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Abstract

This thesis principally focuses on the development of glycomimetic ligands with improved affinity
to Siglec-8. Siglec-8 is a member of the Siglec family, I-type lectins that contain a sialic acid-binding
domain and that play different roles in cell-cell interactions and cell signaling. Siglec-8 is a CD33-
related protein expressed exclusively on mast cells and eosinophils, and weakly on basophils. Cross-
linking of Siglec-8 with antibodies leads to apoptosis of eosinophils and inhibition of degranulation
of mast cells. Apoptosis has also been induced when eosinophils were treated with a glycopolymer
(6’-sulfo-sLe*-polyacrylamide polymer). Therefore, Siglec-8 represents a very interesting new
pharmacological target for the treatment of eosinophil- or mast cell-associated diseases, such as
asthma, chronic rhinosinusitis, chronic urticaria, hypereosinophilic syndromes, mast cell and
eosinophil malignancies, and eosinophilic gastrointestinal disorders. Recently, the NMR solution
structure of the Siglec-8 lectin domain was solved in complex with its preferred ligand, the
tetrasaccharide 6'-sulfo sialyl Lewis® (Neu5Aco2-3[6S]GalB1-4[Fucal-3]GIcNAC). The main
interactions involve a salt bridge between Arg109 and the carboxylate of sialic acid and a second salt
bridge between Arg56 and GIn59 and the sulfate at the 6-position of the galactose moiety.
Interestingly, the sulfate plays a key role in both binding and specificity to Siglec-8. In addition,
hydrogen bonds exist between hydroxyl groups 7, 8 and 9 of sialic acid and Tyr7, Ser118 and GIn122.
In contrast, the fucose and glucosamine subunits show only minor interactions. This led to the
suggestion that the disaccharide substructure 6-sulfo-Sia-Gal might represent the minimal binding

epitope for Siglec-8.

We first synthesized and tested this disaccharide, which showed a 2-fold lower affinity compared to
the parent tetrasaccharide, but considering the simplified structure and the much easier synthetic
approach, 6-sulfo-Sia-Gal can be considered as the minimal binding epitope for Siglec-8 and
represents a very good starting point for further optimization processes. Bioisosters and a
deoxygenation strategy were employed to improve its affinity to Siglec-8. By replacing the galactose
unit with a sulfo-substituted hydroxymethyl-cyclohexane, we obtained a new lead compound with 2-
fold higher affinity compared to the minimal binding epitope, mainly caused by the reduced
desolvation costs due to the decreased polarity. Finally, the introduction of a sulfonamide substituent
in position 9 of the sialic acid led to the identification of a potent ligand with a further 17-fold
improvement in binding affinity. Homology modeling was used to get more structural information

about Siglec-8 and about the binding mode of our ligands (Chapter 2).



In a previous unpublished work, a molecule where the sialic acid of the minimal binding epitope was
replaced by a lactic acid derivative showed interesting affinity to Siglec-8. Since it would be the first
molecule to bind a Siglec without containing sialic acid, we decided to resynthesize and test it with
different assays, together with a small library of derivatives. However, we could not confirm the
activity of the reference compound and one of our derivatives showed questionable results in the
applied assays. We think that the compound probably interacts with Siglec-8, but with different site(s)
of the protein. Further experiments, such as 'H->N HSQC NMR analysis, might be useful in the
future to further investigate this hypothesis (Chapter 2).

In Chapter 3, we present two different virtual screening approaches. In the first case, by looking at
the docking pose of our lead compound, we could observe an empty pocket close to position 5 of the
sialic acid. We therefore decided to explore this cavity by virtually combining different fragments
with the core structure of the lead compound, docking the obtained molecules into the Siglec-8 NMR
solution structure and evaluating their poses. The most promising ones, where fragments were
attached via amine or triazole linkers, were synthesized and tested. However, none of them showed
any affinity to the target protein, probably because the absence of an amide could be detrimental for
the binding. In the second approach, we performed a virtual screening of commercially available
molecules to identify new possible hits with no carbohydrate moieties. Also in this case, none of them
showed affinity to our target protein. However, the introduction of substituents via amide linker by
rational design, modifying the ligand in the binding pocket, was more successful. In particular, the
introduction of a methoxypropionamide in position 5 showed an almost 2-fold enhanced affinity
compared to the parent compound, revealing that modifications in this position indeed are beneficial
to improve the binding potency.

In Chapter 4, we tested the stability of our most important Siglec-8 ligands towards neuraminidase 2
(NEU2), a human enzyme able to hydrolyze sialic acids connected via a2-3 linkages. An LCMS
method was developed to follow the possible hydrolysis, by checking the consumption of the
substrate and the formation of the product. Our observations indicated that glycomimetic ligands
show higher stability compared to the more natural minimal binding epitope. However, the positive
control used is quite labile, therefore to definitively confirm our results the use of an additional control
compound should be considered. The assay is anyway validated and transferable to other compounds

and enzymes.



Finally, as a small side project, we synthesized and tested some ligands towards Galectin-8, which
has gained attention as a potential new pharmacological target for the treatment of various diseases,
including cancer, inflammation, and disorders associated with bone mass reduction. The structure of
our lactic acid derivatives described in Chapter 2 is very similar to a recently published Galectin-8
ligand, the 3-O-[1-carboxyethyl]-pB-D-galactopyranoside. Therefore, we decided to test the
corresponding non-sulfated derivatives and to optimize them for binding to Galectin-8. Affinity data
measured by fluorescence polarization showed that the most potent compound reached a Kp of 12
uM. Furthermore, reasonable selectivity versus other galectins was achieved, making the highlighted
compound a promising lead for the development of new selective and potent ligands for Galectin-8

as molecular probes to examine the protein’s role in cell-based and in vivo studies (Chapter 5).
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1. Introduction.
* Part of the introduction related to Siglecs has been published as a Glycopedia chapter

(https://www.glycopedia.eu/e-chapters/the-fascinating-world-of-siglec-proteins-a-

primer/article/introduction).

1.1 The world of carbohydrates.

Carbohydrates are one of the major classes of biomolecules found in nature. Best known as source of
energy and for their role in metabolism, the growing interest and understanding of glycobiology in
the last years highlighted their essential role in many physiological and pathological processes, being
important mediators of signal transduction, cell-cell interaction and adhesion.

Carbohydrates form a dense coating on every type of cell, called glycocalix, where they are either

free or linked to the membrane via proteins or lipids (Figure 1).
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Figure 1. Simplified glycocalix structure. Figure adapted from Purcell et al.

The glycocalix has an enormous structural complexity: in fact, compared to other biopolymers,
glycostructures contain several points of variability. Every monosaccharide can bind another one at
various positions (creating a- or 3- isomers at the anomeric center), it can establish further linkages
creating branched structures, can vary in ring size (furanoside or pyranoside) and can get further
modified (acetylation, sulfation, etc.).? This grade of variability is higher than the one obtained with
combinations of amino acids or nucleic acids, suggesting that sugars may have a great coding

capacity.®* Only lately with technological advances it has become possible to better understand the
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structure and the functions of the glycocalix, and how its glycans composition is dynamic, cell-
dependent and reflects the status of the cells.>® The glycocalix is involved in determining cell-
morphology, membrane organization, and cell protection.” The endothelial glycocalix is fundamental:
its constant interaction with the bloodstream leads to intracellular responses and its changes have
been linked to several pathological conditions.® Besides, aberrant expression of cell surface
carbohydrates has been linked to various diseases as a result of different activity and expression of
glycosyltransferases and glycosidases, two of the main class of enzymes involved in sugars synthesis.
For example, different studies have shown how tumor cells remodel their glycocalix, having an effect
on tumor progression and metastasis, increasing and changing adhesion processes and survival.> !
Being at the cell-surface, carbohydrates serve as a first contact between cells and represent a sort of
their fingerprints: in this way, our immune system can discriminate self from non-self or even
between healthy and non-healthy cells.

For a long time, carbohydrates were not believed to induce an adaptive immune response: lately,
several evidences have shown that also sugars can play a crucial role in immune recognition.*? Glycan
immunogenicity was discovered for the first time studying the well-known reaction that our body has
during transfusion with red blood cells from individuals with different blood type. In fact, the blood
types A, B and 0 correspond to three different glycan structures present on the surface of the blood
cells: the recognition of “foreign” glycan epitopes causes the immune response.

The same mechanism involves some carbohydrate-containing structures associated with pathogens,
as for example lipopolysaccharides on the surface of Gram-negative bacteria or fungal mannans etc.
For this reason, glycans conjugated to proteins have been used as vaccines to stimulate the production
of antibodies.!*®

On the other hand, the sugar coating can also be exploited by pathogens or cancer cells, either by
miming our sugars and not being recognized by our immune system or by using them to enter the
cells (e.g. Escherichia Coli strains which use carbohydrate-binding proteins to stay attached to the
bladder’s wall or viruses that bind sugars on the cell-surface to enter).**® For example, the
glycosylated spike protein of SARS-CoV-2 is recognized by this class of proteins, thus binding and

promoting virus trans-infection.*®
All these aspects and new insights into the carbohydrates’ world underline how the development of

a “glycomedicine” is a promising and exciting new approach to understand and modulate the behavior

of the cells both in physiological and pathological conditions.
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Introduction

1.2 Glycomedicine: from carbohydrates to glycomimetics.

Considering the several roles that carbohydrates have in our organism and the increasing
understanding of their functions and structures, in the last years sugars have been recognized as an
interesting class of potential drug candidates.

The first used carbohydrate-containing drug is the streptomycin, discovered in 1944, an antibiotic
with two sugar rings. Since then, a growing number of small molecules have been approved as drugs
(Figure 2).2° Some important examples are low molecular weight heparins and Fondaparinux as
anticoagulants, glycosidase inhibitors for the treatment of diabetes (e.g. miglitol), or viral

neuraminidases inhibitors for the treatment of influenza.?
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Figure 2. Examples of approved carbohydrate-containing small molecules. Figure from Jiang et al.?°

In spite of the big potential of native carbohydrates for the treatment of various diseases, they have
several drawbacks, which limit their development and use as drugs. Therefore, carbohydrate-based
molecules still represent a very small percentage of the drugs in clinical use. First of all, they don’t
have the “standard” drug-like properties which follow Lipinki’s rule of five (MW < 500 Da, logP <
5, H-bond donor < 5, H-bond acceptor < 10), especially due to their high polarity.?? Consequently,
they also have very poor pharmacokinetic properties, like low oral bioavailability (impossibility of
passively cross the enterocyte layer in the small intestine) or, when administered parenterally, low
half-life because of fast renal excretion.
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Besides, they have very weak interactions with their targets (uM-mM range), where they usually bind
in shallow binding sites with short residence times, being quickly displaced by the solvent. Nature
overcomes this limit with multivalent sugar presentation, which increases a lot their affinity and
avidity. Last but not least, cumbersome syntheses also limit their production.

Considering their importance and limitations, alternative ways have been explored to address the
drawbacks of carbohydrate lead compounds. For example, focusing on small molecules led to the
development of glycomimetics, molecules able to mimic the structure and functions of sugars while

improving their drug-likeness and affinity to the target.?>24

1.3 Strategies for rational design of glycomimetics.

For efficient development of glycomimetics, it is very important to understand the binding mode of
the natural structures and the main interactions with the target: crystal or NMR structures are essential
to facilitate the rational design. In this way, it becomes obvious which groups might be eliminated or
substituted, or how the molecule might be pre-organized in the bioactive conformation, reducing the
entropic cost caused by the loss of flexibility upon binding.?*?°> Actually, the thermodynamics of
binding is a key factor to be considered during a drug optimization process, especially with such polar

entities like sugars (Figure 3).
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Figure 3. Thermodynamics of binding: enthalpy and entropy contributions. Main enthalpic (green) and entropic (red)
contributions to the Gibbs energy of binding (blue). The intrinsic enthalpy and the desolvation enthalpy are always
favorable and unfavorable, respectively, while conformational enthalpy and the ligand-exchange enthalpy may favor or
oppose binding (light green). The desolvation entropy is always favorable, the conformational entropy and the roto-
translational entropy are always unfavorable and ligand-exchange entropy may favor or oppose binding (lighter red). The

sum of all contributions gives rise to the Gibbs energy of binding. Figure from Claveria-Gimeno et al.?®
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In general, upon binding there are three main events to be considered: first, solvated ligand and protein
binding pocket break the interactions with the surrounding water molecules (enthalpically
unfavorable), and water molecules are released (entropically favorable). Then, the ligand and the
protein change their conformation to adapt to each other and finally they establish new interactions
forming the complex. If the molecules are trapped between the protein surface and the ligand, then
favorable enthalpy and unfavorable entropy will occur. For this reason, more information on the water
molecules network in and around the binding site is important. The change of conformation and the

loss of rotational and translational freedom cause an enthalpic penalty (Figure 3).26-28

Optimizing the binding from a thermodynamic aspect may be quite challenging and several factors
should be considered. One of the strategies used to design glycomimetics is the deoxygenation: higher
affinities can be achieved by just reducing the desolvation penalty by removing polar groups not
involved in important interactions. Indeed, every hydroxyl group that does not contribute to the
binding causes a desolvation penalty of approx. 26 kJ/mol (AG). At the same time, if the hydroxyl
groups share the water molecules, the desolvation cost is reduced to 17 kJ/mol per hydroxyl.? This
free energy is not always compensated by the formation of one H-bond with the protein, therefore,
one OH should be at least involved in two H-bonds with the protein to be energetically favorable.
Another strategy for the design of glycomimetics involves the classical replacement with bioisosteric
groups, which are substituents with similar physico-chemical properties able to preserve the same
biological effect.3%3 Fluorine, for example, can replace OH groups, preserving polar interactions but
with reduced polarity, or even a hydrogen atom thanks to its small size.3? Modifications can be also
introduced to improve the pharmacokinetic properties, as for example adding groups that can bind
active transporters in the intestine enabling oral absorption (e.g. valacyclovir) or to proteins in the
serum in order to increase the half-life.®

All together, these strategies demonstrate how glycomimetics can limit the drawbacks of
carbohydrates and allow for the exploration of their target and functions, making them a more and

more interesting class of therapeutics agents.

1.4 Glycan-binding proteins.
Given the enormous role that carbohydrates have in many physiological and pathological processes,

it is also intuitively clear how important it is to read the glycan’s encoded information and to translate

it in cellular effects.®** The interpreters of this code are the lectins, a subgroup of the large family of
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glycan-binding proteins (GBPs), which also include carbohydrate processing enzymes and
glycosamino-glycan-binding proteins.?3¢
Lectins (from the Latin word “legere”, which means to read) are non-enzymatic proteins with
specificity for carbohydrates, ubiquitously found in nature and with different roles, from cell
development, to host recognition, mediation of cell-cell interactions, immune response, etc. In
general, lectins can be found as integral part of the membrane or as soluble proteins.®’
Vertebrate lectins can be differentiated in subgroups, based on amino acids sequence homology in
the carbohydrate binding domains (CRDs) and structural characteristics®:

- C-type lectins, which need calcium to bind sugars (e.g. Selectins, DC-SIGN)*®

- I-type lectins, part of the immunoglobulin superfamily (e.g. Siglecs)*°

- S-type lectins, which need thiol groups for their activity; later renamed to Galectins, as not all

members are thiol-dependent

- Pentranxins, characterized by different subunits forming pentamers

- P-type lectins, mostly specific for mannose-6-phosphate proteins.
It may be questionable how the message that lectins decode from sugars can be so specific, starting
from a limited number of monosaccharides and from the fact that different lectins can recognize the
same mono- or oligosaccharides. The answer resides in the extremely complex nature of lectin-
carbohydrate interactions, not only for the structural complexity of the glycans but also from the
flexibility, the density on the membrane, different conformations and possible multivalent
presentations.*142
Multivalency is a very common mechanism that nature uses to improve binding affinities between
lectins and carbohydrates. Multivalent interactions can happen in different ways: homomultimeric
lectins interact with several glycans at the same time giving raise to the so-called avidity effect,
monovalent lectins can form a cluster to interact with multivalent ligands, heterobivalent ligands
interact with a lectin with two different binding sites, and, finally, in case of multivalent ligands, the
statistical rebinding effect (Figure 4). The nature of the interactions can trigger different biological

responses.*#

©.d -

A) Chelation B) Clustering C) Subsite binding D) Statistical rebinding

Figure 4. Mechanisms of multivalent interactions. Figure adapted from Cecioni et al.**
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Different types of lectins have been fully characterized and validated as targets for potential
pharmacological treatment. We will now focus on a subgroup of the I-type lectin family, the Sialic-
acid-binding-ImmunoGlobuline-like-Lectins (Siglecs).*64

1.5 Sialic acids and the Siglec family.

Sialic acids represent the major sugar component of the glycocalix. They are usually located at the
terminal positions of oligosaccharides and glycoconjugates and can act as ligands for receptor
recognition (trans-interactions) and for masking recognition sites (cis-interactions). Sialic acids can
be found in differently substituted forms, all derived from the neuraminic acid (Neu) parent molecule,
like for example the N-acetylated variant (Neu5Ac), which is the most abundant, or the N-

glycolylated derivative (Neu5Gc), which cannot be synthesized by humans (Figure 5).
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Figure 5. The most abundant sialic acids: the neuraminic acid and its N-acetyl and N-glycolyl derivatives (Neu5Ac and
Neu5Gc, respectively). They are shown in their a-configuration, as if they were in bound states. The colored squares

represent their standard graphic symbols.*® Figure adapted from Bull et al.*

Free sialic acids engage in the energetically preferred p-form but when bound they adopt the o-
anomeric configuration.®®°! Because of their position on the surface of the membranes, sialic acids

are particularly available for protein-ligand interactions, mediating several physiological and
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pathological processes.>?" As just mentioned above, Siglecs are one family of proteins that mediate
these interactions.

Human Siglecs are numbered following the order in which they were discovered, same for murine
Siglecs, but the representatives that are not homologous to the human ones are named by a letter (e.g.
Siglec-F).>® Human Siglecs are divided into two groups depending on their homology and
evolutionary conservation (Figure 6). CD22-related Siglecs show only 25-30% of sequence identity
and they have true orthologs in other mammalian species: Sialoadhesin (Siglec-1), Siglec-2 (CD22),
Siglec-4 (myelin-associated glycoprotein, MAG) and Siglec-15 belong to this group. The second
group consists of CD33-related Siglecs (CD33rSiglecs). Among these, Siglec-12 lost its ability to
recognize sialic acid, so it was renamed Siglec-XII, and the Siglec-13 gene is not present in humans.*
CD33rSiglecs are characterized by high sequence homology and minor conservation between
species.®%? CD33rSiglecs are also expressed in mice but they represent paralogs and not true
orthologs of the human counterparts: Siglec-F and Siglec-G correspond to Siglec-8 and Siglec-10,
respectively.®® The high evolutionary differentiation might be a response to different mechanisms of

evasion of the immune system by pathogens or cancer cells, like mimicking our self-glycans.*":646°
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Figure 6. Structural features of human Siglecs and their expression. Mg, macrophages; DC, dendritic cell; B, B cells;
MC, mast cells; Schw, Schwann cells; OD, oligodendrocytes; Ocl, osteoclasts; Myp, myeloid progenitor; Mo, monocytes;
Mic, microglia; N, neutrophils; Troph, trophoblasts; NK, natural-killer cells; T, T cells; Eo, eosinophils; Ba, basophils;

Lum epi, lumen epithelia cells). Figure from Lenza et al.®

Structurally, Siglecs present on their extracellular N-terminal part a V-set domain, containing the
sialic acid binding pocket, and a variable number of C-2 set domains (from 1 to 15), both Ig-like

domains. Normally, in their resting state, Siglecs are engaged in cis-interactions with sialic acid
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ligands expressed on the same cell-surface. Sn (Siglec-1) is an exception: because of its length (15
C-2 set domains), it is mainly involved in trans-interactions.5-¢7%8 High-affinity ligands can compete
with cis-ligands and bind to Siglecs, as it has already been demonstrated with CD22 (Siglec-2).%°
The signaling is initiated by the intracellular regulatory motifs, except for Sialoadhesin that does not
contain any domain in this region: most of the Siglecs present an immunoreceptor tyrosine-based
inhibitory motif (ITIM). These domains are first phosphorylated by Src kinases, then the recruitment
of Src-homology 2 domain (SH2)-containing phosphatases SHP-1 and SHP-2 de-phosphorylate
important signaling molecules and initiate the inhibitory cascade.” Only Siglecs-14, -15 and -16 have
an activating activity. They contain positively charged amino acid residues that bind to the coreceptor
DAP12, which in turn contains an immunoreceptor tyrosine activation motif (ITAM) in its
cytoplasmic domain. Once the binding to Siglecs takes place, DAP12 initiates the activating
signaling.”>"? Generally, activating Siglecs are coupled with inhibitory counterparts: Siglec-5 vs
Siglec-14 and Siglec-11 vs Siglec-16, usually expressed on the same cells.”

As previously mentioned, all Siglecs bind sugars containing sialic acid, but each with its own
specificities. They have evolved to recognize all the different ways in which the sialic acids are
displayed on glycoproteins and glycolipids so they can be specific for the type of linkages (a2-3, 02-
6, and/or a2-8), or the type of sugars to which the sialic acid is bound to. Usually, Siglecs bind to
their natural sialoside ligands with low affinities (0.1-1 mM).”* The interactions (monovalent or
multivalent) are very specific and can regulate the physiology of the cells where they are expressed.”
The N-terminal V-set domain mediates the binding and it is composed of antiparallel -sheets with a
shallow binding pocket for the sugar and an additional loop in the proximity, which provides more
specificity for carbohydrates. One of the most conserved amino acids in this region is an arginine
which interacts with a salt bridge with the carboxylate of the sialic acid.”

Siglecs are mostly expressed on immune cells, except for Siglec-4 which is present on myelinating
cells of the nervous system. Depending on the roles and sites of expression Siglecs are involved in
many physiological and pathological processes, especially as immuno-modulators. In the following
sections, the involvement of Siglecs in autoimmunity, infection, inflammation, aging, and cancer will

be presented in more detail.*°

Siglecs and host protection. Being at the interface between cells, some Siglecs play a key role in
recognizing pathogens, such as bacteria or viruses.’’

Siglec-1, for example, is mainly expressed on macrophages (described as CD169" macrophages).
Upon recognition of sialic acid epitopes expressed on the cell surface of bacteria or viruses, Siglec-1

promotes phagocytic activity of macrophages, optimization of antigen presentation and subsequent
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activation of the adaptive immune response.””~"° It has the same role on other antigen-presenting cells
(APCs) like dendritic cells (DC), where it triggers antiviral immunity. Unfortunately, enveloped
viruses such as Ebola or human immunodeficiency virus (HIV)-1 have exploited this mechanism to
enhance the auto dissemination in tissues and escape the immune system.8%2 HIV’s capture by DC,
for example, facilitates virus dissemination and release in sites of cell contact with the CD4" T cell.
Therefore, the virus can easily reach these sites and trans-infect T-cells.23#* Another way to escape
the immunity is to mimic self-sialic acid-containing sugars, like the group B Streptococcus (GBP).
GBP binds to Siglec-9, expressed on neutrophils. Being an inhibitory receptor, this leads to de-
activation of the immune response and the bactericidal activity. Next to sialic acid mimicry, GBP also
uses a membrane-anchored protein to bind Siglec-5, expressed on macrophages and neutrophils, with
again the same effect of blocking these cells.

Siglecs in neurological disorders. Even if not directly expressed in the brain, some Siglecs may have
some implications in the central nervous system (CNS).%

A recent study demonstrates that CD22, a negative regulator of B cells, can be involved in reducing
the phagocytic activity of macroglia cells, which is important to maintain homeostasis in the CNS
activity and it is usually reduced in aged brains or in neurodegenerative diseases. The inhibition of
CD22 with an antibody or by genetic ablation increased microglia phagocytosis of debris or protein
aggregates, improving cognitive performance in mouse models.8®

Dysregulation of microglia phagocytic activity is also connected to Alzheimer’s disease (AD), with
reduced ability to remove amyloid beta (AB) plaques in the brain. Some evidences show that
polymorphisms in the CD33 gene may represent a risk for AD and that would also affect microglia
phagocytic activity. However, these studies have been conducted on mice, which present a different
form of CD33. Therefore, these conclusions remain to be confirmed. A recently presented human
CD33 knock-in mouse model might provide answers to these open questions.®’

Finally, MAG (Siglec-4) is expressed on oligodendrocytes and Schwann cells, both in the central and
peripheral nervous systems. Controversial results have been obtained regarding MAG’s function but
different evidences support the theory that it is involved in the inhibition of axonal regeneration. Upon
myelin disruption, MAG can also diffuse as a soluble form to other sites and have a major inhibitory
activity on the axon growth. This explains why in the early phases of multiple sclerosis neurons
degenerate even if the myelin has not been disrupted yet. An anti-MAG humanized monoclonal
antibody (mAb) from Glaxo (GSK24932) is currently on clinical trials for promoting neuronal

regenerations in strokes, blocking MAG inhibitory activity.28#°
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Siglecs and tumor. Malignant cells usually have a different glycosylation pattern, resulting in
hypersialylated glycans or higher display of Neu5Gc (which can be assimilated with the diet, then
metabolized and expressed on the cells), therefore providing a high number of ligands for Siglecs.%%
T-cells and natural killer (NK) cells are both tumor-infiltrating cells, participating in the recognition
and Killing of cancer cells. They both express Siglec-7 and Siglec-9, which are actually upregulated
in some tumor-infiltrating CD8" and CD4" T-cells in various cancers. Evidences show that the
binding of these Siglecs with antigen-binding fragments (Fab) of Siglec-7 and -9 blocking antibodies
increased immune cell activity, reducing the interactions of Siglecs with their ligands. The same effect
was reached by treating target cancer cells with neuraminidases, which decrease the availability of
sialic acid on the surface and, consequently, the interactions with Siglecs, thus contributing to enhance
the immune mediate response. However, the treatment with full-length anti-Siglec antibodies inhibits
cell cytotoxicity, suggesting the induction of inhibitory signals.®*°> A better comprehension of
Siglec-7 and -9 signal regulation is needed to understand whether they can represent potential targets
for cancer immunotherapy.

Other Siglecs identified as potential targets for cancer treatment, in particular for chronic lymphocytic
leukemia, non-Hodgkin lymphoma and acute myeloid leukemia (AML) are CD22 and CD33.%96-1%0

Siglecs in allergies and autoimmune diseases. Considering that Siglecs are important regulators of
immune response and immune cell homeostasis, they also have important roles in allergies and in the
development of autoimmune diseases. Most allergies are connected to hyperactivation of eosinophils
and mast cells, therefore targeting Siglec-8, exclusively expressed on these cells, might be a
promising therapeutic approach, as it will be discussed in detail in the next chapters.

Regarding autoimmune diseases, polymorphism of CD22 in humans has been associated with
rheumatoid arthritis or systemic lupus erythematosus (SLE). Binding of CD22 to liposomal
nanoparticles covered by both antigen and glycan ligands for CD22 causes the apoptosis of B-cells
in mice and humans. These Siglec-engaging tolerance-inducing antigenic liposomes (STALS) can be

exploited to tolerize B-cells to specific antigens, in order to prevent unwanted immune response. 1ot

This small summary reveals how important Siglecs are and how a better understanding of their
biology and functions may be a turning point in the treatment of various diseases. To reach this goal,
different strategies have been explored to target Siglecs, in particular the use of antibodies,

monovalent and multivalent ligands.
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1.6 How to target Siglecs?

One of the first examples of targeting Siglecs is the use of antibodies. The first fully humanized anti-
CD22 1gG1 antibody is Epratuzamab (Emab). It does not kill malignant B cells as a single agent but
it showed positive results when associated with Rituximab.®®1% Clinical trials have also been
conducted on the use of Emab for the treatment of autoimmune diseases like SLE.%1% Since CD22
is internalized upon Ab binding, another approach is the use of Ab-conjugated drugs (ADC), such as
inotuzumab ozogamicin, where the Ab is conjugated with a drug able to disrupt the DNA. This ADC
has been approved for the treatment of acute lymphoblastic leukemia (ALL).1% Recently, CD22 has
also been a target for CAR T cell therapies, in order to redirect T cells effectors towards malignant B
cells. Positive results were obtained in the treatment of B-cell ALL.% Another ADC (Mylotarg) was
approved to target CD33 for the treatment of refractory AML.1” Antibodies can also be used to block
Siglecs and prevent their interaction and activation with endogenous ligands. For example, blocking
Siglec-15 on tumor cells prevents its ability to suppress T cell activity and therefore limits tumor
growth.1%

Considering the limitations of antibodies, such as low bioavailability and high immunogenicity,

traditional approaches like the use of small molecules are still widely used (Figure 7).1%°
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Figure 7. High affinity/selective ligands for Siglec proteins. Modifications on positions 2 (pink), 3 (orange), 4 (green), 5

(grey) and 9 (blue) have been applied.1°

As previously discussed, different strategies can be employed to modify the neuraminic acid in
different positions to improve not only its affinity towards Siglecs but also the pharmacokinetic

properties. Some of the most successful examples of high affinity ligands for various Siglecs are
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presented in Figure 7. Once a potent and selective monovalent ligand has been optimized, it can be
presented with a multivalent approach. In the last decade, different examples of multivalent
presentation of glycans have been reported. For example, liposomes or nanoparticles decorated with

Sn or CD22 ligands have been used to selectivity deliver cargo to B-cells or Sn* macrophages.t**-114

1.7 Siglec-8.

Siglec-8 has been discovered around 2000 by two groups independently and was identified as a Siglec
protein exclusively expressed on eosinophils and mast cells, and weakly on basophils.*>11° Lately, a
long-form was identified, bearing the usual ITIM, common to other Siglecs. The short form was the
result of a premature stop codon and since then, the term Siglec-8 refers to the predominant long
form.!1” Siglec-8 consists of a V-set domain, two C-2 set domains, one ITIM and one ITIM-like
domain in the intracellular region, involved in the negative cell signaling. Siglec-8 cross-linking
induces apoptosis in eosinophils, in a caspase-dependent manner on normal cells, and through
production of reactive oxygen species (ROS) in eosinophils interleukin-5 (IL-5) primed.t*81° On
mast cells, Siglec-8 inhibits their degranulation but it doesn’t affect their survival.!? The intracellular
pathway is not fully characterized but lately, it was found that Siglec-8 engagement on IL-5 primed
eosinophils leads to B.-integrin-mediated adhesion of eosinophils, necessary for the activation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, with consequent production of ROS

and eosinophil apoptosis (Figure 8).1%
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Regarding the levels of Siglec-8 expression, different studies showed that they are quite stable on
eosinophils and mast cells independently of the disease state and tissue of origin and that the protein
appears quite late in the maturation process of these cells.1?212

Siglec-8 is not expressed and does not have a true ortholog in mice but its closest paralog is Siglec-
F. The major differences are that Siglec-F also recognizes non-sulfated ligands and that it is only
expressed on eosinophils. Besides, the use of anti-Siglec-F antibodies also reduces eosinophilic
inflammation in models of disease but its mechanism is pure caspase-dependent.!?41% These
differences limit the preclinical studies and its therapeutic targeting in vivo. To solve these problems
and to facilitate Siglec-8 biology investigation, novel mouse strains were generated, where Siglec-8
was selectively expressed on eosinophils and on mast cells.126:127

Due to the selectivity of expression, the inhibition activity that Siglec-8 has on eosinophils and mast
cells, and the constant levels of expression on cells both in healthy and non-healthy conditions, in the
last years a lot of interest has emerged to target this protein for the treatment of many allergic and

inflammatory diseases associated with eosinophils and mast cells.

1.8 Eosinophil and mast cell-related disorders.

Eosinophils and mast cells (MCs) are some of the major cells involved in allergic and inflammatory
reactions. They derive from pluripotent precursor cells of the myeloid lineage and, in presence of
stem cell factors or various cytokines, they mature and migrate into tissues.

MCs can be activated in immunoglobulin-E (IgE) dependent manner, by cross-linking of antigen-
specific IgE to the high affinity Fc epsilon receptor 1 (FceRI), or in an IgE independent way, which
involves other mast cell receptors such as toll-like receptors (TLRs) or receptors that bind cytokines,
chemokines, etc. Once activated, MCs release proinflammatory and vasoactive mediators.?8129

The differentiation and activation of eosinophils are particularly guided by IL-5: once mature in the
bone marrow, the cells migrate and, under homeostatic conditions, reside into the gastrointestinal
tract. Additional activation forms recruit them in other affected tissues where they release their
products promoting local inflammation, tissue remodeling, and sometimes tissue damage.*3® Next to
the physiological roles of regulating vasodilation, angiogenesis, innate and adaptative immune
response, both eosinophils and MCs, can be linked to the pathophysiology of different diseases.*31132
Eosinophilic disorders are a group of diseases characterized by high absolute eosinophil count (AEC)
in the peripheral blood for at least one month. Hypereosinophilia (HE) is characterized by different
types of symptoms, from mild to severe, which can affect organ function because of eosinophil
infiltration, and in rare cases being fatal. We can mainly distinguish primary eosinophilia (also
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referred to as neoplastic, like acute and chronic eosinophilic leukemia, a result of stem cells mutation),
and secondary HE, usually caused by infections (especially in third world countries) or allergies.
Besides, there is also idiopathic HE, where the cause has not been identified yet. When HE is
associated with tissue or organ damage it is commonly called hypereosinophilic syndrome (HES).
However, there are still a lot of gaps in classification, diagnosis criteria and molecular understanding
of these diseases.133 1%

Regarding the primary neoplastic HE, they can be distinguished in myeloproliferative and
lymphocytic malignancies that can have very bad or even fatal outcomes if not diagnosed or treated
properly.t3"138 Severe symptoms or a reduced quality of life also characterize the secondary HE,
potentially associated with different allergic diseases such as chronic rhinosinusitis or conjunctivitis,
asthma, eosinophilic gastrointestinal disorders, chronic idiopathic urticaria, and the two most severe
forms, chronic eosinophilic pneumonia and delayed reactions associated with drugs, known as drug

reaction with eosinophilia and systemic symptoms (DRESS).**?

MCs-related disorders are also characterized by local or systemic infiltration and accumulation of
mast cells. MC disorders are mainly divided in mastocytosis and MC activation syndrome.
Mastocytosis is a quite rare condition that can be cutaneous (skin lesion, urticaria), more common in
children and with a good prognosis, or systemic with quite diffused symptoms, usually with bone
marrow involvement.12°139140 Rare cases can develop a more serious form of systemic mastocytosis,
with end-organ damage due to infiltration of neoplastic MCs.1#

MC activation syndrome is instead characterized by episodic symptoms of mast cell activation. It can
be triggered by IgE-mediated allergy responses or it can be idiopathic, which in some rare cases
reaches the severity of anaphylaxis. However, the disease is usually successfully treated with

antimediator therapy.142143

Available treatment. At the moment, no cure is available for most of these diseases but there are
different treatment options to control the symptoms. The priority in any of the mentioned cases should
be the identification, whenever possible, of likely secondary causes, and to prevent organ damage and
loss of function. HE or mastocytosis can rapidly evolve to very severe conditions, prompt diagnosis
and treatment are therefore essential.

The drugs commonly used are glucocorticoids, histamine receptor antagonists, anti-leukotriene
antagonists such as montelukast, and epinephrine, especially in higher risks of anaphylaxis like in
systemic mastocytosis. In some cases of mastocytosis and malignant cells, as eosinophil or mast cells

leukemia, cytoreductive drugs are needed, in particular interferon-alpha and imatinib.*24” However,
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all these drugs are characterized by a lot of side effects, and by very variable efficacy and toxicity
profiles, especially for the common long-term use for chronic conditions, 44148

Therefore, new targeted therapies with minor side effects are urgently needed. In this perspective, in
the last years Siglec-8 has emerged as a new potential therapeutic target for eosinophil and mast cell-
related disorders, because of its specific expression on these cells and its role in inducing eosinophils
apoptosis and inhibition of mast cells degranulation. Furthermore, it would also be possible to have
a synergic effect, since both of these cell types are hyperactivated in common diseases and some
preliminary studies suggest that they do not act as separate identities but have an influence on each

other,49

1.9 Siglec-8 as a druggable target.

Different reports already support and confirm the idea that Siglec-8 can be a relevant target for the
treatment of eosinophil and mast cell-related disorders.

AKO002 (lirentelimab), for example, is a humanized non-fucosylated IgG1 anti-Siglec-8 antibody
already in clinical trials for the treatment of different allergic and inflammatory diseases linked to
eosinophils and mast cells.*®® It has been proven that AKO002 selectively binds to mast cells,
eosinophils and weakly to basophils in human blood and tissue, it reduces eosinophils inducing
apoptosis and NK cell-mediated antibody-dependent cell-cytotoxicity (ADCC) against blood
eosinophils. Furthermore, a murine precursor of AK002 (mAKO002) was tested in a passive systemic
anaphylaxis (PSA) humanized mouse model where it showed mast cell inhibition and PSA
prevention.*°

AKO002 showed positive results in phase I clinical trials for indolent systemic mastocytosis (ISM) and
allergic conjunctivitis. The drug improved the general quality of life of patients and also relieved
comorbidities like asthma, dermatitis and rhinitis.*>1152 Encouraging results were reported for phase
Il trials for the treatment of refractory chronic urticaria (on patients not responding to antihistamines
or omalizumab) and eosinophilic gastritis and duodenitis. In the last case, long-term use was well
tolerated and showed histological improvements, 53154

Anti-Siglec-8 monoclonal antibodies showed a reduction of non-allergic inflammation by inhibiting
IgE independent mast cell activation.>®

As listed before, another disease that is associated with infiltration of airway eosinophils and
pronounced degranulation of mast cells is asthma.'>¢*>" Several findings support the idea that Siglec-
8 may be involved in the treatment of this disease. For example, Siglec-8 ligands are upregulated in
inflamed human airway tissues compared to healthy tissues, and eosinophils obtained from allergy
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patients showed increased Siglec-8-mediated apoptosis.’®®*%° In addition, polymorphisms in the
Siglec-8 gene are associated with increased susceptibility to asthma.°

Lastly, it seems that eosinophils and mast cells are also quite active during SARS-CoV-2 infections,
and that treatment with anti-Siglec-8 antibodies reduces the general inflammation. Hence, when this
would be confirmed by further studies, Siglec-8 may represent a possible target to fight this viral
infection causing the actual global pandemic.®*

The selective expression of Siglec-8 and its endocytic property can also be exploited for selective
delivery of therapeutic agents to mast cells and eosinophils, for example to treat malignancies
associated with these cells.'®? Next to antibodies, Siglec-8 has also been targeted with nanoparticles
displaying its ligands. Liposomes decorated with Siglec-8 ligands were selectively taken up in cells
expressing Siglec-8 or -F. Furthermore, when additionally decorated with allergens, these liposomes
were able to suppress IgE-mediated mast cells degranulation, 63164

As discussed before, the development of small molecules able to bind Siglec-8 represents a valid
alternative and approach to the use of antibodies, to tackle eosinophils and mast cells diseases and to

better understand the protein’s biological role and function.

1.10 Siglec-8 structure.

Siglec-8 has high sequence homology with Siglec-7 (68%), CD33 (49%) and with Siglec-5 (42%).116
The main differences are within the loop containing Arg56: this loop presents 11 residues instead of
the more common 5 residues. This confers specificity for a particular ligand, as explained in more
details below.

The exact natural ligand of Siglec-8 has not been discovered yet, but recent findings identified keratan
sulfate (KS) as primary carrier of endogenous human airway ligands. Once isolated and purified from
trachea extracts, it increased eosinophil apoptosis in vitro.1®®

In a glycan array screening the tetrasaccharide 6’-sulfo-sLe* (NeuAco2-3[6-O-sulfo]GalB1—
4[Fucal1-3]GIcNACc) was identified as the preferred Siglec-8 ligand. From this screening, it became
obvious that Siglec-8 is very selective for a2—3 linkages of neuraminic acid, and that the sulfate in
position 6 of the galactose seems to be detrimental for binding (28-fold loss of affinity when
removed).1%5167 |_ater, an NMR solution structure of the Siglec-8 CRD was obtained in complex with

this tetrasaccharide (Figure 9).1¢7
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Figure 9. Main interactions between Siglec-8 and 6’-sulfo-sLe*. Black dashed lines indicate hydrogen bonds in the
depicted structure; gray dashed lines indicate hydrogen bonds abundantly observed in other structures of the ensemble.

Hydrophobic contacts are shown in green. Figure from Propster et al.16

The main interaction, as for the other Siglecs, involves a salt bridge between the carboxylate of the
sialic acid and the conserved arginine residue (Arg109). The important sulfate in position 6 of the
galactose moiety is involved in a second salt bridge with Arg56 and GIn59. As mentioned above,
Arg56 is in a larger loop compared to the one present in other Siglecs, which may confer the unique
binding specificity for this ligand. In addition, hydrogen bonds exist between hydroxyl groups 7, 8
and 9 of sialic acid and Tyr7, Ser118 and GIn122. In contrast, the fucose and glucosamine subunits
show only minor interactions with the protein. The affinity of 6’-sulfo-sLe* was evaluated with three
different techniques: Isothermal titration calorimetry (ITC), a polyacrylamide-based competitive
binding assay (CBA), and solution NMR, which all confirmed a Kp of approximately 300 uM.®’

The ability of this tetrasaccharide to bind Siglec-8 was also confirmed by testing a polyacrylamide
polymer decorated with 6’-sulfo-sLe*. It selectively bound to eosinophils in human blood and also
induced apoptosis of IL-5-primed eosinophils in a Siglec-8-dependent manner (the binding was

abrogated by the use of an anti-Siglec-8 antibody).6®

The Siglec-8 structural data and the binding mode of its preferred glycan ligand represent an optimal
starting point for the development of high affinity ligands as molecular probes to further study Siglec-
8 function and as potential therapeutic agents for the treatment of eosinophil and mast cell-related

disorders.
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1.11 Objectives of the thesis.

The general aim of this thesis was the development of glycomimetic ligands with improved affinity

to Siglec-8. To reach this goal different approaches have been employed.

First, starting from the natural ligand, the tetrasaccharide 6’-sulfo-sialyl Lewis*, the minimal binding
epitope of the molecule was identified. Further strategies, such as the use of bioisosters, a
deoxygenation process to reduce the polarity of the molecule and the introduction of substituents on
the sialic acid core were carried out to improve affinity and drug-like properties of the ligands
(Chapter 2).

For Siglec-8, the only structure available is an NMR solution structure of its lectin domain, which
provides limited use for structure-based design due to its poor resolution. Therefore, in order to get
more structural information and to better understand the binding mode of our most potent ligand, we
built a homology model of Siglec-8 based on the crystal structure of homologous Siglec-7 (Chapter
2).

Looking at the docking pose of our ligands, we also aimed to explore an empty binding pocket close
to position 5 of the sialic acid core. Rational design and virtual fragments screening were exploited
to identify suitable fragments for this cavity. They were virtually attached to the core structure of our
lead compound and docked into the Siglec-8 NMR solution structure. Virtual screening of
commercially available libraries was also performed to identify non-sugar-containing hit molecules.

The best compounds identified were synthesized and biologically evaluated (Chapter 3).

In addition, we developed an LCMS method to check the stability of our ligands to neuraminidases,
enzymes able to hydrolyze terminal sialic acids, in order to obtain important pharmacokinetic
information already in the first stages of this project (Chapter 4).

Finally, the structure of some Siglec-8 ligands resembles those of known ligands for Galectin-8.
Therefore, we also synthesized and evaluated non-sulfated derivatives to target this important lectin
involved in many physiological and pathological processes, such as cancer, inflammation and bone

remodeling (Chapter 5).

These goals have been condensed in six hypotheses:
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Hypothesis 1. Low molecular weight and monovalent glycomimetic ligands with high affinity for
Siglec-8 can be designed and synthesized by replacing galactose in 6-sulfo-Sia-Gal with a sulfo-
substituted cyclohexane or aromatic ring (Chapter 2).

Hypothesis 2. The sialic acid moiety is not essential for the binding to Siglec-8 (Chapter 2).

Hypothesis 3. Precise and reliable insights into the binding mode of our high affinity ligands can be

provided by using homology modelling of Siglec-8 (Chapter 2).

Hypothesis 4. New fragments and virtual hit molecules that fit into the binding pocket of Siglec-8
can be predicted and their binding affinity can be scored by using fragment-based and structure-based
virtual screening (Chapter 3).

Hypothesis 5. Siglec-8 ligands are stable to hydrolysis by neuraminidase-2 (Chapter 4).

Hypothesis 6. High affinity and selective ligands towards Galectin-8 can be obtained by introducing
modifications in position 1 and 3 of the 3-O-[1-carboxyethyl]-B-D-galactopyranoside (Chapter 5).

The studies supporting every hypothesis will be discussed in the mentioned chapters.
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2. From the natural carbohydrate to glycomimetics

In this chapter, we describe the successful development of a high-affinity glycomimetic ligand for
Siglec-8, starting from the natural tetrasaccharide 6’-sulfo-sialyl Lewis*. The identification of the
minimal binding epitope, the disaccharide 6-sulfo-Sia-Gal, a deoxygenation strategy and the
introduction of a sulfonamide substituent in position 9 of the sialic acid led to the identification of a
potent ligand with 20-fold improvement in binding affinity. Homology modeling was used to get

more structural information about Siglec-8.

Parts of this chapter have been published in ChemMedChem:

Kroezen, B. S.; Conti, G.; Girardi, B.; Cramer, J.; Jiang, X.; Rabbani, S.; Miller, J.; Kokot, M.;
Luisoni, E.; Ricklin, D.; Schwardt, O.; Ernst, E. A Potent Mimetic of the Siglec-8 Ligand 6'-Sulfo-
Sialyl Lewis*, ChemMedChem 2020, 15 (18), 1706-1719.}

© 2020 Wiley-VCH GmbH

The entire article can be found in the appendix (p. 199).
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derivatives. She also contributed to the writing of the above-mentioned published paper.
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Chapter 2

2.1 Introduction.

Siglecs (sialic acid-binding immunoglobulin-type lectins) are cell surface proteins representing a
subset of the I-type lectins located primarily on the surface of immune cells. They exhibit a sialic acid
binding N-terminal domain, one or more C2-set immunoglobulin domains and a cytoplasmic tail.>*
The cytoplasmic tail of most Siglecs contains an immunoreceptor tyrosine-based inhibitory motif
(ITIM), which participates in immunosuppressive cell signaling. Thus, ligand-binding induces
phosphorylation of the tyrosine motif by an Src family kinase, resulting in the recruitment of the SH2
domain-containing phosphatases SH1, SH2 or SHIP-1.> These phosphatases inhibit cellular processes
through the inactivation of essential kinases. Therefore, most of Siglecs are inhibitory receptors,
which can modulate crucial immune responses.®’ In their resting state, most Siglecs are engaged in
cis-interactions with sialylated glycans expressed on the surface of the same cell.® As a result, Siglecs
are essentially masked and can only interact with trans-ligands that display sufficient affinity or

avidity to outcompete the cis-interactions.®

Siglec-8 is a member of the CD33-related Siglec family and is predominantly expressed on the cell-
surface of eosinophils and mast cells and weakly on basophils.'!! These cell types play a crucial role
in the pathophysiology of asthma, a chronic inflammatory disease characterized by a massive
infiltration of eosinophils into the airways followed by degranulation of mast cells and the release of
bronchoconstrictors.*2® When Siglec-8 was cross-linked with antibodies, apoptosis of eosinophils**
and inhibition of the release of mediators from mast cells were observed.’® A promising alternative
to target Siglec-8 with antibodies involves the multivalent display of Siglecs ligands on polymers and
nanoparticles.'® Thus, it was shown that apoptosis can be initiated by treating eosinophils with a
synthetic polyvalent Siglec-8 ligand” and immunohistochemical analyses exhibited an up-regulation
of Siglec-8 ligands in inflamed compared to healthy tissue.*® In addition, isolated eosinophils from
the airways of allergen-challenged patients showed elevated susceptibility to Siglec-8-mediated
apoptosis.’® Finally, variants in the Siglec-8 gene were associated with an increased susceptibility for
asthma.?’ In summary, Siglec-8 has been identified as a therapeutic target for the treatment of

eosinophil and mast cell disorders.?~%5

Natural sialylated glycans generally exhibit only low monovalent affinities (0.5 to 3 mM), which,
however, can be substantially improved by a multivalent presentation.?®?” The development of potent
monovalent Siglec ligands started from natural glycan ligands and successfully yielded high-affinity

ligands for numerous Siglecs. High-affinity ligands for Siglec-1,% Siglec-2,°%%-3! Siglec-4,3>%
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Siglec-7** and Siglec-8% have been reported. The trisaccharide Neu5Aca.2-3(6-O-sulfo)Galp1-
4GIcNACc and the tetrasaccharide Neu5Aca2-3(6-O-sulfo)Galpl-4[Fucal-3]GIcNAc [6°-sulfo-sLe*
(1a)] were identified in a glycan array screening as Siglec-8 ligands (Figure 2-1A).3528 In this work,

we describe the development of high-affinity Siglec-8 mimetics based on 6’-sulfo-sLe* (1a).

2.2 Results and Discussion.

Our group recently published the NMR solution structures of the Siglec-8 lectin domain (PDB code:
2N7A) and its complex with 3-aminopropyl 6’-sulfo-sLe*, 1b (PDB code: 2N7B).*° Using 'H-'°N
HSQC titration and NOE experiments, both the affinity (295 uM), and the binding mode of Siglec-8
with 1b have been determined (Figure 1B).

A
OH OH
HO o coona
i 0
AcHN 0 OW oo/éh\/o'2
HO NHAC
HO “0so;Na

1a (R=H) L on

1b (R = (CHy)sNHy) 1o

i /ﬁmﬂ

D /
\ - .
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?l“ o> X Lysuw \mm
( ( Argl109
\ N

Figure 1. A: 6’-Sulfo-sLe* (1a) and 3-aminopropyl 6’-sulfo-sLe* (1b); B: Binding mode of 3-aminopropyl 6°-sulfo-sLe*
(1b) in the carbohydrate-recognition domain (CRD) of Siglec-8 (PBD ID: 2N7B).*° The figure was generated using the
software VIDA.*° Color code: N: blue, O: red, S: yellow, protein backbone: grey, ligand C: green. Contacts with the

protein are depicted as blue dashed lines.

Arg109, which is conserved in most siglecs,® forms an essential salt bridge with the carboxylate of

NeuS5Ac. Moreover, the sulfate group in the 6’-position of the Gal moiety is engaged in another salt

bridge with Arg56 and GIn59. This interaction proved to be crucial, as the binding affinity dropped

drastically when the sulfate group in 3-aminopropyl 6’-sulfo-sLe* (1b) was removed (28-fold loss of

affinity) or moved to the D-GIcNAc moiety (9-fold loss in affinity).3® Essential hydrogen bonds are

formed by the three hydroxyls of the glycerol side chain with Tyr7, Ser118 and GIn122, as well as
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by the N-acetyl group with the backbone of Lys116. Furthermore, various hydrophobic interactions,
including van der Waals and sigma-r interactions with Tyr58 contribute to the binding affinity of
tetrasaccharide 1b. Surprisingly, the L-Fuc and b-GIcNAc moieties do not form any contact with the
protein surface. Glycan arrays additionally showed that the fucose moiety does not significantly
contribute to affinity.** We therefore assumed, that the disaccharide Neu5Aco2-3(6-O-sulfo)Gal (2,

Scheme 1) represents the minimal binding epitope.

Synthesis and affinity of the minimal binding epitope. Sialic acid donor 842 was synthesized in large
scale by first protecting free NeuSAc 5 and then introducing a 4-methylbenzenethiol as a good leaving
group. Sialidation of the protected galactose acceptor 43 with sialic acid donor 8 yielded disaccharide
9. The highest yield and the best a-selectivity were obtained using NIS/TfOH as promoter and a mix
of MeCN/DCM in a 5 to 3 ratio. To avoid acetyl migration, the 2- and 4-OH of the Gal moiety were
benzoylated (— 10) before the silyl protection was selectively cleaved using HF-pyr to afford 11.
Next, the sulfate group was introduced using an excess of SOz pyr in DMF (— 12). Finally, acetate
deprotection under Zemplén conditions and hydrolysis of the methyl ester with aq. NaOH yielded the
test compound NeuS5Aca.2-3(6-O-sulfo)Gal (2, Scheme 1).

OTBDPS

oH OH OAc c
HO OH
OH b HO, OH COOMe . AcO, oAc  GOOMe . AcO, OAc  COOMe
5 _0 5 5 L 5 H . &
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Scheme 1. a) TBDPSCI, imidazole, DMF, rt, 16 h, 97%; b) Amberlyst-15, MeOH, rt, 16 h, 99%; c) Ac.O, DMAP, pyr,
0 °Ctort, 16 h, 85%; d) p-thiocresol, BF3Et,0, DCM, rt, 16 h, 90%; €) NIS, TFOH, MeCN/DCM, -40 °C, 16 h, 34%; f)
Bz,0, DMAP, pyr, rt, 16 h, 84%; g) HFpyr, pyr, rt, 4 h, 93%; h) SOs-pyr, DMF, 0 °C to rt, 4 h, 93%; i) i. MeONa/MeOH,
rt to 50 °C, 24 h; ii. NaOH (aqg), rt, 1 h, 81% over two steps.
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3-Aminopropyl 6’-sulfo-sLe* (1b) has an affinity of 295 uM £ 26 uM (Kp by NMR) or 303 uM £ 11
UM (ICso in a competitive binding assay).3 Surprisingly, the 1Cso of the disaccharide NeuSAco2-
3(6-O-sulfo)Gal (2) is only by a factor 2 lower (733 uM, Table 1) than the ICso of lead tetrasaccharide
1b, which was quite encouraging, as the complexity of the epitope and the number of synthetic steps
were significantly reduced, whilst the affinity was only modestly affected. For the determination of
the 1Cso’s, we applied a competitive binding assay** with Siglec-8-Fc and streptavidin-peroxidase
coupled to the biotinylated polyacrylamide glycopolymer 6’-sulfo-sLe*-PAA as competitor. After
incubation of the protein and the glycopolymer with different concentrations of the tested ligand, the
colorimetric reaction with the horseradish peroxidase substrate ABTS was measured to determine

ICso values.

Table 1. Binding affinity of 3-aminopropyl 6'-sulfo-sLe* (1b)% and derivatives thereof. ICsp values were determined in

a competitive binding assay.** ? Average value over six measurements; n.a.: not active up to 10 mMm.
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The individual fragments, the galactose derivative 13 and the neuraminic acid derivative 14, as well
as the disaccharides 15-17 with modified glycerol side chains did not show any affinity. The hydrogen
bond network the glycerol side chain is involved in (Figure 1B), obviously plays an important role in

the binding process. Moreover, a ReLiBase* search shows that the 8-OH stabilizes the bioactive
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conformation of sialic acid in the bound conformation via an intramolecular hydrogen bond with the
carboxylate. Overall, these results confirmed that the sulfated disaccharide 2 indeed represents the

minimal carbohydrate epitope necessary for Siglec-8 binding.

Bioiosteres of the carboxylate and the sulfate group. To further improve the PK/PD profile of
disaccharide 2, the possibility of bioisosteric replacements of the carboxylate and the sulfate were
explored, not only to improve the affinity, but also to enhance selectivity and alter physical
properties.*”*® The ICso measurements for the derivatives 18-28 were conducted in the competitive
binding assay (Table 2). For the reference compound 2, an additional Kp value of 561 uM was
obtained in the microscale thermophoresis (MST) assay, which is in good agreement with the
competitive binding assay (733 uM) (entry 1).

MST is a quick and reliable assay performed in capillaries, with serial dilution of the ligand and
constant amount of protein labeled with a fluorescent dye. The fluorescence change is caused by a
laser which induces a microscopic temperature gradient and the movement of the particles outside
the heated area. The detection of the change of fluorescence is expressed as a function of the

concentration of the ligand (Figure 2).4%0

FNorm [%]

o 2 1.0E-07 LOE-06 1.0E-05 1.0£-04 1.0E-03 LOE-02 10E-01
MST experiment time ] Ligand Concentration

Figure 2. Exemplative figure of an MST experiment.

When the sulfate was modified while the carboxylate substituent was maintained (entries 2-8),
reduced affinity was observed in three cases (entries 2, 3 & 4) while all other modifications resulted
in inactive compounds. The carboxylate turned out to be the best replacement of the sulfate leading
only to a moderate loss of affinity (733 pM vs. 1026 uM). Replacement of the carboxylate (entries 9-
12) led to inactive or only moderately active ligands.
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Table 2. Binding affinities for derivatives of lead structure 2, bearing replacements for the sulfate and carboxylic acid
functional groups. 1Cs values were determined in a competitive binding assay,** while dissociation constants (Kp) were

measured with MST. ¥ Average value over six measurements; n.a. not active up to 10 mM; n.d. not detected.

OH

HO, oH R' oH
AcHNs o o?oﬁ\owm
HO HO R2
Entry Compound Rt R2 ICs0 (uM) Kb (uM)

Reference compound
1 2 COONa CH,0SO,Na 733Y 561

Sulfate bioisosteres

2 18 COONa COONa 1026 n.d.
3 19 COONa  CH,CH,COONa 2199 n.d.
4 20 COONa CH,NH, 1393 n.d.

21 COONa CH,CH,Ph n.a. n.d.

22 COONa CH,N, n.a. n.d.
; 23 COONa CH,NHAc n.a. n.d.
8 24 COONa CH,OPO3Na; n.d. 2830

Carboxylic acid bioisosteres

9 25 CONH, CH,0SO,Na 1613 1011

10 26 CONHMe  CH,0SO;Na n.d. 2850

11 27 CONHOH  CH,0SO,Na n.d. n.a.
0

12 28 :J\Na CH,0SO,Na n.d. 2836

Modification of the galactose moiety. According to the structure of the complex of 3-aminopropyl
6’-sulfo-sLe* (1b)/Siglec-8 obtained by NMR (Figure 1B) the 2- and the 4-OH do not significantly
contribute to binding. In addition, the anomeric substituent points away from the protein surface and,
when substituted with an OMe aglycone, cannot establish a contact with the protein surface.
Therefore, a set of derivatives 29-34 where these three substituents were consecutively removed, was
synthesized and evaluated regarding their binding to Siglec-8 with the competitive binding assay
(Table 3). The affinity of compounds 2, 34 and 38 was also evaluated by Isothermal Titration
Calorimetry (ITC), a technique which measures the heat changes upon molecular interactions, it uses
free ligand and protein in solution and it’s able to determine not only the affinity but also the

thermodynamic properties of the binding.5*>3
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Table 3. Biological evaluation of deoxygenated derivatives of lead structure 2. ICso values were determined in a

competitive binding assay,** while dissociation constants (Kp) were measured with ITC or MST. Y Average value over

six measurements; n.a.: not active up to 10 mM; n.d.: not determined. [a] Ko measured with MST.

Entries Compound
1 2
2 29
3 30
4 31
5 32
6 33
7 34
8 35
9 36

10 37
11 38

q
o

Structure

COONa

ACHN

OSOgNa

COONa

ACHN

OSOgNa

COONa
AcHN

OSO3Na

COONa
AcHN

OSOgNa

COONa

ACHN

0803Na

COONa

AcHN

OSOaNa

COONa

ACHN

OSO3Na

COONa
AcHN

Na0,SO

COONa

AcHN~ /D

1Cs0 [uM]

7339

381

674

204

271

117

1246

n.d.

0SO;3Na

COONa

ACHN

COONa
4

§

AcHN

n.a.

OSOgNa

OSO3Na

Ko [um]

574

n.d.

n.d.

n.d.

n.d.

784

259

n.d.

34760

n.a.

15

Almost the whole 3-fold affinity gain originated from deoxygenation at the anomeric center (— 29,

Table 3, entry 2), rather than removal of the 2-OH group (— 30, entry 3). Noteworthy, these two
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modifications, i.e. removal of 1-OMe and 2-OH (— 31, entry 4), are positively cooperative, since the
affinity for 31 (ICso 207 uM) is more increased compared to the two individually deoxygenated
compounds 29 (ICso 381 uM) and 30 (ICso 674 uM). Furthermore, deoxygenation in the 4-position
of the galactose moiety (— 32, entry 5) resulted in a 3-fold improvement of affinity compared to the
parent compound 2 (entry 1), while only keeping the ring oxygen (— 33, entry 6) surprisingly led to
a decrease in affinity (Kp 784 uM). However, by completely replacing the galactose moiety with a
cyclohexane in derivative 34, bearing only the CH>OSO3zNa at the 5-position, a further affinity
enhancement could be realized, resulting in a 6-fold higher potency for 34 (1Cso 117 uM) compared
to 2. Finally, we thought about replacing the cyclohexane moiety of 29 with aromatic moieties (—
35-36, entries 8 and 9), in order to get possible n-nt stacking interaction with the underlying Tyr58.
However, binding affinity was substantially reduced, probably because the directionality of the salt

bridge formed by the sulfate is disturbed.

Modification of the 9-position of the Neu5Ac moiety. Amide formation in the 9-position of
neuraminic acid is generally a successful approach to increase the affinity of Siglec antagonists.®2-
3454 In accordance with a recent publication of Paulson et al.*® emphasizing that amide-linked
substituents at C-9 of the neuraminic acid moiety do not yield hits, 37 did not show any activity
neither in the competitive binding assay nor in ITC experiments (Table 3). When we, based on
Paulson’s findings, formed sulfonamide 38, a Siglec-8 antagonist with a Kp of 15 uM affinity was

obtained.

Thermodynamics of Siglec-8 antagonist/Siglec-8 interaction. Based on the thermodynamic
fingerprints of the interaction of 1b, 2, 34 and 38 with Siglec-8, a deeper insight into the binding
process was intended. For this purpose, ITC data of the mimetics 2, 34 and 38 were compared with
the previous data for the parent tetrasaccharide 3-aminopropyl 6'-sulfo-sLe* (1b).3® The Kp values
determined by ITC (Table 4, Figure 3) correspond well with the data obtained from the competitive
binding assay and by MST (Tables 1-3).
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Table 4. Thermodynamic parameters from ITC for selected Siglec-8 ligands. ¥ Data reproduced from Ref.3°. Error
estimates for thermodynamic data correspond to the 68% confidence interval from global fitting of two independent

experiments. Errors in binding kinetic data represent the standard error of a single measurement.

Com- Kb AG® AH° —TAS® Kon Koff Residence
pound [uM] [kJ mol?] [kJ mol] [kJ mol] [M1s7] [s1] time v [s]
279 -20.3 -32.6 12.4
1bY N/A N/A N/A
(273-285) (-20.3--202)  (-335--318) (115-13.2)
) 574 -185 -16.3 -2.3 1.2-10° 8.2-10% Lo
(505-650) (-188--182) (-17.2--153)  (35--10)  (¥51-10%)  (¢35-10%) '
259 -205 -15.0 5.5 6.6 - 102 16- 10" 6
34 :
(222-303)  (-209--201)  (-162--139) (-6.9--3.9) (£7.5-10Y)  (£18-102)
. 15 -275 -11.6 -16.0 47103 8.7 102 s
(13-18) (27.1--279)  (110--122) (-150--169)  (¥7.1-10)  (¥1.2-109 '
20
1b 2 34 38
10
0_
g 10
=
=20
-30-
. AG°
mEm AH°
-40- B -TAS®

Figure 3. Thermodynamic signature (AG°, AH® and -TAS®) for 3-aminopropyl 6'-sulfo-sLe* (1b) and the disaccharides
2, 34 & 38. Kinetic rate constants for 1b have not been published in the cited reference (N/A).

The binding of 3-aminopropyl 6'-sulfo-sLe* (1b) to Siglec-8 is driven by a strong binding enthalpy
(AH° =-32.6 kJ mol), which is partly offset by a large unfavorable entropic term (-TAS® = +12.4 kJ
mol™). Because the protein structure of apo-Siglec-8 and the complex of 6'-sulfo-sLeX (1b) with
Siglec-8 are identical to a large extent, a large entropy penalty resulting from induced fit can be
excluded. A potential reason for the entropy penalty could be related to a loss of conformational
flexibility, especially of the Fuc and GIcNAc moiety as well as of the glycerol side chain. On the

other hand, an extended network of perfect hydrogen bonds is the main cause for the large beneficial
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enthalpy term.>® For disaccharide 2 the enthalpic contribution is much less pronounced (AAH® = 16.3
kJ molt), probably as a result of a slightly modified binding mode, aggravating a perfect alignment
of the hydrophobic a-face of the Gal moiety and Tyr58. As a second consequence of the modified
binding mode, the geometry of the hydrogen bond interactions is slightly altered, further reducing the
enthalpy term. Overall, the complex exhibits higher flexibility, leading to a substantial improvement
of the entropy term (-TAAS® = -14.7 kJ mol™?). Cyclohexane derivative 34 shows a slightly reduced
binding enthalpy (AAH® = 1.3 kJ mol™) compared to disaccharide 2, which is overcompensated by a
beneficial entropy term (-TAAS® = -3.2 kJ mol™Y), resulting in a 2-fold higher binding affinity. Finally,
the introduction of a benzamide in the 9-position of the NeuSAc moiety (— 37, Table 3) yielded an
inactive compound in the competitive binding assay as well as in ITC experiments. This was
surprising because in a number of other Siglecs a substantial improvement of affinity could be
realized by the introduction of aromatic amides.®?8-34% It is, however, in accordance with a recent
publication of Paulson et al. emphasizing that amide-linked substituents at C-9 of the Neu5Ac moiety
did not yield Siglec-8 hits.> Possible reasons could be the exit vector of the amide bond, causing the
aromatic substituent to point into the water environment. In contrast, the exit vector of a sulfonamide
substituent positions an aromatic group much closer to the protein surface. Sulfonamide 38 proved to
be the best Siglec-8 antagonist in the series with a Kp of 15 uM. Surprisingly, this became possible
by a substantial improvement of the entropy term (-TAAS® = -10.5 kJ/mol) compared to 34, which
overcompensates a marked enthalpy penalty (AAH® = 3.4 kJ/mol).

The residence times T = 1/kor° for carbohydrate/lectin interactions are regularly very short and
represent one of the challenges to be addressed for therapeutic applications. We determined binding
kinetic data for the interactions of 2, 34, and 38 to Siglec-8 from ITC data using the KinlITC
technology.®"%® This method analyses the equilibration time of each injection during titration and fits
this information to a kinetic model to derive rate constants. The binding kinetics of disaccharide 2 are
characterized by a very short residence time of 1.2 s. For the mimetic 34, the residence time is
increased by a factor of 5, probably mainly based on the reduced polarity. The residence time of the
complex with sulfonamide derivative 38 is even longer, i.e. 10-fold increased. Thus, structural
modifications leading to improved affinities go in parallel with prolonged lifetimes of the protein—
ligand complex, which is often correlated with beneficial pharmacological properties. In the
association rate, the simplification of the carbohydrate core from 2 to 34 is associated with a reduction
of the rate constant by a factor of 2. However, through the introduction of the sulfonamide substituent
in 38, an improvement of the association rate by a factor of 4 compared to 2 was observed. Thus, the
additional interactions of the hydrophobic naphthyl substituent influence both, association and

dissociation kinetics towards a higher binding affinity of 38. The prolonged residence time of 38 is
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an indication that glycomimetic ligands have the potential to overcome one of the main drawbacks of

carbohydrate ligands in the context of medicinal chemistry.

When we investigated the binding mode of compound 38, we realized that the available NMR
solution structure was not fitting our molecule. Therefore, to get more structural information, which

can also be useful for future structure-based drug design, we built a homology model.

Homology model of Siglec-8. Many examples
show how homology modeling has been
extremely useful and successful to support drug
discovery processes. There are many protein
sequences available but not as many protein 3D
structures. In the absence of structural
information, this computational prediction
method can be very helpful in lead
identification as well as lead optimization with

respect to potency and selectivity.>®®

Template search and sequence alignment are
crucial steps to determine the precision of the VIR solution structure Homology model
model. As template, we chose Siglec-7, as the  Figure 4. A: Overlay of the Siglec-8 NMR solution

proteins share 71% sequence homology. From structure (2N7B, in magenta) and the homology model (in

. . cyan) built on Siglec-7. B: Main structural difference
the several high-resolution crystal structures for ) )
between the Siglec-8 NMR solution structure and the

Siglec-7 available in the Protein Data Bank homology model, both in complex with compound 38.
(PDB) we chose 107S due to its high resolution  Figures were generated using the software Pymol.”

of 1.75 A 52 Sequence alignment with T-Coffee

server and the Siglec-7 crystal structure were used for homology model building. Ten models were
generated and validated, and the best one was chosen based on its capacity to accommodate
compound 38 (Figure 4).

Looking at the binding site of the homology model of Siglec-8, it reveals that upon docking of
compound 38 the Arg46 loop region has a very different conformation compared to the NMR
structure. This allows for a very good accommodation of the sulfate in a small positively charged
pocket that would not exist otherwise. Interestingly, in the homology model the naphthalene binds to
a second aromatic cluster near the loop region. This region is not accessible in the NMR structure,

because it is blocked by the N-terminus, which we did not include in our model because it is not well
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resolved in the Siglec-7 crystal structure. However, in a future work it would be important to include
this region as well and to determine its position because of its closeness to the binding site.

Another approach to understand the binding mode of 38 was to use an in silico mutation of Lys120
to Ala for docking. After visual inspection of the generated docking poses, Alal20 was mutated back
to Lys and minimized. In the docking solution, the naphthyl substituent of sulfonamide 38 binds to a
hydrophobic pocket generated by the displacement of Lys120. Presumably, the angular geometry of
the sulfonamide bond is required for access to this region (for details see the paper attached in the

appendix).

Modification of the Neu5Ac moiety. As previously illustrated, a deoxygenation strategy of the
galactose moiety served to reduce the polarity of the molecule and consequently improve the general
properties and the affinity by reducing the desolvation penalty. In a previous work in Prof. Ernst’s
group, the sialic acid of the lead compound 2 was replaced by a lactic acid derivative,®® which was
already successfully used as a sialic acid mimetic in Selectin ligands (Figure 5).% Looking at the
docking pose of this compound 39, we can see how the most important interactions with Arg56 and

Arg109 are preserved.

Tyr7
.y 0SO:Na ‘ o
HQ GIn122 N
1, O OMe /
r OH
O/ COONa ——LLys120
39 ( Arg56
ICsy: 249 M /| | AN

} )y

) A "’ { e,

\é | ;9; '-\~§_A T_vr58/~‘ Argl09 /\*‘\\
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74

Figure 5. Docking of compound 39 into the binding site of the Siglec-8 NMR solution structure (PDB ID: 2N7B).
Docking was performed using FRED algorithm on OEDocking software (OEDOCKING 3.3.0.2: OpenEye Scientific
Software).®> The figure was generated using the software VIDA.* Color code: N: blue, O: red, S: yellow, protein

backbone: grey, ligand C: green. Contacts with the protein are depicted as blue dashed lines.

Compound 39 was tested with the above-mentioned competitive binding assay showing an I1Csg of
249 uM, thus improving the binding affinity of 3-fold compared to parent compound 2. Considering
that this compound may be the first example of a ligand binding to a Siglec protein without containing
a sialic acid and that the competitive binding assay used was not really reliable, we decided to

synthesize and test it again, together with a small library of derivatives (Scheme 2).
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Scheme 2. a) NaNOg, H2SO4, H20, 0 °C to rt, 24 h, 86%; b) BnBr, Cs,CO3, DMF, rt, 16 h, 72%; c) Tf,0, 2,6-lutidine,
DCM, rt, 16 h, 43: 77%, 45: 59%, 48: 84%; d) BnBr, Cs,CO3, DMF, rt, 16 h, 33%; e) i. Bu.SnO, dry MeOH, reflux, 3 h;
ii. CsF, DME, rt, 16 h, 49a: 38%, 49b: 54%, 49c: 23%; f) Bz,O, DMAP, pyr, rt, 16 h, 50a: 62%, 50b: 63%; g) HFpyr,
pyr, rt, 4 h, 51a: 92%, 51b: 69%, 51c: 40%; h) SOs-pyr, DMF, 0 °C to rt, 4 h, 52a: 81%, 52b: 60%; i) i. MeONa/MeOH,
rt to 50 °C, 24 h; ii. NaOH (aq), rt, 1 h, 39: 44%, 53: 35%, 54: 3% over two steps.

The synthesis of the envisaged compounds was accomplished as shown in Scheme 2. Intermediate
43 was obtained starting from a-D-cyclohexylglycine (40), via diazotization—hydrolysis reaction®
(— 41) and subsequent esterification of the carboxylic group with benzyl bromide (— 42). The
hydroxyl group of 42 was transformed into a good leaving group by reacting it with triflic anhydride
to give donor 43. The same sequence was employed to prepare intermediates 45 and 48, starting from
benzyl ester 44,%" available in-house, and commercially available p-(R)-3-phenyllactic acid 46,
respectively. The reaction steps involving the phenyllactic acid derivatives were characterized by low
yields, due to the preferential formation of the elimination product, affording a conjugate system
between the aromatic ring and the carbonyl group. The galactoside acceptor 4,* protected in position
6 with a tert-butyldiphenylsilyl group (TBDPS), was then alkylated with the triflates 43, 45 and 48.
The alkylation reactions were performed by first activating the galactose with dibutyltin oxide
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(Bu2SnO), followed by the treatment of the resulting stannylidene acetal with triflates 43, 45, and 48,
employing CsF, to afford intermediates 49a-c. Following a similar procedure as the one previously
shown, the free hydroxyl groups of the galactose were protected with benzoates (— 50a-c), the
TBDPS group was removed (— 5la-c), sulfate introduced in position 6 (— 52a-c), and final
deprotection afforded the test compounds 39, 53 and 54.

The steps involving the molecules containing the aromatic moiety were characterized by very low
yields. First, the alkylation step (— 49c) yielded only 23% because of the instability of compound 48
and purification problems due to the presence of a diastereoisomer, indicating that either building
block 48 was enantiomerically impure or that partial racemization occurred in the course of the
reaction. Then, benzoylation occurred only in position 2 of the galactose (— 50c). Since position 4
was not reactive, we assumed that it might not react in the subsequent sulfonation so we proceeded
with the next steps. However, the sulfate partially attached in position 4 as well, making the

purification of the final product 54 even more cumbersome.

Table 5. Biological evaluation of lactic acid derivatives 39, 53 and 54. ICso values were determined in a competitive
binding assay,* while dissociation constants (Kp) were measured by MST and ITC. n.a.: not active up to 15 mM; n.d.:

not determined.

Compound Structure 1Cs0 [uM] Ko [MST, uM] Ko [ITC, pm]

o,080:Na

'
39 0%% 249 1430 n.a.
C( o

COONa

0,080:Na

;
53 O Oé&/o . n.d. 265 n.a.
r/ OH !

COONa

0,0S0sNa

H
54 @/m,l/o%/om n.d. n.a. n.d.

COONa

The obtained final compounds were first screened with the MST assay (Table 5). As it can be seen
from the table, we could not confirm the affinity of compound 39 previously obtained with the
competitive binding assay, neither with MST nor with ITC. Compound 54, with the phenyl ring as
lateral substituent, did not show any binding. However, results for compound 53, missing the
methylene linker, are worth to be discussed in more detail. First, we observed an affinity of 265 uM
by MST, but the compound clearly interacted with the dye (Figure 6A): high ligand concentrations

are quenching the fluorescence of the dye while the fluorescence intensity should always be the same
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because of constant protein concentration. To asses if the affinity was a result of the binding or of the
interaction with the dye, we tested the same compound on nano differential scan fluorimetry
(nanoDSF) and on ITC (Figure 6B & 6C). nanoDSF is a technique which monitors intrinsic
fluorescence changes of a protein during thermal unfolding. The interaction of a ligand usually
stabilizes the protein and therefore causes a shift of the transition temperature from a folded to an

unfolded state to higher values.®®

A MST B ITC
time (s)
0 800 1600 2400
0.2r

: 00l ‘L.V«M. e
G = H I
I

DP (pJ/s)

Raw fluorescence (counts)

Capillary position

(kJ/mol)

C nanoDSF

heat of injection

Siglec-8: 45.6°C -0.8+

0.11 f- /J\/i\/f_d_!_‘f__j_
“°‘4r -
039

Compound 53: 44.4°C
AT: -1.24°C

residuals

L I L

0 50 100 150 200 250 300'
molar ratio

Figure 6. Binding affinity measurement of compound 53 to Siglec-8. A: MST graph showing how the fluorescence is

quenched at higher ligand concentration (capillary 1). B: ITC graph after subtraction of heat of dilution. C: nanoDSF

temperature values of protein transition point between folded and unfolded state with and without ligand.

The ITC graph of compound 53 shows a lot of power applied in the last injections where there should
only be heat of dilution. Therefore, we measured an ITC with only the ligand and without the protein
in order to be able to subtract the heat of dilution, but even after doing so we still could see a lot of
heat in the last injections (Figure 6B). Regarding the nanoDSF assay, there was a negative
temperature shift compared to the one of the protein alone, which generally indicates that the ligand
stabilizes an unfolded state of the protein.

To conclude, the results of the different assays did not provide a clear picture and are hard to explain.
Disturbances due to pH shifts can be excluded, considering that a concentrated buffer (100 mM
HEPES) was used and that these conditions never caused problems with other Siglec-8 ligands, which

always have two ionizable groups. Therefore, we assume that there could be some interaction between
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the ligand and the protein but perhaps in a different binding site. Additional experiments, such as *H-
15N HSQC NMR, might be useful in the future to further investigate this hypothesis.

2.3 Conclusions.

In this chapter, we identified the pharmacophores of 6’-sulfo-Lewis* (1a) and successfully developed
the high-affinity mimetic 38. Its core is still neuraminic acid, however bearing a carbocyclic mimetic
of the Gal moiety in the 2-position and a sulfonamide substituent in the 9-position. Compared to the
lead structure 3-aminopropyl 6’-sulfo-Lewis* (1b), the affinity could be improved 20-fold. We
postulate a hypothetical binding mode with a homology model, which, however, requires more work
because of the absence of important information regarding the N-terminus of the protein.

In addition, we synthesized and evaluated a small focused library of compounds were the sialic acid
of lead compound 2 was replaced by lactic acid derivatives. Questionable results were obtained for
compound 53 with the assays employed. We assume that the compound indeed might interact with
Siglec-8, but with different site(s) of the protein. Additional investigations, for example by *H-*N
HSQC NMR analysis, could probably be useful to determine the possibility of binding. However, the
structure of these ligands was very similar to a recently published Galectin-8 ligand, the 3-O-[1-
carboxyethyl]-B-D-galactopyranoside, a galactose bearing a lactic acid in position 3. Therefore, we
decided to test the corresponding non-sulfated derivatives of compounds 39, 53 and 54 and to

optimize them for binding to galectin-8. Details of this project are shown in Chapter 5.

2.4 Experimental Part.

Ligand preparation. The structures of molecules were built with ChemDraw Professional 16.0
(PerkinElmer Informatics, Inc.). Conformers for each ligand, required by the docking software FRED,
were generated with OMEGA (OMEGA version 2.5.1.4. OpenEye Scientific Software, Santa Fe,

NM. http://www.eyesopen.com), with a maximum number of 200 conformations set as default.

Receptor preparation & docking protocol. The docking was performed using the Siglec-8 lectin
domain NMR solution structure (PDB code: 2N7B). Docking was done inside a grid box surrounding
the ligand with the volume of 8350 A3, dimensions: 25.67 A x 16.00 A x 20.33 A, and outer contour
of 2766 A? using Make Receptor 3.0.1. The docking software FRED (OEDocking version 3.0.1.
OpenEye Scientific Software, Santa Fe, NM. http://www.eyesopen.com) was used for docking
studies with the default settings, and number of poses, which was set to 10. The proposed ten binding
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poses with the highest rank of the docked ligands were evaluated using final score and relative
position to the native ligand. The graphical representations of the calculated binding poses were
obtained using VIDA (VIDA version 4.2.1. OpenkEye Scientific Software, Santa Fe, NM.

http://www.eyesopen.com).

Homology model. Sequence alignment to identify the suitable protein to be used to build the
homology model of Siglec-8 we performed using T-Coffee web server.®® Siglec-7 was chosen, since
they share 70.8% sequence identity. For homology modeling, we used 107S.pdb crystal structure of
siglec-7 due to its high resolution of 1.75 A.6? The obtained sequence alignment and siglec-7 crystal
structure were then used for homology model building using MODELLER.” Ten models were
generated and the obtained structures were validated using ProSA-web’ and SAVES v5.0 servers.
Models were visually analyzed with Pymol? and the best model was chosen based on its capacity to
accommodate our ligand of reference 38, which was finally docked using Maestro Schrodinger

software.”

Synthesis. Unless otherwise stated, the starting materials, reagents, and solvents were purchased as
high-grade commercial products from Sigma-Aldrich, Alfa-Aesar, Apollo Scientific, Fluka and TCl,
and used without further purification. MeCN and MeOH were dried over activated molecular sieves
(4 A and 3 A, respectively) and stored under argon atmosphere. Dry DME and DCM were prepared
by filtration through Al.O3 and stored over activated molecular sieves (4 A) under argon atmosphere.
Dry DMF, pyridine and THF were purchased from Sigma-Aldrich and TCI. Molecular sieves were
activated under vacuum at 500 °C for 30 min immediately before use. Analytical TLC was performed
on silica gel Merck 60 F254 plates (0.25 mm), using visualization with UV light and/or by charring
with a phosphomolybdic acid solution (10 g in 100 mL of ethanol) or molybdate solution (a 0.02 m
solution of ammonium cerium sulfate dihydrate and ammonium molybdate tetrahydrate in 10% aq.
H>S0a). Acidic ion-exchange resin (Amberlyst® IR-120 hydrogen form) was washed with MeOH
prior to use. Column chromatography was carried out on silica gel 60 (particle size 240-400 mesh).
Medium pressure chromatography (MPLC) separations were carried out on a CombiFlash R from
Teledyne Isco equipped with RediSep normal-phase or RP-18 reversed-phase flash columns.
Reversed-phase chromatography was also performed on a Biotage Isolera™ One using C-18
cartridges. Size exclusion chromatography was performed on Biogel P-2 media (Bio-Rad
Laboratories, Inc.). *H and 3C NMR spectra were recorded at 400 MHz and 100 MHz, respectively,
on an AVANCE I11 400 spectrometer (Bruker Corporation, Billerica, MA, USA) or at 500 MHz and
126 MHz on a Bruker Avance DMX-500 spectrometer, in chloroform-d (CDCI3), methanol-d4
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(CD30D) or deuterium oxide (D20), with TMS as internal standard. Chemical shifts (8) are expressed
in parts per million (ppm) relative to the residual solvent peaks for the *H and *3C nuclei (CDCls: 8n
=17.26, 6c = 77.16; CD30D: 61 = 3.31, &c = 49.00; D20: on = 4.79); coupling constants (J) are given
in hertz (Hz). The following abbreviations are used to describe peak patterns when appropriate: s
(singlet), d (doublet), dd (doublets of doublet), ddd (doublets of doublets of doublet), t (triplet), m
(multiplet). 2D NMR experiments (COSY and HSQC) of representative compounds were carried out
to assign protons and carbons of the new structures. Mass spectra were obtained using a single
quadrupole mass spectrometer Advion Expression CMS! coupled with an Agilent 1290 liquid
chromatograph or on a Waters Micromass ZQ instrument. High resolution mass spectrometry
(HRMS) was performed on a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer
(Thermo Scientific™; ion source: Electrospray lonization (ESI)). MS spectra were acquired in
Fourier transform-mass spectrometry (FT-MS) scan mode with a target mass resolution of 100 000
at m/z 400. Recorded spectra were analysed with Thermo Xcalibur Qual Browser (Xcalibur 4.2 SP1,
Thermo Fisher Scientific Inc.). HRMS analysis was also performed on an Agilent 1100 LC, equipped
with a photodiode array detector and a Micromass QTOF I, equipped with a 4 GHz digital-time
converter. Optical rotations were measured with a PerkinElmer polarimeter 341. HPLC analysis for
all the other compounds was performed on a Thermo Scientific Dionex Ultimate 3000 Binary Rapid
Separation LC System (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an
autosampler, a binary pump system and a photodiode array detector. A Waters Atlantis T3 dC18
column (3 um, 2.1 x 100 mm) was used with a flow rate of 0.3 mL/min. The eluent consisted of H.O
+ 0.1% trifluoroacetic acid (TFA) as solvent A and MeCN + 0.1% TFA as solvent B (Table 6:
Methods A and B).

Method A Method B
T (min) %B T (min) %B
0 0 0 5
2 0 2 5
16 70 10 20
18 70 16 80
20 0 18 80
21 0 20 0
- - 21 0

Table 6. Methods for HPLC analysis.
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Methyl 6-O-tert-butyldiphenylsilyl-pB-D-galactopyranoside (4).
HO OTBDPS
HO&/OMe
OH
To a solution of methyl B-D-galactopyranoside (5.00 g, 0.026 mol) in dry DMF (60 mL) were added
imidazole (3.90 g, 0.057 mmol) and TBDPSCI (7.40 mL, 0.280 mmol). The reaction mixture was
stirred at rt for 16 h and then diluted with Et>O. The organic layer was washed with H>O (3 x 60 mL)
and NH4Cl (ag. satd., 3 x 30 mL), dried over Na;SO4, concentrated under reduced pressure and
purified by flash chromatography (DCM/MeOH, 30:1) to give 4 (9.00 g, 80%) as a glassy white solid.
[0]p?® —14.2 (c 1.0, CHCI3); *H NMR (400 MHz, CDCls3): 6 = 1.06 (s, 9H, C(CH3)3), 2.43 (d, J = 2.1
Hz, 1H, OH-2), 2.59 (d, J = 6.4 Hz, 1H, OH-3), 2.62 (d, J = 4.0 Hz, 1H, OH-4), 3.53 (s, 3H, OMe),
3.53-3.59 (m, 2H, H-3, H-5), 3.63 (m, 1H, H-2), 3.92 (dd, J = 5.1, 10.5 Hz, 1H, H-6a), 3.96 (d, J =
6.3, 10.5 Hz, 1H, H-6b), 4.10 (m, 1H, H-4), 4.14 (d, J = 7.5 Hz, 1H, H-1), 7.37-7.47 (m, 6H, Ar-H),
7.67-7.71 (m, 4H, Ar-H); 3C-NMR (100 MHz, CDCls): 6 = 19.1 (C(CHs)3), 26.9 (3C, C(CHs)s3), 57.1
(OMe), 63.2 (C-6), 69.0 (C-4), 72.5 (C-2), 73.9 (C-3), 74.4 (C-5), 104.0 (C-1), 127.97, 127.98, 130.1,
135.1, 135.8 (12C, Ar-C); ESI-MS: m/z: Calcd for C23H3206Si [M+Na]*: 455.2, found: 455.2.
The analytical data of 4 were in accordance with reported values.*

Methyl 5-acetamido-3,5-dideoxy-D-glycero-B-D-galacto-2-nonulopyranosylonate (6).

OH
HO OH OH

AcHN - O COOMe

HO

To a suspension of N-acetyl neuraminic acid (4.0 g, 13.0 mmol) in MeOH (200 mL), was added
Amberlyst-15 (3.0 g) at rt. The mixture was stirred at rt for 16 h. The suspension was filtered over
cotton and the residue was washed thoroughly with MeOH. The organic fractions were combined and
the solvent was evaporated to afford 6 (4.16 g, 99%) as a white solid that was used in the next step
without further purification. [a]p?® —22.4 (¢ 2.0, H20); *H NMR (500 MHz, CD3s0D): 6 = 1.92 (dd, J
=11.4,12.9 Hz, 1H, H-3a), 2.04 (s, 3H, NHAc), 2.24 (dd, J = 4.9, 12.9 Hz, 1H, H-3e), 3.50 (dd, J =
1.5,9.2 Hz, 1H, H-7), 3.64 (dd, J = 5.7, 11.3 Hz, 1H, H-9a), 3.70 (ddd, J = 2.8, 5.6, 8.9 Hz, 1H, H-
8), 3.80 (s, 3H, OMe), 3.81-3.85 (m, 2H, H-7, H-9b), 4.02 (dd, J = 1.5, 10.6 Hz, 1H, H-6), 4.06 (m,
1H, H-4); 3C NMR (126 MHz, CDs0D): ¢ = 21.1 (NHAC), 39.3 (C-3), 51.7 (OMe), 53.0 (C-5), 63.5
(C-9), 66.5 (C-4), 68.8 (C-7), 70.3 (C-8), 70.7 (C-6), 95.3 (C-2), 170.4, 173.7 (2C, C=0); ESI-MS:
m/z: Calcd for C12H21NOg [M+Na]": 346.1, found 346.0.
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Acetyl (methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-p-D-galacto-2-
nonulopyranosylonate) (7).

OAc
AcO OAc OAc

AcHN > 0 COOMe
AcO

To asolution of 6 (4.00 g, 12.4 mmol) and DMAP (0.30 g, 2.48 mmol) in pyridine (70 mL) was added
Ac20 (47 mL, 495 mmol) dropwise at 0 °C. The reaction mixture was stirred for 16 h, then the
solvents were evaporated. The residue was taken up in EtOAc (80 mL) and washed with H20 (4 x 20
mL), CuSO4 (10% aq., 3 x 20 mL), H20 (3 x 20 mL) and brine (3 x 20 mL), dried over Na;SOs,
filtered and evaporated. The crude material was purified by flash column chromatography
(DCM/MeOH, 1:0 — 95:5) to afford 7 (3.2 g, 85%) as a fluffy white solid. [a]o®® —57.1 (c 1.8,
CHClIs); *H NMR (500 MHz, CDCls): 6 = 1.90 (s, 3H, NHAC), 2.03, 2.04, 2.06 (3 s, 9H, OAC), 2.09
(dd, J = 11.8, 13.3 Hz, 1H, H-3a), 2.14, 2.15 (2 s, 6H, OAC), 2.55 (dd, J = 5.0, 13.5 Hz, 1H, H-3e),
3.79 (s, 3H, OMe), 4.10-4.14 (m, 3H, H-5, H-6, H-9a), 4.49 (dd, J = 2.6, 12.4 Hz, 1H, H-9b), 5.08
(ddd, J = 2.6, 5.2, 6.7 Hz, 1H, H-8), 5.18-5.30 (m, 2H, H-4, NH), 5.37 (dd, J = 1.8, 5.2 Hz 1H, H-7);
13C NMR (126 MHz, CDCls): = 20.76, 20.77, 20.8, 20.9 (4C, OAc), 23.2 (NHAC), 35.9 (C-3), 49.4
(C-5), 53.2 (OMe), 62.1 (C-9), 67.8 (C-7), 68.3 (C-4), 71.3 (C-8), 72.9 (C-6), 97.5 (C-2), 166.3,
168.2, 170.2, 170.3, 170.6, 171.0 (6C, C=0); ESI-MS: m/z: Calcd for C32H41NO14[M+Na]*: 556.2,
found 556.2.

Tolyl (methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,3,5-trideoxy-2-thio-D-glycero-a-D-galacto-2-
nonulopyranosylonate) (8).

OAc
AcO OAc COOMe

ACHN= 0~/ STol
AcO

To a solution of 7 (4.8 g, 8 mmol) in dry DCM (50.0 mL) was added BF3-Et,O (1.48 mL, 12 mmol)
dropwise, followed by p-thiocresol (1.39 g, 11.2 mmol) at rt under argon atmosphere. The reaction
mixture was stirred for 16 h at rt, then it was neutralized with NEtzand Ac20 (0.9 mL, 9.6 mmol) was
added at 0 °C. The mixture was warmed to rt and the solvent was evaporated. The residue was
dissolved in EtOAc (100 mL), washed with NaHCOs3 (ag. sat, 3 x 100 mL), NaCl (ag. sat, 3 x 100
mL), dried over Na>SQyg, filtered and concentrated under reduced pressure. The residue was dissolved
in a mixture of petroleum ether/toluene (2:1) and stirred at rt for 3 h. The mixture was then filtered
under vacuum to afford 8 as a fluffy white solid (4.33 g, 90%). [0]o?° — 67.7 (¢ 1.0, CHCI3); *H NMR
(500 MHz, CDCls): 0 = 1.90 (s, 3H, NHAC), 1.96 (s, 3H, OAc), 2.03 (s, 3H, CHzs-tol), 2.06 (m, 1H,

H-3a), 2.08, 2.11 (2 s, 6H, OAC), 2.65 (dd, J = 4.9, 13.9 Hz, 1H, H-3e), 3.61 (s, 3H, OMe), 4.03 (dd,
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J=8.4,12.3 Hz, 1H, H-9a), 4.12 (g, J = 10.5 Hz, 1H, H-5), 4.49 (dd, J = 2.3, 12.3 Hz, 1H, H-9b),
4.60 (dd, J = 2.5, 10.5 Hz, 1H, H-6), 4.97 (ddd, J = 2.3, 2.3, 8.4 Hz, 1H, H-8), 5.30 (d, J = 10.4 Hz,
1H, NH), 5.38 (ddd, J = 4.8, 10.5, 11.7 Hz, 1H, H-4), 5.45 (t, J = 2.5 Hz, 1H, H-7), 7.14 (d, J = 7.9
Hz, 2H, Ar-H), 7.33 (d, J = 8.1 Hz, 2H, Ar-H); 13C NMR (126 MHz, CDCls): J = 20.8, 20.9, 21.0,
21.2 (4C, OAC), 21.4 (CHs), 23.3 (NHAG), 37.5 (C-3), 49.6 (C-5), 52.7 (OMe), 62.8 (C-9), 69.0 (C-
7), 69.2 (C-4), 73.21 (C-8) 73.22 (C-6), 89.0 (C-2), 125.4, 130.0, 136.3, 140.3 (6C, Ar-C), 168.4,
170.3,170.4, 171.1, 171.3 (6C, C=0); ESI-MS: m/z: Calcd for C27HssNO12S [M+Na]*: 620.2, found
620.2.

Methyl  (methyl  5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—3)-6-O-tert-butyldiphenylsilyl-p-D-galactopyranoside (9).

OAc

AcO OAc  COOMe
7070 OMe
AcHN %\
o

AcO H
OTBDPS

To a suspension of 8* (3.65 g, 6.10 mmol), 4* (1.20 g, 2.77 mmol) and 3A molecular sieves in
MeCN/DCM (5:3, 70 mL) at -40 °C, was added N-iodosuccinimide (2.74 g, 12.1 mmol), followed by
dropwise addition of TfOH (98 pL, 1.1 mmol). The reaction mixture was stirred at -40°C for 16 h
under argon and then was neutralized with NEts. The suspension was warmed up to rt, filtered over
celite and the solvents were evaporated. The residue was dissolved in DCM (60 mL), washed with 1
M Na2S203 (30 mL) and H20 (3 x 30 mL), dried over Na>SQg, filtered and evaporated. The crude
product was purified by flash column chromatography (toluene/acetone, 1:0 — 1:1) to afford 9 (853
mg, 34%). [a]p?® —-11.8 (¢ 1.0, CHCI3); *H NMR (500 MHz, CDCls): § = 1.13 (s, 9H, C(CHa)3), 1.98
(s, 3H, NHAC), 2.12 (s, 3H, OAc), 2.13 (m, 1H, H-3"a) 2.13, 2.20, 2.24 (3 s, 9H, OAc), 2.59 (d, J =
4.0 Hz, 1H, OH-2), 2.86 (dd, J = 4.6, 12.9 Hz, 1H, H-3’¢), 2.89 (s, 1H, OH-4), 3.63 (s, 3H, OMe),
3.68 (m, 1H, H-5), 3.78 (ddd, J = 1.1, 7.7, 9.2 Hz, 1H, H-2), 3.85 (s, 3H, COOMe), 3.88 (d, J = 3.6
Hz, 1H, H-4), 3.91 (dd, J = 5.0, 10.2 Hz, 1H, H-6a), 4.03 (dd, J = 7.1, 10.1 Hz, 1H, H-6b), 4.08 (q, J
= 10.2 Hz, 1H, H-57), 4.16-4.22 (m, 3H, H-3, H-6’, H-9’a), 4.36 (dd, J = 2.8, 12.6 Hz, 1H, H-9’b),
4.44 (d, J=7.7 Hz, 1H, H-1), 5.04 (ddd, J = 4.6, 10.2, 12.2 Hz, 1H, H-4’), 5.30 (d, J = 9.8 Hz, 1H,
NH), 5.43 (dd, J = 2.0, 9.2 Hz, 1H, H-7"), 5.45 (ddd, J = 2.7, 4.9, 9.3 Hz, 1H, H-8"), 7.44-7.53 (m,
6H, Ar-H), 7.75-7.79 (m, 4H, Ar-H); 3C NMR (126 MHz, CDCls): 6 = 19.4 (C(CHs)3), 20.90, 20.91,
21.0, 21.4 (4C, OAc), 23.3 (NHAC), 26.9 (3C, C(CH3)3), 38.2 (C-37), 49.8 (C-57), 53.2 (COOMe),
56.8 (OMe), 62.4 (C-9°), 62.6 (C-6), 66.9 (C-7°), 67.9 (C-4), 68.0 (C-8’), 68.6 (C-4"), 69.5 (C-2),
72.7 (C-6"), 73.7 (C-5), 77.4 (C-3), 97.4 (C-2"), 104.0 (C-1), 127.88, 127.92, 129.95, 129.99, 133.1,
133.2,135.67, 135.73 (12C, Ar-C), 168.4, 170.2, 170.4, 170.7, 171.0 (6C, C=0); ESI-MS: m/z: Calcd
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for C43HseNO1sSi [M+Na]*: 928.4, found: 928.4.

Methyl  (methyl  5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—3)-2,4-di-O-benzoyl-6-O-tert-butyldiphenylsilyl-g-D-
galactopyranoside (10).

OAc
AcO OAc COOMe OBz

AcHN /2 O/&\\h\om
0
A
c0 BzO

OTBDPS

To a solution of 9 (974 mg, 1.08 mmol) in pyridine (30 mL) was added DMAP (47 mg, 0.38 mmol)
followed by portion-wise addition of Bz,0O (3.18 g, 14.0 mmol) at 0 °C. The mixture was warmed up
to rt and stirred for 16 h. Then, the solvent was removed by co-evaporation with toluene. The residue
was dissolved in EtOAc (30 mL), washed with H>O (3 x 10 mL), satd aq. CuSOg (3 x 10 mL), H.0
(10 mL) and brine (10 mL), dried over NaxSQOg, filtered and evaporated. The crude product was
purified by flash column chromatography (petroleum ether/acetone, 1:0 — 1:1) to afford 10 (1.10 g,
92%) as a brown vitreous solid. [a]p? +61.7 (¢ 1.00, CHCIs); *H NMR (500 MHz, CDCls): 6 = 1.03
(s, 9H, C(CHs)s), 1.46 (s, 3H, NHAC), 1.67 (t, J = 12.4 Hz, 1H, H-3a), 1.79, 1.93, 2.10, 2.24 (4 s,
12H, OAc), 2.51 (dd, J = 4.7, 12.6 Hz, 1H, H-3"¢), 3.47 (s, 3H, OMe), 3.58 (dd, J = 2.8, 10.7 Hz, 1H,
H-6), 3.64-3.74 (m, 2H, H-6), 3.81 (q, J = 10.4 Hz, 1H, H-5), 3.93-4.02 (m, 2H, H-5, H-9’a), 3.97
(s, 3H, COOMe), 4.36 (dd, J = 2.3, 12.5 Hz, 1H, H-9°b), 4.73 (d, J = 7.9 Hz, 1H, H-1), 4.86-4.96 (m,
2H, H-3, H-4"), 5.00 (d, J = 10.2 Hz, 1H, NH), 5.25 (dd, J = 2.8, 9.7 Hz, 1H, H-7), 5.36 (dd, J = 7.9,
10.1 Hz, 1H, H-2), 5.62 (d, J = 3.2 Hz, 1H, H-4), 5.66 (ddd, J = 2.4, 5.4, 9.5 Hz, 1H, H-8”), 7.12 (t,
J=7.6 Hz, 1H, Ar-H), 7.24-7.29 (m, 6H, Ar-H), 7.34-7.52 (m, 4H, Ar-H), 7.52-7.62 (m, 2H, Ar-H),
7.62-7.70 (m, 6H, Ar-H), 8.02-8.13 (m, 2H, Ar-H), 8.14-8.23 (m, 2H, Ar-H); 3C NMR (126 MHz,
CDCls): 6 = 19.0 (C(CHa)3), 20.3, 20.7, 20.8, 21.5 (4C, OAc), 23.1 (NHAC), 26.6 (3C, C(CH3)3), 37.3
(C-3%), 48.9 (C-5"), 53.2 (COOMe), 57.1 (OMe), 60.9 (C-6), 62.3 (C-9°), 66.4 (C-7"), 67.5 (C-8"),
67.9 (C-4), 69.6 (C-4’), 71.4 (C-2), 71.6 (C-6), 71.9 (C-3), 73.2 (C-5), 96.9 (C-2°), 102.4 (C-1),
127.5,127.7,128.3, 129.6, 129.7, 129.9, 130.0, 130.2, 130.4, 132.89, 132.91, 135.4, 135.6 (24C, Ar-
C), 165.4, 165.5, 168.1, 170.1, 170.2, 170.6, 170.7, 170.8 (8C, C=0); ESI-MS: m/z: Calcd for
Cs7He7NO20Si [M+Na]*: 1136.4, found: 1136.4.
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Methyl  (methyl  5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—3)-2,4-di-O-benzoyl-p-D-galactopyranoside (11).

OAc

AcO OAc COOMe OBz
“7~070 OMe
AcHN %\
o

AcO B
z5 "OH

To a solution of 10 (485 mg, 0.44 mmol) in pyridine (10 mL) in a Teflon container was added HF-pyr
(3.0 mL) dropwise and the reaction mixture was stirred at rt for 2.5 h. The reaction was neutralized
with satd ag. NaHCO3 and the aqueous phase was extracted with DCM. The crude product was
purified by flash chromatography (DCM/MeOH, 1:0 —19:1) to afford 11 (360 mg, 93%) as a white
solid. [a]o?® +58.2 (¢ 0.8, MeOH); *H NMR (500 MHz, CDCls): 6 = 1.51 (s, 3H, NHAC), 1.72 (t, 1H,
J=125Hz, H-3"a), 1.79, 1.91, 2.09, 2.24 (4 s, 12H, OAc), 2.45 (dd, J = 4.5, 12.7, 1H, H-3’¢), 2.77
(dd, J =6.5, 8.4 Hz, 1H, OH-6), 3.52 (m, 1H, H-6a), 3.53 (s, 3H, OMe), 3.70-3.76 (m, 2H, H-6b, H-
6°), 3.80 (s, 3H, COOMe), 3.84 (m, 1H, H-5"), 3.88 (m, 1H, H-5), 3.98 (dd, J =5.8, 12.4 Hz, 1H, H-
9°a), 4.33 (dd, J = 2.4, 12.4 Hz, 1H, H-9°b), 4.66-4.82 (m, 3H, H-1, H-3, H-4"), 4.90 (d, J = 10.1 Hz,
1H, NH), 5.13 (d, J = 3.3 Hz, 1H, H-4), 5.21 (dd, J = 2.6, 9.6 Hz, 1H, H-7"), 5.47 (dd, J = 8.0. 10.1
Hz, 1H, H-2), 5.65 (m, 1H, H-8”), 7.47-7.50 (m, 4H, Ar-H), 7.56-7.63 (m, 2H, Ar-H), 8.04-8.14 (m,
2H, Ar-H), 8.15-8.24 (m, 2H, Ar-H); *C NMR (126 MHz, CDCls): § = 20.3, 20.7, 20.8, 21.5 (4C,
OAc), 23.1 (NHAC), 37.5 (C-37), 48.8 (C-57), 53.2 (COOMe), 57.2 (OMe), 60.3 (C-6), 62.4 (C-9°),
67.5 (C-7°), 69.1 (C-8”), 69.1 (2C, C-4, C-4’), 71.0 (C-2), 71.4 (C-3), 72.0 (C-6"), 73.2 (C-5"), 96.8
(C-2),102.4 (C-2%),128.4(C-1), 128.6, 128.8, 130.1, 130.18, 120.2, 133.0, 133.7 (12C, Ar-C), 165.4,
167.7, 168.3, 170.0, 170.2, 170.6, 170.70, 170.72 (8C, C=0); ESI-MS: m/z: Calcd for C41H49NO20
[M+Na]*: 898.3, found: 898.5.

Methyl ~ (methyl  5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—3)-2,4-di-O-benzoyl-6-O-sulfonato-p-D-galactopyranoside (12).

OAc

AcO oA CooMe
s 0 o OMe
AcHN %\

AcO
BZ0 “os0,Na

To a solution of 11 (280 mg, 0.32 mmol) in dry DMF (7 mL) was added SOs-pyr (508 mg, 3.20
mmol) at 0 °C under argon atmosphere. The reaction mixture was warmed up to rt and stirred for 2.5
h. Then, powdered NaHCO3 was added and the suspension was stirred for 2 h. The suspension was
filtered over celite, and the solvent removed by co-evaporation with xylenes. The crude product was
purified by flash column chromatography (DCM/MeOH, 1:0 — 8:2) to afford 12 (290 mg, 93%) as

a white solid. [a]p?® +48.2 (¢ 1.1, MeOH); *H NMR (500 MHz, CD30D): ¢ = 1.45 (s, 3H, NHAC),
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1.48 (m, 1H, H-3"a), 1.73, 1.88, 2.05, 2.24 (4 s, 12H, OAc), 2.42 (dd, J = 4.7, 12.5 Hz, 1H, H-3’¢),
3.55 (s, 3H, OMe), 3.67 (m, 1H, H-5), 3.74 (dd, J = 2.6, 10.7 Hz, 1H, H-6"), 3.94 (m, 1H, H-9’a),
3.94 (s, 3H, COOMe), 4.05-4.06 (m, 2H, H-6), 4.21 (m, 1H, H-5), 4.34 (dd, J = 2.5, 12.4 Hz, 1H, H-
9’b), 4.79-4.85 (m, 2H, H-1, H-4"), 4.93 (dd, J = 3.3, 10.1 Hz, 1H, H-3), 5.19 (dd, 1H, J = 2.7, 9.7
Hz, H-7°), 5.32 (dd, J = 7.9, 10.1 Hz, 1H, H-2), 5.40 (m, 1H, H-4), 5.66 (ddd, J = 2.5, 5.9, 9.7 Hz,
1H, H-8%), 7.51-7.57 (m, 4H, Ar-H), 7.65 (m, 2H, Ar-H), 8.05-8.14 (m, 2H, Ar-H), 8.15-8.21 (m, 2H,
Ar-H); *C NMR (126 MHz, CD30D): ¢ = 20.6, 20.7, 21.7 (4C, OAc), 22.7 (NHAC), 38.4 (C-3"),
49.3 (C-5%), 53.9 (COOMe), 57.5 (OMe), 63.6 (C-9°), 67.3 (C-6), 68.7 (C-7), 68.8 (C-8"), 70.5 (C-
4), 71.0 (C-4°), 72.7 (C-2), 72.8 (2C, C-6’, C-3), 73.1 (C-5), 98.3 (C-2°), 103.4 (C-1), 124.6 129.7,
129.8, 130.9, 131.2, 131.5, (12C, Ar-C), 167.0, 167.2, 169.4, 171.4, 171.7, 172.4, 173.4 (8C, C=0);
ESI-MS: m/z: Calcd for C41H4sNNaO23S [M+Na]*: 1000.2, found: 1000.3.

Methyl (sodium 5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate)-

(2—>3)-6-0O-sulfonato-p-D-galactopyranoside (2).

OH

HO, oH cooNa
AcHN — Q OWOMB

HO
OH Noso,Na

To a solution of 12 (70 mg, 0.07 mmol) in dry MeOH (2 mL) was added a freshly prepared solution
of MeONa in MeOH (1.5 M, to pH 10). The reaction mixture was stirred for 5 h at 50 °C and then
neutralized with Dowex50X8 (H* form) to pH 5. The suspension was filtered, concentrated and the
crude product dissolved in 0.1 M NaOH. The reaction mixture was stirred for 1 h, then neutralized
and concentrated. The crude product was purified by reversed-phase column chromatography (Cis,
H20) and size-exclusion column chromatography (P-2 gel, H20) to afford 2 (40 mg, 84%) as a white
solid. [a]p?® +5.8 (¢ 0.7, H20); *H NMR (500 MHz, D;0): § = 1.83 (m, 1H, H-3"a), 2.06 (s, 3H,
NHAC), 2.78 (dd, J = 4.6, 12.4 Hz, 1H, H-3"¢), 3.57 (dd, J = 8.0, 9.8 Hz, 1H, H-2), 3.60 (s, 3H, OMe),
3.62 (dd, J =1.8, 8.9 Hz, 1H, H-7"), 3.64-3.74 (m, 3H, H-4’, H-6’, H-9’a), 3.85-3.91 (m, 3H, H-5’,
H-8’, H-9°b), 3.95 (m, 1H, H-5), 4.02 (m, 1H, H-4), 4.13 (dd, J = 3.2, 9.8 Hz, 1H, H-3), 4.20-4.22
(m, 2H, H-6), 4.44 (d, J = 8.0 Hz, 1H, H-1); 13C NMR (126 MHz, D;0): 6§ = 22.7 (NHAC), 40.2 (C-
3%), 52.3 (C-5), 57.8 (OMe), 63.2 (C-9°), 68.0 (C-6), 68.1 (C-4), 68.8 (C-7), 69.0 (C-4"), 69.7 (C-
2), 72.4 (C-8’), 73.2 (C-5), 73.5 (C-6"), 76.3 (C-3), 100.6 (C-2"), 104.1 (C-1), 174.5, 175.7 (2C,
C=0); HR-MS: m/z: Calcd for C1g8H20NNa>017S [M+Na]*: 632.0849, found: 632.0849; HPLC purity:
> 99.5%.
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Scheme 3. a) 1,2,4-Triazole, N,N-diisopropylphosphoramidite, MeCN, rt, 16 h, 66%; b) i. Hz, Pd(OH)./C, AcOH, EtOAc,
rt, 24 h; ii. MeONa/MeOH, 50 °C, 24 h; iii. NaOH (aq), rt, 24 h, 43% over 3 steps.

H oPogNa,

Methyl  (methyl  5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate)-(2—3)-2,4-di-O-benzoyl-6-O-dibenzylphosphono-f-D-
galactopyranoside (55).

OAc

AcO OAc  COOMe
AcHN L2 O%\OMQ

AcO
© BzO

OBn
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e

o=

To an ice-cooled solution of 11 (200 mg, 0.23 mmol) and 1,2,4- triazole (94.6 mg, 1.37 mmol) in dry
MeCN (4 mL) was added dibenzyl N,N-diisopropylphosphoramidite (386 pL, 1.15 mmol), and the
mixture was stirred for 30 min at 0 °C and then for 2 d at rt. Then, 70% aq. tert-butylhydroperoxide
(188 L, 1.38 mmol) was added and the solution was stirred for 5 h. The reaction was quenched with
1 M ag. Na2S203 and 1 M ag. NaHCOs3, and the mixture was extracted with DCM (3 x 30 mL), dried
over Na>S0s, and filtered. The solvents were removed in vacuo and the crude product was purified
by flash column chromatography (toluene/acetone, 1:0 — 6:4) to afford 55 (172 mg, 66%) as a white
solid. [a]p?® +36.0 (c 1.0, CHCI3); *H NMR (500 MHz, CDCls): 6 = 1.45 (s, 3H, NHAc), 1.66 (m,
1H, H-3%a), 1.77, 1.91, 2.08, 2.22 (4 s, 12H, OAc), 2.44 (dd, J = 4.6, 12.7 Hz, 1H, H-3’¢), 3.49 (s,
3H, OMe), 3.60 (dd, J = 2.8, 10.8 Hz, 1H, H-6"), 3.81 (m, 1H, H-5"), 3.84 (s, 3H, COOMe), 3.96 (dd,
J=5.6, 12.4 Hz, 1H, H-9’a), 4.00-4.09 (m, 3H, H-5, H-6), 4.33 (dd, J = 2.5, 12.5 Hz, 1H, H-9’b),
4.72 (d, J = 8.0 Hz, 1H, H-1), 4.78-4.84 (m, 2H, H-3, H-4"), 4.95-5.03 (m, 5H, NH, 2 CH2Ph), 5.21
(dd, J =2.8, 9.6 Hz, 1H, H-7"), 5.27 (d, J = 3.4 Hz, 1H, H-4), 5.38 (dd, J = 8.0, 10.1 Hz, 1H, H-2),
5.63 (ddd, J =25, 5.6, 9.8 Hz, 1H, H-8"), 7.27-7.31 (m, 10H, Ar-H), 7.56-7.61 (m, 2H, Ar-H), 8.05-
8.07 (m, 2H, Ar-H), 8.15-8.17 (m, 2H, Ar-H); 3C NMR (126 MHz, CDCls): 6 = 20.4, 20.9, 21.0,
21.7 (4C, OAc), 23.3 (NHAC), 37.4 (C-3°), 48.8 (C-57), 53.5 (COOMe), 57.5 (OMe), 62.4 (C-9°),
65.4 (m, C-6), 66.6 (C-7"), 67.4 (C-8”), 68.3 (C-4), 69.4 (2C, 2 CH2Ph) 69.5 (C-4"), 71.1 (C-2), 71.4
(C-3), 71.7 (C-5), 71.8 (C-6"), 96.9 (C-27), 102.4 (C-1), 125.4, 128.0, 128.1, 128.4, 128.5, 128.6,
128.7,129.2, 130.2, 130.3, 133.2, 133.5 (24C, Ar-C), 165.5, 165.8, 168.3, 170.3, 170.4, 170.8, 170.9,
171.0 (8C, C=0); ESI-MS: m/z: Calcd for CssHs2NO23P [M+Na]*: 1158.3, found: 1158.4
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Methyl (sodium 5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate)-

(2—3)-6-O-(disodium phosphono)-g-D-galactopyranoside (24).

OH

HO COONa
OH OH
= (¢} o OMe
AcHN W

HO OH
OPO3Nay

To a solution of 55 (172 mg, 0.15 mmol) in EtOAc (9 mL) were added a catalytic amount of AcOH
and Pd(OH)./C (10% Pd, 14.7 mg). The reaction was stirred under H, atmosphere for 24 h. Then, the
suspension was filtered and concentrated in vacuo. The residue was dissolved in dry MeOH (10 mL)
and a freshly prepared MeONa/MeOH solution was added (to pH 10). The reaction was stirred
overnight at 50 °C. Then, the mixture was neutralized with Dowex50X8 (H* form) and concentrated
under reduced pressure. The residue was dissolved in 0.1 M NaOH and stirred for 24 h. Then, the
reaction mixture was neutralized and concentrated in vacuo. The crude product was purified by
reversed-phase column chromatography (Cis, H20) and size-exclusion chromatography (P-2 gel,
H20) to afford 24 (41 mg, 43%) as a white solid. [a]o?® +0.99 (c 1.0, H20); *H NMR (500 MHz,
D20): 0 =1.81 (t, J = 12.1 Hz, 1H, H-3’a), 2.05 (s, 3H, NHAc), 2.78 (dd, J = 4.6, 12.4 Hz, 1H, H-
3%), 3.55 (dd, J = 7.9, 9.9 Hz, 1H, H-2), 3.59 (s, 3H, OMe), 3.61-3.67 (m, 3H, H-6’, H-7’, H-9a),
3.70 (ddd, J =4.6,9.9, 11.8 Hz, 1H, H-4"), 3.81 (m, 1H, H-5), 3.84-3.93 (m, 5H, H-6, H-5*, H-8’, H-
9°b), 4.03 (m, 1H, H-4), 4.12 (dd, J = 3.3, 9.8 Hz, 1H, H-3), 4.43 (d, J = 7.9 Hz, 1H, H-1); *C NMR
(126 MHz, D20): ¢ = 19.6 (NHAC), 37.3 (C-3°), 49.2 (C-5"), 54.7 (OMe), 60.2 (C-9°), 60.4 (d, J =
4.4 Hz, C-6), 64.8 (C-4), 65.7 (C-77), 65.9 (C-4"), 66.7 (C-2), 69.3 (C-8’), 70.4 (C-6"), 71.3 (d, J =
8.1 Hz, C-5), 73.2 (C-3), 97.5 (C-2°), 101.5 (C-1), 171.3 (C-1"), 172.6 (C=0); HR-MS: m/z: Calcd
for C1gH29NNa3zO17P [M+Na]*: 654.0764, found: 654.0776; HPLC purity: > 99.5%.
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Scheme 4. a) i. Ac0, pyr, rt, overnight; ii. NHs, MeOH, rt, 48 h; iii. MeONa/MeOH, rt, 5 h, 33% over 3 steps). b) i.
BnBr, KF, DMF, rt, 2 d; ii. MeNH2/THF, MeNH,/EtOH, rt, 16 h, 25% over 2 steps). ¢) i. NHOBn, EDC, DMF, rt, 16 h,
22%; d) Hz, Pd(OH),/C, MeOH, rt, 3 h, 90%; e) azetidine, HATU, DIPEA, DMF, rt, 16 h, 51%.

Methyl (5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonamide)-(2—3)-6-
O-sulfonato-p-D-galactopyranoside (25).

OH

HO CONH
oH ? oH
AcHN —/2 OWOMG
o
HO
OH

0SO3Na

A solution of 2 (32 mg, 0.053 mmol) in Ac.O/pyridine (1:1, 4 mL) was stirred at rt under argon for
16 h. Then, the solvents were removed via co-evaporation with toluene. The residue was dissolved in
NHz (0.5 M in dioxane, 3 mL) and stirred at rt for 16 h under argon. Then, additional NHz (7 N in
MeOH, 3 mL) was added, and the reaction was stirred for another 24 h. The solvents were removed
via co-evaporation with toluene, the residue was dissolved in dry MeOH (3 mL) and a freshly
prepared MeONa/MeOH solution was added (to pH 10). After 2 h the mixture was neutralized,
concentrated under reduced pressure and purified by size-exclusion column chromatography (P-2 gel,
H20) and reversed-phase column chromatography (Cis, H20) to afford 25 (8 mg, 27%) as a white
solid. *H NMR (500 MHz, D,0): 6 = 1.93 (m, 1H, H-3a), 2.06 (s, 3H, NHAc), 2.76 (dd, J = 4.6, 13.0
Hz, 1H, H-3’¢), 3.57 (m, 1H, H-2), 3.59 (s, 3H, OMe), 3.66-3.69 (m, 2H, H-7°, H-9’a), 3.76-3.81 (m,
2H, H-4>, H-6"), 3.84 (m, 1H, H-8"), 3.88 (dd, J = 2.6, 12.0 Hz, 1H, H-9°b), 3.93 (m, 1H, H-5"), 3.98
(m, 1H, H-5), 4.06 (m, 1H, H-4), 4.14 (dd, J = 3.4, 9.7 Hz, 1H, H-3), 4.20 (d, J = 6.3 Hz, 2H, H-6),
4.44 (d, J = 8.0 Hz, 1H, H-1); 13C NMR (126 MHz, D,0): § = 22.0 (NHAC), 37.5 (C-3), 51.5 (C-5"),
57.2 (OMe), 63.1 (C-9’), 66.8 (C-6), 67.3 (C-4"), 67.6 (C-7), 68.0 (C-4), 69.0 (C-2), 71.0 (C-8"),
72.3 (C-5), 73.7 (C-6"), 75.4 (C-3), 99.8 (C-2°), 103.4 (C-1), 172.1, 175.1 (2C, C=0); HR-MS: m/z:
Calcd for C1gH31N2NaO16S [M+Na]*: 609.1190, found: 609.1190; HPLC purity: >99.5%.
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Methyl (5-acetamido-3,5-dideoxy-N-methyl-D-glycero-a-D-galacto-2-nonulopyranosylon-
amide)-(2—3)-6-O-sulfonato-p-D-galactopyranoside (26).

OH

HO CONHMe
OH OH
= 0o o) OMe
AcHN W

He OHYNos04Na

A solution of 2 (50 mg, 0.08 mmol), KF (12.4 mg, 0.21 mmol) and BnBr (0.029 mL, 0.21 mmol) was
stirred in anhydrous DMF (7 mL) for 3 d. Then, H2O (7 mL) was added and the mixture was
lyophilized to yield the crude benzyl ester, which was directly used in the next step. The crude ester
was dissolved in MeNH: in EtOH (8 M, 5 mL) and MeNH: in THF (2 M, 3 mL) and stirred at rt
under argon for 16 h. Then, the volatiles were removed under reduced pressure and the crude product
was purified by flash chromatography [DCM/(MeOH/H>0, 10:1), 1:0 — 1:1] to afford 26 (12.2 mg,
25%) as a white solid. [a]o?® +0.0 (¢ 0.3, H20); *H NMR (500 MHz, D;0): 6 = 1.93 (m, 1H, H-3a),
2.05 (s, 3H, NHAC), 2.78 (dd, 1H, J = 4.6, 13.0 Hz, H-3’e), 2.83 (s, 3H, NHMe), 3.59 (s, 3H, OMe),
3.66-3.71 (m, 3H, H-6’, H-7°, H-9’a), 3.75 (m, 1H, H-4"), 3.84 (ddd, J = 2.6, 5.4, 9.4 Hz, 1H, H-8"),
3.87-3.92 (m, 2H, H-5’, H-9’b), 3.94 (m, 1H, H-4), 3.97 (t, J = 6.5 Hz, 1H, H-5), 4.09 (dd, J = 3.3,
9.8 Hz, 1H, H-3), 4.19 (dd, J = 6.4 Hz, 2H, H-6), 4.43 (d, J = 7.9 Hz, 1H, H-1); 3C NMR (126 MHz,
D20): 6 = 23.7 (NHAC), 27.3 (NHMe), 39.1 (C-3”), 53.1 (C-5’), 58.8 (OMe), 64.7 (C-9’), 68.3 (C-
6), 68.8 (C-4"), 69.2 (C-77), 69.5 (C-4), 70.7 (C-2), 72.7 (C-8”), 73.8 (C-5), 75.3 (C-6"), 76.9 (C-3),
101.5 (C-2), 105.0 (C-1), 171.3 (C- 38 1°), 176.7 (C=0); HR-MS: m/z: Calcd for C19H33sN2NaO16S
[M+Na]": 623.1346, found: 623.1348; HPLC purity: > 99.5%.

Methyl  (5-acetamido-N-benzyloxy-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylon-

amide)-(2—3)-6-O-sulfonato-p-D-galactopyranoside (56).

OH

HO OH CONHOBnN oH
AcHN o 0 OWOMe
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To asolution of 2 (21 mg, 0.034 mmol) in DMF (3 mL) were added O-benzylhydroxylamine (16 mg,
0.102 mmol) at rt and EDC (7 pL, 0.041 mmol) at 0 °C. The reaction was warmed up to rt and stirred
for 24 h. Then, the mixture was co-evaporated with toluene and the residue was purified by flash
column chromatography [DCM/(MeOH/H-0, 10:1), 1:0 — 6:4] to afford 56 (5 mg, 22%) as a white
vitreous solid. *H NMR (500 MHz, D20): 6 = 1.92 (m, 1H, H-3"a), 2.07 (s, 1H, NHAc), 2.61 (dd, J
=4.4,13.1 Hz, 1H, H-3%¢), 3.54 (dd, J = 8.1, 9.7 Hz, 1H, H-2), 3.57-3.59 (m, 5H, H-4’, H-7°, OMe),
3.65-3.68 (M, 2H, H-6’, H-9°a), 3.77 (ddd, J = 2.5, 5.5, 8.6 Hz, 1H, H-8"), 3.84-3.90 (m, 4H, H-4, H-
5, H-5°, H-9°b), 4.01 (dd, J = 3.3, 9.7 Hz, 1H, H-3), 4.17 (m, 2H, H-6), 4.37 (d, J = 8.0 Hz, 1H, H-
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1), 5.05 (s, 2H, CH2Ph), 7.51-7.52 (m, 3H, Ar-H), 7.54-7.56 (m, 2H, Ar-H); ESI-MS: m/z: Calcd for
CasH37N2Na2017S [M+Na]™: 715.2, found: 715.2.

Methyl (5-acetamido-3,5-dideoxy-N-hydroxy-D-glycero-a-D-galacto-2-nonulopyranosyl-
onamide)-(2—3)-6-0-sulfonato-p-D-galactopyranoside (27).

OH

HO oH CONHOH
AcHN—/5L OWOM‘?

HO
OHNos04Na

Compound 56 (5 mg, 0.008 mmol) was dissolved in MeOH (2 mL) and Pd(OH)2/C (10% Pd, 10 mg)
was added. The mixture was stirred at rt for 3 h under hydrogen atmosphere. Then, the suspension
was filtrated and concentrated under reduced pressure. The crude product was purified by reversed-
phase column chromatography (Cis, H20) to afford 27 (4 mg, 90%) as a white solid. [a]o?® —1.5 (c
0.2, H20); *H NMR (500 MHz, D20): 6 = 1.93 (m, 1H, H-3"a), 2.06 (s, 3H, NHAc), 2.77 (dd, J = 4.6,
13.1 Hz, 1H, H-3¢), 3.57 (dd, J = 8.1, 9.7 Hz, 1H, H-2), 3.60 (s, 3H, OMe), 3.65-3.70 (m, 2H, H-7",
H-9’a), 3.75 (m, 1H, H-6"), 3.79 (m, 1H, H-4"), 3.84 (ddd, J = 2.5, 5.5, 8.6 Hz, 1H, H-8"), 3.88-3.94
(m, 2H, H-5°, H-9°b), 3.96-3.99 (m, 2H, H-4, H-5), 4.11 (dd, J = 3.2, 9.7 Hz, 1H, H-3), 4.19-4.21 (m,
2H, H-6), 4.44 (d, J = 8.0 Hz, 1H, H-1); 13C NMR (125 MHz, D20): 6 = 22.7 (NHAC), 38.8 (C-3"),
52.1 (C-57), 57.8 (OMe), 63.5 (C-9%), 67.7 (C-6), 68.1 (C-4’), 68.3 (C-7"), 68.6 (C-4), 69.6 (C-2),
71.9 (C-8”), 73.1 (C-5), 74.4 (C-6), 76.0 (C-3), 100.5 (C-2°), 104.0 (C-1"), 175.7 (C=0); HR-MS:
m/z: Calcd for C1gH31N2NaO17S [M+Na]*: 625.1139, found: 625.1139; HPLC purity: > 99.5%.

Methyl (5-acetamido-N-azetidino-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylon-

amide)-(2—3)-6-O-sulfonato-p-D-galactopyranoside (28).

OH o N/j
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To asolution of 2 (55 mg, 0.09 mmol) in anhydrous DMF (1.8 mL) were added HATU (51 mg, 0.135
mmol), DIPEA (47 pL, 0.27 mmol) and azetidine (61 pL, 0.9 mmol). The solution was stirred under
argon at rt for 16 h. Then, the mixture was concentrated under reduced pressure and the crude product
purified by flash chromatography [DCM/(MeOH/H-0, 10:1), 1:0 — 1:1] and reversed-phase column
chromatography (Cis, H20) to afford 28 (29 mg, 51%) as a white solid. [a]o? 0.0 (¢ 0.2, H20); H
NMR (500 MHz, D20): d = 1.97 (m, 1H, H-3’a), 2.06 (s, 3H, NHAc), 2.32-2.40 (m, 2H, H-azet),
2.58 (m, 1H, H-3’¢), 3.59 (m, 1H, H-2), 3.60 (s, 3H, OMe), 3.61 (m, 1H, H-7"), 3.68-3.74 (m, 2H, H-

6’, H-9’a), 3.83 (ddd, J = 2.6, 5.3, 9.4 Hz, 1H, H-8"), 3.88 (dd, J = 2.6, 11.9 Hz, 1H, H-9’b), 3.91-
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3.94 (m, 2H, H-4’, H-5"), 3.98 (m, 1H, H-5), 4.06 (d, J = 3.3 Hz, 1H, H-4), 4.09-4.17 (m, 3H, H-3,
H-azet), 4.19-4.20 (m, 2H, H-6), 4.44 (d, J = 8.0 Hz, 1H, H-1), 4.61 (m, 1H, H-azet), 4.70 (m, 1H,
H-azet); *C NMR (125 MHz, D20): ¢ = 16.7 (CH.-azet), 23.0 (NHAC), 38.4 (C-3"), 50.4 (CH:-azet),
52.6 (C-57), 54.3 (CHz-azet), 58.2 (OMe), 64.0 (C-9°), 67.6 (C-6), 68.6 (C-4°), 68.9 (C-7"), 69.5 (C-
4),69.8 (C-2), 71.5(C-8%), 73.3 (C-5), 74.0 (C-6"), 75.7 (C-3), 101.4 (C-2"), 104.5 (C-1), 168.9, 175.9
(2C, C=0); HR-MS: m/z: Calcd for C2:H3sN2NaO16S [M+Na]": 649.1503, found: 649.1502; HPLC
purity: 95%.
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Scheme 5. a) i. H, Pd/C, MeOH, rt, 3 h; ii. MeONa/MeOH, rt, 1 h, 60% over two steps; b) PhCH(OMe),, TsOH, MeCN,
rt, 16 h, 85%; c) Bz,O, DMAP, pyr, rt, 16 h, 84%; d) MesNBHs;, AICls, H,O, THF, 0 °C to rt, 6 h, 78%; ¢) 1,1°-
thiocarbonyldiimidazole, toluene, 90 °C, 5 h, quant.; f) BusSnH, AIBN, toluene, 105 °C, 1.5 h, 66%; g) MeONa, MeOH,
rt, 6 h, 80%; h) i. NIS, TfOH, MeCN/DCM, -40 °C, 16 h; ii. H, Pd/C rt, MeOH, rt, 3 h, 54% over two steps; i) SOz pyr,
DMF, 0 °C to rt, 5 h, 24%; j) NaOH (H.O/dioxane, 0.1 M), rt, 24 h, 93%.

1,5-Anhydro-2-deoxy-D-lyxo-hexitol (58).

HO
L
HO > 1
To a solution of D-galactal (420 mg, 2.87 mmol) in MeOH (3.0 mL) was added portionwise Pd/C
(70.0 mg) under H> atmosphere. The reaction was stirred for 16 h. Then, the mixture was filtered and
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concentrated under reduced pressure. The residue was purified by flash column chromatography
(DCM/MeOH, 1:0 — 4:1) to afford 58 (0.256 g, 60%) as a white solid. [a]o?° +36.8 (¢ 1.05, MeOH);
'H NMR (500 MHz, CD30D): 6 = 1.62 (m, 1H, H-2a), 1.94 (qd, J = 5.0, 12.6 Hz, 1H, H-2e), 3.35
(m, 1H, H-5), 3.46 (ddd, J = 2.3, 11.6, 12.6 Hz, 1H, H-1a), 3.64-3.69 (m, 2H, H-3, H-6a), 3.73 (m,
1H, H-6b), 3.76 (m, 1H, H-4), 3.98 (ddd, J = 1.7, 5.0, 11.6 Hz, 1H, H-1e); *C NMR (126 MHz,
CDs0D): ¢ = 30.1 (C-2), 63.4 (C-6), 67.0 (C-1), 69.8 (C-4), 70.8 (C-3), 80.9 (C-5); ESI-MS: m/z:
Calcd for CeH12NaO4 [M+Na]*™: 171.1, found: 170.9.

1,5-Anhydro-4,6-O-benzylidene-2-deoxy-D-lyxo-hexitol (59).
Ph
o
(0]

&&
HO 1

2
To a solution of 58 (905 mg, 6.11 mmol) in dry MeCN (30.0 mL) were added TsOH (345 mg, 1.83
mmol) at once and benzaldehyde dimethyl acetal (1.38 mL, 9.17 mmol) dropwise. The solution
became clear and was stirred for 16 h at rt under argon atmosphere. Then, it was neutralized with
NEts and concentrated under reduced pressure. The residue was purified by flash chromatography
(petroleum ether/acetone, 9:1 — 3:2) to afford 59 (1.23 g, 85%) as a white solid. [a]o?® +43.8 (¢ 1.0,
CHCIs); 'H NMR (500 MHz, CDCls): 6 = 1.78 (m, 1H, H-2a), 2.02 (qd, J = 4.7, 12.6 Hz, 1H, H-2e),
2.35 (d, J = 11.0 Hz, 1H, OH-3), 3.34 (m, 1H, H-5), 3.47 (dd, J = 1.8, 12.1 Hz, 1H, H-1a), 3.78 (m,
1H, H-3),4.04 (dd, J=1.8, 12.5 Hz, 1H, H-6a), 4.11-4.14 (m, 2H, H-1e, H-4), 4.29 (dd, J = 1.5, 12.4
Hz, 1H, H-6b), 5.61 (s, 1H, CHPh), 7.36-7.40 (m, 3H, Ar-H), 7.52-7.53 (m, 2H, Ar-H); 3C NMR
(126 MHz, CDCls): ¢ = 30.2 (C-2), 65.8 (C-1), 68.8 (C-3), 70.1 (C-5), 70.3 (C-6), 75.2 (C-4), 101.1
(CHPh), 126.3, 128.2, 137.8 (6C, Ar-C); ESI-MS: m/z: Calcd for C13H1604 [M+Na]™: 259.1, found:
259.0.

1,5-Anhydro-3-0O-benzoyl-4,6-O-benzylidene-2-deoxy-D-lyxo-hexitol (60).
Ph
\o
(0]

&&
BzO 1

2

To a solution of 59 (1.10 g, 4.70 mmol) in pyridine (10.0 mL) were added benzoic anhydride (3.16

g, 14.0 mmol) and DMAP (0.345 g, 2.80 mmol) at 0 °C. The reaction was stirred for 16 h under argon

atmosphere. Then, the mixture was co-evaporated with toluene under reduced pressure. The residue

was dissolved in DCM (40 mL) and washed with H>O (3 x 20 mL) and brine (3 x 30 mL), dried over

Na>SO0s, filtered and concentrated under reduced pressure. The crude was purified by flash
80



Chapter 2

chromatography (petroleum ether/acetone, 1:0 — 4:1) to afford 60 (1.35 g, 84%) as a white solid.
[0]p?® +133.5 (¢ 1.0, CHCI3); *H NMR (500 MHz, CDCl3): 6 = 1.83 (m, 1H, H-2a), 2.46 (qd, J = 4.7,
12.5 Hz, 1H, H-2e), 3.44 (m,1H, H-5), 3.67 (dd, J = 2.0, 12.4 Hz, 1H, H-1a), 4.06 (dd, J=1.8, 12.4
Hz, 1H, H-6a), 4.23 (ddd, J = 1.7, 4.7, 11.8 Hz 1H, H-1e), 4.32 (dd, J = 1.6, 12.4 Hz, 1H, H-6b), 4.38
(d, J = 3.3 Hz, 1H, H-4), 5.21 (ddd, J = 3.3, 4.9, 12.2 Hz, 1H, H-3), 5.61 (s, 1H, CHPh), 7.32-7.38
(m, 3H, Ar-H), 7.43-7.46 (m, 2H, Ar-H), 7.54-7.59 (m, 3H, Ar-H), 8.08-8.10 (m, 2H, Ar-H); 13C
NMR (126 MHz, CDCls): 6 = 26.4 (C-2), 65.8 (C-1), 70.1 (C-5), 70.4 (C-6), 71.8 (C-4), 73.4 (C-3),
100.6 (CHPh), 126.3, 128.1, 128.5 128.8, 129.9, 130.2, 133.3, 138.1 (12C, Ar-C), 166.2 (C=0); ESI-
MS: m/z: Calcd for C20H200s [M+Na]*: 363.1, found: 363.1.

1,5-Anhydro-3-0O-benzoyl-6-O-benzyl-2-deoxy-D-lyxo-hexitol (61).

OBn

To a solution of 60 (212 mg, 0.62 mmol) in THF (5.0 mL) were added MesNH-BH3 (271 g, 3.72
mmol) and AICIz (496 mg, 3.72 mmol) at 0 °C. When the reaction became clear (after 15 minutes)
H20 was added (22.0 pL, 1.24 mmol) at 0 °C. The reaction was warmed up to rt and stirred for 6 h.
After that, the mixture was poured into cold water and the aqueous phase was extracted with EtOAc
(3 x 20 mL). The organic phases were then washed with NaHCO3 (ag. sat. 3 x 20 mL) and brine (3
x 20 mL), dried over Na,SOQg, filtered and concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether/acetone, 1:0 — 7:3) to afford 61 (165 mg, 78%)
as a white solid. [a]p?® +2.27 (¢ 1.0, CHCI3); *H NMR (500 MHz, CDCls): § = 1.86 (m, 1H, H-2a),
2.28 (qd, J = 5.1, 12.6 Hz, 1H, H-2e), 2.63 (d, J = 4.8 Hz, 1H, OH-4), 3.58-3.63 (m, 2H, H-1a, H-5),
3.72-3.75 (m, 2H, H-6), 4.12-4.16 (m, 2H, H-1e, H-4), 4.59 (s, 2H, OCH,Ph), 5.11 (ddd, J = 2.8, 5.0,
12.0 Hz, 1H, H-3), 7.29 (m, 1H, Ar-H), 7.33-7.35 (m, 4H, Ar-H), 7.43-7.46 (m, 2H, Ar-H), 7.57 (m,
1H, Ar-H), 8.07 (m, 1H, Ar-H); *C NMR (126 MHz, CDCls): ¢ = 26.0 (C-2), 66.2 (C-1), 67.8 (C-
4), 70.8 (C-6), 73.0 (C-3), 74.0 (OCH2Ph), 77.6 (C-5), 128.0, 128.55, 128.61, 129.9, 130.1, 133.3,
137.8 (12C, Ar-C), 166.0 (C=0); ESI-MS: m/z: Calcd for C20H220s [M+Na]*: 365.1, found: 365.0.

1,5-Anhydro-3-0-benzoyl-6-0O-benzyl-4-O-(1H-imidazole-1-carbonothioyl)-2-deoxy-D-lyxo-
hexitol (62).
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To a solution of 61 (0.832 g, 2.44 mmol) in dry toluene (20.0 mL) was added 1,1’-

1

thiocarbonyldiimidazole (3.70 g, 20.8 mmol) and the mixture was stirred at 90 °C for 5 h. Then, it
was concentrated under reduced pressure and the residue was purified by flash column
chromatography (petroleum ether/acetone, 1:0 to — 4:1) to afford 62 (1.29 mg, quant.) as a yellow
oil. [a]o® + 6.99 (c 1.0, CHCI3); *H NMR (500 MHz, CDCls): 6 = 2.03 (m, 1H, H-2a), 2.19 (qd, J =
5.0, 14.5 Hz, 1H, H-2e), 3.49 (dd, J = 6.3, 9.7 Hz, 1H, H-6a), 3.60 (dd, J = 6.1, 9.7 Hz, 1H, H-6b),
3.74 (td, J = 2.2, 12.3 Hz, 1H, H-1a), 3.94 (dd, J = 6.2, 6.9 Hz, 1H, H-5), 4.24 (ddd, J = 1.4,4.9, 11.9
Hz, 1H, H-1e), 4.42 (d, J = 11.8 Hz, 1H, OCHPh), 4.51 (d, J = 11.8 Hz, 1H, OCH2Ph), 5.41 (ddd, J
= 3.0, 5.1, 12.1 Hz, 1H, H-3), 6.31 (d, J = 2.9 Hz, 1H, H-4), 7.07 (dd, J = 0.9, 1.8 Hz, 1H, H-
imidazole), 7.22-7.30 (m, 5H, Ar-H), 7.35-7.39 (m, 2H, Ar-H), 7.53 (m, 1H, Ar-H), 7.70 (t, J = 1.5
Hz, 1H, H-imidazole), 7.84-7.86 (m, 2H, Ar-H), 8.38 (t, J = 1.1 Hz, 1H, H-imidazole); *C NMR
(126 MHz, CDCla3): ¢ = 27.6 (C-2), 66.2 (C-1), 68.7 (C-6), 70.6 (C-3), 73.9 (OCH2Ph), 76.8 (C-4),
128.0, 128.1, 128.5, 128.6, 129.9, 131.1, 133.5 (13C, Ar-C); ESI-MS: m/z: Calcd for C24H24N20sS
[M+Na]*: 475.1, found: 475.1.

1,5-Anhydro-3-0O-benzoyl-6-O-benzyl-2,4-dideoxy-D-erythro-hexitol (63).

OBn

g&
BzO

2
To a solution of tributyltin hydride (1.65 mL, 6.15 mmol) and AIBN (67.3 mg, 0.41 mmol) in dry
toluene (15.0 mL) was added a solution of 62 (187 mg, 0.41 mmol) in dry toluene (3.00 mL). The

1

reaction was heated to reflux for 1.5 h. Then, the mixture was concentrated under reduced pressure
and purified by flash column chromatography (petroleum ether/EtOAc, 1:0 — 4:1) to afford 63 (88
mg, 66%) as a colorless oil. [a]p?® —12.2 (¢ 1, CHClIs); *H NMR (500 MHz, CDCls): 6 = 1.60 (m, 1H,
H-4a), 1.79 (tdd, J = 4.9, 11.2, 12.5 Hz, 1H, H-2a), 2.08 (m, 2H, H-2e, H-4e), 3.49 (dd, J = 3.7, 10.2
Hz, 1H, H-6a), 3.54 (dd, J = 6.0, 10.2 Hz, 1H, H-6b), 3.59 (dd, J = 2.1, 12.3 Hz, 1H, H-1a), 3.69
(dddd, J=2.0, 3.8, 5.9, 11.7 Hz, 1H, H-5), 4.14 (ddd, J = 1.8, 4.9, 11.9 Hz, 1H, H-1e), 457 (d, J =
12.2 Hz, 1H, OCH2Ph), 4.61 (d, J = 12.2 Hz, 1H, OCH2Ph), 5.16 (tt, J = 4.7, 11.2 Hz, 1H, H-3), 7.29
(m, 1H, Ar-H), 7.34 (d, J = 4.4 Hz, 4H, Ar-H), 7.41-7.47 (m, 2H, Ar-H), 7.56 (m, 1H, Ar-H), 8.03
(m, 1H, Ar-H); 3C NMR (126 MHz, CDCls): 6 = 32.1 (C-2), 34.3 (C-4), 66.1 (C-1), 70.9 (C-3), 73.1
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(C-6), 73.7 (OCH2Ph), 75.5 (C-5), 127.8, 127.9, 128.5, 128.6, 129.7, 133.1 (12C, Ar-C); ESI-MS:
m/z: Calcd for CooH2204 [M+Na]*: 349.1, found: 349.0.

1,5-Anhydro-6-0O-benzyl-2,4-dideoxy-D-erythro-hexitol (64).

To a solution of 63 (88.0 mg, 0.27 mmol) in dry MeOH (3.0 mL) was added a freshly prepared
solution of MeONa in MeOH (to pH 10). The reaction was stirred at rt for 6 h. Then, it was neutralized
with Amberlyst-15 resin, filtered and concentrated under reduced pressure. The crude product was
purified by flash column chromatography (petroleum ether/acetone, 1:0 to — 7:3) to afford 64 (48.0
mg, 80%) as a colorless oil. [a]o?® —3.97 (¢ 1, CHCIs); *H NMR (500 MHz, CDCls3): 6 = 1.30 (m, 1H,
H-4a), 1.53 (tdd, J=4.9, 11.0, 12.5 Hz, 1H, H-2a), 1.60 (d, J = 4.1 Hz, 1H, OH-3), 1.87-1.95 (m, 2H,
H-2e, H-4e), 3.41-3.57 (m, 4H, H-1a, H-5, 2 H-6), 3.80 (m, 1H, H-3), 4.07 (ddd, J = 1.8, 4.9, 11.9
Hz, 1H, H-1e), 4.55 (d, J = 12.2 Hz, 1H, OCH2Ph), 4.60 (d, J = 12.2 Hz, 1H, OCHzPh), 7.29 (m, 1H,
Ar-H), 7.32-7.36 (m, 4H, Ar-H); *C NMR (126 MHz, CDClz): 6 = 35.7 (C-2), 38.0 (C-4), 66.2 (C-
1), 68.1 (C-3), 73.3 (C-6), 73.6 (OCH2Ph), 75.5 (C-5), 127.8, 127.9, 128.5, 138.2 (6C, Ar-C); ESI-
MS: m/z: Calcd for C13H1803 [M+Na]*: 245.1, found: 244.9.

(Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulo-
pyranosylonate)-(2—3)-1,5-anhydro-2,4-dideoxy-D-erythro-hexitol (65).

OAc

AcO oAc  COOMe
§ 2 1
AcHN Q/ o
—~o0

AcO
OBn

Compounds 64 (44.0 mg, 0.20 mmol) and 8 (260 mg, 0.44 mmol) were dissolved in a solution of dry
MeCN/DCM (5:3, 6 mL) with 3A molecular sieves (100 mg) and the mixture was stirred under argon
for 30 min. Then, the mixture was cooled down to -40 °C and NIS (198 mg, 0.880 mmol) and TfOH
(7.00 pL, 0.080 mmol) were added. The reaction was stirred at -40 °C under argon for 16 h. Then, it
was neutralized with NEts, filtered over celite and evaporated under reduced pressure. The residue
was dissolved in DCM (20 mL) and washed with 1 M ag. Na>S203 (3 x 20 mL) and H>O (3 x 20 mL),
dried over Na>SO4 and concentrated under reduced pressure. The crude product was purified by flash
chromatography (toluene/acetone, 1:0 — 7:3) to give an inseparable o/f mixture (10:1, 139 mg)
which was directly used in the next step. [0]o?° + 0.88 (¢ 1, CHCI3); *H NMR (500 MHz, CDCls): §
=1.33(q,J=11.5Hz, 1H, H-2a), 1.56-1.60 (m, 2H, H-2e, H-4a), 1.87 (s, 3H, NHAC), 1.90-1.98 (m,
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2H, H-4e, H-3"a), 2.020, 2.023, 2.136, 2.138 (4 s, 12H, OAc), 2.57 (dd, J = 4.6, 12.8 Hz, 1H, H-3¢),
3.40 (dd, J = 3.9, 10.0 Hz, 1H, H-6a), 3.47 (dd, J = 6.0, 10.0 Hz, 1H, H-6b), 3.50-3.56 (m, 2H, H-1a,
H-5), 3.76 (s, 3H, OMe), 3.91 (tt, J = 4.8, 11.0 Hz, 1H, H-3), 3.99-4.09 (m, 4H, H-5’, H-9’a, H-6’,
H-1e), 4.28 (dd, J = 2.6, 12.4 Hz, 1H, H-9°b), 4.53 (d, J = 12.2 Hz, 1H, OCH.Ph), 4.58 (d, J = 12.2
Hz, 1H, OCH2Ph), 4.82 (ddt, J = 5.7, 11.4, 12.6 Hz, 1H, H-4"), 5.29 (dd, J = 1.6, 8.8 Hz, 1H, H-7"),
5.36 (m, 1H, H-8"), 7.28 (m, 1H, Ar-H), 7.32-7.34 (m, 4H, Ar-H): 3C NMR (126 MHz, CDCls): 6 =
20.9, 21.0, 21.3 (4C, OAc), 23.3 (NHAC), 35.3 (C-4), 35.6 (C-2), 38.6 (C-37), 49.6 (C-5"), 52.8
(OMe), 62.7 (C-9%), 66.2 (C-1), 67.4 (C-7’), 68.3 (C-8’), 69.2 (C-4"), 71.7 (C-3), 72.6 (C-6°), 73.4
(C-6), 73.6 (OCH2Ph), 75.4 (C-5), 98.8 (C-2°), 127.7, 127.9, 128.5 (6C, Ar-C), 169.1, 170.0, 170.3,
170.4, 170.8, 171.2 (6C, C=0); ESI-MS: m/z: Calcd for C33HssNO1s [M+Na]*: 718.3, found: 718.2.

(Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulo-
pyranosylonate)-(2—3)-1,5-anhydro-2,4-dideoxy-6-O-sulfonato-D-erythro-hexitol (66).

OAc

AcO oAc  COOMe
£ 2 1!
AcHN Q O?ﬁ
5

AcO
0SOzNa

The previous mixture was dissolved in MeOH (3 mL) and stirred with Pd/C (100 mg) under H (1
bar) for 3 h. The reaction was then filtered and concentrated under reduced pressure. The crude was
purified by flash chromatography (toluene/acetone, 1:0 — 1:1) to afford the deprotected product as a
mix of a/f 9:1 (72 mg, 54% over two steps) and used in the next step without further purification.
The mixture (72.0 mg, 0.12 mmol) was dissolved in DMF (4.0 mL) and SOzpyr (189 mg, 1.20 mmol)
was added. The reaction was stirred at rt for 4 h under argon. Then, NaHCO3 (500 mg) was added
and stirring continued for 1 h. After that, the mixture was filtered and concentrated. The crude product
was purified first by flash chromatography (DCM/MeOH, 1:0 — 9:1) and then by reversed phase
chromatography (Cis, H2O/MeCN, 1:0 — 7:3) to afford 66 (20.0 mg, 24%) as a white solid. [o]p®
+3.2 (¢ 1, MeOH); *H NMR (500 MHz, CD30D): ¢ = 1.26 (m, 1H, H-4a), 1.52 (dddd, J = 5.3, 7.3,
10.9, 12.6 Hz, 1H, H-2a), 1.70 (ddt, J = 2.0, 4.5, 12.5 Hz, 1H, H-4e), 1.78 (t, J = 12.5 Hz, 1H, H-3"a),
1.83 (s, 3H, NHAC), 1.95 (m, 1H, H-2e), 1.98, 2.00, 2.11, 2.16 (4 s, 12H, OAc), 2.63 (dd, J = 4.6,
12.7 Hz, 1H, H-3’¢), 3.51-3.59 (m, 2H, H-5, H-1a), 3.86-4.05 (m, 6H, H-5>, H-9’a, 2 H-6, H-3, H-
le), 4.17 (dd, J = 2.3, 10.8 Hz, 1H, H-6"), 4.28 (dd, J = 2.7, 12.4 Hz, 1H, H-9°b), 4.78 (ddd, J = 4.6,
10.2,12.2 Hz, 1H, H-4"), 5.31 (dd, J = 2.3, 9.4 Hz, 1H, H-7"), 5.40 (ddd, J = 2.7, 5.8, 9.5 Hz, 1H, H-
8’); C NMR (126 MHz, CDs0D): ¢ = 20.7, 20.7, 20.9, 21.3 (4C, OAc), 22.7 (NHAC), 36.2 (C-4),
36.4 (C-2), 39.5 (C-3"), 50.0 (C-5), 53.3 (OMe), 63.7 (C-9°), 66.8 (C-1), 68.6 (C-7°), 69.1 (C-8"),
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70.7 (C-4%), 71.2 (C-6), 72.3 (C-3), 73.2 (C-6"), 75.7 (C-5), 100.0 (C-2"), 170.2, 171.7, 171.8, 172.4,
173.5 (6C, C=0); ESI-MS: m/z: Calcd for C26HasNNaO1s [M+Na]*: 730.2, found: 730.2.

5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate-(2—3)-1,5-anhydro-
2,4-dideoxy-6-0-sulfonato-D-erythro-hexitol disodium salt (33).

OH

HO oH COONa
H 5 1
= 0 le)
AcHN ?ﬁ
—~0

HO
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A solution of 66 (20.0 mg, 0.028 mmol) in 0.1 M ag. NaOH (1 mL) was stirred at rt for 16 h. Then,
it was acidified to pH 5 with Amberlyst-15 and concentrated under reduced pressure to afford 33
(14.2 mg, 93%) as a white solid. [a]o?® + 24.3 (¢ 1, H20); *H NMR (400 MHz, D20): § = 1.37 (q, J
= 11.8 Hz, 1H, H-4a), 1.60 (m, 1H, H-2a), 1.67 (t, J = 12.2 Hz, 1H, H-3’a), 1.89 (m, 1H, H-4e), 2.04
(m, 1H, H-2e), 2.05 (s, 3H, NHAC), 2.76 (dd, J = 4.7, 12.4 Hz, 1H, H-3’¢), 3.53 (td, J = 1.9, 12.5 Hz,
1H, H-1a), 3.61 (dd, J = 1.8, 8.9 Hz, 1H, H-6"), 3.63-3.70 (m, 2H, H-4’, H-9"), 3.76 (m, 1H, H-5),
3.79-3.90 (m, 3H, H-7°, H-8’, H-9°b), 3.96-4.03 (m, 2H, H-1e, H-6a), 4.09 (dd, J =2.7, 11.0 Hz, 1H,
H-6b), 4.15 (ddd, J = 4.1, 10.4, 14.5 Hz, 1H, H-3); *C NMR (100 MHz, D20): ¢ = 22.6 (NHAC),
34.7 (C-4), 34.8 (C-2),41.6 (C-3°), 52.4 (C-5), 63.1 (C-9), 66.4 (C-1), 68.6 (C-6"), 68.9 (C-8”), 71.2
(C-6), 71.8 (C-3), 72.6 (C-7"), 73.4 (C-4>), 75.0 (C-5), 101.7 (C-27), 174.3, 175.7 (2C, C=0); HR-
MS: m/z: Calcd for C17H27NO14S% [M]?: 250.5582, found: 250.5582; HPLC purity: 77.4%.
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Scheme 6. a) TBDPSCI, imidazole, DMF, rt, 16 h, 48%; b) NaBH4, EtOH/Et;O, rt, 2 h, quant.; ¢) i. NIS, TfOH,
MeCN/DCM, -40 °C, 16 h, 80%; d) HF-pyr, pyr, 0 °C to rt, 5 h, 85%; €) i. SOszpyr, DMF, 0 °C to rt, 2 h; ii. NaOH
(H2O/dioxane, 0.1 M), rt, 16 h, 3% over two steps.

4-((tert-Butyldiphenylsilyl)oxy)benzaldehyde (68).

[0) H

OTBDPS

To a solution of 4-hydroxybenzaldehyde (1.00 g, 8.00 mmol) in dry DMF (20 mL) were added
imidazole (1.20 g, 18.0 mmol) and TBDPSCI (2.34 mL, 9.00 mmol). The reaction was stirred under
argon for 16 h. Then, it was diluted with EtoO (20 mL) and washed with H20 (3 x 30 mL) and ag.
sat. NH4Cl (3 x 30 mL), dried over Na>SOa, filtered and concentrated under reduced pressure. The
crude was purified by flash chromatography (hexane/EtOAc, 1:0 — 7:3) to afford 68 (1.37 g, 48%)
as a white solid. *H NMR (400 MHz, CDCls): 6 = 1.11 (s, 9H, (C(CHz3)s3)), 6.86 (m, 2H, Ar-H), 7.36-
7.40 (m, 4H, Ar-H), 7.43-7.47 (m, 2H, Ar-H), 7.63-7.66 (m, 2H, Ar-H), 7.68-7.72 (m, 4H, Ar-H),
9.81 (s, 1H, CHO); ESI-MS: m/z: Calcd for C23H240,Si [M+H]*: 361.2, found: 361.2.

The analytical data of 68 were in accordance with reported values.”

(4-((tert-Butyldiphenylsilyl)oxy)phenyl)methanol (69).

OH

OTBDPS
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To a mixture of 68 (1.37 g, 3.80 mmol) in EtOH/Et,O (1:1, 20 mL), NaBH4 (288 mg, 7.60 mmol)
was added at 0 °C. The reaction was then stirred at rt for 2 h. It was quenched with H>O (20 mL) and
extracted with EtOAc (3 x 20 mL), dried over NaSOg, filtered and concentrated under reduced
pressure to afford 69 (1.38 g, quant.) as colorless oil. *H NMR (400 MHz, CDCls): 6 = 1.02 (s, 1H,
(C(CHg)3), 4.43 (s, 2H, CH.0H), 6.65-6.69 (m, 2H, Ar-H), 6.98-7.01 (m, 2H, Ar-H), 7.26-7.36 (m,
6H, Ar-H), 7.62-7.65 (m, 4H, Ar-H); ¥C NMR (100 MHz, CDCls): § = 19.6 (C(CHs)3), 26.6
(C(CHs)3), 65.2 (CH20H), 119.7,127.8, 128.5, 129.9, 133.0, 133.5, 135.7 (14C, Ar-C); ESI-MS: m/z:
Calcd for C23H2602Si [M+Na]*: 385.2, found: 385.2.

The analytical data of 69 were in accordance with reported values.”

4-((tert-Butyldiphenylsilyl)oxy)benzyl (methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-

D-glycero-a-D-galacto-2-nonulopyranosylonate) (70).

OAc

AcO, OAc COOMe
AcHN — 0 O/@

AcO

OTBDPS

Compounds 69 (0.500 g, 1.38 mmol) and 8 (1.31 g, 2.76 mmol) were dissolved in a solution of dry
MeCN/DCM (5:3, 30 mL) with 3A molecular sieves (6.00 g) and the mixture was stirred under argon
for 30 min. Then, the mixture was cooled down to -40 °C and NIS (1.24 g, 5.52 mmol) and TfOH
(48.8 uL, 0.550 mmol) were added. The reaction was stirred at -40 °C under argon for 16 h. Then, it
was neutralized with NEtz, filtered over celite and evaporated under reduced pressure. The residue
was dissolved in DCM (40 mL) and washed with 1 M ag. Na»S203 (3 x 30 mL) and H20 (3 x 30 mL),
dried over Na2SO4 and concentrated under reduced pressure. The crude product was purified by flash
chromatography (toluene/acetone, 1:0 — 7:3) to afford 70 (925 mg, 80%, a:3 2:1) as a brown solid.
'H NMR (400 MHz, CDCls): 6 = 1.08 (s, 9H, (C(CHa)s), 1.87 (s, 3H, NHACc), 1.97 (m, 1H, H-3a),
2.01,2.03,2.12,2.14 (4s,12H, OAc), 2.59 (dd, J = 4.6, 12.8 Hz, 1H, H-3b), 3.58 (s, 3H, OMe), 4.01-
4.16 (m, 3H, H-5, H-5, H-9a), 4.27 (d, J = 11.6 Hz, 1H, OCHAr), 4.31 (dd, J = 2.8, 12.5 Hz, 1H, H-
9b), 4.67 (d, J = 11.6 Hz, 1H, OCH2Ar), 4.82 (m, 1H, H-4), 5.33 (dd, J = 2.0, 8.5 Hz, 1H, H-7), 5.44
(ddd, J = 2.7, 5.6, 8.4 Hz, 1H, H-8), 6.68-6.74 (m, 2H, Ar-H), 7.02-7.07 (m, 2H, Ar-H), 7.32-7.46
(m, 6H, Ar-H), 7.70 (m, 4H, Ar-H); *C NMR (100 MHz, CDCls): 6 = 19.5 (C(CHs)3), 20.91, 20.97,
21.0, 21.3 (4C, OAc), 23.3 (NHAC), 26.6 (C(CHsa)3), 38.3 (C-3), 49.6 (C-5), 52.7 (OMe), 62.5 (C-9),
66.7 (OCH2Ar), 67.4 (C-7), 68.6 (C-8), 69.2 (C-4), 72.6 (C-6), 98.5 (C-2), 119.5, 127.9, 129.4, 130.0,
135.6, 155.4 (15C, Ar-C), 168.5, 170.2, 170.3, 170.3, 170.8, 171.2 (6C, C=0); ESI-MS: m/z: Calcd
for C43Hs3NO14Si [M+Na]*: 858.3, found: 858.3.

87



Chapter 2

4-Hydroxybenzyl  (methyl  5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-
galacto-2-nonulopyranosylonate) (71).

OAc

AcO oAc  COOMe
AcHN— /2 O/D

AcO

OH

To a solution of 70 (925 mg, 1.10 mmol) in pyridine (35.0 mL) in a Teflon container was added
HF-pyr (4.60 mL) at O °C. The reaction was stirred at rt for 5 h and then neutralized with aqg. sat.
NaHCOs and NaxCOs. The aqueous phase was extracted with DCM (3 x 50 mL) and the organic
layer was dried with Na SO, filtered and concentrated under reduced pressure. The crude product
was purified by flash chromatography (DCM/MeOH, 30:1) to afford 71 (560 mg, 85%, a:p 5:1) as a
white solid. *H NMR (400 MHz, CDCls): 6 = 1.88 (s, 3H, NHACc), 1.99 (m, 1H, H-3a), 2.00, 2.03,
2.13,2.16 (4 s, 12H, OAc), 2.61 (dd, J = 4.6, 12.8 Hz, 1H, H-3b), 3.68 (s, 3H, OMe), 4.03-4.17 (m,
3H, H-5, H-6, H-9a), 4.28 (d, J = 11.3 Hz, 1H, OCH2Ar), 4.36 (dd, J = 2.8, 12.5 Hz, 1H, H-9b), 4.69
(d, J = 11.3 Hz, 1H, OCH,Ar), 4.86 (m, 1H, H-4), 5.34 (dd, J = 2.1, 8.2 Hz, 1H, H-7), 5.45 (m, 1H,
H-8), 6.76-6.81 (m, 2H, Ar-H), 7.13-7.17 (m, 2H, Ar-H); *C NMR (100 MHz, CDCls): § = 20.89,
20.94, 21.0, 21.3 (4C, OACc), 23.2 (NHAC), 38.2 (C-3), 49.6 (C-5), 52.8 (OMe), 62.6 (C-9), 66.9
(OCH2AI), 67.5 (C-7), 69.0 (C-8), 69.3 (C-4), 72.5 (C-6), 98.6 (C-2), 115.3, 128.7, 129.9, 156.2 (6C,
Ar-C), 168.6, 170.5, 170.6, 171.0, 171.3 (5C, C=0); ESI-MS: m/z: Calcd for C27H3sNO14 [M+Na]*:
597.2, found: 597.2.

4-((Sulfonato)oxy)benzyl 5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosyl-
onate (36).

OH

HO oH COONa
AcHN— 0 O/D

HO

OSO3Na
To a solution of 71 (225 mg, 0.380 mmol) in dry DMF (20 mL) was added SOs-pyr (605 mg, 3.80
mmol) at 0 °C. The reaction was then stirred at rt for 2 h. Then, NaHCO3 (2.00 g) was added and
stirring continued for 1 h. After that, the mixture was filtered and concentrated. The residue was
purified by reversed phase chromatography (Cis, H2O/MeCN 1:0 — 7:3) and the fractions containing
the product were collected and used in the next step. The crude product was dissolved in 0.1 M ag.
NaOH (9 mL) and stirred at rt for 16 h. Then, it was acidified to pH 5 with Amberlyst-15, concentrated
under reduced pressure and purified by size exclusion column chromatography (P-2 gel, H2O) to
afford 36 (6.0 mg, 3% over two steps) as a white solid. [a]o? - 2.5 (¢ 1, MeOH); *H NMR (500 MHz,

88



Chapter 2

D20): 6 = 1.71 (t, J = 12.1 Hz, 1H, H-3a), 2.06 (s, 3H, NHAC), 2.80 (dd, J = 4.7, 12.4 Hz, 1H, H-3e),
3.62 (dd, J=1.9, 9.1 Hz, 1H, H-7), 3.66 (dd, J = 6.0, 11.9 Hz, 1H, H-9a), 3.72 (ddd, J = 4.7, 9.8, 11.9
Hz, 1H, H-4), 3.76 (dd, J = 1.9, 10.4 Hz, 1H, H-6), 3.81-3.86 (m, 2H, H-5, H-8), 3.89 (dd, J = 2.4,
12.0 Hz, 1H, H-9Db), 4.54 (d, J = 11.0 Hz, 1H, OCH>Ar), 4.79 (d, J = 11.0 Hz, 1H, OCH>Ar), 7.31-
7.34 (m, 2H, Ar-H), 7.45-7.49 (m, 2H, Ar-H); 3C NMR (126 MHz, D20): 6 = 22.1 (NHAc), 40.6 (C-
3), 52.0 (C-5), 62.7 (C-9), 66.5 (OCH2Ar), 68.3 (C-7), 68.4 (C-4), 71.8 (C-8), 72.8 (C-9), 101.1 (C-
2), 121.6, 130.2, 135.1, 151.0 (6C, Ar-C), 173.6, 175.2 (2C, C=0); HR-MS: m/z: Calcd for
C18H23NNa2013S [M+Na]*: 562.0583, found: 562.0583; HPLC purity: > 95%.

(R)-2-Cyclohexyl-2-hydroxyacetic acid (41).

o) TO H
[ ]\\\\“” OH

To a solution of (R)-2-amino-2-cyclohexylacetic acid (3.50 g, 0.022 mol) in 0.5 M ag. H2SO4 (89
mL) a solution of NaNO: in H20 (4.5 M, 30 mL) was added slowly at 0 °C. The mixture was stirred
at 0 °C for 3 h, then warmed up to rt and stirred for another 24 h. The reaction mixture was extracted
with Et20 (3 x 30 mL), washed with brine (3 x 30 mL), dried over Na>SOs, filtered and concentrated
under reduced pressure to afford 41 (2.98 g, 86%) as a white solid. [a]p?® —5.9 (c 1.2, MeOH); 'H
NMR (400 MHz, CD30D): 6 = 1.13-1.33 (m, 5H, H-cy), 1.57-1.73 (m, 4H, H-cy), 1.75-1.79 (m, 2H,
H-cy), 3.91 (d, J = 4.3 Hz, 1H, H-2); ESI-MS: m/z: Calcd for CgH1403 [M-H]": 157.1, found: 157.1.
The analytical data of 41 were in accordance with reported values.’

Benzyl (R)-2-cyclohexyl-2-hydroxyacetate (42).

O\I\:OBn

To a solution of 41 (0.882 g, 5.58 mmol) in anhydrous DMF (6 mL) was added Cs,COz3 (1.99 g, 6.13
mmol) at 0 °C and the resulting suspension was stirred at rt for 40 min. After that, benzyl bromide
(0.664 mL, 5.58 mmol) was also added at 0 °C and the reaction mixture was stirred for L hat 0 °C
and then for 16 h at rt. The suspension was then diluted with EtOAc (20 mL) and washed with ag.
satd. NaHCOz3 (20 mL), water (20 mL) and brine (20 mL). The organic extract was dried over Na>SOs,
filtered and concentrated under reduced pressure. The crude residue was purified by flash
chromatography (hexane/EtOAc, 50:1 — 9:1) to afford 41 (0.996 g, 72%) as yellow oil. [o]p?® +4.7
(c 1.0, CHCI3); 'H NMR (400 MHz, CDCls): 6 = 1.16-1.30 (m, 5H, H-cy), 1.39 (m, 1H, H-cy), 1.62-

89



Chapter 2

1.67 (M, 2H, H-cy), 1.70-1.77 (m, 3H, H-cy), 2.67 (d, J = 6.3 Hz, 1H, OH-2), 4.06 (dd, J = 3.6, 6.1
Hz, 1H, H-2),5.20 (d, J = 12.3 Hz, 1H, OCH.Ph), 5.24 (d, J = 12.3 Hz, 1H, OCHPh), 7.33-7.40 (m,
5H, Ar-H); 3C NMR (100 MHz, CDCls): & = 26.06, 26.12, 26.36, 26.39, 29.2 (5C, CHa-cy), 42.2
(CH-cy), 67.4 (OCH2Ph), 75.0 (C-2), 128.5, 128.7, 128.8, 135.4 (6C, Ar-C), 174.9 (C=0); ESI-MS:
m/z: Calcd for C15H2003 [M+Na]*: 271.1, found: 271.1.

The analytical data of 42 were in accordance with reported values.”’

Benzyl (R)-2-cyclohexyl-2-(trifluoromethylsulfonyloxy)acetate (43).

Os_OBn
O\iow

Compound 42 (1 eq) was dissolved in dry DCM (10 mL) under argon. Then, 2,6-lutidine (0.915 mL,
7.86 mmol) was added, the mixture was cooled to -15 °C and triflic anhydride (0.992 mL, 5.90 mmol)
was added. The reaction was stirred at -20 °C for 4 h. Then, it was diluted with DCM (20 mL), washed
with cold water (2 x 20 mL)) and brine (3 x 20 mL), dried over Na>SO4 and concentrated under
reduced pressure. The crude product was purified by flash chromatography (hexane/EtOAc, 20:1 —
9:1) to afford 43 (1.16 g, 77%) as yellow oil. [0]p?® +18.5 (¢ 1.0, CHCI3); 'H NMR (400 MHz,
CDCl3): 6 = 1.07-1.32 (m, 6H, H-cy), 1.66-1.70 (m, 2H, H-cy), 1.74-1.81 (m, 2H, H-cy), 2.02 (m,
1H, H-cy), 4.96 (d, J = 4.4 Hz, 1H, H-2), 5.24 (d, J = 12.1 Hz, 1H, OCH2Ph), 5.28 (d, J = 12.1 Hz,
1H, OCHyPh), 7.33-7.41 (m, 5H, Ar-H); 3C NMR (100 MHz, CDCls): 6 = 25.6, 25.7, 25.8, 26.8,
28.7 (5C, CH>-cy), 40.4 (CH-cy), 68.2 (OCH2Ph), 87.7 (C-2), 118.6 (q, J = 319.6 Hz, CF3), 128.7,
128.8, 129.0, 134.6 (6C, Ar-C), 166.8 (C=0).

The analytical data of 43 were in accordance with reported values.”’

Methyl 3-O-[(S)-1-benzyloxycarbonyl-1-cyclohexyl-methyl]-6-O-(tert-butyldiphenylsilyl)-g-D-
galactopyranoside (49a).

OTBDPS

HO
O o
", _-Q OMe
[ on

COOBn
To a solution of 4 (1.50 g, 3.47 mmol) in dry MeOH (60.0 mL) was added Bu>SnO (950 mg, 3.81
mmol) at rt under argon atmosphere. The reaction mixture was heated to reflux for 3 h, then the
solvent was evaporated and the residue dried under vacuum for 4 h. The crude product was dissolved
in dry DME (10 mL) and stirred at rt under argon atmosphere. A solution of 43 (2.02 g, 5.20 mmol)
in dry DME (10 mL) was added dropwise, followed by CsF (682 mg, 4.50 mmol) at once, after being
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dried at 70 °C under vacuum for 30 min. The reaction mixture was stirred for 16 h. Then, EtOAc (20
mL) and H>O (20 mL) were added and the aqueous phase was extracted with EtOAc (3 x 20 mL).
The organic phase was dried over NaSOg, filtered and evaporated. The crude material was purified
by flash column chromatography (petroleum ether/acetone, 9:1 — 8:2) to afford 49a (864 mg, 38%)
as a white solid. [a]p?® —21.1 (¢ 1.0, CHClI3); *H NMR (400 MHz, CDCls): 6 = 1.06 (s, 9H, C(CHa)3),
1.09-1.32 (m, 7H, H-cy), 1.62 (m, 1H, H-cy), 1.67-1.74 (m, 2H, H-cy), 1.84 (m, 1H, H-cy), 2.27 (m,
1H, OH-2), 3.22-3.25 (m, 2H, H-3, OH-4), 3.47 (t, J = 6.2 Hz, 1H, H-5), 3.51 (s, 3H, OMe), 3.80 (d,
J=8.3 Hz, 1H, H-2), 3.84 (m, 1H, OH-4), 3.87-3.93 (m, 2H, 2 H-6), 3.96 (d, J = 4.8 Hz, 1H, H-1"),
4.11(d,J=7.8Hz, 1H, H-1),5.10 (d, J = 12.1 Hz, 1H, OCHPh), 5.20 (d, J = 12.1 Hz, 1H, OCH2Ph),
7.27-7.32 (m, 5H, Ar-H), 7.36-7.42 (m, 6H, Ar-H), 7.64-7.70 (m, 4H, Ar-H); *C NMR (100 MHz,
CDCl3): 0 = 19.4 (C(CHs3)3), 26.05, 26.13, 26.2 (3C, CHz-cy), 27.0 (C(CHa)a3), 27.7, 29.3 (2C, CH>-
cy), 41.9 (CH-cy), 56.9 (OMe), 62.9 (C-6), 66.4 (C-4), 67.2 (OCH2Ph), 71.3 (C-2), 74.9 (C-5), 83.8
(C-17), 84.0 (C-3), 104.0 (C-1), 127.8, 128.67, 128.72, 128.8, 129.81, 129.83, 133.6, 133.7, 135.3,
135.7, 135.8 (24C, Ar-C), 173.8 (C=0); ESI-MS: m/z: Calcd for C3sHs00sSi [M+Na]*: 685.3, found:
685.5.

Methyl  2,4-di-O-benzoyl-3-O-[(S)-1-benzyloxycarbonyl-1-cyclohexyl-methyl]-6-O-tert-butyl-
diphenylsilyl-p-p-galactopyranoside (50a).

OTBDPS

BzO
O O
“,, O OMe
r/ OBz

COOBn
To a solution of 49a (0.864 g, 1.30 mmol) in pyridine (16.9 mL) were added DMAP (0.096 g, 0.78
mmol) at once and Bz>0 (3.80 g, 16.9 mmol) portionwise at 0 °C. The mixture was warmed up to rt
and stirred for 16 h and then the solvent was removed via co-evaporation with toluene. The crude
product was dissolved in EtOAc (50 mL), washed with H>O (3 x 30 mL), ag. satd. CuSO4 (3 x 30
mL), H2.O (30 mL) and brine (30 mL). The organic phase was dried over Na>SOg, filtered and
evaporated. The crude product was purified by flash column chromatography (petroleum
ether/acetone, 9:1). It was not possible to completely remove the excess of benzoate from the mixture,
so the compound was used for the next steps without further purification. *H NMR (500 MHz CDCls):
0 =0.72-0.92 (m, 4H, H-cy), 1.06 (s, 9H, C(CHa)3), 1.12-1.22 (m, 5H, H-cy), 1.32 (m, 1H, H-cy),
1.55 (m, 1H, H-cy), 3.49 (s, 3H, OMe), 3.74-3.83 (m, 3H, H-5, 2 H-6), 3.85 (dd, J = 3.4, 9.9 Hz, 1H,
H-3),3.93 (d, J=4.5Hz, 1H, H-1°), 4.46 (d, J = 8.0 Hz, 1H, H-1), 5.15 (d, J = 12.2 Hz, 1H, OCHPh),
5.19 (d, J = 12.2 Hz, 1H, OCH2Ph), 5.59 (dd, J = 8.1, 9.9 Hz, 1H, H-2), 5.94 (d, J = 3.0 Hz, 1H, H-
4), 7.25-7.35 (m, 5H, Ar-H), 7.36-7.45 (m, 10H, Ar-H), 7.49-7.45 (m, 4H, Ar-H), 7.71-7.74 (m, 2H,
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Ar-H), 8.13-8.15 (m, 2H, Ar-H), 8.04-8.08 (m, 2H, Ar-H); 3C-NMR (126 MHz, CDCl3): 6 = 19.3
(C(CHs)3), 25.76, 25.80, 26.0 (4C, CH:-cy), 27.0 (C(CHz3)3), 28.9 (CH2-cy), 41.1 (CH-cy), 56.9
(OMe), 62.5 (C-6), 66.6 (OCH2Ph), 69.7 (C-4), 72.9 (C-2), 74.8 (C-5), 77.9 (C-3), 84.4 (C-1°), 102.4
(C-1), 127.78, 127.81, 127.85, 128.4 128.61, 128.64, 129.5, 129.79, 129.85, 130.10, 130.13, 130.3,
132.9, 133.2, 133.4, 135.67, 135.73 (30C, Ar-C), 171.8, 173.4 (3C, C=0); ESI-MS: m/z: Calcd for
Cs2Hs8010Si [M+Na]*: 893.4, found: 893.2.

Methyl 2,4-di-O-benzoyl-3-O-[(S)-1-benzyloxycarbonyl-1-cyclohexyl-methyl]-pB-D-galacto-

BzO OH
O O
“,, O OMe
|/ OBz

COO0Bn

pyranoside (51a).

To a solution of 50a (0.70 g, 0.80 mmol) in pyridine (18.0 mL) in a Teflon container was added
HF-pyr (6.0 mL) dropwise and the reaction mixture was stirred at rt for 2.5 h. The reaction was
neutralized with ag. satd. NaHCO3 and the aqueous phase was extracted with DCM (3 x 50 mL).
Then, the organic phases were dried over NazSO4and concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether/acetone, 8:2 — 7:3) to afford 51a
(465 mg, 57% yield over two steps) as a colorless oil. [a]o?®® +57.7 (¢ 1.0, CHCl3); *H NMR (500
MHz, CDClz): 6 = 0.66-1.02 (m, 4H, H-cy), 1.13 (m, 1H, H-cy), 1.24-1.42 (m, 5H, H-cy), 1.54 (m,
1H, H-cy), 3.49 (s, 3H, OMe), 3.56 (dd, J = 5.7, 9.6 Hz, 1H, H-6a), 3.69-3.75 (m, 2H, H-5, H-6b),
3.80 (dd, J = 3.4, 10.0 Hz, 1H, H-3), 3.86 (d, J = 4.8 Hz, 1H, H-1°), 4.48 (d, J = 8.0 Hz, 1H, H-1),
5.07 (d, J = 12.1 Hz, 1H, OCH.Ph), 5.11 (d, J = 12.1 Hz, 1H, OCH2Ph), 5.65-5.69 (m, 2H, H-2, H-
4), 7.28-7.35 (m, 5H, Ar-H), 7.45-7.49 (m, 4H, Ar-H), 7.57-7.61 (m, 2H, Ar-H), 8.06-8.07 (m, 2H,
Ar-H), 8.13-8.15 (m, 2H, Ar-H); *C-NMR (126 MHz, CDCls): = 25.7, 25.8, 25.9, 27.1, 28.9 (5C,
CH2-cy), 41.2 (CH-cy), 57.1 (OMe), 60.4 (C-6), 66.8 (OCH2Ph), 70.5 (C-4), 72.3 (C-2), 74.1 (C-5),
78.6 (C-3), 85.0 (C-17), 102.5 (C-1), 128.56, 128.61, 128.65, 128.70, 129.3, 129.9, 130.0, 130.4,
133.4, 133.7, 135.5 (18C, Ar-C), 165.3, 168.1, 172.0 (3C, C=0); ESI-MS: m/z: Calcd for CzsH20010
[M+Na]*: 655.3, found: 655.3.

Methyl 2,4-di-O-benzoyl-3-O-[(S)-1-benzyloxycarbonyl-1-cyclohexyl-methyl]-6-O-sulfonato- -
D-galactopyranoside (52a).

0SO0;Na

:: BzO
&/
“t,,, QO OMe
|/

OBz
COO0Bn
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To a solution of 51a (438 mg, 0.69 mmol) in dry DMF (20.0 mL) was added SOspyr (760 mg, 6.90
mmol) at 0 °C under argon. The reaction mixture was warmed to rt and stirred for 2.5 h. Then
NaHCO3 (1.20 g, 13.8 mmol) was added and the suspension was stirred at rt for 2 h. The suspension
was filtered over celite and the solvent removed via co-evaporation with toluene. The crude product
was purified by flash column chromatography (DCM/MeOH, 20:1 — 9:1) to afford 52a (411 mg,
81%) as a white solid. [a]o?® +48.5 (¢ 1.0, MeOH); *H NMR (500 MHz, CD30D): ¢ = 0.57 (m, 1H,
H-cy), 0.77-0.95 (m, 4H, H-cy), 1.16-1.35 (m, 5H, H-cy), 1.50 (m, 1H, H-cy), 3.54 (s, 3H, OMe),
4.01(d, J=4.2 Hz, 1H, H-1"), 4.05-4.12 (m, 2H, H-3, H-6a), 4.14-4.18 (m, 2H, H-5, H-6b), 4.66 (d,
J=8.0 Hz, 1H, H-1), 5.11 (d, J = 12.1 Hz, 1H, OCH2Ph), 5.14 (d, J = 12.0 Hz, 1H, OCH2Ph), 5.53
(m, 1H, H-2), 5.83 (d, J = 3.1 Hz, 1H, H-4), 7.31-7.37 (m, 5H, Ar-H), 7.51-7.56 (m, 4H, Ar-H), 7.64-
7.67 (m, 2H, Ar-H), 8.08-8.14 (m, 4H, Ar-H); *C-NMR (126 MHz, CD3z0D): 6 = 26.79, 26.82, 26.9,
28.2, 29.8 (5C, CH2-cy), 42.5 (CH-cy), 57.3 (OMe), 67.6 (C-6), 67.7 (OCH2Ph), 71.2 (C-4), 73.6 (C-
5), 73.7 (C-2), 79.1 (C-3), 84.6 (C-17), 103.3 (C-1), 129.4, 129.56, 129.59, 129.7, 130.8, 131.0, 131.2,
131.3, 134.4, 134.6, 137.2 (18C, Ar-C), 166.9, 167.3, 173.0 (3C, C=0); ESI-MS: m/z: Calcd for
CasH39013S [M+Na]*: 757.2, found: 757.1.

Methyl 3-O-[(S)-1-carboxy-1-cyclohexyl-methyl]-6-O-sulfonato-g-D-galactopyranoside (53).
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Compound 52a (150 mg, 0.20 mmol) was dissolved in 0.1 M NaOH (H.O/dioxane, 1:1, 20 mL) and
the mixture was stirred at rt for 3 d. After that, it was neutralized with Amberlyst-15 resin, filtered
and concentrated under reduced pressure. The residue was then purified by reversed-phase column
chromatography (C1s, H20) and size-exclusion chromatography (P-2 gel, H20) to afford 53 (31.0 mg,
35%) as a white solid. [a]p®® +39.4 (c 1.5, H.0); *H NMR (500 MHz, D,0): ¢ = 1.13-1.36 (m, 5H,
H-cy), 1.59-1.65 (m, 3H, H-cy), 1.71-1.79 (m, 3H, H-cy), 3.44 (dd, J = 3.2, 9.6 Hz, 1H, H-3), 3.59
(s, 3H, OMe), 3.65 (dd, J = 8.1, 9.6 Hz, 1H, H-2), 3.74 (d, J = 4.8 Hz, 1H, H-1"), 3.96 (m, 1H, H-5),
3.99 (d, J = 3.2 Hz, 1H, H-4), 4.20-4.27 (m, 2H, H-6), 4.36 (d, J = 8.1 Hz, 1H, H-1); 13C-NMR (126
MHz, D20): ¢ = 25.95, 25.97, 26.1, 27. 8, 29.0 (5C, CHz-cy), 41.6 (CH-cy), 57.2 (OMe), 66.3 (C-4),
67.9 (C-6), 70.0 (C-2), 72.4 (C-5), 83.0 (C-3), 85.8 (C-1"), 103.6 (C-1), 181.4 (C=0); HR-MS: m/z:
Calcd for C15H24011S [M]?: 206.0525, found: 206.0520; HPLC purity: 93%.
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Benzyl (R)-3-cyclohexyl-2-(trifluoromethylsulfonyloxy)-propanoate (45).

0

oTf

Benzyl (R)-3-cyclohexyl-2-hydroxypropanoate (2.00 g, 7.62 mmol) was dissolved in dry DCM (15
mL) under argon. Then, 2,6-lutidine (1.16 mL, 10.0 mmol) was added, the mixture was cooled down
to -15 °C and triflic anhydride (1.26 mL, 8.00 mmol) was added. The reaction was stirred at -20 °C
for 4 h. Then, it was diluted with DCM (20 mL), washed with cold water (2 x 20 mL) and brine (3 x
20 mL), dried over Na;SO4 and concentrated under reduced pressure. The residue was purified by
flash chromatography (hexane/EtOAc, 20:1 — 9:1) to afford 45 (1.78 g, 59%) as a colorless oil. [a]p?°
+38.6 (c 1.0, CHCI3); *H NMR (400 MHz, CDCls): 6 = 0.85-1.00 (m, 2H, H-cy), 1.07-1.27 (m, 3H,
H-cy), 1.41 (m, 1H, H-cy), 1.63-1.77 (m, 5H, H-cy), 1.82 (m, 1H, H-3a), 1.91 (ddd, J = 5.0, 9.0, 14.3
Hz, 1H, H-3b), 5.21 (dd, J = 4.3, 9.0 Hz, 1H, H-2), 5.24 (d, J = 12.1 Hz, 1H, OCHPh), 5.27 (d, J =
12.1 Hz, 1H, OCHPh), 7.34-7.43 (m, 5H, Ar-H); 3C NMR (100 MHz, CDCls): ¢ = 25.8, 26.1, 26.3,
32.1 (4C, CH>-cy), 33.4 (CH-cy), 33.5 (CHz-cy), 39.4 (C-3), 68.4 (OCH2Ph), 82.0 (C-2), 118.6 (9, J
=319.6 Hz, CF3), 128.8, 128.9, 129.1, 134.6 (6C, Ar-C), 167.7 (C=0).

The analytical data of 45 were in accordance with reported values.’®

Methyl 3-0-[(1S)-1-benzyloxycarbonyl-2-cyclohexyl-ethyl]-6-O-tert-butyldiphenylsilyl-$-D-
galactopyranoside (49b).
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To a solution of 4 (500 mg, 1.16 mmol) in dry MeOH (6.0 mL) was added Bu>SnO (316 mg, 1.27
mmol) at rt under argon atm. The mixture was heated to reflux and stirred for 3 h. The solvent was
then evaporated and the residue dried under vacuum for 4 h. The crude product was dissolved in THF
(6 mL) and stirred under argon. A solution of 45 (686 mg, 1.74 mmol) in THF/DME (3:1, 5 mL) was
added dropwise, followed by dried CsF (210 mg, 1.39 mmol) at once. The reaction mixture was
stirred for 16 h at rt. Then, EtOAc (10 mL) and H2O (10 mL) were added and the aqueous phase was
extracted with EtOAc (3 x 10 mL). The combined organic phases were dried over Na>SOg, filtered
and evaporated. The crude material was purified by flash column chromatography (petroleum
ether/acetone, 1:0 — 7:3) to afford 49b (425 mg, 54%) as a colorless oil. [a]p?° —40.8 (¢ 1.0, CHCl5);
'H NMR (400 MHz, CDCls): 6 = 0.84-0.97 (m, 2H, H-cy), 1.06 (s, 9H, C(CHa)s3), 1.10-1.22 (m, 3H,
H-cy), 1.59-1.81 (m, 8H, 2 H-2’, 6 H-cy), 2.28 (d, J = 2.2 Hz, 1H, OH-2), 3.24 (m, 1H, OH-4), 3.28
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(dd, J = 3.2, 9.3 Hz, 1H, H-3), 3.50 (m, 1H, H-5), 3.52 (s, 3H, OMe), 3.81 (ddd, J = 2.1, 7.8, 9.6 Hz,
1H, H-2), 3.87-3.95 (m, 3H, H-4, 2 H-6), 4.13 (d, J = 7.8 Hz, 1H, H-1), 4.26 (dd, J = 3.5, 9.7 Hz, 1H,
H-1%), 7.29-7.33 (m, 5H, Ar-H), 7.37-7.44 (m, 6H, Ar-H), 7.68-7.71 (m, 4H, Ar-H): 3C NMR (100
MHz, CDCls): 6 = 19.4 (C(CHa)3), 26.2, 26.4, 26.5 (3C, CHa-cy), 27.0 (C(CHa)3), 32.3 (CH2-cy),
33.8 (CH-cy), 34.0 (CHa-cy), 41.1 (C-2°), 56.9 (OMe), 62.9 (C-6), 66.6 (C-4), 67.2 (OCH2Ph), 71.3
(C-2), 74.9 (C-5), 77.4 (C-1°), 83.7 (C-3), 104.0 (C-1), 127.9, 128.6, 128.7, 128.8, 129.83, 129.84,
133.5, 133.7, 135.3, 135.7, 135.8 (24C, Ar-C), 174.9 (C=0); ESI-MS: m/z: Calcd for CaoHs20sSi
[M+Na]*: 699.3, found: 699.3.

Methyl 2,4,-0O-benzoyl-3-0-[(1S)-1-benzyloxycarbonyl-2-cyclohexyl-ethyl]-6-O-tert-butyl-
diphenylsilyl-p-p-galactopyranoside (50b).

BzO OTBDPS
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To a solution of 49b (808 mg, 1.19 mmol) in pyridine (12.0 mL) was added DMAP (87.5 mg, 0.720
mmol) under argon. The solution was then cooled to 0 °C and Bz,0 (2.17 g, 11.9 mmol) was added.
The reaction was stirred at rt for 16 h and then co-evaporated with toluene. The residue was dissolved
in EtOAc (40 mL) and washed with H2O (3 x 30 mL), 10% aq. CuSOs4 (3 x 30 mL), H20 (30 mL)
and brine (2 x 30 mL). The organic phase was dried over Na>SQg, filtered and concentrated under
reduced pressure. The crude product was then purified by flash chromatography (petroleum
ether/acetone, 1:0 — 4:1) to afford 50b (661 mg, 63%) as a white solid. [o]p?° +18.9 (¢ 1.6, CHCIy);
'H NMR (500 MHz, CDCls): d = 0.48-0.56 (m, 2H, H-cy), 0.68 (qt, J = 3.4, 12.6 Hz, 1H, H-cy), 0.75-
0.90 (m, 2H, H-cy), 1.10 (tdd, J = 4.9, 7.9, 11.2 Hz, 1H, H-cy), 1.20 (m, 1H, H-cy), 1.26-1.44 (m,
6H, 4 H-cy, 2 H-2"), 3.04 (m, 1H, OH-6), 3.48 (s, 3H, OMe), 3.55 (m, 1H, H-6a), 3.69-3.75 (m, 2H,
H-5, H-6b), 3.83 (dd, J = 3.4, 10.0 Hz, 1H, H-3), 4.15 (dd, J = 4.5, 8.1 Hz, 1H, H-1"),4.48 (d,J=8.0
Hz, 1H, H-1), 5.10 (s, 2H, OCH2Ph), 5.65 (dd, J = 8.0, 10.0 Hz, 1H, H-2), 5.69 (d, J = 3.3 Hz, 1H,
H-4), 7.28-7.31 (m, 2H, Ar-H), 7.32-7.36 (m, 3H, Ar-H), 7.44-7.50 (m, 4H, Ar-H), 7.57-7.62 (m, 2H,
Ar-H), 8.07-8.11 (m, 2H, Ar-H), 8.12-8.16 (m, 2H, Ar-H); 13C NMR (126 MHz, CDCls): 6 = 25.6,
25.9, 26.2, 32.8 (4C, CH>-cy), 33.5 (CH-cy), 33.6 (CH-cy), 40.8 (C-2°), 57.1 (OMe), 60.4 (C-6),
66.9 (OCH2Ph), 70.6 (C-2), 72.5 (C-4), 74.1 (C-5), 78.3 (C-3), 78.9 (C-17), 102.6 (C-1), 128.6, 128.6,
128.7, 128.8, 129.3, 129.9, 130.0, 130.5, 133.5, 133.7, 135.5 (30C, Ar-C), 165.2, 168.0, 172.8 (3C,
C=0); ESI-MS: m/z: Calcd for Cs3HsoO10Si [M+Na]*: 907.4, found: 907.4.
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Methyl 2,4,-0O-benzoyl-3-0-[(1S)-1-benzyloxycarbonyl-2-cyclohexyl-ethyl]-B-D-galacto-
pyranoside (51b).
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To a solution of 50b (226 mg, 0.260 mmol) in pyridine (10.0 mL) in a Teflon container was added
HF-pyr (1.20 mL) at 0 °C. The reaction was stirred at rt for 3 h and then neutralized with aqg. sat.
NaHCOs and NaxCOs. The aqueous phase was extracted with DCM (3 x 30 mL) and the organic
layer was dried with Na>SOs, filtered and concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether/EtOAc, 1:0 — 7:3) to afford 51b (114 mg, 69%)
as a white solid. [a]p?® +51.2 (¢ 0.6, CHCIs); *H NMR (500 MHz, CD30D): ¢ = 0.40-0.54 (m, 2H,
H-cy), 0.63-0.89 (m, 3H, H-cy), 1.03 (m, 1H, H-cy), 1.15-1.39 (m, 7H, 5 H-cy, 2 H-2"), 3.50 (s, 3H,
OMe), 3.66 (m, 1H), 4.03 (dd, J = 6.4, 9.4 Hz, 1H, H-6a), 4.08-4.17 (m, 3H, H-3, H-5, H-6b), 4.23
(dd, J = 4.9, 7.5 Hz, 1H, H-17), 4.63 (d, J = 8.0 Hz, 1H, H-1), 5.10 (d, J = 12.0 Hz, 1H, OCH.Ph),
5.14 (d, J = 11.6 Hz, 1H, OCH.Ph), 5.49 (dd, J = 8.0, 9.9 Hz, 1H, H-2), 5.81 (dd, J = 0.9, 3.4 Hz, 1H,
H-4), 7.28-7.38 (m, 5H, Ar-H), 7.46-7.55 (m, 4H, Ar-H), 7.59-7.67 (m, 2H, Ar-H), 8.09 (m, 4H, Ar-
H); 3C NMR (126 MHz, CD30D): § = 26.7, 26.9, 27.1, 34.0, 34.5 (5C, CHy-cy), 34.6 (CH-cy), 41.6
(C-2%), 57.3 (OMe), 67.6 (C-6), 67.8 (OCH2Ph), 71.5 (C-4), 73.6 (C-3), 73.9 (C-2), 78.7 (C-5), 79.1
(C-17),103.3 (C-1),129.5, 129.6, 129.6, 129.7, 129.8, 130.8, 131.0, 131.1, 131.2,134.4, 134.6, 137.1
(18C, Ar-C), 166.9, 167.3, 173.9 (3C, C=0); ESI-MS: m/z: Calcd for C37H42NaO10 [M+Na]*: 669.3,
found: 669.3.

Methyl 2,4-di-O-benzoyl-3-O-[(1S)-1-benzyloxycarbonyl-2-cyclohexyl-ethyl]-6-O-sulfonato-f-
D-galactopyranoside (52b).
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To a solution of 51b (114 mg, 0.176 mmol) in DMF (5 mL) was added SOzpyr (281 mg, 1.76 mmol)
at 0 °C. The reaction was then stirred at rt under argon atmosphere. After 5 h, starting material was
still present and another 5 eq of SOs-pyr were added and stirring was continued for further 2 h. Then,
NaHCO3 (800 mg) was added and the mixture was stirred for 1 h. The mixture was filtrated over
celite and concentrated under reduced pressure. The residue was purified by flash chromatography
(DCM/MeOH, 1:0 — 9:1) to afford 52b (79 mg, 60%) as a white solid. [0]p?°+41.8 (c 0.4, MeOH);
'H NMR (500 MHz, CD30D): 6 = 0.40-0.54 (m, 2H, H-cy), 0.63-0.89 (m, 3H, H-cy), 1.03 (m, 1H,
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H-cy), 1.15-1.39 (m, 7H, 5 H-cy, 2 H-2), 3.50 (s, 3H, OMe), 4.03 (dd, J = 6.4, 9.4 Hz, 1H, H-6a),
4.08-4.17 (m, 3H, H-3, H-5, H-6b), 4.23 (dd, J = 4.9, 7.5 Hz, 1H, H-1"), 4.63 (d, J = 8.0 Hz, 1H, H-
1), 5.10 (d, J = 12.0 Hz, 1H, OCH:Ph), 5.14 (d, J = 11.6 Hz, 1H, OCH.Ph), 5.49 (dd, J = 8.0, 9.9 Hz,
1H, H-2), 5.81 (m, 1H, H-4), 7.28-7.38 (m, 5H, Ar-H), 7.48-7.53 (m, 4H, Ar-H), 7.61-7.65 (m, 2H,
Ar-H), 8.07-8.11 (m, 4H, Ar-H); 13C NMR (126 MHz, CDs0D): § = 26.8, 26.9, 27.2, 34.0, 34.5 (5C,
CHa-cy), 34.6 (CH-cy), 41.7 (C-2°), 57.3 (OMe), 67.7 (C-6), 67.8 (OCH:Ph), 71.5 (C-4), 73.6 (C-3),
73.9 (C-2), 78.7 (C-5), 79.1 (C-17), 103.3 (C-1), 129.5, 129.59, 129.63, 129.7, 129.8, 130.8, 131.0,
131.1, 131.2, 134.4, 134.7, 137.1 (18C, Ar-C), 166.9, 167.3, 173.9 (3C, C=0). ESI-MS: m/z: Calcd
for C37H41NaO13S [M+Na]*: 771.2, found: 771.2.

Methyl 3-O-[(1S)-1-carboxy-2-cyclohexyl-ethyl]-6-O-sulfonato-B-D-galactopyranoside (39).
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Compound 52b (62.0 mg, 0.083 mmol) was treated with 0.1 M ag. NaOH (8.0 mL) at rt for 24 h.
Then it was neutralized with Amberlyst-15 and concentrated under reduced pressure. The residue was
purified by reversed-phase column chromatography (Cis, H20) and size exclusion column
chromatography (P-2 gel, H20) to afford 39 as a white solid (17.0 mg, 44%). [0]o*°— 8.6 (¢ 0.2, H20);
'H NMR (500 MHz, D20): § = 0.80-0.93 (m, 2H, H-cy), 1.07-1.21 (m, 3H, H-cy), 1.43-1.67 (m, 7H,
5H-cy, 2 H-2"), 1.73 (m, 1H, H-cy), 3.38 (dd, J = 3.3, 9.6 Hz, 1H, H-3), 3.51 (s, 3H, OMe), 3.53 (dd,
J=8.1, 9.6 Hz, 1H, H-2), 3.86-3.93 (m, 3H, H-1", H-4, H-5), 4.11-4.19 (m, 2H, H-6), 4.28 (d, J =
8.1 Hz, 1H, H-1); 3C NMR (126 MHz, D,0): J = 26.4, 26.6, 26.8, 32.5 (4C, CHy-cy), 33.9 (CH-cy),
34.3 (CH2-cy), 41.8 (C-2”), 57.8 (OMe), 66.9 (C-4), 68.4 (C-6), 70.5 (C-2), 73.0 (C-17), 79.9 (C-5),
83.1 (C-3), 104.2 (C-1), 183.2 (C=0); HR-MS: m/z: Calcd for C16H26Na>01:S [M+Na]": 495.0889,
found: 495.0889; HPLC purity: 93%.

Benzyl (R)-(+)-2-hydroxy-3-phenylpropanoate (47).
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To a solution of p-phenyllactic acid (5.00 g, 0.033 mol) in anhydrous DMF (25 mL) was added
Cs2CO3 (11.8 g, 0.036 mol) at 0 °C and the resulting suspension was stirred at rt for 40 min. After
that, benzyl bromide (3.91 mL, 0.033 mol) was also added at 0 °C and the reaction mixture was stirred
for 1 h at 0 °C and then for 16 h at rt. The suspension was then diluted with EtOAc (40 mL) and
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washed with ag. satd. NaHCO3 (30 mL), water (30 mL) and brine (30 mL). The organic extract was
dried over Na>SQyg, filtered and concentrated under reduced pressure. The crude residue was purified
by flash chromatography (hexane/EtOAc 50:1 — 9:1) to afford 47 (2.82 g, 33%) as a yellow oil.
[0]p?® +5.6 (c 1.2, CHCI3); *H NMR (400 MHz, CDCls): § = 2.75 (d, J = 6.1 Hz, 1H, OH-2), 2.98
(dd, J =6.5, 13.9 Hz, 1H, H-3a), 3.13 (dd, J = 4.7, 13.9 Hz, 1H, H-3b), 4.50 (m, 1H, H-2), 5.17 (d, J
= 12.1 Hz, 1H, OCH2Ph), 5.20 (d, J = 12.1 Hz, 1H, OCH2Ph), 7.13-7.16 (m, 2H, Ar-H), 7.21-7.26
(m, 3H, Ar-H), 7.32-7.34 (m, 2H, Ar-H), 7.36-7.40 (m, 3H, Ar-H); 3C NMR (100 MHz, CDCls): 6
=40.6 (C-3), 67.6 (OCH2Ph), 71.4 (C-2), 127.0, 128.5, 128.75, 128.77, 128.80, 129.7, 135.1, 136.2
(12C, Ar-C), 174.1 (C=0); ESI-MS: m/z: Calcd for C16H1603 [M+Na]*: 279.1, found: 279.1.

The analytical data of 47 were in accordance with reported values.™

Benzyl (R)-(+)-3-phenyl-2-(trifluoromethylsulfonyloxy)-propanoate (48).
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Compound 47 (2.81 g, 0.011 mol) was dissolved in dry DCM (43 mL) under argon. Then, 2,6-lutidine
(2.55 mL, 0.022 mol) was added, the mixture was cooled down to -15 °C and triflic anhydride (2.76
mL, 0.016 mol) was added. The reaction was stirred at -20 °C for 4 h. Then, it was diluted with DCM
(40 mL), washed with cold water (2 x 40 mL) and brine (3 x 40 mL), dried over Na>SO4 and
concentrated under reduced pressure. The residue was purified by flash chromatography (hexane/
EtOAc, 20:1 — 9:1) to afford 48 (3.56 g, 83%) as a yellow oil. [a]o®® +1.2 (¢ 1.0, CHCI3); *H NMR
(400 MHz, CDCl3): 6 =3.18 (dd, J = 8.5, 14.6 Hz, 1H, H-3a), 3.32 (dd, J = 4.3, 14.6 Hz, 1H, H-3b),
5.22 (s, 2H, OCH2Ph), 5.26 (dd, J = 4.3, 8.4 Hz, 1H, H-2), 7.13-7.17 (m, 2H, Ar-H), 7.22-7.38 (m,
8H, Ar-H); 13C NMR (100 MHz, CDCls): 6 = 38.3 (C-3), 68.5 (OCHPh), 83.9 (C-2), 118.3 (q, J =
319.7 Hz, CF3), 128.0, 128.7, 128.86, 128.96, 129.01, 129.6, 133.3, 134.4 (12C, Ar-C), 166.6 (C=0).

Methyl 3-0O-[(1S)-1-benzyloxycarbonyl-2-phenyl-ethyl]-6-O-tert-butyldiphenylsilyl-p-D-
galactopyranoside (49c).
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To a solution of 4 (100 mg, 0.230 mmol) in dry MeOH (2 mL) was added Bu>SnO (63.3 mg, 0.250
mmol) at rt under argon atmosphere. The reaction mixture was heated to reflux for 3 h, then the

solvent was evaporated and the residue dried under vacuum for 4 h. The crude product was dissolved
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in dry DME (2 mL) and stirred at rt under argon atmosphere. A solution of 48 (134 mg, 0.345 mmol)
in dry DME (2 mL) was added dropwise, followed by CsF (42.0 mg, 0.276 mmol) at once, after being
dried at 70°C under vacuum for 30 min. The reaction mixture was stirred for 16 h. Then, EtOAc (10
mL) and H2O (10 mL) were added and the aqueous phase was extracted with EtOAc (3 x 10 mL).
The organic phase was dried over Na>SOg, filtered and evaporated. The crude material was purified
by flash column chromatography (petroleum ether/acetone, 9:1 — 8:2) to afford 49¢ (36 mg, 24%)
as a yellow oil. [a]p?® —23.4 (¢ 1.0, CHCI3); *H NMR (400 MHz, CDCls): 6 = 1.04 (s, 9H, C(CHs)3),
2.96 (dd, J = 10.3, 13.9 Hz, 1H, H-2’a), 3.05 (dd, J = 3.3, 9.2 Hz, 1H, H-3), 3.20 (dd, J = 3.8, 13.9
Hz, 1H, H-2"b), 3.41 (m, 1H, H-5), 3.44 (s, 3H, OMe), 3.64 (dd, J = 7.8, 9.1 Hz, 1H, H-2), 3.84 (m,
1H, H-4), 3.86-3.93 (m, 2H, H-6), 4.01 (d, J = 7.8 Hz, 1H, H-1), 4.27 (dd, J = 3.7, 10.3 Hz, 1H, H-
1°), 5.13 (d, J = 12.0 Hz, 1H, OCH2Ph), 5.22 (d, J = 12.1 Hz, 1H, OCH,Ph), 7.30-7.44 (m, 16H, Ar-
H), 7.65-7.70 (m, 4H, Ar-H); *C NMR (100 MHz, CDCls): 6 = 19.4 (C(CHs)s), 26.9 (C(CHs)3), 39.8
(C-2%), 56.7 (OMe), 62.8 (C-6), 66.2 (C-4), 67.6 (OCH2Ph), 70.7 (C-2), 74.7 (C-5), 80.6 (C-1"), 85.3
(C-3),103.4 (C-1), 127.5, 127.8, 128.7, 128.86, 128.88, 129.0, 129.3, 129.82, 129.84, 133.5, 133.6,
135.0, 135.7, 135.8, 137.0 (24C, Ar-C), 173.4 (C=0); ESI-MS: m/z: Calcd for C3gH460sSi [M+Na]*:
693.3, found: 693.3.

Methyl  2-O-benzoyl-3-O-[(1S)-1-benzyloxycarbonyl-2-phenyl-ethyl]-6-O-tert-butyldiphenyl-
silyl-g-D-galactopyranoside (50c).
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To a solution of 49¢ (0.346 g, 0.516 mmol) in pyridine (6.0 mL) were added DMAP (0.038 g, 0.309
mmol) at once and Bz,O (1.50 g, 6.71 mmol) portionwise at 0 °C. The mixture was warmed to rt and
stirred for 16 h and then the solvent was removed via co-evaporation with toluene. The crude product
was dissolved in EtOAc (20 mL), washed with H20 (3 x 10 mL), ag. satd. CuSO4 (3 x 10 mL), H.0
(10 mL) and brine (10 mL). The organic phase was dried over Na>SOs, filtered and evaporated. The
crude product was purified by flash column chromatography (petroleum ether/acetone, 9:1) to give
impure 50c which was used for the next step without further purification. *H NMR (400 MHz,
CDCl3): 6 = 1.06 (s, 9H, C(CHa)3), 2.87 (dd, J = 7.3, 14.2 Hz, 1H, H-2"), 2.93 (dd, J = 5.1, 14.1 Hz,
1H, H-2"), 3.41 (s, 3H, OMe), 3.51-3.55 (m, 2H, H-3, H-5), 3.90-3.97 (m, 2H, H-6), 3.98 (m, 1H, H-
4), 421 (dd, J = 5.0, 7.2 Hz, 1H, H-1°), 4.35 (d, J = 8.0 Hz, 1H, H-1), 5.03 (d, J = 12.0 Hz, 1H,
OCHzPh), 5.12 (d, J = 12.0 Hz, 1H, OCH.Ph), 5.48 (dd, J = 8.1, 9.6 Hz, 1H, H-2), 7.37-7.44 (m,
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10H, Ar-H), 7.60-7.61 (m, 8H, Ar-H), 7.64-7.65 (m, 5H, Ar-H), 7.68-7.72 (m, 4H, Ar-H); ESI-MS:
m/z: Calcd for C4sHs009Si [M+K]™: 813.4, found: 813.3.

Methyl 2-0O-benzoyl-3-0-[(1S)-1-methoxycarbonyl-2-phenyl-ethyl]-B-D-galactopyranoside
(51c).

OH

HO
R
1, _-Q OMe
T

OBz
COOMe

To a solution of crude 50c (183 mg, 0.236 mmol) in pyridine (3.40 mL) in a Teflon container was
added HFpyr (2.40 mL) dropwise and the reaction mixture was stirred at rt for 2.5 h. The reaction
was neutralized with ag. satd. NaHCO3 and the aqueous phase was extracted with DCM (3 x 20 mL).
Then, the solution was dried over Na;SO4 and concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether/acetone, 8:2 — 7:3). During the
reaction a trans-esterification occurred, leading to a mix of benzyl and methyl ester. The purification
afforded the clean methyl ester 51c (40 mg, 40%) as a white solid. [a]o?® +4.8 (c 0.4, CHCIs); H
NMR (400 MHz, CDClz): 6 =2.88 (dd, J = 7.4, 14.0 Hz, 1H, H-2’a), 2.95 (dd, J = 4.3, 14.0 Hz, 1H,
H-2’b), 3.45 (s, 3H, OMe), 3.53-3.60 (m, 2H, H-3, H-5), 3.72 (s, 3H, COOMe), 3.86 (m, 1H, H-6a),
3.98 (m, 1H, H-4), 4.03 (dd, J = 6.6, 11.7 Hz, 1H, H-6b), 4.21 (dd, J = 4.4, 7.2 Hz, 1H, H-1"), 4.40
(d, J=8.0 Hz, 1H, H-1), 5.48 (m, 1H, H-2), 6.89-7.02 (m, 6H, Ar-H), 7.21-7.33 (m, 4H, Ar-H), 7.43-
7.46 (m, 2H, Ar-H), 7.59 (m, 1H, Ar-H), 7.97 (d, J = 7.4 Hz, 2H, Ar-H); 3C NMR (126 MHz, CDCl5):
0 =39.8 (C-2), 52.6 (COOMe), 56.6 (OMe), 62.7 (C-6), 67.7 (C-4), 71.2 (C-2), 74.3 (C-5), 80.5 (C-
1’), 82.0 (C-3), 102.2 (C-1), 126.8, 128.4, 128.5, 129.2, 130.0, 130.2, 133.2, 136.1 (12C, Ar-C),
165.3, 173.7 (2C, C=0); ESI-MS: m/z: Calcd for C24H2309 [M+Na]™: 483.2, found: 483.1.

Methyl 3-O-[(1S)-1-carboxy-2-phenyl-ethyl]-6-O-sulfonato-p-D-galactopyranoside (54).

0SO;Na

HQ,
0}
e, O OMe
r/ OH

COONa

To a solution of 51¢ (60 mg, 0.13 mmol) in DMF (4 mL) was added SOzpyr (207 mg, 1.30 mmol) at
0 °C. The reaction was then stirred at rt under argon atmosphere. After 5 h, NaHCO3z (200 mg) was
added and the reaction was stirred for another hour. The mixture was then filtrated over celite and
concentrated under reduced pressure. Purification of the residue by flash chromatography (DCM/
MeOH, 1:0 — 9:1) did not afford a clean product, because the sulfate also attached in position 4,

therefore the substance was dissolved in NaOH solution (0.1 M, H>O/dioxane 1:1, 13 mL) and stirred
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for 2 d. The conversion of the hydrolysis reaction was quantitative but the difficult purification, due
to impurities from the previous steps, afforded 54 only with a low yield (2 mg, 3% over two steps).
[0]p?® —0.54 (c 0.2, CHCI3); *H NMR (400 MHz, D;0): ¢ = 3.14 (dd, J = 7.0, 14.1 Hz, 1H, H-2’a),
3.22 (dd, J =5.7, 14.0 Hz, 1H, H-2"b), 3.54 (dd, J = 3.1, 9.7 Hz, 1H, H-3), 3.56 (s, 3H, OMe), 3.59
(dd, J =7.7,9.7 Hz, 1H, H-2), 3.89 (m, 1H, H-5), 4.12 (m, 1H, H-4), 4.18-4.21 (m, 2H, H-6), 4.31
(d, J = 7.6 Hz, 1H, H-1), 4.55 (dd, J = 5.8, 6.9 Hz, 1H, H-1"), 7.32-7.42 (m, 5H, Ar-H); 3C NMR
(126 MHz, D;0): ¢ = 38.4 (C-2), 57.3 (OMe), 66.3 (C-4), 67.2 (C-6), 70.0 (C-2), 72.5 (C-5), 79.8
(C-17), 81.7 (C-3), 103.6 (C-1), 127.2, 128.8, 129.7, 136.7 (6C, Ar-C), 178.5 (C=0); HR-MS: m/z:
Calcd for C16H20Na2011S [M+Na]*: 489.0419, found: 489.0419; HPLC purity: 88%.

Microscale thermophoresis. Microscale thermophoresis experiments were performed using a
Monolith NT.115 instrument (Nanotemper, Munich, Germany) set to 25 °C, 50% LED power, and
“medium” MST power. The Nanotemper MO. Affinity Analysis software suite was employed for
analysis and nonlinear fitting of experimental data. In a typical experiment, a serial ligand dilution
starting at 15 mM or 30 mM was incubated with an equal volume of 160 nM FITC-labeled Siglec-8-
CRD and measured directly using the green channel of the instrument. Experiments were performed

in triplicates.

Isothermal titration calorimetry. Isothermal titration calorimetric experiments were performed on
an ITC200 instrument (MicroCal, Northampton, USA) at 25 °C using standard instrument settings
(reference power 6 pcal s2, stirring speed 750 rpm, feedback mode high, filter period 2 s). Protein
solutions were dialyzed against ITC buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) prior to the
experiments and all samples were prepared using the dialysate buffer to minimize dilution effects.
Protein concentrations were determined spectrophotometrically with the specific absorbance at 280
nm employing an extinction coefficient of 33240 mol™* cm™. Binding affinities of Siglec-8 ligands in
the UM to mM range necessitated a low c titration setup. In a typical experiment, a 25 mM ligand
solution was titrated to a solution containing 40 puM Siglec-8 to ensure >70% saturation. Baseline
correction, peak integration, and non-linear regression analysis of experimental data was performed
using the NITPIC (version 1.2.2.)%° and SEDPHAT (version 12.1b)8! software packages. The
stoichiometry parameter was manually constrained to a value of 1. Experiments were performed in
duplicate and the 68% confidence intervals from global fitting of two experiments were calculated as
an estimate of experimental error. For kinITC analysis, the AFFINImeter software suite (v2.1802.5,
Software for Science Developments, Santiago de Compostela, Spain) was used. Raw ITC data was

fit to a thermodynamic model assuming a stoichiometry of 1 to derive Ka. Dissociation rates were
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then determined from a fit of the equilibration time curve to a 1:1 interaction model. Association rate

constants were calculated from Ka and kot according to the equation:

Korr
Kp

Errors in rate constants are given as the 68% standard error of the fit for a single experiment.

kOTL = KA X kOff =

Nano Differential Scan Fluorimetry. Differential scanning fluorimetry assays were performed
using a Prometheus NT.48 (Nanotemper, Munich, Germany) instrument set to 50 % excitation power
and 1.0 °C/min temperature slope. The Nanotemper Pr.ThermControl software suite was employed
for analysis of experimental data. In a typical experiment, a 20 pM solution of Siglec-8-CRD was
incubated alone or with 1 mM solution of ligand and measured over a temperature range from 20 to
80 °C.
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3. Virtual screening for the optimization of the Siglec-8 lead compound

This chapter presents two main virtual screening approaches to target Siglec-8. In the first case, we
virtually combined fragments from commercially available libraries to position 5 of the lead
compound 34 to explore the close binding pocket. The obtained molecules were docked to Siglec-8
and selected structures were synthesized and tested. Fragments chosen by rational design were also
introduced via amide-linkage. In a second virtual screening approach, commercially available
libraries were screened against Siglec-8, keeping constant the interactions with the main amino acids.
Selected compounds were screened with different assays (MST, ITC & nanoDSF).

Contributions to the project

Benedetta Girardi synthesized and evaluated all the ligands presented in this chapter. She also
performed the virtual screenings and homology modeling, with the help and guidance of Dr. Zan
Toplak and Assoc. Prof. Dr. Tihomir Tomasi¢ from the University of Ljubljana and PD Dr. Martin
Smiesko, who also suggested some fragments to be introduced at position 5 of sialic acid via amide-

linkage. The protein was produced by Gabriele Conti with the help of PD Dr. Said Rabbani.
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3.1 Introduction.

The process of drug development, from the first stages to the market, is extremely complex and
requires a lot of time (15-20 years) and money. Combinatorial chemistry and high-throughput
screening (HTS) allowed for having access to a large set of molecules that can be easily screened to
an equally large number of targets.! Next to this, computer-aided drug design (CADD) techniques
also contribute to speed up the first stages of drug discovery and help to reduce failures and costs by
directing the focus on the most promising compounds. Principally, modeling is based on two separate
approaches: ligand-based drug design (LBDD), where a pharmacophore model is built on different
known ligands of the target, and structure-based drug design (SBDD) where, knowing the structure
of the target, rational design and virtual screening may be useful tools for the identification of

potential hits and leads (Figure 1).%*

Computer-aided drug design
r (CADD)
A _Q“\’l
Y Dads.y
TS
PR E =
Structure-based drug design Ligand-based drug design
(SBDD) LBDD)
O I DB l
7
Binding site identification Quantitative structure-activity

relationship (QSAR)

l Pharmacophore modeling
Docking and Scoring
%.@/ |

Virtual screening

Compound selection

|
|
Lead optimization

|
|

New drug

Figure 1. Workflow of computer aided drug design (CADD). Figure from Macalino et al.?
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Fragment-based drug design (FBDD) is also part of structure-based methods. It consists of the
identification of small molecules that can target a specific part of a protein.>® Virtual screening of
sets of libraries allows preselecting the most promising candidates. Usually, fragment hits are
characterized by low molecular weight, they can interact with the binding pocket and, being starting
points for future optimization, they show high synthetical tractability.”® One of the rules traditionally
used to select fragments is “the rule of three” (MW < 300 Da, clogP < 3 and H-bond acceptor or
donor < 3).° Once virtually selected, the fragments should be validated. They usually have low
binding affinities, from micromolar to millimolar range, which can be measured by sensitive
biophysical methods,'® such as MST,** Surface Plasmon Resonance (SPR),? DSF® or ITC!.
Different strategies can then be explored to transform hit fragments into a lead: fragment growing,
merging (when two different fragments bind to different regions of a pocket they can be merged in
one compound) or linking strategies (connecting two fragments binding to different adjacent sites at
the same time).®

One of the primary methods used in SBDD to evaluate molecules or fragments is molecular
docking.!® Molecular docking programs use different algorithms to predict the conformations adopted
by a compound in a protein binding pocket and to evaluate the complementarity with surrounding
amino acids. The quality of the so-called “poses” is calculated with different scoring functions.'® The
ideal scoring functions should differentiate and classify ligands based on the lowest binding energies
and on the prediction of their potency. However, in spite of the recent advances, more accuracy is
needed for the correct correlation between the score and the actual more active ligands.?” Scoring
functions are indeed based on a simplified model of the ligand-protein interactions. For example,
proteins are treated as rigid structures, so different conformations of the target or induced-fit effects
limit the precision of the docking score functions.!8® The score function is anyway an important
reference during the screening of large libraries but it cannot represent the only selection criteria
itself.?% For this reason, other methods such as Molecular Dynamics (MD) or visual inspection of the
binding mode are crucial points for the most correct choice of a potential hit or in the hit-to-lead
optimization process.?

In this chapter, we used virtual screening in two different ways: (i) by identifying fragments to explore
the empty pocket close to position 5 of the NeuSAc moiety of our lead compound 34 (Figure 2), and
(i) to screen and identify new potential non-carbohydrate hit molecules. In the first case, available
libraries of fragments were first virtually linked to compound 34, docked and evaluated, while in the
second case molecules were directly docked to the Siglec-8 NMR solution structure, using as
constraints the two important arginine residues (56 and 109). The fragments and compound 34

analogs were then validated with MST and nanoDSF screening.
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Figure 2. Docking pose of lead compound 34. Blue circle: empty pocket close to position 5 of NeuSAc to be explored by
fragment screening. Only selected amino acids are presented as sticks. Docking was performed using the FRED algorithm
of the OEDocking software (OEDOCKING 3.3.0.2: OpenEye Scientific Software). The figure was generated using the
software Pymol.??> Color code: N: blue, O: red, S: yellow, protein backbone: grey, ligand C: green. Contacts with the

protein are depicted as blue dashed lines.
3.2 Results and discussion.

Fragment screening for position 5 of lead compound 34. To perform a fragment screening for
position 5 of the sialic acid, we applied different commercially available virtual libraries of fragments
from different vendors (Chembridge, Enamine, Asinex, KeyOrganics, Pharmeks, Vitas) and, using
the KNIME workflow,?® we virtually combined them with the structure of compound 34. To do so,
we performed in silico reactions (reductive amination, coupling, click chemistry and alkylation) to
connect the fragments via amide, amine, triazole and ester linkers. Then, the new molecules virtually
obtained were docked to the Siglec-8 NMR solution structure.? Docking was performed using the
FRED and HYBRYD algorithms of the OEDocking software.?® At first, we evaluated both positions,
5 and 9, to find the best fragments but, as explained in the first chapter, the NMR solution structure
hardly accommodates new fragments in position 9. Therefore, we focused only on position 5 (Figure
3).
Q

OH ( i
HO COONa "x___.) ®

: 0 Fragment screening
HO i

0503Na

Figure 3. Virtual fragment screening for position 5 of compound 34 and in silico reactions.
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As constraints, we used the two most important arginine residues that interact with Siglec-8 ligands
by forming salt bridges, Arg109 with the carboxylic group of the sialic acid and Arg56 with the sulfate
group.?* Docking poses were evaluated with a scoring function and visual inspection, also considering
the relative position to the native tetrasaccharide ligand 6’-sulfo-sLe* (1b).

By visualizing the results, we observed that the fragments alone were not involved in many

interactions within the binding site, except for a few exceptions (Figure 4).
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Trp117 _ /
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P

Figure 4. Representative docking pose of compound 34 with a fragment in position 5 identified from the virtual fragment
screening. Only selected amino acids are presented as sticks. Docking was performed using the FRED algorithm of the
OEDocking software (OEDOCKING 3.3.0.2: OpenEye Scientific Software). The figure was generated using the software
VIDA.? Color code: N: blue, O: red, S: yellow, protein backbone: grey, ligand C: green. Contacts with the protein are
depicted as blue dashed lines.

Therefore, we chose suited fragments based on their size and ability to not interfering with the correct
pose of compound 34’s core structure. The only linkers able to preserve the correct position of the
core structure were triazole and amine. We therefore selected a few fragments per linker, synthetically
linked them to lead compound 34 and evaluated the binding affinity of the resulting compounds to
Siglec-8 by MST and nanoDSF.

Synthesis of analogs of compound 34 modified in position 5. The synthesis of the candidate
compounds was envisaged starting from two building blocks, the sialic acid donor 73 and the
cyclohexyl derivative 74 (Figure 5). As previously mentioned, fragments should be introduced in
position 5 via triazole and amine linkers. Therefore, first an azide was introduced in the same position
because it is a versatile group that could be directly used for click chemistry reactions and for

reductive amination after reduction to amine.
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Figure 5. Retrosynthetic scheme for the synthesis of intermediate 72.

Intermediate 73 was synthesized starting from compound 8, which first was completely deacetylated
in a two-step procedure leaving a free amine in position 5. Reactions that involve azides are
particularly dangerous. For this reason, a safer procedure, developed in a previous work in Prof.
Ernst’s group,?’ was followed. By replacing DCM with toluene, the diazotransfer from triflyl azide
to a primary amine can be done avoiding the formation of hazardous byproducts, such as
diazidomethane or azido-chloromethane, which can cause explosions. In this way, intermediate 76

was obtained, which was subsequently acetylated to afford donor 73 (Scheme 1).
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Scheme 1. a) MeONa/MeOH, rt, 16 h, quant.; b) i. MsOH/MeOH, rt to reflux, 24 h; ii. NaHCO3, CuSQ4, TfN3, H»0,
MeOH, rt, 16 h; ¢) Ac20, pyr, rt, 16 h, 34% over 3 steps from 75; d) chromatographic separation; €) vinyl butyrate,
Novozyme 435, heptane, 25 °C, 3 h, 44%; f) DIBAL-H, THF, -15 °C, 1.5 h, quant.; g) TBDPSCI, DMAP, imidazole, rt,
16 h, 50%; h) (R)-(-)-MTPA-CI, DMAP, DCM, 0 °C to rt.

For the enantioselective synthesis of cyclohexane derivative 74, the same procedure used for the
synthesis of lead compound 34 was followed (Appendix, p. 199).28 A racemic mixture of cis and
trans isomers of ethyl 3-hydroxycyclohexane-1-carboxylate (77) turned out to be a feasible starting
material (Scheme 1). The racemic cis-isomer 78 was obtained by chromatographic separation of the
commercial cis/trans mixture. The enzymatic separation of the enantiomeric mixture rac-cis-78 using

the lipase Novozyme 435 and vinyl butyrate yielded the butyrate 79 in 35% yield.?®3® The synthesis
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of 74 was completed by reduction with DIBAL-H (— 80), followed by the regioselective protection
of the primary hydroxyl group with TBDPSCI. The enantiomeric purity of the cyclohexanol
derivative 74 (95% ee) was determined by conversion into the Mosher ester 81 and subsequent °F
NMR analysis.
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Scheme 2. a) NIS, TfOH, MS 3 A, DCM/MeCN 5:3, -40 °C, 6 h, 41%; b) HF-pyr, pyridine, 0 °C to rt, 3 h, 98%; c)
SOs-pyr, DMF, 0 °C to rt, 3 h, 54%; d) MeONa/MeOH, rt, 16 h, 89% over two steps from 82; ) NaOH (aq.), rt, 2 h,
quant; f) Hp, Pd/C, MeOH, rt, 3 h, quant; g) Cul, DIPEA, Ri-alkyne, DMF, rt, 16 h, 87: 37%, 88: 30%, 89: 55%, 90: 24%,
91: 32%; h) R,CHO, CHsCOOH, NaCNBH3, MeOH, rt, 16 h, 92: 20%, 93: 74%, 94:17%, 95: 38%.

Sialylation of cyclohexanol 74 with sialic acid donor 73, using the standard NIS/TfOH conditions
presented in chapter 2, afforded intermediate 72 in 41% yield (Scheme 2). In this case, the yield was
better compared to the glycosylation of the galactoside (34%, chapter 2) but worse compared to the
one between 74 and 8 (81%, appendix). In fact, on one hand the yield was improved by a better
solubility of 74 compared to the galactoside but on the other hand, an azido group in this position
usually gives lower yields compared to an N-acetamido moiety.>! Subsequent removal of the TBDPS
group (— 82) and introduction of a sulfate on the free primary alcohol afforded intermediate 83. At
first, it was intended to directly introduce modifications on position 5 of fully protected 83 to simplify
purification. However, during column chromatography, acetates were partially cleaved creating a
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mixture of various incompletely protected compounds. Therefore, the following reactions were
performed with the fully unprotected compound 85, which was obtained by complete deacetylation
of the crude product of the sulfonation reaction (— 84) followed by hydrolyzation with aqueous
NaOH. Fragments attached via triazole linkers were introduced by click chemistry with alkynes to
afford the final compounds 87-91. Click chemistry is the popular name of Cu(l)-catalyzed
azide—alkyne 1,3-dipolar cycloaddition (CUAAC), a very common reaction in medicinal chemistry
due to its broad application, even in complex molecules, mild reaction conditions and compatibility
with different functionalities.®?> Fragments via amine linkers were instead introduced by reductive

amination after reducing the azide group to amine (— 86) to afford compounds 92-95.

Binding affinities of compounds 87-95. To validate the affinity to Siglec-8 of compounds 87-95,
MST was used as a first screening method (Table 1). Unfortunately, the results were not as expected.
All compounds with the triazole linker (87-91) showed none or only very weak affinities in mM range
to Siglec-8. Besides, compound 88 showed a clear interaction with the dye. This was also the case
for all compounds with the amine linker (92-95). Interactions with the dye may result in misleading
Kp values, since it is not clear if they stem from direct interaction with the protein or just with the dye
(Table 1). Therefore, another screening method is necessary. Like before (see Chapter 2), we chose
nanoDSF, which allows checking the binding to the protein but without measuring the binding
affinities. For this reason, we used ligands 2 and 34 as a reference: only compounds that show a higher
shift of the so-called apparent melting temperature (Tm) of Siglec-8 than the one of the reference
compounds will be considered as successful candidates. As can be seen from the AT values (Table
1), none of the compounds showed a higher shift, not even compared to the only moderately active
disaccharide 2. This probably confirms that the Kp values obtained with the MST were just the results
of interactions with the dye and, therefore, might not be relevant. To overcome this problem, we tried
to couple different dyes to the protein but with no success.

We can conclude that the fragment virtual screening did not lead to any remarkable candidates. A
possible explanation could be that, looking at the docking pose, the absence of an H-bond acceptor
in position 5, such as the carbonyl of the acetamide, destabilizes a sort of pre-organization due to
intra-molecular interactions, in particular between the carbonyl group and the hydroxyl in position 7
of the sialic acid. Plus, a charged amine may also interfere with the correct binding mode. Hence, we

decided to introduce further modifications keeping the amide in position 5.
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Table 1. Biological evaluation of compounds 87-95 against human Siglec-8 with MST and nanoDSF assays. Compounds

2 and 34 are used as references. Average values of Kp were calculated from triplicate measurements. [a] Interactions with

the dye. n.d. Not determined. n.a. Not active up to 15 mM.
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Modifications on the 5-acetamido group of lead compound 34. In our virtual fragment screening,
fragments linked via amide linkers did not provide good binding poses. Therefore, we decided to
rationally design the alternative modifications. In particular, we elongated the acetamido chain by a
methylene unit, a phenyl ring or a methoxy propionate group. The idea was to better fill the cavity
and possibly displace some water molecules, while a methoxy group can be engaged in hydrogen
bond interactions with the Tyr11 at the bottom of the binding site. In the model, Tyrl1 seems to only
have a sulphur from Met115 as acceptor, so a methoxy group at the end of a newly introduced
substituent may provide a more attractive acceptor (Figure 6). The docking pose also indicates that
in this case the intra-molecular interaction between the carbonyl in position 5 and the hydroxyl in

position 7 are maintained.
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Figure 6. Docking pose of designed compound 99 modified in position 5. Only selected amino acids are presented as
sticks. Docking was performed using the FRED algorithm of the OEDocking software (OEDOCKING 3.3.0.2: OpenEye
Scientific Software). The figure was generated using the software Pymol.?? The figures were generated using the software
Pymol.? Color code: N: blue, O: red, S: yellow, protein backbone: grey, ligand C: green. Contacts with the protein are

depicted as blue dashed lines.

Next to these three modifications, we also introduced two more fragments derived from previously
reported ligands®*3* for CD33, a related Siglec-8 protein, and Siglec-F, the mouse paralog of Siglec-
8, both consisting of a substituted triazole-methylene linker. When docked, these substituents were
hosted within the binding pocket and might help to understand the effect of a larger substituent in this

position.

Starting from intermediate 84, the azide was first reduced to the amine (— 96) while keeping the
carboxylate protected as a methyl ester to avoid possible cross-reactions in the following amidation
reaction. The synthesis was performed by simple HATU-mediated coupling between intermediate 84

and the corresponding free carboxylic acid of the fragments. Only in the case of compound 100 N-
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hydroxysuccinimide (NHS) was used as activating reagent for the carboxylic group.®* Final

deprotection of the methyl ester with aqueous NaOH afforded test compounds 97-101.

OH

OH OH
HO, OH COOMe HO OH COOMe HO, OH COONa
i a 5 borc § o
N; o/ o - HN /o NP °
HO HO Y HO
84

0SO;Na 96 0SO3Na R 0SO3Na

R:

Q, v oy
>

97 98 929
o
ey SRas
N\\ NL§
100 § 101

Scheme 3. a) Hp, Pd/IC, MeOH, rt, 3 h, 96%; b) i. RCOOH, HATU, DIPEA, R-NH,, DMF, tt, 16 h; ii. NaOH (ag.), rt, 16
h, 97: 37%, 98: 40%, 99: 41%, 101: 32%; c) i. RCOOH, NHS, DCC, EtOAC, 0 °C to rt, 16 h; ii. NEts, DMF, rt, 16 h; iii.
NaOH (aq.), rt, 16 h, 100: 26%.

The binding affinities of compounds 97-101 were measured by MST and nanoDSF for a first
screening (Table 2). Promising candidates then were also measured by ITC. Generally, the results of
the ITC results were in good agreement with those from the MST assay, proving the robustness of
the data. Overall, it can be definitely stated that amides in the 5-position are better linkers compared
to amines and triazoles, so the possible intra-molecular interaction obviously plays a role for
stabilizing the binding. While compound 97 bearing a bulky phenyl substituent on the carbonyl did
not show any binding, indicating a steric clash within the binding pocket, the elongation of the
acetamido group by just one methylene unit (— 98) had no relevant effect on the affinity compared
to the lead compound 34. Indeed, 98 showed only a slightly higher Kp compared to 34 on MST (266
vs 256 uM) and ITC (326 vs 259 uM), and nanoDSF also gave a slightly reduced Tm for 98 (AT =
+1.6 °C vs AT = +2.0 °C for 34).

However, as expected from the docking studies, the additional introduction of a methoxy group (—
99) improved the affinity by almost 2-fold compared to the parent compound 34 on MST (Kp 165 vs
256 uM) and ITC (Kp 166 vs 259 uM). Also in the nanoDSF assay, a marked positive shift of the Tm
(AT =+3.6 °C) was observed, confirming again that 99 is definitely more active than 34 (AT = +2.0
°C) and making 99 the most active ligand of this series.

Finally, interesting results have been observed for the two literature-derived compounds bearing a

substituted triazolyl-acetyl moiety (Table 2).
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Table 2. Biological evaluation of compounds 97-101 against human Siglec-8 with MST, nanoDSF and ITC assays.
Compounds 2 and 34 are used as references. Average values of Kp from MST were calculated from triplicate
measurements. [a] Interactions with the dye. n.d. Not determined. n.a. Not active up to 15 mM.

Compound Structure Ko (MST, pM) AT (°C) Ko (ITC, pM)
OH
HO, oH COONa on
2 M\O%\ow 561 +1.3 574
"o HO os0;Na
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34 \W\o? 256 2.0 259

HO
0S03Na
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HO oH COONa
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While the cyclohexyl substituent in 100 obviously is too bulky leading to an inactive compound,

ligand 101 with a more flexible substituent showed slightly improved affinity compared to 34, both
on MST (Kp 201 vs 256 uM) and ITC (Kp 196 vs 259 uM), but, surprisingly, a lower AT on nanoDSF
(101: + 1.3 °C, 34: + 2.0 °C). However, considering that 101 was just derived from a published Siglec-
F ligand, the assay results indicate that the triazolyl-acetyl moiety seems to be well tolerated in the
cavity and the affinity might be further increased by adjusting and optimizing the substituent on the
triazole.

To have a better insight into the binding mode, thermodynamic fingerprints of the interaction of the
most active compounds 99 and 101 were compared to the ones of disaccharide 2 and lead compound
34 (Table 3, Figure 7).
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Table 3. Thermodynamic parameters from ITC for selected Siglec-8 ligands 2, 34, 99 and 101.

Compound Ko [uM] AG° [kImoll]  AH° [kImoll] —TAS° [kJ mol?]
) 574 -18.5 -16.3 -2.3
(505 -650)  (-18.8—--18.2)  (-17.2—-15.3) (-35--1.0)
34 259 -20.5 -15.0 -5.5
(222-303)  (-209--20.1)  (-16.2—-13.9) (-6.9 - -3.9)
99 166 -21.6 -29.2 +7.6
(159 -173)  (-21.7--215)  (-29.7—-28.7) (7.0-8.2)
101 196 -21.2 -22.7 +1.49
(160-255)  (-21.7--205)  (-23.9--21.4) (-0.25 - 3.42)
207 2 34 99 101

kJ mol™

-30
Hl AG°
B AH°
-40- Hl -TAS®

Figure 7. Thermodynamic signature (AG®°, AH® and -TAS®) for compounds 2, 34, 99 & 101.

The binding of compound 99 is definitely driven by a stronger enthalpic contribution (AH® = -29.2
kJ mol) compared to the ones of ligands 2 (AH® = -16.3 kJ mol™?) and 34 (AH° = -15.0 kJ mol?),
indicating additional beneficial interactions of the methoxyethyl substituent with the protein as, for
example, a hydrogen bond with Tyrll as assumed during the docking analysis. However, this
enthalpy gain is in part compensated by a slightly unfavorable entropic term (-TAS® = +7.6 kJ mol™?)
that might be due to a loss of flexibility of the rotatable bonds within the methoxyethyl substituent.
Compound 101 showed a similar behavior, with a more favorable enthalpic contribution (AH® = -
22.7 kJ mol™t) than parent compound 34 but slightly worse than 99 (AH® = -29.2 kJ molt). However,
in this case the entropic term, even if minimally unfavorable (-TAS® = +1.49 kJ mol™?), was quite less
pronounced than for the more active compound 99 (-TAS° = +7.6 kJ mol™). The lower entropic
penalty may be due to the higher pre-organization of the more rigid triazole moiety within the binding
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cavity. These data confirm that the triazolyl-acetyl also presents a beneficial linker and that further

optimization of the terminal substituents may lead to more potent ligands.

Virtual screening for the identification of non-sugar containing hit molecules. Up to date, there are
no molecules known able to bind a Siglec that do not contain sugar moieties. Considering that
standard small molecules with lower polarity than carbohydrates have better synthetical tractability
and often improved pharmacokinetic properties, we decided to perform a virtual screening to identify
possible new hits with affinities in micromolar range. The procedure was very similar to the one
previously described: commercially available libraries were combined and docked to the Siglec-8
NMR solution structure with the OEDocking software.?> As before, we kept Arg109 and Arg56 as
constraints to identify molecules able to interact with these two important amino acids. Docking poses
were evaluated based on scoring functions and visual inspection. The selected molecules, all

commercially available, are shown in Figure 8.

o] N
2 l (o]
— (o]
102 103 104

NH
0% oH N
oH N o o o

105 106 107

Figure 8. Selected non-carbohydrate containing molecules from virtual fragment screening.

As we can see, all the molecules contain groups able to interact by hydrogen bonds or salt bridges
with the two selected arginines. To validate them, an MST assay was performed. In this case, the
solubility was much lower compared to the one of our Siglec-8 ligands, therefore the assay was
conducted by dissolving the molecules in the standard HEPES buffer (250 mM) but with the addition
of 10% of DMSO. The stability of the protein under these conditions was checked repeating the assay
with lead compound 34. We obtained the same Kp value previously reported, therefore it could be
confirmed that the protein was not denatured. The only insoluble compound was 102, which could

122



Chapter 3

not be tested. Unfortunately, none of the screened compounds showed any affinity in the assayed

concentration (50 mM). Therefore, this side-project was discontinued.

3.3 Conclusions.

In this chapter, we presented virtual screening approaches. In one case, we virtually combined
different fragments with the core structure of compound 34 and we docked them into the Siglec-8
solution structure. The most promising candidates, where fragments were attached via amine or
triazole linkers, were synthesized and tested. However, none of them showed any affinity to our target
protein. In the second case, we performed a virtual screening to identify new possible hits with no
carbohydrate moiety. Also in this case, the compounds did not show any binding. We can therefore
conclude that our virtual screening approach was not successful. We assume that the absence of an
amide in position 5 of the sialic acid could be detrimental to the binding. In fact, modifications
introduced by rational design via amide linkers were more successful. In particular, compound 99,
bearing a methoxypropionamide in position 5, showed an almost 2-fold affinity improvement
compared to parent compound 34, revealing that modifications in this position are beneficial to
improve the binding. Further affinity improvement may be obtained by combining this modification
with the favorable naphthyl-sulfonamide in position 9. Other substituents could also be introduced
via triazolyl-acetyl moiety, since it seems to be well tolerated in this position. Nevertheless, a crystal
or NMR solution structure would be definitely useful to provide better insight into the binding mode

of our ligands and consequently make more reliable and accurate virtual predictions.

3.4 Experimental part.

Preparation of virtual libraries. We have prepared our fragment library consisting of 118570
fragments by merging libraries of various vendors (Chembridge, Enamine, Asinex, KeyOrganics,
Pharmeks, Vitas) using the KNIME workflow.?® Using the RdKit nodes® in KNIME we generated
analogues of compound 34 which had amines extended with fragments from our fragment library in
positions 5 and 9. To increase the possibility of successful synthesis of possible virtual screening hits
we used four types of reactions: reductive amination, alkylation and formation of amides or esters.
By performing in silico reactions with the KNIME workflow we obtained 65785 new molecules that
had either of two amines, extended with the small fragments. For the purpose of the virtual screening
of all compounds we also protonated at pH 7.4 using the OpenBabel KNIME node.%® Prepared

molecules were saved in SMILES format. For the virtual screening, different conformations for each
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compound were calculated using the OpenEye Omega software.®” For each compound a maximum
of 200 conformations were generated using the OpenEye Omega2 (v2.5.1.4) algorithm with flipper
setting turned on to prepare all stereoisomers if the stereogenic center was not defined.

Virtual screening. Docking was performed using OpenEye OEDocking with both algorithms, FRED
and HYBRID (OEDOCKING 3.3.0.2: OpenEye Scientific Software, Santa Fe, NM, USA,
http://www.eyesopen.com, accessed on 1 July 2021), at the Siglec-8 binding site (PDB entry:
2N7B).24+%3° The binding site for docking experiments was created using MAKE RECEPTOR
(Release 3.2.0.2, OpenEye Scientific Software, Inc., Santa Fe, NM, USA; www.eyesopen.com,
accessed on 1 July 2021). The binding site was defined as a box in size 18.67 A x 23.33 A x 17.33 A
and a volume of 7549 A3, We defined Arg109 and Arg56 as constraints. The best 5000 docking poses
per algorithm were compared using the OpenEye's scoring function Chemgauss4 score and
compounds with the best scoring by both methods were evaluated further for chemical synthesis.
Docking poses were scored and ranked using Chemgauss4 scoring function. The results were
visualized and analyzed with VIDA (version 4.3.0.4, OpenEye Scientific Software, Inc., Santa Fe,

NM, USA, www.eyesopen.com, accessed on 1 July 2021).

Synthesis. Unless otherwise stated, the starting materials, reagents, and solvents were purchased as
high-grade commercial products from Sigma-Aldrich, Alfa-Aesar, Apollo Scientific and TCI, and
used without further purification. MeCN and MeOH were dried over activated molecular sieves (4 A
and 3 A, respectively) and stored under argon atmosphere. Dry DME was prepared by filtration
through Al,Os and stored over activated molecular sieves (4 A) under argon atmosphere. Dry DCM,
DMF, pyridine and THF were purchased from Sigma-Aldrich and TCI. Molecular sieves were
activated under vacuum at 500 °C for 30 min immediately before use. Analytical TLC was performed
on silica gel Merck 60 F254 plates (0.25 mm), using visualization with UV light and/or by charring
with a phosphomolybdic acid solution (10 g in 100 mL of ethanol). Acidic ion-exchange resin
(Amberlyst® IR-120 hydrogen form) was washed with MeOH prior to use. Column chromatography
was carried out on silica gel 60 (particle size 240-400 mesh). Medium pressure chromatography
(MPLC) separations were carried out on a CombiFlash Rs from Teledyne Isco equipped with RediSep
normal phase or RP-18 reversed-phase flash columns. Reversed-phase chromatography was also
performed on a Biotage Isolera™ One using C-18 cartridges. Size exclusion chromatography was
performed on Biogel P-2 media (Bio-Rad Laboratories, Inc.). *H and 3C NMR spectra were recorded
at 400 MHz and 100 MHz, respectively, on an AVANCE 111 400 spectrometer (Bruker Corporation,
Billerica, MA, USA) or at 500 MHz and 126 MHz on a Bruker Avance DMX-500 spectrometer, in
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chloroform-d (CDCIs), methanol-ds (CD3OD) or deuterium oxide (D20), with TMS as internal
standard. Chemical shifts (8) are expressed in parts per million (ppm) relative to the residual solvent
peaks for the *H and *3C nuclei (CDCls: 81 = 7.26, 8¢ = 77.16; CD30D: n = 3.31, 8¢ = 49.00; D,O:
dn = 4.79); coupling constants (J) are given in hertz (Hz). The following abbreviations are used to
describe peak patterns when appropriate: s (singlet), d (doublet), dd (doublets of doublet), ddd
(doublets of doublets of doublet), t (triplet), m (multiplet). 2D NMR experiments (COSY and HSQC)
of representative compounds were carried out to assign protons and carbons of the new structures.
Mass spectra were obtained using a single quadrupole mass spectrometer Advion Expression CMSt
coupled with an Agilent 1290 liquid chromatograph or on a Waters Micromass ZQ instrument. High
resolution mass spectrometry (HRMS) was performed on a Q Exactive™ Plus Hybrid Quadrupole-
Orbitrap™ Mass Spectrometer (Thermo Scientific™; ion source: Electrospray Ionization (ESI)). MS
spectra were acquired in Fourier transform-mass spectrometry (FT-MS) scan mode with a target mass
resolution of 100 000 at m/z 400. Recorded spectra were analyzed with Thermo Xcalibur Qual
Browser (Xcalibur 4.2 SP1, Thermo Fisher Scientific Inc.). HRMS analysis was also performed on
an Agilent 1100 LC, equipped with a photodiode array detector and a Micromass QTOF I, equipped
with a 4 GHz digital-time converter. Optical rotations were measured with a PerkinElmer polarimeter
341. LCMS purifications were performed on Agilent Technologies 1260 Infinity Il HPLC with
Waters XSelect CSH Prep C18 5.0 uM OBD, 19 mm x 250 mm, used at a flow rate of 20 mL/min
and a column temperature of 25 °C. The eluent consisted of H>O + 0.1% trifluoroacetic acid (TFA)
as solvent A and MeCN + 0.1% TFA as solvent B (Table 4, Method A). HPLC analysis was
performed on a Thermo Scientific Dionex Ultimate 3000 Binary Rapid Separation LC System
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with an autosampler, a binary pump
system and a photodiode array detector. A Waters Atlantis T3 dC18 column (3 pum, 2.1 x 100 mm)
was used with a flow rate of 0.3 mL/min. The eluent consisted of H.O + 0.1% trifluoroacetic acid
(TFA) as solvent A and MeCN + 0.1% TFA as solvent B (Table 4, Method B and Method C (for
compounds 97-101)).

Method A Method B Method C

T (min) %B T (min) %B T (min) %B
2 5 2 5 2 5
15 50 16 95 10 20
16 95 18 95 16 80
17 5 20 5 18 80
- - 21 5 20 5
- - - - 21 5

Table 4. Methods for LCMS purification and HPLC analysis.
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Tolyl (methyl 5-acetamido-2,3,5-trideoxy-2-thio-D-glycero-a-D-galacto-2-

nonulopyranosylonate) (75).

OH

HO oH COOMe
AcHN~ /o077 ™S Tol

HO

A solution of 8 (26.0 g, 0.044 mmol) in dry MeOH (300 mL) was treated with a freshly prepared
solution of MeONa in MeOH (1 M, 15 mL) overnight at rt under argon atmosphere. Then, it was
neutralized with Amberlyst-15 ion exchange resin and concentrated under reduced pressure to afford
75 (18.9 g, quant.) as a white solid. [0]p?® —-82.6 (c 1.0, MeOH); *H NMR (500 MHz, CDsOD): § =
1.95 (dd, J = 11.6, 13.6 Hz, 1H, H-3a), 2.04 (s, 3H, NHAc), 2.33 (s, 3H, CHs-tol), 2.67 (dd, J = 4.7,
13.6 Hz, 1H, H-3e), 3.51 (s, 3H, OMe), 3.56 (d, J = 8.9 Hz, 1H, H-7), 3.67 (dd, J = 5.2, 11.1 Hz, 1H,
H-9a), 3.76-3.84 (m, 2H, H-8, H-9b), 3.90 (td, J = 7.5, 10.1 Hz, 1H, H-5), 4.10 (td, J = 4.6, 10.9 Hz,
1H, H-4), 450 (d, J = 10.5 Hz, 1H, H-6), 7.16 (d, J = 7.9 Hz, 2H, Ar-H), 7.46 (d, J = 7.9 Hz, 2H, Ar-
H); *C NMR (126 MHz, CD30D): ¢ = 21.3 (CHs-tol), 22.8 (NHAC), 42.1 (C-3), 52.9 (OMe), 54.1
(C-5), 65.1 (C-9), 68.1 (C-4), 70.7 (C-7), 71.3 (C-8), 73.4 (C-6), 91.4 (C-2), 127.8, 130.6, 137.4,
141.0 (6C, Ar-C), 170.8, 174.7 (2C, C=0); ESI-MS: m/z: Calcd for C19H27NOg [M+Na]": 452.1,
found: 452.1.

Tolyl (methyl 4,7,8,9-tetra-O-acetyl-5-azido-2,3,5-trideoxy-2-thio-D-glycero-a-D-galacto-2-

nonulopyranosylonate) (73).

OAc

AcO OAc COOMe
Ns (@] STol

AcO
Compound 75 (19.9 g, 0.046 mol) was dissolved in dry MeOH (200 mL) and MsOH (5.97 mL, 0.092
mol) was added at rt. The reaction was heated to reflux for 24 h. After that, it was cooled down to rt
and neutralized with NEtz. The solvents were co-evaporated with toluene and the crude material was
used in the next step without further purification. A portion of the crude (3.87 g, 10.0 mmol) was
dissolved in H20 (13 mL). NaHCO3 (3.36 g, 40.0 mmol) and CuSO4 (0.10 g, 0.40 mmol) were added
followed by the dropwise addition of 1 M solution of TfN3 in toluene (20.0 mL). MeOH (87 mL) was
added and the homogeneous mixture was stirred overnight at rt. The mixture was then concentrated
under reduced pressure strictly below 25 °C. The crude material was dissolved in pyridine (25 mL)
and Ac20 (10 mL) and stirred at rt overnight. The solvents were evaporated via co-evaporation with
toluene. The crude material was dissolved in EtOAc (50 mL) and washed with H20 (30 mL), 10%
aq. CuSO4 (30 mL), H20 (3 x 30 mL), dried over Na2SOg, filtered and evaporated. The crude product
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was purified by flash chromatography (petroleum ether/acetone, 10:1 — 8:2) to give 73 (1.88 g, 34%
over 3 steps) as a glassy white solid. [a]p?® — 91.2 (¢ 4.7, CHCIs); *H NMR (400 MHz, CDCls): 6 =
1.90 (dd, J = 11.6, 13.8 Hz, 1H, H-3a), 2.00, 2.07, 2.10, 2.15 (4 s, 12H, OAc), 2.33 (s, 3H, CHa-tol),
2.75 (dd, J = 4.9, 13.8 Hz, 1H, H-3e), 3.26 (t, J = 10.1 Hz, 1H, H-5), 3.58 (s, 3H, OMe), 4.13 (dd, J
= 6.9, 12.5 Hz, 1H, H-9a), 4.36 (dd, J = 2.0, 10.4 Hz, 1H, H-6), 4.41 (dd, J = 2.4, 12.5 Hz, 1H, H-
9b), 5.11 (ddd, J = 2.4, 4.6, 6.9 Hz, 1H, H-8), 5.39 (ddd, J = 4.9, 9.7, 11.5 Hz, 1H, H-4), 5.60 (dd, J
= 2.0, 4.6 Hz, 1H, H-7), 7.07-7.16 (m, 2H, Ar-H), 7.29 (d, J = 8.1 Hz, 2H, Ar-H); 3C NMR (100
MHz, CDCl3): 6 = 20.78, 20.84, 21.0, 21.1 (4C, OAc), 21.4 (CHa-tol), 36.7 (C-3), 52.7 (OMe), 60.4
(C-5), 62.2 (C-9), 69.6 (C-7), 70.9 (C-4), 71,5 (C-8), 71.7 (C-6), 88.5 (C-2), 125.3, 130.0, 136.2,
140.3 (6C, Ar-C), 168.1, 169.7, 169.9, 170.3, 170.5 (5C, C=0); ESI-MS: m/z: Calcd for
C2s5H31N3011S [M+Na]": 604.2; found: 604.2.

Ethyl cis-3-hydroxycyclohexane-1-carboxylate (rac-cis-78).

HO

o O/\

Racemic ethyl 3-hydroxycyclohexane-1-carboxylate (20.0 g, 116 mmol) was separated by flash
column chromatography on silica (petroleum ether/EtOAc, 7:3 — 6:4). The lower fraction was
collected to yield the racemic cis isomers rac-cis-78 (9.34 g, 47%) as a colorless oil. The
diastereomeric purity was confirmed by conversion to the racemic analogue of Mosher ester 81. H
NMR (500 MHz, CDClz): 6 = 1.18 (m, 1H, H-6a), 1.22 (t, J = 7.1 Hz, 3H, OCH.CH3), 1.27-1.33 (m,
2H, H-4a, H-5a), 1.39 (m, 1H, H-2a), 1.78-1.89 (m, 2H, H-4e, H-5¢), 1.93 (m, 1H, H-6¢), 2.06 (s,
1H, OH), 2.17 (dtt, J = 1.8, 3.8, 12.2 Hz, 1H, H-2e), 2.32 (tt, J = 3.7, 11.7 Hz, 1H, H-1), 3.59 (tt, J =
4.2,10.4 Hz, 1H, H-3), 4.10 (g, J = 7.1 Hz, 2H, OCH2CHa).

Ethyl (1S,3R)-3-(butyryloxy)cyclohexane-1-carboxylate (79).
\/\n/o"m,
ro

PN
To a solution of rac-cis-78 (9.34 g, 0.054 mol) in heptane (50 mL) were added vinyl butyrate (13.7
mL, 0.108 mol) and lipase Novozyme 435 (0.192 g). The reaction was gently stirred at rt for 3 h. The
suspension was filtered over celite, washed with petroleum ether and concentrated under reduced
pressure. The crude was purified by flash chromatography (toluene/acetone, 1:0 — 6:4) to afford 79
(5.73 g, 44%) as a colorless oil. [0]p?® + 44.0 (¢ 1.0, CHCIs); *H NMR (500 MHz, CDCls): § = 0.93
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(t, J = 7.4 Hz, 3H, CH2CH2CHs), 1.24 (t, J = 7.1 Hz, 3H, OCH2CHs), 1.27-1.40 (m, 3H, H-4a, H-5a,
H-6a), 1.48 (g, J = 12.3 Hz, 1H, H-2a), 1.64 (sextet, J = 7.4 Hz, 2H, CH2CH2CHs), 1.80-2.01 (m, 3H,
H-4e, H-5e, H-6¢), 2.20 (m, 1H, H-2¢), 2.25 (t, J = 7.4 Hz, 2H, CH2CH2CHs), 2.39 (tt, J = 3.7, 12.0
Hz, 1H, H-1), 4.11 (g, J = 7.1 Hz, 2H, OCH,CHa), 4.72 (tt, J = 4.2, 11.0 Hz, 1H, H-3); 3C NMR
(126 MHz, CDCl3): 6 = 13.8 (CH2CH2CHs), 14.3 (OCH2CH3), 18.7 (CH2CH2CHs), 23.4 (C-5), 28.1
(C-6), 31.4 (C-4), 34.1 (C-2), 36.6 (CH2CH2CHg), 41.8 (C-1), 60.6 (OCH2CHs3), 71.9 (C-3), 173.2,
174.8 (2C, C=0); ESI-MS: m/z: Calcd for C13H2204 [M+Na]*: 265.1, found: 265.0.

(1R,3S)-3-(Hydroxymethyl)cyclohexan-1-ol (80).

HO.,,, O

\OH

Compound 79 (5.73 g, 0.024 mol) was dissolved in THF (130 mL) and cooled to -15 °C. A1 M
solution of DIBAL-H in toluene (142 mL, 0.142 mol) was added dropwise and the solution was stirred
at -15 °C for 1.5 h. Then, it was quenched by the addition of ag. sat. KNaCsH4Os (130 mL) and stirred
for 30 min. The aqueous phase was extracted with Et2O (3 x 80 mL), dried over Na.SOs, filtered and
concentrated under reduced pressure. The residue was purified by flash chromatography
(toluene/acetone, 1:0 — 1:1) to afford 80 (3.12 g, quant.) as a colorless oil. [a]o?° 0.00 (c 0.6, MeOH);
'H NMR (500 MHz, CDCls): 6 = 0.86 (qd, J = 3.8, 12.7 Hz, 1H, H-4a), 0.95 (m, 1H, H-2a), 1.16 (m,
1H, H-6a), 1.30 (qt, J = 3.5, 13.2 Hz, 1H, H-5a), 1.57 (m, 1H, H-3), 1.72 (m, 1H, H-4e), 1.82 (dp, J
= 3.5, 13.6 Hz, 1H, H-5¢), 1.98 (m, 1H, H-6¢), 2.04 (dtt, J = 2.0, 3.9, 9.9 Hz, 1H, H-2¢), 3.49 (dt, J =
3.2, 6.5 Hz, 2H, CH,0H), 3.61 (dq, J = 4.3, 5.2, 10.8 Hz, 1H, H-1); 1°C NMR (126 MHz, CDCls): ¢
= 23.8 (C-5), 28.5 (C-4), 35.8 (C-6), 38.9 (C-2), 39.4 (C-3), 68.1 (CH20H), 70.6 (C-1).

(1R,3S)-3-(tert-Butyldiphenylsilyloxymethyl)cyclohexan-1-ol (74).

HO ", O

E\OTBDPS
To a solution of 80 (3.12 g, 24.0 mmol) in dry DCM (60 mL) were added DMAP (0.586 g, 5.00
mmol), imidazole (2.44 g, 36.0 mmol) and TBDPSCI (6.24 mL, 24.0 mmol) under argon. After 16 h,
starting material was still present and another portion of TBDPSCI (2.50 mL, 9.60 mmol) was added.
After further 16 h, TLC showed no starting material. The solution was diluted with DCM (50 mL)
and washed with H>O (3 x 100 mL), dried over Na>SOg, concentrated under reduced pressure and

purified by flash chromatography (DCM/MeOH, 100:0 — 95:5) to afford 74 (4.46 g, 50%) as a
128



Chapter 3

colorless oil. [a]p?® + 1.30 (¢ 1.0, CHCIs); *H NMR (500 MHz, CDCls): § = 0.89 (m, 1H, H-4a), 0.98
(td, J = 11.0, 12.0 Hz, 1H, H-2a), 1.06 (s, 9H, C(CHz3)3), 1.16 (m, 1H, H-6a), 1.29 (qt, J = 3.5, 13.2
Hz, 1H, H-5a), 1.46 (s, 1H, OH), 1.62 (ttd, J = 2.8, 6.1, 12.0 Hz, 1H, H-3), 1.70 (m, 1H, H-4e), 1.80
(dp, J = 3.5, 13.5 Hz, 1H, H-5e), 1.98 (m, 1H, H-6e), 2.08 (m, 1H, H-2¢), 3.51 (qd, J = 6.0, 9.8 Hz,
2H, CH,OH), 3.61 (tt, J = 4.3, 10.9 Hz, 1H. H-1), 7.35-7.45 (m, 7H, Ar-H), 7.64-7.69 (m, 4H, Ar-
H); 33C NMR (126 MHz, CDCls): § = 19.5 (C(CHzs)s3), 23.9 (C-5), 27.0 (C(CHzs)s), 28.6 (C-4), 36.0
(C-6), 39.2 (C-2), 39.5 (C-3), 68.9 (CH.0OH), 70.9 (C-1), 127.7, 129.7, 134.1, 135.7 (12C, Ar-C);
ESI-MS: m/z: Calcd for C23H3202Si [M+Na]*: 391.2, found: 391.2.

(1R,3S)-3-(tert-Butyldiphenylsilyloxymethyl)cyclohexyl (R)-(-)-a-methoxy-a-
(trifluoromethyl)phenylacetate (81).

MeO, CFs

A 0] ‘n,,

\\OTBDPS

To asolution of 74 (12.4 mg, 0.034 mmol) in dry DCM (0.2 mL) were added DMAP (9.53 mg, 0.078
mmol) and (R)-(-)-MTPA-CI (9.50 pL, 0.051 mmol) at 0 °C. The reaction mixture was stirred at 0 °C
for 15 min and then for 1 h at rt. The reaction mixture was diluted with Et2O (5.0 mL), washed twice
with 1 M ag. HCI (5.0 mL), satd ag. NaHCOs (5.0 mL) and water (5.0 mL), dried over Na,SOg,
filtered, and concentrated under reduced pressure. The residue was directly subjected to °F NMR
investigation without further purification. °F NMR (565 MHz, CDCl3): 6 = - 71.60 ppm;

enantiomeric purity: > 95 % ee.

(1S,3R)-3-(tert-Butyldiphenylsilyloxymethyl)cyclohexyl (methyl 4,7,8,9-tetra-O-acetyl-5-azido-
3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate) (72).

OAc
AcO, OAc COOMeT

N; o/ © ~
AcO
OTBDPS

A suspension of 74 (1.64 g, 4.45 mmol), 73 (5.18 g, 8.90 mmol) and 3 A molecular sieves (13.0 g) in
dry DCM/MeCN (5:3, 50 mL), was stirred at rt for 1 h under argon. Then, it was cooled to — 40 °C
and N-iodosuccinimide (3.75 g, 16.7 mmol) was added, followed by TfOH (148 pL, 1.67 mmol). The
reaction mixture was stirred for 6 h at —40 °C under argon. After that, it was neutralized with NEt3,
warmed to rt, filtered over celite and the solvents were evaporated. The crude product was dissolved
in DCM (50 mL) and washed with aqg. sat. Na2S203 (3 x 30 mL) and H20 (2 x 30 mL). The organic
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layer was dried over Na»SOg, filtered and evaporated. The crude product was purified by repeated
flash column chromatography (petroleum ether/acetone, 1:0 — 9:1) to separate the a: mixture,
finally affording 72 (1.50 g, 41%) as a brown solid. [a]o?° — 10.6 (c 1.0, CHCIs3); *H NMR (400 MHz,
CDCl3): 6 = 0.86 (m, 1H, H-4'a), 0.98 (m, 1H, H-2'a), 1.03 (s, 9H, C(CHa)s), 1.20 (m, 1H, H-6'a),
1.38 (m, 1H, H-5'a), 1.57-1.62 (m, 2H, H-3', H-4%¢), 1.72 (t, J = 12.5 Hz, 1H, H-3a), 1.73-1.80 (m,
2H, H-2'e, H-5'¢), 2.02 (m, 1H, H-6'), 2.07, 2.10, 2.17, 2.19 (4 5, 12H, OAC), 2.73 (dd, J = 4.7, 12.7
Hz, 1H, H-3e), 3.22 (t, J = 9.8 Hz, 1H, H-5), 3.40 (dd, J = 6.4, 9.8 Hz, 1H, CH,OTBDPS), 3.47 (dd,
J=5.4,9.7Hz, 1H, CH,OTBDPS), 3.65 (m, 1H, H-1"), 3.74 (s, 3H, OMe), 3.82 (dd, J = 1.6 Hz, 10.6
Hz, 1H, H-6), 4.21 (dd, J = 4.4, 12.6 Hz, 1H, H-9a), 4.31 (dd, J = 2.4, 12.6 Hz, 1H, H-9b), 4.79 (ddd,
J=4.6,9.8,12.3 Hz, 1H, H-4), 5.36 (ddd, J = 2.4, 4.4, 9.2 Hz, 1H, H-8), 5.51 (dd, J = 1.6, 9.2 Hz,
1H, H-7), 7.35-7.44 (m, 6H, Ar-H), 7.63-7.65 (m, 4H, Ar-H); 3C NMR (100 MHz, CDCls): 6 = 20.9,
21.0, 21.2 (4C, OACc), 23.8 (C-5'), 27.0 (C(CHs)3), 28.4 (C-4"), 35.3 (C-6'), 36.6 (C-2'), 38.2 (C-3),
52.8 (OMe), 60.2 (C-5), 62.2 (C-9), 68.09 (C-8), 68.11 (C-7), 68.8 (CH,OTBDPS), 71.2 (C-4), 71.6
(C-6), 75.0 (C-1), 98.6 (C-2), 127.7, 129.7, 133.9, 134.0, 135.7 (12C, Ar-C), 168.6, 169.8, 169.98,
170.01, 170.9 (5C, C=0). ESI-MS: m/z: Calcd for C41HssN3NaO13Si [M+Na]*: 848.3, found: 848.3.

(1S,3R)-3-(Hydroxymethyl)cyclohexyl (methyl 4,7,8,9-tetra-O-acetyl-5-azido-3,5-
dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate) (82).
AcO OA_CC,AC CoOMe
AcO %
OH
To a solution of 72 (400 mg, 0.490 mmol) in pyridine (20.0 mL) in a Teflon® container, was added
HF-pyr (2.40 mL) dropwise at 0 °C under argon. The reaction mixture was stirred for 3 h at rt and
then neutralized with ag. satd. NaHCO3 and Na2COz. The aqueous phase was extracted with DCM (3
x 50 mL) and the combined organic layers were dried over Na,SOu, filtered and evaporated. The
crude product was purified by flash column chromatography (petroleum ether/acetone, 1:0 — 1:1) to
afford 82 (280 mg, 98%) as a colorless oil. [a]o?°~16.9 (c 1.0, CHCIs); *H NMR (400 MHz, CDCls):
5=0.81(qd, J = 3.8, 12.6 Hz, 1H, H-4’a), 0.92 (q, J = 11.8 Hz, 1H, H-2’a), 1.15-1.29 (m, 1H, H-
6’a), 1.38 (qt, J = 3.4, 13.1 Hz, 1H, H-5"a), 1.52 (m, 1H, H-3"), 1.65 (m, 1H, H-4"¢), 1.68 (t, J = 12.7
Hz, 1H, H-3e), 1.72-1.81 (m, 2H, H-2’¢, H-5"), 1.99 (m, 1H, H-6"¢), 2.06, 2.08, 2.15,2.18 (4 s, 12H,
OAc), 2.70 (dd, J = 4.7, 12.7 Hz, 1H, H-3e), 3.20 (dd, J = 9.7, 10.6 Hz, 1H, H-5), 3.39 (m, 1H,
CH20H), 3.47 (m, 1H, CH20H), 3.68 (tt, J = 4.3, 10.9 Hz, 1H, H-17), 3.79 (s, 3H, OMe), 3.81 (dd, J
=1.7, 10.7 Hz, 1H, H-6), 4.19 (dd, J = 4.6, 12.6 Hz, 1H, H-9a), 4.31 (dd, J = 2.4, 12.5 Hz, 1H, H-
9b), 4.79 (ddd, J = 4.7, 9.7, 12.3 Hz, 1H, H-4), 5.35 (ddd, J = 2.4, 4.6, 9.1 Hz, 1H, H-8), 5.50 (dd, J
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= 1.7, 9.1 Hz, 1H, H-7); *C NMR (100 MHz, CDCls): 6 = 20.9, 21.0, 21.2 (4C, OAc), 23.7 (C-5"),
28.4 (C-4%), 35.0 (C-6), 36.2 (C-2), 38.1 (C-3), 39.5 (C-3"), 52.9 (OMe), 60.2 (C-5), 62.2 (C-9),
68.11 (C-7), 68.13 (CH20H), 68.2 (C-8), 71.2 (C-4), 71.6 (C-6), 74.5 (C-1°), 98.4 (C-2), 168.7, 169.8,
170.0, 170.2, 170.9 (5C, C=0); ESI-MS: m/z: Calcd for CosHa7N3O1s [M+Na]*: 610.2, found: 610.2.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (methyl 4,7,8,9-tetra-O-acetyl-5-azido-3,5-dideoxy-
D-glycero-a-D-galacto-2-nonulopyranosylonate) sodium salt (83).

OAc

AcO OAc CoOMe,
Na= 2 O%

AcO
0OSO3Na

To a solution of 82 (160 mg, 0.270 mmol) in dry DMF (15.0 mL) was added SOzpyr (434 mg, 2.73
mmol) at 0 °C and the reaction was stirred at rt for 3 h. Then, NaHCO3 (2.00 g) was added and stirring
continued for another 1 h. The mixture was filtered over celite and concentrated under reduced
pressure. The residue was purified by flash column chromatography (DCM/MeOH, 1:0 — 9:1) to
afford 83 (100 mg, 54%). *H NMR (500 MHz, CD3;0D): 6 = 0.89 (qd, J = 3.4, 12.2, 12.8 Hz, 1H, H-
4’a), 0.97 (q, J = 11.8 Hz, 1H, H-2’a), 1.18 (m, 1H, H-6’a), 1.42 (m, 1H, H-5"a), 1.63-1.69 (m, 2H,
H-3’, H-4’e), 1.70-1.79 (m, 2H, H-2’e, H-5"¢), 1.75 (t, J = 12.5 Hz, 1H, H-3a), 2.00 (m, 1H, H-6"¢),
2.04, 2.08, 2.15, 2.20 (4 s, 12H, OAc), 2.66 (dd, J = 4.6, 12.6 Hz, 1H, H-3e), 3.40 (dd, J = 9.7, 10.6
Hz, 1H, H-5), 3.70 (m, 1H, H-1°), 3.78 (dd, J = 1.6, 10.6 Hz, 1H, H-6), 3.73-3.84 (m, 2H,
OCH2SOzNa), 3.82 (s, 3H, OMe), 4.17 (dd, J = 4.7, 12.5 Hz, 1H, H-9a), 4.34 (dd, J = 2.4, 12.5 Hz,
1H, H-9b), 4.76 (ddd, J = 4.6, 9.7, 12.3 Hz, 1H, H-4), 5.36 (ddd, J = 2.4, 4.7, 9.3 Hz, 1H, H-8), 5.47
(dd, J = 1.7, 9.3 Hz, 1H, H-7); ¥*C NMR (126 MHz, CD30D): ¢ = 20.6, 20.7, 20.8, 21.2 (4C, OAc),
24.5 (C-57), 29.4 (C-4’), 36.0 (C-6"), 37.4 (C-2), 38.0 (C-37), 38.8 (C-3), 53.3 (OMe), 61.2 (C-5),
63.1 (C-9), 69.1 (C-7), 69.4 (C-8), 72.5 (C-4), 72.8 (C-6), 73.5 (OCH2SO3Na), 75.4 (C-17), 99.9 (C-
2),170.0,171.3,171.5,171.7,172.4 (5C, C=0); ESI-MS: m/z: Calcd for C25H3sN3NaO16S [M+Na]*:
712.2, found: 712.2.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (methyl 5-azido-3,5-dideoxy-D-glycero-a-D-galacto-

2-nonulopyranosylonate) sodium salt (84).

OH

HO oH COOMe
N3 Q/ ~° ZZ\\3 /

HO
0SO;Na

To a solution of 82 (207 mg, 0.350 mmol) in dry DMF (10.0 mL) was added SOzpyr (557 mg, 3.50
mmol). The reaction was stirred at rt for 2 h. Then, NaHCOz3 (2.50 g) was added and stirring continued
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for another hour. After that, the mixture was concentrated under reduced pressure. The residue was
dissolved in dry MeOH (3 mL) and a solution of NaOMe in MeOH (1 M, 150 puL) was added. The
reaction was stirred overnight at rt. The solution was then neutralized with AmberLite IR120, filtered
and concentrated under reduced pressure. The crude product was purified by flash chromatography
(DCM/(MeOH/H,0 10:1), 1:0 — 7:3) to afford 84 (155 mg, 89%) as a white solid. [a]p?° —4.15 (C
1.0, MeOH); *H NMR (500 MHz, CDs0D): ¢ = 0.89 (tt, J = 6.9, 12.6 Hz, 1H, H-4’a), 0.97 (q, J =
11.9 Hz, 1H, H-2’a), 1.22 (m, 1H, H-6’a), 1.31 (qt, J = 3.2, 12.6 Hz, 1H, H-5’a), 1.69-1.74 (m, 3H,
H-3a, H-3’, H-4’¢), 1.76-1.85 (m, 2H, H-5"¢, H-2’¢), 2.05 (m, 1H, H-6’¢), 2.62 (dd, J = 4.7, 12.9 Hz,
1H, H-3e), 3.43-3.49 (m, 2H, H-5, H-6), 3.56 (dddd, J = 1.3, 4.7, 8.0, 12.4 Hz, 1H, H-4), 3.66 (dd, J
=5.9, 11.3 Hz, 1H, H-9a), 3.71-3.77 (m, 2H, H-7, OCH>SO3Na), 3.79-3.84 (m, 6H, OMe, H-8, H-1,
OCH,SO3Na), 3.86 (dd, J = 2.8, 11.3 Hz, 1H, H-9b); 13C NMR (126 MHz, CD30D): ¢ = 24.8 (C-5"),
29.3 (C-4%), 35.7 (C-6), 37.7 (C-2’), 38.0 (C-3”), 42.0 (C-3), 53.5 (OMe), 64.4 (C-5), 64.8 (C-9),
70.5 (C-7), 70.8 (C-4), 73.1 (C-8), 73.5 (OCH2SOsNa), 74.5 (C-6), 74.7 (C-1"), 100.3 (C-2), 171.4
(C=0); ESI-MS: m/z: Calcd for C17H28N3NaO1.S [M+Na]*: 544.1, found: 544.1.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 5-azido-3,5-dideoxy-D-glycero-a-D-galacto-2-

nonulopyranosylonate disodium salt (85).

OH

HO oH COONa
N3 Q/ ~°
>

HO
0SO3Na

Compound 84 (145 mg, 0.320 mmol) was dissolved in 1 M ag. NaOH (9.60 mL) and stirred for 2 h.
After that, it was neutralized with AmberLite IR120 and concentrated under reduced pressure to
afford 85 (155 mg, quant.) as a white solid. [0]p?>-5.66 (c 1.0, MeOH); *H NMR (500 MHz, D;0): 6
=0.92 (qd, J = 3.8, 12.7 Hz, 1H, H-4’a), 1.04 (q, J = 11.9 Hz, 1H, H-2’a), 1.18-1.38 (m, 2H, H-5"a,
H-6’a), 1.65 (t, J = 12.3 Hz, 1H, H-3a), 1.71 (m, 1H, H-4’¢), 1.74-1.83 (m, 2H, H-3’, H-5¢), 1.92
(m, 1H, H-2’¢), 2.06 (m, 1H, H-6’¢), 2.75 (dd, J = 4.8, 12.4 Hz, 1H, H-3e), 3.47 (dd, J = 9.5, 10.3
Hz, 1H, H-5), 3.59 (dd, J = 2.1, 10.3 Hz, 1H, H-6), 3.65-3.73 (m, 2H, H-4, H-9a), 3.84 (dd, J = 2.1,
9.0 Hz, 1H, H-7), 3.86-3.94 (m, 5H, H-1°, H-8, H-9b, OCH,0S03Na); *C NMR (126 MHz, D;0): §
=23.9 (C-5"), 28.2 (C-4’), 34.9 (C-6"), 36.3 (C-2’), 36.8 (C-37), 41.5 (C-3), 63.1 (C-9), 63.3 (C-5),
69.0 (C-7), 70.2 (C-4), 72.9 (C-8), 73.3 (C-6), 74.2 (OCH.0S0O3Na), 75.6 (C-1"), 101.8 (C-2), 174.3
(C=0); ESI-MS: m/z: Calcd for C16H25N3Na2012S [M+Na]*: 552.1, found: 552.1.
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 5-amino-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate disodium salt (86).

OH

HO OH COONa_
HN o) o)
>

HO
0SO;Na

To a solution of 85 (106 mg, 0.220 mmol) in MeOH (3.0 mL), was added Pd/C (40.0 mg) under
hydrogen atmosphere (1 atm). The reaction mixture was stirred at rt for 2 h. The suspension was
filtered and concentrated under reduced pressure to afford 86 (101 mg, quant.) as a white solid. [o]p?°
~1.38 (¢ 1.0, MeOH); *H NMR (500 MHz, D20): 6 =0.92 (qd, J = 3.7, 12.6 Hz, 1H, H-4’a), 1.04 (q,
J=11.9 Hz, 1H, H-2’a), 1.19-1.38 (m, 2H, H-5’a, H-6’a), 1.58 (t, J = 12.1 Hz, 1H, H-3a), 1.69 (m,
1H, H-4’¢), 1.79 (m, 2H, H-3’, H-5’¢), 1.92 (m, 1H, H-2"¢), 2.07 (m, 1H, H-6¢), 2.71 (dd, J = 4.6,
12.3 Hz, 1H, H-3e), 2.76 (t, J = 9.7 Hz, 1H, H-5), 3.44 (ddd, J = 4.6, 9.5, 11.9 Hz, 1H, H-4), 3.53
(dd, J=2.1, 9.9 Hz, 1H, H-6), 3.72 (dd, J = 5.6, 11.7 Hz, 1H, H-9a), 3.83 (dd, J = 2.1, 8.9 Hz, 1H,
H-7), 3.86-3.95 (m, 5H, H-1°, H-8, H-9b, OCH,0S03Na); *C NMR (126 MHz, D-0): 6 = 23.2 (C-
5%),27.5 (C-4’), 34.3 (C-6"), 35.6 (C-2), 36.2 (C-37), 41.0 (C-3), 52.4 (C-5), 62.3 (C-9), 67.9 (C-7),
69.1 (C-4), 72.2 (C-8), 73.5 (OCH20S0OzNa), 74.8 (C-17), 101.1 (C-2), 173.9 (C=0); ESI-MS: m/z:
Calcd for C16H27NNa2012S [M+Na]*: 526.1, found: 526.1.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (methyl 5-amino-3,5-dideoxy-D-glycero-a-D-galacto-

2-nonulopyranosylonate) sodium salt (96).

OH

HO OH COOMe,
HaN~ 2 o?
”

HO
0SO3Na

To a solution of 84 (295 mg, 0.59 mmol) in MeOH (6.0 mL), was added Pd/C (111 mg) under
hydrogen atmosphere (1 atm). The reaction mixture was stirred at rt for 3 h. The suspension was
filtered and concentrated under reduced pressure to afford 96 (268 mg, 96%) as a white solid. [a]%p
+0.90 (c 1.0, MeOH); *H NMR (500 MHz, CDsOD): § = 0.91 (m, 1H, H-4’a), 0.98 (q, J = 11.8 Hz,
1H, H-2’a), 1.15-1.40 (m, 2H, H-5’a, H-6"a), 1.64-1.72 (m, 3H, H-3a, H-3’, H-4’¢), 1.75-1.86 (m,
2H, H-2’e, H-5¢), 2.05 (m, 1H, H-6’¢), 2.63 (dd, J = 4.6, 12.6 Hz, 1H, H-3e), 2.81 (t, J = 9.8 Hz,
1H, H-5), 3.35 (m, 1H, H-4), 3.50 (dd, J = 2.1, 9.9 Hz, 1H, H-9a), 3.68 (dd, J = 5.6, 11.1 Hz, 1H, H-
6), 3.71-3.79 (m, 2H, H-7, H-8), 3.81-3.91 (m, 7H, H-1", H-9b, OCH,0S0sNa, OMe); *C NMR (126
MHz, CD30OD): § = 24.8 (C-5), 29.3 (C-4"), 35.7 (C-6"), 37.7 (C-3"), 38.0 (C-2"), 41.9 (C-3), 53.5
(OMe), 54.3 (C-5), 64.8 (C-9), 70.1 (C-7), 70.9 (C-4), 73.4 (C-8), 73.5 (OCH20SO3Na), 74.5 (C-1),

133



Chapter 3

76.6 (C-6), 100.3 (C-2), 171.9 (C=0); ESI-MS: m/z: Calcd for C17H3oNO1.S [M-H]": 472.2, found:
472.3.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl  3,5-dideoxy-5-(4-phenyl-1H-1,2,3-triazol-1-yl)-D-
glycero-a-D-galacto-2-nonulopyranosylonate disodium salt (87).

HO OH COONa

Compound 83 (31.0 mg, 0.045 mmol) and phenylacetylene (14.8 uL, 0.135 mmol) were dissolved in
dry DMF (3.0 mL) under argon. Then, Cul (1.0 mg, 0.005 mmol) and DIPEA (7.84 uL, 0.045 mmol)
were added and the mixture was stirred under argon at rt for 48 h. Then, it was diluted with EtOACc
(10 mL) and washed with H2O (10 mL) and brine (2 x 10 mL), dried over Na,SQg, filtered and
concentrated under reduced pressure. The crude product was purified by reversed-phase
chromatography (Cis, H:O/MeCN, 1:0 — 7:3). The collected product was then treated with a 0.1 M
solution of NaOH in H>O/dioxane (1:1, 1.6 mL) overnight at rt. Then it was neutralized with
AmberLite IR120, concentrated and further purified by reversed-phase chromatography (Cis, H20)
to afford 87 (10 mg, 37% over two steps) as a white solid. [a]?*°c +4.0 (¢ 1.0, MeOH); *H NMR (400
MHz, CDsOD): 6 = 0.91 (m, 1H, H-4’a), 1.02 (q, J = 12.0, 1H, H-2’a), 1.19-1.38 (m, 2H, H-5"a, H-
6’a), 1.69-1.72 (m, 4H, H-3°, H-3a, H-5"¢, H-4’¢), 2.06 (m, 1H, H-2’¢), 2.21 (m, 1H, H-6’¢), 2.95-
3.01 (m, 2H, H-3e, H-7), 3.50 (dd, J =5.8, 11.5 Hz, 1H, H-9a), 3.74 (dd, J = 2.6, 11.5 Hz, 1H, H-9b),
3.78-3.87 (m, 3H, H-8, OCH,SOsNa), 4.06 (td, J = 5.5, 10.8 Hz, 1H, H-1°), 4.35 (m, 1H, H-4), 4.45
(dd, J = 2.1, 10.3 Hz, 1H, H-6), 4.50 (m, 1H, H-5), 7.33 (m, 1H, Ar-H), 7.40-7.44 (m, 2H, Ar-H),
7.81-7.83 (m, 2H, Ar-H), 8.31 (s, 1H, H-triazole); **C NMR (100 MHz, CDs0D): 6 = 25.0 (C-5°),
29.8 (C-4%),36.0 (C-6"),37.7 (C-2"), 38.2 (C-37), 43.5 (C-3), 64.1 (C-9), 64.9 (C-5), 69.8 (C-7), 70.0
(C-4), 73.8 (OCH,SO3Na), 73.8 (C-8), 74.0 (C-6), 74.8 (C-1), 102.7 (C-2), 123.8 (CH-triazole),
126.7, 129.3, 129.9, 131.8, 148.1 (7C, Ar-C), 174.7 (C=0); HRMS (ESI): m/z: Calcd for
C24H32N3Na201,S [M]?: 292.5820, found: 292.5820; HPLC: Purity 96.0%.

134



Chapter 3

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl  3,5-dideoxy-5-(4-(1-hydroxycyclohexyl)-1H-1,2,3-
triazol-1-yl)-D-glycero-a-D-galacto-2-nonulopyranosylonate disodium salt (88).

OH

HO oH COONa
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Compound 83 (60.0 mg, 0.087 mmol) and 1-ethynyl-1-cyclohexanol (34.0 uL, 0.26 mmol) were
dissolved in dry DMF (2 mL) under argon. Then, Cul (3.20 mg, 0.018 mmol) and DIPEA (15.0 uL,
0.087 mmol) were added and the reaction was stirred under argon at rt for 24 h. Then, it was
concentrated under reduced pressure and purified by reversed-phase chromatography (Cis,
H>O/MeCN, 1:0 — 7:3). The collected product was treated with a 0.1 M solution of NaOH in
H.O/dioxane (1:1, 1.6 mL) overnight at rt. Then it was neutralized with AmberLite IR120,
concentrated and further purified by reversed-phase chromatography (Cis, H20) to afford 88 (13 mg,
30% over two steps) as a white solid. [a]*°c +2.9 (¢ 1.0, MeOH); *H NMR (400 MHz, CD3;0D): § =
0.89 (m, 1H, H-4’a), 1.01 (q, J = 12.0 Hz, 1H, H-2a), 1.17-1.43 (m, 3H, H-5’a, H-6’a, H-cy), 1.43-
1.54 (m, 2H, H-cy), 1.61 (m, 1H, H-cy), 1.69 (m, 1H, H-3a), 1.72-1.88 (m, 7H, H-3’, H-4’¢, H-5¢,
4 H-cy), 1.98-2.03 (m, 3H, H-2’¢, H-cy), 2.19 (m, 1H, H-6’¢), 2.89 (dd, J = 2.0, 9.1 Hz, 1H, H-7),
2.94 (dd, J = 4.9, 12.4 Hz, 1H, H-3e), 3.49 (dd, J = 6.0, 11.4 Hz, 1H, H-9a), 3.72-3.87 (m, 4H, H-8,
H-9b, OCH2SO3Na), 4.03 (m, 1H, H-1"), 4.28 (ddd, J = 4.9, 9.4, 11.8 Hz, 1H, H-4), 4.37 (dd, J = 1.9,
9.9 Hz, 1H, H-6), 4.41 (m, 1H, H-5), 7.79 (s, 1H, H-triazole); **C NMR (100 MHz, CD30D): ¢ =
23.0 (2C, C-cy), 24.9 (C-57), 26.6 (C-cy), 29.8 (C-4’), 36.0 (C-6"), 37.7 (C-2’), 38.2 (C-3"), 38.7,
38.8 (2C, C-cy), 43.4 (C-3), 64.1 (C-9), 64.6 (C-5), 69.8 (C-7), 69.9 (C-4), 70.2 (C-cy), 73.8
(OCH2S0O3Na), 73.9 (C-6), 74.8 (C-17), 102.6 (C-2), 123.9 (CH-triazole), 156.0 (C-triazole), 174.6
(C=0); HRMS (ESI): m/z: Calcd for C2sH37N3Na2013S [M]?: 303.6029, found: 303.6029; HPLC:
Purity > 99.5%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 3,5-dideoxy-5-(4-(thiophen-2-yl)-1H-1,2,3-triazol-1-

yl)-D-glycero-a-D-galacto-2-nonulopyranosylonate disodium salt (89).
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Compound 85 (44.0 mg, 0.091 mmol) and 2-ethynylthiophene (27.2 uL, 0.27 mmol) were dissolved

in dry DMF (3 mL) under argon. Then, Cul (3.47 mg, 0.018 mmol) and DIPEA (15.9 uL, 0.091
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mmol) were added and the reaction was stirred under argon at rt for 24 h. Then, it was concentrated
under reduced pressure and purified by reversed-phase chromatography (Cis, H20) and size-
exclusion chromatography (P-2 gel, H20) to afford 89 (32 mg, 55%) as a white solid. [0]?°0 +2.83 (c
1.0, MeOH); *H NMR (500 MHz, D,0): § = 0.86 (m, 1H, H-4"a), 1.01 (q, J = 11.9 Hz, 1H, H-2’a),
1.15-1.32 (m, 2H, H-5’a, H-6’a), 1.62 (m, 1H, H-4’¢), 1.68-1.79 (m, 3H, H-3’, H-3a, H-5"¢), 1.89
(m, 1H, H-2"¢), 2.04 (m, 1H, H-6’¢), 2.85 (dd, J = 4.8, 12.6 Hz, 1H, H-3e), 2.95 (dd, J = 2.1, 9.0 Hz,
1H, H-7), 3.45 (dd, J = 6.3, 12.1 Hz, 1H, H-9a), 3.71 (dd, J = 2.4, 12.0 Hz, 1H, H-9b), 3.79-3.91 (m,
4H, H-8, OCH.SOsNa, H-17), 4.24 (ddd, J= 4.7, 10.1, 11.8 Hz, 1H, H-4), 4.29 (dd, J = 2.1, 10.4 Hz,
1H, H-6), 4.57 (t, J = 10.3 Hz, 1H, H-5), 7.12 (dd, J = 3.6, 5.1 Hz, 1H, Ar-H), 7.44 (dd, J=1.2,5.1
Hz, 1H, Ar-H), 8.31 (s, 1H, H-triazole); *C NMR (126 MHz, D;0): § = 24.9 (C-5°), 29.3 (C-4"),
36.0 (C-6"),37.4 (C-27), 37.9 (C-3"), 43.0 (C-3), 64.0 (C-9), 64.7 (C-5), 69.3 (C-7), 69.9 (C-4), 73.8
(C-8), 74.3 (C-6), 75.3 (OCH.SO3Na), 76.9 (C-17), 103.1 (C-2), 123.3 (CH-triazole), 127.1, 128.0,
129.9, 133.0, 144.5 (5C, Ar-C), 175.2 (C=0); HRMS (ESI): m/z: Calcd for C22H290N3Na2012S, [M]*
: 295.5602, found: 295.5596; HPLC: Purity 95%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 3,5-dideoxy-5-(4-(phenoxymethyl)-1H-1,2,3-triazol-

1-yI)-D-glycero-a-D-galacto-2-nonulopyranosylonate disodium salt (90).
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Compound 85 (46.0 mg, 0.095 mmol) and phenyl propargyl ether (37.5 mg, 0.284 mmol) were
dissolved in dry DMF (3 mL) under argon. Then, Cul (14.0 mg, 0.076 mmol) and DIPEA (16.5 uL,
0.095 mmol) were added and the reaction was stirred under argon at rt for 24 h. Then, it was
concentrated under reduced pressure and purified by reversed-phase chromatography (Cis, H20) and
size-exclusion chromatography (P-2 gel, H,0) to afford 90 (15 mg, 24%) as a white solid. [a]*p
+2.83 (c 1.0, MeOH); *H NMR (500 MHz, CD30D): 6 = 0.93 (m, 1H, H-4’a), 1.03 (q, J = 11.9 Hz,
1H, H-2a), 1.26 (m, 2H, H-5’a, H-6"a), 1.67-1.78 (m, 4H, H-3’, H-3, H-4’¢, H-5"¢), 2.02 (m, 1H, H-
2%),2.21 (m, 1H, H-6’¢), 2.90 (dd, J = 2.1, 9.0 Hz, 1H, H-7), 2.95 (dd, J = 4.9, 12.5 Hz, 1H, H-3e),
3.48 (dd, J =5.9, 11.5 Hz, 1H, H-9a), 3.73 (dd, J = 2.7, 11.5 Hz, 1H, H-9b), 3.76-3.88 (m, 3H, H-8,
OCH,SO3Na), 4.03 (ddt, J = 4.2, 8.2, 10.6 Hz, 1H, H-1"), 4.30 (ddd, J = 4.9, 9.6, 11.7 Hz, 1H, H-4),
4.39-4.50 (m, 2H, H-5, H-6), 5.15 (s, 1H, CH20Ph), 6.94 (t, J = 7.4 Hz, 1H, Ar-H), 7.00 (d, J = 8.2
Hz, 2H, Ar-H), 7.18-7.35 (m, 2H, Ar-H), 8.04 (s, 1H, H-triazole); **C NMR (126 MHz, CD3;0D): ¢

136



Chapter 3

=24.9 (C-5%),29.9 (C-4), 36.1 (C-6"), 37.7 (C-2°), 38.2 (C-3°), 43.5 (C-3), 62.4 (OCH2Ph), 64.3 (C-
9), 64.9 (C-5), 69.9 (C-4), 70.0 (C-7), 73.8 (OCH2SO3Na), 73.8 (C-8), 73.9 (C-6), 74.9 (C-1"), 102.8
(C-2), 115.8, 122.2 (3C, Ar-C), 126.7 (CH-triazole), 130.5, 144.3 (3C, Ar-C), 159.9 (C-triazole),
174.5 (C=0); HRMS (ESI): m/z: Calcd for CzsHs3N3sNa2013S [M]?: 307.5873, found: 307.5873;
HPLC: Purity 81%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 3,5-dideoxy-5-(4-(1-hydroxyethyl)-1H-1,2,3-triazol-

1-yI)-D-glycero-a-D-galacto-2-nonulopyranosylonate disodium salt (91).
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Compound 85 (40.0 mg, 0.083 mmol) and 3-butyn-2-ol (20 uL, 0.247 mmol) were dissolved in dry
DMF (3 mL) under argon. Then, Cul (3.00 mg, 0.016 mmol) and DIPEA (14.5 pL, 0.083 mmol) were
added and the reaction was stirred under argon at rt for 24 h. Then, it was concentrated under reduced
pressure and purified by reversed-phase chromatography (Cis, H20) and size-exclusion
chromatography (P-2 gel, H20) to afford 91 (16 mg, 32%) as a white solid. [0]?°> -0.67 (c 1.0,
MeOH); *H NMR (500 MHz, D20): 6 = 0.95 (m, 1H, H-4’a), 1.09 (q, J = 11.9 Hz, 1H, H-2’a), 1.23-
1.39 (m, 2H, H-5"a, H-6"a), 1.58 (d, J = 6.7 Hz, 3H, CH3), 1.71 (m, 1H, H-4’¢), 1.77-1.86 (m, 3H, H-
3a, H-3°, H-5"¢), 1.97 (m, 1H, H-2’¢), 2.11 (m, 1H, H-6’¢), 2.88-2.96 (m, 2H, H-3e, H-7), 3.53 (dd,
J=6.3,12.1 Hz, 1H, H-9a), 3.79 (dd, J = 2.5, 12.0 Hz, 1H, H-9b), 3.88 (ddt, J = 3.0, 6.3, 8.9 Hz, 1H,
H-8), 3.91-4.00 (m, 3H, H-1’, OCH,SO3Na), 4.28 (m, 1H, H-4), 4.33 (dd, J = 2.1, 10.5 Hz, 1H, H-
6), 4.60 (t, J = 10.3 Hz, 1H, H-5), 5.10 (q, J = 6.7 Hz, 1H, CH), 8.07 (s, 1H, H-triazole); 3C NMR
(126 MHz, D20): 0 = 22.08, 22.11 (2C, CH3), 23.6 (C-4"), 28.0 (C-57), 34.7 (C-6"), 36.1 (C-2"), 36.6
(C-3%), 41.7 (C-3), 62.4, 62.5 (CH), 62.7 (C-9), 63.2 (C-5), 68.0 (C-7), 68.6 (C-4), 72.5 (C-8), 73.0
(C-6), 74.0 (OCH2S0O3Na), 75.6 (C-17), 101.8 (C-2), 123.1 (CH-triazole), 152.1 (C-triazole), 173.9
(C=0); HRMS (ESI): m/z: Calcd for CaoHs1N3Na2013S [M]?: 276.5794, found: 276.5793; HPLC:
Purity 70.0%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl  5-benzylamino-3,5-dideoxy-D-glycero-a-D-galacto-
2-nonulopyranosylonate disodium salt (92).
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To a solution of 86 (30.0 mg, 0.060 mmol) in dry MeOH (3 mL) were added benzaldehyde (4.10 uL,
0.030 mmol), acetic acid (70.0 puL, 1.20 mmol) and NaCNBH3 (2.64 mg, 0.042 mmol). The reaction
was stirred for 4 h at rt and under argon. Then, the solution was concentrated under reduced pressure
and purified by LCMS. The clean product was hydrolyzed in 0.1 M NaOH (H.O/dioxane, 1:1) at rt
for 3 h. Then, the reaction was neutralized with AmberLite IR120, filtered and evaporated. The
residue was purified again by LCMS and size exclusion column chromatography (P-2 gel, H20) to
afford 92 as a white solid (3.56 mg, 20%). [a]o?® +7.75 (c 0.8, MeOH); 'H NMR (500 MHz, D;0): ¢
=0.92 (qd, J = 3.7, 12.6 Hz, 1H, H-4’a), 1.05 (q, J = 11.9 Hz, 1H, H-2’a), 1.21-1.36 (m, 2H, H-5"a,
H-6’a), 1.67-1.72 (m, 2H, H-3a, H-4’¢), 1.75-1.84 (m, 2H, H-3’, H-5"¢), 1.93 (m, 1H, H-2’¢), 2.02
(m, 1H, H-6’¢), 2.77 (dd, J = 4.7, 12.6 Hz, 1H, H-3e), 3.31 (t, J = 10.4 Hz, 1H, H-5), 3.77 (dd, J =
5.6, 12.0 Hz, 1H, H-9a), 3.85-4.02 (m, 7H, H-4, H-7, H-8, H-9b, H-1°, OCH,SO3Na), 4.19 (dd, J =
2.1,10.4 Hz, 1H, H-6), 4.33 (d, J = 13.1 Hz, 1H, CH2NH), 4.49 (d, J = 13.1 Hz, 1H, CH2NH), 7.51-
7.55 (m, 5H, Ar-H); *C NMR (126 MHz, D;0): 6 = 24.1 (C-5°), 28.5 (C-4), 35.1 (C-6), 36.6 (C-
2%), 37.1 (C-3%),42.3 (C-3), 51.7 (CH2NH), 58.9 (C-5), 63.1 (C-9), 67.1 (C-4), 69.1 (C-7), 72.1 (C-
6), 73.2 (C-8), 74.4 (OCH,SOsNa), 76.0 (C-1°), 130.2, 131.0 (4C, Ar-C); HRMS (ESI): m/z: Calcd
for C23H33sNNa201.S [M+Na]*: 616.1417, found: 616.1417; HPLC: Purity > 95.0%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl  3,5-dideoxy-5-(4-fluorobenzyl)amino-D-glycero-a-
D-galacto-2-nonulopyranosylonate disodium salt (93).
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To a solution of 86 (30.0 mg, 0.065 mmol) in dry MeOH (2 mL) were added 4-fluoro-benzaldehyde
(3.50 uL, 0.033 mmol), acetic acid (75.0 puL, 1.30 mmol) and NaCNBH3 (2.90 mg, 0.046 mmol). The
reaction was stirred for 4 h at rt under argon. Then, the solution was concentrated under reduced
pressure and purified by LCMS. The residue was dissolved in H20O, slightly basified with 0.1 M ag.
NaOH solution and purified by size exclusion column chromatography (P-2 gel, H20) to afford 93
(14.9 mg, 74%) as a white solid. [0]p?° +4.53 (¢ 1, MeOH); *H NMR (500 MHz, D20): ¢ = 0.92 (qd,
J=4.2,12.6,13.1 Hz, 1H, H-4’a), 1.04 (q, J = 11.9 Hz, 1H, H-2’a), 1.17-1.37 (m, 2H, H-5’a, H-6’a),
1.62 (t, J = 12.1 Hz, 1H, H-3a), 1.69 (m, 1H, H-4’¢), 1.71-1.85 (m, 2H, H-3’, H-5"¢), 1.92 (m, 1H,
H-2’¢), 2.04 (m, 1H, H-6¢), 2.78 (dd, J = 4.7, 12.4 Hz, 1H, H-3e), 3.22 (t, J = 10.3 Hz, 1H, H-5),
3.78 (dd, J = 5.4, 11.9 Hz, 1H, H-9a), 3.82-4.01 (m, 7H, H-4, H-7, H-8, H-9b, H-1°, OCH2SO3Na),
4.11 (dd, J = 2.3, 10.4 Hz, 1H, H-6), 4.30 (d, J = 13.2 Hz, 1H, CH2NH), 4.47 (d, J = 13.2 Hz, 1H,
CH2NH), 7.21-7.27 (m, 2H, Ar-H), 7.53-7.58 (m, 2H, Ar-H); *C NMR (126 MHz, D20): § = 23.8
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(C-5), 28.1 (C-4"), 34.8 (C-6"), 36.2 (C-2°), 36.8 (C-3’), 41.9 (C-3), 50.6 (CH2NH), 58.4 (C-5), 62.7
(C-9), 66.6 (C-4), 68.7 (C-7), 71.6 (C-6), 72.8 (C-8), 74.1 (OCH,SO3Na), 75.7 (C-1"), 101.6 (C-2),
116.6, 116.8, 127.3, 132.9, 133.0 (5C, Ar-C), 163.9 (d, Jcr = 246.5 Hz, Ar-C), 173.8 (C=0); HRMS
(ESI): m/z: Calcd for Cz3H3z2FNNa20O12S [M+Na]™: 634.1322, found: 634.1322; HPLC: Purity >
95.0%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl  3,5-dideoxy-5-(4-hydroxybenzyl)amino-D-glycero-

a-D-galacto-2-nonulopyranosylonate disodium salt (94).
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To a solution of 86 (36.0 mg, 0.078 mmol) in dry MeOH (2 mL) were added 4-hydroxybenzaldehyde
(4.76 mg, 0.039 mmol), acetic acid (89.0 pL, 1.56 mmol) and NaCNBH3 (3.43 mg, 0.055 mmol). The
reaction was stirred for 16 h at rt under argon. Then, the solution was concentrated under reduced
pressure and purified by LCMS. The residue was dissolved in H20O, slightly basified with 0.1 M ag.
NaOH solution and purified by size exclusion column chromatography (P-2 gel, H20) to afford 94
(4.16 mg, 17%) as a white solid. [o]p?® +6.93 (c 0.95, MeOH); 'H NMR (500 MHz, D;0): 6 = 0.92
(qd, J=3.7,12.6 Hz, 1H, H-4’a), 1.04 (q, J = 11.9 Hz, 1H, H-2’a), 1.17-1.38 (m, 2H, H-5"a, H-6"a),
1.62 (t, J = 12.1 Hz, 1H, H-3a), 1.69 (m, 1H, H-4’¢), 1.73-1.83 (m, 2H, H-3’, H-5"¢), 1.91 (m, 1H,
H-2’e), 2.04 (m, 1H, H-6’¢), 2.78 (dd, J = 4.7, 12.4 Hz, 1H, H-3e), 3.22 (t, J = 10.3 Hz, 1H, H-5),
3.77 (dd, J = 5.4, 11.8 Hz, 1H, H-9a), 3.81-4.00 (m, 7H, H-4, H-7, H-8, H-9b, H-1", OCH>SOsNa),
4.10 (dd, J = 2.2, 10.3 Hz, 1H, H-6), 4.22 (d, J = 13.1 Hz, 1H, CH2NH), 4.40 (d, J = 13.1 Hz, 1H,
CH2NH), 6.97 (d, J = 8.6 Hz, 2H, Ar-H), 7.41 (d, J = 8.6 Hz, 2H, Ar-H); *C NMR (126 MHz, D,0):
5 = 23.8 (C-57), 28.1 (C-4"), 34.8 (C-6"), 36.2 (C-2°), 36.8 (C-3"), 41.9 (C-3), 50.8 (CH2NH), 58.2
(C-5), 62.8 (C-9), 66.6 (C-4), 68.7 (C-7), 71.6 (C-6), 72.8 (C-8), 74.1 (OCH2SOs3Na), 75.7 (C-17),
101.6 (C-2), 116.6, 132.6, 157.4 (6C, Ar-C), 173.8 (C=0); HRMS (ESI): m/z: Calcd for
C23H33NNa2013S [M+H]™: 610.1546, found: 610.1548; HPLC: Purity > 95.0%.
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 5-(1-acetylpiperidin-4-yl)amino-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosylonate disodium salt (95).
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To a solution of 86 (30.0 mg, 0.065 mmol) in dry MeOH (2 mL) were added 1-acetyl-4-piperidone
(4.00 puL, 0.033 mmol), acetic acid (75.0 uL, 1.30 mmol) and NaCNBH3z (2.90 mg, 0.046 mmol). The
reaction was stirred for 16 h at rt under argon. After that, the solution was concentrated under reduced
pressure and purified by LCMS. The compound was dissolved in H2O, slightly basified with 0.1 M
aq. NaOH solution and purified by size exclusion column chromatography (P-2 gel, H20) to afford
95 as a white solid (7.80 mg, 38%). [a]o?® +1.59 (c 1, MeOH); *H NMR (500 MHz, D,0): 6 = 0.84
(qd, J = 3.7, 12.5 Hz, 1H, H-4’a), 0.97 (q, J = 11.9 Hz, 1H, H-2’a), 1.10-1.30 (m, 2H, H-5"a, H-6"a),
1.39-1.76 (m, 6H, H-3a, H-3’, H-4’¢, H-5’e, CHz-piperidine), 1.84 (m, 1H, H-2’e), 1.96 (m, 1H, H-
6’¢), 2.08 (s, 3H, NCOCHz), 2.11-2.29 (m, 2H, CHa-piperidine), 2.64-2.77 (m, 2H, H-3e, NCH2-
piperidine), 3.14 (m, 1H, NCH-piperidine), 3.21 (t, J = 10.2 Hz, 1H, H-5), 3.56 (m, 1H, CH-
piperidine), 3.63-3.74 (m, 3H, H-4, H-7, H-9a), 3.78-3.90 (m, 5H, H-8, H-9b, H-1°, OCH>SO3Na),
3.94-4.04 (m, 2H, H-6, NCH2-piperidine), 4.42 (m, 1H, NCHz-piperidine); **C NMR (126 MHz,
D20): 6 = 21.0 (NCOCHs3), 23.8 (C-57), 28.1 (C-4’), 28.7, 29.4 (2C, CH2-piperidine), 34.8 (C-6°),
36.2 (C-2%), 36.8 (C-3”), 40.8 (NCH>-piperidine), 42.0 (C-3), 45.4 (NCH2-piperidine), 56.4 (CH-
piperidine), 57.5 (C-5), 62.7 (C-9), 67.4 (C-4), 68.6 (C-7), 72.1 (C-6), 72.7 (C-8), 74.1 (OCH2SOsNa),
75.8 (C-17), 101.6 (C-2), 173.0, 173.8 (2C, C=0); HRMS (ESI): m/z: Calcd for C23HzsN2Na2013S
[M+H]": 628.1968, found: 629.1979; HPLC: Purity 95.0%.

Ethyl 2-(4-cyclohexyl-1H-1,2,3-triazol-1-yl)acetate (108).

To a solution of ethynylcyclohexane (484 uL, 3.68 mmol) and ethyl 2-azidoacetate (25% in toluene,
1.74 mL, 3.68 mmol) in DMF (12.0 mL) were added Cul (140 mg, 0.74 mmol) and DIPEA (640 uL,
3.68 mmol). The solution was stirred overnight at rt under argon. Then, it was diluted with H.O (10

mL) and extracted with DCM (3 x 20 mL), dried over Na SO, filtered and concentrated under
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reduced pressure. The crude product was then purified by flash column chromatography (petroleum
ether/EtOAc, 1:0 — 8:2) to afford 108 (600 mg, 69%) as a white solid. *tH NMR (500 MHz, CDCls):
0 =1.25 (m, 1H, CHz-cy), 1.29 (t, J = 7.1 Hz, 3H, OCH2CH?3), 1.34-1.48 (m, 4H, CH>-cy), 1.72 (m,
1H, CHa-cy), 1.77-1.84 (m, 2H, CH2-cy), 2.01-2.12 (m, 2H, CH2-cy), 2.79 (m, 1H, CH-cy), 4.26 (q,
J=7.2Hz, 2H, OCH2CHj3), 5.11 (s, 2H, CH>), 7.37 (s, 1H, H-triazole); 13C NMR (126 MHz, CDCls):
0 = 14.2 (OCH2CH3), 26.2, 26.3, 33.1 (5C, CH2-cy), 35.4 (CH-cy), 50.9 (CH2), 62.4 (OCH.CHa),
120.8 (CH-triazole), 154.3 (C-triazole), 166.7 (C=0); ESI-MS: m/z: calcd for C12H19N302 [M+H]":
238.2, found: 238.0.

The analytical data of 108 were in accordance with reported values.3*

2-(4-Cyclohexyl-1H-1,2,3-triazol-1-yl)acetic acid (109).
OH

N—N/\<

i o
N A

Compound 108 (83.0 mg, 0.35 mmol) was dissolved in 0.1 M NaOH solution (H.O/dioxane, 1:1, 6.0
mL) and stirred at rt for 4 h. Then, it was neutralized with AmberLite IR120 and concentrated under
reduced pressure to afford 109 (73.0 mg, quant.) as a white solid. *H NMR (500 MHz, CDCls): § =
1.25 (m, 1H, CHz-cy), 1.33-1.46 (m, 4H, CH>-cy), 1.72 (m, 1H, CH»-cy), 1.76-1.85 (m, 2H, CHz-cy),
1.96-2.10 (m, 2H, CH>-cy), 2.77 (ddq, J = 3.4, 4.0, 6.7, 11.4 Hz, 1H, CH-cy), 5.15 (s, 2H, CH>), 7.47
(s, 1H, H-triazole); **C NMR (126 MHz, CDCls): 6 = 26.0. 26.1, 32.9 (5C, CHa-cy), 35.0 (CH-cy),
51.3 (CHy), 121.8 (CH-triazole), 153.6 (C-triazole), 168.5 (C=0); ESI-MS: m/z: Calcd for
C10H15N3O2 [M+H]*: 210.1, found: 210.1.

The analytical data of 109 were in accordance with reported values.®*

N-(Prop-2-yn-1-yl)benzamide (110).

(e}

@Au/\

A solution of benzoic acid (0.364 g, 2.98 mmol) in dry DMF (10 mL) was stirred under argon with
DIPEA (1.1 mL, 6.31 mmol) and HATU (1.70 g, 4.47 mmol) for 40 minutes. Then, propargylamine
(572 pL, 8.94 mmol) was added and the reaction was stirred overnight at rt. After that, it was diluted
with DCM (10 mL) and H20 (10 mL) and the organic phase was washed with brine (10 mL), ag. satd.
NaHCOs3 (10 mL) and H20 (10 mL), dried over Na>SOg, filtered and concentrated under reduced
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pressure. The residue was purified by flash column chromatography (petroleum ether/EtOAc, 1:0 —
7:3) to afford 110 (0.364 g, 77%) as a white solid. *H NMR (500 MHz, CDCls3): § = 2.29 (t, J = 2.6
Hz, 1H, CH-alkyne), 4.27 (dd, J = 2.6, 5.2 Hz, 2H, CH>), 6.26 (s, 1H, NH), 7.38-7.48 (m, 2H, Ar-H),
7.50-7.58 (m, 1H, Ar-H), 7.75-7.83 (m, 2H, Ar-H); *C NMR (126 MHz, CDCls): 6 = 30.0 (CH>),
72.1 (CH-alkyne), 127.1, 128.8, 132.0, 133.9 (6C, Ar-C); ESI-MS: m/z: Calcd for C1o0HgNO [M+H]*:
160.1, found: 160.0.

The analytical data of 110 were in accordance with reported values.*

2-(4-Benzamidomethyl-1H-1,2,3-triazol-1-yl)acetic acid (111).

OH

To a solution of 110 (354 mg, 2.22 mmol) and ethyl 2-azidoacetate (25% in toluene, 1.30 mL, 2.22
mmol) in DMF (10.0 mL) were added Cul (86.4 mg, 0.44 mmol) and DIPEA (387 uL, 2.22 mmol).
The solution was stirred overnight at rt under argon. Then, it was diluted with H.O (10 mL) and
extracted with DCM (3 x 20 mL), dried over Na.SOs, filtered and concentrated under reduced
pressure. The residue was purified by flash column chromatography (petroleum ether/EtOAc, 1:0 —
6:4). The collected product was dissolved in 0.1 M NaOH solution (H.O/dioxane, 1:1, 27 mL) and
stirred at rt for 4 h. After that, it was neutralized with AmberLite IR120 and concentrated under
reduced pressure to afford 111 (240 mg, 42% over two steps) as a white solid. *H NMR (500 MHz,
CD30D): 6 = 4.66 (s, 2H, CH2NH), 5.26 (s, 2H, CH.COOH), 7.45 (dd, J = 7.0, 8.3 Hz, 2H, Ar-H),
7.50-7.57 (m, 1H, Ar-H), 7.79-7.88 (m, 2H, Ar-H), 7.96 (s, 1H, H-triazole); 3C NMR (126 MHz,
CD30D): 6 = 36.1 (CH2NH), 51.7 (CH2COOQOH), 125.9 (CH-triazole), 128.4, 129.6, 132.8, 135.3 (6C,
Ar-C), 146.5 (C-triazole), 169.9, 170.2 (2C, C=0); ESI-MS: m/z: Calcd for C12H12N4O3 [M+H]":
261.1, found: 261.1.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 5-benzamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonate disodium salt (97).

OH
HO OH COONaT

N
N 0] O
>
HO

o} 0SOzNa
A solution of benzoic acid (14.7 mg, 0.120 mmol) in dry DMF (1 mL) was stirred under argon with
DIPEA (26.0 pL, 0.15 mmol) and HATU (57.0 mg, 0.15 mmol) for 40 min. Then, 96 (30.0 mg, 0.06
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mmol) was added and the reaction was stirred overnight at rt. The mixture was concentrated under
reduced pressure and purified by flash column chromatography (DCM/(MeOH/H20 10:1), 1:0 —
7:3). A fraction of the collected product (13 mg, 0.02 mmol) was dissolved in 0.1 M NaOH solution
(H2O/dioxane, 1:1, 1 mL) and stirred for 48 h. After that, it was neutralized with AmberLite IR120,
concentrated under reduced pressure and purified by size exclusion chromatography (P-2 gel, H20)
to afford 97 (4.44 mg, 37% over two steps) as a white solid. [a]o?® +4.80 (c 1, MeOH); *H NMR (500
MHz, D20): 6 =0.94 (qd, J = 3.7, 12.6 Hz, 1H, H-4’a), 1.07 (q, J = 12.0 Hz, 1H, H-2’a), 1.22-1.41
(m, 2H, H-5’a, H-6a), 1.66-1.87 (m, 4H, H-3a, H-3’, H-4’¢, H-5"¢), 1.94 (m, 1H, H-2"¢), 2.10 (m,
1H, H-6%¢), 2.83 (dd, J = 4.7, 12.3 Hz, 1H, H-3e), 3.62-3.72 (m, 2H, H-7, H-9a), 3.81-3.99 (m, 7H,
H-4, H-6, H-8, H-9b, H-1°, OCH2S03Na), 4.09 (t, J = 10.2 Hz, 1H, H-5), 7.53-7.56 (m, 2H, Ar-H),
7.64 (m, 1H, Ar-H), 7.80 (m, 2H, Ar-H); 3C NMR (126 MHz, D;0): 6 = 23.4 (C-5"), 27.8 (C-4"),
34.5 (C-6%), 35.8 (C-27), 36.4 (C-3”), 41.5 (C-3), 52.6 (C-5), 62.7 (C-9), 68.5 (C-4, C-7), 72.3 (C-6),
72.9 (C-8), 73.6 (OCH2SO3Na), 75.0 (C-17), 101.3 (C-2), 127.4, 128.9, 132.5, 133.5 (6C, Ar-C),
172.1, 174.0 (2C, C=0); HRMS (ESI): m/z: Calcd for C23H3:NNa»013S [M+Na]*: 630.1209, found:
630.1209; HPLC: Purity 93.0%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 3,5-dideoxy-5-propionamido-bD-glycero-a-D-galacto-
2-nonulopyranosylonate disodium salt (98).

OH

HO, OH COONa1'
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A solution of propionic acid (9.00 uL, 0.126 mmol) in dry DMF (1 mL) was stirred under argon with
DIPEA (27.0 pL, 0.160 mmol) and HATU (60.0 mg, 0.160 mmol) for 40 min. Then, 96 (30.0 mg,
0.063 mmol) was added and the reaction was stirred overnight at rt for 16 h. After that, TLC still
showed starting material, therefore another portion of DIPEA (0.160 mmol) and HATU (0.160 mmol)
was added and stirring continued for further 16 h. Then, the mixture was concentrated under reduced
pressure and the residue was purified by flash column chromatography (DCM/(MeOH/H.0 10:1),
1:0 — 6:4). The collected product (21.8 mg, 0.029 mmol) was dissolved in 0.1 M NaOH solution
(H20O/dioxane, 1:1, 1 mL) and stirred for 24 h. Then, it was neutralized with AmberLite IR120,
concentrated under reduced pressure and purified by size exclusion chromatography (P-2 gel, H20)
to afford 98 (14.0 mg, 40% over two steps) as a white solid. [a]o?® +8.65 (¢ 1, MeOH); *H NMR (500
MHz, D20): 6 = 0.92 (qd, J = 3.7, 12.6 Hz, 1H, H-4’a), 1.05 (q, J = 11.9 Hz, 1H, H-2’a), 1.13 (t, J =
7.7 Hz, 3H, NHCH2CHg), 1.20-1.37 (m, 2H, H-5’a, H-6’a), 1.65 (t, J = 12.2 Hz, 1H, H-3a), 1.71 (m,
1H, H-4’¢), 1.80 (m, 2H, H-3", H-5"¢), 1.92 (m, 1H, H-2’¢), 2.08 (m, 1H, H-6’¢), 2.32 (q, J = 7.6 Hz,
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2H, NHCH2CHz3), 2.77 (dd, J = 4.6, 12.4 Hz, 1H, H-3e), 3.60 (dd, J = 2.0, 9.0 Hz, 1H, H-7), 3.63-
3.73 (m, 3H, H-4, H-6, H-9a), 3.81 (t, J = 10.1 Hz, 1H, H-5), 3.84-3.94 (m, 5H, H-8, H-9b, H-1,
OCH:SO3Na); 3C NMR (126 MHz, D20); ¢ = 10.1 (NHCH,CHs), 23.8 (C-5"), 28.2 (C-4), 29.9
(NHCH2CHpa), 34.9 (C-6"), 36.2 (C-2), 36.8 (C-37), 41.8 (C-3), 52.3 (C-5), 63.1 (C-9), 68.7 (C-7),
68.8 (C-4), 72.7 (C-8), 73.4 (C-4), 74.2 (OCH2SO3Na), 75.4 (C-17), 101.6 (C-2), 174.5, 179.7 (2C,
C=0); HRMS (ESI): m/z: Calcd for C19H31NNa2013S [M+Na]*: 582.1209, found: 582.1209; HPLC:
Purity 82.0%.

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 3,5-dideoxy-5-(3-methoxypropanamido)-b-glycero-
a-D-galacto-2-nonulopyranosylonate disodium salt (99).

OH
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A solution of 3-methoxypropionic acid (8.30 uL, 0.088 mmol) in dry DMF (1 mL) was stirred under
argon with DIPEA (19.0 pL, 0.110 mmol) and HATU (41.8 mg, 0.110 mmol) for 40 min. Then, 96
(20.0 mg, 0.044 mmol) was added and the reaction was stirred overnight at rt for 16 h. After that,
TLC still showed starting material, therefore another portion of DIPEA (0.160 mmol) and HATU
(0.160 mmol) was added and stirring continued for further 16 h. Then, the mixture was concentrated
under reduced pressure and the residue was purified by flash column chromatography
(DCM/(MeOH/H20 10:1), 1:0 — 6:4). The collected product (17.0 mg, 0.029 mmol) was dissolved
in 0.1 M NaOH solution (H2O/dioxane, 1:1, 1 mL) and stirred for 24 h. After that, it was neutralized
with AmberLite IR120, concentrated under reduced pressure and purified by size exclusion
chromatography (P-2 gel, H20) to afford 99 (10.6 mg, 41% over two steps) as a white solid. [a]p?°
+24.4 (c 1, MeOH); *H NMR (500 MHz, D20): 6 = 0.93 (m, 1H, H-4’a), 1.05 (q, J = 11.9 Hz, 1H,
H-2’a), 1.19-1.37 (m, 2H, H-5’a, H-6’a), 1.65 (t, J = 12.2 Hz, 1H, H-3a), 1.70 (m, 1H, H-4’¢), 1.79
(m, 2H, H-3", H-5%¢), 1.92 (m, 1H, H-2’¢), 2.08 (m, 1H, H-6’¢), 2.53-2.66 (m, 2H, CH2.CONH), 2.77
(dd, J = 4.7, 12.4 Hz, 1H, H-3e), 3.37 (s, 3H, OMe), 3.61 (dd, J = 1.9, 8.9 Hz, 1H, H-7), 3.64-3.79
(m, 5H, H-4, H-6, H-9a, CH.OMe), 3.81-3.95 (m, 6H, H-5, H-8, H-9b, H-1’, OCH,SO3Na); 1*C NMR
(126 MHz, D20): 0 = 23.9 (C-5°), 28.2 (C-4"), 34.9 (C-6"), 36.3 (C-2"), 36.6 (CH.CONH), 36.8 (C-
3’), 41.8 (C-3), 52.5 (C-5), 58.6 (OMe), 63.2 (C-9), 68.8 (CH.OMe), 68.78 (C-7), 68.81 (C-4), 72.8
(C-8), 73.4 (C-6), 74.2 (OCH2SOs3Na), 75.5 (C-17), 101.7 (C-2), 174.5, 175.7 (2C, C=0); HRMS
(ESI): m/z: Calcd for C2oH33sNNa2014S [M+Na]*: 612.1315, found: 612.1311; HPLC: Purity 87.0%.
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl 5-(2-(4-cyclohexyl-1H-1,2,3-triazol-1-yl)acetamido)-
3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate disodium salt (100).
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Compound 109 (67 mg, 0.32 mmol) and N-hydroxysuccinimide (46.0 mg, 0.40 mmol) were dissolved
in EtOAC (4 mL) and cooled to 0 °C. DCC (82.5 mg, 0.40 mmol) was then added and the reaction
stirred overnight at 0 °C. Then, the formed DCU by-product was filtered off and the solvents were
evaporated. The crude intermediate was used in the next step without further purification. A part of
the intermediate (40.0 mg, 0.13 mmol) was dissolved in DMF (1 mL) and added to a solution of 96
(15.0 mg, 0.032 mmol) in DMF (1 mL) with NEts (7.0 uL). The mixture was stirred overnight under
argon at rt. The solvents were then evaporated and the residue was purified by flash chromatography
(DCM/(MeOH/H20 10:1), 1:0 — 6:4). The collected product (14 mg, 0.02 mmol) was dissolved in
0.1 M NaOH solution (H2O/dioxane, 1:1, 1 mL) and stirred overnight. After that, it was neutralized
with AmberLite IR120, concentrated under reduced pressure and purified by size exclusion
chromatography (P-2 gel, H20) to afford 100 (5.50 mg, 26% over two steps) as a white solid. [o]p%
+11.4 (c 1, MeOH); *H NMR (500 MHz, D20): 6 = 0.92 (qd, J = 3.7, 12.6 Hz, 1H, H-4a), 1.04 (q, J
=11.9 Hz, 1H, H-2’a), 1.17-1.37 (m, 3H, H-5’a, H-6’a, CH2-cy), 1.37-1.50 (m, 4H, CHa-cy), 1.66 (t,
J =122 Hz, 1H, H-3a), 1.68-1.74 (m, 2H, H-4’e, H-5"¢), 1.75-1.84 (m, 4H, H-3’, CH>-cy), 1.92 (m,
1H, H-2’¢), 2.00 (m, 2H, CH2-cy), 2.06 (m, 1H, H-6"¢), 2.73-2.83 (m, 2H, H-3e, CH-cy), 3.62 (dd, J
= 2.0, 9.1 Hz, 1H, H-7), 3.65-3.74 (m, 2H, H-4, H-9a), 3.77 (dd, J = 2.0, 10.5 Hz, 1H, H-6), 3.83-
3.94 (m, 6H, H-5, H-8, H-9b, H-1", OCH>SO3Na), 5.26 (s, 2H, NHCOCH), 7.81 (s, 1H, H-triazole);
13C NMR (126 MHz, D;0): ¢ = 23.3 (CHz-¢y), 25.6 (C-5"), 25.7 (2C, CHz-cy), 27.7 (C-4°), 32.5 (2C,
CH>-cy), 34.4 (C-6’), 34.6 (CH-cy), 35.7 (C-2"), 36.3 (C-37),41.3 (C-3), 52.1 (NHCOCHy), 52.2 (C-
5), 62.6 (C-9), 68.2 (C-7), 68.5 (C-4), 72.3 (C-6), 72.5 (C-8), 73.7 (OCH2SO3Na), 75.0 (C-17), 101.2
(C-2), 123.4 (CH-triazole), 154.4 (C-triazole), 168.8, 173.9 (2C, C=0); HRMS (ESI): m/z: Calcd for
C26H40N4Na2013S [M+Na]*: 717.2006, found: 717.2006; HPLC: Purity 95.0%.
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl  3,5-dideoxy-5-(2-(4-(2-0x0-2-(phenylamino)ethyl)-
1H-1,2,3-triazol-1-yl)acetamido)-D-glycero-a-D-galacto-2-nonulopyranosylonate disodium salt
(101).
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A solution of 111 (33.0 mg, 0.126 mmol) in dry DMF (1 mL) was stirred under argon with DIPEA
(27.0 pL, 0.1260 mmol) and HATU (60.0 mg, 0.160 mmol) for 40 min. Then, 96 (30.0 mg, 0.063
mmol) was added and the reaction was stirred overnight at rt for 16 h. After that, TLC still showed
starting material, therefore another portion of DIPEA (0.160 mmol) and HATU (0.160 mmol) was
added and stirring continued for further 16 h. Then, the mixture was concentrated under reduced
pressure and the residue was purified by flash column chromatography (DCM/(MeOH/H.0 10:1),
1:0 — 6:4). The collected product (21.8 mg, 0.029 mmol) was dissolved in 0.1 M NaOH solution
(H2O/dioxane, 1:1, 1 mL) and stirred for 24 h. Then, it was neutralized with AmberLite 1R120,
concentrated under reduced pressure and purified by size exclusion chromatography (P-2 gel, H20)
to afford 101 (15.0 mg, 32% over two steps) as a white solid. [a]p?® +24.2 (¢ 1, MeOH); *H NMR
(500 MHz, D20): 6 =0.92 (qd, J = 3.7, 12.6 Hz, 1H, H-4’a), 1.04 (q, J = 11.9 Hz, 1H, H-2’a), 1.19-
1.37 (m, 2H, H-5’a, H-6"a), 1.66 (t, J = 12.1 Hz, 1H, H-3a), 1.70 (m, 1H, H-4’¢), 1.75-1.84 (m, 2H,
H-3’, H-5’¢), 1.92 (m, 1H, H-2"¢), 2.06 (m, 1H, H-6’¢), 2.77 (dd, J = 4.7, 12.4 Hz, 1H, H-3e), 3.61-
3.68 (m, 2H, H-7, H-9b), 3.71 (ddd, J = 4.7, 9.9, 12.0 Hz, 1H, H-4), 3.78 (dd, J = 2.0, 10.4 Hz, 1H,
H-6), 3.82-3.94 (m, 6H, H-5, H-8, H-9b, H-1’, OCH2SOs3Na), 4.71 (s, 2H, CH2CONHPh), 5.32 (s,
2H, CH2CONH), 7.51-7.59 (m, 2H, Ar-H), 7.65 (m, 1H, Ar-H), 7.77-7.85 (m, 2H, Ar-H), 8.03 (s,
1H, H-triazole); 3C NMR (126 MHz, D;0): 6 = 23.9 (C-5°), 28.2 (C-4"), 34.9 (C-6"), 35.6
(CH.CONHPh), 36.3 (C-27), 36.8 (C-3"), 41.8 (C-3), 52.7 (CH.CONH), 52.8 (C-5), 63.1 (C-9), 68.7
(C-7),69.0 (C-4), 72.8 (C-8), 73.0 (C-6), 74.2 (OCH2SO3Na), 75.5 (C-17), 101.7 (C-2), 126.0 (CH-
triazole), 127.8, 129.5, 133.0, 133.9 (6C, Ar-C), 145.5 (C-triazole), 169.2, 171.5, 174.4 (3C, C=0);
HRMS (ESI): m/z: Calcd for C2sH3z7NsNa2014S [M+Na]*: 768.1751, found: 768.1752; HPLC: Purity
83.0%.

Microscale thermophoresis. Microscale thermophoresis experiments were performed using a

Monolith NT.115 instrument (Nanotemper, Munich, Germany) set to 25 °C, 50% LED power, and
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“medium” MST power. The Nanotemper MO. Affinity Analysis software suite was employed for
analysis and nonlinear fitting of experimental data. In a typical experiment, a serial ligand dilution
starting at 15 mM or 30 mM was incubated with an equal volume of 160 nM FITC-labeled Siglec-8-
CRD and measured directly using the green channel of the instrument. Experiments were performed

in triplicates.

Isothermal titration calorimetry. Isothermal titration calorimetric experiments were performed on
an ITC200 instrument (MicroCal, Northampton, USA) at 25 °C using standard instrument settings
(reference power 6 pcal s, stirring speed 750 rpm, feedback mode high, filter period 2 s). Protein
solutions were dialyzed against ITC buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) prior to the
experiments and all samples were prepared using the dialysate buffer to minimize dilution effects.
Protein concentrations were determined spectrophotometrically with the specific absorbance at 280
nm employing an extinction coefficient of 33240 mol™* cm™. Binding affinities of Siglec-8 ligands in
the UM to mM range necessitated a low c titration setup. In a typical experiment, a 25 mM ligand
solution was titrated to a solution containing 40 puM Siglec-8 to ensure > 70% saturation. Baseline
correction, peak integration, and non-linear regression analysis of experimental data was performed
using the NITPIC (version 1.2.2)* and SEDPHAT (version 12.1b)* software packages. The
stoichiometry parameter was manually constrained to a value of 1. Experiments were performed in
duplicate and the 68% confidence intervals from global fitting of two experiments were calculated as

an estimate of experimental error.

Differential scanning fluorimetry. Differential scanning fluorimetry assays were performed using
a Prometheus NT.48 (Nanotemper, Munich, Germany) instrument set to 50 % excitation power and
1.0 °C/min temperature slope. The Nanotemper Pr.ThermControl software suite was employed for
analysis of experimental data. In a typical experiment, a 20 uM solution of Siglec-8-CRD was
incubated alone or with 1 mM solution of ligand and measured over a temperature range from 20 to
80 °C.
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4. Development of an LC-MS method for the quantification of NEU2-mediated
hydrolysis of Siglec-8 ligands

This chapter describes the development of an enzymatic assay to check the stability of our most
important Siglec-8 ligands, presented in chapter 2, towards human neuraminidase 2 (NEU2).
Structurally, they present a sialic acid connected by an a2-3 linkage to galactose or mimics thereof
and therefore may be subject to hydrolysis by neuraminidases present in our body. An LC-MS method
has been developed to follow the potential hydrolysis and to quantify the consumption of the

substrate.

Contribution to project

Benedetta Girardi performed the enzymatic assay and developed and optimized the LC-MS method.
She also synthesized and characterized compound 2, while compounds 34 and 38 were synthesized
and characterized by Gabriele Conti. The enzyme NEU2 was kindly produced and provided by Prof.
Christopher Cairo’s group (University of Alberta, Canada).
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4.1 Introduction.

The concept of pharmacokinetics (PK) can be simplified with the sentence “what the body does on a
molecule”: once a compound is administered, it goes through a series of biological processes and
chemical modifications that can be described by four main steps, Absorption, Distribution,
Metabolism and Excretion (ADME). All these factors, together with the possible Toxicity of a drug
as a fifth parameter (ADME-T), should be considered during the drug development process to make
sure that the molecule reaches the target at the therapeutic concentration.* In the past, the first phases
of drug discovery were quite focused on evaluating only the affinity and the selectivity of a compound
on a target, without considering the general PK properties of the molecule, as for example metabolic
soft spots, high clearance, plasma protein binding, etc. A study comprising seven pharma companies
in UK showed how, until 1985, 39% of the molecules failed because of bad PK properties. Now, in
vitro evaluation methods of these characteristics have become an important part of the preclinical
development. The identification of possible limits of a molecule can guide the optimization process
from the early phases, limiting failures and saving money and time.>~" The failures of clinical trials
due to pharmacokinetic reasons were reduced to less than 10% once physicochemical and
biochemical properties were analyzed in the early phases of drug discovery.®

For these reasons, we decided to start evaluating some of these properties already at the first stages
of our Siglec-8 project, or at least in parallel to our lead optimization process.

As described in the introduction of this thesis, sialic acids are abundantly expressed on the cell surface
of our body, mediating many biological processes.®*? In mammals, two main classes of enzymes are
involved in their chemical modifications: sialyltransferases, deputed to transfer Sia residues, and
neuraminidases (NEU) able to remove them from glycoconjugates.®*1°

Since our Siglec-8 ligands, extensively described in the previous chapters, contain sialic acid
moieties, we were interested whether our molecules may be subject to NEU-mediated hydrolysis or
if the modifications introduced on Neu5Ac could confer a sort of stability towards this class of
enzymes.

To date, four human NEUSs have been identified, which differ in subcellular and tissue localization as
well as in substrate specificity.'® They are widely expressed in tissues, while regarding their
subcellular localization, NEU1 can be found mainly on lysosomes but also on the plasma membrane,
NEU?2 in the cytosol, NEU3 in the plasma membrane and NEU4 in the endoplasmic reticulum (ER)
membrane, mitochondria and lysosomes.’~2° Concerning their main biological functions, NEU1 and
NEU4 play a role in the lysosomal catabolism of glycoconjugates, while NEU1 and NEU3 are

involved in desialylation of membrane receptors, thus being important regulators of cell signaling.
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The biological role of NEU2 is still unclear but it is involved in myoblast differentiation and
oncogenesis.?! Every enzyme also shows specificity for different substrates. A recent study analyzed
the main differences towards the most abundant sialylated oligosaccharides. NEU1 has the broadest
activity, which explains its ability to act on various receptors and glycoconjugates. NEU2 is more
specific for 02-3 linkages, while NEU3 and NEU4 are the most active. NEU4 has a reduced activity
towards 02-6 linkages compared to NEU3.?? In addition, NEU3 has a preference for aglycone
moieties.?® The presence of a branching 2-fucoside affected the binding to NEU2 and NEUA4, but not
to NEU1 and NEU3.22 Only NEU2 has been crystallized, both in apo form and in complex with the
inhibitor DANA. Being the only structure available, it has been used for homology modeling to obtain
3D structures of the other NEUs.?+%

Considering that our ligands interact on the cell surface and are formed by sialic acid linked to
galactose or mimics thereof by 02-3 linkage, and looking at the expression and specificities of the
different enzymes, NEU3 seems to be the preferred target enzyme for our stability assays. However,
it was only possible to have access to NEU2. Since it is an enzyme active on a2-3 linkages, our
ligands might still be hydrolyzed. Therefore, we decided to use NEU2 as a proof of concept and to
develop and validate a method which can be then also applied to the other enzymes.

We decided to test the three more significant Siglec-8 ligands described in the second chapter: first,
the more natural disaccharide 6-sulfo-Sia-Gal (2), obtained by keeping the minimal binding epitope
from parent tetrasaccharide 6-sulfo-sLe*. Then, the first glycomimetic derivative (34), obtained by
substituting the galactose with a cyclohexane moiety while keeping the sulfate in the same position
and finally the most active Siglec-8 ligand, with an additional sulfonaphtyl moiety in position 9 of
the sialic acid (38) (Figure 1).
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Figure 1. Siglec-8 ligands: from the natural substrate to a potent glycomimetic.
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The stability of these compounds towards human NEU2 was assessed with an enzymatic assay and
the possible hydrolysis was followed analyzing the consumption of the substrate with the
development of a liquid chromatography-mass spectrometry (LC-MS) method.

4.2 Results and discussion.

hNEU2 calibration. The activity of the human NEU2 enzyme has to be calibrated against a bacterial
neuraminidase before using it in experiments. In this case, the assay was performed using the bacterial
Clostridium prefrigens neuraminidase and 4-methylumbelliferyl N-acetyl-a-D-neuraminic acid
(4MU-NANA), a well-known substrate for this class of enzymes, bearing a sialic acid substituted
with a fluorescent moiety (Figure 2A). Upon hydrolysis, the fluorescent moiety released can be
detected and then quantified with a fluorimeter. Therefore, following an established protocol from
Prof. Cairo’s group, 4MU-NANA was incubated with serial dilutions of bacterial enzyme, and the
produced fluorescence was plotted vs. the enzyme concentration. This calibration curve was then
used to indirectly calculate the activity of human NEU2 (Figure 2B). Enzymatic assays were
performed at 37 °C using sodium acetate buffer at the optimum enzyme pH (5.5 for NEU2), as
previously published.?’

O
OH COON
k]
2 COON l'r D " P
a
OH ACHN "']
ACHN HO
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Ex: 365 nm

B C. Prefigens Neuraminidase Em: 445 nm
300~
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0 | |
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Figure 2. A: Neu-mediated hydrolysis of 4AMU-NANA. The fluorescence of 4MU can be read at two values: Excitation

(Ex) at 365 nm and emission (Em) at 445 nm. B: Calibration curve of produced fluorescence vs enzyme concentration.
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Assay optimization and LC-MS. Considering that our compounds do not have a fluorophore group
in the aglycone moiety, an LC-MS method was developed to quantify the consumption of the
substrate or the released hydrolysis product. LC-MS is commonly used to study enzymatic reactions
because it provides a fast and precise method to analyze and quantify a variety of substances in
complex matrixes.?® In our case, we used multiple reaction monitoring (MRM) on a triple quadrupole
MS (QQQ-MS) which selects and observes the transition between a precursor ion and a product ion.
This is advantageous because being so specific, it gives the possibility to distinguish even co-eluted
compounds. Some optimization was required to find the best conditions. The buffer that gave the best
ionization was 10 mM ammonium acetate (NHsAc), which was also used to dilute the samples before
the injection. Due to the high polarity of our compounds, with two negative charges, a normal-phase
column (HILIC) had to be used, because no retention was observed in a common reversed-phase

column.

With the optimized LC-MS conditions, we incubated 4MU-NANA, as a positive control, with
different NEUZ2 concentrations (2, 5 and 10 mU ) to determine which concentration of enzyme should
be used for our Siglec-8 ligands. Aliquots were collected at different timepoints over 24 hours and
directly injected in the LC-MS. As can be seen from Figure 3A, 4AMU-NANA was completely
hydrolyzed within 24 hours when using 10 mU of NEUZ2. Starting from a certain area under the curve
of the control without enzyme, the decrease of the area over time is attributed to the enzyme activity,
also confirmed by the formation of the hydrolyzed product Neu5Ac, increasing proportionally over

time (Figure 3B). Based on these results, 10 mU of hNEU2 were used to screen our Siglec-8 ligands.

4MU-NANA - hNeu2 Neu5SAc - hNeu2
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Figure 3. Hydrolysis of 4AMU-NANA (A) and Neu5Ac product formation (B) over 24 h using different concentrations of

enzyme.
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Siglec-8 ligands assay. The same method was then applied to screen our compounds 2, 34 and 38.
For every substance, a control reaction where the enzyme was replaced by an equal amount of buffer
was run in parallel. Fragmentor and collision energy of the QQQ-MS were adjusted for every
molecule to obtain optimal ionization. At seven timepoints over 24 h, the reaction was stopped and
aliquots were injected in the LC-MS. A calibration curve with different substrate concentration was
plotted and used to quantify substrate consumption in comparison to the control without enzyme. A
plot of substrate concentration vs time is shown in Figure 4.

Hydrolysis with hNeu2 (10mU)
500

400 - 34

300 38
200

100

Ligand concentration (uM)

0+ r T r T T 1
0 5 10 15 20 25 30
Time (h)

Figure 4. Hydrolysis of Siglec-8 ligands over 24 hours using 10 mU of NEU2.

A comparison of the measured concentrations at every timepoint with the initial concentration reveals
that only disaccharide 2 is partially hydrolyzed (30%) over 24 h while mimics 34 and 38 are
completely stable. The small decay for compound 34 represents only 7% of the initial concentration,
which is a negligible amount that might be attributed to small variabilities in the LC-MS system.
Furthermore, most of the hydrolysis obviously occurs in the first 4 h and then the concentration
remains more or less stable. This may be explained by a possible partial inhibition of the enzyme with
the aglycone reducing end. Since this effect was not observed with 4AMU-NANA an inhibition by the
sialic acid can be excluded.

4.3 Conclusions.

In this chapter, the stability of the main Siglec-8 ligands towards NEU2, a human enzyme able to
hydrolyze sialic acid-containing molecules, has been presented. An LC-MS method has been
developed to monitor the possible hydrolysis over time, checking the consumption of the substrate
and the formation of the product. We observed that the glycomimetic derivatives were basically

stable, while the more natural disaccharide 2 was partially hydrolyzed. Due to the findings that most
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of the hydrolysis happened at the beginning, we hypothesize that the aglycone could be retained in
the binding site, interfering with the hydrolysis of the remaining substrate. 4AMU-NANA has been
used as a positive control. However, even if definitively being a substrate, this compound is quite
labile and NEU2 showed higher activity compared to other isoenzymes.®?° Therefore, to definitively
confirm the stability of our compounds, the additional use of another substrate, like the trisaccharide
3’-sialyllactose, should be considered. We can anyway conclude that the assay has been validated

and can be easily be used for other compounds and enzymes.

4.4 Experimental part.

General information. HPLC grade solvents and reagents were purchased from Sigma-Aldrich,
VWR or Roth). 4AMU-NANA and neuraminidase from Clostridium prefigens were purchased from
Sigma-Aldrich and stored at -20 °C. Experimental data regarding the synthesis and analysis of
compounds 2, 34 and 38 are reported in detail in chapter 2.

Enzymatic assay — Standardization protocol. Human NEU2 was expressed as fusion protein
following previous reports.*® Before use, it was standardized against bacterial neuraminidase from C.
prefigens using 4-MU-NANA as substrate.3! Briefly, 20 L of reaction mixture containing 5 uL of
4-MU-NANA (200 uM in H20) and 15 uL of serial dilutions of the standard enzyme in sodium acetate
buffer (0.1 M NaOAc, 0.15 M NaCl, pH 5.5, optimum pH for NEU2?"), was incubated at 37 °C for
30 min. For blank samples, neuraminidase was replaced by an equal volume of buffer. Then, the
reaction was stopped adding 100 pL of quenching buffer (0.2 M glycine/NaOH, pH 10.7), the mixture
was transferred to a 96-well plate and the enzyme activity was determined by measuring fluorescence
(Aex = 365 nm; Aem = 445 nm) using a Varioskan Lux plate reader (Thermofisher) and Skanlt RE 4.1
as a program. This calibration curve was used to calculate indirectly the activity of hNEU2 samples
with unknown concentration. The activity of hNEU2 was calculated with this protocol prior to every

experiment.

Enzymatic assay with Siglec-8 ligands. The protocol described above was also used for the stability
assay with Siglec-8 ligands with some small variants, using 15 pL of hNeu2 (10 mU) and 5 pL of
substrate (400 uM in H20). Samples were incubated at 37 °C and aliquots were collected at 7
timepoints (0, 0.5, 1, 2, 4, 8, 24 h). The reaction was stopped using 160 pL of acetonitrile and 40 puL

of ammonium acetate (100 mM in H20). The samples were centrifuged and 160 uL of the supernatant
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were taken and used for LC-MS analysis. In each experiment, a reaction in which the enzyme had

been substituted for buffer was run in parallel and used as a control.

Quantification method. Control samples at different concentrations were used to generate a
concentration curve and quality control (QC) samples were used to check the precision of the curve.
Analytes were then tested. In each reaction mixture, the initial substrate concentration was the same
so any difference in signal between the control samples and the analyte was due to the formation of
hydrolyzed product. The new concentrations were then quantified using the calibration curve
prepared alongside the experiment. The concentration of the analytes was quantified by the Agilent

Mass Hunter Quantitative Analysis software (version B.04.00).

LC-MS method. Analyses were performed using a 1100/1200 Series HPLC System coupled to a
6410 Triple Quadrupole mass detector (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with electrospray ionization. The system was controlled with the Agilent MassHunter Workstation
Data Acquisition software (version B.03.01). The column used was a SeQuant® Zic®-pHILIC
polymeric column (2.1 x 100 mm) with a 5 pum-particle size (Merck Millipore, Burlington, MA,
USA). The mobile phase consisted of eluent A: 10 mM ammonium acetate, in H2O; and eluent B:
MeCN. The flow rate was maintained at 0.5 mL/min and isocratic elution (20% A/80% B) was run
for a total duration of 8-10 min. The column temperature was kept at 30 °C, and 5 puLL volume was
injected into the column. Samples were ionized using negative electrospray ionization (ESI) and
multiple reaction monitoring (MRM) in negative mode was used for analysis and mass scan.
Fragmentor voltage and collision energy were optimized for the analysis of every compound (Table
1).

MRM transition

Compound Precursor ion = Product ion Fragmentor Collision energy
4MU-NANA 488.1 >174.7 80 36
Neu5Ac 308.1 > 87 125 12
2 564.1 > 273 105 16
34 500.14 - 209 85 16
38 689.17 > 209 90 24

Table 1. MRM transitions and conditions for monitoring the hydrolysis reaction with NEU2.
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Dwell time was 100 s. Regarding the source parameters, the capillary voltage was set to 4000 V, the

gas temperature to 320 °C, the gas flow to 10 L/min and the nebulizer set to 50 psi.
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5. Selective monovalent Galectin-8 ligands based on 3-lactoylgalactoside

As small side project, in this chapter we aimed to improve the affinity and target selectivity of a
recently published Galectin-8 ligand, 3-O-[1-carboxyethyl]-p-D-galactopyranoside. Considering that
its structure is very similar to the lactic acid derivatives presented in chapter 2 as Siglec-8 ligands,
we decided to test derivatives of these compounds without the sulfate at position 6 towards Galectin-
8 and to further improve their affinity by introducing modifications at position 1 of the galactose.
Affinity data measured by fluorescence polarization show that the most potent compound reached a
Kp of 12 uM. Furthermore, reasonable selectivity versus other galectins was achieved, making the
highlighted compound a promising lead for the development of new selective and potent ligands for

Galectin-8 as molecular probes to examine the protein’s role in cell-based and in vivo studies.

Parts of this chapter have been published in ChemMedChem:

Girardi, B.; Manna, M.; Van Klaveren, S.; Tomasi¢, T.; Jakopin, 7.; Leffler, H.; Nilsson, U. J.;
Ricklin, D.; Mravljak, J.; Schwardt, O.; Anderluh, M. Selective Monovalent Galectin-8 Ligands
Based on 3-Lactoylgalactoside, ChemMedChem 2022, 17 (3), e202100514.

© 2021 Wiley-VCH GmbH

The entire article can be found in the appendix (p. 214).

Contributions to the project.

Benedetta Girardi designed all the ligands presented in this chapter, synthesized compounds 120 and
121 and contributed to the synthesis of compounds 109-112 and 114. Synthesis of compound 109-
112 and 114 was mostly carried out by Martina Manna as part of her master thesis project under
supervision of Benedetta Girardi. Assoc. Prof. Dr. Tihomir Tomasi¢, from the University of
Ljubljana, helped in the design and executed the MD analysis. Fluorescence polarization assay
measurements were performed by Sjors Van Klaveren and Barbro Kahl Knutson at the University of
Lund.
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5.1 Introduction.

The galectin family.

Galectins are a family of small soluble proteins able to recognize glycans containing a [B-D-
galactopyranoside structural motif.1* Since their discovery in 1970, 16 members of this family have
been identified in mammals. They are small soluble proteins and they can be classified into three
groups, according to their structural features and CRD organization: the prototype, containing one
CRD (Galectins-1, 2,5, 7,10, 11, 13, 14, 15 and 16), the tandem-repeat type, consisting of two CRDs
separated by a short linker polypeptide (Galectins-4, 6, 8, 9 and 12) and the chimera type, containing
a single CRD and a N-terminal domain with proline-, glycine-, and tyrosine-rich repeats (Galectin-3)
(Figure 1).°

€ € -

Prototye Galectin Tandem-Repeat Galectin Chimera Galectin
Gal-1,2,5,7, 10, Gal-4,6,8,9, 12 Gal-3
11,13,14,15
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Figure 1. The galectin family. Figure from Sethi et al.®

Prototype galectins are in a dynamic equilibrium with a dimeric back to back form, which affects the
ligand binding kinetics and affinity (Figure 1).” The tandem-repeat galectins have a constant
bivalency, which is the reason why they induce cell signaling at lower concentrations then the proto-
type ones, showing different potencies for triggering cellular response.® Finally, Galectin-3
oligomerizes only upon ligand binding through its N-terminal domain, interacting then with surface
receptors and inducing responses.!® Their CRD folds as a p-sandwich following an S-shaped groove
where a sequence of seven conserved amino acids recognizes the galactose. Next to this, other close
sites confer to each galectin the ability to recognize bigger ligands.**? Galectins also have non-

carbohydrate binding sites, such as the C-terminus of Galectin-8.12
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Galectins are synthesized as cytosolic proteins, where they stay for most of their lifetime before being
secreted. They interact with and modulate the activity of glycoproteins expressed on the cell surface
or in the lumen of intracellular compartments. All cells express Galectins, but the pattern changes
depending on tissues and cell-types.’* The activity of a single galectin can vary considerably
depending on the level of expression, self-association or interaction with other biomolecules in situ.
For example, mitogenic activity of Galectin-1 on human fibroblasts is reduced at high concentrations,
when dimerization is more probable, suggesting that this function belongs more to the monomeric
form. However, at high concentration, it enhances the induction of fibroblasts and the growth of
human epithelial (HEP) 2 carcinoma cells.'®

Galectins are involved in several physiological functions such as cell migration, homeostasis,
apoptosis, and pathological functions, as for example inflammation, host-pathogen interaction and
antibacterial autophagy.*%-1® Of particular interest is their role in cancer progression. Galectins can
mediate the aggregation and adhesion of cancer cells, thus promoting metastasis, and when expressed
on cancer cells, they can interact with normal cells inducing angiogenesis and immuno-
suppression.’1920 They can also be used as a biomarkers for specific diseases when found in serum,
as for example Galectin-3 has been connected to heart disease.?

Considering their important roles, it is clear why galectins have emerged as potential therapeutic
targets for several diseases. High-affinity and selective ligands have been successfully designed,
especially for Galectin-1 and Galectin-3, and some of them are already in clinical trials.??

Among these lectins, in the next section we will focus more in detail on Galectin-8, which has recently
gained attention as a potential new pharmacological target for the treatment of cancer, inflammation,

and disorders associated with bone mass reduction.

Galectin-8.

Galectin-8 is a tandem-repeat type lectin that is widely expressed in tissues, both in normal and cancer
cells. 1t mainly regulates cell-cell and cell-matrix interactions, thus playing a key role in many
physiological and pathological processes.?3%

It is an immunostimulatory lectin: evidences show how its interactions with glycans expressed on
antigen-presenting cells (APCs) promote antigen uptake and processing. Galectin-8 activated APCs,
in turn, stimulate T-cells more than when they are activated only by an antigen.?>? Galectin-8 is also
a pro-inflammatory molecule. Under stimulation, the endothelium secretes Galectin-8, which in turn
increases the permeability of endothelial cells, thus promoting the release of other inflammatory

molecules. Interacting with integrins on the cell surface of platelets and neutrophils, Galectin-8 also
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mediates and enhances their adhesion and spreading. Activated DCs and B cells constitute another
source of Galectin-8, which can in turn activate them to produce more pro-inflammatory cytokines
(Figure 2).2

\O\ L 0. T oo N
o, SLERC. VR vevee g . 3
—) s N N as “’j ‘:,fm ', - 4
@ v . 2 ™ /‘1\. “‘ \“.‘:“\ ? ey /,7 \:‘ ‘4‘ W" &
/ L) ® |
" ,w. .'\\_:,_ D 0<\> |

— Secreted by — Blood flow $: Pro-inflamatory cytokines :{C} Neutrophils S»’ DCs <7 Platelets @ TCcD4* cell

» Activates 4 Galectin-8 e ROS %* Granulescontent " Integrin aMp2/Mac1 P-selectin . B cell

Figure 2. The role of Galectin-8 in the inflammatory process. Figure from Tribullati et al.?

Higher levels of Galectin-8 have been found on the onset of autoimmune diseases such as multiple
sclerosis or rheumatoid arthritis, where Galectin-8 can play a role in the stimulation of inflammation
states connected to these diseases.?”?® By activating autophagy, the protein may contribute to host
defense against bacteria.?>%® In fact, Galectin-8 senses and binds host glycans upon disruption of
Salmonella-containing vesicles and through its C-terminal domain binds the autophagic receptor
NDP52, promoting autophagy and bacterial clearance.®! Galectin-8 has also been reported to enhance
the differentiation of osteoblasts into osteoclasts, and it is thus involved in bone turnover and
remodeling.®? Ablation of the mammalian Galectin-8 in mice induces bone defect.®

Of note, Galectin-8 stimulates, in a synergistic manner with the vascular endothelial growth factor
(VEFG), lymphangiogenesis, which is involved in many pathological conditions, like tumor
metastasis, organ graft rejection, corneal inflammation, and type 2 diabetes.®* It also promotes the
adhesion of tumor cells to vascular endothelium and their dissemination, thus promoting
metastasis.>>® For example, evidences show how it is involved in the metastatic evolution of
prostatic cancer, and higher levels of Galectin-8 expression are also shown in lungs, bladder, kidney
and breast cancerous tissues. The molecular mechanisms that explain its role in cancer growth and
metastasis are still unclear, but evidences suggest a sort of Galectin-8-driven “vicious cycle,” whereby
cancer cells that overexpress and secrete the lectin, benefit from its potential to promote their own
growth.3%4% Considering the wide range of functions, Galectin-8 is a new interesting pharmacological
target for the treatment of many diseases.

Galectin-8 contains two carbohydrate recognition domains (CRDs), one at the N- and the other at the
C-terminus, with different binding specificities. They behave independently in the full length protein

and the addition of a ligand specific for one CRD does not affect the binding to the other.*? Yet,
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both Galectin-8 CRDs are required for its function so that blocking of either will hamper the
functionality of the whole protein.®*® Typically, the galectin CRD folds as a p-sandwich, formed from
two P-sheets. The concave part comprises six B-strands, S1-S6, and the galactose recognition site
consists of conserved amino acids on strands S4-S6. The Galectin-8 N-terminal CRD has an enhanced
binding to anionic structures, such as 3’-sulfated lactose and 3’-O-sialylated lactose (3’-SiaLac). This
is due to the presence of a long S3-S4 loop, bearing an arginine residue (Arg59), and a glutamine
(GIn47) on strand S3, unique features among Galectins.**4°

The development of high affinity ligands would represent an optimal research tool to further
investigate the roles of this lectin and to design potential drug candidates for the treatment of many
diseases. Up to date, galactomalonyl phenyl ester, a fused tricyclic galactose-benzene hybrid and
benzimidazole galactoside have been successfully reported as Galectin-8 ligands in low micromolar
range affinity. 434647

Among the available crystal structures, the one with the preferred ligand, the trisaccharide 3’-SiaL.ac,
has been solved (Figure 3A).** The investigation of the main interactions between this ligand and the
protein revealed 3-lactoylgalactoside 108 as the minimal binding epitope, which was recently
crystallized in its racemic form, in complex with Galectin-8N. It consists of a free galactose bearing

a lactate residue attached by an ether linkage in position 3 (Figure 3B).*
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Figure 3. A: Galectin-8N in complex with 3°-SiaLac (PDB ID: 3AP7)*; B: Galectin-8N in complex with racemic 108
(PDB ID: 5VWG).*® Figure adapted from Bohari et al.*®

The crystal structure of the Galectin-8N/108 complex revealed that all interactions of the previously
reported ligand 3’-SiaLac were preserved. In particular, the carboxylic acid in 108 interacts with
Arg59 and GIn47 forming a salt bridge and an H-bond; moreover, a complex network of H-bonds
involves the galactose and Arg45, His65, Asn67, Asn79 and Glu89 (Figure 3).%8
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Starting from this compound, we aimed to further explore the chemical space around it, in particular
via (i) modification of the lactic acid moiety and (ii) by introducing an a-thiophenyl aglycone at
position 1 of D-galactose. These modifications improved the affinity for Galectin-8N by 200-fold
compared to the affinity of compound 108. Besides, the affinity for other galectins was also evaluated.
We focused on the N-terminal domain since the C-terminal in our hands showed weaker affinities for

galactoside ligands.*34°

5.2 Results and discussion.

Design. Starting from the lead compound 3-O-[1-carboxyethyl]-p-D-galactopyranoside (108),* we
set out to derivatize the methyl group of the lactic acid side chain with cyclohexane and phenyl
moieties; we focused on the S-configuration as with the R-configuration the added group would point
away from the protein into solution (see Fig. 4B).

A

Ho OH

HO OH
0
OMe
OH
COOR COOR

109 R = Bn 111 R=Bn
1M0R=H 112R=H

H&/
©/ COOR

113R=Bn
114R=H

Y

C b el o

V'Y \ —_— musea\\
\Q Argeo § £ . AsnT
N i [" -
g \:;T\‘;rﬂ‘“ 4 e e
\ o g 'pn e "

A e\

N &\F ) ~

# Appearance

\\

Tyr141

a
N
Gind7 (.
b
—
.
3
g

Umque Pharmacophores (# Features)

Figure 4. A: Designed Galectin-8 ligands 109-114. B-C: Representative docking binding modes of compounds 110 (B)
and 111 (C) in the Galectin-8N binding site (PDB ID: 3VKO).* Only selected amino acids are presented as sticks.
Docking was performed using the FRED algorithm of the OEDocking software (OEDOCKING 3.3.0.2: OpenEye
Scientific Software). D: Plot of the most frequently appearing unique structure-based pharmacophore models derived
from MD simulations of Galectin-8N in complex with 111. The x-axis shows unique models and the number of interaction
features observed during the MD simulation. The numbers below the bar indicate the number of interaction features in

the pharmacophore models. The y-axis shows the frequency of appearance of the models.
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In addition, to determine the importance of the free carboxylic group for binding, we replaced it with
an ester moiety (Figure 4A); a benzyl ester was chosen in order to gain possible hydrophobic contacts
with the proximal Tyr141l in the binding site (Figure 4C). We did not consider modifications at
positions 4 and 6 because they would probably clash with the protein, while substituents in position
2 would point towards the solvent, which would most likely bring little or no gain in affinity (Figures
4B and 4C). In our docking studies, as expected, the compounds maintained the position of the
galactose and carboxylic acid of the reference compound’s 108 pose including their interactions with
the surrounding amino acids (Figure 3, Figure 4B and C). To assess the stability of the binding mode
predicted by docking, interactions of compound 111 in the Galectin-8N binding site were further
studied by a 200 ns molecular dynamics (MD) simulation using the MD analysis tool in LigandScout
4.4 Expert.>! A plot of the most frequently appearing unique structure-based pharmacophore models
is shown in Figure 4D. The most frequently occurring model (166 times) contains 6 interaction
features, including H-bonds of the galactose moiety with Arg45, His65 and Asn79, a H-bond between
the ester carbonyl group and GIn47, and hydrophobic interactions of the benzyl moiety with Met56
and Tyr141. In pharmacophore models containing more features (Figure 4D), additional H-bonds are

formed with the galactose moiety, as in the case of the crystal structure (Figure 3).

Synthesis. The synthesis of candidate compounds predicted by our in silico studies was accomplished
as shown in Scheme 1, starting from intermediates 49a-c shown in Chapter 2.

OTBDPS

HO Ho OH Ho OH
o a o b, c o
R/,,,,I/oéS/OMe > R/,,,,I/ogS/OMe > R/,,,,I/oéS/OMe
OH OH

OH

COOBn COO0OBn COOCH
49a: R = R1 109: R = R1 110: R =R1
49b: R = R2 111:R=R2 112: R=R2
49c: R=R3 113:R=R3 114:R=R3

R1:O/‘aA Ry: : ~ R;: y

Scheme 1. a) HF-pyr, pyr, rt, 4 h, 109: 62%, 111: 75%; b) Hz, Pd/C, MeOH, 2 h, 110: 86%, 112: quant.; c) NaOH
(H2O/dioxane, 0.1 M), rt, 24 h, 7: 10% over two steps from 49c.

Removal of the TBDPS group on the galactose moiety with HF-pyridine yielded the benzylated test
compounds 109 and 111. Transesterification occurred during the reaction with the aromatic
intermediate 49c, making the purification of the benzylated product 113 extremely cumbersome.

Therefore, the mixture was directly hydrolyzed to afford the final compound 114. Hydrogenation was
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instead carried out on compounds 109 and 111 thus affording the corresponding acids 110 and 112
(Scheme 1).

Fluorescence polarization assay. The binding affinities of the synthesized compounds 109-112 and
114 to the main target galectin-8N, and to galectin-1 and -3 as related members of the protein family,
were evaluated in a competitive protein-binding assay based on fluorescence anisotropy (Table
1).41:5253 Both enantiomers of the lead compound 112 and methyl p-D-galactopyranoside (3)>* were

tested and used as references.

Table 1. Kp values of compounds 108-112, 114 and 3 against human Galectin-8N, -1 and -3 measured by fluorescence
polarization assay. The average values of Kp and SEM were calculated from 4 to 8 duplicate measurements. n.a.: not

active.

Compound Structure Galectin-8N Galectin-1 Galectin-3
P (Kp £ SEM, nM) (Ko £ SEM, pnM) (Ko = SEM, pM)
HO OH
354 HO&O oMe 5300 1000 4400
OH
Ho OH
108a* oé&om n.a. 2700 + 110 n.a.
CrOOH OH
Ho OH
108b%>® oé&,ow\e ~2700 2800 + 69 2800 + 490

o OH

H
109 ok ro§£wm 270 +33 =2500 n.a.
OH

COOBn

Ho OH
110 . roé&,om 430 + 26 520 + 110 n.a.
COOH OH

Ho OH

111 O/ rog’%&om 210+ 18 ~2600 n.a.

COO0Bn

Ho OH

112 O/ rog;%:onne 470 + 39 n.a. n.a.

COCH

Ho OH

114 @/ ro&om 550 + 66 1600 + 130 2100 £ 600
OH

COCH

With the fluorescence polarization assay, we were not able to reproduce the previously reported

affinity of the reference compound 108 (Kp: 32 pM).*8 Both enantiomers 108a and 108b bound very
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weakly, or not at all, to Galectin-8N, Galectin-1 and Galectin-3. In contrast, several of our predicted
compounds showed favorable binding and/or selectivity profiles. Overall, the addition of cyclohexane
to the methyl increased affinity by about 5-fold (110 and 112), and the benzy! ester derivatives 109
and 111 showed an almost 2-fold further affinity increase for Galectin-8N when compared to the
corresponding acids, despite carboxylates being stronger H-bond acceptors. In this case, the affinity
gain of the ester could probably be explained by a lower desolvation penalty or by possible
hydrophobic interactions of the benzyl residue with the Tyr141 side chain in the binding site.
Compound 114, carrying a phenyl ring on the lactic acid moiety, showed slightly poorer affinity to
Galectin-8N when compared to the non-aromatic counterparts. To assess their target selectivity, all
predicted Galectin-8 ligands were also tested on Galectins-1 and -3, which are known to feature
overlaps in glycan specificities (Table 1). With the exception of 114, which showed weak affinities,
none of the compounds notably bound to Galectin-3. Compound 110 had similar affinity for both,
Galectin-8 and Galectin-1, while 109, 111 and 112 were moderately selective for Galectin-8N. Based
on this, we concentrated on further optimization of compound 112. This may sound irrational since
111 was an even more potent binder, but 112 was chosen because the intended optimisation described
in the next chapter would involve addition of another aromatic group at the anomeric position. Based
on previous experience, we assumed that molecules with 3 lipophilic rings around the galactose core
would render the final compound(s) rather insoluble in aqueous media, so we decided to leave the
free carboxylate.

Modification at the anomeric position of galactose. To improve the affinity of 112 for Galectin-8,
we introduced a 3,4-dichlorophenyl ring in position 1 of the D-galactose moiety via an a-S-glycosidic
bond since this group has been demonstrated to strongly enhance binding to many galectins.*®°® The
desired compound 121 was synthesized from pentaacetylated galactose (115, Scheme 2), which was
first transformed into the 3,4-dichlorophenyl-a-thioderivative 116, and then deacetylated under
Zemplén conditions (— 117). Donor 119 was synthesized from methyl (R)-3-cyclohexyl-2-
hydroxypropanoate 118°" by triflation as shown above. The subsequent stannylidene-mediated

regioselective alkylation gave 120, which was further hydrolyzed to give final compound 121.
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Scheme 2. a) i. PCls, BFsEt;O, DCM, rt, 1 h; ii. 3,4-dichlorothiophenol, NaH, DMF, rt, 50 °C, 16 h, 36%; b)

MeONa/MeOH, rt, 16 h, 90%; ¢) Tf,0, 2,6-lutidine, DCM, rt, 16 h, 70%; d) i. Bu,SnO, dry MeOH, reflux, 3 h; ii. CsF,
DME, rt, 16 h, 31%; e) NaOH (H.O/dioxane, 0.1 M), rt, 16 h, 90%.

Compounds 120 and 121 were tested for their binding potency to Galectin-8N and other galectins

using the established fluorescence polarization assay (Table 2).

Table 2. Kp values for compounds 120 and 121 against a panel of human galectins as measured by fluorescence

polarization. The average values of Kp and SEM were calculated from 4 to 8 duplicate measurements. n.a.: not active.

Galectin (Ko = SEM, pM)

Compound
8N 8C 1 3 9C 9N
120 140+27 2100+ 27 780 + 140 170+ 16 110+ 17 59+ 14
121 12+0.9 N.B. 580 + 16 82+75 360 + 25 53+ 16

The introduction of the 3,4-dichlorophenyl group increased the affinity by almost 40-fold (12 uM for
121 vs 470 uM for 112), confirming its beneficial effect for enhancing the binding to Galectin-8N.
The methyl ester 120 showed a higher Kp value (140 uM) in this case and thus 10-fold weaker affinity
compared to its free acid counterpart 121, pointing that the free carboxylate most likely forms a salt

bridge, which is disrupted in 120 where only H-bonding is possible. The binding mode of 121 in the
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Galectin-8N binding site was predicted by docking and then studied further by a 200 ns MD
simulation. Analysis of the binding mode in the most frequently appearing models (Figure 5B)
showed an expected hydrogen bonding network of the galactose moiety with Arg45, His65, Asn79
and Glu89, while the carboxylate of 121 formed a salt bridge with the Arg59 side chain, as expected.

# Appearance

56787768897 45¢676445846555 93
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Figure 5. A: Plot of the most frequently appearing unique structure-based pharmacophore models derived from MD
simulations of Galectin-8N in complex with 121. The x-axis shows unique models and the number of interaction features
observed during the MD simulation. The numbers below the bar indicate the number of interaction features in the
pharmacophore models. The y-axis shows the frequency of appearance of the models. B: Docking binding mode of
compound 121 in the Galectin-8N bhinding site (PDB ID: 3VKO).* Only selected amino acids are presented as sticks.
Docking was performed using the FRED algorithm of the OEDocking software (OEDOCKING 3.3.0.2: OpenEye
Scientific Software).% C: Interaction plot obtained by analyzing interactions of 121 with Galectin-8N binding site residues
in the 200 ns MD simulation trajectory. Amino acid name and numbering are shown on the x-axis, pharmacophore feature
type on the left y-axis (H — hydrophobic, HBA — hydrogen bond acceptor, HBD — hydrogen bond donor, NI — negative

ionizable, XBD — halogen bond), % appearance on the right y-axis.

An important gain in binding affinity of 3,4-dichlorothiophenyl-based 121 in comparison with the
methyl glycosides (Table 1) can be attributed to the formation of a halogen bond of 3-Cl with the
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Gly87 backbone carbonyl.%® This interaction was present for more than 24% of the simulation time
(Figure 5C). The affinity for Galectin-8C was weak. Considering their strong affinities for the primary
target, 120 and 121 were also tested towards a panel of other human galectins. The binding towards
Galectin-3 and Galectin-9N was found to be considerable, which is in line with existing Galectin-8N
ligands*® that showed comparable affinity to these galectins. Still, 121 showed reasonable selectivity,

especially versus Galectin-1, which is an important highlight of this series.

5.3 Conclusions.

In this study, we synthesized a focused library of 3-O-[1-carboxyethyl]-B-D-galactopyranoside (108)
derivatives and measured their affinity for Galectin-8N using a fluorescence polarization assay. We
first introduced modifications to the lactic acid moiety; the benzyl esters unexpectedly were more
active than their acid counterparts. Moreover, the compounds showed good selectivity towards
Galectin-8N when compared to Galectin-1 and, in particular, to Galectin-3. Interestingly, our
assessment of reference compound 108 indicated a substantially weaker affinity to Galectin-8N than
originally reported.®® Thus, fluorescence polarization data should be interpreted relatively to the
reference compound. The direct comparison to 108 shows that our design strategy based on in silico
analyses was successful in predicting derivatives with affinity improvements by 2 orders of
magnitude (from Kp about 2700 uM to 12 pM). The most suitable moiety at position 3 of galactose
increased affinity about 5-fold, and adding a 3,4-dichlorophenyl ring in position 1, increased the
potency a further 40-fold. With a Kp of 12 uM, compound 121 is among the most potent Galectin-8
ligands reported thus far. Importantly, it also shows reasonable selectivity for Galectin-8. STD-NMR
experiments of 121 binding to Galectin-8 may be considered in the future to further study the binding
characteristics of 121, an approach that has been already used in the past on lactic acid-containing
molecules.>*® Our results represent an ideal starting point for the development of Galectin-8 ligands
with improved affinity and selectivity profiles, thereby providing new perspectives for targeting

cancer or diseases associated with bone loss and inflammation.

5.4 Experimental part.

Ligand preparation. The structures of molecules were built with ChemDraw Professional 16.0
(PerkinElmer Informatics, Inc.). Conformers for each ligand, required by the docking software FRED,
were generated with OMEGA (OMEGA version 2.5.1.4. OpenEye Scientific Software, Santa Fe,

NM. http://www.eyesopen.com), with a maximum number of 200 conformations set as default.
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Receptor preparation & docking protocol. The docking was performed using the Galectin-8 crystal
structure in complex with sialyllactosamine (PDB code: 3VKO). Docking was done inside a grid box
surrounding the ligand with the volume of 8350 A3, dimensions: 25.67 A x 16.00 A x 20.33 A, and
outer contour of 2766 A? using Make Receptor 3.0.1.

The docking software FRED (OEDocking version 3.0.1. OpenEye Scientific Software, Santa Fe, NM.
http://www.eyesopen.com) was used for docking studies with the default settings, and number of
poses, which was set to 10. The proposed ten binding poses with the highest rank of the docked
ligands were evaluated using final score and relative position to the native ligand. The graphical
representations of the calculated binding poses were obtained using VIDA (VIDA version 4.2.1.

OpenEye Scientific Software, Santa Fe, NM. http://www.eyesopen.com).

Molecular dynamics simulations. The molecular dynamics software NAMD (version 2.9)% and the
CHARMM22 force field®25 were used for MD simulations using the Galectin-8N-111 and Galectin-
8N-121 complexes, as obtained by docking, as input structures. Molecular mechanics parameters for
compounds 111 and 121 were estimated using the ParamChem tool.%4® Steepest descent (10000
steps) and adopted basis Newton—Raphson (10000 steps) energy minimizations were first performed
to remove atomic clashes and to optimize the atomic coordinates of the Galectin-8N-111 and
Galectin-8N-121 docking complexes. The structure of the energy minimized complex for MD
simulation was prepared using psfgen in VMD (version 1.9.1.).%” The complex was embedded in a
box of TIP3P water molecules. The system was neutralized by addition of NaCl. The MD simulation
was carried out in the NPT ensemble employing periodic boundary conditions. Langevin dynamics
and Langevin piston methods were used for temperature (300 K) and pressure (1 atm) control,
respectively. Short- and long-range forces were calculated every 1 and 2 time steps, respectively, with
a time step of 2.0 ps. The smooth particle mesh Ewald method® was used to calculate electrostatic
interactions. The short-range interactions were cut off at 12 A. All chemical bonds between hydrogen
and heavy atoms were held fixed using the SHAKE algorithm.®® The simulation consisted of three
consecutive steps: (i) solvent equilibration for 0.5 ns with ligand and protein constrained harmonically
around the initial structure, (ii) equilibration of the complete system for 0.5 ns with ligand and protein
released, and (iii) an unconstrained 200 ns production run. For structure-based pharmacophore
modeling 1000 frames from the production run were saved separately and used for interaction

analysis.

Structure-based pharmacophore modeling. The MD trajectory of Galectin-8N in complex with

compound 111 or 121 was used for chemical feature interaction analysis using LigandScout 4.4
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Expert.”® The first frame of the trajectory (in PDB format) and the MD trajectory files (DCD format)
are needed as input for the creation of an ensemble of structure-based pharmacophore models.
LigandScout 4.4 Expert was used to generate 1000 structure-based pharmacophore models from the
200 ns MD simulation.

Synthesis. Unless otherwise stated, the starting materials, reagents, and solvents were purchased as
high-grade commercial products from Sigma-Aldrich, Alfa-Aesar, Apollo Scientific and TCI, and
used without further purification. MeCN and MeOH were dried over activated molecular sieves (4 A
and 3 A, respectively) and stored under argon atmosphere. Dry DME was prepared by filtration
through Al,Os and stored over activated molecular sieves (4 A) under argon atmosphere. Dry DCM,
DMF, pyridine and THF were purchased from Sigma-Aldrich and TCI. Molecular sieves were
activated under vacuum at 500 °C for 30 min immediately before use. Analytical TLC was performed
on silica gel Merck 60 F254 plates (0.25 mm), using visualization with UV light and/or by charring
with a phosphomolybdic acid solution (10 g in 100 mL of ethanol). Acidic ion-exchange resin
(Amberlyst® IR-120 hydrogen form) was washed with MeOH prior to use. Column chromatography
was carried out on silica gel 60 (particle size 240-400 mesh). Reversed-phase chromatography was
performed on Biotage Isolera™ One using C-18 cartridges. *H and *C NMR spectra were recorded
at 400 MHz and 100 MHz, respectively, on an AVANCE I11 400 spectrometer (Bruker Corporation,
Billerica, MA, USA) or at 500 MHz and 126 MHz on a Bruker Avance DMX-500 (500 MHz)
spectrometer, in chloroform-d (CDCls), methanol-ds (CD3OD) or deuterium oxide (D20), with TMS
as internal standard. Chemical shifts (8) are expressed in parts per million (ppm) relative to the
residual solvent peaks for the *H and *C nuclei (CDCls: 8n = 7.26, 8¢ = 77.16; CD30: 4 = 3.31, 8¢
=49.00; D20: 6n = 4.79); coupling constants (J) are given in hertz (Hz). The following abbreviations
are used to describe peak patterns when appropriate: s (singlet), d (doublet), dd (doublets of doublet),
ddd (doublets of doublets of doublet), t (triplet), m (multiplet). 2D NMR experiments (COSY and
HSQC) of representative compounds were carried out to assign protons and carbons of the new
structures. Mass spectra were obtained using a single quadrupole mass spectrometer Advion
Expression CMS' coupled with an Agilent 1290 liquid chromatograph or on a Waters Micromass ZQ
instrument. High resolution mass spectrometry (HRMS) was performed on a Q Exactive™ Plus
Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Scientific™; ion source: Electrospray
lonization (ESI)). MS spectra were acquired in Fourier transform-mass spectrometry (FT-MS) scan
mode with a target mass resolution of 100 000 at m/z 400. Recorded spectra were analyzed with
Thermo Xcalibur Qual Browser (Xcalibur 4.2 SP1, Thermo Fisher Scientific Inc.). HRMS analysis

was also performed on an Agilent 1100 LC, equipped with a photodiode array detector and a
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Micromass QTOF I, equipped with a 4 GHz digital-time converter. Optical rotations were measured
with a PerkinElmer polarimeter 341. HPLC analyses for compounds 109 and 111 were performed on
a UHPLC Thermo Scientific UltiMate™ 3000 Liquid Chromatography. An Acquity Beh C18 column
(1.8 um, 2.1 x 50 mm) was used with a flow rate of 0.4 mL/min. The eluent consisted of H2O as
solvent A and MeCN as solvent B (Table 1: Method A). HPLC analysis for all the other compounds
was performed on a Thermo Scientific Dionex Ultimate 3000 Binary Rapid Separation LC System
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with an autosampler, a binary pump
system and a photodiode array detector. A Waters Atlantis T3 dC18 column (3 um, 2.1 x 100 mm)
was used with a flow rate of 0.3 mL/min. The eluent consisted of H.O + 0.1% trifluoroacetic acid
(TFA) as solvent A and MeCN + 0.1% TFA as solvent B (Table 1: Method B).

Method A Method B
T (min) %B T (min) %B
0 5 0 5
2 5 2 5
7 80 10 20
9 80 16 80
9.5 0 18 0
- 21 0

Table 3. Methods for HPLC analysis.

Methyl 3-O-[(S)-1-benzyloxycarbonyl-1-cyclohexyl-methyl]-B-D-galactopyranoside (109).

o, OH
) 0
", O OMe
" on

COOBn
To a solution of 49a (150 mg, 0.23 mmol) in pyridine (3.0 mL) in a Teflon container was added
HF-pyr (1.50 mL) dropwise and the reaction mixture was stirred at rt for 2.5 h. The reaction was
neutralized with ag. satd. NaHCOs and the aqueous phase was extracted with DCM (3 x 10 mL).
Then, the organic phases were dried over Na,SO4and concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether/acetone, 8:2 — 7:3) to afford 109 (61
mg, 62%) as a white solid. [a]p?® —22.7 (c 1.0, MeOH); *H NMR (400 MHz, CD3;0D): § = 1.12 -1.40
(m, 5H, H-cy), 1.51-1.65 (m, 3H, H-cy), 1.66-1.76 (m, 2H, H-cy), 1.80 (m, 1H, H-cy), 3.21 (dd, J =
3.3, 9.5 Hz, 1H, H-3), 3.40 (t, J = 6.1 Hz, 1H, H-5), 3.51 (s, 3H, OMe), 3.59-3.67 (m, 2H, H-2, H-
6a), 3.73 (dd, J = 7.0, 11.3 Hz, 1H, H-6b), 3.82 (d, J = 3.0 Hz, 1H, H-4), 4.08 (d, J = 7.8 Hz, 1H, H-
1), 418 (d, J = 4.8 Hz, 1H, H-17), 5.15 (d, J = 12.0 Hz, 1H, OCHPh), 5.25 (d, J = 12.1 Hz, 1H,
OCH2Ph), 7.32 -7.40 (m, 5H, Ar-H); C NMR (100 MHz, CDs0D): ¢ = 27.18, 27.20, 27.3, 28.7,
30.0 (5C, CHa-cy), 43.1 (CH-cy), 57.3 (OMe), 62.5 (C-6), 67.8 (OCHzPh), 68.6 (C-4), 72.3 (C-2),
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76.2 (C-5), 84.0 (C-3), 85.0 (C-17), 105.9 (C-1), 129.5, 129.6, 129.8, 137.2 (6C, Ar-C), 175.4 (C=0);
HR-MS: m/z: Calcd for C22Hz20s: 447.1995 [M+Na]*, found: 447.1984; HPLC: Purity 98%.

Methyl 3-O-[(S)-1-carboxy-1-cyclohexyl-methyl]-p-D-galactopyranoside (110).

OH OH
@ :
1, QO OMe
|/ OH

COOH
To a solution of compound 109 (22 mg, 0.052 mmol) in MeOH (2.2 mL), was added Pd/C (2.2 mg)
under hydrogen atmosphere (1 atm). The reaction mixture was stirred at rt for 2 h. The suspension
was filtered over celite and concentrated under reduced pressure to give 110 (14.9 mg, 86%) as a
white solid. [a]o?® —9.4 (c 1.0, MeOH); *H NMR (400 MHz, CD30D): 6 = 1.19-1.34 (m, 4H, H-cy),
1.49 (m, 1H, H-cy), 1.66-1.83 (m, 6H, H-cy), 3.23 (dd, J = 2.6, 9.4 Hz, 1H, H-3), 3.49 (t, J = 6.0 Hz,
1H, H-5), 3.52 (s, 3H, OMe), 3.63 (dd, J = 8.0, 9.2 Hz, 1H, H-2), 3.69-3.79 (m, 2H, 2 H-6), 3.86 (d,
J=4.1Hz, 1H, H-4),3.90 (d, J = 2.5 Hz, 1H, H-1"), 4.13 (d, J = 7.8 Hz, 1H, H-1); *C NMR (100
MHz, CD3s0D): ¢ = 27.3, 27.4, 27.5, 28.6, 30.4 (5C, CH>-cy), 43.2 (CH-cy), 57.2 (OMe), 62.6 (C-6),
67.9 (C-4), 71.7 (C-2), 76.1 (C-5), 85.2 (C-3), 85.8 (C-1°), 105.9 (C-1), 179.6 (C=0); HR-MS: m/z:
Calcd for C15H260s: 333.1555 [M-H], found: 333.1556; HPLC: Purity > 99.5%.

Methyl 3-O-[(1S)-1-benzyloxycarbonyl-2-cyclohexyl-ethyl]-B-D-galactopyranoside (111).

OH OH
0]
“,, _-Q OMe
T on
COO0Bn

To a solution of 49b (100 mg, 0.148 mmol) in pyridine (2.5 mL) in a Teflon container was added
HF-pyr (0.6 mL) dropwise and the reaction mixture was stirred at rt for 2.5 h. The reaction was
neutralized with aqg. satd. NaHCO3 and the aqueous phase was extracted with DCM (3 x 10 mL).
Then, the organic phases were dried over Na,SO4and concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether/acetone, 8:2 — 7:3) to afford 111 (48
mg, 75%) as a white solid. [a]p?® —26.3 (c 1.0, MeOH); *H NMR (400 MHz, CDCls): 6 = 0.73-0.87
(m, 2H, H-cy), 0.95-1.15 (m, 3H, H-cy), 1.45-1.64 (m, 8H, 2 H-2", 6 H-cy), 2.27-2.41 (m, 2H, OH-
2, OH-4), 3.26 (dd, J = 3.3, 9.3 Hz, 1H, H-3), 3.41-3.45 (m, 2H, H-5, OH-6), 3.55 (s, 3H, OMe),
3.72-3.82 (m, 3H, H-2, H-4, H-6a), 3.94 (dd, J = 6.5, 11.8 Hz, 1H, H-6b), 4.15 (d, J = 7.8 Hz, 1H, H-
1), 4.24 (dd, J= 9.6, 3.5 Hz, 1H, H-1°), 5.15 (d, J = 12.1 Hz, 1H, OCHPh), 5.21 (d, J = 12.1 Hz, 1H,
OCH2Ph), 7.33-7.40 (m, 5H, Ar-H); 3C NMR (100 MHz, CDCls): 6 = 26.2, 26.4, 26.5, 32.3 (4C,
CH2-cy), 33.7 (CH-cy), 34.0 (CH2-cy), 41.1 (C-2’), 57.2 (OMe), 62.8 (C-6), 67.3 (OCH2Ph), 67.8
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(C-4), 71.1 (C-2), 74.2 (C-5), 77.5 (C-17), 83.2 (C-3), 104.0 (C-1), 128.7, 128.8, 135.3 (6C, Ar-C),
174.9 (C=0); HR-MS: m/z: Calcd for C23H340g: 439.2332 [M+H]", found: 439.2318; HPLC: Purity
95%.

Methyl 3-O-[(1S)-1-carboxy-2-cyclohexyl-ethyl]-B-D-galactopyranoside (112).

OH OH
0]
“n,,_-Q OMe
[ om
COOH

To a solution of 111 (35 mg, 0.080 mmol) in MeOH (4.0 mL), was added Pd/C (3.5 mg) under
hydrogen atmosphere (1 atm). The reaction mixture was stirred at rt for 2 h. The suspension was
filtered over celite and concentrated under reduced pressure to afford 112 (27.8 mg, quant) as a yellow
solid. [a]p?® —30.2 (¢ 1.0, MeOH); *H NMR (400 MHz, CD30D): 6 = 0.85-1.01 (m, 2H, H-cy), 1.16-
1.34 (m, 3H, H-cy), 1.59-1.72 (m, 7H, 5 H-cy, 2 H-2"), 1.92 (m, 1H, H-cy), 3.27 (dd, J = 3.1, 9.4 Hz,
1H, H-3), 3.49 (m, 1H, H-5), 3.52 (s, 3H, OMe), 3.61 (dd, J = 8.0, 9.3 Hz, 1H, H-2), 3.70-3.78 (m,
2H, H-6), 3.94 (d, J = 2.5 Hz, 1H, H-4), 4.13 (d, J = 7.8 Hz, 1H, H-1), 4.22 (dd, J = 3.9, 9.2 Hz, 1H,
H-1"); 3C NMR (100 MHz, CD30D): ¢ = 27.2, 27.5, 27.7, 33.5 (4C, CHz-cy), 34.6 (CH-cy), 35.2
(CH2-cy), 42.6 (C-2), 57.2 (OMe), 62.5 (C-6), 68.2 (C-4), 71.9 (C-2), 76.1 (C-5), 78.9 (C-1"), 84.6
(C-3), 105.9 (C-1), 179.8 (C=0); HR-MS: m/z: Calcd for CisH280s: 347.1711 [M-H], found:
347.1713; HPLC: Purity > 99.5%.

Methyl 3-O-[(1S)-1-carboxy-2-phenyl-ethyl]-p-D-galactopyranoside (114).

OH OH
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To a solution of 49¢ (242 mg, 0.447 mmol) in pyridine (7.8 mL) in a Teflon container was added
HF-pyr (2.25 mL) dropwise and the reaction mixture was stirred at rt for 2.5 h. The reaction was
neutralized with ag. satd. NaHCOs and the aqueous phase was extracted with DCM (3 x 15 mL).
Then, the organic phases were dried over Na2SO4and concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether/acetone, 8:2 — 7:3) to afford the
desilylated product as a mix of methyl and benzyl esters (42 mg). The mixture was treated with a 1
M solution of NaOH in H>O/dioxane (1:1, 10 mL) at rt for 24 h. Then it was neutralized with 1 M aqg.
HCI and concentrated under reduced pressure. The residue was purified by reversed-phase
chromatography (C1s, H2O/MeCN, 1:0 — 7:3) to give 114 (15 mg, 10%, two steps) as a white solid.
[0]p?° —6.6 (¢ 0.5, MeOH); *H NMR (500 MHz, D20): § = 2.99 (dd, J = 8.6, 14.0 Hz, 1H, H-2’a),
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3.16 (dd, J = 4.7, 14.0 Hz, 1H, H-2’b), 3.31 (dd, J = 3.2, 9.6 Hz, 1H, H-3), 3.52-3.56 (m, 4H, H-5,
OMe), 3.64 (m, 1H, H-2), 3.75 (dd, J = 4.4, 11.8 Hz, 1H, H-6a), 3.79 (dd, J = 7.7, 11.8 Hz, 1H, H-
6b), 3.94 (m, 1H, H-4), 4.17 (dd, J = 4.7, 8.6 Hz, 1H, H-1"), 4.24 (d, J = 7.3 Hz, 1H, H-1), 7.32 (m,
1H, Ar-H), 7.37-7.41 (m, 4H, Ar-H); 3C NMR (126 MHz, D20): & = 41.3 (C-2’), 59.0 (OMe), 63.1
(C-6), 68.0 (C-4), 71.8 (C-2), 76.6 (C-5), 84.0 (C-1°), 84.6 (C-3), 105.3 (C-1), 128.7, 130.5, 131.5,
140.3 (6C, Ar-C), 182.7 (C=0): HR-MS: m/z: Calcd for CiHz10s: 341.1242 [M-H], found:
341.1242; HPLC: Purity > 99.5%.

3,4-Dichlorophenyl 2,3,4,6-tetra-O-acetyl-1-thio-a-D-galactopyranoside (116).

AcO OAc

0
AcO

S cl
X,

To a suspension of B-D-galactose pentaacetate (1.00 g, 2.60 mmol) and PCls (0.587 g, 2.82 mmol) in
dry DCM (10 mL) was added BF3'Et2O (16.0 uL, 0.13 mmol). The mixture was stirred for 1 h. Then,
it was diluted with DCM (30 mL) and subsequently washed with cold H2O (50 mL), cold aqg. satd.
NaHCOs (2 x 50 mL), and cold H20 (2 x 50 mL), dried over Na2SO4 and concentrated under reduced
pressure. The crude galactopyranosyl chloride intermediate was used for the next step without further
purification. NaH (0.022 g, 0.92 mmol) and 3,4-dichlorothiophenol (130 pL, 1.0 mmol) were
dissolved in dry DMF (2 mL) and stirred at rt for 30 min. Then, a solution of the galactopyranosyl
chloride in DMF (7 mL) was added to the reaction mixture. The mixture was stirred overnight at 50
°C and then diluted with DCM (50 mL) and H20 (50 mL). The organic phase was washed with water
(3 x 30 mL), dried over Na.SO4 and concentrated under reduced pressure. The residue was purified
by flash chromatography (petroleum ether/EtOAc, 10:0 — 7:3) to afford 116 (480 mg, 36%) as a
white solid. [0]p?® +22.6 (¢ 1.0, MeOH); *H NMR (500 MHz, CDCls): 6 = 1.98, 2.01, 2.11, 2.14 (4
s, 12H, OACc), 4.06-4.10 (m, 2H, H-6), 4.65 (t, J = 6.5 Hz, 1H, H-5), 5.24 (dd, J = 3.3, 11.0 Hz, 1H,
H-3), 5.33 (dd, J = 5.6, 10.9 Hz, 1H, H-2), 5.48 (dd, J = 1.3, 3.4 Hz, 1H, H-4), 5.98 (d, J = 5.6 Hz,
1H, H-1), 7.27 (dd, J = 2.2, 8.4 Hz, 1H, Ar-H), 7.36 (d, J = 8.4 Hz, 1H, Ar-H), 7.56 (d, J = 2.2 Hz,
1H, Ar-H); C NMR (126 MHz, CDCls): 6 = 20.70, 20.72, 20.9 (4C, OAc), 62.0 (C-6), 67.7 (C-5),
67.9 (C-4), 68.0 (C-2), 68.1 (C-3), 85.5 (C-1), 130.8, 131.1, 132.3, 132.9, 133.1, 133.3 (6C, Ar-C),
170.0, 170.2, 170.5 (4C, C=0); ESI-MS: m/z: Calcd for C20H22Cl206S: 532.3 [M+Na]*, found: 532.1.
The analytical data of 116 were in accordance with reported values.*°
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3,4-Dichlorophenyl 1-thio-a-D-galactopyranoside (117).

HO OH

0

L
Cl
A solution of 116 (480 mg, 0.94 mmol) in MeOH (7 mL) was treated with 1 M MeONa/MeOH (1.5
mL) overnight at rt. Then, the mixture was neutralized with Amberlyst-15 ion-exchange resin and

HO

concentrated under reduced pressure to give 117 (289 mg, 90%) as a white solid. [a]o® +174 (c 1.0,
MeOH); *H NMR (500 MHz, CD3s0D): 6 = 3.64 (dd, J = 3.3, 10.2 Hz, 1H, H-3), 3.69 (dd, J = 6.8,
11.5 Hz, 1H, H-6a), 3.73 (dd, J = 5.3, 11.5 Hz, 1H, H-6b), 3.95 (dd, J = 1.3, 3.3 Hz, 1H, H-4), 4.18
(dd, J =5.5, 10.2 Hz, 1H, H-2), 4.27 (ddd, J = 1.3, 5.2, 6.7 Hz, 1H, H-5), 5.65 (d, J = 5.5 Hz, 1H, H-
1), 7.43 (d, J =8.4 Hz, 1H, Ar-H), 7.47 (dd, J = 2.1, 8.4 Hz, 1H, Ar-H), 7.73 (d, J = 2.0 Hz, 1H, Ar-
H); 33C NMR (126 MHz, CD3;0D): 6 = 62.4 (C-6), 69.8 (C-2), 70.7 (C-4), 72.2 (C-3), 73.7 (C-5),
91.3 (C-1), 131.6, 132.0, 132.6, 133.5, 134.3, 137.2 (6C, C-Ar); ESI-MS: m/z: Calcd for
C12H14Cl20sS: 363.0 [M+Na]*, found: 363.0.

The analytical data of 117 were in accordance with reported values.*°

Methyl (R)-3-cyclohexyl-2-(trifluoromethylsulfonyloxy)-propanoate (119).

(o)

"”"'HJ\OMe
oTf

Methyl (R)-3-cyclohexyl-2-hydroxypropanoate 118 (222 mg, 1.19 mmol) was dissolved in dry DCM
(5 mL) under argon. Then, 2,6-lutidine (277 uL, 2.38 mmol) was added, the mixture was cooled down
to -15 °C and Tf20 (301 pL, 1.79 mmol) was added. The reaction was stirred at -20 °C for 4 h. Then,
it was diluted with DCM (15 mL), washed with cold water (2 x 20 mL) and brine (3 x 20 mL), dried
over Na;SO4 and concentrated under reduced pressure. The residue was purified by flash
chromatography (hexane/EtOAc, 20:1 — 9:1) to afford 119 (265 mg, 70%) as a colorless oil. [a]p?
+37.5 (¢ 1.0, CHCIs3); *H NMR (500 MHz, CD30D): 6 = 0.89-1.03 (m, 2H, H-cy), 1.12-1.32 (m, 3H,
H-cy), 1.46 (m, 1H, H-cy), 1.64-1.76 (m, 4H, H-cy), 1.79-1.84 (m, 2H, H-3a, 2 H-cy), 1.92 (ddd, J =
4.9, 9.3, 14.4 Hz, 1H, H-3b), 3.84 (s, 3H, OMe), 5.19 (dd, J = 4.0, 9.3 Hz, 1H, H-2); 13C NMR (126
MHz, CD30D): ¢ = 25.9, 26.1, 26.3, 32.1 (4C, CHz-cy), 33.4 (CH-cy), 33.6 (CHz-cy), 39.4 (C-3),
53.3 (OMe), 81.9 (C-2), 118.6 (q, J = 319.7 Hz, CF3), 168.3 (C=0).

The analytical data of 119 were in accordance with reported values.®’
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3,4-Dichlorophenyl 3-0-[(1S)-1-methoxycarbonyl-2-cyclohexyl-ethyl]-1-thio-a-D-
galactopyranoside (120).

OH OH

0

“n,, _O
|69

To asolution of 117 (34.0 mg, 0.10 mmol) in dry MeOH (3.0 mL) was added Bu>SnO (27.3 mg, 0.13
mmol) at rt under argon. The mixture was heated to reflux and stirred for 3 h. The solvent was then
evaporated and the residue dried under vacuum for 4 h. The crude product was dissolved in DME (1
mL) and stirred under argon. A solution of 119 (686 mg, 1.74 mmol) in DME (2 mL) was added
dropwise, followed by dried CsF (18.2 mg, 0.12 mmol) at once. The reaction mixture was stirred for
16 h at rt. Then, EtOAc (10 mL) and H2O (10 mL) were added and the aqueous phase was extracted
with EtOAc (3 x 10 mL). The combined organic phases were dried over Na,SQg, filtered and
evaporated. The crude material was purified by flash column chromatography (petroleum
ether/acetone, 1:0 — 6:4) to afford 120 (15.8 mg, 31%) as a white solid. [a]p?® +172.2 (¢ 1.0, MeOH);
'H NMR (500 MHz, CD30D): ¢ = 0.83-1.01 (m, 2H, H-cy), 1.16-1.35 (m, 3H, H-cy), 1.58 (m, 1H,
H-cy), 1.65-1.73 (m, 6H, 2 H-2", 4 H-cy), 1.93 (m, 1H, H-cy), 3.41 (dd, J = 3.2, 10.0 Hz, 1H, H-3),
3.66 (dd, J =6.8, 11.5 Hz, 1H, H-6a), 3.72 (dd, J = 5.3, 11.5 Hz, 1H, H-6b), 3.75 (s, 3H, OMe), 4.10
(dd, J = 1.3, 3.3 Hz, 1H, H-4), 4.23 (ddd, J = 1.4, 5.2, 6.8 Hz, 1H, H-5), 4.31 (dd, J = 5.6, 10.0 Hz,
1H, H-2), 4.45 (dd, J = 4.1, 8.8 Hz, 1H, H-1°), 5.63 (d, J = 5.6 Hz, 1H, H-1), 7.43 (d, J = 8.4 Hz, 1H,
Ar-H), 7.46 (dd, J = 2.1, 8.4 Hz, 1H, Ar-H), 7.72 (d, J = 2.0 Hz, 1H, Ar-H); 3C NMR (126 MHz,
CD30OD): ¢ = 27.2, 27.4, 27.7, 33.6 (4C, CHz-cy), 34.7 (CH-cy), 35.0 (CH2-cy), 42.2 (C-2’), 52.6
(OMe), 62.3 (C-6), 69.1 (C-4), 69.6 (C-2), 73.4 (C-5), 78.5 (C-1"), 81.0 (C-3), 91.3 (C-1), 131.6,
132.0, 132.6, 133.5, 134.3, 137.0 (6C, Ar-C); HR-MS: m/z: Calcd for C2H30Cl.07S: 531.0987
[M+Na]*, found: 531.0987; HPLC: Purity 99.5%.

3,4-Dichlorophenyl 3-O-[(1S)-1-carboxy-2-cyclohexyl-ethyl]-1-thio-a-D-galactopyranoside
(121).

OH OH

(o}

m,, 0
r HO
COOH S. : Cl
Cl

Compound 120 (12 mg, 0.02 mmol) was treated with a 0.1 M solution of NaOH in H>O/dioxane (1:1,

2 mL) overnight at rt. Then, the mixture was neutralized and concentrated under reduced pressure to
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afford 121 (8.90 mg, 90%) as a white solid. [a]p?® +80.0 (¢ 1.0, MeOH); 'H NMR (500 MHz,
CD30D): ¢ = 0.88-1.03 (m, 2H, H-cy), 1.20 (m, 1H, H-cy), 1.27-1.35 (m, 2H, H-cy), 1.58-1.75 (m,
7H, 2 H-2’, 5 H-cy), 1.94 (m, 1H, H-cy), 3.43 (dd, J = 3.0, 10.1 Hz, 1H, H-3), 3.67 (dd, J = 6.8, 11.6
Hz, 1H, H-6a), 3.72 (dd, J = 5.3, 11.6 Hz, 1H, H-6b), 4.10 (m, 1H, H-4), 4.26 (t, J = 6.2 Hz, 1H, H-
5), 4.30 (m, 2H, H-2, H-17), 5.63 (d, J = 5.4 Hz, 1H, H-1), 7.43 (d, J = 8.4 Hz, 1H, Ar-H), 7.47 (dd,
J=2.1,8.4Hz, 1H, Ar-H), 7.73 (d, J = 2.1 Hz, 1H, Ar-H); 13C NMR (126 MHz, CD30D): § = 27.2,
27.5,27.7, 33.6 (4C, CHz-cy), 34.7 (CH-cy), 35.2 (CHz-cy), 42.4 (C-2"), 62.3 (C-6), 68.7 (C-4), 69.3
(C-2),73.4(C-5),78.4(C-1"),81.5(C-3),91.2 (C-1), 131.6, 132.0, 132.6, 134.30, 134.31, 137.1 (6C,
C-Ar); HR-MS: m/z: Calcd for C21H2sCl207S: 517.0830 [M+Na]*, found: 517.0828; HPLC: Purity
99.1%.

Competitive fluorescence polarization experiments. Human Galectins-1, -3, -8N, -8C, -9N, and -
9C were expressed and purified as previously described.***? Fluorescence polarization experiments
were performed using the PHERAstar FS plate reader (software version 2.10 R3), and the
fluorescence anisotropy of fluorescein tagged probes was measured by excitation at 485 nm and
emission at 520 nm. The specific conditions for Galectins-1, -3, -8C, -8N, -9N, and -9C were kept as
reported.>>°3 The synthesized compounds were dissolved in pure DMSO at 20 mM concentration and
diluted in PBS to 3-6 different concentrations, and each concentration was tested in duplicate. The
highest inhibitor concentrations tested were 1.5 mM. The average values of Kp and SEM were

calculated from 4 to 8 duplicate measurements, showing 10-90% inhibition.
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6. Discussion of the hypotheses

As previously mentioned, the work of this thesis has been condensed in six hypotheses.

Hypothesis 1. Low molecular weight and monovalent glycomimetic ligands with high affinity for
Siglec-8 can be designed and synthesized by replacing galactose in 6-sulfo-Sia-Gal with a sulfo-
substituted cyclohexane or aromatic ring.

Hypothesis confirmed (Chapter 2). The work addressing this hypothesis has been published in
ChemMedChem (Appendix, p. 199).

The work related to this hypothesis has been described in Chapter 2. A deoxygenation strategy was
followed by successively removing the polar groups on the galactose moiety to investigate the
significance of the substituents on the ring. The compounds were then tested against Siglec-8 using
MST and ITC. The most potent compound identified was the one bearing a hydroxymethyl-
cyclohexane, with the sulfate held in the same position as in the replaced galactose: compound 34
showed a 6-fold higher affinity compared to the minimal binding epitope 2, mainly due to the reduced
desolvation cost due to the increased lipophilicity. Unexpectedly, the aromatic derivatives did not
show affinity at the measured concentration for Siglec-8. We speculate that the directionality of the
salt bridge formed by the sulfate is disturbed. In conclusion, by replacing the galactose moiety with
a sulfo-substituted hydroxymethyl-cyclohexane, we have obtained a new optimal starting point for

the development of high affinity ligands for Siglec-8.

Hypothesis 2. The sialic acid moiety is not essential for the binding to Siglec-8.

Hypothesis confirmed (Chapter 2).

In a previous unpublished work in B. Ernst’s group, compound 39, containing a 6-sulfo-galactose
with a lactic acid derivative in position 3, showed good affinity for Siglec-8 (ICso 249 uM) in a
competitive binding assay. Since the obtained affinity value was not reliable, we decided to repeat
the synthesis along with the evaluation of a small library of similar compounds. The synthesized
compounds were then tested against Siglec-8 using MST. Unfortunately, the affinity data of the
reference compound 39 could not be confirmed but, on the other hand, controversial results were
obtained for compound 53, bearing a cyclohexyl ring on the side chain of the lactic acid. By MST,
we measured a Kp of 265 uM, but we also observed interactions with the dye of the protein. To rule
out possible interference, we decided to test it using ITC and nanoDSF but questionable results were
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also obtained with these assays. We think that the compound probably interacts with Siglec-8, but
with different site(s) of the protein, therefore confirming the hypothesis that the sialic acid is not
essential for the binding. *H-®N HSQC NMR analysis could probably be useful in the future to

determine and definitely confirm the possibility of binding.

Hypothesis 3. Precise and reliable insights into the binding mode of our high affinity ligands can be
provided by using homology modelling of Siglec-8.
Hypothesis not confirmed (Chapter 2).

Currently, only the NMR solution structure of the Siglec-8 lectin domain together with its preferred
natural ligand 6’-sulfo-sLe* is available. Since this model does not fit the binding mode of our most
potent ligand 38, with a naphthyl sulfonamide substituent in position 9 of the sialic acid, we assumed
that a homology model of Siglec-8 could be useful for this purpose and for potential virtual screening.
We created a homology model for Siglec-8 based on the Siglec-7 crystal structure since the proteins
share71% sequence similarity. In this model, the Arg46 loop region has a very different conformation,
allowing a very good accommodation of the sulfate in a small positively charged pocket, while the
naphthalene moiety binds to a second aromatic cluster near the loop region. This region is not
accessible in the NMR structure because it is blocked by the N-terminus. Unfortunately, when we
aligned the two proteins, we saw that much information was missing from the N-terminus of Siglec-
7. Consequently, our model lacks the N-terminus, which should be instead included in a future work.
In fact, it is important to determine its position because, being quite close to the binding site, it could

affect the correct binding.

Hypothesis 4. New fragments and virtual hit molecules that fit into the binding pocket of Siglec-8
can be predicted and their binding affinity can be scored by using fragment-based and structure-based
virtual screening.

Hypothesis not confirmed (Chapter 3).

Using the Siglec-8 NMR solution structure, we performed two types of virtual screening. First, we
combined several commercially available libraries and docked them to Siglec-8, using the two major
arginine residues (Arg109 and Arg56) as constraints. We evaluated the results checking the final
scores and the relative position to the native ligand. We then selected 6 commercially available
compounds, among which none contained a sugar moiety. They were screened against Siglec-8 by

MST but, unfortunately, none of them showed any affinity in the assayed concentration (50 mM).
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The second screening was performed to explore an empty pocket close to the position 5 of the sialic
acid of the lead compound 34. We virtually combined different commercially available fragments
with position 5 of our ligand through different type of linkers using the KNIME workflow. Then, we
docked the obtained molecules to Siglec-8 and we evaluated their poses based on final scores and
relative position to the native ligand. The promising molecules, where fragments were attached via
amine or triazole linkers, were synthesized and tested, but none of them showed significant affinity
in the assayed concentration (15 mM). We assume that the absence of an amide in position 5 could
be detrimental for the binding because it could be involved in an intramolecular H-bond with the
hydroxyl in position 7 of the sialic acid, which may preorganize the molecule. In fact, the introduction
of substituents via amide linkers led to active compounds. In particular, the methoxypropionamide
derivative 99 showed almost 2-fold affinity improvement compared to lead compound 34.

Hypothesis 5. Siglec-8 ligands are stable to hydrolysis by neuraminidase-2.
Hypothesis confirmed (Chapter 4).

Pharmacokinetic studies are an important step in drug development and they are usually
underestimated in the early stages. Since our ligands contain sialic acid, they may be subject to
hydrolysis by neuraminidases in vivo. Human neuraminidases (hNEU) are 4 types of enzymes
expressed both intracellularly and in the plasma membrane. They are glycosyl hydrolases that cleave
the glycosidic bond of sialosides. Therefore, we decided to test the stability of our most interesting
Siglec-8 ligands against hNeu2. We performed an enzymatic assay and developed an LCMS method
to analyze and quantify the possible hydrolysis products. Our results show that glycomimetic ligands
34 and 38 were completely stable to hydrolysis, while the more natural 6-sulfo-Sia-Gal 2 was partially
hydrolyzed (30%). 4AMU-NANA, a well-known NEU-substrate, has been used as a positive control.
However, considering that it is a very labile molecule, the use of a second positive control will be

considered in the future to definitely confirm our findings.

Hypothesis 6. High affinity and selective ligands towards Galectin-8 can be obtained by introducing
modifications in position 1 and 3 of the 3-O-[1-carboxyethyl]-p-D-galactopyranoside.

Hypothesis confirmed (Chapter 5). The work addressing this hypothesis has been published in
ChemMedChem (Appendix, p. 214).

Galectin-8 has gained attention as a potential new pharmacological target for the treatment of various

diseases such as cancer, inflammation and diseases associated with bone mass reduction. To this end,
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new molecular probes are needed to better understand its role and functions. In this project, we tried
to improve the affinity and selectivity of a recently published Galectin-8 ligand, 3-O-[1-
carboxyethyl]-B-D-galactopyranoside, by introducing modifications at positions 1 and 3 of galactose.
Affinity data, measured by fluorescence polarization, show that the most potent compound reached a
Kb of 12 uM. Moreover, reasonable selectivity towards other galectins was achieved, making the
highlighted compound a promising starting point for the development of new selective and potent
ligands for Galectin-8 as molecular probes to study the role of the protein in cell lines and in vivo.
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7. Summary and outlook

Siglec-8 is an immunoreceptor exclusively expressed on eosinophils and mast cells. Upon ligation
with antibodies or glycopolymers, it initiates an intracellular cascade that leads to apoptosis of the
eosinophils and inhibition of degranulation of mast cells. Therefore, it is a new interesting
pharmacological target for the treatment of diseases associated with these cells.
The main purpose of this thesis was to improve the affinity and the drug-like properties of the known
Siglec-8 ligand, the sulfated tetrasaccharide 6’-sulfo-sLe*. To achieve these goals, a common strategy
in the carbohydrate field is the use of glycomimetics, more drug-like compounds which mimic the
structure and the function of the natural sugars.
Applying some of the more common, classical medicinal chemistry approaches, we first identified
the minimal binding epitope, the disaccharide 6-sulfo-Sia-Gal (2, which showed an only 2-fold lower
affinity than the parent tetrasaccharide, but a reduced size, polarity, and by far easier synthetic
accessibility (Chapter 2). Then, following a deoxygenation strategy replacing the galactose with a
sulfo-substituted hydroxymethyl-cyclohexane, we obtained the new lead compound 34 which
completely restored the affinity of the original tetrasaccharide while having a significantly simplified
and more drug-like structure. Finally, the additional introduction of a naphthyl sulfonamide
substituent in position 9 of the sialic acid, led to the identification of 38, the most potent monovalent
Siglec-8 ligand known to date with a 15 uM affinity.
To further explore the chemical space around the lead compound 34, we also performed a virtual
screening approach to identify suitable fragments for the binding cavity close to position 5 of the
sialic acid (Chapter 3). The fragments were virtually combined with the core structure of the lead
compound and docked into the known Siglec-8 NMR solution structure. Docking poses were mainly
evaluated by scoring functions and relative position to the native ligand. The most promising
candidates, where fragments were attached via amine or triazole linkers, were synthesized and tested.
However, none of them showed any affinity to the target protein. We assumed that the absence of an
amide in position 5 of the sialic acid could be detrimental for binding. In fact, an intramolecular
hydrogen bond between the carbonyl of the amide group in position 5 and the hydroxyl in position 7
of the sialic acid can stabilize a sort of pre-organization that would not be possible otherwise. These
observations confirm that visual inspection of binding modes is crucial in the decision-making
process, considering the inaccuracies of molecular docking and its scoring functions.
As a matter of fact, modifications introduced via amide linkers in the same position by rational design
to adapt the ligands in the binding cavity, were more successful. In particular, the introduction of a
methoxypropionamide in compound 99 showed an almost 2-fold affinity improvement compared to
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the parent compound 34, indicating that modifications in this position indeed are beneficial to
improve binding. A future combination of the methoxypropionamide in position 5 with the favorable
naphthyl-sulfonamide in position 9 should lead to a high-affinity ligand for Siglec-8.

Our results confirm how glycomimetics can enhance the affinity of the parent natural ligands and, at
the same time, improve the drug-like properties. Thermodynamic analysis reveals how many factors
could influence the binding besides gaining new interactions in the binding sites. For example, in our
case, we obtained a more active compound by just decreasing its polarity, which only causes a minor
desolvation penalty.

Considering the improved activity, the most active ligands presented may also be used to obtain a
Siglec-8 crystal structure more easily. As we saw, the NMR solution structure does not accommodate
our most active ligand and a homology model based on Siglec-7 had its limitations since the N-
terminus, close to the binding site, could not been modeled. A resolved crystal structure definitely
will contribute to better understand the binding mode of our ligands and, consequently, to allow for
more reliable and accurate virtual predictions.

Our compounds not only represent important starting points for the development of potential drugs,
but they may also serve as molecular probes to further study the function of Siglec-8. It would be
very interesting to see whether monovalent high-affinity ligands could be sufficient to determine a
response, or if a multimeric presentation is necessary. In fact, it’s not clear yet if protein clustering is
essential to initiate a response. Preliminary results from ongoing studies showed that the
glycomimetic lead compound 34, presented on a multimeric form on a polymer, was able to bind
Siglec-8 expressed on Jurkat NFAT (Luc2) cells and to trigger a response, while the monovalent
sulfonamide 38, although with higher affinity, only bound weakly. Further studies on eosinophils or
mast cells naturally expressing Siglec-8 will give more insights into the mechanism of activation of
Siglec-8 and will guide future drug optimization.

Considering the positive results obtained with glycomimetics and the advantages that a non-
carbohydrate structure would present, two more strategies were attempted. In the first case, we
performed a second virtual screening for the identification of potential new hits with no carbohydrate
moieties (Chapter 3). Promising compounds, all commercially available and able to virtually interact
with the most important arginine residues in the binding site, were screened with the MST assay.
Unfortunately, none of them showed any affinity to Siglec-8, suggesting that the presence of sugar
moieties or at least mimics thereof are necessary for binding.

In the second case, as part of the successful deoxygenation strategy and on the basis of previous
unpublished positive results, we synthesized and tested a small library of compounds where the sialic

acid has been replaced by lactic acid derivatives (Chapter 2). If active, these molecules would be the
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first example of Siglec-binding compounds that do not contain sialic acid. However, when tested with
MST, we were not able to confirm the activity of the reference compound 39, which has shown a
good affinity in a previous competitive binding assay. However, one of our derivatives (53) showed
controversial results, both in ITC and nanoDSF. From our observations, we assume that the
compound is interacting with Siglec-8 but most probably in a different binding site. Further studies
on the sialic acid-free ligands, such as *H-">N HSQC NMR, might reveal additional binding sites of
the protein that could be used for allosteric modulation.

Interestingly, the structure of these ligands was very similar to a recently published Galectin-8 ligand,
the 3-O-[1-carboxyethyl]-B-D-galactopyranoside, a galactose bearing a lactic acid in position 3.
Galectin-8 is a new potential pharmacological target for the treatment of various diseases, including
cancer, inflammation, and disorders associated with bone mass reduction. Therefore, we decided to
test the corresponding non-sulfated derivatives of these compounds to Galectin-8 and to further
improve their affinity by introducing modifications at position 1 of galactose (Chapter 5). With
compound 121 we have obtained one of the most potent and selective Galectin-8 ligands known to
date, with reasonable selectivity towards other galectins, showing another successful application of
glycomimetics. Our results represent an optimal starting point for the development of high-affinity
and selective ligands for Galectin-8, paving the way for new perspectives to combat diseases
associated with this protein.

Finally, pharmacokinetic properties are an important factor to be considered during drug
development. Related studies in the early stages can guide the optimization process and prevent
failures. For this reason, we decided to test the stability of our most important Siglec-8 ligands
towards neuraminidases (NEUs), human enzymes able to hydrolyze terminal sialic acids (Chapter 4).
As proof of concept, we used NEU2 due to its easy availability, even if NEU3 would be more suitable
considering its expression on the cell surface. We developed an LCMS method to follow the potential
hydrolysis, using NANA, a known NEU2 substrate, as a positive control. The results indicated that
our glycomimetic ligands have higher stability towards hydrolysis compared to more natural
compounds. This represents an incredible advantage, since the glycomimetic modification introduced
not only improved the affinity but also conferred higher pharmacokinetic stability. However,
considering that NANA is quite labile, the use of another positive control should be considered to
definitively confirm our results. The LCMS method has been validated and can be easily be used for
other compounds and more appropriate enzymes, such as NEU3. The evaluation and improvement of
other pharmacokinetic properties will definitely be performed in future studies, aimed at the
development of potential therapeutic drugs for the treatment of eosinophil and mast-cell related

disorders.
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Siglecs are members of the immunoglobulin gene family
containing sialic acid binding N-terminal domains. Among
them, Siglec-8 is expressed on various cell types of the immune
system such as eosinophils, mast cells and weakly on basophils.
Cross-linking of Siglec-8 with monoclonal antibodies triggers
apoptosis in eosinophils and inhibits degranulation of mast
cells, making Siglec-8 a promising target for the treatment of
eosinophil- and mast cell-associated diseases such as asthma.
The tetrasaccharide 6-sulfo-sialyl Lewis* has been identified as a

Introduction

Siglecs (sialic acid-binding immunoglobulin-type lectins) are cell
surface proteins representing a subset of the I-type lectins
located primarily on the surface of immune cells. They exhibit a
sialic acid binding N-terminal domain, one or more C2-set
immunoglobulin  domains and a cytoplasmic tail.'™® The
cytoplasmic tail of most siglecs contains an immunoreceptor
tyrosine-based inhibitory motif (ITIM), which participates in
immunosuppressive cell signaling. Thus, ligand-binding induces
phosphorylation of the tyrosine motif by an Src family kinase,
resulting in the recruitment of the SH2 domain-containing
phosphatases SH1, SH2 or SHIP-1. These phosphatases inhibit
cellular processes through inactivation of essential kinases.
Therefore, siglecs are inhibitory receptors, which can modulate
crucial immune responses.*® In their resting state, most siglecs
are engaged in cis-interactions with sialylated glycans expressed
on the surface of the same cell” As a result, siglecs are
essentially masked and can only interact with trans-ligands that
display sufficient affinity or avidity to outcompete the cis-
interactions.®

Siglec-8 is a member of the CD33-related siglec family and
is predominantly expressed on the cell-surface of eosinophils
and mast cells and weakly on basophils.*'” These cell types
play a crucial role in the pathophysiology of asthma, a chronic
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specific Siglec-8 ligand in glycan array screening. Here, we
describe an extended study enlightening the pharmacophores
of 6'-sulfo-sialyl Lewis* and the successful development of a
high-affinity mimetic. Retaining the neuraminic acid core, the
introduction of a carbocyclic mimetic of the Gal moiety and a
sulfonamide substituent in the 9-position gave a 20-fold
improved binding affinity. Finally, the residence time, which
usually is the Achilles tendon of carbohydrate/lectin interac-
tions, could be improved.

inflammatory disease characterized by a massive infiltration of
eosinophils into the airways followed by degranulation of mast
cells and the release of bronchoconstrictors.""'” When Siglec-8
was cross-linked with antibodies, apoptosis of eosinophils"
and inhibition of the release of mediators from mast cells was
observed."” A promising alternative to target Siglec-8 with
antibodies involves the multivalent display of siglec ligands on
polymers and nanoparticles."” Thus,
apoptosis can be initiated by treating eosinophils with a
synthetic polyvalent Siglec-8 ligand"® and immunohistochem-
ical analyses exhibited an up-regulation of Siglec-8 ligands in
inflamed compared to healthy tissue."” In addition, isolated
eosinophils from the airways of allergen-challenged patients
showed elevated susceptibility to  Siglec-8-mediated
apoptosis.’® Finally, variants in the Siglec-8 gene were
associated with an increased susceptibility for asthma.' In
summary, Siglec-8 has been identified as a therapeutic target
for the treatment of eosinophil and mast cell disorders. 2!

Natural sialylated glycans generally exhibit only low mono-
valent affinities (0.5 to 3 mM), which, however, can be
substantially improved by a multivalent presentation.??* The
development of potent monovalent siglec ligands started from
natural glycan ligands and successfully yielded high-affinity
ligands for numerous siglecs: thus, high-affinity ligands for
Siglec-1," Siglec-2,#%3% Siglec-4,%'* Siglec-7% and Siglec-8%
have been reported. The trisaccharide Neu5Aca2-3(6-O-sulfo)
GalB1-4GIcNAc and the tetrasaccharide Neu5Aca2-3(6-O-sulfo)
GalP1-4[Fucal-3]GIcNAc [6'-sulfo-sLe* (1a)] were identified in a
glycan array screening as Siglec-8 ligands (Figure 1A).%27 In
this work, we describe the development of high-affinity Siglec-8
mimetics based on 6"-sulfo-sLe* (1a).

it was shown that
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A o OHOH coons OH reduced when the sulfate group in 3-aminopropyl 6'-sulfo-sLe”
\wo i o’é&/ (1b) was removed (28-fold loss of affinity) or moved to the p-
AchN o E?\ o NHACOR GlcNAc moiety (9-fold loss in affinity).*¥ Essential hydrogen
HO “ososNa bonds are formed by the three hydroxyls of the glycerol side
1a(R=H) 7 on chain with Tyr7, Ser118 and GIn122, as well as by the N-acetyl
1b (R = (CHp)3NHy)  no® group with the backbone of Lys116. Furthermore, various
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Figure 1. (A) 6"-Sulfo-sLe* (1a) and 3-aminopropy! 6"-sulfo-sLe* (1 b); (B)
Binding mode of 3-aminopropyl 6-sulfo-sLe* (1b) in the carbohydrate-
recognition domain (CRD) of Siglec-8 (PDB ID: 2N7B).”® The figure was
generated using the software PyMOL.® Color code: N: blue, O: red, S: yellow,
protein backbone: beige, ligand C: light blue. Hydrogen bonds are depicted
as dashed lines.

Results and Discussion

We recently published the NMR solution structures of the
Siglec-8 lectin domain (PDB code: 2N7A) and its complex with
3-aminopropyl 6'-sulfo-sLe* (1b) (PDB code: 2N7B).*® Using
'H-""N HSQC titration and NOE experiments, both the affinity
(295 pM), and the binding mode of Siglec-8 with tetrasacchar-
ide 1b (Figure 1B) have been determined.

Arg109, which is conserved in most siglecs,*® forms an
essential salt bridge with the carboxylate of Neu5Ac. Moreover,
the sulfate group in the 6"-position of the Gal moiety is engaged
in another salt bridge with Arg56 and GIn59. This interaction
proved to be crucial, as the binding affinity was drastically

OAc
AcO onc  COMe Ho OTBOPS
+ o
ACHN Q7 sw HO&/OME
AcO OH
302] 41411

hydrophobic interactions, including van der Waals and sigma-m
interactions with Tyr58 contribute to the binding affinity of
tetrasaccharide 1b. Surprisingly, the L-Fuc and D-GlcNAc
moieties do not engage any interactions with the protein
surface. Glycan arrays additionally showed that the fucose
moiety does not significantly contribute to affinity."? We
therefore assumed that the disaccharide Neu5Aca.2-3(6-O-sulfo)
Gal (2, Scheme 1) represents the minimal binding epitope.

Synthesis and affinity of the minimal binding epitope.
Sialidation of the galactose acceptor 4“" with sialic acid donor
3" yielded disaccharide 5. The highest yield and the best a-
selectivity were obtained using NIS/TfOH as promoter, and
MeCN/DCM as solvent. To avoid acetyl migration, the 2- and 4-
OH of the Gal moiety were benzoylated (—6) before the silyl
protection was selectively cleaved using HF-pyridine to afford
disaccharide 7. Next, the sulfate group was introduced using an
excess of SOy-pyr in DMF (—8). Finally, acylate deprotection
under Zemplén conditions and hydrolysis of the methyl ester
with ag. NaOH yielded the test compound Neu5Aco2-3(6-O-
sulfo)Gal (2, Scheme 1).

3-Aminopropyl 6-sulfo-sLe* (1b) has an affinity of 295 uM+
26 uM (K, by NMR) or 303 pM+11 uM (IG5, in a competitive
binding assay)."® Surprisingly, the ICs, of the disaccharide
Neu5Aca2-3(6-O-sulfo)Gal (2) is only by a factor 2 lower
(733 uM, Table 1) than the ICy, of lead tetrasaccharide 1b. This
result was quite encouraging, as the complexity of the epitope
and the number of synthetic steps were significantly reduced,
whilst the affinity was only modestly affected. For the
determination of the ICs,'s, we applied a competitive binding
assay™“’ with Siglec-8-CRD and streptavidin-peroxidase coupled
to the biotinylated polyacrylamide glycopolymer 6'-sulfo-sLe*
PAA as competitor. After incubation of the protein and the
glycopolymer with a serial dilution of the tested ligand, the
colorimetric reaction with the horseradish peroxidase substrate
ABTS was measured to determine IC, values. We also applied

OAc
AcO, OAc CO,Me oH
a L b
—)b AcHN o (o] g OMe —)l-
AcO

HO “otaDPS
5

N ao_ S COMe Ho_ ['on  cooNa
0Bz d) ?AC 0Bz o OH
ACHN o o;{\\/oﬂ\om D o o?oq\om DN 0 O%\OME
AcO AcO Ho "

Bz0 “or

6, R=TBDPS
© E7, R=H

[e]

B;
70 “0s0,Na 0SO3Na

8 2

Scheme 1. a) NIS, TFOH, MeCN/DCM, —40°C, 16 h (34%); b) Bz,0, DMAP, pyridine, rt, 16 h (92 %); c) HF pyr, pyridine, rt, 4 h (93%); d) SOs-pyr, DMF, 0°C to rt,
4 h (93%); e) i. MeONa/MeOH, rt to 50°C, 24 h; ii. NaOH (aq), rt, 1 h (81% over two steps).
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Table 1. Binding affinity of 3-aminopropy! 6'-sulfo-sLe* (1b)"** and deriva-
tives thereof. IC;, values were determined in a competitive binding assay.*’!
For the synthesis of monosaccharide 9 and disaccharides 11-13 with
modified glycerol side chain see Supporting Information.

Compd.  Structure 1Cso [LM] rCsp
HO, UHPH cooNa o
RN 707 07 g Ogéé\/"\/\/"‘"z
1p5e Ho 303+11 1

M0 Noso,na
S7 o
ooH
wo_ it coona
\/k%\f -
- 070 OMe
2 AcHN &
Ho

HO “os0.na
on
MeO ove
9 o
HO “osoNa
oH

Ho, on  Coona
ACHN Q7 ~OMe n.a. -

HO

o coona on
n AL L OE?\‘M na. -

733+163% 22

na® -

10[44\

HO

HO o50,Na
HO, COONa
070 oMe
12 anZ W na. .
HO Nosona
COONa
HO, oH
0 0 OMe
- \?j\ = na. B
HO Noso.na

[a] Average value over six measurements. [b] n.a.: not active up to 10 mM.

microscale thermophoresis (MST) for the determination of the
K of binding.

The individual fragments, the galactose derivative 9 and the
neuraminic acid derivative 10,“" as well as the disaccharides
11-13 with modified glycerol side chains (for the synthesis see
Supporting Information) did not show any affinity. The hydro-
gen bond network, the glycerol side chain is involved in
(Figure 1B), obviously plays an important role in the binding
process. Moreover, a ReliBase™ search shows that the 8-OH
stabilizes the bioactive conformation of sialic acid in the bound
conformation via an intramolecular hydrogen bond with the
carboxylate. Overall, these results confirmed that the sulfated
disaccharide 2 indeed represents the minimal carbohydrate
epitope necessary for Siglec-8 binding.

Bioisosteres of the carboxylate and the sulfate group. To
further improve the PK/PD profile of disaccharide 2, the
possibility of bioisosteric replacements of the carboxylate and
the sulfate were explored, not only to improve affinity, but also
to enhance selectivity and alter physical properties."**” The ICs,
measurements for the derivatives 14-24 (for their synthesis see
Supporting Information) were conducted in the competitive
binding assay (Table 2). For the reference compound 2, an
additional K, value of 561 pM was obtained in the microscale
thermophoresis (MST) assay, which is in good agreement with
the competitive binding assay (733 uM) (entry 1). When the
sulfate was modified while the carboxylate substituent was
maintained (entries 2-8), reduced affinity was observed in four
cases (entries 2, 3, 4 & 8) while all other modifications resulted

ChemMedChem 2020, 15, 1706-1719 www.chemmedchem.org

Table 2. Binding affinities for derivatives of lead structure 2, bearing
replacements for the sulfate and carboxylic acid functional groups. ICs,
values were determined in a competitive binding assay,”” while dissocia-
tion constants (K,) were measured with MST. For the synthesis of the
disaccharides 14-24 see Supporting Information.

HO OH "
OH N OH
AcHN 70 omom
HO HO R?
Entry Compd. R’ R? ICo [UM]  Kp [uM]
Reference compound
1 2 COONa CH,050;Na 733% 561
Sulfate bioisosteres
2 14 COONa COONa 1026 n.d.”!
3 15 COONa CH,CH,COONa 2199 nd.
4 16 COONa CH,NH, 1393 nd.
5 17 COONa CH,CH,Ph nal nd.
6 18 COONa CH;N; na. nd.
7 19 COONa CH,NHAc na. nd.
8 20 COONa CH,OPO;Na, n.d. 2830
Carboxylic acid bioisosteres
9 21 CONH, CH,0S0;Na 1613 1011
10 22 CONHMe  CH,0SO;Na n.d. 2850
1" 23 COgHOH CH,0S50;Na n.d. na.
12 24 ,\}LN\j CH,0S0;Na nd. 2836

[a] Average value over six measurements. [b] n.d.: not determined. [c] n.a.:

not active up to 10 mM.
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in inactive compounds. The carboxylate turned out to be the
best replacement of the sulfate leading only to a moderate loss
of affinity (1026 M vs. 733 uM). Replacement of the carboxylate
(entries 9-12) led to inactive or only moderately active ligands.

Modification of the galactose moiety. According to the
structure of the complex of 3-aminopropyl 6'-sulfo-sLe* (1b)/
Siglec-8 obtained by NMR (Figure 1B) the 2- and the 4-OH of
the galactose moiety do not significantly contribute to binding.
In addition, the anomeric substituent points away from the
protein surface and, when substituted with an OMe aglycone,
cannot establish a contact with the protein surface. Therefore, a
set of derivatives 25-30 where these three substituents were
consecutively removed, was synthesized and evaluated regard-
ing their binding to Siglec-8 with the competitive binding assay
(Table 3). The syntheses of the test compounds 25-28 & 30 are
available in the Supporting Information. For the enantioselec-
tive synthesis of disaccharide mimetic 29, a racemic mixture of
cis and trans isomers of ethyl 3-hydroxycyclohexane-1-carbox-
ylate (31) turned out to be a feasible starting material
(Scheme 2). The racemic cis-isomer 31 was obtained by
chromatographic separation of the commercial cis/trans mix-
ture. The enzymatic separation of the enantiomeric mixture rac-
cis-31 using the lipase Novozyme 435 and vinyl butyrate
yielded the butyrate 32 in 35% yield."**’ To determine its
absolute configuration, ester 32 was hydrolyzed to acid 33. Its
optical rotation was in agreement with a literature value of the
desired  (15,3R)-(++)-3-hydroxycyclohexane-1-carboxylate (33,
[0]p®+10.3 vs. +10.7°%), The synthesis of acceptor 35 was
completed by reduction with DIBAL-H (—34), followed by the
regioselective protection of the primary hydroxyl group with
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Table 3. Biological evaluation of deoxygenated derivatives of lead struc-
ture 2. ICs, values were determined in a competitive binding assay,”’ while
dissociation constants (K;) were measured with ITC. For the synthesis of
the test compounds 25-28 & 30 with modified galactose moiety see
Supporting Information.
Entry Compd. Structure ICso [M] K5 [uM]
COONa
1 2 \/w\ 7330 574
”0 050Na
COONa
2 25 \/k@\% 381 nd®
Ho 0SO:Na
OH
HO, oH COONa
7
3 26 \;W‘G oM 674 nd.
HO
0S03Na
COONa
4 27 Vk@f 204 nd.
HO 0SO:Na
HO, ™ COONa
_f?” OH
5 28 ACHN o G?EFQME 271 nd.
HO
0S0;3Na
OH
HO, on COONa
6 29 MD 17 259
HO
0SO:Na
COONa
7 30 \/kl;\f\ ’q 1246 nd.
NaQ;S0
q/ COzNa
8 49 \/w n.ald na.
OSOnNa
H
_ u\wL I
AcHN.
OSO Na
[a] Average value over six measurements. [b] n.d.: not determined. [c] n.a.:
not active up to 10 mM.

TBDPSCI (—35). The enantiomeric purity of the cyclohexanol
derivative 35 (95% ee) was determined by conversion into the
Mosher ester 36 and subsequent 'F NMR analysis (for details
see Supporting Information). Then, acceptor 35 was glycosy-
lated with donor 3 to yield the disaccharide mimic 37 in 81%.
Finally, after removal of the silyl group with HF-pyr (—38), the
sulfate moiety was introduced using SOspyr in DMF to give
sulfate 39. Final deprotection with aqueous NaOH afforded the
test compound 29.

Almost the entire 2-fold affinity gain originated from
deoxygenation at the anomeric center (—25, Table 3, entry 2),
rather than removal of the 2-OH group (—26, entry 3). Note-
worthy, these two maodifications, i.e. removal of 1-OMe and 2-
OH (—27, entry 4), are positively cooperative, since the affinity
for mimetic 27 (IC;,=204 pM) is more increased compared to
the two individually deoxygenated compounds 25 (IC;=
381 uM) and 26 (IC;, =674 pM). Furthermore, deoxygenation in

ChemMedChem 2020, 15, 1706-1719 www.chemmedchem.org
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the 4-position of the galactose moiety (—28, entry 5) resulted
in a three-fold improvement of affinity compared to the parent
compound 2 (entry 1). Furthermore, with the cyclohexane
derivative 29, bearing only the CH,05S0;Na at the 5-position of
the former galactose moiety, a further affinity enhancement
could be realized, resulting in a six-fold higher potency for the
cyclohexane derivative 29 (IC5p=117 uM) compared to disac-
charide 2. Finally, when the cyclohexane moiety of mimetic 29
was replaced by an aromatic aglycone (—30, entry 7), the
binding affinity was substantially reduced, probably because
the directionality of the salt bridge formed by the sulfate is
disturbed.

Modification of the 9-position of the Neu5Ac moiety. Amide
formation in the 9-position of neuraminic acid is generally a
approach to affinity of siglec
antagonists.®” 3! Starting from the readily available Neu5Ac
derivative 43 (Scheme 3) the cyclohexanol derivative 35 was
sialidated to give intermediate 44, but only in 25% yield. By
desilylation (—45), 6-O-sulfation (—46) and hydrolysis of the
ester function, azide 47 was obtained in an overall yield of 75 %.
After reduction of the 9'-azido group by catalytic hydrogenation
(—48), acylation yielded amide 49 and sulfonamide 50. In
accordance with a recent publication of Paulson et al”

successful increase the

emphasizing that amide linked substituents at C-9 of the
neuraminic acid moiety do not yield hits, benzamide 49 did not
show any activity neither in the competitive binding assay nor
in ITC experiments (Table 3, entry 8). When we, based on
Paulson’s findings, formed sulfonamide 50, a Siglec-8 ligand
with a K;, of 15 uM affinity was obtained (entry 9).

Thermodynamics of Siglec-8 antagonist/Siglec-8 interaction.
Based on the thermodynamic fingerprints of the interaction of
compounds 1b, 2, 29 and 50 with Siglec-8, a deeper insight
into the binding process was intended. For this purpose, ITC
data of the mimetics 2, 29 and 50 were compared with the
previous data for the parent tetrasaccharide 3-aminopropyl 6'-
sulfo-sLe* (1b).® The K, values determined by ITC (Table 4,
Figure 2) correspond well with the data obtained from the
competitive binding assay and by MST (Tables 1-3). Since the
inventory of protonatable functional groups is
throughout the compound series, we do not expect any
superimposed effects from changes in protonation states upon
binding.

The binding of 3-aminopropy! 6'-sulfo-sLe* (1b) to Siglec-8
is driven by a strong binding enthalpy (AH°=-32.6 kimol™),
which is partly offset by a large unfavorable entropic term
(=TaS*= +12.4 khmol ). Because the protein structure of apo-
Siglec-8 and the complex of 6'-sulfo-sLe* (1b) with Siglec-8 are
identical to a large extent,*® a large entropy penalty resulting
from induced fit can be excluded (Figure 3A & B). A potential
reason for the entropy penalty could be related to a loss of
conformational flexibility, especially of the Fuc and GlcNAc
moiety as well as of the glycerol side chain. On the other hand,
an extended network of perfect hydrogen bonds is the main
reason for the large beneficial enthalpy term.*? For disaccharide
2 the enthalpic contribution is much less pronounced (AAH?,.
=163 kimol™"), probably as a result of a slightly modified
binding mode, aggravating a perfect alignment of the hydro-

constant

© 2020 Wiley-VCH GmbH

200

European Chemical
Societies Publishing



Appendix

Chemistry
Full Papers Europe
ChemMedChem doi.org/10.1002/cmdc.202000417 St Putiishing

MeQ CF,

Ho HOM[:;] [:::rziﬂ, [::]

P
07 o™ 07 oH TBDPSO””
rac-cisftrans-31 33

36
1a> Tc) ‘|f)
HO. b \/YO‘M O HO,, O HO., O
oo Ue U e L

/= ; OA
070" ™ 070 Ho” T80PSO” AcO oac  CO:Me
i 32 9)
rac-cis-31 34 35 AcHN 2 D%
AcO
o fone  CoMe 37 OTBDPS
vk@&% st
AcO
3
Ohc OH
OAc COzMe ) CO,Me ) HO. OH COzNa
) ]
ACHN ACHN AcHN o/ o°
HO
0S0O3Na 0S0;Na

29

Scheme 2. a) Chromatographic separation; b) vinyl butyrate, Novozyme 435, heptane, 23°C, 2.5 h (35%); ¢} 2 M NaOH (aq), MeOH, 6 h (31%); d) DIBAL-H, THF,
—15°C, 1.5 h (94%); e) TBDPSCI, DMAP, imidazole, rt, 16 h (62%); ) (R)-(-)-MTPA—CIl, DMAP, DCM, 0°C to rt; g) NIS, TFOH, MS 3 A, DCM, MeCN, —40°C, 6 h
(819%); h) HF-pyr, pyridine, 0°C, 5 h (88%); i) SO;-pyr, DMF, 2 h (85%); j) NaOH (aq), overnight (83 %).
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Scheme 3. a) NaOMe, MeOH, rt, 16 h (83 %); b) TsCl, pyridine, 0°C to rt, 16 h (35%); c) NaN;, 15-crown-5, DMF, 60°C, 16 h (96%); d) Ac,0, pyridine, rt, 6 h
(939%); e) NIS, TFOH, MS 3 A, DCM, MeCN, —40°C, 4 h (25%); f) HF-pyr, pyridine, 0°C to rt, 5 h (91%); g) SO5-pyr, DMF, 2 h (99%); h) NaOH (aq), rt, 6 h (82%); i)
PA(OH),/C, H, (1 atm), H,0, rt, 16 h (85%); j) PhCO,H, HATU, DIPEA, DMF, 6 h (72%); k) 2-naphthalenesulfonyl chloride, DMF/H,0 (2:1), rt, 5 h (42%).

phobic a-face of the Gal moiety and Tyr58. As a second the hydrogen bond interactions is slightly altered, further

consequence of the modified binding mode, the geometry of  reducing the enthalpy term. Overall, the complex exhibits
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Table 4. Thermodynamic parameters from ITC for selected Siglec-8 ligands. Error estimates for thermodynamic data correspond to the 68% confidence
interval from global fitting of two independent experiments. Errors in binding kinetic data represent the standard error of a single measurement.
Compound Ko [uM] AG° AH? -Tas® Ko Kot Residence time T [s]
[kJ-mol™"] kJ-mol™"] [kJ-mol™1 M's™ [s7'1
1b° 279 —203 —326 12.4 N/A N/A N/A
(273-285) (—20.3--20.2) (—33.5--31.8) (11.5-13.2)
2 574 —185 —-16.3 -23 1.2-10° 8.2-10" 1.2
(505-650) (—18.8-—18.2) (—17.2--153) (—3.5--1.0) (+5.1-109) (£35-107")
29 259 —205 —15.0 —55 6.6-10° 16:10"" 6.2
(222-303) (—20.9-—20.1) (—16.2--13.9) (—6.9--3.9) (+7.5-10") (18109
50 15 —275 —-11.6 —16.0 47-10° 87-107* 11.5
(13-18) (—27.1--27.9) (—11.0--122) (—15.0-—16.9) (£7.1-10%) (+£1.2:1073
[a] Data reproduced from Ref. [38] [b] N/A: Kinetic rate constants for 1b have not been published in the cited reference
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Figure 2. Thermodynamic signature (AG°, AH® and -TAS®) for 3-aminopropy!
6'-sulfo-sLe® (1b) and the disaccharides 2, 29 & 50. Error estimates for
thermodynamic data correspond to the 68 % confidence interval from global
fitting of two independent experiments.

higher flexibility, leading to a substantial improvement of the
entropy term (—TAAS%,,, = —14.7 kJmol ™). Cyclohexane deriv-
ative 29 shows a slightly reduced binding enthalpy (AAH%,,=
1.3 kymol™") compared to disaccharide 2, which is overcompen-
sated by a beneficial entropy term (—T2AS%5,=—3.2 kimol™),
resulting in a 2-fold higher binding affinity. Finally, the
introduction of a benzamide in the 9-position of the Neu5Ac
moiety (—49, Table 3) yielded an inactive compound in the
competitive binding assay as well as in ITC experiments. This
was initially surprising because in a number of other siglecs a
substantial improvement of affinity could be realized by the
introduction of aromatic amides.®”=*" |t is, however, in
accordance with a recent publication of Paulson et al. emphasiz-
ing that amide linked substituents at C-9 of the Neu5Ac moiety
did not yield Siglec-8 hits.*" Possible reasons could be the exit
vector of the amide bond, causing the aromatic substituent to
point into the water environment. In contrast, the exit vector of
a sulfonamide substituent positions an aromatic group much
closer to the protein surface. However, an inspection of the
binding site in the apo-Siglec-8 structure obtained by NMR,®®
(Figure 3A) revealed that Lys120 blocks the area for possible

ChemMedChem 2020, 15, 1706-1719 www.chemmedchem.org
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aromatic contacts (Figure 3B). For docking purposes, we
performed an in silico mutation of Lys120 to Ala and used this
mutant for docking (for details see experimental part). After
visual inspection of the generated docking poses, Ala120 was
mutated back to Lys and minimized (Figure 3C). In the docking
solution of 50, the salt bridges of the Neu5Ac carboxylic acid to
Arg105 and of the sulfate group to Arg56 and Glu59 are
conserved, as are the hydrogen bonds to Tyr7 and the Lys115
backbone oxygen. The naphthyl substituent of sulfonamide 50
binds to a hydrophobic pocket generated by the displacement
of Lys120. This additional hydrophobic interaction likely drives
the high-affinity interaction to Siglec-8. Presumably, the angular
geometry of the sulfonamide bond is required for access to this
region. Whereas benzamide 49 was inactive, sulfonamide 50
proved to be the best Siglec-8 antagonist in the series with a Kj
of 15 pM. Surprisingly, this became possible by a substantial
improvement of the entropy term (—TAAS5.,0=—10.5 ki/mol)
compared to benzamide 29, which overcompensates a marked
enthalpy penalty (AAH 5420 = 3.4 kJ/mol).

The residence times t=1/k,** for carbohydrate/lectin
interactions are regularly very short and represent one of the
challenges to be addressed for therapeutic applications. We
determined binding kinetic data for the interactions of the
disaccharide mimetics 2, 29, and 50 with Siglec-8 from ITC data
using the kinlTC technology.®*** This method analyses the
equilibration time of each injection during a titration and fits
this information to a kinetic model to derive rate constants. The
binding kinetics of disaccharide 2 are characterized by a very
short residence time of 1.2 s. For the mimetic 29, the residence
time is increased by a factor of 5, probably mainly based on the
reduced polarity. The residence time of the complex with
sulfonamide derivative 50 is even longer, i.e. 10-fold increased.
Thus, structural modifications leading to improved affinities go
in parallel with prolonged lifetimes of the protein-ligand
complex, which is often correlated with beneficial pharmaco-
logical properties. In the association rate, the simplification of
the carbohydrate core from disaccharide 2 to cyclohexane
derivative 29 is associated with a reduction of the rate constant
by a factor of 2. However, through the introduction of the
sulfonamide substituent in mimetic 50, an improvement of the
association rate by a factor of 4 compared to disaccharide 2
was observed.
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Figure 3. A) NMR structure of apo-Siglec-8 (PDB 2N7A) and B) the 3-
aminopropyl 6'-sulfo-sLe* (1b)/Siglec-8 complex (PDB 2N7B); C) Docking
pose of antagonist 50/Siglec-8 (for details see experimental section).

Thus, the additional interactions of the hydrophobic
naphthyl substituent influence both association and dissocia-
tion kinetics towards a higher binding affinity of sulfonamide
50. The discussion about the impact of receptor binding
kinetics in early stage drug discovery is currently not fully
settled. However, carbohydrates are often characterized by
extremely short-lived interaction with their receptors. It, there-
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fore, seems appropriate that dissociation kinetics represent an
important optimization parameter when carbohydrate-based
therapeutics are considered. The prolonged residence time of
the high-affinity binder 50 is an indication that glycomimetic
ligands have the potential to overcome one of the main
drawbacks of carbohydrate ligands in the context of medicinal
chemistry.

Conclusion

Siglec-8 is a CD33-related protein exclusively expressed on
eosinophils, mast cells, and to some extend on basophils, cells
playing a key role in the pathophysiology of asthma. However,
the lack of a small molecule binding to Siglec-8 with high
affinity and drug-like residence time t limits therapeutic
applications to monoclonal antibodies and polymeric displays
of physiological ligands and derivatives thereof.['>?%-34

Here, in an extended study, we identified the pharmaco-
phores of 6’-sulfo-Lewis® (1a) and successfully developed the
high-affinity mimetic 50. Its core is still neuraminic acid,
however bearing a carbocyclic mimetic of the Gal moiety in the
2-position and a sulfonamide substituent in the 9-position.
Compared to the lead structure 3-aminopropyl 6'-sulfo-Lewis*
(1b), the affinity could be improved 20-fold. We postulate a
hypothetical binding mode that necessitates the formation of a
hydrophobic pocket to accommodate the bulky aromatic
substituent of sulfonamide 50. In addition, the residence time,
which usually is the Achilles tendon of carbohydrate/lectin
interactions could be substantially improved as well. Future
activities will focus on further improvement of the pharmacoki-
netic profile, besides the exploration of the 4- and 5-position of
the neuraminic acid core. Finally, a comparison of the best
antagonists in their mono- and polyvalent presentation will
give insight into possible therapeutic applications.

Experimental Section

General Methods. NMR spectra were recorded on a Bruker Avance
DMX-500 (500 MHz) spectrometer. Assignment of 'H and ">C NMR
spectra was achieved using 2D methods (COSY, HSQC, HMBCQ).
Chemical shifts are expressed in ppm using residual solvent signals
(CHCl;, CHD,OD, HDOQ) as reference. Optical rotations were meas-
ured with a PerkinElmer polarimeter 341. Electrospray ionization
mass spectrometry (ESI-MS) data were obtained on a Waters
Micromass ZQ instrument. High resolution mass (HR-MS) analyses
were carried out using an Agilent 1100 LC, equipped with a
photodiode array detector and a Micromass QTOF |, equipped with
a 4 GHz digital-time converter. Reactions were monitored by TLC
using glass plates coated with silica gel 60 F254 (Merck) and
visualized by using UV light and/or by charring with a molybdate
solution (a 0.02 m solution of ammonium cerium sulfate dihydrate
and ammonium molybdate tetrahydrate in 10% ag. H,S0,).
Medium pressure chromatography (MPLC) separations were carried
out on a CombiFlash Companion or R; from Teledyne Isco equipped
with RediSep normal phase or RP-18 reversed-phase flash columns.
Size exclusion chromatography was performed on Biogel P-2 media
(Bio-Rad Laboratories, Inc.). Reagents were purchased as reagent
grade from Fluka, Aldrich, and Acros and used without further
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purification. Solvents were purchased from Sigma-Aldrich (Buchs,
Switzerland) or Acros Organics (Geel, Belgium) and were dried prior
to use where indicated. MeOH was dried by reflux with sodium
methoxide and distilled and stored under argon atmosphere.
Dichloromethane (DCM), acetonitrile (MeCN) and toluene were
dried by filtration over Al,O; (Fluka, type 5016 A basic) and stored
over activated molecular sieves (3 A, 4 A). Pyridine was distilled
over KOH under argon atmosphere and stored over KOH pellets.
Dry DMF was purchased from Acros Organics. Molecular sieves (3 A,
4 A) were activated under vacuum at 500°C for 0.5 h immediately
before use.

Methyl (methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosylonate)-(2— 3)-6-O-tert-bu-
tyldiphenylsilyl-B-p-galactopyranoside (5). To a suspension of 317
(3659, 6.10 mmol), 4“” (1.20g, 2.77 mmol) and 3 A molecular
sieves in MeCN/DCM (5:3, 70 mL) at —40°C, was added N-
iodosuccinimide (2.74 g, 12.1 mmol), followed by dropwise addition
of TfOH (98 uL, 1.1 mmol). The reaction mixture was stirred at
—40°C for 16 h under argon and then was neutralized with NEt;.
The suspension was warmed up to rt, filtered over celite and the
solvents were evaporated. The residue was dissolved in DCM
(60 mL), washed with 1M Na,S,0; (30 mL) and H,O (3x30 mL),
dried over Na,SO,, filtered and evaporated. The crude product was
purified by flash column chromatography (toluene/acetone, 1:0 to
1:1) to afford 5 (853 mg, 34%). [a],=—11.8 (c=1.0, CHCly); 'H
NMR (500 MHz, CDCly): 6 =7.79-7.75 (m, 4H, Ar—H), 7.53-7.44 (m,
6H, Ar—H), 5.45 (ddd, J=2.7, 4.9, 9.3 Hz, 1H, H-8'), 5.43 (dd, /=2.0,
9.2 Hz, 1H, H-7'), 5.30 (d, J=9.8 Hz, 1H, NH), 5.04 (ddd, J=4.6, 10.2,
122 Hz, 1H, H-4), 444 (d, J=7.7Hz, 1H, H-1), 436 (dd, /=28,
12.6 Hz, 1H, H-9'a), 4.22-4.16 (m, 3H, H-3, H-6", H-9'b), 4.08 (q, J=
10.2 Hz, 1H, H-5Y), 4.03 (dd, J=7.1, 10.1 Hz, 1H, H-6a), 3.91 (dd, J=
5.0, 10.2 Hz, 1H, H-6b), 3.88 (d, J/=3.6Hz, 1H, H-4), 3.85 (s, 3H,
COOMe), 3.78 (ddd, J=1.1, 7.7, 9.2 Hz, 1H, H-2), 3.68 (m, 1H, H-5),
3.63 (s, 3H, OMe), 2.89 (s, TH, OH-4), 2.86 (dd, J=4.6, 12.9 Hz, 1H, H-
3'e), 2.59 (d, J=4.0 Hz, 1H, OH-2), 2.24, 2.20, 2.13 (3 5, 9H, 3 OAc),
2.13 (m, TH, H-3"a), 2.12 (s, 3H, OAC), 1.98 (s, 3H, NHAC), 1.13 ppm (s,
9H, C(CH,);); "C NMR (126 MHz, CDCly): 6=171.0, 170.7, 1704,
170.2, 1684 (6C, 6 C=0), 135.73, 135.67, 133.2, 133.1, 129.99,
129.95, 127.92, 127.88 (12 C, Ar-(C), 104.0 (C-1), 97.4 (C-2), 77.4 (C-
3), 73.7 (C-5), 72.7 (C-6"), 69.5 (C-2), 68.6 (C-4'), 68.0 (C-8'), 67.9 (C-4),
66.9 (C-7"), 62.6 (C-6), 62.4 (C-9'), 56.8 (OMe), 53.2 (COOMe), 49.8 (C-
5'), 38.2 (C-3'), 269 (3 C, C(CH,),), 23.3 (NHAC), 21.4, 21.0, 20.91,
2090 (4 OAc), 194 ppm (C(CHs),); MS (ESI): m/z caled for
Cy3HsoNO,,Si: 928.4 [M + Nal*; found: 928.4.

Methyl (methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-b-
glycero-a-D-galacto-2-nonulopyranosylonate)-(2— 3)-2,4-di-O-

benzoyl-6-0-tert-butyldiphenylsilyl-3-p-galactopyranoside (6). To
a solution of 5 (974 mg, 1.08 mmol) in pyridine (30 mL) was added
DMAP (47 mg, 0.38 mmol) followed by portion-wise addition of
Bz,0 (3.18 g, 14.0 mmol) at 0°C. The mixture was warmed up to rt
and stirred for 16 h. Then, the solvent was removed by co-
evaporation with toluene. The residue was dissolved in EtOAc
(30 mL), washed with H,O (3x10 mL), satd ag. CuSO, (3x 10 mL),
H,O (10 mL) and brine (10 mL), dried over Na,SO,, filtered and
evaporated. The crude product was purified by flash column
chromatography (petroleum ether/acetone, 1:0 to 1:1) to afford 6
(1.10 g, 92%) as a brown vitreous solid. [0],*°= +61.7 (c=1.00,
CHCl,); 'H NMR (500 MHz, CDCly): 6 =8.23-8.14 (m, 2H, Ar—H), 8.13-
8.02 (m, 2H, Ar-H), 7.70-7.62 (m, 6H, Ar—H), 7.62-7.52 (m, 2H,
Ar—H), 7.52-7.34 (m, 4H, Ar—H), 7.29-7.24 (m, 3H, Ar-H), 7.12 (t, J=
7.6 Hz, 1H, Ar—H), 5.66 (ddd, J=2.4, 5.4, 9.5 Hz, 1H, H-8'), 5.62 (d, J=
3.2 Hz, 1H, H-4), 5.36 (dd, /=7.9, 10.1 Hz, 1H, H-2), 5.25 (dd, /=2.8,
9.7 Hz, 1H, H-7), 5.00 (d, J=10.2 Hz, 1H, NH), 4.96-4.86 (m, 2H, H-3,
H-4'), 473 (d, J=7.9 Hz, 1H, H-1), 436 (dd, J=2.3, 125 Hz, 1H, H-
9'a), 3.97 (s, 3H, COOMe), 4.02-3.93 (m, 2H, H-5, H-9'b), 3.81 (q, J=
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10.4 Hz, 1H, H-5'), 3.74-3.64 (m, 2H, H-6), 3.58 (dd, /=2.8, 10.7 Hz,
TH, H-6), 3.47 (s, 3H, OMe), 2.51 (dd, /=4.7, 12.6 Hz, 1H, H-3'e),
2.24,2.10, 193, 1.79 (4 5, 12H, 4 OAc), 1.67 (t, J=12.4 Hz, 1H, H-3'a),
1.46 (s, 3H, NHAC), 1.03 ppm (s, 9H, C(CH.);); C NMR (126 MHz,
CDCly): 6=170.8, 170.7, 170.6, 170.2, 170.1, 168.1, 165.5, 165.4 (8
C=0), 135.6, 135.4, 132,91, 132.89, 130.4, 130.2, 130.0, 129.9, 129.7,
129.6, 128.3, 127.7, 127.5 (24 C, Ar—C), 1024 (C-1), 96.9 (C-2)), 73.2
(C-5), 71.9 (C-3), 71.6 (C-6'), 71.4 (C-2), 69.6 (C-4), 67.9 (C-4), 67.5 (C-
8, 66.4 (C-7), 62.3 (C-9), 60.9 (C-6), 57.1 (OMe), 53.2 (COOMe), 48.9
(€57, 37.3 (C-3), 26,6 (3 C, C(CH;)3), 23.1 (NHAC), 21.5, 20.8, 20.7,
203 (4 OAc), 19.0ppm (C(CH;);); MS (ES): m/z caled for
Cs;HeNO,0Si: 1136.4 [M+Nal*; found: 1136.4.

Methyl (methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosylonate)-(2—3)-2,4-di-O-
benzoyl-f-D-galactopyranoside (7). To a solution of 6 (485 mg,
0.44 mmol) in pyridine (10 mL) in a Teflon container was added
HF-pyr (3.0 mL) dropwise and the reaction mixture was stirred at rt
for 2.5 h. The reaction was neutralized with satd ag. NaHCO, and
the aqueous phase was extracted with DCM. The crude product
was purified by flash chromatography (DCM/MeOH, 1:0 to 19:1) to
afford 7 (360 mg, 93%) as a white solid. [a],*°= +58.2 (c=0.8,
MeOH); 'H NMR (500 MHz, CDCl;): 6=8.24-8.15 (m, 2H, Ar—H),
8.14-8.04 (m, 2H, Ar—H), 7.63-7.56 (m, 2H, Ar—H), 7.50-7.47 (m, 4H,
Ar—H), 5.65 (m, 1H, H-8"), 5.47 (dd, J=8.0. 10.1 Hz, TH, H-2), 5.21 (dd,
J=26, 9.6 Hz, 1H, H-7), 5.13 (d, /=33 Hz, 1H, H-4), 490 (d, J=
10.1 Hz, 1H, NH), 4.82-4.66 (m, 3H, H-1, H-3, H-4'), 4.33 (dd, /=24,
12.4 Hz, 1H, H-9'a), 3.98 (dd, /=5.8, 12.4 Hz, 1H, H-9'b), 3.88 (m, TH,
H-5), 3.84 (m, 1H, H-5"), 3.80 (s, 3H, COOMe), 3.76-3.70 (m, 2H, H-6a,
H-6'), 3.53 (s, 3H, OMe), 3.52 (m, 1H, H-6b), 2.77 (dd, J=6.5, 8.4 Hz,
1H, OH-6), 2.45 (dd, J=4.5, 12.7, 1H, H-3'e), 2.24, 2.09, 1.91, 1.79
(45, 12H, 4 OAc), 1.72 (t, 1H, J=12.5Hz, H-3a), 1.51 ppm (s, 3H,
NHACc); *C NMR (126 MHz, CDCly): 6 =170.72, 170.70, 170.6, 170.2,
170.0, 1683, 167.7, 1654 (8 C=0), 133.7, 133.0, 130.21, 130.18,
130.1, 128.8, 128.6, 1284 (12 C, Ar—(), 102.4 (C-1), 96.8 (C-2'), 73.2
(C-5"), 72.0 (C-6"), 71.4 (C-3), 71.0 (C-2), 69.1 (2 C, C-4, C-4), 69.1 (C-
8, 67.5 (C-7'), 62.4 (C-9), 60.3 (C-6), 57.2 (OMe), 53.2 (COOMe), 48.8
(C-5"), 37.5 (C-3"), 23.1 (NHAC), 21.5, 20.8, 20.7, 20.3 ppm (4 OAc); MS
(ESI): m/z caled for CyyHisNO,,: 898.3 [M + Na] *; found: 898.5.

Methyl (methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosylonate)-(2—3)-2,4-di-O-

benzoyl-6-0-sulfonato-fi-p-galactopyranoside (8). To a solution of
7 (280 mg, 032 mmol) in dry DMF (7 mL) was added SO;pyr
(508 mg, 3.20 mmol) at 0°C under argon atmosphere. The reaction
mixture was warmed up to rt and stirred for 2.5 h. Then, powdered
NaHCO; was added and the suspension was stirred for 2 h. The
suspension was filtered over celite, and the solvent removed by co-
evaporation with xylenes. The crude product was purified by flash
column chromatography (DCM/MeOH, 1:0 to 8:2) to afford 8
(290 mg, 93%) as a white solid. [a]l,”= +48.2 (c=1.1, MeOH); 'H
NMR (500 MHz, CD;0D): ¢ =8.21-8.15 (m, 2H, Ar—H), 8.14-8.05 (m,
2H, Ar-H), 7.65 (m, 2H, Ar-H), 7.57-7.51 (m, 4H, Ar-H), 5.66 (ddd,
J=25, 59, 9.7 Hz, 1H, H-8), 540 (m, 1H, H-4), 532 (dd, /=79,
10.1 Hz, 1H, H-2), 5.19 (dd, 1H, J=2.7, 9.7 Hz, H-7'), 493 (dd, /=3.3,
10.1 Hz, 1H, H-3), 4.85-4.79 (m, 2H, H-1, H-4), 434 (dd, J=25,
12.4 Hz, 1H, H-9'a), 4.21 (m, 1H, H-5), 4.06-4.05 (m, 2H, H-6), 3.95 (s,
3H, COOMe), 3.94 (m, 1H, H-9'b), 3.74 (dd, /=2.6, 10.7 Hz, 1H, H-6"),
3.67 (m, 1H, H-5%), 3.55 (s, 3H, OMe), 2.42 (dd, J=4.7, 12.5 Hz, 1H, H-
3'e), 2.24, 2.05, 1.88, 1.73 (4s, 12H, 4 OAc), 1.48 (m, 1H, H-3'a),
1.45 ppm (s, 3H, NHAC); "C NMR (126 MHz, CD,0D): 6 =172.42,
17238, 171.7, 171.4, 169.4, 167.2, 167.0 (8 C, 8 C=0), 131.5, 131.2,
130.9, 129.8, 129.7, 124.6 (12 C, Ar—C), 103.4 (C-1), 98.3 (C-2), 73.1
(C-5), 728 (2C, C-6/, C-3), 72.7 (C-2), 71.0 (C-4'), 70.5 (C-4), 68.8 (C-
8'), 68.7 (C-7'), 67.3 (C-6), 63.6 (C-9'), 57.5 (OMe), 53.9 (COOMe), 49.3
(C-5), 384 (C-3), 22.7 (NHAC), 21.7, 20.7, 20.6 ppm (4 C, 4 OAc); MS
(ESI): m/z caled for C;3HagNNaO,3S: 1000.2 [M+ Nal™; found: 1000.3.
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Methyl (sodium 5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-
2-nonulopyranosylonate)-(2— 3)-6-O-sulfonato-f-p-galactopyra-
noside sodium salt (2). To a solution of 8 (70 mg, 0.07 mmol) in dry
MeOH (2 mL) was added a freshly prepared solution of MeONa in
MeOH (1.5 M, to pH 10). The reaction mixture was stirred for 5 h at
50°C and then neutralized with Dowex 50X8 (H* form) to pH 5. The
suspension was filtered, concentrated and the crude product
dissolved in 0.1 M NaOH. The reaction mixture was stirred for 1 h,
then neutralized and concentrated. The crude product was purified
by reversed-phase column chromatography (RP-18, H,0) and size-
exclusion column chromatography (P-2 gel, H,0) to afford 2
(40 mg, 84%) as a white solid. [a];*= +5.8 (c=0.7, H,0); 'H NMR
(500 MHz, D,0): 6 =4.44 (d, J=8.0 Hz, 1H, H-1), 4.22-4.20 (m, 2H, H-
6), 4.13 (dd, J=3.2, 9.8 Hz, 1H, H-3), 4.02 (m, TH, H-4), 3.95 (m, TH,
H-5), 3.91-3.85 (m, 3H, H-5', H-8', H-9'a), 3.74-3.64 (m, 3H, H-4', H-6',
H-9'b), 3.62 (dd, J=1.8, 8.9 Hz, 1H, H-7'), 3.60 (s, 3H, OMe), 3.57 (dd,
J=8.0, 9.8 Hz, 1H, H-2), 2.78 (dd, J=4.6, 12.4 Hz, 1H, H-3"e), 2.06 (s,
3H, NHAC), 1.83 ppm (m, TH, H-3"a); *C NMR (126 MHz, D,0): 6=
175.7, 174.5 (2 C=0), 104.1 (C-1), 100.6 (C-2"), 76.3 (C-3), 73.5 (C-6'),
73.2 (C-5), 72.4 (C-8'), 69.7 (C-2), 69.0 (C-4'), 68.8 (C-7), 68.1 (C-4),
68.0 (C-6), 63.2 (C-9), 57.8 (OMe), 52.3 (C-5'), 40.2 (C-3'), 22.7 ppm
(NHAC); HRMS (ESI): m/z calcd for CigHisNNa,O,,5: 632.0849 [M+
Na]*; found: 632.0849.

Ethyl cis-3-hydroxycyclohexane-1-carboxylate (rac-cis-31). Race-
mic  ethyl 3-hydroxycyclohexane-1-carboxylate (31, 4.00g,
23.2 mmol) was separated by flash column chromatography on
silica (petroleum ether/EtOAc, 7:3 to 6:4). The lower fraction was
collected to yield the racemic cis isomers rac-cis-31 (1.50 g, 38 %) as
a colorless oil. The diastereomeric purity was confirmed by
conversion to the racemic analogue of Mosher ester 36 (for details
see Supporting Information).

Ethyl (15,3R)-3-(butyryloxy)cyclohexane-1-carboxylate (32). Race-
mic rac-cis-31 (3.01g, 17.5mmol) was dissolved in heptane
(18 mL). Vinyl butyrate (4.40 mL, 34.7 mmol) and lipase Novozyme
435 (61.5 mg) were added and the mixture was shaken in an
incubator at 23°C and 140 rpm for 3.5 h. The suspension was
filtered over celite, washed with petroleum ether, and the solvent
was removed under reduced pressure. The crude product was
purified by flash column chromatography on silica (toluene/
acetone, 1:0 to 6:4) to afford 32 (1.48 g, 35%) as a colorless oil.
[0],°= +44.0 (c=1.00, CHCl;); '"H NMR (500 MHz, CDCL,): 6 =4.73
(tt, J/=4.3, 11.0 Hz, 1H, H-3), 4.13 (q, J=7.1 Hz, 2H, OCH,CH,), 2.40
(tt, J=3.5, 11.9 Hz, TH, H-1), 2.25 (t, J=7.3 Hz, 2H, CH,CH,CH;), 2.21
(m, 1H, H-2e), 1.99-1.85 (m, 3H, H-4e, H-5e, H-6e), 1.65 (sextet, J=
7.4 Hz, 2H, CH,CH,CH,), 1.49 (g, J/=12.2 Hz, 1H, H-2a), 1.43-1.28 (m,
3H, H-4a, H-5a, H-6a), 1.25 (t, J=7.1 Hz, 3H, OCH,CH,), 0.95 ppm (t,
J=74Hz, 3H, CH,CH,CH;); C NMR (126 MHz, CDCl,): 6=174.0,
1725 (2 C=0), 71.3 (C-3), 60.0 (OCH,CH,), 41.3 (C-1), 36.1
(CH,CH,CH;), 33.7 (C-2), 309 (C-4), 27.7 (C-6), 229 (C-5), 18.2
(CH,CH,CH;), 13.8 (OCH,CH.), 13.2 ppm (CH,CH,CHs); MS (ESI): m/z
calcd for Cy3H,,0,: 265.1 [M+Nal*; found: 265.0.

(15,3R)-(+)-3-Hydroxycyclohexane-1-carboxylate (33). To a solu-
tion of 32 (31.1 mg, 0.128 mmol) in MeOH (0.5 mL) was added 2 M
aq. NaOH (0.32 mL, 0.64 mmol) dropwise at 0° C and the solution
was stirred at 0°C for 6 h. The reaction mixture was neutralized
with HOAc and then concentrated at reduced pressure. The residue
was purified by flash column chromatography on silica (DCM/
MeOH, 9:1 to 4:1) to give 33 (5.7 mg, 31%) as white solid. [a],**=
+10.3 (c=0.64, MeOH), [Ref.*" [a]y™= +10.7 (c=1.77, MeOH)]; 'H
NMR (500 MHz, CD;0D): 6 =3.54 (tt, /=4.2, 11.0 Hz, 1H), 2.33 (tt, J=
3.5, 12.2 Hz, 1H), 2.17 (dtt, J=2.0, 3.9, 12.1 Hz, 1H), 1.98-1.76 (m,
3H), 1.47-1.03 ppm (m, 4H).

(1R,35)-3-(Hydroxymethyl)cyclohexan-1-ol (34). Compound 32
(701 mg, 2.89 mmol) was dissolved in dry THF (28 mL) and cooled
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to —15°C. Then, DIBAL-H (1 M in toluene, 17.0 mL, 17.0 mmol) was
added dropwise under argon and the mixture was stirred at —15°C
for 1.5 h. The reaction was quenched by the addition of satd aq.
KNaC,H,05 (20 mL) and vigorously stirred for 30 min. The aqueous
phase was extracted with Et,0 (4x20mL) and the combined
organic fractions were dried over Na,SO,, filtered and concentrated.
The crude product was purified by flash column chromatography
on silica (toluene/acetone, 1:0 to 1:1) to give 34 (352 mg, 94%).
[l =0.0 (c=0.4, CHCl;); 'H NMR (500 MHz, CDCl,): 6=3.61 (m,
1H, H-3), 3.48 (m, 2H, CH,0H), 2.03 (m, 1H, H-2e), 1.98 (m, TH, H-4e),
1.81 (dquint, J=3.5, 13.5 Hz, 1H, H-5€), 1.71 (m, 1H, H-6e), 1.62 (m,
1H, H-1), 1.30 (tg, /=3.5, 13.2 Hz, 1H, H-5a), 1.18 (m, 1H, H-4a), 0.94
(4, J=11.5 Hz, TH, H-2a), 0.86 ppm (dq, J=3.8, 12.7 Hz, 1H, H-6a);
3C NMR (126 MHz, CDCly): 6=71.2 (C-3), 68.3 (CH,OH), 40.7 (C-1),
39.8 (C-2), 36.5 (C-4), 29.8 (C-6), 24.9 ppm (C-5).

(1R,35)-3-(tert-Butyldiphenylsilyloxymethyl)cyclohexan-1-ol  (35).
To a solution of 34 (608 mg, 4.67 mmol) in dry DCM (14 mL) were
consecutively added imidazole (471 mg, 6.92 mmol), DMAP
(113 mg, 0.92 mmol) and TBDPSCI (1.32 mL, 5.08 mmol) and the
mixture was stirred at rt under argon. After 16 h, additional TBDPSCI
(0.24 mL, 0.92 mmol) was added, and after further 2 h another
portion of TBDPSCI (0.24 mL, 0.92 mmol) was added. After addi-
tional 4 h, the mixture was diluted with DCM (40 mL) and washed
with H,0. The organic fraction was dried over Na,SO,, filtered and
concentrated in vacuo. The crude product was purified by flash
column chromatography on silica (DCM/MeOH, 1:0 to 95:5) to yield
35 (1.07 g, 62%). [alp™®= +1.3 (c=1.0, CHCl;); '"H NMR (500 MHz,
CDCLy): 6=7.68-7.64 (m, 4H, Ar—H), 7.45-7.36 (m, 6H, Ar—H), 3.61
(m, 1H, H-3), 3.50 (dg, J=6.1, 9.8 Hz, 2H, CH,0), 2.08 (m, 1H, H-2e),
1.98 (m, 1H, H-4e), 1.80 (dquint, J=3.4, 13.5 Hz, 1H, H-5e), 1.70 (m,
1H, H-6e), 1.61 (m, 1H, H-1), 1.42 (d, /=4.4 Hz, 1H, OH), 1.29 (tq, /=
3.5, 13.2 Hz, 1H, H-5a), 1.15 (m, 1H, H-4a), 1.05 (s, 9H, C(CH,),), 0.98
(9, J=11.5Hz, 1H, H-2a), 0.88 ppm (dq, J=3.6, 12.1 Hz, 1H, H-6a);
C NMR (126 MHz, CDCly): 6=135.6, 134.0, 1296, 127.7, (12C,
Ar—(C), 70.7 (C-3), 68.8 (CH,0), 39.4 (C-1), 39.0 (C-2), 35.9 (C-4), 28.5
(C-6), 26.9 (3 C, C(CH;)3), 23.8 (C-5), 19.4 ppm (C(CH3)3); MS (ESI): m/z
caled for C3H3,0,5i: 391.2 [M+Nal *; found: 391.1.

(1R,35)-3-(tert-Butyldiphenylsilyloxymethyl)cyclohexyl  (R)-(-)-0-
methoxy-a-(trifluoromethyl)phenylacetate (36). To a solution of
35 (9.5 mg, 0.026 mmol) in dry DCM (0.2 mL) were added DMAP
(7.2 mg, 0.061 mmol) and (R)-(-)-MTPA-Cl (9.2 pL, 0.038 mmol) at
0°C. The reaction mixture was stirred at 0°C for 15 min and then
for 1h at rt. The reaction mixture was diluted with Et,O (5.0 mL),
washed twice with 1 M aqg. HCl, satd aq. NaHCO; and water, dried
over Na,SO,, filtered, and concentrated under reduced pressure.
The crude 36 was directly subjected to '"F NMR investigation
without further purification. "F NMR (470 MHz, CDCly): 6=
—71.60 ppm; Enantiomeric purity: 95% ee (for F NMR see
Supporting Information).

(15,3R)-3-(tert-Butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-
acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-galac-
to-2-nonulopyranosylonate) (37). A suspension of 35 (1.99g,
5.40 mmol), 3* (6.49 g, 10.8 mmol) and MS 3 A (11.4 g) in dry MeCN
(39 mL) was cooled to —40°C under argon. Then, N-iodosuccini-
mide (4.89 g, 21.7 mmol) was added, followed by dropwise addition
of TFOH (195 pL, 2.2 mmol). After stirring at —40°C for 6 h, the
mixture was neutralized with Et;N, warmed to rt, filtered over celite
and concentrated under reduced pressure. The residue was
dissolved in DCM (40 mL) and washed with 1 M ag. Na,$,0; (2x
30mL) and H,0 (3x30mL). The organic layer was dried over
Na,SO,, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography on silica (toluene/
acetone, 3:1 to 1:3) to afford 37 (3.69 g, 81%) as a pale brown
solid. [a],®=-5.6 (c=1.6, CHCly); 'H NMR (500 MHz, CDCly): 6=
7.66-7.62 (m, 4H, Ar—H), 7.44-7.35 (m, 6H, Ar—H), 5.38 (ddd, J=2.6,
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5.5, 8.2 Hz, 1H, H-8), 5.32 (dd, J=1.8, 8.4 Hz, TH, H-7'), 5.07 (d, J=
9.4 Hz, 1H, NH), 4.82 (ddd, /=46, 9.7, 12.4 Hz, 1H, H-4'), 4.30 (dd,
J=26, 124 Hz, 1H, H-9'a), 4.14-4.04 (m, 3H, H-5', H-6', H-9'b), 3.73
(s, 3H, OMe), 3.69 (m, 1H, H-3), 3.48 (dd, J=5.5, 9.8 Hz, 1H, CH,0),
3.41 (dd, J=6.4, 9.8 Hz, TH, CH,0), 2.60 (dd, J=4.6, 12.7 Hz, 1H, H-
3'e), 2.17, 2.14 (2 s, 6H, 2 OAC), 2.07-2.00 (m, 7H, H-4e, 2 OAc), 1.94
(t, J=12.5Hz, 1H, H-3'a), 1.88 (s, 3H, NHAC), 1.82-1.73 (m, 2H, H-2e,
H-5e), 1.61 (m, 2H, H-1, H-6e), 1.39 (tq, J=2.6, 13.3 Hz, 1H, H-5a),
1.23 (m, TH, H-4a), 1.04 (s, 9H, C(CHs)5), 0.99 (m, TH, H-2a), 0.82 ppm
(dg, /=3.2, 12.7 Hz, 1H, H-6a); *C NMR (126 MHz, CDCl,): 6=171.2,
170.8, 170.4, 1703, 170.1, 169.2 (6 C=0), 135.7, 133.98, 133.95,
129.6, 127.7 (12 C, Ar-(), 98.8 (C-2'), 74.7 (C-3), 72.6 (C-6"), 69.4 (C-
4'), 68.9 (C-8), 68.8 (CH,0), 67.6 (C-7), 62.6 (C-9'), 52.6 (OMe), 49.5
(C-5'), 39.6 (C-1), 38.7 (C-3"), 36.6 (C-2), 35.2 (C-4), 28.4 (C-6), 27.0
(3C, C(CH;)3), 23.7 (C-5), 23.3 (NHAC), 21.2, 20.97, 20.95, 20.88 (4
OACQ), 19.4 ppm (C(CH,)3); MS (ESI): m/z calcd for C4;3HsNO, ,Si: 864.4
[M+Na]"; found: 864.2.

(15,3R)-3-(Hydroxymethyl)cyclohexyl  (methyl 5-acetamido-
4,7,8,9-tetra-O-acetyl-3,5-dideoxy-p-glycero-«-p-galacto-2-nonu-
lopyranosylonate) (38). Compound 37 (201 mg, 0.239 mmol) was
dissolved in pyridine (6.5 mL) in a Teflon container under argon at
0°C. Then, HF-pyr (1.20 mL, 13.3 mmol) was added dropwise and
the mixture was stirred at 0°C for 5 h. The reaction mixture was
neutralized with satd ag. NaHCO; and the aqueous phase was
extracted with DCM (3 x30 mL). The combined organic layers were
dried over Na,SO,, filtered and concentrated in vacuo. The residue
was purified by flash column chromatography on silica (toluene/
acetone, 3:1 to 1:3) to give 38 (127 mg, 88%) as a pale brown
solid. [a]5*=-9.5 (c=1.0, CHCl,); 'H NMR (500 MHz, CDCl,): 6 =5.37
(ddd, /=26, 5.9, 8.4 Hz, TH, H-8'), 5.31 (m, 1H, H-7'), 5.12 (br d, J=
9.5 Hz, 1H, NH), 4.83 (ddd, /=4.6, 9.9, 12.3 Hz, 1H, H-4'), 433 (dd,
J=25, 12.4 Hz, 1H, H-9'a), 4.12-4.01 (m, 3H, H-5’, H-6", H-9'b), 3.79
(s, 3H, OMe), 3.75 (m, 1H, H-3), 3.49 (m, 1H, CH,0), 3.40 (m, 1H,
CH,0), 2.58 (dd, J=4.6, 12.8 Hz, 1H, H-3'¢), 2.15, 2.14, 2.04, 2.02 (4 5,
12H, 4 OAc), 2.03 (m, 1H, H-4e), 1.95 (t, /=12.5 Hz, 1H, H-3'a), 1.88
(s, 3H, NHAC), 1.82-1.76 (m, 2H, H-2e, H-5e), 1.64 (br d, J=12.4 Hz,
1H, H-6e), 1.55 (t, J=5.9 Hz, 1H, H-1), 140 (tq, J=3.6, 134 Hz, 1H,
H-5a), 1.25 (dq, J=3.8, 12.7 Hz, TH, H-4a), 0.94 (q, /=11.8 Hz, 1H, H-
2a), 0.82 ppm (dq, J=3.8, 12.6 Hz, 1H, H-6a); °C NMR (126 MHz,
CDCly): 6=171.0, 170.8, 170.3, 170.22, 170.17, 169.0 (6 C=0), 98.5
(C-2), 74.0 (C-3), 72.5 (C-6), 69.2 (C-4'), 68.8 (C-8'), 68.0 (CH,0), 67.4
(C-7'), 62.5 (C-9), 52.7 (OMe), 49.5 (C-5'), 39.5 (C-1), 38.3 (C-3"), 36.2
(C-2), 34.8 (C-4), 283 (C-6), 235 (C-5), 23.2 (NHACQ), 21.2, 20.88,
20.86, 20.8 ppm (4 OAc); MS (ESI): m/z caled for C,;H,NO,,: 626.2
[M+Na]*; found: 626.3.

(15,3R)-3-(Sulfonatooxymethyl)cyclohexyl (methyl 5-acetamido-
4,7,8,9-tetra-O-acetyl-3,5-dideoxy-bp-glycero-«-p-galacto-2-nonu-

lopyranosylonate) sodium salt (39). To a solution of 38 (148 mg,
0.246 mmol) in dry DMF (12 mL) was added SOs;-pyr (391 mg,
2.46 mmol) under argon and the mixture was stirred at rt for 2 h.
Solid NaHCO,; was added to the solution, which was stirred
vigorously for 10 min. Then, the suspension was filtered, and the
solvents were removed via co-evaporation with toluene. The
residue was purified by flash column chromatography on silica
(DCM/MeQH, 1:0 to 7:3) to yield 39 (147 mg, 85%) as a pale white
solid. [a],* =0.0 (c=1.0, MeOH); 'H NMR (500 MHz, CD,0D): ¢ =
5.39 (ddd, J=2.6, 5.4, 8.3 Hz, 1H, H-8), 5.32 (dd, J=2.2, 9.1 Hz, H-7'),
4.77 (ddd, J=4.5, 10.5, 12.1 Hz, 1H, H-4'), 4.30 (dd, J=2.5, 12.4 Hz,
1H, H-%"a), 412 (dd, J=2.1, 108 Hz, 1H, H-6), 4.04 (dd, J=5.5,
12.4 Hz, TH, H-9'b), 3.94 (t, /=10.5 Hz, 1H, H-5"), 3.86-3.71 (m, 3H, H-
3, CH,0), 3.82 (s, 3H, OMe), 2.62 (dd, J=4.6, 12.6 Hz, 1H, H-3'¢), 2.15,
2.11 (25, 6H, 2 OAc), 2.03 (m, 1H, H-4e), 2.00, 1.97 (2’5, 6H, 2 OAc),
1.83 (s, 3H, NHAC), 1.75 (m, 3H, H-3'a, H-5e, H-2e), 1.67 (m, 2H, H-1,
H-6e), 1.46 (qt, J=3.0, 13.0 Hz, 1H, H-5a), 1.20 (m, 1H, H-4a), 1.02-
0.81 ppm (m, 2H, H-2a, H-6a); *C NMR (126 MHz, CD,0D): §=173.5,
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1724, 171.8, 171.64, 17158, 170.1 (6 C=0), 99.9 (C-2), 75.9 (C-3),
73.5 (CH,0), 73.1 (C-6), 70.8 (C-4'), 69.4 (C-8'), 68.7 (C-7’), 63.5 (C-9),
53.2 (OMe), 50.1 (C-5'), 39.6 (C-3’), 38.0 (C-1), 37.4 (C-2), 36.1 (C-4),
294 (C-6), 24.5 (C-5), 22.7 (NHAC), 21.3, 20.8, 20.70, 20.65 ppm (4
OAc); MS (ESI): m/z calcd for C,;,H,NNaO,,S: 682.2 [M-Na]~; found:
682.3.

(15,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-
3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate)  so-
dium salt (29). Compound 39 (416 mg, 0.590 mmol) was dissolved
in 0.1 M NaOH (19 mL) and the mixture was stirred at rt overnight.
The solution was neutralized with 1 M HCl and concentrated in
vacuo. The residue was purified by size-exclusion chromatography
(P-2 gel, H,0) to afford 29 (266 mg, 83%) as a white solid. [a]s’ =
+18.3 (¢=0.2, H,0); 'H NMR (500 MHz, D,0): d =3.96-3.78 (m, 6H,
H-3, H-5", H-7', H-9a, CH,0), 3.71-3.59 (m, 4H, H-4', H-6", H-8', H-9'b),
2.77 (dd, J=4.7, 124 Hz, 1H, H-3'e), 2.07 (m, TH, H-4e), 2.05 (s, 3H,
NHAc), 1.92 (m, 1H, H-2e), 1.85-1.72 (m, 2H, H-1, H-5¢), 1.70 (m, 1H,
H-6e), 1.65 (t, J=12.1 Hz, 1H, H-3'a), 1.39-1.19 (m, 2H, H-4a, H-5a),
1.05 (q, J=11.9 Hz, 1H, H-2a), 0.92 ppm (dq, J=3.7, 12.6 Hz, TH, H-
6a); C NMR (126 MHz, D,0): 6 =176.0, 174.8 (2 C=0), 102.0 (C-2),
75.8 (C-3), 74.5 (CH,0), 73.7, 73.0, 69.3 (C-4, C-6, C-7'), 69.0 (C-8),
63.4 (C-9, 52.8 (C-57, 42.1 (C-37, 37.1 (C-1), 36.6 (C-2), 35.2 (C-4),
28.5 (C-6), 24.2 (C-5), 23.0 ppm (NHACc); HRMS (ESI): m/z calcd for
CygH26NNa,0,35: 568.1053 [M -+ Na] *; found: 568.1048.

p-Tolyl (methyl 5-acetamido-2,3,5-trideoxy-2-thio-p-glycero-f3-p-
galacto-2-nonulopyranosylonate) (40). To a solution of 3% (2.00 g,
3.35 mmol) in dry MeOH (60 mL) was added NaOMe (25% w/v,
70 pL, 0.33 mmol) under argon and the solution was stirred at rt for
16 h. The mixture was neutralized with Amberlyst-15 and filtered
over a pad of celite. The celite was washed with MeOH and the
solvent was evaporated. The crude product was purified by flash
column chromatography on silica (DCM/MeOH, 1:0 to 85:15) to
give 40 (1.20g, 83%) as an orange oil. [a],®°=-27.7 (c=0.13,
MeOH); 'H NMR (500 MHz, CD;0D): 6 =7.46 (d, J=8.1 Hz, 2H, Ar—H),
7.17 (d, J=8.0 Hz, 2H, Ar-H), 4.50 (dd, /=0.8, 10.5 Hz, 1H, H-6), 4.10
(m, 1H, H-4), 3.89 (t, J=10.3 Hz, 1H, H-5), 3.82 (m, 1H, H-%a), 3.78
(m, 1H, H-8), 3.66 (m, 1H, H-9b), 3.55 (m, 1H, H-7), 3.52 (s, 3H, OMe),
267 (dd, /=4.7, 13.6 Hz, 1H, H-3e), 2.33 (s, 3H, CH,), 2.03 (s, 3H,
NHAC), 1.94 ppm (dd, J=11.7, 13.6 Hz, 1H, H-3a); *C NMR (126 MHz,
CD,0D): 6=173.5, 171.4 (2 C=0), 141.1, 1374, 130.7, 1278 (6 C,
Ar—C), 94.5 (C-2), 73.3 (C-6), 71.2 (C-8), 70.6 (C-7), 68.1 (C-4), 65.1 (C-
9), 54.0 (C-5), 53.0 (OMe), 42.1 (C-3), 22.8 (NHAC), 21.4 ppm (CH,);
MS (ESI): m/z caled for C oH,,NO,S: 452.2 [M +Na]*; found: 452.2.

p-Tolyl (methyl 5-acetamido-2,3,5-trideoxy-2-thio-9-O-tosyl-D-
glycero-f3-D-galacto-2-nonulopyranosylonate) (41). To a solution of
40 (1.90 g, 442 mmol) in dry pyridine was added tosyl chloride
(1.01 g, 5.31 mmol) at 0°C under argon. The reaction mixture was
stirred at rt for 16 h. Then, MeOH was added and the mixture was
stirred for 30 min. The solvents were evaporated under reduced
pressure and the crude product was purified by flash column
chromatography on silica (DCM/MeOH, 1:0 to 9:1) to give 41
(0.904 g, 35%). [a]p*°=-64 (c=0.08, CHCl;); '"H NMR (500 MHz,
CDCly): =7.77 (d, J=83 Hz, 2H, Ar—H), 7.34-7.31 (m, 4H, Ar—H),
7.11 (d, J=8.0 Hz, 2H, Ar—H), 462 (d, J=7.1 Hz, 1H, NH), 4.33-4.28
(m, 2H, H-6, H-9a), 4.14 (m, 1H, H-4), 4.09 (m, TH, H-9b), 3.95 (m, 1H,
H-8), 3.85 (m, 1H, H-5), 3.55 (m, TH, H-7), 3.50 (s, 3H, OMe), 2.72 (dd,
J=46, 13.8Hz, 1H, H-3e), 2.34, 2.33 (25, 6H, 2 CH,), 2.07 (s, 3H,
NHAC), 1.98 ppm (m, 1H, H-3a); "*C NMR (126 MHz, CDCl3): 6 =173.6,
168.9 (2 C=0), 145.2, 140.2, 135.7, 132.6, 130.1, 130.0, 128.2, 126.1
(12 C, Ar—C), 89.6 (C-2), 72.7 (C-9), 72.4 (C-6), 69.1 (C-7), 68.7 (C-8),
67.8 (C-4), 53.7 (C-5), 52.7 (OMe), 41.1 (C-3), 23.4 (NHAQ), 218,
21.4 ppm (2 CHs); MS (ESI): m/z caled for CygH33NO oS, 606.2 [M+
Na]'; found: 606.0.
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p-Tolyl (methyl 5-acetamido-9-azido-2,3,5,9-tetradeoxy-2-thio-D-
glycero-B-b-galacto-2-nonulopyranosylonate) (42). To a solution of
41 (570 mg, 0.98 mmol) in dry DMF (15 mL) were added NaN,
(313 mg, 4.82mmol) and 15-crown-5 (0.1 mL, 0.49 mmol). The
reaction mixture was stirred under argon at 60°C for 16 h. The
suspension was filtered through a pad of celite and the celite was
washed with MeOH. The solvents were removed by co-evaporation
with n-heptane and the crude product was purified by flash column
chromatography on silica (DCM/MeOH, 1:0 to 9:1) to afford 42
(422 mg, 96%) as a white solid. [a],*=-141 (c=0.33, MeOH); 'H
NMR (500 MHz, CD,0D): =742 (d, J=8.1 Hz, 2H, Ar-H), 7.18 (d,
J=79Hz, 2H, Ar—H), 444 (d, J=10.5, 1H, H-6), 4.11 (m, TH, H-4),
3.91-3.84 (m, 2H, H-5, H-8), 3.61-3.56 (m, 2H, H-7, H-%a), 3.54 (s, 3H,
OMe), 3.41 (m, TH, H-9b), 2.66 (dd, J=4.7, 13.6 Hz, 1H, H-3e), 2.34 (s,
3H, CH;), 2.04 (s, 3H, NHAC), 1.93 ppm (dd, J=11.6, 13.7 Hz, 1H, H-
3a); *C NMR (126 MHz, CD,0D): 6=174.8, 170.8 (2 C=0), 141.2,
137.4, 130.8, 127.7 (6 C, Ar—(), 91.3 (C-2), 73.3 (C-6), 71.3 (C-7), 70.6
(C-8), 68.0 (C-4), 55.7 (C-9), 54.1 (C-5), 53.0 (OMe), 42.0 (C-3), 22.8
(NHAC), 21.3 ppm (CH5); MS (ESI): m/z calcd for C,oH,,N,0,S: 477.2
[M+Na]™; found: 477.2.

p-Tolyl (methyl 5-acetamido-4,7,8-tri-O-acetyl-9-azido-2,3,5,9-tet-
radeoxy-2-thio-D-glycero-f§-D-galacto-2-nonulopyranosylonate)
(43). A solution of 42 (330 mg, 0.73 mmol) in dry pyridine (3.2 mL)
was cooled to 0°C. Then, DMAP (15.4 mg, 0.13 mmol) and Ac,0
(1.6 mL, 16.7 mmol) were added. The reaction mixture was stirred
at rt for 6 h under argon. The volatiles were co-evaporated with
toluene and the crude product was purified by flash column
chromatography on silica (DCM/MeOH, 1:0 to 96:4) to yield 43
(392 mg, 93%) as a white solid. [0],°=-89.4 (c=0.23, CHCl;); 'H
NMR (500 MHz, CDCl,): 6=7.30 (d, J=8.1 Hz, 2H, Ar—H), 7.19 (d, J=
7.9 Hz, 2H, Ar—H), 549 (d, J=10.2 Hz, 1H, NH), 5.43 (m, 1H, H-7),
5.37 (m, 1H, H-4), 4.76 (m, 1H, H-8), 4.58 (dd, J=2.4, 10.5 Hz, 1H, H-
6), 4.12 (m, 1H, H-5), 3.68 (s, 3H, OMe), 3.63 (dd, J=2.4, 13.4 Hz, TH,
H-9a), 3.31 (dd, J=9.4, 13.4 Hz, 1H, H-9b), 2.67 (dd, J=4.8, 13.8 Hz,
1H, H-3e), 2.35 (s, 3H, CH;), 2.15-2.10 (m, 4H, H-3a, OAc), 2.09, 2.04
(2's, 6H, 2 OAc), 1.90 ppm (s, 3H, NHAC); °C NMR (126 MHz, CDCls):
6=1715, 171.3, 170.7, 170.6, 168.6 (5 C=0), 141.2, 136.3, 130.5,
124.8 (6 C, Ar—C), 88.8 (C-2), 74.9 (C-8), 73.3 (C-6), 69.2 (C-4), 69.1 (C-
7), 53.1 (OMe), 50.0 (C-9), 49.6 (C-5), 37.5 (H-3), 23.5 (NHAq), 21.6
(CHy), 21.4, 212, 21.1 ppm (3 OAc); MS (ESI): m/z calcd for
C,sH3,N,0,,5: 603.2 [M+ Na]*; found: 603.0.

(15,3R)-3-(tert-Butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-
acetamido-4,7,8-tri-O-acetyl-9-azido-3,5,9-trideoxy-D-glycero-a-D-
galacto-2-nonulopyranosylonate) (44). A suspension of 43
(340 mg, 0.57 mmol), 35 (320 mg, 0.88 mmol) and MS 3 A (620 mg)
in dry MeCN (6 mL) was cooled to —40°C under argon. Then, N-
iodosuccinimide (1.53 g, 6.79 mmol) was added, followed by
dropwise addition of TfOH (60 pL, 0.68 mmol). After stirring at
—40°C for 4 h, the mixture was neutralized with Et;N, warmed to rt,
filtered over celite and concentrated under reduced pressure. The
residue was dissolved in DCM (20 mL) and washed with 1M
Na,S,0; (4 x 10 mL) and H,0 (2 x 10 mL). The organic layer was dried
over Na,SO,, filtered and concentrated in vacuo. The crude product
was purified by flash column chromatography on silica (toluene/
acetone, 1:0 to 6:4) to afford 44 (110 mg, 25%). [alp*=-1.2 (c=
0.29, CHCl,); "H NMR (500 MHz, CDCl,): 6 =7.66-7.60 (m, 4H, Ar—H),
7.42-7.35 (m, 6H, Ar—H), 5.33-5.26 (m, 2H, H-6, H-8'), 5.21 (d, J=
10.1 Hz, 1H, NH), 4.81 (m, 1H, H-4'), 4.11 (m, 1H, H-5"), 4.01 (m, 1H,
H-7'), 3.75 (s, 3H, OMe), 3.71 (m, TH, H-3), 3.61 (dd, J=2.9, 13.5 Hz,
1H, H-9'a), 3.45-3.39 (m, 2H, OCH,), 3.28 (dd, J=6.4, 13.5 Hz, 1H, H-
9'b), 262 (dd, J=4.6, 12.7 Hz, 1H, H-3'e), 2.18, 2.16, 2.02 (3 OAc),
2.00 (m, TH, H-4e), 1.93 (t, J=12.5 Hz, TH, H-3"a), 1.87 (s, 3H, NHAC),
1.81-1.74 (m, 2H, H-2e, H-5e), 1.62-1.56 (m, 2H, H-1, H-6e), 1.40 (m,
1H, H-5a), 1.25 (m, 1H, H-4a), 1.04 (s, 9H, C(CH;);), 0.99 (m, 1H, H-2a),
0.82 ppm (m, TH, H-6a); "C NMR (126 MHz, CDCl): 6=1715,
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170.67, 170.66, 1705 (5C, 5 (=0), 135.8, 134.0, 129.8, 1279 (12C,
Ar—C), 98.9 (C-2'), 74.7 (C-3), 73.1 (C-7), 70.5 (C-6'), 69.3 (C-4), 68.8
(CH,0), 68.3 (C-8'), 53.0 (OMe), 51.0 (C-9"), 49.5 (C-5'), 39.7 (C-1), 38.7
(C-3), 36.7 (C-2), 35.4 (C-4), 28.5 (C-6), 27.1 (3 C, C(CH,),), 23.5 (C-5),
23.5 (NHAQ), 21.4, 21.24, 21.22 (3 OAQ), 19.6 ppm (C(CH5)s); MS (ESI):
myz caled for CyiHsgN,O,,5i: 847.4 [M+ Nal*; found: 847.2,

(15,3R)-3-(Hydroxymethyl)cyclohexyl (methyl 5-acetamido-4,7,8-
tri-O-acetyl-9-azido-3,5,9-trideoxy-D-glycero-o-D-galacto-2-nonu-
lopyranosylonate) (45). To a solution of 44 (110 mg, 0.13 mmol) in
dry pyridine (3.8 mL) was added HF-pyr (0.75 mL) dropwise at 0°C
under argon and the reaction mixture was stirred at rt for 5 h. The
reaction mixture was neutralized with satd ag. NaHCO; The
aqueous phase was extracted with DCM (3x20 mL), and the
combined organic layers were dried over Na,SO,, filtered and
evaporated. The crude product was purified by flash column
chromatography on silica (toluene/acetone, 1:0 to 1:1) to afford 45
(71.4mg, 91%). [a]p®=-35.6 (c=0.73, CHCl;); 'H NMR (500 MHz,
CDCly): 6=5.32-5.26 (m, 2H, H-6', H-8), 5.12 (d, J=10.0 Hz, 1H, NH),
4.82 (m, 1H, H-4'), 4.09 (m, TH, H-5"), 4.02 (m, 1H, H-7’), 3.81 (s, 3H,
OMe), 3.75 (m, 1H, H-3), 3.58 (dd, J=2.9, 13.5 Hz, TH, H-9"a), 3.51-
3.38 (m, 2H, CH,0), 3.28 (m, 1H, H-9'b), 2.60 (dd, J=4.6, 12.7 Hz, 1H,
H-3'b), 2.18, 2.17 (2’5, 6H, 2 OAc), 2.03-2.01 (m, 4H, H-4, OAc), 1.94
(t, J=12.6 Hz, 1H, H-3"a), 1.88 (s, 3H, NHAC), 1.80 (m, 1H, H-5e), 1.75
(m, 1H, H-2e), 1.66 (m, 1H, H-6e), 1.42 (m, TH, H-1), 1.37 (m, TH, H-
5a), 1.29 (m, 1H, H-4a), 0.95 (m, 1H, H-2a), 0.88 ppm (m, 1H, H-6a);
3C NMR (126 MHz, CDCl;): 6=170.8, 170.52, 170.51, 170.46, 170.3
(5 C=0), 98.5 (C-2), 74.1 (C-3), 72.9 (C-7'), 70.1 (C-6), 69.1 (C-4'), 68.0
(CH,0), 67.9 (C-8"), 52.9 (OMe), 50.9 (C-9"), 49.4 (C-5'), 39.5 (C-1), 38,5
(C-37), 36.1 (C-2), 34.9 (C-4), 28.3 (C-6), 23.6 (C-5), 23.4 (NHAQ), 21.3,
21.2, 21.1 ppm (3 OAc); MS (ESI): m/z calcd for C,5H,6N,0,,: 609.3 [M
+Nal'; found: 609.0.

(15,3R)-3-(Sulfonatooxymethyl)cyclohexyl (methyl 5-acetamido-
4,7,8-tri-O-acetyl-9-azido-3,5,9-trideoxy-p-glycero-a-p-galacto-2-
nonulopyranosylonate) sodium salt (46). To a solution of 45
(65.0mg, 0.11 mmol) in dry DMF (7 mL) was added SO;pyr
(176 mg, 1.11 mmol) and the reaction mixture was stirred under
argon for 2h at rt. Then, the reaction was quenched by the
addition of solid NaHCO, and stirred vigorously for 10 min. The
suspension was filtered, and the filtrate was co-evaporated with
toluene. The crude product was purified by flash column
chromatography on silica (DCM/MeOH, 1:0 to 4:1) to give 46
(75.6 mg, 99%). [alp™ = +10.3 (c=0.47, MeOH); 'H NMR (500 MHz,
CD,0D): 6=5.19 (s, 2H, H-7', H-8'), 4.64 (m, 1H, H-4"), 3.98 (d, /=
10.8 Hz, 1H, H-6'), 3.80 (t, J=10.5Hz, 1H, H-5), 3.70 (s, 3H, OMe),
3.70-3.60 (m, 3H, H-3, CH,0), 3.47 (d, J/=13.3 Hz, TH, H-9"a), 3.14 (m,
TH, H-9'b), 2.50 (dd, J=4.4, 12.6 Hz, 1H, H-3'e), 2.05, 1.99 (2’5, 6H, 2
OAc), 1.88 (m, 1H, H-4e), 1.85 (s, 3H, OAc), 1.70 (s, 3H, NHAC), 1.64-
1.59 (m, 3H, H-2e, H-5¢, H-3'a), 1.56-1.51 (m, 2H, H-1, H-6e), 1.37 (m,
1H, H-5a), 1.08 (m, 1H, H-4a), 0.83 (m, 1H, H-2a), 0.75 ppm (m, 1H,
H-6a); “C NMR (126 MHz, CD,0D): 6=173.6, 171.7, 1715, 170.1
(5C, 5 C=0), 99.9 (C-2), 74.9 (C-3), 73.5 (C-6'), 73.3 (CH,0), 70.7 (C-
4),70.5 (C-7"), 69.3 (C-8'), 53.3 (OMe), 52.0 (C-9'), 50.0 (C-5"), 39.5 (C-
3), 380 (C-1), 374 (C-2), 36.1 (C4), 294 (C-6), 24.5 (C-5), 227
(NHAg), 213, 21.0, 208 ppm (3 OAc); MS (ESI: m/z caled for
C,sH3,N,NaO,S: 711.2 [M+Nal *; found: 711.1.

(15,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-
9-azido-3,5,9-trideoxy-D-glycero-u-D-galacto-2-nonulopyranosylo-
nate) sodium salt (47). Compound 46 (79.2 mg, 0.12 mmol) was
treated with 0.1 M NaOH (11.5 mL, 1.15 mmol) at rt for 6 h. Then,
the reaction mixture was neutralized with Amberlyst-15 (to pH 7),
the suspension was filtered, and the solvent was evaporated. The
crude product was purified by flash column chromatography on
silica (DCM/MeOH, 1:0 to 1:1) and size-exclusion chromatography
(P-2 gel, H,0) to afford 47 (54.1 mg, 82%) as a white solid. [a],? =
+25.4 (¢=1.00, H,0); 'H NMR (500 MHz, D,0): 6 =3.97-3.79 (m, 4H,
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H-3, CH,0, H-8), 3.75-3.58 (m, 4H, H-4, H-5', H-6', H-9'a), 3.54 (m,
1H, H-7"), 3.45 (m, 1H, H-9'b), 2.73 (m, 1H, H-3’e), 2.10-1.96 (m, 4H,
H-4, NHA(), 1.89 (m, 1H, H-2e), 1.83-1.69 (m, 2H, H-1, H-5e), 1.69-
1.54 (m, 2H, H-6, H-3"a), 1.36-1.14 (m, 2H, H-4a, H-5a), 1.02 (m, 1H,
H-2a), 0.89 ppm (m, 1H, H-6a); *C NMR (126 MHz, D,0): 6=176.1,
174.7 (2 C=0), 102.2 (C-2'), 75.9 (C-3), 74.5 (CH,0), 73.7 (C-4), 71.8
(C-8)), 70.0 (C-7'), 69.5 (C-6'), 54.1 (C-9)), 53.0 (C-5'), 42.4 (C-3'), 37.4
(C-1), 36.8 (C-2), 355 (C-4), 28.8 (C-6), 24.4 (C-5), 23.1 ppm (NHAC);
MS (ESI): m/z caled for CigHpN Na,0,.5: 593.1 [M+Nal’; found:
593.2.

(15,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-
9-amino-3,5,9-trideoxy-D-glycero-a-D-galacto-2-nonulopyranosyl-
onate) sodium salt (48). To a solution of 47 (38.3 mg, 0.07 mmol) in
water (1.7 mL) was added Pd(OH),/C (10% Pd, 20.8 mg). The
reaction mixture was hydrogenated at rt for 16 h (1 atm H,). Then,
the suspension was filtered over a pad of celite and the celite was
washed with water. The solvent was evaporated, and the crude
product was purified by size-exclusion chromatography (P-2 gel,
H,0) to afford 48 (31.1 mg, 85%) as a white solid. [a],**= +13.4
(c=0.50, H,0); "H NMR (500 MHz, D,Q): 6 =3.86 (m, 1H, H-8'), 3.76-
3.66 (m, 3H, H-3, CH,0), 3.61 (m, 1H, H-5'), 3.53-3.41 (m, 2H, H-4', H-
6'), 3.36 (m, 1H, H-7), 3.22 (m, 1H, H-9'a), 2.81 (m, 1H, H-9'b), 2.57
(dd, /=45, 12.4 Hz, 1H, H-3'e), 1.89-1.82 (m, 4H, H-4e, NHAC), 1.75
(m, TH, H-2e), 1.66-1.54 (m, 2H, H-1, H-5e), 1.53-1.44 (m, 2H, H-6e,
H-3'a), 1.18-1.01 (m, 2H, H-4a, H-5a), 0.85 (m, 1H, H-2a), 0.73 ppm
(m, 1H, H-6a); *C NMR (126 MHz, D,0): 6=176.1, 1749 (2 C=0),
102.0 (C-2'), 75.6 (C-3), 74.5 (CH,0), 73.4 (C-4), 71.1 (C-7'), 69.2 (2C,
C-6', C-8), 52.7 (C-5'), 43.1 (C-9), 41.8 (C-3)), 37.2 (C-1), 36.7 (C-2),
352 (C-4), 295 (C-6), 24.3 (C-5), 23.0 ppm (NHAC); MS (ESI): m/z
calcd for Cy5H;N,Na,0,,5: 567.1 [M+ Na] *; found: 567.3.

(15,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-
9-benzamido-3,5,9-trideoxy-p-glycero-o-D-galacto-2-nonulopyra-

nosylonate) sodium salt (49). A solution of benzoic acid (10.3 mg,
0.084 mmol), HATU (233 mg, 0.061 mmol) and DIPEA (20 pL,
0.115 mmol) in dry DMF (0.5 mL) was stirred for 10 min and then
added to a solution of 48 (21.0 mg, 0.039 mmol) in dry DMF
(0.5 mL) under argon. The resulting mixture was stirred at rt for 6 h.
The solvent was removed in vacuo and the residue was purified by
flash chromatography on silica [DCM/(MeOH/H,0, 10:1), 1:0 to 1:1]
and size-exclusion chromatography (P-2 gel, H,0) to give 49
(18.0mg, 72%). [al*= +39.6 (c=1.00, H,0); 'H NMR (500 MHz,
D,0): 6 =7.80-7.76 (m, 2H, Ar—H), 7.63 (m, 1H, Ar—H), 7.57-7.52 (m,
2H, Ar—H), 4.03 (ddd, /=3.0, 7.6, 8.9 Hz, 1H, H-8'), 3.93-3.85 (m, 3H,
H-3, CH,0), 3.85-3.77 (m, 2H, H-5', H-9a), 3.73 (dd, J=2.0, 10.4 Hz,
1H, H-6'), 3.66 (ddd, J/=4.6, 9.8, 11.9 Hz, 1H, H-4"), 3.57 (m, 2H, H-7,
H-9'b), 2.75 (dd, J=4.7, 124 Hz, TH, H-3'e), 2.07 (m, 1H, H-4e), 2.01
(s, 3H, NHAc), 1.90 (m, 1H, H-2e), 1.79-1.68 (m, 2H, H-1, H-5e), 1.68-
1.60 (m, 2H, H-6e, H-3'a), 1.29-1.17 (m, 2H, H-4a, H-5a), 1.03 (q, J=
12.1 Hz, 1H, H-2a), 0.88 ppm (qd, J=3.8, 12.7 Hz, 1H, H-6a); °*C NMR
(126 MHz, D,0): 6=176.0, 174.8, 172.2 (3 C=0), 134.7, 133.0, 129.7,
128.0 (6 C, Ar—(C), 102.0 (C-2)), 75.8 (C-3), 74.4 (CH,0), 73.6 (C-6'),
71.6 (C-8), 70.8 (C-7), 69.2 (C-4), 52.8 (C-5'), 43.5 (C-97, 42.0 (C-3),
37.1 (C-1), 36,5 (C-2), 353 (C-4), 285 (C-6), 24.2 (C-5), 22.9 ppm
(NHAc); HRMS (ESI): m/z caled for CyH3 N,Na,0,,S: 671.1469 [M+
Na]*; found: 671.1468.

(15,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-
3,5,9-trideoxy-9-(naphthalene-2-sulfonamido)-p-glycero-a-p-gal-

acto-2-nonulopyranosylonate) sodium salt (50). Compound 48
(20.6 mg, 0.038 mmol), NaHCO; (15.1 mg, 0.180 mmol) and 2-
naphthalenesulfony! chloride (10.1 mg, 0.045 mmol) were dissolved
in DMF/H,0 (2:1, 1.8 mL) and the solution was stirred at rt for 5 h.
The solution was neutralized with ag. HCl and evaporated to
dryness. The residue was purified by flash chromatography on silica
[DCM/(MeOH/H,0, 10:1), 8:2 to 6:4] and size-exclusion chromatog-
raphy (P-2 gel, H,0) to afford 50 (11.7 mg, 42%). [a],” = +21.5 (c=
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0.50, H,0); 'H NMR (600 MHz, D,0): 6 =8.52 (d, J=1.9 Hz, TH, Ar-H),
8.12 (d, J=88 Hz, 1H, Ar—H), 8.09 (d, J=8.1 Hz, TH, Ar—H), 8.03 (d,
J=8.1Hz, 1H, Ar—H), 7.85 (dd, J=2.0, 8.7 Hz, 1H, Ar—H), 7.73 (m, 1H,
Ar—H), 7.69 (m, 1H, Ar—H), 3.77-3.72 (m, 2H, CH,0), 3.72-3.66 (m,
2H, H-5', H-8'), 3.63-3.53 (m, 3H, H-3, H-4, H-6'), 3.47-3.42 (m, 2H,
H-7', H-9'a), 3.09 (dd, /=80, 142 Hz, 1H, H-9'b), 2.64 (dd, J=46,
12.4 Hz, 1H, H-3e), 1.97 (s, 3H, NHAC), 1.75-1.69 (m, 2H, H-2e, H-4e),
1.52 (t, J=12.1 Hz, 1H, H-3'a), 1.41-1.35 (m, 2H, H-5e, H-6e), 1.32 (m,
1H, H-1), 0.90 (dq, J=3.8, 12.4 Hz, 1H, H-4a), 0.83 (q, J=11.9 Hz, 1H,
H-5a), 0.74 (tq, J=3.3, 13.2Hz, 1H, H-2a), 0.65 ppm (dq, J=36,
12.5Hz, 1H, H-6a); *C NMR (126 MHz, D,0): 6=176.0, 174.5 (2
C=0), 137.1,135.7, 132.9, 130.9, 130.3, 130.2, 128.93, 128.91, 128.89,
122.5 (10 C, Ar=C), 101.9 (C-2), 75.6 (C-3), 74.3 (CH,0), 73.5 (C-6"),
71.9 (C-8'), 70.4 (C-7"), 69.2 (C-4'), 52.8 (C-5), 46.3 (C-9'), 42.1 (C-3"),
36.8 (C-1), 36.4 (C-2), 35.0 (C-4), 283 (C-6), 23.9 (C-5), 22.9 ppm
(NHAC); HRMS (ESI): m/z calcd for CygHigN,Na,04,5,: 757.1296 [M+
Na]*; found: 757.1296.

Cloning of 6His-tagged Siglec-8-CRD. The Siglec-8 encoding
sequence was amplified by PCR from cDNA clone MN_014442
(OriGene, Rockville, USA) and applied to site-directed mutagenesis
to replace proline 173 and cysteine 23 by serines. The fragment
was inserted into the Ndel and Xhol cloning site of the expression
vector pET22b (Novagen). The resulting construct encoding a 6His
tag at the C-terminus was amplified in chemo-competent E. coli
DH5 and the correctness of the DNA sequence was confirmed by
double-strand sequencing (Microsynth, Balgach, Switzerland).

Expression and purification of 6His-tagged Siglec-8-CRD. Protein
expression was performed in Escherichia coli strain Rosetta-gami B
(DE3). Bacterial culture was grown in LB medium (Luria-Bertani
broth) containing 100 pg/mL of ampicillin at 30°C and 300 rpm to
reach an ODgy, of 0.7-1. The temperature was lowered gradually to
reach 18°C and isopropyl-f3-p-1-thiogalactoside (IPTG) was added
to a final concentration of 1 mM. The bacteria were further
cultivated at 18°C and 300 rpm for 36 h after induction and
collected by centrifugation at 5000 rpm for 20 min at 4°C. The
bacterial lysis was performed in binding buffer (50 mM NaH,PO,,
300 mM NaCl, 10 mM imidazole, pH 8) containing 1 mg/mL lyso-
zyme followed by sonication. After centrifugation at 11000 rpm for
20 min at 4°C, the supernatant (cytoplasmic extract) was dialyzed
overnight against binding buffer and applied to a Ni-NTA column
(Sigma, Buchs, Switzerland) attached to a Biologic fast protein
liquid chromatography system (BioRad, Reinach BL, Switzerland).
The column was washed with binding buffer and afterwards eluted
with elution buffer (50 mM NaH,PO, 300 mM NaCl and 250 mM
imidazole, pH 8). The fractions containing 6His-Siglec-8-CRD were
pooled and dialyzed against assay buffer (20 mM HEPES, 150 mM
NaCl, 1 mM CaCl,, pH 7.4). The purity of the protein was verified by
non-reducing SDS-PAGE.

Competitive binding assay. The polyacrylamide-based competitive
binding assay*? was used to evaluate the binding of Siglec-8
ligands. Microtiter plates (F96 MaxiSorp, Nunc) were coated with
100 pL/well of a 10 pg/mL solution of Siglec-8-CRD in 20 mM
HEPES, 150 mM NaCl, and 1T mM CaCl,, pH7.4 (assay buffer),
overnight at 4°C. The coating solution was discarded, and the wells
were blocked with 150 uL/well of 3% BSA in assay buffer for 2 h at
4°C. After three washing steps with assay buffer (150 uL/well), a 3-
fold serial dilution of the test compound (50 uL/well) in assay buffer
and streptavidin-peroxidase coupled biotinylated polyacrylamide
(PAA) glycopolymers (6™-sulfo-sLe*-PAA, 50 uL/well of a 0.3 ug/mL
solution) were added. The plate was incubated for 3 h at 25°C and
350 rpm and then carefully washed four times with 150 pL/well
assay buffer. After the addition of 100 uL/well of the horseradish
peroxidase substrate (2,2-azino-di(3-ethylbenzthiazoline-6-sulfonic
acid), ABTS), the colorimetric reaction was allowed to develop for
3 min, then stopped by the addition of 2% aqueous oxalic acid
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before the optical density (OD) was measured at 415 nm on a
microplate-reader (Spectramax 190, Molecular Devices, CA). The ICy,
values of the compounds were calculated with the prism software
(GraphPad Software, Inc., La Jolla, CA). The IC;, defines the molar
concentration of the test compound that reduces the maximal
specific binding of 6™-sulfo-sLe*-PAA polymer to Siglec-8-CRD by
50 %.

Microscale thermophoresis. Microscale thermophoresis experi-
ments were performed using a Monolith NT.115 (Nanotemper,
Munich, Germany) instrument set to 25°C, 50% LED power, and
“medium” MST power. The Nanotemper MO.Affinity Analysis
software suite was employed for analysis and nonlinear fitting of
experimental data. In a typical experiment, a serial ligand dilution
starting at 50 mM or 100 mM was incubated with an equal volume
of 200 nM FITC labeled Siglec-8-CRD and measured directly using
the green channel of the instrument.

Isothermal titration calorimetry. Isothermal titration calorimetric
experiments were performed on an ITC200 instrument (MicroCal,
Northampton, USA) at 25°C using standard instrument settings
(reference power 6 pcal 57, stirring speed 750 rpm, feedback mode
high, filter period 2s). Protein solutions were dialyzed against ITC
buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) prior to the experi-
ments and all samples were prepared using the dialysate buffer to
minimize dilution effects. Protein concentrations were determined
spectrophotometrically with the specific absorbance at 280 nm
employing an extinction coefficient of 33240 mol™' cm ™. Binding
affinities of Siglec-8 ligands in the uM to mM range necessitated a
low c titration setup. In a typical experiment, a 5-25 mM ligand
solution was titrated to a solution containing 30-50 uM Siglec-8-
CRD to ensure > 70% saturation. Baseline correction, peak integra-
tion, and non-linear regression analysis of experimental data was
performed using the NITPIC (version 1.2.2)"% and SEDPHAT (version
12.1b)*” software packages. The stoichiometry parameter was
manually constrained to a value of 1. Experiments were performed
in duplicate and the 68 % confidence intervals from global fitting of
two experiments were calculated as an estimate of experimental
error. For kinITC analysis, the AFFINImeter software suite (v2.1802.5,
Software for Science Developments, Santiago de Compostela,
Spain) was used. Raw ITC data was fit to a thermodynamic model
assuming a stoichiometry of 1 to derive K. Dissociation rates were
then determined from a fit of the equilibration time curve to a 1:1
interaction model. Association rate constants were calculated from
K, and k4 according to the equation:

kaff
Kon :KAXkalf:K_D
Errors in rate constants are given as the 68% standard error of the
fit for a single experiment.

Generation of pseudo induced-fit docking pose for 50. Structure
preparation and docking studies were carried out using programs
from the Maestro suite version 2016-4."" The ligand bound Siglec-
8-CRD NMR solution structure 2N7B was retrieved from the PDB
and frame 1 was chosen for the docking procedure. After in silico
mutation of Lys120 to Ala, the protein was prepared for docking by
protonation, bond order and hydrogen bond assignment, and
subsequent restrained minimization using the OPLS3 force
field.*** The LigPrep module employing the OPLS3 force field was
used for the preparation of low energy conformations and charge
assignment of 50. Receptor grid generation and ligand docking was
carried out with Glide in standard precision mode using the ligand
bound in 2N7B as the centroid of the bounding box.”” After visual
inspection of the generated docking poses, Ala120 was mutated to
Lys and minimized.
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Galectin-8 has gained attention as a potential new pharmaco-
logical target for the treatment of various diseases, including
cancer, inflammation, and disorders associated with bone mass
reduction. To that end, new molecular probes are needed in
order to better understand its role and its functions. Herein we
aimed to improve the affinity and target selectivity of a recently
published galectin-8 ligand, 3-O-[1-carboxyethyll-B-p-galacto-
pyranoside, by introducing modifications at positions 1 and 3 of
the galactose. Affinity data measured by fluorescence polar-
ization show that the most potent compound reached a Kp of
12 uM. Furthermore, reasonable selectivity versus other galec-
tins was achieved, making the highlighted compound a
promising lead for the development of new selective and
potent ligands for galectin-8 as molecular probes to examine
the protein’s role in cell-based and in vivo studies.

Introduction

Galectins are a family of small soluble proteins able to recognize
glycans containing a B-p-galactopyranoside structural motif."-*
They are found both intracellularly and extracellularly, where
they are involved in many physiological and pathological
functions, such as metabolism, immunity, inflammation and
cancer progression.'**®

Galectin-8 is a tandem-repeat type lectin that is widely
expressed in tissues, both in normal and cancer cells. It mainly
regulates cell-cell and cell-matrix interactions, thus playing a
key role in many physiological and pathological processes.*'* It
can act as a pro-inflammatory and immunostimulatory lectin in
different resting cells of the immune system and, at the same
time, downregulate inflammation upon activation of these
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cells.""'? By activating autophagy, the protein may contribute
to host defence against bacteria.”*'¥ Galectin-8 has also been
reported to enhance differentiation of osteoblasts in osteo-
clasts, and it is thus involved in bone turnover and
remodelling."* Of note, galectin-8 has an important role in
cancer, as it was shown to stimulate lymphangiogenesis and
the adhesion and dissemination of tumour cells."'® Therefore,
galectin-8 is a new interesting pharmacological target for the
treatment of many diseases.

Galectin-8 contains two carbohydrate recognition domains
(CRDs), one at the N- and the other at the C-terminus, with
different binding specificities. They behave independently in
the full length protein and the addition of a ligand specific for
one CRD does not affect the binding to the other."®?" Yet, both
galectin-8 CRDs are required for its function so that blocking of
either will hamper the functionality of the whole protein.?"??
The N-terminal CRD has an enhanced binding to structures
containing 3-O-sialylated galactose, unique among galectins,
and the crystal structure with such a preferred ligand, the
trisaccharide 3-Sialac, has been solved (Figure 1A).%' The
investigation of the main interactions between this ligand and
the protein revealed 3-lactoylgalactoside 1 as the minimal
binding epitope, which was recently crystallized, in its racemic
form, in complex with galectin-8N. It consists of a free galactose
bearing a lactate residue attached by an ether linkage in
position 3 (Figure 1B).2

The crystal structure of the galectin-8N/1 complex revealed
that all interactions of the previously reported ligand 3-SiaLac
were preserved. In particular, the carboxylic acid in 1 interacts
with Arg59 and GIn47 forming a salt bridge and an H-bond;
moreover, a complex network of H-bonds involves the
galactose and Arg45, His65 Asn67, Asn79 and Glu89 (Fig-
ure 1).%* Starting from this compound, we aimed to further
explore the chemical space around it, in particular via (i)
modification of the lactic acid moiety and (ii) by introducing an
a-thiophenyl aglycone at position 1 of bp-galactose. These
modifications improved the affinity for galectin-8N by 200-fold
compared to the affinity of compound 1. Besides, the affinity
for other galectins was also evaluated. We focused on the N-
terminal domain since the C-terminal in our hands showed
weaker affinities for galactoside ligands.”'**!
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Figure 1. A: Galectin-8N in complex with 3-SiaLac (PDB ID: 3AP7)"**; B: Galectin-8N in complex with racemic 1 (PDB ID: 5VWG).** Figure adapted from Bohari
etal?¥

74566583 76746487636667175

Unique Pharmacophores (# Features)

Figure 2. A: Designed galectin-8 ligands 2-7. B-C: Representative docking binding modes of compounds 3 (B) and 4 (C) in the galectin-8N binding site (PDB
ID: 3VKO).” Only selected amino acids are presented as sticks. Docking was performed using the FRED algorithm of the OEDocking software (OEDOCKING
3.3.0.2: OpenEye Scientific Software). D: Plot of the most frequently appearing unique structure-based pharmacophore models derived from MD simulations of
galectin-8N in complex with 4. The x-axis shows unique models and the number of interaction features observed during the MD simulation. The numbers
below the bar indicate the number of interaction features in the pharmacophore models. The y-axis shows the frequency of appearance of the models.
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Results and Discussion
Design

Starting from the lead compound 3-O-[1-carboxyethyl]-B-p-
galactopyranoside (1)/*! we set out to derivatize the methyl
group of the lactic acid side chain with cyclohexane and phenyl
moieties; we focused on the S-configuration as with the R-
configuration the added group would point away from the
protein into solution (see Figure 1B). In addition, to determine
the importance of the free carboxylic group for binding, we
replaced it with an ester moiety (Figure 2A); a benzyl ester was
chosen in order to gain possible hydrophobic contacts with the
proximal Tyr141 in the binding site (Figure 2C). We did not
consider modifications at positions 4 and 6 because they would
probably clash with the protein, while substituents in position 2
would point towards the solvent, which would most likely bring
little or no gain in affinity (Figures 2B and 2C). In our docking
studies, as expected, the compounds maintained the position
of the galactose and carboxylic acid of the reference com-
pound’s 1 pose including their interactions with the surround-
ing amino acids (Figure 1, Figure 2B and C). To assess the
stability of the binding mode predicted by docking, interactions
of compound 4 in the galectin-8N binding site were further
studied by a 200 ns molecular dynamics (MD) simulation using
the MD analysis tool in LigandScout 4.4 Expert.”” A plot of the
most frequently appearing unique structure-based pharmaco-

2.
S

8

O\]V\OH OTOH
9

O,
b L
o
10

phore models is shown in Figure 2D. The most frequently
occurring model (166 times) contains 6 interaction features,
including H-bonds of the galactose moiety with Arg45, His65
and Asn79, a H-bond between the ester carbonyl group and
GIn47, and hydrophobic interactions of the benzyl moiety with
Met56 and Tyr141. In pharmacophore models containing more
features (Figure 2D), additional H-bonds are formed with the
galactose moiety, as in the case of the crystal structure
(Figure 1).

Synthesis

The synthesis of candidate compounds predicted by our in silico
studies was accomplished as shown in Scheme 1. Intermediate
11 was obtained starting from a-p-cyclohexylglycine (8), via a
diazotization — hydrolysis reaction®® (—9) and subsequent
esterification of the carboxylic group with benzyl bromide (—
10). The hydroxyl group of 10 was transformed into a good
leaving group by reacting it with triflic anhydride to give donor
11. The same sequence was employed to prepare intermediates
13 and 16, starting from benzyl ester 12, available in-house,
and commercially available p-(R)-3-phenyllactic acid 14, respec-
tively. The reaction steps involving the phenyllactic acid
derivatives were characterized by low yields, due to the
preferential formation of the elimination product, affording a
conjugate system between the aromatic ring and the carbonyl

OBn 0OBn

o
e, all
O oTf
"

oTf
14 15 16
Ho ,LOTBDPS OTOBH Ho ,OTBDPS Ho ,OH Ho OH
Q f 0 g o hi, )
Hoég,we RS T Ro.roéﬁ/owne R, ro&\/OMe R, roég/owle
O coosn M coosn M coosn M
18 1:R=R' 19a: R =R! 2:R=R' 3:R=R'
13:R=R? 19b: R =R? 4:R=R? 5:R=R?
19 16:R=R? 19¢:R=R® 6:R=R® 7:R=R?
OH
HO
o R": 2, RZ: R3:
HO OMe O/ O/\f’ ¥
OH
17

Scheme 1. Reagents and conditions: a) NaNO,, H,50,, H,0, 0°C to rt, 24 h, 86 %; b) BnBr, Cs,CO,, DMF, 1t, 16 h, 72%; ) Tf,0, 2,6-lutidine, DCM, rt, 16 h, 11:
77%, 13: 59%, 16: 83%; d) BnBr, Cs,CO;, DMF, rt, 16 h, 33%; e) TBDPSCI, imidazole, DMF, rt, 16 h, 809%; f) i. Bu,SnO, dry MeOH, reflux, 3 h; ii. CsF, DME, rt, 16 h,
19a: 38%, 19b: 44%, 19¢: 24%; g) HF-pyr, pyr, 1t, 4 h, 2: 62%, 4: 75%; h) Hy, Pd/C, MeOH, rt, 2 h, 3: 86 %, 5: quant; i) NaOH (H,O/dioxane, 0.1 M), rt, 24 h, 7:

10% over two steps from 19¢.
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group. The galactoside acceptor 18, protected in position 6
with a tert-butyldiphenylsilyl group (TBDPS), was subsequently
alkylated with the triflates 11, 13 and 16. The alkylation
reactions were performed by first activating the galactose with
dibutyltin oxide (Bu,SnO), followed by the treatment of the
resulting stannylidene acetal with triflates 11, 13, and 16,
employing CsF, to afford intermediates 19a-c.

Removal of the TBDPS group on the galactose moiety with
HF-pyridine yielded the benzylated test compounds 2 and 4.
Transesterification occurred during the reaction with the
aromatic intermediate 19¢, making the purification of the
benzylated product 6 extremely cumbersome. Therefore, the
mixture was directly hydrolysed to afford the final compound 7.
Hydrogenation was instead carried out on compounds 2 and 4
thus affording the corresponding acids 3 and 5 (Scheme 1).

Fluorescence polarization assay
The binding affinities of the synthesized compounds 2-5 and 7

to the main target galectin-8N, and to galectin-1 and —3 as
related members of the protein family, were evaluated in a

competitive protein-binding assay based on fluorescence
anisotropy (Table 1).1'%3'* Both enantiomers of the lead com-
pound 1%? and methyl B-p-galactopyranoside (17)%*' were
tested and used as references.

With the fluorescence polarization assay, we were not able
to reproduce the previously reported affinity of the reference
compound 1 (Ky: 32 pM).** Both enantiomers 1a and 1b bound
very weakly, or not at all, to galectin-8N, galectin-1 and
galectin-3. In contrast, several of our predicted compounds
showed favourable binding and/or selectivity profiles. Overall,
the addition of cyclohexane to the methyl increased affinity by
about 5-fold (3 and 5), and the benzyl ester derivatives 2 and 4
showed an almost 2-fold further affinity increase for galectin-8N
when compared to the corresponding acids, despite carbox-
ylates being stronger H-bond acceptors. In this case, the affinity
gain of the ester could probably be explained by a lower
desolvation penalty or by possible hydrophobic interactions of
the benzyl residue with the Tyr141 side chain in the binding
site. Compound 7, carrying a phenyl ring on the lactic acid
moiety, showed slightly poorer affinity to galectin-8N when
compared to the non-aromatic counterparts.

Table 1. Kp values of compounds 1-5, 7 and 17 against human galectin-8N, —1 and —3 measured by fluorescence polarization assay.
Compound Structure Galectin-8N Galectin-1 ) Galectin3
[Kp = SEM, uM]™! [Ko = SEM, pM]? [Kp = SEM, um]™
Ho COH
i33] o |
17 HO-% 2 OMe 5300 1000 4400
OH
Ho OH
12 o%om N.B. 2700110 N.B.
COOH o
Ho OH
1B \I’O %ON\,OM‘; ~2700 2800+ 69 2800 +490
COOH oK
A~ HO (/OH
2 , O%QME 270+33 ~2500 N.B.
CO0Bn Or
. Ho OH
3 O ro&&/om 430426 5204110 N.B.
coon
Ho OH
o}
4 Ok\;g;\,OMe 210+18 ~ 2600 N.B.
O/ coosn O
Ho OH
5 S [/o -0 OMe 470+39 N.B. N.B.
O coon ©OH
Ho OH
7 N .o&&;{'&,om 550+66 1600+ 130 2100+600
| [ OH
N COOH
[a] The average values of K, and SEM were calculated from 4 to 8 duplicate measurements. N.B.: not binding.
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To assess their target selectivity, all predicted galectin-8
ligands were also tested on galectin-1 and galectin-3, which are
known to feature overlaps in glycan specificities (Table 1). With
the exception of 7, which showed weak affinities, none of the
compounds notably bound to galectin-3. Compound 3 had
similar affinity for both galectin-8 and galectin-1, while 2, 4 and
5 were moderately selective for galectin-8N. Based on this, we
concentrated on further optimization of compound 5. This may
sound irrational since 4 was an even more potent binder, but 5
was chosen because intended optimisation described in the
next chapter would involve addition of another aromatic group
at the anomeric position. Based on previous experience, we
assumed that molecules with 3 lipophilic rings around the
galactose core would render the final compound(s) rather
insoluble in agueous media, so we decided to leave the free
carboxylate.

Modification at the anomeric position of galactose
To improve the affinity of 5 for galectin-8, we introduced a 3,4-
dichlorophenyl ring in position 1 of the p-galactose moiety via

an a-S-glycosidic bond since this group has been demonstrated
to strongly enhance binding to many galectins.”**! The desired
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compound 26 was synthesized from pentaacetylated galactose
(20, Scheme 2), which was first transformed into the 3,4-
dichlorophenyl-a-thio derivative 21, and then deacetylated
under Zemplén conditions (—22). Donor 24 was synthesized
from methyl-(R)-3-cyclohexyl-2-hydroxypropanoate 23%¢ by tri-
flation as shown above. The subsequent stannylidene-mediated
regioselective alkylation gave 25, which was further hydrolysed
to give final compound 26. Compounds 25 and 26 were tested
for their binding potency to galectin-8N and other galectins
using the established fluorescence polarization assay (Table 2).

The introduction of the 3,4-dichlorophenyl group increased
the affinity by almost 40-fold (12 uM for 26 vs 470 uM for 5),
confirming its beneficial effect for enhancing the binding to
galectin-8N. The methyl ester 25 showed a higher K; value
(140 pM) in this case and thus 10-fold weaker affinity compared
to its free acid counterpart 26, pointing that the free
carboxylate most likely forms a salt bridge, which is disrupted in
25 where only H-bonding is possible. The binding mode of 26
in the galectin-8N binding site was predicted by docking and
then studied further by a 200 ns MD simulation. Analysis of the
binding mode in the most frequently appearing models
(Figure 3B) showed an expected hydrogen bonding network of
the galactose moiety with Arg45, His65, Asn79 and Glu89, while
the carboxylate of 26 formed a salt bridge with the Arg59 side

o
> OMe
oTf

24

Cl
25 26

Cl

Scheme 2. Reagents and conditions: a) i. PCls, BF;Et,0, DCM, 1, 1 h; ii. 3,4-dichlorothiophenol, NaH, DMF, rt, 50°C, 16 h, 36%; b) MeONa/MeOH, rt, 16 h, 90%;
) Tf,0, 2,6-lutidine, DCM, rt, 16 h, 70%; d) i. Bu,SnO, dry MeOH, reflux, 3 h; ii. CsF, DME, rt, 16 h, 31%; ) NaOH (H,O/dioxane, 0.1 M), rt, 16 h, 90%.

Table 2. K; values for compounds 25 and 26 against a panel of human galectins as measured by fluorescence polarization.

Compound Galectin [Kp+SEM, pM]*

8N 8C 1 3 9C 9N
25 140+27 2100+ 140 780+140 170+16 110+£17 59+14
26 124+0.9 N.B. 580+16 82+75 360+25 53+16

[a] The average values of K, and SEM were calculated from 4 to 8 duplicate measurements. N.B.: not binding
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Figure 3. A: Plot of the most frequently appearing unique structure-based pharmacophore models derived from MD simulations of galectin-8N in complex
with 26. The x-axis shows unique models and the number of interaction features observed during the MD simulation. The numbers below the bar indicate the

number of interaction features in the pharmacophore models. The y-axis shows the frequency of appearance of the models. B: Docking binding mode of
compound 26 in the galectin-8N binding site (PDB ID: 3VKO).?®! Only selected amino acids are presented as sticks. Docking was performed using the FRED
algorithm of the OEDocking software (OEDOCKING 3.3.0.2: OpenEye Scientific Software).*”! C: Interaction plot obtained by analysing interactions of 26 with
galectin-8N binding site residues in the 200 ns MD simulation trajectory. Amino acid name and numbering are shown on the x-axis, pharmacophore feature
type on the left y-axis (H — hydrophobic, HBA — hydrogen bond acceptor, HBD - hydrogen bond donor, NI - negative ionisable, XBD — halogen bond), %

appearance on the right y-axis.

chain, as expected. An important gain in binding affinity of 34-
dichlorothiophenyl-based 26 in comparison with the methyl
glycosides (Table 1) can be attributed to the formation of a
halogen bond of 3-Cl with the Gly87 backbone carbonyl.®” This
interaction was present for more than 24% of the simulation
time (Figure 3C). The affinity for galectin-8C was weak. Consid-
ering their strong affinities for the primary target, 25 and 26
were also tested towards a panel of other human galectins. The
binding towards galectin-3 and galectin-9N was found to be
considerable, which is in line with existing galectin-8N ligands”
that showed comparable affinity to these galectins. Still, 26
showed reasonable selectivity, especially versus galectin-1,
which is an important highlight of this series.

ChemMedChem 2022, 17, €202100514 (6 of 7)

Conclusions

In this study, we synthesized a focused library of 3-O-[1-
carboxyethyl]-B-p-galactopyranoside (1) derivatives and meas-
ured their affinity for galectin-8N using a fluorescence polar-
ization assay. We first introduced modifications to the lactic
acid moiety; the benzyl esters unexpectedly were more active
than their acid counterparts. Moreover, the compounds showed
good selectivity towards galectin-8N when compared to
galectin-1 and, in particular, to galectin-3. Interestingly, our
assessment of reference compound 1 indicated a substantially
weaker affinity to galectin-8 than originally reported.”” Thus,
fluorescence polarization data should be interpreted relatively
to the reference compound. The direct comparison to 1 shows
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that our design strategy based on in silico analyses was
successful in predicting derivatives with affinity improvements
by 2 orders of magnitude (from Ky about 2700 uM to 12 uM).
The most suitable moiety at position 3 of galactose increased
affinity about 5-fold, and adding a 3,4-dichlorophenyl ring in
position 1, increased the potency a further 40-fold. With a Ky of
12 uM, compound 26 is among the most potent galectin-8
ligands reported thus far. Importantly, it also shows reasonable
selectivity for galectin-8. STD-NMR experiments of 26 binding
to galectin-8 may be considered in the future to further study
the binding characteristics of 26, an approach that has been
already used in the past on lactic acid-containing molecules.**!
Our results represent an ideal starting point for the develop-
ment of galectin-8 ligands with improved affinity and selectivity
profiles, thereby providing new perspectives for targeting
cancer or diseases associated with bone loss and inflammation.
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