.79 (C-4), 72.04 (C-5"), 71.24 (C-3"), 70.49 (C-3'), 69.99 (C-4"), 69.22 (C-3), 68.73 (C-6"),
67.46, 66.72 (C-5), 63.95 (C-6), 59.96 (C-6'), 55.19 (C-2'), 54.69 (C-2"), 53.38 (C-2), 39.29, 27.81, 27.51,
26.37,24.55, 22.27,22.13, 21.91. HRMS(ESI): calcd for C3sHgoN4O15 [M+H]": 841.3925, found: 841.3943.
O+ OH HO
S ke,
Ko Podem W; o o
BooNH OCH)NH ™ SH
3-Mercapto-N-pentyl-propionamido 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-§3-D-

Mannopyranosyl-(1->4)-2-t-Butoxycaronylamino-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-acetamido-2-
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deoxy-Glucopyanoside: (89): To a stirring mixture of 88 (1.1 mg, 1.31 umol) in water (0.24 mL) was
added DTSSP (1.2 mg, 1.96 umol). 0.1M NaOH was added to the mixture via dropwise addition to adjust
the pH to ~8. The reaction was complete within 1 h and product formation was verified by LC/MS.
Afterwards, DTT (5 mg, 0.033 mmol) was added and the reaction mixture was stirred in a warm water
bath (~40°C) for 30 mins. Completion of the reaction was verified by LC/MS. The product was purified
with a C18 silica column using an eluent gradient starting with 100% H,O followed by 1%, 5%, 10%, 20%,
40%, 60% and 80% MeOH/H,0 washes. The fractions containing product were concentrated to afford 89
(1.2 mg, 1.29 pumol, 99%) as an amorphous white solid. H* NMR (600 MHz, D,0): 4.94 (s, 1H, H-1), 4.83
(br.s, 1H, H-1"), 4.60 (d, 1H, J = 4.70 Hz, H-2), 4.49 (d, 1H, J = 8.22 Hz, H-1), 4.14 (d, 1H, J = 10.56 Hz, H-
6a"), 4.03 (dd, 1H, J = 5.28, 11.15 Hz, H-6a), 3.98 (dd, 1H, J = 4.11, 9.98 Hz, H-3), 3.87-3.85 (m, 1H, H-6a'),
3.75-3.60 (m, 10H, H-2", H-3', H-3", H-4, H-4', H-5", H-6e, H-6€', H-6€", OCHH), 3.58-3.53 (m, 1H, H-2'),
3.50-3.38 (m, 4H, H-4", H-5, H-5', OCHH), 3.24-3.19 (m, 2H, NCH,), 2.78 (t, 2H, J = 7.04 Hz, CH,), 2.52 (t,
2H, ) =6.46 Hz, CH;), 2.07 (s, 3H, Ac), 2.03 (s, 3H, Ac), 1.65-1.53 (m, 4H, 2xCH,), 1.46-1.38 (m, 14H, CH,,
4xCHs). ®C NMR (150 MHz, D,0): 175.37, 174.22, 173.99, 157.75, 101.73, 101.40 (C-1'), 99.74 (C-1),
96.96 (C-1"), 81.15, 78.70 (C-4'),74.33 (C-5'), 73.79 (C-4), 72.04 (C-5"), 71.19 (C-3"), 70.45 (C-3'), 69.95 (C-
4"), 69.24 (C-3), 68.51 (C-6"), 67.74, 66.72 (C-5), 63.95 (C-6), 59.99 (C-6'), 55.20 (C-2'), 54.75 (C-2"), 53.40
(C-2),39.31, 39.21, 27.89, 27.83, 27.53, 24.55, 22.67, 22.14, 21.91, 19.94. HRMS(ESI): calcd for
C3sHeaN40,0 [M+H]": 929.3907, found: 929.3916.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-3-D-
Mannopyranosyl-(1->4)-2-acetamido-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-amino-2-deoxy-
Glucopyanoside: (4): To a stirring solution of 89 (1.2 mg, 1.29 umol) in DCM (0.75 mL) at 0°C was added
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triethylsilane (0.075 mL, 0.468 mmol), followed by the dropwise addition of TFA (0.376 mL, 4.88 mmol).
The mixture was allowed to stir for 15 min at 0°C. Completion of the reaction was verified by LCMS. The
crude was dissolved in PBS (pH 7.4, 1 mL) and DTT (5 mg, 0.032 mmol) was added and the reaction
mixture was stirred in a warm water bath (~40°C) for 30 mins. Completion of the reaction was verified
by LC/MS. The reaction mixture was loaded directly onto a P2 size exclusion column and eluted with 5%
n-Butanol/H,0. The fractions containing the product were combined and lyophilized to afford 4 (900 ug,
1.09 umol, 84%). H' NMR (600 MHz, D,0): 5.07 (d, 1H, J = 3.52 Hz, H-1"), 4.93 (s, 1H, H-1), 4.61 (d, 1H, J
=4.70 Hz, H-2), 4.49 (d, 1H, J = 8.80 Hz, H-1'), 4.15 (d, 1H, J = 10.56 Hz, H-6a"), 4.03 (dd, 1H, J = 4.70,
10.56 Hz, H-6a), 3.98 (dd, 1H, J = 4.11, 9.98 Hz, H-3), 3.87-3.82 (m, 2H, H-3', H-6a'), 3.79-3.77 (m, 1H, H-
3"), 3.75-3.60 (m, 8H, H-2', H-4, H-4', H-5", H-6e, H-6€', H-6€", OCHH), 3.53-3.47 (m, 2H, H-5', OCHH),
3.46-3.42 (m, 2H, H-4", H-5), 3.28 (dd, 1H, J = 3.52, 10.56 Hz, H-2"), 3.22 (t, 2H, J = 7.04Hz, NCH,), 2.78 (t,
2H, J = 7.04 Hz, CH,), 2.54 (t, 2H, J = 6.46 Hz, CH,), 2.07 (s, 3H, Ac), 2.03 (s, 3H, Ac), 1.70-1.60 (m, 2H,
CH,), 1.57-1.52 (m, 2H, CH,), 1.46 (s, 3H, CHs), 1.44-1.37 (m, 2H, CH,). *C NMR (150 MHz, D,0): 175.37,
174.26, 174.05, 101.74, 101.33 (C-1'), 99.74 (C-1), 94.91 (C-1"), 78.70 (C-4'),74.34 (C-5'), 73.79 (C-4),
72.02 (C-5"), 70.66 (C-3"), 70.03 (C-3'), 69.34 (C-4"), 69.21 (C-3), 68.03 (C-6"), 66.72 (C-5), 63.95 (C-6),
59.99 (C-6), 55.17 (C-2), 53.80 (C-2"), 53.39 (C-2), 39.31, 39.12, 28.05, 27.97, 24.55, 22.71, 22.12, 21.91,

19.92. HRMS(ESI): calcd for C33HsgN4015S [M+H]": 829.3383, found: 829.3400.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-acetamido-3-0O-benzyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-acetamido-3-O-acetyl-6-O-

benzyl-2-deoxy-f3-D-Glucopyranosyl-(1->6)-2-acetamido-3,4-di-O-Benzyl-2-deoxy-Glucopyanoside:
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(90): To a stirring solution of 82a (8.6 mg, 5.52 umol) in DCM (0.62 mL) at 0°C was added triethylsilane
(0.062 mL, 0.386 mmol), followed by the dropwise addition of TFA (0.310 mL, 4.03 mmol). The mixture
was allowed to stir for 15 min at 0°C. Completion of the reaction was verified by LCMS. The mixture was
concentrated and taken up in a 1:1 mixture of Ac,0/Pyridine (0.5mL) and stirred for 2h at room
temperature. The mixture was concentrated under vacuum and purified by preparatory TLC (5%
MeOH/DCM). The product spot was identified by MALDI, excised, and eluted to afford 90 (8 mg, 5.33
pmol, 97%) as an amorphous white solid. H' NMR (600 MHz, CDCl,): 7.39-7.12 (m, 35H, aromatic), 5.73
(d, 1H, J = 8.80 Hz, NH), 5.55 (d, 1H, J = 8.22 Hz, NH), 5.34 (d, 1H, J = 12.33 Hz, CHHPh), 5.18-5.07 (m, 3H,
H-3', CHHPh, CH,Ph’), 4.82-4.79 (m, 2H, CHHPh”, CHHPh’” ), 4.68-4.57 (m, 7H, H-1', H-1", CHHPh”,
CHHPh’”’, CHHPh" , CH,Ph"), 4.50-4.48 (m, 3H, H-2, CH,Ph"") 4.46-4.40 (m, 1H, H-1), 4.37 (d, 1H, ) = 11.74
Hz, CHHPh"), 4.26-4.16 (m, 1H, H-2"), 4.05 (d, 1H, J = 9.39 Hz, H-6a"), 3.94 (dd, 1H, J = 4.70, 10.56 Hz, H-
6a), 3.84-3.79 (m, 2H, H-2', H-4'), 3.79-3.67 (m, 3H, H-3", H-5", H-6€"), 3.67-3.50 (m, 6H, H-3, H-4", H-6e,
H-6ae', OCHH), 3.44-3.35 (m, 2H, H-4, H-5'), 3.30-3.15 (m, 3H, OCHH, NCH,), 3.13-3.03 (m, 1H, H-5),
2.02-1.83 (m, 12H, 4xAc), 1.60-1.42 (m, 7H, 2xCH,, CH;), 1.35-1.18 (m, 2H, 1xCH,). °C NMR (150 MHz,
CDCl;): 171.09, 170.90, 170.06, 169.78, 169.51, 156.85, 156.36, 138.53, 138.16, 137.97, 137.91, 137.01,
136.69, 135.39, 128.71, 128.65, 128.59, 128.45, 128.34, 128.13, 128.11, 128.07, 127.92, 127.79, 127.70,
127.54, 127.47, 127.32, 100.90 (C-1'), 100.08 (C-1), 99.22 (C-1"), 97.60, 80.69 (C-5"), 78.47 (C-4"), 76.04
(C-4"), 75.54, 75.20, 75.00, 74.94, 74.60 (C-4, C-5'), 73.66, 73.53 (C-3'), 71.47, 70.37 (C-3"), 68.05, 67.98
(C-6'), 67.62 (C-6"), 67.52, 67.33, 67.30, 66.22 (C-5), 65.34 (C-6), 54.34 (C-2'), 52.74 (C-2"), 50.59 (C-2),
50.40, 47.31, 46.09, 29.84, 29.41, 28.75, 27.98, 27.38, 25.59, 24.05, 23.46, 23.36, 21.29. MALDI MS:

calcd for CgqHggN,O,1 [M+Na]*: 1521.6616, found: 1521.6639.
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5-aminopentyl 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-
acetamido-3-0-acetyl-2-deoxy-f-D-Glucopyranosyl-(1->6)-2-acetamido-2-deoxy-Glucopyanoside: (91):
Compound 90 (5.5 mg, 3.9 umol) was dissolved in a mixture of t-BuOH (1.2 mL) and H,0 (0.03 mL).
Pd(OH),/C (12 mg, 20 wt.%, Degussa type) was added and the resulting mixture was placed under a
hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered off and washed thoroughly
with a gradient of gently warmed t-BuOH/H,0 (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0). The
combined filtrates were concentrated under reduced pressure. The product was purified with a C18
silica column using an eluent gradient starting with 100% H,0 followed by 1%, 5%, 10%, 20%, 40%, 60%
and 80% MeOH/H,0 washes. The fractions containing product were concentrated to afford 91 (2.4 mg,
2.9 umol, 74%) as an amorphous white solid. H' NMR (600 MHz, D,0): 5.08 (t, 1H, J = 10.56 Hz, H-3’),
4.87 (s, 1H, H-1),4.83 (d, 1H, J = 3.52 Hz, H-1"), 4.64 (d, 1H, J = 8.80 Hz, H-1'), 4.54 (d, 1H, J = 4.11 Hz, H-
2'),4.19 (d, 1H, J = 10.56 Hz, H-6a"), 3.99 (dd, 1H, J = 5.28, 10.56 Hz, H-6a), 3.95 (dd, 1H, J = 4.70, 9.98 Hz,
H-3), 3.93-3.86 (m, 4H, H-2', H-2", H-4', H-6a'), 3.79-3.76 (m, 1H, H-3"), 3.74-3.69 (m, 4H, H-5", H-6e, H-
6e', H-6€"), 3.66-3.62 (m, 1H, OCHH), 3.60-3.55 (m, 2H, H-4, H-5'), 3.47-3.43 (m, 1H, OCHH), 3.42-3.34
(m, 2H, H-4", H-5), 3.00 (t, 2H, J = 7.63 Hz, NCH,), 2.09 (s, 3H, Ac), 2.05 (s, 3H, Ac), 2.02 (s, 3H, Ac), 1.96
(s, 3H, Ac), 1.70-1.58 (m, 4H, 2xCH,), 1.49-1.39 (m, 5H, CH3, CH,). *C NMR (150 MHz, D,0): 175.37,
174.22,174.04, 172.99, 101.72, 100.71 (C-1'), 99.77 (C-1), 96.49 (C-1"), 75.73 (C-4'), 74.34 (C-5'), 73.81
(c-3"), 73.75 (C-4), 70.95 (C-5"), 70.44 (c-3"), 69.99 (C-4"), 68.92 (C-6"), 68.86 (C-3), 67.41, 66.75 (C-5),
64.06 (C-6), 59.76 (C-6'), 53.59 (C-2"), 53.51 (C-2'), 53.42 (C-2), 39.28, 27.87, 26.38, 24.54, 22.30, 21.91,

21.85, 21.72, 20.38. HRMS(ESI): calcd for C34HsN4O19 [M+H]": 825.3612, found: 825.3623.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-§3-D-
Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-acetamido-2-
deoxy-Glucopyanoside: (5): To a stirring mixture of 91 (1.1 mg, 1.33 umol) in water (0.25 mL) was added
DTSSP (1.2 mg, 2.0 umol). 0.1M NaOH was added to the mixture via dropwise addition to adjust the pH
to ~8. The reaction was complete within 1 h and product formation was verified by LC/MS. Afterwards,
DTT (5.1 mg, 0.033 mmol) was added and the reaction mixture was stirred in a warm water bath (~40°C)
for 30 mins. Completion of the reaction was verified by LC/MS. The reaction mixture was loaded directly
onto a P2 size exclusion column and eluted with 5% n-Butanol/H,0. The fractions containing the product
were combined and lyophilized to afford 5 (1 mg, 1.1 umol, 82%) as an amorphous white solid. H' NMR
(600 MHz, D,0): 5.07 (t, 1H, J = 9.98 Hz, H-3'), 4.87 (s, 1H, H-1), 4.83 (m, 1H, H-1"), 4.65 (d, 1H, J = 8.22
Hz, H-1'), 4.54 (d, 1H, J = 4.11 Hz, H-2'), 4.18 (d, 1H, J = 11.15 Hz, H-6a"), 4.00 (dd, 1H, J = 5.28, 11.15 Hz,
H-6a), 3.95 (dd, 1H, J = 4.11, 9.98 Hz, H-3), 3.93-3.86 (m, 4H, H-2', H-2", H-4', H-6a"), 3.79-3.77 (m, 1H, H-
3"), 3.77-3.70 (m, 4H, H-5", H-6e, H-6€', H-6€"), 3.66-3.62 (m, 1H, OCHH), 3.60-3.54 (m, 2H, H-4, H-5),
3.46-3.43 (m, 1H, OCHH), 3.42-3.34 (m, 2H, H-4", H-5), 3.24-3.19 (m, 2H, NCH,), 2.78 (t, 2H, J = 6.46 Hz,
CH,), 2.54 (t, 2H, J = 7.04 Hz, CH,), 2.09 (s, 3H, Ac), 2.05 (s, 3H, Ac), 2.03 (s, 3H, Ac), 1.66-1.52 (m, 4H,
2xCH,), 1.45 (s, 3H, CHs), 1.43-1.37 (m, 2H, CH,). *C NMR (150 MHz, D,0): 175.39, 175.36, 174.22,
174.00, 173.04, 101.71, 100.69 (C-1'), 99.80 (C-1), 96.50 (C-1"), 75.84 (C-4'), 74.35 (C-5'), 73.81 (C-3', C-4),
70.98 (C-5"), 70.44 (C-3"), 69.99 (C-4"), 68.94 (C-6"), 68.71 (C-3), 67.69, 66.75 (C-5), 64.06 (C-6), 59.81 (C-
6'), 53.60 (C-2"), 53.55 (C-2'), 53.45 (C-2), 39.48, 39.17, 27.98, 27.87, 24.54,22.72, 21.92, 21.85, 21.75,

20.40, 19.99. HRMS(ESI): calcd for C3;HgoN4040S [M+H]*: 913.3594, found: 913.3609.
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5-aminopentyl 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-
acetamido-3-0-acetyl-2-deoxy-f-D-Glucopyranosyl-(1->6)-2-t-Butoxycaronylamino-2-deoxy-
Glucopyanoside: (92): 82a (8.6 mg, 5.5 umol) was dissolved in a mixture of t-BuOH (1.7 mL) and H,0
(0.04 mL). Pd(OH),/C (20 mg, 20 wt.%, Degussa type) was added and the resulting mixture was placed
under a hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered off and washed
thoroughly with a gradient of gently warmed t-BuOH/H,0 (100% tBuOH, 50% tBuOH/H,0, 30%
tBuOH/H,0). The combined filtrates were concentrated under reduced pressure. The product was
purified with a C18 silica column using an eluent gradient starting with 100% H,0 followed by 1%, 5%,
10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions containing product were concentrated
to afford 92 (2.8 mg, 3.2 umol, 57%) as an amorphous white solid. H* NMR (600 MHz, D,0): 5.06 (t, 1H, J
=10.56 Hz, H-3'), 4.87 (s, 1H, H-1), 4.83 (s, 1H, H-1"), 4.64 (d, 1H, J = 8.80 Hz, H-1'), 4.54-4.53 (m, 1H, H-
2"),4.19 (d, 1H, J = 10.56 Hz, H-6a"), 3.99 (dd, 1H, J = 4.70, 10.56 Hz, H-6a), 3.95 (dd, 1H, J = 4.70, 9.98 Hz,
H-3), 3.93-3.86 (m, 3H, H-2', H-4', H-6a), 3.77-3.70 (m, 4H, H-3", H-6e, H-6¢', H-6€"), 3.67-3.55 (m, 5H, H-
2" H-4, H-5, H-5", OCHH), 3.48-3.44 (m, 1H, OCHH), 3.41-3.34 (m, 2H, H-4", H-5), 3.00 (t, 2H, J = 7.63 Hz,
NCH,), 2.09 (s, 3H, Ac), 2.05 (s, 3H, Ac), 1.96 (s, 3H, Ac), 1.71-1.59 (m, 4H, 2xCH,), 1.47-1.38 (m, 14H,
4xCHs, CH,). *C NMR (150 MHz, D,0): 175.37, 174.04, 172.99, 157.74, 101.72, 100.73 (C-1'), 99.78 (C-1),
97.04 (C-1"), 81.16, 75.74 (C-4'),74.33 (C-5'), 73.81 (C-3'), 73.73 (C-4), 71.27 (C-5"), 70.45 (C-3"), 69.93 (C-
4"), 68.93 (C-6"), 68.83 (C-3), 67.53, 66.75 (C-5), 64.06 (C-6), 59.76 (C-6'), 54.68 (C-2"), 53.59 (C-2'), 53.42
(C-2), 39.30, 27.85, 27.50, 26.37, 24.54, 22.30, 21.92, 21.86, 20.39. HRMS(ESI): calcd for C37Hg;N405

[M+H]": 883.4030, found: 883.4043.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-3-D-
Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-t-
Butoxycaronylamino-2-deoxy-Glucopyanoside: (93): To a stirring mixture of 92 (1.1 mg, 1.25 umol) in
water (0.23 mL) was added DTSSP (1.1 mg, 1.87 umol). 0.1M NaOH was added to the mixture via
dropwise addition to adjust the pH to ~8. The reaction was complete within 1 h and product formation
was verified by LC/MS. Afterwards, DTT (4.8 mg, 0.031 mmol) was added and the reaction mixture was
stirred in a warm water bath (~40°C) for 30 mins. Completion of the reaction was verified by LC/MS. The
product was purified with a C18 silica column using an eluent gradient starting with 100% H,0 followed
by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions containing product were
concentrated to afford 93 (1.1 mg, 1.13 umol, 91%) as an amorphous white solid. H' NMR (600 MHz,
D,0): 5.07 (t, 1H, ) = 10.56 Hz, H-3'), 4.87 (s, 1H, H-1), 4.82 (s, 1H, H-1"), 4.64 (d, 1H, ) = 8.80 Hz, H-1),
4.54-4.53 (m, 1H, H-2'), 4.17 (d, 1H, J = 9.98 Hz, H-6a"), 4.00 (dd, 1H, J = 5.28, 10.56 Hz, H-6a), 3.95 (dd,
1H, J = 4.70, 9.98 Hz, H-3), 3.93-3.86 (m, 3H, H-2', H-4', H-6a'), 3.77-3.70 (m, 4H, H-3", H-6e, H-6¢€', H-6€"),
3.67-3.53 (m, 5H, H-2", H-4, H-5, H-5", OCHH), 3.47-3.44 (m, 1H, OCHH), 3.41-3.34 (m, 2H, H-4", H-5),
3.25-3.18 (m, 2H, NCH,), 2.78 (t, 2H, J = 7.04 Hz, CH,), 2.54 (t, 2H, J = 7.04 Hz, CH,), 2.09 (s, 3H, Ac), 2.05
(s, 3H, Ac), 1.96 (s, 3H, Ac), 1.65-1.52 (m, 4H, 2xCH,), 1.48-1.35 (m, 14H, 4xCHs, CH,). *C NMR (150 MHz,
D,0): 175.36, 174.00, 173.04, 157.75, 101.71, 100.72 (C-1'), 99.80 (C-1), 96.98 (C-1"), 81.15, 75.83 (C-4),
74.34 (C-5'), 73.81 (C-3'), 73.76 (C-4), 71.24 (C-5"), 70.44 (C-3"), 69.95 (C-4"), 68.94 (C-6"), 68.69 (C-3),
67.76, 66.75 (C-5), 64.08 (C-6), 59.81 (C-6'), 54.74 (C-2"), 53.60 (C-2'), 53.44 (C-2), 39.35, 39.21, 27.92,
27.80, 27.52, 24.54,22.67, 21.92, 21.86, 20.40, 19.95. HRMS(ESI): calcd for C3;HgN4040 [M+H]":

883.4030, found: 883.4043.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-p3-D-
Mannopyranosyl-(1->4)-2-acetamido-3-0-acetyl-2-deoxy-B-D-Glucopyranosyl-(1->6)-2-amino-2-
deoxy-Glucopyanoside: (6): To a stirring solution of 93 (1.1 mg, 1.13 pumol) in DCM (0.75 mL) at 0°C was
added triethylsilane (0.075 mL, 0.468 mmol), followed by the dropwise addition of TFA (0.376 mL, 4.88
mmol). The mixture was allowed to stir for 15 min at 0°C. Completion of the reaction was verified by
LCMS. The crude was dissolved in PBS (pH 7.4, 1mL) and DTT (4.4 mg, 0.028 mmol) was added and the
reaction mixture was stirred in a warm water bath (~40°C) for 30 mins. Completion of the reaction was
verified by LC/MS. The reaction mixture was loaded directly onto a P2 size exclusion column and eluted
with 5% n-Butanol/H,0. The fractions containing the product were combined and lyophilized to afford 6
(900 pg, 1.03 pmol, 91%). H* NMR (600 MHz, D,0): 5.08 (t, 1H, J = 10.56 Hz, H-3'), 4.96 (d, 1H, J = 3.52
Hz, H-1), 4.86 (s, 1H, H-1"), 4.63 (d, 1H, J = 8.80 Hz, H-1'), 4.54-4.53 (m, 1H, H-2'), 4.17 (d, 1H, J = 11.15
Hz, H-6a"), 4.00 (dd, 1H, J = 5.28, 11.15 Hz, H-6a), 3.95 (dd, 1H, J = 4.70, 9.98 Hz, H-3), 3.92-3.84 (m, 3H,
H-2', H-4', H-6a"), 3.79-3.77 (m, 1H, H-3"), 3.75-3.67 (m, 5H, H-5", H-6e, H-6€', H-6€e", OCHH), 3.60-3.54
(m, 2H, H-4, H-5"), 3.51-3.48 (m, 3H, H-4", H-5, OCHH), 3.22 (t, 2H, J = 7.04 Hz, NCH,), 3.04 (br.d, 1H, J =
8.80 Hz, H-2"), 2.78 (t, 2H, J = 7.04 Hz, CH,), 2.54 (t, 2H, J = 7.04 Hz, CH,), 2.09 (s, 3H, Ac), 2.05 (s, 3H, Ac),
1.96 (s, 3H, Ac), 1.68-1.52 (m, 4H, 2xCH,), 1.45 (s, 3H, CH5), 1.43-1.36 (m, 2H, CH,). *C NMR (150 MHz,
D,0): 175.38, 174.02, 173.03, 101.72, 100.67 (C-1'), 99.79 (C-1), 96.42 (C-1"), 75.81 (C-4'),74.36 (C-5'),
73.81 (C-3"), 73.74 (C-4), 71.61 (C-5"), 70.67 (C-3"), 69.54 (C-4"), 68.93 (C-6"), 68.42 (C-3), 67.96, 66.75 (C-
5), 64.07 (C-6), 59.81 (C-6'), 54.20 (C-2"), 53.58 (C-2'), 53.42 (C-2), 39.37, 39.13, 28.08, 27.92, 24.54,

22.75,21.92, 21.85, 20.40, 19.95. HRMS(ESI): calcd for C3sHsgN4O10S [M+H]": 871.3489, found: 871.3502.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-2-deoxy-f-D-Mannopyranosyl-(1->4)-2-acetamido -
2-deoxy-B-D-Glucopyranosyl-(1->6) -2-acetamido-2-deoxy-Glucopyanoside (7): To a stirring mixture of
5-aminopentyl 2-acetamido-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-acetamido-2-deoxy-3-D-
Glucopyranosyl-(1->6)-2-acetamido -2-deoxy-Glucopyanoside (1 mg, 1.23 umol) in water (0.23 mL) was
added DTSSP (1.1 mg, 1.84 umol). 0.1M NaOH was added to the mixture via dropwise addition to adjust
the pH to ~8. The reaction was complete within 1 h and product formation was verified by LC/MS.
Afterwards, DTT (4.7 mg, 0.031 mmol) was added and the reaction mixture was stirred in a warm water
bath (~40°C) for 30 mins. Completion of the reaction was verified by LC/MS. The product was purified
with a C18 silica column using an eluent gradient starting with 100% H,O followed by 1%, 5%, 10%, 20%,
40%, 60% and 80% MeOH/H,0 washes. The fractions containing product were concentrated to afford 7
(800 pg, 0.89 umol, 72%) as an amorphous white solid. HRMS(ESI): calcd for C3;HgsN4O19S [M+H]":

801.3434, found: 801.3451.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-O-benzyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-B-D-Mannopyranoside: (95): Compound 74a (100mg, 0.183
mmol), 2,4,6 tri-tert-butylpyrimidine (113 mg, 0.457 mmol), and Diphenylsulfoxide (48 mg, 0.237 mmol)
were dissolved in toluene and concentrated under vacuum (3x). The mixture was taken up in DCM (3.65
mL) along with activated 4A molecular sieves (250 mg) under argon atmosphere and stirred at room

temperature for 30 mins. The mixture was cooled to -78°C and Trifluoromethanesulfonic anhydride (40
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uL, 0.237 mmol) was added via dropwise addition. The mixture was allowed to warm to -50°C in order
to activate the donor. The mixture was cooled back to -78°C and compound 94 (87 mg, 0.256 mmol) was
dissolved in a minimal amount of DCM and added by dropwise addition. The mixture was allowed to
warm to 0°C and before being quenched with TEA, filtered, and concentrated under vacuum to give 95
in 1.1/1 (B:a) ratio. The residue was taken up in DCM (20 mL) and transferred to separatory funnel and
washed with aqueous NaHCO; (sat, 20 mL) and water (20 mL). The organic phase was separated, dried
over MgS04, filtered, and concentrated under vacuum. The crude was purified by silica gel column
chromatography (15-20% EtOAc/Hexanes) to give 95 (Beta, 65 mg, 0.083 mmol, 46%) as a colorless
syrup and (alpha, 59 mg, 0.076 mmol, 41%) side product. Ry = 0.7 (), 0.5 (B) (25% EtOAc/hexanes).

H* NMR (600 MHz, CDCl,): 7.41-7.16 (m, 20H, aromatic), 5.34 (d, 1H, J = 12.33 Hz, CHHPh), 5.20-5.14 (m,
3H, CHHPh, CH,Ph’), 4.91 (d, 1H, J = 12.33 Hz, CHHPh"’), 4.72 (d, 1H, J = 12.33 Hz, CHHPh"’), 4.49-4.24 (m,
3H, H-1, CH,Ph’”’), 4.06-4.00 (m, 1H, H-6a), 3.97-3.73 ( m, 4H, H-2, H-4, H-6e, OCHH), 3.65-3.58 (m, 1H,
H-3), 3.46-3.16 (m, 4H, H-5, OCHH, NCH,), 1.62-1.45 (m, 5H, 2xCH,, CHs), 1.36-1.19 (m 2H, CH,). *C NMR
(150 MHz, CDCls): 169.52, 156.86, 156.34, 138.19, 138.00, 136.99, 136.85, 135.16, 128.78, 128.77,
128.75, 128.66, 128.59, 128.55, 128.51, 128.50, 128.38, 128.35, 128.29, 128.24, 128.05, 127.94, 127.89,
127.83, 127.74, 127.62, 127.57, 127.45, 127.38, 127.33, 100.25 (C-1), 99.50, 76.37-76.36 (C-3), 75.41 (C-
4),72.87,70.04,69.94, 67.74, 67.29, 67.00 (C-5), 65.00 (C-6), 63.80 (C-2), 50.65, 50.34, 47.17, 46.25,

29.23,27.94, 27.49, 25.60, 23.21. HRMS(ESI): calcd for C43H4sN409 [M+H]": 765.3494, found: 765.3508.

0O, 0Bn
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-acetamido-3-0-benzyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-f-D-Mannopyranoside (96): To a stirring solution of 95 (22 mg,

0.029 mmol) in acetic acid (1.26 mL) was added a large excess of Zn-Cu couple (130 mg). The mixture
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was allowed to stir for 1hr. Completion of the reaction was verified by MALDI. The reaction mixture was
filtered and concentrated under vacuum. The crude was taken up in a 1:1 mixture of pyridine/Ac,0
(2mL) and allowed to stir for 3 h. The reaction mixture was concentrated and the residue was taken up
in ethyl acetate (20 mL) and washed with water (20 mL). The organic phase was separated and dried
over MgSQ,, filtered, and concentrated under vacuum. The crude was chromatographed with
40%EtOAc/Hexanes to afford 96 (17.1 mg, 0.022 mol, 76%) as a colorless solid. Rf=0.5 (40%
EtOAc/hexanes). H* NMR (600 MHz, CDCls): 7.40-7.16 (m, 20H, aromatic), 5.58 (Br dd, J = 8.22, 59.87 Hz,
NH), 5.34 (d, 1H, J = 12.33 Hz, CHHPh), 5.20-5.13 (m, 3H, CHHPh, CH,Ph’), 4.80-4.68 (m, 3H, H-2,
CH,Ph”), 4.52-4.43 (m, 3H, H-1, CH,Ph’”’), 4.06-4.00 (m, 1H, C-6a), 3.74 (d, 1H, J = C-6e), 3.70-3.55 (m,
3H, H-3, H-4, OCHH), 3.45-3.27 (m, H-5, OCHH), 3.26-3.14 (m, 2H,NCH,), 1.95 (s, 3H, NHAc), 1.58 (s, 3H,
CHs), 1.56-1.40 (m, 4H, 2xCH,), 1.30-1.15 (m 2H, CH,). *C NMR (150 MHz, CDCl;): 170.67, 169.52,
156.81, 156.29, 138.34, 138.01, 137.02, 136.84, 135.35, 128.71, 128.65, 128.55, 128.44, 128.35, 128.05,
127.94, 127.79, 127.55, 127.44, 127.37, 127.30, 100.06 (C-1), 99.33, 75.47 (C-3), 75.14 (C-4), 71.33,
69.42, 67.26, 66.54 (C-5), 65.31 (C-6), 50.62, 50.33, 50.03 (C-2), 47.22, 46.21, 29.20, 27.93, 27.45, 25.57,

23.61, 23.37, 23.26. HRMS(ESI): calcd for C4sHs,N,010 [M+H]": 781.3695, found: 781.3705.
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5-aminopentyl 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-B-D-Mannopyranoside (97): 96
(16.4 mg, 0.021 mmol) was dissolved in a mixture of t-BuOH (3.1 mL) and H,0 (0.075 mL). Pd(OH),/C

(30 mg, 20 wt.%, Degussa type) was added and the resulting mixture was placed under a hydrogen
atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered off and washed thoroughly with a
gradient of gently warmed t-BuOH/H,0 (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0). The combined
filtrates were concentrated under reduced pressure. The product was purified by C18 silica column using

an eluent gradient starting with 100% H,0 followed by 1%, 5%, 10%, 20%, 40%, 60% and 80%
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MeOH/H,0 washes. The fractions containing product were concentrated to afford 97 (6.1 mg, 0.016
mmol, 77%) as a colorless solid. H' NMR (600 MHz, D,0): 4.84 (s, 1H, H-1), 4.54 (d, 1H, J = 4.70 Hz), 4.02
(dd, 1H, J =5.28, 10.56 Hz, H-6a), 3.97 (dd, 1H, J = 4.70, 9.98 Hz, H-3), 3.83-3.79 (m, 1H, OCHH), 3.73 (t,
1H, J =10.56, C-6e), 3.33-3.61 (m, 2H, H-4, OCHH), 3.43 (td, 1H, J = 5.28, 9.98 Hz, H-5), 2.98 (t, 2H, J =
7.63 Hz), 2.07 (s, 3H, NHAc), 1.65 (p, 2H, J =7.63 Hz, CH,), 1.62-1.55 (m, 2H, CH,), 1.46 (s, 3H, CHs), 1.38
(p, 2H, CH,). °C NMR (150 MHz, D,0): 175.34, 101.70 (C-1), 99.68, 73.94 (C-4), 69.73, 69.11 (C-3), 66.74
(C-5), 64.00 (C-6), 53.29 (C-2), 39.25, 27.89, 26.26, 24.57, 22.05, 21.94. HRMS(ESI): calcd for C1¢H»sN,05

[M+H]*: 377.1918, found: 377.1930.
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3-Mercapto-N-pentyl-propionamido 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-§-D-
Mannopyranoside (8) TGT-8 SH To a stirring mixture of 97 (1.2 mg, 3.19 umol) in water (0.25 mL) was
added DTSSP (2.91 mg, 4.78 umol). 0.1M NaOH was added to the mixture via dropwise addition to
adjust the pH to ~8. The reaction was complete within 1 h and product formation was verified by LC/MS.
Afterwards, DTT (12mg, 0.080 mmol) was added and the reaction mixture was stirred in a warm water
bath (~40°C) for 30 mins. Completion of the reaction was verified by LC/MS. The reaction mixture was
loaded directly onto a P2 size exclusion column and eluted with 5% n-Butanol/H,0. The fractions
containing the product were combined and lyophilized to afford 8 (1.2 mg, 2.58 umol, 81%). HRMS(ESI):

calcd for CygH3,N,04S [M+H]*: 465.1901, found: 465.1917.
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Phenyl 2,3-0-acetyl-4,6-0O-benzylidene-1-thio-B-D-glucopyranoside: (99): To a solution of 98 (1.32g,

3.65 mmol) in pyridine (14 mL), was added acetic anhydride (14 mL). After stirring for 2 h, the reaction
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mixture was concentrated. The residue was taken up in toluene and concentrated under vacuum (3x) in
order to remove any residual pyridine. The crude was taken up in ethyl acetate (50mL) and washed with
water (50mL) and brine (50mL).The organic layer was dried over MgSQO,, filtered, and concentrated
under vacuum. The residue was purified by silica gel column chromatography (35% EtOAc/Hexanes) to
give 99 (1.62 g, 3.6 mmol, 99%) as a colorless syrup. R = 0.9 (50% EtOAc/hexanes). H' NMR (300 MHz,
CDCls): 7.50-7.29 (m, 10H, aromatic), 5.50 (s, 1H, CH), 5.34 (t, 1H, J = 9.38 Hz, H-3), 5.01 (t, 1H, J =9.96
Hz), 4.81 (d, 1H, J = 9.96 Hz, H-1), 4.39 (dd, 1H, J = 5.27, 10.55 Hz, H-6a), 3.80 (t, 1H, J = 9.96 Hz, H-6e),
3.67 (t, 1H, J = 9.38 Hz, H-4), 3.32-3.54 (m, 1H, H-5), 2.10 (s, 3H, OAc), 2.03 (s, 3H, OAc). *C NMR (75
MHz, CDCl3): 170.23, 169.66, 136.88, 133.14, 131.89, 129.31, 129.20, 128.58, 128.39, 126.29, 101.67,
86.76 (C-1), 78.26 (C-4), 73.07 (C-3), 70.95 (C-2), 70.81 (C-5), 68.61 (C-6), 20.94. HR MALDI-TOF MS:

m/z: calcd for C23sH240;S [M+Na]+: 467.1135; found: 467.1155.

HO
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HO SPh
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Phenyl 2,3-0-acetyl-1-thio-B-D-glucopyranoside (100): Compound 99 (1.05g, 2.36 mmol) was taken up
in 80% HOAc(aq) (50 mL) and THF (9 mL) and heated at 50°C for 16 h. The mixture was concentrated and
the residue was taken up in toluene and concentrated under vacuum (3x) in order to facilitate the
removal of residual acetic acid. The resulting residue was purified by silica gel column chromatography
(20% Acetone/Toluene) to give 100 (721 mg, 2.02 mmol, 86%) as an amorphous white solid. Ry = 0.10
(50% EtOAc /Hexanes). H' NMR (300 MHz, CDCl;): 7.47-7.43 (m, 2H, aromatic), 7.35-7.29 (m, 3H,
aromatic), 5.05 (t, 1H, J = 9.38 Hz, H-3), 4.94 (t, 1H, J = 9.38 Hz, H-2), 4.75 (d, 1H, J = 9.96 Hz, H-1), 3.98-
3.89 (m, 1H, H-6a), 3.85-3.77 (m, 1H, H-6€e), 3.76-3.69 (dd, 1H, J = 4.69, 9.96 Hz, H-4), 3.49-3.3 (m, 1H, H-

5), 2.86-2.76 (m, 1H, OH), 2.09 (s, 3H, OAc), 2.08 (s, 3H, OAc). *C NMR (75 MHz, CDCl;): 171.77, 169.65,
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132.68, 132.19, 129.23, 128.42, 85.92 (C-1), 79.79 (C-5), 77.33 (C-3), 70.11 (C-2), 69.45 (C-4), 62.43 (C-6),

21.00, 20.95. HR MALDI-TOF MS: m/z: calcd for CisH200,S [M+Na]+: 379.0822; found: 379.0845.
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Phenyl 2,3-0-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio--D-glucopyranoside: (101):
Compound 100 (232 mg, 0.650 mmol) and benzyl pyruvate (232 mg, 1.30 mmol) were dissolved in dry
acetonitrile (0.76 mL) under argon atmosphere. BF;(OEt), (0.160 mL, 1.30 mmol) was added dropwise
to the stirring mixture and the reaction was allowed to proceed at room temperature for 16 h. The
reaction mixture was quenched via dropwise addition of NaHCO; and filtered. The mixture was diluted
with DCM (30 mL) and washed with saturated NaHCO; (30 mL). The organic layer was dried over MgSQ,,
filtered, and concentrated under vacuum. The residue was purified by silica gel column chromatography
(15% EtOAc/hexanes) to give 101 (231 mg, 0.447 mmol, 69%) as an amorphous white solid. Ry = 0.45
(25% EtOAc/Hexanes). H! NMR (300 MHz, CDCl3): 7.43-7.28 (m, 10H, aromatic), 5.50 (s, 1H, CH), 5.29 (d,
1H, J = 12.20 Hz, CHHPh), 5.21-5.17 (m, 2H, CHHPh), 4.88 (t, 1H, J = 9.76 Hz, H-3), 4.73 (d, 1H, J = 9.76 Hz,
H-1), 4.12-4.09 (m, 1H, C-6a), 3.72-3.67 (m, 1H, C-6e), 3.48-3.43 (m, 2H, H-4, H-5), 2.08 (s, 3H, OAc), 1.96
(s, 3H, OAc), 1.51 (s, 1H, CHs). >C NMR (75 MHz, CDCl;): 170.39, 169.54, 169.28, 135.19, 133.05, 131.86,
129.20, 128.84, 128.55, 128.39, 99.35, 86.73 (C-1), 74.40 (C-5), 72.95 (C-3), 70.73 (C-2), 70.35 (C-4),
67.70, 64.94 (C-6), 25.25, 20.92, 20.83. HR MALDI-TOF MS: m/z: calcd for C26H280,S [M+Na]+:

539.1346; found: 539.1365.
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Phenyl 4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-B-D-glucopyranoside: (102): A clear solution
of deacetylation reagent was prepared by dissolving Guanidinium Chloride (139 mg, 1.456 mmol) in
MeOH (5.4 mL) and DCM (0.6 mL) along with 0.2M NaOMe (1.46 mL, 0.291 mmol). Compound 101 was
dissolved into the mixture and stirred at room temperature for 10 min. The mixture was neutralized by
the addition of Dowex 50WX8-200 acidic resin, filtered, and concentrated under vacuum. The resulting
residue was purified by silica gel column chromatography (40% EtOAc /Hexanes) to give 102 (267 mg,
0.617 mmol, 85%) as an amorphous white solid. R = 0.5 (50% EtOAc/Hexanes). H' NMR (300 MHz,
CDCl;): 7.50-7.45 (m, 2H, aromatic), 7.41-7.29 (m, 8H, aromatic), 5.25 (dd, 2H, ) = 11.14, 11.72, CH,),
4.56 (d, 1H, J =9.96 Hz, H-1), 4.08 (dd, 1H, J = 4.69, 10.55 Hz, H-6a), 3.76-3.63 (m, 2H, H-3, H-6€), 3.43-
3.28 (m, 3H, H-2, H-4, H-5), 1.54 (s, 3H, CHs). >C NMR (150 MHz, CDCl;): 169.63, 135.09, 132.82, 132.06,
131.83, 131.77,129.17, 129.13, 128.73, 128.65, 128.50, 128.46, 128.27, 99.26, 88.61 (C-1), 76.23 (C-4),
74.72 (C-3), 72.78 (C-5), 70.03 (C-2), 67.71, 65.03 (C-6), 25.27. HR MALDI-TOF MS: m/z: calcd for

C22H240;S [M+Na]+: 455.1135; found: 455.1156.
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Phenyl 2,3-0-benzyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-B-D-mannopyranoside: (103):
Compound 102 (0.125 g, 0.289 mmol) was dissolved in DMF (2.2 mL) and cooled to 0°C. 60% NaH (30
mg, 0.751 mmol) was added and the resulting mixture was stirred for 5 min. Benzyl Bromide (119 mg,

0.694 mmol) was added and the reaction mixture was stirred at 0°C for 1.5 h. Afterwards, the reaction
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mixture was quenched by the dropwise addition of saturated ammonium chloride (aq) at 0°C. The
reaction mixture was diluted with DCM (30 mL) and washed with water (50 mL, 3x) and brine (30 mL).
The organic layer was dried over MgSQ,, filtered, and concentrated under vacuum. The residue was
purified by silica gel column chromatography (10% EtOAc/Hexanes) to give 103 (106 mg, 0.172 mmol,
60%) as a colorless syrup. Ry = 0.8 (35% EtOAc/hexanes). H' NMR (300 MHz, CDCl,): 7.50-7.26 (m, 20H,
aromatic), 5.35-5.25 (dd, 2H, J = 8.21, 12.31 Hz, CH,Ph), 5.00 (d, 1H, J = 11.14 Hz, CHHPh’), 4.86-4.69 (m,
4H, H-1, CHHPH’, CH,Ph™), 4.12 (dd, 1H, J = 5.28, 10.55 Hz, C-6a), 3.82-3.71 (m, 2H, C-3, C-6e), 3.55 (t,
1H, J = 9.96 Hz, H-4), 3.45-3.33 (m, H-2, H-5), 1.59 (s, 3H, CH3). **C NMR (75 MHz, CDCl5): 169.60, 138.62,
138.16, 135.29, 133.19, 132.36, 132.04, 129.10, 128.76, 128.68, 128.58, 128.50, 128.47, 128.35, 128.27,
128.15, 128.00, 127.95, 127.92, 127.69, 127.51, 99.03, 88.32 (C-1), 82.78 (C-3), 80.27 (C-5), 77.88 (C-4),
76.00, 74.76, 69.83 (C-2), 67.56, 65.18 (C-6), 25.53. HR MALDI-TOF MS: m/z: calcd for C3sH3s0-S

[M+Na]+: 635.2074; found: 635.2085.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2,3-di-O-benzyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-B-D-Glucopyranoside: (104): Compound 103 (25mg, 0.041 mmol), 2,4,6
tri-tert-butylpyrimidine (25 mg, 0.102 mmol), and diphenylsulfoxide (11 mg, 0.053 mmol) were dissolved
in toluene and concentrated under vacuum (3x). The mixture was taken up in DCM (0.9 mL) along with
activated 4A molecular sieves (50 mg) under argon atmosphere and stirred at room temperature for 30
mins. The mixture was cooled to -78°C and trifluoromethanesulfonic anhydride (9 L, 0.053 mmol) was
added via dropwise addition. The mixture was allowed to warm to -50°C in order to activate the donor.
The mixture was cooled back to -78°C and compound 94 (19mg, 0.057 mmol) was dissolved in a minimal

amount of DCM and added by dropwise addition. The mixture was warmed to 0°C and quenched with
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TEA, filtered, and concentrated under vacuum. The residue was taken up in DCM (30 mL) and washed
with water (50 mL, 3x) and brine (30 mL). The organic layer was separated and dried over MgSQ,,
filtered, and concentrated under vacuum. The crude was purified by silica gel column chromatography
(25% EtOAc/Hexanes) to give an anomeric mixture 1/1 (B:a) of 104 (30 mg, 0.036 mmol, 88%) as a
colorless syrup. Afterwards, preparatory TLC (2% Et,0/DCM) was used to obtain the Beta anomer. Rs =
0.4 (a:p mix) (25% EtOAc/Hexanes) and Ry =0.5(B), (2% Et,0/DCM). H! NMR (300 MHz, CDCl,): 7.38-
7.11 (m, 25H, aromatic), 5.25 (dd, 2H, J =12.31, 2.93 Hz, CH,Ph), 5.16 (br.s, 2H, CH,Ph), 4.93 (d, 1H, J =
11.72 Hz, CHHPh’), 4.82-4.69 (m, 3H, CHHPh’, CH,Ph”), 4.47 (br.s, 2H, CH,Ph"’), 4.42-4.34 (m, 1H, H-1),
4.05 (dd, 1H, J = 4.69, 10.55 Hz), 3.85-3.67 (m, 2H, C-6e, OCHH, 3.61 (t, 1H, J = 8.79, H-3), 3.54-3.37 (m,
2H, H-4, OCHH), 3.37-3.10 (m, 4H, H-2, H-5, NCH,), 1.71-1.41 (m, 7H, 2xCH,, CHs), 1.40-1.19 (m, 2H, CH,).
BC NMR (75 MHz, CDCl3): 169.69, 138.92, 138.57, 138.05, 136.99, 135.32, 128.78, 128.67, 128.58,
128.42, 128.29, 128.15, 127.98, 127.78, 127.54, 127.45, 104.04 (H-1), 99.11, 81.88 (C-5), 80.84 (C-3),
77.98 (C-4), 75.47,74.52, 70.28, 67.55, 67.30, 65.64 (C-2), 65.32 (C-6), 50.67, 50.42, 47.25, 46.32, 29.59,

28.03, 27.65, 25.59, 23.44. HRMS(ESI): calcd for CsoHssNO;o [M+Na]*: 830.3899, found: 830.3914.
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5-aminopentyl 4,6-0-[(S)-1-Carboxylethylidene]--D-Glucopyranoside (105): 104 (29 mg, 0.035 mmol)
was dissolved in a mixture of t-BuOH (3 mL) and H,0 (0.075 mL). Pd(OH),/C (60 mg, 20 wt.%, Degussa
type) was added and the resulting mixture was placed under a hydrogen atmosphere (1 psi). After
stirring for 16 h, the catalyst was filtered off and washed thoroughly with a gradient of gently warmed
t-BuOH/H,0 (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0). The combined filtrates were
concentrated under reduced pressure. The product was purified C18 silica column using an eluent

gradient starting with 100% H,O followed by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes.
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The fractions containing product were concentrated to afford 105 (11 mg, 0.032 mmol, 92%) as a
crystalline white solid. H' NMR (600 MHz, D,0): 7.38-7.11 (m, 25H, aromatic), 5.25 (dd, 2H, J = 12.31,
2.93 Hz, CH,Ph), 4.56 (d, 1H, ) = 8.21 Hz, H-1), 4.14 (dd, 1H, J = 4.69, 10.55 Hz, H-6a), 3.93-3.86 (m, 1H,
OCHH), 3.73-3.77 (m, 3H, H-3, H-6e, OCHH), 3.55 (1H, dd, J = 4.69, 9.38 Hz, H-5), 3.44 (t, 1H, ) =9.38 Hz,
H-4),3.32 (t, 1H, ) =8.79 Hz), 3.01 (t, 1H, ) = 7.62 Hz, NCH,), 1.74-1.62 (m, 4H, 2xCH,), 1.57 (s, 3H, CHa).
C NMR (150 MHz, D,0): 173.06, 102.79 (C-1), 99.66, 76.05 (C-4), 73.82 (C-2), 72.68 (C-3), 70.36, 65.34
(C-5), 64.44 (C-6), 39.27, 28.07, 26.31, 24.38, 21.97. HRMS(ESI): calcd for C14H,5NOg [M+H]": 336.1653,

found: 336.1662.
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3-Mercapto-N-pentyl-propionamido 4,6-0-[(S)-1-Carboxylethylidene]-B-D-Glucopyranoside (9) To a
stirring mixture of 105 (1.0 mg, 2.98 umol) in water (0.25 mL) was added DTSSP (2.72 mg, 4.27 umol).
0.1M NaOH was added to the mixture via dropwise addition to adjust the pH to ~8. The reaction was
complete within 1 h and product formation was verified by LC/MS. Afterwards, DTT (11 mg, 0.075
mmol) was added and the reaction mixture was stirred in a warm water bath (~40°C) for 30 mins.
Completion of the reaction was verified by LC/MS. The reaction mixture was loaded directly onto a P2
size exclusion column and eluted with 5% n-Butanol/H,0. The fractions containing the product were
combined and lyophilized to afford 9 (1.2 mg, 2.83 umol, 95%) as a white solid. HRMS(ESI): calcd for

C17H29N4OQS [M+H]+: 4241636, found: 424.1649.
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Phenyl 2,3-O-acetyl-1-thio-a-D-mannopyranoside (108): To a solution of 106 (1.86g, 5.16 mmol) in
pyridine (20 mL), was added acetic anhydride (20 mL). After stirring for 2 h, the reaction mixture was
concentrated and the residue was taken up in toluene and concentrated under vacuum (3x) in order to
remove any residual pyridine. The crude was taken up in ethyl acetate (50mL) and washed with water
(50mL) and brine (50mL).The organic layer was separated and dried over MgSQ,, filtered, and
concentrated under vacuum (Rf= 0.5; 35% EtOAc/Hexanes ). The crude material was used in the
proceeding reaction without further purification. Crude compound 107 was taken up in 80% HOAc (aq)
(80 mL) and THF (20 mL). The reaction mixture was heated at 50°C for 16 h and then concentrated. The
residue was taken up in toluene and concentrated under vacuum (3x) in order to facilitate the removal
of residual acetic acid. The resulting residue was purified by silica gel column chromatography (20%
Acetone/Toluene) to give 108 (1.2 g, 3.44mmol, 66% over two steps) as an amorphous white solid.

Rf =0.15 (50% EtOAc /Hexanes). H' NMR (300 MHz, CDCl5): 7.49-7.46 (m, 2H, aromatic), 7.35-7.26 (m,
3H, aromatic), 5.50-5.49 (m, 1H, H-2), 5.44 (s, 1H, H-1), 5.18 (dd, 1H, J = 2.93, 9.38 Hz, H-3), 4.26-4.21
(m, 1H, H-5), 4.13-4.05 (m, 1H, H-4), 3.89 (d, 1H, J = 3.52 Hz, H-6), 2.11 (s, 3H, OAc), 2.09 (s, 3H, OAc). *C
NMR (75 MHz, CDCls): 171.02, 170.04, 132.99, 132.47,131.86, 129.37, 128.26, 86.18 (C-1), 73.51 (C-5),
72.41 (C-3), 71.36 (C-2), 66.43 (C-4), 62.26 (C-6), 21.01, 20.97. HR MALDI-TOF MS: m/z: calcd for

C16H200,S [M+Na]+: 379.0822; found: 379.0845.
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Phenyl 2,3-0O-acetyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-a-D-mannopyranoside: (109):
Compound 108 (300 mg, 0.842 mmol) and Benzyl pyruvate (300 mg, 1.684 mmol) were dissolved in dry
acetonitrile (0.98 mL) under argon atmosphere. BF;(OEt), (0.207 mL, 1.684 mmol) was added by
dropwise to the stirring mixture and the reaction was allowed to proceed at room temperature for 16 h.
The reaction mixture was quenched via dropwise addition of NaHCO; and filtered. The mixture was
diluted with DCM (30 mL) and washed with saturated NaHCO; (30 mL). The organic layer was separated
and dried over MgSQO,, filtered, and concentrated under vacuum. The residue was purified by silica gel
column chromatography (15% EtOAc/hexanes) to give 109 (282 mg, 0.545 mmol, 65%) as an amorphous
white solid. Ry = 0.45 (25% EtOAc/Hexanes). H' NMR (300 MHz, CDCl5): 7.47-7.26 (m, 10 H, aromatic),
5.54-5.52 (m, 1H, H-2), 5.40 (d, 1H, J = 12.31 Hz, CHHPh), 5.36 (s, 1H, H-1), 5.31 (dd, 1H, J = 3.52, 9.96 Hz,
C-3),5.16 (d, 1H, J = 12.31 Hz, CHHPh), 4.36 (td, 1H, J = 5.27Hz), 4.01-3.92 (m, 2H, H-4, H-6a), 3.80 (t,
1H, J = 10.55 Hz, H-6e), 2.04 (s, 3H, OAc), 2.01 (s, 3H, OAc), 1.57 (s, 3H, CHs). *C NMR (75 MHz, CDCls):
171.06, 169.86, 169.65, 135.41, 132.93, 132.32, 129.37, 128.75, 128.59, 128.26, 128.03, 99.72, 86.97 (C-
1), 72.60 (C-4), 71.65 (C-2), 68.43 (C-3), 67.47, 64.90 (C-5, C-6), 25.56, 20.98, 20.92. HR MALDI-TOF

MS: m/z: calcd for C26H2s04S [M+Na]+: 539.1346; found: 539.1360.
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Phenyl 4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-a-D-mannopyranoside: (110): A clear

solution of deacetylation reagent was prepared by dissolving guanidinium chloride (100 mg, 1.038
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mmol) in MeOH (3.8mL) and DCM (0.42mL) along with 0.2M NaOMe (1.038 mL, 0.208 mmol).
Compound 109 was dissolved into the mixture and stirred at room temperature for 10 min. The mixture
was neutralized by the addition of Dowex 50WX8-200 acidic resin, filtered, and concentrated under
vacuum. The resulting residue was purified by silica gel column chromatography (40% EtOAc /Hexanes)
to give 110 (156 mg, 0.361 mmol, 70%) as an amorphous white solid. Ry = 0.5 (50% EtOAc/Hexanes). H*
NMR (300 MHz, CDCls): 7.45-7.26 (m, 10 H, aromatic), 5.52 (s, 1H, H-1), 5.34 (d, 1H, J = 12.31 Hz,
CHHPh), 5.17 (d, 1H, J = 11.72 Hz, CHHPh), 4.25-4.16 (m, H-2, H-5), 4.01-3.92 (m, 2H, H-3, H-6a), 3.73 (t,
2H,1=9.96, H-4, H-6e), 1.56 (s, 3H, CHs). BCNMR (75 MHz, CDCl5): 169.75, 135.23, 133.46, 131.74,
129.29, 128.87, 128.67, 128.84, 128.67, 127.86, 99.76, 87.95 (C-1), 75.22 (C-4), 72.26 (C-5), 69.15 (C-3),
67.76, 65.10 (C-6), 63.79 (C-2), 25.50. HR MALDI-TOF MS: m/z: calcd for C22H220;S [M+Na]+:

455.1135; found: 455.1149.
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Phenyl 2,3-0-benzyl-4,6-0-[(S)-1-Benzyloxycarbonylethylidene]-1-thio-a-D-mannopyranoside (111):
Compound 110 (0.148 g, 0.342 mmol) was dissolved in DMF (2.6 mL) and cooled to 0°C. 60% NaH

(36 mg, 0.888 mmol) was added and the resulting mixture was stirred for 5 min. Benzyl Bromide (140
mg, 0.820 mmol) was added and the reaction mixture was stirred at 0°C for 1.5 h. Afterwards, the
reaction mixture was quenched by the dropwise addition of saturated ammonium chloride (aq) at 0°C.
The reaction mixture was diluted with DCM (30 mL) and washed with water (50 mL, 3x) and brine (30
mL). The organic layer was separated and dried over MgSQ,, filtered, and concentrated under vacuum.
The residue was purified by silica gel column chromatography (10% EtOAc/Hexanes) to give 110

(136 mg, 0.222 mmol, 65%) as a colorless syrup. R¢ = 0.75 (25% EtOAc/hexanes). H' NMR (300 MHz,
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CDCls): 7.45-7.25 (m, 15 H, aromatic), 5.45 (s, 1H, H-1), 5.29 (dd, 1H, J = 12.31, 21.69 Hz, CH,Ph), 4.94 (d,
1H, 12.31 Hz, CHHPh’), 4.76-4.66 (m, 3H, CHHPh’, CHHPh”"), 4.27-4.16 (m, 2H, H-3, H-5), 4.04 (s, 1H, H-2),
4.01-3.86 (m, 3H, H-4, H-6), 1.63 (s, 3H, CH;). **C NMR (75 MHz, CDCl3): 169.94, 138.85, 138.07, 135.34,

133.92, 131.58, 129.23, 128.67, 128.44, 128.35, 128.09, 128.03, 127.83, 127.69, 127.52, 99.52, 87.55 (C-
1), 78.52 (C-2), 76.44 (C-4), 75.95 (C-3), 73.33, 73.15, 67.53, 65.09 (C-6), 65.04 (C-5), 25.76. HR MALDI-

TOF MS: m/z: calcd for CssH3s0,S [M+Na]+: 635.2074; found: 635.2092.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2,3-di-O-benzyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene] -B-D-Mannopyranoside: (112): Compound 111 (85mg, 0.139 mmol),
2,4,6 tri-tert-butylpyrimidine (86 mg, 0.347 mmol), and diphenylsulfoxide (36 mg, 0.180 mmol) were
dissolved in toluene and concentrated under vacuum (3x). The dried mixture was taken up in DCM (2.8
mL) along with activated 4A molecular sieves (150 mg) under argon atmosphere and stirred at room
temperature for 30 mins. The mixture was cooled to -78°C and trifluoromethanesulfonic anhydride (30
uL, 0.180 mmol) was added via dropwise addition. The mixture was allowed to warm to -50°C in order
to activate the donor. The mixture was cooled back to -78°C and compound 94 (64mg, 0.194 mmol) was
dissolved in a minimal amount of DCM and added by dropwise addition. The mixture was allowed to
warm to 0°C and before being quenched with TEA, filtered, and concentrated under vacuum. The
residue was purified by silica gel column chromatography (15-20% EtOAc/Hexanes) to give 112 in 2/1
(B:a) ratio (75 mg, 0.091 mmol, 66%) as a colorless syrup. Ry = 0.45 (a), 0.4 (B) (25% EtOAc/hexanes). H'
NMR (300 MHz, CDCl;): 7.39-7.17 (m, 25 H, aromatic), 5.28 (d, 1H, J = 12.31 Hz, CHHPh), 5.2-5.09 (m 3H,
H-1, CHHPh, CH,Ph’), 4.89-4.74 (m, 3H, CH,Ph”’, CHHPh’”"), 4.58 (d, 1H, J = 12.31 Hz, CHHPh'"’), 4.47 (br.s,

2H, CH,Ph"), 4.33 (d, 1H, J = 9.96 Hz, H-1), 4.09-4.00 (m, 2H, H-4, H-6a), 3.90 (t, 1H, J = 10.55, H-6e),
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3.87-3.73 (m, 2H, H-2, OCHH), 3.48 (dd, 1H, J = 2.93, 9.38 Hz), 3.37-3.10 (m, 4H, H-5, OCHH, NHCH,),
1.59-1.4 (m, 5H, CHs, 2xCH,), 1.34-1.2 (m, 2H, CH,). *3C NMR (75 MHz, CDCl;): (Rotomers) 169.72,
156.70, 156.22, 138.72, 138.57, 137.77, 136.75, 135.13, 129.01, 128.54, 128.51, 128.42, 128.33, 128.20,
128.16, 127.97, 127.88, 127.79, 127.49, 127.30, 101.91 (C-1), 99.33, 78.24 (C-3), 76.30 (C-2), 75.47 (C-4),
74.56, 72.42, 69.74, 67.45, 67.13, 67.06 (C-5), 65.05 (C-6), 50.51, 50.23, 47.07, 46.14, 29.26, 27.87,

27.44, 25.55, 23.28. HRMS(ESI): calcd for CsoHssNO;o [M+Na]*: 830.3899, found: 830.3914.

O OH
%0 oH
%ﬂ-o

o O(CHy)sNH,

5-aminopentyl 4,6-0-[(S)-1-Carboxylethylidene]-B-D-Mannopyranoside (113): Compound 112 (40 mg,
0.048 mmol) was dissolved in a mixture of t-BuOH (3.1 mL) and H,0 (0.075 mL). Pd(OH),/C (60 mg, 20
wt.%, Degussa type) was added and the resulting mixture was placed under a hydrogen atmosphere

(1 psi). After stirring for 16 h, the catalyst was filtered off and washed thoroughly with a gradient of
gently warmed t-BuOH/H,0 (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0). The combined filtrates
were concentrated under reduced pressure. The product was purified by C18 silica column using an
eluent gradient starting with 100% H.,0 followed by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0.
The fractions containing product were concentrated to afford an anomeric mixture (2.3 : 1, B:a) of 113
(6.1 mg, 0.016 mmol, 77%) as a colorless solid. The anomers were separated by LCMS using a ZIC-HILIC
semi-prep column with ammonium bicarbonate/Acetonitrile eluent. The alpha peaks was first to elute.
H* NMR (600 MHz, D,0): 4.72 (s, 1H, H-1), 4.03-4.00 (m, 2H, H-2, H-6a), 3.85-3.78 (m, 2H, H-3, OCHH),
3.72-3.64 (m, 3H, H-4, H-6e, OCHH), 3.37 (td, 1H, J = 4.70, 10.06Hz, H-5), 2.98 (t, 2H, J = 7.63 Hz),
NHCH,), 1.69-1.60 (m, 4H, 2xCH,), 1.45 (s, 3H, CHs), 1.45-1.39 (m, 2H, CH,). *C NMR (150 MHz, D,0):
175.20, 170.43, 101.63, 100.39 (C-1), 73.69 (C-4), 70.85 (C-2), 70.36 (C-3), 69.69, 66.38 (C-5), 64.12 (C-6),

39.22, 28.00, 26.27, 24.63, 22.02. HRMS(ESI): calcd for C14H,sNOg [M+H]": 336.1653, found: 336.1666.
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O, OH
%o oH o)
Xe) A~
Q&L/O(CHz)SNH

3-Mercapto-N-pentyl-propionamido 4,6-0-[(S)-1-Carboxylethylidene]-B-D-Mannopyranoside (10) To a
stirring mixture of 113 (1.0 mg, 2.98 umol) in water (0.25 mL) was added DTSSP (2.72 mg, 4.47 umol).
0.1M NaOH was added to the mixture via dropwise addition to adjust the pH to ~8. The reaction was
complete within 1 h and product formation was verified by LC/MS. Afterwards, DTT (11 mg, 0.075
mmol) was added and the reaction mixture was stirred in a warm water bath (~40°C) for 30 mins.
Completion of the reaction was verified by LC/MS. The reaction mixture was loaded directly onto a P2
size exclusion column and eluted with 5% n-Butanol/H,0. The fractions containing the product were
combined and lyophilized to afford 10 (1.2 mg, 2.83 umol, 95%). HRMS(ESI): calcd for C;7H,0NOgS [M+H]*

:424.1636, found: 424.1650.

OBn

% NHBOC

O(CH2)5N Bn

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-t-Butoxycaronylamino-3-0-benzyl-4,6-0-[(S)-1-
Benzyloxycarbonylethylidene]-2-deoxy-pB-D-Mannopyranoside (114): To a stirring solution of 95 (55
mg, 0.072 mmol) in acetic acid (3.15 mL) was added a large excess of Zn-Cu couple (325 mg). The
mixture was allowed to stir for 1hr. Completion of the reaction was verified by MALDI. The reaction
mixture was filtered and concentrated under vacuum. The crude was taken up in toluene and
concentrated under vacuum 3x. The crude was dissolved in THF (3.2 mL) along with triethylamine
(20 pL, 0.14 mmol) and Boc,0 (31 mg, 0.14 mmol). The reaction mixture was stirred overnight at RT.
Completion of the reaction was verified by TLC (25% Ea/Hex) and MALDI. The reaction mixture was
concentrated under vacuum and the crude was taken up in Ethyl acetate (20 mL), washed with water

(20 mL), dried over MgS04, and concentrated under vacuum. The crude was chromatographed with
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20%EtOAc/Hexanes to afford 114 (49 mg, 0.058 mmol, 81%) as a colorless solid. Ry = 0.25 (25%
EtOAc/hexanes). H' NMR (300 MHz, CDCl;): 7.40-7.14 (m, 20H, aromatic), 5.32 (d, 1H, J = 12.31 Hz,
CHHPh), 5.20-5.12 (m, 3H, CHHPh, CH,Ph’), 4.73 (dd, 1H, J = 29.31, 12.31 Hz, CH,Ph’), 4.50-4.35 (m, 4H,
H-1, H-2, CHHPh"), 4.01-3.96 (m, 1H, H-6a), 3.72-3.45 (m, 4H, H-3, H-4, H-6e, OCHH), 3.44-3.11 (m, H-5,
CH,N, OCHH), 1.57-1.37 (m, 16H, 4xCHs, 2xCH,), 1.35-1.15 (m 2H, CH,). *C NMR (75 MHz, CDCl,):
169.59, 156.37, 138.50, 138.05, 128.78, 128.67, 128.58, 128.50, 128.38, 128.29, 128.23, 128.04, 127.97,
127.77,127.46, 127.42, 100.45 (C-1), 99.34, 79.60, 75.48 (C-3), 75.18 (C-4), 71.02, 69.33, 67.45, 67.29,
66.68 (C-5), 65.29 (C-6), 51.73 (C-2), 50.68, 50.38, 47.25, 46.32, 29.85, 29.28, 28.49, 25.59, 23.29.

HRMS(ESI): calcd for C4gHssN,01, [M+H]": 839.4113, found: 839.4122.

O, OH
%O NHBoc
-0
%O O(CH,)sNH,

5-aminopentyl 2-t-Butoxycaronylamino-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-3-D-
Mannopyranoside (115): Compound 114 (15.9 mg, 0.019 mmol) was dissolved in a mixture of t-BuOH
(3.1 mL) and H,0 (0.077 mL). Pd(OH),/C (23 mg, 20 wt.%, Degussa type) was added and the resulting
mixture was placed under a hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered
off and washed thoroughly with a gradient of gently warmed t-BuOH/H,0 (100% tBuOH, 50%
tBuOH/H,0, 30% tBuOH/H,0). The combined filtrates were concentrated under reduced pressure. The
product was purified with a C18 silica column using an eluent gradient starting with 100% H,0 followed
by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes. The fractions containing product were
concentrated to afford 115 (6.1 mg, 0.014 mmol, 74%) as a colorless solid. H' NMR (600 MHz, D,0): . H*
NMR (600 MHz, CDCl5): 4.82 (s, 1H, H-1), 4.19 (brs, 1H, H-2), 4.00 (dd, 1H, J = 5.28, 10.56 Hz, H-6a), 3.92
(dd, 1H, J=4.11, 9.98 Hz, H-3), 3.83-3.79 (m, 1H, OCHH), 3.72-3.62 (m, 2H, C-6e, OCHH), 3.51 (t, 1H, ) =
9.98 Hz, H-4), 3.41-3.37 (m, 1H, H-5), 2.97 (t, 2H, J = 8.22 Hz, NCH,), 1.70-1.52 (m, 4H, 2xCH,), 1.45-1.39

(m, 14H, 4xCHs, CH,), *C NMR (150 MHz, D,0): 175.38, 158.49, 101.68 (C-1), 99.94, 80.92, 74.14 (C-4),

208



69.54, 69.07 (C-3), 66.64 (C-5), 64.03 (C-6), 54.71 (C-2), 39.25, 27.98, 27.49, 26.27, 24.57, 22.04.

HRMS(ESI): calcd for C14H,6N,0; [M+H]": 335.1813, found: 335.1826.

O, OH
Ao\ M 2
0
o O(CH,)sNH ~ SH

3-Mercapto-N-pentyl-propionamido 2-amino-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-p-D-
Mannopyranoside (11): To a stirring mixture of 115 (6.0 mg, 0.014 mmol) in water (0.25 mL) was added
DTSSP (13 mg, 0.021 mmol). 0.1M NaOH was added to the mixture via dropwise addition to adjust the
pH to ~8. The reaction was complete within 1 h and product formation was verified by LC/MS.
Afterwards, DTT (10.6 mg, 0.069 mmol) was added and the reaction mixture was stirred in a warm water
bath (~40°C) for 30 mins. Completion of the reaction was verified by LC/MS. The reaction mixture was
loaded directly onto a P2 size exclusion column and eluted with 5% n-Butanol/H,0. The fractions
containing the product were combined and lyophilized. The intermediate was taken up in DCM (1.2 mL)
at 0°C was added triethylsilane (0.123 mL, 0.772 mmol), followed by the dropwise addition of TFA (0.6
mL, 8.05 mmol). The mixture was allowed to stir for 15 min at 0°C. Completion of the reaction was
verified by LCMS. The crude was dissolved in PBS (pH 7.4, 250 uL) and DTT (10.6 mg, 0.069 mmol) was
added and the reaction mixture was stirred in a warm water bath (~40°C) for 30 mins. Completion of the
reaction was verified by LC/MS. The reaction mixture was loaded directly onto a P2 size exclusion
column and eluted with 5% n-Butanol/H,0. The fractions containing the product were combined and
lyophilized to afford 11 (3.9 mg, 9.23 umol, 67%). H* NMR (600 MHz, D,0): 5.01 (s, 1H, H-1), 4.17 (dd,
1H, 1 =4.70, 9.98 Hz, H-3), 4.06 (dd, 1H, J = 5.28, 10.56 Hz, H-6a), 3.87-3.83 (m, 1H, OCHH), 3.82-3.80 (m,
1H, H-2), 3.74-3.66 (m, 2H, C-6e, OCHH), 3.60 (t, 1H, J = 9.98 Hz, H-4), 3.50-3.46 (m, 1H, H-5), 3.20 (t, 2H,
J=7.63 Hz, NCH,), 2.77 (t, 2H, J = 6.46 Hz, CH,), 2.54 (t, 2H, J = 6.46 Hz, CH,), 1.63-1.59 (m, 2H, CH,),
1.55-1.50 (m, 2H, CH,), 1.47 (s, 1H, CH;), 1.39-1.34 (m, 2H, CH,). °C NMR (150 MHz, D,0): 175.24,

174.09, 101.79, 97.11 (C-1), 73.13 (C-4), 70.13, 66.79 (C-3), 66.07 (C-5), 63.91 (C-6), 54.77 (C-2), 39.31,
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39.12, 28.14, 27.87, 24.57, 22.35, 19.96. HRMS(ESI): calcd for C17H3oN,0sS [M+H]" : 423.1796, found:

423.1812.
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CHAPTER 3

PROBING THE ACTIVITY AND SPECIFICITY OF PATB1 O-ACETYLTRANSFERASE USING SYNTHETIC

OLIGOSACCHARIDES DERIVED FROM THE BACILLUS ANTHRACIS SECONDARY CELL WALL

POLYSACCHARIDE

Chapman, R.N., Sychantha D., Liu, L., Clarke, A., Boons, G.J.
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ABSTRACT

The envelope of Bacillus anthracis, which is the causative agent of anthrax, is composed of a complex
matrix of peptidoglycan covalently decorated with secondary cell wall polysaccharides (SCWP) and a
poly-D-y-glutamic acid capsule. The SCWP of B. anthracis plays a key role in the organization of the
envelope of vegetative cells and is intimately involved in host-guest interactions making it an attractive
target of study. PatB1l is a putative O-acetyltransferase and is believed to play a role in the
3-0O-acetylation of the penultimate (-GIcNAc residue on B. anthracis SCWP. O-acetylation of SCWP has
been proposed as a means to enable the deposition of certain S-Layer and S-Layer associated proteins at
specific sites on the cell envelope where they can play roles in virulence or act to regulate downstream
cellular processes. PatB1 was previously shown to acetylate a synthetic compound derived from the
B. anthracis SCWP repeating unit with site specificity and specific activity superior to that of
chitooligosaccharide derivatives. However, the previous synthetic compound did not take into account
other important functional groups on the natural structure. In order to characterize PatB1 specificity and
activity in the context of its natural environment, a library of polysaccharides based on the B. anthracis
SCWP internal repeating unit were synthesized. The library was used to determine if the presence of
galactose in certain positions can enhance or deter PatB1 specific activity and alter the positional
specificity of PatBl-catalyzed acetylation. In addition, a trisaccharide based on the terminal (non-
reducing) unit was synthesized to see if the presence of the 4,6-O-pyruvyl ketal and free amine seen on
the natural structure can affect PatB1 activity and the site specificity. It was found that the presence of
galactosylation on the trisaccharide repeating unit did not alter specificity, but led to a decrease in
specific activity relative to the non-galactosylated trisaccharide repeat. Furthermore, it was found that
the trisaccharide bearing the 4,6-O-pyruvyl ketal and free amine showed a significant increase in specific
activity demonstrating that these features are likely utilized in vivo as PatB1 binding epitopes and help

to facilitate O-3 acetylation of the penultimate -GIcNAc.
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INTRODUCTION

The Bacillus cereus group of pathogens includes B. cereus, B. anthracis, and B. thuringiensis differing
only by the types of plasmids present in the cell.' The cell envelope of these Gram-positive cells is
composed of a complex matrix of peptidoglycan with covalently attached secondary cell wall
polysaccharides (SCWP). The SCWP plays a key role in the organization of the envelope of vegetative
cells and is intimately involved in host-guest interactions.” The SCWP serves as a scaffold for a variety of

surface associated proteins including S-Layer (SLP) and S-layer associated (BSL) proteins (Figure 3.1).>>

PDGA capsule

S-layer-associated
protein

S-layer protein

o
SLH domain

"Secondairy cell
wall polysaccharide

o

Murein linkage unit

Cell wall

R e

Figure 3.1 The Cell Wall of B. anthracis

The structures of secondary cell wall polysaccharides from B. anthracis Ames, Sterne and Pasteur and
several phylogenetically related B. cereus strains have been elucidated and it was found they have
unique and shared structural features (Figure 3.2).°° B. cereus G9241 and 03BB87 (human pathogens),
B. cereus Cameroon and lvory Coast (great ape pathogens) and B. cereus ATCC 10987 (non-pathogenic)
have the same trisaccharide backbone repeat as B. anthracis, but differ in the pattern of galactose

substitution. In addition, galactosylation is non-stoichiometric along the SCWP polymer creating
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considerable heterogeneity. Furthermore, an avirulent B. anthracis CDC-684 strain produces a

polysaccharide with the same trisaccharide backbone but lacking galactosylation.®

B. anthracis Ames, Sterne, Pasteur B. cereus Camaroon, Ivory Coast
OH OH OH OH
NHAc NHAc
o) -0 0 o) -0 o)
(0] (0]
HO R,0 O R;0 R,0 o
R o
B. cereus G9241 2R1O 2R1O
o AcHN /2 AcHN /%
OH
‘ NHAc 0" s ©
o) -0 0
RO OR1O ©
NHAc o
R; = aGal RZS o)
R, = BGal ! AcHN
R; = aGal(1>3)aGal o—

Figure 3.2: SCWP repeating units from various Bacilli.

The secondary cell wall polysaccharide of B. anthracis has a —4)-p-D-ManNAc-(1—4)-B-D-
GlcNAc-(1—6)-a-D-GIcNAc-(1—) repeating backbone that can be substituted at C-3 and C-4 of the a-D-
GIcNAc moiety with a-D-Gal and -D-Gal, respectively and at C-3 of the B-GlcNAc residue with a o-Gal
(Figure 3.3). Galactose substitution is non-stoichiometric resulting in considerable micro-heterogeneity
along the polymer.' In addition, a single trisaccharide repeating unit located at the non-reducing end of
B. anthracis and pathogenic B. cereus SCWP is structurally further modified with a 4,6-O-pyruvyl ketal on
[-D-ManNAc, a 3-O-acetyl ester on [B-D-GIcNAc, and an N-deacetylated o-D-GIcNAc residue. The
o-GlcNH; moiety may also be modified with an a-Gal at C-3 and 3-Gal at C-4 positions.® However, NMR

studies could not confirm this modification.
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Figure 3.3: The Terminal unit of the secondary cell wall polysaccharide of Bacillus anthracis.

PatB1 was recently identified as an SCWP O-acetyltransferase and is believed to play a role in
the 3-O-acetylation of penultimate B-GIcNAc on the B. anthracis and B. cereus SCWP terminal unit
(Unpublished).'**? S-layer and BSL proteins are both known to bind SCWP, but their deposition onto the
cell surface is not random. Previous genetic studies have shown that O-acetylation of SCWP may be a
means to direct the deposition of certain SLP and BSL proteins to specific sites on the cell envelope
where they can act to regulate various downstream biological processes such as controlling the chain

11447 Two putative acetyltransferase systems have been identified in B.

length of vegetative cells.
anthracis and include the PatAl/PatB1l and PatA2/PatB2 systems. The location of the patAl-patBi-
patA2-patB2 gene cluster on the B. anthracis chromosome is adjacent to genes encoding Sap (sap) and
EA1 (eag) S-layer proteins as well as the putative pyruvyl transferase (csaB) responsible for modifying

1118 The proximity of these genes to one another has been used to suggest

the non-reducing SCWP unit.
that the PatA1/PatA2 gene products play a role in S-Layer assembly. In previous genetic studies, it was
suggested that PatAl and PatA2 are two membrane bound O-acetyltransferases that play

complementary roles in modifying SCWP and possibly peptidoglycan.'"*"*® The patAl1, patA2, and
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patAlpatA2 deletion mutant strains produced elongated chains of vegetative cells with SCWP quantities
comparable to those of WT cells, but with fewer O-acetyl modifications. Phenotypic studies of these
patAl and patA2 mutant strains provided evidence suggesting that O-acetylation of SCWP was
necessary for the proper binding of EA1, BslO, and BslA to the cell surface. B. anthracis is known to
evade host immune responses by elongating its chain-length to exceed the size of macrophages and it is
beleived that O-acetylation may play a role in this process.” In wild type cells, BslO murein hydrolase is
found to localize around cell division septa along with EA1l in order to promote the separation of
vegetative cells.® The deposition of BslO and EA1 was completely abolished in patAlpatA2 deletion
mutants. It was suggested that the absence of BslO at the cell speta was the cause of the elongated
phenotype seen in the PatA1/PatA2 mutants. BslA was found to act as a surface adhesin in B. anthracis
Ames enabling the binding of vegetative forms to host cells. Mutants lacking BslA were less efficient at
infecting animal models suggesting a role for this protein in the Anthrax infection process.”’ The single
and double deletion patAl/patA2 mutants failed to incorporate any BslA into the S-layer suggesting O-
acetylation of SCWP is a prerequisite for binding. The results in chapter 2 of this thesis has raised some
guestions regarding the exact role of O-acetylation and how it may act to regulate S-layer and BSL
protein binding, but its presence on SCWP appears to be important for cell wall growth and
maintenance functions as evidenced by the phenotypes observed in the patAl/patA2 deletion mutants.
It was initially assumed that PatAl and PatA2 were directly responsible for SCWP O-acetylation, but
recent biochemical evidence has shown that PatB1 is likely responsible for this modification. A model
for the O-acetylation of SCWP was proposed whereby PatAl and PatA2 act by transporting the acetyl-
donor (presumably from acetyl-CoA) across the cytoplasmic membrane to the membrane bound PatB1
for transfer to the O-3 position of the penultimate GIcNAc (Figure 3.4; Unpublished).”” The function and
role of PatB2 still needs further study. Additionally, viable B. anthracis and B. cereus mutants lacking a

functional PatB1 could not be generated further hinting at the importance of the enzyme and the O-
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acetyl modification.™* Evidence seems to indicate that O-acetylation of SCWP may play a role in the
binding of proteins and could be necessary for the proper growth and maintenance of the cell envelope.
Better understanding of PatB1 binding and activity could aid in the development of compounds that act

to inhibit the interaction of PatB1 with SCWP thereby affecting these processes.”*

0. _OH
NHAC
0 H o
o 0 0
HO AcO

AcNH
HO

Ac
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’Pﬁ:x;iﬂ)ﬁ?;,’q}:‘ '?ﬁ:x;:ﬁ)ﬂ?;;q:‘:
”mwrl“mw

Figure 3.4: Model for PatB1 mediated O-Acetylation of Bacillus anthracis SCWP.

Previous in vitro experiments have shown that PatB1 can specifically acetylate the O-3 position
of B-GIcNAc on a synthetic oligosaccharide derived from the B. anthracis SCWP repeating unit
(Compound 1). The site of O-acetylation on compound 1 was similar to that seen on the natural
substrate. In addition, the specific activity and selectivity of PatB1 for Compound 1 was superior in
comparison to other GIcNAc based substrates including a Chitosan pentamer and various chitooligomers
that were O-acetylated at multiple positions (Unpublished).”? The previous study, however, did not take
into account other important features present on the natural structure such as branching galactose
residues, a free amine, and a 4,6-O-pyruvyl ketal. The structural heterogeneity of isolated
polysaccharides has made it difficult to perform detailed binding studies and has prevented the

determination of saccharide motifs that are important for PatB1 selectivity and activity. Herein, we
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report the synthesis of a library of novel oligosaccharides (1-5) derived from the B. anthracis SCWP
(Figure 3.5). Compound 1 is representative of the non-galactosylated trisaccharide backbone.
Tetrasaccharides 2, 3, and 4 have a galactose substitution at each of the biologically relevant sites found
on the B. anthracis SCWP and will be used to determine if galactose substitution can affect PatB1
activity or specificity. Compound 5 is derived from the terminal non-reducing unit of B. anthracis and
will help to determine if the 4,6-O-pyruvyl ketal on the terminal ManNAc and/or free amine on the -

GIcNAc can affect PatB1 mediated 3-0O- acetylation of SCWP.
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Figure 3.5: Target Compounds Derived from the Secondary Cell Wall Polysaccharide of B. anthracis.

RESULTS AND DISCUSSION
Synthesis: General Synthetic Strategy: Target 1-4 compounds were assembled using monosaccharide
building blocks 6-10 (Figure 3.6). Target 5 was synthesized utilizing a previously described strategy.?” It

was envisaged that compounds 1-4 would be prepared from a common trisaccharide 16, which at key
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positions is modified by the orthogonal protecting groups N®-9-fluorenylmethyloxycarbonate (Fmoc),?

2-methylnaphthyl ether (Nap),” and levulinoyl ester (Lev).*

N OBn
(@) 3
Ph/ro o o
BnO glo O

16 TrocHN
NapO N
FmocO
N3
ﬂ O(CH,)sNBn(Cbz)
OBn
Ph/vo © o) 0
(0)
BnO LevO oTDS
11 OAlloc TrocHN
OBn
Ph HO
/Y Q O NapO 0
BRO LevO oTps FmocO N,
OAlloc 7 TrocHN 8 O(CH,)sNBn(Cbz)

OBn OBn
%OCNHCC@ & ()&/‘OCNHCQ3
AcO

Figure 3.6: Retrosynthetic Analysis of Common Trisaccharide Intermediate

Planned Synthetic Procedure: The challenging B-mannosamine linkage is introduced by a strategy

whereby initially a B-glucoside is formed by TMSOTf catalyzed glycosylation of glucosyl donor 6 with

acceptor 7. Donor 6 has a participating allylxoycarbonyl (Alloc) protecting group at C-2 to control beta-

anomeric selectivity to give disaccharide 11 (Scheme 3.1).” Next, the C-2 Alloc protecting group of 11
can be removed using Pd(PPh;), *® and the resulting hydroxy of 12 can be converted to a triflate, which
can be subsequently displaced by NaN; *’ to give 2-azido-B-D-mannoside (13). Next, the anomeric
thexyldimethylsilyl (TDS) can be cleaved using HF-pyridine complex®® to afford compound 14. Lactol 14

can then be converted to an imidate donor (15) with K,CO; and N-phenyltrifluoroacetimidoy! chloride.?
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A TMSOTf catalyzed glycosylation of 15 with acceptor 8 should provide trisaccharide 16 as only the -

glucoside due to neighboring group participation of the 2,2,2-Trichlorethoxycarbonyl (Troc).*

/TO OBn OBn
N
o 2 % N e P oLt
NIS, TMSOTf O Ph O
6+7 NS TMSOT Bmo OTDS 2) Nay, bME 7" o4O O%OR

C
DCM OR TrocHN evO
roc v TrocHN

P(Phs),Pd ’:, 11. R = Alloc

13.R=TDS
12.R=H HF-Pyr [

14. R=0OH
CF3C(NHPh)CI _
/YO N3 OBn KZCOS: DCM 15. R2 = C(NPh)CF3
PH 5 .0 o
L BRO So o
Trocl—'U\l o)
apO - -
16 Fm%co Target Compounds 1-4

N _ -
30(CH,)sNBn(Cbz)
Common Trisaccharide Intermediate

Scheme 3.1: General Synthetic Scheme for Trisaccharide Common Intermediate

The orthogonal protecting groups on the trisaccharide intermediate (16) can be selectively removed and
subsequently coupled with imidate donor 9 or 10 to afford target compounds 2-4. Diethyl ether can also
be employed in the solvent system to promote selectivity for the a-anomer.** The Troc and azide
functions can then be converted into acetamido groups using Zinc-Copper couple® followed by
treatment with Ac,0.** Following the removal of aromatic protecting groups with catalytic
hydrogenation, the resulting free amine on the anomeric spacer can be used as a handle for conjugation

to a carrier protein or surface.

OAc
(e}
A0 o ab Nap/T o c NaP/TOO o
O Ny ﬂo S FmocO
3 N
17 O(CH,)sNBN(Cb2) 18 O(CH,)NBN(Cb2) 19 TS0(CH,)sNBN(Ch)
HO
d NapO 0
—> FmocO
g Ns
O(CH,)sNBn(Cbz)

Scheme 3.2: Synthesis of Compound 8. a) MeOH, NaOCHj3; b) CSA, CH;CN, 2-(dimethoxymethyl)-
naphthalene (63% 2-steps); c) Fmoc-Cl, DCM, Pyridine (84%) d) PhBCl,, TES, DCM (63%).
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Building block compounds 6, 7, 9, and 10 were synthesized according to previously published

procedures.?’34%

Synthesis of the third building block compound (8) was accomplished by first treating
17 with methanolic sodium methoxide (Scheme 3.2). This was followed by installation of a 4,6-0-(2-
naphthyl)methylene acetal using 2-Naphthaldehyde dimethyl acetal in the presence of CSA to obtain
compound 18 in 63% yield over two steps. Afterwards, Fmoc was installed at the 2 position with Fmoc-Cl

to obtain compound 19 in 84% yield. The 4,6-O-(2-naphthyl)methylene acetal ring was selectively

opened at the C-6 hydroxy position with PhBCl, and triethylsilane® at -78°C to afford compound 8 in

63% yield.
OBn OBn
a Phﬁo (e} 0] b Phﬁo (@] 0
_Z. 0 — 0
6+7 BnO Q0 OTDS BnO 95 OTDS
11 AllocO TrocHN 12 OH TrocHN
OBn
0 N3
c,d PhTO 0 0
BnO SVO oTDS
13 TrocHN

Scheme 3.3: Synthesis of Disaccharide 11 and conversion to a 1,2-Cis glycoside. a) TMSOTf, NIS, DCM
(87%); b) P(Phs)4Pd, THF, Morpholine (77%); c) DMAP, TfOTf, DCM, Pyr d) DMF, NaN3 (78% 2-steps).

The next step of the synthesis involved making the key disaccharide intermediate with a 1,2-cis-p3
glycosidic linkage (Scheme 3.3). Neighboring group participation from the C-2 Alloc function on 6 was
exploited to first form a 1,2-trans-glycoside. Donor 6 and acceptor 7 were reacted under NIS (1.5eq) and
TMSOTf (0.26eq) activation conditions at -20°C to provide 11 in 87% yield. Next, the C-2 Alloc protecting
group of 11 was removed using Pd(PPh;), to afford 12 in 77% yield.”® The resulting hydroxy on
compound 12 was converted into a triflate using triflic anhydride. After workup, the crude was
concentrated and heated at 55°C in DMF along with NaN; to invert the C-2 position and give the

2-azido-B-D-mannoside (13) in 78% over two steps.”” Next, the anomeric TDS ether was cleaved using
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HF-pyridine complex to give lactol 14 in 88% yield (Scheme 3.4).® Compound 14 was then converted to
an N-phenyltrifluoroacetimidate donor with N-phenyltrifluoroacetimidoyl chloride and K,COs to afford
compound 15. Donor 15 and acceptor 8 were used in a 2+1 TMSOT( catalyzed glycosylation to provide

trisaccharide 16 as the B-glucoside in 85% over two steps.

N
W%Q{ m PW%Q{
13 ovO ovO OC(NPh)CF;

TrocHN TrocHN
N
Ph/r %&{ m
TrocHN o)
FmocO
® O(CH,)sNBn(Cbz)

Scheme 3.4: Synthesis of Common Trisaccharide Intermediate. a) HF-Py, THF (88%) b) 2,2,2-Trifluoro-N-
phenylacetimidoyl Chloride, K,CO3;, DCM c) 8, TMSOTf, DCM (85%).

The next major hurdle was the reduction of Troc and azide and their subsequent conversion to
acetamide (Table 3.1). For the first condition attempted, compound 16 was reacted with Zn, Ac,0,
Cu(11)SO,, and HOAc.>” High resolution MALDI-TOF mass spectrometry indicated the presence of an
[M+1]+Na* byproduct. This side product could be separated, but the purification of 20 was difficult and
only feasible on a small scale using preparatory TLC. The second condition attempted involved reduction
of compound 19 with Zn-Cu couple in acetic acid at 50°C.**> High resolution MALDI-TOF mass
spectrometry indicated the presence of an [M+1]+Na" byproduct as well as a product lacking
benzylidene. The heated acidic conditions led to the partial loss of the benzylidene. Although,
deprotection of the target compounds ultimately involves removal of benzylidene, the mixture of
compounds in the crude would make purification and characterization more difficult. The third condition

attempted involved reaction of compound 16 with Zn-Cu couple in acetic acid at room temperature.
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Table 3.1: Troc and Azide Reduction Conditions.

N 0B
o) 3 n
Ph/YO -0 o) 1) Azide/Troc Ph/ro NHAc ~ ©OBn
BnO e?/O O Reduction 0O ] o (0]
BnO evO o

TrocH 2) Acetylation
16 roc g\époo (o) AC'?\I?‘apo o
mocC
N3 20 FmocO
O(CH,)sNBn(Cbz) AcHN

O(CH,)sNBn(Cbz)

Conditions: Results:

Zn, Ac,0, Cu(I)SOy,

HOAc, THF Mixture w/ (+1) prod

Mixture w/ (+1) prod and loss

Zn/Cu, HOAc, 50°C Benzylidene, lev

1) Zn/Cu, HOAc, RT Product formation
2) Ac,0, Pyridine

Following the reduction of Troc to acetamide and azide to amine, the amine was converted to
acetamide with acetic anhydride and pyridine to afford compound 20. The reaction was attempted on a
small scale initially and it was found that reaction times in excess of 1 h resulted in the formation of the
[M+1]+Na* by-product seen in the previous high resolution MALDI-TOF mass spectra. The proceeding
reactions used large excesses of Zn-Cu couple and were quickly filtered and concentrated by the 1 h
mark. While concentrating the filtered reaction mixture, a non-heated water bath was used to prevent

cleavage of the benzylidene.

Synthesis of Compound 1: Following reduction of the Troc and azide functionalities on 16 and their
subsequent conversion to acetamide, the Fmoc and Lev on 20 were removed using NaOMe in methanol.
The final deprotection of the aromatic groups of 21 proved problematic (Scheme 3.5). The first attempt
at deprotection involved use of catalytic Pd(OH), under hydrogen atmosphere After stirring for ~14 h,
the partially deprotected compound could be detected via MALDI-TOF mass spectrometry. The reaction
mixture was filtered and concentrated. Fresh solvent and Pd(OH), was used and after an additional 8 h,

MALDI-TOF MS detected a [M+Bn]+Na"* product.
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O(CH,)sNBn(Cbz) Product, Cannot Cleave O(CHy)sNH,

Scheme 3.5: Compound 1 Deprotection: a) Zn-Cu couple, HOAc; b) Ac,0, Pyridine; c) MeOH, NaOMe; d)
Pd(OH),, t-BUOH, H,0, HOAG, H, (1 Atm); e) Na, NHs, THF, tBuOH.

Further reduction with fresh solvent and catalyst was not successful at removing the remaining benzyl.
The second condition attempted for removal of the aromatic protecting groups was Birch reduction.*®
Compound 21 was taken up in NH; and THF along with a small piece of solid sodium. The reaction
produced the same [M+Bn]+Na® product as the Pd(OH), conditions. It was speculated that the
benzylidene may be the problem so a decision was made to remove the group prior to the final aromatic
deprotection.

In the modified method (Scheme 3.6) the Troc and azide of 16 were first reduced to free amine
with Zinc-Copper couple and then converted to acetamido functions with Ac,0 in pyridine.*”*
Afterwards, compound 16 was heated in 80% HOAc (aq) in order to remove benzylidene and afford
compound 22. Compound 22 was taken up in LiOH, THF, and water and stirred in a warm water bath to
give 23. Sodium methoxide in methanol can also be used, but the reaction time was found to be
significantly longer (~16 h). The intermediate was purified at this point in order to exploit the non-polar
nature of the aromatic groups for separation and the UV activity of the aromatic groups for the purpose

of detecting the product. Compound 23 was obtained in 47% over 4 steps. Several conditions were

attempted for the removal of the aromatic groups. Compounds with unshielded basic nitrogen can act
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as inhibitors, however use of protic solvents such as methanol or ethanol during hydrogenation along

with an organic acid such as acetic acid can help to mitigate these inhibitory effects.*

OBn
’ OMO 0 0 %
no VO b RO S0 o}

H
0
16 a A -
— Mo Q AckiN 0
FmocO pHO
AcHN 23
22 AcHN

O(CH,)sNBn(Cbz) O(CH,)sNBn(Cbz)
c Ho\ NHAc OH
Rl
d 0 Ho o
——
1

e

R —

Scheme 3.6: Compound 1 Deprotection Continued: a) 80% HOAc, 50°C; b) LiOH, THF, H,O; (47% over 4
steps) c) Pd(OH),, MeOH, H,0, HOAc, H, (1 Atm); d) Pd(OH),, EtOH, H,0, HOAc, H, (1 Atm). e) Pd(OH),,
t-BUOH, H,0, HOAc, H, (1 Atm) (78%) .

In the first trial reaction (Scheme 3.6), it was thought that the less polar t-Butanol solvent was slowing
the removal of the aromatic protecting groups by precipitating the increasingly polar deprotected
intermediates so a decision was made to change solvents. The first condition involved using Pd(OH),,
MeOH, water, and acetic acid to remove the remaining protecting groups. Unfortunately, MALDI-TOF
MS detected significant methyl and dimethylamine product. Catalysts have the ability to add hydrogens,
but can also take them away in some cases. This can lead to the formation of formaldehyde which can

react with available amines and lead to reductive N-methylation (Scheme 3.7).

o] HOAc, MeOH, H,0 H,
N MeOH, Pd/C.H,, R ON"oH A . o ~CH2
R™NR, * HJ\H ’ H R™ N Pd/C
o HZO PN CH
~~,,-CH + CH H -3
RO o . RN / RN Cs 2 R 'Tl
H H™ H LOH CH, Pd/C CHs

Scheme 3.7: Reductive N-Methylation under Palladium Reduction Conditions.
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The reaction pathway involves the addition of amine with formaldehyde, dehydration to form the imine
followed by hydrogenation.*”’ The second condition attempted involved using ethanol as a substitute for
methanol. Previous experience has shown that ethanol is much less likely to form N-alkyl side products.
Unfortunately, MALDI-TOF MS detected significant N-ethyl and diethylamine product. The N-ethyl side
product was confirmed by NMR. A decision was made to switch back to t-butanol. Tert-butanol is a
tertiaty alcohol and is unable to form an aldehyde intermediate making N-alkylation impossible. In order
to speed up the reaction and help improve solubility of partially deprotected intermediate compounds,
additional water was added to the reaction mixture. Compound 23 was taken up in Pd(OH),, t-butanol,
water, and acetic acid. MALDI-TOF MS indicated that target compound 1 was formed in 78% yield
without the N-alkyl impurity. Following the reaction, care was also taken during filtration and rinsing of
the catalyst to avoid methanol and ethanol. It was found that simply washing the catalyst with methanol
would lead to N-methylation. A series of washes with t-butanol and water were used ranging in

concentration from 90% t-BuOH/H,0 to 20% t-BuOH/H,0.

Synthesis of Compound 2: The Fmoc protecting group was selectively removed from compound 16
using Diethylamine (DEA) in DCM to afford 24 in 99% yield (Scheme 3.8). Donor compound 9 and
acceptor compound 24 were dissolved in DCM and Et,0 and cooled to -20°C for a 3+1 TMSOTf catalyzed
glycosylation reaction. Compound 25 was formed in 84% yield as the desired alpha (1—3) galactosylted
product. The azide and Troc functionalities on compound 25 were then converted to acetamido groups
using Zinc-Copper couple in acetic acid followed by reaction with acetic anhydride and pyridine.***
Next, the benzylidene was removed by heating in an 80% HOAc (aq) solution. Afterwards, the Lev group
was removed by stirring with LiOH in THF and water at 40°C. At this point, the intermediate compound
was purified in order to provide 26 in 43% yield over 4 steps. Compound 26 was taken up in Pd(OH),,
t-butanol, water, and acetic acid in order to remove the remaining aromatic protecting groups affording

target compound 2 in 72% yield.
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Scheme 3.8: Synthesis of Target Compound 2. a) DCM, DEA, (99%); b) 9, DCM, Et,0, TMSOTf, -20°C,
(84%); c) Zn-Cu couple, HOAc; d) Ac,0, Pyridine; e) 80% HOAc, 50°C; f) LiOH, THF, H,0, (43% over 4
steps); g) Pd(OH),, t-BuOH, H,0, HOAc, H, (1 Atm) (72%).

Synthesis of Compound 3: The levulinoyl ester protecting group was selectively removed from
compound 16 using hydrazine acetate to give 27 in 64% yield (Scheme 3.9).* Donor compound 9 and
acceptor compound 27 were dissolved in DCM and Et,0 and cooled to -20°C for a 3+1 TMSOTf catalyzed
glycosylation reaction. Compound 28 was formed in 63% yield as the desired alpha (1—3) galactosylated

product.

N
o) 3 OBn
o "R ot
P BRO % o

B”O TrocH
16 b BnO N0 Q
Trocl—,\i]\l o Q —_— BnO FrocO
FmocO S N3
N3 28 O(CH,)sNBn(Cbz)

O(CH,)sNBn(Cbz) OBn “OBn

o NS %
cdef Acl—,\l{;lpo QO
AcHN,, %
bal OBn O(CH,)sNBn(Cbz) M HN

OH Nom O(CH2)sNH

Scheme 3.9: Synthesis of Target Compound 3. a) Hydrazine acetate, MeOH, DCM, (64%); b) 9, DCM,

Et,0, TMSOTf, -20°C, (63%); c) Zn-Cu couple, HOAc; d) Ac,0, Pyridine; e) 80% HOAc, 50°C; f) DCM, DEA,
(40% over 4 steps); g) Pd(OH),, t-BuOH, H,0, HOAc, H, (1 Atm) (89%).
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The azide and Troc functionalities on compound 28 were then converted to acetamido functions using

Zn-Cu couple in acetic acid followed by reaction with acetic anhydride and pyridine.*>*?

Next, the
benzylidene was removed by heating in an 80% HOAc (aq) solution. Afterwards, the Fmoc group was
removed by stirring with Diethylamine (DEA) in DCM. At this point, the intermediate compound was
purified in order to provide 29 in 40% yield over 4 steps. Compound 29 was taken up in Pd(OH),, t-

butanol, water, and acetic acid in order to remove the remaining aromatic protecting groups affording

target compound 3 in 89% yield.

Synthesis of Target Compound 4: Target compound 4 was synthesized by first selectively removing the
Nap protecting group from 16 using recrystallized DDQ, DCM, and PBS buffer (pH 7.4) to give 30 in 84%
yield (Scheme 3.10).* Earlier attempts at this reaction involved use of water instead of PBS buffer. In
those reactions, side products missing one or more benzyl protecting groups were detected by MALDI-
TOF MS and the yield was adversely affected. The use of PBS buffer (pH 7.4) helped to prevent side
product formation and significantly improve yield. In addition, recrystallized DDQ helped to improve the

reaction yield.

PW % R %
16 BnO BnO
TrocH TrocHN
FmocO AcO
N3 FmocO
O(CH,)sNBn(Cbz)

OBn OBn O(CH2)5NBn(Cbz)
Scheme 3.10: Synthesis of Target Compound 4. a) DDQ, DCM, PBS (pH 7.4), (84%); b) 10, DCM, TMSOTT,
-20°C, (19%).
Donor compound 10 and acceptor compound 30 were dissolved in DCM and cooled to -20°C for a
3+1 TMSOT( catalyzed glycosylation reaction. Compound 31 was formed in 19% yield as the desired beta

(1—3) galactosylted product. The reaction was repeated, but the yield remained low (~15% average). It

was thought that steric crowding around the C4-hydroxy of the 2-azido glucoside and the bulky Fmoc at
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the O-3 position might be contributing to the low yield. Two options were available at this point. The
first option involved using a smaller protecting group on the O-3 position of the 2-azido glucoside. The
second option involved using a 2+2 beta (1—6) glycosylation reaction. A decision was made to attempt
the 2+2 glycosylation due to the fact that the C-6-hydroxy is a flexible primary alcohol and should more

easily form a glycosidic linkage compared to a reaction involving a secondary alcohol (Scheme 3.11).

NapO
Nap/r o) NapO
b BnO
FmocO N, FmocO —_— mocO
19 33 Na

O(CH,)sNBn(Cbz) O(CH,)sNBn(Cbz) OBn OBn O(CH2 sNBn(Cbz)
AcO HO )
c BnO O
—_— FmocO
(0] N3
35

OBn ~0OBn O(CH,)sNBn(Cbz)

Scheme 3.11: Synthesis of Acceptor for Compound 4 for (2+2) Glycosylation. a) Triflic acid,
Triethylsilane, DCM -78°C, (58%); b) 10, DCM, TMSOTT, -20°C, (65%); c) DDQ, DCM, PBS (pH 7.4) (78%).

Compound 19 was reacted with triflic acid, triethylsilane, and DCM at -78°C in order to open up the 4,6-
O-(2-naphthyl)methylene acetal ring** and afford 33 with the free hydroxyl at the C-4 position in 58%
yield. Donor compound 10 and acceptor compound 34 were dissolved in DCM and cooled to -20°C for a
1+1 TMSOT( catalyzed glycosylation reaction. Compound 34 was formed in 65% yield as the desired beta
(1—3) galactosylated product. Next the Nap protecting group was removed using freshly recrystallized
DDQ, DCM, and PBS buffer (pH 7.4) to give 35 in 78% yield.”* Donor compound 15 and acceptor
compound 35 were dissolved in DCM and cooled to -20°C for a 2+2 TMSOTf catalyzed glycosylation
reaction (Scheme 3.12). Compound 31 was formed in 48% yield as the desired beta (1—3) galactosylted
product. Utilization of the more flexible C-6 primary alcohol for a glycosyl acceptor helped to improve
the reaction yield. The azide and Troc functionalities on compound 31 were then converted to
acetamido groups using Zn-Cu couple in acetic acid followed by reaction with acetic anhydride and

32,33

pyridine. Next, the benzylidene was removed by heating in an 80% HOAc (aq) solution.
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Scheme 3.12: Modified (2+2) synthesis of Compound 4. a) DCM, TMSOTf, -20°C, (48%); b) Zn-Cu couple,
HOAC; ¢) Ac,0, Pyridine; d) 80% HOAc, 50°C; e) LiOH, THF, H,0,(37% over 4 steps); f) Pd(OH),, t-BuOH,
H,0, HOAc, H, (1 Atm), (quant.).

Afterwards, the Fmoc and acetyl groups were removed by stirring with LiOH, THF, and water in a warm
water bath. At this point, the intermediate compound was purified give 32 in 37% yield over 4 steps.
Compound 32 was taken up in Pd(OH),, t-butanol, water, and acetic acid in order to remove the

remaining aromatic protecting groups affording target compound 4 in quantitative yield.

O, OH HO O OH HO
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AcNH AcNH
HO H
36 HO |9
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O(CHy)sNH, O(CHa)sNH>

Scheme 3.13: Synthesis of Compound 5: a) 1:4 TFA/DCM, 0°C, (85%).

Compound 36 was synthesized according to a previously described procedure described in Chapter 2 of
this thesis. The Boc protecting group on 36 was removed using a 1:4 mixture of TFA:DCM at 0°C to

afford target compound 5 in 85% yield (Scheme 3.13).

PatB1 Biological Studies: Previous work has shown the PatB1 acetyltransferase to be capable of

specifically acetylating the O-3 B-GIcNAc position of a synthetic oligosaccharide based on the
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trisaccharide backbone of B. anthracis SCWP (1).}* In nature, the terminal trisaccharide unit of B.
anthracis has some distinct differences from the internal trisaccharide repeat including a 4,6 ketal
puryvyl on the non-reducing ManNAc, a 3-O-Acetyl on the B-GIcNAc, and a free amine on the reducing
end portion of the unit. In addition, the non-reducing a-glucosamine of the terminal trisaccharide unit
may be further modified with an a-galactose at C-3 and a -galactose at C-4, but these modifications
have yet to be confirmed.® To see if galactosylation found on the natural substrate could play a role in
enhancing or deterring 3-O-acetylation activity relative to non-galactosylated structures, PatB1 reaction
assays were performed using target compounds 1-4 as acceptor substrates. In addition, experiments
were performed using compound 5 in order to determine if the 4,6-O-pyruvyl ketal and/or free amine

could play a modulating role in PatB1 specific activity or site specificity.

1mM Acceptor Substrate Apply to Graphetized
SuM PatBl Carbon solid phase
5mM pNP-Ac extraction cartridge

Y
6@ Elute and Perform MS/MS

Incubate 1 hr at 25°C Analyze by ESI-MS on select peaks

— | o [ — ()]
L]

Figure 3.7: PatB1 Reaction Assay Using Synthetic Targets As Substrates

A qualitative endpoint experiment was performed in order to determine if compounds 1-5 could
serve as acceptor substrates for PatB1l (Figure 3.7). In each experiment, 1ImM of each acceptor
compound was incubated in 50 mM sodium phosphate at pH 7 with 100 mM NaCl, 5uM PatB1, and
5mM pNP-Ac (Acetyl donor). The reactions were allowed to proceed for 1 h at 25°C and were analyzed

by ESI-MS to determine the amount of acceptor converted to product. In addition, an MS/MS analysis
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was performed on the product peaks to narrow down the site of O-acetylation to either the O-3 or 0-6
position on B-GIcNAc. Compound 3 has an a-(1—3) linked galactose on B-GlcNAc and was not expected
to be acetylated due to the O-3 position being blocked. This was confirmed when PatB1 was unable to
use 3 as a substrate (Figure 3.8). The absence of O-acetylation served to demonstrate the site specificity
of PatB1 as the enzyme was unable to acetylate any of the remaining hydroxyls. The fact that PatB1 has
been previously confirmed by NMR to selectively install 3-O-acetyl on the B-GIcNAc of compound 1
along with the lack of a reaction between PatB1 and compound 3 suggest that site specificity is most

likely retained for all the synthetic substrates in the panel.
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Figure 3.8: Conversion of Acceptor Substrate to O-acetylated product after 1 h at 25°C with PatB1.
Monitored by ESI-MS.

Compound 2 has an a-(1—3) linked galactose on the reducing end a-GlcNAc and compound 4 has
an B-(1—4) linked galactose on the reducing end a-GlcNAc. Acceptor compounds 2 and 4 both showed

a modest conversion to the O-acetylated product. By comparison, the non-galactosylated compound 1
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appeared to be a much better substrate indicating that galactose substitution on SCWP has a negative
effect on PatB1 mediated O-acetylation. The different positions of the galacose residues on 2 and 4 as
well as their anomeric configuration did not provide for any significant differences in product formation
between the two compounds. Surprisingly, compound 5 was found to be a significantly better substrate
than compound 1 and was fully converted to the 3-O-acetylated form (Figure 3.8). The presence of

unique structural features on the terminal unit appears to enhance the activity of the PatB1 enzyme.

A
B
C
[E’ 1mM Acceptor Substrate
F S5UM PatB1
G
" 5mM pNP-Ac
‘ Measure release of
pNP at 410 nm
over time.
E
g— Subtract control values
g from reactions run with
5UM PatB1 E acceptor substrate.
5mM pNP-Ac 2
‘ Measure hydrolysis
of pNP-Ac

275 325 375 425 475 525

_ Wavelength (nm)

Control:

Figure 3.9: Biochemical assay To Determine PatB1 Specific Activity.

The quantitative chromogenic assay of Moynihan and Clarke®® was adapted to determine the
specific activity of PatB1i,.395 With the synthetic oligosaccharide substrates (Figure 3.9). The biochemical
assay exploits the chromogenic properties of the liberated p-nitrophenol (pNP) co-product as the acetyl
group is transferred from pNP-Ac to an acceptor co-substrate. The experiments were performed in
50 mM sodium phosphate at pH 7 with 100 mM NaCl, 5uM PatB1, 5mM pNP-Ac and 1 mM of each
acceptor. It was found that the PatB1 acetyltransferase was capable of installing the 3-O-acetyl onto the

-GlcNAc of compound 1 with a specific activity of 47.20 + 0.26 (nmol/min/mg). Compound 2 yielded a
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specific activity of of 24.15 * 0.23 (nmol/min/mg) which is almost half of that of compound 1.
Compound 4 yielded a similar result with a specific activity of 22.61 + 0.26 (nmol/min/mg). Compound 3
did not show any activity due to an a-linked galactose at the O-3 position of the B-GIcNAc preventing O-
3 acetylation (Figure 3.10). The results indicate that the presence of galactosylation on the B. anthracis

SCWP can reduce the specific activity of the enzyme.

Sp. Activity SD Relative SD
6 = Cmpd5 (nmol/min/mg) activity (%)
—+ Cmpdi cs 96.321 0.538 100.000 0.789
c1 47.201 0.265 49.004 0.388
-
Cmpd2 c2 24151 0172 25 073 0.227
. H =+ Cmpd3 c3 0.000 0.000 0.000 0.000
z -6~ Cmpd4 c4 22,610 0.264 23.474 0.304
e
£ 2
0
00 05 10 15 20
Time (min)

Figure 3.10: Specific Activity of PatB1 for Substrates 1-5.

Target compound 5, based on the non-reducing terminal unit of B. anthracis, was also tested
and vyielded a specific activity of 96.32 * 0.54 (nmol/min/mg). The specific activity of PatB1l on
compound 5 was double that of compound 1 indicating that features of the terminal unit significantly
enhance PatB1 binding and subsequent O-3 acetylation. The 4,6-O-pyruvyl ketal and/or free amine may
help to confer selectivity for PatB1 O-acetylation and provide an explanation as to why 3-O-acetylation is
only seen on the penultimate GIcNAc as opposed to the internal repeating units. Furthermore, the
findings indicate that the 4,6-O-pyruvyl ketal function may play multiple roles in vivo. In addition to
serving as a binding epitope for the SLH domain of S-layer and S-Layer associated proteins, it may also
serve to enhance PatB1l mediated 3-O-acetylation of the penultimate (-GIcNAc on the B. anthracis
SCWP.
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CONCLUSIONS

In summary, a chemical synthesis methodology was developed for the purpose of synthesizing a library
of complex oligosaccharides derived from the internal repeating unit of B. anthracis SCWP. A number of
synthetic challenges were addressed, including the choice of appropriate orthogonal protecting groups,
the selection of proper glycosylation conditions, the selection of method for the installation of the 1,2-
cis-glycosidic linkage with beta configuration, and the selection of appropriate conditions for the
reduction of the Troc and azide functions. A key part of the strategy for compounds 1-4 involves the use
of neighboring group participation via an 0-2 alloxycarbonyl on the donor to first install the beta linked
glucoside. Following disaccharide formation, deprotection of the O-2 protecting group was performed
and a triflate was installed at the position. Subsequent Sy2 inversion of the chiral center with the azide
nucleophile afforded the B-linked mannoside. The C-2 Troc function was then utilized as a participation
function in the proceeding glycosylation to afford a 1,2-trans linkage. The resulting trisaccharide was
orthogonally protected with Nap, Fmoc, and Lev functions that could be selectively removed to
introduce a-D-Gal and B-D-Gal branching points at desired positions. Compounds 1-3 were obtained in
good vyield using this strategy, but steric crowding led to low yields of compound 4. To circumvent the
problem, 2+2 glycosylation strategy was employed for the synthesis of target compound 4. The strategy
relied on the flexible C6 primary hydroxy of a disaccharide acceptor instead of the sterically crowded
secondary alcohol at the C-4 position of a-GIcNAc on the trisaccharide acceptor. Furthermore, a
carefully controlled reduction of the Troc and azide functions using Zinc-Copper couple was found to be
a key step as excessive reaction times could lead to side product formation. A trisaccharide based on the
terminal repeat (5) was also synthesized in order to determine if the presence of 4,6-O-pyruvyl ketal
and/or free amine seen on the natural structure can affect PatB1 enzymatic activity and specificity. It
was found that the presence of galactosylation on the trisaccharide repeating unit led to a decrease in

specific activity relative to the non-galactosylated trisaccharide repeat. However, no loss of site
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specificity was seen. In addition, it was found that the trisaccharide bearing the 4,6-O-pyruvyl ketal and
free amine showed a significant increase in specific activity demonstrating that one or both of that these
features are likely utilized in the natural environment to facilitate PatB1l mediated O-acetylation of

SCWP.

EXPERIMENTAL

Cloning, Engineering, and Production of B. cereus PatB1l: (Performed by David Sychantha/Anthony
Clarke Group/ University of Guelph) B. cereus 10987 of BCE_0974 encoding PatB1 lacking its predicted
N-terminal transmembrane helix (viz., amino acids 32-396) was PCR-amplified and cloned in E. coli DH5a
(Invitrogen, Burlington, ON) using the Champion pET-SUMO expression vector in frame with an N-
terminal Hise-SUMO tag. Mutant constructs of B. cereus patB1 (involving the replacement of Asp200,
His202, Ser337, and Arg359) were produced using PCR-based site-directed mutagenesis involving the

1244 The residues of B. cereus PatBl chosen for surface

appropriate primers as described previously.
entropy reduction were determined using the SERp Server v1.20.* For general protein production,
constructs were transformed into the expression strain E. coli T7 SHuffle (New England Biolabs,
Mississauga, ON). Cells were grown in Luria-Bertani (LB) medium supplemented with 50 pg/mL
kanamycin. To over-produce the proteins,1 L broth cultures were grown with shaking at 37 °C until early
exponential phase (ODgy ~ 0.4) before being transferred to 15 °C. Cultures were left to grow for
approximately one additional hour until a final ODgy of 0.6 - 0.8 was reached, at which point expression
of the respective patBls were induced by the addition of IPTG to a final concentration of 1 mM. Cells
were left to incubate overnight (~ 14 h) at 15 °C and then they were harvested by centrifugation (8,000 x
g, 15 min, 4 °C) and frozen at -20 °C until required. For the production of seleno-methione-labelled B.

cereus PatB1, constructs were transformed into E. coli B834 and grown in M9 minimal media

supplemented with 1 mgemL™ seleno-methionine as previously described.*
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Determination of PatB1 activity as an O-acetyltransferase: (Performed by David Sychantha/Anthony
Clarke Group/ University of Guelph) PatB1 catalyzed acetyltransfer to various carbohydrate acceptors
was determined spectrophotometrically®® using 1 mM of the respective oligosaccharide and pNP-Ac
(5mM) as acetyl donor in assay buffer (50 mM sodium phosphate pH 7, 100 mM NaCl) and 5uM PatB1.
To confirm PatB1 acetyltransferase activity, reaction products were analyzed by mass spectrometry.
Reaction mixtures containing 1 mM of various acetyl-acceptors and 5 mM pNP-Ac were incubated for 1
h at 25 °C. Products were reduced with sodium borohydride (10 mg-mL™) and separated by adsorption
chromatography on porous graphitized carbon (PGC), using either solid phase extraction cartridges
(Carbograph SPE; Grace Altech; Columbia, MD) or a Thermo Hypercarb HPLC column (4.6 mm x 250 mm;
Thermo Scientific, Rockford, IL) as described previously®® with modifications. The cartridges were pre-
equilibrated with one column volume of acetonitrile (ACN) and three column volumes of water and after
sample adsorption, the cartridges were washed with five column volumes of water prior to desorption
of the reaction products in a column volume of 50 % ACN. PGC-HPLC was performed at ambient
temperature and samples were applied to the column in water at 1 mL:-min™. Elution was achieved with
a linear gradient from 0 — 50 % ACN over 50 min with UV absorbance detection (A =210 nm).

The eluted fractions were analyzed by electrospray ionization mass spectrometry (ESI-MS) by
direct infusion using an Amazon SL ion-trap mass spectrometer (Bruker) at a flow rate of 5 pL-min™ with
a spray voltage of 4.5 kV. The ion-trap was operated in positive ion mode with and MS scans ranging
from 200-2200 m/z. MS/MS scans were made on the the major ions with a fragmentation amplitude of

1.0. Mass spectra were analyzed using Bruker Compass tool (Bruker) and mMass (http//mmass.org).

General Synthetic Methods: Reactions were performed using flame-dried glassware under an
atmosphere of argon using anhydrous solvents unless otherwise noted. Ambient temperature in the
laboratory was usually 20°C. CH,Cl, and CH;CN were distilled freshly from CaH,. Other commercially

available reagents were obtained from Aldrich, Fisher or TCl and used as received. Thin layer

250



chromatography (TLC) was performed using aluminium backed Silica Gel 60 TLC plates w/UV254 from
Merck KGaA. Visualization of TLC plates was performed by UV, 5% sulfuric acid/ethanol, or cerium
molybdate stain. Silica gel flash chromatography was performed using silica gel (60 A, 40-63 um) from
Silicycle, Canada. NMR spectra were recorded in the NMR facility of Complex Carbohydrate Research
Center, UGA, on a Varian Mercury 300 (300 MHz for 'H, 75 MHz for *3C), Varian Inova 500 (500 MHz for
'H, 125 MHz for **C), Varian Inova 600 with cryoprobe (600 MHz for *H, 150 MHz for **C), Varian VNMRS
600 with cryoprobe (600 MHz for *H, 150 MHz for **C) or Varian Inova 800 with cryoprobe (800 MHz for
'H, 200 MHz for 3C). Chemical shifts are reported in parts per million (ppm) on the & scale. '"H NMR and
3C NMR taken in CDCl; was referenced the solvent peak at 7.260 ppm (*H) and 77.16 ppm (**C), HOD
(4.79). The assignments of ‘H NMR peaks were made from 2D ‘H-'H COSY, *H-*C HSQC, 'H-"*C HMBC
and 'H-"H TOCSY spectra. High resolution mass spectra were obtained using a Shimadzu LCMS-IT-TOF
system (ESI) or an AB SCIEX TOF/TOF™ 5800 System (MALDI). Protein mass spectrometry data were

obtained using a Bruker Microflex MALDI-TOF spectrometer
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TrocHN
Thexyldimethylsilyl 2-O-allyloxycarbonyl-3-0-benzyl-4,6-0O-benzylidene-B-D-Glucopyranosyl-(1->4)-2-
(2,2,2-trichloroethoxy)carbonylamino-3-O-levulinyl-6-O-benzyl-2-deoxy-B-D-Glucopyranoside (11):
Glucosyl donor 6 (449 mg, 0.924 mmol) and glucosyl acceptor 7 (487 mg, 0.712 mmol) were taken up in
toluene (15 mL) and concentrated under vacuum (3x). The mixture was taken up in DCM (16.2 mL) along
with activated 4A molecular sieves (900 mg) and stirred under argon for 30 min. The mixture was cooled
to -20°C and N-iodosuccinimide (248 mg, 1.102 mmol) was added followed by dropwise addition of
TMSOTf (33.4 uL, 0.185 mmol). After stirring for 1 h, the reaction was quenched by the addition of EtsN

(0.5 mL), filtered, and concentrated. The residue was dissolved in DCM (50 mL) and washed with NaS,0;
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(sat, ag, 50 mL) and brine (50 mL). The organic layer was separated, dried over MgS0A4, filtered, and
concentrated under vacuum. The crude was purified by silica gel chromatography (25% EtOAc/hexanes)
to give 11 (690 mg, 0.622 mmol, 87%) as an amorphous white solid. Ry = 0.35 (25% EtOAc/hexanes).
H'NMR (500 MHz, CDCl): & 7.50-7.26 (m, 15H, aromatic), 6.04 (d, 1H, J = 6.65 Hz, NH), 5.97-5.83 (m, 1H,
-CH=), 5.56 (s, 1H, CH), 5.38-5.24 (m, 2H, =CH,), 5.14-5.05 (m, 1H, H-3'), 4.92-4.78 (m, 2H, CHH, CHH'),
4.91-4.52 (m, 9H, H-1, H-1', H-2, 3 x CH,), 4.35-4.30 (m, 1H, H-6a), 3.93 (t, 1H, J = 9.45 Hz, H—4'), 3.81-3.61
(m, 5H, H-3, H-4, H-6e, H-6'ae), 3.61-3.53 (m, 1H, H-2"), 3.46-3.39 (m, 1H, H-5"), 3.31-3.23 (m, 1H, H-5),
2.73 (t, 2H, J = 6.30 Hz, CH,), 2.53 (t, 2H, J = 6.30 Hz, CH,), 2.18 (s, 3H, CHs), 1.66-1.57 (m, 1H, CH), 0.87-
0.84 (m, 12H, 4xCHs), 0.18 (s, 3H, CH5), 0.12 (s, 3H, CHs). 3C NMR (150 MHz, CDCls): & 206.22, 172.38,
154.21,154.13, 138.27, 137.24, 131.54, 129.16, 128.64, 128.55, 128.40, 128.37,127.84, 127.74, 126.14,
119.23, 101.32, 101.15 (C-1), 96.22 (C-1'), 95.65, 81.27 (C-4), 78.90 (C-3), 77.34 (C-2), 75.91 (C-4"), 74.80
(C-5'), 74.38, 73.44, 72.75 (C-3'), 68.89, 68.64 (C-6), 67.91 (C-6'), 66.21 (C-5), 58.46 (C-2'), 38.00, 34.12,
30.04, 29.82, 28.12, 24.94, 20.11, 18.64, -1.78, -3.24. HR MALDI-TOF MS: m/z: calcd for

Cs3HesClI3NO46Si [M+Na]+: 1130.3265; found: 1130.3277.
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Thexyldimethylsilyl 3-0-benzyl-4,6-0-benzylidene-f-D-Glucopyranosyl-(1->4)-2-(2,2,2-
trichloroethoxy)carbonylamino-3-0-levulinyl-6-0-benzyl-2-deoxy-f-D-Glucopyranoside (12):
Compound 11 (1 g, 0.901 mmol) was dissolved in a mixture of THF (17.6 mL), water (1.76 mL), and
morpholine (0.492 mL, 5.56 mmol). Tetrakis(triphenylphosphine)palladium(0) (521 mg, 0.451 mmol) was
added and the reaction was stirred an atmosphere of argon for 3 h. After the reaction reached
completion, the reaction mixture was filtered through a short pad of silica gel and the filtrate was

concentrated under reduced pressure. The resulting yellow oil was purified by flash chromatography
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over silica gel (25% - 30%, EtOAc/hexanes) to give 12 (708 mg, 0.690 mmol, 77%) as an amorphous
white solid: Ry = 0.15 (30% EtOAc/hexanes). H'NMR (600 MHz, CDCl;): § 7.48-7.46 (m, 2H, aromatic),
7.39-7.25 (m, 13H, aromatic), 5.54 (s, 1H, CH), 5.38 (d, 1H, J = 9.39 Hz, NH), 5.18 (t, 1H, J = 9.98 Hz, H-3'),
4.93 (d, 1H, J = 11.74 Hz, CHH), 4.77-4.74 (m, 2H, CHH, CHH'), 4.71-4.65 (m, 3H, H-1', CHH’, CHH"), 4.58
(d, 1H, J = 12.32 Hz, CHH"), 4.38 (d, 1H, J = 7.04 Hz, H-1), 4.31-4.28 (m, 1H, H-6a), 3.87-3.84 (m, 3H, H-4',
C-6'ae), 3.75 (t, 1H, J = 9.98 Hz, C-6e), 3.65-3.60 (m, 3H, H-2, H-2', H-4), 3.55 (t, 1H, J = 9.39 Hz, H-3),
3.43-3.40 (m, 1H, H-5), 3.34-3.30 (m, 1H, H-5), 2.71 (t, 2H, J = 6.30 Hz, CH,), 2.57-2.51 (m, 2H, CH,), 2.17
(s, 3H, CHs), 1.66-1.59 (m, 1H, CH), 0.87-0.83 (m, 12H, 4xCH;), 0.18 (s, 3H, CH5), 0.13 (s, 3H, CH5). °C
NMR (150 MHz, CDCl5): 6 206.03, 172.79, 154.35, 138.65, 137.81, 137.35, 132.21, 129.12, 128.58,
128.45, 128.38, 128.00, 127.98, 127.96, 127.76, 126.15, 103.91 (C-1), 101.30, 96.25 (C-1'), 95.68, 81.29
(C-4), 80.57 (C-3), 76.83 (C-4'), 74.82 (C-2), 74.71, 76.64, 74.52 (C-5'), 73.64, 73.46 (C-3'), 68.79 (C-6),
66.38 (C-6'), 66.50 (C-5), 58.34 (C-2'), 37.94, 34.13, 30.04, 28.16, 24.92, 20.16, 20.13, 18.68, 18.66, -1.88,

-3.10. HR MALDI-TOF MS: m/z: calcd for Ca9HesCIsNO1,Si [M+Na]+: 1046.3054; found: 1046.3071.
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Thexyldimethylsilyl 2-azido-3-O-benzyl-4,6-0-benzylidene-2-deoxy-f-D-Mannopyranosyl-(1->4)-2-
(2,2,2-trichloroethoxy)carbonylamino-3-O-levulinyl-6-O-benzyl-2-deoxy-B-D-Glucopyranoside (13): To
a stirred and cooled (0°C) solution of 12 (666 mg, 0.65 mmol) and 4-dimethylaminopyridine (9.7 mg,
0.078 mmol) in DCM (8.8 mL) and pyridine (2.2 mL) under an atmosphere of argon was added triflic
anhydride (0.769 mL, 4.55 mmol). The reaction mixture was stirred for 1 h at 0°C and 1 h at room
temperature. Completion of the reaction was verified by TLC (25% EtOAc/Hexanes + 1 drop Ets;N). The
reaction mixture was diluted with DCM (80 mL) and washed with saturated NaHCO3 (2 x 80 mL), and

brine (80 mL). The organic phase was dried over MgSQ,, filtered, and concentrated under vacuum to
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afford an amorphous yellow solid. The crude was used in the proceeding reaction without further
purification. To a stirred solution of the crude intermediate in DMF (11.7 mL) was added sodium azide
(254 mg, 3.9 mmol). After stirring at 55 °C for 18 h, the reaction mixture was diluted with DCM (80 mL)
and was washed with water (80 mL) and brine (80 mL). The organic phase was dried over MgSQ,,
filtered, and concentrated under vacuum. The crude was purified by flash chromatography over silica gel
(20% EtOAc/hexanes) to give 13 (533 mg, 0.507 mmol, 78% over 2 steps) as an amorphous white solid:
Rf =0.25 (25% EtOAc/hexanes). H'NMR (600 MHz, CDCls): & 7.48-7.46 (m, 2H, aromatic), 7.40-7.25 (m,
13H, aromatic), 5.56 (s, 1H, CH), 5.17 (t, 1H, J = 9.98 Hz, H-3'), 5.02 (d, 1H, J = 8.80 Hz, NH), 4.80 (d, 1H, J
=12.33 Hz, CHH), 4.75-4.66 (m, 4H, H-1', CHH, CHH', CH,), 4.58 (s, 1H, H-1), 4.49 (d, 1H, J = 12.33 Hz,
CHH'), 4.28-4.26 (m, 1H, H-6a), 3.99 (t, 1H, J = 9.39 Hz, H-4'), 3.89 (t, 1H, J = 9.39 Hz, H-4), 3.81-3.68 (m,
4H, H-2, H-6e, H-6'ae), 3.63-3.52 (m, 3H, H-2', H-3, H-5'), 3.20-3.16 (m, 1H, H-5), 2.81-2.68 (m, 2H, CH,),
2.60-2.51 (m, 2H, CH,), 2.17 (s, 3H, CHs), 1.64-1.59 (m, 1H, CH), 0.87-0.84 (m, 12H, 4xCHs), 0.18 (s, 3H,
CHs), 0.13 (s, 3H, CHs). >C NMR (150 MHz, CDCl;): 6 206.30, 172.47, 154.25, 138.08, 137.97, 137.45,
129.14, 128.72, 128.63, 128.38, 128.17, 128.00, 127.98, 127.73, 126.21, 101.75, 99.83 (C-1), 96.46 (C-1)),
95.61, 78.54 (C-4), 76.72 (C-3), 75.56 (C-4'), 74.91, 74.54 (C-5'), 73.93, 73.01, 72.59 (C-3'), 68.86 (C-6'),
68.57 (C-6), 67.49 (C-5), 63.66 (C-2), 58.50 (C-2'), 38.13, 34.20, 30.01, 28.27, 25.03, 20.19, 20.16, 18.68, -

1.73,-3.15. HR MALDI-TOF MS: m/z: calcd for Ca9HesCI3N4O13Si [M+Na]+: 1071.3119; found:

1071.3131.
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2-azido-3-0-benzyl-4,6-0-benzylidene-2-deoxy-f-D-Mannopyranosyl-(1->4)-2-(2,2,2-
trichloroethoxy)carbonylamino-3-O-levulinyl-6-0-benzyl-2-deoxy-f3-D-Glucopyranose (14): Compound

13 (529 mg, 0.504 mmol) was dissolved in THF (23 mL) and cooled to 0°C under argon. HF-Py (2.8 mL)
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was slowly added and the reaction was allowed to warm to room temperature and stir for 12 h. The
reaction mixture was cooled to 0°C and quenched via dropwise addition of NaHCO; (aq) to the stirring
mixture. The quenched mixture was diluted with DCM (100 mL) and washed with saturated NaHCO3 (2 x
100 mL), and brine (100 mL). The organic layer was dried over MgSQ,, filtered, and, concentrated under
vacuum. The crude was purified by flash chromatography over silica gel (30%->35%, EtOAc/hexanes) to
give an a /B mixture of 14 (404 mg, 0.444 mmol, 88%) as an amorphous white solid: R¢=0.8-0.9 (50 %
EtOAc/hexanes). H'NMR (600 MHz, CDCls): § 7.49-7.47 (m, 2H, aromatic), 7.41-7.22 (m, 13H, aromatic),
5.56 (s, 1H, CH), 5.48 (d, 1H, J = 9.98 Hz, NH), 5.35 (t, 1H, J = 9.98 Hz, H-3'), 5.30 (s, 1H, H-1'), 4.81-4.67
(m, 5H, 2 x CH,, CHH), 4.41 (s, 1H, H-1), 4.49 (d, 1H, J = 11.74 Hz, CHH), 4.29-4.27 (m, 1H, H-6a), 4.14-
4.10 (m, 1H, H-5'), 4.00-3.96 (m, 2H, H-2', H-4"), 3.88 (t, 1H, J = 9.39 Hz, H-4), 3.78 (t, 1H, J = 9.98 Hz, H-
6e), 3.72-3.64 (m, 4H, H-2, H-6e, H-6'ae), 3.52-3.50 (m, 1H, H-3), 3.38 (br-s, 1H, OH), 3.16-3.11 (m, 1H, H-
5), 2.81-2.75 (m, 1H, CHH'), 2.72-2.67 (m, 1H, CHH), 2.59-2.51 (m, 2H, CH,), 2.17 (s, 3H, CH5). *C NMR
(150 MHz, CDCl5): 6 206.47, 172.73, 154.47, 149.80, 138.03, 137.64, 137.38, 129.16, 128.78, 128.62,
128.39, 128.35, 128.27, 127.99, 127.65, 126.17, 101.69, 99.40 (C-1), 95.62, 92.05 (C-1'), 78.46 (C-4),
76.64 (C-3), 75.27 (C-4'), 74.81, 73.80, 72.88, 70.94 (C-3'), 69.95 (C-5'), 68.51 (C-6), 68.38 (C-6'), 67.33 (C-
5), 63.49 (C-2), 54.41 (C-2"), 37.98, 30.07, 28.22. HR MALDI-TOF MS: m/z: calcd for C41H4sCIsN,O43

[M+Na]+: 929.1941; found: 929.1955.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-0-benzy-4,6-0-benzylidene-2-deoxy-3-D-
Mannopyranosyl-(1->4)- 2-(2,2,2-trichloroethoxy)carbonylamino-3-O-levulinyl-6-O-benzyl-2-deoxy-f-
D-Glucopyranosyl-(1->6)-2-azido-3- O-Fluorenylmethyloxycarbonyl-4-O-(2-methylnaphthyl)-2-deoxy-
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Glucopyanoside (16): To a solution of 14 (99.8 mg, 0.110 mmol) in DCM (6.4 mL) was added K,CO; (152
mg, 1.098 mmol) and 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride (0.154mL, 1.1 mmol). The reaction
was stirred at RT until completion was verified by TLC. R = 0.8 (35% EtOAc/hexanes + 0.1% TEA).
Triethylamine (100 uL) was added to the reaction mixture and the mixture was filtered through celite
and concentrated. The crude was passed through a short silica gel column (5% = 25% EtOAc/hexanes +
0.1% Et3N) in order to remove residual 2,2,2-Trifluoro-N-phenylacetimidoyl chloride and afford 15 (98%,
0.116g, 0.108 mmol) as an amorphous white solid. Donor compound 15 (0.116g, 0.107 mmol) and
acceptor 8 (0.189g, 0.215 mmol) were co-evaporated with toluene and dried under vacuum for 30 min.
The mixture was taken up in DCM (5.2 mL) along with 4Amolecular sieves (300 mg) and stirred at room
temperature for 30 mins. Afterwards, the mixture was cooled to -20°C and TMSOTf (4.5 uL, 0.025 mmol)
was added via dropwise addition. The mixture was allowed to warm to 0°C and stir for 1 h. The reaction
was quenched by the addition of pyridine (100 uL) and diluted in DCM (50 mL). The organic phase was
washed with aqueous NaHCO; (sat, ag, 50 mL) and brine (50 mL). The organic phase was dried over
MgSQ,, filtered, and concentrated under vacuum. The crude was purified by silica gel chromatography
(20% - 40% EtOAc/hexanes) to afford a partially purified product. Afterwards, preparative TLC was
used (50% EtOAc/hexanes) was used to remove residual acceptor and afford 16 (162 mg, 0.092 mmol,
85% over two steps) as an amorphous white solid. Rf = 0.3 (40% EtOAc/hexanes). H'NMR (600 MHz,
CDCl,): & 7.84-7.16 (m, 40H, aromatic), 5.55 (s, 1H, CH), 5.40 (t, 1H, J = 9.98 Hz, H-3"), 5.17 (d, 2H, J =
20.54 Hz, CH,), 4.09-4.97 (m, 1H, NH), 4.97-4.84 (m, 2H, H-1", H-3'), 4.82-4.64 (m, 6H, 3 x CH,), 4.59 (d,
1H, CHH), 4.50-4.44 (m, 4H, H-1, CH,, CHH'), 4.38-4.31 (m, 2H, CHH, CHH'), 4.27-4.24 (m, 1H, H-6"a),
4.20-4.14 (m, 1H, CH), 4.06-3.97 (m, 2H, H-1', H-6'a), 3.89-3.79 (m, 3H, H-3, H-4, H-4'), 3.79-3.60 (m, 7H,
H-2, H-2', H-4", H-6e, H-6'e, H-6"ae), 3.51-3.49 (m, 1H, H-5"), 3.47-3.32 (m, 2H, OCH,), 3.30-3.10 (m, 5H,
H-2", H-5, H-5', NCH,), 2.81-2.68 (m, 2H, CH,), 2.58-2.47 (m, 2H, CH,), 2.18 (s, 3H, CH5), 1.66-1.46 (m, 4H,

2 x CH,), 1.40-1.24 (m, 2H, CH,). ®C NMR (150 MHz, CDCl5): § 206.37, 172.27, 156.81, 156.28, 154.74,
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154.18, 143.34, 143.25, 141.35, 137.99, 137.93, 137.67, 137.28, 136.96, 136.85, 135.51, 133.24, 133.01,
131.03, 129.65, 129.12, 128.93, 128.65, 128.61, 128.57, 128.49, 128.34, 128.17, 127.94, 127.64, 127.33,
127.25, 126.65, 126.55, 126.43, 126.11, 125.85, 125.20, 120.08, 101.63, 100.98 (C-1'), 99.72 (C-1), 98.12
(c-1"), 95.53, 78.36 (C-4), 77.20 (C-3"), 76.36 (C-5"), 75.89 (C-4"), 75.40 (C-4'), 74.72, 74.33 (C-5'), 73.64,
72.86,72.32 (C-3'), 70.19, 69.81 (C-3), 68.48, 68.43 (C-6"), 68.31 (C-6'), 67.28 (C-5), 66.97 (C-6), 63.50 (C-
2),61.72,61.01 (C-2"), 55.97 (C-2'), 50.66, 50.35, 47.17, 46.79, 46.24, 38.03, 29.97, 29.14, 28.11, 27.99,
27.53, 23.48. HR MALDI-TOF MS: m/z: calcd for CesHesCIsNgO,; [M+Na]+: 1787.5570; found:

1787.5589.

Nap/TO o
Ro
N3 O(CH,)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-4,6-0-benzylidene-2-deoxy-a.-D-
Glucopyanoside (18): Compound 17 (10.2 g, 15.92 mmol) was dissolved in methanol (30 mL) and
NaOMe (30 mL, 0.2 M) and the reaction was stirred for 2 h. Afterwards, the reaction was neutralized
with Dowex 50 W (H+) acidic resin, filtered, and concentrated under vacuum. The residue was co-
evaporated with toluene and dried under high vacuum for 3 h. The crude was dissolved in acetonitrile
(176 mL) with 2-naphthaldehyde dimethyl acetal (4.1 g, 20.22 mmol) and CSA (2.35 mg, 10.11 mmol).
After stirring at room temperature for 8 h, the mixture was diluted with EtOAc and washed with
saturated NaHCO; (sat. aq.) solution. The organic phase was dried over MgSQ,, filtered and
concentrated under vacuum. The residue was purified by silica gel column chromatography (20 -35%
EtOAc/Hexanes) to give 18 (6.25 g, 9.96 mmol, 63 % over 2 steps) as an amorphous white solid. R = 0.3
(25% EtOAc/hexanes). H' NMR (300 MHz, CDCl;): 7.95 (s, 1H, aromatic), 7.83-7.79 (m, 3H, aromatic),
7.59-7.57 (m, 1H, aromatic), 7.47-7.46 (m, 2H, aromatic), 7.37-7.12 (m, 10H, aromatic), 5.62 (s, 1H, CH),

5.16 (d, 2H, J = 17.57 Hz, CH,), 4.81 (d, 1H, J = 10.74 Hz, H-1), 4.47 (d, 2H, J = 13.67 Hz, CH,), 4.30-4.23
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(m, 1H, C-6a), 4.20 (t, 1H, J = 9.76 Hz, H-3), 3.88-3.79 (m, 1H, H-5), 3.72 (t, 1H, ] = 10.25 Hz, H-6e), 3.68-
3.56 (m, 1H, OCHH), 3.48 (t, 1H, J = 9.27 Hz, H-4), 3.41-3.12 (m, 4H, H-2, OCHH, NCH,), 2.33 (s, 1H, OH),
1.64-1.43 (m, 4H, 2xCH,), 1.39-1.20 (m 2H, CH,).*C NMR (75 MHz, CDCl3): 156.79, 156.28, 137.92,
136.84, 134.36, 133.79, 132.92, 129.08, 128.57, 128.47, 128.29, 127.89, 127.77, 127.33, 126.59, 126.31,
125.88, 125.35, 123.76, 102.11, 98.64 (C-1), 82.04 (C-4), 68.92 (C-6), 68.60 (C-3), 68.43, 67.25,63.06 (C-
2), 62.54 (C-5), 50.59, 50.32, 47.12, 46.18, 29.07, 27.87, 27.46, 23.29. HR MALDI-TOF MS: m/z: calcd

for Ca7H4oN,O; [M+Na]+: 675.2789; found: 675.2806.

Nap’EO o
FmocO Na
O(CH,)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-O-Fluorenylmethyloxycarbonyl- 4,6-0-

benzylidene-2-deoxy-a-D-Glucopyanoside (19): 18 (6.25 g, 9.58 mmol) was dissolved in DCM (91 mL)

and pyridine (45.3 mL). Fluorenylmethyloxycarbonyl chloride was dissolved in DCM (30 mL) and added

to the stirring reaction mixture via cannula. After stirring at room temperature for 12 h, the reaction
mixture was diluted with DCM (100 mL) and extracted with water (100 mL) and brine (100 mL). The
organic phase was dried over MgSO,, filtered, and concentrated under vacuum. The residue was purified
by recrystallization in ethyl acetate. The crystals were collected by filtration, rinsed with cold ethyl
acetate, and dried under vacuum to afford 19 (7.07 g, 8.08 mmol, 84% ) as a crystalline white solid. Ry =

0.35 (30% EtOAc/hexanes). H' NMR (500 MHz, CDCl5): 7.91 (s, 1H, aromatic), 7.80-7.70 (m, 4H,

aromatic), 7.60-7.54 (m, 2H, aromatic), 7.47-7.14 (m, 18H, aromatic), 5.68 (s, 1H, CH), 5.46 (t, 1H,J =

9.98 Hz, H-3), 5.17 (d, 2H, J = 24.06 Hz, CH,), 4.99-4.95 (m, 1H, H-1), 4.49 (d, 2H, J = 14.67 Hz, CH,), 4.45-

4.44 (m, 2H, CH,), 4.37-4.30 (m, 1H, H-6a), 4.26 (t, 1H, J = 7.63 Hz, CH), 4.04-3.95 (m, 1H, H-5), 3.81 (t,

1H, J = 10.56 Hz, H-6e), 3.78 (t, 1H, J = 9.39 Hz, H-4), 3.74-3.65 (m, 1H, OCHH), 3.52-3.37 (m, 1-H,

OCHH), 3.31-3.18 (m, 3H, H-2, NCH,), 1.71-1.47 (m, 4H, 2xCH,), 1.44-1.24 (m 2H, CH,).*C NMR (75 MHz,
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CDCls): 156.84, 156.28, 154.59, 143.37, 143.25, 141.35, 138.02, 136.95, 134.24, 133.78, 132.92, 128.63,
128.50, 128.20, 127.95, 127.74, 127.37, 127.25, 126.56, 126.23, 125.87, 125.23, 123.82, 120.09, 102.07,
99.02 (C-1), 79.54 (C-4), 73.46 (C-3), 70.45, 69.98 (C-6), 68.74, 67.26, 62.86 (C-5), 61.62 (C-2), 50.68,

50.40, 47.14, 46.73, 46.27, 29.16, 27.98, 27.56, 23.42. HR MALDI-TOF MS: m/z: calcd for Cs2HsoN,Os

[M+Na]+: 897.3470; found: 897.3489.

HO o
NapO
Fn?oco
K
O(CH5)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-O-Fluorenylmethyloxycarbonyl-4-0-(2-
methylnaphthyl)-2-deoxy-a-D-Glucopyanoside (8): Compound 19 (1.02 g, 1.17 mmol) was dissolved in
DCM (45.2 mL) along with activated 4A molecular sieves (1g) and cooled to -78°C under argon.
Triethylsilane (0.560 mL, 3.51 mmol) was added to the stirring reaction mixture followed by
dichlorophenyl borane (0.455 mL, 3.51 mmol). After stirring at -78°C for 2 h, the reaction mixture was
guenched with pyridine, filtered over celite, and concentrated. The residue was taken up in DCM (100
mL) and extracted with water (100 mL) and brine (100 mL). The organic phase was dried over MgS0,,
filtered, and concentrated under vacuum. The residue was purified by silica gel chromatography (30% =
35% EtOAc/Hexanes) to afford 8 (0.64 g, 0.728 mmol, 63% ) as a colorless solid. Ry = 0.2 (35%
EtOAc/hexanes). H' NMR (600 MHz, CDCl;): 7.80-7.16 (m, 25H, aromatic), 5.42 (t, 1H, J = 9.39 Hz, H-3),
5.16 (d, 2H, J = 25.82 Hz, CH,), 4.92-4.92 (m, 1H, H-1), 4.83-4.76 (m, 2H, CH,), 4.54-4.43 (m, 3H, CHH,
CH,), 4.34-4.25 (m, 2H, CHH), 4.20-4.12 (m, 1H, CH), 3.91-3.60 (m, 5H, H-4, H-5, H-6ae, OCHH), 3.51-3.34
(m, 1H, OCHH), 3.33-3.13 (m, 3H, H-2, NCH,), 1.68-1.50 (m, 4H, 2xCH,), 1.42-1.25 (m 2H, CH,).">C NMR
(150 MHz, CDCls): 156.87, 156.38, 154.73, 143.38, 143.29, 141.41, 138.03, 137.02, 136.85, 135.00,
133.66, 133.30, 133.13, 131.32, 128.66, 128.60, 128.55, 128.40, 128.09, 127.99, 127.81, 127.44, 127.38,

127.30, 127.27, 126.87, 126.32, 126.19, 125.79, 125.24, 125.17, 120.14, 98.24 (C-1), 76.95 (C-3), 76.08-
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75.89 (C-4), 75.14, 71.19-71.07 (C-5) 70.24, 68.48 (C-6), 67.31, 61.70, 61.59, 61.34 (C-2), 50.72, 50.41,
47.18, 46.82, 46.28, 29.12, 28.02, 27.42, 23.44. HR MALDI-TOF MS: m/z: calcd for Cs2Hs2N,Oq

[M+Na]+: 899.3627; found: 899.3645.

HO NHAG OBn
_0
HO e} 0

AcHN
NapO 0
HO
AcHN

O(CH,)sNBn(Cbz)
N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl O-2-acetamido-3-0O-benzyl-2-deoxy-8-D-
mannopyranosyl-(1->4)-0-2-acetamido-6-0-benzyl-2-deoxy-8-D- glucopyranosyl-(1->6)-2-acetamido-
4-0-(2-methylnaphthyl)-2-deoxy-a-D-glucopyranoside (23): Compound 16 (30 mg, 0.017 mmol) was
dissolved in HOAc (0.97 mL) and Zinc-Copper couple (219 mg, 1.69 mmol) was added. The reaction was
allowed to proceed until MALDI-TOF MS indicated disappearance of starting material (~1 h). It was
found that reaction times in excess of 1 h led to the formation of an [M+1] side product. The reaction
mixture was filtered and concentrated under vacuum. The crude was taken up in ethyl acetate (50 mL)
and washed with water (50 mL) and brine (50 mL). The organic layer was separated, dried over MgSQO,,
filtered, and concentrated under vacuum. Without further purification, the crude residue was dissolved
in pyridine (0.5 mL) and acetic anhydride (0.5 mL) and stirred for 3hrs. Completion of the reaction was
verified by MALDI-TOF MS analysis. The reaction mixture was concentrated under vacuum and the
residue was co-evaporated three times with toluene in order to remove any residual pyridine. The
residue was taken up in ethyl acetate (50 mL) and washed with NaHCOj; (sat., ag., 50 mL). The organic
phase was dried over MgSQ,, filtered, and concentrated under vacuum. Without further purification, the
crude was taken up in 80% HOAc (aqg, 2.8 mL). The reaction mixture was heated at 50°C for 16 h and
then concentrated under vacuum. Completion of the reaction was verified by MALDI-TOF MS analysis.

The residue was taken up in ethyl acetate (50 mL) and washed with saturated NaHCOs (sat., ag., 50 mL)
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and brine (50 mL). The organic phase was dried over MgSQ,, filtered, and concentrated under vacuum.
Without further purification, the crude was taken up in a solution of THF (0.3 mL), water (0.015 mL), and
2M LiOH (0.066 mL) and stirred in a warm water bath (40°C) for 2.5 h. Completion of the reaction was
verified by MALDI-TOF MS analysis. The reaction was neutralized with Dowex 50 W (H+) resin, filtered,
and concentrated. The resulting crude was taken up in DCM (50 mL) and washed with saturated NaHCO;
(sat., ag., 50 mL), and brine (50 mL). The organic phase was dried (MgS0,), filtered, and concentrated
under vacuum to afford an amorphous pale yellow solid. The crude material was purified by preparatory
TLC (10% MeOH/DCM) to give 23 (10 mg, 7.95 pumol, 47 % over 4 steps) as an amorphous white solid. R¢

=0.25 (10% MeOH/DCM). HRMS(ESI): calcd for CgoHgaN4O15 [M+Na]*: 1279.5673, found: 1279.5688.

HO NHAG OH
-0 o)
HO
HO 0 O
AcHN
HO 0
HO
AcHN
O(CHy)sNH,

5-Aminopentyl O-2-acetamido-2-deoxy- B-D-mannopyranosyl-(1->4)-O-2-acetamido-2-deoxy
-B-D-glucopyranosyl-(1->6)-2-acetamido-2-deoxy-a-D-glucopyranoside (1): Compound 23 (8.1 mg, 6.44
pumol) was dissolved in a mixture of t-BuOH (2 mL) and H,0 (0.05 mL). Pd(OH),/C (15 mg, 20 wt.%,
Degussa type) was added and the resulting mixture was placed under a hydrogen atmosphere (1 psi).
After stirring for 16 h, the catalyst was filtered off and washed thoroughly with a gradient of gently
warmed t-BuOH/H,0. (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0) The combined filtrates were
concentrated under reduced pressure. The product was purified with a C18 silica column using an eluent
gradient starting with 100% H,O followed by 1%, 5%, 10%, 20%, 40%, 60% and 80% MeOH/H,0 washes.
The fractions containing product were concentrated giving compound 1 (3.6 mg, 5.05 pumol, 78%) as an

amorphous white solid. H' NMR (600 MHz, D,0): & 4.90 (bs, 1H, H-1), 4.84 (d, 1H, J = 3.52 Hz, H-1"), 4.56
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(d, 1H, J = 4.11 Hz, H-2), 4.52 (d, 1H, J = 8.22 Hz, H-1"), 4.19 (d, 1H, J = 10.56 Hz, H-6a"), 3.97-3.87 (m, 3H,
H-2", H-6a', H-6a), 3.83-3.65 (m, 10H, H-2', H-3", H-3', H-3, H-4', H-5", H-6€", H-6€', H-6e, OCHH), 3.54-
3.38 (m, 5H, H-4", H-4, H-5', H-5, OCHH), 3.01 (t, 2H, J = 7.63 Hz, NCH,), 2.07 (1s, 3H), 2.04 (s, 6H), 1.72-
1.58 (m, 4H, 2 x CH,)), 1.48-1.43 (m, 2H, CH,). *C NMR (150 MHz, D,0): § 181.26, 175.28, 174.21, 101.39
(c-1'), 99.27 (C-1), 96.46 (C-1"), 78.71 (C-4'), 76.41 (C-5), 74.31 (C-5'), 72.20 (C-5"), 71.80 (C-3), 70.90 (C-
3'), 70.44 (C-3"), 70.00 (C-4"), 68.71 (C-6"), 67.35, 66.44 (C-4), 60.21 (C-6), 59.99 (C-6'), 55.02 (C-2'), 53.53
(c-2"), 53.10 (C-2), 39.28, 27.84, 26.38, 22.27, 22.12, 21.87, 21.72. HRMS(ESI): calcd for C,oHsN4016

[M+H]+: 713.3451; found: 713.3475.

o

N3
O(CH,)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-0-benzy-4,6-0-benzylidene-2-deoxy-3-D-
Mannopyranosyl-(1->4)- 2-(2,2,2-trichloroethoxy)carbonylamino-3-O-levulinyl-6-O-benzyl-2-deoxy-j-
D-Glucopyranosyl-(1-6)-2-azido-4-0-(2-methylnaphthyl)-2-deoxy-a-D-Glucopyanoside (24):
Compound 19 (78 mg, 0.044 mmol) was dissolved in DCM (4.3 mL) along with diethylamine (1 mL) and
stirred for 2 h. The reaction mixture was concentrated and the resulting crude was purified by flash
chromatography over silica gel (20% > 35% EtOAc/hexanes) to give 24 (67.5 mg, 0.044 mmol, 99%) as
an amorphous white solid: R¢ = 0.2 (35 % EtOAc/hexanes).H'NMR (300 MHz, CDCls): § 7.86-7.82 (m, 4H,
aromatic), 7.51-7.13 (m, 28H, aromatic), 5.55 (s, 1H, CH), 5.22-5.12 (m, 2H, CH,), 5.50-4.92 (m, 2H, H-3',
CHH), 4.91-4.71 (m, 3H, H-1", CHH’, CHH""), 4.70-4.54 (m, 4H, CHH, CHH’, CHH”’, CHH’"’), 4.54-4.44 (m,
3H, H-1, CH,), 4.38 (d, 1H, J = 11.72 Hz, CHH"”), 4.29-4.24 (m, 2H, H-1', H-6"a), 4.16-4.06 (m, 2H, H-3", H-
6a), 3.93-3.85 (m, 2H, H-4, H-4'), 3.81-3.49 (m, 9H, H-2, H-2', H-3, H-4", H-5", H-6e, H-6ae', H-6"e), 3.45-

3.31 (m, 3H, H-5', OCH,), 3.30-3.10 (m, 4H, H-2", H-5, NCH,), 2.81-2.68 (m, 2H, CH,), 2.58-2.47 (m, 2H,
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CH,), 2.16 (s, 3H, CH3), 1.65-1.43 (m, 4H, 2 x CH,), 1.40-1.24 (m, 2H, CH,). *C NMR (75 MHz, CDCl5): &
206.49, 172.32, 156.90, 156.32, 154.23, 138.02, 137.98, 137.75, 137.34, 136.99, 135.84, 133.38, 133.16,
129.14, 128.67, 128.59, 128.36, 128.20, 128.00, 127.94, 127.68, 127.40, 126.85, 126.65, 126.44, 126.15,
126.01, 101.69, 101.00 (C-1'), 99.70 (C-1), 97.79 (C-1"), 95.50, 78.41 (C-4), 78.18 (C-5"), 77.36 (C-4"),
76.46 (C-4"), 75.44 (C-4'), 74.96, 74.73, 74.43 (C-5'), 72.90, 72.31 (C-3', C-3"), 69.96 (C-3), 68.63 (C-6'),
68.46 (C-6"), 68.29, 67.33 (C-6), 67.31 (C-5), 67.30, 63.53 (C-2), 63.04 (C-2"), 55.98 (C-2'), 50.63, 50.39,
47.23,46.27, 38.06, 29.99, 29.21, 28.12, 27.59, 23.51. HR MALDI-TOF MS: m/z: calcd for

C78HesCl3NgO19 [M+Na]+: 1565.4889; found: 1565.4901.

N OBn
o) 3
ph/TO ) o
BnO e(?,o o
n

rocl—ll\l\ép o e)
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N3

OBn O(CH,)sNBNn(Cbz)
OBn

(o]
BnO OBn

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl 2-azido-3-0-benzy-4,6-0-benzylidene-2-deoxy-3-D-
Mannopyranosyl-(1->4)- 2-(2,2,2-trichloroethoxy)carbonylamino-3-O-levulinyl-6-O-benzyl-2-deoxy-j-
D-Glucopyranosyl-(1-2>6)-[0-(2, 3, 4, 6-tetra-O-benzyl-a-D-Galactopyanosyl -(1-2>3)]-2-azido-4-O-(2-
methylnaphthyl)-2-deoxy-a-D-Glucopyanoside (25): Glucosyl acceptor 24 (39 mg, 0.025 mmol) was
taken up in toluene (15 mL) and concentrated under vacuum (3x). The acceptor was then taken up in a
mixture of DCM (0.14 mL) and diethyl ether (0.7 mL) along with activated 4A molecular sieves (100 mg)
and stirred under argon for 30 min. The mixture was cooled to -20°C and TMSOTf (1.1 pL, 5.8 umol) was
added via dropwise addition. Donor 9 (69 mg, 0.101 mmol) was taken up in a minimal volume of DCM
and added to the stirring reaction mixture via dropwise addition. The reaction mixture was allowed to
warm to -10°C and stir for 1 h. Afterwards, the reaction was quenched by the addition of pyridine (0.3
mL), filtered, and concentrated under vacuum. The residue was dissolved in DCM (50 mL) and washed
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with NaHCO; (sat, ag, 50 mL) and brine (50 mL). The organic phase was separated, dried over MgS04,
filtered, and concentrated under vacuum. The crude was purified by silica gel chromatography (25%
—>35% EtOAc/hexanes) to afford a mixture of 24 and hydrolyzed donor. The partially purified product
was taken up in Ac,0 (0.5 mL) and Pyridine (0.5 mL) in order to acetylate the hydrolyzed donor and
change its Ry value. Afterwards, the mixture was concentrated and preparative TLC was used (10%
Acetone/toluene) to remove residual acceptor and afford 24 (44.2 mg, 0.021 mmol, 84%) as an
amorphous white solid. Ry = 0.35 (35% EtOAc/hexanes)/ Ry = 0.2 (10% Acetone/toluene). H'NMR (600
MHz, CDCl5): 6 7.86-7.02 (m, 52H, aromatic), 5.55 (s, 1H, CH), 5.48 (s, 1H, H-1"), 5.26-4.36 (m, 21H, H-1,
H-1", H-4", H-3', 8xCH,, CHH,), 4.32-4.20 (m, 4H, H-3", H-6a", CHH), 4.17-4.04 (m, 4H, H-1', H-3", H-2" K-
5"), 3.97 (d, 1H, J = 11.15 Hz, H-6), 3.92-3.83 (m, 2H, H-4, H-4'), 3.83-3.52 (m, 10H, H-2, H-2', H-3, H-5",
H-6e, H-6e", H-6ae', H-6ae", 3.51-3.45 (m, 1H, H-4"), 3.46-3.30 (m, 2H, OCH,), 3.30-3.16 (m, 3H, NCH,, H-
5Y), 3.15-3.07 (m, 2H, H-2", H-5), 2.81-2.68 (m, 2H, CH,), 2.57-2.48 (m, 2H, CH,), 2.17 (s, 3H, CHs), 1.66-
1.45 (m, 4H, 2 x CH,), 1.40-1.22 (m, 2H, CH,). >C NMR (150 MHz, CDCl;)(Rotomers): & 206.43, 172.30,
156.82, 156.28, 154.14, 138.90, 138.67, 138.26, 138.20, 138.02, 137.95, 137.71, 137.32, 137.01, 136.86,
136.06, 133.33, 133.30, 132.98, 132.86, 129.14, 128.65, 128.59, 128.52, 128.47, 128.44, 128.36, 128.28,
128.21, 128.19, 128.16, 128.12, 128.07, 127.97, 127.94, 127.79, 127.75, 127.66, 127.65, 127.55, 127.50,
127.43,127.33, 126.69, 126.42, 126.22, 126.13, 125.72, 125.70, 125.40, 101.64, 100.91 (C-1'), 100.63,
99.73 (C-1), 99.60 (C-1"), 98.11-97.94 (C-1"), 95.65, 95.51, 79.57 (C-5"), 78.98-78.89 (C-5"), 78.37 (C-4),
76.44 (C-3"), 76.38 (C-4"), 75.42 (C-4"), 75.34 (C-3"), 75.06, 74.86, 74.73 (C-2"), 74.53, 74.31, 74.28,
74.15,74.09 (C-5'), 73.62, 73.58, 73.50, 73.36, 72.85, 72.58, 72.30-72.25 (C-3'), 69.90 (C-4"), 69.79 (C-3),
68.59, 68.53 (C-6'), 68.48 (C-6"), 68.44 (C-6"), 68.24, 68.02, 67.28, 67.08 (C-5, C-6), 64.49, 63.46 (C-2),
62.00 (C-2"), 55.96 (C-2'), 50.66, 50.36, 47.24, 46.25, 38.05, 30.02, 29.19, 29.12, 28.11, 28.02, 27.55,

23.50. HR MALDI-TOF MS: m/z: calcd for C112H;14Cl3NgO,4 [M+Na]+: 2087.7295; found: 2087.7311.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl O-2-acetamido-3-0O-benzyl-2-deoxy-8-D-
mannopyranosyl-(1->4)-0-2-acetamido-6-0-benzyl-2-deoxy-8-D- glucopyranosyl-(1->6)-[0-(2, 3, 4, 6-
tetra-O-benzyl-a-D-Galactopyanosyl -(1-2>3)]-2-acetamido-4-0-(2-methylnaphthyl)-2-deoxy-a-D-
glucopyranoside (26). Compound 25 (35 mg, 0.017 mmol) was dissolved in HOAc (0.74 mL) and Zinc-
Copper couple (218 mg, 1.69 mmol) was added. The reaction was allowed to proceed until MALDI-TOF
MS indicated disappearance of starting material (~1 h). It was found that reaction times in excess of 1 h
led to the formation of an [M+1] side product. The reaction mixture was filtered and concentrated
under vacuum. The crude was taken up in ethyl acetate (50 mL) and washed with water (50 mL) and
brine (50 mL). The organic layer was separated, dried over MgSO,, filtered, and concentrated under
vacuum. Without further purification, the crude residue was dissolved in Pyridine (0.5 mL) and acetic
anhydride (0.5 mL) and stirred for 3hrs. Completion of the reaction was verified by MALDI-TOF MS
analysis. The reaction mixture was concentrated under vacuum and the residue was co-evaporated
three times with toluene in order to remove any residual pyridine. The residue was taken up in ethyl
acetate (50 mL) and washed with NaHCO; (sat., aq., 50 mL). The organic phase was dried (MgS0,),
filtered, and concentrated under vacuum. Without further purification, the crude was taken up in 80%
HOAc (aq, 2.8 mL). The reaction mixture was heated at 50°C for 16 h and then concentrated under
vacuum. Completion of the reaction was verified by MALDI-TOF MS analysis. The residue was taken up
in ethyl acetate (50 mL) and washed with saturated NaHCO; (sat., ag., 50 mL) and brine (50 mL). The

organic phase was dried (MgSQ,), filtered, and concentrated under vacuum. Without further

265



purification, the crude was taken up in a solution of THF (0.3 mL), water (0.015 mL), and 2M LiOH (0.066
mL) and stirred in a warm water bath (40°C) for 2.5 h. Completion of the reaction was verified by MALDI-
TOF MS analysis. The reaction was neutralized with Dowex 50 W (H+) resin, filtered, and concentrated.
The resulting crude was taken up in DCM (50 mL) and washed with saturated NaHCO; (sat., aq., 50 mL),
and brine (50 mL). The organic phase was dried over MgSQ,, filtered, and concentrated under vacuum to
afford an amorphous pale yellow solid. The crude material was purified by preparatory TLC (5%
MeOH/DCM) to give 26 (13 mg, 7.3 umol, 43 % over 4 steps) as an amorphous white solid. Ry = 0.25 (5%

MeOH/DCM). HRMS(ESI): calcd for Cy93H115N4O53 [M+Na]™: 1801.8079, found: 1801.8102.

: o)
HQO ﬂo%o

AcHN, o
AcHN
HO  O(CH)sNH,
OH
O
HO OH

5-Aminopentyl 0-2-acetamido-2-deoxy- B-D-mannopyranosyl-(1->4)-0-2-acetamido-2-deoxy-B-D-
glucopyranosyl-(1->6)-[0-(a-D-galactopyranosyl)-(1->3)]-2-acetamido-2-deoxy-a-D-glucopyranoside
(2): Compound 27 (12.1 mg, 6.80 umol) was dissolved in a mixture of t-BuOH (2.1 mL) and H,0 (0.05
mL). Pd(OH),/C (20 mg, 20 wt.%, Degussa type) was added and the resulting mixture was placed under a
hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered off and washed thoroughly
with a gradient of gently warmed t-BuOH/H,0. (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0) The
combined filtrates were concentrated under reduced pressure. The product was purified with a C18
silica column using an eluent gradient starting with 100% H,0 followed by 1%, 5%, 10%, 20%, 40%, 60%
and 80% MeOH/H,0 washes. The fractions containing product were concentrated giving compound 2

(4.3 mg, 4.91 umol, 72%) as an amorphous white solid. H* NMR (600 MHz, D,0): § 5.32 (s, 1H, H-1"),
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4.86 (s, 1H, H-1), 4.78 (s, 1H, H-1"), 4.51 (s, 1H, H-2), 4.47 (d, 1H, J = 7.63 Hz, H-1'), 4.13 (d, 1H, J = 11.15
Hz, H-6"a), 3.99-3.97 (m, 1H, H-2"), 3.93 (brs, 1H, H-3"), 3.88-3.62 (m, 18H, H-2', H-2" H-3", H-3' H-3, H-
4" H-4', H-4" H-5", H-5", H-6"e, H-6ae', H-6ae, H-6ae", OCHH), 3.47-3.34 (m, 4H, H-4, H-5', H-5, OCHH),
2.97-2.95 (m, 2H, NCH,), 2.02 (s, 3H, CH3), 2.00 (s, 6H, 2xCHs), 1.69-1.55 (m, 4H, 2xCH,), 1.47-1.36 (m,
2H, CH,). *C NMR (150 MHz, D,0): § 175.26, 174.18, 173.96, 101.44 (C-1'), 99.39 (C-1"), 96.24 (C-1),
99.67 (C-1"), 78.67 (C-4'), 77.86 (C-4"), 76.37 (C-5), 74.27 (C-5'), 72.12 (C-5"), 71.76 (C-3), 70.84 (C-3"),
70.49 (C-5"), 70.19 (C-3'), 69.14 (C-4"), 68.84 (C-3"), 68.46 (C-2"), 68.40 (C-6"), 67.30, 66.39 (C-4), 60.49
(C-6), 60.15 (C-6"), 59.92 (C-6'), 54.99 (C-2'), 53.06 (C-2), 51.85 (C-2"), 39.22, 27.87, 26.38, 22.29, 22.11,

21.89, 21.81. HRMS(ESI): calcd for Cs3sHeoN4O,1 [M+H]+: 875.3979; found: 875.3991.

N OBn
o) 3
Ph/TO & o
BnO (|2|O o

T

rocl-'|\l\alp o e)
FmocO

N3

O(CH,)sNBn(Cbz)
N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl-2-azido-3-0-benzy-4,6-0O-benzylidene-2-deoxy-3-D-
Mannopyranosyl-(1->4)- 2-(2,2,2-trichloroethoxy)carbonylamino-6-0-benzyl-2-deoxy-p-D-
Glucopyranosyl-(1->6)-2-azido-3- O-Fluorenylmethyloxycarbonyl-4-0O-(2-methylnaphthyl)-2-deoxy-
Glucopyanoside (27): Compound 19 (23.2 mg, 0.013 mmol) was dissolved in a mixture of MeOH (0.09
mL) and DCM (0.9 mL) along with hydrazine acetate (7.25 mg, 0.079 mmol) and stirred at room
temperature for 3 h. Completion of the reaction was verified by TLC (35% Ea/hex). The reaction mixture
was concentrated and the crude was purified by flash chromatography over silica gel (35%
EtOAc/hexanes) to give 27 (14.1 mg, 64 %) as an amorphous white solid: R = 0.35 (35%
EtOAc/hexanes). H'NMR (600 MHz, CDCl,): § 7.82-7.70 (m, 5H, aromatic), 7.61-7.59 (m, 2H, aromatic),
7.50-7.14 (m, 33H, aromatic), 5.55 (s, 1H, CH), 5.42-5.38 (m, 1H, H-3'), 5.17 (d, 2H, J = 15.62 Hz, CH,),

4.94 (d, 1H, J = 10.74 Hz, H-1"), 4.84-4.33 (m, 13H, H-1, 6 x CH,), 4.29-4.26 (m, 1H, H-6"a), 4.21-4.18 (m,
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1H, CH), 4.05-4.03 (m, 1H, H-6a), 3.93 (t, 1H, J = 9.27 Hz, H-4'), 3.85-3.50 (m, 9H, H-2, H-3, H-4, H-4", H-5,
H-6'e, H-6"e, H-6'ae), 3.47-3.32 (m, 3H, H-2', OCH,), 3.30-3.12 (m, 6H, H-2", H-3', H-5, H-5", NCH,), 1.70-
1.47 (m, 4H, 2xCH,), 1.40-1.24 (m, 2H, CH,). *C NMR (150 MHz, CDCl,): 6 156.84, 156.34, 154.78,
154.22, 143.42, 143.25, 141.44, 141.40, 138.03, 137.82, 137.79, 137.06, 136.88, 135.69, 133.20, 133.07,
129.25, 128.70, 128.66, 128.61, 128.54, 128.41, 128.39, 128.28, 128.17, 128.11, 127.98, 127.92, 127.70,
126.84, 126.77, 126.60, 126.21, 126.12, 125.25, 125.22, 120.16, 120.13, 101.76, 101.02 (C-1), 100.79 (C-
1), 98.13 (C-1"), 95.46, 81.47 (C-4), 78.21 (C-4'), 77.57 (C-3"), 76.25 (C-5'), 74.82 (C-4"), 74.39, 73.65,
73.58 (C-5"), 73.25, 72.04 (C-3'), 70.18, 69.79 (C-3), 68.51, 68.39 (C-6'), 68.07 (C-6"), 67.42 (C-5), 66.80 (C-
6), 63.55 (C-2), 61.02 (C-2"), 56.92 (C-2'), 50.70, 50.39, 47.19, 46.88, 46.27, 29.16, 28.02, 27.54, 23.52.

HR MALDI-TOF MS: m/z: calcd for CssHssCl3sNgO19 [M+Na]+: 1689.5202; found: 1689.5232.

O(CH,)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl-2-azido-3-0-benzy-4,6-0-benzylidene-2-deoxy--D-
Mannopyranosyl-(1-2>4)-[0-(2, 3, 4, 6-tetra-O-benzyl-a-D-Galactopyanosyl -(12>3)]- 2-(2,2,2-
trichloroethoxy)carbonylamino-6-0-benzyl-2-deoxy-f-D-Glucopyranosyl-(1->6)-2-azido-4-O-(2-
methylnaphthyl)-2-deoxy-a-D-Glucopyanoside (26): Glucosyl acceptor 27 (39 mg, 0.023 mmol) was
taken up in toluene (15 mL) and concentrated under vacuum (3x). The acceptor was then taken up in a
mixture of DCM (0.13 mL) and diethyl ether (0.64 mL) along with activated 4A molecular sieves (100 mg)
and stirred under argon for 30 min. The mixture was cooled to -30°C and TMSOTf (0.96 pL, 5.32 umol)
was added via dropwise addition. Donor 9 (63 mg, 0.093 mmol) was taken up in a minimal volume of
DCM and added to the stirring reaction mixture via dropwise addition. The reaction mixture was
allowed to warm to -10°C and stir for 1 h. Afterwards, the reaction was quenched by the addition of

268



pyridine (0.3 mL), filtered, and concentrated under vacuum. The residue was dissolved in DCM (50 mL)
and washed with NaHCO; (sat, aq, 50 mL) and brine (50 mL). The organic layer was separated, dried over
MgSO04, filtered, and concentrated under vacuum. The crude was purified by silica gel chromatography
(25% - 35% EtOAc/hexanes) to afford an impure mixture of 24. The partially purified product was taken
up in Ac,0 (0.5 mL) and Pyridine (0.5 mL) in order to acetylate the hydrolyzed donor and change its Ry
value. Afterwards, the mixture was concentrated and preparative TLC was used (35% EtOAc/hexanes) to
remove residual acceptor and afford 24 (31.9 mg, 0.015 mmol, 63%) as an amorphous white solid. Ry =
0.65 (35% EtOAc/hexanes. H'NMR (600 MHz, CDCl3): 6 7.78-7.68 (m, 5H, aromatic), 7.51-7.14 (m, 55H,
aromatic), 6.42 (d, 1H, J = 9.39 Hz, NH), 5.48 (bs, 1H, H-1"), 5.39-5.35 (m, 2H, H-3', CH), 5.17 (d, 2H, J =
21.72 Hz, CH,), 4.87-4.78 (m, 3H, H-1", CHH, CHH’), 4.75-4.4 (m, 18H, H-1, CHH, CHH’, CHH”’, 7xCH,),
4.38-4.32 (m, 1H, CHH”), 4.32-4.25 (m, 1H, H-4"), 4.18 (d, 1H, J = 11.74 Hz, CHH"), 4.13-3.94 (m, 8H, H-
2, H-2" H-3', H-3", H-6a, H-6"a, CHH’”’, CH), 3.90-3.79 (m, 6H, H-3, H-4, H-4', H-4", H-5" H-6a"), 3.72-
3.69 (m, 1H, H-6e"), 3.64-3.58 (m, 5H, H-5', H-6e, H-6e, H-6a', OCHH), 3.51 (t, 1H, ) = 9.98 Hz, H-6"e),
3.42-3.40 (m, 1H, H-5"), 3.36-3.13 (m, 5H, H-2", H-6'e, OCHH, NCH,), 3.08-3.04 (m, 1H, H-5), 1.74-1.44
(m, 4H, 2xCH,), 1.39-1.22 (m, 2H, CH,). *C NMR (150 MHz, CDCl,): § 156.84, 156.28, 154.77, 154.15,
143.38, 143.29, 141.33, 141.28, 138.76, 138.50, 138.23, 138.01, 137.97, 137.95, 137.85, 137.41, 136.99,
136.87, 135.57, 135.54, 133.31, 133.02, 129.08, 128.70, 128.64, 128.58, 128.54, 128.52, 128.43, 128.36,
128.31, 128.25, 128.06, 128.02, 127.95, 127.92, 127.90, 127.83, 127.76, 127.71, 127.67, 127.57, 127.48,
127.36, 127.25,127.19, 126.31, 126.15, 126.10, 126.06, 125.43, 125.26, 125.23, 120.06, 101.93 (C-1),
101.50, 98.15 (C-1), 98.07 (C-1"), 97.88 (C-1"), 95.89, 79.11 (C-4), 78.32 (C-4'), 77.20 (C-5"), 77.03 (C-3"),
76.51 (C-5"), 75.70 (C-3", c-4"), 75.62 (C-2", C-5'), 75.11, 74.93 (C-3'), 74.29, 74.19, 74.09 (C-3), 73.96,
73.63,73.14, 72.89, 72.83, 70.51 (C-6'), 70.29, 69.88 (C-4"), 69.82 (C-6"), 68.38, 68.22 (C-6"), 67.36 (C-5),

67.27,67.02 (C-6), 63.25 (C-2), 61.13 (C-2"), 55.15 (C-2), 50.69, 50.38, 47.18, 46.68, 46.29, 29.19, 28.05,
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27.61, 23.51. HR MALDI-TOF MS: m/z: calcd for C122H123CI3NgO,4 [M+Na]+: 2211.7608; found:

2211.7635.
NHAc
o%h/ %
BnO ACW\I O
AcHN
OB oan O(CH,)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl O-2-acetamido-3-0O-benzyl-2-deoxy-8-D-
mannopyranosyl-(1->4)-[0-(2, 3, 4, 6-tetra-O-benzyl-a-D-Galactopyanosyl -(1->3)]-0-2-acetamido-6-
O-benzyl-2-deoxy-8-D- glucopyranosyl-(1->6)-2-acetamido-4-0-(2-methylnaphthyl)-2-deoxy-a-D-
glucopyranoside (29): Compound 28 (35 mg, 0.016 mmol) was dissolved in HOAc (0.7 mL) and Zinc-
Copper couple (206 mg, 1.6 mmol) was added. The reaction was allowed to proceed until MALDI-TOF
MS indicated disappearance of starting material (~1 h). It was found that reaction times in excess of 1 h
led to the formation of an [M+1] side product. The reaction mixture was filtered and concentrated
under vacuum. The crude was taken up in ethyl acetate (50 mL) and washed with water (50 mL) and
brine (50 mL). The organic layer was separated, dried over MgSO,, filtered, and concentrated under
vacuum. Without further purification, the crude residue was dissolved in pyridine (0.5 mL) and acetic
anhydride (0.5 mL) and stirred for 3hrs. Completion of the reaction was verified by MALDI-TOF MS
analysis. The reaction mixture was concentrated under vacuum and the residue was co-evaporated
three times with toluene in order to remove any residual pyridine. The residue was taken up in ethyl
acetate (50 mL) and washed with NaHCO; (sat., aqg., 50 mL). The organic phase was dried (MgS0,),
filtered, and concentrated under vacuum. Without further purification, the crude was taken up in 80%
HOAc(aq) (1.7 mL). The reaction mixture was heated at 50°C for 16 h and then concentrated under
vacuum. Completion of the reaction was verified by MALDI-TOF MS analysis. The residue was taken up

in ethyl acetate (50 mL) and washed with saturated NaHCO; (sat., ag., 50 mL) and brine (50 mL). The
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organic phase was dried over MgSQ,, filtered, and concentrated under vacuum. Without further
purification, the crude was taken up in a solution of DCM (0.5 mL) and diethylamine (0.1 mL) and stirred
for 2.5 h. Following completion of the reaction as verified by MALDI-TOF MS analysis, the reaction
mixture was concentrated. The resulting crude was taken up in DCM (50 mL) and washed with saturated
NaHCO; (sat., ag., 50 mL), and brine (50 mL). The organic phase was dried (MgSQ,), filtered, and
concentrated under vacuum to afford an amorphous pale yellow solid. The crude material was purified
by preparatory TLC (40% Acetone/toluene) to give 29 (12 mg, 6.7 umol, 40 % over 4 steps) as an
amorphous white solid. Ry = 0.25 (5% MeOH/DCM). HRMS(ESI): calcd for Cyo3H115N4O53 [M+Na]™:

1801.8079, found: 1801.8102.
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5-Aminopentyl 0-2-acetamido-2-deoxy- B-D-mannopyranosyl-(1->4)-0-2-acetamido-2-deoxy-B-D-
glucopyranosyl-(1->6)-[0-(a-D-galactopyranosyl)-(1->3)]-2-acetamido-2-deoxy-a-D-glucopyranoside
(3): Compound 29 (8 mg, 4.49 umol) was dissolved in a mixture of t-BuOH (1.3 mL) and H,0 (0.03 mL).
Pd(OH),/C (15 mg, 20 wt.%, Degussa type) was added and the resulting mixture was placed under a
hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered off and washed thoroughly
with a gradient of gently warmed t-BuOH/H,0. (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0) The
combined filtrates were concentrated under reduced pressure. The product was purified with a C18
silica column using an eluent gradient starting with 100% H,0 followed by 1%, 5%, 10%, 20%, 40%, 60%
and 80% MeOH/H,0 washes. The fractions containing product were concentrated giving compound 3
(3.5 mg, 4 umol, 89%) as an amorphous white solid. H' NMR (600 MHz, D,0): 6 5.59 (d, 1H, J =4.11 Hz,

H-1"), 4.90 (s, 1H, H-1), 4.84 (d, 1H, J = 3.52 Hz, H-1"), 4.57 (d, 1H, J = 8.22 Hz, H-1'), 4.54 (d, 1H, J = 4.11
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Hz, H-2), 4.19 (d, 1H, J = 11.15 Hz, H-6"a), 4.08 (t, 1H, J = 9.39 Hz, H-4'), 3.99 (m, 1H, H-4"), 3.95-3.70 (m,
15H, H-2', H-2", H-2" H-3, H-3', H-3", H-3", H-4, H-6ae, H-6'ae, H-6€", H-6"ae), 3.67-3.63 (m, 1H, OCHH),
3.57-3.50 (m, 2H, H-4, H-5'), 3.48-3.38 (m, 4H, H-5, H-5", H-5", OCHH), 3.00 (t, 2H, J = 7.63 Hz, NCH,),
2.08 (s, 3H, CH3), 2.03 (s, 6H, 2xCH3), 1.71-1.59 (m, 4H, 2xCH,), 1.48-1.40 (m, 2H, CH,). *C NMR (150
MHz, D,0): 6 175.41, 174.23, 174.00, 100.99 (C-1'), 98.50 (C-1), 97.51 (C-1"), 96.49 (C-1"), 78.55 (C-4', C-
5"), 75.26 (C-4), 74.46 (C-5'), 71.61 (C-3"), 70.95 (C-3), 70.79 (C-3), 70.39 (C-2"), 70.01 (C-5, C-5"), 69.21
(c-6"), 68.83 (C-4"), 68.70 (C-3"), 68.50, 67.40, 66.42 (C-4), 60.55 (C-6"), 60.04 (C-6'), 59.80 (C-6), 54.38
(C-2'), 53.53 (C-2"), 53.03 (C-2), 39.28, 27.88, 26.38, 24.37, 22.31, 22.22, 21.96, 21.72. HRMS(ESI): calcd

for C35H52N4021 [M+H]+Z 8753979, found: 875.3996.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl-2-azido-3-0-benzy-4,6-0O-benzylidene-2-deoxy-3-D-
Mannopyranosyl-(1->4)- 2-(2,2,2-trichloroethoxy)carbonylamino-3-O-levulinyl-6-0-benzyl-2-deoxy-f3-
D-Glucopyranosyl-(1-6)-2-azido-3- O-Fluorenylmethyloxycarbonyl-2-deoxy-Glucopyanoside (30):
Compound 19 (54.2 mg,0.031 mmol) and DDQ (10.4 mg, 0.046 mmol) were dissolved in a mixture of
DCM (0.5 mL) and PBS buffer (pH 7.4, 0.125 mL). The reaction was stirred until completion was verified
by TLC (35% EtOAc/Hexanes). The reaction mixture was concentrated and the resulting crude was taken
up in DCM (50 mL) and washed with saturated NaHCO; (sat., aq., 50 mL), and brine (50 mL). The organic
phase was dried over MgSQ,, filtered, and concentrated under vacuum. The crude material was purified
by silica gel chromatography (35% EtOAc/hexanes) to give 30 (42 mg, 0.026 mmol, 84%) as an
amorphous white solid. Ry =0.25 (35% EtOAc/hexanes). H'NMR (600 MHz, CDCl): & 7.77-7.75 (d, 2H, J

= 7.04 Hz, aromatic), 7.64-7.59 (m, 2H, aromatic), 7.48-7.47 (m, 2H, aromatic), 7.42-7.17 (m, 27H,
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aromatic), 5.55 (s, 1H, CH), 5.54-5.51 (m, 1H, NH), 5.23-5.20 (m, 3H, H-3', H-3", CHH), 5.14-5.11 (m, 1H,
CHH), 4.93-4.91 (m, 1H, H-1"), 4.79 (d, 1H, J = 12.33 Hz, CHH’), 4.77-4.69 (m, 2H, CH,), 4.69-4.62 (m, 2H,
CHH’, CHH""), 4.51-4.25 (m, 7H, H-6"a, CH, CHH", 2xCH,), 4.12-4.04 (m, 1H, H-6a), 3.96 (t, 1H, J = 9.39 Hz,
H-3"), 3.93-3.84 (m, 2H, H-4', H-6e), 3.85-3.55 (m, 8H, H-2, H-2', H-3, H-4, H-4", H-5', H-6"e, H-6'ae), 3.51-
3.46 (m, 2H, H-5", OCHH), 3.46-3.24 (m, 2H, OCHH, NCHH), 3.24-3.16 (m, 2H, H-2", NCHH), 3.15-3.08 (m,
1H, H-5"), 2.82-2.69 (m, 2H, CH,), 2.58-2.50 (m, 2H, CH,), 2.16 (s, 3H, CHs), 1.71-1.47 (m, 4H, 2 x CH,),
1.44-1.26 (m, 2H, CH,). C NMR (150 MHz, CDCl3): § 206.62, 172.43, 156.91, 156.48, 155.32, 154.71,
143.48, 143.35, 141.42, 141.39, 137.98, 137.51, 137.32, 136.75, 129.18, 128.78, 128.68, 128.63, 128.51,
128.40, 128.34, 128.02, 127.89, 127.65, 127.37, 127.33, 126.15, 125.43, 125.40, 120.16, 101.70, 101.32-
101.06 (C-1'), 99.62 (C-1), 98.27 (C-1"), 95.51, 78.42 (C-4), 76.92 (C-3"), 76.45 (C-5"), 75.14-74.95 (C-4'),
74.83,74.43 (C-5'), 73.79, 72.90, 72.32 (C-3'), 70.94 (C-4"), 70.49, 69.21 (C-3), 68.87, 68.47 (C-6"), 68.35-
68.16 (C-6'), 67.57 (C-6), 67.40 (C-5), 67.35, 63.46 (C-2), 61.10 (C-2"), 55.85 (C-2'), 50.62, 47.59, 46.82,
46.23, 38.16, 30.01, 29.42, 29.12, 28.99, 28.17, 27.99, 27.70, 24.13, 23.42. HR MALDI-TOF MS: m/z:

calcd for Cs2Hs7CIsNgO,; [M+Na]+: 1647.4944; found: 1647.4979.

NapO
HO 0
FmocO
N3
O(CH,)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl-2-azido-3- O-Fluorenylmethyloxycarbonyl-6-0-(2-
methylnaphthyl)-2-deoxy-B-D-glucopyranoside (33): Compound 13 (0.25 g, 0.286 mmol) was dissolved
in DCM (3.9 mL) along with activated 4A molecular sieves (0.25 g) and cooled to -78°C under argon.
Triethylsilane (0.091 mL, 0.571 mmol) was added to the stirring reaction mixture followed by triflic acid
(0.038 mL, 0.429 mmol). After stirring at -78°C for 1 h, the reaction mixture was quenched with 1:1
MeOH/pyridine, filtered over celite, and concentrated. The residue was taken up in DCM (50 mL) and

extracted with water (50 mL) and brine (50 mL). The organic phase was dried over MgSQ,, filtered, and
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concentrated under vacuum. The residue was purified by silica gel chromatography (30%
EtOAc/Hexanes) to afford 33 (0.145 g, 0.166 mmol, 58 %) as an amorphous white solid. R = 0.8 (35%
EtOAc/hexanes). H'NMR (500 MHz, CDCl,): § 7.84-7.76 (m, 6H, aromatic), 7.64-7.59 (m, 2H, aromatic),
7.42-7.15 (m, 17H, aromatic), 5.25-5.15 (m 1H, H-3), 5.24-5.20 (m 2H, H-2, CHH), 5.09 (bs, 1H, CHH),
4.98-4.94 (m, 1H, H-1), 4.80-4.71 (m, 2H, CH,), 4.56-4.34 (m, 4H, 2xCH,), 4.33-4.26 (m, 1H, CH), 3.95-3.62
(m, 5H, H-4, H-5, H-6ae, OCHH), 3.54-3.35 (m, 1H, OCHH), 3.33-3.10 (m, 3H, H-2, NCH,), 1.74-1.46 (m,
4H, 2 x CH,), 1.37-1.20 (m, 2H, CH,). 3*C NMR (75 MHz, CDCl5): & 155.51, 149.38, 143.41, 141.46, 137.98,
133.38, 128.68, 128.53, 128.04, 127.89, 127.37, 126.72, 126.36, 126.18, 125.74, 125.40, 120.18, 98.18
(C-1),77.37 (C-3), 73.99, 70.92, 70.72 (C-4), 70.55 (C-5), 69.38 (C-6), 68.84, 68.45, 67.42, 61.04 (C-2),
50.68,47.77, 46.87,46.21, 27.93, 27.73, 24.31. HR MALDI-TOF MS: m/z: calcd for Cs2Hs2N,Oq
[M+Na]+: 899.3627; found: 899.3650.

OAc NapO

BnO o
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O
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OBn OBn O(CHy)sNBn(Cbz)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl-[O-(2, 3, 4, 6-tetra-O-benzyl-B-D-Galactopyanosyl-
(1->4)]-2-azido-3- O-Fluorenylmethyloxycarbonyl-6-O-(2-methylnaphthyl)-2-deoxy-p-D-
glucopyranoside (34): Glucosyl acceptor 33 (145 mg, 0.166 mmol) was taken up in toluene (15 mL) and
concentrated under vacuum (3x). The acceptor was then taken up in DCM (8 mL) along with activated
4R molecular sieves (400 mg) and stirred under argon for 30 min. The mixture was cooled to -30°C and
TMSOT(f (6.9 uL, 0.038 mmol) was added via dropwise addition. Donor 10 (385 mg, 0.579 mmol) was
taken up in a minimal volume of DCM and added to the stirring reaction mixture via dropwise addition.
The reaction mixture was allowed to warm to -10°C while stirring. Afterwards, the reaction was
guenched by the addition of pyridine (0.3 mL), filtered, and concentrated under vacuum. The residue

was dissolved in DCM (50 mL) and washed with NaHCO; (sat, ag, 50 mL) and brine (50 mL). The organic
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layer was separated, dried over MgS04, filtered, and concentrated under vacuum. The crude was
purified by silica gel chromatography (25% EtOAc/hexanes) to afford 34 (145 mg, 0.107 mmol, 65%) as
an amorphous white solid. Ry = 0.4 (30% EtOAc/hexanes). H'NMR (500 MHz, CDCl,): § 7.82-7.73 (m, 6H,
aromatic), 7.55-7.09 (m, 34H, aromatic), 5.29-5.25 (m 1H, H-3), 5.24-5.20 (m 1H, H-2'), 5.16 (d, 2H, J =
13.18 Hz, CH,), 4.95-4.91 (m, 1H, H-1), 4.87 (d, 1H, J = 12.69 Hz, CHH), 4.78 (d, 1H, J = 11.71 Hz, CHH’),
4.60 (d, 1H, J = 12.20 Hz, CHH), 4.56-4.53 (m, 1H, CHH"’), 4.50-4.45 (m, 3H, CHH’”’, CH;), 4.41 (d, 1H, J =
11.22 Hz, CHH’), 4.29 (d, 1H, J = 11.71 Hz, CHH"), 4.23 (d, 1H, J = 12.20 Hz, CHH""), 4.20-4.14 (m, 1H, CH,
CHH"), 3.97-3.91 (m, 2H, CHH"”, H-4), 3.85-3.76 (m, 3H, H-4', H-5, C-6a), 3.69-3.51 (m, 3H, C-6e, C-6'ae),
3.44-3.34 (m, 3H, H-5', OCH,), 3.30-3.16 (m, 3H, H-2, NCH,), 3.09 (d, 1H, J = 10.25 Hz, H-3'), 1.84 (s, 3H,
CHs), 1.67-1.45 (m, 4H, 2 x CH,), 1.39-1.21 (m, 2H, CH,). *C NMR (75 MHz, CDCl,): § 169.04, 154.00,
143.62, 143.27, 141.28, 141.21, 138.44, 137.96, 137.82, 135.38, 133.22, 133.00, 128.49, 128.42, 128.36,
128.29, 128.25, 128.07, 127.85, 127.75, 127.65, 127.59, 127.33, 127.24, 127.10, 126.86, 126.34, 126.13,
126.07, 125.55, 125.29, 119.89, 119.84, 100.96 (C-1'), 98.00 (C-1), 80.62 (C-3'), 75.46 (C-4), 75.21 (C-3),
74.33,73.75, 73.37, 73.28 (C-5'), 72.15 (C-4'), 71.75, 71.60 (C-2'), 69.99 (C-5), 69.72, 68.41, 67.70 (C-6),
67.41 (C-6), 67.11, 61.05 (C-2), 50.52, 50.23, 46.75, 28.96, 23.26, 20.94. HR MALDI-TOF MS: m/z:

calcd for CsiHs2N4O45 [M+Na]+: 1373.5669; found: 1373.5686.

AcO HO
BnO o 0
o) FmocO N,
OBn OBn O(CHz)sNBﬂ(CbZ)

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl-[O-(2, 3, 4, 6-tetra-O-benzyl-B-D-Galactopyanosyl-
(1->4)]-2-azido-3- O-Fluorenylmethyloxycarbonyl-2-deoxy-B-D-glucopyranoside (35): Compound 34
(139 mg, 0.103 mmol) and DDQ (35 mg, 0.154 mmol) were dissolved in a mixture of DCM (1 mL) and PBS
buffer (pH 7.4, 0.25 mL). The reaction was stirred until completion was verified by TLC (35%

EtOAc/Hexanes). The reaction mixture was concentrated and the resulting crude was taken up in DCM
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(30 mL) and washed with saturated NaHCO; (sat., ag., 30 mL), and brine (30 mL). The organic phase was
dried over MgSQ,, filtered, and concentrated under vacuum. The crude material was purified by silica
gel chromatography (35% EtOAc/hexanes) to give 35 (98 mg, 0.081 mmol, 78%) as an amorphous white
solid. R =0.15 (35% EtOAc/hexanes). H'NMR (500 MHz, CDCl,): § 7.74 (d, 2H, J = 7.32 Hz, aromatic),
7.57 (d, 1H, ) = 7.32 Hz, aromatic), 7.51 (d, 1H, J = 7.81 Hz, aromatic), 7.41-7.15 (m, 27H, aromatic), 7.08-
7.06 (m, 2H, aromatic), 5.36-5.30 (m 2H, H-2', H-3),5.17 (d, 2H, ) = 16.59 Hz, CH,), 4.93-4.86 (m, 2H, H-1,
CHH), 4.66-4.58 (m, 2H, CHH’, CHH"’), 4.56 (d, 1H, J = 7.81 Hz, H—1'), 4.52-4.45 (m, 4H, CHH, CHH’, CH,),
4.26-4.18 (m, 3H, CH,, CH), 4.03-3.99 (m, 1H, CHH"), 3.93-3.91 (m, 1H, H-4'), 3.90-3.82 (m, 1H, H-4),
3.78-3.59 (m, 5H, H-5, H-6ae, H-6'a, OCHH), 3.51-3.46 (m, 3H, H-3', H-5', H-6'e), 3.44-3.30 (m, 1H, OCHH),
3.30-3.15 (m, 2H, NCH,), 3.07-3.01 (m, 1H, H-2), 2.05 (s, 3H, CHs), 1.71-1.46 (m, 4H, 2 x CH,), 1.39-1.25
(m, 2H, CH,). *C NMR (75 MHz, CDCl3): 6 169.71, 154.11, 143.66, 143.29, 141.46, 141.40, 138.56,
138.04, 137.99, 137.78, 128.65, 128.55, 128.44, 128.24, 128.03, 127.97, 127.88, 127.83, 127.54, 127.39,
127.28, 127.17, 125.60, 125.33, 120.11, 120.08, 101.59 (C-1'), 98.21 (C-1), 80.30 (C-3"), 75.65 (C-4), 75.63
(C-3), 74.58, 73.51, 73.47 (C-5'), 72.15 (C-4'), 71.85, 71.80 (C-2'), 70.49 (C-5), 69.88, 68.51, 67.70 (C-6'),
67.27,61.30 (C-2), 60.81 (C-6), 50.73, 50.41, 47.16, 46.90, 46.30, 29.05, 27.97, 27.45, 23.36, 21.10. HR

MALDI-TOF MS: m/z: calcd for C7oH74aN4O;5 [M+Na]+: 1233.5043; found: 1233.5076.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl-2-azido-3-0-benzy-4,6-0-benzylidene-2-deoxy-$3-D-
Mannopyranosyl-(1->4)- 2-(2,2,2-trichloroethoxy)carbonylamino-3-O-levulinyl-6-O-benzyl-2-deoxy-j3-
D-Glucopyranosyl-(1->6)- [O-(2, 3, 4, 6-tetra-O-benzyl-B-D-Galactopyanosyl -(1->4)]- 2-azido-3-0-
Fluorenylmethyloxycarbonyl-2-deoxy-a-D-Glucopyanoside (31): Method 1 (3+1): Glucosyl acceptor 30
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(151 mg, 0.093 mmol) was taken up in toluene (15 mL) and concentrated under vacuum (3x). The
acceptor was then taken up in a mixture of DCM (4.5 mL) and along with activated 4A molecular sieves
(150 mg) and stirred under argon for 30 min. The mixture was cooled to -30°C and TMSOTf (3.9 uL,
0.021 mmol) was added via dropwise addition. Donor 10 (247 mg, 0.372 mmol) was taken up in a
minimal volume of DCM and added to the stirring reaction mixture via dropwise addition. The reaction
mixture was allowed to warm to -0°C and stir for 1 h. Afterwards, the reaction was quenched by the
addition of pyridine (0.3 mL), filtered, and concentrated. The residue was dissolved in DCM (50 mL) and
washed with NaHCO; (sat, aq, 50 mL) and brine (50 mL). The organic layer was separated, dried over
MgSO04, filtered, and concentrated under vacuum. The crude was purified by silica gel chromatography
(25% - 35% EtOAc/hexanes) to afford an impure mixture of 31. The partially purified product was taken
up in Ac,0 (0.5 mL) and Pyridine (0.5 mL) in order to acetylate the hydrolyzed donor and change its R
value. Afterwards, the mixture was concentrated and preparative TLC was used (15% Acetone/toluene)
to remove residual impurities and afford 31 (37.6 mg, 0.018 mmol, 19%) as an amorphous white solid.

Rf =0.4 (15% Acetone/toluene).

Method 2 (2+2): To a solution of 17 (62.9 mg, 0.069 mmol) in DCM (4 mL) was added K,CO; (96 mg,
0.693 mmol) and 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride (0.097 mL, 0.693 mmol). The reaction
was stirred at RT until completion was verified by TLC. Ry = 0.8 (35% EtOAc/hexanes + 0.1% TEA).
Triethylamine (100 plL) was added to the reaction mixture and the mixture was filtered through celite
and concentrated. The crude was passed through a short silica gel column (5% = 25% EtOAc/hexanes +
0.1% Et3N) in order to remove residual 2,2,2-Trifluoro-N-phenylacetimidoyl chloride and afford 18 (95%,
0.071g, 0.066 mmol) as an amorphous white solid. Donor compound 18 (0.0.071g, 0.066 mmol) and
acceptor 35 (0.095g, 0.079 mmol) were co-evaporated with toluene and dried under vacuum for 30 min.
The mixture was taken up in DCM (3.2 mL) along with 4A molecular sieves (160 mg) and stirred at room

temperature for 30 mins. Afterwards, the mixture was cooled to -20°C and TMSOTf (2.7 uL, 0.015 mmol)
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was added via dropwise addition. The mixture was allowed to warm to -15°C and stir for 1 h. The
reaction was quenched by the addition of pyridine (100 uL) and diluted in DCM (50 mL). The organic
layer was washed with aqueous NaHCO; (sat, ag, 50 mL) and brine (50 mL). The organic layer was
separated, dried over MgSQ,, filtered, and concentrated. The crude was purified by silica gel
chromatography (30% EtOAc/hexanes) to afford 31 (66.2 mg, 0.032 mmol, 48%) as an amorphous white
solid. R = 0.45 (40% EtOAc/hexanes) / Ry = 0.4 (15% Acetone/toluene). H'NMR (600 MHz, CDCl5): &
7.77-7.03 (m, 48H, J = 7.04 Hz, aromatic), 5.55 (s, 1H, CH), 5.30-5.27 (m, 1H, H-3"), 5.26-5.20 (m, 1H, H-
3", 5.16 (d, 2H, J = 19.37 Hz, CH,), 4.88-4.78 (m, 3H, H-1", CHH, CHH’), 4.67-4.39 (m, 13H, H-1, H-1', H-1",
CHH, CHH’, CHH", 2xCH,), 4.28-4.23 (m, 2H, C-6"a, CHH"”’), 4.19-4.09 (m, 2H, CH, CHH""’), 4.05-3.86 (m,
6H, H-2", H-3", H-4', H-4" H-6a, CHH""), 3.84-3.48 (m, 14H, H-2, H-2', H-3, H-4, H-4", H-5', H-5", H-5"" C-
6e, C-6'e, C-6'ae, C-6"ae), 3.44-3.24 (m, 2H, OCH,), 3.24-3.07 (m, 4H, H-2", H-5, NCH,), 2.80-2.67 (m, 2H,
CH,), 2.59-2.50 (m, 2H, CH,), 2.16 (s, 3H, CHs), 2.01 (s, 3H, CHs), 1.62-1.43 (m, 4H, 2 x CH,), 1.36-1.22 (m,
2H, CH,). >C NMR (150 MHz, CDCl3): 6 206.50, 172.28, 169.83, 156.82, 156.32, 154.29, 154.19, 143.65,
143.29, 141.62, 141.41, 141.35, 138.62, 138.03, 137.96, 137.71, 137.33, 137.02, 136.89, 129.15, 128.79,
128.72, 128.64, 128.61, 128.58, 128.50, 128.42, 128.37, 128.25, 128.08, 127.99, 127.96, 127.89, 127.87,
127.83, 127.80, 127.69, 127.66, 127.51, 127.42, 127.37, 127.30, 127.22, 127.20, 126.15, 125.64, 125.40,
124.84,120.18, 120.07, 120.04, 101.67, 101.40 (C-1'), 101.28 (C-1"), 99.52 (C-1), 97.98 (C-1"), 95.70,
80.02 (C-5"), 78.44 (C-3"), 78.42 (C-4'), 76.60 (C-4), 76.22 (C-4"), 75.35 (C-2"), 75.14 (C-3"), 74.62, 74.56,
74.51 (c-5"), 73.70, 73.43, 73.26 (C-5'), 72.93, 72.39 (C-3'), 72.29 (C-4"), 71.82, 69.94, 69.75 (C-3), 68.63
(C-6"), 68.45, 68.34 (C-6'), 67.67 (C-6"), 67.48 (C-6), 67.36 (C-5), 67.26, 63.50 (C-2), 61.19 (C-2"), 56.27 (C-
2'), 50.69, 50.39, 47.23, 46.86, 46.29, 38.05, 30.03, 29.09, 28.15, 28.00, 27.50, 23.41, 21.37. HR MALDI-

TOF MS: m/z: calcd for C111H117CI3sNgO»; [M+Na]+: 2121.6986; found: 2121.7003.
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N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl O-2-acetamido-3-0O-benzyl-2-deoxy-8-D-
mannopyranosyl-(1-»4)-0-2-acetamido-6-0-benzyl-2-deoxy-8-D- glucopyranosyl-(1->6)-[ O-(2, 3, 4, 6-
tetra-O-benzyl-B-D-Galactopyanosyl -(1->3)]-2-acetamido-4-O-(2-methylnaphthyl)-2-deoxy-a-D-
glucopyranoside (32). Compound 31 (57 mg, 0.027 mmol) was dissolved in HOAc (1.2 mL) and Zinc-
Copper couple (349 mg, 2.7 mmol) was added. The reaction was allowed to proceed until MALDI-TOF
MS indicated disappearance of starting material (~1 h). It was found that reaction times in excess of 1 h
led to the formation of an [M+1] side product. The reaction mixture was filtered and concentrated. The
crude was taken up in ethyl acetate (50 mL) and washed with water (50 mL) and brine (50 mL). The
organic layer was separated, dried over MgSQ,, filtered, and concentrated under vacuum. Without
further purification, the crude residue was dissolved in pyridine (0.5 mL) and acetic anhydride (0.5 mL)
and stirred for 3hrs. Completion of the reaction was verified by MALDI-TOF MS analysis. The reaction
mixture was concentrated under vacuum and the residue was co-evaporated three times with toluene
in order to remove any residual pyridine. The residue was taken up in ethyl acetate (50 mL) and washed
with NaHCO; (sat, ag, 50 mL). The organic phase was dried over MgSQ,, filtered, and concentrated
under vacuum. Without further purification, the crude was taken up in 80% HOAc (aq, 2.9 mL). The
reaction mixture was heated at 50°C for 16 h and then concentrated under vacuum. Completion of the
reaction was verified by MALDI-TOF MS analysis. The residue was taken up in ethyl acetate (50 mL) and
washed with saturated NaHCO; (sat., ag., 50 mL) and brine (50 mL). The organic phase was dried
(MgSQ,), filtered, and concentrated under vacuum. Without further purification, the crude was taken up

in a solution of THF (0.3 mL), water (0.015 mL), and 2M LiOH (0.066 mL) and stirred in a warm water
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bath (40°C) for 2.5 h. and stirred for 2.5 h. Completion of the reaction was verified by MALDI-TOF MS
analysis. The reaction was neutralized with Dowex 50 W (H+) resin, filtered, and concentrated. The
resulting crude was taken up in DCM (50 mL) and washed with saturated NaHCO; (sat., aq., 50 mL), and
brine (50 mL). The organic phase was dried over MgSQO,, filtered, and concentrated under vacuum to
afford an amorphous pale yellow solid. The crude material was purified by preparatory TLC (8%
Methanol/DCM) to give 32 (17.5 mg, 0.011 mmol, 37 % over 4 steps) as an amorphous white solid. R¢ =

0.5 (10% MeOH/DCM). HRMS(ESI): calcd for CgH106N4O54 [M+Na]*: 1613.7089, found: 1613.7106.
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5-Aminopentyl-O-2-acetamido-2-deoxy- B-D-mannopyranosyl-(1->4)-0-2-acetamido-2-deoxy-f-D-
glucopyranosyl-(1-»6)-[O-(B-D-galactopyranosyl)-(1->4)]-2-acetamido-2-deoxy-o-D-glucopyranoside
(4): 32 (16.5 mg, 10.65 umol) was dissolved in a mixture of t-BuOH (3.2 mL) and H,0 (0.08 mL).
Pd(OH),/C (20 mg, 20 wt.%, Degussa type) was added and the resulting mixture was placed under a
hydrogen atmosphere (1 psi). After stirring for 16 h, the catalyst was filtered off and washed thoroughly
with a gradient of gently warmed t-BuOH/H,0. (100% tBuOH, 50% tBuOH/H,0, 30% tBuOH/H,0) The
combined filtrates were concentrated under reduced pressure. The product was purified with a C18
silica column using an eluent gradient starting with 100% H,0 followed by 1%, 5%, 10%, 20%, 40%, 60%
and 80% MeOH/H,0 washes. The fractions containing product were concentrated giving compound (9.3
mg, 10.65 umol, 100%) as an amorphous white solid. H' NMR (600 MHz, D,0): 8 4.92 (s, 1H, H-1), 4.88
(d, 1H, J = 2.93 Hz, H-1"), 4.58-4.54 (m, 2H, H-1', H-2), 4.38 (d, 1H, J = 7.81 Hz, H-1"), 4.25 (d, 1H, J = 9.76
Hz, H-6"a), 3.96-3.87 (m, 6H, H-2", H-3', H-3", H-4", H-6, H-6"), 3.86-3.67 (m, 13H, H-2', H-3, H-3", H-4, H-

5" H-5", H-6e, H-6"e, H-6'ae, H-6"ae, OCHH), 3.63-3.60 (m, 1H, H-4"), 3.59-3.30 (m, 3H, H-2", H-4, H-5'),
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3.50-3.44 (m, 2H, H-5, OCHH), 3.02 (t, 2H, J = 7.81 Hz, NCH,), 2.09 (s, 3H, CH), 2.07 (s, 3H, CH3), 2.05 (s,
3H, CH;), 1.74-1.63 (m, 4H, 2xCH,), 1.51-1.44 (m, 2H, CH,). *C NMR (150 MHz, D,0): § 175.30, 174.15,
174.02, 103.24 (c-1"), 101.00 (C-1'), 99.27 (C-1), 96.15 (C-1"), 79.65 (C-4"), 78.69 (C-4'), 76.42 (C-5), 75.33
(c-5"), 74.30 (C-5'), 72.38 (C-5"), 72.20 (C-3"), 71.81 (C-3), 70.77 (C-2"), 69.47 (C-3"), 69.12 (C-3'), 68.29
(c-4"), 67.62 (C-6"), 67.56, 66.45 (C-4), 60.80 (C-6), 60.23 (C-6"), 59.99 (C-6'), 55.05 (C-2'), 53.12 (C-2),
53.07 (C-2"), 39.28, 27.84, 26.41, 22.31, 22.27, 21.89, 21.75. HRMS (ESI): calcd for C3sHg;N40,1 [M+H]+:
875.3979; found: 875.3987.
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5-aminopentyl 2-acetamido-4,6-0-[(S)-1-Carboxylethylidene]-2-deoxy-B-D-Mannopyranosyl-(1->4)-2-
acetamido-2-deoxy-B-D-Glucopyranosyl-(1-> 6)-2-amino-2-deoxy-Glucopyanoside (5): To a stirring
solution of 36 (1.2 mg, 1.43 umol) in DCM (0.16 mL) at 0°C was added triethylsilane (0.016 mL, 0.1
mmol), followed by the dropwise addition of TFA (0.08 mL, 1.04 mmol). The mixture was allowed to stir
for 15 min at 0°C. Completion of the reaction was verified by LCMS. The mixture was concentrated and
the crude was taken up in a small volume of 5% n-Butanol/H,0 and loaded directly onto a P2 size
exclusion column and eluted with 5% n-Butanol/H,0. The fractions containing the product were
combined and lyophilized to afford 4 (900 pg, 1.22 umol, 85%). H! NMR (600 MHz, D,0): 4.92 (s, 1H, H-
1), 4.81 (s, 1H, H-1"), 4.59-4.58 (m, 1H, H-2), 4.46 (d, 1H, J = 8.22 Hz, H-1'), 4.14 (d, 1H, J = 11.15 Hz, H-
6a"), 4.02-4.00 (m, 1H, H-6a), 3.98-3.95 (m, 1H, H-3), 3.87-3.82 (m, 2H, H-3', H-6a'), 3.76-3.56 (m, 9H, H-
2', H-3, H-4, H-4', H-5", H-6e, H-6€', H-6e", OCHH), 3.51-3.39 (m, 4H, H-3", H-5, H-5', OCHH), 3.33-3.27 (m,
1H, H-4"), 2.96 (t, 2H, ) = 7.04Hz, NCH,), 2.66-2.64 (m, 1H, H-2"), 2.05 (s, 3H, Ac), 2.00 (s, 3H, Ac), 1.70-
1.60 (m, 4H, 2xCH,), 1.47-1.42 (m, 5H, CH,, CH3). >C NMR (150 MHz, D,0): 175.37, 174.22, 161.20,

101.72, 101.38 (C-1'), 99.72 (C-1), 98.69 (C-1"), 78.66 (C-4'), 74.30 (C-5'), 74.28 (C-3"),73.78 (C-4), 72.03
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(c-3'), 70.67 (C-5"), 69.79 (C-4"), 69.21 (C-3), 68.72 (C-6"), 67.51, 66.69 (C-5), 63.93 (C-6), 59.94 (C-6'),
55.16 (C-2'), 54.80 (C-2"), 53.37 (C-2), 39.33, 27.93, 26.65, 24.54, 22.41, 22.09, 21.90. HRMS (ESI): calcd

for CsoHs,N;017 [M+H]": 741.3400, found: 741.3417.
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CHAPTER 4
CONCLUSIONS

The secondary cell wall polysaccharide (SCWP) of B. anthracis serves a variety of functions
ranging from providing structural support to mediating cell-cell and host-guest interactions. Through
non-covalent interactions, it anchors S-layer proteins (SLPs) and S-layer-associated proteins (BSLs) to the
cell surface. Specific functionalities on the terminal non-reducing unit of B. anthracis SCWP including a
4,6-0O-linked ketal pyruvl, a free amine, and O-acetylation are believed to play a role in SLP and BSL
protein binding. Proper S-Layer assembly has been shown to be important for cell growth and
maintenance functions and has also been shown to play a role in virulence. An efficient synthetic
strategy was developed for the purpose of creating a library of complex oligosaccharides derived from
the terminal unit of B. anthracis SCWP. The library was utilized to identify saccharide motifs that are
important for SLP and BSL binding. The use of a 4,6-O-pyruvylated Mannosyl thioglycoside donor in
combination with Crich 3-Mannosylation conditions was found to be essential for effective activation of
the donor and good glycosylation yields. It was found necessary to use an ether based protecting group
at the O-3 position of the donor in order to obtain some Beta selectivity during disaccharide formation.
The choice of amino protecting groups was also a key part of the strategy. A C-2 azido function was used
as a non-participating function on the mannoside donor at the C-2 position. The trichlroacetyl function
was used at the C-2 amine position of the second building block in order to promote B-selectivity during
glycosylation via neighboring group participation. The third building block had a t-Butoxycarbonyl
protecting group on the C-2 amine and utilized bisprotection of the aglycon amine with Benzyl and Cbz.
Following completion of the glycosylation reactions, the azide and TCA functions were reduced and

converted to acetamido functions using AIBN and BusSnH radical reduction conditions followed by
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treatment with Ac,0. Following the reduction, the remaining Boc and Cbz/Benzyl amine protecting
groups could be manipulated independently of one another. In addition, both Boc and the aromatic
protecting groups are resistant to the basic LiOH conditions used to remove the benzyl and acetyl esters.

The overarching questions that were addressed utilizing the oligosaccharide library include:
1) What functional groups or combinations of functional groups are important for SLP and BSL binding?
2) Do all S-layer and S-layer associated proteins have the same ligand requirements for biding? 3) Can O-
acetylation be used as a means to modulate the binding of EA1, BslA, and BslO as demonstrated in the
genetic studies? To answer these questions, Microarray and ELISA based binding assays were developed
that utilized the synthetic target compounds to identify important carbohydrate binding interactions
between SCWP and S-layer proteins. It was found that the presence of a 3-O-acetyl function on the p-
GIcNAc of the trisacchsaride compounds did not directly modulate the binding of EA1, BslO, or BslA
proteins as previously suggested in the patAl/patA2 genetic studies. In addition, compounds with 3-O-
acetylation on the terminal ManNAc did not show any appreciable differences in binding relative to their
non-3-0O-acetylated counterparts indicating that the position is likely not important for SLH-
carbohydrate binding interactions. The findings suggest that the O-acetylation is not used for the direct
modulation of SLP/BSL-carbohydrate binding interactions. The display of a free amine on the a-GIcNH,
led to a minor decrease in ECs, values across the set of proteins. However, the small magnitude of the
effect is not likely enough to significantly affect proper binding of SLP and BSL proteins. The 4,6-O-
pyruvyl ketal was found to be essential for the binding of all SLP and BSL proteins thereby providing
definitive evidence in support of previous csaB genetic experiments. Unexpctedly, the C-2 acetamido on
ManNAc was found to be a vital feature for SLH binding and its substitution with hydroxyl or amine
resulted in the complete loss of binding to SLPs and a partial or complete loss of binding to most BSLs.
However, several BSL proteins could bind relatively well in its absence demonstrating that SLH binding

requirements can vary and showing that in principle, modifications to the C-2 position could be used as
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a means to modulate protein binding. Future studies will have to be performed to confirm such
modifications exist on B. anthracis SCWP in nature. Although a number of BSL proteins have yet to be
fully characterized, the data provided via this research will be available to provide insight into the
carbohydrate binding interactions of these proteins once studies are undertaken.

PatB1 is a putative O-acetyltransferase and is believed to play a role in the 3-O-acetylation of
the penultimate B-GIcNAc residue on the Bacillus anthracis and B. Cereus secondary cell wall
polysaccharides. PatB1 was found to selectively install a 3-O-acetyl onto a synthetic trisaccharide based
on the repeating unit of B. anthracis SCWP (1) with better activity and sepcificty than
chitooligosaccharide based substrates. The findings suggested that B. anthracis SCWP was a natural
substrate for PatBl. The findings proved interesting, but compound 1 lacked many other structural
features present on the native substrate. In order to characterize PatB1 specificity and specific activity in
the context of its natural environment, a panel of oligosaccharides based on the internal repeating unit
was synthesized with galactose substitutions at biologically relevant positions. The synthetic
methodology involved the use of an approach whereby a common trisaccharide intermediate was
synthesized with levulinoyl (Lev), fluorenylmethyloxycarbonate (Fmoc), and 2-naphthylmethyl (Nap)
protecting groups installed at key branching positions. Next it was demonstrated that the orthogonal
protecting groups could be regioselectively deprotected allowing for selective installation of galactose at
key positions. Compounds 1-3 were obtained in good yield using this strategy. For compound 4, the
installation of B-Galactose at the 0-4 position of the a-GIcNAc was low yielding. This was likely due to
steric crowding at the position. A 2+2 glycosylation strategy was devised to circumvent this problem. A
compound based on the non-reducing trisaccharide unit of B. anthracis was also synthesized (5) in order
to determine if the presence of the 4,6-O-pyruvyl ketal and/or free amine seen in the natural structure
can affect PatB1 enzymatic activity and specificity. The library of compounds was used in PatB1 enzyme

assays to determine if the presence of galactose substitutions, a free amine, or 4,6-O-pyruvyl ketal can
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affect the specific activity and site specificity of O-acetylation. It was found that the presence of
galactosylation on the trisaccharide repeating unit did not alter site specificity, but led to a decrease in
specific activity relative to the non-galactosylated trisaccharide repeat. MS/MS analysis of the product
peaks could only narrow down the site of O-acetylation to the O-3 or 0-6 positions on B-GIcNAc.
Compound 3 did not react with PatB1 due to the presence of an a-Gal at the O-3 position of B-GIcNAc
and served to demonstrate site specificity as no other positions were acetylated. Furthermore, it was
found that the trisaccharide bearing the 4,6-O-pyruvyl ketal and free amine showed a significant
increase in specific activity demonstrating that these features are likely utilized in vivo as PatB1 binding

epitopes and may help to facilitate 3-O-acetylation of the penultimate B-GlcNAc.

292



APPENDIX A

SUPPLEMENTARY FOR DATA CHAPTER 2

'H and *C NMR Data: p 294-451

Microarray Data: p 452-454

ELISA Data: p 455-460

Table of ECsy Values: p 461
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"H-"H COSY (600 MHz, CDCl5)
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o H NMR (300 MHz, CDCl3)
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"H-3C HSQC (500 MHz for 'H and 125 MHz for '3C, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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HO H NMR (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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'H NMR (300 MHz, CDCl5)
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TH NMR (300 MHz, CDCl,)
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H NMR (300 MHz, CDCl3)
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"H NMR (300 MHz, CDCl3)
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H NMR (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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H NMR (600 MHz, CDCl,)
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"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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H NMR (300 MHz, CDCls)
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Determination of mCherry Fusion Protein Concentration:
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ELISA Dose Response Curves:
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Table 1: ELISA ECsq Results (ng/mL) for SLP and BSL mCherry Fusion Proteins:
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APPENDIX B

SUPPLEMENTARY DATA FOR CHAPTER 3

'H and *C NMR Data: p 463-506
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"H-"H COSY (500 MHz, CDCIs)
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"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, D,0)
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o
ph/Yo 0

BnO
BnO Trocl-'|\l\l 0
FmocO

H,)sNB
OBn OBn O(C 25 n(CbZ)

1.00 § RC-67_PROTON_20130628_01.esp

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
9.0 85 8.0 75 7.0 65 6.0 55 50 45 40 35 30 25 20

Chemical Shift (ppm)

3C NMR (150 MHz, CDCls)

{RC-67_CARBON_20130701_0Z.esp.

L

] LB B L LA b e A A L e e B LA A L R AN AL LRt st
52 144 135 128 120 112 104 % 88 -]

Chemical Shift (ppm)

483

L
48 40

P

T
24

15

0_J Ll Aol

s

0

K}



"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (600 MHz, D,0)
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"H-"H COSY (600 MHz, CDCl5)
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"H-"H COSY (500 MHz, CDCIs)
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"H-"H COSY (500 MHz, CDCIs)
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