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Abstract

This thesis comprises two projects detailing the synthesis and testing of bifunctional
molecules. The projects were aimed at addressing the key biological problems of

combating drug resistance and the requirement for novel therapeutic strategies.

Chapter one details the first of these projects, which was concerned with elucidating the
mechanism(s) of drug resistance in parasitic nematodes by using bifunctional
fluorescent chemical probes based on the anthelmintic drug ivermectin. The first
section presents the relevant background information for the project including
information regarding the mechanism of action of ivermectin and the basic anatomy of

nematodes, which were used to guide the design of the probes, BLI and FBI.

BLI

Bodipy ’ Linker N Ivermectin

FBI

m
Fatty Bodipy Ivermectin

The second section discusses the synthesis of each of the probes as well as their
biological assaying used to assess the utility of the probes for the purposes of studying
ivermectin resistance. The FBI probe was then administered to both free-living and
parasitic nematode strains, which when assessed with fluorescence microscopy,
successfully identified the route of ivermectin uptake. Furthermore, the data generated
was consistent with impaired drug uptake as an operative mechanism of ivermectin

resistance.

The final section comprises experimental data regarding the preparation and

characterisation of the discussed compounds as well as biological assay data.



Chapter two details a project aimed at developing heterobifunctional PROTAC
molecules towards the selective degradation of HIV capsid protein in human cells. The
first section presents the relevant background information for the project including
information on the chosen protein targets, which was used to guide the design of the
PROTAC molecules. These molecules are based on the HIV capsid inhibitor PF74.
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The second section discusses the synthesis of each of the PROTAC molecules.
Additionally, the synthesis of (S)- and (R)-PF74 and an epimerisation study of PF74

are discussed.

The third section discusses the biological assaying of the enantiomers of PF74, which
successfully identified (S)-PF74 as significantly more active than (R)-PF74. In
addition, the testing of each of the synthesised PROTACs is presented, which
successfully demonstrated inhibition of HIV replication and answered fundamental

questions regarding PROTAC target engagement.

The final section comprises experimental data regarding the preparation and

characterisation of the discussed compounds as well as biological assay data.
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Chapter 1. Development of Fluorescent Chemical
Probes to Investigate lvermectin Resistance in

Nematodes

1.1 Introduction

1.1.1 Background

Helminths (parasitic worms) are ubiquitous in nature, inhabiting every known

ecosystem on the planet.!) They comprise two major phyla; platyhelminths (flat
worms) and nematodes (round worms) however, for the purposes of this thesis, only
nematodes are discussed. While not all nematode species are parasitic, those that are
infect vertebrates, invertebrates and plants and in doing so, represent a major global
healthcare and economic burden. While over 340 species of helminth are known to
parasitise humans, the five species of greatest medical importance are all members of
phylum Nematoda. Collectively these five nematode species are responsible for
infection of more than half of the global population.*Il while the majority of human
nematode infections are asymptomatic, those that aren’t can cause debilitating
disfigurement, permanent paralysis, blindness and death. Nematode infection results in
approximately 125 thousand deaths per annum, but with an estimated 3.5 billion people
infected globally the number of deaths attributed to these infections seems
comparatively low.IB1¥! However, the true cost of nematode infection is the loss of 39
million disability-adjusted life years (DALYSs) which when compared with malaria for
example (loss of 36 million DALYSs), highlights the scale of the burden of nematode
infection. ¥ The vast majority of human infection occurs in tropical and subtropical
regions, and typically in developing countries with poor sanitation and limited access to

quality healthcare.!!

While human infection is still present in more developed nations, the impact of
nematode infections manifests primarily as an economic burden to the agricultural
industry. Over 4100 plant-parasitic nematodes species are known, which constitute a
serious menace to global food supply and sustainable agriculture.™ While it is difficult
to accurately measure the worldwide economic impact, estimates of nematode-induced
losses range from 80-160 billion US dollars which represents 6-12% of global crop
yield.PIEIE 1 the UK, two nematodes species are responsible for the potato cyst
nematode problem which contributes to a loss of approximately 9% of UK potato
production.! !
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In addition to plant-parasitic nematodes, and of paramount importance to this project, is
nematode parasitism of economically important livestock. Nematode infections of
livestock manifest in various different symptoms including reduced weight gain, milk
yields, wool growth, reproductive performance and high mortality rates.M%
Haemonchus contortus for example, is one of the most pathogenic parasites of small
ruminants such as sheep and goats. It can have a devastating effect on entire herds in a
relatively short period of time, by causing severe anaemia, emaciation and death.™*”
These factors can be significantly detrimental to farmers’ and producers’ already slim
profit margins, and impact the long term viability of individual farms.*¥! In an attempt
to lessen the globally present detrimental socio-economic impact of helminth
infections, many chemotherapeutic treatments have been developed which are known

as anthelmintics.

1.1.2 Current Anthelmintics

Several classes of anthelmintic exist, each with different mechanisms of action and
targets. The first class to be widely adopted were the broad-spectrum benzimidazoles,
and the first of its class, thiabendazole (released in 1961), launched the golden age of
anthelmintic research and development (Figure 1.1).*1%1 Benzimidazoles have been
shown to bind selectively to parasitic B-tubulin, inhibiting the formation of
microtubules. As microtubules form the cytoskeleton of the cell, impaired microtubule
formation leads to destruction of the cell structure and subsequent death of the

parasite. X112

N N N
|
H H

General Structure Thiabendazole

Figure 1.1. General structure of benzimidazoles and the structure of thiabendazole.

Following the success of the benzimidazoles was the discovery of the avermectins
(Figure 1.2), which are the class of anthelmintic most relevant to this project. The
broad-spectrum avermectins are 16-membered macrocyclic lactones that were
originally isolated from the fermentation broth of soil-dwelling Streptomyces
avermitilis bacteria. The first of the avermectin class and by far the most widely used of
the avermectins, is the semi-synthetic ivermectin, which is sold as a mixture of
22,23-dihydroavermectin Bla and B1b (Figure 1.2).
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By, R=Et
By, R=Me

Ivermectin
General Structure

Figure 1.2. General structure of the avermectins and the structure of ivermectin, a
mixture of 22,23-dihydroavermectins Bla and Blb.
Released in 1981, ivermectin started clinical use as a veterinary medicine before being
adopted for use in human medicine and it has since been a front line anthelmintic
treatment in both clinical areas.™ The global significance of ivermectin is exemplified
by its inclusion in the World Health Organisations ‘list of essential medicines for a
basic healthcare system’. Furthermore, the 2015 Nobel prize for medicine was in part,
jointly awarded to Satoshi Omura and William Campbell for their discovery and
development of ivermectin.'*’l As with most chemotherapeutics designed to kill
human pathogens and pest species, nematode resistance to available anthelmintic

treatments has become a major global problem.

1.1.3 Ivermectin Mechanism of Action

Despite ivermectin being released almost 40 years ago, both its mechanism of action in
parasitic species, and the mechanism of resistance to ivermectin are still not fully
understood.™® Indeed ivermectin has been shown to interact with several targets
including GABA gated chloride channels, histamine gated chloride channels and
glutamate gated chloride channels.[*®! However, while it is not certain, there is strong
evidence to suggest that the primary nematicidal activity of ivermectin (and all the
avermectins) is due to its interaction with invertebrate-specific glutamate gated chloride
channels (GlucCl).FeIrIz21122]

These chloride channels are located in invertebrate nerve cells and are an integral part
of the nervous system. Glutamate-gated chloride channels are partly responsible for
repolarising nerve cells back to the neuronal resting potential after normal neuron
excitation.™® Ivermectin is an allosteric agonist of GIuCI, whereby the binding of
ivermectin causes a global conformational change in the channel, which stabilises the
active state while still allowing further activation by the endogenous glutamate
ligand.?” When ivermectin contacts a nerve cell, it partly embeds in the outer layer of

the phospholipid bilayer and diffuses along it until it meets and binds to the GluCl
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(Figure 1.3 A).”Y! The binding is extremely potent (with inhibitory effects seen at
0.29 nM) and causes the channel to open, which results in an influx of chloride ions
and hyperpolarisation of the nerve cell (Figure 1.3 B).[*®! This hyperpolarisation causes
spastic paralysis of the nematodes, producing an inability to move or feed which

subsequently results in their rapid expulsion from the host organism.!

A - cr _ B -
Cl _ Cl Cl
I Extracellular Extracellular

%97 5995 | o7& | 9991
AL L ALad | Babh | haug

Intracellular " Intracellular

cr

c
cl

; = Ivermectin = GluCl H = Phospholipid bilayer

Figure 1.3. Basic overview of ivermectin interaction with glutamate gated chloride
channel.
As mentioned above, ivermectin diffuses along the outer layer of the phospholipid
bilayer without crossing the cell membrane, indicating the ivermectin site of action on
the GIuCl to be located extracellularly.! This is based on a study conducted by Martin
et al. in which a bodipy labelled ivermectin probe (Figure 1.4) was utilised to study the

distribution of ivermectin in isolated nematode muscle cell vesicles.

Martin's Probe

Bodipy ’ Ivermectin

Figure 1.4. Structure of Martin et al. bodipy labelled ivermectin probe.

The crystal structure of ivermectin bound to the target GIuCl in combination with
structure-activity relationship (SAR) studies, allowed the biologically active moieties
of ivermectin to be elucidated (Figure 1.4).2%?% As can be seen in the crystal structure
(Figure 1.5 A) ivermectin binds between the M1 loop of the (-) subunit and the M3
loop of the adjacent (+) subunit. This binding causes the two subunits to splay slightly,
which induces the aforementioned global conformational change of the channel.!*®! The
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key binding interactions that produce the high binding affinity are primarily located
around the macrocyclic core of ivermectin (Figure 1.5 B). There are six interactions
around the macrocycle which consist of three H-bonding interactions and three van der
Waals interactions. Additionally, two van der Waals interactions are present on the
saccharide moiety directly attached to the macrocyclic core, but no interactions are
present on the terminal saccharide moiety.

A B

4" Hydroxyl vDW H-bond to

(+) subunit ( ) subunit . to lipid T285 (M3 +)
M2 {
B \o .
: | H
2 7A * * i
S260 Cyolohexene o \(r\l/ o ;
H LR
L218 W
A AL L2181 4
VDW to
T285 , S M2-M3 + loop =
3.4 ; - ;

Splroketal

L
Disaccharide \M

H-bondto .- VDW to
$260 (M2 +) L257 (M2 +)

Figure 1.5. A) Crystal structure of ivermectin bound to GluCL.?®! B) Key binding
interactions highlighted.?”
The lack of binding at the terminal disaccharide moiety is corroborated by an SAR
study conducted by Mrozik et al. that showed functionalisation of the terminal
4" hydroxyl does not hinder binding.”? The SAR study utilised avermectin Bl,
(Figure 1.6), a structurally similar analogue of ivermectin (a mixture of 22,23-dihydro
avermectin B1, and Blp; Figure 1.2, page 17). In the study, the 4" hydroxyl of
avermectin B1, was functionalised via an ester linkage with a variety of moieties
(Figure 1.6).12 With all of these modifications, the in vivo efficacy of the modified
compound was comparable to that of the parent avermectin B1l,. Furthermore, the
aforementioned Martin’s Probe (Figure 1.4, page 18), featured a bodipy fluorophore
linked via and amide containing linker to ivermectin at the 4" position. While this
probe was not assayed in vivo, it was determined to maintain in vitro activity against
the target GIUCL!*Y In contrast to the tolerated 4" modifications, functionalisation of
the secondary allylic alcohol, the tertiary alcohol or destruction of the spiroketal moiety
(which possess the strongest binding interactions) was shown to greatly reduce the

efficacy of the drug.??
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Avermectin B1, (R*'=H)

Figure 1.6. Structure of avermectin Bla 4"’ derivatives that maintain anthelmintic
activity.?

1.1.4 Ilvermectin Resistance

For the purpose of this project, anthelmintic resistance will be studied using ivermectin
as a model; however, the factors that have led to ivermectin resistance are common to
the resistance observed in every class of anthelmintic. Since the inception of
ivermectin almost 40 years ago, reports of nematode resistance to the drug have been
steadily increasing in both frequency and severity.[242I2l271I28] There are several
factors that have contributed to the prevalence of this resistance, but as is the case with
the vast majority of pathogen-targeting pharmaceuticals, selection for drug resistance is

unavoidable.

A major factor in the rise of ivermectin resistance in nematodes was paradoxically the
outstanding efficacy of the drug. Due to its high potency, low host-toxicity and broad
spectrum utility, the tremendous success of ivermectin halted novel anthelmintic
research due to the unfavourable economics of developing more effective alternatives.
This resulted in an overreliance on available anthelmintics, especially ivermectin and
the avermectins. Furthermore, there was a concomitant shift in treatment practices from
the clinical treatment of individually infected livestock (or humans) towards the
prophylactic mass administration of anthelmintics to entire herds (and human
populations). M \While this has undoubtedly significantly reduced the damage
caused by nematode infections, this same paradigm shift in treatment, unfortunately
also contributed significantly to the emergence of resistance.MHIENIELE2]
Additionally, the nature of nematodes themselves plays a large part in the emergence of
ivermectin resistance. They demonstrate an exceptional ability to adapt to
environmental change, which is due in part to their rapid reproductive rates and
extremely large population sizes. These factors combined gives nematodes a high level
of genetic diversity, and this high gene flow greatly increases their potential to respond

to chemical attack.!*¥
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In general, there are several possible mechanisms of resistance. These include mutation
of the drug target protein, mutations preventing or hindering drug uptake or processes
such as efflux and metabolic inactivation or destruction. Studies to elucidate the
biochemical basis of ivermectin resistance have been conducted using the free-living
(non-parasitic) nematode Caenorhabditis elegans (C. elegans) as a model organism.
These studies identified the main genes of GIuCl receptors, and reported that
concomitant mutation of three of these genes conferred high levels of ivermectin
resistance.FIB4BS] \While the use of the free-living C. elegans nematode as a model
organism has questionable relevance to the study of parasitic species, the GIuCl
subunits of C. elegans are known to be homologous to parasitic species.[2/[28136137]
Despite the use of a good model organism, to date, no GluCl mutation has been directly
linked to ivermectin resistance in any field isolates of parasitic nematodes.”
Additionally, mutations to GIuCl that confer ivermectin resistance, cannot account for
the existence of resistance to multiple drug classes. Instead of drug target mutation, the
hypothesis for this project is that a primary operative mechanism of ivermectin
resistance is due to impaired drug uptake, which could also explain the observation of
multidrug resistance. In order to investigate this hypothesis it is necessary to have a

basic understanding of nematode anatomy.

1.1.5 Basic Nematode Anatomy

Despite the huge biodiversity within the phylum Nematoda, the anatomy of nematodes
is remarkably well conserved.'®® They all feature a cylindrical body coated in a cuticle,
with a mouth like organ known as the pharynx which includes a grinder located in the
terminal bulb (Figure 1.7). This then leads into the digestive tract known as the lumen,

which is lined with gut granules that are responsible for aiding digestion.

Pharynx Lumen Gut Granule

=~
S~—C TOOOOOOOO |/

Terminal Bulb Cuticle

Figure 1.7. Basic depiction of generic nematode anatomy.

The central nervous system of nematodes consists of a circular bundle of nerves around
the pharyngeal muscle known as the nerve ring (Figure 1.8). Of importance to this

project are the sensory organs connected to the nerve ring known as the amphids. These
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bilaterally symmetrical organs run parallel to the pharynx and are common to all
nematodes. They are responsible for chemosensation as well as osmotic, touch and
thermosensation.®®! Being comprised of nerve cells, both the nerve ring and the

amphids contain glutamate gated chloride channels.

Amphid Nerve Ring

Figure 1.8. Simplified depiction of the nerve ring and chemosensory amphids.

Dye-filling experiments have been conducted in which C. elegans has been treated with
lipophilic fluorescent dyes such as Dil (Figure 1.9 A) and when imaged with
fluorescent microscopy, the amphids and nerve rings are heavily stained (Figure 1.9 B).
However, amphid-defective mutants are known whose amphids are not stained during
these dye-filling assays (Figure 1.9 C). These dyf (dye filling defective) mutants are
also resistant to ivermectin. It is interesting to note that these dyf genes are unrelated to

GluCl and instead are necessary for forming sensory endings such as in the amphids.=*!

Nerve Ring " Gut
Gut — . 2. — Granules
Granules 4 ~

Amphid ﬁ

B

Figure 1.9. A) Structure of the commercial lipophilic dye, Dil. B) Fluorescence
microscopy of ivermectin-sensitive C. elegans treated with Dil. C) Fluorescence
microscopy of ivermectin-resistant C. elegans treated with Dil.

1.1.6 Hypotheses and Project Aims

For this project, a direct link between amphidal defects and ivermectin resistance is
proposed. The hypothesis is that the route of ivermectin uptake is via the amphids, and
that an operative mechanism of ivermectin resistance in nematodes is impaired drug

uptake due to loss-of-function amphid mutations. In order to investigate this, a
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fluorescent probe based on ivermectin was designed to study the route of ivermectin

uptake.

1.1.7 Probe Design
The probe designed for studying the uptake route of ivermectin and thus also for

investigating possible resistance mechanisms, is called BLI (bodipy-linker-ivermectin)
(Figure 1.10). It is structurally similar to the aforementioned Martin’s Probe (Figure
1.4, page 18) and is composed of ivermectin covalently linked via an amide containing
linker to a bodipy fluorophore. The linker is attached at the 4'" hydroxyl of ivermectin
as this position is known not to have any key binding interactions, and functionalisation
is known not to hinder the efficacy of the drug as was previously discussed (1.1.3
Ivermectin Mechanism of Action, page 17).2%?2 Strategically, a straightforward
amide disconnection was proposed which split the probe into two fragments, an amine

terminal bodipy fragment and an acid terminal ivermectin fragment.

Amide Disconnection

Ivermectin 4" position

BLI

Bodipy N Linker N Ivermectin

Bodipy Fragment N Ivermectin Fragment

Figure 1.10. Structure of proposed BLI probe.
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1.2 Results and Discussion

1.2.1 Synthesis of Bodipy Fragment 1.1

Svynthesis of Bodipy Core

To begin the synthesis of BLI (Bodipy-Linker-lvermectin), the abovementioned
bodipy fragment was targeted (Figure 1.10, page 23). Bodipy fragment 1.1 consisted of
the core bodipy moiety covalently linked to a section of the linker which terminates

with an amine. (Figure 1.11).

H
N
\/\NHZ

«CF3;COOH

1.1

) Bodipy Core N Linker

Figure 1.11. Structure of bodipy fragment 1.1.

The synthesis of bodipy fragment 1.1 began with the synthesis of the core bodipy
moiety. To achieve this, methyl bromoacetate was converted to the corresponding
phosphonium ylide 1.2 which proceeded with a 96% vield (Scheme 1.1).5 Following
this, Wittig olefination between phosphonium ylide 1.2 and pyrrole-2-carboxaldehyde
was conducted, which generated the (E)-alkene 1.3E with an 85% yield and the
(2)-alkene 1.3Z with a 13% yield."*" Subsequent hydrogenation of the unsaturated

methyl ester 1.3 gave access to the methyl ester pyrrole 1.4 with an 87% yield.[*!

o
|

cad
(o) o
(|) i) PPhy ° (|) HNT Pd/C o
EtOAc = = Hy ~

o,
j/ —_— /j/ —_— —_— f)
Br ii) NaOH Ph;P Toluene A MeOH A
3 HN HN
CH,Cl, 1.3E85% __ 87% —
96% 1.3Z13%
1.2 E=13E 1.4
Z=132Z

Scheme 1.1. Generation of phosphonium ylide 1.2, followed by Wittig olefination to
alkenes 1.3E and 1.3Z and subsequent reduction to saturated methyl ester 1.4.
Methyl ester pyrrole 1.4 was then coupled with pyrrole 1.5 in the presence of
phosphorus (V) oxychloride and boron trifluoride diethyl etherate, which successfully
generating the desired bodipy 1.6 with a yield of 46% (Scheme 1.2).1% Additionally,
two ‘homo dimer’ side products were observed, the dimethyl bodipy 1.6b in a 23%
yield (determined by NMR spectroscopy) and the diester bodipy 1.6¢ with a 4% yield

(determined by NMR spectroscopy).
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1.6c 4% (NMR) 1.6 1.6b 1.6c

Scheme 1.2. Coupling of pyrroles 1.4 and 1.5 to form bodipy 1.6 and the homo dimer
side products 1.6b and 1.6c.
With the successful synthesis of the bodipy core complete, the next step was to append
the linker and thus generate bodipy fragment 1.1 (Figure 1.11, page 24). To generate
fragment 1.1 from methyl ester bodipy 1.6, several possible routes were envisioned
(Scheme 1.3). Pathway A was the most direct route, involving a single step of direct
transamidation of methyl ester 1.6 with ethylene diamine to generate the free amine
bodipy fragment 1.1b. The two-step Pathway B entailed the initial hydrolysis of
methyl ester 1.6 to acid 1.7, followed by amidation of acid 1.7 with ethylene diamine to
generate the free amine bodipy fragment 1.1b. An alternative two-step sequence,
Pathway C, involved transamidation of methyl ester 1.6 with tert-butyl carbamate
protected amine 1.8 to generate the protected bodipy fragment 1.9, followed by
deprotection to bodipy fragment 1.1. Finally, the three-step Pathway D involved an
initial hydrolysis of methyl ester 1.6 to acid 1.7, followed by the amidation of acid 1.7
with protected amine 1.8 to generate the protected bodipy fragment 1.9 and subsequent

deprotection to bodipy fragment 1.1.
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Scheme 1.3. Possible pathways from methyl ester 1.6 to bodipy fragment 1.1(b).

Attempted Pathway A

Initial efforts were targeted towards the route with the best step economy, Pathway A,

which involved the direct transamidation of methyl ester 1.6 with ethylene diamine
(Scheme 1.4). To reduce the likelihood of ‘dimer’ 1.10 formation, resulting from
transamidation between the desired product amine 1.1b and the methyl ester starting
material 1.6, 50 equivalents of ethylene diamine were utilised. The reaction however,
did not produce any of the free amine bodipy fragment 1.1b. Furthermore, no aromatic
peaks corresponding to the bodipy core were observed by NMR spectroscopy which

indicated decomposition of the bodipy core.

Ethylene
Diamine

MeOH

1.6 Possible ‘dimer’ 1.10

Scheme 1.4. Attempted transamidation of methyl ester 1.6 to amine 1.1b and the
structure of the possible side product, ‘dimer’ 1.10.

In an attempt to monitor how the reaction was proceeding, and to gain some

information regarding why no desired amine 1.1b had been observed, the reaction was
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repeated in an NMR tube to allow direct NMR spectroscopy at various time points.
Utilising this method required changing the solvent from methanol to deuterated
methanol. Furthermore, to facilitate the analysis of the NMR spectra, the number of

equivalents of ethylene diamine were reduced from 50 to 5.

The spectra, recorded at various time points during the reaction, are displayed with the
key peaks of methyl ester 1.6, the methoxy group (-OCHj3), the two methylene groups
(-CH) and the bodipy methyl group (Ar-CHs) labelled (Figure 1.12). The first
spectrum shows the reaction mixture before the addition of ethylene diamine, for clarity
of the peaks of the starting material. The spectrum recorded at T=15 minutes already
shows significant degradation of the bodipy methyl signal. The spectrum recorded at
T=45 minutes showed that the signal corresponding to the bodipy methyl group (Ar-
CHs;) had completely degraded and further depicts partial degradation of the methyl
ester (-OCHj) signal. The spectrum at T=2 hours 15 minutes indicates decomposition
of the two methylene (-CH,) groups, and further splitting of the ester (-OCHy) signal.
The spectra recorded at T=24 and 96 hours indicate further degradation, followed by
disappearance of the methyl ester (-OCHj3) signal. Due to the decomposition observed,
this route was abandoned in favour of attempting the aforementioned Pathway B.
(Scheme 1.3, page 26).
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Figure 1.12. Structure of methyl ester 1.6 and *H NMR spectra showing decomposition
of bodipy methyl ester 1.6.

Attempted Pathway B

To continue efforts toward synthesising bodipy fragment 1.1b, the aforementioned
Pathway B was attempted, which involved the two-step ester hydrolysis-amidation
(unprotected) sequence (Scheme 1.3, page 26). Methyl ester 1.6 was successfully
hydrolysed under acidic conditions to the corresponding acid 1.7 with a 73% yield
(Scheme 1.5). Following this, a PyBop mediated amide coupling between acid 1.7 and
ethylene diamine was attempted. Due to the possibility of dimerisation to amide 1.10
(Scheme 1.4, page 26) between the free amine of the desired product 1.1b and the
starting material acid 1.7, ten equivalents of ethylene diamine were utilised. However,
this attempted amidation did not result in the desired amide 1.1b. Inspection of the
crude material by *H NMR spectroscopy revealed similar decomposition to that

observed in the Pathway A attempts (Attempted Pathway A, page 26).

4 M aq. HCI PyBop

E —
THF

73% DMF

1.6 1.7 1.1b

Scheme 1.5. Acid hydrolysis of methyl ester 1.6 to acid 1.7, followed by the attempted
amidation of acid 1.7 to amine 1.1b.
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The amidation reaction between acid 1.7 and ethylene diamine was attempted again,
this time with alternate coupling conditions (Scheme 1.6). Acid 1.7 was activated with
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) to form the activated NHS-ester in situ. Subsequent coupling with ethylene
diamine (10 equivalents to minimise the risk of unwanted coupling between the product
amine 1.1b with acid 1.7) failed to produce any of the desired amine 1.1b. Similarly to
the previous attempts, "H NMR spectroscopy revealed decomposition of the bodipy
core. A plausible explanation for the decomposition of both acid 1.7 and methyl ester
1.6 could be decomplexation of the BF, moiety from the bodipy core by ethylene
diamine, as bodipy is known to be unstable in strongly basic environments.**! While
ethylene diamine is not a particularly strong base, the bidentate nature of the compound
may have been sufficient to cause decomplexation, and thus decomposition of the

bodipy core.

EDC
NHS
Ethylene diamine
i-ProNEt

—

CH,Cl,

1.7 1.1b

Scheme 1.6. Attempted amid coupling of acid 1.7 to amine 1.1b.

Attempted Pathway C

With both Pathway A and Pathway B resulting in decomposition of methyl ester 1.6
and acid 1.7 respectively, attention turned to Pathway C (Scheme 1.3, page 26).
Pathway C involved the transamidation of methyl ester 1.6 with protected amine 1.8 to
generate the protected bodipy fragment 1.9 followed by deprotection to bodipy
fragment 1.1 (Scheme 1.3, page 26). The use of mono protected ethylene diamine
would decrease the bidentate nature of the (unprotected) diamine and would thus be
likely to decrease the possibility of decomplexation of the BF, moiety from the bodipy
core. To generate the required mono protected amine 1.8, ethylene diamine was reacted
with di-tert-butyl dicarbonate to afford the tert-butyl carbamate protected amine 1.8 in
a 68% vield (Scheme 1.7).144

Boc,O

—> unN
CH,Cl, 2V NHBoc
68%

H,N
NN,

1.8

Scheme 1.7. Mono protection of ethylene diamine to tert-butyl carbamate 1.8.

Following the synthesis of protected amine 1.8, the transamidation with methyl ester

1.6 was attempted (Scheme 1.8). Although the reaction did not result in the desired
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amide 1.9, no decomposition was observed and methyl ester 1.6 was be recovered. This
lack of decomposition is consistent with the assumption that the presence of the

bidentate ethylene diamine was responsible for the previously observed decomposition.

Scheme 1.8. Attempted transamidation of methyl ester 1.6 with amine 1.8 to generate
the protected bodipy fragment 1.9.

Attempted Pathway D

As the desired bodipy fragment 1.1(b) was not observed when utilising the three
pathways with the shortest step-count (Pathways A, B and C), attention was shifted
toward the three-step Pathway D (Scheme 1.3, page 26). The first step of this sequence
was the aforementioned hydrolysis of ester 1.6 to acid 1.7 (Scheme 1.5, page 28).
Following this, an EDC/NHS mediated coupling of acid 1.7 with tert-butyl carbamate
protected amine 1.8 was attempted which successfully generated the protected bodipy
fragment 1.9 with a 69% vyield (Scheme 1.9).1**!

EDC
NHS
i-Pr,NEt
H N —
20" NHBoc
CH,Cl,
69%

Scheme 1.9. Coupling of acid 1.7 with protected amine 1.8 to generate tert-butyl
carbamate protected amide 1.9.
With the protected bodipy fragment 1.9 in hand, deprotection to generate the desired
bodipy fragment 1.1 was attempted (Scheme 1.10). Due to the reported sensitivity of
the bodipy moiety to strong Bransted acids and bases,**!“®! deprotection of tert-butyl
carbamate 1.9 was attempted using 2 m hydrochloric acid."” After eight hours
however, no reaction had taken place and so the concentration of acid was increased to
4 M. After 16 hours, no conversion had been observed, however some decomposition
was evident and so the reaction was terminated and tert-butyl carbamate 1.9 was

recovered.
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1.9

Scheme 1.10. Attempted acidic deprotection of tert-butyl carbamate 1.9 to amine 1.1b.

Following the attempts to deprotect tert-butyl carbamate 1.9 using hydrochloric acid,
the use of trifluoroacetic acid was trialled. While this is the most commonly used
reagent to effect tert-butyl carbamate deprotection, it was not initially attempted due to
a study in which trifluoroacetic acid was reported to efficiently decomplex the BF;
moiety from the bodipy core within one hour of reaction time.®! Due to this report, the
reaction was attempted with careful regular observation. Tert-butyl carbamate 1.9 was
treated with trifluoroacetic acid at room temperature for one hour which successfully
yielded amine TFA salt 1.1, completing the synthesis of the bodipy fragment (Scheme
1.11).1%8

H
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\/\NHZ

+CF3;COOH
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Scheme 1.11. Acidic deprotection of tert-butyl carbamate 1.9 to bodipy fragment 1.1.

1.2.2 Synthesis of lvermectin Fragment 1.11

With the synthesis of the bodipy fragment complete, focus was shifted toward the
synthesis of the ivermectin fragment 1.11 (Figure 1.13). This consisted of ivermectin

covalently bound via an ester linkage to a section of linker with a terminal acid moiety.

o ~o
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Figure 1.13. Structure of acid terminal ivermectin fragment 1.11.

In order to selectively functionalise the desired secondary 4" alcohol of ivermectin, the
more reactive secondary allylic 5 alcohol had to be protected (Figure 1.13).%? This was
achieved by reacting ivermectin with tert-butyldimethylsilyl chloride in the presence

of imidazole, which generated silyl ether 1.12 in an 85% yield (Scheme 1.12).1*? The
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reaction was terminated after two hours as this marked the point at which the formation
of undesired diprotected material could be observed.

TBS-CI
Imidazole
—_—

DMF
85%

A
oTBS

Ivermectin 1.12

Scheme 1.12. Mono tert-butyldimethylsilyl protection of ivermectin to silyl ether 1.12.

The next steps involved the synthesis of the linker fragment that features in ivermectin
fragment 1.11 (Figure 1.13, page 31). This was achieved in two steps, beginning with
the ring opening of succinic anhydride with trichloroethanol in the presence of the
nucleophilic catalyst 4-dimethylaminopyridine (Scheme 1.13).?2 This afforded the
trichloroethanol protected acid 1.13 in an 81% vyield. Acid 1.13 was subsequently
activated to the corresponding acyl chloride 1.14 using oxalyl chloride and catalytic

N,N-dimethylformamide.!?

o

o Oxalyl chloride 9
DMAP OH DMF Cl
C[| o —_— o —_— 0k
(o]

Toluene L o THF
CCl; o 81% CCl3 Quantitative CCly

1.13 1.14

Scheme 1.13. Ring opening of succinic anhydride with trichloroethanol to generate acid
1.13 followed by the activation of acid 1.13 to acyl chloride 1.14.

Due to the susceptibility of acyl chloride 1.14 to hydrolysis, it was immediately
coupled with the free secondary 4" hydroxyl of silyl ether 1.12. The coupling was
conducted in the presence of catalytic 4-dimethylaminopyridine and Hiinig’s base
which afforded the desired ester 1.15 with an 82% yield (Scheme 1.14).1?4
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Scheme 1.14. Coupling of silyl ether 1.12 with acyl chloride 1.14 to ester 1.15.

With the doubly protected ivermectin fragment 1.15 now complete, the following step
was the deprotection of the tert-butyldimethylsilyl protecting group. Acidic
deprotection of silyl ether 1.15 using p-toluenesulfonic acid in methanol afforded the

free secondary allylic alcohol 1.16 with a 68% yield (Scheme 1.15).1

p-TsOH

MeOH
68%

A
oTes
1.5

Scheme 1.15. Acidic deprotection of silyl ether 1.15 to secondary allylic alcohol 1.16.

The final step in the synthesis of ivermectin fragment 1.11 involved the reductive
deprotection of the trichloroethyl group from ester 1.16. To achieve this, ester 1.16 was
treated with metallic zinc in acetic acid, which successfully generated the
corresponding free acid 1.11 with a quantitative yield and completed the synthesis of

the ivermectin fragment (Scheme 1.16).1%?
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Scheme 1.16. Reductive deprotection of ester 1.16 to acid 1.11.

1.2.3 Completion of BLI synthesis

With both bodipy fragment 1.1 and ivermectin fragment 1.11 in hand, coupling of these
fragments to generate the BLI (Bodipy-Linker-lvermectin) probe was attempted.
Initially, an EDC/NHS mediated amide coupling was attempted between amine TFA
salt 1.1 and acid 1.11 (Scheme 1.17).*®! This did not result in any of the desired BLI
probe; however, full consumption of starting material was observed, resulting in the
formation of several side products. Upon inspection of these side products, it was
determined that the major product was the NHS activated ester 1.17. This indicated that
either the reaction had not reached completion, or the batch of amine TFA salt 1.1 was

impure, or had degraded.
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Scheme 1.17. Attempted coupling of amine TFA salt 1.1 and acid 1.11 to generate BLI
probe and the structure of the major isolated side procuct, activated NHS ester 1.17.
Having isolated the activated NHS ester 1.17, another batch of amine TFA salt 1.1 was
generated (Scheme 1.11, page 31), and the coupling to form the BLI probe was
attempted. The coupling was conducted under basic conditions and successfully
generated the BLI probe with a 71% vyield (Scheme 1.18). With the probe successfully

generated, biological assaying was conducted.
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Scheme 1.18. Coupling of amine TFA salt 1.1 with the activated NHS ester 1.17 to
generate probe BLI.
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1.3 BLI Biological Assaying

1.3.1 Materials and Methods

Nematode Strains and Culture

For the testing of BLI, only the N2 (wild type) Caenorhabditis elegans strain was
utilised which was supplied by the C. elegans Genetics Centre (USA). They were
maintained on nematode growth media Petri plates which were supplemented with 50—
100 pL Escherichia coli OP50-1 liquid culture (a non-pathogenic, slow growing E. coli
strain).*] The nematode growth media Petri plates were prepared with 3 g NaCl, 17 g
agar, 2.5 g peptone and 975 mL H,O which were combined and autoclaved for 50
minutes. After cooling at 55 °C for 15 minutes, 1 mL 1 m CaCl,, 1 mL 5 mg/mL
ethanolic cholesterol, 1 mL 1 m MgSQO, and 25 mL KPO, buffer were added and mixed
before being added under sterile conditions to Petri dishes and allowed to cool.

Nematode Microscopy Preparation

Nematodes were viewed directly on the assay plates using a Zeiss benchtop microscope
fitted with a Canon sureshot camera. For viewing under differential interference
contrast (DIC) and fluorescence microscopy, nematodes were picked using a 32 gauge
platinum wire (flamed before and after each use) from the assay plates. The picked
nematodes were then mounted on slides with a pad of 2% agarose in M9 buffer (3 g
KH,PO4, 6 g Na,HPO4, 5 g NaCl, 1 mL 1 m MgSQ,4, H,O to 1 L and autoclave
sterilisation) which were supplemented with 10 mm NaNj; (to immobilize nematodes).
The slide was then covered with petroleum jelly edged cover slips and stored in a dark
and moistened atmosphere before viewing. Nematodes were viewed using DIC or
fluorescence optics on a Zeiss Axioscop2 microscope and imaged using a mounted

Zeiss AxioCam camera with Axiovision software.®

Dil Staining Procedure

In addition to drug exposure, nematodes were also treated with the lipophilic dye Dil
(Figure 1.7, page 22) to assess the integrity of the amphid sensory structures.
Nematodes stained with Dil were suspended in 1 mL M9 buffer and centrifuged at
2500 rpm. The supernatant was removed, the pellet resuspended in 1 mL M9
containing 5 pL of Dil stock solution (2 mg/mL in dimethylformamide) and the
suspension was placed in the dark at ambient temperature for three hours. The
nematodes were then centrifuged and washed with M9 solution twice before being
transferred to NGM plates seeded with 50 uL OP50-1 liquid culture and incubated at
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20 °C overnight. Following this, nematodes were prepared and imaged as per the
aforementioned procedure (1.3.1.2 Nematode Microscopy Preparation, page 37).

Free Swimming Assay

To measure the acute (short term) effects of the test compounds on nematodes, the free
swimming assay was utilised. Using sterile conditions, either 99 pL of M9 buffer or
94 pL of M9 buffer and 5 pL of E. coli OP50-1 liquid culture were added to each lane
of a 96 well plate. To this, 1 pL of the test compound in a methanolic stock solution
(generating a final concentration of 1% methanol) was added. Finally, 25 adult
nematodes (for BLI testing only N2 (wild type) C. elegans strain was utilised) were
added to the wells, and the plates were incubated at 20 °C for 24 hours with images

taken at one, four and 24 hours.

Plate-Based Assay

To measure the long term effects of the test compounds on nematode populations, the
plate-based assay was utilised. Using sterile conditions, 5 mL of NGM was added to a
Petri plate and allowed to set. The plates were then seeded with 50 pL of E. coli
OP50-1 liquid culture followed by 50 pL methanolic solution of the desired compound
(generating a final concentration of 1% methanol). Five adult N2 C. elegans were then
transferred to the plate using a flamed 32 gauge platinum wire before the plates were
incubated at 20 °C in the dark for 48 h with images taken at five, 24 and 48 hours.

1.3.2 BLI Study

For the testing of the BLI probe, C. elegans was utilised as a model organism as the

free-living nematode is significantly easier to work with than parasitic species. While
the extensively studied C. elegans is not parasitic, and thus has questionable relevance
in studying clinically relevant parasitic species, the first aim of this project was to
establish the primary route of uptake of ivermectin. The hypothesis, for which this
project attempted to generate evidence, is that the uptake route of ivermectin is via the
amphids. With this in mind, C. elegans is an acceptable model organism as the amphids

are known to be homologous throughout the phylum Nematoda.>”

Establishing BLI| Efficacy

The initial testing with BLI was to establish if the probe had comparable efficacy to the

parent drug, or if the modifications that were made hamper its nematicidal activity.
This was important as a substantial loss of efficacy would destroy any confidence that
the probe was acting in a similar manner as the parent drug, thus nullifying any results.

As some loss of efficacy is expected when modifying an already optimised and
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extremely potent drug, a self-imposed maximum limit of efficacy loss was set at one
order of magnitude. Efficacy loss beyond this limit was deemed to be too great, and

likely indicated a poor chemical probe for the purposes of this project.

With that in mind, the free swimming assay (Free Swimming Assay, page 38) was
developed and utilised to establish the efficacy of BLI, using ivermectin as a positive
control. As the compounds were in methanolic stock solutions, the assay contained a
final concentration of 1% methanol. To ensure that this did not interfere with the health
of the nematodes, a 1% methanol negative control was included in the assay.
Interestingly, when utilising this assay the positive control ivermectin was not
efficacious at its normal effective concentration (10 nM) against C. elegans. With the
positive control not functioning reliably, the results obtained were nullified and an

alternative assay was utilised.

The next assay to be conducted was the plate-based assay (Plate-Based Assay, page
38). With this assay, positive nematicidal activity is determined by reduction of the
nematode population to zero. Treatment with sub-lethal concentrations of nematicidal
compounds results in lowered motility of individual nematodes, as well as a reduced
population (compared to wild type population). Treatment with non-nematicidal
compounds (and nematicidal compounds at concentrations too low to produce
detectable efficacy) results in normal motility of individual nematodes, and a normal

population size when compared with wild type nematodes.

With that in mind, BLI was tested and once more, the purpose was to establish whether
the efficacy of BLI was within an order of magnitude of that of the parent drug
ivermectin. lvermectin was utilised as the positive control and the two negative
controls, no compound and 1% methanol were again employed. Upon completion of
the assay after 48 hours, the 1% methanol control had no discernible detrimental effect
on the health or reproduction of the nematodes. The ivermectin control however, had
successfully destroyed the population from a concentration of 10 nm and upwards
(Graph 1.1). As this was the expected lethal concentration of ivermectin for this assay,
the control functioned as intended and the results of this assay were deemed reliable.
Upon observation of the BLI treated plates, thriving populations were noted for
concentrations up to and including 600 nm. At 1 um BLI, some efficacy was observed
as the nematodes were noticeably less motile and the population was somewhat
reduced compared to the no compound control. At 10 um BLI, full efficacy was
observed and the population was completely destroyed. This represented a three orders

of magnitude loss of efficacy for BLI compared to ivermectin, which was well beyond
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the self-imposed maximal limit of one order of magnitude. With these results, BLI was
determined to be a poor probe for the purposes of this project and therefore the probe

design needed to be readdressed.
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Graph 1.1. Graph showing efficacies of ivermectin and BLI.

While the probe was not as efficacious as ivermectin, fluorescent microscopy was
conducted regardless in an attempt to rationalise why such a large decrease in efficacy
had occurred (Figure 1.14). At 10 nm BLI, no fluorescence was observed, which
correlated with the observed lack of efficacy. At 100 nm and 600 nm BLI, some
fluorescence was observed which stained the pharynx (mouth) and the lumen (digestive
tract). This indicated that the nematodes ingested the probe, however as no lethality
was observed in the assay, it implied that ingestion of the drug is not the primary route
of uptake. As no fluorescence was observed in the amphids, the probe likely did not
enter the amphids which, when correlated with the lack of lethality at these
concentrations, is indirectly consistent with an amphidal uptake mechanism. However,
due to the significantly reduced efficacy of BLI compared to ivermectin the probe
needed to be redesigned with the aim of improving the efficacy.
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Figure 1.14. Fluorescence microscopy of BLI treated C. elegans.
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1.4 Probe Redesign

1.4.1 Troubleshooting

With the probe not functioning as intended, troubleshooting was conducted in an
attempt to establish the cause(s) of the loss of efficacy. When designing BLI, two
structural modifications were made to ivermectin; the addition of the linker, and the
addition of the bodipy moiety. It was evident therefore, that the loss of efficacy of BLI

was a result of either one, or both, of these structural modifications.

The first of the possible issues was with regard to the linker, which contained two
potential sources of efficacy loss; the site of the linker attachment and the composition
of the linker. However, when designing BLI, a core publication by Mrozik et al. was
utilised to guide both the site of linker attachment and the linker composition.'?? The
aforementioned structure-activity relationship (SAR) study of avermectin B1, (Figure
1.6, page 20), showed minimal loss of in vivo efficacy of the 4'" derivatives. This
therefore provided some rationale that neither the linker attachment site, nor the
composition of the linker chosen for BLI is likely to be the source of the observed loss

of efficacy.

With this in mind, it therefore seemed likely that the addition of the bodipy moiety was
somewhat responsible for the lack of efficacy. When designing BLI, the
aforementioned publication by Martin et al. was utilised to guide the design of the
linker and fluorophore moiety.?" In this study, Martin’s Probe (Figure 1.4, page 18),
which is structurally similar to BLI, was utilised to study the diffusion of ivermectin
along cell membranes. For this study, the probe was administered in vitro to isolated
muscle cell vesicles and not administered in vivo to either live nematodes or infected
host organisms. Martin et al. demonstrated that their bodipy-containing ivermectin-
based probe maintained efficacy against the Glutamate gated chloride channel (GIuCl)
target.!” This therefore provided a good rationale that the BLI probe from this project
could likely still engage the GIluCl target.

The difference between the in vitro isolated muscle cell assay employed by Martin et
al. and the assay employed in this project was the in vivo administration of BLI to live
nematodes. This therefore required BLI to enter the nematodes, and make its way to
the GIuCl target. With the abovementioned knowledge that BLI can likely still bind to
the GIluCl and maintain efficacy, the loss of efficacy of BLI could have been due to

BLI not being able to reach GIuCl target. As no staining was observed in the
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nematodes during the BLI assay, the likely cause of this low target engagement was a
lack of BLI probe uptake.

As the hypothesis for this project is an amphidal route of ivermectin uptake, the
properties of the commercially available Dil dye were scrutinised. Dil is frequently
used to stain nematode amphids and nerve rings and is thus known to have an amphidal
route of uptake. As the dye is designed to stain membranes, it is extremely lipophilic

featuring two Csg alkyl chains and a hydrocarbon backbone (Figure 1.15).

Dil

Figure 1.15. Structure of commercially available lipophilic dye Dil.

Additionally, it is known that ivermectin partially embeds in the outer layer of nerve
cell membranes and diffuses along the outer membrane (without crossing it) until it
meets and binds to the GIuCL.?YY A high degree of lipophilicity is required to allow this
membrane interaction to occur, as is present in the membrane staining Dil dye.
Therefore, it was deemed possible that the addition of the linker, the bodipy or a
combination of the two, reduced the lipophilicity of the probe enough to prevent this

necessary lipophilic membrane interaction for occurring.

1.4.2 Lipophilicity Calculations

In an attempt to generate values for the lipophilicity with which to be able to compare
ivermectin, Dil and BLI, some parameters were calculated using the OSIRIS
DataWarrior software. The values chosen to represent lipophilicity were the calculated
partition coefficient between octanol and water (cLogP), the surface sum of all polar
atoms known as topological polar surface area (tPSA), and a count of the hydrogen-
bond acceptors and donors. While these calculated values are of course not quantitative
empirical data, they were useful for generating an estimation of the lipophilicity of each
compound. The cLogP for ivermectin was calculated to be five which is the upper
limit of ‘Lipinski’s rule of fives’ for orally administered drugs (Figure 1.16).° The
cLogP for BLI was six which was close to that of ivermectin. For comparison, the
lipophilic Dil had a cLogP of 20, which is significantly higher than ivermectin and
BL I and was unsurprising based on its structure. A look at the topological surface areas
(tPSA) however, indicated a more significant difference between the compounds. For

reference, a tPSA value of more than 140 A? typically indicates low lipophilicity at
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which point the membrane diffusion of a compound is hindered.? The tPSA value for
ivermectin was calculated to be 170 A? (Figure 1.16). The tPSA of the BLI probe
however, was calculated to be 250 A% which is significantly higher than that of
ivermectin and thus indicates a significant drop in lipophilicity. Conversely and as
expected, the tPSA of Dil was extremely low with a value of 6 A? indicating
significantly increased lipophilicity compared to ivermectin. The hydrogen bond
acceptor count for ivermectin was 14 (Figure 1.16). For BLI however, this value was
21 which indicated a much lower degree of lipophilicity compared to ivermectin. As
expected the lipophilic dye Dil had a lower count of one hydrogen-bond acceptor. And
finally the hydrogen-bond donor count for ivermectin was three and for BLI was four,
indicating a slight decrease in lipophilicity compared to ivermectin. The lack of any
hydrogen bond donors for Dil again contributed to its high lipophilicity.

H
OH

(J
&
=

®

Ivermectin Dil

Ivermectin | BLI | Dil

cLogP 5 6 | 20

tPSA (A% 170 250 | 6

HBA 14 21 | 1

HBD 3 4 0

Figure 1.16. Structures of BLI probe, ivermectin and commercial lipophilic dye Dil
and the table of calculated lipophilicity measurements.

With these values, it was clear that the addition of the amide-based linker and bodipy
moiety significantly decreased the lipophilicity of the BLI probe compared to that of

ivermectin. This decreased lipophilicity in combination with the observed lack of BLI
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uptake is consistent with the hypothesis that the lipophilicity of the BLI probe was too

low to allow the necessary lipophilic membrane interactions to occur.

1.4.3 New Probe Proposal

In an attempt to increase the probes lipophilicity, two modifications to the structure of
BLI were made. Firstly, the hydrophilic linker which contributed two hydrogen bond
donors and five hydrogen bond acceptors was removed. Secondly, the methyl group
affixed to the bodipy core was increased in length to a dodecyl chain to mimic the
commercial lipophilic dye Dil (Figure 1.9, page 22). These modifications resulted in
the design of the new probe named FBI (Fatty-Bodipy-lvermectin) (Figure 1.17). With
these modifications, the cLogP was increased to 12, a value between that of ivermectin
and Dil (Figure 1.17). The tPSA was lowered (relative to BLI) to 190 A% which, while
still above the desired lipophilic lower limit of 140 A2 was much closer to the value of
ivermectin than the BLI probe was. And finally the hydrogen bond acceptor and donor
counts of FBI are much closer to ivermectin than those of BLI. With the modifications
proposed and validated by the calculations, efforts were focussed on the synthesis of
FBI.

FBI

Fatty Bodipy N Ivermectin

Ivermectin | BLI | FBI

cLogP 5 6 12

tPSA (A% 170 250 | 190

HBA 14 21 | 17

HBD 3 4 2

Figure 1.17. Structure of redesigned lipophilic probe FBI and tabulated comparison of
calculated lipophilicity values.
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1.5 FBI Synthesis

1.5.1 Synthetic Strateqy

While the design of FBI was primarily to increase the lipophilicity, it was also
designed to incorporate stock intermediates from the BLI synthesis such as silyl ether
protected ivermectin 1.12 (Scheme 1.12, page 32) and the methyl ester functionalised
pyrrole 1.4 (Scheme 1.1, page 24). With this in mind, the synthetic strategy to generate
FBI was a straightforward ester disconnection to generate an acid terminal fatty bodipy

fragment, and a hydroxyl terminal ivermectin fragment (Figure 1.18).

Ester Disconnection

FBI

Fatty Bodipy Fragment Ivermectin Fragment

Figure 1.18. Structure of FBI and the constituent fragments.

1.5.2 Fatty Bodipy Fragment Synthesis

As a design feature of FBI was to take advantage of common intermediates from the
BLI synthesis, the ivermectin fragment that was to be used for coupling to the fatty
bodipy fragment was the previously synthesised silyl ether 1.12 (Scheme 1.12, page
32). With this in mind, the synthesis of FBI began with the targeting of the acid
terminal fatty bodipy fragment 1.18 (Figure 1.19).

Fatty Bodipy Fragment
1.18

Figure 1.19. Structure of fatty bodipy fragment 1.18.

The synthesis of the fatty bodipy fragment 1.18 was analogous to that of the methyl
bodipy acid 1.7 (1.2.1 Synthesis of Bodipy Fragment 1.1, page 24). Initially, pyrrole
was alkylated with dodecyl bromide which produced a complex mixture of alkylated
products that resulted in a difficult purification (Scheme 1.19).°* Multiple successive

purification attempts were required; however, two mono alkylated products were
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isolated. These were the desired 2-alkylated pyrrole 1.19 and the undesired 3-alkylated
pyrrole 1.19b in a 14% and 3% vyield respectively. In addition to the isolated mono
alkylated products, m/z ratios consistent with a mixture of di-, tri- and tetra-alkylated
pyrroles were observed by LCMS analysis. Following the synthesis of the desired
2-alkylated dodecyl pyrrole 1.19, it was subjected to Vilsmeier—Haack formylation
conditions generating pyrrole carboxlyate 1.20 with an 86% yield.[>"

i) EtMgBr Oxalyl Chloride

i N 1-Bromododecane N DMF 1 ! \
_—
Z —_— o 3 V4 4
oo CH,Cl, \
i) H,O 8% °
1.19 14% 1.19 = 2 alkylated 1.20

1.19b 3% 1.19b = 3 alkylated

Scheme 1.19. Alkylation of pyrrole to dodecyl pyrroles 1.19 and 1.19b , followed by
the Vilsmeier—Haack formylation of pyrrole 1.19 to pyrrole carboxylate 1.20.
With pyrrole carboxlyate 1.20 in hand, it was coupled with the previously synthesised
pyrrole 1.4 (Scheme 1.1, page 24) in the presence of phosphorus oxychloride and boron
trifluoride generating the desired hetero bodipy 1.21 with a 55% vyield (Scheme
1.20).1"? In addition, the undesired dialkyl bodipy 1.21b and diester bodipy 1.21c were

detected by NMR spectroscopy in 11% and 13% vyields respectively.

POCI,
BF3 OEt,

Ol iPrNEt
—_—
10 NH
f EN o CH,Cl,
7 N 55%
= 1.21 55%

1.21b 11% (NMR)
1.21¢ 13% (NMR)

1.20 1.4

Scheme 1.20. Coupling of pyrroles 1.20 and 1.4 to generate the desired hetero bodipy
1.21 and the undesired homo bodipys 1.21b and 1.21c.

To complete the fatty bodipy fragment synthesis, bodipy methyl ester 1.21 was
hydrolysed under acidic conditions to the corresponding bodipy acid 1.18 in a 96%
yield (Scheme 1.21).With the completion of the fatty bodipy fragment 1.18, subsequent

activation of acid 1.18 with oxalyl chloride and catalytic dimethylformamide to acyl

chloride 1.22 prepared the fragment for coupling.??

OH
Oxalyl Chloride
4 M aq. HCI DMF
_—
THF

96%

THF
Quantitative

1.21 1.18 1.22

Scheme 1.21. Acidic hydrolysis of methyl ester 1.21 to acid 1.18 and the subsequent
activation to acyl chloride 1.22.
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1.5.3 Completion of FBI Synthesis
To complete the synthesis of FBI, the bodipy acyl chloride 1.22 was coupled with the
previously synthesised silyl ether 1.12 (Scheme 1.12, page 32) via an ester linkage. The

coupling was achieved with the use of nucleophilic catalyst 4-dimethylaminopyridine

under basic conditions, which afforded tert-butyldimethylsilyl ether 1.23 in a 15% yield
(Scheme 1.22).[%2]

DMAP
i-Pr,NEt
—_—
CH,Cl,
15%

H
OTBS
1.22 1.12

H
oTBS

1.23

Scheme 1.22. Coupling of acyl chloride 1.22 and silyl ether 1.12 to generate tert-
butyldimethylsilyl ether 1.23.
The final step in the synthesis of FBI was the deprotection of silyl ether 1.23 to the
corresponding alcohol. To achieve this, silyl ether 1.23 was subjected to acidic
deprotection conditions which successfully resulted in the generation of the lipophilic
FBI probe with a 42% vyield (Scheme 1.23).1”2 With the synthesis of FBI complete,
focus shifted to the biological testing of the lipophilic probe.
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Scheme 1.23. Acidic deprotection of silyl ether 1.23 to generate lipophilic probe FBI.
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1.6 FBI Biological Assaying

1.6.1 Materials and Methods

Nematode Strains and Culture

For the testing of FBI, the Caenorhabditis elegans strains utilised in the study were N2
(wild type, ivermectin-sensitive), Dyf-7 (Dye filling defective, ivermectin-resistant)
and TP-238 (ivermectin-resistant). N2 and Dyf-7 were supplied by the C. elegans
Genetics Centre (USA). TP-238 was generated by random ethyl methanesulfonate
(EMS) mutagenesis and selection for ivermectin resistance by collaborator Prof Tony
Page, Institute of Biodiversity, Animal Health and Comparative Medicine, University
of Glasgow.® All strains were maintained on nematode growth media Petri plates
supplemented with 50 pL Escherichia coli OP50-1 liquid culture as described above
(Nematode Strains and Culture, page 37).1%

The field isolated strains of the parasitic nematode Haemonchus contortus
(H. contortus) used in this study were MHco3 (ivermectin-sensitive), MHcol7
(ivermectin-resistant) and MHco18 (ivermectin-resistant), which were kindly donated
by Dave Bartley and Alison Morrison, Moredun Research Institute, UK. The supplied
embryos were purified via saturated salt floatation from faecal samples derived from
mono-specifically infected donor lambs. The purified eggs were then hatched to L1
larvae and allowed to develop to L2 and L3 larvae by culturing on NGM plates

containing 5% whole sheep blood and supplemented with E. coli OP50-1.5%

Nematode Microscopy Preparation

Same procedure as that utilised for the testing of BLI (Nematode Microscopy
Preparation, page 37).

Dil staining Procedure

Same procedure as that utilised for the testing of BLI (Dil Staining Procedure, page
37).

Plate-Based Assay
Using sterile conditions either 5 mL of NGM or 4.95 mL of NGM and 50 pL of whole

sheep blood was added to a Petri plate and allowed to set. The plates were then seeded

with 50 pL of E. coli OP50-1 liquid culture followed by 50 pL methanolic solution of
the desired compound (generating a final concentration of 1% methanol). For assays
utilising the free living nematode C. elegans, five adult N2 C. elegans were transferred

to either NGM or 5% whole sheep blood NGM plates using a flamed 32 gauge
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platinum wire before the plates were incubated at 20 °C in the dark with images taken
at various time points over 96 hours. For assays involving the parasitic nematode
H. contortus, L1 larvae were washed onto either NGM or 5% whole sheep blood NGM
plates with a minimal amount of M9 buffer. The plates were then incubated at 20 °C in

the dark with images taken at various time points over 96 hours.

1.6.2 FBI Study in Non-Parasitic Nematodes

Establishing FBI Efficacy
Similarly to the testing of BLI (1.3.2 BLI Study, page 38), the initial testing of FBI

focussed on establishing if the nematicidal activity was comparable to the parent drug
ivermectin, and thus to determine if FBI is a suitable probe for the purposes of this
project. For this initial testing, the N2 strain (ivermectin-sensitive wild type) of the
free-living C. elegans nematode was selected and the NGM plate-based assay described
above (Plate-Based Assay, page 49) was utilised. With this assay, the positive
indication of nematicidal activity was a complete elimination of the nematode
population. A sub lethal concentration of a nematicidal compound produced a state of
lethargy in the nematodes, with clearly reduced motility and a diminished population
when compared to the population of nematodes treated with no compounds. When the
concentration of a nematicidal compound is too low to produce any discernible effects
(or when a non nematicidal control compound is administered) the negative readout
from the assay is a thriving population with individuals displaying a normal motility

rate.

With this in mind, N2 C. elegans were treated with various concentrations of FBI,
ivermectin (positive control), 1% methanol (negative control) and no compounds
(negative control). The controls performed as expected with no discernible difference
between the nematodes treated with no compounds and those treated with 1% methanol
(Figure 1.20). As expected, ivermectin displayed an effective lethal concentration of
10 nm which was indicated by a lack of any nematode population in the image of the
assay plate (Figure 1.20). Interestingly, FBI produced a strong reduction in nematode
motility and a slight reduction in the population size (when compared to the 1%
methanol control) at a concentration of 10 nm and displayed an effective lethal
concentration of 50 nm. As the observed lethal concentration of FBI compared to
ivermectin was within the one order of magnitude self-imposed limit of efficacy loss,
this positive result provided confidence that FBI was a suitable probe for studying the

uptake route of ivermectin.

50



1% Methanol Ivermectin 10 nM FBI 10 nM FBI 50 nM

Figure 1.20. Plate images of nematode populations after treatment with 1% methanol,
ivermectin and FBI.
A comparison of the efficacy of FBI with that of the original BLI probe shows how
effective the lipophilic modifications to the original probe design were to the efficacy
of FBI (Graph 1.2). The new lipophilic FBI has an effective lethal concentration of 50

nMm, while the original BLI probe had an effective lethal concentration of 10 pum.
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Graph 1.2. Graph comparing the nematicidal efficacies of ivermectin, FBI and BLI.

Establishing Ivermectin Route of Uptake

With the nematicidal efficacy of FBI established, fluorescence microscopy was
conducted in an effort to elucidate the route of uptake of ivermectin in C. elegans.
Included as a fluorescence negative control (but nematicidal positive control) is
ivermectin, which at the lethal concentration of 10 nm clearly displays only gut
granule autofluorescence with no amphid or nerve ring staining (Figure 1.21).
Importantly however, FBI is shown to clearly stain the amphids and nerve ring of C.
elegans nematodes at the lethal concentrations of 50 nm and 100 nmM. The combination
of lethality with the observed amphid and nerve ring staining constitutes strong

evidence consistent with an amphidal route of uptake of ivermectin.
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Figure 1.21. Fluorescence microscopy of C. elegans treated with FBI and ivermectin.

In order to corroborate this finding, the experiment was repeated with an additional
control compound, bodipy methyl ester 1.21 (Figure 1.22). There were three main
reasons for this negative control compound. The first was to ensure that the amphid and
nerve ring staining was due to ivermectin induced selectivity and not merely non-
specific staining with a lipophilic dye. The fact that amphid and nerve ring staining is
observed concomitantly with nematode lethality is already strong evidence that the
staining is not non-specific; however, this control served to further substantiate the
claim. The second reason for this control was to ensure that the lethality observed was
due to the ivermectin moiety of FBI, and not due to unanticipated bodipy-induced
toxicity. And finally, this control served to probe the possibility of in vivo hydrolysis of
the ester bond that connects the bodipy moiety of FBI to ivermectin. While the ester is
significantly hindered and thus somewhat resistant to esterase hydrolysis, it could still
be possible for hydrolysis to occur. If enzyme catalysed hydrolysis was occurring, it
would be releasing the toxic ivermectin and a dodecyl bodipy fragment (Figure 1.22).
With these two species present, it would have been possible that the ivermectin was
causing the toxicity and that the lipophilic bodipy was causing the amphid and nerve
staining. Therefore to address these three issues, bodipy 1.21 was administered to the
ivermectin-sensitive N2 C. elegans strain as a negative control. Additionally an assay
involving co-administration of bodipy 1.21 and ivermectin was administered to N2
C. elegans to simulate the effect of hydrolysis and to probe what how result of that

possibility would manifest in the utilised assay conditions.

Possible Hydrolysis

1.21 FBI

Fatty Bodipy Fragment Ivermectin Fragment

Figure 1.22. Structures of bodipy 1.21 and lipophilic probe FBI.
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The ideal result of the bodipy 1.21 administration assay would be for bodipy 1.21 to
produce no amphid or nerve ring staining in the ivermectin-sensitive N2 C. elegans,
and additionally be non toxic to the nematodes. Indeed, it was observed that
administration of 100 nm and 20 pum (significantly higher than the 50 nm effective
lethal concentration of FBI) bodipy 1.21 produced no discernible detrimental effect to
the health, motility or population of N2 C. elegans when compared to the no compound
and 1% methanol negative controls. Furthermore, when the nematodes were viewed
under fluorescence microscopy, slight pharynx staining was observed (indicating
ingestion). Importantly however, no staining of the amphids or nerve ring was observed
at either 100 nm or 20 pum (Figure 1.23). This indicated that the lipophilic bodipy
methyl ester 1.21 is non-nematicidal and does not accumulate in the amphids and thus
the FBI-induced nematicidal activity and amphid and nerve ring staining of N2

C. elegans is likely a result of ivermectin dependant specificity.

Bodipy 1.21 100 nM Bodipy 1.21 20 uM

Figure 1.23. Fluorescence microscopy of N2 C. elegans treated with 100 nm and 20 um
bodipy 1.21.
The ideal result from the co-administration of bodipy 1.21 and ivermectin would be to
see ivermectin induced lethality of the nematodes, while simultaneously not observing
bodipy 1.21 induced staining of the amphids or nerve ring. As expected after the
abovementioned lack of bodipy 1.21 induced amphid or nerve ring staining, the co
administration of bodipy 1.21 and ivermectin displayed nematicidal activity at 10 nm
(expected from ivermectin) but resulted in no amphid or nerve ring staining at either
10 nm or 100 nm. This result generated a high degree of confidence that the ester
linkage connecting the bodipy moiety to ivermectin in the lipophilic probe FBI was
likely intact for the duration of the assay. These assays successfully provided additional

evidence consistent with an amphidal route of uptake of ivermectin in C. elegans.

Elucidating lvermectin Resistance Mechanism

Having established the amphidal route of ivermectin uptake in the wild type
(ivermectin-sensitive) N2 C. elegans, the next step was to investigate the primary
operative mechanism of resistance. As stated above (1.1.6 Hypotheses and Project

Aims, page 22), the hypothesis for this project is that a primary operative ivermectin
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resistance mechanism is impaired drug uptake, due to mutation(s) causing loss-of-
function of the amphid sensory structures. In order to probe this hypothesis, two
ivermectin-resistant C. elegans strains were selected. The first strain chosen was the
dye filling defective Dyf-7 which is characterised by an inability to uptake lipophilic
dyes (such as Dil) due to defective amphids. The second strain chosen was TP-238
which is an ivermectin-resistant strain developed through random chemical
mutagenesis (ethyl methanesulfonate) and selection for ivermectin resistance by
collaborator Prof Tony Page. Both Dyf-7 and TP-238 exclude lipophilic dyes (such as
Dil) thus indicating defective amphids. To confirm the hypothesis of a link between
these defective amphids and ivermectin resistance, both these ivermectin-resistant
strains were treated with FBI. Initially, it was important to establish whether the
ivermectin-resistant Dyf-7 and TP-238 strains were also resistant to FBI. If this was
not the case, it would imply that ivermectin and FBI do not share the same mechanism

of action which would indicate FBI to be a poor chemical probe for this study.

Upon treatment of both ivermectin-resistant C. elegans strains Dyf-7 and TP-238 with
100 nm FBI (twice the effective lethal concentration in ivermectin-sensitive N2
C. elegans), no lethality was observed (Figure 1.24). The pictures of the NGM plates
that the assay was conducted on shows that both the population and motility of Dyf-7
and TP-238 were unaffected by the administration of 100 nm FBI. Included for
reference, is the administration of FBI to the ivermectin-sensitive N2 C. elegans strain
for which 100 nm is a sufficiently lethal concentration to reduce to population to zero.
This established that ivermectin-resistant C. elegans are also resistant to the
ivermectin-based FBI probe, thus further validating FBI as a suitable probe to study

ivermectin resistance in nematodes.

Dyf-7 FBI 100 nM TP-238 FBI 100nM | N2 FBI 100 nM

Figure 1.24. Treatment of ivermectin-resistant Dyf-7 and Tp-238 and ivermectin-
senstitive N2 C. elegans with 100 nm FBI.
Having established FBI resistance in Dyf-7 and TP-238, fluorescence microscopy was
conducted which displayed no amphid or nerve ring staining (Figure 1.25). Included for
reference is the ivermectin-sensitive N2 strain treated with 100 nm FBI. The

observation of a lack of nematicidal activity combined with the lack of amphid or nerve
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ring staining constitutes strong evidence consistent with an amphidal route of uptake of
ivermectin in the free-living nematode C. elegans. Furthermore, these results have
established a primary operative ivermectin resistance mechanism of impaired drug

uptake due to mutations resulting in amphid loss-of-function.

Amphid Nerve Ring

>

Dyf-7 FBI 100 nM TP-238 FBI 100 nM N2 FBI 100 nM

Figure 1.25. Fluorescent microscopy of ivermectin-resistant Dyf-7 and Tp-238 and
ivermectin-senstitive N2 C. elegans with 100 nm FBI administration.

1.6.3 FBI Study in Clinically Relevant Parasitic Nematodes

With the establishment of an amphidal route of ivermectin uptake and an impaired
drug uptake resistance mechanism in the non-parasitic C. elegans nematode, testing of
FBI became focussed on elucidating the route of ivermectin uptake in clinically
relevant parasitic nematodes. For this purpose, the ruminant parasite Haemonchus
contortus (H. contortus) was selected as it is one of the most economically significant

livestock parasites worldwide.*!

Adaptation of Assay Conditions

In the absence of a nematicidal compound, H. contortus eggs naturally hatch to L1
(larval stage 1) before progression to L2 (larval stage 2) and then L3 (larval stage 3) at
which point they would either naturally infect a host and progress to L4 (larval stage 4)
and subsequent adulthood, or enter a coiled L3 state in which they lay dormant until
ingested by a host organism. Due to the difficulty of culturing parasitic nematodes in
the absence of a host, 5% whole sheep blood was added to the nematode growth media
agar plates in the assays, which appeared to have a positive effect on the health and
development of the H. contortus larvae. As the assays were conducted on this 5% sheep
blood infused nematode growth media and in the absence of a host organism, the
terminus of the assay was the appearance of the coiled L3 state. Control assays of N2
C. elegans (ivermectin-sensitive) grown on nematode growth media containing 5%
whole sheep blood were conducted to ensure that the addition of sheep blood to the
assay did not interfere with the operation of FBI or any of the controls. The results
from these assays were indistinguishable from the results of the NGM plates without
5% sheep blood, thus determining the addition of sheep blood to have no detrimental

effect on the operation of any of the tested compounds.
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Additionally, in previous testing with the non-parasitic nematode C. elegans the
indication of positive nematicidal activity was complete elimination of the population.
However, the H. contortus larvae used in the following assays were not sexually mature
and thus could not reproduce or grow the population. With this in mind, a different
approach to measure the nematicidal efficacy of compounds was utilised. Instead of
lethality and population monitoring, the metric used to determine efficacy was to
monitor the larval stage progression of the parasitic H. contortus. In the absence of a
nematicidal compound, or in the presence of sub-lethal concentrations of a nematicidal
compound, the larval stage of H. contortus progressed naturally from egg to L1 to L2 to
L3. In the presence of an efficacious concentration of a nematicidal compound, the
larval progression of the parasitic H. contortus was arrested at the L1 larval stage. Thus
nematicidal efficacy of compounds for these parasitic nematode assays was determined

by the percentage of the population that was arrested at the L1 larval stage.

Establishing Comparable Efficacy of FB| and Ivermectin

The initial testing was to establish if the ivermectin-based lipophilic probe FBI was as
effective at arresting the development of H. contortus larvae as the parent drug
ivermectin. As with previous testing, this was to establish the utility of FBI as a
chemical probe for studying ivermectin resistance in parasitic species of nematode.
With this in mind, MHco3 (ivermectin-sensitive H. contortus) eggs were treated with
ivermectin (positive control), FBI, 1% methanol (negative control) and no compound
(negative control). As with the non-parasitic C. elegans, treatment of the parasitic
larvae with 1% methanol did not result in any discernible effect in comparison to the no
compound negative control. Measurements of larval stage progression of the
ivermectin-sensitive MHco3 parasites were taken at 24 and 94 hours (at which point
the assay was terminated) which determined the effective concentration of ivermectin
(that which was required to arrest the development of the population at the L1 larval
stage) against H. contortus to be 5 nM (Graph 1.3). The effective concentration of FBI
was determined to be 50 nm which was within the limit of acceptable efficacy loss of

one order of magnitude.

56



B L1 B

100 L2/L3 L2/L3
= =
=] =]
o o
o o
[32) l32)
o [=]
o 50 o
T T
= =

0 I
0.5 1 5 10 50 5 10 50
Ilvermectin Concentration nM FBI Concentration nM

Graph 1.3. Graphs showing the counts of each MHco3 larval stage after 96 hours of
treatment with varying concentrations of ivermectin and FBI.

Establishing Ivermectin Route of Uptake in Parasitic Nematodes

Fluorescence microscopy of the FBI treated nematodes was then conducted to establish
the route of ivermectin uptake in ivermectin-sensitive parasitic nematodes.
Intriguingly, the ivermectin-sensitive MHco3 that was effectively arrested at the L1
larval stage by 50 nm FBI showed no sign of amphid or nerve ring staining (Figure
1.26). Instead of amphid uptake, there was heavy staining of the parasites’ pharynx
(mouth) and lumen (digestive tract) indicating ingestion of the probe. To ensure the
amphids were functional, the MHco3 larvae were also stained with the commercial dye
Dil which showed strong amphid and nerve ring staining, indicating the integrity of the
amphid sensory structures to be intact. With the correlation of effective FBI-induced
arrested development of larval progression and the observed pharynx and lumen
staining at the effective concentration, it appeared evident that the primary route of
ivermectin uptake in the parasitic H. contortus is pharyngeal and not amphidal (as was

the case with the non-parasitic C. elegans model).

Lumen | Amphid Nerve Ring

MHco3 Dil

Figure 1.26. Fluorescent microscopy of ivermectin-sensitive MHco3 parasites treated
with 50 nm FBI and the lipophilic dye Dil.

Probing Ivermectin Resistance Mechanism in Parasitic

Nematodes
With the unexpected discovery of an alternative pharyngeal route of ivermectin uptake

in parasitic nematodes (compared to the non-parasitic amphidal route of ivermectin
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uptake), testing was conducted in ivermectin-resistant H. contortus parasites in an
effort to elucidate possible operative ivermectin resistance mechanisms in parasitic
species. For this testing, the ivermectin-resistant MHco18 strain of H. contortus was
utilised, which is a clinically-relevant multi drug resistant strain.®®®"1 MHco018 was
originally isolated from sheep and is a triple-resistant field-isolate, resistant to

ivermectin, levamisole and the benzimidazoles.™®

For the testing, MHcol18 was treated with FBI, ivermectin (positive control), 1%
methanol (negative control) and no compounds (negative control). As expected, the 1%
methanol had no detrimental effect to the nematodes compared to that of the no
compound negative control. As established above, the ivermectin-sensitive MHco3
strain, a concentration of 50 nm FBI was sufficient to effectively arrest the
development of the larvae at the L1 larval stage (Graph 1.4). This same concentration
of FBI against the ivermectin-resistant MHco18 strain failed to effectively arrest the
development of the larvae at the L1 larval stage, thus demonstrating that ivermectin-
resistant H. contortus are also resistant to FBI. FBI was therefore determined to be a
suitable probe to study ivermectin resistance in this parasitic strain.

| IR
L2/L3

B L

L2/L3 100

100

50 50

MHco3 count
MHcol1l8 count

'NNNNNNNNNNNNNNNNNNNNNNNN
NANNNNNNNNNNNNNNNNNNN
ANNANNANNNNNNNNNNNNNNNNNNNN
AAAANANNNNNNNNNNNNNNNNNNNNNNNNNNNNN
ANNNNNNNNNNNNNNNNNNNNNNNNNN

0.5 1 5 10 50 0.5 1 5 10 50
FBI Concentration nM FBI Concentration nM

Graph 1.4. Comparison of nematode larval stage counts from MHco3 and MHco18
after treatment with varying concentrations of FBI.
Fluorescence microscopy of the FBI treated ivermectin-resistant MHco18 nematodes
showed no probe-induced staining of the amphids, nerve ring, pharynx or lumen
(Figure 1.27). The lack of amphid and nerve ring staining was expected after the lack of
staining observed in the ivermectin-sensitive parasite MHco3. The lack of pharynx and
lumen staining in the ivermectin-resistant MHco18 coupled with the effective arrested
larval development further corroborates the abovementioned establishment of a

pharyngeal route of ivermectin uptake in the parasitic H. contortus.
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MHcol8 FBI 50 nM

Figure 1.27. Fluorescence microscopy of ivermectin-resistant MHco18 and
ivermectin-sensitive MHco3 parasites with 50 nm FBI.
With the discovery of a pharyngeal route of ivermectin uptake in the ivermectin-
sensitive parasitic H. contortus and a lack of FBI accumulation in the ivermectin-
resistant H. contortus, several possibilities exist as to the operative mechanism of
ivermectin resistance in parasitic species. In order to elucidate the primary operative
mechanism(s) of ivermectin resistance in parasitic nematodes, further biological

investigation is required as the utility of the FBI probe has reached its limit.
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1.7 Conclusions

The initial fluorescent ivermectin-based probe BLI (Bodipy-Linker-lvermectin)
(Figure 1.28) was successfully synthesised and tested against ivermectin-sensitive
C.elegans. For the testing of BLI, the initially attempted and ineffective free-
swimming assay (Free Swimming Assay, page 38) produced inconsistent results from
the control compounds. With this in mind, an alternative plate-based assay was
successfully developed which produced consistent and expected results for the utilised
control compounds. This assay subsequently revealed BLI to be a poor probe for
studying ivermectin resistance due to a 1000-fold loss of efficacy compared to the

parent drug ivermectin.

Bodipy N Linker N Ivermectin

Figure 1.28. Structure of the ineffective BLI probe.

Using calculated physical chemistry parameters, the probe was successfully redesigned
with the aim of increased lipophilicity. The new lipophilic probe FBI (Figure 1.29) was
then successfully synthesised utilising common intermediates from the synthesis of the

ineffective BLI probe.

FBI

Fatty Bodipy N Ivermectin

Figure 1.29. Structure of redesigned lipophilic FBI probe.

Testing of FBI was conducted using the non-parasitic C. elegans nematode as a model
organism. Using the ivermectin-sensitive N2 (wild type) strain of C. elegans, FBI was
shown to be taken up through the amphid sensory structures. This observation, when
correlated with concomitant lethality, generated evidence consistent with an amphidal

route of ivermectin uptake in C. elegans. Having achieved the first aim of establishing
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the route of uptake of ivermectin, the second aim of establishing a primary operative
mechanism of resistance was addressed. To achieve this, ivermectin-resistant
C. elegans were treated with FBI and were determined to also be resistant to FBI.
Fluorescence microscopy was utilised which showed a lack of amphidal uptake of FBI
which was concomitant with an observed lack of nematicidal activity. With these
results, impaired drug uptake via loss-of-function amphid mutations was established as
a primary mechanism of ivermectin resistance in the non-parasitic C. elegans

nematode.

With the successful testing of FBI in the non-parasitic C. elegans nematode complete,
FBI was administered to the clinically relevant parasitic nematode H. contortus.
Administration of FBI to ivermectin-sensitive H. contortus indicated an alternative
pharyngeal route of ivermectin uptake compared to the amphidal route in the non-
parasitic C. elegans. This finding was intriguing due to the known homology between
C. elegans and H. contortus amphid structure.®” With this information, testing of FBI
was conducted in ivermectin-resistant H. contortus which showed a complete
exclusion of the probe from the organism. While this was consistent with the impaired
drug uptake resistance mechanism, several possible explanations of this observation
exist. As the practical limit of the lipophilic FBI probe has been reached, further
biological investigation is required to elucidate the exact operative resistance

mechanism(s).
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1.8 Future Work

Future chemical biology work for this project could involve optimisation of the route to
FBI or a slight adjustment of the structure of FBI to allow a more facile synthesis. The
current synthesis involves the alkylation of pyrrole to dodecyl pyrrole 1.19 (Scheme
1.19, page 46), which produced a complex mixture of mono- and polyalkylated isomers
that resulted in a difficult and time consuming purification process. Additionally, the
synthesis of unsymmetrical bodipy moieties in the synthesis of both BLI (Scheme 1.2,
page 25) and FBI (Scheme 1.20, page 46) resulted in the generation of undesired homo
‘dimer’ bodipys in addition to the desired hetero ‘dimer’ bodipy. These undesired side
products significantly lowered the yield of the desired bodipy and in the process,
wasted valuable starting materials. By redesigning FBI to include a symmetrical
bodipy linked to ivermectin at the 8 position of the bodipy core (Figure 1.30) instead
of the 3 position currently utilised, the synthesis would remove the possibility of homo
dimer formation. Furthermore, this adaptation would allow the bodipy synthesis to be

conducted using commercially available materials, thus streamlining the synthesis.

Bodipy Core

Figure 1.30. Structure of bodipy core with position numbering.

Additionally, fluorescent probes should be developed based on anthelmintic drugs of
different classes, such as albendazole from the benzimidazole class (Figure 1.31).
Using fluorescent probes of different drug classes, it would be possible to further
investigate the resistance mechanisms in regards to multi drug class resistance.
Mutation to the target of a drug class may confer resistance to a particular drug but is
unlikely to confer resistance to different classes of anthelmintics that do not inhibit that
particular target. As FBI has established a target-independent resistance mechanism in
C. elegans, it would be interesting to investigate if the benzimidazole drug class also
has an amphidal uptake mechanism, and if so, if defective amphids also confer

benzimidazole resistance.
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Figure 1.31. Structure of the benzimidazole Albendazole.
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1.9 Experimental

1.9.1 General Methods

All reagents were purchased from commercial suppliers and used without further

purification unless otherwise stated. Reactions involving air-sensitive agents and dry
solvents were performed in glassware that had been dried in an oven (150 °C) or flame-
dried in vacuo and allowed to cool in vacuo before being flushed with argon. These
reactions were carried out with the exclusion of air using an argon atmosphere.
Reactions were monitored by thin layer chromatography (TLC) on Merck silica gel 60
covered aluminium sheets. TLC plates were developed under UV-light and/or with an
acidic ethanolic anisaldehyde solution or a KMnO, solution. NMR spectra were
recorded on a Bruker DPX-400 spectrometer (*H NMR at 400 MHz, *C NMR at
100 MHz, ®F NMR at 377 MHz and B NMR at 128 MHz) or a Bruker DPX-500
spectrometer (*H NMR at 500 MHz and *C NMR at 125 MHz). Chemical shifts are
reported in ppm. *H NMR spectra were recorded with CDCl; or CD30D as the solvent
using residual CHCI3 (6 = 7.26) or CHD,OD (6 = 3.31) as internal standard, and for
13C NMR spectra the chemical shifts are reported relative to the central resonance of
CDCl3 (6 = 77.16) or CD30D (6 = 49.00). Signals in NMR spectra are described as
singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br) or a combination
of these, which refers to the spin-spin coupling pattern. Spin-spin coupling constants
are reported in Hertz (Hz) and are uncorrected. Two-dimensional NMR spectroscopy
(COSY, HSQC, HMBC, NOESY) and *C DEPT NMR spectroscopy were used where
appropriate to assist the assignment of signals in the *H and *C NMR spectra. IR
spectra were obtained employing a Shimadzu FTIR-8400 instrument with a Golden
Gate™ attachment that uses a type Ila diamond as a single reflection element so that
the IR spectrum of the compound (solid or liquid) could be detected directly (thin
layer). Melting point ranges were collected using a Barnstead Electrothermal 9100
melting point apparatus. High resolution mass spectra were recorded under ESI or El
conditions by the analytical services at the University of Glasgow. Liquid
chromatography-mass spectrometry was conducted using a Thermo Scientific Dionex
UltiMate 3000 LC system coupled with a Thermo Scientific LCQ Fleet ion trap mass
spectrometer. A Dr Maisch GmbH Reprosil Gold 120 C18 3um 150x4 mm column was
used with UV absorption detected at 214 nm. A linear gradient of 5%-95% HPLC
grade acetonitrile in ultra pure water with 0.1% trifluoroacetic acid over 10 or
40 minutes was utilised with a flow rate of 1 mLmin™. UV-Vis-NIR absorbance spectra
were recorded using a Perkin EImer LAMBDA 1050 spectrophotometer.
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1.9.2 Preparation of Compounds
|

oj/o
PhsP?

1.2

1.2. Prepared according to a modified literature procedure.®”! To a stirred solution of
triphenylphosphine (4.10 g, 15.6 mmol, 1.1 equiv.) in ethyl acetate (24 mL, 0.65 m)
was added a solution of 2-bromoacetate (1.40 mL, 14.9 mmol, 1.0 equiv.) in ethyl
acetate (4.5 mL, 3.3 M) and the resulting solution was stirred at room temperature for
18 hours. The resulting white precipitate was collected by filtration, washed with
diethyl ether and dried under vacuum. The white solid was dissolved in
dichloromethane (34 mL) and a solution of sodium hydroxide (1.31 g, 32.7 mmol,
2.2 equiv.) in water (33 mL, 1 M) was added and stirred at room temperature for
15 minutes. The aqueous phase was extracted with dichloromethane (2 x 30 mL) and
the combined organic extracts were dried with magnesium sulphate, filtered and
concentrated in vacuo yielding title compound 1.2 (4.80 g, 14.4 mmol, 96%) as a white

solid. Analytical data observed were in accordance with literature values.™

'H NMR (400 MHz, CDCls) & 7.68-7.63 (6H, m, 6 x Ar-CH), 7.57-7.53 (3H, m, 3 x
Ar-CH), 7.48-7.44 (6H, m, 6 x Ar-CH), 3.56 (3H, brs, -OCHs), 2.92 (1H, brs,
-COCH). HRMS (ESI) exact mass calculated for C»;H20PO,Na [M+Na]* m/z 335.1195,
found m/z 335.1194. IR (thin film) 2961, 1616, 1566. Melting point 165-167 °C (lit.
167-168 °C).% Elemental analysis calculated for Cp1H105P: C, 75.44%, H, 5.73%.
Found C, 75.43%, H, 5.79%.
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1.3E and 1.3Z. Prepared according to a modified literature procedure.”” To a stirred
solution of ylide 1.2 (4.80 g, 14.4 mmol, 1.2 equiv.) in toluene (50 mL, 0.3 M) was
added pyrrole-2-carboxaldehyde (1.11g, 11.7 mmol, 1equiv.) and the resulting
solution was stirred at reflux for 18 hours forming a dark yellow/brown solution. The
solvent was removed in vacuo and the resulting dark brown oil dissolved in diethyl
ether. The resulting suspension was filtered and the filtrate was concentrated in vacuo
yielding a crude mixture of 1.3 as E and Z isomers (6.7 E:1 Z). Purification by column
chromatography on silica gel with an eluent of 30% diethyl ether in petroleum ether
afforded 1.3E (1.44 g, 9.54 mmol, 85%), and 1.3Z (0.220g, 1.46 mmol, 13%).

Analytical data observed were in accordance with literature values.™®

1.3E. Ry = 0.33 in 40% diethyl ether in petroleum ether. *H NMR (400 MHz, CDCls)
6 8.68 (1H, brs, -NH), 7.56 (1H, d, J = 15.9, -CH), 6.93 (1H, ddd, J = 2.7, 2.7, 1.4,
Ar-CH), 6.57 (1H, ddd, J = 3.8, 2.5, 1.4, Ar-CH), 6.29 (1H, ddd, J = 3.7, 2.6, 2.6,
Ar-CH), 6.00 (1H, d, J = 15.9, -CH), 3.78 (3H, s, -OCH3). *C NMR (101 MHz,
CDCl3) 6 168.4 (-COOR), 134.7 (-CH), 128.5 (Ar-C), 122.6 (Ar-CH), 114.6 (-CH),
111.1 (Ar-CH), 110.9 (Ar-CH), 51.7 (-OCHjs). HRMS (ESI) exact mass calculated for
CgHgNO,Na [M+Na]" m/z 174.0525, found m/z 174.0520.

1.3Z. Rf = 0.74 in 40% diethyl ether in petroleum ether. ‘H NMR (400 MHz, CDCls)
5 12.21 (1H, brs, -NH), 7.01 (1H, ddd, J = 2.7, 2.7, 1.4, Ar-CH), 6.78 (1H, d, J = 12.4,
-CH), 6.52 (1H, ddd, J = 3.7, 2.6, 1.5, Ar-CH), 6.27 (1H, ddd, J = 3.6, 2.6, 2.5, Ar-CH),
5.54 (1H, d, J = 12.4, -CH), 3.77 (3H, s, -OCH3). **C NMR (101 MHz, CDCl5) 5 169.8
(-COOR), 135.0 (-CH), 129.2 (Ar-C), 123.1 (Ar-CH), 118.9 (-CH), 110.3 (Ar-CH),
107.3 (Ar-CH), 51.7 (-OCHj3). HRMS (ESI) exact mass calculated for CgHyNO,Na
[M+Na]* m/z 174.0525, found m/z 174.0527.
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1.4. Prepared according to a modified literature procedure./* To a stirred suspension of
10% palladium on carbon (99 mg, 0.093 mmol, 10 mol%) in methanol (30 mL, 0.03 m)
under argon atmosphere at room temperature was added a solution of olefin 1.3E
(1.4 g, 9.3 mmol, 1 equiv.) in methanol (20 mL, 0.5 m). The flask was then evacuated
and the suspension sparged with hydrogen gas for 5 minutes and then stirred at room
temperature under a hydrogen atmosphere for 18 hours. The hydrogen was then
removed under reduced pressure and the suspension sparged with argon (x 3). The
suspension was then filtered through a pad of celite (300 g) in dichloromethane
(200 mL) and the celite washed with dichloromethane (500 mL). The organic phase
was then concentrated in vacuo generating title compound 1.4 (1.3 g, 0.85 mmol, 87%)
as a pale yellow oil. Analytical data observed were in accordance with literature

values.>

'H NMR (400 MHz, CDCls) & 8.53 (1H, brs, -NH), 6.67 (1H, ddd, J = 2.6, 2.6, 1.6,
Ar-CH), 6.11 (1H, ddd, J = 2.7, 2.7, 2.7, Ar-CH), 5.94-5.91 (1H, m, Ar-CH), 3.70 (3H,
s, -OCHs), 2.92 (2H, t, J = 6.9, -CH,), 2.65 (2H, t, J = 6.8, -COCH,). *C NMR
(101 MHz, CDCl3) & 174.6 (-COOR), 131.1 (Ar-C), 116.9 (Ar-CH), 108.2 (Ar-CH),
105.6 (Ar-CH), 51.9 (-OCHg3), 34.5 (-COCHy,), 22.7 (-CH,). HRMS (ESI) exact mass
calculated for CgH1:NO,Na [M+Na]" m/z 176.0682, found m/z 176.0683. IR (thin film)
2951, 1721, 1674, 1570.

66



1.6

1.6. Prepared according to a modified literature procedure.’*? To a stirred solution of
pyrrole 1.4 (0.30 g, 2.0 mmol, 1 equiv.) and aldehyde 1.5 (0.23 g, 2.2 mmol, 1.1 equiv.)
in anhydrous dichloromethane (6 mL, 0.3 M) at 0°C was added dropwise POCI;
(0.20 mL, 2.2 mmol, 1.1equiv.) and the resulting solution was stirred at 0 °C for
30 minutes, warmed to room temperature and stirred for six hours. The reaction
mixture was cooled to 0°C and N,N-diisopropylethylamine (1.4 mL, 8.2 mmol,
4.2 equiv.) and BF3*OEt; (0.97 mL, 7.9 mmol, 4 equiv.) were added and the reaction
was warmed to room temperature and stirred for 12 hours. To the reaction mixture was
added water (10 mL) and the aqueous phase was extracted with dichloromethane (3 x
10 mL). The combined organic extracts were washed with brine (1 x 10 mL), dried
with magnesium sulphate, filtered and concentrated in vacuo. Purification by column
chromatography on silica gel with an eluent of 10% to 40% diethyl ether in petroleum

ether afforded title compound 1.6 (0.26 g, 0.89 mmol, 46%) as a red/green solid.

Rf = 0.38 in 40% diethyl ether in petroleum ether. *H NMR (400 MHz, CDCls) § 7.09
(1H, s, Ar-CH), 6.97 (1H, d, J = 4.2, Ar-CH), 6.94 (1H, d, J = 4.2, Ar-CH), 6.31 (1H,
d, J=4.1, Ar-CH), 6.29 (1H, d, J = 4.2, Ar-CH), 3.70 (3H, s, -OCH3), 3.32 (2H, t, J =
7.6, -CH,), 2.78 (2H, t, J = 7.6, -COCH,), 2.62 (3H, s, -CHs). **C NMR (100 MHz,
CDCl3) & 172.9 (-COOR), 159.7 (Ar-C), 159.6 (Ar-C), 135.3 (Ar-C), 134.5 (Ar-C),
131.0 (Ar-CH), 129.9 (Ar-CH), 127.5 (Ar-CH), 120.4 (Ar-CH), 118.0 (Ar-CH), 51.9
(-OCHg), 33.3 (-COCH,), 24.2 (-CH,), 15.6 (-CHa3). **F NMR (377 MHz, CDCls) 5 —
145.9 (2F, 1:1:1:1 g, J = 32.8, -BF,). !B NMR (128 MHz, CDCl3) 6 0.95 (1B, t, J =
32.9, -BF,). HRMS (ESI) exact mass calculated for C14H1sBF2N,O,Na [M+Na]™ m/z
315.1087, found m/z 315.1085. IR (thin film) 2928, 1726, 1593, 1487. Melting point
104-105 °C.
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1.7

1.7. To a stirred solution of methyl ester 1.6 (0.17 g, 0.58 mmol, 1equiv.) in
tetrahydrofuran (23 mL, 0.03 M) was added 4 m aqueous hydrochloric acid (27 mL) and
the resulting solution was stirred at room temperature for 30 hours. To the reaction
mixture was added dichloromethane (30 mL) and the phases were separated. The
aqueous phase was extracted with dichloromethane (3 x 30 mL) and the combined
organic extracts were washed with brine (1 x 20 mL), dried with magnesium sulphate,
filtered and concentrated in vacuo. Trituration in dichloromethane afforded title
compound 1.7 (117 mg, 0.241 mmol, 73%).

'H NMR (400 MHz, CDs0OD) & 7.36 (1H, s, Ar-CH), 7.10 (1H, d, J = 4.2, Ar-CH),
7.06 (1H, d, J = 4.2, Ar-CH), 6.39 (1H, d, J = 4.2, Ar-CH), 6.36 (1H, d, J = 4.2,
Ar-CH), 3.24 (2H, t, J = 7.7, -CHy), 2.73 (2H, t, = 7.7, -COCHy), 2.57 (3H, s, -CHs).
3C NMR (100 MHz, CDs0D) & 176.0 (-COOH), 160.9 (Ar-C), 160.4 (Ar-C), 136.6
(Ar-C), 136.0 (Ar-C), 132.3 (Ar-CH), 131.3 (Ar-CH), 129.2 (Ar-CH), 121.1 (Ar-CH),
118.8 (Ar-CH), 33.9 (-COCH,), 25.1 (-CHy), 14.9 (-CHs). °F NMR (377 MHz, CDCls)
§ —147.1 (2F, 1:1:1:1 q, J = 32.5, BFy). *'B NMR (128 MHz, CDCl3) § 0.95 (1B, t, J =
32.2, BF,;) HRMS (ESI) exact mass calculated for Ci3H13BF2N,O;Na [M+Na]® m/z
301.0930, found m/z 301.0928. IR (thin film) 2920, 1717, 1601, 1545.
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1.8. Prepared according to a modified literature procedure.’*!! To a stirred solution of
ethylene diamine (0.92 mL, 14 mmol, 1 equiv.) in dichloromethane (50 mL, 0.3 m) at
0 °C was added dropwise a solution of di-tert-butyl dicarbonate (3.0 g, 14 mmol,
1 equiv.) in dichloromethane (50 mL, 0.3 M). The resulting colourless solution was
stirred at room temperature for 24 hours. The solvent was removed under reduced
pressure and the residue dissolved in saturated aqueous calcium carbonate solution
which was then extracted with dichloromethane (3 x 50 mL), dried with magnesium
sulphate, filtered, and concentrated in vacuo. Purification by column chromatography
on silica gel with an eluent of 2.4% methanol and 0.1% aqueous ammonium hydroxide
to 9% methanol and 1% aqueous ammonium hydroxide in dichloromethane afforded
title compound 1.8 (1.5 g, 9.4 mmol, 68%) as a white solid. Analytical data observed

were in accordance with literature values.[*4

'H NMR (400 MHz, CDCls) & 5.28 (1H, s, -OCONH), 3.08 (2H, dt, J = 6.0, 5.9,
-NCH,), 2.70 (2H, t, J = 5.9, -NCH,), 1.66 (2H, s, -NH,), 1.34 (9H, s, -C(CHa)s).
3¢ NMR (101 MHz, CDCls) 5 156.3 (-NCOOR), 79.0 (-OCR3), 43.2 (-NCH,), 41.7
(-NCH,), 28.4 (3C, -C(CH3)3). HRMS (ESI) exact mass calculated for C;H30,N,Na
[M+Na]* m/z 183.1104, found m/z 183.1100. IR (thin film) 2934, 1681, 1593.
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1.9. Prepared according to a modified literature procedure.’® To a stirred solution of
acid 1.7 (30 mg, 0.11 mmol, 1 equiv.) in dichloromethane (5 mL, 0.02 m) was added
N-hydroxysuccinimide (48 mg, 0.42 mmol, 3.8 equiv.) and EDCeHCI (72 mg,
0.38 mmol, 3.5 equiv.) and the resultant solution was stirred at room temperature for
16 hours. To the reaction mixture was added N,N-diisopropylethylamine (57 pL,
0.32 mmol, 3 equiv.) and tert-butyl carbamate protected amine 1.8 (23 mg, 0.14 mmol,
1.3 equiv.) and the resulting solution was stirred at room temperature for six hours. To
the reaction mixture was added water (10 mL) and the aqueous phase was extracted
with dichloromethane (3 x 10 mL). The combined organic extracts were dried with
magnesium sulphate, filtered and concentrated in vacuo. Purification by column
chromatography on silica gel using an eluent of 1% methanol in dichloromethane
afforded title compound 1.9 (32 mg, 0.076 mmol, 69%) as a red solid.

'H NMR (400 MHz, CDCls) § 7.10 (1H, s, Ar-CH), 6.99 (1H, d, J = 4.2, Ar-CH), 6.95
(1H, d, J = 4.2, Ar-CH), 6.34 (1H, d, J = 4.2, Ar-CH), 6.31 (1H, d, J = 4.2, Ar-CH),
6.10 (1H, br s, -CONH), 4.85 (1H, br s, -OCONH), 3.31 (2H, td, J = 5.4, 5.4, -NCH,),
3.30 (2H, t, J = 7.5, -CH,), 3.18 (2H, td, J = 5.4, 5.4, -NCH,), 2.65 (2H, t, J = 7.5,
-COCHy), 2.62 (3H, s, -CHs), 1.42 (9H, s, -C(CHs)3). *C NMR (100 MHz, CDCl5)
5 172.3 (-CONH), 159.8 (Ar-C), 159.5 (Ar-C), 156.6 (-NCOOR), 135.2 (Ar-C), 134.5
(Ar-C), 131.0 (Ar-CH), 130.0 (Ar-CH), 127.4 (Ar-CH), 120.4 (Ar-CH), 118.7 (Ar-CH),
79.6 (-OCR3), 40.6 (-NCHy), 40.3 (-NCH,), 35.8 (-COCHy), 28.5 (3C, -C(CHg)3), 25.0
(-CHy), 15.1 (-CHs). **F NMR (377 MHz, CDCl3) & —145.1 (2F, 1:1:1:1 q, J = 33.2,
-BF,). B NMR (128 MHz, CDCls) & 0.95 (1B, t, J = 33.0, -BF,). HRMS (ESI) exact
mass calculated for CyH»7BF2N,OsNa [M+Na]® m/z 443.2036, found m/z 443.2030.
IR (thin film) 2930, 1701, 1612, 1494. Melting point 147-151 °C.
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1.1. Prepared according to a modified literature procedure.*®! To a stirred solution of
tert-butyl carbamate 1.9 (15 mg, 0.036 mmol, 1 equiv.) in dichloromethane (5 mL,
7 mM) was added trifluoroacetic acid (0.5 mL) and the resulting solution was stirred at
room temperature for two hours. Volatiles were removed in vacuo and dichloromethane
(2 mL) was added, followed by in vacuo concentration (x 3) generating the title
compound 1.1 as a dark red solid. The crude material was used without further

purification.

'H NMR (400 MHz, CDCls) § 7.09 (1H, s, Ar-CH), 6.99 (1H, d, J = 4.1, Ar-CH), 6.95
(1H, d, J = 4.1, Ar-CH), 6.34 (1H, d, J = 4.2, Ar-CH), 6.30 (1H, d, J = 4.2, Ar-CH),
6.14 (1H, br s, -CONH), 3.30 (2H, t, J = 7.5, -CH,), 3.27 (2H, td, J = 5.8, 5.8, -NCH)>),
2.75 (2H, t, J = 5.8, -NCH,), 2.66 (2H, t, J = 7.5, -COCH,), 2.62 (3H, s, -CHj).
YENMR (377 MHz, CDCl3) 8 —77.0 (3F, s, -CF3), —146.6 (2F, 1:1:1:1 q, J = 32.5,
-BF,). !B NMR (128 MHz, CDCl3) § 0.95 (1B, t, J = 32.6, -BF,).
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1.12. Prepared according to a modified literature procedure.”? To an oven dried flask
charged with argon was added anhydrous N,N-dimethylformamide (5 mL, 0.06 m),
ivermectin (0.250 g, 0.286 mmol, 1 equiv.), imidazole (0.117 g, 1.72 mmol, 6 equiv.)
and tert-butyldimethylsilyl chloride (0.130 g, 0.854 mmol, 3 equiv.) and the resulting
colourless solution was stirred at ambient temperature for two hours. To the reaction
mixture was added water (15 mL) and the aqueous phase was extracted with diethyl
ether (3 x 20 mL). The combined organic extracts were washed with water (6 x 20 mL),
dried with magnesium sulphate, filtered and concentrated in vacuo yielding a viscous
oil (0.387 g). Purification by column chromatography on silica gel with an eluent of 5%
tetrahydrofuran in dichloromethane afforded title compound 1.12 (0.244 g, 0.247
mmol, 85%) as a white solid.

'H NMR (400 MHz, CDCl3) & 5.85-5.79 (1H, m), 5.74-5.70 (2H, m), 5.40 (1H, d, J =
3.8), 5.37-5.30 (2H, m), 5.02-4.95 (1H, m), 4.77 (1H, d, J = 3.8), 4.68 (1H, dd, J =
14.5, 2.4), 458 (1H, dd, J = 14.6, 2.3), 4.46-4.41 (1H, m), 4.22 (1H, s), 3.94 (1H, br s),
3.83 (1H, d, J = 5.6), 3.86-3.79 (1H, m), 3.69-3.58 (2H, m), 3.52-3.45 (1H, m), 3.43
(3H, s), 3.42 (3H, s), 3.40-3.36 (1H, m), 3.24 (1H, t, J = 9.0), 3.24-3.19 (1H, m), 3.17
(1H, td, J = 9.1, 1.8), 2.56-2.48 (1H, m), 2.47 (1H, d, J = 1.9), 2.37-2.18 (4H, m), 1.98
(1H, dd, J = 12.1, 4.9), 1.79 (3H, s), 1.77-1.71 (1H, m), 1.70-1.58 (2H, m), 1.55 (3H,
s), 1.53-1.31 (11H, m), 1.28 (3H, d, J = 6.3), 1.26 (3H, d, J = 6.3), 1.16 (3H, d, J =
6.9), 0.93 (9H, s), 0.93 (3H, t, J = 7.3), 0.85 (3H, d, J = 6.6), 0.78 (3H, br d, J = 5.3),
0.13 (6H, s). *C NMR (100 MHz, CDCls) & 174.3, 140.5, 137.7, 135.2, 125.0, 119.5,
118.5, 117.4, 98.7, 97.7, 95.0, 82.0, 80.6, 80.4, 80.2, 79.5, 78.4, 76.3, 69.7, 68.9, 68.3,
68.1, 67.4, 56.7, 56.6, 46.0, 41.4, 39.8, 37.1, 35.9, 35.7, 34.7, 34.3, 31.4, 28.3, 27.5,
26.1, 20.5, 20.2, 18.6, 17.8, 17.6, 15.4, 12.6, 12.3, 5.3, 4.4, —4.7. HRMS (ESI) exact
mass calculated for CssHggO14SiNa [M+Na]® m/z 1011.5836, found m/z 1011.5816. IR
(thin film) 2930, 1713, 1674. Melting point 139-145 °C (not lit. reported).
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1.13

1.13. Prepared according to a modified literature procedure.”? To a suspension of
succinic anhydride (0.60 g, 6.0 mmol, 1 equiv.) in anhydrous toluene (10 mL, 0.6 M)
was added trichloroethanol (0.58 mL, 6.0 mmol, 1 equiv.) and
4-dimethylaminopyridine (10 mg, 1 mol%). The resulting white suspension was stirred
at 60 °C for 16 hours. The solvent was removed under reduced pressure and the
resultant white solid was dissolved in dichloromethane and extracted with 1 M aqueous
sodium hydrogen carbonate solution (3 x 20 mL). The aqueous extracts were acidified
to pH 1 and extracted with dichloromethane (3 x 15 mL). The combined organic
extracts were washed with brine (1 x 20 mL), dried with magnesium sulphate, filtered
and concentrated in vacuo to afford title compound 1.13 (1.2 g, 4.9 mmol, 81%) as a
white solid. Analytical data observed were in accordance with literature values.®"

'H NMR (400 MHz, CDCls3) & 11.43 (1H, s, -COOH), 4.77 (2H, s, -OCH,), 2.83-2.73
(4H, m, 2 x -COCH,). HRMS (ESI) exact mass calculated for CgH7,0,°°ClsNa
[M+Na]* m/z 270.9302, found m/z 270.9293. IR (thin film) 2969, 1749, 1699. Melting
point 88-89 °C (not lit. reported). Elemental analysis calculated for CgH;O4Cls: C,
28.89%, H, 2.83%. Found C, 28.81%, H, 2.80%.
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1.14. Prepared according to a modified literature procedure.”? To a solution of acid
1.13 (0.25 g, 1.0 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran (1 mL, 1 M) was
added anhydrous N,N-dimethylformamide (1 drop) and oxalyl chloride (0.13 mL,
1.5 mmol, 1.5 equiv.) and the solution was stirred at room temperature for one hour.
The solvent was evaporated under reduced pressure and the resulting residue was
dissolved in anhydrous tetrahydrofuran (5 mL) and concentrated in vacuo (x 3)
affording title compound 1.14 as a dark yellow clear oil, which was used without

further purification.
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1.15. Prepared according to a modified literature procedure.”? To a stirred solution of
silyl ether 1.12 (0.20 g, 0.20 mmol, 1 equiv.), 4-dimethylaminopyridine (98 mg,
0.80 mmol, 4 equiv.) and N,N-diisopropylethylamine (0.14 mL, 0.81 mmol, 4 equiv.) in
anhydrous dichloromethane (5 mL, 0.04 m) at 0 °C was added a solution of acyl
chloride 1.14 (0.16 g, 0.60 mmol, 3 equiv.) in anhydrous dichloromethane (1 mL,
0.6 M) and the resulting solution was stirred at 0 °C for four hours. To the reaction was
added ice and the agueous phase was extracted with dichloromethane (3 x 10 mL)
giving a crude mass of 0.32 g as a red/brown oil. Purification by column
chromatography on silica gel with an eluent of 0% to 4% tetrahydrofuran in
dichloromethane afforded title compound 1.15 (0.20 g, 0.16 mmol, 82%) as a clear
glass that upon crushing formed a colourless solid. Analytical data observed were in

accordance with literature values.??

'H NMR (400 MHz, CDCls) & 5.85-5.80 (1H, m), 5.75-5.70 (2H, m), 5.39 (1H, d, J =
3.7), 5.39-5.26 (2H, m), 4.98 (1H, br d, J = 10.8), 4.78 (1H, d, J = 12.0), 4.78 (1H, d,
J=4.0), 474 (1H, d, J = 12.0), 4.70 (1H, t, J = 9.4), 4.68 (1H, dd, J = 14.4, 2.4), 4.58
(1H, dd, J = 14.5, 2.3), 4.46-4.42 (1H, m), 4.24 (1H, s), 3.94 (1H, br s), 3.89-3.81 (3H,
m), 3.68-3.58 (3H, m), 3.43 (3H, s), 3.40-3.35 (1H, m), 3.37 (3H, s), 3.23 (2H, t, J =
9.0), 2.90-2.79 (2H, m), 2.76-2.71 (2H, m), 2.55-2.49 (1H, m), 2.37-2.19 (4H, m),
1.98 (1H, dd, J = 12.2, 4.9), 1.79 (3H, br s), 1.77-1.71 (1H, m), 1.70-1.61 (4H, m),
1.61-1.30 (11H, m), 1.25 (3H, d, J = 6.2), 1.17 (3H, d, J = 7.0), 1.15 (3H, d, J = 7.0),
0.96-0.90 (3H, m), 0.93 (9H, s), 0.85 (3H, d, J = 6.6), 0.78 (3H, d, J = 5.3), 0.13 (6H,
s). HRMS (ESI) exact mass calculated for CgoHg3017SissClsNa [M+Na]® m/z
1241.5140, found m/z 1241.5160. IR (thin film) 2931, 1743, 1450. Melting point 140—
143 °C (not lit. reported).
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1.16. Prepared according to a modified literature procedure.’”? To a stirred solution of
4-toluenesulfonic acid (1 mol%) in methanol (16 mL, 0.01 M) was added silyl ether
1.15 (0.20 g, 0.16 mmol, 1 equiv.) and the resulting solution was stirred at room
temperature for six hours. The reaction mixture was quenched with saturated aqueous
sodium hydrogen carbonate solution (15 mL) and the aqueous phase was extracted with
ethyl acetate (3 x 15 mL). The combined organic extracts were washed with water (3 x
10 mL), dried with magnesium sulphate, filtered and concentrated in vacuo, yielding
0.21 g of pale yellow viscous oil. The crude material was purified using column
chromatography on silica gel with an eluent of 2.5% methanol in dichloromethane
affording title compound 1.16 (0.12 g, 0.11 mmol, 68%) as a colourless solid.
Analytical data observed were in accordance with literature values.*?

'H NMR (400 MHz, CDCl3) & 5.82 (1H, dt, J = 10.4, 2.4), 5.76-5.64 (2H, m), 5.38
(1H, s), 5.36-5.33 (1H, m), 5.26 (2H, s), 4.99-4.92 (1H, m), 4.73 (1H, d, J = 12.0),
4.73 (1H, d, J = 3.5), 4.70 (1H, d, J = 12.0), 4.67-4.58 (3H, m), 4.27-4.21 (1H, m),
4.12 (1H, s), 3.93-3.89 (2H, m), 3.85-3.76 (2H, m), 3.67-3.53 (2H, m), 3.39 (3H, s),
3.32 (3H, s), 3.26-3.22 (1H, m), 3.21-3.15 (2H, m), 2.84-2.74 (2H, m), 2.73-2.66 (2H,
m), 2.51 (1H, d, J = 8.3), 2.49-2.44 (1H, m), 2.34-2.15 (4H, m), 1.98-1.91 (1H, m),
1.85-1.80 (3H, brs), 1.76-1.68 (1H, m), 1.65-1.57 (2H, m), 1.57-1.26 (12H, m), 1.21
(3H,d,J=6.1),1.14 (3H, d, J =7.0), 1.10 (3H, d, J =6.3), 0.89 (3H, t, J = 7.3), 0.81
(3H, d, J = 6.7), 0.78-0.71 (4H, m). HRMS (ESI) exact mass calculated for
CssH79017°ClsNa [M+Na]* m/z 1127.4275, found m/z 1127.4305. IR (thin film) 2924,
1751, 1434. Melting point 118-122 °C (not lit. reported).
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1.11. Prepared according to a modified literature procedure.”? To a stirred solution of
trichloroethyl ester 1.16 (40 mg, 0.036 mmol, 1 equiv.) in acetic acid (2.5 mL) was
added zinc powder (0.32 g, 4.9 mmol, 137 equiv.) and the resulting suspension was
stirred at room temperature for 3 hours. The reaction mixture was filtered and the solid
washed with dichloromethane. The filtrate was washed with 1 M aqueous hydrochloric
acid (10 mL) and water (10 mL) and the aqueous layer extracted with dichloromethane
(3 x 20 mL). The combined organic extracts were dried with magnesium sulphate,
filtered and concentrated in vacuo affording title compound 1.11 (55 mg crude) as a
white solid. The crude material was used without further purification. Analytical data

observed were in accordance with literature values.??

'H NMR (400 MHz, CDCls) & 5.89-5.83 (1H, m), 5.78-5.67 (2H, m), 5.42 (1H, br s),
5.40-5.38 (1H, m), 5.37-5.28 (1H, m), 4.98 (1H, d, J = 11.0), 4.79-4.76 (1H, m), 4.73—
4.62 (3H, m), 4.30 (1H, d, J = 6.2), 3.97 (1H, d, J = 6.2), 3.94 (1H, br s), 3.89-3.80
(2H, m), 3.73-3.55 (3H, m), 3.42 (3H, s), 3.35 (3H, s), 3.30-3.26 (1H, m), 3.25-3.19
(2H, m), 2.77-2.61 (4H, m), 2.55-2.47 (1H, m), 2.37-2.16 (4H, m), 2.02-1.95 (1H, m),
1.86 (3H, brs), 1.79-1.72 (1H, m), 1.71-1.60 (2H, m), 1.61-1.29 (12H, m), 1.27-1.22
(5H, m), 1.16 (3H, d, J=7.0), 1.13 (3H, d, J =6.3), 0.92 (3H, t, J = 7.4), 0.85 (3H, d,
J=6.7), 0.78 (3H, d, J = 4.6). *°C NMR (126 MHz, CDCls) & 177.4, 174.0, 171.6,
139.6, 138.2, 138.0, 135.1, 129.2, 124.9, 120.6, 118.2, 98.5, 97.7, 95.0, 82.0, 80.9,
80.5, 79.4, 79.3, 75.7, 68.9, 68.6, 67.8, 67.4, 67.3, 66.6, 57.0, 56.7, 45.9, 41.3, 39.9,
37.0, 35.9, 35.6, 35.1, 34.6, 34.2, 31.3, 29.8, 29.2, 28.2, 27.4, 22.8, 20.9, 20.4, 20.0,
18.5, 17.6, 17.4, 15.3, 12.6, 12.2. HRMS (ESI) exact mass calculated for Cs,H77017
[M-H] m/z 973.5166, found m/z 973.5134. IR (thin film) 2924, 1659.

77



1.17

1.17. Prepared according to a modified literature procedure.”? To a stirred solution of
acid 1.11 (30 mg, 0.033 mmol, 1 equiv.) in dichloromethane (0.75 mL, 0.04 m) was
added N-hydroxysuccinimide (14 mg, 0.12 mmol, 3.5 equiv.) and EDC*HCI (22 mg,
0.12 mmol, 3.5 equiv.) and the resultant solution was stirred at room temperature for
three hours. To the reaction mixture was added water (5 mL) and the aqueous phase
was extracted with dichloromethane (3 x 5 mL). The combined organic extracts were
dried with magnesium sulphate, filtered and concentrated in vacuo generating a crude
mass of 52 mg. Purification by column chromatography on silica gel using an eluent of
1% to 2% methanol in dichloromethane afforded the title compound 1.17 (13 mg,
0.012 mmol, 36%).

'H NMR (500 MHz, CDCl;) & 5.87 (1H, dt, J = 10.6, 2.4), 5.79-5.68 (2H, m), 5.43
(1H, br s), 5.41-5.37 (1H, m), 5.38-5.32 (1H, m), 4.99 (1H, d, J = 11.4), 4.79-4.76
(1H, m), 4.73-4.63 (3H, m), 4.30 (1H, t, J = 6.9), 4.14 (1H, s), 3.97 (1H, d, J = 6.2),
3.94 (1H, br s), 3.90-3.81 (2H, m), 3.72-3.58 (4H, m), 3.46-3.40 (3H, m), 3.35 (3H, s),
3.30-3.27 (1H, m), 3.23 (2H, dd, J = 10.3, 7.9), 3.06-2.93 (2H, m), 2.80-2.76 (2H, m),
2.55-2.49 (1H, m), 2.38-2.20 (6H, m), 2.01-1.95 (1H, m), 1.88 (3H, br s), 1.79-1.73
(1H, m), 1.69-1.62 (3H, m), 1.60-1.36 (11H, m), 1.26 (3H, d, J = 7.5), 1.20 (3H, d, J =
6.2), 1.17 (3H,d, J =6.9), 1.13 (3H, d, J =6.3), 0.93 (3H,t,J=7.4),0.85 (3H, d, J =
6.8), 0.79 (3H, d, J = 5.3). *C NMR (101 MHz, CDCls) 5 174.0, 170.4, 168.9, 167.8,
139.9, 138.2, 138.1, 135.1, 124.9, 120.6, 118.5, 118.2, 98.5, 97.6, 95.0, 82.0, 80.9,
80.5, 79.4, 79.2, 75.7, 68.8, 68.6, 67.9, 67.4, 67.3, 66.5, 57.0, 56.7, 53.6, 45.9, 41.3,
39.9, 37.1, 35.9, 35.6, 35.1, 34.7, 34.3, 31.4, 29.8, 29.0, 28.2, 27.4, 26.4, 25.7, 20.4,
20.1, 18.6, 17.6, 17.5, 15.3, 12.6, 12.2. HRMS (ESI) exact mass calculated for
CssHgiNOoNa [M+Na]* m/z 1094.5295, found m/z 1094.5248.
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BLI. Prepared according to a modified literature procedure.’®” To a stirred solution of
NHS ester 1.17 (14 mg, 14 pmol, 1.3 equiv.) in dichloromethane (0.1 mL, 0.14 M) was
added a solution of N,N-diisopropylethylamine (6.0 uL, 36 pmol, 3.5 equiv.) in
dichloromethane (0.1 mL, 0.4 M) and a solution of amine TFA salt 1.1 (4.5 mg,
10 umol, 1 equiv.) in dichloromethane (0.033 mL, 0.3 m). The resulting solution was
stirred at ambient temperature for four hours. The crude mixture was washed with
water (2 x 5 mL) and the combined aqueous phases extracted with dichloromethane
(3x 10 mL). The combined organic phases were dried with magnesium sulphate,
filtered and concentrated in vacuo yielding a crude red oil (19 mg). Purification by
column chromatography on silica gel with an eluent of 2% to 4% methanol in
dichloromethane afforded title compound BLI (9.0 mg, 7.0 pmol, 71%) as a red/green

solid.

'H NMR (400 MHz, CDCl3) & 7.11 (1H, s), 6.99 (1H, d, J = 4.1), 6.96 (1H, d, J = 4.1),
6.35 (1H, d, J = 4.1), 6.31 (1H, d, J = 4.1), 6.25-6.16 (2H, m), 5.89-5.84 (1H, m),
5.79-5.67 (2H, m), 5.43 (1H, s), 5.41-5.31 (2H, m), 4.98 (1H, d, J =10.7), 4.78 (1H, d,
J =3.8), 4.75-4.62 (3H, m), 4.30 (1H, t, J = 7.3), 4.13 (1H, s), 3.97 (1H, d, J = 6.3),
3.94 (1H, s), 3.83 (2H, dd, J = 9.6, 6.2), 3.72-3.56 (2H, m), 3.43 (3H, s), 3.34 (3H, 3),
3.33-3.19 (8H, m), 2.70-2.64 (3H, m), 2.62 (3H, s), 2.56-2.49 (1H, m), 2.46-2.37 (2H,
m), 2.37-2.19 (4H, m), 1.98 (1H, dd, J = 12.0, 4.9), 1.88 (3H, s), 1.76 (1H, d, J = 12.5),
1.70-1.61 (2H, m), 1.54-1.48 (11H, m), 1.48-1.27 (4H, m), 1.28-122 (4H, m), 1.17
(3H,d,J=7.0),1.10 (3H, d, J =6.2),0.93 (3H, t,J =7.3), 0.86 (3H, d, J = 6.7), 0.81-
0.75 (4H, m).**C NMR (100 MHz, CDCl3) & 174.0, 160.3, 159.7, 159.5, 146.4, 142.0,
139.8, 138.1, 135.1, 131.1, 130.0, 127.5, 125.6, 125.0, 124.9, 121.6, 120.6, 120.5,
118.5, 118.2, 104.9, 104.1, 98.5, 97.6, 95.0, 92.8, 82.5, 82.0, 80.9, 80.5, 79.4, 79.2,
77.7, 75.8, 68.8, 68.7, 67.9, 67.4, 67.3, 66.6, 57.0, 56.7, 45.9, 41.3, 40.2, 39.9, 39.5,
37.1, 35.9, 35.1, 34.7, 31.4, 31.2, 29.9, 28.2, 27.5, 25.0, 22.8, 20.4, 20.1, 20.0, 18.6,
17.6, 17.5, 15.3, 12.6, 12.3. HRMS (ESI) exact mass calculated for Cs7HgsBF,N4O;7Na
[M+Na]" m/z 1299.6651, found m/z 1299.5962.
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2 NH
E)

1.19 = 2 alkylated
1.19b = 3 alkylated

1.19 and 1.19b. Prepared according to a modified literature procedure.®® To an oven
dried flask cooled under vacuum and charged with argon was added pyrrole (2.06 mL,
30 mmol, 1 equiv.) and anhydrous diethyl ether (15 mL, 2 m). To this stirred solution
was added ethylmagnesium bromide (16 mL, 2 M, 33 mmol, 1.1 equiv.) slowly over
one hour at 0 °C and stirred at 0 °C for one hour forming a very dark green solution. To
this solution was slowly added dodecyl bromide (7.1 mL, 45 mmol, 1.5 equiv.) at 0 °C
over three hours. The solution was then warmed to ambient temperature and stirred for
a further 16 hours. To the reaction mixture was added saturated aqueous sodium
hydrogen carbonate solution (60 mL) and the solids removed by vacuum filtration. The
filtrate was extracted with diethyl ether (3 x 60 mL) and combined organic fractions
dried with magnesium sulphate, filtered and concentrated in vacuo yielding a brown oil
(7.76 g). Purification by column chromatography on silica gel with an eluent of 1.5%
ethyl acetate in petroleum ether afforded title compounds 1.19 (1.00 g, 4.25 mmol,
14%) and 1.19b (210 mg, 0.89 mmol, 3%).

1.19. R 0.68 in 1.5% ethyl acetate in petroleum ether. '"H NMR (400 MHz, CDCls)
§7.89 (1H, brs, -NH), 6.67 (1H, ddd, J = 2.6, 2.6, 1.6, Ar-CH), 6.13 (1H, ddd, J = 2.8,
2.8, 2.8, Ar-CH), 5.95-5.88 (1H, m, Ar-CH), 2.60 (2H, t, J = 7.7, -CH,), 1.62 (2H, tt,
J=17.7,75,-CH,), 1.41-1.19 (18H, m, 9x -CH,), 0.89 (3H, t, J = 6.7, -CH3). *C NMR
(100 MHz, CDCls) & 133.0 (Ar-C), 116.1 (Ar-CH), 108.4 (Ar-CH), 105.0 (Ar-CH),
32.1 (-CH,), 29.8 (4 X -CHy), 29.7 (-CH,), 29.6 (2 X -CH,), 29.5 (-CH,), 27.9 (-CH,),
22.9 (-CH,), 14.3 (-CHs). HRMS (ESI) exact mass calculated for CigHxN [M]" m/z
235.2300, found m/z 235.2297. IR (thin film) 3356, 2916, 1705, 1566.

1.19b. Rf 0.33 in 1.5% ethyl acetate in petroleum ether. ‘"H NMR (400 MHz, CDCls)
§7.98 (1H, brs, -NH), 6.72 (1H, ddd, J = 2.6, 2.5, 2.2, Ar-CH), 6.58 (1H, ddd, J = 1.9.
1.9, 1.7, Ar-CH), 6.10 (1H, ddd, J = 2.7, 2.7, 1.6, Ar-CH), 2.48 (2H, t, J = 7.7, -CHy),
1.59 (2H, tt, J = 7.7, 7.7, -CHy), 1.39-1.23 (18H, m, 9 x -CH,), 0.89 (3H, t, J = 7.0,
CHs). *C NMR (101 MHz, CDCl3) & 124.9 (Ar-C), 117.7 (Ar-CH), 114.9 (Ar-CH),
108.7 (Ar-CH), 32.1 (-CHy), 31.4 (-CH,), 29.9 (2 x -CHy), 29.8 (2 x -CHy), 29.7 (2 x
CHy), 29.5 (-CHy), 27.1 (-CHy), 22.9 (-CH,), 14.3 (-CH3).
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1.20

1.20. Prepared according to a modified literature procedure.® To an oven dried flask
cooled under vacuum and flushed with argon was added anhydrous dichloromethane
(1.8 mL, 2 m) and oxalyl chloride (0.30 mL, 3.5 mmol, 1.1 equiv.) and the resulting
stirred solution was cooled to 0 °C. To this solution was added slowly
N,N-dimethylformamide (0.27 mL, 3.5 mmol, 1.1 equiv.) and the resulting solution was
stirred at 0 °C for one hour. To this was quickly added a solution of pyrrole 1.19
(750 mg, 3.2 mmol, 1 equiv.) in anhydrous dichloromethane (1.8 mL, 2 M) in one
portion and the resulting solution was stirred under reflux for three hours. The reaction
was quenched with a 5 M aqueous solution of sodium acetate (1.84 g, 22.4 mmol,
7 equiv.) and the resulting biphasic mixture was refluxed for one hour, after which it
was neutralised using 1 M aqueous hydrochloric acid, and the aqueous phase was
extracted with dichloromethane (3 x 10 mL). The combined organic extracts were dried
with magnesium sulphate, filtered and concentrated in vacuo yielding a light brown
solid (0.758 g). Purification by column chromatography on silica gel with an eluent of
6% ethyl acetate in petroleum ether afforded title compound 1.20 (0.723 g, 2.74 mmol,
86%).

'H NMR (400 MHz, CDCls) § 9.37 (1H, s, -CHO), 9.34 (1H, br s, -NH), 6.89 (1H, dd,
J = 3.8, 2.5, Ar-CH), 6.07 (1H, dd, J = 3.8, 2.6, Ar-CH), 2.65 (2H, t, J = 7.7, -CH,),
1.65 (2H, tt, J = 7.6, 7.6, -CH,), 1.37-1.23 (18H, m, x9 -CH,), 0.88 (3H, t, J = 6.7,
-CHs). *C NMR (100 MHz, CDCl3) § 178.2 (-CHO), 132.0 (Ar-C), 122.4 (Ar-C),
109.6 (Ar-CH), 109.5 (Ar-CH), 32.1 (-CH,), 29.8 (3 x -CH,), 29.6 (-CHy), 29.5 (2 x
-CH,), 29.4 (-CHy), 29.1 (-CH,), 28.1 (-CH,), 22.8 (-CHy), 14.3 (-CH3). HRMS (ESI)
exact mass calculated for C17H,oNONa [M+Na]* m/z 286.2141, found m/z 286.2138.
IR (thin film) 2916, 1637, 1497.
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1.21

1.21. Prepared according to a modified literature procedure.[*2 To an oven dried flask
cooled under vacuum and charged with argon was added anhydrous dichloromethane
(4.2 mL, 0.3 M), pyrrole 1.4 (0.196 g, 1.30 mmol, 1 equiv.) and aldehyde 1.20 (0.370 g,
1.4 mmol, 1.1 equiv.) and the resulting stirred solution was cooled to 0 °C. To this was
added dropwise POCI; (0.13 mL, 1.3 mmol, 1 equiv.) at 0 °C over 30 minutes and the
resulting solution then warmed to ambient temperature and stirred for an additional six
hours. The mixture was cooled again to 0 °C and N,N-diisopropylethylamine (0.89 mL,
5.2 mmol, 4 equiv.) and BF3*OEt; (0.66 mL, 5.5 mmol, 4.2 equiv.) were added and the
reaction allowed to warm to ambient temperature and stirred for 12 hours. To the
reaction mixture was added water (15 mL) and the aqueous phase was extracted with
dichloromethane (3 x 20 mL). The combined organic fractions were washed with brine
(1 x 20 mL), dried with magnesium sulphate, filtered and concentrated in vacuo to a
dark red/green oil (0.918 g). Purification by column chromatography, on silica gel with
an eluent of dichloromethane afforded title compound 1.21 (0.317 g, 0.710 mmol,
55%).

'H NMR (400 MHz, CDCls3) 6 7.07 (1H, s, Ar-CH), 6.98 (1H, d, J = 4.3, Ar-CH), 6.92
(1H, d, J = 4.1, Ar-CH), 6.35 (1H, d, J = 4.3, Ar-CH), 6.30 (1H, d, J = 4.1, Ar-CH),
3.69 (3H, s, -OCHs3), 3.31 (2H,t, J = 7.6, -CH,), 2.99 (2H, t, J = 7.9, -CH,), 2.78 (2H, t,
J =76, -COCH,), 1.73 (2H, tt, J = 7.9, 7.5, -CH,), 1.42 (2H, tt, J = 7.9, 7.5, -CH,),
1.37-1.18 (16H, m, x8 -CH,), 0.88 (3H, t, J = 6.7, -CHs). *C NMR (100 MHz, CDCl5)
6 172.8 (-COOR), 164.7 (Ar-C), 159.1 (Ar-C), 134.9 (Ar-C), 134.2 (Ar-C), 130.9
(Ar-CH), 129.4 (Ar-CH), 127.3 (Ar-CH), 118.7 (Ar-CH), 117.7 (Ar-CH), 51.7
(-OCHpg), 33.1 (-COCHy,), 31.9 (-CH,), 29.7 (-CH,), 29.6 (3 x -CHy), 29.5 (-CH,), 29.4
(-CHy), 29.3 (-CHy), 29.0 (-CHy), 28.5 (-CH,), 24.1 (-CHy), 22.7 (-CH,), 14.1 (-CH3).
HRMS (ESI) exact mass calculated for CysHa;BF2N,0,Na [M+Na]® m/z 469.2808,
found m/z 469.2796. IR (thin film) 2916, 1736, 1605, 980, 679.
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1.18. To a stirred solution of ester 1.21 (32 mg, 0.072mmol, 1 equiv) in
tetrahydrofuran (2.5 mL, 0.03 m) was added 4 M aqueous hydrochloric acid (2.5 mL)
and the resulting mixture was stirred for 48 hours. To the reaction mixture was added
dichloromethane (10 mL) and the phases separated. The aqueous phase was extracted
with dichloromethane (3 x 10 mL) and the combined organic fractions were washed
with brine (1 x 10 mL), dried with magnesium sulphate, filtered and concentrated in
vacuo Yyielding a red/green solid (34 mg). Purification by column chromatography on
silica gel with an eluent of 5% methanol in dichloromethane afforded title compound
1.18 (30 mg, 69 pmol, 96%) as a red/green solid.

'H NMR (400 MHz, CDCl3) & 11.27 (1H, br s, -COOH), 7.09 (1H, s, Ar-CH), 7.00
(1H, d, J = 4.2, Ar-CH), 6.93 (1H, d, J = 4.1, Ar-CH), 6.37 (1H, d, J = 4.2, Ar-CH),
6.32 (1H, d, J = 4.1, Ar-CH), 3.32 (2H, t, J = 7.5, -CH,), 2.99 (2H, t, J = 7.8, -CHy),
2.84 (2H, t, J = 7.5, -COCHy), 1.74 (2H, tt, J = 7.8, 7.8, -CHy), 1.46-1.39 (2H, m,
-CH,), 1.37-1.22 (16H, m, x8 -CHy), 0.87 (3H, t, J = 6.8, -CH3). **C NMR (101 MHz,
CDCl3) 5 178.3 (-COOH), 165.1 (Ar-C), 158.7 (Ar-C), 135.1 (Ar-C), 134.4 (Ar-C),
131.2 (Ar-CH), 129.6 (Ar-CH), 127.6 (Ar-CH), 119.0 (Ar-CH), 117.8 (Ar-CH), 33.1
(-COCHy), 32.1 (-CHy), 29.8 (4 x -CH,), 29.7 (-CH,), 29.6 (-CH,), 29.5 (-CH,), 29.1
(-CH,), 28.6 (-CHy), 23.9 (-CH,), 22.8 (-CH,), 14.3 (-CHs3). HRMS (ESI) exact mass
calculated for C,4H3sBF,N,0,Na [M+Na]" m/z 455.2652, found m/z 455.2633. IR (thin
film) 2924, 1705, 1612, 1157, 972, 687. Melting point 94-98 °C.
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1.22

1.22. Prepared according to a modified literature procedure.? To an oven dried flask
cooled under vacuum and charged with argon was added anhydrous tetrahydrofuran
(0.40 mL, 0.15 ™), acid 1.18 (28 mg, 65 pmol, 1 equiv.) and one drop of
N,N-dimethylformamide and the resulting solution was stirred at ambient temperature.
To this was added oxalyl chloride (22 pL, 0.26 mmol, 4 equiv.) and the resulting
solution was stirred at ambient temperature for two hours. The solvent was removed in
vacuo and the residue dissolved in tetrahydrofuran (5 mL) and repeated (3 x 5 mL)
affording title compound 1.22. The crude material was used immediately without

further purification.
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1.23

1.23. Prepared according to a modified literature procedure.’? To an oven dried flask
cooled under vacuum and charged with argon was added silyl ether 1.12 (49 mg,
49 umol, 1 equiv.), dichloromethane (0.1 mL, 0.5 M), 4-dimethylaminopyridine
(7.6 mg, 49 pumol, 1 equiv.) and N,N-diisopropylethylamine (9.0 pL, 49 pumol, 1 equiv.)
and the resulting stirred solution was cooled to 0 °C. To this was added a solution of
acyl chloride 1.22 (29 mg, 65 pmol, 1.3 equiv.) in anhydrous dichloromethane (0.1 mL,
0.65 M) and the resulting solution was stirred at 0 °C for two hours. To the reaction
mixture was added ice and the aqueous phase was extracted with dichloromethane (3 x
5 mL). The combined organic extracts were dried with magnesium sulphate, filtered
and concentrated in vacuo yielding a red oil (79 mg). Purification by column
chromatography on silica gel with an eluent of 15% ethyl acetate in petroleum ether
afforded title compound 1.23 (10 mg, 7.1 pumol, 15%) as a red solid.

'H NMR (400 MHz, CDCls) § 7.08 (1H, s), 6.99 (1H, d, J = 4.2), 6.92 (1H, d, J = 4.1),
6.37 (1H, d, J = 4.2), 6.35 (1H, d, J = 4.2), 5.84-5.78 (1H, m), 5.72 (1H, d, J = 4.2),
5.70 (1H, s), 5.39 (1H, d, J = 3.8), 5.37-5.27 (2H, m), 5.02-4.94 (1H, m), 4.77 (1H, d,
J=3.8),4.70 (1H, t, J = 9.4), 4.67 (1H, dd, J = 14.4, 2.4), 4.57 (1H, dd, J = 14.4, 2.3),
4.45-4.41 (1H, m), 4.22 (1H, s), 3.93 (1H, br s), 3.88-3.78 (2H, m), 3.82 (1H, d, J =
5.6), 3.72-3.54 (3H, m), 3.42 (3H, s), 3.39-3.34 (3H, m), 3.32 (3H, s), 3.25-3.18 (2H,
m), 2.98 (2H, t, J = 7.8), 2.81 (2H, t, J = 7.2), 2.55-2.46 (1H, m), 2.37-2.27 (3H, m),
2.26-2.18 (1H, m), 2.03-1.94 (1H, m), 1.80-1.77 (3H, m), 1.77-1.60 (6H, m), 1.59—
1.20 (34H, m), 1.15 (3H, d, J = 6.9), 1.10 (3H, d, J = 6.2), 0.92 (11H, s), 0.88-0.83
(6H, m), 0.78 (3H, d, J = 4.9), 0.13 (6H, s). *C NMR (100 MHz, CDCls3) & 174.3,
171.8, 164.7, 161.0, 160.9, 140.5, 140.4, 137.7, 137.6, 137.5, 135.1, 134.5, 134.4,
131.0, 130.6, 129.8, 129.6, 127.4, 127.3, 125.0, 124.9, 119.5, 118.5, 118.1, 117.4, 98.5,
98.4, 97.6, 95.0, 82.1, 80.8, 80.4, 80.2, 79.4, 57.8, 57.5, 69.7, 68.9, 68.1, 67.3, 67.2,
66.6, 66.2, 57.0, 56.9, 56.7, 56.6, 45.9, 41.3, 39.8, 37.3, 37.0, 35.9, 35.7, 35.6, 35.2,
34.7,34.3,33.5,32.1, 3 x 29.8, 29.7, 29.6, 29.5, 26.0, 22.8, 20.2, 18.6, 17.6, 14.3, 12.6,
12.3, 4.4, -4.7. HRMS (ESI) exact mass calculated for CsgH121BF2N20O15SiNa
[M+Na]* m/z 1425.8490, found m/z 1425.8482. IR (thin film) 2928, 1734, 1701, 1609.
Melting point 4649 °C.
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FBI

FBI. Prepared according to a modified literature procedure.’?? To a stirred solution of
silyl ether 1.23 (18 mg, 13 pmol, 1 equiv.) in methanol (1.4 ml, 0.01 m) at ambient
temperature was added 4-toluenesulfonic acid (14 mg, 1 mol%) and the resulting
solution was stirred for five hours. To the reaction mixture was added saturated
aqueous sodium hydrogen carbonate solution (15 mL) and the aqueous phase was
extracted with ethyl acetate (3 x 10 mL). The combined organic extracts were washed
with water (3 x 10 mL), dried with magnesium sulphate, filtered and concentrated in
vacuo yielding a red oil. Purification by column chromatography on silica gel with an
eluent of 20% ethyl acetate in petroleum ether afforded title compound FBI (7.0 mg,
5.4 umol, 42%).

'H NMR (400 MHz, CDCls) § 7.08 (1H, s), 6.99 (1H, d, J = 4.2), 6.93 (1H, d, J = 4.2),
6.37 (2H, d, J = 4.2), 6.35 (1H, d, J = 4.2), 5.89-5.83 (1H, m), 5.79-5.66 (2H, m), 5.42
(1H, brs), 5.39 (1H, d, J = 3.7), 5.37-5.31 (1H, m), 4.98 (1H, br d, J = 11.1), 4.77 (1H,
d, J =3.8), 4.74-4.63 (3H, m), 4.29 (3H, t, J = 7.0), 4.13 (1H, s), 3.97 (1H, d, J = 6.2),
3.94 (1H, br's), 3.87-3.79 (2H, m), 3.72-3.55 (3H, m), 3.43 (3H, s), 3.36 (1H, dd, J =
7.3, 2.1), 3.32 (3H, s), 3.30-3.27 (1H, m), 3.22 (2H, t, J = 9.0), 2.98 (2H, t, J = 7.9),
2.81 (2H, t, J = 7.2), 2.54-2.48 (1H, m), 2.37-2.18 (5H, m), 1.97 (1H, dd, J = 12.5,
45), 1.88 (3H, s), 1.80-1.70 (3H, m), 1.69-1.61 (3H, m), 1.60-1.21 (32H, m), 1.16
(3H, d, J = 6.9), 1.10 (3H, d, J = 6.2), 0.93 (3H, t, J = 7.3), 0.90-0.84 (5H, m), 0.79
(3H, d, J = 5.7). 3C NMR (100 MHz, CDCl3) § 174.0, 171.9, 139.8, 138.2, 138.1,
135.1, 131.0, 129.6, 127.5, 124.9, 120.6, 118.8, 118.5, 118.2, 118.1, 98.5, 97.6, 95.0,
81.9, 80.8, 80.5, 79.4, 79.2, 76.6, 75.8, 68.8, 68.7, 67.9, 67.4, 67.3, 66.6, 57.1, 56.7,
45.9, 41.3, 39.9, 37.1, 35.9, 35.6, 35.2, 34.7, 34.3, 33.5, 32.1, 31.6, 31.4, 30.5, 30.3,
29.9, 6 x 29.8, 29.7, 29.6, 29.5, 29.1, 28.6, 28.2, 27.5, 24.1, 22.9, 20.4, 20.2, 18.6, 17.6,
15.3, 14.3, 12.6, 12.3. HRMS (ESI) exact mass calculated for C7,H10;BF,N2O15Na
[M+Na]* m/z 1311.7625, found m/z 1311.7575. IR (thin film) 2956, 1742, 1716, 1608,
965, 699. UV (MeOH) Absorption Amax 509 nm (¢ 60700 cm™M™), Emission Amax
514 nm.
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Chapter 2. Synthesis of PROTAC Molecules Towards in

vivo Degradation of HIV Capsid Protein

2.1 Introduction

2.1.1 Human Immunodeficiency Virus

Human immunodeficiency virus (HIV) is a pathogenic retrovirus that infects cells of
the human immune system. If the infection is left untreated, it can develop into
acquired immunodeficiency syndrome (AIDS). An estimated 50 million people
worldwide are infected with HIV and an estimated 35 million have died from AIDS
related diseases since the beginning of the HIV/AIDS epidemic in 1981.025

Although no cure for HIV infection exists, treatments are available that suppress viral
replication, enabling partial recovery of the host immune system. Such viral
suppression almost completely eliminates the risk of HIV infection developing into
AIDS and greatly reduces the risk of transmission to uninfected individuals.!®4®
These existing treatments (known as antiretroviral treatment (ART)), are small
molecule drugs of various classes which target either viral proteins, or host cell proteins

key to HIV replication.!®®

The hallmarks of retroviral (and therefore HIV) replication are reverse transcription of
viral RNA into DNA, and subsequent integration of the viral DNA into the host cell
genome.l®! However, these processes are inherently inefficient and result in mutations
which inevitably lead to ART resistance.® In recent years, combinations of ART
drugs have been administered in an effort to reduce the likelihood of developing
resistance. This approach, known as highly active antiretroviral therapy (HAART), is
the combination of three or more ART drugs of different classes. While it is an
effective strategy to limit retroviral drug resistance, resistance is still
prevalent S80I yytimately, ~ when  killing  or  suppressing  the
reproduction/replication of any pathogen, selection for drug resistance is unavoidable.
For this reason, novel drug targets and particularly novel therapeutic strategies are
attractive targets for future research.[®?

2.1.2 Occupancy-Based Drug Paradigm

At present, the majority of small molecule pharmaceuticals, including HIV therapies,
rely on the occupancy of an inhibitor in a specific binding site of a target protein

(Figure 2.1). In the case of competitive inhibition for example, the binding of the
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inhibitor to the same site as the proteins endogenous ligand prevents the ligand from

binding, which consequently inhibits the natural function(s) of the protein.

Gl «—G -
R — —K Function
o = ‘<] Impaired

- Protein- Protein-
Target  Competitive Endogenous Inhibi:or EndL?g:nn:us L:gar:d
Protein Inhibitor Ligand Complex 9 Complex

Not Formed

Figure 2.1. Basic concept behind the occupancy based inhibitor paradigm.

While current medical technology is the most effective it has ever been, the
occupancy-based drug paradigm that is the cornerstone of modern medicine has several
drawbacks. The requirement of one drug molecule per protein necessitates a high
systemic concentration of the drug, which increases the likelihood of off-target side
effects (Figure 2.2).[*! Furthermore, the instant the drug is no longer bound to the
protein, for example via drug metabolism, the protein regains its function.[™! In an
attempt to mitigate possible off-target side effects and prolong drug-protein binding,
high binding affinities are sought. This requires extensive structure activity relationship
(SAR) studies and optimisation, leading to a high attrition rate of potential
pharmaceuticals. While this high attrition rate results in safer drug compounds and is
thus not necessarily a drawback in itself, it has resulted in the lowest level of approved

drugs in a generation.["

G el G— & @

Target Competitive Target Off-
Protein Inhibitor Target Protein- Target
Protein Inhibitor Protein-
Complex Inhibitor
Complex

Figure 2.2. Basic depiction of off-target engagement.

Additionally, small molecule inhibitors typically inhibit only one domain of
multidomain proteins (Figure 2.3). This leaves their scaffolding functions and

interactions with other proteins unperturbed./™
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Figure 2.3. Depiction of single domain inhibition of multidomain proteins.

Furthermore, the use of small molecule inhibitors requires the target protein to possess
a binding site for the drug. While this is common in proteins that interact with
endogenous small molecule ligands such as enzymes and ion channels, many
disease-causing proteins interact with other proteins via protein-protein interactions
(PP1).l"® The proteins that interact solely via PPI typically lack these well defined
binding sites are not currently amenable to small molecule inhibition, and have thus
been termed “undruggable” (Figure 2.4). With 80% of the proteome classified as

”[76]

“undruggable™ ™, it is evident that novel therapeutic strategies and novel drug

discovery paradigms are required to advance medical care.

OD = —O =

Protein Protein DEI 1:2 D“:I
1 2 Small Protein Ineffective
Molecule Protein Inhibitors
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Figure 2.4. Depiction of inability of small molecule inhibitors to interfere with
protein-protein interactions.

2.1.3 Targeted proteolysis

A recently emerging therapeutic avenue that avoids the occupancy-based drug
paradigm, is targeted proteolysis. Instead of small molecule inhibition of a target
protein, targeted proteolysis utilises a small molecule to direct the degradation of a
protein of interest via the endogenous cellular degradation machinery (Figure 2.5).
These small molecules, referred to as proteolysis targeting chimeras (PROTACS), have
the potential to circumvent many of the drawbacks inherent with the traditional
occupancy-based drug approach. However, before PROTAC technology is discussed in
greater detail, it is important to have an understanding of natural protein degradation.
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Figure 2.5. Basic concept of PROTAC technology.

2.1.4 Natural Degradation of Endogenous Proteins

The natural cellular degradation of endogenous proteins is an extremely important
process which occurs for a variety of reasons. Regulatory proteins such as transcription
factors and proteins that respond to specific stimuli require rapid degradation to help
regulate intracellular enzyme activity.l’ 18 Additionally, to eliminate the consequences
of errors in protein translation, faulty and damaged proteins are also signalled for rapid
degradation. 18 Two major pathways of protein degradation exist in eukaryotic cells,
the ubiquitin-proteasome pathway (UPP) and lysosomal proteolysis.’ "8 For the
purposes of this thesis, only the UPP is of relevance. The UPP is the major pathway of
selective proteolysis in eukaryotic cells.” In essence, an enzyme cascade tags a
protein with ubiquitin (a 76 residue polypeptide cofactor) which signals the protein for
degradation by the proteasome (a multisubunit complex of proteases) (Figure
2.6).'"1 The enzyme cascade of the UPP is composed of enzymes E1, E2 and E3.
The E1 enzyme is responsible for the activation of ubiquitin by reaction of the C-
terminal carboxlyate with ATP to form the corresponding ubiquitin adenylate. The
ubiquitin adenylate then reacts with a catalytic cysteine residue of the E1, forming a
thioester and generating the E1-ubiquitin complex.[’®! Following this, the ubiquitin is
transferred to the E2 enzyme, forming an E2-ubiquitin conjugate via
transthioesterification. Finally, the E3 enzyme allows for the transfer of ubiquitin from
the E2-ubiquitin conjugate, to the target protein via the formation of an amide bond to
an available lysine residue. This process happens several times, forming a
poly-ubiquitinated protein which is recognised by the proteasome, and subsequently

degraded.™
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Figure 2.6. Basic concept of natural cellular degradation of endogenous proteins.

For this project, the most important of these enzymes is the E3 ligase of which over
1000 are coded for in the human genome as it is the E3 ligases that are responsible for
conferring specificity for the target protein.[78] Combining known ligands of different
E3 ligases with small molecule inhibitors allows for the targeted degradation of
proteins of interest. This hijacking of the cellular degradation machinery is the core
concept of PROTAC technology.

2.1.5 Proteolysis Targeting Chimeras (PROTACS)
PROTACSs, as mentioned briefly above, are heterobifunctional small molecules that

comprise an E3 ligase ligand connected via a linker to a ligand that binds a protein of
interest. They act as a molecular adapter to connect a disease-causing protein to a
chosen E3 ligase, which would otherwise not have been recognised by the ligase

(Figure 2.7). This proximity to the E1-E2-E3 enzyme cascade allows the natural
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cellular degradation process to effect ubiquitination and subsequent degradation of the
target protein. This strategy has the potential to address many of the drawbacks of
traditional occupancy-based protein inhibition which were outlined above (2.1.2

Occupancy-Based Drug Paradigm, page 87).
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Figure 2.7. Basic concept of PROTAC mediated degradation.

PROTACs have been shown to act catalytically as they are not degraded by the
proteasome, allowing one PROTAC molecule to degrade multiple protein copies. This
allows for a lower systemic concentration of the compound and subsequently reduces
the likelihood of off-target engagement and side effects.*"! As discussed previously,
traditional inhibition of multidomain proteins only inhibits the function of one domain.
In contrast, the degradation of multidomain proteins induced by PROTACSs eliminates
all of the proteins’ functions such as scaffolding, interaction with other proteins and
downstream signalling cascades.!”!®! Furthermore, the protein is degraded rapidly and
the low cellular protein levels are often sustained for up to 48 hours after the removal
of the PROTAC.[™*UBY perhaps one of the strongest potential advantages to
PROTAC technology, lies in its ability to induce degradation with only transient
binding.[”™®283] This introduces the possibility to target the so-called “undruggable”
80% of the proteome. The degradation of proteins, allows for the disruption of PPIs,

something that traditional inhibitors have notoriously struggled to achieve.®?

2.1.6 E3 Ligase Ligand
A vast number of E3 ligases exist and the choice of which E3 ligase to recruit in

PROTAC design can be highly influential to its efficacy. Research has primarily
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focussed on a limited number of these ligases and several small molecule ligands that
bind the ligases have been identified. Successful PROTACs to date have incorporated
ligands for four particular E3 ligases: MDMZ2, IAP, VHL and CRBN.® Since 2015,
over 30 PROTACs have been reported in literature, the vast majority of which
incorporate ligands for the exploitation of VHL (von Hippel-Lindau) and CRBN
(Cereblon).["

The primary endogenous substrate of the VHL E3 ligase is hypoxia-inducible factor 1a
(HIF-1a). This transcription factor is important in the upregulation of several genes and
as such it’s intracellular protein levels are maintained at a low level by VHL-mediated
degradation.’®” Hydroxylation of a proline residue of HIF-1a allows for its recognition
by VHL and with this knowledge, inhibitors of the HIF-1a:VHL interaction were
developed (Figure 2.8).24 Using these inhibitors as VHL-targeting ligands, several
PROTACSs have been developed that target various different classes of proteins. These
include GFP-halotag fusion proteins, kinases, estrogen receptors and bromodomain

containing proteins.!>184

IR
K@jﬁp

Figure 2.8. Structure of VHL-1, a known inhibitor of the VHL E3 ligase.

The CRBN E3 ligase has been shown to bind the phthalimide-based
immunomodulatory drugs thalidomide, pomalidomide and lenalidomide (Figure
2.9).PIE8IE7 This discovery was made after years of research directed towards
elucidating the teratogenicity-causing target of thalidomide after the infamous disaster
in the late 1950’s.171 While (S)-thalidomide was responsible for the teratogenic
effects observed in the 50’s/60’s, rapid in vivo racemisation of the phthalimide-based
drugs (thalidomide, pomalidomide and lenalidomide) is known and both (S)- and
(R)-thalidomide were found to bind to the same CRBN E3 ligase target.’®&®% Since
the discovery of the CRBN E3 ligase target, the phthalimide-based drugs have been
incorporated as E3 ligase ligands into numerous CRBN recruiting PROTACs. Similarly
to the VHL-based PROTACs, CRBN-based PROTACs have been reported that degrade
a variety of different protein classes including bromodomain and extra terminal (BET)

proteins, kinases and the epigenetic eraser protein Sirt2.!7>10IE1IE2]
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Figure 2.9. Structures of thalidomide, pomalidomide and lenalidomide, known
ligands of the CRBN E3 Ligase

Due to the modular character of PROTACS, research has highlighted the importance of
E3 ligase ligand selection toward the efficacy of the PROTAC. When the ternary
structure of POI-PROTAC-E3 Ligase is formed, key interactions form between each
member which stabilises the structure and increases the likelihood of successful
degradation.’®® The selection of which E3 ligase to target (and thus the selection of E3
ligase ligand utilised in the PROTAC) can either increase or decrease the number of
these favourable interactions.®® The selection of E3 ligase ligand is therefore
extremely important; however; all constituents of the PROTAC can have a large effect
on its efficacy, including the linker.

2.1.7 Linker
While the primary function of the linker is to connect the two protein binding ligands, it
also plays an important role in stabilising the ternary structure, and can be used to
modulate various physiochemical properties of the PROTAC such as solubility and cell
permeability.BIEI4S] Ag an example, using molecular dynamics modelling it was
shown that a poly ethylene glycol (PEG) based linker adopted a kinked conformation
allowing key PPI to occur between the E3 ligase and the POL.!®! Furthermore, this
kinked conformation allowed the formation of key hydrophobic interactions between
the E3 ligase and the linker itself."*! While this highlighted the importance of linker
composition, it was also shown that linker lengths long enough to allow the formation
of the kinked conformation were necessary for the stabilisation of the ternary structure.
However, linker lengths exceeding this optimal length by even a single ethylene glycol
unit, almost completely destroyed the activity of the PROTAC.*¥ In contrast to this,
studies to determine optimal linker lengths have been performed which have concluded
that longer linker lengths of around 12 and above non-hydrogen atoms (NHA) are
generally more desirable.”® Ultimately, optimal linker length appears to be highly
dependent on the system in which it is required, and thus prudent PROTAC design

should be modular to allow for facile incorporation of multiple diverse linkers.
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2.1.8 Targeting HIV

A basic schematic of the structure of HIV is shown below, highlighting some important
structural components of HIV (Figure 2.10).°"! The viral genome is encoded on two
identical copies of RNA which is later reverse transcribed into double stranded DNA
by the viral reverse transcriptase (RT).”®! As with all viruses, the genome materials are
encased within the capsid, a proteinacious shield composed of capsid protein (CA).[*
This in turn is encased within the viral envelope upon the surface of which, envelope

glycoproteins are expressed that are involved in host cell recognition and entry. P9I

Envelope
Glycoprotein

Figure 2.10. Basic structure of HIV-1 virion.”

While a peptidic Hepatitis B-targeting PROTAC has been developed, until recently no
small molecule PROTAC-induced degradation of viral proteins had been reported.[**!
In the past month a small molecule PROTAC that degrades the Hepatitis C protease
was published, but small molecule PROTACS that degrade non-hepatitis viral proteins
are hitherto unreported.’®? However, several small molecule inhibitors of HIV
replication are known which inhibit different key proteins important in HIV
replication.[®®®”] Fuelled by the rapid replication and the high mutation rate of the
virus, antiviral drug resistance is prevalent. (8889772l This widespread resistance
necessitates a relentless search for novel drug targets. One such promising candidate
that has emerged from the search for new targets is the capsid. This conical structure is
composed of capsid protein (CA) arranged in a lattice of predominantly hexameric CA
subunits (orange) with some pentameric CA subunits (yellow) responsible for the

increased curvature of the conical shape (Figure 2.11).[°711%3]
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Figure 2.11. Conical structure of the assembled capsid core consisting of hexameric CA
(orange) and pentameric CA (yellow).[*

After viral entry to the host cell, the capsid disassembles in a highly controlled manner.

This process, known as uncoating, is extremely important to the infectivity of the virus

and perturbation of the process results in failed replication.X®! This makes the capsid a

desirable drug target, and an HIV inhibitor known as PF74 was developed by Pfizer

which binds to the capsid and disrupts the uncoating process (Figure 2.12).[101104]

PF74

Figure 2.12. The HIV capsid-targeting inhibitor PF74.

As is often the case with small molecule inhibitors of viral targets, resistance to PF74
has been reported.™®! This resistance is complex and requires four amino acid
mutations in the vicinity of the PF74 binding site. Interestingly however, the
PF74-resistant mutant does not prevent the binding of PF74 to its binding site. This
serves to highlight another possible advantage of PROTAC technology over small
molecule inhibition. As PROTAC technology requires only binding (and not the
typically associated inhibition), a PROTAC based on PF74 would likely still degrade
the PF74-resistant CA protein. Furthermore, PF74 as an inhibitor has a relatively high
reported ECso of 473 nm (although this has recently been improved through extensive
MedChem optimisation).['® This is less potent than most effective inhibitors, but is
potent enough to achieve the transient binding required for PROTAC efficacy. These
factors make capsid protein an attractive target for PF74-based PROTAC-induced

degradation.
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2.1.9 PF74 and Capsid Protein
The crystal structure of PF74 bound to capsid protein (CA) has been determined, which

revealed the binding site to be located approximately 30 A into the interface between
two monomer CA subunits of a single hexameric CA complex (Figure 2.13).[105I[107]{108]
Important amino acid residues are highlighted by their representation as ‘sticks’ and
favourable hydrogen bond interactions are denoted by dashed lines.'*"!l*%! pF74 has
been shown to have an affinity for the assembled CA hexamer that is over tenfold
greater than the affinity for unassembled CA monomers due to additional favourable
interactions in the binding site of the assembled protein.!*%1%! Of particular interest to
this project, is the solvent exposed tertiary amide N-methyl group (highlighted by a red
circle). The solvent exposure at this position and the lack of key binding interactions
make it an ideal site for linker attachment. With these factors in mind, PROTACS based
on PF74 (as the POI ligand) were designed toward the aim of capsid protein

degradation.

Figure 2.13. PF74 bound to interface between two CA subunits (teal and grey) of
hexameric CA.% The solvent exposed N-methyl is highlighted (red circle).

2.1.10 First generation probe design
For the design of the first generation of capsid targeting PROTACs, two PROTACS

were designed which are outlined below (Figure 2.14). Both incorporate PF74 as the
capsid protein ligand. The PROTACs are named VHL-38 and CRBN-N33 and the
names indicate the particular E3 ligase that is to be recruited (VHL or CRBN),
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followed by the length of the linkers (expressed as the number of non-hydrogen atoms,
38 or 33) utilised by each PROTAC.
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Figure 2.14. Design and composition of first generation PROTACs.

The linkers are composed of polyethylene glycol (PEG) chains and are connected to the
PF74 moiety at the N-methyl group of the tertiary amide due to the aforementioned
solvent exposure of this position. (Figure 2.13, page 97). The primary rationale behind
the selection of hydrophilic PEG-based linkers was to improve the solubility of the
lipophilic protein ligand moieties in aqueous media.l® Furthermore, PEG chains are
readily available in various lengths, facilitating the synthetic tractability of structural
analogues. These lengths were chosen as they are beyond 30 A in length which was the
approximate calculated depth of the PF74 binding site into the interface between two
CA subunits. The major difference between VHL-38 and CRBN-N33 is the choice of
E3 ligase ligands. VHL-38 incorporates VHL-1 (Figure 2.8, page 93) and CRBN-N33
incorporates pomalidomide (Figure 2.9, page 94). The decision to incorporate both
ligands was simply to increase the likelihood of successful degradation, and to have a
comparison between the efficacies of the two ligands that would help guide the design
of the second generation PROTACS.
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To increase convergence of the synthesis, it was proposed to generate the PROTACs
from three roughly equal sized fragments (Figure 2.14). A PF74-linker fragment
(which is common to both PROTACs and terminates in an acid), a CRBN-linker
fragment (for use in CRBN-N33 and which terminates in an amine) and a VHL-linker

fragment (for use in VHL-38 and which also terminates in an amine).

2.1.11 Synthetic Strategy
Strategically, the proposed synthetic route involved adopting a modular and thus

convergent approach. It was envisioned that protected versions of the abovementioned
fragments could be constructed from smaller fragments (Figure 2.15). The protected
PF74-linker fragment could be accessed from a tertiary amide coupling between the
acid terminating PF74 fragment and the aniline linker fragment. The protected CRBN-
linker fragment could be accessed from a SNAr alkylation of an electrophilic CRBN
fragment and the nucleophilic amine linker fragment. Finally, the protected VHL-linker
fragment could be generated by amide coupling between the acid linker fragment and

the terminal amine of VHL-1.
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Figure 2.15. Schematic of PROTAC fragments and their constituent fragments.
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2.2 Results and Discussion

2.2.1 Protected PF74-Linker Fragment Synthesis

Initial efforts were focussed on the synthesis of the protected PF74-linker fragment 2.1,
as this fragment is common to both of the proposed PROTACSs (Figure 2.16). To begin
with, the aniline linker fragment was targeted which comprised a protected terminal
acid (for coupling to an amine of the E3 ligase fragment) and a terminal secondary

aniline (for coupling to an acid of the PF74 fragment).
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Figure 2.16. Protected PF74-linker fragment.

Aniline Linker Fragment Synthesis

In order to generate such a linker, direct mono alkylation of hexaethylene glycol with
tert-butyl bromoacetate was attempted (Scheme 2.1).11% This initial attempt however,
was largely unsuccessful. While some ester 2.4 was observed, the yield was low and
the presence of various side products resulted in a difficult purification. Using LCMS
analysis, the plausible identities of the aforementioned side products were determined.
The m/z ratios attained from the analysis were consistent with that of dialkylated
product 2.4b, diester 2.4c and macrocyclic ester 2.4d. Diester 2.4c likely formed as a
result of two molecules of desired ester 2.4 reacting via Sy2 displacement and
transesterification with tert-butyl bromoacetate. The macrocyclic product 2.4d is
presumably a result of intramolecular transesterification of the desired ester 2.4.
Despite the drawbacks, enough material of ester 2.4 was generated to attempt the
following tosyl activation (Scheme 2.1).1*% While the tosyl activation did produce the
desired tosylate 2.5, the yield of the reaction suffered from irreproducibility. The most
likely cause of this was inconsistent starting material purity. Upon concentration of the
isolated ester 2.4, spontaneous degradation of the sample was observed. With all of
these drawbacks, the route was abandoned.
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Scheme 2.1. Alkylation of hexaethylene glycol to ester 2.4 (and side products 2.4Db,
2.4c and 2.4d), and subsequent activation to tosylate 2.5.
The next attempt involved an initial mono tosyl activation of hexaethylene glycol,
followed by alkylation of the remaining alcohol with tert-butyl bromoacetate (Scheme
2.2).% Despite several attempts, the initial tosyl activation suffered from a poor yield
and the hexaethylene glycol starting material could not be recovered. Enough of
tosylate 2.6 was generated to attempt the subsequent alkylation; however, this reaction
did not produce any of the desired ester 2.5.% In light of this and the low yielding

tosyl activation, this route was terminated.
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Scheme 2.2. Activation of hexaethylene glycol to tosylate 2.6 followed by the failed

alkylation to ester 2.5.
The next attempted route took inspiration from a publication by the Crews group,
which involved an additional benzyl protection and deprotection sequence.!** For this
reason, the route was not initially attempted, opting instead for the abovementioned
brevity-focused routes. Adopting the Crews-type route, an initial mono benzyl
protection of hexaethylene glycol generated benzyl ether 2.7 in a 70% vyield (Scheme
2.3).1% Following the successful and reproducible benzylation, the activation of the
remaining free alcohol to the corresponding tosylate 2.8 proceeded with an efficient
78% yield which was reproducible at increased scale.™” To complete this sequence,
the tosylate group was displaced with aniline to generate secondary aniline 2.9 in a
77% vyield.
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Scheme 2.3. Benzyl protection of hexaethylene glycol to benzyl ether 2.7, followed by
activation to tosylate 2.8 and subsequent displacement generating aniline 2.9.

One possible option at this point was to remove the benzyl protecting group and

alkylate to a tert butyl ester. However, this was not attempted as the product would

have contained a nucleophilic aniline and an electrophilic tert-butyl ester. As this was

deemed to be partly responsible for the unwanted side products in the failed initial

routes, the next steps were carried out with the benzyl ether in place.

PF74 Fragment Synthesis

With aniline linker 2.9 in hand, efforts were focused on generating the PF74 fragment
(Figure 2.16, page 100). To generate the PF74 fragment, a two step synthesis was
devised. Initially, 2-methylindole-3-acetic acid was coupled via amide bond formation
with L-phenylalanine methyl ester hydrochloride generating amide 2.10 (Table 2.1).14
Optimisation of the reaction focussed on testing several different coupling reagents.
Equivalents of 2-methylindole-3-acetic acid and L-phenylalanine methyl ester
hydrochloride were consistent throughout as 1 and 1.05 respectively. All reactions were
carried out with 3 equivalents of diisopropylethylamine and at a concentration of 0.4 m
in N,N-dimethylformamide. Initial efforts using HBTU produced a low yield of 13%
(entry 1, Table 2.1). The reaction utilising HATU was carried out on a reduced scale,
due to the high cost of the reagent but resulted in a respectable 59% (entry 2, Table
2.1). Utilising PyBOP as the coupling reagent improved the yield to a moderate 68%
(entry 3, Table 2.1), which was deemed acceptable to proceed with. Upon scale up of
these conditions (entries 4-6, Table 2.1), the coupling with PyBOP proved to be
reproducible with only one errant result, serendipitously generating a quantitative yield
at the largest scale. Following the generation of methyl ester 2.10, the ester protecting
group was removed under basic conditions generating acid 2.11 in a 97% vyield (Table
2.1).11
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Coupling Reagent
i- Pr2NEt
OH H,N
*HCI

97/ 241 R=H

Coupling reagent | Scale/mmol | 2.10 yield/%
1 HBTU 1 13
2 HATU 0.1 59
3 PyBOP 1 68
4 PyBOP 3 65
5 PyBOP 9 65

6 PyBOP 30 Quantitative

Table 2.1. Optimisation of coupling conditions to generate methyl ester 2.10, followed
by saponification to acid 2.11.

Completion of PF74-Linker Fragment

With both the PF74 fragment and the aniline linker fragment successfully synthesised,
efforts were focused on the completion of the protected PF74-linker fragment 2.1
(Figure 2.16, page 100). To begin this, acid 2.11 was coupled to aniline linker 2.9
which required some optimisation (Table 2.2). Initially, the optimal conditions for the
coupling to synthesise methyl ester 2.10 (Entries 3-6 Table 2.1, page 103) were tested,
which resulted in none of the desired tertiary amide 2.12 being observed (not shown in
Table 2.2). Following a literature procedure used for the synthesis of PF74, HATU was
utilised as the coupling reagent.™ For the optimisation, the equivalents of acid 2.11
was set to 1, the equivalents of HATU to 1.5, the equivalents of secondary aniline
coupling partner 2.9 also to 1.5 and the equivalents of N,N-diisopropylethylamine to 2.
The variable parameters for this optimisation were the concentration and the
temperature. The initial reaction was carried out at room temperature with a
concentration of 0.3 m in N,N-dimethylformamide and resulted in a poor yield of 10%
(entry 1, Table 2.2). However, when the reaction was attempted at an elevated
temperature of 60 °C, the yield increased to 20% (entry 2, Table 2.2). At this point, the
concentration was increased from 0.3 M to 0.9 M which boosted the yield to 32%
(entry 3, Table 2.2). This yield was deemed acceptable due to the difficulty of coupling
a sterically hindered and electronically deactivated secondary aniline. Furthermore, the
valuable aniline linker 2.9 was easily recovered during purification. Upon subsequent

scaling of these conditions, the yield was improved to a respectable 57% (entries 4-6,
103



Table 2.2). During the coupling, when acid 2.11 is activated, there exists the possibility
of oxazolone formation due to the presence of the N-acyl amino acid. This is known to
be a major source of epimerisation in amide couplings, and with the elevated
temperatures of this coupling, there was some concern over the stereochemical integrity
of the phenylalanine alpha position.™ 43 With this in mind, a study was conducted to
determine the stereochemical integrity of the alpha position when subjected to these
coupling conditions (2.2.11 PF74 synthesis and epimerisation study, page 128). While
it was important to know if epimerisation was likely given the reaction conditions, it
was not deemed to be problematic for the project thus the PROTAC synthesis
continued. Following the amide coupling, the benzyl ether protecting group was
removed under reductive conditions to the corresponding alcohol 2.13 with a
quantitative yield (Table 2.2).1*

HATU
HN ] o i-Pr,NEt HN \ o
—_—
OH HN Bn N R
N é/\o) DMF N €/\o)
H
o 6 o 6
2.1 2.9

Pd/C, H, 212 R=Bn
MeOH |:
Quantitative 213 R=H

Temp./°C | Conc./M | Scale/mmol | 2.12 yield/%
1 rt 0.3 0.09 10
2 60 0.3 0.09 20
3 60 0.9 0.09 32
4 60 0.9 0.27 43
5 60 0.9 0.81 42
6 60 0.9 1.62 57

Table 2.2. Optimisation of the coupling of acid 2.11 and aniline 2.9 to form tertiary
amide 2.12, followed by benzyl deprotection to alcohol 2.13.

Following the benzyl deprotection to alcohol 2.13 was the alkylation to the
corresponding tert-butyl ester 2.1 using tert-butyl bromoacetate (Table 2.3).[*Y
Attempts at carrying out this reaction consistently produced a mixture of products.
These products were the desired O-alkylated 2.1, the undesired N-alkylated 2.14 and
the O- and N- dialkylated 2.15. There was difficulty in differentiating O-alkylated 2.1
from N-alkylated 2.14 due to their similar NMR spectra (distinction was made using
2D HMBC spectroscopy). Furthermore, the two compounds 2.1 and 2.14 had very
similar Rf values (2.1 = 0.42, 2.14 = 0.36 in 5% methanol in dichloromethane) making
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separation from each other difficult and often requiring multiple purification attempts.
Some time was spent optimising this reaction; however, the results were consistently
poor (Table 2.3). For the optimisation, one equivalent of alcohol 2.13, tert-butyl
bromoacetate and the chosen base was utilised (except where stated). The concentration
of the reaction was 0.3 M in the chosen solvent and the reactions were carried out at
ambient temperature. Initial attempts with potassium carbonate (entry 1, Table 2.3)
proved to be ineffective and only the starting material, alcohol 2.13, was recovered
from the reaction mixture. It is likely that the reaction failed as a result of potassium
carbonate not being strong enough to deprotonate alcohol 2.13. From this, it was
surmised that the alcohol itself was not nucleophilic enough to react with the bromide.
The reaction was therefore repeated with a catalytic amount of
4-dimethylaminopyridine; however, this also resulted in no reaction (not shown in
table). With that in mind, sodium hydride was tested (entry 2, Table 2.3). This resulted
in some of the desired O-alkylated 2.1 (8%); however, a significantly higher amount of
the N-alkylated 2.14 (22%) and dialkylated 2.15 (16%) were observed. Due to the
difficulties in separating the O- and N- alkylated products, alternate conditions were
sought. As it seemed that sodium hydride was perhaps a stronger base than required, a
weaker base was utilised while still being stronger than potassium carbonate. Initial
conditions using potassium tert-butoxide (entry 3, Table 2.3) used 1.2 equivalents of
the base and 1.1 equivalents of the bromide. The result seemed promising with a higher
amount of O-alkylated 2.1 (12%) but unfortunately still a high level of N-alkylated 2.14
(12%) and dialkylated 2.15 (22%). With this in mind, the equivalents of tert-butoxide
and tert-butyl bromoacetate were lowered to 1 (entry 4. Table 2.3). This produced a
more desirable reaction profile with the desired O-alkylated 2.1 (18%) in a higher yield
than the N-alkylated 2.14 (9%) for the first time. While this profile was not ideal, it was
deemed acceptable for scale up to generate more material. (entry 5, Table 2.3).
However, this resulted in an inferior profile with equal amounts of O-alkylation (13%)
and N-alkylation (13%). At this point, with the irreproducibility of the reaction
conditions tested, it was decided to continue with the best conditions yet observed. The
potassium tert-butoxide reaction conditions were scaled up again (entry 6, Table 2.3),
this time resulting in a vast improvement of the reaction profile. The desired
O-alkylated 2.1 (12%) was observed in a much higher yield than the N-alkylated 2.14
(2%) which greatly facilitated the purification. The relatively high yield of dialkylated
2.15 (18%) was tolerated due to its more facile separation during purification. With the
poor yields, difficult purification, and irreproducibility, this reaction needed further
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optimisation. However, enough material had been collected through the various stages
of optimisation to continue the synthesis.

@ tert-| butyl bromoacetate ©
Solvent R'

21 R=H R'=CH,COOBu
2.14 R=CH,COOBu R'=H
2.15 R=CH,COOBu R'=CH,COOBu

Base | Solvent | Scale/mmol | 2.1/% | 2.14/% | 2.15/%
1| K,COs| THF 0.096 0 0 0
2| NaH | THF 0.18 8 22 16
3 | KO'Bu | 'BuOH 0.074 12 12 22
4 | KO'Bu | 'BUOH 0.059 18 9 18
5| KO'Bu | 'BUOH 0.15 13 13 10
6 | KO'Bu | ‘BUOH 0.45 12 2 18

Table 2.3. Optimisation of the alkylation of alcohol 2.13 to ester 2.1.

With tert-butyl ester 2.1 in hand, the synthesis of the protected PF74-linker fragment
2.1 was completed. The next step in this sequence was the deprotection to the tert-butyl
ester to the corresponding acid. However, due to the relatively low amounts of tert-
butyl ester 2.1 and the somewhat harsh reaction conditions, it was decided to first test
the reaction conditions on some of the N-alkylated tert-butyl ester 2.14. Treatment of
tert-butyl ester 2.14 with trifluoroacetic acid successfully generated the N-alkylated
acid 2.17 with no decomposition observed (Scheme 2.4).1*4

o
2:0
N o CF3COOH
\
N CHZCIZ
u é/\o) Quantitative
6
o
214

Scheme 2.4. Acidic deprotection of tert-butyl ester 2.14 to acid 2.17.

With the successful deprotection of the undesired N-alkylated 2.14, the more valuable
O-alkylated tert-butyl ester 2.1 was subjected to the same acidic deprotection
conditions. Treatment of tert-butyl ester 2.1 with trifluoroacetic acid successfully
afforded the corresponding acid 2.16 with no indication of decomposition (Scheme
2.5).[4
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Scheme 2.5. Acidic deprotection of tert-butyl ester 2.1 to acid 2.16.

2.2.2 Protected CRBN-Linker Fragment Synthesis

With the synthesis of the PF74 fragment complete, the synthesis of the aforementioned
E3 ligase fragments were the next targets (Figure 2.15, page 99). The first of these
fragments to be targeted was the protected CRBN-linker fragment 2.2 (Figure 2.17).

SNAr o

Disconnection HN
(o}
o &
N
H
BocHN \/é\/0>\/\/ N (o]
3 2

2.2

Protected CRBN-Linker Fragment

m ),
L d
Amine Linker Fragment CRBN Fragment

Figure 2.17. Protected CRBN-linker fragment 2.2.

To begin the synthesis of the protected CRBN-linker fragment 2.2, diamine 2.18 was
selectively mono protected to tert-butyl carbamate 2.19 with a yield of 78% to form the
amine linker fragment (Scheme 2.6).[48] As part of a different France group PROTAC
project, the fluorinated phthalimide 2.20 was synthesised and coupled with the free
amine of tert-butyl carbamate 2.19. This was achieved via a SyAr alkylation generating
the tert-butyl carbamate protected phthalimide 2.2 in a 53% yield. It should be noted
that although the naturally occurring L-glutamine was used in the synthesis of
phthalimide 2.20, racemisation was likely during the synthesis of 2.20. However, due to
the reported in vivo racemisation of phthalimide-based compounds the inclusion of this
fragment as a racemate in the final PROTAC was deemed inconsequential.[1(&]
Enough of tert-butyl carbamate 2.2 was generated to allow it to also be utilised for this
project. With the protected CRBN-linker fragment 2.2 complete, acidic deprotection of
tert-butyl carbamate 2.2 afforded the corresponding amine TFA salt 2.21.[4]

107



Boc,0O

DMAP
HZN\/€\/0>\/\/ NH, BocHN\/€\/o)\/\/NH2
3 CH,Cl, 3
78%
2.18 2.19

(o]

(o]
HN HN
o (]
O,
N 219
lPerEt
F

DMF
53%

2.20 CF3;COOH |: 2.2 R=Boc

CH,Cl,
Quantitative 2.21 R=H «CF3CO,H

Scheme 2.6. Protection of diamine 2.18 to tert-butyl carbamate 2.19, followed by the
coupling to fluorinated phthalimide 2.20 and subsequent acidic deprotection to amine
TFA salt 2.21.

2.2.3 Synthesis of PROTAC CRBN-N33
With both the PF74-linker fragment 2.16 and the CRBN-linker fragment 2.21
synthesised, coupling was attempted. A HATU mediated amide coupling between acid
2.16 and amine 2.21 successfully generated PROTAC CRBN-N33 in a 35% yield

(Scheme 2.7). As the compound was required for cellular testing, additional preparative
HPLC purification was conducted. These additional purification steps lowered the yield
to 7%, which correlated to 3 mg of final product. This provided sufficient amounts of
material with which to carry out some cellular assays (2.3.3 PROTAC Testing, page
145). While the route successfully resulted in enough material for testing, significant

improvements could be made to increase the efficiency of the synthesis.

(o]
HN

HN o * CF3CO,H HATU
i FPNE
N N \/{\/>~/\/
N DMF
o
2.16

(35%) 7%

HN

CRBN-N33

Scheme 2.7. Coupling of acid 2.16 and amine 2.21 to PROTAC CRBN-N33.

2.2.4 VHL-Linker Fragment Synthesis
With the successful synthesis of CRBN-N33 achieved, focus was shifted to the
synthesis of the analogous VHL-38 (Figure 2.14, page 98). As the PF74-linker
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fragment 2.16 is common to both PROTACS, the synthesis of the protected VHL-linker
fragment 2.3 (Figure 2.18) was conducted.

Amide
Disconnection

\ X
o E
H )
BocHN v%\/O}/\/N\”/\)J\‘I(Q
3 " H
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o7 TNH

S

Protected VHL-Linker Fragment

Acid Linker Fragment VHL-1

Figure 2.18. VHL-Linker Fragment 2.3.

To synthesise the protected VHL-linker fragment 2.3, an adaption to linker 2.19 was
required. As fluorinated phthalimide 2.20 was electrophilic at the site of linker
attachment, a nucleophilic terminal amine on linker 2.19 suited well. However as the
linker attachment site of VHL-1 was a nucleophilic terminal amine, it was first
required to reverse the reactivity of linker 2.19. This reactivity reversal was achieved
by reaction of the terminal amine of linker 2.19 with succinic anhydride, which

successfully yielded 96% of the acid terminating linker 2.22 (Scheme 2.8).1'4

Succinic anhydride H o
BocHN o NH, DMAP BocHN o N
—_— OH
3 3 o
2.22

CH,Cl,
96%
2.19

Scheme 2.8. Ring opening of succinic anhydride with amine 2.19 to form acid 2.22.

With the reactivity of the linker reversed, acid 2.22 was coupled with the terminal
amine of VHL-1 generating the corresponding amide 2.3 in a 50% vyield (Scheme
2.9).1% Following this, the tert-butyl carbamate protecting group was removed under

acidic conditions generating the amine TFA salt 2.23.14%
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Scheme 2.9. Coupling of acid 2.22 and amine VHL-1 to amide 2.3 followed by acidic
deprotection to amine TFA salt 2.23.
2.2.5 Attempted Synthesis of PROTAC VHL-38
With the PF74-linker fragment 2.16 and VHL-linker fragment 2.23 in hand, the
coupling of the two fragments to form VHL-38 was attempted. HATU mediated amide

coupling of acid 2.16 and amine 2.23 successfully generated VHL-38 with a yield of
32% after initial purification by column chromatography (Scheme 2.10). However as
with CRBN-N33, further purification by preparative HPLC was employed before being
utilised for cellular assays. The additional purification steps proved difficult with this
substrate and due to the poor mass recovery from each step, no pure sample of the

material was recovered.

« CF4CO,

OH
H o N
H

H,N o N N HATU

HN ] o N H i-Pr,NEt
N OH o o NH >

N (o] o DMF

H 8 6 o (32%) 0%

2.16

223 )

VHL-38 ‘ s/>

N

Scheme 2.10. Coupling of acid 2.16 and amine 2.23 to form amide VHL-38.

Although it may have been possible to generate more material and reattempt the

synthesis of VHL-38 on a larger scale, this was not conducted for a number of reasons.
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Firstly, the hexaethylene glycol starting material was removed from the market.
Secondly, there were various problems with the route including the low yielding
alkylation steps (with difficult separations and mixed products), the high step count and
the somewhat linear sequence. Ultimately, these factors in combination with the low
yield of CRBN-N33 and the lack of VHL-38 indicated that the route to these products
was inadequate for generating both the number, and structural variety of compounds
required for the future success of the project.

2.2.6 Redesigning the Route

To improve the route to CRBN-N33, the core limitations had to be addressed. These
included the low vyields of the final products, which could be improved by increasing
the convergence of the synthesis. Furthermore, the linear nature of the original PF74-
linker fragment synthesis hinders the facile incorporation of structural diversity. The
linearity of the PF74-linker fragment synthesis was derived from the incorporation of
the aniline moiety as part of the linker (Figure 2.19). As the aniline moiety is an
integral part of PF74, a complete-PF74 fragment 2.24 would be useful for coupling to
a variety of generic linkers. This would remove the additional steps required to
functionalise generic linkers with an aniline moiety, thus increasing convergence of the

synthesis and allowing more structurally diverse linkers to be utilised.

N ~
H
(o]
PF74
HN o
‘ OH HN Linker
N
H
(o}
Aniline incorporated with linker
Previous PF74 Fragment 2.11 -Specific linker (2.9) required
‘ N\)J\ Nu Linker
N OH
H
o
Aniline already incorporated
Proposed Complete-PF74 Fragment 2.24 -Generic linker possible

Figure 2.19. Comparison of the previous PF74 fragment 2.11 with a proposed
complete-PF74 fragment 2.24.
The France Group is currently working on several PROTAC projects, and as such a
library of intermediate fragments common to different projects was created. Part of the
motivation to redesign the route to incorporate a complete-PF74 fragment such as 2.24

was to enable the use of the generic library of linkers and E3 ligases. The generic
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linkers that comprise the common library typically terminate with a protected amine
and an orthogonally protected acid, allowing selective deprotection and facile amide
couplings to the required fragments. Additionally, this proposed strategy would allow
the linkers developed for this project to be added to the common library (thus providing
other group members access to these valuable compounds), which was not the case
with the previously described aniline linker fragment 2.9 (Scheme 2.3, page 102). For
clarity of authorship, any compounds sourced from the common library for use in this
project are clearly stated, otherwise any compounds described herein were synthesised

as part of this project.

2.2.7 Attempted Synthesis of Proposed Complete-PF74 Fragment 2.24
In an attempt to synthesise the proposed complete-PF74 fragment 2.24 (Figure 2.19,

page 111), the secondary aniline coupling that previously incorporated the linker (Table
2.2, page 104) was attempted instead with the methyl ester of N-phenyl glycine 2.25
(Scheme 2.11). This required the protection of the acid of N-phenyl glycine using
thionyl chloride in methanol, which afforded methyl ester 2.25 with a 99% vyield.™***!
Following this, the coupling of secondary aniline 2.25 with the previously synthesised
acid 2.11 (Table 2.1, page 103) was attempted using the previously optimised
conditions for these couplings (Entries 3-6, Table 2.2, page 104). This coupling
however, did not proceed as well as anticipated. The reaction was attempted several
times with yields ranging from 13-17%. While these yields were poor, they could have
been acceptable for generating material as each of the other steps to this point were
high yielding. However, in addition to the poor yield the product could not be fully
purified due to co-elution with an unidentified impurity. These factors made this route
undesirable for the generation of the complete-PF74 fragment 2.24.

Acid 2.11
HATU
SOCl, PerEt
o —_—
MeOH /
HN \)l\ OH  99% o~ DMF
13-17%

*HCI
(not pure)

Scheme 2.11. Protection of N-phenyl glycine as methyl ester 2.25 followed by coupling
to acid 2.11 to form tertiary amide 2.26.

Following the N-phenyl glycine route, it was decided to install a terminal alcohol which

would enable oxidation of alcohol 2.27 to an aldehyde and then to the desired terminal

acid 2.24 (Scheme 2.12). In the event that the final oxidation to the acid fails, the

aldehyde could then be used for a Wittig type olefination followed by reduction to

install an alkyl chain based linker. If in turn this route were to fail, there would be the
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further option of using the alcohol for alkylation to install a masked acid functionality
or an ether linkage. In short, an alcohol moiety is a versatile functional handle giving

many options for linker instalment.

R= R' = Linker

N\i‘{
N
o

H

Scheme 2.12. Proposed possibilities of alcohol functionalisation.

Alcohol Terminating PF74 Fragment 2.27 Synthesis

To install the terminal alcohol, an approach similar to the previous route was utilised
(Table 2.2, page 104). The synthesis of 2.27 began with an Ullmann coupling between
iodobenzene and ethanolamine using a copper (1) catalyst, affording secondary aniline
2.28 with a quantitative yield (Scheme 2.13).%® In order to carry out the amide
coupling to acid 2.11, the terminal alcohol of aniline 2.28 needed to be protected. As in

the original route, a benzyl ether protecting group was selected.

CuCl
H,N KOH
N"N0OH ——

1 Quantitative HN
~"0H

2.28

Scheme 2.13. Ullmann coupling of iodobenzene and ethanolamine to yield aniline 2.28.

The benzyl protection of alcohol 2.28 produced a mixture of alkylation products which
consisted of the desired O-alkylated 2.29, the N-alkylated 2.30 and the O- and N-
dialkylated 2.31. Therefore, some optimisation was required to achieve selectivity of
the desired O-alkylation product 2.29 (Table 2.4). The initial conditions tested utilised
potassium carbonate as a base, which resulted in great selectivity and a good yield
(66%) of the undesired N-alkylated 2.30 (Entry 1, Table 2.4). With no O-alkylation
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observed, it was determined that a stronger base was required in order to form the
alkoxide, which would be more nucleophilic than the aniline. With this in mind,
sodium hydride was tested which resulted in a much better profile of 32% O-alkylated
2.29 and 32% of dialkylated 2.31 (entry 2, Table 2.4). With over-alkylation now
seeming to be the problem, the equivalents of benzyl bromide were dropped back from
1.1 equivalents to substoichiometric 0.8 equivalents (entry 3, Table 2.4). The reason for
this was that unreacted alcohol 2.28 was easier to separate from the desired 2.29 than
either the N-alkylated 2.30 or dialkylated 2.31. This improved the yield of desired 2.29
to 72% with the N- and dialkylated 2.30 and 2.31 at 10% and 4% respectively. Finally,
in an attempt to lower the percentage of the more difficult to separate N-benzyl 2.30,
the concentration of the reaction was lowered from 0.3 M to 0.15 M (entry 4, Table 2.4).
This had the desired effect of decreasing the yield of N-alkylated 2.30 to trace
quantities; however, it also slightly lowered the yield of the desired O-benzyl 2.29 and
increased that of dialkylated 2.31. This was not a problem however, as the dialkylated
2.30 was relatively more facile to separate from the desired O-benzyl 2.29 compared to
the separation of N-benzyl 2.30 from O-benzyl 2.29. These conditions were

reproducible upon scale up generating ample quantities of benzyl ether 2.29.

2.28 2.29 R=H, R'=Bn
2.30 R=Bn R'=H
2.31 R=Bn R'=Bn

Base BnBr, Solvent, 2.29/% | 2.30/%) | 2.31/%
equiv. Conc./m ]
O- N- Di-
1 | KyCOs 1.1 THF, 0.3 0 66 0
2 NaH 1.1 THF, 0.3 32 3 32
3 NaH 0.8 THF, 0.3 72 10 4
4 NaH 0.8 THF, 0.15 61 2 15

Table 2.4. Optimisation of the benzyl protection of alcohol 2.28 to benzyl ether 2.29
and side products 2.30 and 2.31.
The coupling of the benzyl protected linker 2.29 with acid 2.11 was carried out using
the previously optimised conditions (Entries 3-6, Table 2.2, page 104) which generated
the desired amide 2.32 in a 77% yield (Scheme 2.14). Following the coupling, the
reductive deprotection of benzyl ether 2.32 to alcohol 2.27 was performed with a

quantitative yield.""
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Scheme 2.14. Coupling of acid 2.11 and aniline 2.29 to generate tertiary amide 2.32
followed by benzyl deprotection to alcohol 2.27.
With the terminal alcohol now installed, a sequence of Dess—Martin oxidation to
aldehyde 2.33 followed by Pinnick oxidation to acid 2.24 could be attempted.
Unfortunately the initial Dess—Martin oxidation to aldehyde 2.33 resulted in a mixture
of many compounds, none of which had the mass of the desired aldehyde by LCMS
analysis (Scheme 2.15). With the decomposition that was observed from this reaction,
it was decided to test these conditions on a less structurally complex system, in an

attempt to suppress side reactions.

o o
| CH,Cl |
N 2Cla N
N ~""oH N ~"X0
H Wl
2.33

o

227

Scheme 2.15. Attempted Dess—Martin oxidation of alcohol 2.27 to aldehyde 2.33.

Model Fragment Synthesis

To generate a smaller (indole free) model fragment, Boc-L-phenylalanine was coupled
to aniline 2.29 affording amide 2.34 with a 95% vyield (Scheme 2.16). This was a very
high yield for a secondary aniline coupling compared to the previous couplings of this
type, which implied that the presence of the indole group had been detrimental to these
couplings. As mentioned previously, these coupling conditions could generate a risk of
erosion of stereochemical integrity at the phenylalanine alpha position via oxazolone
mediated epimerisation. This risk is exacerbated when the acid coupling partner is an
N-acyl amino acid as is the case with the indole containing acid 2.11."% As an
additional benefit to this reaction, the risk can be somewhat mitigated when the N-acyl
amino acid is protected as a tert-butyl carbamate, as with the case below (Scheme
2.16).11*2 Following the coupling, the benzyl ether protecting group was removed
under reductive conditions, generating alcohol 2.35 with a 96% yield and affording the

model fragment.[*!
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Scheme 2.16. Coupling of Boc-L-phenylalanine with aniline 2.29 to form tertiary amide
2.34 followed by the benzyl deprotection to alcohol 2.35.

Model Fragment Oxidation

With alcohol 2.35 in hand, the previous oxidation sequence of Dess—Martin oxidation
to aldehyde 2.36 followed by Pinnick oxidation to acid 2.37 was attempted (Scheme
2.17). The initial Dess—Martin oxidation to aldehyde 2.36 resulted in an inseparable
mixture of coeluted compounds, two of which had the correct mass of oxidised product
(by LCMS analysis). Before investing time in the optimisation of this reaction, the
mixture of oxidised products was subjected to Pinnick oxidation conditions. It was
rationalised that if the desired aldehyde 2.36 was present in the mixture, it would be
oxidised to acid 2.37 which should then produce a more facile purification. However,
the Pinnick reaction failed to produce the desired acid 2.37. Furthermore, the crude
reaction mixture looked identical to that of the mixture used as the starting material (by
LCMS analysis), and thus it was surmised that the initial Dess—Martin oxidation had
not produced the desired aldehyde 2.36. With the mixture of products that were

observed from this reaction it was decided to abandon the oxidation route.

NaH,PO,
NaClO,
DMP amylene
_ — o
CH,CI {BUOH/H,O \)I\
N 2%12 N u 2 N
BocHN ~"oH BocHN ~"X0 BocHN OH
o o
2.36 2.37

o
2

.35

Scheme 2.17. Dess—Martin oxidation of alcohol 2.35 to aldehyde 2.36 followed by the
attempted Pinnick oxidation to acid 2.37.

Model Fragment Alkylation

With the oxidations not producing the desired results, alcohol 2.35 was used for
alkylation in an attempt to install a terminal masked acid residue. Due to the presence
of the tert-butyl carbamate protecting group, a benzyl ester was chosen as the terminal
group as they could be orthogonally deprotected. To achieve this, alcohol 2.35 was
alkylated with benzyl bromoacetate in the presence of a base (Table 2.5).*Y The
reaction produced a mixture of two products, the desired ester 2.38 resulting from a
direct S\2 displacement of the bromide, and a dialkylated product resulting from a

transesterification reaction between a molecule of starting material 2.35, and the
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desired ester 2.38 to form what will be referred to as dimer 2.39. In addition to the two
isolated products, LCMS analysis indicated the presence of a direct transesterification
product however this was never isolated for confirmation. Several different conditions
were tested in an attempt to selectively generate ester 2.38 and suppress the formation
of dimer 2.39 (Table 2.5). For the optimisation, one equivalent of alcohol 2.35, benzyl
bromoacetate and the chosen base was utilised, and the reactions were carried out at
ambient temperature at a concentration of 0.3 M in the chosen solvent. The bases
triethylamine (entry 1, Table 2.5), potassium tert-butoxide (entry 2, Table 2.5) and
potassium carbonate (entry 3, Table 2.5) all resulted in no reaction occurring, and
allowed the recovery of alcohol 2.35. Interestingly, while potassium carbonate failed,
caesium carbonate (entry 4, Table 2.5) did form the product albeit in a meagre 10%
yield. A very slight improvement on the yield was obtained with the use of sodium
hydride in tetrahydrofuran (entry 5, Table 2.5) which formed the product 2.38 in a 15%
yield and the undesired dimer 2.39 with a 16% yield. Several conditions were tested to
try and suppress the transesterification and improve the Sy2 selectivity. These involved
adding nucleophilic catalysts 4-dimethylaminopyridine (entry 6, Table 2.5) and
tetrabutylammonium iodide (entry 7, Table 2.5) and altering the polarity of the solvents
(entries 8 and 9, Table 2.5). However, none of these changes resulted in any reaction

and alcohol 2.35 was recovered.

Benzyl bromoacectate
Base
Additive o
———
N N OBn N (o} NHBoc
BocHN ~~"Son  Solvent BocHN \/\o/\n/ BocHN \/\o/\n/ ~"N
[o} o o [o} o @
2.35 2.38 2.39

Base Additive | Solvent | 2.38/% | 2.39/%

1 NEt; DMAP THF 0 0

2 KO'Bu / ‘BUOH 0 0

3 K2COs3 / THF 0 0

4 Cs,CO3 / DMF 10 0

5 NaH / THF 15 16

6 NaH DMAP THF 0 0

7 NaH TBAI THF 0 0
NaH / DMSO 0 0

9 NaH / MeCN 0 0

Table 2.5. Optimisation of the alkylation of alcohol 2.35 to ester 2.38 and dimer 2.39.
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With enough of the desired benzyl ester 2.38 generated, the deprotection of the
tert-butyl carbamate group was performed resulting in amine TFA salt 2.40 (Scheme
2.18)." This was used directly in the proceeding amide coupling with
2-methylindole-3-acetic acid generating benzyl ester 2.41. This step did not work as
well as expected, yielding 30% of the desired ester 2.41 (equivalent to 7 mg of
product). Furthermore, this product was difficult to purify from the crude reaction
mixture due to co-elution with an unidentified impurity. In light of the poor yielding
alkylation step, and the poor yielding and difficult to purify amide coupling, this route

was abandoned.

i) CF3COOH

@ CH,Cl, HN o ©
BocHN N\/\o OBn ii) 2-methylindole-3-acetic acid \ N N\/\o OBn
PyBOP H
(o] o (o] o
241

i-PrNEt
DMF

238 30% (not pure)

Scheme 2.18. Acidic deprotection of tert-butyl carbamate 2.38 followed by coupling
with 2-methylindole-3-acetic acid to form amide 2.41.
With the masked acid alkylation abandoned, the final attempt at alkylation of the model
fragment was to alkylate alcohol 2.35 with bromoacetic acid, to directly generate acid
2.42 (Scheme 2.19). The alkylation was conducted with the use of both sodium
hydroxide and sodium hydride, and both reactions produced a compound with a mass
consistent with the desired acid 2.42 (by LCMS analysis). In the reaction using sodium
hydride, an additional product was detected by LCMS that had a mass consistent with a
dialkylated product (presumably as a result of alkylation at both the oxygen of the
alcohol and the nitrogen of the carbamate protecting group). Regardless of the base
selected for the reaction, acid 2.42 was unable to be purified from the reaction mixture

due to co-elution with an unknown impurity.

bromoacectic acid
NaH
N > > N OH
BocHN ~"oH THF BocHN \/\o/\n/
o o (o]
2.35 242

Scheme 2.19. Attempted alkylation of alcohol 2.35 to acid 2.42.

With the failed attempts at generating a complete-PF74 fragment using N-phenyl
glycine, oxidation and alkylation, more work is required toward the generation of a
stock of complete-PF74 fragment as ultimately, it will be exceedingly useful in the

diversification of later generations of PROTACSs. However, due to time constraints no
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further time could be invested in the pursuit of this elusive fragment. Focus was
therefore necessarily shifted toward the generation of additional PROTAC analogues.

2.2.8 Synthesis of Short Linker PROTACs
In an attempt to quickly access further compounds for testing, the synthesis of

additional analogues proceeded by mimicking the original successful route. It was
decided to include a protecting group for the indole nitrogen in this iteration in an
attempt to improve the yield of the tert-butyl ester alkylation, which was a major
drawback with the original synthesis.

In order to test the efficacy of the planned protecting group, a short linker VHL
targeting PROTAC (VHL-4) was designed (Figure 2.20). The design of VHL-4
included the use of the previously synthesised benzyl ether 2.32 (Scheme 2.14, page
115) and the commercially available VHL-1 (VHL ligase ligand) (Scheme 2.9, page
110). Therefore, the planned protection step, subsequent alkylation (in the presence of
the protecting group) and the necessary deprotection step could all be evaluated without

investing time in a lengthy synthesis.
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Figure 2.20. Design of PROTAC VHL-4.

While the linker of VHL-4 is a lot shorter than originally planned, the shorter
PROTAC could still prove useful. A shorter PROTAC could be a valuable control
compound in establishing if it is indeed necessary to have a long linker. The longer
linker was originally targeted due to the binding site of PF74 being located
approximately 30 A into a cleft between two capsid protein (CA) subunits of a CA
hexamer. It was therefore hypothesised that the linker would need to span this 30 A
distance to position the E3 ligase binding portion of the PROTAC in an area that is
accessible to the required E3 ligase (2.1.10 First generation probe design, page 97).
However it is known in the literature that PF74 also binds to monomeric CA with

around a 10-fold reduced affinity than for the hexameric CA.["®®! As it has also been
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reported that some PROTACs only require transient binding 2, VHL-4 provided us
with an opportunity to investigate this possibility within the boundaries of this project.

Although the synthesis of benzyl ether 2.32 had already been established (Scheme 2.14,
page 115), an improved synthesis was realised during the failed attempts at producing
the complete-PF74 fragment 2.24 (Figure 2.19, page 111). The improved synthesis
began with the acidic deprotection of the previously synthesised carbamate 2.34
(Scheme 2.16, page 116) to the corresponding amine TFA salt 2.43 (Scheme 2.20).
Following this, amine 2.43 was coupled with 2-methylindole-3-acetic acid using
HATU to generate amide 2.32 in a quantitative yield. This alternative synthesis
improved the overall yield of benzyl ether 2.32 (95% over three steps), compared to
that of the original synthesis (Scheme 2.14, page 115) (76% over three steps).
Furthermore, the synthesis of carbamate 2.34 (Scheme 2.16, page 116) had a reduced
likelihood of stereochemical erosion at the phenylalanine alpha position during the
secondary aniline amide coupling. As mentioned above, this was due to the presence of
the tert-butyl carbamate protecting group of boc-L-phenylalanine being less susceptible
to epimerisation via oxazolone formation (compared with that of the N-acyl amino acid

present in acid 2.11).11*

i) CF3COOH
CH,Cl,

N ii) 2-methylindole-3-acetic a(:ld N
BocHN ~~"0Bn HATU ~"oBn
i-Pr,NEt

° DMF
Quantitative

234

Scheme 2.20. Acidic deprotection of tert-butyl carbamate 2.34 followed by coupling to
2-methylindole-3-acetic acid to form amide 2.32.
The next step was the protection of the indole moiety as a tert-butyl carbamate. This
would hopefully assist with increasing the yield of the upcoming alkylation step, by
decreasing the possibility of side products. The protection was carried out using
di-tert-butyl dicarbonate which afforded tert-butyl carbamate 2.44 with an 83% vyield
(Scheme 2.21).18! Following the protection of the indole moiety, was the reductive
deprotection of benzyl ether 2.44 to alcohol 2.45 which proceeded with a quantitative
yield.*Y It is interesting to note that full conversion was attained after five hours;
however, if left for longer than this, an unidentified side product was formed to the
detriment of the desired alcohol 2.45. The deprotection of the analogous non tert-butyl
carbamate protected benzyl ether 2.12 (Table 2.2, page 104) was frequently left for 16
hours or longer with no erosion of the desired product yield. This suggested that the

tert-butyl carbamate protecting group was integral to the undesired reaction.
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Scheme 2.21. Protection of indole 2.32 to generate tert-butyl carbamate 2.44 followed
by benzyl deprotection to alcohol 2.45.
With the indole moiety protected and the alcohol unmasked, the alkylation of alcohol
2.45 was attempted. It was decided to alkylate with tert-butyl bromoacetate to install a
tert-butyl ester. The rationale for this decision was that both the ester and the carbamate
protecting group can be removed concomitantly under acidic conditions, thus reducing
the step count and improving the overall yield. Initial attempts at alkylation using
sodium hydride as a base gave poor results. The yield was only 8% and consisted of an
inseparable mixture of the desired ester 2.46 and an unidentifiable impurity. Following
the attempts with sodium hydride, the reaction was conducted using sodium
bis(trimethylsilyl)amide as the base (Scheme 2.22). This proceeded with a moderate
yield of 40% and a relatively facile purification. In addition to the improved yield over
previous similar alkylations, no N-alkylation products were observed which contributed
to the ease of purification. Furthermore, the reaction was reproducibly scaled up and
gave access to 150 mg of the diprotected 2.46. With the improved alkylation complete,
the double deprotection of the tert-butyl carbamate and tert-butyl ester was attempted.
This was conducted under acidic conditions using trifluoroacetic acid and afforded the

free-indole containing acid 2.47 with a quantitative yield.!**]

BocN o NaHMDS o
\ tert-| butyl bromoacetate
N OR'
N \/\OH - \/\ /\"/
H o 40%

2.45 CF,COOH 2.46 R=Boc, R'='Bu
CH,Cl, |:

Quantitative 247 R=H, R'=H

Scheme 2.22. Alkylation of alcohol 2.45 to ester 2.46 followed by acidic double
deprotection to acid 2.47.

Completion of Short VHL-Based PROTAC

With acid 2.47 in hand, its coupling partner was required. Similar to the original

synthesis, the plan was to couple acid 2.47 with a VHL fragment, and a CRBN
fragment thus generating two more PROTACs. Firstly the VHL analogue was
synthesised, due to the immediate access to commercially available VHL-1. HATU

mediated coupling of acid 2.47 with the amine of VHL-1 afforded VHL-4 with a yield
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of 77% after initial purification by column chromatography (Scheme 2.23). However,
due to additional purification by preparative HPLC, the yield lowered to 48%. This

equated to 26 mg (28 umol) of material, which was ample for biological testing.
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Scheme 2.23. Coupling of acid 2.47 and amine VHL-1 to form PROTAC VHL-4.

Completion of Short CRBN-Based PROTAC
Following the synthesis of VHL-4, focus shifted to generating a CRBN targeting

analogue. It was observed with CRBN-N33, that the compound was fluorescent. While
this could potentially be useful in certain applications, it was decided to synthesise a
non-fluorescent analogue. This decision was attributed to the planned use of flow
cytometry to analyse the results of the biological assays. As flow cytometry measures
fluorescence, a fluorescent compound could potentially complicate analysis. Through
the synthesis of CRBN targeting PROTACs carried out by another group member, it
was discovered that anilinic phthalimide based ligands are fluorescent (as is the case
with CRBN-N33), while phenolic phthalimide based ligands are not (Figure 2.21).

Anilinic Pthalimide Phenolic Pthalimide

Fluorescent Not fluorescent

Figure 2.21. Comparison of the effect of substitution on the fluorescence of
thalidomide derivatives.
The non-fluorescent phenolic phthalimide 2.48 which featured a section of linker
already attached, had been previously synthesised within the France group and added to

the communal group library (Scheme 2.24). The synthesis of phthalimide 2.48 was
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conducted with racemic starting materials, and thus is itself a racemate. This was
determined to be inconsequential due to the aforementioned in vivo racemisation of the
stereogenic centre of phthalimide-based compounds such as 2.48.8% Taking
advantage of the communal material, tert-butyl carbamate 2.48 was deprotected under

acidic conditions to the corresponding amine TFA salt 2.49.1*%!
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Scheme 2.24. Acidic deprotection of tert-butyl carbamate 2.48 to amine TFA salt 2.49.

The coupling of acid 2.47 and the amine of phthalimide 2.49 afforded CRBN-O13 with
a yield of 81% after initial purification by column chromatography (Scheme 2.25).
Following additional HPLC purification for cellular testing, the yield dropped to 39%

with a mass yield of 25 mg (28 pumol) which was again ample material for biological
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Scheme 2.25. Coupling of acid 2.47 and amine 2.49 to form PROTAC CRBN-0O13.

Having successfully synthesised two additional short linker PROTACS, efforts were
aimed at generating two PROTACs of a medium length. The addition of an indole
protecting group appeared to significantly improve the synthesis, thus this tactic was

also employed for the synthesis of the next medium length linker PROTACS.

2.2.9 Synthesis of medium length PROTACs
For the synthesis of medium length PROTACS, the base linker was four ethylene glycol

units in length. To achieve this, it was necessary to follow the initial strategy, whereby
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the aniline of the PF74 moiety was incorporated into the molecule as part of the linker.
For this reason, the 4-PEG linker synthesis was analogous to the synthesis of the
original 6-PEG linker (Scheme 2.3, page 102).

The 4-PEG linker synthesis began with the mono benzyl protection of tetraethylene
glycol using sodium hydride and benzyl bromide which afforded benzyl ether 2.50 with
an 83% yield (Scheme 2.26)."" The remaining free alcohol of 2.50 was then activated
with tosyl chloride in the presence of sodium hydroxide to the corresponding tosylate
2.51 in a 69% vyield.™" Subsequent displacement of the tosylate with aniline in the
presence of potassium carbonate generated secondary aniline 2.52 in a 91% vyield, and

completed the 4-PEG linker synthesis.

NaH NaOH Aniline ;
Ho(\/\o)H BnBr Ho‘e/\o>Bn TsCl Tso\é/\o)Bn K2COs HN é/\o Bn
4 THF 4 THF 4 MeCN 4
83% 69% 91%
2.50 2.51 2.52

Scheme 2.26. Benzyl protection of tetraethylene glycol to form benzyl ether 2.50
followed by the activation to tosylate 2.51 and the subsequent displacement to aniline
2.52.

As the aniline of the PF74 moiety was to be incorporated into the molecule with the
linker, the decision was taken to introduce the indole protecting group at an earlier
stage for this synthesis. For the short PROTAC syntheses, the tert-butyl carbamate
group was installed after the tertiary amide coupling (Scheme 2.21, page 121). In this
synthesis, it was decided to install the protecting group before the tertiary amide
coupling, thus increasing the convergence of the route. Additionally, it was noted
previously that the tertiary amide coupling was perhaps hindered by the presence of the
indole (Model Fragment Synthesis, page 115). It was therefore rationalised that

protection of the indole moiety may improve the yield of the coupling.

In order to generate the tert-butyl carbamate protected coupling partner for the 4-PEG
linker 2.52, the previously synthesised indole 2.10 (Table 2.1, page 103) was treated
with di-tert-butyl dicarbonate and catalytic 4-dimethylaminopyridine affording
tert-butyl carbamate 2.53 with an 88% vyield (Scheme 2.27).® Subsequent
saponification of the methyl ester of carbamate 2.53 generated acid 2.54 with a yield of
96%."" Interestingly, the typical acid/base extraction which is useful in the
purification of organic acids could not be used for the purification of acid 2.54 due to
the formation of a thick emulsion. The extraction worked as expected for the non

tert-butyl carbamate protected analogue acid 2.11, implying that the addition of this
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protecting group was responsible for the change of behaviour. This was most likely due
to an increase in lipophilicity, making the compound amphiphilic enough to form an

emulsion.

Boc,0
HN \ o DMAP BocN NaOH BocN
o
N CHzC|2 TH F/HZO
H 88% 96%
o
2.10

Scheme 2.27. Protection of indole 2.10 to tert-butyl carbamate 2.53 followed by the
saponification to acid 2.54.
With both coupling partners synthesised, a HATU mediated coupling of acid 2.54 and
secondary aniline 2.52 was conducted generating tertiary amide 2.55 with a 61% yield
(Scheme 2.28). Subsequent reductive deprotection of the benzyl ether of 2.55 afforded
alcohol 2.56 with a quantitative yield."" As was observed in the previous deprotection
of benzyl ether 2.32 to alcohol 2.45 (Scheme 2.21, page 121), if the deprotection of
benzyl ether 2.55 to alcohol 2.56 was left for longer than five hours (full conversion),
an unidentified side product formed to the detriment of alcohol 2.56. As both benzyl
ethers 2.32 and 2.55 contain tert-butyl carbamate protecting groups, and the analogous
benzyl ether 2.12 (Table 2.2, page 104) (with which the phenomenon was not
observed) did not contain the tert-butyl carbamate protecting group, it seemed likely
that the tert-butyl carbamate protecting group was integral to the undesired reaction.
Following the benzyl deprotection, alcohol 2.56 was alkylated with tert-butyl
bromoacetate using sodium bis(trimethylsilyl)amide as the base (Scheme 2.28).I*) The
alkylation generated the desired tert-butyl ester 2.57 with a 40% vyield. Subsequent
double deprotection of the tert-butyl carbamate and the tert-butyl ester of 2.57 under

acidic conditions, generated the corresponding free-indole containing acid 2.58.1%!
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Scheme 2.28. Coupling of acid 2.54 and aniline 2.52 to form tertiary amide 2.55
followed by benzyl deprotection to alcohol 2.56 and the subsequent alkylation to ester
2.57 followed by acidic double deprotection to acid 2.58.

Completion of Medium Length VHL-Based PROTAC

With PF74 fragment 2.58 in hand, the next step was to generate the VHL and CRBN
targeting PROTACS. To begin with, the VHL analogue was targeted. HATU mediated
coupling of acid 2.58 with the amine of VHL-1 was conducted, generating PROTAC
VHL-13 with a yield of 72% after initial purification by column chromatography
(Scheme 2.29). After subsequent HPLC purification, the yield decreased to 30% with a

mass yield of 15 mg (14 umol). This provided ample material for cellular testing.
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Scheme 2.29. Coupling of acid 2.58 and amine VHL-1 to form PROTAC VHL-13.

Completion of Medium Length CRBN-Based PROTAC
Following the synthesis of VHL-13, the preparation of the CRBN targeting analogue
was addressed. To achieve this, HATU mediated coupling of acid 2.58 with the

previously synthesised amine TFA salt 2.49 (Scheme 2.24, page 123) was performed,
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generating CRBN-0O22 with a yield of 87% after initial purification by column
chromatography (Scheme 2.30). Subsequent HPLC purification lowered the yield to

27% with a mass yield of 15 mg (15 umol), providing plenty of material for biological
assays.
HATU

+ CF3CO,H
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Scheme 2.30. Coupling of acid 2.58 and amine 2.49 to form PROTAC CRBN-022.

2.

CRBN-022

2.2.10 PROTAC Synthesis Summary
To summarise, five molecules comprise the first generation of compounds for testing;
VHL-4, VHL-13, CRBN-O13, CRBN-022 and CRBN-N33 (Figure 2.22). All of
them feature a PEG linker of varying lengths (the non-hydrogen atom (NHA) count

indicated by the number in each name) and two different E3 ligases are targeted, VHL
and CRBN. Furthermore, two different versions of the CRBN targeting phthalimide
ligand are incorporated. PROTACs CRBN-O13 and CRBN-O22 contain the
non-fluorescent phenolic phthalimide moiety, which features the linker attached via
O-alkylation (indicated by an O in the name). Whereas PROTAC CRBN-N33 contains
the fluorescent anilinic phthalimide moiety, which features the linker attached via

N-alkylation (indicated by an N in the name).
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Figure 2.22. Summary of synthesised PROTACs VHL-4, VHL-13, CRBN-O13,
CRBN-022 and CRBN-N33.
With these successful syntheses completed, the question regarding the stereochemical
integrity of the phenylalanine alpha position was addressed. Ultimately, it was not
deemed to be problematic for the project if epimerisation had occurred, but it was
necessary to know if it was likely given the reaction conditions. This knowledge would

then allow the issue to be addressed, if required, in future generations of PROTACs.

2.2.11 PF74 synthesis and epimerisation study

It was decided to synthesise PF74, both as a positive control for biological testing, but

also to probe the question of stereochemical integrity of the phenylalanine alpha
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position (Figure 2.23). The primary cause for concern of epimerisation was due to the
reaction conditions for the secondary aniline coupling used to generate the PF74
moiety, for example in the synthesis of tertiary amide 2.55 (Scheme 2.28, page 126).
The original synthesis of PF74 has not been published, and no information was
available as to the integrity of its stereocentre. Furthermore, neither of the two
published syntheses of PF74 provided chiral HPLC retention times or [o]p
values. ' Ag the procedure carried out to synthesise the PROTACs was a modified
version of that used in one of the reported PF74 syntheses, it stood to reason that if
epimerisation had occurred in the PROTAC synthesis, it would also have manifested
itself in the synthesis of PF74 described by the literature.[**!
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Figure 2.23. Structure of PF74.

Natural PF74 Synthesis and Analysis

As mentioned above, the optimised procedure used for generating the PF74 moiety of
our PROTACs differed slightly from the literature procedure for the synthesis of
PF74.11*Y As result of the previously conducted optimisation (Entries 3-6, Table 2.1,
page 103), the initial coupling of 2-methylindole-3-acetic acid with L-phenylalanine
methyl ester hydrochloride to generate methyl ester 2.10, was conducted using PyBOP
as the coupling agent (Scheme 2.31). Whereas the literature reported synthesis of PF74
used a HATU-mediated coupling.'*¥ An additional deviation from the literature
procedure was with regard to the secondary aniline coupling which was used
throughout to install the linker, for example in the synthesis of amide 2.55 (Scheme
2.31). As a result of optimisation (Entries 3-6, Table 2.2, page 104), the coupling was
performed at a concentration of 0.9 m while the literature procedure used for the

synthesis of PF74 was conducted at a concentration of 0.4 m.**!
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Optimised synthesis for PROTAC synthesis
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Scheme 2.31. Comparison of abovementioned optimised conditions used in PROTAC

syntheses with literature conditions used in PF74 synthesis.!**!
While following the literature procedure exactly to synthesise PF74 would have given
more relevant results regarding the stereochemical integrity of commercially available
PF74, the point of this investigation was to gain information regarding the
stereochemical integrity of the synthesised PROTACS. So ultimately, the synthesis of
PF74 needed to mimic that of the PROTACSs and not that of the literature synthesis of
PF74.

Having previously prepared a stock of acid 2.11 (Table 2.1, page 103), this was utilised
for the synthesis of PF74. Acid 2.11 was coupled with N-methylaniline generating
PF74 with a 49% vyield (Scheme 2.32). As the synthesis of PF74 incorporated the
natural L-phenylalanine, it will be referred to as natural PF74.

DMF
49%

Natural PF74

Scheme 2.32. Coupling of acid 2.11 with N-methylaniline to form natural PF74.

The optical rotation was measured and the [a]p was calculated to be +1.40, however no
literature value was reported for this value to be compared to. For this reason, a
commercial sample of PF74 was purchased and [a]p was calculated. However, only 5
mg of commercial PF74 was purchased, which unfortunately resulted in a sample

concentration too low to be able to collect consistent measurements. Despite this, the
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investigation continued as planned by using chiral HPLC analysis to generate
guantitative data regarding the amount of each enantiomer present. A sample of the
synthesised natural PF74 was resolved and determined to consist of 55.6% of the
natural (S) enantiomer (retention time 39.0 minutes) and 44.4% of the unnatural (R)
enantiomer (retention time 49.7 minutes), which was consistent with a significant

degree of epimerisation (Figure 2.24).

PDA Multi 1

0 10 20 30 40 50 60
min

PDA Chl 208nm 4nm

Peak# Ret. Time Area Height Area % Height %o
1 39.040 5636278 29573 55.585 58.364
2 49,739 4503675 21097 44.415 41.636
Total 10139952 50670 100,000 100.000

Figure 2.24. Chiral HPLC trace of synthetic natural PF74.

Using the same method, a sample of the commercial PF74 was then analysed to
compare with the results of the synthetic natural PF74. The commercial sample was
determined to consist of 51.3% of the natural (S) enantiomer (retention time 39.2
minutes) and 48.7% of the unnatural (R) enantiomer (retention time 50.1 minutes),
again indicating a significant degree of epimerisation to the point of being almost
racemic (Figure 2.25). At this point, it should be reiterated that epimerisation is not
problematic for the aims of the project; however, it was useful to know that the
PROTACS being tested were likely to also have a large degree of epimerisation at the
phenylalanine alpha position.
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PDA Multi 1

0 10 20 30 40 50 60

min
PDA Chl 208nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 39.211 2847873 15733 51.327 55.917
2 50,112 2700614 12404 48.673 44.083
Totall 5548487 28137 100,000 100.000

Figure 2.25. Chiral HPLC trace of commercial PF74.

Unnatural PF74 Synthesis and Analysis

To corroborate the above findings, the synthesis was conducted while incorporating the
unnatural D-phenylalanine to give access to unnatural PF74. The synthesis was
analogous to that of natural PF74 to be able to confidently compare the results. The
initial coupling of 2-methylindole-3-acetic acid with D-phenylalanine methyl ester
hydrochloride generated methyl ester epi-2.10 with a 78% yield (Scheme 2.33).
Following the successful coupling, the saponification of methyl ester epi-2.10, afforded
acid epi-2.11 with a 74% yield. To complete the synthesis, acid epi-2.11 was coupled
with N-methylaniline generating unnatural PF74 with a 55% yield.

HN \ o N PyBOP HN o )

i-Pr,NEt NaOH

O O
oH MNTNTN NY O o
THF/H,0
*HCI O 78% [¢] 74%
epi-2.10
W Cu
HN HN
7 o % HATU 1 R
N OH i-ProNEt Nﬁj\n/N\
H > H
o DMF o
55%
epi-2.11 Unnatural PF74

Scheme 2.33. Synthesis of methyl ester epi-2.10, followed by saponification to epi-2.11
and subsequent coupling to generate unnatural PF74.

For comparison to the synthetic natural PF74, the optical rotation was measured and

the [a]p was calculated to be —5.57. More importantly however, the sample was

resolved by analytical chiral HPLC using the same method as was used for natural

PF74 and the commercial PF74. This resolution determined the sample of unnatural
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PF74 to consist of 34.6% of the natural (S) enantiomer (retention time 39.0 minutes)
and 65.4% of the unnatural (R) enantiomer (retention time 49.3 minutes) (Figure 2.26).
Again this represented a significant degree of epimerisation; however, interestingly not

as much as that observed in the natural PF74 synthesis.
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PDA Chl 208nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 38.976 4949431 26575 34.609 38.127
2 49.312 9351477 43127 65.391 61.873
Total 14300908 69702 100.000 100.000

Figure 2.26. Chiral HPLC trace of synthetic unnatural PF74.

Racemic PF74 Synthesis and Analysis

Finally, for comparison and curiosity, the synthesis was repeated with incorporation of
racemic DL-phenylalanine to generate racemic PF74. The initial coupling of
2-methylindole-3-acetic acid with DL-phenylalanine methyl ester hydrochloride
generated racemic methyl ester rac-2.10 with a quantitative yield (Scheme 2.34). The
following saponification of ester rac-2.10 to acid rac-2.11 also proceeded with a
quantitative yield. To complete the synthesis, acid rac-2.10 was coupled with
N-methylaniline generating racemic PF74 with a 54% yield.

PyBOP
i~ PerE( NaOH
HoN
DMF THF/HZO

*HCI

Quantitative Quantitative
Rac-2.10
HATU
i- Per Et
DMF
54%
Rac-2.11 Racemic PF74

Scheme 2.34. Synthesis of methyl ester rac-2.10, followed by saponification to rac-
2.11 and subsequent coupling to generate racemic PF74.
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The optical rotation was measured and the [a]p was calculated to be +0.85. This was
somewhat peculiar given that racemic starting materials were utilised and should
therefore have a value of zero. However, more importantly, resolution by analytical
chiral HPLC determined the sample of racemic PF74 to comprise 52.8% of the natural
(S) enantiomer (retention time 39.1 minutes), and 47.2% of the unnatural (R)
enantiomer (retention time 49.7 minutes) (Figure 2.27). Again, this result was
somewhat unanticipated as a racemate was expected due to the racemic starting
material. It is possible that the slight deviation from a pure racemate is due to error in
the HPLC measurement; however, it would be interesting to probe this anomaly further
by performing chiral HPLC resolution of the bDL-phenylalanine methyl ester
hydrochloride starting material. Regardless, the data collected from each of the PF74
syntheses was sufficient to declare that almost complete epimerisation was present in
both the commercially acquired PF74 and the synthesised batch of natural PF74. With
this in mind, it was therefore highly likely that the phenylalanine alpha position in each
of the synthesised PROTACs had a similar level of epimerisation. However, as
previously mentioned, this was not deemed to be problematic to the outcomes of the

project.
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Figure 2.27. Chiral HPLC trace of synthetic racemic PF74.

Collection of Enantiomerically Pure PF74

Having established that a high degree of epimerisation of the phenylalanine alpha
position was present in PF74, it was therefore also likely to have occurred in the
syntheses of each the PROTACSs. In an effort to determine how much of an effect this
epimerisation would have in cellular assays, some time was invested in attaining
enantiomerically enriched samples of each of the PF74 enantiomers. Due to the
adequate separation of peaks observed in the analytical chiral HPLC traces, preparative
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resolution was achieved through the collection of each enantiomer from successive
runs. Each sample was then analysed by chiral HPLC to assess their enantiomeric
purity. The natural (S)-(+)-PF74 sample was determined to contain 99.2% of the
natural (S) enantiomer (retention time 32.8 minutes) and 0.8% of the unnatural (R)
enantiomer (retention time 42.0 minutes) (Figure 2.28). Due to the high enantiomeric
enrichment, the HPLC resolved natural material will be referred to as (S)-PF74.

5 PDA Multi 1
300+
200
100
8
(2]
;=
0+ T T“—————
—r 7 r—r—r—r——r—r—r—r— T
0 10 20 30 40 50 60
min
PDA Chl 208nm 4nm
Peak# Ret. Time Arca Height Area % Height %
1 32.847 53438291 333137 99.167 99.234
2 41.995 448983 2572 0.833 0.766
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Figure 2.28. Chiral HPLC trace of enantiomerically enriched natural (S)-PF74.

The sample of unnatural (R)-(-)-PF74 was determined to comprise 1.6% of the natural
(S) enantiomer (retention time 33.5 minutes) and 98.4% of the unnatural (R)
enantiomer (retention time 39.6 minutes) (Figure 2.29). Due to the high enantiomeric
enrichment, the HPLC resolved unnatural material will be referred to as (R)-PF74. The
two traces confirmed the preparative resolution was successful, achieving greater than

98% enantiomeric enrichment in each sample.
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Figure 2.29. Chiral HPLC trace of enantiomerically enriched unnatural (R)-PF74.
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With the two enantiomers of PF74 successfully resolved, they could then be tested to
establish which, if either, enantiomer is more active. This information could then be
used to establish whether it would be worth the time investment to generate
enantiomerically enriched PROTACS in subsequent generations. Furthermore, if one of
the enantiomers were to be inactive, then future PROTAC design could take advantage
of this inactivity for the design of negative control compounds with the same physical

chemical properties.
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2.3 Biological Assays

2.3.1 Materials and Methods

Cell Lines and Culture

All cell culture work was carried out at biosafety level 2, in category 2 biosafety
cabinets and under sterile conditions. All assays used HEK 293T (human embryonic
kidney) cells as the viral host. HEK 293T suspension cell line was cultured in DMEM
(Dulbecco’s modified Eagle’s medium) (high glucose (4.5 g/L)) with sodium pyruvate
(110 mg/mL), 10% FCS (fetal calf serum) and gentamicin (20 mg/L) added.™®
Suspension HEK 293T cultures were maintained in 75 cm? flasks at 37 °C with 5%
CO,. Cell cultures were split every 3—4 days whereby the suspension was agitated with
a pipette to generate a homogeneous single cell suspension. 5 mL aliquots were taken
and centrifuged at 1200 rpm for 3 minutes. The supernatant was discarded and the cells

resuspended in 30 mL of fresh media and maintained at 37 °C with 5% CO,.M!

Viral Vector Preparation

HIV single cycle GFP-based vector CSGW stocks used for this project were all
pseudotyped with VSV-G (vesicular stomatis virus envelope glycoprotein).
CSGW-VSV-G and CSGW packing derivatives (Gag-Pol, tat and rev) p8.91Ex-VSV-G
and p8.91N74D-VSV-G were generated by Dr Elena Sugrue or other members of the
Dr Sam Wilson lab, situated at the Centre for Virus Research (CVR), University of
Glasgow. Plasmids p8.91Ex and p8.91N74D were generously provided by Prof. Greg
Towers at University College London. MLV (murine leukaemia virus) single cycle
GFP-based vector CNCG stocks were generated by Dr Elena Sugrue or other members
of the Dr Sam Wilson lab, situated at the Centre for Virus Research (CVR), University
of Glasgow. The GFP-based vectors caused GFP (green fluorescent protein) expression

in infected cells, which was measured by flow cytometry as the metric of infection.

Cell Counting

For cell counting, HEK 293T suspension cells were agitated by pipette to generate a
homogeneous single cell suspension. A 10 mL aliquot of this suspension was taken and
centrifuged at 1200 rpm for 3 minutes, the supernatant was discarded and the cell pellet
was resuspended in 10 mL of fresh media to regenerate a homogenous single cell
suspension. A 1 mL aliquot was taken and homogenised, before 10 pL were removed
and added to 10 pL of 4% trypan blue solution. The cells were agitated, then the 20 pL

stained suspension was added to a haemocytometer slide and counted.
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Cell preparation for flow cytometry
Cells were treated with 50 puL of 0.5% trypsin solution (containing 0.05% EDTA),

agitated and incubated at 37 °C for 5-10 minutes. The suspension was agitated again
and observed under a light microscope to confirm a homogeneous single cell
suspension had formed. 100 puL of cell suspension was then transferred into round
bottomed 96-well plates containing 100 pL of 4% formaldehyde solution. These plates
were stored at 4 °C until analysed by flow cytometry. Flow cytometry was carried out
using a Guava EasyCyte flow cytometer which collected 10 000 events and measured

the percentage of GFP-positive infected cells.

Viral Vector Titration

Viral vector stocks stored at —80 °C were thawed and 180 pL added to the first column
of a 96-well plate. To the remaining 11 columns per row, 120 pL of fresh media was
added. The stock was then titrated across the lane (60 puL:120 pL) excluding the final
column which was used as a negative control. 50 pL of titrated viral vector was then
added to 100 pL of HEK 293T cell suspension (500 000 cells/mL) in fresh media. The
cells were then incubated at 37 °C and 5% CO, for 48 hours before being fixed and

analysed by flow cytometry.

From the above titration, the titre (infective units/mL) of CSGW-VSV-G stock was
calculated to be 5.39 x10°. Using this titre, the concentration of viral vector stock
required to produce infection of between 15-20% of cells was calculated to be 9.25 pL
of viral vector stock per 1 mL of fresh media. This dilution was then used as the viral

vector dose in fixed viral vector titre assays.

Compound Fixed Dose (Viral Vector Titration) Assay

For fixed compound dose assays, a viral vector titration was performed followed by the
addition of 50 pL of a 4% DMSO solution of compound (at 4x desired final
concentration) in media. The plates were then incubated at 37 °C and 5% CO, for 48

hours before being fixed and analysed by flow cytometry.

Compound Dose Response (Fixed Viral Vector Titre) Assay

For compound dose response assays, each compound was titrated across a 96 well plate
to give a maximum concentration of 25 umM to a minimum concentration of 95 pm (x4
dilution series). In addition to the compound, each well contained 100 pL of a
suspension of HEK 293T cells (500 000 cells/mL) in fresh media and 50 pL of viral
vector solution (9.25 pL/mL) in fresh media with a final concentration of 1% DMSO

per well. The final column of each plate contained only HEK 293T cell suspension as a
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negative control. The plates were then incubated at 37 °C and 5% CO, for 48 hours

before being fixed and analysed by flow cytometry.

E3 Ligase Ligand Titration (Fixed Compound Dose, Fixed Viral

Vector Titre) Competition Assay

For E3 ligase ligand competition assays, each E3 ligase ligand was titrated across a 96
well plate to give a maximum concentration of 267 M to a minimum concentration of
255 pM (x4 dilution series). In addition to the compound, each well contained 100 pL
of a suspension of HEK 293T cells (500 000 cells/mL) in fresh media, 50 pyL of viral
vector solution (9.25 puL/mL) in fresh media and 50 pL of a 4% DMSO solution of
compound (at 4x desired final concentration) in media to give a final concentration of
1% DMSO per well. The final column of each plate contained only HEK 293T cell
suspension as a negative control. The plates were then incubated at 37 °C and 5% CO,

for 48 hours before being fixed and analysed by flow cytometry.

2.3.2 PF74 Study

Establishing Control Experiments
To begin testing, the viral vector CSGW-VSV-G was titrated against the HEK 393T
cell line to establish the baseline infectivity with which the effects of the added

compounds could be compared. The titration was performed in triplicate and the error
bars displayed (Graph 2.1).
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Graph 2.1. CSGW-VSV-G infection of HEK 293T cells.

Having established the baseline infectivity of CSGW-VSV-G in HEK 293T cells, the
ability of the synthetic natural PF74 to inhibit this infectivity was assessed. For this
assay, CSGW-VSV-G was titrated and incubated with the cells with a fixed dose of
PF74 (10 uM) added. As the stock solution of PF74 was in DMSO, it was necessary to

establish whether DMSO had an effect on the growth and health of the cells or on the
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infectivity of CSGW-VSV-G. As the final concentration of DMSO in the assay was 1%
of the well volume, a 1% DMSO negative control was carried out (Graph 2.2). Upon
inspection of the cells by DIC and fluorescence microscopy, they were determined to
have healthy morphology and a cell count that was comparable to the non-DMSO
treated cells. Furthermore, the infectivity of CSGW-VSV-G in the presence of 1%
DMSO was indistinguishable from the infectivity in the absence of DMSO, thus
establishing that 1% DMSO had no detrimental effect. In the presence of the synthetic
natural PF74 (10 uM) however, the infectivity of CSGW-VSV-G was greatly reduced.
For example, a dose of 1.9 uL of CSGW-VSV-G in the absence of PF74 produced
23% GFP expression (and thus infection) but in the presence of 10 um PF74 the same
dose of CSGW-VSV-G only produced 0.5% GFP expression (Graph 2.2).
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Graph 2.2. Titration of CSGW-VSV-G against PF74, 1% DMSO vehicle control and a
no compound reference.

Synthetic and Commercial PF74 Comparison
Having established the efficacy of the synthetic natural PF74, the efficacy of the

synthetic unnatural PF74, and the commercially sourced PF74 were tested for
comparison. To avoid confusion, these compounds will be referred to as natural PF74
(as the synthesis incorporated natural L-phenylalanine), unnatural PF74 (as the
synthesis incorporated unnatural D-phenylalanine), and commercial PF74 (as this
sample was commercially sourced) respectively and their structures are outlined below

with their chiral HPLC determined enantiomeric ratios (Figure 2.13).
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Figure 2.30. Structures of the synthetic natural, synthetic unnatural and commercially
sourced PF74 with their enantiomeric ratios.
For this dose response assay, the various PF74 samples were titrated against the
previously calculated optimal fixed titre of CSGW-VSV-G (Viral Vector Preparation,
page 137). The results of this assay showed no significant difference between the
different samples, however this was to be expected (Graph 2.3). From the HPLC
analysis of each sample, it was determined that all three had a significant amount of
epimerisation thus producing almost racemic samples (2.2.11 PF74 synthesis and
epimerisation study, page 128). As no significant difference was detected between the
different PF74 samples, only the natural PF74 was utilised as the positive control for

further testing.
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Graph 2.3. Dose response of synthetic natural PF74, synthetic unnatural PF74 and
commercial PF74 against a fixed titre of CSGW-VSV-G.

Enantiomerically Enriched (S)-PF74 and (R)-PF74 Comparison

To continue the investigation, the HPLC-resolved enantiomerically pure samples were

tested. To avoid confusion, the HPLC-resolved compounds will be referred to as
(S)-PF74 and (R)-PF74 and their structures are outlined below with their chiral HPLC

determined enantiomeric ratios (Figure 2.31).
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Figure 2.31. Structures of natural PF74, HPLC resolved (S)-PF74 and HPLC resolved

(R)-PF74 with their enantiomeric ratios.
The dose response assay involved the titration of CSGW-VSV-G against a fixed dose
(10 uM) of each of the HPLC resolved enantiomers. The batch of almost racemic
synthetic natural PF74 served as the positive control and 1% DMSO served as the
negative control. The results of the assay indicated that (S)-PF74 had activity
comparable to the synthetic natural PF74, and was therefore significantly more active
than (R)-PF74, which had little activity above that of the DMSO negative control
(Graph 2.4). This was a somewhat peculiar result as the natural PF74 was determined
to be almost racemic, and should therefore be half as active as the enantioenriched (S)-
PF74.
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Graph 2.4. Titration of CSGW-VSV-G against enantiomerically pure natural (S) and
unnatural (R) PF74.

(S)-PE74 and (R)-PF74 ICso Determination
A possible explanation for the comparable efficacy of the nearly racemic natural PF74

batch and the enantioenriched (S)-PF74 was that only 1 mg of each the enantioenriched
samples was isolated, and thus a high degree of error was inherent with the mass
measurement. Consequently, the accuracy of the concentration of stock solutions from
these enantioenriched samples would have been adversely affected. While this could
also be used to argue that the qualitative difference in activity between the two

enantiomers is invalid, the difference in activity was more than 10-fold and thus is not
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likely to be a result of mass inaccuracy. With this in mind, the qualitative observation
that (S)-PF74 was more active than (R)-PF74 is likely genuine. In order to better
quantify the difference in efficacy of the two enantiomers, the dose response was
repeated in triplicate for the purpose of 1Csy determination by collaborator Dr Elena
Sugrue. The 1Cso of (S)-PF74 was determined to be 1.5 uM, and (R)-PF74 to be
19-uM, and the results are plotted against the Hill equation fit line (Graph 2.5).
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Graph 2.5. IC50 determination of (S)-PF74 and (R)-PF74.

(S)-PF74 and (R)-PF74 Docking Study

In an attempt to rationalise the difference in efficacy between the two enantiomers,

docking studies were carried out using Autodock (by collaborator Elena Sugrue).
(S)-PF74 was shown to have seven potential favourable interactions at the binding site,
and three locations of solvent exposure (unfavourable), indicated by the grey spheres
(Figure 2.32). The favourable interactions included three m-cation interactions, between
the two rings of the indole moiety, and the phenylalanine ring with the charged lysine
70 residue. In addition to these interactions, there were four potential hydrogen bonding
interactions present between the indole N-H and glutamine 63, the primary amide
carbonyl and a water molecule, the primary amide N-H and asparagine 57 and the
tertiary amide carbonyl with asparagine 57. These findings closely match the literature
reported binding interactions of the PF74-capsid crystal structure, which show an
additional interaction between the indole moiety and arginine 173.1*%! Furthermore, the
binding energy was calculated using a MMBGSA function and determined to have a

AG of -73.8 kcal/mol.
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Figure 2.32. Autodock docking of (S)-PF74 in the hexameric CA binding site with key

interactions highlighted.
Autodock docking of (R)-PF74 was also performed, which indicated the adoption of an
alternative binding conformation (Figure 2.33). This alternate conformation was
determined to have only four potential favourable interactions and three sites of
unfavourable solvent exposure. The favourable interactions were the same three 7-
cation interactions between the two rings of the indole moiety, and the phenylalanine
ring with the charged lysine 70 residue, and an H-bonding interaction between the
carbonyl of the tertiary amide with a water molecule. The binding energy was again
calculated using a MMBGSA function, and this enantiomer was determined to have a
AG of -55.8 kcal/mol. This is significantly higher than that of (S)-PF74 and thus
predicts a less favourable binding conformation. This calculation coupled with the
fewer favourable interactions observed from the docking study, constitute reasonable
evidence as to why the efficacy of (R)-PF74 is almost 20-fold lower than that
(S)-PF74.
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Figure 2.33. Autodock docking of (R)-PF74 in the hexameric CA binding site with key
interactions highlighted.
Interestingly, the sites of solvent exposure in (S)-PF74 include the tertiary amide
N-methyl group whereas this position is not included in the solvent exposed sites of
(R)-PF74. As this position is the site of linker attachment in the PROTACS, it is
possible that the diminished activity of the unnatural enantiomer could be exacerbated
in the PROTACSs as its most favourable binding conformation cannot be adopted. Of
course this is purely speculative, and further docking studies and assays with

enantiomerically pure PROTACs would need to be performed.

2.3.3 PROTAC Testing
With the PF74 study complete, the next step was to assay the synthesised PROTACS.

As these PROTACs were not resolved by preparative chiral HPLC, the decision was
taken to use the synthetic natural PF74 as the positive control and to carry out no
further testing with the enantioenriched (S)-PF74 and (R)-PF74. For ease of reading,
the synthetic natural PF74 will be simply referred to as PF74. The use of PF74 as a
positive control was complicated by the fact that it hinders HIV infection through an
inhibition mechanism and not a degradation mechanism. However, as no alternative
was available, the use of PF74 would at least provide an indication of reduced HIV

infection.

Establishing PROTAC Efficacy
With that in mind, CSGW-VSV-G was titrated against a fixed concentration (10 pM)
of CRBN-N33, CRBN-022, CRBN-013, VHL-13, VHL-4, PF74 (positive control)
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and 1% DMSO (negative control) (Graph 2.6). Promisingly, every compound produced
some inhibition of HIV infection compared to the DMSO negative control.
Unfortunately, as expected, the fluorescence of the anilinic phthalimide based
CRBN-N33 interfered with the measurement of GFP expression producing a false
reading of 100% at every data point. For this reason, CRBN-N33 was omitted from all
future testing. The CRBN based PROTACs CRBN-0O22 and CRBN-O13 performed
poorly, only producing inhibition slightly above the baseline DMSO with the longer
linker CRBN-022 (22 non hydrogen atoms) being marginally worse than the shorter
linker (13 non hydrogen atoms) CRBN-O13. More interestingly, the VHL based
PROTACs VHL-13 and VHL-4 had better inhibition of CSGW-VSV-G infection than
the CRBN based PROTACSs. The longer linker VHL-13 (13 non hydrogen atoms)
performed marginally worse than PF74 but intriguingly the shorter linker VHL-4

(4 non hydrogen atoms) appeared to be more efficacious than PF74.
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Graph 2.6. Titration of CSGW-VSV-G against a fixed dose (10 um) of PF74, VHL-4,
VHL-13, CRBN-O13, CRBN-022, CRBN-N33 and 1% DMSO.

The experiment was then repeated, this time with a fixed titre of CSGW-VSV-G and a
titration of the compounds in order to assess if each of the compounds displays dose-
dependent activity (Graph 2.7). Dose-dependence was observed for each of the
PROTACs and PF74 and the same trend of activity was observed between the
PROTACs whereby VHL-targeting PROTACs were more efficacious than CRBN-
targeting PROTACs and PROTACSs containing shorter linkers performed better than
those with longer linkers. Interestingly, in this assay PF74 appeared to decrease the
infectivity of CSGW-VSV-G to a greater extent than VHL-4. This is the opposite result
to that observed in the fixed compound dose-CSGW-VSV-G titration assay above (and
all subsequent testing). It remains unclear why PF74 decreased the infectivity of
CSGW-VSV-G to a greater extent than VHL-4 in the fixed titre assay, but VHL-4 was
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superior in CSGW-VSV-G titration assays. Regardless, the purpose of this assay was to
asses each PROTAC for dose-dependent activity, which was successfully established.
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Graph 2.7. Compound dose-response assay of PF74, VHL-4, VHL-13, CRBN-0O13
and CRBN-022 against a fixed CSGW-VSV-G titre.
The results of these assays suggested that VHL-based PROTACs were more effective
than CRBN-based PROTACs and that PROTACs with shorter linkers were more
efficacious than longer linkers at decreasing CSGW-VSV-G infection. This observation
was noteworthy, as the planning suggested a linker long enough to span the 30 A cleft
to the PF74 binding site would be required to achieve degradation (2.1.10 First
generation probe design, page 97). This therefore raised questions as to whether
PROTAC-induced degradation or traditional protein inhibition was responsible for the
decrease in infectivity of CSGW-VSV-G. The possibility also exists that these trends
could be a result of cellular permeability and solubility of the compounds. While the
results of the assay imply that all the PROTACSs were at least somewhat cell permeable
and soluble in the assay media, further investigation is required to quantify these
parameters for each compound as this information could be beneficial to the design of
future PROTAC generations. In any case, several control experiments were conducted
in an attempt to probe the mechanism of the observed inhibition of CSGW-VSV-G

infection.

Confirming HIV-Specific Binding

To verify that the PROTACs were engaging an HIV-specific target, a negative control
assay was conducted in which the viral vector MLV-CNCG was titrated against each of
the compounds. As this is a different retrovirus than HIV and does not contain the
binding site of PF74, it was used to establish if the observed decrease in infection of
CSGW-VSV-G was due to non-specific binding or HIV-specific binding. The negative
control CNCG was titrated against a fixed dose (10 uM) of each PROTAC and as
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expected, none of the PROTACS, or PF74 had an effect on the infectivity of the virus
(Graph 2.8). This result was consistent with HIV-specific binding.
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Graph 2.8. Titration of MLV-CNCG against PF74, VHL-4, VHL-13, CRBN-O13 and
CRBN-022.

The experiment was repeated, with a fixed titre of MLV-CNCG (50 pL/mL), and this

time a dose response of each PROTAC and PF74 was conducted (Graph 2.9). Again,

no significant decrease in infectivity was observed, which was again consistent with

HIV-specific binding.
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Graph 2.9. Dose response of PF74, VHL-4, VHL-13, CRBN-0O13 and CRBN-022
against a fixed titre of MLV-CNCG.

Confirming Correct Target Engagement

While the MLV assay is a useful negative control, it can only indicate if binding is
HIV-specific or not. The ideal method to probe if the PROTACSs are engaging the same
binding site as PF74 would be to conduct a competition assay with PF74. In this, PF74
would be titrated across cells with a fixed titre of virus and a fixed concentration of
PROTAC (10 uM). If the PROTACSs are binding at the same site, then an increasing
dose of PF74 would displace the PROTACs from the binding site thus diminishing

their effect. However, as the positive readout in this particular assay is the same for a
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protein degradation mechanism and a protein inhibition mechanism, no distinction can
be made between PROTAC efficacy and PF74 efficacy. For this reason, the

competition assay cannot be conducted.

Therefore, in order to achieve a more rigorous indication of specificity to the PF74
binding site, the assay was repeated using the CSGW-N74D-VSV-G vector. This is a
PF74-resistant capsid mutant of CSGW and thus an HIV relevant negative control
vector.'® Instead of using CSGW-VSV-G as the positive control vector,
CSGW-EX-VSV-G was chosen as a closer match to the negative control. To establish
the baseline infectivity, CSGW-EX-VSV-G was titrated against a fixed concentration
(10 uM) of each PROTAC, PF74 and 1% DMSO (Graph 2.10). As expected from the
positive control vector, the infectivity was reduced with the same trend as that observed
in CSGW-VSV-G (Graph 2.6, page 146). The CRBN based PROTACs CRBN-022
and CRBN-0O13 caused minimal inhibition above that of the baseline DMSO. VHL-13
caused a moderate decrease in infectivity followed by PF74, and finally VHL-4 was

shown to decrease the infectivity beyond that of PF74.
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Graph 2.10. Titration of CSGW-EX-VSV-G against PF74, VHL-4, VHL-13, CRBN-
013, CRBN-022 and DMSO.

For the CSGW-N74D-VSV-G negative control comparison, the virus was again titrated
against a fixed compound concentration (10 uM) (Graph 2.11). These results showed
each of the PROTACs and PF74 to have a decreased effect on the infectivity of
CSGW-N74D when compared to the baseline CSGW-EX-VSV-G control. This was the
expected result from the PF74 resistant CSGW-N74D-VSV-G negative control. When
combined with the CSGW-EX-VSV-G positive control assay, further evidence
consistent with PROTAC engagement of the PF74 binding site is gained.
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Graph 2.11. Titration of CSGW-N74D-VSV-G against PF74, VHL-4, VHL-13,
CRBN-013, CRBN-022 and DMSO.

Investigating Proteasome Dependence

Having generated evidence that the PROTACs occupy the same binding pocket as
PF74, the next step was to assess whether they were engaging the E3 ligase target by
probing if the reduced infectivity was due to a proteasome-dependant degradation
mechanism. The first assay designed for this, was to co-administer each PROTAC with
the proteasome inhibitor Bortezomib. With this assay, if the observed PROTAC
induced decrease of CSGW-VSV-G infectivity was mitigated upon addition of
Bortezomib, then the decrease in infectivity would have likely been via a proteasome
dependent degradation mechanism (the intended PROTAC mechanism). In order for
this assay to give reliable results, the proteasome inhibitor could not hinder the growth
and health of the cells or interfere with CSGW-VSV-G infectivity. Unfortunately, the
dose selected for the proteasome inhibitor (based on similar assays conducted by
collaborators) caused irregular cell morphology, greatly diminished cell growth and
resulted in a lack of CSGW-VSV-G infection. The results of this assay were therefore
nullified. The proteasome inhibitor assay should be repeated; however, it would be
wise to first conduct a titration of the proteasome inhibitor to find the maximum dose
tolerated by the cells and virus. Following this, an assay should be conducted to assess
the efficacy of the proteasome inhibitor at this highest tolerated concentration to ensure
it still inhibits degradation. Then, with this information collected, the attempted
co-administration assay should be repeated at the highest tolerated dose of proteasome

inhibitor.

Investigating E3 Ligase Recruitment

The second assay devised to probe E3 ligase engagement, and subsequently the
mechanism of decreased CSGW-VSV-G infection, was an E3 ligase ligand competition

assay. In this assay, the E3 ligase ligand that each PROTAC was based on,
150



Pomalidomide (Figure 2.9, page 94) for CRBN based PROTACs and VHL-1 (Figure
2.8, page 93) for VHL-based PROTACs, was titrated against a fixed titre of
CSGW-VSV-G and a fixed concentration of the respective PROTACs (10 uM). With
this assay, if the PROTACs were engaging their respective E3 ligase, and the observed
decrease in CSGW-VSV-G infectivity was due to a degradation mechanism, then an
increasing dose of E3 ligase ligand would render the PROTACs ineffective and restore
CSGW-VSV-G infectivity. Similarly to the proteasome inhibitor assay above, for this
assay to be conclusive the respective E3 ligase ligands would need to have no effect on

the viral infectivity, or the growth and health of the cells.

Looking at the CRBN based PROTACSs first, the Pomalidomide control showed
healthy cell morphology with a normal cell count and importantly showed
CSGW-VSV-G infectivity comparable to that of DMSO (Graph 2.12). These positive
results allow reliable conclusions to be drawn from the assay. However, across the
concentration range of the Pomalidomide titration (0.255 nM-267 uM) no deviation of
CSGW-VSV-G infectivity was observed with either CRBN-0O13 or CRBN-O22 when
compared to the fixed dose control of CRBN-O13 and CRBN-0O22 in the absence of
Pomalidomide. This result implies that the inhibition of viral infectivity is likely
independent of E3 ligase recruitment and thus not occurring via a degradation

mechanism (at least not degradation mediated by the intended E3 ligase).
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Graph 2.12. Titration of Pomalidomide against a fixed titre of CSGW-VSV-G and a
fixed dose of CRBN-0O13, CRBN-0O22 and DMSO.
Following these results, the analogous VHL-1 competition assay was conducted and
similarly to the Pomalidomide assay, treatment with VHL-1 did not diminish the
health or growth of the cells, and did not have an effect on CSGW-VSV-G infectivity
compared with that of DMSO (Graph 2.13). However, over the concentration range of
the VHL-1 titration (0.255 nM-267 M) no variation to CSGW-VSV-G infectivity was

observed with either VHL-4 or VHL-13 when compared to the fixed dose of VHL-4
151



and VHL-13 in the absence of VHL-1. These data are again consistent with an
inhibition mechanism and implies that the PROTACs tested are efficacious

independent of E3 ligase recruitment.
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Graph 2.13. Titration of VHL-1 against a fixed titre of CSGW-VSV-G and a fixed dose
of VHL-4, VHL-13, and DMSO.

2.3.4 Summary of Biological Assaying

With these preliminary assays, some useful conclusions had been established. The
successful results of the PF74 enantiomer study determined (S)-PF74 to be around 20-
fold more efficacious than (R)-PF74. Using Autodock software, a possible explanation
for this difference in potency was established in which (R)-PF74 is forced to adopt an
alternative binding conformation, which was calculated to have a AG of binding

18 kdmol™ higher in energy than the conformation adopted by (S)-PF74.

Assaying of the synthesised PROTACs established likely cellular uptake and at least
partial solubility in the assay media. Furthermore, evidence for the engagement of the
PF74 binding site by the PROTACs was established. However, no engagement of the
intended E3 ligase was observed, which is consistent with the hypothesis that the
PROTAC-induced inhibition of CSGW-VSV-G infection is independent of an E3
ligase-mediated degradation mechanism. The serendipitous silver lining to this negative
result was that VHL-4 appeared to be a more potent inhibitor of HIV infection than
PF74.
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2.4 Future Work

With the successful synthesis of five PROTAC molecules and the generation of
enantiomerically enriched (S)-PF74 (98% ee) and (R)-PF74 (97% ee), cellular assays
were conducted which answered important fundamental questions and discovered that
the PROTAC VHL-4 was more efficacious at reducing CSGW-VSV-G infection than
PF74. During this process however, some questions remained unanswered, further
questions were raised and limitations with the chosen methods were identified. With
this in mind, future work on the project should be directed towards answering these

outstanding questions and improving upon the current limitations.

During the testing, it was suggested that the compounds might be reducing the
infectivity of CSGW-VSV-G independently of an E3 ligase mediated degradation
pathway. As this is the core purpose of PROTAC technology, it is of paramount
importance to determine whether or not the compounds were operating via a
degradation mechanism. Additional controls should be utilised to probe the recruitment
of the relevant E3 ligase target, such as the use of a mono functionalised version of the
PROTACSs. For example, amide 2.59 which lacks an E3 ligase recruiting ligand could
be synthesised and tested to compare with the results of the PROTACs (Figure 2.34). If
amide 2.59 produced no reduction of CSGW-VSV-G infectivity, it would imply that
the mechanism is reliant on E3 ligase recruitment. However, if amide 2.59 produced
reduction of CSGW-VSV-G infection that was similar to the PROTACS or PF74, then

it would be consistent with a mechanism independent of E3 ligase recruitment.

2.59

Figure 2.34. Potential structure of mono functionalised negative control.

Another avenue to assess E3 ligase recruitment would be to conduct ligand-binding
assays to confirm that the synthesised PROTACs have the ability to engage their
respective E3 ligase targets. These ligand-binding assays could include a fluorescent
thermal melt assay or a FRET-based assay for the CRBN-targeting PROTACs and
isothermal titration calorimetry or fluorescence polarisation assay for the
VHL-targeting PROTACs.P2I2UI22] (£ the PROTACS can successfully engage their
respective E3 ligases, then it implies that either the ternary structure of Capsid
protein-PROTAC-E3 ligase was not forming, or is too unstable to effect degradation. In
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either case, a suggested course of action would be to optimise the linker length and

composition.

As an E3 ligase mediated degradation mechanism appeared unlikely, an occupancy
based inhibition mechanism seemed a more probable pathway of reduced
CSGW-VSV-G infection. However, other possibilities exist, such as the compounds
interacting with CSGW-VSV-G extracellularly to reduce the infectivity of the viral
vector. One possible assay that could be developed to probe this possibility would be to
pre-incubate the PROTACs with CSGW-VSV-G, followed by centrifugation and
removal of the PROTAC containing supernatant. The infectivity of the pre-incubated
CSGW-VSV-G could then be compared with the infectivity of the standard
CSGW-VSV-G. With adequate negative controls, this assay could potentially generate
useful data to probe the possibility of extracellular PROTAC:.CSGW-VSV-G

interaction and so to confirm or deny it as a likely mechanism of action.

While the assays described above were useful for answering some fundamental
questions of the project, they utilised PF74 as a positive control. As PF74 acts via an
inhibition mechanism, its utility as a positive control for a degradation pathway was
inherently somewhat limited. A useful future goal for the project would therefore be to
develop a more relevant positive control, and to establish a way to quantify any

degradation that may be occurring, such as western blot.

During the assaying of the synthesised PROTACS, two trends were identified. VHL
targeting PROTACs were more effective at reducing CSGW-VSV-G infection than
CRBN targeting PROTACs, and PROTACs with shorter linkers where more
efficacious than their longer linker analogues. As an E3 ligase mediated degradation
mechanism was tentatively ruled out, something else must be responsible for these

phenomenon.

One plausible explanation for the differences in efficacy could be due to the structure
and length of the linker. As mentioned above (2.1.7 Linker, page 94), evidence
suggests that the structure and length of the linker is critical to allowing secondary
stabilising interactions to form in between the target protein, PROTAC and the E3
ligase during ternary complex formation.®® It is possible that the linkers utilised
herein, are more suited for generating these stabilising secondary interactions in the
VHL system compared to the CRBN system. However, the use of computational
modelling and crystal structure analysis could potentially be used to guide the redesign
of linker towards the aim of developing specific VHL- and CRBN-targeting linkers.
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An additional plausible explanation for the differences in efficacy would be differences
in the aqueous solubility and cellular permeability of the compounds. It is possible that
the more efficacious VHL-targeting PROTACs are simply more soluble or cell
penetrating than the CRBN-targeting analogues. As the linker can be modified to affect
the PROTACs physical chemical properties such as solubility and permeability,
different linkers could be developed to be used with either E3 ligase ligand. [B3I315410%]
Therefore quantitative data on solubility and permeability for each of the PROTACs
should be generated which could be used to guide the design of the next generation of
PROTACS.

Finally, it is clear that much optimisation of future PROTAC design is required, which
inevitably involves a high degree of empirical trial and error. To this end, additional
time should be invested in generating the aforementioned complete-PF74 fragment
(Figure 2.35). A stock of this material would greatly facilitate the rapid generation of
PROTACs with structurally diverse linkers.

HN \ o © o
N N\)I\OH
H o
2.24

Figure 2.35. Structure of the elusive complete-PF74 fragment.
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2.5 Experimental

2.5.1 General Methods

All reagents were purchased from commercial suppliers and used without further

purification unless otherwise stated. Reactions involving air-sensitive agents and dry
solvents were performed in glassware that had been dried in an oven (150 °C) or flame-
dried in vacuo and allowed to cool in vacuo before being flushed with argon. These
reactions were carried out with the exclusion of air using an argon atmosphere.
Reactions were monitored by thin layer chromatography (TLC) on Merck silica gel 60
covered aluminium sheets. TLC plates were developed under UV-light and/or with an
acidic ethanolic anisaldehyde solution or a KMnOg-solution. NMR spectra were
recorded on a Bruker DPX-400 spectrometer ("H NMR at 400 MHz, *C NMR at 100
MHz, F NMR at 377 MHz and *B NMR at 128 MHz) or a Bruker DPX-500
spectrometer (*H NMR at 500 MHz and *C NMR at 125 MHz). Chemical shifts are
reported in ppm. *H NMR spectra were recorded with CDCl3 or CD30D as the solvent
using residual CHCl3 (8 = 7.26) or CHD,OD (8 = 3.31) as internal standard, and for **C
NMR spectra the chemical shifts are reported relative to the central resonance of CDCl;
(06 ="77.16) or CD30D (6 = 49.00). Signals in NMR spectra are described as singlet (s),
doublet (d), triplet (t), quartet (q), multiplet (m), broad (br) or a combination of these,
which refers to the spin-spin coupling pattern observed. Spin-spin coupling constants
are reported in Hertz (Hz) and are uncorrected. Two-dimensional NMR spectroscopy
(COSY, HSQC, HMBC, NOESY) and *C DEPT NMR spectroscopy were used where
appropriate to assist the assignment of signals in the *H and *C NMR spectra. IR
spectra were obtained employing a Shimadzu FTIR-8400 instrument with a Golden
Gate™ attachment that uses a type Ila diamond as a single reflection element so that
the IR spectrum of the compound (solid or liquid) could be detected directly (thin
layer). Melting point ranges were collected using a Barnstead Electrothermal 9100
melting point apparatus. High resolution mass spectra were recorded under ESI or El
conditions by the analytical services at the University of Glasgow. Liquid
chromatography-mass spectrometry was conducted using a Thermo Scientific Dionex
UltiMate 3000 LC system coupled with a Thermo Scientific LCQ Fleet ion trap mass
spectrometer. A Dr Maisch GmbH Reprosil Gold 120 C18 3um 150x4 mm column was
used with UV absorption detected at 214 nm. A linear gradient of 5%-95% HPLC
grade acetonitrile in ultra pure water with 0.1% trifluoroacetic acid over 10 or 40
minutes was utilised with a flow rate of 1 mLmin™. Optical rotations were determined
using a Rudolph Research Analytical Autopol polarimiter by irradiation with the

sodium D line (A = 589 nm). [o]p Vvalues are given in units 10 degcm?g™. Preparative
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HPLC was conducted using a Dionex HPLC system using Dionex P680 pumps and a
Phenomenex Gemini C18 5um 250x21.2 mm column. UV absorption was detected at
214 nm and 280 nm using a Dionex UVD170U UV-vis detector. Non-linear gradients
between 5%-100% HPLC grade acetonitrile in ultra pure water with 0.1%
trifluoroacetic acid were utilised. Collected fractions were then lyophilised using a
Christ Alpha 2—4 LO plus lyophiliser. Chiral HPLC analysis was conducted using a
Shimadzu LC-20AD prominence liquid chromatograph with a CBM-20A prominence
communications bus module, a DGU-20As prominence degasser and a SPD-M20A
prominence diode array detector. A Shimadzu CTO-20AC prominence column oven
was utilised in combination with Diacel Chemical Industries chiralcel OD-H 5 pm
4.6x250 mm reverse phase analytical column with an isocratic mobile phase of HPLC

grade isopropyl alcohol in HPLC grade hexane.
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2.5.2 Preparation of Compounds

o

2.7

2.7. Prepared according to a modified literature procedure.™® To oven dried glassware
cooled under vacuum and flushed with argon was added sodium hydride (60%
suspension in mineral oil) (440 mg, 11.0 mmol, 1.1 equiv.) and tetrahydrofuran
(9.0 mL, 1.1 ™M) and the resulting suspension was cooled to 0 °C. To the suspension was
added hexaethylene glycol (10 mL, 40 mmol, 4 equiv.) and the mixture was stirred at
0 °C for 20 minutes. To this suspension was slowly added benzyl bromide (1.2 mL,
10 mmol, 1 equiv.) and the resulting suspension was stirred and allowed to warm to
room temperature for 18 hours. To the reaction mixture was added water (50 mL) and
ethyl acetate (100 mL) and the aqueous phase was extracted with ethyl acetate (3 x
100 mL). The combined organic phases were washed with brine (70 mL), dried with
magnesium sulphate, filtered and concentrated in vacuo generating a crude mass of
3.32 g. Purification by column chromatography on silica gel using an eluent of 50% to
100% ethyl acetate in dichloromethane yielded the title compound 2.7 (2.62 g,
7.04 mmol, 70%). Analytical data observed were in accordance with literature

values.[*%

'H NMR (400 MHz, CDCls) & 7.36-7.22 (5H, m, 5 x Ar-CH), 4.55 (2H, s, -OCHy),
3.74-3.56 (24H, m, 12 x -OCH,), 2.60 (1H, s, -OH). *C NMR (101 MHz, CDCl5)
§138.4 (Ar-C), 128.4 (2 x Ar-CH), 127.8 (2 x Ar-CH), 127.7 (Ar-CH), 73.3 (-OCHy),
72.6 (-OCH,), 70.7 (8 x -OCH,), 70.5 (-OCH,), 69.6 (-OCH,), 61.8 (-OCH,). HRMS
(ESI) exact mass calculated for CigH3,0O;Na [M+Na]® m/z 395.2040, found m/z
395.2040. IR (thin film) 2866, 1456, 1095.
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2.8. Prepared according to a modified literature procedure.' ™ To a stirred solution of
alcohol 2.7 (1.90 g, 5.10 mmol, 1 equiv.) in tetrahydrofuran (10.2 mL, 0.5 m) was
added a 4.5 m aqueous solution of sodium hydroxide (245 mg in 1.30 mL, 6.12 mmol,
1.2 equiv.) and the resulting solution was cooled to 0 °C and stirred rapidly for
20 minutes. To this mixture was added 4-toluenesulfonyl chloride (1.07 g, 5.60 mmol,
1.1 equiv.) and the resulting mixture was allowed to warm to room temperature under
rapid stirring for 18 hours. To the reaction mixture was added water (30 mL) and
dichloromethane (50 mL) and the aqueous phase was extracted with dichloromethane
(3 x50 mL). The combined organic phases were washed with brine (40 mL), dried over
magnesium sulphate, filtered and concentrated in vacuo yielding a crude mass of
2.68 g. Purification by column chromatography on silica gel using an eluent of 0% to
100% ethyl acetate in dichloromethane yielded the title compound 2.8 (2.09 g,
3.97 mmol, 78%). Analytical data observed were in accordance with literature

values.[*?®!

'H NMR (400 MHz, CDCls3) 6 7.78 (2H, d, J = 8.2, 2 x Ar-CH), 7.37-7.21 (7TH, m, 7 x
Ar-CH), 4.55 (2H, s, -OCH,), 4.14 (2H, t, J = 4.9, -OCH,), 3.70-3.52 (22H, m, 11 x
-OCHj,), 2.43 (3H, s, -CHs). *C NMR (101 MHz, CDCls) & 144.8 (Ar-C), 138.4
(Ar-C), 133.2 (Ar-C), 129.9 (2 x Ar-CH), 128.4 (2 x Ar-CH), 128.0 (2 x Ar-CH), 127.8
(2 x Ar-CH), 127.6 (Ar-CH), 73.3 (-OCH,), 70.8 (-OCH,), 70.7 (6 x -OCH,), 70.6
(-OCHy), 70.5 (-OCH,), 69.6 (-OCH,), 69.3 (-OCH,), 68.8 (-OCH,), 21.7 (-CHs).
HRMS (ESI) exact mass calculated for CysH3s09SNa [M+Na]® m/z 549.2129, found
m/z 549.2107. IR (thin film) 2868, 1452, 1096.
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2.9. Prepared according to a modified literature procedure.®” To a stirred solution of
tosylate 2.8 (2.09 g, 3.97 mmol, 1 equiv.) in acetonitrile (13 mL, 0.3 M) was added
potassium carbonate (1.76 g, 12.7 mmol, 3.2 equiv.) and aniline (3.30 mL, 35.7 mmol,
9 equiv.) and the resulting solution was heated to 80 °C and stirred for 18 hours. The
reaction mixture was then concentrated in vacuo and the resulting solid was dissolved
in water (50 mL) and diethyl ether (50 mL). The aqueous phase was extracted with
diethyl ether (3 x 80 mL) and the combined organic phases were washed with brine
(80 mL), dried over magnesium sulphate, filtered and concentrated in vacuo yielding a
crude mass of 4.45 g. Purification by column chromatography on silica gel using an
eluent of 0% to 100% ethyl acetate in dichloromethane yielded the title compound 2.9
(1.36 g, 3.05 mmol, 77%).

'H NMR (400 MHz, CDCls) & 7.36-7.32 (4H, m, 4 x Ar-CH), 7.30-7.26 (1H, m,
Ar-CH), 7.20-7.13 (2H, m, 2 x Ar-CH), 6.70 (1H, tt, J = 7.3, 1.1, Ar-CH), 6.63 (2H, m,
2 X Ar-CH), 4.56 (2H, s, -OCHy), 4.28-3.93 (1H, m, -NH), 3.72-3.59 (22H, m, 11 x
-OCH,), 3.29 (2H, t, J = 5.3, -NCH,). *C NMR (101 MHz, CDCl;) 5 148.3 (Ar-C),
138.3 (Ar-C), 129.2 (2 x Ar-CH), 128.4 (2 x Ar-CH), 127.8 (2 x Ar-CH), 127.7
(Ar-CH), 117.5 (Ar-CH), 113.2 (2 x Ar-CH), 73.3 (-OCH,), 70.7 (-OCH,), 70.6 (7 x
-OCHy), 70.3 (-OCHy), 69.6 (-OCHy), 69.5 (-OCHy), 43.6 (-NCH3). HRMS (ESI) exact
mass calculated for CosHs;NOgNa [M+Na]® m/z 470.2513, found m/z 470.2513. IR
(thin film) 2866, 1724, 1601.
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2.10. Prepared according to a modified literature procedure.™ To a stirred solution of
2-methyl-3-indoleacetic acid (5.68 g, 30.0 mmol, 1 equiv.) in N,N-dimethylformamide
(75 mL, 0.4 M) was added L-phenylalanine methyl ester hydrochloride (6.79 g,
31.5mmol, 105 equiv.), PyBOP (15.6g, 30.0mmol, 1equiv.) and
N,N-diisopropylethylamine (15.7 mL, 90.0 mmol, 3 equiv.) and the resulting solution
was stirred at room temperature for 18 hours. To the crude mixture was added water
(60 mL) and the resultant layers were separated. The agueous phase was extracted with
ethyl acetate (3 x 40 mL) and the combined organic phases were washed with 5%
aqueous lithium chloride solution (3 x 40 mL). The combined organic phases were
dried with magnesium sulphate, filtered and concentrated in vacuo affording a crude
mass of 19.1 g. Purification by column chromatography on silica gel using an eluent of
5% ethyl acetate in dichloromethane afforded the title compound 2.10 as a viscous oil

(12.2 g, 30.0 mmol, quantitative)

'H NMR (400 MHz, CDCls) & 7.88 (1H, s, Ar-NH), 7.42 (1H, d, J = 7.8, Ar-H), 7.31
(1H,d, J=7.9, Ar-H), 7.18 (1H, t, J = 7.5, Ar-H), 7.13 (1H, d, J = 7.8, Ar-H), 7.09
(1H, d, J =7.9, Ar-H), 7.00 (2H, t, J = 7.5,2 x Ar-H), 6.71 (2H, d, J = 7.5,2 X Ar-H),
5.99 (1H, d, J = 7.8, -CONH), 4.84 (1H, dt, J = 6.6, 6.6, -CH), 3.64 (2H, s, -COCHy,), ),
3.64 (3H, s, -CH3), 2.97 (1H, dd, J = 13.9, 5.4, -CH,), 2.91 (1H, dd, J = 13.8, 5.5,
-CHy), 2.29 (3H, s, -CH3). *C NMR (101 MHz, CDCls) & 171.9 (-CONH), 171.1
(-COOR), 135.6 (Ar-C), 135.5 (Ar-C), 133.4 (Ar-C), 129.2 (2 x Ar-CH), 128.5 (2 x
Ar-CH), 128.4 (Ar-C), 127.0 (Ar-CH), 121.9 (Ar-CH), 120.2 (Ar-CH), 118.0 (Ar-CH),
110.5 (Ar-CH), 104.7 (Ar-C), 52.8 (-CH), 52.3 (-OCHs), 37.7 (-CHy), 32.2 (-CH,), 11.6
(-CHs). HRMS (ESI) exact mass calculated for C»;H2,N,0sNa [M+Na]* m/z 373.1523,
found m/z 373.1514. IR (thin film) 2952, 1741, 1651. Melting point 126-130 °C.
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2.11. Prepared according to a modified literature procedure.™™ To a stirred solution of
methyl ester 2.10 (1.06 g, 3.03 mmol, 1 equiv.) in tetrahydrofuran (13 mL, 0.2 m) and
water (8.8 mL) was added a solution of sodium hydroxide (182 mg, 4.55 mmol,
1.5 equiv.) in methanol (4.5 mL, 1 M) and the resulting solution was stirred vigorously
at room temperature for 18 hours. To the reaction mixture was added water (20 mL)
and the crude biphasic mixture was washed with dichloromethane (2 x 10 mL) to
remove organic impurities. The aqueous phase was then acidified with 2 M aqueous
hydrochloric acid (10 mL) forming a thick white precipitate. The aqueous phase was
extracted with dichloromethane (3 x 20 mL) and the combined organic phases were
dried with magnesium sulphate, filtered and concentrated in vacuo yielding the title
compound 2.11 (989 mg, 2.94 mmol, 97%). The compound was used without further

purification.

'H NMR (400 MHz, CDCls)  8.14 (1H, s, Ar-NH), 7.34 (1H, d, J = 7.8, Ar-CH), 7.26
(1H,d,J=7.0, Ar-CH), 7.16 (1H, t, J = 7.1, Ar-CH), 7.09 (1H, t, J = 7.7, Ar-CH), 7.09
(1H, t, J = 7.7, Ar-CH), 6.99 (2H, t, J = 7.6,2 x Ar-CH), 6.74 (2H, d, J = 7.1,2 x
Ar-CH), 6.15 (1H, d, J = 7.9, -CONH), 4.76 (1H, dt, J = 6.7, 6.7, -CH), 3.61 (2H, s,
-CH,), 3.00 (1H, dd, J = 13.9, 5.2, -CHJ), 2.89 (1H, dd, J = 13.9, 6.7, -CH_), 2.13 (3H,
s, -CH3). *C NMR (101 MHz, CDCls) & = 174.0 (-COOH), 172.9 (-CONH), 135.5
(Ar-C), 135.4 (Ar-C), 133.8 (Ar-C), 129.2 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.2
(Ar-C), 127.0 (Ar-CH), 121.8 (Ar-CH), 120.1 (Ar-CH), 117.8 (Ar-CH), 110.7 (Ar-CH),
103.7 (Ar-C), 53.2 (-CH), 37.0 (-CH,), 31.8 (-CH,), 11.4 (-CH3). HRMS (ESI) exact
mass calculated for CyoH,0N,0sNa [M+Na]* m/z 359.1366, found m/z 359.1355. IR
(thin film) 2916, 1724, 1618. Melting point 140-143 °C.
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2.12. Prepared according to a modified literature procedure.™ To a stirred solution of
acid 2.11 (540 mg, 1.62 mmol, 1 equiv.) in N,N-dimethylformamide (1.8 mL, 0.9 m)
was added aniline 2.9 (1.10 g, 2.40 mmol, 1.5 equiv.), HATU (912 mg, 2.40 mmol,
1.5 equiv.) and N,N-diisopropylethylamine (0.58 mL, 3.2 mmol, 2 equiv.) and the
resulting solution was heated to 65 °C and stirred for 48 hours. To the crude mixture
was added dichloromethane (20 mL) and half saturated aqueous sodium hydrogen
carbonate solution (20 mL) and the aqueous phase was extracted with dichloromethane
(3 x 30 mL). The combined organic phases were washed with 5% aqueous lithium
chloride solution (3 x 30 mL), dried over magnesium sulphate, filtered and
concentrated in vacuo affording a crude mass of 2.20 g. Purification by column
chromatography on silica gel using an eluent of 50% to 100% ethyl acetate in
dichloromethane to recover unreacted aniline followed by 4% ethanol in
dichloromethane afforded the title compound 2.12 (704 mg, 0.920 mmol, 57%).

'H NMR (400 MHz, CDCl3)  8.15 (1H, s, Ar-NH), 7.42-7.27 (12H, m, 12 x Ar-CH),
7.18-6.92 (5H, m, 5 x Ar-CH), 6.66 (2H, d, J = 7.3, 2 x Ar-CH), 6.17 (1H, d, J = 8.3,
-CONH), 4.70 (1H, dt, J = 7.2, 7.1, -CH), 4.55 (2H, s, -OCH,), 3.86-3.41 (26H, m,
-COCH,, 11 x -OCH,, -NCH,), 2.74 (1H, dd, J = 13.4, 6.6, -CH,), 2.51 (1H, dd, J =
13.4, 6.9, -CH,), 2.31 (3H, s, -CH3). *C NMR (101 MHz, CDCl3) 5 171.3 (-CONRy),
170.9 (-CONH), 141.2 (Ar-C), 138.2 (Ar-C), 136.0 (Ar-C), 135.5 (Ar-C), 133.5 (Ar-C),
129.7 (Ar-C), 129.6 (2 x Ar-CH), 129.3 (2 x Ar-CH), 128.5 (2 x Ar-CH), 128.3 (2 x
Ar-CH), 128.3 (Ar-CH), 128.2 (2 x Ar-CH), 127.7 (2 x Ar-CH), 127.6 (Ar-CH), 126.6
(Ar-CH), 121.2 (Ar-CH), 119.5 (Ar-CH), 117.6 (Ar-CH), 110.6 (Ar-CH), 104.0 (Ar-C),
73.2 (-OCHy), 70.6 (2 x -OCH,), 70.5 (5 x -OCH,), 70.4 (-OCH,), 70.0 (-OCH,), 69.4
(-OCHy), 67.6 (-OCH,), 51.3 (-CH), 49.1 (-NCH,), 38.5 (-CHy), 32.1 (-COCH,), 11.4
(-CHs). HRMS (ESI) exact mass calculated for C4sHssNsOgNa [M+Na]* m/z 788.3881,
found m/z 788.3850. IR (thin film) 2866, 1643, 1593.
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2.13. Prepared according to a modified literature procedure.l*! To a stirred suspension
of 10% palladium on carbon (42 mg, 0.039 mmol, 5.0 mol%) in methanol (39 mL,
0.02 M) under argon atmosphere was added benzyl ether 2.12 (600 mg, 0.780 mmol,
1equiv.) at room temperature. The flask was then evacuated and the suspension
sparged with hydrogen gas for 5 minutes and then stirred at room temperature under a
hydrogen atmosphere for 18 hours. The hydrogen was then removed under reduced
pressure and the suspension sparged with argon three times. The suspension was then
filtered through a suspension of celite (200 g) in dichloromethane (200 mL) and the
celite washed with dichloromethane (400 mL). The organic phase was then
concentrated in vacuo generating the title compound 2.13 (530 mg, 0.780 mmol,

quantitative).

'H NMR (400 MHz, CDCls) § 8.14 (1H, s, Ar-NH), 7.46-7.26 (6H, m, 6 x Ar-CH),
7.20-6.95 (6H, m, 6 x Ar-CH), 6.66 (2H, d, J = 7.4, 2 x Ar-CH), 6.17 (1H, d, J = 8.3,
-CONH), 4.70 (1H, dt, J = 7.1, 7.1, -CH), 3.85-3.42 (26H, m, -COCH,, 11 x -OCHj,
-NCH,), 2.74 (1H, dd, J = 13.4, 6.6, -CH,), 2.56 (1H, br s, -OH), 2.51 (1H, dd, J =
13.4, 7.0, -CH,), 2.32 (3H, s, -CH3). *C NMR (101 MHz, CDCls) & 171.1 (-CONRy),
171.0 (-CONH), 140.9 (Ar-C), 135.8 (Ar-C), 135.3 (Ar-C), 133.5 (Ar-C), 129.4 (2 x
Ar-CH), 129.0 (2 x Ar-CH), 128.2 (2 x Ar-CH), 128.1 (Ar-CH), 128.0 (2 x Ar-CH),
127.9 (Ar-C), 126.4 (Ar-CH), 120.7 (Ar-CH), 119.0 (Ar-CH), 117.3 (Ar-CH), 110.5
(Ar-CH), 103.4 (Ar-C), 72.3 (-OCHy), 70.2 (5 x -OCHy), 70.1 (-OCH,), 69.9 (-OCHy),
69.8 (-OCHy), 67.3 (-OCHy), 61.2 (-OCHy,), 51.2 (-CH), 48.9 (-NCHy), 38.2 (-CH,),
31.8 (-COCHj,), 11.1 (-CHj3). HRMS (ESI) exact mass calculated for CsgHsgN3OgNa
[M+Na]* m/z 698.3412, found m/z 698.3404. IR (thin film) 2868, 1639, 1593.
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21 R=H R'=CH,COOBu
2.14 R=CH,COOBu R'=H
2.15 R=CH,COOBu R'=CH,COOBu

2.1. Prepared according to a modified literature procedure.”* To oven dried glassware
cooled under vacuum and flushed with argon was added sodium tert-butoxide (53 mg,
0.47 mmol, 1.1 equiv.), tert-butanol (1.5 mL, 0.3 M) and alcohol 2.13 (300 mg,
0.450 mmol, 1 equiv.) and the mixture was stirred at room temperature for 20 minutes.
To this solution was slowly added tert-butyl bromoacetate (0.066 mL, 0.45 mmol,
1 equiv.) and the resulting solution was stirred at room temperature for 18 hours. To the
reaction mixture was added water (10 mL) and dichloromethane (20 mL) and the
aqueous phase was extracted with dichloromethane (3 x 20 mL). The combined organic
phases were washed with brine (20 mL), dried with magnesium sulphate, filtered and
concentrated in vacuo generating a crude mass of 246 mg. Purification by column
chromatography on silica gel using an eluent of 4% to 20% ethanol in dichloromethane
yielded the title compound 2.1 (41 mg, 0.052 mmol, 12%), the N-alkylated product
2.14 (8 mg, 0.01 mmol, 2%) and the dialkylated material 2.15. (71 mg, 0.079 mmol,
18%).

2.1. Rs = 0.42 (5% methanol in dichloromethane). *H NMR (400 MHz, CDCl3) 5 8.15
(1H, s, Ar-NH), 7.41-7.29 (5H, m, 5 x Ar-CH), 7.19-6.94 (7H, m, 7 x Ar-CH), 6.66
(2H, d, J =7.3, 2 x Ar-CH), 6.16 (1H, d, J = 8.2, -CONH), 4.70 (1H, dt, J =7.1, 7.1
-CH), 4.01 (2H, s, -COCH,), 3.85-3.41 (26H, m, -COCHj,, 11 x -OCH,, -NCH,), 2.74
(1H, dd, J = 13.4, 6.6, -CH), 2.51 (1H, dd, J = 13.4, 6.9, -CH,), 2.33 (3H, s, -CH3),
1.47 (9H, s, -C(CHs)s). *C NMR (101 MHz, CDCl;) & 171.3 (-CONR,), 170.8
(-CONH), 169.8 (-COOR), 141.3 (Ar-C), 136.2 (Ar-C), 135.5 (Ar-C), 133.5 (Ar-C),
129.7 (2 x Ar-CH), 129.4 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.5 (Ar-CH), 128.4 (2 x
Ar-CH), 128.3 (Ar-CH), 126.7 (Ar-CH), 1215 (Ar-CH), 119.7 (Ar-CH), 117.9
(Ar-CH), 110.6 (Ar-CH), 104.5 (Ar-C), 81.7 (-OCRg3), 70.8 (-OCH,), 70.7 (3 x -OCHy),
70.6 (5 x -OCH,), 70.1 (-OCH,), 69.1 (-COCH,), 67.7 (-OCHy), 51.4 (-CH), 49.1
(-NCHy), 38.5 (-CHy), 32.2 (-COCH,), 28.2 (3C, -C(CHg)3), 11.7 (-CH3). HRMS (ESI)
exact mass calculated for C44Hs9N3O1oNa [M+Na]™ m/z 812.4093, found m/z 812.4069.
IR (thin film) 2872, 1745, 1645, 1593.

2.14. Ry = 0.36 (5% methanol in dichloromethane).*H NMR (400 MHz, CDCls) § 7.42—
7.29 (5H, m, 5 x Ar-CH), 7.26-6.89 (7H, m, 7 x Ar-CH), 6.60 (2H, d, J = 7.3, 2 x
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Ar-CH), 6.15 (1H, d, J = 8.1, -CONH), 4.70 (2H, s, -COCHy), 4.65 (1H, dt, J = 7.3,
7.3, -CH), 3.88-3.44 (26H, m, -COCH,, -NCH,, -CH,0H, 10 x -OCHy), 2.73 (1H, dd,
J=13.4, 6.1, -CH,), 2.48 (1H, dd, J = 13.5, 7.6, -CHy), 2.26 (3H, s, -CHs), 1.44 (9H, s,
-C(CHs)3). *C NMR (101 MHz, CDCl3) 6 171.3 (-CONR,), 170.7 (-CONH), 167.7
(-COOR), 141.4 (Ar-C), 136.7 (Ar-C), 136.2 (Ar-C), 134.8 (Ar-C), 129.6 (2 x Ar-CH),
129.2 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.2 (3 x Ar-CH), 127.8 (Ar-C), 126.5
(Ar-CH), 121.6 (Ar-CH), 120.0 (Ar-CH), 118.1 (Ar-CH), 108.4 (Ar-CH), 105.0 (Ar-C),
82.6 (-OCR3), 72.6 (-OCH,), 70.6 (3 x -OCH,), 70.5 (3 x -OCHy), 70.3 (-OCH,), 70.2
(-OCH,), 67.8 (-OCH,), 61.8 (-CH,OH), 51.4 (-CH), 49.2 (-NCH,), 45.8 (-COCH,),
38.3 (-CHy), 32.4 (-COCHy), 28.0 (3C, -C(CHa)3), 10.1 (-CH3). HRMS (ESI) exact
mass calculated for Cs4HsoN3O30Na [M+Na]™ m/z 812.4093, found m/z 812.4075. IR
(thin film) 2870, 1744, 1647, 1595.

2.15. Rs = 0.45 (5% methanol in dichloromethane).'H NMR (400 MHz, CDCl3) § 7.42—
7.29 (5H, m, 5 x Ar-CH), 7.23-6.96 (7H, m, 7 x Ar-CH), 6.60 (2H, dd, J=7.1, 1.1, 2 X
Ar-CH), 6.11 (1H, d, J = 8.1, -CONH), 4.70 (2H, s, -COCH,), 4.65 (1H, td, J = 7.7,
6.3, -CH), 4.01 (2H, s, -COCHy), 3.84 (1H, dt, J = 13.6, 5.9, -NCH,), 3.79-3.45 (25H,
m, -NCH,, -COCHj,, 11 x -OCH,), 2.73 (1H, dd, J = 13.5, 6.2, -CH,), 2.47 (1H, dd, J =
13.5, 7.6, -CHy), 2.26 (3H, s, -CH3), 1.47 (9H, s, -C(CHa)3), 1.44 (9H, s, -C(CHz)3).
3C NMR (101 MHz, CDCl3) & 171.3 (-CONR;), 170.7 (-CONH), 169.7 (-COOR),
167.8 (-COOR), 141.5 (Ar-C), 136.8 (Ar-C), 136.2 (Ar-C), 134.9 (Ar-C), 129.7 (2 x
Ar-CH), 129.3 (2 x Ar-CH), 128.7 (2 x Ar-CH), 128.3 (Ar-CH), 128.2 (2 x Ar-CH),
127.9 (Ar-CH), 126.6 (Ar-CH), 121.7 (Ar-CH), 120.1 (Ar-CH), 118.2 (Ar-CH), 108.5
(Ar-CH), 105.1 (Ar-C), 82.6 (-OCR3), 81.6 (-OCR3), 70.8 (-OCH,), 70.7 (4 x -OCH,),
70.6 (4 x -OCH_), 70.2 (-OCHy), 69.1 (-COCH,), 67.9 (-OCHy), 51.5 (-CH), 49.2
(-NCHy), 45.8 (-COCH,), 38.3(-CHy), 32.5 (-COCHy), 28.2 (3C, -C(CHj3)3), 28.1 (3C,
-C(CHj3)3), 10.2 (-CH3). HRMS (ESI) exact mass calculated for CsoHggN3O12Na
[M+Na]* m/z 926.4773, found m/z 926.4894. IR (thin film) 2870, 1744, 1651, 1597.
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2.16. Prepared according to a modified literature procedure.”" To a stirred solution of
ester 2.1 (16 mg, 0.020 mmol, 1 equiv.) in dichloromethane (0.34 mL, 0.1 M) was
added trifluoroacetic acid (0.34 mL) and the resulting solution was stirred at room
temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane (2 mL)
was added, followed by in vacuo concentration (three times) generating the title
compound 2.16 (22 mg). The crude material was used without further purification.

HRMS (ESI) exact mass calculated for C4Hs1N3010Na [M+Na]* m/z 756.3467, found
m/z 756.3442.
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2.17. Prepared according to a modified literature procedure.”” To a stirred solution of
ester 2.14 (34 mg, 0.043 mmol, 1 equiv.) in dichloromethane (0.5 mL, 0.1 M) was
added trifluoroacetic acid (0.5 mL) and the resulting solution was stirred at room
temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane (2 mL)
was added, followed by in vacuo concentration (three times) generating the title

compound 2.17 (45 mg). The crude material was used without further purification.

HRMS (ESI) exact mass calculated for C4Hs1N30:0Na [M+Na]* m/z 756.3467, found
m/z 756.3452.
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2.19

2.19. Prepared according to a modified literature procedure.™®! To a stirred solution of
diamine 2.18 (10.0 mL, 44.0 mmol, 2 equiv.) in dichloromethane (440 mL, 0.1 M) was
added di-tert-butyl dicarbonate (5.30 g, 24.0 mmol, 1 equiv.) and the resulting solution
was stirred at room temperature for 18 hours. To the reaction mixture was added
dichloromethane (200 mL) and 1 m aqueous sodium carbonate (200 mL) and the phases
were separated. The aqueous phase was extracted with dichloromethane (3 x 200 mL)
and the combined organic phases were washed with 1 M aqueous sodium carbonate (3 x
200 mL), dried over magnesium sulphate, filtered and concentrated in vacuo yielding a
crude mass of 7.00 g. Purification by chromatography on silica gel using an eluent of
8% methanol and 1% saturated aqueous ammonium hydroxide in dichloromethane
afforded the title compound 2.19 (6.02 g, 18.8 mmol, 78%). Analytical data observed

were in accordance with literature values.[®!

'H NMR (400 MHz, CDCls) & 5.08 (1H, s, -OCONH), 3.67-3.50 (12H, m, 6 x -OCHy),
3.22 (2H, dt, J = 6.3, 6.3, -NHCH,), 2.81 (2H, t, J = 6.6, -CH,NH,), 1.82-1.66 (4H, m,
2 X -CHy), 1.43 (9H, s, -C(CHa)3), 1.24 (2H, t, J = 7.0, -NH,). *C NMR (101 MHz,
CDCl3) & 156.1 (-NCOOR), 78.8 (-OCR3), 70.6 (2 x -OCH,), 70.2 (-OCH,), 70.1
(-OCHy), 69.5 (-OCHy), 53.5 (-OCH,), 39.6 (-CH3NH,), 38.5 (-NHCH,), 32.9 (-CH,),
29.7 (-CH,), 28.4 (3C, -C(CHgs)3). HRMS (ESI) exact mass calculated for C15H33N205
[M+H]* m/z 321.2384, found m/z 321.2369. IR (thin film) 2865, 1705, 1698, 1518.
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2.21. Prepared according to a modified literature procedure.”®! To a stirred solution of
tert-butyl carbamate 2.2 (28 mg, 0.049 mmol, 1 equiv.) in dichloromethane (0.80 mL,
0.1 M) was added trifluoroacetic acid (0.80 mL) and the resulting solution was stirred at
room temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane
(5 mL) was added, followed by in vacuo concentration (three times) generating the title

compound 2.21 (41 mg). The crude material was used without further purification.
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CRBN-N33

CRBN-N33. Prepared according to a modified literature procedure.™®™ To a stirred
solution of acid 2.16 (21 mg, 0.029 mmol, 1 equiv.) in N,N-dimethylformamide
(0.29 mL, 0.1 m) was added amine TFA salt 2.21 (17 mg, 0.029 mmol, 1 equiv.),
HATU (11 mg, 0.029 mmol, 1 equiv.) and N,N-diisopropylethylamine (25 pL,
0.15 mmol, 5 equiv.) and the resulting solution was stirred at room temperature for
48 hours. To the reaction mixture was added dichloromethane (3 mL) and half
saturated aqueous sodium hydrogen carbonate solution (3 mL) and the resultant phases
were separated. The aqueous phase was extracted with dichloromethane (3 x 5 mL) and
the combined organic phases washed with 5% aqueous lithium chloride solution (3 x
5 mL). The combined organic phases were dried with magnesium sulphate, filtered and
concentrated in vacuo affording a crude mass of 33 mg. Purification by column
chromatography on silica gel using an eluent of 3% to 20% ethanol in dichloromethane
afforded the title compound CRBN-N33 (12mg, 0.010 mmol, 35%). Further
purification by reverse phase preparative HPLC using a gradient of 5% to 95%
acetonitrile in water over 50 minutes eluted the title compound with a retention time of
35 minutes. The product fraction was lyophilised generating the title compound
CRBN-N33 as a yellow powder (3 mg, 0.003 mmol, 7%).

'H NMR (400 MHz, CDCls) & 8.58 (0.5H, s, -CONHCO), 8.51 (0.5H, s, -CONHCO),
8.33 (1H, s, Ar-NH), 7.49 (0.5H, dd, J = 8.6, 7.0, Ar-CH), 7.48 (0.5H, dd, J = 8.6, 7.1,
Ar-CH), 7.43-7.24 (6H, m, 6 x Ar-CH), 7.19-6.97 (7H, m, 7 x Ar-CH), 6.92 (1H, d, J
=8.7, Ar-CH), 6.65 (1H, d, J = 6.8, 2 x Ar-CH), 6.65 (1H, s, -CONH), 6.64 (1H, d, J =
7.0, 2 X Ar-CH), 6.42 (0.5H, d, J = 8.2, -CONH), 6.37 (0.5H, d, J = 8.1, -CONH), 4.90
(0.5H, dd, J = 5.2, 3.6, -CH), 4.87 (0.5H, dd, J = 5.3, 3.5, -CH), 4.67 (1H, ddd, J = 7.3,
7.3, 7.3, -CH), 4.00 (2H, s, -COCH,), 3.90-3.78 (1H, m, -NCHy), 3.73 (1H, ddd, J =
12.6, 6.0, 5.9, -OCHy), 3.70-3.44 (36H, m, -NCH,, -OCH,, -COCH,, 16 x -OCHy),
3.44-3.32 (4H, m, 2 x -NCH,), 2.89-2.65 (5H, m, -NH, -COCHj, -CH,, -CH,, ), 2.52
(0.5H, dd, J = 13.4, 7.4, -CH,), 2.52 (0.5H, dd, J = 13.4, 7.4, -CH,), 2.30 (1.5H, s,
-CHj3), 2.28 (1.5H, s, -CH3), 2.15-2.05 (1H, m, -CH,), 1.91 (2H, tt, J = 6.1, 6.0, -CH>),
1.78 (2H, tt, J = 6.5, 6.4, -CH,). *C NMR (101 MHz, CDCl3) 5 171.5 (2 x -CONRy),
171.3 (2 x -CONH), 170.9 (2 x -CONH), 170.1 (-CONH), 169.5 (2 x -CONH), 168.6

(-CONR;), 167.9 (-CONRy), 167.8 (-CONR;), 147.1 (Ar-C), 141.4 (Ar-C), 136.3 (2 x
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Ar-C), 136.2 (Ar-CH), 135.5 (2 x Ar-C), 133.5 (Ar-C), 133.4 (Ar-C), 132.7 (Ar-C),
129.7 (2 x Ar-CH), 129.4 (2 x Ar-CH), 128.7 (Ar-CH), 128.5 (2 x Ar-C), 128.4 (2 x
Ar-CH), 128.3 (4 x Ar-CH), 126.7 (2 x Ar-CH), 121.5 (Ar-CH), 119.8 (Ar-CH), 118.0
(Ar-CH), 116.8 (Ar-CH), 111.5 (Ar-CH), 110.6 (Ar-CH), 110.0 (Ar-C), 104.7 (Ar-C),
71.1 (-OCHy), 70.7 (8 x -OCHy), 70.6 (-COCHjy, 2 x -OCHy>), 70.4 (2 x -OCH,), 70.2
(-OCHy), 69.4 (-OCHy,), 69.1 (-OCH,), 67.8 (-OCHy), 51.4 (-CH), 49.2 (-NCH,), 49.0
(-CH), 40.4 (-NCH,), 38.5 (2 x -CHy), 36.7 (-NCHy), 32.2 (-COCHy,), 31.6 (-COCHy,),
29.7 (-CHy), 29.4 (-CHy), 22.9 (-CHy), 11.8 (-CH3). HRMS (ESI) exact mass calculated
for CesHgiN;O16Na [M+Na]™ m/z 1214.5632, found m/z 1214.5615.
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2.22. Prepared according to a modified literature procedure.!* To a stirred solution
amine 2.19 (100 mg, 0.313 mmol, 1 equiv.) in dichloromethane (1 mL, 0.3 M) was
added succinic anhydride (313 mg, 0.313 mmol, 1 equiv.) and
4-dimethylaminopyridine (4 mg, 0.03 mmol, 0.1 equiv.) and the resulting solution was
stirred at room temperature for 18 hours. To this solution was added dichloromethane
(5 mL) and 1 ™M aqueous hydrochloric acid. The organic phase was then washed with
1 M aqueous hydrochloric acid (3 x 5 mL), dried over magnesium sulphate, filtered and
concentrated in vacuo yielding the title compound 2.22 (126 mg, 0.300 mmol, 96%).
No further purification was required. Analytical data observed were in accordance with
literature data.l***!

'H NMR (400 MHz, CDCls) 8 6.95 (1H, dt, J = 17.7, 5.6, -CONH), 5.18-4.99 (1H, m,
-OCONH), 3.74-3.42 (12H, m, 6 x -OCH,), 3.30 (2H, dt, J = 5.8, 5.8, -NHCH,), 3.14
(2H, dt, J =5.8, 5.8, -NHCH),), 2.61 (2H, t, J = 6.7, -CH,COOH), 2.45 (2H, t, J = 6.8,
-COCH,), 1.83-1.61 (4H, m, 2 x -CH,), 1.38 (9H, s, -C(CH3)3). *C NMR (101 MHz,
CDCl3) 6 175.1 (-COOH), 172.5 (-CONH), 156.2 (-NCOOR), 79.1 (-OCR3), 70.5
(-OCHy), 70.4 (-OCHy), 70.1 (2 x -OCH,), 69.9 (-OCHy), 69.4 (-OCHy), 38.4 (-NCHy),
38.0 (-NCH,), 30.9 (-COCH,), 30.0 (-COCHy), 29.7 (-CH,), 28.7 (-CH), 28.5 (3C,
-C(CHs)3). HRMS (ESI) exact mass calculated for CigHssN,OgNa [M+Na]® m/z
443.2364, found m/z 443.2347. IR (thin film) 2865, 1707, 1693, 1518.
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2.3. Prepared according to a modified literature procedure.™® To a stirred solution of
acid 2.22 (126 mg, 0.300 mmol, 1 equiv.) in N,N-dimethylformamide (1.0 mL, 0.3 m)
was added amine VHL-1 (129 mg, 0.300 mmol, 1 equiv.), HATU (114 mg,
0.300 mmol, 1 equiv.) and N,N-diisopropylethylamine (0.16 mL, 0.90 mmol, 3 equiv.)
and the resulting solution was stirred at room temperature for 48 hours. To the crude
mixture was added ethyl acetate (10 mL) and half saturated agueous sodium hydrogen
carbonate solution (10 mL) and the aqueous phase was extracted with ethyl acetate (3 x
10 mL). The combined organic phases were washed with 5% aqueous lithium chloride
solution (3 x 10 mL), dried over magnesium sulphate, filtered and concentrated in
vacuo affording a crude mass of 139 mg. Purification by column chromatography on
silica gel using an eluent of 10% to 30% ethanol in dichloromethane afforded the title
compound 2.3 (125 mg, 0.150 mmol, 50%).

'H NMR (400 MHz, CDCls) & 8.65 (1H, s, -SCHN), 7.77 (1H, s, -CONH), 7.47-7.27
(4H, m, 4 x Ar-CH), 6.80 (1H, s, -CONH), 5.10 (1H, s, -OCONH), 4.68 (1H, t, J = 8.1,
-CH), 4.57-4.39 (3H, m, -CH, -CHOH, -NCH,), 4.30 (1H, dd, J = 15.1, 5.5, -NCH,),
3.90 (1H, d, J = 11.2, -CH,), 3.67-3.39 (13H, m, -CH,, 6 x -OCH), 3.23 (2H, q, J =
6.6, -NCH), 3.20-3.03 (2H, m, -NCHy), 2.64-2.36 (6H, m, -CH3, -COCH,, -COCH,),
2.37-2.36 (2H, m, -COCH,, -CH,), 2.12 (1H, dd, J = 13.4, 8.0, -CH,), 1.76-1.62 (4H,
m, 2 X -CHy), 1.38 (9H, s, -C(CHs)3), 0.92 (9H, s, -C(CHa)s). *C NMR (101 MHz,
CDCl3) & 172.6 (-CONH), 172.3 (-CONH), 171.5 (2 x -CONH), 156.1 (-NCOOR),
150.3 (-SCHN), 148.4 (Ar-C), 138.5 (Ar-C), 131.8 (Ar-C), 130.7 (Ar-C), 129.4 (2 x
Ar-CH), 128.0 (2 x Ar-CH), 79.0 (-OCHy,), 70.5 (3 x -OCH,), 70.2 (-CHOH), 70.0
(-OCH,), 69.8 (-OCHy), 69.5 (-OCH,), 58.7 (-CH), 57.7 (-CH), 56.9 (-CH,), 43.1
(-NCHy), 38.4 (-NCHy), 37.9 (-NCHy), 36.8 (-CHy), 35.5 (-CR3), 31.4 (-COCHy,), 31.3
(-COCHy), 29.7 (-CHy), 28.8 (-CHy,), 28.5 (3C, -C(CHg3)3), 26.5 (3C, -C(CHs)3), 16.1
(-CH3). HRMS (ESI) exact mass calculated for CiHssNsO10SNa [M+Na]® m/z
855.4297, found m/z 855.4271. IR (thin film) 2870, 1684, 1525.
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2.23. Prepared according to a modified literature procedure.’®! To a stirred solution of
tert-butyl carbamate 2.3 (43 mg, 0.052 mmol, 1 equiv.) in dichloromethane (0.85 mL,
0.1 M) was added trifluoroacetic acid (0.85 mL) and the resulting solution was stirred at
room temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane
(5 mL) was added, followed by in vacuo concentration (three times) generating the title

compound 2.23 (53 mg). The crude material was used without further purification.
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2.28. Prepared according to a modified literature procedure.™® To a stirred solution of
copper (1) chloride (360 mg, 3.60 mmol, 10 mol%) and potassium hydroxide (4.0 g,
72 mmol, 2 equiv.) in 2-aminoethanol (6.5 mL, 110 mmol, 3 equiv.) at 0 °C was added
iodobenzene (7.3 g, 36 mmol, 1 equiv.) and the resulting solution was stirred at 0 °C to
room temperature for 18 hours. Water (100 mL) was added and the aqueous phase was
extracted with ethyl acetate (3 x 100 mL). The combined organic phases were dried
with magnesium sulphate, filtered and concentrated in vacuo yielding a crude mass of
5.20 g. Purification by column chromatography on silica gel using an eluent of 33%
ethyl acetate in petroleum ether yielded the title compound 2.28 (4.90 g, 36.0 mmol,
quantitative). Analytical data observed were in accordance with literature values.™®

'H NMR (400 MHz, CDCls5) & 7.22 (2H, ddd, J = 8.4, 7.4, 1.0, 2 x Ar-CH), 6.78 (1H,
dddd, J=7.3,7.3,1.2, 1.2, Ar-CH), 6.70-6.62 (2H, m, 2 x Ar-CH), 3.78 (2H, t, J = 5.1,
-CH,0H), 3.26 (2H, t, J = 5.2 -NCH,)."*C NMR (101 MHz, CDCls) § 148.1 (Ar-C),
129.3 (2 x Ar-CH), 117.9 (Ar-CH), 113.3 (2 x Ar-CH), 61.1 (-CH;0H), 46.1 (-NCHy).
HRMS (ESI) exact mass calculated for CgH;,NO [M+H]" m/z 138.0913, found m/z
138.0915. IR (thin film) 2850, 1601.
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2.31 R=Bn R'=Bn

2.29, 2.30 and 2.31. Prepared according to a modified literature procedure.”” To oven
dried glassware cooled under vacuum and flushed with argon was added sodium
hydride (60% suspension in mineral oil) (878 mg, 22.1 mmol, 1.2 equiv.) and
tetrahydrofuran (120 mL, 0.15 m).and the resulting suspension was cooled to 0 °C. To
the suspension was added alcohol 2.28 (2.50 g, 18.4 mmol, 1 equiv.) and the mixture
was stirred at 0 °C for 20 minutes. To this was slowly added benzyl bromide (1.75 mL,
14.7 mmol, 0.8 equiv.) and the resulting stirred suspension was allowed to warm to
room temperature for 18 hours. To the reaction mixture was added water (70 mL) and
the aqueous phase was extracted with dichloromethane (3 x 90 mL). The combined
organic phases were washed with brine (70 mL), dried with magnesium sulphate,
filtered and concentrated in vacuo generating a crude mass of 4.30 g. Purification by
column chromatography on silica gel using an eluent of 5% ethyl acetate in petroleum
ether yielded the title compound 2.29 (2.03 g, 8.94 mmol, 61%), the N alkylated 2.30
(82 mg, 0.368 mmol, 2%) and the dialkylated 2.31 (720 mg, 2.27 mmol, 15%).

Analytical data observed were in accordance with literature values.™*!

2.29. R¢ 0.75 in 33% ethyl acetate in petroleum ether. 'H NMR (400 MHz, CDCls)
8 7.41-7.28 (5H, m, 5 x Ar-CH), 7.19 (2H, ddd, J = 8.2, 7.6, 1.0, 2 x Ar-CH), 6.73 (1H,
ddd,J=7.4,7.4,1.1, Ar-CH), 6.65 (2H, brd, J=8.4, 2 x Ar-CH), 4.57 (2H, s, -OCH,),
4.06 (1H, s, -NH), 3.72 (2H, t, J = 5.3, -OCH,), 3.34 (2H, t, J = 5.3, -NCH,). *C NMR
(101 MHz, CDCl3) 6 148.2 (Ar-C), 138.2 (Ar-C), 129.4 (2 x Ar-CH), 128.6 (2 x
Ar-CH), 127.9 (3 x Ar-CH), 117.9 (Ar-CH), 113.4 (2 x Ar-CH), 73.3 (-OCH,), 68.8
(-OCHy,), 43.9 (-NCH,). HRMS (ESI) exact mass calculated for C15sH17NONa [M+Na]”
m/z 250.1202, found m/z 250.1196. IR (thin film) 2855, 1601, 1504.

2.30. R; 0.47 in 33% ethyl acetate in petroleum ether. *H NMR (400 MHz, CDCls)
8 7.34-7.29 (2H, m, 2 x Ar-CH), 7.25-7.17 (5H, m, 5 x Ar-CH), 6.82-6.77 (2H, m, 2 x
Ar-CH), 6.73 (1H, tt, J = 7.3, 0.9, Ar-CH), 4.63 (2H, s, -NCH), 3.84 (2H, t, J = 5.8,
-CH,0H), 3.62 (2H, t, J = 5.8, -NCH,), 1.66 (1H, brs, -OH). *C NMR (101 MHz,
CDCl3) 6 149.0 (Ar-C), 138.8 (Ar-C), 129.4 (2 x Ar-CH), 128.8 (2 x Ar-CH), 127.1
(Ar-CH), 126.8 (2 x Ar-CH), 117.3 (Ar-CH), 113.1 (2 x Ar-CH), 60.5 (-CH,0OH), 55.3
(-NCHy,), 53.5 (-NCH,). HRMS (ESI) exact mass calculated for C;5sH;7NONa [M+Na]”
m/z 250.1202, found m/z 250.1198.
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2.31. R 0.86 in 33% ethyl acetate in petroleum ether. 'H NMR (400 MHz, CDCls)
§ 7.40-7.15 (7H, m, 7 x Ar-CH), 7.26-7.16 (5H, m, 5 x Ar-CH), 6.80-6.65 (3H, m, 3 x
Ar-CH), 4.65 (2H, s, -NCH,), 4.54 (2H, s, -OCH,), 3.73 (2H, d, J = 4.5, -OCHy), 3.71
(2H, d, J = 4.5, -NCHj). **C NMR (101 MHz, CDCls) & 148.6 (Ar-C), 139.1 (Ar-C),
138.4 (Ar-C), 129.3 (2 x Ar-CH), 128.7 (2 x Ar-CH), 128.5 (2 x Ar-CH), 127.7 (4 x
Ar-CH), 126.9 (Ar-CH), 126.7 (Ar-CH), 116.5 (Ar-CH), 112.4 (2 x Ar-CH), 73.5
(-OCHy), 68.1 (-OCHy), 55.1 (-NCH), 51.0 (-OCH;). HRMS (ESI) exact mass
calculated for Co,H23sNONa [M+Na]" m/z 340.1671, found m/z 340.1658. IR (thin film)
2853, 1597, 1504.
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2.34. Prepared according to a modified literature procedure.™ To a stirred solution of
Boc-L-phenylalanine (3.91 g, 14.7 mmol, 1.0 equiv.) in N,N-dimethylformamide
(25 mL, 0.9 m) was added aniline 2.29 (5.02 g, 22.1 mmol, 1.5 equiv.), HATU (8.40 g,
22.1 mmol, 1.5 equiv.) and N,N-diisopropylethylamine (5.15 mL, 29.5 mmol, 2 equiv.)
and the resulting solution was stirred at 60 °C for 48 hours. To the crude mixture was
added ethyl acetate (40 mL) and half saturated aqueous sodium hydrogen carbonate
solution (40 mL) and the resultant phases were separated. The aqueous phase was
extracted with ethyl acetate (3 x 40 mL) and the combined organic phases washed with
5% aqueous lithium chloride solution (3 x 40 mL). The combined organic phases were
dried with magnesium sulphate, filtered and concentrated in vacuo affording a crude
mass of 11.6 g. Purification by column chromatography on silica gel using an eluent of
20% ethyl acetate in petroleum ether afforded the title compound 2.34 as a viscous oil
(6.59 g, 13.9 mmol, 95%).

'H NMR (400 MHz, CDCls) & 7.37-7.22 (9H, m, 9 x Ar-CH), 7.20-7.15 (3H, m, 3 x
Ar-CH), 6.96-6.85 (3H, m, 3 x Ar-CH), 5.17 (1H, d, J = 9.1, -OCONH), 4.50-4.43
(1H, m, -CH), 4.46 (2H, s, -OCH,), 3.92 (1H, dt, J = 13.8, 6.0, -NCH,), 3.88-3.78 (1H,
m, -NCH,), 3.59 (2H, m, -OCHy,), 2.89 (1H, dd, J = 13.3, 6.9, -CHy), 2.66 (1H, dd, J =
13.7, 6.8, -CH,), 1.37 (9H, s, -C(CH3)3). °C NMR (101 MHz, CDCls) & 171.9
(-CONRy), 154.7 (-OCONH), 141.3 (Ar-C), 138.0 (Ar-C), 136.6 (Ar-C), 129.5 (2 x
Ar-CH), 129.4 (2 x Ar-CH), 128.4 (2 x Ar-CH), 128.3 (2 x Ar-CH), 128.2 (2 x Ar-CH),
128.1 (Ar-CH), 127.6 (3 x Ar-CH), 126.6 (Ar-CH), 79.3 (-OCR3), 72.8 (-OCHy,), 67.0
(-OCHy), 52.5 (-CH), 49.2 (-NCH,), 39.5 (-CH,), 28.3 (3C, -C(CHs)3). HRMS (ESI)
exact mass calculated for CogH3sNoO4Na [M+Na]" m/z 497.2411, found m/z 497.2397.
IR (thin film) 2924, 1710, 1651.
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2.43. Prepared according to a modified literature procedure.”®! To a stirred solution of
tert-butyl carbamate 2.34 (1.40 g, 2.97 mmol, 1 equiv.) in dichloromethane (30 mL,
0.1 m) was added trifluoroacetic acid (30 mL) and the resulting solution was stirred at
room temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane
(30 mL) was added, followed by in vacuo concentration three times generating the title

compound 2.43 (2.26 g). The crude material was used without further purification.

HRMS (ESI) exact mass calculated for Cp4H2sN2O2Na [M+Na]* m/z 397.1886, found
m/z 397.1869. IR (thin film) 2930, 1728, 1639, 1595.
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2.32 Method A. Prepared according to a modified literature procedure.** To a stirred
solution of acid 2.11 (188 mg, 0.560 mmol, 1 equiv.) in N,N-dimethylformamide
(0.62 mL, 0.9 m) was added aniline 2.9 (223 mg, 0.840 mmol, 1.5 equiv.), HATU
(320 mg, 0.840 mmol, 1.5 equiv.) and N,N-diisopropylethylamine (0.20 mL, 1.1 mmol,
2 equiv.) and the resulting solution was stirred at room temperature for 18 hours. To the
crude mixture was added ethyl acetate (10 mL) and half saturated aqueous sodium
hydrogen carbonate solution (5 mL) and the resultant layers were separated. The
aqueous phase was extracted with ethyl acetate (3 x 10 mL) and the combined organic
phases washed with 5% aqueous lithium chloride solution (3 x 10 mL). The combined
organic phases were dried with magnesium sulphate, filtered and concentrated in vacuo
affording a crude mass of 19.1 g. Purification by column chromatography on silica gel
using an eluent of 40% ethyl acetate in petroleum ether afforded the title compound
2.32 as a viscous oil (241 mg, 0.442 mmol, 79%)

2.32 Method B. To a stirred solution of 2-methyl-3-indoleacetic acid (540 mg,
2.70 mmol, 1 equiv.) in N,N-dimethylformamide (6.75 mL, 0.4 M) was added amine
TFA salt 2.43 (1.46 g, 3.00 mmol, 1.1 equiv.), HATU (1.03 g, 2.70 mmol, 1 equiv.) and
N,N-diisopropylethylamine (1.9 mL, 11 mmol, 4 equiv.) and the resulting solution was
stirred at room temperature for 48 hours. To the crude mixture was added ethyl acetate
(20 mL) and half saturated aqueous sodium hydrogen carbonate solution (20 mL) and
the resultant phases were separated. The agueous phase was extracted with ethyl acetate
(3 x 20 mL) and the combined organic phases washed with 5% aqueous lithium
chloride solution (3 x 20 mL). The combined organic phases were dried with
magnesium sulphate, filtered and concentrated in vacuo affording a crude mass of
1.71 g. Purification by column chromatography on silica gel using an eluent of 50% to
60% ethyl acetate in petroleum ether afforded the title compound 2.32 as a viscous oil

(1.48 g, 2.70 mmol, quantitative).

'H NMR (400 MHz, CDCl3) & 7.91 (1H, s, Ar-NH), 7.42-7.21 (11H, m, 11 x Ar-CH),
7.17-7.12 (1H, m, Ar-CH), 7.12-7.05 (2H, m, 2 x Ar-CH), 7.02 (3H, t, J = 7.5, 3 X
Ar-CH), 6.64 (2H, d, J = 7.1, 2 x Ar-CH), 6.15 (1H, d, J = 8.3, -CONH), 4.71 (1H, dt, J
=72, 7.2, -CH), 4.43 (2H, s, -OCH5), 3.89-3.74 (2H, m, -NCH5), 3.64-3.45 (4H, m,
-COCH,, -OCH;), 2.73 (1H, dd, J = 13.4, 6.6, -CH,), 2.49 (1H, dd, J = 13.4, 7.0,
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-CH,), 2.29 (3H, s, -CH3). *C NMR (101 MHz, CDCls) & 171.5 (-CONR,), 171.0
(-CONH), 141.2 (Ar-C), 138.1 (Ar-C), 136.1 (Ar-C), 135.5 (Ar-CH), 133.6 (Ar-C),
129.7 (Ar-CH), 129.3 (2 x Ar-CH), 128.6 (Ar-CH), 128.4 (4 x Ar-CH, Ar-C), 128.3 (2
X Ar-CH), 127.7 (4 x Ar-CH), 126.8 (Ar-CH), 121.4 (Ar-CH), 119.7 (Ar-CH), 117.8
(Ar-C), 110.6 (Ar-CH), 104.3 (Ar-C), 72.9 (-OCH,), 67.0 (-OCH,), 51.4 (-CH), 49.4
(-NCHy), 38.6 (-CHy), 32.2 (-CH>), 11.5 (-CH3). HRMS (ESI) exact mass calculated for
C3sH3sN303Na [M+Na]* m/z 568.2571, found m/z 568.2546. IR (thin film) 2855, 1715,
1640, 1594.
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2.27. Prepared according to a modified literature procedure.”” To a stirred suspension
of 10% palladium on carbon (24 mg, 0.024 mmol, 5.0 mol%) in methanol (22 mL,
0.02 M) under argon atmosphere was added benzyl ether 2.32 (241 mg, 0.440 mmol,
1equiv.) at room temperature. The flask was then evacuated and the suspension
sparged with hydrogen gas for 5 minutes and then stirred at room temperature under a
hydrogen atmosphere for 5 hours. The hydrogen was then removed under reduced
pressure and the suspension sparged with argon three times. The suspension was then
filtered through a pad of celite (200 g) in dichloromethane (200 mL) and the celite
washed with dichloromethane (400 mL). The organic phase was then concentrated in

vacuo generating the title compound 2.27 (200 mg, 0.440 mmol, quantitative).

'H NMR (400 MHz, CDCls) & 8.26 (1H, s, Ar-NH), 7.39-7.32 (4H, m, 4 x Ar-CH),
7.27 (1H, d, J = 8.0, Ar-CH), 7.18-7.12 (2H, m, 2 x Ar-CH), 7.11-7.05 (3H, m, 3 x
Ar-CH), 6.96 (2H, m, 2 x Ar-CH), 6.68 (2H, d, J = 7.3, 2 x Ar-CH), 6.18 (1H, d, J =
7.9, -CONH), 4.67 (1H, dt, J = 7.3, 7.3, -CH), 3.92-3.83 (1H, m, -NCH), 3.72-3.60
(3H, m, -NCH,,-OCH,), 3.59 (1H, s, -COCH,), 3.58 (1H, s, -COCH,), 2.75 (1H, dd,
J=13.3,7.0, -CH,), 2.55 (1H, dd, J = 13.4, 7.1, -CH,), 2.26 (3H, s, -CH3), 1.81 (1H, s,
-OH). °C NMR (101 MHz, CDCl3) § 173.1 (-CONRy), 171.1 (-CONH,), 141.5 (Ar-C),
136.0 (Ar-C), 135.5 (Ar-C), 133.5 (Ar-C), 130.0 (2 x Ar-CH), 129.3 (2 x Ar-CH),
128.6 (Ar-C), 128.5 (2 x Ar-CH), 128.4 (Ar-CH), 128.3 (2 x Ar-CH), 127.0 (Ar-CH),
121.7 (Ar-CH), 119.9 (Ar-CH), 117.9 (Ar-CH), 110.6 (Ar-CH), 104.5 (Ar-C), 60.9
(-CH,OH), 53.4 (-NCH,), 51.7 (-CH), 38.7 (-CH,), 32.2 (-COCH,), 11.7 (-CHs).
HRMS (ESI) exact mass calculated for C,gHN303sNa [M+Na]* m/z 478.2101, found
m/z 478.2092. IR (thin film) 2853, 1639, 1594.
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2.44. Prepared according to a modified literature procedure.’®! To a stirred solution of
indole 2.32 (404 mg, 0.740 mmol, 1 equiv.) in dichloromethane (3.7 mL, 0.20 M) was
added di-tert-butyl dicarbonate (205 puL, 0.890 mmol, 1.2 equiv.)) and
4-dimethylaminopyridine (0.5 mg, 0.07 mmol, 10 mol%) and the resulting solution was
stirred at room temperature for 6 hours. To the crude mixture was added ethyl acetate
(10 mL) and half-saturated aqueous sodium hydrogen carbonate 10 mL) and the phases
were separated. The aqueous phase was extracted with ethyl acetate (3 x 10 mL) and
the combined organic phases were washed with brine (30 mL), dried over magnesium
sulphate, filtered and concentrated in vacuo yielding a crude mass of 423 mg.
Purification by chromatography on silica gel using an eluent of 30% to 70% ethyl
acetate in petroleum ether afforded the title compound 2.44 (397 mg, 0.615 mmol,
83%).

'H NMR (400 MHz, CDCls) & 8.11 (1H, d, J = 8.2, Ar-CH), 7.39-7.25 (10H, m, 10 x
Ar-CH), 7.27-6.97 (6H, m, 6 x Ar-CH), 6.63 (2H, d, J = 7.1, 2 x Ar-CH), 6.06 (1H, d,
J =8.2, -CONH), 4.72 (1H, dt, J = 7.5, 7.4, -CH), 4.44 (2H, s, -OCH,), 3.89 (1H, dt,
J=13.9,5.7, -NCH,), 3.79 (1H, dt, J = 13.8, 5.9, -NCH,), 3.63-3.45 (4H, m, -COCH,,
-OCHy), 2.74 (1H, dd, J = 13.5, 6.4, -CH,), 2.51 (1H, dd, J = 13.5, 7.3, -CH,), 2.46
(3H, s, -CHs), 1.70 (9H, s, -C(CH3)3). *C NMR (101 MHz, CDCl3) 5 171.4 (-CONRy),
169.6 (-CONH), 150.7 (-NCOOR), 141.4 (Ar-C), 138.2 (Ar-C), 136.1 (Ar-C), 135.9
(Ar-C), 135.7 (Ar-C), 129.8 (2 x Ar-CH), 129.4 (Ar-C), 129.3 (2 x Ar-CH), 128.6 (2 x
Ar-CH), 128.5 (2 x Ar-CH), 128.4 (3 x Ar-CH), 127.8 (3 x Ar-CH), 126.8 (Ar-CH),
124.0 (Ar-CH), 123.0 (Ar-CH), 117.9 (Ar-CH), 115.7 (Ar-CH), 111.6 (Ar-C), 84.0
(-OCR3), 73.0 (-OCHy), 67.1 (-OCH,), 51.3 (-CH), 49.4 (-NCH,), 38.6 (-CH,), 32.3
(-COCHYy), 28.5 (3C, -C(CHa3)3), 14.1 (-CH3). HRMS (ESI) exact mass calculated for
CuoH4sN30sNa [M+Na]* m/z 668.3095, found m/z 668.3063. IR (thin film) 2920, 1721,
1642, 1594.
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2.45. Prepared according to a modified literature procedure.”” To a stirred suspension
of 10% palladium on carbon (80 mg, 0.047 mmol, 5.0 mol%) in methanol (63 mL,
0.02 M) under argon atmosphere was added benzyl ether 2.44 (800 mg, 0.930 mmol,
1equiv.) at room temperature. The flask was then evacuated and the suspension
sparged with hydrogen gas for 5 minutes and then stirred at room temperature under a
hydrogen atmosphere for 5 hours. The hydrogen was then removed under reduced
pressure and the suspension sparged with argon three times. The suspension was then
filtered through a pad of celite (300 g) in dichloromethane (200 mL) and the celite
washed with dichloromethane (500 mL). The organic phase was then concentrated in

vacuo generating the title compound 2.45 (777 mg, 0.930 mmol, quantitative).

'H NMR (400 MHz, CDCls) 6 8.13 (1H, dt, J = 8.3, 0.9, Ar-CH), 7.42-7.24 (7TH, m,
7 X Ar-CH), 7.22-7.05 (4H, m, 4 x Ar-CH), 6.66 (2H, d, J = 7.1, 2 x Ar-CH), 6.07 (1H,
d, J = 7.8, -CONH), 4.65 (1H, t, J = 7.3, -CH), 3.93-3.82 (1H, m, -NCH,), 3.76-3.63
(3H, m, -NCH,, -OCH,), 3.58 (1H, d, J = 17.1, -COCH,), 3.51 (1H, d, J = 17.0,
-COCHy,), 2.87 (1H, br s, -OH), 2.77 (1H, dd, J = 13.4, 6.9, -CH,), 2.56 (1H, dd, J =
13.4, 7.4, -CH,), 2.46 (3H, s, -CH3), 1.70 (9H, s, -C(CH3)3). *C NMR (101 MHz,
CDCls) & 173.0 (-CONRy), 169.9 (-CONH), 150.6 (-NCOOR), 141.4 (Ar-C), 135.9
(2 x Ar-C), 135.7 (Ar-C), 130.0 (2 x Ar-CH), 129.3 (Ar-C), 129.2 (2 x Ar-CH), 128.6
(Ar-CH), 128.5 (2 x Ar-CH), 128.2 (2 x Ar-CH), 127.0 (Ar-CH), 124.0 (Ar-CH), 123.0
(Ar-CH), 117.8 (Ar-CH), 115.7 (Ar-CH), 111.4 (Ar-C), 84.0 (-OCR3), 60.9 (-OCH,),
53.4 (-NCH,), 51.6 (-CH), 38.5 (-CH,), 32.1 (-COCH,), 28.4 (3C, -C(CHs)3), 14.1
(-CHs). HRMS (ESI) exact mass calculated for CasHs7N3OsNa [M+Na]* m/z 578.2625,
found m/z 578.2610. IR (thin film) 2920, 1725, 1639, 1594.
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2.46. Prepared according to a modified literature procedure.*”! To oven dried glassware
cooled under vacuum and flushed with argon was added a solution of alcohol 2.45
(300 mg, 0.540 mmol, 1 equiv.) in tetrahydrofuran (1.8 mL, 0.30 M) and the solution
was cooled to —78 °C. To this was added a 2 M solution of sodium
bis(trimethylsilyl)amide in tetrahydrofuran (100 pL, 1.08 mmol, 2 equiv.) and the
resulting mixture was stirred at —78 °C for 15 minutes. To this was added tert-butyl
bromoacetate (80 uL, 0.540 mmol, 1 equiv.) and the resulting reaction mixture was
allowed to warm, to room temperature and stirred for an additional 4 hours. To this was
added water (5 mL) and dichloromethane (10 mL) and the aqueous phase was extracted
with dichloromethane (3 x 10 mL). The combined organic phases were washed with
brine (10 mL), dried with magnesium sulphate, filtered and concentrated in vacuo
generating a crude mass of 458 mg. Purification by column chromatography on silica
gel using an eluent of 10% ethyl acetate in dichloromethane yielded the title compound
2.46 (144 mg, 0.215 mmol, 40%).

'H NMR (400 MHz, CDCls) & 8.12 (1H, ddd, J = 9.0, 8.3, 0.9, Ar-CH), 7.41-7.15 (8H,
m, 8 x Ar-CH), 7.15-7.02 (3H, m, 3 x Ar-CH), 6.65 (2H, d, J = 7.0, 2 x Ar-CH), 6.08
(1H, d, J = 8.1, -CONH), 4.72 (1H, dt, J = 7.4, 7.4, -CH), 3.96-3.83 (1H, m, -NCH,),
3.89 (2H, d, J = 5.1, -COCH,), 3.75 (1H, dt, J = 13.8, 6.0, -NCH,), 3.69-3.60 (2H, m,
-OCHy), 3.57 (1H, d, J = 16.8, -COCH,), 3.50 (1H, d, J = 17.0, -COCH,), 2.77 (1H, dd,
J =135, 6.4, -CHy), 2.53 (1H, dd, J = 13.5, 7.2, -CHy), 2.47 (3H, s, -CHz), 1.70 (9H, s,
-C(CHs)s), 1.45 (9H, s, -C(CH3)3). °C NMR (101 MHz, CDCl3) & 171.4 (-CONRy),
169.6 (-CONH), 169.4 (-COOR), 150.6 (-NCOOR), 141.5 (Ar-C), 136.1 (Ar-C), 135.9
(Ar-C), 135.6 (Ar-C), 129.8 (2 x Ar-CH), 129.4 (Ar-C), 129.3 (2 x Ar-CH), 128.6 (2 x
Ar-CH), 128.5 (Ar-CH), 128.3 (2 x Ar-CH), 126.8 (Ar-CH), 124.0 (Ar-CH), 122.9
(Ar-CH), 117.9 (Ar-CH), 115.7 (Ar-CH), 111.6 (Ar-C), 84.0 (-OCR3), 81.7 (-OCRy),
68.8 (-COCHy), 68.2 (-OCH,), 51.3 (-CH), 49.4 (-NCH,), 38.4 (-CH,), 32.2 (-COCHy),
28.4 (3C, -C(CHs)s), 28.2 (3C, -C(CH3)3), 14.1 (-CH3). HRMS (ESI) exact mass
calculated for CsgHs7N3O7Na [M+Na]® m/z 692.3306, found m/z 692.3290. IR (thin
film) 2930, 1728, 1639, 1595.
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2.47. Prepared according to a modified literature procedure.’®! To a stirred solution of
tert-butyl carbamate 2.46 (40 mg, 0.060 mmol, 1 equiv.) in dichloromethane (0.60 mL,
0.1 M) was added trifluoroacetic acid (0.60 mL) and the resulting solution was stirred at
room temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane
(2 mL) was added, followed by in vacuo concentration (three times) generating the title

compound 2.47 (58 mg). The crude material was used without further purification.

HRMS (ESI) exact mass calculated for C3oHs1N3OsNa [M+Na]* m/z 536.2156, found
m/z 536.2146. IR (thin film) 2926, 1732, 1622, 1593.
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VHL-4

VHL-4. Prepared according to a modified literature procedure.™® To a stirred solution
of acid 2.47 (30 mg, 0.059 mmol, 1 equiv.) in N,N-dimethylformamide (0.15 mL,
0.4 M) was added amine VHL-1 (26 mg, 0.059 mmol, 1 equiv.), HATU (23 mg,
0.059 mmol, 1 equiv.) and N,N-diisopropylethylamine (61 pL, 0.35 mmol, 6 equiv.)
and the resulting solution was stirred at room temperature for 48 hours. To the crude
mixture was added dichloromethane (2 mL) and half saturated aqueous sodium
hydrogen carbonate solution (2 mL) and the resultant phases were separated. The
aqueous phase was extracted with dichloromethane (3 x 5 mL) and the combined
organic phases washed with 5% aqueous lithium chloride solution (3 x 5 mL). The
combined organic phases were dried with magnesium sulphate, filtered and
concentrated in vacuo affording a crude mass of 82 mg. Purification by column
chromatography on silica gel using an eluent of 40% to 100% acetone in
dichloromethane afforded the title compound VHL-4 (42 mg, 0.045 mmol, 77%).
Further purification by reverse phase preparative HPLC using a gradient of 20% to
55% acetonitrile in water over 10 minutes followed by 55% to 80% acetonitrile over
35 minutes eluted the title compound with a retention time of 23.5-25.7 minutes. The
product fraction was lyophilised generating the title compound VHL-4 as a white
powder (26 mg, 0.028 mmol, 48%).

'H NMR (500 MHz, CDCls) & 8.85 (1H, s, -NCHS-), 8.45 (1H, s, Ar-NH), 7.38-7.28
(9H, m, 9 x Ar-CH), 7.24 (1H, s, Ar-CH), 7.17 (1H, d, J = 8.7, ), 7.12 (2H, ddd, J =
7.5, 7.3, 1.3, 2 x Ar-CH), 7.08-7.00 (3H, m, 3 x Ar-CH), 6.64 (2H, d, J = 7.2, 2 x
Ar-CH), 6.36 (1H, d, J = 8.1, -CONH), 4.68-4.60 (2H, m, -CH, -CH), 4.53 (1H, d, J =
8.6, -CH), 4.52-4.47 (1H, dd, J = 15.2, 6.2, -NHCH,Ar), 4.46 (1H, br s, -OCH), 4.33
(1H, dd, J = 15.0, 5.5, -NHCH,), 4.02 (1H, d, J = 11.3, -OCH,), 3.99-3.91 (1H, m,
-NCH,), 3.88 (1H, d, J = 15.1, -NCH,), 3.79 (1H, d, J = 15.1, -NCHy), 3.65-3.58 (2H,
m, -OCH,, -NCHj), 3.56 (2H, d, J = 4.6, -COCH,), 3.54-3.45 (2H, m, -COCH,), 2.72
(1H, dd, J = 13.3, 6.8, -CH,), 2.51 (1H, dd, J = 13.5, 7.3, -CH,), 2.51 (3H, s, -CH3),
2.42 (1H, ddd, J = 12.9, 8.0, 4.6, -CH,), 2.24 (3H, s, -CH3), 2.07 (1H, dd, J = 13.5, 8.0,
-CH,), 0.95 (9H, s, -C(CHj3)3). *C NMR (126 MHz, CDCl3) 5 171.8 (-CONR,), 171.6
(-CONH), 171.2 (2 x -CONH), 170.1 (-CONRy), 151.4 (-SCHN), 147.0 (Ar-C), 140.8

188



(Ar-C), 138.9 (Ar-C), 136.1 (Ar-C), 135.5 (Ar-C), 133.7 (Ar-C), 132.8 (Ar-C), 130.0
(2 x Ar-CH), 129.9 (Ar-C), 129.6 (2 x Ar-CH), 129.3 (2 x Ar-CH), 128.7 (Ar-CH),
128.4 (4 x Ar-CH), 128.3 (Ar-C), 128.2 (2 x Ar-CH), 126.9 (Ar-CH), 121.5 (Ar-CH),
119.8 (Ar-CH), 117.9 (Ar-CH), 110.6 (Ar-CH), 104.3 (Ar-C), 70.2 (-OCH), 69.9
(-NCH_y), 68.0 (-COCH,), 58.8 (-CH), 57.3 (-CH), 56.9 (-OCHy), 51.7 (-CH), 48.8
(-NCHy), 43.2 (-NHCHy), 38.5 (-CHy), 36.6 (-CH,), 35.4 (-CR3), 32.0 (-COCHy,), 26.5
(3C, -C(CHs3)3), 15.3 (-CHj3), 11.6 (-CH3). HRMS (ESI) exact mass calculated for
Cs2HsoN707SNa [M+Na]™ m/z 948.4089, found m/z 948.4100. IR (thin film) 2959,
1730, 1635, 1595.
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2.49. Prepared according to a modified literature procedure.’®! To a stirred solution of
racemic tert-butyl carbamate 2.48 (30 mg, 0.059 mmol, 1 equiv.) in dichloromethane
(0.55 mL, 0.1 m) was added trifluoroacetic acid (0.55 mL) and the resulting solution
was stirred at room temperature for 1 hour. Volatiles were removed in vacuo and
dichloromethane (3 mL) was added, followed by in vacuo concentration (three times)
generating the title compound 2.49 (49 mg). The crude material was used without

further purification.

HRMS (ESI) exact mass calculated for C19H24N307 [M+H]" m/z 406.1609, found m/z
406.1598. IR (thin film) 2922, 1771, 1703, 1614.
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CRBN-013. Prepared according to a modified literature procedure.™®™ To a stirred
solution of acid 2.47 (36 mg, 0.072 mmol, 1equiv.) in N,N-dimethylformamide
(0.18 mL, 0.4 M) was added racemic amine TFA salt 2.49 (37 mg, 0.072 mmol,
1equiv.), HATU (27 mg, 0.072 mmol, 1 equiv.) and N,N-diisopropylethylamine
(100 uL, 0.58 mmol, 8 equiv.) and the resulting solution was stirred at room
temperature for 48 hours. To the crude mixture was added dichloromethane (3 mL) and
half saturated aqueous sodium hydrogen carbonate solution (3 mL) and the resultant
phases were separated. The aqueous phase was extracted with dichloromethane (3 x
5mL) and the combined organic phases washed with 5% aqueous lithium chloride
solution (3 x 5 mL). The combined organic phases were dried with magnesium
sulphate, filtered and concentrated in vacuo affording a crude mass of 95 mg.
Purification by column chromatography on silica gel using an eluent of 20% to 40%
ethyl acetate in dichloromethane afforded the title compound CRBN-O13 (52 mg,
0.058 mmol, 81%). Further purification by reverse phase preparative HPLC using a
gradient of 20% to 50% acetonitrile in water over 10 minutes followed by 50% to
100% acetonitrile over 60 minutes eluted the title compound with a retention time of
27.4-28.7 minutes. The product fraction was lyophilised generating the title compound
CRBN-013 as a white powder (25 mg, 0.028 mmol, 39%).

Spectra were complicated by the presence of rotamers (conformational isomers).
Variable temperature *H NMR at 25 °C, 35 °C and 55 °C showed the convergence of

complicated peaks towards their expected multiplicities.

'H NMR (25 °C) (400 MHz, CDCl3) & 9.18 (0.5H, s, -CONHCO), 9.04 (0.5H, s,
-CONHCO), 8.57 (0.5H,s, Ar-NH) 8.56 (0.5H, s, Ar-NH), 7.61 (0.5H, dd, J = 7.8, 7.8,
Ar-CH), 7.59 (0.5H, dd, J = 7.8, 7.8, Ar-CH), 7.43 (0.5H, d, J = 7.5, Ar-CH), 7.41
(0.5H, d, J = 7.5, Ar-CH), 7.39-6.80 (14H, m, 13 x Ar-CH, -CONH), 6.69-6.60 (2H,
m, 2 x Ar-CH), 6.46 (0.5H, d, J = 8.0, -CONH), 6.39 (0.5H, d, J = 8.0, -CONH), 4.79—
4.84 (1H, m, -CH), 4.72-4.57 (1H, m, -CH), 4.31-4.16 (2H, m, ArO-CH,), 3.97-3.33
(18H, m, -COCH,, -COCH,, 2 x -NCH,, 5 x -OCH,), 2.84-2.69 (2H, m, -COCH,),
2.73 (1H, dd, J = 12.9, 7.1, -CH,), 2.70-2.55 (1H, m, -COCH,), 2.53 (0.5H, dd, J =
13.4, 7.3, -CH,), 2.52 (0.5H, dd, J = 13.4, 7.3, -CHj), 2.23 (L.5H, s, -CH3), 2.20 (1.5H,
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s, -CH3) 2.06 (1H, m, -COCH,). *C NMR (101 MHz, CDCl3) § 172.0 (-CONRy),
171.9 (-CONRy), 171.5 (2 x -CONHCO), 171.4 (-CONH), 171.3 (-CONH), 169.9
(-CONH), 168.7 (-CONHCO), 168.6 (-CONHCO), 167.3 (-CONR;), 167.2 (-CONR)),
165.9 (2 x -CONRy), 156.4 (Ar-C), 141.0 (Ar-C), 140.9 (Ar-C), 136.6 (2 x Ar-CH),
136.2 (Ar-C), 136.1 (Ar-C), 135.4 (2 x Ar-C), 133.9 (Ar-C), 133.8 (Ar-C), 133.6 (2 x
Ar-C), 129.9 (Ar-C, 2 x Ar-CH), 129.3 (2 x Ar-CH), 128.7 (Ar-CH), 128.6 (Ar-CH),
128.5 (2 x Ar-CH), 128.4 (4 x Ar-CH), 128.3 (2 x Ar-CH), 126.8 (2 x Ar-CH), 121.4
(2 x Ar-CH), 119.7 (Ar-CH), 119.3 (2 x Ar-CH), 117.9 (Ar-CH), 117.3 (Ar-C), 116.2
(Ar-CH), 110.6 (Ar-CH), 104.4 (Ar-C), 104.3 (Ar-C), 71.3 (-OCH,), 71.2 (-OCH,),
70.4 (-OCHj,), 70.3 (-OCH,), 70.2 (-OCH,), 70.1 (-OCH,), 69.7 (-OCH,), 69.3 (2 x
-COCHy,), 69.2 (2 x -OCH,), 68.4 (-OCHy,), 68.3 (-OCHy), 51.8 (-CH), 51.7 (-CH), 49.3
(-CH), 49.1 (-NCH,), 48.9 (-NCH,), 38.8 (-NCH.), 38.7 (-NCH,), 38.4 (-CH,), 38.3
(-CH,), 32.1 (-COCH,), 31.4 (-COCHy,), 22.7 (-CH,), 11.6 (2 x -CHs). HRMS (ESI)
exact mass calculated for C49Hs;NgO1:Na [M+Na]* m/z 923.3586, found m/z 923.3547.
IR (thin film) 2907, 1769, 1709, 1653, 1595.
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2.53. Prepared according to a modified literature procedure.”®! To a stirred solution of
indole 2.10 (2.44 g, 6.97 mmol, 1 equiv.) in dichloromethane (35 mL, 0.20 m) was
added di-tert-butyl dicarbonate (1.83 g, 8.37 mmol, 1.2equiv.)) and
4-dimethylaminopyridine (8.5 mg, 0.70 mmol, 1.0 mol%) and the resulting solution
was stirred at room temperature for 18 hours. To the crude mixture was added
dichloromethane (30 mL) and half-saturated aqueous sodium hydrogen carbonate
(30 mL) and the phases were separated. The aqueous phase was extracted with
dichloromethane (3 x 30 mL) and the combined organic phases were washed with brine
(30 mL), dried over magnesium sulphate, filtered and concentrated in vacuo yielding a
crude mass of 3.16 g. Purification by chromatography on silica gel using an eluent of
3% to 6% ethyl acetate in dichloromethane afforded the title compound 2.53 (2.76 g,
6.13 mmol, 88%).

'H NMR (400 MHz, CDCls) 6 8.14 (1H, ddd, J = 8.3, 1.0, 1.0, Ar-CH), 7.37 (1H, ddd,
J=176,15, 0.7, Ar-CH), 7.30 (1H, ddd, J = 8.5, 7.3, 1.5, Ar-CH), 7.23 (1H, ddd, J =
7.4,7.4,1.1, Ar-CH), 7.15-7.09 (1H, m, Ar-CH), 7.08-7.01 (2H, m, 2 x Ar-CH), 6.74—
6.67 (2H, m, 2 x Ar-CH), 5.86 (1H, d, J = 8.2, -CONH), 4.81 (1H, dt, J = 8.2, 5.8,
-CH), 3.66 (3H, s, -CHj3), 3.60 (2H, s, -COCH,), 2.97 (1H, dd, J = 13.8, 5.6, -CH,),
2.92 (1H, dd, J = 13.7, 5.9, -CH,), 2.44 (3H, s, -CH3), 1.71 (9H, s, -C(CHs)s). °C NMR
(101 MHz, CDCl3) 8 = 171.7 (-COOR), 169.9 (-CONH), 150.6 (-NCOOR), 135.9
(Ar-C), 135.7 (Ar-C), 135.5 (Ar-C), 129.2 (Ar-C), 129.0 (2 x Ar-CH), 128.5 (2 x
Ar-CH), 127.1 (Ar-CH), 124.2 (Ar-CH), 123.1 (Ar-CH), 117.8 (Ar-CH), 115.7
(Ar-CH), 111.3 (Ar-C), 84.1 (-OCR3), 52.8 (-CH), 52.4 (-OCHs3), 37.6 (-CH,), 32.1
(-COCHy), 28.4 (3C, -C(CHs)3), 14.0 (-CH3).HRMS (ESI) exact mass calculated for
C26H30N20sNa [M+Na]* m/z 473.2052, found m/z 473.2047. IR (thin film) 2978, 1730,
1654.
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2.54. Prepared according to a modified literature procedure.™ To a stirred solution of
2.53 (2.76 g, 6.13 mmol, 1 equiv.) in tetrahydrofuran (28 mL) and water (19 mL) was
added a solution of sodium hydroxide (424 mg, 10.6 mmol, 1.5 equiv.) in methanol
(10.6 mL, 1 m) and the resulting solution was stirred vigorously at room temperature
for 18 hours. Dichloromethane was added (40 mL) and the crude mixture was acidified
with hydrochloric acid (1 m, 20 mL) forming a thick white precipitate. The aqueous
phase was extracted with dichloromethane (3 x 40 mL) and the combined organic
phases were dried with magnesium sulphate, filtered and concentrated in vacuo
yielding the title compound 2.54 (2.56 g, 5.86 mmol, 96%). Compound 2.54 was used
without further purification.

'H NMR (400 MHz, CDCls) & 8.14 (1H, ddd, J = 8.2, 0.9, 0.9, Ar-CH), 7.36-7.26 (2H,
m, 2 X Ar-CH), 7.23 (1H, ddd, J = 7.4, 7.4, 1.1, Ar-CH), 7.13 (1H, t, J = 7.3, Ar-CH),
7.05 (2H, dd, J = 7.5, 7.5, 2 x Ar-CH), 6.77-6.70 (2H, m, 2 x Ar-CH), 5.87 (1H, d, J =
7.6, -CONH), 4.74 (1H, dt, J = 6.4, 6.4, -CH), 3.61 (2H, s, -COCH,), 3.02 (1H, dd, J =
14.1, 5.5, -CH,), 2.96 (1H, dd, J = 14.0, 6.7, -CH,), 2.37 (3H, s, -CH3), 1.71 (9H, s,
-C(CHs)3). *C NMR (101 MHz, CDCls) & = 173.7 (-COOH), 171.4 (-CONH), 150.6
(-NCOOR), 135.9 (2 x Ar-C), 135.2 (Ar-CH), 129.1 (Ar-C, 2 x Ar-CH), 128.7 (2 x
Ar-CH), 127.2 (Ar-CH), 124.3 (Ar-CH), 123.2 (Ar-CH), 117.8 (Ar-CH), 115.7
(Ar-CH), 110.8 (Ar-C), 84.3 (-OCR3), 53.1 (-CH), 36.8 (-CH,), 31.9 (-COCH,), 28.5
(3C, -C(CHag)3), 14.0 (-CH3). HRMS (ESI) exact mass calculated for C,sHzsN,OsNa
[M+Na]" m/z 459.1890, found m/z 459.1877. IR (thin film) 2978, 1728, 1627. [a]p™>*©
+9.40 (c = 1.00, CHCl5).
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2.50. Prepared according to a modified literature procedure.!* To oven dried glassware
cooled under vacuum and flushed with argon was added sodium hydride (60%
suspension in mineral oil) (1.10 g, 27.5 mmol, 1.1 equiv.) and tetrahydrofuran (25 mL,
1.0 m).and the resulting suspension was cooled to 0 °C. To the suspension was added
tetraethylene glycol (17.2 mL, 100 mmol, 4 equiv.) and the mixture was stirred at 0 °C
for 20 minutes. To this suspension was slowly added benzyl bromide (2.97 mL,
25.0 mmol, 1 equiv.) and the resulting stirred suspension was allowed to warm to room
temperature for 18 hours. To the reaction mixture was added water (50 mL) and ethyl
acetate (100 mL) and the aqueous phase was extracted with ethyl acetate (3 x 100 mL).
The combined organic phases were washed with brine (70 mL), dried with magnesium
sulphate, filtered and concentrated in vacuo generating a crude mass of 7.66 g.
Purification by column chromatography on silica gel using an eluent of ethyl acetate
yielded the title compound 2.50 (5.89 g, 20.7 mmol, 83%). Analytical data observed

were in accordance with literature values.[*!

'H NMR (400 MHz, CDCls) & 7.36-7.32 (4H, m, 4 x Ar-CH), 7.32-7.26 (1H, m,
Ar-CH), 457 (2H, s, -OCH,), 3.74-3.58 (16H, m, 8 x -OCHy), 2.66 (1H, t, J = 5.4,
-OH). *C NMR (101 MHz, CDCl3) 5 138.4 (Ar-C), 128.5 (2 x Ar-CH), 127.9 (2 x
Ar-CH), 127.7 (Ar-CH), 73.4 (-OCHy), 72.7 (-OCH,), 70.8 (2 x -OCH,), 70.7 (-OCH,),
70.6 (-OCH,), 70.5 (-OCH,), 69.6 (-OCHy), 61.9 (-CH,OH). HRMS (ESI) exact mass
calculated for C1sH,,0sNa [M+Na]" m/z 307.1516, found m/z 307.1506. IR (thin film)
2863, 1453, 1092.
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2.51. Prepared according to a modified literature procedure.™" To a stirred solution of
alcohol 2.50 (6.75 g, 23.8 mmol, 1 equiv.) in tetrahydrofuran (48 mL, 0.5 m) was added
a 4.5 M aqueous solution of sodium hydroxide (6.30 mL, 26.1 mmol, 1.2 equiv.) and
the resulting solution was cooled to 0 °C and stirred rapidly for 20 minutes. To this
mixture was added 4-toluenesulfonyl chloride (4.98 g, 26.1 mmol, 1.1 equiv.) and the
resulting mixture was allowed to warm to room temperature under rapid stirring for
18 hours. To the reaction mixture was added water (100 mL) and dichloromethane
(200 mL) and the aqueous phase was extracted with dichloromethane (3 x 150 mL).
The combined organic phases were washed with brine (100 mL), dried over magnesium
sulphate, filtered and concentrated in vacuo yielding a crude mass of 9.29 g.
Purification by column chromatography on silica gel using an eluent of 0% to 20%
ethyl acetate in dichloromethane yielded the title compound 2.51 (7.17 g, 16.4 mmol,

69%). Analytical data observed were in accordance with literature values.™”

'H NMR (400 MHz, CDCls3) 6 7.79 (2H, d, J = 8.5, 2 x Ar-CH), 7.35-7.32 (5H, m, 5 x
Ar-CH), 7.32-7.31 (1H, m, Ar-CH), 7.31-7.26 (1H, m, Ar-CH), 4.56 (2H, s, -OCHy),
4.17-4.13 (2H, m, -OCHy), 3.69-3.65 (4H, m, 2 x -OCH,), 3.65-3.61 (6H, m, 3 X
-OCH,), 3.60-3.56 (4H, m, 2 x -OCHy), 2.44 (3H, s, -CH3). °C NMR (101 MHz,
CDCl3) 6 144.9 (Ar-C), 138.4 (Ar-C), 133.2 (Ar-C), 129.9 (2 x Ar-CH), 128.5 (2 x
Ar-CH), 128.1 (2 x Ar-CH), 127.9 (2 x Ar-CH), 127.7 (Ar-CH), 73.4 (-OCHy), 70.9
(-OCHy), 70.8 (3 x -OCHy), 70.7 (-OCH,), 69.6 (-OCHy), 69.4 (-OCHy), 68.8 (-OCHy),
21.8 (-CHs). HRMS (ESI) exact mass calculated for CyyH3007;SNa [M+Na]®™ m/z
461.1604, found m/z 461.1587. IR (thin film) 2860, 1719, 1567, 1452.
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2.52. Prepared according to a modified literature procedure.™* To a stirred solution of
tosylate 2.51 (5.10 g, 11.6 mmol, 1 equiv.) in acetonitrile (40 mL, 0.3 M) was added
potassium carbonate (5.10 g, 37.2 mmol, 3.2 equiv.) and aniline (9.75 mL, 105 mmol,
9 equiv.) and the resulting solution was heated to 80 °C and stirred for 18 hours. The
reaction mixture was then concentrated in vacuo and the resulting solid was dissolved
in water (100 mL) and diethyl ether (100 mL). The aqueous phase was extracted with
diethyl ether (3 x 150 mL) and the combined organic phases were washed with brine
(100 mL), dried over magnesium sulphate, filtered and concentrated in vacuo yielding a
crude mass of 12.7 g. Purification by column chromatography on silica gel using an
eluent of 0% to 20% ethyl acetate in dichloromethane yielded the title compound 2.52
(3.82 g, 10.6 mmol, 91%).

'H NMR (400 MHz, CDCl3) & 7.39-7.32 (4H, m, 4 x Ar-CH), 7.31-7.27 (1H, m,
Ar-CH), 7.18 (2H, dt, J = 8.4, 7.5, 2 x Ar-CH), 6.71 (1H, tt, J = 7.3, 1.2, Ar-CH), 6.64
(2H, dd, J = 8.7, 1.1, 2 x Ar-CH), 4.57 (2H, s, -OCHy), 4.01 (1H, s, -NH), 3.75-3.61
(14H, m, 7 x -OCH,), 3.29 (2H, t, J = 5.3, -NCH,). *C NMR (101 MHz, CDCls)
8 148.3 (Ar-C), 138.4 (Ar-C), 129.3 (2 x Ar-CH), 128.4 (2 x Ar-CH), 127.8 (2 x
Ar-CH), 127.7 (Ar-CH), 117.6 (Ar-CH), 113.2 (2 x Ar-CH), 73.3 (-OCH,), 70.8 (3 x
-OCHjy), 70.7 (-OCH,), 70.4 (-OCH,), 69.7 (-OCH,), 69.6 (-OCH,), 43.6 (-NCHy).
HRMS (ESI) exact mass calculated for C»;HsNO;Na [M+Na]™ m/z 382.1989, found
m/z 382.1978. IR (thin film) 2864, 1602, 1506.
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2.55. Prepared according to a modified literature procedure.™ To a stirred solution of
acid 2.54 (900 mg, 2.07 mmol, 1 equiv.) in N,N-dimethylformamide (2.0 mL, 1 M) was
added aniline 2.52 (1.01 g, 3.11 mmol, 1.5 equiv.), HATU (1.16 g, 3.11 mmol,
1.5 equiv.) and N,N-diisopropylethylamine (0.72 mL, 4.1 mmol, 2 equiv.) and the
resulting solution was heated to 65 °C and stirred for 48 hours. To the crude mixture
was added ethyl acetate (20 mL) and half saturated agqueous sodium hydrogen
carbonate solution (20 mL) and the aqueous phase was extracted with ethyl acetate (3 x
30 mL). The combined organic phases were washed with 5% aqueous lithium chloride
solution (3 x 30 mL), dried over magnesium sulphate, filtered and concentrated in
vacuo affording a crude mass of 2.19 g. Purification by column chromatography on
silica gel using an eluent of 15% to 30% ethyl acetate in dichloromethane afforded the
title compound 2.55 (983 mg, 1.26 mmol, 61%).

'H NMR (400 MHz, CDCls) & 8.12 (1H, d, J = 8.3, Ar-CH), 7.40-7.23 (10H, m, 10 x
Ar-CH), 7.28-7.22 (1H, m, Ar-CH), 7.19 (1H, td, J = 7.4, 1.1, Ar-CH), 7.12 (1H, tt, J =
7.3, 1.0, Ar-CH), 7.09-6.97 (3H, m, 3 x Ar-CH), 6.63 (2H, dd, J = 7.1, 1.2, 2 X
Ar-CH), 6.06 (1H, d, J = 8.2, -CONH), 4.71 (1H, td, J = 7.6, 6.3, -CH), 4.54 (2H, s,
-OCHy,), 3.85 (1H, dt, J = 13.6, 5.8, -NCH,), 3.73 (1H, dt, J = 13.8, 6.0, -NCH,), 3.70—
3.44 (16H, m, -COCHjy, 7 x -OCH,), 2.75 (1H, dd, J = 13.5, 6.3, -CH), 2.51 (1H, dd,
J =135, 7.3, -CH,), 2.46 (3H, s, -CH3), 1.70 (9H, s, -C(CHs)3). *C NMR (101 MHz,
CDCl3) & 171.3 (-CONRy), 169.6 (-CONH), 150.7 (-NCOOR), 141.5 (Ar-C), 138.4
(Ar-C), 136.1 (Ar-C), 135.9 (Ar-C), 135.6 (Ar-C), 129.8 (2 x Ar-CH), 129.4 (Ar-C),
129.3 (2 x Ar-CH), 128.7 (2 x Ar-CH), 128.5 (2 x Ar-CH), 128.4 (3 x Ar-CH), 127.9
(2 x Ar-CH), 127.7 (Ar-CH), 126.8 (Ar-CH), 124.0 (Ar-CH), 123.0 (Ar-CH), 117.9
(Ar-CH), 115.7 (Ar-CH), 111.5 (Ar-C), 84.0 (-OCR3), 73.4 (-OCH,), 70.8 (3 x -OCHy),
70.7 (-OCHy), 70.3 (-OCHy), 69.5 (-OCH,), 67.9 (-OCH,), 51.3 (-CH), 49.3 (-NCHy),
38.5 (-CH,), 32.2 (-COCH,), 28.5 (3C, -C(CHa)3), 14.2 (-CHs). HRMS (ESI) exact
mass calculated for C4sHssN3OgNa [M+Na]™ m/z 800.3881, found m/z 800.3843. IR
(thin film) 2927, 1730, 1649, 1595. [a]p"**"® +14.70 (c = 1.00, CHClIs).
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2.56. Prepared according to a modified literature procedure.l*! To a stirred suspension
of 10% palladium on carbon (21 mg, 0.014 mmol, 5.0 mol%) in methanol (14 mL,
0.02 M) under argon atmosphere was added benzyl ether 2.55 (210 mg, 0.270 mmol,
1equiv.) at room temperature. The flask was then evacuated and the suspension
sparged with hydrogen gas for 5 minutes and then stirred at room temperature under a
hydrogen atmosphere for 5 hours. The hydrogen was then removed under reduced
pressure and the suspension sparged with argon three times. The suspension was then
filtered through a pad of celite (100 g) in dichloromethane (100 mL) and the celite was
washed with dichloromethane (300 mL). The organic phase was then concentrated in
vacuo generating the title compound 2.56 (195 mg, 0.270 mmol, quantitative).

'H NMR (400 MHz, CDCl3) 6 8.11 (1H, dd, J = 8.1, 1.0, Ar-CH), 7.40-7.33 (3H, m,
3 x Ar-CH), 7.33-7.20 (2H, m, 2 x Ar-CH), 7.18 (1H, td, J = 7.4, 1.1, Ar-CH), 7.12
(1H, tt, J = 7.4, 1.3, Ar-CH), 7.09-7.01 (4H, m, 4 x Ar-CH), 6.63 (2H, d, J = 7.0, 2 x
Ar-CH), 6.13 (1H, d, J = 8.2, -CONH), 4.70 (1H, td, J = 7.8, 6.3, -CH), 3.80 (2H, t, J =
6.0, -NCHj), 3.70-3.65 (2H, m, -OCH,), 3.63-3.49 (12H, m, 6 x -OCH,), 3.54 (1H, d,
J=16.5, -COCHy), 3.48 (1H, d, J = 16.9, -COCHy,), 2.76 (1H, dd, J = 13.5, 6.3, -CH,),
2.52 (1H, dd, J = 13.5, 7.5, -CH.), 2.46 (3H, s, -CH3), 1.70 (9H, s, -C(CHa)s).
13C NMR (101 MHz, CDCl3) & 171.4 (-CONRy), 169.6 (-CONH), 150.6 (-NCOOR),
141.3 (Ar-C), 136.1 (Ar-C), 135.8 (Ar-C), 135.6 (Ar-C), 129.7 (2 x Ar-CH), 129.4
(Ar-C), 129.2 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.4 (Ar-CH), 128.3 (2 x Ar-CH),
126.8 (Ar-CH), 123.9 (Ar-CH), 122.9 (Ar-CH), 117.9 (Ar-CH), 115.6 (Ar-CH), 111.5
(Ar-C), 83.9 (-OCR3), 72.6 (-OCH,), 70.7 (-OCHy), 70.6 (-OCH,), 70.4 (-OCH,), 70.2
(-OCHy,), 67.8 (-OCH,), 61.8 (-CH,0OH), 51.3 (-CH), 49.2 (-NCH,), 38.4 (-CH,), 32.1
(-COCHy), 28.4 (3C, -C(CHa)3), 14.1 (-CH3). HRMS (ESI) exact mass calculated for
CsgH49N30gNa [M+Na]* m/z 710.3412, found m/z 710.3383. IR (thin film) 2926, 1728,
1643, 1595.
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2.57. Prepared according to a modified literature procedure.*”! To oven dried glassware
cooled under vacuum and flushed with argon was added a solution of alcohol 2.56
(195 mg, 0.280 mmol, 1 equiv.) in tetrahydrofuran (0.90 mL, 0.35 ™M) and the solution
was cooled to —78 °C. To this was added a 2 M solution of sodium
bis(trimethylsilyl)amide in tetrahydrofuran (51 uL, 0.56 mmol, 2 equiv.) and the
resulting mixture was stirred at —78 °C for 15 minutes. To this was added tert-butyl
bromoacetate (40 pL, 0.28 mmol, 1 equiv.) and the resulting reaction mixture was
allowed to warm, to room temperature and stirred for an additional 4 hours. To this was
added water (3 mL) and dichloromethane (10 mL) and the aqueous phase was extracted
with dichloromethane (3 x 10 mL). The combined organic phases were washed with
brine (10 mL), dried with magnesium sulphate, filtered and concentrated in vacuo
generating a crude mass of 248 mg. Purification by column chromatography on silica
gel using an eluent of 5% to 30% acetone in dichloromethane yielded the title
compound 2.56 (90 mg, 0.11 mmol, 40%).

'H NMR (500 MHz, CDCl3) & 8.11 (1H, d, J = 8.3, Ar-CH), 7.39-7.32 (3H, m, 3 x
Ar-CH), 7.30 (1H, d, J = 7.7, Ar-CH), 7.25 (1H, t, J = 7.4, Ar-CH), 7.19 (1H, t, J = 7.4,
Ar-CH), 7.12 (1H, t, J = 7.4, Ar-CH), 7.09-7.00 (4H, m, 4 x Ar-CH), 6.63 (2H, d, J =
7.2, 2 x Ar-CH), 6.07 (1H, d, J = 8.2, -CONH), 4.71 (1H, td, J = 7.2, -CH), 3.99 (2H, s,
-COCHy), 3.85 (1H, dt, J = 13.7, 5.8, -NCHy), 3.73 (1H, dt, J = 13.2, 6.0, -NCH,),
3.69-3.45 (16H, m, -COCH,, 7 x -OCHy), 2.75 (1H, dd, J = 13.5, 6.3, -CH,), 2.51 (1H,
dd, J = 135, 7.4, CH,), 2.46 (3H, s, -CH3), 1.70 (9H, s, -C(CH3)3), 1.46 (9H, s,
-C(CHs)3). *C NMR (126 MHz, CDCls) & 171.3 (-CONR,), 169.8 (-COOR), 169.5
(-CONH), 150.6 (-NCOOR), 141.4 (Ar-C), 136.1 (Ar-C), 135.9 (Ar-C), 135.6 (Ar-C),
129.7 (2 x Ar-CH), 129.4 (Ar-C), 129.2 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.4
(Ar-CH), 128.3 (2 x Ar-CH), 126.8 (Ar-CH), 123.9 (Ar-CH), 122.9 (Ar-CH), 117.9
(Ar-CH), 115.6 (Ar-CH), 111.5 (Ar-C), 84.0 (-OCR3), 81.6 (-OCR3), 70.8 (-OCH,),
70.7 (3 x -OCHy), 70.6 (-OCH,), 70.2 (-OCH,), 69.1 (-COCH,), 67.9 (-OCH,), 51.3
(-CH), 49.3 (-NCH,), 38.4 (-CH,), 32.2 (-COCH,), 28.4 (3C, -C(CHa)s), 28.2 (3C,
-C(CH3)3), 14.1 (-CH3). HRMS (ESI) exact mass calculated for CssHs9N3Oj0Na
[M+Na]* m/z 824.4093, found m/z 824.4057. IR (thin film) 2922, 1728, 1643, 1595.

200



! Né/\ )/\n/ou
N ()
H oo 4 0
2.58

2.58. Prepared according to a modified literature procedure.’®! To a stirred solution of
tert-butyl carbamate 2.57 (37 mg, 0.046 mmol, 1 equiv.) in dichloromethane (0.45 mL,
0.1 M) was added trifluoroacetic acid (0.45 mL) and the resulting solution was stirred at
room temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane
(2 mL) was added, followed by in vacuo concentration (three times) generating the title

compound 2.58 (39 mg). The crude material was used without further purification.

HRMS (ESI) exact mass calculated for CssHs3sN3OgNa [M+Na]™ m/z 668.2942, found
m/z 668.2917. IR (thin film) 1728, 1643, 1581.
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VHL-13. Prepared according to a modified literature procedure.'® To a stirred
solution of acid 2.58 (30 mg, 0.047 mmol, 1 equiv.) in N,N-dimethylformamide (0.1
mL, 0.4 m) was added amine VHL-1 (21 mg, 0.047 mmol, 1 equiv.), HATU (18 mg,
0.047 mmol, 1 equiv.) and N,N-diisopropylethylamine (50 uL, 0.28 mmol, 6 equiv.)
and the resulting solution was stirred at room temperature for 48 hours. To the crude
mixture was added dichloromethane (2 mL) and half saturated aqueous sodium
hydrogen carbonate solution (2 mL) and the resultant phases were separated. The
aqueous phase was extracted with dichloromethane (3 x 5 mL) and the combined
organic phases washed with 5% aqueous lithium chloride solution (3 x 5 mL). The
combined organic phases were dried with magnesium sulphate, filtered and
concentrated in vacuo affording a crude mass of 76 mg. Purification by column
chromatography on silica gel using an eluent of 50% to 100% acetone in
dichloromethane afforded the title compound VHL-13 (36 mg, 0.034 mmol, 72%).
Further purification by reverse phase preparative HPLC using a gradient of 20% to
55% acetonitrile in water over 10 minutes followed by 55% to 80% acetonitrile over 35
minutes eluted the title compound with a retention time of 23.3-24.5 minutes. The
product fraction was lyophilised generating the title compound VHL-13 as a white
powder (15 mg, 0.014 mmol, 30%).

Spectra were complicated by the presence of rotamers (conformational isomers).
Variable temperature *H NMR at 25 °C, 35 °C and 55 °C showed the convergence of

complicated peaks towards their expected multiplicities.

'H NMR (500 MHz, CDCls) & 8.87 (1H, s, -SCHN), 8.59-8.49 (1H, m, Ar-NH), 7.47—
7.27 (10H, m, 10 x Ar-CH), 7.12 (1H, ddd, J = 7.4, 7.3, 1.4, Ar-CH), 7.12 (1H, t, J =
7.4, Ar-CH), 7.09-6.87 (4H, m, 4 x Ar-CH), 6.63 (1H, d, J = 6.9, 2 x Ar-CH), 6.62
(1H, d, J = 6.9, 2 X Ar-CH), 6.31 (1H, d, J = 8.0, -CONH), 4.74-4.63 (2H, m, 2 x -CH),
4.59-4.47 (2H, m, -CH, -NHC,), 4.43 (1H, br s, -OCH), 4.35 (0.5H, dd, J = 15.1, 6.5,
-NCH,), 4.33 (0.5H, dd, J = 15.1, 6.5, -NCH,), 4.04 (1H, t, J = 10.3, -OCH,), 4.02
(0.5H, d, J = 15.7, -NCH), 3.99 (0.5H, d, J = 15.7, -NCH}), 3.94 (0.5H, d, J = 15.7,
-NCHj), 3.90 (0.5H, d, J = 15.7, -NCH,), 3.83-3.67 (2H, m, -NCH,), 3.64-3.43 (17H,

m, 8 x -OCHa, -OCHy), 2.73 (1H, dd, J = 13.5, 6.4, -CHy), 2.71 (1H, dd, J = 13.6, 6.3,
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-CH,), 2.52 (1.5H, s, -CH3), 2.52 (1.5H, s, -CHs), 2.51-2.37 (2H, m, -CH,, -CH,), 2.26
(1.5H, s, -CH3), 2.25 (1.5H, s, -CH3), 2.12 (0.5H, dd, J = 13.5, 7.8, -CH,), 2.11 (0.5H,
dd, J = 13.5, 7.8, -CH,), 0.97 (9H, s, -C(CHa3)3). *C NMR (126 MHz, CDCls) & 171.6
(2 x -CONRy), 171.5 (-CONH), 171.4 (2 x -CONH), 171.3 (-CONH), 171.2 (-CONH),
170.8 (-CONRy), 170.7 (-CONRy), 151.5 (-SCHN), 146.9 (Ar-C), 141.1 (Ar-C), 139.0
(2 x Ar-C), 136.1 (Ar-C), 136.0 (Ar-C), 135.5 (Ar-C), 133.7 (2 x Ar-C), 132.9 (Ar-C),
129.9 (2 x Ar-C), 129.8 (2 x Ar-CH), 129.6 (2 x Ar-CH), 129.3 (4 x Ar-CH), 128.6 (2 x
Ar-CH), 128.4 (5 x Ar-CH), 128.3 (Ar-C), 126.9 (Ar-CH), 121.6 (Ar-CH), 119.8
(Ar-CH), 117.9 (Ar-CH), 117.8 (Ar-CH), 110.7 (Ar-CH), 110.6 (Ar-CH), 104.2 (Ar-C),
71.2 (-OCH,), 71.1 (-OCH,), 70.7 (2 x -OCH,), 70.6 (6 X -OCH,), 70.4 (2 x -NCH,),
70.2 (2 x -OCH, 2 x -OCH,), 67.6 (-COCH,), 58.8 (-CH), 57.3 (2 x -CH), 56.9 (2 x
-OCHy), 51.7 (-CH), 51.6 (-CH), 49.2 (-NCH,), 43.3 (2 x -NCH,), 38.4 (-CH,), 38.3
(-CH,), 36.4 (-CH,), 36.3 (-CH.), 35.3 (2 x -CR3), 32.0 (2 x -COCH,), 26.5 (3C,
-C(CH3)3), 15.3 (-CH3), 11.6 (-CH3). HRMS (ESI) exact mass calculated for
CssH71N7010SNa [M+Na]" m/z 1080.4875, found m/z 1080.4833. IR (thin film) 2916,
1730, 1656, 1595.
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CRBN-022 [0}

CRBN-022. Prepared according to a modified literature procedure.™® To a stirred
solution of acid 2.58 (36 mg, 0.056 mmol, 1 equiv.) in N,N-dimethylformamide
(0.13mL, 0.4 M) was added racemic amine TFA salt 2.49 (31 mg, 0.056 mmol,
1equiv.), HATU (22 mg, 0.056 mmol, 1 equiv.) and N,N-diisopropylethylamine
(78 uL, 0.45 mmol, 8 equiv.) and the resulting solution was stirred at room temperature
for 48 hours. To the crude mixture was added dichloromethane (3 mL) and half
saturated aqueous sodium hydrogen carbonate solution (3 mL) and the resultant phases
were separated. The aqueous phase was extracted with dichloromethane (3 x 5 mL) and
the combined organic phases washed with 5% aqueous lithium chloride solution (3 x
5 mL). The combined organic phases were dried with magnesium sulphate, filtered and
concentrated in vacuo affording a crude mass of 137 mg. Purification by column
chromatography on silica gel using an eluent of 30% to 100% acetone in
dichloromethane afforded the title compound CRBN-022 (50 mg, 0.048 mmol, 87%).
Further purification by reverse phase preparative HPLC using a gradient of 20% to
50% acetonitrile in water over 10 minutes followed by 50% to 100% acetonitrile over
60 minutes eluted the title compound with a retention time of 27.5-27.9 minutes. The
product fraction was lyophilised generating the title compound CRBN-0O22 as a white
powder (15 mg, 0.015 mmol, 27%).

Spectra were complicated by the presence of rotamers (conformational isomers).
Variable temperature "H NMR at 25 °C, 35 °C and 55 °C showed the convergence of
complicated peaks towards their expected multiplicities.

'H NMR (400 MHz, CDCls) § 9.00 (0.5H, s, -CONHCO), 8.94 (0.5H, s, -CONHCO),
8.42 (1H, s, Ar-NH), 7.66 (0.5H, dd, J = 8.5, 7.3, Ar-H), 7.65 (0.5H, dd, J = 8.5, 7.3,
Ar-CH), 7.46 (0.5H, d, J = 7.3, Ar-CH), 7.45 (0.5H, d, J = 7.3, Ar-CH), 7.40-7.30 (4H,
m, 4 x Ar-CH), 7.31-7.17 (3H, m, 3 x Ar-CH), 7.15-6.96 (7H, m, 5 x Ar-CH, -CONH),
6.69-6.62 (2H, m, 2 x Ar-CH), 6.41 (0.5H, d, J = 8.4, Ar-CH), 6.38 (0.5H, d, J = 8.4,
Ar-CH), 4.92 (0.5H, dd, J = 9.5, 7.5, -CH), 4.91 (0.5H, dd, J = 9.5, 7.4, -CH), 4.69 (LH,
ddd, J =7.3,7.3, 7.3, -CH), 4.34-4.24 (2H, m, Ar-OCHy), 3.96 (2H, s, -COCH}), 3.92—
3.87 (2H, m, -OCH,), 3.82-3.69 (4H, m, -NCH,, -OCH,), 3.67-3.40 (20H, m,
-COCHp, 9 X ~OCH,), 3.49-3.44 (2H, m, -NCH,), 2.85-2.70 (3H, m, -CHa, -CH,,
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-CH,), 2.69-2.59 (1H, m, -CH,), 2.52 (0.5H, dd, J = 13.2, 7.6, -CH,), 2.51 (0.5H, dd,
J=13.2, 7.6, -CH,), 2.25 (1.5H, s, -CHs), 2.24 (1.5H, s, -CH3), 2.13-2.01 (1H, m,
-CH,). *C NMR (126 MHz, CDCl3) § 171.7 (2 X -CONRy), 171.4 (2 x -CONH), 171.2
(-CONH), 171.1 (-CONH), 170.4 (-CONH), 168.5 (-CONH), 167.2 (2 x -CONR)),
165.8 (2 x -CONRy), 156.5 (Ar-C), 141.3 (Ar-C), 136.6 (2 x Ar-CH), 136.3 (2 x Ar-C),
135.5 (Ar-C), 135.4 (Ar-C), 133.9 (Ar-C), 133.6 (2 x Ar-C), 129.8 (2 x Ar-CH), 129.4
(4 x Ar-CH), 128.6 (Ar-CH), 128.5 (2 x Ar-C, 2 x Ar-CH), 128.3 (4 x Ar-CH), 126.8
(Ar-CH), 126.7 (Ar-CH), 1215 (2 x Ar-CH), 119.8 (Ar-CH), 119.5 (Ar-CH), 119.4
(Ar-CH), 118.0 (Ar-CH), 117.9 (Ar-CH), 117.4 (Ar-C), 116.3 (Ar-CH), 110.6 (Ar-CH),
110.5 (Ar-CH), 104.5 (2 x Ar-C), 71.3 (-OCHy), 71.0 (2 x -OCH,), 70.6 (3C, -COCHj,
2 X -OCHjy), 70.5 (-OCHy), 70.3 (2 x -OCHy), 70.1 (2 x -OCH,), 69.8 (-OCH,), 69.4
(2 x -OCH,), 67.7 (-OCHy), 67.6 (-OCH,), 51.6 (-CH), 51.5 (-CH), 49.3 (-CH), 49.2
(-NCH,), 49.1 (-NCH,), 38.8 (2 x -NCH,), 38.4 (-CH.), 38.3 (-CH,), 32.1 (2 x
-COCH,), 31.5 (-COCH,), 31.4 (-COCHy), 22.7 (-CH,), 11.7 (-CH3), 11.6 (-CHjy).
HRMS (ESI) exact mass calculated for CssHgsNgO14Na [M+Na]* m/z 1055.4373, found
m/z 1055.4403. IR (thin film) 2906, 1769, 1713, 1653, 1531.
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Natural PF74

Natural PF74. Prepared according to a modified literature procedure.** To a stirred
solution of acid 2.11 (100 mg, 0.300 mmol, 1 equiv.) in N,N-dimethylformamide
(0.3 mL, 0.9 m) was added N-methylaniline (49 pL, 0.45 mmol, 1.5 equiv.), HATU
(171 mg, 0.450 mmol, 1.5 equiv.) and N,N-diisopropylethylamine (0.11 mL,
0.60 mmol, 2 equiv.) and the resulting solution was heated to 65 °C and stirred for
48 hours. To the reaction mixture was added dichloromethane (10 mL) and half
saturated aqueous sodium hydrogen carbonate solution (10 mL) and the aqueous phase
was extracted with dichloromethane (3 x 15 mL). The combined organic phases were
washed with 5% aqueous lithium chloride solution (6 x 15 mL), dried over magnesium
sulphate, filtered and concentrated in vacuo affording a crude mass of 197 mg.
Purification by column chromatography on silica gel using an eluent of 1% to 5%
ethanol in dichloromethane afforded the title compound natural PF74 (63 mg,
0.15 mmol, 49%).

'H NMR (400 MHz, CDCl3) & 8.26 (1H, s, Ar-NH), 7.39-7.31 (4H, m, 4 x Ar-CH),
7.26 (1H, d, J = 8.0, Ar-CH), 7.18-7.04 (5H, m, 5 x Ar-CH), 6.97-6.89 (2H, m, 2 x
Ar-CH), 6.71-6.65 (2H, m, 2 x Ar-CH), 6.22 (1H, d, J = 8.3, -CONH), 4.81 (1H, ddd, J
= 8.2, 6.9, 6.9, -CH), 3.59 (1H, s, -COCH,), 3.58 (1H, s, -COCH,), 3.17 (3H, s,
-NCH3), 2.74 (1H, dd, J = 13.3, 6.9, -CH,), 2.54 (1H, dd, J = 13.3, 7.0, -CHy,), 2.26
(3H, s, -CHs). *C NMR (101 MHz, CDCls3) 5 171.4 (-CONRy), 170.9 (-CONH), 142.6
(Ar-C), 136.2 (Ar-C), 135.5 (2 x Ar-C), 129.9 (2 x Ar-CH), 129.3 (2 x Ar-CH), 128.4
(Ar-C, 2 x Ar-CH), 128.2 (Ar-CH), 127.5 (2 x Ar-CH), 126.8 (Ar-CH), 121.6 (Ar-CH),
119.9 (Ar-CH), 117.9 (Ar-CH), 110.6 (Ar-CH), 104.6 (Ar-C), 51.2 (-CH), 38.9 (-CH,),
37.8 (-NCHj3), 32.3 (-COCHy), 11.7 (-CH3). HRMS (ESI) exact mass calculated for
C27H27N30,Na [M+Na]* m/z 448.1995, found m/z 448.1977. IR (thin film) 2924, 1638,
1595. Chiral HPLC (OD-H, 7% i-PrOH in n-hexane, 1 mLmin 1, A 208 nm) trpatural =
39.040 min (55.6%), trumatural = 49.739 min (44.4%). [o]p">® +1.40 (c = 1.00, CHCl5).
Preparative chiral HPLC purified (S)-PF74 (OD-H, 7% i-PrOH in n-hexane,
1 mLmin~t, A 208 nm) truatura = 32.847 min (99.2%), trunnatural = 41.995 min (0.8%).
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Epi-2.10

Epi-2.10. Prepared according to a modified literature procedure.!! To a stirred
solution of 2-methyl-3-indoleacetic acid (500 mg, 2.64 mmol, 1 equiv.) in
N,N-dimethylformamide (6.6 mL, 0.4 M) was added D-phenylalanine methyl ester
hydrochloride (597 mg, 2.77 mmol, 1.05 equiv.), PyBOP (1.37 g, 2.64 mmol, 1 equiv.)
and N,N-diisopropylethylamine (1.40 mL, 7.92 mmol, 3 equiv.) and the resulting
solution was stirred at room temperature for 18 hours. The crude mixture was quenched
with water (20 mL) and the resultant layers were separated. The aqueous phase was
extracted with ethyl acetate (3 x 30 mL) and the combined organic phases washed with
5% aqueous lithium chloride solution (5 x 20 mL). The combined organic phases were
dried with magnesium sulphate, filtered and concentrated in vacuo affording a crude
mass of 968 mg. Purification by column chromatography on silica gel using an eluent
of 10% to 20% ethyl acetate in dichloromethane afforded the title compound epi-2.10
(719 mg, 2.05 mmol, 78%).

Spectroscopic data matched that of methyl ester 2.10.
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Epi-2.11

Epi-2.11. Prepared according to a modified literature procedure.™™ To a stirred
solution of methyl ester epi-2.10 (500 mg, 1.43 mmol, 1 equiv.) in tetrahydrofuran (6.1
mL, 0.2 M) and water (4.3 mL) was added a 1 M methanolic solution of sodium
hydroxide (2.3 mL, 2.1 mmol, 1.5 equiv.) and the resulting solution was stirred
vigorously at room temperature for 18 hours. To the reaction mixture was added water
(20 mL) and the biphasic mixture was washed with dichloromethane (2 x 10 mL) to
remove organic impurities. The aqueous phase was then acidified with 1 M aqueous
hydrochloric acid (5 mL) forming a thick white precipitate. The aqueous phase was
extracted with dichloromethane (3 x 20 mL) and the combined organic phases were
dried with magnesium sulphate, filtered and concentrated in vacuo yielding the title
compound epi-2.11 (358 mg, 1.06 mmol, 74%). The compound was used without
further purification.

Spectroscopic data matched that of acid 2.11.
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Unnatural PF74

Unnatural PF74. Prepared according to a modified literature procedure.!™* To a stirred
solution of acid epi-2.11 (100 mg, 0.300 mmol, 1 equiv.) in N,N-dimethylformamide
(0.3 mL, 0.9 m) was added N-methylaniline (49 uL, 0.45 mmol, 1.5 equiv.), HATU
(171 mg, 0.450 mmol, 1.5 equiv.) and N,N-diisopropylethylamine (0.11 mL,
0.60 mmol, 2 equiv.) and the resulting solution was heated to 65 °C and stirred for
48 hours. To the reaction mixture was added dichloromethane (10 mL) and half
saturated aqueous sodium hydrogen carbonate solution (10 mL) and the aqueous phase
was extracted with dichloromethane (3 x 15 mL). The combined organic phases were
washed with 5% aqueous lithium chloride solution (6 x 15 mL), dried over magnesium
sulphate, filtered and concentrated in vacuo affording a crude mass of 105 mg.
Purification by column chromatography on silica gel using an eluent of 1.5% to 4%
ethanol in dichloromethane afforded the title compound unnatural PF74 (70 mg,
0.17 mmol, 55%).

Spectroscopic data matched that of natural PF74.

Chiral HPLC (OD-H, 7% i-PrOH in n-hexane, 1 mLmin 1, » 208 nm) trpatural = 38.976
min (34.6%), trumawal = 49.312 min (65.4%). [a]p™®? -5.57 (c = 1.00, CHCIs).
Preparative chiral HPLC purified (R)-PF74 (OD-H, 7% i-PrOH in n-hexane,
1 mLmin~t, A 208 nm) truatura = 33.498 min (1.6%), trunnawrat = 39.599 min (98.4%).
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Rac-2.10

Rac-2.10. Prepared according to a modified literature procedure.'*) To a stirred
solution of 2-methyl-3-indoleacetic acid (500 mg, 2.64 mmol, 1 equiv.) in
N,N-dimethylformamide (6.6 mL, 0.4 m) was added DL-phenylalanine methyl ester
hydrochloride (597 mg, 2.77 mmol, 1.05 equiv.), PyBOP (1.37 g, 2.64 mmol, 1 equiv.)
and N,N-diisopropylethylamine (1.40 mL, 7.92 mmol, 3 equiv.) and the resulting
solution was stirred at room temperature for 18 hours. The crude mixture was quenched
with water (20 mL) and the resultant layers were separated. The aqueous phase was
extracted with ethyl acetate (3 x 30 mL) and the combined organic phases washed with
5% aqueous lithium chloride solution (5 x 20 mL). The combined organic phases were
dried with magnesium sulphate, filtered and concentrated in vacuo affording a crude
mass of 1.08 g. Purification by column chromatography on silica gel using an eluent of
10% to 100% ethyl acetate in dichloromethane afforded the title compound rac-2.10
(925 mg, 2.64 mmol, quantitative)

Spectroscopic data matched that of methyl ester 2.10.
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Rac-2.11

Rac-2.11. Prepared according to a modified literature procedure.'*Y) To a stirred
solution of acid rac-2.10 (500 mg, 1.43 mmol, 1 equiv.) in tetrahydrofuran (6.1 mL,
0.2 M) and water (4.3 mL) was added a 1 m methanolic solution of sodium hydroxide
(2.3 mL, 2.2 mmol, 1.5 equiv.) and the resulting solution was stirred vigorously at
room temperature for 18 hours. To the reaction mixture was added water (20 mL) and
the biphasic mixture was washed with dichloromethane (2 x 10 mL) to remove organic
impurities. The aqueous phase was then acidified with 1 M aqueous hydrochloric acid
(5 mL) forming a thick white precipitate. The aqueous phase was extracted with
dichloromethane (3 x 20 mL) and the combined organic phases were dried with
magnesium sulphate, filtered and concentrated in vacuo yielding the title compound
rac-2.11 (491 mg, 1.46 mmol, quantitative). Compound was used without further

purification.

Spectroscopic data matched that of acid 2.11.
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Racemic PF74

Racemic PF74. Prepared according to a modified literature procedure.™ To a stirred
solution of acid rac-2.11 (100 mg, 0.300 mmol, 1 equiv.) in N,N-dimethylformamide
(0.3 mL, 0.9 m) was added N-methylaniline (49 uL, 0.45 mmol, 1.5 equiv.), HATU
(171 mg, 0.45 mmol, 1.5 equiv.) and N,N-diisopropylethylamine (0.11 mL, 0.60 mmol,
2 equiv.) and the resulting solution was heated to 65 °C and stirred for 48 hours. To the
crude mixture was added dichloromethane (10 mL) and half saturated aqueous sodium
hydrogen carbonate solution (10 mL) and the aqueous phase was extracted with
dichloromethane (3 x 15 mL). The combined organic phases were washed with 5%
aqueous lithium chloride solution (6 x 15 mL), dried over magnesium sulphate, filtered
and concentrated in vacuo affording a crude mass of 104 mg. Purification by column
chromatography on silica gel using an eluent of 1.5% to 4% ethanol in dichloromethane
afforded the title compound racemic PF74 (69 mg, 0.16 mmol, 54%).

Spectroscopic data matched that of natural PF74.

Chiral HPLC (OD-H, 7% i-PrOH in n-hexane, 1 mLmin 1, » 208 nm) trpatural = 39.096
min (52.8%), trunnatural = 49.675 min (47.2%). [o]o > +0.85 (¢ = 1.00, CHCls).
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2.35. Prepared according to a modified literature procedure.”™ To a stirred suspension
of 10% palladium on carbon (370 mg, 0.348 mmol, 5.0 mol%) in methanol (335 mL,
0.02 M) under argon atmosphere was added benzyl ether 2.34 (3.30 g, 6.70 mmol,
1equiv.) at room temperature. The flask was then evacuated and the suspension
sparged with hydrogen gas for 5 minutes and then stirred at room temperature under a
hydrogen atmosphere for 5 hours. The hydrogen was then removed under reduced
pressure and the suspension sparged with argon three times. The suspension was then
filtered through a pad of celite (500 g) in dichloromethane (500 mL) and the celite
washed with dichloromethane (800 mL). The organic phase was then concentrated in

vacuo generating the title compound 2.35 (2.45 mg, 6.40 mmol, 96%).

'H NMR (400 MHz, CDCls) & 7.45-7.30 (4H, m, 4 x Ar-CH), 7.30-7.13 (3H, m, 3 x
Ar-CH), 7.07-6.70 (3H, m, 3 x Ar-CH), 5.14 (1H, d, J = 6.5, -OCONH), 4.42 (1H, dt, J
= 7.3, 6.5, -CH), 4.03-3.88 (1H, m, -NCH,), 3.72 (2H, t, J = 4.8, -OCHy,), 3.69-3.59
(1H, m, -NCH,), 2.91 (1H, dd, J = 13.2, 7.4, -CH,), 2.72 (1H, dd, J = 13.0, 6.9, -CHy),
1.38 (9H, s, -C(CHs)s). **C NMR (101 MHz, CDCls) & 173.8 (-CONRy), 155.0
(-NCOOR), 141.5 (Ar-C), 136.5 (Ar-C), 129.9 (2 x Ar-CH), 129.6 (2 x Ar-CH), 128.5
(3 x Ar-CH), 128.2 (2 x Ar-CH), 127.0 (Ar-CH), 79.8 (-OCR3), 61.1 (-OCH,), 53.5
(-NCHy), 52.9 (-CH), 39.6 (-CH,), 28.4 (3C, -C(CHj3)3). HRMS (ESI) exact mass
calculated for CyyHsN>,O4Na [M+Na]* m/z 407.1941, found m/z 407.1922. IR (thin
film) 2923, 1711, 1650, 1595.
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2.38 and 2.39. Prepared according to a modified literature procedure.”*” To oven dried
glassware cooled under vacuum and flushed with argon was added sodium hydride
(60% suspension in mineral oil) (14 mg, 0.34 mmol, 1.2 equiv.) and tetrahydrofuran
(1.5 mL, 0.2 m).and alcohol 2.35 (106 mg, 0.280 mmol, 1 equiv.) and the mixture was
stirred at 0 °C for 20 minutes. To this solution was slowly added benzyl bromoacetate
(0.049 mL, 0.31 mmol, 1.1 equiv.) and the resulting solution was stirred at room
temperature for 18 hours. To the reaction mixture was added water (10 mL) and ethyl
acetate (20 mL) and the aqueous phase was extracted with ethyl acetate (3 x 20 mL).
The combined organic phases were washed with brine (20 mL), dried with magnesium
sulphate, filtered and concentrated in vacuo generating a crude mass of 147 mg.
Purification by column chromatography on silica gel using an eluent of 33% to 100%
ethyl acetate in dichloromethane yielded the title compound 2.38 (23 mg, 0.043 mmol,
15%), and the dialkylated 2.39 (19 mg, 0.023 mmol, 16%).

2.38. R; = 0.52 (50% ethyl acetate in petroleum ether). *H NMR (400 MHz, CDCls)
5 7.40-7.27 (TH, m, 7 X Ar-CH), 7.23-7.15 (4H, m, 4 x Ar-CH), 7.07-6.80 (4H, m, 4 x
Ar-CH), 5.17 (2H, s, -OCHy), 5.14 (1H, s, -OCONH), 4.46 (1H, dt, J = 8.0, 7.8, -CH),
4.08 (2H, s, -COCHy), 3.85 (2H, t, J = 5.8, -NCH), 3.68 (2H, t, J = 5.8, -OCHy), 2.89
(1H, dd, J =134, 6.9, -CHy), 2.66 (1H, dd, J = 13.4, 7.0, -CH), 1.36 (9H, s, -C(CHj3)3).
3C NMR (101 MHz, CDCls) § 172.1 (-CONR;), 170.1 (-COOR), 154.8 (-NCOOR),
141.4 (Ar-C), 136.7 (Ar-C), 135.5 (Ar-C), 129.7 (2 x Ar-CH), 129.6 (2 x Ar-CH),
129.5 (Ar-CH), 128.8 (2 x Ar-CH), 128.6 (3 x Ar-CH), 128.5 (2 x Ar-CH), 128.4 (2 x
Ar-CH), 126.7 (Ar-CH), 79.5 (-OCR3), 68.5 (-OCHy,), 68.3 (-COCHy), 66.7 (-OCH,),
52.6 (-CH), 49.3 (-NCHy), 39.6 (-CHy,), 28.4 (3C, -C(CHj3)3). HRMS (ESI) exact mass
calculated for Cs;HssN2OgNa [M+Na]* m/z 555.2466, found m/z 555.2451. IR (thin
film) 2933, 1746, 1709, 1652, 1595.

2.39. R; = 0.23 (50% ethyl acetate in petroleum ether). *H NMR (400 MHz, CDCl5)
57.33 (6H, s, 6 x Ar-CH), 7.24-7.12 (6H, m, 6 x Ar-CH), 7.05-6.78 (8H, m, 8 x
Ar-CH), 5.26-5.15 (2H, m, 2 x -OCONH), 4.49-4.37 (2H, m, 2 x -CH), 4.30-4.17 (2H,
m, -OCHy), 4.06-3.94 (1H, m, -NCH,), 3.90 (2H, s, -COCH,), 3.90-3.69 (3H, m,
_NCHy, -NCHy), 3.66-3.54 (2H, m, -OCHy,), 2.94-2.83 (2H, m, -CH,, -CHy), 2.72-2.61

(2H, m, -CH,, -CH,), 1.39 (9H, s, -C(CHs)3), 1.34 (9H, s, -C(CHas)s). *C NMR
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(101 MHz, CDCl3) & 172.3 (-CONR,), 172.1 (-CONRy), 170.0 (-COOR), 154.9 (2 x
-NCOOR), 141.2 (2 x Ar-C), 136.7 (2 x Ar-C), 129.9 (2 x Ar-CH), 129.8 (2 x Ar-CH),
129.6 (2 x Ar-CH), 129.5 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.5 (2 x Ar-CH), 128.4 (5
X Ar-CH), 128.3 (Ar-CH), 126.9 (Ar-CH), 126.7 (Ar-CH), 79.6 (-OCRj), 79.5
(-OCRg3), 68.3 (-OCHy), 67.9 (-COCH,), 61.9 (-OCH,), 52.6 (2 x -CH), 49.1 (-NCH,),
48.5 (-NCH,), 39.7 (-CH,), 39.6 (-CH,), 28.4 (6C, 2 x -C(CH3)3). HRMS (ESI) exact
mass calculated for CssHssN4OgNa [M+Na]® m/z 831.3940, found m/z 831.3958. IR
(thin film) 2922, 1758, 1710, 1651, 1595.
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2.40. Prepared according to a modified literature procedure.™®! To a stirred solution of
tert-butyl carbamate 2.38 (20 mg, 0.038 mmol, 1 equiv.) in dichloromethane (0.63 mL,
0.1 m) was added trifluoroacetic acid (0.63 mL) and the resulting solution was stirred at
room temperature for 1 hour. Volatiles were removed in vacuo and dichloromethane
(5 mL) was added, followed by in vacuo concentration (three times) generating the title

compound 2.40 (35 mg). The crude material was used without further purification.
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2.25. Prepared according to a modified literature procedure.’**® To a stirred suspension
of N-phenylglycine (2.00 g, 13.2 mmol, 1 equiv.) in methanol (10 mL, 1.3 m) at 0 °C
was added dropwise thionyl chloride (1.44 mL, 19.8 mmol, 1.5 equiv.) and the
resulting mixture was stirred at 0°C for 15 minutes before being heated to reflux and
stirred for six hours. The crude reaction mixture was then concentrated in vacuo and the
remaining solid recrystallised from methanol and diethyl ether vyielding the
hydrochloride salt 2.25 (2.63g, 13.1 mmol, 99%).

'H NMR (400 MHz, MeOD) & 7.61-7.48 (5H, m, 5 x Ar-CH), 4.40 (2H, s, -COCH,),
3.86 (3H, s, -CH3). *C NMR (101 MHz, MeOD) & 168.1 (-COOR), 136.8 (Ar-C),
131.4 (2 x Ar-CH), 130.7 (Ar-CH), 123.6 (2 x Ar-CH), 53.6 (-OCHj3), 52.0 (-COCH,).
HRMS (ESI) exact mass calculated for CgH1;0,NNa [M+Na]® m/z 188.0682, found
m/z 188.0685. IR (thin film) 2941, 1746, 1597. Melting point 150-154 °C.
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2.6. Prepared according to a modified literature procedure.™ ™ To a stirred solution of
hexaethylene glycol (5.0 mL, 20 mmol, 10 equiv.) in tetrahydrofuran (0.66 mL, 30 m)
was added a solution of sodium hydroxide (120 mg, 3.00 mmol, 1.6 equiv.) in water
(0.64 mL, 4.7 M) and the resulting solution was cooled to 0 °C and stirred rapidly for
20 minutes. To this mixture was added a solution of 4-toluenesulfonyl chloride
(368 mg, 1.90 mmol, 1 equiv.) in tetrahydrofuran (3 mL, 0.6 M) and the resulting
mixture was allowed to warm to room temperature under rapid stirring for 18 hours. To
the reaction mixture was added water (50 mL) and dichloromethane (70 mL) and the
aqueous phase was extracted with dichloromethane (3 x 70 mL). The combined organic
phases were washed with brine (70 mL), dried over magnesium sulphate, filtered and
concentrated in vacuo yielding a crude mass of 2.25g. Purification by column
chromatography on silica gel using an eluent of 0% to 10% methanol in
dichloromethane yielded the title compound 2.6 (230 mg, 0.616 mmol, 32%).

Analytical data observed were in accordance with literature values.™

'H NMR (400 MHz, CDCl5) § 7.84-7.75 (2H, m, 2 x Ar-CH), 7.38-7.28 (2H, m, 2 x
Ar-CH), 4.21-4.11 (2H, m, -TsOCH,), 3.81-3.52 (22H, m, 11 x -OCH,), 2.51 (1H,
brs, -OH), 2.44 (3H, s, -CH3). HRMS (ESI) exact mass calculated for C;9H3,0O9Na
[M+Na]* m/z 459.1659, found m/z 459.1642. IR (thin film) 2870, 1599.
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2.4. Prepared according to a modified literature procedure.™® To oven dried glassware
cooled under vacuum and flushed with argon was added sodium hydride (60%
suspension in mineral oil) (568 mg, 14.2 mmol, 2 equiv.) and tetrahydrofuran (24 mL,
0.5 m).and hexaethylene glycol (1.77 mL, 7.10 mmol, 1 equiv.) and the mixture was
stirred at room temperature for 20 minutes. To this solution was slowly added tert-butyl
bromoacetate (1.0 mL, 7.1 mmol, 1 equiv.) and the resulting solution was stirred at
room temperature for 18 hours. The reaction mixture was then concentrated in vacuo
and redissolved in diethyl ether. This biphasic mixture was filtered and the filtrate was
concentrated in vacuo generating a crude mass of 476 mg. Purification by column
chromatography on silica gel using an eluent of 20% to 100% acetone in
dichloromethane yielded the title compound 2.4 (80 mg, 0.20 mmol, 3%) and the
dialkylated 2.4b (75 mg, 0.15 mmol, 2%). Analytical data observed were in accordance

with literature values.*%

2.4. Rt = 0.33 (5% methanol in dichloromethane). *H NMR (400 MHz, CDCl3) & 3.98
(2H, s, -COCHy), 3.76-3.53 (24H, m, 12 x -OCHy), 1.44 (9H, s, -C(CH3)3).

2.4b. R; = 0.62 (5% methanol in dichloromethane). *H NMR (400 MHz, CDCls) & 4.00
(4H, s, 2 x -COCHy), 3.73-3.58 (24H, m, 12 x -OCHy), 1.45 (18H, s, 2 X -C(CH3)3).
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2.5. Prepared according to a modified literature procedure.™® To a stirred solution of
alcohol 2.4 (290 mg, 0.730 mmol, 1 equiv.) in dichloromethane (2.5 mL, 0.3 M) was
added triethylamine (0.12 mL, 0.88 mmol, 1.2 equiv.) and the resulting solution was
cooled to 0 °C and stirred rapidly for 20 minutes. To this mixture was added
4-toluenesulfonyl chloride (168 mg, 0.88 mmol, 1.2 equiv.) and the resulting mixture
was allowed to warm to room temperature under rapid stirring for 18 hours. To the
reaction mixture was added water (10 mL) and dichloromethane (20 mL) and the
aqueous phase was extracted with dichloromethane (3 x 20 mL). The combined organic
phases were washed with brine (20 mL), dried over magnesium sulphate, filtered and
concentrated in vacuo yielding a crude mass of 370 mg. Purification by column
chromatography on silica gel using an eluent of 50% ethyl acetate in dichloromethane
yielded the title compound 2.5 (100 mg, 0.180 mmol, 25%). Analytical data observed

were in accordance with literature values.*%!

'"H NMR (400 MHz, CDCl3) & 7.83-7.77 (2H, m, 2 x Ar-CH), 7.34 (2H, d, J = 7.9, 2 x
Ar-CH), 4.18-4.13 (2H, m, -TsOCH,), 4.01 (2H, s, -COCH,), 3.75-3.60 (18H, m, 9 x
-OCHy), 3.60-3.56 (4H, m, 2 x -OCH,), 2.45 (3H, s, -CHs), 1.47 (9H, s, -C(CHa)3).
3¢ NMR (101 MHz, CDCls) § 169.7 (-COOR), 144.8 (Ar-C), 133.1 (Ar-C), 129.8 (2 x
Ar-CH), 128.0 (2 x Ar-CH), 81.5 (-OCR3), 70.8 (-OCH,), 70.7 (-OCH,), 70.6 (7 X -
OCH,), 70.5 (-OCH,), 69.2 (-OCH,), 69.1 (-OCH,), 68.7 (-OCH,), 28.1 (3C, -
C(CHs)3), 21.6 (-CHs).
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Appendix

Chapter 1 Chemistry

Compound Characterisation Data

'H NMR spectrum of ylide 1.2.
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'H and **C NMR spectra of alkene 1.3E.
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'H and **C NMR spectra of alkene 1.3Z.
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'H and *C NMR spectra of pyrrole 1.4.
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'H, B¢, *F, 1B, COSY and HMBC NMR spectra of bodipy 1.6.
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'H and *C NMR spectra of tert-butyl carbamate 1.8.
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'H, ¢, °F, B and COSY NMR spectra of bodipy 1.9.

cpci3 2888 PR 8 SRAR8R]258BEEY ¢
400.19 MHz KNG GO [-RT-RURURY < R R R R R N NN -
Y Ne— TSN N 28,39,30
o CH,
25 28 °
s A Ak
TR N Yo7 \Scn,
E ‘ I 1 2 Chh, /
5 o | IV s /
N
NS T
H,C — N 13
N A /
5= N _
S
‘N/Wkw
20
28,2,30 (s)
42
21
17
| 12 19
20 13
Iy [ - 1
_J ] l i - M l
- - o =] o
- ~o o o £
T T T T T T T T T T T T T T T T T T T
).0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
f1 (ppm)
cDCI3 & F3% 2H36% B6 o nmo o o
100.64 MHz o Qa9 WY o ® 0 LM ¥ e !
- 5 noo nooay 83 2 94 g 4
\ YT 1
o CHy
2 2
o KT
7NN N Yo7 \Ncn,
. F ‘ I 1 x oh
22\ [ /\ ?
H,C N 13
N A% /
5= N _
A _ T
19 =
-R/ 17

T T T T T T T T T T
00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

238



cpci3 28Ny
376.52 MHz gege
o CH,
oo M T
e
NN o7 \cn,
ol e
F_ 7 E o
HC 22\ o \13 8
N 41 /
=N \
[ Y= 12
N T
Ny
A (dd)
-145.12
J(66.0, 33.0)
~
r T T T T T T T T T T T T T T T T
0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100  -110 -150  -160  -170  -180  -190 -2
f1 (ppm)
cpci3 L8R
128.40 MHz gt
~
o CH,
‘2‘5 2‘8
6 NH : 24 27
e
NN o7 \cn,
F I 1 % o
F_ P 9 o
c ”\é'\N/\ws 8
21 414
=N —
/R Y= 12
N s T
Xy
At
0.99
J(32.9)
T T T T T T T T T T T T T T T T
90 80 70 60 50 40 30 20 10 0 -10 -50 -60 -70 -80 -90 -1
f1 (ppm)

239



Ln

L

CD6 19 4 1 2 3 6 28,29,30
500.12 MHz 13 7 21 o
W
o
28,29,30
o CHy
T T
NH 2, 24, 27,
NN N \ch,
F ‘ I 1 2 Chb,
F\ 23 8 o 30
o DN Ny s ® & ¢
621 2\ /14 1 /
=N _—
'i 12
1 15&17 @:

73 BN %‘@ [}
2
1
4
soi3 0 @

0

2012 %

17
T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
2 (ppm)

1.0

r15

F2.0

2.5

3.0

r3.5

4.0

4.5

5.0

5.5

6.0

F6.5

7.0

f1 (ppm)

240



'H, °F, and 'B NMR spectra of amine TFA salt 1.1.
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'H and *C NMR spectra of silyl ether 1.12.
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'H NMR spectrum of acid 1.13.
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'H NMR spectrum of ester 1.15.
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'H NMR spectrum of allylic alcohol 1.16.
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'H and **C NMR spectra of acid 1.11.
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'H and **C NMR spectra of NHS activated ester 1.17.
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'H and *C NMR spectra of BLI.
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'H and *C NMR spectra of 2-alkylated pyrrole 1.19.
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'H and *C NMR spectra of 3-alkylated pyrrole 1.19b.
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'H and *C NMR spectra of aldehyde 1.20.
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'H and *C NMR spectra of bodipy 1.21.
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'H and *C NMR spectra of bodipy 1.18.
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'H and *C NMR spectra of silyl ether 1.23.
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'H and *C NMR spectra of FBI.
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UV/Vis and fluorimetry data for FBI.
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0.0001

0.0001

-0.0002

-0.0001

-0.0002

-0.0002

-0.0001

-0.0002

-0.0002

-0.0003

-0.0005

-0.0005

-0.0006

-0.0007

-0.0008

-0.0009

-0.0009

-0.0013

-0.0012

-0.0014

-0.0013

-0.0015

-0.0014

-0.0013

-0.0013

-0.0013

-0.0014

-0.0012

-0.0013

-0.0014

0.0006

0.0006

0.0005

0.0006

0.0006

0.0005

0.0007

0.0003

0.0004

0.0002

0.0001

-0.0001

-0.0003

-0.0004

-0.0004

-0.0006

-0.0006

-0.0009

-0.0007

-0.0010

-0.0008

-0.0009

-0.0009

-0.0008

-0.0010

-0.0008

-0.0009

-0.0008

0.0008

0.0008

0.0008

0.0009

0.0009

0.0007

0.0008

0.0006

0.0005

0.0003

0.0002

0.0000

-0.0002

-0.0004

-0.0005

-0.0006

-0.0006

-0.0008

-0.0007

-0.0010

-0.0009

-0.0010

-0.0011

-0.0010

-0.0011

-0.0009

-0.0011

-0.0010

0.0012

0.0012

0.0011

0.0011

0.0012

0.0010

0.0011

0.0009

0.0008

0.0007

0.0006

0.0005

0.0003

0.0003

0.0002

0.0000

0.0001

-0.0001

-0.0001

-0.0003

-0.0002

-0.0003

-0.0004

-0.0003

-0.0003

-0.0002

-0.0003

-0.0004

0.0000

0.0000

-0.0001

0.0000

0.0000

-0.0001

-0.0001

-0.0003

-0.0003

-0.0004

-0.0005

-0.0005

-0.0008

-0.0008

-0.0009

-0.0011

-0.0011

-0.0012

-0.0012

-0.0013

-0.0012

-0.0012

-0.0013

-0.0013

-0.0013

-0.0011

-0.0013

-0.0013
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938.

937.

936.

935.

934.

933.

932.

931.

930.

929.

928.

927.

926.

925.

924.

923.

922.

921.

920.

919.

918.

917.

916.

915.

914.

913.

912.

911.

0.0001

0.0001

0.0001

0.0001

-0.0001

0.0000

0.0000

0.0000

0.0000

-0.0001

-0.0001

0.0001

0.0000

0.0000

0.0000

0.0001

0.0001

0.0000

-0.0001

-0.0001

0.0001

0.0001

0.0002

0.0000

0.0000

0.0001

0.0001

0.0000

-0.0013

-0.0014

-0.0014

-0.0014

-0.0015

-0.0014

-0.0015

-0.0015

-0.0015

-0.0016

-0.0015

-0.0016

-0.0016

-0.0017

-0.0017

-0.0017

-0.0015

-0.0018

-0.0017

-0.0017

-0.0016

-0.0016

-0.0016

-0.0017

-0.0018

-0.0017

-0.0017

-0.0018

-0.0009

-0.0011

-0.0009

-0.0010

-0.0012

-0.0011

-0.0012

-0.0011

-0.0012

-0.0012

-0.0013

-0.0012

-0.0013

-0.0014

-0.0014

-0.0013

-0.0013

-0.0015

-0.0014

-0.0014

-0.0013

-0.0014

-0.0013

-0.0014

-0.0015

-0.0013

-0.0015

-0.0016

-0.0011

-0.0011

-0.0011

-0.0011

-0.0013

-0.0012

-0.0013

-0.0013

-0.0013

-0.0014

-0.0014

-0.0014

-0.0014

-0.0016

-0.0015

-0.0016

-0.0013

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0015

-0.0015

-0.0016

-0.0016

-0.0017

-0.0018

-0.0003

-0.0004

-0.0004

-0.0004

-0.0005

-0.0005

-0.0006

-0.0004

-0.0005

-0.0005

-0.0006

-0.0005

-0.0006

-0.0008

-0.0006

-0.0006

-0.0006

-0.0007

-0.0007

-0.0008

-0.0006

-0.0006

-0.0006

-0.0007

-0.0009

-0.0007

-0.0009

-0.0010

-0.0013

-0.0013

-0.0013

-0.0012

-0.0014

-0.0014

-0.0014

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0015

-0.0015

-0.0015

-0.0015

-0.0012

-0.0015

-0.0015

-0.0016

-0.0015

-0.0015

-0.0015

-0.0016

-0.0017

-0.0016

-0.0016

-0.0018
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910.

909.

908.

907.

906.

905.

904.

903.

902.

901.

900.

899.

898.

897.

896.

895.

894.

893.

892.

891.

890.

889.

888.

887.

886.

885.

884.

883.

0.0001

0.0001

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

0.0001

0.0000

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

0.0001

0.0001

0.0001

0.0000

0.0000

0.0000

-0.0001

-0.0001

0.0000

0.0000

0.0000

-0.0017

-0.0017

-0.0017

-0.0017

-0.0017

-0.0018

-0.0018

-0.0018

-0.0018

-0.0017

-0.0017

-0.0016

-0.0017

-0.0017

-0.0017

-0.0017

-0.0016

-0.0017

-0.0017

-0.0017

-0.0017

-0.0017

-0.0017

-0.0018

-0.0018

-0.0018

-0.0017

-0.0019

-0.0015

-0.0015

-0.0014

-0.0014

-0.0014

-0.0014

-0.0015

-0.0014

-0.0014

-0.0014

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0012

-0.0011

-0.0013

-0.0012

-0.0011

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0017

-0.0016

-0.0015

-0.0014

-0.0016

-0.0016

-0.0016

-0.0015

-0.0015

-0.0014

-0.0014

-0.0013

-0.0014

-0.0014

-0.0013

-0.0014

-0.0014

-0.0012

-0.0012

-0.0012

-0.0011

-0.0012

-0.0011

-0.0011

-0.0012

-0.0011

-0.0012

-0.0011

-0.0009

-0.0008

-0.0008

-0.0008

-0.0009

-0.0008

-0.0009

-0.0008

-0.0008

-0.0009

-0.0008

-0.0007

-0.0008

-0.0008

-0.0008

-0.0007

-0.0008

-0.0005

-0.0005

-0.0006

-0.0005

-0.0005

-0.0005

-0.0006

-0.0007

-0.0005

-0.0004

-0.0005

-0.0017

-0.0016

-0.0016

-0.0016

-0.0016

-0.0017

-0.0017

-0.0017

-0.0016

-0.0017

-0.0016

-0.0015

-0.0016

-0.0015

-0.0016

-0.0015

-0.0017

-0.0013

-0.0014

-0.0015

-0.0014

-0.0014

-0.0015

-0.0015

-0.0015

-0.0014

-0.0014

-0.0016
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882.

881.

880.

879.

878.

877.

876.

875.

874.

873.

872.

871.

870.

869.

868.

867.

866.

865.

864.

863.

862.

861.

860.

859.

858.

857.

856.

855.

0.0000

0.0001

0.0000

0.0001

0.0000

0.0000

0.0000

0.0002

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0001

-0.0001

0.0001

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

0.0001

0.0000

0.0000

0.0000

-0.0018

-0.0019

-0.0017

-0.0017

-0.0017

-0.0017

-0.0017

-0.0016

-0.0017

-0.0016

-0.0017

-0.0016

-0.0017

-0.0017

-0.0016

-0.0016

-0.0018

-0.0016

-0.0017

-0.0016

-0.0017

-0.0016

-0.0017

-0.0017

-0.0016

-0.0017

-0.0017

-0.0017

-0.0011

-0.0012

-0.0011

-0.0012

-0.0012

-0.0012

-0.0012

-0.0011

-0.0012

-0.0012

-0.0012

-0.0011

-0.0012

-0.0012

-0.0011

-0.0012

-0.0013

-0.0011

-0.0011

-0.0012

-0.0011

-0.0011

-0.0011

-0.0013

-0.0011

-0.0011

-0.0011

-0.0012

-0.0011

-0.0012

-0.0011

-0.0012

-0.0013

-0.0013

-0.0012

-0.0013

-0.0013

-0.0012

-0.0013

-0.0012

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0014

-0.0013

-0.0005

-0.0004

-0.0005

-0.0004

-0.0006

-0.0006

-0.0006

-0.0006

-0.0006

-0.0006

-0.0006

-0.0006

-0.0007

-0.0007

-0.0006

-0.0006

-0.0007

-0.0007

-0.0006

-0.0005

-0.0006

-0.0006

-0.0006

-0.0007

-0.0005

-0.0006

-0.0006

-0.0006

-0.0014

-0.0016

-0.0013

-0.0014

-0.0014

-0.0014

-0.0014

-0.0014

-0.0014

-0.0013

-0.0016

-0.0014

-0.0014

-0.0015

-0.0014

-0.0014

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0014

-0.0014

-0.0014

-0.0013

-0.0014

-0.0015

-0.0014
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854.

853.

852.

851.

850.

849.

848.

847.

846.

845.

844.

843.

842.

841.

840.

839.

838.

837.

836.

835.

834.

833.

832.

831.

830.

829.

828.

827.

0.0000

0.0000

0.0001

0.0000

0.0001

0.0000

0.0000

0.0001

0.0000

0.0001

0.0000

0.0001

0.0000

0.0001

-0.0001

0.0000

0.0000

0.0000

-0.0001

0.0001

0.0001

0.0000

0.0000

0.0000

0.0001

0.0001

0.0000

0.0001

-0.0017

-0.0017

-0.0018

-0.0018

-0.0017

-0.0018

-0.0017

-0.0017

-0.0017

-0.0018

-0.0018

-0.0017

-0.0018

-0.0017

-0.0018

-0.0018

-0.0017

-0.0019

-0.0018

-0.0017

-0.0016

-0.0017

-0.0017

-0.0017

-0.0016

-0.0017

-0.0018

-0.0017

-0.0013

-0.0012

-0.0012

-0.0013

-0.0011

-0.0012

-0.0012

-0.0012

-0.0012

-0.0013

-0.0013

-0.0011

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0013

-0.0013

-0.0012

-0.0012

-0.0013

-0.0013

-0.0011

-0.0012

-0.0012

-0.0012

-0.0011

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0013

-0.0014

-0.0014

-0.0014

-0.0014

-0.0013

-0.0014

-0.0013

-0.0014

-0.0015

-0.0014

-0.0014

-0.0014

-0.0014

-0.0013

-0.0014

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0007

-0.0005

-0.0007

-0.0005

-0.0006

-0.0006

-0.0005

-0.0006

-0.0005

-0.0006

-0.0006

-0.0005

-0.0005

-0.0005

-0.0006

-0.0005

-0.0005

-0.0006

-0.0006

-0.0005

-0.0005

-0.0005

-0.0006

-0.0005

-0.0005

-0.0005

-0.0005

-0.0004

-0.0015

-0.0014

-0.0014

-0.0014

-0.0013

-0.0015

-0.0014

-0.0014

-0.0015

-0.0013

-0.0015

-0.0013

-0.0014

-0.0013

-0.0014

-0.0014

-0.0014

-0.0015

-0.0014

-0.0014

-0.0014

-0.0014

-0.0015

-0.0014

-0.0013

-0.0014

-0.0014

-0.0014
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826.

825.

824.

823.

822.

821.

820.

8109.

818.

817.

816.

815.

814.

813.

812.

811.

810.

809.

808.

807.

806.

805.

804.

803.

802.

801.

800.

799.

0.0001

0.0000

0.0000

0.0000

0.0001

0.0000

0.0000

0.0000

0.0001

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

-0.0001

0.0000

-0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

-0.0001

-0.0001

0.0000

-0.0017

-0.0017

-0.0018

-0.0017

-0.0016

-0.0018

-0.0018

-0.0018

-0.0016

-0.0017

-0.0017

-0.0018

-0.0017

-0.0017

-0.0018

-0.0016

-0.0017

-0.0018

-0.0018

-0.0017

-0.0018

-0.0016

-0.0017

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0011

-0.0012

-0.0013

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0013

-0.0012

-0.0013

-0.0012

-0.0012

-0.0012

-0.0012

-0.0013

-0.0013

-0.0013

-0.0012

-0.0014

-0.0014

-0.0015

-0.0014

-0.0014

-0.0014

-0.0014

-0.0014

-0.0014

-0.0014

-0.0015

-0.0015

-0.0014

-0.0015

-0.0015

-0.0014

-0.0014

-0.0016

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0014

-0.0016

-0.0015

-0.0005

-0.0004

-0.0006

-0.0005

-0.0005

-0.0005

-0.0005

-0.0004

-0.0004

-0.0004

-0.0004

-0.0005

-0.0005

-0.0006

-0.0004

-0.0005

-0.0004

-0.0005

-0.0006

-0.0006

-0.0006

-0.0006

-0.0006

-0.0005

-0.0005

-0.0006

-0.0005

-0.0006

-0.0013

-0.0014

-0.0015

-0.0014

-0.0014

-0.0015

-0.0015

-0.0014

-0.0013

-0.0014

-0.0014

-0.0014

-0.0015

-0.0015

-0.0014

-0.0013

-0.0014

-0.0015

-0.0014

-0.0015

-0.0015

-0.0015

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0014
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798.

797.

796.

795.

794.

793.

792.

791.

790.

789.

788.

787.

786.

785.

784.

783.

782.

781.

780.

779.

778.

777.

776.

775.

774.

773.

772.

771.

-0.0001

0.0001

-0.0001

0.0000

0.0000

0.0000

-0.0001

0.0000

0.0000

-0.0001

0.0000

-0.0001

-0.0001

0.0000

0.0000

0.0001

0.0001

0.0000

0.0000

0.0000

-0.0001

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

-0.0001

-0.0017

-0.0018

-0.0017

-0.0018

-0.0017

-0.0017

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0017

-0.0020

-0.0019

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0019

-0.0019

-0.0019

-0.0017

-0.0019

-0.0018

-0.0018

-0.0017

-0.0018

-0.0012

-0.0011

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0013

-0.0012

-0.0012

-0.0012

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0010

-0.0012

-0.0012

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0014

-0.0015

-0.0015

-0.0015

-0.0016

-0.0015

-0.0017

-0.0018

-0.0017

-0.0017

-0.0016

-0.0017

-0.0017

-0.0016

-0.0017

-0.0017

-0.0016

-0.0016

-0.0016

-0.0014

-0.0014

-0.0014

-0.0015

-0.0005

-0.0006

-0.0006

-0.0005

-0.0006

-0.0005

-0.0006

-0.0005

-0.0006

-0.0006

-0.0007

-0.0007

-0.0008

-0.0006

-0.0007

-0.0006

-0.0008

-0.0007

-0.0007

-0.0007

-0.0007

-0.0007

-0.0007

-0.0005

-0.0005

-0.0005

-0.0005

-0.0007

-0.0014

-0.0015

-0.0015

-0.0015

-0.0015

-0.0015

-0.0015

-0.0015

-0.0016

-0.0016

-0.0016

-0.0017

-0.0017

-0.0016

-0.0016

-0.0015

-0.0016

-0.0016

-0.0016

-0.0016

-0.0017

-0.0016

-0.0016

-0.0014

-0.0015

-0.0014

-0.0015

-0.0016
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770.

769.

768.

767.

766.

765.

764.

763.

762.

761.

760.

759.

758.

757.

756.

755.

754,

753.

752.

751.

750.

749.

748.

747.

746.

745.

744.

743.

-0.0001

-0.0001

0.0000

-0.0001

0.0000

0.0000

-0.0001

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

0.0000

0.0000

-0.0001

0.0000

0.0000

-0.0001

-0.0001

0.0000

-0.0002

-0.0018

-0.0017

-0.0019

-0.0017

-0.0019

-0.0018

-0.0019

-0.0019

-0.0018

-0.0020

-0.0019

-0.0019

-0.0019

-0.0018

-0.0020

-0.0019

-0.0019

-0.0020

-0.0020

-0.0019

-0.0019

-0.0019

-0.0020

-0.0020

-0.0020

-0.0019

-0.0019

-0.0020

-0.0012

-0.0012

-0.0013

-0.0012

-0.0012

-0.0012

-0.0013

-0.0014

-0.0012

-0.0014

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0014

-0.0014

-0.0013

-0.0014

-0.0014

-0.0013

-0.0014

-0.0015

-0.0014

-0.0016

-0.0016

-0.0015

-0.0016

-0.0016

-0.0016

-0.0016

-0.0016

-0.0016

-0.0016

-0.0016

-0.0015

-0.0017

-0.0016

-0.0016

-0.0017

-0.0017

-0.0016

-0.0016

-0.0016

-0.0017

-0.0017

-0.0018

-0.0016

-0.0017

-0.0018

-0.0007

-0.0007

-0.0008

-0.0007

-0.0006

-0.0007

-0.0008

-0.0009

-0.0007

-0.0008

-0.0008

-0.0008

-0.0008

-0.0008

-0.0008

-0.0008

-0.0008

-0.0009

-0.0009

-0.0008

-0.0008

-0.0009

-0.0009

-0.0008

-0.0009

-0.0009

-0.0009

-0.0010

-0.0017

-0.0016

-0.0017

-0.0016

-0.0016

-0.0017

-0.0017

-0.0018

-0.0017

-0.0017

-0.0017

-0.0017

-0.0017

-0.0017

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0019

-0.0019

-0.0017

-0.0019

-0.0018

-0.0018

-0.0020
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742.

741.

740.

739.

738.

737.

736.

735.

734.

733.

732.

731.

730.

729.

728.

727.

726.

725.

724.

723.

722.

721.

720.

7109.

718.

717.

716.

715.

-0.0001

-0.0001

-0.0001

-0.0002

-0.0001

-0.0002

0.0000

-0.0002

-0.0001

-0.0001

-0.0002

-0.0001

-0.0002

-0.0001

-0.0001

-0.0001

-0.0002

0.0000

-0.0002

-0.0002

0.0000

0.0000

-0.0001

-0.0001

-0.0001

0.0000

-0.0001

0.0000

-0.0019

-0.0020

-0.0019

-0.0019

-0.0020

-0.0021

-0.0020

-0.0020

-0.0020

-0.0020

-0.0021

-0.0020

-0.0021

-0.0020

-0.0020

-0.0021

-0.0021

-0.0020

-0.0020

-0.0021

-0.0020

-0.0020

-0.0021

-0.0021

-0.0020

-0.0021

-0.0020

-0.0020

-0.0013

-0.0013

-0.0013

-0.0013

-0.0015

-0.0015

-0.0013

-0.0014

-0.0014

-0.0015

-0.0014

-0.0015

-0.0016

-0.0015

-0.0014

-0.0016

-0.0015

-0.0015

-0.0015

-0.0016

-0.0014

-0.0015

-0.0015

-0.0014

-0.0015

-0.0015

-0.0015

-0.0014

-0.0016

-0.0017

-0.0017

-0.0017

-0.0018

-0.0018

-0.0017

-0.0018

-0.0018

-0.0018

-0.0019

-0.0018

-0.0019

-0.0018

-0.0019

-0.0019

-0.0019

-0.0018

-0.0019

-0.0019

-0.0018

-0.0019

-0.0020

-0.0019

-0.0019

-0.0019

-0.0019

-0.0019

-0.0009

-0.0009

-0.0009

-0.0009

-0.0010

-0.0010

-0.0009

-0.0010

-0.0009

-0.0011

-0.0010

-0.0010

-0.0011

-0.0010

-0.0011

-0.0011

-0.0011

-0.0011

-0.0011

-0.0012

-0.0010

-0.0011

-0.0012

-0.0010

-0.0010

-0.0010

-0.0011

-0.0010

-0.0018

-0.0019

-0.0019

-0.0019

-0.0019

-0.0020

-0.0019

-0.0020

-0.0019

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0019

-0.0020

-0.0020

-0.0020

-0.0019

-0.0020

-0.0021

-0.0020
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714.

713.

712.

711.

710.

7009.

708.

707.

706.

705.

704.

703.

702.

701.

700.

699.

698.

697.

696.

695.

694.

693.

692.

691.

690.

6809.

688.

687.

-0.0001

-0.0001

-0.0001

-0.0001

-0.0002

0.0000

-0.0002

0.0000

-0.0001

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

-0.0002

0.0000

-0.0001

-0.0001

0.0000

-0.0001

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0019

-0.0021

-0.0020

-0.0021

-0.0020

-0.0021

-0.0020

-0.0020

-0.0020

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0020

-0.0020

-0.0020

-0.0022

-0.0020

-0.0015

-0.0015

-0.0015

-0.0015

-0.0016

-0.0015

-0.0015

-0.0015

-0.0016

-0.0017

-0.0016

-0.0016

-0.0016

-0.0016

-0.0016

-0.0015

-0.0016

-0.0017

-0.0016

-0.0016

-0.0017

-0.0016

-0.0017

-0.0016

-0.0017

-0.0017

-0.0017

-0.0018

-0.0019

-0.0019

-0.0018

-0.0020

-0.0020

-0.0019

-0.0020

-0.0018

-0.0020

-0.0019

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0021

-0.0020

-0.0021

-0.0020

-0.0021

-0.0020

-0.0020

-0.0020

-0.0011

-0.0011

-0.0011

-0.0010

-0.0011

-0.0011

-0.0012

-0.0010

-0.0012

-0.0011

-0.0012

-0.0011

-0.0011

-0.0011

-0.0012

-0.0011

-0.0011

-0.0011

-0.0013

-0.0012

-0.0012

-0.0012

-0.0012

-0.0011

-0.0012

-0.0011

-0.0012

-0.0012

-0.0020

-0.0021

-0.0020

-0.0020

-0.0021

-0.0020

-0.0022

-0.0020

-0.0021

-0.0021

-0.0021

-0.0021

-0.0020

-0.0021

-0.0021

-0.0020

-0.0021

-0.0021

-0.0022

-0.0021

-0.0021

-0.0021

-0.0022

-0.0020

-0.0021

-0.0022

-0.0021

-0.0021

268



686.

685.

684.

683.

682.

681.

680.

679.

678.

677.

676.

675.

674.

673.

672.

671.

670.

669.

668.

667.

666.

665.

664.

663.

662.

661.

660.

659.

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

0.0000

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

-0.0002

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

-0.0002

-0.0001

0.0000

-0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0022

-0.0021

-0.0021

-0.0020

-0.0022

-0.0021

-0.0022

-0.0021

-0.0022

-0.0021

-0.0022

-0.0020

-0.0021

-0.0022

-0.0022

-0.0022

-0.0021

-0.0021

-0.0020

-0.0022

-0.0021

-0.0021

-0.0020

-0.0017

-0.0017

-0.0017

-0.0017

-0.0017

-0.0018

-0.0016

-0.0018

-0.0016

-0.0018

-0.0017

-0.0018

-0.0016

-0.0018

-0.0018

-0.0018

-0.0017

-0.0017

-0.0018

-0.0017

-0.0019

-0.0018

-0.0018

-0.0017

-0.0019

-0.0018

-0.0018

-0.0018

-0.0020

-0.0020

-0.0020

-0.0021

-0.0021

-0.0021

-0.0020

-0.0021

-0.0020

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0020

-0.0021

-0.0020

-0.0021

-0.0024

-0.0024

-0.0023

-0.0023

-0.0022

-0.0023

-0.0022

-0.0022

-0.0021

-0.0012

-0.0011

-0.0011

-0.0012

-0.0011

-0.0012

-0.0011

-0.0012

-0.0011

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0013

-0.0013

-0.0011

-0.0011

-0.0013

-0.0014

-0.0015

-0.0013

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0011

-0.0021

-0.0022

-0.0021

-0.0022

-0.0022

-0.0022

-0.0021

-0.0022

-0.0021

-0.0022

-0.0023

-0.0022

-0.0021

-0.0023

-0.0023

-0.0023

-0.0021

-0.0022

-0.0023

-0.0024

-0.0023

-0.0022

-0.0023

-0.0022

-0.0022

-0.0022

-0.0023

-0.0020
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658.

657.

656.

655.

654.

653.

652.

651.

650.

649.

648.

647.

646.

645.

644.

643.

642.

641.

640.

639.

638.

637.

636.

635.

634.

633.

632.

631.

0.0001

0.0001

-0.0001

0.0000

-0.0001

-0.0001

0.0000

0.0000

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

-0.0002

0.0000

-0.0002

0.0000

-0.0001

-0.0001

0.0000

0.0000

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0021

-0.0020

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0022

-0.0022

-0.0022

-0.0021

-0.0022

-0.0021

-0.0022

-0.0021

-0.0021

-0.0021

-0.0021

-0.0022

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0022

-0.0022

-0.0022

-0.0021

-0.0017

-0.0015

-0.0018

-0.0018

-0.0017

-0.0018

-0.0017

-0.0018

-0.0018

-0.0018

-0.0018

-0.0019

-0.0017

-0.0018

-0.0017

-0.0018

-0.0017

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0019

-0.0018

-0.0019

-0.0017

-0.0019

-0.0019

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0022

-0.0021

-0.0021

-0.0020

-0.0022

-0.0020

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0022

-0.0023

-0.0022

-0.0022

-0.0011

-0.0011

-0.0012

-0.0013

-0.0013

-0.0013

-0.0011

-0.0013

-0.0013

-0.0013

-0.0012

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0012

-0.0013

-0.0013

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0014

-0.0015

-0.0013

-0.0022

-0.0021

-0.0023

-0.0023

-0.0023

-0.0023

-0.0022

-0.0023

-0.0023

-0.0023

-0.0022

-0.0024

-0.0022

-0.0022

-0.0023

-0.0024

-0.0023

-0.0024

-0.0023

-0.0023

-0.0023

-0.0024

-0.0023

-0.0023

-0.0024

-0.0024

-0.0025

-0.0023
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630.

629.

628.

627.

626.

625.

624.

623.

622.

621.

620.

619.

618.

617.

616.

615.

614.

613.

612.

611.

610.

609.

608.

607.

606.

605.

604.

603.

0.0000

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

-0.0001

0.0000

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

-0.0002

-0.0001

-0.0001

-0.0021

-0.0022

-0.0021

-0.0021

-0.0021

-0.0021

-0.0022

-0.0021

-0.0021

-0.0020

-0.0021

-0.0022

-0.0021

-0.0020

-0.0022

-0.0021

-0.0021

-0.0021

-0.0021

-0.0020

-0.0021

-0.0021

-0.0021

-0.0020

-0.0021

-0.0021

-0.0021

-0.0021

-0.0018

-0.0019

-0.0018

-0.0018

-0.0018

-0.0019

-0.0018

-0.0018

-0.0018

-0.0019

-0.0019

-0.0019

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0018

-0.0019

-0.0017

-0.0018

-0.0018

-0.0019

-0.0018

-0.0019

-0.0019

-0.0019

-0.0018

-0.0022

-0.0022

-0.0022

-0.0022

-0.0023

-0.0022

-0.0023

-0.0023

-0.0022

-0.0022

-0.0023

-0.0022

-0.0021

-0.0021

-0.0022

-0.0022

-0.0022

-0.0022

-0.0022

-0.0021

-0.0021

-0.0022

-0.0021

-0.0022

-0.0023

-0.0022

-0.0022

-0.0021

-0.0014

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0014

-0.0013

-0.0012

-0.0013

-0.0013

-0.0012

-0.0013

-0.0013

-0.0013

-0.0013

-0.0012

-0.0013

-0.0012

-0.0012

-0.0013

-0.0013

-0.0012

-0.0014

-0.0013

-0.0013

-0.0012

-0.0024

-0.0023

-0.0023

-0.0023

-0.0024

-0.0024

-0.0024

-0.0024

-0.0023

-0.0023

-0.0023

-0.0023

-0.0023

-0.0023

-0.0023

-0.0023

-0.0022

-0.0023

-0.0022

-0.0023

-0.0022

-0.0023

-0.0023

-0.0022

-0.0023

-0.0023

-0.0023

-0.0022

271



602.

601.

600.

599.

598.

597.

596.

595.

594,

593.

592.

591.

590.

589.

588.

587.

586.

585.

584.

583.

582.

581.

580.

579.

578.

577.

576.

575.

-0.0001

-0.0001

-0.0001

-0.0002

-0.0001

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0021

-0.0020

-0.0020

-0.0021

-0.0021

-0.0020

-0.0021

-0.0020

-0.0021

-0.0022

-0.0020

-0.0021

-0.0020

-0.0022

-0.0021

-0.0020

-0.0021

-0.0022

-0.0021

-0.0021

-0.0019

-0.0020

-0.0019

-0.0019

-0.0019

-0.0020

-0.0019

-0.0018

-0.0019

-0.0018

-0.0018

-0.0019

-0.0019

-0.0018

-0.0019

-0.0018

-0.0018

-0.0019

-0.0018

-0.0018

-0.0019

-0.0020

-0.0019

-0.0019

-0.0019

-0.0019

-0.0019

-0.0019

-0.0022

-0.0022

-0.0022

-0.0022

-0.0022

-0.0022

-0.0022

-0.0021

-0.0022

-0.0023

-0.0021

-0.0023

-0.0022

-0.0021

-0.0022

-0.0022

-0.0022

-0.0023

-0.0022

-0.0022

-0.0023

-0.0025

-0.0023

-0.0022

-0.0022

-0.0023

-0.0023

-0.0022

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0013

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0013

-0.0012

-0.0012

-0.0012

-0.0012

-0.0012

-0.0011

-0.0012

-0.0012

-0.0014

-0.0013

-0.0012

-0.0012

-0.0013

-0.0013

-0.0013

-0.0023

-0.0023

-0.0024

-0.0023

-0.0023

-0.0023

-0.0023

-0.0022

-0.0023

-0.0023

-0.0022

-0.0023

-0.0023

-0.0022

-0.0023

-0.0023

-0.0022

-0.0024

-0.0023

-0.0022

-0.0023

-0.0024

-0.0024

-0.0024

-0.0023

-0.0024

-0.0024

-0.0023
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574.

573.

572.

571.

570.

569.

568.

567.

566.

565.

564.

563.

562.

561.

560.

559.

558.

557.

556.

555.

554.

553.

552.

551.

550.

549.

548.

547.

-0.0001

0.0000

0.0000

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

0.0000

-0.0002

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

-0.0002

-0.0002

-0.0001

0.0000

-0.0001

0.0000

0.0000

-0.0021

-0.0020

-0.0020

-0.0021

-0.0021

-0.0021

-0.0020

-0.0020

-0.0020

-0.0021

-0.0021

-0.0021

-0.0020

-0.0021

-0.0020

-0.0021

-0.0021

-0.0020

-0.0021

-0.0020

-0.0020

-0.0022

-0.0022

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0020

-0.0019

-0.0019

-0.0020

-0.0019

-0.0019

-0.0019

-0.0019

-0.0018

-0.0020

-0.0020

-0.0019

-0.0019

-0.0020

-0.0020

-0.0019

-0.0018

-0.0018

-0.0018

-0.0018

-0.0019

-0.0020

-0.0019

-0.0019

-0.0016

-0.0018

-0.0016

-0.0016

-0.0023

-0.0022

-0.0022

-0.0022

-0.0022

-0.0022

-0.0023

-0.0022

-0.0021

-0.0023

-0.0023

-0.0022

-0.0021

-0.0023

-0.0022

-0.0022

-0.0021

-0.0022

-0.0020

-0.0023

-0.0023

-0.0022

-0.0022

-0.0022

-0.0020

-0.0020

-0.0020

-0.0017

-0.0013

-0.0012

-0.0012

-0.0012

-0.0013

-0.0011

-0.0012

-0.0012

-0.0012

-0.0013

-0.0012

-0.0012

-0.0012

-0.0012

-0.0011

-0.0011

-0.0010

-0.0010

-0.0011

-0.0011

-0.0009

-0.0010

-0.0009

-0.0008

-0.0007

-0.0007

-0.0006

-0.0002

-0.0023

-0.0023

-0.0023

-0.0023

-0.0022

-0.0023

-0.0022

-0.0022

-0.0022

-0.0023

-0.0022

-0.0022

-0.0021

-0.0022

-0.0021

-0.0020

-0.0019

-0.0020

-0.0019

-0.0019

-0.0017

-0.0018

-0.0016

-0.0016

-0.0014

-0.0014

-0.0011

-0.0011
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546.

545.

544.

543.

542.

541.

540.

539.

538.

537.

536.

535.

534.

533.

532.

531.

530.

529.

528.

527.

526.

525.

524.

523.

522.

521.

520.

519.

0.0000

-0.0001

0.0000

0.0000

0.0000

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

-0.0001

0.0000

0.0000

0.0000

-0.0001

0.0000

0.0001

0.0000

0.0001

0.0001

0.0000

-0.0001

0.0000

0.0000

-0.0021

-0.0020

-0.0017

-0.0018

-0.0016

-0.0016

-0.0016

-0.0016

-0.0016

-0.0015

-0.0014

-0.0013

-0.0011

-0.0010

-0.0009

-0.0006

-0.0001

0.0000

0.0007

0.0013

0.0022

0.0031

0.0046

0.0063

0.0087

0.0116

0.0155

0.0206

-0.0015

-0.0013

-0.0013

-0.0013

-0.0012

-0.0010

-0.0010

-0.0008

-0.0007

-0.0006

-0.0003

-0.0002

-0.0001

0.0003

0.0007

0.0013

0.0020

0.0027

0.0038

0.0051

0.0069

0.0090

0.0118

0.0155

0.0201

0.0262

0.0344

0.0450

-0.0016

-0.0015

-0.0013

-0.0013

-0.0012

-0.0010

-0.0009

-0.0008

-0.0005

-0.0004

0.0000

0.0002

0.0007

0.0013

0.0018

0.0025

0.0035

0.0046

0.0062

0.0083

0.0108

0.0140

0.0185

0.0238

0.0308

0.0399

0.0517

0.0672

-0.0003

-0.0002

0.0000

0.0001

0.0002

0.0003

0.0006

0.0007

0.0009

0.0014

0.0018

0.0022

0.0027

0.0033

0.0041

0.0053

0.0067

0.0081

0.0102

0.0128

0.0162

0.0204

0.0261

0.0330

0.0423

0.0544

0.0704

0.0913

-0.0010

-0.0009

-0.0005

-0.0004

-0.0004

0.0000

0.0001

0.0004

0.0007

0.0011

0.0017

0.0022

0.0030

0.0039

0.0050

0.0064

0.0081

0.0102

0.0131

0.0165

0.0211

0.0268

0.0343

0.0436

0.0558

0.0717

0.0927

0.1201
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518.

517.

516.

515.

514.

513.

512.

511.

510.

509.

508.

507.

506.

505.

504.

503.

502.

501.

500.

499.

498.

497.

496.

495.

494,

493.

492.

491.

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

0.0001

-0.0001

0.0000

0.0000

0.0000

0.0000

-0.0001

-0.0001

-0.0001

0.0000

0.0000

0.0001

0.0000

-0.0001

0.0000

-0.0001

0.0270

0.0354

0.0455

0.0570

0.0697

0.0824

0.0939

0.1031

0.1093

0.1120

0.1109

0.1069

0.1008

0.0935

0.0864

0.0796

0.0737

0.0688

0.0645

0.0609

0.0577

0.0548

0.0520

0.0494

0.0467

0.0442

0.0421

0.0399

0.0584

0.0754

0.0958

0.1190

0.1443

0.1701

0.1939

0.2132

0.2259

0.2313

0.2290

0.2208

0.2085

0.1941

0.1796

0.1659

0.1537

0.1434

0.1346

0.1271

0.1205

0.1147

0.1091

0.1037

0.0984

0.0933

0.0887

0.0845

0.0870

0.1122

0.1426

0.1776

0.2159

0.2541

0.2890

0.3171

0.3358

0.3438

0.3409

0.3289

0.3104

0.2888

0.2670

0.2467

0.2290

0.2139

0.2011

0.1902

0.1803

0.1715

0.1630

0.1548

0.1468

0.1393

0.1326

0.1266

0.1179

0.1514

0.1915

0.2376

0.2881

0.3396

0.3872

0.4257

0.4512

0.4616

0.4573

0.4410

0.4166

0.3878

0.3588

0.3315

0.3073

0.2869

0.2697

0.2549

0.2419

0.2302

0.2190

0.2084

0.1978

0.1878

0.1786

0.1705

0.1557

0.2005

0.2547

0.3172

0.3848

0.4528

0.5150

0.5655

0.5996

0.6140

0.6086

0.5868

0.5536

0.5152

0.4765

0.4405

0.4090

0.3822

0.3591

0.3394

0.3219

0.3061

0.2910

0.2767

0.2627

0.2496

0.2374

0.2267
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490.

4809.

488.

487.

486.

485.

484.

483.

482.

481.

480.

479.

478.

477.

476.

475.

474,

473.

472.

471.

470.

469.

468.

467.

466.

465.

464.

463.

0.0000

0.0001

-0.0001

0.0000

0.0001

-0.0001

0.0000

-0.0001

0.0000

0.0000

0.0000

0.0000

-0.0001

0.0000

0.0001

-0.0002

-0.0001

0.0000

0.0000

0.0001

0.0000

-0.0001

0.0001

-0.0001

0.0000

-0.0001

-0.0001

0.0001

0.0384

0.0372

0.0363

0.0360

0.0359

0.0356

0.0354

0.0350

0.0343

0.0332

0.0319

0.0305

0.0289

0.0274

0.0259

0.0242

0.0226

0.0212

0.0197

0.0182

0.0167

0.0153

0.0141

0.0129

0.0119

0.0109

0.0100

0.0093

0.0812

0.0788

0.0772

0.0763

0.0760

0.0757

0.0753

0.0743

0.0729

0.0706

0.0682

0.0649

0.0618

0.0588

0.0558

0.0527

0.0495

0.0463

0.0431

0.0402

0.0371

0.0344

0.0319

0.0296

0.0275

0.0256

0.0240

0.0226

0.1217

0.1180

0.1155

0.1143

0.1138

0.1134

0.1127

0.1113

0.1091

0.1059

0.1020

0.0975

0.0928

0.0882

0.0838

0.0789

0.0744

0.0697

0.0651

0.0606

0.0562

0.0519

0.0482

0.0447

0.0417

0.0389

0.0365

0.0343

0.1638

0.1590

0.1557

0.1542

0.1535

0.1530

0.1522

0.1504

0.1474

0.1430

0.1379

0.1318

0.1258

0.1196

0.1137

0.1073

0.1012

0.0948

0.0886

0.0825

0.0766

0.0710

0.0662

0.0616

0.0575

0.0539

0.0505

0.0476

0.2178

0.2112

0.2070

0.2048

0.2040

0.2033

0.2022

0.1998

0.1958

0.1901

0.1831

0.1752

0.1669

0.1587

0.1507

0.1423

0.1342

0.1259

0.1177

0.1095

0.1017

0.0941

0.0875

0.0815

0.0760

0.0712

0.0668

0.0630
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462.

461.

460.

459.

458.

457.

456.

455.

454,

453.

452.

451.

450.

449.

448.

447.

446.

445.

444,

443.

442.

441.

440.

4309.

438.

437.

436.

435.

-0.0001

0.0000

0.0000

0.0000

0.0000

-0.0001

0.0000

-0.0001

-0.0001

0.0000

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

-0.0002

-0.0001

-0.0001

0.0000

-0.0001

0.0000

0.0087

0.0081

0.0076

0.0069

0.0065

0.0059

0.0055

0.0052

0.0046

0.0043

0.0039

0.0037

0.0032

0.0029

0.0025

0.0022

0.0019

0.0016

0.0013

0.0012

0.0009

0.0006

0.0003

0.0000

-0.0002

-0.0002

-0.0007

-0.0007

0.0212

0.0199

0.0189

0.0179

0.0169

0.0159

0.0151

0.0142

0.0133

0.0126

0.0118

0.0111

0.0103

0.0097

0.0089

0.0083

0.0077

0.0072

0.0068

0.0062

0.0057

0.0051

0.0045

0.0039

0.0035

0.0031

0.0028

0.0024

0.0323

0.0306

0.0290

0.0274

0.0260

0.0245

0.0233

0.0220

0.0207

0.0196

0.0185

0.0173

0.0161

0.0151

0.0141

0.0132

0.0123

0.0115

0.0108

0.0101

0.0093

0.0084

0.0076

0.0069

0.0061

0.0056

0.0050

0.0044

0.0449

0.0426

0.0404

0.0385

0.0365

0.0346

0.0329

0.0313

0.0296

0.0281

0.0266

0.0250

0.0236

0.0223

0.0208

0.0197

0.0185

0.0176

0.0164

0.0155

0.0144

0.0133

0.0123

0.0113

0.0104

0.0095

0.0088

0.0080

0.0594

0.0562

0.0533

0.0507

0.0483

0.0457

0.0434

0.0412

0.0389

0.0370

0.0350

0.0329

0.0309

0.0291

0.0272

0.0257

0.0241

0.0227

0.0214

0.0202

0.0187

0.0173

0.0159

0.0144

0.0133

0.0122

0.0111

0.0102
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434.

433.

432.

431.

430.

429.

428.

427.

426.

425.

424,

423.

422.

421.

420.

4109.

418.

417.

416.

415.

414.

413.

412.

411.

410.

4009.

408.

407.

0.0000

0.0000

0.0000

0.0001

0.0001

0.0000

-0.0002

0.0000

0.0000

0.0000

-0.0001

-0.0001

0.0001

0.0001

0.0000

0.0000

0.0000

0.0000

0.0000

-0.0001

0.0000

0.0000

0.0000

0.0000

0.0001

0.0000

0.0001

0.0000

-0.0008

-0.0010

-0.0012

-0.0013

-0.0015

-0.0016

-0.0019

-0.0019

-0.0018

-0.0020

-0.0021

-0.0021

-0.0022

-0.0021

-0.0025

-0.0024

-0.0025

-0.0025

-0.0027

-0.0028

-0.0026

-0.0028

-0.0027

-0.0028

-0.0028

-0.0029

-0.0029

-0.0029

0.0021

0.0017

0.0016

0.0012

0.0011

0.0007

0.0004

0.0003

0.0002

-0.0001

-0.0002

-0.0004

-0.0005

-0.0006

-0.0007

-0.0009

-0.0010

-0.0011

-0.0012

-0.0014

-0.0013

-0.0015

-0.0015

-0.0017

-0.0018

-0.0017

-0.0018

-0.0018

0.0039

0.0035

0.0030

0.0027

0.0022

0.0018

0.0016

0.0013

0.0010

0.0008

0.0005

0.0003

0.0001

-0.0001

-0.0003

-0.0004

-0.0006

-0.0009

-0.0010

-0.0011

-0.0012

-0.0015

-0.0014

-0.0016

-0.0017

-0.0017

-0.0017

-0.0017

0.0073

0.0067

0.0062

0.0058

0.0052

0.0048

0.0042

0.0039

0.0037

0.0032

0.0028

0.0027

0.0024

0.0021

0.0018

0.0016

0.0013

0.0011

0.0008

0.0007

0.0006

0.0004

0.0003

0.0002

0.0000

-0.0001

-0.0001

-0.0001

0.0093

0.0085

0.0077

0.0070

0.0064

0.0057

0.0051

0.0045

0.0042

0.0036

0.0032

0.0029

0.0024

0.0020

0.0018

0.0015

0.0012

0.0009

0.0006

0.0003

0.0002

0.0000

-0.0003

-0.0004

-0.0005

-0.0007

-0.0008

-0.0007
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406.

405.

404.

403.

402.

401.

400.

399.

398.

397.

396.

395.

394.

393.

392.

391.

390.

3809.

388.

387.

386.

385.

384.

383.

382.

381.

380.

379.

-0.0001

0.0001

0.0000

0.0000

0.0001

0.0000

0.0002

-0.0001

0.0001

-0.0001

-0.0001

0.0001

-0.0001

0.0001

-0.0001

-0.0002

-0.0001

-0.0001

0.0000

-0.0001

-0.0001

0.0000

0.0000

-0.0001

0.0007

-0.0011

0.0006

-0.0003

-0.0030

-0.0030

-0.0029

-0.0031

-0.0029

-0.0029

-0.0027

-0.0030

-0.0028

-0.0028

-0.0030

-0.0027

-0.0028

-0.0026

-0.0025

-0.0025

-0.0023

-0.0022

-0.0019

-0.0018

-0.0016

-0.0014

-0.0012

-0.0013

-0.0020

-0.0016

-0.0012

-0.0007

-0.0019

-0.0019

-0.0019

-0.0019

-0.0019

-0.0018

-0.0017

-0.0018

-0.0016

-0.0017

-0.0016

-0.0013

-0.0013

-0.0010

-0.0009

-0.0008

-0.0005

-0.0003

0.0002

0.0005

0.0009

0.0012

0.0018

0.0010

0.0018

0.0016

0.0025

0.0033

-0.0019

-0.0019

-0.0018

-0.0020

-0.0018

-0.0019

-0.0017

-0.0018

-0.0016

-0.0016

-0.0016

-0.0011

-0.0009

-0.0006

-0.0004

-0.0002

0.0001

0.0005

0.0011

0.0015

0.0021

0.0027

0.0035

0.0021

0.0032

0.0030

0.0046

0.0052

-0.0002

-0.0003

-0.0003

-0.0002

-0.0003

-0.0002

-0.0001

-0.0001

0.0002

0.0001

0.0004

0.0007

0.0009

0.0013

0.0015

0.0019

0.0024

0.0029

0.0037

0.0042

0.0051

0.0058

0.0068

0.0068

0.0070

0.0076

0.0090

0.0096

-0.0010

-0.0010

-0.0009

-0.0009

-0.0009

-0.0009

-0.0008

-0.0008

-0.0006

-0.0005

-0.0002

0.0004

0.0005

0.0008

0.0013

0.0018

0.0025

0.0033

0.0042

0.0050

0.0060

0.0071

0.0083

0.0069

0.0093

0.0095

0.0119

0.0122
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378.

377.

376.

375.

374.

373.

372.

371.

370.

369.

368.

367.

366.

365.

364.

363.

362.

361.

360.

359.

358.

357.

356.

355.

354.

353.

352.

351.

0.0004

-0.0004

0.0008

-0.0006

0.0005

-0.0005

0.0006

-0.0005

0.0002

0.0001

0.0001

0.0000

-0.0002

0.0003

-0.0002

-0.0001

0.0003

0.0003

-0.0002

-0.0006

0.0011

0.0000

0.0002

-0.0001

0.0001

0.0002

0.0003

0.0004

-0.0004

-0.0008

0.0003

-0.0003

0.0005

0.0006

0.0012

0.0003

0.0008

0.0006

0.0013

0.0012

0.0014

0.0017

0.0019

0.0010

0.0022

0.0022

0.0022

0.0021

0.0029

0.0025

0.0029

0.0025

0.0028

0.0030

0.0032

0.0029

0.0033

0.0039

0.0047

0.0034

0.0047

0.0050

0.0061

0.0052

0.0058

0.0060

0.0064

0.0068

0.0066

0.0071

0.0078

0.0076

0.0083

0.0087

0.0089

0.0090

0.0102

0.0091

0.0099

0.0097

0.0102

0.0101

0.0104

0.0109

0.0064

0.0061

0.0080

0.0052

0.0089

0.0085

0.0092

0.0096

0.0101

0.0104

0.0109

0.0112

0.0114

0.0125

0.0130

0.0125

0.0136

0.0134

0.0144

0.0143

0.0157

0.0152

0.0160

0.0157

0.0160

0.0162

0.0167

0.0168

0.0106

0.0112

0.0130

0.0116

0.0142

0.0142

0.0157

0.0153

0.0161

0.0166

0.0172

0.0177

0.0183

0.0189

0.0196

0.0196

0.0210

0.0213

0.0220

0.0223

0.0236

0.0237

0.0239

0.0239

0.0247

0.0244

0.0251

0.0250

0.0136

0.0145

0.0159

0.0150

0.0178

0.0184

0.0203

0.0196

0.0209

0.0214

0.0224

0.0234

0.0239

0.0245

0.0257

0.0258

0.0272

0.0279

0.0285

0.0290

0.0308

0.0303

0.0316

0.0319

0.0319

0.0324

0.0326

0.0330
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350.

349.

348.

347.

346.

345.

344,

343.

342.

341.

340.

339.

338.

337.

336.

335.

334.

333.

332.

331.

330.

329.

328.

327.

326.

325.

324.

323.

-0.0001

-0.0001

-0.0008

0.0006

-0.0001

0.0000

0.0002

-0.0011

-0.0003

-0.0005

0.0007

0.0006

0.0001

-0.0007

-0.0002

0.0001

-0.0005

0.0002

-0.0001

0.0002

0.0005

-0.0009

0.0004

-0.0008

0.0000

-0.0003

-0.0001

-0.0001

0.0032

0.0031

0.0023

0.0034

0.0024

0.0029

0.0027

0.0027

0.0032

0.0020

0.0035

0.0027

0.0026

0.0022

0.0028

0.0026

0.0014

0.0025

0.0022

0.0019

0.0025

0.0011

0.0003

0.0014

0.0020

0.0015

0.0017

0.0015

0.0104

0.0099

0.0098

0.0108

0.0103

0.0103

0.0104

0.0106

0.0095

0.0097

0.0103

0.0106

0.0100

0.0086

0.0101

0.0102

0.0077

0.0097

0.0090

0.0089

0.0086

0.0071

0.0077

0.0076

0.0085

0.0077

0.0078

0.0077

0.0168

0.0164

0.0159

0.0173

0.0172

0.0159

0.0160

0.0160

0.0160

0.0157

0.0162

0.0158

0.0154

0.0152

0.0153

0.0151

0.0144

0.0151

0.0143

0.0135

0.0140

0.0129

0.0132

0.0122

0.0134

0.0125

0.0126

0.0122

0.0253

0.0245

0.0243

0.0258

0.0252

0.0235

0.0250

0.0246

0.0244

0.0236

0.0247

0.0238

0.0236

0.0234

0.0238

0.0230

0.0217

0.0223

0.0221

0.0208

0.0219

0.0196

0.0199

0.0201

0.0201

0.0193

0.0191

0.0189

0.0327

0.0328

0.0309

0.0335

0.0322

0.0311

0.0324

0.0320

0.0318

0.0318

0.0324

0.0317

0.0308

0.0304

0.0309

0.0306

0.0292

0.0294

0.0289

0.0289

0.0282

0.0262

0.0268

0.0255

0.0258

0.0247

0.0248

0.0240
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322.

321.

320.

319.

318.

317.

316.

315.

314.

313.

312.

311.

310.

309.

308.

307.

306.

305.

304.

303.

302.

301.

300.

299.

298.

297.

296.

295.

-0.0002

-0.0001

-0.0003

0.0000

-0.0003

0.0000

0.0000

-0.0001

-0.0002

-0.0002

-0.0001

-0.0002

0.0000

0.0000

0.0001

-0.0002

-0.0001

-0.0001

0.0000

-0.0001

0.0001

-0.0001

-0.0001

-0.0003

0.0000

-0.0001

0.0000

-0.0002

0.0014

0.0015

0.0014

0.0014

0.0013

0.0014

0.0015

0.0013

0.0013

0.0014

0.0012

0.0014

0.0016

0.0016

0.0018

0.0017

0.0019

0.0019

0.0020

0.0020

0.0023

0.0024

0.0023

0.0024

0.0025

0.0027

0.0027

0.0028

0.0075

0.0074

0.0071

0.0072

0.0069

0.0069

0.0069

0.0068

0.0066

0.0066

0.0068

0.0067

0.0070

0.0068

0.0071

0.0070

0.0070

0.0069

0.0071

0.0070

0.0071

0.0068

0.0070

0.0069

0.0068

0.0069

0.0070

0.0070

0.0120

0.0117

0.0115

0.0115

0.0110

0.0111

0.0109

0.0108

0.0105

0.0105

0.0106

0.0107

0.0108

0.0106

0.0108

0.0109

0.0107

0.0107

0.0107

0.0104

0.0105

0.0101

0.0101

0.0101

0.0098

0.0098

0.0098

0.0098

0.0185

0.0184

0.0179

0.0179

0.0174

0.0173

0.0170

0.0169

0.0168

0.0166

0.0165

0.0166

0.0169

0.0167

0.0170

0.0167

0.0167

0.0168

0.0164

0.0163

0.0162

0.0157

0.0157

0.0155

0.0152

0.0151

0.0151

0.0150

0.0237

0.0231

0.0228

0.0224

0.0219

0.0218

0.0214

0.0211

0.0209

0.0208

0.0208

0.0206

0.0208

0.0208

0.0209

0.0207

0.0205

0.0204

0.0202

0.0198

0.0195

0.0190

0.0186

0.0182

0.0180

0.0176

0.0175

0.0174
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294,

293.

292.

291.

290.

2809.

288.

287.

286.

285.

284.

283.

282.

281.

280.

279.

278.

277.

276.

275.

274.

273.

272.

271.

270.

269.

268.

267.

0.0000

-0.0001

-0.0002

0.0000

-0.0002

-0.0003

0.0000

0.0000

-0.0002

-0.0001

-0.0002

0.0000

-0.0001

-0.0003

-0.0001

-0.0002

-0.0004

-0.0001

0.0000

0.0000

-0.0003

-0.0001

0.0000

-0.0003

-0.0001

-0.0001

-0.0002

-0.0002

0.0033

0.0035

0.0037

0.0038

0.0040

0.0045

0.0053

0.0059

0.0069

0.0075

0.0076

0.0078

0.0080

0.0077

0.0082

0.0082

0.0085

0.0088

0.0088

0.0087

0.0085

0.0087

0.0083

0.0079

0.0079

0.0078

0.0077

0.0075

0.0071

0.0073

0.0072

0.0075

0.0073

0.0074

0.0078

0.0083

0.0086

0.0088

0.0087

0.0089

0.0090

0.0089

0.0089

0.0090

0.0087

0.0091

0.0091

0.0089

0.0088

0.0091

0.0088

0.0085

0.0083

0.0084

0.0085

0.0087

0.0099

0.0097

0.0098

0.0099

0.0097

0.0099

0.0101

0.0103

0.0104

0.0105

0.0105

0.0105

0.0105

0.0102

0.0104

0.0102

0.0099

0.0102

0.0101

0.0100

0.0098

0.0099

0.0097

0.0092

0.0092

0.0092

0.0096

0.0097

0.0150

0.0148

0.0150

0.0148

0.0146

0.0147

0.0148

0.0152

0.0153

0.0154

0.0153

0.0152

0.0152

0.0150

0.0149

0.0145

0.0144

0.0147

0.0145

0.0142

0.0142

0.0143

0.0140

0.0135

0.0134

0.0137

0.0138

0.0143

0.0172

0.0172

0.0170

0.0168

0.0166

0.0166

0.0167

0.0171

0.0175

0.0176

0.0172

0.0172

0.0169

0.0163

0.0162

0.0159

0.0157

0.0158

0.0157

0.0155

0.0150

0.0150

0.0146

0.0139

0.0138

0.0140

0.0142

0.0148
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266.

265.

264.

263.

262.

261.

260.

259.

258.

257.

256.

255,

254,

253.

252,

251.

250.

249.

248.

247.

246.

245,

244.

243.

242.

241.

240.

239.

-0.0001

-0.0001

-0.0002

-0.0001

-0.0002

0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0001

-0.0003

-0.0001

0.0000

0.0001

0.0000

0.0000

0.0000

0.0000

-0.0001

0.0000

0.0001

0.0001

-0.0001

0.0000

0.0001

0.0000

0.0000

0.0076

0.0079

0.0083

0.0089

0.0101

0.0119

0.0143

0.0179

0.0218

0.0258

0.0293

0.0320

0.0335

0.0346

0.0354

0.0368

0.0390

0.0420

0.0452

0.0485

0.0514

0.0534

0.0545

0.0552

0.0562

0.0582

0.0612

0.0649

0.0091

0.0098

0.0107

0.0123

0.0148

0.0186

0.0234

0.0303

0.0382

0.0463

0.0534

0.0584

0.0613

0.0628

0.0643

0.0663

0.0702

0.0756

0.0818

0.0878

0.0926

0.0953

0.0960

0.0956

0.0958

0.0973

0.1006

0.1052

0.0104

0.0114

0.0130

0.0153

0.0190

0.0244

0.0317

0.0417

0.0536

0.0657

0.0760

0.0833

0.0874

0.0895

0.0912

0.0942

0.0998

0.1077

0.1170

0.1260

0.1328

0.1366

0.1370

0.1361

0.1358

0.1377

0.1420

0.1484

0.0151

0.0164

0.0186

0.0217

0.0266

0.0340

0.0436

0.0567

0.0722

0.0883

0.1024

0.1120

0.1175

0.1200

0.1222

0.1263

0.1337

0.1441

0.1565

0.1687

0.1780

0.1828

0.1834

0.1822

0.1818

0.1842

0.1899

0.1985

0.0159

0.0177

0.0205

0.0245

0.0306

0.0401

0.0532

0.0707

0.0916

0.1129

0.1312

0.1439

0.1506

0.1536

0.1561

0.1613

0.1709

0.1849

0.2012

0.2170

0.2287

0.2344

0.2349

0.2326

0.2315

0.2342

0.2415

0.2528
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238.

237.

236.

235.

234.

233.

232.

231.

230.

229.

228.

227.

226.

225.

224,

223.

222.

221.

220.

219.

218.

217.

216.

215.

214.

213.

212.

211.

0.0000

0.0001

0.0001

0.0000

0.0000

0.0002

0.0002

0.0000

0.0001

0.0001

0.0000

0.0001

0.0003

0.0001

0.0002

0.0001

0.0002

0.0003

0.0002

0.0002

0.0003

0.0002

0.0003

0.0004

0.0006

0.0003

0.0003

0.0000

0.0697

0.0748

0.0794

0.0831

0.0857

0.0880

0.0901

0.0916

0.0930

0.0943

0.0949

0.0947

0.0941

0.0932

0.0928

0.0919

0.0915

0.0913

0.0912

0.0912

0.0919

0.0926

0.0942

0.0968

0.1002

0.1049

0.1112

0.1186

0.1109

0.1162

0.1199

0.1215

0.1214

0.1212

0.1212

0.1213

0.1214

0.1217

0.1205

0.1189

0.1166

0.1142

0.1124

0.1101

0.1084

0.1071

0.1059

0.1047

0.1044

0.1042

0.1050

0.1065

0.1090

0.1126

0.1170

0.1225

0.1559

0.1630

0.1674

0.1685

0.1673

0.1656

0.1643

0.1632

0.1618

0.1603

0.1576

0.1538

0.1494

0.1448

0.1405

0.1359

0.1320

0.1282

0.1250

0.1217

0.1193

0.1174

0.1166

0.1170

0.1183

0.1207

0.1245

0.1293

0.2082

0.2174

0.2232

0.2247

0.2224

0.2202

0.2181

0.2163

0.2145

0.2121

0.2083

0.2028

0.1969

0.1904

0.1846

0.1785

0.1731

0.1681

0.1634

0.1594

0.1560

0.1533

0.1520

0.1521

0.1534

0.1557

0.1597

0.1651

0.2655

0.2775

0.2850

0.2865

0.2835

0.2796

0.2759

0.2722

0.2684

0.2637

0.2569

0.2481

0.2386

0.2284

0.2187

0.2084

0.1990

0.1903

0.1818

0.1740

0.1673

0.1614

0.1572

0.1543

0.1530

0.1526

0.1538

0.1564
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210.

2009.

208.

207.

206.

205.

204.

203.

202.

201.

200.

0.0005

0.0002

-0.0002

0.0000

-0.0004

-0.0012

-0.0015

-0.0027

-0.0028

-0.0069

-0.0101

Emission Data of 2 um FBI.

AnM

450.0

451.0

452.0

453.0

454.0

455.0

456.0

457.0

458.0

459.0

460.0

461.0

462.0

463.0

464.0

Emission
Au

0.047

0.024

0.105

0.014

0.090

0.103

0.066

0.012

0.070

0.087

0.056

0.064

0.116

0.095

0.075

Emission
AnM Au

496.0 10.639

497.0 13.425

498.0 16.698

499.0 21.040

500.0 26.728

501.0 33.643

502.0 43.043

503.0 55.222

504.0 72.987

505.0 94.263

506.0 120.209

507.0 151.077

508.0 185.809

509.0 223.630

510.0 260.906

0.1294

0.1422

0.1586

0.1794

0.2052

0.2355

0.2717

0.3146

0.3493

0.3656

0.3238

Emission
AnM Au

542.0 76.274

543.0 74.347

544.0 72.165

545.0 69.560

546.0 66.703

547.0 63.465

548.0 60.148

549.0 56.662

550.0 53.511

551.0 49.647

552.0 46.673

553.0 43.901

554.0 41.244

555.0 38.662

556.0 36.047

0.1306

0.1400

0.1523

0.1679

0.1884

0.2120

0.2413

0.2767

0.3076

0.3245

0.3091

AnM

588.0

589.0

590.0

591.0

592.0

593.0

594.0

595.0

596.0

597.0

598.0

599.0

600.0

601.0

602.0

0.1373
0.1468
0.1597
0.1765
0.1977
0.2231
0.2548
0.2952
0.3341
0.3574
0.3311
Emission
Au AnM
4.246 634.0
4.022 635.0
3.747 636.0
3.578 637.0
3.287 638.0
3.132 639.0
2.966 640.0
2.807 641.0
2.628 642.0
2.460 643.0
2.374 644.0
2174 645.0
2.126 646.0
1.993 647.0
1.885 648.0

0.1729

0.1830

0.1962

0.2141

0.2357

0.2617

0.2945

0.3318

0.3673

0.3867

0.3648

Emission
Au

0.204

0.278

0.229

0.257

0.268

0.224

0.262

0.162

0.162

0.210

0.199

0.143

0.203

0.181

0.147

AnM

680.0

681.0

682.0

683.0

684.0

685.0

686.0

687.0

688.0

689.0

690.0

691.0

692.0

693.0

694.0

0.1616

0.1690

0.1791

0.1931

0.2109

0.2337

0.2611

0.2963

0.3296

0.3530

0.3501

Emission
Au

0.105

0.042

0.055

0.040

0.065

0.090

-0.004

0.090

0.042

0.066

0.083

0.035

0.022

0.042

0.051
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465.0

466.0

467.0

468.0

469.0

470.0

471.0

472.0

473.0

474.0

475.0

476.0

477.0

478.0

479.0

480.0

481.0

482.0

483.0

484.0

485.0

486.0

487.0

488.0

489.0

490.0

491.0

492.0

0.081

0.026

0.097

0.057

0.089

0.087

0.093

0.149

0.113

0.081

0.100

0.138

0.204

0.268

0.360

0.425

0.487

0.578

0.726

0.840

1.072

1.249

1.517

1.818

2.239

2.772

3.451

4.349

511.0

512.0

513.0

514.0

515.0

516.0

517.0

518.0

519.0

520.0

521.0

522.0

523.0

524.0

525.0

526.0

527.0

528.0

529.0

530.0

531.0

532.0

533.0

534.0

535.0

536.0

537.0

538.0

294.499

322.365

339.916

345.631

340.847

327.794

310.247

288.229

266.275

244.032

222.576

204.488

189.140

174.918

161.293

150.526

140.846

132.137

123.932

116.746

110.139

104.222

98.264

93.912

90.160

87.100

84.487

82.499

557.0

558.0

559.0

560.0

561.0

562.0

563.0

564.0

565.0

566.0

567.0

568.0

569.0

570.0

571.0

572.0

573.0

574.0

575.0

576.0

577.0

578.0

579.0

580.0

581.0

582.0

583.0

584.0

33.794

31.627

29.551

27.309

25.679

23.831

22.253

20.638

19.019

17.753

16.573

15.402

14.290

13.412

12.458

11.694

10.937

10.179

9.546

8.965

8.456

7.869

7.431

7.028

6.559

6.162

5.745

5.448

603.0

604.0

605.0

606.0

607.0

608.0

609.0

610.0

611.0

612.0

613.0

614.0

615.0

616.0

617.0

618.0

619.0

620.0

621.0

622.0

623.0

624.0

625.0

626.0

627.0

628.0

629.0

630.0

1.739

1.658

1.592

1.449

1.467

1.304

1.169

1.196

1.119
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493.0 5.369 539.0 80.715 585.0 5.152
4940 6.764 540.0 79.098 586.0 4.822
495.0 8.453 541.0 77.806 587.0 4.512

Chapter 1 Biology

BLI| Assay Data

631.0 0.341 677.0 0.086
632.0 0.314 678.0 0.028
633.0 0.345 679.0 0.063

2 mL NGM plates, 50 pL OP50-1 liquid culture, 5 adult N2 C. elegans and 20 pL
compound solution (MeOH).

5 Hours 24 Hours 48 Hours

No compound Alive/Active Alive/Active Alive/Active

1% MeOH Alive/Active Alive/Active Alive/Active
Bodipy 1.7 Alive/Active Alive/Active Alive/Active
Ivermectin 10 nm Dead Dead Dead
Ivermectin 100 nm Dead Dead Dead

BLI 10 nm Alive/Active Alive/Active Alive/Active
BLI 100 nm Alive/Active Alive/Active Alive/Active
BLI1um Alive/Slow Alive/Very Slow Alive/Very Slow
BLI 10 um Alive/Very Slow Dead Dead

FBI Assay Data

500 uL NGM wells (24 well plate), 20 uL OP50-1 liquid culture, 10 L4 N2 C. elegans
and 5 pL compound solution (MeOH).

24 Hours 48 Hours 96 Hours

No compound Alive/Active Alive/Active Alive/Active

1% MeOH Alive/Active Alive/Active Alive/Active
Ivermectin 10 nm Alive/Very Slow Dead Dead
Ivermectin 100 nm Dead Dead Dead
Ivermectin 1000 nM | Dead Dead Dead

FBI 10 nm Alive/Slow Alive/Very Slow Alive/Very Slow
FBI1 100 nm Alive/Very Slow Dead Dead

FBI 1 um Dead Dead Dead

FBI 10 pm Dead Dead Dead

4 mL NGM plates, 100 uL OP50-1 liquid

compound solution (MeOH).

culture, 10 L4 N2 C. elegans and 40 pL

48 Hours
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Ivermectin 10 nm

Dead

Ivermectin 50 nm

Dead

FBI 10 nm Alive/Very Slow
FBI 50 nm Dead
FBI 100 nm Dead
FBI 200 nm Dead
FBI 400 nm Dead
FBI 600 nm Dead

4 mL NGM plates, 100 pL OP50-1 liquid culture, 10 L4 C.

compound solution (MeOH).

elegans and 40 pL

48 Hours 7 Days

N2 Bodipy 1.21 10 nm Alive/Active Alive/Active
Bodipy 1.21 10 nm Alive/Active Alive/Active
Ivermectin/1.21 10 nm | Dead Dead
Ivermectin/1.21 50 nm | Dead Dead

TP-238 FBI 25 nm Alive/Active Alive/Active
FBI 50 nm Alive/Active Alive/Active
FBI 100 nm Alive/Active Alive/Active

Dyf-7 FBI 25 nm Alive/Active Alive/Active
FBI 50 nm Alive/Active Alive/Active
FBI 100 nm Alive/Active Alive/Active

4 mL NGM plates, 50 pL OP50-1 liquid culture, 10 L4 C.

compound solution (MeOH).

elegans and 40 pL

96 Hours
N2 Ivermectin 10 nm Dead
Ivermectin 50 nm Dead
FBI 10 nm Alive/Very Slow
FBI 50 nm Dead
Bodipy 1.21 10 nm Alive/Active
Bodipy 1.21 50 nm Alive/Active
TP-238 Ivermectin 10 nm Alive/Active
Ivermectin 50 nm Dead
FBI 10 nm Alive/Active
FBI1 50 nm Alive/Active
Bodipy 1.21 10 nm Alive/Active
Bodipy 1.21 50 nm Alive/Active

289




4 mL NGM plates, 50 pL OP50-1 liquid culture, 10 L4 C. elegans and 40 pL

compound solution (MeOH).

24 Hours 96 Hours
N2 Ivermectin 0.5 nm | Alive/Active Alive/Active
Ivermectin 1 nm Alive/Active Alive/Active

Ivermectin 5 nm

Alive/Very Slow

Alive/Very Slow

Ivermectin 10 nm

Dead

Dead

Ivermectin 50 nM | Dead Dead
FBI1 0.5 nm Alive/Active Alive/Active
FBI 1 nm Alive/Active Alive/Active
FBI 5nm Alive/Active Alive/Active
FBI 10 nm Alive/Active Alive/Active
FBI 50 nm Alive/Very Slow Dead
Dyf-7 | Ivermectin 0.5 nm | Alive/Active Alive/Active
Ivermectin 1 nm Alive/Active Alive/Active
lvermectin 5 nm Alive/Active Alive/Active
Ivermectin 10 nm | Alive/Active Alive/Slow
lvermectin 50 nM | Dead Dead
FBI 0.5 nm Alive/Active Alive/Active
FBI 1 nm Alive/Active Alive/Active
FBI 5nm Alive/Active Alive/Active
FBI 10 nm Alive/Active Alive/Active
FBI 50 nm Alive/Active Alive/Slow
4 mL NGM plates, 50 pL OP50-1 liquid culture, ~50 L1 H. contortus and 40 pL
compound solution (MeOH).
24 Hours 96 Hours
L1 L2/L3 L1 L2/L3
MHco3 No Compound 0 / 0 /
1% MeOH 0 / 0 /
1% DMSO 0 / 0 /
Ivermectin0.5nm | 12 142 1 123
Ivermectin 1 nm 32 51 15 25
Ivermectin 5 nm 116 0 95 0
Ivermectin 10 nm | 79 0 67 0
Ivermectin 50 nm | 30 0 25 0
FBI 0.5 n™m 3 123 0 110
FBI 1 nm 4 81 0 75
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FBI 5nm 4 75 0 76
FBI 10 nm 24 53 0 63
FBI 50 nm 54 1 22 15
MHco18 No Compound 0 / 0 /
1% MeOH 0 87 0 75
1% DMSO 0 75 0 78
Ivermectin0.5nm | 0 87 0 83
Ivermectin 1 nm 44 30 33 0
Ivermectin 5 nm 52 0 45 0
Ivermectin 10nm | 61 0 56 0
Ivermectin 50 nm | 38 0 40 0
FBI1 0.5 nm 0 92 0 68
FBI 1 nm 0 91 0 85
FBI 5nm 2 107 0 109
FBI 10 nm 3 91 0 83
FBI 50 nm 7 73 0 65
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Chapter 2 Chemistry

Compound Characterisation Data
'H and *C NMR spectra of benzyl ether 2.7.
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'H and *C NMR spectra of tosylate 2.8.
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'H, B¢, COSY, DEPT-135, HSQC and HMBC NMR spectra of aniline 2.9.

e
67'e
oc'E
€9°€
vo'€
b9'E
b9'E
s9'€
s9'€
99'€
99°€
29°€
19°€
89'€
89'€
oLe
7we
96'€
16
86'€
w0y
Yo'y
S0t
90t |
20
80°F |
1Ty
T o

s
8T

ON.L
1%
Wy
i<44 4
STy

95—
19'9
19'9
29'9
299
w99
299
£9'9
v9'9
$9'9 1
$9'9 1
599
89'9 1
89'9 1
89'9
09
ommAW

0£9
129
w9l
2o/
vIL
A
ST'L]
9127
91
e
re
812

mMoNARDNO R
MO NNNN A
NRNRRNNRNRNR

T o
o
NN

CDCI3
400.13 MHz

[¢] 24 26
22

18 o
A
-

N N N N o

o
f//

3

1

12

5/'7“\8/(\0/“\ AN N
b

N
|
7z

I/

J(8.6, 3.2, 2.2)

26

;

4.56

(7.3, 1.1))

66'F €1°C

8139252

10 % 0T

61°E vT'T

AT HI'T
00F- 00T

f1 (ppm)

8SEr —

9’69
S9'69
EE°0L
8570
09°0£
09°0£
9°0L
90
$9°0L
S9°0L
490
8TEL

9TETT —

£5°LTT —

s9°/TT
08221

821 <7
fa g 749
ST'6CT \

EE'BET —

PEBHT —

CDCI3
100.62 MHz

30

~

3

Z

20

-

2%

X

27,

2 26

2

18 2
%
13
28,32

12

1

/,NH\/“\O/”\ /8\“/“\0/“\ N /Z\O/“\ AN -

r\
N

29,31

190 180 170 160 150 140 130 120 110

00

f1 (ppm)

294



ul

CDCI3
400.13 MHz

2 2
16 2

‘ \/:‘H\/\O/”\ 2/E\V‘/‘S\O/ﬂ\ m/?\m/z‘\ 0/23\24/’0"\26/
k3
=

Z

8 ©

— ] a®
2 (L]
6%“
T T T T T T T T T T T T T T
74 72 70 68 66 64 62 60 58 56 54 52 50 48
2 (ppm)
CDCI3
100.62 MHz
s
T
P N a ' o 15, 1, o 2 2 Q l, ‘L
H/ \‘b// N Ny NN No” N N \O/ NN, o
" ® 2
~NA
26
29,31
30
28,32
5 27 13 2 46

i T T T T T T T T T T T T T T
60 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70
f1 (ppm)

r3.0

3.5

4.0

4.5

5.0

f1 (ppm)

5.5

6.0

6.5

7.0

7.5

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

r-200

+-400

r-600

r-800

r-1000

295



M&

CDCI3
400.13 MHz

NN
‘[/

@o

NN AN NN NN N
7 i o " o o 2B g

o

r30

+40

50

60

70

80

90

100

110

120

130

- 140

150

CDCI3
400.13 MHz

I

NH 1 15, 17, 19 21 23, 27y
| NN N NN S NN SNy NN
/

T
6.5 6.0 5.5 5.0 4.5 4.0
2 (ppm)

P
| I

o
b 2

e

2.0

r30

+40

50

60

70

80

90

r100

110

120

130

140

150

- 160

T
6.5 6.0 5.5 5.0 4.5 4.0
2 (ppm)

2.0

f1 (ppm)

f1 (ppm)

296



'H, and **C NMR spectra of methyl ester 2.10.
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'H, B¢, cOosY, DEPT-135, HSQC and HMBC NMR spectra of acid 2.11.
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'H, BC, COSY, DEPT-135, HSQC and HMBC NMR spectra of alcohol 2.13.
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'H, BC, COSY and HSQC NMR spectra of tert-butyl ester 2.1.
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'H, and **C NMR spectra of tert-butyl ester 2.14.
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'H, and **C NMR spectra of tert-butyl ester 2.15.
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'H, and **C NMR spectra of tert-butyl carbamate 2.19.
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'H, 3C and HSQC NMR spectra of acid 2.22.
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'Hand BcC

NMR spectra of tert-butyl carbamate 2.3.
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'H, C COSY, HSQC and HMBC NMR spectra of alcohol 2.28.
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'H, ¥C cOSY, HSQC and HMBC NMR spectra of benzyl ether 2.29.
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'H, C cOSY, HSQC and HMBC NMR spectra of benzyl ether 2.30.
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'H, 3¢, HSQC and HMBC NMR spectra of benzyl ether 2.31.
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'H, 3¢, COSY, HSQC and HMBC NMR spectra of benzyl ether 2.34.
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'H, ¢, COSY, HSQC and HMBC NMR spectra of benzyl ether 2.32.
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'H, B3¢, COSY, HSQC and HMBC NMR spectra of alcohol 2.27.
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'H, BC, COSY, HSQC and HMBC NMR spectra of benzyl ether 2.44.
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'H, B¢, COSY, HSQC and HMBC NMR spectra of alcohol 2.45.
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'H, B3¢, COSY, HSQC and HMBC NMR spectra of tert-butyl ester 2.46.
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'H, BC, COSY, HSQC and HMBC NMR spectra of PROTAC VHL-4.
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'H, B¢, COSY, HSQC, HMBC and VT (rt, 35 °C, 50 °C) NMR spectra of PROTAC

CRBN-013.
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'H, BC, COSY, HSQC and HMBC NMR spectra of tert-butyl carbamate 2.53.
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'H, BC, HSQC and HMBC NMR spectra of benzyl ether 2.50.
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'H, B3¢, COSY, HSQC and HMBC NMR spectra of tosylate 2.51.
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'H, BC, COSY HSQC and HMBC NMR spectra of aniline 2.52.
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'H, BC, COSY HSQC and HMBC NMR spectra of benzyl ether 2.55.
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'H, B¢, COSY, HSQC, HMBC and VT (rt, 35 °C, 50 °C) NMR spectra of PROTAC
VHL-13.
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'H, B¢, COSY, HSQC, HMBC and VT (rt, 35 °C, 50 °C) NMR spectra of PROTAC

CRBN-022.
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'H, B¢, COSY, HSQC, and HMBC NMR spectra of Natural PF74.
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'H, 3¢, and HSQC NMR spectra of methyl ester Epi-2.10.
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'H NMR spectrum of acid Epi-2.11.
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'H NMR spectrum of Unnatural PF74.
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'H NMR spectrum of methyl ester Rac-2.10.
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'H NMR spectrum of acid Rac-2.11.
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'H NMR spectrum of Racemic PF74.
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'H, B¢, COSY, HSQC and HMBC NMR spectra of alcohol 2.35.
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'H, B¢, CcOsY, HSQC and HMBC NMR spectra of tert-butyl ester 2.38.
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'H, B¢, CcOSsY, HSQC and HMBC NMR spectra of tert-butyl ester 2.39.
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'H, 3¢, DEPT-135, HSQC and HMBC NMR spectra of methyl ester 2.25.
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'H NMR spectrum of tosylate 2.6.
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'H NMR spectrum of tert-butyl ester 2.4.
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'H NMR spectrum of tert-butyl ester 2.4b.
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'H and *C NMR spectra of tert-butyl ester 2.5.
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Chapter 2 Biology

PF74 and PROTAC Assay Data
Graph 2.2.

CSGW+VSVg (mL) DMSO 1 % No DMSO

50.000000 98.392770 99.075360 98.011950 98.403920 98.793530 98.522470

16.666670 87.891520 86.759850 86.036620 86.800450 86.836810 87.435150

5.555556 51.990970 54.212940 50.234380 53.184630 52.562680 51.118050

1.851852 21.589440 21.525690 22.574260 23.621660 22.803760 23.097210

0.617284 7.987106 7.683891 6.880040 8.303516 7.390329 7.734807
0.205761 2.500893 2.537403 2.368056 2.769842 2.582798 2.564741
0.068600 0.745562 0.779442 1.009977 0.881659 0.885950 0.955494
0.022900 0.300661 0.219834 0.264550 0.236260 0.322261 0.319725
0.007620 0.200803 0.036581 0.126791 0.108893 0.037351 0.111996
0.002540 0.047910 0.097111 0.074710 0.036527 0.000000 0.049462
0.000847 0.000000 0.024172 0.012220 0.012271 0.024585 0.012352
0.000000 0.023491 0.000000 0.000000 0.012197 0.024041 0.012136
CSGW+VSVg (mL) PF74 10 uM No Compound
50.000000 20.992520 18.127600 18.816970 98.269480 98.529600 98.811460
16.666670 5.764315 6.832634 6.608479 87.265140 86.654760 88.008230
5.555556 1.612702 2.606476 1.827454 51.622570 50.408160 49.750500
1.851852 0.670058 0.596580 0.405481 20.412900 19.972010 21.683180
0.617284 0.274966 0.324675 0.124138 6.336053 7.189045 7.473935
0.205761 0.074991 0.122951 0.070671 2.313820 2.136266 2.038723
0.068600 0.025253 0.026613 0.013776 0.633553 0.663858 0.773365
0.022900 0.000000 0.040263 0.013583 0.203071 0.278129 0.277998
0.007620 0.012618 0.000000 0.000000 0.077952 0.050923 0.052459
0.002540 0.000000 0.000000 0.000000 0.026392 0.025897 0.064683
0.000847 0.012762 0.000000 0.000000 0.000000 0.024888 0.000000
0.000000 0.012719 0.000000 0.013620 0.000000 0.050524 0.051520
Graph 2.3.

408



Compound Concentration PF74

(M)

Purchased

100.000000 0.02470051

25.000000 0.01297017

6.250000 1.612903

1.562500 1.680564

0.390625 11.615390

0.09765625 15.796180

0.02441406 17.899910

0.00610352 17.541470

0.00152588 18.094270
0.00038147 17.184580
0.000095367 17.012240
Graph 2.4.
Virus titration
(uL) PF74 Synth natural

50.000000 30.852990
16.666670 10.550580
5.555556 3.352644
1.851852 1.130856
0.617284 0.397614
0.205761 0.098790
0.068600 0.037000
0.022900 0.000000
0.007620 0.000000
0.002540 0.012416
0.000847 0.012285

0.000000 2.593486
Graph 2.5.

Concentration
nM

28.498340 37.256810

9.128788 15.321510

3.461296  5.231100

1.042945  1.506703

0.348086 0.6512657

0.122730 0.1328984

0.060990 0.08397313

0.012346 0.03690491

0.012539 0.04898959

0.024594 0.01218324

0.012427  0.000000

1.000366 0.01188778

PF74 natural

PF74 Synth PF74 Synth
Natural unnatural

0.392638 0.01233502
0.02574665 0.02021427
1.670146 1.880431
1.767088 1.895793
10.830280 12.613940
15.522640 16.346860
15.507370 16.467210
15.998100 15.480860
15.739290 17.193240
16.775060 17.442710
15.971710 15.622710

PF74 natural HPLC

33.662240

13.446210

4.868729

1.329027

0.4692011

0.2071655

0.07451565

0.000000

PF74 unnatural HPLC

97.742190

81.484370

46.404900

18.926260

6.835836

2.149437

0.4301075

0.206852

0.036697250.01284027

0.000000

0.0388249

0.0000000.02577652

0.000000

0.000000

97.587900

81.242550

46.364940

18.488060

6.023771

2.585541

0.5393317

0.2142475

0.06595436

0.03938042

0.01299883

0.01278772

PF74 unnatural

1% DMSO

98.570850 97.845700

85.687950 86.583250

52.578800 51.539670

21.843220 19.688080

8.002645 7.604208

2.570395

0.8826584

0.2710727 0.2155172

0.1818654 0.1218357

0.01306506 0.03994674

0.0129199 0.05285412

0.01287001  0.000000
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80.00000000

40.00000000

20.00000000

10.00000000

5.00000000

2.50000000

1.25000000 10.43679000 10.16471000

0.62500000 16.36967000 16.15547000

0.31250000 18.01269000 17.52320000

0.15625000 18.22168000 16.99035000 16.30507000

Graph 2.6.

Virus titration
(L)

50.000000
16.666670
5.555556
1.851852
0.617284
0.205761
0.068600
0.022900
0.007620
0.002540
0.000847
0.000000

Virus titration
(L)

50.000000
16.666670
5.555556

1.851852

0.01870441

0.07584856

0.65683480

0.84240300

1.22054900

5.25615500

PF74 Synth natural

0.02638696

0.09908184

0.66411240

0.79645450

1.00186200

4.34866000

0.72289160

1.16301700

4.48713800

9.79564000

15.28016000

15.54325000

0.00000000

0.05377790

0.58224170

CRBN-0O13

30.852990 28.498340 94.450850 94.071960

10.550580

3.352644

1.130856

0.397614

0.098790

0.037000

0.000000

0.000000

0.012416

0.012285

2.593486

9.128788

3.461296

1.042945

0.348086

0.122730

0.060990

0.012346

0.012539

0.024594

0.012427

1.000366

VHL-13

73.974000 71.040960

35.344940 33.370540

13.766850 12.986180

5.243779

1.697707

0.518135

0.254033

0.063203

0.099552

0.000000

0.025192

258

5.380995

1.280228

0.618318

0.215983

0.038139

0.025621

0.012506

0.012347

54.371760 52.803980 99.986760 99.960650

25.395260 23.616100 99.973630 99.986890

10.473060 9.314654 99.960520 99.961410

3.149606 3.071672 99.922150 99.935950

CRBN-022

97.496670

80.335700

42.296490

16.003570

5.536913

1.713415

0.542245

0.220264

0.012927

0.012602

0.025523

0.025078

97.537010

78.063730

40.553850

15.932750

5.605078

1.680783

0.557621

0.304595

0.040967

0.040431

0.000000

0.025723

1% DMSO

98.570850

85.687950

52.578800

21.843220

97.845700

86.583250

51.539670

19.688080

1.24698800 1.47417200 1.32005300

3.50662700 3.00157000 2.76214800

8.86051000 9.17569000 8.18059100

12.93217000 14.32376000 13.87006000

16.35303000 16.56745000 15.02223000

17.39930000 17.23571000 16.25933000

17.34089000 18.01613000 18.04260000

18.17944000 18.20436000 17.60394000

18.77847000 18.98207000 17.48279000

18.10652000 18.42089000 17.90247000

VHL-4

4.848901

2.628755

1.494690

0.505185

0.131648

0.078278

0.039557

0.013530

0.040225

0.000000

0.026929

0.026236

5.440742

3.570463

1.626126

0.506869

0.188857

0.108006

0.066260

0.026781

0.000000

0.013534

0.013631

0.051606
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0.617284 1.054067 0.939732

0.205761 0.406855 0.217252

0.068600 0.110619 0.063735

0.022900 0.012217 0.051001

0.007620 0.024737 0.025013

0.002540 0.000000 0.012492

0.000847 0.024795 0.012762

0.000000 0.048420 0.012376

Graph 2.7.

Compound

Concentration  PF74  PF74 Synth

(uM) Purchased Natural

99.974090 99.923310

99.960410 99.909770

99.934620 99.948730

99.922090 99.974450

99.987020 99.974240

8.002645

2.570395

0.8826584

7.604208

0.2710727 0.2155172

0.1818654 0.1218357

99.857810 99.897590 0.01306506 0.03994674

99.921670 99.899300 0.01291990.05285412

0.075940 0.0503140.01287001

PF74 Synth CRBN-
unnatural 013

CRBN-
022

0.000000

VHL-4 VHL-13

100.0000000.02470051  0.3926380.01233502 1.169401 0.472879 0.5972130.3959276

25.0000000.01297017 0.025746650.02021427 3.935275 6.1126650.017863520.3293988

6.250000 1.612903

1.562500 1.680564 1.767088

0.390625 11.615390 10.830280

0.09765625 15.796180 15.522640

0.02441406 17.899910 15.507370

0.00610352 17.541470 15.998100

0.00152588 18.094270 15.739290

0.00038147 17.184580 16.775060

0.000095367 17.012240 15.971710

Graph 2.8.

Virus titration (uL)
50.000000
16.666670

5.555556
1.851852
0.617284

0.205761

PF74 Synthetic Natural

1.89579314.89257016.350090

12.61394017.64999016.989510

16.34686016.41133016.213860

16.46721017.13278017.639780

15.48086017.130090 17.449500

17.19324016.32481017.410320

17.44271016.85080017.138950

15.62271017.33626016.870140

24.386690 19.808090  23.139290

8.505532 8.247846 8.746006

2.811881 2.442586 3.107455

1.162319 1.053058 0.9793814

0.3533569 0.3697346  0.2719855

0.1178628 0.06636581 0.1049318

1.670146 1.88043111.77714012.645400

CRBN-0O13

21.501750

8.360634

2.493862

0.9137188

0.4049112

0.1428386

1.763578 3.882263

15.53238016.738890

17.44129017.368290

18.04837017.367320

16.21418017.450070

17.98107017.888010

17.31732016.505960

17.54169017.115410

16.94479017.121930

CRBN-022
22.814530  19.244980
9.121932 8.347919
2.701997 2.604167
1.050720 0.8970909
0.3249708 0.300575
0.1545595  0.0524109
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0.068600  0.0259538

0.022900 0.02587992

0.007620 0.000000

0.002540 0.000000

0.000847 0.02639915

0.000000 0.01313888

Virus titration (pL)

VHL-4

50.000000 20.981550

16.666670 8.282934

5.555556 2.634366

1.851852 1.028695

0.617284  0.3626595

0.205761  0.1202084

0.068600 0.01319784

0.022900 0.02684204

0.007620 0.04005875

0.002540 0.01328727

0.000847 0.000000

0.000000 0.000000

Graph 2.9.

Compound

Concentration (uM)
100.000000
25.000000
6.250000
1.562500
0.390625
0.09765625

0.02441406

PF74
Purchased

0.249258

3.634021

3.625453

3.562855

3.547590

3.380246

3.299333

0.01338867

0.01351534

0.0131406

0.01338509

0.000000

0.02671297

17.337980

7.734960

2.366127

1.094939

0.2311667

0.1607932

0.04014989

0.02673439

0.04076641

0.000000

0.013611

0.000000

PF74
Synth
Natural

0.843631

3.283540

3.678708

3.749836

3.125400

2.997449

3.351016

0.0920205 0.000000 0.06539367 0.05310674

0.05294507 0.06452446 0.02588327 0.02666667

0.01293326 0.01312164 0.03942699 0.02643055

0.01328551 0.01295505 0.000000 0.02642008

0.03869969 0.02577984 0.02586318 0.000000

0.01281887 0.01270971 0.03834846 0.0129584
VHL-13

19.860360 16.704110

6.745516 5.798817

2.430953 2.058143

0.664577 0.728218

0.328823 0.230710

0.062964 0.102749

0.000000 0.063824

0.025233 0.012887

0.012845 0.000000

0.000000 0.000000

0.012847 0.000000

0.000000 0.000000

PF74

Synth

unnatural CRBN-O13 CRBN-0O22 VHL-4 VHL-13

0.109025 3.712153 1.713120 1.822079 0.978593

2.527517 3.010610 3.100775 2.705362 1.567797

3.643832 3.001464 3.522936 2.948217 3.452970

3.266902 3.526570 3.604042 3.284487 2.982541

3.342514 3.296970 3.191748 2.936139 3.504701

3.057714 3.355949 3.620731 3.456883 3.057992

3.488372 3.437949 3.366524 3.258359 3.429952
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0.006103516 3.302064

0.001525879 3.820451

0.00038147 3.639798

0.0000953674 3.949708

Graph 2.10.

Virus titration (pL)
50.000000
16.666670

5.555556
1.851852
0.617284
0.205761
0.068600
0.022900
0.007620
0.002540
0.000847
0.000000

Virus titration (uL)
50.000000
16.666670

5.555556
1.851852
0.617284
0.205761
0.068600
0.022900
0.007620
0.002540

0.000847

3.093319

3.206465

3.533931

3.281027

PF74 Synthetic Natural

41130810 42.188150
16.433070  16.374510
5.958517 5.925731
2.067151 1.992630
0.770299 0.518962
0.201334 0.092999
0.062712 0.080917
0.024759 0.013396
0.037688 0.000000
0.000000 0.000000
0.000000 0.000000
0.012137 0.000000
VHL-13
67.574600 69.167580
36.342500  37.644220
15.002640  15.441080
5.510644 5.605232
1.945786 1.615487
0.656340 0.684472
0.228035 0.308849
0.093771 0.066702
0.000000 0.053684
0.026501 0.000000
0.000000 0.013242

3.426752 3.241686 3.552376 3.621205 3.192386
3.380917 3.376998 2.821657 3.613861 3.587935
3.360615 3.482099 3.558548 3.001331 3.503109
2.977978 3.179957 3.454523 3.390663 3.292978
CRBN-013 CRBN-022
98.197340 98.333550 98.530200  98.359990
83.255000 82.864070 87.041040 83.007330
46.978630 45.100620 52.849670  49.953510
20.117320  19.286740 20.130040  21.324630
6.945346 6.670154 8.019683 7.506988
2.432575 2.418833 2.955021 2.508582
0.826555 0.704501 0.894855 0.926672
0.287507 0.273438 0.388450 0.253198
0.040027 0.120401 0.091027 0.201830
0.039257 0.039505 0.039411 0.026599
0.012850 0.000000 0.026466 0.013224
0.000000 0.012425 0.000000 0.000000
VHL-4 258
4.111798 5.786692 99.971590 99.916690
1.324764 1.567703 99.971960  99.916500
0.444270 0.526956  99.917630  99.918670
0.209424 0.119095 99.891630  99.959280
0.000000 0.054208 99.946160 99.919730
0.026216 0.013435 99.946210 99.959810
0.012987 0.013548 99.931890 99.973180
0.000000 0.013630 99.932100 99.876860
0.000000 0.000000 99.889140  99.850030
0.013120 0.000000 99.918070  99.972360
0.000000 0.000000  99.934050  99.919720
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0.000000
Virus titration (uL)
50.000000
16.666670
5.555556
1.851852
0.617284
0.205761
0.068600
0.022900
0.007620
0.002540
0.000847

0.000000

Graph 2.11.

Virus titration (pL)
50.000000
16.666670

5.555556
1.851852
0.617284
0.205761
0.068600
0.022900
0.007620
0.002540
0.000847
0.000000
Virus titration (uL)

50.000000

0.012601 0.000000
1% DMSO
98.838620  98.862700
92.222220 91.612460
59.500670  59.002500
25.966330 24.731480
9.869298 8.891929
3.148547 3.197832
1.252694 0.878141
0.493794 0.192228
0.146667 0.244731
0.053655 0.066881
0.081422 0.041197
0.038546 0.000000

PF74 Synthetic Natural

78.650220  77.864160
46.978640  42.457300
19.708830  19.337250
7.615939 7.037918
2.427251 2.255846
0.900651 0.872214
0.292154 0.210556
0.136073 0.056883
0.013778 0.099263
0.013691 0.041294
0.027813 0.014112
0.000000 0.013287
VHL-13
94.798630  94.260580

0.000000

0.000000

No compound

99.109550 99.117730
91.574220  91.383010
60.163850  59.829830
27.878020  26.248070
10.005140 9.996085
3.404694 3.379696
1.189553 1.022257
0.474116 0.363967
0.128601 0.104275
0.013011 0.012980
0.025546 0.000000
0.012665 0.012658
CRBN-013

98.338110  98.420280
82.293120 84.674740
45957590 47.167100
18.980350

6.785666 6.081794
1.846722 1.973425
0.870630 0.796033
0.203611 0.157708
0.067033 0.106895
0.013497 0.040371
0.040128 0.026354
0.013130 0.000000

VHL-4

67.156730  65.348430

0.012893 0.000000
CRBN-022
98.789570  98.493690
85.507630  85.447460
49.756990  47.499330
19.026320  19.485540
7.010634 6.419098
2.129617 2.470120
0.756068 0.643259
0.250924 0.216714
0.157957 0.054742
0.039604 0.040661
0.013353 0.053727
0.000000 0.013184
258
99.944660 99.932370
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16.666670  71.082700  71.914130
5.555556  35.590230 37.237640
1.851852 14.138070  13.938980
0.617284 5.010776 5.029708
0.205761 1.502117 1.363884
0.068600 0.561413 0.422920
0.022900 0.041351 0.189779
0.007620 0.067322 0.095799
0.002540 0.040811 0.041448
0.000847 0.000000 0.000000
0.000000 0.000000 0.013108

Virus titration (pL) 1% DMSO

50.000000 98.608840  98.905460

16.666670 86.124730  84.767300
5555556  49.381720  48.906480
1.851852  20.634500 20.218650
0.617284 6.841687 7.845799
0.205761 2.484144 2.508711
0.068600 0.766486 0.831572
0.022900 0.300222 0.237298
0.007620 0.121196 0.100157
0.002540 0.000000 0.054735
0.000847 0.013240 0.000000
0.000000 0.000000 0.012816

Graph 2.12.
E3 Ligase Ligand Conc
(uM) PF-74
267.000000 1.804577
66.750000 1.478035
16.687500 1.352068

37.048520

14.136260

5.478737

1.998422

0.640774

0.196850

0.039401

0.000000

0.013300

0.000000

0.000000

32.096160

14.447110

4.962105

1.457351

0.472779

0.131100

0.071644

0.014507

0.000000

0.000000

0.000000

No compound

99.032260

89.612280

54.754720

23.780250

8.014595

3.238242

0.997223

0.380035

0.088889

0.025439

0.025631

0.013034

98.465170

88.274680

53.209080

23.677130

8.500130

2.794463

0.899492

0.379747

0.088911

0.038221

0.012649

0.051447

99.904320

99.945760

99.958640

99.919080

99.959760

99.972690

99.932570

99.946020

99.958720

99.906300

0.051921

PF-74 no Ligase control

1.675563

1.779613

1.690141

1.798466

1.724599

1.741486

99.945290

99.932200

99.973150

99.946840

99.973610

99.973730

99.946200

99.946670

99.880050

99.904650

0.025381

CRBN-O13

1.731844  22.079300 21.524390

1.810643 21.088340 22.096660

1.708117 20.981360 20.656220
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4.171875

1.042969

0.260742

0.065186

0.016296

0.004074

0.001019

0.000255

0.000000

E3 Ligase Ligand Conc
(nM)

267.000000

66.750000

16.687500

4.171875

1.042969

0.260742

0.065186

0.016296

0.004074

0.001019

0.000255

0.000000

E3 Ligase Ligand Conc
(nM)

267.000000

66.750000

16.687500

4.171875

1.042969

0.260742

1.621115 1.640226
1.660247 1.595816
1.606856 1.577883
1.476159 1.580710
1.618165 1.628276
1.620980 1.573427
1.302845 1.416656
1.686363 1.455722
0.000000 0.000000

CRBN-013 no Ligase

control

24.839900 23.652780
24.253630 21.941750
21.524780  21.799120
21.966360  22.246340
22.100920  21.247480
21.245030 22.183780
21.769510 22.139770
22.720020  21.733240
21.058270  22.237050
21.736820  20.881200
22.089590  22.314050

0.013503 0.000000

CRBN (Ligase control)

28.247390 30.114770
30.110300 29.589630
29.336770  29.830050
28.930230 29.618850
29.277410  29.494840
28.544190 27.803420

1.654629 1.645237
1.714731 1.935309
1.651400 1.670061
1.963048 1.535930
2.129570 1.720549
1.724588 2.149230
1.620126 2.121622
1.865414 1.954928
0.026171 0.013546
CRBN-022
24.087810  24.134250
22.219100 23.847130
22.759260  23.806330
21.789050 22.891570
22.018350 22.378670
21.866520 21.849190
21.079010 22.482400
21.648800 21.231850
19.914750  22.183340
21.542410 23.032110
20.975940 22.619840
0.013364 0.027289
1% DMSO
28.943760  28.504990
28.473080  29.150360
28.813340 28.112980
27.283750  27.568890
27.181480  27.742540
27.111700 27.476130

20.529450  20.176250
19.949160 21.158220
21.225970  20.408700
19.866400 20.087390
19.644750 20.357620
20.391320 20.212770
20.167060  20.194710
19.915370 20.656600

0.000000 0.026785

CRBN-022 noLigase

control

24.804290 25.452800
24.053790 24.066910
23.857530 24.257160
22.826810 24.331370
24.351050 24.353890
23.282490 23.313640
23.287110 23.912750
23.681660 25.324140
24.715490  24.030050
23.762910 24.822600
23.073750  24.446580

0.054690 0.027111
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0.065186
0.016296
0.004074
0.001019
0.000255

0.000000
Graph 2.13.

E3 Ligase Ligand Conc
(uM)

267.000000
66.750000
16.687500

4.171875
1.042969
0.260742
0.065186
0.016296
0.004074
0.001019
0.000255
0.000000

E3 Ligase Ligand Conc
(nM)

267.000000
66.750000
16.687500

4.171875
1.042969
0.260742
0.065186

0.016296

29.440940  29.898310
28.731240  29.541460
28.720980  27.238250
27.374080  29.361530
29.299970  28.555830
0.027972  0.043091
PF-74
1555911  1.580565
1.388316  1.149103
1.664264  1.583387
1.273223  1.333856
1439219  1.237525
1.456058  1.451906
1.041804  1.587302
1.469072  1.240150
1.254753  1.629591
1599688  1.181102
1.144343 1515745
0.012389  0.000000

VHL-13 no Ligase control

4.680736 4.488458
4.840484 4.267366
4.249025 4.226508
4.746709 4.850389
4.443283 4.172367
4.340921 5.130661
4431138 4.251817
4.463475 3.925417

29.173250 26.818680
28.054540  28.745760
27.963330 28.081080
27.912490  29.534030
28.375380 27.584810

0.000000 0.000000

PF-74 no Ligase control

1.798466 1.731844
1.724599 1.810643
1.741486 1.708117
1.654629 1.645237
1.714731 1.935309
1.651400 1.670061
1.963048 1.535930
2.129570 1.720549
1.724588 2.149230
1.620126 2.121622
1.865414 1.954928
0.026171 0.013546
VHL-4
0.287443 0.389864
0.167131 0.305100
0.230165 0.233132
0.269578 0.275596
0.145792 0.385781
0.208932 0.409445
0.157874 0.257383
0.249737 0.248859

VHL-13
4.513064 4.547564
4.086171 4.267688
3.720299 4.036476
4.263932 4.388208
4.291963 4.337284
4.136617 4.735564
4.233518 4.299320
4.078894 4.346087
4.099581 4.193416
3.992447 4.188338
3.654661 3.921042
0.000000 0.000000

VHL-4 no Ligase control

0.359521 0.240487
0.220036 0.323852
0.177552 0.272814
0.296698 0.312542
0.283798 0.316151
0.316122 0.162977
0.179326 0.202867
0.167375 0.221545
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0.004074

0.001019

0.000255

0.000000

E3 Ligase Ligand Conc
(nM)

267.000000

66.750000

16.687500

4.171875

1.042969

0.260742

0.065186

0.016296

0.004074

0.001019

0.000255

0.000000

4.135993 4.137931
4.208844 5.183347
4.441489 5.278155
0.013033 0.000000

VHL (Ligase control)

27.276750  28.094870
28.998150 30.143210
28.564000  30.349230
28.240980  30.038270
26.966150 29.411000
27.914190 27.556820
27.332990  27.965320
27.827080  28.198740
26.086960 27.801050
26.688670  28.322130
27.238660  27.562200

0.079872 0.013528

0.227974 0.277228
0.197550 0.217569
0.253030 0.214736
0.000000 0.013120
1% DMSO
28.943760  28.504990
28.473080  29.150360
28.813340 28.112980
27.283750  27.568890
27.181480  27.742540
27.111700 27.476130
29.173250 26.818680
28.054540  28.745760
27.963330 28.081080
27.912490  29.534030
28.375380 27.584810
0.000000 0.000000

0.208714

0.236624

0.197785

0.012628

0.381731

0.365903

0.325777

0.000000
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