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“Come, faeries, take me out of this dull house!
Let me have all the freedom | have lost —
Work when | will and idle when [ will!
Faeries, come take me out of this dull world,
For | would ride with you upon the wind,
Run on the top of the dishevelled tide,
And dance upon the mountains like a flame”

— William Butler Yeats, The Land of Heart's Desire
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Abstract

The Gram-positive prokaryote Paenibacillus alvei uses the anionic-charged surface of
Secondary Cell Wall Polymers (SCWPs) to non-covalently bind S-layer proteins
(SpaA) to form a two-dimensional para-crystalline lattice. The SCWPs of Paenibacillus
Alvei are stoichiometrically defined polymers, based on [4,6-Pyr-ManNAc-3-(1->4)-
GIcNAc] repeats of ~11 units that are B-(1->3) linked wherein the pyruvate provides
the decisive negative charge. Previous co-crystallization studies with synthetic mono,
di- and trisaccharides revealed that SpaA-ligand binding is driven by a terminal

pyruvate.

In continuation of these studies, the total synthesis towards tetrasaccharide ligands
4,6-Pyr-B-D-ManNAc-(1-2>4)-3-D-GIcNAc-(1->3)-4,6-Pyr-B-D-ManNAc-(1->4)-3-D-

GIcNAc with terminal and full pyruvylation substitution was investigated. The
challenging B-D-ManNAc-(1->4)-GIcNAc glycosidic bond was established via
hydrogen-bond mediated aglycon delivery (HAD) pathway for the first time, to the best
of my knowledge. The glycosylation of the central disaccharide precursor using an
2-azido-protected thioglycoside donor and a 3-O-picoloyl protected acceptor,
however, could only be achieved in modest yield and low R-stereoselectivity. The basic
nature of the picoloyl group also gave difficulties during anomeric allyl group
deprotection, as it quenched any Lewis- or Brensted-acidic reagents. The 2+2
glycosylation via N-phenyl trifluoroacetimidate donor yielded a fully orthogonally
protected tetrasaccharide in good yield but was surprisingly accompanied by an
elimination side product. Deprotection of the tetrasaccharide needs to be elaborated
as several challenges with different protocols were faced during azide group
deprotection towards SpaA ligands (target compounds |). The orthogonality of the
tetrasaccharide key intermediate allows pyrophosphate introduction at the reducing

end for biological pyruvyltransferase studies (target compounds II).

UDP-ManNAc (43 mg) was re-synthesized to investigate the biosynthesis pathway of
SCWPs.
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Key

All compounds synthesized in this thesis are labeled with bold Arabic numbers.
Intermediates are indicated with bold Roman numbers. Byproducts generated in
reactions or compounds that are intended to be grouped together are labeled with bold

Arabic numbers followed by bold Latin characters.
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2 Introduction

2.1 Prokaryotic cell wall

The cell wall of prokaryotes features a complex and mesh-like structure, consisting
mainly of the extracellular peptidoglycan.’ The backbone of the peptidoglycan is made
up of two linear polymers of MurNAc/GIcNAc repeats that are B-(1->4) glycosylated.?
The backbone strands are cross-linked via oligopeptides by transpeptidases and in
case of some Gram-positive bacteria, the oligopeptide incorporates a glycin
interbridge.® The cell wall must be strong enough to withstand the high intracellular
pressure and any environmental impact (such as simple lysis), but simultaneously
should be flexible enough for cellular development.! The cell wall is responsible for
bacterial survival, but is absent in eukaryotes.? The latter fact makes the cell wall
historically an attractive target for antibiotics (such as the B-lactam antibiotics that
target transpeptidases) and is underlined by the resurging interest in bacterial cell

wall.!

The cell envelope of Gram-positive and Gram-negative bacteria both have a

peptidoglycan layer, but are differentiated by their additional layering.*

Gram-negative bacteria (e.g. Escherichia Coli) have three principal layers; the inner
membrane, the peptidoglycan and the outer membrane.® The outer membrane

functions as an additional protective and stabilizing layer.*

Gram-positive bacteria (e.g. Staphylococcus aureus, Bacillus subtilis) lack any outer
membrane organelle, but the peptidoglycan layer is much thicker (30 — 100 nm) than
in Gram-negative prokaryotes (few nm).* The thickness gives the cell the ability to
withstand the intracellular pressure. Intertwined into the peptidoglycan layer are
polysaccharides (covalently or not).* Due to their secondary role, these

polysaccharides are termed “secondary cell wall polymers” (SCWP).6-8
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Figure 1: Prokaryotic cell wall layering of (left) Gram-positive * (i.e. Paenibacillus Alvei®)and
(right) Gram-negative ° bacteria

2.2 Prokaryotic Surface-Layer Proteins

The outermost layer of the cell envelope of Gram-positive bacteria are often decorated
with surface-layer proteins. These proteinaceous surface-layers (S-layers) are
constructed from subunits that self-organize into two-dimensional para-crystalline
lattices that are 2-20 nm in thickness.®*-'7 For example, the cell envelope of
Paenibacillus Alvei CCM 20517 (ATCC 6344; DSM 29) is completely covered with an
oblique proteinaceous S-layer lattice.'® Analysis via electron microscopy revealed an
oblique lattice with lattice constants of 10.0 and 7.9 nm.'® SDS-PAGE and PAS
staining reaction revealed that the lattice is composed of mono- and di-glycosylated
S-layer proteins (Figure 2).'° The characterization of S-layers from various Bacillaceae
revealed lattice spacings varying from 8.6 nm to 17.0 nm and the lattice types span
from oblique, square to hexagonal.?® S-layers were first detected via electron
microscope in 19522' and decades of research proved that these protein arrays are
common within the cell wall of prokaryotes.?? A common characteristic of S-layers
among prokaryotes is yet to be elucidated, but S-layers are assumed to have a variety
of species-specific functions, including cell shaping, structural maintenance,

environmental protection, host adhesion, filtering and virulence.®23-3%



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

@ Sibliothek,
Your knowledge hub

Evidently, understanding the structure and attachment of S-layer (glyco)proteins to the
cell wall facilitates the development of (new) antibiotics and potentially break the

barrier towards biotechnological exploitation in drug delivery and vaccine design.3'-36-
42

S-layer glycoproteins

S-layer protein E §

Peptidoglycan

PP TTPTTTOTTTITT7?
oodbotitbibobboobdd

Cell membrane

SCWP

Figure 2: Roughly 20% of S-layer proteins are glycosylated™®
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2.3 Secondary Cell Wall Polymers

As described previously (Chapter 2.1 and 2.2), the cell envelope of Gram-positive
prokaryotes is composed of the cell membrane, a thick layer of peptidoglycan and S-
layer (glyco)proteins on the surface. In-between are located the secondary cell wall
polymers (SCWP) that act as an anchor to stick the (glyco)proteins to the cell wall.
These polysaccharides are of big variety and many of them are covalently linked to
the peptidoglycan.® Based on their composition, the secondary cell wall polymers can

be classified into three categories:

i.  Teichoic acids*?
ii.  Teichuronic acids*446
iii.  Otherneutral or acidic polysaccharides not assignable as teichoic or teichuronic

acids*748

2.3.1 Teichoic acids

Teichoic acids (TAs) are highly diverse anionic polysaccharides with ribitol (RboP) or
glycerol (GroP) phosphodiester repeats that impart a negatively charged polymer
surface.*® Teichoic acids are divided into wall teichoic acids (WTA) and lipoteichoic
acids (LTA).*3 They are differentiated in how they are bound to the cell envelope.
(Figure 3)

Wall teichoic acids are constructed from a highly conserved linkage repeat units.*7-50:51
The linkage unit is composed of a disaccharide head group (ManNAc-B-(1->4)-
GIcNAc-1P) and a 4-O-polyGroP (n ~ 1-3) and is tethered to the 6-O-MurNAc of the

peptidoglycan via a a-1-phosphodiester bond.47:50:51

The structural diversity of WTAs comes from the variety of the repeat units (up to 60
repeats) that can even differ within a species (i.e. B. subtilis).*®5-54 The polyribitol
(polyRboP) and polyglycerol (polyGroP) chains are made up from four types of repeat

units (Figure 4).49,51-54

The substitution pattern (D-alanyl, glycosyl) on the free hydroxy groups of the polyol
repeat units heavily define the properties and functions of the WTA.5!

Lipoteichoic acids share similar structural characteristics as wall teichoic acids, but
with some alterations.* The decisive difference is that they are not bound to the



peptidoglycan, but are attached to the glycolipids of the cell membrane.* The polyol
chains are shorter and thus do not extend (much) beyond the peptidoglycan.*

| |
B
‘WTA
‘non-classical”
“ o SCWP
||
= = LTA
. o
| ]
i Peptidoglycan

Cell membrane

Figure 3: How various SCWPs (WTA?*"%951 | TA* non-classical SCWP38%5%) anchor to the
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Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.3.2 Teichuronic acids

Teichuronic acids (TUA) are in general less investigated than teichoic acids.5-5° TUA
are anionic polysaccharides with uronic acids (carboxyls) imparting the negative
charge on the surface.>’-%° Micrococcus luteus is a Gram-positive bacterium with TUA
chains composed with almost up to 100 disaccharide repeat units.5”-5° The repeat unit
is [24)-B-D-ManNAcAp-(1->6)-a-D-Glcp-(1=>]n<100 and the polysaccharide is
covalently attached to the peptidoglycan via an oligosaccharide and phosphate.®’

(Figure 5)

0]

—| HO
O

HO O
HO
HO

) (P Pepidogiycan

n<100

Figure 5: Structural composition of TUA in M. luteus®”

2.3.3 Non-classical Secondary Cell Wall Polymers

Preliminary research focusing on glycosylated S-layer proteins within the laboratory of
collaborating partner Prof. Dr. Christina Schaffer has revealed the existence of new
secondary cell wall polymers.3855%6 |n the course of S-layer (glyco)protein purification
of Bacillaceae cell walls®®, minor amounts of conjugates were isolated that were
initially thought of as a second set of S-layer (glyco)proteins®'-65, Further purification
and separation unmasked these glycan structures as non-classical SCWPs and are
classified as "Other neutral or acidic polysaccharides not assignable as TAs or TUAs.8

Like teichoic acids, non-classical secondary cell wall polymers of Bacillaceae can differ
greatly between organisms, but are highly conserved within a species.?3 As
highlighted by Schaffer et al, these SCWPs have varying carbohydrate constituents
such as GlcpNAc, ManpNAc, GalpNAc, Manp-2,3-diNAcA, Glcp and Ribf with
pyruvates, phosphates and acetates as non-carbohydrate modifications.?-3° According
to the group of Schaffer, the polysaccharides can be classified into three groups

depending on their features.?3%
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2.3.3.1 Group 1 of non-classical SCWP

Paenibacillus alvei CCM2051T features a repeat unit of [ManNAc-(1->4)-B-GIcNAc] in
its linear backbone that are B-(1->3) glycosylated.®* The reducing end is attached via
an a-1-pyrophosphate to the 6-O-MurNAc of the peptidoglycan.* Every disaccharide
motif has a 4,6-pyruvate at the ManNAc moiety, giving the SCWP it’s anionic surface
charge.®* The ManNAc-GIcNAc building block is a common motif in other non-classical
and teichoic acid SCWPs.*#’ Pyruvate-containing non-classical SCWPs are also found
in Lysinibacillus sphaericus (formerly Bacillus sphaericus)®* and Bacillus anthracis.%®
The ManNAc-GIcNAc repeat moiety is also reported in neutral SCWPs. Examples are
Thermoanaerobacterium thermosaccharolyctium D120-70%" and E207-71%7, where
the completely missing pyruvate is substituted by a ribofuranose side chain on every

second repeat unit. (Figure 6)

Paenibacillus Alvei CCM 2051 Thermoanaerobacterium thermosaccharolyticum E207-71

Bacillus Anthracis (multiple strains)

MurNAc Gal

GlcNAC Ribose

ManNAc Phosphate

@ %O

GleN

4HE®

Figure 6: Structural composition of selected non-classical SCWPs of group 1 (P. alvei®' and
B. anthracis®’)

2.3.3.2 Group 2 of non-classical SCWP

The SCWP of Geobacillus stearothermophilius NRS 2004/3a and many of its wild-type
strains feature a tetrasaccharide building block with an average repeat of 6 units.5263
It was the first SCWP of a S-layer (glyco)protein of which the structural composition
was elucidated.6283 The polymer owes it’s negative charge to carboxyl groups on the
uronic acid moieties.?263 The SCWP is attached to the peptidoglycan via a 6-O-

pyrophosphate linkage to the MurNAc residues of which 20-25% are substituted.%263

10
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The SCWP of Anoxybacillus tepidamans GS5-97T (formerly Geobacillus tepidamans)
has the same linear backbone as Geobacillus stearothermophilius with altered
substitution on the carboxyl groups, resulting in a neutral character of the polymer.68
The SCWP is attached to the peptidoglycan via a common phosphodiester linkage to
the 6-O-MurNAc.%8 (Figure 7)

Geobacillus stearothermophilius NRS 2004/3a

MurNAc

GlcNAc

Gle

R!=-COOH, R? = -CONHAg, R* = -CONAc,
Mannosaminuronic acid

Phosphate

ONd 1 [

Figure 7: Structure of group 2 non-classical SCWPs?363.68-70

2.3.3.3 Group 3 of non-classical SCWP

The charge-neutral SCWP from Aneurinibacillus thermoaerophilus DSM 10155
features a biantennary oligosaccharide structure with defined chain length.'"-657" The
polysaccharide is composed of a trisaccharide repeat of [->3)-a-D-GIcNAc-(1->3)-B-D-
ManNAc-(1->4)-B-pD-GalNAc-(1->].9% Such biantennary polysaccharide structures are
more common in eukaryotes rather than in prokaryotes.®> The SCWP from G.
stearothermophilius PV72/p2 with a pentasaccharide repeat of >4)-[3-D-GIcNAc-
(12>3)]o.3-B-D-ManNAcA-(1->4)-B-D-GlcN/NAc-(1->6)-[4,6-(S)-Pyr-a-D-ManNAc-
(1>4)]-0-D-GlcNAc-(1-> also displays a branched structure.”>”3 Chemical exposure
with hydrofluoric acid for cleavage of the peptidoglycan-linkage has led to loss of
information on the linkage region, extent of pyruvate substitution and proof for N-
deacetylated glycoses.’?”® The SCWP contains (S)-configured pyruvates on the
ManNAc residues, resembling the group 1 of non-classical SCWPs.”%73 The pyruvate
substitution does not appear within the linear backbone, but rather in the branches
extending from the a-D-GIcNAc residues that start at ManNAcA moieties.”>73

11
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Figure 8: Biantennary structure of Aneurinibacillus thermoaerophilus DSM 1015516571
These anionic secondary cell wall polymers make up substantial amounts of
prokaryotic cell walls.®747% For example, teichoic and teichuronic acids account for 10-

60% of the cell wall mass.%74.75

S-layer (glyco)proteins of Bacillaceae make up to 15% of the cell wall and the
corresponding SCWPs represent 7-15% of the underlying peptidoglycan.®°

A distinct function of the negative surface of SCWPs, neatly expressed as a continuum
of anionic charge®!, is yet to be elucidated, but is associated with several proposed

functions.6:44.76-79

e Binding of (divalent) cations

e Regulation of the equilibrium of metal ions for membrane functionality
e Binding of proteins

e Folding of proteins (extracellular and metallo-)

e Source of phosphate in case of phosphate deficiency

e Interaction with lytic enzymes (cell wall)

e Barrier (diffusion of nutrients and metabolites)

2.4 Binding interactions of non-classical SCWPs and S-layer proteins

S-layer (glyco)proteins can be covalently or non-covalently attached to various
components of the cell wall. For example, the plasma membrane in archaea3'80%-81 the
peptidoglycan in Gram-positive prokaryotes82%3182 and the lipopolysaccharide in
Gram-negative33.8384 bacteria.® S-layer (glyco)protein attachment to the cell wall is
best described for Gram-positive bacteria, where non-classical SCWPs (covalently
linked to the peptidoglycan, see Chapter 2.3) bind the glycoconjugates via non-
covalent mechanisms.23% The binding mechanism is based on the interaction of a S-

layer homology domain (SLH domain) at the termini of the protein (i.e. S-layer protein

12



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

or other extracellular protein) with the SCWP (Figure 1).1331.33.85-87 The domain family
SLH accounts 14,079 sequences (SLH domains) distributed over 651 bacterial
species, indicating early development of SLH-SCWP binding interaction in the realm

of prokaryotes.888°

Paenibacillus alvei CCM 20517 was selected as model organism to fully elucidate the
structural and molecular basis of anchoring the S-layer protein SpaA via its fully
defined non-classical SCWP (Figure 6).18:3564.90 The SLH domain of SpaA, present as
a triplicate at the N-terminus, features a conserved TRAE motif in SLH1, TVEE in
SLH2 and TRAQ in SLH3, the latter two being variants of TRAE.® These variations
lead to unequal SCWP binding contribution and mutation of the three motifs to TAAA
yielded 37%, 88% and 50% of the original binding affinity.829" The SLH domain is
followed by a C-terminus region that is believed to provide shelter for the domains.
The binding interaction SLH-SCWP depends on the negative charge imparted by the
pyruvates of the SCWP.54.66.88 \Within the TRAE motif, the arginine residue was shown

to be pivotal for interaction with the pyruvate 828592

2.5 Proposed Biosynthesis Pathway

The group of Schaffer® has previously reported the identification (transcription
analysis) of the spaA gene coding of Paenibacillus alvei CCM 20517. In the course of
which, seven sequences (orf1, csaB, tagA, tagO, slhA, spaA and orf7) were found to
be presumably involved in the biosynthesis of the pyruvylated SCWP. The sequences
were analyzed via database comparison and in the following, csaB, tagA and tagO are

discussed briefly.®’

CsaB shows high similarity to pyruvyltransferases (CsaB) in other Bacillus
homologues.®' The necessity of CsaB for the pyruvylation of SCWPs was shown in
case of Bacillus anthracis and Thermus thermophilus.®®88 The simultaneous presence
of CsaB and SLH domains in various Bacillus strains underlines the importance and
conservation of interaction of SLH domains with pyruvylated SCWPs across
prokaryotes.®88 The presence of c¢saB obviously indicates its role as

pyruvyltransferases CsaB in Paenibacillus alvei CCM 2051754

TagA and TagO encode the glycosyltransferases TagA and TagO in various Bacillus
species.®’ TagA (ManNAc transferase) and TagO (GIcNAc transferase) are

responsible for the construction of the GlIcNAc-ManNAc disaccharide moiety of the

13
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linkage unit in teichoic acids.%% As a ManNAc-GIcNAc repeat unit is present in the
SCWP of P. alvei CCM 20517, it was obvious to assess similar roles in the SCWP

biosynthesis of P. alvei.%!

The in vitro functional characterization of the enzymatic steps by Hager et al.% utilizing
recombinant, tagged enzymes TagA and CsaB unveiled TagA as an inverting UDP-a-
D-ManNAc:GIcNAc-lipid carrier transferase and CsaB as a pyruvyltransferase. The
pyruvyltransferase was shown to be only active on a lipid-linked pyrophosphate.®® The
study included a synthetic acceptor 11-phenoxyundecyl-diphosphoryl-a-D-GIcNAc
(provided by the group of Inka Brockhausen)®%, UDP-a-D-ManNAc and

phosphoenolpyruvate (PEP) as donor substrates.

Furthermore, the recombinant UDP-GIcNAc-2-epimerase of P. alvei was used to
circumvent the tedious (re-)synthesis of the nucleotide sugar.®® The epimerization rate

of the recombinant enzyme of 9.5% was within the range of previous publications.%’~
99

HO
HO MnaA  Ho—\ NHAC HO 0

HO o) g o) , Ho o o
oA %&A ACHNG_E_o-B-o fAo
crNo-upP O-UDP OH OH \©
n=5
UDP-ManNAc GlcNAc-PP-UndPh

TagA

glycosyl transferase
NHAC
HO

O HO
H%&LS&% o
ACHN 1} 1}

O"?_O"?_OM\/O
n=>5

CsaB, PEP
pyruvyl transferase

Scheme 1: One-pot cascade reaction towards lipid-linked SCWP precursor®®
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To compensate the low epimerization rate, the three enzymes (MnaA, TagA, CsaB)
were successfully utilized in a one-pot cascade reaction to yield the pyruvylated lipid-

linked disaccharide monomer.%® (Scheme 1)

Initial disaccharide formation
Lipid
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4.6-Pyr
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Figure 9: (A) Highly conserved disaccharide formation in SCWP biosynthesis (B and C) Two
proposed pathways of SCWP pyruvylation (D) Ligation of SCWP from cell membrane to
peptidoglycan
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The proposed biosynthesis pathway (Figure 9) can be grouped into three stages. In
stage A, the initial disaccharide repeat unit is constructed by the glycosyltransferases
TagO and TagA. This step is highly conserved among SCWP biosynthesis across
many prokaryotes.®> The stages B and C represent the suggested steps of
pyruvylation. Pyruvylation might occur at the stage of the lipid-linked disaccharide
monomer (stage B); termed Wzy pathway in reference to the Wzx/Wzy enzyme (i.e.
B. anthracis) that is believed to be responsible for translocation and polymerization
outside of the cytoplasm.'%-104 Chateau et al. proposed in 2020 a combination of

intracellular and extracellular glycosylation mechanism in Bacillus anthracis.%%1%6

Pyruvylation also might occur at the stage of the lipid-linked polymer (stage C),
followed by translocation of the SCWP to the extracellular space; termed ABC pathway
in reference to wall teichoic acid biosynthesis.??'%7 In WTA synthesis, the ABC
transporter (ATP-binding cassette) is composed of two enzymes (TagGH and TarGH)

that translocate the polymer starting from the non-reducing end or from the linkage
unit.52'1°7*1°8

The final ligation of the polymer from the cell membrane to the peptidoglycan at the
extracytoplasmic face is catalyzed by LCP transferase (LytR-CpsA-Psr); a conserved
class of phosphotransferases in bacteria that is involved in the ligation process within
SCWP biosynthesis.%11% The exact mechanism and functions of LCP transferases
are yet to be elucidated, but there are indications that LCP requires a lipid-phosphate
bound polymer. The lipid carrier is released during ligation and resumes as acceptor
for polymer construction.'®® The group of Schéffer has reviewed the current knowledge
(2021) on LytR-CpsA-Psr Glycopolymer Transferases and its potential for novel

antibiotics.10°

2.6 Paenibacillus alvei as well tractable model

Paenibacillus alvei CCM 2051T is a mesophilic Gram-positive prokaryote and is known
for being a secondary invader of honeybee colonies that are infected with the
European foulbrood, caused by Melissococcus pluton.''112 The bacterium is fully
covered with a S-layer glycoprotein that crystallizes in an oblique lattice (Chapter
2.2)."®8 The surface glycoprotein SpaA of P. alvei is an excellent platform to study SLH-
SCWP binding interaction as in vivo and in vitro studies can be performed.''?

Furthermore, the SCWP of P. alvei is stoichiometrically defined and does not display
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any distinct terminal unit and murein linkage during the biosynthesis.®* (Chapter
2.3.3.1) Together with the availability of pure recombinant pyruvyl transferase
(rPaCsaB)® and an established quantitative pyruvylation assay in the group of
Schaffer® 113, these characteristics make Paenibacillus alvei CCM 20517 a well

tractable model.

2.7 Preliminary work

In cooperation with the groups of Christina Schaffer and Stephen V. Evans, four
synthetic ligands — mimicking fragments of the SCWP of P. alvei — were previously
synthesized and co-crystallized with SpaAst+ to investigate the molecular basis of the

SCWP-protein interactions.%2*

@)
Cc D
COONa COONa COONa
NHAc /‘V NHAc NHAc
oL N2 O%QB%OM% 2o
H H
HO O HO N
@] 0]

Figure 10: Synthetic SCWP fragments of P. alvej®2*14

The three conserved TRAE, TVEE and TRAQ motifs of SpaA (Chapter 2.5) are located
near and unequally contribute to the three grooves G1, G2 and G3 harbored by the
three SLH domains (SLH1, SLH2, SLH3).924 The co-crystal structure of synthetic
monosaccharide 4,6-Pyr-B-D-ManNAcOMe (Figure 10A) with wild-type SpaAsLH
uncovered ligand binding in a narrow pocket of G2 composed of conserved residues
of all three SLH domains.® (Figure 11) The pyruvate is bound deeply into the pocket
via salt bridge interactions (Arg, Lys) and H-bonds (GIn, Gly amides).® The

hydrophobic moiety of the ManNAc shows stacking interaction with a Trp residue.®
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Figure 11: (a) Ribbon diagram of SpaAsws with monosaccharide ligand (PDB 6CWI);
overlapped by Sap from B. anthracis (PDB 3PYW) in tan (b) Stereo views of monosaccharide
ligand in G1 (c¢) and G2. “Structural basis of cell wall anchoring by SLH domains in
Paenibacillus alvei.” by “Blackler, R.J., Lopez-Guzman, A., Hager, F.F. et al.“ in “Nat Commun
9, 3120 (2018)” is licensed under Creative Commons Attribution 4.0 International License (no
changes were made to the image)
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Further analysis of the binding interaction via isothermal titration calorimetry (ITC) in
solution between SpaAsix and 4,6-Pyr-B-D-ManNAcOMe (Figure 10A) unveiled 1:1
binding stoichiometry (Kp = 29 nM), indicating high preference for G2 in wild-type
SpaAstH.?

The mutation of a conserved glycine residue to alanine (G109A) resulted in
inactivation of the G2 binding site and facilitated G1 binding for the monosaccharide.®
(Figure 10A) The G1 binding affinity was one order of a magnitude less than in case
of G2 binding.® The mutations of two conserved glycine residues (G46A, G109A)
suppressed any ligand-binding and no binding in G3 was observed.® The ability of S-
layer protein SpaAstH to utilize two grooves with different preferences (G2, G1) for
binding may spark a first glance on how S-layer carrying prokaryotes may avoid strain

during cell growth and division.®

The internal disaccharide repeat [(-D-GIcNAc-(1->3)-4,6-Pyr-B-D-ManNAcOMe
(Figure 10B) displayed no binding affinity to SpaAsLn by ITC, indicating the necessity
for a terminal pyruvate.® Despite the lack of interaction via ITC in solution, the
successful co-crystallization of the internal repeat with SpaAsLn revealed higher

binding affinity in crystalline environment.® Hereby, the 4,6-Pyr-ManNAc moiety binds
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to G2 while the GIcNAc moiety is aligned in two different conformations with no H-
bonds to the protein.® The protein displays some disorder in its structure in proximity

to the GIcNAc moiety to clear room for the GIcNAc face.®

The next leading questions were to elucidate the (binding) interactions of subsequent
repeat units — such as the role of internal pyruvates and the acceptance of longer
fragments in G2 and G1.%2* The terminal disaccharide 4,6-Pyr-B-b-ManNAc-(1->4)-B-
D-GIcNAcOMe''* (Figure 10C) and trisaccharide 4,6-Pyr-B-D-ManNAc-(1->4)-3-D-
GIcNAc-(1->3)-4,6-Pyr-B-bD-ManNAcOMe (Figure 10D) were synthesized and binding
affinity was determined via ITC analysis and co-crystallization with wildtype-SpaAstL+
and mutants (SpaAs.h/G109A and SpaAsLH/G46A/G109A).24

Table 1: ITC binding analysis (20 °C) for ligands with terminal pyruvate (Figure 10) *SpaAsiH
**SpaAsLi/G109A ***SpaAsLi/G46A/G109A 924

Ligand Protein -TAS AH AG Stoichiometry Kp
variant (kJ/mol) (kJ/mol) (kJ/mol) (nM)

wildtype* -18.70+557  -27.14+329  -45.84 +2.29 1.16 + 0.10 47

4D  single*™*  -1599+1.00 -20.92+057  -36.91% 047 144 +0.25 260
double*** n.a. n.a. n.a. n.a. n.a.
""""""" wildtype*  -9.95+2.08  -30.36+1.64  -40.31+0.65 1.20 £ 0.16 64
4C  single**  -1574+135  -2095+151  -36.70 % 0.20 1.30 + 0.19 288
double*** n.a. n.a. n.a. n.a. n.a.
""""""" wildtype* 4574 +16.01 -87.85+15.62 -42.10+0.65  0.91+0.04 29
1A single** 13.33+7.0 -50.64+7.29 -37.31+0.33  0.92+0.04 226
double*** n.a. n.a. n.a. n.a. n.a.

All three terminal pyruvylated ligands showed 1:1 binding stoichiometry (Table 1).924
The disaccharide displays a greater dissociation constant (lower binding affinity) than
the monosaccharide for the wildtype protein, while the trisaccharide features an
opposite trend (Kpti < Kbmono < Kb,di).%?* The dissociation constants for the single
mutant SpaAsLH/G109A are as expected higher and no binding was observed in case
of the double mutant SpaAsLH/G46A/G109A.°2* The Gibbs energy of the three ligands

are within similar range, for both wildtype and single mutant.®24

The co-crystallization structure of disaccharide-SpaAsin revealed the analogical
pocket binding pattern as in case of the monosaccharide.®?* The glycosidic bond is

located outside the pocket and the GIcNAc moiety is facing away from the binding site
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with no direct interactions with the protein.®2* In accordance with the mono- and
disaccharide, the co-crystal structure of trisaccharide-SpaAsin utilizes the terminal
ManNAc residue as anchoring point.®?4 The GIcNAc and ManNAc moieties are located
outside the binding pocket and form indirect contact with the protein surface via water

molecules.%24

2.8 Aim of this work

To definitely confirm that SpaAsLH-SCWP binding preferably depends on the terminal
pyruvate, the tetrasaccharides A (Figure 12) containing two ManNAc-GIcNAc repeat
units with different pyruvate substitution were selected as main targets. The
orthogonality of the protecting group pattern was selected to allow further construction

towards lipid-pyrophosphate carrying polysaccharides B (Figure 12).

A COONa COONa
o NHAc o NHAc
O HO O HO
o Ho 2o Ho 2o
HN \/\
O (0]
COONa
o NHAc o NHAc
H
Ponsla e o HO&KB%&
HO HO o
_zN _zN \/\
(0] (0]
B NHAc NHAc
[e) (0]
HO || ||
\( O—P—O—P—O—Llpld
R 0 O OH OH
R=Hor N3

Figure 12: Target compounds
The lipid-pyrophosphate tetrasaccharides B (Figure 12) are intended for pyruvylation
studies with recombinant rPaCsaB to investigate the polymerization pathway (ABC
pathway vs Wzy pathway; Chapter 2.5). The equatorial N-acetyls may be equipped

with azides for biorthogonal monitoring via click-reaction.
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3 Results and discussion

3.1 Retrosynthetic analysis

Ligands for SpaAg 4-SCWP studies Ligand for CsaB studies

/lTO NHAc R o NHAc Ho NHAc Ho NHAc
0 HO T O Ho O HO O HO
%&/o 0 OS%JQ/O 0 H S%JQ/O o HO&J\»O 0
HO HO OPropyl HO HO o o9
AcHN AcHN HN HNO—FI'—o—ﬁ—o—Lipid
R {O\ R S\O OH OH
52 (terminal pyruvate) 67 (R=H)
53 (terminal and internal pyruvates) / 68 (R=Cl)

NHAc NHAc

HO HO o
0 HO O Ho
H Sﬁwow&o O . HO-P-O-Lipid
HO HO 0 OH
AcHN AcHNO_llp oH
—~o\
Ay
OYO 25 OAllyl
x AcHN

OH

1,2-cis glycosidic bond

/ %2 \
Ao NH PO o Pivo\ Mo B0 o
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\ cl cl
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30 (R =Bn)

S\2 inversion on 1,2-cis-glycosylation via HAD pathway

1,2-trans system

Scheme 2: Retrosynthetic approach towards ligand targets for crystallization and
pyruvylation studies

The main targets 47 and 48, intended for SpaAstH-SCWP co-crystallization
experiments, as well as pyruvylation targets 67 and 68, can be reduced to mutual
disaccharide 32. The key intermediate 32 features a fully orthogonally protecting group
pattern that allows further manipulations on the non-reducing and reducing ends —

enabling elongation and pyrophosphate linkage formation.

The decisive structural considerations are the construction of the -(1->4) mannosidic
linkage within the ManNAc-GIcNAc repeat units, the B-(1->3) glycosidic bond between
the repeat units, the pyrophosphate linkage, the order of pyruvylation and the

sequence of protecting group manipulations.
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3.1.1 Approaches towards -ManNAc linkage

The difficulty of 3-mannosylation is fueled by the strong anomeric effect that facilitates
a-formation, the neighboring group participation and the steric repulsion induced by
the axial Cz-substitution.'’® The plethora of methodologies towards the synthesis of -
mannosidic linkages has experienced significant growth in the past two decades'"s,
but still remains one of the biggest challenges in the realm of carbohydrate
chemistry.!"® The general scope’® of B-mannosylation includes indirect procedures
(e.g. Co-inversion, Cz-oxidation-reduction, intramolecular aglycone delivery — IAD,
anomeric alkylation)'"”1® and direct procedures (e.g. Crich’s 4,6-O-benzylidene
thioglycosides/sulfoxides, hydrogen-bond mediated aglycon delivery — HAD) that have
been used with varying success to afford amino B-mannosidic linkages (-
ManNAc)."1%-121 (Scheme 3)

The Cz-inversion is a classic approach to B-mannosamine bonds that involves a 1,2-
trans glycosylation facilitated by neighboring group participation, followed by Coa-
inversion within the donor moiety.'?> This method has also been applied to the

synthesis of the disaccharide ligand (Figure 10B).""4

Another route towards diastereoselective glycosylation is via hydrogen-bond mediated
aglycon delivery (HAD) pathway that utilizes remote group participation.’?3 The HAD
pathway is, like Crich’s approach'', a direct glycosylation procedure, but has been
applied with more success to construct B-mannosamine bonds.’?® This procedure
requires a non-participating group at the Cz-position and 2-azido-2-deoxy-
mannosamine derivatives are applied most commonly that can be introduced via
diazotransfer reaction on mannosamine'?-26 or classical Cz-inversion'?"128 from
glucose.'”® Crich’'s method was used to construct a B-bD-ManNAc-(1->4)-GIcNAc
linkage within the total synthesis towards a secondary cell wall polymer fragment of
Bacillus anthracis but yielded an a/B ratio of 1:1.1.">® To my knowledge, the HAD
pathway has yet not been applied to build a B-D-ManNAc-(1->4)-GIcNAc linkage.
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Scheme 3: Selected methodologies for B-mannosylation'®

For the decisive B-D-ManNAc-(1->4)-GIcNAc glycosidic bond, the established Co2-
inversion'?? and the HAD pathway'?3 were chosen due to its proven methodology or

novelty, respectively.
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3.2 Approach via Cz-inversion

3.2.1 Synthesis towards donor

HO o Acy0

HO oH

Ho Pyridine,0°Ctort

AcO o CI;CCN, DBU

Aé\80 o BnNH,
AcO THF, rt
AcO OAc
2
94%
A0 NH
AcO

Scheme 4: Synthesis towards donor 4 (C-inversion)

According to a literature procedure’°, donor 4 is prepared from D-glucose 1 through

peracetylation under standard conditions to give 2 with 94% yield, followed by

anomeric deprotection with benzyl amine to yield 69% of hemiacetal 3. The final

imidate leaving group was not installed due to the incomplete acceptor synthesis 15.

(Chapter 3.2.2)
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3.2.2 Attempted synthesis of acceptor
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Scheme 5: Synthesis towards acceptor 15

The literature-unknown acceptor 15, decorated with an N-chloroacetyl group, allows
for either azide installation (bioorthogonal click reaction for monitoring) or reduction to
the native N-acetyl group. The chloroacetyl group was also intended to improve

solubility in organic solvents, as amino sugars are very polar compounds.

The forward synthesis towards common building block 9 follows established

protocols. 131132

Glucosamine hydrochloride 5 was N-protected with p-anisaldehyde to yield the imine
6 with 79%, followed by peracetylation using standard conditions to give 90% yield of
7. The temporary N-protective group was removed via treatment with hydrochloric acid
to yield 91% of 8 as a hydrochloride salt and stirring against aqueous sodium

carbonate gave 84% vyield of the free amine 9.131.132
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The free amine was N-protected with chloroacetyl chloride'® to obtain 10 and the
anomeric allyl glycoside 11 was afforded with 48% yield via transglycosylation with
boron trifluoride etherate'34. The transglycosylation utilizing boron trifluoride etherate
as Lewis promoter proved to be superior in terms of yield, a/p ratio (1:15 vs 1:4) and
aqueous work up, compared to ferric(lll) chloride as promoter. In case of the latter
promoter, aqueous work up gives the insoluble ferric hydroxide that has to be removed

via filtration.

Compound 11 was de-acetylated to 12 and Lewis acid promoted 4,6-O-benzylidene
protection gave 13 with 99% and 82% yields, respectively. Due to the high polarity of
the amino sugars, dimethylformamide was added as a co-solvent in the latter

protection step.

Subsequent benzylation of 13 via Williamson etherification indicated full consumption
of the starting material according to TLC. Flash column chromatography and analysis
via TLC and LC-MS (column: C4, profile: 20%—>100% in 20 min) indicated the
formation of several byproducts, but the desired product was not isolated. According
to NMR analysis, the N-benzylation byproduct was isolated in small quantities. The
N-H of the amino group might be more prone to deprotonation than the neighboring
alcohol through stabilization via hydrogen-bond formation. Vice versa, byproduct
formation through ring-closure via nucleophilic attack from the 3-alkoxide to the
chloroacetyl group could also have been possible. (Scheme 6) The substitution of
sodium hydride with potassium hydroxide or the less basic silver oxide did not lead to
any conversion according to TLC and LC-MS (column: C4, 5%->100% in 20 min) in
both cases after prolonged reaction times. (Scheme 6) The benzyl bromide was

filtered over basic aluminum oxide prior to use.
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Scheme 6: Attempted Williamson etherification on 13 (a. BnBr, NaH, DMF b. Ag.O, BnBr,
DMF c. KOH, BnBr, DMF)

Wang et al.'3® reported the regioselective one-pot protection of glucose to yield various
protected compounds, but the procedure was not applied to any amino sugars in the
original publication. (Scheme 7) A preceding per-O-silylation step provides the
intermediates with the necessary regioselective reactivity and improved solubility.'3°
Depending on the following reaction sequence, a variety of protected
monosaccharides are accessible.'®® The reaction sequence to fully protected glucose
derivatives involves the trimethylsilyl triflate catalyzed benzylidene formation, followed
by reductive benzylation.'®® The remaining 2-O-silyl group is cleaved via treatment
with tetrabutylammonium fluoride and is protected by an ester or ether group.'3®
(Scheme 7) An adaptation of this procedure was applied to compound 12, but only
partially protected intermediates were obtained in presence of excess reagent
according to TLC and NMR analysis. The reaction was not further investigated. The

silylation of compound 13 did not give any conversion according to TLC. (Scheme 8)
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Scheme 8: Attempted (regioselective) protection on compounds 12 and 13'3°

We reasoned that basic procedures may facilitate byproduct formation. Benzyl
imidates, such as benzyl trichloroacetimidate or benzyl N-phenyl-2,2,2-
trifluoroacetimidate, have been reported to give benzyl ethers under non-basic
conditions utilizing trimethylsilyl triflate as promoter.'36-138 Benzyl N-phenyl-2,2,2-
trifluoroacetimidate is a variation of Yu's glycosyl donor, bench-stable for months and
less prone to rearrangement than benzyl trichloroacetimidate.'3813° The reagent is
synthesized from benzyl alcohol (dry), N-phenyl trifluoroacetimidoyl chloride and
potassium carbonate in quantitative yields.'3 (Scheme 9) The benzylation of 13 in
dichloromethane/acetonitrile gave a suspension at 0 °C that solubilized at ambient
temperature. Monitoring via TLC and LC-MS indicated minor amounts of the product

mass that could also have been N-benzylated product. The reaction was repeated
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solely in acetonitrile, but due to insolubility no conversion was observed at any time

and temperature.’3® (Scheme 9)
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M /G@ > 0
oy neat, rt/1h @
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6%

HN + N DCM/ACN or ACN Ph— HN
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13 3 equiv. 14

Scheme 9: Attempted alkylation utilizing benzyl N-phenyltrifluoroacetimidate '
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3.3 The reactivity of N-acylglucosamine derivatives

The group of Nicola Pohl'0 investigated the regioselective 4,6-di-O-benzylation of
glucosamine derivatives with the 3-OH remaining unprotected. (Table 2) A sterically
demanding  N-protecting group, like Phth (phthaloyl)''142  or TCP
(tetrachlorophthaloyl)'#3, would facilitate the 4,6-di-O-benzylation and mask the 3-OH,
but would simultaneously decrease the reactivity of the 3-OH towards glycosylation.
The literature reports that glycosylation preferably favors the 4-OH over the 3-OH in
case of bulky 2-N-protection, while less sterically demanding groups (i.e. azido, acetyl,
2,2 2-trichloroethylcarbonate) give a mix of regioisomers.'#4-146 To suppress
benzylation on the 3-O-position while keeping its reactivity intact, a N-trichloroacetyl
(TCA) protective group was chosen by the group of Pohl.'° Surprised by the lack of
efficient benzylation procedures for 4,6-di-O-benzyl-N-TCA glucosamine derivatives,
the group screened various benzylation conditions.’® The decisive strategy was to
exploit the different chemical stability of O-acyl and N-acyl protecting groups.'° To
facilitate regioselectivity, tetrahydrofuran was used as solvent with lower polarity.140.147
The addition of a phase-transfer catalyst like 15-crown-5 allowed the use of a milder
base and prevent possible N-TCA cleavage. 42148 (Table 2; Entry 1) In cases where
the amino functionality is completely masked, 3,4,6-tri-O-benzylation products were
predominantly obtained — indicating that the free N-H may suppress reactivity on the
3-OH position. (Table 2; Entries 2-6)'4° The 2-azido substrate gave exclusively
tribenzylated product in two hours, while N-benzylation was observed with mono-
protected amino groups (Table 2; Entries 1-2) and N-diacetyl group (Table 2; Entry 3)
that reacted further to give also the tetrabenzylated byproduct.' This is in accordance

with our results, as we also isolated the N-benzylated byproduct. (Chapter 3.2.2)
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Table 2: Regioselective benzylation via phase-transfer catalysis by the group of Pohl;
conditions: NaOH (powdered, 12 equiv.), 15-crown-5 (0.05 equiv. of base), BnBr (3 equiv.),
THF (10 ml/mmol), rt/20 h (or 2 h for entry 5)'°

Dibenzylated Tribenzylated Tetrabenzylated
Entry Substrate product product product
AcO o BnO o BnO
1 Ac&&OMP BnO. omp B"&g%&/ow
NHCOCF; NHCOCF; NHBn
53% 20%
AcO BnO BnO
NHAc NHAc NAcBn
35% 33%
AcO o BnO BnO
NAc, NHAc NAcBn
16% 49%
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8 AcO O OMP &/OMP
AcO >/NBn
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60%

3

In case of the desired N-TCA substrate (Table 2; Entry 1), the regioselective 4,6-di-O-
benzylation was successful but was accompanied by tetrabenzylated byproduct.’4°
The additional N-benzylation might mask the amino functionality and facilitate 3-O-

benzylation.
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The group of David Crich investigated the reactivity of glucosamine sugars as
nucleophiles/glycosyl acceptors in a comparative study.'#® The relative reactivities of
different amino protective groups (N-acetyl, 2-azido, N-phthaloyl) were evaluated in
glycosylation reactions with phenyl 2,3-di-O-benzyl-4,6-O-benzylidene-1-deoxy-1-
thio-a-D-mannopyranoside sulfoxide as donor. '#° (Scheme 10) The glycosyl acceptors
were first reacted with the sulfoxide donors separately and then an equimolar mix of
the three acceptors were reacted.’*® (Scheme 10) The one-pot competition experiment
showed that the reactivity of the 2-azido acceptor was one order of magnitude greater
than the N-acetyl group, while the N-phthaloyl group showed a threefold greater
reactivity.'#® The results are in accordance with the “common knowledge” that the 4-
OH of N-acetylglucosamine derivatives are poor nucleophiles.'#%150 The glycosylation
with corresponding imides (N,N-di-acetyl and N-benzyl-N-acetyl) (Scheme 11) gave
higher yields compared to the N-acetyl acceptor, but the partial imide hydrolysis
complicated the product isolation.® The bidentate N-phthaloyl protecting group
proves to be superior to the N,N-di-acetyl and N-benzyl-N-acetyl derivatives in terms
of imide stability and ease of NMR characterization due to rotamers.'#® These results
are a clear indication that the lack of reactivity is induced by inter- and/or intramolecular

hydrogen-bond interactions.™®

The poor reactivity of N-acyl glucosamines at the 3- and 4-OH position is a
consequence of intra- and intermolecular hydrogen-bond interactions and full-
protection of the amino functionality is an obvious circumvention to facilitate reactivity

and solubility. 40149
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Scheme 10: N-protected glucosamine acceptors in 4-O-glycosylation'®
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Scheme 11: N,N-di-acetyl and N-acetyl-N-benzyl protected glucosamine acceptors'®
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3.4 Approach via diastereoselective HAD pathway

The group of Demchenko has investigated the diastereoselective glycosylation
towards B-mannosides through remote-group participation of a 3-O-picoloyl group in
a 2-azido protected donor.'?®> The picoloyl group directs the glycosyl acceptor via
hydrogen-bond interaction to the anomeric center to form the 1,2-cis glycosidic
bond.'?® (Scheme 12) The mechanism of the reaction pathway, termed hydrogen-bond
mediated aglycon delivery (HAD) pathway, is not fully elucidated.’”® The group
showed that the typical 4,6-O-benzylidene protective group is not required to facilitate

B-manno selectivity. 123151

The scope of used glycosyl acceptors covers various tribenzylated methyl a-D-
glucopyranosides, but no glucosamine derivatives.'?? (Table 3) The yield was not
affected in case of tenfold dilution, but shifted the a/p ratio in favor for the desired 1,2-

cis product.’?? (Table 3)

Table 3: B-Mannosylation via HAD pathway
(conditions: NIS/TfOH, 1,2-DCE, 4 A MS, -30 °C to rt)'23

Entry Donor Product
Ph—-0—\ 7B"
o5 O o}
1 o Bno O 82%:; a/B 1:5.0 (50 mM)
BnO 97%; a/B 1:21(5 mM)
=N OMe
\_/

o) 0 O
2 (o) BnO 81%; a/B 1:11(50 mM)
BnOOM 69%; /B 1:14 (5 mM)
N =N e
Ph~S-0 d
Oo \ y/
(0]
SEt
=N
BnO
\ Ph—-0—\ 78" BnO 0
/ O%O
3 o BnOOMe 76%; a/B 1:6.0 (50 mM)

61%: o/B 1:11(5 mM)

0
Ph—x-0—\ 98" Oome
4 e} 0 86%; a/B 1:9.0 (50 mM)
o 87%; a/B 1:25 (5 mM)
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Scheme 12: Donor/Acceptor system for the diastereoselective approach towards

B-D-ManNAc-(1->4)-GlcNAc linkage'?3

The N-phthaloyl (or related N-tetrachlorophthaloyl) and especially the 2-azido

protecting groups were proven to be superior in glycosylation than the N-acetyl

derivative.’® (Chapter 3.3) The sterically demanding N-tetrachlorophthaloyl (TCP)

protecting group was chosen due to its orthogonality to the 2-azido group of the

glycosyl donor, the literature-reported regioselectivity for 4-O- over 3-O-glycosylation

(potentially dismissing the need for 3-O-protection)'3, vastly improved solubility in

organic solvents and ease of cleavage compared to the related N-phthaloyl group.'%?
(Scheme 12, Scheme 13)

28 30

Scheme 13: Glycosyl acceptor targets 28 and 30
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3.4.1 Synthesis of monosaccharide donor

2% HS04

HEC\ o PhCH(OMe)z, CSA P20 i) TH,0/py,-3010-20°C_ prr .0\ 3 in Ac 0 aco\ o
HO DMF, 60 °C/20 HO i . Po E Ao
HO. s mbar, 2 h HO i) NaN3, DMF, 75 °C 0°Ctort C

OMe OMe OMe OAc

16 17 18 19
93% 83% 79%

N
iy NaOMe, MeOH, rt PO [0
HSE, BF5OEt, a0\ N i) PhCH(OMe);, CSA, ACN it o v-0—\ Mo PicoCI*HCI, TEA, DMAP o
DCM,0°C tort AT %o DCM, rt o SEt

SEt SEt =N
\_7

20 21 22
83% 83% >99%

Scheme 14: Synthesis towards donor 22

The synthesis towards 22 followed a procedure from the group of Demchenko.'??
Starting from commercial methyl a-D-glucopyranoside 16, compound 17 was obtained
via trans-acetalisation in dimethylformamide on the rotary evaporator.’®31%4 The
formed methanol was distilled at 60 °C/20 mbar to shift the equilibrium in favor of the
product. The 2-azido group was introduced via the classical C2-sulfonation-inversion
reaction sequence to give compound 18.1151%5.156 The regioselectivity during the
sulfonation was obtained at low temperatures ranging from -30 °C to -20 °C with 1.05
equivalents of trifluoromethanesulfonic anhydride, followed by Sn2 reaction with
sodium azide.'®” Acetalysis and peracetylation in acetic anhydride with 2% sulfuric
acid gave the 1,3,4,6-tetra-O-acetyl compound 19.7% [ewis-acid promoted
transglycosylation with ethanethiol yielded 20 with an a/B ratio of 6:1.1%8 De-acetylation
under Zemplen condition and subsequent Brgnsted-acid catalyzed 4,6-O-benzylidene
protection yielded 21.23 Final 3-O-picoloyl protection via the corresponding acid

chloride gave the desired donor 22 with over 99% vyield.'?3
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3.4.2 Synthesis of monosaccharide acceptors

l TCPA, pyridine, rt

i) NaOMe, MeOH
HO ii) TCPA, TEA AcO AcO
o) iii) Ac,0. py 0 AlIOH, BF OEt /%&
"% DRemr L ARo AIOR.BFaOF ARG OAlly
H-N "OH TCPN ‘Hac  DCM, rt to reflux TCPN
HCI
12 23: o (16%) 25
. 0,
24: B (78%) 7%
HO -0 § BnO
el PhCH(OMe),, CSA  Ph Et,SiH, TfOH
cone C/ = H%&&/OAM T E— (OMe). O OAlyl —= 28, HO O OAll
acetone/water, 7 ToPN ACN, rt TCPN DCM, -78°C,4 AMS TCPN
26 27 28
75% 84% 74%

©/\OTCA l

DCM/cyclohexane, TFOH

= . BnO
Ph &o&&o Aty EtsSiH, TFOH HI%S%&/OAHVI

TCPN DCM, -78 °C, 4 AMS TCPN
29 30
89% 7%

Scheme 15: Synthesis towards glycosyl acceptors 28 and 30

Compound 23 was synthesized from 5 in a three-step one-pot reaction sequence.%%-
163 Glucosamine hydrochloride was treated with one equivalent of sodium methoxide
to yield the free base that was N-protected with tetrachlorophthalic anhydride.
Subsequent peracetylation afforded fully protected 23 in a-configuration with overall
16% yield. The N-TCP protection of 1,3,4,6-tetra-O-acetyl-glucosamine hydrochloride
8 gave 24 in B-configuration with 78% yield.'*® The latter route towards 1,3,4,6-tetra-
O-acetyl-N-TCP-D-glucopyranose proved to be more reliable and high-yielding than
the one-pot sequence.'3 The literature-unknown allyl glycoside 25 was obtained in a
Lewis-acid catalyzed transglycosylation reaction. Initial synthesis with ferric(lll)
chloride yielded 25 with 73% after an inconvenient work up procedure to remove the
insoluble ferric(lll) hydroxide.'®* The use of boron trifluoride etherate indicated 50%
conversion according to TLC at ambient temperature.'®® Full consumption was

obtained after further stirring at elevated oil bath temperature of 60 °C to yield 25 with
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77% vyield. De-acetylation of 25 under standard Zemplen conditions at ambient
temperature gave two evenly intensive spots according to TLC. The crude NMR
analysis indicated the product and the mono-cleavage of the N-tetrachlorophthaloyl
group as byproduct. The highly base-labile nature'? of the N-TCP protective group
was also observed by the group of Magnusson'#? in a similar building block with a
p-methoxyphenyl group as anomeric protecting group. The group applied optimized
conditions of Zemplen (large volume of 0.018 M sodium methoxide in methanol under
15 minutes) to yield up to 86% yield of the corresponding triol.’*3 This procedure was
not applied to 25, as it seemed too unreliable. Deprotection using milder magnesium
hydroxide in methanol at ambient temperature gave pre-dominantly the mono-cleaved
byproduct, emphasizing the base-labile nature.'%6-168 As basic conditions would also
facilitate acetyl migration to the 2-position, acidic hydrolysis was investigated.
Compound 25, dissolved in acetone/water, was treated with an excess of concentrated
hydrochloric acid (14.5 equivalents) at 70 °C for roughly 15 hours to obtain the desired
triol 26 in 75% yield."®® The N-TCP group was not affected under these harsh
conditions. The acetalisation towards the 4,6-O-benzylidene protected 27 was
achieved under standard conditions. Compound 27 served as intermediate towards
the synthesis of glycosyl acceptors 28 and 30. Reductive ring-opening of 27 with
triethylsilane and triflic acid under dry conditions and low temperatures gave 28.77° In
some cases, the mono-silylated byproducts (3-O-TMS and 4-O-TMS) were observed
in varying quantities. The byproducts were isolated and characterized, and de-
silylation via a tetrabutylammonium fluoride-mediated procedure afforded the final
glycosyl acceptor 28.'"" (Scheme 16) The 3-O-benzylation of glucosamine derivative
27 was finally accessible under acidic conditions via benzyl trichloroacetimidate.’”?
The 0.06 equivalents of triflic acid and the basic nature of the molecular sieves may
provide almost neutral conditions in this benzylation. The following reductive ring-
opening of 29 with triethylsilane gave the glycosyl acceptor 30.7° No silylated
byproducts were observed. In contrast to the ring-opening of 28, the triethylsilane and
the starting material were pre-stired with the molecular sieves at ambient
temperature, before addition of the triflic acid at -78 °C. The water content of the used
reagent might have been responsible for byproduct formation during the ring-opening

of 27, as in this case the reagent was added right before the acid.
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Scheme 16: Mix of product and silylated byproducts in the ring-opening of 27
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3.4.3 Attempted diastereo- and regioselective glycosylation

The reactivity of the 3-OH group in 2-amino sugars can be attenuated in presence of
sterically bulky N-protecting groups like phthaloyl'”® or tetrachlorophthaloyl.'”# In case
of unprotected 3- and 4-O-positions, bulky N-protected glycosyl acceptors might allow

regioselectivity in glycosylation reactions.

oB OBn AcO __OBn OBn
AcO _OBn
¢ y o AgOTF, ACN, -70 °C/5 min 0 N
O sph * o O ~sm then MeSBr, DCE, -70 °C/2h AcO % O ~gi
AcO NPhth e AcO NPhth Mes
AcO
87%
OBn AcO _OBn OBn

AcO

AoD OB AgOTf, ACN, -78 °C/5 mi 0
16) gOTf, ,-78 °C/5 min 0
Aco‘éoz sph + Qo 0 then MeSBr, DCE, -70 °C/2h ACON——Q0 o
TCPN > TCPN
o~ o~
84%

Scheme 17: Regioselective 4-O-B-galactosylation with N-phthaloyl glucosamine acceptor'3

The group of Magnusson'#3 has exploited the sterically hindered 3-O-position towards
regioselective galactosylation. (Scheme 17) The wuse of phthaloyl and
tetrachlorophthaloyl groups gave both the same results with a thiophenyl galactosyl
donor under sulfenyl activation.'*® The 13 linked disaccharide was not observed
according to TLC and by NMR."43

N3 BnO
PhX-0 Ph7X0 0
O%ﬁ Do 4 A BHC%WOAH .oy It HO&WOA"V'
DCM, 4 AMS y NTCP
° SEt + H%/%OWOA”V' —_— NTCP + 0

=N NTCP =N =N
\ \_/ \_/

22 28 31 31a

traces 40%

Scheme 18: Attempted regioselective B-mannosylation

In our attempts towards regioselective glycosylation, the reactions of donor 22 with
acceptor 28 gave, to our surprise, pre-dominantly the 3-O-linked disaccharide 31a in
B-configuration. (Scheme 18) The B-(1->3) linkage was determined via the H1a-Css
correlation in the HMBC spectrum (Figure 13) and the corresponding coupling
constant of "Jc1aH1a = 163 Hz in the CLIP-HSQC (Figure 14).175
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Figure 14: CLIP-HSQC of 31a with coupling values for the anomeric protons

The reactions were promoted by N-iodosuccinimide (2.4 equiv.) and triflic acid
(0.4 equiv.) and a purple discoloration at -7 °C indicated the start of the glycosylation.
The donor 22 (1.2 — 1.4 equiv.) was used in excess, but the acceptor 28 was never
fully consumed even at ambient temperature. (Figure 15) The monitoring via TLC
indicated pre-dominantly the formation of one compound. Isolation via flash column
chromatography gave the undesired 3-O-linked byproduct with yields up to 40%. The
LC-MS analysis of the minor accompanying spots detected the mass of 31/31a,
possibly indicating traces of the desired 4-O-regioisomer. Prolonged reaction time for

roughly 15 hours facilitated byproduct formation and decomposition. (Figure 16)
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Figure 16: Stirring at ambient temperature for 15 hours did not facilitate full consumption (A
= Acceptor, R = Reaction, D = Donor, X = Co-spots of adjacent spots)

The preference for the 3-OH position despite the steric hindrance induced by the bulky
N-TCP group in 28 might be attributed to the lower reactivity of the 4-OH position
compared to the 3-OH group.’™® (Chapter 3.3) An increase of the glycosyl donor
reactivity may induce regioselectivity. Sulfenyl reagents are strong promoters that
activate thioglycosides at -78 °C in a fast and clean way'76-8 and this promoter has
also been used by the group of Magnusson.'? (Scheme 17: Regioselective 4-O-B-
galactosylation with N-phthaloyl glucosamine acceptor'#®) p-Toluenesulfenyl chloride
(p-TolSCI)'8 was used as alternative sulfenyl promoter to methanesulfenyl bromide
due to its lower volatility and better stability. It is synthesized from p-thiocresol in n-
hexane by adding sulfuryl chloride at 0 °C."8%.181 The resulting sulfenyl chloride was
distilled from the crude reaction mixture in a short-path distillation apparatus at
51 °C/0.13 mbar after the solvent was removed in vacuo. The reagent was obtained
as an intensive red liquid and all operations were strictly executed under argon

atmosphere. (Scheme 19)
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SH S.
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Purification via distillation at 51°C/0.13 mbar

Scheme 19: Synthesis of p-TolSCI promoter8°

The donor 22 and acceptor 28 (1.5 equiv.) were pre-stirred with 4 A molecular sieves,
before silver triflate (2.5 equiv.) in acetonitrile was added. After additional stirring for
20 min under exclusion of light, p-toluenesulfenyl chloride was added at -75 °C to form

the actual promoter p-toluenesulfenyl triflate.'® (Scheme 20)

N; N
Ph—-0 Ph™0
o ] O BnO
o OO BnO o ;Olg%-lgg equ!v.; o O&/%ﬁop\”w
.5 equiv.
SEt + H%&WOAM PO s > NTCP
=N NTCP DCM,-75°C =N
\_/

\_/
1" 28 31

Scheme 20: Thioglycoside activation with p-toluenesulfenyl chloride'd

The monitoring of the reaction via HPTLC (Figure 17) indicated pre-dominantly the
formation of a spot closely above the acceptor that was accompanied by an intensive
baseline spot. A minor compound with similar retention to the 3-O-linked byproduct
31a was also observed. Prolonged reaction time (15 hours) and ambient temperature
did not facilitate consumption of the donor, but the acceptor was fully consumed. The
baseline spot and the major byproduct increased with further reaction progress, but
the donor remained unchanged. The crude NMR analysis indicated the complete
absence of any allyl signal. Further analysis via LC-MS (HILIC, C5) indicated
electrophilic addition byproducts and the corresponding cyclic sulfonium ion. (Scheme
21) These terminal chlorinated thioether structures are S-LOST compounds,
derivatives of sulfur mustard'®, and are known for their cytotoxicity and vesicant
behavior.'®2.18 The intramolecular nucleophilic attack of the thioether gives the
sulfonium ion that alkylates nucleotides, making S-LOST structures toxic for cells and

facilitating cancer development.'83
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Figure 17: TLC monitoring of sulfenyl promoted thioglycoside activation — TLC samples were
taken in fresh capillaries and were instantly quenched by tipping the capillary into a solution
of dichloromethane/triethylamine (A = Acceptor, R = Reaction, D = Donor, X = Co-spots of
adjacent spots)

The electrophilic addition could be circumvented via pre-activation'8 of the donor 22
with equimolar amounts of p-toluenesulfenyl chloride at -78 °C, then warming up to
facilitate complete transformation to the anomeric a-triflate. Addition of the glycosyl

acceptor 28 at -78 °C might then give more regioselectivity.

BnO Cl BnO A
o) o)
H 6&&0\)\/3 H &/O\N
o N_o0 o=N_o

Cl Cl Cl Cl

S-LOST structure Sulfoniumion

Scheme 21: Structures indicated by LC-MS analysis

Further glycosylation experiments with acceptor 28 were discontinued due to the lack

of regioselectivity and occurrence of side reactions.
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3.4.4 Key disaccharide intermediate 32
3.4.4.1 Activation with N-iodosuccinimide and triflic acid

The initial glycosylation (Scheme 22) of donor 22 (1.5 equiv.) and 4,6-di-O-benzylated
acceptor 30 (10.5 mg, 23.7 pymol, 1.0 equiv.) with N-iodosuccinimide (1.7 equiv.) and
triflic acid (0.6 equiv.) at -70 °C to 5 °C in dichloromethane (0.08 M) did not yield any
purple discoloration from the iodine formed during the glycosylation.'?® Further
addition of reagents (1.7 equiv. of N-iodosuccinimide and 0.6 equiv. of triflic acid) at
-50 °C and warming up to 5 °C yielded a dark crude mixture. The monitoring via TLC
indicated pre-dominantly starting materials that were accompanied by several
compounds (including a faint baseline spot indicating degradation). (Figure 18) The

reaction was quenched at this point.

N3
Ph/%o 0o Ph/voo/&m/ano o

0 BnO o NIS, TfOH, 0 OAllyl
© SEt * "Eﬁo&wo“'y' 4AMS °

o)
—_— NTCP
=N NTCP DCM =N
7 W

22 30 32

Scheme 22: Glycosylation of 22 and 30 with NIS/TfOH system

Purification via column chromatography revealed pre-dominantly the
isolation of starting materials, accompanied by some derivative of the
donor (not further characterized) and, according to coarse NMR
analysis, presumably disaccharide in low quantities. The analysis
indicated that the conditions are not reactive enough for the
glycosylation. The temperature range might be too low for the
unreactive 4-OH position of the glucosamine derivative 30
(Chapter 3.3) and/or the 3-O-benzyl group is a potential steric

hindrance during the reaction.

Figure 18: TLC
monitoring of inital
glycosylation
experiment
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Figure 19: Glycosylation starting at 0 °C to ambient temperature (1.7 equiv. NIS and 1.2
equiv. of TfFOH); (A = Acceptor, R = Reaction, D = Donor)

The repetition of the initial experiment (starting temperature of 0 °C with 1.2 equiv. of
triflic acid added as 1 M solution in acetonitrile) indicated the formation of various
byproducts and a very intensive baseline spot (hydrolyzed donor?). (Figure 19) The
spots intensified upon warming up to ambient temperature and prolonged reaction
time (4 hours). Purification via column chromatography revealed predominantly donor
(36%) and acceptor (27%). A small quantity of donor without a 3-O-picoloyl group was
isolated (< 1 mg) and clearly indicates the instability of the donor at these conditions.
In addition to 3-O-picoloyl cleavage, the acetal might also cleave at these acidic
conditions and result in “self-polymerization” of the donor to yield various kinds of
byproducts (baseline spot). The LC-MS analysis (column: C4, profile: 5% = 100%) of

the presumed product fractions indicated the desired mass.
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The glycosylation at ambient temperature instantly yielded a purple discoloration and
product formation was indicated via TLC after 30 minutes. (Figure 20) The donor was
almost consumed, but acceptor was still present. The reaction was quenched after 1.5
hours when a faint baseline spot started to form. Acceptor and residual donor were
still present. The crude LC-MS analysis (column:
C4, profile: 5% - 100) confirmed almost full
consumption of the donor. (Figure 21) Purification
via column chromatography afforded roughly

25% (3 mg) of the presumed product.

Figure 20: 22 (1.4 equiv.), 30 (7.5
mg, 1.0 equiv.), 5 mMin DCM, NIS
(1.5 equiv.), TfOH (0.4 equiv., 0.23
M in ACN), rt (left) 30 min (right)

1.5h

uv
4 Crude after work up
1 C4 5 100 20min_0.5mL

750000+

500000+

250000+
] Crude

Acceptor (1.00 eguiv.) | k \
i f\ \Datm
3 ata2

u_....,Dc.)n?r.[l..?:??g.u.m.)‘.,..,....,..‘.‘...‘I..‘.,... ><gata3
0.0 25 5.0 75 10.0 125 15.0 175 200

min

Figure 21: LC-MS of crude material indicates almost full consumption of donor 22
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Figure 22: (left) HSQC (right) HSQC-HMBC overlap of isolated p-disaccharide 32
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The NMR analysis of 32 confirmed the B-(1->4) linkage via H1a-C4s bond correlation
in the HMBC (Figure 22) and the heteronuclear coupling constant of
TJc1aH1a = 162 Hz in the CLIP-HSQC (Figure 23).175

Further experiments using the same conditions gave varying results, but the donor (in
excess) was always faster consumed than the acceptor. The intensive baseline spot

was repeatedly obtained, indicating side reactions of the donor.
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3.4.4.2 Activation with dimethyl disulfide and triflic anhydride

The 3-O-picoloyl group of 22 is a base that could potentially quench any acidic
promoter. In addition, experiments showed cleavage of the picoloyl group under

NIS/TfOH conditions and also acetal cleavage might occur during the glycosylation.

In analogy to dimethyl(methylthio)sulfonium triflate (DMTST)'76.185 the group of
Flgedi'® developed dimethyl disulfide — triflic anhydride (Me2S2-Tf20) as a powerful
promoter for thioglycosides that releases triflic acid after the glycoside has been
formed. (Scheme 24) Among others, a per-O-benzoylated thiodonor and 4-OH
glucosamine acceptor were efficiently glycosylated at -40 °C/10 min to yield 79% of
the disaccharide. (Scheme 23A)

B20 OomP BzO

Z!

A B 0 (o] SEt + Ono (0] MBQSZ-szo " Bna%
CbzHN | DCM, -40 °C/10 min z CbzHN |

BzO

Ph™0 Mo Ph/w%ﬁno
0 BnO OAllyl

0 0 Me,S,-Tf,0 (2.3 equiv. ) le)
B SEt * FB,&WOA"Y' ------------------------- NTCP
=N NTCP ACN/DCM 5:2 (50 mM) =N
4 AmMs
W 40°Ct0-10°C \_/
45 min
22 30 32
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11mg

Scheme 23: Me,S-Tf,0 as promoter for thioglycosides'®
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Scheme 24: Mechanism for thiodonor activation with dimethyl disulfide-triflic anhydride'8®
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According to a literature procedure'®, to a solution of trifluoromethanesulfonic
anhydride (1 M in dichloromethane, 1.00 equiv.) was added dimethyl disulfide
(1.10 equiv.) at 0 °C to yield a 1 M solution of Me2S2-Tf20 promoter. The solution was

stored at -80 °C with argon overpressure.

The promoter solution (2.3 equiv.) was added at -40 °C to the donor/acceptor mixture.
The temperature was slowly raised to -10 °C in 45 minutes. The monitoring via HPTLC
showed full consumption of the acceptor and donor (1.5 equiv.). (Figure 24) Several
byproducts were obtained, but the desired product was not present. A very intensive

baseline spot indicated once more decomposition of the donor.

The crude NMR analysis showed the absence of any allyl signal,
indicating again electrophilic addition byproducts. Similar results
were obtained in a repetition experiment and thus no further
investigations into dimethyl disulfide — triflic anhydride activation

were made.

Figure 24: Activation with Me,S,-Tf,0
(A = Acceptor, X = Co-Spots of adjacent
spots, R = Reaction, D = Donor)
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3.4.4.3 Activation via trichloroacetimidate

P00\ P03 P02\ 3
0% NIS, TFA 05 CI3CCN, K,CO3 0% CCls
0 > 0 OH oo > O 0—{
A SEt DCM/H,0 DCM \H
=N =N =N
7 W \_/
22 33 34

N3 N3
0P 3 BnO TMSOT#(0.1equiv.) 0 o3 OAllyl
N

o Q QA e » O
B %NH + F‘%&&/OA"V' DCM, 20 °C to -5 °C NTCP
=N NTCP =
\ W
34 30 32
1.0 equiv. 0.6 equiv.

Scheme 25: Effort in glycosylation via imidate donor

For the synthesis of the trichloroacetimidate donor 34, the thioglycoside 22 (22.1 mg,
0.05 mmol) was hydrolyzed using N-iodosuccinimide/trifluoroacetic acid in
dichloromethane/water.'®” (Scheme 25A) The monitoring via TLC indicated

incomplete consumption, even after further addition of reagents.

The reaction was quenched after roughly 50% consumption (indicated via TLC) and
coarse purification via column chromatography gave 50% of the hemiacetal 33. The
"H NMR analysis showed the absence of the thioethyl group. (Figure 25) The basic
nature of the picoloyl group may quench the acid and prevent further progress of the

hydrolysis.
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Figure 25: (red) '"H NMR spectra of 22 (blue) and the corresponding hemiacetal 33

The hemiacetal 33 was stirred with trichloroacetonitrile and potassium carbonate at
ambient temperature for 19 hours. (Scheme 25A) (Figure 26) The solid materials were
removed via filtration over Celite® and the crude 34 was used without further

purification. (Scheme 25B)

Figure 26: TLC monitoring of imidate formation 34

To a solution of crude imidate donor 34 (7.1 mg, 13.1 pmol, 1.0 equiv.) and acceptor
30 (5.2 mg, 7.9 ymol, 0.6 equiv.) was added trimethylsilyl triflate (6.5 mM in
dichloromethane, 0.24 ml, 1.3 ymol, 0.1 equiv.) at -20 °C. (Scheme 25B) The

monitoring via TLC indicated no product formation at any time and warming up to
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-5 °C, even after further addition of promoter. The reaction was quenched after
2h30min.
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Figure 27: Crude material after work up (P = Product Reference, X = Co-Spots of adjacent
spots, R = Reaction, A = Acceptor)

The crude TLC after work up indicated traces of the product and hemiacetal as major
compound. (Figure 27) A byproduct that elutes above the product was also observed

as second most compound. No further efforts were invested.
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3.4.4.4 Activation via DBDMH

The group of Li has published the synthesis of challenging (3-D-fructofuranosides via
hydrogen-bond mediated aglycon delivery utilizing 1,3-dibromo-5,5-dimethylhydantoin
(DBDMH) as promoter.'® DBDMH is a non-toxic, stable and inexpensive bromine-
containing reagent and gave very good B-selectivity (a/f < 1:20).'® According to the
proposed mechanism, the method is an acid-free activation.'® (Scheme 26)

/ / /
Py \N---Ho R Py
o) o) °. o)
A 0 BrOsgt R4>OH‘D'ZDMH 0 580( SEt Ok > 0 BnOOR
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BnO  OBn BnO  OBn )/% BnO  OBn
0
- HAD pathway - a/p<1:20
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2. 0
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Lo a e AN
O ~
>kNBr
HNW

0]

Scheme 26: (A) B-Fructofuranosides via DBDMH-promoted HAD pathway (B) Proposed
mechanism?®8

Starting materials 22 and 30 were pre-stirred with 4 A molecular sieves for 1 hour,
before DBDMH was added at -20 °C. (Scheme 27) Monitoring via TLC did not indicate
any consumption after 1 hour at -20 °C. The temperature was raised to ambient
temperature within 2 hours, but 32 was not detected according to TLC. Donor
decomposition was observed on the baseline. The reaction was quenched and the

acceptor was recovered from the crude material. No further efforts were invested.
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3.4.4.5 Activation via silver triflate and N-iodosuccinimide

The silver triflate/N-iodosuccinimide promoter system should not release any triflic acid

according to the mechanism and thus prevents donor decomposition.'8® (Scheme 28)

= 5 . o !
- \\;ﬂ‘ \+ - > mor .

: ; E?Tf‘\ _O'IR',f

( OTf o Ag

H
- = v&/o\R, + oﬂ/v/o + AgOTf

Scheme 28: Mechanism for AGOTf/NIS promoted glycosylation'®°

Initial experiments with N-iodosuccinimde (1.2 equiv.) and silver triflate (0.4 equiv.) did
not give any or low conversion to the product at temperatures ranging from -10 °C to
ambient temperature in dichloromethane as solvent. Donor decomposition was
indicated according to TLC in almost all reactions. Product formation was finally
observed at 50 °C and 0.6 equivalents of silver triflate. When the promoter silver triflate
was added as a fresh solution in toluene, stored over silver oxide, donor
decomposition could be prevented. To our surprise, this did not lead to any relevant
yield increase after purification via column chromatography. The silver oxide prevents
or slows down the formation of triflic acid, but promoter solutions gave donor

decomposition according to TLC after few weeks of storage. (Figure 28)

N3

BnO
N3 HS&&OA,M NIS (1.2 equiv.) Ph/%%no o
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o . o 0 4 A MS (~50 mg/mi DCE) N o N_o
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Scheme 29: Conditions used for the synthesis of 32
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Figure 28: (left) Fresh AgOTTf solution (right) Old AgOTf solution

The conditions shown in Scheme 29 were initially found to give clean reactions
according to TLC. Decomposition of 22 was still observed with an excess of 30,
highlighting both the instability of the donor and the low reactivity of the 4-OH group in
glucosamine derivatives. The decomposition of 22 takes place faster than the
glycosylation, as significant amounts of 30 were recovered during the purifications.
The acceptor 30 was stable under these conditions. The glycosylation gave an o/
ratio of 1:2 for a-byproduct 32a (12%) and the desired B-ManNAc 32 (25%).
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3.4.4.6 Summary

Table 4: Screening of activation conditions for 1+1 glycosylation

Entry Conditions Byproducts Product
1 NIS/TfOH Activationonly at > rt, s B (25%)
(1.7eq & 0.6 eq) Several byproducts, complete donor
22 (1.4 eq) consumption
30 (1.0 eq) —>decomposition
5 mM DCM
30 min/1.5 h
2 Me2S2-TH0 (2.3 eq) Several byproducts, decomposition (TLC), -
22 (1.5eq) electrophilic addition byproduct
30 (1.0 eq)
50 mM ACN/DCM (5:2)
-40°Cto-10°C
3 TMSOTT (0.1 eq) Hemiacetal and two other byproducts (not -
34 (1.0 eq) characterized)
30 (0.6 eq)
DCM, -20 °C to
-5°C
4 DBDMH (1 eq) Donor decomposition at rt -
22 (1.0 eq)
30 (0.84 eq)
DCM, -20 °C to r,
2h
5 AgOTf soln. (0.6 eq) Donor decomposition with old AgOTf soln. a (12%)

NIS (1.2 eq)

22 (1.0 eq)

30 (1.2 eq)

DCE (~20 mM)
50-55 °C, 20 min

(TLC) B (25%)
a/f 1:2
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3.4.5 Synthesis towards disaccharide donor 42 and acceptor 37

Allyl deprotection of key intermediate 32 to hemiacetal 35 with hydrogen-activated
[Ir(cod)(PPh2Me)2]PFs in tetrahydrofuran gave only traces of the corresponding
propenyl ether as evidenced by the slightly higher R¢ value on the TLC.'%
(Scheme 30) Further addition of iridium catalyst solution did not increase consumption.
The basic nature of the picoloyl group may complex the catalyst and prevent further
reaction.
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ph/v% o PrESRlo s g PR o B o S
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\ \ 7 Cl Cl \ 7 Cl Cl
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32 35 36

" &L
OAllyl

o N_o Disaccharide
acceptor
37 cl c
95%

Cl Cl

Ac,0 or BzCI

N3
Py, ) OAllyl [,] H THF o B(V?O OH  K,CO;, CIC(CF3)=NPh O_<
0= p N-Ph

N N Acetone, N
R O o R 0. (o] > E O o
Cl Cl Cl Cl Cl Cl

Cl Cl Cl Cl Cl Cl

38 (R = CH;) 85% 40 (R = CH3) Disaccharide 42
39 (R=Ph) 87% 41(R =Ph) 59% r 819
o

Scheme 30: Synthesis towards disaccharide building blocks from key intermediate 32

Anomeric deprotection of 32 by employing tetrakis(triphenylphosphine) palladium in
acetic acid resulted in the formation of several byproducts.'®' Among others, desired
35 and corresponding acetal-cleaved byproduct were observed in trace amounts. The
literature reported that 4,6-O-benzylidene protected glucose derivatives are stable
under these conditions, as the decalin system provides high scaffold stability.'®' The
allyl isomerization of 32 via palladium on charcoal (10%) in methanol at 70 °C gave
full consumption after 1 hour.'®? Purification and NMR analysis however revealed
3-O-picoloyl cleavage. The isomerization with palladium(ll) chloride under buffered

conditions with sodium acetate/acetic acid at pH 5 only gave traces of 35.193.194

The efforts in allyl deprotection indicated that the picoloyl group quenches any
(Lewis-)acid or transition metal via coordination. As circumvention, the picoloyl group

was exchanged to a benzoyl ester protective group.
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The picoloyl deprotection of key intermediate 32 with copper(ll) sulfate in
methanol/dichloromethane gave disaccharide acceptor 37 within 30 minutes.'® For
test purpose, 37 was acetylated to 38. The allyl isomerization with hydrogen-activated
[Ir(cod)(PPh2Me)2]PFs in tetrahydrofuran yielded the propenyl ether according to TLC
and subsequent hydrolysis gave the desired hemiacetal 40, as indicated via TLC and
confirmed by LC-MS analysis (column: Ca, profile: 5% = 100% in 20 min)."®°

Figure 29: (left) Allyl isomerization of 39 with hydrogen-activated [Ir(cod)(PPh2Me);]PFs
(right) Subsequent hydrolysis with iodine/water'®°

In analogy to the test reaction, the disaccharide acceptor 37 was benzoylated to give
39 and allyl deprotection gave exclusively the B-hemiacetal 41. (Figure 29) The
benzoyl group was chosen over the acetyl group due to its stability against migration.
Final imidate formation with 2,2,2-trifluoro-N-phenylacetimidoyl chloride and
potassium carbonate in acetone gave donor 42.'° A drop of water was added to
improve solubility of the base. The imidate was isolated via flash column

chromatography using 0.1% pyridine. No (further) characterization of 42 was done.
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3.4.6 Efforts towards tetrasaccharide target compounds

3.4.6.1 2+2 glycosylation
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Scheme 31: Planned forward synthesis towards targets 52 and 53

The glycosylation of 42 (1.0 equiv.) and 37 (1.5 equiv.), promoted by trimethylsilyl
triflate (0.1 equiv.), gave the key tetrasaccharide 43 with 61% yield and surprisingly,

was accompanied by 21% of side product 43a. (Scheme 32)

The NMR analysis of 43 confirmed the -(1->4) linkage via H1s-Cac bond correlation
in the HMBC and the heteronuclear coupling constant of "JcisH8 = 160 Hz in the
CLIP-HSQC (Appendix 9.17.4).175
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Scheme 32: Glycosylation gives tetrasaccharides 43 and 43a

Glycosylations are substitution reactions that compete against elimination to form Cz-
substituted glycals.'” The glycosylation can be facilitated with an excess of donor,
while elimination is generally supported at elevated temperatures and/or unreactive
acceptors.'9”.1% The elimination has been reported for many types of glycosyl donors
and among them, 2-deoxy-2-phthalimido-D-glucopyranosyl imidate donors.99-205
(Scheme 33)
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Scheme 33: Selected example of glycal formation observed with 2-deoxy-2-phthalimido
glucopyranosyl imidate?®®

The formation of tetrasaccharide 43a through elimination of the
2-tetrachlorophthalimido group was quite surprising, as (to the best of my knowledge)
literature only reports B-elimination of the donor leaving group.'®” (Scheme 33) The
2-tetrachlorophthalimido glycal and the a-isomer of 43 were not observed. The NMR
characterization of the byproduct 43a is not conclusive on the linkage regioselectivity,
but the proposed mechanism suggests a 2-O-linkage. The proposed mechanism
(Scheme 34) includes an intramolecular attack of the TCP group to the oxocarbenium

ion to form an oxazoline cation. The oxazoline cation rearranges to the 1-imidate while
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the glycosyl acceptor attacks the Cz-carbo cation. Subsequent B-elimination of the
imidate gives the 2-O-linked tetrasaccharide. The basic nature of the molecular sieves

may facilitate the decisive proton abstraction in the last step.
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Scheme 34: Proposed mechanism for the glycal formation
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Figure 30: HSQC of 43 (rings are labeled with capital Latin letters starting with A from the
non-reducing end to the reducing end)
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Figure 32: HSQC of 43a

The ™H NMR spectrum shows the characteristic vinylic signal at 6.63 ppm and 147.16
ppm in the '3C NMR spectrum. (Figure 31) The corresponding HSQC spectrum shows
three anomeric signals and the typical shift of the repetitive units are changed. (Figure
30 vs Figure 32) As expected, the HMBC spectrum shows a correlation of the vinylic
signal to H4g and Hss (Figure 33), while the NOESY spectrum shows a strong

correlation to the Hss and a faint correlation to Hss. (Figure 34)
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Scheme 35: Comparison of 43a with selected vinylic (glycal) signals from the literature2°6.207

The comparison of the vinylic signals of 43a with selected literature examples indicates
the 2-O-glycal structure, as the carbon-shift of the mono-substituted vinylic position

resembles structure B more than C. (Scheme 35)

3.4.6.2 Azide reduction

OAllyl

Azide reduction,

2:? H Hacayiabon 2:? z;g

43 44

Scheme 36: Azide reduction and subsequent N-acetylation of key tetrasaccharide 43
According to preliminary results on methyl 3-O-acetyl-2-azido-4,6-O-benzylidene-2-
deoxy-B-D-mannopyranoside in our research group, the sequence order of azide
reduction, N-acetylation, acetal-cleavage and pyruvate installation proved to be the

best.208
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The azide reduction of 43 with polymer-bound triphenylphosphine in dichloromethane
indicated full consumption after 3 days at 40 °C and subsequent hydrolysis with water
in tetrahydrofuran. The following crude N-acetylation and purification did not yield
desired 44.208

The Staudinger reduction of 43 with trimethylphosphine in tetrahydrofuran at -78 °C
indicated no consumption within 2 hours.29%210 Fyll consumption was obtained at
ambient temperature and several byproducts were observed according to TLC. The

crude N-acetylation and purification gave no N-acetyl compounds.

N3 NHAc

gt B”%W oA BN o
O
OAllyl 0 O~

BnO . . @)
Azide reduction, o) N o
N-acetylation
................... >
Cl Cl

39 54

Scheme 37: Test reaction with disaccharide 39

To avoid further waste of tetrasaccharide 43 and ease of monitoring, the disaccharide

39 was used for test reactions with various procedures. (Scheme 37)

The hydrogenation of 39 with an old batch of Lindlar catalyst at 1 atm and ambient
temperature gave a mix of varying amounts of 1-propyl and 1-allyl N-acetylated
compounds.?'" A fresh batch of Lindlar catalyst additionally yielded benzyl- and acetal-

cleaved byproducts.

The hydrogenation of tetrasaccharide 43 with the “old batch” of Lindlar catalyst at
1 atm and ambient temperature yielded several compounds according to TLC after

three days, but none matched the expected polarity of free amino groups.?'’

The azide reduction of 39 with propane-1,3-dithiol and triethylamine in methanol
resulted predominantly in electrophilic addition towards the 1-O-allyl group.?''?12 The
reduction towards an amino group was indicated according to TLC, but could have

been a mix of desired 54 and the corresponding addition byproduct.

The reduction of 39 via thioacetic acid and 2,6-lutidine in chloroform showed no

consumption at all according to TLC.2"3
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To a solution of tin(ii) chloride and p-thiocresol in dichloromethane was added
triethylamine to form the reducing agent [EtsNH][Sn(STol)3].2'42'S The reduction of
disaccharide 39 with the reducing agent gave full consumption and following
N-acetylation vyielded several compounds after purification wvia column
chromatography. The N-acetyl group was observed in the 'H NMR spectrum that
showed the same signal pattern with minimal shifts for all compounds. In some cases,
the STol signal was present, indicating presumably adduct formation with the agent.
In addition, the 3-O-benzyl was cleaved in all compounds. The compounds were
dissolved in chloroform and stirred against aqueous ethylendiaminetetraacetic acid
(EDTA) to scavenge any (tin) adduct impurities, but no changes were observed

according to TLC.

The reaction of 39 with zinc-copper-couple in glacial acetic acid went to full
consumption and the formation of several compounds was observed.'?® Purification
yielded predominantly two compounds, one with a cleaved 3-O-benzyl group and no
NH signal. The other compound was N-acetylated on both the axial and equatorial
amino functionalities. The TCP group was partially opened. As the zinc-copper-couple
procedure proved to be the best, the tetrasaccharide 43 was reduced with latter
method. The reaction gave several byproducts according to TLC and prolonged
reaction time did not facilitate the formation of one single compound. The crude
material was submitted to N-acetylation, but the desired product mass was not found
with LC-MS analysis.

The global hydrogenolysis/hydrogenation of tetrasaccharide 43 with palladium on
charcoal (unreduced, 10%) in tert-butanol/acetic acid (4:1) at roughly 8 bar and
ambient temperature gave several compounds near the baseline after 4 days that
stained with ninhydrin, indicating the presence of any amino group.?'® The crude
material was submitted to peracetylation and coarse flash filtration. Predominantly one
compound was obtained and according to "H NMR analysis, two N-acetyl and several
O-acetyl signals were observed. All aromatic signals were gone (benzyl, benzoyl), but

the corresponding product mass was not observed via LC-MS.
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3.4.6.3 Summary

Table 5: Summary of used protocols for azide reduction

Entry Substrate Method Result
1 43 PPhs-polymer bound, rt No N-acetylated compounds isolated
to 40 °C, 4 days then
N-acetylation
2 43 PMes in THF, -78 °C to rt No N-acetylated compounds isolated
then N-acetylation
3 39 Hydrogenation, Lindlar Mix of N-acetyl 1-allyl and 1-propyl
(‘old batch”), 1 atm, rt compounds
4 39 Hydrogenation, Lindlar As Entry 3, but additionally Bn- and
(‘'new batch’), 1 atm, rt acetal-cleavage byproducts
5 43 Hydrogenation, Lindlar Several compounds, but no amino
(‘old batch”), 1 atm, rt group detected (TLC)
39 Propane-1,3-dithiol Electrophilic addition to 1-allyl group
39 Thioacetic acid, 2,6- No consumption
lutidine
8 39 [EtsNH][Sn(STol)s] then N-Acetylation isolated, 3-0O-Bn
N-acetylation cleavage, several adduct formations
with reagent that were not separable
9 39 zinc-copper-couple Axial and equatorial N-acetylation,
partial N-TCP opening, 3-O-Bn
cleavage with no NH signal as
byproduct
10 43 zinc-copper-couple Several byproducts formed
1 43 Hydrogenation, Pd/C Per-O- and per-N-acetylation
(unreduced, 10%), observed, no aromatic signals (Bn,

‘BuOH/AcOH 4:1

Bz)
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3.5 Re-synthesis of UDP-ManNAc
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Scheme 38: Synthesis towards UDP-ManNAc '30.217-221

The re-synthesis of NDP-sugar donor 61 for TagA and CsaB studies (Chapter 2.5)

followed published procedures.'30.217-221

N-Acetyl-D-mannosamine hydrochloride 54 was per-acetylated to give 55.13° The
treatment of 55 with triflic acid yielded the corresponding oxazoline 56.2'® As
phosphotriester 57 was labile towards hydrolysis during isolation via column
chromatography, the one-pot procedure of phosphorylation and subsequent
hydrogenolysis afforded directly the phosphate 58 as triethylamine salt.?'"21® The
coupling of 568 with UMP-morpholidate 59 with 1-methylimidazolium hydrochloride in
dimethylformamide yielded protected pyrophosphate 60 that was coarsely purified via
Cs flash column chromatography.?17:220.221 Final deprotection in a mixture of
methanol/water/triethylamine (6:3:1) afforded UDP-ManNAc 61.2'7 In total, 43 mg of
UDP-ManNAc were synthesized for TagA and CsaB studies.
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3.6 Summary and outlook

Within this thesis, a synthetic route towards a fully orthogonally protected
tetrasaccharide was developed and synthesized that serves as key intermediate for
the synthesis of pyruvylated SpaA ligands (target compounds |) and pyrophosphate-

linked substrates (target compounds II).

The 3-O-benzylation of 4,6-benzylidene-B-D-GIcNCIAc-1-OAllyl monosaccharide
acceptor was not feasible with various protocols due to the free, inhibiting N-H bond.
The bidentate N-TCP group was finally compatible with a non-basic benzylation
protocol. In total, two monosaccharide acceptors were obtained, 3,6-di-O-Bn-
GIcNTCP-1-OAllyl and 6-O-Bn-GIcNTCP-1-OAllyl.

3-0-Benzylation not feasible
due to free N-H bond

/ ---------- >
= cl ci
B0 ° ST
25 OH
HZN ...........................................................................................
HCl —
\ =0 BnO
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%B&OAIM - . /%WOAIIyI
NTCP NTCP

-
.

©/\OTCA |

DCM/cyclohexane, TfOH

PR -0 BnO
o OA [6] OA
Bn& Iyt BnO liy
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3-0-Benzylation accessible
via non-basic method

NTCP = N-tetrachlorophthaloyl

The glycosylation of literature-known 4,6-benzylidene-3-pico-a-D-ManNs3-1-SEt donor
with 6-O-Bn-GIcNTCP-1-OAllyl acceptor via hydrogen-bond mediated aglycon
delivery (HAD) pathway surprisingly gave the 3-(1->3) regioisomer and not the desired
B-(1->4) product — even in presence of the sterically bulky N-TCP group.
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The glycosylation of 4,6-benzylidene-3-pico-a-D-ManNs3-1-SEt donor with 3,6-di-O-Bn-
GIcNTCP-1-OAllyl acceptor via HAD pathway gave 25% yield of the desired B-linked
disaccharide (a/ 1:2). To the best of my knowledge, this is the first diastereoselective
approach via HAD pathway to construct the challenging -D-ManNAc-(1->4)-GIcNAc
glycosidic bond.

The basic nature of the donors picoloyl group and the low 4-OH group nucleophilicity
of the 3,6-di-O-Bn-GIcNTCP-1-OAllyl acceptor complicated the reaction. An acid-free
silver triflate promoter solution in toluene (stored over silver oxide) and very high
glycosylation temperatures of 50-55 °C afforded the disaccharide. The use of novel
charged thiourea hydrogen-bond-donor catalysts may provide a circumvention under
mild conditions against the acid-quenching nature of the picoloyl group (Chem. Sci.,
2022, 13, 1600 — 1607).

Due to incompatibility of anomeric allyl group deprotection with any transition metal-
based protocol, the picoloyl group of the disaccharide was replaced by a benzoyl
group. This allowed allyl group deprotection and synthesis of the N-phenyl
trifluoroacetimidate disaccharide donor, conveniently starting from the disaccharide

acceptor.

The 2+2 glycosylation of disaccharide donor and acceptor gave 61% yield of the
desired B-linked tetrasaccharide as key intermediate. The corresponding a-linked
glycoside was not observed. Surprisingly, an unusual glycal tetrasaccharide as
elimination side product was obtained with 21% yield. The NMR data revealed
B-elimination of the N-TCP group and nucleophilic attack of the acceptor to form either

a 1-O- or 2-O-glycal, but the data is not conclusive on the anhydro regioisomery.

Azide group deprotection of the key intermediate via reduction and N-acetylation gave
irreproducible results and significant byproduct formation with various procedures. The
best result was obtained via hydrogenation/hydrogenolysis with excess of unreduced
palladium (8 bar/4 days) and subsequent peracetylation. According to 'H NMR
analysis, pre-dominantly one compound was isolated via flash column
chromatography, and two N-acetyl- and several O-acetyl-signals were observed in the
spectrum. The aromatic signals were all gone (Bn, Bz) and the allyl group was reduced

to the propyl group.
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Deprotection and pyruvate installation
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The planned deprotection of the key intermediate towards the SpaA ligand target
compounds includes azide group deprotection, followed by N-acetylation. Preliminary
test reactions on azide group deprotection have been conducted as described.
Depending on the chosen protocol, the allyl group will be reduced to the propyl group
in case of hydrogenolysis/hydrogenation. The benzylidene groups will be cleaved via
acidic treatment. The selective pyruvylation, tuned via stoichiometry, might give
access to the terminal and full pyruvylated compounds. N-TCP group deprotection and
N-acetylation affords the equatorial N-acetyl groups. Final deprotections via

hydrogenation/hydrogenolysis and Zemplen deacylation gives the target compounds.
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Disaccharide Cl Cl Cl Cl Cl Cl
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cl ¢l cl ¢ cl ¢
CH3C(=0)CO,Me COOMe KCOs3, COOMe
TMSSO(Tf) z N3 [ir], I2/H20 )v o CIC(CFs)= NPh )v o 3
.................... 0 Bno O Bno Owno o CF3
OAIIyI o} (o) o—<\
N-Ph

?wg bﬁ

BnO
o:i
o N0

Cl

Cl

Cl

Alternative Disaccharide Acceptor

In case that the selective terminal pyruvylation is not feasible, an alternative

disaccharide donor, already equipped with a protected pyruvate, might serve as

circumvention.

UDP-ManNAc (43 mg) was re-synthesized for biological studies. The elaborated

combination of flash reverse-phase column chromatography,

anion-exchange

chromatography, HILIC prep-HPLC and size-exclusion chromatography was

necessary to afford the NDP-sugar donor with high purity. The pyrophosphate coupling

mediated by 1-methylimidazolium hydrochloride in dimethylformamide vastly

decreased the reaction time from several days to 15 hours as opposed to stirring solely

in pyridine in absence of any Lewis/Brgnsedt acid.

HO AcO N<< AcO\ |
H O AcO O Aco/gow 2 steps AcO 0 2. TEA
%&LL AC&LL Ac}&)c o (o) AcO (I?

iae LY o o)
N N i) 1-Methylimidazole - HCI (0]
/\ ) Y| H%B%ﬁ

AcO !
0 _ H o if) MeOH/H,O/ TEA 6:3:1
Aclgco&jﬁ o 2TEA | L_o ) X X
1 NH
/ \ ‘

0-P-OH 0
|
OH 0 N-P-0 oN/go
— OH k ?
HO OH

UDP-ManNAc was used as a donor substrate with synthetic GIcNAc-PP-UndPh as

acceptor in a one-pot reaction sequence with TagA and CsaB to afford a pyruvylated

disaccharide monomer precursor.
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NH

HO
o

"o

Ac

O-UDP

UDP-ManNAc

HO
O HO
H%&L/O O
HO (0]
AcHN. U

NHAc

HO
HO O
O 8 8
C
o—n?—o—ﬁ»—o\}/\]\/o
OH OH s
n=

GlcNAc-PP-UndPh

TagA
glycosyl transferase

?
O—FI’—O—FI’—OH\/O
OH OH \©

n=5

CsaB, PEP
pyruvyl transferase

CO0O~

AcHN

e 9
0-P-0-P-0__~__O
OH OH

One-pot reaction sequence utilizing TagA and CsaB to yield a
pyruvylated pyrophosphate-linked disaccharide repeat unit precursor
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4 General schemes

4.1 Synthesis towards monosaccharide donor 4
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4.3 Synthesis of monosaccharide donor 22
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4.4 Synthesis of monosaccharide acceptors 28 and 30
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4.5 1+1 Glycosylation to disaccharide 31a
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4.6 1+1 Glycosylation to disaccharide 32
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4.8 2+2 Glycosylation to 43
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4.9 Re-synthesis of UDP-ManNAc
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4.10 Biological studies with TagA and CsaB
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5 Experimental Part

5.1 General remarks

Chemicals were purchased from commercial suppliers and used without further
purification, unless noted otherwise. Solvents were dried over 4 A molecular sieves (3
A for methanol) or were purchased in dry form. The water content was analyzed via

Karl Fischer titration using a Mitsubishi Moisture Meter CA-21.

Molecular sieves (3 or 4 A, spherical or powdered) for dry solvents and reactions were
activated at 300 °C/0.002 mbar in a Kugelrohr apparatus (Buchi Glass Oven B-580)
for at least 2 hours or were heated up to 500 °C at least twice at <0.5 mbar with a heat

gun.

The resin DOWEX 50WX8 (hydrogen form) was washed and regenerated prior to use

via treatment with hydrochloric acid (3 M), water and dry methanol.

Organic solvents were removed in vacuo at 40 °C using rotary evaporators. Aqueous
solutions were removed via vacuum concentration (LABCONCO® Refrigerated
CentriVap® Concentrator) and freeze drying (CHRIST A 2-4 LSCbasic).

NMR spectra were recorded at 297 K in the solvent indicated, with Bruker Avance Il
600 (600.22 MHz for 'H, 150.93 MHz for '*C) and Bruker AVIII-HD (300 MHz)
instruments employing standard software provided by the manufacturer. 'H- and '3C-
NMR spectra in CDClIs were referenced to tetramethylsilane (TMS, & = 0 ppm). Spectra
in CD2Cl2 and MeOD-d4 were referenced to TMS by calibration with the residual
organic solvent signal. H spectra in D20 were referenced via external calibration to
sodium 3-(trimethylsilyl)propane-1-sulfonate in dioxane or phosphoric acid in D20.
13C-spectra in D20 were referenced to dioxane.???> Assignments were supported by
'H-"H-COSY, 'H-3C-HSQC, 'H-®C-HMBC, CLIP-HSQC"'”®> and NOESY data. The
carbohydrate rings in polysaccharides were labeled with capital letters starting with A

from the non-reducing end to the reducing end.

LC-MS analysis was performed on HILIC (SeQuant™ ZIC®-HILIC 150x4.6 mm, 3.5
um, 100 A), Cs (Jupiter 5u C18 300 A) and C1s (ZORBAX Eclipse XDB-C18, 4.6x150
mm, 5 pym) columns using a Shimadzu LC10 system with Shimadzu 2020 mass
spectrometer and Alltech ELSD 3300 (drift tube temperature: 60°C, receiver gain: 2).
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Thin-layer chromatography was performed on pre-coated TLC-plates SIL G-25/UV254
with glass support from Macherey-Nagel. High-performance thin-layer
chromatography was performed on HPTLC Silica gel 60 F254 with concentrating zone
with glass support from Merck. The spots were visualized via UV-fluorescence and/or
standard staining reagents (anisaldehyde, ninhydrin, vanillin, potassium

permanganate) at 250 °C on a heating plate.

Automated column chromatography was performed on Buchi (MPLC), Interchim
PuriFlash® 4/25 (Flash and preparative HPLC system) and Amersham Pharmacia
Biotech AKTA explorer P-900 systems (FPLC). Normal-phase flash chromatography
was performed on silica gel PuriFlash IR-50S1 (40-60 um) and pre-packed Interchim
SI-S-2G/6 and SI-S-500/6. Normal-phase preparative HPLC was performed on YMC-
Pack SIL-06 (250x10.0 mml.D. S-5 pm, 6 nm) with a preceding YMC Guard Cartridge
(SIL, 10x10 mml.D., SI-5 ym, 6 nm). HILIC preparative HPLC was performed on a
SeQuant® ZIC®-HILIC (5 ym, 200 A, 250x10 mm). Size-exclusion chromatography
was performed on Bio-Gel® P-2 material. Anion-exchange chromatography was
performed on Dowex® 1X8 HCOs- form material (manual) or BIO-RAD Bio-Scale™
Mini Macro-Prep® High Q Cartridge (FPLC).

Optical rotation was determined in the solvent indicated and measured on an Anton
Paar MCP 100 polarimeter.

ESI-HRMS data was obtained on an Agilent Technologies 6230 LC TOF MS

instrument.
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5.2 Synthetic procedures

5.2.1 Penta-O-acetyl-a-D-glucopyranose (2)

MO Aeo - A0
HO Pyridine, rt/15 h A0 o

OH
HO OAC
CeH1206 C16H22014
180.156 amu 390.338 amu
1 2

To a solution of D-glucose 1 (8.00 g, 44.4 mmol, 1.00 equiv.) in pyridine (dry, 100 ml)
was added acetic anhydride (40.72 ml, 430.74 mmol, 9.70 equiv.) at ambient
temperature. Monitoring via TLC (toluene/ethyl acetate 3:1) indicated full consumption
of the starting material after 15 h at ambient temperature. The reaction was quenched
by an excess of methanol, followed by addition of saturated aqueous sodium
bicarbonate at 0 °C. The crude material was isolated via extraction with ethyl acetate
(3x). The combined organic layers were washed with aqueous copper(ll) sulfate (10
vol%), water and brine. Drying over magnesium sulfate and removal of the volatiles in
vacuo afforded 19.75 g of a greenish crude oil. Purification via automated column
chromatography using silica gel (Buchi MPLC, 800 g of silica gel, liquid loading with
dichloromethane, applying a gradient of ethyl acetate in toluene from 25% to 50%)

afforded 94% (16.37 g) of 2 as a colorless powder.

The analytical data is in accordance to the literature.'30223
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5.2.2 2,3,4,6-Tetra-O-acetyl-D-glucopyranose (3)

A@SO 0 BnNH, A,(’-;\(%O 0
AcO THE aon AcO
ACO THF, rt/21h c

OAC AcO OH
C16H22011 C14H20019
390.338 amu 348.302 amu
2 3

To a solution of 2 (5.00 g, 12.81 mmol, 1.00 equiv.) in tetrahydrofuran (dry, 50 ml) was
added benzyl amine (2.09 ml, 19.21 mmol, 1.50 equiv.) at ambient temperature.
Monitoring via TLC (toluene/ethyl acetate 1:1) indicated full consumption after 21
hours. The reaction was quenched by addition of water/ethyl acetate 5:1. The layers
were separated and the aqueous phase was re-extracted with ethyl acetate (3x). The
combined organic layers were washed with aqueous sodium bisulfate (2 M) and brine.
Drying over magnesium sulfate and removal of the volatiles in vacuo afforded 6.62 g
of a dark oil. Purification via automated column chromatography using silica gel (Buchi
MPLC, 320 g of silica gel, liquid loading with dichloromethane, isocratic elution with
toluene/ethyl acetate 1:1) afforded 69% (2.94 g) of 3.

The analytical data is in accordance to the literature.3°
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5.2.3 2-Deoxy-2-[[(4-methoxyphenyl)methylene]amino]-B-D-glucose (6)

CgH14CINO5
215.631amu

5

To a solution of 5 (15.00 g, 69.56 mmol, 1.00 equiv.) in aqueous sodium hydroxide (1
M, 75 ml, 1.08 equiv.) was slowly added p-anisaldehyde (8.79 ml, 72.35 mmol, 1.04
equiv.) at 0 °C. The reaction was stirred for 1 hour at 0 °C to yield a colorless
precipitate. The precipitate was collected via filtration and was washed with cold water,
cold ethanol and diethyl ether. Drying in vacuo afforded 79% (16.40 g) of 6 as a

colorless powder.

HO
HO O
H(?&WOH
N

p-anisaldehyde 4

NaOH (1M),0°C

@)
/

C14H19NOg
297.303 amu

The analytical data is in accordance to the literature.’31.133
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5.2.4 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[[(4-methoxyphenyl)methylene]amino]-3-D-

glucopyranose (7)

K20 A0
HO OH %\CO OAc
N N

4 ACZO _ 4
Pyridine, 0°C tort

0] 0]
/ /
C14H19NOg C2oH27NO1g
297.303 amu 465.449 amu
6 7

To a suspension of 6 (13.15 g, 44.23 mmol, 1.00 equiv.) in pyridine (anhydrous, 50
ml) was slowly added acetic anhydride (33.45 ml, 0.35 mol, 8.00 equiv.) at 0 °C. The
suspension was slowly warmed to ambient temperature. Monitoring via TLC
(dichloromethane/methanol 10:1 + 1 drop of triethylamine) indicated full consumption
of the starting material after 15 hours. The reaction was quenched by slow addition of
methanol (15 ml, > 8 equiv.) at 0 °C, followed by addition of saturated aqueous sodium
bicarbonate after 10 minutes. The crude material was isolated via extraction with ethyl
acetate (3x). The combined organic layers were washed with water and brine. Drying
over magnesium sulfate and removal of the volatiles in vacuo afforded 90% (18.43 g)
of 7.

The analytical data is in accordance to the literature. 3
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5.2.5 1,3,4,6-Tetra-O-acetyl-2-amino-2-deoxy-p-D-glucopyranose hydrochloride (8)

AA80 0
%\CO OAc

7

0]
/

C22H27NO1g
465.449 amu

7

HCI (5 M), AcO o
acetone, rt/30 min A%\go OAc
then Et,O/acetone H,N
- "HClI
C14H22CINOg
383.777 amu

8

To a solution of 7 (4.68 g, 10.06 mmol, 1.00 equiv.) in acetone (60 ml) was added HCI

(5 M in water, 2.33 ml, 11.67 mmol, 1.16 equiv.) to afford an off-white precipitate.

Addition of diethyl ether yielded an even dispersion. The suspension was stirred for

roughly 1 hour at ambient temperature. The solid material was isolated via filtration

and the filtration residue was washed with cold diethyl ether. Removal of the volatiles

in vacuo afforded 91% (3.5 g) of 8 as a colorless powder.

The analytical data is in accordance to the literature.3?
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5.2.6 1,3,4,6-Tetra-O-acetyl-2-amino-2-deoxy-B-D-glucopyranose (9)

AA8O 0
CACO OAc
HoN
“HCI

C14H22CINOg
383.777 amu

To a suspension of 8 (300 mg, 0.78 mmol, 1.00 equiv.) in dichloromethane (5 ml) was
added sodium carbonate (1 M in water, 5 ml, 5 mmol, 6.41 equiv.) at ambient
temperature. The reaction was stirred for 1 hour at ambient temperature to afford a
clear biphasic system. The layers were separated, and the aqueous phase was re-
extracted with dichloromethane (3x). The combined organic layers were washed with

water. Drying over magnesium sulfate and removal of the volatiles in vacuo afforded

N82C03 (1 M)
DCM, rt/20 min

84% (229 mq) of 9 as a colorless powder.

AABO 0
(ACO OAc

HoN

C14H21NOg
347.317 amu

The analytical data is in accordance to the literature.32
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5.2.7 1,3,4,6-Tetra-O-acetyl-2-chloroacetamido-2-deoxy-f-D-glucopyranose (10)

AcO o)
AcO CICH,(C=0)Cl, ASOS OAc
&OAC 2,6-lutidine

AcO
Aco . HN
HN CHCl3 -10°C tort
Cl (@]
C14H21NOg C16H22CINO+
347.317 amu 423.798 amu
9 10

To a solution of 9 (700 mg, 2.02 mmol, 1.00 equiv.) and 2,6-lutidine (0.39 ml, 3.33
mmol, 1.65 equiv.) in chloroform (dry, 4 ml) was added chloroacetyl chloride (0.18 ml,
2.26 mmol, 1.12 equiv.) at -10 °C. The reaction was slowly warmed to 0 °C. Monitoring
via TLC (toluene/ethyl acetate 2:1 and dichloromethane/methanol 5:1) indicated full
consumption of the starting material after 2 hours. The reaction was quenched by
addition of water. The layers were separated, and the aqueous phase was re-extracted
with dichloromethane (3x). The combined organic layers were washed with saturated
aqueous sodium bicarbonate and water. Drying over magnesium sulfate and removal
of the volatiles in vacuo afforded 1.14 g of a crude solid material. Purification via
manual column chromatography using silica gel (40 g of silica gel, liquid loading with
dichloromethane, isocratic elution with toluene/ethyl acetate 2:1) afforded 93% (795

mg) of 10 as a colorless powder.

The analytical data is in accordance to the literature.33
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5.2.8 Allyl 3,4,6-tri-O-acetyl-2-chloroacetamido-2-deoxy-p-D-glucopyranoside (11)

N LN
Ao OAC  BE. OEt, AllylOH hco OAlly

HN HN
DCM, rt
Cl 0] Cl 0]
C16H22C|NO10 C17H24C|N09
423.798 amu 421.825 amu

10 11

To a solution of 10 (986 mg, 2.33 mmol, 1.00 equiv.) in dichloromethane (dry, 5.5 ml)
was added molecular sieves (3 A) at ambient temperature. The suspension was stirred
for 5 min at ambient temperature. Allylic alcohol (0.79 ml, 11.63 mmol, 5.00 equiv.)
was added at 5 °C, followed by dropwise-addition of boron trifluoride diethyl etherate
(2.87 ml, 23.27 mmol, 10.00 equiv.). The reaction was stirred for 1 hour at 5 °C, before
the reaction was slowly warmed to ambient temperature. Monitoring via TLC (HPTLC,
toluene/ethyl acetate 1:1) indicated full consumption of the starting material after 21
hours. The reaction was quenched by addition of water (4 ml) at 0 °C. The organic
phase was diluted with dichloromethane and the layers were separated. The aqueous
phase was re-extracted with dichloromethane (3x). The combined organic layers were
washed with water (2x), saturated aqueous sodium bicarbonate (2x) and brine. Drying
over magnesium sulfate and removal of the volatiles in vacuo afforded 86% (845 mg)
of a crude material as an off-white solid. Purification via automated column
chromatography using silica gel (Interchim PuriFlash® 4/25, liquid loading with 1.5 ml
of dichloromethane, column: F040, 9 ml/fraction, collection via threshold: 5 mV,
applying a gradient of ethyl acetate in toluene from 50% to 70% in 10 CV) afforded
48% (472 mg) of 11 as a colorless solid.

The analytical data is in accordance to the literature.’3
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5.2.9 Allyl 2-chloroacetamido-2-deoxy-3-D-glucopyranoside (12)

AcO o HO o
AGOS OAllyl HOS OAllyl
NaOMe, MeOH

HN . HN
cl o cl ©
C17H24CINOg C11H15CINOg
421.825 amu 295.715 amu
11 12

To a solution of 11 (640 mg, 1.52 mmol, 1.00 equiv.) in methanol (anhydrous, 3 ml)
was added sodium methoxide (0.1 M in methanol, 10.00 ml, 1.00 mmol, 0.66 equiv.).
The reaction was stirred at ambient temperature for 1 hour and then at 5 °C for 20
hours. Monitoring via TLC (dichloromethane/methanol 6:1) indicated full consumption
of the starting material. The reaction was quenched by addition of Dowex® 50WX8
until pH 7. The solid material was removed via filtration over Celite® with methanol.
Removal of the volatiles in vacuo afforded 505 mg of a crude material as an off-
colorless solid. Coarse purification via flash filtration using silica gel
(chloroform/methanol 10:1) afforded 99% (443 mg) of 12 as a colorless solid.

The analytical data is in accordance to the literature.?*
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5.2.10 Allyl 2-chloroacetamido-4,6-O-benzylidene-2-deoxy-p-D-glucopyranoside (13)

HO -0
HC?&S/OAIM PhCH(OMe),, FeCls 0 OAly!

HN ACN/DMF, rt B HN
c o c o
C11H4gCINOg C1gH22CINOg
295.715 amu 383.821amu
12 13

To a suspension of molecular sieves (powdered, 4 A) in acetonitrile (dry, 1.5 ml) was
added 12 (100 mg, 0.34 mmol, 1.00 equiv.) at ambient temperature, followed by
benzaldehyde dimethyl acetal (76 ul, 0.51 mmol, 1.50 equiv.) and ferric(lll) chloride
(anhydrous, catalytic amount) after 5 minutes. To the yellow suspension was added
dimethylformamide (anhydrous, 0.9 ml) after 30 minutes. Additional benzaldehyde
dimethyl acetal (51 pl, 0.34 mmol, 1.00 equiv.) was added after 15 hours. Monitoring
via TLC (chloroform/methanol 6:1) indicated full consumption after 20 hours at ambient
temperature. The reaction was quenched by addition of saturated aqueous sodium
bicarbonate and ethyl acetate. The solid material was removed via filtration over
Celite® with ethyl acetate. The layers were separated and the aqueous phase was re-
extracted with ethyl acetate (3x). The combined organic layers were washed with
water and brine. Drying over magnesium sulfate and removal of the solvent in vacuo
afforded 64% (83 mg) of 13 as a colorless solid that was used as obtained. Further
extraction of the filtration residue with dichloromethane yielded additional 38% (49 mg)
of crude material. Purification via manual column chromatography using silica gel (2.7
g of silica gel, dry loading with silica gel, isocratic elution with toluene/ethyl acetate 2:1
and dichloromethane/methanol 4:1) afforded another 18% (23 mg) of 13 as a colorless
solid (combined yield of 82%).22°

Rf = 0.57 in dichloromethane/methanol 9:1

H NMR (600 MHz, CDCl3): & = 7.50 — 7.48 (m, 2 H, Ar), 7.39 — 7.35 (m, 3 H, Ar), 6.78
(d, J = 5.7 Hz, 1 H, 3-OH), 5.93 — 5.86 (m, 1 H, CH2CH=CHa), 5.56 (s, 1 H, PhCH),
5.34 — 5.24 (m, 2 H, CH2CH=CH>), 4.77 (d, J1,2 = 8.3 Hz, 1 H, H1), 4.39 — 4.35 (m, 2
H, Hs, CH.CH=CHz), 4.22 — 4.18 (m, 1 H, Ha), 4.13 — 4.09 (m, 3 H, CH.CH=CHa,
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CICH2(C=0)), 3.81 (t, J=10.3 Hz, 1 H, He¢’), 3.61 — 3.57 (m, 2 H, Hz, H4), 3.53 — 3.49
(m, 1 H, Hs) ppm

13C-APT NMR (150 MHz, CDCls): & = 133.35 (CH2CH=CHz), 129.41, 128.46, 126.44,
118.61 (CH2CH=CH2), 102.15 (PhCH), 99.66 (C1), 81.65 (Ca), 70.95 (C3), 70.51
(CH2CH=CHz), 68.72 (Cs), 66.46 (Cs), 59.15 (C2), 42.80 (CICH2(C=0)) ppm

ESI-TOF-MS: calc.: [M+H]* = 384.1208 m/z; measured.: [M+H]" = 384.1215 m/z; A =
-1.74
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5.2.11 Methyl 4,6-O-benzylidene-a-D-glucopyranoside (17)

HO Ph—X\-O
H &O PhCH(OMe),, CSA &O

I(-|)O ( €)2 > (I-)IO
HO DMF, 60 °C/40 mbar HO

OMe OMe
C7H1406 C14H180s
194.182 amu 282.288 amu
16 17

To a suspension of 16 (9.70 g, 49.95 mmol, 1.00 equiv.) in dimethylformamide
(anhydrous, 40 ml) was added benzaldehyde dimethyl acetal (7.50 ml, 49.95 mmol,
1.00 equiv.) and bL-camphorsulfonic acid (104 mg, 0.45 mmol, 0.01 equiv.) at ambient
temperature. The reaction was performed on a rotary evaporator at 60 °C/20 mbar to
afford a homogeneous mixture. Monitoring via TLC (dichloromethane/methanol 10:1)
indicated full consumption of the starting material after 2 hours. The reaction was
quenched by addition of triethylamine. Removal of the volatiles in vacuo afforded a
colorless oil. The residual dimethylformamide was removed via repeated azeotropic
distillation with n-heptane, followed by extraction between chloroform and water. The
organic layer was dried with magnesium sulfate and removal of the volatiles in vacuo

afforded 93% (13.09 g) of 17 as a colorless powder.

The analytical data is in accordance to the literature.1%3.154
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5.2.12 Methyl 2-azido-4,6-O-benzylidene-2-deoxy-a-D-mannopyranoside (18)

N3

Ph/?ag%:o i) Th,0, pyr,-30t0-20°C PN R0\ |
HO ii) NaN, DMF, 75 °C HO
OMe OMe
C14H1806 C14H17N305
282.288 amu 307.301amu
17 18

To a solution of 17 (7.30 g, 25.87 mmol, 1.00 equiv.) and pyridine (4.17 ml, 51.73
mmol, 2.00 equiv.) in dichloromethane (anhydrous, 86 ml) was added
trifluoromethanesulfonic anhydride (27.16 ml, 27.16 mmol, 1.05 equiv.) at -30 °C. The
reaction was stirred at -30 °C for 1.5 hours and then 1 hour at -20 °C. Monitoring via
TLC (n-hexane/ethyl acetate 1:1) indicated full consumption of 17 after 2.5 hours. The
reaction was quenched by addition of water at ambient temperature. The layers were
separated and the aqueous phase was re-extracted with dichloromethane (3x). Drying
over magnesium sulfate and removal of the volatiles in vacuo afforded a red crude oil.

The crude material was dried in vacuo.

To a solution of crude triflate in dimethylformamide (anhydrous, 100 ml) was added
sodium azide (8.42 g, 0.13 mol, 5.00 equiv.) at ambient temperature. The mixture was
stirred at 75 °C. Monitoring via TLC (n-hexane/ethyl acetate 5:1) indicated full
consumption of the triflate after 15 hours. The volatiles were removed in vacuo and
the residue was dissolved in dichloromethane/water. The layers were separated and
the aqueous phase was re-extracted with dichloromethane (3x). The combined
organic layers were dried over magnesium sulfate and removal of the volatiles in
vacuo afforded 10.1 g of a crude dark oil. Purification via automated column
chromatography using silica gel (Interchim PuriFlash® 4/25, dry loading with silica gel
in FO80, column: FO80, 30 ml/fraction, 40 ml/min, applying a gradient of ethyl acetate
in toluene from 0% to 10% in 9 CV) afforded 83% (6.6 g) of 18 as an off-colorless oil.

The analytical data is in accordance to the literature.57:158
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5.2.131,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-D-mannopyranose (19)

N3 N
Ph/voo 0 2% HpS04in Aco0 AA(%%
HO 0°Ctort hco
OMe OAc
C14H17N305 C14H19N30g
307.301amu 373.315amu
18 19

To a solution of 18 (1.74 g, 5.66 mmol, 1.00 equiv.) in acetic anhydride (74 ml, 170
mmol, 30 equiv.) was added sulfuric acid (0.60 ml, 10.76 mmol, 1.90 equiv.) at 0 °C.
The reaction was warmed up to ambient temperature. Monitoring via TLC
(toluene/ethyl acetate 3:1) indicated full consumption of the starting material after 3
hours. The reaction was reverse-quenched by slow addition of the reaction mixture
into a mixture of saturated aqueous sodium bicarbonate/ethyl acetate. The layers were
separated and the aqueous phase was re-extracted with ethyl acetate (3x). Drying
over magnesium sulfate and removal of the volatiles in vacuo afforded roughly 5 g of
a crude orange oil. Purification via automated column chromatography using silica gel
(Interchim PuriFlash® 4/25, dry loading with 10 g silica gel in F040, column: F080, 12
ml/fraction, 34 ml/min, applying a gradient of ethyl acetate in toluene from 0% to 30%
in 8 CV then isocratic) afforded 79% (1.54 g) of 19.

The analytical data is in accordance to the literature.%8

103



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

@ Sibliothek,
Your knowledge hub

5.2.14 Ethyl 3,4,6-tri-O-acetyl-2-azido-2-deoxy-1-thio-a-D-mannopyranoside (20)

NE
e Ng) EtSH, BF3OEt, A%go 0
Ao DCM,0°Ctort cO
OAc SEt
C14H19N30g C14H21N30O7S
373.315 amu 375.400 amu
19 20

To a solution of 19 (5.52 g, 14.78 mmol, 1.00 equiv.) and ethane thiol (2.19 ml, 29.56
mmol, 2.00 equiv.) in dichloromethane (dry, 110 ml) was added boron trifluoride
etherate (7.80 ml, 62.07 mmol, 4.20 equiv.) at 0 °C. The reaction was slowly warmed
to ambient temperature overnight. Monitoring via TLC (HPTLC, toluene/ethyl acetate
5:1) indicated full consumption of the starting material after 15 hours. The reaction was
quenched by addition of pyridine and the crude reaction mixture was washed with
water. The volatiles were removed in vacuo. Purification via manual column
chromatography using silica gel (250 g of silica gel, liquid loading in toluene/ethyl
acetate 5:1, 10-30 ml/fraction, isocratic elution with toluene/ethyl acetate 5:1) afforded
83% (4.63 g) of 20 (a/B 6:1).

The analytical data is in accordance to the literature.’%8
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5.2.15 Ethyl 2-azido-4,6-O-benzylidene-2-deoxy-1-thio-a-D-mannopyranoside (21)

N N
A0 1o i) NaOMe, MeOH P2 o
Aco ii) PhCH(OMe),, CSA, ACN HO
SEt SEt
C14H21N3078 C15H19N304S
375.400 amu 337.397 amu

20 21

To a solution of 20 (4.63 g, 12.33 mmol, 1.00 equiv.) in methanol (SeccoSolv®, 50 ml)
was added sodium methoxide (commercial, 0.5 M in methanol, 2.10 ml, 1.05 mmol,
0.09 equiv.). Monitoring via TLC (dichloromethane/methanol 10:1) indicated full
consumption of the starting material after 21 hours. The reaction was acidified by
addition of Dowex® 50WX8 H* form to pH ~6. The solid material was removed via
filtration over Celite® with methanol. Removal of the volatiles and drying in vacuo

afforded an off-colorless solid crude material.

To a suspension of the crude material in acetonitrile (dry, 100 ml) were added
benzaldehyde dimethyl acetal (3.71 ml, 24.66 mmol, 2.00 equiv.) and DL-
camphorsulfonic acid (286 mg, 1.23 mmol, 0.10 mmol) at ambient temperature to yield
a homogenous solution. Monitoring via TLC (dichloromethane/methanol 10:1)
indicated full consumption of the intermediate after 15 hours. The reaction was
quenched by addition of triethylamine. Removal of the solvent in vacuo afforded 6 g
of a crude oil. Purification via automated column chromatography using silica gel
(Interchim PuriFlash® 4/25, dry loading with 21 g of silica gel in FO80, column: F200,
30 ml/fraction, 60 ml/min, collect via threshold: 10 mV, applying a gradient of ethyl
acetate in toluene from 0% to 10% within 10 CV) afforded 83% (3.46 g) of 21.

The analytical data is in accordance to the literature.'??
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5.2.16 Ethyl 2-azido-4,6-0-benzylidene-2-deoxy-3-O-picoloyl-1-thio-a-D-

mannopyranoside (22)

Ph o2\ |0
A~ N3 OO
Ph o2\ |0 PicoHCI, TEA, DMAP o
HO DCM, rt ~ N H
SEt
\_
C15H19N304S C21H22N405S
337.397 amu 442.490 amu
21 22

To a solution of 21 (3.46 g, 10.26 mmol, 1.00 equiv.) in dichloromethane (dry, 150 ml)
were added triethylamine (dry, 14.31 ml, 0.10 mol, 10.00 equiv.), 4-
dimethylaminopyridine (cat.) and 2-pyridine carbonyl choride hydrochloride (3.84 g,
21.55 mmol, 2.10 equiv.) at ambient temperature. Monitoring via TLC (toluene/ethyl
acetate 4:1) indicated full consumption of the starting material after 15 hours at
ambient temperature. The reaction was quenched by addition of water and after 30
minutes, the layers were separated. The aqueous phase was re-extracted with
dichloromethane (3x) and the combined organic layers were dried over magnesium
sulfate. Removal of the volatiles in vacuo afforded 7 g of a crude material. Purification
via manual column chromatography using silica gel (210 g of silica gel, liquid loading
with dichloromethane, ~15-30 ml/fraction, applying a slow gradient of ethyl acetate in
n-hexane from 25% to 33%) afforded >99% (4.89 g) of 22 as a pale-yellow wax.

The analytical data is in accordance to the literature.’?3
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5.2.17 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(tetrachlorophthalimido)-a-D-glucopyranose

(23)
AcO
AcO O
AcO
HO i) NaOMe, MeOH ,\?Ac

HO%OH i) TCPA, TEA o) o]
HO N i) Ac20, py

\J

"HCI Cl Cl
Cl Cl
CGH14C| NO5 szH1gC|4NO11
215.631amu 615.193amu
3 23

A suspension of 5 (5.00 g, 23.19 mmol, 1.00 equiv.) in sodium methoxide (1 M in
methanol, 23.19 ml, 23.19 mmol, 1.00 equiv.) was stirred for 2 hours at ambient
temperature. To the suspension was added tetrachloro phthalic acid anhydride (3.46
g + 3.98 g, 26.03 mmol, 1.12 equiv.) in two portions at an interval of 45 minutes.
Monitoring via LC-MS (column: HILIC, profile: 95%—>40% in 17 min) indicated full
consumption of the starting material after 22 hours at ambient temperature. The solid
material was removed via filtration and the volatiles was removed in vacuo to yield a
crude brownish foam. To a solution of the crude material in pyridine (anhydrous, 50
ml) was slowly added acetic anhydride (32.88 ml, 0.35 mol, 15.00 equiv.) at 0 °C. The
reaction was slowly warmed to ambient temperature. Monitoring via LC-MS (column:
HILIC, profile: 95%->40% in 17 min) indicated full consumption of the intermediate
and conversion to the product. The excess of acetic anhydride was quenched by slow
addition of methanol (15.95 ml, 0.39 mol, 17.00 equiv.) at 0 °C. The crude reaction
was reverse-quenched with saturated aqueous sodium bicarbonate and
dichloromethane. The layers were separated and the aqueous phase was re-extracted
with dichloromethane (3x). The combined organic layers were washed with water.
Drying over magnesium sulfate and removal of the volatiles in vacuo afforded 18 g of
a crude material. Purification via recrystallization from ethanol (abs.) afforded 16%

(2.31 g) of 23 as a colorless powder.

The analytical data is in accordance to the literature. 60
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5.2.18 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(tetrachlorophthalimido)-3-D-glucopyranose

(24)

AA80 o
%\CO OAc

/_\A(%O (0] N
2o OAc  TCPA O ©
HoN Pyridine, rt
ol cl cl
Cl Cl
C14H22CINOg C2oH19CI4sNO14
383.777 amu 615.193 amu
8 24

To a suspension of 8 (468 mg, 1.22 mmol, 1.00 equiv.) in pyridine (dry, 10 ml) was
added tetrachlorophthalic anhydride (418 mg, 1.46 mmol, 1.20 equiv.) at ambient
temperature. Monitoring via LC-MS (column: Cs, profile: 5%—>100% in 35min)
indicated full consumption of the starting material and conversion to the product after
15 hours. The reaction was quenched by addition of acetic anhydride (0.3 ml) at 0 °C.
Removal of the volatiles in vacuo afforded an off-colorless crude solid material.
Purification via dispersion in methanol and filtration afforded 78% (584 mg) of 24 as a

colorless powder.

The analytical data is in accordance to the literature. 43
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5.2.19 Allyl 3,4,6-tri-O-acetyl-2-deoxy-2-(tetrachlorophthalimido)--D-glucopyranoside

(25)
AcO AcO
O o
A2 o AEN o

O N0 AllylOH, BF 5 OEt, O N0
DCM, rt to reflux
Cl Cl Cl Cl
Cl Cl Cl Cl
C2oH19CI4NO14 Cy3H21Cl4NOyg
615.193 amu 613.220 amu
23 o0r 24 25

To a solution of 23 or 24 (5.47 g, 8.89 mmol, 1.00 equiv.) and allylic alcohol (1.82 ml,
26.67 mmol, 3.00 equiv.) in dichloromethane (dry, 50 ml) was slowly added boron
trifluoride etherate (6.58 ml, 53.34 mmol, 6.00 equiv.) at 0 °C. The reaction was slowly
warmed to ambient temperature. Monitoring via TLC (HPTLC, toluene/ethyl acetate
10:1) indicated roughly 50% consumption of the starting material after 15 hours at
ambient temperature. Further stirring for 3 hours at reflux temperature gave full
consumption. The reaction was quenched by slow addition of pyridine (~15 ml, >20.00
equiv.) at ambient temperature to give a precipitate. The precipitate was removed via
extraction between water and dichloromethane. Removal of the volatiles in vacuo
afforded an off-colorless solid crude material. Purification via crystallization from

methanol afforded 77% (4.20 g) of 25 as a colorless solid material.??
Rf = 0.27 in toluene/ethyl acetate 10:1
lim 139 02_600 60-64

13C-APT NMR (150 MHz, CDCI3): & = 170.80, 170.72, 169.50, 140.77, 133.30
(CH2CH=CH2), 130.18, 127.16, 118.39 (CH2CH=CH2), 96.96 (C1), 72.08 (Cs), 71.15
(Cs), 70.45 (CH2CH=CHz2), 68.92 (Ca4), 62.14 (Cs), 55.57 (C2), 20.90 (CHs), 20.74
(CHs), 20.64 (CHs) ppm

ESI-TOF-MS: calc.: [M+NH4]* = 629.0258 m/z; measured.: [M+NH4]* = 629.0275 m/z;
A =-2.66 ppm

[a]2°=+28.4 (c 0.7, CHClI5)
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5.2.20 Allyl 2-deoxy-2-(tetrachlorophthalimido)-B-D-glucopyranoside (26)

AASO 0 HBO 0
<95 OAllyl 05 OAllyl

N

0 N 0 conc. HCI 0 o
acetone/water, 70 °C'
Cl Cl Cl Cl

Cl Cl Cl Cl
C23H21CI4NO1g C17H15CI4NO7
613.220 amu 487.110 amu
25 26

To a suspension of 25 (6.94 g, 11.32 mmol, 1.00 equiv.) in acetone (150 ml) and water
(50 ml) was added hydrochloric acid (37%, 13.59 ml, 0.16 mol, 14.50 equiv.) at
ambient temperature. The reaction was stirred at 70 °C to yield a homogeneous
reaction mixture. Monitoring wvia TLC (toluene/ethyl acetate 10:1 and
dichloromethane/methanol 10:1) indicated full consumption of the starting material
after 15 hours. The reaction was roughly concentrated in vacuo and the crude material
was extracted between saturated aqueous sodium bicarbonate and ethyl acetate. The
combined organic layers were dried over magnesium sulfate and removal of the
volatiles in vacuo afforded a crude brown oil. Purification via crystallization from ethyl

acetate/n-hexane afforded 75% (4.17 g) of 26 as an off-colorless powder.'®°
Rs = 0.33 in toluene/ethyl acetate 10:1

"H NMR (600 MHz, CD2Cl2): 5 =5.77 — 5.70 (m, 1 H, CH2CH=CH), 5.20 (d, J1,2 = 8.4
Hz, 1 H, H1), 5.15 - 5.11 (m, 1 H, CH2CH=CH>), 5.08 — 5.06 (m, 1 H, CH2CH=CH>"),
4.32-4.23 (m, 2 H, H3, CH2CH=CH2), 4.07 — 4.01 (m, 2 H, Hz2, CH2CH=CHz), 3.92 —
3.87 (m, 2 H, He, He"), 3.68 — 3.65 (m, 2 H, H4, OH), 3.51 — 3.48 (m, 2 H, Hs, OH), 2.67
(br, 1 H, OH) ppm

13C-APT NMR (150 MHz, CD:Cl2): & = 163.63 (C=0), 140.25, 133.78 (CH2CH=CH?2),
129.82, 127.43, 117.46 (CH2CH=CH2), 97.37 (C1), 75.46 (Cs), 71.96 (C4), 71.27 (Ca),
70.25 (CH2CH=CH?2), 62.07 (Cs), 57.21 (C2) ppm

ESI-TOF-MS: calc.: [M+NH4]* = 502.9941 m/z; measured.: [M+NH4]* = 502.9946 m/z;
A =-1.02 ppm

[a]2? =-8.3 (¢ 0.2, CHCI3)
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5.2.21 Allyl 4,6-O-benzylidene-2-deoxy-2-(tetrachlorophthalimido)-f3-D-
glucopyranoside (27)

HO ~-0
H o) Ph o
CH)&WOA”Y' ﬂ(&womw

O N0 PhCH(OMe),, CSA O N0
Acetonitrile, rt o
Cl Cl Cl Cl
Cl Cl Cl Cl
C17H15C|4NO7 Cz4H19C|4NO7
487.110 amu 575.216 amu
26 27

To a suspension of 26 (2.14 g, 4.39 mmol, 1.00 equiv.) in acetonitrile (anhydrous, 25
ml) were added benzaldehyde dimethyl acetal (1.32 ml, 8.79 mmol, 2.00 equiv.) and
DL-camphorsulfonic acid (catalytic amount) at ambient temperature to yield a
homogeneous reaction mixture. Monitoring via TLC (toluene/ethyl acetate 20:1 and
dichloromethane/methanol 10:1) indicated full consumption of the starting material
after 15 hours at ambient temperature. The reaction was quenched by addition of
pyridine (0.2 ml). Removal of the volatiles in vacuo afforded 4 g of a crude orange oil.
Purification via automated column chromatography using silica gel (Interchim
PuriFlash® 4/25, dry loading with 8 g silica gel in FO40, column: FO80, 34 ml/min, 10
mi/fraction, collect via threshold: 5 mV, applying a gradient of ethyl acetate in n-hexane
from 0% to 25% in 11 CV) afforded 84% (2.13 g) of 27 as a colorless foam.??’

R = 0.26 in n-hexane/ethyl acetate 4:1

H NMR (600 MHz, CD2Cl): & = 7.49 — 7.47 (m, 2 H, Ar), 7.38 — 7.37 (m, 3 H, Ar),
5.78 — 5.71 (CH2CH=CH?2), 5.58 (s, 1 H, PhCH), 5.26 (d, J1.2 = 8.5 Hz, 1 H, H1), 5.18
—5.14 (m, 1 H, CH2CH=CH>), 5.10 — 5.08 (m, 1 H, CH2CH=CH>'), 4.61 — 4.57 (m, 1
H, Ha), 4.39 — 4.36 (m, 1 H, Hs), 4.29 — 4.25 (m, 1 H, CH2CH=CH2), 4.21 — 4.17 (dd,
J12 = 8.5 Hz, J23 = 10.4 Hz, 1 H, H2), 4.06 — 4.02 (m, 1 H, CH.CH=CH>), 3.86 — 3.81
(m, 1 H, He"), 3.64 — 3.59 (m, 2 H, Ha, Hs), 2.56 (d, J = 3.5 Hz, 1 H, OH) ppm
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13C-APT NMR (150 MHz, CDzCl2): & = 140.29, 137.34, 133.60 (CH2CH=CHy), 129.32,
128.32, 127.38, 126.36, 117.60 (CH2CH=CHz), 101.95 (PhCH), 97.79 (C1), 82.17 (Ca),
70.28 (CH2CH=CH?2), 68.68 (Cs), 68.41 (Cs), 66.29 (Cs), 57.31 (C2) ppm

ESI-TOF-MS: calc.: [M+H]" = 573.9988 m/z; measured.: [M+H]* = 573.9988 m/z; A =
0.01 ppm

[a]20 =-11.9 (¢ 1.0, CHClI5)
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5.2.22 Allyl 6-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-B-D-glucopyranoside (28)

0
3 OAllyl Et38|O OAllyl

o N0 Et;SiH, TfOH N
DCM,-78 °C tort, 4 AMS
cl cl
cl ¢l

C24H19CIsNO7 C24H21CI4NO-; C30H35Cl4NO-Si C30H35CI4NOSi
575.216 amu 577.232 amu 691.493amu 691.493amu
27 28 28a 28b

A suspension of molecular sieves (powdered, 4 A, 230 mg) and 27 (47 mg, 0.08 mmol,
1.00 equiv.) in dichloromethane (1 ml) was stirred for 1 hour at ambient temperature.
To the suspension were added triethylsilane (39 ul, 0.25 mmol, 3.00 equiv.) and triflic
acid (25 ul, 0.28 mmol, 3.40 equiv.) at -70 °C. Monitoring via TLC (toluene/ethyl
acetate 5:1) indicated full consumption of the starting material after 1 hour between
-75 °C and -70 °C. The reaction was quenched by addition of triethylamine (100 pl)
and methanol (0.4 ml) at -70 °C, before warming up to ambient temperature. The solid
material was removed via filtration over Celite® with dichloromethane and ethyl
acetate. The filtrate was concentrated in vacuo to afford 100 mg of a crude material.
The crude residue was dissolved in ethyl acetate and washed with saturated aqueous
sodium bicarbonate and brine. Drying over magnesium sulfate and removal of the
volatiles in vacuo afforded a colorless crude solid material. Coarse purification via flash
filtration using silica gel (pre-packed Interchim® SI-S-500MG/6 ml, isocratic elution
with dichloromethane/methanol 50:1) afforded 74% (35 mg) of 28.17°

Mixtures of 28, 28a and 28b were separated via automated column chromatography
using silica gel (Interchim PuriFlash® 4/25, dry loading with 2 g of silica gel directly
into column, column: FO80, 36 mi/min, 5 ml/fraction, collection via threshold: 5 mV,
applying a gradient of acetone in isomers of hexane from 0% to 15% in 10 CV). The
byproducts 28a and 28b were converted to desired 28 via a TBAF-mediated

desilylation method published in the literature.!”
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8O0 o
09 OAllyl

o-N_o

Cl Cl

Cl Cl

C24H21CI4NO7
577.232 amu

28

Rf = 0.18 in toluene/ethyl acetate 4:1

'H NMR (600 MHz, CDCl3): & = 7.39-7.31 (m, 5 H, Ar), 5.77-5.70 (m, 1 H,
CH2CH=CHz), 5.22 (d, J1,2 = 8.4 Hz, 1 H, H1), 5.17-5.13 (m, 1 H, CH2CH=CH>), 5.10-
5.08 (M, 1 H, CH2CH=CH?), 4.65 (d, Jgem = 11.9 Hz, 1 H, 6-O-Bn), 4.58 (d, Jgem = 11.9
Hz, 1 H, 6-0-Bn’), 4.31-4.24 (m, 2 H, Ha, CH2CH=CHy), 4.17 (dd, J1,2 = 8.3 Hz, J23 =
11.0 Hz, 1 H, Hz), 4.04-4.00 (m, 1 H, CH2CH=CH?>), 3.85 (dd, Jvic = 4.6 Hz, Jgem = 10.0
Hz, 1 H, He)3.77 (dd, Jvic = 5.5 Hz, Jgem = 10.1 Hz, 1 H, He'), 3.66-3.63 (m, 1 H, Ha),
3.61-3.58 (m, 1 H, Hs), 3.13 (d, Juic = Hz, 1 H, 4-OH), 2.52 (br, 1 H, 3-OH) ppm

13C-APT NMR (150 MHz, CDCl3): 5 = 140.43, 137.48, 133.60 (CH2CH=CHy), 128.73,
128.21, 127.98, 127.39, 117.84, 97.21 (C1), 74.63 (C4), 73.98 (6-0-Bn), 73.37 (Cs),
71.38 (Ca), 70.71 (Cs), 70.04 (CH2CH=CHy), 56.71 (C2) ppm

ESI-TOF-MS: calc.: [M+ NH4]* = 593.0410 m/z; measured.: [M+NH4]* = 593.0417 m/z;
A=-1.16 ppm

[a]2® = -9.6 (c 0.6, CHCI5)
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5.2.23 Allyl 6-O-benzyl-4-O-(triethylsilyl)-2-deoxy-2-(tetrachlorophthalimido)-f3-D-
glucopyranoside (28a)
OBn
Et:SI0CNCZ L OAllyi

oN_o

Cl Cl

Cl Cl

C3gH35CI4NO;Si
691.493 amu

28a
Rf = 0.37 in toluene/ethyl acetate 5:1

'H NMR (600 MHz, CDCls): & = 7.38 — 7.28 (m, 5 H, Ar), 5.80 — 5.74 (m, 1 H,
CH2CH=CH2), 5.21 (d, J12= 7.9 Hz, 1 H, H1), 5.18 = 5.15 (m, 1 H, CH2CH=CH2), 5.10
—5.08 (M, 1 H, CH2CH=CH>"), 4.66 (d, Jgem = 12.4 Hz, 1 H, 6-O-Bn), 4.59 (d, Jgem =
12.4 Hz, 1 H, 6-0-Bn’), 4.31 — 4.28 (m, 1 H, CH2CH=CH}>), 4.22 — 4.15 (m, 2 H, Hs,
Hz), 4.07 — 4.03 (m, 1 H, CH2CH=CH?>), 3.78 — 3.76 (m, 1 H, He), 3.69 — 3.67 (m, 1 H,
He'), 3.64 — 3.61 (m, 1 H, Ha), 3.55 —3.52 (m, 1 H, Hs), 1.97 (d, J = 5.3 Hz, 1 H, OH),
0.91 (t, J = 8.0 Hz, 9 H, CHsCH?2), 0.62 — 0.57 (m, 6 H, CH3CHz) ppm

13C NMR (150 MHz, CDCls): & = 140.4, 138.3, 133.8 (CH2CH=CH2), 128.5, 127.8,
127.7,127.4,117.7 (CH2CH=CHz), 97.1 (C1), 76.4 (Cs), 73.6 (6-O-Bn), 73.5 (Ca), 72.7
(C3), 69.9 (CH2CH=CHz), 69.1 (Ce), 57.2 (C2), 7.0 (CH3CH2Si), 5.3 (CH3CH2Si) ppm

ESI-TOF-MS: calc.: [M+ NH4]* = 707.1275 m/z; measured.: [M+NH4]* = 707.1287 m/z;
A =-1.67 ppm
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5.2.24 Allyl 6-0O-benzyl-3-O-(triethylsilyl)-2-deoxy-2-(tetrachlorophthalimido)-f3-D-
glucopyranoside (28b)

OBn

HO 0
Et,SiO OAllyl

Cl Cl

Cl Cl

C30H35CI4NOSi
691.493 amu

28b
Rf = 0.29 in toluene/ethyl acetate 5:1

'H NMR (600 MHz, CDCl3): & = 7.39 — 7.30 (m, 5 H, Ar), 575 — 5.68 (m, 1 H,
CH2CH=CH2), 5.16 — 5.06 (m, 3 H, H1, CH2CH=CH>), 4.67 (d, J = 12.0 Hz, 1 H, 6-O-
Bn), 4.57 (d, J = 12.0 Hz, 1 H, 6-O-Bn"), 4.33 (dd, J34 = 8.0 Hz, J>3=10.6 Hz, 1 H,
Hs), 4.25 -4.22 (m, 1 H, CH2CH=CH2), 4.15 (dd, J1,2= 8.5 Hz, J23=10.6 Hz, 1 H, H2),
4.02-3.99 (m, 1 H, CH.CH=CHz), 3.83 - 3.75 (m, 2 H, Hs), 3.62 — 3.53 (m, 2 H, Ha,
Hs), 2.65 (d, J = 2.9 Hz, 1 H, 4-OH), 0.78 (t, J = 8.0 Hz, 9 H, CH3CH:S:i), 0.52 — 0.34
(m, 6 H, CH3CH.Si) ppm

13C-APT NMR (150 MHz, CDCls): & = 137.74, 133.75 (CH2CH=CHy), 128.69, 128.11,
128.00, 117.69 (CH2CH=CHz), 97.09 (C1), 74.67 (Ca), 73.90 (6-O-Bn), 73.74 (Cs),
72.68 (Cs), 70.70 (Cs), 69.89 (CH2CH=CHz), 57.90 (C2), 6.77 (CHaCH2Si), 5.27
(CHsCH2Si) ppm

ESI-TOF-MS: calc.: [M+ NH4]* = 707.1275 m/z; measured.: [M+NH4]* = 707.1280 m/z;
A =-0.62 ppm
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5.2.25Allyl  3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-(tetrachlorophthalimido)--D-
glucopyranoside (29)

X0 Y0
Ph o) Ph 0
QC&WOAHW BQ](&WOAM

N Benzyl trichloroacetimidate, N
© © TfOH © ©
cl cl DCM/Cyclohexane, rt cl Cl
Cl Cl Cl Cl
C24H19CI4NO7 C31H25CI4NO7
575.216 amu 665.339 amu
27 29

To a solution of 27 (300 mg, 0.52 mmol, 1.00 equiv.) in dichloromethane (anhydrous,
2.7 ml) and cyclohexane (dry, 1.6 ml) were added molecular sieves (powdered, 3 A,
333 mg) and benzyl 2,2,2-trichloroacetimidate (0.40 ml, 2.14 mmol, 4.10 equiv.) at
ambient temperature. The suspension was stirred at ambient temperature for 45
minutes. To the suspension was added ftriflic acid (2.76 pl, 31.29 pymol, 0.06 equiv.) at
ambient temperature. Monitoring via TLC (n-hexane/ethyl acetate 5:1) indicated traces
of starting material after 15 hours at ambient temperature. The reaction was quenched
by addition of pyridine (0.1 ml) and dichloromethane. The solid material was removed
via filtration over Celite®. The filtrate was washed with water and the aqueous phase
was re-extracted with dichloromethane (3x). Drying over magnesium sulfate and
removal of the solvent in vacuo afforded 1 g of a crude material. Purification via
automated column chromatography using silica gel (Interchim PuriFlash® 4/25, dry
loading with 1.5 g silica gel in F025, column: FO40, 26 ml/min, 5 ml/fraction, collect via
threshold: 5 mV, applying a gradient of ethyl acetate in n-hexane from 0% to 25% in
11 CV) afforded 89% (310 mg) of 29 as a wax.'"?

R = 0.53 in n-hexane/ethyl acetate 5:1

H NMR (600 MHz, CDCl3): 5 = 7.54-7.52 (m, 2 H, Ar), 7.42-7.37 (m, 3 H, Ar), 7.05-
7.04 (m, 2 H, Ar), 6.94-6.91 (m, 2 H, Ar), 6.83-6.80 (m, 1 H, Ar), 5.71-5.65 (m, 1 H,
CH2CH=CH?>), 5.63 (s, 1 H, PhCH), 5.21 (d, J12 = 8.5 Hz, 1 H, H1), 5.14-5.11 (m, 1 H,
CH2CH=CHy), 5.07-5.04 (m, 1 H, CH2CH=CH>), 4.81 (d, J = 12.8 Hz, 1 H, 3-0-Bn),
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4.41-4.39 (m, 2 H, 3-0-Bn’, He), 4.33 (dd, J3.4= 8.9 Hz, Jz23= 10.4 Hz, 1 H, Ha), 4.25-
417 (m, 1 H, CH2CH=CH2), 4.18 (dd, J12 = 8.5 Hz, J23 = 10.4 Hz, 1 H, H2), 4.00-3.96
(m, 1 H, CH2CH=CHy2), 3.86 (t, J = 10.3 Hz, 1 H, He"), 3.79 (t, J = 9.3 Hz, 1 H, Ha),
3.62-3.57 (m, 1 H, Hs) ppm

13C-APT NMR (150 MHz, CDCls): 5 = 139.95, 138.38, 137.39, 133.37 (CH2CH=CHy2),
129.21, 128.52, 128.44, 128.08, 127.25, 126.20, 117.96, 101.57 (PhCH), 97.75 (C1),
82.91 (Ca), 75.29 (Cs), 74.62 (3-O-Bn), 70.25 (CH2CH=CHy), 68.84 (Cs), 66.30 (Cs),
56.61 (C2) ppm

ESI-TOF-MS: calc.: [M+ H]* = 664.0458 m/z; measured.: [M+H]* = 664.0450 m/z; A =
+1.15 ppm

[a]3? = +60.6 (¢ 0.5, CHCI,)
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5.2.26 Allyl  3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)--D-glucopyranoside

(30)
=0 BnO
Ph o) o)
B%S%S/OAHVI %&OAM
O N0 EtsSiH, TFOH O N\ 20
DCM,-78°C,4AMS
cl cl cl cl
cl  Cl cl  Cl
C34H5CI4NO7 C34H7CI4NO7
665.339 amu 667.355 amu
29 30

A suspension of 29 (2.06 g, 3.10 mmol, 1.00 equiv.) and molecular sieves (powdered,
4 A, 2 g) in dichloromethane (dry, 36 ml) was stirred for 30 minutes at ambient
temperature. To the suspension was added triethylsilane (0.21 ml, 1.31 mmol, 3.00
equiv.) at ambient temperature. After stirring for additional 30 minutes at ambient
temperature, triflic acid (0.13 ml, 1.48 mmol, 3.40 equiv.) was added at -65 °C.
Monitoring via TLC (n-hexane/ethyl acetate 5:1) indicated full consumption of the
starting material after 30 minutes at -60 °C. The reaction was quenched by addition of
pyridine (1.00 ml, 12.38 mmol, 4.00 equiv.) and methanol (2 ml) at -60 °C, before
warming up to ambient temperature. The solid material was removed via filtration over
Celite® with dichloromethane. The filtrate was washed with aqueous sodium
bicarbonate and the aqueous phase was re-extracted with dichloromethane (3x).
Drying over magnesium sulfate and removal of the volatiles in vacuo afforded 2.5 g of
a crude oil. Purification via automated column chromatography using silica gel
(Interchim PuriFlash® 4/25, dry loading with 4.1 g Celite® in F040, column: FO80, 30
ml/min, 12 ml/fraction, collection via threshold: 5 mV, applying a gradient of ethyl
acetate in n-hexane from 0% to 30% in 8 CV then 4 CV isocratic) afforded 77% (1.23

g) of 30 as a colorless foam.'”®

Rf = 0.15 in n-hexane/ethyl acetate 5:1

H NMR (600 MHz, CDCl3): 5 = 7.39-7.31 (m, 5 H, Ar), 7.07-7.06 (m, 2 H, Ar), 6.95-
6.93 (m, 2 H, Ar), 6.79-6.76 (m, 1 H, Ar), 5.71-5.64 (CH2CH=CH2), 5.14 (d, J1,2 = 8.2
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Hz, 1 H, H1), 5.11-5.08 (m, 1 H, CH2CH=CH3), 5.05-5.02 (m, 1 H, CH2CH=CH>), 4.85
(d, Jgem = 12.7 Hz, 1 H, 3-O-Bn), 4.65 (d, Jgem = 12.0, 1 H, 6-0-Bn), 4.59 (d, Jgem =
11.8, 1 H, 6-O-Bn’), 4.43 (d, Jgem = 12.9, 1 H, 3-O-Bn’), 4.22-4.18 (m, 1 H,
CH2CH=CHa), 4.15-4.08 (m, 2 H, Hs, H2), 3.98-3.94 (m, 1 H, CH.CH=CH>), 3.86-3.77
(m, 3 H, He, He", Ha), 3.62-3.58 (m, 1 H, Hs), 3.00 (d, J = 2.6 Hz, 1 H, 4-OH) ppm

13C-APT NMR (150 MHz, CDCls): 5 = 139.79, 138.81, 137.60, 133.64 (CH2CH=CHy2),
128.70, 128.20, 128.14, 128.09, 127.98, 127.07, 117.71 (CH2CH=CHz), 97.16 (C1),
79.52 (Cs), 75.12 (3-0-Bn), 75.03 (Ca), 74.00 (6-O-Bn), 73.46 (Cs), 70.88 (Cs), 69.94
(CH2CH=CHz), 56.11 (C2) ppm

ESI-TOF-MS: calc.: [M+NH4]" = 683.0880 m/z; measured.: [M+NH4]" = 683.0891 m/z;
A =-1.60 ppm

[a]3® = +23.5 (¢ 0.5, CHCI,)
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5.2.27 Allyl  2-azido-4,6-O-benzylidene-2-deoxy-3-O-picoloyl-B-D-mannopyranosyl-
(1-2>3)-6-0O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-f3-D-glucopyranoside
(31a)

BnO o N3 BnO o
~0 N3 HSO OAllyl ph/VOO oHo o OAllyl
Ph 0
o) O N
o@ﬁ o o o
N

o N_o0 NIS, TFOH
o) + >
N OF DCM, -25°C to rt =
N\ /

Cl Cl Cl Cl

C21H22N4O5S C24H21CI4NO7 C43H37CI4sN5012
442 .490amu 577.233amu 957.586amu
22 28 31a

To a solution of 22 (28.9 mg, 65.3 umol, 1.3 equiv.) and 28 (29.0 mg, 50.2 ymol, 1.0
equiv.) in dichloromethane (dry, 1 ml) were added molecular sieves (powdered, 4 A,
90 mg) at ambient temperature. The suspension was stirred for 30 min at ambient
temperature. To the suspension were added N-iodosuccinimide (27.1 mg, 120.6 pmol,
2.4 equiv.) and triflic acid (1.8 ul, 20.1 umol, 0.4 equiv.) at -25 °C. The reaction was
warmed up to ambient temperature. A gradual discoloration towards purple between -
7 °C and 0 °C indicated visually the start of the glycosylation. Monitoring via TLC
(HPTLC, toluene/ethyl acetate 2:1) indicated traces of acceptor after 2.5 hours at
ambient temperature. The reaction was quenched by addition of pyridine (0.1 ml) and
aqueous sodium thiosulfate solution. The aqueous phase was separated and the solid
material was removed via filtration over Celite®. The aqueous phase was re-extracted
with dichloromethane (3x). The combined organic layers were washed with saturated
aqueous sodium bicarbonate and water. Drying over magnesium sulfate and removal
of the volatiles in vacuo afforded 62 mg of a crude brown material. Purification via
manual column chromatography using silica gel (10 g of silica gel, dry loading with
120 mg silica gel, applying a gradient of ethyl acetate in toluene from 0% to 35%)

afforded 40% (20 mg) of 31a as an off-colorless solid material.'?3
R = 0.56 in toluene/ethyl acetate 2:1

1H NMR (600 MHz, CD2Cl): & = 8.71 — 8.70 (m, 1 H, Ar), 8.07 — 8.06 (m, 1 H, Ar),
7.85-7.82 (m, 1H, Ar), 7.49 — 7.47 (m, 1 H, Ar), 7.40 — 7.35 (m, 6 H, Ar), 7.32 — 7.29
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(m, 4 H, Ar), 577 -5.70 (m, 1 H, CH2CH=CHz2), 5.56 (s, 1 H, PhCHa), 5.26 (dd, J23 =
3.9 Hz, J34=10.1 Hz, 1 H, H3a), 5.16 = 5.15 (m, 1 H, CH2CH=CH>), 5.10 (d, J1,=8.5
Hz, 1 H, Hig), 5.09 — 5.07 (m, 1 H, CH2CH=CH?>"), 4.85 (d, 3Ju1a H2a = 1.4 Hz, 'Jc1aH1a
=161.6 Hz, 1 H, H1a), 4.65 — 4.60 (m, 2 H, 6-O-Bns), 4.56 (dd, J = 8.3 Hz, J=10.8
Hz, 1 H, Hsg), 4.33 (dd, Jvic = 4.9 Hz, Jgem = 10.5 Hz, 1 H, Hea), 4.29 — 4.25 (m, 2 H,
CH>CH=CHz2, Hz2s), 4.11 (t, J = 9.7 Hz, 1 H, Hapa), 4.05 — 4.00 (m, 2 H, CH2CH=CHz,
H2a), 3.90 — 3.87 (m, 2 H, Hea’, Hes), 3.81 - 3.77 (m, 2 H, Hes", 4-OH), 3.75 - 3.72 (m,
1 H, Hsg), 3.64 —3.61 (m, 1 H, Hsg), 3.60 — 3.56 (m, 1 H, Hsa) ppm

13C-APT NMR (150 MHz, CD2:Cl2): & = 150.12, 147.05, 140.73, 138.56, 137.09,
136.93, 133.65 (CH2CH=CHz), 129.26, 128.41, 128.24, 127.71, 127.65, 127.44,
126.23, 125.60, 117.53 (CH2CH=CH2), 102.01 (PhCHa), 100.59 (C1a), 97.06 (Cis),
82.36 (Css), 75.27 (Cs), 74.98 (Can), 73.59 (Bn), 71.13 (Caa), 70.34 (Cag), 69.99
(CH2CH=CHz), 69.49 (Ces), 67.97 (Cen), 67.67 (Cs), 62.87 (C2n), 55.76 (C28) ppm

ESI-TOF-MS: calc.: [M+Na]* = 978.1085 m/z; measured.: [M+Na]* = 978.1085 m/z; A
=-0.03 ppm

[a]2® = -9.2 (c 0.4, CHCI5)
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5.2.28 Allyl  2-azido-4,6-O-benzylidene-2-deoxy-3-O-picoloyl-B-D-mannopyranosyl-
(1->4)-3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-f3-D-
glucopyranoside (32)

Ph/VO
P we) o BnO OAllyl
05 o-_N_o AgOTf (0.5M in toluene), BnO N BnO OAllyl
NIS
o set " N —— =N \
=N cl al DCE, 50-55 °C, 20 min \ /
Cl Cl
Cl Cl

Cl Cl
Cl Cl

C21H22N405S C31H27CI4NO7 Cs0Ha3ClsNsO12 Cs0H43Cl4NsO12
442.490 amu 667.355 amu 1047.708 amu 1047.708 amu

22 30 32 32a

To a solution of 22 (128.7 mg, 290.9 uymol, 1.0 equiv.) and 30 (225.2 mg, 337.4 pmol,
1.2 equiv.) in 1,2-dichloroethane (anhydrous, 14.5 ml, ~20 mM) was added molecular
sieves (powdered, 4 A, 650 mg). The suspension was stirred at ambient temperature
for 45 minutes. N-lodosuccinimide (92.9 mg, 0.4 mmol, 1.4 equiv.) and silver triflate
(0.338 M in toluene, stored over silver oxide, 430 pl, 145 pmol, 0.5 equiv.) were added
at ambient temperature. The temperature was raised to 55 °C. Monitoring via TLC
(HPTLC, n-hexane/ethyl acetate 2:1) indicated full consumption of the glycosyl donor
after 10 minutes at 55 °C. The reaction was quenched by addition of pyridine (0.5 ml)
and the solid material was removed via filtration over Celite® with dichloromethane.
The crude reaction was washed with saturated aqueous sodium bicarbonate and
saturated aqueous sodium thiosulfate (1:1). The aqueous phase was diluted with
water and the layers were separated. The aqueous phase was re-extracted with
dichloromethane (3x). Drying over magnesium sulfate and removal of the volatiles in
vacuo afforded a dark crude material. Purification of via automated column
chromatography using silica gel (Interchim PuriFlash® 4/25, dry loading with 4.8 g of
silica gel in FO12, column: FO80, 30 ml/min, 15 ml/fraction, applying a gradient of ethyl
acetate in n-hexane from 30% to 50% in 8 CV then isocratic) afforded 25% (76 mg) of

32 (a/B 1:2) as an off-colorless solid material.'?3

123



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

N3

Ph/VOO/%J&/BnO o
O ©) OAllyl
o) BnO

=N O M0
\_7/ Cl Cl
Cl Cl
Cs0H43Cl4N5012
1047.708 amu
32

Rf = 0.39 in n-hexane/ethyl acetate 1.5:1

"H NMR (600 MHz, CDCl3): 5=8.83-8.82 (m, 1 H, Ar), 8.15-8.14 (m, 1 H, Ar), 7.87
—-7.84(m,1H,Ar),7.51-7.49(m,1H, Ar), 745 -7.39 (m, 6 H, Ar), 7.35-7.31 (m,
4 H, Ar), 7.07 —= 7.06 (m, 2 H, Ar), 6.93 —6.90 (m, 2 H, Ar), 6.74 —6.72 (m, 1 H, Ar),
5.73 -5.66 (m, 1 H, CH2CH=CH2), 5.50 (s, 1 H, PhCHAa), 5.17 (dd, J23 = 3.9 Hz, J34
=10.1 Hz, 1 H, Hsa), 5.14 — 5.10 (m, 2 H, His, CH2CH=CH>), 5.06 — 5.04 (m, 1 H,
CH2CH=CHy"), 4.87 (d, 3JH1aH24 = 1.0 Hz, "Jc1aH1a = 161.6 Hz, 1 H, H1a), 4.83 — 4.80
(m, 2 H, 6-O-Bng, 3-O-Bng), 4.55 (d, Jgem = 12.0 Hz, 1 H, 6-O-Bng"), 4.43 (d, Jgem =
13.1 Hz, 1 H, 3-O-Bne’), 4.31 (dd, Jvic = 5.0 Hz, Jgem = 10.6 Hz, 1 H, Hea), 4.25 - 4.17
(m, 3 H, CH2CH=CHz, Hz2a, H3B), 4.15 - 4.11 (m, 2 H, H2s, Hass), 4.06 (t, J = 9.7 Hz, 1
H, H4a), 4.00 — 3.97 (m, 1 H, CH2CH=CH2), 3.83 — 3.78 (m, 2 H, Hss, Hes’), 3.69 (t, J
=10.3 Hz, 1 H, Hea’), 3.58 — 3.55 (m, 1 H, Hsg), 3.28 — 3.24 (m, 1 H, Hsa) ppm

13C-APT NMR (150 MHz, CDCl3): 5 = 164.14, 150.44, 147.32, 139.75, 139.02, 137.64,
137.14, 137.06, 133.65 (CH2CH=CHz), 129.24, 128.92, 128.46, 128.43, 128.35,
128.00, 127.35, 126.88, 126.30, 125.70, 117.77 (CH2CH=CHz), 101.96 (PhCHa),
100.51 (C1a), 97.15 (C1B), 79.65 (Cas), 77.98 (C3B), 75.49 (3-O-Bns), 75.47 (Csa), 74.42
(Csg), 73.90 (6-O-Bns), 72.13 (Csa), 69.97 (CH2CH=CH), 68.55 (Csa), 68.40 (Ces),
67.35 (Csa), 62.79 (C2a), 56.46 (C2s),ppm

ESI-TOF-MS: calc.: [M+H]" = 1046.1735 m/z; measured.: [M+H]" = 1046.1739 m/z; A
=-0.42 ppm

[a]2® = -8.9 (c 0.8, CHCI5)
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5.2.29 Allyl  2-azido-4,6-O-benzylidene-2-deoxy-3-O-picoloyl-a-D-mannopyranosyl-
(1->4)-3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-a-D-
glucopyranoside (32a)

OBn

/V N3

PR Y0 0

o&g
\ 7/

oN_o
Cl Cl
Cl Cl
Cs0H43Cl4N5012
1047.708 amu

32a
Rf = 0.52 in n-hexane/ethyl acetate 1.5:1

"H NMR (600 MHz, CD2Cl2): 5 = 8.72 - 8.71 (m, 1 H, Ar), 8.12 - 8.11 (m, 1 H, Ar),
7.85—-7.82(m, 1H,Ar),7.49—-7.47 (m, 1 H, Ar), 7.45 —-7.29 (m, 10 H, Ar), 7.09 —
7.08 (m, 2 H, Ar), 6.96 — 6.93 (m, 2 H, Ar), 6.72 — 6.69 (m, 1 H, Ar), 5.79 — 5.76 (dd,
J23=Hz, J34=Hz, 1 H, H3a), 5.75-5.68 (m, 1 H, CH2CH=CHz), 5.63 (s, 1 H, PhCHa),
5.38 (d, 3Jn1aH2a = 1.5 Hz, 1 H, "Jc1an1a = 172.5 Hz, 1 H, H1a), 5.12 = 5.09 (m, 2 H,
H1g, CH2CH=CH>), 5.06 — 5.04 (m, 1 H, CH2CH=CH>"), 4.96 (d, J = 12.9 Hz, 1 H, 3-O-
Bng), 4.64 (s, 2 H, 6-O-Bns.), 4.43 (dd, J23=8.8 Hz, J34=10.8 Hz, 1 H, Hza), 4.39 (d,
J=12.9 Hz, 1 H, 3-O-Bng"), 4.35 (dd, J23=1.6 Hz, J1,2= 3.6 Hz, 1 H, H2a), 4.31 (t, J
= 9.8 Hz, 1 H, Haa), 4.24 — 4.19 (m, 2 H, CH2CH=CH2, Hea), 4.16 — 4.04 (m, 3 H, Hsa,
Hzs, H4s), 4.01 — 3.94 (m, 2 H, CH2CH=CH2, Heg), 3.87 — 3.82 (m, 2 H, Hes", Hea’), 3.71
—3.68 (m, 1 H, Hsg) ppm

13C-APT NMR (150 MHz, CD:Clz): & = 150.13, 139.69, 138.57, 138.36, 137.36,
137.02, 133.77 (CH2CH=CHz), 129.18, 128.44, 128.26, 128.10, 127.76, 127.69,
127.56, 127.33, 126.95, 126.32, 125.61, 117.39 (CH2CH=CHz), 102.11 (PhCHa),
101.08 (C1a), 97.09 (C18), 81.40 (Css), 79.31 (Cag), 75.95 (3-O-Bn),75.94 (Can), 74.44
(Css), 73.62 (6-O-Bn), 71.05 (Caa), 70.03 (CH2CH=CH), 68.88 (Css), 68.58 (Csa),
65.31 (Csa), 62.85 (C2a), 56.49 (C28) ppm

ESI-TOF-MS: calc.: [M+ Na]* = 1068.1555 m/z; measured.: [M+Na]* = 1068.1560 m/z;
A =-0.49 ppm

[a]3® = +31.7 (¢ 0.5, CHCI,)
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5.2.30 Allyl 2-azido-4,6-O-benzylidene-2-deoxy-B-D-mannopyranosyl-(1->4)-3,6-di-O-
benzyl-2-deoxy-2-(tetrachlorophthalimido)-3-D-glucopyranoside (37)

NE N3
O O OAllyl (|)'|O O OAllyl
o Bno Cu(OAc) BnO
_N o o 2, O N0
MeOH/DCM, rt
\_7 Cl Cl Cl Cl
Cl Cl Cl Cl
Cs0Ha3Cl4N5012 C44H40ClsN4O14
1047.708 amu 942.615 amu
32 37

To a solution of 32 (140.0 mg, 133.6 ymol, 1.0 equiv.) in methanol/dichloromethane
(2 ml, 1:1) was added copper(ll) acetate (catalytic amount) to yield a homogeneous
blue solution. Monitoring via TLC (n-hexane/ethyl acetate 2:1) indicated full
consumption of the starting material after 30 minutes. The reaction was quenched by
addition of saturated aqueous sodium bicarbonate and dichloromethane. The layers
were separated and the aqueous phase was re-extracted with dichloromethane (3x).
Drying over magnesium sulfate and removal of the volatiles in vacuo afforded >99%
of a crude material. Purification via automated column chromatography using silica gel
(Interchim PuriFlash® 4/25, dry loading with 1.5 g of silica gel in FO04, column: F012,
7.5 ml/min, 3 ml/fraction, collection via threshold: 5 mV, applying a gradient of ethyl
acetate in n-hexane from 10% to 35% in 7 CV then isocratic with 35%) afforded 95%

(120 mg) of 37 as a colorless solid material.’®
Rf = 0.41 in n-hexane/ethyl acetate 2:1

H NMR (600 MHz, CD2Cl2): & = 7.46 — 7.35 (m, 10 H, Ar), 7.06 — 7.04 (m, 2 H, Ar),
6.93 —6.91 (m, 2 H, Ar), 6.79 — 6.76 (m, 1 H, Ar), 5.76 — 5.69 (m, 1 H, CH2CH=CH?),
5.48 (s, 1 H, PhCHa), 5.14 — 5.10 (m, 2 H, H1s, CH2CH=CH?>), 5.07 — 5.05 (m, 1 H,
CH2CH=CHy), 4.81 — 4.76 (m, 3 H, Hi1a, 6-O-Bns, 3-0-Bng), 4.53 (d, Jgem = 11.8 Hz,
1 H, 6-O-Bne’), 4.44 (d, Jgem = 12.8 Hz, 1 H, 3-0-Bng’), 4.29 (dd, Jvic = 5.0 Hz, Jgem =
10.3 Hz, 1 H, Hen), 4.24 — 4.21 (m, 1 H, CH2CH=CHz), 4.18 — 4.15 (dd, J35 45 = 8.6 Hz,
J=10.7 Hz, 1 H, Hsg), 4.11 — 4.08 (dd, Jss a5 = 8.7 Hz, J = 9.7 Hz, 1 H, Hap), 4.02 —
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3.97 (m, 2 H, H2s, CH>CH=CH2), 3.87 — 3.86 (m, 1 H, Hz2a), 3.83 — 3.77 (m, 2 H, Hes,
Hes), 3.69 — 3.59 (m, 4 H, Hasa, Haa Hea', Hsg), 3.19 — 3.15 (m, 1 H, Hsa), 2.41 (d, J =
5.8 Hz, 1 H, OH) ppm

BC-APT NMR (150 MHz, CD:Cl2): & = 140.0, 139.3, 138.3, 137.7, 134.1
(CH2CH=CHz2), 129.8, 129.5, 129.0, 128.8, 128.6, 128.4, 128.2, 127.2, 126.6, 117.7
(CH2CH=CHz2), 102.4 (PhCHa), 101.0 (C1a), 97.4 (C18), 79.7 (C4B), 78.8 (Casa), 77.9
(CsB), 75.6 (3-O-Bns), 74.6 (Csg), 74.0 (6-O-Bns), 70.5 (Csa), 70.3 (CH2CH=CH>), 68.8
(Ces), 68.7 (Csa), 67.4 (Csa), 65.4 (C2a), 56.8 (C28) ppm

ESI-TOF-MS: calc.: [M]" = 941.1520 m/z; measured.: [M]* = 941.1516 m/z; A = +0.43
ppm

[a]2? = +7.8 (¢ 0.6, CHCl3)
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5.2.31 Allyl 3-0O-acetyl-2-azido-4,6-O-benzylidene-2-deoxy--D-mannopyranosyl-
(1->4)-3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-f3-D-
glucopyranoside (38)

NE
OAllyl 0 0 OAllyl

Ac,0, DMAP 0=< 0-N__o
Pyridine, rt
Cl Cl Cl Cl
Cl Cl Cl Cl
C44H40Cl4N4 014 C46H42Cl4N4O12
942.615 amu 984.651amu
37 38

To a solution of 37 (5.6 mg, 5.9 umol, 1.0 equiv.) in pyridine (dry, 0.5 ml) was added
acetic anhydride (15 pl, 34.2 ymol, 5.8 equiv.) and 4-(dimethylamino)pyridine (catalytic
amount) at ambient temperature. Monitoring via TLC (n-hexane/ethyl acetate 2:1)
indicated full consumption of the starting material after 3 hours. The reaction was
quenched by addition of methanol. The volatiles were removed in vacuo to afford a
brown crude material. Purification via manual column chromatography using silica gel
(column: pre-packed Isolute® SPE column 500 mg Flash Si 6 ml, liquid loading with
toluene, isocratic with n-hexane/ethyl acetate 2:1) afforded 85% (5.0 mg) of 38 as a

colorless material.?28
Rf = 0.49 in n-hexane/ethyl acetate 2:1

H NMR (600 MHz, CD2Cl): & = 7.44 — 7.34 (m, 10 H, Ar), 7.06 — 7.05 (m, 2 H, Ar),
6.92 — 6.90 (M, 2 H, Ar), 6.74 — 6.72 (m, 1 H, Ar), 5.73 — 5.66 (m, 1 H, CH2CH=CH?),
5.46 (s, 1 H, PhCHa), 5.14 — 5.04 (m, 3 H, H1g, CH2CH=CH-), 4.88 (dd, J32 = 3.8 Hz,
J34=10.2 Hz, 1 H, H3a), 4.81 — 4.77 (m, 3 H, Hia, 3-O-PhCHs, 6-O-PhCHs), 4.54 (6-
O-PhCHz'), 4.42 (3-O-PhCHs'), 4.28 (dd, Jgem = 10.5 Hz, Jo,5 = 4.8 Hz, 1 H, Hea), 4.24
—4.21 (m, 1 H, CH2CH=CH2), 4.20 — 4.17 (dd, J32 = 8.4 Hz, J3.4 = 10.5 Hz, 1 H, Has),
4.12 —4.08 (m, 3 H, Hag, Hzs, H2a), 4.00 — 3.96 (m, 1 H, CH2CH=CHy), 3.84 (t, J = 9.8
Hz, 1 H, Haa), 3.78 — 3.77 (m, 2 H, Hes, Hes), 3.66 (t, J = 10.3 Hz, 1 H, Hea'), 3.56 —
3.54 (m, 1 H, Hss), 3.23 — 3.19 (m, 1 H, Hsa), 2.15 (CHa) ppm
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13C-APT NMR (150 MHz, CD:Cl2): 5 = 170.3, 139.8, 139.0, 137.7, 137.1, 133.7
(CH2CH=CHa), 129.3, 128.8, 128.5, 128.4, 128.3, 128.2, 128.0, 126.9, 126.3, 117.8
(CH2CH=CH>), 102.0 (PhCHa), 100.2 (C1a), 97.2 (C1g), 79.5 (C4s), 77.9 (Cag), 75.5
(Cap), 75.4 (3-O-Bng), 74.5 (Css), 73.9 (6-O-Bns), 71.2 (Can), 70.0 (CH2CH=CHy), 68.5
(Csn), 68.4 (Ces), 67.3 (Csa), 62.8 (C2a), 56.5 (Cz2s), 20.9 (CH3) ppm

ESI-TOF-MS: calc.: [M+H]* = 983.1626 m/z; measured.: [M+H]" = 983.1622 m/z; A =
+0.46 ppm

[a]2? = +0.2 (¢ 0.4, CHClI3)
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5.2.32 Allyl  2-azido-3-O-benzoyl-4,6-O-benzylidene-2-deoxy-B-D-mannopyranosyl-
(1->4)-3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-f3-D-
glucopyranoside (39)

N3
BnO OAllyl o) Bgo OAllyl

(0]
BzCl, DMAP 0 N o
Pyridine, rt
Cl Cl

Cl Cl
Cl Cl Cl Cl
C44H40Cl4N4O11 Cs51H44Cl4N4O12
942.615 amu 1046.720 amu
37 39

To a solution of 37 (60 mg, 64 ymol, 1.0 equiv.) and 4-(dimethylamino)pyridine
(catalytic amount) in pyridine (dry, 2 ml) was added benzoyl chloride (0.5 ml, 4.1 mmol,
67 equiv.) at ambient temperature. Monitoring via TLC (toluene/ethyl acetate 2:1)
indicated full consumption of the starting material after 16 hours at ambient
temperature. The reaction was quenched by slow addition of methanol (1 ml) and was
concentrated in vacuo. The crude material was isolated via extraction between
saturated aqueous sodium bicarbonate and ethyl acetate. The combined organic
layers were dried over magnesium sulfate. Removal of the volatiles in vacuo afforded
a crude green liquid. Purification via automated column chromatography using silica
gel (Interchim PuriFlash® 4/25, liquid loading with toluene, column: F025, 15 ml/min,
4 mi/fraction, collect via threshold: 5 mV, applying a gradient of ethyl acetate in toluene
from 0% to 10% in 9 CV then isocratic with 10% ethyl acetate) afforded 87% (58 mg)

of 39 as a colorless solid material.22°
Rf = 0.50 in n-hexane/ethyl acetate 2:1

H NMR (600 MHz, CDCl3): 5 = 8.11 —8.09 (m, 2 H, Ar), 7.61 — 7.58 (m, 1 H, Ar), 7.49
—7.40 (m, 8 H, Ar), 7.34 — 7.30 (m, 4 H, Ar), 7.08 — 7.06 (m, 2 H, Ar), 6.93 — 6.90 (m,
2 H, Ar), 6.74 — 6.71 (m, 1 H, Ar), 5.73 — 5.66 (m, 1 H, CH2CH=CHz), 5.50 (s, 1 H,
PhCHa), 5.16 — 5.09 (m, 3 H, Hsa, Hs, CH2CH=CHz), 5.07 — 5.04 (m, 1 H,
CH2CH=CHz), 4.87 (d, J12 = 1.2 Hz, 1 H, H1a), 4.82 — 4.80 (m, 2 H, 6-O-Bns, 3-O-

130



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

@ Sibliothek,
Your knowledge hub

Bns), 4.56 (d, Jgem = 12.1 Hz, 1 H, 6-O-Bnsg’), 4.44 (d, Jgem = 13.1 Hz, 1 H, 3-O-Bns’),
4.32 (dd, Jgem = 5.0 Hz, Jvic = 10.6 Hz, 1 H, Hen), 4.25 — 4.17 (m, 3 H, CH2CH=CHz,
Hsg, H2a), 4.14 —4.10 (m, 2 H, H4s, H2s), 4.02 — 3.96 (m, 2 H, H4a, CH>,CH=CH2), 3.82
—3.78 (m, 2 H, Hes, Hes’), 3.71 (t, J = 10.3 Hz, 1 H, Hea’), 3.57 — 3.55 (m, 1 H, Hsg),
3.30 - 3.26 (m, 1 H, Hsa) ppm

13C-APT NMR (150 MHz, CDCls): 5 = 165.77, 139.74, 139.00, 137.65, 137.09, 133.64
(CH2CH=CH), 133.62, 130.09, 129.43, 129.19, 128.87, 128.62, 128.45, 128.40,
128.34, 128.28, 127.99, 126.88, 126.23, 117.76 (CH2CH=CHz), 101.88 (PhCHa),
100.38 (C1a), 97.14 (C18), 79.51 (CaB), 77.96 (C3B), 75.70 (Csa), 75.48 (3-O-Bns), 74.44
(Csg), 73.89 (6-O-Bng), 71.45 (Csp), 69.96 (CH2CH=CH:), 68.56 (Csa), 68.38 (Ces),
67.36 (Csa), 63.08 (C2a), 56.45 (C28) ppm

ESI-TOF-MS: calc.: [M+ NH4]* = 1062.2048 m/z; measured.: [M+NH4]* = 1062.2046
m/z; A = +0.24 ppm

[a]2? = -7.6 (¢ 0.9, CHCI3)
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5.2.33 2-Azido-3-0O-benzoyl-4,6-O-benzylidene-2-deoxy-p-D-mannopyranosyl-(1->4)-
3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-f-D-glucopyranose (41)

N3 "
o 0 Bgo OAllyl 5 Bﬂo o
oN_o [Ir(cod)(PPhzMe),]PFg, Hy, THF 0 o N o

b then H,0, I, ‘ b
cl cl cl cl

Cl Cl Cl Cl

Cs51H44CI4N4O12 C4gH40Cl4N4O1
1046.720 amu 1006.657 amu
39 41

A suspension of [Ir(cod)(PPh2Me)2]PFs (1.9 mg, 2.2 pmol, 0.1 equiv.) in
tetrahydrofuran (dry, 2 ml) was stirred under hydrogen atmosphere for roughly 5

minutes at ambient temperature to yield a homogeneous, yellowish catalyst solution.

To a solution of 39 (35.5 mg, 33.9 umol, 1.0 equiv.) in tetrahydrofuran (dry, 2 ml) was
added all of the catalyst solution. Monitoring via TLC (HPTLC, toluene/ethyl acetate
10:1) indicated incomplete conversion of the starting material to the propenyl ether
after 1h 30min. Additional catalyst solution (2.0 mg in 1 ml tetrahydrofuran, 2.3 pmol,
0.1 equiv.) was added. Monitoring via TLC (HPTLC, toluene/ethyl acetate 10:1)
indicated full conversion of the starting material to the vinyl ether after 2 hours. To the
reaction was added water (2 ml) and iodine (43 mg, 170 ymol, 5 equiv.) and the
mixture was stirred for additional 20 minutes. The reaction was quenched by addition
of saturated aqueous sodium thiosulfate. The crude material was isolated via
extraction with ethyl acetate (3x). Drying over magnesium sulfate and removal of the
volatiles in vacuo afforded a brownish crude material. The crude material was
submitted to coarse flash filtration (column: pre-packed Interchim® 2g/6 ml, liquid
loading with toluene/ethyl acetate 5:1, isocratic elution with toluene/ethyl acetate 5:1).
Further purification via preparative HPLC using silica gel (Interchim PuriFlash® 4/25,
liquid loading with toluene: 2x 0.5 ml, guard column: YMC SIL 10x10 mml.D., column:
YMC-Pack SIL/S-5um/6nm 250x10x0 mml.D., 5 ml/min, 10 ml/fraction until 3 CV then

2 ml/fraction, collect all, applying a gradient of ethyl acetate in toluene from 0% to 30%
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in 6 CV then isocratic with 30% ethyl acetate) afforded 59% (20 mg) of 41 as an off-

colorless solid material.'%0
Rf=0.10 in toluene/ethyl acetate 10:1

"H NMR (600 MHz, CDCl3): 5=8.11-8.09 (m, 2 H, Ar), 7.61 -7.58 (m, 1 H, Ar), 7.49
—7.46 (m, 2 H, Ar), 744 - 7.40 (m, 6 H, Ar), 7.34 —7.30 (m, 4 H, Ar), 7.08 — 7.07 (m,
2H,Ar),6.94-6.91(m,2H, Ar),6.76 —6.73 (m, 1 H, Ar), 5.50 (s, 1 H, PhCHAa), 5.34
(t, J=8.0 Hz, 1 H, H1B), 5.14 (dd, J23=3.9 Hz, J34=10.2 Hz, 1 H, H3a), 4.84 — 4.78
(m, 3 H, H1s, 6-O-Bns, 3-O-Bns), 4.54 (d, Jgem = 11.9 Hz, 1 H, 6-O-Bng°), 4.44 (d, Jgem
=13.0 Hz, 1 H 3-O-Bns’), 4.32 — 4.25 (m, 2 H, Hea, H3g), 4.14 — 4.11 (m, 2 H, Haa,
Ha4g), 4.03 — 3.99 (m, 2 H, H2s, H4a), 3.82 — 3.77 (m, 2 H, Hes, Hes’), 3.71 (t, J = 10.2
Hz, 1 H, Hea’), 3.65 — 3.62 (m, 1 H, Hsg), 3.30 — 3.26 (m, 1 H, Hsa), 2.94 (d, J = 7.8 Hz,
1 H, OH) ppm

13C-APT NMR (150 MHz, CDCl3): 6 = 165.77, 139.85, 139.03, 137.47, 137.08, 133.65,
130.10, 129.42, 129.21, 128.96, 128.64, 128.55, 128.40, 128.36, 128.03, 126.94,
126.24, 101.91 (PhCHa), 100.35 (C1a), 92.67 (C18), 79.21 (C4s), 77.71 (Cs3B), 75.70
(C4a), 75.47 (4-O-Bng), 74.61 (CsB), 74.01 (6-O-Bns), 71.44 (C3a), 68.55 (Cea), 68.30
(Ces), 67.41 (Csa), 63.10 (Cz2a), 58.25 (C28) ppm

ESI-TOF-MS: calc.: [M+NH4]" = 1022.1735 m/z; measured.: [M+NH4]* = 1022.1724
m/z; A = +1.11 ppm

[a]2® = -3.4 (c 1.3, CHCI;)
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5.2.34 Allyl  2-azido-3-O-benzoyl-4,6-O-benzylidene-2-deoxy-B-D-mannopyranosyl-
(1->4)-3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-f3-D-
glucopyranosyl-(1->3)-2-azido-4,6-O-benzylidene-2-deoxy-f3-D-
mannopyranosyl-(1->4)-3,6-di-O-benzyl-2-deoxy-2-(tetrachlorophthalimido)-3-
D-glucopyranoside (43)

Ns Ns FsC_N
o o OH o o o
o Bno CIC(CF3)=NPh, K,CO o Bro
o-_N_o (CF3)= , K2CO3 o0-_N_o
acetone, rt
cl cl cl cl
c a c a
CagH4oClsN4O12 CsHa4ClsF3NsO12
1006.657amu 1177.775amu
41 42
200 OAllyi
cl cl cl cl
N FaC. N N E z:;
ol e o "ol s
o Bno N Bno N TMSOTf
o o . o} o > CozH75ClgN5O22
DCM, 0 °C/10 min 1931.255amu
cl cl cl cl a
¢ c c c
il
Cs6Ha4Cl4FaNsO12 Ca4Ha0ClsN4O11 BRO th(%L\/
1177.775amu 942.615amu :z ———————— &&/OAHW
42 37 CaaH77ClaN020
1646.348amu cl cl
43a c c

To a solution of 41 (64.0 mg, 63.6 ymol, 1.0 equiv.) in acetone (HPLC grade, 2 ml)
were added 2,2,2-trifluoro-N-phenylacetimidoyl chloride (100 pl, 623 pymol, 2.3 equiv.)
and potassium carbonate (23.7 mg, 0.17 mmol, 3.0 equiv.). To the reaction was added
one drop of water to enhance solubility of the base. Monitoring via TLC (HPTLC,
toluene/ethyl acetate 10:1) indicated full consumption of the starting material after 2
hours at ambient temperature. The reaction mixture was diluted with ethyl acetate to
precipitate the base. The solid material was removed via filtration over Celite® with
ethyl acetate. Removal of the volatiles in vacuo afforded a brownish crude liquid.
Purification via manual column chromatography using silica gel (column: pre-packed
Isolute® 2 g Flash SI/6 ml, liquid loading with toluene + 0.1% pyridine, applying a
gradient of ethyl acetate in toluene with 0.1% pyridine from 0.5% to 1%) afforded 81%
(61 mq) of donor 42. The intermediate was stored at -20 °C.
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To a suspension of glycosyl donor 42 (65.7 mg, 55.8 ymol, 1.0 equiv.), glycosyl
acceptor 37 (78.9 mg, 83.7 umol, 1.5 equiv.) and molecular sieves (4 A, powdered,
390 mg) in dichloromethane (anhydrous, 9.0 ml) was added trimethylsilyl triflate (83
MM in dichloromethane, 168 pl, 14.0 nmol, 0.02 mol%) at 0 °C. Monitoring via TLC
(HPTLC, toluene/ethyl acetate 10:1) indicated full consumption of 37 after 10 minutes
at 0 °C. The reaction was quenched by addition of pyridine (0.2 ml) at 0 °C. The solid
material was removed via filtration over Celite® with dichloromethane. Removal of the
volatiles in vacuo afforded roughly a yellowish crude material. Purification via
automated column chromatography using silica gel (Interchim PuriFlash® 4/25, liquid
loading: 3x 0.5 ml toluene, column: F025, 20 ml/min, 5 ml/fraction, collection via
threshold: 5 mV, applying a gradient of ethyl acetate in toluene from 0% to 15% in 7
CV then isocratic for 5 CV) afforded 61% (77 mg) of 43 and 21% (23 mg) of 43a as

colorless solid materials.'3°
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43
Rf = 0.27 in toluene/ethyl acetate 10:1

"H NMR (600 MHz, CDCl3): 5=8.10-8.09 (m, 2 H, Ar), 7.61 -7.58 (m, 1 H, Ar), 7.43
—-7.30(m, 16 H, Ar), 7.23 -7.13 (m, 6 H, Ar), 7.03 -7.00 (m, 4 H, Ar), 6.90 — 6.86 (m,
4 H, Ar), 6.73 — 6.69 (m, 2 H, Ar), 5.72 - 5.65 (m, 1 H, CH2CH=CH2), 5.50 (s, 1 H,
PhCHa), 5.45 (d, 3J1,2 = 8.7 Hz, 'Jc1sH18 = 160.8 Hz, 1 H, H1g), 5.26 (s, 1 H, PhCHc),
5.16 (dd, J23=3.8 Hz, J34=9.9 Hz, 1 H, H3a), 5.12-5.09 (m, 2 H, Hip, CH2CH=CH),
5.06 — 5.04 (m, 1 H, CH2CH=CH>"), 4.87 (d, J1,2 =1 Hz, 1 H, H1a), 4.80 — 4.77 (m, 2
H, 3-O-Bns, 6-0O-Bns), 4.73 (d, Jgem = 13.1 Hz, 1 H, 3-O-Bnp), 4.69 — 4.66 (m, 2 H, Hi1c,
6-0-Bnp), 4.56 (d, Jgem = 12.1 Hz, 1 H, 6-O-Bns’), 4.47 — 4.42 (m, 2 H, 6-O-Bnp, 3-O-
Bns’), 4.34 (d, Jgem = 13.1 Hz, 1 H, 3-O-Bno’), 4.29 (dd, Jgem = 10.5 Hz, Jvic = 4.8 Hz,
1 H, Hea), 4.23 — 3.95 (m, 11 H, CH2CH=CH2, Hza, H2s, H2p, Hec, Hss, Hap, H4a, Has,
Hap), 3.88 — 3.87 (m, 1 H, Hzc), 3.77 — 3.69 (m, 6 H, Hsc, Hea’, Hes, Hes’, Hep, Hep),
3.63 (t, J=9.6 Hz, 1 H, Hac), 3.56 (t, J=10.3 Hz, 1 H, Hec), 3.51 — 3.49 (m, 2 H, Hss,
Hsp), 3.30 — 3.26 (m, 1 H, Hsa), 3.09 — 3.05 (m, 1 H, Hsc) ppm

13C-APT NMR (150 MHz, CDCls): 5 = 165.79, 139.74, 138.96, 138.75, 137.86, 137.64,
137.07, 137.01, 133.67 (CH2CH=CHz), 130.10, 129.41, 129.22, 128.88, 128.81,
128.73, 128.64, 128.44, 128.40, 128.36, 128.30, 128.04, 127.97, 127.91, 126.98,
126.84, 126.23, 125.84, 117.73 (CH2CH=CH2), 101.90 (PhCHa), 101.38 (PhCHc),
100.68 (Cic), 100.32 (C1a), 97.14 (Cip), 95.50 (C18). 79.31 (Cap), 79.18 (C4s), 77.95
(Css, Csap), 75.69 (Can), 75.62 (Cac), 75.50 (3-O-Bns), 75.45 (3-O-Bnp), 75.00 (Css,
Csp), 74.53 (Csc), 73.94 (6-O-Bnp), 73.77 (6-O-Bns), 71.44 (Csa), 69.94
(CH2CH=CHz2), 68.56 (Cea), 68.37 (Csc), 68.15 (Ces, Ceén), 67.62 (Csc), 67.43 (Csa),
63.91 (Czc), 63.05 (C2a), 56.44 (C2p), 55.42 (C28) ppm
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ESI-TOF-MS: calc.: [M+ NH4]" = 1944.3077 m/z; measured.: [M+NH4]* = 1944 .3059

m/z; A = +0.91 ppm

[a]20 = -7.8 (¢ 0.2, CHCI3)
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5.2.35 Byproduct 43a

N3
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CgqH77CIsN7020
1646.348 amu Cl Cl

43a Cl Cl
Rs = 0.56 in toluene/ethyl acetate 10:1

"H NMR (600 MHz, CDCl3): 5=8.11-8.09 (m, 2 H, Ar), 7.61 -7.58 (m, 1 H, Ar), 7.48
—7.31(m, 21 H, Ar), 7.07 = 7.05 (m, 4 H, Ar), 7.00 —6.98 (m, 2 H, Ar), 6.92 - 6.88 (m
3H,Ar),6.73-6.71 (m, 1 H, Ar),6.63 (d, J=1.4 Hz, 1 H, H1is or Hzs), 5.73 — 5.66 (m
1 H, CH2CH=CH®2), 5.33 (s, 1 H, PhCHa), 5.47 (s, 1 H, PhCHc), 5.20 (dd, J2,3 = 3.8 Hz,
J34=10.1 Hz, 1 H, H3a), 5.14 - 5.09 (m, 2 H, Hip, CH2CH=CH>), 5.06 — 5.02 (m, 2 H,
CH2CH=CHo, H1a), 4.84 — 4.72 (m, 5 H, 4x Bn, Hic), 4.60 (d, J = 11.8 Hz, 1 H, Bn),
4.56 —4.54 (m, 2 H, Bn, H3g), 4.46 —4.43 (m, 2 H, Bn, Hag), 4.35(d, J =12.5 Hz, 1 H,
Bn), 4.31 — 4.20 (m, 6 H, Hss, He*, He*, H2a, CH.CH=CH2, H3p), 4.12 — 4.05 (m, 3 H,
H2p, Haa, Hap), 4.00 — 3.96 (m, 1 H, CH.CH=CH2), 3.94 — 3.83 (m, 3 H, Hes, Hes’, He*),
3.80 — 3.71 (m, 5 H, Hsc, He*, He*, Hac, Hac), 3.66 (t, J = 10.3 Hz, 1 H, H¢*), 3.59 —
3.57 (m, 1 H, Hsp), 3.35-3.31 (m, 1 H, Hsa), 3.18 — 3.14 (m, 1 H, Hsc) ppm

13C NMR (150 MHz, CDCls): d = 165.84, 162.88, 147.16 (C1s or C2s), 139.92, 139.74,
139.06, 138.73, 137.90, 137.60, 137.40, 137.04, 133.69 (CH2CH=CH2), 133.63,
130.10, 129.74, 129.42, 129.21, 129.07, 128.83, 128.73, 128.62, 128.40, 128.34,
128.25, 128.20, 128.14, 128.08, 127.98, 127.84, 127.37, 127.18, 126.84, 126.26,
126.22, 117.68 (CH2CH=CH2), 108.22, 102.00 (PhCHc), 101.90 (PhCHa), 100.26
(C1c), 100.09 (C1a), 97.22 (C1p), 79.25 (Cap), 78.50 (Cac), 78.22 (Csp), 77.53 (Css),
75.62 (Csp), 75.48 (3-O-Bnp), 75.43 (Css), 74.56 (Csp), 74.02 (3-O-Bns), 73.97 (Bn),
73.90 (Bn), 72.08 (Csac), 71.39 (Cs3a), 69.95 (CH2CH=CH2), 68.54 (Cs*, Cs*), 68.45
(Cs*), 67.67 (Ce*), 67.59 (Csn), 67.44 (Csc),66.15 (C2c),62.82 (C2a), 56.49 (C2pn), 0.40

ppm

[a]2® =-0.7 (c 1.7, CHCI5)
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5.2.36 2-Acetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-D-mannopyranose (55)

HN)K HN)OK

HAQ o) Ac,0, DMAP AcO
?o — > AcO O
OH Pyridine AcO
OAc
“HCI
CgH14C|N06 C16H23NO1O
255.652 amu 389.354 amu
54 55

To a solution of 54 (4.00 g, 15.52 mmol, 1.00 equiv.) in pyridine (dry, 40 ml) were
added acetic anhydride (18.34 ml, 0.19 mol, 1250 equiv.) and 4-
(dimethylamino)pyridine (catalytic amount) at 0 °C. The reaction was slowly warmed
to ambient temperature. Monitoring via TLC (toluene/ethyl acetate 1:1) indicated full
consumption of the starting material after 18 hours. The reaction was quenched by
addition of ethanol (15 ml, > 12,5 equiv.) at 0 °C, followed by saturated aqueous
sodium bicarbonate after 10 minutes. The crude material was isolated via extraction
with ethyl acetate (3x). The combined organic layers were washed with water and
brine. Drying over magnesium sulfate and removal of the volatiles in vacuo via
azeotropic distillation with toluene afforded >99% (6.30 g) of a crude material. The
residue was re-dissolved in ethyl acetate, washed with saturated aqueous sodium
bicarbonate, 2 M sodium bisulfate and brine. The solvent was removed in vacuo to

afford 77% (4.63 g) of 55 as a colorless powder.

The analytical data is in accordance to the literature. 30
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5.2.37 2-Methyl-4,5-dihydro-(3,4,6-tri-O-acetyl-2-deoxy-3-D-mannopyranoso)[2,1-d]-

1,3-oxazoline (56)

0]

HNJ\

AcO
0]
ol

C16H23NO1q
389.354 amu

OAc

55

TfOH AcO A :
> ACO&/O
DCM, rt/40 min AcO

C14H19NOg
329.302 amu

56

To a solution of 55 (1.50 g, 3.85 mmol, 1.00 equiv.) in dichloromethane (dry, 6 ml) was
added triflic acid (1.01 ml, 11.55 mmol, 3.00 equiv.) at 0 °C. The reaction was slowly
warmed to ambient temperature. Monitoring via TLC (ethyl acetate) indicated full
consumption of the starting material after 2 hours. The reaction was quenched by slow
addition of triethylamine (2.15 ml, 15.40 mmol, 4.00 equiv.) at 0 °C. The reaction was
diluted with dichloromethane and water. The layers were separated and the aqueous
phase was re-extracted with dichloromethane (3x). The combined organic layers were
washed with water, aqueous phosphate buffer (1 M, pH 6.5) and water. Drying over
magnesium sulfate and removal of the volatiles in vacuo afforded 95% (1.21 g) of 56

as an orange solid.

The analytical data is in accordance to the literature.?'®
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5.2.38 2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-mannopyranosyl phosphate (58)

o]
. HNk
N.f( i) Dibenzyl phosphate, toluene AcO
AcO ii) Pd/C,H2, MeOH AcO 0]
refonel, ® > RO o
I
© O-P-OH
2.TEA OH
C14H19NOg C26Hs6N3012P
329.302 amu 633.709amu
56 58

To a mixture of 56 (300 mg, 0.91 mmol, 1.00 equiv.) and dibenzyl phosphate (406 mg,
1.46 mmol, 1.60 equiv.) was added toluene (dry, 8.5 ml) at ambient temperature under
argon atmosphere. Monitoring via LC-MS (column: C1s, profile: 5%->100% in 15 min)
indicated pre-dominantly the phosphotriester after 15 hours. To the crude reaction was
added methanol (anhydrous, 8.5 ml) and palladium on charcoal (10%, catalytic
amount). The atmosphere was changed to hydrogen. Monitoring via LC-MS (column:
C1s, profile: 5%—>100% in 15 min) after 7 hours at ambient temperature indicated pre-
dominantly 58, accompanied by phosphodiester intermediate
(phosphomonoester/phosphodiester 6.4:1) and traces of hemiacetal. The solid
material was removed via centrifugation and removal of the volatiles in vacuo afforded
a crude yellow oil. To the crude yellow oil was added water (Milli Q, < 1ml) and an
even emulsion was obtained after using a Vortex mixer. Neutralization by addition of
triethylamine vyielded a yellow solution. Purification via anion-exchange
chromatography using Dowex® 1X8 HCOs form (column: FO12/half packed, flow:
gravitation, 4 ml/fraction, 2 fraction/CV, ~ 8 ml/CV, applying a step-wise gradient of
aqueous triethylammonium bicarbonate with pH 8, profile: 2 CV > 0 M, 2 CV - 0.05
M,2CV > 0.15M, 12 CV - 0.25 M) afforded 781 mg of 58 as an off-colorless powder
that was accompanied by an excess of salt. Desalting via size-exclusion
chromatography using Bio-Gel® P-2 Media (eluent: 10 mM NaCl and 0.02% NaNs in
H20/EtOH 95:5 — degassed via ultra-sonic, bed: ~3 g dry gel/9 ml hydrated, column:
30 x 1 cm, loading: 200 mg in 0.7 ml buffer = 8 vol%, 38 s/drop, 1 ml/fraction, 15
min/fraction, Pharmacia LKB FRAC-100) afforded 21% (122 mg) of 58 as

triethylammonium species.
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The analytical data is in accordance to the literature.?'7:21°
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5.2.39 UDP-ManNAc (61)

o N/O o o
)K O\NJ\N/\ HNk o HNk o
Ao\ Aollo o 1-Methylimidazole - HCI AQ&%J% NH HHO/%J% NH
S NS . Hiethyimidazoe KO | MRS o o [ | meowmomensar MM o o [
LR o o [ NH DMF, rt 0-P-0-P-0 N0 0-p-0-P-0 N" 0
w a PN OH OH OH OH

OH d  N-P-o oN "o
2-TEA
OH 2TEA o o 2TEA 1o om

HO OH

Ca6HseN3012P C13H19N306P - C17H32NsO CasHg7N5O20P2 CagHgiN5O17P2
633.709 amu 686.73 amu 939.875 amu 813.765 amu

58 59 60 61

To a suspension of 1-methylimidazolium chloride (85 mg, 0.72 mmol, 5.80 equiv.) in
dimethylformamide (anhydrous, 0.5 ml) were added 59 (136 mg, 0.20 mmol, 1.60
equiv.) in dimethylformamide (anhydrous, 1 ml) and 58 (78 mg, 0.12 mmol, 1.00
equiv.) in dimethylformamide (anhydrous, 1.0 ml) to yield a homogenous mixture at
ambient temperature. The reaction was stirred at ambient temperature. Monitoring via
LC-MS (column: Ca, profile: 5%—>90% in 20 min) indicated full consumption of the
starting material after 23 hours. The reaction was quenched by addition of methanol
(0.1 ml). Removal of the volatiles in vacuo afforded over 300 mg of a crude brown
residue. Coarse purification via manual reverse-phase column chromatography using
C1s material (Interchim PuriFlash® 4/25, liquid loading in starting conc., column: 4 g
C18/~6.5 ml in FO06, 3 ml/min, 1 ml/fraction, applying a gradient of methanol in
aqueous 13 mM NH4OAc, profile: 5% in 3 CV, 5% to 90% in 4 CV, 90% in 5 CV)

afforded 91 mg of 60 as a brownish foam.

A solution of 60 (91 mg) in a methanol/water/triethylamine (7 ml, 6:3:1) was stirred at
ambient temperature. Monitoring via TLC (chloroform/methanol/ammonium acetate (1
N) 10:10:1) and LC-MS (column: Ca, profile: 5%—>90% in 20 min) indicated full
consumption of 60 and the presence of 61 after 3 hours. The reaction was diluted with
water (Milli Q) and methanol was removed in vacuo with a rotary evaporator. Removal
of the aqueous volatiles via lyophilization afforded 103 mg of a crude material.
Purification via FPLC (AKTA purifier P-900 system, column: BIO-RAD Bio-Scale™
Mini Macro-Prep® High Q Cartridge, loading: ~2.5 ml in starting conc., 5 ml/fraction,
2.5 ml/min, eluent: aqueous triethylammonium bicarbonate pH 8.78, profile: 0.05 M for
7 CV,0.05Mto00.25Min 30 CV, 0.25 M for 4 CV) afforded 20% (20.5 mg) of 61.

The analytical data is in accordance to the literature.?17.220.221
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9 Appendix

9.1
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TH-13C-HSQC
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9.2 Compound 25
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13C NMR

9.2.2
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1H-13C-HSQC

9.2.3
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9.3 Compound 26

Cl

Cl

Cl

Cl

C47H15CI4NO7

487.110 amu

6LF"E~
S8k €
T6k ES
S6F "t~ T
[0S £
LOS €
FG9 "€
699°¢
¥89°¢
668°¢
PTO ¥
LI0"

0.5 ppm|

1.0

Lzo”
FEO”
LEQ”
74700
g¥0"
8F0"
150°
5ol
690"

A
3

|

bR - - - s

9€T”
6ET”
eV
Ske”
LkZ”
8ez”
Lsz-
662"
860"
090"
€90°
§90°
gLa”
8LO"

g
4

26

T

4.0

38| 2|5
ol el

s

i

JM
EE

ﬁ
E

TeL”
CEL®
ZhL”®
PEL"
ZeL”
09L°

"H NMR

[E]
—
r —

(T Vel i To Rt B Fe T o B Vo T o R Fo T o Eo BTl Fe B To T N To i o R TR o BTN B To RN T R Ve R T R Te R Ea B R i A B M M

9.3.1

“aylolgig usip\ N.L Te wuld ul ajgejrene si sisay) 210190 Syl JO UoisiaA jeulblio panoidde ay 1
“regBniian ayiolgig UsIp\ NL 19p Ue 1SI uoneuassig 1asalp uoisiaAfeulBuO apjonipab susiqoidde aiqg

qny a8pajmoud| JNoA

Srayrolqie

176



13C NMR

9.3.2
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1H-13C-HSQC

9.3.3
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9.4 Compound 27
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1H-13C-HSQC
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9.5 Compound 28
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1H-13C-HSQC
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9.6 Compound 28a
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13C NMR

9.6.2
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1H-13C-HSQC
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9.7 Compound 28b
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13C NMR

9.7.2
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1H-13C-HSQC

9.7.3
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9.8 Compound 29
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1H-13C-HSQC
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9.9 Compound 30
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13C NMR

9.9.2

wdd s 09 0. S. 03 S 06 S6 O00L SOL OLL SLL 02k SZL OEL GSEL OFL Sbl
| | | 1 | | | | | | | | | | | | |
et s e o A i P A g A b b 3
I AN 5 ooty 1

¥ay1o1|qig UsIpn NL Te wuud ul 3|ge|ieAe si SISay) [el0100p SIYl Jo uoisiaA [eulblio pasoidde ay
“reqbnpan ¥aylolqig usipn N.L Jap ue 1SI uoneuassiq J1asalp uoisiaAjeulbliO apjonipab ausiqoldde aiqg

qny a8pajmoud| JNoA

Srayrolqie

196



1H-13C-HSQC

9.9.3
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9.10 Compound 31a
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9.10.3 'H-3C-HSQC
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9.10.4 CLIP-HSQC
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9.11 Compound 32
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9.11.3 'H-3C-HSQC

s

[wdd] .4

09

08 00k
1

“haracterization

ulle

HPLC2, Product

5 i T T

ﬂ—:_

F2 [ppm]

“aylolgig usip\ N.L Te wuld ul ajgejrene si sisay) 210190 Syl JO UoisiaA jeulblio panoidde ay 1
“regBniian ayiolgig UsIp\ NL 19p Ue 1SI uoneuassig 1asalp uoisiaAfeulBuO apjonipab susiqoidde aiqg

qny a8pajmoud| JNoA

Srayrolqie

204



9.11.4 HSQC and HSQC/HMBC overlap
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9.12 Compound 32a
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9.12.2 3C NMR
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9.12.3 'H-3C-HSQC
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9.12.4 CLIP-HSQC
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9.13 Compound 37
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9.13.3 'H-3C-HSQC
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9.14 Compound 38
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9.14.3 'H-3C-HSQC
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9.15 Compound 39
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9.15.3 'H-3C-HSQC
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9.16 Compound 41
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9.16.3 'H-3C-HSQC
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9.17 Compound 43
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9.17.3 'H-3C-HSQC
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9.17.4 HSQC and CLIP-HSQC overlay
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9.18 UDP-ManNAc 61
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9.18.2 'H-*'"P-HMBC
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