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Zwitterionic polysaccharides (ZPSs) are a relatively new class of carbohydrate
antigens, with a paradigm shifting property; they can activate CD4* T-cells in the absence
of lipids, peptide(s) or protein(s) upon MHC class Il presentation. Up until now, various
anaerobic bacteria are known to express ZPSs, for example, PS Al, PS A2 and PS B
(Bacteroides fragilis), Spl (Streptococcus pneumoniae), CP5 and CP8 (Staphylococcus
aureus) and O-chain antigen (Morganella morgani). Among all the afore mentioned ZPSs,
Spl and PS Al polysaccharides were the prime focus of research for the past few decades
and their biological properties are very well-understood. Polysaccharide Al (PS Al), the
most potent and abundantly expressed in the capsular polysaccharide complex (CPC) of B.
fragilis, is known for its dual immunomodulatory properties based on the physiological
location in the host. PS Al has been used as a carrier for various tumor antigens like Tn,
TF and STn, opening a platform for entirely carbohydrate-based vaccines and the
respective immunological outcomes are now known to be very promising. Biological
isolation of PS Al through tedious work-up procedures leads to heterogeneous material in

length, and is not suitable for the precise mechanistic studies for T-cell activation and



beyond. A well-thought and executed chemical synthesis can provide completely defined
synthetic PS Al antigen fragments and can be used as molecular probes for the study of T-
cell activation and other important biological processes. In order to determine the
immunologically active epitope of PS Al, the first total synthesis of PS Al repeating unit
with alternating charges on adjacent sugars was accomplished using a linear glycosylation
strategy and biological studies are currently in progress. Synthesis of oligomeric length
PS Al antigen fragments were up-taken to determine whether the immunologically active
T-cell epitope of PS Al is a sequential or conformational epitope. Pure, well-defined
synthetic PS Al fragments will help in understanding the precise T-cell activation
mechanism and provide unprecedented biological data through in vitro and in vivo studies;
access to crystal structures of MHC 11 proteins with PS Al synthetic antigen fragment will
tremendously help in understanding the nature of critical interactions involved between the
peptide and sugar residues. The outcome of the above mentioned studies will lead to the
development of completely defined, entirely carbohydrate-based “synthetic vaccine
candidate” and also provides opportunity to develop new synthetic PS Al analogues based

on the structure-activity relationship.
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Chapter 1

Zwitterionic Polysaccharides

1.1 Introduction — Capsular Polysaccharides

Capsular polysaccharides (CPSs) are expressed on the surface of many known
pathogenic bacteria in the form of a capsule, so that they might escape from the process of
phagocytosis and be able to survive in the host ecosystem. Tissue fixed macrophages and
migrating macrophages are known to clear most of the pathogenic bacteria from the body,
as part of the critical defense mechanism exhibited by the host immune system.?
Pathogenic bacteria CPSs, in general, resist the process of phagocytosis through avoiding
complement deposition through several mechanisms such as sub-capsular component
masking leading to antibody independent alternative complement pathway, some capsules
have sialic acid that to bind the serum proteins? and de-amplification of C3B deposition.*?
Capsular polysaccharides, in general, are high molecular weight polysaccharides
consisting of several hundreds of repeating units accounting for the massive molecular
weight. The nature of the immune response is dependent on the structural parameters of
the capsular polysaccharide, like repeating unit sequence or composition, conformation

(*C1 or ICy), regio- and stereo-specific nature of the glycosidic linkage. For example,



Neisseria meningitidis group B and C have the similar repeating unit monosaccharide
composition but differ in the position of hydroxyl groups that form the glycosidic linkage
between the sialic acid residues, a(2,8) vs a(2,9) linkages respectively. Group C
polysaccharide is immunodominant, whereas group B CPS is non-immunogenic.?
Similarly, group B streptococcus type la and Ib elicit two distinct immune responses which
are not cross protective, reflecting the conserved nature of the immune recognition process
due to a minute structural difference in the glycosidic linkage between the sugar residues
B(1,4) vs B(1,3) respectively.* Ovodov et. al reviewed the structural features of most
bacterial polysaccharides in detail.®

In order to protect ourselves from these pathogenic bacteria, our own immune
system can be educated to constrain the pathogenic organisms using the principles of
vaccines. Until very recent times, carbohydrate antigens were considered poorly
immunogenic compared to that of highly immunogenic peptide/proteins.® However, in the
last few decades, a great deal of work has been focused on understanding the role of
carbohydrate antigens on the adaptive arm of the immune system and has led to significant
improvement in our understanding of previously under-appreciated class of biomolecules

called as glycans.®”

1.1.1. Lack of sustained memory: T-cell independent nature of glycans:

Carbohydrates interact with innate and adaptive arms of the immune system
through pathogen associated molecular pattern (PAMP) receptors® and B-cell receptors
(BCRs) eliciting primarily a weak, T-cell independent immune response lacking sustained

memory.® Furthermore, antigens interacting with adaptive arm of the immune system are
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classified into T-cell dependent (TD) and T-cell independent (TI) antigens, whereas, Tl
antigens are sub-classified into TI-1 (lipopolysaccharides-LPSs) and TI-2 antigens
(capsular polysaccharides-CPSs) respectively.® The major impediment for using pure
CPSs as vaccines is the lack of sustained T-cell memory, especially in high risk age groups
(children below 2 year old and elderly) with no booster immune response and lack of
isotype switching (IgM to IgG). The pioneering work of Avery and Goebel in the field
of glycoimmunology showcased that the antigenicity of glycan components can be
enhanced by the conjugation of glycans to proteins, which will lead to the generation of

highly glycan-specific antibodies (Abs).

1.1.2. Glycoconjugate vaccines — T-cell dependent response for glycans:

Using hapten-carrier conjugation principle,'* CPSs of various bacteria have been
conjugated to highly immunogenic proteins and promising results have been obtained.*?
Pure CPSs induce B-cell mediated, highly diverse and low affinity IgM antibody
production, whereas CPSs conjugated to protein (glycoconjugate) can elicit T-cell help
leading to IgM to IgG class switching, production of interleukins (ILs), cytokines and result
in a sustained memory responses. As per the current understanding of glycoconjugate
based T-cell activation mechanism,® 13 the glycoconjugates are uptaken by the antigen
presenting cells (APCs) into the endosomes, fragmented into smaller fragments and
presented in the context of major histocompatibility complex class 11 protein (MHC II) at
the cell surface of APCs (Figure 1). The glycopeptide antigen presented by the MHC II
complex will be recognized by the af T-cell receptor (TCR) of CD4™ T-cells along with

co-stimulation (CD80/86 and CD28) leading to the secretion of IL-2 and upregulation of



IL-2 receptor resulting in the activation of the T-cell. Activation of T-cell results in the
production of IL-4, upregulation of CD40 ligand, IL-4 receptor on the B-cells binds to IL-
4 and leads to the upregulation of CD40. The interaction of CD40-CD40L in combination
with IL-4 signaling leads to the activation of B-cell (Figure 1). Activation of B-cell
mediated through T-cell results in IgM to 1gG class switching, leading to the production of
high affinity, glycan specific I1gG antibodies, memory B-cells and plasma cells. The above
hypothesis was put into practical test and the precise mechanistic details involved in the

glycoconjugate based activation of T-cell are not still clear enough.*314

Glycoconjugate vaccine

Protein \ﬁol\ysaccharide

/ECR
-\(\ B cell T cell

CD80/86 .) CD28

v
Y = W N

) I

IL-4
receptor receptor

'Aq Avci FY, Kasper DL. 2010.
Annu. Rev. Immunol. 28:107-30

Figure 1 - 1": Mechanism of CD4" T-cell activation by glycoconjugate vaccine.
*“Reproducedwith permission from Avci, F. Y.; Kasper, D. L. Annu. Rev.

Immunol. 2010, 28, 107. Copyright© 2010 Annual reviews”



Recently, Kasper et. al showcased the importance of the polysaccharide structure
on the T-carb response, where group C polysaccharide of N. meningitidis (MenC) failed to
elicit T-carb response due to the instability of polysaccharide to acid hydrolysis in
endosomes, in contrast to other glycoconjugates tested (Vi, GBSIb ad Hib) which resulted
in specific T-carb response.®®

1.1.3. Glycoantigen interaction with adaptive immune system:

Avci et. al recently reviewed various types of carbohydrate antigen interactions in
a T-cell dependent manner,” highlighting various new studies involving glycopeptides,
glycolipids, glycoconjugates and zwitterionic polysaccharides (ZPSs). In the precedented
literature, many examples have highlighted the importance of glycans in a carbohydrate
specific T-cell response. Using natural or synthetic glycopeptides, the influence of glycan
structure and the site of glycosylation on different glycopeptide/proteins has been studied.
Deck et. al showed that the site of covalent linkage (Ser residue) and amino acid residue
specificity (Ser56) of glycan galactobiose (a disaccharide) on a MHCII binding protein
HEL (hen egg-white lysozyme) was critical for T-cell hybridoma recognition.*® Studies
have shown the effect of degrees of glycosylation and length of glycan on a glycopeptide
towards the nature of T-cell effective response.’’ Glycoproteins like type Il collagen,*® bee
venom allergen phospholipase A2 (PLA),'° alanine proline rich antigen (Apa) from
Mycobacterium tuberculosis (Mth),?° lipoglycoprotein?® (LprG) from Mycobacterium
leprae and Mtb are known to induce glycan specific T-cell (CD4" or/and CD8") response.

Glycolipids, for example a-galactosylceramide (a-GalCer), are known to elicit a

specific immune response through the activation of invariant natural-killer T-cells (iNKT)



when presented in the context of CD1d molecule (MHCI type protein).?? The crystal
structure of CD1d molecule with glycosylceramides have illustrated that the lipid fitting
into the binding pocket of CD1d molecule exposes the glycan portion to the TCR of natural
killer cells?® with higher affinity and longer half-lives compared to CD4* and CD8* T-cell
receptors binding to peptide antigens presented through MHC 11 and MHC | molecules
respectively.?* The outcome of iNKT cells activation by glucosylceramides leads to direct
cytotoxicity, targeting and killing cancer cells.?® a-GalCers are used as adjuvants because
of their ability to enhance the antigenicity of various target entities.?® Capsular
polysaccharides of S. pneumoniae conjugated to alpha galactosylceramide (aGalCer) had
been shown to elicit carbohydrate specific, potent immune response against S. pneumoniae
infection in mice through the production of high affinity 1gG antibodies and memory B-
cells.?’

Glycoconjugate vaccines are very well-known to elicit T-cell-based adaptive
immune responses specific to the glycans conjugated to various carrier proteins.
Previously, it was thought that only peptide fragments are capable of binding in the MHC
I or MHC 11 binding grooves and carbohydrates do not. In 2011, Avci et. al unraveled the
previous hypothesis and proposed a new working model for the activation of T-cells by
glycoconjugate vaccines.®® Even though pure polysaccharide vaccines against some of the
serotypes of S. pneumoniae, S. typhi and N. meningitidis being currently used have shown
success in adults, they have failed to induce protective responses in infants, elderly and
immunocompromised patients.?® Glycoconjugate vaccines against S. pneumoniae, N.
meningitidis and H. influenzae have been highly successful with regard to their to ability

to activate the adaptive arm of the immune system through eliciting T-cell help for B-cells,
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producing long lasting memory B-cells, plasma cells, high affinity IgG antibodies through
class switching and hence are successful to protect infants and elderly compared to the pure
CPSs based vaccines in the market.?82°

A new class of molecules called as zwitterionic polysaccharides (ZPSs) are known
to elicit a T-cell based immune response solely in the absence of any type of carrier protein
or peptide epitope. To date, certain bacterial strains are known to produce zwitterionic
polysaccharides; S. pneumoniae type | (Sp1),* type 5 (CP5) and type 8 (CP8) capsular
polysaccharides from Staphylococcus aureus,® O-chain antigen from Morganella
morgani,® polysaccharide Al (PS Al) from Bacteroides fragilis ATCC 25285/NCTC
9343,% polysaccharide A2 (PS A2) from Bacteroides fragilis 638R3* and polysaccharide
B (PS B) from B. fragilis NCTC 9343,° among which polysaccharides PS Al and Sp1 are
the most well studied ZPSs (Figure 2).3® In general, the majority of capsular
polysaccharides found on bacterial surface are basically neutral or negatively charged and
studies on these neutral/negatively charged CPSs have shown their T-cell independent
nature.>® In contrast to non-zwitterionic polysaccharides, zwitterionic polysaccharides
(ZPSs) are processed through a novel iINOS mediated radical nitrogen species (RNS,
specifically nitric oxide NO") in the endosomes, presented in the context of MHC Il and
recognized by afp TCR of CD4" T-cells and elicit a robust response with the production of
high affinity 1gG antibodies through class switching and long-lasting memory B-cells

specific for the carbohydrate or glycan portion.5 %
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Overall, summarizing the various glycoantigens (glycoprotein, glycolipid,

glycoconjugates and zwitterionic polysaccharides) interaction with adaptive arm of the



immune system in a T-cell specific manner (Figure 3) has showcased the importance of

understanding the exact role of these previously less appreciated biomolecules called

“glycans”.
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Figure 1 - 3": Various glycoantigen(s) mediated T-cell activation.
““Reproduced with permission from Ozdilek, A.; Middleton, D. R.; Sun, L.;
Wantuch, P. L.; Avci, F. Y. Glycobiology 2016, 26, 1029. Copyright©
(2016) Oxford Academic”
Understanding the precise and specific mechanistic details of T-cell activation by
glycans, will reflect a new paradigm in developing rational vaccine constructs with high
efficacy rather than irrational use of vaccine constructs (structural changes) based on the

immunological outcomes.



1.2. Bacteroides fragilis: Polysaccharide Al (PS Al)

1.2.1. Introduction:

In 1876, the pathogenic role of the microorganisms was first demonstrated by
Robert Koch.*® Up until then, most of the focus was on the study of pathogenic nature of
microbiota with the host.®” Until recently, focus has been slowly shifting towards the
understanding of the symbiotic relation between microbiota and host. Based on the studies
related to symbiotic relationship between the host and the bacteria, it has become clear that
microbiota influence the hosts well-being in many different ways and play critical roles in
the immune system development and hence the concept of “hygiene hypothesis” was
proposed due to the significant impact of the microbiota on the well-being of the
host/humans.® It is a very well-known fact that the number of eukaryotic cells of the host
are outcompeted by the prokaryotic cells;*® microbiota have several ecological niches in
the human body like gastrointestinal, respiratory, urogenital tract, oral cavity and on the
skin surface. Among all the afore mentioned physiological sites, the major portion of
microbiota resides in the gut, known to assist the host in digestion, development of immune
system and also on outcompeting the space for harmful pathogenic bacteria.*® Disruption
of the gastrointestinal microbial ecosystem leads to several diseases like inflammatory
bowels disease (IBD),* colon cancer, asthma,*? multiple sclerosis,*® Alzheimer’s disease**
and other metabolic disorders.*® A large amount of epidemiologic data has shown an
inverse correlation between the occurrence of autoimmune or other diseases and very early
exposure to microorganisms.®8¢ As mentioned before, the gastrointestinal tract has more

microbes than other and bacteria outnumber other microbes like bacteriophages, protozoa,

10



viruses and fungi.*® The gastrointestinal portion is known to host nearly 2172 bacterial
species belonging to five phyla, namely, Bacteroidetes, Proteobacteria, Actinobacteria,

Fusobacteria and Firmicutes.*’

1.2.2. B. fragilis - A commensal gut bacteria:

Bacteroides fragilis is a gram-negative, obligate anaerobic gut commensal bacteria
known to have dual immunomodulatory properties (pro-inflammatory and
immunoregulatory) dependent upon the site of location of B. fragilis i.e., inside or outside
of the gut.*® B. fragilis comprises only 1-2% of the gut microbiota, and surprisingly being
the most common isolated bacteria from intra-abdominal abscess, reflecting its role in the
formation of abscess.*® Intraperitoneal (IP) treatment of mice with B. fragilis and sterile
cecal contents elicited the formation of abscess, importantly, the capsular polysaccharide
complex (CPC) is known to be critical in the abscess induction.® Intraperitoneal
implantation of E.coli capsular polysaccharides or S. pneumoniae polysaccharides (heat
Killed), failed to induce intraabdominal abscess, showcasing the specificity towards B.
fragilis CPC.%* Pretreatment of mice with pure CPC of B. fragilis without the adjuvant
(sterile cecal contents) lead to a protective response from abscess formation when
challenged with B. fragilis or other encapsulated bacterial species, reflecting the
importance of B. fragilis CPC as a vaccine candidate against intraperitoneal (IP) infectious
diseases.®® Based on the rat model studies to figure out the protective property of B. fragilis
CPS towards abscess formation, it was clear that the observed protection from the
formation of abscess is mediated through adaptive or cellular immunity rather than humoral

immunity (transfer of antibodies vs splenocytes to naive mice from immunized
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individuals).>* Later, specific transfer of ap TCR CD4" T-cells conferred protection
through secretion of anti-inflammatory cytokine IL-10 by the activation of Foxp3*
regulatory T-cells.>?

Symbiotic interactions of B. fragilis with the host is largely dependent on the highly
dynamic and complex structure of the capsular polysaccharide complex (CPC).>® B.
fragilis, capable of producing eight different capsular polysaccharides, namely
polysaccharide A (PS A) to polysaccharide H (PS H), a rare phenomenon observed in
various bacterial species and among the eight different polysaccharides expressed, PS Al
is the most abundant and bioactive polysaccharide. B. fragilis can produce any of the afore
mentioned eight different polysaccharides (PS A-H) to maintain the dynamic nature of the
surface polysaccharide complex through a process of multiple DNA inversions.>* A major
fraction of the B. fragilis genome is dedicated to the polysaccharide production, glycan
metabolism and is known to be very important for the survival of bacteria by evoking
complement mediated phagocytosis,®® to successfully interact with the host immune
system.®® Recently Neff et. al attempted genomic screen strategy and identified various
bacterial species capable of producing zwitterionic polysaccharides (ZPSs) apart from the
well-known ZPSs producers B. fragilis, S. pneumoniae and showcased the induction of
higher levels of T-regulatory cells (T-regs), anti-inflammatory cytokine IL-10 resulting in
protection against experimental colitis in mice models.>” The zwitterionic property
observed in PS A1, Spl and PS A2 polysaccharides is due to the presence of the rare amino
sugar D-AAT, synthesized by the gene wcfR and is transferred to the backbone of the
polysaccharide by the gene adjacent to the wcfR gene, named wcfS resulting in the presence

of D-AAT at variable positions in the above mentioned structurally different ZPSs.>” The
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dual immunomodulatory properties of B. fragilis is attributed to the abundantly expressed

and most potent polysaccharide Al (PS A1).%

1.3. Polysaccharide Al (PS Al): Immunomodulatory factor of B. fragilis

Among the eight different polysaccharides (PS A — PS H) expressed by B. fragilis,
polysaccharide Al is the most abundantly expressed and highly potent (pure PS Al) in
comparison with the whole capsular polysaccharide complex (CPC).%® Mutant species, not
capable of producing the eight different polysaccharides or capable of producing only few
of the eight polysaccharides are not able to colonize successfully and thus reflecting the
importance of structural diversity of CPC.%° PS A1l polysaccharide is known to induce the
formation of abscess through T-cell activation, can bind to Toll-like receptor 2 (TLR-2) on
dendritic cells (DCs)/T-cells and leads to the differentiation of CD4* T-cells into T-helper
1 cells (Th1) secreting IFN-y, resulting in innate and adaptive arm coordination.®® PS A1l
is known to play an direct role in the process of lymphoid organogenesis, systemic T-cell
deficiency correction and immune system maturation in a proper way.®* PS A1l can activate
a subset of T-regs (Foxp3*), secreting the anti-inflammatory cytokine IL-10 and hence can
lead to the down regulation of various diseases like inflammatory bowels disease (IBD),%?
asthma®® and autoimmune encephalomyelitis.®®  All the above immunomodulatory
properties can be attributed to the unique structure of PS Al, with alternating charge
character on each repeating unit, and leading to a three-dimensional, a-helical type

structure with charges exposed on the surface for interaction with ap TCR of CD4" T-cells.

1.3.1. Structural features of PS Al:
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The unique bio-properties of polysaccharide Al (PS Al) can be attributed to the
three-dimensional structure of the polysaccharide with each repeating unit containing
alternating/zwitterionic charge character in contrast to the most bacterial polysaccharides
containing either neutral or negative charge.® NMR studies lead to the elucidation of the
polysaccharide structure with more than 100 repeating units, with nearly 110 kDa
molecular weight on average, with each repeating having an unique chemical composition
(—3)-0-D-AATp-(1—4) [B-D-Galf(1—3)]-a-D-GalpNAc(1—3)-p-D-Galp(1—) consisting
of a tetrasaccharide with positive charge on rare amino sugar D-AATp and negative charge
on pyruvate D-Galp.%* The zwitterionic character is mandatory for PS A1l to be functional
in the context of MHC 11 mediated T-cell activation, N-acetylation of the amino group on
D-AATpD or reduction of the carboxylic functionality on pyruvate D-Galp by carbodiimide
reduction leads to complete loss of the T-cell activating property due to the inability of PS
Al to bind and be presented through MHC 11 complex.®® Confocal microscopy studies
have shown that the zwitterionic charge is not necessary for uptake of PS Al into the
endosomes by APCs, but is mandatory for MHC class Il presentation.®® General
mechanism of PS Al presentation involves, uptake and processing of polysaccharide into
smaller fragments of ~15 kDa by radical nitrogen species in endosomes and then these
fragments bind to the HLA-DR class II proteins and presented to ap TCR of CD4" T-
cells.®? Even though several studies have been done on the understanding of ZPSs and
MHC class Il molecules, precise details at molecular level are not yet clear.®* %" In general,
peptides are known to bind in a linear, extended conformation and compose of variable
length peptide epitopes because of the MHC class 11 has open ends. ZPSs are required to

maintain the dual-charge character, in order to be presented by the MHC class Il molecules
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and question arises in a way that, does the zwitterionic motif of ZPSs assist in binding to
the MHC Il complex solely in an electrostatic manner or the dual-charge character is also
required to maintain a 3D conformation, allowing the right conformational epitope required
for MHC 11 binding. Using NMR and computational studies, three dimensional structures
of two ZPSs, namely Sp1 and PS A2 have been obtained (Figure 4). The 3D conformations
of Spl and PS A2 ZPSs align with each other very well in a right-handed helix
conformation, even though the two polysaccharides have different monosaccharide
composition (trisaccharide vs tetrasaccharide repeating units). Interesting features
observed are equidistantly separated charges (15 A), eight sugar residues per turn, 20 A

pitch and zig-zag alignment of charges along the helical portion exposed for MHC Il and

67a, 68

af3 TCR recognition.

Figure 1 - 4" Superimposed PS A2 and Sp1 polymers.
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(Fig 4A: glycosidic oxygen atom-based superimposition; Fig 4B: amino
functionality-based superimposition) in yellow and red colors respectively.
““Reproduced with permission from Choi, Y.-H.; Roehrl, M. H.; Kasper, D.
L.; Wang, J. Y. Biochemistry 2002, 41, 15144. Copyright© 2002 American
Chemical Society.”
1.3.2. PS Al antigen processing and presentation: T-cell activation
Polysaccharide Al (PS Al) is up-taken, processed and presented in a pathway, very
much similar to peptide antigens, with a major difference in the way PS Al is fragmented
in the endosomes through reactive nitric oxide radical (NO’), in contrast to acidic
proteolysis of proteins into smaller peptide epitopes by proteases.® 352 In the simplest way,
processing and presentation of PS Al antigen by APCs is as follows; first, uptake of PS
Al polymer of nearly 110 kDa by APCs through pinocytosis or receptor mediated (DC-
SIGN) endocytosis,®® radical nitric oxide mediated depolymerization of polysaccharide
into smaller fragments of 10-15 kDa, fusion of endocytic and exocytic vesicles containing
PS Al and HLA-DR respectively, exchange of PS Al with CLIP under acidic conditions
to form HLA-DR:PS Al complex and finally presented to aff TCR of T-cells at the cell

surface (Figure 5).
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Figure 1-5": Polysaccharide Al (PS Al) uptake, processing and presentation by
MHC 11 in antigen presenting cells (APCs).
““Reproduced with permission from Cobb, B. A.; Wang, Q.; Tzianabos, A.
O.; Kasper, D. L. Cell 2004, 117, 677. Copyright© 2004 ScienceDirect.”
Once PS Al is endocytosed, inducible nitric oxide synthase (iNOS) catalyzes the
oxidation of L-arginine to produce NO' radical, leading to the depolymerization of PS Al
polysaccharide through site-selective deamination of the positively charged amino group
in the D-AATDp residue of a single repeating unit, resulting in fragments of 10-15 kDa size
without effecting the zwitterionic nature of the entire PS Al antigen.®*® Using an abscess
inducing model in mice, depolymerization of PS Al by radical nitrogen species was clearly

illustrated by using various knockout mice (iNOS”, NADPH” oxidase and using
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preprocessed PS Al fragments) and ruling out the involvement of glycosidases and
NADPH oxidase (catalyst for producing radical oxygen species).®® Endosomal
compartment containing processed PS Al fragments of nearly 10-15 kDa, exocytic vesicle
containing HLA-DR, HLA-DM and lysosomal vesicle fuse together to form MIIC (MHC
Il containing) vesicle and acidification of the MIIC vesicle leads to HLA-DM catalysis of
the exchange of CLIP (a self-peptide binding in MHC 11 groove to maintain the stability)
with processed PS Al antigen fragments forming MHC I1:PS Al complex. Using an
abscess inducing model, chemicals blocking MHC 11 pathway or blocking HLA-DM in
mice have shown the importance of HLA-DM in the catalysis of exchange of CLIP to
processed PS A1.%3% 67 Confocal microscopy data,®> generation of T-cell hybridomas
against PS Al and Sp1®*“ " which are cross reactive and co-immunoprecipitation
experiments®® establish the paradigm shifting carbohydrate mediated activation of the

specific subset of T-cells.® "

1.3.2. Studies on MHC Il binding with PS Al

Computational studies of PS A2 with MHC 11 showed that a four-repeating unit (16
sugar residues) PS A2 fragment was able to bind very well with computationally simulated
a-helix of MHC 11 protein (Figure 6).% Cobb et. al studied the effect of charge and size
(MW) on the ability of PS Al to bind MHC Il protein using circular dichroism (CD)
experiment. Only positive/negatively charged or neutral PS Al fragments were unable to
bind to MHC 11, whereas, zwitterionic fragments within a size range of 3-30 kDa were able

to bind to MHC 115  The above study highlighted that a minimum of
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Figure 1 - 6°: Stick (Fig 6A) and electrostatic models (Fig 6B) of PS A2 tetramer.

Binding model of a-helix with PS A2 tetramer antigen fragment (Fig 6C).
““Reproduced with permission from Wang, Y.; Kalka-Moll, W. M.; Roehr],
M. H.; Kasper, D. L. Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 13478.
Copyright© 2000 PNAS U. S.A.”
three repeating units and zwitterionic charge are extremely important for helical nature of
the polysaccharide fragments and binding into the MHC 1l groove. The zwitterionic charge
is important for the helical nature and importantly for the electrostatic binding of PS Al to
MHC Il protein. Kasper et. al have studied the PS Al and other proteins (MBPp and SEA)
binding with MHC Il complex under various concentrations of sodium chloride and have
shown the binding affinity of PS Al was reduced to less than 60% in the presence of NaCl
salt solution and whereas other proteins affinity was unaffected.®® Superantigens are a
special class of antigens that activate T-cells by binding outside the MHC |1 binding pocket,
for example, Staphyloccocal enterotoxin A (SEA) is a well-known super antigen. PS Al

ability to bind as superantigen was tested, PS Al was able to replace MBPp and SEA under
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competition experiments with increasing concentrations of PS Al and it was thought that
replacement of SEA might be due to conformational shift in protein structure through PS
Al binding rather than binding outside the binding groove. Various studies also support
the fact that PS A1l is not a superantigen.®® 35¢60. 72 pg A1 has higher binding affinity at
acidic pH (pH ~ 5.5), has specificity in binding towards MHC 1l haplotypes and binds to
HLA-DR haplotype exclusively. Among the HLA-DR haplotypes, PS Al binding affinity
is in the order of HLA-DR2 with highest affinity followed by HLA-DR4 and HLA-DR1
respectively.®® Confocal microscopy experiments also highlighted the coexistence of PS
Al antigen and MHC Il complex in endosomes, near the cell surface and interaction of the
di-localized complex (MHC 11:PS Al)with a TCR.*** From the above experimental data,
the precise mechanistic details of how PS Al binds or fits inside the binding groove is not
very clear at molecular level. In order to obtain a clear-cut understanding, a crystal
structure of MHC 11 with a homogenous synthetic fragment would definitely give a direct
explanation about the binding process and deciphers the crucial interactions between

peptide and sugar residues.

1.3.3. Immunomodulatory role of polysaccharide Al (PS Al):

Even though, B. fragilis accounts for only 1% of the total microflora in the human
gut, it has great influence over the host physiology (intestinal/extraintestinal). B. fragilis
was classified into two categories based on the pathogenic/non-pathogenic nature.
Pathogenic species producing bacterial toxins are called enterotoxigenic B. fragilis (ETBF)
and non-pathogenic species that modulate immune responses are called non-toxigenic B.

fragilis (NTBF).”® ETBF group of bacteria secrete B. fragilis toxin (BFT, metalloprotease
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toxin) leading to acute inflammatory disease’® and is found in higher counts in patients
with colon cancer compared to healthy ones.” A very interesting study by Sears et. al
showed that treatment of SPF mice (specific pathogen free) with NTBF B. fragilis NCTC
9343 (NTBF 9343) followed by ETBF 86 strain protected mice from colitis and formation
of tumors. When NTBF 9343 and ETBF 86 were administered simultaneously or ETBF
86 colonized mice treated later with NCTC 9343, no protection was observed against tumor
formation and colitis. The most remarkable outcome from Sears et. al work is, specific
pathogen free (SPF) mice treated in sequence with PS Al deficient NCTC 9343 followed
by ETBF 86 protected the mice from colitis and tumor development, challenging the
immunomodulatory properties of PS A1.7% However, a significant amount of data strongly
supports the immunomodulatory properties of PS Al and hence reflects the mechanistic
details of interaction between bacterial symbiotic molecules and immune cells at a
molecular level is not yet clear and needs further experimentation.””

B. fragilis, when located inside the gut is well-known for its symbiotic nature
through the development of immune system, correction of T-cell imbalances and anti-
inflammatory properties, mediated through the polysaccharide Al (PS Al). When B.
fragilis escapes from the gut into the peritoneum during dysbiosis (physical trauma or
surgery), it causes severe abscess formation due to activation of pro-inflammatory Th17
cells.*® Treatment of mice with live B. fragilis, heat killed B. fragilis, pure CPC or PS Al
polysaccharide along with sterile cecal contents led to abscess formation, whereas
unencapsulated B. fragilis failed to induce the formation of abscess.*®® So, based on the
physiological context of B. fragilis presence, the nature of pro-inflammatory vs anti-

inflammatory response was observed. Wang et. al proposed a model for the induction of
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abscess by B. fragilis in the peritoneum based on the experimental results (Figure 7), PS

Al binds to TLR-2 (Toll-like receptor), activating the MyD88 pathway, leading to the

Innate Adaptive

Th1 Cell

CcD28 OStaM O%O

O
O

Interferon Y

Th1 Cell
Lineage
Differentiation

Figure 1 - 7°: PS Al mediated abscess formation model through innate and adaptive arms
of the immune system. ““Reproduced with permission from Wang, Q.;
McLoughlin, R. M.; Cobb, B. A.; Charrel-Dennis, M.; Zaleski, K. J.;
Golenbock, D.; Tzianabos, A. O.; Kasper, D. L. J. Exp. Med. 2006, 203,

2853. Copyright© 2006 Rockefeller University Press.”

translocation of the transcription factor NF-xB into the nucleus of the antigen presenting
cells (APCs). The translocation of NF-kB leads to the transcription of genes required for
the secretion of TNF-a/IL-12, enhanced expression of radical nitric oxide producing

enzyme iNOS and up-regulation of proteins like MHC-11/CD86. Presentation of the
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processed PS Al by MHC Il and in combination with IL-12 production (TLR-2 mediated)
by APCs leads to the activation of CD4" T-cells and differentiation into Thl cells secreting
pro-inflammatory cytokine IFN-y. TLR-2 connects innate and adaptive arms of the
immune system through PS Al binding and mediates the formation of abscess in mice
models.®°

B. fragilis exerts a great deal of symbiotic beneficiary properties when present in
its natural habitat, the gut. Symbiotic properties of B. fragilis are mediated through the
CPC, especially PS A1.% In general, germ free mice (GF mice) have very high number of
Th2 cells compared to Thl cells, can lead to potential risk to the normal health of an
individual causing various inflammatory, allergic and infectious diseases.’”® B. fragilis
expressed PS Al is the first known commensal symbiotic factor that can correct the
abnormal ratio of Th1/Th2 cells, lymphoid follicle growth defects, leading to a healthy
balance of the immune system.®* The ability of B. fragilis to colonize the gut requires the
suppression or control of IL-17 secreting Th17 cells, reflecting the induction of anti-
inflammatory response mediated by PS Al. GF mice monocolonized with PS Al
expressing B. fragilis have lower number of Th17 cells compared to the mice colonized
with PS A1 deficient mutant bacteria.”® Protective effects of PS Al were studied using
colitis inducing T-cell transfer (CD4* CD45RbM9") model and colonization of colitis
inducing bacterium Helicobacter hepaticus,®® Bartonella henselae mice models.8! The
mice colonized with wild-type B. fragilis (WT B. fragilis) or administration of PS Al orally
lead to the protection from colitis, similar results were observed with chemically induced
model of colitis [trinitrobenzenesulfonic acid, TNBS]. PS Al anti-inflammatory nature

protects from necrotizing enterocolitis through suppression of IL-8 production,
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colonization of various pathogenic bacteria like Vibrio parahaemolyticus (gastroenteritis)®?
and lower counts of B. fragilis can lead to increased count of pathogenic bacteria like
diarrhea inducing Clostridium difficile®® and Clostridium perfringens.® The anti-
inflammatory properties of PS Al are mediated by IL-10 through the activation of a
specific set of CD4* CD25* Foxp3* T-regulatory cells.®?® Recent study by Dasgupta et. al
reported that PS Al mediated immunomodulation is dependent upon a specific type of
tolerogenic plasmacytoid dendritic cells (pDCs) rather than the conventional dendritic cells
(cDCs). pDCs activate Treg cells in a more potent way compared to cDCs in vitro and in
chemically induced colitis models (TNBS), transfer of PS Al pre-incubated pDCs offered
more protection than the conventional DCs and the protection is dependent on pDCs
count.®®

Immunomodulation by polysaccharide Al (PS Al) is not just confined to the gut,
PS Al can protect from various types of extraintestinal diseases like allergy, asthma,
Bartonella henselae induced tissue damage and experimental autoimmune
encephalomyelitis (EAE).”"- 8 Extraintestinal protective ability of PS Al is also mediated
by the anti-inflammatory cytokine IL-10. All the above protective properties both inside
the gut and extra intestinally reflect the ability of using PS Al as a prophylactic and
therapeutic agent (Figure 8). In EAE mouse model, colonization of PS Al expressing B.
fragilis species protected the mice after the antibiotic treatment, whereas the PS Al lacking
B. fragilis failed to offer the protection and protective properties were mediated by the anti-
inflammatory cytokine IL-10 producing Foxp3* T-cells.8® Importance of PS Al expression
was further validated by the two mice models of asthma®? and Bartonella henselae

mediated tissue damage,®” PS Al protected the mice from asthma and tissue damage
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through pDCs activated Tregs secreting IL-10. All the above results explain the
importance of the microbiota or symbiotic bacteria specifically to maintain the immune

homeostasis and the detailed mechanistic details of how they do it is still not very clear.
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Figure 1 - 8": PS Al, symbiotic factor from B. fragilis mediated immunomodulation of
the immune system in mice model. ““Reproduced with permission from
Erturk-Hasdemir, D.; Kasper, D. L. Ann. N.Y. Acad. Sci. 2018, 1417, 116.
Copyright© 2018 The New York Academy of Sciences.”

Further experimentation is clearly required to validate the specific symbiotic factors
secreted by various symbiotic bacteria involved in the process of immunomodulation, both
in the gastrointestinal tract (Gl tract) and extraintestinal organs. PS Al is known to interact

with TLR-2 in the gut to produce majorly an anti-inflammatory response, whereas in the
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peritoneum leads to a pro-inflammatory response leading to the formation of abscess.’’
DC-SIGN, a C-type lectin is known to bind to PS Al in the process of uptake®® into the
APCs and TLR-2 is not necessary for the uptake of PS A1.%° Overall, expect TLR-2 and
DC-SIGN interacting with PS Al and specific MHC-I11 haplotype HLA-DR presenting the
antigen to TCR of T-cells, different other receptors interacting PS Al and various signaling
pathways being initiated by PS Al need to be understood yet.

Based on the MHC Il mediated T-cell activation, PS Al was used as a carrier of
various tumor associated carbohydrate antigens (TACAs) instead of immunogenic
proteins, to develop an entirely carbohydrate-based vaccine. The major focus of our
research group for the past 14 years was to target various cancer antigens using PS Al
conjugated TACASs and very promising results have been observed for developing entirely

carbohydrate-based vaccines which will be discussed in the next section.

1.4. Entirely carbohydrate-based vaccines: an optimistic alternative to highly

immunogenic carrier proteins

The idea of vaccine was discovered by Edward Jenner in the late 18" century while
working with small pox virus,®® since then, vaccines have been protecting millions of
children, adults and the elderly until now from highly pathogenic bacteria, virus and
fungi.®® Various glycoconjugate vaccines are available in market today to fight various
bacterial diseases like PedvaxHIB®, Hiberix®, Menjugate® and Prevnar 13®.%° A limited
number of pure capsular polysaccharide vaccines are also available in market today like
Neisseria meningitides vaccine,® Vi vaccine®® and Pneumovax® 23.%  Capsular

polysaccharides of bacteria are made up of hundreds of repeating units, consisting of
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monosaccharides varying in ring conformation, stereospecific glycosidic linkages and are
considered to evoke T-cell mediated immune response. The lack of T-cell activating ability
of polysaccharides led to the idea of glycoconjugate vaccine strategy, in which the capsular
polysaccharide antigen fragments are conjugated to immunogenic proteins and hence lead
to T-cell activation.® Even though conjugation to proteins help in the generation of highly
specific antibodies and memory cells towards the carbohydrate antigens, due to the high
immunogenic nature of proteins most of the antibodies generated are specific towards the
carrier protein, a phenomenon called as carrier induced epitope suppression.®® Recently,
zwitterionic polysaccharides (ZPSs) are known to elicit T-cell dependent immune response
in the absence of proteins and hence open a novel platform to target various bacterial and
cancer antigens avoiding the highly immunogenic protein carriers.® Based on the various
path breaking scientific outcomes, cancer cells differ from the normal healthy cells in the
aberrant glycosylation pattern and various tumor associated carbohydrate antigens
(TACAS) like mucin-type, glycosphingolipids and Lewis blood group type have been
identified.®* Thomsen-nouveau (Tn), Thomsen-Friedenreich (TF), sialyl Tn (STn) come
under mucin type O-antigens. LewisX (Le¥), LewisY (LeY), LewisA (LeY), sialyl LewisA
(sLe?), sialyl LewisX (sLe*) and others belong to blood group antigens. TACASs related to
glycosphingolipids are GM2, Globo H, GD2, GD3 and others. Even though significant
research on cancer cells led to great level of understanding at the molecular level, until now
no cancer vaccine is available in the market except Provenge®.% The reason for the failure
in developing an effective cancer vaccine is the self-tolerant property of TACAs and
immune suppressive mechanisms associated with cancer cells.*® Conjugation of TACASs

to protein carriers and immunological studies were carried into clinical trials, but none of
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those conjugates were successful as expected.®” Our group has been focused on the
development of entirely carbohydrate-based vaccines targeting cancer, using the ZPS PS
Al as a carrier for various TACAs.%®

The zwitterionic tetrasaccharide repeating unit of PS Al is composed of four
monosaccharide repeating units, namely, D-Galf, D-GalNAc, D-AAT and pyruvate D-Galp
with positive and negative charges on D-AAT and pyruvate D-Galp, respectively. Chemo-
selective oxidation of terminal vicinal diols in D-Galf residue using sodium periodate
(NalOg) afforded oxidized PS Al with active aldehyde functionality (Figure 9). Aminoxy
derivatives (reducing end) of various TACAs synthesized were conjugated to the oxidized
PS Al to attain TACA:PS Al conjugates linked through an oxime.%% % Various O-
glycosylated alkyl amine linkers installed at the reducing end are known in the literature
for the conjugation of a glycoantigen to a protein, with ZPSs like PS Al and Sp1, amine-
based linkers cannot be used due to the presence of primary amine group in the repeating

unit itself.1%
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Figure 1 - 9: Conjugation of TACAS to oxidized PS Al
Various TACAs like Tn,%%? TF%¢ and STn%? were conjugated to PS A1 and studied
in mice. Immunological studies with TACA:PS Al conjugates in C57BL/6J mice models

gave promising results with the generation of highly specific antibodies (IgM and 1gG)
28



targeting specifically TACA expressing cancer cell lines. All the above results provide an
optimistic alternative to the current glycoconjugate vaccines to develop an entirely

carbohydrate-based vaccine in the near future targeting various cancers.

1.5. Importance of chemical synthesis: PS Al repeating units

Polysaccharide Al (PS Al) is isolated from the B. fragilis bacterial culture through
a tedious and laborious multi-step purification protocol®®® with very low yield.
Furthermore, the most important limitation of using biologically isolated PS Al in studying
the mechanistic details of T-cell activation at a molecular level is its heterogeneous nature
(polymers with varying kDa size). To understand the mechanistic details of antigen uptake
(various receptors involved), processing and presentation of PS Al in the context of MHC
Il by the antigen presenting cells (APCs), structurally well characterized or defined
moieties are of very high importance. To obtain structurally defined antigen fragments of
PS Al for the mechanistic studies, a well-thought and executed synthetic route can provide
PS Al synthetic fragments in sufficient quantities within a specific time. PS Al can be
used as a carrier not only for TACAs but also for various other bacterial antigens! to
develop vaccines to encounter various pathogenic bacteria. Vaccines based on the
synthetic oligosaccharide antigen can solve various problems related to traditional vaccine
synthesis involving culture of bacteria, as all species of bacteria are not able to culture in
huge quantities,?? tedious purification steps sustaining the CPS (few strains of CPS
decompose) and quality control factors like batch to batch reproducibility and chemical
analysis can lead to enormous rise in the cost of vaccine per dose.'®® Compared to the

human glycome, the bacterial glycome is very diverse and complex. It consists of various
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rare sugar motifs connected in a very specific fashion (regio and stereospecific) through
glycosidic linkages and posing further challenge to chemical synthesis.’* The key factor
in the development of efficient vaccine candidate against a bacterial disease is to find the
immunologically protective epitope (protective epitope). Studies on PS Al polysaccharide
and chemically processed fragments (o0zonolysis) showcase the importance of size of the
PS Al antigen in kDa vs the observed immunological outcome. The minimum size of PS
Al antigen fragment to have helical nature is 3 kDa and the bioactivity of pre-processed
fragments of PS A1 with 15-20 kDa is as efficient as 110 kDa polymer.1® Up until now,
none of the synthetic repeating units of PS Al and Sp1 have been tested in vivo, resulting
in the lack of information regarding the effect of size on T-cell activation phenomenon. As
B. fragilis ATCC 25285/NCTC 9343 is a symbiont rather than a pathogen, the
determination of the right epitope (sequential or conformational) of PS A1, which can be
an efficient activator of T-cells will help in developing completely synthetic vaccine

candidates targeting various bacterial diseases and carcinoma.

1.5.1. Immunologically active epitope determination: PS Al

Over the past few decades, the process of determination of the right/protective
epitope has been iterative. The carbohydrate antigen is synthesized based on the repeating
unit of the CPS, conjugated to a carrier protein, immunologically evaluated and if the
results are not satisfactory, a new antigenic motif is designed and tested.'®® In the context
of polysaccharide Al (PS Al), the determination of the right epitope refers to finding the
synthetic fragment (disaccharide to multi-repeating unit) that can efficiently activate the

CD4" T-cells. Based on the previous work of Kasper and others, a minimum of 3 kDa is
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required to form a helical structure, processed PS Al fragments between 3 to 10 kDa
showed better binding ability to MHC Il protein and in the mice abscess protection model,
nearly 17 kDa PS Al fragment was as effective as the entire 110 kDa polymer based on
both in vivo and in vitro studies and of all the structural parameters zwitterionic charge was
the most crucial. Tn antigen was conjugated to PS Al to obtain Tn-PS Al conjugate and
circular dichroism experiments'®® at various pH showed a decrease in a-helicity of
conjugate (around pH 3.8 - 8.4) to complete loss of helicity (pH < 3.5 and pH > 8.5), a
result contrast to previous work,®® §® as Tn-PS Al conjugate elicited T-cell based
response. Based on the above results, the endosomal and exocytic vesicles fuse to form
MIIC vesicle containing HLA-DR with CLIP, HLA-DM and processed PS Al fragments,
and the acidic pH (around pH ~ 5) will lead to the protonation of the amine residue in D-
AAT and is crucial to form a helical structure that leads to efficient binding with MHC II
(HLA-DR) complex. Compiling all the data available regarding the PS Al, various
structural parameters like size of the repeating unit, frameshift or sequence, helical nature
and zwitterionic charge might be crucial in the T-cell activation process. The idea of
sequential and conformational epitopes was developed by Arnon et. al,'%” sequential
epitope refers to the frameshift or order in which protein/sugar residues are arranged in the
primary structure and conformational epitope refers to the recognition process of specific
set of residues in close proximity because of three-dimensional structural arrangement. For
example, group B streptococcus (GBS) type 111 antigens should have a minimal size of five
repeating sequences in order to be immunologically active (conformational epitope),
whereas, others like S. pneumoniae, Hib or Shigella require smaller to medium epitope

length for immune recognition (sequential epitopes).t®® In regards to PS A1, the question
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becomes, is it the sequence or the conformation that matters, or both sequence and
conformation, needs to be further elucidated? The question can be answered by
synthesizing PS A1 monomeric repeating unit; synthesis containing all the three possible
sequences or frameshifts and antigenic fragments of higher molecular weight (>3 kDa),
and followed by in vitro and in vivo studies (Figure 10).

The hypothetical model for PS Al mediated activation of T-cell is shown below
(Figure 11), HLA-DR haplotype is the MHC 11 protein that processed PS Al fragments
bind and are presented to the aff TCR of CD4" T-cells. In the model shown below, the
alpha and beta chains of HLA-DR2 haplotype are represented in blue and pink colors
respectively. Two modes of PS Al dependent activation of CD4* T-cells might be
possible, PS Al fragments of higher molecular weight (> 3 kDa) can attain a helical

conformation, exposing the positively charged amine functionality in the D-AAT residue
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Figure 1 - 10: Three different sequential epitopes for PS Al repeating unit (frameshift A,

B and C).
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Figure 1 - 11: Hypothetical binding model of synthetic PS Al fragments with MHC 11
[HLA-DRZ2] protein in the binding groove. Top view of PS Al antigen
fragment(s) in the binding pocket of HLA-DR2 protein. Alpha and beta
chains of HLA-DR2 heterodimer drawn in blue and pink colors
respectively. Figure A: Helical PS Al fragments of higher molecular
weight (> 3 kDa) with alternating charges on opposite ends interacting
electrostatically with peptide residues [conformational epitope]. Figure B:
zwitterionic, single repeating units of PS Al interacting in an individual
block-type fashion [sequential epitope].

and negatively charged carboxylate functionality in the pyruvate D-Galp residue on the

opposite sides of the helical antigenic fragment, and thus positioning the charged residues

in the right place for the electrostatic interaction with the acidic and basic peptide residues

in the binding groove of the HLA-DR2 complex (Figure 11, A). The above hypothesis can
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be put to test through gaining access to zwitterionic PS Al antigen fragments of molecular
weight greater than 3 kDa and attempting in vitro and in vivo studies to confirm the process
of T-cell activation. The zwitterionic, single repeating unit sequences might bind in the
binding groove in a block-type fashion interacting with various acidic and basic peptide
residues, mainly through electrostatic interaction, and thus activating the T-cells (Figure
11, B). The above hypothesis can be tested in mice models using the synthetic sequential
antigenic repeating units (frameshifts A, B and C) and PS A1 antigenic fragments of higher
molecular weight (> 3 kDa, conformational epitopes).

The general size of antigen fragments that bind to the MHC 11 complex in the
binding grove are known to be around 1.6 — 3.2 kDa for peptide fragments and it is also
known that MHC 11 complex has open ends leading to the size independent nature of the
antigen fragments that bind to the MHC Il and are presented to the TCR complex of the
CD4* T-cells. Based on the previous studies conducted by Kasper group, the effect of
molecular size on the binding to the MHC Il complex was studied using ELISA technique
and was shown that antigen fragments with less than three repeating units failed to bind
the MHC Il complex. Even though, in vivo studies using these molecular fragments with
molecular weight lower than the 3 kDa was not attempted, hence the information related
to the size dependent activation of the CD4" T-cell activation remains unknown. The
synthesis of three sequential epitopes and antigen fragments of higher molecular weight (>
3 kDa), followed by in vitro and in vivo studies is of very high importance to know the
effect of sequence and size of the PS Al antigen fragments on the T-cell activation.
Successful determination of the active or right epitope of polysaccharide Al (PS A1) will

help to develop an entirely synthetic carbohydrate-based vaccine to target various
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pathogens by conjugating the right epitopes of virulent pathogens to the synthetic PS Al
carrier and also various TACAs can be conjugated in a chemo-selective fashion to fight

cancer.

1.5.2. Future directions:

The determination of the immunologically active epitope of PS Al has significant
importance. To understand the precise molecular details involved in the paradigm shifting
phenomenon of T-cell activation by the zwitterionic polysaccharides (ZPSs), completely
defined synthetic PS Al antigenic fragments are of high importance. PS Al is known to
link innate and adaptive immune systems through TLR2 receptor and DC-SIGN is also
known to assist in the PS Al antigen uptake, through a receptor mediated process. Other
than the above mentioned two receptors, very less information is known regarding the
various receptors that can interact with PS Al. Synthetic and structurally defined PS Al
antigenic fragments can be used as molecular probes to understand the critical details
involved in the uptake, processing and activation of T-cells mediated by the APCs.

Synthetic PS Al active epitope can help in the development of completely synthetic
vaccine constructs, solving various quality-control issues like percent loading,
reproducibility and structure characterization, and thus leads to low cost per dosage of the
vaccine. Various pathogenic bacterial epitopes and various TACASs can be conjugated to
the PS Al synthetic fragment in a chemo-selective fashion, completely defined vaccine
constructs can be generated and using structure-activity relationship studies, the efficacy
of the vaccine constructs can be tuned to the maximum. Using synthetic fragments of PS

Al, vaccine constructs can be developed in a complete rational fashion, in contrast to the
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trial and error process. PS Al synthetic fragments can also be used as an adjuvant, based
on the activity, can be structurally modified through chemical synthesis to develop more
efficient synthetic immune system activators. Activation of CD4" T-cells by PS Al is a
well-established fact, but, the critical interactions responsible for the binding in the MHC
II groove and recognition by the oy TCR ofthe T-cells is not well understood at a molecular
level. Using the synthetic PS Al probes, MHC Il protein and PS Al antigen interactions
can be studied using different techniques like isothermal titration calorimetry (ITC),
surface plasmon resonance (SPR) and the real breakthrough can be achieved by obtaining
the crystal structures of the di-localized complex of PS A1:MHC Il and even tri-localized
complex of MHC 11:PS Al:afTCR. Crystal structure of the afore mentioned di-localized
and tri-localized complex can reveal a great deal of information in detail and the various
types of interactions involved between peptide and sugar residues in the MHC 11 binding
groove and aff TCR can be understood at a molecular level. Hence, the role of chemical
synthesis in understanding the immunomodulatory properties of PS Al is of utmost
importance, as access to defined homogenous PS Al fragments through bacterial culture

is not possible as per today.
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Chapter 2

Total Synthesis of Zwitterionic Repeating Unit of
Polysaccharide Al (PS Al) with Alternating Charges
on Adjacent Monosaccharides from Bacteroides
fragilis ATCC 25285/NCTC 9343

2.1.  Introduction:

Zwitterionic capsular polysaccharides (ZPSs), a special class of carbohydrate
antigens with T-cell activation capability has been well-studied® 58 77 and used as a carrier
to develop a novel class of entirely carbohydrate-based vaccines.%8 %8¢ 99101 The ynique
T-cell dependent property is directly correlated to the structure of these T-cell activating
ZPSs, with positively charged amino groups, negatively charged pyruvate or phosphate
groups present in the repeating unit sequence, having helical 3D structure with positive and
negative charges aligned on the opposite sides and separated equidistantly. Apart from the
dual or zwitterionic charge nature, the repeating unit composition is rich with highly
immunodominant sugar residues like D-GalNAc, D-Galf, pyruvate D-Galp, D-GalA and D-
AAT .5 18 D AAT (2-acetamido-4-amino-2,4,6-trideoxy-D-Gal) is a rare sugar residue
found in various bacteria connected to various other sugar residues in a stereospecific

manner that vary based on the type of bacterial species, not present in the human glycome
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and offer a chance to develop various bacterial vaccines.!®* 1% ZPSs lose the ability to
activate the T-cells, if the charge residues are modified chemically into neutral
functionalities like acetamide or ester. Many different research groups have up taken the
challenging synthetic endeavor of these ZPSs, to gain access to synthetic repeating unit(s)
and study the T-cell activation mechanism in detail.’% Taking a look at the brief history
of previously accomplished synthesis of ZPS repeating unit(s) (Figure 12), Bundle et. al
synthesized the monomeric and dimeric repeating units of Streptococcus pneumoniae type
1 (Spl) in 2010 and until now is the ZPS synthetic fragment with more than one repeating
unit. Unfortunately, none of the repeating unit sequences were capable of activating T-
cells in vitro, and due to the synthetic challenge associated with the rare sugars connected
in a 1,2-cis fashion, further synthesis to access Sp1l fragments of more than two repeating
units was not up taken.'*® In 2011, Codee et. al synthesized all three possible repeating
unit sequences of Sp1 using GalA 3,6-synthon strategy'!! and through iterative approach
by others.'*2 In 2007, van den Bos et. al synthesized the completely protected PS Al
repeating unit,!'® followed by Seeberger et. al accomplishing the first total synthesis of
completely deprotected repeating unit of PS Al with zwitterionic charges separated by
neutral D-GalNAc residue.'* In 2014, Seeberger et. al accomplished the synthesis of
conjugation-ready Spl and PS Al single repeating units with active thiol linkers at the
reducing end for the ability to conjugate these synthetic probes to an array or immunogenic
carrier proteins.'® From the immunological results published, Sp1 monomeric unit was
shown to be recognized by the antisera of the Spl polymer, whereas PS A1 monomeric
unit was not recognized by the antisera of B. fragilis. Very recently, Troutman et. al

accomplished the biosynthesis of PS A1l repeating unit.1*®> Our group completed the first
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total synthesis of zwitterionic PS Al repeating unit with alternating charges on the adjacent
monosaccharides, a structural feature we believe to be critical for the immunological
activity.®® Apart from Sp1 and PS Al ZPSs synthesis, other bacterial ZPS repeating unit
synthesis have been accomplished recently by various research groups. Mulard et. al and
Kulkarni et. al accomplished the synthesis of Shigella sonnei trisaccharide repeating unit!®
and phosphorylated trisaccharide repeating unit (one-pot) of Providencia alcalifaciens 022
respectively.’!” Staphylococcus aureus capsular polysaccharides CP5 and CP8 are also
zwitterionic, the non-zwitterionic versions of CP5 and CP8 repeating units have been

accomplished by Demchenko et. al, Boons et. al and Adamo et. al !
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Figure 2 - 1: Previous synthesis of various zwitterionic repeating units (ZPSs)
In the last two decades, the knowledge of synthetic carbohydrate chemistry has
increased tremendously, various challenging synthesis have been accomplished using one-

pot, pre-activation protocol,*'® automated assembly'?® and convergent synthetic strategies.
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At present, our understanding in regards to various key aspects of chemical glycosylation
like, reactivities of various glycosyl donor and acceptors, effect of protecting groups,
conformation, remote participation and other factors has increased way better than the
previous decade, and yet a plenty of vigorous research is required to understand various
other aspects of oligosaccharide synthesis to expedite the current pace.?

2.2.  Initial attempt(s) towards the PS Al zwitterionic repeating unit synthesis:

A linear glycosylation strategy was followed to access the zwitterionic repeating
unit 1 of PS Al, starting with [1+1] glycosylation of glycosyl donor 3 and acceptor 4 to
afford the desired disaccharide 5 in 68% vyield.'?> The respective disaccharide 5 was
subjected to one-pot azide to acetamide reduction conditions using thioacetic acid (AcSH)
and pyridine (pyr) at room temperature to afford the desired diacetamido disaccharide 6 in
90% vyield.'?® Zemplén deprotection of two acetate groups in compound 6 afforded the
desired diol compound 7 in 95% yield.'?* Selective benzoylation of the diol 7 at — 50 °C
using benzoyl chloride (BzCl) and pyridine in dichloromethane (DCM) led to the formation
of regiomers C3 vs C4 hydroxyl protected compounds 8 and 8a (5:1) in 84% yield.*'° C4-
OH alcohol 8 was subjected to one-pot triflate protection and inversion with sodium azide
(NaNs3) and the desired azide 9 was obtained in 71% yield over two-steps.!® Zemplén
deprotection of the compound 9 led to the formation of C3-OH disaccharide acceptor 10.
Using a [2+1] glycosylation strategy, the disaccharide acceptor 10 and the pyruvate D-Galp
donor 11 were subjected to various glycosylation conditions like NIS/ TMSOTf, MeOTf,
DMTST and NIS/AgOTf, only NIS/AgOTf mediated glycosylation afforded the desired
trisaccharide 12 in a low vyield of 28% (Scheme 1).}°® PMB protecting group was

oxidatively cleaved using DDQ and the desired trisaccharide acceptor 13 was obtained in
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69% yield.'?* Final [3+1] glycosylation was attempted with D-Galf donor 14 under various
glycosylation conditions like NIS/TMSOTf, MeOTf, DMTST and NIS/AgOTT, desired
protected tetrasaccharide 2 was obtained in ~10% yield with NIS/AgOTf activation
protocol. The final two glycosylation reactions were very low yielding for the following

reasons (Scheme 1).
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The very low solubility of the diacetamido di and trisaccharide acceptors in
dichloromethane at lower temperatures below -20 °C and the low reactivity of the
diacetamido acceptors (H-bonding with OH) and disarmed nature of the donors used.
Acetamide functional acceptors were known to be used previously in the literature, have
worked successfully in some cases''® and shown poor reactivity in other cases.!?® As
glycosylation is the key reaction in the process of oligosaccharide assembly, tuning the
protecting groups on the respective acceptor and donors was very essential, led to the
design of new set of acceptors, donors and the whole glycosylation strategy.

2.3.  Total Synthesis of PS Al repeating unit with alternating charges on adjacent
monosaccharides:

After the unsuccessful attempt towards the synthesis of PS Al repeating unit,
individual monosaccharide building blocks were designed to be more reactive and surpass
the previous problems encountered in the total synthesis. In contrast to the initial attempt
of introducing the amine functionality later, 2-azido-2,4,6-trideoxy-D-AAT was
synthesized and used as a donor to obtain the challenging a(1,4) linkage between D-AAT
and D-Gal residue.®® Retrosynthetic analysis is shown in the Scheme 2. Completely
deprotected PS Al 1 was obtained through a one-pot, three-step global deprotection
strategy of protected tetrasaccharide 2, obtained through a [3+1] glycosylation strategy of
trisaccharide acceptor 15 and pyruvate D-Galp donor 16. The orthogonally protected
tetrasaccharide 2 was protected with Fmoc and p-methoxy phenol protecting groups at the
non-reducing and reducing ends respectively for the synthesis of PS Al fragments of higher
molecular weight. The trisaccharide acceptor 15 was obtained using a [2+1] glycosylation

of disaccharide acceptor 17 and D-AAT donor 18, followed by p-TsOH mediated
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deacetylation under mild acidic condition. The disaccharide acceptor 17 was synthesized
from D-Galf donor 19 and D-Galp acceptor 20 using a [1+1] glycosylation strategy (Scheme
2). The choice of thio vs trichloroacetimidate donors used in the glycosylation reactions

was based solely on the efficient reaction outcome.
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Scheme 2:  Retrosynthetic analysis of tetrasaccharide repeating unit of PS Al
2.3.1. Synthesis of monosaccharide building blocks:

Synthesis of zwitterionic tetrasaccharide repeating unit of PS Al 1 with alternating
charges on adjacent monosaccharide residues began with the synthesis of monosaccharide
building blocks pyruvate D-Galp thiophenyl donor 16,1%° rare residue 2-azido-4-
trichloroethoxycarbamate-2,4,6-trideoxy-D-AAT trichloroacetimidate donor 18,* D-Galf
trichloroacetimidate donor 19,4 p-methoxy phenyl-O-4,6-benzylidene-D-GalN3 acceptor

20_127
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Synthesis of orthogonally protected pyruvate D-Galp donor 16:
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Scheme 3:  Synthesis of orthogonally protected pyruvate D-Galp donor 16

Orthogonally protected pyruvate D-Galp donor 16 synthesis (Scheme 3) began with

peracetylation of D-galactose, followed by the installation of the thiophenyl group at the
reducing end using BF3Et20 to obtain the desired B-thiophenyl-2,3,4,6-OAc-D-Galp 22 in

85% vyield over two steps, encashing the anchimeric assistance of the 2-OAc ester
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functionality (Scheme 3). The compound 22 was then subjected to Zemplén deprotection
conditions to obtain the tetraol. The tetraol was then regio-selectively protected with
benzylidene protecting group using benzylidene dimethyl acetal under acidic conditions to
afford the desired 4,6-O-benzylidene protected B-thiophenyl D-Galp compound 23 in 89%
yield over two steps. The compound 23 was then protected with BzCl in pyridine at 0 °C
to obtain the desired B-thiophenyl-2,3-di-OBz-4,6-benzylidene protected D-Galp 24 in
91% vyield.*?

The benzylidene protecting group was deprotected under acidic conditions using
camphorsulfonic acid (CSA) in methanol (MeOH) at room temperature to obtain
compound 25 in 84% yield and followed by the pyruvate protection using methyl pyruvate
and BF3Et20 in acetonitrile to obtain the thio donor 26 in 79% vyield.'?® The pyruvate
protected compound 26 can be used directly as a donor in the glycosylation reaction, in
order to access the orthogonally protected tetrasaccharide 2 for further repeating unit
elongation of the tetrasaccharide, compound 26 was converted to orthogonally protected
pyruvate D-Galp thio donor 16 in 3 steps. Compound 26 was subjected to Zemplén
deprotection to afford the desired 2,3-diol 27 in 92% vyield. Silver (1) oxide mediated
regioselective protection of C3-OH using FmocCl in dichloromethane (DCM) led to the
formation of C3-Fmoc protected pyruvate galactose 28 in 62% yield and with a 3:1 ratio
of C3 vs C2 Fmoc products separated by column chromatography.?® Finally, the
compound 28 was subjected to acetylation in pyridine at 0 ‘C to afford the desired
orthogonally protected pyruvate D-Galp thio donor 16 in 94% yield.

Synthesis of D-Galf trichloroacetimidate donor 19:
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Scheme 4:  Synthesis of trichloroacetimidate donor of D-Galf 19

D-galactose was converted to di thioacetal 29 using aq. HCI and ethanethiol at room
temperature in 75% vyield, followed by cyclization mediated by mercuric chloride (HgCl.)
in water at room temperature to afford the desired a-SEt-D-Galf donor 30 in 81% yield.
The compound 30 was then treated with BzCl in pyridine to obtain the desired per
benzoylated product 31 in 95% yield. The a-SEt D-Galf donor was then converted to the
more reactive trichloroacetimidate donor 19 in two steps, first by the hydrolysis of the
thioether using N-bromo succinimide (NBS) in dichloromethane and H.O to afford the
hemiacetal and treated with trichloroacetonitrile in the presence of cat. DBU to obtain the
desired trichloroacetimidate D-Galf donor 19 in 81% yield over two steps (Scheme 4).
Synthesis of -p-methoxy phenyl-2-azido-4,6-O-benzylidine-D-Galp acceptor 20:

The synthesis of the acceptor 20 (Scheme 5) started with diazotransfer reaction!?
of the D-galactosamine'HCI 32 using triflic azide (TfN3), cat. CuSO4 in a mixture of
methanol, dichloromethane and water solvent system at room temperature over a period of
24 h, followed by peracetylation with Ac,O to obtain the desired azido compound 33 in

80% vyield.
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Scheme 5:  Synthesis of D-GalN3 acceptor 20

Regioselective anomeric deacetylation mediated by ammonium acetate (NH4OAC)
led to the formation of the hemiacetal 34 in 81% yield. Treatment of the hemiacetal with
trichloroacetonitrile with cat. DBU in dichloromethane afforded the trichloroacetimidate
donor, followed by the glycosylation of TCA donor with p-methoxy phenol using cat.
TMSOTT led to the formation of the desired MP protected azido compound 35 (a: = 1:2)
in 72% yield over two steps. The compound 35 was subjected to Zemplén deprotection to
obtain the triol intermediate which was subjected to regioselective benzylidene protection
using benzylidene dimethyl acetal in acetonitrile to afford the desired 4,6-O-benzylidene
protected GalNs acceptor 20 in 73% yield over two steps.*?’
Synthesis of the rare D-AAT trichloroacetimidate donor 18:

Synthesis of the rare sugar residue D-AAT trichloroacetimidate donor 18 (Scheme
6) started from the highly regioselective protection of C3-OH of the D-rhamnal 36 using
AcCl, pyridine at -78 °C in dichloromethane to afford exclusively 3-OAc protected D-

rhamnal 37 in 74% vyield. The 3-OAc protected D-rhamnal was subjected to Bose-
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Mitsunobu reaction®®® to afford the desired azido compound 38, followed by the
deprotection of acetate protecting group under Zemplén conditions to afford the desired
C3-alcohol 39 in 61% yield over two steps. Direct reduction of azide with the C3-OAc
protected compound 38 led to the formation of acetyl group migration onto amine to afford
the undesired acetamido compound under various conditions like ethane dithiol mediated
reduction, LAH and Staudinger reaction. With the desired azido alcohol 39 in hand,
compound 39 was subjected to afore mentioned azide to amine reduction protocols and
LAH mediated reduction worked best affording the desired amino alcohol. The crude
amino alcohol was then subjected to 2,2,2-trichloroethoxy carbonyl chloride (TrocCl),
sodium bicarbonate (NaHCO3) in tetrahydrofuran (THF) to afford the desired carbamate
40 in 63% yield over two steps. The carbamate 40 was protected with AcCl using pyridine
as a base afforded the desired compound 41 in 91% yield. Azidonitration'*! of compound
41 using ceric ammonium nitrate (CAN) and sodium azide (NaNs3) in acetonitrile (MeCN)
at -25 °C afforded the desired compound 42 in 73% yield with 3.5:1 ratio of the C2 epimers
(galacto:talo = 3.5:1) calculated as by *H NMR. Compound 42 was then converted to
hemiacetal using thiophenol, followed by treating the hemiacetal with CCIsCN and cat.
DBU to afford the desired trichloroacetimidate D-AAT donor 18 in 67% yield over two

steps.
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Scheme 6:  Synthesis of the rare D-AAT trichloroacetimidate donor 18
2.3.2. Assembly of monosaccharide building blocks: PS Al repeating unit

With the required building blocks in hand, the assembly of the monosaccharide
building blocks was started with [1+1] glycosylation of trichloroacetimidate donor of D-
Galf 19 and p-methoxy phenyl-4,6-O-benzylidene-D-Galp acceptor 20. At first the a-MP
protected galactose azido acceptor 20a (Figure 13) was used in the [1+1] glycosylation,

very surprisingly aglycone transfer of the methoxy phenyl group was observed.'®? The
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reason for the observed aglycone transfer was due the highly electron rich nature of the a-
glycosidic linkage in the acceptor, because of the anomeric effect of the ring oxygen and
also electron donating ability of the p-methoxy group, and the second driving force for the
aglycone transfer is due to the relative stability of the oxocarbenium ions generated from

the acceptor 20i (after aglycone transfer) vs donor 19i (Figure 13).

Initial ion pair

¥ ’ \
TMSOTf Ph
BzO o 0" "CCly Activation BzO o® lvo
_ —_— U=
BzO BzO + [0} N
Ph o B 0 3
OBz lv OBz HO L e
BzO' 19 o BzO' N
0 19i 20a 30
HO 0 oxocarbenium ion
N from donor desired product
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'TO from acceptor
? @ O
o OTf — _
\ Ph

Ph Ph HO

%0 %0 Reaction with 20i N3 | Oo
o) (o] acceptor - A a
(o] (o] B + ° - HO ¥
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Bz0 O ]
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b
OMP -0 BzO; ,® \©\ s
Polymerization products BzO o (o]
0Bz Bz0
BzO  Aglycon transfer OBz

product BzO
N J L _

Transfer ion pair

Figure 2 - 2: Plausible mechanism for aglycone transfer

In detail, the plausible mechanism was shown (Figure 13), activation of the TCA
donor 19 by TMSOTT will lead to the formation of an initial ion pair 19i/20a, consisting of
oxocarbenium ion generated from the TCA donor 19i and acceptor 20a. In case, the C3-
OH of the acceptor reacts with the oxocarbenium ion from the donor 19i, it will lead to the
expected product 43 (path-b, Figure 13). Initial ion pair can take a different pathway due
to the competing, electron rich a-glycosidic linkage of the acceptor, leading to the aglycone

transfer (path-a, Figure 13) and hence leading to the formation of the transfer ion pair. The
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newly formed oxocarbenium ion 20i due to the aglycone transfer can react with the
acceptor 20a giving rise to polymerization by-products. Hence, the electron rich nature of
the a-glycosidic linkage and the relative stabilities of the oxocarbenium ions from the
donor 19i and acceptor 20i might be the driving force behind the very rare O-glycosidic
aglycone transfer.

The above aglycone transfer was circumvented using the f-isomer of the acceptor
20, as minute changes to the glycosylation reaction parameters can lead to or avoid
aglycone transfer.132 Using [1+1] glycosylation strategy, the TCA donor of D-Galf 19 was
coupled with B-p-methoxy phenol-4,6-0O-benzylidene-D-Galp acceptor 20 using Schmidt’s
glycosylation strategy at -40 °C to obtain the desired disaccharide 43 in 89% yield.'?? The
disaccharide 43 was then subjected to Zemplén conditions to deprotect the benzoate esters
on the D-Galf residue and then the crude tetraol was then benzylated with benzyl bromide
(BnBr), sodium hydride (NaH) in N, N-dimethyl formamide (DMF) at 0 °C to afford the
desired benzyl protected disaccharide 44 in 87% yield over two steps (Scheme 7). The
compound 44 was then subjected to regioselective benzylidene ring opening'® using
triethyl silane (Et3SiH) and triflic acid (TfOH) at -78 °C in DCM to afford the desired
disaccharide acceptor 17 in 83% yield. The reason for switching from benzoyl to benzyl
protecting groups on D-Galf residue is due to the very well-known low reactivity of the C4-

OH on galactose (Scheme 7).110. 114

51



NH

Ph BzO o)j\cm3 Ph
C 0 C
o BzO o7
o
o 19 OBz (o]
HO R, BzO B0 9 OMP ; NaOMe (cat.), MeOH, rt, 2 h
N3 > -0 N3 H o >
TMSOT, 4 AMS, CH,Cl, BzO ii. BnBr, NaH, DMF, 5 h, 0 °C - rt
20/20a -40 °C, 30 min, 89% OBz 43 87% over 2 steps
20: R,=OMP, R, =H BzO
20a: R, = H, R, =OMP
Ph HO _oBn
%0 ogé/OMP
o BnO
o O up Et;SiH, TfOH, -78 °C, 4 A MS -0 N3
BnO > BnO
0—) 44 M CH,Cl,, 5 h, 83% OBn 47
BnO BnO
OBn
BnO
TrocHN
TrocHN
o
o NH AcO
AcO Py N3 TsOH, MeOH:CH,Cl, (2:1)
(o] 0 _OBn p-1sOR, WMeOH:LH,LI; (2:
18 N3 CCl, o 60°C,24 h
> o) OMP >
TMSOTf, 4 A MS, 20 min BnO o N, 72%
. . 0, -
CH,Cly:ether (2:1), rt, 63% BnO 45
OBn
BnO
TrocHN OMP 1 e
lo) BzO
HO -0 o NH
N BzO x/
‘0 _0oBn o =2
o OBz
o OoMP BzO' 43, 15a N"o
BnO -l\l{l\l\a
-0 Ns aglycone oxazolidinone
BnO 15 transfer by-product by-product
OBn - 7 -
BnO
Scheme 7:  Synthesis of the trisaccharide acceptor 15
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With the disaccharide acceptor 17 in hand, the challenging 1,2-cis or a(1,4) linkage
between the rare sugar D-AAT donor 18 and the C4-OH of the disaccharide acceptor 17
was screened under various glycosylation protocols.®®  Careful tuning of various
glycosylation reaction parameters like temperature, mol % of the catalyst, various Bronsted
acids, concentration of the reaction mixture, proper ratio of the solvent mixture and
equivalents of the donor/acceptor afforded the desired trisaccharide 45 in 63% yield with
complete a-selectivity (Scheme 7).3% The reason for the high a-selectivity is believed due
to the remote participation of the NHTroc protecting group in the oxocarbenium ion

intermediate (Figure 14).%%*

Cl'op face attack: chair-like transition state)

remote C|3C\_
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(o]

(0}
. NHTroc blocks )‘NH
OAf—I;OH p-face A/
_o+ CH3 — — \ :0+ CH3
— 7I 3
OAc
N; NH favorable ‘ 4,

o) .
*H, o \—cci R—OH half-chair
half-chair

(Bottom face attack: chair-like transition state)

S\1 - pathway

S\1 - pathway

TrocHN TrocHN

o (0]
AcO OR AcO

N, Ns

p-product

Figure 2 - 3: Plausible mechanism for remote participation mediated high a-selectivity

OR
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The oxocarbenium ion formed after the activation of TCA donor by TMSOTT can
exist in two half-chair conformations, the less stable *Ha conformation vs more stable *Hs
conformation. In the 3H4 conformation, the top-face attack of the nucleophile/acceptor will
go through a chair-like transition state affording the 1,2-trans or B-glycoside, whereas the
bottom face attack of the nucleophile will lead to the formation of 1,2-cis or a-glycoside
through a highly strained boat-like transition state. As the 3Hs conformation is very
unstable due to the presence of the substituents in the axial position and raising the overall
energy of the intermediate, the equilibrium between the 3Ha vs *Hz conformations is shifted
more towards the stable *Hs conformation. In the “Hs conformation, the top face attack of
the nucleophile/acceptor will lead to the formation of 1,2-trans or -glycoside through a
highly unfavorable boat-like transition state and top face attack is sterically less feasible
because of the remote participation of NHTroc protecting group blocking the top face
attack, analogous to the very common C2-ester anchimeric assistance mediated formation
of the 1,2-trans glycosides. In conclusion, the exclusive a-selectivity observed in the [2+1]
glycosylation between the disaccharide acceptor 17 and D-AAT donor 18 might be due to
the remote participation of the NHTroc protecting group, blocking the top face attack and
leading to the bottom face attack of nucleophile through a stable chair-like transition state
resulting in the formation of 1,2-cis or a-glycoside exclusively. The conformation of the
oxocarbenium ion is mainly dependent on the temperature of the glycosylation reaction
and stereoselective outcome is known to be dependent on various factors like solvent,
temperature, nature of the acceptor and others. The deacetylation of the C3-OAc protected
trisaccharide 45 was attempted under various reaction conditions like Zemplén,

Guanidinium nitrate (GHNO3)**® mediated deacetylation in the presence of NHTroc and
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triethylamine (pH = 8) to obtain the desired trisaccharide acceptor 15. None of the above-
mentioned reaction conditions, even with the very mild GHNO3z mediated deacetylation
afforded the desired trisaccharide acceptor 15, whereas the undesired oxazolidinone by-
product 15a was isolated. The reason for the observed cyclization is due to the cis-nature
of the C3-OH and NHTroc groups leading to the oxazolidinone ring formation. After the
failure in basic reaction conditions, deacetylation was attempted in acidic conditions using
p-TsOH in a 2:1 mixture of methanol and DCM, the desired trisaccharide acceptor 15 was

obtained in 72% yield (Scheme 7).13¢
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Scheme 8:  Synthesis of orthogonally protected tetrasaccharide 2
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With the trisaccharide acceptor 15 and two different pyruvate D-Galp donors in
hand, the [3+1] glycosylation was attempted (Scheme 8). The standard thioglycoside
activation condition using N-iodo succinimide (NIS) and TMSOTT was used to couple the
trisaccharide acceptor 15 and orthogonally protected pyruvate D-Galp 16 to obtain the
desired orthogonally protected tetrasaccharide 2 in 69% yield. Similar [3+1] glycosylation
with the trisaccharide acceptor 15 using the other pyruvate D-Galp donor 26 led to the
formation of the protected PS Al tetrasaccharide 2a in 72% yield (Scheme 8).

With the protected PS Al tetrasaccharide 2a in hand, the global deprotection was
attempted to obtain the completely deprotected PS Al tetrasaccharide repeating unit
(Scheme 9). Azido groups in the protected PS Al were converted to acetamido groups in
one-pot, one-step using AcSH and pyridine to obtain the desired diacetamido

tetrasaccharide 46 in 61% yield.*?3
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Scheme 9:  Synthesis of zwitterionic repeating unit of PS Al 1
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Initial attempt was to deprotect the benzyl ethers followed by the saponification of
benzoate esters, in the same step, the base labile NHTroc protecting group will be
converted to amine through the unstable carbamate. Surprisingly, the debenzylation with
Pd/C in the presence of solvent system buffered with AcOH led to the loss of three chlorine
atoms in the NHTroc functionality to afford the undesired ethyl carbamate.’¥” The
respective ethyl carbamate was subjected to saponification using LiOH, the benzoate esters
were cleaved but the ethyl carbamate was still intact and required heating to afford the
undesired compound la. Asthe PS Al tetrasaccharide has NHAc functional groups which
are not stable to strong basic conditions under heating, the harsh conditions to remove ethyl
carbamate was not attempted. Instead, a one-pot, three-step deprotection strategy was
attempted to obtain the desired compound. First, the NHTroc group was deprotected using
Zn©@ in AcCOH/THF to obtain the respective amine,** followed by the hydrogenation of
the benzyl groups and finally the benzoate esters were deprotected using LiOH to obtain
the zwitterionic PS Al tetrasaccharide 1 in 56% yield over three steps.®®
2.4.  Conclusion:

Synthesis of zwitterionic tetrasaccharide repeating unit of polysaccharide Al (PS
Al) 1 was accomplished using a linear glycosylation strategy. Few challenging steps like
avoiding the aglycone transfer, a(1,4) glycosidic linkage between the rare sugar D-AAT
and low reactive C4-OH of D-Galp residue in the disaccharide acceptor, acid-mediated
deacetylation and final global deprotection sequence have been well-thought and executed.
The final p-methoxy phenyl protected PS Al tetrasaccharide 1 and the corresponding
hemiacetal will be tested in vivo in mice and binding studies with MHC Il (HLA-DR2) will

be studied using ITC experiments.
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2.5.  Experimental section:
General Information: Experiments, Materials and Equipment

All reactions were carried out using dry solvents, oven dried glassware and under
inert atmosphere (Argon balloon) unless otherwise noted. All chemicals/reagents and
solvents were obtained from commercial sources (Sigma, Oakwood, Alfa and AK
Scientific) and used without any further purification. Solvents for workup and silica gel
flash chromatography were obtained from Sigma. Molecular sieves (4 A) were
dried/activated overnight at 140 °C under vacuum with an inert gas connection and further
activated using a heat gun under high vacuum for 10 min and cooled to room temperature
under high vacuum. Reaction transformations were monitored using Silicycle® silica gel
plates coated with silica gel (catalog number: TLG-R10014B-323, 0.25 mm thickness),
visualized under UV chamber and stained using 5% con. H2SO4 in methanol/ethanol or p-
anisaldehyde staining solution (135 mL ethanol, 5 mL con. H2SO4, 1.5 mL glacial AcOH
and 3.7 mL p-anisaldehyde). Siliaflash® P60 (catalog number: R12030B, 230-400 mesh)
was used with a 75-100:1 weight ratio to the crude compound for purification. All NMR
experiments (*H, 3C, COSY, HSQC, DEPT135, 1D TOCSY and HMBC) were performed
on a Bruker Avance I11 (600 MHz with cryoprobe and Z gradient). Chemical shifts were
reported in & ppm respective to the internal standard of the residual chloroform (*H: 7.26
ppm, BC: 77.16 ppm), methanol (*H: 3.31 ppm, 3C: 49.1 ppm) or D,O (*H: 4.79 ppm).
Proton NMR data are reported as follows: chemical shift (6 ppm), multiplicity (s: singlet,
d: doublet, dd: doublet of doublet, ddd: doublet of doublet of doublets, t: triplet and m:
multiplet), coupling constant (J in Hz), integration and respective assigned proton(s). 3C

NMR data are reported as follows: chemical shift (6 ppm) and respective assigned carbon.
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Electron spray ionization (ESI) was used for low resolution mass and HRMS time-of-flight
(TOF) techniques were used to obtain low- and high-resolution mass spectra (Water synapt
HDMS/nano ESI-MS). Optical rotation data was collected on Rudolph Analytical
(Autopol 1V with Temp Trol). Reaction yields, for all the reactions carried out, refer to
chromatographically and spectroscopically pure compound, unless otherwise noted.
Abbreviations:

THF = tetrahydrofuran, DMF = N, N-dimethyl formamide, AcOH = acetic acid, EtOAc =
ethyl acetate, p-TsCl = 4-toluenesulfonyl chloride, NaHCO3 = sodium bicarbonate, Na;SO4
= sodium sulfate, LAH = lithium aluminum hydride, NH4Cl = ammonium chloride, PPhs
= triphenylphospine, DEAD = diethyl azodicarboxylate, NaH = sodium hydride, anhyd =
anhydrous, NaN3z = sodium azide, DIPEA = N, N-diisopropylethylamine, DBU = 1,8-
diazabicyclo[5.4.0]Jundec-7-ene, NBS = N-bromosuccinimide, Na>S;0z = sodium
thiosulfate, BFzEt2O = boron trifluoride diethyl etherate, TMSOTf = trimethylsilyl
trifluoromethanesulfonate, NaOMe = sodium methoxide, TfOH = triflic acid, p-TsOH = p-
toluenesulfonic acid, NIS = N-bromosuccinimide, rt = room temperature.

Proton assignment based on the following figure:
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Experimental Procedures:

4,6-0O-[1-(R)-(methoxycarbonyl)-ethylidene]-1-thio-p-D-galactopyranoside (27):

( )

Meozc(—R)Qo

(0]
HO ° SPh

27 OH

Compound 26 (0.5 g, 0.89 mmol, 1.0 equiv) was dissolved in methanol (10 mL) and then
freshly prepared 1 M NaOMe (1 mL, pH = 9) was added and the reaction mixture was
stirred for 2 h at room temperature. Amberlite resin (H) was added to the reaction mixture
and stirred until the pH = 6 (pH paper), then the reaction mixture was filtered over a cotton
plug to remove Amberlite® resin. The solvent was removed under reduced pressure to
obtain the unpurified compound. Purification of the crude compound using silica gel
column chromatography (gradient method-hexane/EtOAc, 3:2) afforded the desired
compound 27 (0.29 g, 92% yield) as a white solid.

Data for compd 27:

'H NMR: (600 MHz, CDCls)
§ 7.65-7.63 (m, 2H, Ar-H), 7.32-7.31 (m, 3H, Ar-H), 4.48 (d, J = 9.1 Hz,
1H, 1c), 4.14-4.11 (m, 2H, 4c, 6¢), 3.98 (d, J = 12.7 Hz, 1H, 6¢), 3.81 (5,
3H, OCHs), 3.67-3.62 (m, 2H, 2c, 3c), 3.45 (s, 1H, 5¢), 2.63 (d, J = 7.6 Hz,
1H, OH), 2.57 (s, 1H, OH), 1.53 (s, 3H, pyruvate CH3)

3C NMR: (150 MHz, CDCls)
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§ 170.2 (CO2Me), 133.5 (Ar-C), 131.2 (Ar-C), 129.0 (Ar-C), 128.3 (Ar-C),
98.6 (pyruvate quaternary C), 87.4 (1c), 73.7 (3c), 71.1 (4c), 69.2 (5¢), 68.8
(2¢), 65.5 (6¢), 52.9 (OCHpg), 25.8 (pyruvate CHs)
ESI-MS: Exact mass calcd. for C16H2007S* [M+Na]™: 379.1, found 378.8
TLC: Rf=0.2 (hexane/EtOAc, 3:2)
Phenyl 3-O-fluorenylmethyloxycarbonyl-4,6-O-[1-(R)-(methoxycarbonyl)-

ethylidene]-1-thio-p-D-galactopyranoside (28):

4 N\

MeO C—Q
22 RG2

(o]
(0]
FmocO SPh

OH
28

Compound 27 (0.28 g, 0.79 mmol, 1.0 equiv) was dissolved in anhyd. CH.Cl, (12 mL),
silver (I) oxide (0.29 g, 1.26 mmol, 1.6 equiv) and Kl (0.026 g, 0.16 mmol, 0.2 equiv) were
added at 0 °C. After a short period of time (5 min) Fmoc-ClI (0.23 g, 0.87 mmol, 1.1 equiv)
was added drop-wise at 0 °C and the reaction was allowed to stir at room temperature for
6 h. After TLC showed complete reaction of the starting material, reaction mixture was
quenched with methanol (1 mL), diluted with CH2Cl> (30 mL), filtered over Celite® bed
and the filtrate was washed with ag NaHCOs (1 x 25 mL). The organic layer was separated,
dried over Na,SO4 and removed under vacuum to afford the crude compound. Purification
of the crude compound, using silica gel chromatography (gradient method-hexane/EtOAc,
3:1), afforded the desired compound 28 (0.282 g, 62% yield) as a white solid.

Data for compd 28:
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'H NMR:

13C NMR:

ESI-MS:

TLC:

Phenyl

(600 MHz, CDCls)

8 7.77 (d, J = 7.6 Hz, 2H, Ar-H), 7.69-7.67 (m, 2H, Ar-H), 7.64-7.61 (m,
2H, Ar-H), 7.41 (t, J = 7.5 Hz, 2H, Ar-H), 7.35-7.34 (m, 3H, Ar-H), 7.31-
7.28 (m, 2H, Ar-H), 4.68 (dd, J = 9.7, 3.5 Hz, 1H, 3c), 4.56 (d, J = 9.5 Hz,
1H, 1c), 4.49-4.44 (m, 2H, CHH of Fmoc, 4c), 4.35-4.32 (m, 2H, CHH of
Fmoc, CH of Fmoc), 4.15 (d, J = 12.6, 1H, 6¢), 4.00-3.94 (m, 2H, 6¢, 2¢),
3.58 (s, 3H, OCHs3), 3.49 (d, J = 1.2 Hz, 1H, 5¢), 2.49 (s, 1H, OH), 1.54 (s,
3H, pyruvate CHz)

(150 MHz, CDCls)

§ 170.1 (CO2Me), 154.5 (CH,0CO-Fmoc), 143.4 (Ar-C), 141.4 (Ar-C),
141.3 (Ar-C), 133.8 (Ar-C), 130.5 (Ar-C), 129.1 (Ar-C), 128.6 (Ar-C),
128.0 (Ar-C), 127.3 (Ar-C), 127.3 (Ar-C), 1255 (Ar-C), 125.4 (Ar-C),
120.1 (Ar-C), 98.6 (pyruvate quaternary C), 87.5 (1c), 78.2 (3c), 70.5 (CHa-
Fmoc), 69.0 (5¢), 68.9 (4c), 65.6 (2c), 65.5 (6¢), 52.6 (OCHs), 46.6 (CH-
Fmoc), 25.7 (pyruvate CHs)

Exact mass calcd. for C31Hz009S* [M+Na]™: 601.2, found 601.0

Rt = 0.4 (hexane/EtOAc, 3:1)

2-0-acetyl-3-O-fluorenylmethyloxycarbonyl-4,6-O-[1-(R)-

(methoxycarbonyl)-ethylidene]-1-thio-B-D-galactopyranoside (16):

( \
MeoZC_QO
(R) o)
o

FmocO SPh
16 AcO
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Compound 28 (0.26 g, 0.45 mmol, 1.0 equiv) was dissolved in pyridine (3 mL) and then
acetic anhydride (1 mL) was added at 0 °C. The reaction was allowed to stir at room
temperature for 2 h. After TLC showed complete reaction of the starting material, solvents
were removed under reduced pressure and ultimately co-distilled with toluene (2 x15 mL)
to obtain the unpurified compound. Purification of the crude compound, using silica gel
chromatography (gradient method-hexane/EtOAc, 3:1), afforded the desired compound 16
(0.262 g, 94% vyield) as a colorless gummy liquid.

Data for compd 16:

'H NMR: (600 MHz, CDCls)
§7.76 (d, J = 7.6 Hz, 2H, Ar-H), 7.61-7.59 (m, 4H, Ar-H), 7.42-7.39 (t, J =
7.4 Hz, 2H, Ar-H), 7.34-7.29 (m, 5H, Ar-H), 5.42 (t, J = 9.9 Hz, 1H, 2¢),
4.77 (dd, J = 9.9, 3.5 Hz, 1H, 3¢), 4.68 (d, J = 9.9 Hz, 1H, 1c), 4.48 (d, J =
3.5 Hz, 1H, 4c¢), 4.44-4.41 (m, 1H, CHH of Fmoc), 4.32-4.29 (m, 2H, CH
of Fmoc, CHH of Fmoc), 4.15 (d, J = 12.9 Hz, 1H, 6¢), 3.96 (d, J = 12.9
Hz, 1H, 6¢), 3.59 (s, 3H, OCHs), 3.49 (d, J = 1.1 Hz, 1H, 5¢), 2.11 (s, 3H,
CH3CO), 1.54 (s, 3H, pyruvate CHz)

3C NMR: (150 MHz, CDCls)
§ 170.1 (COzMe), 169.3 (COCHs3), 154.3 (CH.OC(O) of Fmoc), 143.4 (Ar-
C), 143.2 (Ar-C), 141.4 (Ar-C), 141.3 (Ar-C), 133.6 (Ar-C), 128.9 (Ar-C),
128.3 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C), 127.3 (Ar-C), 125.6 (Ar-C),
125.4 (Ar-C), 120.2 (Ar-C), 120.1 (Ar-C), 98.7 (pyruvate quaternary C),

85.5 (1c), 76.6 (3c), 70.6 (CH2 of Fmoc), 68.8 (5¢), 68.7 (4c), 66.5 (2c),
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65.3 (6¢), 52.6 (OCHs3), 46.5 (CH of Fmoc), 25.7 (pyruvate CHs), 21.1
(CHsCO)
ESI-MS: Exact mass calcd. for C3sH32010S™ [M+Na]*: 643.2, found 643.0
TLC: Rf=0.5 (hexane/EtOAc, 3:1)

3-O-acetyl-6-deoxy-D-rhamnal (37):

Compound 36 (12 g, 92.31 mmol, 1.0 equiv) was dissolved in anhyd. CH,Cl, (400 mL)
and then pyridine (22.3 mL, 276.93 mmol, 3.0 equiv) was added and the reaction mixture
was cooled to —78 °C. Acetyl chloride (7.3 mL, 101.54 mmol, 1.1 equiv) was added slowly,
using a dropping funnel, over a period of 30 min and the reaction was allowed to stir at -
78 °C for 2 h. After TLC showed complete reaction of the starting material, methanol (5
mL) was added slowly, using a dropping funnel, to the reaction mixture. The reaction
mixture was then washed with sat. ag NaHCOs3 (2 x 50 mL), followed by 5% v/v cold aq
HCI (1 x 125 mL) and washed again with sat. ag NaHCO3 (1 x 100 mL) to remove any
traces of acid. The organic layer was separated, dried over NaSOu, filtered and the solvent
was removed under reduced pressure to obtain unpurified compound. Silica gel
chromatography (gradient method-hexane/EtOAc, 6:1) of the crude compound afforded
the desired compound 37 (11.8 g, 74% vyield) as a colorless oil.

Data for compd 37:

'HNMR: (600 MHz, CDCls)
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§ 6.43 (dd, J=6.1, 1.2 Hz, 1H, 1g), 5.25-5.20 (m, 1H, 3g), 4.68 (dd, J = 6.1,
2.5 Hz, 1H, 2g), 3.93-3.88 (m, 1H, 5g), 3.62-3.59 (m, 1H, 4s), 3.23 (s, 1H,
-OH), 2.12 (s, 3H, COCH3), 1.40 (d, J = 6.4 Hz, 3H, CH3/68)
3C NMR: (150 MHz, CDCls)

& 173.1 (COCHg), 146.7 (18), 98.9 (28), 74.9 (58), 74.2 (38), 72.8 (4s), 21.3
(COCHg), 17.2 (CHa/68g)

ESI-MS: Exact mass calcd. for CgH1204" [M+Na]*: 195.1, found 195.0

TLC: Rf=0.35 (hexane/EtOAC, 6:1)

3-O-acetyl-4-azido-4,6-dideoxy-D-galactal (38):

To a solution of compound 37 (11.8 g, 68.61 mmol, 1.0 equiv) in anhyd. THF (200 mL),
were added PPhs (21.6 g, 82.33 mmol, 1.2 equiv), DEAD (14.33 g, 82.33 mmol, 1.2 equiv)
and diphenyl phosphoryl azide (30.9 g, 82.33 mmol, 1.2 equiv) respectively. The reaction
mixture was then heated to reflux for 16 h. After TLC showed complete reaction of the
starting material, the solvent was removed under reduced pressure, the residue was then
diluted with EtOAc (200 mL), washed with water (1 x 100 mL) and finally organic layer
was separated. The organic layer was dried over Na>SOg, filtered and the solvent was
removed under reduced pressure to obtain unpurified compound. Purification of the crude
material using silica gel chromatography (gradient method-hexane/EtOAc, 6:1) afforded

the desired compound 38 as a colorless oil. Note: We were unable to separate compound
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38 from the by-product (UV-active), formed in this step, using silica gel chromatography.
The by-product was separated out in the next deacetylation step.

Data for compd 38:

IH NMR: (600 MHz, CDCls)
8 6.4 (dd, J = 6.3, 1.4 Hz, 1H, 1g), 5.60-5.59 (M, 1H, 3g), 4.70 (dt, J = 6.3,
1.7 Hz, 1H, 2g), 4.14 (q, J = 6.54 Hz, 1H, 58), 3.86 (d, J = 4.92 Hz, 1H, 4s),
2.15 (s, 3H, COCHs), 1.39 (d, J = 6.5 Hz, 3H, CHa/65)

13C NMR: (150 MHz, CDCls)
5 170.8 (COCHs), 146.5 (1), 98.4 (28), 72.1 (58), 67.9 (38), 58.4 (4s), 20.8

(COCHs3), 17.6 (CH3/68)

ESI-MS: Exact mass calcd. for CgH11N3O3* [M+Na]*: 220.1, found 220.3
TLC: Rf=0.7 (hexane/EtOACc, 6:1)

4-azido-4,6-dideoxy-D-galactal (39):

To a solution of compound 38 in methanol (100 mL), was added freshly prepared 1 M
sodium methoxide (10 mL, pH = ~10) and the reaction mixture was stirred for 2 h at room
temperature. After TLC showed complete reaction of the starting material, the organic
solvent was removed under reduced pressure. The residue was then subjected to
purification using silica gel chromatography (gradient method-hexane/EtOAc, 6:1) and the

desired compound 39 (6.5 g, 61% yield; over two steps) was obtained as a white solid.
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Data for compd 39:

'H NMR: (600 MHz, CDCl5)
§ 6.34 (dd, J = 6.2, 1.7 Hz, 1H, 1), 4.68 (dt, J = 6.2, 1.8 Hz, 1H, 2g), 4.59
(m, 1H, 3g), 4.13 (q, J = 6.5 Hz, 1H, 58), 3.65 (d, J = 5.2 Hz, 1H, 4s), 2.16
(d, J=9.4 Hz, 1H, OH), 1.42 (d, J = 6.6 Hz, 3H, CH3/6g)
3C NMR: (150 MHz, CDCls)
8 145.1 (1g), 102.6 (28), 72.6 (58), 65.2 (38), 63.1 (4), 17.9 (CHa/6p)
ESI-MS: Exact mass calcd. for CsHgN3O2" [M+Na]*: 178.1, found 178.5

TLC: Rf=0.3 (hexane/EtOAC, 6:1)

4-(2,2,2-trichloroethoxycarbonyl)amino-4,6-dideoxy-D-galactal (40):

TrocHN

To a solution of compound 39 (2.0 g, 12.90 mmol, 1.0 equiv) in anhyd. THF (20 mL), was
added LAH powder (0.98 g, 25.80 mmol, 2.0 equiv) in small portions at 0 °C. The reaction
was allowed to stir at 0 °C for 1 h. After TLC showed complete reaction of the starting
material, sat. NH4Cl (8 mL) was added slowly using a dropping funnel at 0 °C. After 1 h,
reaction mixture was diluted with EtOAc:H20 (75:25 mL) and continually stirred for 15
min thereafter. The reaction mixture was then filtered through a bed of Celite® and then
the aqueous layer was extracted with 5% methanol in CH2Cl, (3 x 60 mL). The organic

layers were combined, dried over Na SO, filtered and the solvent was removed under
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reduced pressure to obtain the cis-amino alcohol 39a (1.2 g, 72% vyield). The cis-amino
alcohol, 39a (1.2 g, 9.30 mmol, 1.0 equiv) was then dissolved in anhyd. THF (25 mL) and
NaHCO3 (1.56 g, 18.6 mmol, 2.0 equiv) was added at 0 °C. Following the addition of
NaHCOs3, Troc-Cl (1.54 mL, 11.6 mmol, 1.2 equiv) was added drop-wise and the reaction
mixture was stirred at 0 °C for 1 h. After 1 h, the reaction mixture was filtered over a bed
of Celite® and the solvent was removed under reduced pressure. Purification of the crude
compound was achieved using silica gel chromatography (gradient method-hexane/EtOAc,
3:1) which afforded the desired compound 40 (1.78 g, 63% yield) as a colorless oil.

Data for compd 40:
'HNMR: (600 MHz, CDCl)

8 6.38 (d, J = 6.2 Hz, 1H, 18), 5.24 (d, J = 9.7 Hz, 1H, NHTroc), 4.87 (d, J
=12.0 Hz, 1H, CHH of Troc), 4.72 (d, J = 6.2 Hz, 1H, 2g), 4.68 (d, J = 12.0
Hz, 1H, CHH of Troc), 4.61 (d, J = 5.4 Hz, 1H, 3g), 4.19 (q, J = 6.4 Hz, 1H,
5g), 4.05 (M, 1H, 4g), 1.30 (d, J = 6.5 Hz, 3H, CH3/6g)
3C NMR: (150 MHz, CDCls)
§ 156.2 (NHC(O)OCHy), 145.1 (1), 103.5 (28), 95.5 (CCls), 74.8 (CHy),
72.8 (58), 64.4 (3g), 52.1 (4s), 17.1 (CHa/6g)
ESI-MS: Exact mass calcd. for CoH12CIsNO4* [M+Na]*: 325.9, found 325.9
TLC: Rf=0.3 (hexane/EtOAc, 3:1)

3-0-acetyl-4-(2,2,2-trichloroethoxycarbonyl)amino-4,6-dideoxy-D-galactal (41):

TrocHN




Compound 40 (1.78 g, 5.88 mmol, 1.0 equiv) was dissolved in anhyd. CH>Cl, (40 mL)
under an inert atmosphere and then anhyd. pyridine (1.42 mL, 17.64 mmol, 3.0 equiv) was
added. The mixture was cooled to 0 °C and then acetyl chloride (0.51 mL, 7.05 mmol, 1.2
equiv) was added drop-wise, followed by stirring for 1 h at 0 °C. After TLC showed
complete reaction of the starting material, the reaction mixture was diluted with CH>Cl
(30 mL) and then an acid-base workup ensured to remove pyridine. The organic layer was
separated, dried over Na>SOs, filtered and the organic solvent was removed under reduced
pressure to obtain unpurified compound. Purification of the crude compound, using silica
gel chromatography (gradient method-hexane/EtOAc, 4:1), afforded the desired compound
41 (1.85 g, 91% vyield) as a colorless oil.

Data for compd 41:

'H NMR: (600 MHz, CDCls)
§ 6.46 (d, J = 6.3 Hz, 1H, 18), 5.53 (d, J = 4.1 Hz, 1H, 3g), 5.16 (d, J = 9.8
Hz, 1H, NHTroc), 4.81 (d, J = 12.0 Hz, 1H, CHH-Troc), 4.73 (d, J = 12.0
Hz, 1H, CHH-Troc), 4.67 (dd, J = 6.4, 1.6 Hz, 1H, 2g), 4.24-4.20 (m, 2H,
4g 5g), 2.01 (s, 3H, COCHa), 1.31 (d, J = 6.5 Hz, 3H, CH3/68)

3C NMR: (150 MHz, CDCls)
& 170.5 (COCH3), 155.4 (NHC(O)OCHy), 146.5 (1g), 99.8 (28), 95.6
(CCls), 74.6 (CH,-Troc), 72.9 (58), 66.2 (3g), 48.7 (48), 21.1 (COCH3), 16.9
(CHa/68)

ESI-MS: Exact mass calcd. for C11H14CIsNOs™ [M+2+Na]*: 369.9, found 369.8

TLC: Rf=0.4 (hexane/EtOAC, 4:1)
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3-0-acetyl-2-azido-4-(2,2,2-trichloroethoxycarbonyl)amino-2,4,6-trideoxy-D-galacto

pyranosyl nitrate (42):

TrocHN

To a solution of compound 41 (1.65 g, 4.78 mmol, 1.0 equiv) in anhyd. acetonitrile (25
mL) was added NaN3 (0.47 g, 7.17 mmol, 1.5 equiv) and ceric ammonium nitrate (7.86 g,
14.35 mmol, 3.0 equiv) at -25 °C over a period of 30 min. The reaction mixture was stirred
for 5 h at -25 °C and after TLC showed complete reaction of the starting material, the
reaction mixture was diluted with EtOAc (100 mL) and washed with H.O (1 x 50 mL).
The organic layer was separated, dried over Na>SOg, filtered and the solvent removed under
reduced pressure to obtain unpurified compound.

Purification of the crude compound, using silica gel chromatography (gradient method-
hexane/EtOAc, 4:1), afforded the desired compound 42 (1.57 g, 73% yield) with a dr ratio
of 3.5:1 (galacto:talo = 3.5:1) as a white solid. Note: Galacto and talo diastereomers were
inseparable using silica gel chromatography at this stage.

Data for compd 42:

'H NMR: (600 MHz, CDCls)
§6.26 (d, J = 4.4 Hz, 1H, 1g), 5.21 (m, 2H, 3s, NHTroc), 4.86 (d, J = 12.1
Hz, 1H, CHH-Troc), 4.71 (d, J = 12.1 Hz, 1H, CHH-Troc), 4.42 (g, J = 6.4
Hz, 1H, 58), 4.34 (dd, J = 9.3, 3.5 Hz, 1H, 4s), 3.94 (dd, J = 11.4, 4.4 Hz,

1H, 28), 2.07 (s, 3H, COCHs), 1.26 (d, J = 6.4 Hz, 3H, CH3/6g)
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13C NMR: (150 MHz, CDCls)
§ 169.9 (COCHs), 155.3 (NHC(O)OCH>), 96.8 (1g), 95.5 (CCls), 74.7
(CH2-Troc), 70.3 (3g), 67.6 (58), 56.1 (28), 52.7 (4s), 20.8 (COCHg), 16.4
(CHa/6g)
ESI-MS: Exact mass calcd. for C11H14ClsNsOs™ [M+Na]": 471.9, found 471.6
TLC: Rf=0.5 (hexane/EtOAC, 4:1)
3-0-acetyl-2-azido-4-(2,2,2-trichloroethoxycarbonyl)amino-2,4,6-trideoxy-D-galacto

pyranosyl trichloroacetimidate (18):

p
TrocHN

(0]
AcO NH

o
18 N3

CCly,

Compound 42 (0.5 g, 1.11 mmol, 1.0 equiv) was dissolved in anhyd. acetonitrile (15 mL),
cooled to 0 °C and then DIPEA (0.24 mL, 1.34 mmol, 1.2 equiv) was added under an
atmosphere of argon. A drop-wise addition of thiophenol (0.34 mL, 3.33 mmol, 3.0 equiv)
at 0 °C ensued and the reaction mixture was stirred for 40 min. The solvent was removed
under reduced pressure and the residue was purified, using silica gel chromatography
(gradient method-hexane/EtOAc, 3:1), to afford lactol 42a (0.414 g) as a white solid. To
a solution of lactol 42a (0.41 g, 1.02 mmol, 1.0 equiv) and trichloroacetonitrile (0.21 mL,
2.05 mmol, 2.0 equiv) in anhyd. CH2Cl> (6 mL) was added cat. DBU (23 pL, 0.15 mmol,
0.15 equiv) under an atmosphere of argon at 0 °C. The reaction mixture was allowed to
stir for 1 h. The organic solvent was removed under reduced pressure and the unpurified

compound was subjected to silica gel chromatography (gradient method-hexane/EtOAc,
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6:1) to afford the desired galacto isomer 18 (410 mg, 67% yield) as a foamy white solid
plus the undesired talo isomer 18a (112 mg) as a white solid. A clear separation of the
galacto and talo diastereomers was obtained in this step.

Data for compd 18:

'H NMR: (600 MHz, CDCls)
§8.76 (s, 1H, OC(N)HCCl), 6.42 (d, J = 3.7 Hz, 1H, 1), 5.31-5.25 (m, 2H,
38, NHTroc), 4.86 (d, J = 12.1 Hz, 1H, CHH of Troc), 4.71 (d, J = 12.1 Hz,
1H, CHH of Troc), 4.47 (q, J = 6.4 Hz, 1H, 5g), 4.37 (dd, J = 9.4, 1.9 Hz,
1H, 4g), 3.85 (dd, J = 11.1, 3.8 Hz, 1H, 2g), 2.08 (s, 3H, COCHj3), 1.24 (d,
J = 6.5 Hz, 3H, CHa/6g)

3C NMR: (150 MHz, CDCls)
§ 170.2 (COCHs), 160.9 (OC(NH)CCls), 155.2 (NHC(O)OCH,), 95.6
(CCls), 94.4 (1g), 74.7 (CH; of Troc), 70.3 (3s), 67.5 (58), 57.1 (28), 52.9
(48), 20.9 (COCHg), 16.5 (CH3/68)

ESI-MS: Exact mass calcd. for C13HisClsNsOs*™ [M+Na]*: 569.9, found 569.7
TLC: Rf=0.4and 0.5 (hexane/EtOAc, 6:1)
4-Methoxyphenyl  2,3,5,6-tetra-O-benzoyl-p-D-galactofuranosyl-(1—3)-2-azido-4,6-

O-benzylidene-2-deoxy-p-D-galactopyranoside (43):
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BzO

BzO

43

OBz

To a solution of acceptor 20 (0.5 g, 1.25 mmol, 1.0 equiv) and donor 19 (1.11 g, 1.5 mmol,
1.2 equiv) in anhyd. CH,Cl, (50 mL) was added fresh, flamed-dried, activated 4 A
molecular sieves (1 g) and the reaction was flushed three times with argon. The reaction
mixture was stirred for about 45 min at room temperature, then cooled to -40 °C. TMSOTf
(12 pL, 0.06 mmol, 0.05 equiv) in 0.1 mL anhyd. CH2Cl» was then added drop-wise. The
reaction mixture was stirred at -40 °C for about 30 min and after TLC showed complete
reaction of starting material, the reaction mixture was quenched with triethylamine (0.5
mL) and filtered over a bed of Celite®. The organic solvent was removed under reduced
pressure and purification of the compound was conducted using silica gel chromatography

(gradient method-hexane/EtOAc, 3:2) affording the desired compound 43 (1.09 g, 89%

yield) as a colorless oil.

Data for compd 43:

'HNMR: (600 MHz, CDCls)

58.03 (dd, J = 8.2, 1.2 Hz, 2H, Ar-H), 7.96-7.90 (m, 6H, Ar-H), 7.53-7.49
(m, 4H, Ar-H), 7.44 (d, J = 7.7 Hz, 2H, Ar-H), 7.35 (t, J = 7.7 Hz, 2H, Ar-

H), 7.30-7.26 (m, 6H, Ar-H), 7.22 (t, J = 7.4 Hz, 1H, Ar-H), 7.12-7.07 (m,

4H, Ar-H), 6.83-6.82 (m, 2H, Ar-H) 6.07-
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6.06 (m, 1H, 5p), 5.66 (s, 1H, 3p), 5.65 (s, 1H, 1p), 5.59 (s, 1H, 2p) 5.50 (s,
1H, PhCH/benzylidene), 4.75-4.68 (m, 4H, 1a, 4p, 6p, 6p), 4.31-4.28 (m,
2H, 44, 64), 4.16 (dd, J = 10.4, 8.2 Hz, 1H, 24), 3.93 (d, J = 6.2 Hz, 1H, 64),
3.77 (s, 3H, OCHs), 3.69 (dd, J = 10.4, 3.5 Hz, 1H, 3a), 3.45 (s, 1H, 5a)

13C (150 MHz, CDCls)

5 166.4 (COPh), 165.8 (COPh), 165.7 (COPh), 165.4 (COPh), 155.7 (Ar-
C), 151.1 (Ar-C), 137.5 (Ar-C), 133.6 (Ar-C), 133.5 (Ar-C), 133.5 (Ar-C),
133.4 (Ar-C), 130.1 (Ar-C), 130.0 (Ar-C), 129.8 (Ar-C), 129.5 (Ar-C),
129.4 (Ar-C), 129.0 (Ar-C), 128.9 (Ar-C), 128.6 (Ar-C), 128.6 (Ar-C),
1285 (Ar-C), 1285 (Ar-C), 128.2 (Ar-C), 126.1 (Ar-C), 119.2 (Ar-C),
114.6 (Ar-C), 107.4 (1p), 101.9 (1a), 100.8 (PhCH/benzylidene), 82.5 (4p),
82.0 (20), 77.8 (3p), 77.5 (3a), 74.8 (4a), 70.3 (5p), 68.9 (64), 66.6 (54),
63.4 (6p), 61.7 (2a), 55.7 (OCHb)
ESI-MS: Exact mass calcd. for CssHa7N3O15* [M+Na]*: 1000.3, found 1000.4
TLC: Rf=0.5 (hexane/EtOAc, 3:2)
4-Methoxyphenyl 2,3,5,6-tetra-O-benzyl-B-D-galactofuranosyl-(1—3)-2-azido-4,6-O-

benzylidene-2-deoxy-p-D-galactopyranoside (44):
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BnO

OBn
BnO

44

Compound 43 (0.5 g, 0.51 mmol, 1.0 equiv) was dissolved in methanol (25 mL) and then
freshly prepared 1 M NaOMe (3 mL, pH = ~9) was added. The reaction mixture was then
stirred for 2 h at room temperature. Amberlite® resin (H*) was added to the reaction
mixture and stirred at room temperature until pH = 6. The mixture was then filtered over
a cotton plug, and the solvent was removed under reduced pressure; dried under high
vacuum for 1 h to obtain the unpurified compound 43a (0.26 g). Unpurified compound
43a (0.26 g, 0.46 mmol, 1.0 equiv) was dissolved in anhyd. DMF (5 mL) and NaH (0.15
g, 3.71 mmol, 8.0 equiv) was added at O °C in small portions followed by stirring for 15
min. Benzyl bromide (0.44 mL, 3.71 mmol, 8.0 equiv) was then added drop-wise at 0 °C
and the reaction was stirred at room temperature for 5 h. After TLC showed complete
reaction of the starting material, H.O (20 mL) was added slowly at 0 °C. DMF was then
evaporated under reduced pressure and the residue was diluted with EtOAc (60 mL). The
reaction mixture was then washed with cold H20 (2 x 25 mL), dried over Na>SQg, filtered
and the organic solvent was removed under reduced pressure. Purification was conducted
using silica gel chromatography (gradient method-hexane/EtOAc, 2.5:1) to afford the
desired compound 44 (0.41 g, 87% vyield) as a colorless oil.

Data for compd 44:
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'H NMR:

ESI-MS:

TLC:

(600 MHz, CDCls)

8 7.47 (d, J = 7.6 Hz, 2H, Ar-H), 7.36-7.34 (m, 4H, Ar-H), 7.32-7.26 (m,
13H, Ar-H), 7.25-7.23 (m, 4H, Ar-H), 7.17 (d, J = 6.8 Hz, 2H, Ar-H), 7.07-
7.05 (M, 2H, Ar-H), 6.82-6.80 (m, 2H, Ar-H), 5.35 (s, 1H, PhCH), 5.31 (s,
1H, 1p), 4.72-4.66 (M, 3H, 1a, PACHH, PhCHH), 4.52 (t, J = 11.9 Hz, 2H,
PhCHH, PhCHH), 4.45-4.40 (m, 3H, PhCHH, PhCHH, PhCHH), 4.30 (d, J
= 3.5 Hz, 1H, 4a), 4.25-4.17 (M, 4H, PhCHH, 4p, 6, 20), 4.06 (dd, J = 10.4,
8.1 Hz, 1H, 2a), 3.96 (dd, J = 7.9, 3.4 Hz, 1H, 3p), 3.78 (s, 3H, OCHs), 3.75-
3.73 (m, 1H, 5p), 3.63-3.56 (M, 3H, 6p, 6p, 64), 3.53 (dd, J = 10.4, 3.5 Hz,
1H, 3a), 3.31 (s, 1H, 5a)

(150 MHz, CDCls)

§ 155.2 (Ar-C), 151.2 (Ar-C), 138.5 (Ar-C), 138.2 (Ar-C), 137.9 (Ar-C),
137.8 (Ar-C), 137.5 (Ar-C), 128.9 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C),
128.4 (Ar-C), 128.4 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C),
127.8 (Ar-C), 127.8 (Ar-C), 127.8 (Ar-C), 127.6 (Ar-C), 126.3 (Ar-C),
119.2 (Ar-C), 1145 (Ar-C), 108.3 (1p), 101.9 (1a), 100.7
(PhCH/benzylidene), 88.3 (2p), 83.4 (3p), 81.0 (4p), 78.3 (3a), 77.2 (5p),
74.8 (4a), 73.6 (PhCHy), 73.5 (PhCH>), 72.2 (PhCH,), 72.0 (PhCH,), 70.7
(6p), 68.8 (64), 66.9 (54), 61.4 (24), 55.7 (OCHs)

Exact mass calcd. for CssHssN3O11" [M+H+Na]*: 945.4, found 945.0

Rt = 0.4 (hexane/EtOAc, 2.5:1)
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4-Methoxyphenyl  2,3,5,6-tetra-O-benzyl-p-D-galactofuranosyl-(1—3)-2-azido-6-O-

benzyl-2-deoxy-p-D-galactopyranoside (17):

4 N\
HO
OBn
(o) ° OMP
BnO
-0 N3
BnO
OBn
BnO 17
|\ J

To a solution of compound 44 (1.85 g, 2.01 mmol, 1.0 equiv) and triethyl silane (1.05 mL,
6.63 mmol, 3.3 equiv) in anhyd CH,Cl, (40 mL) were added freshly activated 4 A
molecular sieves (2 g) and the reaction flask was flushed with argon three times. The
reaction mixture was then stirred for 1 h at room temperature, cooled to -78 °C and TfOH
(0.53 mL, 6.03 mmol, 3.0 equiv) was added drop-wise over a period of 40 min. The
reaction mixture was then stirred at -78 °C for 5 h and after TLC showed complete reaction
of starting material, methanol (3 mL) was added drop-wise, followed by triethyl amine (2
mL). The reaction mixture was then filtered over a bed of Celite® and the organic solvent
was removed under reduced pressure. Purification of the crude compound, using silica gel
chromatography (gradient method-hexane/EtOAc, 3:1), afforded the desired compound 17
(1.54 g, 83% vyield) as a white solid.

Data for compd 17:

'HNMR: (600 MHz, CDCls)
8 7.38-7.35 (M, 4H, Ar-H), 7.34-7.26 (m, 19H, Ar-H), 7.21 (d, J = 7.1 Hz,

2H, Ar-H), 7.08 (d, J = 8.9 Hz, 2H, Ar-H), 6.81 (d, J = 8.9 Hz, 2H, Ar-H),
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5.31 (s, 1H, 1p), 4.70 (d, J = 8.2 Hz, 1H, 1), 4.66 (d, J = 11.9 Hz, 1H,
PhCHH), 4.63 (d, J = 11.8 Hz, 1H, PhCHH), 4.56-4.45 (m, 6H, PhCHH),
4.40 (d, J = 11.9 Hz, 1H, PhCHH), 4.33 (d, J = 11.6 Hz, 1H, PhCHH), 4.27
(dd, J = 6.8, 3.7 Hz, 1H, 4p), 4.16 (d, J = 3.4 Hz, 1H, 2p), 4.06 (d, J = 3.1
Hz, 1H, 44), 4.05 (dd, J = 6.8, 3.5 Hz, 1H, 3p), 3.93 (t, J = 9.0 Hz, 1H, 2a),
3.75-3.70 (M, 3H, 5p, 64, 64), 3.70-3.65 (M, 1H, 5), 3.61-3.55 (M, 2H, 6p,
6p), 3.49 (dd, J = 10.1, 3.2 Hz, 1H, 34)
BC NMR: (150 MHz, CDCls)
5 155.6 (Ar-C), 151.3 (Ar-C), 138.2 (Ar-C), 138.1 (Ar-C), 137.9 (Ar-C),
137.6 (Ar-C), 137.4 (Ar-C), 128.6 (Ar-C), 1285 (Ar-C), 128.5 (Ar-C),
128.4 (Ar-C), 128.3 (Ar-C), 128.1 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C),
127.9 (Ar-C), 127.8 (Ar-C), 127.8 (Ar-C), 127.8 (Ar-C), 127.7 (Ar-C),
127.7 (Ar-C), 118.7 (Ar-C), 114.6 (Ar-C), 107.6 (1p), 101.6 (1a), 88.0 (2p),
82.1 (3p), 81.7 (4p), 79.5 (3a), 75.7 (5p), 74.1 (5a), 73.7 (PhCHy), 73.5
(PhCHy), 73.3 (PhCHy), 72.3 (PhCH>), 72.2 (PhCH>), 69.7 (6p), 69.5 (64),
67.8 (4), 62.2 (2a), 55.7 (OCHb)
ESI-MS: Exact mass calcd. for Cs4Hs7N3O1u1* [M+Na]*: 946.4, found 946.6
TLC: Rf=0.5 (hexane/EtOAc, 3:1)
4-methoxyphenyl 3-O-acetyl-2-azido-4-(2,2,2-trichloroethoxycarbonyl)amino-2,4,6-
trideoxy-a-D-galacto pyranosyl-(1—4)-[ 2,3,5,6-tetra-O-benzyl-B-D-galactofuranosyl-

(1—3)]-2-azido-6-0O-benzyl-2-deoxy-B-D-galactopyranoside (45):
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To a solution of acceptor 17 (0.15 g, 0.16 mmol, 1.0 equiv) and donor 18 (0.18 g, 0.33
mmol, 2.0 equiv) in anhyd. CH2Clz:ether (15 mL:8 mL), freshly dried 4 A molecular sieves
(0.25 g) were added. The reaction flask was flushed with argon for three times and the
reaction mixture was stirred for 1 h at room temperature. TMSOTTf (12 pL, 0.05 mmol, 0.3
equiv, in 0.2 mL CH2Cl,) was added drop-wise and the reaction was stirred for 20 min at
room temperature. After TLC showed complete reaction of starting material, ag. NaHCOs3
(5 mL) was added. The reaction mixture was then filtered over a bed of Celite®, diluted
with CH.Cl, (50 mL), washed with water (1 x 20 mL) and the organic layer was separated
out. The organic solvent was dried over Na.SOg, filtered and the organic solvent was
removed under reduced pressure. Purification ensued using silica gel chromatography
(gradient method-hexane/EtOAc, 4:1) to afford the desired compound 45 (0.134 g, 63%
yield) as a colorless liquid.

Data for compd 45:

'HNMR: (600 MHz, CDCls)
8 7.41-7.26 (m, 21H, Ar-H), 7.25-7.24 (m, 2H, Ar-H), 7.18 (d, J = 7.4 Hz,

2H, Ar-H), 7.05-7.02 (m, 2H, Ar-H), 6.82-6.79 (m, 2H, Ar-H), 5.38 (d, J =
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13C NMR:

ESI-MS:

1.4 Hz, 1H, 1p), 5.15 (dd, J = 11.2, 3.8 Hz, 1H, 3), 4.93 (d, J = 9.7 Hz, 1H,
NHTroc), 4.91 (d, J = 12.1 Hz, 1H, CHH of Troc), 4.79 (d, J = 11.9 Hz, 1H,
PhCHH), 4.75 (d, J = 3.7 Hz, 1H, 1), 4.73 (d, J = 7.9 Hz, 1H, 1), 4.71 (d,
J =12.1 Hz, 1H, CHH of Troc), 4.64 (d, J = 11.8 Hz, 1H, PhCHH), 4.56-
4.43 (m, 5H, PhCHH, PhCHH, PhCHH, PhCHH, PhCHH), 4.39-4.33 (m,
3H, 5g, PhCHH, PhCHH), 4.29-4.27 (m, 2H, 35, PhCHH), 4.13 (ddd, J =
9.7,3.7, 1.6 Hz, 1H, 4g), 4.08-4.05 (m, 2H, 2p, 54), 3.96 (d, J = 2.6 Hz, 1H,
4p), 3.90-3.87 (M, 2H, 24, 64), 3.77 (s, 3H, OCH3), 3.75-3.73 (m, 1H, 4p),
3.67-3.58 (M, 4H, 5p, 64, 60, 60), 3.52 (dd, J = 11.0, 2.7 Hz, 1H, 3a), 2.79
(dd,J=11.3,3.7 Hz, 1H, 28g), 2.04 (s, 3H, COCHBa), 0.99 (d, J = 6.5 Hz, 3H,
CHs/68)

(150 MHz, CDCly)

5 170.2 (COCHs), 155.6 (Ar-C), 155.1 (Ar-C), 151.2 (Ar-C), 138.4 (Ar-C),
138.1 (Ar-C), 137.9 (Ar-C), 137.8 (Ar-C), 137.3 (Ar-C), 128.7 (Ar-C),
128.6 (Ar-C), 12855 (Ar-C), 128.4 (Ar-C), 1283 (Ar-C), 128.2 (Ar-C),
128.1 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.5 (Ar-C),
118.6 (Ar-C), 114.6 (Ar-C), 108.5 (1), 102.2 (L), 98.4 (1s), 95.8 (CCla),
87.3 (20), 82.3 (54), 80.1 (3p), 77.4 (3n), 7.0 (4a), 75.1 (40), 74.6 (CH of
Troc), 74.1 (5b), 73.5 (PhCH_), 73.4 (PhCHy), 73.2 (PhCH:), 72.2 (PhCHy),
72.0 (PhCH2), 70.6 (38), 69.7 (60), 67.7 (64), 64.7 (55), 62.9 (24), 58.4 (25),
55.7 (OCH), 53.2 (4s), 21.0 (COCHs), 16.6 (68/CHs)

Exact mass calcd. for CesH70CIsN7O16" [M+H+Na]*: 1333.4, found 1333.0
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TLC: Rf=0.5 (hexane/EtOAc, 4:1)
4-methoxyphenyl 2-azido-4-(2,2,2-trichloroethoxycarbonyl)amino-2,4,6-trideoxy-a-
D-galacto pyranosyl-(1—4)-[ 2,3,5,6-tetra-O-benzyl-B-D-galactofuranosyl-(1—3)]-2-

azido-6-O-benzyl-2-deoxy-B-D-galactopyranoside (15):

( TrocHN )
(0]
HO
N;
O _OBn
o\%&ow
BnO
-0 N3
BnO 15
OBn
L BnO )

To asolution of compound 45 (0.23 g, 0.18 mmol, 1.0 equiv) in methanol:CH.Cl> (10 mL:5
mL) was added p-TsOH (0.32 g, 1.8 mmol, 10 equiv) and the reaction mixture was heated
to 60 °C for 24 h. After TLC showed complete reaction of starting material, the solvents
were removed under reduced pressure. The residue was then diluted with CH2Cl, (50 mL)
and washed with ag NaHCOs (1 x 20 mL). The organic layer was separated, dried over
Na2SOq, filtered, and solvent was removed under reduced pressure. Purification ensued
using silica gel chromatography (gradient method-hexane/EtOAc, 4:1) to afford the desired
compound 15 (0.16 g, 72% yield) as a colorless liquid.

Data for compd 15:

'HNMR: (600 MHz, CDCls)
8 7.38-7.27 (m, 21H, Ar-H), 7.25-7.24 (m, 2H, Ar-H), 7.19 (d, J = 7.5 Hz,

2H, Ar-H), 7.05-7.03 (m, 2H, Ar-H), 6.81-6.79 (m, 2H, Ar-H), 5.37 (d, J =
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13C NMR:

ESI-MS:

TLC:

1.4 Hz, 1H, 1p), 4.93 (d, J = 9.5 Hz, 1H, NHTroc), 4.87 (d, J = 12 Hz, 1H,
CHH-Troc), 4.76-4.74 (m, 3H, 1g, CHH of Troc, PhCHH), 4.72 (d, J = 7.9
Hz, 1H, 14), 4.65 (d, J = 11.8 Hz, 1H, PhCHH), 4.55-4.48 (m, 4H, PhCHH,
PhCHH, PhCHH, PhCHH), 4.44 (d, J = 11.3 Hz, 1H, PhCHH), 4.38-4.34
(m, 2H, PhCHH, PhCHH), 4.30-4.26 (m, 3H, 3p, 58, PhCHH), 4.13-4.11
(m, 1H, 3g), 4.09-4.05 (m, 2H, 2p, 54), 3.96 (d, J = 2.5 Hz, 1H, 44), 3.90-
3.87 (m, 2H, 4g, 64), 3.83 (dd, J=10.8, 7.9 Hz, 1H, 2,), 3.77 (s, 3H, OCHj),
3.76-3.73 (m, 1H, 4p), 3.68-3.58 (m, 4H, 5p, 6p, 6p, 64), 3.50 (dd, J = 10.9,
2.6 Hz, 1H, 3a), 2.51 (dd, J = 10.7, 3.5 Hz, 1H, 28), 2.36 (d, J = 4.6 Hz, 1H,
OH), 1.04 (d, J = 6.5 Hz , 3H, CH3/6g)

(150 MHz, CDCla)

§ 156.3 (CO of Troc), 155.7 (Ar-C), 151.1 (Ar-C), 138.4 (Ar-C), 138.2 (Ar-
C), 138.0 (Ar-C), 137.9 (Ar-C), 137.5 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C),
128.4 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C),
127.9 (Ar-C), 127.9 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.6 (Ar-C),
118.7 (Ar-C), 114.6 (Ar-C), 108.5 (1p), 102.3 (1), 98.6 (18), 95.5 (CCl),
87.4 (2), 82.3 (5a), 80.5 (3b), 77.6 (3a), 77.0 (4a), 75.2 (4p), 74.9 (CH; of
Troc), 74.3 (5p), 73.5 (PhCHy), 73.4 (PhCHy), 73.2 (PhCHy), 72.3 (PhCH>),
71.9 (PhCHy), 69.7 (6p), 69.0 (3s), 68.1 (6a), 64.9 (58), 63.1 (2), 61.6 (28),
56.2 (4g), 55.7 (OCH3), 16.8 (6s/CHs3)

Exact mass calcd. for CesHesCIsN7O15™ [M+2+Na]*: 1292.4, found 1292.3

Rt = 0.3 (hexane/EtOAc, 4:1)
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4-methoxyphenyl 3-O-Fluorenylmethyloxycarbonyl-2-O-benzoyl-4,6-O-[1-(R)-
(methoxycarbonyl)-ethylidene]-p-D-galactopyranoside-(1—3)- 2-azido-4-(2,2,2-
trichloroethoxycarbonyl)amino-2,4,6-trideoxy-a-D-galacto pyranosyl-(1—4)-[
2,3,5,6-tetra-O-benzyl-p-D-galactofuranosyl-(1—3)]-2-azido-6-O-benzyl-2-deoxy- -

D-galactopyranoside (2):

4 \
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To a solution of acceptor 15 (35 mg, 0.028 mmol, 1.0 equiv) and donor 16 (31 mg, 0.050
mmol, 1.8 equiv) in anhyd. CH>Cl, (3 mL), freshly dried 4 A molecular sieves (80 mg)
were added and the reaction flask was flushed with argon three times. The reaction mixture
was then stirred for 1 h at room temperature. NIS (13 mg, 0.056 mmol, 2.0 equiv) was
added and the reaction was allowed to cool to 0 °C at which point TMSOTf (2 pL in 0.1
mL CH2Cl, 0.006 mmol, 0.2 equiv) was added dropwise. The reaction was then stirred
for 30 min. After TLC showed complete reaction of starting material, ag NaHCO3 (2 mL)
was added to the reaction mixture, it was filtered over a bed of Celite®, washed with
CH2Cl> (1 x 25 mL) and water (1 x 10 mL). The organic layer was separated and washed
with ag Na2S203 solution (1 x 10 mL). The organic solvent was then dried over Na;SOa,

filtered and removed under reduced pressure. The unpurified compound was subjected to
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silica gel chromatography (gradient method-hexane/EtOAc, 3:1) and the desired
compound 2 (35 mg, 72% yield) was isolated as a colorless oil.

Data for compd 2:

IH NMR: (600 MHz, CDCly)
§7.77 (d, J = 7.6 Hz, 2H, Ar-H), 7.64-7.62 (m, 2H, Ar-H), 7.41 (t, J = 7.4
Hz, 2H, Ar-H), 7.37-7.24 (m, 26H, Ar-H), 7.18 (d, J = 6.6 Hz, 2H, Ar-H),
7.05-7.02 (M, 2H, Ar-H), 6.81-6.79 (m, 2H, Ar-H), 5.45 (dd, J = 10.3, 7.9
Hz, 1H, 2¢), 5.35 (d, J = 1.4 Hz, 1H, 1p), 5.09 (d, J = 12.1 Hz, 1H, CHH-
Troc), 4.87 (d, J = 9.5 Hz, 1H, NHTroc), 4.74-4.67 (m, 4H, 1s, 1a, 3c,
PhCHH), 4.63-4.61 (m, 2H, 1c, PhCHH), 4.55-4.46 (m, 5H, CHH-Troc,
PhCHH, PhCHH, PhCHH, PhCHH), 4.44-4.42 (m, 3H, 4c, PhCHH,
PhCHH), 4.37-4.26 (m, 6H, 4p, PhCHH, PhCHH, PhCHH, PhCHH, CH of
Fmoc), 4.19-4.10 (m, 4H, 5g, 48, 6c, 2p), 4.06 (dd, J = 7.9, 4.6 Hz, 1H, 3p),
4.01 (dd, J = 10.9, 4.8 Hz, 1H, 3g), 3.96 (d, J = 2.5 Hz, 1H, 45), 3.91-3.85
(m, 2H, 6c, 6a), 3.81 (dd, J = 10.8, 7.9 Hz, 1H, 24), 3.76 (s, 3H, OCHs of
OMP group), 3.75-3.72 (m, 1H, 5p), 3.68-3.66 (M, 2H, 54, 64), 3.64-3.56
(m, 5H, 6p, 6o, COOCH3), 3.49 (dd, J = 10.9, 2.4 Hz, 1H, 34), 3.41 (s, 1H,
5¢c), 2.51 (dd, J = 10.9, 3.7 Hz, 1H, 28), 2.08 (s, 3H, CH3CO), 1.61 (s, 3H,
pyruvate CHs), 1.09 (d, J = 6.4 Hz, 3H, CH3/6g)

13C NMR: (150 MHz, CDCls)
8 170.3 (CO2CHs), 169.5 (COCHs), 155.7 (Ar-C), 155.2 (CO,-Troc), 154.3

(CO.-Fmoc), 151.1 (Ar-C), 143.5 (Ar-C), 143.2 (Ar-C), 141.4 (Ar-C),
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141.3 (Ar-C), 138.3 (Ar-C), 138.1 (Ar-C), 137.9 (Ar-C), 137.9 (Ar-C),
137.5 (Ar-C), 128.6 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C), 128.5 (Ar-C),
128.1 (Ar-C), 128.0 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 127.9 (Ar-C),
127.7 (Ar-C), 127.6 (Ar-C), 127.4 (Ar-C), 127.3 (Ar-C), 125.6 (Ar-C),
125.4 (Ar-C), 120.1 (Ar-C), 120.1 (Ar-C), 118.6 (Ar-C), 114.7 (Ar-C),
108.7 (1p), 102.3 (1a), 101.2 (1c), 98.9 (1), 98.7 (pyruvate quaternary C),
95.9 (CClz), 87.6 (2p), 82.2 (3p), 80.3 (4p), 77.8 (3a), 77.6 (4a), 76.1 (3B),
75.6 (3c), 75.0 (5p), 74.8 (CH2 of Troc), 74.3 (54), 73.5 (PhCH,), 73.4
(PhCH>), 73.2 (PhCH,), 72.2 (PhCHy), 72.1 (PhCHy), 72.0 (PhCH), 70.5
(PhCHz2), 69.6 (6p), 68.4 (2c), 68.3 (4c), 67.9 (6a), 65.6 (5¢), 65.5 (58), 64.5
(6¢c), 63.1 (24), 60.4 (28), 55.7 (OCH3 of OMP), 54.8 (4s), 52.5 (CO2CH3),

46.5 (CH of Fmoc), 25.7 (pyruvate CHs), 21.0 (COCHs3), 16.6 (68/CHz)

HRMS: Exact mass calcd. for CooHosClsN7O25" [M+2+Na]*: 1802.5263, found
1802.5310
OR: [a]p?® = +24.6 (C =1.00 in CHCIs)
TLC: Rf=0.4 (hexane/EtOACc, 3:1)
4-methoxyphenyl  2,3-O-benzoyl-4,6-O-[1-(R)-(methoxycarbonyl)-ethylidene]-p-D-
galactopyranoside-(1—3)- 2-azido-4-(2,2,2-trichloroethoxycarbonyl)amino-2,4,6-
trideoxy-a-D-galacto pyranosyl-(1—4)-[ 2,3,5,6-tetra-O-benzyl-B-D-galactofuranosyl-

(1—3)]-2-azido-6-0-benzyl-2-deoxy-B-D-galactopyranoside (2a):
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To a solution of acceptor 15 (0.08 g, 0.063 mmol, 1.0 equiv) and donor 26 (0.064 g, 0.114
mmol, 1.8 equiv) in anhyd. CH,Cl, (6 mL) was added freshly dried 4 A activated molecular
sieves (60 mg). The reaction flask was flushed with argon three times and the mixture was
allowed to stir for 30 min at room temperature. NIS (0.027 g, 0.14 mmol, 2.0 equiv) was
added and the reaction was cooled to 0 °C. After a short period of time (5 min), TMSOTf
(4 pL, 0.012 mmol, 0.2 equiv) in 0.1 mL CH2Cl, was added drop-wise and the reaction
was stirred for 30 min.

After TLC showed complete reaction of starting material, ag NaHCO3 (5 mL) was added
to the reaction mixture and then it was filtered over a bed of Celite®. The mixture was then
washed with CH2Cl» (1 x 20 mL) and water (1 x 10 mL). The organic layer was separated
and washed with ag Na2S»03 solution (1 x 10 mL). The organic solvent was dried over
Na2SOg, filtered and removed under reduced pressure. The residue was then subjected to
silica gel chromatography (gradient method-hexane/EtOAc, 3:1) to afford the desired
compound 2a (0.075 g, 69% vyield) as a white solid.

Data for compd 2a:
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IH NMR: (600 MHz, CDCl)
§ 8.01-7.99 (m, 4H, Ar-H), 7.52 (t, J = 7.4 Hz, 1H, Ar-H), 7.42-7.27 (m,
24H, Ar-H), 7.22-7.17 (m, 6H, Ar-H), 7.06-7.03 (d, J = 9.1 Hz, 2H, Ar-H),
6.83-6.81 (d, J = 9.1 Hz, 2H, Ar-H), 5.80 (dd, J = 10.3, 8.0 Hz, 1H, 2¢),
5.30 (d, J = 1.0 Hz, 1H, 1p), 5.14-5.09 (m, 2H, 3¢, CHH of Troc), 4.84 (d,
J=8.0Hz, 1H, 1c), 4.78 (d, J = 9.4 Hz, 1H, NHTroc), 4.73-4.69 (m, 3H,
1a, 1g, PACHH), 4.61-4.57 (m, 2H, CHH of Troc, PhCHH), 4.54-4.46 (m,
3H, 4c, PhCHH, PhCHH), 4.42-4.40 (d, J = 11.3 Hz, 1H, PhCHH), 4.34-
4.23 (m, 7H, 6¢, 4p, PhCHH, PhCHH, PhCHH, PhCHH, PhCHH), 4.16-
4.11 (m, 3H, 4g, 58, 20), 4.04-3.95 (M, 3H, 6c, 38, 3p), 3.88 (d, J = 2.2 Hz,
1H, 44), 3.78-3.76 (M, 4H, 2a, OCH3 of OMP), 3.74-3.68 (m, 2H, 5p, 64),
3.65 (s, 3H, CO2CHs), 3.64-3.52 (M, 5H, 5c, 5a, 6, 6, 64), 3.46 (dd, J =
10.8, 2.3 Hz, 1H, 3a), 2.30 (dd, J = 10.9, 3.6 Hz, 1H, 28), 1.59 (s, 3H,
pyruvate CHs), 1.08 (d, J = 6.4 Hz, 3H, CH3/6g)
13C NMR: (150 MHz, CDCls)

§ 170.5 (CO2CHs), 166.2 (COPh), 165.4 (COPh), 155.7 (Ar-C), 155.2 (Ar-
C), 151.1 (Ar-C), 138.2 (Ar-C), 138.1 (Ar-C), 138.0 (Ar-C), 137.5 (Ar-C),
133.4 (Ar-C), 133.1 (Ar-C), 130.0 (Ar-C), 129.9 (Ar-C), 129.8 (Ar-C),
129.5 (Ar-C), 128.6 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C), 128.5 (Ar-C),
128.4 (Ar-C), 128.4 (Ar-C), 128.4 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C),
128.1 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C),

127.8 (Ar-C), 127.7 (Ar-C), 127.6 (Ar-C), 118.5 (Ar-C), 114.7 (Ar-C),
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108.7 (1pb), 102.2 (14), 101.7 (1c), 99.0 (1B), 98.7 (pyruvate quaternary C),
95.9 (CClz), 87.4 (2p), 82.2 (3p), 80.6 (4p), 77.9 (3a), 77.8 (44), 76.2 (38),
75.0 (5p), 74.9 (CH; of Troc), 74.4 (54), 73.4 (PhCHy), 73.3 (PhCH>), 73.1
(PhCHy), 73.0 (3c), 72.1 (PhCHy), 72.0 (PhCH?>), 69.6 (6p), 69.1 (2c), 68.9
(4c), 68.2 (64), 65.9 (5¢), 65.7 (58), 64.6 (6¢), 63.2 (2a), 60.5 (28), 55.8
(OCHa), 55.1 (48), 52.5 (CO2CH3), 25.7 (pyruvate CHs), 16.7 (68/CHs)

HRMS: Exact mass calcd. for CgrHgoClsN7O24" [M+H]": 1722.5103, found

1722.5181
OR: [a]p??®=+37.5(C =0.45in CHCI)
TLC: Rf=0.4 (hexane/EtOAc, 3:1)
4-methoxyphenyl  2,3-O-benzoyl-4,6-O-[1-(R)-(methoxycarbonyl)-ethylidene]-p-D-
galactopyranoside-(1—3)- 2-acetamido-4-(2,2,2-trichloroethoxycarbonyl)amino-
2,4,6-trideoxy-a-D-galacto pyranosyl-(1—4)-[ 2,3,5,6-tetra-O-benzyl-p-D-

galactofuranosyl-(1—3)]-2-acetamido-6-O-benzyl-2-deoxy-f-D-galactopyranoside

(46):
e a
MeO C—Q
(RG]  TrocHN
(o) (o}
BzO
BzO AcHN
OBn
(o)
BnO (o] OMP
-0
BnO AcHN
OBn
BnO 46
N y,

88



To asolution of compound 2a (0.07 g, 0.041 mmol, 1.0 equiv) in pyridine (0.7 mL) at 0 °C
was added thioacetic acid (0.6 mL) drop-wise over a period of 10 min and the reaction was
allowed to stir at room temperature for approximately 24 h. The solvents were removed
under vacuum and the unpurified compound was subjected to silica gel chromatography
(gradient method-hexane/EtOAc, 1:1) giving the desired compound 46 (0.043 g, 61%
yield) as a white solid.

Data for compd 46:

IH NMR: (600 MHz, CDCls)
5 8.03-7.98 (M, 4H, Ar-H), 7.51 (t, J = 7.6 Hz, 1H, Ar-H), 7.38-7.22 (m,
25H, Ar-H), 7.20 (d, J = 6.8 Hz, 2H, Ar-H), 7.16 (d, J = 7.1 Hz, 2H, Ar-H),
6.91-6.87 (m, 2H, Ar-H), 6.78-6.76 (m, 2H, Ar-H), 5.91 (s, br, 1H, NHA),
5.81 (dd, J = 10.3, 7.9 Hz, 1H, 2¢), 5.60 (d, J = 8.8 Hz, 1H, NHTroc), 5.37
(s, br, 1H, NHAGC), 5.26 (d, J = 2.1 Hz, 1H, 1p), 5.14 (dd, J = 10.3, 3.5 Hz,
1H, 3¢), 5.05 (d, J = 12.1 Hz, 1H, CHH-Troc), 4.91 (d, J = 8.0 Hz, 1H, 1¢),
4.81-4.79 (m, 2H, 1s, 1a), 4.64 (d, J = 11.6 Hz, 1H, PhCHH), 4.59 (d, J =
11.7 Hz, 1H, PhCHH), 4.50 (d, J = 3.5 Hz, 1H, 4c), 4.44-4.35 (m, 9H, 5,
6a, CHH of Troc, PACHH, PhCHH, PhCHH, PhCHH, PhCHH, PhCHH),
4.29-4.20 (m, TH, 4o, 3s, 48, 2a, 5o, PACHH, PhCHH), 4.13-4.09 (m, 1H,
28), 4.05-4.03 (M, 2H, 3p, 4a), 3.99-3.95 (M, 3H, 20, 3a, 6a), 3.76 (s, 3H,
OCH; of OMP), 3.68-3.66 (m, 1H, 5p), 3.64 (s, 3H, CO,CHs), 3.62-3.53

(m, 3H, 6p, 60, 5¢), 3.37-3.35 (M, 1H, 6¢), 3.26-3.23 (t, J = 7.5 Hz, 1H, 6¢),
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1BC NMR:

1.90 (s, 3H, NHCOCHs3), 1.56 (s, 3H, pyruvate CHs), 1.25 (s, 3H,
NHCOCHS3), 1.08 (d, J = 6.4 Hz, 3H, 6a/CHs)

(150 MHz, CDCls)

§ 170.8 (NHCOCHSs), 170.5 (NHCOCH3), 170.2 (CO2CHs), 166.2 (COPh),
165.1 (COPh), 155.6 (Ar-C), 155.5 (Ar-C), 151.6 (Ar-C), 138.2 (Ar-C),
137.6 (Ar-C), 137.5 (Ar-C), 137.3 (Ar-C), 133.4 (Ar-C), 130.2 (Ar-C),
130.0(Ar-C), 129.9 (Ar-C), 129.6 (Ar-C), 129.4 (Ar-C), 128.8 (Ar-C),
128.7 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C),
128.4 (Ar-C), 128.3 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C),
127.8 (Ar-C), 127.7 (Ar-C), 118.4 (Ar-C), 114.7 (Ar-C), 107.6 (1p), 101.4
(1a, 1c), 98.7 (pyruvate quaternary carbon), 97.5 (1g), 95.9 (CCls), 87.7
(2p), 81.9 (3p), 81.3 (4b), 75.9 (5p), 75.7 (28), 74.8 (3a), 74.7 (CH2 of Troc),
74.1 (4a), 73.5 (PhCHy), 73.4 (PhCH,), 73.3 (PhCHy), 73.1 (3c), 72.2
(PhCHy), 71.9 (PhCHy), 70.4 (6p), 69.3 (2¢), 68.9 (4c), 67.6 (6c), 66.0 (58),
65.9 (5¢), 64.7 (6a), 55.8 (OCH3 of OMP), 52.9 (3s, 48), 52.5 (CO2CHa),
25.8 (pyruvate CHz), 23.8 (NHCOCHz3), 22.5 (NHCOCHs3), 16.8 (68/CHs3)
Exact mass calcd. for CoiHesClsN3O26" [M+Na]*: 1776.5402, found
1776.5491

[a]o%5 = +21.5 (C = 0.1 in CHCls)

Rt = 0.4 (hexane/EtOAc, 1:1)
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4-methoxyphenyl 4,6-0-[1-(R)-(methoxycarbonyl)-ethylidene]-g-D-
galactopyranoside-(1—3)- 2-acetamido-4-amino-2,4,6-trideoxy-a-D-galacto
pyranosyl-(1—4)-[B-D-galactofuranosyl-(1—3)]-2-acetamido-2-deoxy-f-D-

galactopyranoside (1):

® oH
® 0
HO © OMP
-0
HO AcHN
OH
\ Ho S

To a solution of compound 46 (18 mg, 0.02 mmol, 1.0 equiv) in THF:AcOH (1:0.6 mL) at
0 °C was added activated Zn (30 mg). The ice bath was taken out and the reaction mixture
was stirred to room temperature taking approximately 2 h. Furthermore, the reaction was
cooled to 0 °C and more activated Zn (15 mg) was added while continually stirring for
another 2 h.

Agq NaHCOs3 (2 mL) was added to the reaction mixture, diluted with EtOAc (10
mL) and filtered over a bed of Celite®. The organic layer was washed with more aq
NaHCOs (1 x 5 mL), dried over Na,SO4 and the solvent was removed under vacuum to
obtain the unpurified amine 46a. Amine 46a was then dissolved in a mixture of
EtOAc:MeOH:AcOH:H20 (2:8:1:2), and Pd/C (5 mg, 0.25 g/mmol) was added at room
temperature. The reaction was then stirred under an atmosphere of hydrogen (balloon, 1

atm) for 36 h. The reaction was then filtered over a bed of Celite®, washed with MeOH
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(2 x 5 mL) and finally the solvents were removed under reduced pressure to obtain
unpurified compound 46b. Crude 46b was then dissolved in THF:H20 (1:4) and 1 M LiOH
solution was added dropwise until pH = 11-12. The reaction was stirred at room
temperature for 24 h and AcOH was added dropwise until pH = 7. THF was removed
under vacuum and the reaction mixture was filtered through a cotton plug and washed with
water (2 x 3 mL). The aqueous reaction mixture was frozen and then lyophilized to obtain
unpurified compound in a powdered form. The compound was ultimately purified using a
Bio-Gel® P-2 column (BIO-RAD, fine, 45-90 pm; was passed through twice) to obtain the
desired zwitterionic tetrasaccharide 1 (5.2 mg, 56% yield over three steps) as a fluffy white
solid.

Data for compd 1:

IH NMR: (600 MHz, CDCls)
§7.06 (d, J = 9.1 Hz, 2H, Ar-H), 6.96 (d, J = 9.1 Hz, 2H, Ar-H), 5.08 (d, J
= 8.5 Hz, 1H, 1a), 5.05 (d, J = 3.2 Hz, 1H, 1p), 5.03 (d, J = 3.1 Hz, 1H, 1g),
4.66 (s, br, 1H, 5g), 4.59 (d, J = 7.8 Hz, 1H, 1c), 4.38 (t, J = 10.3 Hz, 2H,
2a, 38), 4.23 (dd, J = 11.5, 3.7 Hz, 1H, 28), 4.17-4.15 (m, 2H, 4c, 4a), 4.06-
3.99 (m, 4H, 2p, 3p, 4p, 6¢), 3.92-3.76 (M, 9H, 34, 64, 54, 48, 6¢, 5p, OCH3),
3.72-3.59 (M, 6H, 64, 3¢, 6p, 6p, 2c, 5¢), 2.02 (s, 3H, NHCOCH3), 2.01 (5,
3H, NHCOCHs3), 1.45 (s, 3H, pyruvate CHs), 1.30 (d, J = 6.6 Hz, 3H, 6g)
BC NMR: (150 MHz, CDCls)
§ 175.8 (COOH), 174.8 (NHCOCH?3), 174.6 (NHCOCHs3), 154.8 (Ar-C),

150.7 (Ar-C), 118.3 (Ar-C), 114.9 (Ar-C), 109.1 (1p), 104.2 (1c), 100.9
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(pyruvate quaternary carbon), 100.7 (1), 98.1 (18), 81.6 (4p), 80.5 (2p),
77.9 (3a, 48), 76.2 (4), 75.5 (5a), 75.3 (3p), 71.4 (5¢, 3c), 70.8 (4c), 70.2
(5p), 69.9 (2¢), 66.3, 65.1 (6¢), 62.6 (6p), 59.9 (6a), 55.7 (OCHs3), 51.6 (24,
3g), 48.7 (28), 24.9 (pyruvate CHs), 22.0 (NHCOCHz3), 21.8 (NHCOCH3),
16.2 (CHa/6g)

HRMS: Exact mass calcd. for C3gHs7N302" [M+H]*: 908.3512, found 908.3480

OR: [a]p?®=+40.0 (C =0.1 in D;0)
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2.5.1. Selected NMR spectra

'H, CDCls, 600 MHz

[ppm]

94



[124]

LLLLSS—

peeh s —
ZI19'89 —
616689 ——
88z8'0L —

mr___.m..?__.lll

. NmOh—.WJf[ ........... ........... ........... ........... ........... ........... ...........

...... Lo LL -
SCLELL
LEOSLL
0E58'LL
LZZ20'Z8
£5.5°28

£866 L0L —
L90F 201 —
PRLOFLL —
6802611

.. ZrLezZL N

e OSBEBO s i eeee e, e, S S N SR B

BEGE'901L

13C, CDCls, 125 MHz

BzO

BzO

[ppm]

50

100

150

13C — Compound 43

95



COSY - Compound 43

h .

I T T T T | T T T T | T T T T | T T T T | T :I T T | T T
6.0 5.5 5.0 4.5 4.0 3.5 F2[ppm]

F1 [ppm]

4.0

4.5

55 5.0

6.0



DEPT — compound 43
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HSQC — Compound 43
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'H — Compound 44

'H, CDCls, 600 MHz

* 1BLOP.

[ppm]

v 196 0

01804
uomm.WH -
BZ10F

lre0's |

100
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DEPT — Compound 44
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13C — Compound 17
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COSY — Compound 17
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HMQC — Compound 17
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'H — Compound 45
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COSY — Compound 45
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13C — Compound 15
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'H — Compound 2
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DEPT — Compound 2
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COSY — Compound 2a
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COSY — Compound 46
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DEPT — Compound 46
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'H — Compound 1
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13C - Compound 1
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Chapter 3

Synthesis of Zwitterionic Polysaccharide Al (PS Al)
Antigenic Units of Oligomeric length

3.1.  Introduction:

In order to understand the T-cell activation mechanism by the zwitterionic
polysaccharides (ZPSs), homogenous units or fragments of PS Al are required. Biological
isolation of PS Al from the culture of B. fragilis NCTC 9343 results in heterogeneous
polysaccharide fragments, not suitable as molecular probes to investigate the critical details
of the T-cell activation pathway. Synthesis of PS Al repeating units can solve the issue of
heterogeneity and can provide structurally defined homogenous material in sufficient
quantities. The first step in regard to the identification of the immunologically active
epitope of polysaccharide Al (PS Al) with an ability to activate CD4" T-cell is to obtain
access to pure synthetic fragments with three possible sequential epitopes and higher
molecular weight (>3 kDa) conformational epitope antigen fragments.

With the above mentioned synthetic antigenic fragments of PS Al in hand, in vitro
studies like MHC |1 binding with HLA-DR2 using ITC, T-cell proliferation assay and in
vivo studies in mice can be executed using both sequential and conformational synthetic

141



PS Al antigen fragments. From both in vitro and in vivo studies, the effect of sequence
and conformation over the process of activation of T-cell can be understood in a clear-cut
fashion, providing information regarding a very important structural feature required for
the T-cell activation apart from the zwitterionic property of PS Al antigens. Hence, with
various synthetic building blocks in hand, attempts towards the synthesis of sequential and
conformational epitopes of polysaccharide Al (PS Al) was initiated. Except the rare D-
AAT sugar, other three building blocks were synthesized in large scale to benefit the future
access to oligomeric length PS Al fragments.

3.2.  Synthesis of zwitterionic repeating unit with frameshift C:

In order to access the sequential and conformational epitopes, monosaccharide
building blocks were protected using various protecting groups to afford the respective
donor and acceptors. To access the frameshift C, linear glycosylation approach was used
adapting the previous protocol (frameshift B). Synthesis of the zwitterionic repeating unit
53 with frameshift C started with [1+1] glycosylation using the D-Galf trichloroacetimidate
donor 19 and 4,6-O-benzylidene protected D-GalN3 acceptor 20 (Scheme 10). The TCA
donor 19 and D-GalNs acceptor 20 were coupled using TMSOTf as activator in
dichloromethane at -40 °C to afford the disaccharide 43 in 89% vyield. The disaccharide 43
was then subjected to regioselective benzylidene ring opening using TfOH and
triethylsilane (EtsSiH) in dichloromethane at -78 °C to afford the free C4-OH disaccharide
17A in 83% vyield (Scheme 10). The respective C4-OH disaccharide 17A was protected
with acetyl protecting group using acetic anhydride (Ac20)/pyridine, followed by the p-
methoxy phenol group deprotection at the reducing end to afford the disaccharide

hemiacetal 47 in 76% yield over two steps. The hemiacetal 47 was then converted to TCA
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donor using CCI3CN and cat. DBU in dichloromethane to afford the desired TCA donor

48 in 76% vyield.
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Scheme 10:  Synthesis of protected PS Al tetrasaccharide 52 with frameshift C.

The disaccharide TCA donor 48 was coupled with C3-OH pyruvate D-Galp
acceptor 49, using N-iodo succinimide (NIS) and TMSOTf in a 2:1 mixture of

dichloromethane and diethyl ether (Et20) to afford the trisaccharide 50 in 68% yield.
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Scheme 11:  Synthesis of zwitterionic tetrasaccharide 53 with frameshift C.

The trisaccharide thiophenyl donor 50 can be used to couple with a-p-methoxy
phenyl C3-OH D-AAT acceptor 51 to afford the desired protected tetrasaccharide repeating
unit of polysaccharide Al (PS Al) 52 with frameshift C using the C2-OBz anchimeric
assistance in the donor (Scheme 10). The global deprotection (Scheme 11) of the
respective protected tetrasaccharide 52 using Zn/AcOH in THF to deprotect the Troc
protecting group, followed by the Pd/C hydrogenation to remove benzyl protecting group
and final LiOH mediated saponification reaction to deprotect the esters will afford the
desired completely deprotected zwitterionic tetrasaccharide 53 with frameshift C.

3.3.  Synthesis of oligomeric length PS Al zwitterionic fragments
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Scheme 12:  Retrosynthetic analysis to access oligomeric PS Al repeating units
Synthesis of oligomeric length fragments can be accessed from three PS Al
synthetic fragments trisaccharide acceptor 15, orthogonally protected tetrasaccharide 54

and pentasaccharide fragment 55 (Scheme 12). For example, the trisaccharide acceptor 15
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and pentasaccharide donor 55 can be coupled to obtain the octasaccharide (two repeating
unit fragment). Similarly, the coupling of trisaccharide acceptor 15 and TCA donor of
orthogonally protected tetrasaccharide 54 can provide a heptasaccharide, followed by the
[5+7] glycosylation affords the three repeating unit sequence of PS Al with ACB-ACB
frameshift (Scheme 12). The orthogonally protected tetrasaccharide repeating unit 54 by
itself can provide access to both tetrasaccharide acceptor and donor based on the
chemoselective deprotection of the Lev and TBS protecting groups. The respective
tetrasaccharide donor and acceptor can be used to gain access to octasaccharide with a
different frameshift. The importance of sequence or frameshift might diminish as the
number of repeating units in the antigenic fragment of PS Al increase (PS Al oligomers >
3kDa), as the oligomeric PS Al fragments can adopt helical conformation placing the
zwitterionic positive and negative charges on opposite sides of the helical conformation.
3.3.1. Synthesis of orthogonally protected tetrasaccharide 54:

The trisaccharide fragment 15 can be accessed using the previous protocol (Scheme
7), orthogonally protected tetrasaccharide repeating unit 54 can be synthesized starting
with [2+1] glycosylation using disaccharide acceptor 17 and C3-lev protected D-AAT
donor 56. The trisaccharide 57 can then be subjected to OMP group deprotection, followed
by treatment with CCIsCN and cat. DBU to afford the trisaccharide TCA donor 58. Using
a [3+1] glycosylation strategy, the TCA donor 58 and C3-OH pyruvate acceptor 59 can be
coupled to obtain the orthogonally protected PS Al repeating unit 54 (Scheme 13). The
orthogonally protected tetrasaccharide repeating unit 54 with TBS and Lev protecting
groups at the reducing and non-reducing ends can be chemo-selectively deprotected to

obtain tetrasaccharide acceptor, donor and can be coupled using [4+4] glycosylation to gain
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access to orthogonally protected octasaccharide repeating unit and so on. The final global

deprotection will lead to the formation of completely deprotected oligomeric length

fragments of PS Al.
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Scheme 13:  Synthesis of orthogonally protected tetrasaccharide repeating unit 54
3.3.2. Synthesis of pentasaccharide donor 55:
The OMP protected tetrasaccharide 2a at the reducing end can be converted to TCA

donor 60 in two steps, followed by [4+1] glycosylation with C3-OH pyruvate D-Galp
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acceptor 49 to afford the pentasaccharide 55 (Scheme 14). The above three synthetic
fragments of PS Al can now be used to access oligomeric length PS Al repeating units

with two different frameshifts (A and B).
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Scheme 14: Synthesis of pentasaccharide donor 55 of PS Al
3.3.3. Synthesis of octasaccharide fragment 62 of PS Al:

The two repeating unit or octasaccharide fragment of PS Al 62 can be synthesized
using a [5+3] glycosylation of pentasaccharide donor 55 and trisaccharide acceptor 15
under NIS, TMSOTT activation conditions. The protected octasaccharide 61 can then be
subjected to global deprotection to afford completely deprotected octasaccharide 62 or two

repeating unit fragment of PS Al (Scheme 15).
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Chapter 4

Development of Novel Microwave Labile Protecting
Groups Through Electron Tuning of Benzyl
Protecting group

4.1. Introduction:

The importance of protecting groups in organic synthesis is very well known to
synthesize very complex molecules through selective blocking or protection of reactive
functional groups like amine, hydroxyl, thiol and others.*?* Even though many reports in
the literature mention ruling out the use of protecting groups**® in the synthesis of complex
natural products in the context of sustainable chemistry,4® yet many complex natural
product syntheses require the installation and removal of the protecting groups to obtain
the specific chemical linkages.'?* 14! Carbohydrate chemistry deals with the synthesis of
complex oligosaccharides (linear/branched), where simple monosaccharides are linked
through stereospecific glycosidic linkages (oxo/thio).*?!2 In general, sugars are
polyhydroxyl moieties with hydroxy groups arranged in selective cis/trans relationship to
each other depending on the sugar residue (glucose/galactose/mannose). The use of
protecting groups in the complex oligosaccharide synthesis is inevitable to access the

stereospecific glycosidic linkages.*% 117:119.121¢ Hengce, retrosynthesis is designed in a way
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so that the respective hydroxyl functionalities required in the glycosidic linkage formation
are protected with temporary protecting groups and where as other hydroxyl groups are
protected with permanent protecting groups, cleaved in the late stage in the process of
global deprotection.

So far, a huge number of protecting groups with respect to the functional groups
like thiol, amino and hydroxyl groups have been developed in orthogonal/non-orthogonal
fashion to ease the process of oligosaccharide assembly.*?* 142 The main limitation of using
protecting groups followed by the deprotection as per the synthetic strategy is the addition
of two more steps to the overall scheme, reducing the overall yield of the chemical
synthesis.*®  The ideal protecting group is supposed to have features like ease of
installation/removal, high yields and compatibility with other functional groups.*** Until
now, a variety of protecting groups have been developed, the need for more protecting
groups closer to the concept of “ideal protecting group” is still under progress. Based on
the mode of deprotection, protecting groups known to date are classified into chemo-labile
(CLPG)'** and photo-labile (PLPG).1** In the category of chemo-labile PGs, a huge
number of PG are available that can selectively installed and removed under specific
conditions. The ester PGs (OAc, OBz, OLev and others) cleavable under basic conditions,
benzyl/related PGs (OBn, OPMB and others) cleavable under reductive or oxidative
conditions, carbamate PGs (NHFmoc, NHCbz, NHTroc and others) cleavable under
reductive or basic conditions and silyl PGs (OTBS, OTBDPS, OTES and others) cleavable
using fluoride source are the most commonly employed groups in the chemical synthesis

of variety of natural products and oligosaccharides (Figure 15).12* Until now, a variety of
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photo-labile protecting groups have been developed and used in the chemical synthesis,
drug development, material science and others (Figure 16).14

Among the various available CLPGs, benzyl PGs are of very good importance, due
to their stability to a wide variety of chemical modifications and hence are used as
permanent PGs in the oligosaccharide assembly.?* Various types of benzyl (Bn) PGs have
been developed based on the principle of electron tuning (Figure 15),**" in order to access
benzyl PGs that are orthogonal to each other, for example, p-methoxy benzyl group (PMB)
can be cleaved orthogonally in the presence of benzyl (Bn) group oxidatively using DDQ
and with Lewis/Bronsted acids.!?

The above mentioned deprotection protocols require the use of reagents in
stoichiometric quantities, lead to tedious workup procedures in some cases and purification
of the desired compound from the by-products.**® Hence, the requirement of novel
protecting groups with the ease of installation and deprotection under mild conditions are

of high importance matching the requirements for an ideal protecting group.
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Figure 4 - 1: Commonly employed PGs in carbohydrate chemistry
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Photo-labile protecting groups:
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Figure 4 - 2: Photo-labile protecting groups (PLPGs) and benzyl-based new PGs

The new set of para substituted N,N-dialkyl amino benzyl protecting groups

(PDMAB or PDEAB) were developed using the principle of electron tuning, can be

deprotected under neutral conditions with protic solvent like methanol under microwave

irradiation. The PDMAB/PDEAB protecting groups are very electron rich and can be

cleaved with Lewis or Bronsted acids. The deprotection protocol under microwave
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irradiation is compatible with various other PGs like OAc. OBz, Bn, silyl and even PMB

group (Figure 17).
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et ’ | |
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Figure 4 - 3: Chemo, photo and microwave-labile PGs
4.2.  Microwave-labile protecting groups (MLPGs):
4.2.1. Installation of PDMAB/PDEAB protecting groups

Installation of the PDMAB protecting group started with the synthesis of suitable
electrophilic source of PDMAB group. The commercially available p-N,N-dimethyl
benzaldehyde 63 was reduced to the corresponding alcohol 64 using NaBHs4 in 89%
yield,'*° followed by treatment with TsCl and MsCl, to convert the corresponding hydroxyl
into a good leaving group (Scheme 16, A). The OMs/OTs of PDMAB 65/66 were unstable,
decomposed readily during the process of isolation and lead to the formation of the dimer

67. The PDMAB tosylate 65 was used directly from the reaction mixture.
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PDMAB electrophile synthesis: OTs
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Scheme 16:  Synthesis of PDMAB electrophiles

The chloro derivative of PDMAB 68 was also synthesized from the alcohol 64
using HCI in dioxane (Scheme 16, B). With compounds 65 and 68 in hand, installation of
PDMAB group was attempted. The alcohol 69 was used with OTs of PDMAB 65 in THF
using NaH as a base to obtain the desired PDMAB protected sugar 70, the reaction was
low yielding due to the decomposition of the PDMAB tosylate under the reaction
conditions. Similarly, the PDMAB chloride salt 68 was used under the same conditions,
the desired compound 70 was obtained in lower yields due to the instability of PDMAB
chloride under basic conditions and conversion to the undesired dimer side product 67
(Scheme 17). The synthesis of PDMAB protected carbonate sugar 72 was attempted via
p-nitrophenyl carbonate 71 through nucleophilic substitution of p-nitrophenyl group under
basic conditions. The substitution of p-nitrophenyl group was confirmed by the bright

yellow color of the p-nitrophenolate anion under basic conditions, but the in situ formed

156



PDMAB carbonate decomposed through decarboxylation process

corresponding alcohol starting material 69 (Scheme 17).
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Scheme 17: Installation of PDMAB protecting group
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Plante et. al developed a protocol to install para monosubstituted or disubstituted amino
benzyl functionalities using alkylation and Buchwald coupling strategy.**® Using the two-
step protocol, the installation of PDMAB protecting group was attempted.

Installation of PDMAB protecting group:
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Scheme 18: Installation of PDMAB protecting group

Alcohol 69 was alkylated using p-bromo benzyl bromide to obtain the desired
bromo compound 73 in 94% vyield, followed by the palladium catalyzed Buchwald
amination afforded the desired PDEAB protected compound 74 in 71% yield. Using the
same strategy three other PDEAB derivatives (75, 76 and 77) were synthesized (Scheme
18).

4.2.2. N-oxide based PDMAB protecting group
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Due to the unstable nature of the PDMAB/PDEAB OTs, OMs and chloro derivatives, use

of N-oxide based PDMAB derivatives as electrophiles was attempted.
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Scheme 19: Installation of PDMAB N-oxide protecting group

The PDMAB alcohol 64 was oxidized using mCPBA into the corresponding N-oxide
alcohol 78 in 87% yield, followed by treating with 4M HCI in dioxane to obtain the desired
chloro N-oxide compound 79 in quantitative yield. The alcohol 69 was treated with NaH
in THF for 15 min, followed by the addition of chloro N-oxide 79 afforded the desired

PDMAB N-oxide protected sugar 80 in 51% yield (Scheme 19).

4.2.3. Deprotection of PDMAB/PDEAB under neutral conditions:
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Scheme 20: Deprotection of PDEAB and PDMAB N-oxide protecting groups
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With both PDMAB/PDEAB, PDMAB N-oxide protected sugars in hand,
deprotection of the respective protecting groups was attempted. The compound 70 was
dissolved in methanol and subjected to microwave irradiation at 120 °C for 30 min. The

deprotection proceeded very smooth affording the desired alcohol 69 in 89% yield (Scheme

20).
Ph
lVOO OMe!
o MeOH, 120 °C '
o 30 min, 89%
N, >
OMP microwave
70 /N\
N cleaved by-product
Proposed mechanism:
MeOH
” Ph
after
microwave l%o protonation
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- + o
(' HO
OMP N'Q N3
“o> OomMP

p-azaquinone methide

___________

Scheme 21: Proposed mechanism for PDMAB/PDEAB group cleavage
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In order to test the orthogonality of the PDMAB/PDEAB protecting groups with
respect to the Bn, PMB PGs, and compound 75 was subjected to microwave irradiation at
120 °C for 30 min. The selective cleavage of PDEAB group in the presence of PMB and
Bn PGs was observed (Scheme 20) in 82% yield. The N-oxide protected sugar 80 was also
subjected to the similar microwave deprotection protocol, to our surprise, deprotection was
successful in 84% yield (Scheme 20). Based on the undesired dimer 67 formation due to
the instability of PDMAB OTs, OMs and chloro derivatives and based on the formation of
O-methyl PDMAB by-product 81, we propose a plausible mechanism proceeding probably
through p-azaquinone methide intermediate in an Sn1 pathway (Scheme 21).

4.2.4. Installation and deprotection of PDMAB at anomeric position:

With the protocol optimized for the protection and deprotection of PDMAB group
onto the free hydroxyl groups, the installation of PDMAB group at the anomeric position
was attempted. The compound 83 was converted to bromo derivative 84 using HBr in
AcOH at 0 °C to room temperature in 78% yield. The respective bromo derivative 84 was
subjected to glycosylation with PDMAB alcohol 64 using AgOTf at -78 °C to room
temperature over a period of 16h to afford the desired anomeric PDMAB compound 85 in
52% yield and the undesired orthoester by-product (31% yield) was also observed. The
respective anomeric PDMAB derivative 85 has the potential to be used as glycosyl donor,
as microwave irradiation will lead to the formation of anomeric alkoxide intermediate that
can be coupled with various electrophiles like OTs, OMs and OTf bearing
monosaccharides through O-alkylation strategy. The deprotection was attempted in an
aprotic solvent like tetrahydrofuran (THF) and the hemiacetal formation was observed in

83% yield (Scheme 22).
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4.3.  Future directions:

Using the O-alkylation strategy, the anomeric PDMAB derivatives can serve as
glycosyl donors upon microwave irradiation and can be coupled with electrophilic
monosaccharide derivatives and hence open new platform for the oligosaccharide
assembly. The most prominent feature of using PDMAB donors is that the glycosylation
reaction can be accomplished under neutral conditions without any activators/promoters.
Hence the novel concept of neutral glycosylation, coupled with chiral solvents like (R/S)
2-methyl THF or with chiral additives can lead to the development of a new methodology

accessing stereoselective glycosidic linkages under neutral conditions.

164



References

[1]. (a) Janeway, C. A.; Travers, P.; Walport, M.; Shlomchik, M., Immunobiology: the
immune system in health and disease. 5th ed ed.; Garland Pub. New York, 2005; (b)
Parham, P., The immune system. Garland Science: Newyork, 2014.

[2]. Edwards, M. S.; Nicholson-Weller, A.; Baker, C. J.; Kasper, D. L. J. Exp. Med. 1980,
151, 1275.

[3]. Bhattacharjee, A. K.; Jennings, H. J.; Kenny, C. P.; Martin, A.; Smith, 1. C. J. Biol.
Chem. 1975, 250, 1926.

[4]. Wessels, M. R.; Paoletti, L. C.; Rodewald, A. K.; Michon, F.; DiFabio, J.; Jennings,
H. J.; Kasper, D. L. Infect. Immun. 1993, 61, 4760.

[5]. Ovodov, Y. S. Biochemistry (Moscow) 2006, 71, 937.

[6]. Avci, F. Y.; Kasper, D. L. Annu. Rev. Immunol. 2010, 28, 107.

[7]. Ozdilek, A.; Middleton, D. R.; Sun, L.; Wantuch, P. L.; Avci, F. Y. Glycobiology 2016,
26, 1029.

[8]. Rakoff-Nahoum, S.; Paglino, J.; Eslami-Varzaneh, F.; Edberg, S.; Medzhitov, R. Cell

2004, 118, 229.

165



[9]. Nishat, S.; Andreana, P. Vaccines 2016, 4, 19.

[10]. Avery, O. T.; Goebel, W. F. J. Exp. Med. 1931, 54, 437.

[11]. (a) Mitchison, N. A. Eur. J. Immunol. 1971, 1, 10; (b) Mitchison, N. A. Eur. J.
Immunol. 1971, 1, 18.

[12]. (a) Beuvery, E. C.; van Rossum, F.; Nagel, J. Infect. Immun. 1982, 37, 15; (b)
Schneerson, R.; Barrera, O.; Sutton, A.; Robbins, J. B. J. Exp. Med. 1980, 152, 361.

[13]. Avci, F. Y.; Li, X.; Tsuji, M.; Kasper, D. L. Nat. Med. 2011, 17, 1602.

[14]. (a) Rappuoli, R. Sci. Transl. Med. 2018, 10, eaat4615; (b) Rappuoli, R.; De Gregorio,
E.; Costantino, P. Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 14.

[15]. Sun, X.; Stefanetti, G.; Berti, F.; Kasper, D. L. Proc. Natl. Acad. Sci. U. S. A. 2019,
116, 193.

[16]. Deck, M. B.; Sj6lin, P.; Unanue, E. R.; Kihlberg, J. J. Immunol. 1999, 162, 4740.
[17]. Galli-Stampino, L.; Meinjohanns, E.; Frische, K.; Meldal, M.; Jensen, T.; Werdelin,
O.; Mouritsen, S. 0. Cancer Res. 1997, 57, 3214.

[18]. Corthay, A.; Backlund, J.; Broddefalk, J.; Michaélsson, E.; Goldschmidt, T. J.;
Kihlberg, J.; Holmdahl, R. Eur. J. Immunol. 1998, 28, 2580.

[19]. Dudler, T.; Altmann, F.; Carballido, J. M.; Blaser, K. Eur. J. Immunol. 1995, 25, 538.
[20]. (a) Horn, C.; Namane, A.; Pescher, P.; Riviere, M.; Romain, F.; Puzo, G.; Barzu, O.;
Marchal, G. J. Biol. Chem. 1999, 274, 32023; (b) Nandakumar, S.; Kannanganat, S.;
Dobos, K. M.; Lucas, M.; Spencer, J. S.; Fang, S.; McDonald, M. A.; Pohl, J.; Birkness,
K.; Chamcha, V.; Ramirez, M. V.; Plikaytis, B. B.; Posey, J. E.; Amara, R. R.; Sable, S. B.

PLoS Path. 2013, 9, e1003705.

166



[21]. Sieling, P. A.; Hill, P. J.; Dobos, K. M.; Brookman, K.; Kuhlman, A. M.; Fabri, M.;
Krutzik, S. R.; Rea, T. H.; Heaslip, D. G.; Belisle, J. T.; Modlin, R. L. J. Immunol. 2008,
180, 5833.

[22]. (a) Naidenko, O. V.; Maher, J. K.; Ernst, W. A.; Sakai, T.; Modlin, R. L.; Kronenberg,
M. J. Exp. Med. 1999, 190, 1069; (b) Gumperz, J. E.; Roy, C.; Makowska, A.; Lum, D.;
Sugita, M.; Podrebarac, T.; Koezuka, Y.; Porcelli, S. A.; Cardell, S.; Brenner, M. B.; Behar,
S. M. Immunity 2000, 12, 211.

[23]. (a) Gadola, S. D.; Zaccai, N. R.; Harlos, K.; Shepherd, D.; Castro-Palomino, J. C.;
Ritter, G.; Schmidt, R. R.; Jones, E. Y.; Cerundolo, V. Nat. Immunol. 2002, 3, 721; (b)
Zajonc, D. M.; Elsliger, M. A.; Teyton, L.; Wilson, I. A. Nat. Immunol. 2003, 4, 808; (c)
Batuwangala, T.; Shepherd, D.; Gadola, S. D.; Gibson, K. J. C.; Zaccai, N. R.; Fersht, A.
R.; Besra, G. S.; Cerundolo, V.; Jones, E. Y. J. Immunol. 2004, 172, 2382; (d) Koch, M.;
Stronge, V. S.; Shepherd, D.; Gadola, S. D.; Mathew, B.; Ritter, G.; Fersht, A. R.; Besra,
G. S.; Schmidt, R. R.; Jones, E. Y.; Cerundolo, V. Nat. Immunol. 2005, 6, 819.

[24]. (a) Sidobre, S.; Naidenko, O. V.; Sim, B.-C.; Gascoigne, N. R. J.; Garcia, K. C.;
Kronenberg, M. J. Immunol. 2002, 169, 1340; (b) Sim, B.-C.; Holmberg, K.; Sidobre, S.;
Naidenko, O.; Niederberger, N.; Marine, S. D.; Kronenberg, M.; Gascoigne, N. R. J.
Immunogenetics 2003, 54, 874.

[25]. Metelitsa, L. S.; Naidenko, O. V.; Kant, A.; Wu, H.-W.; Loza, M. J.; Perussia, B.;
Kronenberg, M.; Seeger, R. C. J. Immunol. 2001, 167, 3114.

[26]. (a) Singh, S.; Nehete, N. P.; Yang, G.; He, H.; Nehete, B.; Hanley, W. P.; Barry, A.
M.; Sastry, J. K. Vaccines 2014, 2; (b) Venkataswamy, M. M.; Ng, T. W.; Kharkwal, S. S.;

Carrefio, L. J.; Johnson, A. J.; Kunnath-Velayudhan, S.; Liu, Z.; Bittman, R.; Jervis, P. J.;
167



Cox, L. R.; Besra, G. S.; Wen, X.; Yuan, W.; Tsuji, M.; Li, X.; Ho, D. D.; Chan, J.; Lee,
S.; Frothingham, R.; Haynes, B. F.; Panas, M. W.; Gillard, G. O.; Sixsmith, J. D.; Korioth-
Schmitz, B.; Schmitz, J. E.; Larsen, M. H.; Jacobs, W. R., Jr.; Porcelli, S. A. PLoS One
2014, 9, e108383.

[27]. Cavallari, M.; Stallforth, P.; Kalinichenko, A.; Rathwell, D. C. K.; Gronewold, T. M.
A.; Adibekian, A.; Mori, L.; Landmann, R.; Seeberger, P. H.; De Libero, G. Nat. Chem.
Biol. 2014, 10, 950.

[28]. Avci, F. Y.; Li, X.; Tsuji, M.; Kasper, D. L. Semin. Immunol. 2013, 25, 146.

[29]. (a) Weintraub, A. Carbohydr. Res. 2003, 338, 2539; (b) Jones, C. An. Acad. Bras.
Cienc. 2005, 77, 293; (c) Trotter, C. L.; McVernon, J.; Ramsay, M. E.; Whitney, C. G.;
Mulholland, E. K.; Goldblatt, D.; Hombach, J.; Kieny, M.-P. Vaccine 2008, 26, 4434.
[30]. Velez, C. D.; Lewis, C. J.; Kasper, D. L.; Cobb, B. A. Immunology 2009, 127, 73.
[31]. (a) Tzianabos, A. O.; Wang, J. Y.; Lee, J. C. Proc. Natl. Acad. Sci. U. S. A. 2001, 98,
9365; (b) McLoughlin, R. M.; Lee, J. C.; Kasper, D. L.; Tzianabos, A. O. J. Immunol. 2008,
181, 1323.

[32]. Young, N. M.; Kreisman, L. S. C.; Stupak, J.; MacLean, L. L.; Cobb, B. A.; Richards,
J. C. Glycobiology 2011, 21, 1266.

[33]. Eradi, P.; Ghosh, S.; Andreana, P. R. Org. Lett. 2018, 20, 4526.

[34]. Wang, Y.; Kalka-Moll, W. M.; Roehrl, M. H.; Kasper, D. L. Proc. Natl. Acad. Sci.
U.S.A. 2000, 97, 13478.

[35]. (a) Cobb, B. A.; Wang, Q.; Tzianabos, A. O.; Kasper, D. L. Cell 2004, 117, 677; (b)

Duan, J.; Avci, F. Y.; Kasper, D. L. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 5183; (c)

168



Groneck, L.; Schrama, D.; Fabri, M.; Stephen, T. L.; Harms, F.; Meemboor, S.; Hafke, H.;
Bessler, M.; Becker, J. C.; Kalka-Moll, W. M. Infect. Immun. 2009, 77, 3705.

[36]. Blevins, S. M.; Bronze, M. S. Int. J. Infect. Dis. 2010, 14, e744.

[37]. Isenberg, H. D. Clin. Microbiol. Rev. 1988, 1, 40.

[38]. (a) Bach, J.-F. New Engl. J. Med. 2002, 347, 911; (b) Ege, M. J.; Mayer, M.;
Normand, A.-C.; Genuneit, J.; Cookson, W. O. C. M.; Braun-Fahrlénder, C.; Heederik, D.;
Piarroux, R.; von Mutius, E. New Engl. J. Med. 2011, 364, 701; (c) Strachan, D. P. BMJ
(Clinical research ed.) 1989, 299, 1259; (d) Ehlers, S.; Kaufmann, S. H. E. Clin. Exp.
Immunol. 2010, 160, 10.

[39]. Sender, R.; Fuchs, S.; Milo, R. PLoS Biol. 2016, 14, e1002533.

[40]. (a) Béckhed, F.; Ley, R. E.; Sonnenburg, J. L.; Peterson, D. A.; Gordon, J. I. Science
2005, 307, 1915; (b) Hooper, L. V.; Wong, M. H.; Thelin, A.; Hansson, L.; Falk, P. G.;
Gordon, J. I. Science 2001, 291, 881.

[41]. Matsuoka, K.; Kanali, T. Semin. Immunopathol. 2015, 37, 47.

[42]. Arrieta, M.-C.; Stiemsma, L. T.; Dimitriu, P. A.; Thorson, L.; Russell, S.; Yurist-
Doutsch, S.; Kuzeljevic, B.; Gold, M. J.; Britton, H. M.; Lefebvre, D. L.; Subbarao, P.;
Mandhane, P.; Becker, A.; McNagny, K. M.; Sears, M. R.; Kollmann, T.; Mohn, W. W.;
Turvey, S. E.; Brett Finlay, B. Sci. Transl. Med. 2015, 7, 307ral52.

[43]. Ochoa-Reparaz, J.; Kasper, L. H. FEBS Lett. 2014, 588, 4214.

[44]. Tognini, P. Front. Cell. Neurosci. 2017, 11, 25.

[45]. Janssen, A. W. F.; Kersten, S. The FASEB Journal 2015, 29, 3111.

[46]. Erturk-Hasdemir, D.; Kasper, D. L. Curr. Opin. Immunol. 2013, 25, 450.

169



[47]. (a) Hugon, P.; Dufour, J.-C.; Colson, P.; Fournier, P.-E.; Sallah, K.; Raoult, D. Lancet
Infect. Dis. 2015, 15, 1211; (b) Eckburg, P. B.; Bik, E. M.; Bernstein, C. N.; Purdom, E.;
Dethlefsen, L.; Sargent, M.; Gill, S. R.; Nelson, K. E.; Relman, D. A. Science 2005, 308,
1635.

[48]. (a) Polk, B. F.; Kasper, D. L. Ann. Intern. Med. 1977, 86, 569; (b) Surana, N. K.;
Kasper, D. L. Immunol. Rev. 2012, 245, 13.

[49]. (a) Onderdonk, A. B.; Kasper, D. L.; Bartlett, J. G.; Cisneros, R. L. J. Infect. Dis.
1977, 136, 82; (b) Bartlett, J. G.; Onderdonk, A. B.; Louie, T.; Kasper, D. L.; Gorbach, S.
L. Arch. Surg. 1978, 113, 853.

[50]. Kasper, D. L.; Onderdonk, A. B.; Bartlett, J. G.; Crabb, J. J. Infect. Dis. 1979, 140,
724.

[51]. (@) Onderdonk, A. B.; Markham, R. B.; Zaleznik, D. F.; Cisneros, R. L.; Kasper, D.
L. J. Clin. Invest. 1982, 69, 9; (b) Shapiro, M. E.; Onderdonk, A. B.; Kasper, D. L.; Finberg,
R. W. J. Exp. Med. 1982, 155, 1188.

[52]. (a) Zaleznik, D. F.; Finberg, R. W.; Shapiro, M. E.; Onderdonk, A. B.; Kasper, D. L.
J. Clin. Invest. 1985, 75, 1023; (b) Round, J. L.; Mazmanian, S. K. Proc. Natl. Acad. Sci.
U. S. A. 2010, 107, 12204.

[53]. Comstock, L. E.; Kasper, D. L. Cell 2006, 126, 847.

[54]. Krinos, C. M.; Coyne, M. J.; Weinacht, K. G.; Tzianabos, A. O.; Kasper, D. L.;
Comstock, L. E. Nature 2001, 414, 555.

[55]. REID, J. H.; PATRICK, S. J. Med. Microbiol. 1984, 17, 247.

170



[56]. Dasgupta, S.; Kasper, D. L., Chapter 3 - Novel Tools for Modulating Immune
Responses in the Host—Polysaccharides from the Capsule of Commensal Bacteria. In Adv.
Immunol., Alt, F. W., Ed. Academic Press2010; Vol. 106, pp 61.

[57]. Neff, C. P.; Rhodes, Matthew E.; Arnolds, Kathleen L.; Collins, Colm B.; Donnelly,
J.; Nusbacher, N.; Jedlicka, P.; Schneider, Jennifer M.; McCarter, Martin D.; Shaffer, M.;
Mazmanian, Sarkis K.; Palmer, Brent E.; Lozupone, Catherine A. Cell Host Microbe 2016,
20, 535.

[58]. Tzianabos, A.; Onderdonk, A.; Rosner, B.; Cisneros, R.; Kasper, D. Science 1993,
262, 416.

[59]. Liu, C. H.; Lee, S. M.; VanLare, J. M.; Kasper, D. L.; Mazmanian, S. K. Proc. Natl.
Acad. Sci. U. S. A. 2008, 105, 3951.

[60]. Wang, Q.; McLoughlin, R. M.; Cobb, B. A.; Charrel-Dennis, M.; Zaleski, K. J.;
Golenbock, D.; Tzianabos, A. O.; Kasper, D. L. J. Exp. Med. 2006, 203, 2853.

[61]. Mazmanian, S. K.; Liu, C. H.; Tzianabos, A. O.; Kasper, D. L. Cell 2005, 122, 107.
[62]. Johnson, J. L.; Jones, M. B.; Cobb, B. A. Glycobiology 2014, 25, 368.

[63]. Dasgupta, S.; Erturk-Hasdemir, D.; Ochoa-Reparaz, J.; Reinecker, H.-C.; Kasper,
Dennis L. Cell Host Microbe 2014, 15, 413.

[64]. Baumann, H.; Tzianabos, A. O.; Brisson, J. R.; Kasper, D. L.; Jennings, H. J.
Biochemistry 1992, 31, 4081.

[65]. Tzianabos, A. O.; Onderdonk, A. B.; Rosner, B.; Cisneros, R. L.; Kasper, D. L.
Science 1993, 262, 416.

[66]. Cobb, B. A.; Kasper, D. L. Glycobiology 2008, 18, 707.

171



[67]. (a) Choi, Y.-H.; Roehrl, M. H.; Kasper, D. L.; Wang, J. Y. Biochemistry 2002, 41,
15144; (b) Kreisman, L. S. C.; Friedman, J. H.; Neaga, A.; Cobb, B. A. Glycobiology 2007,
17, 46.

[68]. Wang, Y.; Kalka-Moll, W. M.; Roehrl, M. H.; Kasper, D. L. Proc. Natl. Acad. Sci.
U. S. A. 2000, 97, 13478.

[69]. Bloem, K.; Garcia-Vallejo, J.; Vuist, I.; Cobb, B.; van Vliet, S.; Van Kooyk, Y. Front.
Immunol. 2013, 4, 103.

[70]. Stingele, F.; Corthésy, B.; Kusy, N.; Porcelli, S. A.; Kasper, D. L.; Tzianabos, A. O.
J. Immunol. 2004, 172, 1483.

[71]. Erturk-Hasdemir, D.; Kasper, D. L. Ann. N.Y. Acad. Sci. 2018, 1417, 116.

[72]. Kalka-Moll, W. M.; Tzianabos, A. O.; Bryant, P. W.; Niemeyer, M.; Ploegh, H. L.;
Kasper, D. L. J. Immunol. 2002, 169, 6149.

[73]. (@) Wu, S.; Rhee, K.-J.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.-R.; Huso, D.
L.; Brancati, F. L.; Wick, E.; McAllister, F.; Housseau, F.; Pardoll, D. M.; Sears, C. L. Nat.
Med. 2009, 15, 1016; (b) Sears, C. L.; Geis, A. L.; Housseau, F. J. Clin. Invest. 2014, 124,
4166.

[74]. Shin, J.; Sears, C. L.; Sack, R. B.; Faruque, A. S. G.; Saha, A.; Qadri, F.; Salam, M.
A.; Arjumand, M.; Alam, N. H.; Islam, S.; Hecht, D.; Weintraub, A. Clin. Infect. Dis. 2008,
47, 797.

[75]. Ulger Toprak, N.; Yagci, A.; Gulluoglu, B. M.; Akin, M. L.; Demirkalem, P.; Celenk,

T.; Soyletir, G. Clin. Microbiol. Infect. 2006, 12, 782.

172



[76]. Chan, J. L.; Wu, S.; Geis, A. L.; Chan, G. V.; Gomes, T. A. M.; Beck, S. E.; Wu, X;
Fan, H.; Tam, A. J.; Chung, L.; Ding, H.; Wang, H.; Pardoll, D. M.; Housseau, F.; Sears,
C. L. Mucosal Immunol. 2019, 12, 164.

[77]. Erturk-Hasdemir, D.; Kasper, D. L. Ann. N.Y. Acad. Sci. 2018, 1417, 116.

[78]. Smith, P.; Garrett, W. Front. Microbiol. 2011, 2, 111.

[79]. Round, J. L.; Lee, S. M.; Li, J.; Tran, G.; Jabri, B.; Chatila, T. A.; Mazmanian, S. K.
Science 2011, 332, 974.

[80]. Mazmanian, S. K.; Round, J. L.; Kasper, D. L. Nature 2008, 453, 620.

[81]. Sommese, L.; Pagliuca, C.; Avallone, B.; Ippolito, R.; Casamassimi, A.; Costa, V.;
Colicchio, R.; Cerciello, R.; D'Armiento, M.; Scarpato, M.; Giovane, A.; Pastore, G.;
Infante, T.; Ciccodicola, A.; Fiorito, C.; D'Armiento, F. P.; Salvatore, P.; Napoli, C. PL0S
One 2012, 7, e49653.

[82]. Li, Z.; Deng, H.; Zhou, Y.; Tan, Y.; Wang, X.; Han, Y.; Liu, Y.; Wang, Y.; Yang, R.;
Bi, Y.; Zhi, F. Front. Cell. Infect. Microbiol. 2017, 7, 170.

[83]. HOPKINS, M. J.; MACFARLANE, G. T. J. Med. Microbiol. 2002, 51, 448.

[84]. Nagpal, R.; Tsuji, H.; Takahashi, T.; Nomoto, K.; Kawashima, K.; Nagata, S.;
Yamashiro, Y. Benefic. Microbes 2017, 8, 353.

[85]. Chang, C.-J.; Lin, C.-S.; Martel, J.; Ojcius, D. M.; Lai, W.-F.; Lu, C.-C.; Ko, Y.-F.;
Young, J. D.; Lai, H.-C. J. Biomed. Lab. Sci. 2016, 28, 1.

[86]. Ochoa-Repéraz, J.; Mielcarz, D. W.; Ditrio, L. E.; Burroughs, A. R.; Begum-Haque,

S.; Dasgupta, S.; Kasper, D. L.; Kasper, L. H. J. Immunol. 2010, 185, 4101.

173



[87]. Pagliuca, C.; Cicatiello, A. G.; Colicchio, R.; Greco, A.; Cerciello, R.; Auletta, L.;
Albanese, S.; Scaglione, E.; Pagliarulo, C.; Pastore, G.; Mansueto, G.; Brunetti, A.;
Avallone, B.; Salvatore, P. Front. Microbiol. 2016, 7, 1750.

[88]. Jenner, E. Med. Chir. Trans. 1809, 1, 271.

[89]. Hutter, J.; Lepenies, B., Carbohydrate-Based Vaccines: An Overview. In
Carbohydrate-Based Vaccines: Methods and Protocols, Lepenies, B., Ed. Springer New
York: New York, NY, 2015; pp 1.

[90]. Finn, A. Br. Med. Bull. 2004, 70, 1.

[91]. King, W. J.; MacDonald, N. E.; Wells, G.; Huang, J.; Allen, U.; Chan, F.; Ferris, W.;
Diaz-Mitoma, F.; Ashton, F. J. Pediatr. (N. Y., NY, U. S.) 1996, 128, 196.

[92]. Keitel, W. A.; Bond, N. L.; Zahradnik, J. M.; Cramton, T. A.; Robbins, J. B. Vaccine
1994, 12, 195.

[93]. Hartkamp, A.; Mulder, A. H. L.; Rijkers, G. T.; van Velzen-Blad, H.; Biesma, D. H.
Vaccine 2001, 19, 1671.

[94]. Hakomori, S.-i., Tumor-associated carbohydrate antigens defining tumor
malignancy: basis for development of anti-cancer vaccines. In The molecular immunology
of complex carbohydrates—2, Springer2001; pp 369.

[95]. Kantoff, P. W.; Higano, C. S.; Shore, N. D.; Berger, E. R.; Small, E. J.; Penson, D.
F.; Redfern, C. H.; Ferrari, A. C.; Dreicer, R.; Sims, R. B.; Xu, Y.; Frohlich, M. W.;
Schellhammer, P. F. New Engl. J. Med. 2010, 363, 411.

[96]. Houghton, A. N. J. Exp. Med. 1994, 180, 1.

[97]. Holmberg, L. A.; Oparin, D. V.; Gooley, T.; Sandmaier, B. M. Clin. Breast Cancer

2003, 3, S144.
174



[98]. (a) Shi, M.; Kleski, K. A.; Trabbic, K. R.; Bourgault, J. P.; Andreana, P. R. J. Am.
Chem. Soc. 2016, 138, 14264; (b) Trabbic, K. R.; Bourgault, J.-P.; Shi, M.; Clark, M.;
Andreana, P. R. Org. Biomol. Chem. 2016, 14, 3350; (c) Bourgault, J. P.; Trabbic, K. R.;
Shi, M.; Andreana, P. R. Org. Biomol. Chem. 2014, 12, 1699.

[99]. (a) De Silva, R. A.; Wang Q Fau - Chidley, T.; Chidley T Fau - Appulage, D. K;;
Appulage Dk Fau - Andreana, P. R.; Andreana, P. R. J. Am. Chem. Soc. 2009; (b) Shi, M.;
Kleski, K. A.; Trabbic, K. R.; Bourgault, J.-P.; Andreana, P. R. J. Am. Chem. Soc. 2016,
138, 14264.

[100]. Schumann, B.; Pragani, R.; Anish, C.; Pereira, C. L.; Seeberger, P. H. Chem. Sci.
2014, 5, 1992.

[101]. Ghosh, S.; Nishat, S.; Andreana, P. R. J. Org. Chem. 2016, 81, 4475.

[102]. Rappuoli, R.; Black, S.; Lambert, P. H. The Lancet 2011, 378, 360.

[103]. Anish, C.; Schumann, B.; Pereira, Claney L.; Seeberger, Peter H. Chem. Biol. 2014,
21, 38.

[104]. Behera, A.; Kulkarni, S. S. Molecules 2018, 23.

[105]. Kalka-Moll, W. M.; Tzianabos, A. O.; Wang, Y.; Carey, V. J.; Finberg, R. W.;
Onderdonk, A. B.; Kasper, D. L. J. Immunol. 2000, 164, 719.

[106]. Trabbic, K. R.; De Silva, R. A.; Andreana, P. R. MedChemComm 2014, 5, 1143.
[107]. Arnon, R.; Van Regenmortel, M. H. FASEB J. 1992, 6, 3265.

[108]. (a) Bennett, L. G.; Bishop, C. T. Immunochemistry 1977, 14, 693; (b) Suzuki, E.;
Toledo, M. S.; Takahashi, H. K.; Straus, A. H. Glycobiology 1997, 7, 463.

[109]. Zhang, Q.; Overkleeft, H. S.; van der Marel, G. A.; Codée, J. D. C. Curr. Opin.

Chem. Biol. 2017, 40, 95.
175



[110]. Wu, X.; Cui, L.; Lipinski, T.; Bundle, D. R. Chem. - Eur. J. 2010, 16, 3476.

[111]. Christina, A. E.; van den Bos, L. J.; Overkleeft, H. S.; van der Marel, G. A.; Codée,
J. D. C. J. Org. Chem. 2011, 76, 1692.

[112]. Ni Cheallaigh, A.; Oscarson, S. Can. J. Chem. 2016, 94, 940.

[113]. van den Bos, L. J.; Boltje, T. J.; Provoost, T.; Mazurek, J.; Overkleeft, H. S.; van
der Marel, G. A. Tetrahedron Lett. 2007, 48, 2697.

[114]. Pragani, R.; Seeberger, P. H. J. Am. Chem. Soc. 2011, 133, 102.

[115]. Sharma, S.; Erickson, K. M.; Troutman, J. M. ACS Chem. Biol. 2017, 12, 92.
[116]. Pfister, H. B.; Mulard, L. A. Org. Lett. 2014, 16, 4892.

[117]. Podilapu, A. R.; Kulkarni, S. S. Org. Lett. 2017, 19, 5466.

[118]. (a) Visansirikul, S.; Yasomanee, J. P.; Pornsuriyasak, P.; Kamat, M. N.; Podvalnyy,
N. M.; Gobble, C. P.; Thompson, M.; Kolodziej, S. A.; Demchenko, A. V. Org. Lett. 2015,
17, 2382; (b) Yasomanee, J. P.; Visansirikul, S.; Pornsuriyasak, P.; Thompson, M.;
Kolodziej, S. A.; Demchenko, A. V. J. Org. Chem. 2016, 81, 5981, (c) Gagarinov, I. A.;
Fang, T.; Liu, L.; Srivastava, A. D.; Boons, G.-J. Org. Lett. 2015, 17, 928; (d) Danieli, E.;
Proietti, D.; Brogioni, G.; Romano, M. R.; Cappelletti, E.; Tontini, M.; Berti, F.; Lay, L.;
Costantino, P.; Adamo, R. Biorg. Med. Chem. 2012, 20, 6403.

[119]. Wu, Y.; Xiong, D.-C.; Chen, S.-C.; Wang, Y.-S.; Ye, X.-S. Nat. Commun. 2017, 8,
14851.

[120]. Calin, O.; Eller, S.; Seeberger, P. H. Angew. Chem. Int. Ed. 2013, 52, 5862.

[121]. () Kulkarni, S. S.; Wang, C.-C.; Sabbavarapu, N. M.; Podilapu, A. R.; Liao, P.-H.;

Hung, S.-C. Chem. Rev. 2019, 119, 2087; (b) Bennett, C. S.; Galan, M. C. Chem. Rev.

176



2018, 118, 7931; (c) Adero, P. O.; Amarasekara, H.; Wen, P.; Bohé, L.; Crich, D. Chem.
Rev. 2018, 118, 8242.

[122]. Schmidt, R. R.; Michel, J. Angew. Chem. Int. Ed. 1980, 19, 731.

[123]. Kolakowski, R. V.; Shangguan, N.; Sauers, R. R.; Williams, L. J. J. Am. Chem. Soc.
2006, 128, 5695.

[124]. Wuts, P. G. M.; Greene, T. W., Greene's protective groups in organic synthesis.
John Wiley & Sons, 2006.

[125]. Crich, D.; Dudkin, V. J. Am. Chem. Soc. 2001, 123, 6819.

[126]. Ziegler, T. Tetrahedron Lett. 1994, 35, 6857.

[127]. Yang, S.; Wang, A. p.; Zhang, G.; Di, X.; Zhao, Z.; Lei, P. Tetrahedron 2016, 72,
5659.

[128]. Wang, H.; She, J.; Zhang, L.-H.; Ye, X.-S. J. Org. Chem. 2004, 69, 5774.

[129]. Orgueira, H. A.; Bartolozzi, A.; Schell, P.; Litjens, R. E. J. N.; Palmacci, E. R.;
Seeberger, P. H. Chem. - Eur. J. 2003, 9, 140.

[130]. Lal, B.; Pramanik, B. N.; Manhas, M. S.; Bose, A. K. Tetrahedron Lett. 1977, 18,
1977.

[131]. Lemieux, R. U.; Ratcliffe, R. M. Can. J. Chem. 1979, 57, 1244.

[132]. Li, Z.; Gildersleeve, J. C. J. Am. Chem. Soc. 2006, 128, 11612.

[133]. Wei Poh, Z.; Heng Gan, C.; Lee, E. J.; Guo, S.; Yip, G. W.; Lam, Y. Sci. Rep. 2015,
5, 14355.

[134]. (a) Kalikanda, J.; Li, Z. J. Org. Chem. 2011, 76, 5207; (b) Komarova Bozhena, S.;
Tsvetkov Yury, E.; Nifantiev Nikolay, E. Chem. Rec. 2016, 16, 488; (c) Romero, J. A. C.;

Tabacco, S. A.; Woerpel, K. A. J. Am. Chem. Soc. 2000, 122, 168; (d) Ayala, L.; Lucero,
177



C. G.; Romero, J. A. C.; Tabacco, S. A.; Woerpel, K. A. J. Am. Chem. Soc. 2003, 125,
15521.

[135]. Ellervik, U.; Magnusson, G. Tetrahedron Lett. 1997, 38, 1627.

[136]. Gonzélez, A. G.; Brouard, I.; Leon, F.; Padrdn, J. |.; Bermejo, J. Tetrahedron Lett.
2001, 42, 3187.

[137]. Hancock, G.; Galpin, I. J.; Morgan, B. A. Tetrahedron Lett. 1982, 23, 249.

[138]. Pihko, A. J.; Nicolaou, K. C.; Koskinen, A. M. P. Tetrahedron: Asymmetry 2001,
12, 937.

[139]. (a) Baran, P. S.; Maimone, T. J.; Richter, J. M. Nature 2007, 446, 404; (b) Young,
I. S.; Baran, P. S. Nat. Chem. 2009, 1, 193.

[140]. Anastas, P. T.; Heine, L. G.; Williamson, T. C., Green Chemical Syntheses and
Processes: Introduction. In Green Chemical Syntheses and Processes, American Chemical
Society, 2000; Vol. 767, pp 1.

[141]. Cody, W. L. J. Med. Chem. 2007, 50, 1084.

[142]. Agoston, K.; Streicher, H.; Fiigedi, P. Tetrahedron: Asymmetry 2016, 27, 707.
[143]. Anastas, P. T.; Heine, L. G.; Williamson, T. C., Green Chemical Syntheses and
Processes. American Chemical Society2000; Vol. 767, p 374.

[144]. Gaich, T.; Baran, P. S. J. Org. Chem. 2010, 75, 4657.

[145]. Klan, P.; Solomek, T.; Bochet, C. G.; Blanc, A.; Givens, R.; Rubina, M.; Popik, V.;
Kostikov, A.; Wirz, J. Chem. Rev. 2013, 113, 119.

[146]. (a) Xi, W.; Krieger, M.; Kloxin, C. J.; Bowman, C. N. Chem. Comm. 2013, 49, 4504;
(b) Deshpande, R. K.; Waterhouse, G. I. N.; Jameson, G. B.; Telfer, S. G. Chem. Comm.

2012, 48, 1574; (c) Alang Ahmad, S. A.; Wong, L. S.; ul-Hag, E.; Hobbs, J. K.; Leggett,
178



G. J.; Micklefield, J. J. Am. Chem. Soc. 2011, 133, 2749; (d) W6lIl, D.; Smirnova, J.;
Pfleiderer, W.; Steiner, U. E. Angew. Chem. Int. Ed. 2006, 45, 2975.

[147]. (a) Jobron, L.; Hindsgaul, O. J. Am. Chem. Soc. 1999, 121, 5835; (b) Cieslak, J.;
Kauffman, J. S.; Kolodziejski, M. J.; Lloyd, J. R.; Beaucage, S. L. Org. Lett. 2007, 9, 671,
(c) Rankin, G. M.; Maxwell-Cameron, I.; Painter, G. F.; Larsen, D. S. J. Org. Chem. 2013,
78, 5264; (d) Fukase, K.; Yoshimura, T.; Hashida, M.; Kusumoto, S. Tetrahedron Lett.
1991, 32, 40109.

[148]. (a) Kalena, P. G.; Jadhav, M. S.; Banerji, A. Molecules 2000, 5; (b) Chandrasekhar,
S.; Sumithra, G.; Yadav, J. S. Tetrahedron Lett. 1996, 37, 1645; (c) Sharma, G. V. M,;
Lavanya, B.; Mahalingam, A. K.; Krishna, P. R. Tetrahedron Lett. 2000, 41, 10323.
[149]. Moore, P. W.; Hooker, J. P.; Zavras, A.; Khairallah, G. N.; Krenske, E. H.;
Bernhardt, P. V.; Quach, G.; Moore, E. G.; O'Hair, R. A. J.; Williams, C. M. Aust. J. Chem.
2017, 70, 397.

[150]. Plante, O. J.; Buchwald, S. L.; Seeberger, P. H. J. Am. Chem. Soc. 2000, 122, 7148.

179



