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Abstract

This thesis, entitled “Synthetic Approaches Towards Thioester-Mediated
Bioconjugation and Lanthanide-Based Glycoconjugate Probes™ is divided into
six chapters. Chapter 1, the introduction, firstly introduces the concept of
bioconjugation and the use of conjugation strategies to improve current
therapeutics. A brief overview of two protein post-translational modifications
(PTMs), ubiquitination and glycosylation is then given with the implications of
such bioconjugation discussed. Following this, the importance of access to
sufficient quantities of homogeneous, post-translationally modified
glycopeptides is described with the formation of O- and N-linked glycopeptides
discussed, both biosynthetically and chemically. The remainder of this chapter
is divided into two sections; the first of which serves to introduce peptide
synthesis. The significant advances in peptide synthesis and chemical ligation
strategies are outlined with their use for the incorporation of post-translational
modifications included. Particular emphasis is placed on native chemical
ligation (NCL) with some of the strategies introduced to address NCLs main
limitations reviewed. The last section of this chapter delivers an overview of
the carbohydrate-active glycosidase enzymes with their synthetic applicability
briefly mentioned. The chapter concludes by outlining examples of the current
glycoconjugate probes used for the detection of the biologically relevant
glycosidase enzymes.

Chapter 2 begins with a discussion of the prevalent PTM N-
glycosylation and summarises some of the most common methods currently
used for the preparation of homogenous N-linked glycopeptides. This chapter
goes on to present a novel ligation strategy toward the synthesis of N-linked
glycopeptides. This synthetic approach combines thiol-ene click chemistry and
an S,N-acyl transfer reaction to ligate a carbohydrate and non-glycan moiety to
form a native amide bond at the carbohydrate anomeric centre. The first
examples of complex thioacids being employed in thiol-ene reactions are
presented. Various thioacids varying in steric hindrance (e.g. alkyl, phenyl, and
peptidyl) were prepared to investigate the substrate scope of the thiol-ene

reaction when incorporating thioacids. In successfully ligated products, a high



degree of product conversion was observed with complete stereoselectivity
achieved.

Chapter 3 covers ubiquitination, another common PTM, with some of
the current synthetic methods toward non-native ubiquitin (Ub) conjugates
initially presented. This chapter then focuses on the application of the ligation
methodology developed in Chapter 2 for its use in the chemical ligation of
peptide units. A biologically relevant tripeptide sequence was prepared and its
ability to undergo thiol-ene ligations with a Ub related thioacid evaluated. A
subsequent S,N-acyl transfer reaction was conducted with its efficiency over a
large transition state (18-membered) determined. This method incorporates
thiol-ene coupling chemistry to overcome the requirement for cysteine residues
in conventional NCL and as a speedy alternative to the slow
transthioesterification reactions employed in other peptide ligation strategies.

Chapter 4 begins with a brief introduction to the lanthanide metal ions
and their photophysical properties with some of the current lanthanide-based
probes used for the detection of enzymes discussed. The chapter then presents
the design, synthesis, and photophysical evaluation of an array of lanthanide-
based complexes and their ability to function as luminescent probes for
observing glycosidase enzyme activity in real time. All of the lanthanide
complexes are based on the macrocyclic framework cyclen with six of those
being O-glycosylated, each bearing different carbohydrate moieties. The effect
of the concentration on the emissive properties of the glycosylated lanthanide-
based probes was investigated. The chapter concludes with preliminary work
into the use of the mannose-appended lanthanide complex for the detection of
lectin ConA.

Chapter 5 concludes the work described in this thesis.

Lastly, Chapter 6 outlines the experimental procedures and presents the

synthesis and characterisation of the compounds discussed within this thesis.
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Chapter 1 - Introduction

1.0 Introduction
The chemical synthesis and in vitro detection of biologically-important

proteins are two areas of intense research. The chemical synthesis of proteins
and their bioconjugates allows precise control over molecular structure, with
the added advantage of introducing unnatural chemical modifications.
Furthermore, enzymes are known to play a key role in the pathology of several
diseases, with enzyme dysregulation known to occur in many disease states.'
Therefore, the ability to accurately detect the activity of biologically-relevant
enzymes has been a focus of many research groups.

This chapter begins with an overview of protein glycosylation and
ubiquitination, two common PTMs. Next, various chemical methods to obtain
homogenously modified peptides are presented, with a focus on both chemical
ligation strategies and radical chemistry. In the last section of this chapter, the
glycosidase enzymes which are involved in the post-translational modification
of proteins are discussed, with their application in chemo-enzymatic synthesis
followed by a short review of the various probes used for the detection of these

enzymes detailed.

1.1 The importance of conjugation in chemical biology

Bioconjugation refers to the covalent derivatisation of molecules to form
biomolecules. This covalent coupling of different types of molecules leads to
novel biomolecules of different properties.” Nature introduces functionality
through various protein PTMs. For example, protein proteolysis is regulated by
the addition of ubiquitin (Ub) units to protein targets; the attachment of lipids
results in membrane anchoring; and protein phosphorylation is frequently
involved in signal transduction.’ In order to study the effect these modifications
have on the function of a protein, access to homogeneously modified proteins
is required and the ability to modify biomolecules with a high degree of
selectivity and specificity is needed. The concept of conjugation with
biomolecules to relay information, or as a strategy to improve the
bioavailability of therapeutics, has been widely employed.* It was originally
reported in 1929 that immunogenicity of carbohydrates could be enhanced by
conjugation to a protein and this is now well established.” Conversely, a

peptides biological activity can also be enhanced by conjugation to

1



Chapter 1 - Introduction

carbohydrates. For example, a study which separated different ribonuclease
(RNAse) B glycoforms demonstrated that the glycosylation caused decreased
flexibility and greater resistance toward proteases compared with the non-
glycosylated forms, possibly due to a glycan “steric shield” formed through
glycosylation.’

During the past decade there has been a surge of interest in biologic-
based therapeutics with protein-based drugs representing approximately a
quarter of new drug approvals with many being glycopeptides.”® Insulin, a
protein hormone, used primarily in the treatment of diabetes suffers from being
broken down within hours in the body, thus treatment requires frequent
injections. Nishimura and co-workers incorporated sialic acid residues into
mutant insulins resulting in prolonged activity through the prolongation of
serum lifetimes.”'® Furthermore, it was shown that the activity of the peptide-
based anti-diuretic arginine-Vasopressin is almost doubled by a simple
galactosylation. "

A bioconjugation approach to drug delivery known as lectin-directed
enzyme-activated prodrug therapy (LEAPT) was reported by Davis and co-
workers, the mechanism of which is depicted in Figure 1.1.'% This approach
allowed for the targeted delivery of the anti-cancer agent, doxorubin, to
hepatocytes in a mouse liver model. The “glycotargeting™ bipartite approach
takes advantage of the lectins which are proteins containing specific
carbohydrate recognising domains. Firstly, a non-mammalian glycosidase
enzyme, rhamnosidase, is conjugated to a mammalian targeting carbohydrate.
This is then taken into the cell by sugar-mediated endocytosis by a hepatocyte
membrane bound lectin. The second step involves the administration of
doxorubin capped with L-rhamnose. The doxorubin drug can then be released
by the removal of the L-rhamnose cap by the previously administered

rhamnosidase enzyme, allowing for targeted release of the pro-drug.
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Figure 1.1: LEAPT strategy (Image adapted from Davis er. al)."” (Step 1) Site-selective
delivery of a glycosylated rhamnosidase enzyme; (Step 2) Delivery of a rhamnose-capped
prodrug; (Step 3) Site-selective activation of the prodrug by the previously administered
rhamnosidase enzyme.

Bioconjugates encompassing Ub, a common PTM, have been explored
as a delivery vehicle for peptide-based anti-cancer drugs. Ub is a natural ligand
for CXCR4 which is a chemokine receptor overexpressed in many tumours,
with the expression level of CXCR4 found to correlate with the aggressiveness
of the cancer. Lin and co-workers reported the conjugation of Ub to NoxaBH3
peptide, a potent inhibitor of MCL-1 (Myeloid Cell Leukemia-1), a key gene
involved in cancer cell survival.'*"” The NoxaBH3 peptide-Ub conjugate
showed increased inhibitory activity and selective ablation of CXCR4-
expressing cancer cells suggesting that the Ub/CXCR4 axis may serve as a
good route for the targeted delivery of anti-cancer drugs. Furthermore, the
development of bioconjugate probes has contributed to the current
understanding of enzymes in biological processes, as they provide insight into
enzyme activity and substrate recognition. For example, synthetic probes
which consist of a carbohydrate or Ub appended to a reporter molecule can be
used to detect the action of glycosidase or deubiquitinating enzymes (DUBs),
respectively, through the release of a reporter molecule upon enzyme

16,17

action. The use of glycosidase activated chemical probes will be discussed

in more detail in Section 1.4.3.
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1.1.1 Protein post-translational modifications
It is estimated that the human genome consists of 20,000-25,000 genes while

the human proteome is comprised of over 1 million proteins.'® The increased of
complexity observed on going from a gene to a protein is furthered by a
plethora of PTMs. As the name implies, PTMs are the chemical modifications
of proteins occurring after their translation. Broadly speaking, PTMs can be
classified into two types: the covalent addition of chemical groups and the
cleavage of the protein backbone, known as proteolysis.'” PTMs can reversibly
or irreversibly alter the structure and function of proteins depending on the
nature of the modification and they encompass a wide range of reactions,
ranging from simple acetylation modifications to ubiquitination, all of which

are depicted in Figure 1.2.
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Figure 1.2: Diversity of PTMs. (Image taken from Cossart et al.) ~

PTMs are essential in maintaining many cellular processes including protein
degradation, protein-protein interactions, and cellular signalling.”'
Accordingly, defects in PTMs can signal disease states with many commonly
observed PTMs being used as disease markers or as molecular targets for

21,22

developing target specific treatments. A general goal of PTM-related

research is to understand how the formation of the resulting bioconjugates
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affects protein function. A wide range of emzymes are involved in PTMs with it
being estimated that 5% of the genome is dledicated to the enzymes which carry
out these modifications.'” To consider the llarge number of PTMs would require
a lengthy review and is outside the scope of this thesis, therefore, this thesis

will focus only on two common PTMs: ubiiquitination and glycosylation.

1.1.1.1 Ubiquitination
Ubiquitination is an important PTM which involves the covalent addition of

Ub, a small protein comprised of 76 amino acids, to a protein target.
Interestingly, Ub was given its name as it was thought to be ubiquitous in
prokaryotes and eukaryotes, however, it is now known to only exist in
eukaryotes.”’Ub can be added as a monomer or as polymers, to a protein target
where it acts as a molecular signal to determine the fate of the target protein. In
this process, Ub is attached via its C-terminal glycine (Gly) residue to the e-
NH, group of a substrate lysine (Lys) resiidue forming an isopeptide bond, as

illustrated in Figure 1.3.2*%

o @ o @

Figure 1.3: Formation of isopeptide bond between Ub C-Terminal Gly residue and Lys residue
of the substrate.

The enzymatic process of ubiquitination involves three groups of
enzymes and will be discussed in more detail in Section 1.3.4. The
ubiquitination of Lys residues has emerged as an important modification for
the regulation of many biological processes, such as DNA damage repair,
cellular signalling, and protein degradatiom.’®*” Ub is most widely known as a
signal for protein degradation, with the degradation of proteins now being
known to be involved in a wide range of cellular processes and is heavily
involved in the quality control of cells. The 2004 Nobel Prize in Chemistry was
jointly awarded to Aaron Ciechanover, Avram Hershko and Irwin Rose for
their research concerning the role of Ub im protein degradation.'*?” Defects in
the components of the ubiquitination sysitem can contribute to disease with

aberrations now known to underlie the me:chanism of many diseases including
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neurodegenerations and certain malignancies.”® For example, Parkinson’s
disease (PD), the most common neurodegenerative movement disorder, is
characterized by the loss of dopaminergic neurons and the presence of
intracellular inclusions, known as Lewy bodies (LBs). These LBs are primarily
composed of a-synuclein (a-syn) which is a 140-amino acid residue protein.*’
The majority of a-syn species isolated from patients with PD displayed mono-
or diubiquitination at multiple Lys residues. It has been suggested that
aberrations in the Ub degradation pathway could lead to the toxic accumulation
of LBs, as seen in the case of PD. Several studies have pointed to a link
between PD pathogenesis and dysfunction in the Ub PTM system; therefore,
understanding the role of ubiquitination in a-syn aggregation and LB formation
is crucial for the understanding of PD pathogenesis.*"’

The process of ubiquitination is reversible with DUBs functioning to
remove Ub monomers or polymers.z‘”z‘33 Interestingly, a pair of German
siblings with inherited PD displayed markedly reduced DUB hydrolase activity
suggesting that impaired DUB hydrolysis could also attribute to PD.?' Due to
the critical importance that Ub bioconjugation plays in a range of diseases,
focus has been placed on obtaining sufficient quantities of Ub and its
bioconjugates to allow for biological interrogation to realise its precise role.
There are a number of synthetic methodologies employed for preparation of Ub

and its bioconjugates, some of which will be discussed later in this chapter and

in Chapter 3.

1.1.1.2 Glycosylation
Protein glycosylation, the attachment of a sugar moiety to a protein, is one of

the most important PTMs. It is estimated that over 50% of human proteins

3 1t provides the greatest proteomic diversity,

undergo glycosylation.
compared with other PTMs, and protein modification in this way is essential
for many key biological processes including cell growth, cell-cell adhesion,
fertilisation, immune defence, and inflammation.'**®**"** This PTM can
stabilise the tértiary protein structure, aid subsequent folding and transport, and
protect proteins from proteolysis.' >

Protein glycosylation can be categorised into different groups based on

the nature of the sugar-peptide bond: N-, O- and C-linked glycosylation (Figure

6
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1.4). In N-linked glycoproteins, N-acetylglucosamine (GIcNAc) is B-linked to
the amide side chain of asparagine (Asn) in the conserved sequence Asn-Xaa-
serine/threonine (Ser/Thr), where Xaa represents any amino acid, other than
proline (Pro). O-linked glycoproteins are linked to the hydroxyl group of Ser or
Thr, usually via N-acetylgalactosamine (GalNAc), and there is no consensus
sequence required.”’ The most common O-linked sugar is GalNAc, however
other sugars implicated in O-glycosylation include fucose (Fuc), xylose (Xyl),
and GIcNAc.” N- and O-glycosylation are very commonplace whereas C-
glycosylation, the mannosylation of tryptophan (Trp) at the C-2 position of the
indole ring, is relatively rare.'” This thesis focuses on the synthesis of N- and
O-glycosides, therefore further discussion will be limited to these two types of
glycosylation. The removal of carbohydrate moieties is similarly essential and
is catalysed by a group of enzymes, called the glycosidases. The glycosidases
act by hydrolysing the glycosidic bond of glycoconjugates and will be

discussed in Section 1.4.
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Figure 1.4:.Glycopeptide structures (A) N-linked glycopeptide; (B) O-linked glycopeptide; (C)
C-linked glycopeptide.

One of the most notable glycoproteins in drug discovery is
erythropoietin (EPO) which is a blockbuster drug used for the treatment of
anaemia. EPO is synthesised in the kidneys and circulated in the blood to
stimulate red blood cell production and bone marrow differentiation.* EPO is a
30kDa glycoprotein with a highly conserved polypeptide domain and four
conserved sites of glycosylation, three of which are N-linked. However, the
carbohydrate arrays themselves, namely the N-glycans, are highly variable.*
There have been many investigations into the role glycosylation has on the

biological function of EPO. In an early study, Fukada and co-workers showed
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the importance of glycosylation in modulating the circulating half-life of
proteins.** They demonstrated that variation in the N-glycans altered the serum
half-life of EPO with terminal sialic acid residues required to accomplish
action in vivo. Furthermore, Egrie and Browne found that increasing the
carbohydrate content led to enhanced biological activity.'’ A second generation
therapeutic Aranesp containing five N-linked carbohydrate chains, rather than
three, exhibited a slower clearance rate and, therefore, a longer half-life
resulting in increased overall effectiveness and clinical benefit. Interestingly, in
marked contrast, it was found that EPO entirely lacking terminal sialic acid
residues, known as asialoEPO, resulted in an entirely different in vivo effect,
where it was reported that asialoEPO displayed broad neuroprotective
effects.****” This example of EPO and the impact of varying degrees of
glycosylation serves to highlight the important role that glycosylation plays in

the overall biological function of proteins.

1.2 Synthesis of glycopeptides
1.2.1 Glycoprotein diversity and the need for homogeneity
Carbohydrates play a fundamental role in many biological processes with

significant efforts focused on understanding the precise role of attached
carbohydrates on glycoprotein function. The carbohydrates along with proteins
and nucleic acids constitute the three major biological macromolecules and of
these three, it is carbohydrates that are the least studied and understood. This
can be attributed to the sheer complexity of carbohydrates due to the range of
constructs they can form. For example, each monosaccharide has several
hydroxyl groups, with varying stereochemistry, all of which can be conjugated
to different sugars (pyranose or furanose) along with the possibility of various
modifications (e.g. sulfation, phosphorylation, acylation). Therefore vast
amounts of biological information can be encoded in a short carbohydrate

84 This has led to the term “glycomics”, being

array, known as the glycocode.
introduced in recent years to accompany the existing fields of genomics and
proteomics.”’

Despite the advances in the field of glycobiology, investigating
glycoprotein function is considerably hampered by the fact that high purity

glycoproteins are extremely difficult to access. The biosynthesis of the glycan
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portion of glycoproteins is neither template-driven nor under direct
transcriptional control.”® Their synthesis is subject to various glycosidases,
glycosyltransferases, and their substrate specificity - the result of which is
“glycoforms™ which possess the same peptide backbone but differ in the site

3233 Studies which have provided access to single

and nature of glycosylation.
glycoforms have required extremely laborious separation techniques and
therefore the prospect is far from routine.® Without access to homogeneous
samples, accurate structure-activity relationships (SAR) become difficult to
unravel and biological roles cannot be accurately determined. It is now
accepted that synthetic chemistry, or a combination between synthetic
chemistry and enzymatic-mediated transformations, can be used to access
homologous glycoproteins.™

The need for homogeneity to interrogate the carbohydrates’ precise role
in glycoproteins has resulted in a surge of general and efficient methodologies
for their preparation; examples of which will be discussed throughout this
thesis. As discussed previously, the two most common types of glycopeptides
are N- and O-linked. In N-linked glycopeptides, the carbohydrate moiety is
linked to the peptide via the amide side chain of Asn (Figure 1.4). In O-linked
glycopeptides, the carbohydrate is attached to a Ser or Thr residue via an ether
linkage. The synthesis of glycopeptides requires a combination of carbohydrate
and peptide chemistry with the formation of the glycan-amino acid bond being
central to the synthetic strategy. Several reviews have emerged covering the
chemical formation of glycosidic linkages in glycoproteins.">*>® The
following sections focus on the biosynthesis of O- and N-linked glycopeptides
along with various synthetic methods used for the formation of O- and N-

linked glycosidic bonds.

1.2.2 O-linked glycans
1.2.2.1 Biosynthesis
The process of O-glycosylation occurs post-translationally, beginning in the

Golgi complex, where single sugar residues are added to an amino acid residue
sequentially resulting in glycoproteins which are significantly less complex
than N-glycoproteins, which will be discussed in the next section.’’ The

process of O-glycosylation is orchestrated by the glycosyltransferase enzymes
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which display incredible specificity. They are known to act as “one enzyme-
one linkage” whereby they add sugar residues incrementally with each
glycosidic linkage being the product of a single enzyme. They act by catalysing
the transfer of a sugar from a glycosyl donor (e.g. sugar-nucleotide) onto a
suitable acceptor (e.g. peptide, glycan, or lipid).”® As depicted in Figure 1.5, a
Ser/Thr residue is modified by the addition of a GaINAc residue from a uridine
diphosphate (UDP)-GalNAc donor 1 by a glycosyltransferase enzyme, GalNAc
transferase, to form 2. This glycan can then be extended by another specific
nucleoside phosphate sugar donor (UDP-Gal) and specific glycosyltransferase
enzyme (Gal transferase) to give 3. In this way, the carbohydrate array is

elaborated sequentially by specific enzymes.>
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Figure 1.5: Biosynthesis of O-linked glycopeptides.”” The transfer of a GalNAc and Gal
residue from a sugar nucleotide donor to a Ser/Thr residue catalysed by GalNAc and Gal
transferase, respectively.

1.2.2.2 Chemical synthesis
O-Glycoside synthesis is based around glycosylation reactions which involve a

glycosyl donor with a leaving group at the anomeric centre of an appropriately
protected glycosyl moiety, a suitable promoter, and an acceptor which can
react with the donor through a free hydroxyl group. Here, there is the
possibility of two linkages being formed: 1,2-cis and 1,2-trans glycosides

(Figure 1.6).

10
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Figure 1.6: General glycosylation mechanism for the synthesis of O-glycosidic bonds to form
1,2-cis or 1,2-trans linkages, where LG denotes leaving group.®

The nature of the protecting group at the C-2 position of the glycosyl donor is a
major determinant of the resulting anomeric stereochemistry. A participating
group at C-2 can direct the stereochemical outcome of a glycosylation reaction
through anchimeric assistance, known as neighbouring group participation
(NGP), to form 1,2-trans glycosides. As shown in Figure 1.7, a promoter
activates the anomeric leaving group forming an oxocarbenium ion with
subsequent NGP of the 2-O-acyl group to form a cis-acyloxonium ion which is
attacked by an alcohol acceptor, from only one face in this case, providing the
1,2-trans glycoside.(’l Here, protecting groups act as an asset allowing
stereocontrol which can compensate for the general lack of “atom efficiency”
associated with protecting groups. Conversely, 1,2-cis glycosides can be
obtained when a non-participating group is present at C-2 however, in this case
the stereoselectivity of the glycosylation reaction is more difficult to control
and is determined by various conditions such as solvent, temperature, and

62,63
promoter used.”
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Figure 1.7: Neighbouring group participation in the synthesis of 1,2-trans glycosides.’
Promoter-assisted departure of the leaving group (LG) results in the formation of the
oxacarbenium ion, which subsequently forms the acyloxonium ion due to NGP of the C-2 acyl
group. Addition of acceptor (R’OH) results in nucleophilic attack from only one face to form
the 1,2-trans glycoside.

In the chemical synthesis of an O-linked glycopeptide, the O-glycosidic link is
installed through a glycosylation reaction between a glycosyl donor and the
hydroxyl group of a suitably protected Ser or Thr residue. A broad range of

glycosyl donors can be used, including trichloroacetimidates (TCA),

11
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thioglycosides, halides, and n-pentenyl glycosides, which are illustrated in

Figure 1.8 64,65,66,67
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Figure 1.8: Common glycosyl donors and the corresponding activation conditions used for O-
glycan installation to a Ser/Thr residue.®**>*" TfOH: trifluoromethane sulfonic acid, NIS: N-
iodosuccinimide, TESOTE: triethyl trifluoromethanesulfonate.

1.2.3 N-linked glycans
1.2.3.1 Biosynthesis
N-glycosylation is the most prevalent form of protein glycosylation with 90%

of all glycoproteins being N-glycosylated. The process of N-glycosylation
typically involves more complex structures, when compared with O-
glycosylation, and this difference is reflected in the biosynthesis of N-
glycosides.®*®  The process of N-glycosylation actually occurs co-
translationally meaning the glycan moiety is attached to the target protein as it
is being translated in the Endoplasmic Reticulum (ER). All N-linked glycans
are derived from a lipid-linked oligosaccharide (LLO) precursor composed of a
14-mer oligosaccharide, Glc;Mang(GlcNAc), linked to a dolichol through a
diphosphate bond. As depicted in Figure 1.9, the first step involves the en bloc
delivery of this 14-mer oligosaccharide to an Asn residue of the Asn-Xaa-
Ser/Thr recognition sequence as it enters the ER Ilumen, catalysed by
oligosaccharyltransferase (OSTase).

The second step involves the release of the nascent glycopeptide from
the ribosome where it is then subject to enzymatic processing. Initial
processing involves the removal of three glucose (Glc) and a terminal mannose
(Man) residue by a series of glycosidase enzymes. In the third step, folded N-
linked glycoproteins are exported from the ER to the Golgi where the glycan
array is subjected to a battery of trimming and remodelling steps conducted by

19,59,70

the glycosidases and glycosyltransferases. The resulting N-linked

12
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glycoproteins can be categorised into three subtypes: high mannose, hybrid,
and complex, as shown in Figure 1.9. They all share a common

pentasaccharide core comprising of Man3GlcNAc, and variable distal

composition.
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Figure 1.9: Schematic representation of the biosynthesis of N-linked glycoproteins and the
resulting three main N-glycans found on N-glycoproteins.” (Step 1) Addition of 14-mer
Glc;Mang(GlecNAc), to Asn residue catalysed by OSTase; (Step 2) The release of the nascent
glycopeptide and trimming of distal residues by glycosidase enzymes; (Step 3) Enzymatic
elaboration in the Golgi to give the three different N-linked glycopeptides.

1.2.3.2 Chemical synthesis
The conventional method for the synthesis of N-linked glycopeptides involves

the amidation of an activated aspartic acid (Asp) residue, although this has
been extended to include other approaches, many of which are summarised in

Figure 1.10 and will be discussed in the following sections.
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Figure 1.10: Common methods for N-glycopeptide formation using glycosyl azides,
glycosylamines, and glycosyl nitrilium ion.

A method known as Lansbury aspartylation is the most commonly
employed method for the preparation of N-linked glycopeptides (Figure
1.11A).7"" In this protocol, a partially protected peptide containing an
activated Asp residue is coupled with a glycosylamine 4 in the presence of
coupling reagents and a suitable base. Glycosylamines are usually accessed
through reduction of the corresponding azides or through the Kochetkov
reaction whereby a hemiacetal is treated with a large excess of ammonium

bicarbonate.”
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Figure 1.11: Strategies for chemical aspartylation with glycosylamines, where OA* denotes
activated ester. (A) Lansbury aspartylation between activated Asp ester and glycosylamine 4;”'
(B) Aspartimide 5 formation, a major side product formed under Lansbury aspatylation
conditions; (C) Dmb amide protecting group employed to prevent aspartimide formation;*' (D)
Pseudoproline approach used to minimise aspartimide formation.”*
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The major disadvantage of this method is the formation of aspartimide side-
products § (Figure 1.11B). This side-product forms by reaction of the adjacent
amino acid amide NH with the activated Asp residue to produce 5 which
significantly diminishes yields. Different methods have been reported to avoid
aspartimide formation, which usually involves the introduction of a protecting
group on the amide directly preceding the glycosylation site.”> For example,
Payne and co-workers reported that incorporation of a 2,4-dimethoxy benzyl
(Dmb) group 6 completely eliminated aspartimide formation during Lansbury
aspartylation carried out during SPPS (Figure 1.11C).*' Furthermore, as the
consensus sequence for N-glycosylation is Asn-Xaa-Ser/Tyr, Danishefsky
addressed the problem of aspartimide formation by the conversion of the
Ser/Tyr residue to a temporary pseudoproline motif 7 to mitigate aspartimide
formation with this approach being successfully applied to the preparation of
EPO fragments (Figure 1.11D).”

Davis et al. reported the synthesis of N-linked glycosyl amino acids
from deprotected glycosyl azides using the Staudinger reaction (Scheme 1.1).7°
In this approach, the Asp side chain is activated followed by addition of a
glycosyl azide and tributylphosphine (BusP) to form aza-ylid 8 which can react
with the activated ester to form the desired amide in good yields with complete

stereocontrol.
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Scheme 1.1: Synthesis of N-glycosyl amino acids using the Staudinger reaction, where OA*
denotes activated ester.”® This involves acylation of an activated Asp residue with aza-ylid 8.

The Ritter reaction can be used for the preparation of a-linked N-
glycopeptides from n-pentenyl glycosides (Scheme 1.2).”” The glycosyl donor
9 is activated by the addition of N-bromosuccinimde (NBS) in acetonitrile to
form a-acetonitrilium ion 10. This can then be trapped by the addition of a
carboxylic acid forming an amide bond with the nitrogen acetylated.

Deacetylation using piperidine results in the natural peptide bond. The

15
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stereoselectivity of this reaction can be tuned to prepare B-linked glycopeptides

through the incorporation of a bulky C-2 phthalimido group.”®
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Scheme 1.2: Synthesis of a-linked N-glycosyl amides using the Ritter reaction.”” The
activation of n-pentenyl glycoside with NBS yields the nitrilium ion 10. Addition of a peptide
with a free carboxylic group followed by piperidine gives the desired N-glycosyl amide.

Lansbury aspartylation has been extended to allow the use of
photolabile protecting groups (Scheme 1.3). Michael and co-workers used this
approach for the convergent synthesis of model sequences of human EPO.”’
The Asp side chain was protected with a nitroindoline moiety 11 which is
converted to a powerful acylating agent, nitronic anhydride motif 12, upon
exposure to UV light (Aex = 350nm). Subsequent addition of a glycosylamine 4
furnished the desired glycosyl asparagine linkage. This photolabile group acts
as an orthogonal protecting group for the Asp residue as it can then be
triggered (by hv) to form an activated ester and has the added advantage of
operating under base free conditions, reducing the formation of aspartimide

side products.
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Scheme 1.3: Use of photolabile protecting group for N-glycopeptide synthesis.”” The
nitroindoline moiety in 11 can be triggered by Av to form activated ester 12. Addition of
glycosylamine 4 then furnishes the N-linked glycopeptide.

Garner and co-workers reported the use of peptidyl thioacids for
ligation with glycosylamines to give N-glycosylated peptides (Scheme 1.4).*°
The reaction is promoted 1-hydroxybenzotriazole (HOBt) and Cu(OAc), with
reaction times of 30 min making it a remarkably fast ligation method. Although

the mechanism of the reaction remains to be determined, control experiments
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carried out demonstrated the necessity for both Cu(Il) and HOBt. This is in
conflict with a similar method reported by Danishefsky et al. for the synthesis
of N-linked glycopeptides using peptidyl thioacids and glycosylamines
promoted by HOBt alone.®" This coupling, reported by Danishefsky, is
suggested to proceed via an oxidative coupling mechanism, however, in the
hands of Garner and co-workers, this reaction proved unsuccessful.
Nevertheless, approaches towards amide bond formation which are thioacid-
mediated have been gaining momentum due to their unique reactivity and

selectivity, when compared with carboxylic acids.®

HOBt

i L SN T s
(peptide Y peptide ) 2 " 30min Y peptide
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Scheme 1.4: Coupling of peptidyl thioacids and glycosylamines, as reported by Garner et al.*’
The peptidyl thioacid is activated by HOBt and Cu(OAc), followed by acylation with
glycosylamine 4.

1.2.4 Synthesis of non-native glycoconjugates
Glycoconjugates containing non-native linkages can be tremendously valuable

in therapeutics where the unnatural linkages can show enhanced chemical and
enzymatic stability. For example, natural glycopeptides can be substrates for
glycosidase enzymes where the glycan portion can suffer from hydrolysis by
these hydrolase enzymes. Accordingly, much research has focused on the
formation of non-native glycoconjugates which are inherently more stable

while aiming to retain biological activity.***%

1.2.4.1 Radical chemistry used in the synthesis of non-native glycopeptides
Wilden and co-workers reported the synthesis of C-glycopeptide mimetics

using radical chemistry conducted on the solid phase.*® As depicted in Scheme
1.5, they used a resin appended with tetrafluorophenol acrylate 13 which could
react as a radical acceptor with a glycosyl bromide 14 in the presence of 2,2°-
azobisisobutyronitrile (AIBN) and tributyl tin hydride (Bu3SnH) to form
activated intermediate 15. This could then be released from the solid phase

resin by the addition of phenylalanine ethyl ester 16 to furnish the desired C-
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linked glycopeptide 17. Various C-linked glycopeptides were reported in
moderate yields (16-57 %).

F OAc
0 F OAc BusStH  AcO 3 -
o} N ARSI AcO N
b A0 AcO H/\Q
F (@] Br (@] E
13 14 15 F
H,N :cooa

16

OAc
Aw% J\)@
A0 AcO e
N~ "COOEt
7 H

1

Scheme 1.5: Synthesis of C-linked glycomimetics using an on-resin radical chemistry
approach.® The radical acceptor 13 was reacted with glycosyl donor 14 in the presence of
AIBN and Bu;SnH to give activated intermediate 15. Cleavage from the resin and formation of
the C-linked mimetic occurred by acylation with phenylalanine 16 to give the C-linked
glycomimetic 17.

1.2.4.1.1 Thiol-ene click

An emerging reaction used for glycoconjugation and for the synthesis of non-
native glycopeptides is the thiol-ene “click” reaction. It was first reported by
Posner in 1905 and involves the coupling of a thiyl radical and an alkene to
form a thioether bond, the mechanism of which is depicted in Scheme 167
Upon thermal or UV activation in the presence of an initiator, a thiyl radical is
generated which adds to an alkene in an anti-Markovnikov manner to give a
carbon centred radical which then abstracts a thiol proton to propagate the
reaction. The click status of the thiol-ene reaction is supported by it being high
yielding, orthogonal to a wide range of functional groups, as well as it being
compatible with aqueous and oxygenated conditions.*® Thiol-ene chemistry has
been extensively used in polymer and materials chemistry, while its application
in glycoconjugation has only recently been explored despite the beneficial
attributes it has to offer; the reaction enables the formation of a robust thioether
linkage which is stable to a multitude of reaction conditions.*” The thiol-ene
ligation will be core to the ligation methodology discussed in Chapters 2 and 3

of this thesis.
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LN R
Propagation

RSH + initiator _—h_v&» RS RS\/.\/R'

RS._~_R RSH

Scheme 1.6: Mechanism of the thiol-ene reaction.” Hydrothiolation of the alkene by

photochemical or thermal activation in the presence of an initiator.

The groups of Dondoni and Davis have both demonstrated the utility of
thiol-ene chemistry for the preparation of S-linked glycopeptides. Dondoni and
co-workers reported the synthesis of S-glycosyl amino acids by reaction of
peptidic alkenes with glycosyl thiols.”’ For example, they demonstrated the S-
glycosylation of gluthathione (GSH) by hydrothiolation of S-homoallyl GSH
18 with glucose thiol 19 in the presence of photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DPAP) to yield the target S-glycopeptide 20 in near
quantitative yield (Scheme 1.7).

OH
0
. HO
HO S
0 H OHo DPAP 9 H
Hozc\_/\)L N L S Hozc\_/\/U\ NN COH
NH, (¢} OH NH, H 6
18 19 20

Scheme 1.7: S-glycosylation of alkenyl gluthathione 18 with glucose thiol 19 under
photochemical thiol-ene conditions to give 20.”"

Davis et al. extended this methodology to allow for the S-glycosylation of
various proteins.”” This was done by site specifically introducing an L-
homoallylglycine into a number of proteins to generate an olefinic “tag”, which
was subsequently reacted with glycosyl thiols allowing for protein

glycoconjugation.
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The Dondoni group later prepared a library of glycopeptides with non-
native linkages using alkenyl C-glycosides and the free sulfhydryl Cys residue
of various peptides.”” They demonstrated the utility of this approach by
reacting nonapeptide 21 in a coupling reaction with alkenyl C-galactoside 22
which furnished the glycosylated product 23 in high yields after just one hour
(Scheme 1.8). They also successfully applied this approach to the
galactosylation of the globular protein bovine serum albumin (BSA), which is

known to contain one free Cys residue.
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NH, O "o 2 e J:”
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Scheme 1.8: Preparation of non-native glycopeptide using thiol-ene chemistry.” Alkenyl C-
glycoside 22 reacts with the free Cys residue of nonapeptide 21 under photochemical
conditions to furnish an S-glycopeptide 23.
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1.3 Peptide synthesis
1.3 1 Formation of the amide bond
The amide bond is the key chemical connection in peptide and proteins and in

fact, acylation of amines accounts for 16% of all chemical reactions carried out
in the modern pharmaceutical industry, making it the most common chemical
reaction.*>”* Conventional approaches are still widely used which involve the
condensation of an amine with a carboxylic acid, via an activated ester, in the
presence of coupling reagents and suitable base (Figure 1.12). Nonclassical
routes toward amide bond formation, a multitude of coupling reagents,

protecting groups strategies, and comprehensive reviews have emerged

facilitating progress in this field.”*"*"*"7
Coupling reagents, O
O Base,
R1\/LLOH + HN Ry Solvent R2

RN Vg ﬂ

Figure 1.12: Conventional formation of an amide bond via an activated ester, where OA*
denotes activated ester.

1.3.2 Solid phase peptide synthesis vs. solution phase synthesis
Solution phase synthesis is often referred to as the classical approach to protein

synthesis and involves the preparation and coupling of orthogonally protected
peptide segments in organic solvents. Although still widely used for the
synthesis of short peptides, this approach presents numerous problems such as:
(i) extensive purification, (ii) it is technically demanding, and (iii) fully
protected polypeptides have limited solubility. The field of peptide chemistry
was made synthetically feasible through the development of solid phase
peptide synthesis (SPPS) by Merrifield in 1963 when he reported the synthesis
of a tetrapeptide using SPPS.”® This broadened the range of accessible peptides
through simple, repetitive steps also allowing for automation of peptide
synthesis to be introduced.

The process of SPPS is depicted in Figure 1.13A and involves: the
covalent linking of an N-protected C-terminal amino acid, via its carboxylate

group, to a reactive group bound to an insoluble polymeric resin. This nascent
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amino acid can then be extended in a linear fashion through a series of
repetitive cycles involving deprotection of the N-terminus and subsequent
coupling reactions. These cycles are repeated, extending the anchored peptide
in a C-terminal to N-terminal fashion, until the desired sequence is obtained. In
the final step, the peptide is released from the resin and all protecting groups
concomitantly removed. Reaction conditions in SPPS usually involve a large
excess of reagents at high concentrations, which drives the coupling reactions
to completion resulting in high yields usually being achieved. All soluble
reagents can simply be removed through filtration and washing at the end of
each coupling step, obviating the need for tedious purification of
intermediates.”” However, SPPS can generate a complex impurity profile due
to the lack of purification. Whereas solution phase synthesis allows
intermediates to be isolated and characterised at every step, if necessary.'*'"!
Two main protecting group protocols are used for the N-amino functionality
(Figure 1.13B):

i. The Boc protecting group which is typically removed by
trifluoroacetic acid (TFA), therefore, when using this approach side
chains need to stable to repeated cycles of Boc removal
Unfortunately, the strong acidic conditions (HF) employed to cleave
the peptide from the resin precludes the use of Boc-SPPS for O-
glycopeptide synthesis due to the acid lability of O-glycosidic
linkages.

ii. The second strategy uses the 9-fluorenylmethyloxycarbonyl (Fmoc)
protecting group, which is usually removed using a secondary
amine such as piperidine in N,N-dimethylformamide (DMF). The

milder conditions of the Fmoc protocol has led to it being the more

preferred method.'"?
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Figure 1.13: (A) Schematic representation of SPPS, where PG and AA denote protecting
group and amino acid, respectively; (B) Two common N-terminal PG strategies (Fmoc and
Boc) used in SPPS and their respective removal conditions.

SPPS represents the most efficient way to synthesise peptides and
coupled with the continuous improvements in protecting group strategies,
coupling reagents, and resins has made the synthesis of small amounts of
moderately sized (30-50 residues) peptides routine.** SPPS is increasingly used
in the large-scale production of peptide therapeutics with the synthesis of anti-
HIV agent, entfurvitide (Fuzeon) by Roche being the most noteworthy
example.'” The peptide, comprising of 36-amino acid residues, was produced
in an overall yield of 30% over 106 steps, with 99 of those being synthesised
by Fmoc-SPPS. This example represents an efficient, cost effective production

of a macromolecule at multi-tonne scale by chemical syntheses.

1.3.2.1 Linear vs. convergent
Two main assembly strategies can be employed for the synthesis of peptides or

glycopeptides: linear and convergent, with both illustrated in Figure 1.14.

AR ) ) eEEQ B E-E-Q
#
(AR (Ao (AR AR ) (AAs}-(AR){RAHAA)- (AR Q)

Figure 1.14: Strategies for peptide synthesis: (A) Linear; (B) Convergent.
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In the linear approach, the amino acid residues are stitched together
sequentially in a stepwise manner while a convergent approach involves the
coupling together of peptide fragments. This linear approach is still widely
used for the preparation of O-linked glycopeptides, as a convergent synthesis
of a significant length O-linked glycopeptide has not been achieved to date.'”
However, the linear approach can result in low yields as the yield drops with
each coupling step, therefore, convergent syntheses are generally preferred.
The convergent strategy is favoured as it overcomes the issue of poor quality
peptides which are attained by a stepwise synthesis.'” Furthermore, the final
full-length peptide obtained at the end of a convergent synthesis usually has
different chemical properties to the starting material which makes isolation of
the product easier. Another useful attribute of a convergent synthesis is that it
allows the synthesis of various analogues from a single fragment.

One major drawback of SPPS is its length limitation. Realistically,
SPPS imposes a size limitation as it can only produce peptides <50 amino acids
in length and so, there is a need to develop new methods to synthetically access
proteins and peptides of larger size, many of which will be discussed in the

next section.

1.3.3 Ligation strategies commonly used for the synthesis of peptides and
glycopeptides
As previously discussed, convergent syntheses are generally preferred, as they

seek to divide large targets into synthetically accessible fragments which can
be joined in a convergent fashion at a later stage. To access larger structures of
biological interest, chemoselective ligation strategies are required which can
overcome the size limitation associated with SPPS. These ligations should be
compatible with aqueous media and be conducted in the presence of all protein

functionality.'®

1.3.3.1 Native chemical ligation
The breakthrough in the chemical synthesis of proteins came in 1994 with the

emergence of native chemical ligation (NCL), a thioester-mediated native
amide bond forming ligation method, reported by Kent and co-workers.'”” The

concept of NCL actually dates back to the 1950s with the work of Wieland
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however, it did not gain widespread attention until the synthesis of human
interleukin-8 (IL-8) by Kent ef al. using NCL.'"” The reaction involves an N-
terminal cysteine (Cys) and a C-terminal thioester reacting in a reversible
transthioesterification step to yield a thioester intermediate (Figure 1.15). This
intermediate can subsequently rearrange via an S,N-acyl transfer, through a 5-

membered transition state, to give a native peptide bond at the ligation site.

SH 2
(0] L1 trans- N
D thioesterification e
peptide 1 )J\SR * HN ( peptide 2 ) =————= | peptide 1 |).Ls
. peptide 2 |
HoN
(0]

[
i S,N-acyl transfer
Y

SH

O
(WW/U\H peptide 2 |

Figure 1.15: Native chemical ligation.'”® Chemoseective ligation method between a C-terminal
thioester and N-terminal Cys residue. The first step involves a transthioesterification reaction to
give a thioester intermediate. The second step consists of an intramolecular S,N-acyl transfer
which forges a native amide bond between the two peptide units.

Alkyl thioesters can be easily prepared by SPPS but are relatively unreactive in
NCL, with time periods of 24-48 h required for the initial
transthioesterification to reach completion.'” This rate-determining
transthioesterification step can be accelerated by the addition of an exogenous
aryl thiol, which can participate in thiol exchange with the alkyl thioester.
Generally, aryl thioesters are more reactive than alkyl thioesters due to their
lower pKa values which make them better leaving groups; therefore, addition
of an aryl thiol can promote the in situ formation of a more reactive thioester,
through thiol exchange, thus accelerating the rate of ligation.'**'"

The steric nature of the C-terminal thioester (peptide 1 in Figure 1.16)
was found to be the most influential factor in NCL; ligations occurred faster at
less hindered amino acids, such as Gly or alanine (Ala). Dawson and co-
workers demonstrated that ligations were possible using all 20 amino acids,
however, ligation junctions involving valine (Val), isoleucine (Ile), and proline
(Pro) resulted in slower ligation rates.''' NCL has revolutionised the total
chemical synthesis of peptides and proteins as it allows the chemoselective

ligation of two mutually reactive peptide entities in aqueous solution at neutral
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pH to form a single product in near-quantitative yields. Accordingly, NCL has
become one of the most commonly employed methods of peptide ligation.
Using SPPS to assemble the two peptide entities, NCL can be used in a
convergent manner to allow access to peptides and proteins that were
previously inaccessible, with the synthesis of a HIV-1 protease covalent dimer
being the most impressive.''> This example, reported by Kent and co-workers,
is a 203-residue polypeptide and represents the largest linear polypeptide
prepared by chemical synthesis to date.

However, despite its utility, certain limitations of NCL have persisted.
An ongoing criticism of NCL is its requirement for an N-terminal Cys at the
ligation site. This limitation is coupled with the fact that Cys is not a very
abundant amino acid (~1.7% in human proteins) and is seldom suitably
distributed throughout a peptide sequence so as to facilitate NCL.'™'"*
Furthermore, NCL, in its original form, is not fully convergent as multiple
peptide fragments are joined in a linear fashion from the C-terminus to the N-
terminus. However, many interesting approaches have been reported to address
these limitations, three of which are discussed below: (i) auxiliary mediated

ligation; (ii) desulfurisation; and (iii) kinetically controlled ligation.

1.3.3.1.1 Auxiliary mediated ligation
One approach to overcome the requirement of Cys for ligation is auxiliary

mediated ligation (AML) which has been relatively successful. AML involves
the use of a removable auxiliary group which contains a free thiol at the N-
terminus to mimic the Cys residue at the ligation site. Examples of auxiliaries
developed include 2-mercaptoethyl and 2-mercaptobenzyl, as shown in Figure
1.16."">!"®  As illustrated, the thiol of the auxiliary group reacts with the C-
terminal thioester in a transthioesterification step which is followed by an S,N-
acyl transfer to give a native amide bond between the two peptide fragments.
The auxiliary group can then be removed after ligation to yield the desired

peptide. However, AML itself comes with its own limitations
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Figure 1.16: Common groups used in AML."">"'"® An auxiliary group containing a thiol acts as

a Cys mimic and reacts with a peptide thioester to form an amide bond. The auxiliary group
can then be removed to give the unmodified peptide (Lef?) 2-mercaptobenzyl auxiliary for use
at non-Cys ligation sites. This auxiliary can be removed using TFA after ligation; (Right)
Ethanethiol auxiliary which facilitates peptide ligation and can be subsequently removed using
Zn in an acidic medium.

. The scope of AML is restricted by the sterically demanding nature of the
auxiliaries and the generation of a secondary amine, rather than a primary in
the case of conventional NCL. Therefore, ligations have only been found to
proceed efficiently at non-sterically demanding ligation sites such as GlyGly or
GlyAla.""” Hence, a requirement of AML is the presence of Gly at one of the
ligation sites due to the steric hindrance conferred by the auxiliary group.'®
Wong and co-workers reported a thiol auxiliary approach, known as sugar-
assisted ligation (SAL), for the synthesis of glycopeptides, which will be

discussed in Section 1.3.3.3.

1.3.3.1.2 Desulfurisation
One of the most important advancements to overcome the requirement for Cys

as a ligation partner in NCL was reported by Dawson and co-workers and
involves the use of NCL coupled with desulfurisation.''® This concept was
initially proved using Ala where an Ala residue was mutated to Cys and after

NCL, the Cys residue was desulfurised to Ala using Raney nickel, as depicted
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in Figure 1.17. This allowed for ligation at Ala sites, which are naturally more

abundant than Cys.

SH

O (0]
peptide 1 7~ ™ H peptide 2 . RaneyNi | _ peptide 1 )J\N peptide 2
H

Figure 1.17: Desulfurisation of Cys to Ala using Raney Ni to afford an Xaa-Ala ligated
: . 118
junction.

Although the desulfurisation strategy reported by Dawson represented a major
milestone in the use of NCL at non-Cys ligation sites, problems such as low
product recoveries and non-selective reduction of thioesters and thioethers led
to the development of free-radical desulfurisation methods.

Hoffman er al. were the first to disclose a desulfurisation reaction
between mercaptan and trialkylphosphite derivatives under thermal and

""" Shortly thereafter, Walling and Rabinowitz

photochemical conditions.
proposed the mechanism of the desulfurisation, which is depicted in Scheme
1.9."%° It was proposed that the generated alkylthiyl radical 24 adds to the
phosphite 25 generating a phosphoranyl radical intermediate 26 which can
subsequently furnish an alkyl radical. Hydrogen abstraction from the parent
thiol can furnish the alkane product 28 while also propagating the chain

reaction.

hv

RSH + P(OEt), RH + SP(OEt)s

RS + P(OEt); —> RS—P(OEt); — R + SP(OEt),
24 25 26 27

R+ RSH —> RS + RH
27 28

Scheme 1.9: Proposed mechanism of phosphite-mediated radical desulfurisation proposed by
Walling and Rabinowitz.'*’

This radical desulfurisation was modified by Danishefsky and co-
workers to give a more environmentally friendly dethiylation method for use in
NCL, the process of which is illustrated in Scheme 1.10."*' They used radical
initiator 2,2’-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044)
29 and tris(2-carboxyethyl)phosphine) (TCEP) 30, a reducing agent commonly
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used in NCL, as the phosphine source. Upon heating in aqueous solution, 29
decomposes to give 2-isopropyl-4,5-dihydro-1H-imidazole radical initiator,
which on reacting with Cys generates a thiol radical 31. This thiol radical can
then react with 30 to form a phosphine radical intermediate 32. Intermediate 32
then undergoes C-S bond scission to generate alkyl radical 33 which can be
quenched by the addition of a thiol additive, such as 7-butyl mercaptan (z-
BuSH), allowing for hydrogen abstraction to give 34.""> This approach was
found to produce the desulfurised products with yields in excess of 80% and
the method was compatible with a variety of functionalities such as methionine

(Met), thioesters, and thiazolidine protected Cys residues.

> OH
Oy _OH HO.
N T Yl
L\ N (o] —\
L . _OH
NH HN 5 HO. P OH S" O"f %
(i _SH 2 J? ) g L g ﬁ >
peptide 1 |~ ™~ peptide 2 = [peptide 1 = ™ N~ peptide 2 - peptide 1 N7 peptide 2 |
H N H B Y
3 32
A R
TR B X -BuSH r— M
[ peptide 1 1 N~ peplide 2 | = [_peptide 1 1 ™ p - peptide 2
34 a3

Scheme 1.10: Danishefsky’s metal free dethiylation method.'”' The radical desulfurisation is
thermally initiated using VA-044 29 to give a thiol radical 31 which reacts with phosphine
source 30 to allow for desulfurisation of Cys to Ala.

Inspired by this initial work, many groups extended this strategy to other Cys
mimics, in the form of mercapto amino acids, which can be desulfurised in the
last step. In mercapto amino acids, a thiol group is incorporated into the amino
acid and acts as a Cys mimic making ligation at non-Cys sites possible, without
the need for bulky auxiliary groups.'**'**'** Brik and co-workers used this

strategy for the preparation of Ub bioconjugates, which will be discussed later

in Section 1.3.4.2.

1.3.3.1.3 Kiinetically controlled ligation
The issue of the lack of convergence in NCL was tackled by Kent and co-

workers who reported kinetically controlled ligation (KCL).'* KCL exploits
the difference in reactivity between alkyl and aryl thioesters, allowing the pre-

organisation of the order of NCL reactions (Figure 1.18). By conducting a one-
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pot experiment, they demonstrated that the more reactive aryl peptide thioester
is ligated with a Cys peptide bearing a less reactive alkyl thioester with the
alkyl thioesters remaining intact until further activation.'*® This approach
allows for selective peptide elongation in both the N- and C-terminal direction.
They showcased the utility of KCL through the preperation of crambin, a 46-
amino acid protein, by a fully convergent synthesis involving six peptide

segments and only two protecting groups.'?’

SH

SH
T 3 g |
peptide 1} ~sar + HN" “(peptide 2} “sAk ——= (peptide 1] "N “(peptide 2} “sAlk

Figure 1.18: KCL with Ar and Alk denoting aryl and alkyl, respectively.'* Ligation should
occur between the Cys and the more reactive aryl thioester, rather than the alkyl thioester.

1.3.3.2 Native chemical ligation for the synthesis of glycopeptides
NCL has revolutionised the field of peptide synthesis and this has been

extended to the synthesis of glycopeptides. However, the inclusion of a glycan
can complicate the ligation process through functional group incompatibilities
between the glycan and peptide moieties. For example, the thioester
functionality is incompatible with Fmoc-SPPS due to its hydrolysis under
Fmoc-removal conditions; therefore, this forced an initial reliance on Boc-
SPPS for the preparation of the thioesters for use in NCL. However, when
incorporating chemically fragile PTM modifications such as acid sensitive
glycosidic linkages, the use of Boc-SPPS and strongly acidic conditions are not
ideal. Therefore, several methods for the production of peptide thioesters using

Fmoc-SPPS were required, two of which will be described in the next section.

1.3.3.2.1 Synthesis of thioesters
A method developed to combat the incompatibility of thioesters with Fmoc-

SPPS is the use of a “safety-catch™ linker strategy. In this strategy, a
sulfonamide-based linker is selectively activated by a discrete chemical

128:129 rrpis
This was later

modification, a concept originally introduced by Kenner.
modified by Ellman et. al for the preparation of peptide thioesters, as depicted

in Figure 1.19A.""
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Figure 1.19: Methods developed for the Fmoc-SPPS of peptide thioesters.”’*"*' (A) Ellmans
“safety-catch” linker whereby a sulfonamide linker is activated by cyanomethylation, followed
by thiolysis to give the desired thioester; (B) Dawsons Dbz linker 37 whereby the linker is
activated by acylation, followed by cyclisation to Nbz 38. Addition of an exogenous thiol
allows release of the thioester.

A resin bearing a sulfonamide group 35 is linked to the C-terminus of a peptide
and can be elongated using standard Fmoc-SPPS. After peptide synthesis, the
sulfonamide is activated by cyanomethylation to give 36. Subsequent addition
of a thiol allows release of the peptide thioester from the solid support. This
strategy was used to successfully prepare diptericin, a glycosylated
antimicrobial, which was the first glycopeptide prepared by NCL (discussed in

132 Later, Dawson et al. reported a strategy for

more detail in the next section).
the synthesis of thioesters using Fmoc-SPPS (Figure 1.19B). This approach
involves a C-terminal modification comprised of a 3,4-diaminobenzoic acid

(Dbz) moiety 37 linked to the peptide.””' This group can be activated by amine
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acylation to yield N-acyl-benzimidazolinone (Nbz) 38. When an exogenous

thiol is added, 38 can undergo thiolysis to yield the desired thioester.

1.3.3.2.2 Examples of glycopeptides prepared by native chemical ligation
The first major example of a glycopeptide prepared through NCL was

diptericin, an 82-residue O-linked antimicrobial, reported by Bertozzi and co-
workers.'** Native diptericin exists as a mixture of O-linked glycoforms, with
the simplest glycoform containing a single O-linked GalNAc residue at two
sites: Thr11 and Thr54. The assembly of this single glycoform was achieved
through the convergent assembly of two glycopeptide fragments, each prepared
through SPPS, by NCL as depicted in Figure 1.20. The major challenge was
the preparation of the 24-residue glycopeptide C-terminal thioester. This
obstacle was overcome using Ellmans “safety-catch™ linker (Figure 1.19A)
which allowed SPPS of the glycopeptide thioester using standard Fmoc-SPPS.
This thioester was then ligated with a 58-residue N-terminal Cys fragment, also
prepared using Fmoc-SPPS, and followed by deacetylation with aqueous

hydrazine to furnish homogenous diptericin containing two glycosylation sites.

AcO _OAc AcO &,S)Ac HO _OH HO _OH
SR ) . 8 N0
\ 5 31 o
AcO \ Thr AcO - T HO \ Thr HO \ The
AcHN AcHN 1.NCL AcHN AcHN
? o 0 2. O-acetyl 0 o o
* _— )1\ . | deprotection r, e /u‘ L
HaN— 1-24 J~"sBn "HaN—{ 26-82 |—CONH, - “HN—{ 1-24 ol 26-82 —CONH,
H
HS” HS ™

Figure 1.20: The first glycopeptide, diptericin, prepared using NCL, reported by Bertozzi and
co-workers.'*? The thioester was prepared using Ellmans “safety-catch” linker and ligated with
an N-terminal Cys fragment. Deacetylation of the carbohydrate protecting groups furnished the
native diptericin.

The first example of NCL being used to construct a complex N-linked
glycopeptide was RNAse.'”” Since then, the construction of impressive
glycopeptides using NCL has continued, with the synthesis of EPO being the
most impressive example to date (Figure 1.21). EPO represents a significant
synthetic challenge, with it comprised of 166 amino acids and bearing four
glycosylation sites: three N-linked to Asn residues and one O-linked to a Ser
residue. To further complicate the synthesis, EPO only contains four Cys
residues, all of which are at unfortunate positions (7, 29, 33, 161), rendering

them unsuitable for NCL. Nevertheless, this glycoprotein was chemically
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synthesised as a single glycoform by Danishefsky and co-workers using NCL

and the desulfurisation of Cys to Ala as the key strategy.'**
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Figure 1.21: Schematic representation of homogeneous EPO glycoform 1. (Image taken from
Danishefsky et al.)"*

1.3.3.3 Sugar-assisted ligation
Of particular interest for the synthesis of glycopeptides is SAL, which is a form

of AML introduced and developed by the Wong group.'” As depicted in
Scheme 1.11, the thiol auxiliary is placed on the N-acetyl moiety of a 2-
acetamido-2-deoxy sugar that is linked to a Ser residue. The thiosugar auxiliary
is prepared as a glycosyl amino acid building block and installed during SPPS
near the ligation site. The first step involves transthioesterification between the
thiol auxiliary and a peptidyl thioester, which is followed by an S,N-acyl
transfer to produce a native peptide bond. The thiol auxiliary is then removed
by desulfurisation.""®

The key difference between SAL and conventional NCL is the size of
the cyclic transition state with SAL proceeding via a 14-membered transition
state. Consequently, SAL reactions tend to be slower when compared to NCL,

36,137
: However,

which proceeds through a S5-membered transition state.
ligations proceeding through these large transition states are suggested to be
facilitated by the sugar moiety, which acts as a rigid scaffold bringing the

reacting groups into close proximity thus facilitating ligation.
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Scheme 1.11: Proposed mechanism of SAL.'* The first step involves transthioesterification,
which is then followed by an S,N-acyl transfer to form an amide bond. The thiol handle is
subsequently removed by desulfurisation.

As with NCL, the most influential factor in SAL is the steric nature of the
thioester component (R2 in Scheme 1.11), with thioesters known to be difficult
to ligate include Val, Pro, and Ile.""136138 T4 achieve ligation efficiency, it
was found that the ligation site must include at least one Gly residue (R1 or R2
in Scheme 1.11), which could limit the general applicability of SAL in
glycopeptide synthesis.'”> However, in contrast with the previously described
AMLs, SAL can tolerate a wider range of amino acids at the N-terminus (R1)
and is not limited to GlyGly or GlyAla junctions, as with the examples outlined
in Figure 1.16. This increased tolerance is attributed to the amine participating
in the S,N-acyl transfer, in the case of SAL, being a primary amine, whereas in
previous auxiliaries, the participating amine is secondary.'**

Later studies were carried out to gauge the effect of increasing the
number of amino acids between the glycosylated residue and the N-terminal
amino acid (n = 1-6 in Scheme 1.11). It was found that up to five amino acids
can be inserted, which Wong termed extended SAL (exSAL).l3 7138 However,
these extensions resulted in a significant decrease in the reaction rate as the
proposed transition state got larger (from 14-29 membered transition state for
the 1-5 amino acid extensions). Nevertheless, exSAL was successfully
implemented to synthesise the tandem repeating unit of a cancer-associated
mucinl (MUCI1) glycoprotein, composed of 20-amino acids and two
glycosylation sites. An obvious limitation of SAL is the requirement for

desulfurisation to remove the “thiol handle”” which would be incompatible with
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native Cys residues elsewhere in the glycopeptides. It has been suggested to
use a glycosidase enzyme to remove the templating sugar moiety rendering the
process a traceless peptide ligation strategy.'"*

Shortly after the emergence of SAL, Brik and co-workers reported an
AML strategy, known as side-chain assisted ligation (SCAL) which relies on
principles similar to SAL."”'* SCAL uses a cyclohexane-bearing auxiliary
attached to the side chain of Asp, to allow for peptide ligation at non-Cys sites.
The rigid nature of the side-chain is proposed to assist the S,N-acyl transfer

through large transition states, with the auxiliary removed by base hydrolysis in

the final step.

1.3.3.4 Expressed Protein Ligation
The desire to combine recombinant proteins with established NCL methods led

to the development of expressed protein ligation (EPL) by Muir and co-
workers in 1998. EPL is based on the natural occurring protein splicing
mediated by inteins, as depicted in Figure 1.22A.""!

An intein is a natural protein splicing element which consists of an
internal protein domain that is flanked by two polypeptide units, termed the N-
extein and C-extein. An intein mediates its own excision from a peptide
sequence through a series of acyl transfer reactions.'*’ The first step involves
an N,S-acyl shift between the intein Cys residue and N-extein producing a
thioester intermediate. A subsequent transthioesterification transfers N-extein
to C-extein, linked through a Cys residue. The last step involves cyclisation of
a conserved Asn residue to form a succinimide intermediate and an S,N-acyl
transfer to form a peptide bond, completing the process of protein splicing, a

common PTM.
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Figure 1.22: (A) Scheme representing the proposed mechanism for protein splicing. The
process involves a series of acyl transfer reactions which results in the linking of two
polypeptides, the N- and C-exteins, through an amide bond; (B) EPL using a recombinant
thioester. Mutation of the C-terminal Asn to an Ala residue blocks the final step in protein
splicing (see Figure 1.23A). Recombinant proteins can therefore be converted to the
corresponding thioester for participation in NCL with a cysteinyl peptide.'**

EPL vastly expands the size limitation and abilities of protein synthesis
by combining NCL with recombinant protein production. This can be
accomplished by ligation of a recombinant protein thioester with a synthetic
peptide containing an N-terminal Cys, the process which is described in Figure
1.22B. The protein of interest is expressed N-terminally to an intein domain
which is bound through its C-terminus to a solid support. The conserved Asn
residue in the intein is mutated to an Ala residue, thereby halting C-terminal
cleavage and splicing. An initial N,S-acyl shift generates a thioester
intermediate which then undergoes transthioesterification with an exogenous

thiol. Subsequent filtration releases the desired recombinant protein thioester
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from the solid support, where it can subsequently participate in NCL with
synthetic cysteinyl peptides.'*'** The ability to access recombinant products
of hybrid biological and chemical origin has caused EPL to become a powerful
tool in protein engineering through the introduction of unnatural amino acid
sequences, various PTMs, fluorophores, or reactive synthetic handles allowing
for further modification or surface immobilisation.'*>'**!*"1*® The applicability
of EPL is well illustrated in the production of fluorescent enzyme biosensors.
An example reported by Muir demonstrated the careful incorporation of two
fluorophores within Crk-II, a cAbl protein tyrosine kinase substrate which is
involved in many signalling pathways, using EPL. This allowed for the
monitoring of protein phosphorylation in real time, hence kinase activity, using

9
fluorescence resonance energy transfer (FRET) measurements. it

1.3.4 Formation of the ubiquitin isopeptide bond
As discussed in section 1.1.1.1, ubiquitination is an important PTM implicated

in several cellular pathways such as protein degradation, inflammatory

%% Ubiquitination involves the formation of an

responses, and DNA repair.
isopeptide bond, a non-canonical amide linkage, between the C-terminal Gly of
Ub and the e-NH; of the substrate Lys. The enzymatic process of ubiquitination
and an example of ubiquitination by chemical means is discussed in the next
section. Further discussion regarding ubiquitin its bioconjugates is found in

Chapter 3.

1.3.4.1 Enzymatic
Ubiquitination is a multi-step process orchestrated by three key enzymes:

activating enzymes (E1), conjugating enzymes (E2), and ligases (E3), with the
overall process depicted in Figure 1.23. The first step is an ATP-dependent
process which involves El forming a thioester linkage between its catalytic
Cys residue and the Ub C-terminal Gly residue. In the second step, the
activated Ub molecule is transferred to an E2 enzyme via a transthiolation
reaction with an E2 Cys residue. In the third step, the E3 ligase catalyses the
formation of the isopeptide bond between the Ub C-terminal Gly and the e-

243233

NH; of the substrate Lys residue. The conjugation of Ub to a protein may

involve the addition of a monomer (monoubiquitination) or as a chain of Ubs

37



Chapter 1 - Introduction

of various types (polyubiquitination) with these different modifications

producing a variety of molecular signals depending on the nature of the

ubiquitination.”’

o

Il
@/ “OH + ATP AMP + PP,
\ /
\ /

Figure 1.23: Enzymatic pathway for ubiquitination.”® The El, E2, and E3 enzymes work
together to attach Ub to a substrate protein via a Lys residue.

1.3.4.2 Chemical synthesis
The implications of ubiquitination are still poorly understood therefore, the

development of chemical strategies toward obtaining Ub and its bioconjugates
in adequate quantities are essential for subsequent biological study. Peptide
ubiquitination has been achieved through the use of removable auxiliaries,
however ligation rates are slow."”' The desulfurisation approach introduced by
Dawson and co-workers (discussed in Section 1.3.3.1.2) is one of the most
influential modifications of NCL, as it triggered many groups to prepare
mercapto amino acids, that contain a thiol handle for use in NCL which can be
later desulfurised, allowing for NCL at non-Cys containing sites.

Brik and co-workers used this approach to allow for peptide ubiquitination.'**
As illustrated in Figure 1.24, a thiol was installed at the Lys &-carbon
generating a Cys mimic which can undergo transthioesterification with a Ub
thioester. This was followed by an S,N-acyl transfer to form the desired
isopeptide bond with subsequent desulfurisation using Raney nickel. Although
mercapto amino acids have proved to be useful, their use is hampered by the

lengthy synthesis required to obtain the thiol-modified amino acid.
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Figure 1.24: Peptide ubiquitination using a §-mercapto Lys. (Image modified from Brik et.
al)® The first step involves transthioesterification between the &-thiol and Ub thioester.
Subsequent S,N-acyl transfer forms the isopeptide bond which is then desulfurised using Raney
nickel.

1.4 Enzymatic processing of glycopeptides

As previously mentioned, the biosynthesis of O- and N-linked glycoproteins is
conducted by two main groups of enzymes, the glycosidases and the
glycosyltransferases. The glycosidases are hydrolase enzymes which hydrolyse
glycoconjugates whereas glycosyltransferases construct glycosidic bonds. An
example of these two groups of enzymes working in tandem was discussed in
the Section 1.2.3.1 during discussion of the biosynthesis of N-linked
glycopeptides (Figure 1.9). The action of the glycosyltransferases was
discussed briefly for the synthesis of O-linked glycoproteins (Section 1.2.2.1);
however, due to the glycosidase enzymes being a core topic in Chapter 4,
further discussion will be limited to the glycosidases, which will be described

in the following sections.

1.4.1. The glycosidase enzymes
The hydrolysis of glycosidic linkages is catalysed by the glycosidase enzymes.

These enzymes increase the rate of hydrolysis rate by 10'” fold when compared

152

to spontaneous hydrolysis events. ™ This remarkable acceleration in rate

identifies glycosidases as highly efficient catalysts for this process with
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approximately 3% of the human genome being dedicated to the encoding of
these enzymes. The large number of glycosidases found in nature has led to
their classification into various categories based on criteria such as catalytic
mechanism, substrate specificity, and site of glycosidic bond cleavage.153 They
have been ordered into 130 different families which has led to the generation of
the carbohydrate-active enzymes (CAZy) database (available online at

PEI3136 Generally, the glycosidases are described on the basis

WWW.Cazy.org).
of the sugar they process and the type of glycosidic bond they cleave; for
example, B-glucosidase cleaves glucose linked through a B-glycosidic bond.
Glycosidases are referred to as exo, if they specifically act on the termini of
polysaccharides, while endo-glycosidases promote internal hydrolysis of

157

glycosidic linkages within a chain. >’ The hydrolysis of the glycosidic bond can
occur via one of two widely accepted mechanisms; proceeding with either
retention or inversion of stereochemistry at the anomeric position (Figure
1.25), as outlined by Koshland in 1953."* In both cases, an oxacarbenium ion
intermediate and two catalytic carboxylate amino acids [Asp or glutamic acid
(Glu)] are involved in the mechanism.'**">’

Retaining glycosidases act by a double-displacement mechanism
involving a glycosylation and deglycosylation step, as outlined in Figure
1.25A. In the first glycosylation step, the carboxylate residue acts as a general
acid protonating the aglycon with concomitant bond cleavage; the other
carboxylate functions as a nucleophile to form a glycosyl-enzyme intermediate
with the opposite stereochemistry to the starting material. In the second
deglycosylation step, a proton is abstracted from an incoming water molecule
followed by hydrolysis of the covalent intermediate to give the hydrolysed
product with overall net retention of anomeric configuration.'*?

Inverting glycosidases function through a single step mechanism, do
not generate a covalent intermediate and cause inversion of the anomeric
configuration (Figure 1.25B). This mechanism involves protonation of the
aglycon by a general acid; the other carboxylate acts as a general base

activating an incoming water molecule which displaces the aglycon to give the

product with inverted configuration.'*>
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Figure 1.25: Glycosidase mechanisms."*? (A) Retaining glycosidases hydrolyse the glycosidic

bond through a two-step mechanism resulting in retention of the anomeric stereochemistry; (B)
Inverting glycosidases hydrolyse the glycosidic linkage via a single-displacement step with
inversion of the stereochemistry at the anomeric centre.

1.4.2 Glycosidase enzymes used in the chemoenzymatic synthesis
Enzymes involved in glycan biosynthesis can lend their useful attributes to

synthetic carbohydrate chemistry where chemoenzymatic approaches combine
the flexibility of chemical synthesis with the high regio- and stereoselectivity
of enzymatic transformations, to allow for the synthesis of complex
glycopeptides in a protecting group free manner.'® As discussed, the
glycosidases are hydrolase enzymes responsible for the hydrolysis of
glycosidic bonds. However, glycosidases can be used to form glycosidic
linkages under “unnatural” conditions, where a carbohydrate hydroxyl group
competes with water as an efficient nucleophile. Most of the glycosidases used
for synthetic purposes are retaining enzymes; therefore, mechanistically,
incubation of an activated glycoside with a glycosidase enzyme gives a
glycosyl-enzyme intermediate which can be intercepted by water or an
acceptor resulting in hydrolysis or the formation of a new glycoside,
respectively.'®’

This chemoenzymatic approach can be used to remodel glycoproteins
from natural sources. Glycosidases can be used in a concept known as
“glycoprotein remodelling” (GPR), which involves the combined trimming and
subsequent elaboration of glycan structures. Endo-B-N-
acetylglucosaminidases (ENGases) are the most commonly used glycosidases

enzymes in this approach. For example, endoglycosidase-H (Endo-H) can be
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used to degrade a complex heterogeneous carbohydrate array to a single
GlcNAc residue; this residue then acts as a “tag” for the transglycosylation
activity of ENGases which enzymatically extend the structure as desired.
Endo-A (from Arthrobacter) and Endo-M (from Mucor hiemalis) are
commonly used ENGases which transfer high-mannose and complex N-
glycans, respectively.® A key example of GPR was reported by the Wang group
(Figure 1.26), where heterogeneous RNAse B was enzymatically degraded to a
single GIcNAc residue and using a glycosyl donor activated as a oxazoline, the
truncated glycoprotein was enzymatically extended to produce a single RNAse

B glycoform.'®?
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Figure 1.26: Endoglycosidase-catalysed synthesis of RNAse B using glycosyl donor activated
as an oxazoline and Endo-A.'*

Although the use of the glycosidases represents a speedy approach to access
complex glycopeptides, their use is hampered by their inherent hydrolytic
behaviour; when the product itself is a good substrate for the enzyme, it can
undergo hydrolysis, resulting in low yields.'"”*'**'® To address this
shortcoming, Withers and co-workers reported a class of specifically mutated

glycosidases called the glycosynthases, which are devoid of hydrolytic activity.
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This new class of enzymes represents a significant advancement in the field of

. : : : 166,167,168,169
chemoenzymatic synthesis but will not be discussed here. s

1.4.3 Probes used for the detection of glycosidases
The glycosidases have been associated with a number of important biological

processes with the dysfunction of these enzymes forming the basis of many

170,171
Furthermore,

disease states, such as lysosomal storage diseases (LSDs).
glycosidase inhibitors are an important class of compounds routinely used to
treat a diverse range of disorders. For example, Tamiflu (Roche) is approved
for the treatment of influenza and functions by inhibiting the action of a viral
neuraminidase. Inhibition of this viral glycosidase enzyme prevents the release
of progeny viruses during infection.®” Glyset (Pfizer) is used for the treatment
of Diabetes Mellitus type 2 (DM-2) and acts by inhibiting specific glycosidases
in the small intestine. Inhibition of these glycosidases prevents the degradation
of complex carbohydrates and the subsequent absorption of glucose into the
bloodstream thereby preventing dangerously high blood glucose levels, the
hallmark of DM-2."7* The realisation of glycosidases’ dominant role in many
biological processes has boosted research into the development of techniques
to accurately detect and profile these enzymes so as to improve understanding
of their function. Also, the ability to quickly and accurately screen emerging
compounds for glycosidase inhibition is of great importance and has intensified
research into the development of new sensors for a variety of glycosidase
enzymes.

Many of the probes reported in the literature, and those presented in this
thesis, function through the release of a reporter molecule upon hydrolysis of a
glycosidic bond by an appropriate glycosidase enzyme, as depicted in Figure
1.27. The earliest probes reported were chromogenic probes which are still
widely used today. Following on from these, methods based on fluorescence
and the lanthanide ions have been reported, with other approaches including

the incorporation of glycosidase substrates into gels or nanoparticle systems. '°
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Figure 1.27: Schematic illustration of the mode of action of many chromogenic or fluorogenic
glycosidase probes. Hydrolysis of the glycosidic bond in the substrate releases a reporter
molecule enabling the detection of the glycosidase enzyme.

The following sections will discuss some of the different probes used for the
detection of the glycosidase enzymes. Activity-based probes (ABPs) function
by the covalent attachment of a fluorophore to an enzyme target in an
irreversible manner. ABPs contain a reactive group, usually an electrophile,
which can specifically react with a nucleophilic residue in the active site of the
target enzyme, allowing for enzyme detection. These enzymatic probes have

been comprehensively reviewed and will not be discussed any further.'”

1.4.3.1 Chromogenic substrates
The simplest method for the detection of glycosidases is based on the liberation

of a coloured product upon cleavage of the glycosidic linkage in a suitable
glycoconjugate, with many being commercially available. This approach does
not require the use of specialised equipment, can be visualised with the naked
eye, and can be applied in glycosidase inhibitor high-throughput screening
(HTS).

Glycoconjugates of 4-nitrophenol (4-NP) 39 were amongst the earliest
chromogenic glycosidase substrates (Figure 1.28), with the released
nitrophenolate 40 displaying an intense yellow colour and absorbance at 405
nm upon cleavage by B-glucosidase (BGlc). The yellow colour and absorbance
of 40 is only visible at alkaline pH thus this probes utility can be hampered
when the absorbance of the inhibitor being screened overlaps with that of the
nitrophenolate 40. However, this method is still widely used for the screening
of glycosidase inhibitors and as a reference for the determination of absolute
activities of glycosidases.'”* Another class of chromogenic probes are the

indoxyl glycosides, with the most commonly used [B-galactosidase (BGal)
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substrate being X-Gal 41. Hydrolysis of the glycosidic bond in 41 releases a
reactive indoxyl which is oxidised, under aerobic conditions, to produce an
insoluble dimeric blue indigoid dye 42 (Figure 1.28). However, indigoid dyes
tend to be insoluble in water thus can require the addition of organic solvents

which may partly inhibit enzyme activity.'”

OH
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Figure 1.28: Examples of chromogenic glycosidase substrates. (7op) Glucosidase substrate 39

based on the 4-NP structure; (Bottom) X-Gal 41, a galactosidase substrate based on the indoxyl
structure.

1.4.3.2 Fluorogenic substrates
Fluorescence based measurements are several orders of magnitude more

sensitive and tend to have lower limits of detection than corresponding
chromogenic methods. Therefore, they can be used to detect enzymes at lower
concentrations which is crucial for measurement in complex mediums. If
carefully designed, they should exhibit negligible/no signal until they react
with the target enzyme allowing “on-off” switchability.

Since its introduction in 1975, compound 43, which is based on the
umbelliferone structure, has been widely used as a fluorogenic sialidase
substrate (Figure 1.29). Glycoconjugate 43 is practically non-fluorescent
whereas the corresponding hydrolysis product is highly fluorescent at pH 10-
11. One major disadvantage of 43 is the requirement to basify the mixture to
pH 10 to observe a signal at 450 nm. This results in termination of any
sialidase activity in the sample.'’*'”” Later, Schauer and co-workers reported
44, which is a slight modification of 43, incorporating a trifluoromethyl
functionality, which reports on sialidase hydrolytic activity at 500 nm without

the need for pH adjustment to observe a signal.'”®
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Figure 1.29: Fluorogenic glycosidase substrates based on the umbelliferone, resorufin, and
fluorescein structures.

Zheng and co-workers reported resorufin-a-D-glucopyranoside 45 as a
substrate for a- (aGle).'”” This was superior to previous probes based on the
umbelliferone structure.'® The emission of the hydrolysis product is
bathochromically shifted to 590 nm resulting in reduced interference from
background fluorescent compounds, as seen with umbelliferone substrates 43
and 44.""

Another commonly employed fluorophore is fluorescein which belongs
to the superfamily of xanthene dyes. A widely exploited feature of fluorescein
is its ability to switch between the non-fluorescent spirolactone and ring-
opened forms.'® Thus, fluorescein probes can be utilised which are non-
fluorescent (spirolactone) until reaction with a target molecule occurs which
generates the fluorescent form (ring-opened). For example, fluorescein di-p-D-
galactopyranoside (FDG) 46 is a good substrate for BGal and is commercially
available (Figure 1.29)."®'% Substrate 46 is hydrolysed in a sequential manner
to release fluorescein whose fluorescence can be monitored at 514 nm.
MacDonald reported the use of 46 in a multiwell plate system and
demonstrated the higher sensitivity of 46 when compared with 4-NP and

"85 Although it was noted in this case of 45 that the

umbelliferone substrates.
turnover rate is slower due to the requirement for sequential glycosidic bond
hydrolysis. Many fluorescent glycosidase probes have been reported based on
the coumarin, rhodamine, squarine, BODIPY, and cyanine structures, however,
they have been discussed in a review we recently published and therefore will

not be discussed any further here.'

1.4.3.3 Lanthanide ions
The intricate optical and spectroscopic properties of the lanthanides ions make

them useful spectroscopic tools for probing biological processes. The
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lanthanides exhibit sharp, narrow bands in their emission spectra, which
correspond to the f-f transitions of the lanthanide ion (Ln(Ill)), and a large
pseudo Stokes shift."*® Perhaps the most useful property of the Ln(IIl) ions is
their long-lived excited states owing to the Laporte forbidden f-f transitons.'®’
These long-lived excited states allow for the implementation of time-gating
procedures (Figure 1.30A). In this process, there is a delay between the
excitation and measurement of emission which allows for any background
fluorescence from organic molecules (typically in the nanosecond range) to
decay. Afterwards, the longer-lived luminescence from the Ln(IIl) ion can be

d."**'% Implementation of time-gated procedures avoids the

selectively recorde
detection of interfering short-lived autofluorescence and light scattering from
biological materials, making the probing of biological environments
possible.'g0 However, the Laporte forbidden nature of the f-f transitions results
in weak absorption, with the Ln(IIl) ions having inherently low extinction
coefficients of less than 10 M™ cm™', as opposed to 10*-10° M cm™ for typical
organic fluorophores.'”’ As a result, direct excitation of the Ln(IIl) ions is
difficult; therefore, to circumvent this limitation, the design of the lanthanide-
based probes must incorporate an appropriate chromophore which is capable of
“indirectly sensitising” the Ln(IIl) ion, in a process known as “the antenna
effect”.'” As depicted in Figure 1.30B, an absorbing chromophore (antenna) is
excited allowing for energy transfer to the Ln(III) excited state and subsequent

Ln(IIT) emission. The “antenna effect” and the photophysical properties of the

lanthanides will be discussed in more detail in Chapter 4.
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Figure 1.30: Graphical representation of: (A) time-gating procedures, where there is a time
delay between excitation and Ln(III) luminescence allowing for background fluorescence to
decay and selective detection of Ln(IlI) luminescence; (B) The “antenna effect”, where an
absorbing antenna is used to indirectly sensitise the Ln(III) ion resulting in emission.
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1.4.3.3.1 Probes based on lanthanide luminescence
Borbas and co-workers reported an analyte-responsive Ln(II) probe capable of

d”*, F and PGal by alternating the analyte-responsive

detecting H,O,, P
moiety.'” They previously demonstrated that coumarins could serve as
efficient antennae for the sensitisation of Tb(III) and Eu(III)."* They used this
concept to develop a “caged-coumarin™ approach for the detection of various

analyte, the process of which is depicted in Figure 1.31.
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Figure 1.31: Analyte-responsive lanthanide-based probe, reported by Borbas and co-workers,
where ET denotes energy transfer.'”’ Complex 47 is triggered to form the coumarin sensitised
complex 48 upon analyte-mediated cleavage of the R group. This antenna transformation
approach was used to detect BGal activity, H,O., F", and Pd”*" by altering the R group.

In complex 47, the Ln(Ill) ion is not effectively sensitised, as there is no
appropriate antenna to indirectly sensitise the Ln(Ill) ion (via the “antenna
effect”), therefore, there is no emission. When the R group is a galactose
moiety, exposure to the fGal enzyme causes the cleavage of the glycosidic
bond and triggers the formation of the coumarin complex 48. Formation of the
coumarin antenna allows for the indirect sensitisation of the Ln(IIl) ion
resulting in Ln(III) emission thus reporting on BGal activity. Altering the R
group to a benzylboronic acid, allyl, or triisopropylsilyl (TIPS) functionality
allowed for H»O,, Pd”*" or F to be detected, respectively. Currently, this
example represents the only reported glycosidase probe based on Ln(III)
luminescence. Some other enzyme responsive Ln(IIl)-based probes will be

discussed in Chapter 4.

1.4.3.3.2 Probes based on lanthanide relaxivity
Magnetic resonance imaging (MRI) is one of the most powerful techniques in

clinical medicine. The process of MRI involves inserting a specimen within an

external magnetic field and applying a short radio frequency pulse in order to
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excite water protons. These water protons subsequently relax at different rates
within different types of environments in the body; these relaxation rates are
recorded and spatially encoded to generate an image of internal anatomy.
Tissues displaying faster relaxivity times produce a signal of greater intensity
resulting in a brighter image.'”>"?*'”7 To improve the sensitivity of MRI,
contrast agents based on the paramagnetic Gd(III) ion are frequently employed
to give enhanced image contrast and to shorten the image acquisition times.
These agents cause an increase in relaxivity through the binding of water
molecules to the Gd(II1) ion; the protons of these inner sphere water molecules
then exchange with the bulk solvent protons resulting in the paramagnetic
influence of the Gd(IIl) being propagated into the bulk tissue. Overall, this
process results in a stronger signal giving enhanced contrast with background
tissue and an overall better quality image. In fact, approximately 30% of all
MRI scans used a contrast agent, most of which were based on the Gd(III)
ion,195:198

The work of enzyme-responsive probes based on the relaxivity
properties of the Ln(IIl) was pioneered by the Meade lab, with them reporting
the first “smart” MRI contrast agent, EGad, which is modulated by the action
of pGal.'” This contrast agent is an example of a probe where the response is
governed by changes in the coordination environment or the hydration state (g
value) of the Ln(Ill) ion. The g value is the number of water molecules
coordinated to the Ln(IIT) metal centre and will be discussed in more detail in
Chapter 4. In the case of EGad (Figure 1.32), in complex 49, the sugar is
positioned in such a way that restricts water access to the Gd(III) centre
resulting in a low relaxivity state. Upon hydrolysis of the glycosidic linkage to
form 50, water accessibility to the Gd(IIl) inner coordination sphere is
increased resulting in a higher relaxivity state which is visualised as a positive

contrast in an MR image.
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Figure 1.32: “Smart” enzyme-responsive MRI contrast agent EGad, developed by Meade et
al.'” The galactopyranose group restricts water access to the Gd(IIT) metal centre in complex
49. Addition of PGal results in cleavage of the glycosidic bond to form 50, resulting in
increased water accessibility to the Gd(IIl) centre and the transition from a low to high
relaxivity state, which is visualised as a brighter MR image.

Despite EGad displaying changes in relaxivity in response to PGal, the
enzyme kinetics of 49 were not optimal. To address this issue, Meade and co-
workers later reported another enzyme-activated probe for the detection of -
glucuronidase (BGlu) (Figure 1.33).** In complex 51, the sugar group is
extended from the Gd(III) centre and the probe operates by a self-immolative
mechanism where cleavage of the glycosidic bond releases 4-hydroxy-3-

nitrobenzyl alcohol 52, carbon dioxide, and 53.
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Figure 1.33: Self-immolative MRI contrast agent for the detection of fGlu.”” The cleavage of
the glycosidic bond releases glucuronic acid, CO,, 52 and complex 53. Formation of complex
52 resulted in a decrease in the measured relaxivity. Measuring the absorbance of compound
51 allowed the enzyme kinetics of fGlu to be determined.

Unfortunately, the transition from 51 to 53 resulted in a decrease in relaxivity.
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However, the release of 52 enabled enzyme kinetics to be measured by
recording the absorbance at 422 nm with 51 being found to be a better substrate
for pGlu, when compared with 4-NP probes. Therefore, activation of probe 51
generates two distinct outputs, 51 and 52, both of which report on BGlu

activity.

1.5 Work described within this thesis
As discussed throughout this chapter, bioconjugates are desirable synthetic

targets. The ability to prepare sufficient quantities of homogeneously modified
peptides is vital to allow for subsequent biological interrogation. Significant
developments have been made in the field of peptide ligation strategies and
glycoconjugation, many of which have been discussed throughout this chapter.
Furthermore, the preparation of bioconjugates for the profiling of biologically
relevant enzymes is also an area of great interest with the development of such
probes providing insight into enzymatic activity and allowing for the
identification of enzymatic substrates.

Chapter 2 details N-glycosylation, a prevalent PTM, and the
development of a new thioester-mediated ligation strategy for the synthesis of
N-linked glycopeptides. Currently, the main method used to access N-linked
glycopeptides is Lansbury aspartylation, however this approach suffers from
the formation of aspartimide side-products which significantly diminishes
yields. Our approach combines thiol-ene coupling chemistry and S,N-acyl
transfer reaction to ligate a carbohydrate and non-glycan moiety to form a
native amide bond at the carbohydrate anomeric centre in a stereoselective
manner. As discussed in this chapter, thiol-ene chemistry involves the
hydrothiolation of an alkene with a thiol. However, in this work, we
investigated the use of thioacids, rather than thiols, as thiyl donors in the thiol-
ene reaction. An initial thiol-ene reaction between an alkene appended to a
glycosylamine and a thioacid results in the ligation of the two entities to form a
thioester intermediate in a fast, high yielding step which is compatible with
aqueous conditions. Subsequently, an S,N-acyl transfer occurs between the
anomeric amine and the thioester, proceeding through a large transition-state
(13-membered) which was expected to be aided by the templating effect of the

sugar moiety, as seen with SAL which was discussed in Section 1.3.3.3. The
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final step involves base hydrolysis to give an amide bond at the anomeric
centre. Thiol-ene chemistry has the advantage of being fast (reactions times of
1 h), high yielding (yields > 80 %) and reactions are compatible with aqueous
media. This approach avoids the use of an activated ester for aspartylation and
operates under base-free conditions in an effort to mitigate the formation of
aspartimide side products. Furthermore, this methodology outlines the first
examples of peptidyl thioacids being employed in the thiol-ene click reaction.

Chapter 3 is based on protein ubiquitination, another common PTM.
This chapter uses the thioester-mediated methodology developed in Chapter 2
for application in the chemical ligation of peptide fragments, with a focus on
Ub related substrates. This methodology involved the preparation of a peptide
fragment consisting of a modified Ser residue bearing an alkene moiety and the
e-NH, of Lys masked as an azide. This alkene can participate in a thiol-ene
reaction with a peptidyl thioacid. Subsequent azide reduction and S,N-acyl
transfer then furnishes a native isopeptide bond. This is followed by base
hydrolysis of the appended ester to give the unmodified peptide product. The
initial transthioesterification step of NCL can be quite slow and requires the
addition of exogenous thiols to accelerate the reaction. However, our approach
exploits the rapid nature of the thiol-ene reaction for the initial ligation step.
Furthermore, this ligation methodology requires a Ser or Thr residue for
ligation, rather than a Cys residue in NCL, which are naturally more abundant
in proteins.

In Chapter 4, the photophysical properties of the lanthanides and their
use in enzymatic probes are initially discussed. An array of lanthanide-based
complexes were synthesised and their photophysical properties evaluated for
their ability to detect the glycosidases enzymes. All of the complexes are based
on the macrocyclic cyclen framework and bear an antenna to allow for the
indirect sensitisation of the Ln(IIl) ion. Various O-linked glycans were
introduced onto the cyclen framework to allow for the generation of a small
library of glycosylated lanthanide complexes. It was anticipated that upon
addition of a relevant glycosidase enzyme, cleavage of the O-glycosidic
linkage would occur resulting in concomitant modulation in the lanthanide

emission, allowing for glycosidase activity to be detected. In the final section
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of this chapter, a mannose-appended lanthanide complex was investigated for
its ability to serve as a sensor for the mannose-binding lectin, ConA.

Chapter 6 concludes the work described in this thesis.

Lastly, Chapter 5 details the experimental procedures and
characterisation of all compounds prepared within preceding chapters of this

thesis.
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2.0 Introduction
The majority of proteins in the human body are known to be post-

translationally modified with protein glycosylation being one of the most
widely observed PTMs. It is estimated that over 50% of proteins are
glycosylated with 90% of these glycoproteins involving N-linked glycans.***’
Glycosylation is a non-template driven modification with many enzymes
involved in the process resulting in the production of heterogeneous
glycopeptides. This heterogeneous glycosylation makes the study of the effect
of a single glycoform, i.e. one protein modified with one type of glycan, very
difficult. Preparation of glycopeptides by chemical means offers a powerful
solution to obtaining homogeneous samples, free from undesired glycoforms,
for biological study. In this chapter, the development of a new method towards
N-linked glycopeptides is detailed. Prior to that, a short summary of the most

common chemical methods for the preparation of N-linked glycopeptides is

given.

2.1 Chemical synthesis of N-linked glycopeptides
All N-linked glycopeptides consist of large, branched oligosaccharide

structures, which are divided into 3 types: complex, hybrid, and high mannose,
the structures of which are illustrated in Figure 1.4. However, all N-glycosides
share one common feature; they contain an Asn linked through a B-GlcNAc
bridgehead within an Asn-Xaa-Ser/Thr consensus sequence.””’ Consequently,
the vast majority of research in this area is concerned with the formation of this
particular linkage in a regio- and stereo-controlled fashion. The construction of
the N-glycosidic bond proceeds through amide bond forming reactions, rather
than glycosylation reactions, with many of the synthetic strategies toward the
formation of the N-glycosidic bond outlined in Chapter 1. The most popular
approaches are summarised in Figure 2.1. One popular method is the stepwise
approach whereby the key N-glycan linkage is established early in the synthetic
strategy with the glycosylamino acid building block being incorporated into a
growing peptide chain during SPPS. The major drawback of this approach is
the reduced efficiency of subsequent peptide coupling reactions due to the

2

hindered nature of amino acids bearing glycans.20 Furthermore, the
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incorporation of a glycan into SPPS typically forces a reliance on Fmoc-SPPS
due to the acid lability of glycosidic linkages. An alternative, more convergent
approach is Lansbury aspartylation, which is one of the most commonly used

72,71 : :
This reaction

methods for the preparation of N-linked glycopeptides.
involves the coupling of a glycosylamine with an activated Asp residue on a
fully furnished peptide chain in the presence of a suitable base. The main
disadvantage of this approach is the requirement for extensive protection of the
peptide backbone to prevent unwanted side reactions, such as aspartimide
formation, which can significantly diminish yields."" The third method
involves a chemoenzymatic approach. This can involve the incorporation of a
simple glycosyl amino acid early in the synthetic strategy which can be
enzymatically elaborated later, therefore combining early stage regioselectivity
with the convergence of introducing larger carbohydrate arrays at a later stage
in the synthesis. Alternatively, this chemoenzymatic approach can be used to
remodel glycoproteins from natural sources. Here, a mixture of glycoforms can
be enzymatically trimmed to a truncated N-glycan by endoglycosidases. This
single sugar residue can then be enzymatically elaborated using
endoglycosidases when the sugar donor to be transferred is activated as an
oxazoline.”” This approach allows rapid access to complex structures however,
the inherent hydrolytic behaviour of these glycosidase enzymes is a major
disadvantage when the glycans attached to the peptide are good enzyme

65
substrates.'
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Figure 2.1: Common strategies for the preparation of N-linked glycopeptides via: (A) coupling
of preformed glycosylamino acid into a growing peptide chain in SPPS; (B) Convergent
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Lansbury aspartylation of an activated Asp residue with a glycosylamine; (C) Chemoenzymatic
synthesis using a glycosyl oxazoline and endoglycosidase enzymes.

2.2 Aims of this work

As discussed, a number of approaches toward N-linked glycopeptides have
been reported however, these are not without limitations. Therefore, the
development of a new method towards the synthesis of N-linked glycopeptides
is envisaged in this chapter.

One reaction that is emerging in the field of bioconjugation is the thiol-
ene click reaction, discussed in Chapter 1, Section 1.2.4.1.1, which involves the
hydrothiolation of an alkene via a two-step radical process under
photochemically/thermally-induced conditions. The “click” status of this
reaction is supported by it being fast, highly efficient, orthogonal to a wide
range of functional groups, and its compatibility with aqueous and oxygenated
conditions.*® Thiol-ene coupling has been employed as an efficient tool in
bioconjugation however, its application in glycoconjugate synthesis has been
somewhat limited to the formation of sulphide-spacer glycosides and neo-
glycopeptides.’*****2% Therefore, we wanted to exploit the “click™ aspects of
this reaction for the formation of native N-linked glycopeptides. Our approach
combines thiol-ene coupling and an S,N-acyl transfer reaction to ligate a
carbohydrate and non-glycan motif to form a native amide bond at the
carbohydrate anomeric centre, the mechanism of which is depicted in Scheme
2.1. The proposed methodology aims to allow for the convergent assembly of

N-linked glycopeptides under base-free conditions.
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Scheme 2.1: The formation of a native anomeric amide bond using thiol-ene mediated ligation
and an S,N-acyl transfer reaction. Step one involves a thiol-ene reaction between a thioacid
generated thiyl radical and an alkene functionality to give a thioester intermediate. A
subsequent S,N-acyl transfer reaction between the anomeric amine and thioester yields a native
amide bond. The last step involves the base hydrolysis of the ester groups to give the desired
deprotected N-glycan.

In the first step, a thiol-ene reaction is used to ligate an alkene
functionality appended on a GlcNAc with a thioacid generated thiyl radical to
yield a thioester intermediate. This thioester intermediate can subsequently
undergo an S,N-acyl tranfer reaction with the anomeric amine through a 13-
membered transition state. This transition state is rather large, when compared
with NCL, however, the templating effect of the carbohydrate is expected to
assist the acyl transfer. In the case of SAL, Wong and co-workers postulate that
the restricted conformation of the carbohydrate moiety brings the amino group
and the thioester into close proximity facilitating the rearrangement via a 14- or
15-membered ring.**” This templating effect of the carbohydrate unit was later
employed by Brik and co-workers when they used a cyclohexane auxiliary to
mimic the carbohydrate unit in SAL to facilitate acyl transfer over a 11-
membered transition state for use in peptide ligation."”” Therefore, precedence
for S,N-acyl shifts proceeding through comparable ring sizes encouraged the
pursuit of this approach. The final step in the reaction sequence involves base
hydrolysis of all the ester moieties to deliver the unprotected glycan with a

native amide bond at the anomeric position. As discussed in Chapter 1, Section

1.2.4.1.1, thiol-ene ligations typically involve the addition of a thiol onto an
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alkene. Therefore, the use of a thioacid as a thiol source is a novel approach to
forging the useful thioester linkage which is heavily implicated in current
chemical ligation methodologies. GIcNAc is the sole carbohydrate employed
in this methodology due to the fact that all N-linked glycopeptides comprise of
a GlcNAc residue forming the initial sugar-peptide linkage. This approach
involves the synthesis of the alkene-containing GlcNAc compound and an
array of thioacids, the synthesis of which will be described in the following

sections.

2.3 Synthesis of glycosyl alkene acceptor
As depicted in Scheme 2.1, a GlcNAc glycosylamine with an alkene appended

at the C-6 position was required for the initial ligation reaction; therefore, an
azide functionality was envisaged at the anomeric position which could be
subsequently reduced to the desired amine. The synthetic scheme toward the

glycosyl azide 57 is depicted in Scheme 2.2.

OH OAc OAc OH

HO% A AcO - e A 0% . %
, 16 h C C : HO

HO OH ™16 AcO il AcO My -OHEOM, T e

AcHN AcHN o 80°C, 16 h AcHN rt, 30 min AcHN

54 55, 85% 56, 90% 57, 98%

Scheme 2.2: Synthesis of glycosyl azide 4 from GIcNAc.

Firstly, commercially available 2-acetamido-2-deoxy-D-glucopyranose
54 was treated with acetyl chloride (AcCl) and left to stir at rt for 16 h. After an
aqueous work up and subsequent recrystallisation from diethyl ether (Et,0), 55
was isolated as colourless crystals in 85% yield. The presence of the chloride
donor 55 was confirmed by the downfield shift of the anomeric H-1 proton at &
6.21 ppm, due to the deshielding effect of the chloride group. The glycosyl
halide 55 was expected to adopt an a-configuration due to the anomeric effect
and this configuration was confirmed by the small HI-H2 vicinal coupling
constant of 3.6 Hz, which is indicative of the a-anomer.

The anomeric effect is a general phenomenon in carbohydrate
chemistry which refers to the preference of electron withdrawing substituents
at the anomeric carbon to adopt an axial orientation (a-anomer), rather than an
equatorial orientation (B-anomer). This phenomenon was first observed by

Edward in 1955 here in Trinity College Dublin and later coined as the

58



Chapter 2 - Thiol-ene mediated synthesis of N-linked glycosyl amides

anomeric effect by Lemieux in 1958.°**" A popular rationalisation for the
anomeric effect is based on the electron delocalisation from the endocyclic
oxygen, which is illustrated in Figure 2.2. In the case of the a-anomer, it is
stabilised by delocalisation from the endocyclic oxygen lone pair of electrons
to the C-X antibonding orbital (n — 6*). Investigations into compounds which
experience the anomeric effect show a lengthened C-X bond while the adjacent
C-O bond is shortened, which supports the theory of hyperconjugation. This
stabilising effect does not occur in the case of the B-anomer hence this

. . 210
configuration is less favoured.

)
R Y n —%— c"
stabilisation no stabilisation

Figure 2.2: The anomeric effect, where X is an electron withdrawing substituent.”™*'" (Leff)
Electron donation from the oxygen lone pair to the C-X antibonding orbital stabilises the a-
anomer. (Right) This effect is not observed with the B-anomer and therefore there is no
stabilisation effect.

The chloride of 55 was subsequently displaced in an SN2 reaction using
sodium azide in DMF at 80 °C to give 56 in 90% yield. The installation of the
azide at the anomeric position was confirmed by the upfield shift from & 6.21
ppm to 4.78 ppm and the larger HI-H2 vicinal coupling constant of 9.0 Hz,
indicating stereochemical inversion. The presence of the azido group was
confirmed by infrared spectroscopy (IR) which showed a characteristic sharp
peak at 2112 cm™. The O-acetyl groups were subsequently removed under
Zémplen conditions using freshly prepared NaOCH3; in CH3OH to furnish 57.
The next step involved the regioselective introduction of the alkene moiety at
the C-6 position. An ester group bearing the required alkene moiety was
chosen due to the ease of removal of the ester functionality which would be
required later in the synthetic strategy. Treatment of 57 with 1.2 eq. of 4-
pentenoyl chloride and triethylamine (NEts) in anhydrous DMF gave 58 in
72% yield after column chromatography (Scheme 2.3). The regioselective
esterification at the C-6 position was confirmed by 'H NMR as the H-6 protons
shifted downfield from 3.73 and 3.92 ppm to 4.26 and 4.49 ppm, respectively.
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This selective esterification was further confirmed by heteronuclear multiple

bond correlation (HMBC) from H-6, &y 4.26 and 4.49 ppm to C=0, &¢ 172.3

7 j)j\/\/
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HO NEt; HO
HO Na , . HO L
AcHN DMF,0°C-rt,2h AcHN
57 58, 72%

Scheme 2.3: Regioselective esterification of the 57 C-6 hydroxyl using 4-pentenoyl chloride
and NEt;

2.3.1 Reduction of the anomeric azide
The final step in the planned synthesis involved the reduction of the azide to

obtain the required amine. Due to the presence of the double bond, a method
for azide reduction which did not reduce the alkene was required. The
Staudinger reduction was the first choice for the reduction of the azide in
compound 58. This reaction was first described in 1919 and has since been
widely employed in organic chemistry due to its mild reaction conditions,
namely the reduction of azides in the presence of unsaturated bonds.?'*?'* The
reaction involves an azide reacting with a tertiary phosphine, such as
triphenylphosphine (PPhs), and H,O to yield an amine, the mechanism of
which is depicted in Scheme 2.4. The PPhs reacts with the azide to form a
phosphazide intermediate which loses nitrogen to yield an iminophosphorane.
The addition of H,O leads to the hydrolysis of the iminophosphorane to furnish

an amine and triphenylphosphine oxide.

Ph
:P=Ph
14
N Ph Ph Ph
i N N, [ Phii Ph Ph,\"Ph
4h‘j‘ N:‘ \;:Ph / l")a, ﬁ’ H.0
RN - S L | N e N | —Z=+ R-NH, + O=PPhy

iminophosphorane

Scheme 2.4: The Staudinger reduction mechanism.”'**"> The azide is reduced to a primary
amine using PPh; and H,O via an iminophosphorane intermediate.

Accordingly, compound 58 was dissolved in dioxane followed by the addition
of PPh; and was left to stir for 6 h, followed by the addition of H,O to

hydrolyse the iminophosphorane intermediate (Scheme 2.5). However, after

60



Chapter 2 - Thiol-ene mediated synthesis of N-linked glycosyl amides

column chromatography, the major product isolated was the glycosyl
iminophosphorane 59, despite H,O being added to the reaction mixture. The
presence of the iminophosphorane was indicated by 'H NMR with the presence
of the 15 phenyl protons of the PPh; being observed. This was further
confirmed through HRMS displaying a m/z peak at 563.2310, corresponding to
the [39+H]" species. Hydrolysis of the iminophosphorane 59 was attempted by
refluxing in ethanol, as reported by Pinter and co-workers, however, in our
hands this was wunsuccessful and repeatedly furnished the stable
iminophosphorane.”'* Therefore, an alternative reduction approach to the

desired glycosylamine was sought.

0]
O/U\/\/

(@)
PPh3 HO N=
1) dioxane, rt, 6h HO AcHN ity
NN 59
HO ©
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Hi AcHN o
58
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CH4OH, rt, 3 h HO

Scheme 2.5: Attempted reduction of the anomeric azide using the Staudinger reduction (zop)
and Lindlar catalyst (bottom).

Catalytic hydrogenation is operationally simple and is widely used for
the reduction of azides, however, it results in the additional reduction of any
unsaturated bonds present in the molecule. A significant advance in achieving
chemoselectivity in hydrogenation was achieved through the introduction of
Lindlar catalyst. Lindlar catalyst is an alternative catalyst used in
hydrogenation which consists of Pd deposited on calcium carbonate and
poisoned with traces of lead resulting in a catalyst which is slightly
deactivated.””> This deactivation has found use in hydrogenation reactions,
whereby alkynes are reduced to alkenes, without further reduction to the
alkane. Furthermore, Lindlar catalyst has been employed for the reduction of

azides to amines in the presence of sensitive groups, such as alkenes and
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benzyl protecting groups.’'® Considering this, Lindlar catalyst was applied for
the reduction of 58 with the aim of achieving selective reduction of the azide
moiety. Following a literature procedure reported by Baskaran and co-workers,
azide 58 was successfully reduced to the amine however, reduction of the
alkene to the alkane was also observed yielding 60.°"

An interesting method for the reduction of glycosyl azides was reported
by Chandrasekaran and co-workers which involves the treatment of a protected
azide with ammonium tetrathiomolybdate ((NH4)2MOS4).2'8 They reduced a
variety of glycosyl azides using this reagent with reaction times reduced from
16 h to just 3 h when using sonochemical conditions. The authors proposed two
plausible mechanisms for the azide reduction, both of which are depicted in
Scheme 2.6. In pathway A, the MoS4> attacks the a-nitrogen of the azide to
give 61 following the loss of nitrogen. Intermediate 61 can subsequently give
rise to mononuclear persulfido molybdenum 62 and the desired free amine. The
intermediate 62 is subsequently converted to the Mo(V) dimer, Mo,Ss>.
Alternatively, in pathway B, MoS4>" attacks the y-nitrogen of the azide to give
intermediate 63 which can decompose to liberate the free amine, nitrogen, and
62. The mononuclear complex 62 is subsequently oxidised to the dinuclear

MOzng‘.

Pathway A Pathway B
Re () <« (H
ST L= S S—-N-N=N S, S o+ H* S /S:N:NfN-R
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Scheme 2.6: Proposed mechanism for the reduction of glycosyl azides to glycosylamines using
(NH;);MoS,.>'® Pathway A involves attack at the a-nitrogen of the azide; Pathway B involves
attack at the y-nitrogen. The mononuclear persulfido molybdenum 62 is subsequently oxidised
to give the dinuclear complex Mo,S>".

Due to the literature procedure reported by Chandrasekaran ef al. using
protected glycosyl azides, compound 58 was acetylated using acetic anhydride

(Ac,0) and pyridine (py) in CH,Cl, to give 64 in quantitative yield (Scheme
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2.7). Compound 64 was then treated with (NH4)>:MoS4 in a CH3CN:EtOH (1:1)
mixture under sonochemical conditions for 3 h to give 65 in 53% yield after
filtration. Gratifyingly, the alkene moiety remained intact, as observed by 'H
NMR, and the characteristic IR azide peak at 2217 ¢cm™ was no longer
observed indicating successful reduction of the azido group. Furthermore, the
desired stereochemistry of the glycosylamine remained intact with 65
displaying a HI-H2 vicinal coupling constant of 9.9 Hz, indicative of the
desired P-anomer confirming no anomerisation of the glycosylamine had
occurred. Although the TLC indicated complete consumption of the starting
material, the moderate yield of 53% is most likely due to the workup involving
repeated filtering of the reaction mixture to remove all traces of the persulfido

62 and dinuclear species Mo,Ss>".

OJ\/\/ O/u\/\/ OW
0
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58 64, >99% 65, 53%

Scheme 2.7: Acetylation of glycosyl azide 58 followed by reduction of the O-acetyl protected
glycosyl azide 64 using (NH,;),MoS; to give 65.

2.3.2 Initial thiol-ene ligation with thioacetic acid
With the glycosylamine in hand, it was decided to investigate the ability of

thioacids to serve as thiyl radical donors using a simple thioacid initially.
Therefore, commercially available thioacetic acid 66 was used to optimise the
reaction conditions. As discussed in Chapter 1, thiol-ene reactions have been
used for the site specific modification of peptides, however to date, thiol-ene
chemistry has not been employed for the formation of N-linked glycopeptides,
or indeed any amide bond. Although thiol-ene ligations are normally conducted
with an alkene and a thiol, rather than a thioacid, Fraser-Reid reported the
elongation of n-pentenyl glycosides using thiol-ene chemistry with thioacetic

acid being one of the thiols utilised.””

These reactions were thermally initiated
using AIBN with reactions being conducted at high temperatures of 75 °C. To
be generally applicable in glycopeptide synthesis, milder conditions for the
thiol-ene reaction were required. Previous members of the Scanlan group have

used thiol-ene ligations for the functionalisation of peptides. For example, Dr.
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Lyn Markey used thiol-ene chemistry for the functionalisation of short Cys-
containing peptides with different alkenyl moieties.”'” The optimal reaction
conditions involved the use of radical initiator DPAP and photosensitiser 4-
methoxyacetophenone (MAP) in DMF. Furthermore, Yagci and co-workers
compared the efficiency of various radical initiators for use in thiol-ene
ligations and found that the initiator DPAP led to the highest efficiencies.**
Therefore, it was decided to apply these optimised reactions conditions
to investigate whether thioacetic acid donor 66 could participate in a thiol-ene
ligation with glycosyl azide 64 and glycosylamine 65. In order to optimise the
reaction, the first thiol-ene reaction was conducted using the glycosyl azide 64
to allow for the radical reaction to proceed without the subsequent S,N-acyl
shift, as depicted in Scheme 2.8. Glycosyl azide 64 was added to a solution of
DPAP (0.1 eq.) and MAP (0.1 eq.) in anhydrous DMF followed by the addition
of 66 (1.1 eq.) and the mixture was irradiated in a UV oven for 1 h at rt.

Gratifyingly, the desired product 67 was obtained in 93% yield after column

chromatography.
0 0 0
OJ\/\/ DPAP oJ\/\/\s/U\
o % MAP o
AcO )J\ AcO
AcO N3 SH DMF, hv, 1t, 1 h ACO N3
AcHN AcHN
64 66 67, 93%

Scheme 2.8: Thiol-ene ligation between glycosyl azide 64 and 66.

After verification that 66 was a suitable donor for the thiol-ene reaction, the
same reaction conditions were applied to glycosylamine 65. The proposed
reaction pathway is outlined in Scheme 2.9. In this case, the initial thiol-ene
reaction yields intermediate 68 which was then left to stir for 16 h to allow for
the S,N-acyl transfer reaction to proceed. Reports of S,N-acyl transfer reactions
occurring over comparable ring sizes, reported by Wong and Brik, at non-
hindered ligation junctions required 8 and 5 h, respectively.*”'** Removal of
the solvent followed by crude NMR analysis implied that the S,N-acyl shift had
indeed occurred due to a HMBC correlation from H-1 to a carbonyl peak at
173.5 ppm, indicating the formation of an amide 69 at the anomeric position.

To confirm this, the mixture was subjected to Zémplen conditions to hydrolyse
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all of the ester groups. Gratifyingly, after column chromatography, compound
70 was produced in an overall yield of 64% over the three steps: thiol-ene
ligation, S,N-acyl transfer, and ester hydrolysis. The presence of 70 was
confirmed by the presence of two acetyl groups in the 'H NMR accompanied
by two signals in the NH correlation spectroscopy (COSY) confirming that the
obtained product contained two amide functionalities. Furthermore, the desired
anomeric B-configuration was confirmed by the large H1-H2 vicinal coupling
of 9.9 Hz. No o-linked glycosylamine was recovered indicating that no
anomerisation of the glycosylamine had occurred.

OJCL/\/ O)OJ\/\AS)OJ\

5 o DPAP
AcO NH, /”\ il AcO NH
AcO SH DMF, hv, rt, 1h AcO 2
AcHN AcHN
65 66 68
S,N-acyl shift
(0]

OH
o NHAc CH30H, rt, 30 min CAco S

AcHN AcHN
70, 64% 69

Scheme 2.9: Proposed reaction pathway between glycosylamine 65 and thioacetic acid 66. The
first step involves a thiol-ene reaction between the glycosyl alkene 65 and 66 to give a thioester
intermediate 68. This is followed by an S,N-acyl shift to give anomeric amide 69. The last step
involves Zemplén conditions to furnish the deprotected glycosyl amide 70.

The above result indicates that 66 can be successfully employed in thiol-ene
ligations and glycosylamine 65 can participate in the subsequent S,N-acyl
transfer reaction. Furthermore, the large 13-membered transition state appears
to not be an issue with the acyl migration most likely aided by the templating
effect of the carbohydrate, as reported by Wong and Brik."*”'"” This finding,
demonstrated for the first time that a thiol-ene, S,N-acyl shift cascade process

could be employed for the formation of amide bonds in high yield, therefore

paving the way toward a novel ligation methodology for bioconjugation.
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2.4 Synthesis of peptidyl thioacid donors

Encouraged by the initial results, we next investigated the methodology for the
formation of an N-linked glycopeptide. As N-glycosylation contains a
consensus sequence of Asn-Xaa-Ser/Thr, with the Asn amide side chain being
the site of glycosylation, it was important for us to apply this methodology to
form this key amide linkage. Accordingly, the preparation of an Asp thioacid

was required. The first attempt at the synthesis of the Asp thioacid is outlined

in Scheme 2.10.

o) o) o)
OBn OBn OH
K Hal
e 5CO3, CHy e PdIC, H, .
BocHN DMF, rt, 3 h BocHN CH,Cl,:CH;0H, ~ BocHN
o} (0] n,3h (0]
71 72, 90% 73, 97%
o)
- CH,Cl,,
He N;j 0°C-rt,
6 12h
DCC
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0 ) };}
N
SH NaHS o)
X 0
B OCH,4 dioxane, rt, 20 min BocHN OCH3
o) o)
75 74

Scheme 2.10: Attempted synthesis of Asp thioacid 75 via an activated N-hydroxysuccinimide
ester, as reported by Crich and co-workers.”!

The first step involved the methylation of commercially available Boc-
Asp(OBzl)-OH 71 using iodomethane and K,CO3 in DMF to give 72 in 90%
yield. The benzyl group was then removed using catalytic hydrogenation
conditions of Pd/C (0.1 eq.) under an atmosphere of hydrogen to furnish 73 in
97% yield after filtration. The preparation of thioacid 75 proved to be more
challenging. Initial attempts to form thioacid 75 utilised a method reported by
Crich and co-workers.””' The carboxylic acid 73 was treated with N.N'-
dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide to give the
activated ester 74 which was subsequently reacted with sodium hydrogen

sulphide (NaHS). This procedure requires an aqueous workup involving an
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acid wash (1M aq. HCI solution) to remove excess NaHS. As the hydrolysis of
thioacids is reported to be acid catalysed, the workup was conducted quickly in
an attempt to minimise undesired hydrolysis of the thioacid.*** Furthermore,
due to the susceptibility of the thioacid to hydrolysis, the reaction mixture was
immediately analysed using HRMS, however only the acid 73 was found with
no thioacid 75 being detected whatsoever, despite multiple reaction attempts. A
second method reported by Yudin and co-workers was tested.”** This involved
treatment of 73 with 1,1'-carbonyldiimidazole (CDI) and sodium sulphide
(NasS), as shown in Scheme 2.11. The workup also involved an acid wash,
however they reported prior cooling of the reaction mixture and the aq. HCI
solution to 0 °C before the quenching of the reaction, with the cooled HCI also
added slowly. This step appeared to be crucial to avoid hydrolysis of the
formed thioacid 75. Initial HRMS analysis showed the formation of the desired
thioacid 75 displaying a m/z peak at 262.0749, corresponding to a [75-H]

species with some of the corresponding carboxylic acid 73 also being detected.

O O
OH CDI SH
OCH; i AR OCH,
BocHN THF, rt, 3h BocHN
(0] ()
73 75

Scheme 2.11: Formation of thioacid 75 using CDI and Na,S, as reported by Yudin and co-
workers.”*

Despite the presence of the carboxylic acid 73, it was decided to attempt the
thiol-ene ligation using the crude thioacid 75 with glycosyl azide 64, as shown
in Scheme 2.12. Unfortunately, using the same thiol-ene conditions previously
described, the desired product 76 was not formed with the alkene functionality
still clearly visible by '"H NMR. Attempts to elicit a reaction between 64 and 75
by applying excess of the crude thioacid (up to 6.0 eq.), increasing the amount
of DPAP (up to 1.0 eq.) and prolonging the irradiation time (up to 5 h) were all
unsuccessful in furnishing 76 in appreciable yields. The lack of reaction was
attributed to the hydrolysis of the thioacid 75 to the corresponding carboxylic
acid 73. Using the procedure depicted in Scheme 2.11, the amount of thioacid

75 being formed and subsequently subjected to thiol-ene reaction with glycosyl
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azide 64 is unknown, due to the consistent detection of carboxylic acid 73 by
HRMS. Therefore, an alternative method that would allow for more effective

preparation of the thioacid 75 was required.

= J\/\/\ -
0 MAP % OCH
H 3
Afgo&/ N:  BocHN OCHy 3¢ . D N Peo
AcHN o) DMF, hv, t, 1 h AcHN o
64 75 76

Scheme 2.12: Attempted thiol-ene ligation using glycosyl azide 64 and Asp thioacid 75.

2.4.1 Synthesis of S-trityl protected thioacid
Crich and co-workers reported the use of the trityl group as a temporary

protecting group for peptidyl thioacids, as it can be removed rapidly and the
generated thioacid reacted in situ.”** This approach would obviate the need for
an aqueous workup, therefore attenuating the problem of thioacid hydrolysis.
The deprotection of the trityl group requires treatment with TFA; therefore,
using this strategy the previously employed Asp amino group in 72 was
protected with an N-acetyl (Ac) group, rather than the acid-labile Boc
protecting group. As depicted in Scheme 2.13, the Boc group in compound 72
was removed by treatment with HCI in CH,Cl, to afford 77 quantitatively as
the hydrochloride salt. The amine was subsequently acetylated using Ac,O and
NEt; to give the N-acetylated 78. The benzyl group was removed using
catalytic hydrogenation, as described previously, to furnish 79 with the free
carboxylic acid side chain. The S-trityl group was then introduced by reaction
of 79 with the coupling reagent 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI-HCI) and triphenylmethanethiol
(SHCPh3) to give 80 in 90% yield after column chromatography. With the
protected thioacid in hand, the S-trityl group was subsequently removed to give
81 using a 25% solution of TFA in CH,Cl; together with triethylsilane (TES), a
reducing agent capable of trapping the released trityl cation. A colour change
from colourless to yellow was observed upon formation of the trityl cation
which serves as a useful indicator for the reaction progress, along with the
yellow colour disappearing upon scavenging of the cation by TES. The
reaction was monitored by TLC analysis with full consumption of 80 occurring

after 5 min. As mentioned previously, the thioacids are susceptible to
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hydrolysis hence once the reaction was complete, the solvent was rapidly
removed in vacuo and the crude thioacid was immediately used in the next
step. The crude thioacid 81 was added to a mixture of glycosyl azide 64,
DPAP, and MAP in DMF and irradiated in the UV oven for 1 h.
Encouragingly, the thiol-ene reaction was successful in furnishing the
glycoconjugate 82 in 87% after column chromatography. This reaction
required the use of a slight excess of the thioacid (1.5 eq.) as previous
conditions using just 1.1 eq. of the thioacid furnished the ligated product 82 in
a lower yield of 56%. Reduction of the glycosyl azide and investigation of the

S,N-acyl shift will be discussed later in this chapter.
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Scheme 2.13: Synthesis of S-trityl protected thioacid 80 and its subsequent deprotection and
thiol-ene ligation with glycosylazide 64.

2.4.2 Synthesis of EPO tripeptide thioacid sequence
Encouraged by the success of the thiol-ene reaction with the Asp thioacid 81, it

was decided to prepare a more complex peptidyl thioacid with the aim of
generating a small library of N-linked glycopeptides. As discussed in Chapter
1, EPO is a glycoprotein hormone which is commonly used as a synthetic
target for the preparation of N-linked glycopeptides, as it contains 4
glycosylation sites, 3 of which are N-linked. Considering this, a tripeptide unit
from EPO was chosen for the preparation of a peptidyl thioacid. The tripeptide

chosen consists of an Asn-lIle-Thr sequence, the synthesis of which is depicted
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in Scheme 2.14. The first step in the synthesis involved the methylation of the
carboxylic acid group of commercially available Boc-Thr(Bzl)-OH 83 using
iodomethane and K,COs, as described previously, to give 84 in 78% yield. The
Boc protecting group was subsequently removed to furnish 85 as the
hydrochloride salt in 97% yield. The amino group of Ile 86 was protected using
Boc anhydride ((Boc),0) and NaHCOs to give 87 in 85% yield.
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Scheme 2.14: Synthesis of S-trityl protected tripeptidyl thioester 93.

The next step involved the first peptide coupling reaction to form the
desired dipeptide 88. Activation of the carboxylic group can lead to
racemisation, which can proceed through one of two pathways, both of which
are depicted in Scheme 2.15. Path A involves direct abstraction to form an

enolic intermediate 94 or path B which proceeds via cyclisation to an
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oxazolone intermediate 95 which can subsequently racemise.”**** Both
pathways compromise the chiral integrity of the resulting peptide product and
therefore need to be minimised. Accordingly, additives such as HOBt are
routinely employed in peptide coupling reactions, with HOBt being one of the
most effective suppressors of racemisation by the formation of a less reactive

HOBt ester.
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Scheme 2.15: Racemisation pathways, where OA* denotes activated ester.” (Path A) Direct
enolisation: Abstraction of the a-proton generates oxyanion 94 which can be reprotonated on
either face leading to racemised products; (Path B) Oxazolone formation: Racemisation by this
route is promoted by activation of the a-carboxyl group which facilitates cyclisation to give an
oxazolone 95. Deprotonation of the a-proton followed by reprotonation from either face results
in a racemic mixture.

Considering this possible side reaction, peptide coupling between 85
and 87 was conducted in the presence of coupling reagent EDCI-HCI, NEt; and
HOBt to give 88 in 72% yield with no racemisation observed. The Boc group
of 88 was subsequently removed using acidic conditions of HCI in CH,Cl; to
afford 89. Compound 89 was then coupled with commercially available 71,
using the same coupling conditions previously employed, to give the desired
tripeptide 90 in 74% yield. Due to the planned introduction of the S-trityl group
later in the synthetic strategy, the acid labile Boc group of 90 was removed
using the previously described acidic conditions and then acetylated by stirring
with Ac,0 in sat. ag. NaHCOj; solution to furnish 91 in 83% yield over the two
steps. The benzyl group was then removed using catalytic hydrogenation
conditions to afford 92 in 90% yield. Lastly, the free carboxylic group of 92

was converted to the S-trityl thioester, using the conditions previously

employed, to furnish the final protected thioacid 93 in 76% yield.
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With the desired tripeptide 93 in hand, the S-trityl group was
subsequently removed using TFA and TES, to give the free thioacid 94
(Scheme 2.16). This thioacid 94 was immediately added to a solution of
glycosyl azide 64, DPAP, and MAP in DMF and irradiated in the UV oven for
1 h. This thiol-ene reaction successfully furnished the glycoconjugate 95 in
82% yield after column chromatography. In order to test the compatibility of
the reaction with aqueous conditions, the reaction depicted in Scheme 2.16 was
repeated in a mixture of DMF:phosphate buffer (50:50), with the ligated

product 95 being obtained in comparable yield of 80% after column

chromatography.
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Scheme 2.16: Thiol-ene reaction between glycosyl azide 64 and tripeptide thioacid 94 to give
conjugate 95.

2.5 Attempted one-pot procedure using thioacids and glycosylamine
Following the success of the thiol-ene reactions with the peptidyl thioacids 81

and 94, it was decided to try the one-pot procedure of thiol-ene, S,N-acyl shift,
and ester hydrolysis using the free glycosylamine with the aim of generating
the corresponding N-linked glycopeptides. Firstly, glycosylamine 65 and Asp
thioacid 81 were subjected to the thiol-ene reaction conditions and then the
reaction mixture was left to stir for 16 h at rt to allow the S,N-acyl shift to
occur (Scheme 2.17, Path A). The mixture was then subjected to Zémplen
conditions to hydrolyse the ester functionalities. Unfortunately, none of the
desired product 98 was recovered from the reaction mixture, suggesting that
the reaction had not proceeded as expected. However, there was no evidence of
the alkene functionality in 'H NMR, indicating that the initial thiol-ene reaction
was successful. This implies that the S,N-acyl migration had not occurred and
that perhaps the reaction had not proceeded past intermediate 96. Katritzky and
co-workers have demonstrated S,N-acyl migrations occurring through 5- to 19-
membered transition states for peptide systems when carried out under

°C 226,227

microwave conditions at 50 Therefore, the reaction was repeated as
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before followed by microwave irradiation at 50 °C for 6 h in an attempt to

assist the acyl migration.

i o o) o
- NF A~ . PATH A -
0 NN 81 0 U\\, T S)J\ S Naen o / \’/\SH
< =0 DPAP oo ] Nose (e 5
A0"NT O\ Nt _MAP A0\ o AcHN” \H/OCH’ %> AO \ N)L
AcO >
T AcHN DMF1_ e B0 N o) A0 H 3
n Hs
65 96 97 SR
)
| cH0H
PATH B NaOCH n
I 30 min

99 98

Scheme 2.17: The attempted preparation of Asn N-linked glycopeptide 98. (Path A) The
ligated intermediate 96 undergoes an S,N-acyl shift to give 97 with a native amide bond at the
anomeric centre. Zemplén conditions furnish the desired deprotected N-linked glycopeptide 98;
(Path B) Glycosylamine hydrolysis of intermediate 96 to give the a-hemiacetal 99.
Unfortunately, this attempt to enhance the migration reaction was not fruitful
and none of the desired product 98 was recovered. In an attempt to understand
this result, the thiol-ene reaction between 65 and 81 was repeated followed by
stirring in DMF for 16 h. The solvent was then removed, prior to base
hydrolysis, to allow for crude NMR analysis. The crude 'H NMR showed that
the thiol-ene reaction had proceeded due to the disappearance of the alkene
functionality; however, the thioester was still intact as deduced from the
carbonyl signal at 198 ppm in the ’C NMR. This indicated that the reaction
had not progressed past intermediate 96. Notably, it was observed that the
anomeric position was now displaying a smaller H1-H2 vicinal coupling
constant of 2.7 Hz, indicative of an a-anomer, rather than the initial B-anomer.
AML, which was discussed in Chapter 1, is very sensitive to the nature
of the amino acids at the ligation site with those outlined in Section 1.3.4.1.1,
Figure 1.16 being limited to Gly-containing junctions.''>''® However in the
case of AML, a hindered secondary amine is engaged in the S,N-acyl transfer
whereas in this system a primary amine, albeit a weakly nucleophilic
glycosylamine, is involved instead. The use of a primary amine was expected
to impart increased sequence tolerance at the ligation junction, as seen in the

case of SAL where a primary amine participates in the S,N-acyl migration.'*

73



Chapter 2 - Thiol-ene mediated synthesis of N-linked glycosyl amides

However, in the case of glycosylamine 65 and aspartyl thioacid 81, it was
thought that the S,N-acyl migration was sluggish when compared with the
previously employed thioacetic acid due to the increased steric hindrance at the
thioester intermediate. This slow acyl transfer resulted in the hydrolysis of the
glycosylamine to the corresponding a-hemiacetal 99 (Scheme 2.17, Path B).
The hydrolysis of the glycosylamine was confirmed by HRMS with m/z peak at
615.1808, corresponding to the [99+Na]" product.

2.5.1 Glycosylamine hydrolysis
Hydrolysis of glycosylamines can proceed via one of two mechanisms, which

are depicted in Scheme 2.18, both of which are acid-catalysed. The first
mechanism (A) involves the release of ammonia and proceeds through an
oxacarbenium ion whereas the stepwise mechanism (B) involves the hydrolysis
of an imine intermediate to give ammonia and the resulting hemiacetal. The
latter mechanism involving an acyclic imine intermediate is the most widely

accepted mechanism of glycosylamine hydrolysis.?******%
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Scheme 2.18: Mechanism of acid catalysed glycosylamine hydrolysis.”** (A) Concerted
mechanism which proceeds via an oxacarbenium ion intermediate; (B) Stepwise hydrolysis
proceeding via an acylic intermediate.

It is widely reported that glycosylamine hydrolysis displays strong dependence
on the pH of the solution with it being at its maximum in weakly acidic
solutions.??*?*'%32 Therefore, it was thought that residual TFA from the
removal of the S-trityl group could be catalysing the hydrolysis of the
glycosylamine. Accordingly, the reaction of 65 with 81 was repeated in the
presence of NEt; (2.0 eq.) to neutralise any residual TFA and in an attempt to
curtail the hydrolytic conversion to the free reducing sugar. Unfortunately, this
approach was not successful. Other attempts included conducting the reaction

in aqueous buffered conditions (pH 7.4 phosphate buffer) however the a-
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anomer at H-1 was consistently observed. Unfortunately, reaction of
glycosylamine 65 and tripeptide thioacid 94 yielded similar results, whereby
the S,N-acyl shift was not occurring with glycosylamine hydrolysis being the

prominent reaction.

2.6 Thioacid derivatives to probe scope of the methodology
As the screened reaction conditions were unsuccessful in delivering the desired

N-linked glycopeptides, it was decided to probe the scope of the reaction in an
attempt to gain insight into why the S,N-acyl shift was not occurring in the case
of the Asn thioacids 81 and tripeptide 94. Various S-trityl protected thioacids
were prepared firstly to investigate the scope of the thiol-ene reaction when
thioacids are employed. Secondly, these thioacids would be tested for their
ability to undergo subsequent S,N-acyl transfer reactions with glycosylamine
65. The S-trityl protected thioacids prepared are illustrated in Figure 2.3 and
were synthesised from the corresponding commercially available carboxylic
acids to furnish the protected thioacids in good yields. As discussed in Chapter
1, the ligation efficiency of NCL and SAL is heavily dependent on the steric
nature of the thioester entity with sterically demanding thioesters being more
difficult to ligate.*”**""% Accordingly, the prepared thioacids vary in steric
hindrance (alkyl, phenyl, peptidyl) to probe the ability of the glycosylamine to
undergo the S,N-acyl shift with the thioester intermediate.
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Figure 2.3: Prepared S-trityl protected thioacids and the corresponding yields. The thioesters
were prepared from the corresponding carboxylic acids. Thiobenzoic acid 105 is commercially
available.
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Firstly, the S-trityl isobutyric acid derivative 100 was deprotected using the
previously described conditions of TFA and TES to afford 106 (Scheme 2.19),
which was then reacted with the glycosyl azide 64 to give the desired
glycoconjugate 107 in 88% yield. This result further illustrates that various

thioacid derivatives can be employed as thiyl donors in the thiol-ene reaction.

0]
OW o) AR Ok/\/\S/IH/
O

P 0]
AN i AN
‘AcO 3 DMF, hv, t, 1h AcO 8

AcHN AcHN
64 106 107, 88%

Scheme 2.19: Thiol-ene ligation with glycosyl azide 64 and thioacid 106 to give 107.

The S-trityl protected thioacids, depicted in Figure 2.3, were then
subjected to the previously used reaction conditions with glycosylamine 65.
This procedure involved an initial thiol-ene reaction with the in situ generated
thioacid (1.5 eq.), DPAP, MAP, and glycosylamine 65 in DMF, all of which
were irradiated in a UV oven for | h. The reaction mixture was then allowed to
stir for 16 h at rt to allow the S,N-acyl shift to occur. The final step involved
the removal of the ester groups using basic conditions of NEt; (25.0 eq.) in a
mixture of HO and CH;OH for 4 h. These milder hydrolysis conditions were
employed, rather than the previously employed Zémplen conditions, to avoid
hydrolysis of the base labile Fmoc functionality in 103 and 104. The reactions
of protected thioacids 100, 101, 102, and 103 with glycosylamine 65 all
produced the desired products after column chromatography, the structures of
which are depicted in Figure 2.4. The ligated products were furnished in good
yields with only B-linked products being formed.
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OH S OH S
HO NJW/ Ho” =
He AcHN H AcHN H
108, 61% 109, 59%
OH
OH oo . O
HO " e D Ho? NJK/ NHFmoc
HO AcHN H AcHN H
110, 58% 111, 64%

Figure 2.4: Compounds successfully made using the sequential ligation methodology.
Reactions involved a thiol-ene ligation between glycosylamine 65 and the corresponding S-
trityl protected thioacid in DMF for 1 h in a UV oven. This was followed by stirring in DMF
for 16 h at rt. The final step involved base hydrolysis using NEt; in a H,O:CH;OH mixture.
Yields over the three synthetic steps are reported.

2.6.1 CSO elimination
Intriguingly, the reactions of glycosylamine 65 and S-trityl protected alanine

104 and commercially available thiobenzoic acid 105 did not furnish any of the
desired products. In fact, it was found that the initial thiol-ene reaction was not
proceeding despite excess thioacid (up to 5.0 eq.), excess DPAP (up to 1.0 eq.)
and longer reaction times (up to 5 h) being employed. The use of thioacids in
thiol-ene ligations was simultaneously being investigated by another member
of the Scanlan group (Lauren McSweeney) with similar results being obtained
with thioalanine 104. A side reaction was discovered to be depleting the thiyl
radical which was in turn reducing the efficiency of the thiol-ene reaction, as
depicted in Scheme 2.20A. It was found that CSO elimination of the
thioalanine thiyl radical 112 to form 113 was competing with the thiol-ene
ligation, with 114 being confirmed by HRMS. This CSO elimination was also
likely to be a viable side reaction in the case of thiobenzoic acid (Scheme
2.20B). Thiyl radical 115 degrades to form a stable phenyl radical 116 which
can subsequently lead to the formation of benzene 117. Considering this, it is
surprising that the isobutyric thioacid 106 participated so well as a thiyl radical
donor in the thiol-ene reaction with glycosyl azide 64 (Scheme 2.17), as CSO
elimination would lead to a reasonably stable secondary radical species. In the
case of 101, 102, and 103, CSO elimination would lead to the formation of a
high energy primary radical species. Therefore, it is likely that the thiol-ene

reaction is favoured over CSO elimination due to the formation of a less stable
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primary radical species. It is possible that the CSO elimination could be
avoided or reduced through the use of lower reaction temperatures; however,

due to time constraints in the project, this was not fully investigated.

A 0=C=8 (¢] 0]
C )
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(0]
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Scheme 2.20: CSO elimination of thioacid generated thiyl radicals. (A) CSO elimination of the
thioalanine thiyl radical 112 gives secondary radical 113 which can be quenched by parent
thioacid to give 114; (B) CSO elimination of 115 gives benzyl radical 116 which abstracts a
proton from thiobenzoic acid to give benzene 117.

2.6.2 Synthesis of glutamic acid thioacid
In an attempt to further probe the scope of the methodology, namely the S,N-

acyl shift, a glutamic acid (Glu) thioacid was prepared. Glu bears a strong
resemblance to Asp but contains an extra CH, on its side group; therefore, it
was thought that the Glu thioacid would be less sterically crowded at the
thioester intermediate, and may participate in the S,N-acyl transfer with
glycosylamine 65. Accordingly, the Glu S-trityl protected thioacid was
prepared, with the synthesis outlined in Scheme 2.21. Firstly, the amino
functionality of commercially available 118 was acetylated using Ac,0O in sat.
aq. NaHCOj; solution to give 119 in quantitative yield. The carboxylic acid of
119 was then methylated, as previously described, to yield 120. Interestingly,
catalytic hydrogenation of 120 with Pd/C carried out in the mixed solvent of
CH,CL:CH30H led to an unexpected product 121 whereby the liberated
carboxylic acid was methylated, resulting in a dimethylated product 121, rather
than the desired 122. This methylation was obviated by switching the solvent
to EtOAc which furnished the desired product 122. The S-trityl group was then
installed, using the conditions described previously, to give the protected

thioacid 123 in 86% yield after column chromatography.
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Scheme 2.21: Synthetic scheme to Glu S-trityl protected thioacid 123.

With 123 in hand, it was deprotected using TFA and TES in CH2Cl; to give
124 (Scheme 2.22A). This crude thioacid was then subjected to thiol-ene
conditions with glycosyl azide 64 to give the glycoconjugate 125 in 94% yield.
Subsequently, thioacid 124 was reacted with the glycosylamine 65 in order to
determine whether the S,N-acyl shift could proceed using the less sterically
demanding thioacid 124 (Scheme 2.22B). Unfortunately, multiple attempts
yielded no success with no ligated product being formed and the formation of
an a-species being observed at the anomeric centre which was found to be the

o-hemiacetal 126.

A 0 0
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Scheme 2.22: Thiol-ene reactions of Glu thioacid 124. (A) Successful thiol-ene ligation of
glycosyl azide 64 with Glu thioacid 124; (B) Unsuccessful S,N-acyl migration of
glycosylamine 65 with Glu thioacid 124 forming a-hemiacetal 126.
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2.7 Reduction of azido after thiol-ene ligation
Due to the glycosylamine hydrolysis occurring in the case of the Asp and Glu

thioacids, it was considered that reduction of the azido group after installation
of the thioester functionality could reduce the timeframe for glycosylamine
hydrolysis, allowing for the S,N-acyl shift to proceed. This hypothesis was
tested on the previously prepared acetyl and isobutyric azido compounds 67
and 107, as shown in Scheme 2.23. Initially, the reduction of the azide in
compounds 67 and 107 was attempted using the previously employed reduction
conditions of (NH4)2MOS4.2]8 However, this method was unsuccessful with the
azide group not undergoing any reduction whatsoever. It was thought that the
unsuccessful reduction was due to the presence of the thioester functionality;
Stiefel and co-workers reported the oxidation of the tetrathiomolybdate ion,

MoS,”, to the dimer, M0,Ss>, by organic disulfides.”*

O)OJ\/\/\S)OLR OJ\/\/\S/U\R

Pd/C, Hy &
AcO EtOAC, AcO
AcO N3 AcO NH,

AcHN n.2h AcHN
67, R = CHs 127,R = CHs
107, R = CH(CH3), 128, R = CH(CHs),

0 O
AcO N /U\ AcO
AcO § R AcO
AcHN

1 |
oj\/\/\SH oj\/\/\si

AcHN
O
129, R = CH3 131, R = CHj3, 96%
130, R = CH(CH3), 132, R = CH(CH3),, 95%

Scheme 2.23: Reduction of the glycosyl azide functionality in 67 and 107, using
hydrogenation conditions. The desired ligated products 129 and 130 were not formed. Instead,
both reactions resulted in glycosylamine hydrolysis to give the a-hemiacetals 131 and 132.
However, now that the alkene bond was no longer present,
hydrogenation could be used for the reduction of the azide group. In the first

instance, catalytic hydrogenation using Pd/C (0.1 eq.) was applied to reduce the

azide group in 67. However, no reaction was observed, presumably due to the
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sulfur moiety poisoning the Pd.>>**° Considering this poisoning effect, the
reaction was repeated using equimolar quantities of the Pd catalyst in an
attempt to curtail the deactivation of the catalyst by sulfur. After 2 h under a
hydrogen atmosphere, complete consumption of the starting material azide 67
was observed by TLC and the characteristic IR azide peak at 2117 em™ was no
longer observed, indicating the reduction of the azide group had occurred.
However, analysis of the crude '"H NMR showed quantitative conversion to an
a-anomer, as shown in Figure 2.5. In the azido compound 67, the anomeric H-1
proton appears as a doublet (d) with a H1-H2 vicinal coupling of 9.4 Hz,
indicative of a f-anomer (Figure 2.5, fop). However, after the hydrogenation
conditions, the anomeric H-1 proton appeared as a broad singlet (br s),
signifying a change in the stereochemistry at the anomeric centre. Furthermore,
the C-1 displayed a downfield shift from &¢ 88.4 to 91.8 ppm upon conversion

to the a-anomer.

d,/=9.4 Hz

BT . . i N AUV = =i

'Y s 80 s [ppm

Figure 2.5: Comparison '"H NMR (400 MHz, CDCl;) of compounds 67 and 131 highlighting
the difference in H-1 signal upon azide reduction. (Top) 'H NMR of 67; (Bottom) "H NMR of
131.

It was then concluded that the glycosylamine formed had undergone rapid
hydrolysis to give the a-hemiacetal 131. This was confirmed through HRMS
displaying a m/z peak at 486.1415, corresponding to a [131+Na]" species. The
formation of the a-hemiacetal 132 was also observed in the case of the
compound 107. Considering the azido moiety in 67 is reduced to the amine and
subsequently hydrolysed within the time period of 2 h with none of the desired
ligated product 129 or 130 being formed, it is thought that the hydrogenation
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conditions provide an environment which is slightly acidic facilitating the
glycosylamine hydrolysis or the equimolar catalyst loading is somehow
catalysing the hydrolysis of the glycosylamine. The reduction conditions were
repeated under basic conditions of NEt; in EtOAc and in aqueous buffered
solution, however all tried conditions resulted in the rapid hydrolysis of the

glycosylamine.

2.7.2 Introduction of a bulky N-phthalimido protecting group
It was then decided to investigate the effect of a bulky protecting group at the

C-2 position on the formation of the hydrolysis product. It was speculated that
the introduction of a bulky phthalimido group at the C-2 position would exert a
strong steric effect on the anomeric position, due to its large size, and sterically
perturb the formation of the a-hemiacetal. Furthermore, Murphy and co-
workers reported the production of anomeric mixtures of anomeric amides
when proceeding via glycosylamines. These mixtures were not observed in the
glucosamine derivative when a bulky phthalimido group was present at the C-2
position.””” The synthesis of a phthalimido protected glycosyl azide is

illustrated in Scheme 2.24.

OH OH OAc
" o Phth,0, NaOCH4 Ho/% Ac,0, py ACO%
HO OH  CH,0H, 65 °C, HO ™S_OH  CHCl,, 16h AcO OAc
NH; CI 25 min - 0 e
155 = 135, 85%
134
(0]
OAc OH C'/U\/\/
TMSN3, TMSOTF Acom NaOCHs, GHNO3 110 0 NEt,
CH4CN, 1t, 16 h AcO N5 CH4OH, rt, 15min HO Na DMF,
NPhth NPhth 0°C-rt.2h
136, 62% 137, 83%

0 o o o
oI bt 66 e e
Ho NPhth CHiClp, 1, 16h  AcO NPhth N DMF, s NPhth i
hv,rt, 1h

138, 77% 139, >99% 140, 92%
Scheme 2.24: Synthesis of C-2 protected phthalimido glycosyl azide 139 and its subsequent
thiol-ene reaction with 66.

The N-phthalimido (N-Phth) moiety was introduced by reacting 133
with phthalic anhydride in the presence of NaOCHj; to give 134 which was
then globally acetylated to give 135. The azide group was then introduced
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using the lewis acid trimethylsilyl triflate (TMSOTf) and TMS azide (TMSN3)
to furnish 136 in 62% yield, according to a literature procedure reported by Ito
and co-workers.”® Exposure of 136 to previously employed Zémplen
conditions resulted in the undesired opening of the phthalimido ring. An
alternative approach was employed which involved O-deacetylation with a
methanolic solution of guanidine/guanidinium nitrate (G/GHNO3).*° This
allowed for the removal of the O-acetates without affecting the phthaloyl
group, affording 137 in 83% after column chromatography. The alkene was
then regioselectively introduced at the C-6 position using 4-pentenoyl chloride
(1.2 eq.) and NEt; in DMF to furnish 138 in 77% yield. As before, the
regioselective esterification at the 6-position was confirmed through HMBC
NMR analysis. The two free hydroxyl groups in 138 were then acetylated with
Ac,0 and py in CH,Cl, to give 139 in quantitative yield. For direct comparison
of the role of the C-2 protecting group on the glycosylamine hydrolysis under
hydrogenation conditions, compound 139 was subjected to thiol-ene conditions
with DPAP, MAP, and 66 to furnish 140 in 92% yield. Compound 140 was
then subjected to the same hydrogenation conditions employed for compounds
67 and 107, which involved stirring in EtOAc under an atmosphere of

hydrogen with equimolar quantities of Pd/C (Scheme 2.25).
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Scheme 2.25: Reduction of azide fucntionality in the N-Phth protected 140 to give two

possible products 141 or 142. The formation of 141 was confirmed through an acetylation
reaction to furnish 143.

The reduction of the azide of 140 was confirmed by the disappearance of the

characteristic peak at 2120 cm™ in the IR. As shown in Figure 2.6, the B-azide
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140 displays a HI1-H2 vicinal coupling of 9.4 Hz. Upon hydrogenation of 140,
the H-1 anomeric proton of the product species 141 shows an upfield shift with
the signal still appearing as a doublet displaying the same HI1-H2 vicinal
coupling of 9.4 Hz, indicative of a B-anomer. This implies that the N-Phth was
successful in curtailing the formation of an anomeric a-species upon
hydrogenation of the azide. Analysis of the reaction mixture by HRMS showed
a m/z peak at 573.1514, which could correspond to both [141+Na]" and
[142+Na]” with no hydrolysis product being detected. The reaction mixture
was then subject to microwave irradiation in DMF for 5 h at 50 °C to
encourage the S,N-acyl migration to form 142. Disappointingly, after
microwave irradiation there was no change in the '"H NMR spectra (Figure 2.6,
bottom) and HMBC experiments also showed no correlation between the H-1
proton and a carbonyl functionality. Furthermore, the presence of a thioester
signal at 195.8 ppm in the *C NMR confirmed that the S,N-acyl migration had
not occurred. Unexpectedly, the B-orientation at the anomeric centre remained
with no anomerisation or hydrolysis being observed after the microwave
irradiation. To further confirm that the anomeric glycosylamine was still intact
and had not been hydrolysed, the reaction mixture was subjected to acetylation
conditions which furnished compound 143, confirmed by a m/z peak at
615.1624 corresponding to [143+Na]’. The formation of an amide at the
anomeric centre was further confirmed by the appearance of a signal in the NH

COSY corresponding to the newly formed anomeric amide.
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Figure 2.6: '"H NMR (400 MHz, CDCl;) of compounds 140 and 141 highlighting no change in
the H1-H2 vicinal coupling upon azide reduction. (Top) 'H NMR of 140; (Bottom) "H NMR of
141.
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Although the introduction of the N-Phth group at the C-2 position successfully
prevented glycosylamine hydrolysis, it appears to have had a negative impact
on the S,N-acyl migration reaction. The N-Phth is a very bulky protecting
group and the introduction of such a sterically demanding group could be
causing the ligation site to be too sterically hindered thus preventing any acyl
transfer. Furthermore, the bulky N-Phth may have a negative effect on the
nucleophilicity of the glycosylamine. The N-Phth is more electron withdrawing
than the previously employed N-acetyl group therefore, this change may cause
the glycosylamine to be deactivated toward acyl transfer.

Interestingly, Bernardi and co-workers reported the stereoselective
synthesis of glycosyl amides from a-glycosyl azides using the traceless
Staudinger ligation.**" It was found that the stereoselectivity of the reaction
depended critically on the sugar protecting groups. The O-benzyl protected a-
glucosyl azides furnished the desired a-amides whereas the O-acetyl protected
a-azide afforded B-glucosyl amides. It was postulated that the electron
withdrawing nature of the O-acetyl protecting groups may reduce the rate of
acylation and favour anomerisation. Therefore, future work could focus on the
use of the deprotected glycosylamine or the use of electron-donating protecting
groups, such as O-benzyl or O-benzoates to enhance the nucleophilicity of the

anomeric amine.

2.8 Conclusion
In summary, a route to the desired glycosylamine with an appended alkene

chain for use in thiol-ene ligations is described. Reduction conditions involving
(NH4)>MoS4 proved efficient for the reduction of the anomeric azide in the
presence of the alkene functionality. A variety of S-trityl thioacids with
varying steric hindrance (alkyl, phenyl, peptidyl) were synthesised to test the
substrate scope of the proposed methodology. The first examples of peptidyl
thioacids being employed in thiol-ene coupling reactions are described, with
ligations being demonstrated with 4 peptidyl thioacids: Gly, Asp, Glu, and a
Leu-Asp-Thr tripeptide unit. The thiol-ene reactions resulted in the ligated
glycoconjugate products being furnished in high yields (82-94%) and the
reactions were compatible with aqueous conditions. When using thioacids in

the thiol-ene reaction, it was found that CSO elimination of the generated thiyl
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radical was a competing side reaction. This elimination reduced the efficiency
of the thiol-ene ligation through depletion of the thioacid donor. This limitation
appears to operate in thioacids which generate a stable radical as this side
reaction was not observed in compounds which would generate an unstable
primary radical species.

The desired one-pot cascade reaction involving (i) thiol-ene ligation,
(i) S,N-acyl shift, and (iii) ester hydrolysis was successfully demonstrated
using 5 different thioacid donors with one example furnishing an N-linked
glycopeptide (GIcNAc-Gly). In these examples, a high degree of product
conversion was observed with complete stereoselectivity being achieved. The
aim of this work was to use thiol-ene chemistry and an S,N-acyl transfer
reactions to furnish an N-linked glycopeptide containing a GIcNAc-Asn
linkage. Unfortunately, this ligation was unsuccessful with glycosylamine
hydrolysis being the prominent reaction. The S,N-acyl migration was also
unsuccessful when a Glu residue was employed, which suggests that these 2
amino acids give rise to sterically hindered ligation junctions. Future work
could include exploring a wider array of thioacids and the resulting structures
optimised by means of quantum chemical calculations. These calculations
could prove very interesting and may shed some light on the functionalities
which give rise to a favourable S,N-acyl transfer.

It was also found that glycosylamine hydrolysis was prominent under
hydrogenation conditions when equimolar Pd/C catalyst loadings were
employed. This glycosylamine hydrolysis was prevented through the
installation of a bulky phthalimido protecting group at the C-2 position.
However, the introduction of this bulky electron withdrawing moiety appears
to disfavour S,N-acyl transfer, sterically or through inductive deactivation of
the anomeric amine. Future work could involve the screening of various
glucosamine N-amino protecting groups in an attempt to prevent
glycosylamine hydrolysis while retaining the nucleophilicity of the
glycosylamine. A careful balance of steric bulk and electron donating ability

should be considered to allow for the S,N-acyl migration.
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3.0 Introduction

As discussed in Chapter 1, protein ubiquitination is a prevalent PTM which
was discovered in the early 1980s and involves the covalent attachment of Ub
via its C-terminal Gly residue to the e-NH, group of a target Lys residue
through an isopeptide bond, the process of which was detailed in Chapter 1,
Section 1.3.4.%*! Defects in the ubiquitination system can contribute to disease,
namely cancer and neurodegeneration, making the ubiquitination system a
potential therapeutic target.*** In fact, the Nobel Prize in Chemistry was
awarded in 2004 for the “discovery of ubiquitin-mediated protein
degradation™.**' Ever since the realisation of the importance of ubiquitination,
suitable methodologies to prepare practical quantities of ubiquitinated proteins
has been a major driving force for several research groups. Furthermore, the
conjugation of Ub to reporter molecules has been widely used to study the
action of DUBs."” The total chemical synthesis of proteins offers the
opportunity to obtain homogeneous post-translationally modified proteins, as
well as proteins with non-native linkages, due to the high level of control
chemical synthesis has to offer. In this chapter, a chemical ligation method
towards the synthesis of ubiquitinated peptides is described. This ligation
method is based on a sequential thiol-ene and S,N-acyl migration reaction,
which was developed in Chapter 2. Prior to that, a brief review of some of the

chemical methods to prepare native and non-native Ub conjugates is presented.

3.1 Chemical synthesis of native Ub and Ub-conjugates

The relatively small size of Ub (76 amino acids) allows its chemical synthesis
to be performed by SPPS, with the first chemical synthesis of Ub being
reported in 1989 by Briand and Ramage.****** Both the preparation of Ub and
its conjugates have been accomplished using ligation strategies, such as NCL.
Since there are no Cys residues in Ub, the use of conventional NCL to prepare
Ub is not possible; however, Ub contains 2 Ala residues which are suitably
located for use as ligation sites. Kent and co-workers prepared Ub using NCL
by mutating 2 of the Ala residues (Ala28 and Ala46) to Cys to enable

245

ligation.”” For synthetic convenience, to avoid demethylthiolation, they

replaced the Met residue in Ub with Leu, as Leul has been shown to retain full
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biological activity.”*® As depicted in Scheme 3.1, they conducted a one-pot
three-segment convergent assembly of 3 peptide fragments followed by

desulfurisation of the mutated Cys residues to the native Ala.
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Scheme 3.1: Synthesis of Ub using a one-pot three-segment ligation strategy.”*’ Ala28 and
Ala46 were converted to Cys28 and Cys46 to allow ligation by NCL. After the first ligation,
the thiazolidine protecting group of Cys28 is removed with methoxyamine-HCI. This allows
for the second NCL ligation with the third peptide segment. The final step involves
desulfurisation to give the native Ala residues and the completed Ub peptide.

One chemical method used for the preparation of native Ub protein
conjugates was reported by Brik and co-workers and involves the use of
mercapto Lys derivatives, which was discussed in Section 1.3.4.2, Scheme
1.24."** In this approach, a 8-mercapto Lys residue is prepared to act as a thiol
source in the initial transthioesterification reaction with a Ub thioester. This is
followed by an S,N-acyl shift through a 5-membered transition state to form a
native isopeptide bond. The thiol handle can be subsequently removed by
chemical desulfurisation. In a joint effort by the Brik and Lashual research
groups, the first semi-synthesis of monoubiquitinated a-syn was achieved using
this Cys surrogate approach as the key ligation strategy.**’ As discussed in
Chapter 1, Section 1.1.1.1, a-syn is a 140-amino acid presynaptic protein
which is believed to be involved in the pathogenesis of PD, with it being found

that the implicated a-syn species are often ubiquitinated.”*® Therefore, in order
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to determine the role ubiquitination plays in disease progression, a-syn and its
Ub conjugates represent a key synthetic target for many research groups.
3.2 Chemical synthesis of Ub polymers
The most well-known function of ubiquitination is its targeting of proteins for
degradation.”® While some proteins undergo proteasomal degradation with
monoubiquitination, for others, it is known that a Ub chain made of four units
is necessary; however, there are numerous cellular activities for which the
preferred Ub chain length is unknown.***'*” The process of ubiquitination is
still poorly understood, with an added layer of complexity arising from the
ability of Ub to form polymers. The Ub protein itself has seven internal Lys
residues (Lys6, Lysll, Lys27, Lys29, Lys48, and Lys63) hence
polyubiquitination is a complex modification where the outcome of the
resulting signal depends on which Lys residue in Ub is linked to consecutive
Ub molecules.™ Methods for the preparation of ubiquitinated peptides and Ub
polymers exist which employ enzymes.””'**** However, challenges exist
such as the identification of the relevant enzymes for a specific conjugate and
obtaining a high level of control in the in vitro preparation of Ub chain of
particular linkages and length.”” All chain types have been found in vivo
however Lys48- and Lys63-linked chains are the most studied chains and are
known as ‘typical’ chains.”® Conversely, very little is known about the function
of the other Lys linkages which are known as ‘atypical’ chains, as the specific
enzymes required for their biosynthesis are currently unknown. Insights into
the biological function of polyubiquitination can be achieved through the
development of chemical methods to prepare Ub polymer chains, of varying
length bearing varying linkage types.

The Brik group were first to prepare all seven possible di-Ub chains by
a fully synthetic approach.”* As with the ubiquitination of peptides previously
discussed (Scheme 1.24), this approach relies on the introduction of a §-
mercapto Lys residue at the desired position (e.g., Lys6) to allow for NCL with
an Ub thioester forging the desired isopeptide bond. The final step requires a
chemical desulfurisation to give the desired unmodified native linkage. Shortly
after, Ovaa and co-workers reported a semisynthetic approach for the synthesis
of all di-Ub linkages.”>> This method involved the synthesis of both Ub

monomers using Fmoc-SPPS. The proximal Ub contained a §-mercapto Lys
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residue at the desired position to mediate isopeptide bond formation.
Interestingly, the distal Ub thioester was prepared by the thioesterification of
the carboxy terminus using an E1 enzyme. However, this approach required the
mutation of the proximal Ub Gly76 to Val to prevent undesired processing by
the E1 enzyme.

Chin and Komander reported an approach towards ‘atypical’ di-Ub
chains, which they termed genetically encoded orthogonal protection and
ligation (GOPAL).”® GOPAL combines genetic engineering with
chemoselective chemical synthesis and is illustrated in Scheme 3.2. A
genetically encoded Lys(Boc) was introduced at the desired position in Ub
while the remaining Lys residues were protected with N-
(benzyloxycarbonyloxy)succinimide (Cbz-OSu). The Boc group was
subsequently removed to allow for isopeptide bond formation with an Ub
thioester, which was obtained using intein expression. The last step involved
global deprotection to give the target native di-Ub product. One noticeable
drawback of this method is the need for protecting group chemistry to allow for

the site-selective ligation.

expression, intein fusion expression

1. global amine protection

|

| global amine protection (Cbz-OSu,DIEA, DMSO)

‘(Cbz-OSu,DIEA. DMSO) 2 Boc deprotection
(TFAH,0)

L 7 o
b SR
Coupling
‘ (AgNO;, HOSu, DIEA, DMSO) l

| NHCbz

Cbz deprotection NH NH,
(TFMSA, DMS, TFA) (r/
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Scheme 3.2: The semi-synthetic GOPAL approach towards di-Ub chains.”*® Cbz-OSu: N-
(benzyloxycarbonyloxy)succinimide, DIEA: N,N-diisopropylethylamine; DMSO:
dimethylsulfoxide, TFA: trifluoroacetic acid, HOSu: N-(hydroxy)succinimide, TFMSA:
trifluoromethanesulfonic acid, DMS: dimethy! sulfide.

Nevertheless, Chin and Komander used this approach to prepare both Lys6-
and Lys29-linked di-Ub. They then solved the crystal structure of the Lys6-
linked di-Ub which displayed a new compact conformation, distinct from that
of ‘typical’ di-Ub chains. Moreover, the synthesis of these ‘atypical’ linkages
allowed the profiling of 11 DUBs which revealed that DUB TRABID, thought
to be specific for Lys63-linkages, exhibited 40-fold higher proteolytic
efficiency toward K29-linked di-Ub. Fushmann and co-workers modified the
GOPAL strategy to incorporate Alloc protecting groups, rather than Cbz,
which can be removed under mild conditions.”” They also prepared the Ub
thioester using an El enzyme, as reported previously by Ovaa and co-
workers.”> In this way, they prepared an assortment of Ub polymers such as
K11-linked di-, tri-, and tetra-Ub.

As discussed throughout this thesis thus far, thiol-ene chemistry is an

258,259 .
27 Strieter and

attractive option for site-selective biomolecule modification.
co-workers used thiol-ene chemistry to construct di-Ub polymers containing
non-native linkages.”®  They did this by replacing the desired site of
ubiquitination with a Cys residue and an allyl amine functionality was
introduced at the C-terminus of another Ub monomer, using the Ub C-terminal

hydrolase (UCH) enzyme (Figure 3.1A).

Figure 3.1: Synthesis of non-native Ub chains using thiol-ene chemistry initiated using
LAP.**'?%? (A) Formation of Ub dimers. A Lys to Cys mutation is introduced to one Ub
monomer while an allylamine functionality is introduced to another Ub monomer using the
UCH enzyme. These two monomers can react under thiol-ene conditions, initiated by LAP, to
give a non-native Ub dimer; (B) Polymerisation of a dual functionalised Ub monomer to yield
non-native Ub oligomers of varying lengths.
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This simple alkene was then reacted with the Cys-containing Ub monomer in
the presence of the free-radical initiator lithium acyl phosphinate (LAP). This
thiol-ene ligation afforded a Ub dimer which contained a thioether linkage that
is 1.5 A longer than the native isopeptide bond.*®' They subsequently
demonstrated that DUBs could still selectively cleave this non-native linkage in
hydrolysis assays, thereby showcasing the utility of thiol-ene coupling in the
generation of Ub-Ub linkages. The same group later reported a dual
functionalised Ub monomer bearing both the Cys and allyl reactive groups
(Figure 3.1B).**” Initiated using LAP and conducted in aqueous media, this
monomer was capable of undergoing multiple thiol-ene polymerisations
allowing access to a series of oligomers, from tetramers to heptamers, linked
through thioether linkages. This approach is useful in that the chemistry is
straightforward; coupling reactions are efficient and minimal synthetic

manipulations are required to produce these polymers.

3.3 Aims of this work
Although the Cys surrogate approach reported by Brik er al. represents a
popular method for the preparation of Ub protein conjugates, the synthesis of
the required §-mercapto Lys residue is lengthy. For instance, the preparation of
the mercapto residue depicted in Figure 1.24 requires over 10 synthetic steps
from L-glutamic acid before incorporation into SPPS. Therefore, there is a need
for a new method for the site-specific incorporation of Ub or poly-Ub chains to
tackle mechanistic questions related to Ub function. Considering the
demonstrated applicability of thiol-ene ligations in Ub bioconjugation reported
by Strieter and co-workers, we were interested in using thiol-ene chemistry to
form native Ub conjugates. Herein, we report a chemical ligation method for
the preparation of Ub related conjugates based on sequential thiol-ene coupling
chemistry and an S,N-acyl transfer reaction, the process of which is depicted in
Scheme 3.3.

Firstly, a thiol-ene ligation occurs between a C-terminal Ub thioester
and a modified Ser residue located adjacent to the Lys that is to be modified.
As we have demonstrated in Chapter 2, thiol-ene ligations can be successfully

extended to the use of thioacids using the previously developed experimental
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conditions. The initial transthioesterification step of NCL reactions can be
quite slow and often requires the addition of exogenous thiols to accelerate the
reaction; however, this method replaces this sluggish step with a speedy, high
yielding “click™ alternative.

The second step involves an S,N-acyl shift over an 18-membered
transition state to furnish a native isopeptide bond. This is analogous to the acyl
migration observed in NCL and EPL, although, this approach involves a much
larger transition state. However, precedence exists with Katritzky and co-
workers having reported successful S,N-acyl transfer reactions via 5- to 19-

o 263
membered transition states.

Lastly, the final step involves the base
hydrolysis of the appended Ser ester to furnish the desired ligated product. This
mild base hydrolysis represents a milder alternative to chemical desulfurisation

methods.

. e @
E/\/\ Y\/\/

(o}
— Thiol-ene Ilgatlon id
[ peptide peptide peptide

S,N-acyl shift

go

HO 0}

1 L
peptide peptide base hydrolysis ?

(0]
Isopeptide \H \

Bond —___ HN
Ubiquitinated peptide

Scheme 3.3: Outline of the proposed thiol-ene mediated ubiquitination methodology. Step one
involves a thiol-ene ligation between a Ub derived thioester and a Ser modified alkene
functionality to give a thioester intermediate. A subsequent S,N-acyl shift gives the native
isopeptide bond. Final base hydrolysis of the ester group yields the unmodified ubiquitinated
peptide.

This ligation methodology does not require a Cys residue or Cys

surrogate and it operates at Ser residues, which are naturally more abundant.
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Ploegh and co-workers have analysed the structure and sequence of 135 known
ubiquitination sites in 95 proteins in Saccharomyces cerevisiae in an attempt to
identify a consensus sequence for ubiquitination.”® Interestingly, it was
observed that Ser and Thr sites often flank the Lys residue to be ubiquitinated.
Our methodology has been designed to take advantage of this feature found in
nature and this offers an additional unique advantage.

As discussed, a-syn is a protein implicated in PD with its Ub conjugates
being a synthetic target of many. Accordingly, the aim of this project was to
synthesise a fragment of a-syn for ligation with a Ub derived thioacid, using
the methodology proposed in Scheme 3.3. The target unit 144 is comprised of a
Leu-Ser-Lys tripeptide sequence, as depicted in Figure 3.2. The Ser unit is
modified to incorporate an alkene moiety which can participate in a thiol-ene
ligation with a Gly thioacid. Furthermore, the Lys e-NH, functionality is
masked as an azide which can be subsequently reduced to the amine to allow
for the S,N-acyl transfer reaction. The synthesis of the azido peptide 144 and its
subsequent use in thiol-ene ligations and acyl migrations reactions will be

discussed in the following sections.

144 N,

Figure 3.2: Target tripeptide for use in the thiol-ene mediated ligation methodology. The
chosen peptide (Leu-Ser-Lys) is a tripeptide sequence from the biologically relevant a-syn and
contains a Ser residue modified with an alkene for participation in thiol-ene ligation. The Lys
e-NH, group is masked as an azide and will be later reduced to the amine to allow for S,N-acyl
migration with a Ub thioester.

3.4 Synthesis of a-synuclein associated tripeptide unit
3.4.1 Azides and the diazo transfer reaction
As depicted in Scheme 3.3, the Lys e-NH, group is involved in the S,N-acyl

transfer reaction to form the native isopeptide bond. However, this amino
functionality requires protection to allow for the synthesis of the desired
tripeptide unit. The azide functionality plays an important role as a protecting

group for primary amines and circumvents some of the orthogonality problems
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encountered when using conventional amine protecting groups since azides are
resistant to both acidic and basic conditions.”*>**® Accordingly, it was decided
to mask the Lys e-NH, as an azide. Amines may be converted to their
corresponding azides using a diazo transfer reaction with a diazo donor, most
commonly a sulfonyl azide. The process of diazo transfer is extremely mild,
high yielding and most importantly, allows the preservation of any existing
stereochemistry.”®”  The initial diazo donor of choice was
trifluoromethanesulfonyl azide (TfN3), which transforms amines to azides in a
single, high yielding step. However, TfN3 is unstable and inherently explosive
when dry, thus requiring in situ preparation. Goddard-Borger reported an
alternative diazo donor in the form of imidazole-1-sulfonyl azide (ImSO,Nj3)
hydrochloride, a crystalline and shelf-stable alternative to TfN3.**® ImSO,N;

can be easily prepared by a two-step procedure, as depicted in Scheme 3.4.

1. S0,Clp, CHsCN, 0°C - 1t, 16 h TS HX AR
NaN; 2o S N3—§—N N Ny—S-N" - NH'X
2. Imidazole, 0 °C -, 5 h 3 \—/ EtOAc or Et,0 - \—J
145 145-HX

Scheme 3.4: Preparation of imidazole-1-sulfonyl azide salts for use in diazo transfer
‘269
reactions.

Firstly, sulfuryl chloride (SO,Cl,) is reacted with NaN; in CH3CN to give
chlorosulfonyl azide (CISO;N3), which is then reacted with imidazole to give
145. Compound 145 can then be converted to the corresponding salt by the
addition of an appropriate acid in EtOAc or Et;O. Interestingly, Goddard-
Borger and co-workers reported that 145-HCI was less stable than originally
thought, as it was found to be impact sensitive.”®” In order to make 145-H,SO0q,,
a solution of sulfuric acid in EtOAc was added slowly to 145 whilst stirring at
0 °C. Unfortunately, each attempt resulted in the formation of an oily residue,
rather than the desired crystalline salt. Partitioning 145-H,SO4 between EtOAc
and sat. aq. NaHCOj3 solution provided pure 145. Subsequent treatment of 145
in Et;,O with methanesulfonic acid (MsOH) provided the corresponding
mesylate salt 145-MsOH as a crystalline white solid in 68% yield.

With the diazo donor 145-MsOH in hand, the diazo transfer reaction
was conducted on commercially available Boc-L-Lys methyl ester acetate salt

146, as depicted in Scheme 3.5. The previously prepared 145-MsOH was
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added to a solution of 146, K,COs3, and CuSO4-H,0O in CH30H and stirred for
16 h at rt to furnish 147 in 61% yield after column chromatography.

0 145-OMs i . 9
< K,CO;, CuSO BocHN “ClH3N
BocHN\)J OCH,8 ,CO3, CuSO, oc ~~ OCH, 4M HCI Cl H, \_)J\OCH3
= CH3OH, rt, 16 h = CH,Cl,, 1, 3 h =

) \

o]
“NH; ‘O’< Ny N,

146 147, 61% 148, >99%
OH
BocHN %{OH
149 ©
EDCI-HCI
OH OH
HOBI e O Ho ¢
NEt N 4M HCI i
BN \_/U\OCH3 ————————=  CIH;N NYU\OCH3
CH,Cl,:DMF, o CH,Clp, 1, 3 h o -
i, 16 h \ j\
N; N3
150, 74% 151, >99%

Scheme 3.5: Synthesis of Ser-Lys azido dipeptide 151 using diazo transfer reaction and
145-MsOH.

The successful introduction of the azide moiety was confirmed by the
characteristic IR peak appearing at 2095 cm’'. The Boc group was
subsequently removed by stirring 147 in acidic conditions of HCI in CH,Cl; to
give 148 as the hydrochloride salt in quantitative yield. The Lys compound 148
was then coupled with Boc-L-Ser 149 in the presence of the coupling reagent
EDCI-HCI, NEt;, and HOBt to yield dipeptide 150. The Boc-L-Ser 149 was
previously prepared by reaction of L-Ser with (Boc),0O and NEt; in a mixture of
dioxane and H>O to give 149 in 72% yield. The Boc group was then removed
by stirring 150 in CH,Cl, with HCl to give 151 in quantitative yield.

The next step involved the coupling of the Leu residue to complete the
desired tripeptide sequence. This involved the coupling of dipeptide 151 with
commercially available Boc-L-Leu 152, as shown in Scheme 3.6. Interestingly,
the main product obtained was 153 whereby the Ser primary alcohol underwent
coupling with the activated Leu residue 152. This undesired esterification of
the Ser alcohol was surprising as only stoichiometric quantities of 152 were

employed.
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Scheme 3.6: Unexpected formation of product 153 under peptide coupling conditions using
151 and 152.

The presence of 153 was observed by '"H NMR (Figure 3.3) whereby 4 NH
signals were observed, rather than the 3 expected signals. Additionally, the Boc
peak which resonates at 1.45 ppm integrated to double that of the expected
product indicating that the product formed contained two Boc functionalities.
Furthermore, the Leu side chain methyl groups resonating at 0.94 ppm
integrated to 12H, rather than 6H, further confirming the presence of 2 Leu
moieties in the obtained product. The presence of 153 was further confirmed

by the HRMS with m/z of 722.4072 corresponding to the [153+Na]" species.

4 xCH,
2 x Boc \ /
2xNH 2 x NH
l \/ } , '
1
f I W
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8.0 75 7.0 6.5 6.0 55 5.0 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm

|

SRS N |l |/
s [ ] fs &
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Figure 3.3: '"H NMR (400 MHz, CDCI;) spectrum of 153 indicating the presence of 4 NH
signals, 2 Boc and 4 methyl functionalities.
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3.5 Route towards tripeptide incorporating a silyl protecting group
To circumvent the problem of the Ser alcohol competing with the amine for

acylation, it was decided to introduce a protecting group to the synthetic
strategy. Silyl ethers were the first to be considered as they are easily
introduced and are relatively stable.”” Due to the requirement for repeated Boc
removal, the silyl ether employed was required to be stable enough to
withstand acidic conditions. It is well known that by altering the steric and
electronic properties of the substituents on the silicon atom, stability of the silyl
protecting group can be varied. For example, the bulkier 7-butyldiphenylsilyl
ether (TBDPS) is more stable than 7-butyldimethylsilyl (TBDMS) ethers to
acid hydrolysis. Therefore, as outlined in Scheme 3.7, the Ser alcohol was
masked with a TBDPS group by treatment of 149 with ¢-
butyldiphenylchlorosilane (TBDPSCI) and imidazole in DMF to furnish 154 in
74% yield. The azido functionalised Lys residue 148 was then coupled with
154, using the standard coupling conditions previously employed, to give the
dipeptide 155 in 89% yield. The Boc group was then removed under acidic
conditions of HCI in CH,Cl, to furnish 156 with the silyl protecting group
remaining intact. The Leu residue was then introduced by reaction of dipeptide
156 with Boc-L-Leu 152 to give tripeptide 157 in 92% after column
chromatography. The Boc group in tripeptide 157 was subsequently removed
under acidic conditions and an N-acetyl group was introduced using Ac,O and
py to furnish 158 in quantitative yield over the 2 steps. Lastly, the TBDPS
protecting group was removed to furnish the free Ser alcohol to allow for
subsequent introduction of the alkene functionality. Silyl ethers can be quickly
and orthogonally removed using fluoride reagents. The speedy removal of silyl
protecting groups using a fluoride source is driven by the formation of a strong
Si-F bond, which is about 30 kcal/mol stronger than the Si-O bond.*”
Tetrabutylammonium fluoride (TBAF) is one of the most commonly used
sources of fluoride; therefore, the TBDPS group in 158 was removed using 1M

TBAF solution in THF to give 159 in 94% yield after column chromatography.
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Scheme 3.7: Synthetic route to tripeptide 159 incorporating a silyl protecting group.

3.6 Esterification of Ser using 4-pentenoyl chloride
The last step toward the desired tripeptide 144 involved the esterification of the

Ser hydroxyl to introduce the alkene functionality. This esterification proved to
be more challenging than expected. Initial conditions involved the addition of
4-pentenoyl chloride (1.2 eq.) and NEt3 (1.2 eq.) to 159 in anhydrous CH,Cl,,
as depicted in Scheme 3.8, however, this only gave rise to trace amounts of the

desired product 144.
o}

o /U\/\/
C|)J\/\/ 0 & H 0
AcHN\/U\N N\/U\OCH3
z H o :

! « S

CH,Cl,,0°C-rt,2h
144, trace N3

; OHH b
AcHN JLH N VU\ S
- 0 =

\aiide

Scheme 3.8: Introduction of alkene functionality to tripeptide 159 using 4-pentenoyl chloride.

An optimisation strategy was then carried out in order to obtain 144 in

appreciable quantities (Table 3.1). Repeating the reaction employing a 2-fold
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excess of the acid chloride with NEt; (2.0 eq.) in CH,Cl, gave rise to the
product with an unsatisfactory yield of 14% (Entry 2). Increasing the amount
of acid chloride (4.0 eq, added in 2 aliquots) and prolonging the reaction time
from 2 h to 3 h, only resulted in a slight increase in the yield with 144 being
obtained in 20% yield (Entry 3).

Table 3.1: Optimisation of the esterification of the Ser residue in tripeptide 159
depicted in Scheme 3.7.
Entry Acid NEt;eq. DMAP Time (h) Solvent Yield

chloride eq.

1 1.2 1.2 4 2 CH,Cl, Trace
2 2.0 2.0 = 2 CH,Cl, 14%
3 4.0 4.0 = 3 CH,Cl, 20%
4 4.0 4.0 = 3 DMF 34%
5 3.0 3.0 0.1 2 DMF 58%
6 ]2 1.2 1 Z DMF 71%

Reaction conditions: All reaction conditions were performed at tripeptide 159 concentration of
0.05 M with the reaction conducted in anhydrous solvent under an argon atmosphere. All
equivalents are based on the tripeptide 159 (1.0 eq.).

At this point, an alternative to the acid chloride was investigated in an attempt
to increase the yield of the product. Arsianti and co-workers reported the
esterification of Thr using acrylic acid under peptide coupling conditions of
diisopropyl carbodiimide (DIC) and 4-dimethylamino pyridine (DMAP).*"'
Therefore, as outlined in Scheme 3.9, 4-pentenoic acid was activated by the
addition of DIC and DMAP followed by the addition of tripeptide 159. This
approach produced 144 in a disappointing yield of 42%, although it did prove

to be an improvement on the previously screened conditions.
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Scheme 3.9: Introduction of alkene functionality to tripeptide 159 using peptide coupling
conditions of DIC, DMAP, and 4-pentenoic acid.

Due to the observation that the formation of a DMAP activated ester appeared
to increase the yield of the desired product, it was thought that the addition of
DMAP to serve as a nucleophilic catalyst would assist the reaction of 159 with
acid chloride, 4-pentenoyl chloride. Gratifyingly, addition of catalytic DMAP
to the reaction of 159 with 4-pentenoyl chloride (3.0 eq.) and NEt; (3.0 eq.)
furnished the product in 58% yield (Entry 5). The quantity of acid chloride was
subsequently reduced to 1.2 eq. along with the use of stoichiometric amounts
of DMAP which furnished the desired product 144 in a satisfactory yield of
71% (Entry 6).

3.7 Initial thiol-ene ligation using thioacetic acid and dipeptide
Initially, it was decided to investigate the ligation methodology using the

simple thioacetic acid donor 66 as a test substrate. This thiyl radical donor was
successfully employed in thiol-ene ligations and subsequent S,N-acyl migration
reactions in Chapter 2. Furthermore, due to the tripeptide 144 being produced
in a small quantity and representing a precious intermediate, it was decided to
conduct the preliminary reactions on the dipeptide 150. As outlined in Scheme
3.10, the alkene functionality was introduced to the dipeptide 150 using the
previous optimal conditions (Table 3.1, Entry 6) to give 160 in 77% yield.
Using the thiol-ene reaction conditions employed in Chapter 2, dipeptide 160
was added to a solution of the photoinitiator DPAP (0.1 eq.), photosensitiser
MAP (0.1 eq.) and 66 (1.1 eq.) in DMF and the mixture was irradiated in a UV
oven for | h; ligated 161 was successfully obtained in 96% yield after column

chromatography.
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Scheme 3.10: Esterification of dipeptide 150 followed by thiol-ene ligation with 66.

3.8 Reduction of the azide group
With compound 161 in hand, the azide needed to be reduced to liberate the free

amine which would subsequently participate in the S,N-acyl shift. As discussed
in Chapter 2, Section 2.7, the reduction of the glycosyl azide under
hydrogenation conditions required the use of equimolar quantities of Pd/C, due

3¢ Accordingly,

to the poisoning of the catalyst by the sulfur functionality.
compound 161 was dissolved in EtOAc followed by the addition of Pd/C (1.0
eq.) and stirred under an atmosphere of hydrogen for 3 h (Scheme 3.11). The
reduction of the azide functionality was confirmed by the disappearance of the
characteristic azide IR peak at 2097 cm™'. However, during NMR analysis, it
was found that these reductions conditions caused desulfurisation of 161

furnishing 162 in quantitative yield.

H o § Pd/C, H Ho§
, M2 N
BocHN = \_)J\OCH3 BocHN \.-)J\OCH3

o j\ EtOAc, rt, 3 h o \H
161,96% N3 162,>99% NH,

Scheme 3.11: Desulfurisation of 161 under hydrogenation conditions employing Pd/C.

The desulfurisation to form 162 was indicated by the absence of the thioacetate
group in the '"H NMR and the presence of a butane type alkyl chain. The
presence of the methyl terminated alkyl chain (CH3CH,CH,CH,) was
confirmed by a selective total correlation spectroscopy (TOCSY) experiment.
TOCSY experiments allow for 'H-'H connectivity to be established by
extracting out proton signals of a selected spin system.””> This experiment can

become very useful when a '"H NMR spectrum is hampered by overlapping
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signals. As depicted in Figure 3.4, bond correlations can be observed by the
selective excitation of one peak in the 'H NMR spectrum, the terminal CHs at
0.95 ppm in this case. Magnetization can then be transferred throughout this
spin system to provide a spectrum which contains only the peaks in the same
spin system, allowing the presence of the desulfurised alkyl chain to be
confirmed.””? This desulfurisation was further verified by HRMS with a m/z
peak at 432.2706 corresponding to the [162+H]" species.

Tk & |

a5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm

Figure 3.4: Selective TOCSY experiment (400 MHz, CDCl;) of 162 confirming the
desulfurisation of 161. Selective irradiation was applied at CH; (labelled 1) at 0.95 ppm.

r Sl

Whilst conducting a literature search, it was found that Dawson reported
hydrogenolytic desulfurisation of Cys residues using various Pd catalysts,
including Pd/C, with it being found to be comparable to Raney nickel.''®
Therefore, an orthogonal reduction method was needed which would quickly
and cleanly transform the azide to the amine, whilst leaving the labile thioester
moiety intact.

Encouragingly, a method reported by Vilarrasa and co-workers using a
SnClo/PhSH/NEt; mixture appeared to be very useful.”’>?’* This approach
involves the addition of PhSH (6.0 eq.) and NEt; (4.5 eq.) to anhydrous SnCl,
(1.5 eq.) in CH3CN to form [Sn(SPh)s;], which is believed to be the active
reduction species. This is then added to a solution of the azide (1.0 eq.) in

CH;CN, to allow for azide reduction in very short reaction times of 20 min.
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This procedure was reportedly used for the reduction of an azide in the
presence of a labile anhydride, therefore this approach appeared to be a
promising reduction reagent for compound 161.>”° Accordingly, [Sn(SPh)s]
was prepared as per the literature procedure followed by the addition of 161
(Scheme 3.12), with the reduction of the azide being complete within 20 min,
as determined by TLC analysis. It is noteable that only 3 eq. PhSH was
employed for the preperation of [Sn(SPh)s], rather than the excess used in the
literature (see experimental), to avoid the presence of excess PhSH in the
reaction mixture and any unwanted transthioesterification with the installed
thioester. The successful reduction of the azide was confirmed by the loss of
the characteristic IR peak at 2097 cm™ and through HMRS displaying a m/z
peak at 540.2149, corresponding to the [163+CI]" species.

O O (0]

O
O)l\/\/\s)j\ gnCIZ OMS /U\
L - hSH -
NEt
N 9 N
BocHN \:)Loc:H3 BocHN Joom
o - z

ﬁ\‘ CH3CN, rt, 20 min o \
161 N3 163 NH;

Scheme 3.12: Reduction of azide using tin/mercaptan complex.

This reduction protocol rapidly reduced the azide functionality in compound
161 but resulted in the problem of effective product isolation after the reaction
was complete. The recommended protocol employs a strongly basic workup
consisting of 2N NaOH in order to destroy the tin complex. But this procedure
is not applicable to substrate 163 due to the labile thioester functionality;
therefore, the work up procedure needed to be modified. Instead, a weakly
basic workup involving sat. aq. NaHCOs solution was used followed by
stirring of the combined extracts in CH3;OH for 1 h. Stirring in CH30H serves
as a tin exchange method, reported by Fu, which transfers the tin from nitrogen

to the oxygen of the CH;OH solvent, as illustrated in Scheme 3.13.%7°
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Sn exchange

R—r\'l—Sn(SPh)3 » H3CO-Sn(SPh),
H / \
}
H

Scheme 3.13: Tin exchange method using CH;OH.”’® After the reduction of the azide group,
the reaction mixture is transferred to CH;OH and stirred for 1 h at rt. This serves as a Sn
exchange method where the Sn is transferred from the amine nitrogen to the oxygen of
CH;OH.

3.9 One-pot: azide reduction, S,N-acyl shift and base hydrolysis
Satisfied that the reduction of the azide was successful using the tin/mercaptan

method, the reaction was repeated followed by stirring the reaction mixture in
DMF for 16 h to allow for the S,acyl shift to proceed to give 164, as depicted in
Scheme 3.14. This was then followed by treatment with KOH in CH3;OH at 0
°C to hydrolyse the pentanoyl ester moiety. The base hydrolysis was
neutralised by the addition of DOWEX-H" resin which was then filtered. After
column chromatography, the desired compound 165 was recovered, albeit in a

disappointing yield of 45% calculated over 3 steps.

O/U\/O\/\S)]\ 1. SnCl,, PhSH, NEt; O/U\/O\/\S)J\
H CH;CN, rt, 20 min H
NI 2 N
BocHN > OCHj, 2.CH30H, rt, 1 h BocHN ; OCH,4

S,N-acyl shift
DMF, rt, 16 h

o} 0}
H KOH /(y(H
NI N A
BocHN/gr 5 OCH,4 CH3OH, 0 °C, 15 min BocHN : OCH,4

HN HN
165, 45% \f 164 \f

Scheme 3.14: Proposed one pot reaction for the formation of 165. The methodology was tested
using dipeptide 161. The first step involved the reduction of the Lys azide using a
tin/mercaptan complex, followed by stirring in CH;OH to allow for Sn exchange. The reaction
was then left to stir in DMF to allow the S,N-acyl shift to occur to give 164. The last step
involved the hydrolysis of the Ser ester group using KOH to give 165.
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In an attempt to understand why the isolated yield was quite low, the
reaction was repeated followed by removal of the solvent after the S,N-acyl
shift, and prior to the base ester hydrolysis. Crude NMR analysis did not yield
a conclusive answer; therefore the mixture was subjected to chromatographic
purification. Interestingly, two compounds were isolated after column
chromatography, as shown in Scheme 3.15: the unreacted amine 163 and bis-
acylated 166 in 23% and 48% yield, respectively. Unfortunately, none of the
desired ligated product 164 was obtained. It is well known that thiol containing
peptide species can be oxidatively dimerised in solution when exposed to air in
the absence of a reducing agent, however, no dimerised species was recovered

. 77
either. °

H
n\)OL ligated product BocHN N\/lLOCH:,
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BocHN - OCH3 (a)-(c) Iga e*p oduc o
o :
\ 164 HN{C’
161 N3

J\/\AJK

BocHNL’( \/U\ocm

o
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Scheme 3.15: Products isolated from reduction of the azido group. (7op) Compound 161 with
the free amine was recovered in 23% yield; (Middle) None of the desired ligated product 164
was formed; (Bottom) The bis-acylated compound 166 was recovered in 48% yield whereby
intermolecur transacylation occurred. Reagents and conditions: (a) SnCl,, PhSH, NEt;,
CH;CN, rt, 20 min; (b) CH;OH, rt, 1h; (c) DMF, rt, 16 h.

bis-acylation
[~ bl

As illustrated in Figure 3.5, the isolated compounds were analysed using 'H

NMR whereby the §-CH, functionality was analysed (highlighted in orange)
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along with the acetyl moiety. Firstly, the starting azide 161 (top, green)
displays a triplet (t) at 3.29 ppm corresponding to the §-CH> and the thioester
moiety resonates at 2.34 ppm. Upon azide reduction, the §-CH» of 163 (middle,
red) displayed a slight downfield shift from 2.34 ppm to 3.16 ppm with the
signal now appearing as a broad singlet (br s). The thioacetate moiety remained
intact signifying that the S,N-acyl migration reaction had not occurred. The
intermolecular transacylation product 166 (bottom, blue) displays a slight
downfield shift with the §-CH, appearing as a multiplet (m) at 3.26 ppm.
Interestingly, in this case, the bis-acylation was noticed by the presence of the
thioacetate moiety along with the appearance of an extra acetyl moiety at 2.02
ppm, corresponding to the N-acetyl functionality. As well as being confirmed
through NMR analysis, the products 163 and 166 were further verified by
HRMS with m/z peaks at 540.2149 and 791.3046 corresponding to the
[163+CI1]" and [166+Na]" species, respectively.
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Figure 3.5: 'H spectra (400 MHz, CDCl;) of compound 161, 163, and 166 with associated
structures depicted. (7op) Compound 161 with CH,N; and SAc moieties highlighted; (Middle)
Compound 163 with CH,NH, and SAc moieties highlighted; (Bottom) Compound 166 with
CH>NHACc, SAc and new NHAc moieties highlighted.

Katritzky and co-workers have demonstrated S,N-acyl migrations occurring
over large cyclic transition states assisted by microwave irradiation in DMF
and phosphate buffered solutions.**® Therefore, in an attempt to assist the acyl

migration, the amine 163 was dissolved in a 50:50 mixture of DMF:phosphate
buffer (pH 7.4) and subjected to microwave irradiation at 50 °C for 5 h in an
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attempt to assist the S,N-acyl transfer. Unfortunately, this was not fruitful, with
the amine compound 163 being recovered.

Interestingly, Katritzky conducted studies on S,N-acyl transfer ligations
operating via 17-, 18- and 19-membered transitions states, both experimentally

27 It was deduced that the ratio of the desired ligated and

and computationally.
transacylated product obtained depended dramatically on the transition state
ring size. It was found that intramolecular S,N-acyl migration was favoured for
the 17-membered transition state, with the desired product being delivered in
60% after microwave irradiation. However, in the case of the 18-membered
cyclic transition state, the intermolecular S,N-acyl transfer was found to be the
prominent process. With the 18-membered cyclic transition state, Katritzky
reported the transacylated product in 82% yield, suggesting that intramolecular
acyl migration through an 18-membered transition state is less favoured than
through a 17-membered transition state. Therefore, considering the formation
of the desired ligation product 164 would proceed through an unfavourable 18-
membered transition state, the results obtained with the substrate 163 are
consistent with Katritzkys observations of transacylation. However, the fact
that no transacylated product 166 was detected after heating 163 under
microwave conditions is surprising. This suggests that the formation of the
intermolecular transacylated product is dependent on the size of the cyclic
transition state but also on the experimental conditions, such as concentration
(concn). Accordingly, microwave irradiation of 163 was repeated under
various concns in different solvents: (i) DMF, concn = 1.5 M; (ii) DMF, concn
= 3 M; (iii) DMF:phosphate buffer (50:50), concn = 1.5 M; (iv)
DMEF:phosphate buffer (50:50), concn = 3 M. Unfortunately, the desired
ligated 164 or the bis-acylated product 166 were not obtained under any of

these reaction conditions.

3.9.1 Possible O,N-acyl transfer
As no inter- or intramolecular S,N-acyl transfer was occurring with amine 163,

it seemed plausible that an O,N-acyl migration via a 12-membered cyclic
transition state could occur, as depicted in Scheme 3.16. Katritzky and co-
workers reported O,N-acyl migrations via 12-19 membered cyclic transition

states under microwave heating in DMF-piperidine mixtures.”’® In the case of
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the 12-membered cyclic transition state, they found that only the desired
ligated product was formed, with no bis-acylated product being detected.
However, through HMBC analysis, it was deduced that O,N-acyl migration

was not occurring in the case of 163 either.

0 OH

J H )Oj\ O,N-acyl transfer n\/lcf\
BocHN™ " ~ocH, —X¥———=  BociN" )" Y "OCH,

NH; HN\H/\/\/S
163 167 T

o} O

Scheme 3.16: Possible O,N-acyl transfer via a 12-membered transition state.

3.10 Application to a-synuclein tripeptide and Gly thioacid

Although the previous result was disappointing due to the intermolecular bis-
acylated species being the main product of the S,N-acyl transfer reaction, it was
decided to investigate the methodology using the previously prepared
tripeptide 144. To mimic the ubiquitination process, the a-syn tripeptide 144
was to be reacted with a Gly thioacid, due to ubiquitination involving the
formation of an isopeptide bond between the substrate Lys residue and the C-
terminal Gly of Ub. As detailed in Chapter 2, access to peptidyl thioacids was
achieved through the use of S-trityl protected thioesters which could be
subsequently deprotected using TFA and TES with the generated thioacid
reacted in situ. It was decided to prepare N-acetyl Gly due to the N-acetyl
group being stable to both acidic and basic conditions. As illustrated in Scheme
3.17, this involved the acetylation of 168 in H>O using Ac,O which furnished
N-acetyl Gly 169 in quantitative yield after removal of the solvent. The S-trityl
group was then introduced using the same conditions employed in Chapter 2;
this involved reaction of 169 with EDCI-HCI, DMAP and SHCPh; to give 170
in 89% yield after column chromatography.
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Scheme 3.17: Synthesis of S-trityl protected Gly thioacid 170 and its subsequent unsuccessful
thiol-ene ligation with tripeptide 144.

With the Gly protected thioacid 170 in hand, the S-trityl group was
subsequently removed in 5 min using a 25% solution of TFA in CH,Cl,
together with TES. The generated thioacid was then immediately added to a
solution of the tripeptide 144, DPAP, and MAP in DMF and irradiated ina UV
oven for 1 h. Unfortunately, this thiol-ene reaction was not successful with
only trace amount of product 171 being formed. Attempts to elicit a reaction
between 144 and the Gly thioacid 171 by employing excess thioacid (up to 6.0
eq.), increasing the amount of DPAP (up to 1.0 eq.) and prolonging the
irradiation time (up to 5 h) were all unsuccessful in furnishing 171 in
appreciable yields.

The S-trityl protected Gly thioester 103 which was successfully applied
to thiol-ene ligations in Chapter 2 was next investigated (Scheme 3.18). The S-
trityl group was removed using the previously employed conditions to give the
crude thioacid 172 which was added to a solution of tripeptide 144 in DMF
along with DPAP and MAP. Gratifyingly, the desired ligated tetrapeptide 173
was furnished in 92% yield after column chromatography. Next, 173 was
subjected to the previously employed reduction conditions of SnClL,/PhSH/NEt;
in CH3;CN. After 20 min, the reaction was transferred to CH3OH to allow for
the tin exchange. The crude product was then analysed using IR spectroscopy
to verify that the characteristic azide peak was no longer present. However, a

peak at 2097 cm™ was still present which indicated that the reduction of the
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azide group had not proceeded as expected. It was confirmed by NMR analysis
that the reduction of the azide moiety did not proceed. Instead, the thioester
functionality was hydrolysed to yield the N-Fmoc Gly methyl ester 174 and the
disulfide species 175, both of which were confirmed through NMR analysis
and HRMS. The azido moiety was not reduced to the amine with this being
attributed to the unsuccessful formation of the active reducing species

[Sn(SPh)s]" with the labile thioester functionality instead being hydrolysed.

(0] 0 (0] (0]
o)k/”\% Hsk/ NHFmoc 172 OJK/\/\SJ\/NHFmoc
o o o o
H DPAP H
AcHN\)LN/Q(N\)LOCH MAP acin L N\)LOCH
: 3 B e 1 3
H o ¢ DMF, it, hv, 1 h = :

AT e v

144 Nj 173,92% Ny

=

. SnCl,, PhSH, NEt,
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CH;0H, t, 1 h

N

o

O/U\/\/\S,S
SO
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FmocHN ™ 1" 7N 7~ TOCH;
o} \( 0
174, 62% 175,79% Nj

Scheme 3.17: Thiol-ene ligation of tripeptide 144 and Gly thioacid 172 followed by the
attempted reduction of the azide group in 173. Using the tin/mercaptan reduction conditions,
reduction of the azide group in 173 did not occur with the labile thioester being hydrolysed
instead.

3.11 Conclusion

In conclusion, routes to the a-syn dipeptide 160 and tripeptide 144 are
described. These peptide units, 160 and 144, are modified with an alkenyl ester
which is capable of successfully participating in thiol-ene ligations with
thioacetic acid 66 and Gly thioacid 172, respectively. The reduction of the
azido functionality after thiol-ene ligations proved problematic. When
hydrogenation conditions of Pd/C were employed, hydrogenolytic
desulfurisation occurred. Reduction of the azido moiety utilising a
tin/mercaptan complex proved successful in the reduction of the azido group in
dipeptide 161. However, in the case of the ligated tetrapeptide 173, these

reduction conditions resulted in thioester hydrolysis.
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The subsequent S,N-acyl transfer reaction of the azide reduced
dipeptide species 163 was found to favour the intermolecular transacylation
reaction over the desired intramolecular S,N-acyl transfer. These results are in
line with the observations of Katritzky and co-workers with the same sized
cyclic transition states. Katritzky and co-workers have studied chemical
ligations over a large range of cyclic transition states (5-19) which show
variable yields and reactivity trends which are difficult to rationalise.”*’ With
structurally similar peptide structures differing only in the size of the generated
cyclic transition state, intra- vs. intermolecular acylation can vary from almost
quantitative yield to almost zero. However, future work should involve the use
of 4-butenoyl chloride, in place of 4-pentenoyl chloride, which would generate
a 17-membered cyclic transition state. As reported by Katritzky and co-
workers, peptide substrates have successfully undergone intramolecular S,N-
acyl migrations via 17-membered cyclic transition states when subjected to
microwave heating. Work by Haase and Seitz further suggests the use of a 17-
membered cyclic transition state, as they also reported peptide ligations readily
occurring through a 17-membered ring.””’ With regards to the reduction of the
azido moiety, mild reduction conditions are needed which avoid desulfurisation
whilst leaving the thioester intact. The Lys e-NH, functionality could also be
Boc protected followed by removal of this protecting group under acidic
conditions. However, this would require the use of Fmoc protecting groups for
the amino acids during peptide coupling reactions. Alternatively, the
tin/mercaptan complex proved successful in reducing the azide functionality in
the presence of the alkene to give 176 (Figure 3.6). Therefore, rather than
conducting the azide reduction in the presence of the thioester, future work
could involve carrying out thiol-ene ligations on compounds whereby the Lys

e-NH is present.
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Figure 3.6: Successful reduction of the azide functionality using the tin/mercaptan procedure.
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4.0 Introduction
As discussed in Chapter 1, glycosylation is orchestrated in cells by two main

families of enzymes; the glycosyltransferases and glycosidases, in the ER and
Golgi apparatus.280 Glycosidases are catabolic enzymes which cleave
glycosidic linkages of glycoconjugates, whereas glycosyltransferases are
enzymes which construct glycosidic linkages. It is imperative that these two
families work in harmony in tailoring glycans to convey information about the

1.7 Glycosyltransferases represent a distinct family to

281

internal state of the cel
the glycosidases and will not be discussed here.”"" In this chapter, the design,
synthesis, and photophysical evaluation of novel lanthanide-based probes for
the monitoring of glycosidase activity will be discussed. The probes are based
on the macrocyclic framework cyclen, a structural unit commonly used in
lanthanide coordination chemistry. Prior to that, a short introduction to the
glycosidase enzymes, lanthanide luminescence and some enzymatic probes

based on lanthanide luminescence ions will be presented.

4.1 Biological importance of the glycosidase enzymes
Diseases stemming from dysfunction of the glycosidase enzymes are diverse

ranging from LSDs, cancer, diabetes, to influenza.”” Deficient glycosidase
activity is characteristic of LSDs. For example, Gaucher disease which is the
most prevalent LSD is characterised by the defective activity of a lysosomal
BGlc enzyme. This leads to accumulation of glucosylceramide, a glycolipid, to
toxic levels which can result in devastating neurological defects.”* Conversely,
elevated glycosidase activity has been observed in many cancers. For example,
elevated levels of a-L-fucosidase has been reported in patients with
hepatocellular carcinoma (HCC).**** Ishizuka and co-workers reported that
the serial determination of a-L-fucosidase activity was extremely useful in
predicting the development of HCC and identifying high-risk groups.”*’
Furthermore, Matsumoto ef al. correlated plasma a-L-fucosidase levels with
patient sensitivity to trastuzumab, a potent anticancer agent used in
chemotherapy against human epidermal growth factor receptor 2 (HER2)-
overexpressing breast cancer.”® Interestingly, trastuzumab does not elicit an
anticancer effect in all patients therefore, a biomarker to predict the clinical

outcome would be very beneficial.
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Efforts have been made to identify such glycobiological biomarkers to
allow for the development of sensitive analytical techniques to aid early
detection of such diseases, impacting prognosis. We have recently reviewed the
current developments in synthetic chemical probes for the detection of the
glycosidase enzymes, many of which were discussed in Chapter 1.'® However,
many of the probes reviewed were based on fluorogenic molecules which can
be problematic in biological media, due to problems such as autofluorescence
and light scattering.”®® This chapter will focus on the use of the Ln(IlI) ions as
promising tools for the detection of enzyme activity and our efforts towards

developing a luminescent probe to investigate glycosidase activity.

4.2 General introduction to the lanthanides
The lanthanide metals are located in the 5d block of the periodic table and

comprise elements 57-71, as shown in Figure 4.1. They are often termed “rare
earths” implying they are in low abundance; however, many lanthanides are as
abundant as cobalt and lead, for example, in the earths crust. The name actually

. 87
arose as these metals were among the last to be discovered.’
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Figure 4.1: The lanthanide series.”*

The lanthanides are characterised by the gradual filling of their 4f
orbitals which are well shielded by the outer 5s* and 5p° orbitals.”®" The
lanthanides usually exist as trivalent cations (Ln(IIl)) where they bear a ground
state configuration of [Xe]4f” with n varying from 1 (Ce(1II)) to 14 (Lu(III)).*
The bonding in Ln(III) complexes is largely electrostatic and they possess high
and varied coordination numbers ranging anywhere from 6 to 12, with 8 and 9
being the most common. These ions are “hard” Lewis acids therefore, they
show preferential binding to ligands of a “hard” Lewis base nature, such as
oxygen, nitrogen, and fluoride.”® The high coordination requirements of the
Ln(IIT) ions must be fulfilled due to their inherent toxicity while chelation also
serves to protect the metal centre from luminescence quenching (discussed in

more detail in Section 4.2.2). There are many different ligands used to fulfil
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these high coordination requirements, examples being pre-organised
macrocyclic ligands or acyclic self-assembled systems.'®” One of the most
commonly used macrocyclic ligand frameworks for Ln(IlI) complexation is
tetra-functionalised 1,4,7,10-tetraazacyclododecane (cyclen) and to meet the
aforementioned requirements, cyclen is protean in this regard. Cyclen was
selected as a suitable ligand in our approach towards a Ln(I1I)-based probe for

the glycosidase enzymes.

4.2.1 Photophysical properties of the lanthanides
Lanthanide luminescence arises from the decay of electronically excited states

with emission of a photon. Many of the useful Ln(III) photophysical properties
originate from their f-f transitions: they exhibit easily recognisable sharp, line-
like bands in their emission spectra which are specific for each Ln(III) ion and
a large pseudo Stokes shift."*” As discussed in Chapter 1, the Laporte forbidden
nature of these f-f transitions results in the slow relaxation from the Ln(III)
emitting state and thus long luminescent lifetimes are observed when compared
with organic fluorophores (micro-millisecond vs nanosecond). Such long
lifetimes make the Ln(IIl) ions very attractive from an analytical perspective,
allowing the implementation of time-gated procedures (Figure 1.30A).2%¢ Also
discussed in Chapter 1 was the “antenna effect” which is employed to
circumvent the low molar absorptivity of the Ln(III) ions. In 1942, Weissman
observed that the luminescence from Eu(IIl) cations was largely enhanced in
the presence of organic aromatic ligands.”” Interestingly, the excitation of
Eu(lIll) was observed at wavelengths where it did absorb; therefore, it was
concluded that Eu(Ill) excitation was a multi-step process, now known as the
“antenna effect”. In this excitation process, a light harvesting antenna group is
incorporated into the Ln(III) ligand design to indirectly sensitise the Ln(III) ion
allowing for subsequent emission, the process of which can be summarised in a
Jablonski diagram (Figure 4.2, leff).”’' This process firstly involves excitation
of the organic fluorophore by irradiation from a source, such as a fluorometer,
making a singlet excited state (So — S;). This singlet excited state may give up
a photon and fluoresce or undergo intersystem crossing (ISC) to the longer-
lived antenna triplet state (S; — T)). ISC is a spin forbidden process (both

electrons are now in parallel), however, due to the presence of the lanthanide, a
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heavy atom, a significant amount of spin-orbit coupling can occur which
promotes ISC.** This excited triplet (T)) can then decay to the ground state via
phosphorescence or populate the lowest excited state of the nearby Tb(III) ion
(’Dy) by intramolecular energy transfer. This energy can be dissipated from the
°Dy excited state to the 'Fg ground state giving rise to the characteristic line-

like emission of the Tb(IIl) ion, with each transition corresponding to an

emission band in their spectra (Figure 4.2, right).'”
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Figure 4.2: Jablonski diagram (/ef?) illustrating the sensitisation of a Tb(III) ion by an organic
fluorophore, known as the “antenna effect”, with the resulting characteristic Tb(III) emission
spectra (right) (Image modified from Meade et. al).'”® The antenna effect involves light
absorption and excitation of the lowest-lying singlet excited state of the antenna (S;) followed
by intersystem crossing (ISC) to the antenna triplet state (T,). Sensitisation of the Ln(III)
occurs by energy transfer to the excited °D, state of the Tb(III) ion. The radiative transition of
electrons from the excited °D; state to the 'F, ground state results in the Tb(III) emission
spectra (right), with each transition corresponding to a band in the emission spectra.

Provided that the energy of the T, lies at least 1,700 cm™ above that of
the accepting level of the Ln(Ill), the intramolecular energy transfer should
occur efficiently. If the energy gap is too small, back-energy transfer to the
antenna T; can occur. Conversely, if the distance between the two states is too
large, successful population of the Ln(III) excited state may be inefficient.'*?%
The energy transfer process from the antenna T, excited state to the Ln(III)
excited state can occur via one of two mechanisms: Dexter’s (exchange)
mechanism or Forster’s (dipole-dipole) mechanism.””** Dexter’s mechanism
is an electron exchange process which involves physical overlap between the
orbitals of the antenna and Ln(IIl) and therefore limits this mechanism to short

distances (usually 30 — 50 pm). Whereas Forster’s mechanism involves the

coupling of the dipole moment of the antenna T, with the dipole moment of the
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lanthanide 4f orbitals which allows the Forster mechanism to extend over
longer distances (up to 1,000 pm).>**”

The indirect sensitisation process accounts for two of the major
advantages of lanthanide luminescence over conventional fluorescence
systems. Firstly, the large pseudo Stokes shift which allows light absorbed in
the near-UV to be emitted in the visible region. Secondly, the long-lived
luminescence allows for time-gated measurements to be implemented, the
principles of which are depicted in Figure 1.30A.""° The most commonly
employed Ln(IIl) ions are Eu(Ill) and Tb(III) due to several factors. Firstly,
they display luminescent lifetimes in the millisecond range, compared with the
microsecond lifetimes of Sm(IIl) and Dy(IIl). Secondly, when compared with
the near-IR emitting lanthanides, Eu(Ill) and Tb(IIl) show less sensitivity to
singlet oxygen quenching with them displaying higher emission intensities and

at biologically relevant emission wavelengths in the visible region.'”*'*®

4.2.2 Lanthanide luminescent quenching
The high coordination requirements of the Ln(IIl) ions must be fulfilled to

attenuate the toxicity of the free Ln(III) ions and also to prevent luminescence
quenching due to solvent coordination to the metal centre. The coordination of
water molecules to the metal centre shortens the Ln(IIl) excited state lifetime
through non-radiative vibrational energy transfer to high frequency O-H
oscillators, resulting in reduced emission.”**'* In the late 1970s, Horrocks and
co-workers showed that the lifetimes of Eu(IIl) and Tb(III) ions were directly
related to the number of directly bound water molecules, known as the ¢ value.
This parameter can be quantified by comparing the luminescence lifetimes (1)
in H,O and D,O. A mathematical equation to determine the number of metal
bound water molecules was originally proposed by Horrocks ef al. and was
subsequently modified by Parker and co-workers.””®** Equation 4.1 and 4.2
are now commonly used to calculate the g values for Eu(Ill) and Tb(III)

complexes, respectively.

g™"" = A [(1/tm20 - 1/tp20) - 0.25 - 0.075x] + 0.5 Equation 4.1
g™ = A [(1/1120 - 1/1p20) - 0.06] + 0.5 Equation 4.2
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In these equations, A is referred to as the proportionality constant and is
specific for a given Ln(III) ion. It is a measure of the degree of quenching from
metal bound water molecule with it being 1.2 ms and 5 ms for Eu(Ill) and
Tb(III), respectively. The correction terms, -0.025 and -0.06, represent
quenching by second-sphere water molecules, while -0.075x represents

quenching by N-H oscillators.

4.2.3 Examples of lanthanide-based luminescent bioprobes
The detection of biologically relevant species such as cations, anions, and pH

changes using the Ln(IIl) ions is an active area of research, with the recent

192,300 . 3 e
d. Various “‘smart’

developments and progress comprehensively reviewe
MR contrast agents have been developed which are activated by enzymes such
as glycosidases, esterases, proteases, and peroxidases, some of which were
discussed in Chapter 1, Section 1.4.3.3.2,'7030130239330% o wever, compared
with reported probes for anion recognition, for example, enzyme-activated
probes based on the luminescent properties of the Ln(IIl) ions have been
somewhat scarce in comparison.

Kikuchi and co-workers reported the Tb(Ill)-based complex 177 as a
luminescent probe for the detection of calpain activity (Figure 4.3). This
protease is involved in many cellular processes, with its activity related to
diseases such as Alzheimer’s and PD.**> The complex is based on the cyclen
framework with a simple phenyl group serving as the sensitising antenna and
an appended peptide sequence which is recognised by calpain. The peptide
conjugate 177 was scarcely luminescent, however, addition of calpain enzyme
resulted the hydrolysis of the amide moiety (indicated in red) to form 178
causing enhanced Tb(III) emission, hence reporting on calpain enzyme
activity. To demonstrate the usefulness of the probe, it was incubated with

fluorescent compounds, such as umbelliferone, and its emission was not

perturbed, showing its compatibility with organic fluorophores
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Figure 4.3: Tb(IlI)-based probe for the detection of calpain protease activity.’”> Hydrolysis of
the peptidyl bond in 177 by calpain to give an aniline antenna in 178 resulting in an increase in
the Tb(III) centred emission.

One enzyme whose detection is being widely pursued is gluthathione
reductase, which catalyses the reduction of gluthathione disulfide (GSSG) to
gluthathione (GSH). GSH is a predominant tripeptide thiol 179 found within
the human cellular system. GSH exists mainly as its reduced form, however it
can be oxidised to its dimer GSSG in response to oxidative stress; therefore,
changes in the GSH/GSSG ratio can be used as an indicator of oxidative
stress.””® The Gunnlaugsson group developed the Tb(IIl)-based probe 180 for
the selective detection of GSH and the real-time monitoring of gluthathione
reductase activity (Figure 4.4).° Sensor 180 contains a maleimide moiety
which can undergo 1,4-Michael addition with GSH 179 to form 181. The
formation of 181 is accompanied by a large enhancement in the Tb(III) centred
emission, thus reporting on the presence of GSH. Furthermore, the real-time
monitoring of gluthathione reductase activity was achieved (GSSG reduction to
GSH) by following the Tb(IlI) emission of 181, which directly related to the
formation of GSH and its subsequent addition to the maleimide moiety of 180.
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e Ho,c\/\/U\N N__COM /N HOZC>

Zéf_\ H NH A
P N/\[r 7 - 179
@reg = @ﬁ Tyt s

180 ' 181 ?
'NH;

Figure 4.4: Tb(IlI)-based probe 180 used for the detection of GSH 179 and gluthathione
reductase activity.””” GSH 179 can undergo 1,4-Michael addition with the maleimide moiety of
180 to give conjugate 181, which is accompanied by an increase in Tb(III) emission.
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4.3 Aims of this work
As outlined in Chapter 1, Section 1.4.3, the development of probes for the

detection of the glycosidase enzymes is an active area of research. However,
currently the only reported probe for the detection of glycosidase enzymes
based on Ln(Ill) luminescence is 47, which was reported by Borbas et al. (see
Section 1.4.3.3.1, Figure 1.40)."” Encouraged by the success of the previously
described Tb(IIl) cyclen complexes, 177 and 180, reported by Kikuchi and
Gunnlaugsson, respectively, we set out to develop a generic probe for the
detection of various glycosidase enzymes. The design of the probe is depicted

in Figure 4.5, with its mode of detection based on Ln(III) luminescence.

cleavage site

0 i/’ /
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NO k.

182 ' 183

Ln = Eu(lll) or Th(lll)

Figure 4.5: Ln(IlI)-based probe for the detection of glycosidase enzymes. Addition of the
relevant glycosidase enzymes results in the hydrolysis of the O-glycosidic linkage in 182 to
give 183. The formation of the phenol antenna in 183 was expected to result in modulation of
Ln(III) emission, hence allowing for the detection of glycosidase activity.

The use of cyclen allows for the introduction of a variety of pendant arms to
fulfil the high coordination requirements of the Ln(III) ion, with the possibility
for the introduction of biomolecules for biological application.’”®*" The
chosen Ln(III) ions, Eu(Ill) and Tb(III), are among the most emissive Ln(III)
ions and both have a coordination number of 9 with 8 of those being fulfilled
by the ligand design.’'’ The coordinating sites are highlighted in pink with 4 of
those being the nitrogen atoms of the cyclen macrocycle. The other 4
coordinating groups are the carbonyl groups of the attached N,N-
dimethylamide pendant arms. With this ligand design, it is expected that the
remaining coordination site of the Ln(IIl) ion would be occupied by a single
water molecule. The phenyl group serves as the antenna for the Ln(III)
sensitisation process, the mechanism of which is depicted in Figure 1.30B and

Figure 4.2. It was anticipated that this simple antenna could sensitise the
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Ln(Il) emission since the phenyl moiety of tyrosine has been reported to
efficiently sensitise Eu(III) and Tb(III) ions.”'" A sugar moiety is O-linked to
the phenyl antenna, which acts as the substrate site for the glycosidase enzyme.
It was anticipated that cleavage of the O-glycosidic bond by a glycosidase
enzyme would result in the formation of a phenol-based antenna and
concomitant modulation in the Ln(Ill) emission allowing for the action of

glycosidase enzymes to be detected.

4.4 Synthesis of B-D-glucose appended ligand 192
The synthesis of ligand 192 incorporating a B-D-glucose moiety is shown in

Scheme 4.1. As detailed in Section 1.2.2.2, carbohydrate chemistry is centred
around glycosylation reactions which involve a glycosyl donor reacting with an
acceptor in the presence of a suitable promoter. Initially, glycosyl bromides
were the donor of choice due to their ease of synthesis without the need to
revert to column chromatography. Glycosyl halides were the first type of
glycosyl donors used in carbohydrate synthesis and still play an active role in
carbohydrate chemistry today.’'? Accordingly, treatment of commercially
available peracetylated glucose 184 with 33% HBr/AcOH solution in CH,Cl,
at 0 °C gave the glycosyl bromide 185 in high yield of 91% after
recrystallisation from EtOAc/Hex. The presence of bromide donor 185 was
confirmed through the loss of an acetyl signal in the 'H NMR and the
downfield shift of the anomeric H-1 proton (from 6 5.72 ppm to & 6.61 ppm).
The bromide at C-1 in 185 was expected to possess an a-configuration due to
the anomeric effect (as discussed in Chapter 2, Section 2.3). This configuration
was confirmed by the small HI-H2 vicinal coupling constant of 3.8 Hz, which

is indicative of the a-anomer.
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Scheme 4.1: Initial synthetic strategy toward -D-glucose appended ligand 192.

Glycosylation of halides in the presence of heavy metal salts is one of the
oldest glycosylation methods, known as the Koenigs-Knorr reaction, with this
reaction first being described in 1901.>'> Activation of the bromide donor 185
was carried out using halophilic Ag,CO; and 4-nitrophenol donor (4-NP) in
anhydrous CH3;CN in the presence of 4 A molecular sieves to produce the
expected 1,2-trans glycoside 186 in 74% yield. The conversion to B-linked 186
was confirmed by the larger H1-H2 vicinal coupling constant of 7.4 Hz. This
desired stereoselectivity is achieved through the NGP of the C-2 O-acyl group,
as illustrated in Chapter 1, Figure 1.7. An extremely common side reaction
observed in glycosylation reactions is the hydrolysis of the glycosyl donor to

form the corresponding hemiacetal.”"’

This can be due to the presence of water
in the solvent or from water generated during the reaction. This side product
can be significantly diminished through the use of flame-dried reaction vessels,

anhydrous solvents, and water scavenging agents such as molecular sieves.
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The next step in this synthetic strategy was the reduction of the nitro
group in 186 to the corresponding amine, which proved to be more difficult
than expected. Initially, standard catalytic hydrogenation conditions of Pd/C
(0.1 eq.) under an atmosphere of hydrogen in a CH,Cl:CH3;OH (6:4) mixture
was employed. However, these reduction conditions did not produce 187 at all.
Attempts to reduce the nitro group of 186 included performing the
hydrogenation in different solvents (THF, EtOAc, and EtOH) and increasing
the pressure of hydrogen. However, these approaches did not produce the
desired product 187 in appreciable yields. Interestingly, removal of the O-
acetyl groups from 186, using NaOCH; in CH3OH, prior to hydrogenation,
according to a reported literature procedure, gave the reduced amine 194 in
93%, as depicted in Scheme 4.2.3" However, this process was not useful as the

carbohydrate hydroxyl groups required protection to continue with the planned

synthesis.
_OAc _OH
o NO, NaOCH, < o o, PdC _ % ,NH?
M ‘QT CH,OH, QMO TCHyOH,
rt, 30 min OH n,3h
186 193, 97% 194, 93%

Scheme 4.2: Successful reduction of the nitro group on the deprotected glucosyl compound.

Gratifyingly, the use of Pearlman’s catalyst, Pd(OH),, circumvented the
problem. The addition of Pd(OH), (0.1 eq.) to 186 in a mixture of
CH,Cl,:CH30H (6:4) under an atmosphere of hydrogen for 4 h gave with the
desired amine 187 in a good yield of 90% after filtration of the catalyst.
Pd(OH), has the added advantage of being a non-pyrophoric catalyst,
compared to Pd/C. It is noteworthy that removal of the solvent in vacuo had to
be carried out at the low rotary evaporator bath temperature of 25 °C, as
removal of the solvent at higher temperatures led to a complex mixture of
products which could not be separated. The desired amine 187 appears to be
unstable at rt and should be used straight away or stored under argon in the
freezer to prevent degradation. With the desired amine in hand, the amide
functionality was introduced through the use of chloroacetic anhydride and
NEt; in anhydrous CH,Cl, to give 188 in 66%, according to a procedure

reported by Roy et. al.*"® This a-chloroamide moiety provides a link for the
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attachment to the cyclen macrocycle. The amide NH was subsequently
methylated using potassium 7-butoxide (-BuOK) and iodomethane (CHsl) in
anhydrous THF for 3 h to furnish 189.°'® The requirement for amide NH
methylation will be discussed in Section 4.4.1.

The selective one step mono-alkylation of cyclen using a range of alkyl

317
Therefore,

halides has been reported by Gunnlaugsson and co-workers.
using the same procedure, the selective mono-alkylation of cyclen was
achieved using 189 and NEt; in refluxing CHCIs for 16 h to give 190 in good
yield without the need for chromatographic purification. The 'H NMR
spectrum of 190 (Figure 4.6) shows the product of the mono-alkylation step
with only one carbohydrate moiety attached to the cyclen macrocycle. This was
further confirmed through HRMS displaying a m/z peak at 666.3356,
corresponding to the [190+H]" species. The reaction required a four-fold
excess of the cyclen however, any unreacted cyclen can be recovered using an

aqueous extraction and re-used which is convenient considering the

commercial cyclen is expensive.
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Figure 4.6: The 'H NMR spectrum (600 MHz, CDCl5) of the monoalkylated species 190. The
presence of only one glycan functionality on the cyclen macrocycle is evident from the
integrals of the highlighted peaks. For example, the anomeric proton H-1:cyclen CH, ratio is
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Having obtained the monoalkylated 190, the remaining amine sites of cyclen
required alkylation using the N,N-dimethylamide pendant arms. Accordingly,
a-chloroamide 191 was prepared, using Schotten-Baumann conditions, by the
addition of chloroacetyl chloride to dimethylamine in CH,Cl, in the presence
of excess base at 0 °C (Scheme 4.3).>"® The use of excess base was used to
drive the reaction to the formation of the amide as acylation of amines with
acid chlorides produces 1.0 eq. of acid, which can form a salt with the
unreacted amine and diminish the yield. Such a-chloroamides are valuable
synthons widely used in the synthesis of octa-coordinated Ln(IIl) complexes,
where they serve as stable pendant arms coordinated to the Ln(IIl) ion. With
191 in hand, the monoalkylated cyclen 190 was functionalised by refluxing it
in CH;CN with 3.2 eq. of 191, K;CO; and KI to give 192, albeit in a
disappointing yield of 40%.

H
N

O L RS

O
CI\)J\CQ ey > CI\)LT/

CH,Cl,, 0°C-1t, 6 h

191, 58 %

Scheme 4.3: Schotten-Baumann conditions for the preparation of pendant arm 191.

In an attempt to increase the yield of 192, an alternative route was employed
whereby fris N-alkylated cyclen 193 was used (Scheme 4.4). Regioselective
tris N-alkylation of cyclen was achieved by reaction of cyclen with 3.0 eq. of
191 in the presence of NaHCOj3 to produce 193 in a good yield of 64% after
alumina column chromatography. Fortunately, the reaction of 189 with 193
gave the desired O-acetyl protected ligand 192 in a more satisfactory yield of
62%. The final step involved the removal of the carbohydrate O-acetyl
protecting groups from 192 under Zémplen conditions to give the final ligand

196 in close to quantitative yield.
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Scheme 4.4: Regioselective tris N-alkylation of cyclen to give 193 followed by reaction with
189 to give the final B-D-glucose ligand 192 which was then deprotected using Zémplen
conditions to yield 195.

4.4.1 Unexpected alkylation reaction

As shown in Scheme 4.5, the methylation of the amide NH in compound 188
proved necessary as reaction of 196 with a-chloroamide 191 produced 197,
where the glycosyl amide was alkylated rather than cyclen amine. Due to the
HRMS of 197 and the desired product 198 being the same, confirmation of the
NH alkylation was required. This was verified by the reaction of 196 with
excess 191 (4.0 eq.) which produced the overalkylated product 198 (Scheme
4.5, bottom). This was confirmed through HRMS displaying a m/z peak at
992.5329, corresponding to the [198+H]" product. Methylation of the NH
amide using previously described conditions of CHsl and 7-BuOK in THF

circumvented the problem.
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Scheme 4.5: (Top) Unexpected alkylation product 197 observed upon reaction of 196 with
191; (Bottom) Overalkylation of 196 using excess 191 to give 198, which confirmed alkylation
at the amide NH.
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4.5 Synthesis and characterisation of B-D-glucose Ln(IIT) complexes
The synthesis of the glucose appended Ln(III) complexes was achieved by

heating 195 with 1.0 eq. of Tb(CF3S0s); or Eu(CF;SOs3); in CH30H under
microwave conditions at 60 °C for 1 h to give 195.Tb or 195.Eu, respectively
(Scheme 4.6). Upon completion of the reaction, the solvent was removed in
vacuo and the residue re-dissolved in minimal CH3OH (ca. 2 mL) and dropped
into a large volume of diethyl ether (Et,O) to give the complexes as fine

powders after centrifugation.

OH / (OH /
N e
ke o T , L e I\
N N/\n/ s N~ :W
. [ j ) Ln(CFS03); [Ln(ll Jo
N N CH30H, NN
\Nk/ Nl 60 °C, 1h \N»\/ \—/27
\ \
(6] N— 0 b

/ 195.Tb, 84% Ln = Tb(Ill)

195 195.Eu, 82% Ln = Eu(Ill)

Scheme 4.6: Synthesis of 195.Tb and 195.Eu by complexation of ligand 195 with
Tb(CF;S03); and Eu(CF;S05);, respectively, under microwave conditions.

Verification of the successful Ln(II) complexation was provided by 'H NMR,
HRMS, and IR spectroscopy. The Tb(IIl) and Eu(IIl) ions are paramagnetic
thus the protons in close proximity to the metal centre are influenced by the
metals unpaired f electrons, accelerating the relaxation of these protons. This
relaxation causes line broadening, as observed in the case of 195.Tb, Figure
47" The '"H NMR spectrum of 195.Tb displays the characteristic broadening
and shifting of signals over a large ppm range, verifying the successful

complexation of the Tb(III) ion within the cyclen macrocyclic cavity.
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Figure 4.7: The '"H NMR spectrum (400 MHz, D,0) of complex 195.Tb.

IR spectroscopy is another useful tool which can be used to confirm the
successful metal complexation. For example, in the case of 195.Tb, the IR
stretching frequency of the carbonyl bands shifted from 1751 cm™ to 1734 cm™
upon Tb(IIT) complexation. This change to a lower wavenumber can be
attributed to the lengthening of the carbonyl bonds, which is induced by
coordination to the Tb(III) ion.** Further confirmation for the formation of the
desired Ln(IlI) complexes was provided by HRMS analysis (MALDI+). As
depicted in Figure 4.8, the experimental isotopic distribution pattern for
195.Tb and 195.Eu were found to match that of the calculated formula
[M+2CF5S0;]", where M = 195.Tb and M = 195.Eu. Having successfully
synthesised and characterised 195.Tb and 195.Eu, it was found that 195.Tb
was significantly more luminescent than 195.Eu, the details of which will be
discussed in more detail in Section 4.9. Accordingly, it was decided that future

prepared complexes would only incorporate Th(III).
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Figure 4.8: (A) Experimental and calculated HRMS (MALDI+) spectra of
[195.Tb][2CF;S0s]". Calculated for Ci;HgNgO,6FsS,;Tb m/z = 1209.2726 [M+2CF;S0;]".
Found m/z = 1209.2775; (B) Experimental and calculated HRMS (MALDI+) spectra of
[195.Eu][2CF;S0s]". Calculated for Ci;HgNgO,sFsS;Eu m/z = 1203.2685 [M+2CF;S0;]".
Found m/z = 1203.2698.

4.6 Glycosylated Th(III) complexes prepared

A small library of glycosylated Tb(III) complexes were prepared, the synthesis
of which is depicted in Scheme 4.7. This is the final route used to prepare
195.Tb, discussed in detail previously, apart from one deviation which was the
use of a different donor for the initial glycosylation reaction. In the case of the
glucose appended 195.Tb, the bromide donor was used due to its ease of
synthesis and facile activation. However, to avoid the use of heavy metal salts
and the expense of the Ag,COs activator, a different approach was used in the
preparation of 204.Tb — 222.Tb. This involved an initial glycosylation reaction
employing a peracetylated glycosyl donor, rather than a glycosyl bromide. This
O-acetyl donor can be activated using an excess of the lewis acid BF;-OEt; and
4-NP in anhydrous CH,Cl,. The excess 4-NP was removed using basic aqueous
washes (3 x 1M NaOH) to give the crude glycosides 199 — 217, which were
recrystallised from EtOAc/Hex and used without further purification. This
alternative donor strategy was successfully applied for the synthesis of all 4-NP
glycoside intermediates, with the remaining steps identical to those used for the

synthesis of 195.Tb.
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Scheme 4.7: General synthetic scheme for the synthesis of O-glycosylated complexes 204.Th
—222.Tb.

Glycoconjugates of the D-sugars: glucose 195.Tb, galactose 204.Tb, mannose
210.Tb, and disaccharide lactose 216.Tb were synthesised. A single example
of an L-sugar, rhamnose, 222.Tb was also prepared. The complex 192.Tb
bearing O-acetyl carbohydrate protecting groups was also synthesised to allow
for the effect of the free hydroxyl groups of the carbohydrate moiety on the

Tb(IIT) luminescence to be investigated.
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Figure 4.9: The small library of O-glycosylated Tb(III) complexes prepared.
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Next, the synthesis of a methyl ether complex and phenolic Tb(III) complex
was undertaken, which serve as the control and the product of the enzymatic
reaction, respectively. Both of these complexes were prepared through related

synthetic pathways and therefore will only be discussed briefly.

4.7 Synthesis of control complex
The methyl ether complex was prepared to serve as the control complex for

any enzymatic experiments. This complex contains an ether linkage but does
not contain a carbohydrate moiety therefore should not be recognised by any
glycosidase enzyme. The synthesis is depicted in Scheme 4.8. The a-
chloroamide 223 was formed from the reaction of p-anisidine with chloroacetyl
chloride and NaOH. This was subsequently methylated with CHsl and -BuOK,
using the same procedure as before, to give 224 in 84% yield. This was then
introduced onto the cyclen framework by reaction of 224 with ris N-alkylated
cyclen 193 to furnish 225 in a good yield of 86%. The Tb(III) metal was then
introduced by reacting 225 with Tb(CF3SOs); in CH30H under microwave
heating at 60 °C for 1 h to furnish 225.Tb.
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Scheme 4.8: Synthesis of control methyl ether complex 225.Tb.

4.8 Synthesis of phenolic complex
The phenolic complex is identical to the product of the enzymatic reaction

between the O-glycosylated Tb(III) complexes and the corresponding
glycosidase enzyme. Therefore, it was prepared in order to compare its

photophysical properties to that of the hydrolysis products of subsequent
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enzymatic experiments. Initially, the phenolic ligand (shown in Scheme 4.9)
was to be obtained from ligand 225 by demethylation of the methoxy group
upon treatment with bromotribromide (BBr3), as reported in the literature.>*'
However, multiple attempts yielded no success with the methoxy functionality
remaining unaffected, even with a large excess of BBrs3. Alternative conditions
for the demethylation using trimethylsilyl iodide (TMSI) were also
unsuccessful.*** Both approaches were most likely unsuccessful due to the
presence of many oxygen atoms to which the lewis acids (BBr; and TMSI) can
coordinate, hindering dealkylation.”” Therefore, an alternative route to the
phenolic ligand was undertaken, which is depicted in Scheme 4.9. Starting
from p-amino phenol, this was reacted with chloroacetyl chloride to give 226,
according to a literature procedure.”* The phenol moiety was then protected
with a silyl protecting group (TBDMS) using TBDMSCI and imidazole in
DMF to give 227 in 81% yield. Compound 227 was subsequently methylated,
as before, to give 228. Compound 228 was then reacted with 7ris N-alkylated
cyclen 193 to furnish 229 in of 69% yield.
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Scheme 4.9: Synthesis of phenolic Tb(III) complex 230.Tb.

The TBDMS protecting group was subsequently removed using IM TBAF
solution in THF to give 230 in 72% after alumina column chromatography.
The use of TBAF is not ideal for products with water solubility, as is the case
with 230. The removal of the excess TBAF and the HF generated in the
reaction requires an aqueous work up, therefore an alternative work up was

required, due to the water solubility of compound 230. A convenient solution
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to this problem was reported by Kishi and co-workers which eliminates the
need for an aqueous work up.’*’ Their approach is depicted in Figure 4.10 and
was applied in the work up of 230 after TBDMS removal. When the removal
of the silyl protecting group was completed, as indicated by TLC, calcium
carbonate (CaCOs), a sulfonic acid resin (DOWEX-H") and CH;OH were
added to the THF solution and the suspension was stirred for 1 h at rt. The
excess TBAF reacts with the DOWEX-H" resin while the CaCO; serves to
sequester the liberated HF forming CaF,. The insoluble material (resin and
CaF,) can then be removed by simple filtration and the #-butyldimethylsilyl
fluoride removed by evaporation. This allowed 230 to be obtained in good
yield and obviated the need for an aqueous work up. With 230 in hand, it was

then complexed with Tb(CF3S03)sto give 230.Tb in 80% yield.

(n-Bu)NF  ()—SO:H Q—SOs(BuuN + HF

CaCO,

H20 e C02 3 CaF2

Figure 4.10: Reaction of TBAF with sulfonic acid resin (DOWEX-H") in the presence of
CaCOs;, reported by Kishi and co-workers.’”’ The excess TBAF reacts with the DOWEX-H" to
form tetra-n-butylammonium sulfonic resin and HF. The equilibrium can be shifted to the right
side by the addition of CaCO; which reacts with HF to form H,O, CO, and insoluble CaF,. The
resin and CaF, can be removed by filtration.

4.9 Photophysical evaluation of Ln(III) complexes
Having successfully synthesised and characterised the desired O-glycosylated,

phenol, and methoxy complexes, the photophysical properties of these
complexes were next evaluated.

The remainder of this chapter will focus on the photophysics of the prepared
complexes and will therefore present the UV-vis spectra, phosphorescence
spectra and excited state lifetimes of the Ln(III) complexes. All the following
experiments were carried out at 37 °C (310 K) using a thermostat since this is
the normal human body temperature, and thus provides insight into the
bioapplicability of such probes. However, initial measurements were conducted
in duplicate at 37 °C and the lower temperature of 22 °C and no modulation

was observed between the two, indicating that such temperature variation had
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no effect on the emission of the Ln(I1I) complexes in solution. Furthermore, all
measurements were conducted in aqueous buffered solution (100 mM Tris-
HCIL, pH = 7.4), unless otherwise stated. For clarity, discussion will focus
primarily on the glucose-appended complex as all the O-glycosylated Ln(III)
complexes displayed similar photophysical characteristics. As shown in Figure
4.11, the UV-vis spectrum of 195.Tb at a concentration of 50 uM showed one

broad m—n* absorption band centred at 273 nm.
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Figure 4.11: The UV-vis absorption spectrum of 195.Tb (50 uM) recorded in aqueous
buffered solution (100 mM Tris-HCI, pH = 7.4) at 37 °C. The Ayax at 273 nm is highlighted.

The design of the Ln(IIl) complexes anticipated the indirect excitation of the
Ln(IIl) ion by the covalently attached phenyl antenna. It was expected that
successful energy transfer from the antennas triplet excited state to the *D4 and
Dy excited states of the Tb(III) and Eu(Ill) ions, respectively, would occur.
The phosphorescence emission spectra of 195.Tb and 195.Eu were recorded
by exciting at 273 nm (Amax of phenyl antenna). The resulting characteristic
line-like emission bands are shown in Figure 4.12. These involve transitions
from the °Do — "F; (J=0, 1, 2, 3, and 4) for Eu(IIl) and °Dy — 'F; (J=6, 5, 4,
and 3) for Tb(IlI), verifying successful energy transfer from the antenna to the

lanthanide excited state.
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Figure 4.12: Lanthanide luminescence spectra of (A) 195.Eu (red) (50 uM) and (B) 195.Tb
(green) (50 uM) recorded in aqueous buffered solution (100 mM Tris-HCI, pH = 7.4) using
indirect excitation at 273 nm at 37 °C. The deactivation from the *D, excited state and the "D
excited state to the 'F, state for 195.Eu and 195.Tb, respectively, is depicted.

As illustrated in Figure 4.12, the Ln(Ill) centred emission is much more
efficient in the case of 195.Tb, compared with 195.Eu. As discussed in Section
4.2.1, efficient energy transfer occurs when the triplet excited state of the
antenna is close to the excited state of the Ln(IIl) ion. However, when the
energy of the feeding state is too close to that of the emitting state, back energy
transfer can occur, reducing the efficiency of the intramolecular energy transfer
process. The Dy excited state of Tb(III) lies at 20,430 cm”', while the *Dy
excited state of Eu(IIl) lies at a lower level of 17,250 cm™.*** Therefore, the
weak Eu(IIl) emission of 195.Eu could be a result of the larger energy gap
between the Eu(IIl) excited state and the triplet state of the antenna. This larger
energy gap would result in less efficient sensitisation of the Eu(IIl) ion
resulting in reduced emission as seen in the case of 195.Eu. Due to the
sensitisation of the Tb(III) analogue 195.Tb being more efficient, it was
decided that further studies with 195.Eu be discontinued and to perform the
remainder measurements on 195.Tb. Therefore, all measurements and
discussion for the remainder of this chapter will be limited to Tb(III)

complexes exclusively.

4.9.1 Determination of metal bound water molecules
As discussed, the Ln(IIl) ions possess high coordination numbers, with the

most common coordination number of the Tb(IIl) ion being 9. Therefore, as
described in the design of the glycosidase probe (Section 4.3), 8 of the
coordination sites are fulfilled through the ligand design, 4 from the cyclen
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nitrogen atoms and 4 from the carbonyl groups of the amides. It was therefore
expected that the ninth coordination site would be occupied by a single metal
coordinated water molecule, as illustrated in Figure 4.13. The technique
employed to determine the hydration state of the Tb(III) ion was to measure the
excited state lifetimes of the Tb(IIl) ion in H>O (to.n) and D,O (t0.n) by
indirect excitation of the Tb(III) ion at 273 nm. As discussed in Section 4.2.2,
the main quenching mechanism of Ln(Ill) luminescence involves vibrational
energy transfer to coordinated or diffusing O-H oscillators. Therefore,
replacement of the O-H oscillators with O-D oscillators gives rise to longer
excited state lifetimes in D,0."” Lifetimes of 195.Tb were obtained by
recording the exponential decay of Tb(IlI)-centred luminescence with respect
to time. The data was best fit to a mono-exponential decay, giving lifetime
values of 1o.y = 1.54 ms and 1o.p = 2.19 ms and using Equation 4.2 (Section
4.2.2), a g value of 0.66 £ 0.5 was calculated, as shown in Table 4.1. The
hydration of 195.Tb was therefore ascertained to be 1 and thus verified that
195.Tb was 9 coordinate.

% g B
[ Tb(ll ] o
i

195.Tb
Figure 4.13: Glucose Tb(IIT) complex 195.Tb with a single bound water molecule.

Table 4.1: The measured lifetimes and corresponding hydration states (g) of the Tb(III)
complexes 195.Tb, 225.Tb, and 230.Tb at concentrations of 50 uM. Luminescence decay was
measured at 545 nm. Each value is an average of 3 measurements. *10% CH;OH and CD;0D
was added to the H,O and DO solutions, respectively, to aid solubility.

Complex T(0-Hyms T(0-py/Ms q (£0.5)
195.Tb (Glucose) 1.54 +0.01 2.19+0.01 0.66
225.Tb* (Methoxy) 1.10 £ 0.01 1.42 £0.01 0.72
230.Tb (Phenol) 1.58 +0.04 2.24 £0.01 0.62
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The hydration states (q) were also determined for the methoxy complex 225.Tb
and the phenolic complex 230.Tb. The g values were found to be 0.72 + 0.5
and 0.62 + 0.5 for the methoxy 225.Tb and phenolic 230.Tb, respectively. It
was therefore concluded that all these complexes had a hydration state of 1 and
thus a total coordination number of 9. Due to the g value being 1 for both the
glucose-appended 195.Tb and the phenolic product 230.Tb, no change in the
hydration state of the Tb(II1I) metal centre was expected during the cleavage of
the glycosidic bond in subsequent enzymatic experiments. Having established
that excitation of the phenyl chromophore of 195.Tb resulted in sufficient
energy transfer to the "Dy excited state of the Tb(IIl) ion and that the high
coordination requirements of the Tb(III) ion were fulfilled (eight sites from the
ligand donor atoms and one water molecule), the next step was to investigate
the response of 195.Tb as a function of pH and in the presence of BGle.
Therefore, the following sections will firstly discuss the response of 195.Tb as

a function of pH and then its response on addition of Glec.

4.9.2 Response of 195.Tb as a function of pH
The glycosidase enzymes have been shown to be stable over pH range 5-

8.2 Therefore, it was important that 195.Tb remains intact and unaltered by
pH changes. For this reason, the effect of pH on the response of 195.Tb was
explored to determine whether it could function unperturbed over this pH
range. The effect of pH on the ground state properties of 195.Tb was firstly
investigated with the UV-vis absorption spectra of 195.Tb (50 pM) recorded in
water as a function of pH. As depicted in Figure 4.14A, no real changes were
observed in the absorption spectra over the pH range 2-12. The luminescence
response of 195.Tb as a function of pH was performed in parallel with the
above UV-vis absorption measurements. Similarly, as shown in Figure 4.14B,
no significant changes were observed in the luminescence properties of
195.Tb. However, a slight decrease in the emission intensity was observed at
the more alkaline pH of 8. Overall, the absorption and luminescence response
of 195.Tb remains the same, indicating that 195.Tb is stable over this pH

range.
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Figure 4.14: Effect of pH on the response of 195.Tb (50 uM) in water at 37 °C. (A) The UV-
vis spectra of 195.Tb; (B) Luminescence response of 195.Tb at 545 nm.

4.10 Response of 195.Tb in the presence of BGlc
We next moved on to investigate the Tb(III) luminescence response in the

presence of commercially available BGlc enzyme. Unfortunately, the addition
of varying amounts of BGlc (0.1 U to 2 U) to 195.Tb (50 uM) resulted in no
significant changes in the Tb(IIl) emission being evidenced. The glycosidic
bond was successfully cleaved by the glycosidase enzyme as judged by HRMS
analysis which showed the presence of a peak at m/z = 1047.2245
corresponding to [230.Tb+2CF;SOs]" species. However, as illustrated in
Figure 4.15, comparing the emission of 195.Tb (left) and 230.Tb (right), it is
clear that the emission of the substrate and the hydrolysis product are of equal
intensity. This equal intensity in the Tb(III) metal centred emission therefore
indicates that these conditions were not suitable for monitoring the action of
the PGlc enzyme. Despite the glycosidic bond being cleaved, this lack of
change in Tb(III) emission is most likely due to the energy transfer from the
phenyl antenna to the Tb(III) excited state not being perturbed by the cleavage
of the glycosidic bond in the manner anticipated. Because of this setback, the
next step was to study the effect of varying the concentration of the Tb(III)
complex to determine whether 195.Tb could be used to monitor glycosidase
activity. The following sections will deal with the luminescence response of

195.Tb at higher concentrations.
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Figure 4.15: Lanthanide luminescence spectra of 195.Tb (green) and 230.Tb (purple) and
associated structures at a concentration of 50 uM in aqueous buffered solution (100 mM Tris-
HCI, pH 7.4) using indirect excitation at 273 nm at 37 °C.

4.10.1 Enzymatic experiments conducted at high concentrations
Different concentrations of 195.Tb (from 50 uM to 700 pM) were screened to

investigate whether enzyme activity could be detected in some way using
195.Tb. No change in the Tb(IIl) emission was observed over this substrate
concentration range. Interestingly, at the higher substrate concentration of 1
mM, it was observed that the emission of 195.Tb was significantly quenched,
when compared to the phenolic 230.Tb, as depicted in Figure 4.16. It was
thought that at the higher concentration of 1 mM, the free hydroxyl groups (O-
H oscillators) of the a-D-glucose residue quench the Tb(IIl) luminescence,
although the glycan did not appear to coordinate to the Tb(III) ion as the initial
hydration state, ¢, remained at 1. To confirm that the quenching of the Tb(III)
emission was due to the free hydroxyl groups of the carbohydrate, the
luminescence of the O-acetyl protected derivative 192.Tb was measured
(Figure 4.16, black). Indeed, the luminescence of 195.Tb was quenched
compared to the protected derivative 192.Tb, which implied that the hydroxyl
groups of the carbohydrate quenched the Tb(III) luminescence. Similar
quenching effects were observed by Plush and co-workers.**® They prepared
various cyclen-based Eu(Ill) complexes with an o-D-mannose motif and
observed that the complexes containing deprotected carbohydrate groups

exhibited reduced emission intensity when compared with O-acetyl protected
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derivatives. They attributed this reduced emission to the quenching effects of

the free hydroxyl groups of the deprotected mannose motif.
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Figure 4.16: Lanthanide luminescence spectra of 195.Tb (green), 230.Tb (red), and *192.Tb
(black) at a concentration of 1 mM in aqueous buffered solution (100 mM Tris-HCI, pH 7.4)
using indirect excitation at 273 nm. *10% EtOH was added to 192.Tb to aid solubility.

With this quenching of luminescence observed at the higher concentration of 1
mM, it was expected that upon addition of fGlc and the concomitant formation
of the phenolic product 230.Tb, there would be an increase in the Tb(III)
emission, resulting in a “switch on” effect. Indeed, upon the addition of BGlc
(0.1 U) to 195.Tb at a concentration of 1 mM, a steady increase in the Tb(III)-
centred luminescence was observed, with the Tb(III) emission being enhanced

by ca. 700% (as shown in Figure 4.17A).
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Figure 4.17: (A) Changes in the Tb(III) luminescence of 195.Tb (1 mM) in the presence of 0.1
U BGlc; (B) Changes in the Tb(III) luminescence of 195.Tb (1 mM) in the presence of varying
amounts of BGlc (0.025 U - 0.1 U). All experiments were carried out in aqueous buffered
solution (100 mM Tris-HCI, pH = 7.4) at 37 °C using indirect excitation at 273 nm.

In a control experiment, the same amount of BGlc (0.1 U) was added to the

control methoxy complex 225.Tb and no change in the Tb(III) emission was

observed. Next, varying amounts of BGlc enzyme (0.025 U — 0.1 U) were
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added to 195.Tb to probe the effect of enzyme concentration on the
luminescence enhancement. As indicated in Figure 4.17B, an increase in the
Tb(IIT) emission was observed, with the rate increasing as the amount of

enzyme was increased from 0.025 U to 0.1 U.

4.10.2 Unusual behaviour observed in solution
Although these initial results were promising, unusual behaviour was observed

when conducting additional experiments to confirm and further assess the
previously obtained results. When monitoring the metal-centred emission of
195.Tb in the absence of any enzyme, it was observed that the Tb(III) emission
gradually increased. This behaviour was only observed for the glycosylated
Tb(I1T) complexes, depicted in Figure 4.9. In the case of the O-acetyl protected
192.Tb, this phenomenon was not observed with the emission unperturbed
over time. Furthermore, this steady increase in the Tb(IIl) emission did not
occur with the control and phenol complexes, 225.Tb and 230.Tb,
respectively. This trend suggests that the observed behaviour in solution was
due to the presence of the free hydroxyl groups of the carbohydrate moiety.
Interestingly, this increase in the luminescence with time was only observed at
the higher concentration of 1 mM and was not displayed by any of the
complexes at the lower concentration range of 50 pM-700 pM. As this
behaviour was only observed at the higher concentration of 1 mM, this
suggests that the enhancement in Tb(III) emission is a result of an

intermolecular or aggregation process that occurs in solution.

4.10.3 Determination of metal bound water molecules at high substrate

concentrations
In an attempt to understand this behaviour in solution, lifetime measurements

were conducted to determine the hydration state (g) of the Tb(IIl) ion at the
higher concentration of | mM. As mentioned previously, the Tb(III) emission
of the glycosylated complexes gradually increased when left in solution in the
absence of any enzyme. Therefore, the Tb(III) complexes were left to stand in
the H,O and D,O solutions for 1 h prior to lifetime measurements to allow for
the Tb(III) emission to increase. The lifetimes and resulting ¢ values are

presented in Table 4.2.
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Table 4.2: The excited state lifetimes and the corresponding hydration states (g) of the Tb(III)
complexes at concentrations of | mM. Luminescence decay measured at 545 nm and after 1 h
standing in solution, unless otherwise stated. Each value is an average of 3 measurements.

“Measurements taken immediately, ®10% CH;0H and CD;0D added to aid solubility.

Entry Complex T(0-H)y/Ms T(0-py/ms q (£0.5)
1 195.Tb* (Glucose) 0.93+0.01 [ 1.19+0.04 0.89
2 195.Tb (Glucose) 1.86 £0.02 | 2.33 + 0.01 0.24
3 204.Tb (Galactose) 1.77 £0.01 | 2.34+ 0.01 0.39
4 210.Tb (Mannose) 1.82+0.01 | 2.21 £ 0.02 0.18
5 216.Tb (Lactose) 1.27 £0.04 | 1.56 £ 0.01 0.44
6 222.Tb (Rhamose) 1.66 £ 0.01 | 2.17 £ 0.01 0.41
o 192.Tb" (GlucoseOAc) | 1.64 +0.01 | 2.03 = 0.01 0.62

Firstly, for complex 195.Tb, lifetimes were measured immediately with a
resulting hydration state of 1 being recorded (Entry 1). However, after | h it is
clear that the lifetimes significantly increase (Entry 2). In fact, in H,O, the
lifetime increases two-fold from 0.93 ms to 1.86 ms with the resulting ¢ value
decreasing for | to 0, indicating displacement of the Tb(III) bound water
molecule. This increase in the recorded lifetimes was observed for all of the
glycoconjugates with free hydroxyl groups, with each of them displaying a ¢
value of 0, as shown in Table 4.2 (Entry 2-6). This change in the lifetime and
Tb(III) hydration state was not observed for the O-acetyl protected complex
192.Tb (Entry 7) with a g value of 1 being calculated, further suggesting that
the hydroxyl groups of the carbohydrate play a key role in this process.

4.10.4 Hypothesis for the observed behaviour
Considering that the glycosylated complexes show a steady increase in the

metal-centred emission over time accompanied by a decrease in the ¢ value
from 1 to 0, it is postulated that at the higher concentration of 1 mM, there is a
self-assembly process in solution involving the hydroxyl groups of the
carbohydrate moiety and the Tb(III) metal centre, the process of which is
schematically illustrated in Figure 4.18. Initially, at the concentration of 1 mM,
195.Tb has one metal bound water molecule and the Tb(III) centred emission
is quenched by the O-H oscillators of the carbohydrate moiety. However, upon
standing in solution, the free hydroxyl groups of the carbohydrate self-

assemble and coordinate to the Tb(III) centre in an intermolecular fashion,
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reducing the hydration state of the metal from 1 to 0 thus resulting in enhanced
emission. This process was not observed with the O-acetyl protected 192.Tb,
methoxy 225.Tb, or phenol 230.Tb further illustrating the role of the free
hydroxyl groups of the carbohydrate in this process. Due to this self-
assembly/aggregation observed at high concentrations, it was decided to
explore the use of the Tb(III) complexes for another sensing purpose, which

will be discussed in the following section.
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Figure 4.18: Schematic illustration of the self-assembly process that occurs in solution with
the deprotected carbohydrate Tb(III) complexes at concentration of 1 mM. (Lef?) Initially, one
water molecule is coordinated to the Tb(III) metal centre (¢ = 1) and the Tb(III) emission is
quenched by the O-H oscillators of the carbohydrate hydroxyl groups. (Right) Overtime, the
metal coordinated water molecule is displaced by a neighbouring carbohydrate hydroxyl group
to give g value of 0 and enhanced metal centred emission.

4.11 Probes used for the detection of lectins

The detection of biological targets is of paramount importance, with the study
of lectins being an active area of research. Lectins are a group of non-
enzymatic proteins which contain specific carbohydrate recognising domains.
Selective carbohydrate-lectin interactions are involved in a myriad of
physiological processes, with lectins serving as invaluable tools for assessing

329,5

cell surface changes during pathological events. ? For example, the nature

and density of glycans can change depending on the cell type and critically,

3% Concanavalin A (ConA) is a well-known

whether it is cancerous or healthy.
lectin from Canavalia ensiformis (jack bean) which has been extensively
employed to study carbohydrate-lectin interactions. ConA exists as a tetramer
in solution and is well known to bind to a-mannopyranoside at its 4 binding
sites. >

One phenomenon used in the study of cell biology and biological
sensing is FRET. FRET is the distance-dependent energy transfer from an

. 332 .
excited donor molecule to an acceptor molecule.””” The donor molecule is
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typically a dye which absorbs energy and subsequently transfers this energy to
an acceptor; this energy transfer results in a reduction in the donor emission
and excited state lifetime and an increase in the acceptors emission. Due to its
sensitivity to distance, FRET has been used to investigate molecular

interactions.>>*3%*

Quici and co-workers reported a method of lectin sensing
using the mannose-appended Tb(III) complex 230 and luminescence resonance
energy transfer (LRET).”” LRET is analogous to FRET except a long-lived
probe, typically a lanthanide chelate, is used as the donor. In this example, as
depicted in Figure 4.19, upon binding of the mannose residue in 230 to
rhodamine-B-isothiocyanate labelled ConA (RITC-ConA), there was energy
transfer from the Tb(III) complex (donor) to the RITC-ConA (acceptor). This
energy transfer resulted in reduced Tb(IIl) emission accompanied by a

reduction in the excited state lifetimes from 1.75 ms to 0.46 ms, thus reporting

on lectin binding.

Figure 4.19: Schematic representation of LRET from Tb(III) complex 230 to RITC-ConA.
(Image modified from Quici ef al.)”® Upon the binding of the mannose residue of 230 to
RITC-ConA, there is LRET from the Tb(III) (donor) to the RITC (acceptor). This results in a
decrease of the Tb(III) donor emission and excited state lifetimes and an increased acceptor
emission.
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Many glycoconjugate probes have been reported for the detection of
lectins, based on aggregation or de-aggregation events.’>®?7¥3% These
glycoconjugate probes contain specific carbohydrate moieties which can bind
to lectins, and hence can be used to report such interactions through a change
in their photophysical properties. Kral and co-workers reported the detection of
ConA using glycosylated porphyrin structures.” It is widely known that these
porphyrins tend to form aggregates in aqueous solution through n-m stacking
interactions, resulting in aggregation-caused quenching (ACQ) of fluorescence,
as depicted in Figure 4.20.%7* However, upon addition of ConA,
disaggregation occurs due to the formation of a non-covalent complex between
the carbohydrate appended to the porphyrin and the lectin. This specific

interaction is accompanied by a strong increase in fluorescence, hence

reporting on the lectin interaction.

Low emission High emission

Figure 4.20: Schematic representation of de-aggregation of glycoporphyrins through ConA
binding reported by Kral and co-workers, where GP denotes glycoporphyrin and R denotes the
carbohydrate group.”™ In aqueous solution, the GP units aggregate resulting in ACQ and low
fluorescence. Upon addition of ConA, the carbohydrate appended to the porphyrin binds with
the ConA causing de-aggregation of the GP units resulting in increased fluorescence.

An opposite phenomenon to ACQ was reported by Tang and co-
workers, which they termed aggregation-induced emission (AIE).**' AIE-
active molecules display intense emission when in an aggregated state, with
restricted intramolecular rotation thought to be the main cause of the
phenomenon. The principles of AIE and AIE-active type molecules have been

341,342 ’
1.”*"" However, this

well reviewed and will not be discussed here in detai
phenomenon has been used as a convenient tool for sensing purposes whereby
the binding of an AlE-active compound with a biomolecule results in
aggregation and subsequent emission. For example, Tanaka et al. reported
mannose substituted tetraphenylethene (TPE) 232 as an optical probe to

monitor ConA binding (Figure 4.21A).*%
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Figure 4.21: (A) TPE-based AIE probe 232 used for the detection of ConA, reported by
Tanaka ef al.;*** (B) Schematic illustration of the AIE process resulting in enhanced emission
upon binding to ConA. In solution, the glycosylated TPE unit displays negligible fluorescence
however, upon the addition of ConA and formation of the carbohydrate-protein ensemble, TPE
rotation is restricted resulting in enhanced fluorescence.

Initially, TPE emission is “turned off” in solution as it displays negligible
fluorescence. However, upon interaction with ConA, the system is “turned on”
due to binding of 232 to the lectin, as depicted in Figure 4.21B. This
interaction results in restricted intramolecular rotation of the TPE moiety, with

the TPE fluorescence being enhanced by 150% upon lectin binding.

4.12 The use of 210.Tb as a probe for lectin, ConA
Encouraged by the work of Kral and Tanaka and their ability to detect lectins

based on de-aggregation and aggregation events, respectively, we decided to
investigate whether the glycosylated Tb(I1I) complexes could be used to detect
the presence of a lectin in solution. It was decided to investigate the response
of the mannose appended complex 210.Tb with lectin, ConA. Considering the
intermolecular self-assembly/aggregation behaviour observed with the
glycosylated Tb(III) complexes at 1 mM, we postulated that the addition of
ConA to a solution of 210.Tb would result in ConA specifically binding with
the mannose moiety. This binding could disrupt the coordination of the
carbohydrate moiety to the Tb(III) metal centre resulting in the hydration state
increasing from 0 to 1 and therefore causing a “switching off” effect to be
observed. To test this hypothesis and investigate the effect of ConA on the
aggregation behaviour of 210.Tb in solution, the emission and excited state
lifetimes of 210.Tb were measured after the addition of ConA, the outcome of
which will be discussed in the following section. All measurements were

carried out at a concentration of | mM.
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As illustrated in Figure 4.22A, 210.Tb (black) is highly emissive in
aqueous buffered solution. Upon addition of 1.0 eq. of ConA, a drastic
decrease in emission (red) was observed. To confirm this decrease in emission
was due to specific binding between the mannose moiety and ConA, a sample
of lectin solution was denatured by heating to 100 °C for 20 min. As shown in
Figure 4.22 (blue), no drastic decrease in emission was observed upon addition
of denatured lectin to a solution of 210.Tb. To further test the specificity of the
ConA lectin for mannose appended 210.Tb, a solution of ConA was added the
rhamnose complex 222.Tb. This resulted in no changes in the Tb(III) emission

0f'222.Tb, as ConA has no affinity for the rhamnose moiety.

1000 -, ——210.Tb 1.0 -
A ~——— 210.Tb plus ConA B * 210.Tb
= 210.Tb plus denatured ConA . *  210.Tb plus ConA
800 08
3 001 S o0
£ s
H 2
§ 400 c 04
£ 2
200 02
04 00 T T T T T T T 1
500 550 600 650 1 2 3 4 5 0 7 ]
wavelength (nm) *(ms)

Figure 4.22: (A) Lanthanide luminescence spectra of 210.Tb (black), 210.Tb in the presence
of 1.0 eq. ConA (red) and 210.Tb in the presence of denatured ConA (blue); (B) Luminescence
decay of the 210.Tb measured at 545 nm in the absence (black) and presence of ConA (red).
All measurements were carried out at 210.Tb concentration of 1 mM in aqueous buffered
solution (100 mM Tris-HCI, 150 mM NaCl, 1 mM MgCl,, | mM CaCl,, pH = 7.4) using
indirect excitation at 273 nm at 37 °C.

In an attempt to understand the effect of the carbohydrate-protein
interaction on the Tb(III) metal centre, luminescence lifetimes were measured,
as shown in Figure 4.22B. In the absence of ConA, 210.Tb displays a
relatively long lifetime of 1.68 ms, however, upon addition of 1.0 eq. ConA,
the lifetime decreases to 0.78 ms. This decrease in the Tb(III) excited state
lifetime indicates that the metal centre is subject to more quenching due to the
presence of ConA in solution. This increased quenching is thought to be due to
the ConA binding to the mannose moiety of 210.Tb thereby preventing the
coordination of the mannose to the Tb(IIl) centre. This ConA-mannose
interaction disrupts the carbohydrate-Tb(III) interactions which were acting as

a “glycan shield” for the metal centre. To assess any changes in the hydration
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state of the Tb(III) metal centre upon addition of ConA, luminescent lifetime
measurements were recorded in H,O and D,O and best fit to a mono-
exponential decay. The lifetimes and corresponding g values are shown in
Table 4.3. As evident, initially the Tb(III) complex 210.Tb displays a ¢ value
of 0 with no metal coordinated water molecules. After the addition of ConA,
there was over a two-fold decrease in the recorded lifetimes in H,O from 1.82
ms to 0.81, resulting in a recorded g value of 1.15 indicating that the Tb(III)
ion now had one coordinated water molecule.

Table 4.3: The excited state lifetimes and corresponding hydration state (¢) of the 210.Tb and

210.Tb plus ConA at concentrations of | mM. Luminescence decay measured at 545 nm with
each value being an average of 3 measurements.

Complex T(0-Hy/ms T(0-py/Ms q (£0.5)
210.Tb 1.82 +0.01 2.21+0.02 0.18
210.Tb+ConA 0.81 +0.04 1.11 +£0.01 1.15

4.12.1 Hypothesis for the observed behaviour
As evident from Figure 4.19, 210.Tb (black) is highly emissive and displays a

q value of 0 (Table 4.2). We postulate that at the high concentration of 1 mM,
the free hydroxyl groups of the mannose moiety bind to the Tb(IIl) centre
leading to the displacement of the metal bound water molecule and a resulting
g value of 0, the process of which is schematically illustrated in Figure 4.23.
By addition of ConA, we believe the mannose moieties interact with the lectin
instead, disrupting the mannose-Tb(IIl) association and the “glycan shield”
around the Tb(III) centre. Disruption of this “glycan shield” leads to a
reduction in the Tb(III)-centred emission and excited state lifetimes and allows
a water molecule to now bind the metal centre. This hypothesis was supported
by the decrease in the Tb(III) emission and the recorded excited state lifetimes
from 1.68 ms to 0.78 ms upon addition of ConA to 210.Tb in aqueous buffered
solution. Moreover, the increase in the g value from 0 to 1 further suggests the

above hypothesis.
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Figure 4.23: Schematic illustration of the process of 201.Tb (I mM) binding with lectin,
ConA. Initially, the solution of 201.Tb is highly emissive with a ¢ value of 0 with the Tb(III)
complexes thought to be aggregated in solution. Upon addition of ConA, selective binding to
the a-mannopyranoside moieties occurs which disrupts the aggregation/association. This de-
aggregation results in the coordination of a water molecule to the Tb(III) metal centre (¢ = 1), a
reduction in the recorded excited state lifetimes, and concomitant reduction in the Tb(III)
emission.

4.15 Conclusion
This chapter initially focused on the synthesis of Tb(IIl) complexes for use as

probes for the biologically relevant glycosidase enzymes, with the primary
focus of the synthetic discussion being the B-D-glucose appended complex
195.Tb. Eight Tb(IIl) complexes were prepared; 6 of which are glycosylated.
Complex 195.Tb was photophysically characterised and its ability to act as a
sensor for BGlc evaluated.

It was found that at the concentration range of 50 uM to 700 uM,
195.Tb had a hydration state of 1 and no change in Tb(IIl) centred emission
was exhibited upon cleavage of the glycosidic bond by PGlc. This was
attributed to the intramolecular energy transfer from the phenyl antenna to the
Tb(IIT) excited state not being perturbed by the removal of the carbohydrate
moiety.

At the higher substrate concentration of 1 mM, 195.Tb appeared to
function as a sensor for fGlc with rapid enhancements in the Tb(III) emission
being observed upon addition of the enzyme. However, in the absence of any
glycosidase enzyme, at this high concentration of 1 mM, 195.Tb exhibited
changes in its hydration state with the ¢ value being found to decrease from 1
to 0. This change in the hydration state was accompanied by an increase in
Tb(IIT) emission. It is thought that the free hydroxyl groups of the carbohydrate
groups interact with the Tb(III) metal centre displacing the metal bound water
molecule. This behaviour was not observed with non-glycosylated Tb(III)

complexes or the O-acetyl protected carbohydrate derivative. This behaviour
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therefore limits the use of the Tb(IIl) complexes as probes for the glycosidase
enzymes.

In order to utilise the self-assembly process for a sensing application,
the ability to detect lectin, ConA, was subsequently investigated. Using the
mannose-appended complex 210.Tb, it was found that the addition of ConA
disrupted the mannose-Tb(III) interaction in solution leading to a “turn off”
response upon lectin binding. The binding of 210.Tb to ConA also resulted in a
decrease in the recorded excited state lifetimes of 210.Tb accompanied by an
increase in the g value from 0 to 1, indicating the coordination of a water
molecule to the Tb(IIl) metal centre. The “turn off” effect was found to be
selective for the interaction of mannose appended 210.Tb with ConA as no
modulation in Tb(III) emission was evidenced when ConA was added to a
solution of the rhamnose complex 222.Tb.

As previously mentioned, ConA exists as a tetramer in solution and
contains 4 binding sites specific for a-mannopyranoside. Considering this,
future work using these Tb(III) complexes could involve the preparation of
215.Tb. This complex could be prepared using established procedures
discussed in this chapter. It is well known that multivalent displays of
carbohydrates impart enhanced carbohydrate-lectin binding therefore,
experiments using 215.Tb could lead to enhanced binding with ConA yielding
interesting results.

oHCOH

215.Tb
OH

Figure 4.20: Tb(IIT) complex 215.Tb for multivalent ConA binding. The 4 mannose residues
are expected to interact with the 4 binding sites of ConA resulting in modulation of the Tb(III)
emission.
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5.0 Overall conclusions

The work in this thesis describes the chemical synthesis of various biologically
relevant bioconjugates. The first part describes the development of new
ligation strategies towards the synthesis of homogeneous post-translationally
modified peptides. The second part describes the synthesis of bioconjugates for
the detection of enzymes.

In Chapter 2, a new method for accessing N-glycosyl amides is
described. This method combines thiol-ene chemistry and an S,N-acyl transfer
reaction to furnish an amide bond at the carbohydrate anomeric centre, with
complete stereoselectivity achieved. This chapter demonstrated, for the first
time, the use of peptidyl thioacids being used in the thiol-ene reaction. This
was successfully applied to 4 peptidyl thioacids and 4 additional thioacids of
varying structure. However, when employing thioacids in the thiol-ene
reaction, it was found that CSO elimination of the thiyl donor was a competing
reaction. This restricted the use of thioacids to those that, upon CSO
elimination, would form unstable radical species. The scope of this modified
thiol-ene reaction and experimental conditions which may attenuate CSO
elimination are currently being explored further in the Scanlan group. A one-
pot cascade reaction (thiol-ene, S,N-acyl shift, base hydrolysis) was successful
in furnishing 5 different N-glycosyl amide products, one of which is an N-
linked glycopeptide (GIcNAc-Gly). This approach avoids the use of active
esters and operates under base-free conditions, which could prove useful in
preventing the formation of aspartimide side products, often encountered in
current strategies toward N-linked glycopeptides. The overall aim of this
chapter was to use this methodology for the formation of the GlcNAc-Asn
linkage found in N-linked glycopeptides. Unfortunately, this methodology was
unsuccessful in delivering the desired GIcNAc-Asn linkage due to hydrolysis
of the glycosylamine. This hydrolysis was prevented through the incorporation
of a bulky N-Phth group at the C-2 position of the carbohydrate; however, this
bulky protecting group prevents the S,N-acyl shift, either sterically or through
deactivation of the anomeric amine. Future work could focus on manipulating
C-2 to incorporate a group which sterically curtails the formation of the a-

hydrolysed product whilst retaining the nucleophilic character of the anomeric
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amine. Moreover, the C-2 group needs to remain small enough to ensure the
ligation junction is not too sterically demanding. Optimisation of structures by
means of quantum chemical calculations could assist the identification of
suitable functional groups to allow ligation between the anomeric amine and
thioester intermediate.

Continuing with the sequential thiol-ene, acyl transfer methodology
developed in Chapter 2, Chapter 3 details the application of this methodology
to the chemical ligation of peptide fragments, as in this case, the problem of
glycosylamine hydrolysis would not be encountered. The overall aim of this
chapter was the formation of a native isopeptide bond, with a focus on Ub
related substrates. It was anticipated that the rapid, high yielding nature of the
thiol-ene reaction could replace the sluggish transthioesterification reaction
used in current peptide ligation strategies. This synthesis of a dipeptide and
tripeptide peptide fragments from a-syn, a protein implicated in PD, were
prepared. These fragments contained a modified Ser residue with an alkenyl
ester and a Lys e-NH, masked as an azide for subsequent thiol-ene and
reduction reactions, respectively. The reduction of the azide proved
problematic with hydrogenation conditions resulting in desulfurisation of the
installed thioester functionality. Azide reduction using a tin/mercaptan
complex resulted in the quick reduction of the azide to the corresponding
amine, in the case of dipeptide substrate. Subsequent S,N-acyl transfer forged a
native isopeptide bond with the final step involving the hydrolysis of the
appended ester group. However, with the proposed S,N-acyl transfer occurring
through a 18-membered ring, intermolecular acyl transfer was found to be the
sole acyl transfer pathway, with none of the desired intramolecular ligated
product formed. This observation is in line with the observations of Katritzky
and co-workers who reported that the transacylated product was the major
product when proceeding through an 18-membered cyclic transition state.””” A
thiol-ene ligation between the a-syn tripeptide fragement and a Gly thioacid
was successful in forming a tetrapeptide thioester intermediate; however,
subsequent reduction conditions (previously employed tin/mercaptan complex)
resulted in thioester hydrolysis, rather than azide reduction. Going forward, 4-
butenoyl chloride, rather than 4-pentenoyl chloride, should be used as the Ser

esterifying agent as this would generate a 17-membered transition state in a
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subsequent S,N-acyl transfer reaction. The work of Katritzky and Haase
suggests the use of a 17-membered cyclic transition state to favour

pe3 27 Regarding the azide functionality, reduction

intramolecular acyl transfer.
of the azide to the corresponding amine, prior to the thiol-ene reaction, would
circumvent the problems encountered with the thioester functionality under
azide reduction conditions.

Chapter 4 described the synthesis of various O-glycosylated lanthanide-
based cyclen complexes for use as luminescent probes for the detection of
glycosidase enzymes. Six glycosylated lanthanide-based complexes were
synthesised, each bearing a different carbohydrate group. This chapter focused
on the B-D-glucose appended Tb(III) complex 195.Tb and its response to BGlc.
It was found that at concentrations of 50 pM-700pM, no change in
luminescence properties of 195.Tb were observed.

At the higher concentration of 1 mM, 195.Tb initially appeared to
function as a probe for BGlc. However, in the absence of any BGlc, a self-
assembly/aggregation process was observed whereby the free hydroxyl groups
of the carbohydrate coordinated to the Tb(III) ion displacing the metal bound
water molecule, resulting in enhanced Tb(III) emission and reduction of the ¢
value from 1 to 0. This behaviour was only observed with deprotected
carbohydrate complexes at the high concentration of 1 mM. Therefore, it was
deduced that 195.Tb could not be used as a reliable BGlc probe (no change
observed at low concentrations and self-assembly behaviour observed at higher
concentrations). However, analysis of the probes’ behaviour in solution led to
the use of the mannose appended 210.Tb as a sensor for lectin, ConA. In this
case, the self-assembly/aggregation observed at 1 mM was disrupted by the
addition of ConA which selectively interacted with the mannose moieties. This
interaction disrupted the carbohydrate-Tb(III) coordination thereby increasing
the Tb(III) ¢ value to from 0 to 1 which was accompanied by a reduction in the
recorded lifetimes and Tb(III) emission. Future work could focus on the
preparation of Ln(Ill)-based complexes which bear multivalent carbohydrate
arrays, as this could impart more enhanced binding between the lectin and
carbohydrate motifs and perhaps a more pronounced response upon

aggregation/de-aggregation events.
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6.0 General experimental details
All commercial chemicals used were supplied by Sigma Aldrich, Fluorochem

and Tokyo Chemical Industry and used without further purification unless
otherwise stated. Anhydrous CH,Cl, was obtained via drying with CaH,
followed by distillation; anhydrous THF was obtained by drying over
sodium/benzophenone, followed by distillation. Silica gel 60 (Merck, 230-400
mesh) or aluminium oxide (neutral, activated with 6.5 % H>O, Brockmann
Grade I1I) were used for flash column chromatography. All compounds were
subject to purification using silica gel, unless otherwise stated. Analytical thin
layer chromatography was carried out with silica gel 60 (fluorescence indicator
F254; Merck) or aluminium oxide 60 (neutral, F254; Merck) and visualized by
UV irradiation, iodine, or molybdenum staining [ammonium molybdate (5.0 g)
and concentrated H»SO4 (5.3 mL) in 100 mL H,O]. Melting points are
uncorrected and were measured with a Stuart SP-10 melting point apparatus.
NMR spectra were recorded using Bruker DPX 400 (400.13 MHz for 'H NMR
and 100.61 MHz for *C NMR), Bruker AV 600 (600.13 MHz for 'H NMR
and 150.90 MHz for "°C NMR), Bruker AV 400 (400.13 MHz for 'H NMR
and 100.61 MHz for *C NMR) or Agilent MR400 (400.13 MHz for '"H NMR
and 100.61 MHz for >C NMR) instruments. Chemical shifts are given in ppm
and referenced to the internal solvent signals.344 The assignment of the signals
was confirmed by 2D spectra (COSY, HMBC, HSQC). MALDI Tof spectra
were acquired using a Waters MALDI Q-Tof Premier in positive or negative
mode with DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile) as the MALDI matrix. ESI mass spectra were
acquired in positive and negative modes as required, using a Micromass time
of flight mass spectrometer (TOF), interfaced to a Waters 2690 HPLC or a
Bruker micrOTOF-Q III spectrometer interfaced to a Dionex UltiMate 3000
LC. APCI experiments were carried out on a Bruker micrOTOF-Q III
spectrometer interfaced to a Dionex UltiMate 3000 LC or direct insertion probe
in positive or negative modes. EI mass spectra were acquired using a GCT
Premier Micromass time of flight mass spectrometer (TOF) in positive mode at
70eV. Specific rotation was recorded in a Rudolph research autopol IV

polarimeter with a D-line sodium lamp (589 nm) at 20 °C and are quoted as
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deg cm’ g dm™. IR spectra were recorded on a Perkin-Elmer Spectrum 100

FT-IR spectrometer.

6.1 UV-Visible absorption and luminescence spectroscopy

Using a 1.0 cm path length quartz cell, UV-vis absorption and luminescence
spectra were recorded at 37 °C (310 K) using a Varian CARY 50
spectrophotometer. The solvents employed were HPLC or spectrophotometric
grade. For UV-Vis absorption measurements, the wavelength range was set
from 200 nm to 450 nm with a scan rate of 600 nm min™'. The blank used was a
sample of the solvent system in which the titration was undertaken. The
luminescence data was collected between 470 and 700 nm for Tb(III) emission

and 570 and 720 nm for Eu(III).

6.2 Luminescence lifetime measurements

The luminescence lifetime measurements of the Tb(IIl) complexes were
measured in both HO and D,O and in CH3;OH and CD;OD and were
conducted on a Varian Cary Eclipse Fluorimeter at 37 °C. The measurements
were made by measuring the decay at 545 nm, which corresponds to the
maxima of the Tb(III) °Dy — 'Fs transition. All lifetime measurements were
obtained from an average of 3 independent measurements, each recorded with

a different gate time in the range of 0.020 — 0.045 ms.

6.3 General nomenclature of D- and L-sugars for characterisation

6 : .
4 AS/O 6 0
RO\ 1 m
3 2 4 RO 3 2
D-sugar L-sugar

6.4 General experimental procedures

Procedure 1: Carboxylic acid methylation

To a solution of the amino acid (1.0 eq.) in anhydrous DMF was added K,CO;
(1.5 eq.) and iodomethane (2.0 eq.) and the solution was stirred at rt for 3 h.
H,O (20 mL) was added and the product was extracted with EtOAc (2 x 15
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mL). The combined organic layers were washed with sat. aq. NaHCO3; solution
(20 mL), brine (20 mL), dried over MgSOs, filtered, and solvent was removed

in vacuo and the product was used without further purification.

Procedure 2: Removal of benzyl group

The benzyl protected amino acid (1.0 eq.) was dissolved in an appropriate
solvent and Pd/C (0.1 eq.) was added and the suspension deoxygenated with a
N, bubbler for 10 min. The solution was then placed under a H, atmosphere
using a balloon and stirred at rt for 3 h. The mixture was filtered through a plug
of celite and the solvent was removed in vacuo and used without further

purification.

Procedure 3: Removal of Boc protecting group

To a solution of the Boc protected amino acid (1.0 eq.) in CH,Cl, was added
4M HCI in dioxane (3.0 eq.) and the solution was stirred at rt for 3 h. The
solvent was removed in vacuo to yield the product as the hydrochloride salt

which was used without further purification.

Procedure 4: Preparation of S-trityl thioesters

To a stirred solution of the starting carboxylic acid (1.0 eq.),
triphenylmethanethiol (1.1 eq.) and DMAP (0.1 eq.) in anhydrous CH,Cl, was
added EDCI'HCI (1.1 eq.) and the solution was stirred at rt for 16 h. The
solvent was removed in vacuo and the mixture was subjected to

chromatographic purification.

Procedure 5: Removal of the S-trityl group

To a solution of the S-trityl thioester (1.0 eq.) in anhydrous CH,Cl, was added
TFA (25%) and triethylsilane (20.0 eq.) and the mixture was stirred for 5 min.
Toluene was added and the solvent was removed in vacuo to give the crude

thioacid which was applied immediately to the next step.

Procedure 6: Thiol-ene ligation
To a mixture of the alkene (1.0 eq.), DPAP (0.1 eq.) and MAP (0.1 eq.) in
anhydrous DMF was added the crude thioacid (1.1 eq. or 1.5 eq.) from General
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Procedure 5 and the reaction mixture was irradiated in an UV oven at rt
without agitation for 1 h. The solvent was removed in vacuo and the mixture

was subject to chromatographic purification.

Procedure 7: Peptide coupling

To the amino acid-COOH (1.0 eq.) in anhydrous CH,ClL:DMF (9:1) was added
EDCI-HCI (1.1 eq.) and HOBt (1.1 eq.) and the solution was stirred under an
argon atmosphere at 0 °C for 30 min. To this was added a solution of the amino
acid-NH: (1.0 eq.) and NEt3 (2.0 eq.) in anhydrous CH>CL:DMF (9:1) and the
solution was stirred at rt for 16 h. The reaction mixture was diluted with H,O
(20 mL), extracted with CH>Cl, (2 x 15 mL). The combined organic layers
were washed with brine (2 x 20 mL), dried over MgSQOy, filtered, the solvent
was removed in vacuo and the mixture subjected to chromatographic

purification.

Procedure 8: Thiol-ene ligation, S,N-acyl shift, base hydrolysis

To a mixture of the alkene (1.0 eq.), DPAP (0.1 eq.) and MAP (0.1 eq.) in
anhydrous DMF was added the crude thioacid (1.1 or 1.5 eq.) from General
Procedure 5 and the reaction mixture was irradiated in an UV oven at rt
without agitation for 1 h followed by stirring at rt for 16 h outside of the UV
oven. The solvent was removed in vacuo and the mixture was re-dissolved in
CH;0H:H,O (10 mL, 8:2) and to this was added NEt; (25.0 eq.) and the
solution was stirred at rt for 4 h. The mixture was neutralised by the addition of
Dowex-H" resin and then filtered. The solvent was removed in vacuo and the

reaction mixture was subjected to chromatographic purification.

Procedure 9: N-Acetylation:

To a stirred solution of the amino acid (1.0 eq.) in sat. aq. NaHCOj3 solution
was added Ac,O (5.0 eq.) and the mixture was stirred at rt for 16 h. The
mixture was acidified to pH2 with aq. HCI solution, extracted with EtOAc (2 x
15 mL), dried over MgSOy, filtered, and solvent was removed in vacuo and the

product was used without further purification.
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Procedure 10: Esterification of Ser

To a solution of the starting amino acid (1.0 eq.) in anhydrous DMF at 0 °C
was added NEt3 (1.2 eq.), DMAP (1.0 eq.) and 4-pentenoyl chloride (1.2 eq.)
and the reaction was stirred at rt for 2 h. The solvent was removed in vacuo and

the mixture was subjected to chromatographic purification.

Procedure 11: Reduction of the Lys azido group

To a solution of anhydrous SnCl, (1.5 eq.) in CH3;CN (5 mL) was added
thiophenol (4.5 eq.) and NEts (5.0 eq.). To this was added a solution of the
azide (1.0 eq.) in CH3CN and the mixture was stirred at rt for 20 min. The
mixture was diluted with CH>Cl, (15 mL), washed with sat. ag. NaHCO;
solution (2 x 10 mL) and the solvent was removed in vacuo. To the product
was added CH3;O0H (10 mL) and the solution was stirred for 1 h at rt followed

by removal of the solvent in vacuo.

Procedure 12: Glycosylation of peracetylated carbohydrate with 4-
nitrophenol

To peracetylated carbohydrate (1.0 eq.), 4-nitrophenol (3.0 eq.) and activated 4
A molecular sieves in a flame dried flask under N, was added anhydrous
CH,Cl, (10 mL/g). To this was added BF3-OEt; (5.0 eq.) and the mixture was
stirred at rt for 48 h. The reaction was quenched with sat. ag. NaHCO; solution
(20 mL) and the organic layer was extracted with CH>Cl, (20 mL). The organic
layer was washed with 1M NaOH solution (3 x 20 mL), H,O (20mL), dried
over MgSO; and filtered. The solvent was removed in vacuo and the product

recrystallised from EtOAc/Hex and used without further purification.

Procedure 13: Reduction of 4-nitrophenol glycoside

To the peracetylated 4-nitrophenyl glycoside (1.0 eq.) from Procedure 12 in
degassed CH,Cl,:CH3OH (6:4) was added Pd(OH), (0.1 eq.) and the mixture
was stirred under an atmosphere of H; for 4 h using a balloon. The mixture was
filtered through a plug of celite and the solvent was removed in vacuo at 25 °C

to yield the product.
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Procedure 14: Amidation of 4-aminophenyl glycosides

To the 4-aminophenyl glycoside (1.0 eq.) from Procedure 13 in anhydrous
CH2ClL, (10 mL/g) under N> was added chloroacetic anhydride (2.0 eq.) and
NEt; (1.2 eq.) and the mixture was stirred at rt for 2 h. The reaction was diluted
with CH,CL, (10 mL), washed with H;O (2 x 20 mL), dried over MgSOy,
filtered and solvents was removed in vacuo. The product was purified by flash

chromatography (EtOAc:Hex, 60:40) to yield the product.

Procedure 15: Amide methylation

To the amide (1.0 eq.) from Procedure 14 in anhydrous THF was added ¢-
BuOK (1.5 eq., IM solution in THF) slowly and the mixture was stirred at -78
°C for 20 min under N, atmosphere. Excess iodomethane (25.0 eq.) was added
and the solution was stirred for 3 h at -78 °C. The reaction was warmed slowly
to rt and quenched with sat. aq. NH4Cl solution (20 mL) and stirred for 30 min
at rt. The product was extracted with EtOAc (2 x 20 mL) and the combined
organic layers washed with 1M HCI solution (20 mL), brine (15 mL), dried
over MgSO,, filtered and the solvent was removed in vacuo to yield the

product.

Procedure 16: Conjugation of the a-chloroamide to cyclen

To tris N-alkylated cyclen 193 (1.0 eq.) in CH3CN was added the methylated
amide from Procedure 15 (1.2 eq.), KoCOs (1.2 eq.), and KI (1.2 eq.) and
resulting mixture was refluxed for 16 h. After cooling to rt, the solution was
diluted with CH;CN and filtered. The product was purified by alumina column
chromatography to yield the product.

Procedure 17: Deprotection of O-acetyl carbohydrate protecting groups

To a stirred solution of the acetylated carbohydrate (1.0 eq.) in CH3;0H was
added a catalytic amount of freshly prepared NaOCHjs. The mixture was stirred
at rt for 30 min. The mixture was neutralised by the addition of DOWEX-H"
resin, filtered, and the solvent was removed in vacuo to yield the product which

was used without further purification.
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Procedure 18: Ln(III) complexation

To the ligand (1.0 eq.) in CH30H was added Tb(CF3SOs); or Eu(CF3S05); (1.0
eq.) and the solution was heated in a microwave at 60 °C for 1 h. The solvent
was removed in vacuo and the product was dissolved in minimal volume
CH;O0H and added dropwise to a large volume of swirling Et,O. The Et,O was
decanted and product centrifuged (7220 rpm, 10 min) to yield a fine solid.

6.5 Experimental details for Chapter 2
2-Deoxy-2-acetamido-3,4,6-tri-O-acetyl-a-D-glucopyranosyl chloride (55)
OAc

o
AcOO
A
T ACHN

Cl

Acetyl chloride (15 mL, 196.20 mmol) was added to N-acetyl glucosamine (7.0
g, 31.64 mmol) and the solution was stirred at rt for 16 h. The solution was
poured onto iced H,O (100 mL) and the product was immediately extracted
with CHCI; (3 x 30 mL). The combined extracts were poured into sat. aq.
NaHCOs solution (50 mL) and immediately separated and the organic layer
was dried over MgSO,, filtered, and solvent was removed in vacuo. The
product was recrystallised from CH,Cl,/Et,0 to yield the product as colourless
crystals (9.8 g, 85%). M.p. 124-126 °C, Lit., 124-126 °C.>** The isolated

compound was in good agreement with the literature.’®

Oy (400 MHz, CDCls): 6.21 (1H, d, J = 3.6 Hz, H-1), 5.89 (IH, d, J =
8.4 Hz, NH), 5.35 (1H, app t, J = 10.1 Hz, H-3),
5.24 (1H, app t, J = 10.1 Hz, H-4), 4.56 (1H, m,
H-2), 4.31 (1H, m, H-6), 4.29 (1H, m, H-5), 4.16
(1H, m, H-6’) 2.13 (3H, s, CHs), 2.08 (3H, s,
CHs), 2.08 (3H, s, CH3), 2.01 (3H, s, CH3)

HRMS (m/z ESI'): Found: 388.0770 ([M + Na]", C;4HCINOg
Requires: 388.0770)
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2-Deoxy-2-acetamido-3,4,6-tri-O-acetyl-B-D-glucopyranosyl azide (56)

OAc
AcO 0
C
N
o) 3
- AcHN

To a solution of 55 (9.0 g, 25.61 mmol) in DMF (30 mL) was added NaNj3 (4.8
g, 73.83 mmol) and the resulting solution was heated at 80 °C for 16 h. The
solution was cooled and diluted with EtOAc (20 mL), washed with brine (3 x
15 mL), dried over MgSOy, filtered, and solvent was removed in vacuo to yield
the product as an orange oil (8.20 g, 90%). The isolated compound was in good

agreement with the literature.>*°

du (400 MHz, CDCls): 5.55 (IH, d, J= 8.8 Hz, NH), 5.26 (1H, app t, J =
10.4 Hz, H-3), 5.13 (1H, app t, J = 9.7 Hz, H-4),
4.78 (1H, d, J = 9.0 Hz, H-1), 4.30 (1H, dd, J =
4.8, J=12.5 Hz, H-6), 4.19 (IH, dd, /=23, J =
12.5 Hz, H-6"), 3.93 (IH, q, J = 9.0 Hz, H-2),
3.81 (1H, m, H-5) 2.13 (3H, s, CH3), 2.07 (3H, s,
CH3), 2.06 (3H, s, CH3), 2.01 (3H, s, CH3)

HRMS (m/z EST"): Found: 395.1175 ([M + Na]", C;4HN4Os
Requires: 395.1173)

2-Deoxy-2-acetamido-B-D-glucopyranosyl azide (57)
OH
"Ro ; Ns
AcHN
To a solution of 56 (7.5 g, 20.14 mmol) in CH3OH (25 mL) was added a
catalytic amount of freshly prepared NaOCH3; and the solution was stirred at rt
for 30 min. The mixture was neutralised by the addition of DOWEX-H" resin
and then filtered. The solvent was removed in vacuo to yield the product as a

yellow oil (4.85 g, 98%). The isolated compound was in good agreement with

the literature.>*’

&1 (400 MHz, CDs0D): 4.53 (1H, d, J=9.3 Hz, H-1), 3.92 (1H, dd, J =
1.6, J=11.9 Hz, H-6), 3.73 (1H, m, H-6’), 3.69
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(1H, app t, J= 9.5 Hz, H-2), 3.48 (1H, app t, J =
10.2 Hz, H-3), 3.38 (1H, m, H-4), 3.38 (1H, m,
H-5),2.01 (3H, s, CH3)

Found: 269.0863 ([M + Na]", CgH;4sN4Os
Requires: 269.0856)

2-Deoxy-2-acetamido-6-O-pent-4-enoate-B-D-glucopyranosyl azide (58)

(0]
=
(@)
HO ©
N
HO 3
AcHN

To a solution of 57 (0.49 g, 2.0 mmol) in anhydrous DMF (8 mL) was added
NEt; (0.33 mL, 2.40 mmol) and the solution was cooled to 0 °C. To t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>