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ABSTRACT

Glycans modulate biological processes and play a vital role in the function of receptors.
However, the structure and functions of glycans are often obscured due to the heterogeneity of
these structures. We hypothesize that the function of a specific carbohydrate epitope can be
elucidated by incorporating an epitope of interest onto an existing glycan and monitoring its
interactions within its native habitat. To explore this hypothesis, we have introduced the epitope
of interest by adapting the Staudinger ligation strategy. In this strategy a nucleophilic phosphane
reagent linked to an epitope reacts bioorthogonally with an electrophilic azide containing
molecule and appends the epitope to the desired molecule. An azide can be incorporated into the
glycan by the cell’s biosynthetic machinery. We synthesized galactose-, lactose- and N-acetyl
lactosamine (LacNAc)-phosphane reagents and succesfully demonstrated the use of this strategy
to make defined glycoproteins. We also demonstrated that this method has utility for
immobilization of carbohydrates onto azide derivitized surfaces under mild conditions using very
low concentrations of the reagents without altering their binding affinity for lectins. The binding
interactions of the carbohydrate epitopes with the lectins, jacalin, and wheat-germ agglutinin
(WGA) were examined using surface plasmon resonance. We also designed and synthesized a
tri-galactose-phosphane reagent to study multivalent interactions usually observed in biological

systems.
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Chapter 1

Bioorthogonal chemistry: A tool to explore glycans in their native habitat



1.1 Abstract
Glycans on the cell surface are involved in many biological processes. However, the

structure and function of glycans are not well understood compared to other biopolymers, such
as proteins and nucleic acids due to their heterogeneity. Genetically encoded green fluorescent
proteins are extremely useful in understanding the role of proteins in biological systems, but this
method is not feasible for the study of glycans, as glycan formation is not genetically controlled.
However, a strategy, known as bioorthogonal labeling, has been applied for exploring the role of
glycans in biological system. Bioorthogonal reactions, which have been used for this purpose;
including their advantages, limitations and applications highlighting glycan modifications are
discussed in this chapter. In general, most bioorthogonal reactions have been used to introduce
an exogenous epitope, such as a fluorescent molecule or biotin onto the glycan. We propose that
incorporation of a native epitope onto the glycan in live cells or living organisms will provide an
opportunity to examine the effects of modified glycans thereby providing crucial information
about specific epitopes. We propose that the well-known Staudinger ligation can be used for

incorporating desired exogenous epitopes.



1.2 Introduction

The biopolymers, ions, and metabolites of living systems play a wide variety of roles in
different biological processes. In order to understand cellular processes, there is a need to
determine the structure and function of specific biomolecules. The four major types of
biopolymers are proteins, lipids, nucleic acids and glycans. The majority of protein biopolymers
in mammalian cells are glycosylated, and these glycans, polysaccharides or oligosaccharides are
involved in a broad range of biological processes.” > Carbohydrates are vital for protein folding,
stabilization, transport and quality control.” Glycans on the cell surface assist in intercellular
communication, pathogen recognition and immune responses. Compared to proteins and nucleic
acids, the study of glycans is complicated, as their synthesis is not template driven. Additionally
glycan structures are often nonlinear, and contain different monosaccharide building blocks with
various ring sizes. The complexity of glycosylation sites also results in heterogenous structures.

A number of methods have been developed to explore the structure and function of
glycans.*® Mass spectrometry and lectin microarrays are widely used to elucidate the structure of

11

glycans.”'" Conventional strategies, like interrupting biosynthetic pathways with small

1214 gynthesis of defined glycoconjugates,’ use of exogenous enzymes to alter glycan

molecules,
structures,'” and glycopolymers which interfere with cellular receptors'® provide some insight
into glycan structure and function. An alternative strategy is the study of glycans in their native
habitat by introducing chemical reporters that can be used to track the glycan. The advent of
genetically encoded fluorescent proteins has revolutionized the field of proteomics and has been

used as a powerful tagging method to introduce reporters onto target proteins.'” Genetic tagging

cannot be applied to glycans as their synthesis is not template driven, unlike proteins and nucleic



acids. Bioorthogonal chemistry is most widely used to tag bioreporters in vivo without using
genetic encoding.'®*!

Bioorthogonal chemical reporter strategies are usually a two-step process. In the first
step, a bioorthogonal reporter will be introduced onto the target biomolecule by using a native or
engineered biosynthetic pathway. Later, an exogenous probe is tagged onto the target by a

bioorthogonal reaction, where the reporter and probe are specific to one another and they will not

react with any other endogenous functional groups of the biological system (Figure 1.1).>' As

HO H,0 % H0
S\S S\S S\S .
N H/ PN N SH_/ .r* N H/
H3N H3N H3N
_—

) _ Incorporation of ) B Bioorthogonal P _

HO coo the reporter HO Ccoo reaction HO COoO
02 02 OZ

Figure 1.1: General scheme representing a sequential two step bioorthogonal strategy to
tag specific biomolecules in a complex biological milieu. A bioorthogonal chemical reporter
with nonnative functional group (structure in green) is metabolically incorporated into the target
biomolecule (structure in blue) in the presence of different biomolecules with various
functionalities such as amines, acids, thiols and alcohols etc. Then a probe (red star) attached to
a complementary reactive group (red circle) specific for the reporter is tagged covalently by a

bioorthogonal reaction.

the chemical reporter is incorporated using the cell’s own machinery by appending to the
substrate, it should be smaller in size and compatible such that it will not perturb biological
function. The reactants, both reporter and probe, participating in the bioorthogonal reaction must
be nontoxic. The bioorthogonal reaction should proceed with faster rates and high yields mostly

without any byproduct at neutral pH. The product formed should be stable in the native



environment. With enormous efforts of many research groups several bioorthogonal reactions
have been designed that fit these stringent characteristics and implemented to provide insights
into the structure, dynamics and function of various biomolecules. This chapter discusses
different bioorthogonal reactions developed to date and their specific application in the context
of glycan modification.
1.3 Bioorthogonal reactions
1.3.1 Nucleophilic additions onto aldehydes or ketones

Carbonyl functional groups can serve as good bioorthogonal reporters due to the ease of
incorporation into various scaffolds and they are inert to endogenous reactive groups usually
seen on biopolymers such as proteins and glycans under neutral conditions. Even though
endogenous nucleophiles such as amines (lysine), thiols (cysteine) and alcohols (glycans) form
reversible Schiff bases with mild carbonyl electrophiles, the equilibrium is shifted towards the
carbonyls under physiological conditions. Activated carbonyls under acidic conditions, pH 5-6,
react with amine nucleophiles such as aminooxy and hydrazide compounds to form stable

imines, oximes 1.1, and hydrazones 1.2, (Scheme 1.1) respectively due to the o effect.”
HN. O N|
° o . Q)\R © = biomolecule
o) -H,0 1.1
o — Lo
N A
R =H, alkyl R
o -

1.2

= probe

Scheme 1.1: Aldehydes or ketones as bioorthogonal reporters under acidic conditions (pH
5-6). Condensation of alkoxyamines and hydrazides with carbonyl functionality incorporated in

target biomolecule to form stable imine derivatives.

5



Aldehydes were first introduced onto the cell surface by treatment with periodate by

1.2 Periodate oxidizes terminal vicinal diols (C-8 and C-9) of

Ashwell and co-workers in 197
sialic acids to give an aldehyde at the C-7 position. Gahmberg and coworkers successfully
coupled different mono- and oligo-saccharide hydrazines to living red blood O-type cells in vitro
after periodate treatment to modify their function.”* Modified O-type cells reacted with anti-A
and anti-B sera. Rideout and coworkers in 1986 first demonstrated the use of aldehyde and
hydrazine bioorthogonal chemistry for in vivo drug assembly in cancer cells.” In their self-
assembling drug approach, known as covalent modulation, they employed nontoxic precursors,
decanal, 1.3, and N-amino-N'-1-octylguanidine (AOG), 1.4, to form a cytotoxic hydrazone
(Scheme 1.2) to kill human erythrocytes by membrane dissolution. Based on the conditions
employed, rate constants for this pseudo-first-order reaction of decanal and AOG were found to
be in the range of 5.6 = 1.6 x 10™ to 9.8 + 1.0 x 10* s™'. This self-assembling hydrazone

chemistry was further extended to make antineoplastic drugs based on their properties such as

membrane disruption, protein kinase C (PKC) inhibition,®® metal chelation and DNA

27

intercalation.
CHO N_ N H H
NN CHO SN T SN NN
N s N Mg >
1.3 + 2 14 1.5 NHz.
Cl Cl

Scheme 1.2: Condensation of aldehyde and hydrazine. Hydrazone derivatives formed after

condensation act as biomembrane damaging agent unlike its precursors.



Bertozzi and coworkers™ used this condensation strategy in cell surface engineering
where ketone groups were incorporated onto a sialoglycoconjugate by feeding cells with N-

29, 30
»~7 Later

levulinoyl mannosamine (ManLev), inspired from the work of Reutter and co-workers.
ketone was selectively ligated to biotin on treatment with biotinamidocaproyl hydrazide. Based
on flow cytometry analysis, they also demonstrated that approximately 1.8 x 10 ketones per cell
were available for chemoselective ligation at saturation. However, this carbonyl condensation
strategy has some general disadvantages, including the need for acidic pH (which is a major
barrier for in vivo experiments), slow reaction rates, high concentration of reactants, and most
importantly, ketones and aldehydes are not unique functional groups within cells. These groups
are present in cells and biological fluids as sugars, pyruvates and oxaloacetates. Accordingly, this
strategy has been used widely for extracellular or cell surface modifications, but may be limiting
in applications in the cell or in living organisms. Dawson and co-workers have used aniline as a
catalyst, showed the use of both hydrazides®' and oximes®” for condensation reaction at neutral

pH and reaction rates were increased several fold. Aniline forms a protonated imine, 1.6, with

the carbonyl and readily undergoes transamination with hydrazides or oximes, therefore
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Scheme 1.3: Aldehyde or ketone condensation under neutral pH. Aniline catalyzed

transamination accelerates the rate of 1.8 formation.>>



accelerating the rate of reaction (Scheme 1.3).”® If one has to make a choice between these two
strategies, it is worth noting that oximes are more hydrolytically stable than their corresponding
hydrazones, as oximes cannot be easily protonated.”* Paulson and co-workers® successfully
incorporated biotin tags onto sialic acids by using aniline catalysis (Scheme 1.4). They
introduced an aldehyde on to the C-7 position of sialic acids on BJA-B subclone K88 cells by
mild periodate (1 mM NalOy at 4 °C for 30 min) treatment. Later, in the presence of aniline (10
mM), biotin was attached via a hydroxylamine at pH 6.7. Use of aniline catalysis increased the
rate of reaction by eight to ten-fold. Recently, this aninline catalyzed bioorthogonal reaction has
been used for imaging qorum sensing receptor of bacteria, Pseudomonas aeruginosa by labeling

with boron-dipyrromethene (BODIPY),* and to quantitate the sialic acid content of cells.*’

OH 00 coo NH,
HO QH NalO, O Wo
07/ o~ Cell - . o~ Cell -
ACHN AcHN
HO HO Aniline

Scheme 1.4: Aniline catalyzed in vivo labeling with a biotin-hydroxylamine. Aldehyde was
incorporated on the cell surface by periodate treatment. Biotin-hydroxylamine was coupled to the

aldehyde in presence of aniline.

1.3.2 Bioorthogonal reactions with azides
Azides are small, nontoxic and completely abiotic®® functional groups with mild

electrophilicity, unlike aldehydes and ketones. Azides are inert to amines and other hard
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nucleophiles found in biological systems. As mentioned earlier, azides can be easily incorporated
into biomolecules due to their small size. One potential problem with azides is that they are
susceptible to reaction with thiols. Thiols can reduce aryl and alkyl azides in basic conditions,”
! but their reactivity is reduced in physiological pH. However, reaction of azides with
glutathione in cells* and their reduction during glycan labeling® has been reported. Two
bioorthogonal reactions, Staudinger ligation and 1,3-dipolar cycloadditions are used to conjugate
desired epitopes with azide.

1.3.2.1 Staudinger ligation
Herman Staudinger (Nobel Laureate, 1953) and Jules Meyer in 1919, reported the

reduction of azides into amines with triarylphosphine, popularly known as the Staudinger
reaction or Staudinger reduction.** This reaction proceeds under mild conditions with high
yields. Nucleophilic phosphine attacks the terminal nitrogen of azide followed by loss of a

nitrogen molecule to give an aza-ylide, 1.9 (Scheme 1.5.A). The iminophosphorane (aza-ylide)

Ph Ph
- N2 Ph=P=NR, 1290 _ o o=

A.RN; 4 PPh, - > | 1 Ph P=0 RiNH,
Ph Ph
1.9 1.10

P NRl o
p Ph
0
_ RO NHR;
ye
R P.,
< 'ph

1_11 1.12
113

Scheme 1.5: The Staudinger ligation. R and R, are moieties to be linked together. By placing
an electrophilic trap ortho to phosphorus resulted in an amide bond formation in Staudinger

ligation (B), whereas free amine in Staudinger reaction (A).
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intermediate is quite unstable and readily hydrolyzes to give the amine and corresponding
phosphine oxide, 1.10. After almost a century, Bertozzi and coworkers® examined the
Staudinger reaction as the basis of a potential bioorthogonal reaction. The successful application
of the reaction would require a way to stabilize the Aza-ylide intermediate. They installed an
intramolecular electrophilic trap, a methyl ester, such that prior to hydrolysis negative charge on
the nitrogen of the aza-ylide immediately attacks the carbonyl of the ester to form a five
membered ring,*® 1.12, with loss of methanol (Scheme 1.5.B). Finally, hydrolysis of the five
membered ring gives an amide and phosphine oxide, 1.13. This reaction can be used to ligate
two desired moieties, and is therefore referred to as Staudinger ligation.’

Raines and co-workers® developed another version of the Staudinger ligation, known as
the traceless-Staudinger ligation, where the final ligation product loses phosphine oxide. They
covalently attached thioesters and azide moieties in presence of phosphine thiol. In the same
year, Bertozzi and co-workers*’ also reported a traceless-Staudinger ligation strategy (Scheme
1.6). In Bertozzi’s formulation a cleavable linker was strategically placed between the acyl group
and phosphane. Once the aza-ylide intermediate, 1.14, formed the nucleophilic nitrogen of the
ylide will attack the carbonyl and displace the easily cleavable linkage and phosphorus group.
Hydrolysis of this rearranged adduct results in an amide bond, liberating the phosphine oxide
(Scheme 1.6.A). The traceless-Staudinger ligation strategy has been used to ligate peptides, and
doesn’t require a terminal cysteine residue in one of the peptides, unlike native chemical
ligation.” This chemistry has been used for glycopeptide synthesis, where the azide has been
incorporated into the N-terminus of an unprotected peptide by protease catalysis.”' Recently
Davis and co-workers used this strategy to synthesize well-defined reverse amide N-linked

glycoproteins.”? However, they observed undesired side reactions such as reduction of azide and
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interaction of phosphane with thio-derivatives. Different traceless-Staudinger ligating reagents
have  been  designed, among them the most widely wused reagent is
diphenylphosphinomethanethiol, 1.18. Water soluble reagents such as bis(p-N,N-
dimethylaminoethylphenyl)phosphinomethanethiol, 1.19,* bis(m-N,N-
dimethylaminomethylphenyl)phosphinomethanethiol, 1.20,” have also been reported. The
reagent 1.20 has been found to be better for traceless Staudinger ligation in water due to
favorable coulombic effects preventing protonation of the iminophosphorane intermediate.
Additionally compound 1.20 can be synthesized efficiently in high yields.>

0O

/JKR -N /JLR (::) o
A. RiNg + @ —2 . @ L . }‘R H,O

N RP—N
.P ~P—N-R; Ph” e ™
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Ph Ph Ph ™
1.14 115
R
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R7 N+ P
H Ph” 5
1.16 117
e N(j@w | ] @”
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Scheme 1.6: The traceless-Staudinger ligation. R and R, are coupling partners. A cleavable
linker was placed between the acyl and phosphonium groups such that rearrangement of
iminophosphorane followed by hydrolysis results in an amide bond between R and R; and
liberation of the phosphine oxide (A). Compounds 1.18, 1.19, and 1.20 are water soluble

traceless-Staudinger ligation reagents (B).
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Bertozzi and co-workers incorporated azides onto the sialic acids of cells by feeding
Jurkat cells with peracetylated N-azidoacetylmannosamine (AcsManNAz) and labeled these
azides with biotin using a biotin-attached water soluble phosphine reagent.*’ In 2004, this
chemistry was used to tag FLAG-protein in living organisms.’® Due to its exceptional
biocompatibility, Staudinger ligation has been used for glycan imaging in vivo and several
flurophore-phosphane reagents have been designed for this purpose. Taking advantage of the
electronics on phosphorus, a coumarin attached phosphine reagent was made’’ which was
fluorescent upon Staudinger ligation due to formation of phosphine oxide. However, it suffered

o]
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Scheme 1.7: Bioluminiscence for imaging the glycan of live cells using the Staudinger
ligation. Luciferine 1.22 released due to Staudinger ligation of phosphine-luciferine compound
1.21 with azide incorporated sialic acids was oxidized by luciferase, resulted in production of

light.
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from background fluorescence because of phosphane oxidation in air. To address this problem a
Forster resonance energy transfer (FRET) based phosphine-fluorophore was designed.”® The
complexity of smart fluorophores™ and the autofluorescence of tissues to image glycans in mice
forced researchers to look for alternative strategies. Recently a bioluminescence based method
has been used for imaging the glycan on live cells.®” This technique is based on release of light
during oxidation of luciferin by luciferase. Prostate cancer cells transfected with luciferase were
incubated with different concentrations of AcsManNAz (10, 35 or 50 uM) for two days to
incorporate azides into sialic acid through biosynthetic pathway and azides were reacted with a
hydrophobic phosphane-luciferine conjugate 1.21 (ranging from 3 nM to 100 uM). Luciferase
cannot recognize conjugated luciferin, 1.21, due to the aryl ester bond. Luceferin 1.22, released
after Staudinger ligation diffuses into cells and was converted into oxoluceferin, 1.23, in the
presence of luciferase along with the emission of light (Scheme 1.7). Light was detected by a
charge-coupled device (CCD) camera. This technique is even sensitive for low concentrations
(nM) of phosphine reagent, 1.21. This technique was adapted for imaging in rats as tissue
luminescence is completely absent.®’ Highly sensitive luciferase transgenic mice are readily
available. The Staudinger ligation has been used for increasing glycoprotein subtypes from

. 62. 63 - . . .. . . 64
different proteomes, incorporating new functionalities to recombinant proteins,

65, 66 - -
7 and fluorescent detection of protein

immobilization of proteins with unnatural aminoacids,
fatty acylation.”” The slow reaction kinetics*® of the Staudinger ligation and the need for high
concentration of reagent (> 200 puM), coupled with oxidation of phosphine by metabolic
enzymes or air are the major drawbacks of this ligation reaction. Another potential problem is

reduction of disulfide bonds by phosphanes,®® however this should not be a significant concern

under physiological pH.*’
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1.3.2.2 Click chemistry or 1,3-dipolar cycloadditions

Thermal reaction between the 1,3-dipolar azide and a dipolarophile, such as an alkyne to
give 1,2,3-triazole was first reported by Rolf Huisgen in 1961.* Azides undergo [3-+2]
cycloaddition with alkynes to yield two regioisomers of 1,2,3-triazole at elevated temperatures
and pressure. Due to the activation barrier of the thermal reaction, attaining these reaction
conditions in a biological system is not feasible. Sharpless and co-workers™ and Meldal and co-
workers’' independently reported Cu(I)-catalyzed 1,3-dipolar cycloaddition between an azide
and terminal alkyne to give 1,4-disubstituted-1,2,3 triazoles, 1.24, with enormous increases in
reaction rate (Scheme 1.8). The Cu(I)-catalyzed cycloaddition reaction between azides and
alkynes (CuAAC) proceeds almost seven times faster than the uncatalyzed azide, alkyne
reaction’? and 25 times faster than Staudinger ligation of azides and triarylphosphines.” The key
factor responsible for acceleration of the reaction is activation of the terminal alkyne due to
formation of copper acetylide intermediate.”* Copper-catalyzed azide-alkyne 1,3-dipolar

cycloaddition is popularly known as an example of ‘click chemistry’. Click reactions feature

N=N
__ Cu( !
A. RyN E—— —N
1N3 + R Rl \/\R
1.24
— N=N
B. RiN3 + - Rl/N 7 +  regioisomer
R N
R
1.25

Scheme 1.8: 1,3-Dipolar cycloaddition of azide and alkyne. Copper(I) catalyzed cycloaddition
between azide and terminal alkyne yields 1,4-disubstituted 1,2,3 triazole (A). Strain promoted
cycloadditon between azide and cyclooctyne gives two regio isomers of 1,2,3 triazole (B). R and

R, are different groups to be ligated.
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high yields, simple reaction conditions (can proceed in water at room temperature under
physiological pH), and selectivity.”” The first example of labeling a biomolecule using CuAAC
was reported by Fin and co-workers in cowpea mosaic virus (CPMV),” later this chemistry was
used to derivitize CPMV with different multivalent conjugates such as glycans, peptides and

71, 78

polyethylene glycol (PEG) as well as modifying the surface of tobacco mosaic virus.”

80, 81

CuAAC has been employed in various fields especially in chemical biology. It has been used

85-87 and

for immobilization of nucleic acids,** * drug development,** labeling of nucleotides
lipids,*® selective modification of protein89 and the activity-based proteome profiling.”’ CuAAC
has advantages over the Staudinger ligation in terms of reaction kinetics and requires minimal
quantity of azides.”' The reaction rates of CuUAAC can be accelerated further by using Cu(l)
stabilizing ligands such as tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine(TBTA, Figure
1.2).5%%

The toxicity of the Cu(I)-catalyst to cells has hampered the application of CuUAAC in live
cells. Additionally, the low water solubility of the Cu(I) stabilizing ligands, such as TBTA, has
led to use of high concentrations of catalyst and Cu(I) ions that are not coordinated, increases the
generation of reactive oxygen and nitrogen species thereby damaging the cell.”* This has been
observed in bacterial cells (Escherichia coli), mammalian cells and Zebra fish embryos when

21-95 Recently Peng Wu and co-workers” and M.G. Finn and

subjected to the CuAAC reaction.
co-workers”’developed water soluble Cu(l) stabilizing ligands to carry out CuAAC in live cells
for rapid and efficient labeling. Peng Wu and co-workers discovered that the fucose salvage
pathway in zebrafish embryos process modified fucose substrates inefficiently. Microinjection of

an alkyne-containing fucose, GDP-FucAl, into zebra fish embryos at the one-cell or two-cell

stage and later resulted in metabolically incorporated alkyne as detected with Alexa fluor 488-
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TBTA BTTES THPTA OH
Figure 1.2: Ligands for accelerating the CuAAC reaction. BTTES and THPTA are water
soluble ligands designed to decrease the cytotoxicity of Cu(l) ion thereby increasing

biocompatibility of CuAAC.

azide using CuAAC in the presence of the water soluble ligand BTTES, a tris(triazolylmethyl)
amine-based ligand (Figure 1.2). This strategy enabled them to image fucosylated glycans in the
envelope layer of the zebra fish embryo. They also labeled azide-incorporated sialic acids in
mammalian cells with a biotin probe using this chemistry. M.G. Finn and co-workers labeled
azido-sialic acids of mammalian cells with Alexa fluor-alkyne, biotin-alkyne derivatives using
water soluble tris(hydroxypropyltriazolyl)methylamine (THPTA) ligand and additive
aminoguanidine in CuAAC reaction.”” THPTA terminates reactive species such as oxygen
radicals generated by Cu/ascorbate within the metal-coordination sphere and guanidine takes
care of dehydroascorbate and its decomposition products. Peng Wu and co-workers tried the
THPTA-Cu(I) catalyst for labeling metabolically-incorporated GDP-FucAl of zebrafish embryos
with Alexa fluor 488-azide and they observed less labeling compared to one with BTTES-Cu(I)
catalyst.”

In order to surmount the toxic effects of copper catalyst in cells, researchers have sought

for other alternatives to activate the alkyne in azide-alkyne cycloaddition reactions. Installing
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electron withdrawing groups adjacent to the alkyne will activate the dipolarophile and can
undergo copper-free cycloaddition with azides at ambient temperatures. However, these alkynes
are susceptible to Michael addition with biological nucleophiles. Wittig and Krebs in 1961
reported a reaction of the smallest of the stable cycloalkynes, cyclooctyne and phenyl azide,
which exhibited an accelerated rate to form a single triazole product. Destabilization in the
ground state due to 18 kcal mol™ of angle strain from the lorge distortion of bond angle, 163° to
that of the transition state, enhanced the rate of reaction. Bertozzi and co-workers used this strain
promoted cycloaddition reaction (Scheme 1.8.B) for both in vitro and in vivo labeling without
apparent cytotoxicity.” However, this reaction was slow and the second-order rate constant in
aqueous CD3;CN for the cycloaddition reaction between a cyclooctyne derivative and benzyl
azide was found to be 0.0012 M ' s™', lower than that of a Staudinger ligation (0.0025 M ' s™', 2
fold faster).*™ 7 Assuming that placing an electronegative atom, fluorine, at the propargylic
position will decrease the energy gap between lowest unoccupied molecular orbital (LUMO) of
the alkyne and the highest molecular orbital (HOMO) of the azide and thereby enhances the rate.
Accordingly, installing fluorine next to the triple bond increased the second order reaction
constant by 3-fold for the reaction between compound 1.27 and benzylazide in acetonitrile
compared to simple cyclooctyne 1.26.” The rate was dramatically increased to 60-fold with
difluorocyclooctyne 1.28, popularly known as DIFO, compared to 1.26.” The rate acceleration
was attributed to phase-transfer interactions of fluorine'® and additional strain imparted due to

. . .. . 101
Increase 1n steric interactions.

A second generation of DIFO compounds were produced with
improved synthesis.'” A water soluble DIFO derivative, 6,7-dimethoxyazacyclooct-4-yne, 1.29,

was synthesized from a glucose analogue and showed efficient labeling of azide incorporated
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cells in terms of nonspecific binding.'” The long synthesis of DIFO compounds may limit their

applications, however as discussed below a number of groups have expanded on this strategy.

o. = = MeOa™
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Figure 1.3: Comparision of second order rate constants of a reaction between various
cyclooctynes with benzylazide in acetonitrile. Addition of fluorine atoms at the propargylic

position increased the rate by changing the electronics of the alkyne.

Boons and co-workers increased ring strain further by the fusion of benzene rings to

cyclooctyne (1.30).'"*

The rate of cycloaddition reaction with dibenzocyclooctyne (DIBO), 1.30,
was similar to DIFO and it was easily synthesized. One disadvantage is the insolubility of 1.30 in
water. Debets et al.'”” have synthesized aza-dibenzocyclooctynes 1.31 (DIBAC) to increase the
hydrophilicity of DIBO. Compound 1.31 showed better reaction kinetics than DIBO and DIFO.
Taking a cue from the studies of Debets et al. that incorporating an sp’ center into
dibenzocyclooctyne ring can induce additional strain as seen in DIBAC with an exocyclic amide
bond, Bertozzi and co-workers installed an amide bond onto a benzo-fused octyne ring (1.32).'%
Inserting one more degree of unsaturation into the octyne ring will make the benzocyclooctyne
highly unstable. Therefore they opted for an amide bond in the ring which readily creates
unsaturation. Biarylazacyclooctynones (BARAC), 1.32, showed a 12-fold rate increase
compared to DIFO. Recently, the same group has reported a hybrid of DIFO and DIBO, called as

DIFBO 1.33'"" based on the speculations of Goddard and co-workers'® and density functional

theory (DFT) methods.'”” ' DIFBO was found to be highly reactive and immediately
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underwent homotrimerization in solution. However, it was stabilized by complexation with B-
cyclodextrin. A cyclopropenone derivative 1.34 (Figure 1.4) which can generate the
corresponding DIBO wupon irradiation provides an opportunity for temporal and spatial
labeling."" A major disadvantage with benzofused derivatives is their lipophilicity, which may
lead to nonspecific binding with proteins. Cyclopropane ring-fused derivatives, such as
bicyclo[6.1.0]nonyne, 1.35, have been made to decrease the lipophilicity and showed same kind
of reactivity as DIBO compounds.''' Most of these cyclooctyne derivatives have been employed
in labeling of proteins, lipids and imaging of glycans in cells, Caenorhabditis elegans and
developing zebrafish. Recently, a DIFO derivative was employed to visualize fucosylated
glycans in developing zebrafish.''? In this work, a metabolically incorporated fucosyl azide was
reacted with a DIFO-attached imaging probe, whereas a fucosyl-alkyne was used as reporter in

biocompatible CuAAC strategy used by Peng Wu and co-workers.”®
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Figure 1.4: Ring fused cyclooctyne. Modification of cyclooctynes for enhancement of the ring

strain.
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Recently, bioorthogonal cycloaddition reactions with alkenes promoted by ring strain or
light have gained interest due to their faster reaction kinetics.'”?' A [3+2]-cycloaddition
followed immediately by a retro-Diels—Alder reaction of oxanorbornadiene with azide,'"
inverse-electron demand Diels—Alder reaction of a trans-cyclooctene''* or norbornene'"” with
tetrazines and photoinducible dipolar cycloaddition of a nitrile imine with an alkene''® """ have
also been employed for bioconjugation. However, these reactions are not that useful especially
for in vivo experiments considering incorporation of one of the reporter into the biomolecule or
some of them are not truly bioorthogonal.

1.4 Project objectives

Studying the glycan in its native habitat can provide crucial insights about glycan
function. Most of the biorthogonal reactions reported have been used to attach external probes
such as biotin or fluorescent dyes to the glycan to monitor their function. Thus, many of these
studies involve a non-native epitope. Our goal is to introduce an endogenous epitope onto the
glycan by using an efficient bioorthogonal method and study the consequences of that
modification in the biological system. This strategy will allow us to evaluate the function of
specific epitopes in their native environment. Enzymes, such as glycosyl transferases, have been
previously employed to introduce native epitopes onto the glycan. For example, Palcic and co-
workers'"™ have changed the phenotype of O-erythrocytes to B by appending a human blood
group B trisaccharide antigen on to the O-erythrocyte with fucosyl transferase. However, this
method has some limitations, as few enzymes will tolerate modified substrates and the reactions
are low-yielding. An alternative to accomplish this goal is bioorthogonal reactions which provide
the ability to attach any desired epitope on to the glycan. As previously mentioned, Gahmberg

and co-workers used hydrazine-aldehyde chemistry to modify the function of O-type blood cells
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by appending mono or oligosaccharides in vitro.'” We opted to use the Staudinger ligation based
on the reports of Bertozzi and co-workers.”” These studies suggest that Staudinger ligation can be
used both in live cells and living organisms, and the required reagents are more synthetically
accessible compared to cyclooctyne derivatives.

We developed a methodology to synthesize carbohydrate-phosphane reagents for

modification of azide containing proteins by Staudinger ligation (Chapter 2).'"”

An ethylene
glycol linker with the amine at the terminus was attached to the anomeric position of the
carbohydrate selectively. Later, a free amine was coupled to an activated ester of the phosphane
reagent under mild conditions. The phosphane reagent was introduced at the end of the synthesis
to minimize phosphorus oxidation. We successfully used these carbohydrate-phosphane reagents
to modify a protein, B-lactoglobulin. Thus, demonstrating this strategy can be used for making
defined glycoproteins (Chapter 2). These carbohydrate-phosphane reagents were immobilized
onto an azide-modified solid surface and their specifity for different lectins were measured using
surface plasmon resonance (Chapter 3)."* A trivalent galactose-phosphane reagent was also
synthesized (Chapter 4) by applying this methodology, in order to study multivalent interactions
with lectins.

Cell surface protein receptors are usually glycosylated and these structures can play an
integral role in their function. CD45 is a heavily glycosylated protein, known as receptor-like
tyrosine phosphatase. CD45 is specifically expressed on leukocytes. It contains both N- and O-
linked glycans in the extracellular domain.'*''* CD45 isoforms which differ only in
glycosylation pattern show differential intracellular signaling due to differential ligand

binding.'** '** CD45 glycosylation plays a vital role in T- cell development, activation, immune

function and apoptosis.'*® Galectin-1, a homodimeric protein, binds preferentially to N-acetyl
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lactosamine (LacNAc) moieties,'*’ and will form clusters and segregate CD45, leading to T-cell
death.'”® We propose that conjugation of LacNAc epitopes onto CD45 by Staudinger ligation
would allow the examination of apoptosis caused by galectin-1. In order to test our hypothesis,
we can make use of different carbohydrate conjugated phosphane reagents (Chapter 2, 4). In
this thesis, we outline a general methodology for the application of these reagents. We
demonstrate the feasibility of this strategy in vitro and outline their potential uses in vivo

(Chapter 4).
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Chapter 2

Conjugation of synthetic carbohydrate epitopes to azide-containing proteins

using the Staudinger ligation" **

1. Portions of this work have been published in Loka, R. S.; Sadek, C. M.; Romaniuk, N. A.; Cairo, C. W.,
Bioconjug .Chem. 2010, 21 (10), 1842-9; Loka, R. S.; Cairo, C. W., Immobilization of carbohydrate epitopes for
surface plasmon resonance using the Staudinger ligation. Carbohydr. Res. 2010, 345 (18), 2641-7.

2. Western blot (Figure 2.2) and lectin blotting (Figure 2.5) were acquired by C. M. Sadek (University of Alberta)
3. Azide modified lactoglobulin was provided by N. A. Romaniuk (University of Alberta)
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2.1 Abstract

The generation of defined glycoconjugates is necessary for the study of glycoprotein
function, as well as the development of therapeutics. The biosynthesis of glycoproteins produces
multiple glycoforms, proteins which differ only in the structure of the attached glycan. This
inherent heterogeneity complicates the study of isolated glycans and, in particular, could obscure
the role of individual glycan epitopes in biological function. We present a general strategy based
on the Staudinger ligation to introduce specific glycan epitopes onto azide-containing proteins.
The use of a phosphane-based Staudinger reagent allows for extremely mild reaction conditions
which can be applied to aqueous proteins or cells. We demonstrate that multiple carbohydrate
epitopes can be incorporated onto a protein backbone, and that the resulting glycans are
competent for recognition by lectins. We propose that this general strategy will allow for testing
the role of specific glycan epitopes in cellular and biochemical assays and increasing the stability

of protein conjugates.
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2.2 Introduction

Post-translational modifications can have a dramatic influence on the function and
properties of proteins." The most prevalent post-translational modification found in mammalian
cells is glycosylation, the covalent attachment of oligosaccharides. These carbohydrates are
attached to many cell surface and secreted proteins, by either O- (serine or threonine - linked) or
N-linkages (asparigine — linked). Mammalian glycans are known to affect the function and
recognition of proteins with roles in cellular adhesion, antigen recognition, and development.2 A
common difficulty in the study of glycobiology is the heterogeneous nature of glycan structures.
Glycoproteins isolated from natural sources are typically a mixture of glycoforms - proteins that
differ only in their glycan composition. The presence of multiple glycoforms complicates the
interpretation of results from these samples. Therefore, general strategies to produce synthetic
glycoconjugates with uniform glycosylation continue to be of interest. The generation of defined
glycoconjugates is critical for enabling the study of glycan function and the development of
therapeutics. A variety of approaches have been employed for forming protein glycoconjugates,
including amine-crosslinking, native chemical ligation, solid-phase peptide synthesis, unnatural
amino acid incorporation, chemoenzymatic synthesis, and chemoselective ligation.””
Chemoselective ligation of glycans presents an appealing approach to the bioconjugate chemist,
allowing for the combination of a biologically isolated protein with a synthetic glycan.* ®’
Strategies which employ chemoselective ligation, therefore allow the incorporation of either a
known homogeneous glycan en bloc or the introduction of specific glycan epitopes within an
existing glycan. Chemoselective modifications of glycoproteins have been demonstrated using
both purified glycoproteins, as well as glycoproteins in the membrane of live cells and animals.”

' The biosynthesis of glycoproteins produces multiple glycoforms. This inherent heterogeneity
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complicates the study of isolated glycans and, in particular, could obscure the role of individual
glycan epitopes in biological function. The ability to modify glycoproteins found within the
glycocalyx of living cells presents the opportunity to identify the specific roles of glycan
epitopes. Chemoselective modification of cell-surface glycans, referred to as glycoform
remodeling, has been used to target specific cells'' and to modify the function of glycoproteins.'
Intriguingly, modifications of cell-surface glycans have been used to alter biological responses,
inducing immune-targeting and modifying cellular adhesion.'* *
2.3 Hypothesis

Chemoselective strategies can form the basis of determining the roles of specific changes
in glycosylation within complex biological systems. However, the introduction of complex
glycan epitopes onto a protein backbone can be challenging, and chemical methods for the
synthesis of glycoproteins continues to be an active area of research.””'” We chose to employ a
popular chemoselective strategy, the Staudinger ligation, which forms a covalent linkage
between an azide and a phosphane containing an intramolecular electrophilic trap as shown in
Scheme 2.1.° The azide component may be introduced semi-synthetically'® or through the

.. . . .. . . 7. 19
metabolic incorporation of azide-containing biosynthetic precursors. "

The Staudinger ligation
has proven to be a robust labeling chemistry and can be carried under extremely mild reaction
conditions which can be applied to aqueous proteins or cells. Although there are alternative
reactions that exploit the azide functional group which could also be used,” Staudinger ligation
has its own advantages as described in Chapter 1. We assume that this ligation strategy will

allow us to incorporate specific epitopes of interest on to the glycan in vivo and study its function

in native habitat.
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Figure 2.1: Conjugation of specific glycan epitopes onto azide-incorporated proteins. Azide
introduced either synthetically or metabolically on to a protein can be used as handle to attach

specific carbohydrate epitopes by Staudinger ligation.

We developed an efficient route to reagents able to introduce galactose (Gal), lactose
(Lac, Gal-B (1,4)-Glc), and N-acetyl-lactosamine (LacNAc, Gal-f(1,4)-GlcNAc) glycans and
conjugated them on to synthetically azide incorporated protein(p-lactoglobulin). Our primary
target is LacNAc epitopes, as this unit is part of type 2 lactosamine repeats of N- and O- linked
glycans and a component of the Lewis x and y epitopes.”’ We demonstrated that multiple
carbohydrate epitopes can be incorporated onto a protein backbone, and that the resulting
glycans are competent for recognition by lectins. Thus we propose that this general strategy
(Figure 2.1) can be useful for testing the role of specific glycan epitopes (ex: LacNAc moieties)
in cellular and biochemical assays.
2.4 Biosynthetic labeling of sialic acids

As shown in the general strategy (Scheme 2.1), when cells are incubated with
peracetylated N-azidoacetyl mannosamine (AcsManNAz), the cells own biosynthetic pathway

modifies ManNAz into sialic acids with the azide group intact and secretes on to the cell surface.
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The azide functionalities on these sialic acids can be then used as handles for conjugation, thus

the specific epitope of interest can be introduced by Staudinger Ligation. To test the viability of
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Scheme 2.1: General strategy for labeling azide-containing sialic acids by the Staudinger
ligation. Using a biosynthetic labeling strategy, azide groups introduced into glycoproteins can
be selectively modified by Staudinger Ligation. By conjugating the phosphane to the reducing

end of a synthetic glycan, the biotin can be engineered to interact with streptavidin.
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this hypothesis, we first synthesized peracetylated ManNAz and a biotin modified phosphane
reagent. These compounds can then be used for the metabolic labeling of cells by following the
method established by Bertozzi and co-workers.*”

2.4.1 Synthesis of peracetylated ManNAz (AcsManNAz)

Bertozzi and co-workers has described a linear synthesis of ManNAz, where
azidoacetylation of mannosamine was achieved by treating with iodoacetic anhydride followed
by displacement of iodine with sodium azide. This method has several drawbacks, it uses excess
expensive reagent iodoacetic anhydride and the displacement subsequently carried on an
expensive intermediate (Scheme 2.2).” To avoid this, we followed the convergent synthesis of

O 0]

HO—, NHSCI NaOMe HO HN)\/ HO—HN
HO OH lodoacetic HO OH HO
anhydride

Scheme 2.2: Bertozzi’s method for ManNAz synthesis. A linear synthesis of ManNAz from

mannosamine.

Chen, X. et al.”> As shown in scheme 2.3, the N-hydroxysuccinamide (NHS) activated ester of
azidoacetic acid was synthesized in two steps from bromoacetic acid, a relatively cheap reagent,
by displacing bromine with azide followed by N,N'-dicyclohexylcarbodiimide (DCC) coupling
of NHS to the azidoacetic acid. Mannosamine was treated with the NHS ester, 2.2, to give azido

acylated mannosamine, 2.3, yields obtained for this step were less than reported. Acylation of
2.3 in presence of acetic anhydride in pyridine with a catalytic amount of DMAP gave

AcsManNAz, 2.4.
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Scheme 2.3: Synthesis of AcsManNAz. A convergent synthesis of ManNAz, where azide was

directly incorporated by acylation of amine.

2.4.2 Synthesis of a biotin-phosphane reagent

The Staudinger ligation reagent, 2.6, consists of a carboxylic acid, para to a methyl ester
on phenyl ring and can be used as a handle to introduce an epitope of interest (biotin) through
formation of an amide bond. Since this reagent is vulnerable to oxidation,” we made an NHS-
activated ester that can be used under milder conditions.
2.4.2.1 Synthesis of NHS activated phosphane reagent

The NHS activated phosphane reagent was synthesized from 1-methyl-2-
aminoterephthalate in three steps as shown in Scheme 2.4 by following a well-established

10, 25
protocol

with slight modification in workup procedures. The amine of the terephthalate was
converted into a diazonium ion by treating with HCl and sodium nitrite, later the diazonium
group was displaced with iodide under reflux conditions to afford iodoterephthalate, 2.5. This
iodo derivative was coupled to diphenyl phosphine by palladium catalysis to yield the Staudinger

reagent, 2.6a, along with small amount of its corresponding oxide, 2.6b, in a 1: 0.09 ratio (based

3P NMR) respectively. The reagent might have oxidized during coupling or crystallization.
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Scheme 2.4: Synthesis of NHS-activated Phosphane reagent, 2.7. As phosphane reagent, 2.6a,

susceptible to oxidation, NHS-actvated ester, 2.7, was made to avoid coupling reagents.

Without further purification, the mixture was coupled to NHS with 1-ethyl-3-(3-
dimethylaminopropyl)- carbodiimide (EDC). After several unsuccessful attempts at
crystallization, silica gel column chromatography provided pure activated ester, 2.7. With 2.7 in
hand, we synthesized biotin with a free amine at the terminus of linker for amide bond formation.
2.4.2.2 Synthesis of an amino derivative of biotin and tethering to a phosphane reagent

As we intended to use this reagent for in vivo experiments, it should be soluble in water-
miscible solvents such as DMSO. As well, there should be proper space between the
glycoprotein and biotin after conjugation to avoid steric issues with the affinity binding proteins,
avidin or streptavidin. In light of these requirements, an ethylene glycol linker was used instead
of an alkyl chain to increase the solubility in polar solvents. We envisioned protecting the amine
with #-butyloxycarbonyl (Boc) instead of other masking reagents since deprotection of this group

is highly efficient, and doesn’t require any further purification. The amine of linker was
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selectively protected with Boc by treating with di-#-butyl-dicarbonate(DIBOC or Boc anhydride)
under solvent free, catalyst free, conditions at room temperature to give carbamate, 2.8.*°
Esterification of biotin with 2.8 using EDC and 4-N,N-dimethylaminopyridine (DMAP) gave
linker-attached biotin, 2.9. The reaction didn’t proceed well when catalytic amounts of DMAP
were used instead of stoichiometric quantities. Boc was deprotected under acidic conditions to
obtain free amine, and coupled to activated phosphane reagent, 2.7, using triethylamine as a base

to generate the desired final compound, 2.10.
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Scheme 2.5: Synthesis of a biotin-phosphane reagent. A Boc-protected amine linker was
coupled to biotin, followed by Boc deprotection and resulting free amine was acylated with

phosphane reagent, 2.7.

2.4.3 Biotinylation of metabolically-incorporated azides
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To test the utility of the phosphane reagent, 2.10, we replicated the work of Bertozzi and
co-workers.”> An azide label was incorporated into the glycoprotein, the lymphocyte function
associated antigen I (LFA-1) by treating with AcsManNAz, 2.4. The resulting azide containing
glycoprotein, LFA-1, was reacted with biotin phosphane reagent, 2.10, and formed biotinylated
protein by Staudinger ligation. These proteins were visualized by Westernblotting through
binding of strepatavidin. To confirm that the azide labeling was specific for the N-glycan, the
glycoprotein was treated with Peptide N-glycosidase F (PNGase F) to remove N-linked glycans
and confirmed by western blot which didn’t show any traces of protein as glycans were removed

(Figure 2.2).

Figure 2.2: Western blot showing biotinylation of azide-incorporated LFA-1. Metabolically
incorporated azides on LFA-1 were labeled by Staudinger ligation with the biotinylated
phosphine, 2.10. The biotinylated proteins were separated by SDS-PAGE, blotted to
nitrocellulose, and probed with streptavidin-HRP conjugate. Bands were detected by
chemiluminescence. PNGase-F treatment was performed overnight at 37 °C on the native

heterodimer. Lanes shown: 1-Untreated; 2-PNGase-F-treated.
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2.5 Synthesis of glycosyl-phophane reagents

Our ultimate goal was to make defined and stable glycoconjugates with the Staudinger
ligation. We therefore first required the development of suitable phosphane derivatives that could
install the target carbohydrates onto a model protein. Although our primary interest is the
incorporation of a LacNAc disaccharide, we also intended to make related carbohydrate
structures to be used as controls in future experiments. We selected a monosaccharide, galactose
(Gal), and a disaccharide, lactose (Lac, Gal-p(1,4)-Glc) for this purpose. Based on the synthesis
of the biotin phosphane reagent, we decided to use the same linker, and designed the target

structures accordingly. The target structures consisted of a carbohydrate epitope, a linker, and a
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2.16. o} o H
OH
o)
OH 7
HO OH
e) H OMe
2.21. HO 0 ° O~~~ N
oy HO o) P(Ph),
OH o
OH 0
HO OH
OMe
240. Ao é@v H
H 0 N
HO TN P(Ph),
OH
NHAC o

Scheme 2.6: Target structures. Galactose (2.16), lactose (2.21) and LacNAc (2.40) conjugated
phosphane reagents were designed on the basis of synthesis of biotin conjugated phosphane

reagent, 2.10.
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phosphane group as shown in Scheme 2.6. Before designing a synthetic route for these targets,
we explored the stability of phosphane reagent, 2.6, to different acid and base conditions,
commonly used for deprotections in carbohydrate chemistry.
2.6 Stability of phosphane reagents to acid/base conditions

As described earlier, phosphane reagents are highly susceptible to oxidation®* and we
monitored the stability of this reagent for a range of acid/base conditions, usually employed for
deprotections in carbohydrate chemistry. A fixed amount of compound was taken in an NMR
tube and subjected to wide variety of conditions ranging from weak acid to strong base, keeping
the final concentrations the same in all the tubes. *'P NMR spectra were recorded at different
time points under identical parameters. The reagent, 2.6, in chloroform (control) showed two *'P
peaks (similar to Figure 2.3) corresponding to both unoxidized, 2.6a, (-2.8 ppm) and oxidized,
2.6b, (30 ppm) in 1:0.09 ratio. We compared these integrations to spectra obtained over time for
different conditions and these results were illustrated in Table 1. Hydrolysis of methyl ester of
the reagent, 2.6, is inevitable under these conditions. However, hydrolysis of ester should not
have considerable effect on the chemical shift of *'P NMR peak, as the reagent, 2.6, and its
NHS-derivative, 2.7, show similar chemical shift. The phosphane integration of the control

slightly changed with time, which may be due to oxidation by air (Table 1).
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MeO
Fl,h MeO OO
I
P
TPho T ph
Ph
HO HO™ ~O
2.6a 2.6b
TFA TFA Acetic acid | Piperidine Hydrazine NaOMe CDCl,
0, V) 0, o V)
Conditions (95% ,CDCL3) | (5% , CDCl3) (20% , DMF) | (2% , DMF) | (1% ,MeOH) | (Control)
ppm | Int ppm | Int ppm | Int | ppm | Int ppm | Int ppm Int ppm | Int
1.5 | 109 - 41.7 | 1.0 363 | 1.0 [29.7 | 1.0 30.1 | 1.0 NA NA |325 | 1.0
. 103 | 22.6 28 |58 |-3.0 [99 34 |45 -3.2 1 10.7
Time
12 11.1 - 416 | 1.0 364 | 1.0 [29.7 | 1.0 302 | 1.0 NA NA |326 | 1.0
(in h) 103 [ 136 |-26 |54 |30 |54 |33 |17 32 |88
24 11.1 - 414 | 1.0 363 | 1.0 [29.7 | 1.0 30.1 | 1.0 -2.6 1.9 326 | 1.0
10.3 | 129 27 |53 |-3.0 |35 33 | 1.2 -6.4 1.0 32 |77
48 11.1 - 412 | 1.0 NA [ NA |29.7 | 1.0 302 | 1.0 2.5 0.9 327 | 1.0
103 | 8.0 -3.0 |39 33 |05 -6.3 1.0 3.2 | 84

Table 2.1: Stability of phosphane reagent 2.6. Chemical shifts are given relative to 80%

phosphoric acid as an external chemical shift reference (0 ppm). NA = no data available. Int =

integration. The phosphine oxide peak was always integrated as one and appears at more

downfield (~ 30 ppm) than phosphine (~ -3 ppm).

There was no change in chemical shifts with weak acid and weak bases even after

prolonged time. However changes in integrations over time with weak bases (Figure 2.3)

suggest that reagent might be degrading. Eventhough integrations are different compared to the

control; they remained constant in weak acids throughout the study. The difference might be due
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to change in medium (acidic). In the case of strong acids, signals were shifted downfield. This
observation likely due to protonation to the phosphonium ion, as spectra taken after the removal
of acid after 2 days showed reappearence of the original signal for 2.6a (-2.9 ppm). In strong
base, (NaOMe/MeOH), a new peak appeared (-6.4 ppm) along with phosphane peak (-2.5 ppm)
may be due to phosphane oxide reaction with methoxide ion. Based upon these results, we

concluded that the phosphane reagent was stable to acids and oxidizes faster in bases.
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Figure 2.3: *'"P NMR of compound 2.6 in a 2% hydrazine-DMF solution. Peaks around 30
ppm, -3 ppm corresponds to phosphane oxide, 2.6b, and phosphane, 2.6a, respectively. With
increasing time, the integration of the phosphane decreased compared to phosphane oxide peak,

indicating its decomposition under these conditions.
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2.7 Design and retrosynthetic analysis of target carbohydrates
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Scheme 2.7: General retrosynthetic plan for target carbohydrates. PG is a protecting group
and LG is leaving group. Glycosylation of suitable glucosyl donor with protectected amine
containing scaffold followed by global deprotection and acylation with phosphane reagent, 2.7,

will generate desired epitopes.

Due to our concern of phosphane stability we chose to introduce the phosphane late in the
synthesis. Therefore, breaking the amide bond at the phosphane will yield the completely
deprotected carbohydrate epitope with a free amine as illustrated in Scheme 2.7. This amine
functionality can be introduced on to the carbohydrate as part of an ethyleneglycol-derived linker
by masking the amine with suitable protecting group during glycosylation with a donor of our
choice. Since we desired to generate B-linked carbohydrates, the donor should have a

participating group next to the point of glycosylation, usually a benzoyl or an acetyl groups. Our

53



convergent strategy, in brief, involves synthesis of carbohydrate epitopes with a free amine from
a suitable donor and ethylene glycol derived linker, and finally coupling this amine to an
activated ester of phosphane, 2.7, under mild conditions. This strategy is general and allows for
the introduction of alternative amine-containing epitopes as desired.
2.8 Synthesis of a galactose-linked phosphane reagent

To generate a suitable azide reactive galactosyl-phosphane derivative, galactose was
protected as the 2,3,4,6-tetrabenzoylated derivative, 2.12, by perbenzoylation and selective
deprotection of the anomeric position was achieved by first converting it into an anomeric
bromide on treatment with HBr. The glycosyl bromide was converted to anomeric alcohol with
water in presence of silver carbonate as catalyst to provide 2.13 (Scheme 2.8).”” Compound 2.13
was then converted to the trichloroacetimidate derivative (TCA), 2.14, as a mixture of anomers
using trichloroacetonitrile and 1,8-diazabicycloundec-7-ene (DBU). Having access to the TCA
donor, we opted for an Fmoc-protected 2-(2-aminoethoxy)-ethanol linker as the acceptor. Even
though we had readily available a Boc- protected 2-(2-aminoethoxy)-ethanol linker 2.8, we have
choosen Fmoc-protection keeping in mind that Boc-protection may be unstable under the slightly
acidic conditions needed for glycosylation. Fmoc-protection has the added advantage that it can
be removed simultaneously with benzoyl groups. The amine of the linker was selectively
protected with Fmoc by using Fmoc-O-Suc under basic conditions. Glycosylation of the TCA
donor, 2.14, by an Fmoc-protected linker, 2.11, in the presence of TMSOTT proceeded in good
yield, providing the fully protected compound, 2.15.* Alkaline deprotection conditions®
simultaneously removed benzoyl and carbamate protecting groups from compound 2.15 to yield
the galactosyl-amine derivative. Low yields were observed for this reaction, likely due to

benzoylation of the amine. Acylation of the free amine using an N-hydroxysuccinimide ester
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Scheme 2.8: Synthesis of a galactose-phosphane reagent, 2.16. Galactose-phosphane reagent,

2.16, was generated from galactose with 34% overall yield.

(NHS) derived phosphane, 2.7, led to the formation of final compound, galactosyl-phosphane
reagent, 2.16, in moderate yield along with small traces of its corresponding oxide. This minor
contamination by the phosphine oxide originated from the starting NHS-ester and during
purification, but did not appear to be due to the coupling conditions. Based on its *'P NMR
spectrum, the amount of oxidized product was found to be around 18%.
2.9 Synthesis of a lactose-linked phosphane reagent

The lactose-containing phosphane was generated using a similar sequence of reactions.
Lactose was benzoylated under standard conditions in excellent yields. Perbenzoylated lactose
was selectively deprotected at the anomeric position using hydrazine in acetic acid, to give

compound 2.18 in good yield.”® Treatment with DBU and trichloroacetonitrile gave the protected
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lactosyl-TCA derivative, 2.19, as the a-anomer.”® *° Glycosylation was carried out using the

protected linker (2-(2-aminoethoxy)-ethanol) as before to provide compound 2.20 (Scheme 2.9).
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Scheme 2.9: Synthesis of a lactose-phosphane reagent, 2.21. Lactose-phosphane reagent, 2.21,

was generated from lactose with 23% overall yield.

Global deprotection of benzoyl and Fmoc groups was performed by using Zemple'n
conditions,” resulting in the lactose containing free amine. Finally the amine was coupled to
phosphane reagent, 2.7, to give lactose phosphane reagent 2.21 in two steps. A small portion of
oxidized phosphorus compound was observed along with the desired reagent 2.21 and it was
found to be around 9% based on its *'P NMR spectrum.
2.10 Synthesis of a LacNAc-linked phosphane reagent

The synthesis of LacNAc derivatives can be more challenging, due in part to the expense
of the disaccharide as a starting material. In order to synthesize a LacNAc-phoshane reagent, we
needed to generate a suitable lactosamine donor. The conventional method of synthesizing

LacNAc donors is from its constituent monosaccharaides, glucosamine and galactose, with
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suitable protection.”’ However, this method is cumbersome and time consuming. Enzyme

catalyzed methods have been also used to assemble the two monosaccharides to avoid protecting

groups.*> ** Even though this strategy simplifies the synthesis, it remains expensive and the final

compound can only be produced in very small amounts. Disaccharides, such as lactal or

3436 The advantage of starting with the

lactulose, can be converted into lactosamine donor.
disaccharide is that the regio- and stereo-chemistry between two monosaccharides is fixed, and

the synthesis begins with a cheap advanced intermediate.
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Scheme 2.10: Different strategies to synthesize a lactosamine donor. LG' and LG%are
orthogonal leaving groups which cannot be activated by using same promoter. PG' and PG” are
protecting groups. PG” is participating group to generate 1, 2 trans stereochemistry, usually a

phthalamide group.

2.10.1 Synthesis of a lactosamine donor from lactal
There are a number of elegant methods which have been developed to transform glycals

into 2-amino-2-deoxy sugars.”* Schmidt and coworkers reported a method where by nitration
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followed by Michael addition of thio-derivatives under strong basic conditions to glycals can
generate 2-nitro-1-thioglycosides.”” Alternatively, glycals can be converted into highly unstable
and strained three membered cyclic-aziridine intermediates, and subsequent glycosylation can
lead to formation of 2-deoxy-2-amino sugars.”* These cyclic aziridines can be generated from
glycals by 1,3 dipolar-cycloaddition to an azide, and subsequent photochemical conversion of

3949 and sulfonamidoglycosylation.*"" ** Gin and

resulting triazoline®® or by phosphoramidation
co-workers® have reported the use of C-2 amidoglycosylation of glycals to provide direct access
to the 2-acetamido-2-deoxy glycosides in a one-pot synthesis.
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Scheme 2.11: Routes to convert lactal to a lactosamine donor. PG is protecting group. R-OH
is an acceptor. Lactal can be converted into an amine derivative by using methods such as

cycloaddition with azide, phosphoramidation, and sulfonamidoglycosylation or C-2

amidoglycosylation.

Since there are many procedures to modify a lactal into lactosamine donor, we first
explored the utility of the most commonly employed strategies. We first decided to use the lactal
to form lactosamine derivative following the methods of Danishefsky42 and Gin.” Danishefsky’s
method has been used widely to synthesize similar intermediates.**
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2.10.1.1 Synthesis of a lactosamine donor by Danishefsky’s strategy42

The sulfonamidation of lactal to provide desired lactosamine donor has been previously
reported by Danishefsky and co-workers.*” The starting compound required for this strategy is a
benzylated lactal which is prepared from lactose in five steps (Scheme 2.12). We converted
Lactose to peracylated lactal, 2.22, by a three step, one-pot procedure.44 Lactose was
peracetylated with acetic anhydride and selectively brominated at the anomeric position upon
treatment with hydrogen bromide. A zinc-mediated elimination of bromine resulted in
peracetylated lactal in a one-pot preparation. Deprotection of the acetyl groups was achieved
under alkaline conditions in good yields.*> Benzylation of the free lactal, 2.23, was performed

using benzyl bromide in the presence of strong base, sodium hydride, to generate the benzylated

lactal, 2.24.%
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Scheme 2.12: Synthesis of benzylated lactal, 2.24. Peracetylated lactal, 2.22, was made from
lactose by a 3 step-one pot procedure. Acetyl protections were switched with benzyl to make the

olefin electron rich.

The reaction of benzylated lactal with a combination of iodonium (di-sym-collidine)

perchlorate (IDCP) and trimethylsilylethanesulfonamide resulted in frans-diaxial
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iodosulfonamide, 2.26 in low yield (Scheme 2.13). Trimethylsilylethanesulfonamide is an
expensive commercial reagent, which can be easily prepared from sodium
trimethylsilylethanesulfonate in two steps.*® In the first step, acid chloride was generated upon
treatment with  phosphorus pentachloride. Next, reaction with ammonia gave
trimethylsilylethanesulfonamide in moderate yield. Glycosidation of iodosulfonamide, 2.26, was
performed with ethanethiol in the presence of excess lithium hexamethyldisilazide (LiIHMDS), to

1.PClg

™MS"50,Na > TMS~"g50,NH,

2. Ammonia 295

56% in two steps

OBnBN 40% 5anBN 58%

2.24 o, NH
O//S\/\TMS

2.26

Bn OBn 0Bn 1. CsF, DMF, 90 °C Bno ~OBn OBn
o 70% o
BnO (@] O SEt > BnO (@] O SEt
(@) OBanO

BnO ~OBn OB
OBn Bn n OBn
F § 0 o IDCP, TMSCH2CH2302NH3 o | EtSH.LIHMDS,
BnO OO O - BnO (@) (@]
(0]

Bn . e
OBn o 2. Ac,0, pyridine NHAGC
/\,\S/ 80%

Scheme 2.13: Synthesis of lactosamine thioglycoside from benzylated lactal, 2.24. This
strategy is not economical for synthesizing N-acetyl lactosamine due to utilization of expensive

reagents and poor yields.

afford thioglycoside, 2.27 in 58% yield. The amine was unmasked under higher temperatures (90
°C) with cesium fluoride. Acylation of the free amine by acetic anhydride gave lactosamino-
thioglycoside, 2.28. Although we succeeded in making the thioglycoside donor, yields obtained
for the iodosulfonamidation and glycosylations were low, and further deprotection of the amine,

2.26, was slow (2 d). We abandoned this route due to its impracticality for large-scale synthesis
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and the cost of the reagent, trimethylsilyl ethanesulfonamide. We next explored a one pot C-2
amidoglycosylation introduced by Gin and Co-workers.*
2.10.1.2 Synthesis of a lactosamine donor by Gin’s strategy43

Gin and co-workers demonstrated a one pot procedure of C-2 amidoglycosylation of
monosaccharide glycals to produce acetamido glycosides. This protocol involved activation of
the glycal by a novel electrophile, thianthrene bis(triflate), 2.30, followed by treatment with an
acetamido nucleophile, and glycosyl acceptor to afford 2-acetamido glycoconjugates. To the best
of our knowledge this method has not been applied to a disaccharide glycal. In order to establish

this protocol for a lactal, we intended to use methanol as an acceptor.

©
(ID TfO OTf
S S
OO0 e 0 e (D
s 90% s In situ
2.29 ~2.30

Bno ~OBN OBn BnO j@
50 0 0&3 2.30, TMSNHAC | Tfo PhNEt,
BnO = >
BnO BnO BnO

Y

2.24

MesSi—
— _ 2 31
Bno ~-0OBn OBn BnO ~OBn OBnN
o MeOH, Amberlyst 15 o
Bnogﬁ/o O ~ BnO ) O _oMe
Bno BnO <10% BnO BnO
Ny O NHAc
7/2 32 233

Scheme 2.14: Conversion of lactal to lactosamine by Gin’s strategy. Low yields, indicate that

this strategy is not feasible for making C-2 acetamido sugars from disaccharides.
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The lactal enolether, 2.24, was activated by thianthrene bis (triflate), generated in situ
from thianthrene-5-oxide, 2.29, and Tf,0. Thianthrene-5-oxide was in turn derived from
thianthrene, by oxidation with m-CPBA (meta-chloroperoxybenzoic acid) in good yield.*’
Activated lactal was attacked with an acetamido nucleophile at the anomeric position to give
glycosyl imidate, 2.31. Intramolecular displacement of thianthrene by imine and N-desilylation
under mild basic conditions, subsequent rearrangement afforded oxazoline, 2.32, which could be
opened under strong acidic conditions generated by amberlyst-15 resin. In the presence of an
alcohol acceptor, methanol, 2-acetamido methyllactoside, 2.33, was formed in low yield (ca >
10%, including contaminants, confirmed by mass spectrometry). Our attempts to purify this
compound further were unsuccessful. We attempted to improve this reaction by using excess
amount, of thianthrene bis(triflate) or N-(TMS)acetamide, however these conditions did not

provide significant improvement in the yield.

BnO ~OBn OBn
OBn
B BnO OBn A BnO (e} o o
No formation . 0 o B0
of 2.32 o BnO o] 230 OBn
I(symcollidin),CIlO, OBnBNO — .30, Tf,O «_O
TMSNHAC,PhNE,, TMSNHAC,PhNE,, T
DCM: CClz (3:1) 2.24 DCM: CHCl4 (3:1) 2.32

<10 % (crude)

Scheme 2.15: Synthesis of benzyl oxazoline, 2.32. Gin’s strategy (A) to make oxazoline gave
low yields (crude). Lactal activation by iodinum (B) instead of thianthrene bis(triflate) to

generate oxazoline as final product was not successful.

Attempts to isolate oxazoline intermediate, 2.32, before glycosylation with methanol
were unsuccessful (Scheme 2.15, A). We also investigated the use of iodonium ions,
(Danishefsky’s strategy) as the lactal activator and N-(TMS)acetamide (Gin’s strategy) for

amination followed by rearrangement to generate oxazoline, 2.32 (Scheme 2.15, B). Neither of
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these approaches showed product formation. Although Gin’s method is a simple way to access
monosaccharide amines in one pot, the low yields we obtained for a disaccharide limited its
utility for our strategy.
2.10.2 Synthesis of a lactosamine donor from lactulose by the Heyns rearrangement

We found that the method reported by Wrodnigg and Stutz *> *® based on the Heyns
rearrangement of lactulose can provide excellent yields of the peracetylated lactosamine in one
pot (Scheme 2.16). Reductive amination of lactulose with benzylamine, followed by Heyns
rearrangement under acidic conditions afforded benzyllactosamine, 2.34. Debenzylation of the
amine by hydrogenation with Pd/C catalyst in acidic medium gave the chloride salt of
lactosamine. Acylation of lactosamine under basic conditions yielded peracetylated lactosamine.
Though we succeeded in obtaining the peracetylated lactosamine, 2.37, we were unable to purify
it. We explored acylation of the amine followed by benzoyl protection or phthalamide protection
of the amine to obtain the pure lactosamine derivative. Unfortunately our efforts at this were
unsuccessful. Instead, we followed the protocol of Stutz et al., by protecting lactosamine as the
DTPM derivative (1,3-dimethyl-5-[(dimethylamino)methylene]2.4,6(1H,3H,5H)-
trioxopyrimidine), which could then be purified by precipitation.”® DTPM, 2.35 was made from

N,N-dimethylformamide dimethyl acetal and 1,3-dimethylbarbituric acid in good yield.*
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Scheme 2.16: Conversion of lactulose to oxazoline, 2.38. After debenzylation of 2.34, amine
was protected with DTPM. DTPM protected compound precipitates out and makes purification

easier.

Subsequent removal of DTPM* and acetylation provides compound 2.37 as a relatively

economical starting material. The acetyl-protected LacNAc (2.37) was converted to oxazoline,

2.39, by following a standard protocol (Scheme 2.16)."
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Scheme 2.16: Synthesis of LacNAc-phosphane, 2.40, from oxazoline. LacNAc-phosphane

reagent, 2.40, was obtained in 3 steps from oxazolidine with 22% yield.

The oxazolidine donor, 2.38, was then modified to incorporate a linker, to provide the
fully-protected compound 2.39. Removal of Fmoc and acetyl groups was achieved under basic
conditions.”” Free amine was acylated with phosphane reagent, 2.7, to generate LacNAc-
phosphane, 2.40. The purity and oxidation state of the resulting phosphane compounds was
confirmed using P and '"H NMR spectroscopy. Typically, we observed minor oxidation of the
phosphane (ca. ~ 17%) based on NMR.

2.11 Conjugation of carbohydrates to a model protein

The carbohydrate-phosphane reagents (2.16, 2.21 and 2.40) contained small amounts of
oxidized phosphorus (ca. ~ 15%). The phosphine oxide is expected to be unreactive for the
Staudinger ligation, and should not interfere with the use of these reagents for conjugation. With
these carbohydrate-phosphane derivatives in hand, we turned our attention to the formation of
glycoprotein conjugates. We sought to determine the reactivity of the reagents on a model azide-
containing protein, and to confirm the availability of the incorporated glycans as recognition

elements within a glycoconjugate. We selected B-lactoglobulin as a model protein, due to its
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small size and lack of glycosylation. The protein has 178 amino acids and a molecular weight of
18 kDa.”® We modified lactoglobulin by acylation with an NHS-activated azido-acetic acid
derivative (succinimidyl 2-azidoacetate, 2.2) >' to generate a model azide-containing protein. The
sequence contains 16 lysine residues, which in addition to the N-terminus of the protein, provides
17 possible sites for acylation.

To confirm the reactivity of phosphane reagents 2.16, 2.21, and 2.40, each was incubated
with the azide-modified lactoglobulin. The isolated protein was then analyzed by mass
spectrometry (MS) to observe the formation of the desired glycoconjugates (Figure 2.4). For the
galactose labeling reagent, 2.16, we observed clear evidence of the incorporation of between 1 —
13 saccharides. The most intense peaks observed were for 8§ — 11 sites of incorporation.
Conjugation reactions performed with the lactose reagent, 2.21, gave similar results, with
incorporation of between 1 — 16 disaccharides. The most intense peaks were seen for 8 — 12 sites
of incorporation. Similar results were found with the LacNAc reagent, 2.40, with 2-13
disacharides incorporation and most intense peaks for 8 — 12 sites of incorporation. Complete
analyses of the observed peaks for all glycoconjugates were provided in the experimental section
(Table 2.2, 2.3 and 2.4). We concluded that the Staudinger ligation reagents were efficiently
incorporating the desired carbohydrate residues into the proteins. We then turned our attention to
testing the availability of the glycan residues as recognition elements as part of the

glycoconjugate.
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Figure 2.4: Mass spectral characterization of glycoconjugates. Glycoconjugates were
analyzed using LC-MS to confirm the attachment of glycans. Lactoglobulin consists of A- and
B-isoforms. Labeled protein samples were analyzed by LC-MS. Proteins analyzed were: (a.)
unlabelled protein, (b.) azide-labeled protein reacted with compound 2.16, (c.) the azide-labeled
protein reacted with compound 2.21, and (d.) azide-labeled protein reacted with compound 2.40,

All the conjugate samples showed incorporation of as many as 13 glycans.
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Samples of Gal-, Lac-, and LacNAc-conjugated lactoglobulin were used in a lectin-blotting
experiment.”” The proteins were blotted onto nitrocellulose then probed with the Maackia
amurensis lectin-I (MAL-I), which binds LacNAc and sialyl-LacNAc glycans® (Figure 2.5).
Among the glycoconjugates studied, the lectin demonstrated a strong preference for labeling
lactoglobulin which had been modified with the LacNAc reagent, 2.41. Reduced staining was
observed for the Lac conjugate, while neither the Gal conjugate nor the unreacted azido-
lactoglobulin conjugates showed any reactivity to the lectin. These results confirm that the

carbohydrate residues of the glycoconjugates are intact and capable of recognition by lectins.

1 2 3 4

75
90
37

25
20

Figure 2.5: Lectin blotting characterization of glycoconjugates. Lactoglobulin
glycoconjugates were probed with biotinylated MAL-I lectin to confirm the attachment of the
desired glycans. Proteins were loaded on an SDS-PAGE gel (5%-15%), transferred to
nitrocellulose and probed with MAL-I. The blot was developed with streptavidin-HRP. Lanes
shown are: 1. lactoglobulin-LacNAc, 2. lactoglobulin-Gal, 3. lactoglobulin-Lac, 4. azido-acetic
acid labeled lactoglobulin. The expected MW for the azido-acetic acid modified lactoglobulin is
18 kDa. MW markers are shown from a separate exposure of the same gel using visible light

(ponceau stain): 75, 50, 37, 25, and 20 kDa.
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2.12 Conclusions & future work

In this chapter, we have demonstrated a general route to glycoconjugates which
incorporate synthetic glycans using the Staudinger ligation. The chemistry is based on the
generation of a carbohydrate epitope with a free amine, which is then acylated to incorporate a
phosphane label. In synthesis of galactose and lactose phosphane derivatives, we used
trichloroacetimidate as donors for glycosylation. Synthesizing the donor for lactosamine was
challenging. We explored the sulfonamidation strategy of Danishefsky** and C-2 amido
glycosylation of Gin* to make these derivatives from benzylated lactal. However, we found that
neither of these methods was feasible for large scale synthesis. We synthesized peracetylated
lactosamine from lactulose in one-pot by following the method developed by Wrodnigg and

Stutz. *> %

Lactulose was converted into lactosamine by Heyns rearrangement. DTPM was used
to protect the amine and results in precipitation of pure compound. Then it is transformed into
peracetylated lactosamine. This one-pot procedure provided peracetylated lactosamine from
lactulose in excellent yields. The oxazoline donor was made from peracetylated lactosamine.
These donors (trichloroacetimidate or oxazoline) were glycosylated with a suitable linker,
deprotected and then the amine was coupled to activated ester of phosphane reagent. These
carbohydrate- phosphane reagents will react with azide-containing proteins to generate a new
glycoconjugates. We show that a model protein, lactoglobulin, can incorporate as many as 13
synthetic glycans, and that the resulting glycoconjugates are specifically recognized by lectins.
This strategy provides a simple method for generating multi-site modified glycoconjugates under
extremely mild conditions which are compatible with proteins and live cells.

Although we have only explored the use of three carbohydrate epitopes, we expect the

chemistry employed here will be general, and could be easily adapted for the incorporation of
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other glycan epitopes. Additionally, this modular strategy allows for only minimal development
of new chemistry to generate different glycoconjugates. More complex glycans could be
generated through the use of reductive amination of purified or chemoenzymatically prepared
glycans.>® Our studies here have used purified proteins which have been acylated to incorporate
azide groups. However, this approach could be adapted for the development of other protein or
lipid glycoconjugates.”™ An alternative strategy would be to isolate proteins or glycoproteins
which have metabolically-incorporated azides.”® This strategy could allow for selective
modification of glycoproteins to test the role of specific glycan structures in biological activity.
Although alternative chemistries could be employed for labeling azide-containing proteins, the
Staudinger ligation strategy allows for mild conditions that are compatible with live cells.

Our group is interested in developing chemoselective strategies for increasing the
proportion of specific glycan epitopes in cell-surface glycoproteins. We chose to develop
chemistry for lactosamine derivatives since lactosamine repeats are commonly found in complex
N-linked glycans and core-2 O-linked glycans.” Importantly, these structures can modulate the
function of immunoreceptors, and the relative proportions of LacNAc incorporation can vary due
to cell maturity or activation. The LacNAc epitope is essential for the recruitment of endogenous
galectins to immunoreceptors, which induce cellular signals such as apoptosis and leukocyte

. . 59,60
stimulation.””

Thus, bioconjugate methods that can modify the content of LacNAc epitopes
found within glycoproteins could be used to probe the role of a single glycan epitope in
biological function. Finally, the strategy described here could be used as a method to increase the

biological half-life of therapeutic proteins through attachment of defined glycans.®'®*
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2.13 Experimental procedures
2.13.1 General experimental methods

Dry solvents (CH,Cl,, MeOH, CH3CN, and DMF) were purchased from Sigma Aldrich
in capped DriSolv™ bottles and used without purification and stored under argon. Toluene and
pyridine were dried on molecular sieves and stored under desiccated atmosphere. Reactions were
conducted under a stream of argon at ambient temperature, unless otherwise noted, and
monitored by TLC on silica gel G-25 UV254 (0.25 mm). Developed TLC plates were visualized
under UV lamp and charred by heating plates that were dipped in cerium molybdate stain or
phosphomolybdic acid stain. NMR experiments were conducted on Varian 300, 400 or 500 MHz
instruments. Chemical shifts are reported relative to the deuterated solvent peak and are in parts
per million (ppm). Phosphoric acid was used as an external standard for >'P NMR. 'H NMR and
Be peak assignments were made on the basis of 2D-NMR such as COSY and HSQC
experiments. ESI-MS spectra were carried out on samples suspended in solvent with added
NaCl. B-Lactoglobulin was obtained as a mixture of bovine A- and B- isoforms (Sigma-Aldrich)
and used without further purification.
2.13.2 Synthetic methods

Synthesis of azidoaceticacid (2.1):

0

AN

2.1

HO

Sodium azide (4.182g, 39.3 mmol) was dissolved in 12 mL of deionized water and cooled to 0°
C. Bromoacetic acid (4.456g, 32.1 mmol) was then added to the reaction, and the solution was

slowly warmed to room temperature and stirred for 24 h. The mixture was acidified to pH 1 with
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the addition of 4 mL of HCI (1:1, HCI:H,O). The solution was extracted with diethyl ether (3 x
30 mL). The organic layers were combined and dried over Na,SO4 and concentrated to give a
colorless liquid (2.211 g, 68.2 % yield). '"H NMR (300 MHz, CDCls) : & 3.98 (s, 2H), 10.72
(s,1H); HRMS calculated for C;H30,N3 (M) *,101.0225, found 101.0223.

Synthesis of Succinimidyl 2-azidoacetate (2.2):

O o
)\\/N3
N-o
0] 2.2

To a solution of azidoacetic acid, 2.1 (1.918 g, 18.98 mmol) and NHS (2.184 g, 18.98 mmol) in
anhydrous DMF (26.6 mL) under argon was added DCC (3.916 g, 18.98 mmol) at 0 °C. The
solution was stirred overnight at room temperature. The reaction was filtered to remove DCU.
The filtrate was concentrated, and the product was crystallized from DCM/hexanes to give a
white solid (2.230 g, 59.3% yield). '"H NMR (300 MHz, CDCl;) & 4.24 (s, 2H), 2.87 (s, 4H); mp
113.9-116.1 °C.

Synthesis of N-azidoacetyl-o/p-pD-mannosamine (2.3):

j)K/

N3

HO HN

HO&M
HO

2.3

OH

D-Mannosamine hydrochloride salt (1.80 g, 8.35 mmol) was dissolved in 36 mL of dry MeOH
under argon. Triethylamine (4.7 mL) was then added followed by Succinimidyl 2-azidoacetate
2.2 (2.16 g, 10.9 mmol). The reaction mixture was stirred overnight at room temperature and
concentrated. The residue was purified by a flash chromatography on eluting with CHCls: MeOH

(10:1) and dissolved in 2 mL water, lyophilization afforded 1.053 g (44.8%) of white solid. 'H
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NMR (300 MHz, D,0O ) : ( 1:0.79 a: anomeric mixture) o 5.17 (d, J =2 Hz,1H), 5.08 (d, /=2
Hz, 0.79H), 4.52 (dd, J = 2.2, 6.2 Hz, 0.75H), 4.39 (dd, /= 2.2, 6.2 Hz, 1H), 4.14 (t, /= 7.2 Hz,
2H), 4.09 (t, J = 6.6 Hz, 3H), 3.94-3.79 (m, 6H), 3.68-3.42 (m, 3H); HRMS calculated for
CgH14N4OgNa 285.08056, found 285.08039.

Synthesis of 1,3,4,6-Tetra-O-acetyl-N-azidoacetyl-o/f —D-mannosamine (2.4):

(@]
HN)K/NS
AcO
aoxl
AcO

2.4

OAc

N-azidoacetyl-D-mannosamine 2.3 (580 mg, 2.2 mmol) was dissolved in 46.5 ml of pyridine and
cooled to 0 °C. To this was added Ac,0O (23.2 mL, 255.2 mmol) and catalytic amount of DMAP
(27 mg, 0.2 mmol). The reaction mixture was stirred overnight, while warming to RT. The
resulting light orange solution was diluted with DCM (200 mL) and washed successively with 1
N HCI (3 x 65 mL), aq sat. NaHCOs; (1 x65 mL), H,O (1 x 65 mL), and Brine (1 x 65 mL).The
combined aqueous layers were back extracted with DCM (100 mL). The combined organic
layers were dried over Na,SO,4 and concentrated. Traces of pyridine were further removed by co-
evaporating with toluene (3 x 60 ml) under reduced pressure. The crude product was purified by
a flash column chromatography eluting with gradient of 1:10 to 1:2 EtOAC/ Hexanes to obtain
700 mg of yellow oil (75.9% yield). 'H NMR (400 MHz, CDCl3): (1:0.6 o:f anomeric mixture) ,
3 6.65 (d, J=8.8 Hz, 0.6 H), 6.58 (d, J=9.6 Hz, 1H), 6.05 (d, J= 1.6 Hz, 1H), 5.89 (d, /= 1.6
Hz, 0.6H), 5.35 (dd, J= 4.2,10.2 Hz, 1H), 5.22 (t, J = 10.0 Hz, 1H), 5.17 (t, J = 9.8 Hz, 0.6H),
5.07(dd, J=3.8, 9.8 Hz, 0.6H), 4.74(ddd, J=1.6, 3.6, 9.2 Hz, 0.58H), 4.62 (ddd, /=2, 4.3,9.32
Hz, 1H), 4.28-4.22 (m,1.68H), 4.17-4.02 (m, 6H), 3.85-3.80 (m, 0.6 H), 2.19-1.99 (4s, 22H). "*C

NMR (100 MHz, CDCls): 8 20.5, 20.51, 20.6, 20.62, 20.7, 49.2, 49.6, 52.3, 52.5, 61.6, 61.7,
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64.9, 65.0, 68.7, 70.2, 71.3,73.3, 90.2, 91.2,165.9, 166.6, 167.2, 168.0, 168.2, 169.4, 169.95,
170.0, 170.4; HRMS calcd for Ci¢H22N4O1oNa 453.12281, found 453.12307.

Synthesis of 2-Iodo-terephthalic acid 1-methyl ester (2.5):

MeO O
|
HO (o]
2.5

To a solution of 1-methyl-2-aminoterephthalate (2.5 g, 12.81 mmol) in deionized water (4 mL) at
0 °C was added Con HCI (17.5 mL, 211.75 mmol). To this was added NaNO, (937.3 mg, 13.58
mmol) in deionized water (5 ml) and stirred for 5 min. followed by the addition of Nal (2.034 g,
13.57 mmol) in deionized water (5 mL) and stirred for 5 more minutes at 0 °C. The reaction
mixture was refluxed at 90 °C for 10 min. Solution of 1-methyl-2-aminoterephthalate, in acid
was milky yellow, addition of NaNO, and Nal solutions results in the formation of brown
precipitate. The reaction mixture was cooled to room temperature and precipitate was collected
by filtration and washed with water (3x20 mL). The resulting solid was dried under vacuum
overnight to obtain pure yellow compound 2.5 (2.95 g, 75% yield). "H NMR (400 MHz, CDCl;)
0 8.68 (d, J=1.6 Hz, 1H), 8.11 (dd, J= 8.1, 1.6 Hz, 1H), 7.83 (d, /= 8.1 Hz, 1H), 3.97 (s, 3H);

HRMS calculated for CoH7104 (M) ", 305.9389, found 305.9389.
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Synthesis of 2-(Diphenyl-phosphanyl)-terephthalic acid 1-methyl ester (2.6):

MeO @)
F|>h
P~
Ph
HO (@]
2.6a

To a solution of 2-iodo-terephthalicacid1-methyl ester (1.6 g, 5.23 mmol) in acetonitrile (10 ml)
with 4A° molecular sieves, triethyl amine (782 ul, 5.75 mmol) and Pd(OAc), ( 117.8 mg, 0.52
mmol) were added under argon and stirred for 5 minutes. To this diphenyl phosphine (924 ul)
was added. The reaction mixture was refluxed at 85 °C for 5 hrs. The 2-iodo-terephthalic acid 1-
methyl ester in acetonitrile is cloudy until addition of triethylamine, which yields a clear
solution. Upon addition of Pd(OAc),, the mixture turns deep red. The molecular sieves were
removed by filtration and the filtrate was concentrated. The resulting solid was purified by
crystallization with DCM/MeOH to obtain 22.6 as yellow solid (1.303 g, 69% yield). '"H NMR
(400 MHz, CDCls) & 8.27 (dd, J = 19.2, 10.8 Hz, 0.2H), 8.12 — 8.04 (m, 2H), 7.93 (dd, J = 7.9,
3.5 Hz, 0.1H), 7.68 (d, J = 2.8 Hz, 1.4H), 7.61 — 7.44 (m, 0.7H), 7.42 — 7.27 (m, 10H), 3.76 (s,
3H), 3.51 (s, 0.3H).”C NMR (101 MHz, CDCl3) & 170.26, 166.60, 141.25 (d, J = 29.3 Hz),
138.80 (d, /= 20.2 Hz), 136.83 (d, J = 10.1 Hz), 135.47, 133.75(d, J = 7.1 Hz), 131.85, 130.46,
129.61, 128.92, 128.56 (d, J = 10.1 Hz), 52.25.>'P NMR (162 MHz, CDCls)  33.04 (s, 0.09P), -

3.21(s, 1.00P); HRMS calculated for C;;H,704P (M) ", 364.0865, found 364.0862.
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Synthesis of Succinimidyl 3-diphenylphosphino-4-methoxy-carbonylbenzoate (2.7):

@]
e) OMe
/O
N PPhy
(@]
(@]
2.7

To a mixture of 2-(diphenyl-phosphanyl)-terephthalic acid 1-methyl ester 2.6 (1.978g, 1 mmol)
and EDCI (1.244 g, 1.2 mmol) in DMF (10 mL), NHS (0.684 G, 1.1 mmol) was added and
stirred for one day. The reaction mixture was concentrated under reduced pressure then extracted
with mixture of DCM and H,O (50 mL). The organic layer was dried over anhydrous Na,SO4,
concentrated under vacuum. The residue was purified by flash column chromatography (1:1
hexane/EtOAc) to afford a yellow solid (1.29 g, 52%). '"H NMR (400 MHz,CDCl;) & 8.13 (s,
2H), 7.67 (d, J = 3.6 Hz, 1H), 7.40 — 7.26 (m, 10H), 3.76 (s, 3H), 2.84 (s, 4H)."?C NMR (100
MHz, CDCls) & 168.8, 166.2 (d, J = 3.0 Hz), 161.0, 142.3 (d, J = 31.3 Hz), 139.6 (d, J = 19.2
Hz), 136.4 (d, J=10.1 Hz), 136.0, 133.8 (d, J = 21.2 Hz), 130.7, 129.6, 129.1, 128.6(d, J = 8.1
Hz) , 127.7, 52.4, 25.5. *'P NMR (162 MHz, CDCl3) & -2.9; HR-ESIMS calculated for
C,5H0NOgPNa(M+Na)', 484.0921, found 484.0919; mp 151.2-153.6 °C.

Synthesis of tert-Butyl[2-(2-hydroxyethoxy)ethyl]carbamate (2.8):

HO™ > O"NHBoc
2.8

A solution of 2-(2-aminoethoxy)-ethanol (99.7 uL, 1 mmol) and Boc,0O (218.3 mg, 1 mmol) was
stirred at room temperature for one hour. The reaction mixture was then concentrated and dried
on under vacuum, to give compound 1 as colorless oil. 'H NMR (400 MHz, CDCls) § 5.42 (s,

1H), 3.65 — 3.53 (m, 2H), 3.47 — 3.35 (m, 5H), 3.23 — 3.12 (m, 2H), 1.30 (s, 9H); °C NMR (101
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MHz, CDCls) 6 156.2, 79.0, 72.2, 70.1, 61.3, 40.2, 28.3; HR-ESIMS calculated for CoH;9NO4Na
(M+Na) " 228.1206, found 228.1205.
Synthesis of 2-(2-(tert-Butoxycarbonylamino)ethoxy)ethyl 5-((3aS,4S,6aR)-2-oxohexahydro-

1H-thieno[3,4-d]imidazol-4-yl)pentanoate (2.9):

0

HN NH

Z ﬁv, (@] NHBoc
S //\/\m \/\O/\/

O 29

To a stirred solution of biotin (100 mg, 0.40 mmol) was added EDC (92 mg, 0.48 mmol) and
DMAP (58.6 mg, 0.48 mmol) in DMF (3 mL). The carbamate (tert-Butyl [2-(2-Hydroxy ethoxy)
ethyl] carbamate, 2.8; 90.2 mg, 0.44 mmol) in DMF (2 mL) was then added to the solution, and
the reaction mixture was stirred at room temperature for 24 h. The solution was concentrated and
purified by column chromatography (DCM/MeOH, 10:1) to yield compound 1 (145 mg, 82%) as
a white solid. '"H NMR (400 MHz, CDCl3) & 5.90 (s, 1H), 5.04 (s, 1H), 4.50 (dd, J= 7.7, 4.9 Hz,
1H), 4.30 (dd, J=7.7, 4.6 Hz, 1H), 4.27 —4.16 (m, 2H), 3.65 (t, /= 4.7 Hz, 2H), 3.61 — 3.47 (m,
3H), 3.31 (s, 2H), 3.15 (dd, J = 12.0, 7.2 Hz, 1H), 2.91 (dd, J = 12.8, 4.9 Hz, 1H), 2.73 (d, J =
12.8 Hz, 1H), 2.37 (t, J=7.5 Hz, 2H), 1.81 — 1.58 (m, 4H), 1.44 (s, 11H).

Synthesis of Methyl 2-(diphenylphosphino)-4-(2-(2-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanoyloxy)ethoxy)ethylcarbamoyl)benzoate (2.10):

) :
"///\/\WOM\O/\/N

P(Ph),
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Compound 2.9 (145 mg, 0.34 mmol) was stirred in a 3 mL solution of TFA in DCM (1:1) for 3
h, then concentrated to give free amine. The resulting amine was added to a solution of DCM
(3.5 mL) containing triethylamine (56.8 pL, 0.41 mmol) and succinimidyl-3-diphenylphosphino-
4-methoxy-carbonylbenzoate 2.7 (189.1 mg, 0.41 mmol), and stirred overnight. The solution was
concentrated and purified by column chromatography (EtOAc/MeOH, 9:1) to yield compound
2.10 (153 mg, 67%) as a yellow solid with minor amounts of the corresponding phosphine oxide
(ca. ~4%). '"H NMR (400 MHz, CDCl;) § 8.06 (dd, J = 8.0, 3.6 Hz, 1H), 7.90 (dd, J = 7.9, 3.3
Hz, 0.1H), 7.81 (dd, J = 8.1, 1.4 Hz, 1H), 7.38 (dd, J = 3.7, 1.5 Hz, 1H), 7.36 — 7.26 (m, 10H),
6.91 (s, 1H), 5.85 (s, 1H), 5.27 (s, 1H), 4.63 — 4.38 (m, 1H), 4.33 — 4.11 (m, 3H), 3.72 (s, 3H),
3.69 —3.43 (m, 6.7H), 3.12 - 3.07 (m, 1H), 2.87 (dd, J = 12.8, 4.8 Hz, 1H), 2.69 (d, J=12.8 Hz,
1H), 2.42 — 2.20 (m, 2H), 1.64 — 1.61 (m, 4H), 1.47 — 1.33 (m, 2H); phospine oxide: 6 8.36 (d, J
= 13.7 Hz, 0.1H), 8.15 (d, J = 7.9 Hz, 0.1H), 7.68 (m, 0.5H), 7.52 (m, 0.3H), 7.45 (m, 0.5H),
3.40 (s, 0.3H); °C NMR (101 MHz, CDCl3) § 173.5, 166.8, 166.76, 166.6, 141.3 (d, Je.p = 29.0
Hz), 137.3,137.2 (d, Jc.p = 11.0 Hz), 136.7 (d, Jc.p = 19.0 Hz), 133.9 (d, Jc.p = 21.0 Hz), 132.9,
131.9, 130.8, 128.9, 128.6 (d, Jo.p = 7.0 Hz), 126.7, 69.3, 68.9, 62.8, 61.9, 60.1, 55.5, 52.2, 40.5,
39.8, 33.8, 28.2, 28.15, 24.7; *'P NMR (162 MHz, CDCls) & 32.90 (s, 0.04P), -2.39(s, 1.00P);
HR-ESIMS calculated for C;5H4N3O7PSNa (MJrNa)+ 700.2217, found 700.2214.

Synthesis of 9H-fluoren-9-ylmethyl [2-(2-hydroxyethoxy)ethyl]carbamate (2.11):

HO/\/O\/\NHFmoc
2.11

In a round bottom flask, 23 mL of 10% NaHCO; was added to 2-(2-aminoethoxy)-ethanol (700
pL, 7 mmol) in 20 mL of dioxane. The mixture was stirred for 15 min, then 9-fluorenylmethyl-

N-succinimidyl carbonate (2.833 g, 8.4 mmol) was added. The reaction mixture was stirred
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overnight then extracted with DCM (60 mL). The DCM layer was washed with water (2 x 50
mL) and dried over anhydrous Na,SO4. The solvent was evaporated under vacuum and the
residue was purified by column chromatography using EtOAc/Hexane (2:1) to yield 2.203 g
(92.4%) of 2.11 as an off-white solid. '"H NMR (400 MHz, CDCls) & 7.76 (d, J = 7.5 Hz, 2H),
7.59 (d, J = 7.4 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.31 (td, J = 7.5, 1.2 Hz, 2H), 5.37 (s, 1H),
443 (d, J = 6.7 Hz, 2H), 4.21 (t, J = 6.7 Hz, 1H), 3.71 (dd, J = 9.3, 5.5 Hz, 2H), 3.54 (d, J = 4.5
Hz, 4H), 3.38 (d, J = 5.0 Hz, 2H), 2.44 (t, J = 5.8 Hz, 1H). °C NMR (100 MHz, CDCl;) § 156.6,
143.9, 141.3, 127.7, 127.0, 125.0, 120.0, 72.3, 70.1, 66.6, 61.7, 47.3, 40.9. ESIMS calculated for
C19H2/NOsNa [M+Na]" 350.1363, found: 350.1357; mp 64.3-66.9 °C.
Synthesis of 1, 2, 3, 4, 6-Penta-O-benzoyl-o/p-p-galactopyranoside (2.12):
Bz OBz
Bzo@&
OB

BzO z

2.12
Benzoyl chloride (12.6 mL, 100 mmol) was added slowly to a suspension of galactose (3 g, 16.7
mmol) in 40 mL of pyridine and stirred at room temperature for 24 h under argon. Excess
benzoyl chloride was quenched by adding 30 mL MeOH with cooling. The reaction mixture was
concentrated under vacuum. The crude product was dissolved in DCM (25 mL) and washed with
water (3 x 30 mL). The organic layer was dried over anhydrous Na,SO4. The solvent was
evaporated under vacuum and the crude residue was purified by column chromatography using
EtOAc/Hexane (1:2) to yield 10.5 g (90%) of 2.12 as a white solid. 'H NMR (500 MHz, CDCls)
08.13(t, J=6.4Hz 4H),7.97 (d, J = 7.3 Hz, 2H), 7.88 (d, J = 7.3 Hz, 2H), 7.83 (d, J/ = 7.3 Hz,
2H), 7.65 (td, J = 7.4, 1.1 Hz, 2H), 7.52 (dd, J = 11.9, 7.6 Hz, 5H), 7.46 (t, J = 7.4 Hz, 2H), 7.39

(t, J=7.7 Hz, 2H), 7.29 (dd, J = 9.7, 8.0 Hz, 4H), 6.97 (d, J = 3.6 Hz, 1H), 6.21 (d, J = 2.2 Hz,
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1H), 6.14 (dd, J = 10.7, 3.2 Hz, 1H), 6.05 (dd, J = 10.7, 3.6 Hz, 1H), 4.85 (t, J = 6.6 Hz, 1H),
4.65 (dd, J = 11.3, 6.4 Hz, 1H), 4.44 (dd, J = 11.3, 6.9 Hz, 1H); °C NMR (125 MHz, CDCl5) &
165.9, 165.7, 165.5, 165.4, 164.5, 133.9, 133.7, 133.4, 133.3, 133.2, 130.0, 129.95, 129.8,
129.76, 129.3, 129.0, 128.98, 128.9, 128.8, 128.74, 128.7, 128.42, 128.41, 128.4, 90.7, 69.5,
68.6, 68.5, 67.7, 61.9; ESIMS calculated for C4;H3,0;;Na [M+Na]" 723.1837, found: 723.1834.

Synthesis of 2, 3, 4, 6-Tetra-O-benzoyl-o/B-p-galactopyranoside (2.13):

Bzo ~OB?
Bzog&,\
OH
2.13

Penta-O-benzoyl galactoside, 2.12 (3 g, 4.3 mmol), was treated with 1.6 mL of HBr/AcOH
(33%) in 10 mL of DCM for 1 h. The solution was washed twice with 10 mL of saturated
NaHCO3, NaCl, and 8 mL DI water. The DCM was evaporated and the solid was dried under
vacuum. The resulting white solid was dissolved in 15 mL acetone and 0.7 mL DI water with
Ag,CO; (602 mg, 2.2 mmol) and stirred for 2.3 h. The solution was filtered through a pad of
celite and dried under vacuum to yield a quantitative amount of 2.13 as a white solid. 'H NMR
(500 MHz, CDCls) & 8.15 — 8.08 (m, 3H), 8.06 — 7.96 (m, 5H), 7.86 — 7.79 (m, 2H), 7.67 — 7.54
(m, 1H), 7.54 — 7.43 (m, 5H), 7.43 — 7.31 (m, 6H), 7.23 (t, J = 7.9 Hz, 3H), 6.16 - 6.11 (m,1H),
6.06 (s, 0.3H), 5.90 (s,1H), 5.77 (d, J = 3.5 Hz, 0.5H), 5.75(d, J = 3.7 Hz, 1H),5.14 (t, /= 7.4
Hz, 0.3H), 4.89 (t, J/ = 6.8 Hz, 1H), 4.77 (d, J = 7.8 Hz, 0.3H), 4.71 (dd, J = 11.2, 6.3 Hz, 0.3H),
4.63 (dd, J = 11.3, 6.3 Hz, 1H), 4.47 (m, 0.3H), 4.40 (m, 2H); °C NMR (125 MHz, CDCl3) &
164.2, 163.8, 163.76, 163.7, 163.3, 163.2, 163.16, 131.2, 131.1, 131.05, 130.9, 130.89, 130.86,
130.8, 130.7, 127.5, 127.45, 127.4, 127.36, 127.34, 127.3, 127.26, 127.2, 126.9, 126.8, 126.75,

126.6, 126.5, 126.47, 126.2, 126.18, 126.16, 126.0, 125.95, 125.9, 125.8, 125.78, 93.7, 88.6,
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69.6, 69.0, 68.8, 67.2, 66.9, 65.8, 65.7, 64.2, 59.9, 59.7; ESIMS calculated for C34H30;0Na
[M+Na]" 619.1575, found: 619.1576.

Synthesis of 2, 3, 4, 6-Tetra-O-benzoyl-a/B-p-galactopyranosyl trichloroacetamidate (2.14):

BzO OBz
(@]
BzO
BzO OYNH
2.14 CC|3

Compound 2.13 (1.10 g, 1.8 mmol), DBU (60 pL) and trichloroacetonitrile (2.2 mL, 4.8 mmol)
were dissolved in DCM (25 mL) and stirred for 4 h at room temperature. DCM was evaporated
and the residue was purified by column chromatography with EtOAc/Hexane (1:2) to yield 1.214
g (91.3%) of 2.14 as a white solid. 'H NMR (500 MHz, CDCl3) & 8.77 (s, 0.3H), 8.67 (s, 1H),
8.12 (dd, J = 8.2, 1.1 Hz, 3H), 8.08 (dd, J = 8.2, 1.2 Hz, 0.7H), 8.00 (ddd, J = 11.6, 8.3, 1.2 Hz,
4H), 7.94 (ddd, J = 20.6, 8.3, 1.2 Hz, 1.4H), 7.83 (dd, J = 8.3, 1.2 Hz, 2H), 7.69 — 7.63 (m, 1H),
7.63 —7.58 (m, 1H), 7.58 — 7.49 (m, 6H), 7.48 — 7.27 (m, 11H), 6.96 (d, J = 3.7 Hz, 1H), 6.74 (s,
0.3H), 6.22 - 6.19 (m, 1H), 6.17 (dt, J = 7.0, 4.3 Hz, 0.4H), 6.12 (dd, J = 10.7, 3.3 Hz, 1H), 6.01
(dd, J =10.7, 3.7 Hz, 1H), 5.82 (d, J = 4.2 Hz, 0.3H), 5.80 (s, 0.3H), 4.91 (dd, J = 8.8, 4.7 Hz,
1.3H), 4.85 — 4.73 (m, 1H), 4.65 (dd, J = 11.5, 6.9 Hz, 1H), 4.48 (dd, J = 11.5, 6.0 Hz, 1H); °C
NMR (125 MHz, CDCl3) ¢ 166.0, 165.9, 165.7, 165.6, 165.52, 165.51, 165.5, 165.2, 160.6,
160.3, 133.8, 133.7, 133.6, 133.4, 133.3, 133.26, 133.1, 130.05, 130.0, 129.97, 129.9, 129.86,
129.8, 129.75, 129.7, 129.5, 129.4, 129.3, 129.0, 128.9, 128.8, 128.74, 128.7, 128.5, 128.46,
128.4, 128.35, 102.9, 93.8, 91.0, 90.8, 84.6, 80.8, 77.2, 70.1, 69.8, 68.6, 68.4, 67.9, 63.4, 62.2;

ESIMS calculated for C3sH2sC1sNOoNa [M+Na]" 762.0671, found: 762.0671.
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Synthesis of 9H-fluoren-9ylmethyl {2-[2-O-(2, 3, 4, 6-tetra-O-benzoyl-p-p-

galactopyranosyl)-2-hydroxyethoxy]ethyl}carbamate (2.15):

BzO OBz
0]
BzO gS/o\/\o/\/ NHFmoc

OBz
2.15

Compound 2.14 (977 mg, 1.32 mmol) was dissolved in 15 mL of DCM and stirred overnight at
room temperature with TMSOTT (2.34 mL, 1% in DCM, 0.13 mmol) and 9H-fluoren-9-yl[2-(2-
hydroxy ethoxy)-ethyl]carbamate 2.11 (654 mg, 1.98 mmol). The solvent was removed and the
product was purified by column chromatography with EtOAc/hexane (1:2) to yield 957 mg
(80.1%) of 2.15 as a white solid. "H NMR (500 MHz, CDCls) & 8.09 (d, J = 7.5 Hz, 2H), 8.05 —
8.01 (m, 2H), 7.98 (dd, J = 8.2, 1.1 Hz, 2H), 7.80 (dd, J = 8.3, 1.2 Hz, 2H), 7.77 (d, J = 7.6 Hz,
2H), 7.68 — 7.53 (m, 4H), 7.52 — 7.34 (m, 10H), 7.30 (t, J = 7.4 Hz, 2H), 7.27 — 7.21 (m, 2H),
6.01 (d, J=3.4 Hz, 1H), 5.83 (dd, J = 10.4, 7.9 Hz, 1H), 5.65 (dd, J = 10.4, 3.5 Hz, 1H), 5.16 (s,
1H), 4.90 (d, J = 7.9 Hz, 1H), 4.70 (dd, J = 11.3, 6.5 Hz, 1H), 4.52 — 4.36 (m, 3H), 4.32 (t, J =
6.4 Hz, 1H), 4.23 (t, J = 6.9 Hz, 1H), 4.06 (dt, J = 11.1, 4.1 Hz, 1H), 3.87 — 3.67 (m, 1H), 3.61
(t, J = 4.1 Hz, 2H), 3.38 (t, J = 4.7 Hz, 2H), 3.29 — 2.96 (m, 2H); *C NMR (125 MHz, CDCl;) &
166.1, 165.6, 165.3, 156.4, 144.0, 141.3, 133.6, 133.4, 133.3, 133.29, 130.0, 129.8, 129.78,
129.7, 129.4, 129.38, 129.0, 128.8, 128.6, 128.5, 128.45, 128.3, 127.7, 127.1, 125.1, 119.9,
101.8, 71.6, 71.4, 70.2, 70.1, 69.8, 69.4, 68.1, 66.6, 62.0, 47.3, 40.8; ESIMS calculated for

Cs;H47NO;3Na [M+Na]™ 928.2940, found: 928.2935.
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Synthesis of Methyl 2-(diphenylphosphino)-4-[2(2-O-B-p-galactopyranosyl-2-

hydroxyethoxy)ethylcarbamoyl]benzoate (2.16):

o
OH
HO o H OMe
!X% , N
HO o O~ PPh,
0
2.16

Deprotection of compound 2.15 (453 mg, 0.5 mmol) was achieved under Zémplen conditions by
stirring in a solution of MeOH (8 mL) with 1% NaOMe/MeOH (5.6 mL) for 4 h. The solvent
was removed and a solution of DCM/H,0 (20 mL, 1:1) was added. The water layer was washed
with DCM (2 x 10 mL) and lyophilized to yield 111 mg of white solid. The solid (50 mg, 0.19
mmol) was then stirred with succinimidyl-3-diphenylphosphino-4-methoxy-carbonylbenzoate
2.7, (106 mg, 0.23 mmol) and two drops of triethylamine in 5 mL of DMF for 2.3 h at room
temperature. The DMF was removed under vacuum and the crude product was purified by
column chromatography (Iatrobeads, Mitsubishi Kagaku Iatron, Inc.) with EtOAc/MeOH (8:2)
to yield 76 mg (65%) of 2.16 as a yellow solid containing a small amount of the corresponding
phosphine oxide. '"H NMR (500 MHz, CD;OD) 8.04 (dd, J = 8.0, 3.6 Hz, 1H), 7.81 (dd, J = 8.0,
1.7 Hz, 1H), 7.44 (dd, J = 3.9, 1.7 Hz, 1H), 7.39 — 7.31 (m, 6H), 7.26 (m, 4H), 4.24 (d, J = 7.6
Hz, 1H), 3.98 (dt, J = 10.8, 4.2 Hz, 1H), 3.81 (t, J = 3.2 Hz, 1H), 3.78 — 3.68 (m, 4H), 3.67 (s,
3H), 3.66 — 3.61 (m, 3H), 3.59 (t, J = 5.5 Hz, 2H), 3.54 — 3.40 (m, 7H); phosphine oxide: o 8.13
(dt, J = 8.0, 1.5 Hz, 0.2H), 7.97 (m, 0.8H), 7.70 — 7.59 (m, 1.3H), 7.58 — 7.50 (m, 0.9H); °C
NMR (125 MHz, CDs;0OD) ¢ 169.5, 168.4 (d, Jcp = 2.5 Hz), 142.3 (d, Jcp = 27.5 Hz), 138.9,
138.6 (d, Jc.p=11.3 Hz), 138.3 (d, Jc.r = 20.0 Hz), 135.1 (d, Jc.p = 21.3 Hz), 134.5, 131.6 (d, Jc.
p=2.5Hz), 130.1, 129.7 (d, Jc.p = 7.5 Hz), 127.9, 105.1, 76.8, 75.0, 72.6, 71.3, 70.4, 70.3, 69.8,

62.6, 52.6, 41.0; phosphine oxide:  138.3 (d, Je.r = 11.3 Hz), 133.6 (d, Je.p = 3.8 Hz), 133.5 (d,
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Jop=7.5Hz), 1329 (d, Jc.r = 10.0 Hz), 132.7, 132.2, 131.8 (d, Jc.p = 7.5 Hz), 129.9 (d, Jc.p =
12.5 Hz), 52.9; *'P NMR (202 MHz, CD;OD) & 35.0 (s, 0.22P), -2.8 (s, 1.00P); ESIMS
calculated for C3;H3PNONa [M+Na]" 636.1969, found: 636.1951.

Synthesis of 2,3,4,6-Tetra-O-benzoyl-$-p-galactopyranosyl-(1—4)-1,2,3,6-tetra-O-benzoyl-

o/p-p-glucopyranose (2.17):

OB
BzO z OBz
o}
BzO Bogég\w
BzPZ OBz
OBz OBz
2.17

Benzoyl chloride was added slowly to a suspension of D-lactose (514 mg, 1.5 mmol) in 10 mL of
pyridine and stirred at room temperature for 24 h under argon. Excess benzoyl chloride was
quenched by adding MeOH with cooling. The reaction mixture was concentrated under high
vacuum. The crude product was dissolved in DCM (25 mL) and washed with water (3 x 30 mL).
The organic layer was dried over anhydrous Na,SO4. The solvent was evaporated under vacuum.
The product was purified by column chromatography using EtOAc/Hexane (1:2) to yield 1.66 g
(93.9%) of 2.17 as a white solid. '"H NMR (500 MHz, CDCls) & 8.13 (dd, J = 8.2, 1.2 Hz, 1H),
8.08 — 7.97 (m, 13H), 7.96 — 7.85 (m, SH), 7.77 — 7.71 (m, 3H), 7.69 — 7.25 (m, 28H), 7.20 (ddd,
J =114, 10.0, 5.6 Hz, 6H), 6.76 (d, J = 3.8 Hz, 0.3H), 6.21 (dd, J = 10.1, 9.3 Hz, 0.3H), 6.15
(d, J =8.1 Hz, 1H), 5.95 (t, J/ = 9.3 Hz, 1H), 5.82 — 5.77 (m, 1.3H), 5.77 — 5.71 (m, 2.4H), 5.62
(dd, J =10.3, 3.8 Hz, 0.3H), 5.39 (dd, J = 10.4, 3.4 Hz, 1H), 4.96 (d, J = 7.9 Hz, 0.3H), 4.91 (d,
J =709 Hz, 1H), 4.64 —4.50 (m, 3H), 4.40 (td, J = 9.5, 3.0 Hz, 1.3H), 4.31 (dt, J/ = 10.2, 2.5 Hz,
0.3H), 4.08 (ddd, J = 9.9, 3.7, 1.9 Hz, 1H), 3.90 (t, J = 6.6 Hz, 1.4H), 3.85 — 3.76 (m, 1.5H),

3.76 — 3.68 (m, 1.3H); °C NMR (125 MHz, CDCls) & 165.8, 165.77, 165.6, 165.5, 165.45,
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165.43, 165.4, 165.3, 165.24, 165.2, 165.19, 164.9, 164.8, 164.5, 164.48, 133.9, 133.7, 133.5,
133.45, 133.4, 133.39, 133.37, 133.3, 133.26, 130.1, 130.07, 130.0, 129.8, 129.78, 129.76,
129.71, 129.7, 129.66, 129.65, 129.6, 129.57, 129.5, 129.43, 129.42, 129.4, 128.9, 128.86, 128.8,
128.7, 128.63, 128.6, 128.59, 128.56, 128.55, 128.5, 128.47, 128.4, 128.34, 128.3, 128.25, 101.3,
101.2, 92.6, 89.9, 75.7, 75.6, 73.9, 72.9, 72.0, 71.8, 71.4, 71.2, 70.7, 70.4, 70.1, 69.9, 69.8, 67.5,

62.1, 61.8, 61.0; ESIMS calculated for C¢sHs4019Na [M+Na]+ 1197.3152, found: 1197.3142.

Synthesis of 2,3,4,6-Tetra-O-benzoyl-p-p-galactopyranosyl-(1—4)-2,3,6-tri-O-benzoyl-o/p-
D-glucopyranose (2.18):
BzO OBz OBz
o
BzO Booéém
74
OBz OBz OH
2.18

Hydrazine acetic acid (220 pL) was added to a solution of 2.17 (600 mg, 0.51 mmol) in DMF
(10 mL) and the mixture was stirred at 60 °C for 6 h. A white solid crashed out after addition of
water (20 mL) and was filtered. The solid was dissolved in DCM (10 mL) and washed with
water (2 x 15 mL). The organic layer was dried over anhydrous Na,SO4 and evaporated under
vacuum. The crude residue was purified by column chromatography using EtOAc/Hexane (1:1)
to yield 455 mg (83.3%) of 2.18 as a white solid. 'H NMR (500 MHz, CDCl3) & 8.07 — 7.93 (m,
15H), 7.89 (dd, J = 8.3, 1.2 Hz, 3H), 7.73 (dd, J = 8.3, 1.2 Hz, 3H), 7.66 — 7.25 (m, 28H), 7.25 —
7.13 (m, 6H), 6.15 (dd, J = 9.9, 9.5 Hz, 1H), 5.87 (t, J = 7.47, 0.3H), 5.78 — 5.69 (m, 3H), 5.63
(d, J = 3.6 Hz, 1H), 5.47 — 5.36 (m, 1.5H), 5.32 — 5.28 (m, 0.3H), 5.25 (dd, J = 10.3, 3.7 Hz,
1H), 4.95 (d, J/ = 7.8 Hz, 1.23H), 4.93 — 4.87 (m, 0.6H), 4.58 (dd, J/ = 12.3, 1.9 Hz, 1.5H), 4.53 —

445 (m, J = 12.3, 4.1 Hz, 1.6H), 4.37 (ddd, J = 10.1, 3.1, 2.0 Hz, 1H), 4.31 —4.22 (m, J = 9.7,
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4.2 Hz, 1.5H), 3.92 (q, J = 6.4 Hz, 1.6H), 3.89 — 3.83 (m, 1.5H), 3.83 —3.69 (m, J = 29.7, 11.3,
7.0 Hz, 2H); °C NMR (125 MHz, CDCl3) 8 166.6, 166.2, 166.1, 166.0, 165.7, 165.6, 165.5,
165.47,165.45, 165.4, 165.3, 164.9, 133.6, 133.44, 133.4, 133.37, 133.3, 133.1, 130.0, 129.95,
129.8, 129.7, 129.6, 129.5, 129.43, 129.4, 129.38, 129.1, 129.0, 128.8, 128.7, 128.6, 128.59,
128.5, 128.4, 128.3, 101.1, 95.8, 90.3, 76.1, 76.0, 74.0, 73.3, 72.6, 72.2, 72.0, 71.8, 71.4, 70.3,
70.1, 70.0, 68.4, 67.6, 67.58, 62.5, 62.45, 61.2, 61.1; ESIMS calculated for CsHs0O13sNa
[M+Na]" 1093.2889, found: 1093.2886.

Synthesis of 1-O-[2,3,4,6-Tetra-O-benzoyl-f-p-galactopyranosyl-(1—4)-2,3,6-tri-O-benzoyl-

a-D-glucopyranosyl] trichloroacetimidate (2.19):

BzO OBz OBz
Q
BzO Booé%
74
OBz BzO
0] NH
2.19 \l//
CClg

Compound 2.18 (430 mg, 0.4 mmol), DBU (6 uL) and trichloroacetonitrile (481 pL, 4.8 mmol)
were dissolved in DCM (10 mL) and stirred for 4 h at room temperature. DCM was evaporated
and the residue was purified by column chromatography with EtOAc/Hexane (1:1) to yield 434
mg (89.0%) of 2.19 as a white solid. 'H NMR (500 MHz, CDCl3) & 8.57 (s, 1H), 7.99 (dddd, J =
15.9,12.8, 8.4, 1.3 Hz, 12H), 7.90 (dd, J = 8.3, 1.2 Hz, 2H), 7.73 (dd, J = 8.4, 1.3 Hz, 2H), 7.70
—7.54 (m, 4H), 7.54 — 7.26 (m, 17H), 7.26 — 7.15 (m, 5H), 6.72 (d, J = 3.8 Hz, 1H), 6.20 — 6.12
(m, 1H), 5.79 — 5.71 (m, 2H), 5.55 (dd, J = 10.2, 3.8 Hz, 1H), 5.40 (dd, J = 10.3, 3.4 Hz, 1H),
4.95(d, J=7.9 Hz, 1H), 4.62 — 4.47 (m, 2H), 4.39 — 4.30 (m, 2H), 3.91 (t, J/ = 7.1 Hz, 1H), 3.83
(dd, J = 11.3, 6.3 Hz, 1H), 3.74 (dd, J = 11.3, 7.3 Hz, 1H); °C NMR (175 MHz, CDCl;) &
165.7, 165.52, 165.5, 165.4, 165.2, 165.17, 164.8, 160.7, 133.5, 133.4, 133.3, 130.0, 129.9,

129.8, 129.7, 129.65, 129.6, 129.57, 129.5, 129.4, 128.9, 128.7, 128.6, 128.57, 128.54, 128.5,
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128.4, 128.3, 128.2, 101.3, 93.1, 90.7, 75.6, 71.9, 71.4, 71.35, 70.5, 70.3, 70.0, 67.5, 61.9, 61.0;
ESIMS calculated for Cs3HsoCL1sNOgsNa [M+Na]" 1236.1986, found: 1236.1997.

Synthesis of 9H-fluoren-9ylmethyl {2-[2-O-(2, 3, 4, 6-tetra-O-benzoyl-p-p-galactopyranosyl-
(1—4)-2,3,6-tri-O-benzoyl-B-p-glucopyranosyl)-2-hydroxyethoxy]ethyl}carbamate (2.20):

BzO OBz

OBz
Q 0
BzO ) O_~,-~_NHFmoc
oBzBz0 @)
OBz

2.20
Compound 2.19 (403 mg, 0.33 mmol) was dissolved in 10 mL of DCM and stirred overnight at
room temperature with TMSOTf (65 pL, 1% in DCM) and 9H-fluoren-9-yl[2-(2-
hydroxyethoxy)-ethyl|carbamate 2.11 (131 mg, 0.4 mmol). The solvent was removed and the
resulting solid was purified by column chromatography with EtOAc/hexane (1:1) to yield 325
mg (70.3%) of 2.20 as a white solid. '"H NMR (500 MHz, CDCl3) & 7.99 (dt, J = 11.8, 7.0 Hz,
11H), 7.91 (d, J = 7.3 Hz, 2H), 7.83 — 7.72 (m, 4H), 7.72 — 7.53 (m, 6H), 7.48 (t, J = 7.7 Hz,
6H), 7.45 - 7.27 (m, 15H), 7.22 (t, J = 7.8 Hz, 2H), 7.14 (t, J = 7.7 Hz, 2H), 5.83 (t, J = 9.5 Hz,
1H), 5.74 (m, 2H), 5.50 (dd, J = 9.6, 8.1 Hz, 1H), 5.39 (dd, J = 10.3, 3.3 Hz, 1H), 5.19 (s, 1H),
4.86 (d, J = 7.8 Hz, 1H), 4.76 (d, J = 7.8 Hz, 1H), 4.62 (d, J = 11.4 Hz, 1H), 4.53 (dd, J = 12.1,
4.4 Hz, 1H), 4.47 —4.31 (m, 2H), 4.31 — 4.13 (m, 2H), 4.01 — 3.78 (m, 3H), 3.78 — 3.58 (m, 3H),
3.51 (s, 2H), 3.34 (t, J = 4.6 Hz, 2H), 3.12 (t, J = 5.0 Hz, 2H). °C NMR (125 MHz, CDCls) &
165.8, 165.5, 165.4, 165.38, 165.2, 164.8, 156.4, 144.0, 141.3, 133.5, 133.4, 133.3, 133.27,
133.2, 130.0, 129.8, 129.7, 129.6, 129.5, 129.4, 129.35, 128.9, 128.7, 128.6, 128.58, 128.5,
128.4, 128.3, 127.7, 127.1, 125.2, 125.1, 120.0, 101.3, 101.1, 76.1, 73.2, 72.8, 71.83, 71.8, 71.4,
70.2, 69.9, 69.88, 69.4, 67.5, 66.6, 62.4, 61.1, 47.3, 40.8; ESIMS calculated for CgoHsoNO,;Na

[M+Na]" 1402.4254, found: 1402.4256.
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Synthesis of Methyl 2-(diphenylphosphino)-4-{2[2-O-B-p-galactopyranosyl-(1—4)-§-b-

glucopyranosyl-2-hydroxyethoxy]ethylcarbamoyl]|}benzoate (2.21):

OH 0
OH
o N
oy HO ~ N P(Ph),
OH 5
221

Deprotection of compound 2.20 (325 mg, 0.24 mmol) was achieved under Zémplen conditions
by stirring in a solution of MeOH (6 mL) with 1% NaOMe/MeOH (6 mL) overnight. The solvent
was removed and a solution of DCM/H,0 (10 mL, 1:1) was added. The water layer was washed
with DCM (2 x 5 mL) and the aqueous layer was lyophilized to yield 85 mg of a white solid. A
portion of the solid (32 mg, 0.08 mmol) was stirred with succinimidyl-3-diphenylphosphino-4-
methoxy-carbonylbenzoate 11 (42 mg, 0.09 mmol), and two drops of triethylamine for 3 h at
room temperature in DMF (5 mL). The solvent was removed under vacuum and the product was
purified by column chromatography (Iatrobeads) with EtOAc/MeOH (8:2) to yield 36 mg (62%)
of 13 as a yellow solid containing a small amount of the corresponding phosphine oxide. 'H
NMR (500 MHz, CD;0D) 8.04 (dd, J = 8.0, 3.6 Hz, 1H), 7.80 (dd, J = 8.0, 1.7 Hz, 1H), 7.43
(dd, J =3.9, 1.7 Hz, 1H), 7.40 — 7.30 (m, 6H), 7.26 (m,4H), 4.35 (d, J = 7.6 Hz, 1H), 4.32 (d, J
= 7.8 Hz, 1H), 3.96 (ddd, J = 22.3, 13.3, 8.9 Hz, 1H), 3.88 (dd, J = 12.1, 2.5 Hz, 1H), 3.84 —
3.75 (m, 4H), 3.74 — 3.68 (m, 2H), 3.68 (s, 3H), 3.67 — 3.62 (m, 2H), 3.61 — 3.57 (m, 3H), 3.56 —
3.41 (m, 7H), 3.38 (ddd, J = 9.2, 4.2, 2.5 Hz, 1H), 3.26 — 3.19 (m, 1H); phospine oxide: 6 8.13
(dt, J = 8.0, 1.6 Hz, 0.1H), 7.99 (dd, J = 8.0, 3.7 Hz, 0.1H), 7.95 (dd, J = 13.8, 1.7 Hz, 0.1H),
7.72 = 7.59 (m, 0.7H), 7.55 (m, 0.4H); "*C NMR (125 MHz, CD;0D) & 169.5, 168.4 (d, Jc.p =
2.5 Hz), 142.3 (d, Jc.p = 27.5 Hz), 138.9, 138.6 (d, Jc.r = 10.0 Hz), 138.3 (d, Jc.p = 20.0 Hz),

135.1 (d, Je.p = 20.0 Hz), 134.5, 131.6 (d, Je.p = 2.5 Hz), 130.1, 129.7 (d, Je.p = 7.5 Hz), 127.9,
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105.1, 104.4, 80.7, 77.1, 76.5, 76.4, 74.9, 74.8, 72.6, 71.2, 70.4, 70.3, 69.9, 62.5, 62.0, 52.6,
41.0; *'P NMR (202 MHz, CD;OD) & 35.0 (s, 0.10P), -2.8 (s, 1.00P); ESIMS calculated for
C37H46PNO;sNa [M+Na]" 798.2497, found: 798.2489.

Synthesis of 2,3,4,6-Tetra-O-acetyl-p-p-galactopyranosyl-(1—4)-3,6-di-O-acetyl-glucal

(2.22):
0
AcO o&g
OACACO —
2.22

3.6 mL of 33% HBr/acetic acid was added to a suspension of D-lactose (6.0 g, 16.7 mmol) in
acetic anhydride (15.0 mL, 158.7mmol) and the mixture was stirred overnight at room
temperature. The reaction was stopped when the solution became clear and then poured onto a
suspension of a pulverized mixture of CuSO4.H,O (1.1 g) and Zinc (43.7 g) in a solution of water
(60 mL) and acetic acid (90 mL) containing sodium acetate (33.0 g). The resultant mixture was
stirred for 1.5 h in a water bath and filtered. The solid was collected and washed with
ethylacetate (200 mL) followed by water (200 mL). The organic layer of the filtrate was washed
successively with saturated NaHCO; (200 mL), brine (200 mL) and dried over anhydrous
Na;SOs4. The solvent was removed under reduced pressure and the residue was purified by
column chromatography with EtOAc: Hexanes (1:1) to afford 4.2 g of 2.22 as white solid (43%).
'H NMR (498 MHz, CDCl3) & 6.38 (d, J = 6.6 Hz, 1H), 5.37 (t, J = 5.0 Hz, 1H), 5.33 (d, J=2.6
Hz, 1H), 5.15 (dd, J = 10.5, 8.0 Hz, 1H), 4.97 (dd, J = 10.5, 3.4 Hz, 1H), 4.80 (dd, J = 6.1, 3.4
Hz, 1H), 4.63 (d, /= 8.0 Hz, 1H), 4.40 (dd, J=11.7, 2.6 Hz, 1H), 4.18 — 4.03 (m, 4H), 3.96 (dd,

J=174,55Hz, 1H),3.88 (t, J= 6.8 Hz, 1H), 2.40 — 1.85 (6s, 18H).
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Synthesis of B-p-galactopyranosyl-(1—4)-glucal (2.23):

Ho ~OH OH
oH HO™=~=
2.23
To compound 2.22 (1.12 g, 2.0 mmol) in 20 mL of MeOH, was added Na,COs (1.39 g, 13.1
mmol) and stirred for 2 h. The suspension was filtered to remove Na,COs and the filtrate was
concentrated to give 566.7 mg of 2.23 (92%) as a white solid. 'H NMR (500 MHz, D,0) & 6.44
(dd,J=6.1, 1.5 Hz, 1H), 4.81 (dd, J=6.1, 2.6 Hz, 1H), 4.52 (d, J=7.8 Hz, 1H), 4.40 — 4.34 (m,
1H), 4.01 (dt,J=9.2, 3.7 Hz, 1H), 3.92 (t, J= 3.1 Hz, 3H), 3.84 (dd, /= 9.3, 6.6 Hz, 1H), 3.80 —

3.70 (m, 3H), 3.66 (dd, J=9.9, 3.4 Hz, 1H), 3.55 (dd, J= 9.9, 7.8 Hz, 1H).

Synthesis of 2,3,4,6-Tetra-O-benzyl-B-p-galactopyranosyl-(1—4)-3,6-di-O-benzyl-glucal
(2.24):

BnO ~OBn OBn

Bnogg/o/&&

oBnBNO —

2.24

NaH (960 mg, 24.0 mmol) was added to a solution of lactal 2.23 (607 mg, 2.0 mmol) in 20 mL
of DMF at 0 °C and stirred for 30 m at the same temperature. Benzyl bromide (2.9 mL, 24.0
mmol) was then added dropwise and stirred for 18 h by slowly warming to room temperature.
Reaction mixture was neutralized by drop wise addition of acetic acid at 0 °C and concentrated.
The crude was dissolved in ethylacetate (50 mL) and washed with saturated NaHCO3 (50 mL).
The organic layer was back extracted with ethylacetate (2 x 50 mL). The combined organic

layers were dried over anhydrous Na,SO4 and concentrated. The residue was purified by a
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column chromatography with EtOAc:Hexanes (1:6), to yield an oily compound 2.24 (1.4 g,
81%). '"H NMR (500 MHz, CDCl3) 8 7.47 — 7.27 (m, 30H), 6.50 (dd, J = 6.2, 0.9 Hz, 1H), 5.29
(s, 1H), 5.01 (d, J=11.6 Hz, 1H), 4.94 (dd, J = 6.1, 3.5 Hz, 1H), 4.91 (d, /= 10.8 Hz, 1H), 4.83
—4.74 (m, 3H), 4.67 (s, 2H), 4.66 — 4.61 (m, 1H), 4.54 (s, 2H), 4.42 (q, J = 11.7 Hz, 2H), 4.33
(dd, J=9.3, 5.4 Hz, 1H), 427 — 4.09 (m, 2H), 3.95 (d, J = 2.6 Hz, 1H), 3.91 (dd, J = 10.7, 6.3
Hz, 1H), 3.86 (dd, /=9.7, 7.7 Hz, 1H), 3.75 (dd, J = 10.7, 3.5 Hz, 1H), 3.63 (dd, /= 8.9, 7.5 Hz,
1H), 3.58 — 3.49 (m, 3H). °C NMR (126 MHz, CDCls) § 144.5, 138.9, 138.8, 138.76, 138.6,
138.2, 138.0, 128.5, 128.4, 128.37, 128.3, 128.28, 128.24, 128.2, 128.0, 127.8, 127.7, 127.62,
127.6, 127.57, 127.4, 102.9, 99.9, 82.4, 79.5, 76.0, 75.2, 74.7, 73.6, 73.55, 73.4, 73.2, 73.0, 72.4,
70.4, 68.7, 68.1. ; ESIMS calculated for Cs4Hs¢O9Na [MJrNa]Jr 871.3817, found: 871.3820.
Synthesis of 2-(Trimethylsilyl)ethanesulfonamide (2.25):

TMS50,NH,

Phosphoruspentachloride (1.54 g, 7.5 mmol) was added in portions to a suspension of sodium 2-
(trimethylsilyl)ethanesulfonate (1.02 g, 5.0 mmol) in 20 mL DCM and stirred at room
temperature for 1 h. The organic layer was washed with saturated NaHCO; (3 x 15 mL), dried
over Na,SOy4 and evaporated to give white solid. The white solid was dissolved in 20 mL DCM,
and NH3 gas was passed in to the solution through NaOH plug for 45 m at -10 °C. The mixture
was stirred overnight at room temperature and filtered over celite, and concentrated. The residue
was dissolved in EtOAc, and then washed with water followed by brine. The organic layer was
dried over Na,SO4 and concentrated to yield 508 mg (56%) of white solid, 2.25. "H NMR (300

MHz, CDCls) & 4.86 (s, 2H), 3.26 — 2.69 (m, 2H), 1.46 — 0.80 (m, 2H), 0.06 (s, 9H).
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Synthesis of N-(2,3,4,6-Tetra-O-benzyl-pB-p-galactopyranosyl-(1—4)-3,6-di-O-benzyl-1,2-

dideoxy-2-iodo-a-pD-mannopyranosyl)-2-(trimethylsilyl)ethanesulfonamide (2.26):

BnO ~OBn OBN
Bnog&oﬁ
oBnBNO
o. NH
0751w
2.26
Benzyllactal 2.24 (237 mg, 0.28 mmol) followed by 2-(Trimethylsilyl)ethaneslfonamide 2.25
(203 mg, 1.12 mmol) were added to a 6 mL of DCM with 120 mg of 4 A° powdered molecular
sieves (freshly flame dried). The reaction mixture was stirred for 35 m at room temperature. The
mixture was cooled to 0 °C, and I(symcollidine),ClO4, generated from Ag(symcollidine),Cl1O;
(378 mg, 0.84 mmol) and I, (206 mg, 0.87 mol) in a 6 mL of DCM with 120 mg of 4 A°
powdered molecular sieves (freshly flame dried), added via cannula and stirred for 2 h
(Ag(symcollidine),ClO4 was prepared by adding 2 mL of symcollidine to a solution of silver
nitrate (0.9 g) and NaClO4 (1.1 g) in 15 mL of water and stirred for 1 h. White precipitate formed
is filtered and dried). The reaction mixture was diluted with 40 mL of DCM and filtered. The
filtrate was washed with saturated aq Na,S,0; (2 x 60 mL), saturated aq CuSO4 (3 x 60 mL) and
brine (1 x 60 mL). The organic layer was dried over Na,SO4 and concentrated. The residue was
purified by column chromatography with EtOAc:Hexanes (1:5 to 1:4) to afford 114 mg (35%) of
2.26 as an oily colorless liquid. '"H NMR (498 MHz, CDCls) & 7.57 — 6.82 (m, 30H), 5.20 (t, J =
10.1 Hz, 1H), 4.94 (d, J=11.6 Hz, 1H), 4.86 (dd, J = 10.4, 9.1 Hz, 2H), 4.75 (dd, J = 20.0, 8.7
Hz, 3H), 4.65 (dd, J=17.0, 11.5 Hz, 2H), 4.53 (d, /= 11.3 Hz, 1H), 4.43 (tdd, J = 12.9, 8.8, 4.0
Hz, 5H), 4.22 (d, J = 7.7 Hz, 2H), 4.10 (s, 1H), 3.87 (q, J = 7.9 Hz, 2H), 3.80 (dd, / =9.7, 7.8

Hz, 1H), 3.68 (dd, J = 3.3, 1.8 Hz, 1H), 3.62 — 3.39 (m, 5H), 3.05 (dtd, J = 19.5, 13.8, 4.6 Hz,
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2H), 1.11 — 0.90 (m, 2H), -0.05 (s, 9H). °C NMR (125 MHz, CDCl3) § 138.6, 138.5, 138.4,
138.0, 137.8, 137.3, 128.6, 128.6, 128.5, 128.5, 128.4, 128.2, 128.1, 128.0, 127.97, 127.9,
127.83, 127.8, 127.7, 103.9, 82.2, 79.8, 79.3, 78.4, 77.1, 75.4, 74.8, 74.5, 74.1, 73.8, 73.6, 73.5,
73.3, 69.0, 67.6, 51.2, 30.0, 10.6, -1.9; ESIMS calculated for CsoH7NO;;SiSINa [M+Na]*

1178.3376, found: 1178.3380.

Synthesis of Ethyl 2,3,4,6-tetra-O-benzyl-B-p-galactopyranosyl-(1—4)-2-deoxy-3,6-di-O-

benzyl-2-[2-(trimethylsilyl)ethanesulfonamido]-1-thio-B-p-glucopyranoside (2.27):

A solution of iodosulfonamide 2.26 (130 mg, 0.11 mmol) in 1 mL of DMF was added drop wise
to a solution of ethane thiol (41.8 pL, 0.57 mmol) and LiHMDS (1M in THF, 340 uL, 0.34
mmol) in 3 mL DMF at -40 °C. The reaction mixture was slowly warmed to room temperature
and stirred overnight. Most of the DMF was removed by concentrating under reduced pressure,
and the residue was dissolved in EtOAc (15 mL), then washed with saturated NaHCO; (3 x 15
mL), dried over Na,SO,, and concentrated. The residue was purified by column chromatography
with hexanes: EtOAc (3:1) to yield 70 mg (58%) of oily compound 2.27. 'H NMR (498 MHz,
CDCls) 6 7.48 — 7.08 (m, 30H), 4.92 (d, J = 11.2 Hz, 2H), 4.79 (s, 2H), 4.73 (d, J = 10.8 Hz,
1H), 4.69 (d, J=2.9 Hz, 2H), 4.59 (d, /= 7.5 Hz, 1H), 4.55 (dd, J=10.7, 3.8 Hz, 2H), 4.52 (d, J
=12.1 Hz, 1H), 4.46 — 4.35 (m, 3H), 4.29 (d, /= 11.7 Hz, 1H), 3.99 (t, /= 7.2 Hz, 1H), 3.90 (d,
J=2.8 Hz, 1H), 3.83 — 3.74 (m, 3H), 3.67 (dd, /= 10.6, 3.6 Hz, 1H), 3.62 — 3.56 (m, 1H), 3.56 —

3.47 (m, 2H), 3.47 — 3.40 (m, 2H), 3.37 (dd, J = 7.8, 5.6 Hz, 1H), 3.24 — 3.05 (m, 2H), 2.78 —
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2.65 (m, 2H), 1.28 (t, J = 7.4 Hz, 3H), 1.10 — 1.01 (m, 2H), -0.02 (s, 9H). °C NMR (125 MHz,
CDCl;) 5 138.9, 138.6, 138.5, 138.3, 138.2, 138.0, 128.4, 128.38, 128.35, 128.3, 128.27, 128.2,
128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.55, 127.53, 127.5, 127.4, 127.38, 103.2, 83.6, 82.3,
81.3,79.9, 76.7, 75.4, 74.7, 73.5, 73.4, 73.38, 73.3, 73.2, 72.6, 68.9, 68.1, 57.8, 51.3, 24.2, 14.9,

10.4, -1.9; ESIMS calculated for Cs;H75NO1;SiS,Na [M*—Na]Jr 1112.4443, found: 1112.4435.

Synthesis of Ethyl 2,3,4,6-tetra-O-benzyl-$-D-galactopyranosyl-(1—4)-2-acetamido-2-deoxy

-3,6-di-O-benzyl-1-thio-p-D-glucopyranoside (2.28):

BnO OBn OBnN
0]
BnO Bogégvsa
n
OBn NHAC
2.28

Powdered CsF (46 mg, 0.3 mmol) was added to a solution of compound 2.27 in 4ml of DMF and
refluxed for 2 d. DMF was removed by concentrating under high vacuum. Saturated NaHCO; (6
mL) was added to the residue and washed with ether (3 x 5 mL). The Combined organic layers
were dried over Na,SO4 and concentrated under reduced pressure. "H NMR (498 MHz, CDCl5) o
7.70 — 6.79 (m, 30H), 5.21 (d, J=10.6 Hz, 1H), 4.97 (d, J = 11.5 Hz, 1H), 4.82 (s, 2H), 4.72 (s,
2H), 4.59 — 4.51 (m, 3H), 4.46 (d, J= 7.7 Hz, 1H), 4.39 (dd, J=18.1, 11.9 Hz, 2H), 4.28 (dd, J =
10.8, 7.1 Hz, 2H), 4.01 (t, J = 9.4 Hz, 1H), 3.92 (d, J = 2.9 Hz, 1H), 3.84 (dd, /= 11.0, 4.2 Hz,
1H), 3.79 (dd, J =9.7, 7.8 Hz, 1H), 3.73 (d, J = 11.0 Hz, 1H), 3.53 (dd, J = 12.7, 5.8 Hz, 1H),
3.47 —3.30 (m, 4H), 2.89 (t, J = 9.6 Hz, 1H), 2.80 — 2.62 (m, 2H), 1.66 (s, 2H), 1.30 (t, J=7.4
Hz, 3H); ESIMS calculated for Cs¢HgsNOoS [M+H]+ 926.4296, found: 926.4294.

The free amine was dissolved in 3 mL of pyridine and 0.3 mL of Ac,0 was added. The reaction

mixture was stirred at room temperature for overnight. Excess Ac,O was quenched with MeOH

94



and concentrated. The residue was purified by silica gel chromatography to yield yellow oily
liquid. "H NMR (500 MHz, CDCl3) & 7.67 — 6.78 (m, 30H), 5.54 (d, J = 8.2 Hz, 1H), 4.97 (dd, J
=15.3, 11.4 Hz, 2H), 4.87 (d, J = 9.8 Hz, 1H), 4.84 (s, 2H), 4.74 (s, 2H), 4.61 (d, J = 11.3 Hz,
1H), 4.57 (dd, J=11.8, 3.8 Hz, 2H), 4.50 — 4.35 (m, 3H), 4.30 (d, /= 11.8 Hz, 1H), 4.00 (dd, J =
20.0, 11.4 Hz, 1H), 3.93 (d, J = 2.9 Hz, 1H), 3.88 —3.71 (m, 3H), 3.67 — 3.50 (m, 3H), 3.45 (dd,
J=9.7,2.9 Hz, 1H), 3.43 — 3.36 (m, 2H), 2.82 — 2.51 (m, 2H), 1.90 (s, 3H), 1.28 (t, /= 7.4 Hz,
3H). °C NMR (126 MHz, CDCls) & 170.1, 139.0, 138.9, 138.7, 138.5, 138.45, 138.0, 128.4,
128.38, 128.3, 128.26, 128.2, 127.9, 127.88, 127.8, 127.7, 127.6, 127.5, 127.47, 127.4, 127.37,
103.0, 83.2, 82.4, 80.0, 79.8, 79.6, 75.4, 74.7, 74.1, 73.7, 73.5, 73.1, 73.05, 72.7, 68.6, 68.2, 55.4,
24.3,23.6, 15.1; ESIMS calculated for CsgHgsNO{oS [M+H]Jr 968.4402, found: 968.4414.

Synthesis of Thianthrene-5-oxide (2.29):

®@n-00®

o

2.29

n

A solution of meta-chloroperbenzoic acid, m-CPBA (986.1 mg, 4.4 mmol) in 5 mL DCM was
added to an ice cold solution of thianthrene (865.3 mg, 4 mmol) in 2 mL DCM and stirred for
about 2.5 h. The reaction mixture was washed with saturated NaHCO; (8 mL), water (8 mL) and
dried over Na,SO4. The organic layer was concentrated and purified by silica gel
chromatography with EtOAc:Hexanes (1:3) to yield 836 mg (90%) of compound 2.29. '"H NMR
(400 MHz, CDCl3) 6 7.93 (ddd, J = 7.8, 1.4, 0.4 Hz, 2H), 7.62 (ddd, J = 7.7, 1.2, 0.5 Hz, 2H),
7.55(td, J=17.6, 1.2 Hz, 2H), 7.44 (td, J = 7.6, 1.2 Hz, 2H); HRMS calculated for C,,HgOS, (M)

7232.0017, found 232.0013.
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Synthesis of Methyl 2,3,4,6-tetra-O-benzyl-p-p-galactopyranosyl-(1—4)-2-acetamido-2-

deoxy-3,6-di-O-benzyl-pB-p-glucopyranoside (2.33):

Bn OBn OBn
(@]
Bnogﬁ/o/ég/OMe
OBanO
NHAc
2.33

Trifluoromethanesulfonic anhydride (58.4 pL, 0.17 mmol) was added to a solution of benzyl
lactal (146 mg, 0.17 mmol) and thianthrene-5-oxide (82.1 mg, 0.35 mmol) in 8§ mL of
chloroform and dichloromethane (3:1 v/v) mixture at -78 °C. The entire reaction mixture was
stirred 11 m, then N,N-diethylaniline (110 pL, 0.69 mmol) was added, followed by N-
(TMS)acetamide (68.2 mg, 0.51 mmol).The mixture was immediately brought to room
temperature and stirred for 30 min. Dry MeOH (22 pL, 0.51 mmol) was added to the mixture
followed by 137.3 mg of Amberlyst-15 acidic resin (washed with acetone and dried at 65°C
under reduced pressure). The reaction was stirred for 38 h, filtered, concentrated under vacuum,
and purified by silica gel flash column chromatography (2:1 hexane/ethyl acetate), to obtain a 21
mg of compound (1:2 hexane/ethyl acetate, Ry = 0.4), MS showed (M+Na) of title compound
2.33. Compound 2.32 was isolated with impurities (4:1 ethyl acetate/hexanes, Ry = 0.6).

Synthesis of 1, 3-dimethyl-5-[(dimethylamino)methylene]2, 4, 6 (1H, 3H, S5H)-

trioxopyrimidine (2.35):
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A solution of 1,3-dimethylbarbituric acid (3.0 g, 19.2mmol) in 20 mL CHCl; was added drop
wise to a solution of N,N-dimethylformamide dimethyl acetal (2.82 mL, 21.0 mmol) in 30 mL
CHCI; at 0 °C over 2 h under constant stirring. The reaction mixture was washed with water (3 x
40 mL) and brine (40 mL). The organic layer was dried over Na,SOy, filtered and evaporated.
The crude solid was washed with diethyl ether (3 x 10 mL) to yield compound 2.35 as yellow
solid (2.97 g, 73%)."H NMR (300 MHz, CDCls) § 8.12 (s, 1H), 3.41 (s, 3H), 3.37 (s, 3H), 3.29

(s, 6H).

Synthesis of B-pD-galactopyranosyl-(1—4)-2-acetamido-2-deoxy-o/B-p-glucopyranose (2.36):

Ho ~OH OH
0
O OH

oH H

Benzylamine (25 mL, 228.9 mmol) was added to lactulose (10 g, 29.2 mmol) at 0 °C and
warmed to ambient temperature and stirred at 43 °C for 5 d, until TLC (MeOH/CHCI;/NH4,OH
2:1:1) showed lactulosylamine as major product. A solution of MeOH (25 mL) was added, after
cooling the reaction mixture to room temperature. This methanolic solution was added in
portions to 1500 mL of diethyl ether under constant stirring for 1 h and kept at -20 °C overnight.
A yellow precipitate was formed and collected by filtration, followed by drying under reduced
pressure. Glacial aceticacid (7 mL) was added to the yellow solid (13.8 g, crude) in 56 mL of
MeOH and stirred at room temperature for 3 h. The mixture was poured into 1500 mL of diethyl
ether and kept at -20 °C overnight. The precipitate was collected by filtration, and dried under
reduced pressure to give the crude product as yellow solid (14.3 g), containing N-

benzyllactosamine 2.34. The crude benzyllactosamine 2.34, was dissolved in 18 mL of deionized
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water and pH was adjusted to 1 by drop wise addition of 1.0 mL HCIL 850 mg of 20%
Pd(OH),/C (5% by weight), Pearlman’s catalyst, was added and kept on a par shaker at 60 psi for
3 d. The catalyst was filtered off and solution was concentrated, followed by co-evaporation with
benzene/ether (1:1) under reduced pressure gave 12 g of crude lactosaminehydrochloride as
yellow solid. Triethylamine (3.6 mL, 26.0 mmol) and DTPM reagent (4.6 g, 21.8 mmol) were
added to crude lactosaminehydrochloride (6.4 g) dissolved in 80 mL of MeOH and stirred for 2 h
at room temperature. The white precipitate formed was collected by filtration, washed with
MeOH several times and dried under reduced pressure to give 3.7 g (60%) of pure compound.

ESIMS calculated for C19H»9N3013Na [M+Na]+ 530.1593, found: 530.1574.

To DTPM protected lactosamine (4 g, 7.5 mmol) from previous reaction, NH4OH (30 mL) was
added and stirred for 40 m at ambient temperature. The white precipitate (unreacted DTPM-
lactosamine,side products of deprotection) was filterd off and washed with water. Entire filtrate,
aqueous and NH4OH solution, washed with CHCl; (3x30 mL). Aqueous layer was concentrated
under reduced pressure to yield 2.4 g (90%) of lactosamine 2.36, as light yellow solid. ESIMS
calculated for C12H»24NOjg [MJrH]+ 342.1395, found: 342.1397.

Synthesis of 2, 3, 4, 6-Tetra-O-acetyl-B-p-galactopyranosyl-(1—4)-2-acetamido-1,3,6-tri-O-

acetyl-2-deoxy-o/p-p-glucopyranose (2.37):

OAc
AcO OAC
(@)
Ac
OAc NHA COAC

2.37

Acetic anhydride (5 mL) and DMAP (20 mg) were added to a solution of 2.36 in 10 mL of

pyridine and the mixture was stirred at room temperature for 18 h. Excess acetic anhydride was
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quenched by adding MeOH at 0 °C and concentrated and co-evaporated with toluene (3 x 10 mL)
under reduced pressure. The residue was purified by silica gel chromatography using
Hexanes:EtOAc (3:1) to 100% EtOAc to afford 923 mg (93%) of peracetylated lactosamine,
2.37, as slight yellow solid. '"H NMR (498 MHz, CDCls) § 6.08 (d, J = 3.6 Hz, 1H), 5.86 (d, J =
9.7 Hz, 0.3H), 5.66 (d, J=9.1 Hz, 1H), 5.62 (d, /= 7.7 Hz, 0.3H), 5.34 (d, /= 3.2 Hz, 2H), 5.22
(dd,J=11.0, 8.3 Hz, 1H), 5.10 (dd, J=10.4, 7.9 Hz, 1.3H), 5.07 — 5.03 (m, 0.3H), 4.95 (dd, J =
10.4, 3.5 Hz, 1.4H), 4.52 (d, J = 7.9 Hz, 1H), 4.48 (d, /= 7.9 Hz, 0.4H), 4.43 (dd, J = 12.0, 3.0
Hz, 0.3H), 4.41 — 4.33 (m, 2H), 4.26 (dd, J=17.2, 9.4 Hz, 0.3H), 4.17 — 4.04 (m, 4.1H), 3.92 —
3.80 (m, 3.6H), 3.79 — 3.73 (m, 0.3H), 3.28 (d, J = 7.0 Hz, 0.4H), 2.16 (s, 3H), 2.13 (s, 3.8H),
2.10 (s, 3.7H), 2.08 (s, 3H), 2.07 (s, 0.6H), 2.07 (s, 0.9H), 2.05 (s, 3.4H), 2.04 (s, 4.5H), 1.95 (s,
3.7H), 1.94 (s, 0.8H), 1.91 (s, 3H). ESIMS calculated for C,gH3NO;sNa [M+Na]" 700.2059,
found: 700.205

Synthesis of 2-Methyl-{3,6-di-O-acetyl-1,2-dideoxy-4-0O-(2,3,4,6-tetra-O-acetyl-B-D-

galactopyranosyl)-a-p-gluco-pyrano}-[2,1-d]-oxazoline (2.38):

Aco ~OAc

OAc
0]
AcO oé%
OACACO N

N\
2.38 >/O

Peracetylated LacNAc 2.37 (567 mg, 0.84 mmol) was dissolved in 10 mL of 1,2-dichloro ethane
and stirred with TMSOTT (167 uL, 1.05 mmol) at 50 °C for 12 h. The reaction mixture was then
warmed to room temperature. Triethylamine (0.6 mL) was added and the reaction mixture was

stirred for 30 min. The solvent was removed under vacuum and the crude mixture was purified

by column chromatography with toluene/EtOAc/Et;N (100:200:1) to yield 400 mg (75%) of 2.38
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as a yellow solid. 'H NMR (498 MHz, CDCls) § 5.90 (d, J = 7.3 Hz, 1H), 5.63 (s, 1H), 5.36 (d, J
= 3.4 Hz, 1H), 5.16 (dd, J = 10.0, 8.3 Hz, 1H), 4.99 (dd, J = 10.3, 3.5 Hz, 1H), 4.64 (d, J = 8.0
Hz, 1H), 4.24 — 4.02 (m, SH), 3.94 (t, J = 6.7 Hz, 1H), 3.64 (d, J = 9.5 Hz, 1H), 3.53 — 3.45 (m,
1H), 2.15 (s, 3H), 2.10 (s, 3H), 2.10 (s, 3H), 2.09 (s, 3H), 2.04 (s, 3H), 2.02 (s, 3H), 1.96 (s, 3H);
3C NMR (125 MHz, CDCL3) § 170.6, 170.32, 170.3, 170.1, 169.4, 169.2, 166.8, 102.4, 9.1,
78.0, 71.0, 70.9, 70.5, 68.8, 67.5, 66.9, 65.0, 63.5, 61.1, 21.0, 20.8, 20.7, 20.66, 20.6, 20.5, 13.9;

ESIMS calculated for C,sH3sNO;¢Na [M+Na]" 640.1848, found: 640.1846.

Synthesis of 9H-fluoren-9ylmethyl {2-[2-O-(2, 3, 4, 6-tetra-O-acetyl-p-np-galactopyranosyl-
(1—4)-2-acetamido-3,6-di-O-acetyl-2-deoxy-p-p-glucopyranosyl)-2-

hydroxyethoxy]ethyl}carbamate (2.39):

OAcC
Ac OAC
0 0
AcO ) O~_"~~-~_ NHFmoc
OAcACO (0]
NHACc
2.39

Oxazoline 2.38 (355 mg, 0.58 mmol) and 9H-fluoren-9-yl[2-(2-hydroxyethoxy)-ethyl]carbamate
2.11 (569 mg, 1.74 mmol) were stirred with a catalytic amount of camphor sulfonic acid (CSA)
(12 mg) in 12 mL of 1,2-dichloroethane under refluxing conditions (90 °C) for 2.3 h. The
reaction mixture was cooled and poured over ice water and then washed successively with
aqueous saturated NaHCOs;, water, and dried over anhydrous Na,SO4. The solvent was
evaporated under vacuum and the residue was purified by column chromatography using EtOAc
to yield 427 mg (78.0%) of 2.39 as a yellow solid. '"H NMR (500 MHz, CDCl3) & 7.77 (d, J = 7.5
Hz, 2H), 7.63 (d, J = 7.3 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.31 (tt, J = 7.5, 1.2 Hz, 2H), 5.89 (d,

J=9.0 Hz, 1H), 5.60 (s, 1H), 5.34 (d, J = 2.7 Hz, 1H), 5.11 (dd, J = 10.5, 7.9 Hz, 2H), 4.97 (dd,
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J =10.5, 3.5 Hz, 1H), 4.55 — 4.45 (m, 3H), 4.43 (d, J = 6.9 Hz, 2H), 4.24 (t, J = 6.8 Hz, 1H),
4.13 (dd, J = 11.8, 5.4 Hz, 1H), 4.11 — 4.00 (m, 3H), 3.94 — 3.81 (m, 2H), 3.77 (t, J = 8.3 Hz,
1H), 3.69 — 3.56 (m, 4H), 3.53 (s, 2H), 3.44 — 3.23 (m, 2H), 2.14 (s, 3H), 2.10 (s, 3H), 2.05 (s,
6H), 2.03 (s, 3H), 1.97 (s, 3H), 1.94 (s, 3H); °C NMR (126 MHz, CDCl3) § 170.4, 170.3, 170.1,
170.0, 169.4, 156.8, 144.0, 141.3, 127.7, 127.1, 125.1, 120.0, 100.9, 75.6, 72.7, 72.0, 70.8, 70.7,
70.3, 70.2, 69.1, 68.5, 66.6, 66.57, 62.5, 60.8, 53.0, 50.8, 47.3, 41.1, 23.2, 20.87, 20.8, 20.7,
20.62, 20.6, 20.5; ESIMS calculated for C4sHscN,O,oNa [MJrNa]Jr 967.3319, found: 967.3307.

Synthesis of Methyl 2-(diphenylphosphino)-4-{2][2-O-(p-p-galactopyranosyl-(1—4)-2-

acetamido-2-deoxy-f-p-glucopyranosyl)-2hydroxyethoxy]ethylcarbamoyl]}benzoate (2.40):

OH f
H OH
o) H OMe
HO o Q O~ >N
oy HO o) PPh,
NHACc
O
2.40

Deprotection of compound 2.39 (183 mg, 0.19 mmol) was achieved under Zémplen conditions
by stirring in a solution of MeOH (4 mL) with 1% NaOMe/MeOH (2.3 mL) for 2.3 h. The
reaction mixture was neutralized with Amberlite resin 120. The resin was washed with MeOH,
stirred with 10 mL of ammonia for 30 m and filtered. The ammonia was removed by evaporation
and dried overnight under vacuum to give 52 mg of a white solid. The solid (36 mg, 0.08 mmol)
was dissolved in 5 mL of DMF and stirred with succinimidyl-3-diphenylphosphino-4-methoxy-
carbonylbenzoate 2.7 (106 mg, 0.23 mmol), and two drops of triethylamine for 4 h at room
temperature. The solvent was removed under vacuum and the material was purified by column
chromatography (Iatrobeads) with DCM/MeOH (3:1) to yield 43 mg (50%) of 2.40 as a yellow
solid containing a small amount of the corresponding phospine oxide. 'H NMR (500 MHz,

CD;0D) 8.05 (dd, J = 8.0, 3.6 Hz, 1H), 7.82 (dd, J = 8.0, 1.7 Hz, 1H), 7.44 (dd, J = 3.9, 1.7 Hz,
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1H), 7.39 — 7.30 (m, 6H), 7.30 — 7.22 (m, 4H), 4.43 (d, J = 8.4 Hz, 1H), 4.37 (d, J = 7.6 Hz, 1H),
3.96 - 3.89 (m, 1H), 3.88 (d, J = 2.4 Hz, 1H), 3.85 —3.78 (m, 2H), 3.78 — 3.68 (m, 3H), 3.67 (s,
3H), 3.67 — 3.44 (m, 13H), 3.43 — 3.38 (m, 1H), 3.36 (ddd, J = 9.4, 4.4, 2.5 Hz, 1H), 1.92 (s,
3H); phospine oxide: 6 8.15 (dt, J = 8.0, 1.6 Hz, 0.2H), 8.00 (dd, J = 8.0, 3.6 Hz, 0.25H), 7.95
(dd, J = 13.8, 1.7 Hz, 0.25H), 7.68 — 7.58 (m, 1.4H), 7.54 (m,1H); "C NMR (125 MHz,
CDs;0D) 6 173.5, 169.5, 168.5 (d, Jc.p = 2.5 Hz), 142.3 (d, Jc.p = 28.8 Hz), 138.9, 138.6 (d, Jc.p
=10.0 Hz), 138.26 (d, Jc.p = 18.7 Hz), 135.1 (d, Jc.p = 20.0 Hz), 134.5, 131.7 (d, Jc.p = 2.5 Hz),
130.1, 129.7 (d, Jc.p = 6.3 Hz), 127.9, 105.2, 102.8, 81.1, 77.2, 76.6, 74.9, 74.2, 72.6, 71.2, 70.4,
70.3, 70.0, 62.5, 62.0, 56.7, 52.6, 41.0, 23.1; phosphine oxide: 6 139.8 (d, Jc.r = 7.5 Hz), 138.3
(d, Jep = 11.3 Hz), 133.6, 132.9 (d, Jep = 12.5 Hz), 129.9 (d, Jc.p = 12.5 Hz), 53.0; *'P NMR
(202 MHz, CDs0D) 6 35.00 (s, 0.21P), -2.80 (s, 1.00P); ESIMS calculated for C39H49PN,O;5Na
[M+Na]" 839.2763, found: 839.2756.

Synthesis of azidoacetic acid labeled B-lactoglobulin:

Protein samples of B-lactoglobulin (5 mg, 0.3 mmol) were dissolved in borate buffer (50 mM,
pH 9, 1 mL). A solution of succinimidyl 2-azidoacetate 2.2, in dioxane was added (27 mg/mL,
70 pl, 35 equiv) and was left at room temperature for 1 h after vortexing. The labeled protein
was purified using ultracentifugation (10 kDa MW cutoff). The sample was lyophilized and
stored at —20 °C.

Staudinger ligation of azide-labeled protein:

Samples of azide-labeled protein (200 pg) were dissolved in 100 pL of buffer (10 mM,
ammonium acetate, pH 8.9). Staudinger reagents in DMSO/H,0 (1:15, 1 mg/mL; 300 pL) were
added to the protein solution and allowed to react for 12 h at room temperature. The mixture was

lyophilized and dissolved in 100 pL of buffer (10 mM, ammonium acetate, pH 8.9).
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2.13.3 Stability studies of 2-(diphenyl-phosphanyl)-terephthalic acid 1-methyl ester (2.6)
The compound, 2.6, (2 mg in each) was dissolved in 600 uL of different solvents, CDClIs
(control), 5% TFA in CDCls, 95% TFA in CDCI3, aceticacid, 20% piperidine in DMF, 2%
hydrazine in DMF , 1% NaOMe in MeOH and transfered to seven different NMR tubes. Then
3'PNMR was recorded at 1.5 h, 12 h,24 h and 48 h under constant parameters (nt = 256, d; =
0.1, gain = 60).

2.13.4 Western blotting of biotinylated LFA-1

Jurkat cells cultured in growth media supplemented with 14 mM Ac sManNAz (2.4) for variable
time periods, depending on the assay. LFA-1 bearing azide-labeled sialic (LFA-1-Az) was

immunoprecipitated with TS2/4 mAb sepharose (method by Springer et al.).®*

However,
before elution from the beads, azide-tagged sialic acids were biotinylated by Staudinger ligation
by adding compound 2.10 (50 mg/mL) and mixing overnight at 4 °C. Detection of biotinylated
LFA-1 was achieved by Western blot. Proteins were eluted by boiling at 95 °C in Laemmli
buffer, and separated by 4/7% SDS-PAGE. Proteins were transferred to nitrocellulose, then the
membranes were blocked with 5% milk in TBS-T. Membranes were probed with streptavidin-
HRP (Bio Rad) in 2.5% milk TBS-T. Bands were visualized by chemiluminescence (Pierce).
Removal of biotinylated sialic acids through removal of N-glycans, was achieved by treating
immunoaffinity purified LFA-1-Az with PNGase F (New England Biolabs, Ipswich, MA)
according to the supplier’s directions. Proteins were denatured by boiling with SDS, followed by
incubation with PNGase F overnight at 37°C.

2.13.5 Lectin blotting of glycoconjugates

Labeled glycoprotein samples were separated by SDS-PAGE (5%/15%) and transferred to

nitrocellulose. The membrane was blocked for 2 h with CarboFree Blocking Solution (Vector
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Labs), and incubated with biotinylated MAL-I lectin (Vector Labs) diluted in blocking solution
(1 pg/mL) for 1 h. The membrane was washed with TBS-T (Tris-buffered saline, 0.1% Tween
20), and incubated with streptavidin-HRP (Bio-Rad) in blocking solution for 1 h. The membrane
was washed again with TBS-T, and positive signals were then detected by enhanced
chemiluminescence (Amersham). All incubations after protein transfer were performed at room
temperature.

2.13.6 LC-MS of glycoconjugates

The LC-MS experiments were carried out on an Agilent 6220 Accurate-Mass TOF LC/MS
system (Agilent Technologies, Santa Clara, California, USA). Samples were injected on a 75 x
0.5 mm Poroshell C-8 column with a particle size of 5 um (Agilent Technologies, Santa Clara,
California, USA) with an Opti-pak trap cartridge kit, SuLL bed, C8 (Optimize Technologies,
Oregon City, USA). After loading of the sample, the column was flushed for 3 min at a 0.15 mL
min™ flow rate with 95% mobile phase A (0.1% formic acid in water) and 5% mobile phase B
(0.1% FA in acetonitrile) in order to effectively remove the salts and reagents. Elution of the
protein was performed by gradually increasing the concentration of phase B in the mobile phase
to 95% over a period of 11 m. The column was maintained at 70 °C. Protein molecular weight
information was generated using the maximum entropy deconvolution algorithm in the Agilent

Mass Hunter BioConfirm software.
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Table 2.2: Observed mass of galactose conjugates in mass spectrum

Gal-SR (compound 2.16)

assignment | calculated “ | observed
(isoform + n)

B 18278 18278
A 18364 18364
A+1 19018 19016
A+2 19672 19672
B+2 19586 19586
A+3 20327 20326
B+3 20241 20241
A+4 20981 20981
B+4 20895 20894
A+5 21635 21636
B+5 21549 21549
A+6 22289 22291
B+6 22203 22203
A+7 22943 22944
B+7 22857 22859
A+38 23598 23599
B+38 23512 23513
A+9 24252 24255
B+9 24166 24168
A+10 24906 24909
B+ 10 24820 24823
A+11 25560 25563
B+ 11 25474 25478
A+12 26215 26218
B+ 12 26129 26133
A+13 26869 26873
B+ 13 26783 26787

a. Expected masses were calculated based on the formula My, + #n*Mjinker, Where the M,
that of either B-lactoglobulin (A isoform, 18364 Da) or B-lactoglobulin (B isoform,

18278 Da), n is the number of sites, and Mijinker = 654.2 Da.
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Table 2.3: Observed mass of lactose conjugates in mass spectrum

Lactose-SR (compound 2.21) |

assignment | calculated | observed
(isoform + n)

A+1 19180 19181
B+1 19094 19094
B+2 19911 19911
A+3 20813 20813
B+3 20727 20727
A+4 21629 21631
B+4 21543 21545
B+5 22359 22361
A+6 23262 23264
B+6 23176 23178
A+7 24078 24080
B+7 23992 23994
A+8 24894 24898
B+8 24808 24811
A+9 25710 25714
B+9 25624 25628
A+10 26527 26530
B+ 10 26441 26445
A+11 27343 27347
B+ 11 27257 27261
A+12 28159 28165
B+12 28073 28077
A+ 14 29792 29791
A+15 30608 30608
B+ 15 30522 30528
A+16 31424 31426

a. Expected masses were calculated based on the formula M, + n*Mjinker, Where the M,
that of either PB-lactoglobulin (A isoform, 18364 Da) or B-lactoglobulin (B isoform,

18278 Da), n is the number of sites, and Mjjnker = 816.3 Da.
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Table 2.4: Observed mass of LacNAc conjugates in mass spectrum

LacNAc-SR (compound 2.40 |

assignment | calculated” | observed
(isoform + n)

A+2 20079 20079
B+2 19993 19995
A+3 20936 20935
B+3 20850 20850
A+4 21793 21795
B+4 21707 21709
A+5 22650 22653
B+5 22564 22566
A+6 23508 23511
B+6 23422 23423
A+7 24365 24368
B+7 24279 24282
A+8 25222 25225
B+38 25136 25140
A+9 26080 26083
B+9 25994 25997
A+10 26937 26941
B+ 10 26851 26855
A+11 27794 27799
B+11 27708 27713
A+12 28651 28656
B+ 12 28565 28570
A+13 29509 29516
B+ 13 29423 29430

Expected masses were calculated based on the formula My, + n*Mjinker, Where the My
that of either PB-lactoglobulin (A isoform, 18364 Da) or B-lactoglobulin (B isoform,

18278 Da), n is the number of sites, and Mijjnker = 857.3 Da.
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Chapter 3
Immobilization of carbohydrate epitopes for surface plasmon resonance

using the Staudinger ligation1

1. Portions of this work have been previously published in Loka, R. S.; Cairo, C. W., Immobilization of
carbohydrate epitopes for surface plasmon resonance using the Staudinger ligation. Carbohydr. Res. 2010, 345 (18),

2641-7.
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3.1 Abstract

The detection of carbohydrate-protein interactions is often performed using techniques
which require surface immobilization of the lectin or the glycan. A commonly used assay for
lectin binding is surface plasmon resonance (SPR). We describe an implementation of
Staudinger ligation chemistry as a method to immobilize carbohydrate epitopes to the biosensor
surface. This was accomplished by first introducing an azide functionality to a
carboxymethyldextran surface, followed by reaction with a phosphane-modified carbohydrate
ligand. The chemistry employed was extremely mild and was easily adapted to a commercial
biosensor system. Using this approach, we investigated the binding of jacalin and wheat germ
agglutinin (WGA) to galactose, lactose, and N-acetyl-lactosamine. We observed that WGA
binding shows evidence of multivalent interaction with the surface. Additionally, we found that
jacalin binding was influenced by the presence of a flexible and hydrophobic galactosyl

aglycone.
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3.2. Introduction

Lectin-carbohydrate interactions are critical to a variety of biological recognition events.
Among many known processes in humans, native lectins take part in inflammation, cancer,
antigen recognition, and fertilization.' The measurement of lectin-carbohydrate interactions can
be challenging, and a variety of methods have been employed including fluorescence
spec:troscopy,4 isothermal titration calorimetry (ITC),” surface plasmon resonance (SPR),’ and
microarrays.”” Solid-phase methods, including SPR and microarrays, are commonly employed
due to their sensitivity and small sample requirements. For lectin-carbohydrate interactions,
surface methods have the added advantage that surface density can be controlled to mimic
multivalent presentations found in nature.'” However, the application of solid-phase methods
requires suitable surface chemistry which preserves the lectin-carbohydrate interaction under
study. The development of improved, orthogonal, or more facile immobilization strategies is
therefore of continued interest for assay development.

SPR has been an important technique for the analysis of lectin-carbohydrate interactions.
In this technique the carbohydrate (biomolecule) is immobilized on to the surface, then lectin
(ligand) is introduced on to the surface through flowing solution and vice versa. The interactions
between lectin and carbohydrate are measured by changes in surface plasmon resonance and
represented as a sensorgram. Typical immobilization strategies exploit amine-carboxylate
crosslinking of the lectin to the surface.'' Alternative approaches have used biotin,'* amine,"
thiol," or lipid-tags'® to generate carbohydrate surfaces. There has been a rapid expansion of
bioorthogonal chemistry in recent years,'® with a large number of groups developing selective
strategies for protein or ligand immobilization.'” An important subset of bioorthogonal reactions,

those with excellent yields and substrate tolerance, are known as ‘click’ reactions.'® These
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reactions can provide useful alternatives to traditional immobilization strategies. The Staudinger
ligation has been used to detect glycosyltransferase activity on microarrays'® and to immobilize
azide-labeled carbohydrates or proteins to a phosphane-derived surface.” ! A modification of
this strategy, which used a traceless Staudinger ligation, has also been reported for generating a

self-assembled monolayer (SAM) and microarray surfaces.”> %

Native chemical ligation of
proteins to an SPR surface has also been described.”* Microarrays used for lectin-binding studies
have been generated using alkyne-modified carbohydrates and a sulfonyl-azide surface.”
Carbohydrate surfaces suitable for SPR lectin binding studies have been generated using azide-
modified glycans and a SAM containing an alkyne.**?’
3.3. Hypothesis

Although the Staudinger ligation has been applied for surface immobilization on SAM
and microarray surfaces, there are no reports of adapting this chemistry to commercial SPR
systems. Commercial SPR biosensors often use carboxymethyldextran (CMD) surfaces, and
require relatively mild reaction conditions which avoid organic solvents. Application of the
Staudinger ligation should be compatible with these requirements. One potential limitation of
this strategy is the sensitivity of the phosphane reagents to oxidation.”® We hypothesize that an
azide-modified surface could be more robust than an immobilized phosphane, and would reduce
complications due to oxidation by only capturing intact groups. In previous work (Chapter 2),
we employed a synthetic strategy for generating phosphane-labeled carbohdyrate ligands which
could be used to generate glycoprotein conjugates.”” We chose to adapt this strategy as a method
to immobilize carbohydrate ligands on an SPR biosensor. It can be accomplished by first

introducing an azide functionality to a carboxymethyldextran surface, followed by reaction with

a phosphane-modified carbohydrate ligand (Figure 3.1). We found the Staudinger ligation to an
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azide surface provided an active and stable biosensor. Using this method we investigated the
binding of wheat germ aggluttinin and jacalin binding to Galf, GalB1,4-Glcp(Lac), and GalP1,4-

GlcNAcB(LacNAc) linked compounds described in Chapter 2.
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Figure 3.1: Surface modification of the CMS5 chip by Staudinger ligation. Azide modification

is cheaper and the surface will be robust compared to phosphane reagent on the surface.

3.4. Preparation of the biosensor surface

We developed a surface immobilization protocol suitable for immobilization of
Staudinger-Bertozzi reagents.”> We first functionalized the CMD surface with ethylenediamine
(EDA) by activating the acids on the surface with N-hydroxysuccinamide (NHS) in presence of
N-ethyl-N’-(3-diethylaminopropyl)-carbodiimide (EDC) and coupling with EDA under
continuous flow of HEPES buffer of pH 7.4.”' The amines on the surface could then be easily
acetylated with an NHS-ester of azidoacetic acid, 3.5 (Figure 3.2).* We found that compound
3.5 required elevated concentrations of DMSO to keep the compound soluble, and that the
compound was subject to hydrolysis if the solutions were not used rapidly.
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Figure 3.2: Conjugation of carbohydrate epitopes to a CMD surface.The preparation of

compounds 3.1, 3.2, 3.3, and 3.4 were as described in Chapter 2.% Control surfaces were

generated with a biotin-labeled phosphane, 3.1.

Once the azide was immobilized, the surface was stable and could be reacted with an
appropriate Staudinger-Bertozzi reagent as desired. We previously reported the synthesis of
Staudinger-Bertozzi reagents which contained galactose (3.2, GalP), lactose (3.3, Lac), and N-

acetyl-lactosamine (3.4, LacNAc) moieties.” These compounds were used to derivatize the CM5
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Figure 3.3: Modification of a biosensor surface with a carbohydrate ligand, the
sensorgrams are shown for chemical modification of the sensor surface as described in
Figure 3.2. The carboxymethyl dextran is first activated with (a) EDCI/NHS (200 uL, 0.1 M),
and then modified with (b) ethylenediamine (325 pL, 1 M, pH 8.5). The amine surface was then
labed with (¢) NHS-azido-acetic acid, 5 (200 pL, 50 mM, 10% DMSO/H,0). The azides on the
surface were then allowed to react with the phosphane-modified (d) biotin, 3.1 (e) galactose, 3.2
() lactose, 3.3, and (g) LacNAc, 3.4 reagents (each 200 uL, 1.25 mM, 6% DMSO/ running

buffer). The changes in base line RU were; 3.1, -1760; 3.2, 1970; 3.3, 1120; and 3.4, 860 RU.
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surface after the treatment as described above to incorporate azide functionality. Separate lanes
of a single CM5 chip were then exposed to compounds 3.1, 3.2, 3.3, and 3.4 to generate the
desired surfaces (Figure 3.3). The biotin-modified surface (compound 3.1) was used for
background subtraction of the other lanes as a negative control. The biotin modified surface
showed negative response units (RU) compared to carbohydrate derivitized lanes which is most
likely due to differences between the refractive indices. For example proteins, sugars and
aliphatic polyethylene (similar to biotin) have significantly different refractive indices.** **

To the best of our knowledge, this is the first report of an azide-modified surface used for
SPR detection. Although, it is important to note that work from the laboratories of Bertozzi,"”
Waldmann,”® and Raines® have previously used variations of the Staudinger ligation as a surface
immobilization strategy. In our formulation of the Staudinger ligation, we chose to use an azide
surface to avoid any issues with oxidation of the phosphane component.”® In this arrangement,
oxidized phosphane would fail to react with the surface. By reversing this configuration to have
the phosphane on the surface, any oxidation would reduce the number of available surface sites.
Therefore, the azide-surface may be advantageous if the surface requires storage or preparation
separate from the immobilization step. Additionally, in this configuration the protocol requires
less of the costly phosphane reagent.
3.5. Detection of lectin specificity for carbohydrate surfaces.

To test the binding of lectins to the carbohydrate-modified surfaces, we injected solutions
of jacalin (Artocarpus integrifolia agglutinin)** and wheat germ agglutinin (WGA)*® over all
lanes of the biosensor (Figure 3.4). We observed that jacalin bound specifically to the galactose-

containing compound 3.2, and WGA bound only the GlcNAc-containing compound 3.4. Neither
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lectin recognized the Lac-modified surface (compound 3.3), and only bulk-response was
observed for the control lane (compound 3.1).

Before further investigating the binding of these lectins, we scrutinized different
regenerating conditions, ranging from strong acids to strong base. One of the lanes on CM5
surface was derivitized with LacNAc and examined regeneration of this surface with glycine (pH
1.5 and 2.5) and sodium hydroxide (50 mM) after binding with WGA. We ran six consecutive
cycles on the same lane for each regenerating solution. In the first cycle, running buffer (blank)
followed by regenerating solution and for rest of the five cycles WGA (10.6 uM) followed by
regenerating solution were injected. Response units (RU) at the beginning of a cycle were
compared with RU after regeneration, in the case of glycine (pH 1.5), they were same for all six
cycles but with sodium hydroxide (50 mM), showed large differences for the first two cycles
(Figure 3.5). Glycine (pH 2.5) was examined after the sodium hydroxide on the same lane,
however no information was provided about its regeneration efficacy, as the surface was already
degraded. Therefore our findings suggested that sodium hydroxide solution (50 mM) degraded
the surface (Figure 3.5) and cannot be used as a regenerating solution. Whereas, glycine (pH
1.5) is a suitable regenerating reagent (Figure 3.6) and we used these conditions throughout our

experiments.
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Figure 3.4: Specific binding of lectins to a carbohydrate-modified surface. (a) Jacalin (9.45
uM, 10 uL min™) and (b) WGA (21.1 uM, 10 pL min™) were injected over a sensor chip
modified with compound 3.2, 3.3, and 3.4. Jacalin binds specifically to the galactose-containing
compound 3.2, and WGA binds specifically to N-acetyl-lactosamine compound 3.4. Sensorgrams
shown were reference subtracted using a surface modified with compound 3.1. Spikes due to

subtraction or injection artifacts have been removed for clarity.
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Figure 3.5: Comparision of regeneration of LacNAc-phosphane surface after binding with
WGA (10.6 pM, 10 pL min™) by glycine (pH 1.5), NaOH (50 mM). Difference in RU at the
starting of a cycle and after regeneration was almost zero with glycine (pH 1.5) in all six cycles,

whereas with sodium hydroxide (50 mM) there was big difference in RU for first two cycles.
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Figure 3.6: Regeneration of surfaces using glycine (pH 1.5). WGA (100 pg/mL, 10 pL. min™)
was injected five times into a lane modified with LacNAc-phosphane 3.4, and surface was
regenerated by using the glycine (pH 1.5) each time. There was no change in the RU, on

comparison with blank run, after regeneration.

WGA is known to bind specifically to GIcNAc mono- and oligosaccharides.” Jacalin is
known to bind in preference to a-Gal; however, only weak binding to f-Gal would be expected
(Table 1).*® To explore the binding of each lectin in more detail, we proceeded to determine the

affinity of each lectin using SPR.
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entry | Lectin, (ligand) model or reference | [uM] [RU]

1 Jacalin, (Gala-OMe) 50 29 na

2 Jacalin, (GalB-OMe) 30 6250 na

3 Jacalin, (Galpl,3-GlcNAc) | *7 25000 na

4 one-site Ky 800 + 70| Buax |35 £+ 1
5 Jacalin, (3.2) two-site Kir | 200  + 600 Buaxt | 19 + 4
6 Ko | 1800 #2600 | Buaz | 40 #36
7 WGA, (GlcNAc) 35 1300 na

8 WGA, (GlcNAcB1,4-GlcNAc) | 7 200 na

9 WGA, (GalBl,6-GlcNAc) 38 1700 na

10 one-site Ky 190 + 40| Bupax | 111 + 4
11 WGA, (3.4) two-site Ki | 40 + 80| Buaw1 | 70 £40
12 Ka 1300  +1800 | Buax2 | 60  +30

Table 3.1: Lectin affinities determined for Jacalin and WGA.

from semi-log plot (Figure 3.14)

3.6. Determination of Jacalin and WGA affinity

Standard deviations derived

One of the advantages of a sensitive SPR assay is that it can be used to determine the

affinity of biomolecular interactions by direct observation of association and dissociation

kinetics. However, kinetic determinations are inherently more challenging as a variety of

artifacts may obscure an accurate measurement.’
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3.6.1 WGA affinity to LacNAc

We injected a series of six concentrations of WGA lectin over the surface, and analyzed
the binding of WGA to 3.4 (Figure 3.7). Attempts to fit these data to a typical 1:1 binding model
failed. More complex models, including bivalent binding and conformational change models,
were unsuccessful, with all tested models giving poor fits (data not shown).>’ These observations
suggest that lectin binding to the surface follows complex kinetics. Therefore, we used
equilibrium binding to determine the affinity of the lectin. A series of lectin concentrations, six
different concentrations in first run and 18 different concentrations in second run were injected
over the biosensor surface and the response at steady-state binding was recorded. The resulting
values were plotted versus the lectin concentrations to provide binding isotherms (Figures 3.8 &
3.9).

The equilibrium binding data were fit to a single or two-site binding model to obtain the
affinity of each interaction (Table 3.1). The first run was fit to single-site binding model (Figure
3.8). The Kq obtained from this data was 600 + 42 uM with 1> = 0.983. The binding data
obtained for the affinity of WGA for compound 3.4 in second run was partly described by the
single-site model (190 + 40 uM, 1> = 0.824). The two runs showed different Kq values and the r°
value for the second run was less compared to the first run. This difference may be due to having
more concentrations taken for the second run compared to the first. A Scatchard plot of second
run gave a concave-up curve, suggesting heterogeneity in the binding data (Figure 3.13).*" *!
Consistent with this finding, a fit of the data to the two-site model showed improvement over the
single-site model (r* = 0.868), and gave values of 40 + 80 uM and 1300 + 1800 uM for the two
affinity constants. The WGA lectin is known to be specific for GIcNAc containing saccharides;

however, its affinity for LacNAc has has not been previously determined. Measurement of WGA
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affinity for GIcNAc using isothermal titration calorimetry (ITC) found a value of 1.3 mM.”
Larger oligosaccharides of B1,4-linked GIcNAc gave tighter binding, for example the dimer gave
an affinity of 200 uM. The affinity of an isomeric disaccharide of LacNAc, Galp1,6-GlcNAc, for

WGA has been determined to be 1.7 mM.*®
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Figure 3.7: Binding of WGA to an N-acetyl-lactosamine surface. WGA was injected over the
N-acetyl-lactosamine surface (21.2, 12.7, 10.6, 7.9, 6.4, 53 uM, 10 pL min'l). Sensorgram
shown was reference subtracted using a surface modified with compound 3.1. Spikes due to

subtraction or injection artifacts have been removed for clarity.
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Figure 3.8: Binding isotherm of WGA for the first run. The binding of WGA to the N-acetyl-

lactosamine surface (21.2, 12.7, 10.6, 7.9, 6.4, 5.3 uM) is shown in single-site model. Each point

is a steady-state RU value at the end of association phase.
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Figure 3.9: Binding isotherm of WGA for the second run. The binding of WGA to the N-
acetyl-lactosamine surface (11, 9.1, 6.9, 5.5,4.6,3.7,2.7,2.3, 1.8, 1.4, 1.1, 0.92, 0.69, 0.46, 0.37,
0.27, 0.19, 0.09 uM) is shown. Each point is a steady-state RU value at the end of association

phase. For semi-log and Scatchard analysis see experimental section, Figure 3.14.

The binding of WGA to 3.4 is, therefore, of unusually high affinity. When the data were
analyzed using the single-site binding model, the observed affinity of 3.4 is similar to the
GlcNAc dimer. However, when the non-linearity of the Scatchard plot is taken into account a

more complex model is required. We interpret the non-ideal Scatchard plot as an indication of
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heterogeneous binding sites on the surface. This heterogeneity is likely the result of high affinity
sites which arise from carbohydrate epitopes on the surface which are close enough to bridge
multiple sites of a single WGA tetramer. In support of this model, the lower affinity site should
yield the expected solution affinity of GlcNAc for WGA. This is indeed the case when the data
are fit to the two-site model. This interpretation suggests an approximately 30-fold enhancement
of affinity at sites which can engage the lectin in a chelated binding mode.** Non-ideal effects
due to surface density or multivalent binding are well known in SPR measurements, and these
results allow us to quantify one mechanism of the enhancement of lectin affinity.'®*"-*
3.6.2 Jacalin affinity to galactose

A series of six different concentrations of jacalin were injected over the surfaces and
analyzed its binding to 3.2 (Figure 3.10). All the tested models, 1:1 binding model, bivalent
binding or conformational change models gave poor fits. These unsuccessful models indicated
that jacalin binding followed complex kinetics. We switched to equilibrium binding to determine
the affinity of jacalin. The response at steady state binding was recorded for a two different
series of jacalin concentrations injected over biosensor surface and binding isotherms were

derived by plotting the resulting values versus the lectin concentration for these two different

runs (Figures 3.11 & 3.12).
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Figure 3.10: Binding of Jacalin to galactose. Jacalin was injected over the galactose surface
(9.5, 5.7, 4.7, 3.5, 2.8, 2.4 uM, 10 pL min'l). Sensorgrams shown were reference subtracted

using surface modified with compound 3.1. Spikes due to subtraction or injection artifacts have

been removed for clarity.
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Figure 3.11: Binding isotherm of Jacalin for the first run. The binding of jacalin to the

galactose-modified surface (9.5, 5.7, 4.7, 3.5, 2.8, 2.4 uM) is shown by a single-site model. Each

point is a steady-state RU value at the end of the association phase.
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Figure 3.12: Binding isotherm of Jacalin for the second run. The binding of jacalin to the
galactose-modified surface (7.3, 6.1, 4.5, 3.6, 3.0, 2.4, 1.8, 1.5, 1.2, 0.91, 0.76, 0.61, 0.46, 0.30
uM) is shown. Each point is a steady-state RU value at the end of the association phase. See

experimental section for semi-log and Scatchard analysis (Figure 3.14).

A single (eq. 1) or two-site (eq. 2) binding model were used to fit the equilibrium binding
data to get the affinity of each interaction (Table 3.1). A single-site model for the first run
(Figure 3.11) gave a dissociation constant of 2000 £ 20 (r* = 0.98) and 800 + 70 uM (1> = 0.98)
for the second run (Figure 3.12). The dissociation constants for these two different runs were
likely different due to a different number of concentrations used in the two runs. When the
second run data were plotted in semi-log form or as a Scatchard plot (Figure 3.14), it could be

seen that jacalin binding was well described by a single-site model. Fitting the same data to a
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two-site model gave an affinity for 3.2 of 200 £ 600 uM at the first site, and 1800 £ 2600 uM for
the second site (r* = 0.99). Although this model provides a slightly improved fit, the lack of a
concave Scatchard plot suggests that the two-site model should not be used. Based on the single-
site affinity, the binding of a PGal derivative appears to be remarkably high. Previous reports
have determined the affinity of PGal to jacalin is close to 5 mM, while the aGal anomer has
much higher affinity.*® Hagiwara et al. have found that GalB-p-nitrophenyl has greater affinity to
jacalin than GalNAc, suggesting an ability for the lectin to accommodate a hydrophobic B-linked
aglycone.”* Additionally, Smith et al. have reported that aGal derivatives with a hydrophobic
aglycone have slightly improved affinity to jacalin.'* Comparison of the single-site affinity
measured here for a PGal derivative falls between the expected affinity of a GalaOMe and
GalBOMe, suggesting that 3.2 has higher than expected affinity for the lectin (vide infra).
3.7. A Structural model of Jacalin binding

Our determination of the affinity of jacalin for compound 3.2 gave an unexpectedly high
value for a B-galactoside. Previous work with ITC has found that GalB-OMe has significantly
weaker binding than the Gala-OMe derivative. Structural determinations of galactoside binding
to jacalin have concluded that the key H-bond interactions between the protein and the glycoside
are at O-4, 0-6, and O-3. The methyl aglycone of the a-galactoside has been shown to project
over the face of Y122, while the aglycone of the B-galactoside results in unfavorable steric
interactions with the same tyrosine residue. This steric interaction resulted in a decrease in
affinity of approximately 100-fold.** Previous observations by Smith et al. and Hagiwara et al. -
suggest that o- and B-galactosides with a hydrophobic aglycone retain tight affinity to jacalin.'*

3% In light of these structural data, we were intrigued at our result. We considered that a possible
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Figure 3.13: Mecular modeling of Jacalin binding. (a) Models of a -galactoside with a
PEG aglycone (magenta) were generated, and then minimized (see Experimental procedure
3.9.5). The critical H-bond contacts at O-4 and O-6 are maintained, although the orientation of
the ring was slightly twisted from that of the a-galactoside (blue). (b) The aglycone may occupy
secondary site A, which is a relatively hydrophobic channel formed by Y78 and Y122. Both the
a- and B-anomers with a flexible aglycon are able to take advantage of contacts in secondary site

A; however, an additional carbohydrate residue would be too bulky to be accommodated.
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explanation for these findings was that a flexible and hydrophobic linker could impart additional
specificity to the glycoside. To examine this hypothesis in more detail, we used molecular
modeling to examine the binding of a- and B-galactosides with a short flexible linker (Figure
3.13).

We found that a modified a-galactoside could maintain an almost identical orientation of
the saccharide in the binding site as compared to the orientation of the free saccharide. The
flexible linker of the aglycone could insert into a short hydrophobic channel formed by Y78 and
Y122 on the protein. This region of the binding site was referred to as ‘secondary site A’ by
Jeyaprakash et al.’” In the case of the B-galactoside, we found that in order to accommodate the
B-linked aglycone, the orientation of the ring in the active site was slightly altered. Importantly,
the position of the major H-bond contacts at O-3, O-4, and O-6 were maintained. We also
confirmed that the aglycone of the B-galactoside was able to gain favorable interactions at
secondary site A. Thus, our model suggests that additional hydrophobic interactions at secondary
site A can explain previous results with synthetic galactosides.'* ** Additionally, the model
suggests that tighter binding ligands for jacalin could be developed by exploiting these contacts.
3.8. Conclusions & future work

In this chapter we described a useful implementation of Staudinger reagents for the
immobilization of carbohydrates to a biosensor surface. To avoid issues of phosporous oxidation,
we have used an azide-derivitized surface, which is then reacted with a soluble phosphane. Using
this method, we are able to detect the specificity of lectins for carbohydrate modified surfaces.
We confirmed that expected lectin-carbohydrate interactions, such as WGA binding to GIcNAc,
could be observed and quantified. We are also able to quantify an enhancement of WGA binding

due to multivalent binding of the lectin with a high-density GIcNAc surface.* Additionally, we
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observed an unexpected interaction of a B-galactoside with jacalin. We proposed a structural
model for the interaction of the galactosyl aglycone with secondary subsite A of the protein. Our
model helps to rationalize our binding results, as well as previous reports of jacalin binding to
synthetic substrates.

Most of the simple mono- and oligosaccharides show less affinity for the lectins, whereas
myriad of carbohydrates and glycoconjugates in nature show large binding affinity to the lectins
due to their multivalency. Therefore to explore the multivalency effect on lectin binding, we
planned to synthesize clustered carbohydrate-phosphane reagents. The design and synthesis of
these reagents will be discussed in Chapter 4. The Bertozzi-Staudinger ligation used here for
immobilization introduces a set of aromatic group on to the surface along with epitope of
interest. These aromatic groups may alter the avidity of lectins. Future work may address use of a

trace-less Staudiger ligation to avoid this problem.*
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3.9. Experimental procedures
3.9.1 Syntheis of phosphane compounds 3.1, 3.2, 3.3, and 3.4.

The synthesis of compounds 3.1, 3.2, 3.3, and 3.4 were as previously described.”’ Briefly,
carbohydrate epitopes were generated with an amine terminated ethylene glycol linker. The
amine was then reacted with an N-hydroxy-succinimidyl-phosphane reagent, to provide the
desired compounds.” *®
3.9.2. Biosensor surface preparation

Surfaces were prepared using a BIAcore 3000 and CM5 (carboxymethyldextran) sensor
chip. Reactions were performed at a flow rate of 5 pL min™ in order to maximize contact time.
The chip was equilibrated, and then reacted, with the following solutions to generate an azide-
modified surface: 1) 200 pL of a 1:1 solution of N-ethyl-N’-(3-diethylaminopropyl)-
carbodiimide (EDCI) (0.1 M in water) and N-hydroxy-succinimide (NHS) (0.1 M in water); 2)
325 uL of ethylenediamine (EDA) (1 M in water, pH 8.5); 3) 200 pL of azidoacetic acid-NHS
ester 5 (50 mM in 10% DMSO, 90% 25 mM NaHCOs;, pH 8.5). *’ Carbohydrate or control
surfaces were then generated by injection of the appropriate phosphane compound (3.1, 3.2, 3.3,
or 3.4) (200 pL in 6% DMSO/water). The change in RU of each surface after treatment with the
phosphane compounds were: 3.1, -1760; 3.2, 1970; 3.3, 1120; and 3.4, 860 RU.

3.9.3. Lectin binding

All binding experiments were conducted on a BIAcore 3000 SPR system in HEPES
running buffer (10 mM HEPES, 150 mM NaCl, 1 mM CaCl,, 0.005% surfactant P20, pH 7.4).
Experiments were performed at a flow rate of 10 pL min™ (kinject). Data obtained from
carbohydrate-modified surfaces were corrected by subtraction of the response in a control lane

modified with compound 3.1 which was run in parallel for all injections. Jacalin and WGA were
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obtained from US Biological (Swampscott, MA) and Sigma-Aldrich (St Louis, MO),
respectively. Stock solutions of each protein were made in running buffer, and concentrations
were determined by Ajg. Equilibrium binding data were fit to either a single site,

B_F
RU - max

or two site model,

max 2

BmaxlF B F
= +

RU = .
K, +F K, ,+F s (eq.2)

3.9.4 Regeneration conditions

A blank (HEPES buffer) and five times, WGA (10.6 uM) were injected on to all the
lanes of CM5 modified surface under lectin binding conditions described above and each time
surface is regenerated by glycine 1.5. Repeated the same with NaOH(50 mM) solution.
3.9.5. Molecular modeling

Models of the interaction between jacalin and galactosyl residues containing a 3,5-
dioxaheptyl aglycone were generated using a reported crystal structure (PDB ID: 1UH1).*" ¥
The structure was modified using Macromodel (Schrodinger, Inc.) to incorporate either an a- or
B-linked aglycone. The carbohydrate and protein residues within 10 A of the ligand were then

minimized and subjected to molecular dynamics for 10 ps, followed by an additional

minimization (OPLS force field;® water solvent was modeled by a continuous dielectric).
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Figure 3.14: Semi-log and Scatchard plots of lectin binding. The binding data for Jacalin
interacting with a galactose-modified surface for second run is shown as a (a) semi-log plot, and
(b) as a Scatchard plot. The binding data for WGA interacting with an N-acetyl-lactosamine-
modified surface for second run is shown as a (c) semi-log plot, and (d) as a Scatchard plot. All

data are identical to those shown in Figures 3.9 & 3.12.
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Chapter 4

Design and synthesis of multivalent glycoconjugates for the Staudinger ligation'

1. Compound, 3-oxo-1-phenyl-2,7,10,13-tetraoxa-4-azahexadecan-16-oic acid, 4.27, was provided by J. Cartmell

(University of Alberta).

149



4.1 Abstract

Glycans on the cell surface play vital roles in biological processes. The function of a
specific carbohydrate epitope may not be well understood due to the heterogeneity of the
glycocalyx. We previously reported a method to generate defined glycoproteins, both in vivo and
in vitro, using the Staudinger ligation. This strategy provides elucidation of the function of
specific carbohydrate epitopes in a complex glycoconjugate. The synthesis of glycoproteins was
achieved using mono and disaccharide phosphane reagents. However, many naturally occurring
glycans of glycoproteins are multivalent; therefore, to mimic a multivalent presentations, we
designed a strategy for making multivalent Staudinger ligation reagents. To demonstrate the
method, we synthesized a trivalent galactose phosphane reagent. Our synthetic approach
involves tri-galactosylation of Tris(hydroxymethyl)aminomethane (TRIS) modified acceptor and
generation of free amine followed by acylation with succinimidyl 3-diphenylphosphino-4-
methoxy-carbonylbenzoate. TRIS was elongated to circumvent steric hindrance at the amine
during acylation. This synthetic strategy can be used to generate different trivalent-glycosyl

phosphane reagents.
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4.2 Introduction

In Chapter 2, we discussed the importance of glycan structures on proteins within
different cellular processes. Heterogeneity of these glycans has complicated the study of their
role in biological processes. To unravel the function of glycans there is a need to develop
homogenous and defined glycoconjugates. We have generated mono and disaccharide-
phosphane reagents and successfully demonstrated Staudinger ligation as a method to synthesize
defined glycoconjugates (Chapter 2).! This chemistry maintains the binding specificity of the
carbohydrate epitope, as immobilization of specific carbohydrate epitopes to surfaces allows
detection of specific binding (Chapter 3).> In these studies we confirmed that lectins typically
have low affinity for monosaccharides (The dissociation constant, Kg4, to the lectins are in the
range of 10° to 10° M™).

Many naturally occurring glycoconjugates found on the cell surface, including
glycoproteins, and glycolipids are multivalent, and which can be critical for their biological
function.”” Multivalent carbohydrates show enhanced avidity and specificity for lectins as a
consequence of the cluster glycoside effect,’ this has prompted the synthesis of many

7-10 . .
The mechanism and basic

glycoconjugate clusters to promote interactions with lectins.
structural requirements for multivalent interactions between carbohydrate and protein (lectin) are
not well understood.'" The lectin, concavalin A (Con A), a homotetramer at neutral pH and each
monomer has a binding site for a-mannopyranoside, has been an extensively examined model
system to understand carbohydrate-protein interactions.'? For example, Kiessling and co-workers
have synthesized a series of polymer-mannosides of similar length but with different numbers of

mannosides based on ring opening metathesis polymerization to study the influence of binding

epitope density on multivalent interaction with Con A and found that the factors such as
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stoichiometry of the complex, rate of cluster formation, and receptor proximity depends on the
density of binding sites." They also demonstrated that the size, shape and valency of the
multivalent ligands will influence their interactions with receptors.14 Proximity binding effects
have been explored with monomeric and dimeric Con A using isothermal titration
microcalorimetry (ITC) with mannose-functionalized poly(amidoamine) (PAMAM)
dendrimers'? and different generations of these dendrimers were also used in the study of their
activity with Con A." All these studies indicate the importance of generating different
multivalent ligands in order to understand carbohydrate-protein interactions.

Based on our work described in (Chapter 2)' to mimic complex carbohydrate structures,
we chose to synthesize trimers of P-galactoside, o-mannoside and [-glucoside attached
Staudinger reagents. To conjugate these reagents we could again use azide modified proteins to
study their multivalent interactions with the lectins. To develop the synthetic strategy we planned
trimers of P-galactoside and a-mannoside. These compounds could interact with Jacalin
(Artocarpus integrifolia agglutinin) and Con A lectins, respectively. A trimer of glucoside would
serve as a control. In this chapter, we describe the design and synthesis of a trimeric glycoside
attached Staudinger ligating reagent, and establish this methodology for introducing other
desired carbohydrate epitopes.

4.3 Design and retrosynthetic analysis of trimer-glycoside-linked Staudinger reagents

With the knowledge of our previous work described in Chapter 2 for the synthesis of
mono (gal) and linear disaccharide (lactose, LacNAc)-Staudinger ligation reagents, we expected
that the essential requisites for the synthesis of the target reagents were suitable glycosyl donor,
acceptor or linker and an N-hydroxy succinamide (NHS) activated phosphane reagent, such as

4.1 (synthesis described in Chapter 2).> The synthesis, in brief, should involve glycosylation of
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an orthogonally protected amine linker, followed by deprotection and coupling of the free
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Scheme 4.1: General retrosynthetic plan for trimer-glycoside phosphane reagents.
Glycosylation on to triol linker with amine proetection, removal of protecting groups and finally
coupling to 4.1 should generate the desired structures. PG' and PG* are orthogonal protecting
groups, PG' could be acetyl or benzoyl to generate the required stereochemistry at the anomeric

position.

amine to the phosphane reagent, 4.1. Therefore, we can generate trimer-glycoside-Staudinger
ligating reagents by following a similar sequence of reactions. The target structure has three
glycosides (Scheme 4.1) and can be introduced in one step by glycosylation onto a triol linker
with a protected amine. Subsequent deprotection of the amine, followed by amide bond

formation with the phosphane reagent, 4.1, should afford the target structures. We intended to
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generate trivalent p-galactoside, o-mannoside and f-glucosides and to achieve required
stereochemistry at the anomeric position, the donor should have a participating group at the C-2
position; therefore benzoyl or acetyl protecting groups were selected. Our retrosynthetic analysis
suggests that to generate target compounds, the required building blocks are benzoyl/acetyl
protected donor, protected triol-linker, and a phosphane reagent, 4.1.
4.4 Synthesis of the protected-triol linker

Several different scaffolds such as cyclodextrins, polymers'®, dendrimers'” ¥, calix[4]-

. . . 19 . 20
allenes, crown ethers, oligosilsesquioxanes =~ and peptides™ have been used to generate

- -
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OH OMe EDC,DMAP _ N OMe
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HO 4.2
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Scheme 4.2: Synthesis of an N-o-Fmoc-protected triol linker from glutamic acid and
aspartic acid. Reduction of compound, 4.2, with sodium borohydride gave undesired compound,

4.3, instead desired triol, 4.4.
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glycoclusters. We first envisioned that the triol linker could be generated from a combination of
selectively protected glutamic acid and aspartic acid. Synthesis of triol-linker started with
coupling of Fmoc-L-glutamic acid 5-tert-butyl ester to aspartic acid hydrochloride dimethyl ester
in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 4-N,N-
dimethylaminopyridine (DMAP) to give 4.2 in good yield (Scheme 4.2).?' Later, our attempts to
reduce the triester of 4.2 with sodium borohydride to generate triol linker, 4.4,22 were
unsuccessful. We instead found that, although the methyl esters were reduced, the #-butyl ester

remained intact and Fmoc was lost to give the undesired product, 4.3. Based on this finding, we
chose to replace Fmoc-L-glutamic acid 5-tert-butyl ester with the N-Cbz-L-glutamic acid 5-

methyl ester (Scheme 4.3).

MeO.__O MeO.__O
EDCI DMAP
OH
o

H
N
0 0
0~ “oMe
45
HO
NaBH,
N OH
73% CbzHN \(\/
0

46 ©OH

Scheme 4.3: Synthesis of a triol linker from Cbz protected glutamic acid and aspartic acid.
Cbz-protected amine with triol, 4.6, was generated in two steps from selectively protected

glutamic and aspartic acids.
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Compound 4.5, was generated by coupling of N-Cbz-L-glutamic acid-5-methyl ester to
aspartic acid dimethyl ester using EDC and DMAP in 89% yield.”' The trimethyl esters of 4.5
were reduced to alcohols with sodium borohydride to give the desired triol linker, 4.6, in 73 %
yield.”? During work up of this reaction, water was added to the reaction mixture to remove salts
formed from quenching of excess sodium borohydride by HCI. Although we used excess
amounts of dichloromethane (DCM) to extract compound 4.6, from the aqueous layer, the low
solubility of the compound 4.6, in DCM reduced the isolated yield.

4.5 Synthesis of glycosyl donors

With triol linker, 4.6, in hand, we turned our attention to generating suitable donors for
glycosylation. We chose to use the Schmidt glycosylation protocol.” Synthesis of the mannose
trichloroacetimidate (TCA) donor (Scheme 4.4) started with the benzoylation of p-mannose to
give penta-benzoylated mannose 4.7, which was converted to the anomeric alcohol, 4.8, in a
two-step one pot procedure. Treatment of 4.7 with HBr/AcOH gave the mannosyl bromide.
Displacement of the bromide with water was achieved in presence of silver carbonate. The lower
yield of 4.8 was attributed to the formation of mannose orthoesters. In the presence of
trichloroacetonitrile and 1,8-diazabicycloundec-7-ene (DBU), compound 4.8 was transformed

into the mannose TCA donor, 4.9.
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Scheme 4.4: Synthesis of mannose and glucose TCA, 4.9, and 4.11 donors.
Trichloroacetimidate donors of mannose and glucose were generated in similar fashion as

galactose trichloroacetimidate donor.'

Glucose TCA donor 4.11 was generated from a penta-acetyl glucose (Scheme 4.4)
following a similar route with better yields than the mannose donor, 4.9, and synthesis of
galactose donor 4.12 discussed in Chapter 2.

4.6 Glycosylation of the triol-dipeptide linker, 4.6.

Triol-dipeptide linker 4.6 was sparingly soluble in DCM; therefore, we used an excess
amount of solvent (DCM) and prolonged times (up to 2 d) for glycosylation. When we examined
the glycosylation (Scheme 4.5) of linker 4.6 with the trichloroacetimidate donors 4.9, 4.11 and
4.12 in presence of catalytic amount of trimethylsilyloxytriflate (TMSOTT), product formation

was seen only in the case of the galactose derivative (confirmed by HRMS).
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Scheme 4.5: Glycosylation of the triol-dipeptide linker, 4.6, with TCA donors. Donors of
mannose, 4.13, and glucose, 4.11, did not react with acceptor, 4.6. However, tri-gal cluster, 4.15,

was isolated with moderate yield.

The formation of product, 4.13, was not observed possibly due to the resulting orthoester
of mannose formed because of the reduced reactivity of acceptor, 4.6. This issue has been
encountered in multi-mannosylation reactions.* In the case of glucosylation, the acetyl donor,
4.11, is highly reactive compared to the benzoyl donor, resulting in decomposition under these
reaction conditions. As a result, formation of 4.14 was not observed. Although we succeeded in
obtaining the galactose derivative 4.15, our attempts to obtain pure compound were
unsuccessful. Our results suggested that the solubility of the triol-linker, 4.6, was the major issue
with glycosylation of 4.6. Our observations were donor-dependent, and the reactivity of the
donors could be partly responsible for the low yield observed.

4.7 Glycosylation of N-Cbz-tris(hydroxymethyl)aminomethane linker 4.19
The synthesis of trivalent manno- and glucoclusters have been reported using TRIS

(tris(hydroxymethyl)aminomethane) in Cbz-protected form.”> We thought that the strategy
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reported by H. A. Shaikh et al® could be adopted to generate trivalent glycocluster-linked
phosphane reagents. In their strategy they used benzoyl-protected TCA donors. Therefore, we
synthesized benzoyl-protected glucosyl TCA donor, 4.18 (Scheme 4.6), from the D-glucose by

following the strategy used for generating mannose and galactose donors 4.9 and 4.12.

HO i BzO 1) HBr/AcOH
HO/&\“ BzCl, pyridine _ Bzoﬂ >
HO OH 93% BzO oBz 2)Acetone, H,O, Ag,CO3

HO BzO guantitative
4.16
BzO BzO
B20 o DBU, CCI5CN . B0 o

BzO BzO

Bzo ©OHg3% BzO) i

4.17
4.18\I¢
CCl,

Scheme 4.6: Synthesis of the glucose TCA donor, 4.18. A less reactive benzoyl-protected
glucose trichloroacetimidate donor was synthesized as an alternate to acetyl-protected donor,

4.11, to prevent decomposition under glycosylation condition.

The amine of TRIS was protected selectively as a O-benzylcarbamate (Scheme 4.7) by
treating with benzyl chloroformate and sodium bicarbonate.*® Glycosylation of TRIS derivative,
4.19, was performed in the presence of a catalytic amount of boron trifluoride etherate
(BF3Et,0) with the TCA donors, 4.9, 4.12 and 4.18. This reaction proceeded well, with good
yields, to generate the trivalent protected glycol-cluster compounds 4.20, 4.21 and 4.22 (Scheme
4.7). Although we used fewer equivalents of the TCA donors compared to Shaikh’s strategy, our

yields were similar or better for compound 4.20.
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Scheme 4.7: Glycosylation of the TRIS-linker, 4.19, with TCAdonors, 4.9, 4.12, and 4.18.
The tri-glycosylation of triol, 4.19, succeeded with good yields (~ 67%) compared to the

dipeptide- linker, 4.6.

4.8 Generation of TRIS glyco-clusters with a free amine

Debenzoylation of glycoclusters 4.20 and 4.21 was accomplished under Zemple'n
conditions”” to give 4.23 and 4.24 in excellent yields (Scheme 4.8). Deprotection of Cbz-
protected amines 4.23 and 4.24 was achieved by palladium-catalyzed hydrogenation to generate
compounds 4.25 and 4.26.>° With a series of glyco-cluster amino derivatives in hand, we
proceeded to test their utility for acylation by 4.1. Unfortunately acylation of free amines 4.25
and 4.26 to generate the final cluster-Staudinger ligating reagents in the presence of
triethylamine with the phosphane reagent, 4.1, were unsuccessful. Prolonged reaction times (3 d)

did not improve yields. We propose that the crowded steric repulsions might have hindered the
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acylation reaction; therefore, we decided to modify the TRIS-linker with an ethylene glycol

linker to provide additional space between the glycocluster and the amine nucleophile.

Rlo R10
NaOMe,MeOH Pd/C, H,
4200r4.21 > R,0 NHCbz — > R,0 NH,
R0 R;0
OH
- HO—\ OH H 5
1=  HO i
HO&A Ho&a
s OH
423 91% 424  92%
425 93% 426 94%

Scheme 4.8: Deprotection of glycoclusters 4.20 and 4.21. Generation of the free amine

precursors for acylation with phosphane reagent 4.1.

4.9 Elongation of the TRIS-linker

We employed a polyethyleneglycol (PEG)-based spacer, 4.27, to increase the polarity of
molecule to provide additional space between the glycocluster and the amine. An additional
advantage of using a lengthy spacer is that the glycosyl cluster will be far away from the set of
aromatic groups introduced as part of the ligation strategy on the modified protein. Therefore, the
spacer should reduce interference of the aromatic groups with their binding to lectins. The amine
of the spacer was protected with Cbz, which can be easily removed by hydrogenation, typically
without purification in almost quantitative yields. The acid of the ethylene glycol spacer, 4.27,
was activated with the N-hydroxysuccinamide (NHS) in presence of EDC and DMAP to give 3-
oxo-1-phenyl-2,7,10,13-tetraoxa-4-azahexadecan-16-succinimidate, 4.28. The NHS-activated
acid, 4.28, was coupled to the amine of the TRIS to provide an elongated TRIS scaffold, 4.29, in

75% yield (Scheme 4.9).
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Scheme 4.9: Elongation of the TRIS-linker with a tetraethyleneglycol spacer. TRIS was
elongated in order to circumvent steric hindrance at the amine during coupling with phosphane

reagent, 4.1.

4.10 Galactosylation of the improved TRIS-linker

With our improved linker, we sought to test the reactivity with a TCA donor.
Galactosylation of the improved TRIS-linker, 4.29, with galactosyl TCA donor, 4.12, in presence
of a catalytic amount of BF3'Et,O gave trivalent galactosyl cluster, 4.30, in good yields (Scheme
4.10). Debenzoylation of galactosyl cluster, 4.30, with sodium methoxide in methanol (Zemple'n
conditions)’’ gave compound 4.31 and deprotection of Cbz-protected amine of 4.31 by
hydrogenation with catalytic amount of palladium, yielded free amine galactosyl cluster, 4.32.
Completely deprotected galactosyl cluster, 4.32, was obtained in moderate yield (51%) from

elongated-TRIS linker, 4.29, in three steps.
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Scheme 4.10: Synthesis of galactosyl-cluster 4.32 with improved TRIS-linker.

Debenzoylation and Cbz deprotection of galactosyl cluster, 4.31, provided a free amine, 4.32.

4.11 Synthesis of a galactosyl cluster-Staudinger ligation reagent

Acylation of the free amine of 4.32 with the phosphane reagent, 4.1, and triethylamine as

base provided the desired galatosylcluster-Staudinger reagent 4.33 (Scheme 4.11) in 51% yield.
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Scheme 4.11: Acylation of compound 4.32 with phosohane reagent 4.1. Free amine 4.32 was

coupled to activated acid of phosphane reagent in dimethylformamide (DMF).

Byproducts and excess reagents were removed by washing with DCM and the residue was
further purified by reverse phase column chromatography to afford pure 4.33, with only minor of
oxidized phosphane (~ 13%).
4.12 Conclusions & future work

In this chapter, we described the synthesis of a tri-gal-Staudinger ligation reagent by
following a similar chemical strategy used for making mono and disaccharide-Staudinger
ligation reagents in Chapter 2.' The most effective strategy used was galactosylation of an
improved TRIS-linker with suitable amine protection and generation of free amine followed by
coupling to a phosphane reagent. The key element of the synthesis was the selection of a suitable
triol-linker with an amine. We explored three linkers, a triol-linker generated from glutamic and
aspartic acids, 4.6, a TRIS-linker and an improved TRIS-linker. Linker, 4.6, was only slightly
soluble in solvent, as a result glycosylation reactions were slow or trichloroacetimidate donors
were decomposed before the desired glycosylation could occur. Although glycosylation of the

TRIS-linker with trichloroacetimidate donors proceeded smoothly, acylation of the amine of the
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later with phosphane reagent, 4.1, was not successful due to steric hindrance at the amine.
Therefore, to avoid steric problems, the TRIS-linker was elongated with an ethylene glycol
spacer. The elongated TRIS-scaffold, 4.29, was greatly improved and showed greater solubility
in dichloromethane (DCM). The increased space between tri-glycosyl, amine part of the reagent
improved yields of the acylation reaction.

Based on our results, the tri-mannose- and tri-glucose-phosphane reagents can also be
generated using the strategy reported for the synthesis of tri-gal-phosphane reagent 4.33. In
general, the tri-glycosyl cluster phosphane reagents of this kind can be made by using the
improved TRIS-scaffold, 4.29. The space between carbohydrate moieties plays a vital role in
their multivalent interaction with lectins, however carbohydrate moieties of tri-cluster, 4.33, or
tri-clusters to be synthesized by using TRIS-scaffold, 4.29, seems to be crowded and this may
hinder/reduce the binding of these moieties with lectins. Multivalent interactions of these tri-
clusters with different lectins can be studied by immobilizing them onto an azide modified
biosensor surface using surface plasmon resonance as described in Chapter 3.> This study may
give an idea about their interactions and effect of steric crowding on binding with lectins,
accordingly TRIS scaffold can be further modified to provide enough space between
carbohydrate moieties thereby enhancing their affinity for lectins. As discussed earlier, the
major problem one can foresee in synthesizing multi-glycosyl clusters is the decreased solubility
of the scaffold in solvents like DCM, due to the increased polarity of these compounds. With the
knowledge of synthesis of tri-cluster phosphane reagents, this strategy can be used to generate

multi-glycosyl cluster-phosphane reagents provided if one has access to the suiltable scaffold.
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4.13 Experimental procedures

4.13.1 General experimental methods

Dry solvents (CH,Cl,, MeOH, CH3;CN, and DMF) were purchased from Sigma Aldrich in
capped DriSolv™ bottles and used without purification and stored under argon. Toluene and
pyridine were dried on molecular sieves and stored under desiccated atmosphere. Reactions were
conducted under a stream of argon at ambient temperature, unless otherwise noted, and
monitored by TLC on silica gel G-25 UV254 (0.25 mm). Developed TLC plates were visualized
under UV lamp and charred by heating plates that were dipped in cerium molybdate stain or
phosphomolybdic acid stain. NMR experiments were conducted on Varian 300, 400 or 500 MHz
instruments. Chemical shifts are reported relative to the deuterated solvent peak and are in parts
per million (ppm). Phosphoric acid was used as an external standard for >'P NMR. 'H NMR and
Be peak assignments were made on the basis of 2D-NMR such as COSY and HSQC
experiments. ESI-MS spectra were carried out on samples suspended in solvent with added
NaCl.

4.13.2 Synthetic methods

Synthesis of (S)-Dimethyl 2-((S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-tert-

butoxy-5-oxopentanamido)succinate (4.2):

') O
H oM
N e
FmocHN o o
e} OMe
4.2

To a solution of Fmoc-L-glutamic acid 5-fert-butyl ester (1.064 g, 2.5 mmol) in 20 mL DCM
aspartic acid hydrochloride dimethyl ester (0.593 g, 3.0 mmol), DMAP (0.575, 3 mmol) were
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added and stirred for 15 min, then EDC (0.367 g, 3.0 mmol) was added and entire reaction
mixture stirred overnight. The reaction mixture was diluted to 60 mL with DCM and washed
successively with hydrochloric acid (1N, 30 mL), saturated sodium bicarbonate (30 mL), and
brine (30 mL) then dried over sodium sulfate, filtered and concentrated. The residue was purified
by flash column chromatography with EtOAc:Hexanes (1:2) to afford a white solid (1.205 g,
85%). 'H NMR (400 MHz, CDCl3) & 7.76 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.40 (t, J
= 7.5 Hz, 2H), 7.31 (td, J = 7.4, 0.9 Hz, 2H), 7.18 (d, J = 8.1 Hz, 1H), 5.73 (d, J = 7.6 Hz,
1H),4.94 — 4.84 (m, 1H), 4.49 — 4.26 (m, 3H), 4.22 (t, J = 7.1 Hz, 1H), 3.75 (s, 3H), 3.67 (s,
3H), 3.05 (dd, J=17.2, 4.5 Hz, 1H), 2.83 (dd, /= 17.2, 4.6 Hz, 1H), 2.52 — 2.33 (m, 2H), 2.22 —
2.06 (m, 1H), 2.03 — 1.92 (m, 1H), 1.47 (s, 9H). °C NMR (101 MHz, CDCl3) & 172.7, 171.2,
171.15, 170.7, 156.1, 143.8, 141.3, 127.7, 127.1, 125.1, 120.0, 81.0, 67.2, 54.2, 52.8, 52.1, 48.5,
47.1, 36.0, 31.5, 28.3, 28.1. HR-ESIMS calculated for C30H36N>OoNa (M+Na)" 591.2313, found
591.2312.

Synthesis (S)-tert-butyl 4-amino-5-((S)-1,4-dihydroxybutan-2-ylamino)-5-oxopentanoate

4.3):

To a freshly prepared solution of NaBH4 (0.681 g, 18 mmol) in ag MeOH (17 mL, 80%), a
solution of 4.2 (0.583 g, 1.0 mmol) in MeOH (10 mL) and THF (10 mL) was added drop wise at
0 °C and stirred overnight at room temperature. Reaction mixture was neutralized with HCI (2N,

3 mL) and salts were removed by filtration. The filtrate was concentrated, dissolved in 10 mL of
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water and extracted with DCM (3 X 10 mL). Aqueous layer was concentrated under reduced
pressure to give white solid (0.279 g, 96%)."H NMR (498 MHz, CD;0D) & 4.05 (qd, J= 9.6, 4.9
Hz, 1H), 3.93 (t, J = 6.4 Hz, 1H), 3.67 — 3.56 (m, 3H), 3.53 (dd, J = 11.1, 6.1 Hz, 1H), 2.51 —
2.39 (m, 2H), 2.15 — 2.05 (m, 2H), 1.89 — 1.82 (m, 1H), 1.72 — 1.63 (m, 1H), 1.45 (s, 9H). °C
NMR (125 MHz, CDs;0D) 6 173.4, 170.0, 82.3, 64.8, 59.7, 53.9, 50.5, 34.9, 31.6, 28.4, 27.9.
HR-ESIMS calculated for C;3H>sN,OsNa (MJrNa)Jr 313.1734, found 313.1736.

Synthesis of (S)-Dimethyl 2-((S)-2-(benzyloxycarbonylamino)-5-methoxy-5-

oxopentanamido)succinate (4.5):

MeO-_O
H oM
N e
CbzHN i 0
o) OMe
4.5

To a solution of N-Carbobenzyloxy-D-glutamic acid 5-methyl ester (0.295 g, 1.0 mmol) in 10
mL DCM, aspartic acid hydrochloride dimethyl ester (0.237 g, 1.2 mmol), DMAP (0.147, 1.2
mmol) were added at 0 °C and stirred for 20 m, then EDC (0.367 g, 1.2 mmol) was added and the
entire reaction mixture was stirred overnight at room temperature. The reaction mixture was
diluted to 20 mL with DCM and washed successively with hydrochloric acid (IN, 15 mL),
saturated sodium bicarbonate (15 mL), and brine (15 mL) then dried over sodium sulfate, filtered
and concentrated. The residue was purified on short pad of silica with EtOAc:Hexanes (1:1) to
afford a white solid (0.390 g, 89%)."H NMR (400 MHz, CDCl3) & 7.40 — 7.28 (m, 5H), 7.13 (d, J
=7.8 Hz, 1H), 5.62 (d, /= 7.4 Hz, 1H), 5.10 (s, 2H), 4.91 —4.79 (m, 1H), 4.37 — 4.23 (m, 1H),
3.74 (s, 3H), 3.69 (s, 3H), 3.68 (s, 3H), 3.04 (dd, J=17.2, 4.5 Hz, 1H), 2.81 (dd, J=17.2, 4.3

Hz, 1H), 2.60 — 2.41 (m, 2H), 2.25 — 2.11 (m, 1H), 2.05 — 1.90 (m, 1H). >C NMR (101 MHz,
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CDCl;) 6 173.7, 171.3, 171.0, 170.7, 156.0, 136.2, 128.5,128.2, 128.0, 67.0, 54.0, 52.9, 52.1,
51.9, 48.5, 35.9, 30.0, 28.4. HR-ESIMS calculated for C,0H,¢N>OgNa (M+Na)" 461.1531, found
461.1532.

Synthesis of Benzyl (S)-1-((S)-1,4-dihydroxybutan-2-ylamino)-5-hydroxy-1-oxopentan-2-

ylcarbamate (4.6):
HO
H
N OH
CbzHN \(\/
0]
46 OH

A solution of 4.5 (2.629 g, 6.0 mmol) in MeOH (18 ml) and THF (18 mL) was added drop wise
to a freshly prepared solution of NaBH, (3.872 g, 108 mmol) in ag MeOH (30 mL, 80%) at 0 °C
and stirred overnight at room temperature. The reaction mixture was neutralized with 2N aq HCI
and salts were removed by filtration. The filtrate was concentrated and the residue was
suspended in 50 mL water, and then extracted with chloroform (3 x 150 mL). The combined
organic layers were dried over sodium sulfate, filtered and concentrated to afford a white solid
(1.551 g, 73%). "H NMR (400 MHz, CD;0D) & 7.38 — 7.24 (m, 5H), 5.08 (s, 2H), 4.08 (dd, J =
8.4, 5.5 Hz, 1H), 3.99 (td, J = 9.7, 5.0 Hz, 1H), 3.56 (m, 6H), 1.90 — 1.75 (m, 2H), 1.73 — 1.50
(m, 4H). °C NMR (101 MHz, CD;0D) & 174.7, 158.1, 137.8, 129.1, 128.7, 128.5, 67.3, 64.6,
62.0, 59.4, 56.1, 49.7, 34.6, 29.5. HR-ESIMS calculated for C;7H,6N,O¢Na (M+Na)" 377.1683,
found 377.1685.
Synthesis of 1, 2, 3, 4, 6-Penta-O-benzoyl-o/B-pD-mannopyranoside (4.7):

BzO OBz

Bzo&&W
BzO

4.7

OBz
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Benzoyl chloride (12.6 mL, 100 mmol) was added slowly to a suspension of mannose (3 g, 16.7
mmol) in 40 mL of pyridine and stirred at room temperature for 24 h under argon. Excess
benzoyl chloride was quenched by adding 30 mL MeOH with cooling. The reaction mixture was
concentrated under vacuum. The crude product was dissolved in DCM (25 mL) and washed with
water (3 x 30 mL). The organic layer was dried over anhydrous Na,SO4. The solvent was
evaporated under vacuum and the crude residue was purified by column chromatography using
EtOAc/Hexane (1:2) to yield 10.8 g (92%) of 4.7 as a white solid. 'H NMR (498 MHz, CDCl3) &
8.23 — 7.27 (Bz, 36H), 6.64 (d, /= 2.0 Hz, 1H), 6.44 (d, J = 1.1 Hz, 0.4H), 6.29 (t, J = 10.2 Hz,
1H), 6.18 (t,J=9.8 Hz, 0.4H), 6.12 (dd, J= 3.2, 1.1 Hz, 0.4H), 6.08 (dd, /= 10.2, 3.3 Hz, 1H),
5.92 (dd, J=3.3,2.0 Hz, 1H), 5.81 (dd, J=9.9, 3.2 Hz, 0.4H), 4.77 (dd, J = 12.3, 2.8 Hz, 0.4H),
4.71 (dd, J = 12.3, 2.6 Hz, 1H), 4.61 — 4.55 (m, 1.4H), 4.52 (dd, J = 12.3, 3.7 Hz, 1H), 4.41 —
434 (m, 0.4H). >C NMR (125 MHz, CDCl;) & 166.9, 166.88, 166.5, 166.4, 166.3, 166.1,
166.12, 166.0, 165.0, 164.7, 134.9, 134.6, 134.5, 134.4, 134.38, 134.2, 133.9, 131.0, 130.9,
130.8, 130.7, 130.66, 130.6, 130.62, 130.2, 129.9, 129.7, 129.66, 129.6, 129.57, 129.5, 129.50,
129.4, 129.3, 129.31, 129.29, 129.27, 129.26, 129.2, 129.21, 92.2, 92.1, 74.2, 72.4, 72.1, 70.8,
70.3, 70.26, 67.3, 67.1, 63.5, 63.2. HR-ESIMS calculated for C4;H3,0:;Na (MJrNa)+ 723.1837,
found 723.1833.

Synthesis of 2, 3, 4, 6-Tetra-O-benzoyl-o/ f-D-mannopyranoside (4.8):

BzO OBz
o N
BzO

4.8

OH

Penta-O-benzoyl mannoside, 4.7 (10.6 g, 15.2 mmol), was treated with 5.6 mL of HBr/AcOH
(33%) in 30 mL of DCM for 1.3 h. The solution was washed twice with 25 mL of saturated

NaHCO3, NaCl, and 20 mL DI water. The DCM was evaporated and the solid was dried under

170



vacuum. The resulting white solid was dissolved in 30 mL acetone and 2.5 mL water with
Ag,CO; (2.1 g, 7.8 mmol) and stirred for 3 h. The solution was filtered through a pad of celite
and dried under vacuum. The residue was purified by a column chromatography using
EtOAc/Hexane (1:2) to afford 5.4 g (60%) of 4.8 as a white solid."H NMR (498 MHz, CDCl3) &
8.18 —7.22 (m, 20H), 6.18 (t, /= 10.1 Hz, 1H), 6.01 (dd, J=10.2, 3.3 Hz, 1H), 5.75 (dd, /= 3.2,
1.9 Hz, 1H), 5.54 (s, 1H), 4.77 (dd, J = 12.2, 2.7 Hz, 1H), 4.67 (dt, J = 10.1, 3.1 Hz, 1H), 4.45
(dd, J = 12.2, 3.7 Hz, 1H), 3.73 (s, 1H). °C NMR (125 MHz, CDCl;) § 166.4, 165.6, 165.5,
133.4, 133.41, 133.2, 133.1, 129.83, 129.81, 129.8, 129.75, 129.3, 129.1, 129.0, 128.6, 128.4,
128.3, 92.4, 70.9, 69.8, 68.9, 66.9, 62.8. HR-ESIMS calculated for C3sH,3010Na (M+Na)"
619.1575, found 619.1577.

Synthesis of 2, 3, 4, 6-Tetra-O-benzoyl-p-mannopyranosyl trichloroacetamidate (4.9):

BzO OBz
BzO O
BzO
(@] NH
4.9\|¢

CCl3

Compound 4.8 (5.0 g, 8.4 mmol), DBU (280 pL) and trichloroacetonitrile (10.3 mL, 22.4 mmol)
were dissolved in DCM (40 mL) and stirred for 4 h at room temperature. DCM was evaporated
and the residue was purified by column chromatography with EtOAc/Hexane (1:2) to yield 5.17
g (83.3%) of 4.9 as a white solid."H NMR (500 MHz, CDCls) & 8.87 (s, 1H), 8.12 — 7.24 (Bz,
20H*), 6.58 (d, J = 1.9 Hz, 1H), 6.24 (t, J = 10.2 Hz, 1H), 5.98 (dd, J = 10.1, 3.3 Hz, 1H), 5.95
(dd, J=3.3,2.0 Hz, 1H), 4.73 (dd, J = 12.3, 2.5 Hz, 1H), 4.64 (ddd, J = 10.2, 4.0, 2.5 Hz, 1H),
4.51 (dd, J=12.3, 4.2 Hz, 1H). HR-ESIMS calculated for C3;cH,3C1sNO;oNa (M+Na)+ 762.0671,
found 762.0659.

*Integrated upto 25 in H NMR due to insufficient relaxation time
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Synthesis of 2, 3, 4, 6-Tetra-O-acetyl-a/ -p-glucopyranoside (4.10):

AcO
oA
AcO OH

AcO
4.10

Penta-O-acetyl glucoside (2.9 g, 7.5 mmol), was treated with 3.5 mL of HBr/AcOH (33%) in 10
mL of DCM for 3 h and diluted to 30 mL with DCM. The solution was washed twice with 10
mL of saturated NaHCO3, NaCl, and 6 mL DI water. The DCM was evaporated and the solid
was dried under vacuum. The resulting white solid was dissolved in 10 mL acetone and 1.0 mL
water with Ag,COs (1 g, 3.7 mmol) and stirred for 3 h. The solution was filtered through a pad of
celite and dried under vacuum to give quantitative amount of 4.10 as a white solid."H NMR (498
MHz, CDCl3) 8 5.52 (t, J = 10.0 Hz, 0.3H), 5.45 (t, J = 3.5 Hz, 0.3H), 5.24 (t, / = 9.6 Hz, 1H),
5.07 (t, J=10.0 Hz, 1.3H), 4.88 (dd, J=9.7, 8.1 Hz, 1.3H), 4.73 (t, J= 8.3 Hz, 1H), 4.28 —4.20
(m, 1.7H), 4.17 — 4.10 (m, 1.3H), 3.83 (d, /= 8.7 Hz, 1H), 3.74 (ddd, J=10.1, 4.8, 2.4 Hz, 1H),
3.54 (d, J = 3.3 Hz, 0.3H), 2.09 — 1.99 (CH3, 15.5H). >C NMR (125 MHz, CDCl;) & 170.84,
170.8, 170.76, 170.2, 170.15, 170.1, 169.6, 169.5, 95.5, 90.1, 73.2, 72.2, 72.1, 71.08, 69.9, 68.5,
68.4, 67.2, 62.0, 61.95, 20.73, 20.71, 20.7, 20.66, 20.6, 20.57, 20.56. HR-ESIMS calculated for
C1H0010Na (M+Na)" 371.0949, found 371.0954.

Synthesis of 2, 3, 4, 6-Tetra-O-acetyl-D-glucopyranosyl trichloroacetamidate (4.11):

AcO
AcO &

AcO
AcO

Cc

4.110\|¢|\IH

CCly
Compound 4.10 (1.6 g, 4.6 mmol), DBU (180 pL) and trichloroacetonitrile (2.8 mL, 27.6 mmol)
were dissolved in DCM (15 mL) and stirred for 4 h at room temperature. DCM was evaporated

and the residue was purified by column chromatography with EtOAc/Hexane (1:2) to yield 2.0 g
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(89%) of 4.11 as a white solid."H NMR (498 MHz, CDCls) & 8.69 (s, 1H), 6.56 (d, J = 3.7 Hz,
1H), 5.56 (t, J=9.9 Hz, 1H), 5.18 (t, /= 10.0 Hz, 1H), 5.13 (dd, J = 10.2, 3.7 Hz, 1H), 4.27 (dd,
J=124,4.2 Hz, 1H), 4.21 (ddd, J=10.3, 4.1, 2.1 Hz, 1H), 4.13 (dd, J=12.4, 2.2 Hz, 1H), 2.08
—2.00 (4 CH; s, 12H).°C NMR (125 MHz, CDCl;) § 170.5, 170.0, 169.8, 169.5, 160.8, 92.9,
90.7, 70.0, 69.9, 69.7, 67.8, 61.4, 20.7, 20.6, 20.4. HR-ESIMS calculated for C;sH»oC13NO;oNa
(M+Na)" 514.0045, found 514.0032.

Synthesis of Benzyl (S)-1-[(S)-1,4-di(2, 3, 4, 6-tetra-O-benzoyl-f-p-galactopyranosyloxy)

butan-2-ylamino]-5-(2, 3, 4, 6-tetra-O-benzoyl-p-p-galactopyranosyloxy)-1-oxopentan-2-

BzO OBz
OBz
0] OBz
BzO (@]

BzO BzO 0 OBz

ylcarbamate (4.15):

H

N o)
CbzHN \(V
o)

(@)
4.15
Bz 0

OBz
BzO

BzO

A solution of DCM (50 mL) was charged with compound 4.5 (35.4 mg, 0.1 mmol) and stirred
for 1 h. Galactosyl-trichloroacetimidate donor 4.12 (266.7 mg, 0.36 mmol), TMSOTT (0.72 mL,
1% in DCM) were added and entire reaction mixture stirred for 2 d. The reaction mixture was
concentrated and purified by column chromatography with EtOAc/Hexanes (1:1) to yield 4.15 as
white solid (53%). HR-ESIMS calculated for C;19H;04N>O33Na (M+Na)+ 2111.6414, found

2111.6386.
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Synthesis of 1, 2, 3, 4, 6-Penta-O-benzoyl-o/p-p-glucopyranoside (4.16):

BzO
BZBO()&ON
z
BzO OBz
4.16

Benzoyl chloride (12.6 mL, 100 mmol) was added slowly to a suspension of mannose (3 g, 16.7
mmol) in 40 mL of pyridine and stirred at room temperature for 24 h under argon. Excess
benzoyl chloride was quenched by adding 30 mL MeOH with cooling. The reaction mixture was
concentrated under vacuum. The crude product was dissolved in DCM (25 mL) and washed with
water (3 x 30 mL). The organic layer was dried over anhydrous Na,SO4. The solvent was
evaporated under vacuum and the crude residue was purified by column chromatography using
EtOAc/Hexane (1:2) to yield 10.8 g (92%) of 4.16 as a white solid. '"H NMR (500 MHz, CDCls)
0 8.20 — 7.28 (Ar, 25H), 6.86 (d, J = 3.7 Hz, 1H), 6.33 (t, /= 10.0 Hz, 1H), 5.87 (t, J = 9.8 Hz,
1H), 5.69 (dd, J = 10.3, 3.8 Hz, 1H), 4.68 — 4.58 (m, 2H), 4.54 — 4.46 (m, 1H). °C NMR (126
MHz, CDCl3) ¢ 166.1, 165.9, 165.4, 165.1, 164.4, 133.9, 133.5, 133.51, 133.4, 133.2, 130.1,
129.9, 129.9, 129.8, 129.76, 129.6, 129.1, 128.9, 128.8, 128.7, 128.6, 128.5, 128.43, 128.4, 90.1,
70.53, 70.5, 70.46, 68.9, 62.5.
Synthesis of 2, 3, 4, 6-Tetra-O-benzoyl-o/ B-p-glucopyranoside (4.17):

BzO

Bzo/&‘
BzO OH

BzO
4.17

Penta-O-benzoyl glucoside, 4.16 (4.7 g, 6.7 mmol), was treated with 2.5 mL of HBr/AcOH
(33%) in 20 mL of DCM for 1.4 h. The solution was washed twice with 20 mL of saturated
NaHCO3, NaCl, and 10 mL DI water. The DCM was evaporated and the solid was dried under

vacuum. The resulting white solid was dissolved in 20 mL acetone and 1.1 mL water with
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Ag,CO;(0.93 g, 3.4 mmol) and stirred for 3.3 h. The solution was filtered through a pad of celite
and dried under vacuum to afford quantitative amount of 4.17 as a white solid.

Synthesis of 2, 3, 4, 6-Tetra-O-benzoyl-p-glucopyranosyl trichloroacetamidate (4.18):

BzO
BzO
BzOG __NH
418 7
CCly

Compound 4.17 (3.9 g, 6.5 mmol), DBU (220 uL) and trichloroacetonitrile (8 mL, 17.4 mmol)
were dissolved in DCM (40 mL) and stirred for 4 h at room temperature. DCM was evaporated
and the residue was purified by column chromatography with EtOAc/Hexane (1:2) to yield 4.030
g (83%) of 4.18 as a white solid.

Synthesis of N-Cbz-Tris(hydroxymethyl)aminomethane (4.19):

HO

HO NHCbz

HO 4.19
Benzylchloroformate (1.2 g, 7 mmol, 1.4 mL) was added drop wise into a stirred suspension of
NaHCOs (0.88 g, 6.6 mmol) and tris(hydroxymethyl)aminomethane (1.0 g, 8.4 mmol) in H,O
(10 mL) and EtOAc (20 mL) at 0 °C and stirred for 5 h at room temperature. The solid was
filtered off and the layers separated. The aqueous layer was extracted with EtOAc (3 X 20 mL)
and the combined organic layers were washed with HO (20 mL) and concentrated. The residue
was dissolved in diisopropyl ether (3.5 mL), cooled in an ice-bath and then filtered to give 4.19
as a white solid (1.92 g, 90%). '"H NMR (400 MHz, CD;0D) & 7.43 — 7.22 (m, 5H), 5.04 (s, 2H),
3.73 (s, 6H).”C NMR (101 MHz, CD;OD) & 157.8, 137.8, 129.1, 128.7, 128.6, 67.1, 62.2, 61.5.

HR-ESIMS calculated for C1,H;7NOsNa (M+Na)" 278.0999, found 278.1002.
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Synthesis of N-Cbz-Tris(2, 3, 4, 6-Tetra-O-benzoyl-a-pD-mannopyranosyloxymethyl)-
methylamine (4.20):

BzO OBz
BzO Q
BzO

BzO o (@]

BZO%O%NHCM

BzO OBz

O 4.20

o)
BzO

OBz
BzO OBz

Compound 4.19 (255.1 mg, 1 mmol) and mannosyl trichloroacetimidate 4.9 (3.3 g, 4.5 mmol)
were dissolved in 50 mL of DCM and cooled to 0 °C. Then BF5Et,O (890 pL, 8.1 mmol) was
added drop wise and entire reaction mixture was stirred at room temperature overnight. A
saturated aq.solution of NaHCO; was added and organic layer was separated. The aqueous phase
was extracted with DCM (3 X 100 mL) and combined organic layers were washed with brine (60
mL), dried over Na,SO, and filtered. The filtrate was concentrated and purified by flash
chromatography (EtOAc/Hexanes, 1:1) to yield 4.20 as a white solid (1.343 g, 68%). 'H NMR
(500 MHz, CDCls) 6 8.30 — 7.00 (Ar, 65H), 6.24 (t, J = 10.1 Hz, 3H), 5.96 (dd, J=10.2, 3.3 Hz,
3H), 5.82 (dd, J = 3.2, 1.7 Hz, 3H), 5.37 (s, 1H), 5.33 (d, J = 1.6 Hz, 3H), 5.21 (s, 2H), 4.87 —
4.78 (m, 3H), 4.66 — 4.57 (m, 6H), 4.50 (d, J = 10.3 Hz, 3H), 4.11 (d, J = 10.4 Hz, 3H). °C
NMR (126 MHz, CDCls) 6 166.2, 165.5, 165.4, 165.2, 155.2, 136.0, 133.3, 133.2, 133.1, 132.9,
130.1, 129.9, 129.8, 129.8, 129.7, 129.4, 129.1, 128.9, 128.6, 128.5, 128.4, 128.3, 128.2, 98.8,

70.3,70.2, 69.6, 67.5, 67.2, 66.5, 62.6, 58.8.
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Synthesis of N-Cbz-Tris(2, 3, 4, 6-Tetra-O-benzoyl-p-p-galactopyranosyloxymethyl)-

BZO 0Bz
sz0lo ©B?
g“‘ %\NHCbz

Compound 4.19 (255.1 mg, 1 mmol) and galactosyl trichloroacetimidate 4.12 (3.3 g, 4.5 mmol)

methylamine (4.21):

were dissolved in 50 mL of DCM and cooled to 0 °C. Then BF5Et,O (890 pL, 8.1 mmol) was
added drop-wise and entire reaction mixture was stirred at room temperature overnight. A
saturated aq solution of NaHCO; was added and organic layer was separated. Aqueous phase
was extracted with DCM (3 X 100 mL) and combined organic layers were washed with brine (60
mL), dried over Na,SQO,, filtered. The filtrate was concentrated and purified by flash
chromatography (EtOAc/Hexanes, 1:1) to yield 4.21 as a white solid (1.319 g, 66%)."H NMR
(498 MHz, CDCl;) 6 8.17 — 7.17 (Ar, 65H), 5.84 (d, J = 3.6 Hz, 3H), 5.66 (dd, J = 10.4, 8.0 Hz,
4H), 5.34 (dd, J = 10.4, 3.6 Hz, 3H), 4.79 (d, J = 12.0 Hz, 1H), 4.69 (d, J = 11.7 Hz, 1H), 4.48
(dd, J=11.3, 6.6 Hz, 3H), 4.38 (dd, J=11.3, 6.7 Hz, 3H), 4.33 (d, /= 10.7 Hz, 3H), 4.05 (d, J =
8.0 Hz, 3H), 3.71 (t, J = 6.8 Hz, 3H), 3.60 (d, J = 10.8 Hz, 3H). >C NMR (125 MHz, CDCls) &
165.9, 165.6, 165.4, 164.8, 154.8, 136.4, 129.5, 129.45, 129.0, 128.8, 114.7, 101.9, 71.2, 71.16,
69.9, 68.5, 67.9, 61.8, 58.8. HR-ESIMS calculated for C;14HosNO3,Na (MJrNa)Jr 2012.5729,

found 2012.5708.
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Synthesis of N-Cbz-Tris(2, 3, 4, 6-Tetra-O-benzoyl-p-p-glucopyranosyloxymethyl)-

methylamine (4.22):

BzO [.O
BzO
BzO %\NHCbz

BzO OBz
Compound 4.19 (306.2 mg, 1.2 mmol) and glucosyl trichloroacetimidate 4.18 (4 g, 5.4 mmol)
were dissolved in 50 mL of DCM and cooled to 0 °C. Then BF;'Et,O (1.1 mL, 9.7 mmol) was
added drop wise and entire reaction mixture was stirred at room temperature overnight. A
saturated aq.solution of NaHCO; was added and organic layer was separated. The aqueous phase
was extracted with DCM (3 x 100 mL) and combined organic layers were washed with brine (60
mL), dried over Na,SO,, filtered. The filtrate was concentrated and purified by flash
chromatography (EtOAc/Hexanes, 1:1) to yield 4.22 as a white solid (1.643 g, 69%)."H NMR
(498 MHz, CDCl;) 6 8.22 — 7.19 (Ar, 65H), 5.59 (t, J = 9.7 Hz, 4H), 5.45 (t, J = 9.7 Hz, 3H),
5.30 (dd, J=9.8, 8.0 Hz, 3H), 4.82 (d, J=12.1 Hz, 1H), 4.77 (d, J=11.9 Hz, 1H), 4.50 (dd, J =
12.1,2.9 Hz, 3H), 4.32 (dd, J=12.1, 5.8 Hz, 3H), 4.24 (d, J = 10.7 Hz, 3H), 3.99 (d, /= 7.9 Hz,
3H), 3.60 — 3.44 (m, 6H). °C NMR (125 MHz, CDCls) & 166.1, 165.7, 165.1, 164.6, 154.9,
136.5, 133.7, 133.5, 133.3, 133.2, 130.0, 129.8, 129.8, 129.7, 129.6, 129.4, 129.0, 128.9, 128.86,
128.6, 128.57, 128.5, 128.47, 128.4, 101.5, 72.5, 71.9, 71.8, 69.5, 68.5, 66.2, 63.1, 58.9. HR-

ESIMS calculated for C14HgsNO3,Na (M+Na)* 2012.5729, found 2012.5721.
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Synthesis of N-Cbz-Tris(o-D-mannopyranosyloxymethyl)-methylamine (4.23):

HO OH
HO O
HO

HO o (@]

HO
;@)\O\%NHCbZ

HO o

O 4.23

o
HO

OH
HO oH

To a suspension of 4.20 (900 mg, 0.45 mmol) in 10 mL MeOH, 18 mL of 1% NaOMe/MeOH
was added and stirred at room temperature for 6 h. The reaction mixture was neutralized with
Amberlite IR-120 (H" form) ion exchange resin and filtered. Then the solvents were removed
under reduced pressure and the residue was dissolved in 10 mL H,O, washed with Et,0 (3 x 6
mL). The aqueous layer was concentrated and dried on vacuum to afford 4.23 as white solid (304
mg, 91%)."H NMR (498 MHz, D,0) & 7.54 — 7.26 (m, 5H), 5.08 (s, 2H), 3.91 — 3.86 (m, 6H),
3.82 (dd, J=12.2, 2.2 Hz, 3H), 3.76 (dd, J = 9.5, 3.4 Hz, 3H), 3.71 (dd, J = 12.2, 5.8 Hz, 3H),
3.66 (d, J = 10.0 Hz, 3H), 3.62 (t, J = 9.7 Hz, 4H), 3.59 — 3.53 (m, 3H). *C NMR (125 MHz,
D,0) ¢ 162.4, 137.3, 129.7, 129.3, 128.5, 101.2, 73.9, 71.5, 70.8, 67.5, 66.7, 66.67, 61.8, 61.6,

59.3. HR-ESIMS calculated for C;yH47NO,yNa (MJrNa)+ 764.2584, found 764.2583.
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Synthesis of N-Cbz-Tris(p -p-galactopyranosyloxymethyl)-methylamine (4.24):

OH

OH
O

HO
HO ~OH O

0]
Hogw O%\ NHCbz

OH o

4.24
HO O
OH
HO
HO

To a suspension of 4.20 (1.3 g, 0.65 mmol) in 10 mL MeOH, 26 mL of 1% NaOMe/MeOH was
added and stirred at room temperature for 6 h. The reaction mixture was neutralized with
Amberlite IR-120 (H' form) ion exchange resin and filtered. The solvent was removed under
reduced pressure and the residue was dissolved in 10 mL H,O, washed with Et,0 (3 x 6 mL).
The aqueous layer was concentrated and dried on vacuum to afford 4.24 as white solid (445 mg,
92%)."H NMR (498 MHz, D,0) & 7.47 — 7.37 (Ar, 5H), 5.10 (d, J = 12.3 Hz, 1H), 5.05 (d, J =
12.7 Hz, 1H), 4.31 (d, J= 7.7 Hz, 3H), 4.16 (d, J = 10.7 Hz, 3H), 3.92 — 3.85 (m, 6H), 3.74 (dd,
J=11.7,7.7 Hz, 3H), 3.69 (dd, J=11.7, 4.6 Hz, 3H), 3.59 — 3.54 (m, 6H), 3.50 (dd, J=9.9, 7.7
Hz, 3H). °C NMR (125 MHz, D,0) & 137.3, 129.7, 129.3, 129.0, 104.5, 76.0, 73.4, 71.6, 69.0,

63.8, 61.8, 59.7.
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Synthesis of Tris(a-D-mannopyranosyloxymethyl)-methylamine (4.25):

HO— OH
HO Q
HO

HO o (e}

HO@)\O%NHZ

O 4.25

O
HO

HO HoH

A catalytic amount of Pd on activated charcoal was added to the Cbz-protected trimannosyl
cluster 4.23 (280 mg, 0.38 mmol), dissolved in 10 mL. MeOH. The reaction mixture was stirred
at room temperature under H, balloon for 20 h, then filtered through celite and concentrated to
yield 4.25 as white solid (215 mg, 93%)."H NMR (498 MHz, D,0) & 4.91 — 4.76 (m, 3H), 3.99 —
3.96 (m, 3H), 3.87 (d, J=11.4 Hz, 3H), 3.80 (dd, J = 8.5, 3.4 Hz, 3H), 3.77 — 3.69 (m, 6H), 3.67
—3.53 (m, 6H), 3.43 (d, J = 9.9 Hz, 3H). °C NMR (125 MHz, D,0) § 101.2, 82.6, 73.8, 71.5,
70.8, 69.6, 67.7, 61.8. HR-ESIMS calculated for C»H4NOsNa (M+Na)" 630.2216, found
630.2216.

Synthesis of Tris(f -pD-galactopyranosyloxymethyl)-methylamine (4.26):

353,
e
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A catalytic amount of Pd on activated charcoal was added to the Cbz-protected trigalactosyl
cluster 4.24 (403 mg, 0.54 mmol), dissolved in 10 mL. MeOH. The reaction mixture was stirred
at room temperature under H, balloon for 1 d, then filtered through celite and concentrated to
yield 4.25 as a white solid (310 mg, 94%)."H NMR (498 MHz, D,0) & 4.38 (d, J = 7.8 Hz, 3H),
3.93 (d, J=10.5 Hz, 3H), 3.90 (dd, J = 3.4, 0.6 Hz, 3H), 3.77 (dd, J = 11.7, 7.9 Hz, 3H), 3.72
(dd, J =117, 4.4 Hz, 3H), 3.70 — 3.65 (m, 6H), 3.63 (dd, J = 10.0, 3.5 Hz, 3H), 3.53 (dd, J =
10.0, 7.8 Hz, 3H). >C NMR (125 MHz, CDCl;) § 106.1, 77.6, 75.1, 73.3, 73.0, 71.2, 63.5, 58.6.
HR-ESIMS calculated for C,,H4NOgsNa (M+Na)" 630.2216, found 630.2224.

Synthesis of 3-0xo-1-phenyl-2,7,10,13-tetraoxa-4-azahexadecan-16-succinimidate (4.28):

O
0O
N< NHCbz
O)%/\Oy\/
0 3
4.28

To a solution of 3-oxo-1-phenyl-2,7,10,13-tetraoxa-4-azahexadecan-16-oic acid, 4.27, (391 mg,
1.1 mmol) and EDCI (1.368 g, 1.3 mmol) in DCM (10 mL), NHS (753 mg, 1.2 mmol) was
added and stirred for one day. The reaction mixture was concentrated under reduced pressure
then extracted with mixture of DCM and H,O (50 mL). The organic layer was dried over
anhydrous Na,SOy4, concentrated under vacuum. The residue was purified by flash column
chromatography (2:1 hexane/EtOAc) to afford 4.28 as a colorless oily liquid (389 mg, 82%).'H
NMR (500 MHz, CDCls) & 7.37 — 7.27 (m, 5H), 5.37 (s, 1H), 5.08 (s, 2H), 3.79 (t, J = 6.3 Hz,
2H), 3.65 — 3.57 (m, 8H), 3.55 (t, J = 5.0 Hz, 2H), 3.41 — 3.31 (m, 2H), 2.84 (t, /= 6.3 Hz, 2H),
2.77 (s, 4H). °C NMR (126 MHz, CDCl3) & 169.0, 166.8, 156.5, 136.7, 128.5, 128.2, 128.1,

70.7,70.6, 70.5, 70.3, 70.0, 66.6, 65.7, 40.9, 32.2, 25.6.
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Synthesis of  benzyl 15-hydroxy-14,14-bis(hydroxymethyl)-12-0x0-3,6,9-trioxa-13-

azapentadecylcarbamate (4.29):

HO
HO/ﬂxNj\MOWNHCbz
HO— H 3

4.29

To a solution of trizma base (121 mg, 1 mmol) in dioxane:water (15 mL, 3:2) was added
compound 4.28 (382 mg, 0.85 mmol), two drops of aq.saturated NaHCO; (pH of the reaction
mixture around 8) and stirred for 1 d. The reaction mixture was concentrated and the residue was
purified by flash chromatography using EtOAc/MeOH (9:1) to afford 4.29 as a colorless oily
liquid (303 mg, 78%)."H NMR (500 MHz, CDCl3) & 7.38 — 7.26 (m, 5H), 5.86 (s, 1H), 5.09 (s,
2H), 4.34 (s, 3H), 3.79 — 3.46 (m, 18H), 3.45 — 3.28 (m, 2H), 2.48 (t, J = 5.4 Hz, 2H). °C NMR
(126 MHz, CDCls) 6 173.4, 156.7, 136.6, 128.5, 128.2, 128.1, 70.5, 70.2, 70.0, 67.2, 66.7, 63.5,
61.5, 40.8, 37.5. HR-ESIMS calculated for Cy;H34N,09Na (M+Na)" 481.2157, found 481.2151.

Synthesis of Benzyl 15-(2, 3, 4, 6-Tetra-O-benzoyl-p-p-galactopyranosyloxy)-14,14-bis(2, 3,
4, 6-Tetra-O-benzoyl-p-p-galactopyranosyloxymethyl)-12-0x0-3,6,9-trioxa-13-

azapentadecylcarbamate (4.30):

BzO OBz

OBz
BzO o

Bzogoii (;:\\ 0 H Q
0
BzO o )%A N._O
N o
OBz H );\/ \ﬂ/
(o) (@]
4.30

BzO O
OBz

BzO
BzO
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Compound 4.29 (76.3 mg, 0.17 mmol) and galactosyl trichloroacetimidate 4.12 (561 mg, 0.77
mmol) were dissolved in 20 mL of DCM and cooled to 0 °C. Then BF;Et,O (151 pL, 1.37
mmol) was added drop-wise and entire reaction mixture was stirred at room temperature
overnight. A saturated aq solution of NaHCO; was added and organic layer was separated. The
aqueous phase was extracted with DCM (3 X 25 mL) and combined organic layers were washed
with brine (10 mL), dried over Na,SOs, filtered. The filtrate was concentrated and purified by
flash chromatography (EtOAc/Hexanes, 2:1) to yield 4.30 as a white solid (230 mg, 63%).'H
NMR (500 MHz, CDCls) 6 8.28 — 7.16 (Ar, 65H), 6.23 (s, 1H), 5.85 (d, J = 3.4 Hz, 3H), 5.65
(dd, J = 10.4, 8.0 Hz, 3H), 5.49 — 5.34 (m, 4H), 5.09 (s, 2H), 4.52 (dd, J = 11.2, 6.2 Hz, 3H),
442 (d, J=10.2 Hz, 2H), 4.36 (dd, J=11.2, 7.3 Hz, 3H), 4.15 (d, J = 8.0 Hz, 3H), 3.73 (t, J =
6.8 Hz, 2H), 3.70 — 3.45 (m, 17H), 3.43 — 3.29 (m, 3H), 2.20 (qd, J = 15.1, 7.3 Hz, 2H). °C
NMR (126 MHz, CDCls) 6 171.4, 165.9, 165.6, 165.43, 164.9, 156.5, 136.7, 133.7, 133.6, 133.4,
133.3, 130.0, 129.9, 129.7, 129.5, 129.4, 129.04, 129.0, 128.8, 128.7, 128.6, 128.5, 128.3, 128.1,
128.0, 101.8, 71.2, 71.1, 70.5, 70.3, 70.0, 69.96, 68.1, 67.9, 67.0, 66.6, 61.5, 59.5, 40.9, 37.4.

Synthesis of Benzyl 15-(B-p-galactopyranosyloxy)-14,14-bis(p-p-

galactopyranosyloxymethyl)-12-o0x0-3,6,9-trioxa-13-azapentadecylcarbamate (4.31):

HO OH
OH
HO o
OH e}
HO&/ \%\ I N \/©
HO O )J\é/\ N (@]
N (@]
OH H );\/ \”/
(@] (@]
4.31
HO O
OH
HO
HO

184



To a suspension of 4.30 (217 mg, 0.099 mmol) in 6 mL MeOH, 4 mL of 1% NaOMe/MeOH was
added and stirred at room temperature for 6 h. The reaction mixture was neutralized with
Amberlite IR-120 (H" form) ion exchange resin and filtered. Then the solvents were removed
under reduced pressure and the residue was dissolved in 10 mL H,0O, washed with Et,0 (3 x 6
mL). Aqueous layer was concentrated and dried on vacuum to afford 4.31 as a white solid (84
mg, 90%). '"H NMR (498 MHz, CD30D) § 7.54 — 7.12 (m, 5H), 5.06 (s, 2H), 4.27 (dd, J = 13.7,
9.0 Hz, 5H), 3.92 (d, J=10.3 Hz, 3H), 3.80 (d, J = 2.8 Hz, 3H), 3.75 (dd, J = 11.3, 6.9 Hz, 3H),
3.72 - 3.66 (m, 6H), 3.65 — 3.55 (m, 10H), 3.55 — 3.47 (m, 8H), 3.44 (dd, /= 9.7, 3.3 Hz, 3H),
2.56 — 2.30 (m, 2H). >C NMR (125 MHz, CD;0D) & 174.2, 138.4, 129.5, 129.0, 128.9, 105.5,
76.7,75.0,72.6,71.5,71.5,71.3,71.25, 71.0, 70.3, 69.5, 68.3, 67.5, 62.6, 61.3,41.8, 38.4.

Synthesis of 15-(B-p-galactopyranosyloxy)-14,14-bis(-p-galactopyranosyloxymethyl)-12-

0x0-3,6,9-trioxa-13-azapentadecylamine (4.32):

OH_-0OH
OH
lofl 2
OH o)
OH H 3
(@]
4,32
HO O
OH
HO
HO

A catalytic amount of Pd on activated charcoal was added to the Cbz-protected trigalactosyl
cluster 4.31 (73.8 mg, 0.078 mmol), dissolved in 6 mL MeOH. The reaction mixture was stirred
at room temperature under a H, balloon for 1 d, then filtered through celite and concentrated to

yield 4.32 as a white solid (63.3 mg, 95%)."°C NMR (125 MHz, D,0) & 174.9, 104.4, 82.6, 76.0,
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73.4,71.61, 70.5, 70.4, 70.3, 69.5, 68.6, 67.5, 61.8, 60.8, 48.0, 40.3, 37.3. HR-ESIMS calculated
for C3;HsgN,0,,Na (M+Na)" 833.3373, found 833.3371.

Synthesis of methyl 2-(diphenylphosphino)-4-[15-(B-p-galactopyranosyloxymethyl)-14,14-
bis(p-p-galactopyranosyloxymethyl)-12-0x0-3,6,9-trioxa-13-

azapentadecylcarbamoyl]benzoate (4.33):

OH oH
OH
Holo
o)
OH
H © 0 OMe
o o §
HO N o PPh,
OH H 3
o) 0
4.33
HO O
OH
HO
HO

Compound 4.32 (27.1 mg, 0.03 mmol) was stirred with succinimidyl-3-diphenylphosphino-4-
methoxy-carbonylbenzoate 4.1 (28 mg, 0.08 mmol), and two drops of triethylamine for 4 h at
room temperature in DMF (5 mL). The solvent was removed under vacuum and the product was
washed with dichloromethane to give 40 mg of crude residue. 5 mg of crude was purified by
reverse phase column (C-18) chromatography with a gradient of H,O and MeOH to yield 2.5 mg
(51%) of 4.33 as a light yellow solid containing a small amount of the corresponding phosphine
oxide."H NMR (500 MHz, CD;0D) & 8.05 (dd, J = 8.0, 3.5 Hz, 1H), 7.81 (dd, J = 8.1, 1.6 Hz,
1H), 7.69 — 7.50 (m, 2H), 7.44 (dd, J = 3.9, 1.7 Hz, 1H), 7.41 — 7.31 (m, 8H), 7.30 — 7.21 (m,
5H), 4.28 (dd, J = 15.4, 9.0 Hz, 5H), 3.93 (d, J = 10.3 Hz, 3H), 3.81 (d, J = 3.2 Hz, 3H), 3.75
(dd, J=11.3, 6.9 Hz, 4H), 3.72 — 3.64 (m, 10H), 3.64 — 3.42 (m, 23H), 2.57 — 2.31 (m, 2H). °C
NMR (126 MHz, CDs;OD) & 174.2, 169.4, 168.5, 142.3 (d, J = 28.8 Hz), 138.9, 138.6 (d, J =

10.0 Hz), 138.3 (d, J = 18.8 Hz), 135.1 (d, J = 21.3 Hz), 134.5, 131.6, 130.1, 129.7 (d, J= 7.5
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Hz), 127.88, 105.52, 76.74, 74.97, 72.57, 71.54, 71.49, 71.32, 71.26, 70.36, 69.46, 68.30, 62.57,
61.33, 52.63, 41.01, 38.30, 30.76. *'P NMR (161 MHz, CD;0OD) & 34.90 (s, 0.15P), -3.24 (s,

1.00P)
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5.1 Conclusions

Our methodology developed for generating carbohydrate-phosphane reagents was general
and involves three important steps; Glycosylation of a suitable carbohydrate donor with an
amine-linker followed by removal of all the protecting groups, and finally amine coupling to an
activated ester of phosphane reagent, 4.1. Introducing the phosphane reagent in activated ester
form not only minimizes oxidation of phosphane, but also makes purification easier. We
successfully synthesized galactose, lactose, LacNAc (Chapter 2)' and trigalactosyl-phosphane
reagents (Chapter 4). An Fmoc-protected amine containing polyethyleneglycol (PEG) linker
was used for the glycosylation in the synthesis of galactose, lactose, LacNAc phosphane reagents
and Fmoc group was deprotected along with benzoyl or acetyl groups in a single step under
Zemple'n conditions. However, the yields for the deprotection step were low. This may be due to
acylation or benzoylation of the free amine. To overcome this, in the synthesis of trigalactosyl-
phosphane reagent, we opted for a Cbz-protected amine scaffold. Removal of benzoyls or acetyls
in the first step and Cbz-protection in the next step provided the desired compound in good
yields.

These carbohydrate-phosphane reagents can be incorporated on any azide-modified
surface or molecules by Staudinger ligation under mild conditions. An azide incorporated
protein, B-lactoglobulin, was converted in to glycoprotein by using this ligation chemistry.
Galactose-, lactose- and LacNac-phosphane reagents (Chapter 2) were immobilized on an azide-
derivatized surface and found their binding specificity for different lectins using surface plasmon
resonance (Chapter 3).> This strategy requires small amounts (in uM) of carbohydrate-
phosphane reagents and preserves their binding specificity. One problem, we encountered during

making an azide-derivitized surface was the solubility of succinimidyl 2-azidoacetate used for
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acylating amine groups on the surface. However, solubility can be increased by using a PEG-
derivatized azide containing succinimidyl-esters.

Synthesis of a suitable scaffold for multivalent display of carbohydrates was important
step in making a triglycosyl-phosphane reagent. The amines of the triglycosyl-TRIS, 4.25 and
4.26 were difficult to acylate with the phosphane reagent, likely due to steric hindrance. In order
to overcome this problem, a PEG linker was attached to the amine. This linker provides enough
space between amine of the TRIS and phosphane reagent in final compound. The trimannosyl-,
triglucosyl-phosphane reagents can be generated from trichloroacetamidate (TCA) donors of
respective carbohydrates and an elongated TRIS (Tris(hydroxymethyl)aminomethane) scaffold,
4.29 by following similar sequence of reactions used in synthesis of trigalactosyl-phosphane
reagent, 4.33. In generating all the carbohydrate-phosphane reagents we observed minor
oxidation of phosphorus. However phosphorus oxide compounds can be reduced to the
phosphane with reducing agents such as trichlorosilane.’

5.2 Future directions
5.2.1 Synthesis of other derivatives of phosphane reagents

As mentioned earlier our synthetic strategy for making carbohydrate-phosphane reagents
is simple and can be adopted for generating various derivatives. Any epitope of interest should
be attached to a linker with amine which can be later acylatead with a phosphane reagent, 4.1.
We are planning to synthesize a polyLacNAc-phosphane reagent and charged-phosphane
reagents.
5.2.1.1 Synthesis of polyLacNAc-phosphane reagent

We synthesized the LacNAc-phosphane reagent, as it is part of repeats of lactosamine

units in N-linked and O-linked glycans.* However to mimic the exactly polyLacNAc units of
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these glycans one could synthesize a triLacNAc-phosphane reagent such as 5.7. This target can
be generated from an oxazoline donor of lactosamine, 2.38. The compound 2.38 can be

converted into different donors and acceptors (Scheme 5.1).

OA
AcO ¢ OAc
o)
AcO o) O,
o)

Ac
OAc
N>\/o
2.38

A X

OA
AcO c AcO OAC OAC AcO ~OAC OAG
0
0
g& o o A0S 0 g A0 00
Ac(;éS/ ~ o OAcACO SR OAcACO
NHACc NHAc NHACc
5.2 5.3

Scheme 5.1: Synthesis of different donors and acceptors from oxazoline, 2.38. Compound

2.38 can be modified into a thioldonors 5.2, 5.3 and an acceptor 5.1.

A linker attached acceptor such as 5.1 can be produced from 2.38 in five steps (Scheme
5.2). First glycosylation of 2.38 with Cbz protected linker followed by deprotection of acetyl
groups under Zemplen conditions will provide 5.4. Later selectively protecting 3-OH of
galactose of deprotected compound 5.4 with allyl using dibutyltinether’ followed by acylation
will yield 5.5. Selective deprotection of the allyl should give acceptor 5.1.° Glycosylation of 2.38
with aromatic thiol should give donor 5.3. Compound 5.3 can be converted into 5.2 by following

similar route used to generate 5.5 from oxazoline 2.38.
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Scheme 5.2: Synthesis of acceptor from oxazoline 2.38. A selectively deprotectd 3-OH of

galactose of lactosamine can be prepared from peracetylated oxazoline derivative 2.38.

Glycosylation of the thio donor 5.2 with acceptor 5.1 by activating sulfur will give a
tetra- saccharide. Deprotection of the allyl group of tetra-saccharide followed by glycosylation
with donor 5.3 should give hexa-saccharide 5.6. This can be converted into final compound 5.7
by deprotection of the acetyl and the Cbz group and coupling free amine to the phosphane

reagent 4.1. (Scheme 5.3).
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Scheme 5.3: Synthesis of triLacNAc-phosphane reagent 5.7 from linker attached
hexasaccharide 5.6. Global deprotection of acetyl followed by Cbz and acylation of free amine

with compound 4.1 will generate 5.7.

5.2.1.2 Synthesis of charged-phosphane reagents

Introducing a cationic or anionic species on to the cell surface could change the
properties of the cell surface. To test this hypothesis, desired charge attached phosphane reagents
can be synthesized and can be incorporated onto an azide-containing sialic acid on the cell
surface. A tri-anionic or cationic species can be generated from aminotriester 5.8.° Coupling of
5.8 to phosphane reagent 4.1 followed by deprotection of ester groups under acidic conditions
will give trianionic-phosphane reagent 5.9. Aminotriester 5.8 can be modified into an Fmoc
protected derivative 5.10 by known procedures.® A mono-Boc protected ethylene diamine can be
coupled to triacid to give 5.11. Deprotection of Fmoc, coupling of resulting free amine with
phosphane reagent 4.1 follwed by deprotection of Boc will give tricationic-phosphane reagent

5.12 (Scheme 5.4).
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Scheme 5.4: Synthesis of anionic-, cationic-phosphane reagents. Boc deprotections are
efficient, this strategy should not require further purification and the phosphane moiety is stable

under these conditions.

5.2.2 Other bioorthogonal reactions

The Bertozzi-Staudinger ligation strategy employed for introducing carbohydrate
epitopes on azide containing molecules will also introduce phenyl groups along with
carbohydrates. Even though we didn’t see any effect of the phenyl groups on binding of

carbohydrates to the lectins (Chapter 3),” they might cause some steric hindrance and usually
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they are not found in native habitats. In order to mimic nature, future work could synthesize
carbohydrate-phosphane reagents based on the traceless Staudinger ligation, where the desired
epitopes could be introduced without phenyl groups as discussed in Chapter 1. * Recently
Davis and co-workers’ synthesized sugar-phosphane reagents for traceless Staudinger ligation
and conjugated them onto azide containing proteins. However, this strategy has some limitations
such as competing reduction of azide and sulfur interaction with phosphane. Low solubility of
the reagent might have also increased azide reduction compared to amide bond formation. Sugar-
phosphane reagents (Figure 5.1) with greater solubility in water for traceless Staudinger ligation
could be accessed using a modification of our strategy in Chapter 2. Another reason for slow
reaction might be thiol triphenyl which is not better leaving group and can be converted into a

better leaving group by adding an electron withdrawing group para to thiol on aromatic ring.

PPh,
~—0
HO <O PpEGlinker j(x X=Sor0
0

Figure 5.1: Carbohydrate-phosphane reagents for traceless-Staudinger ligation. These
reagents will allow ligation of the desired carbohydrate epitopes without incorporating phenyl

groups.

5.2.3 Modifying cell surface with phosphane reagents
As discussed in Chapter 1, our objective was to use this chemistry to introduce specific
native carbohydrate epitopes onto a protein receptor in live cells and study their effects in a

native environment. CD45 is a transmembrane protein tyrosine phosphatase, heavily
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glycosylated and expressed exclusively on lymphocytes. Glycans, both N- and O-linked, on this

receptor play integral part in its function.'®"?

Therefore altering the glycan will change its
function, and the large number of CD45 molecules on the cell surface. It is known that galectin-1

binds to LacNAc epitopes'® on CD45 leading to agglutination causing T-cell death.'* LacNAc-

Y o CJ L3 *‘\in,/*
|« S

s & e & =)

Clustered CD43

Figure 5.2: CD4S5 clustering hypothesis due to LacNAc epitope incorporation. LacNAc can

&
]

be conjugated to metabolically azide incorporated CD45 by Staudinger ligation and it will

interact with galectin-1 causing clustering of CD45.

phosphane reagent (Chapter 2) can be used to incorporate these moieties onto azide labeled
CD45 by Staudinger ligation and study their binding interaction with galectin-1 (Figure 5.2). As
mentioned earlier, due to heterogeneity of the glycan, it is difficult to know the function of a
specific carbohydrate unit. However appending the epitope of interest to the existing glycan by
Staudinger ligation should provide an opportunity to explore function by examining their
interaction with native lectins. Multivalent carbohydrate-phosphane reagents designed here will
enhance their interactions with the lectins thereby enhancing the effect of the modified glycan.
We hope that this strategy of introducing specific native epitope onto the receptor in their native
environment will serve as a potential tool for unraveling the function of the epitope of interest

and designing new therapeutics
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0
oHOH i
OMe
HO X O o i
B HO ~ "o~ PPh,
OH o
2.21
l !
f T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
ppm

239



'H NMR (498 MHz, CDCl3)

//////////

00°8T

E 160
5 260
W v
T 960
R 660
B 160

T 00T
860

60
m L0'T

IlJ F oot

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

240



'HNMR (500 MHz, D,0)

A

10T
It

Toee |t

Fert
60
Ko

Feot
=0T

Eb0T |

%oo.ﬁ

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

241



OBn

Bno ~OBn

'H NMR (500 MHz, CDCls)

BnO

—

OBrEnO

2.24

//// IS //////

AR

WE.mN

T

5.0
f1 (ppm)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

1.0

242



13CNMR (126 MHz, CDCl;) BnOo ~OBn

OBn

o]
BnO o’ég
OBano =

2.24

)0 190 180 170 160 150 140 130 120 110 f %00) 90 80 70 60 50 40 30 20 10
ppm

243



'H NMR (300 MHz, CDCl
( z, CDCls) TMS~_"~50,NH;
2.25

2.39—

1 N A N

T T T T T T T T T T T T T T T T T T T T T T

1.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

o 21

4.0 3.5 3 2.5 2.0 1.5 1.0 0.5

4.5
f1 (ppm)

244



'H NMR (498 MHz, CDCl3)
0, |0
BnO o]
OBnBnO

I////// S S ,/ - Ve A

-
o] =

2987{
i

3

A

4

il

92
04
¥

X

¥
2,09 {

1.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

245



3CNMR (125 MHz, D;0) BnOo ~OBn
o) |
BnO -
OBnBnO
0" 1us
r T T T T T T T T T T T T T T T T T T T
% 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 -1
f1 (ppm)

246



[
=
- [=
w
S w
I
o) N;S,
(o] O\\/O
2
1%
o
8 ?¢o
g
@ £
m
g
g
=
je<}
2
z
=

s

e

S orS S

J I -

65'8

o981

Fore

%ov.om

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
f1 (ppm)

6.0 5.5 5.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

1.0

247



3CNMR (125 MHz, CDCl) Bno ~OBn OBn
Q
anog.\,o’é‘g/sst

BnO
SEg o, NH
s
o= ~"1ms
2.27
r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1

f1 (ppm)

248



NHAc
2.28

.AJL

Bno ~OBn

"

e

- /ff//// st //

L

'H NMR (498 MHz, CDCl3)

687

F vz

00 -05 -1.0

0.5

4.0 3.5 3.0 2.5 2.0 1.5 1.0

4.5

249

5.0
f1 (ppm)

6.0 5.5

6.5

7.0

8€°0€

100 95 9.0 8.5 8.0 7.5

10.5




13C NMR (126 MHz, CDCly) Bno ~OBn S
Bno OBr,BOnO,X%gVSEt
NHAC
2.28
L
o
r T T T T T T T T T T T T T T T T T T T T T
0 19 18 170 160 150 140 130 120 10 %ggm) 90 80 70 60 50 40 30 20 10

250



®0-00

'H NMR (400 MHz, CDCl3)
CeO

2.29

L t b

N

T g T g T T
1.0 0.5

T T T

3.0 2.5 2.0 1.5

2.19-

T T T T

4.5 4.0 3.5

T T T T T T

5 7.0 6.5 6.0 5.5 5.0
f1 (ppm)

2,001
2.05-3
N | 2174

1.0 9.5 9.0 8.5 8.0

251



'HNMR (300 MHz CDCly)

= _—
9.5 9.0 8.5 8.0 75

T T T T - -

7.0 6.5 6.0 55

T T T

3.08-=

in 7 308
1623% [

5.0 4.5 4.0
f1 (ppm)

252



MH N:DA-G
2.

QAC
Lo
OAcHcO

O AC
o

AcO
AcO

'HNMR (498 MHz,

+0'€
w?_m
6v'8
SLY
(423
Sy
€re

€60
Fece
9T
€0
M\ 520
660
€T
0€'0
€0
or't
I A
€0
67T
Bgo1
By

920

160
Ao
H\QD.H

s}
S
<
~—
n
Al
e
N
L
N
<
o
n
™
e
<
L
<
o€ 0
-3 v
o (@]
n
wn
e
©
n
©
N
~
n
N
<
0
L
9
=
=y
L
N

1.0



OAc
Y
o]

N>\/O

OAc

AcO

'H NMR (498 MHz, CDCl3)

238

OAche

AcO

18T
0SC
m:\m
M/wm.m
0€'E

TF-s80
F-680

F960

me.v

E-880

F-c60
680

1
E-s80

80

3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

4.0

55 5.0 4.5
ppm

6.0

6.5

9.5 9.0 8.5 8.0 75 7.0

10.0

254



r
200

Aco OAc

13C NMR (125 MHz, CDCl) ° DAc

AcO 0 -

OA(:ACO
N 7} )
238
N 4 " {'“
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 %0 80 70 60 50 40 30 20 10
ppm

255



0

Aco OAc
AcO
OAc

'H NMR (500 MHz, CDCl)

OAc
’&&,o g NHFmoc

o]
AcO

NHAC

2,39

lu MMWMM@WU

08'C
KQN.M
08'C
66'S
e
e

wNﬁ.N
%”mN.ﬁ
vLE
ch.ﬁ
81°C
09T
9T

M\mﬁﬁ

9T
W*mo.m
10T
18T

T
\#mw.o
WNND

Fs6t
et

WND.N

E66T

3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

4.0

55 5.0 4.5
ppm

6.0

6.5

9.5 9.0 8.5 8.0 75 7.0

10.0

256



Aco _OAc Ohc

BCNMR (125 MHZCDCl) &
AcO o O o NHF
OACACE%-'/AC \/\O/\/ moc

2.39

T T T T T T T T T T T T T T T T T T T T 1
100 90 80 70 60 50 40 30 20 10 0
ppm

r T T T T T T T T T
200 190 180 170 160 150 140 130 120 110

257



OH
1 (o}
HNMR (498 MHz, CD;0D) : ’_SEH y oMo
HO o A.—-&\/O\/\ N
oH HO (&) PPh:
MNHAC
2.40
et ST / /1 ////J /[
Y TN A
RIS, ottt ™ PRRSS i
§855858858 3% BERGE:ER B
L s e B L E A e — T T T T T T | S — T T | —
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
ppm

258



13C NMR (125 MHz, CD;0D)

0
‘é‘@/ -
HE & :
HO C)“/\“o/\/N PPhy

2.40

l..,J | LY -

r T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm

259



31 NMR (202 MHz, CD;0D)

HO é\\— ﬁ,
Ho O\/‘*O/\/N

r
100

CMe
PPhz
2.40
! d
o~ <
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
90 80 70 60 50 40 30 20 10 0 -10 20 -30 -40 -50 -60 -70 -80 -90 -100
ppm

260



'H NMR (400 MHz, CDCl3)

FrmocHN

y

g ///

s S

o M MM

Frre

Feot

Feeo

meA

o1 |
Foot

Fo0€

Erge

80T |
68'C

Fes0

Fsso }

H/Hm.o r

N

0T
H/mo.m
96T

H\oo.N L

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

261



BCNMR (101 MHz, CDCls)

-+

o o]
H
N OMe
FrmocHN 0
0 57 "oMe
4.2

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

262

90

80

70

60

50

40

30

20

10



L

'HNMR (498 MHz, CD;0D)

J ] sy

/] //

OH

Iz

HaN

OH

H/wm.mw
M\No”ﬂ

H\No Tr
Foet

Fooz

E860

Feoe

460
Foo1

0.5

2.5 2.0 1.5 1.0

3.0

5.0 45 4.0 3.5
f1 (ppm)

5.5

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

263



BCNMR (125 MHz, CD;0D)

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

264

90

80

70

60

50

40

30

20

10



'H NMR (400 MHz, CDCl3)

11

Me0- 20O

s

o

OMe

Iz

(o]
OMe

ChzHN

O

4.5

N

Fert

Ferr |

Wmm.m

Fsor [

Frrt

e
(433

ere |
Feor [

Fort |
Fvee

Fe0

Foot

Fres |

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

265



BCNMR (101 MHz, CDCls)

Me0- 0
H OMe
N

ChbzHN ﬂ
O 57 " oMe
4.5

T T T T T T T T

190 180 170 160

T

150

T

140

T

130

T

120

T

110

T
100
f1 (ppm)

266

T

90

80

70

60

50

40

30

20

10



'HNMR (400 MHz, CD;0D)

HO

N OH
CbzHN \(\’
)

4g ©OH

JL JL %

/

T T T T T
8 = 83 A %R
wn ~ — - i) o~ <
r T T T T T T T T T T T T T T T T T T T T T T T T T T T
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1. 1.0 0.5
f1 (ppm)

267



BCNMR (101 MHz, CD;0D)

HO

H
OH
CbzHN N\C\/

o
46 ©H

‘
|

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

268

90

80

70

60

50

40

30

20

10



'H NMR (498 MHz, CDCl3)

OBz
IS
OBz

BzO

- S -

s

e

4.7

L6°0
6E'T
10T

AR

00°T
660
6€°0

660
00

A A I

mMWM 0

00

0v'0 [

ov'0 |

0¥ [

S6°0

00'9€

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

269



BCNMR (125 MHz, CDCls)

Bz0O—, OBz
BzO
Bz0 0Bz
47

T T T T T T T T T T T T T T T T T T

190 180 170 160 150 140 130 120 110

T

100

f1 (ppm)

270

T T T T T T

90 80 70



'H NMR (498 MHz, CDCl3)

s

OBz
O,
BzO
OH
4.8

BzO
BzO

L «wuwwm L l )& L

Foeso}

E w0

E 60

E ge0f

= 060

E v6°0

T

%60

Ee60|

b0z |

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

271



BCNMR (125 MHz, CDCls)

BzO OBz
BzO

as°"

L

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

272

90

80

70

60

50

40

30

20

10



s/

e

/1

'

NS

"HNMR (500 MHz, CDCl3)
OBz
o NH
4‘9\F
CCh

BzO
BzO
BzO

_J

Eort
F 90T
80T |

T
X 80'T
Fvort

= 01

L0°ST |

F oot

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

5.5
f1 (ppm)

8.0 75 70 6.5 6.0
273

8.5

9.0

9.5

1.0



'H NMR (498 MHz, CDCl3)

—

I,

e

= 09L
B TAA

Eeeo

20T |

60

et

Fso1

107
Nogt
Feen

T |

€0

H\cm.o

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

274



BCNMR (125 MHz, CDCls)

AcO
AR
C
aco ©H
110

W

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

275

90

80

70

60

50

40

30

20

10



1]

17/
o

/!

NH
N
CCls

AcOO
4.1

AcO
AcO

'H NMR (498 MHz, CDCl3)
AcO

Foa

€T
10T |
60'T

0T
X 60T |

F oot

F 960

Foor|

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0



BCNMR (125 MHz, CDCls)

AcO
AcO 0
AcO
AeQ DYN H
411
CCls

0 190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

277



"HNMR (500 MHz, CDCl3)

1.87

-0.95

T T T

2.0

5.0
f1 (ppm)

278

4.0

3.5

3.0

2.5



3BCNMR (126 MHz, CDCls)

BzO
S
Bzo ©8Z
4.16

W

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

279

90

80

70

60

50

40

30

20

10



'HNMR (400 MHz, CD;0D)

HO
HO HCbz

HO 4.19

4,91{ ?
-
(S
—

T T
8 8
r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

280



13C NMR (101 MHz, CD0D)
HO.
HO HCbz

HO 4.19

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

281

90

80

70

60

50

40

30

20

10



'H NMR (500 MHz, CDCls)

BzO—, OBz
BzO O,
BzO
BzO g o
BBzg ° NHCbz
2V 0Bz
0" 420
o
EZO e S T A v
OBz
B20 5,

L E T 7H PSR N

g B8 8 %3 e

by RIS Saa o

r T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0

f1 (ppm)

282



3BCNMR (126 MHz, CDCls)

BzO—, OBz
BzO O,
BzO
Bz0 o o]
BBzg o NHCbz
2V 0Bz
o 420
o)
BzO
OBz
BzO G

—— ' 7 7777 7¥ 770 7¥ 777 7T 7 7 7T "7 7 7 T 7 7 7

240 230 220 210 200 190 180 170 160 150 140 130 1f210( 11)0 100 90 80 70 60 50 40 30 20 10 0 -10
ppm

283



'H NMR (498 MHz, CDCl3)

OBz
OBz -
BzO o OBz
Bzo 0Bz o
o]
Bzo%’o%mcw w
z
o
BzO 0o ] s Soos D A A e
OBz
BzO
BzO 4.21
W N A )me WUL‘««_ L__i~ "
S T T A SN
2 28 8 SZLNRE 8]
8 PSER N SO NANANAN NN
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4 4 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0
f1 (ppm)

284



BCNMR (125 MHz, CDCls)

OBz
OBz
BzO o OBz

Bzo OBz o©
Q
azo&&»o

Bz

NHCbz

¥

o o]
BzO 0o
OBz
BzO
BzO 421

)0

190

180

170

160

150

140

130

120

110

100
f1 (ppm)

285

90

80

70

60

50

40 30 20 10



Bz0%Bz
Bzoﬁ"oaz
OBz O
o]
%’O%Nmbz
Z o
BzO
9 OBz
422

'H NMR (498 MHz, CDCl3)

Bz0 OBz

BzO
BzO

P e

S s

N b

|

F oo

F 652

vST

9T

T €82

€L°0 +
X €80

N 08¢ [

F 987

H\vmm

86'59 |

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

8.5 8.0 7.5 7.0 6.5

9.0

9.5

1.0

286



BCNMR (125 MHz, CDCls)

NHCbz
OBz
BzO
? OBz
BzO OBz
Il
r T T T T T T T T T T T T T T T T T T T T T T T
)0 190 180 170 160 150 140 130 120 110 f %00 90 80 70 60 50 40 30 20 10
ppm)

287



'HNMR (498 MHz, D;0)

HO

OH
HO O,
HO
HO g 0
:g o NHCbz
OH
0" 423
0
HO
OH
HO 54
— - i
R R N389S55%
< — weO MmN mm
r T T T T T T T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5
f1 (ppm)

288

1.0

0.5



13CNMR (125 MHz, D,0)

HO—, OH
HO 9
Ho

HOo o
”O;%y\o\%mcn:z
o

HOoR
0" 423

HO

OH
HO 5RH

)0 190 180 170

100

f1 (ppm)

289

70 60 50 40 30 20 10 (



'HNMR (498 MHz, D;0)

-

w67
=16S

6z |

s
Eoz9

Fo8c

Fe6z |

980
at

Fesv

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

290



13CNMR (125 MHz, D,0)

HO O OH

NHCbz

HO

T T T T T T T T

190 180 170 160

T

150

T

140

T

130

T

120

T

110

T
100
f1 (ppm)

291

T

90

80

70

60

50

40

30

20

10



'HNMR (498 MHz, D;0)

HO—, OH
HO O
HO
HO o o
Ho@)\
o) H,
0" 425
o
HO
OH
HO on
T FT ST
5 GerRL8Y
T T T T T T T T T T T T T T T T T T
0 95 90 85 80 75 70 65 60 55

292

1.0

0.5



13CNMR (125 MHz, D,0)

HO—, OH
HO O,
HO
HO o o
HO
o) NH,
HO ol
0" 425
o
HO
OH
HO oH

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

293

90

80

70

60

50

40

30

20

10



'HNMR (498 MHz, D;0)

LT
_— H\wm.m
e —— mﬁ.m

- 9z'€
- »vm.m
597

— =00'€

4.26

we

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

294



BCNMR (125 MHz, CDCls)

HO o OH

HO

)0

190 180 170

160

150

140

130

120

110

100
f1 (ppm)

295

90

80

70

60

50

40

30

20

10



'H NMR (500 MHz, CDCls)

qc;)
o]

o
J%/\ 0);\, NHCbz
428

1

4.0

.

A

7.5

P;8e 1

Fozz

H/m_u.m

80°C
'8

M\cm.m r

WON.N

Fsso I

Ferv |

0.5

3.0 2.5 2.0 1.5 1.0

3.5

5.0 45
f1 (ppm)

5.5

6.0

6.5

7.0

8.5 8.0

9.0

9.5

1.0

296



3BCNMR (126 MHz, CDCls)

O
o]
% NHCbz
N OJ\V\O)/\/
o 3
4.28

)0

190 180 170 160

150

140

130

120

110

100
f1 (ppm)

297

90

80

70

60

50

40

30

20

10



'H NMR (500 MHz, CDCls)

HO
’} X
HO J-‘\e/\ NHCbz
N (o)
HO H };\/
429
| A
T T . T I i
@ R 8 8 s A 8
A ] o o ® o o
r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

298



3BCNMR (126 MHz, CDCls)

HO
4} O
HO )L(\/\ NHCbz
N (o]
HO H );\/
4.29

)0

190 180 170 160

150

140

130

120

110

100
f1 (ppm)

299

90

80

70

60

50

40

30

20

10



OBz

H
~Hrt
3

o]
4.30

Bz0 @[ 0Bz

BzO

BzO

'H NMR (500 MHz, CDCls)

o

19
86'9T

A

E ez

oLef

we
T 98¢

F 80z

F e
Foare |

F o8¢

= 180

L1C

5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

6.0

9.0 8.5 8.0 7.5 7.0 6.5

9.5

1.0

300



3BCNMR (126 MHz, CDCls)
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'H NMR (498 MHz, CD;0D)
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BCNMR (125 MHz, CD;0D)
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BCNMR (125 MHzD;0) OH
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'HNMR (500 MHz, CD;0OD)
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3BCNMR (126 MHz, CD;0D)
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3P NMR (162 MHz, CD;0D)
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