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Abstract

A monoclonal antibody, SYA/J6, that was produced against the
lipopolysaccharide layer of variant Y Shigella flexneri was used as a model to
investigate carbohydrate — protein interactions. Crystal structures of this protein and
bound ligands, that showed the position of the trisaccharide Rha-Rha-GIlcNAc,
enabled the use of two different strategies to design tighter binding, low molecular
weight ligands.

The first strategy involved the addition of novel contacts, such as putative
hydrogen bond and hydrophobic residues, to the core disaccharide epitope via a
two-carbon linker arm. The synthesis of seven test ligands was carried out and it
was found using a solid >hase competitive assay that three of the ligands had higher
affinities to the protein than the native disaccharide 49. The best inhibitor, 4, had an

association constant that was 50 times better than 49, but an order of magnitude less

than the native trisaccharide 3.
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The second strategy involved the addition of intramolecular constraints to the
native trisaccharide structure to decrease its flexibility in solution. The synthesis of
three tethered trisaccharides was accomplished. Results from a solid phase assay
indicated that one of the ligands, 51, was a better inhibitor than 3 by a factor of three.
Microcalorimetry measurements provided a more accurate factor of twenty for this

ligand. It was found that both the enthalpy and entropy of binding were improved

with this design strategy, relative to 3.

NHAc
HO
o OH
OH
HO \ﬁ\ HO
o o
OH 3 OH 51

To account for the improvement in binding seen in biological assays, minimum
energy calculations using the AMBER_PLUS forcefield were performed. The results
indicated that 51 adopted a conformation that was similar to 3 in solution. Both 3
and 51 showed good overlap with the bound ligand in the crystal structures.
Molecular dynamics simulations revealed that this ligand was more rigid in solution
than 3. Distances obtained from nOe enhancements substantiated the results of

molecular modeling.
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Chapter 1

Introduction

The study of the ways in which carbohydrates bind to their protein receptors is
an important and challenging multidisciplinary field of research prominent in
“glycobiology”.! Since these studies began over a century ago when Emil Fischer
stated, “... I would like to say that the enzyme and the glucoside have to fit each
other like a lock and key,” proteins that recognize and bind carbohydrates have been
studied and divided into two groups.” Group I proteins tend to accommodate
monosaccharides in deep cavities.’ For example, proteins that trar sport sugars
across cell membranes are associated with this class of proteins. Group II proteins
usually fit larger sugars (oligosaccharides) in shallower binding sites. Enzymes,
lectins, and antibodies belong to the latter group of proteins and are prominent in

the literature of biochemical research.*

A) Carbohydrate — Binding Proteins

Enzymes such as glycosyltransferases and glycosidases recognize a variety of

carbohydrates and have been the subject of many reviews.” These enzymes are
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involved in co- and post-translational modifications of glycoproteins in the
endoplasmic reticulum and Golgi apparatus of cells. The discovery of the
mechanisms by which these proteins function and their isolation have enabled
chemists to synthesize complex oligosaccharides in high yield without the need for
protecting group manipulations.” These enzymes can catalyze stereoselective
reactions in the building of larger carbohydrates.

Lectins are carbohydrate-binding proteins or glycoproteins of non-immune
origin that are found in most plants, animals, and microorganisms.” They recognize
carbohydrate structures, but exhibit no enzymatic activity towards them. In
mammals, they are thought to direct certain cell-cell interactions.” One application of
the research done on lectins is in the area of diagnostics. They have been used to
probe the carbohydrate structures on the surface of cells. A number of assays have
been developed whereby lectins adhere to the surfaces of cells that contain the
specific carbohydrate that they recognize.

Like lectins, antibodies have been used to probe cellular recognition events.’
Antibody molecules are the active agents of the host immune response against
foreign substances. These molecules recognize carbohydrate antigens on the surface
of foreign cells. A wide body of research has been reported in the last two decades
that presents information on antibody - carbohydrate systems.” An excellent
application of antibody research is the development of vaccines.

Recently, it has been said that, “Vaccines are arguably the greatest achievement

of modermn medicine”."! Traditional vaccinations involve the introduction of either
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killed or weakened pathogens into the blood stream of patients. However, these
inoculations are very costly to prepare and are not applicable to many lethal diseases
like AIDS, herpes, malaria, bacterial infections, and hepatitis C. In addition,
immuno-compromised patients are susceptible to full-blown illness from them. Due
to the drawbacks of whole-organism vaccines, there remains a need for small
molecule, synthetic alternatives.

Carbohydrate — binding enzymes, lectins, and antibodies have been targets of
ligand design in order to obtain viable synthetic carbohydrate — based therapeutics
over the last two decades.”™* As a result of this research, a number of
carbohydrate-based vaccines and therapeutics have been developed recently in the

literature (Table 1) and have been reviewed by Hindsgaul and McAuliffe in 1997."

a. Definition of the Binding Constant

The strength of binding between a carbohydrate and its protein receptor can be
characterized quantitatively by an equilibrium constant sometimes referred to as a
binding constant.” It is conventional to use a dissociation constant, K,, defined as K,
= [Carb][Prot]/[CarbeProt] for the most simple case of a bimolecular carbohydrate —
protein interaction where Carb, Prot, and CarbeProt represent the carbohydrate
ligand, protein receptor, and carbohydrate-protein complex respectively

(equation 1). The association constant, K,, is the inverse of K.
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CarbeProt

Carb + Prot 1)

Table 1: Examples of Developed Carbohydrate Drugs

Substance Target Company Status
Cylexin Reperfusion injury Cytel Phase II
Theratope Cancer Biomira Phase II/II
NCCG Cancer IGG International Pre-clinical
Hyaluronicacid  Cancer Hyal Pharmaceuticals  Pre-clinical
SR90107 Thrombosis Sanofi/Organon PhaseI
Acarbose Diabetes Bayer AG Released
AO-128 Diabetes Takeda/Abbot Released
INE-0080 Stomach ulcers Neose Technologies Phase I
SYNSORB Pk Haemorrhagic colitis SYNSORB Biotech Phase I
GG-167 Influenza Glaxo Wellcome Phase II
MDL-24,574A HIV/AIDS Searle & Co Phase II
Acemannan Infection healing Carrington Labs Released
Betafectin Post-surgical infection =~ Alpha-Beta Tech Phase III
Topiramate Epilepsy Johnson & Johnson Released
Ganglioside GM, Parkinson’s disease Fidia Pharmaceuticals Phasel

Most oligosaccharides that are recognized by enzymes, lectins, and antibodies
only bind to their protein receptors with weak dissociation constants in the
millimolar to micromolar range.” In general, nature uses the result of avidity in cell-
cell recognition to circumvent this low affinity. Avidity refers to the association

constant of a polyvalent interaction.” It has been shown in many cases that
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polyvalent binding results in very tight binding between receptors and ligands even
though individual association constants may be small. Hence, many carbohydrate-
binding proteins such as antibodies and lectins have two or more binding sites on
one molecule.

The association constant of an individual carbohydrate — protein interaction
must be significantly improved in order to design small ligands as potential drug
candidates. In addition, if a natural substrate is to be inhibited, the avidity of the
system must also be overcome. Therefore, individual interactions should be in the
nanomolar range.” Many carbohydrate ligand designs have failed to reach this
quantity.

Another roadblock for chemists in ligand design is the difficulty of
carbohydrate synthesis.” Unlike other biopolymers, oligosaccharides are usually
branched. In addition, monosaccharide molecules are attached at a stereogenic
centre, the anomeric centre, which can have two different conformations, o and . In
contrast, three amino acids can be assembled into only six tripeptides. Three
different monosaccharides can produce up to 1056 different trisaccharides.”
Therefore, all of the hydroxyl groups not involved in polymerization need to be
selectively protected which results in a large number of synthetic steps in the
chemical assembly of oligomers. Finally, glycosidic bond formation to link sugar
building blocks together does not generally proceed in high yield and usually results

in mixtures of o~ and B-anomers.
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It has been stated by Hindsgaul and others that the production of an ‘average’
trisaccharide requires 21 weeks of chemical synthesis time for an experienced
individual and about $4000-5000 worth of chemicals and solvents.” Therefore, there
is a need for the design of small molecular weight carbohydrates that bind tightly to
their receptors. Advances in the field of glycobiology have provided model systems

to study carbohydrate — protein interactions to enable this possibility.
B) Use of Antibodies in Protein ~ Carbohydrate Studies

One recognition system that has emerged during studies on carbohydrate —
protein interactions is the antibody — carbohydrate antigen binding system.
Beginning in the 1970’s, when a number of pure antibodies was isolated, and
continuing in the 1980’s when the first crystal structures of antibodies containing
bound ligands were resolved, this area of research has been of great importance in
ligand design.®* These antibodies have been the focus of multidisciplinary research
involving biophysical techniques such as protein crystallography, chemical

mapping, and NMR spectroscopy.
a. Production of Antibodies for Structural Studies

Pure antibodies of significant quantity need to be available in order to study

antibody — antigen interactions. A heterogeneous supply of antibody in blood
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serum was the common source of antibody in the early work in antibody research.”
Since then, large quantities of uniform antibodies that only bind to one type of
antigen, called monoclonal antibodies, have been obtained using the hybridoma

myeloma technique.”

b. Hybridoma Myeloma Technique

To generate large quantities of uniform antibody, BALB/c mice were
immunized with phenol-killed bacterial cells. The mice produced a number of
antibody molecules in their spleen against this foreign invader. The spleen cells
were then placed into microtiter wells and assayed to determine which cells are
specific to the polysaccharide of interest. The active spleen cells were then fused
with melanoma cells to produce cells known as hybridomas. The hybidomas
containing the antibody of interest were then injected back into the mice and a
tumour ensued. The fluid that formed in the tumour was rich in monoclonal
antibody that could be isolated and purified.

Since this development in the 1970’s by Milstein, Bundle and others have used
this technique to produce a number of monoclonal antibodies for structural study in
order to investigate the features of carbohydrate — protein interactions that were

important for specificity and affinity.”
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c. Protein Crystallography

The preferred method of three-dimensional structure determination is protein
c.rystallography.2 If an antibody could be co-crystallized with a bound ligand, the
amount of information that can be obtained from a solved crystal structure is large.
Not only can the details of the protein and its active site be discovered-the residues
that are the basis of the interaction with the guest molecule can be assigned. This, in
turn, can shed light onto which functional groups can be modified to obtain higher
binding ligands. This is the concept behind a model system. One example of a
model system is the antibody SYA/J6 that is specific to the lipopolysaccharide that is
present on the cell surface of variant Y Shigella flexneri, a Gram negative bacterium,

which is the subject of the present study.””

C) Description of System Used in the Project

The monoclonal antibody SYA/J6 has been produced by the hybridoma
myeloma technique in mice against segments of the cell wall of a Shigella bacterium.
The carbohydrate antigen that is recognized by this antibody is a linear

polysaccharide composed of repeating units of an ABCD tetrasaccharide:”

[- 2) o-L-Rhap(1—2) o-L-Rhap(1—3) a-L-Rhap(1—3) B-D-GlcNAcp(1-]

A B C D
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a. Antibody Structure

The monoclonal antibody SYA/J6 belongs to the IgG class of antibody. The
general structure of antibodies is shown in Figure 1 and consists of a symmetrical
monomer of two light chains (L) and two heavy chains (H) that are covalently
attached by disulphide bonds.” The light chain consists of two domains, one
variable (V,) and one constant (C,), whereas the heavy chain consists of four
domains, one variable (V) and three constant domains (C,;,, C,;,, and C,;). The term
“variable” refers to an amino acid sequence that is specific for the particular
antibody, whereas “constant” refers to amino acid sequences that are the same for all
antibodies of that family.

There are two types of light chains (A and k) and five types of heavy chains (u,
Y, o, €, and 8) which define the five major classes of immunoglobulins (Ig): IgM, IgG,
IgA, IgE, and IgD, respectively. Mouse and human serum contains mostly IgG
antibodies.

Two constant domains, C,,, and C,,, make up the Fc fragment. This section can
be used to purify the antibody using affinity chromatography because this region
can bind to proteins immobilized on solid supports. For example, the SYA/J6
antibody was purified by an elution through a Protein A agarose affinity column.”

The rest of the molecule consists of two arms of the two light chain domains
and the two remaining heavy chain domains. These fragments, called the Fab

regions, contain two recognition units, called the binding sites, that bind to antigens
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at the outermost variable domains in grooves or pockets that are formed at the N-

termini between the heavy and light chain variable loops.

Figure 1: General Structure of an IgG Antibody
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b. Crystal Structure of SYA/J6 Antibody

A papain digestion of the antibody provided the Fab region after purification.™
Crystals of this fragment were obtained through precipitation with 2-methyl-2,4-

pentanediol. A crystal structure was obtained using X-ray diffraction data at 2.5 A
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resolution and placed in the Protein Data Bank.® Two other crystal structures were
obtained with bound ligands by co-crystallizing in a 1 : 10 Fab : sugar solution. The
ligands were the ABCDA’ pentasaccharide 1 and the modified BCD trisaccharide 2

that had a deoxygenation at the 2 position of the C ring.**

Figure 2: Ligands Co-Crystallized with the Fab of SYA/J6
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It has been shown that the recognition element in the binding site in
carbohydrate —binding antibodies is limited to two or three sugar residues called the

epitope that is part of a larger antigenic determinant.* In the case of SYA/J6, the two

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

crystal structures of the Fab fragments with bound ligands show that the CD

disaccharide o-L-Rhap(1—3) B-D-GIcNAcp is buried deep in the binding site.

c. Description of Binding Site Observed in the Crystal Structure

To observe the important contacts between the sugar and antibody and to
determine the conformation of the bound sugar, the crystal structures of the
antibody complexed with the two ligands was used. In the crystal structure
obtained from the Protein Data Bank for the ABCDA’ pentasaccharide 1 bound to
the Fab domain, the coordinates of the two flanking hexose residues, A and A’, were
not present; only the BCD trisaccharide coordinates were present. In addition, the
O-6 of the glucosamine D ring was absent. Although the reason of the lack of
electron density for these residues is unknown, the explanation is that these residues
are mobile and not involved in interactions between the sugar and protein.”

A backside view of the complex is shown in Figure 3. The view of the
carbohydrate and the amino acid residues that contact the bound sugar is from the
middle of the protein and looks out to bulk solvent.

The plausible hydrogen bond network in the complex for both bound ligands,
1 and 2, is shown in Figures 4 and 5. The hydrogen bonds that are listed are based
on interatomic O — O and N — O distances in the crystal structure. Hydrogen

bonds are assumed between heavy atoms that are closer than 3.5 A apart.
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Figure 3: Illustration of the BCD Trisaccharide

in the Binding Site of the SYA/J6 Antibody*
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* The view is from the base of the active site to the outside of the complex.
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Figure 4: The Hydrogen Bond Scheme and Distances for the Complex Between

the ABCDA'’ Pentasaccharide (1) and the SYA/J6 Fab

Figure 5: The Hydrogen Bond Map for the Complex Between the Monodeoxy

BCD Trisaccharide (2) and the SYA/J6 Fab as Observed in the Crystal Structuce
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The crystal structure of the modified BCD trisaccharide bound in the Fab
fragment of SYA/J6 showed more detail than for the ABCDA’ pentasaccharide 1
because the modified trisaccharide had a higher association constant than the
pentasaccharide and was situated closer to the protein.® More details of the
hydrogen bond network were seen in this structure, including the hydrogen
bonding involving two water molecules near the reducing end of the molecule.
However, the two structures are in general agreement with regard to the main

hydrogen bonds that hold the ligands in place.

D) Thermodynamics of Carbohydrate — Antibody Interactions

Due to the advances made in the last three decades of the 20" century in
carbohydrate synthesis, biological assay techniques, NMR spectroscopy and protein
crystallography, researchers have been able to investigate and summarize the factors

that are responsible for the formation and stability of carbohydrate-protein

complexes.’

a. Free Energy of Binding

In principle, the association constant, K,, should be relatively easy to measure
but, in practice, convenient methods for its accurate measurement are somewhat

limited.
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A number of biological assay techniques have been developed to quantify the
dissociation constant’ The most common assays are solid phase enzyme and
radioimmunoassays (EIA and RIA) which are both convenient and rapid. The
assays can be accomplished in the direct detection mode by coating plastic microtiter
plates with an antibody and allowing them to stand with an antigen that is
covalently linked to a number of enzymes which produce signals for detection.”
These assays can also be performed in the indirect mode by coating the plate with
antigen and allowing the antibody to stick to the antigens on the plate and then
adding a signal molecule that binds to the antibody. The amount of signal that arises
from these assays is directly proportional to the strength of the antibody — antigen
interaction.

The binding constant, K, can be used to calculate the free energy of binding
(AG) according to equation 2 where R is the universal gas constant and T is the
temperature of the system.” Both the free energy and the dissociation constant give

a quantitative measure of the strength of binding between a ligand and its receptor.

AG = -RTInK, )

The free energy of binding has both an enthalpic (AH) and entropic (AS)

component and is summarized in equation 3.

AG = AH-TAS (3)
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It is beneficial to know the enthalpy and entropy to obtain a detailed
thermodynamic understanding of the interactions and forces responsible for
complex formation. This information can be obtained by a van’t Hoff analysis of the
temperature dependency of the dissociation constants obtained from solid phase
assay techniques.” Unfortunately, these measurements are very time-consuming
and have been shown to be inaccurate.

With the advent of a powerful solution-phase technique called
microcalorimetry, the binding constant, free energy, enthalpy, stoichiometry, and
entropy can be obtained in a single expeﬁment, provided a significant amount of
protein/antibody is available. Due to the availability of sensitive, commercial
microcalorimeters, several groups have wused this technique to obtain
thermodynamic details for the associations between carbohydrates and proteins.
The new generations of microcalorimeters operate under computer control with

specialized software for data acquisition and processing.”
b. Enthalpy Terms

The enthalpy term in equation 3 is comprised of two major components-AH,,
and AH__.* The first term, AH,,, refers to the favourable van der Waals, electrostatic
and hydrogen bond contributions that occur in the system upon binding. The

second term, AH__, is the unfavourable change in conformational energy required in
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the bound state. It is synonymous with the strain energy of the system and is

unavoidable.

c. Hydrogen Bonding

Many designs of tighter binding ligands have involved increasing the number
of hydrogen bonds between the ligand and protein in order to increase the
favourable AH,_, term.” Although there is a general increase in binding when more
hydrogen bonds are introduced to the system, there are many examples of tight —
binding ligands that are not involved in hydrogen bonding.” For example, only a
few hydrogen bonds form between an antibody and a steroid. The binding of these
ligands arises from nonpolar interactions.”

Generally, sugar hydroxyl groups that are buried in a protein site need to be
paired to hydrogen — bonding residues on the protein surface or bound water
molecules.’ The hydrogen bonds between sugar and protein may be cooperative or
bidentate hydrogen bonds.

Cooperative bonds follow the scheme: NH — OH — O where NH and O
represent the donor and acceptor groups of a protein that originate mostly from
polar side chains on asparagine, aspartic acid, glutamine, glutamic acid, and arginine
residues or the protein backbone and OH corresponds to a carbohydrate hydroxyl
group.” Occasionally, hydroxyl side chains on serine, threonine, or tyrosine serve as

hydrogen bonding residues. In the binding of the carbohydrate antigen to the
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SYA/J6 antibody, Glu HS50, Glu H35, and Tyr L37 are involved in cooperative
hydrogen bonds to the :sugar. The decrease in activity of synthetic ligands lacking
the hydroxyl partners osf the aforementioned residues substantiates the presence of
important hydrogen bords.”

Bidentate hydrogen bonds can form between vicinal equatorial or axial —
equatorial hydroxyl gromps on the sugar ring and the polar side chains listed above.
Bidentate hydrogen bords involving adjacent axial hydroxyl groups on the sugar
have not been observeed. For the SYA/J6 antibody, Arg H52 is involved in a
bidentate hydrogen boned with the 6 position and ring oxygen of the glucosamine D

ring.

d. Hydrophobic Effects

Some ligand designs have involved increasing lipophilic contacts between
protein and ligand.” Generally, binding affinity is proportional to lipophilic
contacts, but there are many examples of ligands with high binding affinity to
proteins that contain no lipophilic contact surfaces. One example is the strong
affinity of the sulphate ligand to the sulphate binding protein, even though the
sulphate ligand contains no lipophilic surface area.”

In carbohydrate — binding sites, there are usually aromatic residues that stack
against the sugar residizes.” These stacking forces contribute to the stability and

specificity of sugar — pmotein complexes through discrimination against epimers.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

Although oligosaccharides possess many polar groups, a large proportion of the
surface is non-polar. Due to the formation of glycosidic bonds and hydrogen bonds
between sugar residues, polysaccharides have significant lipophilic surfaces that

need to be paired with non-polar surfaces in the binding site to stabilize the complex.

e. Summary of the Factors Involved in the Binding of Carbohydrate Ligands to

SYA/J6 Antibody

Previous literature on this system has discussed the substitution effects on the
trisaccharide which are illustrated in Figure 6. Free energy differences (kcal/mol)
that are positive indicate weaker binding. It has been shown that the substitution of
the hydroxyl groups on the 4 and 6 positions of the glucosamine D ring with
hydrogen resulted in a dramatic reduction of free energy, suggesting that these
groups are essential elements in the hydrogen bond scheme. Modifications to the
acetamido group on the D ring also resulted in substantially weaker binding.”

In contrast, deoxygenation of the 2 position of the C ring results in a large gain
of free energy, suggesting an unfavourable hydrophobic clash between the hydroxyl
group and the protein backbone.” The observation of the close proximity of the
nonpolar side chains of Tyr L37 and Trp H47 to this position suggests that these are
the residues responsible for the hydrophobic clash with the sugar upon binding.

The incorporation of a polar group to the 6 position of the buried rhamnose C ring
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also resulted in a hydrophilic-hydrophobic clash. It can be inferred that this region
of the active site is very hydrophobic in nature.

Modifications on the rhamnose B ring appear to have negligible effects on the
binding of the sugar to antibody, suggesting that this residue is not completely

buried in the active site of the antibody.

Figure 6: The Differences in the Free Energy (AAG) of Binding Between

the Native and Modified Trisaccharides*
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* Positive differences indicate weaker binding. Negative values indicate
that the ligand with that modification binds more tightly to the

antibody.
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f. The Enthalpic Role of Water

There has been considerable debate in the last few years about the origin of the
enthalpy term.” Most researchers believe the major contributor to the enthalpy of
binding comes from solute — solute attractive interactions between a sugar and its
receptor. Lemieux and Toone have separately shown that reorganization of water
molecules contributes significantly to the enthalpy of binding. It is suggested that
water molecules directly adjacent to the amphiphuilic surfaces possess high energy
because they cannot satisfy all of their hydrogen bonding potential. The return of
these molecules to bulk solvent following complex formation results in a favourable
enthalpic contribution. Water molecules displaced from the binding site also likely
provide some favourable entropic contribution but the former enthalpic contribution
seems to be much larger.

Lemieux has used molecular modeling to show that the surfaces of the protein
and carbohydrate are covered with mostly disordexed water.” To do this, he and co-
workers constructed an active site surrounded by 250 water molecules. At thermal
equilibrium, the calculated water-to-water interaction energies strengthen with
increasing distance from the receptor site. They concluded that many water
molecules are perturbed over the receptor surfaces and that the alleviation of this
perturbation provides a significant contribution to £he enthalpy of binding.

Toone has performed calorimetry experimemnts in light and heavy water to

verify Lemieux’s findings.® He and co-workers found that the enthalpy term for a
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number of different protein-ligand interactions decreased when the associations took
place in heavy water rather than in light water. Assuming that all of the other
binding factors such as conformations remained the same, the difference was due to
solvent effects. They then concluded that the reorganization of water comprised 25
to 100% of the observed enthalpy of binding for protein — ligand interactions.

For various reasons such as protein solubility and recoverability, none of these

solvent studies have been performed with the SYA /J6 antibody.

g. Entropy Terms

The free energy of binding also depends on the entropy of binding as shown in
equation 3. The entropy term is comprised of three coraponents: AS_, ..., AS,.., and
AS_.® The unfavourable loss of rotational and translational entropy, AS . ... upon
binding is an intrinsic quantity that occurs in every molecular association. The final
entropy term, AS_,, is the favourable or unfavourable change in entropy for the
release of solvent molecules during a binding event.” It can be positive or negative

depending on the features of the individual complex formation.

h. Flexibility

The loss of flexibility of the system during a binding event inherently gives rise

to the second unfavourable entropy term, AS_ . It was originally thought that the
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major contributor of this term was due to the loss of conformational freedom in the
protein upon binding the ligand.®

More recently, it has been postulated that one major source of unfavourable
entropy comes from the loss of conformational freedom in the carbohydrate ligand
upon binding.” Carbohydrate molecules have many internal torsional degrees of
freedom in the unbound state. In particular, the glycosidic linkage can adopt
different conformations around the torsional angles, ® and ¥ (Figure 7). During
binding to protein, loss of entropy by restricting the torsional angles has been
estimated at 0.6 kcal/mol per torsional angle.® Crystallographers define these angles
by the heavy atoms, whereas carbohydrate chemists who use NMR spectroscopy to
determine the angles employ the definitions " and P". In this thesis, the ®" and ‘¥

definitions are used, but for convenience, the superscript ‘H has been omitted

(Figure 7).

Figure 7: Definition of the ® and ‘¥ Torsional Angles and Their Signs
OH
OH

ot

b= 05'C1'01'Cx or q) = 'C1‘01'Cx

¥ = C4-04-Cx-Cx1_or ¥" = C1-04-Cx-Hy
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Three methods have been prominent in the field of glycobiology to determine
the conformation of the oligosaccharide: X-ray analysis, NMR spectroscopy, and
computer modeling.” As mentioned before, X-ray crystallography provides the
solid state conformations of both the protein and the bound ligand. Angles and
distances of the carbohydrate can be obtained directly from the crystal structure with
the aid of a computer graphics program.

NMR spectroscopy can be used to measure sugar conformations of the free and
bound state in solution provided certain criteria are fulfilled. Determination of
nuclear Overhauser enhancements (nOe) across the glycosidic bond is the most
important tool for conformational analysis of oligosaccharides.® The nOe
enhancements from a 1D or 2D experiment can be converted to average distances for
inter-residue protons across the glycosidic linkage. This method of conformational
analysis is very precise if a number of distances can be measured.

Due to the availability of powerful computers, a number of theoretical
calculations can be performed to compare conformations seen in crystal structures or
calculated by nOe enhancements.” These calculations include force field programs
that calculate minimum energy structures based on potential energy factors and
molecular dynamics simulations that determine both the minimum energy

structures and the inherent flexibility of the molecule.
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E) Scope of Project

Published microcalorimetry data have identified the thermodynamic
parameters associated with the binding of the ‘native trisaccharide’, o-L-Rhap(1—3)-
o-L-Rhap(1—-3)-B-D-GIcNAcp(1-OMe), 3, with the SYA/J6 antibody, illustrated in
Table 2.

The data suggest that the free energy is partitioned between favourable
enthalpic and entropic factors for the binding of the native trisaccharide 3 to the
antibody. Thus, the current project used the model binding system between the
monoclonal antibody SYA/J6 and sugar antigens to improve carbohydrate-protein

interactions.

Table 2: Thermodynamic Parameters for the Binding of the

Native Trisaccharide (3) to SYA/J6 Antibody at 25°C

Ligand K, MY AG AH -TAS

(kcal/mol) | (kcal/mol) | (kcal/mol)

3 9.5 X 10 -6.8 4.3 -2.5

A two-fold design methodology was undertaken in attempts to provide tight
binding ligands. Firstly, additional hydrogen bond contacts were introduced to a

small ligand such as the native disaccharide to increase the enthalpy of binding to
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the protein. Secondly, constraints were added to the native trisaccharide to
preorganize it for binding and decrease the unfavourable loss of entropy due to
flexibility in the binding event. This thesis describes the design, synthesis, and
biological evaluation of new ligands to the SYA /J6 antibody.

Potentially successful ligand designs could have a great impact on the field of
glycobiology because low molecular weight, tight binding ligands are rare. Possible
extensions of successful ligand designs to other carbohydrate — protein systems

could advance the field and result in a series of new lead pharmaceutical candidates.
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Chapter 2

Synthesis of Oligosaccharides with Improved

Contacts With the SYA/J6 Antibody

Experimental evidence has shown, with few exceptions, that oligosaccharide

* One method to improve

binding to protein is an enthalpically-driven process.
enthalpic stabilization involves the addition of new groups to the native structure.
These contacts could provide stronger hydrogen bonding, stacking interactions, and

van der Waals interactions.*

A) Ligand Design

Within the binding groove of the SYA/J6 antibody, a number of pockets of
available space are present that can be filled with new hydrogen bond acceptors,
donors, and hydrophobic residues that can be attached to the core o-L-Rhap(1—3) B-
D-GlcNAcp CD disaccharide. These new interactions could strengthen
carbohydrate-protein interactions and result in tighter binding. A two-carbon linker
arm was chosen to provide a source of linkage of these groups to the carbohydrate

moiety at the 3 position of the rhamnose C ring (type I modification) or at the
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anomeric centre of the gluccosamine D ring (type II modification) (Figures 8, 9, and
10).

The linker arm was :attached to the 3 position of the rhamnose C ring of the
sugar for a number of reasoens. Firstly, the glycosidic bond between the rhamnose B
and C rings in the native amtigen was simulated by the placement of the spacer arm
at that position. Secondly, ghe other hydroxyl groups on the rhamnose C ring were
involved in hydrogen bond_ing in the protein — carbohydrate complex.® Therefore,
in order to retain their furction in binding, these groups were not the target of
modifications. Lastly, only~ alkylation of the 3 position would result in minimum

steric clashes between the rinamnose C ring and the protein.

Figure 8: Introducftion of New Contacts on the Rhamnose C Ring

H H
H
o (o)
/J HO NHAc On-Pr
JNH

| New Contacts J

RN

Antibody

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

An examination of the binding site of the antibody in the two crystal
structures revealed regions of hydrophobicity. In particular, Phe 60L, Ala 103H, Val
104H, Gly 105H, and Tyr 37L were situated close to the rhamnose C ring and in the
region occupied by the attached groups. Therefore, the linker on the rhamnose C
ring was acylated to form ligands of type I that contained non-polar amides such as
acetamide and benzamide. In addition, a non-polar amino acid, L-alanine, was
linked to form a relatively hydrophobic peptide bond.

A linker arm placed at the anomeric centre of the glucosamine D ring would
simulate the glycosidic bond between the glucosamine D ring and the rhamnose A’
ring of the next repeating unit, keep the other positions unrestricted involvement in

the hydrogen bond network, and prevent steric clash with the antibody.

Figure 9: Introduction of New Contacts on the Glucosamine D Ring

New Contacts I

SRR A

Antibody

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

Near the anomeric centre of the glucosamine D ring, a number of aromatic
residues are present, including His 98L and His 31L. Therefore, inhibitors of type II
had acetyl, benzoyl, and phenylalanine residues attached to the linker at the

anomeric position of the glucosamine D ring.

Figure 10: Proposed Ligands
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B) Synthetic Strategy

a. Choice of Anomeric Leaving Group

One of the most important reactions in the field of carbohydrate research is the

glycosylation of two sugar residues to form new glycosidic linkages.” Because of the
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diversity of carbohydrates found in nature, chemists hoping to synthesize a wide
variety of oligosaccharides have employed a number of different anomeric leaving

62,63,64,65

groups to facilitate the formation of glycosidic bonds (Figure 11).

Figure 11: Anomeric Leaving Groups
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The reactions by which the glycosyl donors listed in Figure 11 function can be

promoted either by acid or base. The mechanisms are listed in Figure 12.

Figure 12: General Classes of Glycosylation Reactions
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Acid facilitated glycosylations generally involve an exchange reaction between
the anomeric oxygen for an oxygen from a hydroxyl group on the acceptor. These
glycosylations can be divided into two classes: A and B.

Class A is the Fischer reaction that involves the direct conversion of the

hemiacetal of a reducing sugar to an acetal with an acid catalyst. Improvements on
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this theme, including orthoesters, anomeric acetates, vinyl glycosides, anomeric
diaziridines and 1,2-epoxides have also been well represented in the literature.

Class B is the Koenigs-Knorr procedure that involves the preparation a
glycosyl halide as the donor and the use of metal promoter in the glycosylation
step.” Glycosyl fluorides, chlorides, bromides, and iodides can be prepared and
purified in advance of the glycosylation.” Glycosyl halides can also be prepared in
situ by the reaction of thioglycosides, selenoglycosides, glycosyl xanthates, glycosyl
sulphoxides, pentenyl glycosides, pentenoyl glycosides.”*”

Base-promoted glycosylations can be classified into two groups: C and D.
Glycosylations belonging to group C involve the base-promoted nucleophilic attack
on an alkylating agent by the anomeric oxygen of a free sugar.

Group D donors-glycosyl phosphorus and trichloroacetimidates are
modifications on the previous reaction that involve the activation of the anomeric
oxygen with the use of base.” Treatment of the activated donors with mild acid and
acceptor affords the glycoside products.

The steric outcome of a glycosylation reaction mainly depends on the
strength of the anomeric effect and on the possible neighbouring group participation
of the protective groups at C-2 .” The anomeric effect is strongest in the formation of
the oo anomers of manno- and gluco-type sugars (Figure 13). Neighbouring group
participation is most prevalent in 1,2-trans-type sugars. Hence, the formation of a-
manno-type glycosidic linkages is relatively facile. Glycosidic linkages of a-gluco-

type can be synthesized under thermodynamic control. Neighbouring group
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participation can be used to control the formation of B-gluco-type linkages. The
formation of B-manno-type linkages is quite difficult because they are not supported

by the anomeric effect or by the participation of neighbouring groups.

Figure 13: Structural Types in Hexopyranosides

1,2-trans-type:

HO oH HO
-0 o}
HO HO
HO HO OR
OH
OR

o-manno-type B-gluco-type
1,2-cis-type:
HO Q OH
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o-gluco-type . B-manno-type

Typical examples: gluco-type: D-Glc, D-GIcNAc, D-Gal, D-GalNAc, L-Fuc

manno-type: D-Man, D-ManNAc, L-Rha

To prepare the synthetic disaccharide inhibitors, thioethyl anomeric groups
were utilized because they can be prepared under mild conditions, are sufficiently
stable for purification and may be stored for a considerable period of time, and
facilitate glycosylations under mild conditions with commercially available

promoter systems.”
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b. Method of Attachment of Linker Arm

A number of methods to introduce an ethylene-spaced amine into a molecule
have been reported in the literature (Figure 14).

Hindsgaul and co — workers generated different functional groups on ligands
to interact with proteins by alkylating hydroxyl groups with bromoacetonitrile
followed by borane reduction to produce an amino ethylene linker arm.” This
procedure was used to synthesize ligands of type I.

Roy and co — workers have utilized ethylene — spaced linker arms for the
assembly of glycopeptoid libraries.” These groups were introduced in a number of
ways. A reductive amination of an anomeric allyl group produced the desired
amine linker arm. A glycosylation reaction with either 2-azidoethanol or 2-
chloroethanol followed by displacement by azide also produced amine anchors after
hydrogenation.” Roy’s methodology was followed to make ligands of type I
because the conditions necessary for reduction of the cyanomethyl group in

Hindsgaul’s procedure would not produce the required linker in high yield due to

the presence of sensitive groups on the glucosamine D ring.
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Figure 14: Introduction of an Ethylene-Spaced Amine
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c. Choice of Protecting Groups

For the attachment of the linker onto the rhamnose C ring and subsequent
glycosylations, benzyl ether protecting groups were used to protect the 2 and 4
positions of the rhamnose molecule because they are stable to the conditions chosen
to reduce the cyanomethyl group to an alkyl amine. To reduce the number of
synthetic manipulations to prepare the disaccharides with a linker arm at the
anomeric centre of the glucosamine D ring, acetate groups were chosen to protect the
2 and 4 positions of the rhamnose C ring.

Because the glycosidic bond that was formed was a thermodynamically —
favoured 1,2-trans-2-L-glycero linkage in all of the disaccharides, the controlling
nature of the protecting groups had little effect on the steric outcome of the
glycosylation reactions.

During all of the preparations of the disaccharides, a benzylidene acetal was
used for the protection of the 4 and 6 positions of the glucosamine and was
compatible with all of the organic transformations used in the synthetic strategy. A
phthalimido group was used to protect the free amine on the glucosamine D ring.”
This group improved solubility of the molecule in organic solvents compared with
an acetamido group. The reducing end of the molecules were protected with allyl

groups because of their stability and convertibility to linker arms.
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d. Retrosynthetic AAnalyses of Ligands

After the chwoice of anomeric leaving groups, linking arms, and protecting
groups were mades, the retrosynthetic analysis of the type I ligands (Figure 15) shows
the logical disconneections that would lead to the construction of the final products.

A glycosylattion between ethyl 3-O-aminoethyl-2,4-di-O-benzyl-1-thio-a-L-
rhamnopyranoside acylated with new contacts and allyl 4,6—O-benzylidene-2-deoxy-
2-phthalimido-B-D+-glucopyranoside 26 would furnish the proposed ligands of type I
upon deprotection.. An attachment of a cyanomethyl linker arm to the 3 position,
reduction, and acyllation with the new contacts would provide the donor.

A glycosylation between ethyl 24-di-O-acetyl-3-O-methyl-1-thio-o-L-
rhamnopyranoside 43 and 2-azido-1-O-(4,6-O-benzylidene-2-deoxy-2-phthalimido-
B-D-glucopyranosy~l)-ethanol 39, deprotection, reduction of the azido group, and
acylation with new~ contacts would afford ligands of type II (Figure 16). The acceptor
can be prepareed from allyl 4,6-O-benzylidene-2-deoxy-2-phthalimido-B-D-

glucopyranoside 26b6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 15: Retrosynthetic Analysis of Compounds of Type I
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Figure 16: Retrosynthetic Analysis of Compounds of Type II
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C) Syntheses of Ligands

I. Synthetic Ligands of Type I Modification

a. Introduction of the Cyanomethyl Group

The cyanomethyl group was introduced viz an alkylation of diol 14 with

dibutyltin oxide and bromoacetonitrile (Figure 17). Established procedures were
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used to synthesize 14 from L-rhamnose. A Fisher glycosylation with methanol and
strongly acidic cationic exchange resin yielded methyl a-L-rhamnopyranoside 11 in
methanol” Protection of the 23-trans-diols with 2,2-dimethoxypropane and
p-toluenesulphonic acid in DMF furnished the acetonide 12. Benzylation of the 4
position with benzyl bromide and sodium hydride in THF yielded the fully
protected rhamnose molecule 13.” The diol, 14, was obtained by removal of the
acetal protecting group by acid hydrolysis with 80% acetic acid (ag.) at 80 °C.

A regioselective alkylation with dibutyltin oxide and bromoacetonitrile in
toluene afforded the nitrile 15" A subsequent benzylation yielded the fully-
protected 3-O-cyanomethyl rhamnopyranoside 16. A direct alkylation of methyl 2,4-
O-dibenzyl-a-L-tThamnopyranoside, that was obtained by a phase-transfer
benzylation of 14, resulted in polymerization of bromoacetonitrile and did not

produce the desired product 16.”
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Figure 17: Synthesis of the Nitrile (16)
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b. Preparation of the Glycosyl Donors (20), (21), and (22)

The methyl o-glycoside 16 was first converted to an anomeric acetate by
acetolysis conditions, catalytic sulphuric acid in acetic anhydride (Figure 18). The
acetate 17 was then transformed into the a-thioethyl glycoside 18 in good yield using
the Lewis acid, boron trifluoride diethyl etherate, and ethanethiol in
dichloromethane. Despite the possible removal of the benzyl ether protecting
groups in these conditions, the yields were respectable.® The nitrile group was
reduced under refluxing conditions using borane-dimethyl sulphide complex in
THF to produce the free amine 19.° The desired compound was produced in the
highest yield relative to other conditions such as catalytic hydrogenation and lithium
aluminum hydride. The amine was acylated with either acetic anhydride or benzoyl
chloride in dichloromethane to produce the glycosyl donors 20 and 21. The third
donor 22 was prepared by acylating with commercially available Fmoc-L-alanine
pentafluorophenylester in DMF followed by conversion of the Fmoc group to the N-
acetate with 20% piperidine in DMF and acetylation with acetic anhydride in

dichloromethane.*
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Figure 18: Syntheses of the Donors (20), (21), and (22)
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c. Preparation of the Glycosyl Acceptor (26)

The glycosyl acceptor 26 was synthesized according to published

methodology (Figure 19).°

Figure 19: Preparation of the Acceptor (26)
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Unprotected glucosamine was converted to the peracetylated phthalimido
derivative 23 using phthalic anhydride and acetic anhydride in pyridine.® The
anomeric acetate was converted to an allyl group by first making the glycosyl

bromide using 30% HBr in AcOH, and then glycosidating with allyl alcohol and
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mercury (II) cyanide in nitromethane. Transesterification of 24 with sodium
methoxide in methanol yielded the partially deprotected sugar 25. A benzylidene
acetal was then installed using acid catalysis and benzaldehyde dimethyl acetal in

DMEF to afford the acceptor 26.

d. Preparation of the Protected Disaccharides (27), (28), and (29)

The glycosylation conditions to produce the disaccharides 27, 28, and 29 used
N-iodosuccinimide and triflic acid promotion in dichloromethane (Figure 20). In
each case, the acceptor and glycosyl donor (1.3 eq.) were allowed to stir overnight
with 4 A molecular sieves in dichloromethane. Triflic acid and N-iodosuccinimide
were then added and the mixtures were stirred for one hour. After aqueous work
up, yields of the disaccharides 27, 28, and 29 were somewhat disappointing (40%,
35%, and 30% respectively). The use of other promoters such as iodine, bromine,
and silver triflate did not produce the desired disaccharides in higher yields.” The
large .., coupling constants of 166.6, 167.0, and 168.5 Hz at the anomeric centres for
the newly — formed glycosidic linkages in 27, 28, and 29, respectively, confirmed the
correct o anomeric configuration.

It is unusual that the substitution at the 3 position would have a dramatic
influence on the glycosylation reaction. However, in this system, it appears that the
presence of large substituents at the 3 position results in poor glycosylation yields.

Further evidence of this statement is that when a Fmoc-carbamate was formed on
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the free amine 19 using Fmoc succinimide in order to give the donor a combinatorial
feature, the glycosylation between this donor and the acceptor 26 proceeded very

poorly with a yield of less than 10%.

Figure 20: Syntheses of the Disaccharides (27), (28), and (29)
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e. Syntheses of Test Compounds (4), (5), and (6)

To complete the syntheses of the first test compounds, the protected
disaccharides 27, 28, and 29 were stirred in n-butanol and ethylenediamine at 115 °C
for 18 h to remove the phthalimide group from the glucosamine residue (Figure 21).*
Typically, hydrazine hydrate is used for this manipulation, but side reactions that
may occur with the allyl protecting group would decrease yields. After the removal
of solvents, methanol and acetic anhydride were added to install an acetate group on
the free amine. Yields for these transformations varied from 66% for 31 to 80% for
32. Next, the products were subjected to catalytic hydrogenation conditions using
10% palladium on carbon and a stream of hydrogen gas. Acetic acid was used as the
solvent. NMR analyses of the products of the hydrogenations showed the presence
of a persistent benzylidene acetal protecting group. To remove this group, the
filtered solution was heated with 80% acetic acid in water at 80 °C. These procedures
yielded the deprotected disaccharides 4, 5, and 6 in 54, 62, and 49% yields,
respectively. These compounds were tested against the native trisaccharides by a

solid phase binding assay. This information is provided later.
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Figure 21: Syntheses of the Test Compounds (4), (5), and (6)
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II. Synthetic Ligands of Type II Modification

a. Synthesis of the Glycosyl Acceptor (39) with an Ethylene-Spaced Azide

The free hydroxyl group in the partially-protected glucosamine
monosaccharide 26 was acetylated to minimize side products during reactions with
oxidation agents. To convert the allyl group into an ethylene — spaced azide, the
olefin 33 was first oxidized with osmium tetroxide and N-methylmorpholine N-
oxide in wet acetone to produce the diol 34 (Figure 22). These conditions were
chosen over ozone because of the sensitivity of the benzylidene acetal towards
ozone. The diol 34 was oxidatively cleaved with sodium periodate in 50% aqueous
THEF to yield the aldehyde 35 which was reduced to the alcohol 36 using sodium
borohydride in methanol. The alcohol functional group was then transformed into a
good leaving group with methanesulphonyl chloride and pyridine in
dichloromethane. Displacement of the mesylate 37 with an azide group using
sodium azide in DMF at high temperature resulted in the ethylene — spaced azide. A
Mitsunobu reaction to replace the hydroxyl group with azide directly did not
produce the azide 38 in good yield.” Finally, the acetate protecting group was

removed with sodium methoxide in methanol to produce the glycosyl acceptor 39.
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Figure 22: Synthesis of the Acceptor Molecule (39)
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b. Preparation of the Rhamnose Donor (43)

To minimize differences between the synthetic analogs and the native ligand,
a methyl group was installed on the O-3 atom of the rhax;mose Cring. This group
serves to mimic the glycosidic bond between the rhamnose B and C rings. The
donor was prepared in four steps from methyl a-rhamnoside (Figure 22).

Methylation of methyl o-rhamnoside with dibutyltin oxide and methyl
iodide provided 40 in good yield.® The free hydroxyl groups were acetylated with
acetic anhydride and pyridine in dichloromethane. The methyl a-glycoside 41 was
then converted by acetolysis to the anomeric acetate 42 using a drop of concentrated
sulphuric acid in acetic anhydride. The glycosyl donor 43 was then obtained by
stirring the acetate 42 in d.ichloromethane with ethanethiol and boron trifluoride

diethyl etherate.
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Figure 23: Preparation of the Donor (43)
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c. Synthesis of the Disaccharide (46) with an Ethylene-Spaced Amine

Glycosylation of the acceptor 39 by the donor 43 proceeded using silver
triflate and N-iodosuccinimide as promoters in dichloromethane to produce the
disaccharide 44 (Figure 24). The yield was a very respectable 75% and further
validates the idea that the substituent at the 3 position influences the glycosylation
reaction; because, in this glycosylation, the group at the 3 position of the donor is
small and consequently, the product was formed in high yield. The large T,
coupling constant of 171.2 Hz for the newly — formed glycosidic linkage confirmed
that the o configuration at the anomeric centre was achieved.

The acetate and phthalimido protecting groups were removed with
ethylenediamine and an acetate was installed on the free amine of the glucosamine
residue to afford the partially deprotected disaccharide 45. The azide was reduced
under hydrogenation conditions and the benzylidene acetal was removed by acid

hydrolysis to produce the fully deprotected sugar 46.
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Figure 24: Synthesis of the Deprotected Disaccharide (46)
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d. Syntheses of Test Compounds (7), (8), (9), and (10)

To synthesize the test compound 7 the deprotected sugar 46 was acetylated
with acetic anhydride in dimethylformamide (Figure 25). Similarly 46 was
benzoylated with benzoyl chloride to produce the final compound 8. To attach the
amino acids, L-phenylalanine and D-phenylalanine, the pentafluorophenylesters of
the Fmoc-protected amino acids were stirred with the free amine. The Fmoc groups
were removed with piperidine and the resulting amines were acetylated using acetic

anhydride to provide the test compounds 9 and 10.
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Figure 25: Syntheses of Test Compounds (7), (8), (9) and (10)
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IIL. Synthesis of the 3-O-Methyl Native Disaccharide (49)

A modified 3’-O-methyl native disaccharide was synthesized as a way of
showing that the modifications that were made to the Rha-GlcNAc CD disaccharide
were beneficial. If the synthetic derivatives had higher association constants than
this structure, the ligand design strategy can be regarded as improving the

carbohydrate contacts with the protein.

a. Preparation of the Native Disaccharide Mimic

The acceptor 26 and the donor 43 were reacted in dichloromethane with triflic
acid and N-iodosuccinimide to prcduce the disaccharide 47 in 65% yield (Figure 26).
The large 7., coupling constant of 170.6 Hz at the anomeric centre for the newly —
formed glycosidic linkage confirmed that the correct linkage was produced.

The phthalimido and acetate groups were removed from the protected
disaccharide and the acetamide functionality was installed. The allyl group was
reduced by hydrogenation and the benzylidene acetal was hydrolyzed to produce

the native disaccharide mimic.
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Figure 26: Preparation of the Disaxccharide (49)
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Chapter 3

The Design and Synthesis of

Constrained Trisaccharide Ligands

It has been postulated for oligosaccharides that a major contributor to the
entropic barrier is the conformational loss of freedom of the ligand upon binding to
protein.” In particular, the loss of rotational freedom about the glycosidic bond has
been estimated at about 0.6 kcal mol” per torsion angle although recent work by

Whitesides et al. suggests this number may be smaller.”

A) Ligand Design

During the past few years, a number of research groups have designed and
synthesized rigid ligands with hopes of improving binding to protein.” For
example, Mack and co-workers have designed rigid inhibitors of thrombin.” Their
research showed that the introduction of a lactam ring on the known inhibitor,

NAPAP, improved the binding affinity by a factor of 60 (Figure 27).
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Figure 27: An Example of Improved Affinity via the Introduction of Constraints
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In the field of glycobiology, Magnusson and co-workers have synthesized a
galabioside with a methylene bridge between two key hydroxyl groups as a
candidate for bacterial adhesion (Figure 28).” Similarly, Boons and co-workers
synthesized a rigid trisaccharide with a methylene acetal to mimic an inframolecular
hydrogen bond to study interactions with a lectin, Concanavalin A.** Kolb and co-
workers designed and synthesized a sialyl Lewis” mimic to probe the spatial
orientation of the functional groups in the ligand bound to E-selectin.* All previous
three ligand designs were successful in reducing the entropic barrier, but the total
free energy of binding was not improved because the carbohydrates were
preorganized in a conformation that was not ideal for binding. Bundle and co-
workers have prepared a series of trisaccharide ligands with aryl or alkyl tethers of
varying length in order to overcome the entropic barrier and produce ligands with
higher affinities.” In this case, free energy changes no larger than 0.5 kcal/mol

relative to the native trisaccharide were observed because the bound form of the
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ligand placed the non-polar tethers into a solvent exposed region that resulted in
hydrophobic interactions with water that produced enthalpic gains but an entropic

penalty.

Figure 28: Examples of Constrained Ligands
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In the present study, constrained ligands were designed that varied in linker

size and attachment to overcome the entropic barrier involved in oligosaccharide -
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protein binding.” An examination of the crystal structures of the bound ligands in
the antibody binding site revealed the proximity of the acetamido group on the 2
position of the glucosamine D ring with the 6 position of the rhamnose B ring
(Figure 29). These methyl groups were approximately 4.5 A apart and were the
logical anchoring sites for the attachment of a tether that would constrain two
glycosidic linkages. In addition, the linker would be in a solvent — exposed region
and steric clashes between the linker and protein backbone would be avoided or

minimized.

Figure 29: Proximity of Linkage Sites

HO
HO

To attach the linkers, the amino group on the 2 position can be acylated with
amino acids such as glycine or B-alanine instead of an acetyl group as in the native

structure. This would conserve the hydrogen bonding network at the reducing end
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of the molecule and provide an amine functional group that can be used in the
cyclization of the molecule.

If the rhamnose B ring residue is replaced by L-mannose, the polar hydroxyl
group at the 6 position can be modified to provide a variety of linkages that are
shown in Figure 30 including amides (I), carbamates (II), amines (III), ureas (IV),
mercaptans (V), and alkanes (VI). While the last type of linkage would require a
more substantial synthetic effort, the others can be achieved through functional

group manipulation of the core trisaccharide.

Figure 30: Possible Tethers
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Initial efforts have focused on the syntheses of ligands of types I and II to
provide constrained molecules for testing. The syntheses of these molecules would
be less involved than the other types. In addition, the ‘area that the linker would
occupy is solvent — exposed and the attachment of somewhat polar linkers would
minimize solvent reorganization. Hence, three ligands, lactams 50 and 51, and cyclic

carbamate 52, have been prepared and tested by a solid phase assay for inhibitory

power (Figure 31).

Figure 31: Proposed Ligands
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B) Retrosynthetic Analysis of the Proposed Ligands

A retrosynthetic analysis of the lactam 75 shows the logical disconnections that
would lead to the construction of the final product (Figures 32 and 33). After the

glycine linker was attached to the amine at the 2 position of the glucosamine D ring
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and the 6 position of the L-mannose B ring was oxidized, the cyclization would occur
at the end of the synthetic scheme (Figure 32). To do this, the core trisaccharide
structure would have to be constructed with temporary protecting groups at the 2
position of the glucosamine D ring and the 6 position of the L-mannose B ring. A
glycosylation reaction between the disaccharide, 69 and fully protected L-mannose
donor, 67, would yield the core trisaccharide unit. The disaccharide 69 can be
obtained from the glycosylation between the donor 58 and the acceptor 61 (Figure
33).

The other constrained ligands, lactam 51 and cyclic carbamate 52, could be
synthesized in the same fashion (Figure 31).

The choice of anomeric leaving groups and protecting groups were made using
the criteria outlined in the previous chapter. In this strategy, benzyl ether,
phthalimide, and benzylidene acetal protecting groups are stable to the conditions to

be used to assemble and modify the trisaccharide ligands.
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Figure 32: Retrosynthetic Analysis of the Lactam (75)
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Figure 33: Retrosynthetic Analysis of the Core Trisaccharide (70)
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C) Synthesis of Ligands

I. Synthesis of Lactams (50) and (51)

a. Synthesis of the Rhamnose C ring of the Trisaccharide Structure

The rhamnose donor 58 has been reported in the literature and was
synthesized in eight steps starting with the acetylation of L-rhamnose with acetic
anhydride and pyridine in DCM (Figure 34).” The peracetylated compound was
converted to a thioethyl glycoside through the addition of ethanethiol and boron
trifluoride diethyl etherate in DCM. The remaining ester groups were removed with
sodium methoxide in methanol to yield the triol 53. The 2 and 3 positions were
protected as an acetonide with 2,2-dimethoxy propane in DMF (54). The 4 position
was protected as a benzyl ether through alkylation with benzyl bromide and sodium
hydride in THF (55). The isopropylidene acetal was hydrolyzed with 4:1 acetic acid:
water at 80 °C to obtain the partially protected sugar 56. The dibenzyl ether-
protected molecule 57 was obtained through alkylation with benzyl bromide under
phase transfer conditions.” Finally, the 3 position was temporarily protected as an

acetate ester.
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Figure 34: Synthesis of Rhamnose Donor (58)
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b. Synthesis of the Glucosamine D ring of the Trisaccharide Structure

71

The glycosyl acceptor 61 was prepared in four steps from glucosamine by

applying the same methodology that was used to make the partially-protected

glucosamine residue 26 (Figure 35).”

Figure 35: Synthesis of Glucosamine Acceptor (61)
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c. Synthesis of the L-Mannose B ring of the Core Trisaccharide

The glycosyl doneor 67 was prepared in five steps from L-mannose (Figure 36).
A thioethyl anomeric protecting group was installed on the peracetylated L-mannose
molecule 63 with ethanethiol and boron trifluoride diethyl etherate in DCM.” The
acetate groups were remmoved from 64 using sodium methoxide in methanol to
produce unprotected thi-oglycoside 65. Attempts to selectively oxidize the 6 position
of the unprotected sugarr 65 were unsuccessful due to the insolubility of the sugar in
the oxidation condition:s.” Consequently, the oxidation only worked when the
hydroxyl groups were protected. Therefore, the 6 position of this compound was
selectively protected oy a bulky silyl ether by stirring overnight with f-
butylchlorodiphenylsilarme and imidazole in DMF. The core trisaccharide was also
made with a trityl group at the 6 position. It was not possible to remove the trityl
group without the coinciidental removal of the 4,6 benzylidene on the D ring during
the assembly of the linkxed molecule.” The alcohol groups of 66 were benzylated
with benzyl bromide aned sodium hydride in THF to produce the fully protected L-
mannose donor 67. Bernzyl ethers were chosen at this step because acyl protective
groups such as benzoywl and acetyl groups could migrate during the selective

removal of the silyl ether with TBAF.
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Figure 36: Synthesis of L-Mannose Donor (67)
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d. Assembly of the Trisaccharide Unit

The Rha-GlcNPhth glycosidic linkage was formed first in the assembly of the

trisaccharide unit (Figure 37). The donor 58 and the acceptor 61 were stirred with
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molecular sieves under argon overnight in DCM. Silver triflate and N-
iodosuccinimide were then added and the disaccharide was obtained in excellent
yield. The acetate on the 3 position of the rhamnose C ring was removed with
sodium methoxide in methanol to yield the glycosyl acceptor 69.

The L-Man-Rha glycosidic linkage was then installed between the donor 67 and
acceptor 69 under the same conditions that were used in the penultimate step. Large
quantities of the trisaccharide 70 could be synthesized because the yields of the
reactions in all the synthesis schemes were very good. The large ', coupling
constants of 167.3 and 171.1 Hz at the anomeric centres for the newly — formed
glycosidic linkages in 68 and 70, respectively, confirmed the correct o« anomeric

configuration.

e. Partial Deprotection of the Core Trisaccharide

Ethylene diamine was stirred with the trisaccharide 70 in n-butanol at 115°C
to produce the free amine 71 (Figure 38). After purification, tetrabutylammonium
fluoride was added to the partiaily deprotected trisaccharide 71 in THF to remove
the silyl ether protective group from the L-mannose B ring."” The product 72 was
formed in good yield under these conditions. Attempts to remove the silyl ether
group in the presence of the phthalimido group were unsuccessful due to the

sensitivity of the amine protective group to tetrabutylammonium fluoride.
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Figure 37: Assembly of the Core Trisaccharide
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Figure 38: Partial Deprotection of the Core Trisaccharide
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f. Synthesis and Deprotection of the Lactam (50)

To attach the glycine linker to the trisaccharide 72, coupling reagents TBTU
and HOBt were added to N-a-Fmoc-glycine and 72 along with N-ethylmorpholine
in DMF (Figure 39).” These coupling reagents were chosen because they have been
shown in the literature to produce amide and peptide linkages in very high yields.
In th]s example, the amide 73 was formed in excellent yield.

Oxidants TEMPO and sodium hypochlorite were added to the free alcohol 73
to oxidize the 6 position to a carboxylic acid under phase transfer conditions.” The
Fmoc protecting group was then removed from the linker with 20% piperidine in
DME. Coupling reagents TBTU and HOBt along with N-ethylmorpholine were
added to this material in DMF to produce the lactam 75 in good yield (Figure 40).
The lactam 75 was stirred with palladium hydroxide in wet methanol under a
hydrogen atmosphere to remove all the protecting groups and yield the final

compound 50.
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Figure 39: Synthesis of the Carboxylic Acid (74)
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Figure 40: Synthesis and Deprotection of the Lactam (50)
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g. Synthesis and Deprotection of the Lactam (51)

The methodology in the synthesis of the lactam 50 with a glycine-spaced
linker was followed to synthesize the lactam 51 that possessed a B-alanine-spaced
linker (Figures 41 and 42).

For this lactam, a B-alanine spacer was used to link the two anchoring
positions. The same coupling reagents, TBTU and HOBt, were used to attach the
linker (76). The 6 position of the L-mannose B ring was oxidized with TEMPO and
sodium hypochlorite (77). The Fmoc group was removed with piperidine and TBTU
and HOBt were used to form the macrocycle 78. Removal of the protecting groups

under hydrogenation conditions with palladium hydroxide produceded the lactam

51.
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Figure 41: Synthesis of the Carboxylic Acid (77)
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Figure 42: Synthesis and Deprotection of the Lactam (51)
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I1. Synthesis of Cyclic Carbamate (52)

To attach the B-alanine linker to the trisaccharide 72, coupling reagents TBTU
and HOBt were added to N-B-t-Boc-B-alanine and 72 along with N-ethylmorpholine
in DMF (Figure 43). To enable the macrocyclization to occur, p-nitrophenyl
chloroformate was added to the alcohol 79 and heated in pyridine at 100°C
overnight to produce the carbonate 80. Trifluoroacetic acid was added dropwise
into a solution of the carbonate 80 in DCM to remove the benzylidene acetal and ¢-
Boc protecting groups (Figure 44). When thin layer chromatography indicated that
the reaction was complete, triethylamine was added to neutralize the solution. The
cyclic carbamate 81 was formed after the solution was neutralized. The carbamate
81 was stirred with palladium hydroxide in wet methanol under a hydrogen

atmosphere to remove all the protecting groups and yield the target compound 52.
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Figure 43: Synthesis of the Carbonate (80)

S

O

BnO
o OBn
0OBn OH
no \W\/
(o)
OBn 72

OMe

NHp

TBTU, HOBt, t-Boc-B-Ala,

NEM, DMF
89%
%
NH-B-Ala-t-Boc
BnO
o OBn
OBn
(o]

OBn 79
p-Nitrophenyichloroformate,
pyridine, 100°C

85%
NH-B-Ala-£Boc
BnO

o OBn
OBn o o
o I T Co
(o) 5 NO,
OBn

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




85

Figure 44: Synthesis and Deprotection of the Cyclic Carbamate (52)

o\
o OMe
O

NH-B-Ala-t-Boc
Bnl
(®]
OBnOBn . 95% TFA(aq.), DCM then TEA
BnO %\/O\ﬂ/ \@\ 65%
(o) 5 NO,
OBn

80 HO
(o]
OMe

HO
O
NH
O o
BnO
o OBn

OBn
BnO \% NH
O o/<
(o]

OBn
81

Pd(OH),/C ; Hp, MeOH
70%

NH
o
HO ©
H

0 OH
OH
o \/7\ NH
;LO —
OH o
52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

ITI. Synthesis of the Native Trisaccharide Comparison Ligand

(83)

A modified native trisaccharide was synthesized to compare the binding
affinities determined from solid phase assays of the cyclic structures against the
acyclic trisaccharide. This trisaccharide has a hydroxyl group at the 6 position of the

L-mannose B ring.

a. Preparation of the Native Trisaccharide Mimic

Acetic anhydride was added to the partially protected trisaccharide 72 in
DMF (Figure 45). The trisaccharide 82 was stirred with palladium hydroxide in wet
methanol under a hydrogen atmosphere to remove all the protecting groups and

yield the modified native trisaccharide 83.
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Fig 45: Synthesis and Deprotection of the Trisaccharide (83)
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Chapter 4

Evaluation of the Biological Activities

of the Synthetic Ligands

Solid phase binding assays of all the synthetic ligands were performed to
establish the quantitative activity of the synthetic ligands. Solution phase titration

microcalorimetry was employed to measure the thermodynamics of binding for the

best ligand, 51.

A) Solid Phase Binding Assay

A competitive enzyme linked immunosorbent assay (ELISA), developed by
Bundle and co-workers, was used to evaluate the binding affinity of the synthetic
ligands (Figure 46).” Purified SYA/J6 antibody obtained from the hybridoma
technique was non-covalently adsorbed to an ELISA plate. A biotinylated
lipopolysaccharide (LPS) antigen provided the signal. For this inhibition assay,
variable concentrations of the synthetic ligands along with a static concentration of a
biotinylated LPS solution were added to the plate and equilibrium was established

over an 18 h incubation time. After removing excess reagents, a horseradish

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



89

peroxidase/streptavidin complex was added which binds strongly to the biotin
moiety that is present on the bound LPS antigen. A solution of 3,3"55'-
tetramethylbenzidine (TMB) was then added and the solution turned a blue colour
due to the oxidation of TMB with horseradish peroxidase. Addition of phosphoric
acid quenches the reaction and produces a stable, yellow colour.

This colour is proportional to the amount of LPS-biotin complex bound to
antibody on the ELISA plate. Therefore, if a synthetic ligand at a particular
concentration binds strongly to the antibody, it will displace the biotinylated natural
substrate and result in a low absorbance reading due to the absence of the biotin
group. The plate can then be read with a spectrophotometer set at 450 nm and a plot
of inhibition versus the log, of ligand concentration can be constructed. To
determine the amount of inhibition by the ligand, the absorbance of the complex is
subtracted from the absorbance of wells developed in the absence of inhibitor and
converted to a percentage.

For this assay, the binding constant is represented as the concentration at 50%
of the total inhibition of the LPS natural substrate by the synthetic ligand with the
antibody (IC,, value). As a result, the smaller the IC, value, the stronger the binding
between the antibody and the synthetic ligand. It should be noted that the IC,
values that are obtained in these assays are only rough estimates of the dissociation
constant.” The dissociation constants for tight binding ligands are underestimated in
this assay because there are two equilibria that govern the associations — the binding

of the natural substrate and the binding of the synthetic ligand to the protein.
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Ab + LPS-Biotin _— Ab = LPS-Biotin

Ab + Ligand ————= Ab = Ligand

In order to perform the assay and obtain a reasonable dynamic range in terms
of the absorbance for zero inhibition, it is necessary to ensure an appropriate
concentration of Ab.LPS-Biotin complex. @~ However this removes a given
concentration of antibody from the ligand-antibody equilibrium. Tight binding
ligands will bind nearly the entire antibody that is present on the plate. Therefore, if
the first equilibrium consumes more than 10% of the total antibody, the error
between the IC,, and true K, value can become large and will always underestimate
the K, of the inhibition. In the current project, the IC, values were initially used to
indicate the biological activities of the synthetic ligands. Because the error in the IC,
values is the same for all test ligands in this system, the underestimation of the K,

values is not an issue in the determination of the binding activities of the synthetic

analogs.
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Figure 46: ELISA Protocol for the Evaluation

Of the Binding Affinity of the Synthetic Ligands
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a. IC_ Values for Synthetic Disaccharides (4), (5), and #6)

A plot of % inhibition versus concentration using; the above ELISA protocol is

shown in Figure 47 for 4, 5, and 6. The inhibition datas is also shown for the native

trisaccharide 3 and the native disaccharide 49.

Figure 47: Competitive Inhibition Data Foer (4), (5), and (6)
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Figure 48: Test Compounds (4), (5), and (6)

Table 3. IC_ Values for (4), (5), and (6)

Ligand IC, (UM)
Rha-Rha-GlcNAc-OMe 3 17
49 4800
4 288
5 114
6 396
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All of the novel ligands had smaller IC, values than the native disaccharide

inferring that they were all tighter binding ligands than the native disaccharide.

However, none of the synthetic ligands were tighter binders than the native

trisaccharide and only 5 was within the same order of magnitude. The data suggest
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that tight-binding, low molecular weight ligands would have to be obtained from
ligands at the trisaccharide level. Investigations into the source of enhancement over
the native disaccharide either by crystallography or calorimetry were not undertaken
because the low binding constants of the ligands would cause experimental
problems and unreliable results. Computer-based predictions would also be suspect

because of the inherent flexibility of the linker arm.

b. IC,, Values for Synthetic Disaccharides (7), (8), (9), and (10)

A plot of % inhibition versus concentration using the above ELISA protocol is
shown in Figure 49 for 7, 8, 9, and 10. As before, the inhibition data is shown for the
native trisaccharide 3.

The estimated IC,, values are given in Table 4 for 7, 8, 9, and 10. The IC, values
are only estimated because none of the inhibitors were concentrated enough to
quantitatively inhibit the natural substrate due to the lack of material available for
testing. Because the curves did not have upper limits, accurate IC,, values cannot be

calculated.
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Figure 49: Competitive Inhibition Data For (7), (8), (9), and (10)
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Table 4. Estimated IC,_, Values for (7), (8), (9), and (10)

Ligand IC_ (uM)
Rha-Rha-GlcNac-OMe (3) 17
49 4800
7 2300
8 3000
9 3000
10 >5000
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Figure 50: Test Compounds (7), (8), (9), and (10)
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Despite the lack of accurate IC,, values, none of the inhibitors 7 to 10 appear to
inhibit the natural substrate better than the native disaccharide 49 within
experimental error. No improvement in binding affinity between the antibody and

its antigen was achieved with this design strategy.
c. Inhibition Constants for Constrained Trisaccharides (50), (51), and (52)
A plot of % inhibition versus concentration using the same ELISA protocol that

was described before is shown in Figure 51 for the constrained ligands 50, 51, and 52,

the native trisaccharide 3, and the modified native trisaccharide 83.
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Figure 51: Competitive Inhibition Data for (50), (51), (52) and (83)
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Table 5: IC,, Values for (50), (51), (52), and (83)

Ligand IC,, (uM)
Rha-Rha-GlcNac-OMe (3) 17
51 5
50 137
52 125
83 227
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Figure 52: Test Compounds (50), (51), (52), and (83)
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Two of the tethered compounds, 50 and 52 had IC,, values that were higher
than the native trisaccharide which suggest that the design strategy of these tethered
compounds did not strengthen the sugar-protein binding event. The third ligand,
51, had a lower IC_ value than the native structure implying that this ligand design
has improved the binding of the oligosaccharide to its receptor. The high IC_ value

of the modified acyclic trisaccharide 83 verifies the previous data of Bundle that
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showed the adverse effect of the CH, — CH,OH substitution on the rhamnose B ring.
To investigate the factors that contributed to the binding enhancement, micro-
calorimetry data was obtained for this compound and is presented in the next

section.

B) Micro-Calorimetry Data for the Tightest-Binding Ligand, (51)

a. Microcalorimetry Data for (3) and (51)

Microcalorimetry studies were performed to determine the thermodynamic
parameters associated with the binding event that took place between the SYA/J6
and the tethered trisaccharide, 51. The procedure described in the literature by
Bundle and co-workers was followed.” A sample of the purified antibody of known
concentration in buffer was placed in one of two cells of a MicroCal™ calorimeter."
The buffer present in the second reference cell is heated or cooled to maintain a
constant small temperature difference between the two cells. The required electric
current to do this represents the energy liberated or consumed as the ligand is
titrated into the antibody solution.

Integration of the peaks that resulted from the injections gave the total enthalpy
of the association whereas the saturation of the binding site furnished a binding
curve. Figure 53 shows the calorimetry data for the synthetic ligand 51. The top

graph is a plot of heat versus time that was obtained during the titration and the
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bottom graph is plot of enthalpy versus the ratio of sugar to protein based on the
integrated raw data. This is the binding curve that was computed based on the raw

heat data.

Once the binding curve was obtained for the association process, the
thermodynamic parameters, K,, AH, AG, -TAS, and the stoichiometry of binding, n,
were calculated.'” The AH, K,, and n values were calculated by a nonlinear least-
squares fit to an equation that involved cell and concentration dimensions. The free
energy of binding was calculated using the equation AG = -RTInK, (R = 1.98
cal/moleK, T = 303 K) and the -TAS term was calculated from the equation
AG = AH-TAS. A value of n of close to unity indicated that the concentrations of

protein and ligand were optimal in the experiment.
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Figure 53: Calorimetry Data for the Tethered Trisaccharide (51)
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The binding curve for the native trisaccharide 3 was also obtained using the
same methodology to calculate comparison numbers. Figure 54 shows the raw and

integrated calorimetry data for the native trisaccharide.
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Figure 54: Calorimetry Data for #the Native Trisaccharide (3)

Time: (min)
0 33 67 100 133 167
0.5 T T T v T T T T T r
ood | QL
”.””HHHHHHI
8 i
n -0.5 -
=
[0
o -
o
1.0 -
AStTT 7T T T T T T T T T T T
Nat. Tris. 3 (1.501 mM)
SYA/J6 IgG (74.9 uM)
€ 0 - -
‘CS n = 08
S K, = 7.8X10'™"
E 1 AH = -4.0 kcal/mol
— AG = - 6.7 kcal/mol
(@] -TAS = - 2.7 kcal/mol
o 2+ .
Q
E
=
1+
[&]
X
btV T T T T T YT T
-1.0-050.0 05 1.0 15 2.0 25 3.0 35 4.0 45 5.0
Molar- Ratio

The values that were obtained with #his data were slightly different from
literature values (Table 6). The stoichiometry - of binding, n, was less than one, which
indicates less than optimal concentrations otf protein and ligand were used in the

experiment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

b. Interpretation and Comparison of Results

Table 6 shows the calculated thermodynamic values from the two calorimetric

experiments as well as literature values for the native trisaccharide 3.°

Table 6: Calorimetry Results and Literature Values

Ligand K, M") | AG (kcal/mol) | AH (kcal/mol) | -TAS (kcal/mol)

Rha-Rha- 9 X 10 6.8 4.3 -25

GlcNAc-OMe (3)
(lit.)

Rha-Rha- 8 X 10 -6.7 4.0 27

GIcNAc-OMe (3)
(exp.)
51 2X10° -8.7 5.7 -3.0

The data indicate that the tethered compound 51 had a binding constant that
was 20 times higher than the native trisaccharide which in turn meant the free
energy of the system was increased by about 2 kcal/mol. Whereas the objective of
the ligand design was partially met because the entropy term of the system was
improved by about 0.5 kcal/mol, the major source of the higher binding constant
was an increase of binding enthalpy of about 1.5 kcal/mol. The sources of
improvements in the enthalpy and entropy terms are suggested and explained by

computational and NMR studies that are presented in the next chapter.
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Chapter 5

A Comparison of the Solution Conformation and Flexibility

of the Native Trisaccharide (3) and (51)

106, 107

The shape of a polysaccharide is very important for its biological function.
An estimation of the conformation of a ligand in solution is one vital piece of
information to explain binding activity in carbohydrate — protein systems. Solution
conformations of oligosaccharides can in principle be determined by NMR
methods.'® These techniques measure distances and certain torsional angles through
homo- and heteronuclear coupling constants and dipolar couplings (also referred to
as nuclear Overhauser enhancements).'”

The difficulty in these measurements is due to the flexibility of the
oligosaccharide. Sugars generally sample numerous conformations during the time
interval of an NMR experiment so measured distances and torsional angles are

" Furthermore, it is extremely rare to be able to measure sufficient

averaged.
constraints to define a unique conformation. Average distances and angles
determine only a ‘virtual” conformation that may not be based in reality.

Computer modeling is often combined with physical measurements to avoid

this problem.” Energetically favourable conformations are mapped and the
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populations across the energy surfaces can be computed and the average distances
or angles can be predicted for such low energy families of molecules. The results of
“theoretical” predictions can be compared with the observed NMR parameters. At
present, this combination of empirical observation and computer modeling is the
best that can be done for carbohydrates. This treatment was applied to the ligands

that had the highest affinities to the SYA /J6 antibody.

A) Introduction

It was shown that the tethered synthetic trisaccharide 51 had a higher affinity
towards the SYA /J6 antibody than the native trisaccharide. The factors responsible
for the increase in the association constant were investigated by computer modeling.
In particular, molecular mechanics and molecular dynamics (MD) simulations of the
solution conformations and flexibiliies of the synthetic analog and native
trisaccharide provided insights into the behaviour of the trisaccharides 3 and 51 in
solution. These computations were performed with the Discover module in InsightIl
software® developed by Biosym Technologies™. The validity of the results was
determined by crystallographic and NMR techniques.

Torsional angles across the glycosidic linkages were used to compare
conformations of the trisaccharides obtained by molecular mechanics and
crystallographic methods. They were also employed in molecular dynamics studies

to indicate the flexibility of the molecules in solution. The diagnostic torsional angles
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for the conformations are designated in Figure 55. The same designation of angles

was used for the tethered ligand 51. Hexopyranose molecules exist primarily in

stable chair forms. Their conformations can be defined by the ® and ‘¥ angles.

Figure 55: Definition of Torsional Angles ® , ¥, ®, and ¥,
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Interproton distances across the glycosidic linkages, which are defined later

in this chapter, were used to compare the solution conformations of the native and

synthetic trisaccharides predicted by theoretical methods and inferred from

experimental average distances obtained from quantitative nOe values that were

measured by the T-ROESY NMR technique.
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B) Conformation and Flexibility of the Native Trisaccharide (3)

a. Potential Energy Minimization Studies

The key computation for any molecular simulation is the potential energy
calculation for a given molecule. This energy term is calculated with the use of an
empirical fit of the potential energy, called a forcefield, which employs a
combination of internal coordinates, such as bond distances, bond angles, and
torsions, and interatomic parameters such as electrostatic and van der Waals
interactions. The calculated energies can give populations across the potential
energy surface via a Boltzman distribution.

The AMBER_PLUS forcefield, developed by Kollman and modified for
carbohydrates by Homans, was used in potential energy minimum calculations to
obtain the lowest energy solution conformation of the native trisaccharide.”" The
forcefield was derived from the combination of the monosaccharide parameters
reported by Ha and the glycosidic linkage data reported by Wiberg and Murcko.™"
The trisaccharide 3 was abstracted from the crystal structure of SYA/J6 Fab bound to
the pentasaccharide ligand 1 and a potential energy minimization was run to
determine the lowest energy conformation. The observed angles in the lowest

energy structure were in good agreement with the angles reported for the crystal

structure (Table 7).
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Table 7: Computed ®,'¥,, @, and ‘¥, Angles for the Native Trisaccharide (3)

P, Y, D, Y,
Crystal structure” 51.7° | -29.6° | 422° | 224°
Lowest energy 489° | -20.0° | 44.1° 7.1°
structure

To determine that this conformation of the trisaccharide was the global
minimum, a grid search was used, whereby each ® and ¥ angle was stepped
through 360° in 18° intervals, and the energies were calculated by the forcefield. The
structure determined from the original minimization studies was one of two global
minima. A structure with angles of approximately 54°, 18°, 36°, and 0° for the ®,,'¥,,
@, and ¥, torsional angles, respectively, also had an energy similar to the minimum
structure obtained from the crystal structure. Because the first minimum energy
structure was more similar to the crystallographically-determined structure, the

latter structure was not used in further conformational studies.

b. Molecular Dynamics

Molecular dynamics simulations were performed on the native trisaccharide to

> The molecule was allowed to move

study the movement of the molecule in water.
as it would in solvent for one nanosecond and four thousand “snapshots” of the
conformation were taken at regular intervals. Four graphs were obtained from the

experiment in regards to the torsional angles across the glycosidic linkage (Figures
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56 and 57). For each graph, the torsional angle that was observed in the snapshot
was plotted versus the time of the experiment. The graphs show the extent of the
fluctuations in this torsional parameter. Frequent spikes would occur in a very

flexible molecule.

Figure 56: @, vs. Time (left) and ‘¥, vs. Time (right) for the Native Trisaccharide (3)
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The left-hand graph in Figure 56 indicates that the molecule is somewhat
restricted about an angle of + 45° for ®, because the molecule made very few
excursions from that angle. However, the right-hand graph in Figure 56 implies that
the molecule is more flexible about the linkage defined by the ¥, angle. It can be
seen that the molecule adopts many more conformations about this bond. Similarly,
the graphs in Figure 57 show that there are many deviations from a converged value

for both @, and ¥,. This implies that the molecule is flexible in this glycosidic region.

Figure 58: 'V, vs. @, (left) and ¥, vs. @, (right) for the Native Trisaccharide (3)
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When the four previous graphs are combined to form a density map of the
conformations that were adopted by the molecule during the dynamics experiment
(Figure 58), the overall flexibility inherent in the trisaccharide is evident. The angles

observed in the dynamics run occupy a broad region of conformational space. The
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results of the potential energy minimization were verified because the torsional
angles of the minimum solution structure lie well within the conformational space

seen in the two plots.

C) Conformation and Flexibility of the Tethered Trisaccharide (51)

a. Potential Energy Minimization Studies

The same AMBER_PLUS forcefield was used to calculate the lowest energy
conformation of the synthesized tethered trisaccharide 51 in a dipole gradient. The
molecule was constructed by the addition of the linker group to the native
trisaccharide. The observed angles in the lowest energy structure of the tethered
compound were in excellent agreement with the angles seen in the lowest energy

structure of the native trisaccharide (Table 8).

Table 8: ¥, ®,, and ‘¥, Angles of the Trisaccharides (3) and (51)

Compound o, Y, D, Y,
3 48.93° | -20.03° | 44.08° | 7.06°
51 53.54° | -21.35° | 41.65° | 1.14°

The rhamnose C ring residues of the two structures were superimposed to
obtain Figure 59. The excellent overlap of these two structures would suggest that

the hydrogen bond network that exists in the native trisaccharide/antibody complex
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would be consesrved in the binding that takes place between the modified
trisaccharide and the antibody. This would account for the similarity in the
thermodynamic parameters that were obtained from calorimetry in the binding of

the two molecules with the protein.

Figure 59: Superimposition of the Trisaccharides (3) and (51)

The averagee torsional angles could be computed by the EXSIDE NMR
method.™ This exxperiment measures the ’J_,, coupling constant across the glycosidic
bond for the glycosidic carbon -proton coupling system. A Karplus relation can
convert this coupling constant to a torsional angle.”” This type of experiment
requires high samaple concentrations and long acquisition times on high field NMR

machines and wass not recorded for practical reasons for ligands in this project.
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b. Structure of the Ligand

In order to adopt a configuration that is identical to the native trisaccharide, the
tethered compound is likely to be constrained to the conformation shown in Figure
60. In this conformation, both amide bonds in the structure are in the favoured trans
orientation and the ethylene spacer is in a cis orientation. Experimental data confirm
this postulate. The coupling constants between the amide protons, H-A and H-B,
and their neighbouring coupling partners were measured by NMR spectroscopy in a
85: 15 HL,O: D,0 solvent mixture. A large 7,,..., coupling constant of 10 Hz signaled
that the H-A and H-2 protons are ~ 0° apart. A 7.5 coupling constant of 6.3 Hz

implied that the H-B and H-tet protons are ~ 30° apart.

Figure 60: Structure of (51) in Solution
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c. Suggested Origins for the Improvement of the Enthalpy Term

It was shown by calorimetry that the enthalpy associated with the binding to
the antibody was about 1.5 kcal/mol more favourable for the tethered trisaccharide
than for the native trisaccharide. A number of hypotheses are consistent with this
observation.

The increase in binding enthalpy of the tethered compound could be the
consequence of the substitution of the methyl group at the 6 position of the
rhamnose B ring by an amide function. New polar contacts between the synthetic
ligand and the protein may have arisen in the association of this ligand compared
with the native structure. This hypothesis seems unlikely because the binding
constant for the acyclic trisaccharide 83 was a full order of magnitude less than the
native trisaccharide 3. In that case, the addition of a potential hydrogen bond donor
and acceptor showed an adverse effect, due perhaps in part to a steric clash with the
side chain of Tyr 37L which is ~ 3.5 A from the 6 position of the L-mannose B ring.*

In addition to polar contacts, new van der Waals contacts between the ligand
and protein may have arisen. A crystal structure of the synthetic ligand-protein
complex would prove the existence of such novel contacts. This data is unavailable
at the present time.

It can be seen in the lowest energy structure of the tethered ligand that the H-B
amide proton is reasonably close (~ 2.9 A) to the hydroxyl group on the 2 position of
the rhamnose C ring. A possible weak hydrogen bond may exist between these

groups in the bound conformation. Previous work by Bundle and co-workers have
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shown that this hydroxyl group is responsible for an unfavourable hydrophobic
clash with the tryptophan H47 side chain in the bound form of the ligand.® The
removal of this group causes a ~ 6 kcal/mol increase in enthalpy in the binding to
antibody. It was postulated that this hydroxyl group points to a hydrophobic region
in the binding site and is not extensively hydrogen bonded upon binding to protein.

An experiment was run to check for a possible hydrogen bond between the
amide proton H-B and the 2-OH of the rhamnose C ring. The NMR spectrum was
obtained for the compound in a 85:15 FLO:D,O solvent mixture at five temperatures:
5°,15°,25°, 35°, and 45°. Changes in temperature of the solvent would cause smaller
effects in chemical shift for hydrogen bonded protons versus non-hydrogen bonded
protons because molecules containing intramolecular hydrogen bonds would have
less interactions with the water."® The chemical shifts (referenced to acetone at 2.225
ppm) of the two amides were plotted against temperature to obtain the linear
dependence of chemical shift on temperature (Figure 61).

The H-B amide proton experiences a smaller downfield shift (6.6 ppb/°C) as
the temperature increases compared to the H-A amide proton (8.4 ppb/°C).
Although the difference in slope is small, it is significant enough to suggest a weak
hydrogen bond is possible between the H-B amide and the 2-OH of the rhamnose C
ring.

The presence of a weak intramolecular hydrogen bond and an extra methylene
group in the tethered trisaccharide possibly adds to the overall hydrophobicity of the

molecule compared to the native trisaccharide. On the other hand, 51 contains two
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polar amide groups but these are bridged by two methylenes. However, the tether
creates a space between itself and the trisaccharide with a separation of ~3.5 A. It is
likely that one or two water molecules could occupy this space but it is clear that the
untethered trisaccharide would be much more solvated at this surface. In this sense,

despite its polar features, we might regard the tether as possessing non-polar

properties.

Figure 61: Chemical Shift vs. Temperature for the Amide Protons in (51)
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If this is the case, reorganization of the high energy water molecules that
surround the ligand and that are released into the bulk solvent after the binding

event would contribute to the favourable enthalpy term.
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In his previous work with interresidue tethering, Bundle has used this
argument to provide an explanation for the increase in binding enthalpy for ligands

" That conclusion, and the one presented here,

that contained hydrophobic tethers.
is based on recent research that has been reported by Toone.® With the use of
calorimetric data for ligand — receptor association in heavy and light water, Toone
and co-workers have proved that solvent reorganization is responsible for 25 to
100% of the binding enthalpy. One can postulate that ligands with a larger
hydrophobic surface will have a greater number of unorganized water molecules on

those surfaces. This will result in a larger solvent reorganization term and a higher

enthalpy term associated with this process.

d. Molecular Dynamics Support Entropic Gains

In order to provide a possible explanation of the gain in entropy in the
association between the tethered molecule and the antibody, compared with the
native trisaccharide, molecular dynamics studies were performed on the tethered
ligand. Similar to the studies with the native trisaccharide 3, these calculations could
provide information about the flexibility of the ligand in water. The following four
graphs in Figures 62 and 63 show the values of the four torsional angles in the

tethered ligand that were monitored during the molecular dynamics experiment.
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Figure 62: ®, vs. Time (left) and ¥, vs. Time (right) for the Trisaccharide (51)
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The @, versus time graph in Figure 62 indicates that the molecule is very
constrained about this angle in solution because the molecule deviates by only a few

degrees from +50° during the entire experiment. The ¥, versus time graph also
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shows reduced variability in this angle in comparison with the native trisaccharide.
As a consequence, conformational contributions from the other global minimum that

was observed during the grid search of the native trisaccharide have been reduced as
seen by the near absence of conformations at about +20°.

The lack of excursions from + 30° in the ®, versus time graph in Figure 63
indicates that the molecule is also very constrained about ®, In contrast, the
presence of two main regions of variability in the ‘¥, versus time graph about -10° and

-40° suggests that the molecule is not entirely constrained about the bond defined by

the ¥, angle.

Figure 64: ¥, vs. @, (left) and W,vs. ®, (right) for the Trisaccharide (51)
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The density maps shown in Figure 64 of the four torsional angles were
constructed by the combination of the previous four graphs. Both the ¥, vs. ®, and

¥, vs. @, plots show smaller regions of allowable conformations in solution
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compared with the native trisaccharide (Figure 58). Therefore, the results from the
molecular dynamics show that the ligand design strategy was successful in reducing
the flexibility of the sugar in aqueous medium and decreasing the unfavourable
entropy term that is associated with this loss of flexibility in the ligand upon binding
versus the native trisaccharide. However, the net entropy gain was limited to 0.5
kcal/mol, presumably by the persistent flexibility about the ¥, angle.

To ensure that the linker did not introduce added flexibility to the molecule,

two other dihedral angles across the amide linkages, ¢ and w were investigated.

Figure 65: Definition of the Torsional Angles ¢ and @
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Figure 66: ® vs. Time (left) and ¢ vs. Time (right) for the Trisaccharide (51)
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The ® wversus time graph indicates that the molecule samples many
conformations about this torsional angle, but the angle is generally close to + 30°.
The ¢ versus time graph shows that this torsional angle is restricted to 0°. It can be
inferred that no additional flexibility was introduced to the molecule by the choice of

tether.
e. Summary of the Origin of the Favourable Thermodynamics

To summarize, the observed thermodynamics can be explained by several
possibilities.

Favourable enthalpic terms can arise due to the following; the tethered

trisaccharide could provide enhanced complementary and stronger hydrogen bonds
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when compared to the native trisaccharide and the methylene groups of the tether
come close to van der Wraals contacts with His 31L and Tyr 37H. In addition, the
potentially enhanced hydirophobicity of the tethered ligand could also contribute to
the enthalpic gain.

Favourable entropic contributions may arise from the preorganization of the

trisaccharide.

D) NMR Studies on the Trisaccharides (3) and (51)

a. Comparison of Interproton Distances Found in Modeling with NMR-Based

Experiments for the Nati-ve Trisaccharide (3)

Four interproton disstances were examined to compare the conformations of the
native trisaccharide in aqueous solution with those found in the molecular dynamics
simulations. The proton assignments of interest are shown in Figure 67.

Figure 68 shows the H-1” — H-3" distances (left graph) and the H-1" — H-3
distances (right graph) th-at were plotted against time from the molecular dynamics
simulations that were previously described for the native trisaccharide 3. The plots
show the distances measwired for each particular conformation that was seen in the

dynamics experiment.
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Figure 67: Selected Proton Assignments for the Native Trisaccharide (3)
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The distances were extracted from these plots and averaged to obtain mean
distances determined from molecular dynamics. The same procedure was done for
the H-1" — H-2’' and H-1” — H-4' distances (plots not shown). These four distances
serve as a comparative numbers to the distances measured by quantitative nOe’s
from T-ROESY experiments.

A T-ROESY experiment was performed on the native trisaccharide to
determine the nOe correlations between the assigned protons. This experiment was

119,120

first reported by Bothner-By and co-workers and then modified by Shaka.
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Figure 68: H-1” — H-3' Distance vs.Time (left) and

H-1" — H-3 Distance vs. Time (right) for the Native Trisaccharide (3)
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In the experiment, cross peaks corresponding to the dipolar coupling of interest in
the spectrum were integrated to obtain nOe volumes that were used to calculate
distances with the formula™:

D, =D,) (V../ Vx)w

In the formula, D, represents the unknown distance, D, is the reference
distance, V_, is the volume of the reference correlation, and V_ is the volume of the
unknown correlation. The standard correlation that was used in the calculations was
the H-1” — H-2” correlation. The distance for this proton-pair was observed as

2.52 A in the crystal structure as well as in the results from computer modeling. The
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results of distance calculations from crystallography, dynamics and T-ROESY

experiments are presented in Table 9.

Table 9: Inter-Proton Distances (A) for Selective Corxelations Calculated from

Crystallography, Dynamics, and NMR for the Native Trisaccharide (3)

Correlation Average Distance Average Distance Average Distance
from Crystallography from Dynamics from NMR

H-1" - H-3’ 22 2.5 23

H-1" - H-2' 3.3 3.8 3.4

H-1” - H4' 3.8 4.0 3.8

H-1" > H-3 24 2.6 2.3

The distances calculated from the three techniques are in good agreement and
suggest that the conformations observed in the crystal structure, molecular dynamics
and in aqueous solution are quite similar. In addition, the results from the
minimization studies involving the torsional angles of the native trisaccharide 3 are

verified by these findings.
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b. A Comparison of Inter-Proton Distances Found in Modeling with NMR for the

Tethered Trisaccharide (51)

As before, four distances were examined to compare the conformations of the
tethered trisaccharide in aqueous solution with the conformations found in the
molecular dynamics simulations. The distances that were chosen were the H-1" —
H-3’, H-1” - H-2', H-5” — H-2, and H-1" — H-3 distances. The proton assignments

of interest are shown in Figure 69.

Figure 69: Selected Proton Assignments for the Tethered Trisaccharide (51)

O
-OMe

NH

The average distances calculated from molecular dynamics experiment were
obtained, as before, from the plots of distance against time that resulted from the
dynamics experiment. A T-ROESY experiment was performed on the tethered
compound and the average distances were obtained from this experiment as

previously described for the native trisaccharide. The H-1” — H-2” distance was
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used as the reference. The results of distance calculations from the dynamics and T-

ROESY experiments are presented in Table 10.

Table 10: Inter-Proton Distances for Selective Correlations Calculated from

Molecular Dynamics and NMR for the Tethered Trisaccharide (51)

Correlation | Average Distance from | Average Distance from
Dynamics (A) NMR (A)

H-1" - H-3’ 24 22

H-1" - H-2 39 35

H-5" —» H-2’ 2.3 23

H-1" > H-3 23 25

Once again, the distances calculated from the two techniques were in good
agreement that suggests that the conformations observed in the molecular dynamics
and in aqueous solution are quite similar.

The calculated distances across the glycosidic linkages from NMR
measurements were compared for the native and tethered trisaccharides to
determine the conformation of the synthetic compound in solution relative to the

native structure. The distances are shown in Table 11.
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Table 11: Inter-Proton Distances (A) for Correlations Across

the Glycosidic Linkages for the Trisaccharides (3) and (51)

128

Correlation Average Distance in (3) Average Distance in (51)
H-1" - H-3" 2.3 22
H-1" > H-2' 34 35
H-1" > H-3 2.3 25

The distances across both glycosidic linkages were almost identical for the

native and tethered trisaccharides and further verifies that both structures have

similar conformations in solution.

Based on the torsional angles observed in the minimum structures, the

distances observed in solution, and the structure observed in the crystal structure,

the conclusion can be made that the tethered compound 51 is an excellent mimic of

the native trisaccharide 3.
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Chapter 6

Conclusion

Two crystal structures of SYA/J6 monoclonal antibody — ligand complexes
were used to design disaccharide ligands that had new hydrogen bond and
hydrophobic contacts linked viz two carbon spacer arms.

Three ligands that had either an N-acetate, N-benzoate, or an N-alanyl group
attached to the linker arm on the 3 position of the rhamnose C ring were synthesized
in good yields from simple starting materials. The new contacts were introduced
through reduction and acylation of a cyanomethyl group. Four ligands that
possessed an N-acetate, N-benzoate, or N-phenylalanyl group (D or L) on a linker
arm at the anomeric centre of the glucosamine D ring via modification of an anomeric
allyl group were produced. An analogue of the native disaccharide epitope that is
recognized by the antibody was also made.

Using a solid phase binding assay, binding curves were obtained for these
compounds and IC,, values were calculated.

The first set of ligands that had new contacts introduced to the three position
of the rhamnose C ring bound more strongly to the antibody than the native
disaccharide analogue. The best ligand, that had an N-benzoate group on the linker

arm, had an IC,, value that was fifty times higher than the native disaccharide. This
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finding suggested that the original ligand design strategy lead to small molecule,
higher affinity ligands of the antibody, but did not reach the threshold activity
represented by the native trisaccharide. Practical concerns prevented discovery of
the source of the higher affinity of these ligands towards the protein.

The second set of test molecules that had new contacts at the reducing end
had the same affinity as the native disaccharide analogue.

The 6 position of the rhamnose B ring was observed to be in close proximity
to the acetamido group of the glucosamine D ring in the crystal structures. Three
constrained trisaccharide ligands that connected these atoms were synthesized from
a common trisaccharide intermediate and commercially available starting materials.
Orthogonally protected amino acids (B-alanine and glycine) were used as spacers in
these tethered trisaccharides. A condensation between a carboxylic acid group on
the L-mannose B ring and an amino group on the spacer was the key step in the
synthesis of two of the test molecules. A third macrocycle ligand was synthesized by
forming a carbamate linkage between the hydroxyl group on the 6 position of the L-
mannose and an amino group of the spacer.

Results from the solid phase assay showed that two of the constrained ligands
had lower binding affinities than the natural trisaccharide substrate of the antibody.
The third analogue that had a B-alanine spacer attached by an amide group to the 6
position of the L-mannose B ring showed an increase in activity by a factor of three

over that of the native structure. Microcalorimetry measurements provided a more

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

accurate increase in affinity of a factor of twenty for this ligand over the native
trisaccharide

Microcalorimetry measurements also showed an increase in both the enthalpy
and entropy terms for this ligand relative to the acyclic native trisaccharide.
Investigations into the conformation in solution of this ligand by NMR experiments
and theoretical calculations indicated that the constrained ligand adopted the same
solution conformation as the native trisaccharide. It was suggested that the increase
in enthalpy was likely due in whole or in part to one of three reasons: the creation
and strengthening of contacts between the sugar and protein, the generation of polar
contacts within the sugar, or solvent reorganization. = Molecular dynamics
simulations verified that this molecule was relatively rigid in solution thereby
accounting for the decrease in the entropic barrier relative to the natural epitope.

The most successful ligand could serve as a lead compound for the spawning
of other tight binding ligands, such as the 2’-deoxy or 2’-chloro-2’-deoxy analogs

shown below.
Figure 70: One Possible Extension of this Project
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Earlier studies with this system showed that a trisaccharide lacking a
hydroxyl group at the 2 position of the rhamnose C ring had a higher affinity to the
antibody than the native trisaccharide. Bundle et al. have shown that selective
chlorodeoxygenations have led to tighter binding ligands.” If the previous and
present ligand designs are complementary, a trisaccharide antigen with an
exceptionally high binding affinity to an antibody (nanomolar) could be achieved.

The data presented in this thesis suggest that the ligand design approach of
adding constraints to two glycosidic bonds in the ligand through a polar linker may
lead to low molecular weight, tight binding ligands for this and possibly other
systems. However, the total free energy gain by this approach alone produces an
inhibitor of sugar-protein binding with micromolar activity.

In the search for design principles that could reliably generate nanomolar
activities, the approach identified here should be successful (reach nanomolar levels)
when combined with serendipitous observations, of the type suggested in Figure 70.
In such circumstances, the effects of tethering should be additive to those of selective

deoxygenation.
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Chapter 7

Experimental

General methods

Analytical thin layer chromatography (tlc) was performed on silica gel 60-
F,,, (Merck). Tlc detection was achieved by charring with 5% sulphuric acid in
ethanol.  All commercial reagents were used as supplied. Column
chromatography used silica gel (SiliCycle) and solvents were distilled. High
performance liquid chromatography (HPLC) was performed using a Waters
HPLC system which consisted of a Waters 600S controller, 626 pump, and 486
tunable absorbance detector. HPLC separations were performed on a Beckmann
C, semi-preparative reversed-phase column with acetonitrile and water as
eluents. 'H NMR spectra were recorded at either 300, 360, 500, or 600 MHz, and
are referenced to internal standards of the residual protonated solvent peaks; &,
7.24 ppm for solutions in CDCL, or tc 0.1% external acetone (8, 2.225 ppm) for
solutions in D,0. "C NMR spectra (HMQC) were recorded at 150 MHz and are
referenced to internal CDCL ( 8. 77.0 ppm) or to external acetone (8. 31.07 ppm).
Optical rotations were measured with a Perkin Elmer 241 polarimeter at 22°C.

Mass spectrometric analysis was performed by positive mode electrospray
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ionization on a Micromass ZabSpec Hybrid Sector-TOF. For exact
measurements, the spectra were obtained by voltage scan over a narrow mass

range at 10 000 resolution.

Methyl 2-acetamido-3-O-(3-O-[ or-L-rhamnopyranosyl]-o-L-rhamnopyranosyl)-2-deoxy-
BD-glucopyranoside (3)

An authentic sample was available from previous work in the laboratory.

'H NMR (600 MHz, D,O) & 5.01 (d, 1H, J..,- = 1.5 Hz, H-1"), 4.82 (d, 1H,
J.»-=14Hz H-1),448 (d, 1H, J,,=8.8 Hz, H-1),4.06 (dd, 1H, J,.,. = 1.8 Hz, ] ,.,. =
3.5 Hz, H-2"), 4.04 (dq, 1H, ], =99 Hz, ], = 6.4 Hz, H-5’), 3.95 (dd, 1H, J,,, = 2.2
Hz, ], = 12.2 Hz, H-6a), 3.87 (dd, 1H, ],.,. = 2.0 Hz, ],.,, = 3.1 Hz, H-2'), 3.83 (dd,
1H, J..,. = 3.1 Hz, J,... = 9.0 Hz, H-3"), 3.92 (dd, 1H, J,, = 8.8 Hz, ], = 9.9 Hz, H-2),
3.79 (dd, 1H, J, , = 3.1 Hz, J,.. = 9.9 Hz, H-3’), 3.76 (dd, 1H, J,,, = 6.0 Hz, ], =
12.4 Hz, H-6b), 3.59 (dd, 1H, J,, = 8.6 Hz, J,, = 10.1 Hz, H-3), 3.53 (t, 1H, J,.,. =] 5
= 9.9 Hz, H-4'), 3.53 (t, 1H, J,, = J,s = 9.9 Hz, H-4), 3.50 (s, 3H, OMe), 3.48 (ddd,
1H, J,,,=22Hz,],, =58 Hz,J,, = 9.9 Hz, H-5), 3.47 (t, 1H, J,.,. = ],.s- = 9.7 Hz, H-
4"),3.45 (ddd, 14, J,,, = 1.8 Hz, J,,, = 5.6 Hz, J,, = 9.8 Hz, H-5"), 1.31 (d, 3H, J,.. =

6.2 Hz, H-6"), 1.24 (d, 3H, ], . = 6.4 Hz, H-6").
Methyl 4-O-benzyl-3-O-cyanomethyl-o-L-rhamnopyranoside (15)

Distilled methanol (90 mL) was added to a mixture of the diol 14” (1.0 g,

3.73 mmol) and dibutyltin oxide (1.11 g, 4.46 mmol) in a 250 mL round-bottomed
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flask. The suspension was stirred under reflux conditions for 2 h. Toluene (90
mL) was then added along with tetrabutylammonium iodide (1.65 g, 4.47 mm.ol)
and bromoacetonitrile (1.39 mL, 20.0 mmol, 1.722 g/mL). The solution was
stirred at 72 °C for 4 h. The resulting red solution was then cooled to room
temperature and all of the volatiles were removed using a rotary evaporator and
DCM (200 mL) was added to the residue. The solution was then equilibrated
between DCM and saturated Na,S5,0, (aq.) (50 mL) in a separatory funnel. The
organic phase was drained into an Erlenmeyer flask, dried with Na,SO,, and
filtered through cotton. The solvent was removed using a rotary evaporator and
the product was purified by silica gel chromatography using hexane-ethyl
acetate, 1:1, as the eluent. The nitrile 15 was isolated as a yellow oil (0.91 g,
307.34 g/mol, 80%): R, 0.28 in hexane-ethyl acetate, 1:1. ES HRMS: (M+Na) exact
mass: 330.1317, found: 330.1320. [e], ~34.2° (c 0.9, CH,CL). 'H NMR (500 MHz,
CDCl,) &: 7.27-7.38 (m, 5H, aromatic), 4.72 (d, 1H, J ., = 11.1 Hz, CH,-Ph), 4.65 (d,
1H, J,, = 1.8 Hz, H-1), 4.64 (d, 1H, J ., = 11.1 Hz, CH,-Ph), 4.34 (s, 2H, CH,-CIN),
406 (dd, 1H,J,,=1.8 Hz, J,, = 3.2 Hz, H-2),3.76 (dd, 1H, J,, = 3.2 Hz, ],, = 9.3 Hz,
H-3), 3.69 (dq, 1H, J,, = 9.3 Hz, J,, = 6.3 Hz, H-5), 3.46 (dd, 1H, J,, = 9.3 Hz, ], ; =

9.3 Hz, H-4), 3.33 (s, 3H, OMe), 2.22 (bs, 1H, OH), 1.31 (d, 3H, J;, = 6.3 Hz, H-6).
Methyl 2,4—di-O-Eenzyl-3-O—cyanomethyl-a—L—rhamnopymnoside (16)

Anhydrous THF (20 mL) was added to the alcohol 15 (100 mg, 0.325

mmol) along with sodium hydride (20 mg, 0.833 mmol) in a 50 mL round-
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bottomed flask and stirred under an argon atmosphere for 15 min at room
temperature. Benzyl bromide (58 pL, 0.488 mmol, 1.438 g/mL) was added and
the solution was stirred at 60 °C under an argon atmosphere for 12 h. The
resulting yellow, cloudy solution was then cooled and all of the volatiles were
removed using a rotary evaporator and DCM (50 mL) was added to the residue.
The solution was then equilibrated between DCM and water (30 mL) in a
separatory funnel. The organic phase was drained into an Erlenmeyer flask,
dried with Na,SO,, and filtered through cotton. The solvent was removed using
a rotary evaporator and the product was purified by silica gel chromatography
using hexane-ethyl acetate, 5:1, as the eluent. The benzylate 16 was isolated as a
pale yellow solid (110 mg, 397.46 g/mol, 85%); R, 0.16 in hexane-ethyl acetate,
6:1. ES HRMS: (M+Na) exact mass: 420.1787, found: 420.1782. [c], —47.3° (c 0.8,
CH,CL). 'H NMR (500 MHz, CDCl,) &: 7.25-7.40 (m, 10H, aromatic), 4.77 (d, 1H,
Jeem = 11.0 Hz, CH,-Ph), 470 (ABX, 2H, J,,x = 12.2 Hz, CH,-Ph), 4.64 (d, 1H, J,, =

1.7 Hz, H-1), 4.64 (d, 1H, ] _ = 11.0 Hz, CH,-Ph), 4.18 (AB, 2H, J,, = 16.0 Hz, CH,-

gem
CN), 3.80 (dd, 1H, J,, = 1.7 Hz, J,, = 3.2 Hz, H-2), 3.78 (dd, 1H, J,, = 3.2 Hz, J,, =
8.9 Hz, H-3), 3.65 (dq, 1H, J,, = 9.0 Hz, J,, = 6.1 Hz, H-5), 3.56 (dd, 1H, J,, = 8.9

Hz, ], ,=9.0 Hz, H-4), 3.30 (s, 3H, OMe), 1.31 (d, 3H, ], = 6.1 Hz, H-6).
Acetyl 2,4-di-O-benzyl-3-O-cyanomethyl-o-L-rhamnopyranoside (17)

Acetic anhydride (50 mL) was added to the a-methyl glycoside 16 (1.95 g,

4.91 mmol) along with concentrated sulphuric acid (20 uL) in a 500 mL round-
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bottomed flask and stirred for 2 h at room temperature. DCM (100 mL) and
saturated NaHCO, (aq.) (300 mL) were then added and the solution was stirred
for 2 h. The resulting biphasic solution was then transferred to a separatory
funnel. The organic phase was drained into an Erlenmeyer flask, dried with
Na,SO,, and filtered through cotton. The solvent was removed using a rotary
evaporator and the product was purified by silica gel chromatography using
hexane-ethyl acetate, 3:1, as the eluent. The acetate 17 was isolated as a pale
yellow solid (1.96 g, 425.47 g/mol, 93%); R, 0.35 in hexane-ethyl acetate, 2:1. ES
HRMS: (M+Na) exact mass: 448.1736, found: 448.1730. [a], —-119.4° (c 0.9,
CH,CL). 'H NMR (360 MHz, CDCL) &: 7.25-7.40 (m, 10H, aromatic), 6.15 (d, 1H,
= 12.2 Hz,

J.. = 1.6 Hz, H-1), 478 (4, 1H, ] = 11.0 Hz, CH,-Ph), 477 (d, 1H, |

gem gem

= 12.2 Hz, CH.-Ph),

CH,-Ph), 4.67 (d, 1H, J .. = 11.0 Hz, CH,-Ph), 4.65 (d, 1H, ]

germ gem

4.19 (AB, 2H, J,, = 16.0 Hz, CH-CN), 3.82 (dd, 1H, J,, = 3.3 Hz, J,, = 9.0 Hz, H-3),
3.79 (dd, 1H, J,, = 1.6 Hz, J,, = 3.3 Hz, H-2), 3.77 (dq, 1H, J,, = 9.0 Hz, J,, = 6.1 Hz,
H-5), 3.62 (dd, 1H, J,, = 9.0 Hz, ], = 9.0 Hz, H-4), 2.04 (s, 3H, OAc), 1.35 (d, 3H, J,,

= 6.1 Hz, H-6).

Ethyl 2,4-di-O-benzyl-3-O-cyanomethyl-1-thio-o-L-rhamnopyranoside (18)

Anhydrous DCM (30 mL) was added to the a-acetate 17 (200 mg, 0.470
mmol) along with ethanethiol (70.0 pL, 0.945 mmol, 0.839 g/mL) and boron
trifluoride diethyl etherate (238 puL, 1.88 mmol, 1.12 g/mL) in a 100 mL round-

bottomed flask and stirred under an argon atmosphere for 2 h at 0 °C and then
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stirred at room temperature for 16 h. Saturated NaHCO, (aq.). (50 mL) was then
added and the solution was stirred for 2 h. The resulting biphasic solution was
then transferred to a separatory funnel. The organic phase was drained into an
Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The volatile
components were removed using a rotary evaporator and the product was
purified by silica gel chromatography using hexane-ethyl acetate, 6:1, as the
eluent. The thioglycoside 18 was isolated as a colourless oil (147 mg, 427.56
g/mol, 73%); R, 0.23 in hexane-ethyl acetate, 6:1. ES HRMS: (M+Na) exact mass:
450.1715, found: 450.1712. [a], —63.0° (c 1, CH,CL). 'H NMR (360 MHz, CDCl,) &:
7.25-7.40 (m, 10H, aromatic), 5.26 (d, 1H, J,, = 1.5 Hz, H-1), 477 (d, 1H, ], = 10.9
Hz, CH,-Ph), 474 (d, 1H, ], = 12.2 Hz, CH,-Ph), 4.64 (d, 1H, ], = 11.0 Hz, CH.-
Ph), 4.63 (d, 1H, ], = 12.2 Hz, CH,-Ph), 4.17 (AB, 2H, ], = 16.1Hz, CH,-CN), 4.02
(dq, 1H,J,, =9.3 Hz, ], = 6.2 Hz, H-5), 3.90 (dd, 1H, J,, = 1.5 Hz, ],, = 3.2 Hz, H-
2),3.75(dd, 1H,],,=3.2Hz,J,, =9.2 Hz, H-3),3.59 (dd, 1H,],,=9.2 Hz, ], = 9.3
Hz, H-4), 2.55-2.60 (m, 2H, SCH,CH,), 1.35 (d,, 3H, J,, = 6.2 Hz, H-6), 1.11 (t, 3H, J

= 7.3 Hz, SCHLCH,).

Ethyl 3-O-(2-aminoethyl)-2,4-di-O-benzyl-1-thio-or-L-rhamnopyranoside (19)
Anhydrous THF (20 mL) was added to the nitrile 18 (180 mg, 0.421 mmol)

along with borane-methyl sulphide complex (630 pL, 1.26 mmol, 2.0 M in THF)

in a 100 mL round-bottomed flask and stirred under an argon atmosphere for 15

h under reflux. The resulting clear solution was then cooled to room
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temperature and methanol was added (5 mL) and the solution was left to stir for
2 h. The volatiles were then removed using a rotary evaporator and DCM (50
ml) was added to the residue. The solution was then equilibrated between
DCM and water (30 mL) in a separatory funnel. The organic phase was drained
into an Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The
solvent was removed using a rotary evaporator and the product was purified by
silica gel chromatography using DCM - methanol, 10:1, as the eluent. The amine
19 was isolated as a colourless oil (131 mg, 431.59 g/mol, 72%); R, 0.39 in
toluene-ethyl acetate ~ methanol, 7.5:2:0.5. ES HRMS: (M+H) exact mass:
432.2209, found: 432.2201. [a], —67.7° (c 0.9, CH,CL,). 'H NMR (300 MHz, CDCL,)
d: 7.24-7.41 (m, 10H, aromatic), 5.29 (bs, 1H, H-1), 4.83 (d, 1H, ], = 11.1 Hz, CH,-
Ph), 4.74 (d, 1H, ], = 12.2 Hz, CH,-Ph), 4.64 (d, 2H, J ., = 11.0 Hz, CH,-Ph), 4.01
(dq, 1H, J,;, = 9.1 Hz, J,, = 6.2 Hz, H-5), 3.87 (bt, 1H, J,, = 2.3 Hz, H-2), 3.63 (dd,
1H, J,, = 2.3 Hz, J,, = 9.3 Hz, H-3), 3.55 (dd, 1H, J,, = 9.3 Hz, J,; = 9.1 Hz, H-4),
3.45-3.55 (m, 2H, CH,CHNH,)), 2.83 (bt, 2H, CH,CH,NH,), 2.55-2.60 (m, 4H,

SCH,CH,, NH,), 1.31 (d, 3H, ], = 6.2 Hz, H-6), 1.23 (t, 3H, ] = 7.3 Hz, SCH,CH,).

Ethyl 3-O-(2-N-acetyl-amidoethyl)-2,4-di-O-benzyl-1-thio-a-L-rhamnopyranoside (20)
Distilled DCM (20 mL) was added to the amine 19 (40 mg, 0.0927 mmol)

along with acetic anhydride (50 pL, 0.530 mmol, 1.082 g/mL) in a 50 mL round-

bottomed flask and stirred for 15 h at room temperature. The volatiles were then

removed using a rotary evaporator and the product was purified by silica gel
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chromatography using toluene-ethyl acetate, 2:1, as the eluent. The acetamide 20
was isolated as a colourless oil (42 mg, 473.63 g/mol, 95%); R, 0.14 in toluene-
ethyl acetate, 2:1. ES HRMS: (M+Na) exact mass: 496.2134, found: 496.2138. [a],
-57.8° (¢ 0.9, CHL,CL). 'H NMR (360 MHz, CDCL) &: 7.24-7.39 (m, 10H, aromatic),
5.84 (bs, 1H, NHAc), 5.29 (d, 1H, J,, = 1.7 Hz, H-1), 4.82 (d, 1H, ], = 11.2 Hz,
CH,-Ph), 475 (d, 1H, ], = 12.4 Hz, CH,-Ph), 4.68 (d, 1H, ], = 11.2 Hz, CH,-Ph),
4.60 (d, 1H, J.., = 12.4 Hz, CH,-Ph), 4.03 (dq, 1H, J,; = 8.7 Hz, ], = 6.2 Hz, H-5),
3.82 (dd, 1H, ], = 1.7 Hz, J,, = 2.7 Hz, H-2), 3.61 (dd, 1H, J,, = 2.7 Hz, J,, = 94 Hz,
H-3), 356 (dd, 1H, J,, = 94 Hz, ]J,, = 87 Hz, H+4), 3.53-3.31 (m, 4H,
CH,CH,NHAC), 2.56-261 (m, 2H, SCH,CH.), 1.36 (d, 3H, ], = 6.2 Hz, H-6), 1.23 (t,

3H, ] = 7.3 Hz, SCH,CH.,).

Ethyl 3-O-(2-N-benzoyl-aminoethyl)-2,4-di-O-benzyl-1-thio-o-L-rhamnopyranoside
(21)

Distilled DCM (20 mL) was added to the amine 19 (80 mg, 0.185 mmol)
along with benzoyl chloride (100 pL, 0.862 mmol, 1.211 g/mL) in a 50 mL round-
bottomed flask and stirred for 15 h at room temperature. The volatiles were then
removed using a rotary evaporator and the product was purified by silica gel
chromatography using toluene-ethyl acetate, 4:1, as the eluent. The benzamide
21 was isolated as a colourless oil (87 mg, 535.70 g/mol, 88%); R, 0.44 in toluene-
ethyl acetate, 3:1. ES HRMS: (M+Na) exact mass: 558.2290, found: 558.2300. [a],

-21.0° (c 1, CH,CL). 'H NMR (360 MHz, CDCL) &: 7.20-7.61 (m, 15H, aromatic),
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6.60 (bs, 1H, NHBz), 5.30 (d, 1H, J,, = 1.4 Hz, H-1), 4.86 (d, 1H, ], = 11.2 Hz,

CH,-Ph), 473 (d, 1H, ]

gem

= 12.3 Hz, CH,-Ph), 4.67 (d, 1H, J,_, = 11.2 Hz, CH,-Ph),

4.62 (d, 1H, J__ = 12.3 Hz, CH,-Ph), 4.03 (dq, 1H, J,, = 89 Hz, J,, = 6.2 Hz, H-5),

gem
3.87 (dd, 1H, J,, = 1.4 Hz, J,, = 3.1 Hz, H-2), 3.68 (dd, 1H, J,, =3.1 Hz, J,, = 9.3 Hz,
H-3), 367 (dd, 1H, J,, = 93 Hz, J,, = 89 Hz, H4), 3.65-3.50 (m, 4H,
CH,CH,NHBz), 2.56-2.61 (m, 2H, SCH,CH,), 1.37 (d, 3H, J,, = 6.2 Hz, H-6), 1.23 (t,

3H, ] =7.3 Hz, SCH,CH.,).

Ethyl 3-O-(2-N-[N-oracetamido-L-alanyl-]-aminoethyl)-2,4-di-O-benzyl-1-thio-or-L-
rhamnopyranoside (22)

Dry DMF (10 mL) was added to the amine 19 (40 mg, 0.0927 mmol) along
with N-o-Fmoc-L-alanine pentafluorophenyl ester (66 mg, 0.138 mmol) in a 50
mL round-bottomed flask and stirred for 15 h at room temperature. The
volatiles were then removed using a rotary evaporator and the intermediate was
purified by silica gel chromatography using toluene-ethyl acetate, 3:1, as the
eluent. The Fmoc-protected intermediate was isolated as a colourless oil (64 mg,
95%). Dry DMF (10 mL) was added to this material along with piperidine (2 mL)
and the solution was stirred for 1 h at room temperature. The volatiles were
removed using a rotary evaporator and DCM (10 mL) and acetic anhydride (50
uL, 0.530 mmol, 1.082 g/mL) were added to the solution and the solution was
stirred for 3 h at room temperature. The volatiles were then removed using a

rotary evaporator and the product was purified by silica gel chromatography
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using toluene-ethyl acetate — methanol, 7.5:2:0.5, as the eluent. The amide 22 was
isolated as a colourless oil (41 mg, 544.70 g/mol, 82%); R, 0.23 in hexane-ethyl
acetate, 7.5:2:0.5. ES HRMS: (M+Na) exact mass: 567.2505, found: 567.2498. [a],
+5.0° (c 0.8, CH,CL). 'H NMR (300 MHz, CDCL) &: 7.24-7.40 (m, 10H, aromatic),
6.28 (bt, 1H, CH,CH,NHCO), 5.97 (bd, 1H, NHACc), 5.27 (d, 1H, ], = 0.8 Hz, H-1),
4.81 (d, 1H, J,,, = 11.1 Hz, CH,-Ph), 473 (d, 1H, ], = 12.3 Hz, CH,-Ph), 4.68 (d,
1H, J.., = 11.1 Hz, CH,-Ph), 4.62 (d, 1H], ], = 12.3 Hz, CH,-Ph), 4.09 (p, 1H, ] =70
Hz, NHCHCH,), 4.00 (dq, 1H, J,, = 8.1 Hz Js, = 6.2 Hz, H—S), 381(dd, 1H, J,,=
0.8 Hz, J,, = 3.5 Hz, H-2), 3.57 (dd, 1H, J,, = 3.5 Hz, J,, = 10.4 Hz, H-3), 3.55 (dd,
1H, J,, = 10.4 Hz, ], = 8.1 Hz, H-4), 3.52-3.21 (m, 4H, CH,CH,NHCO), 2.55-2.60
(m, 2H, SCH,CH,), 1.89 (s, 3H, NHACc), 1.32 (d, 3H, J,, = 6.2 Hz, H-6), 1.23 (t, 3H, ]

= 7.3 Hz, SCH,CH,), 1.15 (d, 3H, ] = 7.0Hz, NHCHCH,).

Allyl 3-O-(3-O-[2-N-acetyl-aminoethyl]-2,4-di-O-benzyl-c-L-rhamnopyranosyl)-4,6-O-
benzylidene-2-deoxy-2-phthalimido-f-D-glucopyranoside (27)

Anhydrous DCM (20 mL) was added to the glycosyl donor 20 (35 mg,
0.0739 mmol) along with the acceptor 26” (25 mg, 0.0572 mmol) and 4 A
molecular sieves (500 mg) in a 50 mL round-bottomed flask and stirred under an
argon atmosphere for 12 h at room temperature. Trifluoromethanesulphonic
acid (2 pL, 0.00203 mmol, 1.696 g/mL) and N-iodosuccinimide (33 mg, 0.147
mmol) were then added and the solution was stirred for 1 h. The resulting dark

purple solution was then filtered through celite in a sintered glass funnel and the
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supernatant solution was equilibrated between DCM and saturated Na,S,0, (aq.)
(30 mL) in a separatory funnel. The organic phase was drained into an
Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The volatile
components were removed using a rotary evaporator and the product was
purified by silica gel chromatography using toluene-ethyl acetate, 1:1, as the
eluent. The disaccharide 27 was isolated as a colourless oil (19 mg, 848.93
g/mol, 40%); R, 0.26 in toluene-ethyl acetate, 1:1. ES HRMS: (M+Na) exact mass:
871.3418, found: 871.3417. [a], —20.2° (c 0.5, CH,CL). 'H NMR (500 MHz, CDCL)
o: 7.87-7.72 (m, 4H, Phth), 7.48-7.42 (m, 14H, aromatic), 6.92-6.95 (m, 2H,
aromatic), 5.77 (bs, 1H, NHAc), 5.64-5.69 (m, 1H, O-CH,-CH=CH,), 5.53 (s, 1H,
CH-Ph), 5.31 (d, 1H, J,, = 8.6 Hz, H-1), 5.03-5.10 (m, 2H, O-CH,-CH=CH,), 4.66

(d, 1H, ] __ = 11.3 Hz, CH,-Ph), 4.64 (d, 1H, J,., = 1.7 Hz, H-1"), 4.60 (dd, 1H, J,, =

gom
10.2 Hz, J,, = 8.9 Hz, H-3), 451 (d, 1H, J,.,, = 11.3 Hz, CH,-Ph), 4.39 (dd, 1H, J,,, =
42 Hz, ], = 10.3Hz, H-6a), 428 (dd, 1H, J,, = 8.6 Hz, J,; = 10.2 Hz, H-2), 4.22-
4.30 (m, 1H, O-CH,-CH=CH,), 4.02-4.06 (m, 1H, O-CH,-CH=CH,), 4.01 (d, 1H, J,..,
= 12.0 Hz, CH,-Ph), 3.86 (d, 1H, J,.,, = 12.0 Hz, CH,-Ph), 3.84 (ddd, 1H, J,, = 10.1
Hz, ], =42Hz,]J,, = 2.2 Hz, H-5), 3.84 (dq, 1H, J,,. = 9.6 Hz, ], = 6.1 Hz, H-5"),
3.65 (dd, 1H, J,, = 8.9 Hz, J,, = 10.1 Hz, H-4), 3.65 (dd, 1H, J,,, = 22 Hz, J,,,, =
10.3Hz, H-6b), 3.53-3.31 (m, 4H, CH,CH,NHAC), 3.52 (dd, 1H, J,, = 3.2 Hz, J,, =
9.5 Hz, H-3"), 3.35 (dd, 1H, ], = 1.7 Hz, J,,, = 3.2 Hz, H-2"), 3.29 (dd, 1H, J,,, = 9.5

Hz, J,.. = 9.6 Hz, H-4"), 1.52 (s, 3H, NHAC), 0.83 (d, 3H, J,, = 6.1 Hz, H-6). “C

NMR (125 MHz, CDCl,)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



144

8:97.7 (Jepps = 165.2 Hz, C-1),97.6 (.. 1. = 166.6 Hz, C-17).

Allyl 3-O-(3-O-[2-N-benzoyl-aminoethyl]-2,4-di-O-benzyl- c-L-rhamnopyranosyl)-4,6-
O-benzylidene-2-deoxy-2-phthalimido-f3-D-glucopyranoside (28)

Anhydrous DCM (20 mL) was added to the glycosyl donor 21 (80 mg,
0.149 mmol) along with the acceptor 26 (50 mg, 0.114 mmol) and 4 A molecular
sieves (500 mg) in a 50 mL round-bottomed flask and stirred under an argon
atmosphere for 16 h at room temperaturé. Trifluoromethanesulphonic acid (3
puL, 0.00310 mmol, 1.696 g/mL) and N-iodosuccinimide (67 mg, 0.298 mmol)
were then added and the solution was stirred for 1 h. The resulting dark purple
suspension was then filtered through celite in a sintered glass funnel and the
supernatant solution was equilibrated between DCM and saturated Na,5,0,
(ag.) (30 mL) in a separatory funnel. The organic phase was drained into an
Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The volatile
components were removed using a rotary evaporator and the product was
purified by silica gel chromatography using toluene-ethyl acetate, 3:1, as the
eluent. The disaccharide 28 was isolated as a colourless oil (36 mg, 911.00
g/mol, 35%); R, 0.45 in toluene-ethyl acetate, 2:1. ES HRMS: (M+Na) exact mass:
933.3574, found: 933.3575. [a], —32.9° (¢ 1.0, CH,CL). 'H NMR (300 MHz, CDCL)
5: 7.83-7.68 (m, 4H, Phth), 7.54-7.10 (m, 19H, aromatic), 6.84-6.90 (m, 2H,
aromatic), 6.45 (bt, 1H, NHBz), 5.64-5.71 (m, 1H, O-CH,-CH=CH,), 549 (s, 1H,

CH-Ph), 5.30 (d, 1H, J,, = 8.5 Hz, H-1), 5.04-5.07 (m, 2H, O-CH,-CH=CH,), 4.68
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(d, 1H, J.._ = 11.3 Hz, CH,-Ph), 4.64 (d, 1H, J,, = 1.7 Hz, H-1), 458 (dd, 1H, J,, =

gem
10.3 Hz, J,, = 8.9 Hz, H-3), 449 (d, 1H, ], = 11.3 Hz, CH,-Ph), 438 (dd, 1H, J,,, =
43 Hz, J, ., = 10.3Hz, H-6a), 4.28 (dd, 1H, J,, = 8.5 Hz, J,, = 10.3 Hz, H-2), 4.25-
4.29 (m, 1H, O-CH,-CH=CH,), 4.00-4.04 (m, 1H, O-CH,-CH=CH,), 3.96 (d, 1H, J,,,
=12.1 Hz, CH,-Ph), 3.87 (d, 1H, J,,, = 12.1 Hz, CH,-Ph), 3.85 (dq, 1H, J,., = 9.5 Hz,
Js¢ = 6.2 Hz, H-5"), 3.81 (ddd, 1H, J,, = 10.1 Hz, J,, = 4.3 Hz, J,,, = 2.1 Hz, H-5),
3.63 (dd, 14, J,,, = 2.1 Hz, ], . = 10.3Hz, H-6b), 3.61-3.45 (m, 4H, CH,CH,NHBz),
3.59 (dd, 1H, J,, = 8.9 Hz, J,, = 10.1 Hz, H-4), 3.57 (dd, 1H, J,,, = 3.0 Hz, J,, = 9.5
Hz, H-3'), 3.37 (dd, 1H, J,, = 1.7 Hz, ], = 3.0 Hz, H-2"), 3.31 (dd, 1H, J,,, = 9.5
Hz, J,. = 9.5 Hz, H-4’), 0.81 (d, 3H, J,, = 6.2 Hz, H-6"). "C NMR (125 MHz,

CDCL) &: 97.8 (J,.,. = 167.0 Hz, C-1°), 97.6 (o, s, = 165.2 Hz, C-1).

Allyl 3-O-(3-O-[2-N-{N-o-acetamido-L-alanyl-}-aminoethyl]-2,4-di-O-benzyl-o-L-
rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-2-phthalimido-3-D-glucopyranoside (29)
Anhydrous DCM (20 mL) was added to the glycosyl donor 22 (50 mg,
0.0916 mmol) along with the acceptor 26 (31 mg, 0.0709 mmol) and 4 A
molecular sieves (500 mg) in a 50 mL round-bottomed flask and stirred under an
argon atmosphere for 12 h at room temperature. The suspension was then
cooled to -78 °C and trifluoromethanesulfonic acid (2 pL, 0.002 mmol, 1.696
g/mL) and N-iodosuccinimide (41 mg, 0.182 mmol) were then added and the
solution was stirred for 1 h. The resulting dark purple solution was then filtered

through celite in a sintered glass funnel and the supernatant solution was
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equilibrated between DCM and saturated Na,S,0, (aq.) (30 mL) in a separatory
funnel. The organic phase was drained into an Erlenmeyer flask, dried with
Na,SO,, and filtered through cotton. The volatile components were removed
using a rotary evaporator and the product was purified by silica gel
chromatography using toluene-ethyl acetate-methanol, 7.5:2:0.5, as the eluent.
The disaccharide 29 was isolated as a colourless oil (23 mg, 1100.21 g/mol, 30%);
R, 0.18 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES HRMS: (M+Na) exact
mass: 942.3789, found: 942.3796. [a], -10.5° (¢ 1.0, CHL,CL). 'H NMR (500 MHz,
CDCl,) &: 7.86-7.71 (m, 4H, Phth), 7.45-7.18 (m, 14H, aromatic), 6.90-6.96 (m, 2H,
aromatic), 6.06 (bt, 1H, CH,-CH,-NH-CO), 5.94 (bd, 1H, J = 7.1 Hz, NHAC(), 5.64-
6.67 (m, 1H, O-CH,-CH=CH,), 5.51 (s, 1H, CH-Ph), 5.31 (d, 1H, J,, = 8.6 Hz, H-1),
5.04-5.09 (m, 2H, O-CH,-CH=CH,), 4.65 (d, 1H, ], = 11.3 Hz, CH,-Ph), 4.61 (d,
1H, J., = 1.8 Hz, H-1"), 4.59 (dd, 1H, J,, = 10.4 Hz, J,, = 8.5 Hz, H-3), 4.51 (d, 1H,
Jeem = 11.3 Hz, CH,-Ph), 4.38 (dd, 1H, J,,, = 4.7 Hz, J,,,, = 10.8 Hz, H-6a), 4.27 (dd,
1H, J,, = 8.6 Hz, J,, = 10.4 Hz, H-2), 4.23-4.27 (m, 1H, O-CH,-CH=CH,), 4.03 (p,
1H, J = 7.1 Hz, CO-CH(CH,)-NH), 4.00-4.05 (m, 1H, O-CH,-CH=CH,), 3.97 (d,
=12.0 Hz, CH,-Ph), 3.83 (dq, 1H, J,.5. =

1H,].. =12.1 Hz, CH,-Ph), 3.86 (d, 1H, J

gem gem

9.6 Hz, ], = 6.1 Hz, H-5'), 3.82 (ddd, 1H, J,, = 9.3 Hz, ], = 47 Hz, J,,, = 3.4 Hz,
H-5), 3.66 (dd, 1H, J,,, = 3.4 Hz, ], = 10.8Hz, H-6b), 3.63 (dd, 1H, J,, =8.5 Hz, ],
= 9.3 Hz, H-4), 3.49 (dd, 1H, J,, = 3.2 Hz, J,, = 9.5 Hz, H-3"), 3.34-3.17 (m, 4H,
CH,-CH,-NH-CO), 3.33 (dd, 1H, J,, = 1.8 Hz, ], = 3.2 Hz, H-2"), 3.27 (dd, 1H, J, .

=9.5Hz, J,. = 9.6 Hz, H-4"), 1.88 (s, 3H, NHAC), 1.13 (d, 3H, CO-CH(CH,)-NH),
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0.81 (d, 3H, J,., = 6.1 Hz, H-6'). °C NMR (125 MHz, CDCL) &: 97.8 (J..,.,... = 168.5
Hz, C-1°),

97.7 (., = 166.3 Hz, C-1).

Allyl 2-acetamido-3-O-(3-O-[2-N-acetyl-aminoethyl]-2,4-di-O-benzyl-or-L-
rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy- f-D-glucopyranoside (30)
Ethylenediamine (3 mL) and t-butyl alcohol (10 mL) were added to the
phthalimide 27 (40 mg, 0.0471 mmol) m a 50 mL round-bottomed flask and
stirred under an argon atmosphere for 15 h at 115°C. The resulting pale yellow
solution was then cooled to room temperature. The volatiles were then removed
using a rotary evaporator and methanol (10 mL) was added to the residue along
with acetic anhydride (50 pL, 0.530 mmol, 1.082 g/mL) and the solution was
stirred for 2 h at room temperature. The volatiles were removed using a rotary
evaporator and the product was purified by silica gel chromatography using
toluene-ethyl acetate-methanol, 7.5:2:0.5, as the eluent. The acetamide 30 was
isolated as a white solid (28 mg, 760.87 g/mol, 78%); R; 0.09 in toluene-ethyl
acetate-methanol, 7.5:2:0.5. ES HRMS: (M+Na) exact mass: 783.3469, found:
783.3476. [o], +12.6° (c 0.8, MeOH). 'H NMR (300 MHz, CDCL) &: 7.46-7.22 (m,
15H, aromatic), 5.80-5.87 (m, 2H, O-CH,-CH=CH,, NHAc), 5.58 (bd, 1H, NHAC,
Jaus = 8.3 Hz), 548 (s, 1H, CH-Ph), 5.22-5.26 (m, 2H, O-CH,-CH=CH,), 4.98 (bs,
1H, H-1"),4.79 (d, 1H, ]J,, = 8.2 Hz, H-1), 4.76 (d, 1H, ], = 11.2 Hz, CH,-Ph), 4.66

(d, 1H, ], = 12.5 Hz, CH,-Ph), 4.56 (d, 2H, J,_,, = 12.0 Hz, 2 X CH,-Ph), 4.30-4.36
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(m, 2H, O-CH,-CH=CH,, H-6a), 4.24 (dd, 1H, J,, = 10.2 Hz, J,, = 8.9 Hz, H-3),
4.02-4.07 (m, 1H, O-CH,-CH=CH,), 3.93 (dq, 1H, J,., = 9.6 Hz, ], = 6.1 Hz, H-5'),
3.34-3.37 (m, 2H,CH,CH,NHAc, H-2"), 3.52 (dd, 1H, ], = 3.1 Hz, J,., = 9.3 Hz, H-

3", 3.59-3.26 (m, 7H,CH,CH,NHAc, H-2, H-4, H-5, H-6b), 3.42 (dd, 1H, J, . = 9.5

Hz, ], = 9.6 Hz, H-4"), 1.88 (s, 3H, NHAc), 1.56 (s, 3H, NHAC), 0.91 (d, 3H, J,, =

6.2 Hz, H-6').

n-Propyl 2-deoxy-2-acetamido-3-O-( 3-O-[2-N—acetyl-aminoethyl—a'-L-
rhamnopyranosyl)- f-D-glucopyranoside (4)

Acetic acid (10 mL) was added to the protected disaccharide 30 (20 mg,
0.0263 mmol) in a 25 mL round-bottomed flask along with palladium (10 mg,
10% on carbon) and the suspension was stirred under a hydrogen atmosphere
for 24 h at room temperature. The resulting solution was then filtered through
celite using a sintered glass funnel. The volatiles were then removed using a
rotary evaporator. Acetic acid (8 mL) and water (2 mL) were added and the
solution was stirred for 2 h at 80°C. The volatiles were removed using a rotary
evaporator. Distilled water (5 mL) was added to the residue and the solution
was passed through a Sep-Pak cartridge. The product was purified by reversed-
phase high performance liquid chromatography using water — acetonitrile, 20:1,
as the eluent. The deprotected disaccharide 4 was isolated as a colourless oil (7
mg, 494.53 g/mol, 54%); R, 0.39 in ethyl acetate — methanol — water, 7:2:1. ES

HRMS: (M+H) exact mass: 495.2554, found: 495.2563.
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[a], =37.2° (¢ 0.5, CH,CL). 'H NMR (500 MHz, D,0) &: 4.88 (d, 1H, J,, = 1.7Hz,
H-1'), 456 (d, 1H, ],, = 8.6 Hz, H-1), 4.01 (dq, 1H, J,, = 9.3 Hz, ], = 6.3 Hz, H-
5%,3.95(dd, 1H, J,., = 1.7 Hz, J,., = 2.6 Hz, H-2’),3.90 (dd, 1H, J,,. = 1.9 Hz, ], =
12.2 Hz, H-6a), 3.80-3.85 (m, 2H, -O-CH,CH,CH,), 3.78 (dd, 1H, J,, =85 Hz, J,, =
10.2 Hz, H-2), 3.72 (dd, 1H, J,,, = 5.5 Hz, J, ., = 11.7 Hz, H-6b), 3.65-3.38 (m, 4H,
CH,CH,NHACc), 3.59 (dd, 1H, J,, = 10.2 Hz, J,, = 89 Hz, H-3), 3.52 (dd, 1H, J,, =
2.2 Hz, J,, = 9.1 Hz, H-3"), 3.48 (dd, 1H, J,, = J.., = 9.1 Hz, H-4"), 3.45 (dd, 1H, J,,
=89 Hz, J,, = 10.1 Hz, H-4), 3.42 (ddd, 1H, J,, = 10.1 Hz, J,,, = 1.7 Hz, J,,, = 5.5
Hz, H-5), 2.06 (s, 3H, NHAC), 2.01 (s, 3H, NHAC), 1.59 (sextuplet, 2H, | = 7.3 Hz,

OCH,CH,CH,), 1.24 (d, 3H, J..,. = 6.2 Hz, H-6), 0.88 (t, 3H, -OCH,CH,CH.,).

Allyl 2-acetamido-3-O-(3-O-[2-N-benzoyl-aminoethyl]-2,4-di-O-benzyl-o-L-
rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-[-D-glucopyranoside (31)
Ethylenediamine (3 mL) and #-butyl alcohol (10 mL) were added to the
phthalimide 28 (45 mg, 0.494 mmol) in a 50 mL round-bottomed flask and stirred
under an argon atmosphere for 16 h at 115°C. The resulting pale yellow solution
was then cooled to room temperature. The volatiles were then removed using a
rotary evaporator and methanol (10 mL) was added to the residue along with
acetic anhydride (50 pL, 0.530 mmol, 1.082 g/mL) and the solution was stirred
for 2 h at room temperature. The volatiles were removed using a rotary

evaporator and the product was purified by silica gel chromatography using
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toluene-ethyl acetate-methanol, 7.5:2:0.5, as the eluent. The acetamide 31 was
isolated as a white solid (27 mg, 822.94 g/mol, 66%); R, 0.18 in toluene-ethyl
acetate-methanol, 7.5:2:0.5. ES HRMS: (M+Na) exact mass: 845.3625, found:
845.3629. [a], +15.3° (¢ 0.7, CH,CL). 'H NMR (300 MHz, CDCL) &: 7.58-7.17 (m,
20H, aromatic), 6.56 (bt, 1H, NHBz), 5.66-5.70 (m, 1H, O-CH,-CH=CH,), 5.70 (d,
1H, ], = 81 Hz, NHAc), 541 (s, 1H, CH-Ph), 5.18-5.22 (m, 2H, O-CH.-
CH=CH,), 496 (d, 1H, J,.,. = 1.0 Hz, H-1"), 479 (d, 1H, J,, = 8.3 Hz, H-1), 4.75 (d,

1H,]. = 11.1 Hz, CH,-Ph), 4.56-4.60 (m, 3H, CH,-Ph), 4.26-4.30 (m, 2H, O-CHL-

gen
CH=CH,, H-6a), 4.23 (t, 1H, J,, = J,, = 9.1 Hz, H-3), 4.01-4.04 (m, 1H, O-CH,-
CH=CH,), 3.85 (dq, 1H, J,.. = 9.5 Hz, J,, = 6.2 Hz, H-5), 3.75 (dd, 1H, J,, = 1.7
Hz,J,, = 22 Hz, H-2"), 3.70 (ddd, 1H, J,, = 9.2 Hz, J,,, = 3.6 Hz, J,,, = 2.1 Hz, H-
5), 3.61-3.50 (m, 4H, CH,CH,NHBz), 3.49-3.40 (m, 5H, H-2, H-4, H-6b, H-3’,

H-4"),1.85 (s, 3H, NHAc¢), 0.88 (d, 3H, ], = 6.2 Hz, H-6").

n-Propyl 2-acetamido-3-O-(3-O-[2-N-benzoyl-aminoethyl ]-o-L-rhamnopyranosyl)-2-
deoxy--D-glucopyranoside (5)

Acetic acid (10 mL) was added to the protected disaccharide 31 (19 mg,
0.0231 mmol) in a 25 mL round-bottomed flask along with palladium (12 mg,
10% on carbon) and the suspension was stirred under a hydrogen atmosphere
for 36 h at room temperature. The resulting solution was then filtered through
celite using a sintered glass funnel. The volatiles were then removed using a

rotary evaporator. Acetic acid (8 mL) and water (2 mL) were added and the
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solution was stirred for 2 h at 80°C. The volatiles were removed using a rotary
evaporator. Distilled water (5 mL) was added to the residue and the solution
was passed through a C, Sep-Pak cartridge. The product was purified by
reversed-phase high performance liquid chromatography using water -
acetonitrile, 20:1, as the eluent. The deprotected disaccharide 5 was isolated as a
colourless oil (8 mg, 556.60 g/mol, 62%); R, 0.64 in ethyl acetate — methanol —
water, 7:2:1. ES HRMS: (M+H) exact mass: 557.2710, found: 557.2710. [o], —22.7°
(c 0.3, H,O). 'H NMR (300 MHz, D,0) 8 7. 42-7.20 (m, 5H, aromatic), 4.89 (bs,
1H, H-1’), 456 (d, 1H, J,, = 8.5 Hz, H-1), 4.03 (dq, 1H, ], =9.2Hz, J. . = 6.3 Hz,
H-5'),3.98 (dd, 1H, J,.,, = 1.6 Hz, ], ; = 2.6 Hz, H-2"), 3.90 (dd, 1H, ], = 1.7 Hz, ], ,
= 12.2 Hz, H-6a), 3.84-3.87 (m, 2H, -OCH,CH,CH,), 3.78 (dd, 1H, J,,=85Hz, ],, =
10.2 Hz, H-2), 3.72 (dd, 1H, J;,, = 5.3 Hz, J,,, = 11.9 Hz, H-6b), 3.65-3.38 (m, 4H,
CH,CH,NHAc), 3.59 (dd, 1H, J,, = 10.2 Hz, J,, = 8.9 Hz, H-3), 3.52(dd, 1H, J,., =
22Hz,J,..=9.1Hz H-3),3.48 (dd, 1H, ], , = ], = 9.1 Hz, H4'), 3.45 (dd, 1H, J,,
= 8.9 Hz, J,, = 10.1 Hz, H-4), 3.42 (ddd, 1H, J,; = 10.1 Hz, J,,, = 1.7 Hz, J,,, = 5.5
Hz, H-5), 2.06 (s, 3H, NHAC), 2.01 (s, 3H, NHAC), 1.59 (sextuplet, 2H, ] = 7.3 Hz, -

OCH,CH,CH,), 1.24 (d, 3H, J,, = 6.2 Hz, H-6"), 0.89 (t, 3H, -OCH,CH,CH,).

Allyl 2-acetamido-3-O-(3-O-[2-N-{N-oracetamido-L-alanyl-}-aminoethyl]-2,4-di-O-
benzyl-o-L-rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy- -D-glucopyranoside (32)
Ethylenediamine (3 mL) and t-butyl alcohol (10 mL) were added to the

phthalimide 29 (38 mg, 0.0345 mmol) in a 50 mL round-bottomed flask and
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stirred under an argon atmosphere for 20 h at 115°C. The resulting pale yellow
solution was then cooled to room temperature. The volatiles were then removed
using a rotary evaporator and methanol (10 mL) was added to the residue along
with acetic anhydride (50 puL, 0.530 mmol, 1.082 g/mL) and the solution was
stirred for 2 h at room temperature. The volatiles were removed using a rotary
evaporator and the product was purified by silica gel chromatography using
toluene-acetone-methanol, 7.5:2:0.5, as the eluent. The acetamide 32 was isolated
as a white solid (23 mg, 831.95 g/mol, 80°/o) ; R, 0.31 in toluene-acetone-methanol,
7.5:2:0.5. ES HRMS: (M+Na) exact mass: 854.3840, found: 854.3840. [a], —23.4° (c
0.5, MeOH). 'H NMR (360 MHz, CDCL,)) &: 7.36-7.12 (m, 15H, aromatic), 5.73-5.76
(m, 1H, OCH,-CH=CH,), 5.38 (s, 1H, CH-Ph), 5.12-5.16 (m, 2H, OCH,CH=CH,),
4.88 (d, 1H, J,.,, = 1.5 Hz, H-1'), 4.61 (d, 1H, J,, = 8.2 Hz, H-1), 4.60 (d, 1H, J ., =
11.2 Hz, CH,-Ph), 4.56 (d, 1H, ] ., = 12.5 Hz, CH,-Ph), 4.54 (d, 2H, ], = 12.0 Hz, 2
X CH,-Ph), 4.16-4.20 (m, 3H, OCH,CH=CH,, H-3, H-6a), 4.02 (q, 1H, ] = 7.1 Hz,
CO-CH(CH,)-NH), 3.94-3.96 (m, 1H, OCH,CH=CH,), 3.83 (dq, 1H, J.,. = 9.6 Hz,
J.« = 6.1 Hz, H-5"), 3.63-3.67 (m, 2H, CH,CH,NHAc, H-2"), 3.52 (dd, 1H, J,.,. = 3.1
Hz, J,,. = 9.2 Hz, H-3'), 3.59-3.26 (m, 7H,CH,CH,NHAc, H-2, H-4, H-5, H-6b),
3.32 (dd, 1H, J,,. = 9.5 Hz, J... = 9.6 Hz, H-4"), 1.88 (s, 3H, NHACc), 1.86 (s, 3H,

NHAC), 1.01 (4, 3H, J,., = 7.1 Hz, CH-CH,), 0.81 (4, 3H, ], , = 6.2 Hz, H-6").
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n-Propyl 2-acetamido-3-O-(3-O-[2-N-{ N-c-acetamido-L-alanyl-}-aminoethyl]-or-L-
rhamnopyranosyl)-2-deoxy--D-glucopyranoside (6)

Acetic acid (10 mL) was added to the protected disaccharide 32 (18 mg,
0.0216 mmol) in a 25 mL round-bottomed flask along with palladium (15 mg,
10% on carbon) and the suspension was stirred under a hydrogen atmosphere
for 24 h. The resulting solution was then filtered through celite using a sintered
glass funnel. The volatiles were then removed using a rotary evaporator. Acetic
acid (8 mL) and water (2 mL) were added and the solution was stirred for 2 h at
80°C. The volatiles were removed using a rotary evaporator. Distilled water (5
mL) was added to the residue and the solution was passed through a Sep-Pak
cartridge. The product was purified by reversed-phase high performance liquid
chromatography using water — acetonitrile, 20:1, as the eluent. The deprotected
disaccharide 6 was isolated as a clear oil (6 mg, 565.61 g/mol, 49%); R, 0.33 in
ethyl acetate — methanol — water, 7:2:1. ES HRMS: (M+H) exact mass: 566.2925,
found: 566.2927. 'H NMR (500 MHz, D,O) &: 4.88 (bs, 1H, H-1"), 4.56 (d, 1H, J,, =
8.5 Hz, H-1),4.24 (q, 1H, ] = 7.0 Hz, CH-CH,), 401 (dq,1H,J,.=9.2Hz,J. . =6.3
Hz, H-5'), 3.96 (dd, 1H, J,.,. = 1.9 Hz, ], = 2.6 Hz, H-2"), 3.90 (dd, 1H, J,,, = 1.6
Hz, ], = 12.2 Hz, H-6a), 3.84-3.87 (m, 2H, -O-CH,CH,CH,), 3.78 (dd, 1H, J,, = 8.5
Hz,],, =10.2 Hz, H-2), 3.72 (dd, 1H, J,,, = 5.5 Hz, ], ,, = 11.7 Hz, H-6b), 3.65-3.38
(m, 4H, CH,CH,NHACc), 3.59 (dd, 1H, J,, = 10.2 Hz, J,, = 8.9 Hz, H-3), 3.52 (dd,
1H, J,, =22Hz, ], . = 9.1 Hz, H-3'), 3.48 (dd, 1H, J,, = ], = 9.1 Hz, H-4'), 3.45

(dd, 1H,J,, =8.9 Hz,J,, = 10.1 Hz, H-4), 3.42 (ddd, 1H, J,, = 10.1 Hz, ], , = 1.7 Hz,
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J.s, = 5.5 Hz, H-5), 2.06 (s, 3H, NHAG), 2.01 (s, 3H, NHAC), 1.59 (sextuplet, 2H, ] =
7.3 Hz, -OCH,CH,CH,), 1.38 (d, 3H, J,, = 7.1 Hz, CH-CH,), 1.25 (d, 3H, J,, = 6.3

Hz, H-6"), 0.89 (t, 3H, -OCH,CH,CH,).

1-O-(3-O-acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido--D-glucopyranosyl)-
(2R/2S5)-glycerol (34)

Distilled acetone (16 mL) and water (2 mL) were added to the olefin 33%
(333 mg, 0.695 mmol) along with N—methylmorpholine N-oxide (163 mg, 1.39
mmol) and osmium tetroxide (50 puL, 10% solution in t-butanol) in a 100 mL
round-bottomed flask and stirred for 16 h at 50°C. Ethyl acetate (50 mL) and
saturated NaHSO, (aq.) (50 mL) were then added and the solution was stirred for
2 h. The resulting biphasic solution was then transferred to a separatory funnel.
The organic phase was drained into an Erlenmeyer flask, dried with Na,SO,, and
filtered through cotton. The solvent was removed using a rotary evaporator and
the product was purified by silica gel chromatography using toluene-ethyl
acetate, 1:1, as the eluent. The racemic diol 34 was isolated as a white morphous
solid (332 mg, 513.49 g/mol, 93%); R; 0.15 in toluene-ethyl acetate, 1:1. ES
HRMS: (M+Na) exact mass: 536.1533, found: 536.1531. 'H NMR (300 MHz,
CDCL) &: 7.87-7.72 (m, 4H, Phth), 7.48-7.32 (m, 5H, aromatic), 5.83-5.87 (m, 1H,
H-3), 5.53 (s, 1H, CH-Ph), 5.46 (2 X d, 1H, J,, = 85 Hz, H-1),4.40 (dd, 1H, ], =
5.5 Hz, ], =9.8 Hz, H-6a), 4.29 (dd, 1H, J,, = 85 Hz, ],, = 10.2 Hz, H-2), 3.86-

3.44 (m, 7H, H-4, H-5, O-CH,-CH(OH)-CH,0OH), 1.80 (s, 3H, OAc).
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2-0-(3-O-Acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido- f-D-glucopyranosy¥ )-2-
hydroxy-ethan-1-al (35)

Distilled THF (10 mL) and water (10 mL) were added to the diol 34 (275
mg, 0.536 mmol) along with sodium periodate (172 mg, 0.804 mmol) ina 100 mL
round-bottomed flask and stirred for 1 h at room temperature. Diethyl ether (75
mL) and water (50 mL) were then added and the resulting biphasic solution was
then transferred to a separatory funnel. The organic phase was drained into an
Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The solvent
was removed using a rotary evaporator and the product was purified by silica
gel chromatography using toluene-ethyl acetate, 2:1, as the eluent. The aldehyde
35 was isolated as a colourless oil (255 mg, 481.45 g/mol, 99%); R, 0.29 in toluene
— ethyl acetate, 2:1. ES HRMS: (M+Na) exact mass: 504.1270, found: 504.1275.
[a], +54.0° (¢ 0.9, CH,CL). 'H NMR (300 MHz, CDCL) &: 9.56 (s, 1H, CHO), 7.87-
7.72 (m, 4H, Phth), 7.48-7.32 (m, 5H, aromatic), 590 (dd, 1H, J,, = 89 Hz, J,, =
10.2 Hz, H-3), 5.53 (s, 1H, CH-Ph), 5.47 (d, 1H, ], = 8.5 Hz, H-1), 4.40 (dd, 1H,J,,,
=5.5Hz, ], =9.8 Hz, H-6a), 440 (dd, 1H, J,, = 8.5 Hz, J,, = 10.2 Hz, H-2), 4.19

(s, 2H, CH.CHO), 3.75-3.80 (m, 3H, H-4, H-5, H-6b) 1.90 (s, 3H, OAc).

2-0-(3-0-Acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-3-D-glucopyranosyl )-
ethanediol (36)
Distilled methanol (40 mL) was added to the aldehyde 35 (210 mg, 0.436

mmol) along with sodium borohydride (33 mg, 0.872 mmol) in a 100 mL round-
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bottomed flask and stirred for 1 h at room temperature. The volatiles were
removed using a rotary evaporator and DCM (100 mL) was added to the residue.
The solution was then equilibrated between DCM and water (50 mL) in a
separatory funnel. The organic phase was drained into an Erlenmeyer flask,
dried with Na,SO,, and filtered through cotton. The solvent was removed using
a rotary evaporator and the product was purified by silica gel chromatography
using toluene-ethyl acetate, 1:1, as the eluent. The alcohol 36 was isolated as a
white solid (202 mg, 483.47 g/mol, 96%); R, 0.30 in toluene — ethyl acetate, 1:1.
ES HRMS: (M+Na) exact mass: 506.1427, found: 506.1436. [o], +67.1° (c 1,
CH,CL). 'H NMR (300 MHz, CDCL) &: 7.87-7.72 (m, 4H, Phth), 7.48-7.36 (m, 5H,
aromatic), 5.86 (dd, 1H, J,, = 8.9 Hz, J,, = 10.3 Hz, H-3), 5.53 (s, 1H, CH-Ph), 5.49
(d, 1H, J,, = 8.5 Hz, H-1), 4.40 (dd, 1H, J,,, = 3.3Hz, ], = 9.5 Hz, H-6a), 4.30 (dd,
1H,J,, = 8.5 Hz, J,, = 10.2 Hz, H-2), 3.75-3.81 (m, 5H, H-4, H-5, H-6b, O-CH,-CH,-

OH), 3.60 (t, 2H, O-CH,-CH,-OH) 1.90 (s, 3H, OAc).

2-0O-(3-O-Acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-f-D-glucopyranosyl)-1-O-
methanesulphonyl ethanediol (37)

Distilled DCM (40 mL) was added to the alcohol 36 (170 mg, 0.352 mmol)
along with methanesulphonyl chloride (100 pL, 1.29 mmol, 1.480 g/mL) and
pyridine (100 pL, 1.24 mmol, 0.978 g/mL) in a 50 mL round-bottomed flask and
stirred for 10 h at room temperature. The solution was then equilibrated

between DCM and 5% HCI (aq.) (20 mL) in a separatory funnel. The organic
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phase was drained into an Erlenmeyer flask, dried with Na,SO,, and filtered
through cotton. The volatiles were then removed using a rotary evaporator and
the product was purified by silica gel chromatography toluene-ethyl acetate, 3:1
as the eluent. The methane sulphonate 37 Was isolated as a colourless oil (168
mg, 561.56 g/mol, 85%); R, 0.24 in‘ toluene-ethyl acetate, 3:1. ES HRMS: (M+Na)
exact mass: 584.1202, found: 584.1198. [a], +37.3° (c 0.8, CH,CL). 'H NMR (300
MHz, CDCL) &: 7.87-7.72 (m, 4H, Phth), 7.48-7.36 (m, 5H, aromatic), 5.86 (dd,
1H,J,, =89 Hz, J,, = 10.4 Hz, H-3), 5.53 (é, 1H, CH-Ph), 549 (d, 1H, J,, = 8.4 Hz,
H-1), 440 (dd, 1H, J,,, =4.1Hz, ], = 10.0 Hz, H-6a), 4.28 (dd, 1H,J,,=84Hz,],,
= 10.4 Hz, H-2), 4.21 (t, 2H, O-CH,-CH,-OMs) 4.00-4.05 (m, 1H, O-CH,-CH,-
OMs), 3.75-3.80 (m, 4H, H-4, H-5, H-6b, O-CH,-CH,-OMs), 2.80 (s, 3H, OMs), 1.90

(s, 3H, OAc).

1-O~(3-O-Acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido- -D-glucopyranosyl)-2-
azidoethanol (38)

Dry DMF (20 mL) was added to the methane sulphonate 37 (150 mg, 0.267
mmol) along with sodium azide (52 mg, 0.800 mmol) in a 50 mL round-bottomed
flask and stirred for 16 h at 100°C. The volatiles were removed using a rotary
evaporator and DCM (50 mL) was added to the residue. The solution was then
equilibrated between DCM and water (50 mL) in a separatory funnel. The

organic phase was drained into an Erlenmeyer flask, dried with Na,SO,, and
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filtered through cotton. The solvent was removed using a rotary evaporator and
the product was purified by silica gel chromatography using toluene-ethyl
acetate, 4:1, as the eluent. The azide 38 was isolated as a white solid (122 mg,
508.48 g/mol, 90%); R, 0.51 in toluene — ethyl acetate, 3:1. ES HRMS: (M+Na)
exact mass: 531.1492, found: 531.1505. [a], +23.0° (c 0.7, CH,CL). 'H NMR (300
MHz, CDCL) &: 7.87-7.68 (m, 4H, Phth), 7.48-7.32 (m, 5H, aromatic), 5.86 (dd,
1H, J,, =89 Hz, J,, = 10.3 Hz, H-3), 5.53 (s, 1H, CH-Ph), 5.52(d, 1H, J,, = 8.6 Hz,
H-1),440(dd, 1H, .., =42Hz, ] . = 10.1 Hz, H-6a), 4.30 (dd, 1H, J,, = 8.4 Hz,
J,. = 10.4 Hz, H-2), 3.94-3.97 (m, 1H, O-CH,-CH,-N,), 3.76-3.79 (m, 3H, H-4, H-5,
H-6b), 3.63-3.65 (m, 1H, O-CH,-CH,-N,), 3.32-3.34 (m, 1H, O-CH,-CH,-N,), 3.15-

3.18 (m, 1H, O-CH,-CH,-N,), 1.90 (s, 3H, OAc).

1-O-(4,6-O-Benzylidene-2-deoxy-2-phthalimido-}-D-glucopyranosyl)-2-azido-ethanol
(39)

Distilled methanol (50 mL) was added to the acetate 38 (110 mg, 0.216
mmol) along with sodium (10 mg, 0.435 mmol) in a 100 mL round-bottomed
flask and stirred for 12 h at room temperature. Strongly-acidic cationic exchange
resin was then added until the solution became neutral. The solution was
filtered through celite and the filtrate was concentrated using a rotary
evaporator. The product was purified by silica gel chromatography toluene-
ethyl acetate, 3:1, as the eluent. The alcohol 39 was isolated as a whife solid (98

mg, 466.44 g/mol, 97%); R, 0.40 in toluene-ethyl acetate, 3:1. ES HRMS: (M+Na)
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exact mass: 489.1386, found: 489.1391. [a], +4.7° (¢ 0.9, CH,CL). 'H NMR (300
MHz, CDCL) &: 7.87-7.70 (m, 4H, Phth), 7.48-7.36 (m, 5H, aromatic), 5.56 (s, 1H,
CH-Ph), 5.34 (d, 1H, ], = 8.4 Hz, H-1), 462 (ddd, 1H, J,, = 8.9 Hz, J,, = 10.3 Hz,
T.ou = 3.5 Hz, H-3), 4.38 (dd, 1H, ], = 42 Hz, J,.,, = 10.1 Hz, H-6a), 4.27 (dd, 1H,
J.,=84Hz,J,, = 10.4 Hz, H-2), 3.96-3.99 (m, 1H, O-CH,-CH,-N,), 3.83 (dd, 1H, ],
= 0.9 Hz, ], ,, = 10.1 Hz, H-6b), 3.66-3.68 (m, 1H, O-CH,CH,-N,), 3.63-3.65 (m,
2H, H-4, H-5), 3.34-3.37 (m, 1H, O-CH,-CH,-N,), 3.19-3.21 (m, 1H, O-CH,-CLL-

N,), 2.32 (d, 1H, ] = 3.5 Hz, OH).

1,2,4-Tri-O-acetyl-3-O-methyl-o-L-rhamnopyranose (42)

Acetic anhydride (50 mL) was added to the methyl a-glycoside 41% (2.12
g, 7.67 mmol) along With concentrated sulphuric acid (20 pL) in a 500 mL round-
bottomed flask and stirred for 2 h. DCM (100 mL) and saturated NaHCO, (aq.)
(300 mL) were then added and the solution was stirred for 2 h at room
temperature. The resulting biphasic solution was then transferred to a
separatory funnel. The organic phase was drained into an Erlenmeyer flask,
dried with Na,SO,, and filtered through cotton. The solvent was removed using
a rotary evaporator and the product was purified by silica gel chromatography
using hexane-ethyl acetate, 2:1, as the eluent. The o-acetate 42 was isolated as a
white solid (2.15 g, 304.29 g/mol, 92%); R, 0.23 in hexane — ethyl acetate, 2:1. ES
HRMS: (M+Na) exact mass: 327.1056, found: 327.1052. [a], —66.7° (c 1.0, CH,Cl)).

'"H NMR (360 MHz, CDCL,) &: 6.02 (d, 1H, J,, = 1.9 Hz, H-1), 5.29 (dd, 1H,J,,=1.9
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Hz, J,, = 3.3 Hz, H-2), 5.00 (t, 1H, J,, = J,; = 9.9 Hz, H-4), 3.86 (dq, 1H, J,; = 9.9
Hz, J,, = 6.3 Hz, H-5), 3.58 (dd, 1H, J,, = 3.3 Hz, J,, = 9.8 Hz, H-3), 3.32 (s, 3H,
OCH,), 2.03 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.98 (s, 3H, OAc), 1.20 (d, 3H, J,, =

6.3 Hz, H-6).

Ethyl 2,4-di-O-acetyl-3-O-methyl-1-thio-o-L-rhamnopyranoside (43)

Anhydrous DCM (100 mL) was added to the a-acetate 42 (1.53 g, 5.03
mmol) along with ethanethiol (1.12 mL; 15.1 mmol, 0.839 g/mL) and boron
trifluoride diethyletherate (1.91 mL, 15.1 mmol, 1.12 g/mL) in a 250 mL round-
bottomed flask and stirred under an argon atmosphere for 2 h at 0 °C and then
stirred at room temperature for 16 h. Saturated NaHCO, (aq.). (100 mL) was
then added and the solution was stirred for 2 h. The resulting biphasic solution
was then transferred to a separatory funnel. The organic phase was drained into
an Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The
volatile components were removed using a rotary evaporator and the product
was purified by silica gel chromatography using hexane-ethyl acetate, 6:1, as the
eluent. The thioglycoside 43 was isolated as a colourless oil (1.19 g, 306.38
g/mol, 77%); R, 0.21 in hexane — ethyl acetate, 6:1. ES HRMS: (M+Na) exact
mass: 329.1035, found: 329.1039. [a], -47.8° (c 0.9, CH,CL). 'H NMR (300 MHz,
CDCL) 6:5.38 (dd, 1H, J,,=1.7Hz, J,, = 3.6 Hz, H-2), 5.19 (d, 1H, ], = 1.7 Hz, H-
1),497 (t, 1H,J,, = J,s = 9.8 Hz, H-4), 4.10 (dq, 1H, J,; = 9.8 Hz, ], = 6.2 Hz, H-5),

3.51 (dd, 1H, J,, = 3.3 Hz, J,, = 9.7 Hz, H-3), 3.31 (s, 3H, OCH,), 2.61-2.64 (m, 2H,
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SCH,CH,), 2.12 (s, 3H, OAc), 2.07 (s, 3H, OAc), 1.28 (t, 3H, SCH,CH,), 1.18 (d,

3H, J,, = 6.3 Hz, H-6).

1-O-(3-O-[2,4-Di-O-acetyl-3-O-methyl-o-L-rhamnopyranosyl]-4,6-O-benzylidene-2-
deoxy-2-phthalimido--D-glucopyranosyl)-2-azidoethanol (44)

Anhydrous DCM (50 mL) was added to the glycosyl donor 43 (77 mg,
0.251 mmol) along with the acceptor 39 (90 mg, 0.193 mmol) and 4 A molecular
sieves (500 mg) in a 100 mL round-bottofned flask and stirred under an argon
atmosphere for 4 h at room temperature. Silver trifluoromethanesulphonate (13
mg, 0.051 mmol) and N-iodosuccinimide (113 mg, 0.502 mmol) were added and
the solution was stirred for 1 h. The resulting dark purple solution was then
filtered through celite in a sintered glass funnel and the supernatant was
equilibrated between DCM and saturated Na,5,0, (aq.) (50 mL) in a separatory
funnel. The organic phase was drained into an Erlenmeyer flask, dried with
Na,SO,, and filtered through cotton. The volatile components were removed
using a rotary evaporator and the product was purified by silica gel
chromatography using toluene-ethyl acetate, 3:1, as the eluent. The disaccharide
44 was isolated as a colourless oil (103 mg, 710.68 g/mol, 75%); R, 0.31 in
toluene-ethyl acetate, 4:1. ES HRMS: (M+Na) exact mass: 733.2333, found:
733.2335. [o], +13.6° (c 0.9, CH,CL). 'H NMR (600 MHz, CDCL) &: 7.87-7.69 (m,
4H, Phth), 7.48-7.32 (m, 5H, aromatic), 5.57 (s, 1H, CH-Ph), 5.33 (d, 1H, J,, = 8.6

Hz, H-1),5.38 (dd, 1H, J,, = 1.8 Hz, J,, = 3.3 Hz, H-2"), 4.97 (t, 1H, J,.. = J,5 = 9.9
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Hz, H-4'), 458 (dd, 1H, J,, = 9.0 Hz, J,, = 10.5 Hz, H-3), 5.19 (d, 1H, J,, = 1.8 Hz,
H-1'), 4.38 (dd, 1H, J,,, = 44 Hz, ], = 10.6 Hz, H-6a), 4.27 (dd, 1H, J,, = 8.4 Hz,
J.. = 10.3 Hz, H-2), 3.96-3.98 (m, 1H, O-CH,-CH,-N,), 3.87 (dq, 1H, ], = 9.8 Hz,
J,. = 6.3 Hz, H-5"), 3.81-3.84 (m, 1H, J,,, = 1.1 Hz, J,,,, = 10.6 Hz, H-6b), 3.67-3.69
(m, 2H, H-4, H-5), 3.61-3.64 (m, 1H, O-CH,-CH,-N), 3.51 (dd, 1H, J,, = 3.3 Hz,
J... = 9.8 Hz, H-3), 3.32-3.34 (m, 1H, O-CH,-CH,-N,), 3.18-3.20 (m, 1H, O-CH,-
CH,-N,), 3.18 (s, 3H, OCH,), 1.98 (s, 3H, OAc), 1.76 (s, 3H, OAc), 0.6 (d, 3H, J, . =

6.3 Hz, H-6").

1-O-(2-Acetamido-4,6-O-benzylidene-3-O-[3-O-methyl- c-L-rhamnopyranosyl]-2-deoxy-
B-D-glucopyranosyl)-2-azidoethanol (45)

Ethylenediamine (5 mL) and t-butyl alcohol (20 mL) were added to the
phthalimide 44 (90 mg, 0.127 mmol) in a 50 mL round-bottomed flask and stirred
under an argon atmosphere for 28 h at 115°C. The resulting pale yellow solution
was then cooled to room temperature. The volatiles were then removed using a
rotary evaporator and methanol (30 mL) was added to the residue along with
acetic anhydride (100 puL, 1.60 mmol, 1.082 g/mL) and the solution was stirred
for 10 h at room temperature. The volatiles were removed using a rotary
evaporator and the product was purified by silica gel chromatography using
toluene-acetone-methanol, 7.5:2:0.5, as the eluent. The acetamide 45 was isolated
as a white solid (55 mg, 538.55 g/mol, 81%); R, 0.14 in toluene-acetone-methanol,

7.5:2:0.5. ES HRMS: (M+Na) exact mass: 561.2173, found: 561.2169. [a], —9.9° (c
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0.5, MeOH). 'H NMR (300 MHz, CDCL) &: 7.48-7.32 (m, S5H, aromatic), 5.90 (d,
1H, ] = 8.7 Hz, NHAC), 5.49 (s, 1H, CH-Ph), 5.19 (d, 1H, J,, = 1.5 Hz, H-1"), 4.76
(d, 1H, ], = 8.4 Hz, H-1), 4.32 (dd, 1H, J,,, = 44 Hz, ], = 10.5 Hz, H-6a), 4.58 (t,
1H, J,, = J,, = 10.5 Hz, H-3), 410 (dd, 1H, ], = 1.7 Hz, J,,, = 2.6 Hz, H-2"), 3.95-
3.98 (m, 1H, O-CH,-CH,-N,), 3.87 (dq, 1H, ], = 9.8 Hz, J, . = 6.2 Hz, H-5), 3.74-
3.77 (m, 2H, H-2, H-6b), 3.61-3.64 (m, 1H, O-CH,-CH,-N,), 3.52-3.54 (m, 2H, H-4,
H-5), 3.42-3.45 (m, 1H, O-CH,-CH,-N,), 3.43 (s, 3H, OCH,), 3.36-3.38 (m, 1H, H-3’,
H-4), 3.24-3.27 (m, 1H, O-CH,-CH,N,), 1.99 (s, 3H, NHAc), 0.8 (d, 3H, ], = 6.3

Hz, H-6").

1-O-(2-Acetamido-3-O-[3-O-methyl-c-L-rhamnopyranosyl]-2-deoxy- 3-D-
glucopyranosyl)-2-aminoethanol (46)

Acetic acid (20 mL) was added to the partially-protected disaccharide 45
(90 mg, 0.167 mmol) in a 50 mL round-bottomed flask along with palladium (30
mg, 10% on carbon) and the suspension was stirred under a hydrogen
atmosphere for 24 h at room temperature. The resulting solution was then
filtered through celite using a sintered glass funnel. The volatiles were then
removed using a rotary evaporator. Acetic acid (16 mL) and water (4 mL) were
added and the solution was stirred for 2 h at 80°C. The volaﬁlés were removed
using a rotary evaporator. Distilled water (10 mL) was added to the residue and
the solution was passed through two Sep-Pak cartridges. The deprotected

disaccharide 46 was isolated as a clear oil (54 mg, 424.44 g/mol, 76%); R, 0.25 in
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ethyl acetate — methanol — water, 7:2:1. ES HRMS: (M+Na) exact mass: 447.1955,
found: 447.1954. [a], —24.8° (c 0.5, H,0). 'H NMR (600 MHz, D,0) &: 4.90 (d, 1H,
J.» =2.0Hz H-1), 462 (d, 1H, J,, = 8.6 Hz, H-1), 4.06-4.09 (m, 1H, O-CH,-CH.-
NH,), 4.02 (dd, 1H, J,.,, = 2.1 Hz, J,,, =29 Hz, H-2"),3.99 (dq, 1H, .. = 9.8 Hz, J,.,.
= 6.2 Hz, H-5"),3.95 (dd, 1H, J,,, = 2.2 Hz, ], = 12.4 Hz, H-6a), 3.92-3.95 (m, 1H,
O-CH,-CH,-NH,), 3.87 (dd, 1H, J,, = 8.8 Hz, |J,, = 10.0 Hz, H-2), 3.75-3.77 (m, 1H,
H-6b), 3.63 (dd, 1H, J,, = 10.1, J,, = 8.9 Hz, Hz, H-3),3.53 (t, 1H, J,, =],, = 8.9 Hz,
H-4), 3.50-3.52 (m, 1H, H-5), 3.46 (t, 1H, ]3..,4. =J,»=9.5,H4"), 346 (dd, 1H, J,., =
J.. = 9.5, H-3"), 3.46 (s, 3H, OCH,), 3.20-3.22 (m, 2H, O-CH,-CH,-NH,), 2.08 (s,

3H, NHAc), 1.33 (d, 3H, ], = 6.2 Hz, H-6").

2-N-Acetyl-1-O-(2-acetamido-3-O-[3-O-methyl-o-L-rhamnopyranosyl]-2-deoxy-f3-D-
glucopyranosyl)-2-aminoethanol (7)

Dry DMF (10 mL) was added to the amine 46 (12 mg, 0.028 mmol) along
with acetic anhydride (50 pL, 0.530 mmol, 1.082 g/mL) in a 50 mL round-
bottomed flask and stirred for 15 h at room temperature. The volatiles were then
removed using a rotary evaporator and the product was purified by reversed-
phase high performance liquid chromatography using water-acetonitrile, 20:1, as
the eluent. The acetamide 7 was isolated as a clear oil (8 mg, 466.48 g/mol, 61%);
R, 0.22 in ethyl acetate — methanol — water, 7:2:1. ES HRMS: (M+Na) exact mass:
489.2060, found: 489.2060. [a], —42.7° (c 0.4, H,0). 'H NMR (600 MHz, D,0O) &:

4.89 (d, 1H, J,., = 1.5 Hz, H-1"), 4.57 (d, 1H, J,, = 8.4 Hz, H-1),4.02(dd, 1H, J,., =

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



165

1.7 Hz, ], = 29 Hz, H-2"), 399 (dq, 1H, J,.. = 9.8 Hz, J,. = 6.2 Hz, H-5"), 3.94 (dd,
1H, J,,. = 1.5 Hz, ], = 12.8 Hz, H-6a), 3.92-3.94 Cmm, 1H, O-CH,-CH,-NHAC), 3.82
(t, 1H, J,, = J., = 9.7 Hz, H-2), 3.75 (dd, 1H, J,,, = 5.7 Hz, J._,, = 12.4 Hz, H-6b),
3.72-3.74 (m, 1H, O-CH,-CH,-NHAGc), 3.60 (t, 1H, J,, = J,, = 9.1 Hz, H-3), 3.51-3.53
(m, 2H, H-4, H-5), 3.45-3.48 (m, 3H, H-3, H-4', ©0-CH,-CH,-NHAc), 341 (s, 3H,
OCH,), 3.36-3.39 (m, 1H, O-CH,-CH,-NHAc), 206 (s, 3H, NHAc), 1.99 (s, 3H,

NHAGc), 1.24 (d, 3H, J,.,. = 6.3 Hz, H-6").

1-O-(2-Acetamido-3-O-[3-O-methyl-o-L-rhamnopyra nosyl]-2-deoxy-3-D-
glucopyranosyl)-2-N-benzamido-2-aminoethanol (8)

Dry DMF (10 mL) was added to the amin.e 46 (12 mg, 0.028 mmol) along
with benzoyl chloride (100 pL, 0.861 mmol, 1.211 g/mL) in a 50 mL round-
bottomed flask and stirred for 15 h at room temperature. The volatiles were then
removed using a rotary evaporator and the prosduct was purified by reversed-
phase high performance liquid chromatography using water — acetonitrile, 20:1,
as the eluent. The benzamide 8 was isolated as & clear oil (9 mg, 528.55 g/mol,
60%); R, 0.49 in ethyl acetate — methanol — water, 7:2:1. ES HRMS: (M+Na) exact
mass: 551.2217, found: 551.2219. [o], -10.7° (¢ O.4, H,O). 'H NMR (600 MHz,
D,O) &: 7.79-7.53 (m, 5H, aromatic), 4.85 (d, 1H, J,.. = 1.5 Hz, H-1"), 4.59 (d, 1H,
J., = 8.6 Hz, H-1), 4.05-4.08 (m, 1H, O-CH,-CH,-N_)), 3.99 (dq, 1H, ], , = 9.8 Hz, J,...
= 6.2 Hz, H-5"),3.98 (dd, 1H, J,.,, = 1.7 Hz, J,.,. = 229 Hz, H-2"), 3.91 (dd, 1H, J,, =

2.1Hz, ], = 12.3 Hz, H-6a), 3.84-3.87 (m, 1H, O-CH,-CH,-NHBz), 3.81 (t, 1H, J,,
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= J,. =99 Hz, H-2), 3.73 (dd, 1H, J,, = 5.5 Hz, ], ,, = 12.4 Hz, H-6b), 3.64-3.67 (m,
2H, O-CH,-CH,-NHBz), 3.59 (t, 1H, J,, = J,, = 9.1 Hz, H-3), 3.47-3.49 (m, 2H, H-4,
H-5), 345 (t, 1H, J,, =], = 9.7 Hz , H-4'), 3.42-3.44 (m, 1H, O-CH,-CH-NHBz),
3.41 (dd, 1H, J,, = 2.9 Hz, J,, = 9.7 Hz , H-3"), 3.39 (s, 3H, OCH,), 1.75 (s, 3H,

NHAC), 1.23 (d, 3H, J,.,. = 6.2 Hz, H-6").

1-O-(2-Acetamido-3-O-[3-O-methyl- o-L-rhamnopyranosyl]-2-deoxy-[3-D-
glucopymnosyl)-Z-N—(N—a—acetamido-L-phenylalanyl-)-Z-aminoethanol 9)

Dry DMF (10 mL) was added to the amine 46 (12 mg, 0.028 mmol) along
with N-a-Fmoc-L-phenylalanine pentafluorophenyl ester (23 mg, 0.042 mmol) in
a 50 mL round-bottomed flask and stirred for 15 h at room temperature.
Piperidine (2 mL) was then added and the solution was stirred for 1 h at room
temperature. The volatiles were removed using a rotary evaporator and dry
DMF (10 mL) and acetic anhydride (150 pL, 1.59 mmol, 1.082 g/mL) were added
and the solution was stirred for 10 h at room temperature. The volatiles were
then removed using a rotary evaporator. Water (10 mL) was added to the
residue and the solution was passed through a Sep-Pak cartridge. The product
was purified by reversed-phase high performance liquid chromatography using
water — acetonitrile, 20:1, as the eluent. The amide 9 was isolated as a clear oil (5
mg, 613.48 g/mol, 33%); R; 0.40 in ethyl acetate — methanol — water, 7:2:1. ES
HRMS: (M+Na) exact mass: 636.2744, found: 636.2746. '"H NMR (600 MHz, D,O)

S: 7.42-7.27 (m, 5H, aromatic), 4.89 (s, 1H, H-1’), 4.53 (d, 1H, ],, = 8.6 Hz, H-1),
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4.53 (t, 1H, ] = 3.3 Hz, CH-CH,-Ph), 4.03 (bs, 1H, H-2’), 4.00 (dq, 1H, ], = 9.7 Hz,
J,. = 6.6 Hz, H-5"),3.94 (dd, 1H, J,,, = 2.1 Hz, J,., = 12.3 Hz, H-6a), 3.81 (t, 1H, J,
= J,, = 9.3 Hz, H-2), 3.76-3.78 (m, 2H, H-6b, d-CLL—CPL—NH—R), 3.64-3.66 (m, 1H,
O-CH,-CH,-NH-R), 3.59 (t, 1H, J,; = J,, = 9.3 Hz, H-3), 350 (t, 1H, J,, = J,, = 9.2
Hz, H-4), 3.46-3.48 (m, 3H, H-5, H-3’, H4"), 3.41 (s, 3H, OCH,), 3.33-3.35 (m, 2H,
O-CH,-CH,-NH-R), 3.12-2.98 (m, 2H, CH-CH,-Ph), 2.06 (s, 3H, NHACc), 1.98 (s,

3H, NHAc), 1.24 (d, 3H, ], . = 6.4 Hz, H-6").

1-O-(2-Acetamido-3-O-[3-O-methyl-o-L-rhamnopyranosyl]-2-deoxy-3-D-
glucopyranosyl)-2-N-(N-o-acetamido-D-phenylalanyl-)-2-aminoethanol (10)

Dry DMF (10 mL) was added to the amine 46 (12 mg, 0.028 mmol) along
with N-o-Fmoc-D-phenylalanine pentafluorophenyl ester (23 mg, 0.041 mmol) in
a 50 mL round-bottomed flask and stirred for 17 h at room temperature.
Piperidine (2 mL) was then added and the solution was stirred for 1 h at room
temperature. The volatiles were removed using a rotary evaporator and dry
DMEF (10 mL) and acetic anhydride (150 pL, 1.59 mmol, 1.082 g/mL) were added
and the solution was stirred for 10 h at room temperature. The volatiles were
then removed using a rotary evaporator. Distilled water (10 mL) was added to
the residue and the solution was passed through two Sep-Pak cartridges. The
product was purified by reversed-phase high performance liquid
chromatography using water — acetonitrile, 20:1, as the eluent. The amide 10 was

isolated as a clear oil (6 mg, 613.48 g/mol, 39%); R, 0.40 in ethyl acetate —
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methanol - water, 7:2:1. ES HRMS: (M+Na) exact mass: 636.2744, found:
636.2748. 'H NMR (600 MHz, D,0O) §: 7.42-7.27 (m, 5H, aromatic), 4.88 (s, 1H, H-
1), 454 (d, 1H, ]J,, = 8.4 Hz, H-1), 452 (t, 1H, ] = 7.9 Hz, CH-CH,-Ph), 4.03 (bt,
1H, H-2’),4.00 (dq, 1H, ], . = 9.7 Hz, ], . = 6.4 Hz, H-5), 3.94 (dd, 1H, J,,, = 1.8 Hz,
Jo.o = 12.6 Hz, H-6a), 3.80-3.84 (m, 2H, H-2, O-CH,-CH,-NH-R), 3.74 (dd, 1H, J,,
=5.5 Hz, ], = 12.3 Hz, H-6b), 3.64-3.68 (m, 1H, O-CH,-CH,-NH-R), 3.59 (t, 1H,
J,s= Jss=9.3Hz, H-3),3.50 (t, 1H, J, ;. = ], = 10.1 Hz, H-4'), 3.43-3.47 (m, 3H, H-
4, H-5, H-3"), 3.41 (s, 3H, OCH,), 3.33-3.36 (m, 2H, O-CH,-CH,-NH-R), 3.12-2.98
(m, 2H, CH-CH,-Ph), 2.04 (s, 3H, NHAc), 1.97 (s, 3H, NHAc), 1.24 (d, 3H, J,.,. =

6.2 Hz, H-6).

Allyl 3-0O-(2,4-di-O-acetyl-3-O-methyl-o-L-rhamnopyranosyl)-4,6-O-benzylidene-2-
deoxy-2-phthalimido--D-glucopyranoside (47)

Anhydrous DCM (100 mL) was added to the glycosyl donor 43 (1.0 g, 3.26
mmol) along with the acceptor 26 (1.1 g, 2.51 mmol) and 4 A molecular sieves
(1.0 g) in a 250 mL round-bottomed flask and stirred under an argon atmosphere
for 14 h at room temperature. The suspension was then cooled to 0 °C and
trifluoromethanesulphonic acid (58 pL, 0.39 mmol, 1.696 g/mL) and N-
iodosuccinimide (1.5 g, 6.67 mmol) were added. The solution was then allowed
to reach room temperature and stirred for 1 h. The resulting dark purple
solution was then filtered through celite in a sintered glass funnel and the

supernatant solution was equilibrated between DCM and saturated Na,5,0,
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(aq.) (100 mL) in a separatory funnel. The organic phase was drained into an
Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The volatile
components were removed using a rotary evaporator and the product was
purified by silica gel chromatography using toluene-ethyl acetate, 3:1, as the
eluent. The disaccharide 47 was isolated as a white solid (1.1 g, 681.68 g/mol,
65%); R, 0.29 in toluene - ethyl acetate, 3:1. ES HRMS: (M+Na) exact mass:
704.231911, found: 704.231608. [o], +14.7° (c 0.7, CH,CL). 'H NMR (600 MHz,
CDCL) &: 7.87-7.72 (m, 4H, Phth), 7.48—7.42 (m, 5H, aromatic), 5.66-5.69 (m, 1H,
O-CH,-CH=CH,), 5.55 (s, 1H, CH-Ph), 5.28 (d, 1H, J,, = 8.5 Hz, H-1), 5.05-5.10 (m,
2H, O-CH,-CH=CH,), 4.79 (dd, 1H, J,.,. = 1.8 Hz, ], = 3.5 Hz, H-2"), 4.73 (dd, 1H,
Jow = Jos =9.6 Hz, H-4"), 4.60 (dd, 1H, J,, =104 Hz, J,, = 8.8 Hz, H-3), 4.53 (d, 1H,
J... = 1.8 Hz, H-1"), 439 (dd, 1H, J,,, = 44 Hz, ], = 10.6 Hz, H-6a), 4.31 (dd, 1H,
J., =8.6 Hz, ],, = 10.2 Hz, H-2), 4.23-4.27 (m, 1H, O-CH,-CH=CH,), 4.02-4.06 (m,
1H, O-CH,-CH=CH,), 3.84 (dq, 1H, J,... = 9.6 Hz, ]... = 6.3 Hz, H-5"), 3.82 (dd, 1H,
Jsw =2.2Hz, ], = 10.3 Hz, H-6b), 3.66 (ddd, 1H, J,, = 10.1 Hz, J,,, = 4.2 Hz, J,,, =
2.2 Hz, H-5), 3.66 (dd, 1H, J,, = 89 Hz, ], = 10.1 Hz, H-4), 3.46 (dd, 1H, ], = 3.4
Hz, J.., = 9.8 Hz, H-3"), 1.99 (s, 3H, OAc), 1.76 (s, 3H, OAc), 0.83 (d, 3H, J;.. = 6.1
Hz, H-6'). "C NMR (125 MHz, CDCL) &8: 97.7 (J, ., = 165.8 Hz, C-1), 97.6 (J, 1

= 170.6 Hz, C-1').
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Allyl 2-acetamido-4,6-O-benzylidene-3-O-(3-O-methyl-o-L-rhamnopyranosyl)-2-deoxy-
B-D-glucopyranoside (48)

Ethylenediamine (5 mL) and t-butyl alcohol (20 mL) were added to the
phthalimide 47 (215 mg, 0.315 mmol) in a 50 mL round-bottomed flask and
stirred under an argon atmosphere for 24 h at 115°C. The resulting pale yellow
solution was then cooled to room temperature. The volatiles were then removed
using a rotary evaporator and methanol (20 mL) was added to the residue along
with acetic anhydride (100 pL, 1.06 mmél, 1.082 g/mL) and the solution was
stirred for 12 h at room temperature. The volatiles were removed using a rotary
evaporator and the product was purified by silica gel chromatography using
toluene-acetone-methanol, 7.5:2:0.5, as the eluent. The acetamide 48 was isolated
as a white solid (133 mg, 509.55 g/mol, 83%); R, 0.16 in toluene-acetone-
methanol, 7.5:2:0.5. ES HRMS: (M+Na) exact mass: 532.2159, found: 532.2150.
[a], ~12.6° (¢ 1.0, MeOH). 'H NMR (300 MHz, CDCL) &: 7.48-7.32 (m, 5H,
aromatic), 5.79-5.84 (m, 2H, O-CH,-CH=CH,, NHAc), 5.50 (s, 1H, CH-Ph), 5.16-
5.20 (m, 2H, O-CH,-CH=CH,), 4.93 (bs, 1H, H-1"), 4.66 (d, 1H, J,, = 8.3 Hz, H-1),
4.36 (dd, 1H, J,,, = 49 Hz, ], = 10.6 Hz, H-6a), 4.25-4.30 (m, 1H, O-CH,-
CH=CH,), 4.10 (dd, 1H, J,, = 10.4 Hz, J,, = 9.3 Hz, H-3), 4.02-4.07 (m, 1H, O-CH.,-
CH=CH,), 4.02 (bs, 1H, H-2’), 3.84 (dq, 1H, J,. = 9.6 Hz, ], . = 6.3 Hz, H-5"), 3.80
(dd, 1H, J,, = 8.6 Hz, J,, = 10.2 Hz, H-2), 3.76 (dd, 1H, ], , = 2.2 Hz, J,,, = 10.1 Hz,

H-6b), 3.56 (t, 1H, J,, = J,, = 9.3 Hz, H-4), 3.50 (ddd, 1H, J,; = 10.1 Hz, J,,, = 4.2
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Hz, J,,, = 2.2 Hz, H-5), 3.43 (s, 3H, OMe), 3.33-3.36 (m, 2H, H-3’, H-4"), 1.99 (s, 3H,

NHAC), 0.81 (d, 3H, J,, = 6.1 Hz, H-6").

n-Propyl 2-acetamido-3-O-(3-O-methyl-o-L-rhamnopyranosyl)-2-deoxy-f-D-
glucopyranoside (49)

Acetic acid (20 mL) was added to the partially-protected disaccharide 48
(51 mg, 0.100 mmol) in a 50 mL round-bottomed flask along with palladium (30
mg, 10% on carbon) and the suspenéion was stirred under a hydrogen
atmosphere for 36 h at room temperature. The resulting solution was then
filtered through celite using a sintered glass funnel. The volatiles were then
removed using a rotary evaporator. Acetic acid (8 mL) and water (2 mL) were
added and the solution was stirred for 2 h at 80°C. The volatiles were removed
using a rotary evaporator. Distilled water (10 mL) was added to the residue and
the solution was passed through two Sep-Pak cartridges. The product was
purified by reversed-phase high performance liquid chromatography using
water — acetonitrile, 20:1, as the eluent. The deprotected disaccharide 49 bwas
isolated as a clear oil (22 mg, 565.61 g/mol, 52%); R, 0.51 in ethyl acetate —
methanol — water, 7:2:1. ES HRMS: (M+H) exact mass: 424.2183, found: 424.2184.
[0, =17.2° (c 0.3, H,O). 'H NMR (360 MHz, D,0) &: 4.98 (d, 1H, J,.,. = 1.9 Hz, H-
1’),4.58 (d, 1H, J,, =85 Hz, H-1), 4.11(dq, 1H,],.. =9.2 Hz, ], . = 6.2 Hz, H-5'),
3.96 (dd, 1H, J.., = 1.9 Hz, J,.,. = 2.6 Hz, H-2’), 3.93-3.99 (m, 2H, -O-CH,CH,CH,),

3.90 (dd, 1H, J,,, = 1.9 Hz, J,,,, = 11.8 Hz, H-6a), 3.78 (dd, 1H, J,, = 85 Hz, J,, =
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10.2 Hz, H-2), 3.72 (dd, 1H, J,,, = 5.5 Hz, ], = 11.9 Hz, H-6b), 3.59 (dd, 1H, J,, =
10.2 Hz, J,, = 9.0 Hz, H-3), 3.52 (dd, 1H, J,.. = 2.6 Hz, J,, = 9.1 Hz, H-3'), 3.47 (dd,
1H,J,, =7, = 9.0 Hz, H4"), 3.45 (dd, 1H, J,, = 8.9 Hz, ], = 10.1 Hz, H-4), 341 (s,
3H, OMe), 3.40 (ddd, 1H, J,, = 10.1 Hz, J,, = 1.9 Hz, ], = 5.5 Hz, H-5), 1.95 (s,
3H, NHAC), 1.65 (sextuplet, 2H, ] = 7.1 Hz, -OCH,CH,CH,), 1.29 (d, 3H, J,, = 6.2

Hz, H-6), 0.89 (t, 3H, -O-CH,CH,CH.,).

Ethyl 2,3,4,6—tetra-O—acelyl—1-thio-a-L-mannépyranoside (64)

Anhydrous DCM (100 mL) was added to the pentaacetate 63” (2.1 g, 5.38
mmol) along with ethanethiol (1.20 mL, 16.2 mmol, 0.839 g/mL) and boron
trifluoride diethyl etherate (2.00 mL, 15.8 mmol, 1.12 g/mL) in a 500 mL round-
bottomed flask and stirred under an argon atmosphere for 2 h at 0 °C and then
stirred at room temperature for 16 h. Saturated NaHCO, (aq.). (250 mL) was
then added and the solution was stirred for 2 h. The resulting biphasic solution
was then transferred to a separatory funnel. The organic phase was drained into
an Erlenmeyer flask, dried with Na,SO,, and filtered through cotton. The
volatile components were removed using a rotary evaporator and the product
was purified by silica gel chromatography using toluene-ethyl acetate, 3:1, as the
eluent. The thioglycoside 64 was isolated as a white solid (1.6 g, 392.42 g/mol,
77%); R, 0.33 in toluene-ethyl acetate, 3:1. ES HRMS: (M+Na) exact mass:
415.1039, found: 415.1033. [a], -110.6° (¢ 0.9, CH,CL). 'H NMR (300 MHz,

CDCL,) &: 5.34-5.25 (m, 4H, H-1, H-2, H-3, H-4), 4.38 (ddd, 1H, J,, = 9.9 Hz, J,,, =
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5.3 Hz, J,,, = 2.3 Hz, H-5), 429 (dd, 1H, J,,, = 5.3 Hz, J,,,, = 12.1 Hz, H-6a), 4.08
(dd, 1H, J,,, = 2.3 Hz, J,., = 12.1 Hz, H-6b), 2.60-2.66 (m, 2H, SCH,CF), 2.16 (s,
3H, OAc), 2.08 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.97 (s, 3H,
OAC), 1.28 (t, 3H, SCH,CH,). Anal. Calcd for CH,O,S (392.4): C, 48.97; H, 6.16;

S, 8.17. Found: C, 48.86; H, 6.17; S, 8.24.

Ethyl 1-thio-o-L-mannopyranoside (65)

Distilled methanol (100 mL) was added to the tetraacetate 64 (1.5 g, 3.82
mmol) along with sodium (105 mg, 4.56 mmol) in a 250 mL round-bottomed
flask and stirred for 18 h at room temperature. Strongly-acidic cationic exchange
resin was then added until the solution became neutral. The solution was
filtered through celite and the filtrate was concentrated using a rotary
evaporator. The alcohol 65 was obtained without purification as a white solid
(0.86 g, 224.28 g/ mol, 100%); R, 0.54 in ethyl acetate — methanol — water, 7:2:1. ES
HRMS: (M+Na) exact mass: 247.0616, found: 247.0619. 'H NMR (600 MHz, D,0)
8:5.33(d, 1H,],, = 1.6 Hz, H-1), 4.05 (dd, 1H, J,, = 1.6 Hz, J,, = 3.3 Hz, H-2), 4.00
(ddd, 1H,J,s = 9.7 Hz, J,,, = 2.3 Hz, J,, = 6.2 Hz, H-5), 3.89 (dd, 1H, J,,, = 2.3 Hz,
Jos = 12.4 Hz, H-6a), 3.79 (dd, 1H, J,,, = 6.1 Hz, ], = 12.4 Hz, H-6b), 3.78 (dd,

1H, J,, = 3.3 Hz, J,, = 9.7 Hz, H-3), 3.68 (dd, 1H, J,, = J,, = 9.7 Hz, H-4), 2.66-2.71

(m, 2H, SCH,CH,), 1.28 (t, 3H, SCH,CH,).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



174

Ethyl 6-O-t-butyl-diphenylsilyl-1-thio-o-L-mannopyranoside (66)

Dry DMF (30 mL) was added to the alcohol 65 (700 mg, 3.12 mmol) along
with t-butylchlorodiphenylsilane (1.60 mL, 6.15 mmol, 1.057 g/mL) and
imidazole (425 mg, 6.24 mmol) in a 100 mL round-bottomed flask and stirred for
20 h at room temperature. The volatiles were then removed using a rotary
evaporator and DCM (100 mL) was added to the residue. The solution was then
equilibrated between DCM and 5% HCl(aq.) (60 mL) in a separatory funnel. The
organic phase was drained into an Erleﬁmeyer flask, dried with Na,SO,, arld
filtered through cotton. The volatiles were then removed using a rotary
evaporator and the product was purified by silica gel chromatography using
toluene-acetone-methanol, 7.5:1:0.5, as the eluent. The silyl ether 66 was isolated
as a colourless oil (1.2 g, 462.68 g/mol, 81%); R, 0.41 in toluene-acetone-
methanol, 7.5:2:0.5. ES HRMS: (M+Na) exact mass: 485.1794, found: 485.1790.
[a], -81.7° (c 1.0, MeOH). 'H NMR (300 MHz, CDCL) &: 7.69-7.34 (m, 10H,
aromatic), 5.28 (d, 1H, J,, = 2.8 Hz, H-1), 4.00-4.06 (m, 2H, H-2, H-5), 3.94-3.78 (m,
4H, H-3, H-4, H-6a, H-6b), 2.50-2.58 (m, 2H, SCH,CH,), 1.21 (t, 3H, SCH,CH,),
1.04 (s, 9H, t-Bu). Anal. Calcd for C, H,,O,SSi (462.68): C, 62.30; H, 7.41. Found:

C, 61.83; H, 7.49.
Ethyl 2,3,4-tri-O-benzyl-6-O-t-butyl-diphenylsilyl-1-thio- c-L-mannopyranoside (67)

Anhydrous THF (100 mL) was added to the alcohol 66 (950 mg, 2.05

mmol) along with sodium hydride (250 mg, 10.4 mmol) in a 500 mL round-
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bottomed flask and stirred under an argon atmosphere for 15 min. Benzyl
bromide (1.20 mL, 10.1 mmol, 1.438 g/mL) was added and the solution was
stirred at 60 °C under an argon atmmosphere for 24 h. The resulting yellow,
cloudy solution was then cooled thens methanol (6 mL) was carefully added and
the solution was stirred for 15 min. All of the volatiles were removed using a
rotary evaporator and DCM (150 mL.) was added to the residue. The solution
was then equilibrated between DCM .and water (100 mL) in a separatory funnel.
The organic phase was drained into am Erienmeyer flask, dried with Na,SO,, and
filtered through cotton. The solvent wvas removed using a rotary evaporator and
the product was purified by silica gel chromatography using hexane-ethyl
acetate, 15:1, as the eluent. The benzrwylate 67 was isolated as a yellow oil (1.3 g,
717.04 g/mol, 86%); R, 0.46 in hexane—ethyl acetate, 6:1. ES HRMS: (M+Na) exact
mass: 755.3202, found: 755.3202. [a], -52.6° (¢ 1.2, CH,CL). 'H NMR (300 MHz,
CDCL) &: 7.75-7.15 (m, 25H, aromatic)~ 5.37 (d, 1H, J,, = 1.3 Hz, H-1), 4.92-4.56 (m,
6H, CH,-Ph), 4.00-4.07 (m, 3H, H-4, Hi-5, H-6a), 3.89 (dd, 1H, J,,, = 1.2 Hz, ], =
10.4 Hz, H-6b), 3.88 (dd, 1H, J,, = 3.2 Hz, J,, = 9.7 Hz, H-3), 3.68 (dd, 1H, ], = 1.6
Hz, J,, = 3.1 Hz, H-2), 2.56-2.60 (m, 24, SCH,CH,), 1.20 (t, 3H, SCH,CH.), 1.04 (s,
9H, t-Bu). Anal. Calcd for C H,,0,SSii (733.0): C, 73.73; H, 7.15. Found: C, 73.85;

H, 7.20.
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Methyl 3-O-(3-O-acetyl-2,4-di-O-benzyl-o-L-rhamnopyranosyl)-4,6-O-benzylidene-2-
deoxy-2-phthalimido-[3-D-glucopyranoside (68)

Anhydrous DCM (125 mL) was added to the glycosyl donor 58" (710 mg,
1.65 mmol) along with the acceptor 617 (523 mg, 1.27 mmol) and 4 A molecular
sieves (1.5 g) in a 250 mL round-bottomed flask and stirred under an argon
atmosphere for 14 h at room temperature. The solution was cooled to -78°C and
silver trifluoromethanesulphonate (85 mg, 0.33 mmol) and N-iodosuccinimide
(742 mg, 3.30 mmol) were added and thé solution was allowed to reach room
temperature. The resulting dark purple solution was then filtered through celite
in a sintered glass funnel and the supernatant was equilibrated between DCM
and saturated Na,S,0, (aq.) (100 mL) in a separatory funnel. The organic phase
was drained into an Erlenmeyer flask, dried with Na,SO,, and filtered through
cotton. The volatile components were removed using a rotary evaporator and
the product was purified by silica gel chromatography using hexane-ethyl
acetate, 2:1, as the eluent. The disaccharide 68 was isolated as a white morphous
solid (872 mg, 779.83 g/mol, 88%); R, 0.20 in hexane-ethyl acetate, 2:1. ES HRMS:
(M+Na) exact mass: 802.2839, found: 802.2832. [o], —24.0° (¢ 0.9, CH,CL). 'H
NMR (300 MHz, CDCL) &: 7.85-7.68 (m, 4H, Phth), 7.32-7.14 (m, 13H, aromatic),
6.90-6.95 (m, 2H, aromatic), 5.55 (s, 1H, CH-Ph), 5.19 (d, 1H, J,, = 8.6 Hz, H-1),
5.08 (dd, 1H, J,.,, =3.5Hz, ], . =9.5Hz, H-3'), 466 (dd, 1H, J,, =9.7 Hz, J,, = 10.3
Hz, H-3),4.59 (d, 1H, J,., = 1.8 Hz, H-1"), 4.46-4.50 (m, 2H, CH,-Ph), 4.41 (dd, 1H,

T... = 4.0 Hz, J,, = 12.5 Hz, H-6a), 4.30 (dd, 1H, J,, = 85 Hz, J,, = 10.2 Hz, H-2),
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3.96 (dq, 1H, J,, = 9.7 Hz, ], = 6.2 Hz, H-5), 3.94 (d, 1H, CH,-Ph), 3.83-3.86 (m,
1H, H-6b), 3.76 (d, 1H, CH,-Ph), 3.68-3.73 (m, 2H, H-4, H-5), 3.51 (dd, 1H, J,., =
2.0Hz,J,, = 3.5 Hz, H-2), 3.42 (s, 3H, OMe), 3.35 (t, 1H, J,., = J,.; = 9.5 Hz, H-¢),
1.90 (s, 3H, OAc), 0.79 (d, 3H, ], = 6.2 Hz, H-6"). °C NMR (125 MHz, CDCL,) &:
995 (Joius = 164.6 Hz, C-1), 97.7 (Jo,p, = 167.3 Hz, C-1). Anal. Calcd for

C,H_NO,, (779.8): C, 67.77; H, 5.82; N, 1.80. Found: C, 67.40; H, 5.83; N, 1.74.

Methyl 3-O-(2,4—di-O-benzyl—a—L-rhamnopyrdnosyl)—4,6—O-benzylidene-2-deoxy-Z-
phthalimido--D-glucopyranoside (69)

Distilled methanol (100 mL) was added to the acetate 68 (535 mg, 0.686
mmol) along with sodium (50 mg, 2.17 mmol) in a 250 mL round-bottomed flask
and stirred for 18 h at room temperature. Strongly-acidic cationic exchange resin
was then added until the solution became neutral. The solution was filtered
through celite and the filtrate was concentrated using a rotary evaporator. The
product was purified by silica gel chromatography using toluene-ethyl acetate,
5:1, as the eluent. The alcohol 69 was isolated as a white morphous solid (466
mg, 737.79 g/mol, 92%); R, 0.49 in toluene-ethyl acetate, 3:1. ES HRMS: (M+Na)
exact mass: 760.2734, found: 760.2748. [o], -37.2° (¢ 1.0, CH,CL). 'H NMR (600
MHz, CDCL) &: 7.88-7.68 (m, 4H, Phth), 7.32-7.14 (m, 13H, aromatic), 6.86-6.91
(m, 2H, aromatic), 5.56 (s, 1H, CH-Ph), 5.19 (d, 1H, J,, = 8.5 Hz, H-1), 4.70 (d, 1H,
CH,-Ph), 4.64 (d, 1H, J,., = 1.3 Hz, H-1'), 4.60 (dd, 1H, J,, = 9.6 Hz, J,, = 10.4 Hz,

H-3), 4.46 (d, 1H, CH,-Ph), 441 (dd, 1H, J,,, = 4.3 Hz, J,,, = 10.3 Hz, H-6a), 4.26
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(dd, 1H, J,, = 8.5 Hz, ,, = 10.2 Hz, H-2), 3.78-3.82 (m, 4H, H-6b, H-3", H-5", CH,-
Ph), 3.63-3.67 (m, 3H, H-4, H-5, CH,-Ph), 3.42 (s, 3H, OMe), 3.35 (dd, 1H, J,, = 1.6
Hz,],, = 3.8 Hz, H-2"),3.05 (t, 1H, ., = ], = 9.5 Hz, H-4"), 2.01 (d, 1H, OH), 0.72
(d, 3H, ], = 6.2 Hz, H-6’). Anal. Caled for C,H,NO,, (737.8): C, 68.37; H, 5.87;

N, 1.90. Found: C, 68.14; H, 6.02; N, 1.88.

Methyl 3-O-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-6-O-t-butyl-diphenylsilyl-o-L-
mannopymnosyl]—a-L-rhamnopymnosyl)-4,6—O-benzylidene-2-deoxy—2-phthalimido—ﬂ-
D-glucopyranoside (70)

Anhydrous DCM (70 mL) was added to the glycosyl donor 67 (425 mg,
0.593 mmol) along with the acceptor 69 (336 mg, 0.455 mmol) and 4 A molecular
sieves (1 g) in a 250 mL round-bottomed flask and stirred under an argon
atmosphere for 10 h at room temperature. The solution was cooled to -78°C and
silver trifluoromethanesulphonate (30 mg, 0.12 mmol) and N-iodosuccinimide
(267 mg, 1.19 mmol) were added and the solution was allowed to reach room
temperature. The resulting dark purple solution was then filtered through celite
in a sintered glass funnel and the supernatant was equilibrated between DCM
and saturated Na,S,0, (aq.) (100 mL) in a separatory funnel. The organic phase
was drained into an Erlenmeyer flask, dried with Na,SO,, and filtered through
cotton. The volatile components were removed using a rotary evaporator and
the product was purified by silica gel chromatography using hexane-ethyl

acetate, 2:1, as the eluent. The trisaccharide 70 was isolated as a white morphous
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solid (500 mg, 1408.70 g/mol, 78%); R, 0.33 in hexane-ethyl acetate, 2:1. ES
HRMS: (M+Na) exact mass: 1430.5838, found: 1430.5848. [a], -112.3° (¢ 1.1,
CH,CL). 'H NMR (600 MHz, CDCL) &: 7.82-6.78 (m, 44H, aromatic), 5.54 (s, 1H,
CH-Ph), 5.19 (d, 1H, J,, = 8.5 Hz, H-1), 5.12 (bs, 1H, H-1"), 4.92 (d, 1H, CH,-Ph),
4.65 (d, 1H, CH,-Ph), 4.56 (dd, 1H, J,, = 9.6 Hz, J,, = 10.4 Hz, H-3), 453 (d, 1H, J,...
= 1.3 Hz, H-1"), 451 (dd, 14, J,, = 43 Hz, ] ., = 10.3 Hz, H-6a), 4.36-4.44 (m, 6H,
CH,-Ph), 4.36 (t, 1H, J,... = J... = 9.6 Hz, H-4"), 418 (dd, 1H, J,, =85 Hz, J,, =
10.1 Hz, H-2), 3.97 (dd, 1H, J..,.- = 2.5 Hz, Jo-e- = 11.5 Hz, H-6a"), 3.76-3.86 (m,
7H, H-6b, H-3’, H-5’, H-3”, H-5”, H-6b”, CH,-Ph), 3.60-3.70 (m, 4H, H-4, H-5, H-
2”, CH,-Ph), 3.42 (s, 3H, OMe), 3.26 (m, 2H, H-2’, H-4"), 1.04 (s, 9H, t-Bu), 0.74 (d,
3H, J,., = 6.2 Hz, H-6"). °C NMR (125 MHz, CDCl,) 8: 99.5 (..., = 165.0 Hz, C-1),
99.5 (Jeysr- = 171.1 Hz, C-17), 97.6 (Jepsa = 168.0 Hz, C-1"). Anal. Calcd for

C.H,NO,, (1408.7): C, 72.47; H, 6.37; N, 0.99. Found: C, 72.24; H, 6.24; N, 1.01.

Methyl 2-amino-3-0-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-6-O-t-butyl-
diphenylsilyl-o-L-mannopyranosyl]-c-L-rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-
B-D-glucopyranoside (71)

Ethylenediamine (3 mL) and t-butyl alcohol (30 mL) were added to the
phthalimide 70 (450 mg, 0.319 mmol) in a 100 mL round-bottomed flask and
stirred under an argon atmosphere for 20 h at 115°C. The resulting pale yellow
solution was then cooled to room temperature. The volatiles were removed

using a rotary evaporator and the product was purified by silica gel

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180

chromatography using toluene-ethyl acetate, 5:1, as the eluent. The amine 71
was isolated as a white morphous solid (368 mg, 1278.60 g/mol, 90%); R, 0.63 in
toluene-ethyl acetate, 2:1. ES HRMS: (M+Na) exact mass: 1278.5974, found:
1278.5968. [o, -75.2° (c 0.9, CH,CL). 'H NMR (600 MHz, CDCL,) &: 7.82-7.14 (m,
40H, aromatic), 5.50 (s, 1H, CH-Ph), 5.22 (bs, 1H, H-1"), 5.08 (d, 1H, J,.,. = 1.7 Hz,
H-1’), 4.97 (d, 1H, CH,-Ph), 4.40-4.71 (m, 9H, CH,-Ph), 4.34 (dd, 1H, ], = 4.5 Hz,
Joss = 10.6 Hz, H-6a), 4.20 (t, 1H, J,.,. = J,..- = 9.4 Hz, H-4"), 4.08 (d, 1H, ], = 8.0
Hz, H-1), 3.95-4.07 (m, 3H, H-3’, H-5", H-3"), 3.90 (dd, 1H, J,.,.. =42 Hz, J, . =
11.4 Hz, H-6a"), 3.73-3.77 (m, 3H, H-6b, H-2", H-5"), 3.61-3.69 (m, 2H, H-2’, H-
6b”), 3.56 (t, 1H, J,, = J,, = 9.0 Hz, H-3), 3.50 (s, 3H, OMe), 3.45-3.51 (m, 3H, H-4,
H-5, H-4"), 2.62 (t, 1H, ],, = ],, = 8.4 Hz, H-2), 1.02 (s, 9H, t-Bu), 0.82 (d, 3H, J;... =
6.1 Hz, H-6"). Anal. Calcd for C_H_NO,Si (1278.60): C, 72.33; H, 6.86; N, 1.10.

Found: C, 71.80; H, 6.77; N, 1.09.

Methyl 2-amino-3-0-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-o-L-mannopyranosyl]-
o-L-rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy--D-glucopyranoside (72)
Anhydrous THF (50 mL) was added to the silyl ether 71 (310 mg, 0.242
mmol) along with tetrabutylammonium fluoride (480 uL, 0.480 mmol, 1.0 mol/L
in THF) in a 100 mL round-bottomed flask and stirred under an argon
atmosphere for 15 h at 60°C. The resulting pale yellow solution was then cooled
to room temperature. The volatiles were removed using a rotary evaporator and

DCM (100 mL) was added to the residue. The solution was then equilibrated
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between DCM and water (50 mL) in a separatory funnel. The organic phase was
drained into an Erlenmeyer flask, dried with Na,SO,, and filtered through cotton.
The solvent was removed using a rotary evaporator and the product was
purified by silica gel chromatography using toluene-ethyl acetate-methanol,
7.5:2:0.5, as the eluent. The alcohol 72 was isolated as a white solid (217 mg,
1040.20 g/mol, 86%); R, 0.32 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES
HRMS: (M+Na) exact mass: 1062.4616, found: 1062.4628. [a], —59.5° (c 0.8,
CH,CL). 'H NMR (300 MHz, CDCL) é&: 7.45-7.16 (m, 30H, aromatic), 5.52 (s, 1H,
CH-Ph), 5.30 (d, 1H, J,.,- = 1.6 Hz, H-1"), 5.14 (d, 1H, J,., = 1.6 Hz, H-1"), 4.88 (d,
1H, CH,-Ph), 4.60 (m, 9H, CH.-Ph), 4.31 (dd, 1H, J,, = 49 Hz, ], = 10.5 Hz, H-
6a),4.19 (d, 1H, J,, = 7.8 Hz, H-1), 3.96-4.02 (m, 2H, H-2”, H-3"), 3.85-3.89 (m, 2H,
H-5’, H-6a”), 3.61-3.69 (m, 5H, H-4, H-6b, H-2’, H-5”, H-6b"), 3.53-3.58 (m, 3H,
H-3, H-4’, H-4"), 3.51 (s, 3H, OMe), 3.40 (ddd, 1H, ],, =9.7Hz, ],,, =49 Hz, ], =
1.2 Hz, H-5), 2.79 (t, 1H, J,, = J,, = 8.7 Hz, H-2), 1.10 (d, 3H, ], = 6.1 Hz, H-6").
Anal. Calcd for C,H, NO,, (1040.2): C, 70.43; H, 6.69; N, 1.35. Found: C, 70.06; H,

6.68; N, 1.31.

Methyl 3-0-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-o-L-mannopyranosyl]-o-L-
rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-2-(N-o-fluorenylmethoxycarbony!l-
glycinyl)-amido-fB-D-glucopyranoside (73)

Dry DMF (20 mL) was added to the amine 72 (70 mg, 0.067 mmol) along

with N-o-Fmoc-L-glycine (40 mg, 0.14 mmol), TBTU (43 mg, 0.134 mmol), HOBt

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



182

(18 mg, 0.13 mmol), and N-ethylmorpholine (34 pL, 0.26 mmol, 0.905 g/mL) in a
25 mL round-bottomed flask and stirred for 18 h at room temperature. The
volatiles were removed using a rotary evaporator. The product was purified by
silica gel chromatography using toluene-ethyl acetate-methanol, 7.5:2:0.5, as the
eluent. The amide 73 was isolated as a white morphous solid (76 mg, 1319.49
g/mol, 86%); R, 0.36 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES HRMS:
(M+Na) exact mass: 1341.5511, found: 1341.5512. [«], -13.2° (¢ 0.7, CH,CL). 'H
NMR (300 MHz, CDCL) &: 7.69-7.08 (m, 38H, aromatic), 6.43-6.45 (m, 1H, NH-
Glc-NH,), 5.68 (bt, 1H, NH-Fmoc), 5.48 (s, 1H, CH-Ph), 5.18 (bs, 1H, H-1"), 4.96
(bs, 1H, H-1), 4.80 (d, 1H, CH,-Ph), 4.60-4.24 (m, 10H, H-1, CH-Ph), 4.28 (dd,
1H, J.., = 5.7 Hz, ], , = 10.5 Hz, H-6a), 4.12 (bt, O-CH,-CH[Fmoc]), 4.01 (dd, 1H,
J.» = 2.8 Hz, ], = 9.7 Hz, H-3'), 4.00 (t, 1H, J;.,- = J,-s- = 9.3 Hz, H-4"), 3.92 (dd,
1H, J,.,. =29 Hz, ], . = 9.0 Hz, H-3"), 3.80-3.88 (m, 5H, H-2’, H-5', H-6a", linker),
3.70 (t, 1H, J.-,- = I, = 1.9 Hz, H-2"), 3.61-3.69 (m, 4H, H-3, H-4, H-6b, H-6b"),
352 (t, 1H, J,,. = J,s = 9.3 Hz, H4"), 3.40-3.45 (m, 6H, H-2, H-5, O-CH,-

CH{Fmoc], H-5”, H-6b"), 3.38 (s, 3H, OMe), 0.73 (d, 3H, J,... = 6.0 Hz, H-6’).

Methyl 3-O-(2,4-di-O-benzyl-3-0-[2,3,4-tri-O-benzyl-o-L-mannopyranosyluronic
acid]-orL-rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-2-(N-o-fluorenyl-
methoxycarbonyl-glycinyl)-amido- f-D-glucopyranoside (74)

Distilled DCM (4 mL) was added to alcohol 73 (60 mg, 0.045 mmol) along

with TEMPO (4 mg, 0.02 mmol) in a 25 mL round-bottomed flask. A solution of
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potassium bromide (8 mg, 0.07 mmol) and tetrabutylammonium chloride (10
mg, 0.036 mmol) in saturated NaHCO, (aq.) (1.5 mL) was added and the biphasic
solution was cooled to 0°C. A solution of sodium hypochlorite (1.5 mL, 5%
solution in water), saturated NaHCO, (aq.) (0.6 mL), and saturated NaCl (aq.)
(1.3 mL) was added dropwise over 45 min. The solution was acidified with 5%
HCl (aq.) (6mL) and transferred to a separatory funnel. The organic phase was
drained into an Erlenmeyer flask, dried with Na,SO,, and filtered through cotton.
The volatiles were removed using a roéary evaporator and the product was
purified by silica gel chromatography using toluene-ethyl acetate-methanol,
4:4:1, as the eluent. The carboxylic acid 74 was isolated as a white morphous
solid (26 mg, 1333.47 g/mol, 43%); R, 0.39 in toluene-acetone-methanol, 7.5:2:0.5.
ES HRMS: (M+Na) exact mass: 1355.5304, found: 1355.5314. {o], +0.4° (c 0.6,
MeOH). 'H NMR (300 MHz, CDCL,)) &: 7.75-7.00 (m, 38H, aromatic), 5.42 (bs, 1H,
CH-Ph), 5.18 (bs, 1H, H-1"), 5.04 (bs, 1H, H-1"), 4.83 (bd, 1H, CH,-Ph), 4.63-4.34
(m, 10H, H-1, CH,-Ph), 4.30-3.20 (m, 19H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2’,
H-3", H-4', H-5, H-2”, H-3”, H-4”, H-5", linker, O-CH,-CH[Fmoc], O-CH,-
CH[Fmoc]), 3.32 (s, 3H, OMe), 0.73 (d, 3H, J,, = 5.7 Hz, H-6"). Anal. Calcd for

C,H,N,O,, (1333.5): C, 70.26; H, 6.05; N, 2.10. Found: C, 69.90; H, 6.44; N, 2.01.
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Methyl 2-(2-aminoacetamido)-3-O-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-o-L-
mannopyranosyluronic  acid]-or-L-rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy--D-
glucopyranoside lactam (75)

Dry DMF (12 mL) was added to the carboxylic acid 74 (36 mg, 0.027
mmol) along with piperidine (2 mL) in a 25 mL round-bottomed flask and
stirred for 1 h at room temperature. The volatiles were removed using a rotary
evaporator. Dry DMF (10 mL) was added to the residue along with TBTU (17
mg, 0.054 mmol), HOBt (7 mg, 0.054 mmél), and N-ethylmorpholine (14 puL, 0.11
mmol, 0.905 g/mL) and stirred for 24 h at room temperature. The volatiles were
removed using a rotary evaporator. The product was purified by silica gel
chromatography using toluene-ethyl acetate-methanol, 7.5:2:0.5, as the eluent.
The lactam 75 was isolated as a white morphous solid (19 mg, 1093.22 g/mol,
65%); R, 0.24 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES HRMS: (M+Na)
exact mass: 1115.4517, found: 1115.4527. [a], —27.1° (c 0.4, CH,CL). '"H NMR (300
MHz, CDCL) &: 7.50-7.13 (m, 30H, aromatic), 7.00 (bt, 1H, NH-Fmoc), 6.20 (d, 1H,
NH-GIlc-NH,), 5.51 (s, 1H, CH-Ph), 5.24 (d, 1H, J..,. = 2.7 Hz, H-1"), 5.03 (d, 1H,
J.»=1.6 Hz, H-1"), 498 (d, 1H, ], = 8.3Hz, H-1), 4.71-4.38 (m, 10H, CH,Ph), 4.30
(dd, 1H, J,,, = 5.0 Hz, ], = 10.7Hz, H-6a), 4.23-4.26 (m, 1H, linker), 4.14 (d, 1H,
Jis= 9.3 Hz, H-5"), 4.08 (dd, 1H, J,., = 3.0 Hz, J,.. = 9.7 Hz, H-3’), 3.90-4.00 (m,
4H, H-6b, H-5', H-3”, H-4"), 3.59 (m, 2H, H-3, H-2"),3.86 (t, 1H, J,, = J,, = 9.1 Hz,
H-4), 3.79 (bt, 1H, J,.,. = J,., = 2.3 Hz, H-2’), 3.54-3.57 (m, 2H, H-5, H-4"), 3.45 (s,

3H, OMe), 3.02-3.07 (m, 1H, linker), 2.92 (bq, 1H, J,, = J,, = ], 8-6 Hz, H-2), 0.83
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(d, 3H,J,, = 6.2 Hz, H-6"). Anal. Calcd for C;HN,O,, (1093.2): C, 69.22; H, 6.27;

N, 2.56. Found: C, 69.35; H, 6.02; N, 2.64.

Methyl 2-(2-aminoacetamido)-3-O-(3-O-[ a-L-mannopyranosyluronic acid]-
o-L-rhamnopyranosyl)-2-deoxy-f-D-glucopyranoside lactam (50)

Distilled methanol (15 mL) and distilled water (1 mL) were added to the
protected cyclic trisaccharide 75 (16 mg, 0.014 mmol) along with palladium (II)
hydroxide (23 mg, 20% on carbon) and the suspenssion was stirred under a
hydrogen atmosphere for 24 h at room temperature. T he resulting solution was
then filtered through celite using a sintered glass funnel. The volatiles were then
removed using a rotary evaporator. Distilled water €5 mL) was added to the
residue and the solution was passed through a Sep-Pa k cartridge. The product
was purified by reversed-phase high performance liquid chromatography using
water - acetonitrile, 10:1, as the eluent. The deprotected cyclic trisaccharide 50
was isolated as a white solid (6 mg, 554.50 g/mol, 74%); R, 0.12 in ethyl acetate —
methanol — water, 7:2:1. ES HRMS: (M+Na) exack mass: 577.1857, found:
577.1863. 'H NMR (600 MHz, D,O) &: 5.22 (d, 1H, J,.,- = 1.9 Hz, H-1"), 4.99 (d,
1H, J,,= 1.5 Hz, H-1"), 476 (d, 1H, ],, = 8.4Hz, H-1), 484 (d, 1H, J,...= 9.5 Hz, H-
5”), 3.95-4.00 (m, 2H, H-5", H-6a), 3.92-3.94 (m, 3H, H-2. H-3", H-4"), 3.84 (bt, 1H,
Ji2-= Jp-=3.2Hz, H-2"),3.83 (dd, 1H, ], ,= 3.3 Hz, J,... = 9.9 Hz, H-3’), 3.79 (dd,
1H, J,., = 2.0 Hz, J,., = 3.2 Hz, H-2'), 3.76 (dd, 1H, ], = 5.8 Hz, ], = 12.2 Hz, H-

6b), 3.63-3.67 (m, 1H, linker), 3.50-3.58 (m, 4H, H-4', H-3, H-4, linker), 3.50 (s, 3H,
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OMe), 3.46 (ddd, 1H, J,,, =2.3 Hz, J,,, = 5.2 Hz, J,, = 10.1 Hz, H-5), 1.29 (d, 3H, J,.

= 6.4 Hz, H-6").

Methyl 3-O-(2,4-di-O-benzyl-3-O-[ 2,3,4-tri-O-benzyl-o-L-mannopyranosyl]-o-L-
rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-2-(N-[-fluorenylmethoxycarbonyl-f-
alanyl)-amido--D-glucopyranoside (76)

Dry DMF (20 mL) was added to the amine 72 (90 mg, 0.087 mmol) along
with N-B-Fmoc-B-alanine (54 mg, 0.174 mﬁol), TBTU (56 mg, 0.174 mmol), HOBt
(23 mg, 0.17 mmol), and N-ethylmorpholine (44 pL, 0.34 mmol, 0.905 g/mlL) in a
50 mL round-bottomed flask and stirred for 15 h at room temperature. The
volatiles were removed using a rotary evaporator. The product was purified by
silica gel chromatography using toluene-ethyl acetate-methanol, 7.5:2:0.5, as the
eluent. The amide 76 was isolated as a white morphous solid (105 mg, 1333.52
g/mol, 91%); R, 0.32 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES HRMS:
(M+Na) exact mass: 1355.366770, found: 1355.567507. [o], —21.0° (c 0.7, CH,CL).
'H NMR (300 MHz, CDCL) &: 7.69-7.08 (m, 38H, aromatic), 6.00 (bt, 1H, NH-
Fmoc), 5.52 (s, 1H, CH-Ph), 5.11 (d, 1H, J..,. = 2.2 Hz, H-1"), 4.86 (bs, 1H, H-1'),
4.80 (d, 1H, CH,-Ph), 4.60-4.24 (m, 10H, H-1, CH,-Ph), 4.27 (dd, 1H, J,,, = 5.5 Hz,
Jos = 10.5 Hz, H-6a), 4.08 (bt, O-CH,-CH[Fmoc]), 4.01 (dd, 1H, J,, = 2.8 Hz, J,.,. =
9.7 Hz, H-3"),4.01 (t, 1H, J..,. = J.-»- = 9.3 Hz, H-4"), 3.80-3.90 (m, 6H, H-2’, H-5,
H-3”, H-6a”, linker), 3.73-3.77 (m, 3H, H-3, H-6b, H-6b"), 3.66-3.69 (m, 2H, H-4,

linker), 3.67 (t, 1H, J,.,- = J,.,- = 2.6 Hz, H-2"), 3.56-3.58 (m, 1H, linker), 3.52 (t, 1H,
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Joe = Jos = 9:3 Hz, H4), 3.37-3.42 (m, 5H, H-5, O-CH,-CH[Fmoc], H-5”, H-6b"),
3.30 (s, 3H, OMe), 3.24-3.27 (m, 1H, H-2), 2.16-2.19 (m, 2H, linker), 0.73 (d, 3H, J,. .
= 6.0 Hz, H-6). Anal. Calcd for C,H,N,0,, (1333.5): H, 6.35; N, 2.10. Found: H,

6.24; N, 2.20.

Methyl 3-O-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-or-L-mannurono]-o-L-
rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-2-(2-N-Fluorenylmethoxycarbonyl--
alanyl)-amido--D-glucopyranoside (77) |

Distilled DCM (4 mL) was added to the alcohol 76 (85 mg, 0.064 mmol)
along with TEMPO (3 mg, 0.02 mmol) in a 25 mL round-bottomed flask. A
solution of potassium bromide (7 mg, 0.06 mmol) and tetrabutylammonium
chloride (10 mg, 0.036 mmol) in saturated NaHCO, (aq.) (1.5 mL) was added and
the biphasic solution was cooled to 0°C. A solution of sodium hypochlorite (1.5
mL, 5% solution in water), saturated NaHCQO, (aq.) (0.6 mL), and saturated NaCl
(aq.) (1.3 mL) was added dropwise over 45 min. The solution was acidified with
5% HCIl (aq.) (5mL) and transferred to a separatory funnel. The organic phase
was drained into an Erlenmeyer flask, dried with Na,SO,, and filtered through
cotton. The volatiles were removed using a rotary evaporator and the product
was purified by silica gel chromatography using toluene-ethyl acetate-methanol,
4:4:1, as the eluent. The carboxylic acid 77 was isolated as a white solid (54 mg,
1347.50 g/mol, 63%); R, 0.39 in toluene-acetone-methanol, 7.5:2:0.5. ES HRMS:

(M+Na) exact mass: 1369.5460, found: 1369.5464. [a], +13.6° (c 1.0, MeOH). 'H
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NMR (300 MHz, CDCL) &: 7.69-7.06 (m, 38H, aromatic), 5.42 (bs, 1H, CH-Ph),
5.18 (bs, 1H, H-1"), 4.85 (bs, 1H, H-1"), 4.80 (d, 1H, CH,-Ph), 4.60-4.24 (m, 10H, H-
1, CH,-Ph), 4.30-3.20 (m, 19H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-3’, H-4’, H-
5’, H-2”, H-3”, H-4”, H-5", linker, O-CH,-CH[Fmoc], O-CH,-CH[Fmoc]), 3.20 (s,
3H, OMe), 2.16-2.21 (m, 2H, linker), 0.73 (d, 3H, J, .. = 5.7 Hz, H-6"). Anal. Calcd

for C,H_N,0,, (1347.5): H, 6.13; N, 2.08. Found: H, 5.59; N, 2.11.

Methyl 2-(3-aminopropionamido)-3-O-( 2,4-di;O-benzyI-3-O-[ 2,3,4-tri-O-benzyl-or-L-
mannopyranosyluronic acid]-o-L-rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-[3-D-
glucopyranoside lactam (78)

Dry DMF (10 mL) was added to the carboxylic acid 77 (40 mg, 0.030
mmol) along with piperidine (2 mL) in a 25 mL round-bottomed flask and
stirred for 1 h at room temperature. The volatiles were removed using a rotary
evaporator. Dry DMF (10 mL) was added to the residue along with TBTU (19
mg, 0.060 mmol), HOBt (8 mg, 0.06 mmol), and N-ethylmorpholine (15 uL, 0.12
mmol, 0.905 g/mL) and stirred for 15 h at room temperature. The volatiles were
removed using a rotary evaporator. The product was purified by silica gel
chromatography using toluene-ethyl acetate-methanol, 7.5:2:0.5, as the eluent.
The lactam 78 was isolated as a white morphous solid (20 mg, 1107.25 g/mol,
60%); R, 0.25 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES HRMS: (M+Na)
exact mass: 1129.4674, found: 1129.4684. [a], +12.1° (¢ 0.5, CH,CL). 'H NMR (600

MHz, CDCL,) &: 7.50-7.13 (m, 30H, aromatic), 6.89 (bs, 1H, NH-Fmoc), 5.48 (s, 1H,
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CH-Ph), 542 (d, 1H, NH-GIlc-NH,), 5.14 (d, 1H, J..,. = 2.3 Hz, H-1"), 491 (d, 1H,
J.» =13 Hz, H-1'), 4.71-4.38 (m, 10H, CH,Ph), 4.30 (dd, 1H, J,,, = 5.0 Hz, ], =
10.7Hz, H-6a), 4.22 (d, 1H, J,, = 8.6Hz, H-1), 4.04 (d, 1H, J,...= 9.3 Hz, H-5"), 3.92
(bt, 1H, J,, = J,, = 8.6 Hz, H-2), 3.96 (dd, 1H, J,.,.= 3.0 Hz, J,. . = 9.7 Hz, H-3"), 3.89
(t, 1H, J,-,- = J-s- = 9.3 Hz, H4"), 3.70-3.80 (m, 4H, H-6b, H-5’, H-3”, NH-CH-
CH,-NH), 3.59-3.69 (m, 2H, H-3, H-2"), 3.76 (t, 1H, J,, = J,, = 9.1 Hz, H-4), 3.79
(bt, 1H, J,., = J,., = 2.3 Hz, H-2"), 3.52-3.58 (m, 4H, H-4’, H-5, NH-CH,-CH,-NH),
3.45 (s, 3H, OMe), 2.37-2.39 (m, 2H, NH—CHz-C_I-_Iz-NH), 0.81(d, 3H, J,., = 6.2 Hz,
H-6). Anal. Calcd for C_ H,N,O,, (1107.3): H, 6.37; N, 2.53. Found: H, 6.48; N,

2.62.

Methyl  2-(2-aminopropionamido)-3-O-(3-O-[ a-L-mannopyranosyluronic  acid]-o-L-
rhamnopyranosyl)-2-deoxy-[3-D-glucopyranoside lactam (51)

Distilled methanol (15 mL) and distilled water (1 mL) were added to the
protected cyclic trisaccharide 78 (32 mg, 0.029 mmol) along with palladium (II)
hydroxide (25 mg, 20% on carbon) and the suspension was stirred under a
hydrogen atmosphere for 24 h at room temperature. The resulting solution was
then filtered through celite using a sintered glass funnel. The volatiles were then
removed using a rotary evaporator. Distilled water (5 mL) was added to the
residue and the solution was passed through a Sep-Pak cartridge. The product
was purified by reversed-phase high performance liquid chromatography using

water — acetonitrile, 10:1, as the eluent. The deprotected cyclic trisaccharide 51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



190

was isolated as a white solid (12 mg, 568.53 g/mol, 73%); R, 0.21 in ethyl acetate
— methanol — water, 7:2:1. ES HRMS: (M+Na) exact mass: 591.2013, found:
591.2006. [a],—36.3° (c 0.5, H,O). 'H NMR (600 MHz, D,0) &: 5.11 (d, 1H, J,.,- =
1.5 Hz, H-1"), 4.77 (d, 1H, J,.. = 2.2 Hz, H-1"), 441 (d, 1H, J,, = 8.6Hz, H-1), 4.09
(dd, 1H, J..,- = 1.5 Hz, ]..,. = 3.2 Hz, H-2"), 4.04 (d, 1H, J,.,-= 9.5 Hz, H-5"), 3.95-
3.99 (m, 2H, H-5', H-6a), 3.92 (dd, 1H, |, = 8.5Hz, ], = 10.3 Hz, H-2), 3.89 (t, 1H,
Jo- i = Ji-s- = 9.5 Hz, H-4"), 3.85 (dd, 1H, J,.,. = 9.3 Hz, ]..,. = 3.3Hz, H-3"), 3.83 (dd,
1H,J,,=3.3 Hz,J, . = 9.9 Hz, H-3"),3.79 (dd, 1H, J,, = 2.2 Hz, ], = 3.2 Hz, H-2"),
3.76 (dd, 1H, J,,, = 5.8 Hz, ], ,, = 12.2 Hz, H-6b), 3.65-3.70 (m, 1H, NH-CH,-CH,-
NH), 3.52-3.57 (m, 4H, H-4', H-3, H-4, NH-CH,-CH,-NH), 3.50 (s, 3H, OMe), 3.46
(ddd, 1H, J,,, = 2.2 Hz, J,, = 6.1 Hz, ], = 8.1 Hz, H-5), 2.58-2.61 (m, 2H, NH-CH,-

CH,-NH), 1.27 (d, 3H, J,., = 6.4 Hz, H-6").

Methyl 3-O-(2,4-di-O-benzyl-3-0O-[2,3,4-tri-O-benzyl-o-L-mannopyranosyl]-o-L-
rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-2-(N-f-t-butoxycarbonyl-p-alanyl)-
amido-#-D-glucopyranoside (79)

Dry DMF (20 mL) was added to the amine 72 (88 mg, 0.085 mmol) along
with N-B-t-Boc-B-alanine (48 mg, 0.17 mmol), TBTU (54 mg, 0.17 mmol), HOBt
(23 mg, 0.17 mmol), and N-ethylmorpholine (43 pL, 0.34 mmol, 0.905 g/mL) in a
25 mL round-bottomed flask and stirred for 24 h at room temperature. The
volatiles were removed using a rotary evaporator. The product was purified by

silica gel chromatography using toluene-ethyl acetate-methanol, 7.5:2:0.5, as the
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eluent. The amide 79 was isolated as a white morphous solid (91 mg, 1211.39
g/mol, 89%); R, 0.20 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES HRMS:
(M+Na) exact mass: 1233.5511, found: 1233.5520. [o], —33.3° (¢ 0.7, CH,CL). 'H
NMR (300 MHz, CDCL) &: 7.69-7.08 (m, 30H, aromatic), 6.40 (bt, 1H, NH-Boc),
5.52 (s, 1H, CH-Ph), 5.19 (d, 1H, J..,. = 1.0 Hz, H-1"), 5.00 (bd, 1H, NH-Glc-NH,),
491 (bs, 1H, H-1'), 4.90 (d, 1H, CH,-Ph), 4.74 (d, 1H, J,, = 8.3 Hz, H-1), 4.60-4.24
(m, 9H, CH,-Ph), 4.27 (dd, 1H, J,, = 4.2 Hz, ], ., = 10.2 Hz, H-6a), 4.10 (dd, 1H, ], 5.
=2.6 Hz, ], . = 9.4 Hz, H-3'), 3.83-3.88 (m; 5H, H-5', H-3”, H-6a”, linker), 3.83 (t,
1H, J,..- = J...-=9.3 Hz, H-4"),3.78 (t, 1H, ],.,, = ], ; = 2.7 Hz, H-2"), 3.73-3.79 (m,
3H, H-3, H-6b, H-6b"), 3.68-3.70 (m, 1H, linker), 3.65 (t, 1H, J..,. = J,-;. = 2.6 Hz,
H-2"), 3.62-3.65 (m, 1H, H-5"), 3.56-3.58 (m, 1H, linker), 3.48-3.55 (m, 3H, H-4, H-
5, H-4'), 3.42 (s, 3H, OMe), 3.35-3.37 (m, 1H, H-2), 2.14-2.17 (m, 2H, linker), 1.40
(s, 9H, t-Bu), 0.73 (d, 3H, J,., = 6.0 Hz, H-6'). Anal. Calcd for C H,N,O,, (1211.4):

H, 6.82; N, 2.31. Found: H, 6.92; N, 2.30.

Methyl 3-0O-(2,4-di-O-benzyl-3-0-[2,3,4-tri-O-benzyl-6-O-p-nitrophenylformate-o-L-
mannopyranosyl]-o-L-rhamnopyranosyl)-4,6-O-benzylidene-2-deoxy-
2-(N-B-t-butoxycarbonyl-f-alanyl)-amido--D-glucopyranoside (80)

Dry pyridine (3 mL) was added to the alcohol 79 (77 mg, 0.064 mmol)
along with p-nitrophenyl chloroformate (51 mg, 0.25 mmol) in a 50 mL round-
bottomed flask and stirred for 20 h at 100°C. The solution was cooled to room

temperature and DCM (30 mL) was added. The solution was equilibrated
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between DCM and 5% HCI (aq.) (20 mL) in a separatory funnel. The organic
phase was drained into an Erlenmeyer flask, dried with Na,SO,, and filtered
through cotton. The volatiles were then removed using a rotary evaporator and
the product was purified by silica gel chromatography using toluene-ethyl
acetate, 3:1, as the eluent. The p-nitrophenyl carbonate 80 was isolated as a white
morphous solid (74 mg, 1376.50 g/mol, 85%); R, 0.50 in toluene-ethyl acetate, 2:1.
ES HRMS: (M+Na) exact mass: 1397.5733, found: 1397.5727. [a], —64.7° (c 0.8,
CH,CL). 'H NMR (300 MHz, CDCL) &: 8.18—8.20 (m, 2H, aromatic), 7.49-7.15 (m,
32H, aromatic), 6.00 (bs, 1H, NH-Boc), 5.48 (s, 1H, CH-Ph), 5.19 (bs, 1H, H-1"),
5.00 (bs, 1H, NH-Glc-NH,), 4.94 (d, 1H, CH,-Ph), 4.91 (d, 1H, J,.,. = 1.9 Hz, H-1"),
4.69 (d, 1H, J,, = 8.3 Hz, H-1), 4.60-4.54 (m, 8H, CH,-Ph), 4.47 (dd, 1H, J,.,. = 2.0
Hz, J,..- = 11.3 Hz, H-6a"), 4.37 (dd, 1H, J,,, = 3.2 Hz, ], , = 10.2 Hlz, H-6a), 4.37
(dd, 1H, J,.,.- = 4.5 Hz, J,..- = 11.3 Hz, H-6b"), 4.34 (d, 1H, CH,-Ph), 4.25 (t, 1H,
J.s= J5,=9.5Hz, H-3),4.09 (dd, 1H, ], ,, =29 Hz, ], ., = 9.5 Hz, H-3"), 3.92 (dd, 1H,
J,-»- =19 Hz, J,.,. = 9.5 Hz, H-3"), 3.82-3.88 (m, 3H, H-5', H-4”, H-5"), 3.73 (t, 1H,
Jo» = .5 =22 Hz H-2),3.70 (t, 1H, ],.,. = J,.,. = 2.2 Hz, H-2"), 3.66 (t, 1H, ],, =
J,s=10.1 Hz, H-4), 3.45-3.50 (m, 3H, H-5, H-6b, H-4'), 3.38 (s, 3H, OMe), 3.36-3.39
(m, 1H, H-2), 3.24-3.27 (m, 2H, linker), 2.15-2.18 (m, 2H, linker), 1.40 (s, 9H, t-Bu),
0.83 (d, 3H, J;, = 6.3 Hz, H-6"). Anal. Calcd for C, H,.N,O,, (1376.5): C, 66.31; H,

6.22; N, 3.05. Found: C, 66.40; H, 6.49; N, 3.82.
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Methyl 2-amino-3-0-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-6-O-(2-carboxyethyl
- carbamoyl) a-L-mannopyranosyl]-o-L-rhamnopyranosyl)-2-deoxy--D-glucopyranoside
lactam (81)

Distilled DCM (10 mL) was added to the p-nitrophenyl carbonate 80 (50
mg, 0.036 mmol) in a 25 mL round-bottomed flask and trifluoroacetic acid was
added dropwise until the reaction was complete by thin layer chromatography.
The solution was then neutralized by adding triethylamine The solution was
equilibrated between DCM and 5% HCI (aq.) (10 mL) in a separatory funnel. The
organic phase was drained into an Erlenmeyer flask, dried with Na,SO,, and
filtered through cotton. The volatiles were then removed using a rotary
evaporator and the product was purified by silica gel chromatography using
toluene-ethyl acetate-methanol, 4:4:1, as the eluent. The cyclic carbamate 81 was
isolated as a white solid (25 mg, 1049.16 g/mol, 65%); R, 0.30 in toluene-ethyl
acetate-methanol, 4:4:1. ES HRMS: (M+Na) exact mass: 1071.4466, found:
1071.4453. 'H NMR (300 MHz, CDCL,) &: 7.30-7.10 (m, 25H, aromatic), 5.19 (bs,
1H, H-1”), 5.00 (bs, 1H, NH-Glc-NH,), 4.94 (d, 1H, CH,-Ph), 491 (d, 1H, J,.,. = 1.9
Hz, H-1'), 4.60-4.54 (m, 9H, H-1, CH,-Ph), 4.37 (dd, 1H, J,,, = 3.2 Hz, ], = 10.2
Hz, H-6a), 4.34 (d, 1H, CH,-Ph), 4.20 (bt, 1H, J,, = J,, = 9.5 Hz, H-3), 4.00-4.04 (m,
2H, H-3’, H-3"), 3.80-3.90 (m, 4H, H-5', H-4", H-5”, H-6a"), 3.73 (t, 1H, J,.,. = ], =
2.2 Hz, H-2), 3.70 (dd4, 1H, J.,. = 4.3 Hz, ],.,- = 11.8 Hz, H-6b"), 3.68-3.73 (m,
1H, H-2"),3.66 (t, 1H, ], . = ], = 9.4 Hz, H-4"), 3.45-3.49 (m, 3H, H-5, H-6b, H-4),

3.38 (s, 3H, OMe), 3.32-3.34 (m, 1H, H-2), 3.25-3.29 (m, 1H, linker), 2.80-2.83 (m,
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1H, linker), 2.50-2.53 (m, 1H, linker), 2.16-2.19 (m, 1H, linker), 1.40 (d, 3H, J,, =

6.3 Hz, H-6).

Methyl 2-amino-3-O-(3-O-[6-O-(2-carboxyethylcarbamoyl)-o-L-mannopyranosyl]-o-L-
rhamnopyranosyl-2-deoxy-[-D-glucopyranoside lactam (52)

Distilled methanol (10 mL) and distilled water (1 mL) were added to the
protected cyclic trisaccharide 81 (20 mg, 0.019 mmol) along with palladium (II)
hydroxide (26 mg, 20% on carbon) and the suspension was stirred under a
hydrogen atmosphere for 20 h at room temperature. The resulting solution was
then filtered through celite using a sintered glass funnel. The volatiles were then
removed using a rotary evaporator. Distilled water (5 mL) was added to the
residue and the solution was passed through a Sep-Pak cartridge. The product
was purified by reversed-phase high performance liquid chromatography using
water — acetonitrile, 10:1, as the eluent. The deprotected cyclic trisaccharide 52
was isolated as a white solid (8 mg, 598.55 g/mol, 70%); R, 0.23 in ethyl acetate —
methanol - water, 7:2:1. ES HRMS: (M+Na) exact mass: 621.211903, found:
621.212945. [a], -13.5° (c 0.4, H,O). 'H NMR (300 MHz, CDCL) &: 5.10 (d, 1H,
J.-,-=17Hz,H-1"),4.88 (d, 1H, J,., = 1.5 Hz, H-1"), 457 (d, 1H, ]J,, = 8.3 Hz, H-1),
421 (dd, 14, J,,, = 3.2 Hz, ], = 10.2 Hz, H-6a), 3.90-3.95 (m, 2H, H-3’, H-3"),
3.82-3.87 (m, 4H, H-5', H-4", H-5”, H-6a"), 3.73-3.76 (m, 3H, H-2’, H-2", H-6b"),
3.66 (t,1H,J,.. = J.. = 9.4 Hz, H-4'), 3.61 (bt, 1H, ],, = J,, = 9.6 Hz, H-3), 3.42-3.47

(m, 3H, H-5, H-6b, H-4), 3.38 (s, 3H, OMe), 3.35-3.37 (m, 1H, H-2), 2.90-2.93 (m,
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1H, linker), 2.81-2.83 (m, 1H, linker), 2.47-2.49 (m, 1H, linker), 2.16-2.18 (m, 1H,

linker), 1.40 (4, 3H, ], = 6.3 Hz, H-6").

Methyl 2-deoxy-2-acetamido-3-O-(2,4-di-O-benzyl-3-O-[2,3,4-tri-O-benzyl-or-L-
mannopyranosyl]-o-L-rhamnopyranosyl)-4,6-O-benzylidene-f3-D-glucopyranoside (82)
Distilled DCM (20 mL) was added to the amine 72 (45 mg, 0.043 mmol)
along with acetic anhydride (50 uL, 0.53 mmol, 1.082 g/mL) in a 50 mL round-
bottomed flask and stirred for 15 h at roorﬁ temperature. The volatiles were then
removed using a rotary evaporator and the product was purified by silica gel
chromatography using toluene-ethyl acetate-methanol, 7.5:2:0.5, as the eluent.
The acetamide 82 was isolated as a white morphous solid (44 mg, 1082.24 g/mol,
94%); R, 0.15 in toluene-ethyl acetate-methanol, 7.5:2:0.5. ES HRMS: (M+Na)
exact mass: 1104.4721, found: 1104.4719.
[a], —65.8° (c 0.8, CH,CL). 'H NMR (300 MHz, CDCL) &: 7.45-7.16 (m, 30H,
aromatic), 6.21 (d, 1H, J = 7.8, NHAc), 5.49 (s, 1H, CH-Ph), 5.20 (bs, 1H, H-1"),
498 (d, 1H, CH,-Ph), 498 (d, 1H, J,.,, = 1.1 Hz, H-1"), 4.82 (d, 1H, ], = 8.3 Hz, H-
1), 4.40-4.70 (m, 9H, CH,-Ph), 4.32 (dd, 1H, ], = 4.9 Hz, ], ., = 10.5 Hz, H-6a), 4.25
(dd, 1H,7J,, = J,,=9.1 Hz, H-3),4.13 (dd, 1H, ],.,, = 2.7 Hz, ], . = 9.7 Hz, H-3"), 3.90
(dd, 1H, J,.,. = 3.1 Hz, ... = 8.4 Hz, H-3"), 3.85-3.87 (m, 2H, H-5’, H-6a"), 3.76 (bt,

1H, J.-,- = J.-,- = 2.4, H-2"), 3.69-3.76 (m, 4H, H-6b, H-2’, H-5", H-6b"), 3.62-3.65

-

(m, 1H, H-4), 3.54-3.58 (m, 2H, H-4’, H-4"), 3.51 (s, 3H, OMe), 3.40 (ddd, 1H, ], =
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9.7 Hz, J.,, = 49 Hz, J,,, = 1.2 Hz, H-5), 3.16-3.19 (m, 1H, H-2), 1.77 (s, 3H, NHAC),

0.92 (d, 3H, ], = 6.2 Hz, H-6").

Methyl 2-deoxy-2-acetamido-3-O-(3-O-[ a-L-mannopyranosyl]-a-L-rhamnopyranosyl)-
B-D-glucopyranoside (83)

Distilled methanol (15 mL) and distilled water (1 mL) were added to the
protected trisaccharide 82 (30 mg, 0.028 mmol) along with palladium (II)
hydroxide (32 mg, 20% on carbon) and the suspension was stirred under a
hydrogen atmosphere for 24 h at room temperature. The resulting solution was
then filtered through celite using a sintered glass funnel. The volatiles were then
removed using a rotary evaporator. Distilled water (5 mL) was added to the
residue and the solution was passed through a Sep-Pak cartridge. The product
was purified by reversed-phase high performance liquid chromatography using
water — acetonitrile, 10:1, as the eluent. The deprotected trisaccharide 83 was
isolated as a white solid (11 mg, 543.52 g/mol, 73%); R, 0.23 in ethyl acetate —
methanol — water, 7:2:1. ES HRMS: (M+Na) exact mass: 566.2061, found:
566.2066. [a], ~71.8° (c 0.5, H,0). 'H NMR (600 MHz, D,O) & 5.10 (d, 1H, J,.,- =
1.6 Hz, H-1”),4.82(d, 1H, J,.,.= 1.9 Hz, H-1"), 448 (d, 1H, ]J,, = 8.6 Hz, H-1), 4.04
(dd, 1H, J,.,- = 1.8 Hz, J..,. = 3.5 Hz, H-2"), 4.02 (dq, 1H, ],.. =99 Hz, ], . = 6.4 Hz,
H-5),3.95(dd, 1H, J,,, = 2.2 Hz, J,,,, = 12.2 Hz, H-6a), 3.88 (dd, 1H, J..,.- = 1.8 Hz,
= 12.5 Hz, H-6a”), 3.87 (dd, 1H, J,.,. = 2.0 Hz, J,., = 3.1 Hz, H-2"), 3.83 (dd,

e

1H, J,.,.=3.1Hz,]. . =9.0 Hz, H-3"), 3.92 (dd, 1H, ],, =88 Hz, J,, = 9.9 Hz, H-2),
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3.79 (dd, 1H, J, ,=3.1 Hz, J,, = 9.9 Hz, H-3'), 3.77 (dq, 1H, ... = 9.7 Hz, ], . = 6.2
Hz, H-5"), 3.76 (dd, 1H, J,, = 6.0 Hz, J,., = 12.4 Hz, H-6b), 3.70 (dd, 1H, J,.,. = 5.8
Hz, J.. .. = 12.5 Hz, H-6b”), 3.59 (dd, 1H, J,, = 8.4 Hz, J,, = 10.1 Hz, H-3), 3.53 (t,
1H,J,, =J.s = 9.9 Hz, H-4), 3.53 (t, 1H, J,, = J,, = 9.9 Hz, H-4), 3.50 (s, 3H, OMe),
3.48 (ddd, 1H, ], = 2.2 Hz, J,,, = 5.8 Hz, J,. = 9.9 Hz, H-5), 3.47 (t, 1H, J,.. = J 0. =
9.7 Hz, H-4"), 3.45 (ddd, 1H, J,,, = 1.8 Hz, ], = 5.6 Hz, J,, = 9.8 Hz, H-5"), 1.31 (d,

3H, J,... = 6.2 Hz, H-6"), 1.24 (4, 3H, J,., = 6.4 Hz, H-6").

Purification of SYA/]J6 IgG Antibody from Ascites Solution

A saturated ammonium sulphate solution (20 mL) was added to a 20 mL
solution of ascites and stirred at 4 °C for 2 h. The solution was centrifuged for 10
min at 10 000 r.p.m. The precipitate was dissolved in 40 mL of 1 M
trisflhydroxymethyllJaminomethane (Tris) buffer, pH 8, and added to 40 mL of a
saturated ammonium sulphate solution, and left to stir at 4 °C for 1 h. The
solution was centrifuged at 10 000 r.p.m. for 10 min. The precipitate was
dissolved in 15 mL of a 0.05 M Tris buffer solution containing 0.15 M sodium
chloride and dialyzed against the same buffer solution (2 L) for 24 h. A protein
A/agarose affinity column was used to purify the dialyzed antibody. The
sample was loaded onto the column and washed with 0.05 M Tris, 0.15 M Na(l,
pH 8 buffer to remove unbound protein. The antibody was eluted with a 0.1 M
citric acid/sodium citrate buffer solution, 0.15 M NaCl, pH 3 until all bound

protein was released. The protein solution was dialyzed against 0.05 M Tris, 0.15
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M NaCl, pH 8 buffer overnight. The protein concentration (m.w. 145 380.67
g/mol) was determined with a Beckmann DU 7400 spectrophotometer set at 280
nm. Absorbance readings were divided by the E™,,, value of 1.53 to calculate the

concentration in mg/mL.

Typical Competitive ELISA Testing Procedure

A stock solution of SYA/J6 antibody (~ 6 mg/mL) was diluted with 0.01
M sodium phosphate, 0.15 M NaCl (PBS) buffer solution to obtain a 0.005
mg/mL solution. A 96-well Nunc-Immuno ELISA plate (MaxiSorp F96) was
coated with 100 pL of the antibody solution and allowed to sit at 4 °C overnight.
Excess solution was discarded, and the plate was washed 4 times with PBS
buffer that also contained 0.1 % polyoxyethylene-sorbitan monolaurate detergent
(PBST). A 2.5 % milk solution in PBS buffer (100 pL) was added and the plate
was left to stand at room temperature for 1 h to block empty hydrophobic sites.
The milk solution was discarded from the plate and serially-diluted solutions of
synthetic ligand (50 pL) containing 0.04 pg/mL solution of the biotinylated
lipopolysaccharide antigen (50 uL) in PBST were added in triplicate to the wells.
The plate was allowed to stand at room temperature overnight. The plate was
washed 4 times with PBST. A solution of streptavidin/horseradish peroxidase
complex in PBST (100 pL, 25 ng/mL) was added to each well and allowed to
equilibrate for 1 h. The plate was washed 4 times with PBST and a 3, 3/, 5, 5°

tetramethylbenzidine (TMB) solution (100 pL) was added to each well and the
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colorimetric reaction was allowed to proceed for 1 min. A 1 M phosphoric acid
solution (100 puL) was added to each to quench the reaction and the plate was
placed into a Dynatech MR5000 ELISA plate reader and read at 450 nm.

Inhibition data were calculated from the absorbance readings.

Typical Micro-Calorimetry Experiment

Optimal calorimetry conditions occur when the product of the protein
concentration multiplied by the dissociation constant is between 10 and 100. To
obtain the optimum protein concentration of about 50 uM, the purified antibody
solution was concentrated using an Amicon protein concentrator. Nitrogen gas
was used to push the solution through a 10 000 cut off membrane until the
desired concentration of antibody solution was obtained. The protein solution
(approximately 2 mL) was then degassed under vacuum for 5 min to remove air
bubbles and injected into the MicroCal MCS ITC Unit micro-calorimeter cell and
allowed to equilibrate for 15 min. A 17-fold excess test ligand solution in Tris
buffer was drawn into the calorimetry stirrer/syringe and inserted into the cell.
When a stable baseline reading was attained, 35 injections of 8 pul. were then
made into the cell. The heat data that were measured during the calorimetry
run were converted to thermodynamic values according to the published

procedure of Bundle ef al."®
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Chapter 8
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