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Abstract

This thesis deals with efforts to generate new bioactive organic compounds. The main focus
has been on the use of carbohydrate building blocks for synthesis of both macrocyclic

compounds and glycoclusters for biological study.

The thesis begins with a short review on the importance of natural products, macrocyclic

compounds and carbohydrates in the search for new drug candidates.

Many drug molecules are based on scaffolds, which are proposed to have been naturally
selected to optimally interact with proteins and some of these are macrocycles. Those
macrocycles which have compelling biological properties contain features found in natural
products, such as chiral centres, glycosidic linkages, alkenes, aromatic groups, methyl groups

and hydroxyl groups, for example.

The first two results chapters of this thesis work are concerned with synthesis of new
macrocycles containing some of the features of natural products as well as triazoles. In Chapter
2 the synthesis of a new natural product-like macrocyclic compound is described. Here the use
of a chiral building block, used previously in the synthesis of migrastatin and analogues, is
combined with a glucuronic acid derivative to produce a new macrocyclic compound. In the
third chapter new macrocyclic frameworks that combine two galactose residues are prepared.
In the latter case it was demonstrated that alkylation could be carried out at C-2 of the
galactopyranose residue, which enabled different alkyl groups to be incorporated into the
macrocycle. The chemistry used in the construction of the macrocycles in these two chapters
included C- and O-glycosylation, ring closing metathesis, copper and ruthenium catalysed

azide-alkyne cycloaddition.

Carbohydrates are known to be versatile orchestraters of numerous cellular effects.
Glycoclusters are multivalent ligands that present a variable number of ligating carbohydrate
headgroups on a molecular template or scaffold. Multisite carbohydrate binding proteins or
lectins found on the cell surface are vital for the regulation of biological systems within that
cell and these can interact with glycoclusters. Assessing and examining exchanges between
membrane bound lectins and multiple carbohydrate ligands i.e. glycoclusters, are vital to
understanding, controlling, interfering and/or blocking carbohydrate/lectin interactions. Thus,
in Chapter 4 the synthesis of new bi- and trivalent glycoclusters based on GICNAc derivatives

is described. This work focused on varying the GIcNAc headgroup, varying the nature of the
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substituent at C-2. A synthetic route to the glycoclusters involved the use of an -glycosyl thiol
intermediate and its subsequent S-glycosylation; epimerisation of the thiol was found to occur
in some cases. This enabled the synthesis of the glycocluster from dihydroxy and

trihydroxybenzene derivatives and again copper catalysed azide-alkyne cycloaddition was
used.

Examples of structures synthesised in this thesis are shown below.
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1.1 Introduction to Natural Products

Natural products are defined as naturally occurring organic compounds or their derivatives.?3
These compounds can be classified into three categories: primary metabolites, high-molecular-
weight polymeric materials and secondary metabolites.® For centuries, natural materials of
herbal and animal origin were used as remedies for common ailments. Through the years,
improvements in chemical techniques have allowed the active constituent to be isolated,
structurally characterized and more recently, synthesised in the laboratory. As a result of these
developments, organic chemists have modified natural products to improve potency,

selectivity, pharmacokinetics and stability.

Before the era of modern medicine, indigenous medicine derived from natural product sources
were exploited by traditional medicine practitioners and served as therapeutics for various
illnesses. In more recent years, these compounds were subjected to clinical, pharmacological
and chemical studies and some have proven to be potent bioactive molecules. The most
effective compounds have withstood the rigorous testing and have found their way on to the
market. Recent research has shown that roughly 40% of all modern medicines are derived from
natural products or their derivatives.* Between the years 1980 to 2002, almost half of all new
chemical entities (NCE — active constituent in early drug development) were either natural
products, their analogues or modified/synthetic compounds with a natural product

pharmacophore.®

Nature’s most remarkable feature is its ability to diversify its limited number of building blocks
to achieve greater scaffold multiplicity. Nature utilizes its building blocks in such a manner
that stereoselective control is precise and the yielding of a single stereoisomer is usual.

In medicinal chemistry, research has shown there are many clear differences between synthetic
compounds and natural products. The latter are said to be less hydrophobic, contain additional
stereogenic centres and a greater number of sp3-hybridized carbon atoms, contain more
solvated hydrogen bond donors and acceptors, have less rotatable bonds and contain more
fused, bridge or spiro rings.® Ganesan’ composed a condensed table outlining the main
differences between biosynthesis and synthetic synthesis of naturally occurring molecules, see
Table 1.



Biosynthesis Synthesis

Building blocks Few Many

Strategy Branching of intermediate Alternation of building block
Scaffold diversity High Low

Functional group tolerance High Low

Novel motifs Common Rare

C-H activation Common, site specific Rare

Stereocontrol Easy, enantioselective Difficult, case-by-case basis

Table 1: Differences between synthetic and biosynthesis of naturally occurring molecules ”

One of the most well-known natural product and first natural plant alkaloid compound
introduced for therapeutic use is Morphine.2 Morphine, Figure 1, is a pain management agent
first isolated by Friedrich Sertiirner from the Papaver somniferum plant in 1804.° The
discovery of this pharmacologically potent compound led to the isolation of early drugs and is
a precursor in the manufacture of other pain relief compounds such as codeine and

hydromorphone.°

Figure 1: Morphine

It was only after this discovery that people realized that the therapeutic properties of organisms
were attributed to bioactive compounds and that these were responsible for their efficacy.®
Interest in natural products as sources of human therapeutics came to a head in the 1970’s. The
pharmaceutical landscape was flooded with non-synthetic molecules. Once organic chemists
could control the power of synthesis, they were able to alter the structure of natural products to
greater improve selectivity, potency etc.® However, despite the success of natural products in
the development of possible drug candidates, research in this area deteriorated over the
subsequent two decades. Advances in drug discovery required rapid screening, which

conflicted with the arduous resource-intensive natural product programmes.t* This decrease



was attributed to numerous factors; the growth of combinatorial libraries, the introduction of
high-throughput screening against defined molecular targets, advances in genomics, cellular
biology and molecular biology!! and the uncertainties regarding the compilation of
biomaterials as a result of the Convention on Biological Diversity in Rio de Janeiro.'?

Regrettably the fundamental reason for this trend could be ascribed to capital income.

Although natural products are excellent inspirational sources, the biggest hurdle faced by
process chemists in bringing these complex molecules to the market is the supply problem in
translating research laboratory discoveries to commercial products.’®* A multidisciplinary
approach is vital for the current predicament concerning the scientific community involved in
this area. It is believed in order to generate novel molecular diversity derived from natural
sources the combination of total and combinatorial synthetic methodologies and the
manipulation of biosynthetic pathways are fundamental for the progression of natural product

drug discovery.

1.2 Natural Products as Good Starting Points in Drug Discovery

Natural products are referred to as Mother Nature’s substrates and have inspired process
chemists for centuries. As they are created by nature, they are capable of interacting with
multiple biological targets.}* Their therapeutic applications have contributed heavily in the
expansion of the chemotherapeutic armamentarium. They are a rich source of structural
diversity that remains unrivalled by other drug formats.'>!® This diversity is an imperative

prerequisite to address the variety of biological target space.

The rate of advancements in the discovery of genes and proteins associated with certain
diseases is immense but the availability of novel chemical substances against which to
investigate this vast influx of targets is not proportional. To keep up with growing demand for
novel scaffolds for drug discovery, it is predicted new natural product scaffolds will originate

from the genetic information being gathered from microbial sources.*®*’

Secondary metabolites in living organisms have been a huge inspiration in the search for novel
drug molecules.!® Metabolism is the sum of all biological processes that occur in an organism
and metabolites are the small molecules employed to modulate these metabolic reactions.*®
These metabolites are categorized as primary or secondary metabolites. Primary metabolites
are required for the basic survival of an organism. Secondary metabolites are involved in the
growth and development of the organism and most importantly in defence and adaptation

mechanisms.®2 As stated above, secondary metabolites have been analysed as potential
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therapeutic agents. Of the 100,000 known secondary metabolites derived from natural
products, roughly 3% of these are macrocyclic.?’ This set of powerful therapeutics are used to

fight infection, treat cancer and modulate immune system responses.?

One of the most important therapeutic secondary metabolites isolated is paclitaxel or Taxol®.
This cyclodecane, Figure 2, was first isolated as the active constituent of an extract taken from
the stem bark of the Taxus brevifolia tree as part of a plant exploratory screening programme
funded by the United States National Cancer Institute (NCI) in 1969.%2 In 1971 its structure
was elucidated by Wani et al.?® and was approved for administration in 1993, marketed as
Taxol®.%2 At the time it showed potent antileukemic and tumour inhibitory properties and to
this day it is one of the most widely used drugs in the treatment of numerous types of cancers.?
Its discovery and development spanned over 30 years and has provided significant information
in natural product discovery and drug design.?? Its mechanism of action involves disrupting the

uncontrolled cell division process of cancerous cells.?*

O

Figure 2: Paclitaxel (Taxol®)

Wessjohann and co-workers?® complied and analysed 132,522 compounds defined as natural
products from the Beilstein database (the largest comprehensive database detailing information
on organic compounds from original scientific publications).?> They concluded from their
findings that 14-membered rings are the most commonly represented macrocycles with 806
compounds being represented. The highest frequency of compounds were 14-membered rings
with molecular weights between 300 and 400 g/mol. Macro-lactones, lactams, ketones, ethers,
cyclopeptides and conjugated C=C double bonds are just some of the elements and functional
groups represented in the dataset. This information illustrates the vast variety of macrocycles

of natural product origin in literature.



The importance of natural products is incredibly prominent in the field of infectious diseases
as they provide a template for up to ¥ of all antibiotic and anticancer agents on today’s
market.2%2® Their role is pivotal in combating the fight against drug resistance.?’ In another
area, natural products have been used in the elucidation of complex cellular processes thus
leading to the discover of vital targets for therapeutic intervention.?® All these points provide

proof for the significance of natural products in the quest for novel drug candidates.

1.3 “Natural Product-Like” Compounds

Historically natural products have been used as fruitful access points for drug discovery
predominately due to their skeletal diversity, rigidity, stereochemical richness and increased
occurrence of heteroatoms in the scaffold.?® The synthesis of natural products can be
challenging and it is accepted that natural products are more intricate than molecules
conventionally generated from synthetic medicinal chemistry approaches. As a result of this,
attention has been turned to the formation of natural product-like compounds. Presently there
are no putative descriptions encapsulating the essence of natural product-like compounds,
however they have been described as analogues of natural products differing in structure due
to the adjustment of the appendages of a biologically relevant natural product scaffold.*® From
a synthetic viewpoint it can be challenging to incorporate some natural product-like elements
such as complexity and stereochemistry. To capture these characteristics their synthetic
strategies can be separated into the following categories; Diversity Oriented Synthesis (DOS)3!,
Biology Orientated Synthesis (BiOS)®, Functional Oriented Synthesis (FOS)*® and Diverted
Total Synthesis (DTS)3.

Natural product-like compounds or ‘fragments from nature’ are attractive as possible drug
candidates due to their link with natural products. The main objective for the synthesis of
natural product-like compounds is to harness the side-chain diversity and stereochemical
features of natural products to potentially generate more potent and selective compounds for

biological evaluation.®

Outlined in Figure 3 are examples of structural diversity provided by natural product-like
compounds. Compound 1 is a highly functionalized cyclopentene intermediate.® It has been
used to generate biologically active natural product 2%” and the marketed cancer therapeutic
agent 3, Figure 3.3 Padwal et al.®® utilized this functionalized cyclopentene scaffold in the

synthesis of a versatile compound library for drug discovery. The purpose of this library and



many others?®*>% s to provide additional diversity for drug discovery focusing on biologically

important natural products.
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Figure 3: Structure of functionalized cyclopentane 1, mannostatin A 2, queuosine 3, selected natural product-like derivatives
4-6%

A more recent example carried out within the Murphy group involved the generation of
functionalized polyhydroxylated cyclopentene derivatives from L-sorbose. They synthesised a
number of novel orthogonally protected cyclopentene derivatives, see Figure 4, which are
structurally related to the naturally occurring jatrophane frameworks. During this research, a
route for the conversion of L-sorbose into an orthogonal acyclic L-sorbose derivative, 14, that
can be used in the preparation of more intricate chiral compounds was developed. The
cyclopentene 15 was tested against a panel of human cancer cell lines, HT29, SW620 and
LS174T all human colon cancer cell line, A549 cancerous lung tissue cell line and HelLa
cancerous cell line, all showing significant cytotoxicity activity. Additionally, compound 15
displayed weak inhibition activity against genes ABCB1, ABCC2 and ABCC3, whose function
involves multi-drug resistance, thus demonstrating a potential starting point for the

development of novel multidrug resistance modulators.*°
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Figure 4: Natural and synthesised compounds reported by Lo Re et al.*® (a) jatrophane natural products; (b) synthesised
jatrophane analogues and their reported activity; (c) synthetic route to sorbose derivative. (Reprinted with permission by
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1.4 Screening Libraries

Combinatorial chemistry is a fairly new concept to synthetic chemistry. Although its origins
can be tracked back as far as 1969,*! it was not until the early 90°s that its evolution was driven
by improvements made in high throughput screening technologies.*> High throughput
screening (HTS) libraries provide a practical method for the investigation of large volumes of
synthetic compounds against the modulation of particular biological targets.** During those
pioneering years, chemists were under constant pressure to synthesise large quantities of
compounds to satisfy growing demand regarding screening purposes. Due to the vast number
of structural possibilities and in order to handle demand, researchers generated virtual
libraries** to create molecules en masse in a resource-effective manner for rapid
pharmacological assay testing in a variety of forms.* The crucial element of combinatorial
chemistry is a range of analogues can be synthesised individually, in the same reaction vessel

or in parallel using semi-automated synthesis.*?

The presence of natural products in screening libraries enhances variety due to their possession
of certain attributes (number of stereogenic centres, heteroatoms and diversity) when compared
to synthetic compounds. A recent study has shown there has been a steady increase in the



number of natural products in screening library production since the 1980’s. There are
hundreds of natural products within numerous screening libraries around the world.?® These
natural product screening libraries consist of mixtures of samples, semi-pure mixtures and pure
samples of natural origin.*® The hit detection process is similar to that for general synthetic
libraries, however in the case of mixtures of samples, purification and biological assays are
necessary for isolation and identification of the active component.? It is believed that natural

product-like compounds are underrepresented in such screening libraries.*

1.5 Introduction to Macrocycles

Macrocycles are defined as molecules which contain at least one large ring that consists of 12
or more atoms in ring architecture.*” Naturally occurring cyclic frameworks can reach greater
than 50 atoms in their structure, however based on recent analysis the most common natural

macrocycles contain 14, 16 and 18 atoms,*® Figure 5.
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Figure 5: Abundance of natural macrocycles versus ring size.*® (Reprinted with permission from Molecular Diversity,
Frank, A.T., Farina, N.S., Sawwan, N., Wauchope, O.R., Qi, M., Brzostowska, E.M., Chan, W., Grasso, F.W., Haberfield, P.
and Greer, A., 2007, 11(3-4), pp.115-118) Copyright 2007, Springer

When compared to their acyclic analogues, macrocycles are regarded as conformationally
restricted, however they offer a reasonable compromise between sufficient flexibility and



preorganization to facilitate binding through a number of spatially dispersed binding
interactions.®®®!  Additionally, reports suggest that cyclization favourably impacts drug

property requirements regarding permeability,>? stability and pharmacokinetic.?1534

Medium ring formation is considered the most challenging cyclization reactions. Their
synthesis can be difficult due to unfavourable enthalpic and entropic contributions,>®® thus
reactions that form medium sized rings are often comparatively slow. It is believed that due to
lack of quantitate information regarding medium sized ring formation, ring closing metathesis

(RCM) reactions are based on trial and error rather than experimental understanding.®®

To be validated as a bioactive small molecule drug candidate, it has been widely adopted that
each molecule should ideally comply with Lipinski’s ‘rule of 5°. Under these rules molecules
are examined for 4 characteristics; molecular weight, lipophilicity, the number of H-bond
donors and acceptors.®” Macrocycles often exceed that which is considered optimum according
to these rules.?! However, they can still exhibit drug-like physicochemical and pharmacokinetic
properties. Despite the therapeutic potential of macrocycles their development as scaffolds in
medicinal chemistry programmes have been less exploited.*® In the pharmaceutical industry,
reluctance to explore macrocycles is down to their complex structures and non-compliance of
Lipinski’s ‘rule of 5. However in the world of academia, there are several research groups
interested in the preparation of synthetic macrocycles with the potential of modulating
important biological processes.?*3

Presently, all current macrocyclic drugs on the market are almost exclusively derived from
natural products.?* Two examples of macrocyclic natural products that are currently available
on the drug market are outlined in Figure 6. Temsirolimus (1) is an a-keto homoprolyl amide
that is used in the treatment of renal cell carcinoma.?**® Amphotericin B (I1) is an antifungal
antibiotic first isolated from a broth of Streptomyces nodosus in 1955.% It is used in the
treatment of severe fungal infections and has also shown activity against certain viruses
including prions and protozoans.®! It has been included in the World Health Organization’s list

of essential medicines.®?

10



I OH OH l

Figure 6: Temsirolimus I; Amphotericin B 11

1.6 Macrocycles as Good Drug Targets

Evidently, macrocycles are considered a good starting point in the pursuit of new drugs and
their diverse nature has inspired innovation for novel drug design. Their extraordinary success
as drug candidates can be attributed to their flexibility and ability to extend over large target
surface areas.'® Regarding accessibility and synthesis, their complex structural nature can be

viewed as a drawback.%?

Another positive attribute when compared to their open chain counterparts, is increased
selectivity towards specific targets by means of ‘fixing target-specific conformation’. One such
study showed the ability of the macrocyclic analogues of non-macrocyclic staurosporine and
rebeccamycin compounds to successfully inhibit several AGC group protein kinases,® whose

dysregulation can lead to cancer and diabetes.%

Numerous reviews?1°13 have outlined the value of macrocycles as pharmaceutical agents. One
such example is erythromycin. Erythromycin is a polyhydroxyketolactone,® see Figure 7. It is
an antibiotic used to treat a number of infections caused by Gram-positive bacteria.®” It was
reported in 2015 that erythromycin is prescribed as the drug of choice regarding the treatment
of infections®® such as Legionnaires disease, syphilis and diphtheria.®® First isolated in 1952
from a fermented broth of Streptomyces erythreus,’ this macrolide® is a 14-membered ring
structure with two carbohydrate residues attached via glycosidic bonds.” It operates by
inhibiting protein synthesis, in the bacterial ribosome, thus blocking the growth of the peptide

chain.”t
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Figure 7: Erythromycin

Undoubtedly, macrocycles have repeatedly shown success in modulating biological processes
and can function as conformationally complex pre-organised compounds that can present drug-
like bioavailability and deliver remarkable levels of target efficacy,?* all augmenting the belief

that macrocycles are excellent targets for drug discovery.
1.7 Macrocycle Formation

1.7.1 Macrocyclization
Macrocyclization is an intramolecular cyclization reaction of bifunctional compounds that

results in the formation of a macrocyclic compound, Scheme 1.172

Intramolecular
X\/\/\/\
Y > Z

Scheme 1: Intramolecular reaction®

The first reported discovery of macrocyclization dates back to 1927 when Leopold Ruzicka
elucidated the structures of Muscone and Civetone, used in perfumery and flavouring.”
Currently, almost 40% of medicinal drugs are derived from natural products and a particularly
Ocommon trait of natural products is the presence of a cyclic scaffold.” In drug discovery,
macrocyclic compounds are known to possess antitumoral,” antibacterial,’® and antifungal’’

properties.

Regrettably during intramolecular cyclization reactions, the generation of the intermolecular

product is a competing reaction (polymerization), Scheme 2.
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X\/\/\/\Y Dimerization
s X\/\/\/\ e U e _— etc.
+ V4 Y

X\/\/\/\Y

Scheme 2: Competing polymerisation®

The use of high volumes of solvent; typically <0.01 M substrate concentration can be used to
alleviate dimerization (Ziegler conditions).”® An alternative to high dilution is the use of a

cocatalyst, which will be explain in more detail later in the thesis.

1.7.2 Macrolactonization

Lactones are cyclic esters.”” Macrolactonization can be achieved via a number of efficient
methods; RCM?° Diels-Alder cycloaddition,®! Yamaguchi esterification®? and intramolecular
cross-coupling interactions.® The most frequent method for the preparation of lactones is via
seco-acids or hydroxycarboxylic acids.” In the mid 1970’s, Corey®* and Nicolaou®® paved the
way for novel macrolactonization. The introduction of macrolactonization impacted greatly in
the area of natural product synthesis and throughout the succeeding years the formation of
novel complex macrolide antibiotics was accomplished.®® Outlined in Scheme 3 is the
macrocyclization of lactones devised by Keck and co-workers in 1985.87 Generally, the
reaction requires high dilution and the use of an aprotic solvent is important. The presence of
DMAP hydrochloride salt is used as the proton source, however a general drawback of the
reaction is the use of large quantities of activating agent (DCC). The reaction begins with the
activation of the seco acid using DCC. This activated ester then reacts with DMAP.HCI
protonating the carbonyl, this carbonyl is then attacked by the hydroxyl group of the seco acid
through intramolecular nucleophilic substitution. Removal of the dicyclohexyl urea drives the

formation of the macrolactone product.
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Scheme 3: Keck macrocyclization reaction mechanism8®

1.8 Macrocyclic Natural Product Case Study
To illustrate some of the principles highlighted above, some research with migrastatin is

presented.

1.8.1 Migrastatin and Analogues

Migrastatin is a 14-membered macrolactone natural product, 16, initially isolated from a
cultured broth of Streptomyces sp. strain MK-929-43F1 by Imoto et al. in 2000 8 and later by
Licari et al. from Streptomyces plantensis in 2002.8° The inhibitory potential of migrastatin
was investigated and at high UM concentrations it was found that the natural product inhibited
the migration of numerous cancer cells in vitro.®8 It was also found to act as a muscarinic
acetylcholine receptor antagonist® as well as hamper multi-drug resistance® thus showing its
potential as a tumour metathesis suppressor.

OMe

16

Figure 8: Migrastatin
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A report published in 2004 revealed modifications to the original migrastatin core created
compounds demonstrating higher inhibitory activity in vivo.?? In the succeeding years, several
migrastatin analogues were synthesised and proved to be more potent anti-metastatic drug
candidates.®>®® Although truncated migrastatin analogues have shown the ability to inhibit
highly metastatic tumour cells in mouse models®®°’ migratory inhibition depends highly on
compound structure.®%% The steadily growing body of evidence on the physiological

significance of migrastatin gave reason to aim at migrastatin analogue design.

1.8.2 Cell Mobility and Migration

Cell migration is a vital and highly complex characteristic of all cells involved in biological
pathways. It is a highly integrated multistep process that is involved in many processes such as
immune response, embryonic development and tissue repair and regeneration. Cell migration
also contributes to many pathological pathways such as rheumatoid arthritis, MS, cancer,
vascular disease and osteoporosis.'® Hence there is a strong urgency to obtain novel drugs for
effective therapeutic treatment, thus understanding cell mobility is fundamental for the

successful treatment of disorders related to migration.*

Cell migration is seen as a cyclic process. An agent that promotes migration causes the cell to
polarize and extend protrusions in the direction of migration. These cell membrane protrusions
(lamellipodia and filopodia) are compelled by actin polymerisation and serve as traction sites
for cell movement. Integrins are a family of receptors that promote movement of different cell
types. They act as “feet” by allowing adhesion to the extra-cellular matrix or other cells, thus

pulling the cell forward,'® see Figure 9.1%?
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Figure 9: Cell movement!®? (Reprinted with permission by International Journal of Biological Sciences) Copyright 2007,
Ivyspring International Publisher

1.9 Cancer Cell Metastasis

Metastasis is the ability of a cancer cell to migrate from one part of the body to another. The
migration of cancer cells accounts for about 90% of all cancer fatalities worldwide.'°® Tumour
metastasis is a two-phase multistep biological process. The first phase encompasses the
physical transportation of a tumour cell to another region of the body; the second phase
involves the colonisation of the cancerous cell into a metastatic lesion.** This process begins
with the invasion of cancerous cells in to local organs/tissues; entry of the cancerous cell into
the blood vessels; subsequent transport of the cancerous cell via vasculature; exit from the
vasculature and colonization at the distal site; lastly, angiogenesis to supply sufficient oxygen
and nutrients to support the growing secondary neoplasm. A thorough understanding of the
mechanisms of cell movement is vital for possible targeted intervention, with the prospect of

prohibiting the ensuing cascade process.'%

1.9.1 Migrastatin Mode of Action

The mechanism by which migrastatin inhibits the migration of cancerous cells is not fully
elucidated and still remains open for debate. In order to fully understand the molecular basis
of migrastatin inhibition, Xin-Yun Huang and co-workers® aimed to identify the protein

targeted by the macroketone. They obtained evidence that migrastatin may bind the actin
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bundling protein fascinl thus blocking its activity. The up-regulation of fascin is found in
numerous types of cancers, it is over-expressed in highly invasive cancer cells and is linked to
the aggressive character of tumours.'% Fascin is a monomer that acts as the actin cross-linker
in filopodia. Filopodia are protrusions presented by cells that function as antennae and are
involved as sensory and exploratory organelles.’®” Actin is a family of proteins involved in
numerous biochemical functions in the cell and more importantly in cell mobility. Fascin
contains two actin binding sites. Molecular modelling studies revealed the macroketone binds
to fascin at one of these binding sites thus inhibiting actin cross-linking and therefore filopodia
formation. The macroketone is stabilized through the side chains of His392, Glu391, Ala488,
Lys471, His474 and the o carbon of Asp473 via hydrogen bonding. The macroketone interacts
with fascin by van der Waals force between the macrolide ring carbon and Glu391, Ala488,
Lys471 and Asp473.1% From the evidence above, marking fascin as an anti-metastatic target

is emerging as an important focus in therapeutic drug discovery.®

1.9.2 Total Synthesis of Migrastatin

After the discovery of migrastatin and its potential as a tumour cell migration inhibitor, interest
in the development of its synthesis intensified. Its synthesis proved challenging owing to the
presence of five distinct stereocenters, three contiguous, coupled with two E bonds, one Z-

olefin and a gluturamide side chain, Figure 8 above.

Danishefsky and co-workers were the first to publish the total synthesis of migrastatin in 2003,
see Scheme 4.1%° They believed migrastatin could be produced from advanced intermediate,
17, Figure 10.

17

Figure 10: Advanced intermediate
For their synthesis of 17 they reported the utilization of diastereoselective divinylzinc addition
(a), Lewis acid-catalysed diene-aldehyde cyclocondensation (LACDAC) (d) and the Ferrier
rearrangement (e). From there an anti-selective aldol-type union (i) followed by a reductive

cleavage of the chiral auxiliary (j). Then a variation of the Horner-Wadsworth-Emmons is used
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to connect the glutarimide moiety (). Olefin reduction (m) followed by a modified Yamaguchi
procedure (n) is used to yield the final intermediate. RCM metathesis using Grubbs Il catalyst

furnished exclusively the E-olefin final product 16.1%°

16

Scheme 4: Migrastatin prepared by Danishefsky and co-worker: (a) DIBALH, ZnClz, H.C=CHMgBr, PhMe, -78°C Y rt; (b)
(i) NaH, Mel, DMF, rt; (ii) 3 N HCI, THF, reflux; (c) Pb(OAc)s, Na2COs, CH2Cly, rt; (d) (i) TiCls, CH2Clz, -78°C; (ii) TFA,
CH2Cly, rt; (e) (i) NaBHa4, CeClz-7H20, MeOH, 0°C; (ii) CSA, H20, THF, reflux; (f) LiBHs, H20, THF, rt; (g) (i) Ac20,
DMAP, pyridine, CH2Cly, rt; (ii) TBSOTT, 2,6-lutidine, CH2Cl, rt; (iii) K2COs, H20, MeOH, rt; (h) Dess-Martin periodinane,
CH2Clz, rt; (i) (i) MgCla, EtsN, TMSCI, EtOAc, rt; (ii) TFA, MeOH, rt; (j) (i) TESCI, imidazole, CH2Cly, rt; (ii) LiBHs, MeOH,
THF, rt; (k) (i) Dess-Martin peridinane, CHzCly, rt, (ii) methyl dimethylphosphonate, BuLi, THF, -78°C; (iii) Dess-Martin
peridinane, CHzCly, rt; (I) LiCl, DBU, MeCN, rt; (m) (i) [(PhsP)CuH]e, PhMe, rt, (ii) HOAc, H20, THF (3:1:1), rt; (n) 2,4,6-
trichlorobenzoyl chloride, i-Pr2Net, pyridine, PhMe, rt; (0) (i) second generation Grubbs cat (20 mol %), PhMe, reflux; (ii)
HF-pyridine, THF, rt1%®
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1.9.3 Danishefsky Migrastatin Analogues

The migratory inhibition ability of migrastatin was promising, nonetheless its activity was
considered modest (ICso value of 29 uM).%2 Danishefsky and colleagues saw the potential of
migrastatin as an attractive compound in the exploration for more potent mediators. In 2004,
they utilized the concept of diverted total synthesis and generated a number of truncated
analogues where their anti-metastatic activity was evaluated. Several in vitro assays were
performed and they demonstrated, in the absence of the pendant glutarimide side chain, the
potency of migrastatin increased 1000-fold when compared to the original migrastatin scaffold.
They proved that simpler analogues, based on variations of the migrastatin core, could inhibit
the migration of tumour cells greater than that of the parent molecule.®> Shown in Figure 11
are the aforementioned analogues. Upon comparison of 1Csg values in a chamber cell migration
assay of 4T1 mouse breast cancer cells, compounds 18, 19, 20, 22 and 23 all showed increased

activity, up to three orders higher than migrastatin itself.
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Figure 11: Migrastatin analogues prepared by Danishefsky and co-workers®
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1.9.4 Murphy Group Migrastatin Analogues

Within this group there has been an interest in the synthesis of migrastatin analogues. In 2008,
Murphy et al.®*!10 prepared a library of novel dorrigocin A and migrastatin core analogues,
Figure 12.

“/OH
OMe

39 R'"=R?2=Ac, R® = Et
40 R'=H, R?= Ac, R® = Et
41R'=R?=R3=H

42 43

Figure 12: Migrastatin and Dorrigocin A analogues prepared Murphy et al.%110
This was achieved via commercially available tri-O-acetyl-D-glucal. Taking migrastatin core
analogue 34 as an example, its synthesis is outlined in Scheme 5. Biological evaluation for the
effect of 34-43 on migration and proliferation were carried out. Although no novel compound
inhibited proliferation a number of analogues prepared, 34, 39 and 41 Figure 12, showed
inhibition of AGS gastric cancer cell migration.%11°
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AcO

imidazole

Scheme 5: Synthesis of migrastatin core analogue 34: (a) cat. K2COs, MeOH; (b) TBSCI, DMF; (c) HF/pyridine, THF, 3 h;
(d) DMSOQ, (COCI)2, NEts, -78°C Y rt; () 2 eq. vinyl-MgBr, THF, - 78°C; (f) NaH, Mel, [18]crown-6, THF; (g) TBAF, THF;
(h) Acz20, pyridine, CH2Clz; (i) H2O/THF 10:1, 80°C, no light; (j) LiBHs, THF; (k) Grubbs-II, toluene, 90°C, 5 min'°

Building on this, Lo Re et al.}'! later reported the preparation and evaluation of migrastatin
analogues, Figure 13, as a means to study the structure-activity relationship and investigate the
inhibition of tumour cell migration. Their synthesis was achieved via Brown alkoxyallylation,
see Section 2.3.4 and chelation-induced anomerisation. All compounds, in some capacity,
showed inhibitory activity against breast (MCF7 & MDA-MB361) and pancreatic (HPAC)
cancer cell lines. One compound in particular, 44, showed low activity against a number of

receptors, ion channels and transporters thus indicating that toxicity is likely to be low
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48 49 50
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Figure 13: Library of migrastatin analogues prepared by Murphy et al.1'!

1.10 Introduction to Carbohydrates

Carbohydrates are found linked to natural products and macrocycles via glycosidic linkages.
They have also been used as building blocks to generate analogues of natural products, such as
those prepared in Figure 13. Thus, they are potential sources of chiral fragments that can be

used in synthesis of natural products or natural product-like molecules.

Aside from these applications, are there other reasons to explore and exploit carbohydrates? In
living organisms, carbohydrates are the most copious class of organic compounds. Over the
years they have served as a significant linkage between organic chemistry, medicinal chemistry
and biology.'*2 Their synthesis is explored for human ends to uncover their function in relation
to their structures. They play a principal role in biological and biochemical processes and as a
result of this, interest in carbohydrates has gathered traction over the last number of decades.
Carbohydrates possess many valued traits. One most notable attribute is the high density of
unique functional groups and the variability of stereochemical configurations that oligomers
can adopt. Another significant characteristic includes the plethora of intercellular recognition

events they partake in; cell adhesion, viral infection and cancer metathesis.'*® They also play
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key roles in infection, inflammation and immune response.*'* All of the evidence above has

led to huge efforts in developing new procedures for the synthesis of carbohydrates.*

Carbohydrate molecules can be selectively derivatized owing to their endowment with unique
stereochemical and functional features.''? These features are both an amenity and a problem
for synthetic chemists. Fortunately, gaining knowledge of chemical reactivity, conformational
analysis and laws of thermodynamics have allowed chemists to functionalize polyhydroxy

aldehydes and ketones in a selective and predictable fashion.

Interest from the scientific community and pharmaceutical industries, has increased immensely
in the possibility of carbohydrates as good drug candidates. At present, there are over 50
synthetic prescription drugs approved by the FDA which contain carbohydrate moieties as part
of their structures,''® while many more have progressed from carbohydrates with the use of
medicinal chemistry. Recent research has found that in the case of some mono-, di- and
trisaccharide conjugates the elimination of the sugar component can eliminate the therapeutic
value of the drug.!*® Carbohydrates present a new scope in drug design for targeting specific
diseases. At this present time, there are carbohydrate-assisted chemotherapy treatments,
carbohydrate-based HIV-vaccines, numerous polysaccharides are used in the treatment of

infections and they play a significant role in targeting galectins.!*

Another important aspect of carbohydrate chemistry that has grown in popularity is in the area
of carbohydrate mimetics. In order to fine tune carbohydrate biological behaviour, the
development of carbohydrate mimetics has become increasingly paramount. Carbohydrates are
reported to be the least exploited of the major classes of biomolecules.!*” There are numerous
contributory factors for this. One reason is attributed to their weak affinity for binding to
receptors due to lack of hydrophobic and charged moieties. Another is the lability of the
glycosidic bond.*** Thus synthetic chemists are turning to carbohydrate mimetics to circumvent
these obstacles. Glycomimetics refer to a carbohydrate derivative or any compound structurally
related to a natural carbohydrate that has been modified to alter the behaviour, reactivity,
stability etc.}'”18 Qutlined in Figure 14 are a variety of carbohydrate modifications. Linkage
modifications via synthesis of C-, S- and N-glycosides, derivatization of 2-C-branched
carbohydrates, formation of 5- and 7-membered rings, synthesis of imino, carba and thia sugars
and introduction of fluorine substituents are a few of many methods in diversifying

carbohydrates. Access to varied carbohydrate mimetics could help in improving our
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understanding of the role played by carbohydrates in biochemical processes and could expand

the toolbox of potential drug targets.*'8
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Figure 14: Different classes of carbohydrate mimetics!

1.11 Carbohydrates as Privileged Structures

Carbohydrates are classed as privileged structures. Privileged structures are defined as
regularly occurring structural frameworks available for derivatization and capable of providing
useful ligands for a variety of receptor or enzyme targets.!'® Monosaccharides have long been
seen as versatile building blocks in synthetic organic chemistry. Due to their combined unique
features of high combinatorial potential and conformational rigidity, they play a vital role in
biological recognition. Because of this, they are widely used in natural product synthesis as is

evident by the accumulation of literature reports.120-123

In nature, carbohydrates are used to orientate the binding determinants in an appropriate
conformation in order to provide optimum binding to a receptor. This phenomenon is exploited
by the presence of unique features possessed by carbohydrates; their cyclic structure offers a
rigid conformation, linkage through various hydroxyl groups opens multiple binding

opportunities and chirality provides diversity for optimum binding interactions.*?* Figure 15
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details two examples of nature’s manipulation of carbohydrates as scaffolds. Structure A is
sialyl Lewis X. This structure highlights how a monomer, galactose (in pink), can link different
carbohydrates, GICNAc and sialylacid and present their groups in such a manner in order to
ensure recognition by specific selectin receptors. Structure B is an example of a peptidoglycan
and illustrates the possibility of carbohydrate-peptide linkages. As a result of these natural
phenomena, synthetic chemists have in turn exploited these marvels for the construction of

libraries of compounds for the production of potential therapeutic agents.*?*

NHAc L-Ala
H2C 2 OH D—(|3Iu
HO OH L-Lys-(Gly)s
A D-;?\Ia B
D-Ala

Figure 15: A) Sialyl Lewis X; B) Peptidoglycan
The type of compounds encompassed by the term privileged structure tend to possess the
characteristics associated with drug-like molecules. To be classed as a potential scaffold,
molecules should possess certain characteristics; ideally, they should be of low molecular
weight and contain a chemically stable non-binding core with several functional groups of
orthogonal reactivity. The core must be strong enough to support a three-dimensional
presentation of pharmacophores as well as being biologically stable. The variable nature of
these functional groups is vital for selectivity on a privileged structure.!® Although
carbohydrate scaffolds do not satisfy all these credentials, they possess humerous desirable
qualities. They provide a rigid scaffold with an assortment of functional groups in distinct
spatial orientation. All possible isomers of carbohydrates are available in nature or synthetically
by inverting individual positions. Two additional characteristics are the presence of rotatable
bonds and polar surface area, features carbohydrate structures have in abundance. All of these
attributes make carbohydrates attractive to consider in the development of novel therapeutic

agents.
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1.12 Versatility of Carbohydrates in Drug Discovery

The expansion of analytical techniques has led to the discovery that carbohydrates are
modulators of various biological pathways and are heavily involved in numerous disease
processes.'? Although carbohydrates are the most abundant and diverse class of biomolecules
they are poorly represented in the world of therapeutics. This in part is caused by their high
polarity and is regarded as an undesirable pharmacokinetic property.1?® However, carbohydrate
mimetics, discussed in Section 1.10 and Figure 16 outline areas of potential diversity as a

means of alleviating this problem.?’

OH OH = structural diversity
HO = stereocenter inversion
OH
Figure 16: Positions where functional groups can be incorporated on the glucopyranose scaffold and other areas of potential
diversity

The first carbohydrate-based vaccines were commercially launched in 1983, with the
introduction of PneumoVax, a vaccine inducing protection against a number of bacterial
infections. Progress in this area has been slow as a result of their poor immunogenic properties.
Although their ability to activate T-cell humoral responses is favourable, these responses are
less robust and only short lived.'?® Despite this drawback, carbohydrates present pure well-
defined material for the preparation of biologically derived vaccines. The addition of adjuvants
(attachments used as immune-stimulants!?’1?®) have greatly accelerated progress in the

development of carbohydrates as vaccines.*?’

Glycoconjugates are a class of biologically important biomolecules in which a carbohydrate is
linked to another biomolecule class, for example glycoproteins, glycolipids and
glycopeptides.?” Glycoproteins are heavily involved in numerous biological processes, such
as the immune system, cell recognition and in the progression of cancer.’*® They regulate
numerous aspects of tumour progression, including invasion, proliferation and metathesis.*3!-
135 Altered glycoproteins are found on the surface of tumour cells and have served as ideal
cancer biomarkers and therapeutic targets.’*° Together with a number of glycoproteins,
glycolipids form the glycocalyx, a fibrous meshwork of carbohydrates found embedded on the
cell surface,'® which is mainly involved in haemostasis, cell signalling and blood cell-vessel

wall interactions.®®” Interest in glycolipids for targeted drug delivery has increased in the last
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three decades™® due to their ability to interact with saccharide receptors with high

specificity.**°

Development of carbohydrate based peptidomimetics is another area of relevance in drug
discovery. Although it mostly concerns the use of peptides, the primary publication of the use
of carbohydrates as new scaffolds in the area of peptidomimetics was penned by Maechler et
al. in 1992.10 They reported the synthesis of nonpeptidal peptidomimetics based on a B-D-
glucose scaffold. They designed a novel nonpeptidal peptidomimetic that, at low
concentrations, is recognized by its receptor as an agonist. It was reported as the first known
antagonist of somatostatin and that a change in the biological profile is as a result of a minor
structural change. Since then there has been a flurry of interest in this area. Other groups have
described the use of carbohydrate scaffolds to mimic bioactive molecules'* and as anticancer
agents. All these aspects of carbohydrates demonstrate their strength in the quest for novel
therapeutic agents.

1.12.1. Background to Formation of Glycosidic Bonds

A covalent bond that links one carbohydrate monomer to another, is the most universal
structural element of all carbohydrate-containing biopolymers. For this reason, its synthesis is
undoubtedly the most fundamental reaction in carbohydrate chemistry. According to the
IUPAC naming system, a glycoside such as that generated during this research work, is a
molecule resulting from the attachment of a glycosyl donor (a carbohydrate containing an
appropriate leaving group at the anomeric centre) with a non-acyl group via a glycosidic
bond.1#? Interest in the chemistry of the glycosidic bond has been prominent throughout the
history of carbohydrate chemistry. There are two general strategies for glycosidic bond
formation: enzymatic (as occurs in nature and carried out in some laboratories) and chemical
synthesis.}*® The first glycoside to be discovered was amygdalin, in 1850 by the French
chemists Antoine Boutron-Charlard and Pierre Robiquet.}** It was not until the late nineteenth

century that Michael**® and Fisher'*® independently reported the first glycosylation reactions.

In nature, the formation of the glycosidic bond is a highly regio- and stereoselective enzymatic
process. It involves the coupling of an activated carbohydrate (donor) with the hydroxyl group
of another carbohydrate (acceptor) by employing the use of glycosyltransferase enzymes.
Through the years, organic chemists have taken inspiration from nature for the chemical
synthesis of oligo-/poly-saccharides. Due to their specific and complex nature, their synthesis
requires stereo- and regiochemical control in glycosidic linkage formation 1*3 and requires the
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presence of fully protected glycosyl acceptor and donor molecules. The donor must contain a
leaving group at the anomeric position and the acceptor bearing a free hydroxyl. Outlined
below is a mechanism for chemical glycosylation, Scheme 6. Generally, chemoselective
activation leads to displacement of the leaving group on the donor molecule forming the highly
reactive oxocarbenium intermediate. The nucleophilic deprotected hydroxyl on the acceptor
molecule reacts with the electrophilic anomeric carbon thus forming a glycosidic bond. Due to
the distinctive planar nature of the oxocarbenium ion, two glycosides are formed; a- and -
anomers or 1,2-cis and 1,2-trans glycosides. Possibly due to the anomeric effect, the a-anomer
is favoured. Solvent, protecting groups, steric hindrance, leaving groups and temperatures are
all influencers of the glycosylation outcome.*’ Thus a highly controlled glycosylation process
must be performed in order to obtain complete selectivity. Both diastereoisomers can in
principle be separated from each other.

OoP OP OoP
o Activator o®
PO
op ~— A oP
OoP
Glycosyl Formation of oxocarbenium ion
Donor
OoP H oP oP
G_/\.. j
(0] HOR
PO 7\ - - PO&&/OR or PO °
PO U PO PO
oP OP POOR
Oxocarbenium 1,2-cis 1 2-trans

intermediate
Scheme 6: General glycosidic bond formation
Glycosidic linkages are covalent bonds that can be achieved using oxygen, sulphur, carbon,
nitrogen or selenium. Outlined below are brief descriptions of the glycosidic linkages used

regularly.

1.12.2. O-Glycosides
The formation of an O-glycoside is as a result of the condensation of two sugar molecules
through oxygen. It is thought to be the most general structural element of all carbohydrate-

containing molecules. The O-glycosidic bond is considered an example of an acetal bond
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however owing to the presence of unique structural features distinguishes it as a separate
chemical class.*®%4® Through the years there has been extensive research in this field. This is
evident by the presence of a vast number of coupling reactions for the preparation of the O-
glycosidic bonds. The most common methodologies thus far are; the trichloroacetimidate
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reaction,'* the Koenigs-Knorr reaction®®! and the thioglycoside reaction'® to name but a few.

The two O-glycosylation used in this project are outlined below.

1.12.2.1Use of glycosyl trichloroadenidates

An imidate is an organic compound with the general formula R-C(=NR")OR".1*3 Thus far the
synthesis of O-glycosides based on O-glycosyl imidates predominantly focus on
trichloroacetimidates, due to their effectiveness. The use of trichloroacetimidates as glycosyl
donors was first introduced in 1980 by Schmidt and co-workers.*® The utilization of
trichloroacetimidates as glycosyl donors boast great product yields and high stereoselectivity.
The configuration of the glycosylated product originates from the configuration of the O-
glycosyl trichloroacetimidate. Its formation is readily achieved from the corresponding
hemiacetal via base-catalysed addition of the anomeric hydroxyl to trichloroacetonitrile.!*® The
base used is a vital factor in the stereochemical outcome of the trichloroacetimidate formed.
Weak bases give the kinetically favoured B-imidate while strong bases give the
thermodynamically favoured a-imidates.”>> The most common and efficient catalysts for
glycosylation reaction are BF3-OEt, or TMSOTf. After activation, the bulky and electron
withdrawing trichloromethyl group facilitates the formation of an oxocarbenium ion, which is
subsequently attacked by the nucleophilic hydroxyl resulting in the formation of the glycosidic
bond, Scheme 7. Though it is primarily used in the formation of O-glycosides,
trichloroacetimidates have been reported in the synthesis of P-, N-, S- and C-glycosyl
compounds.!*® Due to their advantageous traits as donors, trichloroacetimidates are one of the

most widely used glycosyl donors in carbohydrate chemistry.>°
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Scheme 7: Glycosylation via glycosyl trichloroacetimidate donor

1.12.2.2KoenigsKnorr glycosylation reaction

The Koenigs-Knorr glycosylation reaction was first reported in 1901. The mechanism, Scheme
8, involves a concerted bimolecular displacement or Sn2 type reaction. It is highly
stereoselective as both the o and f anomers of the alkyl bromide exclusively give the B-
glycoside. This is attributed to neighbouring group participation at the C-2 position. In the
successive years substantial mechanistic studies were carried out.®® In 1937 Pigman and
Isbell*™ provided a solid mechanistic scaffold upon which the theory of C-2 participation was
built. It is reported that the reaction begins with the complexing of the silver salt with the
anomeric bromide. In the presence of an ester protecting group at the C-2 position,
intramolecular nucleophilic displacement of the leaving group generates the orthoester. Then

the incoming nucleophilic hydroxyl displaces the carbonyl oxygen to give the f-anomer.
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Scheme 8: Koenigs-Knorr glycosidic reaction!s®

1.12.3. C-Glycosyl Compounds

A C-glycosyl compound is one in which the anomeric oxygen is replaced by a carbon atom.
Originally, interest in the synthesis of C-glycosyl compounds was purely academic. However
passion in its synthesis was ignited in the 1970s after the pharmacological properties of
naturally occurring C-glycosyl compounds were observed.**%!% However when comparing C-
glycosyl compounds to O- and N-glycosides, they have been shown to be resistant to enzymatic
and acidic hydrolysis.'®! They are inert to degradation and can be used as non-hydrolyzable
mimics of O- and N-glycosides.'®? There have been biologically active carbohydrates isolated
from nature that are C-glycosyl compounds.*®® Shown below in Figure 17 are just a few of the
many examples of biologically significant naturally occurring C-nucleosyl and glycosyl

compounds. Their functional activity ranges from antibacterial to antiviral and antitumor. 164165
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Figure 17: Biologically significant naturally occurring C-glycosyl compounds

C-glycosyl compounds are commonly used as chiral building blocks for the synthesis of natural
products containing various pyran or furan motifs.16167 Synthesising C-glycosyl compounds
can be achieved from natural sugars or from non-carbohydrate chiral building blocks.1®® In the
literature there are a plethora of methods employed in the synthesis of C-C glycosyl linkages.
With the carbohydrate as the donor precursor, C-glycosyl formation can occur via radical
species,'® electrophilic/cationic species,!’® transition-metal species!’* or anionic species.!”
Intramolecular rearrangements such as Ramberg-Backlund rearrangement,}’? 1,2-Wittig
rearrangement!”® and the Claisen rearrangement!’# are also plausible. An alternative to these is
the formation of the pyran/furan ring after the induction of the predetermined glycosidic C-C
bond.1"® C-glycosyl compounds can also be formed from their O-glycoside counterparts via
the Ferrier rearrangement reaction.”> However one of the most widely used methods involves
the formation of an oxonium ion by treating a glycoside, containing a good leaving group at
the anomeric position, with a Lewis acid and then reacting with a carbon nucleophile such as
an allylsilane, an aromatic compound or an enamines to afford the C-glycosyl compound.t’®
Outlined in Scheme 9 is a similar reaction carried out earlier in this thesis which involves the

formation of a C-glycosyl compounds using BFs-Et,0 and allyltrimethylsilane.t’’
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1.13 Aim of Chapters 2 and 3

Chapter 1 has outlined the key aspects of the subsequent results chapters. As summarised in

this chapter the aim of the first part of this thesis work is the synthesis of novel macrocyclic

derivatives, that can be considered to be natural product-like. In this regard, chiral fragments

used in the synthesis of migrastatin and its analogues, as well as carbohydrates from the chiral

pool were investigated with a view to generating new macrocyclic structures with features of

natural products. Efforts towards key synthetic targets 51-55 will be described in the

succeeding results chapters, Figure 18 below.
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incorporating numerous pharmacophoric groups (blue)
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2.1. Aim of Chapter and Target Compounds

As outlined in the introductory chapter, macrocyclic natural products are important
compounds, as shown for example by the natural product migrastatin, Figure 8, and its
derivatives, Figures 11, 12 and 13, which have displayed properties consistent with being

inhibitors of tumour cell migration, relevant to cancer metastasis.

One objective of this thesis work was to prepare new macrocyclic compounds which are natural
product-like. With this mind, it was initially proposed to synthesise new macrocycles
incorporating chiral building blocks synthesised in the Murphy group at NUI Galway which
include fragments used in synthesis of migrastatin and analogues. It was also a goal to include
carbohydrate derived building blocks which contain numerous pharmacophoric groups and

incorporate these into macrocyclic structures.

Compounds 51 and 52, Figure 19, were first selected as synthetic targets with the goal of

identifying novel macrocyclic compounds.

,N:N
HO N —
WOH
HO P MeOO .
3 “, /OMe
RO NN Me
OH
51 52

Figure 19: Target migrastatin analogues, based on carbohydrates incorporating numerous pharmacophoric groups (R)

2.2. Retrosynthetic Analysis

It was envisioned that the synthesis of 51 and 52 would be achieved from both carbohydrate
and migrastatin fragment building blocks, Scheme 10. It was proposed that the carbohydrate
moiety could be synthesized from commercially available peracetylated D-galactose 60
through C-glycosylation, deprotection, protection and Sn2 substitution with sodium azide to
afford 59. It was considered that fragment 58 could be generated via the diastereoselective
Brown alkoxyallylation® using allyl methyl ether 57 and the chiral aldehyde 56 as formerly
described in migrastatin fragment synthesis. Then 1,4- and 1,5-triazoles would be targeted via
the copper azide-alkyne cycloaddition (CUAAC) and ruthenium azide-alkyne cycloaddition
(RUAAC) between the azide containing carbohydrate 59 and migrastatin fragment containing
the alkyne 58. Ring closure and cyclization using Grubbs catalyst, followed by deprotection,

were envisaged to generate the desired target compounds, 51 and 52.
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Scheme 10: Retrosynthetic analysis of target compounds, 51 and 52; (a) diastereoselective Brown alkoxyallylation; (b)
glycosylation and protection; (c) cycloaddition via CUAAC/RUAAC; (d) ring closure via RCM and deprotection

2.3. Results and Discussion

1.7.2  Synthesis of 1-C-allyl-1-deoxy-3,4-O-isopropylidene-a-D-galactopyranoside -
Galactose building block (67)

AcOo OAc AcO OAc HO _OH
(@) (@)
AcO OAc > AcO HO
AcO HO
60 63 64 |

Ts

ﬁ@mﬁ %ﬁ “@

Scheme 11: Synthesis of galactose building block 67; (i) AllyITMS, BF;-Et,0, MeCN, 98 °C, 24 h; (ii) NaOMe (1 M), Amberlite
resin, MeOH, rt, 16 h; (iii) DMP, p-TSA, MeCN, rt, 16 h; (iv) p-TsClI, Pyridine-Acetone, 0 °C, 16 h; (v) NaNs, DMF-H;0, 120 °C, 24 h

The route used to synthesise 67, outlined in Scheme 11 above, was based on a synthesis
previously utilized within the Murphy group.? The synthesis commenced from the
commercially available peracetylated D-galactose 60, Scheme 12. Allylation of 60 was
achieved via treatment with allyltrimethylsilane and boron trifluoride diethyl etherate, heated
to reflux for 16 h to give 63 as a mixture of anomers (4:1).3 The use of acetonitrile is key to
obtaining a high o stereochemistry. Fraser-Reid and co-workers* reported the acetonitrulium

ion formed resulting from the interaction of acetonitrile and the oxocarbenium ion is equatorial
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which then undergoes an Sn2 type displacement to give the desired inverted axial anomer.
Subsequent Zemplén deacetylation of 63 gave compound 64 in 77% yield. Treatment of 64
with dimethoxypropane and p-toluenesulfonic acid selectively introduced the isopropylidene
protecting group under thermodynamic conditions.® With this key intermediate in hand, the

focus was turned to adapting this into the desired azide monomer.

AcO _OAc AllyITMS AcO _OAc
0 BF-Et,0 0
AcO OAC — MeCN AcO Z

AcO 16 h, 98°C AcO
4:1 o:B?, 74%

60 63
Ho _OH OH
1. NaOMe (1M) o DMP ><O o
2. Amberlit i -TSA
merlerismHO P .
MeOH, 77% HO MeCN, 55% HO
64 | 65

Scheme 12: Synthesis of key intermediate 65

2.3.2. Synthesis of alkylated azide monomer (67)

Following a known procedure, introduction of the azide at the primary hydroxyl was achieved
via tosylation by treating 65 with p-toluenesulfonyl chloride in pyridine-acetone, to give
compound 66. This subsequently underwent Sn2 substitution with sodium azide in N,N-

dimethylformamide to furnish the corresponding azide compound 67, Scheme 13.°

o _OH o OTs o Ns
>< p-TSCI NaN
O ) 3 9]

© O DMF-H,0 O

Pyridine-Acetone H
0°C, 70% 120 °C, 50% O

65 66 67

HO HO

Scheme 13: Synthetic route to azide 67

The free hydroxyl group at C2 of the carbohydrate was used as a functional handle onto which
pharmacophoric groups could be grafted. At this point it was decided to alkylate at this position
introducing different groups to develop a library of analogues for macrocycle synthesis.
Alkylation was carried out using iodoethane, 1-bromo-3-methyl-butane and 2-bromomethyl
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naphthalene to give the alkylated products 68, 69 and 70 in good to moderate yields, Scheme

14. The *H and *C NMR data for 68-70 were in good agreement with those previously reported
in literature.®

o N3 R-Br/l o N3 R= o 68
>( 0 NaH >( 0 Eg 81%
HO RO 31% 69

67 59 27% 70

Scheme 14: Synthesis of azide monomers 68-70

2.3.3. Preparation of (2R,3S,4S5)-3-((tert-butyldimethylsilyl)oxy)-4-methoxy-2-

methylhex-5-en-1-propargyl — Migrastatin fragment building block (58)
Following the procedure published by Murphy and co-workers, intermediate 58 was
synthesized from 2-methyl-1,3-propandiol in 8 steps.* Thus in order to obtain 58, the use of the
stereoselective Brown alkoxyallylation® from allyl methyl ether 57 and the chiral aldehyde 56
was successfully performed as previously described. The aldehyde 56 was obtained according
to the description by B. M Trost and co-workers for the asymmetric desymmetrization of
acyclic 2-substituted-1,3-propanediols.” Firstly the dinuclear zinc-catalyst 72 was prepared.
Diethyl zinc was added to a solution of (S,S)-(+)-2,6-bis[2-(hydroxydiphenylmethyl)-1-
pyrrolidinyl-methyl]-4-methylphenol 71, in toluene and stirred for 2 h, Scheme 15.

Ho_ Ph Ph
o Ph Q_ P~ph

-~ := t\/
= n Zn :

OH N Et,Zn \o/ "N

Toluene, rt, 2 h
CHs CHs
71 72

Scheme 15: Preparation of dinuclear zinc catalyst

This solution was then directly applied to commercially available 2-methyl-1,3-propanediol in

the presence of vinyl benzoate to give 74 with S-configuration as shown in Scheme 16. The
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primary alcohol was oxidized using diacetoxyiodobenzene (BAIB) and 2,2,6,6-
tetramethylpiperidinyloxy (TEMPO) to form aldehyde 56. In order to obtain intermediate 75
the highly diastereoselective and enantioselective addition of [(Z)-y-alkoxyallyl]
diisopinocampheylborane, first reported by Brown et al®, was applied to ensure good yields
with a high degree of stereochemical control. The aldehyde 56 was reacted quickly, to avoid
epimerisation, with allyl methyl ether under basic conditions where it underwent a
diastereoselective Brown alkoxyallyation reaction, see Section 2.3.4 for mechanism, to furnish
compound 75 as the major product. The workup for the formation of intermediate 75 produced

a side product pinenol, Figure 20.

5% mol (S,S)-Cat. 72

HO OH Vinyl benzoate HO OBz BAIB, TEMPO O OBz
> S >
KH Toluene KA) dry CH,Cl,, 61% HW
Me 36 h, -20 °C, 85% Me Me
73 74 56

1. s-BuLi, THF, 15min, -78 °C

2. (+)-Ipc,BOMe, 1h, -78 °C QH 0Bz
_A~.OMe - =
3. BF5Et,0, 56, 28 h, -78 ° C OMe Me
57 4. NaOH (1M), 30% H,0,, 16 h, 32% 75

Scheme 16: Synthesis of intermediate 75

At this point the mixture was subjected to Kugelrohr distillation, for 24 h at 80 °C, whereby

the intermediate 75 and the side product pinenol, were separated.

HO

Figure 20: Pinenol

Removal of the benzoate protecting group using K2COzin methanol provided diol intermediate
76, Scheme 17. Both hydroxyl groups of 76 were protected as TBS ethers under basic
conditions to give 77. Subsequent regioselective deprotection was carried out under mild acidic
conditions using a catalytic amount of p-toluenesulfonic acid in methanol to give the primary
alcohol 78 in 44% yield from 76.
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OH OBz OH OH

K,CO; MeOH TBSOTf, Et;N

= - = >
64 h, rt, 21% CH,Cl,

OMe Me OMe Me 2.5h,0°C
75 76
TBSO OTBS o-TSA, Et;N TBSO OH
= MeOH,1h 0°C <~
OMe Me 44% from 76 OMe Me
77 78

Scheme 17: Synthesis of intermediate 78

An alternative route for the formation of 78 was also performed, Scheme 18. Treatment
of 75 with triethyl amine and TBSOTT for 2 h at 0 °C lead to the formation of 79 in a good
yield of 95%. No purification was required for this step. To remove the benzoyl protecting
group, 79 was then treated with K:COs in MeOH for 36 h to give intermediate 78 in a yield of
67%.

OH OBz TBSO OBz
TBSO OH
Et;N, TBSOTf K,COj
~ CH,Cl,, 2 h, 0 °C MeOH. 36 h.1t &
OMe Me ¥ e OMe Me o OMe Me
95% 67%
75 79 78

Scheme 18: Alternative synthesis of 78

Propargylation of 78, Scheme 19, was attempted and multiple conditions, bases, temperatures

and times investigated are summarised in Table 2 below.

TBSO  OH Propargyl bromide TBSO O

/

V Base %

L.
-

OMe Me DMF OMe Me

78 58

Scheme 19: Synthesis of intermediate 58
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Desired Product Base Temperature Time Yield
NaH (1.2 eq.) rt 48 h 0*
NaH (1.3 eq.) rt 24 h 0*
TBSO o/\ DIPEA (3 eq.) rt 36 h 0*

=

OMe Me KOtBu (4 eq.) rt 48 h 0*
58 K2COs (4 eq.) 90 °C 2h 0*

K2COz (4 eq.) 65 °C 18 h 34%

*The product 58 was detected by TLC but not by *H NMR analysis

Table 2: Alkylation conditions for the synthesis of 58

Evidently, the best outcome involved using potassium carbonate at 65 °C for 18 h to give

intermediate 58 in a yield of 34%.

2.3.4. Brown alkoxyallyation reaction overview

The Brown alkoxyallyation reaction used above involves the formation of substituted allylic
alcohols from reacting boron intermediates with aldehydes, Scheme 20. In our case, the allyl
methyl ether | is subjected to sec-butyllithium (sec-BuLi) where it forms a (Z)-allylic anion
resulting in the formation of a five-membered cyclic transition state, I1. This then reacts with
chiral borane reagent ((+)-B-methoxydiisopinocampheylborane) 111, Figure 21, which forms a
stabilized complex with the borane attached to allyl methyl ether group, 1V. Boron trifluoride
diethyl etherate, a Lewis acid, releases the methoxy group from the borane, thus removing the
V. When aldehyde VI s (B)-(2)-(y)-
alkoxyallyldiisopinocampheylborane intermediate V coordinates with the oxygen, which is

negative  charge, introduced  this
followed by the allylic double bond attacking the electrophilic carbonyl of the aldehyde
forming a six-membered Zimmerman-Traxler transition state, VII. This generates two new
chiral centres, with the boron easily removed using NaOH and H2O3, due to a filled p-orbital,
IX. In general, the chair transition state locks the stereochemistry and the product will retain
the stereochemistry of the original orientation of the double bond, that is Z will give syn and E

will give anti. In our case the syn product is formed, IX.
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Scheme 20: Mechanism of Brown alkoxyallylboration

HaC
léKHs
BY ~_eBOMe
OCH3 2
HsC =

|
HsC  CH,4

Figure 21: (+)-B-Methoxydiisopinocampheylborane

Although the reaction requires very low temperatures (-78 °C) to obtain optimum yield, Brown
allylboron reagents will primarily give one enantiomer, regardless of the facial selection of the
aldehyde.®

2.3.5. Triazole Formation

In our case, the key to develop a general and efficient approach to macrocyclic
functionalization was to utilize the concept of click chemistry and ring closing metathesis
(RCM). “Click” chemistry, see Section 2.4 below, provided a convenient route for the
construction of triazoles in which the carbohydrate moiety was attached to the migrastatin
fragment building block. The regioisomeric 1,4-triazole 80 could be isolated through
microwave irradiation of 58 and 67 using a catalytic amount of copper(ll) sulfate pentahydrate
and sodium ascorbate, in a THF:H2O mixture for 10 min at 60 °C, to give triazole intermediate

80 in a yield of 70%, Scheme 21. It is generally assumed copper catalysis will give the 1,4-
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disubstituted triazole however the stereochemistry of triazole 80 was clarified by observation,
in 1*C NMR spectra, of the chemical shift of the CH carbon of the triazole ring. In our case the
CH carbon of the triazole ring gave a value of 125.3 ppm which is consistent with literature
NMR spectroscopic data for the 1,4-triazole.®,

N CuS0O,45H,0 N=N
><O 3 — 0 | \/)/\O

0 TBSO O Sodium ascorbate N
O + p O o TBSO
HO MW, 60 °C, 120 W Me
OMe Me . HO
| THF:H,0, 10 min, 70% | OMe
67 58 80

Scheme 21: Copper-catalysed azide-alkyne cycloaddition (CuAAC)

The regioisomeric 1,5-triazole, 81 was synthesised through microwave irradiation of 58 and 67
using a catalytic amount of Cp*RuCI(COD), (chloro(pentamethylcyclopentadienyl)
(cyclooctadiene)ruthenium (I1)), in DMA for 30 min, at 60 °C and 120 W in a yield of 50%,
Scheme 22. The structural assignment was clarified via 3C NMR spectroscopy, where the CH
carbon of the triazole ring gave a value of 6 134.5 ppm, again consistent with literature NMR

spectroscopic data for 1,5-triazoles.’

N=N
|
o Ns - A{ o N\/z/
>( o s0 o ==  Cp'RuCI(COD) onLo °
o) + _ > HO
HO AMe b MW, 60 °C, 120 W HO Me
| e e DMA., 30 min, 50% i OMe
67 58 81

Scheme 22: Ruthenium-catalysed azide-alkyne cycloaddition (RUAAC)

2.4. “Click” Chemistry

The metal promoted alkyne-azide cycloaddition reaction used above is an excellent method for
combining two separate building blocks in a clean and efficient manner. Triazoles also have
significant biological attributes. The electron rich system allows triazoles to easily bind
enzymes and receptors through weak interactions such as hydrogen bonds, cation-n, n-n
stacking among others.'® Triazoles have emerged as important isosteres of imidazoles,!

thiazoles'? and amides.'® The clinical use of triazoles has been extensively investigated. The
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range of triazole containing compounds used as medicinal agents is staggering. They have been
used in treating ailments such as cancer,'* diabetes'® and viruses®® as well as being used as

antifungal,}’ antibacterial'® and antidiabetic agents.1%*?

1,2,3-triazoles have fascinating properties. “Click chemistry” in the formation of 1,2,3-
triazoles has garnered a significant amount of attention due to its complete specificity,
quantitative yields and almost perfect fidelity in the presence of a wide range of other functional
groups.t®202122 As well as being versatile, lack by-product formation and high conversions,
they are capable of participation in hydrogen bonding as well as having possible hydrogen-
bond acceptors in the N(2) and N(3) triazole atoms. Interestingly they can mimic properties of
a peptide bond without having the same susceptibility to hydrolytic cleavage, Scheme 23.
Incorporation of triazoles into compounds can increase stability and prevent chemical

degradation and/or enzymatic cleavage.?

O imi N=N
JJ\ R Mimicked by 3 \
RN > R1J\/'\J\R2
H 5
R1 to Rz: 3.9 A R1 to Rz: 5.0 A

Scheme 23: Topological and electronic similarities of amides and1,2,3-triazoles?

2.4.1. Huisgen 1,3-dipolar Cycloaddition

The 1,3-dipolar cycloaddition, more commonly known as the Huisgen cycloaddition, of azides
and alkynes is used to prepare 1,2,3-triazoles. In 1938, Smith et al>* were the first to recognise
the generation of these five-membered ring heterocycles. However most of the pioneering work
was carried out by Rolf Huisgen and co-workers during the 1960s.2%? Their concept of
cyclisation was based on mechanistic investigations of diazolkanes with angular strained
double bonds.?® Initially Huisgen proposed a mechanism that underwent a concerted pericyclic
cycloaddition to allow the formation of 5-membered heterocycle from a 1,3-dipole and a
dipolarophile. However, this type of chemistry required elevated temperatures and when using

asymmetric alkynes, often produce mixtures of 1,4- and 1,5-regioisomers, see Scheme 24.
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1,5-triazole 1,4-triazole

Scheme 24: Products of the Huisgen 1,3-dipolar cycloaddition

Since those early efforts mentioned above, a number of new approaches have been developed.
The term “click chemistry” was first penned by Sharpless in 2002. It refers to any reaction with
high yields, tolerates a wide substrate scope, generate by-products that can be removed without
using chromatography and be stereospecific.?” The research groups of Fokin, Sharpless and
Meldal independently developed a copper catalysed variant of the Huisgen cycloaddition to
exclusively achieve the formation of the 1,4-regioisomer.?®?° In 2008, Fokin and co-workers
reported the regioselective synthesis of 1,5-triazoles by utilizing a ruthenium catalyst.>® These
catalysts have enabled performance of the 1,3-Huisgen cyclisation with high yields under
benign conditions and have proved to be an ideal synthetic strategy within the chemistry

community.

2.4.2. 1,4-Triazoles

Since the first account,>>% copper-catalysed azide-alkyne 1,3-dipolar cycloaddition (CUAAC)
used herein has found numerous applications across a wide variety of disciplines, including
polymer chemistry, materials research and pharmaceutical sciences as evidence by a huge
number of related articles and several reviews.?*332 Regarding the synthesis of 1,4-triazoles,
a range of copper catalysts can be used provided the active Cu(l) species are generated. The
presence of the catalyst increases the rate of the reaction 10" fold and is almost independent of

the substituents of both the azide and the alkyne, Scheme 25.%3

Cu(l) cat. N~ °N

R_N3 + ! _ = \:<

1,4-triazole exclusively

Scheme 25: General 1,4-triazole formation

The mechanism for CuAAC has been investigated. Originally it was believed copper(l)
acetylide was formed from the alkyne and the active copper species. Subsequently the azide
coordinates to this, resulting in the formation of an unusual 6-membered Cu(lll) vinylidene
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metallacycle, then ring contraction and proteolysis. However details on how the Cu(l)-species

complexes and the origin of the selectivity are still unknown, Scheme 26.%3

N=N
J\(N—W
R [Cu] R——H
H e
H+
N=N 1 R———ICu]
N-R
NS
R
[Cu] N;—R’
\\ R’ ®
/N—N NZN R
/
[Cu] N
R'—————[Cu]

Scheme 26: Originally proposed mechanism for the formation of CUAAC 1,4-disubstituted triazole®
However mechanistic investigations, carried out by Fokin and co-workers in 2013, showed
evidence for the formation of a dinuclear copper intermediate. Their studies featured two
chemically equivalent copper atoms working in concert for the regioselective formation of 1,4-

triazole, outlined in Scheme 27.%

N:N\
1 J\(N—R2
R _
! = ea
AL )
HY% [Cul=—= RI-== H\%{W
N=N
A N-R? [Cu]
R |
A ® TN / N—R?
Cul ) —l\‘ll b [Cu]
N_(\I\:[Cu]<— R1_ [Cu]
R'"  [Cu]

Scheme 27: Newly proposed mechanism for the formation of CUAAC 1,4-disubstituted triazole®*
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2.4.3. 1,5-Triazoles

In more recent studies, access to the formation of 1,5-disubstituted-1,2,3-triazole has been
reported.®® The synthesis of the 1,5-regioisomer is achieved via the use of a ruthenium catalyst
as has been exploited in this work. A unique feature of the ruthenium azide-alkyne
cycloaddition (RUAAC) is that triazoles can be formed from both terminal and internal alkynes,

thus offering access to fully substituted triazoles, Scheme 28.

Ru(ll) cat. N R N. R
R-N; + X— M, N N or N” °N
X=R"orH H R R" R'

1,5-triazole(s) exclusively

Scheme 28: 1,5-triazole formation

The choice of catalyst is pivotal to the outcome of the reaction. Fokin and co-workers®
discovered that ruthenium catalysts lacking the presence of the electron-rich Cp* ligand were
not effective in promoting this reaction. It is believed that Ru(ll) species containing an 1°-
pentamethylcyclopentadienyl (Cp*) ligand, Figure 22, stabilize higher formal oxidation states

of the metal centre, thus proving its necessity for optimum catalytic activity.

CHj

H,C CHj
H,C CHs
N1

ci—Ru < |

Figure 22: Cp*RuCI(COD)
Fokin et al.®® employed computational studies to determine the catalytic mechanism. They
proposed that the cycle involves an irreversible oxidative coupling of azide and alkyne to give
a ruthenacycle, in which the new carbon-nitrogen bond is formed between the most
electronegative carbon on the alkyne and the terminal electrophilic nitrogen of the azide.
Subsequently this is followed by a rate-determining reductive elimination to generate the 1,5-
substituted 1,2,3-triazole, Scheme 29.% Both steric and electronic factors favour the pathway
which leads to the 1,5-regioisomer selectivity. However due to the complex nature of the

ruthenium catalyst an exact mechanism for the catalytic cycle is ambiguous.
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Scheme 29: Proposed mechanism for the formation of RUAAC 1,5-disubstituted triazole™

2.4.4. Macrocyclization Reactions

After the successful combination of both building blocks, attention fwas turned to ring closure
via ring closing metathesis, RCM, Scheme 30 and 31. RCM was attempted and multiple
conditions, catalysts and temperatures employed are outlined in Table 3 and 4 below.
Unfortunately, this reaction failed to yield any of the desired 1,4- or 1,5-ring closed products.
Possible explanations for this failure could be attributed to congestion adjacent to the olefins
bonds, steric hindrance provided by the bulky TBS protecting group?® or the rigid structures
of the sugar and the triazole are preventing the two alkenes from getting within close enough

proximity to each other in order to react.

NN N=N
- (0] N
A/O I{J\/}/\O A( \)\
0 o TBSO Grubbs Catalyst (2 mol% ) O 0] 0
Me . MeO
HO HO N
Toluene
| OMe T Me
| OTBS
80 82

Scheme 30: Ring closing metathesis reaction using 1,4-triazole intermediate 80
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Desired Product Catalyst (2 mol%o) Temperature  Time Yield

Hoveyda Grubbs 80 °C 5h SM
Hoveyda Grubbs 80 °C 16 h SM
N=N
o) N
Hoveyda Grubbs 120 °C 16 h SM
o) 0 0
— MeO
HO A~ Grubbs Catalyst 2nd 80 °C 16 h SM
i Me
OTBS Generation
82 .
Grubbs Catalyst 2nd 110 °C 10 min SM
Generation
Grubbs Catalyst 2nd 120 °C 24 h SM
Generation

Table 3: Ring closing metathesis conditions from 80 investigated without success for the 1,4 regioisomer

N0 | %
N O

o) @] Grubbs Catalyst (2 mol%)

HO .
HO Me Toluene 0
OMe
[ 0

81

Scheme 31: Ring closing metathesis reaction using 1,5-triazole intermediate 81
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Desired Product Catalyst (2 mol%)  Temperature Time  Yield

Hoveyda Grubbs 120 °C 12 h SM
~OTBS  Hoveyda Grubbs 120 °C 24 h SM
""OMe
Grubbs Catalyst 2nd 120 °C 1h SM
83 Generation

Table 4: Ring closing metathesis conditions investigated from 81. The desired product 83 was detected by mass
spectrometry analysis but not by TLC or *H NMR analysis of the product after work-up

Unfortunately, as is evident above, no conditions utilized could produce the desired ring closed
products, 82 and 83. As the synthesis of desired ring closed migrastatin analogue was not
achieved attention was focused on the utilization of glucuronic acid as an alternative
carbohydrate moiety and employing the use of glycosylation to generate intermediate building
blocks. Before preceding to discuss the alternative route to carbohydrate-based macrocycle, a

brief review of ring closing metathesis investigated above is first provided

2.4.4.1. Ring closing metathesis overview

Carbon-carbon bond formation is one of the most fundamental transformations in the synthesis
of organic structures.® It can be carried out via a number of different reactions including the
Grignard reaction,*® the Wittig reaction,*® ring closing metathesis,** enolate alkylation*? and
Aldol reaction*® to name but a few. Regarding this project, focus included synthesis of carbon-

carbon bonds in macrocycles via ring closing metathesis, Scheme 32.

Ha
PR —— H,C=—CH,

Scheme 32: General scheme for ring closing metathesis

Ring closing metathesis (RCM) was first reported in 1980 by Didier Villemin. His publication
described the synthesis of two macrolides via olefin metathesis. Villemin used WCls and
MeSn to catalyse the cyclization step producing desired ring closed products in good yields.**
Following this in 1990 Schrock and co-workers* synthesised molybdenum imido alkylidene
complexes one of which was used by Fu and Grubbs,*® I Figure 23, in 1992 to achieve the
synthesis of the first transition-metal-carbene-catalysed ring closing metathesis of a diene.*’
Following this they published reports*34° outlining the versatility of said catalyst by employing

a variety of substituted heteroatoms, strained and unstrained olefins and showing its
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compatibility with different protecting and functional groups. In 1995, Grubbs et al®
developed a more active, air-stable, ruthenium based alkylidene carbene complexes and termed
them Grubbs first- and second-generation catalysts, Il Figure 23. In organic synthesis, it is
believed that Grubbs catalysts have revolutionised ring closing metathesis and to this day, both
Shrock and Grubbs catalysts are highly utilized and effective catalysts in the formation of

unsaturated ring closed compounds.

3 i HyC CH H.C §H
CHs CHs 3 gl
F,C CFj Ru\;\
Me I clv | Ph
OII'\/’O_ O/P\O
Me o%Me
F3c>( Me Ph
CF,4

Figure 23: Schrock catalyst I; 2nd generation Grubbs catalyst 11

Additives or cocatalysts can be added to improve or promote ring closing metathesis. Olefin
isomerization was reported to occur when catalysts were under stress, caused by factors such
as high temperatures and high dilution. Grubbs and co-workers described the use of additives
to supress olefin isomerization. They found the most effective additive was 1,4-
benzoquinone.®! Additives can also be used to prevent poisoning of the catalyst by inhibiting
chelation of polar functionalities (such as alcohols, amides etc.), as shown in Scheme 33.2
Triethylamine, hydrochloric acid, copper chloride and phenylacetylene are all examples of

cocatalysts used in macrocyclization reactions.>*>*

Scheme 33: Lewis acid additive enhances intramolecular RCM >2
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It is stated that the driving force for cyclization is based on two fundamental attributes; entropy
and the loss of low molecular weight ethene gas.*® Today the most widely accepted mechanism
for metathesis was postulated by Yves Chauvin and co-workers in 1971.° Chauvin’s Nobel
Prize honoured mechanism contradicted previous research that stated a pair-wise interchange
of the alkylidiene moiety. He proposed that there was no direct alkylidene exchange between
the olefins but rather a transfer through the catalyst by generating a metal carbene complex.>®
Shown in Scheme 34, the metathesis begins with the initial formation of the propagating
intermediate metal carbene species V1. Then formation of the metallacyclobutane intermediate
V11 via intramolecular [2 + 2] cycloaddition of VI with a distal olefin. This is followed by retro
[2 + 2] reaction to generate the ring closed product VI11. The key intermediate is the formation

of the metallacyclobutane V11, which can experience cycloreversion towards the formation of

R

the product or starting material.*’

Cl,, | ) -PRs CI,OI.‘(H) N
U_\ —_~— =N\
CI( | +PR3 CI( Ru R retro [2+2] \
PR3 N R
dissociation [2+2] cycloadition \ \
| ]
Cl 7/, I (1
)/ “ﬂ v
retro [2+2] [2+2] cycloadition
/ | (Iv)
CI’R ct, k)

Ru
\ o L1

VIl
[2+2] cycloadition retro [2+2]
R o . I “

7\

X IX Vil

Scheme 34: Chauvin mechanism for ring closing metathesis®’



2.5 Synthesis of 2,3,4-Tri-O-benzoyl-1-deoxy-1-(2,2,2-trichloro-1-iminoethoxy)-
a-D-glucopyranuronic acid, allyl ester (85)
Given the problems encountered above, the use of an alternative strategy to generate
macrocycles with carbohydrates and chiral fragments embedded were investigated. In this
regard macrocycle 84 was chosen as a revised target. A retrosynthetic route for the formation
of the new target is shown in Scheme 35. It was proposed that the benzoyl protected
trichloroacetimidate 85 could be prepared from commercially available D-glucose 86, with C6
oxidized and functionalized and subsequent removal of the benzoyl group at the anomeric
position. Followed by trichloroacetimidate formation. Generation of building block 75 from 57
was prepared as outlined previously in Scheme 16. Compounds 85 and 75 could be combined
via glycosylation, followed by amide coupling, RCM and deprotection to furnish the target

compound 84 built from a monosaccharide and a fragment from the migrastatin synthesis.

Scheme 35: Retrosynthetic analysis of revised target compound 84; (a) glycosylation, amide coupling, RCM and
deprotection; (b) protection, glycosylation, Brown alkoxyallyation

The preparation of the trichloroacetimidate 85 is summarized in Scheme 36.% The synthesis
commenced with the regioselective trityl protection of the primary alcohol by treating 86 with
triphenylchloromethane in pyridine to give protection as a triphenylmethyl (Tr) ether. The
remaining four hydroxyl groups were subsequently treated with benzoyl chloride in pyridine
and the resulting intermediate was subjected to detritylation under acidic conditions to give
intermediate 87 as mixture of a- and B-anomers (1:1 ratio), which proved inseparable by flash
chromatography. Oxidation at the primary alcohol was achieved by treating with TEMPO and

BAIB as co-oxidant to give the galactouronic acid precursor. Protection of the acid via

64



esterification was carried out through the generation of the carboxylate and then its reaction
with allyl iodide to give intermediate 88. Selective de-O-benzoylation at the anomeric position
was achieved by alkyl bromide formation. Reaction of the crude bromide with silver carbonate
in wet acetone generated the hemiacetal 89 in Koenigs-Knorr fashion. Subsequent treatment of

the hemiacetal with trichloroacetonitrile in the presence of DBU gave the desired glycosyl
donor 85 in a yield of 64%.

1. TrCl, pyridine, 90 °C

OH 2. BzCl, pyridine, 0 °C OH
0 20 h o)
HS&MOH > BZB(Q@OBZ

OH 3. H,S0,4,15 min, rt OBz
86 CH2C|2:MeOH, 54% 87
1. TEMPO, BAIB 0/ 1 HBr-AcOM

CH,Cly, 5 h O CH,Cl,
» BzO 0 >
- BzO OBz
2. Allyl iodide, NaHCO3, 2. Ag,COg, aq. acetone

DMF, 16 h OBz 46% over two steps
88% over two steps 88
—
02~ DbaU,CCicN, 0 O~
BzO O > BzO 0
BzO OH  CH,CI,, 4 h, rt, 64% BzO
OBz BzO O\H/CCI?)
NH
89 85

Scheme 36: Trichloroacetimidate glycosyl donor 85 preparation

An investigation into the direct formation of the hemiacetal 89, from intermediate 88 using
hydrazine acetate was explored, Scheme 37. It was hoped this selective debenzoylation at the
anomeric position could reduce the number of synthetic steps. However, the yield was poor,
ranging from 21% to 37% and therefore progression via the glycosyl bromide was considered
to be the better route. With the synthesis of the donor 85 and both migrastatin fragment
acceptors 75 and 78 completed, attention was turned to the glycosylation and deprotection

reactions required to form the new macrocyclic compound.
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0= 0=

O Hydrazine acetate O
BzO 0 > BzO 0
BzO OBz BzO OH

OBz OBz
88 89

Scheme 37: Formation of intermediate 89

2.6 Glycosylation Reaction

The synthesis of the glycosylated intermediate 90 commenced from the reaction of 85 with 75.
This was achieved via two methods. Method A, Scheme 38, involved dissolving both
intermediates in anhydrous CH>Cl. and treating them with TMSOTf at 0 °C for 48 h. Although
the desired product was obtained in a yield of 53%, the main drawback of this method was the
substantial effect traces of water had on the reaction, which reduced yields considerably and
could even lead to absence of the desired product. One advantage was the ability to recover 75.
Considerable care was taken to ensure extremely anhydrous conditions were exercised,

however low yield forced investigation of alternative reagents and conditions.

OH OB
0. _0O ’ 0O~
R /W B20
BzBOO O OMe Me BzO O BzO
z BzO 75 BzO Q

Y

O _CCl,

TMSOTf Me
i /

NH CH,Cl,, 48 h, 0 °C, 53%

85 90

Scheme 38: Glycosylation via Method A

The revised reagents and conditions, method B, involved the use of molecular sieves and
proved less susceptible to the effects of water Scheme 39. This method involved azeotroping
both building blocks in toluene then dissolving in anhydrous CH2Cl, over 4 A molecular sieves
and cooling to -15 °C. This mixture was then treated with BFs-OEt, and left to stir at room
temperature overnight. Although this reaction gave the desired product in lower yields than
method A, it was found to be more reproducible. Again alcohol 75 was recoverable by column

chromatography.
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OH OBz 0

0.0 @)
\/\ /\H\H BzO
BZBOO O OMe Me BzO O BzO
z
BzO 75 - BzO 0
O._CCl, —
hil BF4-EL,0, 4 A MS / Me
NH CH.Cl,, 24 h, rt, 24% OMe
85 90

Scheme 39: Glycosylation via Method B

With the availability of primary alcohol 78, it was decided to also attempt its glycoside
coupling with 85, Scheme 40. Multiple conditions, activating agents and temperatures were
employed and are outlined in Table 5.

TBSO OH
O
° O\/\ - OMe M ° O\/\
BzO e Me BzO ) Me
BzO 78 BzO o) OMe
BzO o BzO
O. _CCl, > =
i 4 AMS, CH,Cl, TBSO
NH
85 91
Scheme 40: Glycosylation coupling between 85 and 78
Desired product Activating Agent Temperature Time Yield
(5 mol%)
TMSOTf rt 24 h  not detected
Bégﬂo&o Ve ome TMSOTf 0°C 48h  not detected
BzO =
91 TBSO BFs-Et20O rt 24 h  not detected
BFs-Et20 rt 48 h  not detected

Table 5: Conditions investigated for attempted preparation of 91, which were not successful

Unfortunately, conditions were not found to afford desired product 91. The formation of the

hemiacetal 89 could be identified via mass spectrometry and *H NMR analysis, indicating
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activation of the trichloroacetimidate and reaction of the intermediate generated with water.

Gratifyingly, building block 78 was recoverable by column chromatography.

2.7 Synthesis of a Macrolactam

During the synthetic work, it was foreseen that removal of the protecting benzoyl groups and
maintaining an ester or lactone group in the glucuronic acid residue at C-6 would be
incompatible, with the ester or lactone likely to be cleaved. Thus, formation of a lactam rather

than a lactone was investigated from 90.

Allyl ester cleavage was next investigated from 90, Scheme 41. Selective deprotection of the
allyl group by reacting 90 with [Pd(Phs)s] and pyrrolidine in anhydrous MeCN afforded the
desired acid intermediate 92. The next step involved an amide condensation reaction using the
unpurified acid 92 and employing allyl amine, HBTU, 4-methyl morpholine and EDC to form
amide 93.

O._0O Oy_ OH HNTNF o_N
BzO N Pd(PPhg), BzO i HBTU BzO N
BzO 0 Pyrrolidine BzO 0 EDG BzO 0
BzO (0] OBz —mmmM > BzO O OBz ——— > BzO O OBz
° i 4-methyl morpholine
= MeCN, 0 °C, 20 min = DMg, 16hf)rt =
OMe Me OMe Me 55% over two steps OMe Me
90 92 93

Scheme 41: Selective deprotection of allyl ester to acid

The synthesis of 93 was also investigated using an allyl amide trichloroacetimidate, which
needed to be prepared first, Scheme 42. Commencing from the previously described 87, the
acid 94 was prepared. An amide condensation reaction was carried out using allyl amine, 4-
methyl morpholine, HBTU and EDCI to give intermediate 95 in a moderate yield of 48% over
two steps. From here it was envisaged selective removal of the benzoate at the anomeric
position via reaction with HBr in AcOH could ultimately lead to the glycosyl bromide 96.

However, this transformation did not proceed as expected.
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Allyl amine

OH TEMPO OxCH 4-methyl morpholine
BEOO 0] OBz BAIB . Béoo @) OBz HBTU .
z z
OBz CH20|2, 5h OBz EDCI, DMF, 24 h, rt
48% over two steps

87 94

0. N H

D (@) N
o > HBr(inAcOH) o\/\

BzO OBz _ BzO
BzO - BzO
BZO CH2C|2 BZO
Br
95 96

Scheme 42: Unsuccessful allyl amide trichloroacetimidate intermediate formation

Instead the treatment of 95 with hydrazine acetate, in DMF at 40 °C for 2 h lead to the
successful formation of hemiacetal 97, with 31% the highest yield attained, Scheme 43.
Treatment of the resulting hemiacetal with trichloroacetonitrile and DBU afforded the desired

trichloroacetimidate 98 in 54% yield.

H H
N N
BzO O ydrazine acetate BzO (@)
BzO OBz > BzO OH
BzO DMF, 2 h, 40 °C, 31% BzO
95 97
N
O \/\
CCI,CN, DBU BzO O
> BzO
CH,Cly, 2 h, t, 54% BzO OYCCI3
NH
98

Scheme 43: Revised route for the formation of trichloroacetimidate intermediate 98

The attempted synthesis of the glycosylated intermediate 93 commenced from the reaction of
98 with 75, Scheme 44. Both intermediates were dissolved in anhydrous CH2Cl> and treated
with BFs-Et,0 at room temperature for 24 h, unfortunately no desired glycosidic product was
obtained via this method. These conditions were replicated but this time both 98 and 75 were

azeotroped prior to mixing. Regrettably no desired product was attained, however 75 was
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recoverable in both cases. Thus, the route shown in Scheme 41 was the only successful

approach to 93.
OH OBz H
RN BzO N
BzO O OMe Me BzO o)
BzO 75
B0 | R B0 § (57
3 - =
Y BF3Et20
NH CH,Cly, 24 h, rt OMe Me
98 93

Scheme 44: Unsuccessful glycosylation reaction
2.8. Ring Closing Metathesis

RCM was attempted by treating intermediate 93 in an inert atmosphere, in degassed anhydrous
toluene with Hoveyda Grubbs/Grubbs 2nd Generation catalyst, Scheme 45. The conditions

investigated are summarized in Table 6 below.

520 \/\
BzO O Grubbs Catalyst (20 mol%)
, BzO
/\H\H Toluene : O\
93 99
Scheme 45: Attempted ring closing metathesis
Desired product Catalyst Temperature  Time Yield
B0, b\@:z Hoveyda Grubbs 120 °C 16 h SM
OBz O .
Grubbs Catalyst 110 °C 10 min SM
Me OMe 2nd Generation
99

Table 6: Ring closing conditions attempted to generate 99

Regrettably both attempts failed to yield any product and only unreacted starting material was

recovered. It was at this point that further re-evaluation of the synthetic route was required.
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One possible reason for the failure of this reaction could be attributed to ring size (11 atoms
involved in ring formation) and steric strain. It was decided that the use of a longer alkene
terminated amine chain could provide the steric strain relief that was required for the potential
synthesis of desired macrocyclic scaffold. Thus, 1-amino-5-hexene was identified as a suitable

substitute to start our revised synthesis with.

The revised synthesis began from previously described acid intermediate 92, Scheme 46. This
was immediately subjected to amide coupling using 1-amino-5-hexene, HBTU, 4-

methylmorpholine and EDC resulting in the formation of 100.

/\/\/§
/\/\/\
00 O _OH HoN N Oy NH

~X
BzO Pd(PPhs), BzO HBTU BzO
BzO (0] Pyrrolidine BzO (0] EDC BzO (0]

BzO (0] OBz —_— BzO O OBz ——— > BzO (0] OBz
° i 4-methyl morpholine
= MeCN, 0 °C, 20 min = DMI¥, 16hf)rt Z
OMe Me OMe Me 32% over two steps OMe Me
90 92 100

Scheme 46: Revised synthesis

With the advantage of a longer allyl amide chain, ring closing metathesis was attempted. The
metathesis was executed by treating intermediate 100 in degassed anhydrous toluene with the
the second generation Hoveyda Grubbs catalyst at 110 °C for 20 h, Scheme 47. Satisfyingly,
H NMR spectroscopic analysis indicated that the desired ring closed product 101 in trans

geometry was generated, however this compound was generated in a low yield of 19%.
—
/\/\/\ o

Os_NH
BzO Hoveyda Grubbs (20 mol%) BzO,,
BzO O
0] OBz BzO

OBz Tol, 110 °C, 20 h, 19%
= BzO

OMe Me

100 101
Scheme 47: Ring closing metathesis of 100
Despite the disappointing yield, removal of the benzoate esters from the ring-closed product
101 was achieved by treatment with 1 M NaOMe in MeOH at room temperature for 20 minutes
to give the desired final macrocyclic product 55 in 42% yield, Scheme 48. This compound has
incorporated both saccharide and chiral fragments used in the migrastatin synthesis as was an

original objective and the compound is now available for screening.
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1 M NaOMe

h
-

MeOH, rt, 20 min, 42%

Scheme 48: Debenzoylation of 101

2.9. Conclusion

Neither of the initial target compounds were successfully synthesized due to difficulties in
achieving ring closing metathesis. However, the failure to obtain the desired macrocycles led
to re-evaluation of the synthetic route and a revised route involving glucuronic acid donors.
Experience of a variety of reactions was gained, including “click” reactions, glycosylation
reactions, ring closing metathesis, protection, deprotection, amide coupling and a whole
plethora of carbohydrate reactions. Thankfully the revised route led to the synthesis of a new
macrocyclic compound where features found in migrastatin macrocyclic framework is
embedded in a new macrocycle which also contain a monosaccharide. The synthetic route
employed O-glycosylation using the trichloroacetimidate donor as a means to link the
carbohydrate and migrastatin fragments. Amide coupling was utilized to introduce the allyl
amide via a glycosylated glucuronic acid. Ring closing metathesis using the second generation
Hoveyda Grubbs catalyst fabricated the ring closed product 101, followed by Zemplén
conditions for debenzoylation to complete the construction of final product 55. Despite the set-
backs and formation of only one final product, the route has the potential to synthesize a variety
of novel macrocyclic compounds to be used to generate a wider range of new macrocycles for
biological screening purposes, including for the screening of compounds as inhibitors of

metastasis.
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3.1. Aim of Chapter and Target Compounds

One objective of this thesis work was to prepare new macrocyclic compounds incorporating
two carbohydrate derived building blocks embedded in a macrocyclic framework. It was
proposed to synthesise such target compounds using revised strategies employed previously
within the NUI Galway group.* Compounds 102, 103 and 104, Figure 24, were thus considered
to be synthetic targets
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Figure 24: Compounds synthesised herein, incorporating pharmacophoric groups (blue)

3.2. Retrosynthetic Analysis
Taking 105 as an example, it was proposed that it could be synthesised from two carbohydrate

building blocks 59 and 107 and combining them in a modular fashion, Scheme 49.

Carbohydrate derived building block 59 was prepared as reported earlier in Chapter 2, Sections
2.3.1 and 2.3.2. The new alkyne derivative 107 was proposed to be prepared from the readily
available penta-O-D-acetylgalactopyranose 60, Scheme 49. To achieve the preparation of 105
the ruthenium catalysed azide-alkyne cycloaddition (RUAAC) between the azide 59 and alkyne
107 building blocks was chosen. Subsequently ring closure and macrocyclization by means of
ring closing metathesis using a Grubbs Catalyst followed by deprotection would produce
desired target compound 105. One aspect of this proposed route was its potential to enable
different alkyl groups to be introduced at C-2 of compound 59, at two different points in the

synthetic process, to give access to compounds, which may be useful for screening purposes.
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Scheme 49: Retrosynthesis analysis of target compound 105; (a) alkylation, deprotection, protection; (b) cycloaddition via
RUAAC,; (c) ring closure via RCM and deprotection

3.3. Background Information

In recent years, interest in a-helical mimetics as novel modified peptides for the identification
of new biologically active structures has increased.? Research carried out by Hirschman, Smith
and co-workers® validated the concept that saccharide structures can be classed as being
biologically relevant scaffolds on to which pharmacophoric groups can be attached and
provided a new approach to peptidomimetics research. In their case they focused on mimics of
the B-turn of peptides. Dr Trinidad Velasco-Torrijos, a postdoctoral researcher within the

group, prepared a number of structurally preorganized macrocycles with embedded
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carbohydrates.* It was believed that macrocycles embedded with carbohydrates could function
as ideal scaffolds due to their rigid spatial orientation as well as having hydroxyl groups to
which pharmacophoric groups could be attached. During her work she generated a number of
scaffolds and subsequent molecular modelling studies were performed. These studies indicated
compound 108, Figure 25, by using the O-2 and the O-4 atoms of the carbohydrates as well as
the nitrogen atom of the phenylenediamine unit could potentially project side chains of amino
acids that correspond to certain residues of a helical peptide backbone in certain orientations
so as to mimic the peptide a-helix and have use in peptidomimetic design.* She subsequently

used this type of scaffolds in glycocluster synthesis.

HO
HO O

o)
OH
N-CHs

@)

oy

N~CH,
0O LT,
OH

108

Figure 25: Bivalent saccharide synthesised by Dr Trinidad Velasco-Torrijos*

Subsequently, other members of the Murphy group at NUI Galway set about synthesising novel
type 111 peptidomimetic derivatives based on macrocycles.'® An objective was to mimic the
BH3 a-helical domain in the hope of developing new compounds that could induce apoptosis
in cancer cells. Expression of anti-apoptotic proteins such as Bcl-2 and Mcl-1 are elevated in
certain types of cancer. They have the ability to bind to BH3 a-helices, a domain of pro-
apoptotic proteins and inhibit apoptosis.® It was predicted that by aligning three residues along
one side of a novel macrocyclic scaffold it could serve as a new mimetic of the a-helical
peptide. Examples are shown in Figure 26. Along one side of the scaffold they grafted three
hydrophobic residues, to potentially facilitate binding to Mcl-1. Molecular modelling studies
were carried out on designed non-peptide mimetic a-helical peptide 110, Figure 26. The
modelling was used to compare the designed compounds with an Mcl-1 sensitizer synthesised

by Walensky et al” and suggested that compound 110 could mimic the a-helix.
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Figure 26: Hypothesized scaffold 109; modelled scaffold 110, incorporating numerous pharmacophoric groups (blue,
orange, purple)

They set about developing synthesis routes to such compounds. Firstly, they synthesised
decorated azide and alkyne monomers 111 and 59. From there, copper-catalyzed alkyne-azide
cycloaddition, ring closure and cyclization via double reductive amination and isopropylidene
group removal gave target compounds, Scheme 50. Each compound was also acetylated, with
a view to screening these compounds in cell-based assays, as they might have improved cell
permeability.
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Scheme 50: Zhou and O’Reilly synthesis of macrocyclic a-helical peptidomimetics'®; (a) Cul, MeCN, H20; (b) OsOs,
NalOs, 2,6-lutidine dioxane-H20; (c) amine, NaBH(OAC)s; (d) TFA-H20; (e) acetic anhydride, DMAP, pyridine

In all, six novel macrocyclic a-helical peptidomimetics were synthesised. Subsequent cell
viability tests were carried out, although the results showed they were not as potent as the
benchmark synthetic inhibitors of Bcl-2 reported by Abbott pharmaceuticals® there was

promising activity in acute myeloid leukaemia cells.®

The objective for this chapter was to further build on the synthetic work previously carried out,
using carbohydrate building block 59 and synthesising a complimentary new carbohydrate
building block 107, which could lead to the construction of new saccharide macrocycles for
peptidomimetics and related research.

3.4. Results and Discussions

3.4.1. Synthesis of Alkyne Monomer (107)

As previous work within the group focused on the introduction of the alkyne at the primary
hydroxyl (C-6) of compound 65, attention here was directed to the introduction of the alkyne
moiety at the C-2 hydroxyl group, Scheme 51. Synthesis of building block 107 was carried out

as previously described in Section 2.3.1 to form intermediate 65. With this key intermediate in
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hand, synthesis began with the selective silyl protection of the primary hydroxyl using
imidazole and TBDMSCI to give 116 in a yield of 67%. Introduction of the alkyne was
achieved via treatment with propargyl bromide and NaH to give desired compound 107 in 78%

yield.
o OH Imidazole o OTBS Propargyl bromide o OTBS
>< 0 TBDMSCI >< o NaH >< 0
o - o°c,DMF  © rt, DMF 3
72% HO 78% _ |
65 116 107

Scheme 51: Synthesis of alkyne monomer 107

3.4.2. Triazole Formation
With the azide containing building block 67 already prepared in Section 2.3.2, the synthesis of
the triazole linkage was next explored from this alcohol.

Taking 117 as an example, the regioisomeric 1,4-triazole was isolated by subjecting it to
microwave radiation in the presence of catalytic copper sulfate with azide 67 and alkyne 107
building blocks in THF:H20 at 60 °C for 10 min to give product 117 in 77% yield, Scheme 52.
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Scheme 52: Copper(l)-catalysed alkyne-azide cycloaddition (CUAAC)

The synthesis of the 1,5-disubstituted triazole 118 was achieved by microwave irradiating the
azide 67 and alkyne 107 with Cp*RuCI(COD) in DMA at 60 °C for 0.5 h to give the 1,5-triazole
118 in a yield of 50%, Scheme 53.
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Scheme 53: Ruthenium-catalysed alkyne-azide cycloaddition (RUAAC)

3.4.3. Ring Closing Metathesis

With both the 1,4 and 1,5-triazole intermediates in hand, macrocyclization was attempted via
the venerable ring closing metathesis reaction using the Hoveyda-Grubbs Il catalyst in toluene
at 120 °C. Gratifyingly, 1,4-triazole ring closed intermediate was detected initially by TLC
analysis. However, examination of the *H NMR spectrum of the product showed evidence that
both cis and trans isomers of 119 were formed, Scheme 54. Thus, multiple reagents and
conditions such as varying catalysts, temperature and times were employed to observe if the

formation of one isomer was possible. The efforts are summarised in Table 7 below.

O\\\C(\ \\g Grubbs Catalyst (20 mol%) \C(—
0]

N
O/,
g o N o

0] )
OTBS

\\
Toluene HO

117 119

Scheme 54: Ring closing metathesis reaction using 1,4-triazole intermediate 117
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Desired Product: Catalyst (20 mol%)  Temperature Time Ratio

1,4-triazole (Trans:Cis)
Hoveyda Grubbs Il 120 °C 10 min 2:1
Hoveyda Grubbs Il 80 °C 16 h 3:1
\/Lo Hoveyda Grubbs |1 90 °C 18 h 5:1
N
HOY ™ O \\é o Hoveyda Grubbs 11 90 °C 24 h 51
e -
\ f
N 5 0 Grubbs Catalyst 2nd 80 °C 10 min 3:2
oTBS Generation
119
Grubbs Catalyst 2nd 120 °C 10 min 1:1
Generation
Grubbs Catalyst 2nd 120 °C 30 min 2:1
Generation
Grubbs Catalyst 2nd 120 °C 16 h 3:2
Generation

Table 7: Ring closing metathesis conditions investigated from 117

It was evident, that in this case the synthesis of exclusively one isomer was not achievable. The
conditions producing the best trans:cis ratio were that of the use of Hoveyda Grubbs Il catalyst
at 90 °C for 24 h. The alkene geometry was identified and confirmed by the J value for the
coupling between the alkene protons present in the *H NMR spectrum. A J value >14 Hz is
characteristic of a trans isomer, in this case a value of 15.4 Hz was detected, while a J value
<14 Hz can be attributed to a cis isomer, a value of 11.2 Hz was obtained.® Although each of
the different reaction conditions gave different mixture of E/Z isomers, it was relieving to find
no detection of dimerization product. Upon purification and separation only the most abundant

isomer, 120 Figure 27, in a yield of 40%, was isolated and analytical data obtained.
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120

121

Figure 27: 1,4-triazole intermediates
Macrocyclization was also attempted from the 1,5-triazole intermediate 118, Scheme 55. Once

more multiple reagents and conditions were employed to observe if the ring closed product was

generated and if the formation of one alkene stereoisomer would be possible. The efforts are
summarised in Table 8 below.

f OTBS f \Cﬁoms
:(E \\\\ - Grubbs Catalyst (20 mol% o™

. | Toluene -
OH oH
118 122
Scheme 55: Ring closing metathesis conditions using 1,5-triazole intermediate 118
Desired Product: Catalyst (20 mol%) Temperature  Time Ratio
1,5-triazole (Trans:Cis)
Hoveyda Grubbs 11 90 °C 18 h 3:1
N=N +O
le o Hoveyda Grubbs Il 90 °C 24 h 5:3
oTBS
o o >0
><o ; N Hoveyda Grubbs I 110 °C 16 h 3:2
e Grubbs
122 Catalyst 2nd 110 °C 10 min 2:1

Generation

Table 8: Ring closing metathesis conditions investigated from 118
Evidently, the best trans:cis outcome utilized Hoveyda Grubbs 11 at 90 °C for 24 h. This is

consistent with that of the 1,4-triazole ring closed product. As before, the synthesis of one

isomer was not achieved and there was no evidence for the presence of the dimer. Both isomers
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Figure 28, were separated by column chromatography to give the cis 123 and trans 124 isomers

in yields of 23% and 36% respectively, Figure 28.

123 124

Figure 28: 1,5-triazole formed

3.4.4. Alkylation

The 1,4-triazole ring closed isomer 119 was next subjected to alkylation using iodomethane,
1-bromo-3-methyl-butane, 2-(bromomethyl)-naphthalene and 1-bromo-3-phenylpropene
respectively, Scheme 56. Gratifyingly, upon alkylation at the C-2 position, compounds 125-
129 were obtained in yields ranging from 37% to 87%, Figure 29. Separation of both isomers
by column chromatography was possible. Upon purification and separation, only the most

abundant isomer was isolated and analytical data obtained.

D) L, ol *
O ., "NaH, DMF (N o
o
OTBS OTBS

Scheme 56: General alkylation reaction

O/,
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128 (87%)

129 (46%)

Figure 29: Protected alkylated products 125-129

The strategy behind adorning the macrocycles with pharmacophoric groups at the free
secondary hydroxyl group at C-2 with ethyl, naphthylethyl, phenylpropene and isopentyl
groups was due to demonstrating that certain pharmacophoric groups could be grafted onto the
macrocycle. Some of these alkyl groups correspond to side chains of naturally occurring amino
acids. These groups could potentially influence the biological properties of the macrocyclic
derivatives. Pharmacophoric groups can be responsible for optimal interactions with a
biological target and can modulate their biological response.'® The ethyl group in 125, could
be considered to mimic the side chain of alanine, the isopentyl group in 127 and 129 could
correspond to the amino acid leucine, whereas the phenyl propyl group on compound 126 and

the naphthylethyl motif of 128 are both modified versions of the phenylalanine side chain.

3.5. Deprotection

With both the non-alkylated 120, 123 and 124 and alkylated products 125-129 in hand,
attention was next focused on deprotection. Taking 124 as an example, removal of the TBS
protecting group was executed using TBAF in THF at room temperature for 3 h, Scheme 57.
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Utilizing the same conditions, intermediates 130-135, Figure 30, were synthesised in yields

ranging from 21% to 81%.

N .3 h, THE, 21%

N{ © OTBS
><O o “o >0 . >< 0\“
0"
OH

Oll

124 130

Scheme 57: TBS protecting group removal
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130 (21%) 135 (81%)

Figure 30: Intermediates 130-135 after TBS removal

Taking 130 as an example, removal of the isopropylidene groups were accomplished by

treatment with a mixture of TFA and H20O, Scheme 58.

88



N= J’O N=N OH

1
N_~O ¢
\f OH N{HO OH
><O o No O TFA:H,0 - HO . o
07
0

: o ~o“

= rt, 2 h, 84% :
///\/ ° HO 'w,/\/

OH
130 103

Scheme 58: Isopropylidene protecting group removal
After isopropylidene removal, it was seen via 'H NMR analysis, that compounds 132-134
underwent decomposition and unfortunately their analysis by NMR was not possible. Shown

below in Figure 31 are the compounds successfully synthesised.
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Figure 31: Synthesised macrocycles 102, 103 and 136

3.6. Preliminary Biological Evaluation

A primary antimicrobial screening by whole cell growth inhibition assay of compound 123 was
carried out by CO-ADD, the Community for Open Antimicrobial Drug Discovery.!! This
compound was tested for growth inhibition of 5 bacteria; Escherichia coli, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Staphylococcus aureus,
and 2 fungi; Candida albicans and Cryptococcus neoformans. This compound was screened at

a concentration of 32 pg/mL or 20 uM. The percentage of growth inhibition was carried out
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using the negative control (media only) and positive control (bacteria without inhibitors) on
the same plate as references. The significance of the inhibition value was determined by
modified Z-scores (used to evaluate if a response in an assay is great enough to justify further
assessment)*2 and calculated using the median and MAD of the sample on the same plate. The
best inhibition value for 123 was detected at 40.9% against the growth of the bacteria
Acinetobacter baumannii. Compounds with values below 50% are classed as inactive, therefore
123 was not selected by CO-ADD for further dose response studies. The other compounds will

be provided for screening to CO-ADD in due course.

3.7. A Note on Future Work

The synthesis outlined in this chapter utilizes microwave assisted RUAAC and CuAAC,
however only the 1,4-triazole analogue was used to form alkylated macrocycles. Herein lies an
opportunity to widen the functional scope of the macrocycle library, by embellishing 1,5-
triazole analogues, at the free C-2 hydroxyl, with various pharmacophoric groups. There is also
the possibility to do this at the free C-6 hydroxyl group, which is released after TBS removal.
To explore further, polar group modifications provide opportunities to widen the diversity
based on these scaffolds. Each of the hydroxyl groups of the saccharide can act as a functional
handle on to which pharmacophoric groups could be inserted, thus accessing potentially more

potent analogues.

Preparation using gluco- or manno-configured derivatives is also an area of potential interest.
Regarding structural diversity, there are numerous opportunities to investigate. The nature and
configuration of the anomeric linkage, elongation of the alkene moieties along with cis and
trans variations are all possible proposals for the preparation of novel macrocyclic scaffolds,

Figure 32.
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Figure 32: Possible modifications for future work

3.8. Conclusion

In summary, synthesis of macrocyclic compounds, starting from penta-O-D-
acetylgalactopyranose 60 has been achieved. The route provided some difficulties at times but
through re-evaluation and optimisation it has the potential to generate new compounds for
screening that could find use in drug discovery projects. The route involves the use of galactose
derived building blocks. Galactose is obtained from lactose and as such is a by-product of the
dairy industry.'® Thus herein it is used to generate potentially higher value products for adding
to screening libraries. Here it provided an ideal starting point for the synthesis of two building
blocks which could be combined in macrocycle synthesis. The synthetic route illustrates the
use of microwave assisted RUAAC and CuAAC and ring closing metathesis conditions.
Alkylation followed by deprotection led to the generation of new macrocyclic compounds for

future screening.
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4.1. Objective of Research in Chapter 4

Presented in this chapter is the synthesis of new bi- and trivalent glycoclusters based on
GIcNACc derivatives. Previous work carried out within the Murphy group at NUI Galway
focused on the synthesis of numerous glycoclusters which are multivalent ligands based on
saccharides such as GIcNAc; different types of scaffolds were investigates such as
terephthalamide and glycophane scaffolds.!? These compounds were evaluated as lectin
inhibitors and showed interesting inhibitory properties. In addition, one glycocluster was an
inhibitor of a biofilm. Analogues of GICNAc, where the nature of the amide at the C-2 position
is changed, had not been explored previously within the group, thus an opportunity existed for
structural modification of the GICNAc amide group in an effort to further improve potency.
Herein, the research objective was to prepare novel bi- and trivalent glycocluster analogues, as
indicated in Figure 33.
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Figure 33: Target glycocluster analogues, based on GIcNAc derivatives, incorporating various pharmacophoric groups
(pink, blue)

4.2. Retrosynthetic Analysis

The routes devised previously:® were successful in delivering a variety of novel glycocluster
scaffolds. In light of this success, it is known that the key intermediate, amine salt 141, could
be prepared from commercially available glucosamine hydrochloride, Scheme 59. Taking 139
as an example, it was envisioned the amides could be prepared via amide coupling of 141 with
various acids and acid chlorides. The S-glycoside could be generated via thiazoline formation,
followed by alkylation. Copper-catalysed azide alkyne cycloaddition from the trialkyne 143
would generate protected glycocluster intermediate, 140. Subsequent deprotection was
envisaged to generate the desired glycocluster analogue 139. Analogously, other glycoclusters

could be prepared in a quick and efficient manner.
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Scheme 59: Retrosynthetic analysis of target compound 139; (a) alkylation, amide coupling and thioglycoside formation; (b)
cycloaddition via CUAAC; (c) deprotection

4.3. Glycoclusters, Multivalency and the Importance of Tailoring Synthetic
Design
Understanding the complex role carbohydrates play in biological pathways is important. They
are no longer viewed as only energy stores and elements of the cell wall but rather versatile
functional orchestraters of particular cellular effects.*® Glycoclusters are multivalent ligands’
that present a variable number of ligating functions on a small molecular template or scaffold.
With regards to biology, a ligand or the carbohydrate headgroup is a species that can interact
with a biological entity, for example a receptor or nucleic acid, or in the case of carbohydrates,
lectins or carbohydrate binding proteins.® Carbohydrate binding proteins or lectins, found on
the cell surface are vital for the regulation of biological systems within that cell.® Generally,
exchanges between membrane bound lectins and multiple carbohydrate ligands i.e.
glycoclusters, involve multivalent interactions. It is believed that these interactions are strongly
related to glycocluster density and presentation mode. Accessing multivalent glycocluster
systems are important to understanding, controlling, interfering and/or blocking carbohydrate-

lectin interactions.1911

The importance of the multivalent nature of carbohydrate-lectin interactions became clear

through the formative work of Lee and co-workers in 1973.12 The interaction of carbohydrates
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and lectins were intensively studied. They demonstrated, through the synthesis of multivalent
glycoclusters, the valency and spatial arrangement can be varied based on only a few simple
scaffold molecules.*® In light of this, a flood of follow up work resulted in the elucidation of

numerous insights into carbohydrate-lectin interactions.*

Carbohydrates are ideal recognition units as they are complex in structure and conformationally
varied.™® Diverse properties displayed by multivalent glycoarchitectures'® demonstrate that
selectivity for numerous biological receptors can be fine-tuned by altering the number of and

the saccharide present on the glycocluster, Figure 34.2
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Figure 34: Examples of glycocluster/s” (Reprinted (adapted) with permission from André, S.; Lahmann, M.; Gabius, H.-J.;
Oscarson, S. 2010, 7, 2270) Copyright 2010, American Chemical Society

Due to the presence of multiple copies of the recognition element, multivalent ligands can have
increased functional affinity for their specific receptors.t” Multivalency is one of the main
principles underlying and regulating carbohydrate recognition.*® In cell recognition, valency is
the ability of two units, e.g., two cell surfaces or a receptor and ligand, to establish a strong
noncovalent reversible interactions via ligating functionalities.*® Regarding receptor-ligand, a
multivalent compound is one that can display multiple simultaneous chemical interactions with
the unit surface. These compounds can play a vital role in biological recognition processes,

elucidation of biological responses and self-organization of matter.'®

Synthetic glycoclusters are regarded as biomimetics of naturally occurring glycoclusters.? The
chemical synthesis of multivalent compounds is relevant to further our understanding of an
array of biological processes. They can be designed and synthesised to mimic their natural
glycocluster counterparts in the hope of interfering in adverse biological processes.?° A vital
design feature involves the orientation of ligands, as the high-affinity binding is achieved by

the appropriate spatial match between lectin domains and polyvalent ligands.” To effectively
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compete with natural binding partners, they must be conformationally flexible and easily
tailored to the properties of the respective receptor to maximise ligand-receptor interactions.”8
As structural orientation, identity and density of binding elements, number of binding groups
and nature of the core moiety are the parameters that influence the mode of mechanism of
ligands, these factors must be considered when exploring the synthesis of multivalent
compounds.t*!” Once optimum ligand geometry and nature of the scaffold is determined these
polyglycosylated systems can act as cell recognition probes and can be used as modulators of

receptor-ligand interactions.’

Interest in the synthesis of glycoclusters has been prominent in view of the broad spectrum of
their biological activities.*®?' The possibility that a small polyglycosylated molecule could
inhibit functional carbohydrate-lectin interactions is vital for the progression of novel drug
design. For example, glycan-lectin expression in inflammation or by a tumour suppressor are
studied in order to fully grasp the diagnostic or prognostic potential of carbohydrate-protein
interactions.?>?* Success in elucidating the interplay of lectins and their receptors has inspired
efforts to synthesis complimentary synthetic binding partners.>>?® The recent synthetic
development of glycoclusters as vaccines?® and therapeutics?”?® has shown the enormous

medicinal potential of these compounds.

4.3.1. Glycoclusters as Synthetic Vaccines

It has been shown that synthetic carbohydrate vaccines can elicit an immune response.?® One
approach for the synthesis of vaccines involves the generation of multivalent antigenic
carbohydrates. The display of multivalency is vital for the generation of carbohydrate antibody
responses.®® During cancer progression, glycosyltransferase enzymes become dysregulated.
This results in unusual glycosylation patterns of proteins on the surface of cancer cells.
Truncated carbohydrate chains, linked to serine or threonine, are formed and are known as
Tumour-Associated Carbohydrate Antigens (TACAS), see Figure 35. These are rarely found
on the surface of healthy cells, therefore they have become attractive for the use as cancer-

specific antigens in vaccine candidates.®
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Figure 35: Commonly used tumour-associated carbohydrate antigens (TACAS) in the development of anticancer vaccines®

Danishefsky and co-workers®*=2* prepared a number of synthetic multiantigenic carbohydrate-
based cancer vaccines that consist of oligopeptides presenting three or five different members
of TACAs attached to the carrier protein, Figure 36. From their findings they deduced that
compounds 145, 147 and 148, Figure 36, all induced the production of antibodies. Upon further
studies they showed these induced antibodies reacted strongly with cancer cell lines expressing
those antigens. As a result of these remarkable findings, compound 148 was reported as

entering phase I clinical trials in the treatment of ovarian cancer.323°%
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Figure 36: Synthesis of multiantigenic carbohydrate-based cancer vaccines by Danishefsky et al.®
4.4. Previously Synthesised Bi- to Tetravalent Glycoclusters
The preparation of a library of novel glycoclusters based on GIcNAc, terephthalamide and

glycophane scaffold glycoclusters have been previously described by members of the Murphy
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group at NUI Galway.'3?" The earlier work began by investigating the synthesis of lactosides
based on numerous N,N’-diglucosylterephthalamides and terephthalamides, both secondary
and tertiary clusters, Figure 37. Haemagglutination, solid phase and cell assays were all carried
out on the synthesised glycocompounds. Their findings supported the concept that the central
core scaffold of terephthalamide and glycophanes are appropriate scaffolds for the presentation
of carbohydrate ligands. They discovered introducing structural change e.g. placing lactose
residues at different positions 151-153, lead to variations of the inhibitory capacity. They also
deduced that introduction of rigidity through macrocyclization affected lectin-bivalent scaffold
reactivity, 154 and 155 are more reactive than 156. In all, their findings offered valuable

perspective for the development of inhibitors of medically relevant human lectins.?

HO
0 Q-0 N——£O~4L_OH
o H H
e HO N o-Q
H N HO S
ON H o 151
© o
OH
149 OH HO /O
COo,M Q- H R
ovle I(-?O O N H HO
OH

kNH o) i i5
. Y@A 2 0 9
N Kfo 0
OH
. g o - HO&&HT(Q)L”HOZ\QO HO;OH
150 COMe Qo = s
o)
HCO):é/sQO O_O (@) O_O 0 N=N
I N=oX = ~oH HOW‘OH HO N6 X ~oH N
® HN N HN oA Q
o) [ j
-
> Ho OH OH
HN HN HN —
S LT oy o 70T e 2 oo, =0
HO — HO _ HO (0]
3 0 OH g ) OH —OH HO on HO o
Q 154 Q 155 D 156

157

Figure 37: f-Lactose-based glycoclusters developed by Leyden et al.2 (Reprinted with permission from Leyden, R.;
Velasco-Torrijos, T.; André, S.; Gouin, S.; Gabius, H.-J.; Murphy, P. V. The Journal of Organic Chemistry 2009, 74, 9010)
Copyright 2009, American Chemical Society

These promising results, encouraged members of the Murphy group at NUI Galway to expand
this work and develope additional glycoclusters. Dr Guan-Nan Wang and co-workers* explored
the synthesis of bi-, tri- and tetravalent glycoclusters focusing on the tailoring of the headgroup
to improve selectivity. Their work comprised of developing a number of bi- to tetravalent

glycoclusters and examining valency along with varying ligand or headgoup on inhibition of
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plant toxins, see Figure 38. The tetravalent compound 164 proved to be the most potent
inhibitor with a 20-fold increase in the inhibitory properties in comparisson to lactose. The
FucLac compound 163, provided the greatest potency of the trivalent inhibitiors. All these
results vindicate the importance of valency in improving avidity. Their findings solidified the
feasibility of their initial proposal that the combination of headgrop tailoring, ligand

presentation and valency influence selectivity.®.
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Figure 38: Bi- to tetravalent glycoclusters synthesied by Wang et al.! (Reprinted with permission from Wang, G.-N.; André,
S.; Gabius, H.-J.; Murphy, P. V. Organic and Biomolecular Chemistry 2012, 10, 6893) Copyright 2012, The Royal Society
of Chemistry

100



These findings sparked interest in validating the contribution of structural variations, e.g.
altering anomeric configuration and valency towards selectivity. Within the Murphy group at
NUI Galway O’Sullivan et al.® focused on the preparation of a number of bi- to tetravalent
glycoclusters possessing GICNAc in the scaffold and varying the anomeric configuration and/or
nature of glycosidic bond (O- or S-glycosidic linkage). During their research, they synthesised
eleven novel glycocluster scaffolds, with N-acetylglucosamine representing the bioactive
headgroup, see Figure 39. The synthesised glycoclusters were tested as inhibitors of GSA-II
binding to neoglycoproteins and cells. Compounds 165-167 showed weak inhibitory activity
regardless of the atom at the anomeric centre. A 5-8-fold increase, when compared to 165-167,
was observed with a-S-glycosylated bivalent glycoclusters 170, 171 and 173. However, a 200-
fold increase in the inhibitory capacity of tetravalent glycocluster 171 was noted. These results
strengthen the proposal that valency and distance between sugar headgroups in glycoclusters

are important for interfering with lectin binding.
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Figure 39: Bi- to tetravalent glycoclusters synthesied by O’Sullivan et al.® (Reprinted with permission from André, S.;
O'Sullivan, S.; Gabius, H.-J.; Murphy, P. V. Tetrahedron 2015, 71, 6867) Copyright 2015, Elsevier
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In more recent studies, all compounds 165-175 inhibited GIcNAc-lectin binding on a lectin
microarray platform, studies performed by collaborator Dr. Michelle Kilcoyne at NUI Galway.
Gratifyingly for a biofilm assay, compounds 171 and 172 were found to be the most potent
inhibitors of biofilm formation in this series of compounds. As a result of these findings, it is
hoped the glycoclusters synthesised herein will be evaluated for their effects on biofilm

formation.

45. Results and Discussions

45.1. S-linked Glycosyl Thiol Synthesis

Interest in the synthesis of a-glycosyl thiols has gathered traction over the last number of
years.%8-2 Their synthesis is not as widely reported in literature when compared to their p-
counterparts. In S-linked glycomimetics, it is the glycosidic bond and its stability to enzyme
processing that has intrigued biologist and chemists alike.*® It is known that glycosyl thiols do
not readily undergo mutarotation, compared to glycosyl alcohols and therefore their
stereochemistry is preserved during the course of numerous organic transformations, a valuable

trait for organic synthesis.**

The methodology used to synthesise 141 was previously reported by Bergmann and Zervas.*®
Synthesis began from commercially available D-Glucosamine HCI 176. Conversion of the
amine to the imine 177 was achieved by reaction of 176 with anisaldehyde in 1 M NaOH to
give 177 in 80% yield. Acetylation using acetic anhydride in pyridine in the presence of DMAP
gave the protected imine 178 in a yield of 69%. Following this, hydrolysis of the imine by
treating with 5 M HCI in acetone for 5 minutes gave the salt 141, Scheme 60.
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Scheme 60: Synthesis of intermediate salt 141

Subsequently a variety of amide intermediates, 179-186, were prepared in a one-step
procedure, Scheme 61. The coupling of salt 141 with a variety of acids/acid chlorides in the
presence of DCC or HBTU and EDC gave a variety of amides in moderate to good yields,
outlined in Figure 40.

0 0
AcO a,borc AcO
o OAC . Acoé&om
NH,HCI NH
141 RT<O

Scheme 61: General amide bond formation

o
179 (a) 41% 184 (c) 95%

180 (b) 62%

181 (a) 66% 185 (c) 68%
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Figure 40: Amide bond formation reagents and conditions; (a) R-CO2H, HBTU, NMO, EDCI, DMF, rt, 24 h; (b) R-COCI,
TEA, CHClz; (c) R-CO2H, DMAP, DCC, CHzCl:
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45.2.  Amide Bond Formation

The formation of amide bonds are central for organic synthesis and play a crucial role in the
composition of biological systems. They are the principal bonds linking amino acids together
to form proteins.*® However they are not only confined to biological systems but are present in
many marketed drugs. Diltiazem*’ and Lisinopril*® both used in the treatment of hypertension
and Atorvastatin*® used to regulate cholesterol levels, are just a few examples of major drugs
containing an amide bond.*® Amide bonds are generally generated through the reaction of
amines and carboxylic acids, however this is not completely possible without the presence of

an activating agent.

There are a large number of coupling reagents to choose from for the formation of amide
bonds,*® a number of them are outlined in Figure 41 (showing reagents 187-193). In 1955,
dicyclohexylcarbodiimide (DCC) 187 was the first activating agent synthesised and used in the
formation of peptide bonds. Since then, a plethora of coupling agents have been designed and
used in the formation of both peptide and general amide bonds. In 2009, a comprehensive
review was carried out on the efficiency of coupling reagents.*® From their findings the authors
deduced that overall 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-
oxide hexafluorophosphate (HATU) 189 and N,N,N’,N -tetramethyl-O-(1H-benzotriaxol-1-
yluranium hexafluorophosphate (HBTU) 190 give the best reactivity. The combination of
DCC 187 and hydroxybenzotriazole (HOBt) 188 are great alternatives to 189 and 190 however
it has been found that HOBt 188 possesses explosive properties. For difficult couplings, such
as those involving secondary amines, benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBop) 191 is the agent of choice. Polymer-supported Mukaiyama
reagent 192 or polymer-supported 2-isobutoxy-1-isobutoxycarbonyl-1,2-dihydroquinoline

(PS-11DQ) 193 are reported as the most suitable reagents for library synthesis.*®

104



1
_ N
Hsc-N@ N HC M@ N
187 ,\7/ ‘CH, ,\?/ ‘CHs
N
o (X N
N N® N®
z NTh PFe° (BF4O \ ©
N~ N 00 6 (BF40) o0 PFg
OH
188 189 190

@
O—P—Br PFe© | SNTQ

o~ O
7o -
191 192 193

Figure 41: Amide coupling agents*®

45.2.1. Mechanism using HBTU

The first and most crucial step for amide formation is the activation of the carboxylic acid
component. In our case, HBTU 190 was utilized as one activating agent due to its excellent
activity and relatively low cost. Taking this as an example, outlined in Scheme 62, the first step
involved deprotonation of the carboxylic acid 194. The ensuing carboxylate anion 195 reacts
with the electron deficient carbon of HBTU to form an activated acyl phosphonium species
196. The resulting HOBt intermediate 197, reacts with 196 to produce 199, an activated ester.
Activated ester 199 undergoes aminolysis with desired amine 200 which is then deprotonated
using a base, to generate a new amide bond. The driving force of this reaction is the generation
of the by-product urea 198.
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Scheme 62: HBTU amide coupling mechanism

45.2.2. Mechanism usng DCC

The activator DCC 187 was utilized as an alternative coupling reagent. This one pot procedure
begins with the reaction of the carbodiimide with the carboxylate anion 195 to form the
intermediate 203, Scheme 63. This then reacts with the desired amine to form a new amide
bond and urea 204 as a by-product. Racemisation is known to occur but this can be greatly
reduced by adding the coupling reagent and the acid together at 0 °C before addition of the

amine.>!
So—" gy 3 OO

R7\0 N" N
A H H
195 202 204

203

Scheme 63: DCC promoted amide coupling mechanism?®?
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45.2.3. Mechanism ushg EEDQ

2-Ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) 205 can also be employed as the
coupling agent in the formation of amide bonds, Scheme 64. EEDQ deprotonates the acid and
ethanol 207 is eliminated from EEDQ. Ethyl formate quinolinium salt 208 reacts with
carboxylate 195 to generate ethoxycarbonyl anhydride 210, the formation of quinolone 209 as
the driving force. Addition of the nucleophilic amine 200 followed by elimination of the

leaving group forms the new amide bond.>!

Je
R™ (NHR
o o 211
R)J\NHR' + Ho)ko/\ - ¥
o]
202 213
@OJ\O/\

Scheme 64: EEDQ promoted amide coupling mechanism®!

45.2.4. Acyl chloride amie coupling

Amide coupling reactions utilizing acyl chlorides were also investigated. The carbonyl of the
acyl chloride is attacked by the desired amine to form a tetrahedral intermediate. Restoration
of the carbonyl and removal of the chlorine followed by deprotonation produces the new
desired amide bond. It is found that addition of a catalytic amount of base or DMAP can

accelerate the reaction.®?

4.6. Preparation of S-glycosides
In our case, Lawesson’s reagent was employed as the thionation agent. Under conditions

reported by Knapp et al.®® Lawesson’s reagent converted the carbonyl of the amide to a
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thiocarbonyl that then forms a five membered thiazoline ring 214 via cyclization by

displacement of the B-configured anomeric acetate, Scheme 65. Following this, under acidic

conditions hydrolysis using TFA and H2O at room temperature for 2 hours subsequently
converted 214 to the free thiol 215 which is a. Addition of K2COs and 1, 2-dibromoethane

formed thioglycosides 216. In a number of cases, a mixture of anomers was obtained due to

epimerisation and in some cases the epimerisation occurred so that only the f-anomer was

isolated. Table 9 gives the ratio of a:3 anomers obtained.
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214
OAc K,CO4 OAc
o) 1,2 dibromoethane AcO @)
>~ " AcO S gy
Acetone:H,0, rt, 3 h HN
HNSH R‘<\
R— .
@]
215 216

Scheme 65: Synthesis of S-glycoside
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Substrate

Ratio (a:p)

OAc

(0]
AcO
Acgﬁﬁs\/\Br

220

OAc

0]
AcO
ACSéS/S\/\Br

HN

O
221

OAc

(e}
AcO
Aco/éS/S\/\Br

NH
0] O

7 o

222

5.8:1

a only

1:3

2:1

B only

B only

Table 9: a:p ratio

Following this, displacement of the bromine in an Sn2 type reaction completed the formation
of a number of desired azides, 144 and 224-227, Scheme 66. The most abundant isomer was

isolated and analytical data obtained, in good to moderate yields, Figure 42.
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Scheme 66: Formation of azide intermediate
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Figure 42: Azide intermediates formed 144, 225-228

144 49%

4.6.1. Introduction to S-glycosides

Glycosides can be modified by replacing the oxygen of the glycosidic bond with atoms such
as sulphur, carbon, nitrogen or selenium. S-glycosides are molecules in which the oxygen of
the glycosidic bond is replaced with a sulphur atom. This class of glycosides are also termed
thioglycosides. They were first discovered by Emil Fisher and Konrad Delbruck in 1909.5 In
carbohydrate chemistry, thioglycoside properties have been exploited for use in various
biological processes.®** Their versatility is reflected in their ability to serve as either a
nucleophile or an electrophile and their ability to be prepared at different oxidation states.>2
The continued synthetic studies of S-glycosides is very important as they have shown to be
more stable in vivo than their corresponding O-glycosides, that is they are more stable to the
hydrolytic action of glycosidase enzymes.**->® Thiogylcosides can be prepared in a variety of
different ways. The route shown in Scheme 67 uses the Lawesson’s reagent, the route
employed in this thesis. Before Lawesson’s reagent can react, it first must dissociate into two
symmetrical molecules 229 and 230. The activated thionating ylide 230 forms a sulphur-carbon
bond with the carbonyl of the amide 231, while the oxygen forms a bond with the phosphorous.
A strained four-membered ring intermediate 232 is formed which then breaks down to form
the thioamide 234. Subsequent cyclization occurs by displacement of the anomeric acetate to
form the thiazoline ring 236. Hydrolysis using wet TFA cleaves the imine C-S bond to give the

free thiol 239.52 This thiol is then free to undergo various manipulations.
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Scheme 67: Thioglycoside formation using the Lawesson's reagent

4.7. Synthesis of Central Core Scaffolds
4.7.1.  Synthesis of Trivalent Linker

In order to successfully synthesis desired analogues it was required to synthesise a scaffold that

incorporated size, valency and shape of the desired multivalent architecture.®” Previously work
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carried out within the Murphy group at NUI Galway found glycoclusters containing the
trivalent core linker showed to obtain more significant biological properties, thus trivalent core
linker 143 was utilized.*”*® This synthesis was based on work carried out by Mallard-Favier
and co-workers.>® Phloroglucinol 142 was treated with propargyl bromide and KCOs to
generate 143 in a moderate yield of 41%, Scheme 68.

OH K,CO4 O
/@\ Propargyl bromide /@\
_—
HO OH DMF O O
t, 24 h, 41% / \
I // %
142 143

Scheme 68: Synthesis of trivalent linker 143

After liaising with collaborators in the Kilcoyne group, it was discovered that they encountered
difficulties regarding solubility of trivalent glycoclusters. As a result of this, the bivalent linker
241, Scheme 69 was selected in the hope of increasing glycocluster solubility. Methyl 3,5-
bis(prop-2-ynyloxy)benzoate 241 was generated via propargylation according to the procedure
reported by Malkoch and co-workers.®® Methyl 3,5 dihydroxybenzoate 240 was heated to

reflux in the presence of propargyl bromide, K2COz and 18-crown-6 to generate linker 241.

Jl
Propargyl bromide

OH O
K,CO3
18-crown-6
4>
HO O Acetone (@) ©
OMe reflux, 24 h, 67% OMe
Z
240 241

Scheme 69: Synthesis of bivalent linker 241
Simultaneously, attempts were made to incorporate a tetraethylene glycol group into the
structure in another effort at improving solubility. Tetraethylene glycol 242 was added to
NaOH in THF:H>O and cooled to 0 °C, Scheme 70. Tosyl chloride was added and stirred at
room temperature for 16 h to give product 243 in a yield of 22%.
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Scheme 70: Synthesis of tetraethylene glycol linker 243
Mesylated TEG (triethylene glycol) 245 was subsequently generated according to the
procedure reported by Andrus et al.8* Triethylene glycol was taken up in dichloromethane and
cooled to 0 °C, Scheme 71. Triethyl amine and methanesulfonyl chloride were added and

stirred at room temperature for 2 h to give desired product 245 in 57% vyield.

Ho ™~ O g~ OH TEA, MsCl Ms0™ O OMs
CH,Cl,
rt, 2 h, 57%
244 245

Scheme 71: Synthesis of triethylene glycol linker 245

Addition of the tosylated 243 and mesylated 245 intermediates to phloroglucinol 142 was
pursued next, Scheme 72. A number of efforts were attempted, regrettably all proved
unsuccessful via this method and only starting material was recovered. As the synthesis of both
desired linker intermediates 246 and 247 were not achieved, attention was focused on the

utilization of intermediate 221 in the hope of incorporating a glycol chain into the glycocluster.
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Scheme 72: Attempted glycol chain addition

Intermediate 221, Scheme 73, was subjected to multiple conditions, base, temperature and time
in the presence of triethylene glycol. Efforts are outlined in Table 10. Unfortunately, both

attempts failed to produce any desired product and only starting material was recovered.

OAcC OAcC
AcO o) s Ho/\/o\/\o/\/OH o
cO ~ gy 244 AC%O S\/\O/\/O\/\O/\/OH
HN HN
0 0
221 248

Scheme 73: Alternative route for the addition of glycol chain

114



Desired product Base Temperature  Time  Solvent

OAc DIPEA rt 24 h CHClI>

(e}
ACOO S\/\O/\/O\/\O/\/OH

Ac
HN
b—ﬁo NaH  75°C-0°C  1h  THF

248

Table 10: Addition of glycol chain conditions utilizing intermediate 221

Simultaneously, addition of mesylated glycol 245 to intermediate 249 was tried using NaH in

THF at room temperature for 24 h, Scheme 74, but unfortunately only starting material was

recovered.
OAc M OAc
MSO/\/O\/\O/\/O S
AcO & 245 AcO O
AcO AcO
HNg,, NaH HNS o
m m \/\O/\/ \/\OMS
0 THF, rt, 24 h 0
249 250

Scheme 74: Addition of glycol chain conditions utilizing intermediate 249
It was decided at this point bivalent linker 241 would be utilized in the hope of improving the

solubility of the glycoclusters.

4.7.2.  Synthesis of Multivalent Ligands

Next the click reaction was examined. Initial focus concentrated on utilizing the trivalent linker
143. Taking 251 as an example, the azide 224 was coupled with the alkyne precursor 143 using
the in-situ reduction of copper(Il) sulphate by sodium ascorbate in a 4:1 mixture of methanol
and H20 to give the acetylated glycocluster in a yield of 94%. Deacetylation and HPLC

purification were carried out and analytical data obtained, Scheme 75.
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Scheme 75: CUAAC synthesis of trivalent glycocluster 251
The same conditions were utilized using azide intermediates 144 and 226 to give glycoclusters
254 and 139 upon analytical HPLC purification. Crude glycoclusters were purified by
analytical reverse phase HPLC using a C8 column YMC Pack (25 x 1 cm. 120 A, 20 L), with
a linear gradient of H.O and CH3CN from 5% to 50% over times varying from 30 to 60 minutes,
Figure 43.
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Figure 43: HPLC trace of compound 251; after preparative HPLC. Analysis was done using an analytical reverse phase C8
column, tr = 32.6 min, linear gradient of H20 and CH3CN from 5% to 50% of CH3CN over 60 min

Focus then turned to the formation of bivalent glycoclusters. Taking 252 as an example, the
azide intermediate 226 was coupled with the bivalent linker 241 under the conditions outlined

above and gave protected glycocluster in 79% vyield. Following this, Zemplén deacetylation
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gave glycocluster 252 in a yield of 87%, Scheme 76. Azide intermediate 224 was coupled with

241 to give acetylated glycocluster, followed by deacetylation to give glycocluster 253 in a

yield of 59%.

OAc
O
AcO~ Sg \
AcO OH
HNS\/\N HO O
S 3 HO
1) CuS0, 5H,0, Q_QN s
226 Sodium ascorbate, o \’\
45°C, 16 h, N—
+ 4:1 MeOH:H,0, 79% \ N
J' 2) 1 M NaOMe

Da

rt, 0.3 h, MeOH, 87%
O /a‘ /<j,\f
HO
HO
/@\f HNg /N /ﬁ/\
(0]
252

241

Scheme 76: CUAAC synthesis of bivalent glycocluster 252

It must be noted that removal of the methyl group of the methyl ester was observed after

deacetylation of 252 and 253. Column chromatography or HPLC-based purification was not

necessary to obtain bivalent glycoclusters 252 and 253.

All new synthesised compounds are shown in Figure 44 below.
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Figure 44: Synthesised glycoclusters 139, 251-254

4.8. Biological Evaluation

Preliminary biophysical assessment of glycoclusters 139 and 252 were carried out.
Monosaccharide compounds 255 and 256, Figure 45, were synthesised so these could be
prepared with GIcNAc. Compounds 139 and 252 were subjected to microscale thermophoresis
analysis with wheat-germ agglutinin (WGA) at a concentration of 10 mM. WGA is a plant
lectin found on the surface of wheat. It is involved in the agglutination of various cells but its
function can be inhibited by N-acetylglucosamine.®? Microscale thermophoresis (MST)
analysis is a technique used to quantify the interactions between two molecular units.®® As part

of these experiments, MST analysis of GIcNAc and WGA was carried out. The average Kd
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value (binding affinity) measured was consistent with that reported in literature.5* It was found
however that no complete bound state at the highest concentration for compounds 139 and 252
were observed due to an unbalanced curve caused by a large number of data points for the
unbound state. Thus, indicating no binding occurred for either 139 and 252 with WGA. It is
believed that no binding occurred between WGA and 139 due to the presence of the sterically
hindered tert-butyl group. This preliminary biophysical study was performed by PhD colleague
Adele Gabba who is currently at the Harvard Medical School as a visiting scholar. It is hoped
in the future, compounds 251-254 will be screened for effects on biofilm formation.

OH OH
HO HO O
H(&WOH H(&%VOH
MNH
0

o

N

255 256

O

Figure 45: Monosaccharide compounds synthesised, 255 and 256

In a separate study, primary antimicrobial screening by whole cell growth inhibition assays of
compounds 143, 180, 182, 183, 185, 186 and 252 was carried out. This was part of the study
carried out in Section 3.6. Of all the compounds screened, the best inhibition values calculated
were 34.1% and 32.77% respectively for compounds 183 and 252 against the growth of the
bacteria Acinetobacter baumannii. As mentioned previously, compounds with values below
50% are classed as inactive, therefore 183 and 252 were not selected by CO-ADD for further
dose response studies.

4.9. Future Work

The determination of whether these glycoclusters can inhibit biofilm formation is the next
objective and it will be of interest to see whether these compounds are more active than the
simple acetamides which were evaluated previously. Improvements could also be made to the
synthesis, to prevent epimerisation of the glycosyl thiol during alkylation, for example, so that
only the a-S-glycoside will be isolated. Adjustments to reagent equivalence and reaction time
as well as the use of alternative reagents should be considered. Efforts could be made in
improving solubility of the glycoclusters and investigations into length variation could also

help in establishing more potent inhibitors.
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4.10. Conclusion

In conclusion, the synthesis of 5 new glycocluster compounds has been achieved from
commercially available glucosamine hydrochloride. The synthetic route commenced with the
synthesis of the versatile salt intermediate 141. From there several variations of amide coupling
reactions were employed to synthesise a variety of amide intermediates, 179-186 in good
yields. The synthesis of a-glycosyl thiols were carried out via the formation of a thiazoline
ring, which had been generated using Lawesson’s reagent. Ring opening followed by alkylation
generated a number of S-glycoside intermediates, which had a short 2-bromoethane group
linked to the anomeric sulphur. Some of the S-glycosides were obtained as mixtures of anomers
due to the epimerization of the glycosyl thiol during S-alkylation under basic conditions.
Displacement of the bromine using sodium azide produced intermediates suitable for ‘click’
chemistry to generate protected glycoclusters. Zemplén conditions for deacetylation completed
the construction of final glycoclusters without protecting groups. This synthetic route has been
shown to provide access to various glycocluster analogues which can be made available for
biological studies.
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5.1 General Experimental Conditions

NMR spectra were recorded using 500 MHz & 600 MHz spectrometers. Chemical shifts are
reported relative to internal MesSi in CDCl3 (6 0.0) or CDCl3 (6 7.26), (CD3)2SO (6 2.50), HOD
for D20 (8 4.65) and CD,HOD (& 3.31) for *H and CDCl3 (8 77.16) pyridine-ds (8 150.0, 136.0,
124.0), (CD3)2S0 (8 39.5) and CD30D (5 49.0) for *C. *H-NMR signals were assigned with
the aid of COSY. 13C signals were assigned with the aid of HSQC and HMBC. Coupling
constants (J) are reported in Hertz and are reported uncorrected. High-resolution mass spectra
were measured in positive and/or negative mode as indicated using MeCN, H>O and/or MeOH
as solvent using a Waters LCT Mass Spectrometry instrument. FT-IR spectra were recorded
Perkin Elmer Spectrum 100 FTIR Spectrometer with a polarized UATR (Universal Attenuated
Total Reflectance) Accessory. Optical rotations were determined at the sodium D line at 23 °C
using CHCIz as indicated. TLC was performed on aluminium sheets pre-coated with Silica Gel
60 (HF254, E. Merck) and spots visualized by UV and charring with cerium (I\VV) molybdate
solution, vanillin or ninhydrin solutions. Flash column chromatography was generally
employed for purification and was carried out using silica gel 60 (0.040-0.630 mm) using a
stepwise solvent polarity gradient correlated with TLC mobility. Chromatography solvents
used were petroleum ether (40-60 ° C, Fisher Scientific), diethyl ether, toluene, cyclohexane,
EtOAc, acetonitrile, CH>Cl, and MeOH (Sigma Aldrich). Anhydrous pyridine was used as
purchased from Sigma-Aldrich. THF, toluene, CH2Cl>, EtoO, DMF and methanol were used as
obtained from a Pure-Solv™ solvent purification system. When necessary, solvents were
degassed prior to use by bubbling nitrogen through the solvent for 15 minutes followed by
three freeze-thaw cycles. Reverse phase chromatography was carried out with a YMC-Pack
C8-reverse phase silica gel (S-10/20 pL, 120 A). The MeCN and H,0 used were distilled. All

previously published experimental data can be accessed from relevant references.

Figure 46: Proton numbering in carbohydrates
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5.2 Chapter 2 Experimental

AcO OAc
o)
AcogSﬂ“\/

AcO
1-Allyl-1-deoxy-2,3,4,6-tetra-O-acetyl-D-galactopyranose (63).* To a stirred suspension of
60 (30 g, 76 mmol) and allyltrimethyl silane (36 mL, 230 mmol) in MeCN (150 mL) was added
BF3-Et2O (47 mL, 380 mmol). The reaction was heated to reflux overnight. The mixture was
diluted with EtOAc and then ag. NaHCO3 was added. The phases were separated and the
aqueous phase was washed with EtOAc. The combined organic phases were washed with H20,
brine, dried over Na>SOs, filtered and the solvent removed under reduced pressure. Flash
chromatography (cyclohexane:EtOAc 3:1) gave the title compound (21 g, 74%) as a yellow oil
in an o:p (4:1) mixture; *H NMR (500 MHz, CDCl3) § 5.84 (1H, dd, J = 10.3, 6.8, CH,CH=CH>
B), 5.76 (1H, ddt, J = 17.0, 10.1, 6.6, CH2,CH=CH: a), 5.42 (2H, overlapping signals, H-4 o &
H-4 ), 5.31 (1H, dd, J =10.2, 0.9, H-3 B) 5.27 (1H, dd, J=9.3, 5.0, H-2 ), 5.22 (1H, dd, J=9.3,
3.2,H-3 ), 5.16 —5.06 (4H, overlapping signals, CH.CH=CH> o & CH2CH=CH: ), 5.02 (1H,
dd, J=10.1, 3.4, H-2 B), 4.30 (1H, dt, J=10.0, 4.8, H-1 o), 4.21 (1H, dd, J=12.8, 8.9, H-6a ),
4.17 — 4.00 (4H, overlapping signals, H-6b a, H-6a 3, H-6b B, H-5 o), 3.86 (1H, td, J=6.7, 1.2,
H-5 B), 3.48 (1H, ddd, J=9.6, 6.4, 5.2, H-1 B), 2.57 — 2.39 (1H, m, CH.CH=CHH «a), 2.38 —
2.21 (3H, overlapping signals, CH,CH=CHH o, CH.CH=CHy), 2.15 (3H, s, CH3z ), 2.13 (3H,
s, CHz a), 2.07 (3H, s, CHs a), 2.04 (6H, s, overlapping signals, CHz o & CHz ), 2.03 (3H, s,
CHs o & CHs B), 1.98 (3H, s, CH3 B); 3C NMR (126 MHz, CDCl3) § 170.5, 170.4, 170.3,
170.2, 170.0, 169.9, 169.8, 169.7 (each C=0), 133.3, 133.2 (each CH,CH=CH), 117.6, 117.3
(each CH2CH=CH), 77.7 (C-1B), 74.0 (C-5 B), 72.2 (C-2 B), 71.4 (C-1 w), 69.2 (C-3 ), 68.2
(C-5m),67.9(C-3B), 67.7 (H-4 B), 67.6 (H-4 a), 61.5, 61.4 (each C-6), 36.0 (CH2CH=CH: ),
30.9 (CH2CH=CH2 ), 20.8, 20.7, 20.7, 20.7 (2 signals), 20.6, 20.6, 20.6 (each CH3); HRMS
(ESI): calcd. for C17H2409Na, 395.1358; found m/z 395.1342 [M+Na]*; FT-IR 2979, 1741,
1635, 1369, 1212, 1041, 909, 710 cm™.
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HO OH
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HO

1-Allyl-1-deoxy-a-D-galactopyranose (64).° Peracetylated 63 (4.19 g, 13.19 mmol) was
dissolved in dry methanol (10 mL) and cooled to 0 °C. To this was added NaOMe (1 M in
MeOH, 0.7 g, 13.19 mmol) and the resulting mixture was stirred at room temperature for 16 h.
The reaction was acidified with Amberlite resin, filtered and the solvent removed under
reduced pressure. Flash chromatography (CH2Cl2:MeOH 4:1) gave the title compound (2.06 g,
77%) as a white solid; *H NMR (500 MHz, CDsOD) § 5.87 (1H, ddt, J=17.2, 10.2, 6.9,
CH2CH=CHpy), 5.15-5.09 (1H, m, CH,CH=CHH), 5.04 (1H, dd, J=10.3, 2.0, CH,CH=CHH),
4.00 (1H, dt, J=10.1, 4.9, H-1), 3.98 — 3.93 (1H, m, H-4), 3.90 (1H, dd, J=8.8, 5.3, H-2), 3.78
— 3.66 (4H, m, overlapping signals, H-3, H-5, H-6a & H-6b), 2.46 (1H, dd, J = 15.1, 7.0,
CHHCH=CHy), 2.37 (1H, ddd, J=14.9, 6.8, 4.7, CHHCH=CH>); **C NMR (126 MHz, CD30D)
d 135.3 (CH2CH=CHy), 115.5 (CH.CH=CHy), 74.3 (C-1), 72.6 (C-3 or C-5), 70.5 (C-3 or C-
5), 68.7 (2s, C-2 or C-4), 60.6 (C-6), 29.6 (CH.CH=CH,); HRMS (ESI): calcd. for
C18H32010Na, 431.1873; found m/z 431.1893 [2M+Na]*; FT-IR 3220, 2938, 1452, 1085, 1027,
921, 783 cm™.

OOH
X 1o

O
HO

1-Allyl-1-deoxy-3,4-O-isopropylidene-a-D-galactopyranose (65).2 To a solution of 64 (5.53
g, 27.09 mmol) and dimethoxy propane (13.3 mL, 108.4 mmol) in MeCN (50 mL) was added
p-TsOH (103 mg, 0.54 mmol) and the reaction was stirred for 16 h. Water (10 mL) was added
and after 30 min the reaction was neutralized with trimethylamine, solvent removed under
reduced pressure. Flash chromatography (cyclohexane:EtOAc 4:1) gave the title compound
(3.65 g, 55%) as a yellow solid; *H NMR (500 MHz, CDCls) § 5.84 (ddd, J = 14.0, 10.2, 7.0,
CH2CH=CHy), 5.17 (1H, dd, J=17.1, 2.0, CH.CH=CHH), 5.10 (1H, d, J=10.4, CH.CH=CHH),
4.31 (1H, dd, J=7.3, 1.9, H-3), 4.28 (1H, dd, J=7.3, 3.2, H-4), 4.06 (2H, overlapping signals,
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H-1 & H-5), 3.83 (2H, overlapping signals, H-2 & H-6a), 3.72 (1H, ddd, J=11.4, 9.2, 4.4, H-
6b), 2.40 (1H, overlapping signals, CH.CH=CHy), 2.26 (1H, dd, J=9.2, 3.1, OH), 2.22 (1H, d,
J=4.5, OH), 1.48 (3H, s, isopropylidene CHs), 1.33 (3H, s, isopropylidene CHzs); 3C NMR
(126 MHz, CDCl3) 6 134.2 (CH2CH=CH>), 117.6 (CH.CH=CH>), 109.6 (isopropylidene C),
74.8 (C-4), 73.1 (C-3), 70.7 (overlapping signals, C-1 or C5), 69.6 (overlapping signals, C-1
or C5), 69.0 (C-2), 63.6 (C-6), 34.8 (CH.CH=CH), 26.8 (isopropylidene CHzs), 24.5
(isopropylidene CHz3); HRMS (ESI): calcd. for C12H200s, 243.1238; found m/z 243.1232
[M+H]*; FT-IR 3347, 2884, 1643, 1372, 1144, 1055, 869 cm™.

o OTs
A
0
HO

1-Allyl-1-deoxy-3,4-O-isopropylidene-6-O-p-toluenesulfonyl-a-D-galactopyranose  (66).*
A solution of 65 (1.85 g, 7.58 mmol) in pyridine-acetone (1:1, 45 mL) was treated at 0 °C with
p-toluenesulfonyl chloride (1.45 g, 7.58 mmol). The solution was warmed to room temperature
and stirred overnight. The reaction mixture was repeatedly azeotroped with toluene and the
crude residue was taken up in CH.Cl, and H2O. The aqueous phase was extracted with CH2Cl»
and the organic extracts were combined, dried with Na>SOs, filtered and the solvent removed
under reduced pressure. Flash chromatography (cyclohexane:EtOAc 7:3) gave the title
compound (1.9 g, 63%) as a white solid; *H NMR (500 MHz, CDCls) § 7.81 (2H, d, J=8.3, Ar-
H), 7.34 (2H, d, J=8.0, Ar-H), 5.80 (1H, ddt, J=17.2, 10.2, 7.0, CH,CH=CH>), 5.14 (1H, dd,
J=17.2, 1.7, CH2,CH=CHH), 5.09 (1H, dd, J=10.2, 1.1, CH2CH=CHH), 4.29 — 4.20 (3H,
overlapping signals, H-3, H-4 & H-5), 4.16 (1H, dd, J=9.9, 5.9, H-6a), 4.10 (1H, dd, J=9.9,
6.7, H-6b), 3.96 (1H, td, J=7.1, 2.3, H-1), 3.77 (1H, ddt, J=5.2, 2.8, 1.4, H-2), 2.45 (3H, s, Ar-
CHs3), 2.38 — 2.24 (2H, overlapping signals, CH.CH=CH>), 1.85 (1H, d, J=4.3, OH), 1.40 (3H,
s, isopropylidene CHs), 1.28 (3H, s, isopropylidene CHs); **C NMR (126 MHz, CDCls) §
144.7,134.1 (CH2CH=CHy), 133.0, 129.7, 128.0, 117.7 (CH2CH=CHy>), 109.7 (isopropylidene
C), 74.0 (C-4), 71.6 (C-3), 70.3 (C-1), 69.3 (C-6), 68.7 (C-2), 67.6 (C-5), 35.3 (CH2CH=CH>),
26.5 (isopropylidene CHz), 24.4 (isopropylidene CHs), 21.6 (Ar-CHs); HRMS (ESI): calcd. for
C19H2607SNa, 421.1316; found m/z 421.1297 [M+Na]*; FT-IR 3385, 2915, 1932, 1357, 1170,
983, 903, 663 cm™.
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1-Allyl-1,6-dideoxy-3,4-O-isopropylidene-6-azido-a-D-galactopyranose (67).* The tosylate
66 (4.25 g, 10.6 mmol) was dissolved in DMF-H.0 (10:1, 60 mL). To this was added NaN3
(3.5 g, 53.37 mmol) and the reaction was heated to 120 °C for 24 h. Upon cooling to room
temperature, the reaction mixture was partitioned between EtOAc and H-O, the organic phase
was washed with H20, dried over Na SO, filtered and the solvent removed under reduced
pressure. Flash chromatography (cyclohexane:EtOAc, 4:1) gave the desired compound (1.4 g,
44%) as a colourless oil; *H NMR (500 MHz, CDCls) & 5.88 (1H, ddt, J=17.1, 10.2, 7.0,
CH2CH=CH>), 5.18 (1H, dq, J=17.2, 1.6, CH,CH=CHH), 5.12 (1H, ddt, J=10.1, 2.1, 1.2,
CH2CH=CHH), 4.30 (1H, dd, J=7.4, 3.2, H-3), 4.25 (1H, dd, J=7.4, 2.0, H-4), 4.15 (1H, ddd,
J=75, 5.3, 2.0, H-5), 4.06 (1H, td, J=7.2, 2.5, H-1), 3.82 (1H, dd, J=3.3, H-2), 3.53 (1H, dd,
J=12.5, 7.8, H-6a), 3.28 (1H, dd, J=12.6, 5.2, H-6b), 2.48 — 2.34 (2H, overlapping signals,
CH2CH=CHpy), 2.09 — 2.04 (1H, m, OH), 1.49 (3H, s, isopropylidene CHzs), 1.34 (3H, s,
isopropylidene CHs); ®C NMR (126 MHz, CDCls) § 134.22 (CH,CH=CH,), 117.65
(CH2CH=CHy), 109.70 (isopropylidene C), 74.48 (C-3), 72.52 (C-4), 70.71 (C-1), 69.09 (C-
5), 68.79 (C-2), 52.05 (C-6), 35.17 (CH2CH=CH>), 26.69 (isopropylidene CHzs), 24.48
(isopropylidene CHz); HRMS (ESI): calcd. for C12H1904Cl, 304.1075; found m/z 304.1064
[M+CI]; FT-IR 3458, 2911, 2098, 1375, 1209, 1058, 870 cm™.

(O

1-Allyl-1,6-dideoxy-2-O-ethyl-3,4-O-isopropylidene-6-azido-a-D-galactopyranose  (68).4
To a stirred suspension of 67 (28 mg, 0.09mmol) in DMF (3 mL) at 0°C was added sodium
hydride (60% dispersion in mineral oil, 6 mg, 0.14 mmol) slowly with vigorous stirring. After
15 min, iodoethane (0.03 mL, 0.32mmol) was added and the reaction was warmed to room
temperature and stirred for 18 h. EtOAc and H>O were added and the phases were separated.
The organic phase washed with H-O, brine, dried over MgSQsa, filtered and the solvent were
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concentrated under reduced pressure. Flash chromatography (cyclohexane:EtOAc 4:1) gave
the title compound (25 mg, 81%) as a colourless oil; *H NMR (500 MHz, CDCls3) § 5.87 — 5.76
(1H, m, CH.CH=CH>), 5.18 — 5.03 (2H, overlapping signals, CH.CH=CH>), 4.36 (1H, dd,
J=7.4, 3.4, H-3), 4.21 (1H, dd, J=7.5, 1.8, H-4), 4.07 — 3.99 (2H, overlapping signals, H-1 &
H-5), 3.70 (1H, dqg, J = 9.3, 7.0, OCHHCH3), 3.55 — 3.43 (2H, m, H-6a & OCHHCHs3), 3.39
(1H, t, J=3.2, H-2), 3.27 (1H, dd, J=12.5, 5.6, H-6b), 2.42 (ddd, J = 7.9, 6.4, 1.5,
CHHCH=CHy), 2.34 (dt, J = 14.4, 7.3, CHHCH=CH), 1.49 (3H, s, isopropylidene CHz3), 1.34
(3H, s, isopropylidene CH3), 1.20 (3H, t, J=6.9, OCH,CHs); 3C NMR (126 MHz, CDCls) &
134.51 (CH.CH=CHz), 117.13 (CH.CH=CH), 109.73 (isopropylidene C), 75.53 (C2), 72.88
(C4),71.78 (C3), 71.17 (C5), 68.86 (C1), 66.40 (OCH.CHz), 51.94 (C6), 35.01 (CH2CH=CHy>),
26.71 (isopropylidene CHzs), 24.60 (isopropylidene CH3), 15.54 (isopropylidene CHa).

ON3
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O
O

1-Allyl-1,6-dideoxy-2-O-isopentyl-3,4-O-isopropylidene-6-azido-a-D-galactopyranose

(69).# To a stirred suspension of 67 (109 mg, 0.41 mmol) in DMF (5 mL) at 0 °C was added
NaH (60% dispersion in mineral oil, 25 mg, 0.61 mmol) slowly with vigorous stirring. After
15 min, 1-bromo-3-methyl-butane (0.16 mL, 1.3 mmol) was added and the reaction was
warmed to room temperature and stirred for 24 h. The reaction was quenched by the slow
addition of MeOH and partitioned between EtOAc and H20. Phases were separated and the
organic phase was washed with H2O, brine, dried over Na,SOs, filtered and the solvent
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 9:1) gave the
title compound (43 mg, 31%) as a colourless oil; *tH NMR (500 MHz, CDCls3) § 5.82 (1H, dddd,
J=16.8, 10.2, 7.7, 6.3, CH.CH=CH>), 5.17 — 5.01 (2H, overlapping signals, CH.CH=CHy>),
4.37 (1H, dd, J=7.5, 3.3, H-3), 4.20 (1H, dd, J=7.5, 1.8, H-4), 4.11 — 3.98 (2H, overlapping
signals, H-1 & H-5), 3.66 (1H, dt, J=9.2, 6.7, OCHHCH2CH(CHz3)2), 3.54 — 3.41 (2H,
overlapping signals, H-6a & OCHHCH2CH(CHs)2), 3.37 (1H, t, J=3.1, H-2), 3.26 (1H, dd,
J=12.5, 5.6, H-6b), 2.40 (ddt, J = 7.8, 6.3, 1.6, CHHCH=CH), 2.34 (tdd, J = 7.5, 6.6, 1.1,
CHHCH=CHy), 1.71 (1H, dt, J=13.5, 6.8, OCH2CH2CH(CHa)2), 1.49 (3H, s, isopropylidene
CHa), 1.46 (2H, overlapping signals, J=6.6, OCH2CH2CH(CHs3)z2), 1.35 (3H, s, isopropylidene
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CHs), 0.91 (3H, d, J=1.0, OCH2CH>CH(CHj3)2), 0.90 (3H, d, J=1.1, OCH,CH>CH(CHj3)); *C
NMR (126 MHz, CDCls) 6 134.6 (CH2CH=CH), 117.1 (CH.CH=CH>), 109.8 (isopropylidene
C), 75.7 (C-2), 72.9 (C-4), 71.6 (C-3), 71.3 (C-1), 69.4 (CH>), 68.9 (C-5), 51.9 (C-6), 38.8
(CH>), 35.1 (CH2.CH=CHpy), 26.7 (isopropylidene CH3), 24.9 (CH), 24.6 (isopropylidene CH3),
22.6 (CH3), 22.5 (CH3); FT-IR 2926, 2097, 1381, 1210, 1092, 1060, 914, 874 cm™.

oN3
X
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1-Allyl-1,6-dideoxy-2-O-naphthalen-2-ylmethyl-3,4-O-isopropylidene-6-azido-a-D-
galactopyranose (70).# To a stirred suspension of 67 (190 mg, 0.71 mmol) in DMF (10 mL)
at 0 °C was added NaH (60% dispersion in mineral oil, 41 mg, 106 mmol) slowly with vigorous
stirring. After 15 min, 2-(bromo-methyl)naphthalene (549 mg, 2.49 mmol) was added and the
reaction mixture warmed to room temperature and stirred for 24 h. EtOAc and H20 were added,
phases separated and the organic layer washed with H20O, dried over Na>SOs, filtered and the
solvent removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 95:5)
gave the title compound (78 mg, 27%) as a yellow oil; *H NMR (500 MHz, CDCls3) & 7.86 —
7.81 (3H, overlapping signals, ArH), 7.77 (1H, d, J=1.6, ArH), 7.48 (3H, ddd, J=11.2, 7.1, 1.9,
ArH), 5.82 -5.72 (1H, m, CH,CH=CH>), 5.11 — 4.96 (2H, overlapping signals, CH,CH=CHy),
4.86 (1H, d, J=11.9, CHHAI), 4.72 (1H, d, J=11.9, CHHA), 4.45 (1H, dd, J=7.3, 3.5, H-3),
4.24 (1H, dd, J=7.3, 1.9, H-4), 4.13 (1H, ddd, J=7.5, 5.5, 1.9, H-5), 4.07 (1H, ddd, J=8.1, 6.5,
3.1, H-1), 3.60 (1H, t, J=3.3, H-2), 3.51 (dd, J= 12.5, 7.6, H-6a), 3.28 (1H, dd, J=12.5, 5.5, H-
6b), 2.46 (1H, dddt, J=14.4, 8.0, 6.4, 1.5, CH,CH=CHH), 2.35 (ddd, J = 14.2, 7.7, 6.5,
CH,CH=CHH), 1.47 (3H, s, isopropylidene CH3), 1.34 (3H, s, isopropylidene CH3); *C NMR
(126 MHz, CDCls) 6 135.2 (Ar-C), 134.4 CH.CH=CH>), 133.2, 133.0, 128.3, 127.9, 127.7,
126.5, 126.2, 126.0, 125.7 (each Ar-C), 117.2 (CH2CH=CHy>), 109.8 (isopropylidene C), 75.3
(C-2), 73.0 (C-4), 72.8 (CH2-Ar), 71.9 (C-3), 71.4 (C-1), 68.9 (c-5), 51.9 (C-6), 34.8
(CH2CH=CHy), 26.8 (isopropylidene CH3), 24.7 (isopropylidene CHz).
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(2S)-3-Hydroxy-2-methylpropyl benzoate (74).°> Preparation of the dinuclear zinc catalyst:
Diethyl zinc (1 M, 4.7 mL, 4.7 mmol) was added dropwise to a solution of (S,S)-(+)-2,6-Bis[2-
(hydroxydiphenylmethyl)-1-pyrrolidinyl-methyl]-4-methylphenol 71 (1.5 g, 2.35 mmol) in
anhydrous toluene (85 mL) under an N2 environment whilst stirring. This solution was stirred
for 2 h at room temperature and then transferred via cannula. Asymmetric desymmetrization:
Anhydrous toluene (280 mL) was added to a flame-dried round bottom flask containing 2-
ethyl-propane-1, 3-diol (4.17 mL, 47 mmol) and vinyl benzoate (32.5 mL, 235 mmol) at room
temperature. A stock solution of catalyst 72 (120 mL, 0.026 M) was added at -70 °C under a
positive flow of nitrogen via cannula. The reaction was sealed and stirred at -20 °C for 36 h.
After 36 h the reaction was concentrated and the crude product was directly applied to a silica
gel column (petroleum ether:EtOAc 6:1) and eluted to give the title compound (7.76 g, 85%)
as a colourless oil; *tH NMR (500 MHz, CDCls) § 8.04 (2H, dd, J=8.2, 1.4, Ar-H), 7.57 (1H,
14.9, 1.2, Ar-H), 7.45 (2H, overlapping signals, Ar-H), 4.40 (1H, dd, J =11.1, 5.0, CHH), 4.31
(1H, dd, J = 11.1, 6.4, CHH), 3.61 (2H, overlapping signals, CH), 2.14 (1H, qt, J=6.8, 5.1,
CH), 1.05 (3H, d, J=6.9, CH3); 13C NMR (126 MHz, CDCls3) § 167.00 (C), 133.06 (CH), 130.05
(C), 129.60 (CH), 128.40 (CH), 66.42 (CH>), 64.45 (CH>), 35.74 (CH), 13.60 (CHz3); FT-IR
3319, 2979, 1741, 1635, 1433, 1369, 1213, 1041, 909 cm™.

@) OBz
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(2R)-2-Methyl-3-oxopropyl benzoate (56).% (Diacetoxyiodo)benzene (14.11 g, 39.9 mmol)
and TEMPO (623 mg, 3.99 mmol) were added to a solution of (S)-3-hydroxy-2-methylpropyl
benzoate 74 (7.76 g, 39.9 mmol) in CH2Cl, (75 mL). The reaction mixture was stirred for 2.5
h at room temperature, quenched with saturated aq. NaHCOs3 and extracted in to CH.Cl,. The
combined organic extracts were dried over NaSOs, filtered and concentrated. Flash
chromatography (petroleum ether:EtOAc 10:1) gave the title compound (4.66 g, 61%) as a
yellow oil; *H NMR (500 MHz, CDCls) § 9.80 (1H, s, aldehyde H), 8.00 (2H, overlapping
signals, Ar-H), 7.56 (1H, t, J=7.4, Ar-H), 7.43 (2H, t, J=7.7, Ar-H), 4.55 (2H, dd, J=5.9, 3.2,
CHy), 2.87 (1H, m, CH), 1.26 (3H, d, J=7.3, CH3); *C NMR (126 MHz, CDCls) & 201.98
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(CH), 166.28 (C), 133.20 (CH), 129.64 (CH), 129.60 (CH), 128.41 (CH), 64.01 (CH), 45.91
(CH2), 10.65 (CHa); FT-IR 3071, 2828, 2551, 1678, 1582, 1453, 1420, 1323, 1287, 1179, 1026,
931, 804, 703 cm™.

OH OBz
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(2R,3S,4S)BZAHydroxyZZnethoxyZZnethylhexd2nZ /1 benzoate (75).° To a stirred
solution of allyl methyl ether (5.4 mL, 57.2 mmol) in THF (80 mL) was added sec-BuLi in
cyclohexane (35 mL, 1.3 M) at -78 °C over a period of 20 min. The mixture was stirred at -78
°C for an additional 40 min and to it was added dropwise f-methoxydiisopinocampheylborane
(17 g, 54 mmol) in THF (90 mL) via cannula. After the reaction was stirred for 1.5 h at -78 °C,
boron trifluoride etherate (8.8 mL, 69.7 mmol) was added dropwise at -78 °C. Immediately a
solution of acetaldehyde 56 (5.74 g, 30.17 mmol) in THF (70 mL) was added and the mixture
was stirred for 28 h at -78 °C. Then aqueous NaOH (25 mL, 1 M) was added followed by H20-
(24 mL, 30%) and the biphasic mixture was allowed to warm to room temperature slowly.
After stirring for 16 h the mixture was diluted with diethyl ether, the organic layer separated,
washed with ag. NH4Cl, dried over Na2SO4 and the solvent removed under reduced pressure.
Flash chromatography (petroleum ether:EtOAc 3:1) followed by distillation of the residue
using a Kugelrohr for 72 h at 85 °C, under vacuum to give title compound (5.83 g, 32%) as a
light yellow oil; *H NMR (500 MHz, CDCl3) & 8.03 (2H, dd, J=8.2, 1.4, Ar-H), 7.54 (1H, d,
J=7.4, Ar-H), 7.43 (2H, overlapping signals, Ar-H), 5.60 (1H, ddd, J=17.1, 10.4, 8,
CH3OCHCH=CHy), 5.38 — 5.31 (2H, overlapping signals, CH3OCHCH=CH), 4.36 (1H, dd,
J=10.8, 7.9, CHHOBz), 4.27 (1H, dd, J=10.7, 6.5 CHHOBz), 3.70 (1H, dd, J=8.1, 2.6 CH),
3.53 (1H, t, J=8.2, CH), 3.32 (3H, d, J=2.4, CH3), 2.10 (1H, dd, J=7.6, 2.7, CH), 1.00 (3H, d,
J=6.9, CHs); *C NMR (126 MHz, CDCl3) & 166.48 (C), 134.26 (CH), 132.85, 129.54, 128.31
(each Ar-C), 120.53 (CHy), 84.97 (CH), 72.78 (CH), 67.27 (CH2), 56.29 (CH3), 33.92 (CH);
HRMS (ESI): calcd. for C17H2304NNa, 328.1516; found m/z 328.1525 [M+MeCH +Na]"; FT-
IR 3453, 2972, 1718, 1601, 1451, 1268, 1093, 1025, 932, 708 cm™.
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(2R,35,49) 234 (tertButyldimethylsilyl)oxy]ZAnethoxyZAnethylhexbZnZ %/ benzoate
(79).” To a solution of 75 (350 mg, 1.4 mmol) in CH2Cl, (5 mL) was added triethyl amine (0.6
mL, 4.3 mmol) and stirred at 0 °C for 30 min. To this was added TBSOTf (0.5 mL, 3.5 mmol)
at 0 °C and the mixture was stirred for 2 h. It was then quenched with ag. satd. NH4Cl and
extracted with CH.Cl, (x3). The organic layer dried over Na,SOs, filtered and the solvent
removed under reduced pressure to give desired compound (508 mg, 95%) as a colourless oil.
The resulting oil was used in the next step without further purification; *H NMR (500 MHz,
CDCI3) 6 8.03 (2H, dt, J=8.2, 1.1, Ar-H), 7.55 (1H, dd, J=7.5, 1.1, Ar-H), 7.44 (2H, overlapping
signals, Ar-H), 5.59 (1H, ddd, J = 17.2, 10.5, 8.4, CH3OCHCH=CH), 5.32 — 5.25 (2H,
overlapping signals, CHsOCHCH=CHy), 4.24 (1H, dd, J=10.7, 6.4, CHHOBZz), 4.17 (dd, J =
10.4,8.7, CHHOBz2), 3.85 (1H, dd, J=7.8, 2.0, CH), 3.45 (1H, t, J=8.1, CH), 3.23 (3H, d, J=0.8,
OCHpa), 2.09 (1H, dtd, J=8.7, 6.6, 2.0, CH), 0.92 (3H, d, J=6.9, CHz3), 0.90 (9H, s, each CH3),
0.09 (3H, d, J=2.6, CH3), 0.06 (3H, s, CH3); *C NMR (126 MHz, CDCls) § 166.4 (C), 134.6
(CH), 132.8 (Ar-C), 129.5 (2 signals, Ar-C), 128.3 (2 signals, Ar-C), 119.2 (CH>), 86.6 (CH),
73.7 (CH), 67.2 (CH>), 55.9 (CHs3), 34.9 (CH), 26.1 (3 signals, CH3), 9.5 (CH3), -3.8 (CH?3), -
5.1 (CHz); HRMS (ESI): calcd. for C21H3504Si, 379.2315; found m/z 379.2305 [M+H]".

TBSO OH

=
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(2R,35,49)-3-((tert-Butyldimethylsilyl)oxy)-4-methoxy-2-methylhex-5-en-1-ol (78).8
Crude 79 (2.7 g, 6.9 mmol) was dissolved in MeOH (150 mL). p-TSA (0.12 g, 0.69 mmol) was
added and left to stir for 1.5 h at 0 °C. After stirring for 1.5 h the reaction mixture was quenched
by the addition of triethyl amine (adjust the pH to the value of 7-8) and the solvent removed
under reduced pressure. Flash chromatography (petroleum ether:EtOAc 10:1) gave the title
compound (839 mg, 44% over two steps) as a colourless oil; *H NMR (500 MHz, CDCls) §
5.67 (1H, ddd, J=18.0, 10.5, 8.0, CH3OCHCH=CHy>), 5.32 — 5.23 (2H, overlapping signals,
CH3OCHCH=CHy), 3.74 (1H, dd, J=6.3, 3.7, CH), 3.57 (2H, dq, J=9.4, 4.4, CH>), 3.52 (1H,
q, J=7.2, 6.2, CH), 3.26 (3H, s, OCH3), 2.13 — 2.10 (1H, m, OH), 1.80 (1H, ddd, J=11.6, 7.0,
4.1, CH), 0.89 (9H, s, each CHs3), 0.86 (3H, d, J=6.9, CHz), 0.08 (3H, s, CH3), 0.07 (3H, s,
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CHzs); *C NMR (126 MHz, CDCl3) § 134.9 (CH), 118.7 (CHg3), 85.8 (CH), 75.2 (CH), 65.6
(CH2), 56.2 (CHs), 38.3 (CH), 26.0 (3 x CHa), 18.4 (C), 11.3 (CHs), -4.0 (CHs3), -4.9 (CHs3);
HRMS (ESI): calcd. for C14H3003SiNa, 297.1869; found m/z 297.1862 [M+Na]*; FT-IR 3342,
2929, 1471, 1248, 1095, 1033, 927, 829, 773 cm™,

—
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(2R,3S,495)-3-((tert-butyldimethylsilyl)oxy)-4-methoxy-2-methyl-1-propargyloxyhex-5-
ene (58). To a solution of alcohol 78 (42 mg, 0.15 mmol) in DMF (2 mL) was added K>COs3
(84 mg, 0.61 mmol) and allowed to stir at 50 °C for 20 min. Propargyl bromide (66 uL, 0.61
mmol) was added and stirred at 65 °C for 18 h. The reaction mixture was diluted with Et;0,
washed with H2O, dried over Na>SOs, filtered and the solvent removed under reduced pressure.
Flash chromatography (cyclohexane:EtOAc 9:1) gave the title compound (16 mg, 34%) as a
brown oil; *H NMR (500 MHz, CDCls) § 5.57 (1H, ddd, J=17.1, 10.5, 8.3, CH30CHCH=CHy),
5.31 — 5.20 (2H, overlapping signals, CH3OCHCH=CH>), 4.71 (2H, d, J=2.4, OCH2C=CH),
4.10 (1H, dd, J=10.3, 8.0, CH3CHCHH), 4.02 (1H, dd, J=10.3, 6.7, CH3CHCHH), 3.73 (1H,
dd, J=7.7, 2.1, CH), 3.41 (1H, t, J=7.9, OCH3CH), 3.21 (3H, s, OCHs), 2.51 (1H, t, J=2.5,
C=CH), 1.99 (1H, qd, J = 6.9, 2.1, CH3CHCH®), 1.54 (3H, s, CH3), 0.88 (9H, s, each CHsa),
0.08 (3H, s, CH3), 0.05 (3H, s, CHa3); **C NMR (126 MHz, CDCl3) § 154.5 (C=CH), 134.6
(CH), 119.0 (CH2), 86.2 (CH), 75.5 (C=CH), 73.5 (CH), 71.0 (CH>), 56.0 (OCHBa), 55.1 (CH>),
34.9 (CH), 26.1 (3 x CHg), 18.5 (C), 9.5, -3.8, -5.2 (each CH3); HRMS (ESI): calcd. for
C17H3103Si, 311.1666; found m/z 311.1683 [M-H]".

Compound 80. In a microwave tube was placed azide 67 (63 mg, 0.21 mmol), alkyne 58 (67
mg, 0.21 mmol), CuSO4.5H.0 (52 mg, 0.21 mmol), and sodium-L-ascorbate (21 mg, 0.11

mmol) in THF:H20 (5 mL, 1:1). The vial was sealed and placed in a microwave reactor for 10
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min, at 60 °C and 120 W. The mixture was diluted with Et,O, washed with H>O, brine, dried
over Na;SO4 and the solvent removed under reduced pressure. Flash chromatography
(cyclohexane:EtOAc 1:1) gave the title compound (85 mg, 70%) as a colourless oil; *H NMR
(500 MHz, CDCl3) & 7.79 (1H, s, triazole H), 5.76 (1H, ddt, J=17.2, 10.2, 7.0, H-17), 5.55 (1H,
ddd, J=16.9, 10.4, 8.2, H-14), 5.29 (2H, d, J=10.9, H-15a & H-15b), 5.25 (2H, d, J=2.1, H-9a
& H-9b), 5.12 - 5.04 (2H, overlapping signals, H-16a & H-16b), 4.62 (1H, dd, J=14.0, 3.9, H-
6a), 4.44 (1H, dd, J=14.0, 8.6, H-6b), 4.33 (2H, dd, J=7.4, 3.4, overlapping signals, H-3 & H-
5), 4.22 (1H, dd, J=7.7, 2.0, H-4), 4.08 (1H, d, J=1.8, H-1), 4.05 (1H, d, J=8.1, H-10a), 4.01 —
3.98 (1H, m, H-10b), 3.86 (1H, d, J=3.2, H-2), 3.70 (1H, dd, J=7.7, 2.2, H-12), 3.40 (1H, t,
J=7.9, H-13), 3.20 (3H, s, CH3), 2.31 — 2.26 (2H, overlapping signals, H-18a & H-18b), 1.99
—1.93 (1H, m, H-11), 1.52 (3H, s, isopropylidene CH3), 1.35 (3H, s, isopropylidene CHz), 0.88
(9H, s, each CHs), 0.84 (3H, d, J=6.7, CH3), 0.07 (3H, s, CH3), 0.03 (3H, s, CH3); 3C NMR
(126 MHz, CDClI3) 6 142.0 (triazole C=C), 134.6 (C-14), 134.1 (C-17), 125.3 (triazole CH),
119.0 (C-15), 117.8 (C-16), 110.1 (isopropylidene C), 86.2 (C-13), 74.3 (C-5 or C-3), 73.6 (C-
12),72.5(C-4),70.9 (C-1), 70.8 (C-10), 68.8 (C-5 or C-3) 68.4 (C-2), 60.8 (C-9), 56.0 (OCHy3),
52.0 (C-6), 35.2 (C-18), 34.9 (C-11), 26.6 (isopropylidene CHz), 26.1(CH3 x 3), 24.5
(isopropylidene CHzs), 18.5 (C), 9.6 (CHa), -3.8, -5.2 (each CH3); HRMS (ESI): calcd. for
C29H5107N3Na, 660.2994; found m/z 660.2297 [M+Na]*; FT-IR 2928, 1747, 1381, 11248,
1054, 922, 831, 775 cm™.

Compound 81. Compound 67 (93 mg, 0.35 mmol) and 58 (137 mg, 0.35 mmol) were dissolved
in N,N-dimethylacetamide (3 mL) and transferred to a microwave tube. To this was added
Cp*RuCI(COD) (27 mg, 0.07 mmol), the tube was sealed and placed in a microwave reactor
for 0.5 h, at 60 °C and 120 W. Reaction diluted with Et,O, washed with H»O, brine, dried over
Na>SO0qs, filtered and the solvent removed under reduced pressure. Flash chromatography
(cyclohexane:EtOAc 2:1) gave the title compound (116 mg, 50%) as a green solid; *H NMR
(500 MHz, CDClz) 6 7.69 (1H, s, triazole H), 5.71 - 5.62 (1H, m, H-17), 5.55 (1H, ddd, J=17.0,
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10.4, 8.3, H-14), 5.32 — 5.22 (4H, overlapping signals, H-15a, H-15b, H-9a, H-9b), 5.03 — 4.97
(2H, overlapping signals, H-16a, H-16b), 4.61 (1H, dd, J=14.3, 4.0, H-6a), 4.53 (1H, dd,
J=14.3, 8.5, H-6b), 4.39 (1H, ddd, J=8.6, 4.1, 1.8, H-5), 4.33 (1H, dd, J=7.4, 3.3, H-3), 4.24
(1H, dd, J=7.4, 1.8, H-4), 4.09 — 4.00 (2H, overlapping signals, H-1 & H-10a), 3.98 (1H, dd,
J=10.3, 6.6, H-10b), 3.84 (1H, dd, J=3.4, 7.4, H-2), 3.69 (1H, dd, J=7.6, 2.1, H-12), 3.40 (1H,
t, J=8.0, H-13), 3.20 (3H, d, J=0.8, CH3), 2.21 (2H, ddd, J=8.2, 4.9, 1.7, H-18a & H-18b), 1.98
(1H, d, J=14.9,5.5, H-11), 1.52 (3H, s, isopropylidene CH3), 1.35 (3H, s, isopropylidene CH3),
0.86 (9H, s, each CHg), 0.84 (3H, d, J=6.8, CH3), 0.06 (3H, s, CH3), -0.01 (3H, s, CH3); 13C
NMR (126 MHz, CDClz) 6 154.6 (triazole C=C), 134.5 (triazole CH), 134.4 (C-14), 134.0 (C-
7),119.1 (C-15), 117.7 (C-16), 110.1 (isopropylidene C), 86.2 (C-13), 74.3 (C-3), 73.5 (C-12),
72.5(C-4), 71.0 (C-1), 71.0 (C-10), 69.6 (C-5), 68.4 (C-2), 57.2 (C-9), 56.0 (OCH3), 50.1 (C-
6), 35.0 (C-18), 34.8 (C-11), 26.7 (isopropylidene CHj3), 26.1 (3 x CH3), 24.6 (isopropylidene
CHg), 18.5 (C), 9.5 (CHa), -3.8, -5.3 (each CHs3).
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1,2,3,4-Tetra-O-benzoyl-D-glucopyranose (87).2 Glucose (3.00 g, 27.7 mmol) and trityl
chloride (5.11 g, 30.5 mmol) were dried under diminished pressure for 3 h. The mixture was
dissolved in pyridine (90 mL) and heated to 90 °C for 6 h. The solution was cooled to 0 °C and
benzoyl chloride (15.5 mL, 0.133 mmol) was added portion wise and the reaction was diluted
with CH.Cl, and washed with H>O, 1M HCI, NaHCO3, dried over Na>SO4 and concentrated
under reduced pressure. The resulting syrup was taken up in CH2Cl2/MeOH (1:2, 200 mL), to
this H2SO4 (12 mL) was added and the reaction stirred for 15 minutes. The reaction was washed
with H,O, NaHCOs, H.0, brine, dried over Na>SO4 and solvent removed under reduced
pressure. Flash chromatography (cyclohexane:EtOAc 4:1) gave the title compound (8.4 g,
51%) as a white solid in an a/f (1:1) mixture; *H NMR (500 MHz, CDCl3) § 8.19 — 8.13 (2H,
overlapping signals, Ar-H), 8.07 — 7.84 (13H, overlapping signals, Ar-H), 7.66 (1H, t, J=7.5,
Ar-H), 7.59 — 7.27 (21H, overlapping signals, Ar-H), 6.85 (1H, d, J=3.6, H-1 a), 6.35 (1H, t,
J=10.0, H-3 a), 6.24 (1H, d, J=8.2, H-1 B), 6.08 (1H, t, J=9.7, H-3 B), 5.84 (1H, dd, J=9.8, 8.2,
H-2 B), 5.71 — 5.58 (3H, overlapping signals, H-2 a, H-4 o & H-4 B), 4.25 (1H, dt, J=10.2, 3.2,
H-5 o), 4.02 (1H, ddd, J=10.0, 3.8, 2.2, H-5 B), 3.92 (dd, J=6.3, 5.7, H-6a ), 3.85 (dd, J =
12.9, 6.3, H-6b B), 3.75 (2H, overlapping signals, H-6a o & H-6b a), 2.62 (2H, overlapping
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signals, OH a & OH B); 3C NMR (126 MHz, CDCl3) § 166.2, 166.1, 165.9, 165.7, 165.3,
165.0, 164.7, 164.4 (each C=0), 133.9, 133.8, 133.8, 133.8, 133.4, 133.4, 133.4, 133.3, 130.2,
130.0, 130.0, 129.8, 129.8, 129.7, 129.7, 128.8, 128.7, 128.7, 128.5, 128.5, 128.5, 128.4, 128.4,
128.3 (Ar-C), 92.7 (C-1 B), 90.1 (C-1 @), 75.6 (C-5 B), 72.7 (C-5 ) , 72.6 (C-3 B), 70.8 (C-2
B) 70.4 (C-2 o, C-4 a.or C-4 B), 70.1 (C-3 o), 69.1 (C-2 a1, C-4 o or C-4 B), 68.9 (C-2 o, C-4 0.
or C-4 B), 60.9 (C-6 B), 60.9 (C-6 a); FT-IR 3068, 2173, 1725, 1249, 1087, 1019, 704 cm™;
HRMS (ESI): calcd. for CasH2s010Na, 619.1589; found m/z 619.1604 [M+Na]*; FT-IR 3512,
2929, 1724, 1451, 1246, 1065, 703 cm™,
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1,2,3,4-Tetra-O-benzoyl-D-glucopyranosiduronic acid, allyl ester (88).2 To a solution of 87
(2.59 g, 4.3 mmol) in CH2Cl>-H20 (40 mL) was added TEMPO (102 mg, 0.65 mmol) and
BAIB (4.15 g, 13 mmol). The reaction mixture was stirred vigorously at room temperature for
5 h. Sat. Na»S>03 was added and the reaction mixture was stirred for a further 15 min. The
layers were separated and the aqueous phase was acidified with 1 M HCI and extracted in to
CH2Cl> (x3). The combined organic layers were dried over NaSOa, filtered and the solvent
removed under reduced pressure. The crude residue was taken up in DMF (10 mL) and were
added NaHCO3 (722 mg, 8.6 mmol) and allyl iodide (1 mL, 10.8 mmol). The mixture was
stirred at room temperature for 16 h, at which point EtOAc was added and the organic phases
were washed with H20, brine, dried over Na:SOq, filtered and the solvent removed under
reduced pressure. Flash chromatography (cyclohexane:EtOAc 4:1) gave the title compound
(2.45 g, 88% over two steps) as a white foam in an a:f (1:1) mixture; *H NMR (500 MHz,
CDCIs) 6 8.15 (2H, overlapping signals, Ar-H), 8.04 (2H, overlapping signals, Ar-H), 7.97
(4H, overlapping signals, Ar-H), 7.94 — 7.89 (6H, overlapping signals, Ar-H), 7.87 (2H,
overlapping signals, Ar-H), 7.67 (1H, t, J=7.5, Ar-H), 7.58 — 7.28 (23H, overlapping signals,
Ar-H), 6.93 (1H, d, J=3.7, H-1 a), 6.32 (2H, overlapping signals, H-1 B & H-3 a), 6.02 (1H, t,
J=8.8, H-3 B), 5.88 — 5.77 (3H, overlapping signals, H-4 B, H-2 B & H-4 a), 5.73 — 5.61 (3H,
overlapping signals, H-2 a, CH=CH, a & CH=CH> B), 5.22 — 5.03 (4H, overlapping signals,
CH=CH: a & CH=CH: B), 4.79 (1H, d, J=9.9, H-5 a), 4.63 (1H, d, J=8.7, H-5 B), 4.60 (1H, d,
J=6.2, OCHHCH=CH,), 4.55 - 4.44 (3H, overlapping signals, OCHHCH=CH, &
OCH,CH=CH,); ¥*C NMR (126 MHz, CDCls) § 166.5, 166.3, 165.7, 165.4, 165.2, 165.2,
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165.1, 165.0, 164.5, 164.1 (each C=0), 134.0, 133.9, 133.6, 133.5, 133.5, 133.5, 130.7, 130.3,
130.1,129.9, 129.9, 129.9, 129.9, 129.8, 129.8, 128.8, 128.7, 128.7, 128.7, 128.5, 128.4, 128.4
(2 signals), 128.4 (each 2 signals, Ar-C), 119.8 (CH=CH>), 119.6 (CH=CH>), 92.1 (C-1 B),
89.7 (C-1 ), 73.4 (C-5 B), 71.3 (C-3 B), 71.1 (C-5 ), 70.1, 69.9, 69.8, 69.6 (C-4 B, C-2 B &
C-2a or H-4 1), 69.4 (C-3 a), 67.0 (OCH2CH=CH), 66.9 (OCH.CH=CH>); HRMS (ESI):
calcd. for C37H30011Na,673.1644; found m/z 673.1662 [M+Na]*; FT-IR 3067, 1722, 1451,
1244, 1090, 1022, 704 cmL,

BzO @)
BzO
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2,3,4-Tri-O-benzoyl-1-bromo-1-deoxy-a-D-glucopyranuronic acid, allyl ester.? Allyl ester
88 (4.5 g, 6.9 mmol) was dissolved in CH2Cl, (20 mL) and cooled to 0 °C. To this was added
HBr (62 mL, 2.4 mmol, 48%) and the reaction was warmed to room temperature and stirred
for 5 h. The reaction was quenched with NaHCO3, washed with H20, brine, dried over Na>SO4
and the solvent removed under reduced pressure. Crude product (4.07 g, 98%) was used further
without purification; *H NMR (500 MHz, CDCls) § 8.07 — 7.94 (2H, overlapping signals, Ar-
H), 7.91 (2H, dd, J=8.4, 1.4, Ar-H), 7.56 — 7.52 (2H, overlapping signals, Ar-H), 7.50 — 7.45
(2H, overlapping signals, Ar-H), 7.40 (4H, overlapping signals, Ar-H), 7.32 (2H, overlapping
signals, Ar-H), 6.92 (1H, d, J=4.0, H-1), 6.30 (1H, t, J=9.8, H-3), 5.79 (1H, t, J=10.0, H-4),
5.68 (1H, ddt, J=16.7, 10.3, 6.2, CH=CHy), 5.38 (1H, dd, J=10.0, 4.1, H-2), 5.18 (1H, dd,
J=17.2, 1.4, CH=CHH), 5.08 (1H, dd, J=10.4, 1.2, CH=CHH), 4.90 (1H, dd, J=10.2, H-5),
4.64 (1H, ddt, J=12.8, 6.2, 1.3, OCHHCH=CH,), 4.52 (1H, ddt, J=12.8, 6.1, 1.2,
OCHHCH=CH); C NMR (126 MHz, CDCls) & 166.1, 165.4, 165.2 (each C=0), 133.8,
133.6, 133.5, 130.5, 130.2, 130.1, 130.0, 129.8, 128.6, 128.5, 128.4 (each Ar-C), 119.9
(CH=CHy), 85.8 (C-1), 72.6 (C-5), 71.0 (C-2), 69.9(C-3), 69.0 (C-4), 67.1 (OCH2CH=CHy>);
HRMS (ESI): calcd. for Cs2H2s09BrNa, 672.0825; found m/z 672.0821 [M+ACN+Na]*; FT-
IR 3426, 2957, 1725, 1451, 1246, 1090, 1068, 907, 704 cm™.,
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2,3,4-Tri-O-benzoyl-D-glucopyranosiduronic acid, allyl ester (89).2 Bromide (4.09 g, 6.73
mmol) was dissolved in acetone:H,O (10:1, 22 mL). To this was added Ag.COs (1.1 g, 4.04
mmol) and the reaction stirred at room temperature in the dark for 72 h. The reaction was
extracted into Et2O, washed with H2O, brine, dried over Na,SOg, filtered and the solvent
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc, 4:1) gave the
title compound (1.81 g, 49%) as a white solid in an a:p (3:1) mixture; *H NMR (500 MHz,
CDCIs) & 8.09 — 7.75 (6H, overlapping signals, Ar-H), 7.53 — 7.28 (9H, overlapping signals,
Ar-H), 6.25 (1H, t, J=9.7, H-3), 5.86 (1H, d, J=3.5, H-1), 5.72 — 5.61 (2H, overlapping signals,
H-4 & CH=CHy), 5.34 (1H, dd, J=9.9, 3.5, H-2), 5.15 (1H, dd, J=17.1, 1.5, CH=CHH), 5.05
(1H, dd, J=10.4, 1.2, CH=CHH), 4.90 (1H, d, J=9.8, H-5), 4.64 — 457 (1H, m,
OCHHCH=CH?), 4.52 — 4.45 (1H, m, OCHHCH=CH_), 3.73 (1H, s, OH); 3C NMR (126
MHz, CDCls) 6 167.7, 165.7, 165.6, 165.3 (each C=0), 133.5, 133.4, 133.3, 130.7 (CH=CHy),
129.9, 129.9 (2 signals), 129.7, 129.0, 128.9, 128.8, 128.5 (2 signals), 128.4, 128.3 (each Ar-
C), 119.6 (CH=CHy), 90.6 (C-1), 71.6 (H-2), 69.9 (C-4), 69.4 (C-3), 68.7 (C-5), 66.8
(OCH2CH=CH2); HRMS (ESI): calcd. for CsoH26010Na, 610.1679; found m/z 610.1665
[M+ACN+Na]".

o N
BzO o)
BzO
BzO OTC%
NH

2,3,4-Tri-O-benzoyl-1-deoxy-1-(2,2,2-trichloro-1-iminoethoxy)-a-D-glucopyranuronic

acid, allyl ester (85).8 Hemiacetal 89 (124 mg, 0.23 mmol) was dissolved in CH2Clz (5 mL)
and the solution cooled to 0 °C. To this was added trichloroacetonitrile (0.2 mL, 2.3 mmol) and
DBU (2 drops) were added and the reaction stirred at room temperature for 4 h. The reaction
mixture was concentrated to 3 mL under reduced pressure. Flash chromatography
(cyclohexane:EtOAc 4:1) gave the title compound (51 mg, 32%) as a white foam; *H NMR
(500 MHz, CDClz3) 6 8.67 (1H, s, NH), 7.98 — 7.92 (4H, overlapping signals, Ar-H), 7.91 —
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7.84 (2H, overlapping signals, Ar-H), 7.55 — 7.43 (3H, overlapping signals, Ar-H), 7.35 (7H,
overlapping signals, Ar-H), 6.92 (1H, d, J=3.5, H-1), 6.29 (1H, t, J=9.9, H-3), 5.78 (1H, t,
J=9.9, H-4), 5.70 (1H, ddt, J=16.7, 11.2, 6.1, CH=CH>), 5.63 (1H, dd, J=10.1, 3.6, H-2), 5.18
(1H, dt, J=17.1, 1.4, CH=CHH), 5.08 (1H, dt, J=10.4, 1.2, CH=CHH), 4.79 (1H, d, J=10.1, H-
5), 4.63 (1H, dd, J=12.7, 5.9, OCHHCH=CHz), 4.52 (1H, dd, J=12.9, 6.2, OCHHCH=CHy);
13C NMR (126 MHz, CDCls) & 166.5, 165.5, 165.2, 165.2 (each C=0), 160.3 (C=NH) 133.6,
133.5, 133.4, 130.7, 130.0, 129.9 (3 signals), 129.7 (2 signals), 128.4, 128.4, 128.4 (3 signals),
119.7 (CH=CHy), 929 (C-1), 71.1 (C-5), 70.2 (C-2), 69.5 (H-4), 69.3 (C-3), 67.0
(OCH2CH=CH); HRMS (ESI): calcd. for Cs2H26010NaCls, 712.0502, found m/z 712.0520
[M+Na]*; FT-IR 3334, 2955, 1727, 1678, 1451, 1251, 1092, 1020, 792. 705 cm™,
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((2R,3S,4S)-1-benzoyloxy-4-methoxy-2-methylhex-5-ene-3-yl)-2,3,4-Tri-O-benzoyl-p-D-

glucopyranuronic acid, allyl ester (90).

Method A: Compound 85 (93 mg, 0.13 mmol) and 75 (58 mg, 0.20 mmol) were dissolved in
dry CH2Cl> (4 mL) and cooled to 0 °C. To this was added TMSOTf (2 pL, 0.013 mmol) and
allowed to stir at 0 °C for 48 h. Flash chromatography (Tol:EtOAc 14:1) gave the title

compound (54 mg, 53%) as a white solid.

Method B: Compound 85 (198 mg, 0.29 mmol) and 75 (76 mg, 0.29 mmol) in anhydrous
CH2Cl> (4 mL) over activated molecular sieves was placed under a nitrogen atmosphere and
cooled to —15 °C. BF3-Et20 (0.02 mL, 0.145 mmol) was added and the mixture stirred at room
temperature for 24 h. The reaction diluted with CH2Clz, washed with Na2COz(q,), the organic
phase was dried over Na;SOs and the solvent removed under reduced pressure. Flash

chromatography (Tol:EtOAc 14:1) gave the title compound (55 mg, 24%) as a white solid.

!H NMR (500 MHz, CDCls) § 8.04 — 7.99 (4H, overlapping signals, Ar-H), 7.87 (4H,
overlapping signals, Ar-H), 7.51 (2H, overlapping signals, Ar-H), 7.44 — 7.28 (10H,
overlapping signals, Ar-H), 5.93 (1H, t, J=9.5, H-3), 5.68 (1H, d, J=9.7, H-4), 5.65 — 5.59 (1H,
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m, CH=CHCH,) 5.56 (1H, dd, J=9.8, 7.8, H-2), 5.54 — 5.44 (1H, m, CH=CHCHOCHj3), 5.30
(1H, d, J=7.9, H-1), 5.24 (1H, dd, J=10.4, 1.6, CHH=CHCHOCHj), 5.18 (1H, dd, J=17.1, 1.7,
CHH=CHCHOCHj3), 5.10 (1H, dd, J=17.2, 1.6, CHH=CHCH>), 5.00 (1H, dd, J=10.2, 1.4,
CHH=CHCH,), 4.40 (1H, dd, J=10.8, 8.8, CHsCHCHHOBz), 4.34 (2H, dd, J=6.2, 1.6,
CH2=CHCHy), 4.31 (1H, s, CH3CHCHHOB?Z), 4.29 (1H, d, J=9.8, H-5), 3.94 (1H, dd, J=8.7,
1.9, CH3OCHCHOCHCH3), 3.46 (1H, t, J=8.5, CH,=CHCHOCHj), 2.93 (3H, s, OCHjs), 2.07
(1H, dtd, J=8.5, 6.5, 1.8, CH3CHCH,0Bz), 0.92 (3H, d, J=6.9, CH3); *C NMR (126 MHz,
CDCl3) § 166.20, 166.14, 165.70, 164.98, 164.84 (each C=0), 133.82, 133.27, 133.22, 133.10,
132.64, 131.05, 130.67, 129.81, 129.49, 128.31, 128.29, 128.26 (each Ar-C), 120.02 (CHy),
119.19 (CHy), 101.40 (C-1), 86.18 (CH), 79.63 (CH), 72.92 (C-5), 72.55 (C-3), 71.87 (C-2),
70.51 (C-4), 66.69 (CH.), 66.48 (CH>), 56.15 (CHs), 33.88 (CH), 9.62 (CHs); HRMS (ESI):
calcd. for CssHs013Na, 815.2645, found m/z 815.2656 [M+Na]*; FT-IR 2931, 1725, 1258,
1090, 1068, 1023, 186 cm™.
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1,2,3,4-Tetra-O-benzoyl-D-glucopyranosiduronic acid, allyl amide (95). To a solution of 87
(1.49, 2.35 mmol) was added TEMPO (54 mg, 0.35 mmol) and BAIB (2.27 g, 7.05 mmol).
The reaction was left to stir vigorously for 5 h at room temperature. Saturated Na»S,0O3 was
added and the reaction was stirred for 15 min. The layers were separated and the aqueous phase
was acidified with 1 M HCI and extracted into CH.Cl> (x3). The combined organic layers dried
over Na SOy, filtered and the solvent removed under reduced pressure. The resulting solid was
used without further purification. To a stirred solution of acid intermediate 94 (3.19 g, 5.2
mmol) in DMF (30 mL) was added HBTU (3 g, 7.8 mmol) and stirred for 10 min. In a separate
reaction vessel, allyl amine (0.45 mL, 6 mmol) and 4-methyl morpholine (0.74 mL, 6.8 mmol)
were taken up together and stirred for 10 min. The acid intermediate 94 and HBTU mixture
was added to the amine and 4-methyl morpholine mixture and stirred for 2.5 h at room
temperature. Next N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI,
1.2 g, 1.2 mmol) was added and allowed to stir at room temperature for 16 h. Diluted with
EtOAc, washed successively with HCI (0.2 M), water, ag. satd. NaHCO3z and brine. Organic
layers combined, dried over Na>SOs, filtered and the solvent removed under reduced pressure.

Flash chromatography (Tol:EtOAc 14:1) gave the title compound (1.61 g, 48%) as a white
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solid; *H NMR (500 MHz, CDCl3) & 8.16 — 8.11 (2H, overlapping signals, Ar-H), 8.08 — 8.02
(2H, overlapping signals, Ar-H), 8.03 — 7.97 (3H, overlapping signals, Ar-H), 7.94 — 7.85 (5H,
overlapping signals, Ar-H), 7.69 — 7.57 (3H, overlapping signals, Ar-H), 7.56 — 7.42 (12H,
overlapping signals, Ar-H), 7.40 — 7.31 (13H, overlapping signals, Ar-H), 6.87 (1H, d, J=3.6,
H-1 o), 6.68 (1H, t, J=5.8, NH), 6.50 (1H, t, J=5.9, NH), 6.30 (1H, d, J=7.3, H-3 B), 6.28 (1H,
d, J=9.6, H-3 o), 6.00 (1H, t, J=8.8, H-1 B), 5.88 — 5.73 (5H, overlapping signals, H-2 B, H-4
B, H-4 a, CH.CH=CH: o and CH2.CH=CH ), 5.62 (1H, dd, J=9.8, 3.6, H-2 a), 5.24 (1H, dd,
J=17.2, 1.4, CH,CH=CHH), 5.18 (1H, dd, J=2.6, 1.3, CH,CH=CHH), 5.15 (1H, dd, J=9.4, 1.4,
CH2CH=CHH), 5.10 (1H, dd, J=10.2, 1.3, CH.CH=CHH), 4.72 (1H, d, J=9.7, H-5 ), 4.55
(1H, d, J=9.0, H-5 B), 3.96 — 3.83 (2H, overlapping signals, CH.CH=CH), 3.84 — 3.80 (1H,
overlapping signals, CH,CH=CH>); 3C NMR (126 MHz, CDCls) 3C NMR § 166.0, 165.8,
165.4, 165.3, 165.2, 165.0, 165.0, 164.5, 164.4, 163.3 (each C=0), 134.2, 134.2, 134.1, 134.1,
134.0, 133.9, 133.9, 133.6, 133.6, 133.5 (CH.CH=CH), 133.4, 133.4, 133.4, 133.3, 133.2,
133.2, 133.2, 133.2 (CH.CH=CHy), 133.1, 131.8, 131.8, 131.6, 131.5, 131.5, 131.3, 130.2,
130.1, 130.1, 130.0, 130.0, 129.9, 129.8, 129.8, 129.7, 129.1, 129.0, 128.8 (3s), 128.7, 128.7,
128.6, 128.5, 128.5, 128.4, 128.4, 128.4, 128.4, 128.3, 128.3 (each Ar-C), 117.1 (CH>), 117.0
(CH2), 92.3 (C-3 ), 89.2 (C-1 a), 73.7 (C-5 B), 71.9 (C-1 B), 71.2 (C-5 @), 70.5 (C-2 B, C-4 B,
C-4 a, CH o or CH B), 70.2 (C-2 B, C-4 B, C-4 a, CH a or CH ), 69.9 (C-2 o), 69.8 (C-3 B),
69.7 (C-2 B, C-4 B, C-4 a, CH a or CH B), 69.5 (C-2 B, C-4 B, C-4 0o, CH a or CH ), 69.5 (C-
2B, C-4p,C-4 0, CHaor CH B), 41.6 (NHCH2), 41.6 (NHCH.); HRMS (ESI): calcd. for
Cs7H31NO10Na, 672.1860; found m/z 672.1846 [M+Na]*; FT-IR 3374, 2927, 1726, 1451, 1247,
1091, 1066, 1020, 703 cm™,

H
o N =
BzO o)
BzO OH
BzO

2,3,4-Tri-O-benzoyl-D-glucopyranosiduronic acid, allyl amide (97). Compound 95 (130
mg, 0.2 mmol) was dissolved in DMF (2 mL), to this was added hydrazine acetate (36 mg, 0.4
mmol) and stirred at 40 °C for 1 h. The mixture was stirred at room temperature for 24 h and
then diluted with EtOAc, washed with H2O, brine, dried over NaxSO, filtered and the solvent
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 3:2) gave the
title compound (28 mg, 26%) as a white foam; *H NMR (500 MHz, CDCls) & 8.06 (1H, dd,
J=8.2, 1.4, Ar-H), 7.97 (4H, overlapping signals, Ar-H), 7.92 — 7.82 (2H, overlapping signals,
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Ar-H), 7.61 — 7.27 (13H, overlapping signals, Ar-H), 6.82 (1H, t, J=5.9, NH), 6.70 (1H, t,
J=5.9, NH), 6.26 (1H, t, J=9.8, H-3 o), 5.92 (1H, t, J=9.5, H-3 B), 5.83 — 5.74 (2H, overlapping
signals, CH=CH2 o & CH=CH> B), 5.73 (1H, d, J=3.5, H-1 a), 5.62 (2H, overlapping signals,
H-4 a & B), 5.35 (1H, dd, J=9.7, 7.9, H-2 B), 5.24 (1H, dd, J=10.1, 3.5, H-2 a), 5.21 — 5.13
(2H, overlapping signals, CH=CHH a & B), 5.12 (1H, overlapping signals, CH=CHH o & f),
5.07 (1H, d, J=7.9, H-1 B), 4.78 (1H, d, J=10.1, H-5 o), 4.28 (1H, d, J=9.6, H-5 B), 3.87 — 3.78
(4H, overlapping signals, NHCH; a & B); *C NMR (126 MHz, CDCls3) § 168.1, 165.9, 165.7,
165.5 (each C=0), 133.5 (Ar-C), 133.4 (CH2CH=CH>), 133.3 (Ar-C), 133.3 (CH2CH=CH>)
133.2, 130.1, 129.9 (2 signals), 129.9 (2 signals), 129.7 (2 signals), 129.1, 129.1, 128.9, 128.4
(2 signals), 128.4, 128.3, 128.3 (2 signals) (each Ar-CH), 117.0 (2 signals, CH2), 95.7 (C-1 B),
90.5 (C-1 ), 73.7 (C-2 B), 73.1 (C-5 B), 72.0 (C-2 @), 71.9 (C-3 B), 70.5 (2 signals, C-4 a &
C-4 B), 69.8 (C-3 o), 68.5 (C-5 ), 41.6 (2 signals, NHCH: o & B); HRMS (ESI): calcd. for
CaoH27NOgNa, 568.1584; found m/z 568.1584 [M+Na]*; FT-IR 3424, 3333, 2924, 1723, 1665,
1450, 1259, 1068, 705 cmL,

H
BzO )
BzO
BzOo_ _ccl,

NH

2,3,4-Tri-O-benzoyl-1-(2,2,2-trichloroethanimidate)-a-D-glucropyranuronic acid, allyl
amide (98). Compound 97 (24 mg, 0.04 mmol) was dissolved in CH2Cl, (5 mL) and cooled
to 0 °C. To this was added trichloroacetonitrile (0.04 mL, 0.4 mmol) and DBU (2 drops) and
allowed to stir at room temperature for 2 h. Reaction was concentrated to 1 mL. Flash
chromatography (cyclohexane:EtOAc 3:2) gave the title compound (15 mg, 54%) as a white
foam; *H NMR (500 MHz, CDCls) § 8.68 (1H, s, NH), 7.98 (4H, overlapping signals, Ar-H),
7.93 — 7.85 (1H, Ar-H), 7.56 — 7.42 (4H, overlapping signals, Ar-H), 7.40 — 7.28 (6H,
overlapping signals), 6.85 (1H, d, J=3.5, H-1), 6.70 (1H, t, J=5.9, NH), 6.24 (1H, t, J=9.5, H-
3), 5.88 —5.76 (2H, overlapping signals, H-4 & CH=CHy), 5.56 (1H, dd, J=9.7, 3.5, H-2), 5.23
(1H, dqg, J=17.3, 1.5, CH=CHH), 5.17 (1H, dt, J=10.1, 1.3, CH=CHH), 4.72 (1H, d, J=9.7, H-
5), 3.95 (1H, dt, J = 15.5, 5.8, OCHHCH=CH), 3.85 (1H, dt, J = 15.6, 5.6, OCHHCH=CHy);
13C NMR (126 MHz, CDCl3) & 166.0, 165.4, 165.3 (2s) (each C=0), 160.7 (OCNH), 133.7
(Ar-C), 133.4 (CH=CHy), 133.4, 133.2, 130.0, 129.9, 129.7, 129.0, 128.8, 128.5, 128.4, 128.4,
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128.3 (each Ar-C), 117.1 (CH=CH>), 92.4 (C-1), 90.4 (CCls), 71.4 (C-5), 70.2 (C-2), 69.4 (C-
4), 69.3 (C-3), 41.6 (NHCH2); HRMS (ESI): calcd. for CasH3oN3O9Na, 752.0929; found m/z
752.0945 [M+Na]*; FT-IR 3334, 1727, 1678, 1451, 1251, 1020, 792, 705 cm™.

HN—

&/ .
BzO O
BzO O

OBz Me
/ OMe

((2R,3S,4S)-1-benzoyloxy-4-methoxy-2-methylhex-5-ene-3-yl)-2,3,4-Tri-O-benzoyl-p-D-

glucopyranuronic acid, allyl amide (93). Allyl ester 90 (26 mg, 0.03 mmol) was dissolved in
MeCN (2 mL) and cooled to 0 °C under argon. To this was added Pd(PPhs)s (4 mg, 0.003
mmol) and pyrrolidine (3 pL, 0.033 mmol) and stirred for 20 min at 0 °C. Diluted with EtOAc
and filtered through Celite®. Washed with H-O (x2), aqueous layer acidified to pH 2 with
Amberlite® IR 120 H* resin and re-extracted into EtOAc. The organic layer was dried over
Na>SO4 and concentrated to give a brown solid. The resulting solid was used without further
purification. To a stirred solution of acid intermediate 92 (29 mg, 0.04 mmol) in DMF (2 mL)
was added HBTU (23 mg, 0.06 mmol) and stirred for 10 min. In a separate reaction vessel,
allyl amine (3 pL, 0.044 mmol) and 4-methyl morpholine (6 pL, 0.05 mmol) were taken up
together and stirred for 10 min. The acid intermediate 92 and HBTU mixture was added to the
amine 4-methyl morpholine mixture and stirred for 2.5 h at room temperature. Next N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC, 8 uL, 0.05 mmol) was added and allowed
to stir at room temperature for 16 h. Mixture was diluted with EtOAc, washed successively
with HCI (0.2 M), water, ag. satd. NaHCOs and brine. Organic layers combined, dried over
Na>SOg, filtered and the solvent removed under reduced pressure. Flash chromatography
(Tol:EtOAC 95:5 — 4:1) gave the title compound (17 mg, 55%) as a white solid; *H NMR (500
MHz, CDCIz) 6 7.98 (5H, overlapping signals, Ar-H), 7.84 (2H, overlapping signals, Ar-H),
7.60 — 7.27 (13H, overlapping signals, Ar-H), 6.86 (1H, t, J = 6.8, NH), 5.91 (1H, t, J=9.6, H-
3),5.75 (1H, dd, J=16.9, 10.2, CH,=CHCHy), 5.59 (td, J=9.6, 1.6, H-4), 5.48 (2H, overlapping
signals, CH,=CHCHOCH3; & H-2), 5.40 (1H, d, J=7.3, H-1), 5.26 (1H, dd, J=8.0, 2.3,
CHH=CHCHOCH3), 5.20 (1H, dd, J = 18.1, 4.8, CHH=CHCHOCHj3), 5.12 (1H, dd, J=20.1,
2.8 CH2=CHCHH), 5.04 (1H, dd, J=7.5, 2.8, CH,=CHCHH), 4.41 (1H, dd, J = 8.3, 2.6,
CH3CHCHHOBz), 4.31 (1H, dd, J=8.1, 2.9, CHsCHCHHOBZz), 4.26 (1H, d, J=9.4, H-5), 3.92
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(dd, J=7.2, 1.5, CHH=CHCH>), 3.87 (1H, d, J=9.1, CH3OCHCHOCHCH?3), 3.55 (1H, dd,
J=14.9, 6.0, CHH=CHCH,), 3.46 (1H, t, J=8.5, CH,=CHCHOCH}3), 2.94 (3H, s, OCH3), 2.11
(1H, dd, J =5.9, 1.4, CH3CHCH,0Bz), 0.96 (3H, d, J=7.0, CH3); **C NMR (126 MHz, CDCls)
8 166.6, 166.4, 165.5, 165.2, 164.9 (each C=0), 133.7 (CH), 133.6, 133.0, 129.9, 130.0, 129.9,
129.8, 129.4, 129.3, 128.9, 128.5, 128.3, 128.3, 128.2 (overlapping signals, Ar-C), 120.2
(CH2), 116.5 (CH>), 101.2 (C-1), 86.0 (CH), 79.7 (CH), 73.0 (C-4), 72.4 (C-3), 72.0 (C-2), 70.5
(C-4), 67.3 (CHy), 56.1 (CH3), 41.5 (CH>), 33.8 (CH), 9.6 (CHs); HRMS (ESI): calcd. for
CasHasNO12Na, 814.2850; found m/z 814.2839 [M+Na]*; FT-IR 2924, 1723, 1250, 1099, 1064,

1026, 687 cm™™.
\/\/\/
H
N
&/ BZO
BzO O
BzO O

OBz Me
/ OMe

((2R,3S,4S)-1-Benzoyloxy-4-methoxy-2-methylhex-5-ene-3-yl)-2,3,4-Tri-O-benzoyl-p-D-

glucopyranuronic acid, hex-5-enyl amide (100). Allyl ester 90 (26 mg, 0.03 mmol) was
dissolved in MeCN (2 mL) and cooled to 0 °C under argon. To this was added Pd(PPhs)s (4
mg, 0.003 mmol) and pyrrolidine (3 pL, 0.033 mmol) and stirred for 20 min at 0 °C. Diluted
with EtOAc and filtered through Celite®. Washed with H20 (x2), aqueous layer acidified to pH
2 with Amberlite® IR 120 H* resin and re-extracted into EtOAc. The organic layer was dried
over Na,SO4 and concentrated to give a brown solid. The resulting solid was used without
further purification. To a stirred solution of acid intermediate 92 (468 mg, 1.31 mmol) in DMF
(10 mL) was added HBTU (754 mg, 1.97 mmol) and stirred for 10 min. In a separate reaction
vessel, 1-amino-5-hexene (0.9 mL, 1.50 mmol) and 4-methyl morpholine (0.19 mL, 1.50
mmol) were taken up together and stirred for 10 min. The mixture of acid intermediate 92 and
HBTU was added to the mixture of amine and 4-methyl morpholine via cannula and stirred at
room temperature for 2 h. Next N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC, 0.28
mL, 1.57 mmol) was added and the mixture stirred at room temperature for 18 h. The mixture
was diluted with EtOAc and washed successively with HCI (0.2 M), ag. satd. NaHCOs and
brine. Organic layers were combined, dried over Na>SOs, filtered and the solvent removed
under reduced pressure. Flash chromatography (Tol:EtOAc 14:1) gave the title compound (165
mg, 32%) as a white solid; *H NMR (500 MHz, CDCls) & 8.01 (3H, overlapping signals, Ar-
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H), 7.98 — 7.93 (2H, overlapping signals, Ar-H), 7.85 — 7.81 (2H, overlapping signals, Ar-H),
7.61 — 7.27 (13H, overlapping signals, Ar-H), 6.75 (1H, t, J=6.0, NH), 5.90 (1H, t, J=9.3, H-
3), 5.75 (1H, ddt, J=17.1, 10.3, 6.7, CH2CH.CH>CH.CH=CHy), 5.56 (1H, t, J=9.4, H-4), 5.51
— 5.44 (2H, overlapping signals, CH,=CHCH>OCH3 & H-2), 5.39 (1H, d, J=7.9, H-1), 5.27
(1H, dd, J=10.2, 1.7, CHH=CHCH>0CH3), 5.20 (1H, dd, J=17.1, 1.6, CHH=CHCH,OCHj3),
5.01 — 4.86 (2H, overlapping signals, CH.CH.CH>CH>CH=CH), 4.41 (1H, dd, J=10.6, 6.5,
CHHOBz), 4.31 (1H, dd, J=10.7, 7.6, CHHOB?z), 4.22 (1H, d, J=9.5, H-5), 3.86 (1H, dd, J=8.5,
1.9,CH), 3.46 (1H,t,J=8.5 CH), 3.26 (ddd, J=14.7, 13.2, 6.8, NHCHH), 2.95 (4H, overlapping
signal, NHCHH & CHjs), 2.12 (1H, g, J=6.7, CHCH0Bz), 2.03 — 1.96 (2H, overlapping
signals, CH2), 1.49 — 1.40 (2H, overlapping signals, CH>), 1.39 — 1.30 (2H, overlapping signals,
CHy), 0.97 (3H, d, J=6.8, CH3); ¥C NMR (126 MHz, CDCls) § 166.7, 166.4, 165.6, 165.2,
164.9 (each C=0), 138.6 (CH), 133.6 (CH), 133.2, 133.1, 133.1, 133.0, 130.0, 129.9, 129.8,
129.7,129.4,129.4,128.9, 128.8, 128.8, 128.5, 128.3, 128.3, 128.2 (each Ar-C), 120.2 (CH>),
114.4 (CHy), 101.2 (C-1), 86.0 (CH), 79.7 (CH), 73.1 (C-5), 72.4 (C-3), 72.0 (C-2), 70.6 (C-
4), 67.4 (CH), 56.1 (CHa), 39.0 (CH>), 33.8 (CH), 33.3 (CH>), 28.7 (CH>), 26.1 (CH.), 9.6
(CHs); HRMS (ESI): calcd. for C4gHs1NO12Na, 856.3351; found m/z 856.3333 [M+Na]"; FT-
IR 3426, 2935, 1723, 1252, 1067, 824, 705 cm™,

Macrocycle 101. Compound 100 (144 mg, 0.17 mmol) was dissolved in preheated degassed
toluene (200 mL) and Hoveyda Grubbs Il (22 mg, 0.03 mmol) added. The reaction mixture
was stirred at 110 °C for 20 h. Solvent removed under reduced pressure. Flash chromatography
(Tol:EtOAC 9:1 — 4:1) gave the title compound (26 mg, 19%) as a brown solid; *H NMR (500
MHz, CDCls) 6 7.96 (2H, dd, J=8.4, 1.4, Ar-H), 7.82 (2H, dd, J=8.3, 1.4, Ar-H), 7.75 (3H,
overlapping signals, J=16.9, 8.4, 1.4, Ar-H), 7.50 — 7.41 (3H, overlapping signals, Ar-H), 7.38
—7.26 (6H, overlapping signals, Ar-H), 7.10 — 7.03 (2H, overlapping signals, Ar-H), 6.77 (1H,
t, J=4.5, NH), 5.96 (1H, ddd, J=15.8, 9.1, 2.0 CH=CH), 5.79 (1H, dd, J=9.5, 8.8, H-3), 5.71
(1H, d, J=9.6, H-4), 5.69 — 5.66 (1H, m, CH=CH), 5.53 (1H, t, J=8.4, H-2), 5.45 (1H, d, J=8.1,
H-1), 4.39 — 4.26 (3H, overlapping signals, CH.OBz & H-5), 4.12 (1H, dd, J=6.4, 1.7, CH),
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3.79 (1H, dd, J=9.1, 1.6, CH), 3.38 (1H, dt, J=12.9, 6.0, NHCHH), 3.24 (3H, s, CH3), 3.13 (1H,
ddd, J=13.7, 9.0, 4.2, NHCHH), 2.48 (1H, d, J=16.1, CH=CHCHH), 2.40 (1H, ddt, J=9.5, 6.5,
3.2,CH), 2.26 — 2.16 (1H, m, CH=CHCHH), 1.84 — 1.64 (2H, overlapping signals, CH; &
CHH), 1.51 (1H, td, J=10.2, 5.4, CHH), 1.11 (3H, d, J=6.8, CH3); *C NMR (126 MHz, CDCls)
§ 166.3, 166.1, 165.5, 165.4, 165.4 (each C=0), 135.4 (CH=CH), 133.2, 133.2, 133.1, 132.5
(each Ar-C), 130.1 (CH=CH), 130.1, 130.0, 129.8, 129.5, 129.4, 129.2, 129.0, 128.8, 128.5,
128.3, 128.2, 128.1, 128.0, 125.3 (each Ar-C), 97.6 (C-1), 80.9 (CH), 78.2 (CH), 73.3 (C-3),
72.7 (C-5), 70.5 (C-2), 69.5 (C-4), 66.9 (OBzCH,), 55.9 (CHs3), 39.5 (NHCH,), 36.8 (CH), 29.6
CH=CHCH,), 27.0 (CHa), 25.4 (CHy), 15.1 (CHs); HRMS (ESI): calcd. for CasHs7N2012,
828.3113; found m/z 828.3108 [M+Na]*; FT-IR 3402, 2934, 1726, 1451, 1257, 1067, 973, 705

cm,

Macrocycle 55. Benzoylated 101 (15 mg, 0.019 mmol) was taken up in dry MeOH (0.2 mL)
and NaOMe (1 M in MeOH, 0.15 mL) was added. The solution was stirred at room temperature
for 20 mins. The mixture was neutralized using acetic acid and solvent removed under reduced
pressure. Flash chromatography (CH2Cl2:MeOH 9:1 — 4:1) gave the title compound (3 mg,
47%) as a white solid; *H NMR (600 MHz, CDCls) § 6.89 (1H, s, NH), 5.90 (1H, dd, J=15.8,
9.1, CH=CH), 5.60 (1H, dd, J=16.4, 8.5, CH=CH), 4.77 (1H, d, J=8.2, H-1), 4.20 — 4.06 (1H,
d, J=10.0, CHHOH), 3.81 (1H, d, J=9.7, H-5), 3.71 (1H, d, J=9.1, CH), 3.65 (4H, d, J=10.5,
overlapping signals, NHCH>CH>, CHHOH & H-3), 3.54 (1H, t, J=9.4, H-4), 3.48 (1H, t, J=8.8,
H-2),3.23 (3H, s, OCH3), 2.57 (1H, d, J=16.1, CH=CHCHH), 2.22 (2H, d, J=11.4, overlapping
signals, CH & CH=CHCHH), 1.88 (1H, d, J=4.5, CH), 1.83 — 1.74 (1H, m, CHH), 1.69 (1H,
d, J=12.0, CHH), 1.48 — 1.42 (1H, m, CH=CHCHH), 0.97 (3H, d, J=7.1, CH3); **C NMR (150
MHz, CDCls) 6 170.2 (C=0), 134.9 (CH=CH), 130.9 (CH=CH), 99.6 (C-1), 81.3 (CH), 75.7
(C-3), 72.6 (C-5), 71.9 (C-4), 70.2 (overlapping signals, C-2 & CH>), 65.2 (CH.OH), 55.7
(OCHpg), 40.1 (CH), 29.6 (CH=CHCHy), 27.7 (CH>), 24.9 (CH>), 14.2 (CHz); HRMS (ESI):
calcd. for C1gH31NOgNa, 412.1944; found m/z 412.1947 [M+Na]"; FT-IR 3379, 3134, 2925,
1746, 1657, 1402, 1071, 1024, 799, 672 cm™™,
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5.3 Chapter 3 Experimental

o OTBS
YA
O
HO

1-Allyl-1-deoxy-6-O-dimethyltertbutylsilyl-3,4-O-isopropylidene-a-D-galactopyranose
(116).% Compound 65 (820 g, 3.35 mmol) was dissolved in dry DMF (20 mL) and cooled to 0
°C. Imidazole (800 mg, 11.75 mmol) was added followed by the addition of TBDMSCI (656
mg, 4.36 mmol). The reaction mixture was stirred for 1.5 h at room temperature. Diluted with
EtOAc, washed with H2O, brine, dried over Na>SOs, filtered and the solvent removed under
reduced pressure. Flash chromatography (cyclohexane:EtOAc 95:5) gave the title compound
(628 mg, 67%) as a white solid; *H NMR (500 MHz, CDCls) § 5.85 (1H, ddt, J=17.1, 10.2,
6.9, CH.CH=CH), 5.15 (1H, dd, J=17.1, 1.9, CHHCH=CH>), 5.08 (1H, dd, J=10.2, 1.7,
CHHCH=CHy), 4.39 (1H, dd, J=7.3, 1.9, H-3), 4.22 (1H, dd, J=7.2, 3.3, H-4), 4.04 — 3.98 (2H,
overlapping signals, H-5 & H-1), 3.79 — 3.69 (3H, overlapping signals, H-2 & H-6), 2.36 (2H,
ddd, J=8.9, 6.3, 4, CH.CH=CH), 1.47 (3H, s, isopropylidene CHz), 1.32 (3H, s, isopropylidene
CHzs), 0.90 (9H, d, J=10.4, each CHs), 0.06 (6H, d, J=1.7, each CH3); *C NMR (126 MHz,
CDCl3) 6 134.38 (CH.CH=CHy), 117.44 (CH,CH=CH), 108.98 (isopropylidene C), 74.58 (C-
4), 71.68 (C-3), 70.42 (C-1), 69.92 (C-5), 69.68 (C-6), 62.56 (C-2), 34.95 (CH.CH=CH>),
27.00, 25.85, 25.62, 24.48, 18.30 (C), -5.34, -5.48 (each CH3); HRMS (ESI): calcd. for
C18H3405Si, 715.4279; found m/z 715.4273 [2M-H]; FT-IR 3339, 2928, 1728, 1451, 1255,
1090, 1021, 706 cm™,
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1-Allyl-1-deoxy-6-O-dimethyltertbutylsilyl-2-O-propargyl-3,4-O-isopropylidene-a-D-
galactopyranose (107). To a solution of 116 (346 mg, 0.96 mmol) in dry DMF (10 mL) was
added NaH (60% dispersion on mineral oil, 153 mg, 3.84 mmol) and allowed to stir at room
temperature for 0.5 h. To this was added propargyl bromide (0.33 mL, 3.84 mmol) and stirred
for 1 h. Reaction was quenched with MeOH (5 mL) and stirred for 5 min, Diluted with EtOAc,
washed with H-O, brine, filtered and the solvent removed under reduced pressure. Flash
chromatography (cyclohexane:EtOAc 9:1) gave the title compound (363 mg, 95%) as a yellow
oil; *H NMR (500 MHz, CDCl3) & 5.82 (1H, ddt, J=17.1, 10.3, 6.9, CH.CH=CH,), 5.13 (1H,
dd, J=17.1,1.9, CH,CH=CHH), 5.06 (1H, dd, J=10.3, 1.8, CH.CH=CHH), 4.37 (1H, dd, J=7.0,
1.8, H-4),4.33 (1H, dd, J=7.0, 3.7, H-3), 4.28 (2H, d, J=2.4, alkyne CH>), 4.05 (1H, ddd, J=7.8,
6.5, 3.0, H-1), 3.92 (1H, ddd, J=7.8, 5.8, 1.8, H-5), 3.76 (1H, dd, J=9.7, 7.9, H-6a), 3.71 (1H,
dd, J=9.6, 5.7, H-6b), 3.64 (1H, t, J=3.4, H-2), 2.43 (1H, t, J=2.3, alkyne CH), 2.38 — 2.33 (2H,
overlapping signals, CH,CH=CH2), 1.50 (3H, s, isopropylidene CHz), 1.34 (3H, s,
isopropylidene CHs), 0.06 (6H, d, J=1.9, each CHa); **C NMR (126 MHz, CDCls) § 134.5
(CH2CH=CHy), 117.1 (CH2CH=CHy), 109.1 (isopropylidene C), 79.7 (alkyne CH), 75.9 (C-
2), 74.7 (alkyne C), 72.2 (C-4), 72.1 (C-3), 70.9 (C-1), 69.5 (C-5), 62.4 (C-6), 57.7 (alkyne
CH?>), 34.0 (CH2CH=CHy), 27.1, 25.9, 24.8 (each CH3), 18.3 (C), -5.4, -5.5 (each CH3); HRMS
(ESI): calcd. for C21H3705Si, 397.2369; found m/z 397.2386 [M+H]*; FT-IR 3307, 2930, 1472,
1257, 1085, 834, 737 cm™.
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Compound 117. In a microwave tube was placed 67 (60 mg, 0.2 mmol), 107 (91 mg, 0.2
mmol), CuSO4.5H>0 (50 mg, 0.2 mmol) and sodium-L-ascorbate (20 mg, 0.1 mmol) in
THF:H20 (1:1, 5 mL). The vial was sealed and the reaction was heated to 60 °C for 10 min at
120 W in a microwave reactor. The mixture was diluted with Et,O, washed with H-O, brine,
dried over Na,SO4 and the solvent removed under reduced pressure. Flash chromatography
(cyclohexane:EtOAC 1:1) gave the title compound (97 mg, 73%) as a colourless oil; *H NMR
(500 MHz, CDClz) 6 7.70 (1H, s, triazole H), 5.75 (2H, dddt, J=21.3, 17.2, 10.3, 7.0,
overlapping signals, each CH.CH=CH,), 5.14 — 4.99 (4H, overlapping signals, each
CH2CH=CHy), 4.83 (1H, d, J=12.1, H-7a’), 4.66 (1H, d, J=12.2, H-7b"), 4.62 (1H, dd, J=13.9,
4.1, H-6a), 4.44 (1H, dd, J=13.9, 8.5, H-6b), 4.38 — 4.31 (3H, m, H-4’, H-3, H-3"), 4.23 (1H,
dd, J=7.5, 1.9, H-5), 4.08 (1H, td, J=7.2, 2.0, H-1), 4.00 (1H, td, J=7.3, 2.9, H-1°), 3.93 (1H,
ddd, J=7.5, 5.5, 1.5, H-5"), 3.85 (1H, q, J=3.2, H-2), 3.74 (1H, dd, J=9.6, 8.0, H-6a’), 3.68 (1H,
dd, J=9.6, 5.7, H-6b"), 3.54 (1H, t, J=3.1, H-2"), 2.37 — 2.24 (4H, overlapping signals, each
CH2CH=CHy), 1.53 (3H, s, isopropylidene CHa), 1.47 (3H, s, isopropylidene CHz), 1.35 (3H,
s, isopropylidene CHz), 1.33 (3H, s, isopropylidene CHzs), 0.88 (9H, s, each CH3), 0.05 (6H, d,
J=2.9, each CHs); 3C NMR (126 MHz, CDCl3) § 144.9 (triazole C=C) 134.5 (CH2.CH=CH>),
134.1 (CH2CH=CHy), 124.1 (triazole CH) 117.7 (CH2CH=CH), 117.1 (CH2CH=CH), 110.0
(isopropylidene C), 109.1 (isopropylidene C), 76.3 (C-2’), 74.3 (C-4’, C-3 or C-37), 72.5 (C-
5), 72.0 (C-4’, C-3 or C-3), 70.9 (C-1), 70.7 (C-1°), 69.5 (C-H-5"), 68.9 (C-4’, C-3 or C-3"),
68.4 (C-2),64.1(C-7"),62.5 (C-6"),51.9 (C-6), 35.2 (CH2CH=CH>), 34.5 (CH2CH=CH>), 27.1
(isopropylidene CHs), 26.6 (isopropylidene CHs), 25.9 (3 signals, each CHzs), 24.7
(isopropylidene CHs), 24.5 (isopropylidene CHz), 18.3 (C) -5.3, -5.5 (each CH3); HRMS (ESI):
calcd. for C33HssN309SiNa, 688.3584; found m/z 688.3605 [M+Na]*; FT-IR 3384, 2929, 2100,
1373, 1210, 1058, 910, 835, 777, 732 cmL,

152



Compound 118. Compound 107 (173 mg, 0.44 mmol) and 67 (130 mg, 0.44 mmol) were
dissolved in DMA (2 mL). To this was added Cp*RuCIl(COD) (33 mg, 0.088 mol) and
transferred to a microwave vile. Sealed and placed in a microwave reactor for 30 min at 60 °C
and 120 W. Diluted with EtO, washed with H2O, brine, dried over Na>SOs, filtered and the
solvent removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 2:1)
gave the title compound (125 mg, 43%) as a colourless oil; *H NMR (500 MHz, CDCls) § 7.60
(1H, s, triazole H), 5.75 — 5.63 (2H, overlapping signals, each CH.CH=CH), 5.08 — 4.98 (4H,
overlapping signals, each CH.CH=CH), 4.92 (1H, d, J=12.6, H-7’a), 4.61 (2H, dd, J=13.4,
3.8, overlapping signals, H-6a & H-7°b), 4.50 (1H, dd, J=13.7, 8.3, H-6b), 4.45 (1H, ddd,
J=8.3, 4.0, 1.7, H-5), 4.37 (1H, dd, J=6.9, 1.8, H-4"), 4.31 (2H, td, J=7.0, 3.5, overlapping
signals, H-3 & H-3), 4.26 (1H, dd, J=7.4, 1.7, H-4), 4.04 (1H, td, J=7.8, 7.4, 2.8, H-1), 4.02 —
3.98 (1H, m, H-17), 3.90 (1H, ddd, J=7.7, 5.8, 1.8, H-5"), 3.82 (1H, dd, J=7.1, 3.4, H-2), 3.76
(1H, dd, J=9.6, 7.9, H-6"a), 3.70 (1H, dd, J=9.6, 5.8, H-6’b), 3.46 (1H, t, J=3.6, H-2"), 2.33
(1H, ddd, J=14.4,8.2,6.4, CHHCH=CH>), 2.28 — 2.16 (3H, overlapping signals, CHHCH=CH.
& CH>CH=CHy>), 2.08 (1H, d, J=4.3, OH), 1.53 (3H, s, isopropylidene CHs), 1.47 (3H, s,
isopropylidene CHzs), 1.35 (3H, s, isopropylidene CHz), 1.33 (3H, s, isopropylidene CH3), 0.89
(9H, s, CHs x 3), 0.06 (6H, d, J=1.9, CH3 x 2); *C NMR (126 MHz, CDCl3) § 134.3 (triazole
C=C), 134.1 (CH=CH), 134.0 (CH=CH), 133.6 (triazole CH), 117.6 (CH2CH=CH,), 117.3
(CH2CH=CHy), 109.9 (isopropylidene C), 109.3 (isopropylidene C), 76.73 (C-2’), 74.35 (C-
3), 72.54 (C-4), 72.27 (C-4), 72.15 (C-37), 70.94 (C-1), 70.90 (C-1"), 69.50 (C-57), 69.47 (C-
5), 68.44 (C-2), 62.48 (C-6’), 60.61 (C-7’), 50.01 (C-6), 35.15 (CH.CH=CH,), 33.86
(CH2CH=CHy), 27.19 (isopropylidene CHzs), 26.73 (isopropylidene CHzs), 25.86 (3 signals,
each CHa), 24.91 (isopropylidene CHz), 24.54 (isopropylidene CHjs), 18.3 (C), -5.35, -5.47
(each CHs); HRMS (ESI): calcd. for Cs3HssN3OoSiNa, 688.3626; found m/z 688.3629
[M+Na]*; FT-IR 3374, 2929, 1724, 1461, 1380, 1210, 1061, 835, 777 cm™.
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In a microwave vial was placed 107 (39 mg, 0.1 mmol) and 69 (98 mg, 0.1 mmol),
CuS04.5H20 (25 mg, 0.1 mmol) and sodium-L-ascorbate (10 mg, 0.05 mmol) in THF:H.0 (4
mL). The vial was sealed and placed in a microwave reactor at 60 °C for 10 min. The mixture
was diluted with EtOAc, washed with H20O, brine, dried over Na>SOg, filtered and the solvent
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 3:1) gave the
title compound (20 mg, 27%) as a colourless oil; *H NMR (500 MHz, CDCls) § 7.70 (1H, s,
triazole H), 5.72 (2H, ddt, J=13.0, 6.4, 3.6, overlapping signals, CH,.CH=CH & CH=CHCH>),
5.08 — 4.97 (4H, overlapping signals, each CH.CH=CH>), 4.83 (1H, d, J=12.0, H-7a’), 4.66
(1H, d, J=12.2, H-7b”), 4.59 (1H, dd, J=14.0, 4.2, H-6a), 4.44 — 4.40 (1H, m, H-6b), 4.37 (3H,
overlapping signals, H-4’, H-3 & H-3’), 4.21 (1H, ddd, J=8.6, 4.2, 1.8, H-5), 4.17 (1H, dd,
J=7.4,1.8, H-4),4.06 (1H, ddd, J=8.3, 6.3, 3.2, H-1), 4.01 (1H, td, J=7.2, 2.9, H-1"), 3.93 (1H,
ddd, J=7.7, 5.8, 1.6, H-5"), 3.74 (1H, dd, J=9.6, 8.2, H-6a’), 3.69 (1H, dd, J=9.5, 5.7, H-6b"),
3.62 (1H, dt, J=9.2, 6.7, OCHHCH,CH(CHs)2), 3.54 (1H, t, J=3.1, H-2"), 3.45 — 3.37 (1H, m,
OCHHCH2CH(CHa)2), 3.39 (1H, d, J=3.3, H-2), 2.38 — 2.18 (4H, overlapping signals, each
CH2CH=CHy), 1.65 (1H, dt, J=13.5, 6.7, OCH2CH2CH(CH3)2), 1.52 (3H, s, isopropylidene
CHzs), 1.47 (3H, s, isopropylidene CH3), 1.42 (2H, q, J=6.7, OCH2CH2CH(CHs)), 1.36 (3H, s,
isopropylidene CHz), 1.33 (3H, s, isopropylidene CH3), 0.88 (15H, s, each CH3), 0.05 (6H, d,
J=3.0, each CH3); °C NMR (126 MHz, CDCl3) § 144.6 (triazole C=C), 134.5 (CH2CH=CHy),
134.5 (CH2,CH=CHy), 124.2 (triazole CH), 117.2 (CH2CH=CH), 117.1 (CH2CH=CH>), 110.1
(isopropylidene C), 109.1 (isopropylidene C), 76.2 (C-2"), 75.4 (C-2), 72.9 (C-4), 72.0, 71.8,
71.5 (C-4’, C-3 or C-3%), 71.4 (C-1), 70.7 (C-1°), 69.7 (CHz), 69.5 (C-5"), 68.8 (C-5), 64.1
(CH2), 62.4 (CH2), 51.8 (CH2), 38.7 (OCH2CH2CH(CHs)2), 35.1 (CH.CH=CH2), 34.5
(CH2CH=CHz), 27.1 (isopropylidene CHs), 26.6 (isopropylidene CHzs), 25.9, 24.8
(isopropylidene CHz), 24.7 (OCH2CH>CH(CHz)2), 24.6 (isopropylidene CH3), 22.5, 18.3 (C),
1.0, -5.4, -5.5 (each CHa).
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Compound 107 (21 mg, 0.05 mmol) and 69 (18 mg, 0.05 mmol) were dissolved in DMA (2
mL). To this was added Ru(COD) (4 mg, 0.01 mol) and transferred to a microwave vile. Sealed
and placed in a microwave reactor for 30 min at 60 °C and 120 W. Diluted with Et2O, washed
with H2O, brine, dried over Na»SQg, filtered and the solvent removed under reduced pressure.
Flash chromatography (cyclohexane:EtOAc 9:1) gave the title compound (29 mg, 82%) as a
colourless oil; *H NMR (500 MHz, CDCl3) § 7.59 (1H, s triazole H), 5.73 — 5.65 (1H, m,
CH2CH=CH2), 5.59 (1H, ddt, J=17.2, 10.3, 7.0, CH.CH=CH,), 5.03 (1H, d,J=1.4,
CH2CH=CHH), 5.01 (1H, ddd, J=4.9, 2.7, 1.5, CH,CH=CHH), 4.98 — 4.88 (3H, overlapping
signals, CH.CH=CH> & H7’a), 4.59 — 4.53 (2H, overlapping signals, H-7’b & H-6a), 4.47 (1H,
dd, J=14.2, 8.8, H-6b), 4.38 (2H, ddd, J=6.7, 4.1, 2.6, overlapping signals, H-4 & H-4"), 4.32
(1H, dd, J=6.9, 3.8, H-3), 4.30 (1H, td, J=4.4, 3.8, 1.7, H-5), 4.21 (1H, dd, J=7.5, 1.7, H-3"),
4.00 (2H, dddd, J=10.2, 8.1, 6.4, 3.3, overlapping signals, H-1 & H-1"), 3.89 (1H, ddd, J=7.7,
5.8, 1.8, H-5"), 3.75 (1H, dd, J=9.6, 7.9, H-6’a), 3.69 (1H, dd, J=9.6, 5.8, H-6"b), 3.60 (1H,
dt, J=9.2, 6.7, CHH), 3.44 (1H, t, J=3.6, H-2), 3.41 — 3.36 (2H, overlapping signals, CHH &
H-2%), 2.31 (1H, tt,J=8.0, 6.3, CHHCH=CHy), 2.24 — 2.08 (3H, overlapping signals,
CHHCH=CH2 & CH,CH=CHy), 1.64 (1H, d, J=1.7, CH), 1.52 (3H, s, isopropylidene CH3),
1.47 (3H, s, isopropylidene CHz), 1.41 (2H, q, J=6.8, CH>), 1.35 (3H, s, isopropylidene CHj3),
1.33 (3H, s, isopropylidene CHs), 0.88 (9H, s, CHz x 3), 0.87 (3H, d, J=1.0, CHz), 0.86 (3H,
d, J=1.0, CHs), 0.05 (6H, d, J=1.8, CHs x 2); 13C NMR (126 MHz, CDCls) § 134.6 (triazole
C=C), 134.4 (CH=CH), 134.1 (CH=CH), 133.5 (triazole CH), 117.2 (CH=CH), 117.1
(CH=CH), 110.0 (isopropylidene C), 109.2 (isopropylidene C), 76.5 (C-2), 75.5 (C-2"), 73.1
(C-3%), 72.2 (C-3), 71.6 (C-4 or C-4), 71.5 (C-4 or C-4"), 69.6 (CH2), 69.6 (C-5), 69.6 (C-5"),
62.4 (C-6"), 60.6 (C-7"), 50.0 (C-6), 38.7 (CH2), 34.9 (CH2CH=CH), 33.9 (CH=CH CH), 27.2
(isopropylidene CHs), 26.8 (isopropylidene CHs), 25.9 (3 signals, each CHzs), 24.9
(isopropylidene CHj3), 24.8 (CH), 24.7 (isopropylidene CH3), 22.5 (2 signals, each CH3), 18.3
(C), -5.3, -5.5 (each CHa).
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In a microwave vial was placed 70 (78 mg, 0.19 mmol) and 107 (75 mg, 0.19 mmol),
CuS04.5H20 (47 mg, 0.19 mmol) and sodium-L-ascorbate (19 mg, 0.095 mmol) in THF:H.O
(4 mL). The vial was sealed and placed in a microwave reactor at 60 °C for 10 min. The mixture
was diluted with EtOAc, washed with H2O, brine, dried over Na>SOg, filtered and the solvent
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 7:3) gave the
title compound (32 mg, 21%) as a colourless oil; *H NMR (500 MHz, CDCls) § 7.88 — 7.78
(3H, overlapping signals, Ar-H), 7.72 (1H, s, triazole H), 7.51 — 7.39 (4H, overlapping signals,
Ar-H), 5.68 (2H, overlapping signals, CH,.CH=CH; & CH>=CHCH), 5.07 — 4.89 (4H,
overlapping signals, CH.CH=CH> & CH,CH=CH>), 4.85 — 4.77 (2H, overlapping signals, H-
7’a & CHH), 4.71 — 459 (2H, overlapping signals, H-6a & H-7°b), 4.49 — 4.41 (2H,
overlapping signals, H-3 & H-6b), 4.40 — 4.27 (3H, overlapping signals, H-3’, H-4> & H-4),
4.24 — 4.17 (1H, m, H-5), 4.08 (1H, ddd, J=8.8, 5.7, 3.2, H-1), 4.00 (1H, d, J=7.6, H-1"), 3.93
(1H, t, J=7.0, H-5"), 3.74 (1H, t, J=8.8, H-6"a), 3.68 (1H, dd, J=9.5, 5.6, H-6b), 3.61 (1H, t,
J=3.4, H-2), 3.54 (1H, s, H-2’), 2.41 — 2.11 (4H, overlapping signals, CH,CH=CH> &
CH2CH=CHpy), 1.50 (3H, s, isopropylidene CHzs), 1.47 (1H, s, isopropylidene CH3), 1.34 (1H,
s, isopropylidene CHj3), 1.32 (1H, s, isopropylidene CHz3), 0.88 (9H, s, CH3 x 3), 0.05 (3H, s,
CHz), 0.04 (3H, s, CHs); *°C NMR (126 MHz, CDCl3) § 134.9 (Ar-C), 134.4 (CH,=CHCH,),
134.2 (CH2CH=CHy), 133.1, 133.1 (each Ar-C), 128.4, 127.9, 127.7 (each Ar-CH), 126.8
(triazole CH), 126.2, 126.1 (2 signals), 125.8 (each Ar-CH), 117.3 (CH.CH=CHy), 117.0
(CH2=CHCHy), 110.1 (isopropylidene C), 109.1 (isopropylidene C), 76.3 (C-2’), 74.8 (C-2),
72.9 (C-5), 72.9 (CH»), 72.0 (C-3°, C-4’ or C4), 71.8 (C-3), 71.7 (C-3’, C-4’ or C4), 71.5 (C-
1), 70.7 (C-17), 69.5 (C-5"), 68.7 (C-3°, C-4’ or C4), 64.0 (C-7’), 62.4 (C-6"), 34.8, 34.5 (each
CH2CH=CHpy), 27.1, 26.7 (each isopropylidene CHz), 25.9 (3 signals, CH3), 24.7, 24.7 (each
isopropylidene CHj3), 18.3 (C), -5.3, -5.5 (each CHs).
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OTBS

Macrocycle 120. Compound 117 (532 mg, 0.8 mmol) was dissolved in preheated degassed Tol
(200 mL) and 2" Generation Grubbs (75 mg 0.12 mmol) added. The reaction mixture was
stirred at 120 °C for 10 min and the solvent removed under reduced pressure. Reaction gave a
mixture of cis and trans which were separated and by flash chromatography
(cyclohexane:EtOAcC 1:3) to give the trans isomer 120 (253 mg, 40%) as a white solid, as the
most abundant isomer; *H NMR (500 MHz, CDCls) § 7.68 (1H, s, triazole H), 5.03 (1H, dt,
J=15.9, 6.0, CH=CH), 4.95 (1H, d, J=13.4, H-7a), 4.82 (1H, dt, J=14.7, 7.0, CH=CH), 4.75
(1H, dd, J=14.2, 2.0, H-6’a), 4.50 (1H, dd, J=7.6, 1.5, H-4), 4.47 (1H, d, J=13.4, H-7h), 4.45
—4.42 (1H, m, H-6"), 4.41 — 4.39 (1H, m, H-3), 4.28 (1H, dd, J=5.9, 2.2, H-3’), 4.16 (1H, t,
J=6.3, H-2’), 4.04 — 3.99 (2H, overlapping signals, H-5 & H-57), 3.99 — 3.96 (1H, m, H-1),
3.96 — 3.92 (2H, overlapping signals, H-1" & H-4"), 3.75 — 3.68 (2H, overlapping signals, H-
6a & H-6b), 3.33 (1H, t, J=1.8, H-2), 2.23 (1H, d, J=3.5, CHHCH=CHCH>), 2.20 — 2.15 (1H,
m, CHHCH=CHCH,), 2.02 - 197 (1H, m, CH.CH=CHCHH), 1.96 — 1.91 (1H, m,
CH2=CHCHH), 1.55 (3H, s, isopropylidene CH3), 1.48 (3H, s, isopropylidene CHs), 1.39 (3H,
s, isopropylidene CHz), 1.37 (3H, s, isopropylidene CH3), 0.90 (9H, s, CHz x 3), 0.07 (3H, s,
CHz3), 0.06 (3H, s, CHs); 3C NMR (126 MHz, CDCl3) § 142.7 (triazole C=C), 128.6 (CH=CH),
125.8 (triazole CH), 125.6 (CH=CH), 110.3 (isopropylidene C), 109.0 (isopropylidene C),
76.7 (C-2%), 74.2 (C-1), 73.5 (H-3"), 72.1 (C-2), 71.8 (C-4), 70.7 (C-1’ or C-4"), 70.0 (C-3),
69.7 (C-5 or C-5), 68.6 (C-1"), 67.9 C-5 or C-5”), 62.4 (C-6), 60.8 (C-7), 51.4 (C-6"), 32.6
(CH2CH=CHCHy), 28.2 (CH2,CH=CHCHy), 27.9, 26.9, 26.1 (each isopropylidene CHz), 25.9
(3 signals, each CH3), 24.2 (isopropylidene CHs), 18.3 (C), -5.3, -5.5 (each CH3); HRMS (ESI):
calcd. for C31Hs5109SiNa, 660.3266; found m/z 660.3292 [M+Na]".
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Macrocycle 122. Compound 118 (65 mg, 0.1 mmol) was dissolved in toluene (150 mL), to
this was added Hoveyda Grubbs (12 mg, 0.02 mmol) and stirred at 90 °C for 24 h. Solvent
removed under reduced pressure. Reaction gave a mixture of cis and trans which were
separated and purified by flash chromatography (cyclohexane:EtOAc 7:3) to give the cis
isomer 123 (15 mg) and the trans isomer 124 (23 mg) of 122 as white solids in an overall yield
of 60%.

Cis 123: 'H NMR (500 MHz, CDCls) & 7.62 (1H, s, triazole H), 5.45 (1H, t, J=11.2, CH=CH),
5.33 (1H, t, J=10.3, CH=CH), 4.96 (1H, d, J=12.2, H-7a), 4.77 (1H, dd, J=14.4, 3.2, H-6’a),
4.71 (1H, d, J=12.1, H-7b), 4.48 (1H, dd, J=7.3, 1.6, H-4), 4.41 (2H, overlapping signals, H-
4> & H3), 4.31 (1H, dd, J=14.5, 7.0, H-6’b), 4.26 (1H, dd, J=7.1, 4.0, H-3"), 4.22 — 4.16 (1H,
m, H-5%), 4.12 (1H, ddd, J=10.1, 6.0, 2.1, H-1), 4.05 (1H, dt, J=10.9, 2.1, H-1"), 4.00 (1H, ddd,
J=8.0, 5.9, 1.5, H-5), 3.81 (1H, q, J=5.0, 4.2, H-2"), 3.78 — 3.70 (2H, overlapping signals, H-
6a & H-6b), 3.52 (1H, t, J=2.5, H-2), 2.59 (2H, ddt, J=25.8, 14.9, 10.4, overlapping signals,
CHHCH=CHCH; & CHHCH=CHCH), 2.22 (2H, qd, J=5.9, 2.9, CH,CH=CHCHH), 1.95
(1H, d, J=14.9, CH,=CHCHH), 1.52 (6H, d, overlapping signals, J=1.8, isopropylidene CHz),
1.38 (6H, d, overlapping signals, J=3.5, isopropylidene CH3), 0.91 (9H, s, CHz x 3), 0.08 (6H,
s, CH3 x 2); 3°C NMR (126 MHz, CDCls) § 134.4 (triazole C=C), 133.6 (triazole CH), 128.8
(CH=CH), 126.1 (CH=CH), 109.9 (isopropylidene C), 109.3 (isopropylidene C), 75.6 (C-2),
75.0 (C-37), 73.2 (C-3 or C-C-4"), 71.8 (C-4), 71.4 (C-3 or C-4"), 70.6 (C-1), 70.3 (C-4’), 70.2
(C-5%), 69.9 (C-5), 62.4 (C-6), 61.9 (C-7), 51.2 (C-6’), 29.4 (CH.CH=CHCH>), 28.3
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(CH2CH=CHCHy), 27.0 , 27.0 (each isopropylidene CHs), 25.9 (3 signals, each CHz), 24.7,
24.4 (each isopropylidene CHz), 18.4 (C), -5.3, -5.4 (each CH3); HRMS (ESI): calcd. for
Ca1Hs5109N3SiNa, 660.3250; found m/z 660.3249 [M+Na]™; FT-IR 2931, 2298, 1462, 1379,

1248, 1210, 1060, 834, 777, 660 cm™.
N=N 7"0

OH

Trans 124: *H NMR (500 MHz, CDCls) § 7.65 (1H, s, triazole H), 5.36 — 5.19 (2H, overlapping
signals, CH=CH), 4.92 (1H, d, J=12.2, H-7a), 4.73 (1H, d, J=12.2, H-7b), 4.56 (1H, dd, J=14.4,
2.1, H-6’a), 4.45 — 4.31 (5H, overlapping signal, H-3, H-3°, H-4, H-4> & H-5"), 4.19 — 4.10
(2H, overlapping signals, H-1 & H-6b), 3.98 (1H, t, J=6.8, H-5), 3.92 (1H, dt, J=11.2, 2.7, H-
1”), 3.83 — 3.70 (3H, overlapping signals, H-6a, H-6b & H-2"), 3.61 — 3.52 (1H, m, H-2), 2.48
(1H, ddd, J=13.6, 10.4, 7.6, CHHCH=CHCH>), 2.24 (1H, dt, J=13.6, 4.6, CHHCH=CHCH>),
2.17 (1H, dt, J=12.6, 6.3, CH2CH=CHCHH), 1.90 (1H, ddd, J=13.5, 7.0, 2.9, CH,=CHCHH),
1.54 (3H, s, isopropylidene CH3), 1.49 (3H, s, isopropylidene CHs), 1.38 (3H, s, isopropylidene
CHz), 1.36 (3H, s, isopropylidene CH3), 0.91 (9H, s, CH3 x 3), 0.09 (6H, s, CHz x 2); 1*C NMR
(126 MHz, CDCl3) 6 136.8 (triazole C=C), 131.9 (triazole CH), 129.7 (CH=CH), 127.4
(CH=CH), 109.9 (isopropylidene C), 109.3 (isopropylidene C), 78.3 (C-2), 74.5, 72.6, 72.0,
71.6 (C-3,C-3’,C-4, C-4’ or C-5°), 71.2 (C-17), 71.1 (C-1), 70.4 (C-5), 69.8 (C-3, C-3°, C-4,
C-4’ or C-57), 68.7 (C-27), 64.1 (C-7), 62.5 (C-6), 50.4 (C-6"), 34.8 (CH2.CH=CHCHy), 33.4
(CH2CH=CHCHy), 26.9, 26.7 (each isopropylidene CH3), 25.9 (3 signals, each CH3), 24.6,
24.4 (each isopropylidene CH3), 18.4 (C), -5.3, -5.4 (each CH3); HRMS (ESI): calcd. for
Cs1Hs209N3Si, 638.3416; found m/z 638.3405 [M+H]"; FT-IR 3386, 2928, 1462, 1379, 1249,
1209, 1057, 982, 835 cm™.
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OTBS

Macrocycle 125. Compound 119 (26 mg, 0.04 mmol) was dissolved in DMF (3 mL) and
cooled to 0 °C. To this was added NaH (2 mg, 0.06 mmol) and stirred at 0 °C for 15 min. To
this was added iodoethane (0.01 mL, 0.15 mmol) and left to stir at room temperature overnight.
Diluted with EtOAc, washed with H2O (x2), brine, dried over Na>SOg, filtered and the solvent
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc, 7:3) gave the
title compound (10 mg, 37%) as a colourless oil; *H NMR (600 MHz, CDCls3) & 7.67 (1H, s
triazole H), 5.04 (1H, dt, J=15.8, 5.9, CH=CH), 4.96 (1H, d, J=13.4, H-7a), 4.82 (1H,
dt, J=14.8, 6.7, CH=CH), 4.73 (1H, dd, J=14.2, 2.0, H-6’a), 4.49 (1H, dd, J=7.4, 1.6, H-4"),
4.46 (1H, d, J=13.4, H-7b), 4.43 — 4.38 (2H, overlapping signals, H-3* & H-6’b), 4.25 (1H,
dd, J=6.1, 2.2, H-3), 4.21 (1H, t, J=6.4, H-4), 4.06 — 3.98 (2H, overlapping signals, H-1 & H-
5%), 3.98 — 3.90 (2H, overlapping signals, H-5 & H-1), 3.76 — 3.63 (3H, overlapping signals,
H-6a, H-6b & CHH), 3.58 — 3.50 (2H, overlapping signals, CHH & H-2), 3.35 (1H, t, J=2.0,
H-2%), 2.24 (1H, ddd,J=16.9, 10.8, 6.5, CHHCH=CH), 2.09 (1H, dd, J=15.9, 4.1,
CHHCH=CH), 2.02 (1H, dd, J=11.8, 7.3, CHHCH=CH), 1.94 (1H, dd, J=15.2, 3.3,
CHHCH=CH), 1.56 (3H, s, isopropylidene CH3), 1.49 (3H, s, isopropylidene CH3), 1.38 (3H,
s, isopropylidene CHs), 1.37 (3H, s, isopropylidene CH3), 1.18 (3H, t, J=7.0, CHgs), 0.89 (9H,
s, CH3 x 3), 0.07 (6H, s, CHs x 2); *C NMR (151 MHz, CDCls) & 142.8 (triazole C=C), 128.2
(CH=CH), 1259 (CH=CH), 125.7 (triazole CH), 110.0 (isopropylidene C), 109.0
(isopropylidene C), 75.6 (C-4), 73.6 (C-3), 73.3 (C-1 or C-5), 71.8 (C-4), 70.1 (C-3°), 69.7
(C-1 or C-5%), 68.7 (C-1’ or C-5), 67.8 (C-1’ or C-5), 66.2 (CH,), 62.4 (C-6°), 32.6
(CH2CH=CHy), 30.2 (CH.CH=CHpy), 28.8 (CH>CH=CHy), 27.8 (isopropylidene CHs), 26.9
(isopropylidene CHs), 26.1 (isopropylidene CHs), 25.9 (3 signals, each CHs3), 24.2
(isopropylidene CHz), 18.3 (C), 15.5 (CHj3), -5.3, -5.5 (each CHz3); HRMS (ESI): calcd. for
Ca3Hs503SiNa, 688.3583; found m/z 688.3605 [M+Na]*; FT-IR 3324, 2962, 2303, 1458, 1379,
1258, 1011, 871, 791, 662 cm™.
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Macrocycle 127 & 129. Compound 119 (20 mg, 0.03 mmol) was dissolved in DMF (3 mL)
and cooled to 0 °C. To this was added NaH (2 mg, 0.05 mmol) and stirred at 0 °C for 15 min.
To this was added 1-bromo-3-methylbutane (0.01 mL, 0.08 mmol) and left to stir at room
temperature overnight. Diluted with EtOAc, washed with H20 (x2), brine, dried over NaxSOs,
filtered and the solvent removed under reduced pressure. Flash chromatography
(cyclohexane:EtOAc, 3:1) gave the macrocycles as an inseparable mixture of isomers (10 mg,
46%) as a colourless oil; *H NMR (500 MHz, CDCls) & 7.86 (1H, s, cis triazole H), 7.67 (1H,
s, trans triazole H), 5.53 (1H, td, J=10.9, 2.6, cis CH=CH), 5.33 (1H, dt, J=13.1, 4.8, cis
CH=CH), 5.08 — 5.00 (2H, overlapping signals, trans CH=CH & cis 7a), 4.96 (1H, d, J=13.3,
trans 7a), 4.84 (1H, dt, J=14.8, 6.7, trans CH=CH), 4.72 (1H, dd, J=14.5, 2.0, cis 6’a), 4.58 —
4.33 (9H, overlapping signals, trans H-3, trans H-4’, trans H-6a, trans H-6’b, trans H-7b, cis
H-3, cis H-4’, cis H-6’b & cis H-7b), 4.31 — 4.14 (3H, overlapping signals, trans H-4, trans H-
3, cis H-4 & cis H-3"), 4.12 — 3.90 (8H, overlapping signals, trans H-1, trans H-1’, trans H-5,
trans H-5, cis H-1, cis H-1", cis H-5 & cis H-5), 3.83 — 3.56 (6H, overlapping signals, trans
H-6a, trans H-6b, trans OCHH, cis H-6a, cis H-6b & cis OCHH), 3.55 — 3.38 (4H, overlapping
signals, trans H-2’, trans OCHH, cis H-2’, cis OCHH), 3.36 (2H, d, J=2.3, overlapping signals,
trans H-2 & cis H-27), 2.36 (2H, dt, J=17.9, 8.1, overlapping signals, trans CHHCH=CH & cis
CHHCH=CH), 2.24 (2H, ddd, J=16.5, 10.5, 6.4, overlapping signals, trans CH=CHCHH & cis
CH=CHCHH), 2.16 — 1.89 (4H, overlapping signals, trans CHHCH=CH, trans CH=CHCHH,
cis CHHCH=CH & cis CH=CHCHH), 1.55 (3H, s, CH3), 1.68 — 1.61 (2H, overlapping signals,
trans CH & cis CH), 1.52 (3H, s, CH3), 1.51 (3H, s, CH3), 1.48 (3H, s, CHz), 1.43 (3H, q, J=6.9,
overlapping signals, trans OCH.CH; & cis OCH2CHy), 1.37 (6H, s, CHz x 2), 0.89 (12H, s,
each CHs), 0.88 (30H, overlapping signals, each CHs), 0.05 (12H, s, each CHs); *C NMR (126
MHz, CDCls) 6 145.3 (cis triazole C=C), 142.8 (trans triazole C=C), 129.7 (cis CH=CH), 128.2
(trans CH=CH), 126.1 (cis CH=CH), 126.1 (trans triazole CH), 125.7 (trans CH=CH), 110.7,
110.0, 109.1, 109.0 (each isopropylidene C), 77.4, 75.4 (trans C-2’ & cis C-2’), 73.6, 73.4,
73.3 (either trans C-1, trans C-1’, trans C-5, trans C-5’, cis C-1, cis C-1’, cis C-5 or cis C-5"),
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72.6, 72.4 (trans C-2 & cis C-2), 71.9, 71.8 (2 signals), 71.8, 71.3, 70.9, 70.4, 70.4 (trans C-3,
trans C-4’, trans C-6’, trans C-7, cis C-3, cis C-4’, cis C-6’ & cis C-7), 70.1 (trans OCH2CH>
or cis OCH2CHy), 69.7, 69.7 (either trans C-1, trans C-1’, trans C-5, trans C-5’, cis C-1, cis C-
1°, cis C-5 or cis C-57), 69.4 (trans OCH2CH: or cis OCH2CH>), 69.2, 68.8, 67.9 (either trans
C-1, trans C-1’, trans C-5, trans C-5’, cis C-1, cis C-1°, cis C-5 or cis C-57), 64.3 (cis C-7),
62.4, 62.3 (trans C-6 & cis C-6), 61.2 (trans C-7), 52.1 (trans C-6"), 51.4 (cis C-6), 38.8, 38.6
(trans OCH2CH2 & cis OCH2CHy), 32.6, 31.9, 29.0, 28.2 (trans CH,CH=CHCHg, trans
CH2CH=CHCHg, cis CH,CH=CHCH: & cis CH.CH=CHCHy), 27.7, 26.9, 26.3, 26.1 (each
isopropylidene CHzs) , 25.9 (6 signals, each CHz3), 24.8 (2 signals, CH), 24.6, 24.4, 24.2 (each
isopropylidene CHs), 22.6, 22.5, 22.5, 22.4 (each CH3), -5.3, -5.5 (each 2 signals, CH3); HRMS
(ESI): calcd. for C33He109SiNa, 730.4066; found m/z 730.4075 [M+Na]*; FT-IR 3461, 2927,
1625, 1463, 1380, 1249, 1210, 1082, 1059, 835, 777 cm™.
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Macrocycle 126. Compound 121 (12 mg, 0.02 mmol) was dissolved in DMF (2 mL) and
cooled to 0 °C. To this was added NaH (2 mg, 0.03 mmol) and stirred at 0 °C for 15 min. To
this was added 1-bromo-3-phenylpropene (0.01 mL, 0.07 mmol) and left to stir at room
temperature overnight. Diluted with EtOAc, washed with H2O (x2), brine, dried over NaxSOsa,
filtered and the solvent removed under reduced pressure. Flash chromatography
(cyclohexane:EtOAc, 1:1) gave the title compound (7 mg, 46%) as a white solid; *H NMR
(CDCl3, 600 MHz) 6 7.66 (1H, s, triazole H), 7.27 (1H, s, Ar-H), 7.25 (2H, s, Ar-H), 7.18 —
7.14 (2H, overlapping signals, Ar-H), 5.03 (1H, dt, J=15.6, 6.3, CH=CH), 4.96 (1H, d, J=13.3,
H-7a), 4.82 (1H, dt, J=14.8, 6.6, CH=CH), 4.73 (1H, dd, J=14.2, 2.1, H-6’a), 4.49 (1H, dd,
J=7.4,1.7, H-3), 4.46 (1H, d, J=13.4, H-7b), 4.42 — 4.36 (2H, overlapping signals, H-4 & H-
6°), 4.24 (1H, dd, J=6.1, 2.2, H-4), 4.21 (1H, d, J=6.5, H-3"), 4.04 (1H, ddd, J=8.6, 5.7, 1.6,
H-5%),4.00 — 3.97 (1H, dt, J=6.2, 3.9, H-1"), 3.97 — 3.92 (1H, overlapping signals, H-5’ & H-
1), 3.75 - 3.68 (1H, overlapping signals, H-6a & H-6b), 3.64 (1H, dt, J=9.1, 6.1, OCHH), 3.53
(1H, dd, J=6.6, 5.6, H-2"), 3.49 (1H, dt, J=9.4, 6.3, OCHH), 3.35 (1H, d, J=2.1, H-2), 2.67 (1H,
td, J=7.4, 3.0, CH), 2.24 (1H, ddd, J=16.5, 10.8, 6.6, CHHCH=CH), 2.10 — 2.05 (1H, J=12.3,
3.7 Hz, CH=CHCHH), 2.00 (ddd, J=15.7, 12.1, 7.3, CHHCH=CH), 1.94 (1H, d,
J=15.2,CH=CHCHH), 1.88 (1H, ddd, J=14.0, 7.7, 6.3, CH>), 1.55 (7H, d, J=2.3, CH3), 1.49
(2H, s, CH3), 1.38 (2H, s, CH3), 1.37 (2H, s, CHz), 0.89 (9H, s, each CH3), 0.06 (6H, d, J=2.9
Hz, each CHs); 3C NMR (151 MHz, CDCls) & 142.8 (triazole C=C), 141.7 (Ar-C), 128.4,
128.4 (each Ar-CH), 128.3 (2 signals, Ar-CH), 128.2 (CH=CH), 125.9 (CH=CH), 125.8 (Ar-
CH), 125.7 (triazole CH), 110.0 (isopropylidene C), 109.0 (isopropylidene C), 77.6 (C-2’),
75.5 (C-3%), 73.6 (C-4"), 73.3 (C-17), 72.5 (C-2), 71.8 (C-3), 70.1 (C-4), 70.0 (CHy), 69.7 (C-
5), 68.8 (C-1), 67.8 (C-57), 62.4 (C-6), 61.1 (C-7), 51.4 (C-6"), 32.6 (CH,CH=CHCHy), 32.2
(CHy), 31.4 (CHy), 28.8 (CH.CH=CHCH), 27.8, 27.0, 26.1 (each isopropylidene CHs), 25.9
(CHz x 3), 24.2 (isopropylidene CHzs), 18.3 (C), -5.3, -5.5 (each CHz3); HRMS (ESI): calcd. for
Ca0Hs109SiNa, 778.4041; found m/z 778.4031 [M+Na]*; FT-IR 3398, 2916, 2848, 1472, 1463,
1018, 802, 718 cm™.
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Macrocycle 128. To a stirred suspension of 119 (16 mg, 0.025 mmol) in DMF (2 mL) was
added sodium hydride (2 mg, 0.038 mmol) slowly with vigorous stirring. After 15 min, 2-
(bromomethyl)-naphthalene (19 mg, 0.088 mmol) was added and the reaction warmed to room
temperature. Left to stir for 4 h. EtOAc and H20 added, phases separated and the organic phase
washed with H20, brine, dried over Na,SOg, filtered and the solvent removed under reduced
pressure. Flash chromatography (cyclohexane:EtOAc 7:3) gave the title compound (17 mg,
87%) as a white solid; *H NMR (500 MHz, CDCls) § 7.82 (3H, dt, J=8.5, 2.7, Ar-H), 7.76 (1H,
s, Ar-H), 7.63 (1H, s, triazole H), 7.51 — 7.41 (3H, overlapping signals, Ar-H), 5.02 (1H, dt,
J=15.9, 6.0, CH=CH), 4.94 (1H, d, J=13.3, H-7a), 4.90 (1H, d, J=12.2, H-7’a), 4.81 (1H, dd,
J=15.2, 6.6, CH=CH), 4.79 — 4.72 (2H, overlapping signals, H-6’a & H-7’b), 4.49 (1H, dd,
J=7.6, 1.6, H-4), 4.44 (1H, d, J=13.4, H-7b), 4.38 (2H, dd, overlapping signals, J=10.5, 3.3, H-
6’b & H-3), 4.35-4.32 (1H, m, H-3"), 4.27 (1H, dd, J=6.0, 2.2, H-4"), 4.05 — 4.02 (1H, m, H-
5), 4.01 (1H, dd, J=7.0, 2.0, H-1°), 3.97 (1H, dd, J = 6.8, 2.6, H-5"), 3.93 (1H, dt, J=10.7, 2.2,
H-1), 3.76 — 3.67 (3H, overlapping signals, H-6a, H-6b & H-2"), 3.32 (1H, t, J=2.0, H-2), 2.21
(2H, ddd, J=23.1, 12.0, 6.2, overlapping signals, CH,CH=CH), 2.05 (1H, td, J=15.7, 13.9, 7.2,
CH=CHCHH), 1.92 (1H, d, J=14.7, CH=CHCHH), 1.48 (3H, s, isopropylidene CH3), 1.45
(3H, s, isopropylidene CHz), 1.38 (3H, s, isopropylidene CHs), 1.36 (3H, s, isopropylidene
CHs), 0.89 (9H, s, CH3 x 3), 0.06 (6H, d, J=2.2, CH3 x 2); 3C NMR (126 MHz, CDCl3) § 142.7
(triazole C=C), 135.4 (Ar-C), 133.1 (2 signals, Ar-C), 128.3 (CH=CH), 128.2, 127.8, 127.7,
126.5, 126.2 (each Ar-CH), 125.9, (triazole CH), 125.7 (CH=CH), 125.7, 125.7 (each Ar-CH),
110.0 (isopropylidene C), 109.0 (isopropylidene C), 76.4 (C-27), 75.9 (C-3°), 73.7 (C-4"), 73.4
(C-1”),72.4(C-7"),72.2(C-2), 71.8 (C-4), 70.1 (C-3), 69.7 (C-5), 68.7 (C-1), 67.7 (C-57), 62.4
(C-6), 60.9 (C-7), 51.4 (C-6”), 32.5 (CH2,CH=CHCHy), 28.6 (CH,CH=CHCHy), 27.8, 27.0,
26.2 (each isopropylidene CHs), 25.9 (3 signals, each CH3), 24.2 (isopropylidene CHs), 18.3
(C) -5.3, -5.5 (each CHz3); HRMS (ESI): calcd. for Ca2Hs909N3SiNa, 800.3893; found m/z
800.3918 [M+Na]*; FT-IR 2927, 2297, 1462, 1211, 1082, 835, 814, 777 cm™.
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Macrocycle 135. Compound 120 (15 mg, 0.02 mmol) was dissolved in THF (6 mL) and TBAF
(1 M in THF, 0.06 mL, 0.2 mmol) was added dropwise. The resulting solution was stirred at
room temperature for 3 h. Solution stirred with CaCO3, Dowex-50X8 and MeOH for 1 h. The
slurry filtered through a pad of Celite, washed thoroughly with MeOH and concentrated. Flash
chromatography (EtOAc only) gave the title compound (9 mg, 81%) as a white solid; *H NMR
(500 MHz, CDCl3) 6 7.68 (1H, s, triazole H), 5.04 (1H, dt, J=15.8, 5.9, CH=CH), 4.96 (1H, d,
J=13.3, H-7a), 4.87 (1H, dd, J=21.7, 7.4, CH=CH), 4.75 (1H, dd, J=14.2, 2.0, H-6’a), 4.48
(2H, d, J=13.2, H-7b), 4.46 — 4.42 (2H, overlapping signals, H-6’b & H-3), 4.41 (1H, dd, J=7.6,
1.7, H-4), 4.29 (1H, dd, J=6.0, 2.2, H-4"), 4.18 (1H, t, J=6.3, H-3"), 4.10 (1H, td, J=6.0, 5.5,
1.8, H-5), 4.03 (1H, dt, J=10.3, 2.2, H-57), 4.01 — 3.93 (3H, overlapping signals, H-1, H-1" &
H-2°), 3.83 (1H, ddd, J=11.6, 6.2, 2.2, H-6a), 3.73 (1H, ddd, J=12.1, 8.8, 4.8, H-6b), 3.40 (1H,
t, J=2.0, H-2), 2.28 (1H, ddd, J=16.6, 10.7, 6.4, CH=CHCHH), 2.18 (1H, dd, J=13.4, 2.9,
CH=CHCHH), 2.01 (2H, overlapping signals, CHHCH=CH & CHHCH=CH), 1.56 (3H, s,
isopropylidene CHs), 1.50 (3H, s, isopropylidene CHz), 1.39 (3H, s, isopropylidene CHzs), 1.38
(3H, s, isopropylidene CHs); *C NMR (126 MHz, CDCls) & 142.6 (triazole C=C), 128.4
(CH=CH), 125.8 (overlapping signals, CH=CH & triazole CH), 110.3 (isopropylidene C),
109.7 (isopropylidene C), 76.6 (C-3”), 74.1 (C-1), 73.6 (C-4), 73.4 (C-4’), 71.8 (C-2), 70.6
(C-2%), 70.4 (C-3), 69.4 (C-5), 69.0 (C-1"), 67.9 (C-5"), 64.0 (C-6), 61.1 (C-7), 51.4 (C-6"),
32.6 (CH.CH=CHCHpy), 28.4 (CH.CH=CHCHy), 27.8, 26.8, 26.1, 24.2 (each isopropylidene
CHz3); HRMS (ESI): calcd. for CasH3s09N3Na, 546.2401; found m/z 546.2403 [M+Na]"; FT-
IR 3554, 2921, 1456, 1380, 1211, 1140, 1047, 975, 872, 793, 665 cm™.
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Macrocycle 130. Compound 124 (23 mg, 0.036 mmol) was dissolved in THF (2 mL) and
TBAF (1 M in THF, 0.11 mL, 0.36 mmol) was added dropwise. The resulting solution was
stirred at room temperature for 3 h. EtOAc added, washed with 1 M HCI, H2O, brine, dried
over NaxSOQyq, filtered and the solvent removed under reduced pressure. Flash chromatography
(EtOAC only) gave the title compound (4 mg, 21%) as a white solid; *H NMR (500 MHz,
CDCls) 6 7.67 (1H, s, triazole H), 5.39 — 5.23 (2H, overlapping signals overlapping signals,
CH=CH), 4.93 (1H, d, J=12.2, H-7a), 4.75 (1H, d, J=12.2, H-7b), 4.58 (1H, d, J=14.2, H-6’a),
4.48 (1H, dd, J=7.7, 3.3, H-3), 4.40 — 4.30 (4H, overlapping signals, H-3’, H-4, H-4* & H-5"),
4.24 — 4,11 (2H, overlapping signals, H-1 & H-6’b), 4.03 (1H, d, J=6.0, H-5), 3.93 (1H, d,
J=11.2, H-1"), 3.86 (1H, t, J=9.0, H-6a), 3.76 (2H, overlapping signals, H-6b & H-2"), 3.64
(1H, dd, J=7.7, 3.4, H-2), 2.54 (1H, td, J=11.4, 10.9, 9.1, CHHCH=CHCH?>), 2.29 (1H, dd,
J=13.4, 3.9, CHHCH=CHCHy), 2.16 (1H, dd, J=17.5, 6.8, CH.CH=CHCHH), 1.91 (1H, dd,
J=12.8, 6.2, CH,=CHCHH), 1.54 (3H, s, isopropylidene CHz), 1.51 (3H, s, isopropylidene
CHs), 1.37 (6H, overlapping signals, each isopropylidene CHs); 3C NMR (126 MHz, CDCls)
d 136.6 (triazole C=C), 132.0 (triazole CH), 129.6 (CH=CH), 127.4 (CH=CH), 110.0
(isopropylidene C), 110.0 (isopropylidene C), 77.9 (C-2), 74.4,73.5, 72.5 (C-3, C-4, C-4’ or
C-57), 71.8 (C-3), 71.2 (C-1), 71.0 (C-1), 70.1 (C-5), 69.7 (C-3, C-4, C-4’ or C-57), 69.0 (C-
2%),64.3 (C-7), 63.5 (C-6), 50.4 (C-6"), 34.7 (CH2CH=CHCH), 33.3 (CH.CH=CHCH), 26.7,
26.7,24.7, 24.4 (each isopropylidene CH3); HRMS (ESI): calcd. for C2sH3709N3Na, 546.2402;
found m/z 546.2427 [M+Na]*; FT-IR 3383, 2921, 1617, 1458, 1375, 1210, 1057, 790 cm™,
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Macrocycle 131. Compound 125 (10 mg, 0.02 mmol) was dissolved in THF (5 mL) and TBAF
(2 M in THF, 0.04 mL, 0.2 mmol) was added dropwise. The resulting solution was stirred at
room temperature for 3 h. Solution stirred with CaCO3, Dowex-50X8 and MeOH for 1 h. The
slurry filtered through a pad of Celite, washed thoroughly with MeOH and concentrated. Flash
chromatography (cyclohexane:EtOAc 1:4) gave the title compound (6 mg, 54%) as a white
solid; 'H NMR (500 MHz, CDCls) § 7.67 (1H, s, triazole H), 5.03 (1H, dt, J=15.4, 6.0,
CH=CH), 4.97 (1H, d, J=13.3, H-7a), 4.87 (1H, dt, J=15.0, 6.7, CH=CH), 4.73 (1H, dd, J=14.1,
2.0, H-6a), 4.51 — 4.35 (4H, overlapping signals, H-4’, H-3, H-6’b & H-7b), 4.30 — 4.19 (2H,
overlapping signals, H-3* & H-4), 4.13 — 4.07 (1H, m, H-5), 4.05 — 3.95 (3H, overlapping
signals, H-1, H-1" & H-5"), 3.83 (1H, dd, J=11.3, 6.1, H-6a), 3.74 (1H, dd, J=7.9, 4.0, H-6b),
3.69 (1H, dt, J=9.0, 7.0, OCHH), 3.58 — 3.51 (2H, overlapping signals, H-2* & OCHH), 3.42
(1H, t, J=2.1, H-2), 2.29 (1H, ddd, J=16.3, 10.5, 6.2, CHHCH=CH), 2.15 — 1.97 (3H,
overlapping signals, CHHCH=CHCH. & CH,CH=CHCHy), 1.55 (3H, s, isopropylidene CHz),
1.51 (3H, s, isopropylidene CHz), 1.38 (6H, s, isopropylidene CH3), 1.18 (3H, t, J=6.6, CH3);
13C NMR (126 MHz, CDCls) & 142.7 (triazole C=C), 128.0 (CH=CH), 126.4 (CH=CH), 125.7
(triazole CH), 110.0 (isopropylidene C), 109.7 (isopropylidene C), 77.2 (C-2’), 75.4 (C-3°),
73.6 (C-4’), 73.6 (C-4), 73.3 (C-1), 72.2 (C-2), 70.5 (C-3), 69.4 (C-5), 69.1 (C-1°), 67.8 (C-5"),
66.3 (CHz), 64.0 (C-6), 613 (C-7), 514 (C-6’), 32.7 (CH.CH=CHCH2), 29.0
(CH2CH=CHCHy), 27.7, 26.8, 26.1, 24.2 (each isopropylidene CHjs), 15.5 (CH3); HRMS
(ESI): calcd. for C27Ha109N3Na, 552.2925; found m/z 552.2921 [M+Na]*; FT-IR 2924, 2249,
1457, 1381, 1210, 1045, 905, 872, 794, 729 cm™.
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Macrocycle. Compound 127 & 129 as a mixture of isomers (5 mg, 0.007 mmol), was dissolved
in THF (1 mL) and TBAF (1 M in THF, 0.02 mL, 0.07 mmol) was added dropwise. The
resulting solution was stirred at room temperature for 3 h. Solution stirred with CaCO3, Dowex-
50X8 and MeOH for 1 h. The slurry filtered through a pad of Celite, washed thoroughly with
MeOH and concentrated. Mixture of isomers were separated and purified by flash
chromatography (cyclohexane:EtOAc 1:9) to give cis (2 mg) and trans (2 mg) as white solids
in an overall yield of 81%.

Cis 134: *H NMR (500 MHz, CDCls) § 7.88 (1H, s, triazole H), 5.56 (1H, td, J=10.9, 2.8,
CH=CH), 5.33 (2H, ddt, J=10.3, 6.8, 3.4, CH=CH), 5.05 (1H, d, J=13.0, H-7a), 4.55 — 4.47
(4H, overlapping signals, H-3, H-4’, H-6’a & H-7b), 4.44 — 4.38 (2H, overlapping signals, H-
4 & H-6’b), 4.26 (1H, dd, J=7.8, 1.5, H-3"), 4.19 (1H, ddd, J=11.4, 3.5, 1.9, H-5"), 4.12 (1H,
ddd, J=10.0, 5.4, 3.3, H-1), 4.08 (1H, dd, J=10.4, 1.7, H-1°), 4.03 (1H, ddd, J=6.3, 4.6, 1.7, H-
5), 3.84 (1H, dd, J=11.5, 6.2, H-6a), 3.73 (1H, dd, J=9.9, 4.9, H-6b), 3.69 (1H, t, J=2.6, H-2),
3.62 (1H, dt, J=9.3, 6.9, OCHHCH>), 3.48 (1H, t, J=3.3, H-2’), 3.45 (1H, dt, J=9.4, 5.3,
OCHHCHy), 2.37 (1H, td, J=15.0, 13.2, 8.2, CHHCH=CHCHy), 2.23 — 2.06 (3H, overlapping
signals, CHHCH=CHCH2> & CH>=CHCH), 1.70 — 1.58 (1H, m, CH), 1.53 (6H, overlapping
signals, each isopropylidene CHz), 1.43 (2H, td, J=6.8, 2.5 OCH,CH>), 1.38 (6H, s, overlapping
signals, each isopropylidene CHs), 0.90 (3H, d, J=1.2, CH3), 0.89 (3H, d, J=1.2, CH3); *C
NMR (126 MHz, CDClz) & 144.0 (triazole C=C), 129.9 (CH=CH), 125.9 (CH=CH), 123.3
(triazole CH), 110.7 (isopropylidene C), 109.9 (isopropylidene C), 77.1 (C-2), 75.9 (C-2"), 73.5
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(C-4),73.4(C-3%),72.4 (C-5"),71.3,71.3 (C-3 or C-4’), 70.8 (C-1), 70.4 (OCH.CH), 69.4 (C-
1%), 69.2 (C-5), 64.5 (C-7), 63.8 (C-6), 52.2 (C-6"), 38.6 (OCH2CHy>), 28.5 (CH2.CH=CHCHy),
28.3 (CH.CH=CHCH>), 26.8, 26.3, 24.9, 24.4 (each isopropylidene CH3), 22.5 (CHs), 21.7
(CHs); HRMS (ESI): calcd. for CaoHa709N3Na, 616.3237; found m/z 616.3224 [M+Na]";FT-
IR 3426, 2924, 1672, 1463, 1378, 1247, 1210, 1140, 1051, 901, 799 cm™.

Trans 133: *H NMR (500 MHz, CDCls) & 7.68 (1H, s, triazole H), 5.03 (1H, ddd, J=17.3, 9.6,
5.5, CH=CH), 4.98 (1H, dd, J=13.2, 2.4, H-7a), 4.88 (1H, ddd, J=17.4, 14.2, 9.3, CH=CH),
4.71 (1H, dd, J=14.2, 8.7, H-6a’), 4.51 — 4.33 (4H, overlapping signals, H-3, H-4’, H-6’b & H-
7b), 4.24 (2H, qd, J=6.2, 2.8, H-3’ & H-4), 4.11 (1H, ddd, J=13.1, 9.5, 3.5, H-5), 4.06 — 3.94
(3H, overlapping signals, H-1, H-1° & H-5"), 3.86 — 3.71 (2H, overlapping signals, H-6a & H-
6b), 3.65 (1H, ddd, J=9.5, 6.4, 2.7, OCHHCHy), 3.54 (1H, dt, J=7.8, 3.9, H-2"), 3.49 (1H, ddd,
J=9.2, 6.4, 2.6, OCHHCH), 3.42 (1H, t, J=2.5, H-2), 2.29 (1H, td, J=15.1, 12.3, 6.5,
CHHCH=CHCH>), 2.17 - 195 (3H, overlapping signals, CHHCH=CHCH, &
CH2CH=CHCHy), 1.72 — 1.64 (1H, m, CH), 1.56 (3H, s each isopropylidene CH3), 1.51 (3H,
s, each isopropylidene CHs), 1.44 (2H, qd, J=6.9, 2.6, OCH.CH,), 1.38 (6H, s, overlapping
signals, each isopropylidene CHs), 0.91 — 0.85 (6H, overlapping signals, each CH3); 3C NMR
(126 MHz, CDCIs) 6 142.4 (triazole C=C), 128.0 (CH=CH), 126.3 (CH=CH), 125.7 (triazole
CH), 110.0 (isopropylidene C), 109.7 (isopropylidene C), 77.3 (C-2’), 75.2 (C-3"), 73.6 (C-4"),
73.6 (C-4), 73.3 (C-1), 70.5 (C-3), 69.4 (OCH2CHy), 69.4 (C-5), 69.2 (C-1"), 67.9 (C-5"), 64.0
(C-6), 613 (C-7), 514 (C-6’), 38.8 (OCH:CHz), 32.7 (CH.CH=CHCH;), 29.2
(CH2CH=CHCH,), 27.7, 26.7, 26.0 (each isopropylidene CHs), 24.8 (CH), 24.2
(isopropylidene CHs), 22.6 (CHs), 22.5 (CHs); HRMS (ESI): calcd. for C3oHs709N3Na,
616.3209; found m/z 616.3210 [M+Na]"; FT-IR 3414, 2924, 1724, 1459, 1379, 1259, 1211,
1143, 1085, 1044, 873, 794 cm™,
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Macrocycle 132. Compound 126 (7 mg, 0.009 mmol) was dissolved in THF (2 mL) and TBAF
(2 M in THF, 0.03 mL, 0.09 mmol) was added dropwise. The resulting solution was stirred at
room temperature for 3 h. Solution stirred with CaCO3, Dowex-50X8 and MeOH for 1 h. The
slurry filtered through a pad of Celite, washed thoroughly with MeOH and concentrated. Flash
chromatography (cyclohexane:EtOAc 1:4) gave the title compound (4 mg, 67%) as a white
solid; 'H NMR (500 MHz, CDCls) & 7.66 (1H, s, triazole H), 7.29 — 7.23 (2H, overlapping
signals, Ar-H), 7.20 — 7.14 (3H, overlapping signals, Ar-H), 5.04 (1H, dd, J=14.4, 8.5,
CH=CH), 4.97 (1H, dd, J=11.3, 2.0, H-7a), 4.87 (1H, dd, J = 16.3, 8.0, CH=CH), 4.72 (1H, dd,
J =125, 2.3, H-6’a) 4.51 — 4.34 (4H, overlapping signals, H-4’, H-3, H-6’b & H-7b), 4.26 —
4.19 (2H, overlapping signals, H-3> & H-4), 4.10 (1H, td, J=6.7, 6.1, 1.8, H-5), 4.04 — 3.94
(3H, overlapping signals, H-1, H-1’ & H-5’), 3.83 (1H, dd, J=11.0, 6.1, H-6a) 3.71 (1H, dd, J
=12.4, 7.8, H-6b), 3.64 (1H, dd, J = 8.6, 5.9, OCHH) 3.52 (1H, dd, J = 6.0, 1.1, H-2"), 3.47
(1H, dd, J=6.7, 1.1, OCHH), 3.41 (1H, dd, J =5.7, 1.5, H-2), 2.67 (2H, t, J=7.7, CH>), 2.31
(td, J = 17.9, 16.0, 10.3, CHHCH=CH), 2.14 - 1.98 (3H, overlapping signals,
CHHCH=CHCH. & CH,CH=CHCHy), 1.88 (2H, dt, J=12.8, 6.5, CH2), 1.55 (3H, s,
isopropylidene CHs), 1.51 (3H, s, isopropylidene CH3), 1.38 (6H, s, isopropylidene CHz3); °C
NMR (126 MHz, CDClIs) 6 142.7 (triazole C=C), 141.7 (Ar-C), 128.4 (2 signals, Ar-CH), 128.3
(2 signals, Ar-CH), 128.0 (CH=CH), 126.1 (CH=CH), 125.8 (Ar-CH), 125.7 (triazole CH),
110.0 (isopropylidene C), 109.7 (isopropylidene C), 77.5 (C-2"), 75.3 (C-3), 73.6 (C-4"), 73.5
(C-4),73.2(C-1), 72.1 (C-2), 70.5 (C-3), 70.0 (CH>), 69.4 (C-5), 69.1 (C-17), 67.8 (C-57), 64.0
(C-6), 61.3 (C-7), 51.4 (C-6), 32.7 (CH,CH=CHCH,), 32.2 (CH.), 31.4 (CH), 29.0
(CH2,CH=CHCH), 27.7, 26.8, 26.1, 24.2 (each isopropylidene CH3); HRMS (ESI): calcd. for
Ca4Ha709N3Na, 664.3190; found m/z 664.3210 [M+Na]*; FT-IR 3447, 2921, 1641, 1376, 1260,
1148, 1084, 1048, 873, 791 cm™.
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Macrocycle 102. Compound 135 (8 mg, 0.015 mmol) was dissolved in TFA:H20 (4:1, 0.25
mL) and stirred at room temperature for 2 h. Azeotroped with toluene, resulting residue was
taken up in MeOH and basified to pH 8 using Dowex M-43 ion exchange resin, filtered and
the solvent removed under reduced pressure. Flash chromatography (CH2Cl2:MeOH 4:1) gave
the title compound (4 mg, 61%) as a white solid; *H NMR (600 MHz, D,0) & 8.02 (1H, s,
triazole H), 5.31 (1H, dt, J=17.0, 5.1, CH=CH), 5.03 (1H, d, J=14.2, H-7a), 4.86 (1H, dd,
J=15.8, 8.2, CH=CH), 4.66 (1H, dd, J=14.6, 2.1, H-6’a), 4.58 (1H, d, J=14.2, H-7h), 4.54 (1H,
dd, J=14.6, 10.5, H-6’b), 4.13 (1H, dd, J=3.5, 1.2, H-4"), 4.09 — 3.98 (4H, overlapping signals,
H-3, H-4, H-1’ & H-5"), 3.94 — 3.75 (6H, overlapping signals, H-1, H-2, H-5, H-6a, H-2’ & H-
3%, 3.69 (1H, dd, J=11.6, 3.9, H-6b), 2.33 — 2.12 (3H, overlapping signals, CHHCH=CHCH>
& CH2CH=CHCH>), 1.90 (1H, dd, J=14.2, 7.8, CHHCH=CHCH,); **C NMR (126 MHz, D-0)
d 144.4 (triazole C=C), 128.8 (CH=CH), 126.3 (triazole CH), 126.2 (CH=CH), 75.6 (C-1°),
72.4 (C-5),70.2 (C-3,C-4 or C-5"), 69.7 (C-4’), 69.4 (C-2, C-2’ or C-3), 68.4 (2 signals, C-3,
C-4 or C-57), 68.1 (C-1), 67.9 (2 signals, C-2, C-2’ or C-3”), 63.3 (C-7), 60.2 (C-6), 51.7 (C-
6’), 26.7 (CH2CH=CHCHy), 25.3 (CH.CH=CHCH:); HRMS (ESI): calcd. for C19H2909N3Na,
466.1794; found m/z 466.1794 [M+Na]*; FT-IR 3386, 2446, 1717, 1448, 1062, 710 cm™,
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Macrocycle 103. Compound 130 (4 mg, 0.008 mmol) was dissolved in TFA:H20 (4:1, 0.25
mL) and stirred at room temperature for 2 h. Azeotroped with toluene, resulting residue was
taken up in MeOH and basified to pH 8 using Dowex M-43 ion exchange resin, filtered and
the solvent removed under reduced pressure. Flash chromatography (CH2Cl2:MeOH 4:1) gave
the title compound (4 mg, 84%) as a white solid; *H NMR (600 MHz, D20) & 7.74 (1H, s,
triazole H), 5.41 (1H, dt, J=15.1, 7.4, CH=CH), 5.19 (1H, dt, J=15.6, 7.4, CH=CH), 4.80 —
4.69 (2H, overlapping signals, H-7a & H-7b), 4.59 (1H, dd, J=15.3, 3.3, H-6’a), 4.33 (1H, dd,
J=15.1, 7.2, H-6’b), 4.15 — 4.06 (2H, overlapping signals, H-1" & H-4’), 4.00 — 3.92 (4H,
overlapping signals, H-1, H-4, H-3” & H-5"), 3.82 (1H, dd, J=8.0, 4.8, H-5), 3.81 — 3.70 (4H,
overlapping signals, H-2, H-3, H-6a & H-2), 3.58 (1H, dd, J=8.8, 8.1, H-6b), 2.41 (1H, td,
J=18.2, 11.8, CHHCH=CHCHy), 2.22 — 2.02 (3H, overlapping signals, CHHCH=CHCH. &
CH,CH=CHCHy); *C NMR (151 MHz, D,;0) § 136.3 (triazole C=C), 133.2 (triazole CH),
129.2 (CH=CH), 129.0 (CH=CH), 79.3, 74.2 (2 signals, C-1°, C-2’, C-3’, C-4’, C-5’, C-1, C-
20rC-3),71.6 (C-1’ or C-4"), 69.7 (C-1°, C-2°, C-3°,C-4’, C-5°, C-1, C-2 or C-3), 69.1 (C-5),
68.3, 68.1, 68.0 (C-1°, C-2°, C-3°, C-4’, C-5’, C-1, C-2 or C-3), 68.0 (C-1" or C-4’), 62.8 (C-
7), 59.7 (C-6), 47.8 (C-6), 32.2 (CH2CH=CHCHy), 28.8 (CH.CH=CHCH>); HRMS (ESI):
calcd. for C19H2909N3Na, 466.1808; found m/z 466.1801 [M+Na]*; FT-IR 3360, 1636, 1362,
1077, cm™.
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Macrocycle 136. Compound 131 (6 mg, 0.01 mmol) was dissolved in TFA:H.0 (4:1, 0.25
mL) and stirred at room temperature for 2 h. Azeotroped with toluene, resulting residue was
taken up in MeOH and basified to pH 8 using Dowex M-43 ion exchange resin, filtered and
the solvent removed under reduced pressure. Flash chromatography (CH2Cl2:MeOH 4:1) gave
the title compound (3 mg, 63%) as a white solid; *H NMR (600 MHz, D20) & 7.88 (1H, s,
triazole H), 5.20 (1H, td, J=12.9, 6.5, CH=CH), 4.88 (1H, d, J=14.2, H-7a), 4.69 (1H, td,
J=12.9, 6.2, CH=CH), 4.52 (1H, dd, 14.5, 2.1, H-6’a), 4.44 (1H, d, J=14.4, H-7b), 4.39 (1H,
dd, J=14.5, 10.7, H-6’b), 4.14 (1H, dt, J=11.2, 5.1, H-1"), 3.99 (1H, d, J=3.5, H-4"), 3.86 (2H,
overlapping signals, H-3 & H-5"), 3.74 (5H, overlapping signals, H-1, H-2, H-4, H-5 & H-3"),
3.65 (2H, overlapping signals, H-2* & H-6a), 3.56 (2H, overlapping signals, OCHHCH3 & H-
6b), 3.46 (1H, dd, J=9.4, 7.1, OCHHCHs), 2.20 — 1.99 (3H, overlapping signals,
CHHCH=CHCH2 & CH>CH=CHCH), 1.74 (1H, dt, J = 15.0, 4.5, CHHCH=CH CH), 1.05
(3H, t, J=7.1, CHa3); *C NMR (151 MHz, D,0) & 144.4 (triazole C=C), 128.8 (CH=CH), 126.3
(triazole CH), 126.1 (CH=CH), 76.0 (C-2"), 73.4 (C-1"), 72.4 (C-1), 70.0 (C-3 or C-5), 69.6
(C-4’), 68.6 (3 signals), 67.8 (C-2, C-4, C-5 or C-3”), 66.1 (CH>), 63.6 (C-7), 60.2 (C-6), 51.7
(C-6%), 26.9 (CH2CH=CHCHy), 25.5 (CH2CH=CHCH), 14.4 (CH3); HRMS (ESI): calcd. for
C21H3309N3Na, 494.2112; found m/z 494.2090 [M+Na]*; FT-IR 3256, 2926, 1508, 1379, 1110,
801 cm™.

173



5.4 Chapter 4 Experimental
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HO
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MeO

2-Amino-2-deoxy-N-(4-methoxybenzylidene)-D-glucopyranose (177).° D-
Glucosamine-HCI (15.3 g, 71.0 mmol) was added to 1 M NaOH (80 mL) and this mixture was
stirred vigorously while anisaldehyde (8.7 mL, 71.5 mmol) was added dropwise. A precipitate
formed after 1 h with the reaction then placed in a -18 °C freezer overnight,” to ensure
completion of the reaction. The mixture, which had frozen, was then thawed and the precipitate
was filtered off and washed with water (2 x 100 mL) and then washed with MeOH-Et,O (1:1,
2 X 100 mL). The white solid obtained was then dried under diminished pressure to give the
title compound (16.9 g, 69%) as a white solid; The *H and 3C-NMR data were in good
agreement with reported literature datal’: *H-NMR (DMSO-ds, 500 MHz) & 8.10 (1H, s,
CH=N), 7.67 (2H, d, J = 8.7, Ar-H), 6.97 (2H, d, J=8.6, Ar-H), 6.49 (1H, d, J=6.8, OH-1), 4.88
(1H, d, J=5.3, OH-4), 4.77 (1H, d, J = 5.7, OH-3), 4.67 (1H, t, J = 7.3, H-1), 451 (1H, t, J =
5.8, OH-6), 3.78 (3H, s, OMe), 3.71 (1H, ddd, J = 11.8, 5.5, 2.1, H-6a), 3.47 (1H, dt, J = 11.8,
6.0, H-6b), 3.40 (1H, td, J=8.9, 5.6, H-3), 3.22 (1H, ddd, J = 8.5, 6.0, 2.0, H-5), 3.12 (1H, td, J
= 9.1, 5.3, H-4), 2.80 — 2.74 (1H, m, H-2); ®¥C-NMR (126 MHz, DMSO-ds) & 161.63
(ArCH=N), 161.47, 130.04, 129.55, 114.33 (each Ar-C), 96.07 (C-1), 78.62 (C-2), 77.30 (C-
5), 75.03 (C-3), 70.80 (C-4), 61.72 (C-6), 55.71 (OMe); HRMS (ESI): calcd. for C14H20NOs,
298.1291; found m/z 298.1300 [M+H]"; FT-IR 3483, 3310, 2933, 1604, 1515, 1267 1104,
1061, 1023, 834 cm™.
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2-Amino-2-deoxy-1,3,4,6-tetra-O-acetyl-N-(4-methoxybenzylidene)-g-D-glucopyranose
(178).° The benzylidene 177 (10.88 g, 36.6 mmol) was dissolved in pyridine (59 mL) and
cooled to 0 °C. To this solution, 4-dimethylaminopyridine (89 mg, 0.73 mmol) was added and
then acetic anhydride (33 mL, 350 mmol) was added slowly. The reaction was allowed to attain
room temperature and then stirred for 15 h. The mixture was then poured into iced water (190
mL). The solid that was precipitated was filtered off and then washed with water (2 x 15 mL)
and diethyl ether (2 x 15 mL). The white solid was then dried under vacuum to give the title
compound (12.43 g, 73%) as a white solid; The *H and 3C-NMR data were in good agreement
with reported literature data®; *H-NMR (500 MHz, CDCls): § 8.16 (s, 1H, (ArCH=N)), 7.66 (d,
J=8.8,2H, Ar-H), 6.92 (d, J = 8.8, 2H, Ar-H), 5.94 (d, J = 8.3, 1H, H-1), 5.43 (t, = 9.6, 1H,
H-3), 5.14 (t, J = 9.8, 1H, H-4), 4.38 (dd, J = 12.4, 4.5, 1H, H-6a), 4.13 (dd, J = 12.4, 2.1, 1H,
H-6b), 3.97 (ddd, J = 10.1, 4.6, 2.1, 1H, H-5), 3.84 (s, 3H, OMe), 3.45 (dd, J = 9.8, 8.3, 1H, H-
2), 2.10 (s, 3H,), 2.04 (s, 3H), 2.02 (s, 3H), 1.88 (s, 3H, each OAc); *C NMR (126 MHz,
CDCl3) 6 170.68, 169.89, 169.53, 168.76 (each C=0), 164.25 (ArCH=N), 162.30, 130.25,
128.33, 114.07 (each Ar-C), 93.19 (C-1), 73.28 (C-3), 72.97 (C-2), 72.79 (C-5), 68.07 (C-4),
61.85 (C-6), 55.43 (OMe), 20.82, 20.77, 20.70, 20.52 (each OAc); HRMS (ESI): calcd. for
C22H27NO19, 466.1713; found m/z 466.1711 [M+H]*. FT-IR 1747, 1606, 1514, 1364, 1249,
1214, 1080, 1028, 834 cm™,

OAc
AcO &
AcO OAc
NH,HCI

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-amino-D-glucopyranose hydrochloride (141).° The
acetylated benzylidene 178 (10 g, 22.5 mmol) was dissolved in acetone (50 mL) and the
solution heated to reflux. To this HCI (5 mL of 5 M) was added dropwise. A white precipitate
was formed after 5 min and the mixture was allowed to cool to room temperature. The

precipitate was filtered and washed with acetone (20 mL), Et.O (2 x 50 mL), and dried under
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vacuum, to give the title compound (7.02 g, 90%) as a white solid; The *H and **C-NMR data
were in good agreement with reported literature data;® *H-NMR (500 MHz, DMSO-ds) & 8.81
(s, 3H, NH3*), 5.90 (d, J = 8.6, 1H, H-1), 5.34 (t, J = 9.8, 1H, H-3), 4.91 (t, J = 9.6, 1H, H-4),
4.17 (dd, J =125, 4.3, 1H-6a), 4.02 (ddd, J = 10.1, 4.5, 2.2, 1H, H-5), 3.97 (dd, J = 12.5, 2.2,
1H, H-6b), 3.53 (dd, J = 10.4, 8.7, 1H, H-2), 2.15 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H), 1.95 (s,
2H, each OAc); 13C NMR (126 MHz, DMSO) & 170.38, 170.19, 169.72, 169.06 (each C=0),
90.53 (C-1), 72.03 (C-5), 70.77 (C-3), 68.22 (C-4), 61.69 (C-6), 52.56 (C-2), 21.38, 21.29,
20.92, 20.78 (each OAc); HRMS (ESI): calcd. for C14H22N10g, 348.1295; found m/z 348.1269
[M-CI'T"; FT-IR 2828, 1757, 1366, 1246, 1205, 1081, 1059, 1038, 898 cm™.

OAc
AcO O
AGO OAc
NH
O

2-Propaneamido-2-deoxy-1,3,4,6-tetra-O-acetyl-p-D-glucopyranose (179).1* Compound
141 (240 mg, 0.63 mmol) was dissolved in DMF (5 mL). To this was added 4-
methylmorpholine (0.09 mL, 0.82 mmol) and allowed to stir at room temperature for 15
minutes. In a separate reaction vessel propionic acid (0.05 mL, 0.76 mmol) was dissolved in
DMF (5 mL), to this was added HBTU (358 mg, 0.95 mmol) and allowed to stir at room
temperature for 15 minutes. The mixture of 141 and 4-methylmorpholine was added to the
mixture of acid and HBTU via cannula and stirred at room temperature for 2 h. Next N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI, 144 mg, 0.76 mmol) was
added and the mixture was stirred at room temperature for 18 h. Diluted with EtOAc, washed
successively with HCI (0.2 M), ag. satd. NaHCOs and brine. The organic layers combined,
dried over Na>SOgs, filtered and the solvent removed under reduced pressure. Flash
chromatography (cyclohexane:EtOAc 1:1) gave the title compound (102 mg, 41%) as a white
crystals; *H NMR (500 MHz, CDCls) 6 5.69 (1H, d, J=8.8, H-1), 5.51 (1H, d, J=9.5, NH), 5.19
—5.06 (2H, overlapping signals, H-3 & H-4), 5.13 (1H, dd, J = 5.3, 3.7, H-2), 4.26 (1H, dd,
J=12.5, 4.7, H-6a), 4.12 (1H, dd, J=12.5, 2.3, H-6b), 3.79 (1H, ddt, J=6.6, 4.5, 2.0, H-5), 2.13
(2H, q, J=7.7, CHy), 2.10 (3H, s, CH3), 2.09 (3H, s, CH3), 2.03 (3H, s, CH3), 2.03 (3H, s, CH3),
1.09 (3H, t, J=7.6, CH3); *C NMR (126 MHz, CDCls) & 173.81, 171.16, 170.64, 169.52,
169.19 (each C=0), 92.69 (C-1), 72.99 (C-5), 72.55 (C-3 or C-4), 67.65 (C-3 or C-4), 61.64
(C-6), 52.88 (C-2), 29.79 (CH>), 20.84, 20.71, 20.59, 20.56, 9.79 (each CHz); HRMS (ESI):
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calcd. for C17H2sNO1oNa, 426.1384; found m/z 426.1376 [M+H]"; FT-IR 3300, 2951, 1741,
1659, 1539, 1374, 1218, 1035, 900, 669 cm™,

OAc
AcO O
AcO OAc
NH
O

2-Cyclohexanepropaneamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose (180).

Method A: The acid chloride (0.05 mL, 0.49 mmol) was dissolved in CH2Cl> (1.5 mL) at 0
°C. Triethylamine (0.3 mL, 2.19 mmol) was added followed by 141 (161 mg, 0.73 mmol). The
reaction mixture was allowed to stir at room temperature for ~ 16 h. Diluted with CH2Cl,,
washed with H20, aqueous phase was back extracted with CH2Cl>. Organic phases combined
and washed with sat. Na2COs, dried over NaxSOs, filtered and the solvent removed under
reduced pressure. Recrystallized using EtOAc and cyclohexane gave the title compound (61
mg, 21%) as a white solid; *H NMR (500 MHz, CDCls) § 5.71 (2H, dd, J=9.1, 3.7, overlapping
signals, H-1 & NH), 5.16 (2H, overlapping signals, H-3 & H-4), 4.33 (1H, dd, J=9.6, 3.5, H-
2), 4.27 (1H, dd, J=12.5, 4.7, H-6a), 4.12 (dd, J=12.5, 2.3, H-6b), 3.80 (dq, J=8.1, 2.5, H-5),
2.11 (3H, s, CH3), 2.09 (3H, s, CH3), 2.05 (6H, s, CHs x 3), 1.28 (1H, ddt, J=10.9, 6.0, 2.8,
CH), 0.92 (2H, dd, J=8.0, 4.0, CHy), 0.75 (2H, dd, J=7.8, 3.3, CH); 1*C NMR (126 MHz,
CDCl3) 6 173.7, 171.2, 170.6, 169.5, 169.2 (each C=0), 92.7 (C-1), 73.0 (C-5), 72.6 (C-3 or
C-4), 67.7 (C-3 or C-4), 61.7 (C-6), 53.1 (C-2), 20.8, 20.7, 20.6, 20.6 (each CH3), 14.7 (CH),
7.5, 7.4 (each CH2); HRMS (ESI): calcd. for C1gH2sNO10Na, 438.1395; found m/z 438.1376
[M+Na]*; FT-IR 3292, 1740, 1657, 1551, 1214, 1033, 891, 661 cm™.

Method B: Compound 141 (1.1 g, 2.87 mmol) was dissolved in CH.Cl, (15 mL), to this was
added triethylamine (0.9 mL, 6.6 mmol) and cooled to 0 °C. Acyl chloride (0.4 mL, 3.73 mmol)
was added and allowed to stir at room temperature for ~ 3 h. Solvent removed under reduced
pressure. Flash chromatography (cyclohexane:EtOAc, 1:1) gave the title compound (737 mg,
62%) as a white solid; *H NMR (500 MHz, CDCls) § 5.70 (1H, dt, J=8.8, 1.4, H-1), 5.67 (1H,
d, J=9.7, NH), 5.19 — 5.10 (2H, overlapping signals, H-3 & H-4), 4.32 (1H, g, J=9.9, 9.4, H-
2), 4.26 (1H, ddd, J=12.9, 1.7, H-6a), 4.12 (1H, dd, J=12.5, 2.3, H-6b), 3.80 (1H, dt, J=8.1,
2.5, H-5), 2.10 (3H, t, J=1.4, CHz), 2.09 — 2.07 (3H, overlapping signals, CHz), 2.04 (6H, t,
J=1.4, CHz x 2), 1.26 (1H, ddt, J=10.9, 6.0, 2.8, CH), 0.91 (2H, dt, J=5.8, 4.1, CHz), 0.78 —
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0.71 (2H, overlapping signals, CH2); *3C NMR (126 MHz, CDCl3) § 173.7,171.2, 170.6, 169.5,
169.2 (each C=0), 92.7 (C-1), 73.0 (C-5), 72.6 (C-3 or C-4), 67.7 (C-3 or C-4), 61.7 (C-6),
53.1 (C-2), 20.8 , 20.7, 20.6, 20.6 (each CHs), 14.7 (CH), 7.5, 7.4 (each CH,); HRMS (ESI):
calcd. for C1gH2sNO1oNa, 438.1395; found m/z 438.1376 [M+Na]*; FT-IR 3292, 1740, 1657,
1551, 1214, 1033, 891, 661 cm™.

OAc
AcO O
AcO OAc
: NH
O

2-Cyclohexanebutaneamido-2-deoxy-1,3,4,6-tetra-O-acetyl-p-D-glucopyranose (181).
Compound 141 (240 mg, 0.63 mmol) was dissolved in dry DMF (5 mL). To this was added 4-
methyl morpholine (0.09 mL, 0.82 mmol) and allowed to stir at room temperature for 15
minutes. In a separate reaction vessel, cyclobutane carboxylic acid (0.05 mL, 0.73 mmol) was
dissolved in dry DMF (5 mL), to this was added HBTU (358 mg, 0.95 mmol) and allowed to
stir at room temperature for 10 min. The mixture of 141 and NMO was added to the mixture
of acid and HBTU and this was stirred at room temperature for 2.5 h. EDCI (144 mg, 0.76
mmol) was added and stirred at room temperature for 16 h. Diluted with EtOAc, washed with
0.2 M HCI, sat NaHCOs, brine, dried over NaSOs, filtered and the solvent removed under
reduced pressure. Flash chromatography (cyclohexane:EtOAc 1:1) gave the title compound
(178 mg, 66%) as a white solid; *H NMR (500 MHz, CDCl3) § 5.68 (1H, d, J=8.7, H-1), 5.45
(1H, d, J=9.5, NH), 5.20 — 5.09 (2H, overlapping signals, H-3 & H-4), 4.31 (1H, td, J=8.9, 2.2,
H-2), 4.26 (1H, dd, J=12.4, 4.8, H-6a), 4.12 (1H, dd, J=12.5, 2.2, H-6b), 3.79 (1H, ddd, J =
7.7,4.9, 2.5, H-5), 2.90 (1H, p, J=8.5, CH), 2.20 — 2.11 (4H, overlapping signals, CH x 2),
2.10 (3H, s, CH3), 2.09 (3H, s, CH3), 2.03 (3H, s, CH3), 2.02 (3H, s, CH3), 1.94 (1H, dd, J=10.9,
8.8, CHo,CHHCHy), 1.83 (1H, dq, J=12.0, 4.6, CH,CHHCH?); 3C NMR (126 MHz, CDCls) &
174.9, 171.1, 170.6, 169.5, 169.2 (each C=0), 92.7 (C-1), 73.0 (C-5), 72.5 (C-3 or C-4), 67.7
(C-3 or C-4), 61.7 (C-6), 52.8 (C-2), 39.7 (CH), 25.2 (CH2 x 2), 20.8, 20.7, 20.6, 20.6 (each
CHzs), 18.1 (CHz); HRMS (ESI): calcd. for Ci9H27NO10Na, 452.1529; found m/z 452.1533
[M+Na]*; FT-IR 3358, 2949, 1739, 1665, 1515, 1368, 1212, 1033, 906 cm.,
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1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(oxetane-3-carbonylamino)-g-D-glucopyranose  (182).
Oxetane-3-carboxylic acid (25 mg, 0.257 mmol) was dissolved in DMF (2 mL) and placed in
an ultrasonic bath and sonicated for 15-20 mins. To this was added HBTU (123 mg, 0.325
mmol) and the mixture was stirred at room temperature for 10 min. In a separate reaction vessel,
141 (83 mg, 0.217 mmol) and 4-methylmorpholine (NMO, 30 uL, 0.28 mmol) were dissolved
by stirring in DMF (2 mL) for 10 min. The mixture of 141 and NMO was added to the mixture
of acid and HBTU and this mixture stirred at room temperature for 2 h. Next N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI, 30 pL, 0.28 mmol) was
added and the mixture was stirred at room temperature for 18 h. Diluted with EtOAc, washed
successively with HCI (0.2 M), H20O, aqg. satd. NaHCO3 and brine. The aqueous layers were
washed with EtOAc. The organic layers combined, dried over Na SOy, filtered and the solvent
removed under reduced pressure. The residue was filtered through a short column of silica gel
using (cyclohexane:EtOAc 95:5) as eluent to give the title compound (46 mg, 49%) as a white
solid; 'H NMR (500 MHz, CDCls):  5.71 (1H, d, J = 8.7, H-1), 5.66 (1H, d, J = 9.4, NH), 5.16
(1H,t,J =95, H-3), 5.14 (1H, t, J = 9.5, H-4), 4.78, (1H, dd, J = 6.0, 2.5, oxetane CH(H)),
4.76 (1H, dd, J = 6.0 and 2.0, oxetane CH(H)), 4.72 (1H, d, J = 6.7, oxetane CH(H)), 4.69 (1H,
d, J =6.7, oxetane CH(H)), 4.34 (1H, apparent g, J = 9.5, H-2), 4.27 (1H, dd, J =12.4, 4.7, H-
6a), 4.13 (1H, dd, J = 12.3, 2.2, H-6b), 3.81 (1H, td, J = 4.7, 2.1, H-5), 3.60 (1H, ddd, J= 14.6,
8.3, 6.4, oxetane CH), 2.11 (3H, s, OAc), 2.10 (3H, s, OAc), 2.04 (3H, s, OAc), 2.04 (3H, s,
OAc); 3C NMR (126 MHz, CDCls): & 171.50, 171.29, 170.65, 169.52, 169.21 (each C=0),
92.60 (C-1), 73.04 (C-5), 72.99 (2 x CH>), 72.59 (C-3), 67.61 (C-4), 61.63 (C-6), 53.25 (C-2),
40.22 (CH), 20.87, 20.73, 20.64, 20.57 (each OAc); HRMS (ESI): calcd. for C1sH2sNO11Na,
4541347, found m/z 454.1325 [M+Na]*; FT-IR 3681, 2967, 1739, 1668, 1368, 1217, 1048,
919 cm™,
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2-(2,2-dimethylpropanamido)-2-deoxy-1,3,4,6-tetra-O-acetyl-g-D-glucopyranose  (184).
Compound 141 (1 g, 2.6 mmol) was dissolved in CH2Cl> (30 mL). To this was added DMAP
(291 mg, 2.6 mmol) and pivalic acid (531 mg, 5.2 mmol). In a separate reaction vessel, DCC
(1.07 g, 5.2 mmol) was dissolved in CH2Cl2 (10 mL). This mixture was then added to 141 and
DMAP mixture and allowed to stir at room temperature for 34 h after which the solvent was
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 4:1 — 1:1) gave
the title compound (1.06 g, 95%) as a white solid; *H NMR (500 MHz, CDCls) § 5.72 (1H, d,
J=7.9, H-1), 5.69 (1H, d, J=9.5, NH), 5.19 — 5.12 (2H, overlapping signals, H-3 & H-4), 4.32
(1H, tdd, J=9.1, 6.8, 2.5, H-2), 4.26 (1H, dd, J=12.4, 4.8, H-6a), 4.14 (1H, dd, J=12.6, 2.1, H-
6b), 3.80 (1H, ddd, J = 9.6, 4.5, 2.1, H-5), 2.09 (3H, s, CH3), 2.08 (3H, s, CH3), 2.04 (3H, s,
CHs), 2.02 (3H, s, CHs), 1.11 (9H, s, each CH3); *C NMR (126 MHz, CDCl3) 5 178.25, 171.20,
170.63, 169.45, 169.17 (each C=0), 92.86 (C-1), 73.18 (C-5), 72.40 (C-3 or C-4), 67.65 (C-3
or C-4), 61.75 (C-6), 52.82 (C-2), 38.84 (C), 27.26 (3s, CHs3), 20.74, 20.72 (CHs), 20.56 (2s,
CHz3); HRMS (ESI): calcd. for C19H29NO1oNa, 454.1667, found m/z 454.1689 [M+Na]*; FT-
IR 3414, 2938, 1746, 1532, 1368, 1213, 1032, 919 cm™.
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AcO OAc
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2-Cyclohexanepentaneamido-2-deoxy-1,3,4,6-tetra-O-acetyl-p-D-glucopyranose  (183).
Compound 141 (2.36 g, 6.16 mmol) was dissolved in dry DMF (50 mL). To this was added 4-
methyl morpholine (0.9 mL, 8.01 mmol) and allowed to stir at room temperature for 15
minutes. In a separate reaction vessel, cyclopentane carboxylic acid (0.76 mL, 7.08 mmol) was
dissolved in dry DMF (50 mL), to this was added HBTU (3.2 g, 9.24 mmol) and allowed to
stir at room temperature for 10 min. The mixture of 141 and NMO was added to the mixture
of acid and HBTU and this was stirred at room temperature for 2.5 h. EDC (1.3 mL, 7.39 mmol)
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was added and stirred at room temperature for 16 h. Diluted with EtOAc, washed with 0.2 M
HCI, sat NaHCOg, brine, dried over Na2SOs, filtered and the solvent removed under reduced
pressure. Crystallized using EtOAc/cyclohexane gave the title compound (1.63 g, 61%) as a
white solid; *H NMR (500 MHz, CDCls) § 5.69 (1H, d, J=8.8, H-1), 5.46 (1H, d, J=9.5, NH),
5.20 - 5.07 (2H, overlapping signals, H-3 & H-4), 4.32 (1H, ddd, J=19.2, 11.1, 7.8, H-2), 4.26
(1H, dd, J=12.5, 4.7, H-6a), 4.13 (1H, dd, J=12.6, 2.2, H-6b), 3.79 (1H, dd, J=4.1, 3.2, H-5),
2.43 (1H, p,J =17.9, CH), 2.09 (6H, d, J=2.0, CHz x 2), 2.04 (3H, s, CHz), 2.03 (3H, s, CHa),
1.83 — 1.75 (2H, overlapping signals, CH>), 1.83 — 1.52 (4H, overlapping signals, CH2 x 2),
1.59 — 1.52 (2H, overlapping signals, CH,); *C NMR (126 MHz, CDCl3) § 176.1, 171.2, 170.7,
169.5, 169.2 (each C=0), 92.8 (C-1), 73.0 (C-5), 72.5 (C-3 or C-4), 67.7 (C-3 or C-4), 61.7 (C-
6), 52.8 (C-2), 45.9 (CH), 30.3 (2s, CHz2), 25.8 (CH>), 25.7 (CH2), 20.8, 20.7, 20.6, 20.6 (each
CHz3); HRMS (ESI): calcd. for C20H29NO10Na, 466.1673; found m/z 466.1689 [M+Na]"; FT-
IR 3294, 2954, 1739,1658, 1550, 1372, 1214, 1034, 892, 661 cm™.,

OAc
AcO 0
AcO OAc
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2-Ox0-2H-chromene-3-carboxamide-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose

(186). Compound 141 (1.2 g, 3.13 mmol) was dissolved in CHCl> (30 mL). To this was added
DMAP (351 mg, 3.13 mmol) and coumarin-3-carboxylic acid (1.19 g, 6.26 mmol). In a
separate reaction vessel, DCC (1.3 g, 6.26 mmol) was dissolved in CH2CI> (10 mL). This
mixture was added to 141 and DMAP mixture and allowed to stir at room temperature for 24
h after which the solvent was removed under reduced pressure. Flash chromatography
(cyclohexane:EtOAC 4:1 — 1:1) gave the title compound (1.1 g, 68%) as a white solid; *H NMR
(500 MHz, CDClIs) & 8.95 (1H, d, J=8.7, NH), 8.89 (1H, s, Ar-H), 7.68 (2H, overlapping
signals, Ar-H), 7.39 (2H, overlapping signals Ar-H), 6.09 (1H, d, J=8.5, H-1), 5.56 (1H, dd,
J=10.3, 9.0, H-3), 5.16 (1H, t, J=9.4, H-4), 4.34 (1H, dd, J=12.4, 4.6, H-6a), 4.23 (1H, dt,
J=10.3, 8.6, H-2), 4.15 (1H, dd, J=12.4, 2.4, H-6b), 3.94 (1H, ddd, J=9.8, 4.6, 2.3, H-5), 2.11
(3H, s, CHs), 2.08 (3H, s, CHs), 2.05 (3H, s, CHs), 1.99 (3H, s, CHs); **C NMR (126 MHz,
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CDCI3) 6 170.6, 170.1, 169.5, 169.0, 162.0, 161.3 (each C=0), 154.5, 149.1, 134.5, 129.9,
125.4, 118.4, 117.6, 116.7 (Ar-C), 91.9 (C-1), 72.7 (C-5), 71.8 (C-3), 68.1 (C-4), 61.7 (C-6),
53.9 (C-2), 20.9, 20.7, 20.6, 20.6 (each CHs): HRMS (ESI): calcd. for CasH2sNO12Na,
542.1282; found m/z 542.1274 [M+Na]"; FT-IR 3320, 2928, 1743, 1532, 1366, 1208, 1040,
763 cm™,

OAc
AcO O
AeO OAc
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O
2-Adamantantyamido-2-deoxy-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose (185).

Compound 141 (1.06 g, 2.77 mmol) was dissolved in CH2Cl, (30 mL). To this was added
DMAP (310 mg, 2.77 mmol) and 1-adamantane carboxylic acid (998 mg, 5.54 mmol). In a
separate reaction vessel, DCC (1.14 g, 5.54 mmol) was dissolved in CH2Cl2 (10 mL) and then
added to the above mixture. Allowed to stir at room temperature for 24 h after which the solvent
was removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 3:2) gave
the title compound (956 mg, 68%) a white solid; *H NMR (500 MHz, CDCls) § 5.71 (1H, d,
J=8.7, H-1), 5.64 (1H, d, J=9.5, NH), 5.19 — 5.11 (2H, overlapping signals, H-3 & H-4), 4.34
(1H, qd, J=9.0, 2.7, H-2), 4.26 (1H, dd, J=12.5, 4.8, H-6a), 4.13 (1H, dd, J=12.5, 2.3, H-6b),
3.80 (1H, ddd, J=7.2, 4.9, 2.3, H-5), 2.09 (3H, s, CHz), 2.08 (3H, s, CH3), 2.04 (3H, s, CHa),
2.02 (3H, s, CHa), 2.01 (3H, s, adamantane CH x 3), 1.71 (8H, overlapping signals, adamantane
CHy x 4), 1.42 (4H, s, adamantane CHz x 2); °C NMR (126 MHz, CDCls) § 177.7, 171.1,
170.6, 169.5, 169.2 (each C=0), 92.9 (C-1), 73.2 (C-5), 72.3 (C-3 or C-4), 67.6 (C-3 or C-4),
61.7 (C-6), 52.6 (C-2), 39.0 (2 signals, adamantane CH>), 36.3 (2 signals, adamantane CHy),
28.0 (3 signals, adamantane CH), 26.9 (2 signals, adamantane CHy), 20.8, 20.7, 20.6, 20.6
(each CH3); HRMS (ESI): calcd. for CosH3zsNO1o0Na, 532.2144; found m/z 532.2159 [M+Na]™;
FT-IR 3329, 2907, 1742, 1527, 1364, 1214, 1031, 903 cm™.
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Compound 179 (1.06 g, 2.63 mmol) was dissolved in toluene (50 mL) and allowed to reflux
at 80 °C for 2 h. To this was added Lawesson’s Reagent (903 mg, 2.23 mmol) and the mixture
was stirred at 80 °C for 2.5 h. The mixture was neutralized using NaHCOs. Flash
chromatography (cyclohexane:EtOAc 9:1) gave the title compound (760 mg, 81%) as a clear
oil; *H NMR (500 MHz, CDCls) § 6.23 (1H, d, J=7.1, H-1), 5.59 (1H, dd, J=3.4, 1.8, H-3),
4.95 (1H, dd, J=9.4, 1.4, H-4), 4.49 (1H, dd, J=5.5, 1.8, H-2), 4.12 (2H, qd, J=12.2, 4.5, H-6a
& H-6b), 3.55 (1H, ddd, J=9.2, 5.9, 3.0, H-5), 2.61 (2H, qd, J=7.6, 2.0, CH>), 2.14 (3H, s, CH3),
2.09 (6H, s, CHsx 2), 1.26 (3H, t, J=7.6, CH3); 13C NMR (126 MHz, CDCls) § 173.7 (N=CS),
170.6 , 169.5, 169.3 (each C=0), 88.1 (C-1), 76.4 (C-2), 70.6 (C-3), 69.3 (C-4), 68.4 (C-5),
63.4 (C-6), 28.2 (CHy), 21.0, 20.8, 20.7 (each CHz), 11.9 (CHz3); HRMS (ESI): calcd. for
CisH21NOgsSNa, 382.0920; found m/z 382.0936 [M+Na]*; FT-IR 2978, 1737, 1626, 1367,
1214, 1033, 884 cm™.
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Compound 181 (120 mg, 0.288 mmol) was dissolved in toluene (16 mL) and allowed to stir at
80 °C for 1 h. To this was added Lawesson’s Reagent (96 mg, 0.24 mmol) and stirred at 80 °C
for 2.5 h. The mixture was neutralized using NaHCO3 and the solvent removed under reduced
pressure. Flash chromatography (CH.Cl2:EtOAc 9:1) gave the title compound (83 mg, 77%)
as a clear oil; *H NMR (500 MHz, CDCls) § 6.22 (1H, d, J=7.1, H-1), 5.59 (1H, dd, J=3.5, 1.9,
H-3), 4.94 (1H, dd, J=4.5, 2.6, H-4), 4.50 (1H, ddt, J=7.0, 3.4, 1.5, H-2), 4.15 (1H, dd, J=12.2,
2.9, H-6a), 4.09 (1H, dd, J=12.2, 6.1, H-6b), 3.56 (1H, ddd, J=9.1, 6.1, 2.9, H-5), 3.38 (1H,
tdd, J=8.4, 2.0, 1.1, CH), 2.36 — 2.19 (4H, overlapping signals, CH x 2), 2.13 (3H, s, CH3),
2.08 (6H, d, J=1.2, CH3 x 2), 2.04 — 1.89 (2H, overlapping signals, CH); **C NMR (126 MHz,
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CDCl3) 6 175.7 (C), 170.6, 169.5, 169.3 (each C=0), 88.0 (C-1), 76.4 (C-2), 70.6 (C-3), 69.3
(C-4), 68.5 (C-5), 63.4 (C-6), 39.0 (CH), 27.7 (CH2), 27.1 (CH>), 21.0, 20.9, 20.7 (each CHj3),
18.5 (CH>); HRMS (ESI): calcd. for C17H23NO7SNa, 408.1077; found m/z 408.1093 [M+Na]™;
FT-IR 2944, 1740, 1655, 1520, 1366, 1215, 1039, 729 cm™.
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2-cyclohexanepentylamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-a-D-glucopyranose  (250).
Crude thiazoline (800 mg, 2.0 mmol) was dissolved in MeOH (15 mL) and cooled to 0 °C. To
this was added TFA (12 drops) and H20 (12 drops). Reaction allowed to warm to room
temperature and stirred for 2 h. Reaction concentrated under reduced pressure. Flash
chromatography (CH2Cl,:EtOAc 1:1) gave the title compound (365 mg, 44%) as a white solid;
H NMR (500 MHz, CDCl3) § 5.81 — 5.75 (2H, overlapping signals, H-1 & NH), 5.17 — 5.02
(2H, overlapping signals, H-3 & H-4), 4.48 (1H, ddd, J=10.4, 8.3, 5.2, H-2), 4.30 (1H, ddd,
J=9.4,4.4, 2.1, H-5), 4.26 (1H, dd, J=12.2, 4.3, H-6a), 4.11 (1H, dd, J=12.2, 2.1, H-6b), 2.50
(1H, p, J=8.0, CH), 2.10 (3H, s, CH3), 2.05 (3H, s, CH3), 2.03 (3H, s, CH3), 1.98 (1H, d, J=7.0,
SH), 1.88 — 1.49 (8H, overlapping signals, CH2 x 4); *C NMR (126 MHz, CDCls) § 176.1,
171.8, 170.7, 169.2 (each C=0), 79.0 (C-1), 70.7 (C-3 or C-4), 69.0 (C-5), 67.8 (C-3 or C-4),
61.8 (C-6), 52.5 (C-2), 45.7 (CH), 30.4 (2 signals), 29.9, 25.8, 25.7 (each CH>), 20.7, 20.7, 20.6
(each CHz); HRMS (ESI): calcd. for C1sH26NO8s, 416.1368; found m/z 416.1379 [M-H]’; FT-
IR 3346, 2962, 1743, 1515, 1368, 1211, 1012, 658 cm™.
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(2-Bromoethyl) 3,4,6-tri-O-acetyl-2-propylamido-2-deoxy-1-thio-D-glucopyranose (217).
Crude thiol (188 mg, 0.49 mmol) was dissolved in acetone:H.O (2:1, 3 mL) mixture, to this
was added K,COs3 (82 mg, 0.59 mmol) and 1,2-dibromoethane (0.34 mL, 3.92 mmol). Stirred

at room temperature for 3 h. Diluted with CH2Cl., layers separated and aqueous phase back
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extracted with CH.Cl,. Organic layers combined, dried over Na;SOs, filtered and the solvent
removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 1:1) gave the
title compound (105 mg, 44% over two steps) as a white solid; *H NMR (500 MHz, CDCls) §
5.70 (1H, d, J=8.4, NH), 5.53 (1H, d, J=5.4, H-1), 5.14 — 5.02 (2H, overlapping signals, H-3
& H-4), 4.49 (1H, ddd, J=10.9, 8.3, 5.5, H-2), 4.37 (1H, ddd, J=9.9, 5.3, 2.3, H-5), 4.25 (1H,
dd, J=12.3, 5.4, H-6a), 4.10 (1H, dd, J=12.3, 2.2, H-6b), 3.57 (1H, td, J=9.9, 5.8, CH,CHH),
3.48 (1H, td, J=9.8, 6.2, CH2CHH), 3.10 (1H, ddd, J=13.9, 9.7, 6.2, CHHCH>), 3.01 (1H, ddd,
J=14.0, 9.7, 5.8, CHHCH)>), 2.18 (2H, qd, J=7.7, 4.1, CH>), 2.11 (3H, s, CH3), 2.05 (3H, s,
CHs), 2.03 (3H, s, CHs), 1.12 (3H, t, J=7.6, CH3); *C NMR (126 MHz, CDCls) 5 173.7, 171.7,
170.6, 169.2 (each C=0, 85.1 (C-1), 71.1 (C-3), 68.7 (C-5), 68.0 (C-4), 62.1 (C-6), 52.5 (C-2),
33.8 (CHy), 30.3 (CH>), 29.6 (CH2), 20.7, 20.7, 20.6 (each CHa), 9.6 (CH3); HRMS (ESI):
calcd. for C17H2708BrNS, 484.0647; found 484.0641 [M+H]"; FT-IR 3334, 2979, 1736, 1651,
1524, 1365, 1217, 1029 cmL,
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(2-azidoethyl) 3,4,6-tri-O-acetyl-2-propylamido-2-deoxy-1-thio-D-glucopyranose (224).
Compound 217 (105 mg, 0.217 mmol) was dissolved in DMF (5 mL) to this was added
tetrabutylammonium iodide (80 mg, 0.217 mmol) and sodium azide (56 mg, 0.868 mmol). The
reaction was heated to 80 °C and left to stir for 16 h. Reaction was cooled, diluted with CHCl>,
and washed with H2O. Organic layer dried over Na2SOs, filtered and the solvent removed under
reduced pressure. Flash chromatography (cyclohexane:EtOAc 1:1) to give the title compound
(23 mg, 24%) as a white solid; *H NMR (500 MHz, CDCls) & 5.74 (1H, d, J=8.4, NH), 5.53
(1H, d, J=5.4, H-1), 5.17 — 5.00 (2H, overlapping signals, H-3 & H-4), 4.51 (1H, ddd, J=10.9,
8.4,5.4, H-2), 4.36 (1H, ddd, J=9.9, 4.8, 2.3, H-5), 4.27 (1H, dd, J=12.4, 4.8, H-6a), 4.10 (1H,
dd, J=12.4, 2.3, H-6b), 3.57 — 3.42 (2H, overlapping signals, CH>), 2.87 (1H, dt, J=13.7, 6.8,
CHH), 2.78 (1H, dt, J=13.7, 6.5, CHH), 2.19 (2H, qd, J=7.7, 4.8, CHy), 2.10 (3H, s, CH3), 2.05
(3H, s, CH3), 2.03 (3H, s, CH3), 1.12 (3H, t, J=7.6, CH3); **C NMR (126 MHz, CDCl3) § 173.7,
171.7, 170.6, 169.2 (each C=0), 84.9 (C-1), 71.1 (C-3 or C-4), 68.6 (C-5), 68.0 (C-3 or C-4),
62.0 (C-6), 52.4 (C-2), 50.8, 30.9, 29.6 (each CH), 20.7 , 20.7, 20.6, 9.6 (each CHz); HRMS
(ESI): calcd. for C17H260sNsNaS, 469.1351; found 469.1369 [M+Na]".
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(2-Bromoethyl)  3,4,6-tri-O-acetyl-2-cyclobutylamido-2-deoxy-1-thio-D-glucopyranose
(218). Crude thiol (150 mg, 0.37 mmol) was dissolved in acetone:H>0 (2:1, 3 mL) mixture, to
this was added K>COs (62 mg, 0.45 mmol) and 1,2-dibromoethane (0.25 mL, 2.96 mmol).
Stirred at room temperature for 3 h. Diluted with CH2Cl., layers were separated and aqueous
phase back extracted with CH.Cl,, combined organic layers dried over Na,SOa, filtered and
the solvent removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 1:1)
gave the title compound (12 mg, 6% over three steps) as a white solid; *H NMR (500 MHz,
CDClI3) 8 5.61 (1H, d, J=8.3, NH), 5.53 (1H, d, J=5.5, H-1), 5.11 (1H, t, J=9.6, H-4), 5.04 (1H,
dd, J=11.0, 9.3, H-3), 4.48 (1H, ddd, J=11.0, 8.4, 5.4. H-2), 4.37 (1H, ddd, J=9.9, 5.4, 2.2, H-
5), 4.26 (1H, dd, J=12.3, 5.4, H-6a), 4.11 (1H, dd, J=12.3, 2.3, H-6b), 3.57 (1H, td, J=9.9, 5.8,
SCH2CHHBYr), 3.48 (1H, td, J=9.9, 6.2, SCH,CHHBr), 3.10 (1H, ddd, J=14.0, 9.8, 6.2,
SCHHCH:Br), 3.01 (1H, ddd, J=14.3, 9.9, 6.0, SCHHCH:Br), 2.96 (1H, td, J=8.6, 1.0, CH),
2.25 (1H, dd, J=11.7, 9.1, CHH), 2.18 — 2.12 (3H, overlapping signals, CHH & CH>), 2.11
(3H, s, CHg), 2.05 (3H, s, CH3), 2.02 (3H, s, CH3), 1.99 — 1.92 (1H, m, CHH), 1.87 (1H, dd, J
=7.1, 3.8, CHH); 3C NMR (126 MHz, CDCl3) § 174.8, 171.7, 170.6, 169.2 (each C=0), 85.1
(C-1), 71.0 (C-3), 68.7 (C-5), 68.0 (C-4), 62.1 (C-6), 52.5 (C-2), 39.6 (CH), 33.8 (CH>), 30.2
(CHy), 25.3, 25.0 (each CHy>), 20.7, 20.6, 20.6 (each CH3), 18.1 (CH.); HRMS (ESI): calcd. for
C19H26BrNOgS, 532.0603; found m/z 532.0617 [M+Na]".
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(2-azidoethyl) 3,4,6-tri-O-acetyl-2-cyclobutylamido-2-deoxy-1-thio-D-glucopyranose
(225). Compound 218 (13 mg, 0.03 mmol) was dissolved in DMF (5 mL), to this was added
tetrabutylammonium iodide (10 mg, 0.03 mmol) and sodium azide (8 mg, 0.12 mmol). The
reaction was heated to 80 °C for 16 h. Cooled to room temperature and diluted with CHxCl,
washed with H20, dried over Na>SOs, filtered and the solvent removed under reduced pressure.
Flash chromatography (cyclohexane:EtOAc 3:2) gave the title compound (9 mg, 64%) a
colourless oil; *H NMR (500 MHz, CDCls) & 5.62 (1H, d, J=8.4, NH), 5.52 (1H, d, J=5.4, H-
1), 5.13 (1H, t, J=9.6, H-4), 5.06 (1H, dd, J=11.0, 9.3, H-3), 4.49 (1H, ddd, J=11.0, 8.4, 5.4,
H-2), 4.35 (1H, ddd, J=10.0, 4.9, 2.3, H-5), 4.27 (1H, dd, J=12.4, 4.8, H-6a), 4.10 (1H, dd,
J=12.3, 2.3, H-6b), 3.50 (2H, dt, J=8.2, 6.6, CH>), 2.97 (1H, p, J=8.6, CH), 2.86 (1H, dt, J=13.7,
6.8, CH2CHH), 2.77 (1H, dt, J=13.7, 6.6, CH.CHH), 2.24 (1H, dt, J=11.8, 9.0, CHH), 2.18 —
2.12 (3H, overlapping signals, CHH & CHy), 2.11 (3H, s, CH3), 2.05 (3H, s, CH3), 2.02 (3H,
s, CHs), 1.96 (1H, dt, J=11.1, 8.8, CHH), 1.86 (ddd, J = 15.4, 10.1, 5.7, CHH); 1*C NMR (126
MHz, CDCl3) 6 174.9, 171.7, 170.6, 169.3 (each C=0), 85.0 (C-1), 71.1 (C-3), 68.7 (C-5), 68.0
(C-4), 62.0 (C-6), 52.4 (C-2), 50.8 (CH2), 39.7 (CH), 30.9 (CHy>), 25.4, 24.9 (each CHy), 20.7,
20.7, 20.6 (each CH3), 18.1 (CH2); HRMS (ESI): calcd. for C19H28N40gS, 967.2999; found m/z
967.3000 [2M+Na]*.

(2-Bromoethyl)  3,4,6-tri-O-acetyl-2-adamantylamido-2-deoxy-1-thio-D-glucopyranose
(221). Crude thiol (1.74 g, 3.6 mmol) was dissolved in acetone:H>O (2:1, 27 mL) mixture, to
this was added K>COs3 (594 mg, 4.3 mmol) and 1,2-dibromoethane (2.5 mL, 29 mmol). Stirred

at room temperature for 3 h. Diluted with CH2Cl>, layers were separated and aqueous phase
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back extracted with CH2Clz, combined organic layers dried over Na,SOs, filtered and the
solvent removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 1:1)
gave the title compound (176 mg, 8%, over three steps) as a white solid; *H NMR (500 MHz,
CDCl3) 6 5.62 (1H, d, J=9.1, NH), 5.20 (1H, t, J=9.8, H-3), 5.08 (1H, t, J=9.7, H-4), 4.68 (1H,
d, J=10.3, H-1),4.18 (2H, dd, J=4.1, 2.3, H-6), 4.14 — 4.05 (1H, m, H-2), 3.71 (1H, ddd, J=9.9,
4.9, 3.1, H-5), 3.60 (1H, td, J=10.4, 5.6, CHHCH?>), 3.51 (1H, td, J=10.3, 5.5, CHHCH), 3.20
(1H, ddd, J=14.0, 10.9, 5.6, CH.CHH), 2.98 (1H, ddd, J=14.1, 10.9, 5.6, CH2CHH), 2.12 (3H,
s, CH3), 2.06 — 2.02 (9H, overlapping signals, adamantane CH x 3 & CH3z x 2), 1.80 — 1.65
(12H, overlapping signals, adamantane CH2 x 6); **C NMR (126 MHz, CDCls) § 177.7, 171.0,
170.7, 169.3 (each C=0), 85.3 (C-1), 76.2 (C-5) 73.2 (C-3), 68.3 (C-4), 62.4 (C-6), 52.9 (C-2),
39.0 (3 signals, adamantane CH> x 3), 36.4 (3 signals, adamantane CH> x 3), 32.8 (CH>), 31.1
(CH2), 28.0 (3 signals, adamantane CH x 3), 20.8, 20.7, 20.6 (each CHz); HRMS (ESI): calcd.
for C2sH3sNOgSBr, 668.0532; found m/z 668.0528 [M+Br]".
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(2-azidoethyl) 3,4,6-tri-O-acetyl-2-adamantylamido-2-deoxy-1-thio-D-glucopyranose
(227). Compound 221 (88 mg, 0.15 mmol) was dissolved in DMF (5 mL), to this was added
tetrabutylammonium iodide (55 mg, 0.15 mmol) and sodium azide (39 mg, 0.6 mmol). The
reaction was heated to 80 °C for 16 h. Cooled to room temperature and diluted with CH2Cl,
washed with H-O, dried over Na>SOs, filtered and the solvent removed under reduced pressure.
Flash chromatography (cyclohexane:EtOAc 1:1) gave the title compound (74 mg, 89%) a white
solid; *H NMR (500 MHz, CDCls) § 5.63 (1H, d, J=9.2, NH), 5.19 (1H, t, J=9.8, H-3), 5.10
(1H, t, J=9.7, H-4), 4.65 (1H, d, J=10.3, H-1), 4.22 (1H, dd, J=12.3, 5.1, H-6a), 4.18 — 4.09
(2H, overlapping signals, H-6b & H-2), 3.70 (1H, ddd, J=9.9, 5.1, 2.4, H-5), 3.55 (1H, dt,
J=13.3, 6.8, CHHCHy), 3.47 (1H, dt, J=12.9, 6.9, CHHCH,), 2.98 (1H, dt, J=13.9, 7.0,
CH2CHH), 2.76 (1H, dt, J=13.9, 6.8, CH2CHH), 2.09 (3H, s, CHz3), 2.03 (9H, d, J=9.8,
overlapping signals, adamantane CH x 3 & CH3s x 2), 1.80 — 1.66 (12H, overlapping signals,
adamantane CH; x 6); *C NMR (126 MHz, CDCls) § 177.7, 171.0, 170.6, 169.3 (each C=0),
84.8 (C-1), 76.2 (C-5), 73.4 (C-3), 68.2 (C-4), 62.3 (C-6), 52.7 (C-2), 51.7 (CH.), 40.7
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(adamantane C), 39.0 (3 signals, adamantane CH: x 3), 36.4 (3 signals, adamantane CH: x 3),
29.4 (CHy), 28.0 (3 signals, adamantane CH x 3), 20.7, 20.7, 20.6 (each CHz); HRMS (ESI):
calcd. for C2sH3sN4OsSNa, 575.2141; found m/z 575.2152 [M+Na]*; FT-IR 3326, 2907, 2099,
1740, 1528, 1217, 1031, 663 cm™.
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(2-Bromoethyl)  3,4,6-tri-O-acetyl-2-cyclopentylamido-2-deoxy-1-thio-D-glucopyranose
(220). Crude thiol (715 mg crude, 1.7 mmol) was dissolved in acetone:H.O (2:1, 9 mL)
mixture, to this was added K>COs (284 mg, 2.1 mmol) and 1,2-dibromoethane (1.17 mL, 13.6
mmol). Stirred at room temperature for 3 h. Diluted with CH2Cly, layers were separated and
aqueous phase back extracted with CH.Cl,, combined organic layers dried over Na>SOs,
filtered and the solvent removed under reduced pressure. Flash chromatography
(cyclohexane:EtOAc 7:3) gave the title compound (209 mg, 24%, over two steps) as an o:f3
(2:1) mixture; *H NMR (500 MHz, CDCls) § 6.19 (1H, d, J=7.1, H-1 B), 5.69 (2H, d, J=8.3,
overlapping signals, NH o & NH B), 5.57 (1H, dd, J=3.4, 1.8, H-3 b), 5.53 (1H, d, J=5.4, H-1
a), 5.15—5.00 (2H, overlapping signals, H-3 o & H-4 o), 4.93 (1H, dt, J=9.3, 1.6, H-4 ), 4.48
(2H, ddd, J=10.9, 8.3, 5.4, overlapping signals, H-2 o & H-2 B), 4.36 (1H, ddd, J=9.7,5.4, 2.2,
H-5 ), 4.25 (1H, dd, J=12.3, 5.4, H-6a a), 4.17 — 4.05 (3H, overlapping signals, H-6b o, H-6a
B & H-6b B), 3.56 (3H, td, J=10.0, 5.9, CHHCH2 o, CHHCH: B & H-5 B), 3.48 (2H, td, J=9.9,
6.2, overlapping signals, CHHCH, o & CHHCH: B), 3.09 (2H, ddd, J=14.0, 9.8, 6.2,
overlapping signals, CH.CHH o & CH.CHH ), 3.05 — 2.98 (2H, overlapping signals,
CH2CHH a & CH2CHH ), 2.48 (2H, p, J=8.0, overlapping signals, CH a & CH ), 2.13 (3H,
s, CHz ), 2.11 (3H, s, CHz a), 2.08 (3H, s, CHs ), 2.08 (3H, s, CHz p), 2.05 (3H, s, CHz a0),
2.03 (3H, s, CHz a), 1.98 — 1.52 (16H, overlapping signals, CH; x 8); 3C NMR (126 MHz,
CDCl3) § 176.7, 176.0 (2 signals), 171.7, 170.6, 169.5, 169.3, 169.2 (each C=0), 87.6 (C-1 B),
85.1 (C-1 w), 76.2 (C-2 B), 71.1 (C-3 acor C-4 o), 70.6 (C-3 ), 69.3 (C-4 B), 68.7 (C-5 w), 68.5
(C-5B), 68.0 (C-3 o or C-4 ), 63.5 (C-6 B), 62.1 (C-6 ), 52.5 (C-2 ), 45.7 (2 signals, CH a
& CH ), 33.8 (2 signals, CH2CH2 a & CH2CH2 ) 30.4 (2 signals, CH2CH: o & CH>CH> B),
30.2, 29.9, 25.8, 25.7 (2 signals), 25.4, 25.4 (each CH2 o & CH2p), 21.0, 20.8, 20.7 (2 signals),
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20.7, 20.6 (each CHz); HRMS (ESI): calcd. for C2H3oNOgBrNa, 5460.769; found m/z
546.0773 [M+Na]"; FT-IR 3318, 2950, 1737, 1643, 1528, 1365, 1219, 1029 cm™.
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(2-azidoethyl) 3,4,6-tri-O-acetyl-2-cyclopentylamido-2-deoxy-1-thio-D-glucopyranose
(226). Compound 220 (105 mg, 0.2 mmol) was dissolved in DMF (5 mL), to this was added
tetrabutylammonium iodide (75 mg, 0.2 mmol) and sodium azide (52 mg, 0.8 mmol). The
reaction was heated to 80 °C for 16 h. Cooled to room temperature and diluted with CH2Cl,
washed with H20, dried over Na>SOs, filtered and the solvent removed under reduced pressure.
Flash chromatography (cyclohexane:EtOAc 3:1) gave the title compound (59 mg, 61%) as a
white solid; 'H NMR (500 MHz, CDCls) & 5.72 (1H, d, J=8.4, NH), 5.51 (1H, d, J=5.4, H-1),
5.18 — 5.03 (2H, overlapping signals, H-3 & H-4), 4.48 (1H, ddd, J=10.8, 8.4, 5.4. H-2), 4.34
(1H, ddd, J=9.7, 4.9, 2.3, H-5), 4.26 (1H, dd, J=12.4, 4.9, H-6a), 4.09 (1H, dd, J=12.4, 2.3, H-
6b), 3.57 —3.42 (2H, overlapping signals, CH.CH>), 2.85 (1H, dt, J=13.8, 6.8, CH>.CHH), 2.76
(1H, dt, J=13.7, 6.6, CH,CHH), 2.48 (1H, p, J=8.0, CH), 2.09 (3H, s, CH3), 2.04 (3H, s, CH3),
2.02 (3H, s, CH3), 1.88 — 1.53 (8H, overlapping signals, CHz x 4); *C NMR (126 MHz, CDCls)
5 176.1, 171.6, 170.6, 169.2 (each C=0), 85.0 (C-1), 71.1 (C-3 or C-4), 68.6 (C-5), 68.0 (C-3
or C-4), 62.0 (C-6), 52.4 (C-2), 50.8 (CH?>), 45.7 (CH), 30.8 (CH), 30.4, 29.9, 25.8, 25.7 (each
CH), 20.7 (CHzs), 20.6 (2 signals each CH3); HRMS (ESI): calcd. for C2oH3003N4SNa,
509.1676; found m/z 509.1682 [M+Na]"; FT-IR 3322, 2958, 2103, 1736, 1644, 1527, 1365,
1219, 1031, 919 cm™,
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(2-Bromoethyl) 3,4,6-tri-O-acetyl-2-coumarinylamido-2-deoxy-1-thio-D-glucopyranose
(222). Crude thiol (150 mg, 0.3 mmol) was dissolved in acetone:H20 (2:1, 3 mL) mixture, to
this was added K>COsz (49 mg, 0.36 mmol) and 1,2-dibromoethane (0.21 mL, 2.4 mmol).
Stirred at room temperature for 5 h. Diluted with CH2Cly, layers separated and aqueous phase
back extracted with CH2Cl,. Organic layers combined, dried over Na>SOs, filtered and the
solvent removed under reduced pressure. Flash chromatography (cyclohexane:EtOAc 1:1)
gave title compound (15 mg, 25%) as a yellow solid; *H NMR (500 MHz, CDCls3) § 9.00 (1H,
d, J=8.7, NH), 8.89 (1H, s, Ar-H), 7.84 — 7.61 (2H, overlapping signals, Ar-H), 7.40 (2H, dd,
J=8.2, 4.2, overlapping signals, Ar-H), 5.47 (1H, t, J=9.7, H-3), 5.09 (1H, t, J=9.7, H-4), 5.03
(1H, d, J=10.3, H-1), 4.20 (2H, dd, J=6.3, 4.1, H-6a & H-6b), 4.11 (1H, dd, J=10.9, 8.6, H-2),
3.81(1H, ddd, J=10.0, 5.3, 2.7, H-5), 3.60 (1H, td, J=11.0, 10.6, 5.5, CH2CHH), 3.51 (1H, ddd,
J=19.9, 10.4, 5.9, CH.CHH), 3.18 (1H, ddd, J=13.8, 11.4, 5.5, CHHCH.), 3.01 (1H, ddd,
J=13.8,11.3,5.5, CHHCHy), 2.13 (3H, s, CHs), 2.04 (3H, s, CH3), 1.98 (3H, s, CH3); 3C NMR
(126 MHz, CDCl3) 6 170.7, 170.3, 169.5, 162.0, 161.4 (each C=0), 154.5, 149.2, 134.5, 129.9,
125.4,118.5,117.6, 116.7 (each Ar-C), 84.9 (C-1), 76.1 (C-5), 72.9 (C-3), 68.6 (C-4), 62.4 (C-
6), 54.2 (C-2), 33.2 (CH2), 30.7 (CH>), 20.8, 20.6, 20.6 (each CHz); HRMS (ESI): calcd. for
C24H26010NBrSNa, 622.0332; found m/z 622.0358 [M+Na]*; FT-IR 3378, 2925, 1741, 1711,
1609, 1531, 1366, 1223, 1038, 795 cm™.
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(2-azidoethyl) 3,4,6-tri-O-acetyl-2-tertbutylamido-2-deoxy-1-thio-D-glucopyranose (144).
Bromide (61 mg, 0.12 mmol) was dissolved in DMF (4 mL), to this was added
tetrabutylammonium iodide (44 mg, 0.12 mmol) and sodium azide (31 mg, 0.48 mmol). The
reaction was heated to 80 °C for 16 h. Cooled to room temperature and diluted with CHxCl,
washed with H20, dried over Na>SOs, filtered and the solvent removed under reduced pressure.
Flash chromatography (cyclohexane:EtOAc 1:1) gave the title compound (28 mg, 49%) as a
white solid; *"H NMR (500 MHz, CDCls) 6 5.70 (1H, d, J=9.1, NH), 5.20 (1H, dd, J=19.7, 1.7,
H-3),5.10 (1H, dd, J=9.8, 1.7, H-4), 4.66 (1H, d, J=9.1, H-1), 4.21 (1H, ddd, J=12.4,5.2, 1.7,
H-6a), 4.17 — 4.04 (2H, overlapping signals, H-6b & H-2), 3.70 (1H, ddt, J=9.6, 4.7, 2.1, H-5),
3.54 (1H, dt, J=12.3, 5.7, SCH2CHHN?3), 3.46 (1H, dtd, J=12.5, 6.9, 1.6, SCH2,CHHN3), 2.97
(1H, dtd, J=14.0, 7.0, 1.7, SCHHCH2N3), 2.76 (1H, dtd, J=13.9, 6.9, 1.7, SCHHCH:2N3), 2.08
(3H, s, CH3), 2.02 (3H, s, CHg), 2.00 (3H, s, CH3), 1.15 (9H, s, each CHa3); *C NMR (126
MHz, CDCl3) 6 178.3, 171.0, 170.6, 169.2 (each C=0), 84.8 (C-1), 76.2 (H-5), 73.4 (H-3),
68.2 (H-4), 62.3 (C-6), 52.9 (C-2), 51.7 (CH?2), 38.8 (C), 29.4 (CH) 27.3 (3 signals, each CHz),
20.7, 20.6, 20.6 (each CHz); HRMS (ESI): calcd. for C19H3008N4SNa, 497.1712; found m/z
497.1706 [M+Na]*; FT-IR 2874, 1980, 1743, 1203, 1056, 842, 690 cm™.,

|
SN

1,3,5-Tri(prop-2-yn-1-yloxy)benzene (143). Phloroglucinol (1 g, 7.93 mmol) and K2CO3 (3.3
g, 23.79 mmol) were dissolved in dry DMF (25 mL), left to stir at room temperature for 0.5 h.
To this was added propargyl bromide (2.5 mL, 27.75 mmol) and stirring continued for 24 h.
The reaction mixture was poured into a beaker containing iced water with continuous stirring

for 1 h and kept at — 10 °C for precipitation. Filtered and the solvent was removed under
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reduced pressure. Flash chromatography (cyclohexane:EtOAc 4:1) gave the title compound
(753 mg, 40%) as an orange solid; *H NMR (500 MHz, CDCls) & 6.27 (3H, s, Ar-H), 4.65 (6H,
d, J=2.4, ArOCH,), 2.53 (3H, t, J=2.4, CCH); 13C NMR (126 MHz, CDCl3) § 159.3 (Ar-C),
95.5 (Ar-CH), 78.2 (CCH), 75.7 (CCH), 56.0 (ArOCHz>); HRMS (ESI): calcd. for C15H130s3,
241.0865; found m/z 241.0865 [M+H]*; FT-IR 3266, 2115, 1596, 1471, 1270, 1146, 1059, 954,
813, 669 cm™.

Methyl 3,5-bis(prop-2-ynyloxy)benzoate (241). To a stirred solution of methyl
3,5dihydroxybenzoate (1 g, 5.95 mmol) and propargyl bromide (1.95 mL, 13.1 mmol) in
acetone (20 mL) was added K>COs (904 mg, 6.55 mmol) and 18-crown-6 (279 mg, 0.004
mmol). The reaction mixture was heated at reflux under nitrogen. After 24 h the reaction was
filtered, evaporated to dryness and partitioned between H>O and CH2Cl,. The aqueous layer
back extracted with CH2Cl. and the combined extracts were dried and evaporated to dryness.
The crude material was crystallized in methanol to give the title compound (965 mg, 67%) as
pale yellow crystals; *H NMR (500 MHz, CDCls) § 7.30 (1H, s, Ar-H), 7.29 (1H, s, Ar-H),
6.81 (1H,t,J=2.4, Ar-H), 4.72 (2H, s, CH2C=CH), 4.71 (2H, s, CH2C=CH), 3.91 (3H, s, CHa),
2.54 (2H, t, J=2.4, C=CH x 2); 3C NMR (126 MHz, CDCls) & 166.5 (COOCHj3), 158.5 (2
signals, Ar-C), 132.2 (CCOOCHj3), 108.9 (2 signals, Ar-C), 107.5 (Ar-C), 78.0 (C=CH), 76.0
(C=CH), 56.1 (CH2C=CH), 52.4 (CHs); FT-IR 3267, 2132, 1712, 1598, 1433, 1300, 1170,
1038, 761 cm™.

1507 N O

Tetraethylene glycol di(p-tosylatesulfonate) (243). NaOH (1.36 g, 33.99) was dissolved in a
1:1 solution of THF:H20O (100 mL). To this was added tetra(ethylene glycol) (2 mL, 11.33
mmol) at 0 °C. In a separate reaction vessel TsCl (4.54 g, 23.79 mmol) was dissolved in THF

(50 mL) and then added to the solution dropwise. Left to stir for 16 h at room temperature. The
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reaction was quenched with H>O and neutralized using conc. HCI. Extracted into chloroform,
dried over NaxSOg, filtered and the solvent removed under pressure. Flash chromatography
(cyclohexane:EtOAc 1:2) gave the title compound (1.27 g, 22%) as a colourless oil; *H NMR
(500 MHz, CDCls) & 7.79 (4H, d, J=8.2, Ar-H), 7.34 (4H, d, J=8.0, Ar-H), 4.15 (4H, t, each
CHz), 3.68 (8H, t, each CHy), 3.56 (4H, s, each CHy), 2.44 (6H, s, each CH3); 3C NMR (500
MHz, CDCls) 3 144.8 (C), 133.0 (C), 129.8 (Ar-C), 127.9 (Ar-C), 70.7 (CH2), 70.5 (CH>), 69.2
(CHy), 68.7 (CH2), 21.6 (Ar-CHs).

Triethylene glycol di(p-mesylatesulfonate) (245). Triethylene glycol (2 mL, 11.33 mmol)
was taken up in dry CH2Cl2 (5 mL) and cooled to 0 °C. Triethyl amine (4.7 mL, 33.99 mmol)
and methanesulfonyl chloride (1.5 mL, 19.26 mmol) were added. The reaction mixture warmed
to room temperature and stirred for 2 h. CH2Cl, was added and the mixture washed with H-O,
brine, dried over Na>SOs, filtered and the solvent removed under reduced pressure. Flash
chromatography (cyclohexane:EtOAc 1:3) gave the title compound (1.97 g, 57%) as a yellow
oil;*H NMR (500 MHz, CDCls) & 4.52 — 4.18 (4H, overlapping signals, each CH,), 3.88 — 3.72
(4H, overlapping signals, each CH), 3.67 (4H, overlapping signals, each CH>), 3.06 (6H,
overlapping signals, each CHs); 1*C NMR (126 MHz, CDCl3) § 70.6 (CH2x 2), 69.0 (CH2x 4),
37.7 (CHs x 2); HRMS (ESI): calcd. for CgH180sNaS2, 329.0354; found m/z 329.0341
[M+Na]*; FT-IR 3633, 2940, 1340, 1168, 1013, 912, 797 cm™,
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Protected Glycocluster. Compound 226 (34 mg, 0.07 mmol) was dissolved in CH3OH-H>O
(4:1, 3 mL), then 241 (5 mg, 0.02 mmol), sodium ascorbate (5 mg, 0.02 mmol), and CuSO4 (5
mg dissolved in 1 mL of H>O, 0.02 mmol) were subsequently added and the mixture stirred at
45 °C overnight, after which the solvent was removed and the residue partitioned between
CH2Cl> and H2O. The organic phase washed with H-O, dried over Na>SOg, filtered and the
solvent removed under reduced pressure. Flash chromatography (EtOAc only) gave the title
compound (19 mg, 79%) as a white solid; *H NMR (500 MHz, CDCls) § 7.70 (2H, s, triazole
H), 7.29 (2H, d, J=2.1 Ar-H), 6.83 (1H, t, J=2.3, Ar-H), 5.82 (2H, d, J=7.9, NH), 5.60 (2H,
d, J=5.5, H-1), 5.21 (4H, s, CH>), 5.11 (2H, t, J=9.6, H-4), 5.03 (2H, dd, J=11.1, 9.3, H-3),
4.59 (4H, t, J=6.8, CH2CH>), 4.45 (2H, ddd, J=11.0, 7.9, 5.4, H-2), 4.30 (2H, ddd, J=9.7, 5.0,
2.1, H-5), 4.26 (2H, dd, J=12.1, 5.0, H-6a), 4.11 (2H, dd, J = 12.2, 2.1, H-6b), 3.90 (3H, s,
CHjs), 3.17 (2H, dt, J=13.8, 6.8, CH,CHH), 3.08 (2H, dt, J=13.9, 6.8, CH,CHH), 2.49 (2H,
p, J=8.0, CH), 2.05 (6H, s, CH3), 2.04 (6H, s, CH3), 2.02 (6H, s, CH3), 1.87 — 1.50 (16H,
overlapping signals, CHz x 8); *C NMR (126 MHz, CDCls) § 176.2, 171.7, 170.5, 169.2 (2
signals each, C=0), 166.5 (C=0), 159.2 (2 signals, Ar-C), 132.3 (CH=C), 123.2 (triazole CH),
108.7 (4 signals, Ar-C), 107.0 (2 signals, Ar-C), 84.7 (2 signals, C-1), 71.0 (2 signals, C-3),
68.7 (2 signals, C-5), 67.9 (2 signals, C-4), 62.2 (2 signals, CH>), 62.1 (2 signals, C-6), 52.7 (2
signals, C-2), 52.3 (OCHy), 49.7 (2 signals, CH>), 45.6 (2 signals, CH), 31.3 (2 signals, CH>),
30.4 , 29.9, 25.8, 25.7 (2 signals each, CHy), 20.7 (4 signals, CHz), 20.6 (2 signals, CHz);
HRMS (ESI): calcd. for CssH72020NsS2Na, 1239.4059; found m/z 1239.4048 [M+Na]*; FT-IR
3363, 2954, 1739, 1664, 1219, 1031, 728 cm™.,
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Protected Glycocluster. Compound 144 (18 mg, 0.04 mmol) was dissolved in CH3OH-H>O
(4:1, 3 mL), then 143 (5 mg, 0.013 mmol), sodium ascorbate (3 mg, 0.016 mmol), and CuSOg4
(3mgdissolved in 1 mL of H20, 0.013 mmol) were subsequently added and the mixture stirred
at 45 °C overnight, after which the solvent was removed and the residue partitioned between
CH2Cl> and H2O. The organic phase washed with H-O, dried over Na>SOg, filtered and the
solvent removed under reduced pressure. Flash chromatography (EtOAc only) gave the title
compound (11 mg, 79%) as a white solid; *H NMR (500 MHz, CDCls) § 7.81 (3H, s, triazole
H), 6.27 (3H, d, J=5.8, Ar-H), 5.98 (3H, d, J=9.2, NH), 5.22 (3H, t, J=9.8, H-3), 5.15 (6H, s,
CHy), 5.07 (3H, t, J=9.7, H-4), 4.68 — 4.56 (9H, overlapping signals, H-1 & CH,CH>), 4.17
(6H, d, J=4.8, H-6), 4.12 (3H, q, J=10.0, H-2), 3.70 (3H, d, J=8.6, H-5), 3.31 (3H, dt, J=13.7,
6.6, CH.CHH), 3.07 (3H, dt, J=14.5, 6.9, CH.CHH), 2.05 (9H, s, CHa), 2.03 (9H, s, CHz), 2.00
(9H, s, CHs), 1.13 (27H, s, CH3x 9); 3C NMR (126 MHz, CDCl3) § 178.5, 170.9, 170.6, 169.3
(each C=0), 160.0 (Ar-C), 143.4 (CH=C), 124.3 (triazole CH ), 95.6 (3 signals, Ar-CH), 84.7
(3 signals, C-1), 76.2 (3 signals, C-5), 73.2 (3 signals, C-3), 68.3 (3 signals, C-4), 62.2 (3
signals, C-6), 62.0 (3 signals, CH>), 52.8 (3 signals, C-2), 50.5 (3 signals, CH>), 38.8 (3 signals,
C), 30.4 (3 signals, CH2), 27.3 (CH3 x 9), 20.8 (CH3 x 3), 20.6 (CH3 x 6); HRMS (ESI): calcd.
for C72H100027N12S3Na, 1685.5831; found m/z 1685.5836 [M+Na]*; FT-IR 3462, 3374, 1980,
1618, 1596, 1468, 1303, 1152, 927, 828, 680 cm™.
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Protected Glycocluster. Compound 226 (54 mg, 0.11 mmol) was dissolved in CH3zOH-H.0
(4:1, 4 mL), then 143 (7 mg, 0.03 mmol), sodium ascorbate (7 mg, 0.04 mmol) and CuSOa4 (7
mg dissolved in 1 mL of H,O, 0.03 mmol) were subsequently added and the mixture stirred at
45 °C overnight, after which the solvent was removed and the residue partitioned between
CHCI, and H20. The organic phase washed with H>O, dried over Na;SOg, filtered and the
solvent removed under reduced pressure. Flash chromatography (EtOAc only) gave the title
compound (29 mg, 57%) as a white solid; *tH NMR (500 MHz, CDCls) § 7.71 (3H, s, triazole
H), 6.27 (3H, s, Ar-H), 5.86 (3H, d, J=7.9, NH), 5.59 (3H, d, J=5.4, H-1), 5.14 (6H, s, CH>),
5.10 (3H, t, J=9.6, H-4), 5.03 (3H, dd, J=11.0, 9.3, H-3), 4.58 (6H, t, J=6.9, CH2CH>), 4.45
(3H, ddd, J=11.0, 7.9, 5.5, H-2), 4.30 (3H, ddd, J=9.8, 5.0, 2.1, H-5), 4.25 (3H, dd, J=12.2, 5.0,
H-6a), 4.10 (3H, dd, J=12.3, 2.1, H-6b), 3.17 (3H, dt, J=13.9, 6.9, CH,CHH), 3.10 (3H, d,
J=6.6, CH,CHH), 2.49 (3H, p, J=8.0, CH), 2.04 (9H, s, CH3), 2.03 (9H, s, CH3), 2.01 (9H, s,
CHgs), 1.84 — 1.50 (24H, overlapping signals, CH2 x 16); 3C NMR (126 MHz, CDCl3) § 176.2,
171.7, 170.5, 169.3 (3 signals each, C=0), 160.0 (3 signals, Ar-C), 143.88 (CH=C), 123.3
(triazole CH), 95.2 (3 signals, Ar-C), 84.8 (3 signals, C-1), 71.0 (3 signals, C-3), 68.7 (3 signals,
C-5), 68.0 (3 signals, C-4), 62.1 (3 signals, C-6), 62.0 (3 signals, CH), 52.6 (3 signals, C-2),
49.7 (3 signals, CH>), 45.6 (3 signals, CH), 31.3 (3 signals, CH), 30.4, 29.9, 25.8, 25.7 (3
signals each, CH>), 20.7 (6 signals, CHz), 20.6 (3 signals, CHs); HRMS (ESI): calcd. for
C75H102027N12S3Na, 1721.6211; found m/z 1721.6215 [M+Na]*; FT-IR 3119, 3030, 2606,
2012, 1746, 1395, 1036 679 cm™.
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Protected Glycocluster. Compound 224 (14 mg, 0.03 mmol) was dissolved in CH3OH-H>0
(4:1, 2.5 mL), then 241 (3 mg, 0.01 mmol), sodium ascorbate (3 mg, 0.012 mmol), and CuSO4
(3 mg dissolved in 1 mL of H>0O, 0.01 mmol) were subsequently added and the mixture stirred
at 45 °C overnight, after which the solvent was removed and the residue partitioned between
CHCI, and H20. The organic phase washed with H>O, dried over Na;SOg, filtered and the
solvent removed under reduced pressure. Flash chromatography (EtOAc only) gave the title
compound (11 mg, 96%) as a white solid; *tH NMR (500 MHz, CDCls) § 7.69 (2H, s, triazole
H), 7.30 (2H, s, Ar-H), 6.83 (1H, s, Ar-H), 5.86 (2H, d, J=7.9, NH), 5.61 (2H, d, J=5.4, H-1),
5.23 (4H, s, CH»), 5.12 (2H, t, J=9.6, H-4), 5.03 (2H, dd, J=11.1, 9.3, H-3), 4.60 (4H, t, J=6.8,
CH2CH>), 4.47 (2H, ddd, J=11.0, 7.8, 5.5, H-2), 4.31 (2H, dd, J=4.8, 2.3, H-5), 4.27 (2H, dd,
J=12.2,4.9, H-6a), 4.12 (2H, dd, J=11.5, 2.8, H-6b), 3.91 (3H, s, OCH3), 3.18 (2H, dt, J = 13.6,
6.5, CH2CHH), 3.09 (2H, dt, J=14.0, 6.8, CH2CHH), 2.19 (4H, dd, J=7.6, 3.6, CH>), 2.06 (6H,
s, CH3), 2.05 (6H, s, CHs), 2.04 (6H, s, CHs), 1.11 (6H, t, J=7.6, CH3); 3C NMR (126 MHz,
CDCl3) § 173.9, 171.8, 170.5, 169.3 (2 signals each C=0), 166.5 (C=0), 159.2 (2 signals, Ar-
C), 143.7 (CH=C), 132.3 (Ar-C), 123.2 (triazole CH), 108.8 (2 signals, Ar-C), 107.0 (Ar-C),
84.6 (2 signals, C-1), 71.0 (2 signals, C-3), 68.7 (2 signals, C-5), 68.0 (2 signals, C-4), 62.2
(CHy), 62.0 (2 signals, C-6), 52.7 (2 signals, C-5), 52.4 (CH3), 49.6 (2 signals, CHy), 31.3 (2
signals, CH>), 29.6 (2 signals, CH>), 20.7, 20.7, 20.6 (2 signals each CHs3), 9.6 (2 signals, CH3);
HRMS (ESI): calcd. for C4sHsaO20NsS2Na, 1159.7392; found m/z 1159.3778 [M+Na]*; FT-IR
3318, 2924, 1740, 1529, 1365, 1219, 1036, 887, 768 cm™.
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Protected Glycocluster. Compound 224 (16 mg, 0.04 mmol) was dissolved in CH3OH-H>0
(4:1,2.5mL), then 143 (3 mg, 0.011 mmol), sodium ascorbate (3 mg, 0.011 mmol), and CuSO4
(3mgdissolved in 1 mL of H20, 0.011 mmol) were subsequently added and the mixture stirred
at 45 °C overnight, after which the solvent was removed and the residue partitioned between
CH2Cl> and H2O. The organic phase washed with H-O, dried over Na>SOg, filtered and the
solvent removed under reduced pressure. Flash chromatography (EtOAc only) gave the title
compound (16 mg, 94%) as a white solid; *H NMR (500 MHz, CDCls) § 7.70 (3H, s, triazole
H), 6.27 (3H, s, Ar-H), 5.92 (3H, d, J=7.9, NH), 5.60 (3H, d, J=5.5, H-1), 5.15 (6H, s, CH>),
5.11 (3H, t, J=9.6, H-4), 5.03 (3H, dd, J=11.1, 9.3, H-3), 4.59 (6H, t, J=6.8, CH.CH>), 4.47
(3H, ddd, J=11.1, 7.9, 5.4, H-2), 4.32 (3H, qd, J=5.3, 4.9, 1., H-5), 4.26 (3H, dd, J=12.2, 5.0,
H-6a), 4.11 (3H, dd, J=12.2, 2.3, H-6b), 3.17 (3H, dt, J=13.8, 6.8, CH.CHH), 3.09 (3H, dt,
J=14.0, 6.9, CH.CHH), 2.19 (6H, qd, J=7.6, 3.1, CH2>x 3), 2.05 (9H, s, CH3x 3), 2.03 (9H, s,
CHsx 3), 2.02 (9H, s, CHsx 3), 1.10 (9H, t, J=7.6, CHs x 3); 1*C NMR (126 MHz, CDCls) §
174.0,171.7,170.6, 169.3 (3 signals each, C=0), 160.0 (3 signals, Ar-C), 144.0 (CH=C), 123.2
(triazole CH), 95.3 (3 signals, Ar-C), 84.7 (3 signals, C-1), 71.0 (3 signals, C-3), 68.7 (3 signals,
C-b), 68.0 (3 signals, C-4), 62.1 (3 signals, C-6), 62.0 (3 signals, CH), 52.6 (3 signals, C-2),
49.6 (3 signals, CHy), 31.3 (3 signals, CH), 29.6 (3 signals, CH>), 20.7, 20.7, 20.6 (3 signals
each, CHs), 9.6 (3 signals each, CHz3); ); HRMS (ESI): calcd. for CesHooO27N12S3Na,
1601.4692; found m/z 1601.4680 [M+Na]"; FT-IR 3365, 2921, 1741, 1660, 1366, 1222, 1035,
911, 668 cm™.
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Protected Glycocluster. Compound 227 (12 mg, 0.02 mmol) was dissolved in CH3OH-H20
(4:1, 2.5 mL), to this was added 241 (2 mg, 0.007 mmol), sodium ascorbate (2 mg, 0.008
mmol), and CuSO4 (2 mg dissolved in 0.2 mL of H.O, 0.007 mmol) were subsequently added
and the mixture stirred at 45 °C overnight, after which the solvent was removed and the residue
partitioned between CH2Cl, and H2O. The organic phase washed with H,O, dried over NazSOa,
filtered and the solvent removed under reduced pressure. Flash chromatography (EtOAc only)
gave the title compound (5 mg, 19%) as a white solid; *H NMR (500 MHz, CDCl3) § 7.80 (2H,
s, triazole H), 7.30 (2H, s, Ar-H), 6.84 (1H, s, Ar-H), 5.74 (2H, d, J=9.2, NH), 5.22 (4H, s,
CHy), 5.19 (2H, t, J=9.9, H-3), 5.08 (2H, t, J=9.7, H-4), 4.66 (2H, dt, J=13.5, 6.7, CHHCH>),
4.60 (2H, t, J=6.9, CHHCH>), 4.57 (2H, d, J=10.0, H-1), 4.20 (2H, dd, J=14.2, 6.7, H-6), 4.13
(2H, td, J=17.9, 10.2, 8.8, H-2), 3.91 (3H, s, CH3), 3.69 (2H, ddd, J=10.1, 4.8, 2.8, H-5), 3.32
(2H, dt, J=13.8, 6.7, CH,CHH), 3.06 (2H, dt, J=13.9, 6.6, CH>CHH), 2.06 (6H, s, CHz x 2),
2.04 (6H, s, CH3x 2), 2.02 (6H, s, CHzx 2), 1.76 (10H, d, J=2.8, CH2x 5), 1.74 — 1.63 (14H,
overlapping signals, CH x 7), 0.87 (6H, d, J=7.3, CH x 6); ¥*C NMR (126 MHz, CDCls) &
178.0, 170.9, 170.6, 169.3, (2 signals each C=0), 164.7 (C=0), 159.3 (Ar-C), 143.2 (CH=C),
124.1 (triazole CH), 108.9 (2 signals, Ar-CH), 107.5 (Ar-CH), 84.8 (C-1), 76.3 (C-5), 73.2 (C-
3), 68.1 (C-4), 62.3 (CH>), 52.6 (C-2), 52.3 (CH3), 50.5 (CH2 x 2), 39.0 (CH2 x 5), 36.3 (CH>
x 7),30.3 (CH2x2), 20.7, 20.7, 20.6 (2 signals each, CH3), 14.1 (CH x 6); HRMS (ESI): calcd.
for CeaHsa020NsS2Na, 1371.5107; found m/z 1371.5141 [M+Na]*; FT-IR 3394, 2920, 1740,
1447, 1365, 1221, 1045, 801, 671 cm™.
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Compound 252. Peracetylated compound (19 mg, 0.016 mmol) was taken up in dry MeOH
(0.2 mL). To this was added NaOMe (1M in MeOH, 0.2 mL). Solution stirred at room
temperature for 20 min. Quenched with AcOH, solvent removed under reduced pressure gave
title compound (14 mg, 87%) as a white solid; *H NMR (500 MHz, CD30D) § 8.54 (2H, d, J
=3.3, NH), 8.13 (2H, s, triazole H), 7.26 (1H, s, Ar-H), 7.25 (1H, s, Ar-H), 6.71 (1H, t, J=2.4,
Ar-H), 5.61 (2H, d, J=5.3, H-1), 5.18 (4H, s, each CH>), 4.65 (4H, h, J=7.4, each CH>), 3.99
(2H, dd, J=11.0, 5.3, H-2), 3.94 (2H, ddd, J=9.3, 6.1, 2.1, H-5), 3.90 (2H, dd, J=12.0, 2.3, H-
6a), 3.72 (2H, dd, J=11.9, 6.1, H-6b), 3.59 (2H, dd, J=11.0, 8.7, H-4), 3.32 — 3.31 (5H,
overlapping signals, OCHs & H-3), 3.19 (2H, dt, J=13.6, 6.6, CH>), 3.05 (2H, dt, J=13.8, 6.5,
CHy>), 2.68 (2H, p, J=7.9, CH), 1.87 — 1.51 (16H, overlapping signals, CH2 x 8); 3C NMR (126
MHz, CD3:0D) 6 178.3 (2 signals, C=0), 173.2 (C=0), 158.9 (2 signals, Ar-C), 143.3 (CH=C),
124.6 (triazole CH), 108.1 (2 signals, Ar-CH), 104.4 (Ar-CH), 84.2 (C-1), 73.4 (C-5), 71.6 (C-
3), 71.1 (C-4), 61.4 (C-6), 61.1 (CH>), 54.6 (C-2), 49.6 (2 signals, each CH>), 47.8 (OCHpa),
44.8 (2 signals, CH), 30.5 (CH), 30.5 (CH>), 29.5, 29.3, 25.6, 25.6 (each 2 signals, CH>);
HRMS (ESI): calcd. for Ca1Hss014NgS2, 949.3470; found m/z 949.3436 [M-H]; FT-IR 3360,
2857, 1622, 1571, 1424, 1142, 1050, 878 cm™.,
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Compound 253. Peracetylated compound (16 mg, 0.01 mmol) was taken up in dry MeOH
(0.3 mL). To this was added NaOMe (1M in MeOH, 0.3 mL). Solution stirred at room
temperature for 20 min. Quenched with AcOH, solvent removed under reduced pressure gave
title compound (5 mg, 59%) as an off white solid; *H NMR (500 MHz, D20) § 7.98 (2H, s,
triazole H), 7.06 (1H, s, Ar-H), 7.06 (1H, s, Ar-H), 6.68 (1H, t, J=2.4, Ar-H), 5.19 (2H, d,
J=5.4, H-1), 5.16 (4H, s, CH>), 4.58 — 4.46 (4H, overlapping signals, CH>), 3.91 (2H, dd,
J=11.0, 5.3, H-2), 3.76 (2H, ddd, J=10.1, 5.1, 2.2, H-5), 3.71 (2H, dd, J=12.4, 2.4, H-6a), 3.65
(2H, dd, J=12.4, 5.2, H-6b), 3.49 (2H, dd, J=11.0, 8.8, H-3), 3.33 (2H, t, J = 9.4, H-4), 3.07
(2H, ddd, J = 14.4, 6.8, 5.3, CHH), 2.98 (2H, ddd, J=14.4, 7.1, 5.4, CHH), 2.10 (4H, q, J=7.6,
CH), 0.92 (6H, t, J=7.6, CH3); *C NMR (126 MHz, D20) § 178.1, 174.0 (each C=0), 158.1
(Ar-C), 143.1 (CH=C), 125.4 (triazole CH), 109.3, 106.1 (each Ar-C), 83.3 (C-1), 72.5 (C-5),
70.5 (C-3), 70.1 (C-4), 61.4 (CH2), 60.3 (C-6), 53.6 (C-2), 49.4, 30.0, 28.9 (each CH>), 23.2,
9.4 (CHs); HRMS (ESI): calcd. for C3sHs0014NsS2, 869.2840; found m/z 869.2810 [M-H]"; FT-
IR 3298, 2931, 1567, 1407, 1011, 923, 761 cm™.
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Compound 254. Peracetylated compound (40 mg, 0.02 mmol) was taken up in dry MeOH (0.4
mL). To this was added NaOMe (1M in MeOH, 0.4 mL). Solution stirred at room temperature
for 20 min. Quenched with Amberlite resin, solvent removed under reduced pressure gave title
compound (13 mg, 49%) as a white solid. To obtain analytical data, 254 was subjected to HPLC
analysis; analytical reverse-phase HPLC (gradient with water-CH3sCN, 95:5 — 50:50, 30 min,
flow rate 1 mL/min, tr = 21 min); *H NMR (600 MHz, CDs0D) § 8.11 (3H, s, triazole H), 6.32
(3H, s, Ar-H), 5.59 (3H, d, J=5.3, H-1), 5.48 (3H, d, J=0.8, NH), 5.13 (6H, s, CH>), 4.65 (6H,
q, J=7.2, CHy), 4.01 (3H, dd, J=11.0, 5.4, H-2), 3.92 (3H, t, J=8.5, H-4), 3.88 (3H, d, J=12.7,
H-6a), 3.70 (3H, dd, J=12.2, 6.4, H-6b), 3.57 (3H, dd, J=11.3, 9.3, H-3), 3.30 (3H, td, J = 1.7,
0.8, H-5), 3.20 (3H, dd, J=7.7, 6.9, CHH), 3.05 (3H, dd, J=7.4, 6.3, CHH), 2.67 (3H, t, J=7.9,
CH), 1.95 — 1.45 (24H, overlapping signals, CHz x 8); *C NMR (151 MHz, CDs0D) § 178.3
(C=0), 160.2 (Ar-C), 143.6 (CH=C), 124.5 (triazole CH), 94.9 (Ar-C), 83.9 (C-1), 73.3 (C-4),
71.2 (C-5), 71.0 (C-3), 61.4 (C-6), 61.1 (CH>), 54.3 (C-2), 49.5 (CH>), 44.8 (CH), 30.4, 30.3,
29.6, 25.6, 25.6 (each CH.); HRMS (ESI): calcd. for Cs7HgaO18N12S3, 1319.5356; found m/z
1319.5400 [M-H]; FT-IR 3353, 3257, 2922, 1639, 1415, 1301, 1037, 779 cm™,
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Compound 139. Peracetylated compound (10 mg, 0.006 mmol) was taken up in dry MeOH
(0.1 mL). To this was added NaOMe (1M in MeOH, 0.1 mL). Solution stirred at room
temperature for 20 min. Quenched with Amberlite resin, solvent removed under reduced
pressure gave title compound (6 mg, 77%) as a white solid. To obtain analytical data, 139 was
subjected to HPLC analysis; analytical reverse-phase HPLC (gradient with water-CH3CN, 95:5
—50:50, 30 min, flow rate 1 mL/min, tg = 19 min); *H NMR (600 MHz, CDs0D) & 8.15 (3H,
s, triazole H), 6.34 (3H, s, Ar-H), 5.13 (6H, s, CH>), 4.69 (6H, dt, J = 13.5, 6.8, CH>), 4.55 (3H,
d, J=10.3, H-1), 3.90 (3H, dd, J=12.5, 2.3, H-6a), 3.81 (3H, td, J = 9.7, 2.1, H-2), 3.67 (6H, dd,
J=12.0, 4.4, H-6b), 3.52 (3H, t, J=7.9, H-3), 3.44 (3H, dd, J=3.9, 2.2, H-4), 3.30 (3H,
overlapping signals, H-5), 3.16 (3H, dd, J = 3.3, 1.5, CHH), 3.07 (3H, dt, J=13.6, 6.5, CHH),
1.28 — 0.95 (27H, s, CHz x 9); *C NMR (151 MHz, CD30D) § 180.1 (C=0), 160.2 (Ar-C),
143.3 (CH=C), 125.0 (triazole CH), 94.9 (Ar-CH), 84.5 (C-1), 75.5 (C-3), 73.3 (C-4), 70.9 (C-
5), 61.6 (C-6), 61.1 (CH), 54.5 (C-2), 50.3 (CH), 38.4 (C), 30.0 (CH2), 26.4 (CHz); HRMS
(ESI): calcd. for Cs4sHgaO18N12S3Na, 1307.4608; found m/z 1307.4608 [M+Na]"; FT-IR 3342,
2934, 1567, 1407, 1260, 1042, 1012, 923, 799 cm™.
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Compound 251. Peracetylated compound (16 mg, 0.01 mmol) was taken up in dry MeOH (0.3
mL). To this was added NaOMe (1M in MeOH, 0.3 mL). Solution stirred at room temperature
for 20 min. Quenched with Amberlite resin, solvent removed under reduced pressure gave title
compound (10 mg, 83%) as a white solid. To obtain analytical data, 251 was subjected to HPLC
analysis; analytical reverse-phase HPLC (gradient with water-CH3sCN, 95:5 — 50:50, 60 min,
flow rate 1 mL/min, tr = 32 min); *H NMR (600 MHz, D20) § 8.45 (3H, d, J = 5.4, NH), 8.11
(3H, s, triazole H), 6.41 (3H, s, Ar-H), 5.27 (3H, d, J=5.4, H-1), 5.24 (6H, s, CH>), 4.69 (6H,
d, J=2.1, CHy), 4.03 (3H, dd, J=10.9, 5.3, H-2), 3.91 (3H, dd, J=5.5, 2.8, H-4), 3.82 (3H, dd,
J=12.5, 2.3, H-6a), 3.76 (3H, dd, J=12.2, 5.2, H-6b), 3.61 (3H, dd, J=11.0, 8.8, H-3), 3.44 (3H,
td, J=9.8, 9.0, 1.1, H-5), 3.20 (3H, dd, J=17.6, 2.9, CHH), 3.13 (3H, dd, J=13.3, 6.3, CHH),
2.22 (6H, g, J=7.7, CH2), 1.04 (9H, t, J=7.7, CH3); 3C NMR (151 MHz, D20) § 179.0 (C=0),
161.7 (Ar-C), 143.3 (CH=C), 124.5 (triazole CH), 94.8 (Ar-CH), 84.2 (C-1), 74.3 (C-4), 70.5
(C-5), 68.8 (C-3), 61.3 (C-6), 60.6 (CH>), 54.4 (C-2), 48.4 (CH>), 29.7 (CH2), 29.3 (CH>), 8.9
(CHs); HRMS (ESI): calcd. for C4gH72018N12S3Na, 1223.3933; found m/z 1223.3970 [M+Na]";
FT-IR 3210, 1637, 1392, 1087, 878, cm™.
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