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Preface

The work presented in this PhD thesis is the result of experimental work carried out at the Technical
University of Denmark from September 2018 - August 2022 as part of a 4+4 PhD programme under
supervision of Associate Professor Luca Laraia. A four-month external stay at Umea University, Sweden
in the research group of Professor Yaowen Wu was carried out from February 2022 — May 2022.

A number of project students and group members have contributed to the work presented in the thesis,
and have either been acknowledged in the thesis text or in the acknowledgement section. Contributions
have included analogue and starting material synthesis, protein expression and purification, and
biochemical screening.
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Abstract

Sterol transport proteins (STPs) are an important class of proteins performing an integral role in a range of
cellular processes including cholesterol homeostasis, vesicular and non-vesicular trafficking, and regulating
organelle contact sites. Despite their importance, the identification of selective modulators of STPs has
proved challenging, owing to the high degree of structural similarity in their sterol binding domains. To
overcome this challenge, an approach was developed to synthesise a screening collection of sterol-inspired
compounds enriched in hits against STPs. By fusing a representative steroidal scaffold to a series of
heterocyclic scaffolds, a collection of 65 sterol-inspired compounds were prepared for use in screening.

The relevance of the sterol-inspired compound collection in affording selective hits against STPs was
demonstrated by screening against the Aster family of STPs (Asters-A, -B, and —C) using a combination of
differential scanning fluorimetry (DSF), fluorescence polarisation (FP), and fluorescence resonance energy
transfer (FRET)-based assays. Hit compounds were identified and validated against Aster-A and Aster-C
which after further optimisation resulted in the discovery of a new chemotype of Aster-A inhibitor,
Asterpyrin-1, and the most potent and selective inhibitor of Aster-C known to date, Astercin-2. Finally, the
inhibitors were used to investigate Aster-related biology in a cellular setting, revealing differential effects
on the levels and localisation of cholesterol and cholesterol esters, and demonstrating the utility of these
sterol-inspired compounds as tool compounds.



Resumé

Sterol transportproteiner (STP'er) er en vigtig klasse af proteiner med en essentiel rolle i en reekke celluleere
processer som for eksempel kolesterol homgostase, vesikulaer og ikke-vesikulaer transport samt regulering
af kontakt omrader for organeller. Pa trods af deres betydning har identifikationen af selektive modulatorer
af STP'er vist sig udfordrende pa grund af den hgje grad af strukturel lighed i domznet hvor sterol binder.
For at adressere denne udfordring blev en samling af sterol-inspirerede kemiske forbindelser syntetiseret
med fokus pé at opnd aktivitet mod STP’er. Dette var muligt ved at fusionere en reprasentativ steroid
struktur med en rekke heterocykliske strukturer, der resulterede i 65 sterol-inspirerede forbindelser
fremstillet til screening.

Relevansen af de sterol-inspirerede forbindelser med henblik pa at opna selektiv aktivitet mod STP'er blev
demonstreret ved at screene forbindelserne mod Aster-familien af STP'er (Aster-A, -B og -C). Til dette blev
en kombination af differentiel scanningsfluorimetri (DSF), fluorescenspolarisering (FP) og
fluorescensresonansenergioverfagrsel (FRET)-baserede assays anvendt. Forbindelser med aktivitet blev
identificeret og valideret mod Aster-A og Aster-C, hvilket efter yderligere optimering resulterede i
opdagelsen af en ny kemotype af Aster-A inhibitor, Asterpyrin-1, og den mest potente og selektive inhibitor
af Aster-C til dato, Astercin-2. Endelig blev inhibitorerne brugt til at undersgge Aster-relateret biologi i et
celluleert miljg, hvorved differentielle virkninger pa niveauerne samt lokaliseringen af kolesterol og
kolesterolestere blev opdaget, udover at demonstrere anvendeligheden af disse sterol-inspirerede
forbindelser til at studere relaterede biologiske processer.
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Part | — Introduction

The introductory sub-chapters “Sterols and sterol homeostasis”,”Cholesterol biosynthesis”, “Cholesterol
uptake”, “Regulation of cholesterol homeostasis”, and “Functions of the Aster/GRAMDI proteins” were
originally written for use in and subsequently published in the review article “Structure, function and small
molecule modulation of intracellular sterol transport proteins” (Depta, L.; Whitmarsh-Everiss, T.; Laraia,
L. Structure, Function and Small Molecule Modulation of Intracellular Sterol Transport Proteins. Bioorg.
Med. Chem. 2022, 116856.) The passages of text remain largely unchanged for what was written in the
review, however additions and modifications to the text were made throughout.

1.1 Bioactive compound discovery

The discovery of biologically active small molecules is a significant aspect of both chemical biology and
medicinal chemistry, ultimately leading to the development of chemical probes to study select biological
processes and forming the starting point of drug discovery campaigns. The identification of bioactive
compounds has traditionally been performed in a low-throughput manner utilising crude natural product
(NP) extracts, with subsequent purification and characterisation of active components.>? Significant
technological and scientific advancements throughout the 20" century culminated in the advent of high-
throughput screening (HTS), wherein tens to hundreds of thousands of compounds could be screened per
day against a chosen biological target or pathway.® The widespread adoption of HTS by pharmaceutical
companies necessitated larger numbers of screening compounds, to which end combinatorial chemistry was
viewed as a potential solution. Combinatorial chemistry is a technique allowing for the synthesis of large
numbers of compounds using both solution phase and solid supported synthesis to assemble different
monomeric building blocks into vast numbers of compounds.* Despite the promise that combinatorial
libraries held, the technique dropped out of favour in the early 2000s owing to several factors. It was often
found that the time required to synthesise and characterise new combinatorial libraries as part of structure-
activity relationship (SAR) studies often lasted longer than the initial chemical hit remained relevant,
resulting in a significant loss of time and resources.® Combinatorial libraries were also found to have poor
structural and shape diversity, often being derived from flat heteroaromatic core scaffolds, and as a result
the biological diversity of these libraries was limited, resulting in poor performance and hit rates in
screening efforts.®

To improve the quality of screening compounds, cheminformatics analysis studies were performed on
typical screening collections, synthetic drugs, and NPs in order to determine whether any specific properties
were associated with producing bioactive compounds. This analysis revealed several key properties of small
molecules that confer favourable assay performance to a compound library.”® Some key features
contributing to improved hit rates and protein selectivity include the fraction of sp® hybridised carbons
(Fsp®), increased stereochemical complexity, and high levels of scaffold diversity — features that are
enriched in natural products.® Natural products have historically been a significant source of bioactive
compounds, and to this day remain an important source of drugs with over 34% of small-molecule drugs
approved between 1981 — 2019 being NPs or NP-derived.*



1.2 Steroids in drug discovery

Steroids are an important class of natural product typically derived from the tetracyclic gonane 1.01 core
scaffold (Figure 1.1). Mammalian steroid derivatives decorate this core scaffold with additional
substituents, often by oxidation of the A- and B-rings or through appendage of alkyl chains to the D-ring.
Prototypical steroids include the cholestanes cholesterol 1.02, estranes such as estradiol 1.03, and the
androstane testosterone 1.04.!! Steroids possess a vast range of bioactivities, spanning from the anti-
inflammatory properties of the corticosteroids, to the anabolic effects of the androgens including
testosterone.? This rich bioactivity has resulted in the direct therapeutic use of many endogenous steroids
with progestogens, estrogens, and androgens alike having extensive uses in hormone therapy targeting a
multiplicity of disease areas.’*!* In addition to the use of endogenous steroids as drugs, synthetic steroid
derivatives have also seen extensive use. Commonly used synthetic steroidal drugs include the
immunosuppressant methylprednisolone 1.05, as well as the androstane-derived abiraterone acetate 1.06
that is used in a combination therapy for treatment of metastatic castration-resistant prostate cancer.'>1°

Estradiol Testosterone
1.01 1.02 1.03 1.04

Methylprednisolone Abiraterone acetate
1.05

Figure 1.1 Chemical structures of Gonane, the representative steroids cholesterol, estradiol, and
testosterone, and of two synthetic steroid drugs methylprednisolone and abiraterone acetate.

The range and diversity of steroid bioactivities suggests that the steroid core itself could serve as an
excellent privileged scaffold for the basis of a small-molecule screening library. Privileged scaffolds can
be defined as a molecular scaffold with the capability to bind multiple protein targets, resulting in a range
of different bioactivities.!” Use of the steroid scaffold in library synthesis is typically limited to the fusion
or appendage of heterocycles to either the A-ring or D-ring of the steroid scaffold via short synthetic
sequences (i.e. 2 — 5 synthetic steps) from commercially available building blocks. Steroidal ketones
hydrocortisone 1.07, dehydroepiandrosterone (DHEA) 1.08, and estrone 1.09 have been used as core
building block scaffolds to afford series of pyrazole-fused glucocorticoid modulators 1.10, cytotoxic
thiadiazoles 1.11, and antiproliferative triazolopyrimidines 1.12, with the exemplified chemistries being
representative of the use of these building blocks (Figure 1.2).18-20



Hydrocortisone
1.07 1.10

1.1

Estrone Antiproliferative
1.09 1.12

Figure 1.2 Representative examples of steroid building blocks used for synthesis of screening collections
and resulting bioactive steroidal compounds.

Whilst using the complete steroid scaffold as a basis for library synthesis is a viable approach to access new
bioactive compounds, the approach does suffer from some limitations. One major limitation is that the
number of commercial steroids amenable for use in library synthesis is limited, and as such, the chemical
and biological space explored by steroidal compound libraries remains poor.

1.3 Synthesising natural product-like compounds

Given the inherent biological activities and favourable molecular properties presented by NPs, including
steroids, significant research has been performed on developing methods to synthesise more NP-like
screening libraries, with the aim of affording compound libraries capable of probing uncharted chemical
and biological space.?! The following sections will introduce several of these key techniques, with an
emphasis on examples utilising steroidal compounds where applicable.

1.3.1 Ring distortion and Complexity-to-Diversity

One approach to synthesise NP-like compound libraries was introduced by the Hergenrother lab, wherein
NPs available on commercial scales are utilised as the starting point of library synthesis. The approach
termed Complexity-to-Diversity (CtD) takes a stereochemically complex natural product with multiple
points of reactivity, and through a series of synthetic steps transforms it into a range of diverse products
retaining the complexity of the parent NP.2? The diversity of the compound library is a result of the
application of chemoselective ring-distortion reactions that can be further classified as either ring
expansion, ring rearrangement, ring cleavage, or ring fusion reactions. The CtD approach has been
thoroughly exemplified with multiple types of NPs including terpenes, alkaloids, and steroids.?*%



The steroid hormone adrenosterone 1.13 is one such example of a steroidal-NP used in the CtD approach
(Figure 1.3).2 Inspection of the adrenosterone structure identifies three major points of possible
diversification that could be exploited in the CtD approach: the A-ring enone, C-ring ketone, and the D-
ring ketone. Analogue 1.14 was synthesised by ethylene glycol protection of the A and D-ring ketones in a
ring fusion reaction, treatment with phenyl lithium which adds in a 1,2-addition to the C-ring ketone, and a
final meta-chloroperoxybenzoic acid (MCPBA) epoxidation of the migrated double bond in the B-ring.
Treatment of adrenosterone with typical Schmidt conditions (NaNs and sulfuric acid) gave rise to a tandem
ring-expansion of the A-ring via a Beckmann rearrangement and cleavage of the D-ring via Schmidt
reaction with dehydration of the resulting amide. The D-ring enone was selectively reduced by a Luche
reduction and the resulting secondary alcohol and amide were acetylated with acetic anhydride to afford
lactam 1.15. Oxidative cleavage of the A-ring enone with sodium periodate and potassium permanganate,
followed by coupling of the resulting acid with 2-bromobenzyl alcohol and a final selective Baeyer-Villiger
reaction with peracetic acid gives rise to the A-ring cleaved and B-ring expanded lactone 1.16.

Br
d 1.16

Figure 1.3 The Complexity-to-Diversity approach applied to the commercial steroid hormone
adrenosterone and resulting diversified products.?®

Cheminformatics analysis of CtD-derived compound libraries reveals that properties such as the Fsp® and
number of stereocentres are more favourable compared to commercial screening collections, and the
compounds thus ideal for use in screening.? Though the biological activity of these steroid-derived
compounds was not investigated, the CtD approach has been shown to afford novel bioactive compounds.
Application of CtD to the antibacterial diterpene pleuromutilin 1.17, resulted in the identification of a novel
inducer of ferroptosis 1.18, acting through inhibition of thioredoxin (Figure 1.4).%

Ph

N
N\N>:O

1.18 O

Figure 1.4 CtD applied to the antibacterial NP pleuromutilin and the resulting inducer of ferroptosis.?



The inherent limitations of the CtD approach include the requirement for a commercial NP available at a
sufficient scale and price to permit its use as a library precursor as well as a sufficient number of reactive
sites to facilitate the outlined ring-distortions and allow diversification of the parent NP. These two
requirements severely limit the scope of the CtD approach, and other techniques to synthesise NP-like
compound libraries have therefore largely moved away from the direct use of NPs as a starting material.

1.3.2 Diversity Oriented Synthesis approaches

One of the first techniques to arise from the need to synthesise structurally complex and diverse compound
collections, and the most widely adopted technique, was diversity-oriented synthesis (DOS). The DOS
approach is focussed upon accessing compound libraries that probe a large degree of chemical space; the
theoretical space covering all plausible small molecules.?” This exploration of chemical space is achieved
by targeting different types of diversity: appendage diversity, scaffold diversity, functional group diversity,
and stereochemical diversity.?® Taken together, these four main types of diversity contribute to the overall
shape diversity of DOS libraries, however analysis has revealed that the main driver of library shape
diversity and therefore biological performance stems from scaffold diversity. The molecular complexity
arising from stereochemical and appendage diversity was also identified as a major contributing factor
towards target specificity.®?°

Synthesising scaffold diverse compound libraries via DOS can be achieved using either reagent-based DOS
or substrate-based DOS (Figure 1.5). The reagent-based DOS approach uses a common starting material
for library synthesis, and through changing combinations of reagents, allows access to a range of different
core scaffolds. Two types of starting materials are utilised in the reagent-based approach, starting materials
that are either densely functionalised or that possess pluripotent functional groups.?® Densely functionalised
starting materials tend to bring together different parts of the molecule in the assembly of the core scaffold,
exploiting the reactivity of different functional groups. Pluripotent starting materials depend upon
differences in the reactivity of one functional group under a range of different conditions to assemble the
core scaffold. In contrast to reagent-based DOS, substrate-based DOS uses starting materials with designed
“pre-encoded” reactivity that when subjected to a common set of conditions will react and cyclise to afford
a range of core scaffolds.*

a b
o >
/ o e-{emm <

Common
starting
material Pre-encoded

Distinct molecular starting materials Distinct molecular
skeletons skeletons

Figure 1.5 Two main types of DOS to achieve scaffold diversity. Schematic representations of the (a)
reagent-based DOS approach and (b) the substrate-based DOS approach. Figure reproduced with
permission from reference.?® Copyright (2010) Springer Nature.



Using the reagent-based DOS approach, a library of 35 complex and diverse small molecules were
synthesised from the diazoester 1.19 (Scheme 1.1a).5! A rhodium-catalysed tandem cyclopropanation-cope
rearrangement of diazoester 1.19 with cyclopentadiene gave access to the bridged ester 1.20. From this
pluripotent intermediate, a number of scaffolds were synthesised using different combinations of reagents.
Suzuki couplings with arylboronic acids gave rise to compounds such as 1.21, whereas subjecting ester
1.20 to oxidative ring cleavage conditions gave rise to the bicyclic lactone 1.22 after hydride reduction of
the intermediate ester and spontaneous transesterification. The highly-substituted cyclohexene 1.23 was
synthesised in a ring opening/cross metathesis with a 2" generation Hoveyda-Grubbs catalyst. Screening
of the resulting DOS library by phenotypic screening and subsequent target identification identified a new
class of mitosis modulators based upon compound 1.21. Substrate-based DOS has been applied in the
synthesis of a library of three-dimensional alkaloid-derived fragments based around bicyclo[3.3.1]nonane
and bicyclo[4.3.1]decane core scaffolds. Commercial piperidones were converted into their corresponding
tethered-amino esters 1.24, 1.25, and 1.26, from which the lactam fragments including 1.27, 1.28, and 1.29
were synthesised in a ester hydrolysis/nitrogen deprotection/amide formation sequence (Scheme 1.1b).*
Whilst the compound collection was not subjected to screening efforts, the utility as a fragment set was
demonstrated through the synthesis of a number of additional analogues featuring both heterocycle fusions
and N-functionalisation.

a) H
H
COzMe COzMe
Br N2 7
\ ||/|||/|v 1. 22
1 19
MeO,C
MeO,C~ X ’/\COZMe
1.23
R
R
(7 I (7 ] 2
Et
N CO,Et co, 6
oc 1 25 1. NaOH Y
2 ' 2. HCI (6 M) 1 27 Q
o) >
3. n-BuySnO
ﬁNj/\’COZEt 129 O
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1.26 1 28

Scheme 1.1 Representative examples of reagent-based DOS and substrate-based DOS. (a) Reagent-based
DOS employing a pluripotent intermediate building block 1.20. i) cyclopentadiene, Rhy(OAC)4; ii)
Pd(OAC),, PPhs, KoCOs; iii) NMO/OsO./Phl(OAc). then NaBHy; iv) alkene, Hoveyda-Grubbs (I1) catalyst,
ethylene  (b)  Substrate-based DOS using a common set of reagents for a
“hydrolysis/deprotection/cyclisation” pathway.

While there is no doubt that the DOS approach is capable of affording new bioactive compounds, it has
often been found that many DOS libraries underperform when used in screening — with the increased
chemical diversity of collections not always translating to biological performance.®® As such, there has been
a push to synthesise compound libraries not only focussed upon achieving chemical diversity, but that also
consider features favourably contributing to selectivity and target diversity, summarised as the biological
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performance diversity of the library.3* In response to shortcomings of the DOS approach, additional
concepts for library synthesis with a greater focus on achieving biological performance diversity have been
developed.

1.3.3 Biology-oriented synthesis

The biology-oriented synthesis (BIOS) approach was developed as one of the first approaches to synthesise
compound libraries of higher biological relevance, drawing inspiration from the biological relevance of
NPs.3 BIOS avoids the direct use of NPs in library synthesis, as per the CtD approach, and instead builds
up a compound library around a simplified NP-inspired scaffold.®® The BIOS approach is based upon the
assumption that the biological activity of a NP is related to its core scaffold, as it is the core scaffold that
correctly positions a NPs substituents in the protein binding site. Thus, it is to be expected that retention of
this core scaffold should, to some extent, retain the biological activity of the parent NP.%* Using
cheminformatics based approaches, over 150,000 NPs were analysed and classified according to their core
scaffolds in an approach termed the structural classification of NPs (SCONP).3” SCONP simplifies parent
NPs in an iterative procedure, removing substituents and gradually removing extra rings, until one ring
remains, creating a scaffold branch. A final merger of these individual scaffold branches gives rise to a NP
scaffold tree which maps NP chemical space in a logical manner. Moving down a branch of the scaffold
tree leads to a simplified scaffold that should retain some of the bioactivity of the parent NP. BIOS utilises
SCONP in the selection of biologically relevant scaffolds to serve as a core library building block, from
which a library of analogues can be synthesised.®

BIOS has been successfully applied to many different NPs, affording compounds with diverse biological
activities.® One particular class of NPs that has been the subject of multiple BIOS efforts are the steroid-
derived Withanolides. Primarily isolated from plants of the nightshade family, the withanolides have a wide
range of biological activities ranging from antitumour properties to anti-inflammatory activity.*® Through
BIOS, novel withanolide-inspired compounds were identified that could modulate Hedgehog signalling as
well as inhibiting Wnt signalling.4%4

Analysis of a number of withanolides identified a conserved trans-hydrindane dehydro-3-lactone scaffold
that constituted the C/D-ring of the compounds, and was therefore under the BIOS principles chosen as a
core scaffold for library synthesis (Figure 1.6).%° Construction of the trans-hydrindane core commenced
from readily accessible alkene 1.30, synthesised in three steps from the Hajos-Parrish ketone. Following a
short synthetic sequence, including a key ruthenium catalysed ring-closing metathesis to assemble the
dehydro-5-lactone ring, a series of intermediate compounds suitable for further elaboration were yielded.
Functionalisation of the A-ring hydroxyl with phenyl isocyanate afforded carbamate analogue 1.31, which
through biological screening, was identified as a potent inhibitor of Hedgehog signalling via direct binding
to the G protein-coupled receptor Smoothened. In contrast to this approach, choosing the steroid scaffold
of the withanolides for library synthesis has also proved fruitful in affording new bioactive compounds.**
The intermediate compound 1.32 derived from commercially available pregnenolone facilitated late-stage
diversification into over 50 withanolide analogues which were screened for their ability to modulate Wnt
signalling. Analogue 1.33 which was synthesised by reaction of 1.32 with cyclopentylamine was identified
as a low-micromolar inhibitor of Wnt signalling. These two examples of BIOS highlight one of its
advantages, as from the same class of parent NPs two classes of withanolide-inspired analogues were
accessed with two very different classes of bioactivity — different to that of the parent NP.



Pregnenolone 1.32 1.33

Figure 1.6 BIOS based upon the withanolides. a) BIOS upon the C/D-ring trans-hydrindane scaffold (in
bold) to afford new modulators of hedgehog signalling. b) BIOS using pregnenolone as a core scaffold to
afford new inhibitors of Wnt signalling.

The major disadvantage of the BIOS approach stems from the use of known NPs as the basis of library
synthesis. Not only is the chemical space covered by known NP scaffolds smaller than all possible
permutations of NP-like chemical space, the ability of BIOS-derived compounds to explore biological space
can be confined by retention of the parent NPs bioactivity. In order to overcome these limitations, fragment
based approaches drawing inspiration from the principles of fragment-based drug discovery (FBDD) were
explored.*?

1.3.4 Natural product fragment-based approaches

FBDD is an approach that has seen extensive use by medicinal chemists as a powerful method to develop
new drug candidates.*® In FBDD, small fragments (typical molecular weight < 250 Da) are screened against
a target of interest and “hit” fragments grown via connection to other fragments in a structure-guided
manner. Whilst FBDD can in principle explore a large degree of chemical space, this often goes unrealised
owing to the fact that most fragment collections are derived from known drugs and are dominated by sp?
rich aromatic molecules.*4°

Drawing inspiration from the ability of small molecular fragments to efficiently probe chemical space, a
cheminformatics analysis of 180,000 NP structures was performed, identifying 2000 suitable NP-
fragments.*> Compared to commercial fragment collections, these NP-fragments were rich in structural
complexity, diversity, and Fsp®, similar to the NPs they were derived from. As these fragments were
markedly different from commercial collections, it was expected that any compounds resulting from use of
these fragments would better probe uncharted chemical space whilst retaining greater biological relevance.
This fragment based approach was exemplified with the identification of suitable NP-fragments that could
serve as new chemotypes of inhibitors against kinases and phosphatases.*? One specific example of a NP-
fragment is the tropane fragment 1.34, found in over 600 diverse alkaloid NPs, and which has seen use in
the synthesis of several NP-fragment derived libraries.*”*® A small library of tropane-pyrrolidine fusions
1.35 was synthesised in an enantioselective one-pot copper(l)-catalysed [3+2] cycloaddition between
tropane-derived fragment 1.36 and the azomethine ylide precursor 1.37 (Scheme 1.2).%
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Scheme 1.2 Enantioselective synthesis of tropane-pyrrolidine fused compounds 1.35 via a copper(l)-
catalysed [3+2] cycloaddition and racemic tropane-derived fragment 1.36 and azomethine ylide precursor
1.37.

1.3.5 Pseudo-natural products

In an logical evolution of the NP-fragment based approach, the concept of pseudo-NPs was born.*
Combining the use of biologically pre-validated scaffolds from BIOS and the use of NP-fragments, it was
hypothesised that the recombination of NP-fragments in ways not observed in NPs should give rise to
compound collections inaccessible by biosynthetic pathways.*® These compounds, termed pseudo-NPs,
should therefore allow exploration of chemical space that is uncovered by known NPs as well as identifying
compounds with new bioactivities. To achieve these unprecedented scaffold fusions, the natural product
fragments can be recombined in one of four ways: via a monopodal connection, spiro connection, fused
connection, or bridged connection with 0, 1, 2, and 3 shared atoms respectively (Figure 1.7).
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Figure 1.7 General principle of the pseudo-natural product approach. Natural products are simplified into
their core natural product fragments, and then recombined either by bridged, monopodal, spiro, or fused
connections to afford pseudo-natural product scaffolds. Figure redrawn and modified from reference.

The type of connectivity of a fragment recombination is not the only factor to consider when synthesising
pseudo-NP libraries. The regiochemistry of a given recombination has also proved to be an important
influence on the bioactivity of pseudo-NPs. A 155-member library of tetrahydroquinoline-pyrrolidine
pseudo-NPs was synthesised featuring 8 different patterns of fragment recombination and regiochemistry,
and subjected to morphological profiling in a cell-painting assay to suggest possible bioactivities. Three
different classes of regioisomeric edge-fused analogues were found to display remarkably different
clustering in the assay and therefore are likely to possess different bioactivities..>> Whilst the concept of



pseudo-NPs is recent, they can be readily identified in modern screening collections.>® Cheminformatics
analysis of biologically relevant compounds in the ChEMBL database suggest that approximately 23% of
these compounds can be defined as pseudo-NPs and that pseudo-NPs have thus been synthesised for over
45 years before their recent definition.

Despite the fact that the pseudo-NP approach was only described in 2018, it has been well-validated as
being capable of consistently affording novel bioactive compounds (Figure 1.8). The recombination of
chromane and tetrahydropyrimidone NP-fragments in a bridging bipodal manner afforded a library of 44
chromopynone pseudo-NPs, with compound 1.38 identified as a potent and selective inhibitor of the
glucose transporters Class 1 glucose transporters (GLUT) 1 and 3.%° The pyrano-furi-pyridone class of
pseudo-NPs was synthesised by recombination of dihydropyran and pyridone fragments. The most potent
analogue 1.39 of this class was found to be an inducer of reactive oxygen species (ROS) via inhibition of
mitochondrial complex 1.>* A class of macrocyclic pseudo-NPs 1.40 derived from cinchona-alkaloid and
pyrrolidine fragments were synthesised and characterised as potent inducers of microtubule associated
protein I light chain 3 (LC3) lipidation, an important protein in the degradative process of autophagy.
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Figure 1.8 Select examples of bioactive pseudo-NPs with a diverse range of bioactivities.

The pseudo-NP approach has also seen use in combination with other library synthesis techniques and
expansions to the approach have been suggested. A library of over 90 sesquiterpenoid alkaloid pseudo-NPs
was synthesised in a fusion of the pseudo-NP approach and the ring distortion strategy encountered in
CtD.%® Three sesquiterpene lactones were used for the basis of the ring distortion step, wherein 9
stereochemically diverse intermediates were fused to pyrrolidine fragments. Biological evaluation of this
pseudo-NP library revealed a range of bioactivities, including inhibition of osteoblast differentiation that
was dependent upon the Hedgehog-signalling pathway. In an attempt to further the chemical space explored
by pseudo-NPs it has been proposed that fusing NP fragments with non-NP fragments, namely those found
in pharmaceutical compounds, should facilitate a more efficient exploration of non-NP chemical space.
This has been exemplified by fusing a steroid backbone with the unnatural pyrazinoisoquinoline fragment
(Scheme 1.3).5" Reaction of a steroid-derived acid 1.41 with 2,2-diethoxyethylamine and various
isocyanides in an Ugi reaction and subsequent Pictet-Spengler afforded a small collection of steroid-
pyrazinoisoquinoline fusions. Biological evaluation of these analogues identified one compound 1.42 with
moderate antiproliferative activity against the cancer cell line HepG2, acting in a caspase-independent
mechanism.
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Scheme 1.3 Recombination of the steroid and pyrazinoisoquinoline fragments via a tandem Ugi/Pictet-
Spengler reaction to afford antiproliferative pseudo-NPs.

1.4 Sterols and sterol homeostasis

The observed diversity in biological effects of steroids and steroidal compounds is inherently linked to the
key functions of endogenous sterols in cells. Cholesterol, the most abundant mammalian sterol, plays
several critical functions in mammalian cells including providing structure and stability to plasma
membranes (PM) and other organelle membranes, wherein it constitutes approximately 30% of membrane
lipid content alongside other phospho- and sphingolipids.*® Cholesterol also serves as the starting point for
the biosynthesis of other steroid hormones in steroidogenic tissues, including cortisol, estradiol, and
testosterone.>® Cholesterol itself also possesses diverse bioactivity, having important regulatory roles in
processes such as hedgehog signalling and Wnt signalling.5%! Cholesterol, in addition to its oxidised
metabolites known as oxysterols, are also implied in numerous diseases including atherosclerosis, multiple
sclerosis, and Niemann-Pick disease.®23

The range of cellular functions as well as associations of abnormal levels of sterols in a number of diseases
necessitate the existence of systems to tightly control and regulate levels of cholesterol within the cell. To
this end, cells have developed processes to maintain cholesterol homeostasis, working to balance its
biosynthesis, uptake from exogenous sources, and efflux.®*

1.4.1 Cholesterol biosynthesis

De novo biosynthesis of cholesterol is a highly complex process, involving the concerted action of
numerous enzymes over multiple individual steps and serves as the major source of cellular cholesterol
(Figure 1.9).%° Biosynthesis commences via the conversion of acetate in the form of acetyl-coenzyme A
(acetyl-CoA) to mevalonate, including the rate-limiting reduction of 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) to mevalonate by the endoplasmic reticulum (ER)-resident HMG-CoA reductase
(HMGCOoR).% Through conversion of mevalonate to activated isoprene building blocks and subsequent
condensations, the 30-carbon terpenoid squalene is synthesised. Oxidation of squalene by squalene
monooxygenase (SM) to 2,3-oxidosqualene represents the second major rate-limiting reaction of the
sequence.®” 2,3-Oxidosqualene undergoes cyclisation to yield lanosterol, which through a series of
reductions affords cholesterol and closes the biosynthetic pathway.%
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Figure 1.9 A simplified representation of cholesterol biosynthesis highlighting key intermediates in the
biosynthesis and the two rate-limiting enzymes, HMGCoR and SM. HMGCoR = HMG-CoA Reductase,
SM = Squalene monooxygenase

1.4.2 Cholesterol uptake

Cellular uptake of dietary cholesterol occurs by two major processes, either by the Niemann-Pick type C1-
like 1 (NPCL1L1) protein in enterocytes or by the low-density lipoprotein (LDL) receptor (LDLR) from the
blood, both of which occur in a clathrin-dependent manner (Figure 1.10).% Under low levels of cellular
cholesterol, NPC1L1 translocates to the plasma membrane of intestinal cells and binds to unesterified
cholesterol.®® Endocytosis of NPC1L1-bound cholesterol delivers the receptor and cholesterol to the
endocytic recycling compartment (ERC), from which cholesterol can be transported to the ER via currently
unknown mechanisms.5®

The LDLR is a PM bound protein, which binds to LDL-particles containing cholesterol esters (CEs) through
its extracellular ligand binding domain. Once bound, the receptor undergoes endocytosis — releasing its
cargo of LDL upon undergoing a conformational change in the acidic endosomes.” The LDL derived CEs
are ultimately hydrolysed by lysosomal acid lipases, releasing free cholesterol into the lysosomal lumen.™
Cholesterol is then transported from lysosomes, typically to the ER, by the Niemann-Pick type C1 (NPC1),
Niemann-Pick type C2 (NPC2), and lysosome-associated membrane protein-2 (LAMP2) proteins.’

12



Blood Intestinal lumen/
liver canalicular
space

~ /_\ NPC1L1
LDLR Low pH
{;‘t}% Endosome ERC
LDL \—/&K ‘
3 \—/ o
Cholesterol

Figure 1.10 LDLR and NPC1L1-mediated uptake of cholesterol. Figure reproduced and modified with
permission from reference.® Copyright (2019) Springer Nature.

1.4.3 Regulation of cholesterol homeostasis

In order to maintain correct cholesterol homeostasis, the interplay of cholesterol biosynthesis and uptake
must be tightly regulated. A number of mechanisms are present to achieve this, of which the ER-bound
sterol regulatory element-binding protein 2 (SREBP2) plays a significant role in regulating cholesterol
biosynthesis genes as well as influencing LDLR-mediated uptake.” When cellular cholesterol levels are
high, cholesterol binds to the SREBP-cleavage activating protein (SCAP) which in-turn results in binding
to insulin-induced gene (INSIG) proteins 1 and 2, blocking its export from the ER and preventing
subsequent upregulation of the transcription of cholesterol biosynthesis genes (Figure 1.11b)."4™
Oxysterols that can form when ER cholesterol levels are high are also known to promote the retention of
SREBP2 by direct binding to INSIG, enhancing its binding to SCAP.

When ER cholesterol levels are low (Figure 1.11a), SCAP adopts an alternative conformation that allows
binding to COPII vesicles and dissociation from INSIG, allowing translocation of the SCAP-SREBP2
complex to the Golgi apparatus.”” At the Golgi, proteolytic cleavage of SREBP2 by site-1 and site-2
proteases (S1P/S2P) releases nuclear SREBP2 (nSREBP2), which is subsequently translocated to the
nucleus.”® In the nucleus, NSREBP2 binds to sterol-regulatory elements (SREs) of genes involved in
cholesterol biosynthesis and uptake including HMGCoR, SM, LDLR, as well as the SREBP2 gene itself;
resulting in an upregulation of their transcription.”

In addition to the SREBP2/SCAP regulatory axis, additional transcriptional regulation occurs to properly
maintain cholesterol homeostasis.5#8 Uptake of cholesterol by NPC1L1 can, for example, be both
positively and negatively regulated by the proliferator-activated receptor a — retinoid X receptor a (PPARa-
RXRa) complex and the cyclic adenosine monophosphate (cAMP)-responsive element-binding protein H
(CREBH) protein respectively.-# LDLR-mediated uptake of LDL is also further regulated by the E3
ubiquitin ligase inducible degrader of LDL-receptor (IDOL). IDOL and NPC1L1 expression are also both
regulated by liver X receptors.®
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Figure 1.11 SREBP processing under low levels of cholesterol (a) and high levels of cholesterol (b). (a)
under low levels of cholesterol, the SREBP-SCAP complex translocated to the golgi, wherein it is cleaved
to release NSREBP, leading to upregulation of cholesterol biosynthesis gene transcription. (b) under high
levels of cholesterol, INSIG binds to SCAP, leading to the retention of SREBP in the ER, preventing the
upregulation of cholesterol biosynthesis gene transcription. Figure reproduced with permission from
reference.®* Copyright (2017) Annual Reviews.

When levels of cellular cholesterol are too high, cholesterol can either be removed from the cell via efflux
or processed for storage.®® A significant source of cholesterol efflux occurs via the ATP-binding cassette
(ABC) family of transport proteins, particularly the protein ABCA1. ABCAL can transport cholesterol to
apolipoprotein A1 (ApoA-1) which subsequently forms high-density lipoproteins (HDL) which are
transported back to the liver in a process known as reverse cholesterol transport.2® Excess cellular
cholesterol can also be esterified by the ER-resident enzymes acyl-CoA cholesterol acyltransferase (ACAT)
1 and 2, and the resulting CEs stored in organelles known as lipid droplets (LDs). LDs consist of a core of
CEs and triacylglycerols (formed by esterification of fatty acids by the enzymes diacylglycerol O-
acyltransferase (DGAT)1/2) surrounded by a phospholipid monolayer, in which multiple proteins involved
a number of processes including LD biogenesis and regulation of contact sites are present.8” Lipids stored
in LDs can be utilised as needed by either lipophagy or lipolysis.®’

1.5 Sterol transport proteins

In contrast to the more general regulation of cholesterol homeostasis by transcriptional methods, a finer
level of regulation of cholesterol homeostasis is achieved by a combination of vesicular and non-vesicular
transport mediated by families of sterol transport proteins (STPs). Vesicular transport of cholesterol by
STPs occurs via the proteins NPC1 and NPC2. NPC1 and NPC2 work in tandem to transport LDL-derived
cholesterol from lysosomes, derived from hydrolysis of CEs, to the PM where it is subsequently transported
to the ER.%%% Non-vesicular transport of cholesterol is achieved by three major families of STPs: the
oxysterol-binding protein (OSBP)-related proteins (ORPs), the steroidogenic acute regulatory protein
(StAR)-related lipid transfer (START)-related domain (STARD) proteins, and the Aster/GRAMD1
proteins.®t These three families of STPs are responsible for the transfer of cholesterol between the
membranes of different organelles, typically to-and-from the ER (Figure 1.12), binding to and transporting
cholesterol in their hydrophobic sterol-binding domains (SBDs).
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Figure 1.12 Intracellular non-vesicular cholesterol transport by sterol transport proteins. EE: early
endosome, ER = endoplasmic reticulum, ERC = endocytic recycling compartment, LD = lipid droplet, LE
= late endosome, TGN = trans-Golgi network. Figure reproduced from reference.®

1.5.1 Aster proteins

The Aster proteins are the smallest and most recently described family of STPs involved in non-vesicular
cholesterol transport. The Aster family is comprised of 3-cholesterol binding proteins Aster-A, Aster-B,
and Aster—C (also known as GRAMD1A, GRAMD1B, and GRAMD1C) in addition to 2 members lacking
a SBD — GRAMD2A and GRAMD2B (previously referred to as GRAMD3).%2% The Asters are a family
of ER-resident proteins that facilitate the transport of LDL-derived cholesterol between the PM and ER.%
Asters-A, -B, and -C are composed of three main domains - an N-terminal GRAM domain, C-terminal
transmembrane (TM) domain, and a core central StART-like domain (Figure 1.13).%
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Figure 1.13 Schematic representations of the Aster/fGRAMDZL/2 proteins. Figure reproduced from
reference.®

The GRAM domain of Asters-A, -B, and —C has been shown to act as a coincidence detector for PM
cholesterol, responsible for the recruitment of the Asters to the PM under high levels of cholesterol. This
binding and recruitment only occurs when cholesterol, unsequestered by sphingomyelin, is in close-
proximity of anionic lipids such as phosphatidylserine (PS), allowing for a fine control of its extraction and
transport to the ER.*% The TM domain is responsible for anchoring the protein to the ER, but also has
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roles in forming homo- and heteromeric dimers, a process critical for the recruitment of the Asters to ER-
PM contact sites.®® The central START-like SBD of the Asters, named the ASTER domain, has little
sequence similarity to SBDs of other known STPs, and readily binds to cholesterol and side-chain oxidised
oxysterols in a hydrophobic pocket.®? X-ray crystal structures of murine Aster-A revealed that despite their
low sequence similarity, the 3D structure of the ASTER domain broadly resembles that of the START
domain. Slight differences in the ASTER domain result in a sterol-binding mode different to that of other
SBDs, in which the ligand is rotated by 120 °C along its axis (Figure 1.14).°2 Additionally, the binding
pocket features a volume unoccupied by sterol ligands which could serve to accommodate larger ligands —
with recent studies revealing the ability of Aster-A and -B to bind and mediate transport of carotenoids.’
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Figure 1.14 Co-crystal structure of murine Aster-A and 25-hydroxycholesterol. Figure reproduced from
reference.%

1.5.2 Functions of the Aster proteins

In light of their recent description, the individual physiological functions of the Aster proteins has begun to
be investigated. The differential patterns of tissue expression observed for the Asters suggest that each
should possess distinct functions from one another, with Aster-A having highest expression in the brain,
Aster-B in adrenal tissues, and Aster-C in the testes and liver.%?

The role of Aster-A in autophagy was elucidated through identification of the small molecule inhibitor
Autogramin-2, which inhibits Aster-A mediated cholesterol transfer between the ER and forming
phagophore.® On the other hand, Aster-B has been identified as a key regulator of HDL-derived cholesterol
transport to the ER in steroidogenic tissues, acting downstream of the known scavenger receptor class B
type 1 (SR-BI) receptor.®? Aster-B has additionally been identified as a regulator of ER — mitochondria
cholesterol transport and the uptake of CE-derived fatty acids, further supporting its role as a regulator of
steroidogenesis.®® Mutations in the GRAM domain of Aster-B have also been associated with intellectual
disability, arising from defective cholesterol sensing.*® Studies of Aster-C have identified it as a negative
regulator of mammalian target of rapamycin complex 1 (mTORCL) signalling under conditions of nutrient
starvation.® Similarly to Aster-A, a putative role of Aster-C as a negative regulator of starvation induced
autophagy has been suggested, as well as regulating mitochondrial bioenergetics by mediating mitochondria
— ER cholesterol transfer.®> Expression levels of the Aster proteins has also been associated with
differential pathogenesis and prognoses in cancers including renal carcinoma and breast cancer,
highlighting how small-molecule modulation of the Asters could prove to have therapeutic
relevance.100:102.103
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1.5.3 Small molecule inhibitors of sterol transport proteins

Despite the critical importance of STPs in a range of cellular processes, their modulation by small molecules
has remained challenging, with few inhibitors of these proteins having been identified. A series of
structurally unrelated NPs were found to share a common fingerprint of cytotoxicity against the National
Cancer Institute 60 cancer cell lines (NCI-60), with all compounds inhibiting cell growth at nanomolar
potencies.’®™ These NPs, including Cephalostatin 1, Ritterazine B, Schweinfirthin A, and OSW-1 were
found to bind to and inhibit the STPs OSBP and ORPA4L, with the group of compounds subsequently named
the ORPphilins (Figure 1.15).

Ritterazine B

Figure 1.15 Structures of the ORPphilins, inhibitors of OSBP and ORPA4L.

Further work has identified ORP inhibitors with improved selectivity profiles over the ORPphilins (Figure
1.16). Schweinfirthin G, a member of the Schweinfirthin family of NPs, was identified and utilised as an
inherently fluorescent probe to further study the dynamics of OSBP/ORP4L -associated cytotoxicity arising
from their inhibition.1® Similarly to Schweinfiirthin A, Schweinfiirthin G displays increased selectivity for
OSBP over ORP4L. Complementing the OSBP-selectivity of the Schweinflrthins, a synthetic analogue of
OSW-1, LYZ-81, was identified as a selective inhibitor of ORP4L.1% LYZ-81 potently binds to ORP4L
and inhibits the transfer of phosphatidylinositol 4,5-bisphosphate (PIP2) from the PM, interfering with
downstream calcium-dependent bioenergetics, and inducing death in leukemia stem cells. From a
phenotypic screen designed to identify inducers of ABCAL, a series of nicotinamides were identified as
hits, with subsequent target identification efforts revealing ORP7 as their target. The optimised compound
G was found to upregulate apoA-1-mediated efflux of cholesterol as well as increasing levels of ABCAL at
the PM, identifying ORP7 as a possible regulator of ABCA1.2%7
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Figure 1.16 Structures of OSBP/ORP4L selective compounds Schweinfirthin G and LYZ-81, and the
ORP7 inhibitor Compound G

The approved antifungal drug itraconazole that has multiple off-target effects including anticancer and
hedgehog inhibitory activity was identified as a broad-spectrum antiviral agent, with effects mainly seen
against enteroviruses (Figure 1.17).1% Target identification revealed that the antiviral activity of this
compound was dependent upon inhibition of OSBP, and that likewise, OSW-1 shares its antiviral profile.
Efforts to decouple the antifungal activity of itraconazole from its OSBP-related antiviral activity have also
been performed, revealing the importance of the core ring scaffold and dispensable nature of the triazole
ring for antiviral activity — suggesting that it could be possible to identify synthetic OSBP inhibitors with
increased selectivity.1%°
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Figure 1.17 Structure of the antiviral OSBP inhibitor itraconazole

A number of compounds inhibiting the Aster proteins have been identified with varying degrees of
selectivity (Figure 1.18). From a phenotypic screen for autophagy inhibition, Autogramin-2 was identified
as a potent inhibitor of starvation and rapamycin-induced autophagy, exerting its effects through inhibition
of Aster-A.*® Autogramin-2 was also found to be highly selective over both Aster-B and —C, as well as over
other STPs such as STARD1 and STARDS3. Inhibitors targeting Aster-B and Aster-C have been identified,
including Al-3d and Al-1l, derived from the pan-STP inhibitor U18666A and the endogenous oxysterol
20a-hydroxycholesterol respectively.**® Whilst these compounds inhibit the Aster proteins, their selectivity
over the other Asters is poor, warranting the identification of alternative inhibitors of Aster-B and —C with
improved selectivity profiles.
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Figure 1.18. Structures of the Aster inhibitors Autogramin-2, Al-3d, and Al-1l.

In contrast to the ORPs and Asters, only one potential inhibitor has been identified targeting the STARDs.
A virtual screen against STARD3 identified a pyrimidone-derived inhibitor, although the identified
compound possesses poor potency for STARD3 and would therefore require significant optimisation and
further profiling to find use as a STARD3 inhibitor.''! As other known STARD inhibitors target STARD2
and STARDL1 (referred to as phosphatidylcholine transfer protein (PCTP) and ceramide transport protein
(CERT) respectively), proteins responsible for the transfer of phosphatidylcholine and ceramide
respectively, the STARDSs represent a significant gap in the field of STP inhibitors.12113
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Part Il - Synthesis of a sterol-inspired compound
collection

2.1 Project Aims and Outline

In response to the lack of potent and selective STP inhibitors, an approach to synthesise a sterol-inspired
compound collection was designed — incorporating elements of proven techniques including DOS, BIOS,
and the pseudo-NP approach. It was anticipated that fusion of a primary steroidal scaffold to a series of
secondary heterocyclic scaffolds would afford a biased collection of sterol-inspired compounds enriched in
hits against STPs (Figure 2.1), providing a rational approach to identify new STP inhibitors in contrast to
the mainly serendipitous discoveries seen thus far. To evaluate the performance of the sterol-inspired
compound collection, it would be screened against the Aster family of STPs serving as a model STP family,
using complementary biochemical assays. Hit compounds identified from initial screening would be
subjected to further validation, and after subsequent optimisation the resulting compounds would be further
profiled using a combination of biochemical and cell biology techniques.

Scaffold fusion R
—> NN ’@
\ \
N \
KﬁN
NH
© 1¢ Scaffold \ 2
N H =
N NI N P
Y, Z R
S o}
\ 7 J«
N
HNT(EN H
o)

Sterol-inspired compound
2° Scaffold

Figure 2.1 Concept for the synthesis of a sterol-inspired compound collection. Fusion of a primary sterol
scaffold to a series of secondary heterocyclic scaffolds afford a collection of sterol-inspired compounds.
Figure reproduced with permission from reference.** Copyright (2021) John Wiley and Sons.

In the following sections, this process will be described as follows: part Il concerns the design and synthesis
of the sterol-inspired compound collection, including the optimisation of building block and analogue
synthesis. Part 111 covers the process of assay optimisation and biochemical screening of the sterol-inspired
compound collection against the Aster proteins, including the identification of the active enantiomer of the
Aster-A and Aster-C hit compounds, concluded by optimisation of the Aster-C inhibitor series. Lastly, part
IV covers the preliminary biological evaluation of these Aster-A and Aster-C inhibitors in the context of
cholesterol homeostasis and autophagy, utilising a combination of biochemical techniques and confocal
microscopy.
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2.2: Designing a sterol-inspired compound collection

To design an approach to synthesising a sterol-inspired compound collection, it was decided to incorporate
elements of several validated approaches to synthesise bioactive compound collections. The pseudo-NP
approach provided significant inspiration to the overall design philosophy. It was anticipated that fusion of
a core sterol fragment to heterocyclic scaffolds encountered in other NPs would afford sterol-inspired
compounds capable of binding to STPs, with the heterocyclic scaffolds imparting selectivity between
different STPs. Application of the pseudo-NP approach typically involves the fusion of a limited number
of NP-fragments with one another, therefore, to further scaffold diversity in the sterol-inspired collection,
different classes of heterocycles would be targeted rather than focussing on one or two classes of
heterocycle fusions. Additionally, non-natural fragments would be included for fusion to the steroidal
fragment, expanding the chemical and biological space probed by the compound collection.

The two main requirements of a suitable steroidal fragment for synthesis was that it should be representative
of multiple classes of sterols and thus promote favourable interactions with sterol-binding proteins, and
secondly it should facilitate the fusion of heterocyclic scaffolds in a limited number of synthetic steps. To
this end, it was decided that the sterol fragment should represent the sterol AB-ring system and contain the
C3-hydroxyl and axial methyl group, as these regions are critical in the binding of sterols to their protein
targets - typically being buried in the hydrophobic binding site.!*® Use of a truncated sterol fragment
compared to the complete tetracyclic sterol core would also limit problems typically associated with use of
the latter, decreasing off-target interactions associated with the complete sterol backbone.

To facilitate a range of diverse scaffold fusions, it was decided to incorporate a ketone into the chosen sterol
fragment, as the reactivity of the ketone functional group makes it well-suited for the synthesis of NP-
inspired compound collections.!® In order to limit potential reagent incompatibilities and limit side-
reactions, it was also decided to use a fully saturated AB-ring fragment missing the alkene seen in the B-
ring of cholesterol. A study to perform a proteome-wide mapping of cholesterol-interacting proteins utilised
a trans-fused photoreactive sterol probe, successfully identifying over 250 cholesterol-binding proteins.*t
Favourable mapping was shown compared to both a cis-fused (Cis-sterol) and epimeric probe (Epi-sterol),
with the trans-fused probe (Trans-sterol) found to most closely resemble the three-dimensional structure of
cholesterol (Figure 2.2).

Figure 2.2 Chemical structures and X-ray structures of cholesterol and trans-, epi-, and cis-sterol
photoaffinity probes used in a proteome-wide mapping of cholesterol-interacting proteins. Figure
reproduced and modified with permission from reference.!*” Copyright (2013) Springer Nature.

Taking these individual factors into consideration, the trans-fused decalone 2.01 was chosen as the building
block for construction of the sterol-inspired compound collection (Figure 2.3). Decalone 2.01 can be
synthesised via the well-known Wieland-Miescher ketone (WMK) 2.02, a bicyclic ketone that itself can be
readily accessed from commercially available starting materials and is often used in the total synthesis of
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steroidal and terpene NPs.!® Two similar synthetic routes to trans-fused decalone 2.01 have been published
to date, however some experimental details are lacking and the spectral characterisation limited by
instrumentation available at the time. The synthetic routes towards decalone 2.01 therefore offer an
opportunity for significant optimisation.1%120

O o}
= D
HO : o]
H
2.01 2.02

Wieland-Miescher
ketone

Figure 2.3 Sterol-inspired building block 2.01 and the Wieland-Miescher ketone 2.02

Before commencing synthesis of the sterol-inspired compound collection, further guidelines were
established to focus synthetic efforts. Firstly, the library building blocks and therefore all analogues would
be synthesised as racemates. In doing so, the size of the screening collection is effectively doubled by
testing both enantiomers of a given compound. Whilst this approach would ultimately require additional
work to identify active enantiomers of any hit compounds emerging from screening, it is not possible to
state with absolute certainty that the natural stereochemistry represents the preferred binding configuration
for all STPs. Secondly, analogues should be accessible in no more than four synthetic steps from the
decalone building block 2.01 or closely related intermediates. Lastly, between three and five analogues
featuring different patterns of substituents with varied electronic properties should be synthesised per
scaffold fusion. This would allow preliminary SAR information to be obtained for screening hits at an early
stage.

2.2.1 Synthesis of a sterol-inspired building block

Synthesis of the sterol-inspired building block 2.01 commenced by synthesising triketone 2.03 (Table 2.1).
Triketone 2.03 was synthesised in a solvent-free procedure, reacting diketone 2.04 and methyl vinyl ketone
2.05 in the presence of triethylamine.'?* This procedure was used to consistently yield the desired product
in excellent yield and purity (entries 1 - 3) and was also successfully scaled up to 0.25 mole of diketone
2.04 with no decrease in yield (entry 4).1%2

Table 2.1 Synthesis of triketone 2.03

0 0 0
o rt, 8 - 1% h o
2.04 2.05 7 -96% 2.03
2.04 2.05 EtsN Yield
Entry (equiv.) (equiv.)  (equiv.) (%) Comments
1 1 1.1 0.1 93 592.04,18hatrt
2 1 1.1 0.1 95 1092.04,18 hatrt
3 1 1.1 0.1 90 1592.04,18 hatrt
50 g 2.04, 8 h at rt, 2.05 not purified before use,
4 1 1.2 0.01 96 reaction mixture stirred with activated charcoal

and filtered through a silica plug
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Heating triketone 2.03 under Dean-Stark conditions in the presence of pyrrolidine afforded the WMK 2.02
in good yields (Scheme 2.1). Purification of the crude product was achieved by either flash chromatography
or filtration through a silica plug, affording the product as an oil that readily solidified upon standing.

(0} (0} (0]
% Pyrrolidine Q@
_—
o Tolueng,h'l'lfi °C o
2.03 73% 2.02

Scheme 2.1 Synthesis of the Wieland-Miescher ketone 2.02

In order to install the desired AB-ring stereochemistry of the sterol-inspired building block, it was necessary
to selectively protect the ketone carbonyl as the ethylene ketal. Initial attempts to protect the ketone as the
ethylene ketal following the published protocols towards ketone 2.01 proved unsuccessful — with the harsh
refluxing conditions affording mixtures of ketal protected enone, unreacted ketone, as well as the bis-ketal
product.t*® Employing conditions reported by Ciceri and Demnitz allowed for the rapid chemoselective
synthesis of ketal 2.06 by reaction with an excess of ethylene glycol, stoichiometric p-toluenesulfonic acid
monohydrate (p-TsOH.H20), and 4 A molecular sieves (Scheme 2.2).1%

o o/\l
(o]
+ HO/\/OH p-TsOH.H,0
4 A mol. sieves
o rt, 30 min o
2.02 ’ 2.06

74%
Scheme 2.2 Synthesis of the ethylene ketal 2.06

The desired trans stereochemistry at the ring-junction atoms was achieved by a dissolving metal reduction
of the enone double bond (Table 2.2). At first, the reduction was performed by dissolving sodium in
ammonia, with ethanol as the chosen proton source (entry 1).1° The reaction proceeded with complete
diastereoselectivity for the trans-fused ketone 2.07, however isolated yields were poor. These conditions
suffered from poor reproducibility (entry 2), often proceeding with over reduction of the enone to yield
mixtures of the desired ketone 2.07 and alcohol 2.08. Changing the metal from sodium to lithium (entry 3)
appeared promising, however formation of alcohol 2.08 was still observed. Hypothesising that the over
reduction could arise from use of ethanol as the proton source, tert-butanol was chosen as a proton source
with lower acidity. Use of tert-butanol improved conversion and further decreased the observed over
reduction (entries 4 and 5). Through further minor modifications including quenching excess lithium with
isoprene, conditions were identified that reproducibly yielded the desired trans-fused ketone 2.07 on a
multi-gram scale (entry 6).
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Table 2.2 Synthesis of ketone 2.07 by dissolving metal reduction

o o o
Metal, NH3 .
° R el S HO™ ™"
2.06 2.07 2.08
Metal Protonsource Time Quenching Yield
Entry (equiv.) (equiv.) (min) reagent (%0) Comment
1 Na (2.7) EtOH (1.5) 120 NHCI 26 -
2 Na (2.7) EtOH (1.2) 30 NH4CI - Over reduction to 2.08
3 Li (2.3) EtOH (1.0) 30 NH.CI - Over reduction to 2.08
. Over reduction to 2.08,
4 Li(2.3) t-BuOH (1.0) 30 NH4CI 55 yield after purification
. 2.06 in crude reaction,
Li(2.3) t-BuOH (1.0) 60 NHCI 62 yield after purification
6 Li (4.0) t-BuOH (2.0) 30 Isoprene 87 No column

With future SAR efforts in mind, it was decided that the reduction of the carbonyl of ketone 2.07 would not
be optimised for complete diastereoselectivity, so that sufficient quantities of the diastereoisomeric ketone
2.09 could be isolated alongside the desired ketone 2.01 after deprotection of the ketal. Ketone 2.07 was
cleanly reduced in quantitative yield with sodium borohydride in a mixed solvent system of THF:methanol
(4:1), yielding an inseparable mixture of diastereoisomeric alcohols in a ratio of 86:14 2.08a:2.08b.12* The
diastereoisomeric mixture of alcohols was deprotected with aqueous hydrochloric acid in THF, and the
sterol-inspired ketone 2.01 and its diastereoisomer 2.09 were isolated after separation by flash
chromatography (Scheme 2.3).

0/2 o™

o) o)
0
NaBH, HCI (3M aq.)
_— = D — +
o ! THF:MeOH (4:1) o : THF, rt, 3 h Ho - Ho™ :

H 0 °C tort, 45 min H 82%
2.06 >95% 2.08a, OH = $* 2.01 2.09
2.08b, OH = R* 73% 9%

Scheme 2.3 Synthesis of sterol-inspired ketone 2.01 and diastereoisomeric ketone 2.09 from trans-fused
ketone 2.06 by hydride reduction and ketal deprotection

2.2.2 Synthesis of intermediate building blocks

In order to further increase the scaffold diversity of the sterol-inspired compound collection, it was
necessary to synthesise a number of additional building blocks derived from ketone 2.01 (Figure 2.4).
Directly from ketone 2.01 the a-bromoketone 2.10 and hydroxymethylene 2.11 were targeted. Anticipating
chemistry using strongly basic or acidic conditions, it was decided to synthesise an intermediate 2.12 in
which the C3-OH group was protected as the methoxyethoxymethyl (MEM) ether owing to its favourable
chemical stability under a range of conditions.!® From MEM-ketone 2.12 a MEM-protected
hydroxymethylene 2.13 and (3-ketoester 2.14 would also be synthesised.
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Figure 2.4 Key intermediate building blocks targeted from sterol-inspired ketone 2.01

Selective mono-a-bromination of ketone 2.01 was achieved using 5,5-dibromobarbituric acid 2.15.
Synthesis began by bromination of barbituric acid with an excess of bromine, affording 5,5-
dibromobarbituric acid 2.15 as a white powder after isolation. Reaction of ketone 2.01 with sub-
stoichiometric amounts of 5,5-dibromobarbituric acid (0.6 equiv.) yielded the desired a-bromoketone 2.10
after two days at room temperature (Scheme 2.4). The a-bromoketone 2.10 was isolated after workup as an
inconsequential 9:1 mixture of equatorial:axial isomers, as determined by analysis of coupling constants of
the carbonyl a proton.

! | 0
O W /dii 2.15 /Cﬁj/Br
HN NH Hzo r, 4 h EtZO t2d o H

T 72% 79%
0 2. o1 2.10
2'15 ' (9:1 eq:ax)

Scheme 2.4 Synthesis of 5,5-dibromobarbituric acid 2.15 and a-bromoketone 2.10

Protection of the C3-OH of ketone 2.01 as the MEM-ether was achieved in high yield by reacting with
MEM-CI in the presence of N,N-diisopropylethylamine (DIPEA), affording the MEM-ketone 2.12 as a
yellow oil (Scheme 2.5). From protected ketone 2.12, MEM-hydroxymethylene 2.13 was synthesised by a
Claisen condensation with ethyl formate in the presence of sodium hydride, with the product isolated as the
enol-tautomer, stabilised by an intramolecular hydrogen bond. Additionally, the unprotected
hydroxymethylene 2.11 was synthesised from ketone 2.01 in an analogous procedure, albeit it in poorer
yields and without further purification owing to instability of the compound on silica gel (Scheme 2.5).

o o
)ijii MEM-CI, DIPEA /CES MEM= O~y
HO - DCM, t,6h  yEMO :
H 80% H
2.01 2.12
0 O OH
=
/CES S NaH (60 wt. %) /Cﬁj/‘
B —————
: THF, 66 °C, 3h :
RO : , 66°C, RO :
H H
R = MEM, 2.12 R = MEM, 2.13, 88%
R=H, 2.01 R=H,2.11,53%

Scheme 2.5 Synthesis of MEM-ketone 2.12, and hydroxymethylenes 2.11 and 2.13 from ketones 2.01 and
2.12.
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The final intermediate targeted before commencing analogue synthesis was [3-ketoester 2.14 (Table 2.3).
Synthesis of B-ketoester 2.14 was initially attempted by reaction of methyl cyanoformate with the in situ
generated lithium enolate of MEM-ketone 2.12 (entry 1), however only minor traces of C-acylated product
were identified, with the suspected O-acylated product 2.16 identified as the major product. The C-acylation
of ketones using methyl cyanoformate has been reported to be sensitive to the choice of solvent, and thus
the reaction was attempted using diethyl ether instead of THF (entry 2)!?°. Increasing quantities of the B-
ketoester 2.14 were formed, however the suspected O-acylated product 2.16 was still detected. Changing
the base from lithium bis(trimethylsilyl)amide (LiHMDS) to lithium diisopropylamide (LDA) (entry 3) was
observed to further increase formation of the desired p-ketoester 2.14, however significant amounts of side-
products were still forming. Ultimately, changing the acylating agent to methyl carbonate and the base to
sodium hydride allowed for the synthesis of B-ketoester 2.14 in high yields and with no formation of the
suspected O-acylated product 2.16 (entry 4).

Table 2.3 Synthesis of B-ketoester 2.14 from MEM-ketone 2.12.

o
o) o 0 o)konvm
Acylating agent
MEMO H Solvent,ttiemrzperature MEMO H MEMO H
2.12 2.14 2.16
Acylating . .
Entry agent (eBisis ) Solvent Tem(eeg;ttu re T('rr:)] € ?;I)d Comments
(equiv.) quiv. 0
o LiHMDS (1 - .
1 ~oon  M,THF)  THF .78 1 Fo"gi‘)t;gfv‘;gz'lﬁ
(1.25) (1.25)
(6] -
< LiIHMDS (1 i Formation of 2.16
2 o M, THF) (2) Et:0 8 2 observed
(2.0)
(@)
Formation of 2.16
3 “oen  LDA(LL)  EtO .78 2 i
(15) observed
(6]
< J___ NaH (60 wt. Exclusive
4 P %) (10) THF 66 6 7 formation of 2.14,

2.2.3 Analogue synthesis from the sterol inspired ketone

Synthesis of the sterol-inspired compound collection began directly from the sterol-inspired ketone 2.01.
The first class of heterocycle fusions to be targeted were analogues fused to quinoline. Ketone 2.01 was
initially reacted with 2-aminobenzaldehyde and p-TsOH.H.O under solvent-free conditions (Scheme 2.6)
in a classical Friedlander quinoline synthesis, affording the unsubstituted quinoline-fused analogue 2.17 in
acceptable yield.
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Scheme 2.6 Synthesis of quinoline-fused analogue 2.17 via classical Friedlander conditions

Owing to the inherent instability of 2-aminobenzaldehydes and their prohibitive pricing from commercial
suppliers, alternative methods to synthesise quinoline-fused analogues were sought. Reductive procedures
wherein the 2-aminobenzaldehyde could be prepared in situ from the corresponding 2-nitrobenzaldehyde
and cyclised with ketone 2.01 without isolation of the 2-aminobenzaldehyde offered a viable route to the
quinoline-fused analogues. A one-pot procedure was identified in which the 2-nitrobenzaldehyde was
reduced to the 2-aminobenzaldehyde using iron and catalytic hydrochloric acid under reflux in ethanol,
followed by a potassium hydroxide mediated cyclisation with ketone 2.01.22” Following these conditions,
eight additional quinoline-fused analogues 2.18 — 2.26 were successfully synthesised in moderate yields
(Table 2.4).

Table 2.4 Synthesis of quinoline fused analogues 2.18 — 2.27 via a one-pot reductive Friedlander
synthesis

3 //‘R5
0 N
3 3 |
é‘j | NO2  comc (0.1 M, aq) é‘: | NH, . /dii KOH Z
5 Xy A0 EtOH, 78 °C AN HO : EtOH,78°C o :
6 6 H H
2.01 2.18 -2.26
Reduction  Cyclisation Yield
Entry Compound R time (h) time (h) (%) Comments
1 2.18 5-Cl 0.75 4 49
4,5-
2 2.19 OMe 3.5 48 23 formate salt
3 2.20 4-Cl 1 6 56
4 2.21 6-Cl 1 5 50
i impure SNAr product

5 2.22 5-F 1 20 27 isolated
6 2.23 5-Br 15 2 37
7 2.24 4-F 1 4 24
8 2.25 4-OMe 4 20 31
9 2.26 5-NMe; 6 48 30 impure
10 5 97 5-OH ) ) ) dimerisation of

aminobenzaldehyde

The quinoline-fused analogues were generally isolated in high purity after purification. For the 5-F
substituted analogue 2.22 (entry 5), the prolonged cyclisation time resulted in formation of the SyAr product
in which the fluorine group was substituted by an ethoxy group. Therefore, cyclisation of the 4-F substituted
analogue 2.24 (entry 7) was stopped when formation of the SyAr product was detected. The 5-NMe;
analogue 2.26 (entry 9) was successfully synthesised, however it was isolated in 70% purity. This analogue
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was excluded from use in screening due to the low purity, as well as its high fluorescence emission at
wavelengths commonly used in biochemical assays. The reduction of 2-nitro-5-hydroxybenzaldehyde
(entry 10) was successful, though the corresponding 2-aminobenzaldehyde was seen to rapidly dimerise
and the reaction therefore not subjected to cyclisation with ketone 2.01.

In a related Friedl&ander synthesis, a series of quinoline-fused analogues bearing additional alkyl and aryl
substitution were synthesised. Ketone 2.01 was reacted with either a 2-aminoacetophenone or 2-
aminobenzophenone with stoichiometric p-TsOH.H,O under microwave irradiation and solvent free
conditions, affording eight additional analogues 2.28 — 2.35 in good yields (Table 2.5). Quinolines in which
R! = 2-fluorophenyl were isolated as inseparable mixtures of conformational isomers due to restricted
rotation around the C-Ar bond (Table 2.5, highlighted bond).

Table 2.5 Synthesis of quinoline-fused analogues 2.28 — 2.35 via a microwave assisted Friedlander
synthesis

o)
3
HO - 5N O 110°C (uwave),2h g
H 6
2.01 R’ 2.28-2.35
Yield
1 2
Entry Compound R R (%) Comments
1 2.28 Ph H 68 -
2 2.29 Ph 5-Cl 73 -
F
3 2.30 E@ 5-Cl 79 conformational isomerism
F
4 2.31 EO 5-NO; 41 conformational isomerism

aminoacetophenone synthesised
5 2.32 Me 5-Cl 53 by reduction of

nitroacetophenone (PtO2/C/H,)
6 2.33 Me H 67 -

2.34 = )-e H 59 -
8 2.35 =) H 59 -

The second series of analogues synthesised directly from sterol-inspired ketone 2.01 were the indole-fused
analogues. Indole-fused analogues were successfully synthesised employing classical Fischer indole
synthesis conditions in which sterol-inspired ketone 2.01 was reacted with different phenylhydrazines under
acidic conditions, with p-TsOH.HO identified as the optimal choice of acid (Table 2.6).
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Table 2.6 Synthesis of indole-fused analogues 2.36 — 2.43

O/NHNHz _P-TSOHH,0
,[ i ] HCI
"EtOH, 78 °C_ HO
201

2.36 -2.43
Reaction time Yield
Entry Compound R (h) (%) Comments

1 2.36 H 4 52 phenylhydrazine free base used
2 2.37 4-Br 20 67 -
3 2.38 4-F 2.5 50 -
4 2.39 4-OMe 24 72 -
5 2.40 3,5-Cl 48 35 -
6 2.41 2-F 3 39 -
7 2.42 4-Cl 2.5 37 -

isolated as mixture of
8 2.43 3-Br 55 49 regioisomers (3/5-Br)
9 2.44 4-NO, - - no cyclisation of hydrazone
10 2.45 4-Me - - oxidation of indole
11 2.46 3,5-Me - - oxidation of indole

Indole analogues were generally accessed in moderate to high yields, with no deviations from the standard
procedure. Indoles bearing two electron-withdrawing groups (entry 5) suffered from prolonged reaction
times owing to the inability of the electron-poor hydrazone to cyclise. Likewise, the nitro-substituted
hydrazone (entry 9) failed to cyclise at all with no traces of product identified. Use of unsymmetrical
hydrazines gave rise to inseparable mixtures of regioisomers (entry 8) and were therefore deprioritised for
synthesis. Attempts to synthesise methyl substituted indoles 2.45 and 2.46 (entries 10 and 11) were
successful in forming the desired indole products, however decomposition was observed after workup and
purification. Analysis of purified products by nuclear magnetic resonance (NMR) spectroscopy did not
support the formation of any distinct products, however analysis by LCMS suggested formation of oxidised
products 2.47 and 2.48 (Scheme 2.7). Spontaneous oxidation of tetrahydrocarbazoles in air has been
reported, however, further attempts to either fully oxidise the indole or prevent their oxidation proved
unsuccessful 128129

Purification/air

S

EtOAc/n-heptane

2.45,2.46 2.45, 2.46 2.47,2.48

Scheme 2.7 Spontaneous oxidation of methyl-substituted indoles during purification of crude reaction
mixtures

Following the successful synthesis of the indole-fused analogues, a series of complementary azaindole-
fused analogues were targeted. Preliminary attempts sought to utilise palladium-catalysed syntheses to
overcome the inherent limitations of the Fischer indole synthesis and instead utilise haloaminopyridines.
Unfortunately, either no conversion of the sterol-inspired ketone 2.01 was observed or only minor (5 —
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10%) formation of the desired azaindole was observed. As such, subsequent attempts returned to classical
Fischer indole synthesis conditions (Table 2.7). First attempts reacted ketone 2.01 with 2-
hydrazinopyridines in 4% aqueous sulfuric acid at 160 °C under microwave irradiation (entries 1 and 2).
Under such conditions, the hydrazone formed rapidly, however cyclisation to the desired 7-azaindole was
slow due to protonation of the pyridine ring. Switching to reacting ketone 2.01 with 2-hydrazinopyridines
in diethylene glycol (DEG) at 250 °C under microwave irradiation proved to be necessary to cyclise the
intermediate hydrazones, yielding the desired 7-azaindoles 2.49 — 2.51 (entries 3 — 5) in variable yields.**°
These conditions were applied to both 3- and 4-hydrazinopyridines, however no traces of hydrazone or
azaindole were detected (entries 6 and 7), likely due to the electron-deficient nature of the intermediate
hydrazone.%

Table 2.7. Synthesis of azaindole-fused analogues 2.49 — 2.51

N= R
i NHNH i \ /
RA( 2 Solvent N
+ [ _ =
HO 4 ‘\7N Temperature HO f
H Time H
2.01 2.49 -2.51

Temperature Time Yield

Entry Compound Hydrazine Solvent ° C) h) (%) Comments
HoNHN N\ 4% aq.
1 - | A, H,SO. 160 1 - -
HoNHN NS 4% aq.
2 ) | _ H,SO4 160 1 i i
HaNHN N
3 2.49 | P DEG 250 3 39 -
HaNHN. N
4 2.50 \ DEG 250 3 10 -
Z Br
HNHN._N_Cl
5 2,51 U DEG 250 3 25 -
HoNHN.
6 i i @ DEG 250 3 ] No
_ conversion
HaNHN. No
! ) @v plse 23t . i conversion

A series of spirocyclic oxindole analogues 2.52 — 2.54 were synthesised from the corresponding indole-
fused analogues. The number of spirocyclic analogues synthesised was however limited, anticipating that
the increased three-dimensionality may not be as relevant in engaging STPs as the sterol-binding domain
is typically flat in nature, despite their often favourable properties as screening compounds. Spiro-oxindoles
2.52 — 2.54 were synthesised in high yields by an oxidative rearrangement, wherein the indoles analogues
were brominated using N-bromosuccinimide (NBS) in a mixed solvent system of acetic acid/THF/water,
rearranging in an acid promoted semi-pinacol rearrangement to yield the desired products 2.52 — 2.54
(Scheme 2.8), with oxindole 2.52 isolated alongside ~10% of brominated product 2.53. The identity of the
isolated diastereoisomer was assigned by the presence of an NOE correlation between a proton of the
oxindole phenyl ring (Ha) and the axial ring junction proton (Hy) (Scheme 2.8).
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Scheme 2.8 Synthesis of spirooxindole analogues 2.52 — 2.54 and NOE correlation used to identify the
isolated diastereoisomer

Ketone 2.01 was subjected to a Beckmann rearrangement in order to synthesise the ring-expanded lactam
analogue 2.55. Reaction of ketone 2.01 with hydroxylamine-O-sulfonic acid (HOSA) in glacial acetic acid
and heating at 120 °C via microwave irradiation yielded the ring-expanded analogue 2.55 as one
regioisomer via the intermediate oxime-O-sulfonic acid (Scheme 2.9). The reaction also proceeded with
acetyl protection of the C3-OH, with retention of the hydroxyl group stereochemistry.

o) H o
/(:lii HOSA, AcOH o /(:l/\\j
—_—
HO B 120 °C, pwave, 1 h )ko B
H 34% H
2.01 2.55

Scheme 2.9 Synthesis of ring-expanded lactam analogue 2.55

Additional spirocyclic analogues were synthesised from the sterol-inspired ketone 2.01. Ketone 2.01 was
reacted with the appropriate 2-aminobenzamide with stoichiometric ammonium chloride, heating at reflux
until reaction completion, yielding dihydroquinazolinone analogues 2.56 and 2.57 as inseparable mixtures

of diastereoisomers (Scheme 2.10).
(0]
R
HN
NH 2.56: R = H, 18% (d.r. = 1.00:0.85)
/(:lii d _ NHCL 2.57:R =F, 80% (d.r. = 1.00:0.73)
HO EtOH 78 °C,32h HO 8

Scheme 2.10 Synthesis of spirocyclic dihydroquinazolinone analogues 2.56 and 2.57.

Synthesis of spirocyclic tetrahydroisoquinoline (THIQ) analogues from ketone 2.01 was attempted via a
Pictet-Spengler reaction (Table 2.8). Initial attempts to react ketone 2.01 with tryptamine under acidic or
Dean-Stark conditions gave no conversion to the desired product (entries 1 and 2).1%213 Jodine was
identified as a promising catalyst for the Pictet-Spengler reaction of ketone 2.01 and tryptamine (entry 3).13
Further increasing the equivalents of iodine appeared to accelerate the reaction (entry 4), however
monitoring of the reaction by NMR analysis showed formation of both the THIQ product 2.58 and
uncyclised ketimine 2.59, the identity of which were supported by the presence of *3C signals arising from
the new spirocyclic centre and the ketimine carbon respectively. Performing the reaction using microwave-
assisted heating (entry 5) or using dry acetonitrile (entry 6) did not improve conversion. Conversion above
that seen in entry 4 was unable to be achieved, even with application of alternative reaction conditions
(entry 7). The poor conversion could be explained by a combination of electronic and steric effects, with
the parent ketone 2.01 and derived ketimine 2.59 having low electrophilicity, as well as the steric influence
of the nearby axial methyl group — rendering formation of the quaternary spirocyclic centre difficult.
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Table 2.8 Attempted synthesis of spirocyclic THIQ analogue 2.58 via a Pictet-Spengler reaction

° N ~_NH
HN
NH, 4 |
. AN Conditions N
H +
H : N H : H :
O = H O G O q

2.01 2.58 2.59
Entry Conditions Time (h) 2.01:2.58/2.59 Comments
1 b TFAo,CNa2804, . 18 5 No conversion
Toluene (Dean-Stark), i .
2 then CHCls, TFA, rt 18 No conversion
3 I,(0.1eq.), MeCN, 82 °C 48 1:0.25 -
4 1,(0.2 eq.), MeCN, 82 °C 24 1:0.40 -
5 I (0'216(?6);,2/'60'\]’ 2.5 1:0.15 Microwave heating
6 1,(0.2 eq.), MeCN, 82 °C 48 1:0.05 Dry MeCN
7 TMS-CI, pyridine, 100 °C 5 i Sealed tube, minor traces
of product

2.2.4 Analogue synthesis from the sterol-inspired a-bromoketone

Starting from the a-bromoketone intermediate 2.10 a number of ring-fused analogues were successfully
synthesised. Reaction of a-bromoketone 2.10 with aminothiadiazoles under microwave irradiation provided
access to two imidazothiadiazole-fused analogues 2.60 and 2.61 (Table 2.9) (entry 1 and 2). Though the
imidazothiadiazole scaffold is not found in NPs, it is instead found in many drugs.**® The scope of the
reaction was limited partially by available aminothiadiazole reagents, but also the reaction conditions. The
forcing reaction conditions often resulted in a partial reductive-dehalogenation of the a-bromoketone 2.10
to ketone 2.01. Attempts to synthesise the p-bromophenyl substituted analogue 2.62 (entry 3) was also
found to result in reductive-dehalogenation of the aminothiadiazole reagent and product, giving inseparable
mixtures of the 4-bromophenyl and phenyl-substituted analogues.

Table 2.9 Synthesis of imidazothiadiazole-fused analogues 2.60 and 2.61.

s
o N=( | R
> + H2N_<\SWN/R FOn Y
5 N~ 150 °C (uwave) B
HO H 2h HO H
210 2.60, 2.61
Entry Compound R Yield (%) Comment
1 2.60 s SMe 36 -
OMe
2 2.61 O 39 .
%
Br .
3 5 62 /@/ ) Dehalogenation of
% aminothiadiazole
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In a related procedure, a series of thiazole-fused analogues 2.63 — 2.65 were synthesised by reaction of a-
bromoketone 2.10 with thioamides in refluxing ethanol (Table 2.10) (Entries 1 — 3). Reacting with thiourea
instead of a thioamide provided access to the aminothiazole-fused analogue 2.66 in good yield after an
aqueous workup (entry 4).

Table 2.10 Synthesis of thiazole-fused analogues 2.63 — 2.66.

R
0 N=(
HO H R”NH 78°C HO H
2.10 2.63 - 2.66
Entry Compound R Time (h) Yield (%)

OMe
1 2.63 @f 3 26
£
Cl
2 2.64 O 48 61
=

ZN
3 2.65 g 48 43

4 2.66 2 NH2 4 67

Reaction of a-bromoketone 2.10 with o-phenylenediamine in refluxing ethanol afforded the single
guinoxaline-fused analogue 2.67 in poor yield (Scheme 2.11). Conversion to the desired quinoxaline 2.67
was poor and purification by both flash chromatography on silica gel and preparative-HPLC was required
to isolate the compound in acceptable purity and remove the unreacted o-phenylenediamine reagent. The
scope of the reaction was also limited, as use of substituted o-phenylenediamines would result in mixtures
of regioisomeric products. As such, no further quinoxaline-fused analogues were synthesised.

Scheme 2.11 Synthesis of quinoxaline-fused analogue 2.67.
2.2.5 Analogue synthesis from the sterol-inspired hydroxymethylenes

The first series of analogues targeted from the hydroxymethylene building blocks were pyrazolo[1,5-
a]pyrimidine-fused analogues. The MEM-protected HM 2.13 was reacted with several 2-aminopyrazoles,
refluxing under Dean-stark conditions with catalytic p-TsOH.H»O, cleanly yielding mixtures of
regioisomeric angular and linear regioisomers (Scheme 2.12). Deprotection of the MEM protecting group
was attempted using both Brgnsted acids (TFA in DCM, 6 M ag. HCI) and Lewis acids (Cerium(lll)
chloride), however no deprotection was observed. Analysis of reaction mixtures confirmed that the MEM
group was retained, alongside decomposition of the mixture, with LCMS analysis suggesting that
dimerisation to the methylene acetal had occurred.’®® It was thus decided to synthesise the
pyrazolopyrimidine-fused analogues directly from the unprotected HM 2.11.
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Scheme 2.12 Attempted synthesis of pyrazolopyrimidine-fused analogues from MEM-protected
hydroxymethylene 2.13.

Under the same conditions the MEM-protected pyrazolopyrimidines were synthesised, the corresponding
pyrazolopyrimidines 2.68a — 2.72a and 2.68l — 2.72I were successfully synthesised from HM 2.11 (Table
2.11). Analogues were accessed as regioisomeric pairs, with the angular isomer being the major product
(entries 1 -3, 5) for all analogues bar one (entry 4). Separation of the regioisomers was achieved by
preparative HPLC, affording the pyrazolopyrimidine-fused analogues in low yields, likely due to their poor
solubility in the aqueous mobile phase as yields of the crude reaction mixture were acceptable.

Table 2.11 Synthesis of pyrazolopyrimidine-fused analogues 2.68a — 2.72a and 2.68l — 2.72I.

. N>_>\ _pTSOHH,0
NH, toluene 116 Toluene, 116 °C_

2.68a - 2 72a 2.68l - 2 72|

Crude ratio Angular yield Linear yield

Entry Compound R (a:b) (%) (%)
1 2.68 =) 2.3:1.0 19 7
2 2.69 4 )ome 2.3:1.0 22 5
3 2.70 4 2.0:1.0 22 3
4 2.71 =)o 1.0:1.0 13 8
5 2.72 4H 2.5:1.0 17 5

The MEM-protected HM 2.13 could be reacted with substituted hydrazines to afford pyrazole-fused
analogues. Similar to the pyrazolopyrimidine-fused analogues, the pyrazole-fused compounds could form
as both angular and linear regioisomers (Table 2.12). Reaction of the HM 2.13 with substituted hydrazines
in either glacial acetic acid (entry 1) or a mixed solvent system of methanol:acetic acid (entries 2 — 6)
yielded the desired pyrazole-fused analogues, with the angular regioisomer forming as the major product.
For the reaction performed in glacial acetic acid, complete deprotection of the MEM ether was observed,
however in the mixed solvent system of methanol:acetic acid only partial deprotection was observed. The
mixtures of partially deprotected products were fully deprotected before purification using 6 M aqueous
HCI in THF. Separation of regioisomers was achieved by preparative HPLC, affording the pyrazole-fused
analogues 2.73a — 2.78a and 2.73l, 2.75l, and 2.78l in moderate yields.
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Table 2.12 Synthesis of angular pyrazole-fused analogues 2.73a — 2.78a and linear pyrazole-fused
analogues 2.73l, 2.75l, and 2.78l.

R ,R
O OH i ‘N—r\{ N—N
_ A) AcOgIh‘l‘IS C . / Yy’
+ RENHNH, B) MeOH:AcOH *
< e AC z =
MEMO H (4:1),rt, 24 h HO H HO H
213 then 6 M aq. HCI, 2.73a-2.78a 2.731, 2.751, 2.78I
THF, rt, 24 h
- Angular yield Linear yield
Entry Compound R Conditions g y y

(%) (%)

2.73 =) A 12 5

1
2 2.74 $-H B 27 -
3 275 4 )—ome B 8 6
4 276 =)o B 47 -

5 2.77 E@ B 27 -
6 2.78 EQ B 30 18

The 2-fluorophenyl substituted pyrazole 2.77 (entry 5) was isolated as a mixture of conformational isomers,
owing to restricted rotation around the pyrazole-phenyl C-N bond imparted by a steric clash of the 2-fluoro
substituent and the axial methyl group. Variable temperature NMR (VT-NMR) of pyrazole 2.77 showed a
coalescence of the methyl signals upon heating at 70 °C (343 K), suggesting an intermediate energy barrier
for the interconversion of the two conformations (Figure 2.5).
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Figure 2.5 VT-NMR of pyrazole 2.77, with the signals of the axial methyl group highlighted, showing
coalescence of signals at higher temperatures.
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The isoxazole-fused analogue 2.79 was successfully synthesised by reaction of the unprotected HM 2.11
with hydroxylamine hydrochloride in an ethanol:water (98:2) mixture, affording the product in moderate
yield after purification (Scheme 2.13).

O OH o-N
/(:lij% NH,OH.HCI X
_—
: EtOH, H,0 (98:2) !
HO™ ™4 78°C, 3 h HO™ ™4
2.11 60% 2.79

Scheme 2.13 Synthesis of isoxazole-fused analogue 2.79.

The last family of analogues targeted from the HM intermediates were pyrimidine fused-analogues 2.80.
The synthesis of structurally related WMK-derived pyrimidine fusions was reported in the patent literature,
wherein a HM was reacted with a series of substituted amidines (alkyl, aryl, heteroaryl) by refluxing in
isopropanol and piperidine.”*” Application of these conditions to the MEM-protected HM 2.13 were
unsuccessful in affording the desired pyrimidine-fused analogues 2.80 (Scheme 2.14). Despite attempts to
further optimise the reaction, only traces of product or complex reaction mixtures formed. As such, an
alternative approach to pyrimidine-fused analogues was desired.

A
(0} OH N ‘N
NH
/CEjV‘ A Piperidine /Ctél/‘
—
+ RTONH, 7 .
MEMO : i-PrOH, 85 °C MEMO :
H H
2.13 2.80

Scheme 2.14 Attempted synthesis of pyrimidine-fused analogues 2.80
2.2.6 Analogue synthesis from the sterol-inspired p-ketoester

It was found that pyrimidone-fused analogues could be synthesised from the sterol-inspired p-ketoester
2.14, allowing access to a series of analogues complementary to the previously targeted pyrimidine-fused
analogues. The B-ketoester 2.14 was initially reacted with a substituted amidine, refluxing in methanol in
the presence of potassium carbonate (Table 2.13) (entry 1), affording a 1:1 mixture of the MEM-protected
pyrimidone and MEM-ketone 2.12 arising from decarboxylation.?® Ensuring that the methanol was
adequately dried facilitated the synthesis of MEM-protected pyrimidones in good yields with no
decarboxylation of B-ketoester 2.14. The desired pyrimidone-fused analogues 2.81 — 2.85 were synthesised
following acidic deprotection of the MEM-ether (entries 2 — 6). The aminopyrimidone 2.86 accessed from
reaction of B-ketoester 2.14 with guanidine was successfully synthesised, however deprotection of the
MEM group under a range of conditions proved unsuccessful, resulting in the formation of unidentified
products (entry 7).
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Table 2.13 Synthesis of pyrimidone-fused analogues 2.81 — 2.85 from p-ketoester 2.14.

O O
X
OMe
| + R” "NH,
MEMO =
H

1. K2C03y MeOH
65 °C, 24 h

N7 "NH

SN
HO :

2.6M aq. HCI
THF, rt, 24 h A
214 2.81-2.85
Entry Compound R Yield (%) Comments
) - Decarboxylation of 2.14, solvent

1 ) EQOMe not dried

2 2.81 $Me 42 -

3 2,82 =) 76 -

4 2.83 N 54 -

5 2.84 =)o 69 -

6 2.85 —;@om 62 -

7 2 86 ~_ - Deprotection of MEM

unsuccessful

2.3 Sterol-inspired compound collection summary

In total, the final sterol-inspired compound collection was composed of 65 sterol-inspired compounds
(Figure 2.6) These 65 compounds comprised 14 different heterocyclic scaffolds, 11 of which can be
considered as pseudo-NPs with the other 3 scaffold fusions featuring “unnatural” heterocycles. A majority
of analogues were accessed in high purity (> 95%) and none of the compounds exhibited significant
fluorescence at wavelengths utilised in typical biochemical assays, and the collection thus deemed
appropriate for use in screening against STPs.
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Figure 2.6 Summary of heterocycle-fusions present in the sterol-inspired compound collection.
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The sterol-inspired compound collection was analysed using cheminformatics approaches to allow
comparison to known pseudo-NP screening collections. The NP-likeness score was calculated for the sterol-
inspired compound collection, the DrugBank approved drugs, the National Cancer Institute NP-V set (a
representative set of NPs), and a curated library of steroids.3%-14! The NP-likeness score was implemented
as a metric to assess the structural similarity of compounds compared to NPs and synthetic molecules, with
negative values associated with synthetic molecules and positive values with NPs.2*® The NP-likeness
scores determined for the sterol-inspired compounds have good overlap with both the set of approved drugs
and NP-V, suggesting the compound collection has retained some degree of biological relevance (Figure
2.7). It should be noted that the sterol-inspired compounds and steroid set show very little overlap,
highlighting that the sterol-inspired compounds, despite containing a conserved sterol AB-ring fragment,
occupy an area of chemical space different to naturally occurring steroids.

0.351

—— Sterol-inspired compounds
— Natural Products

Steroids
—— Approved drugs

e 2 e 2
o o i &
b 2 @« 2

Propertion of compounds
[=]
-
o

0.05-

\

-3 -2 -1 0 1 2 3
Natural product-likeness score

Figure 2.7 NP-likeness scores of the sterol-inspired collection (green), NCI NP-V set (red), library of
steroids (purple), and DrugBank approved drugs (cyan). Details of preparation and information of the
library of steroids are described in the experimental procedures.

The three-dimensionality of the sterol-inspired compounds was assessed using a principal moment of inertia
(PMI) ternary plot.**? The sterol-inspired compounds mainly occupied the rod-like/disc-like axis, due to the
fusion of largely flat and aromatic fragments, similar to the library of steroids (Figure 2.8). The spirocyclic
and angular pyrazole-fused analogues displayed a more spherical shape, moving away from the planar
nature of the other sterol-inspired compounds. This demonstrates that the sterol-inspired compound
collection should be capable of engaging the sterol-binding domains of various STPs due to the mainly
planar nature, but might find use in target agnostic phenotypic screens.
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Figure 2.8 PMI plot of sterol-inspired compounds (green squares), the curated library of steroids (blue
circles), and a random subset of NPs (pink diamonds). Details of preparation and information of the NP
subset are described in the experimentals section. PMI values of compounds were calculated using
LLAMA 142
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Part I11: Biochemical screening and optimisation of
STP inhibitors

3.1 Aster proteins as a screening target

To evaluate the suitability of the sterol-inspired compound collection in producing hit compounds against
STPs, the Aster proteins were chosen as a model family of STPs. The Aster family represents the smallest
family of STPs, with just three cholesterol-binding members (Aster-A, Aster-B, and Aster-C) compared to
16 proteins in the ORP family, of which an unknown number bind sterols, and 5 sterol binding STARDs.
It was therefore anticipated that screening against the Asters would provide a better idea on whether the
sterol-inspired collection could afford selective hit compounds.®* The previous development of the Aster-
A inhibitor Autogramin-2 also provided evidence that it was possible to achieve selective inhibition within
this protein family.®

Current methods to study STPs including the Asters mainly rely upon genetic perturbations of individual
proteins, however these approaches are often met by functional redundancies wherein another often
unknown STP can compensate for the loss of another STP.%101 Additionally, silencing of protein expression
compared to inhibition of the activity of an individual domain can give rise to different phenotypes and
biological effects, particularly if the protein in question has additional scaffolding effects not mediated by
a ligand-binding domain.'*® The identification of potent and selective inhibitors of Aster-B and Aster-C
would therefore allow individual probing of all three proteins over shorter time periods, and facilitate the
elucidation of their biological roles in a manner complementary to genetic methods. Additionally, discovery
of new Aster-A inhibitor chemotypes would serve to validate the biology elucidated around Aster-A from
Autogramin-2.

Screening of the sterol-inspired compound collection was performed using a differential scanning
fluorimetry (DSF) assay, with hit compounds validated via fluorescence polarisation (FP), and subsequent
confirmation of sterol-transfer inhibition using a liposomal-based fluorescence resonance energy transfer
(FRET) assay. All assays were performed using purified recombinant human ASTER domains for Aster-
A, Aster-B, and Aster-C, expressed and purified according to published protocols by a laboratory technician
and a project student in the Laraia group.®

3.2 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) is a biophysical technique routinely used to screen small-molecule
compound libraries, based upon a compounds ability to stabilise (or destabilise) a protein of interest (POI)
towards thermal denaturation.!* A POI exists in an equilibrium of conformational states, that when
simplified, can be viewed as either the native folded state or an unfolded state, with increased temperatures
pushing the equilibrium towards the unfolded state.'* Small molecules can bind to the POI binding site and
confer stability to the protein against thermal denaturation, increasing its melting temperature (Tnm)
compared to vehicle treated protein.

The thermal denaturation of proteins can be monitored through use of fluorescent dyes. The most commonly
used dye, Sypro Orange, has a fluorescent profile that is sensitive to its local environment. In agqueous
solutions its fluorescence is quenched, whereas in hydrophobic surroundings its fluorescence increases.!
Thus, when the POl is in its native state low values of fluorescence will be measured, and fluorescence will
increase as the temperature increases and protein unfolds (Figure 3.1). Eventually, proteins begin to
aggregate and a decrease in fluorescence is observed. Plotting fluorescence intensity against temperature
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produces sigmoidal curves in which the inflection point represents the measured Tm, the temperature at
which 50% of the protein is in its unfolded state.'*4°

Unfolded

20,000

Aggregation
18,000 ) agreg

16,000 s
14,000 <

12,000
10.000 Tm = melting temperature

8,000

6,000

Fluorescence Ex,g,/Emg,, (A.U.)

4,000

2,000

Q- T T T T T T T T T T T T T
30 40 50 60 70 80 90
Temperature (°C)

Figure 3.1 Graph of absolute fluorescence against temperature (°C) exemplifying a typical DSF experiment
using Sypro Orange. The inflection point represents the melting temperature (Tm) of the protein. Figure
reproduced and modified with permission from reference.'* Copyright (2007) Springer Nature.

3.2.1 Preliminary screening of the sterol-inspired collection by DSF

The sterol-inspired compound collection was screened by DSF against the ASTER domains of Aster-A, -
B-, and —C by a project student in the Laraia group. Purified ASTER domains at a concentration of 0.5
mg/mL were incubated for 30 minutes in the presence of compounds to be tested at a concentration of 50
UM or dimethyl sulfoxide (DMSQO) as a negative control, before running the assay following a modified
literature protocol.®® Melting temperatures were calculated with the Roche TSA analysis programme and
expressed as the difference compared to DMSO-treated samples (ATwm). The upper and lower cutoffs for hit
selection were set at £2 standard deviations from the mean melting temperature of the library (Wrm ibrary £
26Tmiibrary) (figure 3.2a — 3.2c).
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Figure 3.2 DSF screening data for the sterol-inspired compound collection against Aster-A, -B, and -C
ASTER domains. a —c¢: ATy values for individual compounds, with dotted lines marking hit cut-off at prm
library £ 26Tm library. d — T2 melting curves of select hit compounds and DMSO controls for Aster-A, -B, and —
C ASTER domains. Data shown are from one representative experiment of three independent replicates.

Using these cut-offs, a total of six compounds were identified as putative hits capable of stabilising their
respective ASTER domain towards thermal denaturation (Figure 3.3), representing a hit rate of 9% for the
sterol-inspired compound collection. Of these six compounds, only two (2.68l and 2.70a) were seen to be
unselective binders that bound to Aster-B in addition to either Aster-A or -C — suggesting that the compound
collection was able to yield selective compounds against the Aster proteins. The thermal stabilisation of the
ASTER domains is clearly visualised by the melting curves for each protein, comparing vehicle treatment
with a representative hit compound (Figure 3.2d — 3.2f). Two linear pyrazolopyrimidine-fused analogues
2.68l and 2.691 were identified as hits against Aster-A alongside one imidazothiadiazole fused analogue
2.61, and two angular pyrazole-fused analogues 2.76a and 2.77a identified as hits against Aster-C. The
identification of different chemotypes with activity against two separate Aster proteins strengthened the
likeliness the compounds were true-positives, and prompted their validation in a second biochemical assay.
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Figure 3.3. Structures of hits arising from DSF screening of the sterol-inspired compound collection against
Aster protein ASTER domains.

3.3 Fluorescence polarisation

Fluorescence polarisation (FP) is a biochemical assay that allows interrogation of molecular binding
interactions and rapid determination of half maximal inhibitory concentration (ICso) values, and since its
widespread adoption in HTS, has been applied to identify small molecule binders to numerous protein
classes.**’” FP is an assay based upon the physical phenomena that a fluorescent molecule excited with
plane-polarised light will emit light that is largely depolarised due to rapid rotation of the molecule over its
fluorescence lifetime. FP is inversely proportional to the fluorophores rotation, which is itself dependent
upon molecular size. Therefore, changes in molecular size arising from binding of the fluorescent molecule
to a larger protein receptor will cause changes in FP.1471%® As such, an unbound fluorescent probe rotates
rapidly in solution and emitted light will remain largely depolarised, whereas a probe bound to a much
larger protein will tumble less rapidly and a larger proportion of incident light will remain polarised (Figure
3.4)
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Figure 3.4 Representation of fluorescence polarisation. A fluorophore will rapidly rotate in solution and
incident polarised light will rapidly depolarise (top). When the fluorescent complex increases in size (i.e.
binding to a protein), incident polarised light remains largely polarised as the larger complex rotates at a
slower rate (bottom). Figure reproduced from reference.14°
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Experimentally, FP is measured by exciting an assay sample with polarised light, and measuring the
intensity of emitted light parallel (I;) and perpendicular (1.) to that of the excitation light, such that FP can
be calculated as the normalised difference between the parallel and perpendicular emitted light (Equation
1.).145

: L=
Equation 1. FP =
I +1,
In practice, FP assays are often run in a competition mode in which a fixed concentration of fluorescent
probe known to bind to the chosen target is incubated with varying concentrations of the compound to be
tested. Under these conditions, the polarisation of the system is proportional to the amount of unlabelled
compound bound to the receptor, allowing for the determination of 1Cso values.#

3.3.1 Hit validation by fluorescence polarisation

Validation of hit compounds from the prior DSF screens was performed by an FP assay adapted from a
literature procedure.®® FP experiments were performed in competition mode using 22-N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino-cholesterol (22-NBD-Chol) which is known to bind to the Asters with high
affinity (average dissociation constant (Kg) for all Asters less than 100 nM).%? Before testing the hit
compounds in dose response, each ASTER domain was titrated (4,000 — 8 nM) against a fixed concentration
of 22-NBD-Chol (20 nM) to determine the optimum protein concentration for use in the assay. Protein
concentrations were chosen by selecting the concentration that gave an 80% change in the assay window
(polarisation in units of mP) — offering a sufficient assay window and minimising protein consumption. The
optimum protein concentration was determined to be 1.0 uM for Aster-A and Aster-B, whereas for Aster-
C the 80% change was between 0.5 — 1.0 uM. Initial hit validation used a protein concentration of 1.0 uM
before later lowering to 0.5 uM. (Figure 3.5). Hit compounds were screened in dose response, initially
against their hit-protein, and subsequently against the remaining two Aster proteins to determine selectivity.
FP data was normalised, setting 100% inhibition as the average mP value from fluorophore-only controls
and 0% inhibition as the average mP value from fluorophore-ASTER controls. Curves were fitted to the
normalised data via non-linear regression, allowing for the determination of 1Cso values for the compounds.
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Figure 3.5 Titration of Aster protein ASTER domains of Aster-A and Aster-C (4,000 — 8 nM) against a
fixed concentration of 22-NBD-Chol (20 nM)

From the six hits identified in the primary DSF screens, five were successfully validated, showing a dose-
dependent inhibition of 22-NBD-Chol binding to their respective ASTER domain. This additionally shows
that the compounds are likely to be directly binding to the ASTER domains in their cholesterol-binding
pocket and outcompeting the fluorescent probe. Neither hit compound against Aster-B validated in the FP
assay, however the linear pyrazolopyrimidine 2.681 which was identified as a hit against both Aster-A and
—B was successfully validated as inhibiting Aster-A, alongside analogue 2.69l. It was observed that the
assay window was smaller for Aster-B (35 mP) compared to both Aster-A and Aster-C (> 70 mP). To
investigate whether the FP assay using Aster-B was an issue, or rather the initial hit compounds were
binding non-specifically, the known pan-STP inhibitor U18666A which potently inhibits Aster-B was used
as a positive control.!° U18666A was found to potently inhibit 22-NBD-Chol binding to Aster-B (ICso =
1.05 + 0.45 pM) in a dose-responsive manner (Figure 3.6), suggesting that the original hits were false-
positives and that functionalisation of the C3-hydroxyl could be a plausible strategy to develop Aster-B
inhibitors from the sterol-inspired collection. After failing to validate angular pyrazolopyrimidine 2.70a as
an Aster-B hit, it was subsequently invalidated as a hit against Aster-C.

%inhibition

U18666A

-7 -6 -5
log [U18666A] (M)

Figure 3.6 Dose response curve for U18666A against Aster-B ASTER domain. Data shown from one
representative experiment of three independent replicates.

The linear pyrazolopyrimidines 2.681 and 2.691 both inhibited Aster-A, with the para-methoxy substituted
analogue 2.691 being the more potent of the two (2.68l ICso = 6.59 + 0.35 pM and 2.691 I1Csp = 1.23 + 0.23
pUM) (Figure 3.7). Further profiling their selectivity against Aster-B and —C revealed no significant
inhibition until a concentration of 20 UM, however, their solubility in the aqueous assay conditions limited
an accurate determination of ICso values. The imidazothiadiazole analogue 2.61 also potently inhibited
Aster-A (ICso = 1.62 + 0.25 uM) though with a poorer selectivity profile — inhibiting Aster-C with similar
potency (ICsp = 3.69 + 0.91 uM). A similar ICso was determined for the known Aster-A inhibitor
Autogramin-2 (ICso=1.93 + 1.06 pM).
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Figure 3.7 Dose response curves for pyrazolopyrimidine-fused 2.691 against Aster-A, -B, and -C ASTER
domains. Data shown from one representative experiment of three independent replicates.

The angular pyrazole-fused analogues 2.76a and 2.77a both inhibited Aster-C (2.76a ICso = 3.89 £ 0.32 uM
and 2.77a ICsp = 2.29 £+ 1.10 puM) with good potency, with analogue 2.77a (named (%)-Astercin 1) also
having a promising selectivity over both Aster-A (15-fold, ICso = 42.3 + 1.14 uM) and Aster-B (30-fold,
ICso =68.0 + 4.31 uM) (Figure 3.8). The observed selectivity of these analogues prompted further
investigation, with all of the angular pyrazoles and linear pyrazoles not identified as hits in the primary DSF
screen screened against Aster-C in dose response by FP.
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Figure 3.8 Dose response curves for (x)-Astercin 1 against Aster-A, -B, and -C ASTER domains. Data
shown from one representative experiment of three independent replicates.

Screening of the pyrazole-fused series against Aster-C identified a clear trend in potency. Angular pyrazole-
fused analogues (2.73a, 2.75a, 2.76a) featuring 4-substituted or unsubstituted phenyl rings were found to
be moderately active, however 3,5-di substitution (2.78a) resulted in a complete loss of activity (Figure
3.9). The phenyl ring was also identified as being critical for Aster-C inhibition, with the unsubstituted
analogue 2.74 showing no inhibition at the highest concentrations. Likewise, the linear pyrazole-fused
analogues (2.73l, 2.75l, and 2.78I) were inactive against Aster-C. The observation of clear SAR validated
one of the guiding principles outlined in designing the sterol-inspired compound collection; that
synthesising analogues featuring different substitution patterns should serve to provide SAR at an early
stage. A retrospective analysis of the screening results also suggests that for biased screening collections
such as the sterol-inspired compound collection, the hit cut-off could be lowered to include more true

positives in the primary screen.
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Figure 3.9 Structures and trend in Aster-C potency of the pyrazole-fused Aster-C inhibitors.

With validated hit compounds against both Aster-A and Aster-C, it was decided to prioritise the Astercin
series for identification of the active enantiomer and for confirmation of their sterol-transfer inhibitory
activity. This decision was influenced by the informative SAR obtained from FP screening of the Astercin
series, as well as the lack of suitable Aster-C selective tool compounds. Whilst the oxysterol-derived Al-1l
was recently reported as a selective inhibitor of Aster-C, its selectivity profile has not been sufficiently
reported against Aster-A or Aster-B.1% Additionally, Al-11 was a comparatively poor inhibitor of Aster-C
when tested alongside (£)-Astercin, with inhibition plateauing at ~60%, potentially arising due to poor
compound solubility, aggregation, or sequence differences between human and murine Aster-C ASTER
domain (Figure 3.10).
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Figure 3.10 Dose response curves for Al-11 against Aster-A, -B, and -C ASTER domains. Data shown
from one representative experiment of three independent replicates.
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3.4 ldentification of the active enantiomer of (x)-Astercin
3.4.1 Synthesis of (S)- and (R)-Wieland-Miescher Ketone

In order to access both enantiomers of (+)-Astercin-1 and identify the active enantiomer, it was necessary
to modify the synthetic route to be enantioselective, rather than diastereoselective. To do so, the two
enantiomers of the WMK, (S)-WMK ((S)-2.02) and (R)-WMK ((R)-2.02) were synthesised utilising two
different organocatalysts. To access the (S)-WMK it was initially decided to synthesise the prolinamide
catalyst 3.01 and to access the (R)-WMK the binaphthyl-prolinamide 3.02 was selected (Figure 3.11),121150
The former catalyst was initially chosen owing to its structural simplicity and commonly available starting
materials, and the latter for lower catalyst loadings and reaction scalability.

OO NHTs

B o H\/o

s S

NH 1 O//\©\ C/NH
3.02

3.01
Figure 3.11 Structures of the prolinamide organocatalysts used to synthesise (S)-WMK and (R)-WMK.

Organocatalyst 3.01 was synthesised according to the procedure of Pedrosa et al.**® Ethylenediamine was
monotosylated by treatment with p-Toluenesulfonyl chloride (Tosyl chloride) in good yield. The resulting
monotosylated amine 3.03 was coupled to (tert-butyloxycarbonyl)-L-proline (Boc-L-proline) 3.04 ina N,N-
Dicyclohexylcarbodiimide (DCC) mediated amide coupling, which following deprotection of the Boc
group with TFA afforded the desired organocatalyst 3.01 in 46% yield over two steps. The organocatalytic
WMK synthesis utilising organocatalyst 3.01 with a benzoic acid co-catalyst afforded the desired (S)-WMK
in high yield over 2 days (Scheme 3.1).

0 o 1.DCC, DCM o

N [e)
N SoNH2 S DCM Hne S NHTS m rt, 24 h (P NHTS
’ /©/ t 1h ? N oM 2 TFADCM uy H
76% Boc rt,2h
3.03 3.04 46% (2 steps) 3.01
(0] O O
Organocatalyst 3.01
Benzoic acid
o) MeCN, rt, 2 d 0
2.03 80% (S)-2.02

Scheme 3.1 Synthesis of prolinamide organocatalyst 3.01 and (S)-WMK (S)-2.02

The BINAM-prolinamide organocatalyst 3.02 was synthesised according to the procedure of Viézquez et
al.*?> Enantiopure (R)-(+)-1,1’-Binaphthyl-2,2’-diamine 3.05 was tosylated using tosyl chloride and
pyridine, and the crude mixture of bis- and mono-tosylated product 3.06 coupled to Boc-D-Proline 3.07,
via activation of the proline carboxylic acid with ethyl chloroformate. TFA deprotection of the Boc-
protected amine afforded the organocatalyst 3.02 in 43% yield over three steps. In combination with a
benzoic acid co-catalyst, organocatalyst 3.02 was used in a multi-gram scale synthesis of the (R)-WMK
(R)-2.02, with the reaction proceeding in high yields and a low catalyst loading of 1% (Scheme 3.2).1%
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Scheme 3.2 Synthesis of binaphthyl-prolinamide organocatalyst 3.02 and (R)-WMK (R)-2.02.
3.4.2 Synthesis of (+)- and (-)-Astercin 1

Each enantiomer of decalone 2.01 was synthesised in four steps from the corresponding enantioenriched
WMK, according to the procedures used to synthesise (+)-2.01. From (S)-2.02, decalone (-)-2.01 was
synthesised and decalone (+)-2.01 from the (R)-2.02 (Scheme 3.3).

o) o 3 ) )
B ———— ' B ——
o) HO |i| ! (0] HO H

(S)-2.02 (-)-2.01 } (R)-2.02 (+)-2.01

Scheme 3.3 Synthesis of (-)-2.01 and (+)-2.01 from (S)-WMK 2.02 and (R)-WMK 2.02.

In synthesising (+)- and (-)-Astercin 1, synthesis of the pyrazole-fused analogues was subjected to further
optimisation with future SAR studies in mind. To simplify the protection and deprotection steps, the MEM-
ether was changed to a silyl-ether, and alternative conditions to improve regioselectivity identified to
simplify purification.

The C3-hydroxyl was cleanly protected as the tert-butyldimethylsilyl (TBS) ether by reaction with TBS-CI
and imidazole, affording TBS-ketones (-)-3.08 and (+)-3.08 as white solids — in contrast to MEM-ketone
2.12 which was isolated as an oil. TBS-protected hydroxymethylenes (+)-3.09 and (-)-3.09 were
synthesised in a procedure analogous to MEM-protected hydroxymethylene 2.13. In conditions inspired by
An et al, TBS-protected hydroxymethylenes (+)-3.09 and (-)-3.09 were reacted with 2-fluorophenyl
hydrazine in a mixed solvent system of acetic acid/THF/water, affording the desired angular-fused
pyrazoles in high regioselectivity.®™! The acidic conditions were also sufficient to fully deprotect the TBS-
ether, removing one synthetic step compared to the original synthesis. The individual enantiomers (+)-
Astercin 1 (+)-2.77 and (-)-Astercin 1 (-)-2.77 were successfully isolated after purification by preparative-
HPLC and flash chromatography respectively, with each isolated in 90% enantiomeric excess (ee) (Scheme
3.4).
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Scheme 3.4 Synthesis of (+)-Astercin 1 (+)-2.77 and (-)-Astercin 1 (-)-2.77 from decalones (-)-2.01 and
(+)-2.01.

3.4.3 Screening of Astercin 1 enantiomers by fluorescence polarisation

The two enantiomers of (x)-Astercin 1 were screened in dose response against the three Aster proteins,
revealing that (-)-Astercin 1 was the more active enantiomer of the racemate (Figure 3.12) (Table 3.1). (-)-
Astercin 1 inhibits Aster-C with a low micromolar potency, with 30-fold selectivity over Aster-B and
greater than 50-fold selectivity over Aster-A. (+)-Astercin 1 was over 10-fold less potent against Aster-C,
however it was over 4-fold more potent against Aster-A. This results suggests that the Asters have
differential binding preferences dependent upon ligand stereochemistry, with Aster-A preferentially
binding ligands with “natural” stercochemistry (i.e. identical to cholesterol) whereas Aster-B and —C
preferentially bind ligands with “unnatural” stereochemistry (i.e. identical to ent-cholesterol). This finding
not only offers insight into how sterol-like ligands bind to the Asters, but could also be used to gain
selectivity within different classes of sterol-inspired inhibitors against different families of STPs.
Additionally, this finding validates synthesising focussed compound collections such as the sterol-inspired
collection as racemates, as by synthesising the collection with “natural” stereochemistry under the
assumption it would be preferred, would have prevented the identification of the Astercin series.
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Figure 3.12 Dose response curves for (x)-Astercin 1, (-)-Astercin 1, and (+)-Astercin 1 against ASTER
domains of Asters-A, -B, and -C. Data shown from one representative experiment of three independent
replicates. Figure reproduced with permission from reference.''* Copyright (2021) John Wiley and Sons.
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Table 3.1 ICsp values determined from FP experiments of (+)-Astercin 1, (-)-Astercin 1, and (+)-Astercin
1 against ASTER domains of Asters-A, -B, and -C

Compound Aster-A Aster-B Aster-C
P ICso (UM)®! ICso (UM) ICso (UM)
(x)-Astercin 1 423+1.14 68.0 +4.31 229+1.10
(-)-Astercin 1 >80 46.8 +£5.78 151 +0.56
(+)-Astercin 1 23.0+1.16 78.0 + 4.26 16.9 +5.41

[a] ICsovalues are reported as the mean + s.d. of three individual experiments run in triplicate.
3.5 Inhibition of Aster-mediated sterol transfer by (-)-Astercin
3.5.1 Liposomal FRET assays

To validate the ability of (-)-Astercin 1 to inhibit Aster-C mediated cholesterol transfer, a liposomal
cholesterol transfer assay based upon FRET was adapted and optimised to a microplate-based format.%113
FRET is a physical phenomenon in which an excited donor fluorophore can transfer energy to an acceptor
fluorophore by non-radiative mechanisms, resulting in fluorescence of the acceptor fluorophore at a
wavelength separated from the donor fluorophore.'s? FRET efficiency is inversely dependent upon the sixth
power of the distance between the donor and acceptor fluorophore, making the technique highly sensitive
to the distance between the two. As such, FRET is routinely used to study proximity-based events in
biological screening.'s®

In this context, the assay uses liposomes as a model plasma membrane, and monitors the disruption of a
FRET pair of a fluorescent cholesterol derivative 23-BODIPY-Cholesterol (BODIPY-Chol) and the
fluorescent lipid rhodamine 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (N-Rh-DHPE)
(Figure 3.13). Aster-mediated transfer of BODIPY-Chol from donor liposomes containing the FRET pair
to acceptor liposomes prepared with no fluorescent lipids is monitored by observance of a decrease in
FRET-emission over time. Treatment with an Aster-inhibitor would therefore inhibit the transfer of
BODIPY-Chol from donor to acceptor liposomes, and the decrease in FRET signal over time would be
expected to be lower than vehicle treatment.
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Aster inhibitors

N-Rh-DHPE

BODIPY-Chol

Figure 3.13 Schematic for the liposomal FRET sterol-transfer assay and chemical structures of liposome
components. Aster proteins transfer BODIPY -Chol from donor (D) to acceptor (A) liposomes, disrupting
the FRET pair with a corresponding decrease in FRET-emission intensity. Inhibition of Aster-mediated
transfer of BODIPY-Chol from donor to acceptor liposomes gives a slower decrease in FRET-emission
intensity over time. Figure reproduced and modified with pemission from reference.*'* Copyright (2021)
John Wiley and Sons.

3.5.2 Liposomal FRET assay optimisation

Following the protocol of Laraia et al, liposomes were prepared from the phospholipid 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC).% Lipid films were prepared by mixing the three lipids in chloroform
in a 99:0.5:0.5 ratio of DOPC:BODIPY-Chol:N-Rh-DHPE for donor (D) liposomes, 100:0:0 for acceptor
(A) liposomes, 99.5:0.5:0 for donor-chol (D-Chol) liposomes, and 99.5:0:0.5 for acceptor-DHPE (A-
DHPE) liposomes, and subsequently evaporating the solvent under a stream of nitrogen. Rehydration of the
lipid films in assay buffer was achieved after extensive vortexing and sonication. Rehydrated lipid films
were subjected to five freeze-thaw cycles, affording multilamellar vesicles. Extrusion 21 times through a
100 nM polycarbonate membrane at 40 °C afforded homogenous unilamellar liposomes that were stored at
4 °C and used on the same day of preparation.

The sterol-transfer assay was initially optimised using Aster-C. Donor and acceptor liposomes were mixed
in a 1:1 ratio (final concentration of 16 UM of each liposome) in the presence of Aster-C (1 puM) and the
fluorescence intensity measured at 10 second intervals over a period of 10 minutes, exciting at 488 nm and
monitoring emission at 590 nm. Two systems were initially tested, the first in which BODIPY-Chol would
be transported away from N-Rh-DHPE into acceptor liposomes (D — A) resulting in a decrease in
fluorescence intensity over time, and the second in which BODIPY-Chol would be transported into
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liposomes containing N-Rh-DHPE (D-Chol — A-DHPE) resulting in an increase in fluorescence intensity
over time.

In both liposome configurations, the fluorescence signals for the assay controls were as expected. In the
first configuration, acceptor liposomes (A) had fluorescence comparable to the background, whereas donor
liposomes (D) and the combination of donor and acceptor liposomes (D + A) had high fluorescence values.
In the second configuration, both D-Chol and A-DHPE liposomes were fluorescent, with the D-Chol + A-
DHPE combination having an additive fluorescence value (Figure 3.14). Addition of Aster-C to the
respective liposome mixtures gave rise to the expected decrease and increase in fluorescence intensity

respectively. For further optimisation, it was decided to use the first configuration of liposomes owing to a
greater assay window.

D +A + Aster-C (1 uM) D-Chol + A-DHPE + Aster-C (1 pM)
D A D+A D-Chol A-DHPE D-Chol + A-DHPE
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Figure 3.14 Fluorescence intensity over time for the liposomal FRET assay run in configuration 1 (D — A
transport) and configuration 2 (D-Chol — A-DHPE transport).

3.5.3 Modulation of Aster-mediated cholesterol transfer by Astercin 1

Screening (£)-Astercin-1 against Asters-A and B demonstrated no significant inhibition of Aster-A or -B
mediated cholesterol transfer at 10 uM, with the normalised fluorescence values (I/1o) overlapping with the
vehicle control. Inhibition of Aster-A mediated cholesterol transfer was confirmed through use of
Autogramin-2 as a positive control. For Aster-B, U18666A was selected as a positive control, however it
was observed that normalised fluorescence values were greater than the donor + acceptor liposome control.
This could have arose from disruption of liposome structure via insertion of the aminosteroid into the
phospholipid membrane (Figure 3.15).
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Figure 3.15 Modulation of Aster-A (left) and Aster-B (right) mediated cholesterol transfer between donor
and acceptor liposomes by (£)-Astercin 1 and tool compounds. Protein concentration = 1 uM. Data shown
from one representative experiment of three independent replicates. Figure reproduced and modified with
pemission from reference.'* Copyright (2021) John Wiley and Sons.

Both enantiomers and the racemate of Astercin-1 were screened at 10 pM against Aster-C in the sterol
transfer assay. The trend in compound potency determined by FP was reflected in the ability of the Astercin
1 enantiomers to inhibit Aster-C mediated cholesterol transfer. Cholesterol transfer was significantly
inhibited by (-)-Astercin-1 and moderately by (x)-Astercin-1 compared to the vehicle control and (+)-
Astercin-1 (Figure 3.16). Al-1l was included as a positive control, however no inhibition of Aster-C
mediated cholesterol transfer was observed, supporting its poor potency as determined by FP. The
efficiency of cholesterol transfer by the individual ASTER domains was consistent with reported literature,
with Aster-A having the most efficient transfer (vehicle 1/, starting at approx. 0.8) compared to Aster-B
and Aster-C which transfer cholesterol with similar efficiencies (vehicle I/1o starting between 0.9 — 1.0).%
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Figure 3.16 Modulation of Aster-C mediated cholesterol transfer between donor and acceptor liposomes
by (£)-Astercin, (-)-Astercin 1, (+)-Astercin 1 and Al-1l. Protein concentration = 1 pM. Data shown from
one representative experiment of three independent replicates. Figure reproduced and modified with
pemission from reference.''* Copyright (2021) John Wiley and Sons.
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Screening of the sterol-inspired compound collection successfully validated the original hypothesis that
fusion of a sterol-inspired fragment to a series of heterocyclic fragments should afford a collection enriched
in hit compounds against STPs. From the synthesised collection of 65 sterol-inspired compounds, (-)-
Astercin-1, the most potent and selective inhibitor of Aster-C was identified demonstrating the power of
this approach to identify new STP inhibitors. Additionally, two novel chemotypes of Aster-A inhibitors
were identified, providing complementary compounds that could be used alongside Autogramin-2 in
investigating and validating Aster-A related biology. Before assessing whether (-)-Astercin-1 could be a
suitable for use as a tool compound in cellular models, it was decided to further optimise the compound for
potency and selectivity.

3.6 Optimisation of (-)-Astercin 1

Optimisation of (-)-Astercin-1 commenced by an analysis of its structure, revealing several sites that could
be modified as part of an SAR study (Figure 3.17). Substitution on the pyrazole-phenyl ring could be readily
changed, complementing the preliminary SAR obtained from the initial screening. The pyrazole ring could
be modified using late-stage functionalisation or a handle for coupling chemistry installed at an earlier
stage. Lastly, core modifications to the AB ring system could be made to explore the effects of additional
oxidations, reductions, or hydroxyl functionalisation on compound potency.

1. Variation of phenyl substituents
Pyrazole functionalisation
3. Heterobenzylic oxidation

4. Hydroxyl functionalisation

Figure 3.17 Key sites of modification for the SAR study of (-)-Astercin-1
3.6.1 Variation of phenyl substitution

The design of Astercin-1 analogues with varied phenyl substitution was informed by the preliminary SAR
obtained from the primary screening and subsequent validation of the Astercin series. A range of
phenylhydrazines were chosen for reaction with hydroxymethylene 3.09 in order to address several key
guestions, namely what is the optimum size for the substituent at the 2-position, is the combination of 2-
and 4-substitution additive in compound potency, and lastly whether 3- or 2,5- substitution would be
tolerated. Pyrazole analogues were synthesised according to the optimised procedure, and all analogues
were generally isolated in acceptable yields and purity (Table 3.2).
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Table 3.2 Synthesis of pyrazole-fused analogues with varied phenyl-R substitution from HM 3.09

R R
O OH N-N N-N
P NH,  ACOHITHF/H,0 ) (L
+ R-NH @ +
TBSO H HCI rt, 30 min HO H HO H
3.09 3.10 - 3.21
Entry Compound R Yield (%) Comments
1 3.10 3-Fluorophenyl 56 -
2 3.11 2-fluoro-4-chlorophenyl 52 -
3 3.12 2,4-difluorophenyl 47 -
4 3.13 2-fluoro-5-chlorophenyl 29 -
2 3.14 2-methoxyphenyl 21 -
6 3.15 2,6-difluorophenyl 17 -
7 3.16 2,5-difluorophenyl 57 -
} A Atropisomers showing minor
8 3.17 2-fluoro-6-bromophenyl 22 separation by LCMS
9 3.18 2-chlorophenyl 58 -
10 3.19 cyclohexyl 51 -
11 3.20a 13
12 3,20 4-tert-butylphenyl 29 -
13 3.21a 22
14 391 4-fluorophenyl 16 -
. Product + hydrazone isolated,
15 3.22 2,4,6-trifluorophenyl <1 free base of hydrazine used
16 3.23 2,6-dichlorophenyl - Hydrazone isolated

Similar to (-)-Astercin-1, all pyrazoles bearing 2-substitution on the phenyl ring were isolated as mixtures
of conformational isomers. Analogues with larger substituents in the 2-position (entries 5, 8, 9) showed
greater spacing of the *H NMR signals arising from the axial methyl group, suggesting increasing energy
barriers for interconvesion between the conformational isomers, and possibly the formation of separable
atropisomers. However, only the 2-fluoro-6-bromophenyl 3.17 (entry 8) pyrazole began to shown
separation by either LCMS or TLC. Symmetrisation of the phenyl ring in the 2,6-difluoro substituted
analogue 3.15 (entry 6) allowed for isolation of a single conformational isomer. Additionally, two analogues
provided isolable quantities of the linear 4-substituted phenyl pyrazoles 3.201 and 3.211 (entries 12 and 14).

The synthesis of the 2,4,6-trifluro substituted pyrazole 3.22 was attempted (entry 15) starting from 2,4,6-
trifluoroaniline 3.24 (Scheme 3.5). Diazotization of 2,4,6-trifluoroaniline 3.24 with sodium nitrite in
aqueous hydrochloric acid and reduction of the in-situ generated diazonium species with tin (I1) chloride
afforded the desired phenylhydrazine 3.25. Upon reaction with hydroxymethylene 3.09, only minor
amounts of pyrazole 3.22 could be isolated alongside the uncyclised hydrazone intermediate. Likewise,
reaction of hydroxymethylene 3.09 with 2,6-dichlorophenyl hydrazine afforded a mixture of
diastereoisomeric hydrazones, likely arising due to the inability of the electron-deficient hydrazone to
undergo cyclisation under the mild reaction conditions.
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Scheme 3.5 Synthesis of 2,4,6-trifluorophenyl hydrazine 3.25 from 2,4,6-trifluoroaniline 3.24, and the
unsuccessful synthesis of pyrazole analogue 3.22

3.6.2 Modifications to the pyrazole ring and sterol A/B ring

Crystal structures of 25-HC derived Al-11 bound to murine Aster-C show that the C3-OH group is buried
deep in the hydrophobic cholesterol binding pocket of the protein.'® Under the assumption that (-)-
Astercin-1 could bind in a similar manner to other steroidal ligands, it was thought that substitution on the
pyrazole ring could favourably contribute to compound binding, occupying space that is typically occupied
by sterol C/D-rings and the alkyl side chain. It was anticipated that analogues bearing substituents on the
pyrazole ring could be accessed either via a halogenated intermediate with subsequent metal-catalysed cross
couplings, or by direct functionalisation with radical chemistry.

Initial efforts focussed on identifying conditions for halogenating the pyrazole ring (Table 3.3). Following
conditions reported in a patent working with structurally related WMK-derived pyrazoles, (x)-Astercin was
reacted with bromine in the presence of sodium carbonate (entry 1).1*” Unfortunately, despite the literature
precedence, only decomposition of the starting material was observed. Halogenation using either NBS or
N-iodosuccinimide (NIS) was also attempted (entries 2 - 5). Use of NBS in DMF at either room temperature
or 60 °C gave no conversion. Changing to NIS resulted in minor iodination, however oxidation of the C3-
OH to the ketone was observed, likely occurring through the formation of an intermediate hypoiodite
species.’™ lodination was attempted on the MEM-protected Astercin 3.26, as it was expected that NIS
would deprotect a TBS-protected Astercin, however deprotection was also observed upon attempted
iodination of MEM-astercin 3.26 (entry 6).1%° Use of alternative brominating agents including 1,3-Dibromo-
5,5-dimethylhydantoin (DBDMH), 5,5-dibromobarbituric acid, or iodine/silver acetate gave no conversion
to the desired product (entries 7 — 9).1%
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Table 3.3 Conditions attempted to synthesise halogenated (+)-Astercin from (£)-Astercin and MEM-

Astercin
arr ar
N—N N—N
X > Halogenation . > X
reagent
RO 5 HO :
H H
R =H, MEM X =Br, |
Entry R Reagents Conditions Observations
1 OH Bra/Na,COs DCM, - 10 °C Decomposition
2 OH NBS DMF, rt No conversion
3 OH NBS DMF, 60 °C Oxidation of OH
4 OH NIS DMF, rt Minor iodination
5 OH NIS DME, 60 °C Minor iodination and oxidation
of OH
6  OMEM NIS DMF;,g‘ 80 Deprotection of MEM ether
DBDMH

o}

7 OMEM %N*Br DCM, rt No conversion
N
) Br/ ‘QO ) )

8 OH D|brom§:ti>grb|tur|c DCM, rt No conversion
9 OH I,/AgOAC MeCN, rt No conversion

The lack of conversion of (x)-Astercin 1 to the halogenated derivative was attributed to the inherent
reactivity of the pyrazole system, as the free position of the pyrazole ring is too electron deficient and thus
unreactive towards electrophilic reagents. As expected, attempts to functionalise this position of the
pyrazole ring with radical methods, including both classical and borono-minisci reactions proved
ineffective.®"1%8 |t was therefore decided to target an alternative intermediate for functionalisation to
overcome the poor reactivity of the pyrazole ring. One plausible intermediate was the pyrazole ester 3.27,
which would offer an alternative point of functionalisation for analogue synthesis and further SAR by
providing access to the corresponding carboxylic acid 3.28.

In order to synthesise the pyrazole ester 3.27, the intermediate diketoester 3.29 was synthesised (Scheme
3.6). The TBS-protected ketone 3.08 was deprotonated with LDA to generate the lithium enolate, which
was reacted with diethyl oxalate 3.30, yielding the desired diketoester 3.29 in acceptable yields after
purification. Pyrazole ester 3.27 was successfully synthesised in a microwave assisted Knorr pyrazole
synthesis, reacting the intermediate diketoester 3.29 with 2-fluorophenylhydrazine hydrochloride,
proceeding alongside deprotection of the TBS-ether.
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Scheme 3.6 Synthesis of intermediate diketoester 3.29 and Astercin ester 3.27 from TBS-ketone 3.08

The structure of the isolated regioisomer was assigned by analysis of 1D and 2D NMR data. The structure
of the major conformation was supported by existence of a strong NOE correlation between the protons of
the methyl group and the aromatic proton in the 6-position of the phenyl ring (Figure 3.18, major
conformation, see appendix for NOESY spectra). The methyl signal arising from the minor conformation
was observed to couple to the aromatic fluorine substituent (“J(F,H) = 1.3 Hz, 8J(F,C) = 3.9 Hz) by a
through-space coupling (Figure 3.18, minor conformation).>®

Major conformation % . Minor conformation
. }

g

. 1
\ A(s)||B(d) Al B (d)
113]1.12 19.62 18.36

114113 112 111 110 197 19.6 19.5 185 18.4 183 18
f1 (ppm) f1 (ppm)

Figure 3.18 Structures of the major and minor conformations of astercin ester 3.27, with distances (in
Angstrém) between coupled atoms of key correlations drawn in purple. *H and *C NMR of the axial methyl
signal showing through-space coupling only for the minor conformation. Structures and conformations
generated in Maestro.

The pyrazole carboxylic acid 3.28 was synthesised in a base-mediated hydrolysis of astercin ester 3.27,
utilising lithium hydroxide in a THF/H-0 solvent system and yielding the desired acid 3.28 in good yield
after workup (Scheme 3.7). From this carboxylic acid intermediate, two amide analogues were synthesised.
Coupling of carboxylic acid 3.28 with propylamine wusing the coupling agent 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate
(HATU) afforded propylamide analogue 3.31 in low yield after purification by preparative HPLC (Scheme
X). Coupling of N-methylpropylamine using the coupling agent EDC/HOBt yielded the N-
methylpropylamide analogue 3.32 in good yield after purification (Scheme 3.7).
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Scheme 3.7 Synthesis of carboxylic acid 3.28 and amide analogues 3.31 and 3.32

A number of different analogues were prepared directly from Astercin ester 3.27. The Astercin ester 3.27
was subjected to a transesterification with 1-hexanol, anticipating that a long alkyl chain projected from the
pyrazole ring could extend into an unoccupied region of the ASTER domain binding pocket of Aster-C.
Heating ester 3.27 at 100 °C in an excess of 1-hexanol with p-TsOH.H,O yielded the hexyl-ester 3.33 in
moderate yields after two days (Scheme 3.8).

N—N -TsOH.H,0 N—
\ OEt /\/\/\OH “42>
X 100 °C, 2d
(0] 46%
HO E HO :
H H

3.27 3.33

Scheme 3.8 Synthesis of hexyl-ester 3.33 by an acid-promoted transesterification of astercin ester 3.27

To offer an additional point of functionalisation for the synthesis of Astercin analogues, the ester was
reduced directly to the corresponding primary alcohol (Scheme 3.9). Before reducing the ester, the A-ring
C3-OH was protected as the TBS-ether to allow for chemoselective alkylation of the primary alcohol if
required. The C3-OH was protected using standard conditions, yielding TBS-protected astercin ester 3.34
in moderate yields. The ester was reduced directly to the primary alcohol using lithium aluminium hydride
and the TBS-ether deprotected using TBAF, affording the desired astercin analogue 3.35 bearing a primary
alcohol on the pyrazole-ring.

F F F
1. LiAIH, (1 M), THF

N—’\{ OEt TBS-Cl, imidazole N—'\{ OFEt 0°C-rt,3h N—’\{ OH
X DCM, rt, 28 h X 2. TBAF (1 M), THF X
o 36% o r,4h
B < o, ;
HO i TBSO i 20% (2 steps) HO i
3.27 3.34 3.35

Scheme 3.9 Synthesis of TBS-protected astercin ester 3.34, reduction of the ester to primary alcohol, and
TBS-deprotection to primary alcohol 3.35.

The C3-OH of Astercin was oxidised to the C3-ketone analogue 3.36 in high yield using Dess-Martin
periodinane (DMP) (Scheme 3.10). Methylation of the C3-OH was achieved using methyl iodide and
sodium hydride, yielding the desired methoxy-astercin analogue 3.37 (Scheme 3.10). During the attempted
halogenation of the astercin pyrazole ring, MEM-protected astercin 3.26 was prepared employing standard
MEM-protection conditions (Scheme 3.10).
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Scheme 3.10 Synthesis of C3-OH modified analogues from Astercin-1 a) DMP oxidation of C3-OH to
ketone 3.36 b) Methylation of C3-OH to yield C3-methoxy analogue 3.37 ¢) MEM-protection of C3-OH
to yield MEM-astercin-1 3.26.

It was decided to protect the C3-OH of Astercin 1 as the TBS-ether before attempting a heterobenzylic
oxidation of the Astercin B-ring, following similar rationale to the synthesis of TBS-protected astercin ester
3.34. Employing the standard conditions of TBS-protection, TBS-protected astercin 3.38 was isolated in
high yields (Scheme 3.11). The heterobenzylic oxidation was achieved using potassium permanganate in a
mixed solvent system of acetone/H,0, which after TBAF deprotection of the TBS-ether yielded the B-ring
ketone analogue 3.39 in a two-step sequence (Scheme 3.11).

1. KMnOy4, MgSO,4
N"\{ N"\{ acetone, H,0 N_'\{
NN TBS-CI, imidazole AN r,2d X
_ > _ >
X DCM, rt, 18 h A 2. TBAF (1M) A
HO Q 80% TBSO a THF, rt, 4 h HO i 0
3.38 20% (2 steps) 3.39

Scheme 3.11 Synthesis of B-ring ketone analogue 3.39 via TBS-protected astercin 3.38

The final analogue to be targeted was the astercin diastereoisomer 3.40, in which the C3-OH occupies the
axial position rather than the equatorial position. Initial attempts to synthesise diastereoisomer 3.40 via
standard methods were unsuccessful. These attempts were met with two main difficulties, firstly the TBS-
protection of the axial alcohol proved challenging and secondly deprotection of the TBS-ether was not
achieved during the pyrazole synthesis. In order to overcome these challenges, it was decided to synthesise
the diastereoisomer 3.40 directly from ketone 2.09 in a telescoped procedure (Scheme 3.12). Reaction of
ketone 2.09 with ethyl formate and sodium hydride in THF afforded the hydroxymethylene 3.41, which
after a solvent swap to the AcOH/THF/H,O solvent system for the pyrazole synthesis was reacted
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immediately with 2-fluorophenylhydrazine, yielding the desired diastereoisomer 3.40 in 27% yield over 2

steps.
o
(0} N—N
Ethyl formate AcOH/THF/H,0 . \
NaH (60 wt. %) @: HCl (2:1: 1)
HO™ & THF 66 °C,4 h NHNH, 30 min, rt HO™ z
A 27% (2 steps) H
2.09 3.40

Scheme 3.12. Telescoped synthesis of astercin diastereoisomer 3.40 from the ketone diastereoisomer 2.09
3.6.3 Synthesis of pyrazolopyrimidine Aster-A inhibitor enantiomers

Alongside the optimisation of (-)-Astercin 1, the two enantiomers of the pyrazolopyrimidine Aster-A
inhibitor (%)-2.69 were synthesised by another PhD student in the Laraia group (Scheme 3.13). The
pyrazolopyrimidines were synthesised in a modified protocol from the TBS-protected hydroxymethylenes
(+)-3.09 and (-)-3.09 instead of the unprotected hydroxymethylene 2.11. Reaction with the appropriate
aminopyrazole afforded regioisomeric mixtures of TBS-protected pyrazolopyrimidines. Deprotection of
the TBS group with either aqueous hydrochloric acid in THF ((+)-2.69a and ((+)-2.69I) or tetra-n-
butylammonium fluoride (TBAF) in THF ((-)-2.69a and (-)-2.691) and separation of regioisomers by flash
chromatography afforded the desired “linear” regioisomers as minor products and the “angular”
regioisomers as the major products and in acceptable enantiomeric excess.

MeO OMe
OMe
N N
O OH N” N N” N
_ 1. p-TsOH.H,0 S |
. ] \N toluene, 116 °C, 2 h .
TBSO B H,NT SN’ 2.HCI(3M, aq.) HO : HO H
H H THF, rt, 2 h H H
(+)-3.09 (+)-2.69a (+)-2.691
54% 9%
84% ee
1. p-TsOH.H,0
toluene, 116 °C, 3 h
TBSO" 2. TBAF (1M, THF)
THF, t 18 h
) 09 r ) 2,69 (-)-2.69I
61% 13%
90% ee

Scheme 3.13 Synthesis of pyrazolopyrimidine Aster-A inhibitor enantiomers (+)-2.691 and (-)-2.69I.
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3.7 Biochemical analysis of (£)-Astercin-1 SAR compounds

With the collection of 23 ()-Astercin-1 analogues synthesised, all analogues were screened against Aster-
C in 12-point 1:2 dose response, starting from a top concentration of 80 UM and a protein concentration of
0.5 pM. Compounds seen to inhibit 22-NBD-Chol binding comparably with (-)-Astercin 1 were
subsequently tested in dose response against both Aster-A and Aster-B (Table 3.4). As newer batches of
purified proteins were utilised in these assays, (-)-Astercin-1 was also retested in dose response. As
expected, (-)-Astercin-1 was found to bind both Aster-A and Aster-B with higher potency, reflecting the
higher quality of purified protein (entry 13), though the window of selectivity was still comparable to initial
findings.

Table 3.4 1Cs values determined from FP experiments of (£)-Astercin 1 phenyl-ring SAR analogues
against the ASTER domain of Asters-A, -B, and -C

Aster-A IC Aster-B IC Aster-C IC
Entry Compound R (M) %0 (M) %0 (M) %
1 3.10 3-Fluorophenyl nd nd 19.30
2 311 2-fluoro-4- > g0l > 80 1.92 +0.19
chlorophenyl
3 3.12 2,4-difluorophenyl 66.5 + 3.59 65.8 £ 2.64 1.66 £0.41
2-fluoro-5- b
4 3.13 cholorophenyl nd nd 38.9[°
5 3.14 2-methoxyphenyl nd nd > 80!
6 3.15 2,6-difluorophenyl 23.9+8.34 15.9+0.70 1.12+0.21
7 3.16 2,5-difluorophenyl nd nd 10.9 + 2.65
2-fluoro-6-
8 3.17 bromophenyl nd nd 558 +1.91
9 3.18 2-chlorophenyl nd 25.6 + 10.6 1.80+0.48
10 3.19 Cyclohexyl nd nd > 80!
11 3.20 4-tert-butlphenyl nd nd > 80!
12 3.21 4-fluorophenyl nd nd 5.02+1.44
13 (-)-Astercin 1 2-Fluorophenyl 57.0f°! 20.4+1.13 1.27£0.22

[a] ICso values are reported as mean + s.d. of three individual experiments run in either duplicate or
triplicate. [b] experiment run in singlicate or duplicate [c] inhibition at 80 uM was lower than 50%. nd =
not determined

The collection of 12 (-)-Astercin 1 analogues bearing different phenyl substituents provided key SAR
information. The optimal substituent in the 2- position was confirmed to be the fluoro substituent seen in (-
)-Astercin-1, with the 2-methoxy analogue 3.14 (entry 5) completely losing affinity for Aster-C whereas
the 2-chloro analogue 3.18 (entry 9) had comparable binding to Aster-C, but worse selectivity over Aster-
B. Substitution in the 3-position alone was mildly tolerated, with the 3-fluoro analogue 3.10 (entry 1) still
binding to Aster-C with moderate potency. Substitution at the 4-position was well tolerated with small
substituents, in line with findings from the preliminary SAR obtained from library synthesis, with the 4-
fluoro analogue 3.21 (entry 12) binding with comparable potency to the 4-chloro analogue 2.76. The
cyclohexyl analogue 3.19 and 4-tert-butyl substituted analogue 3.20 (entries 10 and 11) were found not to
bind Aster-C, supporting the conclusion that only smaller substitutents are well tolerated on the phenyl ring,
and that the phenyl ring is crucial for retaining compound potency.
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Analogues bearing 2,5-disubstitution were seen to retain some affinity for Aster-C (entries 4 and 7), but
were weaker binders compared to (-)-Astercin-1. The 2,6-difluoro analogue 3.15 exhibited excellent
binding to Aster-C, equalling that of (-)-Astercin-1, however its selectivity profile against both Aster-B and
Aster-C were poorer (entry 6). Changing the 6-substituent from fluorine to bromine yielded an analogue
3.17 with worse binding compared to 3.15 (entry 8). Ultimately, combination of 2- and 4-substitution
afforded the most promising analogues, with the 2-fluoro-4-chloro analogue 3.11 and 2,4-difluoro analogue
3.12 potently binding to Aster-C with improved selectivity compared to (-)-Astercin 1 (entries 2 and 3).

Subsequently, analogues featuring modifications to the sterol A/B ring system or the pyrazole ring were
screened in dose response against Aster-C (Table 3.5). Analogues bearing modifications to the pyrazole
ring generally resulted in decreased binding to Aster-C (entries 2 — 4, 6), with the hexyl ester analogue 3.33
(entry 5) precipitating during the assay. Surprisingly the Astercin ester 3.27 had comparable Aster-C
binding to (-)-Astercin-1, however its selectivity over Aster-A was decreased (entry 1). Modifications to
the sterol A/B-ring system consistently decreased Aster-C potency (entries 7 — 11), highlighting the
important contribution of this scaffold, presence of the C3-hydroxyl, and its relative orientation for Astercin
binding. These observations reflected the differential ability of oxysterols to bind to the Aster proteins.®?

Table 3.5 ICso values determined from FP experiments of (£)-Astercin 1 A-ring/B-ring/pyrazole ring SAR
analogues against the ASTER domain of Asters-A, -B, and -C

Entry Compound Aster-A I1Cs Aster-B 1Cs Aster-C ICsg

(uM)™! (M) B (uM)™
1 3.27 14.4 + 3.68 > 8ol 2.67+0.78
2 3.28 nd nd > 400
3 3.31 nd nd 14.9°1
4 3.32 nd nd 18.410!
5 3.33 nd nd nd
6 3.35 > 8ol > 8okl 8.25+2.61
7 3.36 nd nd 11.7 £0.83
8 3.37 nd nd 7.28!b!
9 3.26 nd nd >> 40[
10 3.39 nd nd 23.9+4.84
11 3.40 nd > 8ot 20.5001

[a] ICso values are reported as mean + s.d. of three individual experiments run in either duplicate or
triplicate. [b] experiment run in duplicate [c] inhibition at indicated concentration was lower than 50% [d]
compound insoluble in assay conditions, precipitate observed. nd = not determined

In general, modifications to the core A/B-ring structure of (-)-Astercin 1 did not favourably contribute to
Aster-C binding, with changes typically decreasing potency tenfold (Figure 3.19). Substituents attached
directly to the pyrazole ring were tolerated to a greater extent, with the ester analogue 3.27 being equipotent
to (x)-Astercin-1. This finding suggests that exploration from this ester handle could provide a viable
attachment point for an alkyl or polyethylene glycol linker for development of bifunctional degraders,
fluorescently tagged Astercin analogues, or reactive probes for additional biological studies. Consistent
with previous findings with the Astercin series, 2-substitution with a small halogen (fluoro or chloro) was
critical for binding to Aster-C, with larger substituents rendering analogues less active. Pleasingly, the
combination of the substitution pattern of the two most potent hits from the original screening (2-fluoro, 4-
chloro/fluoro) gave rise to the analogues 3.11 and 3.12 with good Aster-C potency and selectivity over
Aster-A and Aster-B. As modifications to the core structure of (-)-Astercin 1 did not favourably contribute
to potency or selectivity, the SAR study was concluded and the individual enantiomers of 3.11 and 3.12
synthesised.
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Figure 3.19 Summary of substituent tolerance at modified positions in (-)-Astercin 1

Following the optimised protocol for the synthesis of Astercin analogues, the two analogues (-)-3.11 and (-
)-3.12 were synthesised in high yields and purity from HM (-)-3.09, with no linear products being isolated
(Table 3.6, entries 1 and 2). In addition to these two analogues, the 4-tert-butyl substituted analogue 3.20
was synthesised (entry 3) to possibly serve as a negative control in future cellular experiments.

Table 3.6 Synthesis of pyrazole-fused analogue single enantiomers for full selectivity profiling

R

O OH NN
P NH,  ACOHTHF/H,0 P
" R_NIH (2:1:1)
TBSO" a HCl rt, 30 min HO 1
(-)-3.09 (-)-3.11, (-)-3.12, (-)-3.20
Entry Compound R Yield (%) Comments
1 (-)-3.11 2-fluoro-4-chloro 64 -
2 (-)-3.12 2-fluoro-4-fluoro 65 -
3 (-)-3.20 A-tert-buty] 48 Isolated alongside linear

pyrazole (23%)

The two enantiomers (-)-3.11 and (-)-3.12 were screened against the three Asters, alongside the proposed
negative control (-)-3.20 and the pyrazolopyrimidine-fused Aster-A inhibitor (+)-2.691 (Table 3.7). Both (-
)-3.11 and (-)-3.12 potently bound to Aster-C with comparable levels of selectivity over both Aster-A and
Aster-B. As expected, the 4-tert-butyl substituted analogue (-)-3.20 showed poor binding to all Asters at
concentrations up to 80 puM. Finally, the single enantiomer of pyrazolopyrimidine (+)-2.691 (named
Asterpyrin-1) was observed to potently bind to Aster-A with a sufficient window of selectivity over Aster-
B and Aster-C. Owing to its slightly higher Aster-C potency, compound (-)-3.11 (hamed Astercin-2) was
chosen for characterisation in the sterol-transfer assay and for use in subsequent cellular studies.

Table 3.7 ICs values determined from FP experiments of optimised (-)-Astercin 1 analogues (-)-3.11, (-)-
3.12, proposed negative control (-)-3.20, and pyrazolopyrimidine Aster-A inhibitor (+)-2.691 against
ASTER domains of Asters-A, -B, and -C

Compound Aster-A Aster-B Aster-C
1Cso (LM)! ICso (UM)™! 1Cso (UM)™!
(-)-3.11 (Astercin-2) >80 45.2 +7.80 0.93+£0.32
(-)-3.12 >80 41.4+14.3 1.68 £0.01
(-)-3.20 > 80 > 80 > 80
(+)-2.691 (Asterpyrin-1) 1.96+£0.3 > 80 28.9 £ 3.7
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Before screening Astercin-2 and Asterpyrin-1 in the sterol transfer assay, further optimisation of protein
concentration for Aster-A and Aster-C was performed. The assay was run without addition of inhibitors, at
four different concentrations for Aster-C (Figure 3.20a) and two different concentrations for Aster-A
(Figure 3.20b). Use of either 0.25 or 0.13 uM of Aster-C resulted in normalised fluorescence values
consistently starting at 0.95, thus for subsequent experiments a protein concentration of 0.25 uM was
chosen. For Aster-A, where cholesterol transport is known to be the most efficient, a protein concentration
of 0.13 uM was necessary to produce normalised fluorescence values starting at 0.90. With protein
concentrations optimised, Astercin-2 and Asterpyrin-1 were screened for their ability to inhibit Aster-
mediated cholesterol transport.

A B
— D+A — 1.0puM 0.5 uM — Donor + Acceptor
— 0.25puyM — 013 uM 0.25 uM — 013 uM
107_—’\‘“\_\_\"“ 10_“‘“\_,*\—
0.9+ 0.9
= 0.8 = 08-
0.7 1 0.7
0.6 T I I I I | 0.6 I T I I I |
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)

Figure 3.20 Optimisation of protein concentration in the sterol transfer assay using Aster-C (A) and Aster-
A (B).

With lower protein concentrations being used compared to the initial screening of (-)-Astercin-1, compound
concentrations were also decreased accordingly. Astercin-2 did not to modulate Aster-A or Aster-B
mediated cholesterol transfer at a 1 uM and 10 uM respectively, whereas Aster-C mediated cholesterol
transfer was significantly inhibited compared to the vehicle control at 1 uM (Figure 3.21a - ¢). Additionally,
Asterpyrin-1 significantly inhibited Aster-A mediated cholesterol transfer at 1 UM compared to Astercin-2
(Figure 3.21a).

A B C
— Donor + Acceptor Vehicle — Donor + Acceptor Vehicle — Donor + Acceptor Vehicle

— Astercin-2 (1.0 uM) —  Asterpyrin-1 (1.0 pM) — Astercin-2 (10 uM) — Astercin-2 (1.0 pM)
1.0~

— W 1.0
0.9—\ 0.9 0.9—\
= o.a—K‘ = o.s—\_—\ = oa-

0.7 0.7+ 0.74
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Figure 3.21 Modulation of Aster-mediated cholesterol transfer between donor and acceptor liposomes by
Astercin-2 and Asterpyrin-1. A) Modulation of Aster-A mediated cholesterol transfer (protein
concentration = 0.13 pM). B) Modulation of Aster-B mediated cholesterol transfer (protein concentration
= 1.0 uM). C) Modulation of Aster-C mediated cholesterol transfer (protein concentration = 0.25 uM).
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Following the optimisation of Astercin-1 to afford Astercin-2 and the identification of Asterpyrin-1, both
compounds were deemed appropriate for use in the planned cellular studies. Both compounds potently
inhibited their main target protein with low micromolar potency, with greater than 10-fold selectivity over
the other Aster proteins.
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Part IV. Biological characterisation of sterol-inspired
Aster-inhibitors

4.1 Inhibition of autophagy by Asterpyrin-1

To begin the cellular evaluation of Asterpyrin-1 and Astercin-2, their effects on autophagy were studied, as
several publications have linked the activity of Aster-A and Aster-C to autophagosome biogenesis.%1t
Autophagy is a conserved cellular pathway responsible for degradation of a range of different cargo.®
Three general types of autophagy have been reported including microautophagy, chaperone-mediated
autophagy, and macroautophagy.*::162 The most commonly studied form of autophagy is macroautophagy,
which will subsequently be referred to as autophagy. Autophagy proceeds via the formation of the double-
membraned organelle known as a phagophore, following initiation signals from mTORC1 and AMP-
activated protein kinase (AMPK) and activation of the two protein complexes Unc51-like kinase 1 (ULK1)
complex and the phosphoinositide 3-kinase (PI3K) class 11 complex I (Figure 4.1).1%% One integral protein
in autophagy is LC3, which is necessary for the maturation of the phagophore to autophagosome. The
cytosolic form of LC3 (referred to as LC3-1) is conjugated to the phospholipid phosphatidylethanolamine
(PE) giving rise to its lipidated form, LC3-11. LC3-I1 can then be anchored into the phagophore membrane,
recruiting other proteins necessary for maturation.'®* During the folding process, cargo are sequestered in
the autophagosome for degradation. The autophagosome subsequently fuses with lysosomes, forming
autolysosomes, and degrading the engulfed cargo through action of hydrolytic enzymes.2%
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Figure 4.1. A general overview of the autophagy pathway. Figure reproduced from reference.*°

Small molecule modulators of autophagy are typically identified by probing levels of LC3-1/LC3-11.% One
assay that is frequently used in high content phenotypic screening to identify autophagy modulators utilises
a green fluorescent protein (GFP)-LC3 reporter cell line. Cells are imaged after compound treatment under
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fed conditions or autophagy induction, and autophagosomes quantified as green puncta. Changes in LC3
levels observed in this assay required further biochemical characterisation to elucidate whether LC3 levels
are changing in response to autophagy induction, early or late stage inhibition, or by blocking fusion of
lysosomes to autophagosomes. The most common approach to achieve this is assessing levels of LC3-1 and
LC3-I1 by western blot.

As inhibition of Aster-A is known to inhibit starvation-induced autophagy, Asterpyrin-1 was tested to
investigate whether it was able inhibit starvation-induced autophagy similarly to Autogramin-2.% U20S
cells were treated for 3 hours with Asterpyrin-1 (AP1) or Autogramin-2 (AG2), and levels of LC3-I and
LC3-1l probed by western blot with an anti-LC3 antibody (Figure 4.2). Compound treatments were
performed under fed conditions in complete media or under amino acid starvation by performing compound
treatments in Earle’s balanced salt solution (EBSS), both in the presence of the lysosomotropic agent
chloroquine (CQ) which acts to block fusion of the autophagosome and lysosome, leading to accumulation
of LC3-11.1%° Asterpyrin-1 inhibited starvation-induced autophagy (lane 7) similar to Autogramin-2 (lane
5), with both compound treatments resulting in lower levels of LC3-11 compared to the vehicle control (lane
3). In line with this data, (£)-Asterpyrin-1 was able to inhibit starvation-induced autophagy in a phenotypic
screen in the reporter cell line MCF7-eGFP-LC3. In combination, these observations provides further
support that the observed autophagy inhibition is the result of inhibition Aster-A, as this phenotype is
induced by two different chemotypes that both biochemically inhibit the Aster-A ASTER domain.

AG2 AP1
Compound (uM) : - - - 3 3 30 30
CQ (25 uM): -+ + + + + o+
MEM: + o+ -+ -+ -
EBSS: - - + - + - +
LC3 1 :
LC3 1 —

Actin | c> > o> e o> o> o>

Figure 4.2. Inhibition of LC3 lipidation in U20S cells following treatment with either Autogramin-2 or
Asterpyrin-1 for 3 hours under fed and starved conditions.

The concentration of Asterpyrin-1 required to inhibit LC3-1 lipidation comparably to Autogramin-2 are
tenfold higher, suggesting differences in membrane permeability between the two compounds (Figure 4.2).
This observation was further supported by the differences in cellular 1Cs values for autophagy inhibition
whilst the two compounds were found to have similar biochemical potencies by FP (Figure 4.3). These
findings suggest that introduction of an assay measuring membrane permeability would be a beneficial
assay to perform as part of tool compound characterisation, and explain the observed differences in
biochemical and cellular potencies.
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Figure 4.3. Comparison of cellular inhibition of amino acid starvation and rapamycin-induced autophagy
and biochemical binding to Aster-A ASTER domain for (x)-Asterpyrin-1 and Autogramin-2

4.3 Relevance of Aster-C in autophagy

Whilst limited research has been performed specifically around Aster-C two independent reports have
suggested a potential role in autophagy, however, the data presented conflict one another.2%%1% One report
suggests that Aster-C is a negative regulator of starvation-induced autophagy, with Aster-C depletion by
genetic knockdown inducing autophagy similar to the affects arising from cholesterol depletion.’* On the
other hand, Aster-C knockout (KO) was shown to result in significant accumulation of LC3-11 under amino
acid starvation associated with its role as a regulator of mTORC1 signalling, however autophagic flux was
not investigated alongside levels of LC3.1% Given the ambiguous role of Aster-C in autophagy, Astercin-2
was utilised to investigate whether either phenotype could be reproduced via small molecule inhibition of
the Aster-C cholesterol binding domain rather than genetic knockout or knockdown.

U20S cells were treated with Astercin-2 (10 uM) at three different time points under starvation conditions
either with or without CQ to block lysosomal fusion, and LC3 levels probed by western blot (Figure 4.4a).
No changes in LC3 levels were observed from short term treatment, thus cells were pre-treated with
Astercin-2 (10 uM) before amino acid starvation and CQ treatment, allowing for prolonged inhibition of
Aster-C. U20S cells were pre-treated with Astercin-2 for 24 hours before treatments with Astercin-2 under
both starvation and fed conditions, with and without CQ, and LC3 levels probed by western blot (Figure
4.4b, 4.4c). Under starvation conditions (Figure 4.4b), no significant changes in LC3 lipidation were
observed with Astercin-2 pre-treatment. A minor decrease in LC3-11 was observed in cells pre-treated with
Astercin-2 in the absence of CQ (lanes 4 - 6) compared to vehicle treated cells (lanes 1 — 3), suggesting a
possible degradation of LC3-11 associated with autophagy induction. The experiment was repeated under
fed conditions in the presence of CQ to investigate whether the observed changes could be due to autophagy
induction (Figure 4.4c). Pre-treatment with Astercin-2 was observed to give minor increases in LC3-II
levels (lanes 6 — 8) relative to cells without pre-treatment (lanes 1, 4-5). These findings are consistent with
the report of Aster-C as a negative regulator of starvation-induced autophagy. Likewise, the significance of
the observed changes in LC3 lipidation were minor. As such, no further experiments were performed on
the role of Aster-C in autophagy.
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Figure 4.4 LC3 levels in Astercin-2 treated U20S cells under starvation-induced autophagy and fed
conditions. A) Astercin-2 treatments under starvation conditions with or without chloroquine B) Astercin-
2 treatments under starvation conditions with or without chloroquine, and a 24 hour pre-treatment with
Astercin-2 (10 uM) C) Astercin-2 treatments in fed cells with chloroquine, and a 24 hour pre-treatment
with Astercin-2 (10 uM).

4.4 Cellular localisation of Aster-A and Aster-C

With Asterpyrin-1 and Astercin-2 demonstrating activity in a cellular context, the localisation of both Aster-
A and Aster-C in U20S cells was investigated. To investigate their localisation, U20S cells were transiently
transfected with plasmids encoding for fluorescent Aster constructs. A plasmid encoding mCherry-Aster-
A was available in the group of Prof. Yaowen Wu and a plasmid encoding eGFP-Aster-C was constructed,
cloning human Aster-C into an eGFP vector. U20S and HelLa cells were transfected with equal quantities
of mCherry-Aster-A/eGFP-Aster-C DNA overnight and imaged by live-cell confocal microscopy. The
mCherry-Aster-A construct was efficiently expressed in both cell lines, however the expression of eGFP-
Aster-C was poor in both cell lines (Figure 4.5). Sequencing of the eGFP-Aster-C plasmid revealed a
leucine to proline point mutation in the Aster-C coding sequence, with such a mutation likely expecting to
be disruptive to protein structure and thus contributing to the poor expression of the plasmid.
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Figure 4.5 Differential expression of mCherry-Aster-A (magenta) and eGFP-Aster-C (green) in live HeLa
cells. Scale bar = 10 um.

Correction of the Aster-C point mutation by PCR mutagenesis yielded an eGFP-Aster-C plasmid showing
improved expression levels and the expected reticular expression pattern. U20S cells were transfected with
a 1:3 ratio of mCherry-Aster-A/eGFP-Aster-C DNA overnight, cells fixed with paraformaldehyde (PFA),
and after permeabilization the mCherry and eGFP signals amplified by labelling with anti-mCherry and
anti-eGFP antibodies and subsequently with fluorescent secondary antibodies (Figure 4.6). Imaging
confirmed the reticular expression pattern expected for ER-resident proteins was conserved for both Aster
proteins, but that Aster-A was more uniformly expressed through the ER. Aster-C was generally expressed
in a uniform manner, but regions of relative enrichment over Aster-A were observed, which might suggest
that the two proteins are not likely to be redundant and as such may possess unique biological functions.

. : ’. :

Figure 4.6 Expression and localisation of Aster-A (magenta) and Aster-C (green) in fixed U20S cells.
Immunofluorescence images of U20S cells transfected with mCherry-Aster-A (magenta) and eGFP-Aster-
C (green). mCherry and eGFP signals were enhanced with anti-mCherry and anti-eGFP antibodies
respectively. Scale bar = 2 um.

4.5 Cellular cholesterol

Cellular cholesterol is found in two main forms, either in its free form sequestered in plasma membranes
and organelle membranes or as CEs after esterification by the ER-resident ACAT1/2 (Figure 4.7). The main
objective of the cellular studies with Astercin-2 and Asterpyrin-1 was to investigate whether selective
inhibition of Asters gave rise to differential changes in the localisation and levels of cholesterol and CEs in
cells.
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Figure 4.7 Esterification of cholesterol to a cholesterol ester by the ER-resident enzymes ACAT1 and
ACAT2. Cholesteryl oleate is presented as a representative cholesterol ester.

Numerous probes have been reported that efficiently label free cholesterol in cells (Figure 4.8).1%” The most
commonly used chemical stain for cholesterol is the polyene antibiotic filipin which readily crosses cellular
membranes and binds cholesterol, after which cholesterol can be visualised by the inherent fluorescence of
filipin.’®® Another important class of cholesterol binding probes are the cholesterol-dependent cytolysins
(CDCs) which are families of pore-forming protein toxins secreted by bacteria, with commonly used
examples including Perfringolysin O (PFO), Anthrolysin O (ALO), and Ostreolysin A (Oly A).1% CDCs
bind to cholesterol located in the PM with different binding properties, with engineered variants of natural
CDC:s probes capable of binding to differing concentrations of cholesterol as well as opposing leaflets of
the PM. 267

- PFO-D4-YQDA
PFO-D4H o
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.¢°
£ sm
sequestered PFO-D4H .
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Figure 4.8 Examples of commonly used cholesterol labelling probes including Filipin in addition to PFO,
ALO, and OlyA derived probes. Figure reproduced with permission from reference.'®” Copyright (2021)
Elsevier.

Labelling and visualisation of CEs can be performed by either direct chemical stains, or indirectly using
immunofluorescence (IF) methods to label LD-associated proteins. Chemical methods to label LDs utilise
hydrophobic small molecule fluorophores that accumulate and fluoresce in the hydrophobic core of the
LD.* Commonly used LD dyes include Oil Red O, Nile Red, and BODIPY 493/503, however limitations
of poor solubility, issues of selectivity, and high fluorescent backgrounds often favour the use of IF methods
(Figure 4.9).17° Perilipin 2 (PLIN2) is a widely expressed LD-associated protein, residing in the
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phospholipid monolayer surrounding the core of neutral lipids, and therefore is routinely used as a target
for IF visualisation of LDs.*"

) :
et DY I v e

Oil Red O Nile Red BODIPY 493/503

Figure 4.9 Chemical structures of representative small molecule stains for lipid droplets.

4.6 Modulation of free cholesterol by Asterpyrin-1 and Astercin-2

The Aster proteins are known to facilitate the transport of free cholesterol between the PM and ER, therefore
investigating the effects of Asterpyrin-1 and Astercin-2 on free cholesterol was prioritised. U20S cells were
treated with either Asterpyrin-1, Autogramin-2 or Astercin-2 at 10 uM for 20 hours. After PFA fixation,
free cholesterol was stained with filipin, the nuclei counterstained using DRAQS5, and the samples
immediately imaged by confocal microscopy (Figure 4.10). Treatment with both Aster-A inhibitors resulted
in the formation of numerous bright puncta, occuring as early as the 4 hour treatment time, representing a
significant accumulation of cholesterol compared to vehicle treated cells. The magnitude of the
accumulation was consistent with the relative cellular potency of Asterpyrin-1 and Autogramin-2 in
inhibiting autophagy. Treatment of Autogramin-2 at 10 puM for longer than 24 hours was found to cause
cell death, likely due to cholesterol-associated lipotoxicity. Treatment with Astercin-2, however, did not
affect levels or the localisation of free cholesterol, with the observed phenotype matching the vehicle
treatment and being consistent with data reported for the Aster-C inhibitor Al-11.11°

Asterpyrin-1 (20 h) Astercin-2 (20 h)

Vehicle (20 h)

o s

Autogramin-2 (2 h)

Autogramin-2 (4 h)

Figure 4.10 Cholesterol staining in U20S cells following compound treatment at 10 uM. Nuclei stained
with DRAQS5 (blue) and cholesterol stained with filipin (grey). Scale bar = 10 um.
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The accumulation of free cholesterol arising from prolonged inhibition of Aster-A was visually similar to
the phenotype observed in Niemann-Pick disease type C, in which cholesterol accumulates in lysosomes
due to mutations in the lysosomal cholesterol transporters NPC1 or NPC2.% In order to determine whether
cholesterol accumulation induced by Aster-A inhibition was occurring in a specific organelle,
immunofluorescence was utilised to visualise components of the endolysosomal pathway. For initial
investigations Autogramin-2 was chosen owing to the greater magnitude of cholesterol accumulation
relative to Asterpyrin-1. U20S cells were treated with 10 uM Autogramin-2 for 24 hours and cells fixed
by PFA upon completion of treatment. Free cholesterol was stained using Filipin, nuclei counterstained
with DRAQ5, and early endosomes visualised with an anti-early endosome antigen 1 (EEAL) antibody
(Figure 4.11). In Autogramin-2 treated cells an increased amount of EEAL staining was observed relative
to the vehicle control, however co-localisation with the filipin staining was not observed. The increased
number of EEAL puncta was indicative of an upregulation of the endolysosomal pathway, therefore it was
investigated whether cholesterol was instead accumulating in lysosomes.
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Figure 4.11 Cholesterol accumulation arising from prolonged Aster-A inhibition is not occurring in early
endosomes. Immunofluorescence images of U20S cells treated with autogramin-2 (10 pM) or vehicle
(0.1% DMSO) for 24 hours. Early endosomes were visualised with an anti-EEAL antibody (green), nuclei
were stained with DRAQ5 (blue), and cholesterol stained with filipin (magenta). Scale bar = 10 um.

Samples were stained using an anti-lysosomal associated membrane protein 1 (LAMP1) antibody to
visualise whether cholesterol was accumulating in lysosomes, similarly to Niemann-Pick disease type C
(Figure 4.12). In vehicle treated cells the LAMPL staining was punctate in nature, reflecting a normal
distribution of lysosomes. Upon prolonged treatment with Autogramin-2, the size of the LAMP1 positive
structures was increased compared to the vehicle control, and also enveloped the filipin-stained cholesterol,
indicating that the cholesterol was accumulating in lysosomes.
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Figure 4.12 Prolonged Aster-A inhibition induces accumulation of cholesterol in lysosomes.
Immunofluorescence images of U20S cells treated with autogramin-2 (10 uM) or vehicle (0.1% DMSO)
for 24 hours. Lysosomes were visualised with an anti-LAMP1 antibody (green), nuclei were stained with
DRAQS5 (blue), and cholesterol stained with filipin (magenta). Scale bar = 10 um.

With confirmation that cholesterol was accumulating in lysosomes, lysosomes were assessed for markers
of membrane damage. Galectin-3 (Gal3) is a cytosolic carbohydrate-binding lectin that binds to p-
galactosides that can be used as a marker of lysosomal damage.'’> Upon lysosomal damage, B-galactosides
present in the glycocalyx of the lysosome become accessible and Gal3 is rapidly recruited to the site of
damage, after which it recruits endosomal sorting complexes require for transport (ESCRT) components
and induces autophagy for lysosomal repair and removal respectively.”® Visualising Gal3 using an anti-
Gal3 antibody (Figure 4.13) under vehicle treatment showed a faint and diffuse cytosolic distribution of
Gal3, consistent with the low expression of Gal3 in U20S cells.!”> Though Autogramin-2 treatment resulted
in a nuclear localisation of Gal3, no formation of Gal3 puncta nor co-localisation of with the filipin staining
was observed, indicating that cholesterol was not accumulating in damaged lysosomes.
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Figure 4.13 Cholesterol accumulation arising from prolonged Aster-A inhibition is not occurring in
damaged lysosomes. Immunofluorescence images of U20S cells treated with autogramin-2 (10 uM) or
vehicle (0.1% DMSO) for 24 hours. Galectin 3 was visualised with an anti-Gal3 antibody (green), nuclei
were stained with DRAQ5 (blue), and cholesterol stained with filipin (magenta). Scale bar = 10 um.

To better visualise the cholesterol accumulation induced by prolonged Aster-A inhibition, a Z-stack was
taken of a an individual U20S cell after treatment with Autogramin-2 (10 uM) for 24 hours and rendered
in 3D (Figure 4.14). From the reconstruction it was evident that the cholesterol accumulation (magenta)
was spherical in nature and enclosed in a LAMP1 positive structure (green), further supporting the
conclusion that cholesterol was accumulating in lysosomes.

Figure 4.14 3D rendering of lysosomal cholesterol accumulation in U20S cells treated with autogramin-2
(10 pM) for 24 hours. Left: Single plane of Z-stack image (scale bar = 10 pm). Middle + right: 3D
reconstruction of Z-stack image (scale bars = 3 um and 1 pm respectively). Lysosomes were visualised
with an anti-LAMP1 antibody (green), nuclei were stained with DRAQ5 (blue), and cholesterol stained
with filipin (magenta). 3D rendering was performed in Imaris.
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The accumulation of lysosomal cholesterol in cells derived from NPCL1 patients is associated with impaired
autophagy and decreased degradation of autophagosomes and accordingly, increased levels of LC3-11.174
This prompted the investigation on whether lysosomal cholesterol accumulation arising from Aster-A
inhibition also resulted in accumulation of LC3. U20S cells were treated with 10 uM Asterpyrin-1 for 24
hours and cells fixed by PFA upon completion of treatment. Free cholesterol was stained using Filipin, LC3
visualised with an anti-LC3 antibody, and lysosomes with an anti-LAMP1 antibody (Figure 4.14A). Under
vehicle treatment LC3 has a diffuse cytosolic distribution with few punctate structures, consistent with a
basal level of autophagy. Upon treatment with Asterpyrin-1, an increase in LC3 staining was observed,
with a mixture of larger puncta and ring-shaped structures present, localising to and enveloping the
filipin/LAMP1 positive structures (Figure 4.14B). This data indicates that LC3 is being recruited directly
to the lysosomal membrane, in response to the accumulation of lysosomal cholesterol.
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Figure 4.14 Prolonged inhibition of Aster-A by Asterpyrin-1 causes LC3 recruitment to cholesterol-laden
lysosomes. A) Immunofluorescence images of U20S cells treated with Asterpyrin-1 (10 uM) or vehicle
(0.1% DMSO) for 24 hours. LC3 and lysosomes were visualised with an anti-LC3 antibody (green) and
anti-LAMP1 antibody (blue) and cholesterol stained with filipin (magenta). Scale bar = 10 um B) Inset of
Asterpyrin-1 treated cells from panel A. Scale bar = 2 um.
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Levels of LC3-I1 were probed by western blot in HeLa Kyoto cells after treatment with either Autogramin-
2 or Asterpyrin-1 for 24 hours (Figure 4.15). Increases in LC3 were observed with both compound
treatments, directly supporting the immunofluorescence imaging. LC3 lipidation occured in a dose-
dependent manner for both compounds, with 5 uM of Autogramin-2 producing a maximal level of
lipidation, and higher concentrations resulting in either senescence (10 uM) or cell death (20 puM).
Asterpyrin-1 gave rise to the greatest level of LC3 lipidation at 20 UM with no significant cytotoxicity
observed. Additionally, levels of LC3-1l were analysed in a series of HeLa Kyoto KO cell lines deficient
for key autophagy components including FIP200, ATG7, and ATG16L (Figure 4.15). Canonical lipidation
of LC3 cannot occur in these KO cell lines, therefore increases in LC3-11 relative to vehicle controls would
indicate lipidation is occurring through non-canonical mechanisms. No increases in LC3 lipidation were
observed in any KO cell line, indicating that the observed increase in LC3 lipidation in the WT cells was
canonical in nature and occurring via the normal autophagy pathway.
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Figure 4.15 Changes in LC3 lipidation in HeLa Kyoto and HeLa Kyoto knockout cell lines arising from
Autogramin-2 (AG2) or Asterpyrin-1 (AP1) treatment for 24 hours. Top: Dose response of LC3 lipidation
induction in HeLa Kyoto WT. Bottom: LC3 levels in HeLa Kyoto cell lines treated with Autogramin-2
treated cells (5 uM) and Asterpyrin-1 (20 uM) for 24 hours.

4.7 Modulation of lipid droplets by Asterpyrin-1 and Astercin-2

As Astercin-2 treatment did not induce changes in free cholesterol staining, its effects on cholesterol esters
were investigated. Staining of neutral lipids was achieved using the dye HCS LipidTOX Red, chosen for
its simple staining protocol and higher specificity over dyes such as Oil Red O and Nile Red. U20S cells
were treated with Asterpyrin-1 and Astercin-2 at 10 uM for 24 hours, alongside Autogramin-2. After PFA
fixation, neutral lipids were stained with HCS LipidTOX Red, nuclei counterstained with Hoechst 33342,
and cells imaged by confocal microscopy (Figure 4.16). Neutral lipid staining revealed that under basal
conditions, U20S cells maintain a constant albeit low population of LDs, evidenced by the small number
of bright puncta. No increase in puncta was observed in cells treated with either Aster-A inhibitor, with
both samples having comparable numbers of LDs to vehicle treated cells. However, spherical voids in
neutral lipid staining were observed which would coincide with the observed accumulation of lysosomal
cholesterol. Treatment of cells with Astercin-2 resulted in significant accumulation of lipid droplets, with
a near uniform increase in the number of bright puncta across all cells in the sample.
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Figure 4.16 Lipid droplet staining in U20S cells following 24 hour compound treatment at 10 uM. Lipid
droplets/neutral lipids stained with HCS LipidTOX Red (grey) and nuclei stained with Hoechst 33342
(blue). Scale bar =10 um.

Consistent with what is known, LD populations were seen to be variable with a heterogeneous distribution
within the same sample.}’>’® To overcome this inherent variability, LD accumulation in Astercin-2 and
vehicle treated cells was quantified by analysing the LD content of 50 individual cells in biological
triplicate, using two different parameters of the cell-normalised area occupied by LDs and number of LDs
per cell. The difference in normalised LD area per cell and number of LDs counted per cell were both
significantly different between Astercin-2 and vehicle treated cells, with an almost four-fold and two-fold
increase respectively (Figure 4.17A). Astercin-2 was also able to induce LD formation in a dose-dependent
manner at concentrations as low as 1.3 UM, however for future experiments a concentration of 10 uM was
used owing to the largest induction of LD formation (Figure 4.17B).
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Figure 4.17. Quantification of lipid droplets in Astercin-2 treated U20S cells. A) Quantification of LD area
per cell and LD number per cell, data collected from 3 biological replicates, with each replicate analysing
lipid droplets from 50 individual cells. Statistical significance determined by a Student’s t-test. ***P <

0.0007, ****P < 0.0001 B) Violin plots of LD area per cell from a dose-response of Astercin-2 in U20S
cells.

Genetic knockout of Aster-C has been reported to result in accumulation of LDs in C2C12 cells under
amino acid starvation.’® In light of this finding, the accumulation of LDs in U20S cells during amino acid
starvation with Astercin-2 treatment was investigated. U20S cells were subjected to amino acid starvation
by incubation in EBSS at three different time points in the presence of Astercin-2 (10 uM) or vehicle, and
LDs stained with HCS LipidTOX as per prior experiments (Figure 4.18). Contradictory to the data reported
in C2C12 cells, nutrient starvation alone was able to induce an accumulation of large numbers of LDs at
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both 2 and 4 hour time points compared to fed cells cultured in complete media, independent of Astercin-2
treatment and consistent with the role of LDs as a buffer against lipotoxicity towards mitochondria.1%7?
Likewise, Astercin-2 treatment resulted in an increase accumulation of LDs above that of vehicle treated
cells under nutrient starvation. Prolonged starvation for 24 hours was sufficient to deplete LD stores in both
Astercin-2 and vehicle treated cells, as lipids were utilised by a form of selective autophagy known as
lipophagy.l® The discrepancies between data obtained from knockout of Aster-C and small molecule
inhibition highlights the functional consequence of loss of the whole protein, as well as the variable
populations of LDs across different cell lines. Additionally, the resolution of LD imaging in the original
publication was limited, and as such the accurate detection of small LDs potentially limited.

EBSS + Astercin-2 (4 h) EBSS + Vehicle (4 h)
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“L“M

0 2y PN b:o((@b

Vehicle Astercin-2

Figure 4.18 Lipid droplet staining in U20S cells following either vehicle or Astercin-2 treatment under
starved and fed conditions. Lipid droplets/neutral lipids stained with HCS LipidTOX Red (grey) and nuclei
stained with Hoechst 33342 (blue). Scale bars = 10 um. Violin plots of lipid droplet area per cell from one
biological replicate in which 50 individual cells were analysed per treatment.

In order to further probe the nature of the LD accumulation induced by Astercin-2 further experiments
blocking key enzymes involved in LD biogenesis were performed. The ACAT inhibitor ATR-101 was
chosen as a nanomolar inhibitor of both ACAT1 and ACAT?2, anticipating that co-treatment with Astercin-
2 would prevent LD accumulation if Astercin-2 treatment was causing an accumulation of ER cholesterol
and thus cholesterol ester rich LDs.*"® U20S cells were treated with ATR-101 (1 or 10 uM) and Astercin-
2 (10 puM) with ATR-101 (1 or 10 puM) for 24 hours, and lipid droplets stained with HCS LipidTOX (Figure
4.19). Treatment with ATR-101 alone gave minor decreases in the number of LDs compared to vehicle
treatment, demonstrating the minor role of cholesterol esters in LDs compared to triacylglycerols in non-
steroidogenic cell types.*® In the presence of ATR-101 (1 uM), Astercin-2 was unable to induce an
accumulation of LDs, further supporting that the LDs accumulating in response to Astercin-2 treatment are
enriched in cholesterol esters. When ATR-101 and Astercin-2 were used in combination at 10 uM,
excessive cytotoxicity was observed and cells could not be imaged. ATR-101 has been shown to be
cytotoxic in an adrenocortical carcinoma cell line when co-administered with exogenous cholesterol.*™ The
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observed toxicity in the 10 uM co-treatment could therefore be explained by Astercin-2 potentially causing
an accumulation of free cholesterol at the ER that cannot be esterified due to ACAT inhibition, thus
potentiating the cytotoxicity of ATR-101.
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Figure 4.19 Lipid droplet staining in U20S cells treated with ATR-101 (1 uM) and Astercin-2 (10 puM).
Lipid droplets/neutral lipids stained with HCS LipidTOX Red (grey) and nuclei stained with Hoechst 33342
(blue). Scale bar = 10 um. Violin plots of lipid droplet area per cell in U20S cells treated with ATR-
10/Astercin-2/vehicle. One biological replicate in which 50 individual cells were analysed per treatment.

In addition to studying the effect of ACAT inhibition on Astercin-2 induced LD accumulation, the effect
of inhibiting DGAT1 and 2 was investigated. The DGAT enzymes are responsible for the esterification of
fatty acids to produce triacylglycerols, thus DGAT inhibition should inhibit the formation of LDs. To fully
inhibit both DGAT enzymes, a combination of the DGAT1 inhibitor T863 (DGATI1) and DGAT2 inhibitor
PF-06424439 (DGATI2) were used.'”” U20S cells were treated with both DGAT inhibitors (10 uM) and
Astercin-2 (10 uM) for 24 hours, and lipid droplets stained with HCS LipidTOX (Figure 4.20). Treatment
with both DGAT inhibitors completely inhibited LD formation, consistent with the critical role of
triacylglycerols in LD structure, and consequently Astercin-2 was unable to cause accumulation of LDs
when DGAT1/2 were inhibited.

DGATi1 + DGATi2 DGATi1 + DGATi2 + Astercin-2 - Astercin-2 .. . Vehicle

Figure 4.20 Lipid droplet staining in U20S cells treated with DGAT inhibitors (10 uM each) and Astercin-
2 (10 puM) for 24 hours. Lipid droplets/neutral lipids stained with HCS LipidTOX Red (grey) and nuclei
stained with Hoechst 33342 (blue). Scale bar = 10 pm.

Aster-C has been suggested to facilitate the transport of cholesterol from mitochondria to the ER, therefore
it was decided to determine whether the LD accumulation caused by Astercin-2 treatment was associated
with the purported role of Aster-C in mitochondrial cholesterol transport.°? Initially, the localisation of
Aster-C with mitochondria and lysosomes in U20S cells was investigated under basal conditions by
immunofluorescence. U20S cells were transfected with the eGFP-Aster-C plasmid and a mCherry-ActA
plasmid to visualise Aster-C and the mitochondria, with the latter plasmid consisting of a mitochondria-
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targeting signal derived from the ActA protein of Listeria monocytogens.’® Signals from eGFP and
mCherry were amplified using anti-eGFP and anti-mCherry antibodies respectively, and lysosomes
visualised with an anti-LAMP1 (LAMP1) antibody (Figure 4.21). Under basal conditions, no clear
localisation of Aster-C to either organelle was observed, with Aster-C residing mainly where the ER would
be expected to occupy, mitochondria forming a filamentous network, and lysosomes appearing as puncta.

Aster-C/ActA/
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-

Figure 4.21 Localisation of Aster-C, mitochondria, and lysosomes in vehicle treated U20S cells.
Immunofluorescence images of U20S cells transfected with eGFP-Aster-C (green) and mCherry-ActA
(magenta, mitochondria), and lysosomes visualised with an anti-LAMP1 antibody (blue). eGFP and
mCherry signals were enhanced with anti-eGFP and anti-mCherry antibodies respectively. Scale bar = 2

pm.

The experiment was repeated in U20S cells treated with Astercin-2 (10 puM) for 24 hours to determine
whether Aster-C inhibition would result in any changes to subcellular localisation (Figure 4.22). No
significant changes in localisation were observed in response to compound treatment, though unfortunately
problems in sample preparation limited the number of fully transfected cells that could be imaged. Live cell
imaging could have offered a better method to investigate whether Aster-C localised with either
mitochondria or lysosomes, as dynamic interactions and formation of membrane-contact sites would be
more easily identified, however the low expression of the eGFP-Aster-C construct hindered this approach.

Figure 4.22 Localisation of Aster-C, mitochondria, and lysosomes in Astercin-2 treated U20S cells.
Immunofluorescence images of U20S treated with Astercin-2 (10 uM for 24 hours) and transfected with
eGFP-Aster-C (green) and mCherry-ActA (magenta, mitochondria), and lysosomes visualised with an anti-
LAMP1 antibody (blue). eGFP and mCherry signals were enhanced with anti-eGFP and anti-mCherry
antibodies respectively. Scale bar = 10 um.
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The combination of LD staining and immunofluorescence to investigate whether LDs were associated with
mitochondria also proved unsuccessful, with the mounting media significantly decreasing the LipidTOX
signal. Accordingly, alternative methods to visualise the localisation of mitochondria and LDs were
pursued. Mitochondria in live U20S were efficiently labelled using either CellLight™ Mitochondria-GFP
or MitoTracker Deep red, therefore fixation with PFA and LD staining with HCS LipidTOX was attempted
with both methods. Unfortunately, both approaches were observed to result in disruption of normal
mitochondrial morphology (Figure 4.23), with the mitochondria displaying spherical and globular
morphology rather than the expected filamentous distribution and smaller size (observed in IF imaging,
figures 4.21 and 4.22). The disruption of normal mitochondrial morphology could be explained by minor
differences in the fixation procedure between LipidTOX and immunofluorescence samples, or due to
LipidTOX itself, though further experiments would be required for verification. These problems could be
averted by use of live cell imaging using a live cell compatible LD dye such as BODIPY 493/503 or IF
visualisation of LDs.

Mito@mondriafiy

Figure 4.23 Co-staining of nuclei (Hoechst 33342, blue), mitochondria (CellLight™ Mitochondria-GFP,
green), and lipid droplets/neutral lipids (HCS LipidTOX red, magenta) in fixed U20S cells. Scale bar = 2

pm.
4.8 Discussion of Aster inhibitor biology

The biological characterisation of Asterpyrin-1 and Astercin-2 in cellular models revealed the induction of
two distinctly different phenotypes, arising from inhibition of two closely related proteins. Inhibition of
Aster-A by Asterpyrin-1 inhibited starvation-induced autophagy over short time periods, as per the known
Aster-A inhibitor Autogramin-2, with treatments over extended time periods causing an accumulation of
cholesterol in lysosomes as well as recruitment of LC3-11. Conversely, inhibition of Aster-C by Astercin-2
induced no changes in free cholesterol but instead resulted in a significant accumulation of cholesterol ester
rich lipid droplets with minor changes in levels of LC3-I1. Whilst little research into the effects of genetic
or small molecule manipulation of Aster-A or Aster-C has been performed specifically focussing on free
cholesterol and cholesterol esters, the findings from Asterpyrin-1 and Astercin-2 have been largely
consistent with what has been reported.

Inhibition of autophagy has been reported to induce accumulation of both free cholesterol as well as LDs
using both KO cell lines and small molecule autophagy inhibitors.1’#1® Similar phenotypes are also
observed in cells featuring NPC1 mutations, in which accumulation of cholesterol and lipids occur in late
endosomes and lysosomes along with large accumulations of LC3-ll due to impaired autophagic
degradation.™ Prolonged treatments with either Asterpyrin-1 or Autogramin-2 replicate the lysosomal
accumulation of cholesterol arising from NPC1 mutations and autophagy inhibition, however no associated
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accumulation of LDs was observed. Together, this suggests a function of Aster-A independent of its role in
regulating autophagosome biogenesis. As cholesterol is accumulating in lysosomes it would be logical to
investigate whether Aster-A also plays a role in lysosomal cholesterol trafficking. Aster-B has been reported
to play a key role in lysosomal cholesterol trafficking, interacting with NPC1 to tether ER-endosomal
membrane contact sites in a cholesterol-dependent manner, mediating transport of cholesterol from the
lysosome.*®2 Accordingly, knockdown of Aster-B also resulted in a minor increase in staining of free
cholesterol by filipin, albeit to a lesser extent than in NPC-depleted cells. A similar function could be
plausible for Aster-A, however this was not identified in the highlighted study. Chemical inhibition of
Aster-B produced no increase in filipin staining, supporting the identified scaffolding effect of Aster-B in
lysosomal cholesterol transport, suggesting that Aster-A might instead have a more direct role in lysosomal
cholesterol trafficking, though it should be noted that the Aster-B inhibitor used had known off-target
effects.!10182 Additionally, the elevated levels of LC3 lipidation arising from inhibition of Aster-A requires
further investigation to determine whether it corresponds to an induction of autophagy and how this is
occurring throughout prolonged autophagy inhibition.

Similar to the report that Aster-C KO resulted in LD accumulation during amino acid starvation due to
defective lipophagy, inhibition of Aster-C by Astercin-2 was able to induce an accumulation of LDs during
amino acid starvation, but this effect was also observed under fed conditions.’® These findings were
presented in the context that the effects were independent of the role of Aster-C in cholesterol trafficking,
indicating the inhibition of the cholesterol transport activity of Aster-C results in LD accumulation by a
separate mechanism. Inhibition of ACAT1/2 was sufficient to prevent to LD accumulation induced by
Astercin-2 treatment, suggesting that Aster-C inhibition is causing an accumulation of free cholesterol at
the ER. Attempts to further study the mechanism of this LD accumulation proved unsuccessful, but further
work would help elucidate whether Aster-C could be serving as an ER-LD tethering protein.®’

Whether Aster-C is responsible for transporting LD-derived cholesterol to an unknown organelle, or for
transporting cholesterol between the ER and another organelle remains unclear. Loss of the STP STARD1,
responsible for transporting cholesterol from the outer mitochondrial membrane to inner mitochondrial
membrane, produces a similar phenotype of accumulation of CEs in LDs.!8 Considered alongside data
suggesting Aster-C has a key role in cholesterol transport between mitochondria and the ER, preliminary
experiments were performed to study the localisation of Aster-C with mitochondria in the presence of
Astercin-2 treatment, however these proved unsuccessful due to several factors.* In spite of this, the
involvement of mitochondria in the observed LD accumulation remains the most promising route for future
investigation.
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Summary and conclusions

In order to address the poor availability of tool compounds targeting sterol transport proteins, a design
strategy to access a screening collection enriched in hits against sterol transport proteins was developed.
By fusing a primary steroidal scaffold to a series of heterocyclic scaffolds, 65 sterol-inspired compounds
were synthesised for use in screening against STPs. Screening the compound collection against the Aster
proteins as model STPs in DSF, FP, and FRET based assays gave a hit rate of 9% for the sterol-inspired
compounds. This resulted in the identification and validation of two new chemotypes of Aster-A inhibitors
in addition to the most potent and selective inhibitor of Aster-C to date, (-)-Astercin-1. Subsequent SAR
studies around the Astercin series yielded the optimised analogue Astercin-2, demonstrating improved
potency against Aster-C and an improved window of selectivity over both Aster-A and Aster-B. The
individual enantiomers of the pyrazolopyrimidine-fused chemotype of Aster-A inhibitors were synthesised,
from which the potent Aster-A inhibitor Asterpyrin-1 was identified.

Finally, the suitability of Asterpyrin-1 and Astercin-2 as potential tool compounds to study Aster-related
biology was studied. Both compounds were utilised to investigate their effects on the levels and localisation
of free cholesterol and cholesterol esters, as well as their ability to modulate autophagy and levels LC3
lipidation. In doing so, two distinct but opposing phenotypes were observed to arise from the selective
inhibition of Aster-A and Aster-C. Inhibition of Aster-A by Asterpyrin-1 produced significant accumulation
of cholesterol in lysosomes and direct recruitment of LC3 to the lysosomal membrane. On the other hand,
Aster-C inhibition by Astercin-2 resulted in a large accumulation of LDs enriched in esterified cholesterol
(Figure 5).
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Figure 5 Identification of Aster-A and Aster-C selective inhibitors, Asterpyrin-1 and Astercin-2, by fusion
of a primary sterol-inspired scaffold to secondary heterocyclic scaffolds and their main cellular phenotypes.
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Future work

The success of the sterol-inspired compound collection in affording new inhibitors of Aster-A and Aster-
C, in addition to demonstrating the use of these compounds in cellular contexts to assist in elucidating Aster
related biology, warrants the expansion of this technique by incorporating other steroidal primary fragments
for fusion to both heterocyclic and spirocyclic secondary fragments. Accordingly, work in the group has
begun on synthesising sterol-inspired compounds featuring testosterone, estrogen, and bile acid inspired
steroidal primary fragments (Figure 6A). Additionally, sterol building blocks featuring additional oxidation
could be synthesised and incorporated into the compound collections or analogues functionalised at a late
stage, representing a subset of oxysterol-inspired compounds (Figure 6B). SAR of Astercin-1 revealed a
possible attachment site for linkers which could allow for the development of bifunctional degraders of
Aster-C. Preliminary work has commenced, aiming to synthesise proteolysis targeting chimeras
(PROTACS) of Astercin-1 which would allow for the side-by-side comparison of Aster-C inhibition and
degradation in biological studies (Figure 6C)
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Figure 6 Future synthetic work related to the sterol-inspired compound collection. A) Sterol inspired
compounds derived from testosterone, estrogen, and bile acid inspired fragments synthesised in the Laraia
lab. B) Oxysterol-inspired primary steroidal fragments and oxidised analogues accessed by late-stage
functionalisation. C) Representative structure of an (-)-Astercin-1 derived PROTAC synthesised in the
Laraia lab.
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Work in the lab has also begun on expressing, purifying, and assay development for a number of other STPs
from the ORP and STARD families. Screening of the sterol-inspired compound collection against these
proteins will occur in due course, with the anticipation that selective inhibitors can be identified, particularly
against STPs with no currently known ligands. This will additionally allow a more complete picture of
inter-family STP selectivity to be determined for reported STP inhibitors and further gauge their suitability
as tool compounds. In addition to the remaining non-vesicular STPs, it would also be of interest to develop
assays screening against NPC1 and NPC2 given the known association of vesicular and non-vesicular sterol
trafficking. The implementation of additional assays directly focussing on cholesterol localisation, such as
an assay utilising filipin staining, would also assist in identifying both steroidal and non-steroidal hits
capable of modulating cholesterol homeostasis.

Further experiments involving Asterpyrin-1 and Astercin-2 after investigation of their wider STP selectivity
would be of great interest. Assessing lysosomal proteolytic degradation in the presence of both compounds
would immediately assist in elucidating whether the observed cholesterol/cholesterol ester accumulations
are occurring due to impaired lysosomal function. This could be monitored using assays such as the DQ-
red-BSA assay which utilises a fluorescent bovine serum albumin (BSA) construct that will only fluoresce
when hydrolysed by proteolytic enzymes.1® Determining whether either compound directly interferes with
SREBP processing, and therefore cholesterol homeostasis, would be paramount and could be achieved
through western blotting to detect SREBP2 cleavage or through a specific reporter-gene assay. Investigating
mitochondrial function in the presence of Astercin-2 would further support its role in transporting
cholesterol between the ER and mitochondria. Mitochondrial oxygen consumption can be monitored using
a Seahorse analyser, and implementing an experiment in Astercin-2 treated cells would be simple to
perform. Though not presented in this thesis, preliminary experiments into cell viability of Astercin-2
treated cells utilising the alamarBlue assay has been performed. These experiments suggested that Astercin-
2 was interfering with the reduction of the resazurin-based dye, further supporting a role of Aster-C in
correct mitochondrial function and supporting continued research in this area.
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Experimentals

Biology Procedures
Differential scanning fluorimetry

Differential scanning fluorimetry experiments were performed in a buffer composed of 20 mM
HEPES pH 7.5, 300 mM NaCl, and 2 mM DTT in Milli-Q water.

Aster-A, Aster-B and Aster-C ASTER domains were incubated (protein concentration of 0.5
mg/mL) for 30 minutes at room temperature in in the presence of compounds to be tested (50 uM
concentration). Subsequently, SYPRO orange (Thermo Fisher) was added for a final
concentration of 5x SYPRO orange and the solutions were transferred to a 384-well plate
(LightCycler® 480 Multiwell Plate 384, white) with a final volume of 10 pL. The fluorescence
intensity was measured in a Roche LightCycler 480 Il with an initial incubation at 25 °C for 5
minutes followed by acquisition steps of 0.2 °C up to 95 °C, incubating for 5 seconds at each step.
Melting temperatures were calculated with the Roche TSA analysis program.

Fluorescence polarisation

Fluorescence polarization experiments were performed at room temperature in a buffer
composed of 20 mM HEPES pH 7.5, 300 mM Nacl, 0.01% (vol/vol) Tween-20, 0.5% glycerol and
2 mM DTT in a final volume of 30 pl in black, flat-bottom, non-binding 384-well plates (Corning).
For competition experiments, 20 nM 22-NBD-cholesterol was mixed with 1 uM of Aster-A, -B or
0.5 uM Aster-C ASTER domains and incubated with desired concentrations of screening
compounds for 20 minutes. The fluorescence polarization signal was measured using a Spark
Cyto multimode microplate reader (Tecan) with filters set at 460 + 10 nm for excitation and at 535
+ 10 nm for emission. The data was analysed using GraphPad Prism 9.4.1. Measured mP values
were normalized setting 100% inhibition as the averaged FP signal from the protein + fluorophore
control well and 0% as the averaged FP signal from the fluorophore control well. Curves were
fitted to the normalized data via non-linear regression to allow the determination of ICs, values.

Vesicle preparation for sterol transfer assay

Stock solutions were prepared of the required lipids. A stock solution of DOPC in chloroform (10
mg mL?) was prepared from a 25 mg mL™? solution (Avanti Polar Lipids, #850375C). Stock
solutions of 23-(dipyrrometheneboron difluoride)-24-norcholesterol (TopFluor cholesterol, Avanti
Polar Lipids, #810255) and N-(lissamine rhodamine B sulfonyl)-1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (ammonium salt) (N-Rh-DHPE, Invitrogen, #L1392) were prepared in
methanol to a final concentration of 100 uM. Stock solutions were mixed in a molar ratio of
99:0.5:0.5 of DOPC:TF-Chol:Rh-DHPE for the donor vesicles or DOPC alone for the acceptor
vesicles, to a final volume of 1 mL. Evaporation of the solvent under a stream of nitrogen, followed
by drying under vacuum overnight afforded the dried lipid films. The lipid films were hydrated in a
buffer of 20 mM Hepes pH 7.5, 300 mM NaCl, and 2 mM DTT to a final concentration of 60 uM.
Solutions of the lipid films were vortexed extensively until full hydration was observed and
sonicated for 5 minutes in a 40 °C water bath, followed by five freeze-thaw cycles (- 196 °C - 40
°C). Homogenous unilamellar vesicles were obtained by extrusion 21 times through a
polycarbonate membrane (0.1 pm pore size, Avanti Polar Lipids) at 40 °C. Solutions were kept
on ice and used on the same day as preparation.
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Microplate-based cholesterol transfer assay

In a non-binding clear-bottom 96-well plate (Greiner Bio-one, cat# 655906), wells were prepared
as follows.

For compound-containing wells, the compound and desired ASTER domain were incubated at
room temperature for 30 minutes at an intermediate concentration twice that of the desired assay
concentration (i.e. 20 pM compound and 2.0 uM protein). After incubation, acceptor liposomes
were added and the well contents mixed via pipette. Subsequently, an equal volume of donor
liposomes were added (final concentration of 16 pM donor and acceptor liposomes) and the well
contents mixed rapidly via pipette before measuring the FRET signal of the well. Control wells
included: acceptor liposomes alone, donor liposomes alone, donor + acceptor liposomes, donor
+ acceptor liposomes + protein + vehicle.

Fluorescence intensity measurements were performed in a Tecan Spark Cyto plate reader at 25
°C, measuring from the bottom at 10 second intervals over a period of 10 minutes. The excitation
filter was set at 488 + 20 nm and the emission filter set at 590 + 20 nm. Data was normalized to
lo of the donor + acceptor control and plotted in GraphPad Prism 5.

Cell culture and transfection

U20S cells and HelLa Kyoto cells were cultured in DMEM (Sigma) supplemented with 10% v/v
FBS, 1% non-essential amino acids, and 1% penicillin streptomycin at a temperature of 37 °C
and 5% CO.,. Transfection of DNA constructs was performed using X-tremeGENE HP DNA
transfection reagent according to manufacturer’s instructions. In short: DNA and the transfection
reagent were mixed in the desired ratio in Opti-MEM, incubated at room temperature for 15
minutes, then added to cells and incubated at 37 °C and 5% CO- for approx. 18 hours. Transient
transfection with CellLight Mitochondria-GFP, BacMam 2.0 was performed according to
manufacturer’s instructions, using 20 particles per cell.

Small molecule inhibitors

Small molecule tool compounds were either purchased from commercial suppliers or synthesised
when possible. Autogramin-2 and Al-11 were synthesised according to literature procedures.%110
ATR-101 was purchased from Axon Medchem (cat. no. 2960), PF-06424439 was purchased from
MedChemExpress (cat. no. HY-108341A), T863 was purchased from MedChemExpress (cat. no.
HY-31119), U18666A was purchased from Cayman Chemicals (cat. no. 10009085)

Antibodies

Mouse anti-B-actin: WB — 1:10,000 (Sigma, A2228)

Rabbit anti-LC3B: WB — 1:1000 (Cell Signalling Technology, #2775)
Rabbit anti-Aster-C: WB — 1:1000 (Novus Biologicals, NBP1-90559)

Goat anti-Rabbit IgG (H+L), HRP: WB — 1:10,000 (Thermo Fisher, 31460)
Goat anti-Mouse 1gG (H+L), HRP: WB — 1:10,000 (Thermo Fisher, 31430)
Mouse anti-LAMP1: IF — 1:100 (Cell Signalling Technology, #15665)
Rabbit anti-GAL3: IF — 1:200 (Cell Signalling Technology, #87985)
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Rabbit anti-EEAL: IF — 1:50 (Cell Signalling Technology, #87985)

Rabbit anti-LC3: IF — 1:50 (MBL, PM036)

Rabbit anti-mCherry: IF — 1:200 (Thermo Fisher, PA5-34974)

Chicken anti-GFP: IF — 1:500 (Thermo Fisher, A10262)

Goat anti-Rabbit IgG (H+L), CY3: IF — 1:200 (Jackson ImmunoResearch, 111-165-003)
Goat anti-Mouse 1gG (H+L), Alexa Fluor 568: IF — 1:200 (Thermo Fisher, A-11004)
Goat anti-Chicken IgY (H+L), Alexa Fluor 488: IF — 1:200 (Thermo Fisher, A-11039)
Goat anti-Mouse 1gG (H+L), Alexa Fluor 647: IF — 1:200 (Thermo Fisher, A21235)
Immunoblotting

U20S or HelLa cells were seeded into 6-well plates at a density 200,000 cells in 2 mL of complete
media and the plates incubated at 37 °C and 5% CO; overnight. The following day, media was
aspirated and replaced by media (complete media for fed conditions, EBSS for starvation
conditions) containing the desired compounds and left for the desired treatment time. Cells were
lysed with ice-cold lysis buffer (20 mM Tris-HCI pH 8, 300 mM KCI, 10% glycerol, 0.25% Nonidet
P-40, 0.5 mM EDTA, 1 mM PMSF and 1x cOmplete protease inhibitor (Roche)) and passed
through a needle 6 times, and cleared by centrifugation. Lysate protein concentration was
determined using Bio-Rad Protein Reagent (Bio-Rad) and normalised. Samples were mixed with
4X sample buffer (containing 2-mercaptoethanol) and heated at 95 °C for 10 minutes. Proteins
were separated by SDS-PAGE on a polyacrylamide gel (4% stacking gel, 15% resolving gel),
running at 100 V until proteins had entered the resolving gel and then at 120 V until completion.
Proteins were transferred to a 0.2 um nitrocellulose membrane using the Trans-Blot Turbo
transfer system (Bio-Rad) at 2.5 A/25 V for 7 minutes, transfer efficiency checked via ponceau
staining, and membranes blocked with 5% milk in TBST. Membranes were washed with TBST (3
x 5 minutes) and then incubated with solutions of primary antibody in 5% BSA at 4 °C overnight
or at room temperature for 1 hour (B-actin). After washing with TBST (3 x 5 minutes), membranes
were incubated with the secondary antibody in 5% milk in TBST for 1 hour at room temperature,
after which membranes were visualised using chemiluminescence and imaged on a ChemiDoc
MP imaging system.

Fluorescence microscopy

Immunofluorescence imaging was performed on a Leica SP8 FALCON inverted confocal
system (Leica Microsystems) equipped with a HC PL APO 63x/1.40 oil immersion lens and a
temperature-controlled hood maintained at 37 °C and 5% CO:.. Filipin/Hoechst were excited
using a 405 nm Diode laser, and eGFP/Alexa488, mCherry/Alexa568/Cy3/LipidTOX, and
Alexa647/DRAQS5 fluorescence were excited using a tuned white light laser. Scanning was
performed in line-by-line sequential mode.
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Filipin Staining
Note: filipin staining were performed in the dark, protecting samples from light throughout
experiments

8-well chamber slides were seeded with 2 x 10* U20S cells and incubated at 37 °C and 5%
CO; overnight. The following day, cells were incubated with the compounds or vehicle (0.1%
DMSO) for the indicated time. Cells were fixed using 3% PFA in PBS for 30 minutes at room
temperature, and then washed three times with PBS containing 1.5 mg/mL glycine. Cells were
stained with filipin (0.05 mg/mL filipin in PBS + 10% FBS) for 30 minutes at 37 °C and then 90
minutes at room temperature. The cells were then washed three times with PBS for 5 minutes
each, with the second wash containing DRAQ5 (1 uM from 5 mM stock) to stain the nuclei.

LipidTOX staining

8-well chamber slides were seeded with 1 x 10* U20S cells and incubated at 37 °C and 5% CO
overnight. The following day, cells were incubated with the compounds or vehicle (DMSO) for
24 hours. Cells were fixed using 3% PFA in PBS for 20 minutes at room temperature, and then
washed three times with PBS containing 1.5 mg/mL glycine. Cells were stained with LipidTOX
neutral red (1:1000 dilution in PBS) for 30 minutes at room temperature. The cells were then
washed three times with PBS for 5 minutes each, with the second wash containing Hoechst
33342 (1:2000 dilution) to stain the nuclei.

For each treatment condition, five images were taken per well allowing 50 cells to be selected
and used for quantification of lipid droplets in ImageJ Fiji.

Immunofluorescence in combination with filipin staining:

U20S cells were grown on glass coverslips in six-well plates, seeding 2 x 10° cells in 1.5 mL of
media and incubated at 37 °C and 5% CO; overnight. The following day, any wells requiring
transfection were transfected as per the outlined procedure (if transfection was not required, this
step was skipped), and treated with the desired compound or vehicle the day after. Upon
completion of compound treatments, cells were fixed with 3% PFA in PBS for 30 minutes at
room temperature, and washed three times with PBS containing 1.5 mg/mL glycine. Cells were
stained with filipin (0.05 mg/mL in PBS + 10% FBS) for 30 minutes at 37 °C, and then incubated
with solutions of primary antibodies in the filipin solution for 2 hours at room temperature. The
coverslips were washed three times with PBS before incubating with solutions of the fluorescent
secondary antibodies for 30 minutes at room temperature. The coverslips were washed three
times with PBS before mounting onto glass slides.

Immunofluorescence without filipin staining:

U20S cells were grown on glass coverslips in six-well plates, seeding 2 x 10° cells in 1.5 mL of
media and incubated at 37 °C and 5% CO. overnight. The following morning, any wells requiring
transfection were transfected as per the outlined procedure (if transfection was not required, this
step was skipped), and treated with the desired compound or vehicle either the same evening or
the following day. Upon completion of compound treatments, cells were fixed with 4% PFA in
PBS for 10 minutes, and washed three times with PBS containing 1.5 mg/mL glycine. Cells
were permeabilised with 0.25% TX-100 in PBS for 5 minutes at room temperature, then washed
three times with PBS for 5 minutes each. Cells were blocked by incubation in 5% donkey serum
in PBS for 30 minutes at room temperature, and incubated with solutions of primary antibodies
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in blocking buffer for 1 hour at room temperature. The coverslips were washed three times with
PBS before incubation with solutions of the fluorescent secondary antibodies for 30 minutes at
room temperature. The coverslips were washed three times with PBS before mounting onto
glass slides.
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Chemical modelling in Maestro

Modelling of the Astercin ester 3.27 and generation of the “major” and “minor” conformations was
performed in the software Maestro. Ester 3.27 was drawn in 2D with set stereochemistry and 50
conformations were generated from the “Macromodel” programme by the “Conformational
Search” application.

Cheminformatics library analysis

Cheminformatic analysis was performed on the 65-member sterol-inspired compound library in
addition to a curated selection of steroids. Principle moment of inertia (PMI) analysis of compound
libraries was performed using the open-access Lead Likeness and Molecular Analysis (LLAMA)?
web tool. PMI I1 and 12 coordinates calculated with LLAMA were used to generate PMI plots for
the sterol-inspired, steroid, and natural product libraries, by plotting as a triangular graph using
GraphPad Prism.

Natural product-likeness scores, as described by Ertl et al®, were calculated for the sterol-inspired,
steroid, natural product, and drug libraries using the Natural-Product-Likeness scoring system
standalone java package.® NP-likeness scores were extracted from the output .sdf files, binned
into groups of 0.25 between -3 and +3, expressed as a percentage of total compounds, and
plotted in Microsoft Excel.

SMILES of compounds were generated with Canvas (2018-2, Schrodinger).

Natural product library: The natural product compound library used for calculation of NP-likeness
scores consisted of the National Cancer Institute “Natural Products Set V” compounds
(https:/iwiki.nci.nih.gov/display/NCIDTPdata/Compound+Sets, accessed February 2021). For
PMI analysis, a random selection of 20% of the compound set was performed using Canvas and
exported as a separate .sdf file for use.

Steroid library: The steroid library used for calculation of NP-likeness scores consisted of
compounds classified as “steroids” in the PubChem database®. Before use in analysis, the 5927
compounds were subjected to quality control, which included removing duplicate entries, invalid
SMILES strings, and non-steroidal compounds, resulting in a final collection of 4944 compounds.

Approved-drug library: The library of approved drugs used for calculation of NP-likeness scores
was obtained from the DrugBank database.®

Curated steroid library: For PMI analysis a smaller curated library of 46 representative steroidal
compounds was created. This library encompasses a selection of endogenous mammalian, plant,
marine, and fungal steroids in addition to a number of synthetic steroidal drugs. Compounds were
randomly chosen from the KEGG PATHWAY Database’, the modified PubChem steroid
collection, and DrugBank.
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SMILES and NP-likeness scores of sterol-inspired compounds

Entry SMILES NP-likeness
score

1 ClC[C@H](O)C[C@@H]([C@]12C)CCc3c2[nH]c4c3ccecc4d 0.8088
2 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2[nH]c4c3cc(ccd)OC 0.8176
3 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2[nH]c4c3ccccaF 0.4735
4 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2[nH]c4c3cc(Br)ccd 0.7709
5 ClC[C@H](O)C[C@@H]([C@]12C)CCc3c2[nH]c4c3cc(F)ccs 0.4708
6 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2[nH]c4c3c(Cl)cc(Cl)ca 0.4555
7 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2[nH]c4c3cc(Cl)ccs 0.6158
8 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2[nH]c4c3cc(Br)cnd 0.5252
9 ClC[C@H](O)C[C@@H]([C@]12C)CCc3c2[nH]c4c3ccen4 0.497

10 Ci1C[C@H](O)C[C@@H]([C@]12C)CCc3c2[nH]c4c3ccc(n4)Cl 0.3657
11 0=C(C)0O[C@@H](CC1)C[C@@H]([C@]12C)CCCC(=0)N2 0.9949
12 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2ncac(c3)ceccsd 0.6512
13 Ci1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(c3)cc(Clccs 0.4749
14 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(c3)cc(OC)c(c4)OC 0.7029
15 ClC[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(c3)ccc(Chca 0.4736
16 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc4c(c3)c(Clicecs 0.4379
17 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2ncac(c3C)cc(Cl)ccd 0.4703
18 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc4c(ce(Clccd)c3-c5ecece5F 0.0749
19 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(c3)ccc(F)cd 0.3457
20 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc4c(cc(Cl)ced)c3-c5ececes 0.3304
21 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc4c(ceccd)c3-c5ceeecs 0.4605
22 Cl1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(c3)ccc(c4)0C 0.6595
23 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2ncdc(ceced)c3-c5cec(F)ees 0.2154
24 C1C[C@H](0)C[C@@H](C@]12C)CCc3c2nc4c(c3)ce(F)ccd 0.3369
25 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(c3C)cceccd 0.6379
26 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(ceccd)c3-c5ecc(Cl)ces 0.3078
27 Ci1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4c(c3)cc(Briccd 0.6226
28 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2ncac(cc([N+](=0)[O-])ccd)c3- 0.3095

c5ccccc5F

29 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4n3nc(s4)-c5cec(cc5)OC 0.0139
30 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc4n3nc(s4)SC 0.2231
31 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc(s3)N 0.412

32 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc(s3)-c4ccc(Cl)ccs -0.1615
33 ClC[C@H](O)C[C@@H]([C@]12C)CCc3c2nc(s3)-c4ccc(ccd)OC 0.0628
34 CI1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc(s3)-c4cenccd -0.0724
35 Ci1C[C@H]|(O)C[C@@H]([C@]12C)CCc3c2nc4c(n3)ceccd 0.4711
36 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc([nH]c3=0)-c4cceccd 0.1567
37 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc([nH]c3=0)-c4ccc(cc4)OC 0.1976
38 ClC[C@H](O)C[C@@H]([C@]12C)CCc3c2nc([nH]c3=0)-c4ccc(Clccd -0.0024
39 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc([nH]c3=0)-c4ccnecd 0.0859
40 Cl1C[C@H](O)C[C@@H]([C@]12C)CCc3c2n(nc3)-c4cceccd -0.1583
41 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2n(nc3)-c4cc(C)ec(c4)C -0.2397
42 ClC[C@H](O)C[C@@H]([C@]12C)CCc3c2n(nc3)-c4ccc(ccd)O0C -0.0864
43 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2n(nc3)-c4cce(Cl)ccs -0.3175
44 CIC[C@H](O)C[C@@H]([C@]12C)CCc3c2n(nc3)-c4c(F)ceccd -0.3265
45 Cl1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nn(c3)-c4cceccd -0.1248
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46 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nn(c3)-c4cc(C)cc(c4)C -0.2092
47 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nn(c3)-c4ccc(ccd)OC -0.0558
48 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2[nH]nc3 0.3048
49 CiC[C@H](O)C[C@@H]([C@]12C)CCc3c20nc3 0.6839
50 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2n4c(nc3)ccnd 0.1007
51 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4n(c3)nccd 0.095

52 CiC[C@H](O)C[C@@H]([C@]12C)CCc3c2n4c(nc3)cc(n4)C(C)C 0.0145
53 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2nc4n(c3)nc(c4)C(C)C 0.0096
54 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2n4c(nc3)cc(nd)-c5ccecces -0.1477
55 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2ncan(c3)nc(cd)-c5eceees -0.152
56 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2n4c(nc3)cc(n4)-c5cec(Cl)eech -0.2828
57 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc4n(c3)nc(cd)-c5cec(Cl)ces -0.287
58 C1C[C@H](O)C[C@@H]([C@]12C)CCc3c2n4c(nc3)cc(nd)-c5ece(ce5)0C -0.0872
59 C1C[C@H](0)C[C@@H]([C@]12C)CCc3c2nc4n(c3)nc(c4)-c5ece(cc5)0C -0.0912
60 C1C[C@H](O)C[C@H](CC2)[C@@]1(C)[C@]23c4c(NC3=0)ccccd 0.7825
61 C1C[C@H](O)CI[C@H](CC2)[C@@]1(C)[C@]23c4c(NC3=0)ccc(Brics 0.7696
62 C1C[C@H](O)C[C@H](CC2)[C@@]1(C)[C@]23c4c(NC3=0)ccc(F)c4 0.481

63 C1C[C@H](O)C[C@H](CCC2)[C@@]1(C)C23Nc4c(C(=0)N3)ccecsd 0.4053
64 C1C[C@H](O)C[C@H](CCC2)[C@@]1(C)C23Nc4c(C(=0)N3)cce(F)c4 0.1508
65 C1C[C@H](O)C[C@H](CCC2)[C@@]1(C)C23Nc4c(C(=0)N3)cc(Br)ccd 0.4099
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SMILES of curated steroid library

Name SMILES Origin
Lanosterol ggg(gv[g]é)c]gEEC(C)C)[C@ H]1CC[C@]2(C)C1CCC3=C2CC[C@HIC(O)(C)C@R@HI | 4 man
O[C@H]4CC[C@@]3(/C2=C(/[C@@H]1CC[C@H]([C@H](C)CC\C=C(/C)C)[C@@]1(
Zymosterol C)CC2)CCIC@HI3CA)C Human
5a-Cholesta-7,24- | C[C@H](CCC=C(C)C)[C@H]1CC[C@@H]2[C@@]1(CCC3C2=CC[C@@H]4[C@@] Human
dien-3b-ol 3(CC[C@@H](C4)0)C)C
C[C@H](CCC=C(C)C)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CC=C4[C@
Desmosterol @]3(CC[C@@H](C4)0)C)C Human
C[C@H](CCCC(C)C)[C@H]1CC[C@@H]2[C@@]1(CC[C@HI3[C@H]2CC=C4[C@@
Cholesterol 13(CCIC@@H](C4)0)C)C Human
22(S)- C[C@@H]([C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CC=C4[C@@]3(CC[C Human
Hydroxycholesterol @@H](C4)0)C)C)[C@H](CCC(C)C)O
20a, 22R- CC(C)CCIC@HI(C@@](C)(C@HILCCIC@@HI2[C@@]L(CCIC@HB[C@HI2cC=C |
Dihydroxycholesterol | 4[C@@]3(CC[C@@H](C4)0)C)C)0)O uman
20a- CC(C)CCCCR](C)([C@H]ICCIC@QR@H2[C@Q@]L(CC[C@HB[C@H]2CC=CA[C@@] | |4 man
hydroxycholesterol 3(CC[C@@H](C4)0)C)C)O
17a,20a- CC(C)CCCIC@](C)([C@]L(CCCZ[C@R@]L(CCCI[C@H]2CC=CA[C@Q@]3(CC[C@@H | | 11an
dihydroxycholesterol | ](C4)0)C)C)O)O
Pregnenolone E]C(&?())[)CC%%CHHCC[C@@H]Z[C@ @]1(CC[C@HI3[C@HI2CC=C4[C@@I3(CCIC@@ | | man
Corticosterone LCL:C[:C(::@O])lgg)CCC):(O:O)C=C1CC[C@@H]3[C@@H]2[C@H](C[C@]4([C@H]3CC[C@@H] Human
Aldosterone %C(:@ib)])lgg)cci((;%c:mcc[c@@H]3[C@@H]2[C@H](C[c@]4([C@H]3CC[C@@H] Human
Pregnanediol %f@%f?cj)ggg])gc[c@@HIZ[C@@]1<CC[C@HJS[C@H12CC[C@H]4[C@@]s(cc Human
Cortisone E:Z[g)@c]é)zg)céC(:O)c:c1cc:[C@@H]3[C@@H]zc(:O)C[C@]4([C@H]3CC[C@@]4(C Human
Testosterone C[C@]12CC[C@H]3[C@H]([C@ @H]1CC[C@@H]20)CCC4=CC(=0)CC[C@]34C Human
Estri C[C@]12CC[C@H]3[C@H]([C@ @H]1C[C@H]([C@@H]20)0)CCC4=C3C=CC(=C4)
striol o Human
Estrone C[C@]12CC[C@H]3[C@H]([C@@H]1CCC2=0)CCC4=C3C=CC(=C4)0 Human
3-Oxocholest-4-en- | C[C@H](CCCC(C)C(=0)OC)[C@H]LCCIC@@H|2[C@@]1(CCIC@HIB[C@H|2cCC4 |\, -
26-oic acid =CC(=0)CC[C@]34C)C
e C[C@H](CCC(=0)0)[C@H]1CC[C@@H]2[C@@]1([C@H](C[C@H]3[C@H]2[C@@H
cholcadd | ICIC@HMIC@@I3(CCIC@HICA0CI00)C uman
7a-Hydroxy-4- 0O=C4\C=C2/[C@]([C@H]1CC[C@]3([C@H]([C@@H]1[C@H](O)C2)CC[C@@H]3[C Human
cholesten-3-one | @H](C)CCCC(C)C)C)(C)CC4 uma
7a-hydroxy-3-oxo-4- | C[C@H](CCCC(C)C(=0)0)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2[C@@ H
cholestenoic acid | H](CC4=CC(=0)CC[C@]34C)0)C uman
Progesterone g)cc(=0)[0@ H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CCC4=CC(=0)CC[C@]34 Human
Estradiol C[C@]12CC[C@H]3[C@H]([C@@H]1CC[C@@H]20)CCC4=C3C=CC(=C4)0 Human
C[C@H](CCC[C@@H](C)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CC=C4]
27-hydroxycholesterol C@@]3(CC[C@@H](C4)0)C)C)CO Human
25-hydroxycholesterol %Cé%?c]:(g[%%%@c&%%‘%)g):gg]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CC:C4[C Human
C[C@H](CCCC(C)C)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2C(=0)C=C4[C
7-Ketocholesterol @@]3(CC[C@@H](C4)0)C)C Human
Pentalinonsterol g(é)(]:aczcé%gC)[C@H]mC[C@@H]z[c@ @]1(CC[C@H]3[C@H]2CCC4=CC(=0)CC] Plant
CCO[C@@H]1C=C2[C@@H]3CC[C@@H]([C@]3(CC[C@@H]2[C@@J4([C@@]1(C
FomentarolC | [c@HI(CC4)0)0)C)C)[C@HI(C)/C=CIC@HI(C)C(C)C Fungal
(2B,3B,5B,9¢,20E)- | C/C(=C\CCC(C)(C)O)/[C@H]1CC[C@R@]2([C@@]1(CCC3C2=CC(=0)[C@HM4[C@@
2,3,14,25- 13(C[C@@H]([C@@H](C4)0)0)C)C)O Plant

Tetrahydroxycholesta
-7,20(22)-dien-6-on
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CC(C)C(C)CIC@HI(C@@](C)([C@HILIC@HI(CIC@@]2([C@@]L(CCIC@H]3C2=C

PObPOrOidC | cz0)[C@HIIC@@I(CIC@@HI(C@@HI(CA0)0)CICI0)0)0)0 o Fungal
. C[C@H](CCCC(C)C)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CC[C@@H]4
Dihydrocholesterol C@@]3(CC[C@@H](C4)0)C)C Human
. C[C@H](CC(=0)CC(C)C(=0)0)[C@H]1CC(=0)[C@@]2([C@@]1(CC(=0)C3=C2[C
Ganodenca?d® | @HI(CIC@@HUIC@@IE(CCIC@@HICACICIO)CI0)CIC Funga
dic acid CIC@HIL[C@@HI2CCIC@I3(C@HI(C@]2(CCIC@HII0)C)[C@@HI(CICR@HMIC |
Fusidic aci @@]3(C[C@@H](/C4=C(/CCC=C(C)C)\C(=0)0)OC(=0)C)C)0)C
) C[C@H](CC(/C=C(\C)/IC(=0)OC)0)[C@@]1(CC=C2[C@@]1(CCC3=C2CC[C@@H]4
Garcihombronane C [C@@]3(CCIC@H](CA(C)C)O)C)C)C Plant
osgent CIC@@H]ICCIC@ER(C@HI(C@HBIC@@HI(02)CIC@@HIIC@@I(CCIC@H] | .
Diosgenin 5[C@H]4CC=C6[C@ @]5(CC[C@@H](C6)0)C)C)C)OC1
E-Guggulsterone Sé\%l)f[oc@@]2(["'])[C@]3([H])CCC4:CC(CC[C@]4(C)[C@@]3([H])CC[C@]2(C)/C1 Plant
C[C@H]1[C@H]2CC=C3[C@]2(CO[C@]14[C@ @H](CC(04)(C)C)O)C(=0)C[C@H]5]
halostatin 1 C@HI3CCIC@@HI6[C@@]5(CC7=NC8=C(C[C@]I(C@H](C8)CC[CR@HII[CQ@ | |\ .
Cephalostatin H]9C[C@H]((C@]2(C1=C[C@H]1[C@@]2(C@@H](C@@]2(01)[C@@H](CIC@@](
02)(C)CO)0)C)0)C)0)C)N=C7CB)C 5
. CC(=CCC[C@](C)([C@H]ICCIC@@]2([C@@H]1[C@@H](C[C@H]3[C@]2(CC[C
Provopanaxadiel | @HMIC@@IR(CCIC@@HICACICIOCICI0)CIO)C [ Plant
. . C[C@H](CCC(=0)0)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CC[C@H]4[C
Lithocholic acid @[@]3((]:C[C@H](C4)O)C)C Human
Norethynodrel O:C4CCC\1:C(\CC[C@@H]2[C@@H]/1CC[C@]3([C@H]ZCC[C@]S(C#C%O)C)[CA@ ] Synthetic
. CC(=0)S[C@@H]1CC2=CC(=0)CC[C@@]2([C@@H]3[C@@H]1[C@@H]4CC[C .
Spironolactone 5(/C@]4(CC3)C)CCC(=0)05)C Synthetic
o CC(=0)OCC(=0)[C@@]12[C@@H](C[C@@H]3[Ca@@]1(C[C@@H](C@]4([C@H]3 ;
Fluocinonide | cjc@@H](C5=CC(=0)C=CIC@@]54C)F)F)0)C)OC(02)(C)C Synthetic
A CIC@]12CCIC@HISC@HI(C@@HJLCCIC@@HI2C(=0NC(C)(C)C)CCIC@@HIMIC | g e
Finasteride @@]3(C=CC(=O)N4)C
: CCCC10[C@@H]2C[C@H]3[C@@H]4CCC5=CC(=0)C=C[C@@]5([C@HJ4[C@H]( .
Budesonide CIC@@J3(C@@]2(01)C(=0)CO)C)0)C Synthetic
| CIC@]12CCC(=0)C=CICICO@H|([C@@HI[C@|24[C@H](O4)CIC@IS(C@HICCIC | o\ i eiic
Eplerenone @@]56CCC(=0)06)C)C(=0)0C
Medrogestone CC1=C[C@@H]2[C@HI(CCIC@IB(IC@HI2CCIC@B(CICEO)CIOIC@@IACI=CE( | g e

=0)CC4)C
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General directions

All reactions were run under a N, atmosphere unless otherwise specified and were monitored by
thin layer chromatography (TLC) and/or reversed-phase ultra-performance liquid chromatography
mass spectrometry (RP-UPLC-MS). Commercially available reagents were purified according to
standard procedures or were used as received from Alfa Aesar, Acros Organics, Combi-Blocks,
Fisher Scientific, Merck, and Strem. All solvents used were of HPLC quality and dry solvents
(DCM, Et,0, THF, and Toluene) were obtained from a PureSolv system (Innovative Technology,
Tronyx).

Analytical TLC was conducted on Merck aluminium sheets covered with silica (C60). The plates
were either visualized under UV-light or stained by dipping in a developing agent followed by
heating. KMnO4 [KMnO4 (3 g) in water (300 mL), K-COs (20 g) and 5% aqueous NaOH (5 mL)]
was used as the developing agent. Flash column chromatography was performed using Merck
Geduran® Si 60 (40-63 um) silica gel using the specified eluent.

All new compounds were characterized by NMR, MS (ESI) and HRMS (ESI) (byproducts were
not fully characterized). Structural assignments were made when possible for new compounds
using COSY, HSQC, HMBC, H2BC, and NOESY spectra where appropriate. For the recording of
H NMR and **C NMR a Bruker Ascend with a Prodigy cryoprobe (operating at 400 MHz for proton
and 100 MHz for carbon) was used. The chemical shifts (&) are reported in parts per million (ppm)
and the coupling constants (J) in Hz. Spectra were referenced using the residual solvent peaks
of the respective solvent; DMSO (3 2.50 ppm for 1H NMR and & 39.52 ppm for *C NMR), CDCls;
(8 7.26 ppm for 1H NMR and & 77.16 ppm for 3C NMR), CDsOD (5 3.31 ppm for 1H NMR and &
49.00 ppm for *3C NMR). The following abbreviations were used to report peak multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, sept = septet, m = multiplet,
bs = broad singlet

Analytical RP-UPLC-MS (ESI) analysis was performed on a S2 Waters AQUITY RP-UPLC
system equipped with a diode array detector using an Thermo Accucore C18 column (d 2.6 um,
2.1 x 50 mm; column temp: 50 °C; flow: 1.0 mL/min). Eluents A (0.1% HCO2H in H,O) and B
(0.1% HCO:zH in MeCN) were used in a linear gradient (5% B to 100% B) in 2.4 min and then held
for 0.1 min at 100% B (total run time: 2.6 min). The LC system was coupled to a SQD mass
spectrometer.

Preparative RP-HPLC was carried out on a Waters Alliance reversed-phase HPLC system
consisting of a Waters 2545 Binary Gradient Module equipped with an xBridge BEH C18 OBD
Prep Column (130 A, 5 um, 30 x 150 mm) operating at 20 °C and a flow rate of 20 mL/min, a
Waters Photodiode Array Detector (detecting at 210-600 nm), a Waters UV Fraction Manager,
and a Waters 2767 Sample Manager. Eluents Al (0.1% HCOH in H.O) and B1 (0.1% HCO.H
in MeCN) were used. Analytical LC-HRMS (ESI) analysis was performed on a Waters Alliance
2695 system. Samples were injected directly and the LC system was coupled to a Waters LCT
Premier XE Micromass equipped with a Lock Mass probe operating in positive electrospray
mode. Eluents A (0.1%HCO:H in H>0) and B (0.1% HCO;H in MeCN) were used in a 1:1 ratio
for a total run time of 2 min.

Chiral HPLC was run on a Waters 2695 Alliance Separations module with a Waters 2996
PhotoDiode Array detector, equipped with a ChiralPak AD-H column (5 pM, 250 x 4.6 mm).
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2-methyl-2-(3-oxobutyl)cyclohexane-1,3-dione (2.03)

(@) (0] (@)
. 0 Et;N
ii( N s w
(@) (@]

To a round bottom flask, 2-methyl-1,3-cyclohexanedione (10 g, 79.3 mmol), freshly distilled
methyl vinyl ketone (7.20 mL, 87.2 mmol), and triethylamine (1.10 mL, 7.92 mmol) were added
and the slurry stirred at room temperature for 18 hours. The brown oil was diluted with DCM,
washed with 5% aqueous HCI (15 mL), water (15 mL), and the aqueous phases further extracted
with DCM (3 x 15 mL). The combined organic phases were dried over anhydrous magnesium
sulfate and the solvent removed under reduced pressure to afford the product as an amber oll
(14.7 g, 75.1 mmol, 95% vyield).

The H and *3C spectra are in agreement with those reported in the literature?!

IH NMR (400 MHz, CDCls); & 2.76 — 2.58 (m, 4H), 2.34 (t, J = 7.5 Hz, 2H), 2.10 (s, 3H), 2.08 —
1.83 (m, 4H), 1.23 (s, 3H).

13C NMR (101 MHz, CDCls) 8 210.1, 207.7, 64.5, 38.5, 37.9, 30.1, 29.7, 20.2, 17.7.
8a-methyl-3,4,8,8a-tetrahydronaphthalene-1,6(2H,7H)-dione (2.02)

O O (0]
Pyrrolidine
Toluene, reflux
0] 2h (@)

To a solution of 2-methyl-2-(3-oxobutyl)cyclohexane-1,3-dione (7.37 g, 37.5 mmol) in toluene (20
mL) was added pyrrolidine (0.31 mL, 3.75 mmol) before fitting the flask with a Dean-Stark trap.
The reaction was heated at reflux for two hours, cooled to room temperature, and the solvent
removed under reduced pressure. The crude oil was dissolved in DCM, washed with 5% aqueous
HCI (15 mL), water (15 mL), and the combined aqueous phases extracted with DCM. The
combined organic phases were then washed with brine (10 mL), dried over anhydrous
magnesium sulfate, and the solvent removed to yield a crude brown oil. Purification of the crude
oil by flash chromatography on silica gel (2:3 ethyl acetate/n-hexane) afforded the product as an
amber oil that solidified to a solid upon storage at — 20 °C (4.88 g, 27.4 mmol, 73% vyield)

The H and *3C spectra are in agreement with those reported in the literature?
Rt = 0.194 (2:3 ethyl acetate/n-hexane);

IH NMR (400 MHz, CDCls) & 5.84 (d, J = 1.8 Hz, 1H), 2.76 — 2.65 (m, 2H), 2.53 — 2.41 (m, 4H),
2.19 — 2.07 (m, 3H), 1.76 — 1.63 (m, 1H), 1.44 (s, 3H).

13C NMR (101 MHz, CDCl3) 5 211.1, 198.4, 165.9, 126.0, 50.7, 37.8, 33.7, 31.9, 29.8, 23.4, 23.0.
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8a-methyl-3,4,8,8a-tetrahydro-2H-spiro[naphthalene-1,2'-[1,3]dioxolan]-6(7H)-one (2.06)

0 Ethylene glycol O/w
p-TsOH.H,0 o
4 A mol. sieves
(e rt, 1 h o)

To a flask containing ground 4 A molecular sieves (2.50 @), 8a-methyl-3,4,8,8a-
tetrahydronapthalene-1,6(2H,7H)-dione (2.89 g, 16.2 mmol), p-TsOH.H2O (3.08 g, 16.2 mmol),
and anhydrous ethylene glycol (20 mL) were added and stirred at room temperature for 60
minutes. The reaction was poured into a mixture of ice-water: saturated NaHCO3 (2:1, 50 mL)
and the reaction mixture filtered under vacuum. The filtrate was extracted with ethyl acetate (4 x
50 mL) and the combined organic phases washed with brine (35 mL), dried over anhydrous
magnesium sulfate, and the solvent removed under reduced pressure to yield a crude yellow oil.
Purification of the crude oil by flash chromatography on silica gel (3:7 to 2:3 ethyl acetate/n-
heptane) afforded the product as a colourless oil that solidified to a white solid upon storage at —
20 °C (2.66 g, 12.0 mmol, 74% yield)

Note: on larger scales the purification of the Wieland-Miescher ketone ketal was performed via
crystallisation from diisopropyl ether

The 'H and **C spectra are in agreement with those reported in the literature!??
Rt = 0.250 (2:3 ethyl acetate/n-hexane)

IH NMR (400 MHz, CDCls) & 5.81 (d, J = 2.0 Hz, 1H), 4.03 — 3.88 (m, 4H), 2.49 — 2.22 (m, 5H),
1.90 (td, J = 14.7, 13.9, 4.5 Hz, 1H), 1.83 — 1.60 (m, 4H), 1.35 (s, 3H)

13C NMR (101 MHz, CDCls) & 199.4, 167.8, 125.8, 112.5, 65.5, 65.2, 45.2, 34.1, 31.6, 30.2, 27.0,
21.9, 20.7

(4aS*,8aS*)-8a-methylhexahydro-2H-spiro[naphthalene-1,2'-[1,3]dioxolan]-6(5H)-one (2.07)

0 0
/7) Li, NH /73
THF, t-BuOH

o 78°C,30m @ -

To an open flask containing ammonia (250 mL) at — 78 °C was added lithium (0.621 g, 90.0 mmol)
which was dissolved with stirring over 30 minutes. A solution of ketone 2.06 (5.00 g, 22.5 mmol)
and tert-butanol (4.31 mL, 45.0 mmol) in anhydrous THF (10 mL) was added dropwise to the
deep-blue solution over 5 minutes, and the reaction left stirring for 30 minutes. The reaction was
guenched via addition of isoprene until the blue colour had dissipated and the ammonia
evaporated under a stream of nitrogen. The resulting crude yellow solid was partitioned between
saturated aqueous NH4Cl and Et.O and the aqueous phase extracted twice with Et,O. The
combined organic phases were dried over anhydrous magnesium sulfate, and the solvent
removed under reduced pressure to afford the product as a viscous yellow oil (4.40 g, 19.6 mmol,
87% yield)
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Rf = 0.422 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, CDCl3) & 4.01 — 3.78 (m, 4H), 2.43 — 2.26 (m, 2H), 2.25 — 2.09 (m, 2H), 2.08
—1.97 (m, 1H), 1.91 (td, J = 14.0, 13.5, 6.5 Hz, 1H), 1.80 — 1.49 (m, 5H), 1.39 — 1.28 (m, 2H),
1.18 (s, 3H)

13C NMR (101 MHz, CDCls) d 211.6, 112.4, 65.3, 65.1, 44.3, 41.8, 41.5, 37.9, 30.5, 30.3, 28.2,
22.9,13.1

(4aS*,8aS*)-8a-methyloctahydro-2H-spiro[naphthalene-1,2'-[1,3]dioxolan]-6-ol (2.08)

o) 0/7)

o) NaBH,
| THF:MeOH (4:1)
(0] = 0°Ctort,45m HO

A

h

A solution of ketone 2.07 (2.03 g, 9.05 mmol) in a mixture of THF:MeOH (4:1) was cooled to 0 °C
in an ice bath before addition of NaBH, (0.342 g, 9.05 mmol). The reaction was returned to room
temperature and left to stir for 45 minutes, after which, water was added and the reaction left
stirring for a further 15 minutes. The reaction was extracted with DCM three times, the combined
organic phases dried over anhydrous magnesium sulfate, and the solvent removed under reduced
pressure to afford the product as a colourless oil with a d.r. of 86:14 (S*:R*) (quantitative yield).
The inseparable mixture of diastereocisomers was used in the subsequent step without any further
purification.

Note: Signals arising from the minor diastereoisomer are not presented
Rt = 0.280 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, CDCls) & 3.98 — 3.83 (m, 4H), 3.66 — 3.50 (m, 1H), 1.89 — 1.77 (m, 1H), 1.77
—1.12 (m, 13H), 0.99 (s, 3H)

13C NMR (101 MHz, CDCls)) 6 113.0, 71.1, 65.3, 65.1, 41.9, 39.7, 37.7, 31.2, 30.7, 28.7, 27.9,
23.2, 14.0.

(4aS*,65*,8aS*)-6-hydroxy-8a-methyloctahydronaphthalen-1(2H)-one (2.01)
oY o 0
@)

. .
HO - THR 30 ho HO"

H

T
T

To a solution of ketal 2.08 (2.15 g, 9.50 mmol) in THF (70 mL) was added aqueous 3M HCI (20
mL), and the reaction left stirring at room temperature for 3 hours. The reaction was neutralised
by addition of saturated aqueous NaHCO; and extracted twice with dichloromethane. The
combined organic phases were dried over anhydrous magnesium sulfate, and the solvent
removed under reduced pressure to yield a crude oil. Purification of the crude oil by flash
chromatography on silica gel (2:1 ethyl acetate/n-heptane) afforded the major diastereocisomer
2.01 (1.26 g, 6.91 mmol, 73% yield) and the minor diastereoisomer 2.09 (0.154 g, 0.84 mmol, 9%
yield) as white solids.
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11 O Rf = 0.26 (2:1 ethyl acetate/n-heptane)
6
! 9 'HNMR (400 MHz, CDCl;s) d 3.64 — 3.53 (m, 1H, H-2), 2.70 — 2.58 (m, 1H, H-
H02 A g 9),2.28-2.15(m, 1H, H-9), 2.06 — 1.98 (m, 1H, H-8), 1.94 — 1.86 (m, 1H, H-
S H 6), 1.79 — 1.61 (m, 4H, H-3, H-6, H-7, H-8), 1.54 — 1.35 (m, 5H, H-1, H-3, H-4,

H-7), 1.13 (s, 3H, H-11);

13C NMR (101 MHz, CDCls); & 215.8 (C-10), 70.6 (C-2), 47.8 (C-5), 43.9 (C-4), 37.6 (C-9), 37.0
(C-3), 31.0 (C-6), 30.9 (C-1), 27.6 (C-7), 26.4 (C-8), 15.9 (C-11)

HRMS (ESI+) m/z found 183.1377 [M+H]*, C11H1s02 calculated 183.1385 (A = -4.37 ppm).
O R = 0.32 (2:1 ethyl acetate/n-heptane)
H NMR (400 MHz, CDCls) 5 4.04 (p, J = 2.7 Hz, 1H), 2.63 (td, J = 14.1, 6.8 Hz,
4 1H), 2.27 — 2.18 (m, 1H), 2.06 — 1.94 (m, 2H), 1.89 — 1.78 (m, 1H), 1.75-1.36

HO™ ™77 (m, 8H), 1.08 (s, 3H)

13C NMR (101 MHz, CDCls) 8 216.1, 65.9, 48.2, 38.3, 37.6, 34.8, 28.6, 27.3, 26.3, 26.2, 14.8.
5,5-dibromobarbituric acid (2.15)

To a cooled (0 °C) suspension of barbituric acid (10 g, 78.1 mmoal) in H,O (30 mL), bromine was
added dropwise until a yellow colour persisted in the mixture (approx. 2 equiv.). The reaction was
left stirring for 4 hours and the white solid isolated by vacuum filtration. The wet 5,5-
dibromobarbituric acid was dried at 40 °C under vacuum for 5 hours, affording the product as a
white powdery solid. (16.1 g, 56.3 mmol, 72% vyield).

R = 0.60 (1:1 ethyl acetate/n-pentane)
!H NMR (400 MHz, DMSO) 5 11.76

13C NMR (101 MHz, DMSO) 5 163.5, 149.0, 48.8.
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(4aS*,65*,8aS*)-2-bromo-6-hydroxy-8a-methyloctahydronaphthalen-1(2H)-one
(2.10)

)

5,5-Dibromobarbituric acid Jifj/&
Et,0, rt, 2 days HO <

79% H

HO

oY

To a solution of ketone 2.01 (0.350 g, 1.92 mmol) in anhydrous Et,O (10 mL) was added 5,5-
dibromobarbituric acid (0.329 g, 1.15 mmol) and the resulting solution stirred at room temperature
for 2 days. The reaction mixture was partitioned between Et,O and water, the organic phase
washed with water, dried over anhydrous magnesium sulfate, and concentrated to yield the
product as a viscous brown oil containing a mixture of the equatorial:axial a-bromoketone in a 9:1
ratio (0.396 g, 1.52 mmol, 79% vyield).

Note: NMR data is presented for the major equatorial diastereoisomer only

o) IH NMR (400 MHz, CDCls) 8 5.02 (dd, J = 13.2, 6.6 Hz, 1H, H-9), 3.59 (tt,
A Br J=11.0, 4.8 Hz, 1H, H-2), 2.64 (dddd, J = 13.1, 6.5, 4.0, 2.5 Hz, 1H, H-8),
, 0“ 2.08 (qd, J = 13.1, 4.4 Hz, 1H, H-8), 1.96 — 1.35 (m, 9H, H-1, H-3, H-4, H-
HO” ™ 8 6, H-7),1.17 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & 205.2 (C-10), 70.2 (C-2), 54.3 (C-9), 48.6 (C-
5), 44.0 (C-4), 39.1 (C-8), 36.4 (C-3), 31.6 (C-6), 30.4 (C-1), 28.9 (C-7), 15.9 (C-11)

7

I

HRMS (ESI+) m/z found 261.0477 [M+H]", C11H17BrO- calculated 261.0490 (A = -4.98 ppm)

(4aS*,6S*,8aS*)-6-((2-methoxyethoxy)methoxy)-8a-methyloctahydronaphthalen-1(2H)-one
(2.12)

0 0O

DIPEA
* O DCM. rt, 6 h
HO - T /O\/\O/\O

H H

A solution of ketone 2.01 (0.472 g, 2.59 mmol) and DIPEA (1.35 mL, 7.77 mmol) in anhydrous
DCM (20 mL) was cooled to 0 °C in an ice bath before dropwise addition of 2-
methoxyethoxymethyl chloride (0.591 mL, 5.18 mmol). The flask was returned to room
temperature and left stirring at the same temperature for 6 hours. The reaction was neutralised
via addition of saturated aqueous NH4Cl and extracted twice with DCM. The combined organic
phases were washed with water, brine, dried over anhydrous magnesium sulfate, and the solvent
removed to yield the product as a crude amber oil. Purification of the crude oil via flash
chromatography on silica gel (2:3 ethyl acetate/n-heptane) afforded the product as a colourless
oil (0.556 g, 2.06 mmol, 80% yield)

11 O Rt = 0.20 (2:3 ethyl acetate/n-heptane)
9 H NMR (400 MHz, CDCl3) & 4.76 (s, 2H, H-12), 3.75 — 3.64
8

6
1
/0\14/“3\0/12\03“@ (m, 2H, H-13), 3.60 — 3.44 (M, 3H, H-2, H-14), 3.39 (s, 3H, H-

15 g7 15), 2.63 (td, J = 13.7, 6.9 Hz, 1H, H-9), 2.27 — 2.15 (m, 1H, H-
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9), 2.07 — 1.89 (m, 2H, H-1, H-7), 1.86 — 1.77 (m, 1H, H-3), 1.78 — 1.35 (m, 8H, H-1, H-3, H-4, H-
6, H-7, H-8), 1.12 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) 8 215.8 (C-10), 93.8 (C-12), 75.5 (C-2), 71.9 (C-14), 66.9 (C-13),
59.2 (C-15), 47.9 (C-5), 43.9 (C-4), 37.6 (C-9), 34.2 (C-3), 31.0 (C-6), 28.1 (C-1), 27.6 (C-8), 26.3
(C-7), 15.9 (C-11);

HRMS (ESI+) m/z found 271.1904 [M+H]*, C1sH2604 calculated 271.1909 (A = -1.84 ppm).

(4aS*,6S*,8aS*)-2-(hydroxymethylene)-6-((2-methoxyethoxy)methoxy)-8a-
methyloctahydronaphthalen-1(2H)-one (2.13)

0 O OH
>
Lﬁ +r 00N _ NaH Lﬁ)
MEMO : THF, 86°C yiemo :
H 3h H

A solution of ketone 2.12 (1.06 g, 3.92 mmol) and ethyl formate (3.17 mL, 39.2 mmol) in
anhydrous THF (40 mL) was cooled to 0 °C in an ice bath before addition of NaH (60 wt% in
mineral oil, 0.470 g, 11.8 mmol). The flask was returned to room temperature and heated at reflux
for 3 hours. The reaction was then cooled to 0 °C in an ice bath and quenched via addition of
aqueous NH4Cl and the resulting mixture extracted with ethyl acetate. The organic phase was
washed with water, brine, dried over anhydrous magnesium sulfate, and the solvent removed to
afford the product as an amber oil (1.03 g, 3.45 mmol, 88% yield).

13 Ri=0.36 (1:1 ethyl acetate/n-heptane)

(e} OH
1 IH NMR (400 MHz, CDCls) & 14.62 (d, J = 4.15 Hz, 1H, H-

1/ 2. 13),8.48(d, J =4.15 Hz, 1H, H-12), 4.78 (s, 2H, H-14), 3.75
/O\/15\o/14\o 2 : 8 —3.66 (m, 2H, H-15), 3.63 — 3.51 (m, 3H, H-2, H-16), 3.39
S |HT (s, 3H, H-17), 2.45 — 2.32 (m, 2H, H-8), 2.08 (dt, J = 13.5,

3.5 Hz, 1H, H-6), 2.02 — 1.93 (m, 1H, H-1), 1.86 — 1.78 (m,
1H, H-3), 1.58 — 1.31 (m, 6H, H-1, H-3, H-4, H-6, H-7,), 1.13 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) *C NMR (101 MHz, CDCls) 5 193.2 (C-10), 186.0 (C-12), 106.1 (C-
9), 93.9 (C-14), 75.7 (C-2), 71.9 (C-16), 66.9 (C-15), 59.2 (C-17), 40.7 (C-5), 39.3 (C-4), 34.2 (C-
3), 31.5 (C-6), 28.1 (C-1), 24.9 (C-7), 23.1 (C-8), 17.6 (C-11)

HRMS (ESI+) m/z found 299.1857 [M+H]*, C1sH2605 calculated 299.1858 (A = -0.33 ppm).
4aS*,65*,8aS*,2)-6-hydroxy-2-(hydroxymethylene)-8a-methyloctahydronaphthalen-1(2H)-

one (2.11)
0] 0]
¥z
L1 o s
HO THF, 66 °C HO g

3h H

T

A solution of ketone 2.01 (0.250 g, 1.37 mmol) and ethyl formate (1.11 mL, 13.7 mmol) in
anhydrous THF (10 mL) was cooled to 0 °C in an ice bath before addition of NaH (60 wt% in
mineral oil, 0.164 g, 4.11 mmol). The flask was returned to room temperature and heated at reflux
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for 3 hours. The reaction was then cooled to 0 °C in an ice bath and quenched via addition of
aqueous NH4Cl and the resulting mixture extracted with ethyl acetate. The organic phase was
washed with water, brine, dried over anhydrous magnesium sulfate, and the solvent removed to
afford the product as a yellow oil (0.153 g, 0.730 mmol, 53% vyield)

Note: mineral oil and solvent impurities seen in both *H and *C NMR, only signals originating
from the compound are presented, compound used immediately without purification

Rf = 0.3 (1:1 ethyl acetate/n-pentane)

1H NMR (400 MHz, CDCls) & 8.48 (s, 1H), 3.71 — 3.58 (m, 1H), 2.43 — 2.37 (m, 2H), 2.09 (dt, J =
13.4, 3.4 Hz, 1H), 1.99 — 1.86 (m, 3H), 1.70 — 1.31 (m, 12H), 1.14 (s, 3H)

13C NMR (101 MHz, CDCls) & = 193.8, 185.9, 106.1, 70.8, 39.3, 37.0, 31.5, 30.9, 24.8, 23.1, 17.7.

(4aS*,6S*,8aS*)-6-((2-methoxyethoxy)methoxy)-8a-methyl-1-oxodecahydronaphthalene-2-
carboxylate (2.14)

0] O O

o ~
+ \O)J\O/ NaH ©
MEMO : THF, 66°C,6h ~ MEMO :

H 63% H

To a solution of ketone 2.01 (0.556 g, 2.06 mmol) in anhydrous THF (30 mL) was added dimethyl
carbonate (1.74 mL, 20.6 mmol) and NaH (60 wt. % dispersion in mineral oil, 0.823 g, 20.6 mmaol)
and the resulting suspension was heated at reflux for six hours. The reaction was cooled to 0 °C
in an ice bath before quenching with saturated aqueous NH4Cl and extracted twice with DCM.
The combined organic phases were dried over anhydrous MgSO4 and the solvent removed to
afford a crude yellow oil. Purification of the crude oil by flash chromatography on silica gel (7:3
ethyl acetate/n-heptane) afforded the product as a pale-yellow oil comprised of the keto and enol
tautomers (0.526 g, 1.60 mmol, 78% vyield).

i OH O 1m0 O
6b 10b 13b
3a
1zao b 200"
O 5 14a 2a o 1o 14b oy
e e \/\O/\O < 8b
174 38 74 76 16b b 5 75

Rt = 0.33 (7:3 ethyl acetate/n-heptane)

IH NMR (400 MHz, CDCls)  12.35 (s, 1H, OH), 4.76 (s, 2H, H-14a), 4.75 (s, 2H, H-14b), 3.73 (s,
3H, H-13b), 3.73 (s, 3H, H-13a), 3.71 — 3.66 (M, 5H, H-15a, H-15b, H-9b), 3.61 — 3.45 (m, 6H,
H-2a, H-16a, H-2b, H-16b), 3.38 (s, 3H, H-17a), 3.38 (s, 3H, H-17b), 2.34 — 1.27 (m, 22H, H-1a,
H-3a, H-4a, H-6a, H-7a, H-8a, H-1b, H-3b, H-4b, H-6b, H-7b, H-8b), 1.16 (s, 3H, H-11b), 1.12
(s, 3H, H-11a)

13C NMR (101 MHz, CDCls) & 209.9 (C-10b), 178.8 (C-10a), 173.9 (C-12a), 171.0 (C-12b), 95.0
(C-9a), 93.8 (C-14a, C-14b), 75.8 (C-2a), 75.2 (C-2b), 71.92 (C-16a), 71.89 (C-16b), 66.94 (C-
15b), 66.88 (C-15a), 59.17 (C-17b), 59.15 (C-17a), 53.0 (C-9b), 52.1 (C-13b), 51.6 (C-13a), 48.3
(C-5b), 44.1 (C-4b), 40.2 (C-4a), 38.4 (C-5a), 34.2 (C-3a), 34.0 (C-3b), 32.1 (C-6a), 30.8 (C-6b),
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29.3 (C-1b), 28.1 (C-1a), 27.9 (C-7b), 26.5 (C-8b), 24.6 (C-7a), 22.7 (C-8a), 17.6 (C-11a), 15.6
(C-11b)

HRMS (ESI+) m/z found 329.1956 [M+H]*, C17H250¢ calculated 329.1964 (A = -2.43 ppm).
General procedures for the synthesis of quinoline fused analogues
Method 1

Ketone 2.01 (70 mg, 0.384 mmol), p-TsOH.H-»0 (73 mg, 0.384 mmol), and 2-aminobenzaldehyde
(60.6 mg, 0.499 mmol) were added to a round bottom flask and the mixture heated at 110 °C for
2 hours. The reaction was cooled to room temperature, dissolved in DCM, washed with saturated
aqueous NaHCOg;, brine, and dried over anhydrous sodium sulfate. The solvent was removed
under reduced pressure to yield a crude brown solid which was purified via flash chromatography
on silica gel (1:1 ethyl acetate/n-heptane), yielding the product as a red oil.

Method 2

To a solution of the substituted 2-nitrobenzaldehyde (0.274 mmol) in EtOH (1.5 mL) was added
iron powder (61.2 mg, 1.10 mmol) and 0.1 M aqueous HCI (0.137 mL, 0.0137 mmol). The reaction
was heated at reflux until full reduction of the 2-nitrobenzaldehyde was observed. To the solution
of 2-aminobenzaldehyde was added potassium hydroxide (37 mg, 0.658 mmol) and ketone 2.01
(50 mg, 0.274 mmol) and the reaction heated at reflux until completion. The reaction mixture was
cooled to room temperature, diluted with DCM, filtered through a pad of celite, and the organic
phase washed with water. The aqueous phase was back extracted with DCM, the combined
organic phases dried over anhydrous magnesium sulfate, and the solvent removed under reduced
pressure to yield a crude oil. The crude compounds were purified via flash chromatography on
silica gel or by preparative HPLC to yield the products as solids.

Method 3

To a 0.2 — 0.5 mL Biotage microwave vial was added ketone 2.01 (1.0 equiv.), the appropriate
aceto- or benzophenone (1.3 equiv.), p-TsOH.H>O (1.3 equiv.), and the contents mixed to
combine the reagents. The vial was heated at 110 °C via microwave irradiation for 2 hours. The
resulting solid was dissolved in DCM, washed with saturated aqueous Na,COs, and then twice
with water. The organic phase was dried over anhydrous magnesium sulfate and concentrated to
yield a crude solid. The crude compounds were purified via flash chromatography on silica gel to
yield the products as solids.

(35S*,4aS*,12bS*)-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol
2.17, method 1 (26.5 mg, 0.0991 mmol, 26% yield, red oil)
R = 0.23 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, CDCls) & 8.10 — 7.90 (m, 1H, H-18), 7.80 (s, 1H, H-
12), 7.67 (d, J = 8.1 Hz, 1H, H-15), 7.59 (t, J = 7.5 Hz, 1H, H-17), 7.42
(t, J = 7.4 Hz, 1H, H-16), 3.78 — 3.65 (m, 1H, H-2), 3.12 — 3.03 (m, 2H,
H-8), 2.85 (d, J = 13.0 Hz, 1H, H-6), 2.08 — 2.00 (m, 1H, H-1), 1.91 —
1.49 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.20 (s, 3H, H-11)
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13C NMR (101 MHz, CDCls) & 166.6 (C-10), 146.6 (C-14), 135.4 (C-12), 129.04 (C-13), 129.0 (C-
18), 128.3 (C-17), 127.1 (C-9), 126.7 (C-15), 125.7 (C-16), 71.1 (C-2), 40.4 (C-4), 40.0 (C-5), 38.1
(C-3), 34.9 (C-6), 31.7 (C-1), 28.5 (C-8), 25.2 (C-7), 20.2 (C-11)

HRMS (ESI+) m/z found 268.1694 [M+H]*, C1sH21NO calculated 268.1701 (A = -2.61 ppm).
(3S*,4aS*,12bS*)-9-chloro-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

flash chromatography (40.1 mg, 0.133 mmol, 49% vyield, pale-yellow
15 solid)

Rf=0.26 (1:1 ethyl acetate/n-heptane)

16_Cl 2.18, method 2, 45 minutes reduction, 4 hours cyclisation, purified via

HOT N 2 H NMR (400 MHz, CDCls) 8 = 7.91 (d, J = 8.9, 1H, H-18), 7.70 (s, 1H,
H-12), 7.65 (d, J = 2.35 Hz, 1H, H-15), 7.52 (dd, J = 8.9, 2.35 Hz, 1H,
H-17), 3.73 (it, J = 15.8, 10.7, 4.8 Hz, 1H, H-2), 3.07 (m, 2H, H-8), 2.80 (m, 1H, H-6), 2.03 (m,
1H, H-1), 1.92 — 1.47 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.18 (s, 3H, H-20)

13C NMR (101 MHz, CDCls) & = 167.0 (C-10), 144.8 (C-14), 134.4 (C-12), 131.3 (C-16), 130.7 (C-
18), 130.2 (C-9), 129.2 (C-17), 127.7 (C-13), 125.4 (C-15), 71.1 (C-2), 40.3 (C-4), 40.0 (C-5), 38.1
(C-3), 34.8 (C-6), 31.7 (C-1), 28.5 (C-8), 25.0 (C-7), 20.1 (C-11)

HRMS (ESI+) m/z found 302.1304 [M+H]*, C1sH20CINO calculated 302.1311 (A = -2.32 ppm).

(35*,4aS*,12bS*)-9,10-dimethoxy-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-
3-ol

20

|19 2.19, method 2, 3.5 hours reduction, 48 hours cyclisation, purified via
o breparative HPLC (24.0 mg, 0.062 mmol, 23% yield, pale-yellow solid)

IH NMR (400 MHz, CDCls) & = 7.81 (s, 1H, H-12), 7.64 (s, 1H, H-18),
6.95 (s, 1H, H-15), 4.03 (s, 3H, H-20), 3.98 (s, 3H, H-19), 3.72 (tt, J =
10.6, 4.8 Hz, 1H, H-2), 3.10 — 2.98 (m, 2H, H-8), 2.96 — 2.84 (m, 1H,
H-6), 2.04 (m, 1H, H-1), 1.92 — 1.48 (m, 7H, H-1, H-3, H-4, H-6, H-7),
1.25 (s, 3H, H-11)

13C NMR (101 MHz, CDCls)) & = 162.8 (C-10), 153.1 (C-17), 150.1 (C-16), 141.3 (C-14), 136.7
(C-12), 127.4 (C-9), 122.9 (C-13), 105.5 (C-18), 104.2 (C-15), 70.9 (C-2), 56.6 (C-20), 56.2 (C-
19), 40.6 (C-4), 39.5 (C-5), 37.7 (C-3), 34.6 (C-6), 31.5 (C-1), 28.4 (C-8), 25.0 (C-7), 20.0 (C-11)

HRMS (ESI+) m/z found 328.1910 [M+H]*, C20H2sNO3 calculated 328.1912 (A = -0.61 ppm).
(3S*,4aS*,12bS*)-10-chloro-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

2.20, method 2, 1 hour reduction, 6 hours cyclisation, purified via flash
chromatography (46.2 mg, 0.153 mmol, 56% yield, white solid)

R:= 0.26 (2:3 ethyl acetate/n-pentane)

IH NMR (400 MHz, DMSO) & = 8.04 (s, 1H, H-12), 7.92 — 7.84 (m, 2H,
H-15, H-18), 7.51 (dd, J = 8.7, 2.1 Hz, 1H, H-16), 3.53 — 3.40 (m, 1H, H-
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2), 3.03 (M, 2H, H-8), 2.65 — 2.56 (m, 1H, H-6), 1.84 (m, 1H, H-1), 1.77 — 1.31 (m, 7H, H-1, H-3,
H-4, H-6, H-7), 1.07 (s, 3H, H-11)

13C NMR (101 MHz, DMSO) & = 167.8 (C-10), 146.0 (C-14), 135.3 (C-12), 132.7 (C-17), 129.7
(C-9), 128.9 (C-15), 126.9 (C-18), 126.3 (C-16), 125.2 (C-13), 69.0 (C-2), 37.9 (C-3), 34.6 (C-6),
31.3 (C-1), 27.7 (C-8), 24.5 (C-7), 20.0 (C-11)

HRMS (ESI+) m/z found 302.1303 [M+H]*, C1sH20CINO calculated 302.1311 (A = -2.65 ppm).

Note: signals arising from C-4 and C-5 could not be seen on the 1D-'3C spectrum but could be
seen to appear within the residual solvent peak in the HMBC spectrum

(3S*,4aS*,12bS*)-8-chloro-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

2.21, method 2, 1 hour reduction, 5 hours cyclisation, purified via flash
chromatography (41.0mg, 0.136 mmol, 50% yield, white solid)

R¢= 0.32 (2:3 ethyl acetate/n-pentane)

H NMR (400 MHz, DMSO) & = 8.17 (s, 1H, H-12), 7.87 (d, J = 8.1 Hz,
1H, H-16), 7.68 — 7.56 (m, 2H, H-17, H-18), 4.59 (d, J = 4.6 Hz, 1H, O-
H), 3.47 (tt, J = 10.0, 4.4 Hz, 1H, H-2), 3.20 — 3.01 (m, 2H, H-8), 2.66
— 257 (m, 1H, H-6), 1.89 — 1.80 (m, 1H, H-1), 1.80 — 1.32 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.08
(s, 3H, H-11)

13C NMR (101 MHz, DMSO)) & 167.5 (C-10), 146.4 (C-14), 131.3 (C-12), 130.8 (C-9), 129.1 (C-
15), 128.4 (C-18), 128.1 (C-16), 125.8 (C-17), 124.2 (C-13), 69.0 (C-2), 37.9 (C-3), 34.6 (C-6),
31.3 (C-1), 27.8 (C-8), 24.5 (C-7), 20.0 (C-11)

HRMS (ESI+) m/z found 302.1304 [M+H]", C1sH20CINO calculated 302.1311 (A = -2.32 ppm).

Note: signals arising from C-4 and C-5 could not be seen on the 1D-'3C spectrum but could be
seen to appear within the residual solvent peak in the HMBC spectrum

(35*,4aS*,12bS*)-9-fluoro-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

1

‘46 _F 2.22, method 2, 1 hour reduction, 20 hours cyclisation, purified via flash
chromatography (21.4 mg, 0.0750 mmol, 27% vyield, white solid)

R¢= 0.36 (2:3 ethyl acetate/n-pentane)

IH NMR (400 MHz, CDCl3) & = 7.79 (s, 1H, H-12), 7.68 — 7.58 (m, 2H,
HOZ N 2 H-17, H-18), 7.22 (td, J = 8.6, 2.6 Hz, 1H, H-15), 3.73 (it, J = 10.7, 4.8
Hz, 1H, H-2), 3.05 (m, H-8), 2.81 (d, J = 13.3 Hz, 1H, H-6), 2.04 (m,
1H, H-1), 1.93 — 1.47 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.19 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & = 167.7 (C-10), 162.6 (d, J = 250.7 Hz, C-16), 147.4 (C-14), 135.3
(C-12), 128.6 (d, J = 9.9 Hz, C-18), 128.4 (C-9), 124.1 (C-13), 116.2 (d, J = 24.8 Hz, C-15), 112.5
(d, J = 19.5 Hz, C-17), 71.1 (C-2), 40.4 (C-4), 40.1 (C-5), 38.1 (C-3), 34.8 (C-6), 31.7 (C-1), 28.4
(C-8), 25.1 (C-7), 20.2 (C-11)

1F NMR (377 MHz, CDCl3) 8 -112.1
HRMS (ESI+) m/z found 286.1604 [M+H]*, C1gH20FNO calculated 286.1607 (A = -1.05 ppm).
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Note: C-14 could not be seen on the 1D-3C spectrum but could be seen in the HMBC spectrum,
compound isolated alongside impure SyAr product

(3S*,4aS*,12bS*)-9-bromo-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

7 46 gr 2-23, 1.5 hours reduction, 2 hours cyclisation, purified via flash
chromatography (35.0 mg, 0.101 mmol, 37% yield, white solid)

R¢= 0.30 (2:3 ethyl acetate/n-hexane)

IH NMR (400 MHz, DMSO) & = 8.12 — 8.06 (m, 1H, H-15), 7.97 (s, 1H,
H-12), 7.80 (d, J = 9.1, 1.85 Hz, 1H, H-18), 7.71 (d, J = 9.1, 1.85 Hz,
SHT 1H, H-17), 4.58 (d, J = 4.7 Hz, 1H, O-H), 3.46 (tt, J = 10.1, 4.6 Hz, 1H,
H-2), 3.07 — 3.02 (m, 2H, H-8), 2.67 — 2.56 (m, 1H, H-6), 1.88 — 1.79 (m, 1H, H-1), 1.77 — 1.28
(m, 7H, H-1, H-3, H-4, H-6, H-7), 1.07 (s, 3H, H-11)

13C NMR (101 MHz, DMSO0)) & = 167.2 (C-10), 144.3 (C-14), 134.5 (C-12), 131.4 (C-17), 130.6
(C-18), 130.3 (C-9), 128.9 (C-15), 128.0 (C-13), 118.4 (C-16), 69.0 (C-2), 37.9 (C-3), 34.6 (C-6),
31.3 (C-1), 27.7 (C-8), 24.5 (C-7), 20.0 (C-11)

HRMS (ESI+) m/z found 346.0803 [M+H]*, C1sH20BrNO calculated 346.0806 (A = -0.87 ppm).
(35*,4aS*,12b S*)-10-fluoro-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

2.24, 1 hour reduction, 4 hours cyclisation, purified via flash
chromatography (19.0 mg, 0.0670 mmol, 24% yield, white solid)

R¢=0.30 (1:1 ethyl acetate/n-pentane)

IH NMR (400 MHz, CDCls) & 7.78 (s, 1H, H-12), 7.72 — 7.54 (m, 2H, H-
15, H-18), 7.26 — 7.17 (m, 1H, H-16), 3.72 (td, J = 10.9, 5.3 Hz, 1H, H-
2), 3.13 — 2.97 (m, 2H, H-8), 2.81 (d, J = 13.3 Hz, 1H, H-6), 2.11 — 1.99
(m, 1H, H-1), 1.94 — 1.46 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.18 (s, 3H,

H-11)

13C NMR (101 MHz, CDCls) & 167.7 (C-10), 162.6 (d, J = 229.7 Hz, C-17), 147.5 (C-14), 135.3
(C-12), 128.6 (d, J = 10.1 Hz (C-15), 128.4 (C-9), 124.1 (C-13), 116.2 (d, J = 24.4 Hz, C-16),
112.6 (d, J = 18.2 Hz, C-18), 71.2 (C-2), 40.4 (C-4), 40.1 (C-5), 38.1 (C-3), 34.8 (C-6), 31.7 (C-
1), 28.4 (C-8), 25.1 (C-7), 20.2 (C-11)

1F NMR (377 MHz, CDCl3) 8 -112.1
HRMS (ESI+) m/z found 286.1603 [M+H]*, C1gH20FNO calculated 286.1607 (A = -1.40 ppm).
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(35*,4aS*,12bS*)-10-methoxy-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

2.25, 4 hours reduction, 20 hours cyclisation, purified by preparative
HPLC, desalted (25.0 mg, 0.0841 mmol, 31% yield, white solid)

IH NMR (400 MHz, CDCls) & 7.72 (s, 1H, H-12), 7.56 (d, J = 8.9 Hz, 1H,
H-15), 7.31 (s, 1H, H-18), 7.09 (d, J = 8.9, 1H, H-16), 3.94 (s, 3H, H-19),
3.73 (td, J = 10.8, 5.9 Hz, 1H, H-2), 3.04 (m, 2H, H-8), 2.81 (d, J = 12.5
Hz, 1H, H-6), 2.04 (m, 1H, H-1), 1.92 — 1.46 (m, 7H, H-1, H-3, H-4, H-6,
H-7), 1.19 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & = 166.8 (C-10), 160.0 (C-17), 148.3 (C-
14), 135.3 (C-12), 127.8 (C-15), 126.6 (C-9), 122.4 (C-13), 119.0 (C-16), 106.9 (C-18), 71.2 (C-
2), 55.6 (C-19), 40.5 (C-4), 39.9 (C-5), 38.2 (C-3), 35.0 (C-6), 31.8 (C-1), 28.3 (C-8), 25.3 (C-7),
20.2 (C-11)

HRMS (ESI+) m/z found 298.1800 [M+H]*, C19H23NO- calculated 298.1807 (A = -2.35 ppm).
(3S*,4aS*,12bS*)-12b-methyl-7-phenyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol
2.28, method 3 (64.4 mg, 0.187 mmol, 68% vyield, off-white solid)
R:=0.28 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, DMSO) & 7.93 (d, J = 8.3 Hz, 1H, H-18), 7.62

(t, J = 7.6 Hz, 1H, H-17), 7.59 — 7.47 (m, 3H, H-21, H-22, H-23),
22 7.37 (t, J = 8.2, 6.8, 1.2 Hz, 1H, H-16), 7.30 — 7.20 (m, 2H, H-20,

H-24), 7.16 (dd, J = 8.5, 1.3 Hz, 1H, H-15), 4.58 (d, J = 4.6 Hz, 1H,
OH), 3.47 (tt, J = 10.0, 4.7 Hz, 1H, H-2), 2.74 — 2.54 (m, 3H, H-6, H-8), 1.92 — 1.82 (m, 1H, H-1),
1.71 — 1.43 (m, 6H, H-1, H-3, H-4, H-6, H-7), 1.36 (q, J = 12.0 Hz, 1H, H-3), 1.14 (s, 3H, H-11)

13C NMR (101 MHz, DMSO) & 166.2 (C-10), 146.2 (C-12), 145.5 (C-14), 136.8 (C-19), 128.9 (C-
20, C-21, C-23, C-24), 128.7 (C-18), 128.1 (C-17), 127.8 (C-22), 126.2 (C-9), 125.8 (C-13), 125.7
(C-16), 125.0 (C-15), 69.1 (C-2), 39.9 (C-5), 39.2 (C-4), 37.9 (C-3), 35.0 (C-6), 31.4 (C-1), 27.2
(C-8), 24.6 (C-7), 20.2 (C-11)

HRMS (ESI+) m/z found 334.2007 [M+H]*, C24H2sNO calculated 334.2014 (A = -2.03 ppm).

(35*,4aS*,12bS*)-9-chloro-12b-methyl-7-phenyl-1,2,3,4,4a,5,6,12b-
octahydrobenzo[c]acridin-3-ol

17 46_Cl 2.29, method 3 (76.0 mg, 0.201 mmol, 73% yield, pale-yellow solid)

R:=0.28 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, DMSO) & = 7.96 (d, J = 8.9 Hz, 1H, H-18), 7.68
— 7.48 (m, 5H, H-17, H-21, H-22, H-23), 7.33 — 7.23 (m, 2H, H-20,
22 H-24),7.08 (d, J = 2.4 Hz, 1H, H-15), 4.59 (d, J = 4.7 Hz, 1H, OH),

3.48 (dt, J = 10.1, 4.4 Hz, 1H, H-2), 2.74 — 2.56 (m, 3H, H-6, H-8),
1.9 — 1.83 (m, 1H, H-1), 1.75 — 1.44 (m, 6H, H-1, H-3, H-4, H-6, H-7), 1.36 (g, J = 12.1 Hz, 1H, H-
3), 1.14 (s, 3H, H-11)

HO 3|:|7 21
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13C NMR (101 MHz, DMSO) & = 166.9 (C-10), 145.5 (C-12), 143.9 (C-14), 136.0 (C-19), 131.0
(C-18), 130.1 (C-16), 129.00 (C-21/C-23), 128.97 (C-21/C-23), 128.8 (C-24), 128.7 (C-17, C-20),
128.1 (C-22), 127.6 (C-9), 126.6 (C-13), 123.5 (C-15), 69.0 (C-2), 40.0 (C-5), 39.0 (C-4), 37.8 (C-
3), 34.9 (C-6), 31.3 (C-1), 27.2 (C-8), 24.4 (C-7), 20.2 (C-11)

HRMS (ESI+) m/z found 378.1616 [M+H]*, C24H24CINO calculated 378.1624 (A = -2.12 ppm).

(3S*,4aS*,12bS*)-9-chloro-7-(2-fluorophenyl)-12b-methyl-1,2,3,4,4a,5,6,12b-
octahydrobenzo[c]acridin-3-ol

2.30, method 3 (85.2 mg, 0.216 mmol, 79% yield, pale-yellow solid)
Rf=0.30 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, DMSO) & 7.98 (d, J = 9.0 Hz, 1H, H-18), 7.67
(dd, J = 9.0, 2.4 Hz, 1H, H-17), 7.62 (dtd, J = 7.6, 6.4, 5.3, 1.9 Hz,
1H H20/21/22/23), 7.50 — 7.29 (m, 3H, H20/21/22/23), 7.10 — 7.04
(m, 1H, H-15), 3.49 (M, 2H, H-2, O-H), 2.77 — 2.52 (m, 3H, H-6, H-
8), 1.86 (m, 1H, H-1), 1.77 — 1.60 (m, 3H, H-3, H-4, H-7), 1.59 — 1.43 (m, 3H, H-1, H-6, H-7), 1.36
(g, J = 11.7 Hz, 1H, H-3), 1.14 (s, 3H, H-11)

13C NMR (101 MHz, DMSO) 5 167.0, 167.0, 159.7, 157.5, 157.3, 143.9, 143.9, 139.5, 139.4,
131.3, 131.2, 131.1, 131.1, 130.6, 129.0, 128.7, 128.7, 126.4, 126.4, 125.3, 123.0, 123.0, 122.9,
122.8, 116.3, 116.3, 116.1, 116.1, 69.8, 69.0, 68.9, 39.0, 37.8, 34.8, 34.8, 31.3, 26.9, 26.5, 24.3,
24.2,20.2, 20.2

19F NMR (377 MHz, DMSO) 5 -114.9, -115.0
HRMS (ESI+) m/z found 396.1521 [M+H]*, C24H23CIFNO calculated 396.1530 (A = -2.27 ppm).

Note: Compound present as a mixture of conformational isomers. Assignment of carbon atoms
was not made owing to complexity of the *C spectrum.

(3S*,4aS*,12bS*)-7-(2-fluorophenyl)-12b-methyl-9-nitro-1,2,3,4,4a,5,6,12b-
octahydrobenzo[c]acridin-3-ol

2.31, method 3 (45.3 mg, 0.111 mmol, 41% vyield, off-white solid)
R:= 0.26 (3:2 ethyl acetate/n-hexane)

IH NMR (400 MHz, DMSO) & 8.38 (dd, J = 9.2, 2.55 Hz, 1H, H-17),
8.18 (d, J = 9.2 Hz, 1H, H-18), 8.02 (dd, J = 4.9, 2.55 Hz, 1H, H-
15), 7.71 — 7.64 (m, 1H), 7.56 — 7.38 (m, 3H), 4.62 (dd, J = 4.8, 2.2
Hz, 1H, O-H), 3.56 — 3.40 (m, 1H, H-2), 2.81 — 2.54 (m, 3H, H-6, H-
8), 1.88 (m, 1H, H-1), 1.82 — 1.64 (m, 3H, H-3, H-4, H-7), 1.63 —
1.48 (m, 3H, H-1, H-6, H-7), 1.37 (g, J = 12.0 Hz, 1H, H-3), 1.17 (s, 3H, H-11)

13C NMR (101 MHz, DMSO) 5 170.7, 170.6, 147.4, 144.7, 144.7, 142.1, 142.0, 131.5, 131.5,
131.5, 131.3, 131.3, 131.2, 130.8, 130.5, 130.0, 129.9, 125.4, 125.3, 125.3, 125.3, 124.5, 124.5,
122.3, 122.3, 122.2, 122.1, 121.8, 121.0, 121.0, 116.4, 116.3, 116.2, 116.2, 116.1, 68.8, 68.8,
40.4, 40.4, 38.8, 38.6, 37.7, 34.6, 34.6, 31.2, 26.8, 26.5, 24.1, 24.0, 20.1, 20.0
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1F NMR (377 MHz, DMSO) & -114.6, -114.7
HRMS (ESI+) m/z found 407.1765 [M+H]*, C24H23FN2O3 calculated 407.1771 (A = -1.47 ppm).

Note: Compound present as a mixture of conformational isomers. Assignment of carbon atoms
was not made owing to complexity of the **C spectrum.

(35*,4aS*,12bS*)-9-chloro-7,12b-dimethyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol
2.32, method 3 (31.4 mg, 0.0994 mmol, 53% vyield, pale-yellow solid)
Ri= 0.34 (1:1 ethyl acetate/n-hexane)

IH NMR (400 MHz, DMSO) & 8.10 (d, J = 2.3 Hz, 1H, H-15), 7.85 (d, J
= 8.9 Hz, 1H, H-18), 7.60 (dd, J = 8.9, 2.3 Hz, 1H, H-17), 4.57 (d, J =
4.7 Hz, 1H, O-H), 3.46 (it, J = 10.1, 4.7 Hz, 1H, H-2), 3.02 — 2.79 (m,
2H, H-8), 2.63 (dt, J = 13.3, 3.3 Hz, 1H, H-6), 2.48 (s, 3H, H-19), 1.86 —
1.78 (m, 1H, H-1), 1.76 — 1.60 (m, 4H, H-3, H-4, H-7), 1.55 — 1.42 (m, 1H, H-1), 1.42 — 1.30 (m,
2H, H-3, H-6), 1.08 (s, 3H, H-11)

13C NMR (101 MHz, DMSO) & = 166.2 (C-10), 143.7 (C-14), 140.9 (C-12), 131.2 (C-18), 130.0
(C-16), 128.3 (C-17), 128.1 (C-9), 127.0 (C-13), 122.5 (C-15), 69.0 (C-2), 39.6 (C-5), 38.9 (C-4),
37.9 (C-3), 35.0 (C-6), 31.4 (C-1), 26.1 (C-8), 24.5 (C-7), 20.1 (C-11), 13.5 (C-19)

HRMS (ESI+) m/z found 316.1464 [M+H]*, C19H22CINO calculated 316.1468 (A = -1.27 ppm).
(3S*,4aS*,12bS*)-7,12b-dimethyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[c]acridin-3-ol

2.33, method 3 (25.7 mg, 0.0913 mmol, 67% yield, white solid)

Rt = 0.32 (2:3 ethyl acetate/n-hexane)

IH NMR (400 MHz, DMSO) & 8.07 (d, J = 8.4 Hz, 1H, H-15), 7.85 (d, J
= 8.3 Hz, 1H, H-18), 7.61 (t, J = 7.6 Hz, 1H, H-16), 7.50 (t, J = 7.7 Hz,
1H, H-17), 4.58 (s, 1H, O-H), 3.47 (tt, J = 10.6, 4.7 Hz, 1H, H-2), 3.02 —
2.81 (m, 2H, H-8), 2.72 — 2.61 (m, 1H, H-6), 2.50 (s, H-19), 1.90 — 1.78
(m, 1H, H-1), 1.77 — 1.22 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.10 (s, 3H, H-11)

13C NMR (101 MHz, DMSO) & = 165.5 (C-10), 145.3 (C-14), 141.2 (C-12), 129.2 (C-18), 127.8
(C-16), 126.9 (C-9), 126.2 (C-13), 125.4 (C-17), 123.5 (C-15), 69.1 (C-2), 38.0 (C-3), 35.1 (C-6),
31.4 (C-1), 26.1 (C-8), 24.7 (C-7), 20.1 (C-11), 13.4 (C-19)

HRMS (ESI+) m/z found 282.1851 [M+H]*, C1gH23NO calculated 282.1858 (A = -2.48 ppm).

Note: Methyl (C-19) overlaps with the DMSO signal in the *H NMR spectrum and signals arising
from C-4 and C-5 could not be seen on the 1D-3C spectrum but could be seen to appear within
the residual solvent peak in the HMBC spectrum
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(3S*,4aS*,12bS*)-7-(4-chlorophenyl)-12b-methyl-1,2,3,4,4a,5,6,12b-
octahydrobenzo[c]acridin-3-ol

2.34, method 3 (61.4 mg, 0.162 mmol, 59% yield, white solid)
R¢= 0.32 (2:3 ethyl acetate/n-hexane)

H NMR (400 MHz, DMSO) & 7.93 (d, J = 8.7 Hz, 1H, H-15), 7.67
— 7.57 (m, 3H, 17, H-20, H-24), 7.39 (t, J = 8.3 Hz, 1H, H-16),
7.34 — 7.24 (m, 2H, H-21, H-23), 7.16 (d, J = 8.4 Hz, 1H, H-18),
4.59 (d, J = 4.6 Hz, 1H, O-H), 3.47 (dt, J = 9.9, 4.7 Hz, 1H, H-2),
2.73 — 2.53 (m, 2H, H-8), 1.90 — 1.83 (m, 1H, H-1), 1.76 — 1.28 (m, 6H, H-1, H-3, H-4, H-6, H-7),
1.14 (s, 2H, H-11)

13C NMR (101 MHz, DMSO) & = 166.2 (C-10), 145.5 (C-14), 144.9 (C-12), 135.7 (C-19), 132.7
(C-22), 130.9 (C-21/23), 130.8 (C-21/23), 128.92 (C-20/24), 128.89 (C-20/24), 128.8 (C-15),
128.3 (C-17), 126.3 (C-9), 125.9 (C-16), 125.6 (C-13), 124.8 (C-18), 69.1 (C-2), 37.9 (C-3), 35.0
(C-6), 31.4 (C-1), 27.1 (C-8), 24.5 (C-7), 20.2 (C-11)

HRMS (ESI+) m/z found 378.1616 [M+H]*, C24H24CINO calculated 378.1624 (A = -2.12 ppm).

(3S*,4aS*,12bS*)-7-(4-fluorophenyl)-12b-methyl-1,2,3,4,4a,5,6,12b-
octahydrobenzo[c]acridin-3-ol

2.35, method 3 (58.6 mg, 0.162 mmol, 59% yield, white solid)
R:= 0.35 (2:3 ethyl acetate/n-hexane)

IH NMR (400 MHz, DMSO-d6) & 7.93 (d, J = 8.4 Hz, 1H, H-18),
7.63 (t, J = 7.7 Hz, 1H, H-17), 7.44 — 7.25 (m, 5H, H-16, H-20, H-
21), 7.16 (d, J = 8.3 Hz, 1H, H-15), 3.47 (i, J = 10.3, 9.9, 4.6 Hz,
1H, H-2), 2.76 — 2.53 (m, 3H, H-6, H-8), 1.92 — 1.83 (m, 1H, H-1),
1.76 — 1.60 (m, 3H, H-3, H-4, H-7), 1.60 — 1.46 (m, 3H, H-1, H-6, H-7), 1.36 (g, J = 11.8 Hz, 1H,
H-3), 1.14 (s, 3H, H-11)

13C NMR (101 MHz, DMSO) & 166.2 (C-10), 161.7 (d, J = 235.9 Hz, C-22), 145.5 (C-12/14), 145.2
(C-12/14), 133.0 (C-19), 131.0 (dd, J = 15.4, 8.1 Hz, C-20), 128.7 (C-18), 128.2 (C-17), 126.6 (C-
9), 125.9 (C-13), 125.8 (C-16), 124.9 (C-15), 115.8 (d, J = 21.5 Hz, C-21), 69.1 (C-2), 37.9 (C-3),
35.0 (C-6), 31.4 (C-1), 27.2 (C-8), 24.6 (C-7), 20.2 (C-11)

19F NMR (377 MHz, DMSO) & -114.4

HRMS (ESI+) m/z found 362.1913 [M+H]*, C2sH24FNO calculated 362.1920 (A = -1.93 ppm).

Note: signals arising from C-4 and C-5 could not be seen on the 1D-3C spectrum but could be
seen to appear within the residual solvent peak in the HMBC spectrum
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General procedure for the synthesis of indole fused analogues

To a solution of ketone 2.01 (1 equiv.) and p-TsOH.H2O (1.3 equiv.) in absolute ethanol was
added the appropriate hydrazine hydrochloride salt (1.3 equiv.) and the reaction mixture refluxed
for the indicated time. The reaction was cooled to room temperature, neutralised with saturated
aqueous NaHCOs;, and extracted with DCM (3x). The combined organic phased were dried over
anhydrous sodium sulfate and the solvent removed to yield a crude solid. Purification of the crude
solid via flash chromatography on silica gel afforded the indole products as solids.

(3S*,4aS*,11bS*)-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-benzo[a]carbazol-3-ol

2.36, reaction heated for 4 hours (36.5 mg, 0.143 mmol, 52% yield, brown
solid)

R¢ = 0.18 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, CDCl3) & 7.71 (s, 1H, NH), 7.45 (dd, J = 7.5, 1.3 Hz,
1H, H-17), 7.30 (dd, J = 7.5, 1.3 Hz, 1H, H-14), 7.10 (dtd, J = 7.5, 1.3 Hz, 2H, H-15, H-16), 3.75
(tt, J = 10.4, 4.8 Hz, 1H, H-2), 2.89 — 2.64 (m, 2H, H-8), 2.06 — 1.97 (m, 2H, H-1, H-6), 1.90 — 1.47
(m, 7H, H-1, H-3, H-4, H-6, H-7), 1.23 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & 143.2 (C-10), 135.9 (C-13), 127.8 (C-12), 121.3 (C-16), 119.4 (C-
15), 118.2 (C-17), 110.7 (C-14), 108.2 (C-9), 71.2 (C-2), 42.1 (C-4), 37.1 (C-3), 34.8 (C-6), 34.3
(C-5), 31.2 (C-1), 26.1 (C-7), 21.3 (C-8), 20.2 (C-11)

HRMS (ESI+) m/z found 256.1711 [M+H]*, C17H2:NO calculated 256.1701 (A = 3.90 ppm).

(35*,4aS*,11bS*)-8-bromo-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-benzo[a]carbazol-
3-ol

2.37, reaction heated for 20 hours (61.2 mg, 0.183 mmol, 67% yield,
tan solid); Rs = 0.26 (5% MeOH/DCM)

IH NMR (400 MHz, CDCl3) & 7.76 (s, 1H, N-H), 7.56 (d, J = 1.8 Hz,
1H, H-14), 7.22 — 7.12 (m, 2H, H-16, H-17), 3.74 (it, J = 10.5, 4.7
Hz, 1H, H-2), 2.82 — 2.60 (M, 2H, H-8), 2.05 — 1.95 (m, 2H, H-1, H-
6), 1.89 — 1.44 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.22 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & 144.6 (C-10), 134.5 (C-13), 129.7 (C-12), 123.9 (C-16), 120.9 (C-
14), 112.6 (C-15), 112.1 (C-17), 108.0 (C-9), 71.1 (C-2), 42.0 (C-4), 37.0 (C-3), 34.7 (C-6), 34.3
(C-5), 31.1 (C-1), 25.9 (C-7), 21.1 (C-8), 20.2 (C-11)

HRMS (ESI+) m/z found 334.0792 [M+H]*, C17H2BrNO calculated 334.0806 (A = -4.19 ppm).

(3S*,4aS*,11bS*)-8-fluoro-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-benzo[a]carbazol-
3-ol

2.38, reaction heated for 2.5 hours (37.1 mg, 0.136 mmol, 50% yield,
F purple solid)

R¢ = 0.26 (1:1 ethyl acetate/n-pentane)
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IH NMR (400 MHz, CDCls) & 7.75 (s, 1H, N-H), 7.19 (dd, J = 8.7, 4.3 Hz, 1H, H-17), 7.08 (dd, J =
9.6, 2.5 Hz, 1H, H-14), 6.86 (td, J = 9.1, 2.5 Hz, 1H, H-16), 3.75 (it, J = 10.6, 4.6 Hz, 1H, H-2),
2.88 — 2.58 (M, 2H, H-8), 2.12 — 1.93 (M, 2H, H-1, H-6), 1.89 — 1.43 (m, 7H, H-1, H-3, H-4, H-6,
H-7), 1.23 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & 157.9 (d, J = 233.8 Hz, C-15), 145.2 (C-10), 132.3 (C-13), 128.2
(d, J = 9.6 Hz, C-12), 111.2 (d, J = 9.7 Hz, C-17), 109.2 (d, J = 26.2 Hz, C-16), 108.4 (d, J = 4.5
Hz, C-9), 103.3 (d, J = 23.2 Hz, C-14), 71.2 (C-2), 42.0 (C-4), 37.0 (C-3), 34.7 (C-6), 34.4 (C-5),
31.1 (C-1), 25.9 (C-7), 21.2 (C-8), 20.2 (C-11)

19F NMR (377 MHz, DMSO-d6) d -125.1
HRMS (ESI+) m/z found 274.1600 [M+H]*, C17H20FNO calculated 274.1607 (A = -2.55 ppm).

(3S*,4aS*,11bS*)-8-methoxy-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-
benzo[a]carbazol-3-ol

2.39, reaction heated for 24 hours (56.5mg, 0.198 mmol, 72%
yield, brown solid); Rs = 0.38 (1:1 ethyl acetate/DCM)

18

H NMR (400 MHz, CDCls)  7.66 (s, 1H, N-H), 7.18 (d, J = 8.7 Hz,
1H, H-17), 6.92 (d, J = 2.5 Hz, 1H, H-14), 6.79 (dd, J = 8.7, 2.5 Hz,
1H, H-16), 3.86 (s, 3H, H-18), 3.81 — 3.68 (m, 1H, H-2), 2.83 — 2.63
(m, 2H, H-8), 2.11 — 1.93 (m, 2H, H-1, H-6), 1.91 — 1.47 (m, 7H, H-
1, H-3, H-4, H-6, H-7), 1.22 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & 154.1 (C-15), 144.3 (C-10), 131.0 (C-12), 128.2 (C-13), 111.4 (C-
17), 111.0 (C-16), 108.0 (C-9), 100.7 (C-14), 71.2 (C-2), 56.2 (C-18), 42.1 (C-4), 37.1 (C-3), 34.8
(C-6), 34.3 (C-5), 31.1 (C-1), 26.1 (C-7), 21.3 (C-8), 20.2 (C-11)

HRMS (ESI+) m/z found 286.1800 [M+H]*, C1sH23NO- calculated 286.1807 (A = -2.45 ppm).

(3S*,4aS*,11bS*)-7,9-dichloro-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-
benzo[a]carbazol-3-ol

2.40, reaction heated for 48 hours (31.1 mg, 0.0959 mmol, 35% vyield,
white solid); Rt = 0.34 (2:3 ethyl acetate/DCM)

IH NMR (400 MHz, CDCls) & 7.82 (s, 1H, N-H), 7.15 (d, J = 1.65 Hz,
1H, H-17), 7.01 (d, J = 1.65 Hz, 1H, H-15), 3.74 (tt, J = 10.7, 4.8 Hz,
1H, H-2), 3.21 (dd, J = 16.4, 5.8 Hz, 1H, H-8), 3.00 — 2.87 (m, 1H, H-
8), 2.05—1.94 (m, 2H, H-1, H-6), 1.89 — 1.41 (m, 7H, H-1, H-3, H-4, H-
6, H-7), 1.22 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & = 144.6 (C-10), 136.9 (C-13), 126.6 (C-14/C-16), 126.5 (C-14/C-
16), 124.0 (C-12), 120.3 (C-15), 109.5 (C-17), 108.7 (C-9), 71.1 (C-2), 41.3 (C-4), 36.9 (C-3), 34.8
(C-6), 34.3 (C-5), 31.0 (C-1), 26.0 (C-7), 23.2 (C-8), 20.2 (C-11)

HRMS (ESI+) m/z found 324.0918 [M+H]*, C17H1sCl.NO calculated 324.0922 (A = -1.23 ppm).
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(3S*,4aS*,11bS*)-10-fluoro-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-
benzo[a]carbazol-3-ol

2.41, reaction heated for 3 hours (29.6 mg, 0.108 mmol, 39% vyield,
brown solid)

R: = 0.48 (1:1 ethyl acetate/DCM); *H NMR (400 MHz, CDCls) 5 7.9 (s,
1H, N-H), 7.2 (d, J = 7.8 Hz, 1H, H-14), 7.0 (tdd, J = 7.8, 4.8, 0.9 Hz,
1H, H-15), 6.8 (ddd, J = 11.3, 7.9, 1.0 Hz, 1H, H-16), 3.8 (tt, J = 10.5,
4.9 Hz, 1H, H-2), 2.8 — 2.7 (m, 2H, H-8), 2.1 — 2.0 (m, 2H, H-1, H-6),
1.9 - 1.5 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.2 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) d 149.5 (d, J = 242.5 Hz, C-17), 144.0 (C-10), 131.6 (d, J = 5.5 Hz,
C-12),123.8(d, J=12.6 Hz, C-13), 119.6 (d, J = 6.3 Hz, C-15), 114.0 (d, J = 3.2 Hz, C-14), 109.0
(d, J=2.2 Hz, C-9), 106.4 (d, J = 16.4 Hz, C-16), 71.2 (C-2), 42.1 (C-4), 37.0 (C-3), 34.7 (C-6),
34.4 (C-5), 31.1 (C-1), 26.0 (C-7), 21.4 (C-8), 20.2 (C-11)

1F NMR (377 MHz, CDCl3) 8 -136.0

HRMS (ESI+) m/z found 274.1600 [M+H]*, C17H20FNO calculated 274.1607 (A = -2.55 ppm).

(35*,4aS*,11bS*)-8-chloro-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-benzo[a]carbazol-
3-ol

2.42, reaction heated for 2.5 hours (29.2 mg, 0.101 mmol, 37% yield,
yellow solid)

R: = 0.26 (1:1 ethyl acetate/n-pentane)

IH NMR (400 MHz, CDCls) & 7.78 (s, 1H, N-H), 7.40 (d, J = 2.0 Hz,
1H, H-14), 7.19 (d, J = 8.5 Hz, 1H, H-17), 7.06 (dd, J = 8.6, 2.0 Hz, 1H, H-16), 3.78 — 3.68 (m,
1H, H-2), 2.79 — 2.61 (m, 2H, H-8), 2.04 — 1.96 (M, 2H, H-1, H-6), 1.87 — 1.44 (m, 7H, H-1, H-3,
H-4, H-6, H-7), 1.22 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & = 144.8 (C-10), 134.2 (C-13), 129.0 (C-12), 125.0 (C-15), 121.4 (C-
16), 117.8 (C-14), 111.6 (C-17), 108.0 (C-9), 71.1 (C-2), 42.0 (C-4), 37.0 (C-3), 34.7 (C-6), 34.3
(C-5), 31.1 (C-1), 25.9 (C-7), 21.1 (C-8), 20.2 (C-11)

HRMS (ESI+) m/z found 290.1305 [M+H]*, C17H20CINO calculated 290.1311 (A = -2.07 ppm).

General procedure for the synthesis of 7-azaindole fused analogues

Ketone 2.01 (1 equiv.) and the hydrazinopyridine or hydrazinopyridine hydrochloride salt (1.5
equiv.) were suspended in diethylene glycol in a Biotage microwave vial, and the vial heated at
250 °C via microwave irradiation for 3 hours. The reaction was poured into saturated aqueous
NaHCO; and extracted with DCM (3x). The combined organic phases were dried over anhydrous
sodium sulfate and concentrated to yield a crude oil. Purification of the crude oil via either flash
chromatography on silica gel or preparative HPLC afforded the azaindole products as solids.

118



(3S*,4aS*,11bS*)-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-benzo[g]pyrido[2,3-b]indol-
3-ol

2.49, (27.8 mg, 0.108 mmol, 39% vyield, yellow solid)

Rr = 0.22 (5.0% MeOH/DCM)

IH NMR (400 MHz, CDCls) & 10.98 (s, 1H, N-H), 8.19 (dd, J = 4.9, 1.5
Hz, 1H, H-16), 7.77 (dd, J = 7.8, 1.5 Hz, 1H, H-14), 7.03 (dd, J = 7.7,
4.9 Hz, 1H, H-15), 3.77 (tt, J = 11.2, 5.1 Hz, 1H, H-2), 2.83 — 2.66 (m, 2H, H-8), 2.28 (dt, J = 12.8,
3.2 Hz, 1H, H-6), 2.09 — 1.99 (m, 1H, H-1), 1.90 — 1.51 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.29 (s,
3H, H-11)

13C NMR (101 MHz, CDCls) & = 149.0 (C-13), 144.7 (C-10), 140.8 (C-16), 126.4 (C-14), 121.0 (C-
12), 115.2 (C-15), 106.2 (C-9), 71.2 (C-2), 42.1 (C-4), 37.1 (C-3), 34.8 (C-6), 34.5 (C-5), 31.2 (C-
1), 25.9 (C-7), 21.2 (C-8), 19.9 (C-11)

HRMS (ESI+) m/z found 257.1647 [M+H]*, C16H20N20 calculated 257.1654 (A = -2.72 ppm).
(35*,4aS*,11bS*)-8-bromo-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-
benzo[g]pyrido[2,3-b]indol-3-ol

2.50, (18.0 mg, 0.0537 mmol, 10% vyield, brown solid)

!H NMR (400 MHz, CDCIls) d 10.50 (s, 1H, N-H), 8.19 (d, J = 2.05
Hz, 1H, H-16), 7.93 (d, J = 2.05 Hz, 1H, H-14), 3.77 (tt, J = 10.2, 5.1

Hz, 1H, H-2), 2.70 (m, 2H, H-8), 2.21 (m, 1H, H-6), 2.10 — 1.98 (m,
1H, H-1), 1.92 — 1.48 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.27 (s, 3H,

H-11)

13C NMR (101 MHz, CDCls) & = 147.2 (C-10), 145.7 (C-13), 139.4 (C-16), 129.9 (C-14), 123.5 (C-
12), 110.6 (C-15), 106.6 (C-9), 71.0 (C-2), 41.9 (C-4), 36.9 (C-3), 34.6 (C-5), 34.5 (C-6), 31.0 (C-
1), 25.6 (C-7), 20.9 (C-8), 19.9 (C-11)

HRMS (ESI+) m/z found 335.0751 [M+H]*, C16H19BrN2O calculated 335.0759 (A = -2.39 ppm).
(35*,4aS*,11bS*)-9-chloro-11b-methyl-2,3,4,4a,5,6,11,11b-octahydro-1H-
benzo[g]pyrido[2,3-b]indol-3-ol

2.51, (39.6 mg, 0.136 mmol, 25% yield, yellow solid)

IH NMR (400 MHz, CDCls) & 9.03 (s, 1H, N-H), 7.68 (d, J = 8.1 Hz,
1H, H-14), 7.03 (d, J = 8.1 Hz, 1H, H-15), 3.75 (tt, J = 10.6, 4.9 Hz, 1H,
H-2), 2.71 (m, 2H, H-8), 2.07 (dt, J = 12.7, 3.4 Hz, 1H, H-6), 2.04 —
1.95 (m, 1H, H-1), 1.90 — 1.46 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.24 (s, 3H, H-11)
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13C NMR (101 MHz, CDCl3) = 147.4 (C-13), 144.5 (C-10), 142.7 (C-16), 128.7 (C-14), 119.4 (C-
12), 115.4 (C-15), 107.0 (C-9), 71.1 (C-2), 41.9 (C-4), 36.9 (C-3), 34.4 (C-5), 34.4 (C-6), 31.0 (C-
1), 25.6 (C.7), 21.1 (C-8), 19.9 (C-11)
HRMS (ESI+) m/z found 291.1250 [M+H]*, C16H10CIN-O calculated 291.1264 (A = -4.81 ppm).
(5aS*,75*,9aS*)-9a-methyl-2-oxodecahydro-1H-benzo[b]azepin-7-yl acetate

O H 0

/(fj HOSA, AcOH 0 /(ij

HO 120 °C (uWave) )J\O

60 m, 34%

T
Ty

To a solution of ketone 2.01 (50.7 mg, 0.278 mmol) in glacial AcOH (3 mL) in a 2.0 — 5.0 mL
Biotage microwave vial was added hydroxylamine-o-sulfonic acid (33.1 mg, 0.293 mmol). The
vial was capped and heated at 120 °C for 60 minutes. The reaction mixture was quenched via
addition of 2M aqueous NaOH, extracted with DCM (3x), and the organic phase dried over
anhydrous Na,SO4, before concentration under reduced pressure. The crude compound was
purified via flash chromatography on silica gel (1.5% MeOH/DCM) to yield the product as a white
solid (22.8 mg, 0.0953 mmol, 34%)

"H o 2.55,'HNMR (400 MHz, CDCl5) = 4.72 (tt, J = 11.1, 4.8 Hz, 1H, H-

6
o . N—¢" 2),2.58 - 2.44 (m, 2H, H-9), 2.03 (s, 3H, H-13), 1.98 — 1.75 (m, 3H, H-
)}\ 2 _ 9 1, H-3, H-8), 1.74 — 1.40 (m, 6H, H-1, H-4, H-6, H-7, H-8), 1.33 (s, 3H,
1371207 3 i

H-11), 1.31 - 1.18 (m, 1H, H-3)

13C NMR (101 MHz, CDCls) & = 177.3 (C-10), 170.6 (C-12), 71.9 (C-2), 54.3 (C-5), 44.7 (C-4),
40.2 (C-6), 37.4 (C-9), 36.6 (C-3), 33.7 (C-7), 27.4 (C-8/C-1), 23.7 (C-1/C-8), 21.4 (C-13), 19.2
(C-11)

HRMS (ESI+) m/z found 240.1594 [M+H]*, C13H21NO3 calculated 240.1599 (A = -2.08 ppm).
General procedure for the synthesis of spirocyclic dihydroquinazolinone analogues

To a solution of ketone 2.01 (1.0 equiv.) in ethanol (2.0 mL) was added the appropriate 2-
aminobenzamide (1.05 equiv.) and ammonium chloride (1.00 equiv.) and the solution heated at
reflux for 24 hours. After 24 hours, an additional 0.3 equiv. of both the 2-aminobenzamide and
ammonium chloride were added and the reactions heated at reflux for a further 8 hours (at this
stage, an aliquot of the reaction was taken for determination of the diastereoisomeric ratio). The
reaction was concentrated, dissolved in ethyl acetate, washed once with water, and dried over
anhydrous Na»SO4to afford a crude solid. The crude solid was purified by flash chromatography
on silica gel (6% MeOH/DCM), vyielding the product as an inseparable mixture of
diastereoisomers.
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(4aS*,6S*,8aS*)-6-hydroxy-8a-methyl-3,4,4a,5,6,7,8,8a-octahydro-1'H,2H-
spiro[naphthalene-1,2'-quinazolin]-4'(3'H)-one

18 17 2.56, (14.7 mg, 0.288 mmol, 18% yield, white solid)

0
e '® R¢=0.14 (6% MeOH/DCM); *H NMR (400 MHz, MeOD) & 7.60 (dd, J =

6 TN 1NZH 5 7.8, 1.5 Hz, 1H, H-18), 7.24 — 7.19 (t, J = 7.5 Hz, 1H, H-16), 6.68 (d, J

1 Y = 8.2 Hz, 1H, H-15), 6.60 (t, J = 7.5 Hz, 1H, H-17), 3.50 (td, J = 10.7,
o 2:8 10.2, 5.0 Hz, 1H, H-2), 2.03 — 1.87 (m, 2H, H-9), 1.79 — 1.56 (m, 5H,
3R 7 H-1, H-3, H-4, H-8), 1.50 (m, 2H, H-6), 1.42 — 1.23 (m, 4H, H-1, H-3,

H-7), 1.05 (s, 3H, H-11)

13C NMR (101 MHz, MeOD) & 167.2 (C-14), 149.2 (C-12/13), 135.4 (C-16), 128.3 (C-18), 117.5
(C-17), 114.8 (C-15), 113.5 (C-12/13), 75.4 (C-10), 71.1 (C-2), 45.3 (C-5), 38.5 (C-3), 37.4 (C-4),
36.1 (C-9), 32.2 (C-6), 31.7 (C-1), 28.8 (C-7), 21.5 (C-8), 13.4 (C-11)

HRMS (ESI+) m/z found 301.1916 [M+H]*, C1gH24N20: calculated 301.1916 (A = 0 ppm)

Note: Only signals arising from the isolated diastereoisomer are presented; signals arising from
the other diastereoisomer can be seen in the *H and **C spectra, crude d.r. = 1.00:0.85

(4aS*,6S*,8aS*)-7'-fluoro-6-hydroxy-8a-methyl-3,4,4a,5,6,7,8,8a-octahydro-1'H,2H-
spiro[naphthalene-1,2'-quinazolin]-4'(3'H)-one

0 1318 1716 2.57, (69.6 mg, 0.219 mmol, 80% vyield, white solid); R;= 0.26 (6%
14@F MeOH/DCM)
HN 12 15
1 S P<<NH 'H NMR (400 MHz, DMSQ) & 7.57 — 7.47 (m, 1H), 6.62 (dd, J = 11.6,
29 2.4 Hz, 1H, H-15%), 6.47 (dd, J = 11.4, 2.4 Hz, 1H, H-15%), 6.30 (td, J
HO : 8 =8.7,4.3 Hz, 1H), 4.45 (d, J = 5.2 Hz, 1H, O-H*), 3.35 - 3.19 (m, 2H,

3 7
H H-2, O-H*), 1.93 (td, J = 14.4, 4.9 Hz, 1H, C-H*), 1.85 — 1.39 (m, 7H),

1.39 — 1.06 (m, 6H), 0.93 (s, 3H, H-11%), 0.87 (s, 3H, H-11%)

13C NMR (101 MHz, DMSO) 5 167.0, 164.5, 162.5, 162.4, 161.9, 149.3, 149.2, 129.8, 129.7,
129.5, 109.8, 109.7, 102.9, 102.8, 102.7, 102.6, 98.9, 98.8, 98.6, 98.6, 74.0, 73.9, 73.9, 73.8,
68.9, 68.8, 68.7, 68.6, 44.9, 44.1, 37.9, 35.6, 35.2, 35.1, 34.9, 30.8, 30.7, 30.6, 30.5, 27.3, 20.1,
19.7,13.0, 12.4

1F NMR (377 MHz, DMSO) & -107.3
HRMS (ESI+) m/z found 319.1818 [M+H]*, C1sH23FN2O; calculated 319.1822 (A = -1.25 ppm).

Note: Owing to the complexity of the spectral data, assignments are only reported for protons
arising from the two diastereoisomers with clear separation, and marked with an asterisk. Data
from the 13C spectrum is reported as observed. Crude d.r. = 1.00:0.73

General procedure for the synthesis of imidazothiadiazole fused analogues

To a solution of a-bromoketone 2.10 (1.00 equiv.) in absolute EtOH (1 mL) in a 0.5 — 2.0 mL
Biotage microwave vial was added the aminothiadiazole (1.50 equiv.) and the resulting solution
heated to 150 °C in a microwave reactor for 2 hours. The reaction mixture was concentrated
under reduced pressure and the resulting brown oil purified via flash chromatography on silica gel
or via preparative HPLC to yield the products as solids.

121



(3S*,4aS*,11bS*)-11b-methyl-9-(methylthio)-1,2,3,4,4a,5,6,11b-
octahydronaphtho[1',2":4,5]imidazo[2,1-b][1,3,4]thiadiazol-3-o0l

12 SYS\ 2.60, (21.5 mg, 0.0695 mmol, 36% yield, tan solid)
13

1 ’{
'H NMR (400 MHz, CDCls) & 3.71 (tt, J = 10.6, 4.9 Hz, 1H, H-2),

0@ 2.94—2.73 (M, 2H, H-8), 2.70 (s, 3H, H-14), 2.28 (dt, J = 13.3, 3.4
Hz, 1H, H-6), 2.01 — 1.92 (m, 1H, H-1), 1.89 — 1.74 (m, 2H, H-3,
H-7), 1.73 — 1.38 (M, 5H, H-1, H-3, H-4, H-6, H-7), 1.16 (s, 3H, H-

11)

13C NMR (101 MHz, CDCls) 8 160.2 (C-13), 149.8 (C-10), 142.3 (C-12), 120.0 (C-9), 71.3 (C-2),
42.2 (C-4), 36.9 (C-3), 35.4 (C-5), 34.4 (C-6), 31.3 (C-1), 25.2 (C-7), 20.9 (C-8), 20.0 (C-11), 16.7
(C-14)

HRMS (ESI+) m/z found 310.1037 [M+H]*, C14H19N30S; calculated 310.1048 (A = -3.55 ppm).

(3S*,4aS*,11bS*)-9-(4-methoxyphenyl)-11b-methyl-1,2,3,4,4a,5,6,11b-
octahydronaphtho[l‘,2':4,5]imidazo[2,1-b][1,3,4]thiadiazo|-3-o|

2.61, (24.0 mg, 0.0650 mmol, 39% vyield, brown solid)

IH NMR (400 MHz, CDCls) & = 7.79 (d, J = 8.8 Hz, 2H, H-15),

N SWU 6.98 (d, J = 8.8 Hz, 2H, H-16), 3.87 (s, 3H, H-18), 3.74 (dt, J

I3 =10.9, 5.6 Hz, 1H, H-2), 3.02 — 2.80 (m, 2H, H-8), 2.33 (dt, J

N =13.3, 3.4 Hz, 1H, H-6), 2.04 — 1.94 (m, 1H, H-1), 1.93 - 1.45
0“ (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.21 (s, 3H, H-11)

I 13C NMR (101 MHz, CDCls) & = 162.4 (C-17), 161.6 (C-13),

149.4 (C-10), 142.3 (C-12), 128.5 (C-15), 123.0 (C-14), 120.0 (C-9), 114.8 (C-16), 71.3 (C-2),
55.7 (C-18), 42.2 (C-4), 36.9 (C-3), 35.4 (C-5), 34.3 (C-6), 31.2 (C-1), 25.2 (C-7), 20.9 (C-8), 19.9
(C-11)

HRMS (ESI+) m/z found 370.1579 [M+H]*, C20H23CIN3O,S calculated 370.1589 (A = -2.70 ppm).
General procedure for the synthesis of thiazole fused analogues

To a solution of a-bromoketone 2.10 (1 equiv.) in EtOH (2.5 mL) was added the appropriate
thiourea (1.05 — 3.0 equiv.) and the reaction mixture heated at reflux for the indicated time (in
some cases an additional 1.05 equiv. of the substituted thiourea was added to the reaction
mixture). Reaction mixtures were concentrated under reduced pressure and purified either by
flash chromatography on silica gel or by preparative HPLC, yielding the corresponding thiazoles
as solids.
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(5aS*,7S*,9aS*)-2-(4-methoxyphenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydronaphtho[1,2-
d]thiazol-7-ol

O0—17 2.63, (25.0 mg, 0.0759 mmol, 26% yield, white solid) 3.00 equiv. of

" 15 T8 substituted thiourea, 3h reflux
15
13)==/, H NMR (400 MHz, CDCl3) & 7.81 (d, J = 8.75 Hz, 2H, H-14), 6.91
1 N=12 (d, J=8.75 Hz, 2H, H-15), 3.83 (s, 3H, H-17), 3.71 (it, J = 10.6, 4.9
; I ‘ |\ S Hz, 1H, H-2), 2.90 — 2.75 (m, 2H, H-8), 2.49 (dt, J = 13.5, 3.4 Hz,
2 1H, H-6), 2.03 — 1.90 (m, 1H, H-1), 1.89 — 1.57 (m, 5H, H-1, H-3,
HO” ™ H - 8 H-4, H-7), 1.55 — 1.41 (m, 2H, H-3, H-6), 1.18 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) 8 164.9 (C-12), 160.8 (C-16), 160.5 (C-
10), 127.8 (C-14), 127.4 (C-13), 127.0 (C-9), 114.2 (C-15), 71.3 (C-2), 55.5 (C-17), 41.5 (C-4),
37.0 (C-3, C-5), 35.0 (C-6), 31.4 (C-1), 25.9 (C-7), 23.9 (C-8), 19.5 (C-11)

HRMS (ESI+) m/z found 330.1522 [M+H]*, C19H23NO-S calculated 330.1527 (A = -1.51 ppm).

(5aS*,7S*,9aS*)-2-(4-chlorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydronaphtho[1,2-
d]thiazol-7-ol

15 16 Cl 264, (39.0 mg, 0.117 mmol, 61% vyield, pale yellow solid) additional
1.05 equiv. of substituted thiourea added after 24h, 48h reflux

14 15
13 14 Rt = 0.4 (5% MeOH in DCM)
11 =12
] 6 N\ S 'H NMR (400 MHz, CDCl3) 8 7.89 — 7.80 (m, 2H, H-14), 7.40 — 7.34
(m, 2H, H-15), 3.72 (tt, J = 10.6, 4.9 Hz, 1H, H-2), 2.94 — 2.78 (m, 2H,
HO 2 8 H-8), 2.56 (dt, J = 13.5, 3.5 Hz, 1H, H-6), 2.03 — 1.93 (m, 1H, H-1),
SHT 1.90-1.76 (m, 2H, H-3, H-7), 1.73 - 1.58 (m, 3H, H-1, H-4, H-7), 1.55

—1.44 (m, 2H, H-3, H-6), 1.21 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & 164.1 (C-12), 160.7 (C-10), 135.7 (C-13), 132.2 (C-16), 129.2 (C-
15), 128.7 (C-9), 127.8 (C-14), 71.3 (C-2), 41.5 (C-4), 37.2 (C-5), 37.0 (C-3), 34.9 (C-6), 31.4 (C-
1), 25.8 (C-7), 24.0 (C-8), 19.5 (C-11)

HRMS (ESI+) m/z found 334.1024 [M+H]*, C1sH21N30> calculated 334.1032 (A = -2.39 ppm).

(5aS*,7S*,9aS*)-9a-methyl-2-(pyridin-4-yl)-4,5,5a,6,7,8,9,9a-octahydronaphtho[1,2-
d]thiazol-7-ol

AR W 2.65, (25.0 mg, 0.083 mmol, 43% vyield, light brown solid) additional
1.05 equiv. of substituted thiourea added after 24h, 48h reflux

1 N=(12 IH NMR (400 MHz, DMSO-d6) & 8.75 — 8.56 (m, 2H, H-15), 7.84 — 7.68

P ALALS (m, 2H, H-14), 4.61 (d, J = 4.8 Hz, 1H, O-H), 3.47 (tt, J = 10.7, 5.2 Hz,

2 1H, H-2), 2.98 — 2.79 (m, 2H, H-8), 2.30 (dt, J = 13.0, 3.3 Hz, 1H, H-
HO™ Ny 2y 6), 1.85 — 1.27 (m, 8H, H-1, H-3, H-4, H-6, H-7), 1.10 (s, 3H, H-11)
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13C NMR (101 MHz, DMSO-d6) & 161.8 (C-10), 160.9 (C-12), 150.6 (C-15), 139.9 (C-13), 130.8
(C-9), 119.6 (C-14), 69.2 (C-2), 40.6 (C-4), 36.8 (C-5), 36.7 (C-3), 34.8 (C-6), 31.0 (C-1), 25.2 (C-
7), 23.3 (C-8), 19.5 (C-11)

HRMS (ESI+) m/z found 301.1382 [M+H]* , C17H20N20S calculated 301.1374 (A = 2.66 ppm).
(5aS*,7S*,9aS*)-2-amino-9a-methyl-4,5,5a,6,7,8,9,9a-octahydronaphtho[1,2-d]thiazol-7-ol

NH, 2.66, (23.7 mg, 0.0994 mmol, 67% yield, white solid) 2.00 equiv. of
"mON=\12 thiourea added, 4h reflux, reaction dissolved in DCM and washed twice

A S with water, dried over anhydrous Na,SO4, and concentrated to yield the
2 ﬁe product
HO : 8

SR 7 1H NMR (400 MHz, MeOD) & 3.61 (tt, J = 11.0, 5.7 Hz, 1H, H-2), 2.69 —
2.50 (M, 2H, H-8), 2.12 (dt, J = 13.2, 7.1, 3.6 Hz, 1H, H-6), 1.91 — 1.82 (m, 1H, H-1), 1.82 — 1.64
(m, 2H, H-3, H-7), 1.67 — 1.27 (m, 5H, H-1, H-3, H-4, H-6, H-7), 1.10 (s, 3H, H-11)

13C NMR (101 MHz, MeOD) & = 169.7 (C-12), 153.6 (C-10), 116.6 (C-9), 71.6 (C-2), 42.8 (C-4),
37.7 (C-3), 37.6 (C-5), 35.7 (C-6), 31.8 (C-1), 27.0 (C-7), 24.2 (C-8), 19.1 (C-11)

HRMS (ESI+) m/z found 239.1212 [M+H]*, C12H1sN2OS calculated 239.1218 (A = -2.51 ppm).
(3S*,4aS*,12bS*)-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[a]phenazin-3-ol

0] N/Q
N @ EtOH
HO : 90 °C,3days HO :

A NH, A

To a solution of a-bromoketone 2.10 (55.6 mg, 0.217 mmol) in absolute ethanol was added o-
phenylenediamine (23.1 mg, 0.214 mmol) and the solution refluxed at 90 °C for 3 days. The
reaction was concentrated and purified directly by preparative HPLC, yielding the product as a
brown solid (1.9 mg, 0.00710 mmol, 3%)

16 2.67,'H NMR (400 MHz, MeOD) & 8.03 — 7.98 (m, 1H, H-14), 7.95 —
i@” 7.88 (m, 1H, H-17), 7.75 — 7.68 (m, 2H, H-15, H-16), 3.67 (it, J = 10.7,

. N”’\ 14 4.8 Hz, 1H, H-2), 3.27 — 3.15 (m, 2H, H-8), 2.75 — 2.67 (m, 1H, H-6),
12

2.07 —1.78 (m, 5H, H-1, H-3, H-4, H-7), 1.74 — 1.46 (m, 3H, H-1, H-3,

6 | N
H-6), 1.22 (s, 3H, H-11)
2
HO 8 13C NMR (101 MHz, MeOD) & = 163.0 (C-10), 154.4 (C-9), 142.4 (C-13),

7
141.6 (C-12), 130.5 (C-15), 130.2 (C-16), 129.8 (C-14), 128.4 (C-17),
71.3 (C-2), 41.1 (C-5), 41.0 (C-4), 38.5 (C-3), 35.5 (C-6), 33.0 (C-8), 31.9 (C-1), 25.8 (C-7), 20.3
(C-11)

oI

HRMS (ESI+) m/z found 269.1652 [M+H]*, C17H20N20 calculated 269.1652 (A = -0.74 ppm).

124



Generalised procedures for the synthesis of pyrazole fused analogues
Method 1

To a solution of MEM-protected hydroxymethylene 2.13 (1 equiv.) in glacial AcOH was added the
substituted hydrazine (10 equiv.). The reaction was then heated at reflux for three hours and
cooled to room temperature. The orange solution was poured into water, extracted with ethyl
acetate, the organic phase washed with saturated aqueous NaHCOg3 (3 x), dried over anhydrous
MgSQs, and the solvent removed under reduced pressure to yield an amber-red oil.

Method 2

To a solution of MEM-protected hydroxymethylene 2.13 (1 equiv.) in a mixture of MeOH:AcOH
(4:1) was added the appropriate hydrazine (1.1 — 2.0 equiv.) and the reaction left stirring at room
temperature for the indicated amount of time. The reaction was then diluted with water, extracted
with ethyl acetate, washed sequentially with saturated aqueous NaHCOs, water, brine, dried over
anhydrous MgSO4, and the solvent removed to yield the crude pyrazole as a mixture of
regioisomers.

Deprotection

The crude mixture of pyrazole regioisomers was dissolved in THF (5 mL) before addition of 6M
aqueous HCI (1 mL) and the reaction left stirring at room temperature for 18 hours. The reaction
was neutralised with saturated aqueous NaHCOs3, extracted with ethyl acetate, and the organic
phase washed sequentially with water, brine, and dried over anhydrous MgSOa. The solvent was
removed to afford an oily residue which was purified by preparative HPLC (MeCN/H20O + 0.1%
HCO:H) yielding the pyrazole-fused analogues.

(5aS*,7S*,9aS*)-9a-methyl-1-phenyl-4,5,5a,6,7,8,9,9a-octahydro-1H-benzo[g]indazol-7-ol

14

1610 2.73a, method 1, (8.8 mg, 0.0312 mmol, 12% yield over two steps)
15@3 'H NMR (400 MHz, CDCl3) & 7.47 — 7.40 (m, 3H, H-14, H-16), 7.39 — 7.32

(m, 3H, H-15, H-12), 3.58 (it, J = 10.4, 4.8 Hz, 1H, H-2), 2.71 — 2.54 (m,

14 N__.N
11
B AP 2 2H, H-8), 1.82 — 1.60 (m, 4H, H-1, H-3, H-7, H-4), 1.58 — 1.48 (m, 1H, H-
aﬁ 7), 1.47 = 1.22 (m, 4H, H-1, H-3, H-6), 1.20 (s, 3H, H-11)
z 8
HO™ g 7 13C NMR (101 MHz, CDCls) & 148.3 (C-10), 142.5 (C-13), 138.1 (C-12),

129.0 (C-16), 128.9 (C-14), 128.2 (C-15), 115.4 (C-9), 70.6 (C-2), 43.1 (C-4), 37.2 (C-3), 35.3 (C-
5), 34.1 (C-6), 31.0 (C-1), 26.3 (C-7), 20.9 (C-8), 20.0 (C-11)

HRMS (ESI+) m/z found 283.1797 [M+H]*, C1sH22N2O calculated 283.1810 (A = -4.59 ppm)

(5aS*,7S*,9aS*)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-benzo[g]indazol-7-ol, formate
salt

o HN”‘{ 2.74, method 2, (17.3 mg, 0.0686 mmol, 27% yield over two steps)

2 12 O
P§ 'H NMR (400 MHz, CDCls) & 7.24 (s, 1H, H-12), 3.71 (it, J = 10.6,
HO s 1 OH 48Hz 1H, H-2), 2.70 - 2.47 (m, 2H, H-8), 2.17 (ddd, J = 12.7, 2.8
SH' Hz, 1H, H-6), 2.01 — 1.89 (m, 1H, H-1), 1.86 — 1.76 (m, 1H, H-3),

1.76 — 1.42 (m, 6H, H-1, H-3, H-4, H-6, H-7), 1.15 (s, 3H, H-11)
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13C NMR (101 MHz, CDCls) & 153.9 (C-10), 130.5 (C-12), 113.6 (C-9), 71.1 (C-2), 41.8 (C-4),
36.9 (C-3), 34.6 (C-6), 34.0 (C-5), 31.2 (C-1), 26.0 (C-7), 20.4 (C-8), 20.3 (C-11)

HRMS (ESI+) m/z found 207.1498 [M+H]*, C12H19N2O calculated 207.1497 (A = 0.48 ppm).

(5aS*,7S*,9aS*)-1-(4-methoxyphenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

2.75, method 2, (5.9 mg, 0.0189 mmol, 8% yield over two steps)

/
?6 N IH NMR (400 MHz, CDCls) & 7.34 (s, 1H, H-12), 7.30 — 7.17 (m, 2H, H-14),
14 6.96 — 6.88 (m, 2H, H-15), 3.86 (s, 3H, H-17), 3.59 (it, J = 10.6, 4.8 Hz, 1H,
N 1; N 2),269-2.54(m, 2H, H-8), 1.81 - 1.59 (m, 4H, H-1, H-3, H-4, H-7), 1.58
1 -

V1o —1.19 (m, 5H, H-1, H-3, H-6, H-7), 1.17 (s, 3H, H-11)
2 X
1
13C NMR (101 MHz, CDCIl3) & 159.9 (C-16), 148.5 (C-10), 137.7 (C-12),
HO z 8 135.1 (C-13), 129.3 (C-14), 115.2 (C-9), 114.0 (C-15), 70.7 (C-2) 55.7 (C-

17), 43.0 (C-4), 37.2 (C-3), 35.3 (C-5), 34.1 (C-6), 31.1 (C-1), 26.4 (C-7),
21.0 (C-8), 19.9 (C-11)

HRMS (ESI+) m/z found 313.1907 [M+H]*, C19H24N20> calculated 313.1916 (A = -2.87 ppm).

(5aS*,7S*,9aS*)-1-(4-chlorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

2.76, method 2, (26.0 mg, 0.0821 mmol, 47% yield over two steps)

IH NMR (400 MHz, CDCls) & 7.45 — 7.39 (m, 1H, H-14), 7.37 (s, 1H, H-12),
7.34 — 7.27 (m, 2H, H-15), 3.60 (tt, J = 4.9, 10.5 Hz, 1H, H-2), 2.69 — 2.54

16
13
\ (M, 2H, H-8), 1.83— 1.21 (m, 8H, H-1, H-3, H-6, H-7), 1.19 (s, 3H, H-11)
12
/w 13C NMR (101 MHz, CDCl;) & 148.8 (C-10), 140.7 (C-13), 138.4 (C-12),
135.3 (C-16), 129.6 (C-15), 129.4 (C-14), 116.0 (C-9), 70.7 (C-2), 43.2 (C-
4), 37.3 (C-3), 35.4 (C-5), 34.3 (C-6), 31.1 (C-1), 26.4 (C-7), 21.0 (C-8),
20.2 (c-11)

HRMS (ESI+) m/z found 317.1426 [M+H]", C1sH21CIN2O calculated 317.1420 (A = 1.89 ppm).

(5aS*,7S*,9aS*)-1-(2-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

2.77 (Astercin-1), method 2, (18.0 mg, 0.0600 mmol, 27% vyield over two
17 steps)

11 NN 1H NMR (400 MHz, CDCls) 8 7.49 — 7.35 (m, 3H, H-12, H-16, H-17), 7.21
X ? (g, J = 8.6, 7.9 Hz, 2H, H-15, H-18), 3.58 (tt, J = 10.2, 4.9 Hz, 1H, H-2),
g 2.69 — 2.55 (m, 2-1H, H-8), 1.86 (s, 1H, O-H), 1.79 — 1.61 (m, 4H, H-1, H-
8 3, H-4, H-7), 1.54 (m, 1H, H-7), 1.45 — 1.35 (m, 2H, H-3, H-6), 1.34 — 1.23

(m, 2H, H-1, H-6), 1.13 (s, 3H, H-11), 1.09 (s, 3H, H-11 (minor isomer))
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13C NMR (101 MHz, CDCls) & 158.82 (d, J = 252.4 Hz, C-14), 158.53 (d, J = 251.7 Hz, C-14"),
149.2 (C-10°), 148.9 (C-10), 139.0 (C-12), 131.5 — 131.2 (C13, C-16), 130.3 (C-17), 124.30 (C-
18), 124.25 (C-18’), 116.7 (d, J = 19.9 Hz, C-15), 115.6 (C-9’), 115.5 (C-9), 70.6 (C-2’), 70.5 (C-
2), 42.9 (C-4’), 42.7 (C-4), 37.0 (C-3), 35.2 (C-5"), 35.1 (C-5), 34.5 (C-6"), 32 (C-6), 31.0 (C-1),
30.9 (C-1), 26.33 (C-7), 26.28 (C-T’), 20.9 (C-8), 19.7 (C-11), 18.4 (C-11’)

1%F NMR (377 MHz, DMSO) 5 -120.9, -121.2
HRMS (ESI+) m/z found 301.1705 [M+H]*, C1sH21FN2O calculated 301.1716 (A = -3.65 ppm).

Note: Compound present as a mixture of conformational isomers. 2*C NMR data is reported as
the chemical shifts and coupling constants of the major conformational isomer, except in cases
when there is clear separation of the two peaks. Peaks arising from the minor isomer are reported
as C-X.

(5aS*,7S*,9aS*)-1-(3,5-dimethylphenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-

benzo[g]indazol-7-ol

17
2.78a, method 2, (18.9 mg, 0.0609 mmol, 30% yield over two steps)

16 15
14 'H NMR (400 MHz, CDCl3) 8 7.32 (s, 1H, H-12), 7.05 (s, 1H, H-16), 6.96 (s,
" TyNe 2H, H-14), 3.56 (tt, J = 10.8, 5.2 Hz, 1H, H-2), 2.69 — 2.53 (m, 2H, H-8),
11 NN 5 34(s, 6H, H-17), 1.79 — 1.58 (m, 4H, H-1, H-3, H-4, H-7), 1.56 — 1.49 (m,

1 N 1H, H-7), 1.46 — 1.38 (m, 2H, H-3, H-6), 1.36 — 1.20 (m, 2H, H-1, H-6), 1.19
2 . (s3H,H-11)

HO =

‘hT 13C NMR (101 MHz, CDCls) & 148.1 (C-10), 142.3 (C-13), 138.5 (C-15),
137.8 (C-12), 130.6 (C-16), 125.8 (C-14), 115.1 (C-9), 70.6 (C-2), 43.1 (C-4), 37.2 (C-3), 35.2 (C-
5), 34.0 (C-6), 31.0 (C-1), 26.3 (C-7), 21.3 (C-17), 20.9 (C-8), 19.9 (C-11)

HRMS (ESI+) m/z found 311.2128 [M+H]*, C20H2sN20 calculated 311.2123 (A = 1.61 ppm).
(5aS*,7S*,9aS*)-9a-methyl-2-phenyl-4,5,5a,6,7,8,9,9a-octahydro-2H-benzo[glindazol-7-ol
1» 18 2.73l, method 1, (3.5 mg, 0.0124 mmol, 5% yield over two steps)

14 15
=/ ™M NMR (400 MHz, CDClz) & 7.66 = 7.59 (m, 2H, H-14), 7.55 (s, 1H,
. NN H-12), 7.45 — 7.34 (m, 2H, H-15), 7.24 — 7.16 (m, 1H, H-16), 3.72 (tt, J
BRPPr = 10.6, 4.9 Hz, 1H, H-2), 2.79 — 2.56 (m, 2H, H-8), 2.45 — 2.36 (m, 1H,
&@ H-6), 2.03 — 1.93 (m, 1H, H-1), 1.86 — 1.44 (m, 7H, H-1, H-3, H-4, H-6,
L8 H-7), 1.21 (s, 3H, H-11)

HO 3 -
H 7
13C NMR (101 MHz, CDCls) & 160.4 (C-10), 140.5 (C-13), 129.3 (C-
15), 125.6 (C-16), 123.7 (C-12), 118.9 (C-14), 116.2 (C-9), 71.2 (C-2), 41.7 (C-4), 37.1 (C-3),

34.53 (C-5), 34.51 (C-6), 31.3 (C-1), 25.7 (C-7), 20.3 (C-8), 20.2 (C-11)
HRMS (ESI+) m/z found 283.1797 [M+H]*, C1sH22N20 calculated 283.1810 (A = -4.59 ppm).
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(5aS*,7S*,9aS*)-2-(3,5-dimethylphenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-2H-

benzo[g]indazol-7-ol
17

16 2.78l, method 2, (11.5 mg, 0.0370 mmol, 18% yield over two steps)

14 5~ "7 'HNMR (400 MHz, CDCls) 8 7.51 (s, 1H, H-12), 7.22 (s, 2H, H-14),

13 14 6.85 (s, 1H, H-16), 3.72 (it, J = 10.5, 5.2 Hz, 1H, H-2), 2.75 — 2.56

M f\/l’N (m, 2H, H-8), 2.43 — 2.37 (m, 1H, H-6), 2.34 (s, 6H, H-17), 2.00 —

1 7 12 1.94 (m, 1H, H-1), 1.86 — 1.43 (m, 6H, H-1, H-3, H-4, H-6, H-7),
28 1.21 (s, 3H, H-11)

HO :

*HY 13C NMR (101 MHz, CDCls) & 160.3 (C-10), 140.6 (C-13), 139.1
(C-15), 127.6 (C-16), 124.1 (C-12), 117.1 (C-14), 116.0 (C-9), 71.4 (C-2), 41.9 (C-4), 37.3 (C-3),
34.68 (C-5), 34.66 (C-6), 31.4 (C-1), 25.9 (C-7), 21.5 (C-17), 20.5 (C-8), 20.3 (C-11)

HRMS (ESI+) m/z found 311.2118 [M+H]*, C20H26N20 calculated 311.2123 (A = -1.60 ppm).

(5aS*,7S*,9aS*)-2-(4-methoxyphenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-2H-
benzo[g]indazol-7-ol

17
2.751, method 2, (4.7 mg, 0.0150 mmol, 6% yield over two steps)

15 IH NMR (400 MHz, CDCls) & 7.53 — 7.48 (m, 2H, H-14), 7.45 (s, 1H,

14 15 H-12), 6.95 — 6.88 (M, 2H, H-15), 3.82 (s, 3H, H-17), 3.72 (it, J = 10.5,

3 14 5.0 Hz, 1H, H-2), 2.76 — 2.56 (M, 2H, H-8), 2.41 — 2.35 (m, 1H, H-6),

11 N=N 2.01 — 1.93 (m, 1H, H-1), 1.85 — 1.43 (m, 7H, H-1, H-3, H-4, H-6, H-

)
1/ 12 7), 1.20 (s, 3H, H-11)
2

o 8 13C NMR (101 MHz, CDCls) & 160.2 (C-10), 158.0 (C-16), 134.8 (C-

SHT 13), 124.1 (C-12), 120.9 (C-14), 116.0 (C-9), 114.7 (C-15), 71.6 (C-2),
55.8 (C-17), 42.1 (C-4), 37.4 (C-3), 34.9 (C-6), 34.8 (C-5), 31.6 (C-1), 26.1 (C-7), 20.6 (C-8), 20.5
(C-11)

HRMS (ESI+) m/z found 313.1901 [M+H]*, C19H24N2O> calculated 313.1916 (A = -4.79 ppm).
General procedure for the synthesis of pyrazolo[1,5-a]pyrimidine fused analogues

To a solution of hydroxymethylene 2.11 (1 equiv.) and the appropriate aminopyrazole (1.05
equiv.) in toluene was added p-TsOH.H,O (0.05 equiv.) before fitting the flask with a Dean-Stark
trap. The reaction was heated at reflux for two hours, cooled to room temperature, and the solvent
removed under reduced pressure to afford an oily residue. The residue was dissolved in ethyl
acetate and washed sequentially with saturated aqueous NaHCOgs, water, brine, dried over
anhydrous MgSO., and the solvent removed under reduce pressure to yield the crude
pyrazolopyrimidine fused compounds as a mixture of the “angular’ and “linear” regiosiomers.
Purification of the crude material by preparative HPLC (MeCN/H20 + 0.1% HCO-H) afforded the
two regioisomers in separate fractions.
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(7aS*,9S*,11aS*)-11a-methyl-2-phenyl-6,7,7a,8,9,10,11,11a-
octahydrobenzo[h]pyrazolo[1,5-a]quinazolin-9-ol

2.68a, (20.8 mg, 0.0624 mmol, 19% vyield)

IH NMR (400 MHz, CDCls) & 8.18 (s, 1H, H-12), 8.05 — 7.91 (m, 2H, H-17),
7.50 — 7.42 (m, 2H, H-18), 7.41 — 7.33 (M, 1H, H-19), 6.91 (s, 1H, H-14),
4.04 (ddd, J = 13.7, 3.8 Hz, 1H, H-6), 3.76 (tt, J = 10.5, 5.1 Hz, 1H, H-2),
2.99 — 2.75 (m, 2H, H-8), 2.10 — 2.00 (m, 1H, H-1), 1.97 — 1.59 (m, 6H, H-
1, H-3, H-4, H-7), 1.56 (s, 3H, H-11), 1.38 (ddd, J = 13.7, 3.8 Hz, 1H, H-6)

13C NMR (101 MHz, CDCls) & 153.8 (C-15), 151.8 (C-12), 151.1 (C-10),
150.3 (C-13), 133.6 (C-16), 128.93 (C-18), 128.85 (C-19), 126.6 (C-17),
116.2 (C-9), 92.9 (C-14), 70.8 (C-2), 42.8 (C-4), 39.1 (C-5), 37.4 (C-3), 31.7
(C-6), 31.4 (C-1), 26.9 (C-8), 25.0 (C-7), 14.5 (C-11)

HRMS (ESI+) m/z found 334.1908 [M+H]*, C21H23N30 calculated 334.1919 (A = -3.29 ppm).

(7aS*,9S*,11aS*)-2-(4-methoxyphenyl)-11a-methyl-6,7,7a,8,9,10,11,11a-
octahydrobenzo[h]pyrazolo[1,5-a]Jquinazolin-9-ol

2.69a, (29.7 mg, 0.0817 mmol, 22% yield)

IH NMR (400 MHz, CDCls) & 8.14 (s, 1H, H-12), 7.96 — 7.89 (m, 2H, H-17),
7.03—6.95 (m, 2H, H-18), 6.82 (s, 1H, H-14), 4.02 (ddd, J = 13.7, 3.75 Hz,
1H, H-6), 3.85 (s, 3H, H-20), 3.75 (tt, J = 10.4, 5.0 Hz, 1H, H-2), 2.95 —
2.75 (m, 2H, H-8), 2.09 — 1.59 (m, 7H, H-1, H-3, H-4, H-7), 1.54 (s, 3H, H-
11), 1.36 (ddd, J = 13.7, 3.75 Hz, 1H, H-6)

13C NMR (101 MHz, CDCls) & 160.2 (C-19), 153.5 (C-15), 151.5 (C-12),
150.9 (C-10), 150.2 (C-13), 127.8 (C-17), 126.2 (C-16), 115.7 (C-9), 114.2
(C-18), 92.0 (C-14), 70.7 (C-2), 55.5 (C-20), 42.7 (C-4), 39.0 (C-5), 37.3
(C-3), 31.5 (C-6), 31.2 (C-1), 26.7 (C-8), 24.9 (C-7), 14.4 (C-11)

HRMS (ESI+) m/z found 364.2035 [M+H]*, C22H2sN30- calculated 364.2052 (A = -4.67 ppm).

(7aS*,9S*,11aS*)-2-isopropyl-11la-methyl-6,7,7a,8,9,10,11,11a-
octahydrobenzo[h]pyrazolo[1,5-a]Jquinazolin-9-ol

2.70a, (21.0 mg, 0.0701 mmol, 22% yield);

1718, 'H NMR *H NMR (400 MHz, CDCl3) 8 8.12 (s, 1H, H-12), 6.40 (s, 1H, H-
A 14), 3.95 (ddd, J = 13.7, 3.7 Hz, 1H, H-6), 3.75 (tt, J = 10.1, 5.1 Hz, 1H, H-
NN 2), 3.14 (sept, J = 6.9 Hz, 1H, H-16), 2.93 — 2.74 (m, 2H, H-8), 2.05 - 1.97
. (m, 1H, H-1), 1.89 — 1.83 (m, 1H, H-3), 1.80 — 1.58 (m, 6H, H-1, H-3, H-4,
1 12 H-7), 1.49 (s, 3H, H-11), 1.38 — 1.25 (m, 7H, H-6, H-17)

=% C NMR (101 MHz, CDCly)  162.8 (C-15), 151.1 (C-12), 150.9 (C-10),

H 149.5 (C-13), 115.0 (C-9), 92.5 (C-14), 70.9 (C-2), 42.9 (C-4), 39.0 (C-5),
37.5 (C-3), 31.5 (C-6), 31.4 (C-1), 28.9 (C-16), 26.8 (C-8), 25.1 (C-7), 23.02 (C-17), 23.00 (C-17),
14.4 (C-11)

HRMS (ESI+) m/z found 300.2071 [M+H]*, C1sH2sN30 calculated 300.2076 (A = -1.67 ppm).
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(7aS*,9S*,11aS*)-2-(4-chlorophenyl)-11a-methyl-6,7,7a,8,9,10,11,11a-
octahydrobenzo[h]pyrazolo[1,5-a]quinazolin-9-ol

2.71a, (14.8 mg, 0.0402 mmol, 13% yield)

IH NMR (400 MHz, CDCls) & 8.19 (s, 1H, H-12), 7.94 — 7.86 (m, 2H, H-17),
7.46 — 7.36 (M, 2H, H-18), 6.87 (s, 1H, H-14), 3.98 (m, 1H, H-6), 3.77 (it, J
= 10.4, 5.0 Hz, 1H, H-2), 2.97 — 2.78 (m, 2H, H-8), 2.10 — 2.01 (m, 1H, H-
. 1), 1.93 — 1.61 (m, 6H, H-1, H-3, H-4, H-7), 1.55 (s, 3H, H-11), 1.38 (ddd,
u NN J=13.65, 3.8 Hz, 1H, H-6)

NS
Gﬁ ¥ 15C NMR (101 MHz, CDCls) 5 152.5 (C-15), 151.9 (C-12), 151.0 (C-10),
HOP NP 1502 (C-13), 1345 (C-19), 132.0 (C-16), 1290 (C-18), 127.8 (C-17),
H 116.3 (C-9), 92.8 (C-14), 70.7 (C-2), 42.7 (C-4), 39.0 (C-5), 37.3 (C-3),
31.6 (C-6), 31.2 (C-1), 26.8 (C-8), 24.9 (C-7), 14.4 (C-11)

HRMS (ESI+) m/z found 368.1544 [M+H]*, C21H22CIN3O calculated 368.1529 (A = 4.07 ppm).

(7aS*,9S*,11aS*)-11a-methyl-6,7,7a,8,9,10,11,11a-octahydrobenzo[h]pyrazolo[1,5-
alquinazolin-9-ol

15__ 14 2.72a, (15.5 mg, 0.0602 mmol, 17% yield)

/
1'1“ N \ ¥y 'H NMR (400 MHz, CDCl:) & 8.21 (s, 1H, H-12), 8.01 (d, J = 2.35 Hz, 1H,

H-15), 6.62 (d, J = 2.35 Hz, 1H, H-14), 3.88 (ddd, J = 13.7, 3.85 Hz, 1H, H-
6), 3.75 (tt, J = 10.6, 5.1 Hz, 1H, H-2), 2.98 — 2.78 (m, 2H, H-8), 2.07 — 1.61
(m, 7H, H-1, H-3, H-4, H-7), 1.50 (s, 3H, H-11), 1.32 (td, J = 13.7, 3.85 Hz,
1H, H-6)

13C NMR (101 MHz, CDCls) 8 151.7 (C-12), 151.2 (C-10), 148.9 (C-13), 142.5 (C-15), 116.0 (C-
9), 96.2 (C-14), 70.6 (C-2), 42.8 (C-4), 38.9 (C-5), 37.3 (C-3), 31.4 (C-6), 31.1 (C-1), 26.7 (C-8),
24.8 (C-7), 14.4 (C-11)

HRMS (ESI+) m/z found 258.1597 [M+H]*, C1sH19N3O calculated 258.1606 (A = -3.49 ppm).

(3S*,4aS*,12bS*)-12b-methyl-10-phenyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[h]pyrazolo[5,1-
b]guinazolin-3-ol

2.68l, (7.8 mg, 0.0234 mmol, 7% yield)

IH NMR (400 MHz, CDCls) & 8.38 (s, 1H, H-12), 7.99 — 7.77 (m, 2H,
H-17), 7.54 — 7.41 (m, 2H, H-18), 7.42 — 7.32 (m, 1H, H-19), 6.83
(s, 1H, H-15), 3.72 (it, J = 10.7, 4.8 Hz, 1H, H-2), 3.01 — 2.83 (m,
2H, H-8), 2.63 (ddd, J = 13.2, 2.7 Hz, 1H, H-6), 2.07 — 1.96 (m, 1H,
H-1), 1.93 — 1.46 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.19 (s, 3H, H-
11)

13C NMR (101 MHz, CDCls) 167.3 (C-10), 156.1 (C-14), 148.8 (C-
13), 133.4 (C-16), 133.0 (C-12), 129.04 (C-18), 129.00 (C-19),
126.7 (C-17), 116.5 (C-9), 92.4 (C-15), 71.0 (C-2), 40.18 (C-4), 40.16 (C-5), 37.9 (C-3), 34.4 (C-
6), 31.6 (C-1), 25.5 (C-8), 24.8 (C-7), 20.0 (C-11)

HRMS (ESI+) m/z found 334.1915 [M+H]*, C21H23N30 calculated 334.1919 (A =-1.20 ppm).
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(3S*,4aS*,12bS*)-10-(4-methoxyphenyl)-12b-methyl-1,2,3,4,4a,5,6,12b-
octahydrobenzo[h]pyrazolo[5,1-b]quinazolin-3-ol

(C-7), 20.0 (C-11)

2.69I, (6.6 mg, 0.0182 mmol, 5% yield)

IH NMR (400 MHz, CDCls) & 8.37 (s, 1H, H-12), 7.91 — 7.84 (m, 2H,
H-17), 7.01 — 6.95 (m, 2H, H-18), 6.75 (s, 1H, H-15), 3.86 (s, 3H, H-
20), 3.72 (it, J = 10.7, 4.7 Hz, 1H, H-2), 3.01 — 2.83 (m, 2H, H-8),
2.63 (ddd, J = 13.2, 2.8 Hz, 1H, H-6), 2.09 — 1.97 (m, 1H, H-1), 1.93
— 1.45 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.19 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) 167.3 (C-10), 160.5 (C-19), 155.9 (C-
14), 148.8 (C-13), 133.0 (C-12), 128.0 (C-17), 125.9 (C-16), 116.2
(C-9), 114.5 (C-18), 91.8 (C-15), 71.0 (C-2), 55.7 (C-20), 40.21 (C-
4), 40.17 (C-5), 38.0 (C-3), 34.4 (C-6), 31.6 (C-1), 25.5 (C-8), 24.8

HRMS (ESI+) m/z found 364.2034 [M+H]*, C22H2sNs0- calculated 364.2052 (A = -4.94 ppm).

(3S*,4aS*,12bS*)-10-isopropyl-12b-methyl-1,2,3,4,4a,5,6,12b-
octahydrobenzo[h]pyrazolo[5,1-b]quinazolin-3-ol

17

47

15 14
sl \
1 NI N’
"
8

7

6

1
2
HO

3

oI

2.701, (2.4 mg, 0.00802 mmol, 3% yield)

IH NMR (400 MHz, CDCls) & 8.31 (s, 1H, H-12), 6.35 (s, 1H, H-15),
3.70 (it, J = 10.8, 5.2 Hz, 1H, H-2), 3.14 (sept, J = 6.9 Hz, 1H, H-16),
2.97 — 2.81 (m, 2H, H-8), 2.61 (ddd, J = 13.5, 3.1 Hz, 1H, H-6), 2.05
—1.98 (m, 1H, H-1), 1.91 — 1.45 (m, 7H, H-1, H-3, H-4, H-6, H-7),
1.35 (d, J = 6.9 Hz, 6H, H-17), 1.16 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) 5 166.8 (C-10), 148.0 (C-13), 132.8 (C-
12), 115.5 (C-9), 91.8 (C-15), 70.9 (C-2), 40.1 (C-4), 39.9 (C-5), 37.8

(C-3), 34.3 (C-6), 31.5 (C-1), 28.8 (C-16), 25.3 (C-8), 24.7 (C-7), 23.0 (C-17), 22.9 (C-17), 19.9

(C-11)

HRMS (ESI+) m/z found 300.2065 [M+H]*, C1sH2sNsO calculated 300.2076 (A = -3.66 ppm).

Note: C-14 is not visible in the *3C spectrum however HMBC correlations can be observed,
indicating that C-14 should be present at & = 165.0 ppm
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(3S*,4aS*,12bS*)-10-(4-chlorophenyl)-12b-methyl-1,2,3,4,4a,5,6,12b-
octahydrobenzo[h]pyrazolo[5,1-b]quinazolin-3-ol

19, C! 2.711, (9.2 mg, 0.0250 mmol, 8% yield)
18

& HNMR (400 MHz, CDCls) & 8.35 (s, 1H, H-12), 7.91 — 7.73 (m, 2H,
H-17), 7.52 — 7.33 (m, 2H, H-18), 6.79 (s, 1H, H-15), 3.72 (m, 1H,
H-2), 3.00 — 2.85 (m, 2H, H-8), 2.62 (m, 1H, H-6), 2.07 — 1.97 (m,

\
13/ 1H, H-1), 1.92 — 1.85 (m, 1H, H-3), 1.84 — 1.45 (m, 6H, H-1, H-3, H-
uhoN 4, H-6, H-7), 1.18 (s, 3H, H-11)
2 12
0@ 13C NMR (101 MHz, CDCls) 5 167.3 (C-10), 154.7 (C-14), 148.7 (C-
HO 8 13), 134.7 (C-16), 132.9 (C-12), 131.8 (C-19), 129.1 (C-18), 127.7
SHT (C-17), 116.6 (C-9), 92.3 (C-15), 70.9 (C-2), 40.1 (C-4), 40.0 (C-5),

37.8 (C-3), 34.2 (C-6), 31.5 (C-1), 25.4 (C-8), 24.6 (C-7), 19.9 (C-11)
HRMS (ESI+) m/z found 368.1519 [M+H]*, C21H22CIN3O calculated 368.1529 (A = -2.72 ppm).

(3S*,4aS*,12bS*)-12b-methyl-1,2,3,4,4a,5,6,12b-octahydrobenzo[h]pyrazolo[5,1-
b]guinazolin-3-ol

15 14 2.72l, (4.5 mg, 0.0175 mmol, 5% yield)

) N“@N IH NMR (400 MHz, CDCls) & 8.38 (s, 1H, H-12), 8.00 (d, J = 2.3 Hz, 1H,

6 1 H-14), 6.53 (d, J = 2.3 Hz, 1H, H-15), 3.77 — 3.66 (tt, J = 10.8, 5.5 Hz, 1H,

1 eﬁ 2 H-2),2.99 —2.86 (M, 2H, H-8), 2.62 (ddd, J = 13.3, 2.8 Hz, 1H, H-6), 2.06
2 4 —1.98 (m, 1H, H-1), 1.95 — 1.45 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.17 (s,

8
HO™ T 43 3H, H-11)

13C NMR (101 MHz, CDCls) & 167.2 (C-10), 147.6 (C-13), 144.7 (C-14), 133.3 (C-12), 116.5 (C-
9), 95.5 (C-15), 71.0 (C-2), 40.2 (C-4, C-5), 37.9 (C-3), 34.4 (C-6), 31.6 (C-1), 25.4 (C-8), 24.8
(C-7), 20.0 (C-11)

HRMS (ESI+) m/z found 258.1598 [M+H]*, C1sH19N3O calculated 258.1606 (A = -3.10 ppm).
(5aS*,7S*,9aS*)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydronaphtho[2,1-d]isoxazol-7-ol

O OH o—l\{
= NH,OH.HCI X
I EtOH, H,0 1
HO G Reflux, 3h HO G

23%

To a solution of hydroxymethylene 2.11 (38 mg, 0.181 mmol) in a mixture of ethanol:H.O (98:2)
was added hydroxylamine hydrochloride (12.6 mg, 0.181 mmol). The resulting mixture was
heated at 80 °C for three hours then cooled to room temperature and concentrated to yield a
crude oil. The crude oil was dissolved in DCM and washed with saturated agueous NaHCOg3, the
organic phase dried over anhydrous Na,SO4 and concentrated to yield a yellow residue.
Purification of the residue via flash chromatography on silica gel (1:1 ethyl acetate/n-hexane)
yielded the product as a colourless oil (19.0 mg, 0.0917 mmol, 60%)
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2.79, Rt = 0.20 (1:1 ethyl acetate/n-hexane)

11 O-N
6 \
1 " 1H NMR (400 MHz, CDCls) & 7.99 (s, 1H, H-12), 3.70 (tt, J = 10.7, 5.0 Hz,
2_ . 1H,H-2),2.55-2.39 (m, 2H, H-8), 2.23 (dt, J = 13.1, 3.2 Hz, 1H, H-6), 2.01
HO™ "5 —1.94 (m, 1H, H-1), 1.88 — 1.78 (M, 1H, H-3), 1.74 — 1.44 (m, 6H, H-1, H-
3, H-4, H-6, H-7), 1.18 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) 8 174.8 (C-10), 149.7 (C-12), 109.9 (C-9), 70.9 (C-2), 42.0 (C-4),
36.1 (C-3), 35.4 (C-5), 32.6 (C-6), 30.7 (C-1), 25.6 (C-7), 19.7 (C-8), 18.5 (C-14)

HRMS (ESI+) m/z found 208.1330 [M+H]*, C12H17N2O calculated 208.1337 (A = 1.89 ppm).
General procedure for the synthesis of MEM-protected 4-pyrimidone fused analogues

To a solution of B-ketoester 2.14 (1 equiv.) in dry MeOH (1.5 mL) was added the appropriate
amidine (1.3 — 1.95 equiv.) and anhydrous K>COs (1.3 — 1.95 equiv.). The resulting solution was
heated at reflux for 24 hours before reaching completion. The reaction was diluted with saturated
aqueous NH4Cl and extracted twice with DCM. The combined organic phases were dried over
anhydrous magnesium sulfate and the solvent removed to yield the products as oils. The products
were used immediately in the subsequent deprotection (Yields between 74 — 90%)

General procedure for the deprotection of MEM-protected 4-pyrimidone fused analogues

The MEM-protected 4-pyrimidones were dissolved in THF (2 mL) before addition of 6M aqueous
HCI (0.5 mL) and stirred at room temperature for 24 hours. The reactions were neutralised via
addition of either saturated aqueous NaHCO3 or Na CO3, to a neutral and basic pH respectively.
The aqueous phases were extracted three times with either DCM or 'PrOH:CHCI3 (1:9) and the
combined organic phases dried over anhydrous magnesium sulfate. Removal of the solvent under
reduced pressure yielded the crude 4-pyrimidones as solids. The crude 4-pyrimidones were dry
loaded onto Celite and purified via flash chromatography on silica gel (MeOH/DCM), affording the
products as either white solids or colourless oils. (Yields between 48 — 90%)

(6aS*,8S*,10aS*)-8-hydroxy-2,10a-dimethyl-5,6,6a,7,8,9,10,10a-
octahydrobenzo[h]quinazolin-4(3H)-one

14 2.81, (16.1 mg, 0.0648 mmol, 42% vyield over two steps, colourless oil)
13 1.95 equiv. of amidine.HCI and base

~
o N7 N R =0.38 (10% MeOH in DCM)
1 NS
O 'H NMR (400 MHz, CDs0OD) & 3.60 (tt, J = 10.6, 4.9 Hz, 1H, H-2), 2.62 —
HO™ ™y 2 ° 2.51 (m, 1H, H-8), 2.48 — 2.27 (m, 5H, H-6, H-8, H-14), 1.95 — 1.85 (m,
" 1H, H-1), 1.80 — 1.71 (m, 1H, H-3), 1.68 — 1.49 (m, 4H, H-1, H-7, H-18),
1.43 (9, J = 11.7 Hz, 1H, H-3), 1.28 (td, J = 13.8, 4.0 Hz, 1H, H-6), 1.11 (s, 3H, H-11)

13C NMR (101 MHz, CD;0D) & 170.6 (C-10), 166.0 (C-12), 156.7 (C-13), 118.2 (C-9), 71.4 (C-2),
41.6 (C-4), 39.7 (C-5), 38.3 (C-3), 34.6 (C-6), 31.8 (C-1), 25.2 (C-7), 23.4 (C-8), 21.1 (C-14), 18.9
(C-11)

HRMS (ESI+) m/z found 249.1603 [M+H]", C14H20N20: calculated 249.1611 (A = 3.21 ppm).
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(6aS*,8S*,10aS*)-8-hydroxy-10a-methyl-2-phenyl-5,6,6a,7,8,9,10,10a-
octahydrobenzo[h]quinazolin-4(3H)-one
17

16 16  2.82, (35.7 mg, 0.115 mmol, 76% yield over two steps, white solid) 1.5
15 15 equiv. of amidine and base
14
13 Rt = 0.17 (5% MeOH in DCM)
1 N7 "NH
2 'H NMR (400 MHz, CDCl3) 6 8.43 — 7.99 (m, 2H, H-15), 7.60 — 7.39 (m,

6
ﬁﬁ O 3H, H-16, H-17), 3.72 (dt, J = 11.0, 5.7 Hz, 1H, H-2), 2.76 (m, 1H, H-8),
HO 8 2.64 — 2.47 (M, 2H, H-6, H-8), 2.06 — 1.93 (m, 1H, H-1), 1.90 — 1.76 (m,
1H, H-3), 1.75 — 1.56 (m, 4H, H-1, H-4, H-7), 1.55 — 1.35 (m, 2H, H-3, H-
6), 1.18 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) & 169.6 (C-10), 165.1 (C-11), 152.8 (C-13), 132.6 (C-14), 131.6 (C-
17), 129.0 (C-16), 127.4 (C-15), 118.5 (C-9), 71.1 (C-2), 40.3 (C-4), 39.0 (C-5), 37.7 (C-3), 33.7
(C-6), 31.4 (C-1), 24.3 (C-7), 22.5 (C-8), 19.1 (C-11)

HRMS (ESI+) m/z found311.1759 [M+H]*, C19H22N20- calculated 311.1756 (A = -0.96 ppm).

(6aS*,8S*,10aS*)-8-hydroxy-10a-methyl-2-(pyridin-4-yl)-5,6,6a,7,8,9,10,10a-
octahydrobenzo[h]quinazolin-4(3H)-one

N . .
1871 283, (25.5 mg, 0.0819 mmol, 54% vyield over two steps, yellow solid) 1.75

155 15  equiv. of amidine.HCI and base
14

i N/13NH R: = 0.26 (7% MeOH in DCM)

e IH NMR (400 MHz, CDCls) & 8.80 — 8.68 (d, J = 6.4 Hz, 2H, H-16), 8.19 (d,

J =5.7 Hz, 2H, H-15), 3.63 (tt, J = 10.6, 4.9 Hz, 1H, H-2), 2.70 (m, 1H, H-8),

2.62 — 2.47 (M, 2H, H-6, H-8), 1.95 (m, 1H, H-1), 1.80 (m, 1H, H-3), 1.74 —
11)

oI

1.56 (M, 4H, H-1, H-4, H-7,), 1.54 — 1.35 (m, 2H, H-3, H-6), 1.19 (s, 1H, H-

13C NMR (101 MHz, CDCls) & 171.2 (C-10), 166.4 (C-12), 153.3 (C-13), 149.7 (C-16), 144.8 (C-
14), 123.4 (C-15), 120.7 (C-9), 71.4 (C-2), 41.4 (C-4), 40.0 (C-5), 38.3 (C-3), 34.8 (C-6), 31.8 (C-
1), 25.1 (C-7), 23.6 (C-8), 19.3 (C-11)

HRMS (ESI+) m/z found 312.1707 [M+H]*, C1sH21N30> calculated 312.1712 (A = -1.60 ppm).

(6aS*,8S*,10aS*)-2-(4-chlorophenyl)-8-hydroxy-10a-methyl-5,6,6a,7,8,9,10,10a-
octahydrobenzo[h]quinazolin-4(3H)-one

Cl 2.84, (35.7 mg, 0.104 mmol, 69% yield over two steps, white solid) 1.3
16 16 €equiv. of amidine.HCI and base
5 15 Ri=0.48 (10% MeOH in DCM)
14
N/”NH H NMR (400 MHz, CDCl3) & 8.21 (d, J = 8.5 Hz, 2H, H-15), 7.48 (d, J =
6 1 12 8.5 Hz, 2H, H-16), 3.77 — 3.66 (m, 1H, H-2), 2.75 (m, 1H, H-8), 2.63 —

1 N N0 2.49 (m, 2H, H-6, H-8), 2.04 — 1.81 (m, 2H, H-1, H-3), 1.77 — 1.32 (m, 6H,
P H-1, H-3, H-4, H-6, H-7), 1.18 (s, 3H, H-11)
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13C NMR (101 MHz, CDCls) & 170.1 (C-10), 165.3 (C-12), 152.0 (C-13), 138.1 (C-14), 130.8 (C-
17), 129.2 (C-16), 128.9 (C-15), 118.6 (C-9), 71.1 (C-2), 40.3 (C-4), 39.1 (C-5), 37.6 (C-3), 33.6
(C-6), 31.3 (C-1), 24.2 (C-7), 22.5 (C-8), 19.1 (C-11)

HRMS (ESI+) m/z found 345.1375 [M+H]*, C19H21CIN2O- calculated 345.1370 (A = 1.45 ppm).

Note: Some *C signals do not appear, but can be seen, and thus assigned via the HMBC
spectrum

(6aS*,8S*,10aS*)-8-hydroxy-2-(4-methoxyphenyl)-10a-methyl-5,6,6a,7,8,9,10,10a-
octahydrobenzo[h]quinazolin-4(3H)-one

18._ 2.85, (44.0 mg, 0.129 mmol, 62% vyield over two steps, white solid) 1.3
170 equiv. of amidine.HCI and base
16 16
Rf = 0.38 (10% MeOH in DCM)
15 15
14 'H NMR (400 MHz, CDCl3) 5 8.16 (d, J = 8.9 Hz, 2H, H-15), 7.00 (d, J =

13
4 NP ONH 8.9 Hz, 2H, H-16), 3.88 (s, 3H, H-18), 3.77 — 3.65 (m, 1H, H-2), 2.79 —

P 2.69 (m, 1H, H-8), 2.64 — 2.47 (m, 2H, H-6, H-8), 2.06 — 1.78 (m, 2H, H-
&ﬁ O 1, H-3),1.72-1.33 (m, 6H, H-1, H-3, H-4, H-6, H-7), 1.19 (s, 3H, H-11)
= 8
HO 3 H s

13C NMR (101 MHz, CDCls) & 169.8 (C-10), 165.0 (C-12), 162.6 (C-17),

152.7 (C-13), 129.2 (C-15), 124.6 (C-14), 117.4 (C-9), 114.4 (C-16), 71.1
(C-2), 55.7 (C-18), 40.3 (C-4), 39.0 (C-5), 37.7 (C-3), 33.7 (C-6), 31.4 (C-1), 24.3 (C-7), 22.4 (C-
8), 19.0 (C-11)

HRMS (ESI+) m/z found 341.1859 [M+H]*, C20H24N2O3 calculated 341.1865 (A = -1.76 ppm).
General procedure for the synthesis of spirooxindole analogues

The appropriate indole-fused analogue (1.00 equiv.) and N-bromosuccinimide (1.10 equiv.) were
dissolved in a 1:1:1 mixture of ACOH:THF:H>O and stirred at room temperature for 30 minutes.
The reaction mixture was poured into saturated Na,COs, extracted twice with DCM, and the
organic phase washed with water. The organic phase was dried over anhydrous sodium sulfate
and concentrated to a crude yellow oil. Purification of the crude compounds by flash
chromatography on silica gel (3% MeOH in DCM) afforded the products as single
diastereoisomers.

(1S*,3aS*,55*,7aS*)-5-hydroxy-7a-methyl-2,3,3a,4,5,6,7,7a-octahydrospiro[indene-1,3'-
indolin]-2'-one

03 N2 17 2.52, (19.2 mg, 0.0708 mmol, 45% yield, white solid)
10

H
1 ..1.1.@16 Ri= 0.18 (3% MeOH/DCM); *H NMR (400 MHz, MeOD) & 7.24 (d, J =
28 N5 7.5 Hz, 1H, H-14), 7.17 (t, J = 7.7 Hz, 1H, H-16), 6.99 (t, J = 7.6 Hz,
HO N = 1H, H-15), 6.84 (d, J = 7.7 Hz, 1H, H-17), 3.42 (it, J = 10.7, 5.1 Hz, 1H,

H H-2), 2.48 — 2.39 (m, 1H, H-8), 2.24 (m, 1H, H-4), 1.98 — 1.83 (m, 3H,

H-3, H-7, H-8), 1.66 (m, H-7), 1.59 — 1.50 (m, 1H, H-1), 1.49 — 1.36 (m, 2H, H-1, H-3), 1.12 - 1.01
(m, 4H, H-6, H-10), 0.72 (td, J = 13.3, 4.5 Hz, 1H, H-6)
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13C NMR (101 MHz, MeOD) & 183.8 (C-13), 142.5 (C-12), 136.5 (C-11), 128.7 (C-16), 125.5 (C-
14), 122.7 (C-15), 110.3 (C-17), 71.9 (C-2), 62.1 (C-9), 50.4 (C-5), 45.4 (C-4), 35.4 (C-3), 32.8
(C-8), 31.4 (C-6), 31.3 (C-1), 27.5 (C-7), 15.5 (C-10).

HRMS (ESI+) m/z found 272.1647 [M+H]*, C17H21NO- calculated 272.1650 (A = -1.10 ppm)
Note: formed alongside ~10% of inseparable C-15 brominated spiro-oxindole 2.53

(1S*,3aS*,5S*,7aS*)-5'-bromo-5-hydroxy-7a-methyl-2,3,3a,4,5,6,7,7a-
octahydrospiro[indene-1,3'-indolin]-2'-one

R H o 17 2.53, (26.7 mg, 0.0760 mmol, 63% yield, white solid)
1\t 16 Ry=0.20 (3% MeOH/DCM)
15
. -8 14 gr HNMR (400 MHz, MeOD) & 7.38 (d, J = 1.9 Hz, 1H, H-14), 7.34 (dd,
HO™ g7 J=8.2,1.9 Hz, 1H, H-16), 6.78 (d, J = 8.2 Hz, 1H, H-17), 3.45 (tt, J =

10.8, 5.1 Hz, 1H, H-2), 2.52 — 2.38 (m, 1H, H-8), 2.22 — 2.05 (m, 1H,
H-4), 2.00 — 1.83 (m, 3H, H-3, H-7, H-8), 1.71 — 1.54 (m, 2H, H-1, H-7), 1.50 — 1.36 (m, 2H, H-1,
H-3), 1.10 (dt, J = 13.2, 4.05 Hz, 1H, H-6), 1.06 (s, 3H, H-10), 0.72 (td, J = 13.2, 4.05 Hz, 1H, H-
6)

13C NMR (101 MHz, MeOD) & 183.0 (C-13), 141.9 (C-12), 138.9 (C-11), 131.6 (C-16), 128.5 (C-
14), 115.1 (C-15), 111.8 (C-17), 71.7 (C-2), 62.5 (C-9), 50.7 (C-5), 45.6 (C-4), 35.3 (C-3), 32.8
(C-8), 31.5 (C-6), 31.2 (C-1), 27.4 (C-7), 15.5 (C-10)

HRMS (ESI+) m/z found 350.0754 [M+H]*, C17H20BrNO- calculated 350.0755 (A = -0.29 ppm)

(1S*,3aS*,5S*,7aS*)-5'-fluoro-5-hydroxy-7a-methyl-2,3,3a,4,5,6,7,7a-
octahydrospiro[indene-1,3'-indolin]-2'-one

03 N, 7  254,(37.0mg, 0.128 mmol, 88% yield, white solid)

& 11@16 'H NMR (400 MHz, MeOD) & 7.08 (dd, J = 9.0, 2.6 Hz, 1H, H-14), 6.93
14

;8 15 (td, J = 8.9, 2.5 Hz, 1H, H-16), 6.81 (dd, J = 8.5, 4.5 Hz, 1H, H-17),

HO ~ F' 346 (tt, J = 10.7, 5.1 Hz, 1H, H-2), 2.49 — 2.40 (m, 1H, H-8), 2.23 —

3 H 2.11 (m, 1H, H-4), 2.00 — 1.83 (M, 3H, H-3, H-7, H-8), 1.72 — 1.53 (m,

2H, H-1, H-7), 1.51 — 1.37 (m, 2H, H-1, H-3), 1.12 — 1.03 (m, 4H, H-6, H-10), 0.73 (td, J = 13.2,
4.4 Hz, 1H, H-6)

13C NMR (101 MHz, MeOD) & 183.5 (C-13), 160.1 (d, J = 237.7 Hz, C-15), 138.6 (d, J = 1.9 Hz,
C-12), 138.2 (d, J = 7.6 Hz, C-11), 114.7 (d, J = 23.5 Hz, C-16), 113.5 (d, J = 25.3 Hz, C-14),
110.8 (d, J = 8.2 Hz, C-17), 71.8 (C-2), 62.8 (d, J = 1.7 Hz, C-9), 50.7 (C-5), 45.5 (C-4), 35.3 (C-
3), 32.8 (C-8), 31.4 (C-6), 31.2 (C-1), 27.4 (C-7), 15.5 (C-10)

19F NMR (377 MHz, MeOD) & -123.7

HRMS (ESI+) m/z found 290.1552 [M+H]*, C17H20FNO; calculated 290.1556 (A = -1.38 ppm)
Synthesis of (-)-Astercin 1 and (+)-Astercin 1
(S)-8a-methyl-3,4,8,8a-tetrahydronaphthalene-1,6(2H,7H)-dione (S)-2.02
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O
O O

o Organocatalyst 1 N~ g
Benzoic acid H 4
. NH @)
MeCN, rt, 2 d
O O Organocatalyst 1

Triketone 2.03 (1.0 g, 5.10 mmol), organocatalyst 3.01 (0.22 g, 0.71 mmol), and benzoic acid
(0.087 g, 0.71 mmol) were dissolved in MeCN (10 mL) and stirred at room temperature for 48
hours. The reaction was diluted with saturated aqueous ammonium chloride (25 mL), extracted
with EtOAc (3 x 30 mL), the combined organic phases dried over anhydrous sodium sulfate, and
concentrated to a brown-green oil. The crude product was purified by flash chromatography on
silica gel (2:3 ethyl acetate/n-hexane) to yield the product as a pale yellow oil (0.732 g, 4.06 mmol,
80% yield)

IH NMR (400 MHz, CDCls) & 5.86 (d, J = 1.8 Hz, 1H), 2.77 — 2.66 (m, 2H), 2.55 — 2.43 (m, 4H),
2.20 — 2.09 (m, 3H), 1.77 — 1.65 (m, 1H), 1.45 (s, 3H)

13C NMR (101 MHz, CDCls) 8 211.2, 198.5, 166.0, 126.0, 50.8, 37.8, 33.8, 31.9, 29.8, 23.4, 23.1.

Organocatalyst 1 was prepared according to the procedure of Pedrosa et al**°
The 'H and **C spectra are in agreement with those reported in the literature!?!
(R)-8a-methyl-3,4,8,8a-tetrahydronaphthalene-1,6(2H,7H)-dione (R)-2.02

Organocatalyst 2

O o Organocatalyst 2 - O O ‘ NHTs
Benzoic acid B H
> N 0]
t, 5 d -
(@) 0] :
§ NH

Triketone 2.03 (21.9 g, 0.112 mol), organocatalyst 3.02 (0.6 g, 0.00112 mol), and benzoic acid
(0.341 g, 0.0028 mol) were added to a flask and stirred at room temperature for 5 days. The crude
oil was dissolved in ethyl acetate (150 mL), activated carbon (5 g) added, and the suspension
stirred at room temperature for 2 hours. The suspension was diluted with n-hexane (150 mL) and
filtered through a silica plug, eluting with a 1:1 mixture of ethyl acetate:n-hexane. The filtrate was
concentrated and the amber oil purified by flash chromatography on silica gel (10 - 30 - 50%
EtOAc/n-hexane) to yield the product as an off-white solid. (16.3 g, 0.0915 mol, 82% yield)

IH NMR (400 MHz, CDCls) & 5.85 (d, J = 1.8 Hz, 1H), 2.78 — 2.64 (m, 2H), 2.54 — 2.41 (m, 4H),
2.21 -2.09 (m, 3H), 1.78 — 1.60 (m, 1H), 1.44 (s, 3H)

13C NMR (101 MHz, CDCls) 5 211.2, 198.4, 165.9, 126.0, 50.7, 37.8, 33.7, 31.9, 29.8, 23.4, 23.0.
Organocatalyst 2 was prepared according to the procedure of Bradshaw et al'?

The 'H and 3C spectra are in agreement with those reported in the literature?*
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(4aR,6R,8aR)-6-((tert-butyldimethylsilyl)oxy)-8a-methyloctahydronaphthalen-1(2H)-one
(+)-3.08

(0] (0]
TBS-CI, imidazole

DCM, rt, 4 h -
Y TBSO'
H H

HO"

(+)-2.01 (1.47 g, 8.07 mmol) was dissolved in dry DCM (100 mL) before addition of imidazole
(2.10 g, 16.1 mmol) and TBS-CIl (1.46, 9.68 mmol), and the suspension stirred at room
temperature for 4 hours. Water (75 mL) was added to the suspension, the phases separated, the
organic phase dried over anhydrous magnesium sulfate, and concentrated to a yellow oil.
Purification of the crude product by flash chromatography on silica gel (1:9 ethyl acetate/n-
heptane) to yield the product as a colourless oil that solidified to a white solid upon storage at —
20 °C (2.02 g, 6.81 mmol, 84% yield)

e R = 0.30 (1:9 ethyl acetate/n-heptane)
6 =

12\ /12 1 IH NMR (400 MHz, CDCls) 8 3.51 (m, 1H, H-2), 2.63 (td, J = 13.8, 6.9
4. J3si. 2 Hz, 1H, H-9), 2.25 — 2.16 (m, 1H, H-9), 2.08 — 1.95 (m, 1H, H-8), 1.82
» © —1.73 (m, 1H, H-1), 1.73 — 1.54 (m, 4H, H-3, H-6, H-8), 1.54 — 1.36

14 (m, 5H, H-1, H-3, H-6, H-7), 1.12 (s, 3H, H-11), 0.88 (s, 9H, H-14), 0.05
(s, 6H, H-12)

13C NMR (101 MHz, CDCls) & 216.1 (C-10), 71.4 (C-2), 47.8 (C-5), 44.1 (C-4), 37.63 (C-9/3),
37.59 (C-9/3), 31.3 (C-1), 31.1 (C-6), 27.6 (C-7), 26.4 (C-8), 26.0 (C-14), 18.4 (C-13), 16.0 (C-
11), -4.4 (C-12), -4.5 (C-12)

HRMS (ESI+) m/z found 297.2246 [M+H]*, C17H320,Si calculated 297.2250 (A = -1.35 ppm)
[a]o?® = +38.5 (c = 1.0, CHCl,)

(4aR,6R,8aR,2)-6-((tert-butyldimethylsilyl)oxy)-2-(hydroxymethylene)-8a-
methyloctahydronaphthalen-1(2H)-one (-)-3.09

NaH (60 wt. %
+ Oé\o ( 0)=
THF, 66 °C, 2 h

TBSO"
H H

TBSO"

A solution of (+)-3.08 (1.00 g, 3.37 mmol) in anhydrous THF (50 mL) was cooled to 0 °C in an ice-
bath before addition of ethyl formate (2.73 mL, 33.7 mmol), and sodium hydride (60 wt% in mineral
oil, 0.40 g, 10.1 mmol), and the resulting suspension heated at reflux for 2 hours. The bright
orange reaction was quenched via the addition of saturated aqueous NH4Cl before dilution with
ethyl acetate. The organic phase was separated, washed with water, dried over anhydrous
sodium sulfate, and concentrated to yield a pale-yellow solid. The crude solid was purified via
flash chromatography on silica gel (1:9 ethyl acetate/n-heptane) to afford the product as a tan
solid (0.85 g, 2.62 mmol, 78% yield).
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110 OH Rf=0.30(1:9 ethyl acetate/n-heptane)
6 =
"\ /131:/ 12 114 NMR (400 MHz, CDCls) & 14.64 (s, 1H, O-H), 8.48 (s, 1H, 12,

15

14.5i. 2 . H-12), 3.58 (tt, J = 10.2, 4.9 Hz, 1H, H-2), 2.40 (dt, J = 8.7, 4.3 Hz,
15>f S H 7 2H, H-8), 2.04 (dt, J = 13.6, 3.5 Hz, 1H, H-6), 1.85 — 1.76 (m, 1H,
15 H-1), 1.67 — 1.30 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.13 (s, 3H, H-

11), 0.89 (s, 9H, H-15), 0.06 (s, 6H, H-13)

13C NMR (101 MHz, CDCls) & 193.7 (C-10), 185.9 (C-12), 106.1 (C-9), 71.5 (C-2), 40.7 (C-5),
39.4 (C-4), 37.6 (C-3), 31.6 (C-6), 31.3 (C-1), 26.0 (C-15), 24.9 (C-7), 23.1 (C-8), 18.4 (C-14),
17.7 (C-11), -4.4 (C-13), -4.5 (C-13)

HRMS (ESI+) m/z found 325.2206 [M+H]*, C1gH3203Si calculated 325.2199 (A = 2.15 ppm)
[a]o® = - 24.3 (c = 1.0, CHCls).

(5aR,7R,9aR)-1-(2-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol, (-)-2.77, (-)-Astercin 1

~NH,

: ACOH/THF/H,0
NF ©/ F @1:1)
+
TBS0" HCI r,2h HO"

(-)-3.09 (250 mg, 0.77 mmol) and 2-fluorophenylhydrazine HCI (162 mg, 1.00 mmol) were
suspended in a 2:1: mixture of glacial AcCOH/THF/H,O and stirred at room temperature for 1 hour,
with complete dissolution observed after 5 minutes. The reaction was neutralised by addition of
2M aqueous NaOH and extracted with ethyl acetate (2x). The organic phases were dried over
anhydrous magnesium sulfate and concentrated to a crude yellow solid. Purification of the solid
by flash chromatography on silica gel (1:1 ethyl acetate/n-heptane) afforded (-)-Astercin 1 as a
pale-yellow solid. (137 mg, 0.46 mmol, 60% yield) with e.r. = 95.0:5.0(-):(+).

R: = 0.12 (1:1 ethyl acetate/n-heptane)

'H NMR (400 MHz, CDCl3) 8 7.49 — 7.34 (m, 3H), 7.21 (m, 2H), 3.59 (tt, J =
10.1, 4.9 Hz, 1H), 2.62 (m, 2H), 1.93 (br s, 1 H) 1.80 — 1.61 (m, 4H), 1.59 —
1.49 (m, 1H), 1.46 — 1.23 (m, 4H), 1.13 (s, 3H, Me (Major conformation)), 1.10
(s, 3H, Me (Minor conformation))

13C NMR (101 MHz, CDCl3) 8 160.1, 157.6, 149.3, 148.9, 138.9, 131.4, 131.3,
130.3, 124.3, 116.8, 116.6, 115.6, 70.6, 70.5, 42.9, 42.7, 37.0, 35.3, 35.2,
34.5, 32.2, 31.0, 30.9, 26.3, 20.9, 19.7, 18.4

(HRMS (ESI+) m/z found 301.1719 [M+H]*, C1gH21FN-O calculated 301.1716 (A = 1.00 ppm)

HO"

[a]o?® =- 67.0 (c = 1.0, CHCIs)
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(4aR,6R,8aR)-6-hydroxy-8a-methyloctahydronaphthalen-1(2H)-one, (+)-2.01

0 Synthesised according to the procedures of (+)-2.01

IH NMR (400 MHz, CDCls) & 3.63 — 3.51 (m, 1H), 2.71 — 2.55 (m, 1H), 2.28 —
2.16 (m, 1H), 2.07 — 1.97 (m, 1H), 1.93 — 1.85 (m, 1H), 1.78 — 1.59 (m, 4H),
H 1.59 — 1.37 (m, 5H), 1.13 (s, 3H)

13C NMR (101 MHz, CDCls) 6 215.8, 70.6, 47.8, 43.9, 37.6, 37.0, 31.0, 30.9, 27.6, 26.3, 15.9

HO"

HRMS (ESI+) m/z found 183.1391 [M+H]*, C11H180: calculated 183.1385 (A = 3.28 ppm)
[a]o® = + 59.8 (c = 1.84, CHCI5).
(4aS,6S,8aS)-6-hydroxy-8a-methyloctahydronaphthalen-1(2H)-one, (-)-2.01
O Synthesised according to the procedures of (+)-2.01

/(fj 'H NMR (400 MHz, CDCls) & 3.58 (tt, J = 9.9, 4.8 Hz, 1H), 2.71 — 2.55 (m, 1H),

HO 8 2.27 -2.17 (m, 1H), 2.10 — 1.95 (m, 1H), 1.95 - 1.82 (m, 1H), 1.79 — 1.58 (m,
H 4H), 1.58 — 1.37 (m, 5H), 1.13 (s, 3H)

13C NMR (101 MHz, CDCls) 6 215.9, 70.6, 47.7, 43.9, 37.6, 36.9, 31.0, 30.9, 27.5, 26.3, 15.9
HRMS (ESI+) m/z found 183.1391 [M+H]*, C11H180: calculated 183.1385 (A = 3.28 ppm)
[a]o® = - 61.2 (c = 1.82, CHCl)

(4aS,6S,8aS)-6-((tert-butyldimethylsilyl)oxy)-8a-methyloctahydronaphthalen-1(2H)-one, (-
)-3.08

0 Synthesised according to the procedure of (+)-3.08, affording (-)-3.08 as a
white solid in 80% vyield.

850 ! IH NMR (400 MHz, CDCls) & 3.58 — 3.45 (m, 1H), 2.70 — 2.57 (m, 1H), 2.25
A —2.16 (m, 1H,), 2.06 — 1.96 (m, 1H), 1.81 — 1.72 (m, 1H), 1.72 — 1.58 (m,
4H), 1.55 — 1.38 (m, 5H), 1.12 (s, 3H), 0.88 (s, 9H), 0.05 (s, 6H)

13C NMR (101 MHz, CDCls) d 216.1, 71.4, 47.8, 44.1, 37.6, 37.6, 31.3, 31.1, 27.6, 26.4, 26.0,
18.3, 16.0, -4.5, -4.5

HRMS (ESI+) m/z found 297.2255 [M+H]*, C17H3,0,Si calculated 297.2250 (A = 1.68 ppm)
[a]o% = - 36.0 (C = 1.00, CHCl3)

(4aS,6S,8aS,2)-6-((tert-butyldimethylsilyl)oxy)-2-(hydroxymethylene)-8a-
methyloctahydronaphthalen-1(2H)-one

O OH Synthesised according to the procedure of (-)-3.09, affording (+)-3.09 as
P a tan solid in 61% vyield.

850 ! IH NMR (400 MHz, CDCls) & 14.64 (s, 1H), 8.50 — 8.45 (m, 1H), 3.58 (i,
H J =10.2, 4.9 Hz, 1H), 2.46 — 2.33 (m, 2H), 2.04 (dt, J = 13.6, 3.5 Hz,
1H), 1.84 — 1.76 (m, 1H), 1.67 — 1.30 (m, 7H), 1.13 (s, 3H), 0.89 (s, 9H), 0.06 (s, 6H)
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13C NMR (101 MHz, CDCls) 6 193.7, 185.9, 106.1, 71.5, 40.7, 39.4, 37.6, 31.6, 31.3, 26.0, 24.9,
23.1,18.4,17.7,-4.4,-45

HRMS (ESI+) m/z found 325.2200 [M+H]*, C1gH3203Si calculated 325.2199 (A = 0.31 ppm)
[a]o?® = + 24.0 (c = 1.00, CHCly)

(5aS,7S,9aS)-1-(2-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol, (+)-2.77, (+)-Astercin 1

g Synthesised according to the procedure of (-)-Astercin 1, affording (+)-
Astercin 1 as an pale-yellow solid in 13% yield (purified by preparative HPLC),

N—-N With e.r. =95.5:4.5 (+):(-)

\
X 'H NMR (400 MHz, CDCl3) 8 7.50 — 7.35 (m, 3H), 7.25 - 7.16 (q, J = 8.9,
8.0 Hz, 2H), 3.61 (tt, J = 10.0, 4.7 Hz, 1H), 2.70 — 2.58 (m, 2H), 1.82 — 1.22
HO H (m, 9H), 1.14 (s, 3H, Me (Major conformation)), 1.10 (s, 3H, Me (Minor
conformation))
13C NMR (101 MHz, CDCls) 5 148.9, 139.1, 131.4, 131.3, 130.4, 124.3, 116.8, 116.6, 115.5,
70.7,70.6, 42.9, 42.7, 37.1, 35.2, 34.5, 32.2, 31.0, 30.9, 26.4, 21.0, 19.7, 18.4
HRMS (ESI+) m/z found 301.1721 [M+H]*, C1gH21FN2O calculated 301.1716 (A = 1.66 ppm)

[a]o® = + 87.0 (C = 0.92, CHCly)

Aster inhibitor synthesis

TBSCI Mg, THF
Imidazole 2. TBAF, THF
DCM, rt, 18 h TBSO rt, 18 h

Compound Al-1l was synthesised according to the procedures of Xiao et al'°

1-((3S,8S,9S,10R,13S,14S,17S)-3-((tert-butyldimethylsilyl)oxy)-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-
yhethan-1-one

To a suspension of pregnenolone (1.00 g, 3.16 mmol) and imidazole (0.43 g, 6.32 mmol) in
anhydrous DCM was added tert-butyldimethylsilyl chloride (0.57 g, 3.79 mmol) and the
suspension stirred at room temperature for 18 hours. The reaction was concentrated and the
resulting white solid was partitioned between diethyl ether and water, separated, and the organic
phase washed once with brine before drying over anhydrous magnesium sulfate. Removal of
solvent under reduced pressure afforded the desired product as a white solid (1.00 g, 2.32 mmol,
73% yield)

The 'H and *C spectra are in agreement with those reported in the literature!*®
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Rf= 0.58 (1:4 ethyl acetate/n-hexane)

IH NMR (400 MHz, CDCls) & 5.31 (dt, J = 4.8, 2.0 Hz, 1H), 3.48
(ddd, J = 11.0, 6.1, 4.6 Hz, 1H), 2.53 (t, J = 9.0 Hz, 1H), 2.30 — 2.13
(m, 3H), 2.12 (s, 3H), 2.06 — 1.95 (m, 2H), 1.82 (dt, J = 13.2, 3.5 Hz,
1H), 1.75 — 1.38 (m, 9H), 1.28 — 1.01 (m, 3H), 1.00 (s, 3H), 0.99 —
TBSO 0.93 (m, 1H), 0.89 (s, 9H), 0.63 (s, 3H), 0.06 (s, 6H)

13C NMR (101 MHz, CDCls) 6 209.7, 141.7, 121.0, 72.7, 63.9, 57.1, 50.2, 44.2, 42.9, 39.0, 37.5,
36.8, 32.19, 32.02, 32.0, 31.7, 26.1, 24.6, 23.0, 21.2, 19.6, 18.4, 13.4, -4.44.

(3S,8S,9S,10R,13S,14S,17S)-17-((S)-2-hydroxy-7-methyloctan-2-yl)-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-ol

To a suspension of magnesium turnings (0.102 g, 4.18 mmol) in anhydrous THF (5 mL) was
added 1-bromo-5-methylhexane (0.449 mL, 2.76 mmol) and the suspension heated at reflux for
2 hours. The solution of the Grignard reagent was cooled to 0 °C in an ice bath before the
dropwise addition of a solution of TBS-pregnenolone (99.1 mg, 0.23 mmol) in anhydrous THF (5
mL). The resulting solution was stirred at room temperature for 18 hours before reaching
completion. The reaction was quenched via addition of saturated aqueous ammonium chloride
and stirred until destruction of excess magnesium was observed, after which, the reaction mixture
was extracted with ethyl acetate. The organic phase was dried over anhydrous magnesium
sulfate, concentrated to a crude solid, and used immediately in the deprotection.

The crude solid obtained from the previous step was dissolved in THF (15 mL) before addition of
1 M TBAF in THF (2 mL) and the resulting solution stirred at room temperature for 18 hours. The
reaction was partitioned between brine and ethyl acetate, the combined organic phase dried over
anhydrous magnesium sulfate, and concentrated to a crude yellow oil. Purification of the crude
oil by flash chromatography on silica gel (1:4 ethyl acetate/n-hexane) afforded the desired product
Al-1l as a white solid (45 mg, 0.108 mmol, 47% vyield)

Rf= 0.14 (1:4 ethyl acetate/n-hexane)

IH NMR (400 MHz, CDCls) 8 5.39 — 5.32 (m, 1H), 3.55 —
3.46 (M, 1H), 2.29 (s, 2H), 2.09 (dt, J = 12.5, 3.5 Hz, 1H),
1.98 (dtd, J = 16.2, 4.6, 2.4 Hz, 1H), 1.88 — 1.78 (m, 2H),
1.78 — 1.41 (m, 10H), 1.40 (s, 3H), 1.37 — 1.03 (m, 10H),
1.01 (s, 3H), 1.00 — 0.89 (m, 2H), 0.88 — 0.86 (m, 6H),

0.85 (s, 3H)

13C NMR (101 MHz, CDCls) 6 140.9, 121.8, 75.4, 71.9, 57.7, 57.1, 50.2, 44.2, 42.8, 42.4, 40.3,
39.2,37.4,36.7,31.9,31.8, 31.5, 28.2, 28.1, 26.6, 24.7, 23.9, 22.81, 22.78, 22.5, 21.1, 19.5, 13.8.
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General procedure for the synthesis of pyrazole-fused analogues

Exploration of phenyl ring substitution

_NH,
0] OH HN
_ AcOH/THF/H,O
N (2:1:1)
¥ | R {30 min
= r min
TBSO - ’ HO
H HCI

TBS-protected hydroxymethylene 3.09 (1 equiv.) and the appropriate phenylhydrazine HCI salt
(1.05 equiv.) were suspended in a 2:1:1 mixture of AcOH/H.O/THF and stirred at room
temperature for 30 minutes, after which both starting materials had fully dissolved. The reaction
was cooled in an ice-bath and basified via addition of 2M ag. NaOH. The reaction mixture was
extracted with ethyl acetate (3x), the combined organic phases dried over anhydrous sodium
sulfate, and concentrated to a crude yellow oil. The crude compounds were purified by flash
chromatography on silica gel (1:1 ethyl acetate/n-heptane, unless otherwise stated) to afford the
products as solids.

Tin
/

Notes: Single enantiomers of (+)-Astercin 1 analogues were synthesised in an identical procedure
from the enantiopure TBS-protected hydroxymethylene (-)-3.09.

13C NMR spectra for Astercin 1 analogues are often complex owing to splitting of carbon signals
by fluorine and the presence of conformational isomers, therefore spectral data reported are the
main identifiable signals. 2D NMR experiments support the identification of the products and
number of carbons present. Methyl signals in the *H NMR spectra are reported as “major” and
“‘minor” with an integral of 3H despite the real integrals reflecting the ratio of conformers.
Integrating the two peaks as one produces an integral accounting for the expected 3H of the
methyl group.

Some hydrazines vyielded isolable amounts of the corresponding linear regioisomers.
Characterisation data for these compounds is reported after the respective angular regioisomer.

(5aS*,7S*,9aS*)-1-(3-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

3.10, isolated as a yellow solid (23.6 mg, 0.0786 mmol, 57% vyield)

14 R¢=0.13 (1:1 ethyl acetate/ n-heptane)

N *HNMR (400 MHz, CDCl:) 8 7.45 — 7.36 (m, 2H, H-12, H-17), 7.21 - 7.14

18 —
6 N\ V., (M, 2H, H-16, H-18), 7.13 — 7.08 (m, 1H, H-14), 3.58 (tt, J = 10.3, 4.9 Hz,
: @0 5 1H, H-2), 2.70 — 2.54 (m, 2H, H-8), 1.81 — 1.60 (M, 4H, H-1, H-3, H-4, H-
Lo Ts  7), 158 - 150 (m, 1H, H-7), 1.47 = 1.23 (m, 4H, H-1, H-3, H-6), 1.21 (s,
H 7 3H, H-11).

13C NMR (101 MHz, CDCls) & 162.4 (d, J = 248.9 Hz, C-15), 148.6 (C-10), 143.6 (d, J = 9.7 Hz,
C-13), 138.3 (C-12), 130.1 (d, J = 9.0 Hz, C-17), 124.0 (d, J = 3.3 Hz, C-18), 116.4 (d, J = 20.9
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Hz, C-16), 115.9 (d, J = 22.7 Hz, C-14), 115.8 (C-9), 70.5 (C-2), 43.0 (C-4), 37.1 (C-3), 35.3 (C-
5), 34.1 (C-6), 30.9 (C-1), 26.2 (C-7), 20.8 (C-8), 20.0 (C-11).

19 NMR (377 MHz, CDCls) & -110.60.
HRMS (ESI+) m/z found 301.1718 [M+H]*, C1sH21FNO calculated 301.1716 (A = 0.66 ppm)

(5aS*,7S*,9aS*)-1-(4-chloro-2-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

F

Cl 3.11, isolated as a light yellow solid (27.5 mg, 0.082 mmol, 52% yield)
O/ R: = 0.16 (2:3 ethyl acetate/ n-heptane)

N=N " 14 NMR (400 MHz, CDCls) & 7.42 (s, 1H), 7.36 — 7.28 (m, 1H), 7.27 — 7.21
(m, 2H), 3.66 — 3.55 (m, 1H), 2.69 — 2.54 (m, 2H), 1.92 (br s, 1H), 1.82 —
1.64 (m, 4H), 1.60 — 1.50 (m, 1H), 1.49 — 1.21 (m, 4H), 1.12 (s, 3H, Me

HO major), 1.09 (s, 3H, Me minor).

Tl
7/

13C NMR (101 MHz, CDCl3) & 149.5, 149.1, 145.5, 139.3, 136.5, 136.4, 132.0, 131.0, 124.8,
117.7, 117.5, 115.9, 70.5, 70.5, 42.9, 42.7, 37.0, 35.2, 34.6, 32.3, 31.0, 30.9, 26.3, 20.9, 19.8,
18.5

19F NMR (377 MHz, CDCls) 5 -116.4, -116.8
HRMS (ESI+) m/z found 335.1327 [M+H]*, C1sH2CIFN,O calculated 335.1326 (A = 0.30 ppm)

(5aS*,7S*,9aS*)-1-(2,4-difluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

F

F 3.12, isolated as a pale yellow solid (23.0 mg, 0.072 mmol, 47% yield)
Q/ R¢ = 0.18 (1:1 ethyl acetate/ n-heptane)

(m, 4H), 1.61 — 1.50 (m, 1H), 1.50 — 1.23 (m, 4H), 1.12 (s, 3H, Me major),

N"‘{ 'H NMR (400 MHz, CDCl3) & 7.42 (s, 1H), 7.40 — 7.32 (m, 1H), 7.01 — 6.92
,(jiéﬁ (m, 2H), 3.68 — 3.56 (m, 1H), 2.70 — 2.51 (m, 2H), 1.93 (br s, 1H), 1.83 — 1.63
HO - 1.10 (s, 3H, Me minor).

H

13C NMR (101 MHz, CDCls) & 164.6, 164.5, 162.1, 162.0, 149.4, 149.1, 139.1, 132.3, 132.2,
131.2,131.1, 115.9, 115.8, 111.8, 111.6, 111.5, 105.5, 105.2, 105.1, 70.6, 70.5, 42.9, 42.7, 37.0,
35.3, 35.2, 34.6, 32.3, 31.0, 30.9, 26.3, 26.2, 20.9, 19.8, 18.54, 18.51

19 NMR (377 MHz, CDCls) & -106.25 (d, J = 8.5 Hz), -106.33, -114.43 (d, J = 8.5 Hz), -114.81
(d, J=8.6 Hz)

HRMS (ESI+) m/z found 319.1626 [M+H]", C1sH20F2N-O calculated 319.1622 (A = 1.25 ppm).
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(5aS*,7S*,9aS*)-1-(5-chloro-2-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

/Q/F 3.13, isolated as a yellow solid (15.0 mg, 0.045 mmol, 29% yield)
Cl
N=N R: = 0.24 (1:1 ethyl acetate/ n-heptane)

!H NMR (400 MHz, CDCl3) 6 7.47 — 7.35 (m, 3H), 7.16 (t, J = 8.8 Hz, 1H),
3.61 (it, J = 10.2, 4.9 Hz, 1H), 2.70 — 2.53 (m, 2H), 1.94 — 1.62 (m, 5H), 1.60
—1.51 (m, 1H), 1.49 — 1.23 (m, 4H), 1.15 (s, 3H, Me major), 1.11 (s, 3H, Me
minor).

13C NMR (101 MHz, CDCl3) & 149.4, 149.1, 139.4, 131.4, 131.3, 130.5, 129.1, 117.9, 117.7,
115.9, 70.5, 42.9, 42.7, 37.0, 35.2, 34.5, 32.4, 30.9, 26.2, 20.9, 19.9, 18.5

F NMR (377 MHz, CDCls) 6 -121.5, -122.1

T
/

HO

HRMS (ESI+) m/z found 335.1322 [M+H]*, C1gH20CIFN2O calculated 335.1326 (A = - 1.19 ppm)

(5aS*,7S*,9aS*)-1-(2-methoxyphenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

Q/OMe 3.14, isolated as a yellow solid (10.4 mg, 0.033 mmol, 21% vyield)

R: = 0.10 (1:1 ethyl acetate/ n-heptane)
N—N
!H NMR (400 MHz, CDCl3) & 7.47 — 7.39 (m, 2H), 7.34 — 7.23 (m, 1H),
7.05-6.96 (m, 2H), 3.79 (s, 3H, OMe major), 3.77 (s, 3H, OMe minor),
3.59 (tt, J = 10.2, 4.9 Hz, 1H), 2.70 — 2.57 (m, 2H), 1.80 — 1.59 (m, 4H),

HO
1.59 — 1.49 (m, 1H), 1.46 — 1.20 (m, 5H), 1.12 (s, 3H, Me major), 1.04 (s,

T
7/

3H, Me minor)

13C NMR (101 MHz, CDCls) d 156.3, 155.9, 149.1, 148.8, 137.8, 137.7, 131.11, 131.05, 131.00,
129.9, 120.43, 120.35, 115.2, 115.0, 112.12, 112.06, 70.7, 70.6, 55.9, 55.7, 42.9, 42.6, 37.1,
35.4, 35.2, 34.5, 31.6, 31.1, 31.0, 26.4, 26.3, 21.00, 20.97, 19.6, 18.2

HRMS (ESI+) m/z found 313.1916 [M+H]*, C19H24N20> calculated 313.1916.

(5aS*,75*,9aS*)-1-(2,6-difluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

16 15 3.15, isolated as a yellow solid (8.2 mg, 0.026 mmol, 17% vyield)

F
15 R¢ = 0.18 (1:1 ethyl acetate/ n-heptane)

Fu NN 1H NMR (400 MHz, CDCs) 5 7.48 (s, 1H, H-12), 7.47 — 7.40 (m, 1H, H-
w 2" 16), 7.09 — 6.99 (M, 2H, H-15), 3.63 (tt, J = 10.6, 4.9 Hz, 1H, H-2), 2.70 —
2_8 2.54 (m, 2H, H-8), 1.86 — 1.65 (m, 5H, H-1, H-3, H-4, H-7, O-H), 1.60 —

HO iy 1.24 (m, 5H, H-1, H-3, H-6, H-7), 1.09 (s, 3H, H-11)
13C NMR (101 MHz, CDCls) & 159.8 (dd, J = 254.3, 3.3 Hz, C-14), 159.5 (dd, J = 254.3, 3.3 Hz,
C-14) 149.59 (C-10), 140.06 (C-12), 131.30 (t, J = 9.9 Hz, C-16), 119.93 (C-13), 115.96 (C-9),

112.20 (ddd, J = 20.1, 13.7, 3.6 Hz, C-15), 70.58 (C-2), 42.65 (C-4), 37.01 (C-3), 35.09 (C-5),
32.31 (C-6), 30.92 (C-1), 26.26 (C-7), 20.95 (C-8), 18.42 (d, J = 3.1 Hz, C-11)
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19F NMR (377 MHz, CDCls) & -116.80 (dd, J = 45.0, 2.7 Hz)
HRMS (ESI+) m/z found 319.1618 [M+H]*, C1gH20F2N2O calculated 319.1622 (A = - 1.25 ppm).

(5aS*,7S*,9aS*)-1-(2,5-difluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

/@/F 3.16, isolated as a yellow solid (28 mg, 0.088 mmol, 57% vyield)
F R: = 0.20 (1:1 ethyl acetate/ n-heptane)

> H NMR (400 MHz, CDCls) & 7.43 (s, 1H), 7.21 — 7.15 (m, 2H), 7.15 — 7.10

(m, 1H), 3.61 (tt, J = 10.2, 4.9 Hz, 1H), 2.70 — 2.53 (m, 2H), 1.92 — 1.61 (m,

: 6H), 1.60 — 1.51 (m, 1H), 1.49 — 1.24 (m, 4H), 1.15 (s, 3H, Me major), 1.11
H (s, 3H, Me minor)

13C NMR (101 MHz, CDCls) 5 148.9, 139.3, 130.6, 118.2, 117.6, 117.5, 117.3, 117.3, 115.9, 70.5,
42.8,42.6, 37.0, 35.2, 34.6, 32.3, 30.9, 26.2, 20.9, 19.8, 18.5

19F NMR (377 MHz, CDCls) & -116.91 (d, J = 16.0 Hz), -117.05 (d, J = 16.3 Hz), -124.77 (d, J =
16.2 Hz), -125.41 (d, J = 16.3 Hz)

HRMS (ESI+) m/z found 319.1623 [M+H]*, C1sHz20F2N0 calculated 319.1622 (A = 0.31 ppm).

(5aS*,7S*,9aS*)-1-(2-bromo-6-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

3.17, isolated as a yellow solid (12.7 mg, 0.034 mmol, 22% yield)
Ri=0.14 (1:1 ethyl acetate/ n-heptane)

IH NMR (400 MHz, CDCls) & 7.53 — 7.44 (m, 2H), 7.39 — 7.29 (m, 1H), 7.25
—7.11 (m, 1H), 3.63 (dt, J = 11.0, 5.7 Hz, 1H), 2.70 — 2.55 (m, 2H), 1.84 —

HO 1.23 (m, 10H), 1.15 (s, 3H, Me minor), 1.11 (s, 3H, Me major)

@
R
"
~Z

13C NMR (101 MHz, CDCls) & 159.9 (d, J = 252.5 Hz), 159.5 (d, J = 252.5
Hz), 149.0, 148.9, 139.91, 139.88, 131.8, 131.74, 131.65, 129.04, 129.00, 128.93, 128.90, 126.1,
125.3, 116.1, 116.0, 115.9, 115.9, 115.7, 115.5, 70.6, 42.7, 37.1, 35.3, 35.1, 32.2, 32.1, 31.0,
26.29, 26.27, 21.0, 20.9, 19.5, 18.7 (d, J = 3.9 Hz)

19F NMR (377 MHz, CDCl3) 6 -113.2, -113.6
HRMS (ESI+) m/z found 379.0823 [M+H]*, C1sH20BrFN-O calculated 379.0821 (A = 0.53 ppm).

(5aS*,7S*,9aS*)-1-(2-chlorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

Q/CI 3.18, isolated as a light-yellow solid (28.6 mg, 0.090 mmol, 58% yield)

NN R:=0.16 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, CDCls) & 7.53 — 7.49 (m, 1H), 7.46 — 7.40 (m, 3H), 7.39
—7.31(m, 1H), 3.60 (t, J = 5.1 Hz, 1H), 2.70 — 2.56 (m, 2H), 1.81 — 1.16 (m,

HO 10H), 1.15 (s, 3H, Me major), 1.10 (s, 3H, Me minor)

T
4
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13C NMR (101 MHz, CDCls) 5 148.8, 148.5, 139.8, 139.6, 138.7, 138.6, 134.2, 133.9, 131.7,
130.9, 130.8, 130.5, 130.4, 130.2, 127.3, 127.0, 115.6, 115.4, 70.6, 70.5, 42.9, 42.7, 37.12, 37.06,
35.4,35.1, 35.0, 31.7, 31.0, 30.9, 26.3, 21.0, 20.9, 20.0, 19.0

HRMS (ESI+) m/z found 317.1418 [M+H]*, C1sH21CIN,O calculated 317.1420 (A = - 0.63 ppm).

(5aS*,7S*,9aS*)-1-cyclohexyl-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-benzo[g]indazol-7-
ol

16 15 3.19, isolated as a white solid (17.0 mg, 0.059 mmol, 38% yield)

14
17 ]
18
11

3
NN 1H NMR (400 MHz, CDCl3) 5 7.26 (s, 1H, H-12), 4.13 — 4.02 (m, 1H, H-13),
1 Ny 2 3.72(tt, 3= 10.4, 5.0 Hz, 1H, H-2), 259 — 2.40 (m, 2H, H-8), 2.32 - 2.22
2 @0 . (m, 1H, H-6), 2.17 — 2.03 (m, 1H, H-14/18), 2.02 — 1.24 (m, 17H, H-1, H-3,
HO

3y H-4, H-6, H-7, H-14, H-15, H-16, H-17, H-18), 1.19 (s, 3H, H-11)

R¢=0.22 (1:1 ethyl acetate/n-heptane)

13C NMR (101 MHz, CDCls) & 145.4 (C10), 136.5 (C12), 114.5 (C9), 70.6 (C2), 59.9 (C13), 44.0
(C4), 37.2 (C3), 35.4 (C5), 34.5 (C6), 33.9 (C14/18), 33.3 (C14/18), 31.3 (C1), 26.8 (C7), 26.3
(C15/17), 26.1 (C15/17), 25.4 (C16), 21.7 (C8), 18.1 (C11)

HRMS (ESI+) m/z found 289.2272 [M+H]*, C1gH2sN20 calculated 289.2280 (A = - 2.77 ppm).

(5aS*,7S*,9aS*)-1-(4-(tert-butyl)phenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

3.20a, purified by flash chromatography on silica gel (3:7 ethyl acetate/n-
heptane), isolated as a yellow solid (6.8 mg, 0.020 mmol, 13% yield)

R:=0.22 (3:7 ethyl acetate/n-heptane)

i
Z

IH NMR (400 MHz, CDCls) & 7.46 — 7.39 (m, 2H), 7.35 (s, 1H), 7.30 — 7.22
(m, 2H), 3.58 (tt, J = 10.7, 4.8 Hz, 1H), 2.71 — 2.52 (m, 2H), 1.81 — 1.49 (m,

6H), 1.48 — 1.24 (m, 13H), 1.24 — 1.15 (m, 3H)
HO

T
/

13C NMR (101 MHz, CDCls) 6 152.2, 148.3, 139.7, 137.8, 127.6, 125.8, 115.3,
70.7,43.1, 37.2, 35.3, 34.9, 34.0, 31.5, 31.1, 26.3, 21.0, 19.9

HRMS (ESI+) m/z found 339.2437 [M+H]*, C22H30N20 calculated 339.2436 (A = 0.29 ppm).

(5aS*,7S*,9aS*)-2-(4-(tert-butyl)phenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-2H-
benzo[g]indazol-7-ol

3.20l, purified by flash chromatography on silica gel (3:7 ethyl
acetate/n-heptane), isolated as a yellow solid (11.3 mg, 0.033 mmol,
22% yield)

R:=0.28 (1:1 ethyl acetate/n-heptane)

IH NMR (400 MHz, CDCls) & 7.54 — 7.49 (m, 3H), 7.42 — 7.38 (m, 2H),
3.71 (it, J = 10.4, 4.9 Hz, 1H), 2.75 — 2.56 (m, 2H), 2.44 — 2.33 (m,
1H), 2.03 — 1.89 (m, 1H), 1.84 — 1.42 (m, 8H), 1.32 (s, 9H), 1.20 (s,
3H)

HO

T
—7
\_Z
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13C NMR (101 MHz, CDCls) 5 160.3, 148.8, 138.4, 126.2, 123.8, 118.9, 116.0, 77.5, 77.2, 76.8,
71.4,41.9, 37.3, 34.67, 34.65, 34.6, 31.49, 31.46, 25.9, 20.5, 20.4

HRMS (ESI+) m/z found 339.2443 [M+H]*, C22H30N20 calculated 339.2436 (A = 2.06 ppm).

(5aS*,7S*,9aS*)-1-(4-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

Fus 15 3.214a, isolated as a yellow solid (10.3 mg, 0.034 mmol, 22% vyield)
15 Rf=0.14 (1:1 ethyl acetate/n-heptane)
'\{ 'H NMR (400 MHz, CDClz) d 7.37 — 7.30 (m, 3H, H-12, H-14), 7.15 -
¢ 7.09 (m, 2H, H-15), 3.57 (tt, J = 10.4, 4.8 Hz, 1H, H-2), 2.68 — 2.52 (m,
@a 2H, H-8), 1.97 (br s, 1H, O-H), 1.80 — 1.58 (m, 4H, H-1, H-3, H-4, H-7),
8 1.56 —1.50 (m, 1H, H-7), 1.45 -1.19 (m, 4H, H-1, H-3, H-6), 1.17 (s, 3H,
H-11)

13C NMR (101 MHz, CDCls) 8 162.73 (d, J = 249.1 Hz, C-16), 148.58 (C-10), 138.40 (d, J = 3.3
Hz, C-13), 138.15 (C-12), 129.98 (d, J = 8.8 Hz, C-14), 115.90 (d, J = 22.9 Hz, C-15), 115.60 (C-
9), 70.51 (C-2), 42.99 (C-4), 37.10 (C-3), 35.26 (C-5), 34.21 (C-6), 30.95 (C-1), 26.26 (C-7), 20.89
(C-8), 19.99 (C-11)

19F NMR (377 MHz, CDCl3) 6 -111.75
HRMS (ESI+) m/z found 301.1718 [M+H]*, C1gH21FN2O calculated 301.1716 (A = 0.66 ppm).

(5aS*,7S*,9aS*)-2-(4-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-2H-
benzo[g]indazol-7-ol

3.21l, isolated as a yellow solid (7.4 mg, 0.025 mmol, 16% vyield)

15_16
14@15 R¢=0.22 (1:1 ethyl acetate/n-heptane)
'%/~14 14 NMR (400 MHz, CDCls) 5 7.59 — 7.53 (m, 2H, H-14), 7.48 (s, 1H,

o 11 NN Y H-12), 7.13 — 7.04 (m, 2H, H-15), 3.71 (dt, J = 9.7, 4.9 Hz, 1H, H-2),
: 7 2.76 — 2.57 (m, 2H, H-8), 2.41 — 2.30 (M, 1H, H-6), 2.02 — 1.89 (m, 1H,
2 LA H-1), 1.85 — 1.42 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.20 (s, 3H, H-11)
HO -
H 7

13C NMR (101 MHz, CDCls) & 160.8 (d, J = 244.6 Hz, C-16), 160.7 (C-
10), 137.1 (d, J = 2.9 Hz, C-13), 124.0 (C-12), 120.7 (d, J = 8.2 Hz, C-14), 116.5 (C-9), 116.1 (d,
J = 22.8 Hz, C-15), 71.3 (C-2), 41.9 (C-4), 37.2 (C-3), 34.7 (C-6, C-5), 31.4 (C-1), 25.8 (C-7),
20.42 (C-8), 20.35 (C-11)

9F NMR (377 MHz, CDCl3) 5 -117.34
HRMS (ESI+) m/z found 301.1713 [M+H]*, C1sH21FN2O calculated 301.1716 (A = - 1.00 ppm).

148



(5aR,7R,9aR)-1-(4-chloro-2-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

(-)-3.11, (Astercin-2), isolated as a yellow solid (63 mg, 0.188 mmol, 64%
yield),

R:= 0.16 (2:3 ethyl acetate/n-heptane);

'H NMR (400 MHz, CDCl3) d 7.44 (s, 1H), 7.39 — 7.27 (m, 1H), 7.28 — 7.21
(m, 2H), 3.67 — 3.55 (m, 1H), 2.69 — 2.54 (m, 2H), 1.82 — 1.64 (m, 4H), 1.60
—1.51 (m, 1H), 1.48 — 1.24 (m, 4H), 1.13 (s, 3H, Me major), 1.10 (s, 3H, Me
minor).

13C NMR (101 MHz, CDCls) 6 159.9, 157.3, 149.7, 149.3, 139.0, 136.7, 136.6, 132.0, 131.0,
128.8, 128.7, 125.0, 124.9, 117.8, 117.7, 117.5, 117.5, 116.0, 116.0, 70.5, 70.5, 42.8, 42.6, 37.0,
35.3, 35.2, 34.5, 32.3, 31.0, 30.8, 26.2, 26.1, 20.9, 19.8, 18.5.

HO"

1F NMR (377 MHz, CDCls) & -116.3, -116.7.
HRMS (ESI+) m/z found 335.1325 [M+H]*, C1gH20CIFN2O calculated 335.1326 (A = - 0.30 ppm).
[a]o® =-58.9 (c = 1.13, CHCly)

(5aR,7R,9aR)-1-(2,4-difluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

(-)-3.12, isolated as a yellow solid (48 mg, 0.151 mmol, 65% yield),
R:=0.18 (1:1 ethyl acetate/n-heptane);

'H NMR (400 MHz, CDCls3) d 7.43 (s, 1H), 7.42 — 7.33 (m, 1H), 7.00 — 6.93
(m, 2H), 3.67 — 3.56 (m, 1H), 2.69 — 2.53 (m, 2H), 1.82 — 1.63 (m, 4H), 1.61
—1.51 (m, 1H), 1.49 — 1.22 (m, 4H), 1.13 (s, 3H, Me major), 1.10 (s, 3H, Me

HOY minor).

13C NMR (101 MHz, CDCls) & 164.7, 164.5, 162.1, 162.0, 149.7, 149.3, 138.9, 132.3, 132.2,
131.2, 131.1, 116.0, 115.9, 111.9, 111.7, 111.7, 111.5, 105.5, 105.4, 105.3, 105.1, 105.0, 70.5,
70.5, 42.9, 42.6, 37.0, 35.3, 35.2, 34.5, 32.2, 31.0, 30.9, 26.3, 26.2, 20.9, 19.8, 18.5.

19 NMR (377 MHz, CDCls) & -106.06 (d, J = 8.5 Hz), -106.12 (d, J = 8.4 Hz), -114.37 (d, J = 8.5
Hz), -114.74 (d, J = 8.5 Hz).

HRMS (ESI+) m/z found 319.1619 [M+H]*, C1sH20F2NO calculated 319.1622 (A = - 0.94 ppm).
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(5aR,7R,9aR)-1-(4-(tert-butyl)phenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazol-7-ol

s 18 (-)-3.20a, isolated as a yellow solid (12 mg, 0.0355 mmol, 23% vyield),
18 — 776 _15 R:=0.10 (3:7 ethyl acetate/n-heptane);

IH NMR (400 MHz, CDCls) & 7.45 — 7.40 (m, 2H, H-14), 7.35 (s, 1H, H-12),
7.28 — 7.23 (M, 2H, H-15), 3.56 (tt, J = 10.6, 4.9 Hz, 1H, H-2), 2.72 — 2.53
(m, 2H, H-8), 1.80 — 1.59 (m, 4H, H-1, H-3, H-4, H-7), 1.58 — 1.47 (m, 1H,
H-7), 1.45 — 1.22 (m, 13H, H-1, H-3, H-6, H-18), 1.20 (s, 3H, H-11).

13C NMR (101 MHz, CDCls) & 152.3 (C-16), 148.4 (C-10), 139.5 (C-13),
137.6 (C-12), 127.5 (C-15), 125.8 (C-14), 115.3 (C-9), 70.6 (C-2), 43.0 (C-
4), 37.2 (C-3), 35.3 (C-5), 34.9 (C-17), 34.0 (C-6), 31.5 (C-18), 31.0 (C-1), 26.3 (C-7), 20.9 (C-8),
19.9 (C-11).

HRMS (ESI+) m/z found 339.2433 [M+H]*, C22H30N20 calculated 339.2436 (A = - 0.88 ppm).

(5aR,7R,9aR)-2-(4-(tert-butyl)phenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-2H-
benzo[g]indazol-7-ol

18 18 (-)-3.20I, isolated as a yellow solid (25 mg, 0.0739 mmol, 48%

L, vield),

R:= 0.16 (3:7 ethyl acetate/n-heptane);

IH NMR (400 MHz, CDCls) & 7.54 — 7.49 (m, 3H, H-12, H-14),
7.43 —7.39 (m, 2H, H-15), 3.71 (tt, J = 10.6, 5.1 Hz, 1H, H-2),
2.77 — 2.56 (M, 2H, H-8), 2.46 — 2.37 (m, 1H, H-6), 2.00 — 1.91
(m, 1H, H-1), 1.84 — 1.42 (m, 7H, H-1, H-3, H-4, H-6, H-7), 1.32
(s, 9H, H-18), 1.21 (s, 3H, H-11)

13C NMR (101 MHz, CDCls) 3 160.2 (C-10), 149.0 (C-16), 138.2
(C-13), 126.3 (C-15), 124.0 (C-12), 119.0 (C-14), 116.0 (C-9), 71.4 (C-2), 41.9 (C-4), 37.3
(C-3), 34.68 (C-5/C-6/C-17), 34.65 (C-5/C-6/C-17), 34.60 (C-5/C-6/C-17), 31.49 (C-18),
31.45 (C-1), 25.9 (C-7), 20.5 (C-8), 20.3 (C-11).

HRMS (ESI+) m/z found 339.2437 [M+H]*, C22H30N2O calculated 339.2436 (A = 0.29 ppm).

(5aS*,75*,9aS*)-7-((tert-butyldimethylsilyl)oxy)-1-(2-fluorophenyl)-9a-methyl-
4,5,5a,6,7,8,9,9a-octahydro-1H-benzo[g]indazole, 3.38

~ \ \ / ~ \
+ S'\C| Imidazole \ /
HO : DCM, rt, 20 h Sy -
H H

(x)-Astercin 1 (105.6 mg, 0.352 mmol), tert-butyldimethylsilyl chloride (63.6 mg, 0.422 mmol), and
imidazole (47.9 mg, 0.703 mmol) were suspended in dry DCM (5 mL) and stirred at room
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temperature for 20 hours. The reaction was diluted with water and the two phases separated. The
organic phase was dried over anhydrous magnesium sulfate and concentrated to a crude yellow
oil. Purification by flash chromatography on silica gel (1:4 ethyl acetate/n-heptane) afforded the
product as a yellow solid (116 mg, 0.280 mmol, 80% yield).

Rf=0.32 (1:4 ethyl acetate/n-heptane) — UV and KMnO, staining

H NMR (400 MHz, CDCl3) 8 7.49 — 7.43 (m, 1H), 7.42 (s, 1H), 7.42 - 7.35 (m, 1H), 7.25 - 7.17
(m, 2H), 3.57 (tt, J = 11.2, 5.4 Hz, 1H), 2.69 — 2.55 (m, 2H), 1.76 — 1.22 (m, 9H), 1.14 (s, 3H, Me
major), 1.10 (s, 3H, Me minor), 0.86 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3H).

13C NMR (101 MHz, CDCls) & 157.6, 157.4, 149.6, 149.2, 138.9, 131.34, 131.26, 130.4, 124.31,
124.27, 116.8, 116.6, 115.6, 115.5, 71.5, 71.4, 43.1, 42.8, 37.7, 35.2, 34.7, 32.4, 32.0, 31.6,
31.5, 29.2, 26.4, 26.0, 22.8, 21.0, 19.8, 18.3, 14.3, -4.5.

19F NMR (377 MHz, CDCls) & -119.22, -119.83.
HRMS (ESI+) m/z found 415.2579 [M+H]*, Co4HasFN-OSi calculated 415.2581 (A = - 0.48 ppm).

(5aS*,7S*,9aS*)-1-(2-fluorophenyl)-7-((2-methoxyethoxy)methoxy)-9a-methyl-
4,5,5a,6,7,8,9,9a-octahydro-1H-benzo[g]indazole, 3.26

oy o

N—N N—N

\ \
/(iéﬁ + CI/\O/\/O\ DIPEA /(iéﬁ
A O A
HO |f| DCM, rt4 h O 0"0 |5|

(x)-Astercin 1 (40 mg, 0.133 mmol) was dissolved in dry DCM (2 mL) before addition of DIPEA
(70 pL, 0.399 mmol) and 2-methoxyethoxymethyl chloride (30 pL, 0.266 mmol) and the resulting
yellow solution stirred at room temperature for 4 hours. The reaction was quenched via addition
of saturated aqueous ammonium chloride and extracted twice with DCM. The combined organic
phases were dried over anhydrous magnesium sulfate and concentrated to a crude residue.
Purification by flash chromatography on silica gel (2:3 ethyl acetate/n-heptane) to yield the
product as a pale yellow oil (32.6 mg, 0.084 mmol, 63% yield).

H NMR (400 MHz, CDCl3) 8 7.49 — 7.42 (m, 2H), 7.42 — 7.35 (m, 1H), 7.25 — 7.15 (m, 2H), 4.74
(q, J =7.0 Hz, 2H), 3.73 — 3.63 (m, 2H), 3.59 — 3.50 (m, 3H), 3.38 (s, 3H), 2.69 — 2.54 (m, 2H),
1.89 —1.82 (m, 1H), 1.79 — 1.62 (m, 3H), 1.58 — 1.23 (m, 5H), 1.14 (s, 3H, Me major), 1.10 (s,
3H, Me minor).

13C NMR (101 MHz, CDCls)) d 159.92, 157.6, 149.3, 148.9, 139.0, 131.41, 131.36, 131.3,
130.3, 124.3, 116.8, 116.6, 115.62, 115.55, 93.8, 75.7, 75.6, 71.9, 66.9, 59.2, 42.9, 42.7, 35.4,
35.3, 34.5, 34.3, 32.3, 28.4, 28.3, 26.42, 26.37, 20.9, 19.7, 18.4.

HRMS (ESI+) m/z found 389.2241 [M+H]", C22H29FN20O3 calculated 389.2240 (A = - 0.26 ppm).
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(5aS*,9aS*)-1-(2-fluorophenyl)-9a-methyl-1,4,5,5a,6,8,9,9a-octahydro-7H-benzo[g]indazol-
7-one, 3.36

Q/F Q/F
N—N N—N
\ Dess-Martin \
N periodinane X
HO L DCM,0°C-rt o 4
H Th A

(x)-Astercin 1 (20 mg, 0.666 mmol) was dissolved in DCM (1 mL) and stirred at room temperature
until fully dissolved. The solution was cooled in an ice bath before the addition Dess-Martin
periodinane (0.3 M in DCM, 0.332 mL, 0.999 mmol). The reaction was returned to room
temperature and stirred for 1 hour. The reaction was neutralised via addition of saturated aqueous
NaHCO; and extracted with DCM (2x), the combined organic phases dried over anhydrous
MgSQO4, and concentrated to yield a crude solid. Purification of the crude material by flash
chromatography on silica gel (1:1 ethyl acetate/ n-heptane) afforded the product as a colourless
oil (14.6 mg, 0.0489 mmol, 73% yield)

Rt = 0.24 (1:1 ethyl acetate/ n-heptane) — UV and KMnQ, staining

H NMR (400 MHz, CDCl3) 8 7.53 — 7.46 (m, 2H), 7.46 — 7.37 (m, 1H), 7.30 — 7.19 (m, 2H), 2.76
—2.57 (m, 2H), 2.43 — 2.20 (m, 4H), 2.20 — 2.04 (m, 1H), 1.86 — 1.56 (m, 4H), 1.31 (s, 3H, Me
major), 1.28 (s, 3H, Me minor).

13C NMR (101 MHz, CDCls) 6 209.5, 138.8, 131.8, 131.7, 131.4, 130.4, 124.6, 124.5, 117.1,
116.9, 116.7, 115.9, 44.4, 44.1, 43.8, 37.7, 37.6, 35.3, 35.2, 33.1, 26.4, 20.8, 18.8.

19F NMR (377 MHz, CDCl3) & - 119.36, - 119.82.
HRMS (ESI+) m/z found 299.1558 [M+H]*, C1gH1sFN2O calculated 299.1558 (A = - 0.33 ppm)

(5aR*,75*,9aS*)-7-((tert-butyldimethylsilyl)oxy)-1-(2-fluorophenyl)-9a-methyl-
1,5,5a,6,7,8,9,9a-octahydro-4H-benzo[glindazol-4-one

ar ar

N—N N—N
\ \
N KMnO,, MgSO, N
> Acetone, H,O &
TBSO q it 2 d TBSO g o

TBS-protected Astercin 3.38 (93.8 mg, 0.226 mmol) and magnesium sulfate (56 mg, 0.482 mmol)
were suspended in a 1:1 mixture of acetone:H.O and cooled in an ice-bath to 0 °C before addition
of potassium permanganate (114.3 mg, 0.724 mmol) and the resulting purple solution stirred at
room temperature for 1 day. After 1 day, an addition 0.5 equiv. of magnesium sulfate and
potassium permanganate were added and stirring continued for another day. The reaction was
guenched by addition of aqueous sodium disulfite and extracted with DCM (2x). The combined
organic phases were dried over anhydrous sodium sulfate and concentrated to a crude oil.
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Purification by flash chromatography on silica gel (1:4 ethyl acetate/n-heptane) afforded the
product as a colourless oil (26 mg, 0.061 mmol, 27% yield).

Rf = 0.12 (1:4 ethyl acetate/ n-heptane) — UV

IH NMR (400 MHz, CDCls) & 8.05 — 8.01 (m, 1H), 7.57 — 7.50 (m, 1H), 7.45 — 7.36 (m, 1H), 7.31
—7.24 (m, 2H), 3.57 (qt, J = 10.6, 4.9 Hz, 1H), 2.59 — 2.45 (m, 1H), 2.34 — 2.15 (m, 2H), 1.72 —
1.23 (m, 10H), 0.85 (s, 9H), 0.04 — -0.01 (m, 6H).

13C NMR (101 MHz, CDCls) 6 192.9, 192.7, 159.61, 159.56, 159.2, 157.0, 156.7, 138.93,
138.91, 132.32, 132.25, 132.2, 132.1, 130.6, 129.6, 128.8, 128.7, 128.6, 128.5, 124.81, 124.78,
124.73, 124.69, 119.4, 119.3, 117.2, 117.0, 116.8, 70.5, 70.4, 43.3, 42.9, 42.1, 36.9, 36.1, 35.9,
33.6, 32.0, 31.4, 31.3, 31.2, 26.0, 22.8, 18.3, 17.0, 16.9, 14.3, -4.52, -4.53.

F NMR (377 MHz, CDCls) 6 -119.72, -119.95.

HRMS (ESI+) m/z found 429.2375 [M+H]*, C24H33FN2O,Si calculated 429.2373 (A = 0.47 ppm)

(5aR*,75*,9aS*)-1-(2-fluorophenyl)-7-hydroxy-9a-methyl-1,5,5a,6,7,8,9,9a-octahydro-4H-
benzo[g]indazol-4-one, 3.39

oy oy

N—N N—N
\ \
N TBAF (1 M, THF) N
TBSO : 0 . 4h HO : 0
A A

The 7-keto analogue (9.1 mg, 0.0212 mmol) was dissolved in THF (0.75 mL) before addition of
TBAF (1 M in THF, 53.1 uL, 0.0531 mmol) and the reaction stirred at room temperature for 4
hours. The reaction was quenched by addition of saturated aqueous ammonium chloride,
extracted with chloroform (2 x). The combined organic phases were dried over anhydrous sodium
sulfate and concentrated to yield a crude residue. Purification by flash chromatography on silica
gel (ethyl acetate) afforded the product as a colourless oil (4.9 mg, 0.0156 mmol, 74% vyield).

Rt = 0.18 (ethyl acetate) — UV and KMnO, staining

IH NMR (400 MHz, CDCls) & 8.06 — 8.02 (m, 1H), 7.58 — 7.50 (m, 1H), 7.45 — 7.36 (m, 1H), 7.33
—7.24 (m, 2H), 3.65 (g, J = 11.1, 6.1, 5.5 Hz, 1H), 2.61 — 2.46 (m, 1H), 2.39 — 2.17 (m, 2H),
1.87 — 1.68 (M, 2H), 1.64 (s, 1H), 1.58 — 1.43 (m, 2H), 1.43 — 1.23 (m, 7H).

13C NMR (101 MHz, CDCls) & 192.5, 159.4, 159.0, 138.97, 138.95, 132.4, 132.34, 132.28,
132.2, 130.6, 129.6, 124.8, 119.3, 117.2, 117.1, 116.9, 69.8, 69.7, 43.1, 42.7, 42.0, 36.4, 36.3,
36.1, 35.9, 33.4, 31.2, 30.7, 30.5, 18.3.

19F NMR (377 MHz, CDCls) & -119.73, -119.90.

HRMS (ESI+) m/z found 301.1711 [M+H]*, C1sH1sFN2O; calculated 315.1509 (A = - 0.32 ppm)
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Ethyl 2-((4aS*,6S*,8aS*)-6-((tert-butyldimethylsilyl)oxy)-8a-methyl-1-
oxodecahydronaphthalen-2-yl)-2-oxoacetate, 3.29

o)

o} , o}
0 LDA (2M in THF) OFt
+ OEt >
EtO THF, - 78 °C - rt, 5
TBSO : o} 14 h TBSO H

H

(x)-TBS-ketone 3.08 (0.5 g, 1.69 mmol) was dissolved in dry THF (30 mL) and the resulting
solution cooled to — 78 °C in a dry ice bath. A 2M solution of LDA in THF (1.01 mL, 2.02 mmol)
was added dropwise to the solution and stirred at the same temperature for 15 minutes. Diethyl
oxalate (0.28 mL, 2.02 mmol) was added dropwise to the reaction at — 78 °C before returning to
room temperature and allowing to stir for 14 hours. The reaction was partitioned between
saturated aqueous NH.Cl and ethyl acetate, extracting the aqueous phase further with ethyl
acetate (2X). Combined organic phases were dried over anhydrous magnesium sulfate and
concentrated to yield a crude oil. Purification by flash chromatography on silica gel (1:9 ethyl
acetate/n-heptane) afforded the product as an orange oil (0.397 g, 1.00 mmol, 59% yield).

Note: Diketoester 3.29 was isolated as a mixture of keto-enol tautomers, with the enol-for
predominating in solution. The NMR spectra of diketoester 3.29 appear complex because of this,
thus presented NMR data is that corresponding to the major enol tautomer.

Rt = 0.34 (1:9 ethyl acetate/n-heptane) — UV and KMnQ staining

IH NMR (400 MHz, CDCls) & 15.57 (s, 1H), 4.33 (q, J = 7.2 Hz, 2H), 3.58 (tt, J = 10.5, 4.9 Hz,
1H), 2.62 — 2.46 (m, 2H), 2.07 (dt, J = 13.6, 3.5 Hz, 1H), 1.88 — 1.74 (m, 1H), 1.68 — 1.41 (m,
7H), 1.39 — 1.33 (m, 4H), 1.14 (s, 3H), 0.88 (s, 9H), 0.06 (s, 6H).

13C NMR (101 MHz, CDCls) 6 200.3, 177.3, 163.4, 105.1, 71.3, 62.0, 41.9, 38.8, 37.6, 31.8,
31.2, 26.0, 24.5, 23.0, 18.3, 17.7, 14.2, -4.4, -4.5.

HRMS (ESI+) m/z found 397.2409 [M+H]*, C21H360sSi calculated 397.2410 (A = - 0.25 ppm).

ethyl (5aS*,75* 9aS*)-1-(2-fluorophenyl)-7-hydroxy-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-
1H-benzo[g]indazole-3-carboxylate, 3.27

(0] (0] NHNH N—N
2 \ OEt
OEt F EtOH ™
* HCl 0O
> 0] 120 °C, pwave 2
TBSO H 30 min HO H

Diketoester 3.29 (397 mg, 1.00 mmol) and 2-fluorophenylhydrazine hydrochloride (195 mg, 1.20
mmol) were suspended in absolute ethanol (3 m) in a 2 — 5 mL Biotage microwave vial. The vial
was capped and heated in a microwave reaction at 120 °C for 30 minutes. The reaction mixture
was diluted with ethyl acetate and washed with 5% aqueous HCI, and the aqueous phase further
extracted with ethyl acetate (2X). The combined organic phases were dried over anhydrous
magnesium sulfate and concentrated to a crude residue. Purification by flash chromatography on

154



silica gel (1:1 — 2:1 ethyl acetate/n-heptane) afforded the product as a light yellow solid (276 mg,
0.741 mmol, 74% vyield).

Note: NMR assignment of pyrazole x has been made for the major conformation only, however,
the methyl signal for both conformations has been presented. The signal arising from the H-11
hydrogens in the minor conformation appears as a doublet (J = 1.3 Hz) as well as the C-11
carbon (J = 3.9 Hz) due a through space coupling to fluorine, suggesting the minor conformation
has the fluorine place in close proximity to the axial methyl group. The major conformation likely
has the fluorine placed away from the methyl group, with an NOESY correlation seen between
H-11 and H-18.

16_12 14 o R¢=0.12 (1:1 ethyl acetate/n-heptane) — UV and KMnQ, staining
N\ i v 'H NMR (400 MHz, CDCls) & 7.51 — 7.44 (m, 1H, H-16), 7.42 —
\ 12 7.35 (m, 1H, H-18), 7.26 — 7.16 (m, 2H, H-15, H-17), 4.38 (q, J =

H-8), 2.81 — 2.68 (m, 1H, H-8), 1.83 — 1.56 (m, 6H, O-H, H-1, H-
3, H-4, H-7), 1.46 — 1.33 (m, 5H, H-3, H-6, H-21), 1.33 — 1.21 (m,
2H, H-1, H-6), 1.13 (s, 3H, H-11, Me major conformation), 1.12
(d, J=1.3 Hz, 3H, H-11, Me minor conformation).

13C NMR (101 MHz, CDCl3) & 163.01 (C-19), 158.61 (d, J = 253.3 Hz, C-14), 150.85 (C-10),
141.17 (C-12), 131.88 (d, J = 7.9 Hz, C-16), 130.17 (C-18), 129.80 (d, J = 12.9 Hz, C-13),
124.32 (d, J = 4.1 Hz, C-17), 119.32 (C-9), 116.78 (d, J = 19.4 Hz, C-15), 70.38 (C-2), 60.80 (C-
20), 42.20 (C-4), 36.91 (C-3), 35.33 (C-5), 34.35 (C-6), 30.75 (C-1), 25.96 (C-7), 22.00 (C-8),
19.62 (C-11, major conformation), 18.36 (d, J = 3.9 Hz, C-11, minor conformation), 14.60 (C-
21).

0 19 20 7.1 Hz, 2H, H-20), 3.67 — 3.55 (m, 1H, H-2), 3.06 — 2.95 (m, 1H,

o

HRMS (ESI+) m/z found 373.1923 [M+H]*, C21H2sFN2O3 calculated 373.1927 (A = - 1.07 ppm).

(5aS*,7S*,9aS*)-1-(2-fluorophenyl)-7-hydroxy-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-
benzo[g]indazole-3-carboxylic acid, 3.28

F F

NN okt N
X _ LioH
0 THF, HZO
HO H 40°C,2d ;

Pyrazole x (20 mg, 0.054 mmol) was dissolved in a 1:1 mixture of THF:H.O (2 mL) before
addition of LiOH (3.2 mg, 0.134 mmol) and the reaction stirred at room temperature for 1 day
before a further addition of LiOH (3.2 mg, 0.134 mmol) and increasing the reaction temperature
to 40 °C, reaching completion after a further day. The reaction was acidified with dilute aqueous
HCIl and extracted with ethyl acetate (2x). The combined organic phases were dried over
anhydrous sodium sulfate and concentrated to yield to product as a colourless oil, becoming a
fluffy white solid upon drying under high vacuum (14.5 mg, 0.042 mmol, 78% vyield).

R¢=0.10 (1:1 ethyl acetate/n-heptane) — UV and KMnO staining
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'H NMR (400 MHz, MeOD) & 7.67 — 7.59 (m, 1H), 7.52 (qd, J = 7.8, 1.8 Hz, 1H), 7.41 — 7.30 (m,
2H), 3.60 — 3.48 (m, 1H), 3.08 — 2.93 (m, 1H), 2.83 — 2.67 (m, 1H), 1.84 — 1.56 (m, 5H), 1.46 —
1.21 (m, 4H), 1.19 (s, 3H, Me major), 1.13 (d, J = 1.3 Hz, 3H, Me minor).

13C NMR (101 MHz, MeOD) & 165.5, 152.9, 152.6, 142.3, 133.6, 133.5, 132.4, 131.3, 125.8,
120.2, 117.8, 117.6, 70.84, 70.80, 43.6, 43.5, 37.5, 36.6, 36.5, 35.5, 33.3, 31.4, 31.2, 26.92,
26.89, 23.0, 19.8, 18.7.

F NMR (377 MHz, CDCls) 6 — 119.29, -119.76.

HRMS (ESI+) m/z found 345.1610 [M+H]*, C19H2:FN2O3 calculated 345.1614 (A = - 1.16 ppm).

ethyl (5aS*,75*,9aS*)-7-((tert-butyldimethylsilyl)oxy)-1-(2-fluorophenyl)-9a-methyl-
4,5,5a,6,7,8,9,9a-octahydro-1H-benzo[g]indazole-3-carboxylate, 3.34

N=N ot

Imidazole \ /

_ =

Si.
DCM, rt, 20 h >( I 0

Ester 3.27 (150 mg, 0.403 mmol), tert-butyldimethylsilyl chloride (73 mg, 0.483 mmol), and
imidazole (55 mg, 0.306 mmol) were suspended in dry DCM (10 mL) and stirred at room
temperature for 24 hours, after which an additional 0.2 equivalents of tert-butyldimethyilsilyl
chloride and imidazole were added, and the reaction stirred for a further 4 hours. The reaction
was diluted with water and the phases separated. The organic phase was dried over anhydrous
magnesium sulfate and concentrated to a crude oil. Purification by flash chromatography on
silica gel (1:4 ethyl acetate/n-heptane) afforded the product as a fluffy white solid (71.1 mg,
0.146 mmol, 36% vyield).

T
@)
T
4
°"o
m
+
(_D_/
Q/ AN
T
4
—
o

R = 0.16 (1:1 ethyl acetate/n-heptane) — UV and KMnOg4

H NMR (400 MHz, CDCl3) 8 7.51 — 7.43 (m, 1H), 7.42 — 7.36 (m, 1H), 7.25 — 7.16 (m, 2H), 4.43
—-4.35(q, J=7.1 Hz, 2H), 3.61 — 3.49 (m, 1H), 3.06 — 2.94 (m, 1H), 2.82 — 2.68 (m, 1H), 1.76 —
1.52 (m, 5H), 1.50 - 1.18 (m, 7H), 1.13 (s, 3H, Me major), 1.11 (s, 3H, Me minor), 0.86 (s, 9H),
0.02 (d, J = 5.3 Hz, 6H).

13C NMR (101 MHz, CDCls) d 163.1, 159.9, 151.3, 151.1, 141.2, 131.9, 131.8, 131.3, 130.2,
124.3, 124.3, 124.3, 119.4, 119.3, 116.8, 116.7, 71.3, 71.2, 60.8, 42.7, 42.4, 37.5, 35.5, 35.4,
34.6, 32.1, 31.5, 31.4, 26.0, 25.9, 22.0, 19.7, 18.5, 18.4, 18.3, 14.6, -4.5, -4.5.

19F NMR (377 MHz, CDCls) 8 -119.2, -119.6.

HRMS (ESI+) m/z found 487.2787 [M+H]*, C27H39FN2O3Si calculated 487.2792 (A = - 1.03
ppm).

156



((5aS*,75*,9aS*)-7-((tert-butyldimethylsilyl)oxy)-1-(2-fluorophenyl)-9a-methyl-
4,5,5a,6,7,8,9,9a-octahydro-1H-benzo[g]indazol-3-yl)methanol

oy g

NN okt NN on
N LiAIH, (1 M, THF) N
O THF, 0 °C - rt
TBSO 5 3h TBSO H

TBS-protected ester 3.34 (47.1 mg, 0.0968 mmol) was dissolved in dry THF (4 mL) and cooled
in an ice bath to 0 °C before the dropwise addition of a 1 M solution of LiAlH4in THF (0.116 mL,
0.116 mmol). The reaction was kept at 0 °C for 15 minutes and then stirred at room temperature
for 3 hours. The reaction was diluted with aqueous 2 M NaOH and the resulting suspension
filtered through a short pad of celite, eluting with DCM. The organic phase was dried over
anhydrous sodium sulfate and concentrated to a crude oil. Purification by flash chromatography
on silica gel (1:1 ethyl acetate/n-heptane) afforded the product as a fluffy white solid (24.7 mg,
0.0555 mmol, 57% vyield)

Rt = 0.14 (1:1 ethyl acetate/n-heptane) — UV and KMnO4

'H NMR (400 MHz, CDCl3) 6 7.52 — 7.44 (m, 1H), 7.44 — 7.35 (m, 1H), 7.27 — 7.17 (m, 2H), 4.66
(s, 2H), 3.61 — 3.46 (m, 1H), 2.70 — 2.50 (m, 2H), 1.78 — 1.52 (m, 5H), 1.52 — 1.20 (m, 5H), 1.14
(s, 3H, Me major), 1.11 (s, 3H, Me minor), 0.86 (s, 9H), 0.02 (d, J = 5.0 Hz, 6H).

13C NMR (101 MHz, CDCls) & 151.3, 150.8, 149.6, 131.8, 131.7, 131.3, 130.4, 129.5, 124.5,
116.9, 116.7, 113.7, 71.4, 71.3,57.8, 57.7, 42.7, 42.5, 37.5, 35.5, 35.4, 34.5, 32.2, 31.5, 31.4,
26.0, 20.2, 19.7, 18.3, -4.48, -4.49.

F NMR (377 MHz, CDCls) 6 -119.35, -119.92.

HRMS (ESI+) m/z found 445.2688 [M+H]*, C2sH37FN2O,Si calculated 445.2686 (A = - 0.45
ppm).

(5aS*,7S*,9aS*)-1-(2-fluorophenyl)-3-(hydroxymethyl)-9a-methyl-4,5,5a,6,7,8,9,9a-
octahydro-1H-benzo[g]indazol-7-ol, 3.35
ar ar

N—N N—N

\ OH \ OH
N TBAF (1 M, THF) N
THF, 1t, 4 h
TBSO : HO

TBS protected primary alcohol (24.7 mg, 0.0555 mmol) was dissolved in THF (1 mL) before
addition of a 1 M solution of TBAF in THF (0.11 mL, 0.11 mmol) and the reaction stirred at room
temperature for 5 hours. The reaction was diluted with water and ethyl acetate, and the organic
phase washed with water (3 x). The agqueous phase was back extracted with ethyl acetate and
the organic phases combined. The combined organic phases were washed with brine, dried

T
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over anhydrous sodium sulfate, and concentrated to a crude residue. Purification by flash
chromatography afforded the product as a colourless oil (6.4 mg, 0.0194 mmol, 35% yield).

Rf = 0.18 (ethyl acetate) — UV and KMnOg4

H NMR (400 MHz, CDCl3) 8 7.53 — 7.46 (m, 1H), 7.46 — 7.36 (m, 1H), 7.27 — 7.18 (m, 2H), 4.67
(s, 2H), 3.61 (dt, J =11.0, 6.1 Hz, 1H), 2.71 — 2.52 (m, 2H), 1.82 — 1.51 (m, 5H), 1.52 — 1.23 (m,
4H), 1.15 (s, 3H, Me major), 1.12 (s, 3H, Me minor).

13C NMR (101 MHz, CDCl3z) d 149.6, 132.0, 131.9, 131.3, 130.4, 124.6, 117.0, 116.8, 114.0,
113.9, 70.5, 70.4, 57.7, 57.6, 42.6, 42.4, 36.9, 35.4, 34.3, 32.0, 30.9, 30.8, 25.9, 25.8, 20.2,
19.7, 18.4.

1F NMR (377 MHz, CDCls) & -119.09, -119.59.

HRMS (ESI+) m/z found 331.1823 [M+H]*, C19H23FN2O> calculated 331.1822 (A = 0.30 ppm).

(5aS*,7S*,9aS*)-1-(2-fluorophenyl)-7-hydroxy-9a-methyl-N-propyl-4,5,5a,6,7,8,9,9a-
octahydro-1H-benzo[g]indazole-3-carboxamide, 3.31

Q/F @/F
) HATU, DIPEA ~
DMF, rt, 4 h
g

N—N OH n-propylamine N '\{ H\/\
(0] (0]

HO HO

T

Carboxylic acid 3.28 (13.7 mg, 0.0398 mmol) was dissolved in dry DMF (1 mL) before addition
of DIPEA (20.7 pL, 0.119 mmol) and HATU (30.3 mg, 0.0796 mmol) and the solution stirred at
room temperature for 15 minutes, turning from colourless to brown. N-propylamine (3.6 pL,
0.0438 mmol) was added and the reaction stirred for 3.75 hours at room temperature. The
reaction was diluted with water, extracted with ethyl acetate (2x), and the combined organic
phases washed with 5 % aqueous LiCl (2 x) and dried over anhydrous sodium sulfate. The dried
organic phases were concentrated to a brown residue that was purified by preparative HPLC,
affording the product as a white solid (3.1 mg, 0.0080 mmol, 20% yield).

Rt = 0.46 (5% MeOH in DCM) — UV and KMnO4

'H NMR (400 MHz, CDCl3) 6 7.55 — 7.48 (m, 1H), 7.42 — 7.36 (m, 1H), 7.30 — 7.22 (m, 2H), 6.94
—6.83 (m, 1H), 3.63 (dt, J = 11.0, 5.6 Hz, 1H), 3.37 — 3.27 (m, 2H), 3.15 - 3.07 (m, 1H), 2.86 —
2.72 (m, 1H), 1.85-1.51 (m, 8H), 1.48 — 1.22 (m, 4H), 1.15 (s, 3H, Me major), 1.13 — 1.11 (m,
1H, Me minor), 0.94 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCls) 5 162.8, 157.2, 151.2, 143.3, 132.0, 131.9, 131.1, 130.1, 124.6,
117.9,117.1, 116.9, 70.6, 70.5, 42.5, 42.2, 40.8, 37.0, 35.5, 35.4, 34.4, 32.1, 30.9, 30.8, 26.1,
23.1,21.8,19.7, 185, 11.7.

F NMR (377 MHz, CDCls) 6 -119.16, -119.72.

HRMS (ESI+) m/z found 385.2166 [M+H]", C22H2sFN30O- calculated 386.2244 (A = - 0.52 ppm).
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(5aS*,7S*,9aS*)-1-(2-fluorophenyl)-7-hydroxy-N,9a-dimethyl-N-propyl-4,5,5a,6,7,8,9,9a-
octahydro-1H-benzo[g]indazole-3-carboxamide, 3.32

ar -

N”\i OH N-methylpropylamine N"\{ N\/\
™ EDC, HOBt, DIPEA ™
0 DCM, rt, 18h 0
HO B HO :

H H

Carboxylic acid 3.28 (17.5 mg, 0.0510 mmol), N-methylpropylamine (6.31 uL, 0.0610 mmol),
EDC hydrochloride (11.7 mg, 0.0610 mmol), HOBt monohydrate (9.3 mg, 0.0610 mmol), and
DIPEA (22.1 pL, 0.127 mmol) were dissolved in dry DCM (1.5 mL) and stirred at room
temperature for 18 hours. The reaction was further diluted with DCM, washed with water, dried
over anhydrous magnesium sulfate, and concentrated to a crude solid. Purification by flash
chromatography on silica gel (3.5% MeOH in DCM) afforded the product as a fluffy white solid
(14.6 mg, 0.0365 mmol, 72% yield).

Rt = 0.26 (3.5% MeOH in DCM) — UV and KMnO4

H NMR (400 MHz, CDCl3) 8 7.52 — 7.43 (m, 1H), 7.39 — 7.33 (m, 1H), 7.25 — 7.16 (m, 2H),
3.68 — 3.35 (m, 3H), 3.24 — 2.99 (m, 3H), 2.96 — 2.86 (m, 1H), 2.79 — 2.54 (m, 1H), 1.89 — 1.49
(m, 8H), 1.49 — 1.22 (m, 4H), 1.15 (s, 3H, Me major), 1.10 (s, 3H, Me minor), 0.98 — 0.69 (m,
3H).

13C NMR (101 MHz, CDCls) d 160.0, 159.7, 157.5, 157.2, 150.2, 149.8, 144.6, 131.6, 131.5,
131.3,130.2, 124.4, 116.9, 116.7, 70.5, 52.8, 49.6, 42.5, 42.4, 37.0, 35.4, 35.3, 34.4, 33.4, 32.2,
30.9, 30.8, 26.1, 21.8, 21.2, 20.3, 19.7, 18.5, 11.4, 11.0.

9F NMR (377 MHz, CDCl3) & -119.69, -120.06, -120.13, -120.65.

HRMS (ESI+) m/z found 400.2396 [M+H]*, C23H30FN3O- calculated 400.2400 (A = - 1.00 ppm).

hexyl (5aS*,75*9aS*)-1-(2-fluorophenyl)-7-hydroxy-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-
1H-benzo[g]indazole-3-carboxylate, 3.33

N"\{ OEt 1-hexanol N"\{ o
2 p-TsOH.H 0 2
O 100 °C, 2d )
HO : HO :
H H

Ester 3.27 (19.4 mg, 0.0521 mmol) and p-toluenesulfonic acid monohydrate (5.0 mg, 0.0261
mmol) were dissolved in 1-hexanol (1 mL) and heated at 100 °C for 2 days, adding an extra 0.5
eg. of p-toluenesulfonic acid monohydrate after 1 day. A majority of the 1-hexanol was removed
under reduced pressure and the residue dissolved in ethyl acetate, washed with water, the
organic phase dried over anhydrous sodium sulfate, and concentrated to a crude residue.
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Purification by flash chromatography on silica gel (1:1 ethyl acetate/n-heptane) afforded the
product as a colourless oil (10.3 mg, 0.0240 mmol, 46% yield).

Rf = 0.18 (1:1 ethyl acetate/n-heptane) — UV and KMnOg4

H NMR (400 MHz, CDCl3) 8 7.51 — 7.45 (m, 1H), 7.42 — 7.35 (m, 1H), 7.26 — 7.17 (m, 2H), 4.31
(t, J=7.0 Hz, 2H), 3.67 — 3.57 (m, 1H), 3.05 — 2.95 (m, 1H), 2.81 — 2.68 (m, 1H), 1.84 — 1.57
(m, 7H), 1.54 (br s, 1H), 1.48 — 1.22 (m, 10H), 1.14 (s, 3H, Me major), 1.13 (d, J = 1.4 Hz, 3H,
Me minor), 0.94 — 0.82 (m, 3H)

13C NMR (101 MHz, CDCls) & 163.2, 159.9, 159.5, 157.4, 157.0, 151.2, 150.8, 141.3, 131.9,
131.8, 131.2, 130.2, 124.43, 124.38, 124.33, 124.29, 119.23, 119.16, 116.9, 116.7, 70.5, 70.4,
65.0, 42.5, 42.2, 36.9, 35.4, 35.3, 34.4, 32.0, 31.6, 30.9, 30.8, 28.9, 26.0, 25.9, 25.7, 22.7, 22.1,
19.6, 18.4, 18.4, 14.1.

19F NMR (377 MHz, CDCls) & -119.18, -119.63.
HRMS (ESI+) m/z found 429.2545 [M+H]*, C2sH33FN2O3 calculated 429.2553 (A = - 1.86 ppm).

(5aS*,7S*,9aS*)-1-(2-fluorophenyl)-7-methoxy-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-

benzo[g]indazole, 3.37
cre Cr

N"‘{ Mel N—l\{
x NaH (60 wt%) x
THF, rt, 33 h
HO MeO Iél

(x)-Astercin 1 (17.5 mg, 0.0583 mmol) was dissolved in dry THF (1 mL) before addition of NaH
(60 wt%, 9.32 mg, 0.233 mmol) and iodomethane (7.3 pL, 0.117 mmol). The reaction was
stirred at room temperature for 1 day before addition of extra NaH (60 wt%, 9.32 mg, 0.233
mmol) and iodomethane (14.6 pL, 0.234 mmol) and stirred for an additional 9 hours. The
reaction was cooled to 0 °C in an ice bath, quenched by addition of saturated aqueous
ammonium chloride, and extracted with ethyl acetate. The organic phase was dried over
anhydrous magnesium sulfate and concentrated to a crude solid. Purification by flash
chromatography on silica gel (1:1 ethyl acetate/n-heptane) afforded the product as a colourless
oil (14.1 mg, 0.0448 mmol, 77% vyield).

T

Rt = 0.40 (1:1 ethyl acetate/n-heptane) — UV and KMnOg4

'H NMR (400 MHz, CDCl3) 8 7.50 — 7.42 (m, 2H), 7.42 — 7.35 (m, 1H), 7.26 — 7.17 (m, 2H), 3.32
(s, 3H), 3.19 - 3.10 (m, 1H), 2.71 — 2.55 (m, 2H), 1.93 — 1.84 (m, 1H), 1.81 — 1.51 (m, 4H), 1.45
—1.19 (m, 4H), 1.14 (s, 3H, Me major), 1.10 (s, 3H, Me minor).

13C NMR (101 MHz, CDCls) 5 160.0, 157.5, 149.5, 149.1, 138.8, 131.5, 131.4, 130.4, 124 4,
124.3, 116.8, 116.6, 115.7, 115.6, 79.1, 55.8, 42.9, 42.6, 35.6, 35.5, 34.4, 33.4, 32.2, 27.6, 27 .4,
26.5, 21.0, 19.7, 18.3.

F NMR (377 MHz, CDCls) 6 -119.50, -120.18.
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HRMS (ESI+) m/z found 315.1873 [M+H]", C19H23FNO calculated 315.1872 (A = 0.32 ppm).

(5aS*,7R*,9aS*)-1-(2-fluorophenyl)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydro-1H-

benzo[g]indazol-7-ol, 3.40
NHNH, Q/F
v
OH

—N
Q Ethyl formate Q F N \
(fj NaH (60 wt%) (fj/ AcOH/THF/H,0O (iéﬁ
—_— —_—
W z THFy 66 OC; 4 h W el (21 1) WY =
HO = HO - HO =
H H 30 min, rt H

Ketone 2.09 (159 mg, 0.872 mmol) and ethyl formate (0.67 mL, 8.23 mmol) were dissolved in
dry THF (7.5 mL) before addition of sodium hydride (60 wt%, 98.8 mg, 2.47 mmol) and the
reaction heated at reflux for 4 hours. The reaction was cooled to room temperature, quenched
by addition of saturated agueous ammonium chloride, and extracted with ethyl acetate (3 x).
The combined organic phases were dried over anhydrous magnesium sulfate and concentrated
to a brown oil. The brown oil was dissolved in a 2:1:1 mixture of AcOH/THF/H,O before addition
of 2-fluorophenylhydrazine hydrochloride (141.8 mg, 0.872 mmol) and stirred at room
temperature for 3 hours. The reaction was cooled in an ice-bath and basified via addition of 2M
ag. NaOH. The reaction mixture was extracted with ethyl acetate (3x), the combined organic
phases dried over anhydrous sodium sulfate, and concentrated to a crude yellow oil. Purification
by flash chromatography on silica gel (2:3 ethyl acetate/n-heptane) afforded the product as a
yellow solid (69 mg, 0.230 mmol, 26% vyield).

R = 0.08 (2:3 ethyl acetate/n-heptane) — UV and KMnO4

1H NMR (400 MHz, CDCls) & 7.50 — 7.36 (m, 3H), 7.24 — 7.16 (m, 2H), 4.02 (p, J = 2.9 Hz, 1H),
2.71 - 2.60 (m, 2H), 2.26 — 2.11 (m, 1H), 1.81 — 1.39 (m, 7H), 1.16 — 1.00 (m, 4H).

13C NMR (101 MHz, CDCl3) 6 160.1, 159.7, 149.7, 149.2, 138.7, 131.6, 131.4, 131.3, 130.3,
124.4,124.2, 116.8, 116.7, 116.5, 115.7, 65.9, 36.7, 36.6, 35.8, 35.1, 35.0, 30.2, 28.7, 28.0,
26.0, 20.8, 18.7, 17.4.

9F NMR (377 MHz, CDCls) 6 -119.70, -119.74.

HRMS (ESI+) m/z found 301.1711 [M+H]*, C1sH21FN2O calculated 301.1716 (A = - 1.66 ppm).
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