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Abstract

Immunoglobulin E (IgE)-based antibodies are currently under investigation as promising novel
cancer therapeutics. Structure-function studies are complicated by the structural complexity of
the IgE glycoforms. The overall goal of this project was to develop glycosyltransferase
inhibitors with suitable properties for the application in IgE cell culture and the generation of
defined IgE glycoforms. This would provide a novel method for IgE glycoengineering,
establishing a basis for structure-function relationship studies of IgE and optimizing its

biological and therapeutic properties.

Many existing glycosyltransferase inhibitors are charged molecules with limited cell
permeability. The Wagner research group has previously developed a novel class of uncharged
galactosyltransferase inhibitors with modest activity in cells. These inhibitors are based on a
uridine scaffold with an additional substituent in position 5, which is critical for inhibitor
activity. Starting from this existing inhibitor class, two strategies were pursued to improve

potency and cellular activity.

In the first series, alternative substituents in position 5 were investigated. Target molecules 1 —
4 were tested for inhibitory activity against two recombinant galactosyltransferases (B-1,4-
galactosyltransferase 1and B-1,4-galactosyltransferase 7) in vitro and, in the form of pro-drugs
5 — 8, for IgE glycoengineering in cell cultures (Chapter 2). Based on these results, a novel
class of conformationally restricted analogues with a macrocyclic linkage between the 5-
substituent at the uracil base and the 5-position of the ribose was designed. For the generation
of target molecules, four different synthetic routes, following three general strategies, were

explored, resulting in the delivery of 12 inhibitor candidates, 29 — 41 (Chapter 3). The activity



of the conformationally restricted compounds was evaluated against galactosyltransferases in
vitro and in cell assays (Chapter 4). Molecular modelling was employed to rationalise the
experimental outcomes (Chapter 2 and 4). Additionally, the novel inhibitors were investigated
against three bacterial sugar-UDP-dependent glycosyltransferases (LgtC, SetA and LtpM)

(Chapter 2 and 4).

Findings revealed that the conformationally restricted macrocycle 31 exhibited the most potent
activity. 31 displayed 99 % inhibition of B4GalT1 at 2 mM and 97 % inhibition of f4GalT7 at
I mM. In a ligand binding assay based on Differential Scanning Fluorimetry (DSF), 31
demonstrated favourable selectivity for LgtC over SetA and LtpM. Subsequent inhibition
assays revealed an ICso of 193 + 35 uM for LgtC. These suggested 31 could potentially serve
as a broad range inhibitor of GalTs (f4GalT, p4GalT7 and LgtC) over glucosyltransferases
(SetA and LtpM). Molecular dynamics (MD) simulations revealed intermolecular interactions
between 31 and key residues in f4GalT1, f4GalT7, and LgtC that can explain the observed
activities against these enzymes. Conversely, steric clashes were observed between 31 and both
SetA and LtpM. These differences may provide an explanation for the experimentally observed
target preference of 31. Compared to its ring-open analogue 1, the macrocyclic nucleoside 31
appears to exhibit increased inhibitory activity. This suggests that conformational restriction is
a successful strategy for improving inhibitory activity. 31 also demonstrated a remarkable 26.0
—31.0 % cell permeability. Overall, the aim of achieving inhibitors with optimised inhibitory
activity, selectivity and cell penetration was successfully accomplished via conformational

restriction.

Initial findings from IgE glycoengineering revealed a reduction of four different terminal

residues on IgE glycans in the presence of the ring-open nucleoside 5, as analysed by lectin



blots, while analogue 6 appeared to slightly increase the levels of these residues. Furthermore,
there was no noticeable decrease in the prevalence of galactose or sialic acid in the tentative
glycan assignment. These unexpected, and seemingly paradoxical, effects may at least in part
be influenced by the relatively modest potency of these inhibitors. In contrast, the novel,
conformationally restricted nucleoside inhibitors are promising candidates for IgE
glycoengineering due to their enhanced inhibitory activity and promising cell permeability.
Although some cytotoxicity was observed at 100 uM for compound 31, it still stands as a
promising candidate with the potential for further structural refinement to increase its activity,
thereby reducing the amount required for cellular applications. More generally, the successful
evaluation of the conformational restriction strategy has opened a new pathway for designing

additional analogues suitable for cellular applications.
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Chapter 1

Introduction



1. Introduction

1.1 Monoclonal antibody (mAb) glycoengineering

Over the past five years, monoclonal antibodies (mAbs) have become the best-selling drugs in
the pharmaceutical market. The market value of mAbs is expected to reach 300 billion by
2025.! mAbs have been one of the most important and fastest growing classes of modern
medicines. However, the structural complexity of antibody glycosylation limits the synthesis
and application of defined antibodies. The identification of a simple and cost-effective strategy

for synthesizing defined antibodies is therefore of great importance.

1.1.1 Immunoglobulins and their glycans

Antibodies are divided into five immunoglobulin classes, IgG, IgE, IgA, IgM and IgD,
differing in structure, function and activities. In this series, immunoglobulin G (IgG) is the
most abundant antibody class in human serum and is also most studied antibody class while
our understanding of the other classes is still limited. In general, these antibody classes are
composed of two domains, Fab and Fc (Figure 1). The Fab domain is engaged in antigen
binding, while the Fc domain is responsible for binding with different Fcy receptors and
downstream effector functions (Figure 1).> What all these immunoglobulins have in common

is that they are glycoproteins which are decorated with diverse glycans.

Glycosylation is a prevalent post-translational modification of immunoglobulins, which fall
into two distinct categories including N-linked glycans and O-linked glycans.® The specific

glycan structure at glycosylation site plays a pivotal role in complement activation and receptor
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Figure 1 A schematic representation of immunoglobulin E (IgE) including representative glycans at
its glycosylation sites*

affinity, thereby influencing the effectiveness of mAbs.’ Therefore, a comprehensive
understanding of glycans at the molecular level is crucial for advancing the development of

mAbs with improved effector functions and optimized therapeutic properties.

1.1.2 mAbD glycoengineering

It has been well recognized that the manipulation of IgG glycan structure-glycoengineering is
a common strategy to control the biological and therapeutic properties of IgG. For example,
antibody-dependent cellular cytotoxicity (ADCC) of IgG is enhanced without the core fucose
on the Fc N-glycans, while the presence of terminal galactose in the Fc domain promotes
complement-dependent  cytotoxicity (CDC).° Significant evidence indicates that

glycoengineering also plays an important role in the other antibody classes.



The IgE class is a key mediator in allergic diseases and represents the least abundant
immunoglobulin, but the most glycosylated in human serum. Like other immunoglobulins, IgE
consists of two heavy and two light chains, with seven potential N-linked glycosylation sites
(Figure 1). Previous research suggests glycoengineering of IgE is essential for IgE-receptor
binding interactions and downstream effector functions. For example, Hunt et al.’ and
Bjorklund et al.® demonstrated that FceRI binding was severely diminished with complete
deglycosylation of IgE. Shade et al.? revealed that removal of the glycan at glycan site N275
leads to abrogated binding affinity for FceRI, which prevented allergic reactions. More recently,
Shade et al.'® revealed that sialylation was important for IgE functions in allergy. Moreover,
Montero-Morales et al.'! pointed out that the glycoforms terminating with GlcNAc residues
increased the binding to FceRII compared to the sialylated and galactosylated glycoforms,
which indicated that less galactose and sialic acid may contribute to the binding to FceRII.
Glycoproteins with terminal D-galactose residues are directed to asialoglycoprotein receptors
on the liver, leading to a shorter in-vivo half-life.!> Employing GalT inhibitors to reduce the
amount of terminal galactose residues may therefore be a promising strategy to prolong the in-

vivo half-life of mAbs and other therapeutic glycoproteins.

1.1.3 IgE glycoengineering in this project

All of these findings collectively suggest that glycosylation indeed plays a significant role in
modulating the functions of IgE. However, such research on IgE remains relatively limited.
Indeed, the significance of IgE glycosylation requires further elucidation and additional
supporting evidence. A major obstacle to elucidate the relationship between the glycosylation
and IgE activities are the current technological limitations to produce defined glycoforms of

IgE. The majority of existing glycoengineering technologies necessitate the creation of



optimized cell lines and/or specific culture conditions. This includes genetic modifications
related to glycan biosynthesis, the use of CRISPR/Cas-9 for gene editing,'> and the
implementation of RNA interference technology for gene silencing'“. These approaches can be
time-consuming and costly, often relying on trial-and-error methods for optimization. In this
project, an operationally simple alternative was explored: the use of glycosylation inhibitors,
in conjunction with established cell lines and culture conditions. In principle, this approach can
provide not only a new method for glycoengineering of IgE, but also a basis for structure-
function relationships of IgE structure and its biological and therapeutic properties. Hence,
glycosylation inhibitors with suitable properties for glycoengineering play a crucial role in this

project.

The following sections are overviews of mammalian glycan biosynthesis (see 1.2),
glycosyltransferases (GTs) (see 1.3) and a short review of the small molecule inhibitors that
have been successfully applied for the glycoengineering of mAbs or are suitable for such

applications in principle (see 1.3).

1.2 Small molecule inhibitors for mAb glycoengineering

1.2.1 N-glycan biosynthesis in eukaryotes

Small molecule inhibitors of protein glycosylation usually act by inhibiting one or more
enzymes involved in N-glycan biosynthesis. An abnormal glycosylation pattern is related to
differential expression of the glycosidase and glycosyltransferase required for the
oligosaccharide biosynthesis in the endoplasmic reticulum (ER) and Golgi (Scheme 1).!> Key

steps of biosynthesis of N-glycans include (i) The glycan precursor, GlcsManoGlcNAc; is



initially synthesized in the ER; (ii) The glycan precursor is transferred onto the antibody
polypeptide in the ER. (iii) The glycan precursor is gradually trimmed by a highly ordered set
of glycosidases and added with a GIcNAc to the intermediate Man3GIcNAc:; (iv) This new
precursor is then modified sequentially by specific glycosyltransferases, including fucose,
mannose, galactose and sialic acid. Glycosidases and glycosyltransferases play a key role in
the release or addition sugar units to the growing oligosaccharide chain. Glycosyltransferase
and glycosidase inhibitors are therefore powerful tools to interfere with the glycosylation
process and to manipulate the glycan structure of IgE. We will mainly focus on the
glycosyltransferase inhibitors, especially galactosyltransferase inhibitors, which are used to

decrease the abundance of specific sugar residues (galactose) of IgE.

by various glycosidases and/or glycosyltransferases

A

Asn Asn Asn Asn Asn Asn

Glucose
GlcNAc
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Mannose

veoOoOeéenme

Fucose

1. GlcsManGIcNAc; 2. Transfer onto 3. Trimming 4. Fucosylation 5. Galactosylation 6. Bisection 7. Sialylation
polypeptide

Scheme 1 Sequential processing of the antibody glycan'?

1.2.2 Small molecule inhibitors: advantages & challenges

Using small molecule inhibitors for manipulating glycosylation is a complementary approach
to the genetic disruption of glycan biosynthesis. It offers many practical advantages: compared

to most existing methods, it is more cost effective and operationally simple. In addition, small



molecules can simply be added to established culture protocols and used with any number of
different cell lines and genetic backgrounds. The level of intervention can also be easily

regulated by adjusting the dosage.

The effective use of small molecules also faces some challenges: both poor cell uptake and
limited chemical and enzymatic stability could lead to modest activity in cells of small
molecular inhibitors. There is usually a trade-off between high uptake and high viability.
However, most existing inhibitors are donor-substrate derivatives, which usually exhibit poor
cell uptake. In addition, some inhibitors have extensive inhibitory activity on a wide range of
glycosylation processes, which hinders research on the relationship between particular
glycoforms and function of immunoglobulins. Low/no toxicity is also an important factor to

be considered in the application of small molecular inhibitors.

1.3 Glycosyltransferases (GTs) and GT inhibitors

1.3.1 Glycosyltransferases (GTs)

Glycosyltransferases (GTs) constitute a vast group of enzymes that play a role in the formation
of glycoconjugates, oligosaccharide and polysaccharides during biosynthesis. They catalyse
the transfer a sugar component from a glycosyl donor to a diverse array of appropriate acceptor
molecules (including lipid, protein, DNA or glycoconjugates). A prevalent characteristic
among GTs is the utilization of glycosyl donors, with a predominant feature being a sugar
nucleotide. Nine sugar nucleotide donors have been identified in human cells, including UDP-
o-D-Gal (UDP-Gal), UDP-a-D-Glc (UDP-Glc), GDP-a-D-Man (GDP-Man), UDP-a-D-

GalNAc (UDP-GalNAc), UDP-a-D-GIcNAc (UDP-GlcNAc), GDP-B-L-Fuc (GDP-Fuc),



CMP-B-D-Sialic acid (CMP-Sialic acid), UDP-a-D-GlcA (UDP-GlcA) and UDP-a-D-Xyl
(UDP-Xy1).'¢ In all of the above cases, the sugar transfer reaction is enabled by the high energy
bond between the sugar and the phosphate. GTs acceptors are predominantly oligosaccharides,

although there are cases where they can be monosaccharides.

1.3.1.1 Sequence- and structure-based classification of glycosyltransferases

Glycosyltransferases are classified according to amino acid sequence similarity. Based upon
this, 94 GT families have been catalogued.!” In accordance with their 3D crystal structures, the

majority of GTs with established structures exhibit the GT-A, GT-B, or GT-C fold.'8

The GT-A fold comprises a single Rossman fold, which encompasses open, twisted 3-sheets
encircled by oa-helices. The initial description of the GT-A fold emerged from the crystal
structure of SpsA from B. subtilis,' an enzyme of the Leloir pathway. Most GTs with a GT-A
fold feature an Asp-x-Asp (DXD) motif positioned at the centre of the active sites. This motif
coordinates with the pyrophosphate moiety of the nucleotide donor through metal cations such

as Mn?" and Mg*".

GT-B fold enzymes exhibit a two-domain structure, each domain featuring a Rossmann-like
fold. Nonetheless, these two domains exhibit a looser connection with the active sites situated
within the resultant crevice.?’ Unlike GT-A which relies on a divalent metal ion for nucleotide
phosphate stabilization, the interconnected helices within the subdomain of its Rossmann folds

establish a binding site for the acceptor.



The recently proposed GT-C fold shares similarities with the GT-A family. Enzymes with the
GT-C fold are hydrophobic integral membrane proteins.!® They typically employ lipid

phosphate-linked sugar donors and feature numerous transmembrane helices.'®

1.3.1.2 General enzymatic mechanism of glycosyltransferases

The transfer of the sugar moiety is highly regio- and stereospecific, resulting in the potential
occurrence of two distinct stereochemical results. The configuration of the anomeric centre of
the donor sugar can be either maintained or reversed. GTs are therefore divided to retaining

enzyme or inverting enzyme (Figure 2).2°

NO
Donor retaining GT Hoﬂ «_0
O/‘N""N
WO
HO =~ ﬁ (IDI
O-P-OR

—O \/\/O
inverting GT HO o O

HO S\
Acceptor

Figure 2 Retaining and inverting transfer reaction catalysed by GTs

While the mechanism of inverting GTs has been thoroughly characterized, there remains some
ongoing discussion regarding the mechanism of retaining GTs. The inverting GTs exhibits a
single Sn2-like displacement mechanism and results in an inverted anomeric configuration
(Figure 3).'® A catalytic amino acid at the active site of the enzyme acts as a base to deprotonate
the hydroxyl group on the acceptor, enabling nucleophile attack of the anomeric centre of the
donor. The reaction is followed by the departure of the nucleotide leaving group in a Sn2-like

displacement which leads to the inverted configuration of C1.
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Figure 3 SN2-like mechanism for Inverting GTs

In contrast, the mechanism behind retaining GTs remains uncertain and two distinct
mechanisms have been suggested, respectively a double displacement mechanism and an Sni-
like mechanism (Figure 4).'® The double displacement mechanism first involves a covalently
bound glycosyl-enzyme intermediate with a catalytic amino acid attack. Then a hydroxyl group
of the acceptor activated by the base catalyst proceeds a nucleophilic attack to the glycosyl-
enzyme intermediate in another Sn2-like displacement. The Sni-like mechanism is proposed to
involve an enzyme-stabilized oxocarbenium ion-like transition state intermediate, in which the

donor leaving group and the acceptor are proposed to be on the same side.

Double displacement mechanism for retaining GTs
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Figure 4 Proposed mechanism for retaining GTs



1.3.2 Mammalian GTs: B-1,4-Galactosyltransferases (GalTs)

1.3.2.1 Classification of p-1,4-GalTs

Within eukaryotic cells, galactosyltransferases (GalT) play a role in various processes such as
the creation of several types of glycoconjugates and the biosynthesis of lactose. These enzymes
are primarily situated in the Golgi apparatus. In mammals, nineteen GalTs have been identified
and studied.?! These enzymes are responsible for catalyzing the transfer of galactose using
linkages such as f1-4-, B1-3-, a1-4- and a1-3-, following the below standard reaction for Leloir
GTs.”!

UDP-Gal + acceptor > Gal-acceptor + UDP

Amongst the subfamily members of GalT, 3-1,4-galactosyltransferases (B4GalTs) are the most
extensively researched, containing at least 7 members, f4GalT1 to B4GalT7, which share
significant homology. B4GalTs play a critical role in catalysing the transfer of galactose
molecules from UDP-Gal to various acceptor molecules. These acceptor molecules can include
N-acetylglucosamine (GIcNAc), xylose (Xyl) residues or glucose (Glc), depending on the
classification of B4GalTs.?? B4GalT1 was the first discovered and represents the most prevalent
class of B4GalTs. Subsequently identified B4GalTs, based on their higher homology with
B4GalT1, were categorized as B4GalT2 through B4GalT7. These enzymes exhibit similarity
levels of 55 %, 50 %, 41 %, 37 %, 33 % and 25 % with B4GalT1, respectively (Figure 5).%
B4GalT1 through p4GalT6 each possess four conserved cysteine residues in the putative

catalytic domains. In the conserved domain, all human B4GalTs share several short sequence

motifs, including FNRA, NVG, DVD, and WGWG(G/R)EDD(D/E) (Figure 5).
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Figure 5 Schematic depiction of human B4GalT proteins. Solid boxes: putative transmembrane

domains. Other boxes: common sequence motifs. Wedges with numbers: conserved Cysteine residues
amongst B4GalT1 to p4GalT6.2*

Amongst the enzymes involved, only B4GalT1 effectively facilitates the extension of N-
acetyllactosamine (GlcNAc-Gal) units®® while B4GalT4 serves as a significant regulatory point
for controlling glycan branching®®. For P4GalT35, in-vitro tests demonstrated it can add
galactose to N-glycans. However, in mice lacking 4GalT5, there were no noticeable changes
in N-glycan galactosylation. This suggests that the enzyme target may differ in vitro and in vivo
due to limited access to acceptor molecules in vivo.?” P4GalT7 catalyses the transfer of
galactose from UDP-Gal to xylose (Xyl) residues and, thus participating in the formation of

the linkage region that connects core proteins and glycosaminoglycans (GAG).

1.3.2.2 Structure and mechanism of B-1,4-GalTs

The catalytic domain of B4GalTs contains two flexible loops, one relatively long and one
relatively short (Figure 6). The main metal binding site is situated at the N-terminal hinge

region of the elongated flexible loop. When both a metal ion and a sugar-nucleotide bind, a



substantial conformational shift occurs in the flexible loops, transitioning them from an open
to a closed conformation. This change in conformation simultaneously generates a binding site
for an oligosaccharide acceptor at the C-terminal region of the flexible loop, a site that was
previously absent. The loop essentially functions as a lid, covering the attached donor substrate.
Following the transfer of the glycosyl unit to the acceptor, the resulting saccharide product is
released, and the loop returns to its original state to release the remaining nucleotide.’® The
specificity of members within the f4GalTs family towards the nucleotide sugar UDP-Gal is
governed by a tryptophan residue (W314 in B4GalT1) located in the binding pocket. This
tryptophan residue is consistently conserved across different family members from various
species. In the open conformation, the side chain of tryptophan is oriented outward from the
binding pocket. Conversely, in the enzyme's closed conformation, the side chain of tryptophan
towards the binding pocket (Figure 6), engaging in the binding of donor and acceptor

substrates.?%%°

conformation 1 i
open I~ ~~ )conformation TI

Figure 6 Open conformation (green) and closed conformation (purple) in f4GalT1 containing a long
flexible loop (residues 1345-H365) and a short flexible loop (containing W314)*



1.3.3 Bacterial GTs: LgtC, SetA and LtpM

GTs are not only important for mAb glycosylation in mammals, but also for other biosynthetic
processes and biological functions. As part of our investigation, we explored three other UDP-
sugar-dependant GTs — LgtC, SetA and LtpM — known for their function as bacterial GTs. This
exploration offered an opportunity to discern the selectivity of our inhibitors in relation to these

target enzymes.

LgtC, also called a-1,4-GalT, from N. meningitidis functions as a retaining GalT, facilitating
the transfer of a-galactose from UDP-Gal to a terminal lactose acceptor located on the bacterial
cell wall.>® Exclusive to Gram-negative pathogenic bacteria, LgtC plays a crucial role in the
biosynthesis of the lipooligosaccharide (LOS) envelope found on the bacterial surface. The
expression of LgtC has been associated with a significant resistance to serum in non-typeable
Haemophilus influenzae (NTHI) strains.’! Researchers have therefore investigated inhibiting
LgtC involved in LOS biosynthesis as a potential strategy for discovering antimicrobial
drugs.’? The crystal structure of LgtC in complex with substrates (Figure 7a) was published
by Persson et al.** LgtC contains four Asp-x-Asp (DXD, where x represents any amino acid)
motifs, with two of them situated at the active site. Upon binding to the donor substrate, LgtC
experiences notable structural alterations, and it is suggested that two flexible loops transition
from an open to a closed conformation.>> However, a crystal structure of LgtC without a
substrate is not yet accessible, thus making the positioning of the flexible loops uncertain in
the apo (substrate-free) stage. MD simulations could provide a possibility as to how the flexible

loops move (Figure 7b).>



Figure 7 Structures of LgtC. (a) Crystal structure of LgtC with donor (in red) and flexible loops
(residues 75 — 80 and 246 — 251) in blue (PDB: 1G9R), visualised with Schrodinger. (b) Comparison
of two LgtC structures at the beginning (red) and end (blue) of MD simulations*

Both SetA and LtpM are glucosyltransferases and act as Leginonella pneumophila etfector
proteins. Legionella pneumophila is a human pathogen responsible for the development of a
severe form of pneumonia known as Legionnaires disease.> SetA is more widely studied than
LtpM which was published recently. However, neither of them has crystal structure accessibly.
SetA displays O-glucosyltransferase activity and is a member of the GTA fold
glycosyltransferases.>® SetA is referred to as a subversion of eukaryotic traffic A due to its role
in sabotaging vesicular transport in yeast.’” The catalytic activity is situated at the N-terminus
of SetA, while the C-terminus (amino acids 401-644) plays a crucial role in directing SetA to
vesicular compartments within host cells.* LtpM is encoded within a recombination hotspot
in L. pneumophila Paris. Levanova et al.*® found that LtpM is both localized and activated by
a C-terminal phosphoinositide 3-phosphate (PISP)-binding domain. They also discovered the
N-terminal domain of LtpM represents a novel form of glucosyltransferases, which functions
independently of metal ion co-factors and catalytic DxD motif. This is distinct from classic

GTAs like SetA.*® In both SetA and LtpM, the AlphaFold models demonstrate the existence

of conserved residues, including a tryptophan, aspartic acid and asparagine (Figure 8).
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Figure 8 Superimposition of SetA (red) and LtpM (green). Conserved residues within the binding
pocket are highlighted in the AlphaFold models of SetA (red) and LtpM (green). UDP (green) was
docked with LtpM AlphaFold model using Glide of Schrodinger. The AlphaFold models were
generated by Gunnar Neels Schroeder.

1.3.4 Glycosyltransferase (GT) inhibitors

The majority of current GT inhibitors employed in glycoengineering directly focus on
inhibiting their respective target GTs. The inhibitors to be discussed below were presented

based on the enzymes they specifically target.

1.3.4.1 Inhibitors for GalTs

Terminal galactose residues target glycoproteins to asialoglycoprotein receptors on the liver.
This therefore limits glycosylation half-life. Control of the abundance of galactose therefore
has biological and pharmacological research value. Galactose residues occur in N-glycans most
commonly in a B1-4 linkage. The corresponding p-1,4-GalTs catalyse the transfer of galactose
from the sugar-nucleotide donor UDP-Gal specifically to N-acetylglucosamine (GlcNAc)

residue (acceptor) in the N-glycan biosynthesis of IgE.



Several donor analogues have been published as potent GalT inhibitors. Some inhibitors are
modified from the sugar (i.e., 1 in Figure 9)* or sugar phosphate moieties (i.e., 2 in Figure
9)* of the donor while some others modified from the nucleobase moieties (i.e., 3 and 4 in
Figure 9)*'*> For example, a naphthylmethyl group was introduced to the position 3 of indole
group in the inhibitor 1 while a formylthien substitution was introduced to the position 5 of
uracil in the inhibitor 3. These donor analogues can occupy the active site of GalT and therefore
affect the sugar transfer. The formylthiophen substitution on the uracil ring was proven to form
an additional hydrogen bond with a key residue in the target enzyme. This blocked the enzyme

in a catalytically inactive conformation (compound 5 in Figure 9).

Despite their potency, these inhibitors have some limitations. The presence of pyrophosphate
linkage makes the molecule susceptible to chemical and enzymatic degradation and difficult to
penetrate cell membrane. To overcome this, some inhibitors are designed by the substitution
of natural glycosidic (O-glycosidic) phosphoester bond with C-glycosidic bond, such as i.e., 2,
which enhanced chemical and enzymatic stabilization of the structure. Moreover, uncharged
inhibitors also attract researcher attention. The Wagner research group has also previously
synthesised this type of neutral inhibitor (4 in Figure 9) with promising activity. Inhibitor 3
was altered by eliminating its sugar and pyrophosphate elements while retaining the 5-
substituent. This modification resulted in enhanced cell permeability and stability of the
inhibitors. Nevertheless, the ICso decreased to 207 uM from 18 uM by employing the indol-4-
yl- group as the 5-substituent (4 in Figure 9). Aside from these donor analogues, some acceptor

Y

analogues (5 in Figure 9 also have been studied, however there are scarce examples.

Apart from inhibitors targeting GalTs, there have been reported inhibitors for

fucosyltransferases (FucTs), mannosyltransferases (ManTs), and sialyltransferases (SiaTs).



These inhibitors can play a role in investigating the structure-property relationships of IgE. The
predominant design approach for these inhibitors involves the use of analogs of donors,

acceptors, or a combination of both.
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Figure 9 Representative GalT inhibitors

1.3.4.2 Inhibitors for other GTs

Some FucT inhibitors have been successfully applied in IgG glycosylation. Most published
FucT inhibitors inhibit fucosylation by depleting the intracellular donor substrate of FucT,
GDP-fucose. For example, the use of 2-fluoro-L-fucose per-O-acetate (compound 6 in Figure
10), involving the replacement of an alcohol group with a fluorine substituent, resulted in the
production of completely defucosylated IgG. This outcome was observed in both cell culture
and in vivo in mice and therefore improved the ADCC functions.* Similarly, 6,6,6-
trifluorofucose per-O-acetate (compound 7 in Figure 10), a prodrug of 6,6,6-trifluorofucose,

was successfully used to regulate the fucose glycans on the IgG in a dose-dependent manner.*



The sialylation reactions can be inhibited using fluorinated analogs of the donor substrate,
cytidine monophosphate (CMP)-SiaFAc. As early as 1999, CMP-SiaFAc was found to have
the potential to inhibit sialylation reactions but with poor cell uptake.*’*® Its peracetylated
metabolic precursor (SiaFAc) was used to enable passive diffusion over the cell membrane and
CMP-SiaFAc was activated inside the cell. ***° Such SiaFAc acts as a desired donor substrate-
based inhibitor to prevent the de novo synthesis of the natural substrate in human HL-60 cells.
More recently, Heise et al. *° designed and synthesized the similar C-5-modified 3-fluoro sialic
acid sialyltransferase inhibitors (i.e., 8 in Figure 10) which proved to have drastically improved

and prolonged inhibitory ability in multiple mouse and human cell lines.

Mannosyltransferase (ManT) inhibitors are seldom reported. Urbaniak et al.>! published the
first inhibitor (compound 9 in Figure 10) of the third a-mannosyltransferase (MTIII) of the
Glycosylphosphatidylinositol (GPI) biosynthetic pathway. 2’-amino analogue (9) of
bimannosylglucosaminylphosphatidylinositol (Man,GlcN-PIC;3, M2) blocked the synthesis
process of Man3GIcN-PIC18 (M3) and led to an accumulation of M2 in vitro experiments,
which indicated that MTIII was inhibited by 2’-amino analogues with low micromolar

inhibitory activity (Figure 10).
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1.4 Conformational restriction as a design strategy for a novel class of

glycosyltransferase inhibitors
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Figure 11 Conformational restriction to improve inhibitory activity, selectivity and cell permeability of
existing inhibitors’>** against p4GalT1
The Wagner research group has previously reported a donor analogue 5-FT UDP-Gal (3) which
was the best GalT inhibitor to date with ICso value of 18 uM towards bovine f4GalT1 (Figure

11). It stands out due to the substituent group located at position 5 of its base, which has the



ability to lock the target enzyme in a catalytically inactive state.*! However, in terms of cellular
applications, 5-FT UDP-Gal (3) is limited by the charged pyrophosphate linkage, which
constrained its application in the glycosylation of IgE. Considering this, Jiang et al.** modified
5-FT UDP-Gal by removing its sugar and pyrophosphate component while the 5-substituent
remained. Both cell permeability and stability of the inhibitors were improved. However, the
ICso was reduced to 207 uM from 18 pM when using indol-4-yl- group acting as 5-substituent
(compound 4 in Figure 11). To address this issue, the concept of conformational restriction
was pursued. Conformational restriction was going to be achieved by linking the 5’-position
of the ribose with the 6-position of the indole substituent, resulting in a new class of
macrocyclic nucleoside (Figure 11). This conformational restriction was expected to enhance
potency and selectivity for the biological targets by minimizing the entropic loss of the ligand
being constrained in its preferred conformation. The following sections provide an introduction
and brief reviews on conformationally restricted macrocycles (see 1.4.1) and the application of

conformational restriction in nucleosides (see 1.4.2).

1.4.1 Conformationally restricted macrocycles

Macrocycles are cyclic structures with 12 or more atoms in their rings. Due to restricted rotation,
they offer a certain conformational preorganization. This is crucial for effective binding to
proteins, where a molecule needs bioactive conformation. Macrocycles limit the available
conformations for unbound molecules, reducing the entropic cost during binding. While not
completely rigid, they restrict internal bond rotations, providing conformational constraint.
Macrocycles are adaptable, offering flexibility to efficiently interact with proteins' flexible
binding sites. This flexibility minimizes the internal entropy penalty when transitioning from

the unbound to the bound state.>* 8



Entropy 1is interconnected with other thermodynamic parameters in reversible binding via
Gibbs free energy. (Equation 1)
AG = AH - TAS = -RTInK (Equation 1)

AG = Gibbs free energy change; AH = enthalpy change; T = temperature; AS is entropy change; R = gas constant;
K is binding constant.>

The entropic change is proportional to the binding affinity. In the process of binding between
ligand and protein, the whole binding system including ligand was changed from disorder to
order. The entropy is therefore decreased during binding (entropy measures the degree of
disorder of a system). Thus, a pre-organized ligand is expected to decrease the entropic loss of
the binding system, and therefore can increase the binding affinity and the related ligand
potency. For example, Tron et al., found an acyclic compound 10 adopted a “U”-shaped
conformation in the binding pocked of Mcl-1 (Myeloid cell leukemia-1). By closing the ring
and optimization, the ICso value could decreased by 60-fold (11) (Figure 12).°° Apart from
entropy change, enthalpy change may also compensate to contribution to binding affinity. In
most of the cases of conformationally restricted structures, the entropy change tends to be
accompanied by enthalpy change, such as, increased/decreased hydrogen bonds
intramolecularly or increased/decreased strength of hydrogen bonds intermolecularly. Delorbe
et al.% investigated the effect of macrocyclization of a Grb2 SH2 protein-protein interaction
inhibitor on the enthalpic and entropic components of binding using isothermal titration
calorimetry. They found cyclized 13 had a greater favourable entropic contribution to the free
energy of binding, with a smaller enthalpic contribution due to the lack of intramolecular
hydrogen bond that existed in the linear ligand 12. As a result, 13 was still slightly more potent

than 12 due to its high positive entropic contribution (Figure 12).%!
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Figure 12 Examples of macrocycles for improving binding affinity by conformational restriction

Research has shown that macrocyclic model compounds may exhibit not only improved
potency, but also enhanced permeability across membranes in comparison to their acyclic
counterparts. The enhancement is believed to stem from alterations in properties, such as the

reduction of flexibility in macrocyclic compounds. Nie et al.®

discovered that a macrocyclic
pyrazolo triazine inhibitors (15) of CK2 was less potent than an acyclic one (14) in the enzyme
assay than the acyclic compound, while more effective in a cell-viability assay. This due to

increased cell permeability of the less planar conformation of the macrocyclic structure (Figure

13).63,64
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Figure 13 Example of macrocycle for improving cellular permeability by conformational restriction



1.4.2 Conformationally restricted nucleosides

It has been recognized that the binding affinity of nucleosides is affected by the sugar puckering
(north/south) and the orientation of the nucleobase (syn/anti) (y angle). The anti-conformation
is mostly preferred in nucleosides. The orientation of the 4°-5’ bond (y angle) is also another
essential feature, namely, synclinal (+sc) and antiperiplanar (ap), in which +sc conformation is
populated in pyrimidine nucleosides while both are equally preferred in purine nucleosides
(Figure 14). All these parameters contribute to the design of the modified nucleosides to

improve their selectivity and biological activities.
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Figure 14 Conformational nomenclature of natural nucleosides. “B” means base.

Existing research predominantly focused on the modification on the pentofurano sugar moiety
by chemical approaches. Three to seven-membered ring-fused bicyclic nucleosides have been
published, in which, 1',2'- 1°,3’-, 1’,4°-, 2°,3’-, 2°,4°-, 3°,4’-, 3’ ,5’-conformational constraints
are included.®>~7?> The conformation of the natural nucleoside is well restricted by the inserted
ring into the ribose to form a defined conformation. For example, the seven-membered ring
linking the 3’ to 5° methylene groups of the sugar moiety of 16 produced a nucleoside with
South orientation and defined y angle.”” The prodrug exerted modest antiviral activity.

Similarly, 3’°,5’-conformationally constrained 17 was also proved to express improved



stabilization compared to its natural nucleoside.”! In addition to the furanose-nucleoside, its
carbocyclic nucleoside analogue was also studied. A bromo substituent was introduced to the
position 3 of adenine (compound 18a and 18b)’2, which locked the conformation into anti type
by increasing the steric hindrance. The analogue of 18b, 18a has no bromo substitution
showing less bioactivity. Moreover, the bicyclic[3.1.0]hexane ring constrained pseudo sugar
component resulted in a North-conformation. Compared to 19b with South conformation, 18b
has a more rigid structure showing more potent bioactivity than 19b (Figure 15). All these

indicate the importance of the restricted conformation for bioactivity.

Apart from the ribose with an fused ring, different classes of spiro-nucleosides have also been
studied, such as anomeric spiro-,”> C-2’-spiro-,’* C-3-spiro-"> and C-4’-spiro-nucleosides.’®
Some of them demonstrated excellent bioactivities.”*’” In these cases, hydantocidin
(compound 20)73, a natural spiro-nucleoside, is more than a sugar-restricted nucleoside
analogue, its nucleobase is also constrained. In this spironucleoside, the anomeric carbon
belongs simultaneously to the base and the sugar ring, which restricts the base in a specific
orientation around N-glycosidic bond. Hydantocidin was proved to effectively inhibit
herbicidal activity. Its analogues were also widely studied, and some showed excellent
bioactivities. Other modified nucleosides with sugar or both base and sugar-conformation

restricted are still limited (Figure 15).
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1.5 Aims and objectives

The main goal of this project was the development of a novel class of conformationally
restricted nucleosides as GalT inhibitors and their application for the glycoengineering of IgE.
It was anticipated that these GalT inhibitors would possess suitable properties for applications
in cells and could be used in conjunction with established cell lines and culture conditions to
control the glycoforms of IgE (Figure 16). This would represent a significant technological
advance for the generation of defined IgE glycoforms, and help establish the exact role of
glycosylation for the biological and therapeutic properties of IgE, which is presently not well

understood.

glycosylation

inhibitor (5

IgE culture  IgE glycoforms

manipulation of :> optimisation of
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Figure 16 The main project aims

This project pursued four key objectives:
1) Rational design and chemical synthesis of novel conformationally restricted GalT
inhibitors based on a 5-substituted nucleoside scaffold
2) Biochemical assessment of inhibitors against GalTs
3) Molecular modelling to rationalise the enzymological behaviour of inhibitors

4) Biological evaluations of inhibitors in IgE cell culture



The inhibitor design was based on the previously reported GalT donor analogue 5-FT UDP-
Gal, which displayed a low micromolar range inhibitory activity against several GalTs.*! Due
to the 5-formylthienyl substituent at position 5 of the uracil base, 5-FT UDP-Gal can lock its
target GalTs in a catalytically inactive state. However, 5-FT UDP-Gal has limited suitability
for cellular applications due to its charged pyrophosphate linkage. Removal of the sugar and
pyrophosphate linkage improved cell permeability and stability but led to a drop in inhibitory

activity.*

In order to regain inhibitory activity and maintain, or further improve, cell permeability,
conformational restriction was applied as a design strategy in this project (Scheme 2). Starting
from an uncharged, S-substituted nucleoside, internal bond rotations were restricted by
introducing a macrocyclic linkage between the 5-substituent at the uracil base, and the 5°-
position of the ribose (Scheme 2). It was anticipated that this approach may enhance potency
and selectivity for biological targets by minimizing the entropic loss associated with the ligand

being constrained in its preferred conformation.

Two classes of inhibitors were explored (Scheme 2). Class 1 inhibitors were uridine derivatives
featuring diverse 5-substituents (Scheme 2). The goal was to identify the most favourable
substituent and orientation at position 5 of the nucleoside scaffold. Subsequently, installation
of a macrocycle at selected Class 1 inhibitors nucleosides delivered a novel class of
conformationally restricted Class 2 (Scheme 2). The inhibitory activity of Class 1 inhibitors
and Class 2 inhibitors was evaluated against two mammalian GTs, f4GalT1 and p4GalT7.

Selected inhibitors were also applied in IgE glycoengineering studies in cells.
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Scheme 2 Designed structures of Class 1 inhibitors and Class 2 inhibitors

GTs are not only important for mAb glycoengineering in mammals but also in many other
biosynthetic processes and biological functions, including in bacteria. Therefore, the secondary
aim of this project was to investigate selected inhibitors against three additional UDP-sugar-
dependent GTs of bacterial origin, LgtC, SetA and LtpM. These experiments allowed an initial
assessment of the target selectivity of the new inhibitors and their potential as anti-bacterial

agents.

The main results from the project are described in three experimental Chapters. Chapter 2
covers the development of 5-substituted nucleoside derivatives (Class 1 inhibitors). It provides
an introduction to the synthesis of four ring-open compounds 1 — 4 and their corresponding
pro-drug forms 5 — 8, followed by inhibitory activity assessments of in-vitro assays and cellular
assays. In Chapter 3 and 4, the conformationally restricted, macrocyclic nucleosides of Class
2 inhibitors are reported, which form the primary focus of this project. Chapter 3 encompasses
several different synthetic routes towards the target compounds, while their activity evaluation
is described in Chapter 4. Finally, molecular modelling was carried out to rationalise the

experimental results and provide a basis for further optimisation.



Chapter 2

S-substituted uridine derivatives

— Target Class 1



2.  S-substituted uridine derivatives (Target Class 1)

2.1 Introduction

This Chapter mainly focuses on the synthesis, activity evaluation and molecular modelling of
Class 1 inhibitors. Class 1 inhibitors refer to a group of compounds consisting of 5-substituted
uridine derivatives. The key step involved in their synthesis is the Suzuki cross-coupling
reaction. A relevant review detailing Suzuki coupling is provided. The activity evaluation
involved biochemical assessments, encompassing Malachite-Green inhibition assays and
HPLC-based inhibition assays, targeting mammalian GalTs. Subsequently, cellular activity
evaluations were conducted, including IgE glycoengineering. Biochemical evaluations of other
GTs (LgtC, SetA and LtpM) were employed as target enzyme in DSF binding assay. Molecular
modelling was utilized to provide a rational explanation for the observed experimental

outcomes.

2.1.1 Suzuki-Miyaura coupling

Suzuki coupling is one of the most widely employed Pd-catalyzed C-C reactions. It comprises
the palladium catalyzed cross-coupling between organoboronic reagents and halides. Recent
advancements in catalysts and methods have significantly expanded its potential applications,
extending beyond aryl halides to alkenyl, alkenyl and alkynyl halides, and replacing boronic
acids to boronate esters, organoboranes or potassium trifluoroborates as viable reaction
partners. Suzuki-Miyaura reactions present several notable advantages,® including

compatibility with aqueous conditions, mild reaction conditions, readily available reagents,



excellent compatibility with various functional groups, high stereo- and regioselectivity and

low toxicity.

Suzuki-Miyaura cross-coupling reactions involves three key mechanistic events’: (i) oxidative
addition, (i1) transmetalation and (iii) reductive elimination (Figure 17). The vast majority of
cross-coupling reactions catalyzed by Pd(0), Fe(0), and Ni(0) can be explained and understood

through this shared catalytic cycle (Figure 17).”
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Figure 17 Proposed catalytic cycle”

Oxidative addition and reductive elimination are shared amongst most cross-coupling reactions
and have been extensively investigated using both molecular and experimental techniques.
These two steps are well understood. However, transmetalation step is less well-understood

because it is highly dependent on reaction conditions and the nucleophile used.*

Oxidative addition, involves the addition of aryl halides or other electrophiles to a Pd(0)
complex, resulting in the formation of a stable trans Pd(II)-C complex. Pd(PPh3)s4, PAC1>(PPhs)>

and Pd(OAc). plus phosphine ligands are commonly used palladium sources. These are air-



stable and readily undergo reduction to form an active Pd(0) complex when exposed to
phosphines or organometallics.®! Oxidative addition often serves as the rate-determining step.
It depends on the reactivity of leaving group, is as follows: 1>> Br>> CIl > F. In this step, the
halides electrophiles are activated by the electron-withdrawing groups, which are more reactive

than those with electron-donating groups.®?

Transmetalation in Suzuki coupling is an organometallic process involving the transfer of
ligands from organoboron to the Pd(Il) complex. Simultaneously, the nucleophilic organic
groups are also transferred from organoboron to the palladium(II) complex.”® In the absence of
base, organoboron compounds do not undergo transmetalation. It is widely accepted that the
base serves the dual purpose of activating the organoboron compound and facilitating

formation of the intermediate from the oxidative addition product.

In the reductive elimination step, Pd(I) eliminates the product with a new C-C bond and
restores the Pd(0) catalyst. The stereo effect is involved in this step. This process takes place
from the cis complex, causing the trans complexes to isomerize into their corresponding cis
isomers. Therefore, the order of reactivity is diaryl->alkyl-aryl>dimethyl-palladium which
suggests the potential involvement of the m-orbital of the aryl group.®* Furthermore, the steric
bulkiness of the substituents on the phosphine ligand also helps in this reductive elimination
reaction. N-heterocyclic carbenes have been employed as an alternative to phosphines because

of their greater electron richness and bulkier nature.3

2.1.2 Suzuki coupling of nucleosides

Nucleoside derivatives have attracted significant attention owing to their potential bioactivity.

Amongst the various synthetic nucleosides, there has been a specific focus on the C5-modified



pyrimidines. These are focused upon in this project. In contrast to alternative strategies, Suzuki
coupling offers a clear advantage since it can be used in aqueous conditions in the presence
and absence of protecting groups. Considering the polarity of nucleosides, the use of aqueous
conditions significantly enhances the solubility of the reactants and subsequently addresses

yield-related challenges.

In 2002, Wagenknecht et al.®® published the first procedure for synthesizing unprotected
arylated nucleosides via Suzuki coupling. 5-(1-pyrenyl)-2'-deoxyuridine was synthesized in
the presence of Pd(PPh3)s4 and NaOH using a solvent system of THF-MeOH-H>O. A substantial
quantity of catalyst was employed.®’ Less commonly used boronic acids such as thiophene and
furan boronic acids have also been reported as Suzuki coupling reagents by research groups
including the Yamamoto group, Wagner group, and Berteina-Raboin group.®**® While many
Suzuki coupling reactions typically require elevated temperatures, often exceeding 80°C, there
have been successful instances of Suzuki reactions conducted at rt.5°° For instance, a recent
breakthrough by Serrano et al.’! introduced Quadrol-Pd(Il) as a phosphine-free catalyst for the

aqueous Suzuki synthesis of unprotected nucleoside derivatives at rt.

Suzuki coupling conditions were applied to the unprotected and protected nucleosides. The
main purpose of utilizing protected nucleosides was to prevent side reactions between the
functional groups of substrates and the ribose hydroxy groups. In recent years, numerous
Suzuki-coupling methods have been developed for unprotected nucleosides. Prior to these
advancements, Suzuki coupling reactions were conducted using protected nucleosides due to
their lipophilic properties, since conventional Suzuki coupling was traditionally performed in

organic solvents. Common protecting groups employed Suzuki coupling reactions include the

92,93 94,95 96,97

2'-3'-isopropylidene,””” silyl groups,””> and acetylated groups



2.2 Objectives

The substituent in position 5 of the prototype inhibitor 5-FT UDP-Gal is crucial for GalT
inhibitory activity as it blocks the enzyme in a catalytically inactive conformation. Hence, Jiang
et al.*? retained the 5-position fragment but removed the pyrophosphate and sugar of 5-FT
UDP-Gal for cell application. While there were improvements in cell permeability and stability,
there was a simultaneous decrease in inhibitory activity (Scheme 3). Therefore, the objective
of this Chapter was to determine the most favourable 5-substituent and orientation for the
nucleosides (Scheme 3, Class 1 inhibitors). This sought to offer insights for the design of a

new class of compounds.
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Scheme 3 Class 1 inhibitors with various substituents in position 5

The activity evaluation comprised biochemical assessments, including Malachite-Green and
HPLC-based assays, targeting mammalian 4GalTs (see 2.4 and 2.5). Molecular modelling
was utilized to offer a rational explanation for the observed experimental outcomes. Following
this, cellular activity studies were carried out, including IgE glycoengineering (see 2.6).

Additionally, biochemical evaluations of other GTs (LgtC, SetA, and LtpM) were employed



as target enzymes in the DSF binding assay (see 2.7). Each assay is introduced prior to the

corresponding results in each section.

2.3 Synthesis of 5-substituted uridine derivatives 1 — 8

At the beginning of the project, compounds 1 and 2, featuring indol-4-yl and indol-6-yl groups,
were chosen as the initial candidates, due to their superior inhibitory activity against 4GalT1
amongst the tested 5-substituted nucleosides in assays conducted by Jiang ef al.** 1 and 2 were
obtained by Suzuki-Miyaura coupling of 5-iodouridine with corresponding heteroaryl acids
(Scheme 4). Despite using conventional techniques over microwave reactions, a 99 %
conversion of 1 and 2 was observed. These nucleosides possess a relatively polar nature which
require purification via reverse phase column chromatography or crystallization. Both
purification methods can result in a significant loss of material. Given this, 1 and 2 were directly
employed in the subsequent acetylation step without undergoing additional purification. The
employment of peracetylated sugars and nucleosides is a well-established pro-drug strategy,
given that the acetyl groups can be easily removed by intracellular carboxylesterases. This
approach resulted in yields of 70 % and 83 % for 5 and 6 individually over 2 steps, which were
intended for use in cell applications. Notably, the yield of inhibitor 5§ was substantially
improved compared to the published results, which reported a 35 % yield over two steps.*? This

may be attributed to the omission of column chromatography purification at first step.
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Scheme 4 Synthesis of 5-substituted nucleosides 1 — 4 and their pro-drugs 5 — 8. Reagents and
conditions: (i) boronic acid (1.5 equiv.), Na;PdCl4 (2.5 mol%), TPPTS (6.3 mol%), Cs,CO; (2.0 equiv.),
degassed water, N,, 120 °C, 1 — 4 h; (ii) DMAP (0.05 equiv.), Ac.O (3.5 eq.), pyridine, rt, 14 — 36 h,
70 % — 84 % over two steps.

In order to identify favourable substituents and orientations of the nucleosides against f4GalT1,
nucleosides with benzofuran substituents were also designed. This design took into account
their expected capacity for hydrogen bonding and/or pi stacking interactions with target
enzymes. Specifically, we prepared 5-(benzofuran-5-yl) uridine (3) and 5-(benzofuran-7-yl)

uridine (4), along with their corresponding acetylated derivatives (Scheme 4). The combined

yields for the two steps of 7 and 8 reached to 78 % and 84 %, respectively (Scheme 4).

2.4 P4GalT1 inhibition assays and molecular modelling of 1 — 4

The inhibitory activity of compounds 1 — 4 against f4GalT1 was initially assessed using

Malachite-Green inhibition assays (see 2.4.1). Molecular modelling was employed to

rationalise the experimental outcomes (see 2.4.2).



2.4.1 P4GalT1 inhibition assays of 1 — 4

To evaluate the inhibitory potential of these derivatives, a glycosyltransferase assay coupled
with a phosphatase was employed.”® The assay utilized calf intestinal alkaline phosphatase (CIP)
to efficiently remove inorganic phosphate from the nucleoside diphosphate, which is produced
as a secondary reaction product during glycosylation. The concentration of phosphate is
measured using a colorimetric assay at 620 nm. When inhibitors are present, the absorbance
signal is diminished (Figure 18). This assay can be employed to assess the potency of inhibitors
by determining their individual ICso values. The published results indicate that an enzyme
turnover between 20 — 50 % of the UDP-Gal donor presents a reproducible assay window. In
this project, it has been observed that enzyme turnover within the 10 % — 20 % range also yields

reproducible and comparable results.
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Figure 18 The GalT reactions and the malachite green assay”®

In the malachite green assay, 1 and 2 exhibited ICso values of 4.8 + 0.45 mM and 2.4 + 0.39
mM against B4GalT1, respectively (Figure 19). These values are approximately ten times

higher than previous research,*” where ICso values of these two identical inhibitors were



reported as 207 £ 37 uM and 250 £ 24 uM, respectively. While there is no obvious explanation
at the present time for this discrepancy, it may be worth noting that the results were obtained
in different laboratories by different operators. The two other inhibitors, 3 and 4, featuring a
benzofuran group at position 5 of the nucleoside, displayed ICso values of 1.9 + 0.34 mM and
3.8 £ 0.48 mM, respectively (Figure 19). Overall, all four compounds demonstrated
comparable inhibitory activities, in which 5-(benzofuran-5-yl) uridine 3 exhibited slightly

better activity, while 5-(indol-4-yl) uridine 1 displayed slightly less potency.
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Figure 19 Determination of ICsy values for 1 — 4 against f4GalT1. Reagents and conditions: f4GalT1
(1 pg/mL, turnover: 17 %, 11 %, 16 % and 22 % for 1 — 4, respectively), UDP-Gal (33 mM), GlcNAc
(10 mM), CIP (10 U/mL), MnCl, (5 mM), lysozyme (1 mg/mL), Triton X (0.01 %), MnCl, (5 mM),
KCl1 (50 mM), HEPES (pH 7.5, 10 mM), DMSO (10 %) and inhibitors series dilutions were incubated
in a 96-well plate at 30 °C with shaking for 20 min. The reaction was stopped by adding malachite
reagents. The absorbance was measured at 620 nm in 1 h. Bars indicate mean values + S.D. of the
triplicates in a single experiment. Each experiment was repeated three times.



2.4.2 Molecular modelling of 1 — 4 with p4GalT1

To further understand the activity results, molecular modelling of f4GalT1 was conducted.
Considering two flexible loops are near the binding sites of f4GalT1, Molecular Dynamic (MD)
simulations were employed to simulate movements and interactions of ligands with target
enzymes over time. We chose the pose that exhibited both a good superimposition with natural
ligand of P4GalT1 (PDB: 1FR8) and the highest docking score using Glide docking in

Schrodinger, followed by MD simulations using CharmmGui and Amber.

In MD simulations, Root Mean Square Deviation (RMSD) is commonly used parameter that
describes the stability of the protein and/or ligand. It quantifies the average movement of atoms
during a designated time interval (100 ns was used here), typically expressed in Angstroms (A).
A lower RMSD value for a ligand in a protein-ligand complex indicates a more stable ligand
in the binding side. RMSD values on the order of 1 — 2 A or lower are often considered
acceptable for stable structures. RMSD values of 1 and 4 suggested they were unstable within
the binding site of the f4GalT1 (Table 1). These results were consistent with experimental I1Csq
values. 1 and 4 demonstrated slightly poorer inhibitory activities compared to 2 and 3. These
results were almost consistent with 1Cso values (higher RMSD, less potency). In addition, the
energy calculations did not reveal significant interactions between the ligands and proteins.
This could potentially explain why they did not show the anticipated activity, in contrast to

what was reported in the published results**.



Table 1 Root-Mean-Square Deviation (RMSD)“ and ICso of 1 — 4

Compound 1 2 3 4
ICso (mM) 48=+0.5 24+£04 1.9+£03 3.8+£0.5
RMSD (A) 49+29 1.9+0.6 22+04 3.0£0.5

¢ RMSD values were calculated based on non-hydrogen atoms for both the receptor and ligand with VMD. The
B4GalT1 structure (PDB: 1FR8) used was from the Protein Data Bank.

2.5 P4GalT7 inhibition assays of 1 — 4

The inhibitory activity of compounds 1 — 4 against f4GalT7 were assessed in HPLC-based
fluorescent assays conducted by Roberto Mastio at Lund University. f4GalT7 plays a vital role in
the generation of heparan sulfate (HS) and chondroitin sulfate/dermatan sulfate (CS/DS)
glycosaminoglycan (GAG) chains. GAG chains predominantly bind to a core protein, leading
to the creation of proteoglycans (PGs), which play crucial roles in regulating various biological

functions® and the pathobiology across all stages of cancer progression.!?¢-102

)19 in the GAG biosynthesis process,

B4GalT7 participates in post-xylosylation (Figure 20a
which can also be triggered by xylosides containing hydrophobic aglycons (i.e., 2-naphthyl 3-
D-xylopyranoside (XylNap)), catalyzed by B4GalT7 (Figure 20b).!%*!% Exogenously added

xylosides can serve as acceptors within cells and can therefore offer a simplified model system

for GAG biosynthesis.
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Figure 20'7 (a) GAG biosynthesis process. (b) Galactosylation with XyINap as substrate

For the assessment of galactosylation activity and inhibition of f4GalT7, the Ellervik research
group developed a cell-free assay, utilizing a 96-well plate layout suitable for high-throughput
analysis.'%1%7 The activity of p4GalT7 was evaluated by employing XylNap as the acceptor
substrate, UDP-Gal as the donor substrate. Consequently, GalXylNap emerged as the relevant
first-order dependent product. The reaction was examined through HPLC with fluorescence
detection. During assessment, a fixed quantity of XylNap was added along with varying
concentrations of inhibitors, and the quantity of generated GalXylNap was determined. A
reduction in GalXyINap formation, relative to the control, signifies that the substance functions

as an inhibitor of 4GalT7 (Figure 21).
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Figure 21'"7 Galactosylation (a) and inhibition (b) of B4GalT7 via HPLC-based fluorescent assessment.
(a) The peak of GalXyINap shows an upward trend with rising concentrations of XylNap, 0.25 mM, 1.0
mM and 2.0 mM respectively. (b) The peak of GalXylNap demonstrates a downward trend as the
inhibitor concentration increases, 0 mM, 0.5 mM and 1.5 mM, respectively.



1 — 4 were examined upon evaluation with the aforementioned assay. 1 and 3 displayed no
inhibition towards the enzyme, whereas 4 demonstrated weak inhibition. Unusually, 2 did not
show inhibition but strong activation, reaching up to 45 % at 1 mM concentration (Figure 22).
In the repeated assay with 11 dilution steps, the activation reached to 154 % at 1 mM. The
enzyme activity observed in this assay was significantly higher compared to previous single
round, potentially attributed to the degradation of the enzyme. The limited amount of UDP-Gal
used in this assay might have resulted in an upper activation limit, i.e., all UDP-Gal was used
up (Figure 23). The activation activity of 2 suggested it might bind at a putative allosteric site
of B4GalT7 rather than the donor binding site. Further investigation of the glycan profile

involved in GAG biosynthesis induced by 2 within cells is necessary.
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Figure 22 Activation and inhibition of galactosylation by f4GalT7 in the presence of 1 — 4 at 1 mM.
Each experiment was carried out in duplicate. Bars indicate mean values + S.D. of the duplicates in a
single experiment. The data was obtained by Roberto Mastio.
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Figure 23 Activation of galactosylation by f4GalT7 in the presence of 2 from 1 mM with a dilution
factor of 2 across a series of 11 sequential dilution steps. Bars indicate mean values £ S.D. of the
duplicates in a single experiment. The data was obtained by Roberto Mastio.

2.6 Cell assays of 5—8

Cellular activity evaluations were conducted by Alex McCraw. The assessment involved cell
viability, degranulation and IgE glycoengineering. The IgE analysis included glycan lectin

blots and tentative glycan assignment.

2.6.1 Effect of uridine derivatives 5 — 8 on cell viability

In the evaluation of cellular viability for compounds 5 — 8, which represent the acetylated form
of 1 — 4, they displayed tolerance levels up to 250 uM (Figure 24). However, beyond this
concentration, there was a noticeable increase in the number of deceased cells compared to
viable ones. Hence, a concentration of 150 uM was utilized for IgE production and glycan

analysis.
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Figure 24 Cell viability of 5 — 8. Expi-HEK293F cells seeded at 5x10° cells/ml (standard concentration
for protein production) on Day 1 and harvested on Day 3 following incubation with known
concentrations of inhibitor. The data was obtained by Alex McCraw.

2.6.2 Effect of uridine derivatives 5 — 8 on degranulation

From the degradation assessment, inhibitors 5 and 6 exhibited reduced degranulation in
comparison to the control (Figure 25), indicating a potential impairment in their capacity to
signal through FceRI (or potentially even bind it), possibly due to alterations in glycosylation

that have likely induced structural or functional modifications.
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Figure 25 Degranulation results of compound 5 and 6. Purple: as control, non-specific crosslinker (anti-
IgE); Orange: specific crosslinker, A2058 cells expressed with CSPG4 (antigen which all IgEs are
specific for). GALOO1 = 150 uM (inhibitor 5); GAL002 = 150 uM (inhibitor 6); ConlgE = unmodified
control IgE; NIP-IgE = non-specific control IgE. The data was obtained by Alex McCraw.

2.6.3 Initial glycoanalysis of IgE glycoforms obtained in the presence of

uridine derivatives 5 and 6

Lectin blot assessment was employed to evaluate how the inhibitors affect the glycans
expressed in IgE in comparison to the unmodified IgE, exemplified with compound 5 and 6.
Compound 5 exhibited a slight inhibitory effect on all four glycans, whereas compound 6 led
to an increase in the levels of all four glycans (Figure 26). It appears both inhibitors displayed

a lack of selectivity with respect to these four sugars.

There are three possible explanations for the observed results: (1) The inhibitor is not specific
for GalTs, instead, it functions as a broad-spectrum inhibitor, affecting other

glycosyltransferases like FucTs, SiaTs, and ManTs as well. (2) The inhibitor inhibits a GT in
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Figure 26 Initial glycan analysis of 5 (left) and 6 (right) performed via lectin blot. Comparing
glycosylation of variants produced in Expi-HEK293F cells treated with inhibitors compared to an
unmodified IgE produced in the same system (150 uM). The experiment was carried out in a single
instance. The data was obtained by Alex McCraw.

the early stages of glycan biosynthesis, preventing the subsequent addition of molecules such
as Gal and Fuc. (3) The inhibitor acts through a distinct mechanism that is in independent of

GTs. (4) The lectin blots recognised were terminal sugars. The results mentioned above
indicated an increase in all four glycans—Galactose, Mannose, Fucose and Sialic acid — which
implies the quantity of terminal GlcNAc underwent a corresponding inverse change. (5) The
addition of both inhibitors impacted IgE production, subsequently resulting in either an

increase or decrease in total glycans.

From the tentative glycan assignment via HPLC-MS of the two IgE variants in relation to
compound S and 6 at 150 puM, it appears no apparent reduction exists in the abundance of
galactose or sialic acid. (Figure 27 — Figure 29) This suggests that compound 5 and 6 might
not be specific galactosyltransferase inhibitors. Considering their poor tolerance and the
observed effects, it is probable that they are targeting an enzyme in an early stage of the glycan
production process. These unexpected, and seemingly paradoxical, effects may at least in part

be influenced by the relatively modest potency of these inhibitors.
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Figure 27 The HPLC-FD chromatogram of HEK CSPG, IgE Control, with suggested glycan structures
assigned to the main peaks, determined by analyzing m/z masses and predicted monosaccharide
compositions. The data was obtained by Alex McCraw, Dr Richard Gardner (Ludger Ltd) and Dr Daniel

Spencer (Ludger Ltd).
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Figure 28 HPLC-FD chromatogram of HEK CSPGy IgE-inhibitor 5, with suggested glycan structures
assigned to the main peaks, determined by analyzing m/z masses and predicted monosaccharide
compositions. The data was obtained by Alex McCraw, Dr Richard Gardner (Ludger Ltd) and Dr Daniel

Spencer (Ludger Ltd).



Intens.
[mAU]

x107 Lk

Figure 29 HPLC-FD chromatogram of HEK CSPGy IgE-inhibitor 6, with suggested glycan structures
assigned to the main peaks, determined by analyzing m/z masses and predicted monosaccharide
compositions. The data was obtained by Alex McCraw, Dr Richard Gardner (Ludger Ltd) and Dr Daniel
Spencer (Ludger Ltd).

2.7 Bacterial enzymes: binding assays with 1 — 4

To evaluate the binding of our inhibitors to other UDP-sugar-dependant GTs, Differential
Scanning Fluorimetry (DSF) was employed. DSF was used to evaluate the binding affinity
between the ligands and proteins. Compared to the inhibitory activity assay, DSF is simple and
requires minimal sample preparation, making it suitable for high-throughput screening. DSF
measures the melting temperature (Tm) of a biomolecule, indicating when it undergoes
structural changes like unfolding. DSF works by tracking changes in the fluorescence of a dye
binding to exposed hydrophobic regions during proteins unfolding. SYPRO Orange is often
used for this purpose. As the temperature rises, proteins undergo structural changes, leading to

increased or decreased fluorescence intensity (Figure 30).
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Figure 30 Fluorescence intensity and temperature correlation during the thermal unfolding of proteins
in the presence of SYRPO Orange dye!®

The Twm shift caused by an inhibitor reflects its influence on the thermal stability of the protein.
If an inhibitor stabilizes the protein, it may result in a higher Tm compared to the control
(without the inhibitor). This shift indicates that the protein requires a higher temperature to
undergo unfolding, suggesting increased stability in the presence of the inhibitor. Conversely,
if an inhibitor destabilizes the protein, the Ty may decrease compared to the control. This shift
implies that the protein unfolds at a lower temperature, indicating reduced stability in the

presence of the inhibitor.

Compound 1 — 4 were measured in the DSF assay against LgtC, SetA and LtpM. Compound 2
— 4 exhibited moderate binding activity and demonstrated selectivity against SetA over LgtC
and LtpM (Table 2). These results suggested 2 — 4 can potentially exhibit effective inhibitory
activity against SetA. This result is intriguing, given that SetA and LtpM exhibit structural
similarity. Both SetA and LtpM serve as glucosyltransferases, acting as effector proteins in
Legionella pneumophila, and exhibit identical conserved residues in their respective binding

pockets. Further elucidation of this finding necessitates additional inhibition assays.



Table 2 Melting temperature (Tr) shifts of 1 — 4 in DSF assay”

Entry Compound A Tn (°C)
LgtC SetA LtpM°®
1 1 <2 <2 <2
2 2 <2 25+0.3 <2
3 3 <2 24+0.2 <2
4 4 <2 23+0.2 <2

Each experiment was carried out in triplicate. The experiment that demonstrated a deviation of more than two
degrees was repeated twice. * The concentrations were from 2 to 0 mM with a dilution factor of 2 across 3
sequential dilution steps. The ATy, (°C) was calculated at 2 mM. ® The data was obtained by David Matthews.

2.8 Summary and conclusions

Previously, uncharged 5-substituted nucleosides were discovered to exhibit moderate
inhibitory activity and enhanced cell permeability against mammalian p4GalT1l. However,
their potency was found to be 20 — 30 times lower than the nucleotide inhibitor, 5-FT UDP-
Gal. To find the most favourable substituent and orientation for the nucleosides, alternative
substituents at position 5 were investigated. This was expected to provide insights for the
design of a new class of compounds. Four target molecules 1 — 4 (Class 1 inhibitors) were
synthesized with Suzuki-coupling as the key step. 1 — 4 were investigated to evaluate their
biochemical activity. Their pro-drugs 5 — 8 were made through acetylation for cellular

applications.

1 —4 were tested for their inhibitory activities against recombinant mammalian GalTs: B4GalT1
and B4GalT7. Malachite Green inhibition assay indicated 1 — 4 shared comparable inhibitory
activity against f4GalT1l (ICso: 1.9 — 4.8 mM), aligning with the results obtained from

molecular modelling. An intriguing observation was made by compound 2 which demonstrated



an unexpected activation of up to 154 % towards 4GalT7. This suggested 2 might bind at a

putative allosteric site of B4GalT7 rather than the donor binding site.

Cell viability assessment showed that 5 — 8 demonstrated tolerance levels of up to 250 uM. 5
exhibited a slight inhibitory effect on all four IgE sugars, whereas 6 led to an increase in the
levels of all four IgE glycans. Both inhibitors appear to lack selectivity with respect to these
four sugars. Regarding the IgE level, there appears to be no noticeable reduction in the
prevalence of galactose or sialic acid. These unexpected, and seemingly paradoxical, effects

may at least in part be influenced by the relatively modest potency of these inhibitors.

Bacterial sugar-UDP-dependant GTs (LgtC, SetA and LtpM) were assessed using a DSF
binding assay. 2 — 4 exhibited moderate binding with SetA (ATm: 2.3 — 2.5 °C) in comparison
with LgtC and LtpM (ATwm < 2 °C). This observation suggested 2 — 4 had the potential to
selectively target SetA over LgtC and LtpM. Further clarification of this result is required

through additional inhibition assays.
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3. Conformationally restricted uridine derivatives (Target Class 2)

3.1 Introduction

This Chapter describes the synthesis of Class 2 inhibitors. The key feature of these uridine
analogues is the presence of a macrocycle, which connects the 5'-position of the ribose with
the substituent at position 5 of the uracil base. This macrocycle was going to be generated via
a ring-closing reaction. Prior to presenting the results, a review on ring-closing reactions is
therefore provided. Ring-closing reactions can be challenging because the resultant ring strain
poses a significant energy barrier that must be overcome for the reaction to proceed. Common
ring-closing reactions include Ring-Closing Metathesis (RCM), lactonization, cross-coupling,
etherification, electrophilic substitution reaction and dehydration reaction. Generally, the two
uncyclized parts are connected by an alkenyl chain with varying length. In this project, three
strategies for macrocyclization were investigated, RCM, macrolactonization and Heck

macrocyclization.

3.1.1 Ring-Closing Metathesis (RCM)

Ring-Closing Metathesis (RCM) is a common approach for creating macrocycles, yielding a
double bond that can be subsequently reduced to an alkyl chain. RCM reactions are initiated
by transition metals such as ruthenium and advance through an intermediate stage known as
metallacyclobutane. The driving force behind the cyclization reaction was ascribed to the

entropic advantage achieved through the release of a volatile gas, ethylene (Scheme 5).
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Scheme 5 Mechanism of olefin metathesis

Robert Grubbs and Richard Schrock significantly advanced the utility of RCM reactions.'% 11
The catalysts were represented by Schrock catalyst, Grubbs catalyst I to III, and Hoveyda-
Grubbs catalyst (Figure 31).!!! They were widely employed in RCM reactions (Scheme 6)''>
114 Schrock synthesized the first well-defined single-component metathesis catalysts, which
are known for their impressive catalytic activity, but they are constrained by high sensitivity
and limited capacity to tolerate various functional groups.'!> Apart from changing the chelating
metal from molybdenum to ruthenium, Grubbs et al. also illustrated that phosphine dissociation
stands as a pivotal stage within the olefin metathesis process. Their research indicated that
catalysts featuring phosphine ligands possessing both substantial steric clashes and electron-
donating properties exhibit the most elevated levels of catalytic activity.!'® Therefore in the
second-generation ruthenium catalysts, they replaced trialkylphosphines of Grubbs I with N-
heterocyclic carbene (NHC) which are notably bulkier and exhibit greater electron-donating
characteristics. Apart from that, various other functional groups exert varying degrees of
influence on catalytic activity, such as the halogen and benzylidene group.'!” Based on this, a
multitude of diverse ruthenium catalysts have emerged. However, they still have limitations

such as elevated temperatures, the need for high dilution, and extended reaction time.''®



Compared to Grubbs catalysts. Hoveyda—Grubbs catalysts also emerged in succession which
were famous for their improved stability.!’ In the second generation of Hoveyda—Grubbs
catalysts, the phosphine group was replaced by an oxygen group, which gives a phosphine-free
catalyst. Different from 1% and Class 2 catalysts, the 3™ generation Grubbs catalysts are usually
applied in the ring-open metathesis reactions due to their highly fast-initiating rates.

Structurally, the phosphine was commonly replaced by two 3- bromopyridine groups.
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99%

L,

al al Catalyst
(0]
)L (0] (0]
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o H g 5 H > Ta
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Y 0 N 0)\4 o o |
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Scheme 6 Ring-closing metathesis reactions
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Figure 31 Common metathesis catalysts



3.1.2 Macrolactonization

Lactonization has been widely applied in the field of macrocyclic synthesis, especially natural
products, where the Mitsunobu and Yamaguchi conditions are most widely utilised. Here, the

MNBA reagent and substrate of an unsaturated acid were also introduced.

The Yamaguchi reagent is 2,4,6-trichlorobenzoyl chloride. The Yamaguchi esterification
involves an alcohol and an aliphatic carboxylic acid, in the presence of the Yamaguchi reagent

and DMAP. For example, Hoye et al.'*°

achieved the synthesis of Peloruside A, employing the
pivotal Yamaguchi cyclization as a key step in their methodology (Scheme 7). Si et al.'!
successfully produced (+)-Cladospolide D, featuring a 12-membered ring, utilizing Yamaguchi
lactonization as the crucial step (Scheme 8). In the work by Kobayashi et al. Macrophelides

were prepared with three ester linkages through Yamaguchi lactonization (Scheme 9), and one

of the exemplary cases demonstrating a high yield is outlined in Scheme 10.'%?

TBSO
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Yamaguchi reagent iPerEt, toluene, 0 °C-rt
g 9 l DMAP, PhCHa, rt, 54%
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Et

OMe QMe QH QMeOPMBOMe 0

OTBS OMOM

Peloruside

Scheme 7 Macrolactonization in Peloruside A synthesis
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Scheme 9 Routes for Macrophelides lactonization
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Scheme 10 Macrolactonization step in the synthesis of Macrophelide A

The Mitsunobu reaction is primarily employed to convert primary and secondary alcohols into
various functional groups, such as esters, ethers, and other compounds, under mild conditions.
It typically relies on the involvement of four essential components: a primary or secondary
alcohol, a carboxylic acid, triphenylphosphine (PPhs), and azo compounds like diethyl
azodicarboxylate (DEAD) or diisopropyl azodicarboxylate (DIAD) to facilitate the reaction.
As an illustration of ring-forming reaction, Dakas et al. '** employed the Mitsunobu conditions
as the strategy for conducting macrolactonization in their study (Scheme 11). Toma et al.'**
employed the intramolecular Mitsunobu reaction involving a primary alcohol to generate an

amine as part of the process to construct a 15-membered ring.
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Scheme 11 Macrolactonization with Mitsunobu conditions

MNBA reagent (2-methyl-6-nitrobenzoic anhydride) is also an interesting lactonization
reagent that can be utilized in the formation of macrocycles from hydroxycarboxylic acids. It
was developed by Isamu Shinna in 2002. A good example was illustrated in the synthesis of
Octalatin, where the macrocycle was formed in the presence of MNBA and a catalytic amount
of DMAP with high yield (Scheme 12). Additionally, it was demonstrated that under
concentrated conditions (100 mM), a dimeric product was obtained with a yield of 32%.!%
Although they did not provide an example of the macro-lactonization reaction involving a
primary alcohol under the MNBA reagent, they did present a series of examples showcasing

the regular lactonization process using primary alcohols.!?°

1.3 eq. MNBA,
0.1eq. DMAP
OH OBn O 6.0 eq. Et;N BnO:.. o
TBDPSO™ " OH pewm, rt, 13 h, 90% OTBDPS
: H

Scheme 12 Macrolactonization with MNBA reagent

In addition to hydroxycarboxylic acids serving as substrate for intramolecular lactonization,

there have been reports of unsaturated acids being utilized for this process as well. For example,

/ 127

Simonot et a illustrated the formation of medium- to large-sized rings using iodo

lactonization with bis(sym-collidine)iodine (I) hexafluorophosphate, in which an iodo group

Ji 128

was introduced (Scheme 13). Additionally, Lumbroso et a reported a process in which



rhodium catalyzed the coupling reaction between carboxylic acids and terminal alkynes,
leading to branched allylic esters. They documented the synthesis of macrolactones ranging
from 12 to 23 members, featuring various functional groups. Furthermore, these conditions

were applied to synthesize a complex natural compound, achieving a yield of 52 % (Scheme

14).'%

(0]

R bis(sym-collidine)iodine (l)- o

/‘\MJ\M/\ hexafluorophosphate o WI
COOH o
moon DCM, reflux 0+im R yield: up to 75%
R: H or CH; m=1-6
n=0-2
Scheme 13 Iodo lactonization
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—_—
N._O N._O
DCE, 70 °C, 72h
" c=0.01M, 52 %

Scheme 14 Macrolactonization via rhodium-catalyzed coupling

3.1.3 Heck macrocyclization

Intramolecular Heck cyclization naturally extends from the traditional Heck reaction where a
covalent linkage forms between an alkene and a haloalkane or haloalkene. The main steps in

Heck coupling are summarized as follows (Scheme 15):!%°

1) pre-activated Pd(0) undergoes oxidative addition into the C(sp?)—X bond, forming an

organopalladium species



2) the vinyl group coordinates with Pd(II)
3) ring-closing via migratory insertion between the C(sp?) and the vinyl group

4) the cyclization product (exo or endo) forms via -hydride elimination

The type of product (exo or endo) is contingent on the size of the ring, which is affected by a
complex interplay of electronic, steric and conformational factors. Generally, due to the steric
demand of endo cyclization, small rings (3 — 7 members) tend to favor exo cyclization, while
the macrocycles (> 12 members) predominantly yield endo products. Medium rings, on the

other hand, often result in a combination of both.

B-HE
, H
0 X exo XPd
Pd closure exo product
X || oA
Mi B-HE
LD ()
/Pd A
X endo H
closure PdX endo product

OA = oxidative addition, MI = migratory insertion, B-HE = B-hydride elimination

Scheme 15 Mechanism of Intramolecular Heck cyclization!%

While the intramolecular Heck reaction serves as a viable method for macrocyclization, it has

received relatively little attention in recent decades compared to RCM and macrolactonization.

Geng et al."*® synthesized macrocyclic Taxoids utilizing the intramolecular Heck reaction,
which gives highly regioselectivity and functional group tolerance. By strategically altering the

positions of the halo- and olefin functionalities, they achieved the formation of endo products



with an impressive regioselectivity of 100 %.'*° In addition to the widely utilized iodide reagent
due to its higher reactivity, Carr et al.'3! illustrated the application of Heck macrocyclization
with aryl bromides. However, it is worth noting that the use of iodide still resulted in higher

product yields in their study. Breslin et al.'*

showcased the application of Heck
macrocyclization to synthesize ALK inhibitors, incorporating bromo and olefin moieties in

either aromatic position (Scheme 16).
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Scheme 16 Intramolecular Heck reactions



3.2 Objectives

The results obtained from Class 1 inhibitors indicated that 5-substituted uridine derivatives 1
to 4 all displayed comparable inhibitory activity against B4GalT1. In addition, 1 was the most
synthetically accessible amongst Class 1 inhibitors. Therefore, we chose 1 as the structural
basis for developing the conformationally restricted compounds in Class 2 inhibitors (Scheme
17). Recognizing the flexibility of the single bonds, a chain was introduced between the indole

group and the 5°-O of ribose (Scheme 17). This introduction aims to constrain the

conformational flexibility of the molecule.
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Scheme 17 Conformationally restricted Class 2 inhibitors with 3 ring-forming strategies via 4 synthetic
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This Chapter provides an overview of the ring-closing reaction which is the pivotal step for the
synthesis of Class 2 inhibitors. Three ring-closing strategies were employed in four synthetic
routes in this Chapter (Scheme 17), including macrolactonization (route A, see 3.3) RCM
(route B and C, see 3.4 and 3.5) and Heck macrocyclization (route D, see 3.6). In the case of
our project, route D, featuring the Heck macrocyclization as the pivotal step, demonstrated a
successful outcome. Whilst the other three routes did not yield the final compounds themselves,
they produced several useful intermediates and synthetic insights that proved valuable in the
development of the successful synthetic route. Activity assessment and molecular modelling

of Class 2 inhibitors will be introduced in Chapter 4.

3.3 Attempted formation of the macrocycle via macrolactonisation (Route A)

To achieve macrocycles, macrolactonization as a ring-forming strategy was employed. One
advantage is that only one group with a carboxyl group needs to be added to the indole,
allowing the process to be completed in just a few steps. Based on this, the retrosynthetic route
was made, including ketal protection of 2’3’-O-isopropylidene, Suzuki coupling, Heck
coupling and macrolactonization (Scheme 18). Successfully, compounds 12, 16 and 17 were
obtained (see 3.3.1 and 3.3.2). Unfortunately, the Heck coupling between 17 and acrylic acid

proved unsuccessful (see 3.3.3).
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Scheme 18 The retrosynthetic route A

3.3.1 Synthesis of 6-bromoindole-4-boronic acid pinacol ester 12

To introduce a suitable substituent for macrocyclisation of the ring-open nucleoside 1, the
indole group was functionalized with a bromo group. The formation of 6-bromoindol-4-
boronic acid pinacol ester 12 was accomplished through sequential borylation and

diprotodeboronation processes.

Regioselectivity of aromatic C-H borylation is mainly driven by steric and electronic effects.
Thus, Ir-catalysed borylation of unprotected indoles first installs a Bpin group at C2, then C7,
and CS5 as the following spot. However, when a halogen installs in position 6 first, then C2, C7,

133 illustrated the first Bpin group

C4 would be the sequence of borylation. Shen and co-workers
to be installed during the Ir-catalyzed borylation was also the first to be removed in the

protodeboronation.'*?



For the synthesis of 6-bromo-4-boronate, Nabi and co-workers'** gave a good example on this
series of reactions. In short, diprotondeborylation was performed after triborylation reaction.
2,4,6-triboronate 10 indole was produced as intermediate and 6-bromoindol-4-boronic acid
pinacol ester 12 was obtained as final product (Scheme 19). Either two separate steps (65 %
yield for two steps) or one-pot reaction gave good yield (70 % yield in one-spot). Intermediates

9 and 11 were also isolated.

Bpin Bpin
HN \ HN \ HN A
f > diborylation Bpin triborylation Bpin
—_— —_—
Br Br Br Bpin
9 10

protodeborylation J

HN
HN ;\ ) HN \} 3 protodeborylation Bpin j&
- 6 4
Br Br Bpin Br Bpin
12

11

Scheme 19 General synthesis of key reactant 12

In the process of synthesising target compound 12, compounds 13, 14 and 15 were newly found
under the different conditions (Scheme 20). Equivalent of boronated indole forced the fourth
substitution of the indole ring on the position of bromo. 13 was formed using these modified
conditions (58 % yield). 14 and 15 were produced using the same conditions as for 11 and 12

(Scheme 20).
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Scheme 20 General synthesis of 4, 6-diboronic acid pinacol ester 15

In detail, 2,4,7-triborylindole 10 was isolated in a good yield of 84 % (Scheme 21), with 3.5
equivalent of BzPin2 and 9 mol% iridium catalyst. It was found when reaction time was
adjusted from 3 days to 1 day, the yield of 10 decreased while the intermediate 9 increased

(Scheme 21). Product 9 was not mentioned or characterised by Nabi and coworkers!34.

Bpin

HN Bpin HN—2
\ @) HN— (i) Boin. 7 \
—> BpinJ — » BP
6 6 4
6 Bpi
Br Br Br pin
9 10

Scheme 21 Synthesis of 4,7-diborylatedindole 9 and 2,4,7-triborylatedindole 10. Reagents and
conditions: (i) [Ir(OMe)cod]> (9 mol%), dtbpy (18 mol%), B,Pin, (3.5 equiv.), THF, 85 °C, 12 h; (ii)
[Ir(OMe)cod]> (9 mol%), dtbpy (18 mol%), B,2Pin» (3.5 equiv.), THF, 85 °C, 24 h. 84 % yield over 2
steps.

More importantly, when the equivalent of B2Pin> was adjusted from 3.5 to 5.0, the bromo

substituent was replaced with Bpin under iridium catalysis. In this way, the unprecedented

2,4,6,7-tetraborylated 13 was obtained in a modest yield of 58 % (Scheme 22).
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Scheme 22 Synthesis of 2,4,6,7-tetraborylated indole 13. Reagents and conditions: [Ir(OMe)cod]. (9
mol%), dtbpy (18 mol%), B,Pin, (5.0 equiv.), THF, 85 °C, 24 h, 58 %.

The use of bismuth triacetate to conduct protodeborylation at C2 and C7 sequentially worked
as expected (Scheme 23). In our studies, a key factor that affects the product yield was found.
It was found that a single diborylated product arose when it was carried out with non-anhydrous
solvents or when the B;Pin; stoichiometry was adjusted. In addition to solvent quality, the
nitrogen atmosphere under high pressure is a crucial factor in protodeborylation. While a mild
yield of 12 was achieved with 65 % conversion of the product (Table 3, entry 4), a notable
increase in nitrogen pressure significantly improved the yield of the desired product, reaching

83 % conversion (Table 3, entry 6).
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Scheme 23 Synthesis of 11 and 12. Reagents and conditions: (i) Bi(OAc)s (20 mol%), non-anhydrous
THF-MeOH, 65 °C; (ii) Bi(OAc); (20 mol%), anhydrous THF-MeOH, 65 °C.

To improve the product yield, the optimization was subsequently performed. It was found
product conversion was not improved by use of 40 mol% Bi(OAc); instead of 20 mol% (Table
3, entry 1 and 2). Fresh Bi(OAc); did not help to increase the product conversion(Table 3,
entry 8 and 9). The quality of solvents matters, that is, anhydrous solvents seemed to increase
product conversion in comparison with non-anhydrous solvents (Table 3, entry 1 and 3). This

1133

was in agreement with results from Shen ef a Completely degassed solvents also slightly



increased product conversion (Table 3, entry 3 and 4). The product conversion was
dramatically reduced when less MeOH was used (Table 3, entry 3 and 5). Nitrogen
atmosphere under high pressure and 220 equiv. MeOH gave 83 % product conversion, without
diborylindole. However, 17 % degraded compound was observed (6-bromoindole) (Table 3,
entry 6). Prolonging the reaction time to 2 days resulted in a decrease in product conversion
with an increased proportion of degraded compound (Table 3, entry 7). Surprisingly,
increasing the MeOH content to 440 equiv. slightly decreased the product conversion with a
slight increase in diborylindole however the amount of degraded compound was unchanged
(Table 3, entry 6, 8 and 9). Increased reaction time led to decreased yields, with an overall
drop from 83 % in 16 h to 50 % after 73 h (Table 3, entry 8, 10 and 11). Longer timescales
increased the ratio of product degradation (Table 3, entry 6, 7, 8, 10 and 11). No product
formation was observed using microwave heating (Table 3, entry 12). Optimized reaction
conditions led to the 84 % yield of 10 for the first step (Scheme 21) and 83 % yield of 12 for
the second step (Table 3, entry 6). 70 % yield was obtained by a one-pot reaction comparable

to separate steps. The one-pot reaction was favoured due to its simpler operation.

Table 3 Optimization of diprotodeborylation of 10

Equiv. of Equiv. of time T Solvents Conv.(%)*
Entry Bi(OAc)s &e o N, n 0 2.5:1 12:11:
(mol%) MeOH/THF 6-bromoindole
1 20 220 under N 16 65 non-anhydrous 26:69:5
2 40 220 under N 24 65 non-anhydrous 26:69:5
3 20 220 under N 16 65 anhydrous 56:31:13
4 20 220 under N; 48 65 ~ anhydrousand 65:28:7
degassed
5 20 55 under N 16 65 anhydrous 13:87:0
6 20 220 N2 and high 16 65 anhydrous 83:0:17

pressure




N> and high

7 20 220 43 65 anhydrous 77:0:23
pressure

8 20 440 Noandhigh 565 o hvdrous 77:8:15
pressure

9 20 440 Noandhigh g0 drous 75:15:10

(fresh) pressure

10 20 440 Noandhigh 5 ¢y anhydrous 70:14:16
pressure

11 20 440 Noandhigh 55, anhydrous 50:0:50
pressure

12 20 220 under N 30 min 65 anhydrous no reaction

¢ Conversion was determined by '"H NMR analysis of the crude product.

Similarly, the protodeborylation of 13 was carried using bismuth triacetate (Scheme 24). 4,6,7-
triborylated (14) indole was obtained in the adjustment of reaction time, equivalent of MeOH,
the quality of solvents, also the nitrogen pressure. 4,6-diborylated indole (15) was also obtained
after similar optimization. It’s also worth mentioning that 9, 10, 11, 13, and 14 showed strong
fluorescence, even at longer UV wavelengths (365 nm). Hence, they have potential for future

fluorescence-based applications.

Bpin HN
HNT () Bpin.7 (i HNT) , 7""“ N
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Scheme 24 Synthesis of 14 and 15. Reagents and conditions: (i) Bi(OAc); (20 mol%), non-anhydrous
THF-MeOH, 65 °C; (ii) Bi(OAc)s (20 mol%), anhydrous THF-MeOH, 65 °C

3.3.2 Synthesis of 5-(6-bromoindol-4-yl) uridine derivative 17

In order to install 6-bromoindole at the 5 position of uridine, 5-iodouridine was chosen as a

suitable reaction partner, as the iodo group is a good leaving group for the cross coupling of



nucleosides.!*® Prior to the cross-coupling reaction, the secondary alcohols in positions 2' and
3' of 5-iodouridine were protected in the form of a ketal. Thus, protected 16 was obtained from
commercially available 5-iodouridine in a high yield of 92 % under standard conditions
(Scheme 25).!3¢ As indicated by the high yield, this reaction was straightforward, including its
work-up: a simple extraction yielded the product as a white powder, without requirement for
further purification by column chromatography. It’s worth mentioning that NaHCO; was a
good base here to neutralize the reaction in the work-up step as the following side products
were only NaCl, CO» and water which were easy to remove. However, EtsN was suggested in
the published paper, which was not appropriate here, as additional Et;N was difficult to remove

and remained in the product even after the silica gel column chromatography.

O O
l\fk )N: l\f‘\NH
NSo 2% N’&o
HOj Ketal protection Hoj
(0] (0]
OH OH 0.0
N

Scheme 25 Synthesis of 16. Reagents and conditions: acetone, H>SOu, rt, 2 h, 92 %.

With two starting materials 12 and 16 in hand, Suzuki cross coupling was then performed to
yield 17. Compared with previous ring-open 1, an additional bromo atom was introduced to
position 6 of the indole. The aim was to substitute a chain at position 6 to enable ring-formation.
Suzuki cross-coupling of nucleoside substrates has been well-studied by the Wagner research
group. Suzuki coupling is significantly affected by the type and number of equivalents of base,
as well as the catalyst and solvent. Jiang et al.*> summarized three sets of conditions for
unprotected nucleosides. Method A contained 1.5 equivalent boronic acid, 2 equivalent Cs2COs3,

2.5 mol% NaxPdCls and 6.3 mol% TPPTs in degassed water. Method B contained 1.5



equivalent boronic acid, 3 equivalent NaHCO3 and 5 mol% PdCL(dppf)DCM in 3:1
DME/water. Method C contained 1.5 equivalent boronic acid, 3 equivalent NaHCO3 and 5 mol%
PdCla(dppf)DCM in 3:1 dioxane/water. Starting from this, these conditions were applied into

our nucleoside derivatives.

Following method A of Jiang et al.**, 17 was obtained in an unexpectedly low yield of 26 %
(Table 4, entry 1), despite the high yield from a previous attempt to synthesize compound 1.
To gain further insight, the side product was isolated characterized by NMR and LC-MS.
Results indicated the side product was a protected 0°-5’-cyclouridine 18 without iodo group.

92,137 suggest 18 can be produced under basic conditions (i.e., NH3-H>O or

Previous researches
NaH) from 5-bromo substituted uridine. Qu et al.'*” reported that 18 did not form at rt from 5-
iodo substituted uridine. However, this was observed in our Suzuki conditions. It’s possible

high temperature in the Suzuki conditions accelerated iodo group leaving and subsequent ring

formation.

To improve the yield of the desired product 17 and suppress the formation of side product, the
cross-coupling reaction was extensively optimized (Table 4). By changing the ratio of two
starting materials from 1:1.2 to 1.2:1, the yield decreased slightly (Table 4, entry 2). The
catalyst PACLx(dppf)DCM in dioxane and water almost doubled the yield of the product in
comparison with the catalyst Na;PdCls/TPPT in water, the yield was changed from 26 % to
54 % (Table 4, entry 3). Increased equivalent of boronic aicd pinacol ester did not lead to
increased yield (Table 4, entry 4). THF/MeOH solvent was also attempted.'® It seems it was
not polar enough and therefore was not suitable for NaoPdCls/TPPTS catalyst system. No
product was observed under this condition (Table 4, entry 5). To understand the role of the

bromo group and 2', 3' -O-isopropylidenyl group in the Suzuki cross coupling reaction, 5-(6-



bromo-4-boronic acid pinacol ester)-uridine, 2', 3'-O-isopropyliden-5-(6-bromo-4-boronic acid

pinacol ester)-uridine and 5-(4-boronic acid pinacol ester)-uridine were synthesized (Table 4,

entry 6, 7 and 8). The results indicated that the 2',3'-O-isopropylidenyl group facilitates the

ring formation of O°%-5’-cyclouridine.

Table 4 Optimization of Suzuki coupling” between uridine derivative 16 and indole derivative 12

HN:’[\\
Bpin

HN—
(6} 0 (6}
NH Br Br NH NH
I — | I
N™ "0 Suzuki coupling N0 * N" "0
HO HO- (01
(e} o
0.__0 0,0 0
PN e PN
16 17 18
o Equiv. of Conv.¢ Yield
Entry Uridine Boronate SMis Catalyst Solvent Base (17:18) (%)
. Na,PdCls/ .
1 1:1.2 TPPTS HO Cs:CO; 1:1 26
. NadeCl4/ .
2 j 1.2:1 TPPTS HO Cs2COs 1:1 20
2°3’-0- brom<;indo . PdClx(dppf) = dioxane/ .
3 protecied | 1.4 borotic 1:1.2 DCM H,0 NaHCO:s 1:0.6 54
acid PdCly(d dioxane/ ,
4 S 1:1.5 Déﬁ’pﬂ Lo | NaHCOs 1:0.6 N/A®
ester Na,PdCly/ = THF/M
. az 4 (& e
5 1:1.2 TPPTS OH Cs2CO3 no conv. N/A
un . Na,PdCls/ . e
protected 1:1.2 TPPTS H,O Cs2,CO3 1:0 N/A
2°3’-0- ) . PdCly(dppf) = dioxane/ . B
sl 1ndol—f1- 1:1.2 DCM H,0 Cs2CO3 1:0.6 N/A
boronic NauPdCLY
un acid . i 4 . e
protected 1:1.5 TPPTS H>O Cs2CO3 1:0 N/A

@ The reaction was performed under 110 °C.

b SM: Starting materials
¢ Conv.: Conversion; Conversion was determined by '"H NMR analysis of the crude product.

Tsolated yield
¢ N/A: Not applicable



3.3.3 Heck coupling of 17 with acrylic acid

This section aimed to introduce an acrylic acidic group in position 6 of the indole, serving as
one of the precursors for the macrolactonization process. Pubill-Ulldemolins et. al.!*° reported
optimal conditions for the Heck coupling of indole derivatives with acrylic acid using NaxPdCly,
*SPhos, Na,COs in the solvent of CH3CN and water. To assess the potential efficacy of the
reaction conditions, the readily available 6-bromoindole was initially employed as the starting
material (Scheme 26). Upon reaction with acrylic acid, the product was successfully obtained
and characterized through TLC chromatography as well as analysis of the crude 'H NMR
(Scheme 26). These conditions were applied to the main reactions. Unfortunately, neither 6-
bromoindole boronic pinacol ester 12 nor nucleoside derivative 17 as substrates yielded the
desired products via Heck coupling reaction (Scheme 27 and Scheme 28). It is speculated that
the presence of the boronic ester or the bulky uridine group may deactivate the bromo
functional group, hindering its effectiveness in forming a C-Pd-Br bond with palladium during
the oxidative addition step in the Heck coupling reaction (See mechanism in 3.1.3). Therefore,

Route A was abandoned at this stage because this key intermediate could not be accessed.

HN—\ HNT

Heck coupling
+ ZCOOH ——— >

Br HOOC™ X

Scheme 26 Heck-coupling between 6-bromoindole and acrylic acid. Reagents and conditions: Na,PdCl4
(10 mol%), sSPhos (25 mol%), Na>COs (4 equiv.), degassed CH;CN: H,O (1:1), 80 °C, 21 h.
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HN N N\
Heck coupling
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Br Boin T 7 COOH HOOC™ Bpin

Scheme 27 Heck-coupling between 12 and acrylic acid. Reagents and conditions: Na,PdCls (10 mol%),
*SPhos (25 mol%), Na,COs (4 equiv.), degassed CH3CN: H,O (1:1), 80 °C, 22 h.
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Scheme 28 Heck-coupling between 17 and acrylic acid. Reagents and conditions: Na,PdCls (10 mol%),
*SPhos (25 mol%), Na,COs (4 equiv.), degassed CH3CN: H,O (3:1), 80 °C, 30 h.

3.4 Formation of the macrocycle via ring-closing metathesis: attempted

installation of the side chain at the indole substituent first (Route B)

The inability to functionalize the indole with acrylic acid prevented esterification as a ring-
forming strategy. An alternative approach, olefin metathesis was carried out, involving the
Grubbs catalyst. This is a widely used strategy for ring-formation. It was hypothesised that two
alkenyl chains could be introduced to the indole position 6 and position 5’-O. We firstly tried
to install the upper alkenyl chain to the nucleoside. The retrosynthetic route encompassed
Suzuki coupling, Heck coupling, allylation and Ring-Closing Metathesis (Scheme 29). 16 and
17 were achieved following route A (see 3.3.2). Compound 19 was obtained successfully (see
3.4.1). The allylation reaction worked for the model reaction with 16, but it did not proceed as
expected for 19 (see 3.4.2). The difficulty arose because the alkenylation reaction occurred at
the indole amine group rather than at position 5'-O. Additional efforts were made to safeguard
the indole amine group, employing methods such as Boc-protection, benzylation, and

sialylation. Unfortunately, none of these strategies proved successful (see 3.4.3, Scheme 29).
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Scheme 29 The retrosynthetic route B

3.4.1 Synthesis of 5-(6-vinylindol-4-yl) uridine derivative 19

The starting point of this ring-forming strategy was to replace the bromo substituent with an
alkenyl functional group. Gao et al.'*® reported two reactions between a 6-bromoindole
derivative and alkenyl boronic ester or organostannanes via Suzuki coupling or Stille reaction,
respectively. Due to the high toxicity of organostannanes, the alkenyl boronic ester route was
attempted first. Vinyl boronic acid pinacol ester was selected as a starting material due to its
good activity and commercial availability. There was a potential selectivity between Suzuki
coupling and Heck coupling.'*° Surprisingly, altered catalyst and solvent conditions led to the
desired product in high yield following Suzuki coupling (Table 5). Optimal conditions

involved use of PdClx(dppf)DCM with dioxane/water (Table 5).



Table 5 Model vinylation reaction” between 6-bromoindole and vinyl boronic acid pinacol ester

H
N

Br. H O« X =
T X —— "L

Time Conv. Yield

Entry Base Catalyst Solvent (h) (%)" (%)
16 28 N/A?
1 Cs2C0O3 Pd(PPh3)4 4:1 THF/MeOH
43 55 N/A?
2 Cs2CO;3 Na,PdCly/TPPTS 9:1 dioxane/H,O 45 3 N/A?
3 Cs2C03 PdCly(dppf) DCM 9:1 dioxane/H>O 45 99 92
4 Cs2COs Na,PdCls/5Sphos 9:1 dioxane/H>O 45 33 N/AY

?The reaction was performed at 115 °C. 2 equivalent vinyl boronic acid pinacol ester was used.
b Conversion was determined by '"H NMR analysis of the crude product.

¢ Isolated yield

4N/A: Not applicable

These conditions were then be applied to the target reaction, involving 5-(6-bromoindol-4-yl)
uridine 17 as starting material (Scheme 30). The target product 19 was isolated with a high
yield of 91 %. In the applied conditions, 9:1 dioxane/H,O was changed to 3:1 dioxane/H>0

because the substrate in the target reaction was more polar than in the model reaction.

HN N
0]
91 %
Br | NH N O\?/\ o
N~ O 0] Heck coupling
HO
o)
o_o0
e
7

1

Scheme 30 Synthesis of 19 via vinylation reaction. Reagents and conditions: PdCly(dppf)DCM (14
mol%), Cs>CO; (1.1 equiv.), degassed CH3CN: H,O (3:1), 115 °C, 17 h, 91 %.



3.4.2 Synthesis of 5’-0-allyl-6-yl-5-iodouridine derivative 20a

Following vinyl substitution of the indole group, the aim was to install a second alkenyl group
in position 5°-0. This would generate the precursor required for formation of the macrocycle.
In the model reaction, 1.2 equiv. of both substrates, together with anhydrous THF, at rt with
classical stirring, only starting material was observed (Table 6, entry 1).'*! However, when
we replaced classical stirring with sonication at rt, 30 % conversion of 19 can be observed
(Table 6, entry 2). Following this success, the number of equivalents of bromide and NaH
were tuned to improve the reaction yield. Addition of 2.5 equiv. NaH increased the yield to
80 % (Table 6, entry 3). Surprisingly, increasing the amount of allyl bromide did not improve

but decrease the yield (Table 6, entry 4).

Table 6 Allylation of compound 16

N~ "0 N
HO ~_0
\ -o- ~ ‘/_0_\f

o) 0._0
> ><C
16 20a
Equiv. of . . .
Equiv. o Time Conv. Yield
Entry allyl Solvent Condition 0/ \a 0/ \b
bromide of NaH (h) (%) (%)
1 1.2 1.2 THF classical stirring 2.0 0 N/AC
2 1.2 1.2 THF ultrasonication 1.5 30 N/A®
3 1.2 2.5 THF ultrasonication 1.5 99 80
4 2.5 2.5 THF ultrasonication 0.5 99 60

¢Conv.: Conversion; Conversion was determined by 'H NMR analysis of the crude product.
b Isolated yield
¢N/A: Not applicable



Optimal conditions were applied to the target reaction (Scheme 31) using 19. TLC indicated
almost complete consumption of the SM and appearance of two new spots. LC-MS indicated
these were mono-allylated and di-allylated compounds, respectively (Scheme 31). The '*C
NMR spectra indicated the mono-allylated compound was N-substituted, in which the chemical
shift of the NCH,CH=CH> was 48.6 ppm, while the general chemical shift of OCH,CH=CH>
in a 5’-subtituted nucleoside is around 70 ppm. Thus, both chemical shifts 48.6 ppm and 70
ppm can be observed in the *C NMR of the di- allylated compound (Figure 32). The results
suggested the target compound was not produced. NOESY was used to determine whether the
N-allylated group of the mono-substituted nucleoside was on the indole nitrogen or the
nucleobase. From the NOESY spectrum, a correlation between H-7 of indole and the proton in
NCH>CH=CH> was observed (Figure 33). Results indicated the mono-allylated nucleoside
was indole substituted (Scheme 31). Chapter 3.4.3 discusses the methods to obtain the O-

alkenylated compounds.

HN— HN—
o} o}
' ‘ NH Allylation ‘ ‘ NH
N0 N/&o
HO o}
O~ 7 o
0._0 0__0 0._0 0__O
PN PN PN PaN
19
actual products expected product

Scheme 31 Allylation of compound 19. Reagents and conditions: NaH (2.5 equiv.), anhydrous THF,
allyl bromide (1.2 equiv.), sonication.
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Figure 32 '3C NMR spectra of allylated nucleosides (top: mono-allylated nucleoside; bottom: di-
allylated nucleoside)
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Figure 33 NOESY spectrum of mono-allylated nucleoside



3.4.3 N-Protection of the indole substituent

N-substitution was the predominant product following allylation reaction of compound 19. To
avoid this, the indole nitrogen was Boc protected. Boc protection is a common strategy for the
selective modification of a nitrogen in the presence of an alcohol. With protected 19 as the
substrate, 4 equivalent BocoO in 4:1 pyridine/DCM (Table 7, entry 1)'*? gave a mixture of
mono-substituted and di-substituted product, diagnosed from LC-MS and crude 'H NMR. Then
the equivalence of Boc2,O was reduced to 1.1 (Table 7, entry 2), in order to avoid the produce
of di-substituted product. When 10 mol% DMAP was added and anhydrous DMF worked as
the solvent, high yield of 99 % was obtained (Table 7, entry 3).'** 'H NMR, '*C NMR and
HSQC were used to identify the N-Boc compounds. A change in chemical shift was observed
for the indole protons (compared with the SM) whereas the signals for the nucleobase protons

remained unchanged.

Table 7 Boc-protection® of the indole substituent of 19

Boc-protection

08
Equiv. of Addition of
Entry Boc,0 DMAP Solvent Results
] . mixture of di-Boc
1 4 no 4:1 pyridine/DCM and mono-Boc
2 1.1 no 4:1 pyridine/DCM no product
3 1.1 yes dry DMF 99 % yield

“The reaction was performed at rt.



Following synthesis of the 5-(N-Boc-6-vinylindol-4-yl) uridine deravative and after
establishing an appropriate method of allylation, allylation of 19 was performed to introduce
another alkenyl chain for ring-closing. Surprisingly, the Boc functional group was dropped
during the reaction with transfer of the allyl chain onto the indole nitrogen (Scheme 32). These
findings were observed using °C NMR. There are two possible explanations. The first is the
instability of N-Boc under strongly basic conditions. Secondly, Xue et al.'** revealed that the
alkoxide anion can trigger N—O Boc migration in an intramolecular pathway under strong
condition. The resultant amide anion can react with bromide to produce an intermediate which

may be hydrolysed under acidic or basic conditions (Scheme 33).

actual product expected product

Scheme 32 Allylation of 5-(N-Boc-6-vinylindol-4-yl) uridine derivative. Reagents and conditions: NaH
(2.5 equiv.), anhydrous THF, allyl bromide (1.2 equiv.), sonication.
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Scheme 33 Proposed mechanism for the Boc-protection



Thus, a benzyl protecting group strategy was alternatively employed. Compared to Boc group,
benzyl group has an advantage of being more stable in such strong conditions. However, also
due to its stability, the benzyl group was difficult to be removed from N-benzyl-6-bromoindole.
In the model reactions, the N-benzylation reaction proceeded smoothly with 99 % yield

(Scheme 34).'%:14 However, the deprotection was not successful (Scheme 35).

Bn_

HN , N7
\ Benzyl protection
+ Br
©/\ 99 %
Br Br

Scheme 34 Benzyl protection of 6-bromindole. Reagents and conditions: NaH (1.2 equiv.), anhydrous
DMF, 99 %

Bn_

N7 Benzyl deprotection HNT\
> + ©/\Br
Br

Scheme 35 Deprotection of N-benzyl-6-bromindole. Reagents and conditions: PtO,, 3:1 MeOH/DCM
(3:1) or HOAC, tt.

Br

To overcome this, sialylation was used to protect the indole nitrogen. The sialyl group can be
removed selectively with reagents such as BusNF in THF. Test reactions showed sialylation
(Zn(OTf)2 and pyridine)'*” and subsequent deprotection (BusNF in THF)!'*® occurred with good
conversions (Scheme 36 and Scheme 37, respectively). Suzuki coupling was then performed
between N-SiMePh;-6-bromo and compound 16. Unfortunately, these reaction conditions
resulted in deprotection of the sialyl protecting group (Scheme 38). To investigate this, the
temperature and number of equivalents of base and catalyst were modified. Unfortunately,
these still yielded the same undesirable outcome (deprotection of the indole nitrogen). The
SiMePh; group appeared to be unstable under the Suzuki reaction conditions. Considering this,

sialylation was performed directly with protected 5-(6-vinyl-indol-4-yl) uridine 19 and



HSiMePh,. However, this resulted in sialylation on the alcohol rather than the indole nitrogen

(Scheme 39). This was diagnosed through the chemical shift of C-5’ ribose.

SiMePh,
Sialylation N

H
N
Br\gj _— Br\gj

Scheme 36 Sialylation reaction of 6-bromoindole. Reagents and conditions: HSiMePh, (1.2 equiv.),
Zn(0Tf)2 (10 mol%), pyridine, MeCN, 80 °C, overnight.
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N
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Scheme 37 Deprotection of N-SiMePh,-6-bromoindole. Reagents and conditions: BusNF (1 equiv.),
THF, 0 °C, Ny, 30 min.
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Scheme 38 Suzuki coupling between N-SiMePh;-6-bromoindole and 16. Reagents and conditions:
PdACly(dppf)DCM (5 mol%), NaHCOs (3 equiv.), degassed dioxane/H,O (3:1), N», 90 °C, 16 h.
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Scheme 39 Sialylation of 19. Reagents and conditions: HSiMePh, (1.2 equiv.), Zn(OTf), (10 mol%),
pyridine, MeCN, 80 °C, overnight.



3.5 Formation of the macrocycle via ring-losing metathesis: installation of

the side chain at 5’-position first (Route C)

Previous results suggested that it was challenging to introduce an alkenyl chain onto position
5’-0 of the ribose following installation of the indole alkenyl chain. We then tried to install the
lower alkenyl chain to the nucleoside first. The retrosynthetic route encompassed allylation,
Suzuki coupling, Heck coupling and Ring-Closing Metathesis (Scheme 40). Compounds 16
and 20a — 22a were obtained using the optimized methods in route A and B (see 3.5.1). The
RCM reaction proved successful for the model reaction involving 20a and 6-vinylindole,
however, it did not work as anticipated for 22a (see 3.5.2). It was speculated that the target ring
may be too strained to form. Considering this, a lengthened chain to position 5’-O of the ribose
was synthesized (see 3.5.3). Subsequently, 20d — 22d were successfully obtained (see 3.5.4).
The macrocyclic product resulting from the RCM reaction of 22d was identified using LC-MS
(see 3.5.4). Interestingly, two macrocycles were formed during the Suzuki coupling step.
Considering easier accessibility, our initial focus was on identifying these two newly formed

macrocycles. Further details will be explored in route D (see 3.6).
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Scheme 40 The retrosynthetic route C. (n=1 (a); n= 3 (d))



3.5.1 Synthesis of disubstituted uridine derivatives 21 and 22

Allylation, Suzuki and Heck coupling reactions were conducted sequentially using the
optimized methods in route A and B (see 3.3 and 3.4). This yielded products 21 and 22 in mild
yields (Scheme 41). The yields were somewhat reduced due to loss of the allyl group of uridine
products during step (ii) and (iii) which were performed under relatively harsh conditions. A

one-pot reaction of step (ii) and (iii) did not yield product 22.
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Scheme 41 Synthesis of 21 and 22. Reagents and conditions: (i) NaH (2.5 equiv.), anhydrous THF,
allyl bromide (1.2 equiv.), sonication, 2 h, 80 %; (ii)) PdClx(dppf)DCM (5 mol%), NaHCO;s (3 equiv.),
degassed dioxane/H>O (3:1), N», 130 °C, 4 h, 57 %; (iii) vinyl boronic acid pinacol ester (2 equiv.),
PdACly(dppf)DCM (5 mol%), Cs,COs (4 equiv.), degassed DI water, N», 100 °C, 24 h, 52 %.

3.5.2 Ring-Closing Metathesis of 22

Following its successful preparation, the aim was to carry out an RCM with 22. A model
reaction involving 20a and 6-vinylindole was performed and optimized using a variety of
Grubbs catalysts and solvent. Complete product conversion was observed via Hoveyda-Grubbs
IT catalyst in anhydrous DCM (Table 8, entry 3). However, application of these conditions
towards the desired product was unsuccessful (Scheme 42). A 3-carbon linkage between the
5’-position and the indole substituent may lead to a macrocycle with considerable strain, which

may explain the unsuccessful RCM of 22 under these conditions.



Table 8 Model olefin metathesis reaction”

o] N o]
\f& |
| NH HN—) %NH
\ N/&O + —> N/&O
\/\O & o)
:o: :o:

20a
Entry Catalyst Solvents Results
1 Grubbs 11 dry DCM no product
2 Grubbs 11 anhydrous THF no product
3 Hoveyda-Grubbs II dry DCM 99 % conv.®
4 Hoveyda-Grubbs II anhydrous THF 1:1 SM/product

?The reaction was performed at 40 °C.
b Conversion was determined by 'H NMR analysis of the crude product.

RCM

Scheme 42 RCM of compound 22. Reagents and conditions: Hoveyda-Grubbs II, dry DCM, 40 °C.

3.5.3 Synthesis of 5’-0-hexen-6-yl-5-iodouridine derivative 20d

Starting with 16 and allylbromide, 20a was obtained at a yield of 80 % (Table 9, entry 1) via
the conditions in Chapter 3.4.2. However, when the substrate 3-bromo-propene was changed
to 4-bromo-butene, 5-bromo-pentene or 6-bromo-1-hexene, the resulting product shifted to the
side product, namely, 5-iodo-O°%-5’-cyclouridine derivative 18 (Table 9, entry 2-4). This
suggested the substrate plays an important role in the competition between alkenylation and

cyclization (Table 9). To circumvent cyclization, numerous changes were applied. First, the



solvent was changed to anhydrous DMF from THF in the case of 6-bromo-1-hexene. However,
no 5’-0-alkenylated compound was produced but side product 23d (Table 9, entry 5). The
first step was then performed using conventional stirring instead of sonication. This facilitated
use of lower temperature for the activation step. Sonication was used in the second part. This
yielded small amount of alkenylated product (Table 9, entry 6). It seems that the low
temperature facilitates the alkenylation but slows down the cyclization. Consequently, the
entire reaction was performed at low temperature. This led to 50 % conversion of the
alkenylated compound (Table 9, entry 7). Further optimization was performed to increase the
yield. Results were summarised in Table 9, entry 8 — 10. The highest yield occurred using
both 2.5 equivalents of bromide and NaH (Table 9, entry 8). To further circumvent cyclization,
diluted protected 5-iodouridine was added to the reaction system drop by drop (Table 9, entry
11) because a concentrated solution is able to accelerate the ring-forming reaction. However,

no product was found under these conditions. Teste et al.!*’

reported a close relationship
between regioselectivity and dielectric constant of solvent. When the dielectric constant of the
solvent is lower than 10 (i.e., THF), the O-alkenylated product is favoured over N-alkenylated
product. Considering this, the reaction was repeated using THF, cold temperature and both

sonication and traditional stirring (Table 9, entry 12 and 13). Unexpectedly, neither condition

yielded the desired product.

In view of these results, it seems that the selectivity between alkylation, cyclization and
temperature are closely linked. In the case of 6-bromo-1-hexene, cyclization is predominant
under the conditions of sonication which often leads to uncontrolled heating. Low temperature
can slow down cyclization allowing nucleophilic substitution on the 5’-position of the
nucleoside. Unusually, applying the optimized conditions to 5-bromo-1-pentene yielded only

starting material with neither alkenylated nor cyclic compound observed (Table 9, entry 14).



Table 9 Competition between alkenylation and cyclization in position 5’-O of 5-iodouridine derivative.

(a—d:n=1-4)
| i | i i Q
NH Br NH NH Az
fk)% 2 | \fk Je | N
N0 —— )a N~ "0 N~ "0  + N" 0
HO
0 °y o © 0
0 o)
0.__0 0__0
< < N O30
20a—-d 18 23a—-d
Equiv.  Equiv. Reaction time Conv. .
Entry Bromide of of SE)(;VC;’I t first/second T (°C) (%)° 3((01/6 ;?
bromide  NaH R step 20: 18: 23 °
1 3-bromo- 1.2 2.5 THF sonication 0.5h/1.5h 20- 91:9:0 80
1-propene 50 °C
4-bromo- " 20- 100- d
2 1-butene 1.2 2.5 THF sonication 0.5h/2h 40 °C 0:100:0 N/A
3 3-bromo- 1.2 2.5 THF sonication 0.5h2h 30- 0:100:0  N/A4
1-pentene 50 °C
4 6-bromo- 1.2 2.5 THF sonication 0.5h/3h 20- 0:100:0  N/A4
1-hexene 50 °C
s Obromo- 25  DMF  sonication  05h05h 20T 0:0:100  N/A“
1-hexene 40 °C
6 6-bromo- 12 25 DMF convepthnal 30 m¥n/10 0 OC/ 23:67:0 N/Ad
1-hexene + sonication min 25°C
7 Gbromo- 25  DMF  conventional 0h1h 0°C  50:500  N/A?
1-hexene
8 6-bromo- 2.5 2.5 DMF  conventional Oh1h 0°C  59:31:10 44
1-hexene
9 6-bromo- 2.5 5 DMF conventional 0h/25h 0°C 45:55:0 N/A4
1-hexene
10 6-bromo- 5 2.5 DMF  conventional 0h22.5h 0°C  0:0:100  N/A?
1-hexene
6-bromo- conventional
11 1-hexene, 2.5 2.5 DMF Ventional, - 30 min/24h  0°C 0:0:50 N/A4
. dropwise
diluted
12 6-bromo- 2.5 2.5 THF conventional 0h/2.5h 0°C 0 N/A4
1-hexene
13 6-bromo- 2.5 2.5 THF sonication 20min 0°C 0 N/A4
1-hexene
14 3-bromo- 2.5 2.5 DMF  conventional 0h2h 0°C 0 N/A4
1-pentene

@ The reaction was performed under 110 °C.

b Conv.: Conversion; Conversion was determined by "H NMR analysis of the crude product.
¢ Isolated yield

4 N/A: Not applicable



It is worth mentioning that in the 2 g large-scale reaction of 16 and 6-bromo-1-hexene, two by-
products, dihexen-substituted nucleosides 24 and 25, were isolated with yields of 7 % and 5 %,
respectively (see experimental). To evaluate the effect of hexene group of uridine derivatives
on inhibitory activity, 24 and 25 were deprotected for purpose of activity testing in Chapter

3.7.6.

Scheme 43 Structures of 24 (left) and 25 (right)

3.5.4 Formation of the macrocycle from 20d

With 5°-O-hexen-6-yl-5-iodouridine derivative 20d in hand, the Suzuki cross-coupling,
vinylation and RCM were conducted sequentially based on synthetic strategy from Chapter
3.3.2, 3.4.1 and 3.5.2 (Scheme 44). While formation of the desired target molecule was
observed by LC/MS, the low yield of the total synthesis precluded its isolation in pure form.
Moreover, in addition to 26, the formation of two macrocycles, 27 and 28, was observed during
the first step of this reaction sequence (Scheme 44). Full details of the formation and
characterisation of these unexpected side products, 27 and 28, will be discussed in Chapter 3.6

(Route D)
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Scheme 44 Synthesis of macrocycles starting from compound 20d. Reagents and conditions: (i)
PdACly(dppf)DCM (5 mol%), NaHCOs (3 equiv.), degassed dioxane/H,O (3:1), Na, 90 °C, 20 h, 20 %;
(i) Vinyl boronic acid pinacol ester (2 equiv.), PdCL(dppf)DCM (5 mol%), Cs>COs (4 equiv.),
degassed dioxane/H>O (3:1), N», 90 °C, 20 h, 50 %; (iii) Hoveyda-Grubbs II (10 mol%), anhydrous
DCM, 40 °C, 1 day.

3.6 Formation of the macrocycle via intramolecular Heck reaction (Route D)
The Suzuki coupling of 20d and 12 unexpectedly resulted in the formation of two macrocycles.

Subsequent investigations confirmed that these two products, 27 and 28, originated from the

Heck macrocyclization of 20d and 26, respectively.

3.6.1 Synthesis and characterisation of macrocycles 27 and 28

To fully characterize the side products of Suzuki coupling of 20d and 12 (Scheme 45), the
three products were separated and purified by column chromatography. NMR and LC-MS were
used to characterize 27 and 28. For the initial characterization of compound 27, the free double

bond was shown as terminal double bond in HSQC (or DEPT), and the alkenyl chain showed



correlation with the H-6 of nucleobase in NOESY'. In addition, a crystal structure was obtained
by X-ray diffraction with high resolution, unambiguously confirming the formation of the
macrocycle in 27 (Figure 34). Similarly for compound 28, the free double bond was shown as
terminal double bond in HSQC (or DEPT), and the proton of free double bond showed
correlation with H-7 of the indole in NOESY. NMR spectra and LC-MS suggested compound
28 is a mixture of different isomers with an endocyclic or exocyclic double bond (Figure 35).
This may be due to electronic rearrangement during Heck reaction. The structural similarities
between these isomers may explain the difficulty isolating compound 28 via column
chromatography. Thus, in the NMR spectra, some small peaks were shown on the baseline
(Figure 36), but it is still clear that the main product was compound 28a. LC-MS showed an
identical value for the mixture of compound 28 which supported the hypothesis that 28 was a

mixture of isomers.

N0 N0
o) o
o §/\/\/ o
20% 70% 5%
20d 26 27 28a

Scheme 45 One-pot cross-coupling reaction between compound 20d and 12. Reagents and conditions:
(1) PACly(dppf)DCM (5 mol%), NaHCO;s (3 equiv.), degassed dioxane/H>O (3:1), N2, 90 °C, 20 h.

Figure 34 Crystal structure of 27



Figure 35 Proposed isomers of compound 28 formed in cross-coupling reaction
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Figure 36 "H NMR of 28a with some isomers

Although 27 and 28a were not the primary target molecules, they were of interest since they
contained a macrocycle with reduced conformational flexibility. While a single example has
been reported before for linking positions 5 and 5' of a deoxynucleoside, using Click
chemistry,'* the intramolecular cyclisation that led to the macrocyclic nucleoside 27 has, to
the best of our knowledge, never been described before. We reasoned that this might represent
an unexpected but versatile method for the generation of the desired class of conformationally
restricted molecules as potential GalT inhibitors. 28 on the other hand is exactly one of the
target compounds, containing both a macrocyclic linkage and the 5-indole substituent. In the
same conditions of Suzuki cross-coupling of Scheme 45, compound 26 can be converted to 28

with high conversion. Then by changing the category of base, it’s found most of the base could



provide high conversion (Table 10). Although high conversion was observed, only 30 % yield
of product was obtained after a purification with column chromatography. The Heck
macrocyclization of 5’-O-hexen-5-(6-bromoindol-4-yl) uridine derivative 26 appears to

undergo multiple side reactions.

Table 10 Optimization of intra Heck coupling” of 26

HN—)
0
Br ‘ NH Heck-coupling
N" 0
0
s/\/\/ °
%0
26
Entry Base Conv. (%)’ Yield (%)°
1 NaHCO; 80 N/A?
2 Na,CO3 99 N/AY
3 Cs,COs 99 N/A?
4 K>COs 99 30
5 Et;N 90 N/A?

“Reagents and conditions: PdCL(dppf)DCM (5 mol%), base (3 equiv.), 3:1 dioxane/H,O, N», 90 °C, 16 h.
b Conversion was determined by 'H NMR analysis of the crude product.

¢ Isolated yield

4N/A: Not applicable

To increase the yield of compound 26 or 28, we tried to find appropriate conditions to inhibit
compound 27 (Table 11). The hypothesis was that there was a competition between intra Heck
coupling reaction of 20d and inter Suzuki coupling reaction of 20d and 12. We tried to find the
appropriate conditions that slow down the intra Heck coupling reaction but improve the inter
Suzuki coupling reaction. With different reaction conditions, it provided the highest inhibition
of Heck coupling reaction with conditions of Na;PdCls and *SPhos in dioxane/H20. 50%

conversion can be observed in 1 hour. The majority of reaction conditions yielded good



conversion of the ring-closed compound. This indicated this intra Heck coupling reaction was
very active. The selected reaction conditions (Table 11, entry 3) were then applied to the target

reaction with 20d and 12. Unfortunately, 26 and 28a were not observed.

Table 11 Compound 27 from intramolecular Heck coupling” of 20d

N o o
N
(6] O

ol )

0._0
PN C><’
20d 27
Entry Catalyst Ligand Solvent Time Conv. (%)°  Yield (%)°
PdClx(dppf) dioxane/
1 DOM - H,0 1h 99 80
2 Pd(PPhs)s i Copaned 1h 99 N/A?
H,0
1h 50 N/A?
3 Na,PdCly sSPhos dioxane/ 2h 75 N/A“
H,0
3h 99 N/A?
4 Na,PdCly TPPTS H,O 1h 90 N/AY

?The reaction was performed under N, at 90 °C.

b Conv: Conversion; Conversion was determined by '"H NMR analysis of the crude product.
¢ Isolated yield

4N/A: Not applicable

Significant challenges were encountered finding appropriate conditions that favored Suzuki
coupling over the intra Heck coupling. To address this, we altered the Suzuki coupling reaction
conditions, modifying the Pd source, type of base, solvent, number of equivalents, temperature
and substrate concentration (Table 12). Although the yield of 27 was not reduced, the yield of
28 can be improved from 5 % to 23 % when the temperature was increased to 130 °C and make

the nucleoside concentration to 8 mM (Table 12, entry 3). This suggested the final compound



28 could be obtained from 20d in one step. LC-MS and NMR data indicated fewer side

products were being formed at higher temperatures.

Table 12 Optimization of synthesis of 26

HNT) HN—)
h 0 0 o
| ,

NH Br Bpin Br NH NH
oo S W
N" "0 N~ 0 N~ 0
0
0

o_0
< <0 PN
20d 26 27
Equiv. Temp  Conc. (20d)* Yield (%)
Entry [Pd] Base Solvent (indole) ~ (°C) M (26:27:28)
PdCl,(dppf) dioxane/
1 DCM NaHCOs3 H,0 1.2 90 4 20:70-5
Na,PdCls/ dioxane/
2 sSPhos no H,0 1.2 90 4 most 27
PdClx(dppf) dioxane/ o
3 DCM NaHCO; H,0 2 130 8 0:68:23
NadeC14/ T
4 PPTS Cs2CO3 H,O 1.2 130 8 most 27
PdClx(dppf) DME/ on.
5 DCM NaHCO; H,0 1.2 130 8 0:83:17
PdCl,(dppf)
6 DCM K2CO; DME 1.2 130 8 most 27
“Concentration of20d
b Isolated yield

3.7 Synthesis of final compounds

Having obtained two macrocyclic precursors, 27 and 28, the subsequent step involved their
deprotection to generate the final compounds for testing. The deprotection of 27 resulted in the

formation of 29, accompanied by a by-product, 30, identified as a product of the hydration



reaction. The deprotection of 28 yielded 31, a mixture of at least five isomers. The
hydrogenation of 27 produced 32, while 34 represented the acetylated form of 27. Compounds
36 — 41 were deprotected forms of intermediates generated through various synthetic routes.

These will be discussed in the following sections.

3.7.1 Synthesis of macrocycle 29

The isopropylene group was removed following the method of Sun et al.!*! using HCI at 45°C.
This method was applied due to the simple reagents and ease of work-up. A test reaction was
performed with compound 16. The reaction was complete in 30 mins with a yield of 90 %

(Scheme 46). However, the application of these conditions to compound 27 was not successful.

0 0

| |
NH NH
90% \f}\
| N/&O N | N/go
Deprotection
HO HO
O O
O)<O OH OH

Scheme 46 Deprotection of compound 16 with HCI. Reagents and conditions: 1N HCI, MeOH, 45 °C,
30 min, 90 %.

In a separate project carried out at the same time in our laboratory, another PhD student
observed that harsher deprotection conditions such as p-TsOH'*? are required for cyclo-
nucleosides than for the corresponding ring-open nucleosides (Ramya Nuti, unpublished
results). These conditions were applied to the ring-closed compounds introduced here.
Compound 29 was subsequently obtained in good yield as a pure white powder following
simple recrystallisation from DCM. The additional steric bulk and electronic effect associated

with ring-closed compounds may explain why stronger acidic conditions were required.
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| p-TsOH, 92 % NH
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koyl :o:
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27 29
Scheme 47 Deprotection of macrocycle 27 with p-TsOH. Reagents and conditions: p-TsOH (2 equiv.),
THF/H,0O (1:1), 80 °C, 5 h, 92 %.

3.7.2 Synthesis of macrocycle 30

An interesting observation was made during deprotection of 27 with p-TsOH. Acid-catalyzed
hydration was observed at the exocyclic double bond of 27, resulting in 30 (Scheme 48 and
Scheme 49). This hydration was concentration dependent. When the concentration of 27 was
22 mM, little trace of compound 30 was observed, while 30 % yield of 30 was obtained with
54 mM of compound 27. The compound was characterized by NMR, in which, the 'H NMR
spectrum showed disappearance of CH, and CH peaks of the free double bond. The 'H NMR
spectrum in DMSO-ds showed a new OH peak and the NOESY displayed a correlation between
the new OH peak and new CHj3 peak. As the new chiral centre was formed in the hydration
reaction, compound 30 was a mixture of diastereomers, which can be identified by the NMR
and HPLC. Due to their similar properties, they were difficult to separate via column
chromatography, but the purity could be improved by washing with MeOH (Figure 37).

However, the absolute structures of the two isomers were difficult to determine from NMR.

o] o] HO 0O
| /'E p-TsOH B B
N“ 0 : N/go * N/go
Deprotection
0

0 o
0 0
o_ O OH OH OH OH
X
27 29 30

Scheme 48 Acid-catalyzed hydration of 27. Reagents and conditions: p-TsOH (2 equiv.), THF/H,O
(1:1), 5 h, 80 °C.
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Scheme 49 Mechanism of acid-catalyzed hydration of 27
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Figure 37 '"H NMRs of two isomers of compound 30 (top: purified via silica gel chromatography;
bottom: washed with MeOH)

3.7.3 Synthesis of macrocycle 31

With the experience of deprotection of compound 27, 2 equiv. p-TsOH in THF/H>O was then
applied to the deprotection of compound 28 (Scheme 50). The reaction worked well on a small
scale (4 mg, 8 umol). However, when the scale was increased to 20 mg (40 umol), only half
the material was consumed. Then 4 equiv. p-TsOH was applied to the reaction. In this way, 50
mg (100 pmol) compound 28 was deprotected in 10 hours. However, the yielded product 31

was still a mixture of isomers. This was determined via LC-MS. Similar to compound 28, the



structural similarity meant these isomers of 31 could not be entirely separated, hence the NMR
results show small peaks on the baseline. Despite the impurities in the NMR spectra, a
dominant product was observed. Surprisingly, this predominant isomer was 31b, not 31a. This
was observed via loss of the protons on the exocyclic double bond and appearance of a new
CHj3 group from NMR. NOESY showed correlation between the new CH3 and the H-7 on the
indole. This can be explained by electronic rearrangement under acidic conditions (Scheme

51).

p-TSOH, 50 %

Deprotection

OH OH

31b

Scheme 50 Deprotection of compound 28 with p-TsOH. Reagents and conditions: p-TsOH (2 equiv.),
THF/H>O (1:1), 80 °C, 10 h, 50 %.

OH OH OH OH OH OH
31a 31b

Scheme 51 Proposed mechanism of electronic rearrangement from compound 31a to 31b under acidic
conditions

Preparative TLC was used to separate the mixture of compound 31. However, despite the
appearance of good separation via TLC, NMR data indicated some small impurity peaks

remained. The subsequent HPLC indicated at least 3 compounds were present.



Two hypotheses were used to rationalize the mixture of products observed. The first was that
the compounds might be atropisomers which arise from hindered rotation around a single bond.
The large energy barrier leads to discrete conformers. The corresponding ring-open compound
1 has two flexible bonds between the indole, nucleobase and ribose (green arrows, Figure 38).
Once the ring was closed, the rotation became greatly hindered (red arrows, Figure 38). In this
situation, different isomers with different energy, called atropisomers, might be generated. To
verify this, HPLC experiments were performed. Atropisomers were thought to be temperature
dependent. Hence, performing HPLC at variable temperatures was sought to provide
information about whether the isomer ratio was altered upon temperature changes. Three
approaches were applied. First, the HPLC column was preheated to 50 or 60 °C prior to sample
injection. Second, the sample was heated to 100 or 165 °C before sample injection at rt. The
third approach was a combination of both, whereby the sample was heated to 100 or 165 °C
prior to injection to a preheated column (at 50 °C). However, after application of these three
techniques, the ratio of compounds was unchanged, suggesting the isomers were not

atropisomers.

HO W

Figure 38 Hindered rotation of compound 31

As an alternative explanation for the different isomers of 31, we hypothesised that under Suzuki
coupling conditions, 26 may already undergo macrocyclisation to different constitutional

isomers (Scheme 52). To verify this, compound 31 was stirred with 4 equiv. p-TsOH at rt



(15 °C) or 80 °C and then monitored by HPLC with varying timepoints to determine whether
the isomer ratios were altered. Findings suggested the isomer ratios were almost unchanged at
rt. However, all these three main compounds degraded over time at 80 °C, especially for the
first one (red arrow, Figure 39). These results suggested the proportion of compound isomers
were stable in acid at rt while easy to degrade in acid in high temperature (80 °C). This indicated
that incubation of the compounds in acid at different temperatures was an inefficient method

for transformation of one isomer to another.

28a (main) 28b 28c¢

Deprotection l (ii)

HN

OH OH OH OH OH OH
31a 31b (main) 31c

Scheme 52 Proposed constitutional isomers of 28 and 31. Reagents and conditions: (i)
PdACly(dppf)DCM (5 mol%), NaHCOs (3 equiv.), degassed dioxane/H,O (3:1), N,, 130 °C, 20 h; (ii) p-
TsOH (2 equiv.), THF/H>O (1:1), 80 °C.



={  (a) 4 equiv.p-TsOH, rt, 16h ] (b) 4 equiv. p-TsOH, rt, 24h

2783

«1 g (c) 4 equiv. p-TsOH, 80 °C, 13h (d) 4 equiv. p-TsOH, 80 °C, 24h

5] = Degrade the most

Figure 39 Effect of acid and temperature on the proportion of isomers of 31. Flow rate: 1 mL/min;
Solvent gradient: 40—70 % MeOH in water in 30 min; Wavelength: 254 nm; Retention time of isomers
are 22.0, 23.1 and 24.8 min, respectively (varies a little each time).

Thus, further purification and separation was required to identify the different isomers. HPLC
was performed. This was first performed on a preparative HPLC however the yield was limited
by low sample loading (Table 13). This was due to poor solubility in MeCN/H>0O and limited
peak separation despite the long retention times. An alternative way was analytical HPLC with
manual collection. Limited by the maximum loading concentration and loading volume of the
machine, the maximum loading scale was 0.2 mg per hour. This was comparable to the

preparative HPLC.

Table 13 Comparison of separation between preparative and analytical HPLC

Preparative HPLC Analytical HPLC
Solvent MeCN/H,O MeOH/H-0O
Rate (mg/mL) 10 1
Retention time (min) 100 20
Maximum loading ) 1
concentration (mg/mL)
Maximum loading volume(uL) 300 100

Loading amount (mg/h) 0.3 0.2




The three main peaks were successfully separated by analytical HPLC at retention times of
21.1, 22.8 and 23.8 min, respectively (Figure 40). The NMR data showed the first peak was
not entirely pure while making it difficult to identify the main compound. However, it was
clear that the first peak still contained a mixture of different isomers. The second peak observed
via HPLC was the dominant product. The second peak observed in HPLC was also a mixture
of two isomers and their structures can be confirmed through NMR analysis. These isomers
are 31a and 31b, as shown in Figure 41, with a ratio 0.7:1. The third peak was also validated
by NMR (Figure 42). This compound, 31¢, was a macrocycle with an endocyclic double bond.

The coupling constant was 11.12 Hz, suggesting its trans configuration.

VWD1A, Wavelength=254 nm (002-0101.0)

T T T T T T T
5 10 15 20 2% 30 35 mi

Figure 40 The separation of 31 via analytical HPLC at 254 nm. Flow rate: 1 mL/min; Solvent gradient:
40-70 % MeOH in water in 30 min. Retention times of isomers are 21.1, 22.8 and 23.8 min, respectively.
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Figure 41 '"H NMR characterization of the second HPLC peak of 31
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Figure 42 '"H NMR characterization of the third HPLC peak of 31
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Following identification of the main isomers, this gave confidence in structural assignment of
the main peaks present in the NMR of mixtures (Scheme 53, top). After addition of 4 equiv.

p-TsOH in two batches, less 31a was formed leading to a greater yield of 31b (Scheme 53,

bottom).
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Scheme 53 Proportions of 31a and 31b with complete addition of 4 equivalent p-TsOH (top) and batch
addition of p-TsOH (bottom)



3.7.4 Synthesis of macrocycle 32

To expand the scope of the final compounds, more analogues were synthesized. To understand
the impact of rigidity or flexibility on the biological properties, 27 was hydrogenated to
increase the conformational flexibility. As expected, a mixture of two diastereoisomers was
produced due to formation of a new chiral centre. With Pt2O as the catalyst, two isomers were
isolated in a ratio of approximately 3:7 with a slightly variable in the amount of catalyst (Table
14, entry 1 — 3). It is interesting that when the catalyst was changed to Pd/C, the ratio of the
two isomers was completely reversed (Table 14, entry 4). However, the absolute structures of
32a and 32b were difficult to elucidate via NMR. Recrystallisation was proposed to address
this. Since the protected nucleoside was less polar, 27 was hydrogenated with 10 % Pt,O
(Scheme 54). This took 16 hours, longer than the reaction time for unprotected 29. Both the
HPLC and NMR showed an approximate 3:1 of the two isomers of products 33. Compound 32
formed a good quality crystal of S isomer, enabling high resolution X-Ray diffraction (Figure
43). To correlate these structures with the 1H NMR spectra, HPLC was performed on the
crystal to identify the retention time of the S isomer. Unfortunately, the HPLC spectrum of the
crystal compound was still a mixture of two peaks. Thus, despite obtaining a crystal structure

of the S isomer, it remains unclear which isomer predominantly formed using different catalysts.

Table 14 Hydrogenation” of 29 using different catalysts

o) 0 e
| /’l—' Hydrogenation R | /’l—' S | /’K‘
N O N O + N o
(0] (@] (0]
(0] (@) (0]
OH OH OH OH OH OH

29 32



Amount of  p.i00f32  Ratio of 32

Entry Catalyst (rc;rt:li(l)}llos/z) (HPLC) (NMR) Yield (%)
1 Pt,0 50 30:70 N/A® N/A®
2 Pt,0 20 23:77 30:70 85 %
3 Pt,0 10 27:73 N/A N/A®
4 Pd/C 20 80:20 80:20 N/A®

? The reaction was performed under hydrogen at rt for 30 min.
b Combined yield of two diastercomers.
¢ N/A: Not applicable
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Scheme 54 Hydrogenation of 27 with Pt;O catalyst. Reagents and conditions: PtO, (10 mol%), Ho,
MeOH, 1t, 16 h.

Figure 43 Crystal structure of .S isomer of compound 32

3.7.5 Synthesis of macrocycle 34

To validate the hypothesis that the macrocycle 27 would lead to improved cell permeability,
the acetylated form was synthesised. This could enable comparison with the ring-open

compounds 5 to 8 under identical conditions (Scheme 55). Unfortunately, 34 was unstable at



rt, which was observed through changes in the HPLC/NMR. Hence, the acetylated form of 34

was not utilised for further activity assessment.

o) o)
| /’K‘ Acetylati | /t'
cetylation
N Yo N o
o) o)
o o
OH OH OAc OAc
27 34

Scheme 55 Compound 34 from acetylation of 27. Reagents and conditions: DMAP (0.05 equiv.), Ac,O
(3.5 eq.), pyridine, rt, 5 h.

3.7.6 Synthesis of uridine derivatives 36 — 41

To understand the additional effect of conformational restriction of inhibitory activity, the ring-
open analogue of 27, 2°3’-O-isopropylidene-5’-O-hexenuridine 35, was synthesised for
comparison. This was done using the same synthetic route as for 20d, with DMF as solvent.
Given that 17, 19, 20a, 20d, 24 and 25 shared the same uridine scaffold (Table 15, entry 2 —
7), it was decided that testing the corresponding deprotected compounds would confer the
additional benefit of exploring the effect of different functional groups on inhibitory activity.
This would expand the overall inhibitor library. Hence, 36, 37, 38 and 39 were obtained by
applying the deprotection strategy used for 16, involving IN HCl in MeOH (Table 15, entry
1 —4). Since 24 and 25 had more complex structures, 40 and 41 were obtained using the same
conditions as for 27, using 4 equiv. p-TsOH instead of 1N HCI (Table 15, entry S and 6).

Neither condition afforded hydrolysis of 19 (Table 15, entry 7).



Table 15 Nucleoside analogue deprotection.

Entry Substrate Conditions Product® Yield (%)”
(o]
Cy
NSo MeOH, IN HCI
! Lo 35 45 °C 36 61
N
HN A
o)
Br NH MCOH, IN HCI
2 LK 7 45 °C 37 50
HO.
=)
X
e
|
. X MeOH, IN HCI
3 H o 50a et 38 46
o 45 °C
X
o
T 204 MeOH, IN HCI
4 )\ N"So 45 °C 39 39
2
h i e 4 equiv. p-TsOH
5 ﬁ)\) 25 1:1 THF/H,O 40 30
o 80 °C
8
I\ s 4 equiv. p-TsOH
6 O 24 1:1 THF/H,0 41 42
1= 0 °C
28
MeOH, 1N HCl, 45 °C
7 or 4 equiv. p-TsOH No reaction N/A®

o 19

o)

HN \
o
‘ NH
N
o]
[eNge]

1:1 THF/H>0, 80 °C

?The 2°3’-O-isoprppylidene group was removed from starting material.

b Isolated yield
¢ N/A: Not applicable



Deprotection was additionally attempted on 18 and 23d (Scheme 56). In a related project
concurrently conducted in our lab, another PhD student found that 10 % TFA effectively
deprotects 0°,5’-cyclouridine derivatives (Ramya Nuti, unpublished results). These conditions
were applied for deprotection of 18 and 23d. However, the NMR spectra indicated the desired
products were not obtained. Instead, the barbituric nucleosides 42 and 43 were formed, wherein
the anhydro bridge was cleaved by the acid.”®!>*!>* The protons in the 5-position are too active

to be observed in NMR (Scheme 56).

4

0 o
N No 10%TFA o N/&o
HO
0 0
0, 0O OH OH
N
18 42
o o
N0 0% TRa 0" N0
c > HO
o o
050 OH OH
AN
23d 43

Scheme 56 Deprotection of two O°,5’-cyclouridine derivatives. Reagents and conditions: 10 % TFA
in H,O, 70 °C.

3.8 Summary and conclusions

Conformational restriction was expected to improve potency and selectivity for biological
targets by reducing the entropic loss with the ligand being constrained in its preferred
conformation. Based on the outcome of 5-substituted nucleosides (Class 1 inhibitors, Chapter
2), 1 was chosen as the structural basis of the macrocyclic compounds (Class 2 inhibitors). The

complete synthetic steps are summarized in Scheme 57. Three ring-forming strategies across



four routes were utilised for the synthesis of Class 2 inhibitors (Scheme 57). These strategies
include macrolactonization (route A), RCM (route B and C) and the Heck coupling (route D)
(Scheme 57). Successful route D was characterized by key steps such as borylation, Suzuki-
coupling and Heck-coupling. Route D resulted in 6 macrocyclic compounds (29 — 32) whilst

different routes contributed to an additional 6 ring-open uridine derivatives (36 — 41).

29, which merged as a by-product during the Suzuki coupling of 20d and 12, attracted our
attention due to its exhibited conformational restriction. Two more macrocyclic analogues, 30
and 32, were further synthesized. 30 resulted from hydration of 29, whilst 32 from
hydrogenation of 29. A new chiral centre was generated in 30 and 32. Both are a mixture of
two isomers that could not be entirely separated. These processes resulted in the acquisition of

two high-resolution crystals, namely, 27 (the unprotected form of 29) and one isomer of 32.

31, being the most relevant target macrocyclic compound, was an analogue of the ring-open 1.
Due to the complexity of the reaction leading to 31, there were at least 5 isomers generated.
Following attempts at both preparative and analytical HPLC separations, two isomers, 31a and
31b, were identified as a mixture with a ratio of 0.7:1. Pure 31¢ was isolated and characterized

via NMR.

Several intermediates were generated during synthesis of the target molecules through different
routes. To explore the effect of different functional groups on inhibitory activity, 36 — 41 were

obtained after deprotection.

With these 12 compounds in hand, both activity assessment and molecular modelling were

conducted, and the results are described in Chapter 4.
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Scheme 57 General synthesis of Class 2 inhibitors through 4 routes. Detailed reaction conditions are
provided in the experimental.
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Class 2 target molecules



4. Activity evaluations and molecular modelling of Class 2 target

molecules

This Chapter focuses on activity assessment and molecular modelling of Class 2 inhibitors.
The activity evaluation comprised biochemical assessments, including Malachite-Green
inhibition assays and HPLC-based inhibition assays, targeting mammalian GalTs. Molecular
modelling was utilized to offer a rational explanation for the observed experimental outcomes.
Following this, cellular assessment included evaluations of cell viability, IgE production and
cell permeability. Additionally, biochemical evaluations in bacterial GTs (LgtC, SetA, and
LtpM) were employed as target enzymes in the DSF binding assay. The inhibitor exhibiting
promising binding results underwent further assessment using the Malachite-Green inhibition

assay.

4.1 P4GalT1 inhibition assays and molecular modelling of Class 2 target

molecules

The inhibitory activity of compounds 29 — 41 against 4GalT1 was assessed in the Malachite-

Green assay. Molecular modelling was employed to rationalise the experimental outcomes.

4.1.1 P4GalT1 inhibition assays of 29 — 41

The Malachite Green assay established in Chapter 2.4 was used to evaluate the inhibitory
activity of Class 2 inhibitors towards f4GalT1. The greatest level of inhibition was observed

for the macrocycles 29 and 31ab, with 62 % and 99 % inhibition at 2 mM, respectively (Figure



44). This is greatly increased in comparison with the ring-open compounds 1 — 4 (Figure 44).
Compounds 38 — 41 were tested to identify the effects of individual functional groups on
inhibitory activity. Preliminary screening indicated 38 and 39 had very weak inhibitory activity
at 2 mM while 40 and 41 showed almost no inhibition at 0.5 mM (Figure 44). Higher
concentrations of 40 and 41 could not be tested due to solubility issues. Higher concentrations

of 31¢ were not possible due to limited amount of sample.

B4GalT1 inhibition
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Figure 44 P4GalT1 inhibition induced by Class 1 inhibitors and Class 2 inhibitors at single
concentrations. 31ab was used as a 0.7:1 mixture of two isomers. Reagents and conditions: p4GalT1 (1
pg/mL, turnover: 10 — 50 %), UDP-Gal (33 mM), GlcNAc (10 mM), CIP (10 U/mL), MnCl;, (5 mM),
lysozyme (1 mg/mL), Triton X (0.01 %), MnCl, (5 mM), KCl (50 mM), HEPES (PH 7.5, 10 mM),
DMSO (10 %) and inhibitors were incubated on a 96-well plate at 30 °C with shaking for 20 min. The
reaction was stopped by adding malachite reagents. The absorbance was measured at 620 nm in 1 h.
Bars indicate mean values = S.D. of the triplicates in a single experiment.

The ICso of 29 was 1.0 = 0.16 mM. This was a slight improvement in comparison to Class 1
inhibitors, 1 — 4 (ICs0=1.9 mM to 4.8 mM, Figure 19). Poor solubility precluded the testing
of inhibitors at concentrations greater than 2 mM due to precipitation. The macrocycle 29 and
its ring-open analogue 39 were assayed to probe the effect of conformational restriction on

inhibitory activity. Results are presented in Figure 45. While 39 could only be tested over a



limited range of concentrations, these results suggest that the macrocyclic nucleoside 29 is a
more potent inhibitor. This indicates conformational restriction was a successful strategy for

improving inhibitory activity towards f4GalT1.

Activity comparison of 29 and 39
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Figure 45 Activity comparison of 29 and 39 against f4GalT1. Reagents and conditions: p4GalT1 (1
pg/mL, turnover: 15 % for 29, 18 % for 39) UDP-Gal (33 mM), GIcNAc (10 mM), CIP (10 U/mL),
MnCl; (5§ mM), lysozyme (1 mg/mL), Triton X (0.01 %), MnCl, (5 mM), KCI1 (50 mM), HEPES (PH
7.5, 10 mM), DMSO (10 %) and inhibitors series dilutions were incubated on a 96-well plate at 30 °C
with shaking for 20 min. The reaction was stopped by adding malachite reagents. The absorbance was
measured at 620 nm in 1 h. Bars indicate mean values + S.D. of the triplicates in a single experiment.
The experiment of 29 was repeated three times.

Compound 31 was a mixture of three main compounds 31a — ¢. HPLC purification allowed
isolation of 31c. However, 31a and 31b were unseparated. 31ab was a mixture of two isomers
with a ratio of 0.7:1 (a:b). It was only possible to do preliminary testing of 31ab and 31c¢ due
to limited sample material and issues with enzyme stability. Findings are presented in Figure

46. At 1.5 mM and 2 mM concentrations of 31ab, f4GalT1 activity was reduced by 76 % and

99 %, respectively. This was a significant improvement in comparison with the ring-open



analogue 1 which had an ICso of 4.8 mM. No inhibitory activity was observed upon addition

of 1 mM of 31c. These findings corroborate the initial hypothesis that conformational

restriction effectively enhances inhibitory activity.
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Figure 46 Activity comparison of 31ab and 1 against f4GalT1. 31ab was used as a mixture of a:b
(0.7:1). Conditions: 4GalT1 (1 pg/mL, turnover: 18 % and 21 % for 31ab, 25 % for 1), UDP-Gal (33
mM), GlcNAc (10 mM), CIP (10 U/mL), MnCl, (5 mM), lysozyme (1 mg/mL), Triton X (0.01 %),
MnCl, (5 mM), KCI1 (50 mM), HEPES (PH 7.5, 10 mM), DMSO (10 %) and inhibitors series dilutions
were incubated on a 96-well plate at 30 °C with shaking for 20 min. The reaction was stopped by adding
malachite reagents. The absorbance was measured at 620 nm in 1 h. Each experiment was carried out

in triplicate. Bars indicate mean values £+ S.D. of the triplicates in a single experiment. The experiment
of 1 was repeated three times.

4.1.2 Molecular modelling of 29 — 37 with p4GalT1

To gain deeper insights into the activity results, molecular modelling of B4GalT1 was

performed. We chose the pose that exhibited both a good superimposition with natural ligand



of B4GalT1 (PDB: 1FR8) and the highest docking score using Glide docking in Schrodinger,
followed by Molecular Dynamic (MD) simulations with CharmmGui and Amber. In MD
simulations, 29, 30b and 32a had relatively low RMSD values whereas 36 and 37 had very
high scores (Table 16). In this case, an unusual scenario occurred, exemplified with the
trajectory of 37 (Figure 47). This indicated the stable binding of 37 in the binding pockets with
fluctuations limited to the first few frames (Figure 47). It may be that molecular docking did
not identify the most stable pose of 36 and 37. Thus, the initial pose from docking was rapidly

altered in the first frames prior to stabilisation.

Table 16 RMSD values of Class 2 inhibitors with f4GalT1

Compound 29 30b 31a 31b 32a 36 37

RMSD(A) 13£03 10£03 20+04 18+04 09+02 3.6+05 3.5+02

RMSD values were calculated based on non-hydrogen atoms for both the receptor and ligand with VMD. The
B4GalT]1 structure (PDB: 1FR8) used was from the Protein Data Bank.
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Figure 47 RMSD trajectory plots of 37 indicated instability only in the first few frames but stable in
the rest of frames (the fluctuation is within 1 A). RMSD were calculated based on non-hydrogen atoms
for both the receptor and ligand with VMD. The p4GalT]1 structure (PDB: 1FR8) was used from the
Protein Data Bank.



Further energy calculations revealed that 31b and 37 exhibited the most promising interactions
with residues amongst all the compounds. 31b displayed a robust interaction with Arg189 with
an energy of -35.5 kcal/mol. The new pi-stacking interaction between the indole group of 31b
and the side chain of Argl89 might contribute to this. Met225 might provide additional
hydrophobic interaction (Figure 48, left). These findings align with the experiment results,
where 31 exhibited a 99 % inhibition of f4GalT1 at 2 mM. In the MD simulation of 37, it
formed a new pi-stacking interaction with residue Trp314 in a stable state, which showed -7.8
kcal/mol energy (Figure 48, right). Trp314 is a key residue in the catalytic cycle of B4GalT1.

This suggested compound 37 might be a promising inhibitor of f4GalT1.

Figure 48 Compounds 31b (a) and 37 (b) showed additional interactions with B4GalT1 in MD
simulations, visualised in VMD. (a) Inhibitor 31b exhibited pi stacking interaction with R189 and
hydrophobic interaction with M225 of f4GalT1; (b) Inhibitor 37 displayed pi stacking interaction with
W314 of f4GalT1.



4.2 P4GalT7 inhibition assays and molecular modelling of Class 2 target

molecules

The inhibitory activity of compounds 29 — 37 against f4GalT7 were assessed in HPLC-based
assay by Roberto Mastio. Molecular modelling was employed to rationalise the experimental

outcomes.

4.2.1 PB4GalT7 inhibition assays of 29 — 37

Compounds 29 — 37 were assessed at 1 mM concentrations with 2 mM XyINap as the accepter
substrate against f4GalT7. 31 mixture and 37 exhibited 97 % and 35 % inhibition. 32 and 36
showed slight B4GalT7 activation (18 %) whereas 29 and 30 showed almost no activation or
inhibition (Figure 49). The ring-open analogue 1 showed no activity until 1 mM. It is
understood that the best known 4GalT7 inhibitor was published by the Ellervik group in 2014,
which was an accepter-analogue. Its inhibitory activity was 52 + 2.6 % after addition of 2
mM.!%7 This suggests that inhibitors 31 and 37 (Figure 49) could be promising candidates for
B4GalT7 inhibition and subsequent GAG inhibition in cell applications. These results indicated
that conformational restriction may be a suitable strategy for the development of potent,

nucleoside-based inhibitors.
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Figure 49 Activation and inhibition of galactosylation by f4GalT7 under compounds 29 — 37 at 1 mM.
30 was used as a 1:8 mixture of two isomers. 31 was used as a mixture of a:b:¢ (25 %: 35 %: 14 %). 32
was used as a 1:1 mixture of two isomers. 31 and 37 were carried out in biological duplicate. Bars
indicate mean values + S.D. of the duplicates in a single experiment. The data was obtained by Roberto
Mastio.

4.2.2 Molecular modelling of 29 — 37 with p4GalT7

We chose the pose that exhibited both a good superimposition with natural ligand of f4GalT7
(PDB: 4IRP) and the highest docking score using Glide docking in Schrodinger, followed by
Molecular Dynamic (MD) simulations with CharmmGui and Amber. In MD simulations, the
majority of the compounds had good RMSD values (Table 17), which suggested stable binding.
However, 36, the ring open analogue of 29, exhibited relatively high RMSD value. Neither 29
or 36 showed inhibitory activity against f4GalT7 at | mM, while both 32 and 36 exhibited 18 %
activation (see 4.2.1). Similar to compound 2, it is possible that 32 or 36 bind at a putative
allosteric site rather than a donor binding site. Compounds 31a and 37 exhibited most
promising interactions (Figure 50). This is consistent with the experiment results, where they
showed 97 % and 26 % inhibition against B4GalT7 at 1 mM (see 4.2.1). Compound 31a

displayed a new interaction with residue Argl02 with an energy of -30.3 kcal/mol. Both



hydrogen bonding and pi-pi stacking were involved. Argl38 also provided an additional
stabilization with an energy of -4.9 kcal/mol. Compound 37 formed a new interaction with
residue Arg270 from flexible loop with an energy of -29.0 kcal/mol. The guanidine group of
Arg270 formed a pi-stacking and hydrogen bonding interactions with the indole group and 5°O

of 37, respectively (Figure 50).

Table 17 RMSD values of Class 2 inhibitors with B4GalT7

3la & 322 &
Compd 29 30a & 30b 31b 31c 32b 36 37
RMSD 1.2+£0.6 1.7+0.3 14+£0.3
(A) 1.5+0.6 12403 18403 1.5+0.3 16404 3006 14+05

RMSD values were calculated based on non-hydrogen atoms for both the receptor and ligand with VMD. The
B4GalT7 structure (PDB: 4IRP) used was from the Protein Data Bank.

Figure 50 Compounds 31a (a) and 37 (b) showed additional interactions with p4GalT7 in MD
simulations, visualized in VMD. (a) Inhibitor 31a exhibited pi stacking interaction with R102 and pi
stacking interaction with R138 of p4GalT7; (b) Inhibitor 37 displayed pi stacking interaction with R270
of B4GalT7

Overall, MD simulations indicated the appearance of stabilising interactions, involving R102,
R138 and R270, which highlight the advantages of conformational restriction. Compound 31a

is a fully conformationally restricted compound whist 37 is partially restricted owing to the

existence of bromo atom. It is worth mentioning that both 31 and 37 exhibited promise against



both B4GalT1 and p4GalT7 in the MD simulations. This aligns with the experimental results,
where 31 displayed moderate inhibition towards both B4GalT1 and B4GalT7, whilst 37
exhibited moderate inhibition against f4GalT7. This suggests that conformational restriction

potentially contributes to their inhibitory activity towards GalTs.

4.3 Cell assays of Class 2 target molecules

Cellular activity evaluations of Class 2 inhibitors were conducted by Alex McCraw. The
assessment involved cell viability, IgE production, and cell permeability. IgE glycoengineering

of Class 2 inhibitors is set to undergo testing in the future work.

4.3.1 Effect of target molecules 29 — 36 on cell viability and IgE production

in cell culture

At concentrations of less than 1 mM, compounds 30, 32 and 36 did not affect cell viability and
IgE production (Figure 51 (a) and (b)). Cells tolerated 29 up to 0.8 mM with a corresponding
decrease in IgE production (Figure 51 (a) and (b)). 31 mixture demonstrates cellular toxicity
even at a relatively low concentration of 100 uM (Figure 51a). 31 also had an impact on IgE
production after adding 100 uM (Figure 51b). Overall, results from both classes compounds
suggest that the presence of a heterocycle such as indole or benzofuran may be associated with

a decrease in cell viability.
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Figure 51 Effect of Class 2 inhibitors 29 — 36 on cell viability and IgE production in cell culture. (a)
Expi-HEK293F cells seeded at 5x10° cells/ml (standard concentration for protein production) on Day 1
and harvested on Day 3 following incubation with known concentrations of inhibitor. (b) Anti-IgE
ELISA was ran using cell supernatants. 30 was used as a 1:8 mixture of two isomers. 31 was used as a
mixture of a:b:c (25 %: 35 %: 14 %). 32 was used as a 1:2 mixture of two isomers. The data was
obtained by Alex McCraw.

4.3.2 Cell permeability of Class 2 target molecules

Cell permeability was assessed by a HPLC-based semi-quantitative experiments.”> The
material was used from the cell-viability experiments (see 4.3.1). Following centrifugation and
lysis of the cell pellets, the intracellular proportions of compounds 29 to 36 were determined
as a percentage of the total concentration. A concentration of 0.5 mM was utilized for

compound 31, while 1 mM was employed for the others. The concentration of the compounds



in the cell pellet or supernatant was calculated based on the area under the curve in HPLC.
HPLC data indicated that approximately 26.0 —31.0 % of 0.5 mM stock solution of compound
31 was taken up by Expi293F cells (Table 18). This result was the most promising compared
to the others. Compound 29, 30, 32 and 36 displayed similar cell permeability, ranging from

5.6 — 7.6 % (Table 18).

Table 18 Cell permeability of Class 2 inhibitors was assessed through HPLC-based experiments.

Compound 29 30¢ 31 32¢ 36
Cell

permeability 7.6 5.6 26.0-31.0 5.4-6.0 6.8
(%)

The cell pellets or supernatants were filtered through a 2 pm filter, and the filter membrane was washed twice
with 5 mL MeOH. The filtrate was completely dried in vacuo. The concentrated sample was dissolved in MeOH
and loaded into HPLC system. “30 was used as a 1:8 mixture of two isomers. ®31 was used as a mixture of a:b:¢
(25 %: 35 %: 14 %). ©32 was used as a 1:2 mixture of two isomers.

4.4 Bacterial enzymes: activity assays and molecular modelling with Class

2 target molecules

Biochemical assessments were conducted on additional GTs (LgtC, SetA, and LtpM) as the
target enzymes in the DSF binding assay (see 4.4.1). Inhibitor 31 which displayed encouraging
binding activity, was further evaluated in the Malachite Green inhibition assay (see 4.4.2).
Molecular modelling was employed to provide a rational explanation for the experimental

results (see 4).



4.4.1 Binding assays of 29 — 41 with LgtC, SetA and LtpM

Class 2 inhibitors were assessed in DSF binding assay against LgtC, SetA and LtpM. The
macrocycle 29 exhibited 2.4 °C T, shift against SetA whilst another macrocycle 31ab showed
a remarkable 4.5 °C Ty, shift against LgtC (Table 19). These results suggested the macrocycles
29 and 31ab have the potential to exhibit effective inhibitory activity against SetA and LgtC,

respectively. These also indicated they might have a selectivity over the other two enzymes.

Table 19 T, shifts of Class 2 inhibitors in DSF assay.

Entry Compound A Tn (°C)
LgtC SetA LtpM
1 29 <2 24+0.3 <2¢
2 30° <2 <2 <2
3 31ab’ 45+0.2 <2 <2
4 31c <2 <2 <2
5 31° <2 <2 <2
6 32¢ <2 <2 <2
7 36 <2 <2 <2
8 37 <2 <2 <2
9 38 <2 <2 <2
10 39 <2 <2 <2
11 40 <2 <2 <2
12 41 <2 <2 <2

The ATm (°C) was calculated at 2 mM (31ab was calculated at 0.5 mM). The concentrations of all compounds
used in initial screening was 2 to 0 mM mM (31ab was from 0.5 to 0 mM) with a dilution factor of 2 across 3
sequential dilution steps. The compounds with distinct Ty, shifts were assessed again from 2 to 0 mM with a
dilution factor of 2 across 7 sequential dilution steps (31ab was diluted from 0.5 to 0 mM). Each experiment
was carried out in triplicate. The experiment that demonstrated a deviation of more than two degrees was
repeated twice. “ 30 was used as a 1:8 mixture of two isomers. ?31ab was used as a 0.7:1 mixture of two isomers.
31 was used as a mixture of a:b:c (25 %: 35 %: 14 %). 932 was used as a 1:1 mixture of two isomers. ¢ This data
was from David Matthews.



4.4.2 LgtC inhibition assays with 31

31ab displayed encouraging binding activity against LgtC in DSF binding assay. This
suggested 31ab could potentially be a LgtC inhibitor. The mixture of compound 31 was
assessed using Malachite Green inhibition assay. It showed a promising ICso value of 193 + 35
uM (Figure 52). As previously described, compound 31 is a mixture of three main, and at least
two minor, isomers, with 31a and 31b representing the main components (25 % and 35 % of
the mixture, respectively). It is therefore likely that one or both of these isomers may be

primarily responsible for the observed inhibitory activity.

However, due to the limited amount and separation issue of 31ab, compounds 31ab, 31a and
31b studies will be performed in future work. Its ring-open analogue 1 showed no activity up

to 2 mM. These data again support the initial hypothesis that conformational restriction is

effective in increasing inhibitory activity.

Inhibitory activity of 31 against LgtC
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Figure 52 ICs curve of compound 31 against LgtC. 31 was used as a mixture of a:b:¢ (25 %:35 %:14 %).
Conditions: LgtC (1 pg/mL, turnover: 16 %, incubated with 5 mM DTT at 30 °C for 20 min for
activation), UDP-Gal (33 mM), GlcNAc (10 mM), CIP (10 U/mL), MnCl, (5 mM), lysozyme (1
mg/mL), Triton X (0.01 %), MnCl, (5 mM), HEPES (PH 7.5, 10 mM), DMSO (10 %) and inhibitors
series dilutions were incubated on a 96-well plate at 30 °C with shaking for 20 min. The reaction was
stopped by adding malachite reagents. The absorbance was measured at 620 nm in 1 h. Bars indicate
mean values + S.D. of the triplicates in a single experiment. The experiment was repeated twice.



4.4.3 Molecular modelling of 31 with LgtC

Since good activity was observed with compound 31 against LgtC, the molecular simulations
were performed for 31. For comparison, its corresponding ring-open analogue 1 was also
conducted. 31b was standing out amongst 31a to 31¢ from docking simulations. In MD
simulations, both 1 and 31b exhibited similar RMSD (2.0 A for both). However, 31b displayed
additional interactions with residue Arg77 and His78 with energies of -1.6 and -1.9 kcal/mol,
respectively (Figure 53). Moreover, 31b demonstrated a robust interaction with Asp105 in
comparison to compound 1 (-20.9 and -1.4 kcal/mol, respectively, Figure 53). Conformational
restriction could potentially lead to the enhancement of the additional interactions between 31b

and LgtC.

Ril gna \H78

D105 R77

Figure 53 Inhibitor 31b showed additional interactions with R77 and H78 and robust interaction with
D105 of LgtC in the MD simulations, visualised in VMD (Left: front view; Right: top view)



4.5 Discussion on the selectivity of 31 for galactosyltransferases over

glucosyltransferases

From the results above, the conformationally restricted macrocycle 31 exhibited selectivity
towards galactosyltransferases (B4GalT1, f4GalT7 and LgtC) over glucosyltransferases (SetA

and LtpM). To understand enzymological behaviour of 31, molecular modelling was performed.

MD simulations of 31a or 31b showed they formed robust interactions with GalTs. As shown
in Figure 54, f4GalT1 and P4GalT7 exhibited conserved residues in the binding pockets.
There was an observed pi-stacking between the side chain of the conserved arginine residue
(R189 in B4GalT1 and R102 in B4GalT7) and the indole group of compound 31 (Figure 55),
This interaction was not observed in any other compounds in Class 1 inhibitors or 2. In addition,
a new hydrophobic interaction was observed between residue Met225 of f4GalT1 and 31b,
while a pi-stacking interaction was formed between Argl38 of f4GalT7 and 31a (Figure 55).
In contrast, LgtC shared a lower sequence identity with B4GalT1 and 4GalT7 (Figure 54).
Despite this, pi-stacking interactions were observed involving Arg77 and His78 of LgtC with
the indole group of compound 31 (Figure 55). These suggested the presence of the chain and
indole group of 31 could provide additional interactions with the target enzymes. These

interactions could be stabilized by the constrained conformation of compound 31.



<

Figure 54 Superposition of f4GalT1(Pink, PDB 1FRS), B4GalT7 (light green, PDB 4IRP) and LgtC
(white, PDB 1G9R), visualized in Maestro. The image depicted the natural ligands occupying the
binding sites. The pose of 31b (red) was from the best docking result against f4GalT1 using Glide in
Schrodinger. The key residues of f4GalT1 and B4GalT7 were shown in stick representation.
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B4GalT1 with 31b B4GalT7 with 31a LgtC with 31a

Figure 55 Key interactions between 31 and GalTs in MD simulations visualised with VMD.
Corresponding interaction energies: Argl89 and Met225 of p4GalT1l (PDB 1FRS): -35.5 and -1.1
kcal/mol, respectively; Argl02 and Argl38 of P4GalT7 (PDB 4IRP): -30.3 and -4.9 kcal/mol,
respectively; Arg77 and 78 of LgtC (PDB 1G9R): -1.6 and -1.8 kcal/mol, respectively.

Since no crystal structures is available for SetA and LtpM, we used their AlphaFold models
generated by Gunnar Neels Schroeder. It was known that a conserved tryptophan residue is
present in both SetA and LtpM, as observed in Figure 56. Upon superposing our ligand 31b
with the natural ligands of SetA and LtpM, an apparent clash was observed between indole
group of 31b and tryptophan residue (Figure 56). This observation could help explain the

absence of binding observed in the DSF assay between 31 and both SetA and LtpM. The



modelling analysis provides a rationale for the observed selectivity of 31 towards
galactosyltransferases (4GalT1, B4GalT7 and LgtC) over glucosyltransferases (SetA and

LtpM).

SetA with 31a LtpM with 31a

Figure 56 Steric clashes are present between 31a (Green) and a conserved tryptophan residue (yellow)
in both SetA and LtpM. UDP-Glc and UDP (red) were docked with SetA and LtpM, respectively, using
Glide in Schrodinger. Both SetA and LtpM are AlphaFold models generated by Gunnar Neels
Schroeder.

4.6 Summary and conclusions

This chapter described and discussed activity assessment and molecular modelling of Class 2
inhibitors. Activity assessment involved inhibition assays towards f4GalT1 and B4GalT7.
Macrocyclic compound 29 exhibited a ICso of 1.0 + 0.2 mM against B4GalT1, indicating a
slightly increased activity in comparison with Class 1 inhibitors. Macrocyclic compound 31
demonstrated significant 99 % inhibition of f4GalT1 at 2 mM and 97 % inhibition of f4GalT7
at 1 mM. The partially conformationally restricted compound 37 exhibited 35 % inhibition of
B4GalT7. These findings suggested employing conformational restriction of inhibitors proved
to be a promising strategy for enhancing inhibitory activity towards mammalian GalTs.

Molecular modelling provides a rationale for the observed inhibition induced by 31 and 37.



They formed additional robust interactions with the target enzymes in the MD simulations.
These interactions might be strengthened by their restricted conformations. In the cell
permeability assessment, 31 displayed a significantly higher value (26 % — 31 %), compared
to the rest of tested Class 2 inhibitors (5.4 % — 7.6 %). However, 31 showed cytotoxicity at
concentrations exceeding 100 uM. In contrast, 30, 32 and 36 demonstrated tolerance reaching
1 mM, whilst 29 exhibited tolerance up to 0.8 mM. This suggested there is a trade-off between

high uptake and high viability amongst these inhibitors.

In the binding assays of LgtC, SetA and LtpM, 31ab (a/b 0.7:1) displayed a notable binding
affinity with LgtC. Further inhibition assays revealed that 31ab exhibited a remarkable ICso
value of 193 uM. This suggested 31a or 31b might have selectivity for LgtC over SetA and
LtpM. Considering the observations, 31a or 31b exhibited potential selectivity for GalTs

(B4GalT1, B4GalT7 and LgtC) over glucosyltransferases (SetA and LtpM).



Chapter 5

Summary, conclusions and outlook



5  Summary, conclusions and outlook

5.1 Overall summary and conclusions

Immunoglobulin E (IgE)-based antibodies are currently being explored as potential innovative
cancer therapeutics. The complexity of the IgE glycoforms presents challenges in conducting
structure-function studies. The main goal of this project was to develop GalT inhibitors with
suitable properties for application in IgE cell culture. Such inhibitors could subsequently be
used to generate defined IgE glycoforms and contribute to establish the exact role of

glycosylation for the biological and therapeutic properties of IgE.

The inhibitor design was based on the previously reported GalT donor analogue 5-FT UDP-
Gal, which exhibited inhibitory activity in the low micromolar range against several GalTs.
The 5-formylthienyl substituent at the 5-position of the uracil base enables 5-FT UDP-Gal to
lock its target GalTs in a catalytically inactive state. However, its charged pyrophosphate
linkage limited its suitability for cellular applications. The removal of the sugar and
pyrophosphate linkage improved cell permeability and stability but resulted in a reduction in
inhibitory activity. To regain inhibitory activity and maintain or further enhance permeability,
this project employed conformational restriction as a key design strategy. This approach was
expected to enhance both potency and selectivity for biological targets by minimizing the
entropic loss associated with the ligand being constrained in its preferred conformation. Two

classes of inhibitors were investigated.



Table 20 Activities of Class 1 inhibitors (1 — 4) and Class 2 inhibitors (29 — 41)¢

Mammalian GTs Bacterial GTs
Galactosyltransferases Glucosyltransferases
Entry  Cmpds
Inhibition assay DSF binding assay (AT, °C)
BLE%IT ! B4GalT7 LgtC LgtC SetA LtpM
ml\jf) (at1mM) (ICsx) = (at2mM)  (at2mM) (at2 mM)
1 1 4.8+0.5 n.a. n.d. n.a. n.a. n.a.
0
2 2 24+04 ].54 A) n.d. n.a. 25+03 n.a.
activation
3 3 19+03 n.a. n.d. n.a. 24+0.2 n.a.
4 4 3.8+0.5 n.a. n.d. n.a. 23+0.2 n.a.
5 29 1.0+0.2 n.a. n.d. n.a. 24+0.3 n.a.
6 30¢ n.d. n.a. n.d. n.a. n.a. n.a.
99 %? 97 %" ICso b
7 31 kst | Tobtien | 1932 35 (;{f)? %4) L L
(at 2 mM) | (at 1 mM) uM ¢ ’
V)
8 32¢ n.d. 1.8 A’ n.d. n.a. n.a. n.a.
activation
0,
9 36 n.d. 1.8 /0 n.d. n.a. n.a. n.a.
activation
35%
10 37 n.d. inhibition n.d. n.a. n.a. n.a.
11 38 n.a. n.d. n.d. n.a. n.a. n.a.
12 39 n.a. n.d. n.d. n.a. n.a. n.a.
13 40 n.a. n.d. n.d. n.a. n.a. n.a.
14 41 n.a. n.d. n.d. n.a. n.a. n.a.

In the B4GalT1 assay, 31c¢ was tested at a highest concentration of 1 mM, while compounds 40 and 41 were
assessed at a highest concentration of 0.5 mM. The B4GalT7 assay utilised the highest inhibitor concentration of
1 mM, and the DSF assay employed the highest inhibitor concentration of 2 mM. Significant observations were
indicated using red highlighting in the table. n.a.: no activity (inhibition, activation, or binding); n.d.: not
determined. ¢ Class 2 inhibitors comprises macrocyclic compounds 29 — 32 and ring-open uridine analogues 36 —
41.%31 was used as a mixture of a:b (0.7:1) in B4GalT1 inhibition assay and DSF assay. ¢ 31 was used as a mixture
of a:b:c (25 %: 35 %: 14 %) in B4GalT7 and LgtC inhibition assay. ¢ 30 was used as a 1:8 mixture of two isomers.
€32 was used as a 1:1 mixture of two isomers.



In Chapter 2, the results of Class 1 inhibitors were introduced. Class 1 inhibitors (1 — 4) were
uridine derivatives with four different 5-substitutions. The purpose was to identify the most
favourable substituent and orientation at position 5 of nucleosides. 1 — 4 exhibited comparable
inhibition of B4GalT1 (ICso: 1.9 — 4.8 mM, Table 20, entry 1 —4). Compound 2 demonstrated
a significant activation (up to 154 %, Table 20, entry 2) towards 4GalT7, suggesting it might
bind at a putative allosteric site rather than the donor binding site. However, the preliminary
results from IgE glycoengineering indicated 5 exhibited limited and broad inhibition on the IgE
glycans from lectin blots, while, surprisingly, 6 showed a slight increase in glycans broadly.
Additionally, there was no noticeable reduction in the prevalence of galactose or sialic acid in
the tentative glycan assignment. These unexpected, and seemingly paradoxical, effects may at

least in part be influenced by the relatively modest potency of these inhibitors.

In Chapter 3 and 4, the chemical synthesis and activity evaluations of Class 2 inhibitors were
introduced, respectively. Based on the comparable activity of Class 1 inhibitors against
B4GalT1 and synthetic accessibility, inhibitor 1 was chosen as the structural basis of
conformationally restricted compounds. The synthesis of Class 2 inhibitors employed three
ring-forming strategies across four routes. The route featuring Heck coupling for ring formation
was successful, resulting in the final macrocycles. Although the other three routes did not yield
the target compounds, they generated valuable intermediates and insights that contributed to
the development of a successful synthetic route. Twelve Class 2 inhibitors were generated,
including 6 macrocyclic compounds 29 — 32 and 6 ring-open uridine derivatives 36 — 41. The
macrocycle 29 exhibited a modest inhibitory activity, with an ICso value of 1.0 + 0.2 mM
against f4GalT1 (Table 20, entry S). The fully conformationally restricted 31 exhibited the
most potent activity. 31 displayed 99 % inhibition of B4GalT1 at 2 mM and 97 % inhibition of

B4GalT7 at 1 mM (Table 20, entry 7). The partially conformationally restricted 37 exhibited



35 % inhibition of B4GalT7 at 1 mM (Table 20, entry 10). Compared to their ring-open
analogues 1 — 4, these conformationally restricted inhibitors exhibited apparent increasing

activity. Moreover, 31 also demonstrated 26.0 — 31.0 % cell permeability.

In Chapter 2 and 4, our investigation expanded to three bacterial GTs: LgtC, SetA, and LtpM
with Class 1 inhibitors and Class 2 inhibitors. The critical aspect of this research involves
evaluating the selectivity of our inhibitors towards these specific GTs. 31 demonstrated
favourable selectivity for LgtC over SetA and LtpM in Differential Scanning Fluorimetry (DSF)
binding assays (Table 20, entry 7). Subsequent inhibition assays revealed an ICso of 193 + 35
uM for LgtC (Table 20, entry 7). Findings suggested 31 could potentially serve as a broad
range inhibitor of GalTs (B4GalT, B4GalT7 and LgtC) over glucosyltransferases (SetA and
LtpM) (Table 20, entry 7). Molecular modelling suggested that the chain and indole group on
31 could offer additional robust interactions with GalTs, and these interactions could be
potentially stabilized by the constrained conformation of 31. However, steric clashes were

observed between the rigid structure of 31 and both SetA and LtpM.

In conclusion, the aim of achieving inhibitors with optimised inhibitory activity, selectivity and
cell permeability was successfully accomplished via conformational restriction. Inhibitor 31
exhibited the most promising inhibitory potency and cell permeability amongst all the test
compounds. This can be potentially attributed to the presence of indole group in the 5-position
of nucleobase, with the macrocycle constraining the ligand in its favoured conformation. In
IgE glycoengineering, the Class 1 inhibitors did not show a significant decrease in the
prevalence of galactose or sialic acid in the IgE glycoengineering, whereas the Class 2
inhibitors inhibitors are promising candidates for IgE application. This is attributed to their

improved inhibitory activity and cell permeability. Some cytotoxicity was observed after



addition of 100 uM for inhibitor 31. Despite this, it remains promising candidate with the
potential for further structural refinement to enhance its activity, thereby reducing the amount
required for cellular applications. Alternatively, successful evaluation of the conformational
restriction strategy has offered a new avenue to design additional analogues for use in cellular

applications.

5.2 Future work

The future development of this work will include cell assays, in-vitro assays, and inhibitor
optimizations. Cell assays will involve the application of current inhibitors to IgE
glycoengineering and glycosaminoglycan (GAG) biosynthesis. In-vitro assays will involve the
application of inhibitors to additional target enzymes. Finally, the results from this study,
including the synthetic routes described in Chapter 3, provide a strong foundation for the
further optimisation of this new class of the glycosyltransferase inhibitors. As the next steps,

the following experiments may be particularly worthwhile:

1) Conducting IgE studying with conformationally restricted nucleosides. The Class 2
inhibitors inhibitors are promising candidates for IgE application, due to their improved
inhibitory activity and cell permeability. The potential candidates include inhibitors 29,
31 and 37. The following optimization strategies would provide further investigations

of this area.

2) Establishing the glycan profile within GAG biosynthesis in cells treated with 31 or 2.
Considering the remarkable inhibitory activity of 31 and activating activity of 2 against

B4GalT7, it is essential to investigate their activities in cell assays.



3) Exploring additional sugar-UDP-dependant enzymes, such as UDP-glucosyltransferase,
fucosylgalactoside a-N-acetylgalactosaminyltransferase (AA(Gly)B) and f-1,3-
galactosyltransferase. This exploration can potentially offer an opportunity to discern

the selectivity of our inhibitors in relation to various enzymes.

4) Optimizing the structure of 31. Inhibitor 31 demonstrated the most potent inhibitory
potency, selectivity and cell permeability amongst all the test compounds. Its potential
optimization strategies involve: (a) performing hydrogenation to increase the ligand
flexibility, (b) adjusting the ring size to control ring flexibility, and (c) substituting the

hydrophobic alkenyl chain with a hydrophilic chain, such as PEG (Figure 57).
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Figure 57 Proposed optimisation strategies for inhibitor 31

5) Optimizing the structure of 29. Although 29 and 37 are not as potent as 31, they are
promising owing to mild activity and easy synthetic accessibility. Similar to 31,29 is a
fully conformationally restricted nucleoside. The potential optimization strategies of 29
involve: (a) adjusting the ring size to control ring flexibility; (b) substituting the

hydrophobic alkenyl chain with a hydrophilic chain, such as PEG (Figure 58).



6)

H
@]

o
OH OH OH OH
@)

0
0 ]fk"‘
[
0
0
(b)

Figure 58 Proposed optimisation strategies for inhibitor 29

Optimizing the structures of 37. Inhibitor 37 is a partially restricted nucleoside due to
the presence of the bromo group. Various substituents on the indole moiety can regulate
the dihedral angel between indole and the nucleobase, potentially favouring
conformations preferred by the target enzymes. Potential optimization strategies of 37
involve substituting bromo group with either electron-withdrawing groups, such as Cl,
OH or OCH3;, or electron-donating groups, such as CH3 and benzyl group in different
position of indole (Figure 59). A benzyl group also can be utilised to investigate the
impact of bulky groups on ligand conformation towards target enzymes and

downstream activities.

OH OH

R = CI, OH, OCHj3;, CH3, benzyl ... in different position of indole

Figure 59 Proposed optimisation strategies for inhibitor 37



Chapter 6

Experimental



6  Experimental

6.1 Chemical synthesis

General. Commercial chemicals and dry solvents were employed as received, except for dry
DCM  which  was  dried using  preactivated 4A  molecular  sieves.
Silica gel (particle size 40 — 63 um) was used for the normal phase chromatography procedure.
Precoated aluminium plates (Silica Gel 60 F254, Merck) were utilized for the thin layer
chromatography (TLC) procedure. The compounds were visualised using UV light exposure
(254/365 nm) and/or through staining with potassium permanganate. All newly synthesized
compounds were subjected to analysis using 'H NMR, '3C NMR, COSY, NOESY, HMBC,
and LC/MS. For all known compounds, characterization was conducted using '"H-NMR and
BC-NMR. The '"H NMR spectra were collected at 298K on a ultrashield™ 400 PLUS Bruker
machine operating at 400.13 MHz (‘H-NMR) and 100.62 MHz (}3C-NMR), respectively. The
NMR spectra were presented using MestReNova 12.0. Chemical shifts (9) are indicated in ppm
relative to the residual solvent peaks. Analytical HPLC was performed using an Agilent 1220
infinity LC system with an Agilent ZORBAX eclipse XDB-C18 column (5 pm, 4.6 x 250 mm).
All final compounds satisfied the necessary purity standards (> 95 % by HPLC) at two
wavelengths. The two maximum absorbance wavelengths were validated through UV-VIS
spectrophotometry. Notably, compound 30 and 32 comprised two diastereomers, while
compound 31 was a combination of at least five diastereoisomers, all of which exhibited a total
purity exceeding 95 %. Three diastereomers of compound 31 were separated by automated
preparative reversed-phase high-performance liquid chromatography (RP-HPLC). The

PerkinElmer HPLC system employed for the separation, which consisted of a 200 series binary



pump, dual Rheodyne 77251 injector, channel UV/vis detector, and a Dr. Maisch ReproSil Gold
120 C18 column (10 pum, 25 x 250 mm?). The LC-MS analysis was performed utilizing an
Agilent Technologies 1290 ultra-performance liquid chromatography (UPLC) system,
featuring a 6140 single quadrupole mass spectrometer (MS) detector and a Zorbax Eclipse Plus
C18 RRHD column (1.8 uM, 50 x 2.1 mm). The mobile phase of LC-MS underwent a
transition from 100 % H>O (0.1 % formic acid) to 100 % MeCN (0.1 % formic acid) within a
6-minute period, and UV detection was carried out at two standard wavelengths (210 and 254

nm) for all compounds.
6.1.1 Chapter 2 compounds: 1 — 8 (Class 1 inhibitors)

Suzuki cross-coupling: 1 — 4

O O

| R
| NH boronic acid, Cs,CO3, Na;PbCly, TPPTS | NH
A = N/go

N o degassed water, Ny, 120 °C, 1-4 h
HO HO
o 0o
OH OH OH OH

5-iodourdine 1: R = indol-4-yl
2: R = indol-6-yl
3: R =benozfuran-5-yl
4: R = benzofuran-7-yl

5-Indouridine (1 equiv.), boronic acid (1.5 equiv.) and Cs>COs (2 equiv.) in 50 mL degassed
water were combined in a 100 mL two-necked flask. The reaction mixture was stirred at rt until
all the solids were dissolved. Under nitrogen, NaPdCls (0.025 equiv.) and TPPTS (0.0625
equiv.) were added and stirred at rt temperature until all solids were dissolved. The reaction
was heated to reflux (120 °C) under nitrogen until TLC (IPA/H,O/NH3 12:3:1) indicated

complete conversion. The reaction was cooled to rt. The Pd-complex was removed using cotton



and a glass funnel. The pH was adjusted from basic to neutral with 1N HCI before extraction
with ethyl acetate. Then the solution was extracted with ethyl acetate (8x). The organic layers
were combined and dried with anhydrous Na;SO4 for 30 min. The organic solvent was

concentrated in vacuo. The crude product was used in the next step without further purification.

For the purpose of activity testing, the Pd-complex was removed using a DMT chelating agent.
The solution was stirred with DMT at 80 °C overnight and subsequently filtered with celite.
The following procedures remained consistent with those described above. 1 — 4 were further

purified via recrystallization in MeOH.

1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-(1H-indol-4-

yl)pyrimidine-2,4(1H,3H)-dione (1)*

White solid, 45 % yield. 'H NMR (400 MHz, Methanol-ds) & 8.16 (s, 1H, H-6), 7.34 (d, J =
7.8 Hz, 1H, indoyl-H-7), 7.21 (d, J = 3.0 Hz, 1H, indoyl-H-2), 7.09 (dd, J = 7.8, 7.3 Hz, 1H,
indoyl-H-6), 7.03 (d, J = 7.3 Hz, 1H, indoyl-H-5), 6.37 (d, J = 3.0 Hz, 1H, indoyl-H-3), 6.01
(d,J=5.3 Hz, 1H, H-1'), 4.27 (dd, J=5.3, 4.7 Hz, 1H, H-2'), 4.13 (dd, J= 4.7, 4.4 Hz, 1H, H-
3", 3.99 (dt, J=4.4 Hz, 1H, H-4"), 3.72 (dd, J = 12.0, 2.7 Hz, 1H, H-5'), 3.62 (dd, J = 12.0, 2.7
Hz, 1H, H-5"). 3C NMR (100 MHz, Methanol-ds)  164.87 (C-4), 152.43 (C-2), 140.62 (C-6),
137.87 (indoyl-C-9), 128.45 (indoyl-C-8), 125.91 (indoyl-C-2), 125.60 (indoyl-C-4), 122.10
(indoyl-C-6), 121.39 (indoyl-C-5), 116.50 (C-5), 112.25 (indoyl-C-7), 101.78 (indoyl-C-3),

90.60 (C-1"), 86.48 (C-4'), 75.78 9 (C-2'), 71.72 (C-3"), 62.42 (C-5"). LC-MS (m/z) [M + H':



calculated 360.1; found 360.2. HPLC: > 99 % purity at 220 nm and 265 nm; fr = 2.3 min; flow

rate: 1 mL/min; solvent elution: 40 % MeOH in water.

1-((2R,3R,4S5,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-(1H-indol-6-

yl)pyrimidine-2,4(1H,3H)-dione (2)*?

J o)
N NH
H |
NAO
HO
0
OH OH

White solid, 48 % yield. 'H NMR (400 MHz, DMSO-ds) § 11.48 (s, 1H, uracil-NH), 11.10 (s,
1H, indoyl-NH), 8.20 (s, 1H, H-6), 7.70 (s, 1H, indoyl-H-7), 7.50 (d, J = 9.2 Hz, 1H, indoyl-
H-4), 7.35 (d, 1H, indoyl-H-2), 7.11 (d, /= 9.2 Hz, 1H, indoyl-H-5), 6.41 (d, 1H, indoyl-H-3),
5.88 (d, J=5.5 Hz, 1H, H-1"), 5.44 (s, 1H, OH-2"), 5.18 (s, 1H, OH-5"), 5.10 (s, 1H, OH-3"),
4.21 -4.14 (m, 1H, H-2"), 4.08 —4.01 (m, 1H, H-3"), 3.94 — 3.85 (m, 1H, H-4"), 3.68 —3.63 (m,
1H, H-5"), 3.60 — 3.57 (m, 1H, H-5"). *C NMR (100 MHz, DMSO-ds) § 162.60 (C-4), 150.36
(C-2), 137.29 (C-6), 135.85 (indoyl-C-9), 126.96 (indoyl-C-8), 126.05 (indoyl-C-6), 125.71
(indoyl-C-2), 119.68 (indoyl-C-4), 119.24 (indoyl-C-5), 114.84 (C-5), 111.42 (indoyl-C-7),
101.00 (indoyl-C-3), 88.06 (C-1"), 84.90 (C-4"), 73.97 (C-2"), 69.99 (C-3"), 60.69 (C-5"). LC-
MS (m/z) [M + H']: calculated 360.1; found 360.3. HPLC: > 99 % purity at 240 nm and 300

nm; fr = 2.2 min; flow rate: 1 mL/min; solvent elution: 40 % MeOH in water.



5-(benzofuran-5-yl)-1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)-

tetrahydrofuran-2-yl) pyrimidine-2,4(1H,3H)-dione (3)

(0)
O
N~ "0
HO
O
OH OH

White solid, 52 % yield. '"H NMR (400 MHz, DMSO-ds) & 11.55 (s, 1H, NH), 8.27 (s, 1H, H-
6), 8.00 (d, 1H, benzofuran-H-2), 7.82 (s, 1H, benzofuran-H-4), 7.57 (d, J = 8.4 Hz, 1H,
benzofuran-H-7), 7.45 (d, J= 8.4 Hz, 1H, benzofuran-H-5), 6.98 (d, 1H, benzofuran-H-3), 5.86
(d, J=2.7 Hz, 1H, H-17), 5.45 (s, 1H, OH-2"), 5.22 (s, 1H, OH-3"), 5.11 (s, 1H, OH-5), 4.19
—4.13 (m, 1H, H-2"),4.07 - 4.01 (m, 1H, H-3"), 3.91 — 3.87 (m, 1H, H-4"), 3.73 - 3.51 (m, 2H,
H-5"). C NMR (101 MHz, Methanol-ds) § 164.90, 155.94, 152.18, 146.96, 139.79, 128.99,
128.93, 126.09, 122.34, 116.43, 111.85, 107.75, 90.91, 86.25, 76.04, 71.13, 61.87. LC-MS
(m/z) [M + H']: calculated 361.1; found 361.2. HPLC: > 99 % purity at 230 nm and 285 nm;

tr = 2.8 min; flow rate: 1 mL/min; solvent elution: 40 % MeOH in water.

5-(benzofuran-7-yl)-1-((2R,3R,4S5,5R)-3,4-dihydroxy-5-(hydroxymethyl)-

tetrahydrofuran-2-yl)pyrimidine-2,4(1H,3H)-dione (4)

HO

OH OH

White solid, 49 % yield. "H NMR (400 MHz, DMSO-ds) § 11.63 (s, 1H, NH), 8.36 (s, 1H, H-
6), 7.96 (m, 1H, benzofuran-H-2), 7.62 (m, 1H, benzofuran-H-4 or 6), 7.45 (m, 1H, benzofuran-

H-4 or 6), 7.26 (m, 1H, benzofuran-H-5), 6.98 (m, 1H, benzofuran-H-3), 5.90 (m, 1H, H-1"),



5.47 (s, 1H, OH-2"), 5.13 (s, 1H, OH-5"), 4.96 (s, 1H, OH-3"), 4.16 (m, 2H, H-2"), 4.04 — 3.96
(m, 1H, H-3"), 3.91 — 3.83 (m, 1H, H-4"), 3.58 — 3.49 (m, 2H, H-5"). 3C NMR (100 MHz,
Methanol-ds) 6 164.29 (C-4), 152.14 (C-2), 146.36 (benzofuran-C-2), 141.79 (C-6), 129.26
(benzofuran-C-9), 126.33 (benzofuran-C-6), 123.82 (benzofuran-C-5), 121.99 (benzofuran-C-
4), 118.32 (benzofuran-C-7), 111.44 (C-5), 107.76 (benzofuran-C-3), 90.86 (C-1'), 86.45 (C-
4'),76.00 (C-2"), 71.54 (C-3"), 62.33 (C-5"). LC-MS (m/z) [M + H']: calculated 361.1; found
361.2. HPLC: > 99 % purity at 225 nm and 285 nm; tr = 2.4 min; flow rate: 1 mL/min; solvent

elution: 40 % MeOH in water.

Acetylation of 1 — 4: compounds 5 -8

R R
NH DMAP, Ac,0 fLNH
fl <. LK

N 0 pyridine, rt, 14-36h N 0
HO AcO
0 o)

OH OH OAc OAc
5: R = indol-4-yl
6: R = indol-6-yl
7: R = benozfuran-5-yl
8: R = benzofuran-7-yl

To a solution of 1 — 4 (1 equiv.) and DMAP (0.05 equiv.) in pyridine (5 mL) was added acetic
anhydride (3.5 equiv.). The reaction was stirred at rt until TLC (hexane/EA 3:1) indicated
complete conversion. The reaction was quenched with drops of water. The solvent was
removed by evaporation and the residue co-evaporated with toluene (3%). The crude product
was purified by flash silica chromatography (hexane/EA, gradient: 10:1 to 3:1) to yield target

compounds 5 — 8.



(2R,3R 4R 5R)-2-(5-(1H-indol-4-y1)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-5-(acetoxy

methyl)tetrahydrofuran-3,4-diyl diacetate (5)*?

AcO

OAc OAc
White solid, 70 % yield over 2 steps. 'H NMR (400 MHz, Methanol-ds) & 7.94 (s, 1H, H-6),
7.39 (d, J= 6.6 Hz, 1H, indoyl-H-7), 7.24 (d, 1H, indoyl-H-2), 7.18 — 7.08 (m, 2H, indoyl-H-
5 and 6), 6.44 (d, 1H, indoyl-H-3), 6.20 (d, J = 5.7 Hz, 1H, H-1"), 5.49 (t, /= 5.9 Hz, 1H, H-
2"),5.43 -5.33 (m, 1H, H-3"), 4.48 —4.37 (m, 1H, H-4"),4.33 —4.21 (m, 2H, H-5"), 2.11 (s, 6H,
OAc-2"and 3"), 1.41 (s, 3H, OAc-5")."3C NMR (100 MHz, Methanol-ds) § 171.89 (C of OAc),
171.41 (C of OAc), 171.39 (C of OAc), 164.62 (C-4), 151.96 (C-2), 139.68 (C-6), 137.90
(indoyl-C-9), 128.37 (indoyl-C-8), 126.34 (indoyl-C-2), 125.12 (indoyl-C-4), 122.12 (indoyl-
C-5), 121.55 (indoyl-C-6), 116.69 (C-5), 112.39 (indoyl-C-7), 101.29 (indoyl-C-3), 88.42 (C-
1), 81.60 (C-4"), 74.32 (C-2"), 72.02 (C-3"), 64.53 (C-5"), 20.44 (Me of OAc), 20.30 (Me of
OAc), 19.88 (Me of OAc). LC-MS (m/z) [M + H']: calculated 486.2; found 486.3 HPLC: >
99 % purity at 210 nm and 265 nm; fgr = 1.5 min; flow rate: 1 mL/min; solvent elution: 95 %

MeOH in water.

(2R,3R,4R,5R)-2-(5-(1H-indol-6-yl)-2,4-diox0-3,4-dihydropyrimidin-1(2 H)-yl)-5-(acetoxy

methyl)tetrahydrofuran-3,4-diyl diacetate (6)

% 0
N NH
H |
NAO
AcO
0



White solid, 83 % yield over 2 steps. 'H NMR (400 MHz, Methanol-ds) & 7.69 (s, 1H, H-6),
7.56 — 7.47 (m, 2H, indoyl-H-7 and H-4), 7.21 (d, 1H, indoyl-H-2), 7.06 (d, J = 8.2 Hz, 1H,
indoyl-H-5), 6.40 (d, J = 2.2 Hz, 1H, indoyl-H-3), 6.04 (d, /= 5.4 Hz, 1H, H-1"), 5.50 (t, J =
5.7 Hz, 1H, H-2"), 5.37 (t, J = 5.4 Hz, 1H, H-3"), 4.38 — 4.23 (m, 3H, H-4' a nd H-5"), 2.05 (s,
6H, OAc-2' and 3'), 1.76 (d, J = 1.7 Hz, 3H, OAc -5").*C NMR (100 MHz, Methanol-ds) &
172.03 (C of OAc), 171.42 (C of OAc), 164.83 (C-4), 151.84 (C-2), 138.53 (C-6), 137.47
(indoyl-C-9), 129.32 (indoyl-C-8), 126.73 (indoyl-C-2), 126.56 (indoyl-C-6), 121.11 (indoyl-
C-4), 120.75 (indoyl-C-5), 118.35 (C-5), 112.66 (indoyl-C-7), 102.33 (indoyl-C-3), 89.44 (C-
1'), 81.42 (C-4"), 74.26 (C-2"), 71.74 (C-3"), 64.27 (C-5"), 20.50 (Me of OAc), 20.41 (Me of
OAc), 20.32 (Me of OAc). LC-MS (m/z) [M + H']: calculated 486.2; found 486.3. HPLC: >
99 % purity at 210 nm and 290 nm; fgr = 1.5 min; flow rate: 1 mL/min; solvent elution: 95 %

MeOH in water.

(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(5-(benzofuran-5-yl)-2,4-dioxo-3.4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3,4-diyl diacetate (7)

AcO

OAc OAc
White solid, 78 % yield over 2 steps. 'H NMR (400 MHz, Methanol-ds) & 7.77 (s, 2H, H-6 and
benzofuran-H-2 ), 7.75 (s, 1H, benzofuran-H-4), 7.51 (d, J = 8.7 Hz, 1H, benzofuran-H-7),
7.42 (d, J= 8.7 Hz, 1H, benzofuran-H-6), 6.85 (d, 1H, benzofuran-H-3), 6.06 (d, /= 5.2 Hz,
1H, H-1"), 5.56 (dd, J = 5.8, 5.8 Hz, 1H, H-2"), 5.43 (dd, 1H, H-3"), 4.41 — 4.29 (m, 3H, H-4'
and 5"), 2.10 (s, 6H, OAc), 1.85 (s, 3H, OAc). '*C NMR (100 MHz, Methanol-ds) & 171.96

(COCH3), 171.44 (COCH3), 171.39 (COCH3), 164.58 (C-4), 156.06 (benzofuran-C-9),



151.78 (C-2), 147.23 (C-6), 139.36 (benzofuran-C-2), 129.00 (benzofuran-C-8), 128.69
(benzofuran-C-5), 126.23 (benzofuran-C-6), 122.52 (benzofuran-C-4), 117.26 (C-5), 112.02
(benzofuran-C-7), 107.65 (benzofuran-C-3), 89.86 (C-1'), 81.41 (C-4"), 74.27 (C-2"), 71.68 (C-
3"), 64.26 (C-5"), 20.54 (COCH3), 20.42 (COCH3), 20.34 (COCH3). LC-MS (m/z) [M + H']:
calculated 487.2; found 487.4. HPLC: > 99 % purity at 225 nm and 285 nm; fr = 1.8 min; flow

rate: 1 mL/min; solvent elution: 90 % MeOH in water.

(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(5-(benzofuran-7-yl)-2,4-dioxo-3,4-dihydro

pyrimidin-1(2H)-yl)tetrahydrofuran-3,4-diyl diacetate (8)

AcO

OAc OAc

White solid, 84 % yield over 2 steps. 'H NMR (400 MHz, Methanol-ds) & 8.18 (s, 1H, H-6),
7.74 (d, 1H, benzofuran-H-2), 7.59 (s, 2H, benzofuran-H-4 and 6), 7.25 (dd, J = 7.7, 7.7 Hz,
1H, benzofuran-H-5), 6.87 (d, 1H, benzofuran-H-3), 6.15 (d, 1H, J= 5.2, H-1"), 5.53 (dd, J =
5.2, 6.1 Hz, 1H, H-2"), 5.44 (dd, J = 6.1, 6.1 Hz, 1H, H-3"), 4.42 — 4.28 (m, 3H, H-4' and 5"),
2.09 (s, 6H, H-OAc), 1.59 (s, 3H, H-OAc). 3*C NMR (101 MHz, Methanol-ds) § 171.81
(COCH3), 171.37 (COCH3), 171.33 (COCH3), 163.94 (C-4), 153.40 (benzofuran-C-9), 151.61
(C-2), 146.51 (benzofuran-C-2), 140.93 (C-6), 129.27 (benzofuran-C-8), 126.48 (benzofuran-
C-6), 123.92 (benzofuran-C-5), 122.20 (benzofuran-C-4), 117.92 (benzofuran-C-7), 111.62
(C-5), 107.94 (benzofuran-C-3), 89.25 (C-1"), 81.36 (C-4"), 74.59 (C-2"), 71.66 (C-3"), 64.26
(C-5"), 20.43 (COCH3), 20.32 (COCH3), 20.07 (COCH3). LC-MS (m/z) [M + H']: calculated
487.2; found 487.4. HPLC: > 99 % purity at 225 nm and 285 nm; fr = 1.8 min; flow rate: 1

mL/min; solvent elution: 90 % MecOH in water.



6.1.2 Chapter 3 compounds: 9 — 43 (Class 2 inhibitors)

Borylation. In a 50 mL Schlenk tube, a solution of 6-bromoindole (2 g, 10.2 mmol),
bis(pinacolato)diboron (B2Pin2) (9.1 g, 36 mmol), [Ir(OMe)cod]2 (612 mg, 0.92 mmol, 9 mol%)
and 4.,4-di-tert-butyl bipuridine (dtbpy) (492 mg, 1.8 mmol, 18 mol%) in anhydrous THF was
heated to 85 °C for 41 h. The crude 'H NMR showed a mixture of 2,7-diborylindole 9 and
2,4,7-triborylindole 10 in 1:2 ratio from 'H NMR. The reaction was continued for another 24
h. After cooling to room temperature, a few drops of MeOH were added to quench the reaction.
The solvent was removed in vacuo. The crude product can be used directly in the next step or
purified by column chromatography on silica gel eluting with n-hexane-ethyl acetate (10:1) to

afford pure 10 as a white solid (84 % yield).

6-bromo-2,4,7-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (10)'**
Bpin
Bpin g
Br Bpin
White solid, 84 % yield. 'H NMR (400 MHz, CDCls) § 9.64 (s, 1H, NH), 7.75 (s, 1H, H-5),
7.50 (s, 1H, H-3), 1.4 (s, 12H, 4xMe of Bpin), 1.37 (s, 24H, 8xMe of Bpin). *C NMR (101
MHz, CDCl3) § 144.12, 132.36 (C-5), 130.59, 124.86, 115.05 (C-3), 84.23 (2C of Bpin), 83.96
(1C of Bpin), 25.13 (4xMe of BPin), 25.09 (4xMe of BPin), 24.98 (4xMe of BPin). 3C are

missing. LC-MS (m/z) [M + H']: calculated 574.2; found 574.4, 576.4.

In a 250 mL Schlenk flask, bismuth triacetate (772 mg, 2 mmol, 20 mol%) was added to a
solution of the unpurified triborylindole 10 in 44 mL THF, then 100 mL MeOH was added.

The reaction mixture was stirred at 65 °C for 16 h under N». The solution was filtered with



celite, and the solvent was removed in vacuo to give the crude diborylindole 11 and 12. The
crude product was purified by column chromatography on silica gel eluting with n-hexane-

ethyl acetate (10:1), or crystalised from EtOAc to afford pure 11 and 12.

6-bromo-4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (11)

HN
Bpin

Br Bpin
11 was produced more under normal nitrogen atmosphere and with non-anhydrous MeOH-
THF. 'H NMR (400 MHz, CDCl3) § 9.51 (s, 1H, NH), 7.78 (s, 1H, H-5), 7.26 (s, 1H, H-2),
6.96 (s, 1H, H-3), 1.40 (s, 24H, 8xMe of Bpin). *C NMR (101 MHz, CDCI3) § 142.12 (C-9),
132.01 (C-5), 130.48 (C-8), 125.04 (C-2), 122.99 (C-6), 104.02 (C-3), 84.19 (1C of Bpin),

83.92 (1C of Bpin) 25.15 (4xMe of Bpin), 25.12 (4xMe of Bpin). 2C are missing.

6-bromo-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (12)'**

HN\

Br Bpin
12 was produced more under nitrogen pressure and with anhydrous MeOH-THEF. White solid,
80 % yield. "H NMR (400 MHz, CDCl3) & 8.36 (s, 1H, NH), 7.82 (s, 1H, H-5), 7.64 (d, 1H,
H-7), 7.27 (s, 1H, H-2), 7.09 (d, 1H, H-3), 1.47 (s, 12H, 4xMe of BPin). *C NMR (100 MHz,
CDCl3) 6 136.17 (C-9), 131.47 (C-8), 130.40 (C-5), 125.46 (C-2), 116.77 (C-7), 115.29 (C-6),
104.64 (C-3), 83.89(C of Bpin), 25.06 (4xMe of Bpin). 1C is missing. LC-MS (m/z) [M +H"]:

calculated 322.1; found 322.2, 324.2.



2,4,6,7-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (13)
Bpin
HN

Bpin

PinB Bpin
In a 50 mL Schlenk tube, a solution of 6-bromoindole (100 mg, 0.51 mmol),
bis(pinacolato)diboron (B2Pinz) (1.27 g, 5.0 mmol), [[r(OMe)cod]> (30 mg, 0.046 mmol, 9
mol%) and 4,4-di-tert-butyl bipuridine(dtbpy) (25 mg, 0.09 mmol, 18 mol%) in anhydrous
THF was heated to 85 °C for 72 h. After cooling to room temperature, a few drops of MeOH
were added to quench the reaction. The solvent was removed in vacuo. The crude product can
be used directly in the next step or purified by column chromatography on silica gel eluting
with n-hexane-ethyl acetate (10:1) to afford 13 as transparent oil with 58 % yield. 'H NMR
(400MHz, CDCI3) 6 9.50 (1 H, br s, NH), 7.76 (1 H, s, CH), 7.55 (1H, s, CH), 1.41 (12 H, s,
8xMe), 1.37 (24 H, s, 8xMe). 1*C NMR (100 MHz, CDCl3) § 142.8 (C), 132.6 (C), 132.3 (C),
131.6 (CH), 115.0 (CH), 84.0 (4xC of BPin), 83.7 (2xC of BPin), 83.4 (2xC of BPin), 25.2

(2xMe of BPin), 25.1 (4xMe of BPin), 25.0 (4xMe of BPin), 24.9 (4xMe of BPin), 3xC not

observed. LC-MS (m/z) [M + H']: 622.4, found 622.7.

Diprotodeborylation. In a 50 mL Schlenk flask, bismuth triacetate (39 mg, 0.01 mmol, 20
mol%) was added to a solution of the unpurified tetraboryindole 13 in 2.2 mL THF, then 5 mL
MeOH was added. The reaction mixture was stirred at 65 °C for 16 h under N. The solution
was filtered with celite, and the solvent was removed in vacuo to give the crude triborylindole
14 and 15. The crude product was purified by column chromatography on silica gel eluting

with n-hexane-ethyl acetate (10:1).



4,6,7-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (14)

HN
Bpin

PinB Bpin
14 was produced under nitrogen atmosphere and with non-anhydrous MeOH-THF. '"H NMR
(400 MHz, CDCls) 6 9.35 (s, 1H, NH), 7.78 (s, 1H, H-5), 7.30 (d, J = 2.6 Hz, 1H, H-2), 7.00
(d, J=2.6 Hz, 1H, H-3), 1.40 (s, 36H, 3xMe of Bpin). *C NMR (101 MHz, CDCl3) § 140.85,
132.73, 131.66 (C-5), 125.09 (C-2), 103.87 (C-3), 84.03 (1C of Bpin), 83.73 (1C of Bpin),
83.47 (1C of Bpin), 25.22 (4xMe of BPin), 25.20 (4xMe of BPin), 25.16 (4xMe of BPin). 3C

are missing.

4,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (15)

HN\

PinB Bpin
15 could be produced more under high pressure of nitrogen and using anhydrous MeOH-THF.
"H NMR (400 MHz, CDCl3) & (400MHz, CDCI3) 8.23 (1 H, br's, NH), 8.10 (1 H, s, CH), 7.99
(1H, s, CH), 7.30 (1H, d, CH), 7.06 (1H, d, CH) 1.39 (12H, s, 4xMe), 1.36 (12 H, 4xMe). 1*C
NMR (101 MHz, CDCls) 6 (100MHz, CDCls) 134.0 (C), 133.9 (C) 132.9 (CH), 124.9 (CH),
119.8 (CH), 103.8 (CH), 82.5 (2xC of BPin), 82.3 (2xC of BPin), 24.0 (4xMe of BPin), 23.9

(4xMe of BPin). LC-MS (m/z) [M+ H]" 370.2, found 370.3.



1-((3aR,4R,6R,6aR)-6-(hydroxymethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-

yl)-5-iodopyrimidine-2,4(1H,3H)-dione (16)'>

HO

5-iodouridine (100 mg, 0.37 mmol) was stirred in acetone (3.3 mL, 0.08 mmol/mL) and H>SO4
(33 uL) was added dropwise with stirring at rt until TLC showed full conversion (8 h). After
completion, the reaction was neutralized with NaHCO3 powder until no bubbles produced. The
solvent was removed and extracted with EtOAc (20 mL X 3). The organic layer was combined
and dried over anhydrous Na>SO4. The solvent was removed under vacuo and white powder
16 was obtained (102 mg, 92 % yield) without further purification. '"H NMR (400 MHz,
DMSO-ds) 6 11.74 (s, 1H, NH), 8.32 (s, 1H, H-6), 5.81 (d, /= 2.6 Hz, 1H, H-1"), 5.18 (s, 1H,
OH-5"), 4.98 —4.87 (m, 1H, H-2"), 4.81 —4.70 (m, 1H, H-3"), 4.14 — 4.00 (m, 1H, H-4"), 3.69 —
3.45 (m, 2H, H-5"), 1.47 (s, 3H, CH3), 1.28 (s, 3H, CH3). *C NMR (100 MHz, DMSO-ds) &
160.52 (C-4), 150.01 (C-2), 146.07 (C-6), 112.86 (CCH3), 91.31 (C-1"), 86.87 (C-4"), 83.85 (C-
2"), 80.25 (C-3"), 69.43 (C-5), 61.07 (C-5"), 26.95 (CH3), 25.12 (CH3). LC-MS (m/z) [M+ H]"

411.0, found 411.2.

In a 50 mL Schlenk tube, 5-iodouridine derivative 16 (100 mg, 0.24 mmol), 6-bromo-4-(BPin)-
indole 12 (93 mg, 0.29 mmol) and NaHCOs3 (60 mg, 0.72 mmol) were added into dioxane-DI
water (9 mL:3 mL) under N». The solution was degassed twice by a freeze-pump-thaw method.
PdClL(dppf)DCM (9.8 mg, 0.012 mmol, 5 mol%) was then added under N> and degassed twice
more. The mixture was heated to 130 °C for 4 h. The solvent was removed in vacuo. The crude

product was extracted with DCM three times. The organic phase was dried by anhydrous



Na>SOs4 and concentrated in vacuo to give the crude product 17 and 18. The crude product was
purified by column chromatography on silica gel eluting with DCM-MeOH (100:4) to afford

pure 17 (69 mg, 60 % yield) as a transparent oil and side product 18.

5-(6-bromo-1H-indol-4-yl)-1-((3aR,4R,6 R,6aR)-6-(hydroxymethyl)-2,2-dimethyltetra

hydrofuro[3,4-d][1,3]dioxol-4-yl)pyrimidine-2,4(1H,3H)-dione (17)

HN—)
o
Br 7 ONH
N/J*o
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Transparent oil, 60 % yield. '"H NMR (400 MHz, DMSO-dy) § 11.64 (s, 1H, uracil-NH), 11.28
(s, 1H, indoyl-NH), 8.03 (s, 1H, H-6), 7.55 (s, 1H, indoyl-H-7), 7.37 (d, 1 H, indoyl-H-2), 7.17
(s, 1H, indoyl-H-5), 6.35 (d, 1H, indoyl-H-3), 5.95 (d, 1H, H-1"), 5.09 — 4.93 (m, 2H, H-2' and
OH), 4.81 —4.67 (m, 1H, H-3"), 4.16 — 4.03 (m, 1H, H-4"), 3.59 — 3.51 (m, 2H, H-5"), 1.50 (s,
3H, CH3), 1.30 (s, 3H, CH3). *C NMR (101 MHz, DMSO-ds) § 162.03 (C-4), 150.09 (C-2),
140.44 (C-6), 136.81 (indoyl-C-9), 126.57, 126.39 (indoyl-C-4), 126.29 (indoyl-C-2), 126.09
(indoyl-C-8), 122.56 (indoyl-C-5), 113.45 (indoyl-C-7), 113.18 (indoyl-C-6), 113.07 (CCH3),
112.77 (C-5), 101.25 (indoyl-C-3), 91.43 (C-1"), 86.57 (C-4"), 83.79 (C-2"), 80.69 (C-3"), 61.36

(C-5'),27.16 (CH3), 25.29 (CHs). LC-MS (m/z) [M + H']: calculated 478.1; found 478.2, 480.2.



(3aR,4R,12R,12aR)-2,2-dimethyl-3a,4,12,12a-tetrahydro-5SH,8H-4,12-epoxy|[1,3]dioxolo

[4,5-e]pyrimido[6,1-b][1,3]oxazocine-8,10(9H)-dione (18)°°
0]
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Transparent oil. 'H NMR (400MHz, DMSO-dy) & 6.49 (1H, s, H-5), 4.91 (2H, m, HI’, H2"),
4.67 (1H, d, J = 5.2 Hz, H3"), 4.46 (2H, m, H-4’, H-5"), 3.72 (1H, d, J = 12.8 Hz, H-5"), 4.62
(1H, d, J = 12.8 Hz, H-5"), 4.05 (1H, d, J = 12.8 Hz, H-5"), 1.42 3H, s, CHs), 1.29 (3H, s,

CHs). LC-MS (m/z) [M+ H]" 283.1, found 283.3.

1-(3aR,4R,6R,6aR)-6-(hydroxymethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-

y1)-5-(6-vinyl-1H-indol-4-yl)pyrimidine-2,4(1H,3H)-dione (19)

A 50 mL Schlenk tube was charged with 17 (134 mg, 0.28 mmol) and Cs>CO3 (365 mg, 1.12
mmol). 6 mL dioxane and 2 mL DI water were added and degassed twice by a freeze-pump-
thaw method. PdClx(dppf)DCM (11.4 mg, 0.014 mmol) was added under N> and degassed
twice more. Vinylboronic acid pinacol ester (0.56 mmol) was quickly added into the Schlenk
tube under N». The Schlenk tube was sealed, and the reaction proceeded at 115 °C for overnight.
The solvent was removed in vacuo and purified by column chromatography on silica gel eluting

with DCM-MeOH (100:3.5) to afford pure 19 (108 mg, 91 %) as a colourless oil. 'H NMR



(400 MHz, DMSO-ds) 8 11.58 (s, 1H, uracil-NH), 11.16 (s, IH, indoyl-NH), 7.98 (s, 1H, H-6),
7.41 (s, 1H, indoyl-H-7), 7.33 (d, J = 2.6 Hz, 1H, indoyl-H-2), 7.18 (s, 1H, indoyl-H-5), 6.82
(dd, J=17.7, 11.2 Hz, 1H, CH=CHa), 6.29 (d, 1H, J = 2.6 Hz, indoyl-H-3), 5.96 (d, J = 2.8
Hz, 1H, H-1'), 5.74 (d, J = 17.7 Hz, 1H, CH=CH>), 5.15 (d, J = 11.2 Hz, 1H, CH=CH>), 5.10
—4.95 (m, 2H, H-2' and OH)), 4.82 —4.70 (m, 1H, H-3"), 4.17 — 4.05 (m, 1H, H-4"), 3.61 — 3.50
(m, 2H, H-5"), 1.50 (s, 3H, CH3), 1.30 (s, 3H, CHs). '*C NMR (100 MHz, DMSO-dy) 5 162.10
(C-4), 150.12 (C-2), 139.93 (C-6), 137.81 (CH=CHb), 136.17 (indoyl-C-4), 130.24 (indoyl-C-
5), 127.07 (indoyl-C-9), 126.10 (indoyl-C-2), 124.87 (C-5), 118.33 (indoyl-C-5), 114.09
(indoyl-C-8), 113.00 (CCHs), 111.58 (CH=CHa), 109.28 (indoyl-C-7), 101.23 (indoyl-C-3),
91.35 (C-1'), 86.52 (C-4"), 83.64 (C-2"), 80.66 (C-3'), 61.33 (C-5"), 27.11 (CHs), 25.23 (CHa).

LC-MS (m/z) [M + H']: calculated 426.2; found 426.4.

1-((3aR,4R,6R,6aR)-6-((allyloxy)methyl)-2,2-dimethyltetrahydrofuro[3.,4-d][1,3]dioxol-

4-yl)-5-iodopyrimidine-2,4(1H,3H)-dione (20a)
0]
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In a 50 ml dry round bottom flask, NaH (60 %, 49 mg, 1.23 mmol) was added to 20 mL dry
THF and stirred until NaH dissolved, followed by adding 2°, 3’-O-isopropylidene (200 mg,
0.49 mmol). The solution was activated via sonication for 30 min at rt. 6-bromo-1-hexene (50
uL, 0.59 mmol) was added and the reaction mixture was irradiated for 1.5 h. A few drops of
water were added to quench the reaction. The solution was filtered with celite and washed with

EtOAc. The filtrate was combined, and the solvent was removed in vacuo. The crude product

was purified by column chromatography on silica gel eluting with DCM-MeOH (100:1) to



afford pure 20a (176 mg, 80 % yield) as a white solid. "H NMR (400 MHz, DMSO-ds) & 11.77
(s, IH, br s NH), 8.14 (s, 1H, H-6), 5.90 (m, 1H, CH=CH>), 5.78 (d, /J=2.1 Hz, 1H, H-1"), 5.26
(dd, J=10.5, 1.8 Hz, 1H), 5.17 (d, J=10.5 Hz, 1H), 4.92 (dd, /= 6.3, 2.0 Hz, 1H, H-2"), 4.75
(dd, J=6.3, 3.4 Hz, 1H, H-3"), 4.31 — 4.21 (m, 1H, H-4"), 4.01 (d, /= 5.6 Hz, 2H, CH=CH>),
3.65 —3.52 (m, 2H, H-5"), 1.47 (s, 3H, CH3), 1.28 (s, 3H, CH3). '*C NMR (100 MHz, DMSO-
ds) 6 160.82 (C-4), 150.17 (C-2), 145.84 (C-6), 134.67 (CH.=CH), 117.07 (CH,=CH), 112.86
(CCHa3), 92.13 (C-1"), 85.38 (C-4"), 84.18 (C-2"), 80.64 (C-3"), 71.47 (CH>=CH-CH>), 69.61
(C-5"), 69.48 (C-5),26.97 (CH3), 25.12 (CH3). LC-MS (m/z) [M + H']: calculated 451.0; found

451.2.

Alkylation. In a 50 ml round bottom flask, uridine derivative 16 (2g, 4.8 mmol), 6-bromo-
hexene (1.6 mL, 12.2 mmol) and NaH (60 %, 488 mg, 12.2 mmol) were added to dry DMF.
The solution was stirred in an ice bath for 2 h. After completion, a few drops of water were
added to quench the reaction. The solution was filtered with celite and washed with EtOAc.
The filtrate was combined, and the solvent was removed in vacuo. The crude product was
purified by column chromatography on silica gel eluting with DCM-MeOH (100:1) to afford

pure 20d (1.04 g, 44 % yield), 18, 23d, 24 (7 % yield) and 25 (5 % yield).

1-((3aR,4R,6R,6aR)-6-((hex-5-en-1-yloxy)methyl)-2,2-dimethyltetrahydrofuro|3,4-d][1,3]

dioxol-4-yl)-5-iodopyrimidine-2,4(1H,3H)-dione (20d)
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Transparent oil, 44 % yield. "H NMR (400 MHz, CDCl3) § 9.17 (s, 1H, br s, NH), 8.08 (d, J =
1.7 Hz, 1H, H-6), 5.93 (d, /= 2.4 Hz, 1H, H-1"), 5.88 — 5.67 (m, 1H, CH=CH>), 5.11 — 4.87
(m, 2H, CH=CH>), 4.87 — 4.74 (m, 1H, H-3"), 4.74 — 4.65 (m, 1H, H-2"), 4.53 — 4.40 (m, 1H,
H-4%), 3.82 — 3.65 (m, 1H, H-5"), 3.65 — 3.52 (m, 2H, H-5" and alkenyl-H-1), 3.44 (t,J="7.5
Hz, 1H, alkenyl-H-1), 2.06 (dd, J = 7.2 Hz, 2H, alkenyl-H-4), 1.67 — 1.59 (m, 2H, alkenyl-H-
2), 1.58 (s, 3H, CH3), 1.45 — 1.37 (m, 2H, alkenyl-H-3), 1.35 (s, 3H, CH3). '*C NMR (100 MHz,
CDCl) 6 160.31 (C-4), 150.04 (C-2), 145.48 (C-6), 138.48 (CH=CH>), 114.95 (CH=CH>),
114.06 (CCHa3), 93.15 (C-17), 85.95 (C-4’), 85.73 (C-2°), 81.10 (C-3"), 71.87 (C-5’), 70.68
(alkenyl-C-1), 67.79 (C-5), 33.50 (alkenyl-C-4), 29.06 (alkenyl-C-2), 27.27 (CHz3), 25.37

(alkenyl-C-3), 25.34 (CH3). LC-MS (m/z) [M + H']: calculated 493.1; found 493.3.

(3aR,4R,12R,12aR)-9-(hex-5-en-1-yl)-2,2-dimethyl-3a,4,12,12a-tetrahydro-5H,8H-4,12-
epoxy|[1,3]dioxolo[4,5-e]pyrimido[6,1-b][1,3]oxazocine-8,10(9H)-dione (23d)
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Transparent oil. "H NMR (400 MHz, DMSO) 5 6.31 (s, 1 H, H-5), 5.82 — 5.74 (m, 1H, CH=CH,),
5.41(d, J=2.6 Hz, 1H, H-1"), 5.04 — 4.92 (m, 4H, H-2’, H-3’ and CH=CH,), 4.67 — 4.56 (m,
2H, H-4> and H-5"), 4.03 (d, J = 12.8 Hz, 1H, H-5), 3.80 — 3.70 (m, 2H, alkenyl-H-1), 2.08 —
2.00 (m, 2H, alkenyl-H-4), 1.54 — 1.46 (m, 2H, alkenyl-H-2), 1.43 (s, 3H, CHs), 1.36 — 1.30
(m, 2H, alkenyl-H-3), 1.28 (s, 3H, CHs). 3C NMR (100 MHz, DMSO-ds) § 159.75 (C-2),
150.17 (C-4), 138.44 (CH=CH,), 115.02 (CH=CH,), 111.57 (CCHs), 89.99 (C-5), 89.18 (C-

1°), 84.52 (C-2°), 83.47 (C-4°), 81.71(C-3"), 77.37 (C-1°), 40.08 (alkenyl-H-1), 32.84 (alkenyl-



H-4), 26.54 (alkenyl-H-2), 26.02 (CHs), 25.59 (alkenyl-H-3), 24.30 (CH3). LC-MS (m/z) [M

+ H']: calculated 365.2; found 365.4.

3-(hex-5-en-1-yl)-1-((3aR,4R,6R,6aR)-6-((hex-5-en-1-yloxy)methyl)-2,2-dimethyltetra

hydrofuro[3,4-d][1,3]dioxol-4-yl)-5-iodopyrimidine-2,4(1H,3H)-dione (24)
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Transparent oil, 7 % yield. '"H NMR (400 MHz, DMSO-ds) & 8.14 (s, 1H, H-6), 5.89 — 5.64 (m,
3H, H-1"and 2xCH=CH ), 5.09 — 4.88 (m, 4H, 2xCH=CH>), 4.86 (d, /= 6.1, 1H, H-2'), 4.74
(dd, J= 6.1, 2.9 Hz, 1H, H-3"), 4.40 — 4.25 (m, 1H, H-4"), 3.81 (dd, J = 7.4, 7.4 Hz, 2H, N-
alkenyl-H-1), 3.62 (dd, J = 11.1 Hz, 1H, H-5"), 3.51 (dd, /= 5.7 Hz, 1H, H-5"), 3.43 (dd, J =
6.5 Hz, 2H, O-alkenyl-H-1), 2.13 — 1.90 (m, 4H, alkenyl-H-4), 1.63 — 1.40 (m, 7H, CH3 and
alkenyl-H-2), 1.41 — 1.21 (m, 7H, CH3 and alkenyl-H-3). *C NMR (100 MHz, DMSO-ds) &
159.45 (C-4), 149.89 (C-2), 144.07 (C-6), 138.55 (CH=CH>), 138.37 (CH=CH>), 114.95
(CH=CHy), 114.77 (CH=CH>), 112.56 (CCH3), 93.46 (C-1'), 85.75 (C-4"), 84.64 (C-2"), 80.66
(C-3"), 70.6 (O-alkenyl-C-1)), 70.07 (C-1'), 68.04 (C-5), 41.66 (N-alkenyl-C-1), 32.92
(alkenyl-C-4), 32.83 (alkenyl-C-4), 28.55 (O-alkenyl-C-2), 26.92 (CH3), 26.44 (N-alkenyl-C-
2), 25.60 (N-alkenyl-C-3), 25.05 (CHz3), 24.79 (O-alkenyl-C-3). LC-MS (m/z) [M + H']:

calculated 575.2; found 575.3.



3-(hex-5-en-1-yl)-1-((3aR,4R,6R,6aR)-6-((hex-5-en-1-yloxy)methyl)-2,2-dimethyltetra

hydrofuro[3,4-d][1,3]dioxol-4-yl)pyrimidine-2,4(1H,3H)-dione (25)

Transparent oil, 5 % yield. 'H NMR (400 MHz, Methanol-ds) & 7.79 (d, J = 8.1 Hz, 1H, H-6),
5.88 —5.76 (m, 3H, 1H for H-1" and 2H for alkenyl-CH=CH>), 5.73 (d, J = 8.1 Hz, 1H, H-5),
5.04 —5.00 (m, 1H, alkenyl-CH=CH), 4.98 (d, J = 7.4 Hz, 1H, alkenyl-CH=CH>), 4.94 (d, J
=10.5 Hz, 2H, alkenyl-CH=CH>), 4.82 (d, J = 1.8 Hz, 2H, H-2', 3"), 4.42 (s, 1H, H-4), 3.91
(t,J=7.4 Hz, 2H, alkenyl-NCH>), 3.70 (dd, J=10.7, 2.8 Hz, 1H, H-5"), 3.58 (dd, /=10.7, 4.0
Hz, 1H, H-5"), 3.46 (td, J = 6.5, 3.0 Hz, 2H, alkenyl-OCH>), 2.12 — 2.03 (m, 4H, alkenyl-H-4),
1.62 (d, J= 7.7 Hz, 2H, alkenyl-H-2), 1.54 (s, 3H, CH3), 1.51 (s, 2H, alkenyl-H-2), 1.41 (q, J
= 7.7 Hz, 4H, alkenyl-H-3), 1.35 (s, 3H, CH3). 1*C NMR (101 MHz, Methanol-ds) § 165.10
(C-2), 152.19 (C-4), 141.45 (C-6), 139.72 (alkenyl-CH=CH), 139.59 (alkenyl-CH=CH>),
115.23 (alkenyl-CH=CHa>), 115.17 (alkenyl-CH=CH>), 114.58 (C(CHz3)2), 101.32 (C-5), 95.90
(C-1"), 87.74 (C-4"), 86.98 (C-2"), 82.81 (C-3"), 72.33 (alkenyl-OCH>), 71.90 (C-5"), 41.83 (N-
alkenyl-C-1), 34.60 (alkenyl-C-4), 34.48 (alkenyl-C-4), 30.13 (O-alkenyl-C-2), 28.08 (N-

alkenyl-C-2), 27.48 (O-alkenyl-C-3), 27.32 (CHs), 26.63 (N-alkenyl-C-3), 25.43 (CHa).

Suzuki and Heck couplings. In a 50 mL Schlenk tube, the substrate 20d (308 mg, 0.63 mmol),
indole derivative 12 (227 mg, 0.75 mmol) and NaHCO3 (158 mg, 1.88 mmol) were added into
dioxane-DI water (139 mL:46 mL) under N>, and then degassed twice by a freeze-pump-thaw
method. PdCL(dppf)DCM (25.5 mg, 0.03 mmol, 5 mol%) was then added under N> and

degassed twice more. The reaction was heated to 90 °C for overnight. The solvent was removed



in vacuo. The crude was purified by column chromatography on silica gel eluting with DCM-
MeOH (100:2) to afford pure 26 (20 % yield) as a transparent oil, pure 27 (70 % yield) as a

white powder and 28 (5 % yield) with some isomers as a yellow oil.

5-(6-bromo-1H-indol-4-yl)-1-((3aR,4R,6R,6aR)-6-((hex-5-en-1-yloxy)methyl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)pyrimidine-2,4(1H,3H)-dione (26)

HN A
(0]
Br | NH
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Transparent oil, 20 % yield. "H NMR (400 MHz, DMSO-ds) § 12.44 (s, 1H, NH, uracil-NH),
12.10 (s, 1H, indoyl-NH), 8.82 (s, 1H, H-6), 8.35 (s, 1H, indoyl-H-7), 8.19 (d, 1H, indoyl-H-
2), 7.97 (s, 1H, indoyl-H-5), 7.15 (d, 1H, indoyl-H-3), 6.78 (d, 1H, H-1"), 6.56 — 6.36 (m, 1H,
CH=CH>), 5.80 - 5.67 (m, 3H, CH=CH: and H-2’), 5.61 — 5.49 (m, 1H, H-3"), 5.11 — 5.02 (m,
1H, H-4"), 4.48 — 4.24 (m, 2H, H-5’), 4.02 — 3.65 (m, 2H, alkenyl-H-1), 2.61 — 2.48 (m, 2H,
alkenyl-H-4), 2.31 (s, 3H, CH3), 2.11 (s, 3H, CH3), 1.86 — 1.69 (m, 4H, alkenyl-H-2 and 3). 1*C
NMR (100 MHz, DMSO-ds) 6 161.93 (C-4), 149.98 (C-2), 139.68 (C-6), 138.54 (CH=CH>),
136.78 (indoyl-C-4), 126.54 (indoyl-C-6), 126.29 (indoyl-H-2), 126.05, 122.43 (indoyl-H-5),
114.67 (CH=CH.), 113.34 (indoyl-H-7), 113.12 (C-5), 112.88 (CCHs), 112.48, 100.96
(indoyl-H-3), 91.38 (H-1"), 84.80 (H-4"), 84.17 (H-2"), 80.55 (H-3"), 70.50 (alkenyl-H-1), 70.03
(H-5"), 32.77 (alkenyl-H-4), 28.00 (alkenyl-H-2), 27.10 (CHz3), 25.22 (CH3), 24.47 (alkenyl-H-

3). LC-MS (m/z) [M + H']: calculated 560.1; found 560.3, 562.3.



(3aR4R,17R,17aR,Z)-2,2-dimethyl-10-methylene-3a,11,12,13,14,16,17,17a-octahydro-
4H,6H,10H-4,17-epoxy-5,9-(metheno)[1,3]dioxolo[4,5-d][1]oxa[7,9]diazacyclohexa

decane-6,8(7H)-dione (27)
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White solid, 70 % yield. '"H NMR (400 MHz, DMSO-d) & 11.40 (s, 1H, br s, NH), 8.14 (s, 1H,
H-6), 6.27 (s, 1H, C=CH>), 6.06 (d, 1H, H-1"), 5.13 (s, 1H, C=CH3), 4.91 — 4.78 (m, 1H, H-
3%),4.82 —4.66 (m, 1H, H-2"), 4.47 — 4.31 (m, 1H, H-4"), 3.68 (d, J= 6.2 Hz, 2H, H-5’), 3.62
—3.56 (m, 2H, alkenyl-H-1), 2.37 — 2.29 (m, 1H, alkenyl-H-3), 2.17 — 2.09 (m, 1H, alkenyl-H-
3), 1.74 — 1.65 (m, 2H, alkenyl-H-2), 1.57 — 1.44 (m, 5H, alkenyl-H-4 and CH3), 1.29 (s, 3H,
CH3). *C NMR (100 MHz, DMSO-ds) § 162.37 (C-4), 149.29 (C-2), 139.20 (C=CH>), 137.39
(C-6), 115.11 (C=CH>), 112.82 (CCH3), 110.21 (C-5), 89.75 (C-17), 84.91 (C-2’), 84.54 (C-
4%, 79.72 (C-37), 70.24 (C-5"), 67.55 (alkenyl-C-1), 32.88 (alkenyl-C-3), 27.28 (CH3), 25.99
(alkenyl-C-2), 25.29 (alkenyl-C-4), 24.14 (CH3). LC-MS (m/z) [M + H']: calculated 365.3;

found 365.2.



(33aR,34R,36R,36aR,Z)-32,32-dimethyl-10-methylene-21,22,23,24,33a,34,36,36a-octa
hydro-11H-5-0xa-1(4,6)-indola-2(5,1)-pyrimidina-3(6,4)-furo[3,4-d][1,3]dioxolacyclo
decaphane-22,24-dione (28)

Yellow oil, 5 % yield. The yield of 28 was increased to 23 % by increasing the reaction
temperature to 130 °C and using a nucleoside derivative concentration of 8 mM. 'H NMR (400
MHz, Methanol-d4) 6 7.68 (s, 1H, H-6), 7.44 (s, 1H, indoyl-H-7), 7.14 (d, J = 3.2 Hz, 1H,
indoyl-H-2), 6.87 (d, /= 1.5 Hz, 1H, indoyl-H-5 ), 6.22 (d, J = 3.2 Hz, 1H, indoyl-H-3), 6.03
(d, J=3.6 Hz, 1H, H-1"), 5.19 (d, /= 2.0 Hz, 1H, C=CH>), 4.92 (d, J = 2.0 Hz, 1H, C=CH>b),
4.80 — 4.66 (m, 4H, H-3' and H-2'), 4.20 (m, 1H, H-4"), 3.70 (d, J = 11.3 Hz, 1H, H-5"), 3.53
(m, 1H, alkenyl-H-1), 3.45 — 3.35 (m, 2H, H-5' and alkenyl-H-1), 2.54 (m, 2H, alkenyl-H),
1.54 (m, 4H, alkenyl-H), 1.48 (s, 3H, H-Me), 1.25 (s, 3H, H-Me). '3C NMR (101 MHz,
Methanol-ds) 6 162.81 (C-4), 150.66 (C-2), 149.40 (indoyl-C-6), 138.60 (C-6), 136.81 (indoyl-
C-9), 133.39 (C=CHz>), 126.50 (indoyl-C-8), 124.92 (indoyl-C-2), 124.54 (indoyl-C-4), 118.41
(indoyl-C-5), 116.66 (C-5), 113.95 (C(CH3)2), 109.28 (indoyl-C-7), 109.06 (C=CH>), 101.75
(indoyl-C-3), 89.82 (C-1"), 84.74 (C-2"), 84.39 (C-4"), 79.66 (C-3"), 70.67 (alkenyl-C-1), 69.70
(C-5"), 35.69 (alkenyl-C), 29.16 (alkenyl-C), 26.33 (C-Me), 25.19 (alkenyl-C), 24.30 (C-Me).

LC-MS (m/z) [M + H*]: calculated 480.3; found 480.2.



Method A of deprotection (Hydrolysis) of 2°3’-O-isopropylideneurdine derivatives with

IN HCI in MeOH !

To a solution of starting material (0.1 mmol) in MeOH (0.1 mL) was added IN HCI (1 mL).
The mixture was stirred at 65 °C until TLC showed full conversion. After completion, the
solvent was extracted with EtOAc (5%). The organic layer was combined and dried over
anhydrous Na>SO4. The solvent was removed under vacuo and the crude product was purified

via flash column chromatography.

Method B of deprotection (Hydrolysis) of 2°3’-O-isopropylideneurdine derivatives with

p-TsOH in 1:1 THF/ H,0Q'>?

The SM (1 equiv.) was dissolved in 1:1 THF/H>O and stirred at rt for 5 mins. p-TsOH (2 or 4
equiv.) was then added to the reaction. The mixture was stirred at 80 °C until TLC showed full
conversion. After completion, the solvent was extracted with EtOAc (5x). The organic layer
was combined and dried over anhydrous Na;SOa. The solvent was removed under vacuo and

the crude product was purified via flash column chromatography.

Method C of deprotection (Hydrolysis) of 2°3’-O-isopropylideneurdine derivatives with

10 % TFA in H.0**

To a solution of starting material (1 mmol) was added 10 % TFA in 6 mL H>O. The mixture
was stirred at 70 °C until TLC showed full conversion. After completion, the solvent was

extracted with EtOAc (5%). The organic layer was combined and dried over anhydrous Na;SOs.



The solvent was removed under vacuo and the crude product was purified via flash column

chromatography.

(2R,3R,4S,5R)-3,4-dihydroxy-12-methylidene-7,18-dioxa-1,15diazatricyclo[11.3.1.1%]

octadec-13(17)-ene-14,16-dione (29)
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The reaction was complete in 5 h with 0.13 mmol SM using deprotection Method B. The crude
product was purified by column chromatography on silica gel eluting with DCM-MeOH (100:4)
to afford pure 29 as a white solid (90 % yield). 'H NMR (400 MHz, Methanol-ds) & 8.38 (s,
1H, H-6), 6.34 (d, /= 2.5 Hz, 1H, C=CH>), 5.96 (d, /=4.3 Hz, 1H, H-1"), 5.18 (d, J = 2.5 Hz,
1H, C=CH>»), 4.24 (d, J = 4.5 Hz, 1H, H-3"), 4.17 (m, 2H, H-2' and H-4"), 3.75 (s, 2H, H-5"),
3.66 (m, 2H, alkenyl-H-1), 2.51 (t, J = 13.0 Hz, 1H, alkenyl-H-4), 2.18 (dd, J = 13.0, 6.0 Hz,
1H, alkenyl-H-4), 1.96 — 1.74 (m, 2H, alkenyl-H-2 and 3 ), 1.67 — 1.50 (m, 2H, alkenyl-H-3
and 2). °C NMR (101 MHz, Methanol-ds) & 164.73 (C-4), 151.54 (C-2), 140.48 (C=CHa>),
139.22 (C-6), 116.22(C=CH>), 111.94 (C-5), 90.66 (C-1"), 85.67 (C-2"), 77.54 (C-4"), 71.66 (C-
3", 70.99 (C-5"), 69.05 (alkenyl-C-1), 34.20 (alkenyl-C-4), 27.84 (alkenyl-C-2), 25.88
(alkenyl-C-3). LC-MS (m/z) [M + H']: calculated 325.3; found 325.1. HPLC: 98 % purity at

254 nm and 290 nm; fr = 6.4 min; flow rate: 1 mL/min; solvent elution: 60 % MeOH in water.



(2R,5R,12R)-3,4,12-trihydroxy-12-methyl-7,18-dioxa-1,15-diazatricyclo[11.3.1.1%7]
octadec-13(17)-ene-14,16-dione (30a)
(2R,5R,125)-3,4,12-trihydroxy-12-methyl-7,18-dioxa-1,15-diazatricyclo[11.3.1.1%7]

octadec-13(17)-ene-14,16-dione (30b)

OH OH
The reaction was complete in 7 h with 1.1 mmol SM and 54 mM concentration of starting
material via Method B of deprotection. The crude product was purified by column
chromatography on silica gel eluting with DCM-MeOH (100:5) to afford a mixture of two
diastereomers of 30 with total yield of 30 % (the ratio of two isomers was 0.2:1). Main isomer:
'H NMR (400 MHz, Methanol-ds) § 8.16 (s, 1H, H-6), 5.83 (d, J = 3.6 Hz, 1H, H-1"), 4.26 —
4.15 (m, 3H, H-2', 3' and 4'), 3.80 — 3.73 (m, 2H, H-5"), 3.67 (m, 1H, alkenyl-H-1), 3.60 (m,
1H, alkenyl-H-1), 1.96 (m, 2H, alkenyl-H-3 ), 1.67 — 1.54 (m, 4H, alkenyl-H-2 and 3), 1.49 (s,
3H, alkenyl-CH3). *C NMR (101 MHz, Methanol-ds) & 166.77 (C-4), 151.76 (C-2), 137.78
(C-6), 116.53 (C-5), 91.26 (C-1"), 85.54 (C-2"), 77.59 (C-4’), 74.08 (alkenyl-C-5), 71.11 (C-
3%), 70.45 (C-5’), 68.45 (alkenyl-C-1), 36.08(alkenyl-C-4), 30.99 (alkenyl-C-Me), 27.61
(alkenyl-C-2), 19.35 (alkenyl-C-3). LC-MS (m/z) [M + Na']: calculated 365.1; found 365.1.
HPLC: the ratio of two isomers is 12 % to 80 % at 230 nm and 254 nm; fr = 3.9 min and 6.1
min; flow rate: 1 mL/min; solvent elution: 50 % MeOH in water; 8 % is compound 29, fr =

14.6 min.



(7R,8R,95,10R)-8,9-dihydroxy-17-methylidene-12,26-dioxa-4,6,21-triazapentacyclo
[16.6.1.1%6,17:10 020-24| heptacosa-1(24),2(27),18(25),19,22-pentaene-3,5-dione (31a)
(7R,8R,95,10R,1672)-8,9-dihydroxy-17-methyl-12,26-dioxa-4,6,21-triazapentacyclo

[16.6.1.126.17:1,02024| heptacosa-1(24),2(27),16,18(25),19,22-hexaene-3,5-dione (31b)

OH OH OH OH
31a 31b

The reaction was complete in 10 h with 0.11 mmol SM and 4 equiv. p-TsOH using deprotection
Method B. The crude was purified by column chromatography on silica gel eluting with DCM-
MeOH (100:3) to afford a mixture of three main isomers of 31 as a light-yellow oil (50 %
yield). The mixture was almost separated by HPLC in MeOH/H»0. 31ab was used as a mixture
of 0.7:1 (a:b). 31¢ was fully separated. 'H NMR (400 MHz, Methanol-d4) & 8.02 (s, 1H, H-6,
isomer 2), 7.83 (s, 0.7H, H-6, isomer 1), 7.54 (s, 0.7H, indoyl-H-7, isomer 1), 7.25 (s, 1H,
indoyl-H-7, isomer 1), 7.24 (d, J = 3.4 Hz, 0.7H, indoyl-H-2, isomer 2), 7.22 (d, J = 3.1 Hz,
1H, indoyl-H-2, isomer 2), 6.95 (s, 0.7H, indoyl-H-5, isomer 1), 6.83 (s, 1H, indoyl-H-5,
isomer 2), 6.31 (d, J= 3.4 Hz, 0.7H, indoyl-H-3, isomer 1), 6.09 (d, J= 3.1 Hz, 1H, indoyl-H-
3, isomer 2), 6.07 (d, /= 5.1 Hz, 0.7H, H-1", isomer 1), 5.52 (t, /=4.9 Hz, 1H, CH;C=CHCH>
isomer 2), 5.29 (d, J = 2.1 Hz, 0.7H, C=CHa, isomer 1), 5.03 (s, J = 2.1 Hz, 0.7H, C=CHa,
isomer 1), 4.31 —4.18 (m, 1.4H for isomer 1, 2H for isomer 2, H-2' and H-3'), 4.09 (m, 0.7H
for isomer 1, 1H for isomer 2, H-4'), 3.85 (d, /= 12.0 Hz, 1 H, H-5', isomer 2), 3.80 (d, J =
11.4 Hz, 0.7H, H-5', isomer 1), 3.69 — 3.65 (m, 1H, alkenyl-H-1, isomer 2) 3.62 — 3.60 (m,
0.7H, alkenyl-H-1, isomer 1), 3.46 (d, J=11.4 Hz, 0.7H, H-5', isomer 1) 3.44 (d, J=12.0 Hz,

1 H, H-5', isomer 2), 3.38 (m, 0.7H for isomer 1, 1H for isomer 2, alkenyl-H-1), 2.70 — 2.59



(m, 1.4H, alkenyl-H-4), isomer 1), 0.33 — 2.42 (m, 1H, alkenyl-H-3, isomer 2), 2.10 (s, 3H,
CH3=C, isomer 2), 1.96 (m, 1H, alkenyl-H-3, isomer 2), 1.77 — 1.60 (m, 1.4H for isomer 1,
alkenyl-H-2 and 3; 2H for isomer 2, alkenyl-H-2 and 3), 1.35 (m, 1.4H for isomer 1, alkenyl-
H-2 and 3; 2H for isomer 2, alkenyl-H-2 and 3). 1*C NMR (101 MHz, Methanol-ds) & 164.04
(C-4, isomer 2), 163.34 (C-4, isomer 1), 156.09 (C-2, isomer 1), 155.18 (C-2, isomer 2), 153.56
(indoyl-C-6, isomer 1), 152.87 (indoyl-C-6, isomer 2), 140.08 (C-6 for isomer 1), 139.99 (C-6
for isomer 2), 138.91 (alkenyl-C-5, isomer 2), 138.24 (indoyl-C-9, isomer 1),138.12 (indoyl-
C-9, isomer 2), 136.56 (indoyl-C-8, isomer 1), 136.54 (indoyl-C-8, isomer 2), 127.18
(CH3Cz=CHCHa, isomer 2), 126.29 (indoyl-C-2, isomer 1) 125.72 (indoyl-H-2, isomer 2),
121.36 (indoyl-C-5, isomer 2), 119.98 (indoyl-C-5, isomer 1), 119.03 (C-5, isomer 1), 117.89
(C-5, isomer 2), 110.93 (indoyl-C-7, isomer 2), 110.56 (CH,=CCHa, isomer 1), 110.49 (indoyl-
C-7, isomer 1), 103.03 (indoyl-C-5 for isomer 1 and 2), 89.68 ( (indoyl-C-3, isomer 2), 88.97
(indoyl-C-3, isomer 1), 85.95 (C-4', isomer 1), 85.89 (C-4', isomer 2), 76.70 (C-2', isomer 2),
76.32 (C-2', isomer 1), 74.05 (alkenyl-C-1, isomer 2), 72.88 (alkenyl-C-1, isomer 1), 72.00 (C-
3', isomer 1), 71.81 (C-3', isomer 2), 71.25 (C-5', isomer 1), 71.03 (C-5', isomer 2), 37.60
(alkenyl-C-4, isomer 1), 31.65 (alkenyl-C-2, isomer 2), 30.90 (alkenyl-C-2, isomer 1), 28.65
(alkenyl-C-3, isomer 2), 26.94 (alkenyl-C-3, isomer 1), 25.95 (C-Me, isomer 2). LC-MS (m/z)
[M + H']: calculated 440.3; found 440.2. Analytic HPLC: the ratio of three main peaks is
21 %:60 %:14 % at 230 nm and 254 nm; fr = 21.1 min (unknown cmpds), 22.8 min (31a &
31b) and 23.8 min (31c¢); flow rate: 1 mL/min; solvent gradient elution: 40 — 67 % MeOH in
water in 23 min. Preparative HPLC for separation of 31: fr = 27 min (31a), 95 min (31b) and
98 min (31¢) at 230 nm and 254 nm; flow rate: 10 mL/min; solvent gradient elution: 10 — 20 %
MeCN in 0.1 % TFA of water for 10 min, then 20 % MeCN in 0.1 % TFA of water for 100

min.



Hydrogenation. To a 50 mL round bottom flask, the substrate (0.114 mmol) and the catalyst
(Pt20 or Pd/C) were added to 7 mL MeOH. The flask was the evacuated and backfilled with
hydrogen for 3 times. The mixture was stirred under hydrogen at rt for 1 h. After completion,
the catalyst was filtered off with celite and washed with EtOAc. The filtrate was combined,
and the solvent was removed in vacuo. The crude product was purified via flash column
chromatography on silica gel eluting with DCM-MeOH (100:4) to afford 32 (white solid) with
a mixture of two isomers in different ratios depending on the catalyst choice. The combined

yield of two diastereomers is 85 % when using Pt;0.

(2R,5R)-3,4-dihydroxy-12-methyl-7,18-dioxa-1,15-diazatricyclo[11.3.1.1>5]octadec-

13(17)-ene-14,16-dione (32)

OH OH
isomer1/isomer2=0.5:1. 'H NMR (400 MHz, Methanol-d4) & 9.59 (s, 0.5H, H-6, isomer1), 9.56
(s, IH, H-6, isomer2), 7.63 (d,/J=3.8 Hz 0.5H, H-1", isomerl), 7.34 (d,J= 3.1 Hz, 1H, isomer2),
5.83 — 5.68 (m, 1.5H for isomerl, 3H for isomer2, H2', 3' and 4'), 5.35 — 5.12 (m, 2H for
isomerl, 4H for isomer2, H-5' and alkenyl-H-1) , 4.27 (m, 0.5H, akenyl-H-5, isomerl), 4.18
(m, 1H, alkenyl-H-5, isomer2), 3.48 (s, 1H, alkenyl-H-2, isomer2), 3.22 — 2.90 (m, 3H for
isomerl, alkenyl-H-2,3,4; 5SH for isomer2, alkenyl-H-2,3,4), 2.73 (d, J = 6.8 Hz, 1.5H for
isomerl), 2.66 (d, J = 6.7, 3H, alkenyl-CHj3 for isomer2). '3C NMR of the main (101 MHz,
Methanol-ds) 6 165.15, 150.65, 135.42, 116.28, 90.16, 83.98, 76.16, 69.36, 69.00, 67.05, 30.71,

29.06, 26.62,21.39, 21.00. LC-MS (m/z) [M + H']: calculated 327.3; found 327.2. HPLC: the



ratio of two isomers is 29 %: 66 % at 254 nm and 290 nm; zr = 9.6 min and 13.6 min; flow rate:

1 mL/min; solvent elution: 50 % MeOH in water.

(3aR,4R,17R,17aR,Z)-2,2,10-trimethyl-3a,11,12,13,14,16,17,17a-octahydro-4H,6 H,10H-
4,17-epoxy-5,9-(metheno)[1,3]dioxolo[4,5-d][1]oxa[7,9]diazacyclohexadecine-6,8(7H)-

dione (33)

The hydrogenation reaction was complete in 16 h with 0.1 mmol SM and 10 mol% PtO,. The
crude product was not further purified but characterized by NMR and HPLC. isomer1/isomer2
= 0.3: 1 (both NMR and HPLC). 'H NMR (400 MHz, Methanol-ds) & 7.91 (s, 0.3H, H-6,
isomerl), 7.84 (s, 1H, H-6, isomer2), 6.18 (d, /= 3.5 Hz, 1H, H-1', isomer2), 6.04 (d, J = 2.6
Hz, 1H, H-1', isomerl), 4.96 (m, 1H, H-3', isomer2), 4.75 (m, 1H, H-2', isomer2), 4.59 (m,
0.3H, H-2', isomerl1), 4.42 (m, 0.3H, H-4', isomerl), 4.36 (m, 1H, H-4', isomer2), 3.86 — 3.48
(m, 2.2H for isomerl; 4H for isomer2, alkenyl-H-1 and H-5'"), 2.64 (m, 0.3H for isomerl; 1H
for isomer2, alkenyl-H-5), 1.92 (m, 0.3H, alkenyl-H-2, isomerl), 1.79 (m, 1H, alkenyl-H-2,
isomer2), 1.61-1.30 (m, 1.5H for alkenyl-H 2,3,4 and 0.9H for C(CH3)>, isomerl; 5SH for
alkenyl-H2,3,4 and 3H for C(CH3), isomer2), 1.12 (d, J = 6.8 Hz, 3H, alkenyl-CH3, isomer2),
1.08 (d, J= 6.6 Hz, 1H, alkenyl-CH3, isomer1). (H-3" for isomerl was buried in water peak).

LC-MS (m/z) [M + H*]: calculated 367.3; found 367.2.



(2R,5R)-4-(acetyloxy)-12-methylidene-14,16-dioxo-7,18-dioxa-1,15-diazatricyclo

[11.3.1.1*5]octadec-13(17)-en-3-yl acetate (34)

OAc OAc
To a solution of 29 (20 mg, 0.06 mmol, 1 equiv.) and DMAP (3.8 mg, 0.031 mmol, 0.05 equiv.)
in pyridine (0.5 mL) was added acetic anhydride (15 pL, 2.5 equiv.). The reaction was stirred
at rt until TLC (hexane/EA = 3: 1) indicated complete conversion. The reaction was quenched
with several drops water. The solvent was removed by evaporation and the residue was co-
evaporated with toluene (3x). The crude product was purified by flash silica chromatography
(hexane/EA, gradient: 10: 1 to 3: 1) to yield target compound 34 (20 mg, 85 %). '"H NMR (400
MHz, Chloroform-d) 6 8.28 (s, 1H, H-6), 6.42 (d, /= 2.1 Hz, 1H, CH=CH>), 6.34 (d, J="7.0
Hz, 1H, H-1"), 5.49 (d, J=5.2 Hz, 1H, H-3"), 5.36 (dd, /= 7.0, 5.2 Hz, 1H, H-2"), 5.25 (d, J =
2.1 Hz, 1H, CH=CH3>), 4.33 (m, 1H, H-4"), 3.78 — 3.62 (m, 4H, 2H for alkenyl-H-1 and 2H for
H-5"),2.44 (t,J=13.0 Hz, 1H, alkenyl-H), 2.15 (s, 3H, H-OAc), 2.06 (s, 3H, H-OAc), 1.95 (m,
1H, alkenyl-H), 1.81 — 1.71 (m, 1H, alkenyl-H), 1.63 (m, 3H, alkenyl-H). 3*C NMR (101 MHz,
CDCl3) 6 170.12 (COCH3), 169.80 (COCH3), 162.07 (C-4), 149.75 (C-2), 137.97 (C=CH>),
137.10 (C-6), 117.11(C=CHz), 112.05 (C-5), 86.07 (C-1"), 83.29 (C-3"), 74.53 (C-2"), 72.71 (C-
3"), 70.86 (C-5"), 68.49 (alkenyl-C-1), 32.87 (alkenyl-C-4), 26.50 (alkenyl-C-2), 24.14, 20.89

(alkenyl-C-3), 20.57 (COCH3). LC-MS (m/z) [M + H']: calculated 409.2; found 409.3.



1-((3aR,4R,6R,6aR)-6-((hex-5-en-1-yloxy)methyl)-2,2-dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)pyrimidine-2,4(1H,3H)-dione (35)

In a 250 ml dry round bottom flask, NaH (60 %, 180 mg, 19.4 mmol) was added to 50 mL dry
DMF and was stirred until dissolved, followed by addition of 2°, 3’-O-isopropylidenuridine
(500 mg, 7.76 mmol). The solution was activated by sonicating for 30 min at rt. 6-bromo-1-
hexene (300 pL, 9.3 mmol) was added and the reaction mixture was reacted for another 3 h in
an ice bath. A few drops of water were added to quench the reaction. The solution was filtered
with celite and washed with EtOAc. The filtrate was combined, and the solvent removed in
vacuo. The crude product was purified via column chromatography on silica gel eluting with
n-hexane-EtOAc (50:50) to afford pure 35 (256 mg, 40 % yield) as a white solid. 'H NMR
(400 MHz, Methanol-ds) 6 7.80 (d, J = 8.1 Hz, 1H, H-6), 5.85 (d, /=2.2 Hz, 1H, H-1"), 5.79
(tt,J=13.6,5.1 Hz, 1H, alkenyl-CH=CH>), 5.66 (d, /= 8.1 Hz, 1H, H-5), 4.96 (m, 2H, alkenyl-
CH=CH>), 4.81 (m, 2H, H-2' and 3"), 4.38 (m, H-4', 1H), 3.70 (dd, /= 10.8, 2.9 Hz, 1H, H-5"),
3.59 (dd, /= 10.8, 3.9 Hz, 1H, H-5"), 3.48 (t, J = 6.5, 2H, alkenyl-H-1), 2.06 (q, / = 7.2 Hz,
2H, alkenyl-H-4), 1.62 — 1.50 (m, 2H for alkenyl-H-2 and 3H for C(CH3),), 1.43 (p, J= 7.5
Hz, 2H, alkenyl-H-3), 1.34 (s, 3H, C(CH3)). *C NMR (101 MHz, Methanol-ds) § 164.86 (C-
2), 150.67 (C-4), 141.88 (C-6), 138.33 (alkenyl-CH=CH>), 113.83 (alkenyl-CH=CH>), 113.36
(C(CHs)2), 100.75 (C-5), 93.22 (C-1"), 85.94 (C-4"), 85.19 (C-2"), 81.33 (C-3"), 70.99 (alkenyl-
C-1),70.48 (C-5"), 33.20 (alkenyl-C-4), 28.73 (alkenyl-C-2), 26.15 (C(CH3)z2), 25.25 (alkenyl-

C-3), 24.12 (C(CHs)2). LC-MS (m/z) [M + H']: calculated 367.3; found 367.2.



1-((2R,3R 4S5 ,5R)-5-((hex-5-en-1-yloxy)methyl)-3,4-dihydroxytetrahydrofuran-2-yl)

pyrimidine-2,4(1H,3H)-dione (36)

OH OH
The reaction was complete in 1 h with 0.42 mmol SM using deprotection Method A. The crude
product was purified by column chromatography on silica gel eluting with DCM-MeOH (100:5)
to afford pure 36 as a white solid (61 % yield). '"H NMR (400 MHz, Methanol-ds) § 8.01 (d, J
=8.1 Hz, 1H, H-6), 5.87 (d, /= 3.5 Hz, 1H, H-1"), 5.84 — 5.70 (m, 1H, CH=CH>»), 5.62 (d, J =
8.1 Hz, 1H, H-5), 5.02 — 4.88 (m, 2H, CH=CH>), 4.12 (t, /= 3.0 Hz, 2H, H-3', H-2"), 4.06 (dt,
J=4.38,2.5Hz, 1H, H-4"), 3.73 (dd, J=11.0, 2.5 Hz, 1H, H-5"), 3.57 (dd, J=11.0, 2.5 Hz, 1H,
H-5"), 3.50 (td, J= 6.4, 4.0 Hz, 2H, alkenyl-H-1), 2.11 — 2.02 (m, 2H, alkenyl-H-4), 1.66 — 1.53
(m, 2H, alkenyl-H-2), 1.53 — 1.39 (m, 2H, alkenyl-H-3). '*C NMR (101 MHz, Methanol-ds) &
172.33,156.88, 141.39,139.72,115.21, 102.83, 90.80, 84.84, 76.27,72.43, 71.50, 70.96, 34.62,
30.29, 26.78. LC-MS (m/z) [M + H']: calculated 327.2; found 327.3. HPLC: > 98 % purity at

254 nm and 290 nm; tr = 17.3 min; flow rate: 1 mL/min; solvent elution: 50 % MeOH in water.

5-(6-bromo-1H-indol-4-yl)-1-((2R,3R,4S5,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetra

hydrofuran-2-yl)pyrimidine-2,4(1H,3H)-dione (37)



The reaction was complete in 8 h with 0.08 mmol SM using deprotection Method A. The crude
product was purified by column chromatography on silica gel eluting with DCM-MeOH
(100:13) to afford pure 37 as a yellow oil (50 % yield). Yellow solid can be obtained when
washed with Et;0. '"H NMR (400 MHz, Methanol-ds) § 8.22 (s, 1H, H-6), 7.52 — 7.45 (m, 1H,
indole-H-7), 7.22 (d, J = 3.2 Hz, 1H, indole-H-3), 7.20 (d, J = 1.6 Hz, 1H, indole-H-5), 6.38
(d, J=3.1 Hz, 1H, indole-H-2), 6.00 (d, /= 5.1 Hz, 1H, H-1"), 4.27 (dd, /= 5.1, 4.8 Hz, 1H,
H-2"),4.13 (dd, J=4.8 Hz, 4.8 Hz, 1H, H-3"), 3.99 (dt, J= 4.8 Hz, 3.0 Hz, 1H, H-4"), 3.73 (dd,
J =12.1, 3.0 Hz, 1H, H-5"), 3.67 (dd, J = 12.1, 3.0 Hz, 2H, H-5"). '3C NMR (101 MHz,
Methanol-ds) 6 164.53 (C-4), 152.25 (C-2), 141.16 (C-6), 138.56 (indole-C-9), 127.51 (indole-
C-6), 127.22 (indole-C-4), 126.81 (indole-C-2), 124.19 (indole-C-5), 115.13 (C-5), 114.94
(indole-C-8), 114.83 (indole-C-7), 102.08 (indole-C-3), 90.60 (C-1"), 86.51 (C-4"), 75.86 (C-

2", 71.68 (C-3"), 62.32 (C-5'). LC-MS (m/z) [M + H']: calculated 438.0; found 438.2, 440.2.

1-((2R,3R,4S,5R)-5-((allyloxy)methyl)-3,4-dihydroxytetrahydrofuran-2-yl)-5-iodo

pyrimidine -2,4(1H,3H)-dione (38)

OH OH
The reaction was complete in 6 h with 0.1 mmol SM using deprotection Method A. The crude
product was purified by column chromatography on silica gel eluting with DCM-MeOH
(100:4.5) to afford pure 38 as a white solid (46 % yield)."H NMR (400 MHz, Methanol-d4) &
8.49 (s, 1H, H-6), 6.05 (ddt, J=17.0, 11.0, 5.8 Hz, 1H, alkenyl-CH=CH>), 5.89 (d, /=4.2 Hz,
1H, H-1"), 5.42-5.29 (d,J=17.0 Hz, 1H), 5.26 (d, /= 11.0 Hz, 1H), 4.17 (m, 3H for H-2', 3'

and 4'; 2H for alkenyl-H-1), 3.81 (dd, /= 11.0, 2.1 Hz, 1H, H-5'), 3.65 (dd, J= 11.0, 2.1 Hz,



1H, H-5"). 3C NMR (101 MHz, Methanol-ds) 8 162.76 (C-2), 152.14 (C-4), 146.83 (C-6),
135.73 (alkenyl-CH=CH,), 118.33 (alkenyl-CH=CH,), 90.68 (C-1"), 85.14 (C-4"), 76.34 (C-2"),
73.50 (C-3"), 71.41 (alkenyl-C-1), 69.78 (C-5'), 68.44 (C-5). HPLC: > 99 % purity at 254 nm

and 290 nm; fr = 17.3 min; solvent elution: 50 % MeOH in water.

1-((2R,3R 4S,5R)-5-((hex-5-en-1-yloxy)methyl)-3,4-dihydroxytetrahydrofuran-2-yl)-5-

iodopyrimidine-2,4(1H,3H)-dione (39)

)

OH OH
The reaction was complete in 6 h when using 0.26 mmol SM using deprotection Method A.
The crude product was purified by column chromatography on silica gel eluting with n-hexane-
EtOAc (30:70) to afford pure 39 as a transparent oil (39 % yield). 'H NMR (400 MHz,
Methanol-ds) 6 8.42 (s, 1H, H-6), 5.91 (d, /= 3.9 Hz, 1H, H-1"), 5.89 — 5.74 (m, 1H, alkenyl-
CH=CH>), 5.06 — 4.93 (m, 2H, alkenyl-CH=CH>), 4.21 — 4.08 (m, 3H, H-2', 3° and 4'), 3.79
(dt,J=10.8,2.2 Hz, 1H, H-5"), 3.67 (dt, J=9.5, 6.9 Hz, 1H, alkenyl-H-1) ( 3.60 (dt, /= 11.1,
2.9 Hz, 1H, H-5"), 3.52 (dt,J=9.5, 6.9 Hz, 1H, alkenyl-H-1), 2.12 (q, J= 7.3 Hz, 2H, alkenyl-
H-4), 1.79 (m, 2H, alkenyl-H-2), 1.52 (m, 2H, alkenyl-H-3). 3*C NMR (101 MHz, Methanol-
ds) 8 161.35 (C-2), 150.78 (C-4), 145.25 (C-6), 138.44 (CH=CH>), 113.79 (CH=CH>), 89.12
(C-1"), 84.05 (C-4"), 75.06 (C-2"), 71.31 (C-3"), 70.36 (alkenyl-C-1), 69.30 (C-5), 67.35 (C-5),
33.29 (alkenyl-C-4), 29.00 (alkenyl-C-2), 25.37 (alkenyl-C-3). LC-MS (m/z) [M + H']:
calculated 453.1; found 453.2. HPLC: > 99 % purity at 254 nm and 285 nm; r = 8.5 min; flow

rate: 0.5 mL/min; solvent elution: 50 % MeOH in water.



3-(hex-5-en-1-yl)-1-((2R,3R 4S,5R)-5-((hex-5-en-1-yloxy)methyl)-3,4-dihydroxytetra

hydrofuran-2-yl)pyrimidine-2,4(1H,3H)-dione (40)

e
"o

OH OH
The reaction was complete in 20 h with 0.1 mmol SM and 4 equiv. p-TsOH via Method B of
deprotection. The crude product was purified via column chromatography on silica gel eluting
with n-hexane-EtOAc (40:60) to afford pure 40 as a transparent oil (30 % yield). 'H NMR (400
MHz, Methanol-d4) 6 8.06 (d, /= 8.1 Hz, 1H, H-6), 5.92 (d, /= 3.7 Hz, 1H, H-1"), 5.88 — 5.74
(m, 2H, alkenyl-CH=CH>), 5.71 (d, J = 8.1 Hz, 1H, H-5), 5.09 — 4.92 (m, 4H, alkenyl-
CH=CH>), 4.13 (m, 3H, H-2', 3' and 4"), 3.91 (t, /= 7.5 Hz, 2H, alkenyl-NCH>), 3.79 (dd, J =
11.0, 2.5 Hz, 1H, H-5"), 3.62 (dd, J = 11.0, 2.5 Hz, 1H, H-5"), 3.54 (td, J = 6.3, 4.1 Hz, 2H,
alkenyl-OCH>»), 2.09 (dt,J=11.4, 5.5 Hz, 4H, alkenyl-H-4), 1.67 — 1.57 (m, 4H, alkenyl-H-2),
1.54 — 1.45 (m, 2H, alkenyl-H-3), 1.45 — 1.38 (m, 2H, alkenyl-H-3). 3C NMR (101 MHz,
Methanol-ds) 6 164.97 (C-2), 152.38 (C-4), 140.48 (C-6), 139.72 (alkenyl-CH=CH>), 139.58
(alkenyl-CH=CH.), 115.25 (alkenyl-CH=CH.), 115.21 (alkenyl-CH=CH>), 101.73 (C-5),
91.52 (C-1"), 84.88 (C-4"), 76.20 (C-2"), 72.42 (C-3"), 71.24 (alkenyl-OCH>), 70.66 (C-5"),
41.92 (N-alkenyl-C-1), 34.64 (alkenyl-C-4), 34.47 (alkenyl-C-4), 30.31 (O-alkenyl-C-2), 27.98
(N-alkenyl-C-2), 27.31 (O-alkenyl-C-3), 26.79 (N-alkenyl-C-3). LC-MS (m/z) [M + H']:
calculated 409.2; found 409.5. HPLC: > 98 % purity at 254 nm and 265 nm; fr = 17.4 min;

flow rate: 1 mL/min; solvent gradient elution: 50 — 80 % MeOH in water in 10 min.



3-(hex-5-en-1-yl)-1-((2R,3R 4S,5R)-5-((hex-5-en-1-yloxy)methyl)-3,4-dihydroxytetra

hydrofuran-2-yl)-5-iodopyrimidine-2,4(1H,3H)-dione (41)

o= o)
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OH OH
The reaction was complete in 20 h with 0.18 mmol SM and 4 equiv. p-TsOH using deprotection
Method B. The crude product was purified via column chromatography on silica gel eluting
with n-hexane-EtOAc (30:70) to afford pure 41 as a transparent oil (42 % yield). 'H NMR (400
MHz, Methanol-ds) 6 8.45 (s, 1H, H-6), 591 (d, J = 3.9 Hz, 1H, H-1"), 5.81 (ddd, J = 17.1,
10.2, 6.9 Hz, 2H, alkenyl-CH=CH>»), 5.02 (d, /= 17.1 Hz, 2H, alkenyl-CH=CH>), 4.92 (d, J =
10.2 Hz, 2H, alkenyl-CH=CH>), 4.21 — 4.07 (m, 3H, H-2', 3' and 4'), 3.95 (t, /= 7.5 Hz, 2H,
alkenyl-NCH>), 3.81 (dd, J=11.0, 2.2 Hz, 1H, H-5"), 3.72 — 3.63 (m, 1H, alkenyl-OCH>), 3.61
(dd, J=11.0, 2.0 Hz, 1H, H-5"), 3.58 — 3.47 (m, 1H, alkenyl-OCH>), 2.10 (m, 4H, alkenyl-H-
4), 1.78 (m, 2H, O-alkenyl-H-2), 1.66 — 1.57 (m, 2H, N-alkenyl-H-2), 1.51 (m, O-alkenyl-H-
3), 1.42 (m, N-alkenyl-H-3). *C NMR (101 MHz, Methanol-ds) § 161.64 (C-2), 152.03 (C-4),
144.93 (C-6), 139.80 (alkenyl-CH=CH»), 139.52 (alkenyl-CH=CHy), 115.25 (alkenyl-
CH=CH>), 115.16 (alkenyl-CH=CH>), 91.54 (C-1"), 85.24 (C-4"), 76.50 (C-2"), 72.68 (C-3"),
71.33 (alkenyl-OCH>), 70.37 (C-5"), 68.03 (C-5), 43.60 (N-alkenyl-C-1), 34.64 (alkenyl-C-4),
34.43 (alkenyl-C-4), 30.34 (O-alkenyl-C-2), 27.87 (N-alkenyl-C-2), 27.27 (O-alkenyl-C-3),
26.72 (N-alkenyl-C-3). LC-MS (m/z) [M + H"]: calculated 535.1; found 535.2. HPLC: > 98 %
purity at 254 nm and 285 nm; tr = 23.1 min; flow rate: 1 mL/min; solvent gradient elution: 50

— 80 % MeOH in water in 10 min.



1-((2R,3R,4S5,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)pyrimidine-

2,4,6(1H,3H,5H)-trione (42)!

HO
OH OH
The reaction was complete in 3 h with 0.14 mmol SM using deprotection Method C. The crude
product was recrystalized from MeOH to afford 42 as a white solid (20 % yield). "H NMR (400
MHz, Methanol-ds) 6 6.13 (d, /= 3.3 Hz, 1H, H-1"), 4.54 (dd, J= 6.2, 3.3 Hz, 1H, H-2"), 4.34
(dd, 1H, H-3"), 3.87 — 3.82 (m, 1H, H-4"), 3.79 (dd, J=11.8, 6.1 Hz, 1H, H-5"), 3.64 (dd, J =

11.8, 6.1 Hz, 1H, H-5").

6.2 Crystallography

Crystals of 27 and 32 (Figure 60) were grown from MeOH at room temperature. The detailed
crystallography data was shown in Table 21. Single-crystal X-ray diffraction data (XRD) were
collected at a temperature of 100.0 K using a SuperNova instrument equipped with an EosS2
diffractometer, employing Cu-Ka radiation (A = 1.54184 A). Using Olex2 software!®’, the

structure was resolved with ShelXT program'*® and refined with ShelXL program'%”.
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Figure 60 Crystal structures of 27 and 32
Table 21 Crystallography data of compound 27 and 32
Compound 27 32
Empirical formula C18 H24 N2 06 C15 H22 N2 06
Formula weight (g/mol) 364.39 326.34
Temperature (K) 99.98(13) 99.97(16)
Wavelength (A) 1.54184 1.54184
Completeness 99.76 99.94
Crystal system hexagonal hexagonal
Space group P 64 P61

Unit cell dimensions

Volume (A%)
V4
Theta max.
Theta min.

Density (Mg/m?)

Absorption
coefficient (mm™)

a=15.9231(3) A

b=159231(3) A

c=12.0737(2) A
0.=90° B =90°y=120°

2651.10 (11)

71.025
4.85
1.369

0.861

a=2422416(14) A
b=124.22416(14) A
¢ =5.07959(3) A
@ ="90° B =90°y = 120°

2581.41(3)

71.2800
4.1990
1.260

0.821




F (000) 1164 1044

Absorption correction multi-scan multi-scan
Goodness-of-fit on F* 1.046 1.099
R1 (for all data) 0.0424 0.0692

6.3 Malachite-Green inhibition assays

General. All reagents were obtained commercially and used as received, unless otherwise
stated. Absorbance measurements were conducted using a BMG Labtech POLARstar Optima
multiplate reader. The colorimetric glycosyltransferase assay was modified from Tedaldi et

al.’® All experiments were performed in Nunc clear, flat-bottom 96-well plates.

Assay protocol. Final concentrations are provided for all assay components. -1,4-GalT (1
ug/mL) or activated LgtC (1 ug/mL, incubated with S mM DTT at 30 °C for 20 min); the final
concentration of DTT is 2 uM, CIP (10 U/mL), lysozyme (1 mg/mL), GIcNAc (10 mM), Triton
X (0.01 %), MnCl; (5§ mM), KCI (50 mM, not in the LgtC inhibition assay), HEPES (PH 7.5,
10 mM), DMSO (10 %), UDP-Gal donor (33 mM) and inhibitors series dilutions were added
into 96-well plate in triplicate. The reaction started by the addition of UDP in the UDP-
calibration wells (Table 22, column 1 — 3) and UDP-Gal in the GalT inhibition experiments
(Table 22, column 4 — 9), followed by incubation at 30 °C for 20 mins (with 5 min shaking).
The reaction was stopped by the addition of malachite reagents, and the absorbance was

recorded at 620 nm for 1 hour (with 5 min shaking).



Table 22 Schematic table of Malachite-Green components in 96-well plate.

96-well plate Column 1 -3 Column 4 -6 Column 7-9
Wells A-H UDP-Calibration Inhibitor test Background-no GalT
All components All components All components
Components with UDP series dilution with inhibitor series dilution ~ with inhibitor series dilution
without UDP-Gal and GalT without UDP without UDP and GalT

Data analysis. Data was analysed using GraphPad Prism 9. The timepoint where the data was
stable amongst UDP-Calibration, inhibitor, and background wells was chosen (usually at 30
min). The absorbance of inhibitor and background was transformed to [UDP] (uM) using linear
regression from a calibration curve (around 0 — 7.18 uM). Corrected values were obtained by
subtracting corresponding background reading from the inhibitor wells. The corrected value of
the negative control (0 uM inhibitor, wells 4A — 6A) was normalized to 100 %, the values of
inhibitor wells were normalized to corresponding percentage. This percentage was plotted
against log [inhibitor] to afford relative ICso values. To calculate the donor turnover: the donor
concentration (33 puM in this assay) was divided by the corrected UDP concentration of the

blank (assay window, wells 4A — 6A).

Relationship between ICso and turnover

Due to the enzyme sensitivity, precise control over its concentration can be challenging.
Consequently, the assay occasionally yielded turnover of the UDP-Gal donor below 10 %.
However, an interesting observation emerged from these circumstances: a low donor turnover

rate (below 10 %) appeared to correspond to relatively low ICso values ( Figure 61a and Figure



61b). In the case of 5-FT UDP-Gal (Figure 61c), this phenomenon was not observed. The ICso
values for low turnover rates fell within the error range of the high turnover rates. This could
potentially be influenced by trace contamination of nucleoside inhibitors in the phosphatase.
Such minor contamination may have a more pronounced impact on the results when dealing
with low turnovers with a narrow assay window (below 10 % turnover), whereas its effect
might be less significant in cases with a larger assay window (10 % — 20 % turnover). This also
provides another rationale for the inability to accurately determine ICso values when the
turnover of the donor molecule is less than 10 %. The presence of nucleoside inhibitor

contamination in the phosphatase can significantly impact results in such cases.
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(c) Comparison - 5FT UDP-Gal IC5p vs Turnover
(5-FT UDP-Gal)
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Figure 61 ICs values in different donor turnovers. Reagents and conditions: f4GalT1 (1 pg/mL), UDP-
Gal (33 mM), GlcNAc (10 mM), CIP (10 U/mL), MnCl, (5§ mM), lysozyme (1 mg/mL), Triton X
(0.01 %), MnCl, (5§ mM), KC1 (50 mM), HEPES (PH 7.5, 10 mM), DMSO (10 %) and inhibitors series
dilutions were incubated on a 96-well plate at 30 °C with shaking for 20 min. The reaction was stopped
by adding malachite reagents. The absorbance was measured at 620 nm in 1 h. Bars indicate mean
values = S.D. of the triplicates in a single experiment.

UDP-Calibration curve

The UDP-Calibration is linear up to 7.18 uM UDP in the assay (Figure 62), which means the
turnover (donor concentration is 33 uM) should be less than 22 % under this condition. all the
turnovers are around 10 % — 20 %, less than 10 % turnover gave low assay window, more than
20 % turnover are outside the linearity of UDP detection. Therefore, we set the turnover range

around 10 % — 20 % under these experimental conditions.
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Figure 62 UDP calibration curve. Conditions: GlcNAc¢ (10 mM), CIP (10 U/mL), MnCl, (5 mM),
lysozyme (1 mg/mL), Triton X (0.01 %), MnCl, (5 mM), KCI (50 mM), HEPES (PH 7.5, 10 mM),
DMSO (10 %) and UDP (0 — 12.5 uM) were incubated on a 96-well plate at 30 °C with shaking for 20
min. The reaction was stopped by adding malachite reagents. The absorbance was measured at 620 nm
in 1 h. The experiment was carried out in triplicate. Bars indicate mean values = S.D. of the triplicates
in a single experiment. The experiment was repeated three times.

Control experiments

Positive control 5-FT UDP-Gal has potent inhibition towards B4GalT1 and therefore served
as a positive control in our experiment. Values were similar to those from literature, which

meant this protocol was feasible.

Inhibition activity of 5-FT UDP-Gal
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Figure 63 Determination of ICso values for 5-FT UDP-Gal against f4GalT1. Reagents and conditions:
B4GalT1 (1 pg/mL, turnover: 12%), UDP-Gal (33 mM), GlcNAc (10 mM), CIP (10 U/mL), MnCl, (5
mM), lysozyme (1 mg/mL), Triton X (0.01 %), MnClL, (5 mM), KCI (50 mM), HEPES (PH 7.5, 10
mM), DMSO (10 %) and inhibitors series dilutions were incubated on a 96-well plate at 30 °C with
shaking for 20 min. The reaction was stopped by adding malachite reagents. The absorbance was
measured at 620 nm in 1 h. Bars indicate mean values + S.D. of the triplicates in a single experiment.
The experiment was repeated three times.



Potential inhibition of CIP by inhibitors

To confirm that the activity of these compounds in the assay is not due to inhibition of the
phosphatase (CIP), UDP-Gal was replaced with 5 uM UDP whilst all the conditions remained
the same as GalT inhibition experiments. The results showed no apparent CIP inhibitory
activity under the given UDP and inhibitor concentrations in any of these experiments (Figure

64).
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Figure 64 Potential inhibition of CIP by inhibitors. Reagents and conditions: p4GalT1 (1 pug/mL,
turnover: 12 %), UDP (5 uM), GlcNAc (10 mM), CIP (10 U/mL), MnCl, (5 mM), lysozyme (1 mg/mL),
Triton X (0.01 %), MnCl, (5§ mM), KCI (50 mM), HEPES (PH 7.5, 10 mM), DMSO (10 %) and
inhibitors series dilutions were incubated on a 96-well plate at 30 °C with shaking for 20 min. The
reaction was stopped by adding malachite reagents. The absorbance was measured at 620 nm in 1 h.
The experiment was carried out in triplicate. Bars indicate mean values = S.D. of the triplicates in a
single experiment.



Potential Donor-hydrolysis acceleration by inhibitors 2 and 3

Interestingly, high inhibitor concentration might accelerate the hydrolysis rate of the donor,

fortunately, this extra background value could be corrected by the background control (Figure

65).
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Figure 65 Potential donor-hydrolysis acceleration by 2 and 3

Enzyme activity prediction

In principle, turnover rates can be controlled through enzyme concentration. Early control
experiments indicated that increasing the concentration of enzyme increased the turnover of
donor substrate. However, as is known, enzyme can easily lose activity at rt while it’s inevitable
we take it out from freezer for assays. This means it can be practically difficult to exactly
control turnover rates with the required accuracy. Based on this, the freeze-thaw cycles were
recorded of two batches of B4GalT1 in different dates and the corresponding turnovers ([GalT]
=2 mU/mL). Interestingly, a common principle emerged for both batches of enzymes. There
was a negative correlation between the freeze-thaw cycle and the associated turnover, with a
slope of -2.4, ultimately reaching a plateau of 6.5 % donor turnover (Figure 66). This suggests

a possibility to predict turnover based on the number of freeze-thaw cycles.
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Figure 66 GalT activity prediction

6.4 P4GalT7 inhibition assays

General. The B4GalT7 inhibition assays were conducted by Roberto Mastio (Lund University,
Sweden). Human B4GalT7 was expressed as a 6xHIS+GST fusion protein, following the
previously reported method!?’. Instead of utilizing a HisTrap HP (GE Life Sciences) column
and manual purification'?’, the purification now involved an ACE C4 column (ACE-113-1046,
3 um, 100 X 4.6 mm) and a Dionex ultimate 3000 (Thermo Fisher) chromatography system.
The determination of p4GalT7 activity followed the established protocol'’”’ but was adapted to
a 96-well format.'®® Simply, 50 ng of p4GalT7 was combined with 1 mM UDP-Gal and varying
concentrations of inhibitors in a 50 pL MES buffer (20 mM, pH 6.2) containing MnCl, (10
mM). The reaction took place in a 96-well polypropylene plate, covered with a PES/silicone
sealing film, and incubated at 37 °C for 30 min using an Eppendorf Thermomixer C, with
shaking at 800 rpm. Subsequently, the plate was quickly transferred to a 4 °C cooling block,
and 5 pL from each well was transferred to a new 96-well polypropylene plate containing 100

uL HPLC eluent (70 % NH4OAc (60 mM, pH 5.6) — 30 % CH3CN (v/v)) in each well. After



manual mixing and brief centrifugation, the plate underwent HPLC analysis, consistent with

the previously described procedure!"’.

6.5 Cell assays

The cell assays were performed by Alex McCraw.

Cell viability

The samples were dissolved in a 40 % DMSO solution. Expi293 cells expressing to
Chondroitin Sulfate Proteoglycan 4 (CSPG4)-IgE were cultured in 6-well plates at a
concentration of approximately 5 x 10° cells/mL, with a final volume of 3 mL per well.
Inhibitors were introduced at concentrations ranging from 100 — 1000 uM, except for 31, which
was used in the range of 100 — 500 uM. Controls included cells seeded without additives or
with an equivalent volume of a 40 % DMSO solution. Cell counts were conducted immediately
after seeding, around 24 hours later (Day 1), and approximately 48 hours after seeding (Day
2). Live and dead cell counts, as well as viability, were recorded at each time point. On Day 2,
cultures were harvested by centrifugation at 2500 rpm for 5 minutes. Supernatants were
transferred to Eppendorf tubes and stored at -80 °C, while cell pellets were lysed and also stored

at -80 °C.



IgE production

An Anti-IgE ELISA (IgE production) was performed using cell supernatants. Expi293F cells,
stably transfected to express IgE specific to CSPG4, were utilized for the production of all
CSPG4 IgE-based glycovarients.!®! The cells were cultured in 124 mL Erlenmeyer Flasks at a
density of 5 x 10° cells/mL and incubated for 3 days with shaking. On Day 3, cell counting
was performed, and supernatants were collected. Subsequently, the supernatants were filtered

twice through 0.45 pm and 0.2 um filters before the purification of the antibodies.

Degranulation

RBL-SX38 cell degranulation was assessed by measuring the release of f-hexosaminidase.'¢!
Cells were initially seeded at a density of 1x10* cells/well in culture medium overnight.
Subsequently, the cells were sensitized with 200 ng/mL IgE, control antibody, or medium alone,
with incubation for 1 h at 37 °C. After 3 washes with stimulation buffer (HBSS + 2 % FBS),
the cells were stimulated for 1 h at 37 °C with either stimulation buffer alone or rabbit anti-IgE
(1.5 pg/mL). To quantify B-hexosaminidase, 25 pL culture supernatant was mixed with 1:1
with stimulation buffer and transferred to black 96-well plates containing 50 uL of a florigenic
substrate per well (1 mmol/L 4-methylumbelliferyl N-acetyl-B-D-glucosaminide, 0.1 %
dimethyl sulfoxide, 200 mmol/mL sodium citrate, pH 4.5) The plates were incubated for 1 h in
the dark at 37 °C, and the reaction was quenched with 100 uLL 0.5 M Tris per well. The plates
were then read using a FLUOstar Omega Microplate Reader (Aex = 350 nm, Aem = 450 nm;
BMG Labtech, Ortenberg, Germany). Degranulation was represented as a percentage relative

to Triton X-100 release (100 %).



Lectin blot

The antibodies were prepared in stock solutions with a concentration of 20 pg/ml. After mixing
the samples with Reducing Buffer, they were incubated at 95 °C for 5 minutes, cooled, and
loaded onto Mini-PROTEAN TGX Gels (15-well, 15 uL). Electrophoresis was conducted at
150V for 45 minutes using a Mini-PROTEAN Tetra Vertical Electrophoresis Cell.
Subsequently, the gels were transferred to Trans-Blot Turbo Mini 0.2 um PVDF membranes
using a Trans-Blot Turbo Transfer System. To separate the sections containing the heavy and
light chains, the membranes were horizontally cut just below the 37 kDa mark on the protein
marker ladder. For the light chain, membranes were blocked for 1 h using either Kappa
Blocking Buffer or Superblock Blocking Buffer. For the heavy chain, membranes were blocked

for 1 h using Kappa Blocking Buffer.

Membranes containing the heavy chain were subjected to a 30-min incubation with relevant
lectins on a rotator. An a-human Kappa Chain antibody, prepared at a 1:5000 dilution in Kappa
Blocking Buffer/SuperBlock Blocking Buffer, was incubated as specified. Subsequently,
membranes were washed with Wash Buffer for 5 minutes, repeating the process three times.
Heavy chain membranes underwent incubation with Streptavidin-HRP at a 1:2000 dilution in
Lectin Blocking Buffer, while light chain membranes were incubated with a-rabbit-HRP at a
1:2000 dilution in Kappa Blocking Buffer or SuperBlock Blocking Buffer. The membranes

were incubated for 30 minutes on a rotator and then washed as previously described.

For visualization, membranes were developed using ECL Western Blotting Detection Reagent.
Densitometric quantification was carried out using ImageJ software [National Institutes of

Health], with values normalized using the kappa light chain as a loading control.



Glycoanalysis using HPLC-FD-MS

Samples were utilized without cleanup and were dried before application. For N-glycan release,
samples underwent treatment with PNGase F and were subsequently cleaned up before
procainamide labeling. After labeling, excess reagents were removed, and the samples were

eluted in water from the cleanup plate, concentrated, and analyzed using HPLC-FD-MS.'¢?

Hydrophilic Interaction Liquid Chromatography (HILIC) HPLC was employed for separation
and analysis, utilizing a Dionex Ultimate 3000 UHPLC instrument with a BEH-Glycan 1.7 um,
2.1 x 150 mm column (Waters) and a fluorescence detector (Aex = 310 nm, Aem = 370 nm),
controlled by Bruker HyStar 3.2 and Chromeleon data software version 7.2. MS analysis was
conducted with a Bruker Mazon Speed ETD electrospray mass spectrometer directly coupled

after the UHPLC FD without splitting.

HPLC-ESI-MS chromatogram analysis utilized Bruker Compass DataAnalysis 4.4 or Xcalibur
Data Acquisition and Interpretation Software version 4.3, along with GlycoWorkbench
software. The assignment of glucose unit values to peaks was performed using Chromeleon
Data software, version 7.2, or Xcalibur Data Acquisition and Interpretation Software version

4.3.

6.6 HPLC-based cell permeability assessment

The cell permeability evaluation followed the previously reported method.** The material was
used from the cell-viability experiments. All samples (cell pellet or supernatant) were analyzed

by reverse-phase high performance liquid chromatography on an Agilent 1220 infinity LC



system with an Agilent ZORBAX eclipse XDB-C18 column (5 pm, 4.6 x 250 mm). Detection
wavelength was 254 nm. Flow rate, gradient and retention time were in the synthesis section
(see 6.1, HPLC data of individual compound). The cell pellets or supernatants were filtered
through a 2 um filter, and the filter membrane was washed twice with 5 pL MeOH. The filtrate
was completely dried in vacuo. The concentrated sample was dissolved in 600 uLL MeOH and
5 uL was loaded into HPLC system. The cell permeability (intracellular proportion) of
compounds 29 to 36 were determined as a percentage of the total concentration. The
concentration of the compounds in the cell pellet or supernatant was calculated based on the

area under the curve in HPLC.

6.7 Differential Scanning Fluorimetry (DSF) binding assays

General. All reagents were obtained commercially and used as received, unless otherwise
stated. The DSF binding assays were modified from Vivoli M. et al.'® All experiments were
performed in 96-well PCR plates on a Lightcycler®480 system. Data was analysed using

LightCycler® Thermal Shift Analysis software and GraphPad Prism 10.

Assay protocol. All assay components are provided as final concentrations. LgtC, SetA or
LtpM (0.22 mg/mL), DTT (5 mM), MnCl; (5§ mM), HEPES (PH 7.5, 10 mM) and SYPRO
Orange dye (5 mM), ligand (0 — 2 mM). All components, excluding the dye agent, were
combined and incubated at 30 °C for 20 min. Subsequently, SYPRO Orange dye and inhibitors

were added.
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Figure 67 Class 1 and Class 2 inhibitors with SetA in DSF assays. All assay components are provided
as final concentrations. LgtC, SetA or LtpM (0.22 mg/mL), DTT (5 mM), MnCl, (5 mM), HEPES (PH
7.5, 10 mM) and SYPRO Orange dye (5 mM), ligand (0 — 2 mM). All components, excluding the dye
agent, were combined and incubated at 30 °C for 20 min. Subsequently, SYPRO Orange dye and
inhibitors were added. Run a thermal denaturation on a Lightcycler®480 system. Bars indicate mean
values + S.D. of the triplicates in a single experiment. Each experiment was repeated twice.
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Figure 68 Compound 31ab with LgtC in DSF assays. 31ab was used as a 0.7:1 mixture of two isomers.
All assay components are provided as final concentrations. LgtC, SetA or LtpM (0.22 mg/mL), DTT (5
mM), MnCl, (5 mM), HEPES (PH 7.5, 10 mM) and SYPRO Orange dye (5 mM), ligand (0 — 0.5 mM).
All components, excluding the dye agent, were combined and incubated at 30 °C for 20 min.
Subsequently, SYPRO Orange dye and inhibitors were added. Run a thermal denaturation on a
Lightcycler®480 system. Bars indicate mean values + S.D. of the triplicates in a single experiment.



6.8 Molecular Modelling

General protocol. The previously reported structures of UDP with bovine 4GalT1 (PDB:
1FR8), human B4GalT7 (PDB: 4IRP), LgtC from E. coli (PDB: 1G9R) were employed to
generate substrate-enzyme complexes. SetA and LtpM were AlphaFold models generated by
Gunnar Neels Schroeder. The ligand was drawn in 3D with hydrogen atoms using either
MarvinSketch 20.21.0 or Schrodinger 2021-1'%* and then saved as a mol2 file. The prepared
ligand was docked into the binding site of the prepared protein using the Glide module'®* of
Schrodinger. The chosen outcome was subsequently subjected to Molecular dynamics (MD)

165-167

simulations. The solution was built using Charmm-Gui and simulations conducted using

the GPU-accelerated version of the PMEMD program'%® in the Amber20 package'®’.

In MD simulations, the initial phase involved 5000 steepest descent steps followed by 5000
conjugated gradient steps for energy minimization. The system was then heated to 308 K over
25 ps in the NVT ensemble. Equilibration and production runs utilized a Langevin thermostat
with a friction coefficient of 1.0 ps™'. The equilibration phase, incorporating pressure control
and a 1 fs timestep, had five steps sequentially releasing positional restraints on lipid phosphate
atoms, waters and ions, and the protein and ligand. A brief 50 ns simulation (NPT, 2 fs timestep)
concluded the equilibration, followed by production runs in the NPT ensemble with semi-
isotropic pressure control using the Monte Carlo barostat.!”” The nonbonded force cutoff for
van der Waals and electrostatic interactions was set at 10 A. Trajectories were saved every 100
ps, resulting in 1000 frames over 100 ns. Triplicate simulations were conducted for inhibitor
31 with GalTs (B4GalT1, B4GalT7, and LgtC). Different production runs began from the same

equilibrated structure, maintaining consistent initial velocities and coordinates. Only different



seeds were used for the Langevin thermostat. All generated replicas were employed for

trajectory analyses.

Analysis of trajectories, involving Root Mean Square Deviation (RMSD) and hydrogen bond
occupancy, was performed utilizing VMD 1.9.3.'7! The calculation of interaction energy
between residues and ligands utilized the "namdenergy.tcl" script v1.6 from NAMD,!”
specifically considering residues within a 5 A distance from the ligand. Model images were

visualized using Schrodinger 2021-1 and VMD 1.9.3.
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